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PREFACE 


Since its first edition over 60 years ago, Rockwood and Green’s Fractures in Adults continues its legacy of excellence in this tenth edition. We have 
continued our work to make the chapters as easy to read and reference as possible without losing depth of coverage. Each of the clinical chapters is 
consistently formatted for ease of access to critical information, including checklists for preoperative planning and key surgical steps, tables of potential 
pitfalls and preventative measures. In addition, many chapters include annotated references for the key trials and studies in each area. The “Author’s 
Preferred Treatment,” which has been popular since its introduction, is presented succinctly with an algorithm for treatment based on the more in-depth 
information within the body of the chapter. The eBook that is a part of the purchase for most versions includes more than 70 procedural videos. 

Expanded coverage includes two completely new chapters on Artificial Intelligence and 3D-Guided Surgery in Orthopaedic Trauma, and Regional 
Anesthesia for Fractures and Dislocations. 

In addition, coverage of periprosthetic fractures of the upper extremity has been deepened—fractures of the olecranon, proximal radius, and radial head. 
Atypical femur fractures are also covered in more detail. We have worked to ensure that all topics are presented in a comprehensive, readable, beautifully 
illustrated review. 

We remain indebted to the experts who contribute their expertise and time to make this a resource that improves the care of orthopaedic trauma patients 
worldwide—that remains the goal for all of us. 
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SUMMARY 


INTRODUCTION 


Management of a fractured bone requires the combined consideration of biologic and mechanical aspects to create a biomechanically sound fixation 
construct. Biologically, the construct should not be more invasive than necessary and should provide a fracture environment that supports bone 
healing.!®°.235 Mechanically, the construct should provide sufficient strength and durability for early mobilization and a strain environment suitable for 
healing.!%° 

Since fracture fixation is a race between bone healing and construct failure, biologic requirements to promote healing and mechanical requirements to 
ensure durable fixation must be considered equally. Unfortunately, these requirements can be mutually exclusive, and one has been favored over the other 
during the history of internal fixation. For example, traditional splinting techniques are noninvasive and provide relative stability to a fracture with the 
expectation of natural bone healing by callus formation. However, deficient mechanical stability requires prolonged immobilization. The advent of 
compression plating greatly improved the mechanical strength of fixation constructs at the cost of a more invasive procedure and an absolutely stable 
fracture environment that suppresses natural bone healing and also induces porosis under the plate. This dichotomy was properly termed the “paradox of 
internal fixation.” Rigid fixation is required to restore function, while flexibility is necessary to stimulate natural bone healing and to restore normal 
mechanical properties of bone after union. 

This chapter provides the biomechanical foundation to facilitate biologically friendly and mechanically durable fixation with modern implants and 
fixation strategies. First, a foundation of pertinent engineering concepts, fracture etiology, and biomechanical requirements for fracture healing are 
summarized. Next, generally applicable strategies and principles for fracture fixation are described, followed by implant-specific recommendations for 


intramedullary nailing, external fixation, and plating. Finally, a primer on bench-top testing of fixation constructs is provided to reinforce the basic 
engineering concepts and help the reader evaluate the clinical relevance and limitations of biomechanical studies. 

In the spirit of full disclosure, it must be stated that two of the authors (MB, DF) have translated their research into new implants for controlled axial 
dynamization. To address this potential conflict of interest, great emphasis was taken to support related teaching points with multiple references from 
different, nonassociated research groups. It is the hope of the authors that readers will perceive biomechanics of fracture fixation not as a complex science, 
but as a scientific resource for practical, logical concepts that provide clear clinical guidance to achieve durable fracture fixation without impeding the 
fracture healing process. 


BASIC MECHANICAL CONCEPTS 


Bone represents the primary structural element of the musculoskeletal system. It must have sufficient stiffness, strength, and durability to transmit muscle 
forces, withstand load bearing, and support joint motion. In case of fracture, or osteotomy, a fixation construct must temporarily accommodate the 
mechanical function of the structurally deficient bone. The mechanical competence of bones and implants for fracture fixation depends mainly on two 
factors: material properties and structural properties. This section first provides a basic description of material properties and structural properties, and 
secondly, outlines important concepts of load transmission through joints and fixation constructs. 


MATERIAL PROPERTIES 


Material properties characterize the deformation and failure behavior of a material under load without considering the geometry of its structure. In the case 
of the proximal femur, material properties can be assessed on a small cancellous bone cylinder that is harvested from the femoral neck without considering 
the anatomy of the intertrochanteric region (Fig. 1-1). By controlled compression of the bone cylinder, its compressive stiffness can be measured. The 
height of the cylinder will decrease with increasing amounts of compressive loading. The ratio of applied load to the resulting compression of the cylinder 
represents the material stiffness in compression. Simply put, for a given compressive load, stiffer materials undergo less compression than more elastic 
materials. 


Compressive 
Force (F) 


Figure 1-1. Compression of a cylindrical specimen of trabecular bone. To determine material stiffness, the specimen is compressed and the change in height is 
measured. The resulting compression can be expressed in terms of strain (e), which represents the amount of compression (Al) divided by the original height (L) of the 
cylinder. 


For example, if a load of 10 N is required to compress the bone cylinder by 0.1 mm, the compressive stiffness of the cylinder is 10 N/0.1 mm = 100 
N/mm. However, this stiffness depends not only on the material property but also on the height and cross-sectional area of the cylinder. To define stiffness 
independent of the specimen size, loading is expressed in terms of stress (o), which is calculated by dividing the load by the area the load is acting upon. 
Likewise, the resulting compression of the cube can be expressed in terms of strain (£), which represents the amount of compression (AI) divided by the 
original height (L) of the cylinder. Stiffness can now be expressed in terms of the Elastic or Young’s modulus (E = o/e), which is independent of the sample 
size (Table 1-1). Assuming that the cylinder is 10 mm tall (L = 0.01 m) and has a loading surface of 1 cm? (A = 0.0001 m°), 10 N loading will induce a 
compressive stress of o = 10 N/0.0001 m? = 100,000 N/m? on the cylinder surface. The resulting compression by 0.1 mm represents a compressive strain of 
g = 0.1 mm/10 mm = 0.01, which is typically expressed as 1%. The specimen has therefore a compressive E-modulus of E = 100,000 N/m?/0.01 = 
10,000,000 N/m2. Since strain has no units, o and E-modulus have the same units of N/m? or Pascal (Pa). These units are very small and are often expressed 
as megapascals (MPa), these being 1 x 10° Pa or gigapascals (GPa), these being 1 x 10° Pa. Stainless steel (E = 200 GPa) is approximately twice as stiff as 
titanium (E = 110 GPa; see Table 1-1). 


TABLE 1-1. Representative Values of Material Properties for Select Tissues and Orthopaedic Materials 


Material Young’s Modulus (GPa) Yield Strength (MPa) Ultimate Strength (MPa) Failure Strain (%) 
UHMW polyethylene (arthroplasty) 0.9 25 40 5 
Ligament (in tension) 15 60 100 15 
Polymethyl methacrylate (bone cement) 3 74 74 2 
Cortical bone (in compression) 17 200 200 l 
Titanium alloy 110 800 860 10 
Stainless steel 200 700 820 12 


The E-modulus describes deformation in response to loading within the linear or elastic “working” region of a material, where loads remain sufficiently 
small to allow complete elastic reversal of deformation after load removal. To determine the strength of a material, it must be loaded beyond its elastic 
region to induce failure. The load at which permanent plastic deformation begins to occur defines the yield point and represents yield strength of a material 
(Fig. 1-2). The load at which the material fractures defines the failure point and represents its ultimate strength. The ultimate strength of titanium (860 MPa) 
is similar to that of stainless steel (900 MPa), demonstrating that a more elastic material does not need to be weaker than a stiffer material. Clinically, this 
relationship can be recognized when contouring a metal plate. With low bending forces within the elastic range, the plate springs back to its original form. 
Greater forces that exceed its yield strength result in permanent deformation of the plate to the desired contour. A material such as stainless steel, with a 
large deformation after the yield point and before failure, is termed ductile. This is different than a material such as methylmethacrylate, which has very 
little deformation before failure and is termed brittle. The brittle nature of methylmethacrylate can be observed when it is impacted with an osteotome and it 
fractures rather than deforms. 

The ultimate strength of cortical bone is almost four times lower than that of stainless steel, suggesting that bone will fail before a stainless steel implant. 
This holds true for a single peak loading event, such as a fall, which may induce a periprosthetic fracture of bone near an implant rather than an implant 
fracture. In contrast, repetitive loading below the ultimate strength limit induces microcracks that lead to fatigue failure—an aspect that can be captured 
through the S-N (stress-life) curve. This curve illustrates the relationship between cyclic stress (S) that a material can endure and the number of cycles (N) 
before fatigue failure occurs. In bone, remodeling continuously repairs these microcracks, making bone tissue highly resistant to fatigue failure. Unlike 
bone, microcracks in implant materials accumulate under repetitive loading and propagate until fatigue failure occurs. Clinically, fatigue failure becomes 
important in the treatment of a femoral nonunion. The surgeon must consider the number of loading cycles and stress an intramedullary nail has experienced 
when deciding between nail dynamization and exchanging the implant for a new nail without any loading history. Fatigue limit describes the load below 
which a construct can be loaded for an unlimited number of cycles without concern for fatigue failure, represented by the horizontal portion of the S-N 
curve. Fracture fixation implants are designed to only carry load until the fracture consolidates. Therefore, if a fracture fails to unite, prolonged loading of 
the osteosynthesis construct will eventually lead to fatigue failure of fixation hardware. In contrast, arthroplasty implants are designed with a fatigue limit in 
excess of physiologic loading and are not expected to fail in fatigue. Analogous to material characterization under compressive loading described here, the 
stiffness, yield strength, ultimate strength, and fatigue limit of materials can also be determined under tension, bending, torsion, and shear loading. Such 
comprehensive assessment of material properties specific for each principal loading mode is beyond the scope of this chapter but is well described in the 
literature.°% 170,220 
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Figure 1-2. Stress—strain curves reflecting properties of representative materials. The slope of the initial linear region of curves (green) represents stiffness (E = Ao/ 
Ae). Steeper slopes represent stiffer materials. Yield points indicate limits of the elastic “working” region. Brittle materials such as cortical bone fail abruptly, whereby 
the yield point coincides with failure. Ductile materials have considerable deformation between the yield point and failure point. 


Because biologic tissues are typically composed of multiple components to support unique functional properties, the material property characterization 
of biologic tissues is more complex than that of metals or polymers. Nonlinear mechanical loading characteristics are usually exhibited by biologic tissues 
including time-dependent (viscoelastic) and directional-dependent (anisotropic) loading characteristics. For example, many tissues have fibrous 
components, whereby the fiber orientation delivers specific material properties along distinct loading directions. Such direction-dependent material property 
is termed anisotropy. Bone is an anisotropic material, meaning it has different material properties depending on the loading direction. The ultimate strength 
of cortical bone in compression is 50% greater than in tension. Bone is also transversely anisotropic in that its stiffness is about 50% higher when loaded in 
a longitudinal direction parallel to its osteon orientation (E = 17 GPa) than in the transverse direction (E = 12 GPa) (Fig. 1-3A). This transversely 
anisotropic behavior of cortical bone is also evident in greater ultimate strength in a longitudinal direction (193 MPa) than in a transverse direction (133 
MPa). Clinically, this is apparent in the fact that higher forces are required to cause axial fractures (longitudinal loading) compared to bending or torsional 
fractures (transverse loading). Materials such as titanium and stainless steel are isotropic, meaning they have the same properties regardless of the direction 
of loading, and their stiffness can be sufficiently described by a single E-modulus value. 

Tissues can also exhibit time-dependent viscoelastic properties, whereby the stiffness of the tissue is not constant, but increases in response to faster 
loading. Viscoelastic properties are due to composite characteristics of biologic materials where the viscous components (usually water) resist shear and 
strain linearly where elastic components (usually collagen based) exhibit recoil from strain when a load is removed.!®8 Conversely, if a static, constant load 
is applied to a viscoelastic tissue, such as articular cartilage, the resulting strain is not constant, but will gradually increase over time as interstitial fluid is 
being depleted from the loaded area (Fig. 1-3B). This gradual increase in deformation under constant loading of a viscoelastic material is called creep. 
Similarly, the stiffness and strength of bone varies depending on how fast it is loaded. For high loading rates, such as a fall from a height, the modulus of 
bone increases up to twofold, making it stiffer and more brittle but giving it a higher ultimate strength.'°* It becomes apparent that material properties of 
anisotropic and viscoelastic biologic tissues are far more complex than those of implant materials, and the reader is referred to other sources for more 


detailed information.2%1!7°.220 
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Figure 1-3. Most biologic tissues are composed of multiple components, organized in a structurally optimized microstructure. They exhibit distinct mechanical 
properties, depending on the direction of loading (anisotropy; A), as exemplified by the longitudinally oriented osteons of cortical bone, and the rate or speed of 
loading (viscoelasticity; B), as shown for articular cartilage. 


STRUCTURAL PROPERTIES 


Structural properties depend on both the material properties as well as the shape and size of the object. In fracture surgery, one must consider the structural 
properties of two different objects, the fixation device and the bone. Because of their relatively simple geometries, the structural properties of fixation 
devices such as plates and intramedullary nails can readily be calculated. The stiffness and strength of fracture fixation plates depend on their material 
property and cross-sectional geometry. For an osteosynthesis plate of width w = 10 mm and thickness t = 4 mm, the bending stiffness (EI) can be calculated 
as the product of its elastic modulus and the second moment of inertia I = (w x ¢°)/12 (I = 640 mm‘). In this formula, bending stiffness correlates linearly 
with plate width but relates to the third order with plate thickness (Fig. 1-4A). Therefore, doubling the plate width results in twice the plate stiffness, while 
doubling the plate thickness will increase plate stiffness eightfold (2%). The effect of plate geometry is clear when one evaluates the flexibility of a 1/3 
tubular plate and a 3.5-mm compression plate. The width of both plates is relatively similar, but the 3.5-mm plate is thicker, resulting in a far greater 
bending stiffness. Similar calculations can be performed to understand the differences in bending stiffness of a solid cylinder such as a K-wire, which 
increases to the fourth power of the diameter (Fig. 1-4B). Doubling the diameter of a K-wire increases its stiffness 16-fold (24). Hollow cylinders are 
common in orthopaedic applications, such as cannulated screws and intramedullary nails (Fig. 1-4C). Hollow cylinders represent weight-optimized 
structures, whereby coring out 50% of the tube diameter will remove 25% of material, but will reduce bending stiffness and strength by only 6%. For 
example, a solid intramedullary nail with a diameter of 10 mm has a bending resistance of I = 490 mm‘, while a hollow nail with an outer diameter of 10 
and an inner diameter of 3 mm has a similar bending resistance of I = 487 mm4. This demonstrates that removing the core of an intramedullary nail to 
accommodate guide wire placement does not significantly affect its bending resistance. 
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Figure 1-4. Influence of cross-sectional geometry on bending stiffness for basic implant shapes. A: Doubling the plate thickness increases bending stiffness eightfold. 
B: Doubling the diameter of a Kirschner wire will increase bending stiffness 16-fold. C: For a hollow cylinder such as a diaphysis, increasing the outer diameter from 
10 to 12 mm while retaining a wall thickness of 2 mm increases bending stiffness by 82%. 


Diaphyseal bone also resembles the principal structure of a hollow cylinder. As an individual ages, the diameter of the femoral diaphysis increases and 
the thickness of the cortex decreases. Using the principle of the second moment of inertia discussed earlier in this section, the bending stiffness of a tubular 
bone increases to the third power of the radius as the outer diameter increases, even as the cortical thickness and material properties of the bone decrease. 
The aggregate increase in strength realized by increasing the diameter of the shaft is enough to protect the elderly from osteoporotic diaphyseal femur 
fractures. In contrast, trabecular thinning in the vertebrae cannot be compensated by structural changes of the vertebral body, resulting in an increased risk 
of vertebral compression fractures in individuals with osteoporosis. The clinical take home is that increasing implant diameter or thickness results in far 
greater construct stiffness than increasing implant width. 

Density, defined as mass in grams per cubic centimeter of bone, plays a vital role in determining the structural properties of bone. The material 
properties of a single trabecular bone spicule and a similar-sized sample of cortical bone are comparable, with stiffness and strength measurements differing 
by less than 10% to 15%.1°° In contrast, when measuring strength and stiffness at the structural level, trabecular bone is far weaker than cortical bone. The 
structural stiffness and strength of trabecular bone is defined by its porosity which, depending on the individual and anatomic location, ranges from 30% to 
90%. Clinically, the density of trabecular bone is measured by radiographic densitometry and can vary by one order of magnitude, from about 0.1 to 1.0 
g/cc. The corresponding stiffness and strength of trabecular bone varies by up to three orders of magnitude, meaning that even small decreases in density 
can significantly weaken the structural properties of trabecular bone. 


LOAD TRANSFER THROUGH JOINTS AND FRACTURES 


Motion between bone segments is controlled by the forces and moments acting across joints. Forces acting on a joint are typically represented by vectors, 
depicting the magnitude and line of action of a force. If a force vector of magnitude F is acting at a distance d from a joint, it will also create a rotational 
moment M around the joint. This moment has a magnitude of M = F x d, whereby M linearly increases with the distance d, or “lever arm,” of the force 
vector from the joint. Unless it is counteracted by a moment of equal magnitude in the opposite direction, this moment will induce rotation at the joint. A 
seesaw illustrates this important lever arm concept (Fig. 1-5A). If a person sits at a greater distance from the fulcrum around which the seesaw pivots, the 
person has a greater “leverage” or mechanical advantage, and can exert a greater force than the person sitting closer to the fulcrum. A seesaw or a joint is in 
equilibrium if the clockwise and counterclockwise moments are of equal magnitude. 
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Figure 1-5. A: A seesaw illustrates how a longer lever arm requires less force to achieve the same moment around fulcrum A than a shorter lever arm. B: A free body 
diagram of the elbow enables calculation of joint loads. Since the biceps has a 10 times shorter lever arm than the water bottle, the biceps require 10 times more force 
to counteract and equilibrate the moment around the elbow joint that is generated by the water bottle. C: A fixation construct must equilibrate the bending moments of 
the diaphysis around the fracture site. A short fixation construct will exhibit higher stress than a longer construct, owing to its shorter lever arm available to 
counterbalance bending loads. 


Forces acting on the joints and resulting moments are induced by external loads such as the weight of an object held in a hand, and by internal loads 
such as the muscle forces required to hold the object. External forces can be measured readily with scales and load sensors that determine the force acting on 
the body. Internal load assessment is far more complicated, because muscles cannot be instrumented with load sensors, and because multiple muscles with 
various degrees of activation act across the same joint. However, when a joint is at rest or in a “static equilibrium,” joint forces can be calculated based on 
two equilibrium requirements: the sum of all forces and the sum of all moments acting on a static joint must be zero. For this purpose, known external forces 
are plotted on a “free body diagram,” along with the line of action of muscle forces that must generate the internal loads to achieve static equilibrium. A free 
body diagram makes a number of assumptions and is a two-dimensional representation. Among these are the major assumptions that forces act along a 
single line of pull, that joints are frictionless hinges, that bones are incompressible rods, and that there are no agonist muscles. 

For example, a free body diagram can be drawn to calculate the forces on the elbow joint while holding a water bottle (Fig. 1-5B). A 1-L water bottle 
exerts a downward force of approximately 10 N. Since this force acts at a distance of 0.3 m from the elbow, it also induces an extension moment M = 10 N 
x 0.3 m = 3 Nm around the elbow. Assuming that the biceps is the sole elbow flexor, the biceps muscle must create a flexion moment of equal magnitude 
for static equilibrium to exist. Since the biceps force acts at a distance of only 0.03 m to the elbow joint, it must generate a force of F = 3 Nm/0.03 m = 100 
N to counteract the extension moment. It is important to note that the biceps has a 10 times shorter lever arm than the water bottle, and therefore requires 10 
times more force to counteract and equilibrate the moments around the elbow joint. For the second requirement of the free body diagram, the sum of all 
forces must also be zero. Since the biceps induces an upward force of 100 N and the water bottle exerts a downward force of only 10 N, an additional 
downward force of F = 100 N - 10 N = 90 N must be generated as compression at the elbow joint to equalize forces. The fact that holding a 10-N force in 
the hand induces a 90-N force in the elbow joint demonstrates that internal forces tend to be far greater than external forces due to the small lever arm by 
which muscles act to balance external moments around joints. 

Fracture fixation constructs must also resist both internal and external deforming loads to maintain alignment as the fracture consolidates. Similar 
equilibrium considerations can be used to predict the type and magnitude of loading which must be counteracted by the fixation construct to retain stable 
fixation of a fracture (Fig. 1-5C). For this purpose, the fracture site is considered a fulcrum. The fixation construct must achieve a stable equilibrium of 
forces and moments on both sides of the fracture site fulcrum. Internal and external forces that are offset from the fracture site generate bending moments. 
The further the lever arm is offset from the fracture, the larger the bending moment around the fracture. The fixation construct must counterbalance these 
forces and moments. Short fixation constructs with a small lever arm require a proportionally greater load to counterbalance the destabilizing force than 
constructs with a long lever arm. Therefore, constructs with a small lever arm or fixation span result in high loads at the bone—implant interface and increase 
the risk of implant or fixation failure. Conversely, a long implant with a long fixation span has a greater mechanical advantage than a short plate and will 
induce smaller stress risers at the implant—bone interface. 

This section has been limited to a basic overview of material properties, structural properties, and load transfer mechanisms pertinent to fracture care. 
Key parameters are summarized in Table 1-2 and will be reviewed at the end of this chapter in the context of biomechanical evaluation of fixation 
constructs. 


BIOMECHANICS OF FRACTURES 


The previous section outlined the basic biomechanical principles affecting the musculoskeletal system. This section will describe the loads that cause 
fractures, the postoperative loading that must be supported by fracture fixation constructs, and how the fixation constructs affect the risk of complications 
after fracture treatment. 


TRAUMATIC LOADS RESULTING IN FRACTURE 


Fractures result from loads different in both magnitude and direction than the loads normally experienced during locomotion or activities of daily living. 
Activities of daily living preferentially load the skeleton in the axial, or longitudinal direction. As noted in the previous section, the biomechanics of bone is 
optimized to support axial loading but is weaker when loaded transversely or in torsion. As such, fractures typically occur during out-of-plane loading such 
as that seen during a fall.14160.256 The fracture pattern is largely determined by the direction of the applied load, whereas the severity of the fracture is 
determined by the magnitude of the load.”!° Because of the anisotropic nature of bone, the force required to cause a fracture varies based on the location 
and the direction and rate of the applied load, with tensile fractures requiring the lowest load and compression fractures requiring the greatest (Table 1-3). 
The surrounding tissues can also affect the fracture pattern and severity by absorbing energy and changing the loading direction.?®64 The following section 
outlines typical fracture patterns seen in clinical practice in the context of the loads required to generate them. 


Transverse Fractures 


Transverse fractures are oriented perpendicular to the long axis of the bone. They are caused by loading of the bone in tension, which causes failure in a 
plane perpendicular to the direction of applied load. Transverse fractures may result from internal tensile loading as in the case of avulsion fractures at the 
attachment of tendons (Fig. 1-6).4 Examples of transverse fractures from internal tensile loading include basilar fifth metatarsal fractures, medial malleolus 
fractures, olecranon fractures, and some patella fractures. 

Transverse fractures may also occur secondary to a low-energy external bending force in the absence of a significant compression component.2®!%? In 
this case, tensile forces are generated in the cortex opposite the applied bending loads, resulting in a fracture perpendicular to the long axis of the bone. 
Because bone is weakest in tension, transverse fractures are typically lower energy relative to more complex fractures.*® 


TABLE 1-2. Summary of Basic Parameters and Definitions for Characterization of Material and Structural Properties 


Parameter Formula Unit Example 


Force 


Moment 


Strain 


F = m [kg] x 9.81 m/s? (m = mass) [N] Newton About 10 N force is required to lift a 1-L water bottle, 
weighing 1 kg 


M =F x d (d= moment arm) [Nm] Newton-meter 1-2 Nm “torque” is required to insert a 4.5-mm 
cortical bone screw 


e = Al (l = undeformed length) [unitless], 0.01 = 1% Cortical bone can strain 1% before it fractures 


Stress/pressure 


Young’s/E-modulus 


o = F/A (A = loading area) [N/m2; Pa], Pascal A pressure of 1,000 Pa is required to push a keyboard 
key 

E=o/le [Pa]; 1 GPa = 1 x 109 Pa 100 GPa = stiffness of titanium 

Definition 


Parameter 


Deformation: elastic/plastic 


Stiffness, stability 


Change in size of an object in response to an external force. Elastic deformation will fully recover after the removal of the force, similar to a spring. 
Plastic deformation will not recover after load removal, similar to permanent bending when contouring a bone plate. 


Stiffness is the amount of load required to deform a sample in a given amount. It is calculated as the slope of the elastic portion of a load- 


Bending stiffness (EI), second 


deformation curve. Stability is not a defined, quantitative parameter, but a subjective description of the mechanical integrity of a structure. 


The structural strength and resistance to bending of a uniform beam or cylinder depend on its cross-sectional shape. The second moment of inertia 


moment of inertia 


Strength: yield/ultimate 


(D) is calculated based on the cross-sectional shape. Multiplying I with the E-modulus will yield the bending stiffness. 


The load, force, or pressure required to cause structural failure of an object. Yield strength is the load that causes the onset of permanent, plastic 


Isotropy, anisotropy 


deformation. Ultimate strength is the load at which the object fails. For brittle material, yield and ultimate strength are almost identical. 


An isotropic material (steel) has the same material properties when loaded in different directions. An anisotropic material such as cortical bone has 


Fatigue, fatigue limit 


different material properties, depending on the loading direction (tension/compression, longitudinal/transverse). 


Accumulation of material defects or microcracks during repetitive loading. The fatigue limit, fatigue strength, or endurance limit is the highest 


Viscoelasticity, creep 


stress an object can withstand for an infinite number of cycles without failing. The fatigue limit is typically far lower than the ultimate strength of a 
material. 


Unlike a linear elastic material (steel), which deforms by a fixed amount in response to a constant load, a viscoelastic material continues to deform, 


Oblique Fractures 


or creep, under constant loading. The stiffness of a viscoelastic material depends on the rate or speed of loading. 


Oblique fractures are oriented diagonally to the axis of the bone. Oblique fractures can result from pure axial loading, combined bending and axial loading, 
and combined torsion and bending. In experimental tests, pure axial compression results in a short oblique fracture because bone is strong in compression 
and weak in shear. Under axial compression, the bone fails along the plane of maximum shear which is 45 degrees to the long axis of the bone. Clinically, 
oblique diaphyseal fractures rarely occur in pure axial loading because the weaker cancellous bone in the metaphysis fails first, such as in a tibial plafond 
fracture.* A more common etiology for an oblique fracture is a combination of bending and axial compression, which produces a short oblique fracture 
line.464 Another mechanism that produces short oblique fractures is a combination of bending and torsion.°*13? Similar to pure axial loading, torsional 
loading also produces dominant forces at an angle of 45 degrees to the long axis of the bone, but the bending component results in a fracture line that is 


more vertical. When the torsional force is dominant, long oblique rather than short oblique fractures occur. 


64 


TABLE 1-3. Relative Energy Resulting in Fracture for Different Loading Directions 


Bone 
Patella 


Vertebral body 


Load Direction Failure Energy (J) 
Tension 3 

Compression 100 

Torsion 10 


Tibia 


Data from Carter DR, Schwab GH. Tensile fracture of cancellous bone. Acta Orthop. 1980;51(1-6):733-741. 
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Figure 1-6. Fracture types resulting from applied loads. Compression and bending may result in either a short oblique fracture or a butterfly fracture, depending on the 
loads applied. 


Butterfly Fractures 


The classically described mechanism for butterfly fractures is a fracture resulting from combined bending and compression forces on the bone.*!®? The 
bending force creates tension at the far side of the neutral axis and compression at the near side of the neutral axis (Fig. 1-7). The fracture begins with a 
transverse tension fracture on the far cortex. Compression at the near cortex results in failure in shear with typical 45-degree oblique fracture lines. The 
combination of oblique compressive fracture lines joining with the transverse tension fracture line generates the butterfly fragment.®* The energy required to 
form a butterfly fracture is higher than for transverse or simple oblique fractures. The size of the butterfly fragment and the orientation of the fracture lines 
are dependent on the location of impact and on the presence or absence of axial loading during the impact.© 


— 


Figure 1-7. Combined axial loading and bending results in the classic butterfly fracture. The bending component of the load results in tension on the cortex on the far 
side of the neutral axis and compression on the near side from the applied load. Tension causes a transverse fracture line, and compression results in two oblique 
fracture lines, generating a butterfly fracture. 


Butterfly fractures may also occur after progressive loading of short or long oblique fractures wherein the short or long oblique fragment is sheared by 
the adjacent bone segment, resulting in a butterfly fragment.‘ In this case, all fracture lines are oblique, without a transverse component. 


Spiral Fractures 


Spiral fractures occur as the result of torsional forces.'°8 The fracture has long, sharp ends with a vertical component. The resulting 45-degree fracture has a 
characteristic orientation depending on the direction of the torsional load. If the upper segment is fixed and a clockwise torsional load is applied to the lower 
segment, the resulting fracture will be “right handed” in direction, similar to a right hand threaded screw.®°° There is often a soft tissue hinge associated with 
the vertical component of the fracture. The corresponding reduction maneuver is a counterclockwise force that utilizes the soft tissue hinge to afford the 
reduction. Relative to other fracture patterns, spiral fractures are thought to be relatively low energy.2©4 


Comminuted Fractures 


Comminuted fractures are high-energy fractures with multiple fragments and are known to have worse clinical outcomes than the simple fractures 
previously discussed.!°* The degree of comminution is directly related to the fracture energy. Understanding the energy required to create these severe 
fractures is an important component in developing a treatment strategy. At present, the energy required to produce a given injury is largely described 
qualitatively, making assessment of the severity of the injury inexact. Recently, a quantitative technique relating the degree of bony comminution to the 
amount of energy delivered at the time of injury was introduced.!> The basic idea, grounded in principles of engineering fracture mechanics, is that the 
mechanical energy absorbed in producing a fracture directly correlates to the amount of interfragmentary surface area created during impact loading. 
Computed tomography (CT) scans provide the opportunity to directly measure interfragmentary surface area, from which the fracture energy can be 
quantified (Fig. 1-8).° For intra-articular fractures of the tibia, this technique found that comminuted proximal tibia and distal tibia fractures resulted from 
similar fracture energy, but the degree of articular surface involvement was greater in the distal tibia.’” Because the articular surface area of the proximal 
tibia is roughly twice that of the distal tibia, the energy absorbed per unit area is most likely higher in the distal tibia, resulting in greater local damage to the 
joint surface. This potentially explains the worse clinical outcomes for distal tibia fractures relative to proximal tibia fractures. 
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Figure 1-8. Fracture energy is calculated based on the length of the fracture lines and the fracture surface area. Articular surface involvement can be quantified by 
measuring the length of the fracture line on the joint surface (dashed line). (From Dibbern K, et al. Fractures of the tibial plateau involve similar energies as the tibial 
pilon but greater articular surface involvement. J Orthop Res. 2016;35(3):618-624. Copyright © 2016 American Association of Physicists in Medicine. Reprinted by 
permission of John Wiley & Sons, Inc.) 


The take-home message is that understanding which injury mechanisms and forces produce which fracture patterns as well as recognizing the direction 
of failure can aid the surgeon in developing helpful treatment strategies, implant selection, and implant position. 


PHYSIOLOGIC LOADS DURING NORMAL ACTIVITIES 


Different from the loads required to cause a fracture, the loads generated by activities of daily living define the forces a fixation construct will experience 


during the healing process. In general, fracture fixation constructs must provide enough stability to resist prolonged loading in the range of these activities 
without loosing fixation. In the lower extremity, loads are generated during ambulation, while in the upper extremity, these loads are related to utilizing the 
hand for activities such as eating and personal care. In addition, the influence of ambulation aids (i.e., crutches) upon postoperative loading affects the loads 
a fracture fixation construct must resist. In the lower extremity, ambulation aids decrease the postoperative loads while in the upper extremity loads are 
increased while using crutches. 


Upper Extremity 


Upper extremity forces are generated by muscle contraction and the weight of the arm as it is positioned in space. Different from the lower extremity, upper 
extremity activities of daily living require a large number of movements with greater degrees of freedom.!’* In general, upper extremity loads are the 
greatest when the arm is moved farthest from the center of gravity at the limit of the range of motion or when large rotational moments are generated by 
holding objects away from the body. This becomes important in limiting loads on a joint during rehabilitation, where supine shoulder and elbow motion are 
preferred to allow range of motion without large rotational moments seen during upright exercises. 

The clavicle is responsible for transmitting compressive, torsional, and tensile forces from the thorax to the upper extremity. Shoulder abduction and 
forward elevation result in the highest compressivet?3-1?7:237 and torsional loads on the clavicle, while external rotation generates tensile loads.'*” The arm 
motions required to bring the hand from the side of the body to the mouth, such as those necessary for eating, were computationally simulated in the setting 
of a midshaft clavicle fracture. These motions transmit high axial compression and bending forces through the fracture, resulting in a downward and 
posterior displacement of the lateral fracture fragment.?7° 

Forces in the glenohumeral joint during daily activities are in the range of 1 time body weight (BW), roughly one-third the magnitude of the loads seen 
in the hip or knee.?4” Investigations using an instrumented shoulder prosthesis find that activities near the limits of the range of motion, such as combing 
one’s hair (0.8 x BW) and motions with long moment arms, such as lifting a weight with the outstretched arm (1.2 x BW) generate the highest forces.2%747 
Because of the limited range of motion, the glenohumeral loads in the immediate postoperative period are much lower. In the first 2 months after surgery, 
the measured forces were in the range of 0.2 x BW, increasing to a maximum of 0.4 x BW as the shoulder reached the limits of range of motion.” 


TABLE 1-4. Loads Across the Elbow for Common Activities of Daily Living 


ADL Category Type of Activity Assumed Weight in Hand Peak JRF (N) 

Light Eating, dressing, personal hygiene 0.5-2.3 kg (1-5 Ib) 70-350 (0.1-0.5 x BW) 
Moderate Opening a door, lifting a small bag or gallon of milk 2.7—4.5 kg (6-10 Ib) 419-698 (0.6-1 x BW) 
Strenuous Manual labor with tool in hand, lift a small child 4.9-9.1 kg (11-20 Ib) 768-1,396 (1.1-2.1 x BW) 
Extreme Maximal (isometric) flexion efforts 9.5-13.6 kg (21-30 Ib) 1,466-2,094 (2.2-3.12 x BW) 


BW, body weight; JRF, joint reaction force. 
Data from Kincaid BL, An K-N. Elbow joint biomechanics for preclinical evaluation of total elbow prostheses. J Biomech. 2013;46(14):2331-2341. 


Because many muscles cross the elbow, significant compressive loads can be generated during flexion and extension activities. When a weight is placed 
in the hand, these loads increase significantly. Peak ulnohumeral compressive forces range from 0.5 to 3.1 times BW, depending on the activity.'4* Loads at 
the elbow joint can be categorized by the intensity of activity, with each level generating increasing compressive forces (Table 1-4).!4* Varus and valgus 
moments are small (0.2-2.75 Nm)° but increase to 5 Nm with lifting a half gallon of milk.!4? Pronation and supination produces only small rotational 
moments in the range of 1 to 2 Nm.14>172 In the postoperative period, most elbow tasks are limited to the light to moderate level, generating compressive 
forces as high as 1.0 x BW. 


Lower Extremity 


During walking activities, a combination of ground reaction forces (GRFs) and muscle forces generate loads in the lower extremity. GRFs are the upward- 
directed loads generated as the foot strikes the ground during locomotion. They can be directly measured using a force plate or a force sensor placed in the 
shoe. The GRF during normal gait is a double-peak force with the first peak occurring in the early stance phase at contralateral toe off and the second 
occurring at the late stance phase corresponding to contralateral heel strike.” 

Forces in the hip and knee during gait are a combination of the GRFs and compressive forces resulting from muscle contraction. Using instrumented 
prostheses to measure the joint force and a force plate to measure the GRF, the effect of muscle forces on the joint loads becomes clear. The measured GRF 
during gait is 1.0 - 1.1 x BW.?! The forces measured in the knee and hip during level walking show a similar double peak distribution but are substantially 
higher. The peak forces in the knee are 2.0 — 2.8 x BW, while the hip forces are 2.2 — 2.6 x BW.?!99.7186.93,115 Rising from a chair and climbing stairs 
generate higher forces than level walking. Forces in the knee during chair rise range between 2.5 — 2.8 x BW and up to 3.5 x BW when ascending and 
descending stairs.2°’+°3 In the hip, maximum compressive loads of up to 2.8 x BW and significant torsional loads are seen with stair climbing.!97125 

Hip loads during physical therapy exercises are also of interest following fracture surgery. In general, loads measured in instrumented hip prostheses 
during therapy are lower than those during weight bearing.*!* Weight-bearing exercises with closed kinetic chains (lifting the pelvis with one or both feet on 
the bed) generated the greatest forces in the hip, approaching or exceeding the forces generated in unrestricted weight bearing (2.7 x BW) in this study. 
Isometric contractions of the gluteus and abductors generated forces greater than 50% of unrestricted weight bearing, with the absolute magnitude 
dependent on the force of contraction. Exercises with long lever arms, including straight leg raises and hip abduction generated forces between 40% and 
70% of unrestricted weight bearing. Dynamic non—weight-bearing exercises, including heel slides and pelvis tilt exercises, generated the lowest forces of 
38% of unrestricted weight bearing. Understanding these concepts and the difference between the forces generated in the upper and lower extremities is 
crucial for safe rehabilitation protocols. 


Crutch Ambulation 


Abnormal gait patterns following injury or surgery can increase the forces on the hip considerably relative to normal walking.’ Assistive devices such as 
crutches are often used to unload the injured extremity and prevent fixation failure. The effect of walking aids in reducing loads in the lower extremity is 


variable between patients and loads may increase if the technique is not performed properly.”? Resultant force reductions in the hip using 3-point (two 
crutches and the contralateral leg) and four-point (two crutches and both legs) gaits range from 12% to 30%. Bending moments are reduced by 20% to 30% 
and torsional moments are reduced by 11% to 33%.’* These modest decreases in joint forces have led authors to suggest that the main function of walking 
aids is to normalize the gait pattern and the prevention of extreme forces (up to 870% BW) that occur during stumbling caused by loss of balance rather than 
specifically unloading a joint.22:2472 

It may not be possible for patients to adhere to recommended partial or non—weight-bearing instructions.5”7°*°8 Written and verbal instructions to 
remain non—weight bearing resulted in a 27% noncompliance rate in a group of lower extremity fracture patients.®? In the case of partial weight bearing, no 
patients in a cohort of postoperative and healthy subjects could reliably maintain a 200-N weight-bearing restriction, despite training with a therapist.2°° 

Loading at the shoulder joint during crutch ambulation is greater than 1.0 x BW and can be as high as 1.7 x BW, relative to normal loads during daily 
activities of 1.0 - 1.2 x BW.74” Similar loads near 1 BW at the shoulder are seen when using a four leg walker to limit lower extremity loads to less than 
50% BW.!? Shoulder loads were decreased to 0.46 BW when over 50% BW weight bearing was allowed.!®” It is accepted that early weight bearing with 
crutches after plate or intramedullary nail fixation of the humeral shaft is safe, although forces on the fixation construct may exceed failure loads depending 
on the patient size and the type of implant used.°!!8! 


OSTEOPOROSIS 


Osteoporosis presents important biomechanical challenges for the orthopaedic surgeon.!*! Poor anchorage of implants, with lower pullout strengths and 
fewer cycles to failure, in the weak bone results in more difficult surgical procedures and higher rates of fixation failure. Patients are often medically 
compromised, and unable to adhere to weight-bearing restrictions, resulting in early loading of the compromised bone-implant construct. These patients are 
also at an increased risk of stumbles and falls which impart high loads to the fixation construct. An understanding of the biomechanical considerations 
surrounding osteoporosis is required for proper treatment of these difficult fractures. 


Fracture Risk 


Nearly 90% of osteoporotic proximal femur fractures occur as a result of a fall with the final 10% occurring as spontaneous fractures during 
ambulation.”® 124,180,221 The risk of proximal femur fracture in osteoporosis is predicated by two mechanical factors: the local bone density and the 
structural integrity of the proximal femur.4?!77 

The fracture resistance of osteoporotic bone is a function of the third power of the bone mineral density (BMD),*° meaning that a small change in bone 
density results in an exponentially large increase in fracture risk. Clinically, BMD is measured by dual-energy x-ray absorptiometry (DXA). In the proximal 
femur, BMD as measured by DXA is a poor predictor of fracture, with only a 60% correlation with fracture risk. DXA is a two-dimensional average of the 
bone density!*° and does not account for the mineral composition and structural integrity of the region, resulting in its poor predictive value. Quantitative 
CT (qCT) can detect local changes in BMD and reveals that bone is preserved in the inferior neck where walking loads are greatest. Thus, spontaneous 
fractures during ambulation are less likely." Local bone density is decreased in the posterosuperior neck, which is the area responsible for transmitting 
loads from falls.!®° This correlates with the observation that most proximal femur fractures occur from a low-energy fall rather than spontaneously during 
walking,’® 124,180,221 Tt also explains the common valgus fracture pattern seen in femoral neck fractures as the superior neck compresses and the inferior 
neck length is preserved. 

The loads experienced by the proximal femur during a fall from standing height are different in direction and magnitude from those of normal 
ambulation (Fig. 1-9). A fall causes a lateral impact on the greater trochanter, resulting a proximal femur load directed perpendicular to the long axis of the 
femoral shaft. The load magnitude is determined by the impact force, which can be decreased by soft tissue overlying the point of impact, and increased by 
muscle loads generated by a protective response to a fall.!°9 Depending on these factors, loads on the proximal femur can reach 10 to 17 times BW during a 
ground-level fall. 160.199 


Fixation Failure in Osteoporotic Bone 


Early ambulation in patients with osteoporotic fractures requires the use of implants with sufficient fixation strength to support weight bearing. Failure of 
fixation constructs in osteoporotic bone occurs by loss of fixation in bone rather than by breakage of the implant.?!:2!6 In diaphyseal bone, osteoporosis 
causes cortical thinning. In the case of fracture stabilization with a plate and nonlocking screws, construct strength is dependent on the strength of screw 
fixation in bone. Screw pullout strength is highly dependent on cortical thickness, whereby a 1-mm loss in cortical thickness can result in a 50% decrease in 
pullout strength.?!*?!5 The use of bicortical fixed-angle locking screws in thin cortical bone changes the predominate loading vector at the screw—bone 
interface to bending rather than axial pullout.?!4 Transmission of bending loads the bone via the screw predominately results in axial load and compression 
which is stronger than the tensile loads generated at the screw—bone interface during axial pullout. Locked constructs are therefore much stronger in 
osteoporotic bone than conventional nonlocked constructs.°”7!%757 However, locked screws may increase the risk of catastrophic periprosthetic fractures in 
bending if inserted at the end of the plate due to the introduction of bending moments at the end of the plate.*° 


#—» force vectors during fall 


+—— force vectors during stance 


Vector length shown to scale. 
Numerical values corresponding to 
body weight (BW) loading. 


Figure 1-9. Loads on the proximal femur during standing (green) and from a fall causing a fracture (red). The direction and magnitude differ substantially. Peak loads 
on the trochanter during fall from standing height can be as high as 11 times body weight. 160 


TABLE 1-5. Minimum Bone Mineral Density for Fixation Failure 


Location Minimum BMD for Implant Stability (mg/cm?) 
Proximal femur 250147 

Proximal humerus 95149 

Vertebral body (pedicle) 95-1500250 

Vertebral body 220182 


Common osteoporotic fracture locations include the metaphyseal bone of the proximal femur, vertebrae, and distal radius. Fixation of these fractures 
requires stable anchorage of implants in cancellous bone. Especially in the lower extremity, it is often not possible for the patient to limit loads 
postoperatively, !46 making the need for stable fixation even more important. The risk of implant fixation failure in cancellous bone is directly related to the 
bone density. The minimum BMD below which fixation is expected to fail has been defined for several osteoporotic fracture locations (Table 1-5). The 
absolute values for the proximal femur and vertebral body are similar, while those for the proximal humerus and pedicles are considerably lower. 

Osteoporotic bone exhibits local differences in trabecular bone density.!’” For example, in the proximal humerus the highest bone density is in the 
medial and dorsal region of the humeral head, with the lowest density in the anterosuperior head.158.?32 Implants that direct screws into locations with the 
greatest local bone density improve mechanical fixation and lessen the risk of failure.!°®.2°°.2!6 Fixation strategies that emphasize placement of screws in the 


regions of strongest trabecular bone result in superior biomechanical and clinical results,99192,209 


STRESS RISER FRACTURES: PERIPROSTHETIC, INTERPROSTHETIC, AND END SCREW 
FRACTURES 


Stress risers are any change in the stress distribution in bone caused by a change in the local mechanical environment. Stress risers in the musculoskeletal 
system can be caused by geometric discontinuities (changes in the structure of bone) and material discontinuities (changes in the material properties).7°> 
Examples of geometric discontinuities include empty screw holes and cortical notches in the femur after at total knee surgery. Material discontinuities are 
seen around the ends of plates, intramedullary nails, and arthroplasty prostheses, which cause an abrupt change of structural stiffness at the transition from 
the instrumented to uninstrumented bone. Stress riser fractures often occur from accumulated low-energy forces but may also result from high-energy 
trauma.”°° For example, cantilever bending of a femur causes an elevation in the local stress in the bone near the stem of the prosthesis, increasing the risk 
of periprosthetic fracture (Fig. 1-10).18°-245 In a series of stress riser fractures, 58% were caused by empty holes from screws, guide pins, or drill bits, 27% 
were noted to be peri-implant fractures, and 15% of fractures were caused by a fracture line or sharp step such as a notch in the distal femur.*°° The 
following discussion will examine the mechanical implications of implant-related stress risers. 
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Figure 1-10. Loads required to cause a femur fracture. The presence of a hip implant significantly lowers the load to failure. An intramedullary nail below a hip stem 
further increases the risk of fracture. 157 


Periprosthetic Fractures 


Normal walking loads do not result in periprosthetic fractures around well-fixed implants. Periprosthetic fractures usually occur after a low-energy fall or a 
stumble, which impart torsional and bending loads to the femur. The morphology of the resulting fracture is dependent on the magnitude and direction of 
the load applied. Torsional loads typically cause fractures around the greater trochanter, analogous to a Vancouver A fracture. Lateral bending loads in the 
presence of a stable hip implant cause a stress riser at the tip of the stem that decreases the strength by 32% relative to an uninstrumented femur.2° The 
resulting fracture at the tip of the prosthesis resembles a Vancouver B fracture. Under low-magnitude anterior bending loads, the presence of a hip implant 
does not affect the magnitude of forces required to cause a fracture. 16:202 With higher loads, anterior bending results in a Vancouver C supracondylar femur 
fracture. The Vancouver classification of periprosthetic fractures is discussed in Chapter 59. 

Femoral fixation methods in arthroplasty can affect the periprosthetic fracture risk. Collarless noncemented implants have a 25% increased risk of 
periprosthetic fracture relative to a collarless cemented implant of the same design.!44 In the case of cemented femoral implants, the use of a collarless, 
polished and tapered implant appears to be associated with the highest periprosthetic fracture risk.?!3731 

The femoral stem design affects the risks of periprosthetic femur fractures around cementless hip implants. 133154218 A noncemented femoral component 
with a collar fracture after application of a torsional load of 65 Nm, well above the highest torsional load measured in vivo (25.5 Nm) with an instrumented 
hip replacement.!*? The torsional load in a stumble is unknown but resultant forces may be substantially higher and potentially exceed the fracture load of 
65 Nm.” 

Bone quality is another established biomechanical risk factor for periprosthetic fracture. In cadaveric femurs instrumented with a noncollared, press fit 
stem fracture risk increased linearly as the bone mineral density measured in Ward’s triangle decreased. Femurs from donors over age 77 had a 1.5 to 2 
times higher risk of fracture compared to those less than 70 years of age.!2° 


In the setting of a loose implant, the risk of periprosthetic fracture increases considerably, due to both the loss of bone stock, and a mobile and therefore 
abnormally loading implant.?”'59 Most fractures around loose implants occur with low-energy falls rather than high-energy trauma. Fractures may occur 
secondary to any loading direction, but spiral fractures secondary to torsional loading are common.?°*?°? A biomechanical study found that a femur with a 
loose cemented implant is 58% weaker in torsion than a femur with a well-fixed implant.'!* The resulting spiral fractures are more proximal than those in 
well-fixed implants. 

Periprosthetic fractures in the distal femur below a total hip implant can be stabilized with an intramedullary nail or a plate. The use of an intramedullary 
nail to stabilize a distal femur fracture below a total hip prosthesis leaves an uninstrumented segment of bone that increases the risk of a peri-implant 
fracture.!°” If a plate is used to stabilize the fracture, the peri-implant fracture risk increases when the plate does not overlap the prosthetic stem. The length 
of uninstrumented bone between the end of the plate and the tip of the stem affects fracture risk. As the distance between the end of the fixation plate and 
the hip or knee stem decreases, the strain in the uninstrumented bone increases during loading,!!° increasing the fracture risk. In the case of locked lateral 
plates, a distance of less than 8 cm between the top of the plate and the femoral stem significantly decreases the force required to cause a fracture.1>! In both 
locked and nonlocked constructs, extending the plate beyond the tip of the implant significantly reduces the bone strain and fracture risk.!!3151 Another 
biomechanical study emphasized the need to extend the fixation at least two shaft diameters past the tip of an intramedullary implant to reduce the risk of 
interprosthetic fracture.'3” Strains measured in the intact femur during physiologic loading were the lowest when a lateral plate either overlapped the hip 
stem by 6 cm or a gap of at least 6 cm was left between the tip of the stem and the top of the plate.*4! 


Interprosthetic Fractures 


The use of a stemmed total knee implant below a total hip implant produces an uninstrumented segment of bone in the midshaft of the femur that is at risk 
for an interprosthetic fracture. The risk of fracture between two well-fixed stems is different than that between a fracture fixation plate and a well-fixed 
stem. The risk depends on multiple biomechanical factors, including the distance between the implants and the quality of cortical bone.!28156222,245 Even in 
weak bone, normal walking does not generate forces capable of causing an interprosthetic femur fracture.??? There is some evidence that an interprosthetic 
distance less than 110 mm may increase the risk of fracture in weak bone under bending loads.??? Other studies found no correlation with interprosthetic 
distance but a significant correlation with cortical thickness.!28:?45 In the setting of a loose arthroplasty implant or an intramedullary nail, the risk of 
interprosthetic fracture increases as the distance between the implants decreases.'2®-!56 In the upper extremity, the risk of interprosthetic fractures was 
similarly found not to be related to the interprosthetic distance between the stems of well-fixed total shoulder and total elbow prostheses. 189 


End Screw Fractures 


Periprosthetic fractures also occur at the end of plate constructs. Rates of fractures near the end screw are 1% to 3% for nonlocking screws!®5!,255 and 2.6% 
for locking screws.??’ Plates are extramedullary load-bearing or sharing implants and present a different mechanical environment than a well-fixed 
intramedullary implant. A plate on the surface of the bone is not aligned with the neutral axis. Bending forces induce a stress riser at the screw hole at the 
end of the plate, increasing the risk of peri-implant fracture. Classic descriptions of conventional plating techniques recommended the placement of a 
unicortical screw at the end of the plate to allow a more gradual stress distribution. This recommendation was abandoned after biomechanical studies 
showed that the use of a unicortical endscrew resulted in lower strength than a conventional bicortical screw. 1673 

The advent of locking screws changed the biomechanical environment around the end screw. In locking screw constructs, the load transferred from the 
cortex to the fixed-angle locking screws results in highly concentrated stress around the end screw. Although locked plates are stronger than compression 
plates in axial loading, stress concentration increases the risk for fracture around the end screw in torsion and bending.*° The use of a nonlocking screw at 
the end of an otherwise all locked construct was shown to significantly decrease the risk of fracture without affecting axial strength.°3 

Using an angled screw in both locking and nonlocking applications was shown to decrease pullout strength and end screw fracture risk in strong bone 
models.!8°.228 Inserting the end screw in an oblique manner in the longitudinal plane places the near and far cortex screw holes at different levels, 
presumably decreasing the stress concentration at the end of the plate and placing the stress risers generated by the screw holes at different levels in the 
bone. In the transverse plane, plates are often placed eccentrically on the bone secondary to anatomic mismatch between a relatively straight plate and a 
curved bone. This results in the possibility of the end screw being placed eccentrically through only a single cortex, which results in a high risk for peri- 
implant fracture relative to a screw placed in a bicortical manner through the center of the bone. If a plate cannot be centered on the bone, the use of a 
nonlocked screw directed centrally across the bone decreased the risk of fracture. 1”? 

Dual plate fixation is commonly used in distal humerus and proximal tibia fractures. These constructs are especially at risk for peri-implant fractures, 
given the increased implant stuffness and therefore stress gradient from instrumented bone to normal bone. Placing the end screws of both plates at the same 
level results in a higher risk of fracture than placing the screws at different levels. "° 


Hardware Removal and Fracture Risk 


Removal of plates and screws after fracture healing is rarely required. When a plate and screws are removed, the residual holes from the screws present a 
risk for refracture secondary to the resulting defect in bone.!!9-!3! These fractures may occur as a result of bending or torsion and are related to a 
combination of cortical stress shielding and the presence of stress risers caused by empty screw holes.2°! 

The reduction in torsional strength around a circular defect is related to the size of the defect. Benchtop studies suggest that holes less than 10% of the 
outer bone diameter cause no change in torsional strength. A large (34%) drop in strength occurs as the defect diameter grows from 10% to 20%. Increasing 
the defect further results in a linear decrease in strength until 60%, at which the defect is the same diameter as the normal intramedullary canal (Fig. 1- 
11).4382120 A unicortical defect reduces the residual strength slightly less (22%) than a bicortical defect (26%) under torsional loading.!%* 
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Figure 1-11. The decrease in torsional strength with increasing cortical defect diameter. Defects up to 10% of the bone diameter show no decrease in ultimate 
strength. There is a large decrease between 10% and 20%, with a linear decrease for larger defect sizes. 


Evaluation of residual screw hole defects in the distal tibia using clinically relevant defect sizes of 3 to 5 mm resulted in a 28% to 38% decrease in 
torsional strength relative to intact bone.!65 Biplanar fixation is often used for complex fractures. Following removal of orthogonal plates in the clavicle, and 
there is evidence that the risk of fracture is similar with residual uniplanar screw holes and biplanar screw holes.7° 


BIOMECHANICAL ASPECTS OF BONE HEALING 


INTERPLAY BETWEEN BIOLOGY AND MECHANICS 


Fracture healing is a complex biologic and mechanical process. Although the interaction between the biologic processes and the mechanics is not fully 
understood,!*“8 it is clear that the mechanical environment at the fracture site largely determines the mode of fracture healing.'®° A fracture treated 
nonsurgically or with an implant designed to allow controlled fracture motion results in “natural” bone healing with fracture callus. In the case of rigid 
internal fixation with directly opposed fracture ends and interfragmentary compression to prevent fracture site motion, fractures are expected to heal by 
“direct” bone healing. A nonunion can result either from excessive interfragmentary motion or from deficient interfragmentary motion in the presence of a 
residual fracture gap.°° 


NATURAL BONE HEALING 


Many mechanical factors, including the fracture geometry, the fracture type, and the direction, magnitude, and history of interfragmentary motion affect the 
progression of natural bone healing.!? A bone healing environment that allows controlled interfragmentary motion is often termed “relatively stable.” A 
relatively stable environment exists after nonsurgical stabilization with casts and fracture braces or after surgical fixation using intramedullary nails, external 
fixators, or flexible plate constructs. In these situations, fracture healing progresses through well-established biologic and biomechanical stages that 
gradually increase the stability of the fracture by depositing tissue with progressively increasing structural qualities at the fracture site (Fig. 1-12).!°9 Each 
biologic stage of natural bone healing includes specific tissues, each of which possesses two mechanical characteristics, the ability to stabilize the fracture 
and a strain beyond which the healing tissue will fail (Table 1-6).!°8 

Natural bone healing occurs by bridging the fracture with a callus envelope rather than direct remodeling across the fractured bone ends.!® The earliest 
stage of fracture healing begins immediately after the injury, as the fracture site fills with hematoma and forms a fibrin clot. This tissue provides little 
stability and can deform significantly, tolerating fracture strains up to 100%.'°° Most of the stability at this early healing stage is provided by the soft tissues 
surrounding the fracture.*” 
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stabilization 


soft callus hard callus 
cartilage woven bone 


callus remodeling 


Figure 1-12. Qualitative temporal representation of the tissue deposited during natural bone healing. As more mature tissue forms, the resistance to refracture 
increases. 


In the first several weeks after fracture, bony callus is deposited by intramembranous bone formation circumferentially around the periosteal and 
endosteal bone surfaces proximal and distal to the fracture. Initially, tissue strain is too high for cartilage or bone formation close to the fracture. Granulation 
tissue, which has a higher allowable strain, is deposited near the fracture site. The granulation tissue gradually improves the mechanical stability of the 
fracture, allowing endochondral ossification to proceed by depositing cartilage along the intra- and extramedullary cortex near the fracture. This initial “soft 
callus” adds stability to the fracture but remains flexible and allows large deformations before failure. As the callus volume increases, endochondral 
ossification proceeds and results in calcification of the soft callus, which further increases the stability of the fracture.’“® Hard callus formation marks the 
end of the healing process and the beginning of the remodeling phase. 

As healing progresses, fracture stability results from improving material and structural properties of the callus. Progressive mineralization of the soft 
callus increases its stiffness and enhances the stability at the fracture site. The structural properties improve more as callus is deposited far away from the 
neutral axis of the bone, increasing the moment of inertia and stability at the fracture site (Fig. 1-13A,B). The extramedullary callus contributes far more to 
the strength of the fracture repair than the intramedullary callus, as the bending stiffness increases with the fourth power as the callus is deposited further 
away from the neutral axis of the bone (Fig. 1-13C). As stability increases, motion at the fracture decreases, allowing stronger, more mature lamellar bone to 
form. The fracture will begin to remodel as the mechanically strong mature bone is able to bear more load and the large volume of callus is no longer 
required for stability. 


TABLE 1-6. Progressively Increasing Tissue Properties of Fracture Healing Tissue 


Tissue Maximum Strain (%) Ultimate Tensile Strength (N/mm?) 
Hematoma 100 0.1 

Soft callus 10-12.8 4-19 

Hard callus 2 130 


Adapted from Griffon DJ. Fracture healing. In: Johnson AL, ed. AO Principles of Fracture Management in the Dog and Cat. Thieme; 2007. Copyright © Georg Thieme Verlag KG. 


The transition from the healing phase to the remodeling phase of fracture healing results in a visible decrease in extramedullary callus on radiographs. 
The callus index is the ratio of the diameter of the callus to the diameter of the cortex.8! As callus grows, the callus index will increase, indicating that 
healing is progressing. Because remodeling of the fracture callus does not commence until sufficient stability of the fracture has been achieved, the time 
taken to reach a maximum callus diameter or “maximum callus index” is a useful measurement of the time to clinical union. 

The biomechanical properties of the natural bone healing progression described above were investigated in a rabbit tibia fracture model. The torsional 
stiffness and strength of a healing osteotomy was tested at several time points after fixation with an external fixator.?“® A relatively flexible callus was noted 
initially, with progressively increasing stiffness as the callus matured over time (Fig. 1-14). When loaded to failure, the location of failure progressed from a 
refracture through the original osteotomy site at early time points to fracture through bone far away from the osteotomy as healing progressed. 

Natural bone healing with callus formation benefits from a mechanical environment that allows controlled axial motion, whereby a less rigid fixation 
construct can yield more callus and a faster callus maturation (Fig. 1-15). The optimal amount of interfragmentary motion is in the range of 0.2 to 1 
mm,°975! although displacements of 4 mm are compatible with healing of tibia fractures treated using braces.7°° Fracture site motion generated during 
weight bearing measured in vivo using an instrumented tibial external fixator was in the range of 0.5 to 1 mm, well within the range required to generate 
callus. A similar amount of axial motion was measured in the unloaded tibia by simple active plantarflexion and dorsiflexion of the ankle, indicating that 
adequate fracture site motion can be generated by simple range of motion exercises.!°! Fractures with greater initial interfragmentary motion decrease the 


motion at a faster rate than fractures with less interfragmentary motion. 
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Figure 1-13. A: Natural bone healing of a well-reduced transverse osteotomy under relative stabilization heals with abundant circumferential callus, as depicted on a 
cross-sectional image of a specimen that was loaded to failure through the osteotomy plane. B: Micro-CT shows cortical resorption, indicating that bridging does not 
occur between adjacent fracture surfaces, but in the periosteal and endosteal callus regions. C: A 5-mm thick periosteal callus envelope surrounding the diaphysis 
provides over 12 times more structural stability (J = 8.6 cm‘) than a 5-mm thick endosteal callus (I = 0.7 cm‘). 


When evaluating acceptable fracture site motion in terms of fracture strain rather than absolute motion, traditional teaching established a range of 2% to 
10% strain for callus formation.!*9 This range was based on elongation and failure of cells in callus during loading and was cemented in orthopaedic 
teaching in a series of seminal articles published by Perren. 185-187 More recent research by the same author suggests a much larger envelope of acceptable 
motion for callus healing of fractures. In an ovine model with a 2-mm fracture gap and no loading from weight bearing or muscle forces, an absolutely 
stable fracture (0% strain) formed no callus. Induced strains in the range of 7% to 24% were optimal for callus formation, with lower strains showing the 
most robust healing. Bridging endosteal and periosteal callus was seen at 36% strain and no bridging callus was observed beyond 48% strain.!!8 In vivo 
computational analysis of distal femur fractures suggests that much higher strains in the range of 60% may be tolerated, primarily by the deposition of callus 


in lower strain areas outside the fracture followed by later consolidation of the fracture gap.!29 
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Figure 1-14. Torque-to-failure test results of rabbit tibiae obtained at 21 to 56 weeks after stabilization with an external fixator. Large angular displacements at low 
torque values represent early callus with low torsional stiffness. The torsional stiffness remained low until week 20, and rapidly increased until week 30. (Reprinted 
with permission from White AA 3rd, et al. The four biomechanical stages of fracture repair. J Bone Joint Surg Am. 1977;59(2):188—192.) 
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Figure 1-15. Progression of natural bone healing. A: For healing of a 3-mm osteotomy in sheep tibiae, callus formation peaks after 6 to 8 weeks after surgery. 
(Reprinted with permission from Bottlang M, et al. Dynamic stabilization with active locking plates delivers faster, stronger, and more symmetric fracture-healing. J 
Bone Joint Surg Am. 2016;98(6):466—474.) B: Subsequent remodeling is evident by a decrease in callus size and by a rapid increase in stiffness. Compared to more 
rigid fixation, less rigid fixation can result in significantly more callus and faster recovery of stiffness. (Reprinted by permission from Kenwright J, Goodship AE. 
Controlled mechanical stimulation in the treatment of tibial fractures. Clin Orthop Relat Res. 1989;(241):36-47). C: In humans, progression of fracture healing has 
been measured by revision of nonunions with an instrumented plate that traced the elasticity across the fracture site over time, whereby 100% and 0% elasticity 
corresponds to an unstable and fully healed fracture, respectively. In a patient with an undisturbed healing response (labeled “fast healing”), healing of a revised 
nonunion was achieved within 12 to 16 weeks.!41 


The presence of a residual gap after fracture reduction affects fracture healing in an otherwise relatively stable environment. Larger gaps heal more 
slowly, form less periosteal callus, and have lower bone mineral density than smaller fracture gaps.!!59-!29 In an ovine model, gaps less than 2 mm result in 
more complete bridging than fractures with a 6-mm gap.t 

Natural bone healing does not only pertain to comminuted fractures with a residual fracture gap (Fig. 1-16A) but also to simple, well-reduced fractures. 
In the case of a well-reduced fracture, absence of a residual fracture gap will limit interfragmentary axial motion. As noted previously, natural bone healing 
does not occur inside the fracture gap, but rather around the periphery by the formation of periosteal callus. Even small residual motion in a well-reduced 
fracture will distort the periosteal envelope and induce callus formation. This has recently been documented in vivo in a series of ovine studies where a 
perfectly reduced, but not compressed fracture was stabilized with a flexible plating construct. In both oblique!” and transverse“ fracture models, healing 
occurred with periosteal callus. In the transverse fracture model, the healed bone was over two times stronger than a compression plating construct when 
subjected to torsional load to failure (Fig. 1-16B).*° 

The direction of interfragmentary motion affects healing. Primary axial motion leads to robust callus formation and faster healing.!*9 Multiple studies 
have investigated the effect of fracture site shear on callus healing and have shown that the presence of shear as the dominant motion prevents fracture 
healing in most animal studies.®:254 However, shear can be compatible with healing in situations where the shear motion was not dominant. 145-179 

Measured by the number of axial compression cycles, the amount of mechanical stimulation required for callus formation is minimal. In ovine studies 
evaluating the effect of external axial stimulation on callus volume, as little as 10 stimulation cycles spread equally through the day or 10 minutes of 
stimulation one time per day resulted in robust callus formation.!°!!8234 The timing of motion introduction also affects callus formation and fracture 
healing. The natural fracture healing process responds with a more robust callus formation when exposed to early motion relative to delayed motion.*®!45 In 


an ovine fracture healing study, introducing motion in week 1 rather than week 6 yielded twice the bone mineral content when measured at 12 weeks.!°” 
Another ovine study suggested that motion in the range of physiologic loading during the proliferation phase was sufficient to stimulate robust healing.*34 


PRIMARY BONE HEALING 


Direct or primary bone healing is the result of an induced mechanical environment achieved after anatomic fracture reduction with compression of the 
fracture ends. Primary bone healing requires interfragmentary motion to remain below 0.15 mm and fracture strains of less than 2% to 5%, without gaps at 
the fracture site.6®187 Jt relies on direct remodeling of bone, whereby osteoclast cutting cones cross the adjacent fracture surfaces and osteoblasts form new 
bone. Because the direct healing process directly remodels the fracture into bone and does not pass through intermediate stages of less organized tissues, the 
process is highly sensitive to fracture site motion and fracture site gaps. Fracture site motion that causes interfragmentary strain to exceed the 2% to 3% 
failure strain of bone will disrupt the healing process. Residual gaps at the fracture site will prevent osteoclast cutting cones from crossing the fracture. 
Because of the requirement for direct bony contact, primary bone healing is often referred to as “contact healing.” Microscopically, even the most anatomic 
fracture reduction will result in small gaps between the bone ends. Since cutting cones cannot cross these residual gaps, a second mode of direct bone 
healing termed “gap healing” is recognized in these areas. In gap healing, bone is laid down directly as lamellar bone perpendicular to the long axis of the 
bone. This bone is then remodeled by cutting cones crossing the new bone parallel to the long axis. Because gap-healed bone is not as well anchored to the 
fracture ends, it is not as strong as bone formed by contact healing. 4 
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Figure 1-16. Natural bone healing in presence and absence of a residual fracture gap. A: In presence of a 3-mm osteotomy gap, relative stabilization stimulates a 
stronger and circumferential callus healing response compared to rigid fixation with a locking plate, as seen on 9-week radiographs of a sheep tibia. (Reprinted with 
permission from Bottlang M, et al. Dynamic stabilization with active locking plates delivers faster, stronger, and more symmetric fracture-healing. J Bone Joint Surg 
Am. 2016;98(6):466-474.) B: Similarly, relative stabilization of a well-reduced osteotomy stimulates a stronger callus healing response than rigid compression plating. 
(Reprinted with permission from Bottlang M, et al. Dynamic stabilization of simple fractures with active plates delivers stronger healing than conventional 
compression plating. J Orthop Trauma. 2017;31(2):71-77.) 


The process of direct bone healing does not require the intermediate steps of natural bone healing and proceeds directly to the remodeling stage. This 
does not increase the speed of healing, rather the process of direct bone healing is recognized as a much slower process.2° When loaded to failure, 
radiographically healed sheep tibia osteotomies stabilized with compression plates failed through the original fracture site at 48 weeks in one-third of 
specimens.”°° Because of this slow healing process, early plate removal after direct bone healing risks refracture through the original fracture site (Fig. 1- 
17). Currently, it is recommended that plate removal be delayed for up to 2 years after surgery to allow adequate time for complete union.!!9 

The technical ability of the surgeon to obtain an environment of absolute stability is limited.*°1”° In the original description of primary bone healing, 
Perren et al. used two orthogonal plates to compress a sheep tibia osteotomy in an attempt to obtain absolute stability.!°° They found predominantly direct 
contact healing under the plates, but gap healing at the cortex opposite the plates, due to the bending moments introduced by off-axis fixation and indicating 
the difficulty in obtaining adequate compression despite an optimized fracture model. These findings have been reproduced in more recent compression 
plating animal studies (Fig. 1-18).*°!°° Modern clinical studies attempting to achieve absolute stability using combinations of lag screw fixation, 
conventional screw fixation, and locking neutralization plates report excellent clinical outcomes; however, callus was noted in nearly all of the fractures, 
emphasizing the challenge of achieving absolute stability.2°%746 


12 months post-op 


Figure 1-17. Plating of clavicle fracture. A: After 12 months, the state of primary bone healing is largely invisible on radiographs, as periosteal callus is not expected. 
B: Refracture occurred 9 days after plate removal through the original fracture site. 
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Figure 1-18. Compression plating of an ovine tibia osteotomy shown by radiograph (A) and photograph (B) of dissected tibia at week 9 after fixation. C: Torsion 
testing resulted in refracture involving the osteotomy. D: The micro-CT illustrates gap healing with transversely oriented osteons at one cortex, and primary bone 
healing at the opposing cortex. (Reprinted with permission from Bottlang M, et al. Dynamic stabilization of simple fractures with active plates delivers stronger healing 
than conventional compression plating. J Orthop Trauma. 2017;31(2):71-77.) 


DELAYED UNION AND NONUNION 


Delayed healing and hypertrophic nonunion may occur if fractures are unstable, allowing excessive motion at the fracture site. Conversely, with an overly 
stiff fixation construct in the setting of a residual fracture gap, an atrophic nonunion may result. 

In the case of hypertrophic nonunion, the interfragmentary motion may be at a level that disrupts the healing tissue. The upper limit of interfragmentary 
motion for natural bone healing is unknown; however, it is likely to be greater than the 0.2 to 1 mm of motion which is thought to be optimal for callus 
formation. Animal studies show healing in the presence of fracture site motion as great as 6 mm, albeit slower than with smaller amounts of motion.°? In 
vivo monitoring of tibia fractures treated with fracture braces confirms healing with interfragmentary motion of 4 mm.2°° When motion is excessive, 
additional cartilaginous tissue is deposited at the fracture to control the motion. This results in increasingly wide callus formation. Hente showed that 
fracture strain of 7% was optimal for callus healing in a controlled ovine healing model but noted that bridging callus can form outside the fracture gap for 
strains up to 36%.!!8 When the fracture strain exceeds the allowable strain for the healing tissue, the process is disrupted and fiberous tissue is deposited to 
stabilize the fracture, allowing fracture strains of up to 60% to be tolerated.!!7!9 If the fracture does not heal, a typical hypertrophic nonunion with a large 
amount of callus but no fracture bridging will develop. 

Atrophic nonunions or delayed unions also result after fixation with overly stiff implants in the setting of a residual fracture gap. The current emphasis 


on biologic fracture plating allows residual fracture gaps after the fracture is stabilized to avoid the biologic insult required for anatomic compressive 
fixation of each fragment. A fracture with a residual gap stabilized with a stiff construct will not allow adequate fracture motion to stimulate callus 
formation and an atrophic nonunion may result.?! Clinically, the use of locked plates to stabilize distal femur fractures using biologic techniques results in a 
nonunion rate of nearly 20% (Fig. 1-19).3>161 Therefore, it is imperative that the operating surgeon thoughtfully consider the fracture pattern, the targeted 
mode of healing, and subsequently carefully select implants to optimize the mechanical environment for fracture healing. 


FRACTURE FIXATION STRATEGIES 


Osteosynthesis is a race between fracture healing and failure of the fracture fixation construct. If a fracture does not heal, the fixation construct will 
eventually fail by mechanical fatigue under prolonged cyclical loading. The ideal osteosynthesis construct will promote biologic fracture healing while 
providing adequate mechanical durability as the fracture heals. !38:186.235 The surgeon has a vast array of constructs and techniques available for stabilization 
of fractures. It is necessary that a logical approach to the choice of implant and technique be applied to each fracture. This section will address general 
strategies for targeting a specific fracture-healing mode and for designing a durable fixation construct that will promote fracture healing. The next section 
will provide guidance concerning specific implants to implement these strategies. 


Figure 1-19. Bilateral distal femur fractures, 6 months postoperative radiographs. Both fractures were treated with biologic techniques and locked plates. Residual 
gaps were left at the fracture site, and an overly stiff fixation construct was employed. Atrophic nonunions resulted. 


TARGETING A FRACTURE-HEALING MODE 


Because fractures can heal via two distinct pathways (callus healing and direct healing), the first and most important decision in planning a fracture fixation 
strategy is determining which healing mode is desired. As previously discussed, the mechanical environment at the fracture site largely determines the mode 
of healing.®?87,225 The mechanical environment is affected by multiple patient-related factors including bone quality, fracture type, degree of comminution, 
and fracture location. A principal factor in determining the mechanical environment at the fracture is the fixation construct chosen by the surgeon. Based on 
the technique and construct chosen, the fracture will heal by either natural bone healing with callus formation or by direct bone healing without callus 
formation. This decision is critical, since the two healing modes have directly opposing mechanical requirements.!9! Specifically, a fixation strategy aimed 
at preventing fracture site motion to target direct bone healing will necessarily suppress natural bone healing by callus formation. Therefore, the most 
important question a surgeon should ask in choosing an osteosynthesis construct is: “What mode of fracture healing am I targeting?” 


FIXATION STRATEGIES FOR NATURAL BONE HEALING 


The decision to target natural bone healing by callus formation requires the use of a fixation construct with relative stability that allows controlled fracture 
motion, !07-185,206,235,252 Functional bracing, external fixation, intramedullary nails, and bridge plating constructs, all provide an environment of relative 
stability and fractures will heal with callus formation. The guiding principles of fracture fixation constructs used to promote callus healing are based on the 
large volume of basic science studies evaluating the mechanical conditions under which callus forms.3®863-107,138.235 The surgeon must evaluate each 
possible construct based on the four mechanical factors that appear to affect healing with callus, namely the amount of interfragmentary motion,® the 
timing of the introduction of motion,!®” the direction of motion,®.2%2“4 and the residual fracture gap (Table 1-7).5° 

The amount of interfragmentary motion allowed by an osteosynthesis construct is determined by its stiffness. A low-stiffness construct allows fracture 
motion while a high-stiffness construct limits motion. It is important to differentiate between the stiffness and strength of the construct, which are two 
independent factors. A construct such as an intramedullary nail has low stiffness and high strength of fixation, allowing healing with callus. Alternatively, a 
high-stiffness and high-strength construct may not allow adequate fracture site motion to reliably promote callus formation.!®! In general, compression 
plates and locking plates both produce a high-stiffness environment, which is several times stiffer than intramedullary nails and external fixators.°! A low- 
stiffness and low-strength construct permits interfragmentary motion, but due to its low strength fails before the fracture has consolidated. When targeting 
natural bone healing with callus a low-stiffness, high-strength implant is ideal.?35;252 


TABLE 1-7. Mechanical Factors for Callus Healing 


Factor Goal Avoid 
Interfragmentary motion 0.2-1 mm <0.2 mm 
Initiation of motion Early Late 
Direction of motion Axial compressive Shear 
Residual gap Small Large 


The timing of motion at the fracture site appears to be important for callus formation, with motion in the early stages of healing being vital to stimulate 
the healing cascade.!°”,234 As long as the stiffness of the fracture site remains less than that of the fixation construct, most loading will be shared by the 
fixation construct (Fig. 1-20). Because of the low stiffness of external fixators and intramedullary nail constructs, much of loading can be shared by the 
fracture site after initial callus bridging, allowing successful remodeling of the fracture. However, stress shielding due to overly rigid plating constructs can 
not only delay remodeling, but may also cause porosis by depriving the underlying cortex of sufficient mechanical stimulation.>®.295,252 
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Figure 1-20. A fixation construct should support the three stages of natural bone healing, all of which are directed by the mechanical environment at the fracture: 
First, the load-bearing construct must support interfragmentary motion to simulate callus formation. Second, it must gradually share load with the bridging callus to 
stimulate callus maturation. Finally, the remodeling stage relies on a largely unshielded load transfer through the diaphysis to restore normal bone strength. An overly 
stiff fixation construct can not only delay all three healing stages by suppressing callus formation, maturation, and remodeling, but may also induce porosis under the 
plate by depriving the bridged bone segment of sufficient mechanical loading. 


Callus bridging is stimulated by axial motion and may be delayed or prevented if fracture motion is dominated by shear due to transverse motion of the 
fracture surfaces.®.298244 For example, torsional “twisting” of a thin intramedullary nail will permit rotation of the diaphysis, leading to shear-dominant 


motion between the fracture surfaces.2“* With external fixators, fracture surfaces may translate relative to each other due to torsion around the external 
monolateral bar.®:2°8 With bridge plating constructs, increasing the working length, a common solution to allow more axial motion, can induce up to three 
times more shear motion than axial motion, resulting in shear-dominant interfragmentary motion!!° that can inhibit callus formation.®° 

Targeting natural bone healing with callus allows robust fracture healing under a wide range of fracture fixation constructs. Specific mechanical 
principles must be respected, but these allow a significant envelope of possible environments for healing. Intramedullary nails and external fixators have an 
adequately low axial stiffness,?*° and their low shear stiffness can be improved by modulating the implant configuration to achieve the desired torsional 
rigidity.2“* In contrast, plating constructs have an inherently high stiffness, which is difficult to effectively modulate to support natural bone healing.°! 
While a multitude of technical tricks and guidelines have been recommended to decrease the stiffness of contemporary plating constructs, such strategies 
can also reduce construct strength and may induce asymmetric or shear-dominant interfragmentary motion.!!®!5+226 Novel plating strategies that 
incorporate engineered solutions capable of dynamizing the fracture to stimulate natural fracture healing are available.!®2738.41162,196 Specific guidance as 
to how to achieve the desired stiffness of external fixators, intramedullary nails, and plate constructs is provided in the following section of this chapter. 


FIXATION STRATEGIES FOR PRIMARY BONE HEALING 


Targeting direct bone healing with compression or locked plating is a valuable fixation strategy for intra-articular fractures that rely on anatomic reduction 
to restore the continuity of joint surfaces. However, unlike the forgiving nature of callus healing, the choice of primary bone healing in diaphyseal fractures 
requires an exacting compression plating technique to achieve the mechanical environment outlined above.!®° A perfect, compressive reduction of fracture 
fragments is required to allow a healing environment that limits motion to less than 0.15 mm. Even for simple fractures, obtaining such a fracture 
environment is rarely possible.?°* With the exception of intra-articular fractures, the lack of clinical evidence of its superiority and the unforgiving nature of 
the stringent procedure to achieve interfragmentary compression detract from its merit. 170235 

In summary, choosing the desired fracture-healing mode dictates the type and configuration of the required fixation construct. Stiff implants are reserved 
for cases in which direct bone healing is desired, while flexible implants favor callus healing. Most fractures, comminuted or simple, benefit from natural 
bone healing and require a relatively stable fixation construct that enables early and controlled interfragmentary motion to stimulate callus formation. 
Targeting direct bone healing should remain reserved for anatomic reduction of intra-articular fractures, owing to its slow, !86 weak,” and invisible healing 
process.”°° Furthermore, attempting to mix the direct and callus healing strategies will not properly support either mode of healing and result in a nonunion. 
For example, the use of an interfragmentary lag screw in the setting of a relatively stable construct such as an external fixator or a plate construct with far 
cortical locking (FCL) screws mixes two different fracture-healing modes and should be avoided.!°° 


CREATING A DURABLE FIXATION CONSTRUCT 


Regardless of the mode of healing chosen, the osteosynthesis construct must be strong enough to withstand loads until the fracture is consolidated. There are 
two interrelated strategies to improve the strength of a fixation construct: minimizing stress concentrations around the construct and maximizing the fixation 
span. These fundamental concepts are explained in the following section by examples that can be translated to a wide range of fixation constructs. 


Minimizing Stress Concentrations 


When force is focused on a small area, it generates high stress that can lead to material failure or fracture. For example, a sharp drill focuses a cutting force 
on a small cutting edge to generate a stress concentration that can readily penetrate or fracture bone. A dull drill will apply less concentrated stress and will 
require a far greater force to penetrate bone. For the same reason, stress concentrations in fracture fixation constructs must be minimized to prevent early 
fixation failure. Stress concentrations in fracture fixation constructs can be reduced by three strategies: load distribution, reduction of stiffness gradients, and 
prevention of preloading during fixation. 

Locking screw fixation in the metaphysis is an example of the importance of load distribution. A metaphyseal locking screw rests on individual 
trabeculae that are in direct contact with the screw shaft (Fig. 1-21A). A longer screw will distribute load transfer over more trabeculae. Each additional 
screw will increase the number of trabeculae that participate in load transfer from the plate to the metaphyseal bone. Sharing the load between multiple 
screws decreases the load, or stress riser, imposed on the individual trabeculae. Hence, the maximal number of locking screws of maximal length will 
provide the strongest fixation in the metaphysis.®° For intramedullary nails, using two multiplanar interlocking screws rather than one not only reduces the 
axial load on each screw but also distributes the load and reduces the stress riser at the screw—bone interface. 106 

Reduction of stiffness gradients can be understood by evaluating the effect of a diaphyseal plate on the stress distribution of the surrounding bone. A 
plate increases the bending stiffness of the diaphysis. This will lead to a stiffness gradient at the transition from the plated to the nonplated diaphysis section 
(Fig. 1-21B). Bending forces applied to the bone therefore induce a stress riser at the end screw, which can cause a transverse fracture through the end screw 
hole. This complication has an incident rate of 1% to 3%.3t49 Because titanium is approximately half as stiff as stainless steel, the stress riser at the end 
screw can be reduced by using titanium.!7° The stress riser can further be reduced by using a nonlocking end screw, since the rigid, angle-stable fixation of 
locking screws can further exacerbate the stiffness gradient and resulting stress riser at the plate end. Replacing a locked end screw with a nonlocked end 
screw increases the bending strength of a construct by 40%.°° For the same reason, modern intramedullary nails are typically made of titanium alloy, and 
have a tapered design with a rounded tip to reduce the stiffness gradient and resulting stress riser at the nail tip. 


3 Strategies for Reduction of Stress Concentrations 
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Figure 1-21. Strategies to minimize stress concentrations. A: In the metaphysis, using more and longer screws will improve load distribution and fixation strength. B: 
In the diaphysis, the stiffness gradient between the plated and native cortex can be reduced by using thinner and more elastic titanium plates, applied with a nonlocking 
endscrew. C: When using hybrid fixation with locked and nonlocked screws, nonlocked screws are used before locking screws to prevent preloading. 


Prevention of preloading during fixation is particularly important for intramedullary nails. If the entry portal is in the incorrect location or orientation, 
nail insertion can not only cause malalignment of the fracture but can also induce stress risers leading to acute cortical fracture or splitting at the insertion 
site or nail tip.8? Even if a suboptimal nail insertion does not cause an acute fracture, it is likely to induce permanent stress risers that predispose the fixation 
construct to early fatigue failure. As such, even today’s advanced nail designs do not alleviate the need for accurate nail insertion to prevent malreduction 
and minimize stress risers. In the case of hybrid locked plate constructs, it is important to place all nonlocking screws before inserting locking screws to 
prevent preloading the screw—bone interface (Fig. 1-21C). If fixed-angle locked screws are placed first, the plate might be held elevated from the bone. 
Nonlocking screws placed after the locked screws cannot effectively compress the elevated plate onto the bone surface and will instead induce additional 
axial preload to the screw—bone interfaces. 


Maximizing Fixation Span 


The fixation span refers to the maximum distance between fixation points on one side of a fracture (Fig. 1-22). It is not to be confused with the working 
length or bridge span, two terms used interchangeably in the literature that refer to the distance between the two screws closest to the fracture on each end of 
the fracture. A greater fixation span will improve the strength of the fixation construct and will reduce stress risers at the fixation points. The stabilizing 
effect of an increased fixation span can be felt by separating one’s feet to gain a firm stance while standing on a train or bus. The increase in stability is 
gained by increasing the lever arm that can resist destabilizing cantilever and to a lesser extent torsional forces. 

In the case of a distal femur plating construct, the long lever arm of the proximal femur generates considerable bending forces that must be 
counterbalanced by the lateral plate (Fig. 1-22A). A long plate with a long fixation span consisting of widely spaced screws on the diaphyseal side of the 
fracture has a greater mechanical advantage than a short plate with closely grouped screws and will induce a smaller stress riser at the end screw for a given 
load. Therefore, a long plate with diaphyseal screws spaced far apart to achieve maximal fixation span will provide the highest construct strength! In 
contrast, a long working length or bridge span, achieved by omitting screws near the fracture, will decrease the fixation span, weaken the construct,?2° and 
increase shear motion at the fracture.5>!!© The number of diaphyseal screws is less important than the fixation span of the plate.?°° Beyond three screws, 
adding a fourth screw in a diaphyseal segment has little effect on axial stability, but slightly improves stability in torsion.2*° Using more than four bicortical 
diaphyseal screws will not significantly improve fixation strength, regardless of plate length.” Additional screws should only be considered in presence of 
deficient screw purchase in osteoporotic bone. 
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Figure 1-22. Importance of fixation span. A: The fixation span of an implant is defined by the maximal spread of its fixation points in a bone segment. A plate with a 
long fixation span has a better mechanical advantage, or “leverage” to counterbalance the bending force imparted by the proximal femur than a short plate. A plate with 
a short fixation span imparts a higher stress riser at the end screw to counterbalance bending forces. B: Stabilizing a mid-diaphyseal fracture with an intramedullary 
nail will yield a comparable fixation span of the proximal and distal nail segment. However, a distal fracture will yield a short distal fixation span, whereby the 
proximal segment will have a long lever arm, capable of inducing large stress risers at the distal nail segment. 


Fixation span also applies to fractures stabilized with an intramedullary nail. For intramedullary nailing constructs, stabilizing a mid-diaphyseal fracture 
with a canal-filling long nail will result in comparable fixation span of the proximal and distal nail segments (Fig. 1-22B). However, stabilizing a distal 
fracture will yield a short fixation span of the distal nail segment, while the proximal segment will have a long lever arm, capable of inducing large stress 
risers at the distal interlocking screws and nail—bone interface. This unbalanced construct can exhibit a drastically reduced strength, especially in case of 
comminuted fractures that do not support load transfer. Therefore, despite advances in nail designs, caution is advised in the nailing of unstable distal 
fractures. For external fixators, the fixation span is determined by the spacing of fixation pins or pin clusters, or the spacing of circular frames within the 
same bone segment. A longer fixation span achieved by placing one pin close to the fracture and one far away will lead to a more stable and stronger 
construct. 

The fixation span concept applies equally to the subcomponents of fixation constructs. For example, the working length of a unicortical screw to resist 
torsion corresponds to the cortical thickness (Fig. 1-23A).!°° Even a small torsional force can induce stress risers at the screw—bone interface that exceed the 
yield strength of cortical bone, leading to progressive “toggle” and eventual fixation failure of unicortical screws. Because bicortical screws contact both 
cortices, the working length is much greater and stress risers are not expected to approach the yield strength of bone (Fig. 1-23B). Adding a single bicortical 
screw to a unicortical locked plating construct can increase its torsional strength by 73%.°! 

With the ever-increasing choice of implants and fixation options, selecting and configuring the appropriate fixation method becomes ever more 
complex. The intention of this section was not to provide a comprehensive overview of the many and often conflicting guidelines and technical tricks of 
how best to configure a fixation construct. Instead, it should provide a clear and logical decision strategy, and illustrate key concepts on practical examples. 
The surgeon must first decide on the targeted healing mode, and then select a fixation method and configuration to achieve a construct stiffness suitable to 
promote the targeted healing mode. Finally, the fixation construct must be applied in a manner to maximize construct strength and durability without 
impeding the desired stiffness. The strength of a given construct can be improved by maximizing its fixation span and by reducing stress concentrations. 
The latter can be achieved by load distribution, reduction of stiffness gradients, and by avoiding introduction of prestress during application of the fixation 
construct. 
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Figure 1-23. A: The fixation span of a unicortical screw corresponds to the cortical thickness. Torsion can induce high stress risers at the screw—bone interface, 
leading to progressive “toggle” and eventual screw pullout failure. B: The working length of a bicortical screw corresponds to the outer diameter of the diaphysis and 
can effectively resist torsion without inducing excessive stress risers at the screw—bone interface. 


FIXATION CONSTRUCTS 


Three general types of fracture fixation constructs exist for the operative treatment of fractures: plates, intramedullary nails, and external fixators.'7' From a 
biomechanical point of view, these constructs either splint the fracture providing an environment of relative stability, or compress the fragments resulting in 
an environment of absolute stability. 

Fracture stabilization by interfragmentary compression, once the gold standard, is becoming less common with the introduction of new implants and 
techniques. Absolute stability is typically obtained using compression plates and lag screws. Provided sufficient compression between the fragments is 
maintained throughout the entire duration of fracture healing, direct bone healing without callus formation is expected. The demanding technique of 
compression plating does not allow the surgeon options to modify or control the biomechanical environment at the fracture site, especially since 
introduction of any motion will disrupt the primary bone healing process. 

When using fixation constructs in a splinting method, the construct stability and stiffness can be controlled by the surgeon’s choice of implant type and 
dimensions, the operative preparation of the bone, and the construct configuration. A surgeon’s implant choices can lead to large variances in construct 
stability and stiffness, resulting in considerable differences in healing progression. Depending on the fracture fixation stability, bone healing may proceed 
with optimal callus formation. Alternatively, a delay in healing may occur because of overly stiff or too flexible fixation, or a nonunion may manifest in the 
presence of excessive instability.6! To achieve optimal clinical outcomes, it is important for the surgeon to understand how the stability and stiffness of 
fracture fixation influences the bone healing process, the characteristic stiffness profiles provided by the commonly used constructs, and how the stability of 
these constructs be best controlled by the surgeon. 


BIOMECHANICAL CHARACTERIZATION OF FIXATION CONSTRUCTS 


The stiffness of a fracture fixation construct can generally be determined in three loading directions and around three rotation axes. Stiffness depends on the 
loading direction, construct configuration, and method of attachment to the bone. Construct stiffness cannot be measured directly, rather it is calculated from 
measurements of the applied load and the resulting construct deformation (Fig. 1-24). A complete six-degree-of-freedom assessment of construct stiffness is 
available only for a small number of fixation constructs.’»*43 Most studies focus on tibial fracture fixation constructs, since the tibia exhibits complication 
rates in fracture healing of up to 22%.9 Because of the inherent challenges in determining load and deformation in patients, fixation stiffness studies are 
often performed in vitro under laboratory conditions. Bench-top studies have several limitations that can affect stiffness results. For example, simplified 
loading directions that may not properly reflect the range of physiologically feasible loading conditions. Studies typically do not account for the soft tissue 
contribution to the stiffness of the extremity.?!’ In addition, stiffness measurements frequently isolate the tibia and do not consider the stabilizing effect of 
the fibula to lower-leg stiffness.!2* Therefore, in vitro determined stiffness results are valid only for those clinical scenarios that resemble the construct 
configuration and loading scenario as the laboratory model. However, because construct configurations and postoperative activity levels differ greatly 
between patients, published stiffness results for various fixation constructs are only estimates of the actual construct stiffness present clinically. 


STIFFNESS OF INTRAMEDULLARY NAIL CONSTRUCTS 


The stiffness of intramedullary nail constructs depends on the nail diameter, the nail cannulation and presence or absence of a slot, the nail material, the 
interlocking technique, the anatomy of the bone, and the fracture location relative to the long axis of the bone. The change in treatment strategy from 
traditional large-diameter slotted nails for press-fit insertion into a reamed marrow cavity to small-diameter unreamed nailing significantly altered the 
stiffness of intramedullary fixation. Biomechanical in vitro studies on transverse and multifragmentary tibia fracture models stabilized by unreamed nails 
demonstrated that fractures without contact or compression between the fragments have a very low shear stiffness.!84 For unreamed nailing of an 
intramedullary canal of 12-mm diameter, a 9-mm diameter nail yielded a shear stiffness of 131 N/mm, and a canal filling 11-mm nail had almost twice the 
shear stiffness (224 N/mm).!84 The axial stiffness was 723 N/mm for the 9-mm nail and 1,039 N/mm for the 11-mm nail.!®* Another study reported axial 
stiffness in the range of 1,500 to 2,300 N/mm for 8- to 12-mm diameter nails.2°7 For reamed nailing, far greater axial stiffness results of 4,000 N/mm were 


reported for an 11-mm nail.!*? The translational shear stiffness is especially critical for transverse and multifragmentary fractures, because with low shear 
stiffness, even small forces can shift a small-diameter unreamed nail within the larger diameter of the intramedullary canal until the nail contacts endosteal 
surface (Fig. 1-25A), resulting a valgus or varus deformity. This effect is even more pronounced when the fracture is not located at the isthmus but is more 
proximal or distal where the intramedullary canal widens. 
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Figure 1-24. Clinical assessment of interfragmentary motion under loading of the lower leg. A six-degree-of-freedom goniometer system is used to measure the 
motion at the fracture gap and a six-degree-of-freedom load cell determines the load applied to the foot. (Reprinted from Wehner T, et al. Influence of the fixation 
stability on the healing time—a numerical study of a patient-specific fracture healing process. Clin Biomech (Bristol Avon). 2010;25(6):606-612. Copyright © 2010 
Elsevier Ltd., with permission from Elsevier.) 


Unreamed nails not only exhibit low translational shear stiffness but also have a low torsional stiffness that increases the shear motion in the fracture 
plane. Under physiologic torsional moments, rotational angles of 6 to 47 degrees between fracture surfaces have been reported, depending on nail type and 
diameter.!84207 This torsion-induced rotational shear motion occurs in addition to the translational shear motion (Fig. 1-25B), making shear motion the 
principal concern for intramedullary fixation.'** This translational and rotational shear motion can further be exacerbated by motion between interlocking 
screws and interlocking holes in the nail (Fig. 1-26A). To reduce shear motion due to toggle of interlocking screws inside the nail, angle stable interlocking 
systems have been developed with variable results in biomechanical testing. !%109.125,135 Removal of interlocking screws can be used to dynamize a nail. 
While this will facilitate telescopic motion of the bone fragments and closer approximation of the fracture surface, it will also decrease shear stiffness and 
may further increase shear motion. 


Figure 1-25. A: Shear stiffness of unreamed intramedullary nails is low because only small forces (F) are necessary to translate the nail relative to the bone 
(interfragmentary motion [IFM]). This translational IFM depends on the circular gap between the inner diameter of the bone and the nail diameter. B: For a reamed 
slotted intramedullary nail (left) fitted tight into the inner diameter of the bone, IFM results mainly from the rotation (R). An unreamed intramedullary nail (right) with 
a diameter smaller than the inner diameter of the bone allows transverse motion (TM) that adds to the shear motion caused by the rotation motion (RM). (Reprinted 
with permission from Claes L. Biologie und Biomechanik der Osteosynthese und Frakturheilung. Orthop Unfallchir Up2date. 2006;1:329-341 © Georg Thieme 


Verlag KG.) 


Figure 1-26. A: The stiffness of unreamed intramedullary nails depends mainly on the transverse shear motion (SM) in mediolateral and anteroposterior directions, 
the difference between the nail diameter (N) and diameter of the marrow cavity (MC), and the rotational motion (RM). The bending stiffness can be increased with 
angle-stable interlocking screws (IS). B: Axial motion (AM) and shear motion (SM) of external fixators under load depend mainly on the distance between the fixator 
bars and the bone (A), the distance between bars (B), the pin diameter (C), and the distance between pins (D). Fixator stability is increased by decreasing A and by 
increasing B, C, and D. F, force. (Reprinted by permission from Claes L. Mechanobiology of fracture healing, part 2: relevance for internal fixation of fractures. 
Unfallchirurg. 2017;120(1):23-31. Copyright © 2016 Springer Medizin Verlag Berlin.) 


STIFFNESS OF EXTERNAL FIXATOR CONSTRUCTS 


External fixation is primarily used for temporary stabilization of open or infected fractures. Despite its temporary application, sufficient fixation stiffness is 
important to initiate the bone healing process, which may under favorable conditions proceed to successful fracture healing without the need for revision to 
an alternate fixation type. Most external fixator systems can be applied in a variety of configurations which can greatly differ in stiffness.!” 

The biomechanics of external fixator systems are discussed in detail in Chapter 11 but are given in brief again here. Unilateral external fixator systems 


are used most frequently for long-bone fracture temporary stabilization. The stiffness of unilateral external fixators mainly depends on the size, 
configuration, and material of the fixator elements and fixator pins. Fixation stiffness can be increased by several means: by decreasing the distance between 
the stabilization element and the bone; by increasing the distances between stabilization elements and the fixator pins; or by using larger diameter fixator 
pins, or stabilization element (Fig. 1-26B). 

The stiffness of monolateral fixators has only been investigated in a small number of clinical studies, reporting axial stiffness values of 174 N/mm,°° 
240 N/mm,°8 and 510 N/mm.!°! In vitro animal studies of a double tube system yielded axial stiffness reports of 148 N/mm,!°* 250 N/mm, !?? and 364 
N/mm.!” Similar axial stiffness results were reported for bilateral external fixators.!” In vitro studies of monolateral external fixators resulted in stiffness 
values as low as 40 N/mm.!”-! The magnitude of shear motion perpendicular to the diaphysis is usually similar to that of axial motion under physiologic 
loading.”°?8 

The stiffness of ring-fixator constructs depends mainly on the number of rings, ring diameter, wire diameter, the number of fixator pins, and the angles 
between the wires/pins. Axial-stiffness values of 33 to 117 N/mm!0.21! and torsional stiffness values of 0.7 to 1.5 Nm/deg have been reported.?!! Ring 
fixators have a lower axial stiffness than monolateral fixators but a far greater torsional stiffness than monolateral external fixators and intramedullary nail 
constructs. Most of these studies were performed on isolated tibiae. With an intact fibula which is thought to improve the healing process,’ "° the stiffness in 
vivo can be assumed to be approximately one-third higher.!22 


STIFFNESS OF PLATE CONSTRUCTS 


Fracture fixation with conventional compression plates relies on very high stiffness of the implant-bone construct, which can result in direct bone 
healing.'85 However, a loss of compression between the fragments can cause interfragmentary motion, inducing large tissue strains and bone resorption. 185 
In recent years, the use of locking plates has become more frequent. These locked plating constructs do not rely on compression to generate friction. Rather, 
they achieve stability with fixed-angle locking screws and typically result in a residual fracture gap.!®°:226 Plate bending leads to the stimulation of callus 
formation mainly at the opposite side of the plate.*8:!! However, directly beneath the plate, the interfragmentary motion and tissue strain is extremely low, 
leading to the suppression of the bone-formation stimulus.*®2° For large fragment locking plates, an axial stiffness of up to 3,000 N/mm has been 
measured.*? Reducing the bending stiffness by increasing the bridge span”° increases interfragmentary motion only opposite the plate, but not appreciably 
beneath the plate (Fig. 1-27). Elevation of the plate from the bone surface could increase interfragmentary motion both near and opposite the plate but also 
decrease the load to failure under cyclic loading.” For a long bridge span, interfragmentary shear motion can dominate axial motion.*° 

The asymmetric axial motion at the fracture gap makes it difficult to define axial and shear stiffness. It is therefore more practical to evaluate 
interfragmentary motion individually at specific locations of the fracture. In vitro studies of locking plate constructs showed 1-mm axial interfragmentary 
motion at the cortex opposite the plate in response to 350 N loading, corresponding to 0.5 times BW. However, motion beneath the plate remained 
minimal.” Assuming a patient with partial load bearing of the leg and a clinically relevant fracture gap of 2.5 mm, the interfragmentary motion opposite the 
plate causes a tissue strain of approximately 30%. Such an interfragmentary tissue strain is known to stimulate callus formation.”™!!8 Should plate fixation 
lead to contact between the bony fragments opposite of the plate, the entire construct becomes very stiff, with virtually no interfragmentary motion or tissue 
strain beneath the plate (Fig. 1-27D). For example, after stabilizing an open-wedge osteotomy of the proximal tibial with a plate applied to bridge the open 
wedge, a 500-N axial load induced only 0.05 mm of axial motion adjacent to the plate, corresponding to a stiffness of 10,000 N/mm.7°° Accordingly, a 
clinical study on plating of high tibial osteotomies reported that no bone healing was observed in 66% of all patients directly beneath the plate (Fig. 1- 
27E), 


A, B,C D, E 
Figure 1-27. Locked plating of diaphyseal fractures (A-C) and metaphyseal osteotomies (D, E). A: Loading of locked plate constructs with a remaining fracture gap 
leads to an asymmetric strain distribution (blue area) with some interfragmentary strain opposite the plate but minimal strain directly beneath the plate. B: Reducing 
the stiffness of plate fixation by using a longer bridge span increases strain opposite the plate but not beneath the plate. C: From a mechanobiologic point of view, a 
uniform strain distribution across the fracture gap is desirable for stimulation of circumferential bone healing. An open-wedge osteotomy of the proximal tibia 
stabilized by a stiff plate (D) leads to minimal interfragmentary motion (IFM) beneath the plate and suppresses bone formation even 18 months after operation (E). (A- 
C: Reprinted with permission from Claes L. Biomechanical principles and mechanobiologic aspects of flexible and locked plating. J Orthop Trauma. 2011;25(Suppl 
1):S4-7. D, E: Reprinted with permission Röderer G, et al. Delayed bone healing following high tibial osteotomy related to increased implant stiffness in locked 
plating. Injury. 2014;45(10):1648-1652. Copyright © 2014 Elsevier. With permission of Elsevier.) 


CONSTRUCT STIFFNESS AND FRACTURE HEALING 


How can the stiffness information for different fixation constructs be used to target a specific mode of bone healing in order to improve patient outcomes? 
Unfortunately, the lack of clinical evidence prevents directly linking the stiffness of fixation constructs and healing outcomes for two reasons. First, clinical 
assessment of construct stiffness has only been performed in a few studies and secondly there are no prospective randomized clinical studies that 
quantitatively correlate the healing outcome to the construct stiffness. 

Consequently, animal experiments provide the best method to investigate the effect of fracture fixation stiffness on bone healing. In standardized large- 
animal experiments, construct stiffness can be controlled and the healing outcome can be quantified and correlated. Sheep studies have shown that both 
axial and shear stiffness must be controlled to achieve the most favorable healing outcome.?*° Steiner numerically simulated the fracture-healing outcome 
for 96 different combinations of shear and axial stiffness values and plotted the results in a bone healing map (Fig. 1-28).?2° The results were corroborated 
by comparison with 14 animal studies that documented construct stiffness and healing outcome.**° The bone healing map shows that optimal healing can be 
expected with a construct that provides shear stiffness higher than 300 N/mm and an axial stiffness in the range of 1,000 to 2,500 N/mm. As an example, a 
construct with a stiffness of 1,500 N/mm, loaded with a single BW (686 N) can be expected to allow 0.45 mm of motion at the fracture site. This conclusion 
was limited to a 3-mm fracture gap, and other gap sizes may lead to different stiffness requirements.°?° Recent studies have shown that plating constructs 
with an axial stiffness of approximately 600 N/mm significantly improved fracture healing compared to more rigid fixation, both in presence of a 3-mm 
fracture gap and for well-reduced fractures.*° The bone healing map does not account for these most recent data, inclusion of which may shift the lower 
boundary of the optimal healing region. Insufficient axial stiffness can delay healing because of instability of the fixation while excessive axial stiffness 
reduces the stimulus for bone formation due to deficient interfragmentary tissue strain. Shear stiffness below 300 N/mm allows excessive shear motion and 
generally delays the healing process. 

When the published stiffness data of clinical fracture fixation constructs are plotted on the bone healing map,” it becomes evident that the axial stiffness 
of external fixators is low and may delay the healing process. For unreamed nails, low shear stiffness suggests a modest to long delay in bone healing. For 
reamed nails with a larger diameter and press-fit insertion, bone healing is expected to range between optimal healing conditions and some delay. Plates 
typically have a high shear and axial stiffness, which is predicted to induce only minor callus formation, and which may also delay the fracture healing 
process. 
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Figure 1-28. Quality of fracture healing outcome as a function of shear and axial stiffness of fracture fixation (for a 3-mm fracture gap). Ellipses demonstrate the 


range of stiffness values for different fixation constructs. (Reprinted with permission from Claes L. Mechanobiology of fracture healing, part 2: relevance for internal 
fixation of fractures. Unfallchirurg. 2017;120(1):23-31. Copyright © 2016 Springer Medizin Verlag Berlin.) 


STRATEGIES FOR IMPROVEMENT OF FRACTURE FIXATION 


Unreamed intramedullary interlocking nails are typically too flexible, specifically in the shear direction. Using the largest nail diameter possible can 
increase the shear stiffness?** and thus can improve the healing outcome.?®30 If used for fractures in the vicinity of the narrow isthmus of the medullary 
canal, reamed nails can yield a sufficiently high shear stiffness and good bone healing is expected. However, if used for fractures that are located distal or 
proximal where the intramedullary diameter is considerably greater than the nail diameter, shear stiffness can decrease considerably.!®* In this case, angle- 
stable interlocking screws can increase the stiffness of the bone—nail construct to some degree. 109-125 

Unilateral external fixators normally display very low shear and axial stiffness. Simple changes in the application of the external fixator can correct this 


deficiency. The stabilization frame of the fixator can be moved close to the tibia which is readily possible on the anteromedial surface where no muscles 
cover the tibia. This possibility does not exist in the femur, where large muscles prevent this strategy. Instead, the use of larger 6-mm diameter pins will 
optimize construct stiffness. In addition, placing one pin near the fracture and the second pin far from the fracture will increase the fixation span and will 
improve the stability of the fixator construct, as will placement of out-of-plane ping constructs. The conventional ring fixator has a very low stiffness in all 
loading directions®° with the exception of rotation around the longitudinal axis. Higher stiffness can be achieved by adding more rings, by increasing the 
distance between rings, by maintaining the pretension of the wires, and by using half-pins in place of wires. 

Plate constructs provide only limited options to control stiffness, unlike intramedullary nails and external fixator constructs that allow surgeons to 
modify construct stiffness. The stiffness of plating constructs may be altered by the number of screws and screw pattern employed although this will mainly 
affect bending and rotational stiffness.” Employing more flexible plates made of titanium or polyether-ether-ketone (PEEK) decreases bending stiffness 
but has little effect on deficient axial motion adjacent to the plate.” Limitations to control stiffness with existing plates stimulated the development of new 
implants that are specifically designed to enable controlled axial motion. The quest for axial dynamization of plates dates back over three 
decades, 9:!48.178,235 but only became practical with the advent of locking plates that no longer require rigid compression of the plate against the bone 
surface. Since then, two categories of implants have been introduced that enable controlled axial motion by either screw dynamization or plate dynamization 
(Fig. 1-29). Screw dynamization with dynamic locking screws (DLS)’® or FCL screws?® employs a thinner screw shaft that elastically flexes relative to the 
near cortex adjacent to the plate, which in turn enables symmetric axial dynamization at the fracture site. Plate dynamization with active locking plates 
employs locking hole elements that are elastically suspended within the plate by means of an elastomer envelope.*° A biomechanical study illustrated that 
screw dynamization and plate dynamization deliver controlled axial motion without introducing shear-dominant motion (Fig. 1-30).'"° In vivo evaluation of 
sheep tibia osteotomies demonstrated that screw dynamization and plate dynamization yielded faster, circumferential, and significantly stronger healing 
compared to both rigid locking constructs3841-19 and compression plating constructs (Fig. 1-31).*° Clinical studies of screw dynamization constructs have 
been conducted for fractures of the tibia,}95195:240 proximal humerus,°* and distal femur.?”!9” Plate dynamization with active locking plates has been 
documented in a prospective observational study on humeral shaft fractures.!°? While early clinical results are encouraging, randomized prospective studies 
will be required to quantify the effect of axial dynamization of plating constructs on the time to union and the nonunion rate. 
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Figure 1-29. Screw dynamization using far cortical locking (FCL) screws*° or dynamic locking screws (DLS)7®94 with elastic screw shafts, and plate dynamization 


using an active locking plate with elastically suspended locking holes inside the plate.” (Reprinted with permission from Claes L. Mechanobiology of fracture 
healing, part 1: principles. Unfallchirurg. 2017;120(1):14-22.) 


Effectiveness of Dynamization Strategies for Plates 


= 
£ 
+ 
k= 

20 
w 

ž 

> 
©] 

e] 
NQ 

w 

| d 

° 

+w 

o 

& 

oO 

D 

°o 

= 


locked non-locked locked FCL 
short bridge short bridge long bridge screws 


fixation construct 


Figure 1-30. Effect of dynamization strategies on the type and magnitude of interfragmentary motion for plating of a distal femur fracture. Bridge plating constructs 
with a short bridge span are very stiff and can suppress axial motion at the near cortex below the 0.2-mm threshold for stimulation of callus formation, regardless if 
locking or nonlocking screws are used. A long bridge span of a locked construct can lead to shear-dominant motion. Far cortical locking (FCL) screws and active 
locking plates can enhance axial motion without requiring a long bridge span, and without introducing shear-dominant motion. (Adapted with permission from 


Henschel J, et al. Comparison of 4 methods for dynamization of locking plates: differences in the amount and type of fracture motion. J Orthop Trauma. 
2017;31(10):531-537.) 


BIOMECHANICAL EVALUATION OF FIXATION CONSTRUCTS 


This section provides orthopaedic surgeons with information about how to evaluate biomechanical studies of fracture fixation constructs. It may also serve 
as a Starting point to design a biomechanical study in collaboration with a biomechanical engineer. Comprehensive and detailed guidance on study design is 
provided elsewhere.!”°?° This section will focus on basic concepts common to a wide range of biomechanical studies on fracture fixation. A thorough 
understanding of these principal concepts will be crucial to assess the clinical relevance and limitations of biomechanical studies. 
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Figure 1-31. Effect of relative stability on healing strength 9 weeks after stabilization of an ovine tibial osteotomy with or without a 3-mm gap: rigid fixation in case 
of locked plating or compression plating yielded around 20% strength recovery.“ Relative stabilization of a 3-mm gap with FCL or active plating restored between 
36% and 80% of native strength.?841 Active plating allowed approximately twice the amount of axial motion than FCL. In case of a well-reduced osteotomy, active 
plating restored over 60% of native strength by week 9.40 


BENEFITS AND LIMITATIONS OF BIOMECHANICAL STUDIES 


Due to inherent limitations of clinical studies, biomechanical studies form the foundation for the design, improvement, and evaluation of osteosynthesis 
strategies. Evaluating the performance of implants in clinical studies is confounded by multiple patient- and fracture-specific factors, including variation in 
fracture patterns, comorbidities, patient activity levels, and patient compliance. This considerable number of uncontrolled variables necessarily limits the 
sensitivity by which differences between interventions can be detected. Moreover, clinical studies are time and cost intensive, and subject to a considerable 
regulatory burden. Most importantly, there remains a lack of clinically practical tools for direct, quantitative assessment of fracture healing.®!!! Because 
reliable assessment of fracture healing is a prerequisite for the evaluation of new implants and interventions aimed at improving fracture care, this 
deficiency has recently been termed “the bottleneck of evidence-based fracture care.”°2 

Why does the clinical assessment of fracture healing remain so difficult despite advanced diagnostic technologies? First, fracture healing is a gradual 
process, whereby the detection of specific endpoints such as union, nonunion, or delayed union remains controversial. In fact, there exists no uniformly 
accepted definition of union or delayed union.® Second, the state of fracture healing in vivo can only be measured by indirect, noninvasive means, such as 


radiographic imaging, load transduction, wave transmission, or patient functional outcomes.? Consequently, outcome parameters of these indirect 


measurements can only estimate the actual stiffness and strength at the fracture site. 

In contrast to clinical studies, biomechanical testing can measure the actual strength of fixation constructs and the strength of fracture healing by loading 
bone specimens obtained from animal studies to failure. This destructive testing provides not only a direct, quantitative measure of strength but also 
demonstrates the mode and cause of failure. As such, biomechanical research provides a time and cost-effective complementary strategy to analyze implant 
performance before a clinical study is attempted. By reducing the number of uncontrolled variables compared to clinical studies, biomechanical studies have 
a higher sensitivity to detect performance differences between fixation strategies. Conversely, evaluating the efficacy of an intervention under simplified test 
conditions can lead to unrealistic oversimplifications that detract from the clinical merit of the study, whereby biomechanical results may not correlate with 
clinical results.” In fact, a single deficiency in the study design can limit or negate the clinical relevance of a biomechanical study. 

The challenge in both designing and interpreting biomechanical studies relies on selection of simplified, well-defined test parameters while avoiding 
inappropriate oversimplification of the clinical problem. This challenge is best addressed by designing a study protocol with close collaboration between 
orthopaedic surgeons and biomechanical engineers. After formulating a study hypothesis that describes the unmet clinical challenge to be investigated, the 
surgeon-scientist team will propose a specific performance criterion or a clinically relevant failure mode that will subsequently guide the experimental 
design and choice of outcome parameters. A thorough literature review is crucial to identify the appropriate choice of specimens, loading mode, loading 
pattern, instrumentation, and outcome parameters. After successful generation of bench-top results, further research by computational simulation using finite 
element modeling may be conducted to explore additional test and outcome parameters, as outlined at the end of this chapter. 

The following section describes key test and outcome parameters for biomechanical evaluation of osteosynthesis devices, and it summarizes common 
shortcomings that the surgeon must recognize when interpreting results of biomechanical research studies. 


SPECIMEN SELECTION 


Implants are typically tested in either cadaveric specimens or surrogate specimens. Fresh frozen or nonembalmed cadaveric specimens realistically account 
for the complex structure and material properties of bone. However, cadaveric specimens can vary greatly in geometry and material properties, even when 
specimens of similar bone density are selected. Differences in specimen age, the degree of osteoporosis, cortex thickness, and overall size have been 
reported to cause up to a sevenfold variability in bone strength.!*° The resulting variability within the same test group can be even more pronounced. For 
example, when simulating varus migration and lag screw cut out in cadaveric proximal femurs, one specimen with a low bone density T-score of —3.9 failed 
by cutout after 103 loading cycles, while another specimen with a similarly low T-score of -3.1 did not exhibit cutout even after 20,000 cycles (Fig. 1-32).8° 
Variability can be somewhat reduced by using paired specimens, whereby interventions are randomly assigned to either right or left specimens from the 
same donor. While this necessarily confines testing to the comparison of a single independent parameter between two experimental groups, it provides the 
undisputed benefit of generating results using the most clinically realistic specimen. 

Alternatively, whole-bone synthetic surrogates of the femur, tibia, humerus, radius, and ulna are commercially available (Pacific Research Labs, Vashon 
Island, WA). These surrogate specimens typically consist of a glass-fiber reinforced epoxy cortex and cancellous bone replicated by rigid polyurethane 
foam, designed to have structural properties in the physiologic range of healthy bone. Different from cadaveric bone, the variability in stiffness and strength 
between surrogate specimens is within 2% to 10%.!!+224 Currently available bone surrogates possess mechanical properties adequate to evaluate the 
performance of implants in normal bone.”484114 However, epoxy-based surrogates cannot replicate the complex density gradients and load-optimized 
architecture of the trabecular structure of cadaveric bone. Furthermore, these surrogates do not represent osteoporotic bone because the performance and 
failure mode of fracture fixation constructs differ between strong bone and weak bone specimens.!*?!°.2!4 Testing fixation constructs in strong bone will 
typically induce implant breakage or bending.** Testing in osteoporotic bone will typically cause fixation failure at the implant—bone interface (Fig. 1-33).°! 
A validated osteoporotic bone surrogate has been developed only for the femoral diaphysis.?7* 

Surrogate and cadaveric specimens may also be combined in the same study.®* For example, surrogate specimens are used for relative comparison 
between implant types under various loading conditions. After time and cost-efficient testing over a wide parameter range using surrogate specimens, the 
key finding is validated by replication on a small number of paired cadaveric specimens. 
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Figure 1-32. Test results of cadaveric specimens (white lines) illustrate dramatic difference in implant migration (varus rotation) and durability (cycles to failure) that 
do not closely correlate to bone density, stated in terms of T-scores. In contrast, results of synthetic surrogate specimens (red line) deliver a consistent, reproducible 
migration history. (Adapted from Ehmke LW, et al. Lag screws for hip fracture fixation: Evaluation of migration resistance under simulated walking. J Orthop Res. 


2005;23(6):1329-1335. Copyright © 2005 Orthopaedic Research Society. With permission of John Wiley & Sons, Inc., permission conveyed through Copyright 
Clearance Center, Inc.) 
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Figure 1-33. Testing with strong bone surrogates induced implant failure: screw breakage under torsion and plate breakage under bending. Testing with osteoporotic 
specimens induced surrogate failure: torsion induced a spiral fracture, and bending induced a transverse fracture at the end screw. (Reprinted from Fitzpatrick DC, et al. 


Relative stability of conventional and locked plating fixation in a model of the osteoporotic femoral diaphysis. Clin Biomech (Bristol, Avon). 2009;24(2):203-209. 
Copyright © 2009 Elsevier. With permission from Elsevier.) 


Two important conclusions relative to specimen selection in biomechanical studies that orthopaedic surgeons should be aware of are as follows: 


e The performance and failure mode of fracture fixation constructs differ between strong bone and weak bone specimens. Therefore, results from strong 
bone specimens may not be extrapolated to the osteoporotic population. 


e Cadaveric and surrogate specimens only simulate the early postoperative phase and do not account for time-dependent changes of bone in vivo, such as 
gradual load sharing by callus formation, remodeling, or stress-shielding—induced osteolysis. 


LOADING CONSIDERATIONS 


Three aspects of loading application must carefully be considered when designing or evaluating a biomechanics study: the loading mode (simple or 
complex), the specimen constraints (fixed or suspended), and the loading pattern (static or dynamic). 


LOADING MODES 


All bones are exposed to complex physiologic loading that can be divided into three principal loading modes, namely axial loading, torsion, and bending. 
Testing implant performance individually for each of these principal loading modes simplifies load application and enables isolation of failure mechanisms 
specific for each principal loading mode (Fig. 1-34). However, it also requires testing to be individually conducted in each loading mode. To reduce the 
number of loading scenarios, testing is sometimes only performed in the dominant loading modes for the anatomic site being studied. For example, since the 
femur is loaded primarily in axial compression and bending, unicortical locked plating of femur fractures was initially tested in axial compression and 
bending only, which yielded encouraging results.!®* However, the clinically observed failure mechanism of screw pullout was subsequently linked to poor 
fixation strength of unicortical locking screws in torsion.°! Therefore, results obtained in one loading mode cannot be extrapolated to alternate loading 
modes. 

As an alternative to simplified testing under principal loading modes, implants may be tested under joint-specific, complex loading representative of the 
activities of daily living. Physiologic loading data for a range of activities has been obtained for the hip, knee, shoulder, and spine, using implants 
instrumented with load sensors and telemetry for wireless data transfer.6°!5? For load application in biomechanical tests, these loading data can be 
combined into a resultant load vector that changes in magnitude and orientation throughout a specific loading task. Reproducing these complex physiologic 
load vectors in bench-top testing requires sophisticated joint simulators or the use of robotic equipment capable of inducing arbitrary motion and forces in 
space. Physiologic loading and joint motion may also be facilitated by muscle force simulation through tendons. For this purpose, software is freely 
available that can simulate movement of musculoskeletal structures to estimate joint loading and muscle activation patterns for a wide variety of 
movements.’* These recent advances in joint and muscle load assessment based on instrumented prostheses and computational simulation are crucial to 
resolve the apparent lack of consensus on test configurations and loading conditions in biomechanical studies. 

However, since many biomechanics laboratories only have a standard uniaxial loading frame, joint-specific physiologic load application is often reduced 
to quasiphysiologic loading along a resultant joint load vector using a standard test frame. Specimens are positioned at a specific angle and offset relative to 
the vertical actuator of the test system to yield a specific resultant load vector and loading moment. Ultimately, the quality of a biomechanical test setup 
should be judged by the degree with which it can replicate a clinically observed failure mode, and not by the complexity of biofidelic load application. 
Hence, the challenge becomes the replication of the principal loading mechanism in sufficient detail to reproduce clinical failure modes, while avoiding 
unnecessary complexity. For example, traditional testing of lag screw cutout in pertrochanteric fracture models simulated only the dynamic axial loading 
during gait along a fixed load vector but did not account for the flexion/extension or abduction/adduction motion during normal gait.'°° Adding a torsional 
load component to better simulate loading at the hip during gait yielded drastically different lag screw migration patterns (Fig. 1-35).8 Furthermore, the 
more biofidelic loading enabled the replication of clinically observed lag-screw migration and cutout in surrogate and cadaveric specimens (Fig. 1-36). 


Specimen Constraints 


For any given loading mode, specimen constraints (how the specimen is attached to the testing setup) can highly influence the load imparted to a specimen. 
For example, if the specimen ends of a plating construct are rigidly clamped to the actuator and base of a test system, the fixation construct acts as a rigid 
column that is largely constrained from buckling or bending (Fig. 1-37A). Under these overly rigid constraints, the fixation construct will yield a high axial 
stiffness and will exhibit very little gap motion since a metal plate will not shorten appreciably in response to the axial force. If the specimen ends are 
suspended between ball joints aligned along the diaphyseal midline, axial loading will impart more realistic plate bending due to the plate offset from the 
diaphyseal axis (Fig. 1-37B). With ball joint constraints, the axial stiffness of the same construct can be up to one order in magnitude lower than with rigid 
constraints, since plate flexion allows some axial displacement of the actuator.??” As a practical compromise, axial testing is often performed with one 
specimen end rigidly fixed, and the other loaded through a ball joint. This loading constraint example illustrates how the same axial loading mode can lead 
to different test results, depending on the specimen constraints. Therefore, both the loading mode and specimen constraints must be considered when 
comparing results between studies. 
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Figure 1-34. Examples of isolated testing of a plating construct in the three principal loading modes. For axial testing, the specimen is fixed at the bottom, and loaded 
through a ball joint on top. Torsion is applied around the diaphyseal axis. Bending is shown for a four-point bending setup, which induces a constant bending moment 
between points A and B, unlike three-point bending. The depicted specimen alignment and constraints are only examples and vary between studies. (Reprinted from 
Fitzpatrick DC, et al. Relative stability of conventional and locked plating fixation in a model of the osteoporotic femoral diaphysis. Clin Biomech (Bristol, Avon). 
2009;24(2):203-209. Copyright © 2009 Elsevier. With permission from Elsevier.) 
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Figure 1-35. A: Test setup for simulation of lag screw migration and cutout under either axial or combined axial and torsional loading. B: Combined axial and 
torsional loading can replicate the pathway of the resultant joint load vector (F) at the hip during normal gait. C: Adding the torsional load component to better 
simulate loading at the hip during gait yields drastically different lag screw migration patterns. (Adapted from Ehmke LW, et al. Lag screws for hip fracture fixation: 
Evaluation of migration resistance under simulated walking. J Orthop Res. 2005;23(6):1329-1335. Copyright © 2005 Orthopaedic Research Society. With permission 
of John Wiley & Sons, Inc., permission conveyed through Copyright Clearance Center, Inc.) 
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Figure 1-36. The biofidelic test setup replicated the clinically observed failure mode of lag screw migration and cutout (A) in surrogate specimens (B), and cadaveric 
femoral head—neck specimens (C), shown in a cross-sectional view to illustration varus migration. (Used with permission from Sommers MB, et al. A laboratory model 
to evaluate cutout resistance of implants for pertrochanteric fracture fixation. J Orthop Trauma. 2004; 18(6):361—368.) 


Loading Patterns 


Test loads can be applied statically or dynamically. In static loading, specimen load is gradually increased up to a defined level to assess construct stiffness 
(Fig. 1-38A). The load may be increased further until failure occurs to determine the construct strength and the failure mode. However, clinical failure rarely 
occurs from a single loading event, but typically from dynamic loading. It is important to note that a static and a dynamic loading pattern can lead to 
different failure mechanisms and strength results for the same construct subjected to the same loading mode. For example, static bending of a plate construct 
will typically lead to plate bending when tested in normal bone, or to diaphyseal fracture at the end screw when tested in osteoporotic bone. Dynamic 
loading of the same construct may lead to plate fatigue fracture rather than plate bending when tested in normal bone, or to failure of screw fixation when 
tested in osteoporotic bone.’! For this reason, static testing should be reserved for stiffness testing only. Strength testing should be conducted under dynamic 
loading whenever possible to account for dynamic loading in vivo. 

Traditionally, dynamic loading has been used for wear and fatigue testing of arthroplasty implants by repeating a load pattern for millions of cycles to 
simulate multiyear loading histories in an accelerated manner (Fig. 1-38B).'® Dynamic loading is increasingly being applied for testing of osteosynthesis 
constructs to simulate fixation failure, implant migration, and fatigue. Failure may not occur consistently at a given dynamic load amplitude under a 
standard cyclic loading regimen since the specimen may “run out,” meaning complete all cycles of dynamic fatigue testing without failure. Moreover, it is 
difficult to predict a dynamic load amplitude that yields a desirable number of dynamic loading cycles prior to failure. Therefore, several recent studies have 
applied progressive dynamic loading, where the amplitude of the dynamic load is increased in a stepwise manner.®!98-164 This progressive dynamic loading 
ensures that all specimens will be subjected to a considerable number of loading cycles at the lower load steps and that all specimens will fail within a 
reasonable number of cycles at the higher load steps (Fig. 1-38C). Static and dynamic loading patterns can be applied in displacement or load control. 
Displacement-controlled tests prescribe a defined linear or rotational displacement and assess the resulting forces and moments. Load-controlled tests apply 
a force or moment, and measure the resulting deformation or motion of the loaded specimen. Most biomechanical tests are conducted in load control to 
simulate physiologic loading regimes. However, displacement control remains an attractive alternative due to the relative simplicity of applying accurate 
cyclic displacements with cam-shaft or screw-type actuators. 

Important considerations for the surgeon to recognize regarding loading in biomechanical studies are as follows: 


e Construct testing should be conducted in all principal loading modes, or under more complex physiologic loading that resembles a clinically realistic 
combination of principal loading modes. Results obtained under one principal loading mode cannot be extrapolated to other loading modes. 
Results of different studies can be compared only if they employed the same loading modes and the same specimen constraints. 
Dynamic loading should be used to determine construct strength and durability to account for cyclic loading and failure mechanisms in vivo. Static 
testing should be reserved for stiffness testing. 

e The best proof of an appropriate loading condition is replication of a clinically relevant failure mode. 
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Figure 1-37. Specimen constraints have a profound effect on construct behavior. A: Rigid constraint of both specimen ends prevents the construct from buckling and 
bending and will yield a high axial stiffness. B: Suspending the specimen ends between ball joints allows for plate bending due to the plate offset from the loading axis, 
yielding a lower axial stiffness and asymmetric gap motion. 
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Figure 1-38. A: Static loading is used for construct stiffness assessment, but in absence of cyclic loading may not yield a clinically relevant failure model. B: 
Dynamic loading replicates cyclic loading in vivo, but specimens may or may not fail at a given load amplitude. C: Progressive dynamic loading ensures that all 
specimens will be loaded dynamically to failure within a predictable number of loading cycles. 


OUTCOME PARAMETERS 


Standard outcome parameters, such as construct stiffness, strength, and durability may seem deceptively simple, but their proper assessment and 
interpretation is of crucial importance when drawing conclusions from biomechanical test results. 

Stiffness is typically used to represent the elastic, recoverable deformation of a fixation construct in response to loading. A higher stiffness does not 
necessarily correlate with improved construct strength, durability, or performance.’ In fact, many engineered structures, such as bridges, car struts, and 
airplane wings, rely on flexibility that reduces stress concentrations during cyclic loading to ensure their structural integrity and to prolong their service life. 
Construct stiffness can affect fracture fixation and fracture healing. For fracture fixation, excessive stiffness can increase the periprosthetic fracture risk due 
to increased stress risers at the implant—bone interface, especially in the presence of osteoporotic bone.*° For example, the pronounced mismatch between 
the high stiffness of early rib plates and the low bending stiffness of ribs led to a high rate of screw pullout and fixation failure. In response, elastic rib plates 
were introduced that better matched the inherent flexibility of ribs (Fig. 1-39A—C).°° Similarly, due to the rigid angle-stable fixation in the plate, a locking 
screw at the end of the plate can increase the risk of a periprosthetic fracture relative to a nonlocked screw (Fig. 1-39D). Substituting the locked end screw 
with a conventional screw can increase the construct strength by up to 40%. Because periprosthetic fractures at the plate end are relatively rare, this 
relevant finding would unlikely be recognized in any reasonably sized clinical study. A biomechanical bench-top study is however ideally suited to isolate 
and identify the problem and to quantify the effectiveness of simple solutions. 


For fracture healing, deficient stiffness of external fixator or intramedullary nail constructs can lead to hypertrophic nonunions, 174244 


while excessive 
stiffness of locked plating constructs can suppress biologic bone healing.'®! Construct stiffness is frequently calculated by dividing the applied load by the 
actuator motion of the test system. However, if the effect of construct stiffness on fracture healing is of interest, stiffness should be calculated based on the 
motion measured at the fracture site. If motion across the fracture site is highly nonuniform, gap motion should be assessed individually at multiple 
locations within the fracture gap. This adds additional complication to the testing setup. In addition to the amount of motion, the direction of motion 
between adjacent fracture surfaces can be assessed to quantify the type of interfragmentary displacement in terms of shear and axial motion. Since stiffness 
can be assessed under static loading conditions, the amount and direction of motion at the fracture site can be measured manually by photographic tracking 
of markers, or automatically with optical or electromagnetic motion tracking systems (Fig. 1-40). For example, a recent study tracked the motion of 
interfragmentary markers and demonstrated that increasing the bridge span of locked plating constructs has only a small effect on axial motion, but can 
greatly increase shear motion, leading to shear-dominant interfragmentary motion. 116 
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Figure 1-39. For fixation constructs, a high stiffness does not imply superior strength but may in fact be detrimental to construct strength. The difference between the 
low bending stiffness of ribs (A) and the high stiffness of early rib plates induced stress risers at the screw—bone interface (B) and caused fixation failure by screw 
pullout (C). Similarly, a rigid locking screw at the end of a plate induces a stress riser that can weaken the fixation constructs (D). 
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Figure 1-40. Interfragmentary motion assessment in terms of mediolateral shear and axial motion (A) can be accomplished by photographic tracking of LED markers 
attached to the medial and lateral aspects of adjacent fracture surfaces (B). C: Relative changes in the distance between markers reveal shear motion dS and axial 
motion at the near cortex (dA, NC) and far cortex (dA, FC) of the fracture. (Adapted from Henschel J, et al. Comparison of 4 methods for dynamization of locking 
plates: differences in the amount and type of fracture motion. J Orthop Trauma. 2017;31(10):531-537.) 


Strength provides a clear indicator of implant performance that correlates clinically with the risk of implant failure. Strength of a fixation construct can 
only be determined by loading constructs until failure occurs. The need for destructive testing necessarily increases the cost of implants and limits the 
number of variables that can be tested compared to a nondestructive study design that only evaluates construct stiffness. However, without destructive 
testing, no reliable claims or predictions of construct strength can be made. While strength simply represents the ultimate load at which a structure fails, 
strength assessment is highly dependent on the choice of the failure criterion. For a structure failing by sudden catastrophic fracture, the instance of failure is 
easily defined by the fracture event (Fig. 1-41A). However, when specimens fail gradually, the instance of failure may be more obscure (Fig. 1-41B). In 
these circumstances, a clearly defined and clinically relevant threshold for the onset of failure must be provided. Ideally, strength is assessed under dynamic 
loading, which allows the measurement of the onset and progression of failure in terms of subsidence or migration. Subsidence or migration represents the 
amount of unrecovered displacement after loading (Fig. 1-41C) due to gradual degradation of implant fixation or fatigue of the fixation construct. 
Stabilization of initial subsidence typically indicates successful settling of an implant into a stable position. Progression of subsidence reflects damage 
accumulation that eventually leads to failure. Progressive subsidence can coincide with a decay in construct stiffness, but diminished construct stiffness by 
itself is not necessarily indicative of failure. Decay in construct stiffness becomes important only if continued dynamic loading results in a clinically 
relevant failure mode. When strength is assessed under dynamic loading, it can also be expressed in terms of fatigue strength, which represents the number 
of load cycles of a given magnitude that can be sustained before failure occurs. The highest dynamic load amplitude at which no failure will occur 
regardless of the number of loading cycles is called the endurance limit. 
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Figure 1-41. A: In static testing, a sudden drop in displacement or load indicates a simple, catastrophic failure and allows identification of strength in terms of peak 
load Ly,,x- B: If constructs fail gradually in a more complex failure mode, detection of the instant of failure for strength determination is uncertain. C: Under dynamic 


loading, specimens undergo elastic, recoverable deformation as well as subsidence or migration, which represents the accumulation of unrecoverable displacement. The 
number of loading cycles until subsidence reaches a predefined threshold is used as outcome measure for construct strength and durability. 


Stability, unlike stiffness or strength, is not an engineering quantity. As such it cannot be used as an outcome parameter. It is frequently used to 
qualitatively describe the amount of displacement across a fracture or a bone—implant interface in response to a given loading event. 

Stress is assessed to illustrate load transfer mechanisms, to describe nonlinear mechanical characteristics in the form of stress concentrations, and to 
predict failure induced by stress risers. Stress cannot be measured directly, but is typically inferred from measurements of the strain produced by the applied 
stress. Stress depends on the induced strain as well as on the apparent stiffness of the deforming material, whereby a softer material will exhibit less stress 
than a stiffer material for a given deformation. Strain gauges have been used since 1938 and remain the most common strain sensors due to their high 
sensitivity and accuracy. They are glued onto a surface of interest and contain a conductive filament that changes electrical resistance when strained. Gluing 
a strain gauge, however, onto a substrate is not trivial, and deficient bonding will invalidate strain readings. As an alternative, contemporary optical systems 
can capture continuous surface strain maps by correlation of digital images of a surface obtained before and after deformation using pattern recognition or 
speckle interferometry.** The high sensitivity and noncontact approach of these optical strain sensors enables acquisition of strain distributions on hard and 
soft tissues, reflecting load transfer mechanisms and stress concentrations.*° However, optical strain sensors and strain gauges are confined to measurement 
of surface strain. Strain inside structures and at interfaces can only be estimated by numerical simulation, typically with finite element analysis (FEA), 
whereby experimental surface strain measurements are used for validation of the numerical simulation. 

Important facts for the surgeon to keep in mind about outcome parameters include the following: 


e A higher stiffness is not indicative of a stronger or more durable fixation construct. A less stiff, or more elastic construct can prevent stress risers and 
may be beneficial in stimulating natural bone healing. Because it limits the effect of stress risers, more elastic fixation may result in a stronger fixation 
construct by allowing a higher ultimate load to failure relative to a stiff construct that induces a stress riser. 

e To predict the effects of construct stiffness on fracture healing, the amount and direction of interfragmentary motion should be measured at the fracture 
site and not inferred from actuator motion. 

e The strength of a fixation construct should be evaluated under dynamic loading and can only be determined if loading is continued until implant or 
fixation failure occurs. 

e A clearly defined failure criterion is required to determine construct strength in terms of the peak load, load level, or number of cycles until failure 
occurs. 

Stability is not an engineering quantity and should therefore not be used for quantitative comparisons. 
Stress cannot be measured directly. It can be calculated from strain or deformation measurements and the elastic modulus of the material. 


NUMERICAL SIMULATION 


There are two interrelated types of computational “in silico” simulations pertinent to fracture fixation constructs: FEA of fixation constructs for calculation 
of stress, strain, and deformation2°; and simulation of the bone healing process, driven by the effects of the transient mechanical environment on tissue 
differentiation. 104 

FEA is the method of choice to analyze and optimize the design of implants to ensure sufficient strength while minimizing stress risers, and in modern 
practice, FEA models have replaced much work that was previously done using test setups. As described at the beginning of the chapter, equations exist to 
calculate stress, strain, and deformation of a beam with regular cross-section in response to a simple load. However, the geometry and loading of implants is 
more complex, requiring FEA to determine the mechanical effect of loading on the implant. In FEA, a computer model of the implant is created. The 
complex geometry of this model is then divided into many small “finite elements” that have a simple, regular shape (Fig. 1-42A). This process is called 
meshing, since the small elements cover the entire geometry with a uniform element mesh. Next, material properties are assigned to each element. Finally, 
specimen constraints and loading parameters are defined, simulating how the construct is constrained in its virtual test setup, and how loading is applied. 
The FEA software calculates the deformation of each element in response to loading, until the deformation of the entire model has been determined. Finally, 
a convergence analysis is conducted to determine if the model has a sufficiently large number of finite elements to calculate consistent results. 

Before an FEA model is employed to address a clinical question, it must be validated in direct comparison to results obtained in bench-top testing that 
exactly replicates the fixation construct, constraints, and loading. For example, in a model of a subtrochanteric femur fracture stabilized with a 
cephalomedullary nail, a bench-top test can determine the overall construct stiffness, and strain gauges can be used to measure surface strain at specific 
locations (Fig. 1-42B). Comparison between these physical test results and the same parameters extracted from the FEA demonstrates the degree by which 
the FEA results correlate with actual test results. It must be noted that FEA results are always estimations, never exact, and can exhibit large deviations 
compared to physical test results. These deviations stem from the inherent limitations by which a computational model can accurately simulate model 
parameters, such as the geometry and material properties of bone, or the pressure and frictional properties at the implant—bone interface or fracture site. 
Based on the physical test results, FEA parameters can be systematically adjusted to minimize deviations and to improve the model validity. 
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42. A: Example of a finite element analysis (FEA) showing a proximal femur with a subtrochanteric fracture, fixed by a cephalomedullary nail. The bone 


Figure 1-4 

and the implant are represented by a mesh of individual “finite elements.” B: Physical validation of the FEA model by surface strain measurement on a surrogate femur 
with the same fracture model, implant, and loading condition. C: After successful validation, FEA can readily determine the magnitude and location of stress 
concentrations, and can be used to perform a parametric optimization to reduce stress concentrations. (Figures Courtesy Prof. Dr. Peter Augat.) 
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Although the development and validation of a numerical model is elaborate and time-consuming, a validated FEA model has two powerful advantages 
over the physical test setup used for its model validation. First, FEA can provide unique results that cannot be obtained with other methods. It can calculate 
strain, stress, and deformation throughout the entire fixation construct. This enables the localization of the highest stress concentration in an implant, which 
is invaluable for implant optimization (F '). In contrast, experimental measurements are limited to a small number of predefined measurement 
locations, which are restricted to the specimen surface. Second, FEA allows for a wide range of parametric studies in a time and cost-effective manner to 
explore the effect of geometry, material properties, or boundary conditions. In the intramedullary nail example, FEA can be employed to explore how 
outcome measurements are affected by different types of hip fractures, by different lag screw diameters, or by different locking bolt configurations. As such, 
FEA is an invaluable tool for exploration and optimization of implants and fixation techniques. 

Numerical simulation of bone healing can be considered an outgrowth of the rapidly advancing field of FEA. For prediction of bone healing, 
computational models are used in conjunction with bioregulatory and mechano-regulation algorithms to predict the influence of mechanical stimuli on the 
tissue differentiation process during bone healing. Over the last decade, computational models of fracture healing have progressed from static, linear elastic 
models to dynamic poroelastic analyses, accounting for callus growth and several biologic factors including growth factors, cells, and vascularization.“ 

By combining FEA with numerical simulation of bone healing, biomechanical research holds the key to develop the next generation of fracture fixation 
implants that deliver durable fixation as well as reliable promotion of fracture healing by controlled interfragmentary motion.’ 

Some important facts the surgeon should understand about numerical simulation in biomechanical studies are as follows: 


e FEA results are only approximations that must be validated by physical tests that exactly replicate the FEA model. 
After successful validation, FEA is a powerful tool that can be used to explore a wide parameter space to systematically optimize implant performance 


in a timely and cost-effective manner. 
Combining FEA with numerical simulation of fracture healing can support the development of implants that maximize fixation durability and support 


bone healing. 
SUMMARY 
The goal of this chapter was to provide a basic understanding of biomechanics and engineering principles. This is essential to allow appropriate evaluation 
of biomechanical studies and to integrate the information into clinical studies. Improper or selective use of test methods or outcome parameters can bias 
results to favor one implant over another. In contrast, a properly designed study that replicates a clinically relevant failure mode or implant performance 
enables systematic optimization of orthopaedic implants and interventions in a timely and cost-effective manner. By reducing the number of uncontrolled 
variables compared to clinical studies, biomechanical studies have a higher sensitivity to detect performance differences between interventions. As such, 
biomechanical research provides a time and cost-effective complementary strategy to analyze implant performance before a clinical study is designed. 
Understanding the mechanisms of fractures and the energy required to cause specific fracture types allows the surgeon to understand the “character” of 
the fracture. Targeting a specific healing mode allows the surgeon to design a fixation construct that allows healing along an expected course with or 
without callus. Understanding the basic mechanics of the general types of fixation constructs allows the application of the principles of fixation in specific 
anatomic locations. Knowledge of the postoperative loads experienced by fracture fixation constructs is vital to optimizing their application. Finally, 
understanding the concepts of stress risers and their effect on the risks of peri-implant fractures will avoid such complications arising from the improper 
choice of fixation methods. The surgeon must possess the ability to evaluate the quality of biomechanical studies as they apply to the clinical treatment of 


patients. 
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INTRODUCTION 


Injuries to bone, cartilage, and tendon are among the most common injuries causing people to seek medical care and these conditions remain a primary 
focus for many orthopaedic surgeons. A systematic understanding of biologic processes that take place secondary to injury to bone, cartilage, and tendon 
allows surgeons to intervene to improve clinical outcomes of patients with these injuries. This chapter will discuss canonical healing pathways for each of 
these tissues with a focus on tissue, cellular, and molecular mechanisms. Additionally, we will introduce recent discoveries that may, in some cases, 
challenge the dogma of these traditional biologic mechanisms. We will also discuss the identification and implications of interruptions to the healing 
pathways. Finally, we will introduce strategies designed to alter, improve, or support these pathways with the goal of developing clinically relevant future 
treatment strategies. 


BONE HEALING 


Bone is one of few tissues that heals without scar formation and perhaps the only to do so on a routine basis. The fundamental goal of bone healing is to 
restore mechanical strength and biologic functions of the osseous skeleton after injury. This requires a well-coordinated process of healing that recruits and 
activates the correct cells at the correct time to the injured area before initiating a comprehensive remodeling process to restore appropriate mechanical and 
functional integrity. This complexity also means that the breakdown of any of these components can lead to aberrant healing and ultimately failure to restore 
the original mechanical properties. Although reports vary, recent data estimate 2.5% of fractures in the U.S. Medicare population progress to nonunion,!”° 
and up to 10% of fractures do not heal normally.‘ 

The following sections present the cellular and molecular factors responsible for osseous healing according to their temporal involvement. 


CELLULAR COMPONENTS 


Fracture healing, which recapitulates embryologic bone development,“* begins with an inflammatory response dominated by macrophages phagocytosing 
debris in a milieu of inflammatory cytokines, including but not limited to IL-1beta, IL-6, IL-8, IFN-gamma, and TNF-alpha. As Ham demonstrated, the 
healing process then relies on osteogenic progenitor cells rather than activity of the mature cells that are also present.°4 


Tissues and Cells 
Inflammatory Cellular Components 


Although the dynamic complexity of the active cell populations cannot be entirely simplified into a sequential list, in general, granulocytes, monocytes, 
hematopoietic stem cells, and lymphocytes migrate to the fracture site early after injury. Within the first several hours after injury, T- and B-cells 
concentrate in the fracture hematoma, which does not happen in hematomas formed by injury to other tissues.!29 Subsequently, T-cells are activated and B- 
cells regress. Neutrophils and macrophages also concentrate early in the fracture hematoma and produce signaling molecules that direct fracture healing. 
Depletion of macrophages or receptors necessary for macrophage recruitment, such as CCR2, in the fracture hematoma has deleterious effects on the 
healing process.28:86.159 


The progenitor cells ultimately responsible for forming the fracture callus can arise from several different sources. One primary source is the periosteum, the 
tissue directly surrounding bone, which contains periosteal progenitor cells in its inner layer along with fibroblasts, osteoblasts, chondrocytes, and a vascular 
network. The periosteum provides an early source of osteoblasts and mesenchymal cells that can directly contribute to calcium deposition and bone 
formation,!®°° and the vascular network provides approximately one-third of the cortical blood supply. 

Whether caused by the initial injury or secondary to surgical trauma, damage to the periosteum is associated with fracture nonunion.!°8 Because of this 
association, demand for and development of technologies and techniques that preserve periosteal and other soft tissue coverings at the fracture site persist. 
As our understanding of the importance of the periosteal progenitor cells improves, the demand for therapies that take advantage of or mimic the 
regenerative potential of the periosteum increases.°! 

Conversely, the endosteum, the layer of tissue lining the inner surface of the cortex and enclosing the medullary cavity, comprises a single cell layer of 
osteoblasts and quiescent osteoblast-lineage cells that can be activated following injury and have direct access to the hematoma. Additionally, the medullary 
cavity contains marrow-derived mesenchymal stem cells (MSCs). The abundant MSCs, which reside immediately adjacent to and present early at the 
fracture site, can differentiate into chondrogenic and osteogenic lineages depending on the fracture environment. Additionally, cells from the local 
perivascular space, known as pericytes, can differentiate into or function similarly to MSCs. Whether the pericytes function as a true progenitor population 
or a signaling hub, however, remains uncertain.24 Because of their availability and functional breadth, MSCs offer an enticing clinical target to modulate 
fracture healing. 

Other potential sources of progenitor cells include the surrounding muscle and peripheral blood.”* Murine models suggest that during fracture healing 
mesenchymal progenitors can migrate from the surrounding musculature into the fracture site and form chondrogenic and osteogenic cells important for 
endochondral ossification and fracture healing. However, these muscle-derived mesenchymal progenitors may also be responsible for fibrous as opposed to 
bony union in the setting of polytrauma.’? Some cells circulating in peripheral blood express osteoblast-specific lineage markers, and at times of increased 
bone formation such as pubertal growth spurts, the concentration of these cells increases.*”*! However, debate continues as to how much these circulating 
cells contribute to bone regeneration. 


Figure 2-1. Ossification of the cartilage scaffold in endochondral ossification. In this Hall-Bryant quadruple-stained section of a mouse tibia 10 days after fracture, the 
transition of cartilage callus to ossified tissue is demonstrated. In the upper right of the photomicrograph, typical chondrocytes can be seen. In the lower left, the red 
matrix denotes calcified tissue surrounding osteoblasts. Chondrocyte-like cells with calcium deposits in the cytoplasm can be visualized at the transition between the 
nonossified and the ossified cartilage scaffold. 


Chondrocytes play an important role in bone healing, despite not being present in fully healed bone. During the crucial intermediate soft callus phase of 
endochondral ossification, chondrocytes supply many of the components of the extracellular matrix (ECM). They undergo hypertrophy throughout the soft 
callus phase and ultimately mineralize the ECM before undergoing apoptosis in the transition to hard callus (Fig. 2-1). As an important transcription factor 
supporting chondrocyte differentiation, sex-determining region Y (SRY)-box9 (Sox9) regulates formation of the cartilage template for later osseous callus. 
Additionally, Sox9+ osteoprogenitors, which may include MSCs, reside in the periosteum of adult long bones and mobilize much earlier in fracture repair to 
contribute to fracture healing by differentiating into multiple cell lineages including chondrocytes, osteoblasts, and osteocytes suggesting the importance of 
Sox9-related activity in the early stages of healing.°® 


Osteoblasts, derived from MSCs and found on bone surfaces, produce bone and originate from periosteum, endosteum, and other nearby tissues as well as 
circulating progenitor cells. They secrete type 1 collagen, osteocalcin, bone sialoprotein, and other matrix proteins necessary for mature bone formation. 


Osteoclasts 


Osteoclasts, derived from hematopoietic stem cells, resorb bone in pits on the bone surface called Howship lacunae and couple with osteoblasts during 
fracture healing to affect the remodeling phase.?! +5” The commonly used therapeutic drug class of bisphosphonates disrupts osteoclast function; the loss 
of stimulus of bone formation by factors released during resorption result in relative bone stasis and, therefore, a decrease in bone loss. Denosumab, an 
antibody against RANK ligand, decouples osteoblast and stromal cell activation of osteoclasts to prevent bone resorption. 


Myocytes 

Progenitor cells called satellite cells found in the surrounding musculature may support callus formation. Loss of these satellite cells prevents the normal 
upregulation of BMPs, IGF-1, and fibroblast growth factor 2 (FGF-2) signaling after fracture, which suggests these cells help amplify the early local bone 
regeneration pathway. 


Extracellular Matrix 


Beyond providing a scaffold for fracture healing, the ECM changes in composition and regulates the healing process. The early fibrinous callus transitions 
to a matrix rich in proteoglycans and matricellular proteins. As healing progresses, the matrix becomes cartilaginous, composed primarily of type 2 collagen 
and the proteoglycan aggrecan, before ultimately transitioning into the heavily mineralized matrix that characterizes mature bone. This includes 
noncollagenous matrix proteins such as bone sialoprotein and osteocalcin. Matrix metalloproteinases (MMPs) degrade provisional matrix to permit 
replacement by more mature matrix, with specific family members active during each transition. Depleting different MMPs slows or arrests callus formation 
and fracture healing at different stages.°°9” 


Vascular 


Early hypoxia in the fracture hematoma induces expression of LDHA, CXCR4, IL-6, IL-8, and VEGF in inflammatory cells, which in turn drive 
revascularization and further recruitment of immune cells to the fracture site.®° Ultimately, neovascularization likely clears degraded proteins and dead 
cellular material and permits delivery not only of required immune cells but also osteoblast progenitors from peripheral blood that increase in concentration 
during times of bone formation. 44 


Neural 


Although clinical observation suggests patients with nerve injuries form bone at an increased rate, little data explain the role of the nervous system directly 
in fracture healing. Robust callus forms rapidly at tibia fractures in rats after transection of the sciatic nerve, yet the poor biomechanical properties!!! 
suggest the structure or organization of the callus may be impaired. Nerve growth occurs concurrently with neovascularization and the most recent animal 
data suggests neurotrophic factors, including Neuropeptide Y and nerve growth factor, influence bone healing. 


Signaling Pathways 

Among the myriad signaling pathways involved in coordinating and regulating fracture healing, those discussed here have the most clinical relevance as 
potential targets for clinical therapeutics. The transforming growth factor (TGF) superfamily, including bone morphogenetic proteins (BMPs) and TGF-B; 
FGFs, particularly FGF-2; Notch; parathyroid hormone (PTH) and PTH-related protein (PTHrP); Wnt; and Hedgehog regulate endochondral ossification 
and interact in several feedback loops to control the transition from phase to phase of fracture healing. 


Bone Morphogenetic Proteins 


First described by Marshall Urist, BMPs present in demineralized bone permit heterotopic ossification when implanted into a living muscular 
envelope.!52:!5! They activate seronine/threonine kinase receptors to drive phosphorylation of SMAD-family proteins (in the canonical pathway) to regulate 
downstream gene expression.!°!,!36 []lustrating the importance of BMP signaling for bone formation, patients with a constitutively activated form of the 
BMP type I receptor ACVR1 develop fibrodysplasia ossificans progressive, characterized by robust heterotopic bone formation after even the slightest 
trauma. Downregulation of BMP antagonists Noggin or Sclerostin increases bone formation, making them attractive drug targets. Appropriate healing and 
callus formation requires balance between BMP agonists and antagonists. !!° 


Transforming Growth Factor B 


Another member of the TGF superfamily, TGF-f levels increase after injury and remain elevated consistently throughout fracture healing. TGF-f signaling 
activates chondrogenesis and endochondral ossification, and TGF-ß2 stimulates both migration of osteoblasts differentiation of osteoblasts and 
osteoclasts.!4? Additionally, low TGF-f1 levels correlate with nonunion in clinical studies. 168 


Notch Signaling 


During both endochondral and intramembranous ossification,?” Notch receptors (1, 2, 3, or 4) release their intracellular domain (NICD) in response to 
extracellular ligands Jagged 1 or 2 or Delta-like 1, 3, or 4. The transcription factor NICD translocates to the nucleus to activate expression of effector 
genes.!°! In particular, Jagged 1-Notch 2 signaling drives differentiation of MSCs into osteoblasts.?®167 In mice, blocking the transcription factor CSL and 
thus Notch signaling produces fracture nonunions, and activating Notch signaling in progenitor cells enhances healing. 


Fibroblast Growth Factors 


Normal endochondral ossification relies on intact fibroblast growth factor signaling. Mutations in FGF receptor-3 cause achondroplasia, with the associated 
shortening of long bones, by disrupting endochondral ossification.'°° Furthermore, in mice, a gain-of-function mutation in FGFR-3 within mesenchymal 
progenitor cells prevents chondrocyte hypertrophy. Because of the resultant defect in endochondral but not intramembranous ossification, long-bone 


fractures that have not been stabilized progress to pseudoarthrosis. In humans, recombinant human fibroblast growth factor 2 (rhFGF-2) may accelerate 
fracture union. In a randomized trial, injecting rhFGF-2 at the fracture site after stabilizing closed tibial shaft fractures with intramedullary nails increased 
the radiographic union rate at 24 weeks with no difference in secondary procedures or time to pain free weight bearing.’”° Additionally, rhFGF-2 may 
improve filling of periodontal bone defects.°* 


Wnt Signaling 


Boyden et al. first described the role of Wnt signaling in bone formation after studying a family with high bone density. Affected family members had a 
mutation in low-density lipoprotein receptor—related protein 5 (LRP5) that prevented Dickkopf 1 (Dkk-1) from inhibiting Wnt signaling.!® Increased Wnt 
signaling decreases inhibitory phosphorylation of the transcription factor B-catenin, which drives expression of effector genes including the FOXO family to 
increase bone mass.’ 

Sclerostin, which is produced by osteocytes, inhibits osteoprotegerin, thereby increasing osteoclast activity through the RANK pathway and, like Dkk-1, 
decreases osteoblast activity through by blocking Wnt signaling. 3? The antisclerostin antibody romosozumab has robust anabolic activity increasing bone 
mineral density and decreasing fragility fracture rate in patients with osteoporosis.°* In contrast with romosozumab’s efficacy in fracture prevention, current 
data do not support a clear role for antisclerostin antibodies in treating existing fractures.3®139 Although animal studies demonstrate efficacy in supporting 
fracture healing,?*:!*! romosozumab failed to accelerate fracture healing in human tibia and proximal femur fractures!*:!?” in phase-2 trials.!3.93-127, 
However, a case report suggests it could induce healing of established nonunions.°2 


Hedgehog Signaling 

Both Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) pathways play important and distinct roles in bone formation. Hedgehog binds to the 
transmembrane receptor Ptc preventing it from inhibiting Smo and thereby ultimately increase activity of the effector transcription factor glioma-associated 
oncogene (Gli).!*! In addition to regulating limb axis development, Shh mediates osteoblastogenesis in response to mechanical load in bone marrow stromal 
cells.!55 Both endochondral and intramembranous ossification require Ihh activity. In growth plates, Ihh stimulates parathyroid hormone-related peptide 
(PTHrP), increasing chondrocyte proliferation, and as Ihh activity decreases, chondrocytes transition from the proliferation to hypertrophic.!®! In 
intramembranous ossification, osteoblasts at the growing edge express Ihh, and increased Ihh signaling enhances bone formation. 


TYPES OF BONE HEALING 


Endochondral Ossification 


Endochondral ossification occurs during limb development and fracture healing, particularly in the absence of absolute stability. In both cases, an anabolic 
phase characterized by cartilage formation precedes a catabolic phase in which bone replaces the cartilage template.*” In fracture healing the process begins 
as early inflammatory cells and chemokines signal local progenitor cells to invade the fracture site hematoma (Fig. 2-2). As chondrocyte precursors expand, 
they secrete ECM, primarily type II collagen and aggrecan, and produce provisional fracture stability with the cartilage colloquially referred to as “soft” 
callus (Fig. 2-3). Sox transcription factors drive early chondrocyte development, regulated in part through soluble mediators, including TGF-B and 
Hedgehog. As Hedgehog decreases, chondrocytes hypertrophy and then undergo apoptosis at the beginning of the catabolic phase, though some 
hypertrophic chondrocytes transdifferentiate into osteoblasts.!° MMPs degrade the cartilaginous matrix to permit vascular invasion for nutrient delivery, 
which in turn permits chondrocyte maturation and apoptosis.°” The osteoblasts replacing the chondrocytes then produce calcium and osteoid, driving the 
transition from soft to hard callus (Fig. 2-4). As the catabolic predominates the anabolic phase, osteoclasts resorb the provisional callus, and the coordinated 
activity of osteoblasts and osteoclasts remodels the woven bone of hard callus into well-organized, mature lamellar bone (Fig. 2-5).42:!47 
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Figure 2-2. Initial events following fracture of a long bone diaphysis. A: Drawing showing that the periosteum is torn opposite the point of impact and may remain 
intact on the other side. A hematoma accumulates beneath the periosteum and between the fracture ends. There is necrotic marrow and cortical bone close to the 
fracture line. B: A photomicrograph of a fractured rat femur 3 days after injury showing the proliferation of the periosteal repair tissue. (Reprinted with permission 
from Einhorn TA. The cell and molecular biology of fracture healing. Clin Orthop Relat Res. 1998;335(Suppl):S7-S21.) 
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Figure 2-3. Early repair of a diaphyseal fracture of a long bone. A: Drawing showing organization of the hematoma, early woven bone formation in the subperiosteal 
regions, and cartilage formation in other areas. Periosteal cells contribute to healing this type of injury. If the fracture is rigidly immobilized or if it occurs primarily 
through cancellous bone and the cancellous surfaces lie in close apposition, there will be little evidence of fracture callus. B: Photomicrograph of a fractured rat femur 
9 days after injury showing cartilage and bone formation in the subperiosteal regions. (Reprinted with permission from Einhorn TA. The cell and molecular biology of 
fracture healing. Clin Orthop Relat Res. 1998;335(Suppl):S7-S21.) 


The gene expression and molecular signaling cascades necessary to produce the previously described sequence of fracture healing begins in the early 
fracture hematoma and enables the migration, proliferation, and function of progenitor cells at the fracture site. BMP drives condensation of mesenchymal 
precursors, and Sox9 then drives proliferation and early chondrogenesis. Loss of Sox9 significantly impairs chondrogenesis and soft callus formation. Runt- 
related transcription factor 2 (Runx2) promotes chondrocyte hypertrophy and terminal differentiation.” During this process, the chondrocytes transiently 
deposit collagen X into the ECM, and because of this, researchers have proposed collagen X as a potential serum biomarker for ongoing bony healing.!°” 
The osteoblast-mediated transition to osseous callus requires Ihh signaling, which drives Runx2 expression, and fails to occur in Ihh-knockout mice.®* 

In contrast with prior evidence supporting the paradigm of separate osseous precursors degrading and replacing cartilage callus, recent research suggests 
that hypertrophic chondrocytes responding to Wnt/B-catenin signaling transdifferentiate into some of the osteoblasts present in the early osseous callus (Fig. 
2-6),10.67,166 Increased expression of Osterix and Runx2 and concomitant downregulation of Sox9 appear to drive this trans-differentiation. The relative 
importance of the transdifferentiation pathway and the ramifications of losing this pathway remain unclear. 100.120,158 


Intramembranous Ossification 


Unlike endochondral ossification, which builds bone onto a cartilaginous template, fracture healing by intramembranous ossification proceeds via direct 
bone formation. This type of bone formation can be seen when the healing environment is highly stable with low mechanical strain (e.g., fracture fragments 
are directly opposed with rigid fixation, temporally in the later stages of callus healing, spatially in the periphery of callus healing) and during embryonic 
development of the skull and flat bones. Early in the inflammatory phase of injury, MSCs progress along the osteoblastic rather than chondrogenic pathway. 
Osteoblasts deposit type 1 collagen; specific ECM proteins, such as osteocalcin; and calcium phosphate in the form of hydroxyapatite. That is, osteoblasts 
initiate and drive intramembranous ossification.°” Osteoclasts then remodel the provisional bone and form cutting cones across the fracture site (Fig. 2-7). 
Eventually the osteoblasts lay down organized, lamellar bone, replacing the disorganized woven bone.'“® For fractures to heal only via intramembranous 
bone formation generally requires interfragmentary compression and absolute stability. 
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Figure 2-4. Progressive fracture healing by fracture callus. A: Drawing showing woven or fiber bone bridging the fracture gap and uniting the fracture fragments. 
Cartilage remains in the regions most distant from ingrowing capillary buds. In many instances, the capillaries are surrounded by new bone. Vessels revascularize the 
cortical bone at the fracture site. B: Photomicrograph of a fractured rat femur 21 days after injury showing fracture callus uniting the fracture fragments. (Reprinted 
with permission from Einhorn TA. The cell and molecular biology of fracture healing. Clin Orthop Relat Res. 1998;335(Suppl):S7-S21.) 


Response to Load 


Mechanical stimuli directly impact fracture healing, and the clinician can intentionally manipulate the mechanical environment to favor a desired healing 
response. In accordance with Wolfe law, bone remodels to accommodate mechanical load. When repeated loading exceeds the bone’s remodeling capacity, 
stress fractures develop as occurs in athletes or individuals with osteoporosis.*° However, progressive load applied to healthy bone, induces IGF-1— 
dependent remodeling mediated by a coupled osteoclastic and osteoblastic response and improved mechanical strength. As osteoclasts remove disorganized, 
woven bone, osteoblasts produce organized lamellar bone oriented according to the loads applied.'4° Furthermore, at fracture sites, relative motion between 
fracture fragments, quantified as strain—the normalized change in the fracture gap or AL divided by L—directs the healing response. Lower strain 
environments favor intramembranous ossification and higher (but still permissive) strain environments favor endochondral ossification. However, 
inappropriately low- or high-strain environments can produce nonunions. 
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Figure 2-5. Endochondral ossification transition zone from soft to hard callus. HBQ stain of healing fracture demonstrating cartilage in blue and bone in red. A: 
Whole callus view, scale bar 1 mm. B: Magnified area demonstrating the transition zone (bracketed area), scale bar 200 um. C: Further magnified area, scale bar 200 
pm. BV, blood vessel; MS, marrow space. (Images courtesy of Ralph Marcucio, Chelsea Bahney, and Ted Miclau.) 
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Figure 2-6. Lineage tracing chondrocytes during fracture healing. Recombination was induced in the Col2CreERT:Ai9 (A, B) and Acan-CreERT:Ai9 (C, D) mice 
from day 7 to 10 and tissues collected at day 14 after injury. The cartilage callus (A) and osteoblasts/cytes (B) in newly formed endochondral bone in the Col2- 
CreERT:Ai9 mice. The cartilage callus (C) and osteoblasts/cytes (D) in newly formed endochondral bone. DAPI counterstain to visualize nuclei (blue) overlain on 
DIC. Scale in A, B is 50 pm and in C, D is 100 pm. BV, blood vessel; MS, marrow space. D is the box in C. (Images courtesy of Ralph Marcucio, Chelsea Bahney, 
and Ted Miclau.) 


Modifying Factors 


Malnutrition has been associated with an increased risk of complications following fractures,°? yet human and animal studies have yet to consistently link 
nutritional supplementation with improved fracture healing.?”:!23-!60,163 The latest Cochrane Review of the utility of nutritional supplementation after 
geriatric hip fractures found little high-quality evidence to support any conclusions.? Fracture healing does consume large amounts of energy, and ATP 
production in fracture calluses of rabbit tibiae increases several orders of magnitude until the cortices bridge.°® Clinically, therefore, malnourishment may 
cause impaired healing, particularly among geriatric patients although supplementation beyond normal physiologic levels does not accelerate healing. 

Increasing patient age increases fracture healing time, and elderly patients, perhaps because of a prolonged inflammatory phase, produce a less robust 
healing response than younger patients despite laboratory evidence they maintain the required cellular and molecular pathways to heal.5%%8 

Metabolic diseases, in particular diabetes with its rising prevalence, impair fracture healing. The hyperglycemia of diabetes produces advanced glycation 
end products, reactive oxygen species, and inflammation that disrupt normal cell function. In part, hyperglycemia-induced dysregulation of the transcription 
factor FOXO1 within chondrocytes increases TNF-alpha and RANKL activity.*°7’ This increases chondrocyte apoptosis,” blocks osteoblasts, and 
increases osteoclast activity.” The resultant decreased mechanical stability’? likely contributes to the increased rates of malunion, nonunion, infection, and 


reoperation among diabetic patients with lower extremity fractures.*° 
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Figure 2-7. Primary bone healing utilizes an osteoclastic cutting cone crossing the fracture gap (I) followed by bone reconstitution by the trailing osteoblasts (II, II). 


HOW CLINICAL TREATMENTS ALTER HEALING 


Pharmacologic Interventions 

Many patients with osteoporosis take bisphosphonates and antiresorptive drugs to decrease fracture risk, yet these drugs function by blocking osteoclast 
activity, a crucial element of the remodeling phase of normal bone healing. Although animal studies suggest bisphosphonates administered at the time of 
injury increase fracture callus size without delaying formation,”° the translation to clinical care remains unclear.”° A randomized trial of early or delayed 
bisphosphonate use after surgical treatment of intertrochanteric femur fractures in patients with osteoporosis or osteopenia demonstrated no effects on union 
rate or time to union.” Similarly, PTH used as an anabolic agent improves fracture repair in animal studies, and some evidence supports improved 
radiographic outcomes and functional recovery with its use for osteoporotic fractures.®°:8! However, in a randomized placebo-controlled trial in humans, 
teriparatide failed to improve healing after surgery for hip fractures, !? and it may best support healing for atypical femur fractures and nonunions rather than 
routine fractures.3%55165 The anabolic antisclerostin antibody romosozumab does not clearly improve healing for osteoporotic fractures but may have an as 
yet undefined role in treating nonunions. 13-93-127 


Operative Intervention 


When planning to treat fracture surgically, the surgeon should target relative or absolute stability to induce endochondral or intramembranous ossification, 
respectively (Fig. 2-8). Typically, obtaining absolute stability requires removing the fracture hematoma to permit interfragmentary compression (and 
corresponding high stability), often with direct reduction. This approach is often chosen for simple fractures that are surgically accessible without causing 
further trauma to the surrounding soft tissue and intra-articular fractures for which anatomic reduction can limit the risk of posttraumatic arthritis. In 


contrast, the surgeon can often obtain relative stability with less trauma to soft tissues, often through indirect reduction, while preserving the fracture 
hematoma. Additionally, other surgical interventions including removing nonviable tissue, repairing injured nerves or vessels, and applying biologically 
active adjuvants can alter the healing response. 


CHALLENGES AND EMERGING THERAPEUTICS 


Nonunion 


Though specific definitions vary, a nonunion occurs when a fracture does not heal. Nonunion risk depends on the bone involved, injury characteristics, 
treatment method, and patient-specific factors.'7' Fractures in bones like the scaphoid with its tenuous blood supply subject to damage at the time of the 
injury carry increased risk of nonunion as do open fractures with an associated vascular injury. Systemic factors including smoking, obesity, malnutrition 
(e.g., vitamin D deficiency), and medications can impede fracture healing, and many patients with an otherwise unexplained nonunion after appropriate 
management have an endocrine abnormality.!? When these factors do not produce a nonunion, they can contribute to delayed union, healing requiring more 
time than typical, or malunion, healing with residual deformity. Classifying nonunions as atrophic, with little or no biologic healing response, or 
hypertrophic, with a marked biologic healing response, helps determine the etiology and potential treatment strategies. All nonunions should undergo a 
systematic evaluation to determine the etiology as that dictates the appropriate treatment. 
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Figure 2-8. Fracture healing under unstable and stable conditions. Tibia fractures were created in C57 BL/6 mice by three-point bending. A: Fractures allowed to heal 
without stabilization demonstrate a large callus 7 days after fracture. Cartilage can be seen forming around the fractured bone ends (dark areas indicated by 
arrowhead). B: Stabilized fractures heal without appreciable callus. No cartilage is present after 7 days; however, osteoprogenitor cells from the periosteum and 
endosteum are seen in the fracture gap. The periosteal reaction is indicated by the arrowhead. (Reprinted from Thompson Z, et al. A model for intramembranous 
ossification during fracture healing. J Orthop Res. 2002;20(5):1091-1098. Copyright © 2002 Orthopaedic Research Society. Reprinted by permission of John Wiley & 
Sons, Inc.) 


Atrophic Nonunion 


Atrophic nonunions, defined by absent healing response despite adequate time, reveal a biologic problem such as infection, prior radiation to the injury site, 
or inadequate blood supply. Although “disordered” inflammation disrupts normal fracture healing and may contribute to atrophic nonunion,°®°9 the precise 
inflammatory molecular pathways and cellular activities necessary for normal healing have not been defined. Current literature, therefore, does not predict 
mechanistically whether anti-inflammatory therapies should disrupt the inflammatory component of fracture healing, but clinical trials suggest they do not 
disrupt fracture healing when used for short periods of time perioperatively.*”9 Although they could impair fracture healing when used for longer periods of 
time after surgery,*”%!5° no single clinical study definitively demonstrates that effect. In a cohort study of over 300,000 fractures, patients taking 
nonsteroidal anti-inflammatory drugs (NSAIDs) did not have increased odds of nonunion, although patients taking opioid analgesics or a combination of 
opioids and NSAIDs did.479-156.171 Though various serum markers change with stages of healing and might follow abnormal patterns when a biologic 
problem produces a nonunion, no currently accepted biomarker definitively identifies delayed or nonunion. However, further investigation may find use for 
TGF-B1. In 10 patients with delayed union compared to an age-matched cohort, decreased TGF-B1 at 4 weeks predicted subsequent nonunion.'®8 Of note, 
cell-based experiments suggest that if NSAIDs inhibit fracture healing they may do so by downregulating TGF-f.'!® Treatment for atrophic nonunions 
depends on the underlying cause, but frequently bone graft is indicated to improve the biologic milieu for fracture healing. Autologous graft in particular 
provides viable cells and bone matrix as a template for repair. 


Hypertrophic Nonunion 


Hypertrophic nonunions, defined by a normal or supraphysiologic healing response without union, form in unfavorable mechanical environments. 
Typically, inadequate mechanical stability prevents the normal transition from cartilaginous to osseous callus, which ultimately causes overproduction of 
fibrous tissue and persistence of the hypertrophic cartilage. In these cases, increasing fracture stability, typically with revision open reduction and internal 
fixation, and debriding interposed fibrous tissue often permits union as the fracture and surrounding tissue maintain the capacity to heal. However, as our 
understanding of hypertrophic chondrocyte transdifferentiation into osteoblasts improves, new interventions may target this pathway to induce direct callus 
maturation and remodeling to achieve union. 


Progenitor Cell Enhancement 


Although adult progenitor cell populations with the capacity to differentiate into mesenchymal phenotypes have been extensively studied,*° the use of 
progenitor cells to improve bone healing remains theoretical. Animal studies assessing the effects of direct MSC delivery to the fracture callus have had 
mixed results,°° and immunomodulatory effects rather than direct cell expansion may explain some of the improved union rates observed. Reviewing the 


challenges preventing current application of stem cell therapies in orthopaedic trauma, Marcucio et al. concluded that they remain promising for future 
development. +0? 


CARTILAGE 


CARTILAGE HEALING 


Response to Isolated Chondral Injury 


The body does not heal isolated cartilage damage effectively. This defective healing response is attributable to the lack of a blood supply necessary for the 
initiation and support of the repair process, the inherently low migratory capacity of articular chondrocytes, a lack of sufficient stem cells to repopulate and 
repair the defect, and chondrocyte cell death in the surrounding cartilage which compromises tissue integrity and interferes with repair tissue integration. 
Viable chondrocytes near the injury may proliferate, form clusters of new cells, and synthesize new matrix, but chondrocytes do not migrate readily through 
cartilage tissue to the site of the injury. Furthermore, the matrix components synthesized by mature chondrocytes near the defect are not sufficient to 
recapitulate the composition of native cartilage, and it is widely recognized that the endogenous healing response in adults does not follow the same 
processes that occur during articular cartilage development. Synovial mesenchymal progenitor cells may populate cartilage defects by direct contact 
between the defect and synovium or by pannus-like migration of the synovial membrane onto the articular surface. Synovial progenitors, which are derived 
from the embryonic joint interzone, specifically the growth and differentiation factor-5 (GDF-5)-expressing lineage, can differentiate into chondrocyte-like 
cells and deposit a repair matrix.!?? This is mediated in part by Yes-associated protein-1 (YAP1), and YAP1 ablation inhibits the infiltration and matrix 
deposition of progenitors. In adult synovium, fibroblast-like mesenchymal progenitors are marked by expression of dipeptidyl peptidase 4 (DPP4) and 
peptidase inhibitor 16 (PI16), and these cells have been termed “universal fibroblasts” given their recent identification in adipose tissue, synovium, lung, 
skin, and other mesenchymal tissues.2”298+:!05 Mesenchymal progenitor cells are also found in synovial fluid, and their concentration increases following 
joint injury.!°° The origin of synovial fluid-resident progenitor cells and their contribution to the endogenous cartilage injury response remains poorly 
understood, but these cells are readily isolated from synovial fluid and are known to possess both multipotent differentiation as well as anti-inflammatory 
capacity.9°-109 


Response to Osteochondral Injury 


Articular injuries that also disrupt the subchondral bone initiate the fracture healing process within the subchondral bone, and the repair tissue from the bone 
can fill the overlying cartilage defect to form a fibrocartilaginous repair tissue. Cartilage healing then follows the sequence of inflammation, repair, and 
remodeling similar to the healing processes in bone or dense fibrous tissue. Blood from ruptured subchondral vessels and marrow sinusoids fills the injury 
site with a hematoma that extends from the area of bony injury into the chondral defect. Immune cells, such as neutrophils and monocytes, migrate into the 
clot to initiate phagocytosis of matrix components and cellular debris, followed by influx of mesenchymal progenitors that begin to synthesize a collagenous 
matrix. Within the repair tissue, some of the cells assume a rounded shape and begin to synthesize a matrix that has some properties of articular cartilage, 
but the repair matrix is rich in type III and type I collagen as opposed to type II collagen and the proteoglycans observed in native articular cartilage. 

Within a few weeks of injury, the repair tissue forming within the defect begins to undergo differentiation into fibrocartilaginous and osseous tissues. 
This repair tissue is a mixture of fibrocartilage and variable amounts of hyaline-like cartilage. While the initial repair of an osteochondral injury typically 
follows a predictable course, subsequent changes in the cartilage repair tissue vary considerably among similar defects. In some chondral defects, the 
production of a cartilaginous matrix continues, and the cells may retain the appearance and some of the functions of articular chondrocytes, including the 
production of some type II collagen and proteoglycans. However, the composition, structure, and organization of normal articular cartilage are never 
recreated. Instead, the end product is a fibrocartilaginous scar that may still provide clinically satisfactory joint function for many years but differs 
considerably in composition, cellular phenotype, and microstructural organization to native articular cartilage. The deposition of type III and type I collagen, 
which are found in very low quantities in native cartilage, and the insufficient production of type II collagen and proteoglycans such as aggrecan, by cells 
inhabiting the repair results in a structurally inferior tissue that lacks the zonal organization of native cartilage. Unfortunately, in many injuries, the cartilage 
repair tissue deteriorates more rapidly, likely due to the inability of the repair tissue to withstand joint loading once normal weight-bearing is resumed by the 
patient. The cells lose the appearance of chondrocytes and appear to become more fibroblastic, and the fibrous matrix fibrillates and fragments (Fig. 2-9). 
Increased mechanical stress in the native articular cartilage surrounding the defect further compromises the articular surface by inducing apoptosis of 
chondrocytes, causing persistent microstructural damage, and chronically activating the innate immune response by releasing matrix fragments into the joint 
space, a process mediated in part by members of the toll-like receptor (TLR) family, expressed by immune cells such as synovial macrophages. These 
processes are recognized to underpin the development of posttraumatic osteoarthritis (PTOA) following chondral injury. 
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Figure 2-9. A: Normal rabbit articular cartilage showing the homogeneous extracellular matrix. The chondrocytes near the articular surface are relatively small and 
flattened, in which those in the middle and deeper zones of the articular cartilage have a more spherical shape. B: Well-formed fibrocartilaginous repair cartilage. 
Notice that the extracellular matrix is more fibrillar and the chondrocytes do not show the same organization as normal articular cartilage. Nonetheless, this repair of 
cartilage does fill the defect in the articular surface. In most instances after osteochondral injury, this type of tissue forms within 6 to 8 weeks. C: Photomicrograph 
showing fibrillation and fragmentation of fibrocartilaginous repair tissue. Because fibrocartilaginous repair tissue lacks the mechanical properties of normal articular 
cartilage, it often degenerates over time. (Reprinted from Buckwalter JA, Mow VC. Cartilage repair and osteoarthritis. In: Moskowitz RW, et al., eds. Osteoarthritis 
Diagnosis and Medical/Surgical Management. 2nd ed. WB Saunders; 1992:86-87; Copyright © 1992 Elsevier. Permission conveyed through Copyright Clearance 
Center Inc.) 


FACTORS INFLUENCING CARTILAGE HEALING 
Gap 


A primary objective of surgery is to close the diastasis between chondral fragments, and it is reasonable to expect that minimizing the volume and surface 
area of a chondral defect would increase the probability of successful cartilage repair. Experimental work indicates that 1-mm or smaller defects tend to heal 
more successfully than larger defects, attributable in part to the low migratory capacity of chondrocytes, the mechanical stresses on the defect as a function 
of total load across the joint, and the stress redistribution that occurs in native tissue surrounding the matrix. However, some residual separation of 
osteochondral fragments or the loss of segments of the articular surface may not always produce clinically significant disturbances of joint function or rapid 
cartilage deterioration.*® The extent of tolerable loss of the articular surface has not been defined and may vary among joints and the extent of patient 
activity.*8 


Step-Off 


Residual step-off of the articular surface can cause instability, locking, catching, and restricted range of motion. Some degree of step-off can be corrected 
through cartilage tissue remodeling; however, excessive articular step-off is associated with progressive deterioration of the articular cartilage, likely due to 
resulting supraphysiologic contact stresses on the more prominent areas and exacerbated release of matrix fragments into synovial fluid, promoting chronic 
activation of the innate immune response. Abnormal contact stress is a key determinant of both cartilage repair and cartilage degeneration. A study of 
contact stress aberrations following imprecise reduction of simulated human cadaver tibial plateau fractures showed that, in general, peak local cartilage 
pressure increased with increasing step-off, but the results varied among specimens.”° In most specimens, cartilage pressure did not increase significantly 
until the fragment step-off exceeded 1.5 mm. However, in some specimens, incongruities of as little as 0.25 mm caused peak local pressure elevations, 
suggesting that results may vary even among individuals with the same degree of articular incongruity. The degree of joint step-off that can be tolerated 
without causing long-term joint deterioration differs from joint to joint. A common rule of thumb is that residual step-off should not exceed the thickness of 
the articular cartilage at the injury site, but this rule almost certainly overstates the amount of step-off that can be accepted without consequence. Prospective 
imaging studies evaluating step-off progression and its association with clinical outcomes and integrity of the surrounding cartilage are lacking, to date. 


Loading and Motion 


Prolonged immobilization of a joint following intra-articular fractures can lead to adhesion formation as well as deterioration of the cartilage, resulting in 
poor joint function. Early motion during the repair and remodeling phases of healing can decrease or prevent adhesions and the immobilization-induced 
deterioration of cartilage. However, animal experiments have shown that early joint loading can also increase inflammation and lead to cartilage 


degeneration,®! an effect that is highly dependent upon the frequency and magnitude of loading. Cartilage repair tissue is particularly vulnerable to damage 
from excessive loading given its immature composition during the healing phase and inferior load-bearing properties following maturation, so strict non— 
weight-bearing is typically maintained for at least 6 weeks. The role of continuous passive motion (CPM) remains a topic of debate, but its history of use 
after microfracture cartilage repair surgery and the results of some animal studies argue for its inclusion in the rehabilitation process after cartilage injury.!*4 


Patient Age 


The long-term clinical outcome of traumatically induced articular cartilage injury may also depend on the age of the patient. Studies have demonstrated age- 
specific differences in the response of chondrocytes to mechanical injury, with immature cartilage being much more susceptible to mechanical injury than 
mature cartilage.®° Older age is often associated with poorer results after treatment of intra-articular fractures, possibly due to age-related alterations that 
decrease the capacity to repair injuries or withstand alterations in loading caused by joint incongruity.'“+ Furthermore, age younger than 35 years was found 
to be a positive predictor of patient-reported outcome following microfracture for the treatment of full-thickness articular cartilage lesions.® 


RESPONSE OF CARTILAGE TO MECHANICAL INJURY 


Cartilage damage associated with traumatic injuries is characterized by catastrophic disruption of cartilage matrix integrity and structure, extensive 
chondrocyte death in the area of cartilage injury, and expansion of this “zone of injury,” which is facilitated by diffusible mediators such as nitric oxide, 
members of the matrix proteases, and inflammatory cytokines. The initial damage can be worsened by persistent mechanical overload due to associated joint 
incongruity, instability, and/or limb malalignment.8° Chondrocytes in the superficial zone of articular cartilage are at particular risk. In vitro data show that 
the extent of cartilage damage is related to both the peak stress and strain rate.!?! Injurious tissue deformation, which is the consequence of complex joint 
loading patterns resulting in local tissue compression, tension, or shear, disrupts the collagen framework, resulting in decreased capacity to absorb and 
distribute load. Mechanical injury is also associated with proteoglycan loss, a consequence of acute chondrocyte necrosis, induced chondrocyte apoptosis, 
reduced chondrocyte biosynthetic activity, and the overload-induced upregulation of matrix proteases such as members of the MMP and a disintegrin and 
metalloproteinase with thrombospondin (ADMTS) motifs families. This overload-induced upregulation of matrix proteases further compromises matrix 
integrity, initiating a cascade of tissue degeneration, and therefore, plays a major role in subsequent cartilage degeneration.?! Recent literature has also 
revealed the importance of inflammatory signaling in modifying the chondrocyte’s response to mechanical loading. The mechanosensitive ion channel 
Piezo-1 is among the membrane-bound mechanoreceptors responsible for interpreting mechanical cues by chondrocytes. Interleukin-1 alpha (IL-1a) was 
found to sensitize chondrocytes to mechanical loading by modifying their cytoskeletal architecture,°* demonstrating an important feedback loop between 
joint inflammation and the chondrocyte’s response to mechanical loading. 


CONSEQUENCES OF CARTILAGE INJURY 


Clinical outcomes after cartilage injury depend on many factors including the size and location of the injury in addition to demographic factors like patient 
sex, age, and BMI. Small lesions and/or lesions outside of the main weight-bearing areas of the hip, knee, and ankle often are well tolerated. This is not 
universally true, however, and small lesions often progress over time, particularly if there are associated injuries to other structures such as menisci or the 
stabilizing ligaments. Furthermore, cartilage injury, with or without fractures, is a well-established risk factor for the development of PTOA. Anterior 
cruciate ligament (ACL) rupture and ankle ligamentous injuries are also major risk factors for PTOA development, and both of these injuries are strongly 
associated with concomitant chondral injury. In a study of patients with prolonged lateral ankle instability following ligamentous injury, 23% had normal 
cartilage (grade 0); 35% had grade 1 (superficial softening, fibrillation, or fissuring of the cartilage); 24% had grade 2 (a cartilage defect without exposure 
of the subchondral bone), and 17% had grade 3 (exposure of the subchondral bone) as assessed via arthroscopy.!*! In a prospective series of 42 knees with 
acute, isolated ACL injury, 100% exhibited chondral damage, diagnosed by MRI."!” Thus, a high degree of suspicion for chondral injuries should be 
exercised following all major joint trauma. Although the development of PTOA is a complex, multifactorial process, there appears to be a clear relationship 
between the severity of the injury to the subchondral bone and subsequent joint degeneration. This relationship is best exemplified by recent studies that 
used CT data to estimate the energy absorbed in tibial pilon fractures, and then correlated that data with the subsequent development of ankle arthritis.” 
There was 88% concordance of fracture energy and the development of arthritis, and linear regression analysis showed that fracture energy and articular 
comminution explained 70% of the variation in arthritis severity 2 years after injury. Another paradigm to place articular recovery in the context of a 
particular traumatic fracture is the importance of the restoration of balance between congruity, alignment, and stability of the involved joint.!8 For instance, 
following an acetabular fracture, congruity is the primary contributor driving healing such that even small articular step-offs will adversely affect cartilage 
recovery; in contrast, for a tibial plateau fracture overall joint alignment and stability are more important than congruity. 


MODIFIERS OF CARTILAGE DAMAGE 


The acutely traumatized joint is a particularly hostile environment for articular cartilage due to the increased concentrations of multiple mediators of 
chondrocyte catabolism, hypertrophy, and apoptosis, including: proinflammatory cytokines and chemokines, reactive oxygen species, DNA (released from 
dying cells), blood, and damaged matrix. Furthermore, surgical intervention poses additional risks of iatrogenic cartilage injury from mechanical damage 
associated with hardware insertion and cell death due to desiccation of exposed cartilage. In the setting of ACL injury and reconstruction, the rare but 
serious side effect of acute arthrofibrosis following surgery is thought to further promote inflammatory signaling in the joint, with deleterious effects on 
both injured and intact cartilage, and arthrofibrosis may therefore accelerate the development of PTOA by both biochemical (i.e., proinflammatory and 
profibrotic signaling) and mechanical factors (i.e., altered joint kinematics).'°* At present, the most easily modified mediators of cartilage damage are joint 
hemarthrosis, which can be managed by evacuation and/or lavage, and cartilage desiccation, which is effectively managed by periodic rewetting of the joint 
surface intraoperatively.!!9 In the acute period following chondral injury and/or surgery, reducing joint loading by regimens of restricted weight-bearing or 
complete offloading is the most accessible modifier of cartilage damage by mitigating further injurious loads on the healing lesion. 


TENDON STRUCTURE, FUNCTION, AND CELL BIOLOGY 


Tendons connect skeletal muscle to bone and can store and transmit forces generated by muscular contraction to permit movement. Tendons are intimately 
connected to the skeletal muscle ECM at one end and terminate on bone at the enthesis at the other end. Tendon is generally a hypocellular tissue composed 
of a complex network of matrix proteins that are maintained by fibroblasts. The smallest functional unit of tendon ECM is the collagen fibril. Collagen 
fibrils combine to form fibers, and groups of collagen fibers coalesce into tendon fascicles. Tendon fascicles are enveloped by the endotenon, which is a 
tissue containing nerves, lymph nodes, and blood vessels and is composed of loose connective tissue.” Fascicles then coalesce into the tendon proper, 
which are held together by an epithelial-like tissue layer called the epitenon that contains larger blood vessels and nerves.!°*!45 Some tendons are further 
enclosed by an outer, loose, fatty, and vascularized tissue referred to as the paratenon, which allows for free excursion of the tendon within its fascial 
compartment.3474.104,145 Tn lieu of a well-developed paratenon, some tendons are enclosed in synovial sheaths to allow efficient gliding in a way that is not 
restricted by adjacent tissue.34 

Tendons store elastic energy as they are stretched and upon shortening release this energy. Displacement of tendons of less than 4% generally allows for 
the tissue to return to its original length once the load is removed, but when displacement is greater than 4% the collagen fibers can begin to fail, and beyond 
8% strain the tendon is susceptible to rupture.”4134 As tendons are stretched, the noncovalent bonds between molecules in the tendon matrix are broken, 
which gives off energy in the form of heat.!!® Intense, high-frequency cyclical stretching can prevent certain regions of tendon from efficiently dissipating 
this heat, which can cause an irreparable denaturing of matrix proteins that can lead to tendinopathy or acute tendon rupture. 

Although tendon is intimately linked to skeletal muscle, which also contains fibroblasts that maintain and remodel the ECM, fibroblasts from muscle 
and tendon appear to arise from distinct populations of cells.!° Tendon fibroblasts, which are also referred to as tenocytes, are elongated cells with long 
cytoplasmic extensions. During embryonic development, tendons originate from a compartment of progenitor cells in somites that express the transcription 
factor scleraxis.!”:!°” Throughout adolescence, fibroblasts gradually lose scleraxis expression, terminally differentiate, and appear to be mostly incapable of 
re-entering the cell cycle in response to mechanical growth cues.°?:!° The origin and identity of the stem cell population within tendon that gives rise to 
tenocytes is not fully understood, but pericytes, which are a population of stem cells that exist in close proximity to the vasculature in the epitenon, appear to 
be attractive candidates.9°-!3!,143 The core of tendons appears to grow until the age of 17, after which protein synthesis and matrix turnover begin to decline 
markedly.®! These low rates of protein turnover may contribute to the difficulty that is encountered when treating chronic tendinopathies and the poor rates 
of healing observed in some tendon tears. 

The main protein that composes the tendon ECM is type I collagen, which accounts for 65% to 80% of the tendon dry weight.®° Type I collagen is 
initially synthesized as a promolecule within the tendon fibroblast, and typically consists of two a1 and one a2 subunits.*? Procollagen is then secreted from 
the fibroblast into the tendon ECM, where its N- and C-terminal ends are cleaved to produce tropocollagen, which is cross-linked to form the mature 
collagen fibril.” Type I and III collagens are part of the fibrillar collagen family and play an important role in the longitudinal transmission of force during 
locomotion.** Type III collagen tends to be smaller in diameter, less organized, and has decreased tensile strength compared to type I collagen.!* Type III 
collagen can often be found at the rupture sites of highly stressed tendons, and in greater abundance in tendons of the elderly.*? In addition to type I and III 
collagens, many other types of collagen can be found in tendon, including the network type IV and VI collagens that provide structural support for vascular 
and lymphatic tissue in the endotenon and epitenon.*“ Elastin is also an abundant protein in tendon that contributes to sliding between tendon fascicles, and 
stores recoil energy during mechanical loading.!°3 In addition to collagens and elastin, the ground substance of tendon is composed of various matricellular 
proteins, proteoglycans, and glycosaminoglycans, including decorin, biglycan, fibromodulin, lumican, fibronectin, periostin, and tenascin C.!2° These 
proteins help to orient other major structural proteins in tendon, or have hydrophilic properties that allow them to retain water, which in turn helps the 
tendon to dissipate heat and resist damage caused during intensive loading or exercise. 164 


TENDON DISEASES AND INJURIES 


Tendon disorders make up 30% or more of the injuries observed in sports. Tendinopathies are generally thought to occur as a result of repetitive 
microtrauma to the tendon ECM from overload or overuse, !°® in a cycle of degeneration and failed regeneration of the tendon ECM. Tendinopathic tendons 
have marked disorganization and separation of collagen fibrils, an increase in mucoid ground substance, neovascularization of budding capillaries invading 
the tendon from the paratenon, with fibroblasts adopting a rounded appearance and an uneven distribution in hypercellular and hypocellular areas 
throughout the tissue (Fig. 2-10).78 The sensory nerves that grow in with capillaries release local nociceptive molecules, which help to explain the often 
painful nature of tendinopathies.!°° The standard of care for chronic tendinopathies are periods of reduced athletic activity and progressive eccentric 
exercises, which can be effective for many patients.!!:8” NSAIDs are also commonly used to treat tendinopathies, although there have been mixed effects 
reported on how these drugs impact tissue regeneration or pain control.®-!38 The biologic mechanisms responsible for the development of tendinopathy and 
why the tendon fails to heal after microtrauma are not well understood, and the lack of understanding in this area has hindered the development of therapies 
to treat tendinopathies. However, murine models suggest blocking integrin avß6 activation of TGF-B may prevent tendinopathy.!°4 
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Figure 2-10. Representation of the structural and morphologic features of tendinopathy compared to healthy tendon tissue. (From Mead MP, et al. Pathogenesis and 
management of tendinopathies in sports medicine. Transl Sports Med. 2018;1(1):5-13. Copyright © 2018 American Association of Physicists in Medicine. Reprinted 
by permission of John Wiley & Sons, Inc.) 


Tendon tears and avulsions can occur secondarily due to chronic degenerative disorders and weakening of the tendon ECM, or with acute, high-load 
events. Tendons tears are thought to heal through two different types of mechanisms these being intrinsic, where cells from the epitenon direct the repair of 
the tendon and extrinsic, which occurs due to adhesion formation in the area of the tear. Surgical repair of torn tendons is thought to bring the separated 
ends together to allow better healing, but often a callus is formed between the stumps.!° The cells that compose the early callus are macrophages and 
neutrophils, and over time are replaced by myofibroblasts, chondrocytes, and some fibroblasts.°>»!4°.!46 The ECM of the callus is generally disorganized and 
composed of cartilaginous proteins. In cases of tendon avulsion and subsequent surgical repair, the normal enthesis and fibrocartilage gradient are lost, and a 
disorganized callus is formed at the interface between the tendon and bone.!!146 In both tendon—tendon and tendon—bone repairs, the callus can be stiffer 
than the native tissue, disrupting the normal transmission and storage of force from the muscle to the bone. Much of the current research strategies to 
improve the treatment of tendon tears and avulsions are focused on scar-free healing and the restoration of normal mechanical properties through 
manipulating cells in the area of repair and the ECM they produce. Early range of motion has generally been thought to promote intrinsic healing and limit 


scar formation, but for some tendon injuries like rotator cuff tears, delaying early mobilization appears to help prevent secondary tears.!*> 


EMERGING THERAPIES FOR THE TREATMENT OF TENDON DISORDERS 


Platelet-Rich Plasma 


Platelet-rich plasma (PRP) is an autologous blood product consisting of plasma enriched with a concentration of platelets that is greater than that of whole 
blood, typically being at least four times the baseline value.®68 PRP has grown in popularity in the treatment of tendon injuries. Platelets are enriched with 
multiple growth factors and cytokines, including FGFs, TGF-B, connective tissue growth factor (CTGF), several interleukins (ILs), platelet-derived growth 
factors (PDGFs), vascular endothelial growth factors (VEGFs), and others. The high concentration of these signaling proteins in platelets was thought to 
allow PRP to promote tissue regeneration,*° but recent work indicates that PRP induces local inflammation in tendon tissue, which might trigger a 
subsequent regenerative response. Although little is known about the efficacy of PRP due to the lack of large, multicenter clinical trials, a recent meta- 
analysis of smaller studies identified that PRP did improve the treatment of tendinopathy after 6 months of follow-up.!°° Another meta-analysis analyzing 
the use of PRP for the treatment of osteochondral lesions of the talus with or without concomitant microfracture found that PRP was beneficial for 
improving functional outcome scores at 7 to 42 months.!®? Additional studies are necessary before well-informed guidelines can be constructed for the use 
of PRP in human clinical treatment of tendinopathies. 


Autologous Stem Cells 


Autologous stem cells for use in musculoskeletal regenerative medicine are typically harvested either from bone marrow or the stromovascular fraction of 
adipose tissue. Depending on the size of the lesion being treated and the source of the cells, the isolated stem cells can either be injected into the pathologic 
area on a point-of-care basis, or expanded in culture. The former is much more cost-effective, and there has been a tremendous expansion in the use of 
autologous stem cells for the treatment of tendon disorders. In a case-control study of patients with chronic rotator cuff tears who received bone marrow 
stem cells injected into their tendons at the time of repair, there were accelerated signs of tendon healing in patients who received stem cells in imaging 
studies 6 months after the repair.°* In a 10-year follow-up of the same cohort, only 13% of the patients who received stem cells had suffered a retear, while 
56% of control patients retore their rotator cuff. The stromal vascular fraction of subcutaneous adipose tissue contains adipose-derived stem cells 


(ADSCs) that can directly participate in tissue regeneration by differentiating into skeletal muscle fibers, fibroblasts, osteoblasts, chondrocytes, and 
adipocytes.*>!!5:169 ADSCs can also secrete signaling proteins and other biomolecules that promote tissue regeneration, leading to the suggestion that 
ADSCs and other MSCs be referred to as “medicinal signaling cells.” 1525 ADSCs have shown promise in preclinical models of tendon healing,°~!!3 but 
similar to PRP, large-scale clinical trials need to be conducted to evaluate the efficacy of ADSCs in treating tendon disorders. 


CONCLUSION 


Injuries to bone, cartilage, and tendon represent a large burden of disease to patients and a challenge to those treating these injuries. An understanding of the 
fundamental biologic processes involved in the response to injury and subsequent healing can inform treatment strategies. Furthermore, as our 
understanding of these processes continues to improve, we may find that some of our canonical views of tissue healing may be challenged. 

Bone heals in one of two well-described ways—endochondral or intramembranous ossification. The treating provider who has mastered the basics of 
this biology can apply a logical treatment strategy to optimize the healing potential and minimize the risk of complications. Cartilage does not demonstrate 
the same healing potential as bone and despite some improvements in biologic understanding and experimental treatments, our optimization of cartilage 
outcomes is primarily based on mechanical restoration of congruence (step-off, diastasis), stability, alignment, and appropriate motion/loading. Tendons are 
crucial for the efficient transmission of loads from skeletal muscle and are commonly susceptible to injury in the setting of bony trauma. Tendon injuries 
can either be acute or the result of repetitive insult, with different biologic architecture. In the short term, an understanding of the biomechanical influences 
that affect bone, cartilage, and tendon healing will improve our care of skeletal and associated trauma. In the future, as we further understand the biologic 


nuances in these tissues, and learn how to influence them, we may be able to develop new treatment strategies to improve outcomes in our patients. 
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CONCLUSION 


INTRODUCTION 


Most fractures will go on to an uneventful union if treated appropriately with nonsurgical or surgical means. Unfortunately, this also necessarily means a 
meaningful minority may not progress to union without the application of more advanced technologies. This chapter reviews contemporary methods for 
augmenting fracture union through the use of bone grafting, bone graft substitutes, cell-based therapies, and biophysical modalities. 


BONE GRAFT AND BONE GRAFT SUBSTITUTES 


Although bone is a remarkable tissue, which is able to heal through the regeneration of new bone rather than the scar formation seen in many other tissues, 
certain conditions must be met for the process of healing to proceed to a successful union. Viable cells and matrix, adequate vascularity, various growth 
factors, and a degree of stability are necessary.!°© Unfortunately, some combination of these components is often absent, leading to nonunion, failure of 
fusion, or failure of incorporation of a metal implant. To overcome this familiar scenario, generations of surgeons have used a variety of bone grafts and 
bone graft substitutes. There are three described mechanisms through which adjuncts to healing function, these being osteoinduction, osteoconduction, and 
osteogenesis. 

Osteoinduction is the process of recruitment, proliferation, and differentiation of host mesenchymal stem cells into chondroblasts and osteoblasts.!°° 
Bone morphogenic protein (BMP) was the first of the growth factors identified as critical to this process in the 1960s.7°’ Since that time, numerous other 
factors such as fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), and vascular endothelial growth factors (VEGFs) have similarly been 
linked to this complex process of stimulating pluripotent host cells down the osteoblastic lineage. 

Osteoconduction is the process by which a graft acts as a scaffold, passively hosting the necessary cells for healing.!’2 All grafts that provide a structure 
offer some measure of osteoconductivity. Autografts and allografts, which inherently have the native structure of bone, naturally provide a viable scaffold 
for this process. Other synthetic materials such as calcium sulfate, calcium phosphate, and tricalcium phosphate have also been produced with the physical 
structure and chemical composition to allow for this process in a manufactured setting. 

Osteogenesis is the most direct mechanism for the stimulation of new bone. It is the ability of a material to form new bone, without the requirement of 


outside cells. It requires pluripotent cells, a viable scaffold, and all the needed growth factors. Autograft is the best source for a single material with this 
property. 

Combining materials, where one provides a scaffold and the other cells and growth factors, such as combining allograft with bone marrow aspirate, is 
another way to produce a material through an osteogenic mechanism. "6-172 


AUTOGRAFT 


Transplanting bone from a site of abundance to a site of need within an individual was the first form of grafting introduced and remains the gold standard to 
which all other grafts are compared. Autografts possess osteoinductive, osteoconductive, and osteogenic properties but require none of the processing of 
other graft options and carry no risk of histoincompatibility or disease transmission. Both cancellous and cortical autografts are available. Cancellous grafts 
offer the advantage of rapid incorporation. This is likely due to the large surface area available for biologic activity and the high number of pluripotent cells 
lining the material.2°° What cancellous grafts lack is significant structural integrity. This can be provided via a cortical graft, such as from the iliac crest. 
The trade-off for this structural integrity is the delay of incorporation into the host (Fig. 3-1).°9 


Pi 
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Figure 3-1. Infected tibial nonunion treated with irrigation, debridement, hardware removal, and antibiotic spacer beads. A: Debridement left a critical defect on the 
lateral side of the tibial meta-diaphysis. After eradication of infection, repeat ORIF was performed. B: The defect left after spacer removal. C: Tricortical iliac crest 
autograft was obtained and placed in the critical defect being secured with minifragment fixation. D: Follow-up at 3 months. 


The limitations of autograft, which are not issues with other graft options, are the complications associated with its collection and the limitation on its 
availability. The potential morbidities at the donor site include hematoma formation, infection, pain, neurovascular injuries, fractures, articular violation, 
and hernia formation. Rates of these various minor and major complications from traditional autologous bone graft sites have been reported to be about 
20.6% and 8.6%, respectively.?!” The volume of bone available to harvest is also limited. The iliac crest, for example, can provide between 19 and 26 cc of 
corticocancellous graft anteriorly and 34 cc posteriorly.!”° The reamer-irrigator-aspirator (RIA), originally designed to reduce pressure and embolism during 
intramedullary reaming of long bones, has also been used as a newer method of autologous graft collection. While this device appears to avoid some of the 
complications of traditional graft collection, such as pain,” and can provide additional large volumes of graft (mean 40.3 cc),?9 it too is associated with 
complications such as fracture and bleeding!*.2%4 and an inherently limited supply. However, healing seems to be faster in diaphyseal aseptic nonunions 
when treated with RIA compared to anterior iliac crest autograft, which indicates a benefit of the RIA technique over conventional autografts.!9* The newly 
developed RIA 2 system should even overcome some of the disadvantages of the old RIA system by achieving bigger graft volumes, lower complication 
rates, and lower pain scores. The advantages, disadvantages, and indications associated with the use of autograft are listed in Table 3-1. 

Autograft remains the gold standard for the treatment of bone voids associated with nonunion. As such, the authors continue to use it as the primary 
means to unite segmental defects, particularly if the volume of graft needed is readily obtainable from the patient. The commonest form is cancellous 
autograft, which may easily fill a defect and is rapidly incorporated into the grafting site. However, if structure is needed from the graft itself, then tricortical 
iliac crest autograft may provide this as well. 


TABLE 3-1. Comparison of the Advantages, Disadvantages, and Indications for Autograft, Allograft, and Bone Graft Substitutes 


Advantages Disadvantages Indications 
Autograft Biologic properties: osteoinductive, osteoconductive, Donor site morbidity Fracture nonunion 
osteogenic Inherently limited supply Spinal fusion 
No disease transmission risk 
Cost 
Allograft Unlimited supply Lack of osteoinductive and osteogenic properties Fracture nonunion, particularly augmenting autograft 
Biologic properties: osteoconductive Potential for disease transmission when large quantities of graft are required 
Lack of donor site morbidity Reduced mechanical properties from processing Spinal fusion 


Acute fracture fixation: tibial plafond, tibial plateau, 
calcaneus, proximal humerus 


Calcium Unlimited supply Lack of osteoinductive and osteogenic properties Augmentation of acute fracture fixation 
phosphate Biologic properties: osteoconductive Slow or incomplete remodeling 


Lack of donor site morbidity 
Structural strength in compression 


Calcium sulfate Unlimited supply Lack of osteoinductive and osteogenic properties Augmentation of acute fracture fixation 
Biologic properties: osteoconductive Rapid remodeling and loss of biomechanical strength Antibiotic delivery device 
Lack of donor site morbidity 
Structural strength in compression 


Another technique that was thought to increase the effectiveness of autografting during bone healing is the usage of vascularized bone grafts. The graft 
includes both bone tissue and the blood vessels that supply it. These grafts offer several advantages over nonvascularized grafts. The presence of blood 
vessels ensures that it receives a continuous supply of oxygen and nutrients, which is essential for the survival and growth of new bone tissue. In addition, 
the blood vessels provide a route for the migration of osteogenic cells, which are responsible for the formation of new bone tissue. Both nonvascularized 
and vascularized bone grafts are used clinically; however, up to now, there is no clear clinical benefit of one technique over the other in several orthopaedic 
settings, 116 


ALLOGRAFT 


Perhaps the most logical graft option after autologous graft is obtaining allograft from cadaveric tissue. Allograft comes in the same forms as autograft 
(cancellous or cortical), as well as a specially prepared form, demineralized bone matrix (DBM). The traditional processing of bone allograft by freeze- 
drying or irradiation leaves the material sterile but with largely osteoconductive properties only. DBM is processed in such a way that it retains a variable 
amount of osteoinductive capacity, but in turn, loses all structural integrity. The inherent benefits of allograft include its lack of donor site morbidity and its 
unlimited supply. This is offset by its lack of osteogenic potential relative to autograft, potentially reducing its healing ability if used in isolation, and the 
rare but real potential for disease transmission.®* The traditional processing of allograft also reduces its structural integrity compared with autograft. 199-239 

DBM is produced by acid extraction, which removes most of the inorganic portions of an allograft, leaving behind the proteins and growth factors. It 
thus retains some osteoinductive capacity as compared to traditional allograft. Unfortunately, the amount of growth factors such as BMP-2 and BMP-7 
varies considerably between batches and manufacturers, making its osteoinductive capabilities variable.” It is perhaps this variability in quality that has 
produced such disparate results of its effectiveness in the literature. Some authors have demonstrated equivalent results in union rates between autograft and 
DBM for treating nonunions (97% vs. 100%),!°8 while others have shown less than 50% union rates with this material.?2” Other studies indicated more 
adverse events when using other allografts like adipose-derived cellular bone matrix compared to conventional autograft.22? The advantages, disadvantages, 
and indications associated with the use of allograft are listed in Table 3-1. 

Traditional allograft is used frequently in the authors’ practices. Several common acute fracture patterns leave significant voids in bone after reduction. 
This is usually after the elevation of a depressed articular segment such as occurs in tibial plateau fractures, calcaneal fractures, tibial pilon fractures, and 
posterior wall acetabular fractures. Cancellous allograft can be densely packed into these voids to serve as an osteoconductive material, and bone graft 
extender. 


Figure 3-2. Four-part fracture dislocation of the proximal humerus treated with ORIF. A: Initial radiograph. B: During ORIF, fibular allograft was used to support the 
posterior bony defect. C: Final intraoperative anteroposterior radiograph after fixation. 


Allograft can also be used in certain acute fractures for structural support. The proximal humerus is an excellent example of this (Fig. 3-2). Even with 
the advent of proximal humeral locking plates, collapse of the proximal segment can occur, often leading to screw penetration and pain. Placement of a 
structural allograft fibular strut along the calcar can provide additional resistance to this collapse. 

Allograft is occasionally used by the authors for the treatment of nonunions, but not in isolation. Rather, it may be used as a way of expanding 
insufficient autograft for the treatment of larger segmental defects. It is the authors’ opinion that nonunions require more biologic stimulation to reliably 
heal than is provided solely by the osteoconductive properties of allograft. 


BONE GRAFT SUBSTITUTES 


The final type of grafting is through completely synthetic materials. The clear benefit of these materials is that they lack the donor site morbidity and limited 
supply of autograft and the potential for disease transmission and variable quality of allograft. The fundamental limitation of such materials is that they 
function as a scaffold and inherently lack osteogenic and osteoinductive properties. In addition, these materials must be produced in such a fashion that the 
body can replace them with bone over time. Two fundamental chemical compounds have been used for this purpose, calcium phosphate and calcium sulfate. 


Calcium Phosphate 


There are three general forms of calcium phosphate ceramic that have been used: hydroxyapatite, tricalcium phosphate, and calcium phosphate cement. 
These three forms differ in their rates of reabsorption and mechanical strength. Hydroxyapatite is the slowest resorbing form, still being seen on radiographs 
more than 10 years after implantation.2*” Bone resorbs calcium phosphate between 6 months and 10 years after implantation while it resorbs tricalcium 
phosphate over 6 to 18 months.*7 Of the three, calcium phosphate cement achieves the highest compressive strength. !°° 

Calcium phosphate formulations have been studied in a variety of clinical settings including fractures of the tibial plateau, distal radius, and calcaneus. 
Russell and Leighton”? performed a randomized controlled trial (RCT) comparing calcium phosphate cement to autograft during open reduction and 
internal fixation (ORIF) of tibial plateau fractures. Better motion, less radiographic subsidence, and no complications were reported with the calcium 
phosphate group relative to the autograft group.?°° 

Various management options for distal radius fractures have been compared with and without the augmentation of calcium phosphate cement. Closed 
reduction and splinting alone has been compared to closed reduction and splinting augmented with percutaneous injection of calcium phosphate cement. 
Better grip strength, motion, and swelling were noted at early follow-up with the use of calcium phosphate cement. However, these advantages were lost in 
the long term.°° Similarly, a comparison of reduction and fixation of distal radius fractures with K-wires supplemented with or without calcium phosphate 
cement demonstrated improved grip strength in the calcium phosphate augmented cohort. This result persisted at 2 years.**° In contrast to this type of 
management, a comparison of dorsal plating of distal radius fractures with and without the use of cement showed no clear differences between the two 
groups!°® perhaps suggesting that the advantage of cement augmentation is lost with more rigid internal fixation of these fractures. 

Calcium phosphate has also been evaluated during calcaneus fracture fixation. An RCT comparing ORIF alone with ORIF and calcium phosphate 
augmentation did show better preservation of the Böhler angle in the cement group, though clinical differences of general function (SF-36 scores) did not 
differ between groups.!®° The advantages, disadvantages, and indications associated with the use of calcium phosphate are listed in Table 3-1. Recent 
experimental research aimed to accelerate bone regeneration through rational design of novel magnesium phosphate cements (MPCs) that have a much 
higher solubility compared to pure calcium phosphates. Sheep studies indicate that novel MPCs might be promising as an alternative to the clinically well 
established, but slowly degrading calcium phosphate cements, depending on defect size and desired degradation rate. 1683-164 


Calcium Sulfate 


Perhaps as it was already being used for the external treatment of fractures in the form of plaster splints, calcium sulfate was used as an osteoconductive 
material as early as 1892.106 In contrast to all forms of calcium phosphate, calcium sulfate is much more rapidly resorbed, within the order of 6 to 12 weeks. 
As such, calcium sulfate provides much less biomechanical stability but can allow for rapid resorption and replacement with native healing bone. Previous 
authors have reported small cohorts of nonunion patients treated with a high rate of success using calcium sulfate to fill bony voids.3®214 The advantages, 
disadvantages, and indications associated with the use of calcium sulfate are listed in Table 3-1. 

In addition to its unlimited supply, a primary benefit of calcium phosphate is its ability to provide immediate structural stability to withstand 
compressive forces. With this characteristic in mind, the authors use calcium phosphate to supplement the compressive stability of construct fixation. 
Geriatric patients with severe osteoporosis and a need for immediate weight bearing may benefit from the augmentation of their internal fixation with 
calcium phosphate cement. Maintaining the elevation of depressed tibial plateau fractures and augmenting fixation of an osteoporotic femoral head are 
common applications. 

Because of its rapid resorption, calcium sulfate is not a material the authors use as a bone graft substitute. Its only application in the authors’ practice is 
as a dissolvable local antibiotic delivery device for use in cases of infection. 


ENHANCEMENT OF FRACTURE HEALING USING CELL-BASED THERAPIES 


The significantly different clinical outcomes following the use of autograft, allograft, or bone graft substitutes underline the fundamental importance of 
viable and functional cells to the regenerative process. As such, delivering the critical cell populations that can promote a desired outcome is an attractive 
therapeutic approach to bone regeneration. Cell-based therapies can range from simple autologous cell transplantations, to more complex approaches such 
as the use of in vitro expanded or selected allogenic cells, tissue engineering, or genetic manipulation. One inherent benefit of autologous cells is that they 
can be readily used in the clinic since this type of procedure is exempt from U.S. Food and Drug Administration (FDA) regulation, provided the cells are 
“minimally manipulated” and for “homologous use” applications.?°° Rather than the cells themselves, the devices and processes for isolating specific 
autologous cell populations are subject to regulation. However, in some cases, cellular “manipulation,” and thus FDA approval, may be necessary to 
improve functionality. 


While cell-based therapies hold great promise, clinical outcomes have been variable. Inconsistency in reported results stems from not clearly defining 
applied cell populations, heterogeneity between patients, and an incomplete understanding of the optimized dose and timing of cell-based therapies. These 
open questions underscore the importance of continued research efforts to improve and standardize cell-based approaches. Toward this end, understanding 
the primary mechanism of action and accurately characterizing cell populations will help to refine clinical practice. Further, by understanding the role that 
various cell populations play during endogenous repair, developmentally relevant approaches can be applied to improve therapeutic functionality. Here we 
review popular autologous cell candidates, along with available biologic information about mechanism of action, for approaches that are currently in 
practice. 


MESENCHYMAL STEM CELLS 


The concept that a population of tissue-resident adult “stem cells” could give rise to de novo bone originated in the 1960s by Tavassoli and Crosby who 
showed that bone marrow aspirates contained an osteogenic cell population that could form heterotopic bone.78° Over the next 30 years, Friedenstein et al. 
worked to isolate and characterize these nonhematopoietic, tissue culture plastic adherent, clonogenic cells within the bone marrow that could generate a 
variety of tissues in addition to bone, including cartilage, adipocytes, and fibroblasts.!°°!!4 In 1990, these cells were famously named “mesenchymal stem 
cells,” or MSCs, by Arnold Caplan.9>*4° The name was intended to describe how these multipotent adult progenitor cells functionally paralleled the 
embryonic mesoderm that contains stem cells that give rise to bone, cartilage, muscle, and other mesenchymal tissues during development. 

It has now been shown that MSCs are broadly distributed throughout the body, rather than located solely within the bone marrow. Progenitor cells 
showing similar in vitro differentiation potential to the bone marrow-derived MSCs have been isolated from adipose,°”° periosteal,®°.7!® synovial, >52? and 
muscle!*!1°! tissues. Interestingly, Crisan et al. later demonstrated that MSCs and pericytes, a specialized contractile cell that is embedded in the basement 
membrane and communicates with vascular endothelial cells, have similar multipotent differentiation capacity in vitro and share many of the same cell 
markers.’~7? This suggests that MSCs are pericytes and may explain how MSCs can be isolated from multiple tissues.** However, experimentally, there are 
inherent differences between MSCs isolated from different tissue sources. Today, it remains unclear and actively debated whether the perivasculature is 
another MSC niche, if they are the same cell, or if pericytes represent an MSC precursor population.4158,226,251 

One of the main barriers toward creating consistency in a therapeutic application of MSCs lies in understanding the similarities and differences between 
different MSC populations. This is exacerbated by lack of consensus over the cell surface markers for an MSC- and species-specific difference between this 
cell population. In 2006, the International Society of Cellular Therapy proposed that the minimal criteria for multipotent MSCs were that cells must be 
adherent to plastic, show multipotent differentiation in vitro to osteoblasts, adipocytes, chondrocytes, and have specific surface antigen expression for 
CD105, CD73, and CD90, while negative for CD45, CD35, CD14, CD79a, and HLA-DR. Allogenic MSCs and preclinical applications readily incorporate 
cell surface specifications into their protocols, similar clinical adoption of these standardized MSC-surface markers will add improved consistency. 

However, even with the use of standardized cell surface markers, patient heterogeneity remains a problem. It is well known that the number and 
functionality of MSCs decrease with age.?”®° For example, while the number of MSCs per marrow cell in a newborn is approximately 1/10,000, their 
frequency drops 200-fold by 80 years of age to about 1/2,000,000.!°° In addition to decreased numbers, studies suggest the cells’ cellular function is 
compromised in aged MSCs due to a declined responsiveness to biologic and mechanical signals from a less dynamic cytoskeleton, increased oxidative 
stress exposure favoring macromolecular damage, and senescence. 16° 

Because of the excitement generated over the discovery of MSCs and their multipotent capacity to form bone and cartilage in vitro, it is often falsely 
assumed that bone marrow-derived MSCs are the primary cells that heal bone during endogenous fracture healing. Elegant experimental studies in murine 
models using lineage tracing and cell labeling techniques, have demonstrated that the cells that give rise to the fracture callus are derived locally from 
osteochondral progenitors in the endosteum and periosteum.””22! The fracture and hematoma generate and amplify a proinflammatory state that produces 
numerous cytokines and chemokines that stimulate proliferation of these local progenitor cells and help enable osteogenic or chondrogenic 
differentiation.2*!®° In addition to paracrine signaling, differentiation of these stem cells is mechanically sensitive and driven by the relative stability of the 
microenvironment.*!!79,3!8 In rigidly fixed or inherently stable areas of the fracture, such as along the surface of the bone itself, progenitor cells 
differentiate directly into osteoblasts and promote fracture repair through intramembranous bone healing.?84 In the fracture gap, where there is more 
mobility, periosteal progenitor cells differentiate into chondrocytes to form a soft cartilage callus that provides a temporary bridge between the broken bone 
ends, and the bone heals indirectly through endochondral ossification.’”°:!5° 

Experimentally, it has been shown that bone marrow-derived MSCs have a very minimal direct contribution to fracture healing. Rather, they play an 
important role in supporting endogenous repair by serving as paracrine secretory centers in vivo.!85313 The current model postulates that injury activates 
MSCs/pericytes to migrate away from vessels and become activated to secrete factors that promote local tissue regeneration.4?345477!5 To reflect this new 
understanding of MSC function in the adult, in 2017, Caplan purposed to change the name of “mesenchymal stem cell” to “medicinal signaling cell.”*? 

The MSC secretome has been shown to be both trophic and immunomodulatory. The “trophic,” or reparative, influence of MSCs on other cells, is the 
result of secreted transforming growth factor beta (TGF-B), stem cell factor (SCF), insulin-like growth factor (IGF), epidermal growth factor (EGF), and 
granulocyte and macrophage colony-stimulating factors (G/M-CSF).*®!°” Current evidence suggests these paracrine trophic factors, rather than direct 
differentiation and engraftment of MSCs,°*-444241,242 are responsible for observed repairs following MSC therapy in disease conditions such as 
stroke,>>.*°! osteogenesis imperfect,!“® myocardial infarct,!®° and fracture repair. 156282 

In addition to this trophic role, we now understand that MSCs are important regulators of local inflammation during fracture repair. A proinflammatory 
response is critical for stimulating the initial differentiation of the periosteal progenitor cells.*°?-3!2 However, progression of healing is dependent upon 
efficient resolution of this proinflammatory response through expression of anti-inflammatory cytokines.?”313 Macrophages are a key cell population that 
contribute to modulating the inflammatory state, and MSCs have a polarizing effect on macrophages.” The mechanisms by which MSCs can change 
macrophages from a proinflammatory (M1) to anti-inflammatory (M2) state remain an active area of research, but the primary mechanism of action is 
believed to be secretion of factors such as interleukin-10 (IL-10), IL-13, IL-4, and TGF-B.*446.78.102,208 In other studies, MSCs have been shown to 
modulate T cells,!84:294 which was first successfully applied clinically to attenuate a severe acute host versus graft rejection in a 9-year-old boy.!9? MSC 
regulation of T cells appears to occur in an antigen-independent manner*! through the suppression of the primary and secondary T-cell responses by 
inhibiting cell proliferation.9!!25244 While direct cell-cell contact has been shown to be important in some circumstances,®®!03 engraftment does not appear 
to be necessary, or occur,!74:!95.287 following therapeutic application of MSCs, suggesting these cells function through a “hit and run”!? mechanism. Taken 
together, these immunomodulatory properties of MSCs suggest that they could be therapeutically exploited for treatment of a multitude of inflammatory 


conditions related to bone regeneration. 

This immunosuppressive behavior of MSCs prompted research into the use of allogeneic MSCs with the hypothesis that it may be possible to generate a 
“universal donor.” For a long time, the prevailing dogma was that MSCs would not illicit an immune response during allogeneic application due to the 
absence of major histocompatibility complex (MHC) class II cell surface markers and MHC class I markers without the co-stimulator molecules.!%4 
However, recent studies describing immune rejection and the ability to generate allo-reactive antibodies suggest that MSCs may not be immune 
privileged. 18-30,100,224 Given these data, it is clear that MSCs are not immune privileged, at least not to the extent that has been claimed in the literature, but 
that the immunosuppressive behavior of MSCs appears to impart an “immune evasive” functionality.!? Nevertheless, whether rejection of allogenic MSCs 
influences therapeutic efficacy is not known, and no definitive clinical advantage of autologous MSCs over allogeneic MSCs has been demonstrated to 
date.!8 

Clinical trials using MSCs have soared. While FDA-exempt allogeneic use of MSCs is possible, because they exit in limited quantities in situ, achieving 
functional quantities often requires ex vivo expansion and therefore makes clinical trials necessary to gain U.S. FDA approval.?86 Several hundred clinical 
trials are being performed with MSCs (determined by searching for “mesenchymal stem cells” or “mesenchymal stromal cells,” redundancies excluded, at 
www.clinicaltrials.gov). However, of these, only a few dozen are testing efficacy-related fracture healing, and all but a few are using autologous MSCs. 

The European-based ORTHOUNION study is an ongoing multicenter randomized clinical trial with expanded bone marrow MSC and bioceramics 
versus autograft in long bone nonunion. This clinical network will provide more data on the safety and effectiveness of MSCs during bone regeneration. 
First results indicate effectiveness of autologous MSCs to treat aseptic diaphyseal nonunions.!?” Continued basic and clinical research is needed to realize 
the full potential of MSC therapy in fracture healing. We must move away from a one-size-fits-all strategy and toward a developmentally more relevant 
application of these cells based on patient-specific biology. 


PLATELET CONCENTRATES 


Platelet concentrates (PCs) are autologous blood preparations containing supraphysiologic concentrations of activated platelets. Platelets are separated from 
the erythrocyte layer into a small volume of plasma or a second-generation product that concentrates them within a fibrin clot. As whole blood derivatives, 
PCs are applied as a relatively simple, cost-effective treatment modality to promote tissue regeneration. Importantly, since PCs are obtained as minimally 
manipulated autologous tissue, most preparations fall under the FDA exemption of homologous tissue. 

PC is a generic term for the different products enriched in platelets that can be obtained using various automated commercial systems or manual 
processing methods to obtain either platelet-rich plasma (PRP) or platelet-rich fibrin (PRF). Normal physiologic platelet count in whole blood is 150,000 to 
450,000 platelets/uL. Effective platelet concentration for bone regeneration has been shown as PC products with a two- to sixfold increase, and ideally, a 
fivefold concentration.°°° Lower concentrations have no effect, and higher concentrations negatively impact bone healing.64306 

Using a single, slow centrifugation step, platelets are separated into a buffy coat layer rich in both platelets and leucocytes. A second, faster 
centrifugation step can filter the product into leucocyte-rich (LR), leucocyte-poor (LP), or pure (P) PRP concentrates. LR-PRP is the most commonly used 
preparation and has been shown to be effective for soft tissue regeneration due to the proinflammatory cytokines that are included from granulocytes, 
monocytes, and lymphocytes within the leucocyte fraction.'+!797783 While less has been done with LP-PRP or P-PRP therapies, one study suggested that 
LP-PRP may provide a short-lived analgesic effect for treating joint pain in osteoarthritis. 10° 

Bioactivity of the PCs comes from growth factors, chemokines and cytokines released upon endogenous or exogenous degranulation. A number of 
osteoinductive growth factors have been identified in these a-granules, such as TGF-B, IGF, FGF, VEGF, and PDGF AB and BB.°!2!! The role of these 
growth factors in fracture healing and bone regeneration will be detailed later in the chapter, and while they are presumed to drive the biologic activity of 
PC, the mechanism of action of PCs clinically remains unknown. Further, despite the broad identification of these growth factors as released by platelets, 
there are limited data describing how growth factor concentration may vary in different PC products, and the literature suggests that cellular and molecular 
variation in PRP is directly associated with processing methodology.2:>!:285 

Preclinical studies on the effect of PRP in bone repair have produced conflicting results.!%2°9:248 In vitro studies have shown that PCs can both 
enhance®,76.234 or inhibit!®267 the osteogenic capacity of cultured MSCs or bone cells. A recent systematic review of preclinical studies found more 
favorable trends when sorting specifically by fractures in long bones, with 91% of studies providing evidence that PRP enhanced fracture or nonunion 
healing.?“8 Only one study found a deleterious effect on bone regeneration,!®? while 7% showed no beneficial effect.“ The regenerative effect on 
craniofacial bones appears more split, again with studies showing both an enhancement~’**!° and inhibition!**7°° of healing. Comparison between these 
preclinical studies is difficult because they vary in terms of PC preparation, defect type, species, and the incorporations of bone graft products. 

The first reported clinical application of PRP for bone regeneration was published by Marx et al. in 1998.7!° As listed on January 28, 2018, on 
www.clinicaltrials.gov, only four active studies are looking at the role of PRP in fracture healing, but a systematic review by Roffi et al. summarizes results 
from 19 selected clinical studies.2“® Of these 19 studies, only 9 were RCTs. Further, because there was not a consistent composition between PCs, and 
variation in the application of bone grafts, evidence-based clinical outcomes following application of PCs in fracture remain weak. 

While PRP is deemed clinically safe and promises alternative therapeutic options, there remains no consensus on the recommended dosage, frequency of 
treatment, or type of PRP that should be used for specific applications in hard or soft tissue regeneration. Nor is there a clear understanding about how PC 
products are influenced by harvest technique, patient demographics, or pathology. To improve consistency in clinical reporting, two classification systems 
have been proposed to describe PRP products, but they have yet to be readily applied.®!:°4 Through the combination of robust randomized clinical studies 
and clinically relevant basic science analyses, continued effort should focus on understanding the biologic profiles of PRP and matching these to patient- 
specific outcomes. 


BONE MARROW ASPIRATES 


As detailed above, bone marrow has long been recognized as containing MSCs with multilineage potential, and we now understand these cells are also 
immunomodulatory and produce trophic cytokines that can stimulate healing. While MSCs can be therapeutically delivered in an isolated form, whole bone 
matrow aspirates or bone marrow concentrates (BMCs) can be delivered clinically. Compared to pure MSCs, bone marrow aspirates also contain a broad 
range of other cells including hematopoietic stem cells, blood components (including, erythrocytes, leukocytes, platelets, and plasma), several stromal cell 
populations, and growth factors. Bone marrow is most commonly obtained from aspirates taken from the iliac crest. If the operating room is equipped with 
an appropriate cell separator, the bone marrow can be “concentrated” to remove the polynuclear cell layer and fat. For example, centrifugation at 1,200x g 


concentrates a typical 300 cm? bone marrow aspirate to about 50 cm? with an average of 2,579 + 1,121 MSCs/cm3, 141142 


A handful of studies, with level of evidence III and IV, have reported clinical results following percutaneous delivery of autologous concentrated bone 
marrow for treatment of atrophic nonunions.!8°-!41,142,166.276 Success rates were reported at between 50% and 95% across these studies, but they varied by 
type of fixation and location of fracture, patient demographics, and comorbidities. 

A recent study conducted by Hernigou and colleagues aimed to investigate the effects of early injection of autologous BMCs on infection risk and 
healing outcomes in patients with acute severe open tibial fractures. The study enrolled 231 patients who received BMC injections. These patients were 
compared to 67 control patients who received standard treatment without BMC injection or grafting and 76 patients who received iliac bone graft with an 
early standard of care treatment. The results showed that the group receiving BMC injections had a significantly lower risk of infection compared to the 
standard treatment groups. The BMC group had a higher rate of successful bone healing (87.4%) compared to the standard treatment group (50.7%) and the 
standard bone graft group (86.8%). The study’s findings suggest that early injection of autologous BMCs can significantly reduce the risk of infection and 
improve healing outcomes in patients with acute severe open tibial fractures. '4° 

As detailed above, preclinical studies suggest that injected cells do not engraft but that bioactivity is imparted by secreted factors. In an effort to 
capitalize on the chondrogenic and osteogenic capacity of progenitor cells, bone marrow aspirates have been applied to a variety of osteoconductive 
matrices to treat fracture nonunions, similar to approaches commonly used in spinal fusion. Few published studies have assessed the combined uses of 
concentrated or unconcentrated bone marrow aspirate with biomaterials. ””??7:?4 As with the other cell-based therapeutic approaches, increased level of 
evidence is needed in order to support efficacy of this procedure. Better control and optimization of the procedure are needed to increase clinical success. 


SYSTEMIC ENHANCEMENT OF FRACTURE HEALING 


The use of cells and bone grafts containing bioactive molecules that can stimulate repair using the biologic molecule itself has been an attractive therapeutic 
approach. Here we review the main osteogenic pathways that have been tested for their ability to modulate fracture healing and bone regeneration, along 
with relevant preclinical and clinical data. Cumulatively, while there has been significant progress in understanding the function of these biologics in a basic 
research capacity, lack of definitive clinical improvement in fracture healing and the high costs associated with clinical use generally make biologic 
approaches therapeutically less favorable. 


BONE MORPHOGENETIC PROTEINS 


In 1965, Marshall Urist reported an activity that was present in bone matrix that induced new bone formation and he named the compound(s) that 
mediated this activity as bone morphogenetic protein (BMP).?°° We now know this activity is mediated by a series of molecules that are members of the 
transforming growth factor (TGF) superfamily that include TGFs, BMPs, activins, inhibins, nodals, and growth and differentiation factors (GDFs), along 
with BMPs. These molecules participate in a broad range of physiologic processes,'*° and some are required for skeletal development rand repair.?*° 

The BMP signal transduction cascade has been widely studied, and canonical BMP signaling has been recently reviewed. 16%?53 Briefly, BMPs signal by 
binding to and activating serine—-threonine transmembrane receptors (BMP receptors) type I and type II. Upon receptor activation, downstream effector 
molecules named R-Smads (1, 5, and 8) are phosphorylated and form a complex with Smad 4 (co-Smad). This complex moves to the nucleus and regulates 
transcription of downstream target genes. The signaling activity of the BMP pathway is highly regulated. There are both intra- and extracellular inhibitors 
that fine-tune pathway activation. Inhibitory Smads act within cells to inhibit BMP signaling, while extracellular antagonists such as Noggin bind BMPs to 
block receptor activation. 

Studies in small and large animal models have demonstrated the necessity and utility of BMP signaling during bone fracture healing. BMP ligands, 
along with the components of the BMP signal transduction cascade, are expressed by cells in the fracture callus in animal models and human 
patients, 178-188319 and studies in mice demonstrate the importance of BMP signaling for bone fracture healing.*°? Using transgenic mice, the requirement of 
BMP-2, but not BMP-4, for the earliest stages of progenitor cell differentiation, and ultimately successful bone fracture healing was unequivocally 
shown.?9*796 Further, the requirement of BMP signaling within the periosteum was shown to be required for effective bone fracture healing. These data 
illustrate that BMP signaling is required for the initiation of fracture callus formation, and in the absence of specific ligands, fractures fail to heal. 

Due to the importance and necessity of BMPs for skeletal development and repair, these molecules have been studied extensively as therapeutic targets 
both preclinically and clinically.!3*!®° BMPs exhibit outstanding promise as effectors of bone healing in various animal models®8-84132,205 and in clinical 
settings.5®%135 BMP-2 and BMP-7 (OP-1) are approved for use clinically. However, there has been limited clinical use in trauma applications and only BMP- 
2 is currently available commercially. Initial studies in humans appeared promising and suggested that treating fractures with BMPs could benefit various 
patient populations.?9-%.122,162,277 However, other studies provide conflicting results and have not demonstrated the effectiveness of BMP in the treatment 
of patients.!*!28 Finally, using BMPs may have deleterious consequences in some patients. For example, there is a case report that associates treatment with 
BMP-2 in a child with increased inflammation,7“° and there is also the potential for heterotopic ossification and other negative outcomes in patients treated 
with BMP.?” The FDA has issued warnings and safety communications regarding the use of BMPs, including concerns about their potential to cause serious 
and sometimes life-threatening complications such as excessive bone growth, inflammation, and cancer. As a result, their use is carefully regulated and 
closely monitored in clinical settings. 

Nonetheless, BMPs remain a viable set of candidate molecules for developing therapies to treat fractures. Given their role in early phases of healing, 
applications designed to stimulate early chondrocyte and osteoblast differentiation in select patient populations may be worthy of further exploration. 
Designing methods to localize and sustain BMP delivery are underway and may offer advantages over currently available options.?®48 
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TRANSFORMING GROWTH FACTOR £ 


TGF-8 is structurally related to the BMPs and uses a similar set of signal transduction molecules.*® Briefly, TGF-B is secreted and sequestered in the 
extracellular matrix, where it is stored as an inactive latent precursor upon cleavage and release from the matrix, TGF-f binds to the transmembrane receptor 
TGF-B receptor type I, which then dimerizes with TGF-f receptor type I. Similar to BMP signaling, receptor dimerization and subsequent activation lead to 
phosphorylation of R-Smads 2 and 3 that subsequently form a complex with Smad 4. This complex then translocates to the nucleus where it activates or 
suppresses expression of downstream target genes. 


TGF-f is an important molecule that regulates many aspects of development, in particular cartilage.°°2 Since most fractures heal via endochondral 
ossification, where a cartilage template is replaced by bone, TGF- may be an interesting molecule to pursue as a therapeutic agent. However, TGF-B is 
thought to suppress expression of RUNX2, a key transcription factor required for osteogenesis in osteoblasts,®:!9° and may promote long-term maintenance 
of the prehypertrophic chondrocyte phenotype.!°!:2°° However, TGF-B has been shown to affect migration of stem cells and bone remodeling in normal 
bones,””? and during fracture healing, the effect of TGF-B on similar processes may be exploited in the future to stimulate repair. For example, previous 
research has demonstrated that injection of TGF-f into the periosteum of rabbits induced chondrocyte differentiation and new bone formation, but this effect 
is age dependent and was much greater in growing rabbits.” This suggested to the authors that TGF-f stimulated proliferation of differentiated cells that 
were present in the young periosteum and absent in older animals. More work by these same authors failed to show an effect of TGF-B on callus parameters 
after fracture.” However, the application of TGF-f occurred days after the injury, so potential beneficial effects of TGF-f activation on initial events within 
the periosteum cannot be ruled out. 


Wnt 


The canonical wingless-type mouse mammary tumor virus integration site (Wnt) signaling pathway is highly conserved among animals and is essential for 
many aspects of embryogenesis including bone development. The pathway has been extensively reviewed recently.'!” Briefly, Wnt ligands bind cell surface 
receptor complexes composed of frizzled- and LDL-receptor—related protein (Lrp) co-receptors. In the absence of ligand binding, B-catenin is degraded by 
the disheveled destruction complex. When Wnt ligands bind the frizzled/Lrp receptor complex, the destruction complex is deactivated and B-catenin 
accumulates in the cytoplasm and translocates to the nucleus where it forms a complex that binds DNA and regulates transcription of target genes. Like the 
BMP pathway, extracellular inhibitors of Wnt signaling, such as Dikkopf (Dkk), sclerostin, and frizzled-related proteins, act to maintain the levels of Wnt 
activity within cells, and this is particularly important in the skeleton.!”°!97 Levels of Wnt signaling regulate bone mass in the skeleton. For example, 
mutations in sclerostin cause increased bone mass that is associated with increased bone strength in humans with sclerostosis.2°!°! Similarly, mutations in 
Lrp5 lead to altered bone material properties. In this case, children with osteoporosis-pseudoglioma syndrome (OPPG) have early-onset osteoporosis. 17:61 
These data indicate that Wnt signaling is an essential regulator of properties of the skeleton, and suggest this pathway may be important in bone healing. 

Similar to BMPs, Wnt signaling is essential for bone fracture healing. Wnt ligands, receptors, and the signal transduction machinery are expressed by 
cells at the fracture site, and Wnt-responsive cells are present in the periosteum and endosteum.!°” Experimental manipulation of the Wnt pathway has been 
shown to significantly affect fracture healing. Reduced Wnt signaling delays healing, while enhanced Wnt signaling accelerates repair.°°176181 

Using Wnt ligands directly to stimulate bone healing is problematic. Wnts are highly lipidated molecules, making them highly insoluble in aqueous 
solutions. While this poses significant problems for delivery of ligands, it has led to a clever solution that solves the problem of adding bioactive ligands to 
patients. Since mutations in sclerostin lead to enhanced bone formation, developing therapies that transiently block sclerostin function may be 
advantageous.”°! In this case, the ligands that are normally expressed may become more effective, because they are “less antagonized.” Proof of concept for 
this idea comes from animal studies. Genetic removal of different secreted Wnt antagonists leads to enhanced bone healing in mice (sclerostin,®?!3 
sFRP1!!°), Importantly, immunoneutralizing antibodies to sclerostin and Dkk1 are able to stimulate bone healing in small and large animal models of 
fracture healing. !81,229,275 

The above data suggest that targeting these inhibitors appears to be a good choice for development of therapeutics.'°? A humanized monoclonal 
antibody directed against sclerostin, romosozumab, has been developed and first clinical studies were done to demonstrate the extent to which inhibition of 
sclerostin will promote bone formation in patients with osteoporosis. !29-152:171,212,233 Kostenuik and Mirza describe two clinical trials that were started to 
assess the ability of romosozumab to stimulate healing in specific fracture patients. According to the authors, the trials have been stopped, !83 and the results 
have not been published. Romosozumab has been further tested in two clinical trials recently. The first study was a double-blinded, phase 2, dose-finding 
trial to investigate the effects of romosozumab on femoral neck hip fractures.2°” The second study was also a double-blinded, phase 2, dose-finding trial 
focusing on tibial diaphyseal fractures.?? The overall safety and tolerability profile of romosozumab was comparable with that of the placebo in both studies. 
However, based on the data, the authors concluded that romosozumab did not improve fracture healing in the two study populations and that additional 
studies with patients at higher risk for fracture healing complications are needed to further investigate the potential of the antibody to accelerate fracture 
healing.32:257 

The efficacy of stimulating Wnt signaling to promote bone healing may have limited value since Wnts promote intramembranous bone formation and 
most fractures heal through a combination of intramembranous and endochondral ossification. Recently, chondrocytes have been shown to undergo a 
transformation to osteoblasts in bones that are healing via endochondral ossification.2!!°° While the mechanism underlying this transformation is not 
known, B-catenin was observed in the nucleus of hypertrophic chondrocytes at the Transition Zone, the chondro-ossesous junction, of the fracture callus.'°° 
This process of chondrocyte to osteoblast transformation has also been observed during development of long bones as well,?30:293,314,324 and interestingly, 
B-catenin activity in hypertrophic chondrocytes appears to mediate this transformation.!“9 If this is also the case for bone healing, these data may suggest 
that targeting Wnt treatment to different stages of bone repair may provide benefits that have not been observed in trials to date. 


FIBROBLAST GROWTH FACTOR 


Like the other signaling molecules discussed so far, FGFs comprise a family of signaling molecules, and the signaling pathway is highly conserved. This 
signaling pathway, and its role in skeletal diseases, has been reviewed recently.**! Mutations in FGFs and FGF receptors (FGF-Rs) contribute to a variety of 
human syndromes such as craniosynostosis and chondrodysplasia.°° 

FGF signaling also appears to be important for fracture healing. FGF signaling may contribute to bone fracture healing outcomes by affecting 
angiogenesis and proliferation of MSCs.!°* Different FGF ligands and receptors are expressed at different times throughout the process of fracture 
healing.°”-75%273 A gain-of-function mutation in FGF-R3 appears to delay fracture healing in a mouse model.?”* Importantly, a series of studies have 
demonstrated that exogenous FGF added to the fracture site of small and large animals is able to stimulate bone formation and mechanical properties of the 
fracture callus. 154168,320 Clinically recombinant human FGF-2 (thFGF-2) has been applied locally to test the extent to which this treatment may stimulate 
healing in patients with transverse or oblique tibial fractures. Radiographic union was better in patients treated with both high- and low-dose rhFGF-2 
compared to placebo, but the time to full weight bearing was not different among the groups.!®? While FGF signaling has been shown necessary for human 
fracture healing and animal models have provided strong preclinical support for therapeutic applications of FGF to stimulate healing, clinical trials showing 


efficacy in actual patients do not yet exist. 


VASCULAR ENDOTHELIAL GROWTH FACTOR 


An adequate blood supply is necessary for fracture healing.*°+ Nonunion rates in patients with concomitant bone and vascular injuries are nearly 50%.87-88 
VEGF is a well-studied angiogenic agent. VEGF is a secreted factor that is expressed by hypertrophic chondrocytes”°® 3° and upon receptor binding, 
induces vascular invasion of the fracture callus.”! Ablation of VEGF in mice has shown that it is required for bone formation after fracture and that addition 
of VEGF stimulates angiogenesis, bone formation, and bone maturation after fracture in mice and bone healing in a segmental defect in rabbit.?” 

There are a few areas of potential application of VEGF that warrant consideration. One of these areas is as an adjunct to allograft procedures. In this 
approach, the allograft bone is slowly replaced by bone via creeping substitution. However, a high failure rate is reported due to incomplete replacement by 
new bone. An experimental approach combining VEGF, receptor activator of nuclear factor-KB ligand (RANKL), and allograft was applied to a mouse 
model, and bone formation was much better than in controls.'°* This suggests that increasing the rate of angiogenesis and osteoclast resorption may help 
overcome problems associated with allograft failure, but this approach has not been translated to patients yet. 

Another area where VEGF has been shown to hold promise in preclinical studies is associated with implants. Screws were coated with VEGF and used 
to treat experimental femoral neck fractures in dogs. Outcomes including bone formation and vascularization were increased in animals receiving the screws 
coated with VEGF.!99 Thus this approach may aid in circumventing necrosis of the femoral head after fracture. Again this has not been translated to 
patients. 


PLATELET-DERIVED GROWTH FACTOR 


PDGF is another highly conserved signaling pathway that has pleiotropic roles during development.!4 PDGF signaling stimulates proliferation and 
migration of osteoblast cells,4®?78:309,310 which may provide stimulation to promote bone repair. Further, PDGF may act with other factors to promote 
osteoblast differentiation.8>177322 In a preclinical study, PDGF has been shown to enhance bone formation and increase mechanical strength of regenerated 
bone compared to controls.'4” PDGF has also been investigated in a variety of clinical studies, which recently have been extensively reviewed.!!° Briefly, 
PDGF-BB has been used to successfully regenerate bone in patients with periodontal disease,!”° to treat diabetic foot ulcers!®”*°* and for ankle fusions.®° 
This is encouraging since, if the compound is effective for stimulating bone healing, these therapies may be easier to translate for use on patients with 
fractures. 

Just recently, a new biologic product was approved for bone fusion and periodontal procedures. It contains recombinant human platelet-derived growth 
factor BB (rhPDGF-BB) that contributes to mesenchymal stem cell chemotaxis and mitogenesis and angiogenesis; and beta-tricalcium phosphate (8-TCP) 
granules, that provide an osteoconductive scaffold to facilitate new bone formation and delivery of rhPDGF-BB. rhPDGF-BB was shown to be a safe and 
effective approach for the treatment of intrabony and periodontal defects.7°! 


ARACHIDONIC ACID METABOLITES 


Arachidonic acid is an intermediate molecule that is used as a precursor to synthesize lipid mediators of inflammation and other biologic processes. 
Prostaglandins are potent stimulators of bone formation, and the role of these molecules in bone fracture healing has been extensively reviewed.?78 

Work performed in animal models has shown the importance of prostaglandins during fracture healing. Cycloxygenase-2 (Cox-2), an enzyme required 
for production of proinflammatory prostaglandins, is necessary for endochondral ossification during bone fracture healing in animal models.2°*3!! Deficits 
in fracture healing observed after blocking Cox-2 activity can be overcome by activating specific prostaglandin receptors with agonists,*!! suggesting 
possible therapies that could be used to stimulate bone fracture healing in patients. 

Inhibition of Cox-2 activity leads to decreased callus size and decreased chondrocyte maturation,” possibly through decreased BMP2 expression, 
suggesting a link between inflammation and BMP2 signaling during endochondral ossification during repair. In contrast, animals healing by 
intramembranous ossification are not affected by inhibition of Cox-2.'%3 Importantly, inactivation of Cox-1 does not appear to affect bone fracture 
healing.?643%1 

Prostaglandins are not the only arachidonic acid metabolite that affects fracture repair. Leukotrienes also influence healing. However, excess leukotriene 
levels appear to decrease the rate of healing in animal models.??” Interestingly, in this work, the authors speculated shunting arachidonic acid toward 
leukotriene production instead of prostaglandin production by blocking Cox-2 activity may be a contributing factor to the delays in fracture healing that are 
observed. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit activity of either Cox-1 and/or Cox-2 to limit prostaglandin production, and NSAIDs are widely 
used to alleviate pain after injury. Given the importance of prostaglandins for fracture healing, these drugs have been evaluated for adverse outcomes in 
trauma patients. In patients, Cox-2 inhibitors are used to limit heterotopic ossification after hip fracture, and these treatments are associated with increased 
rates of nonunion.*° However, clinical studies do not show convincing evidence that the routine use of NSAIDs is contraindicated for postoperative pain in 
fracture patients.24° 
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PARATHYROID HORMONE 


Parathyroid hormone (PTH) regulates mineral homeostasis through calcium and phosphate release from bone, and PTH has profound effects on bone 
deposition and resorption. Continuous exposure to PTH leading to bone loss due to osteoclast activity has been recognized for a long time.°* Patients with 
hypoparathyroidism have increased bone mass. These observations suggest that decreasing PTH levels may stimulate bone healing, but paradoxically, 
intermittent PTH treatment leads to bone deposition due to increases in osteoblast activity.!2° This property has been exploited clinically, and intermittent 
treatment with PTH or the active portion of the molecule (PTH1-34 [teriparatide]) is used to stimulate bone formation in osteoporotic patients.?496:216 These 
data have suggested that PTH and PTH (1-34) may be a useful approach to stimulate fractures. 183 

Preclinical studies have been used to assess the ability of PTH or PTH (1-34) to stimulate fracture healing. Data derived from these studies support the 
idea that PTH or PTH (1-34) stimulates bone healing in animal models.”:2%223 While the stimulatory effect of PTH on fracture healing in these models is 
clear, PTH’s role in fracture healing appears complex. A recent dose-response study in mice reveals that while increasing the dose of PTH leads to 


increased bone formation, this is not accompanied by an increase in bone strength, suggesting to the authors that remodeling of newly formed bone may be 
negatively affected in a dose-dependent manner.7!” 

Clinical studies to assess the ability of PTH and PTH (1-34) to stimulate fracture healing do not provide unequivocal evidence supporting a role of these 
molecules as a therapeutic agent. Some studies show positive outcomes in select patient populations, !6?38 while another study does not provide support for 
this treatment approach.!°! There are several clinical studies underway to assess the ability of PTH or PTH (1-34) to stimulate healing in patients, and until 
more robust studies are complete, this treatment approach remains promising but unclear. 


GROWTH HORMONE, INSULIN-LIKE GROWTH FACTORS 


Growth hormone is a hormone that is produced and secreted by the pituitary gland and regulates a number of physiologic processes associated with the 
musculoskeletal system. These include bone growth, endochondral ossification, and muscle strength.®*.29? Effects of growth hormone are, in part, mediated 
by insulin-like growth factor 1 (IGF-1).°* The IGF signaling pathway is comprised of receptors and binding proteins that transduce signals inside cells. 
Jasper!” provides a very interesting historical perspective on the evolution of thinking about the GH-IGF axis that nicely illustrates the evolution of a 
scientific theory as evidence accumulates. Further, many studies have been performed in the past that demonstrate growth hormone and/or IGF-1 may be 
developed as a therapeutic agent to treat fractures.” Given that growth hormone replacement therapy is used in humans, translating this therapy to fracture 
patients may be straightforward. 

Both growth hormone and IGF-1 appear to have direct effects on the skeleton.*°! IGF-1 appears to be required for the skeletal response to loading, 
suggesting that IGF-1 may be required for transducing mechanical signals within the skeletal system.°° IGF-1 also appears to be essential for bone fracture 
healing. Conditional deletion of the IGF-1 receptor from osteoblasts significantly delays fracture healing by disrupting endochondral ossification in mice.°°! 
However, genetic deletion of IGF-1 from osteocytes appears to accelerate bone fracture healing, possibly by increasing osteoclast numbers and stimulating 
Wnt and BMP signaling.'%° In patients, growth hormone and IGF-1 appear to effectively stimulate bone resorption and formation in osteoporotic patients 
and stimulate bone healing after fracture.?07 


OTHER PATHWAYS 


Research into the molecular mechanisms of fracture healing is broad and many other pathways and molecules are being explored for their use as potential 
therapeutic agents. Signaling by stromal-derived factor 1 (SDF-1) via its receptor CXCR4 is important for the normal process of bone healing,7®° possibly 
by recruiting various cells to the site of injury,!427!5 and this pathway has been manipulated in animal models of bone regeneration.®”®139.144,329 Results 
suggest that this pathway may be worthy of exploration. 

Likewise, the Notch pathway is also important in regulating the process of fracture healing. Conditional inactivation of canonical Notch signaling delays 
fracture healing.°? Notch signaling appears to act on both progenitor cells and osteoblasts that lead to increased bone formation.2*:!58:225.325 Currently, this 
pathway is being investigated for its therapeutic value. 


STATINS 


Statins are a class of drugs that effectively reduce cholesterol levels in patients by inhibiting HMG-CoA reductase to reduce production of the cholesterol 
precursor, mevalonic acid.?6? However, by the nature of the pathway, statins also inhibit production of molecules that are required by small GTPases such 
as Rac and Rho and inhibit expression of Rank-L, inhibit maturation of osteoclasts, and lead to osteoclast apoptosis.?!9 Concomitantly, statins also appear to 
induce BMP-2 expression in osteoblasts. These effects of statins on the skeletal system have been extensively reviewed.22292.323 Statins appear to affect 
bone quality by decreasing osteoclast activity and increasing osteoblast activity. 

Statins appear to affect the skeleton positively. A recent meta-analysis of bone outcomes in patients treated with statins demonstrates that statins reduce 
overall risk of fracture and hip fracture.!° Work that examines statins in fracture healing is less clear. Studies in animals demonstrate positive 
effects.>%118,266 However, the effectiveness of statins to stimulate repair may depend on the mode of delivery. For example, continuous local delivery of 
simvastatin to the fracture site in mice was much more effective than systemic delivery at stimulating repair.*®° In a small, prospective, clinical trial, no 
effect of simvastatin on fracture healing outcomes was observed over a 12-week period, but for ease of translation, the patients were treated systemically 
with a single daily dose.2°” From these outcomes, it seems that statins may be a unique therapeutic approach for treating patients, but more work needs to be 
done to assess outcomes in patients and to develop an adequate delivery system to evoke a positive response locally. 

RhBMP2 remains FDA approved and indicated for certain spinal surgical indications and the treatment of acute, open tibial shaft fractures. While the 
authors do not use rhBMP regularly for primary fracture healing or even routinely for established nonunions, some surgeons use the protein for certain 
recalcitrant nonunions. However, rhBMP2 will not overcome poor surgical technique or fixation, which must also be addressed at the time of surgery. 


PHYSICAL ENHANCEMENT OF SKELETAL REPAIR 


ELECTRICAL STIMULATION 


The presence of electric potential in mechanically loaded bone was first reported in the 1950s.!°* Since that time, an enormous volume of literature has been 
produced attempting to determine the value of applying various forms of electrical stimulation to healing bone. Much of these data have been of low quality 
and have provided varying results. This has perhaps left many clinicians persistently uncertain of its benefits. 

Three forms of electrical stimulation have been described: direct current (DC), capacitive coupling (CC), and pulsed electromagnetic field therapy 
(PEMF).°’ DC is invasive, requiring the implantation of electrodes on either side of a fracture site. CC and PEMF are both noninvasive. CC generates an 
electric field through the placement of electrified metal plates (capacitors) on either side of the fracture. PEMF generates an electromagnetic field by 
running alternative current through a coil. Regardless of the method of electrical current generation, the mechanism of action is thought to be regulation of 
the calcium—calmodulin pathway. 1687-107131 

Using only the highest level of evidence available, that is, sham-controlled RCTs, Aleem et al. produced a recent meta-analysis of all prior literature 


which perhaps provides the single best piece of evidence in favor of electrical stimulation’s benefits. Evaluating over 1,600 abstracts, the authors eventually 
included 15 RCTs (1,247 patients) who had used DC (1 study), CC (2 studies), or PEMF (12 studies) to treat spinal fusions (4 studies), acute fractures (5 
studies), nonunions or delayed unions (5 studies), or osteotomies (1 study). Four trials reported on pain levels. The pooled estimate from these four trials 
suggested a reduction in pain in users of electrical stimulation compared to controls. Functional outcomes were evaluated by two trials via the Short Form- 
36. The pooled estimate of effect using this broad function outcome score was not different between controls and electrical stimulation users. Finally, 
radiographic union was evaluated in all 15 trials. The pooled estimate of effect from these studies suggested a 35% relative risk reduction and 15% absolute 
risk reduction of nonunion in users of electrical stimulation versus sham controls. This yielded a number needed to treat of only 7. The indication (spinal 
fusion, acute fracture, nonunion, or osteotomy) or stimulator type (DC, CC, or PEMF) did not appear to matter. 

In conclusion, both basic science research and high-quality clinical evidence appear to suggest a clinical benefit of electrical stimulation for bone 
healing. +67 What remains less clear is for which individual patients this technology can be applied in a cost-effective manner relative to other treatments. 


LOW-INTENSITY PULSED ULTRASOUND 


Similar to electrical stimulation, low-intensity pulsed ultrasound (LIPUS) has been repeatedly studied by both basic scientists and clinicians. Also similar to 
electrical stimulation, much of the data on LIPUS suffer from being of low quality and yielding varying results, often leaving the contemporary clinician at 
a loss for applying this technology. 

LIPUS appears to work by increasing the quantity of osteoprogenitor cells at a fracture site in an animal model.!®° Presumably, this influx of cells, with 
the ability to enter an osteoblastic line, results in more abundant callus formation and healing potential. 

Recent meta-analyses have evaluated the use of LIPUS in both acute fractures*©° and nonunions.!°° Schandelmaier et al.” analyzed more than 3,800 
titles to yield a total of 23 RCTs. All but three of these studies evaluated fresh fractures or osteotomies, rather than nonunions. Four of these trials evaluated 
pain reduction. The pooled effect size found no significant impact of LIPUS on pain. Ten studies evaluated the rate of subsequent operations. Again, no 
effect from the use of LIPUS was identified in the pooled effect model. The pooling of data from 17 studies did, however, suggest a 26% earlier time to 
union with the use of LIPUS. 

Leighton et al.!°° evaluated more than 4,600 publications to yield a total of 13 studies (1,441 nonunions) that evaluated the effect of LIPUS on delayed 
or nonunions. Of these studies, only a single one (51 patients) was an RCT. Six more were prospective studies, and the remainder were retrospective. The 
pooled effect size of these data showed an 82% healing rate. Hypertrophic nonunions were twice as likely as atrophic nonunions to heal with LIPUS. Using 
LIPUS less than 6 months from prior surgery also increased the likelihood of achieving union by an odds ratio of 5.7. Despite the lack of any Level I 
evidence, the authors concluded that the healing rates with LIPUS rival those of surgical techniques. 

A recent Cochrane review analyzed the effects of ultrasound and shockwaves on fracture healing and included 21 studies involving 1,543 fractures in 
1,517 patients.*©° Two of the included studies were quasi-RCTs. Twenty studies analyzed the effects of LIPUS and 1 study analyzed the effects of ECSW. 
The main findings were that all studies had unclear or high risk of bias in at least one domain. The certainty of the evidence was downgraded for 
imprecision, risk of bias, and inconsistency. Further, the review found no or little difference in delayed union or nonunion up to 12 months after surgery 
when LIPUS was applied. Only one study reported about less pain with LIPUS by using a 10-point visual analog scale. 

Another meta-analysis of randomized controlled trials of patients treated with distraction osteogenesis compared the effects of LIPUS treatment and 
sham devices or no devices to determine if LIPUS is safe and effective for patients undergoing distraction osteogenesis. The results of this analysis provide 
low- to moderate-quality evidence that patients undergoing distraction osteogenesis with additive LIPUS treatment had no effect in decreasing the treatment 
time or reducing the risk of complications.?°° 

In conclusion, the quality of evidence in support of LIPUS for acute fractures is higher than that for nonunions. For acute fractures, the available 
evidence suggests LIPUS probably has a positive impact on rates of healing or at least on pain after injury. 

However, recent reviews indicated that the effectiveness of LIPUS on bone healing is still unclear, while the safety profile was rated as very good. 


EXTRACORPOREAL SHOCK WAVE THERAPY 


Extracorporeal shock wave therapy (ESWT) employs a sonic pulse that generates a high pressure for a short period of time.®° First introduced for the 
treatment of kidney stones®’ in the early 1980s, its use in chronic musculoskeletal conditions, including tendinopathies and nonunions, soon followed. 
ESWT appears to work by stimulating osteogenesis in the stromal cells of bone marrow.*”? 

As with electrical stimulation and ultrasound, there is a growing number of publications investigating the use of ESWT on delayed unions and 
nonunions. Unfortunately, these studies are also based on low-quality data. Multiple studies have shown seemingly excellent success rates of 60% to 85% 
with this technology,74%.25°° particularly in hypertrophic nonunions.*°° However, there are multiple reasons to hope for higher-quality data in the future. 
Specifically, all of these studies suffer from a small sample size (n = 43-115), a lack of a control group, a heterogeneous population of delayed unions and 
nonunions, and the use of multiple bones. Most were also retrospective in nature.2*°.255 Fortunately, all of these studies also report either no or negligible 
complications, making this a very safe technology to apply even if controlled trials remain lacking. 

In conclusion, there is excellent evidence from existing publications that ESWT is safe. There is, however, only poor-quality evidence that it is effective. 

The exact role for these less invasive means of treating nonunions remains poorly defined. While they appear safe and potentially effective according to 
some authors’ findings, these technologies can be costly and the quality of evidence backing their use is low. As such, the authors continue to use these 
technologies in a limited fashion. Specifically, these modalities are used for those patients who have an established delayed union or nonunion who want to 
avoid additional surgery or strong surgical risks, but for which the technologies do not represent a significant financial barrier. 


LOW-MAGNITUDE HIGH-FREQUENCY VIBRATION THERAPY 


Because mechanical stimuli play an important role for bone homeostasis, external biomechanical stimulation by whole-body vibration is proposed to be a 
promising noninvasive and nonpharmacologic therapy for bone diseases like osteoporosis.°?”! Low-magnitude, high-frequency vibration (LMHFV) has 
been shown to provoke osteoanabolic effects on the intact skeleton in many experimental and clinical studies in healthy and osteoporotic subjects,®°° 
mimicking small magnitude strains (<10 pe) arising from small muscle contractions. For achieving these small vibrations, magnitudes of below 1 g (g = 


gravitational acceleration, 1 g = 9.81 m/s?) were combined with a high-frequency vibration of 20 to 90 Hz to achieve strains of 5 to 10 pe. A recent meta- 


analysis, including 20 clinical trials, indicated high safety level and effectiveness of LMHFV to improve lumbar spine bone mineral density in 
postmenopausal women. LMHFV was also supposed as a suitable means to improve fracture healing. However, experimental animal studies reported 
contradictory results. Analyzing these studies in more detail, LMHFV seems to have beneficial effects on fracture healing in estrogen-deficient 
rodents,°763 whereas no or negative effects were observed in estrogen-competent animals.304305 It was shown that expression of the estrogen receptor a on 
osteoblasts is crucial for the effects of LMHFV on fracture healing with ligand-dependent signaling, mediating the negative effects and ligand-independent 
signaling that regulate positive effects on bone healing.*”° Therefore, preclinical data indicates that LMHFV might be a promising therapeutic strategy to 
accelerate fracture healing in patients with low estrogen levels. The study protocol for the first clinical trial investigating the effects of LMHFV on hip 
fracture healing was published recently.2°° The study NCT04063891 will include 120 elderly males or females (aged 65 years or older), of which 60 will 
undergo placebo treatment and 60 will be subjected to LMHFV at 35 Hz and 0.3 g for 20 min/day at 5 days per week. Clinical monitoring and DXA 
measurements will be used to analyze the fracture healing progress. In conclusion, LMHFV therapy during fracture healing is an experimental technique 
with no current clinical evidence regarding its safety or effectiveness, although clinical trials in postmenopausal women have demonstrated both safety and 
effectiveness on increasing bone mineral density in the intact skeleton. 


CONCLUSION 


None of the therapies discussed here for the enhancement of skeletal healing will ever substitute for the fundamentals of fracture care through nonoperative 
or operative means. Careful soft tissue handling and the application of the needed degree of stability will always be the primary means to help ensure bone 
union. However, modern technologies are rapidly evolving, and many adjuncts now exist to supplement the care of the problem fracture. If properly applied, 
these technologies may prove to be effective for increasing the rates of bone union in a cost-effective manner. There is evidence that targeting osteogenic 
pathways like BMP or PDGF signaling and using autologous stem cell sources as autografts might be promising strategies to further improve healing. 
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Annotation 


In this meta-analysis, 15 RCTs (>1,200 patients) treated with electrical stimulators for 
spinal fusion, acute fracture, nonunion, or osteotomy healing were evaluated. The pooled 
findings of this analysis revealed a 35% relative risk reduction and 15% absolute risk 
reduction of nonunion in users of electrical stimulation versus sham controls (NNT = 7). 


A randomized trial (n = 277) to compare standard of care (intermedullary nail and soft 
tissue management) to standard of care plus BMP2 during healing of open tibial fractures. 
No differences in healing were apparent at 13 and 20 weeks, and no differences in 
secondary procedures, infection, or adverse events were detected between groups. 
However, see commentary accompanying the article. 


In this retrospective comparison study, 41 patients (37 femurs, 4 tibias) underwent 
autograft harvest via the reamer-irrigator-aspirator (RIA) system and 40 patients had a 
traditional iliac crest bone graft (ICBG) harvest. Lower pain scores were noted with the 
RIA and a mean of 40.3 cc was obtained by this method. Level of evidence: III 


The study enrolled 231 patients who received bone marrow concentrate injections. These 
patients were compared to 67 control patients who received standard treatment without 
BMC injection or grafting and 76 patients who received iliac bone graft with an early 
standard of care treatment. The results showed that the group receiving BMC injections 
had a significantly lower risk of infection and a higher healing rate compared to the 
standard treatment groups. 


This prospective, single-center, therapeutic level III study treated 60 patients with 
established nonunions of the tibial shaft with percutaneous autologous bone marrow 
grafts. The purpose of this study was to evaluate the number and concentration of 
progenitor cells from bone marrow aspirate that were transplanted for the treatment of 
fracture nonunions, callus volume after transplantation of the concentrated bone marrow, 
and the rate of clinical union. 


In this prospective, randomized, multicenter study, 120 tibial plateau fractures were treated 
with ORIF and augmentation with calcium phosphate cement (n = 82) or autograft bone (n 
= 38). Though rates of union and time to union were the same in the two groups, 
subsidence was higher in the autograft group. Level of evidence: I. 


This is a mechanistic study in mice, in which the BMP2 gene was conditionally deleted 
from the limb bud mesenchyme with the Prx-Cre mouse. The results are important, 
because they show that BMP2 activity is not required for the initiation of bone formation 
during development, but BMP2 is required for initiating bone healing. 


Randomized control trial of proximal femoral neck fractures treated with screw fixation (n 
= 99) or screw fixation with leukocyte-rich PRP (n = 101). At 12-month follow-up, there 
was no significant clinical difference following PRP treatment, but shorter hospital stays 
were recorded. 
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INTRODUCTION 


Osteoporosis and other metabolic bone diseases have differing clinical features and presentations, but all are caused by dysregulation in the processes of 
bone modeling or remodeling that shapes the skeleton during skeletal growth and maintains bone health in adulthood. In this chapter, we will briefly review 
relevant aspects of bone anatomy, physiology, and the molecular mechanisms that are responsible for regulation of bone remodeling, and then go on to 
discuss the pathophysiology, investigation, and management of osteoporosis and other metabolic bone diseases. 


ANATOMY AND PHYSIOLOGY 


BONE ANATOMY 


The skeleton consists of two types of bone: cortical and trabecular. Cortical bone forms a dense envelope that surrounds all bones. It is formed from 
haversian systems, which consist of concentric lamellae of bone tissue surrounding a central canal that contains blood vessels. Trabecular bone fills the 
central cavity of bones. It consists of an interconnecting meshwork of bony trabeculae, separated by spaces that are filled with bone marrow. The relative 


amounts of cortical and trabecular bone differ in different bones. For example, the vertebral bodies and the calcaneus are composed predominantly of 
trabecular bone and contain only a thin envelope of cortical bone, whereas long bones like the femur, tibia, radius, and humerus are predominantly 
composed of cortical bone in the diaphysis with a greater proportion of trabecular bone at the metaphysis. These differences are relevant clinically since 
trabecular bone has a higher surface area than cortical bone and is remodeled more rapidly. As a consequence, bone loss tends to be more rapid in the 
vertebrae and other sites rich in trabecular bone when bone turnover is increased as opposed to sites such as the femoral neck where cortical bone 
predominates.”® 

Bone is composed of both organic and mineral components. The organic component comprises proteins and glycoproteins. The main protein of bone is 
type I collagen, which is formed from two collagen alpha-1 (I) peptide chains and one alpha-2 (I) chain wound together in a triple helix. Collagen is 
produced by osteoblasts in the form of a precursor molecule (procollagen), which is secreted into the extracellular space. The amino- and carboxy-terminal 
fragments of procollagen are cleaved off by proteolytic enzymes to release carboxyl-terminal fragments and amino-terminal propeptide fragments. 
Subsequently, the triple helical domains of collagen self-assemble to form collagen fibrils that become cross-linked to one another at each end by 
specialized covalent bonds, which help to give bone its tensile strength. When bone is resorbed, the cross-links are released and can be measured by 
specialized assays to provide biochemical markers of bone resorption (the C-terminal and N-terminal cross-links of type I collagen: CTX and NTX, 
respectively). When bone is formed rapidly (e.g., in Paget disease or in bone metastases), the collagen fibrils are laid down in a disorderly fashion, giving 
rise to “woven bone,” which is mechanically weaker than lamellar bone and susceptible to fracture. Bone matrix also contains small amounts of other 
collagens and several noncollagenous proteins and growth factors. These proteins are involved in mediating attachment of bone cells to the matrix and in 
regulating bone cell activity. The mineral component of bone is mainly composed of hydroxyapatite (Ca,)[PO,],[OH],) crystals, which are deposited 
between collagen fibrils. Bone mineral provides mechanical rigidity, which complements the properties of tensile strength and elasticity derived from bone 
collagen. 


BONE MODELING AND REMODELING 


Removal and replacement of bone occurs throughout life through the processes of bone modeling and remodeling. Bone modeling is responsible for shaping 
the skeleton during growth in which osteoblasts and osteoclasts work independently of one another. Bone remodeling maintains a healthy skeleton 
throughout adult life in which activity of the two cell types are coupled together. It has been estimated that about 10% of the adult skeleton is being 
remodeled at any one time, and this involves the coordinated activity of osteoclasts and osteoblasts (Fig. 4-1). Bone remodeling commences with attraction 
of osteoclast precursors in peripheral blood to the remodeling site. The mechanisms by which this occurs are not well understood, but it is thought that 
chemotactic factors released from areas of skeletal microdamage may play a role. The osteoclast precursors then start to differentiate and fuse together to 
form multinucleated mature osteoclasts. The osteoclasts form a tight sealing zone over the bone surface and resorb bone by secreting hydrochloric acid and 
proteolytic enzymes into the space underneath (the Howship lacuna), through a specialized membrane called the ruffled border. One of the most important 
proteolytic enzymes expressed by osteoclasts is cathepsin K, which is largely responsible for degradation of bone collagen. When bone resorption is 
complete, osteoclasts undergo programmed cell death (apoptosis) in the so-called reversal phase, which heralds the start of bone formation. 
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Figure 4-1. The bone remodeling cycle is responsible for renewal and repair of bone throughout life. Bone is removed by multinucleated osteoclasts, which are 
thought to be able to detect and remove areas of microdamage. After about 10 to 12 days, osteoclasts undergo programmed cell death (apoptosis) and are replaced by 
osteoblasts, which lay down new bone in the resorption lacuna. Some osteoblasts become trapped in bone matrix and differentiate into osteocytes, which are 
responsible for detecting and responding to mechanical strain. When bone formation is complete, the matrix mineralizes and the bone surface becomes quiescent and 
covered with flat lining cells. 


Bone formation begins with the attraction of osteoblast precursors to the site that has undergone resorption. These cells are of mesenchymal origin and 
are derived from bone marrow stromal cells. They differentiate into mature osteoblasts under the influence of various regulatory factors that are discussed in 
more detail later in this chapter. Mature osteoblasts are plump cuboidal cells that are responsible for producing collagen and other components of bone 
matrix. The newly formed bone matrix is unmineralized but later becomes calcified to form mature bone. Mineralization of bone is critically dependent on 
the enzyme alkaline phosphatase (ALP) that degrades inhibitors of mineralization such as pyrophosphate and the enzyme phospho 1 that generates 
phosphate for mineralization by degradation of phosphethanolamine and phosphocholine.!°° Some osteoblasts become trapped within bone matrix and 
differentiate into osteocytes, which connect with one another by long cytoplasmic processes that run through channels in the bone matrix termed canaliculi. 
Osteocytes are the most abundant cells in bone. They are responsible for sensing the effects of mechanical strain on the skeleton and in response secrete 
various signaling molecules, such as prostaglandins, nitric oxide, receptor activator of nuclear factor kappa B ligand (RANKL), and sclerostin (SOST), 
which influence the behavior of osteoclasts and osteoblasts as discussed below. Osteocytes also produce the hormone fibroblast growth factor 23 (FGF23), 
which enters the circulation and plays a key role in regulating phosphate homeostasis by modulating renal tubular reabsorption of phosphate. 


MOLECULAR REGULATORS OF BONE REMODELING 


Some of the most important regulators of bone resorption and bone formation are illustrated graphically in Figure 4-2 and discussed individually in more 
detail below. 


Bone Resorption 


The receptor activator of nuclear factor kappa B (RANK) pathway plays a critical role in regulating osteoclast differentiation and bone resorption.”° The 
RANK receptor is a member of the tumor necrosis factor (TNF) receptor superfamily. It is expressed on osteoclast precursors and mature osteoclasts as well 
as dendritic cells. It is activated by RANKL, which is a member of the TNF superfamily. When RANKL binds to RANK, several intracellular signaling 
pathways are activated causing osteoclast differentiation and bone resorption. The effects of RANKL are blocked by osteoprotegerin (OPG), which is a 
decoy receptor that binds to RANKL, and as a result inhibits osteoclastic resorption. Bone resorption therefore depends on a balance between local 
concentrations of RANKL (which stimulates osteoclasts) and OPG (which is inhibitory). Other important local regulatory factors are macrophage colony- 
stimulating factor (M-CSF), which is required for osteoclast differentiation to proceed,!®! and dendritic cell-specific transmembrane protein (DC-STAMP), 
which is required for fusion of osteoclast precursors to form mature multinucleated osteoclasts.°° In addition to these local factors, osteoclastic bone 
resorption is stimulated by various systemic hormones, including parathyroid hormone (PTH), 1,25-dihydroxyvitamin D, thyroid hormone, and growth 
hormone but inhibited by estrogen and androgens. It is thought that these hormones act both directly on osteoclast progenitor cells/osteoclasts to influence 


osteoclast differentiation and function and indirectly by regulating expression of local factors like RANKL and OPG by cells of the osteoblast 
lineage.8:47-113,157 


Bone Formation 


Several molecules are involved in regulating osteoblast differentiation and function. Among the most important are bone morphogenic proteins (BMPs),!"° 
which play a key role in regulating osteoblast differentiation from mesenchymal stems cells and members of the Wnt superfamily that regulate bone 
formation and bone resorption.®° The Wnt molecules exert their effects by binding to a heterodimer receptor complex comprising the frizzled receptor and 
one of the lipoprotein receptor-related proteins (LRPs). There is evidence that the LRP4, LRP5, and LRP6 receptors all play important roles in regulating 
bone cell function.°! When the LRP/frizzled receptors are activated, a signaling cascade is initiated causing accumulation of the transcription factor beta- 
catenin within the cytoplasm. The beta-catenin then binds to LEF (a transcription factor), and the complex of both proteins activates expression of various 
genes that promote bone formation and (through production of OPG) inhibit bone resorption.!! Binding of Wnt molecules to the frizzled/LRP receptor 
complex is antagonized by various proteins, including Dickkopf 1 (Dkk1), soluble frizzled-related proteins (SFRPs), and sclerostin (SOST).’ Accordingly, 
activation of bone formation by this pathway depends on a balance between the stimulatory effects of Wnt and the inhibitory effects of Dkk1, sFRP, and 
SOST on LRP signaling. There are 19 different Wnt isoforms, but experimental evidence suggests Wnt1, Wnt3a, Wnt10b, and Wnt16 all play key roles in 
regulating bone formation.!! Various systemic hormones including PTH, growth hormone, insulin-like growth factors, estrogen, and androgens also 
promote bone formation by direct effects on osteoblasts and their precursors as well as by indirect effects on the local regulatory factors mentioned above. 
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Figure 4-2. Molecular regulation of bone remodeling. The key pathways that regulate bone resorption and bone formation are illustrated. Osteoclasts differentiate 
from hemopoietic stem cells in response to RANKL, which is produced by osteocytes, bone marrow stromal cells, and activated T cells, and macrophage colony- 
stimulating factor (M-CSF; not shown on diagram) produced by bone marrow stromal cells. The stimulatory effect of RANKL is inhibited by osteoprotegerin (OPG), 
which is a decoy receptor for RANKL, produced by osteoblasts, bone marrow stromal cells, and many other cell types. Mature osteoclasts degrade bone matrix by 
secreting hydrochloric acid (H*) and cathepsin K (CATK) onto the bone surface. Osteoblasts are derived from mesenchymal stem cells in response to bone 
morphogenic proteins (BMPs) and other mediators. Several members of the Wnt family of ligands also promote bone formation but the stimulatory effect of Wnt 
ligands is inhibited by sclerostin (SOST) produced by osteocytes. 


Osteoblast 


Coupling Factors 


Some molecules have been identified, which act as coupling factors that link bone resorption to bone formation. These include transforming growth factor 
beta (TGF), which is produced by various cells in the bone microenvironment and which is abundant in bone matrix. During bone resorption, TGF is 
released by osteoclast activity and activated by the acid environment, allowing active TGFB to promote osteoblast differentiation and bone formation. 
Another key molecule is ephrinB2, which is expressed on osteoclasts but which acts on its receptor EphB4 osteoblasts to promote bone formation. 


OSTEOPOROSIS 


Osteoporosis is the most common bone disease, affecting millions of people worldwide. It is characterized by low bone mineral density (BMD), 
microarchitectural deterioration of bone tissue, and reduced bone strength, increasing the risk of fracture. 


EPIDEMIOLOGY 


The clinical importance of osteoporosis lies in the fact that it is an important risk factor for fracture, and the risk increases 1.5- to 3.0-fold for each standard 
deviation reduction in BMD depending on the site assessed.!°* Osteoporosis is classically associated with an increased risk of low-trauma fractures (fragility 
fractures), but it has become apparent that levels of BMD are associated with the risk of all types of fracture, including high-energy fractures.°® Fractures are 
a major public health problem worldwide. It has been estimated that in North America, White women aged 50 years have a remaining lifetime risk of 17.5% 
for hip fracture, 15.6% for clinical vertebral fracture, and 16% for wrist fracture. For men, corresponding risks are 6%, 5%, and 2.5%. In the United 
Kingdom, the lifetime risk of any fracture at the age of 50 years has been estimated at about 53% for women and 21% for men.”° Although the risk of 
fracture is much higher in people with osteoporosis, most fractures occur in patients with osteopenia/low bone density (Fig. 4-3).°8 The reason for the higher 
incidence of fractures in the osteopenia population is twofold. One is simply a numbers game in that there are significantly larger numbers of patients with 
osteopenic T-scores compared to osteoporotic ones. In one cross-sectional study, the prevalence of osteoporosis in postmenopausal women was 9.65% and 
the rate of osteopenia/low bone density was 27.09%.!® Second, because the occurrence of fracture is determined by not only bone strength (which is 
strongly correlated with BMD) but other factors such as risk of falling, the type of fall, bone quality, and bone geometry. In keeping with this, it has been 
shown that reduced BMD values only account for a small proportion of the exponential increase in fracture risk that occurs with increasing age.*® 
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Figure 4-3. Fractures and mineral bone density. The vertical axes show the number of fractures (left axis) and relative risk of fractures (right axis) in relation to bone 
mineral density. Although the relative risk of fracture increases exponentially as BMD falls, most fractures occur in people who have osteopenia or normal BMD. 


PATHOPHYSIOLOGY 


Osteoporosis can occur because of bone loss that normally occurs with aging and after menopause, because of a low peak bone mass, or because of a 
combination of both factors. In mechanistic terms, low bone mass occurs because the amount of bone removed as the result of osteoclast activity is greater 
than that laid down as the result of osteoblast activity. Several factors have been identified that predispose for osteoporosis through modification of these 
processes as summarized in Table 4-1 and are discussed individually in more detail below. 


Genetics 


Twin and family studies have shown that genetic factors account for between 70% and 85% of the variance in bone mass,’ although the heritability of 
fracture is considerably lower than this, especially in the elderly.!°° Although the genetic influences on fracture risk are partly mediated by effects on BMD, 
other determinants of fracture risk such as bone turnover and bone geometry also have a heritable component.? Current evidence indicates that BMD is 
influenced by a large number of genetic variants that individually have a small influence on the trait.5®:8% The same applies to fracture, but in this case, 
fewer variants have been identified.°® It is of interest that many of the genetic variants associated with BMD or fractures lie close to genes in the RANK and 
Wnt signaling pathways. This implies that subtle genetic variations affecting the structure or regulation of these genes influence the balance of bone 
resorption and bone formation. 


TABLE 4-1. Risk Factors for Osteoporosis and Fractures 


e Smoking e Diseases 
e Excessive alcohol intake (>3 units/day) e Thyrotoxicosis 
e Low body weight (BMI <19) Rheumatoid arthritis 
e Early menopause Primary hyperparathyroidism 
e Genetic factors Cushing syndrome 

e Race Hypogonadism 

e Family history of hip fracture Anorexia nervosa 

Cancer 


Chronic liver disease 
Coeliac disease 
Inflammatory bowel disease 
Cystic fibrosis 

e Epilepsy 
e Drugs 


Corticosteroids 

Thyroxine 

Gonadotropin hormone-releasing hormone (GnRH) agonists 
Sedatives 

Anticonvulsants 


Diet 
Most research in this area has focused on calcium intake. Several studies have shown a positive relationship between calcium intake during youth and peak 
bone mass, although there is no convincing evidence linking dietary calcium intake with fracture risk in adults.'® 


Mechanical Loading 


There is evidence to suggest that mechanical loading increases bone mass whereas immobility causes bone loss.!!!!5* Population-based studies have also 


shown an association between levels of physical exercise and fracture risk,** although this is probably due to increased muscle strength and a reduced risk 
of falling rather than effects on BMD. Furthermore, there is no evidence that there is any significant change in BMD in older individuals placed on 
resistance training protocols. 103 


Smoking 


Cigarette smokers are at increased risk of fractures.9* The mechanisms are likely to be multifactorial including the fact that female smokers have an earlier 
menopause, accelerated metabolism of exogenous estrogens, and impaired peripheral conversion of adrenal androgens to estrogen due to reduced body 
weight. 


Cannabis 


Recent studies indicate that heavy cannabis use may negatively impact on bone health; in that, it is associated with low bone density and an increased risk of 
fractures.!5* The likely mechanism is through regulation of osteoclast and osteoblast activities, which express type I and II cannabinoid receptors as well as 
the orphan cannabinoid receptor GPR55.77 


Alcohol 


Moderate alcohol intake does not seem to affect fracture risk significantly, but there is evidence that the risk of fracture increases significantly in those who 
drink more than three units of alcohol per day.”? The association between excessive alcohol intake and fracture risk is likely to be multifactorial in nature 
and probably involves effects on BMD as well as an increased risk of falling. 


Social Deprivation 


Social deprivation is strongly associated with fracture risk.4° The mechanisms are unclear but likely to be multifactorial involving differences in lifestyle 
factors, such as diet, smoking, alcohol, and physical activity. 


Comorbid Diseases 


Diseases that are associated with an increased risk of osteoporosis or fractures are summarized in Table 4-1. The mechanisms underlying these associations 
are discussed in more detail below. Hypogonadism is an important cause of osteoporosis in both genders. This may be physiologic as in the case of 
postmenopausal osteoporosis or pathologic as in patients with pituitary disease, Kleinfelter syndrome, and Turner syndrome. Hypogonadism during growth 
predisposes to osteoporosis by reducing peak bone mass, whereas hypogonadism in adults predisposes to osteoporosis by causing increased bone loss with 
uncoupling between bone resorption and bone formation. Although testosterone protects against osteoporosis in men, current evidence suggests that it does 
so through peripheral conversion to estrogen through aromatization.®4 

Inflammatory rheumatic diseases such as rheumatoid arthritis and ankylosing spondylitis are associated with an increased risk of osteoporosis and 
fractures. Several mechanisms are likely to contribute, including relative immobility, increased production of proinflammatory cytokines such as 
interleukin-1, interleukin 17, and TNF as well as glucocorticoid treatment. 

Similar mechanisms are likely to be responsible for osteoporosis in gastrointestinal diseases such as Crohn disease and ulcerative colitis, but in these 
conditions, malabsorption may also play a role. Coeliac disease is associated with an increased risk of osteoporosis and fractures due to impaired intestinal 
absorption of calcium, vitamin D, and other nutrients. 

Osteoporosis may coexist with osteomalacia in patients with malabsorption. 

Thyrotoxicosis is associated with osteoporosis due to increased bone turnover. Primary hyperparathyroidism (PHPT) is associated with osteoporosis due 
to increased bone turnover with relative uncoupling of bone resorption from bone formation. 


Glucocorticoids 


Glucocorticoid therapy is a strong risk factor for osteoporosis and fractures.'®® The risk is directly related to the dose and duration of therapy. Several 
mechanisms have been implicated including reduced intestinal calcium absorption, increased renal calcium losses by an effect of glucocorticoids on renal 
tubular calcium absorption, and reduced bone formation due to apoptosis of osteoblasts and osteocytes. Inhaled corticosteroids have little impact on the risk 
of fracture, but there is evidence that high-dose inhaled steroids can reduce bone density. 


Thyroxine 


Overreplacement with thyroxine in patients with hypothyroidism is associated with reduced bone mass, presumed to be due to a direct stimulatory effect on 


bone turnover.!2 


Other Drugs 


Several other drugs including benzodiazepines, selective serotonin reuptake inhibitors (SSRIs), and anticonvulsants have been associated with an increased 


risk of fragility fractures.’ The mechanisms are incompletely understood but are likely multifactorial due to adverse effects on balance and cognitive 
function as well as direct effects on bone cells.74 


CLINICAL FEATURES 


The most common clinical presentation of osteoporosis is with fragility fractures. Common sites are the hip, wrist, humerus, pelvis, and vertebrae. 
Nonvertebral fractures are almost always triggered by a fall, but vertebral fractures may occur spontaneously or in response to bending, coughing, or lifting. 
In many cases, the presentation of vertebral fracture is with acute back pain, which can be localized to the affected site or radiate to the anterior chest wall or 
abdomen, mimicking intrathoracic pathology or an acute abdomen. A few patients do not experience an acute event but rather present insidiously with 
height loss or kyphosis and chronic back pain. In addition to pain and height loss, patients with multiple vertebral fractures may experience dyspnea or 
abdominal discomfort due to compromised lung function or pressure on abdominal organs as the result of deformity. 


INVESTIGATIONS 


The pivotal investigation in the diagnosis of osteoporosis is measurement of BMD by dual-energy x-ray absorptiometry (DEXA) at the spine and hip. 
Reflecting this fact, osteoporosis has been defined to be present when BMD values at either site are more than 2.5 standard deviations (T-score units) below 
those found in young healthy individuals.°:°! People with lesser reductions in BMD (T-score between —1.0 and —2.5) are classified as having low bone 
density/osteopenia, those with T-score values between -1.0 and +2.5 are said to have normal bone density, and those with T-score values above +2.5 are 
considered to have high bone density. The criteria for DEXA differ in different countries. In the United Kingdom, it is generally agreed that DEXA should 
be considered for patients over the age of 50 years who suffer a fragility fracture. This forms the basis of the fracture liaison service (FLS) model of care in 
which patients falling into this category are routinely offered DEXA scans. In one study, implementation of an FLS increased the proportion of patients 
being investigated for osteoporosis from about 10% to over 90%,!°° and economic modeling suggested that this strategy was cost-effective in reducing the 
overall fracture burden.!°° The National Osteoporosis Foundation recommends DEXA in women and men above the age of 50 years who have had a 
fracture in adulthood, in all women above the age of 65 years and all men above the age of 70 years, and in women and men between the ages of 50 and 69 
years who have clinical risk factors for osteoporosis.°9 


Fracture Risk Assessment 


Fracture risk assessment based on clinical risk factors can be useful in the assessment of patients suspected to have osteoporosis, both in deciding upon the 
need for DEXA scanning and in assessing the potential benefits of treatment. Several risk factor tools have been developed, such as the FRAX calculator 
(www.shef.ac.uk/frax/) and the QFracture calculator (http://www.qfracture.org/). 


Radiography 


The main role of radiographic examination is in the diagnosis of fracture. For vertebral fractures, morphometric criteria are useful in diagnosis and in 
differentiating fractures from nonfracture deformities.°* 


Biochemistry and Hematology 


Investigations should be performed in most patients to exclude secondary causes of osteoporosis. These include testosterone and gonadotrophins to exclude 
hypogonadism (in men), serum calcium to screen for PHPT, thyroxine (T4) and thyroid-stimulating hormone (TSH) to screen for thyrotoxicosis, tissue 
transglutaminase (TTG) antibodies to screen for coeliac disease, serum immunoglobulins and urinary Bence-Jones protein to screen for myeloma and 
monoclonal gammopathy of uncertain significance, and tests of renal function and liver function to exclude chronic kidney disease and liver disease. Rarely, 
transiliac bone biopsy may be required in unusual cases of osteoporosis or in patients where an infiltrative disorder is suspected. Several specialized 
biochemical markers of bone turnover can be measured to assess bone formation and bone resorption (Table 4-2). These are not helpful in the diagnosis of 
osteoporosis but can facilitate understanding of pathophysiology. Some investigators have investigated the possibility that feedback of biochemical markers 
might improve adherence, but the results have been inconclusive.”? 


MANAGEMENT 


Optimal management of osteoporosis depends on correcting modifiable lifestyle risk factors, treating secondary causes of osteoporosis where possible, 
addressing falls risk, and commencing drug therapy where appropriate. The evidence base for prescribing drug treatment is strongest in patients with 
DEXA-proven osteoporosis, although some clinical guidelines advocate the use of drug treatment in patients with a high fracture risk alone.*! The National 
Osteoporosis Foundation recommends treatment in postmenopausal women and men aged 50 years and older presenting with any of the following: (1) a hip 
or vertebral fracture, (2) other low-energy fracture and low bone mass, (3) T-score less than or equal to —2.5 in the femoral neck, total hip, or total spine, (4) 
low bone mass and secondary causes with high risk of fracture (glucocorticoid use or total immobilization), (5) low bone mass and FRAX 10-year 
probability of hip fracture or any major osteoporotic fracture of greater than or equal to 3% or 10%, respectively.°9 


TABLE 4-2. Biochemical Markers of Bone Turnover 


Marker Type Correlates With 


Bone Resorption 


Deoxypyridinoline Bone collagen degradation 
Collagen telopeptides (CTX, NTX) Bone collagen degradation 
Tartrate-resistant acid phosphatase Osteoclast numbers 


Bone Formation 


Total alkaline phosphatase Osteoblast numbers, liver and kidney disease 


Bone-specific alkaline phosphatase Osteoblasts numbers 

Osteocalcin Osteoblast numbers 

Collagen propeptides (PINP, PICP) Type I collagen synthesis 
Diet 


Patients with osteoporosis should be advised to take a balanced diet with an adequate protein and energy intake. Adequate amounts of dietary calcium are 
considered to be important for optimal bone health, but the evidence base is poor. In the United Kingdom, the current recommended daily intake for calcium 
is 700 mg per day, whereas in the United States, it has been suggested that men and premenopausal women should take 1,000 mg daily and postmenopausal 
women 1,500 mg daily. Vitamin D is required for optimal absorption of calcium, and there is evidence that combined calcium and vitamin D supplements 
reduce the risk of fractures. Only a few foods are rich in vitamin D, and in northern latitudes, the amount of vitamin D synthesized by the skin is also very 
limited. The Scientific Advisory Committee on Nutrition in the United Kingdom (www.sacn.gov.uk) recommended a daily intake of 400 IU vitamin D to 
maintain a serum 25(OH)D level above 50 nmol/L, which is considered optimal for bone health but acknowledged that this could not easily be achieved by 
dietary means alone. The 2011 Institute of Medicine guidelines in the United States recommended an intake of 600 u/day in adults up to the age of 70 years 
and 800 units above 70.” 


Exercise 


Various exercise programs have been developed aimed at improving muscle strength and reducing the risk of falls in elderly individuals with osteoporosis, 
or at risk of osteoporosis. A meta-analysis of these studies?” showed that exercise programs were effective at reducing the risk of injurious falls (odds ratio 
0.7, 95% confidence interval 0.52-0.94) and falls resulting in fractures (0.39, 0.22-0.66). Exercise programs have also been shown to be beneficial at 
improving pain and quality of life after vertebral fractures.'° 


Smoking and Alcohol 

Patients who have osteoporosis or a history of fragility fractures should be advised to reduce cigarette intake or stop smoking, given the strong association 
between smoking and fracture risk.°* Patients with excessive intake should be advised to reduce intake to below three units of alcohol daily. 

Other Interventions 


Poor vision increases the risk of falls, and surgery for cataract has been reported to reduce fracture rates significantly.!° Accordingly, patients with poor 
vision should be referred to the appropriate specialists for advice and treatment, where appropriate. Underlying diseases such as coeliac disease, PHPT, and 
inflammatory diseases should be treated where possible. 


TABLE 4-3. Drug Treatments for Osteoporosis 


Antiresorptive Agents Anabolic Agents 
e Bisphosphonates e Teriparatide 
e Alendronic acid e Abaloparatide 
e Risedronate e Romosozumab 
e lIbandronate 
e Zoledronic acid Vitamins and Minerals 
e Denosumab e Calcium 
e Hormone replacement therapy e Vitamin D 
e Raloxifene e Active vitamin D metabolites 
DRUG TREATMENTS 


Several drug treatments are available for the treatment of osteoporosis (Table 4-3). They can broadly be divided into those that suppress bone resorption 
(antiresorptive agents) and those that increase bone turnover but stimulate bone formation more than resorption (anabolic agents). 


Bisphosphonates 


Bisphosphonates are stable analogs of pyrophosphate, a naturally occurring inhibitor of mineralization. Bisphosphonates share in common a central core 
structure of phosphorous—carbon—phosphorous atoms to which are attached various side chains. Bisphosphonates bind strongly to calcium ions causing the 
drugs to preferentially target bone and become incorporated within hydroxyapatite. The binding affinity for hydroxyapatite varies widely between drugs but 
is particularly high for zoledronic acid. The potency with which bisphosphonates inhibit bone resorption is highly variable and mainly determined by the 
chemical structure of the side chains. Specifically, incorporation of nitrogen into the side chain markedly increases potency. After oral or intravenous 
administration, the bisphosphonate is targeted to bone surfaces, at sites of increased bone remodeling. When bone containing the bisphosphonate undergoes 
resorption, the drug is released at high concentration within the osteoclast, causing osteoclast inhibition and inhibition of bone resorption. 


Alendronic Acid (Alendronate, Fosamax) 


Alendronic acid is the most widely used treatment for osteoporosis. It has been shown to reduce vertebral fractures by about 50%, nonvertebral fractures by 
about 17%, and hip fractures by 40% in women with postmenopausal osteoporosis when given in a dose of 10 mg daily orally in combination with calcium 
and vitamin D supplements.*! Efficacy has also been demonstrated in the prevention of vertebral fractures in glucocorticoid-induced osteoporosis!3* and 
morphometric vertebral fractures in men with osteoporosis. +8 

Alendronic acid in a dose of 70 mg once weekly has been found to give an equivalent increase in BMD as 10 mg daily,“ and on this basis the once- 
weekly dosing regimen is now used in virtually all patients. Alendronic acid is poorly absorbed from the gastrointestinal (GI) tract and should be taken at 
least 30 minutes before food or other medication with at least 100 mL of water. The patient should be advised to remain upright during this time. The most 
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common adverse effect of alendronic acid is upper GI upset that resolves when the treatment is stopped. Less commonly, severe esophagitis and esophageal 
ulcers may occur especially in patients with swallowing difficulty and those who fail to take the drug correctly. Rare adverse effects include osteonecrosis 
of the jaw!8 and atypical subtrochanteric fractures of the femoral shaft.!42 


Zoledronic Acid (Zolendronate, Reclast) 


Zoledronic acid when given in a dose of 5 mg annually (for 3-5 years) has been shown to reduce the risk of vertebral, nonvertebral, and hip fractures in 
patients with postmenopausal osteoporosis.!? When administered to men and postmenopausal women who had suffered hip fractures, zoledronic acid 
treatment reduced overall mortality by 28% and reduced the risk of recurrent fracture by about 35%.°” Zoledronic acid has also been shown to be effective 
in the prevention and treatment of glucocorticoid-induced osteoporosis.!7® The most common adverse effect is an acute phase reaction, a self-limiting 
transient influenza-like illness, for 2 to 3 days after the first infusion. This reaction can occur after subsequent infusions but is typically milder. During the 
clinical trial, 42% of women in the treatment arm experienced an acute-phase reaction, and interestingly those who did had a 51% reduction in vertebral 
fracture risk compared to those who did not.?! Other less common adverse effects include hypocalcemia, atrial fibrillation, and renal impairment. Rare side 
effects include osteonecrosis of the jaw and uveitis. Prior to administration of zoledronic acid, renal function should be checked and the drug administered 
only if the estimated glomerular filtration rate (EGFR) is above 35 mL/min. Vitamin D deficiency should always be corrected to reduce the risk of 
hypocalcemia. 


Other Bisphosphonates 


Other bisphosphonates including risedronate (35 mg weekly by mouth) and ibandronate (50 mg monthly by mouth or 3 mg intravenously every 3 months) 
are also used in the treatment of osteoporosis but much less frequently than alendronate and zoledronic acid. 


Denosumab (Prolia) 


Denosumab is a fully humanized monoclonal antibody directed against RANKL, a key stimulator of bone resorption. It has powerful inhibitory effects on 
bone resorption and is given subcutaneously in a dose of 60 mg every 6 months in the treatment of osteoporosis. Large-scale clinical trials have shown that 
denosumab reduces the risk of vertebral fractures by about 68%, hip fractures by 40%, and nonvertebral fractures by 20% in patients with postmenopausal 
osteoporosis.*? Although adverse effects are uncommon, it is important to ensure that patients are vitamin D and calcium replete at the time of therapy to 
reduce the risk of hypocalcemia. Osteonecrosis of the jaw and atypical femoral fractures have been reported in patients receiving long-term treatment with 
denosumab but this is rare.22 Denosumab is not subject to clearance by the kidney and because of this can be used in osteoporotic patients with renal 
impairment, although great care should be exercised in such patients due to the risk of symptomatic hypocalcemia. Unlike bisphosphonates, the effect of 
denosumab on bone resorption is relatively short lived and when treatment is stopped, there is a rebound increase in bone turnover with significant bone 
loss. These so-called rebound fractures tend to occur on average 11 months after last injection and involve a median of five vertebrae typically in a 
contiguous pattern.’ In a recent retrospective analysis of 797 patients on denosumab, the overall incidence of a rebound-type vertebral fracture was 10.3%, 
and significantly lower risks of fractures were seen in those who started bisphosphonate therapy before discontinuing denosumab treatment. Accordingly, 
treatment with denosumab must be given on a continuing basis for a sustained therapeutic effect and when treatment is stopped, it is recommended that a 
bisphosphonate should be considered to prevent the rebound increase in bone turnover. 166 


Teriparatide (Forteo) 


Teriparatide (TPTD) is the 1-34 fragment of PTH. It is an effective treatment for osteoporosis when administered subcutaneously in a dose of 20 ug daily. 
TPTD stimulates bone remodeling but the balance of effect is to stimulate bone formation preferentially, resulting in an increase in bone density, especially 
at sites rich in trabecular bone such as the spine.!7> TPTD was reported to increase BMD and to reduce the risk of vertebral fractures by about 65% and 
nonvertebral fractures by about 50% in women with postmenopausal osteoporosis over an 18-month period.!!® Randomized controlled trials have shown 
that TPTD is superior to risedronate in preventing vertebral fractures in postmenopausal women with severe osteoporosis of the spine? and superior to 
alendronic acid in preventing vertebral fractures in glucocorticoid-induced osteoporosis.!3° TPTD increases BMD in male osteoporosis,!!° but there are no 
studies in men with a fracture endpoint. Adverse effects include headache, nausea, muscle cramps, and mild hypercalcemia, which is usually asymptomatic 
and does not require therapy to be stopped. Animal models demonstrating increased rates of osteogenic sarcoma led to a black box warning and surveillance 
studies in humans.!®” After 14 years of surveillance data, the incidence of osteogenic sarcoma in patients on TPTD is no different than the background 
incidence rate. The recommended duration of therapy is 2 years at which point patients should be given an antiresorptive agent to prevent loss of the bone 
that has been newly formed. Raloxifene, alendronic acid, and zoledronic acid have all been reported to be effective at maintaining the increases in bone 
mass in patients previously treated with PTH.°+88 


Abaloparatide (Tymlos) 


Abaloparatide is the 1-34 fragment of parathyroid hormone-related protein (PTHrP). It acts in a similar manner to TPTD to increase bone remodeling, 
stimulating bone formation more than bone resorption. The pharmacodynamic effect of abaloparatide differs from that of TPTD, however, in that, it seems 
to preferentially bind to the PTH 1 receptor in a conformation that gives a more transient activation of cyclic AMP. When given subcutaneously in a dose of 
80 mg daily over an 18-month period, abaloparatide has been found to reduce the risk of vertebral fractures compared with placebo by about 76% and 
nonvertebral fractures by 43%. The anabolic effects of abaloparatide at the lumbar spine have been reported to be similar to those of TPTD, but at the total 
hip and femoral neck, abaloparatide was reported to give slightly greater increases in BMD than TPTD.!!° 


Romosozumab (Evenity) 


Romosozumab is a monoclonal antibody that neutralizes the effects of sclerostin, thereby increasing bone formation and suppressing bone resorption. It is 
administered by subcutaneous injection in a dose of 120 mg once monthly for a period of 12 months. Romosozumab has been reported to increase spine 
BMD over a 12-month period by about 13% and total hip BMD by about 8%. In women with postmenopausal osteoporosis, it was found to reduce the risk 
of vertebral fractures by about 73% when compared with placebo.38 A comparative study (ARCH) in high-risk women with postmenopausal osteoporosis 
showed that a 12-month course of romosozumab followed by 12 months alendronate was significantly superior to 24 months alendronate in reducing the 
risk of all clinical fractures, as well as vertebral fractures, nonvertebral, nonhip fractures, and hip fractures.!°° Similar results were also found in the other 


major randomized controlled trial (FRAME) which compared 12 months of romosozumab to denosumab, followed by denosumab from 12 to 24 months in 
both groups.*® A randomized controlled trial has also shown that romosozumab is more effective than TPTD at increasing BMD at the spine and hip in 
patients with postmenopausal osteoporosis who had previously been treated with alendronate.°° In the ARCH trial, there was a significant difference in 
adjudicated serious cardiovascular events 2.5% in the romosozumab group versus 1.9% in the alendronate group.!*° There was no difference in the FRAME 
trial. At present, there is black box warning stating that the drug may cause myocardial infarction, stroke, and cardiovascular death and that it should not be 
used in patents with prior histories of myocardial infarction or stroke. 


Calcium and Vitamin D 


There is evidence to suggest that combined calcium and vitamin D supplements can reduce the risk of nonvertebral fractures, with effects that are most 
pronounced in elderly institutionalized patients who are at risk of vitamin D deficiency.'®* Calcium and vitamin D supplements are seldom used as 
standalone therapy for younger patients with osteoporosis but are frequently used as an adjunct to other osteoporosis treatments. 


Hormone Replacement Therapy 


Hormone replacement therapy (HRT) is effective at preventing postmenopausal bone loss and has been shown to be effective in preventing vertebral 
fractures, nonvertebral fractures, and hip fractures in postmenopausal women.!?!164 Despite its efficacy, HRT is seldom used clinically in older women 
because of an increased risk of cardiovascular disease, venous thrombosis, and breast cancer but is a valuable option in women under age 60 years. 


Raloxifene 


Raloxifene belongs to a class of compounds termed selective estrogen receptor modulators (SERMs). It acts as an estrogen receptor agonist in bone and as 
an antagonist in other tissues, most notably the breast. Raloxifene, given orally at a dose of 60 mg/day, has been shown to reduce the risk of vertebral 
fractures in postmenopausal women with osteoporosis by about 30%.°° Raloxifene does not prevent nonvertebral and hip fractures, and because of this, it is 
used infrequently. Adverse effects include hot flushes, muscle cramps, and an increased risk of venous thrombosis. 


TREATMENT EFFECTS AND COMPLICATIONS 
Mortality 


Mortality following hip fracture surgery remains high. One-year mortalities following hip fracture surgery have been reported at 30%,!!>1?1 and this 
particular study reported overall mortality of 80% in those prospectively followed for mean of 3.7 years (range 0-9 years). There are likely implications of 
surgery and recovery that impact and exacerbate underlying medical conditions, as well as selection bias of generally more frail and sicker individuals being 
at greatest risk of hip fracture. There is also likely an impact of additional fractures in this vulnerable patient population that contributes to high mortality 
rates. In a cohort of 115,776 patients over the age of 65 years, there was a 19% risk of hip fracture following any index fracture, and 33% in those with an 
index hip fracture at median time to second hip fracture of 1.5 years.!°9 

A retrospective review of registry data (n = 45,226) in Taiwan has recently shown improvement in all-cause mortality risk in patients treated for 
osteoporosis following hip fracture surgery. The use of zoledronic acid and denosumab had significant reductions in overall mortality compared to oral 
bisphosphonates but these too significantly reduced mortality risk compared to no treatment. The hazard ratios for mortality risk for those taking zoledronic 
acid and denosumab were significantly reduced compared to those not on treatment following hip fracture with all-cause mortality hazard ratio (HR) of 0.70 
and 0.64, respectively. 18 


Fracture Healing 


TPTD is the most studied anabolic agent in terms of capacity to augment fracture healing, but large number high-level studies are lacking. One randomized 
controlled trial (RCT), evaluating radiographic fracture union in 102 postmenopausal women treated with reduction and casting of distal radius fractures, 
demonstrated faster time to union in the TPTD group compared to placebo (7.4 weeks vs. 9.1 weeks, p = .015).° In another RCT of 224 patients surgically 
treated for pertrochanteric femur fractures, timed up and go tests were significantly better at 6, 12, 18, and 26 weeks with significantly improved visual 
analog pain score (VAS) scores at 18 weeks in the TPTD group compared to the risedronate group.°? Of note, these are the two highest level studies that 
suggest a benefit of TPTD on fracture healing. 

In one systematic review, the authors concluded that osteoporotic patients treated with TPTD had significantly shorter healing times versus the 
comparison group.’ In a more rigorous meta-analyses of the five available RCT with 380 total patients, mean age 57 years, with distal radius, proximal 
humerus, hip, lower extremity, and pelvic fractures, the authors showed there was significant effectiveness in functional improvement in those treated with 
TPTD but no significant difference in radiographic union, healing rate, and pain reduction. 145 

There is a paucity of studies evaluating the anabolic effect of abaloparatide on fracture healing and outcomes. 

Despite the anabolic benefits of romosozumab in fracture prevention as an osteoporosis treatment, there is no data to support its use as an adjuvant for 
fracture healing. Two recent randomized controlled trials in different fracture models failed to demonstrate a benefit. One study evaluated romosozumab in 
patients with surgically treated tibial shaft fractures,!” and the other in patients over the age of 55 years with intertrochanteric and femoral neck fractures 
treated with internal fixation.'“° Both studies evaluated radiographic union and functional metrics and failed to show improved fracture healing with 
romosozumab. 

The use of bisphosphonates and suppressed bone resorption, which is essential to the progression of fracture healing, should in theory retard fracture 
healing. However, experimental data does not substantiate this theory and general notion of the orthopaedic surgeon. Patients with distal radius fractures 
treated closed or surgically were randomized to receive 70 mg of alendronate weekly (n = 215) versus placebo (n = 206) within 14 days of fracture. There 
were no differences in radiographic union and functional outcomes between groups, demonstrating no detriment to early bisphosphonate use following 
fracture in this model.°* In the HORIZON study, patients were randomized to receive zoledronic acid (n = 1,065) versus placebo (n = 1,062) following 
surgical treatment of a low-energy hip fracture within 90 days of fracture. Time points were stratified from fracture to treatment initiation and there was no 
difference in fracture healing between groups when zoledronic acid was started less than 2 weeks from fracture, 2 to 4, 4 to 6, or greater than 6 weeks from 
fracture.” Based on these studies and others, the American Society of Bone and Mineral Research task force has declared that bisphosphonates clearly 
prevent secondary fracture and can be initiated within the hospital as their efficacy “overwhelms the possible risk of fracture healing impairment associated 


with the use of bisphosphonates. ”?3 


Atypical Femur Fractures (AFFs) 


While bisphosphonates have been used for treatment since the 1990s, it was not until approximately 15 years ago that atypical fractures were first 
described.®* As defined by the American Society for Bone and Mineral Research they typically have four out of five criteria: (1) minimal or no trauma, (2) 
fracture originates from the lateral cortex and is largely transverse in pattern, (3) complete fractures associated with a medial spike, incomplete are laterally 
based only, (4) noncommunized or minimally comminuted, and (5) localized periosteal or endosteal thickening is present at the lateral cortex.!“* There is, 
however, a spectrum of development with atypical stress reactions, stress fractures, and complete fractures occurring. Atypical reactions and fractures have 
also been described with denosumab treatment.”* And interestingly, although bisphosphonate exposure is significantly higher in those with atypical femur 
fractures (AFFs) when compared to those with ordinary subtrochanteric and femoral shaft fractures, persons without any bisphosphonate exposure still 
experience atypical fractures.”!41 

In one of the largest assessments of atypical fracture risk, approximately 196,000 women were included that were on bisphosphonate treatment with 277 
atypical fractures occurring. Risk factors included longer duration of treatment (especially after 5 years), Asian race compared to White, height, weight, and 
glucocorticoid use. When considering treatment, this risk of adverse event can prove to be inhibitory for patients, but this study also elucidated an important 
risk—benefit profile. In 10,000 White women treated with bisphosphonates for 3 years, there were 2 atypical fractures, 149 hip fractures prevented, and 541 
clinical fractures prevented. At 5 years of treatment, the respective numbers were 8, 286, and 859.79 The risk profile was slightly less favorable in Asians 
after 3 years of treatment with 8 AFFs and 91 prevented hip fractures and 8 AFFs. This study and others have also demonstrated higher rates of atypical 
fractures. Many have suggested femoral geometry and length may contribute to a higher incidence, but in one recent study with those factors controlled for, 
Asian ethnicity appears to be independently associated with atypical fracture risk.*° 

Patients who experience an AFF should be taken off antiresorptive treatments and if they require further osteoporosis treatment, they should be switched 
to an anabolic agent (PTH analog). Recent data show that those who experience an AFF are at equal or higher risk of experiencing an osteoporotic-related 
fracture compared to those who have experienced a major osteoporotic fracture.!° This suggests that all patients with AFFs should be considered for 
continued treatment. Unfortunately, the optimal treatment for those who have experienced an atypical fracture is unclear as PTH analog treatment is 
concluded with an antiresorptive agent to prevent bone loss when anabolic treatment is completed. Further study and new pharmacologic agents are needed 
to optimize this subset of patients. 

As noted, there is a spectrum of development of AFFs and they can broadly be categorized into incomplete and complete fractures. In the incomplete 
fractures, there can be cortical thickening and periosteal reaction (atypical reaction) or similar finding with a radiolucent line through the lateral cortex 
(atypical stress fracture). Those with atypical reactions can be considered for surgical treatment with prophylactic nailing if there is considerable associated 
mechanical pain (Fig. 4-4). Those with a radiolucent line and atypical stress fracture have high rates of fracture completion and low rates of healing with 
conservative management (17%-22%), and high union rates with prophylactic nailing (100%).°5>1%” A recent retrospective study evaluating differences in 
incomplete AFFs showed a significant increased risk of complete fracture with conservative care in those with a radiolucent line (stress fracture) compared 
to those without, 55.8% versus 25.7%, respectively. Fracture-free survival was also significantly associated with pain symptoms. This study did however 
show higher rates of healing compared to historical reports of those with incomplete AFFs and a radiolucent line, 37%, all of which had discontinued 
bisphosphonates. Healing rates were not associated with use of TPTD.!° 

My treatment protocol is to use intramedullary fixation, and specifically piriformis entry nails for subtrochanteric AFFs in both the complete and 
incomplete scenarios to mitigate varus malreduction and varus forces, respectively. All patients with complete fractures should be treated surgically. Those 
with incomplete AFFs can be considered for conservative care with weight-bearing limitation and cessation of bisphosphonates in the absence of pain. 
Those with pain should be indicated for prophylactic fixation. And in my opinion, those with a stress fracture/radiolucent line should be considered for 
surgical fixation, given the low rates of healing with conservative care and high rates of fracture completion, independently of the presence or absence of 
pain (Algorithm 4-1). All patients should also have contralateral imaging taken. 


Authors’ Preferred Treatment of Atypical Reaction of the Femur ( 


Atypical reaction 
of the femur 


Incomplete 
fracture 


Stress reaction 


Conservative Surgery/IM 
care fixation 


Algorithm 4-1. Author’s preferred treatment of atypical reaction of the femur. IM, intramedullary. 


A,B c 
Figure 4-4. Atypical femur fractures. A: A 79-year-old woman with a history of bisphosphonate therapy presenting with an atraumatic displaced atypical 
subtrochanteric femur fracture. Contralateral stress reaction is noted in the subtrochanteric region of the contralateral femur. B: A 64-year-old woman with a 2-year 
history of bisphosphonate therapy and mechanical thigh pain. Noted to have an atypical stress fracture of the femoral shaft. Note the lucent line within the beaking of 
the lateral cortex. C: Patient after prophylactic fixation. Note the increased varus bow which may contribute to the increased incidence of atypical fractures in the Asian 
patient population and also creates technical challenges for surgical fixation. 


Osteonecrosis of the Jaw 


Osteonecrosis of the jaw is another rare but dreaded adverse event related to both denosumab and bisphosphonate treatment and various incidence rates 
have been reported. In a recent Swedish registry, the incidence of osteonecrosis of the jaw per 10,000 patient-years was 28.3 in patients on denosumab 
versus 4.5% for those on a bisphosphonate.°! The high incidence of denosumab-associated osteonecrosis of the jaw in the Swedish registry was 
considerably higher than what was reported in the extension of the FREEDOM trial which was 5.2 per 10,000 patient-years.*? Similar incidence rates for 


bisphosphonates have been reported at 2.53 per 10,000 patient-years previously.°© 


MONITORING RESPONSE TO TREATMENT 


It remains uncertain whether patients on treatment for osteoporosis should be monitored or how this should best be achieved. Changes in BMD have been 
associated with the efficacy with which various treatments reduce fracture risk although the predictive value is poor, especially with oral 
bisphosphonates.*2“8:”8 Changes in biochemical markers of bone turnover have similarly been found to correlate the antifracture efficacy for several drugs 
with associations that are generally better than for BMD changes, !>14 but they are not often used in routine clinical practice since the predictive value for an 
individual patient is low. The effectiveness of feeding back the results of biochemical markers to patients on therapy in an effort to improve adherence 
showed no significant benefit as compared with simply being reviewed by a health care professional.”° In clinical practice, repeat DEXA measurements are 
often performed in patients on treatment once yearly in addition to laboratory test twice a year. Treatment is however individualized and in older geriatric 
patients with significant medical comorbidities we may start zoledronic acid treatment due to ease of use and high compliance rates following an 
insufficiency fracture without obtaining a DEXA, and no subsequent DEXA scans. 


TREATMENT FAILURE 


Treatment failure has been defined as the occurrence of two or more fragility fractures in a patient who has been established on therapy or the occurrence of 
one fragility fracture in a patient who has experienced bone loss or failed to respond in terms of biochemical markers of bone turnover.°” It is unclear how 
patients with treatment failure should best be managed since none of the treatments currently available are completely effective at preventing fragility 
fractures. There are several potential options for patients who fracture on therapy, including switching from one oral agent to another, switching from an 
oral agent to a parenteral agent, or switching from an antiresorptive to an anabolic agent. 


PAGET DISEASE OF BONE 


Paget disease of bone (PDB) is a metabolic bone disease characterized by increased but disorganized bone remodeling affecting one or more bones 
throughout the skeleton. 


EPIDEMIOLOGY 


Paget disease is most common in the United Kingdom and several other European countries, most notably Spain, Italy, and France and in people of 
European descent who have migrated to the Americas, Australia, and New Zealand. Paget disease is rare in the Nordic countries, the Indian subcontinent, 
Africa, and the Far East. In the United Kingdom, the prevalence is approximately 5.4% while in the United States it is 1% to 2%.4°° These ethnic 
differences in prevalence of the disease that persist in migrants support the importance of genetic factors causing the disease as discussed below. Age is a 
strong risk factor and Paget disease is rarely diagnosed before the age of 50. Gender also plays a role in that PDB is more common in men, with a male-to- 
female ratio of 1.4 to 1. The prevalence and severity of PDB have reduced over recent decades in many countries likely owing to decreases in environmental 
factors and increased rates of treatment.*° 


PATHOPHYSIOLOGY 


The characteristic feature of PDB is accelerated and dysregulated bone remodeling. Although bone formation is increased in PDB, the primary abnormality 
resides in the osteoclast. The osteoclasts in PDB are large and contain many more nuclei than normal osteoclasts. Many of these osteoclasts contain nuclear 
inclusion bodies. These were previously thought to represent paramyxovirus nucleocapsids,!?” but there is increasing evidence to suggest that they may be 
abnormal protein aggregates due to defects of the autophagy pathway in PDB.” Paget disease is also associated with increased bone formation, marrow 
fibrosis, and increased vascularity of bone. The bone that is formed in PDB is woven or immature bone, and as such, the lamellae are oriented in a random 
fashion and are not oriented to stress lines. 


Genetics 


Genetic factors play a critical role in PDB. Familial clustering is frequent and in some families the disease is inherited in an autosomal dominant 
manner.’*!!4 Tt has been estimated that the overall risk of PDB developing in a first-degree relative of an affected patient is about a sevenfold increase as 
compared with an unrelated individual.!48149.!53 Several genes and chromosomal loci have now been identified that predispose to Paget disease as 
summarized in Table 4-4. 

The most important PDB-susceptibility gene is SQSTM1 that lies on chromosome 5q35 and that encodes the p62 protein, which acts as a scaffold in the 
RANK-signaling pathway. Most of the disease-associated mutations cluster in the ubiquitin-associated (UBA) domain of the protein and through various 
mechanisms cause activation of RANK signaling and stimulate osteoclast activity.*””9 


Environmental Factors 


The reduction in prevalence and severity of PDB that has been observed in many countries over the three decades may illustrate the importance of 
environmental factors in the pathogenesis of the disease.*° Suggested environmental triggers for PDB include paramyxovirus infections,!7° low dietary 
calcium intake during childhood,!®° vitamin D deficiency during childhood,!° repetitive mechanical loading or skeletal injury,”? and exposure to 
environmental toxins.’ Paramyxovirus infection is the only factor that has been investigated experimentally, but the results of studies that have attempted to 
isolate viral proteins and nucleic acids from Pagetic tissue have been conflicting.”!1041?5 Although overexpression of the measles virus nucleocapsids 
protein in cells of the osteoclast lineage has been shown to increase bone resorption in mice,®” similar findings have been observed with overexpression of 
other viral proteins such as HTLV-Tax.!* Furthermore, a recent large-scale study failed to find evidence of an enhanced immune response to measles virus 
or other paramyxoviruses in PDB patients, which is evidence against a persistent viral infection.!”! 


TABLE 4-4. Genes and Loci That Predispose to Paget Disease of Bone 


Locus Syndrome Discovery Effect Size AF Likely Gene(s) Gene Function 

1p13 PDB GWAS Moderate Common CSF1 Regulates osteoclast differentiation 

1q42 PDB/GCT Linkage Large Very rare ZNF678 Unknown 

5q35 PDB Linkage Large Rare SQSTM1 Activates NFKB signaling 

7pl5 PDB/MSP NGS Large Very rare HNRNPA2B1 Regulates protein degradation 

7q33 PDB GWAS Moderate Common NUP205 Unknown 

8q22 PDB GWAS Moderate Common DCSTAMP Promotes fusion of osteoclast precursors 
9p13 IBM-PFD Linkage Large Very rare VCP Regulates autophagy and NFKB signaling 
10p13 PDB GWAS and linkage Moderate Common OPTN Regulates NF«B activation 

12q13 PDB/MSP NGS Large Very rare HNRNPAI Regulates protein degradation 

14q32 PDB GWAS Moderate Common RIN3* Unknown 

15q24 PDB GWAS Moderate Common PML Unknown 

18q21 PDB GWAS Moderate Common TNFRSF11A Regulates osteoclast differentiation 


AF, allele frequency of predisposing variants in the general population; GWAS, genome-wide association study; IBM-PFD, inclusion body myopathy, Paget disease, and 
frontotemporal dementia; MSP, multisystem proteinopathy; NGS, next-generation sequencing. 

*Vallet M, Soares DC, Wani S, et al. Targeted sequencing of the Paget’ disease associated 14q32 locus identifies several missense coding variants in RIN3 that predispose to Paget's 
disease of bone. Hum Mol Genet. 2015;24(11):3286-3295. 


CLINICAL FEATURES 


The presentation of PDB is highly variable. In many cases, the disease is asymptomatic, and it has been estimated that between 86% and 93% of affected 
individuals never come to medical attention.!6%169 In those who do present clinically, pain is the most common symptom, followed by deformity, 
pathologic fracture, and deafness. In about 20% of cases, PDB presents as an “incidental finding” of a raised serum ALP or an abnormal radiograph in 
patients who are undergoing investigation of other diseases. The disease has a predilection for the axial skeleton with greatest frequency in the pelvis in up 
to 70% of cases, femur (55%), lumbar spine (53%), and the skull (42%).'5! Complications of the disease include osteoarthritis, deafness (due to temporal 
bone involvement and less commonly auditory nerve compression), spinal stenosis, and nerve compression syndromes. A rare but serious complication is 
secondary osteogenic sarcoma which is estimated to occur in 0.3% patients, and typically in the seventh decade of life or later. The overall prevalence of 
Pagetic sarcoma has declined over the decades, even outpacing the decrease in prevalence of Paget disease.'°? Pagetic sarcoma should be considered in 
those with new-onset pain and swelling in an area of previously diagnosed disease. The presentation is typically with increased pain and swelling of an 
affected site. Hypercalcemia is a potential complication in PDB patients who are immobilized. High-output cardiac failure can rarely occur as a 
complication of active PDB due to increased blood flow through affected bone. 


INVESTIGATIONS AND DIAGNOSIS 


The diagnosis of Paget disease can typically be made radiographically with the hallmarks of coarsened trabeculae, cortical thickening, and areas of 
osteolysis and lucency within an expanded bone (Fig. 4-5). Stress fractures (also known as pseudofractures) may be observed and typically affect deformed 
bones of the lower limbs. While the diagnosis can be made by plain x-ray, a radionuclide bone scan is useful in localizing sites of disease as the spectrum 
ranges from monostotic or polyostotic disease. The bone scan appearances in untreated Paget disease are quite distinctive, showing a homogeneous increase 
in tracer uptake in affected bones. A routine biochemical screen should be performed with measurement of urea and electrolytes, bilirubin and 
transaminases, ALP levels, calcium, and albumin. Serum total ALP provides a convenient and sensitive measure of metabolic activity in Paget disease that 
is adequate for most patients. While values are raised in 95% of untreated patients, a normal value does not exclude the diagnosis because this may occur in 
patients with monostotic disease and those with metabolically inactive disease. Bone-specific alkaline phosphatase (BSAP) levels are closely correlated with 
total ALP except in patients with chronic liver disease where BSAP measurements are preferred to assess metabolic activity. Other markers of bone 
remodeling such as CTX (collagen type I cross-linked C-telopeptide), NTX (collagen type I cross-linked N-telopeptide), and PINP (type I procollagen N- 
terminal propeptide) are raised in active disease but are seldom used in routine clinical practice. A bone biopsy can yield information of diagnostic value in 
PDB in showing elevated osteoclast activity, marrow fibrosis, and woven bone. The most common indication for bone biopsy is to differentiate Paget 
disease from other causes of osteosclerosis such as metastatic prostate cancer. Other considerations are hyperostosis frontalis interna (benign disease 
affecting the frontal bone of the skull) and fibrous dysplasia. The diagnosis of Paget disease can however generally be made from imaging and laboratory 
analysis alone. 


MANAGEMENT 


The most common indication for treatment of PDB is bone pain; but before commencing anti-Pagetic therapy, it is important to evaluate the patient to 
determine if the pain is likely to be due to increased metabolic activity of the disease or a coexisting condition. If the patient’s pain is localized to an 


affected site and is associated with biochemical or bone scan evidence of high bone turnover, then a trial of antiresorptive therapy is indicated. 


Nitrogen-containing bisphosphonates are by far the most commonly used treatments for PDB since they are more effective than simple bisphosphonates at 
suppressing the elevations in bone turnover that are typical of active disease. Intravenous zoledronic acid, intravenous pamidronate, oral risedronate, and 
oral alendronate have all been successfully used. A recent systematic review concluded that within the bisphosphonates, zoledronic acid was more likely to 
give partial or total pain relief than risedronate or pamidronate and was more effective at reducing ALP concentrations.’’ There is no evidence as yet that 
prophylactic bisphosphonate therapy is effective in preventing complications of PDB such as fracture, bone deformity, deafness, or nerve compression 
syndromes. There is no evidence that an “intensive” strategy aimed at suppressing ALP is more effective than “symptomatic treatment” aimed at the control 
of bone pain,”* and there was a nonsignificant trend for an increased risk of adverse outcomes in patients given long-term intensive treatment. 

Adverse effects of the bisphosphonates in the treatment of PDB are similar to those in osteoporosis and have been described previously on pages 92 to 
96. 


F 2 4-5. Skeletal imaging in Paget disease of a 69-year-old male patient. A, B: Radiographs show classic radiographic features of Paget disease in the right 
proximal Temur and hemipelvis, including bone expansion, coarsened trabeculae, and areas of sclerosis and lucency. Also noted is a varus bow with stress fracture 


formation causing pain and impaired gait necessitating corrective osteotomy and fixation. C: Radionuclide bone scan shows increased tracer uptake at multiple sites 
significant for polyostotic disease. D: Postoperative imaging following deformity correction. 


Supportive Treatments 


Patients with established PDB often require analgesics, anti-inflammatory drugs, and antineuropathic drugs for adequate symptom control to deal with 
complications such as osteoarthritis and nerve compression syndromes. 


Orthopaedic Surgery 


Surgical intervention is frequently required for the management of complications. The most common indication for surgical treatment is joint replacement 
for osteoarthritis, but others include fracture fixation, osteotomy to correct bone deformity, and surgery to correct spinal stenosis. The operative fixation of 
Pagetic fractures can be technically challenging because of bony enlargement, deformity, hard bone, and increased vascularity, although in general, 
operative treatment for PDB is very useful in improving quality of life for sufferers of the condition, particularly those with advanced osteoarthritis. 1? 
Bisphosphonate therapy is frequently given prior to elective orthopaedic surgery in the hope that this might reduce operative blood loss, but the effects of 
bisphosphonate therapy on blood loss have never been formally studied. Orthopaedic surgery may also be required in patients who develop osteosarcoma, 
but the prognosis is poor even with aggressive operative treatment with an overall 5-year survival of about 6% to 8%,9°-101 


DURATION OF TREATMENT 


In most patients, elevations in bone turnover associated with active PDB can be suppressed for long periods by a single course of bisphosphonate therapy. 
Following treatment, ALP levels fall progressively with a nadir at about 3 to 6 months, often remaining suppressed for 2 years or more. In a randomized 
trial where a single infusion of 5-mg zoledronic acid was compared with a 2-month course of risedronate dose of 30 mg daily, ALP concentrations remained 
suppressed for up to 72 months following treatment. Loss of therapeutic response (defined as a return of a rise in ALP from the nadir value at 72 months) 
was more frequent with risedronate, however (62% vs. 12.5%).!29 The effects on bone pain can also be long-lasting but are less well researched than the 
effects on ALP concentrations. Repeated courses of bisphosphonate therapy may be given to patients when there is recurrence of bone pain localized to an 
affected site where there is biochemical evidence or bone scan evidence of reactivation of the disease. However, many elderly patients with PDB who are 
treated with zoledronic acid need only one dose in their lifetime.*° 


OSTEOMALACIA AND RICKETS 


Osteomalacia and rickets are syndromes characterized by defective mineralization of bone. Rickets is the name given to the syndrome when it occurs in 
childhood when the skeleton is growing, whereas osteomalacia is the term used when the syndrome occurs in adulthood. 


EPIDEMIOLOGY 


The epidemiology of rickets and osteomalacia is poorly documented and most information over recent years has come from case series of patients who have 
presented to hospital with signs of symptoms of osteomalacia and patients who have undergone bone biopsies. During the 1970s, studies from the United 
Kingdom indicated that osteomalacia predominantly affected those of Asian descent.®*-!°° It is thought that the higher prevalence of osteomalacia in this 
ethnic group is due to reduced synthesis of vitamin D in the skin and the practice of some Muslim women covering their skin. Elderly housebound 
individuals are also at increased risk of osteomalacia.**°* One of the best epidemiologic studies in recent years is that of Priemel and colleagues who 
examined bone biopsies obtained at postmortem examinations in subjects from Northern Germany who had died suddenly as the result of trauma, suicide, 
and other causes.!** The cohort comprised 410 males of average age 58 years and 274 females of average age 68 years. In this series, about 1% of patients 
had osteomalacia as defined by a ratio of osteoid volume to bone volume of greater than 10%. 


PATHOPHYSIOLOGY 


The causes of osteomalacia and rickets are summarized in Table 4-5. Both diseases can be caused by deficiency of vitamin D (cholecalciferol) as the result 
of poor diet, malabsorption or lack of sunlight exposure, genetic defects in vitamin D metabolism, and genetic defects in molecules that are involved in 
regulating renal phosphate reabsorption, certain drugs, and overproduction of the hormone FGF23 by tumors. 

The key players in vitamin D metabolism and phosphate metabolism are illustrated graphically in Figure 4-6. Circulating vitamin D is derived from two 
sources. Endogenous synthesis of vitamin D occurs as the result of the action of ultraviolet (UV) light in the skin, where 7-dehydrocholesterol is converted 
to cholecalciferol. Skin synthesis accounts for about 70% of circulating vitamin D in most individuals, whereas the remainder is derived from the diet. Once 
in the circulation, vitamin D undergoes hydroxylation at position 25 on the sterol ring in the liver to give 25(OH)D and a second hydroxylation in the renal 
tubules at position 1 on the ring to produce the active metabolite 1,25(OH).D. If production of vitamin D by the skin or absorption from the gut falls, there 
is a reduction in hepatic production of 25(OH)D, which in turn leads to a reduction in the amount of 1,25(OH),D produced by the kidney. Calcium 
absorption from the gut falls because of the low levels of 1,25(OH),D, and this causes serum calcium levels to fall and PTH secretion to increase. The raised 
levels of PTH increase bone turnover and promote renal tubular phosphate excretion in an attempt to raise serum calcium levels. Initially, these homeostatic 
responses are sufficient to maintain normal levels of serum calcium; but if vitamin D deficiency persists in the longer term, there is progressive 
demineralization of bone with loss of both calcium and phosphate from the skeleton resulting in accumulation of poorly mineralized bone. The osteocyte- 
derived circulating hormone FGF23 also plays a critical role in regulating phosphate homeostasis and vitamin D metabolism; FGF23 is produced by 
osteocytes and enters the circulation where it travels to the kidney and acts on the renal tubules to downregulate expression of phosphate transporters. This 
in turn leads to urinary loss of phosphate and hypophosphatemia. In addition, FGF23 acts on kidney to suppress one alpha-hydroxylase activity, leading to 
reduced production of the active vitamin D metabolite 1,25(OH),D. Patients with X-linked hypophosphatemic rickets (XLH) carry loss-of-function 
mutations in the PHEX gene, which causes production of FGF23 by osteocytes to increase. This also occurs in patients with autosomal recessive 
hypophosphatemic rickets as the result of loss-of-function mutations in DMP1. In both cases, the precise mechanisms by which these genetic defects 


regulate FGF23 production remain to be established. Patients with autosomal dominant hypophosphatemic rickets (ADHR) carry missense mutations in 
FGF23. Several mutations have been identified in patients with ADHR and these cluster in a region of FGF23 that normally undergoes proteolytic 
cleavage.! The disease-causing mutations in ADHR render FGF23 resistant to proteolysis,!“° resulting in accumulation of FGF23 in the circulation which 
promotes phosphaturia, causing hypophosphatemia.!”?> Hypophosphatemic rickets can also be caused by loss-of-function mutations in the renal phosphate 
transporter SLC43A4. 


TABLE 4-5. Causes of Osteomalacia and Rickets 


Cause Predisposing Factor(s) Mechanism 
Vitamin D Deficiency 


Lack of vitamin D Low sunlight exposure, poor diet, malabsorption Reduced cholecalciferol synthesis in the skin/low levels of vitamin D in 
diet, malabsorption of calcium and vitamin D 


Failure of 1,25 Vitamin D Synthesis 


Chronic renal failure Hyperphosphatemia and renal impairment Reduced renal synthesis of 1,25(0H),D, 


Vitamin D—resistant rickets typeI _ Loss-of-function mutations in renal 25(OH)D la-hydroxylase enzyme Defective renal synthesis of 1,25(OH),D, 
(autosomal recessive) 


Vitamin D Receptor Defects 


Vitamin D-resistant rickets type II Loss-of-function mutations in vitamin D receptor Impaired end-organ response to 1,25(0H),,D, 

(autosomal recessive) 

Hypophosphatemia 

Hypophosphatemic rickets (X- Loss of function mutations in PHEX gene Increased FGF23 production causes hypophosphatemia and impairs 

linked dominant) 1,25(OH).,D, synthesis. 

Autosomal dominant Mutations in FGF23 prevent degradation High levels of FGF23 cause hypophosphatemia and impair 1,25(0H),,D, 

hypophosphatemic rickets synthesis. 

Autosomal recessive Loss of function mutations in DMP1 gene Increased FGF23 production causes hypophosphatemia and impairs 

hypophosphatemic rickets 1,25(OH),D, synthesis. 

Tumor-induced osteomalacia Ectopic production of FGF23 by tumor Overproduction of FGF23 causes hypophosphatemia and impairs 
1,25(OH).,D, synthesis. 

Drug Induced 

Bisphosphonates High-dose etidronate/pamidronate Drug-induced impairment of mineralization 

Aluminum Use of aluminum-containing phosphate binders or aluminum in dialysis | Aluminum-induced impairment of mineralization 

fluid 
Fluoride High fluoride in water Fluoride inhibits mineralization 


CLINICAL FEATURES 


Rickets in children has many manifestations, including failure to thrive, enlargement of epiphyses at the lower end of the radius, swelling of the 
costochondral junctions (rickety rosary), bowing of the lower limbs, muscle weakness, bone pain, and occasionally hypocalcemia. There is growth 
retardation. The presentation of osteomalacia in adults is often insidious. In the early stages, nonspecific symptoms such as malaise and muscle weakness 
may be present. As the disease progresses, patients may experience muscle pain and weakness, bone pain, general malaise, and fractures. The proximal limb 
muscles are particularly affected causing the patient to walk with a waddling gait and struggle to climb stairs or get out of a chair. On clinical examination, 
muscle tenderness and focal bone pain may be detected. 


INVESTIGATIONS 


Typical findings on routine biochemistry are raised levels of ALP, normal or low levels of serum calcium, and low levels of serum phosphate. If the 
condition is secondary to vitamin D deficiency, serum levels of 25(OH)D are undetectable and PTH levels are markedly elevated. In hypophosphatemic 
rickets, there is a marked reduction in serum phosphate, with elevated levels of ALP and PTH. Serum 25(OH)D levels may be low or normal in 
hypophosphatemic rickets. Biochemistry is often unremarkable in drug-induced osteomalacia, apart from high serum aluminum and fluoride levels in 
aluminum- and fluoride-induced disease, respectively. 


I 6. Key regulators of vitamin D and phosphate metabolism. Vitamin D is produced in the skin under the influence of UV light or is derived from the diet. On 
aie into he circulation, it is hydroxylated in the liver to produce 25(OH)D and further hydroxylated in the kidney to produce the active metabolite 1,25(OH),D, 


which increases calcium and phosphate absorption from the gut. In addition, 1,25(0H).D acts together with PTH to stimulate bone resorption. PTH also acts on the 
kidney to promote phosphate excretion and to increase 1,25(OH),D production. The hormone FGF23 produced by osteocytes promotes phosphate excretion and 
inhibits 1,25(OH),D production. Osteocytes also express the PHEX and DMP1 genes, which regulate phosphate excretion indirectly by suppressing production of 
FGF23. 


Skeletal radiographs typically show osteopenia but with advanced disease, pseudofractures may be observed in the ribs, pelvis, or long bones. Vertebral 
fractures may be observed. Radiographs in patients with hypophosphatemic rickets may show evidence of bowing deformities of the lower limbs, an 
enthesopathy with calcification of ligaments and tendons at joint margins, and stress fractures of weight-bearing limbs ( ). Radionuclide bone scans 
may show multiple hot spots in the ribs and pelvis at the site of pseudofractures with appearances that can sometimes be confused with bone metastases. 
The diagnosis can be proven by transiliac bone biopsy, which shows increased thickness and extent of osteoid seams, but this is seldom necessary to make 
the diagnosis in patients with typical clinical and biochemical features of the disease. 


Figure 4-7. Skeletal imaging in X-linked hypophosphatemic rickets. A: Femoral deformity in weight-bearing x-rays of an adolescent patient with XLH. B: 
Enthesopathy with ligament calcification around the hip joint and lesser trochanter. C: Stress fractures of the tibia in an adult with poorly controlled XLH. 


MANAGEMENT 


Management depends on the underlying cause. Osteomalacia and rickets that are secondary to vitamin D deficiency respond promptly and completely to 
treatment with vitamin D. Various dose regimens can be used. In adults, 3,200 units of vitamin D can be given daily or 10,000 units weekly for 12 to 24 
weeks, reducing thereafter to a maintenance dose of 800 to 1,600 units daily depending on the response of ALP, serum calcium, and serum phosphate. If the 
diagnosis is correct, this treatment will lead to rapid improvement in symptoms and general well-being. Serum ALP levels may rise initially as 
mineralization of bone increases, but values gradually fall to normal as the bone disease heals. Failure of the patient to respond clinically or biochemically 
suggests an alternative diagnosis such as hypophosphatemic rickets or vitamin D-resistant rickets. 

Patients with hypophosphatemic rickets and tumor-induced osteomalacia require treatment with phosphate supplements and one of the active 
metabolites of vitamin D, either 1-alpha-hydroxyvitamin D or 1,25-dihydroxyvitamin D. Here, the therapeutic goal is to try and increase phosphate intake to 
compensate for the excessive renal losses and to surmount the defect in 1,25(OH),D, synthesis by giving the active metabolites directly. A neutralizing 
antibody to FGF23 (burosumab) is currently in clinical development for the treatment of XLH. Phase II studies have shown that burosumab corrects 
hypophosphatemia and promotes healing of stress fractures.*° The drug has been licensed in several countries for the treatment of XLH in children. Adult 
studies have also shown benefit with improved phosphate levels, fracture healing, and decreased stiffness and pain leading to its approval in the United 
States for adults as well. 


PRIMARY HYPERPARATHYROIDISM 


PHPT is characterized by hypercalcemia due to increased production of PTH, most commonly because of an adenoma of the parathyroid glands. 


EPIDEMIOLOGY 


PHPT is a common condition that increases in prevalence with increasing age. Women are affected more commonly than men, and it has been estimated 
that PHPT affects about 0.25% of women and 0.08% of men in the United States. The vast majority of patients are over 50 years of age. 


PATHOPHYSIOLOGY 


PHPT is most commonly caused by a single adenoma of the parathyroid gland, although in some cases (particularly those associated with multiple 
endocrine neoplasia), multiple adenomas can occur. Very rarely, the condition can be caused by parathyroid carcinoma. In all three instances, the enlarged 
mass of parathyroid tissue is associated with loss of feedback control by serum calcium concentrations, leading to “autonomous” production of PTH in the 
presence of hypercalcemia. The increased circulating concentrations of PTH cause hypercalcemia, mainly by increasing renal tubular reabsorption of 
calcium, but also by increasing intestinal calcium absorption through increased 1,25(OH),D. production by the kidney. The sustained elevation in PTH 
levels can result in bone loss and osteoporosis, particularly in postmenopausal women. Very rarely, PHPT can be associated with osteitis fibrosa cystica in 
which there are focal areas of osteolysis characterized by increased osteoclastic bone resorption, increased bone formation, and marrow fibrosis. In these 
patients, elevated bone resorption may also contribute significantly to the hypercalcemia. 


CLINICAL FEATURES 


The most common presentation of PHPT nowadays is the incidental finding of a raised serum calcium concentration on biochemical testing.'4” Another 
common presentation is with osteoporosis, a recognized complication of the disease. Less commonly, PHPT may present with symptoms of hypercalcemia, 
such as thirst, polyuria, and constipation; bone pain; renal stone disease; or acute pancreatitis. 


INVESTIGATIONS 


The pivotal investigations are measurement of serum calcium, albumin, ALP, phosphate, PTH, creatinine, along with urinary calcium and urinary 
creatinine. The typical pattern is an elevated albumin-adjusted serum calcium value in the presence of an elevated or inappropriately high PTH value. Serum 
phosphate is typically low or low-normal. ALP is usually normal, but if elevated, it suggests the presence of osteitis fibrosa cystica. It is important to 
measure urinary calcium and creatinine to exclude the possibility of familial hypocalciuric hypercalcemia. In this condition, hypercalcemia also occurs in 
the presence of elevated or normal PTH levels but urinary calcium excretion is much reduced.!°8 Skeletal x-rays are usually normal in PHPT, but patients 
with advanced disease may exhibit subperiosteal erosions and terminal resorption in the phalanges (Fig. 4-8). Parathyroid imaging by 9°™Tc-sestamibi 
scintigraphy or ultrasound examination can be performed in an attempt to visualize the adenoma but negative imaging does not exclude the diagnosis. 


Figure 4-8. Subperiosteal and phalangeal erosions in primary hyperparathyroidism. A: Hand x-ray from a patient with severe primary hyperparathyroidism showing 
subperiosteal erosions in the middle phalanx (most obvious on left side) and florid erosion of the terminal phalanx (arrows). B: A normal x-ray of the same digit is 
shown for comparison. 


MANAGEMENT 


The treatment of choice for PHPT is parathyroidectomy with removal of the adenoma. This is usually indicated for individuals aged less than 50 years, 
those with a serum calcium persistently above 2.85 mmol/L, and those with symptoms of hypercalcemia or complications such as renal stones, osteoporosis, 
or osteitis fibrosa cystica. There is debate about whether surgery should be performed in asymptomatic older individuals with mild hypercalcemia, although 


a recent observational study reported that fracture risk was reduced in patients treated with surgery as compared with those who were treated with 
bisphosphonates and those treated conservatively.!’* Medical therapy for PHPT has become available in the form of Cinacalcet, which enhances the 
sensitivity of the calcium-sensing receptor, reducing PTH levels and serum calcium levels.'!” It is licensed as treatment for patients with PHPT who are 
unwilling to have surgery or are medically unfit. 


FIBROUS DYSPLASIA 


Fibrous dysplasia is caused by a gain of functioning somatic mutations affecting the GNAS1 gene that encodes the Gs-alpha protein.!”* This is a molecule 
that is involved in signal transduction downstream of several G protein-coupled receptors including the PTH receptor, the melanocyte-stimulating hormone 
receptor, the gonadotrophin-releasing hormone receptor, and the thyroid-stimulating hormone receptor. The mutations cause activation of signal 
transduction, mimicking the effects of ligand binding. The typical presentation is with bone pain associated with local osteolytic lesions, bone expansion, 
and pathologic fractures. There may be features of endocrine dysfunction, especially precocious puberty, and café-au-lait skin pigmentation (McCune— 
Albright syndrome). Very rarely, malignant change can occur and should be suspected if there is a sudden increase in pain and swelling.!33 The diagnosis 
can usually be made by x-ray, which shows focal, predominantly osteolytic lesions with bone expansion which is typically described as a ground-glass 
appearance®? (Fig. 4-9). Radionuclide bone scanning is useful to delineate the extent of the disease and shows focal increased uptake at affected sites. 
Routine biochemistry can be normal but ALP and bone turnover markers may be elevated in patients with extensive disease. Hypophosphatemia may also 
be observed and is associated with FGF-23 production, and more commonly occurs in those with McCune—Albright syndrome and less commonly 
polyostotic disease. While there are typical radiographic features some can appear more aggressive with scalloping and thinning of the cortex. Differential 
diagnosis can sometimes include both malignant and benign lesion. 
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Figure 4-9. Imaging in polyostotic fibrous dysplasia. A: AP radiographic image of the left femur demonstrating disease in the proximal femur and hemipelvis. 
Characteristics significant for fibrous dysplasia include lucency with ground glass appearance. Patient presented with hip pain, note the medial-sided femoral neck 
stress fracture. B: Initial assessment includes a bone scan which demonstrates polyostotic disease. 


Management is symptomatic. Intravenous bisphosphonates are often used in an attempt to control pain, but the evidence base for their use is weak and 


based on observational studies that were not placebo controlled. There have however been randomized studies evaluating oral bisphosphonates which have 
not been effective at reducing bone pain.’ Others have tried denosumab for treatment, sometimes specifically in those who do not respond to 
bisphosphonates. In these retrospective studies, up to two-thirds of patients have had improved bone turnover markers and reduced pain.!°” Orthopaedic 
surgery may be required for treatment of fractures and deformity or for prophylactic treatment of symptomatic lesions with cortical thinning and scalloping. 


OSTEOGENESIS IMPERFECTA 


Osteogenesis imperfecta (OI) is the collective term given to a group of inherited bone diseases characterized by marked bone fragility and multiple low- 
trauma fractures, which typically present in infancy or childhood.** More than 90% of cases are caused by mutations in the COL1A1 and COL1A2 genes, 
which encode the proteins that make type I collagen.® The causal mutations in COL1A1 and COL1A2 either reduce collagen production (which causes mild 
OJ) or produce abnormal collagen chains that are rapidly degraded (which causes more severe OJ). It has also become apparent that some cases of mild OI 
are due to protein-coding changes of a conservative nature.°* Mutations in several other genes have been described that cause the same phenotype (Table 4- 
6). Some of the causal genes affect posttranslational modification of collagen and others affect collagen cross-linking or osteoblast differentiation and bone 
formation.®° A total of 18 different clinical subtypes of OI are now recognized, but most cases fall into the Sillence classification that recognized 4 subtypes; 
these are type I that is mild, associated with blue sclerae and usually caused by reduced collagen production as the result of nonsense-mediated RNA decay 
of a mutated type I collagen allele; type II in which there is intrauterine death or neonatal death associated with protein-coding mutations of collagen that 
have a major impact on collagen stability; type III that is very severe resulting in multiple fractures and severe skeletal deformity, again associated with 
destabilizing protein-coding mutations; and type IV caused by moderately destabilizing protein-coding mutation with clinical severity that is between types 
I and III. 

The typical clinical presentation is with multiple low-trauma fractures during infancy and childhood, but some patients with mild OI can first present 


with osteoporosis and fractures in later life.!°° The greatest burden of fractures is during childhood but fractures remain high in OI patients throughout life 
(Fig. 4-10), occurring approximately 100 times more frequently than in unaffected individuals of the same age and gender. 


TABLE 4-6. Causal Genes for Osteogenesis Imperfecta 


Disease Mechanism/Genes Inheritance Gene Function 

Defects in Collagen Synthesis or Structure 

COL1A1 AD Major structural protein of bone 
COL1A2 AD Major structural protein of bone 


Defects in Posttranslational Modification of Collagen 


CRTAP AR Complex of CRTAP, LEPRE, and PPB regulates hydroxylation of critical proline residue in alpha-1 collagen chains 
LEPRE1 AR 
PPB AR 


Increased Mineralization 
IFITM5 AD Function poorly understood 
SERPINF1 AR Regulates bone mineralization 


Defects in Collagen Processing or Cross-Linking 


SERPINH1 AR Stabilized collagen triple helix 

FKBP10 AR Stabilizes collagen triple helix 

TMEM38B AR Possible role in lysine hydroxylation of collagen 
PLOD2 AR Regulates lysine hydroxylation of collagen 
BMP1 AR Cleaves N-terminal propeptide of collagen 


Defects in Osteoblast Differentiation or Function 


SP7 AR Transcription factor, regulates osteoblast differentiation 
WNT1 AR Regulates osteoblast differentiation and bone formation 
CREB3L1 AR/AD Transcription factor, regulates collagen expression 
SPARC AR Gene product (osteonectin) interacts with collagen 
MBTPS2 XLR Regulates osteoblast differentiation 

PLS3 XLR Regulates osteoblast differentiation 


AR, autosomal recessive; AD, autosomal dominant; XLR, X-linked recessive. 


BMD can be low, normal, or high. Routine biochemistry and hematology are usually normal but specialized markers of bone turnover often show 
evidence of increased bone resorption and formation. Molecular testing can be performed to clarify the diagnosis but is not widely used in routine practice 
because of the very typical clinical features. Treatment is multidisciplinary, involving surgical treatment of fractures and correction of limb deformities, and 
physiotherapy and occupational therapy for rehabilitation of patients with bone deformity. Bisphosphonates are widely used in the treatment of OI, 
especially intravenous pamidronate or zoledronic acid in children, but there is limited evidence that these drugs are effective at preventing fractures.°? There 
is also a randomized study evaluating TPTD in 79 OI patients which shows at least in type I disease a significant anabolic response.’ As is the case with 


the data from the bisphosphonate trials, the improvements in BMD did not appear to correlate with fracture reduction and/or the study was not powered to 
detect a difference. 
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Figure 4-10. Fractures in osteogenesis imperfecta. Number of fractures per patient per year are shown on the y-axis and age on the x-axis. The rate of fractures is 
greatest during childhood and adolescence but diminishes thereafter. Fracture rate remains substantially higher in patients with OI than in the general population 


throughout life. 


OSTEOPETROSIS 


Osteopetrosis is the name given to a group of inherited diseases characterized by high bone mass due to defects in bone resorption. These are rare disorders; 
recessive osteopetrosis has an incidence of about 1 in 250,000, whereas dominant osteopetrosis has an incidence of about 1 in 20,000. 

The causal mutations either affect the genes that regulate osteoclast differentiation causing “osteoclast-poor” osteopetrosis, or affect the genes involved 
in bone resorption causing “osteoclast-rich” osteopetrosis.!”° Some of the most important genes and the mechanisms by which they cause osteopetrosis are 


summarized in Table 4-7. 
The presentation is highly variable. Severe osteopetrosis is inherited in an autosomal recessive manner and presents with failure to thrive, delayed 


dentition, cranial nerve palsies (due to narrowed cranial foramina), blindness, anemia, and recurrent infections due to bone marrow failure. The adult-onset 
type (Albers-Schonberg disease) is caused by heterozygous mutations in CLCN7, which appear to act in a dominant negative manner to affect chloride 
channel function. This condition is inherited in an autosomal dominant inheritance and presents with bone pain, cranial nerve palsies, osteomyelitis, OA, 
and fractures, or is sometimes detected as an incidental radiographic finding. 

Investigations reveal evidence of anemia, leukopenia, and thrombocytopenia. Radiographs show evidence of increased bone density (osteosclerosis and 
increased cortical thickness) with decreased medullary spaces in autosomal dominant disease and complete absence in more severe forms (Fig. 4-11). A 
molecular diagnosis can now be achieved in many cases by whole-exome sequencing. 

Bone marrow transplantation is an effective form of management for patients with most types of recessive osteopetrosis, but this is ineffective in 
patients with osteoclast-poor osteopetrosis caused by RANKL mutations. In autosomal dominant osteopetrosis, management is supportive in nature. 
Treatment with interferon-gamma has been used to improve blood counts and reduce frequency of infections in autosomal dominant osteoporosis. 


TABLE 4-7. Causal Genes for Osteopetrosis 


Disease Mechanism/Genes Inheritance Gene Function 

Defects in Osteoclast Differentiation 

TNFRSF11A AR Encodes RANK—an essential receptor for osteoclast differentiation 
TNFSF11 AR Encodes RANKL—essential ligand for osteoclast differentiation 
Defects in Acid Generation or Pump 

CA11 AR Carbonic anhydrase—catalyzes formation of hydrogen ions 


TCIGR1 AR Encodes alpha-3 subunit of osteoclast proton pump 


CLCLN7 AR/AD 
OSTM1 AR 
Defects in Membrane Trafficking 

SNX10 AR 
PLECKHM1 AR 
Defects in Osteoclast Adhesion 

FERMT3 AR 


AR, autosomal recessive; AD, autosomal dominant. 


Figure 4-11. A: Middle-aged female patient with osteopetrosis with typical radiographic appearance of osteosclerosis and sequelae of bilateral hip fractures. B: 


Encodes chloride channel 


Stabilizes chloride channel, preventing lysosomal degradation 


Regulates trafficking of proton pump to ruffled border 


Regulates formation of ruffled border 


Regulates osteoclast binding to bone surface 


Femur radiograph demonstrating continued fracturing of the femur below the distal end the implant and subsequent fixation. Note the decrease in intramedullary canal 
presence, and the so-called Erlenmeyer flask appearance of the distal metaphysis. 
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INTRODUCTION 


Fracture classification serves many important purposes: communication, research, education, and as a guide to treatment and prognosis. The scientific basis 
of modern classification has improved from the past, and most new classifications now result from a group consensus process directed by committees or 
task forces of major organizations. The need to optimize the reliability and validity of classification schemes is now well recognized. Ideally, reliability is 
assessed, and categories or definitions are subsequently modified prior to adopting new classification schemes. The alpha numeric fracture code, originally 
developed by the Arbeitsgemeinschaft fiir Osteosynthesefragen (AO) and expanded and refined by workgroups of the Orthopaedic Trauma Association 
(OTA) and AO, has made an international universal classification a near reality. Ultimately, the value of fracture classification lies in its application: 
immediate application to clinical decision making (provided it can be applied efficiently and in real-time), and later application to outcomes research, 
artificial intelligence (AI), and predictive analytics. 

Previously a common topic of discussion both at scientific meetings and in orthopaedic journals, the analysis of fracture classification has decreased in 
popularity throughout the past several decades. In the 1990s, the journal Surgical Rounds for Orthopaedics had a regular column entitled “Fracture Eponym 
of the Month,” and full textbooks were dedicated to fracture eponyms, such as The Language of Fractures.°* Conversely, now there are reference texts for 
orthopaedic traumatology that elect not to include a chapter specific to fracture classification. Nonetheless, the 2018 OTA/AO Fracture Compendium*® has 
resulted in a rekindling of interest and scientific publication on fracture classification. 

This chapter will describe how advanced imaging has changed and expanded fracture classification. It is also important to discuss the use of AI, which is 
likely to play an increasingly larger role in practice management and fracture classification as well. With advances in imaging and computer-based analysis, 
there will always be an important need to classify new knowledge through a well-defined scientifically valid process. 


BACKGROUND AND HISTORY 


Throughout much of the 19th and early 20th centuries, various fractures were named by the individuals who described them. For example, the term Colles’ 
fracture persists, describing dorsal displacement of the distal end of the radius with volar apex angulation in a “dinner fork” configuration. This injury, 
classified prior to the advent of radiographs, describes a unique fracture pattern and guided early treatment (Fig. 5-1). Perhaps most importantly, the author 
really understood the fracture—without the benefit of radiographs—and fundamentally appreciated its personality, biomechanics, and skeletal stability. 


Figure 5-1. Colles fracture. Note the dorsal angulation of the distal aspect of the radius. 


Although most of us cannot conceive of the evaluation of fractures without radiographs, it was not until 1901 that William Conrad Roentgen was 
awarded the first Nobel Prize in physics for his work on x-ray imaging. In 1895, he discovered that the x-ray beam could pass through human tissue but was 
unable to pass through bone or metal, resulting in a method to project the images of bones on a film. The impact that radiographs have had on fracture care 
cannot be overstated. Radiographs are still essential for determining management, whether it is an ankle fracture requiring a gravity stress view, a pelvic 
ring injury requiring inlet and outlet views, or an acetabular fracture requiring Judet views.*” 

After the advent of radiography, fracture-specific classifications were described (and commonly named for their creators), many of which remain in 
usage today. For example, in 1961, Robert Symon Garden described the Garden classification of femoral neck fractures.'*!° Joseph Schatzker’s description 
of tibial plateau fractures, based on a series of 94 radiographs, was published in 1979.°° More recent classifications, such as the Sanders classification of 
calcaneus fractures, incorporate CT imaging findings in its criteria for classification.°* Application of CT imaging is standard for evaluation of many 
articular fractures and its indications continue to expand. 

Magnetic resonance imaging (MRI) can add additional information about the concomitant state of adjacent soft tissue structures during the process of 
fracture classification. Application of MRI to fractures of the spine is well-known and has clear value for evaluation of the spinal cord, intervertebral discs, 
and the posterior longitudinal ligament. The role of MRI or other advanced imaging continues to evolve within fracture classification and management due 
to technologic advancements and improved access, especially surrounding the elbow, knee, and posterior pelvis. 


PURPOSE AND APPLICATION OF FRACTURE CLASSIFICATION 


Classification schemes should be considered a practical tool with applicable results, rather than a mental exercise, in order to help us treat fractures. 
Additionally, these systems continue to be fundamental to clinical research on fractures as it helps with grouping and descriptions. In short, it is important 
for fracture classification systems to provide a reproducible idea of what the fracture pattern entails, drive treatment options, provide information regarding 
prognosis, and/or be concise and easy to apply. The more of these characteristics a system can encompass, the more widespread its use is likely to be. The 
2018 OTA/AO Fracture Compendium is a comprehensive, organized system developed with Delphi methodology. This alphanumeric fracture system, 
originally developed by AO, was then expanded and refined by workgroups of the OTA and AO. Thus, an international universal classification has become 
a reality. 

Further advances in imaging modalities added information that was used as an aid to classify fractures. CT scanning is one such modality. Over the 
previous three decades, CT scans have become a routine part of assessment of many fractures. CT scans allowed clinicians to more fully appreciate the 
extent of an articular injury and have quickly become an important adjunct for preoperative planning. With the ability to reprocess CT-generated 
information to create three-dimensional representations of the fracture, the understanding of fracture anatomy and preoperative planning was further 
enhanced. CT gradually became incorporated into existing classifications, and in some areas, formal assessment by CT was recommended prior to assigning 
a classification category. 

AI may also provide the key to more accurate fracture categorization. Using AI, classification could occur as soon as imaging data were uploaded and 
analyzed. Immediate treatment options, predictive analytics, and anticipated outcomes could conceivably be generated by the computer. In this hypothetical 
future, classification of fractures may become so rapid and instantaneous that it is no longer viewed as a process. This would allow cost-effectiveness, 
projected life-time costs of care, and disability to ultimately be linked to fracture classification in the future. 


COMMON LANGUAGE AND TERMINOLOGY 


Having an inclusive and universal system for classification of fractures provides a common language for healthcare providers and associated entities to 
discuss injuries. Broadly speaking, classifying fractures is a way to organize and transfer information, discuss and guide treatment, link diagnosis with 


prognosis, and enhance learning and education. It helps clarify what to look for in characterizing a fracture, such as the important variables of displacement, 
the soft tissue anatomy and associated blood supply, and relevant biomechanics. 

Classification allows for a quick transition from the chaos of accidental injury to order, control, and rational decision making. It provides categories and 
labels, making it easy to compare a particular fracture to a group of similar injuries. Such assignment expedites assessment of the fracture and naturally 
flows into treatment options. The ideal fracture classification system should help the surgeon visualize a mental picture of the fracture prior to viewing any 
patient-specific imaging studies. The Schatzker classification of tibial plateau fractures is an excellent example of such a system where the fracture pattern 
type is easy to visualize based on its classification.” 

At its best, fracture classification easily communicates important information and clearly transmits detailed understanding of a clinical problem. 
Classification can consolidate a large amount of information and shared understanding into succinct bites. As an example, to experienced acetabular fracture 
surgeons, the terms “both column fracture” or “posterior wall fracture dislocation” capture a large amount of information about fracture line location, 
involvement of the joint, possible surgical approaches, direction of displacement, and even potential outcomes. While more information is necessary, these 
few words consolidate a lot of complex concepts. 


TREATMENT AND PROGNOSIS 


Ideally, the classification system of a fracture would immediately confer whether the fracture is at risk for poor outcomes or a bad prognosis. Is this 
particular pattern notorious for associated complications and/or poor outcomes? Some clinicians already do this as a mental exercise by combining multiple 
categories of fractures into discrete groups. For example, while the Gustilo and Anderson classification of open fractures has several true categories, in 
practice, it is typically summarized as Gustilo IIIb/IIIc versus all other open fractures.*!** Infection rates for Gustilo types I, II, and IIa are fairly similar 
and the soft tissue envelope is adequate, while infection rates for IIIb and IIc are much higher and often require soft tissue coverage. Similarly, 
intracapsular fractures of the hip are often collapsed into nondisplaced or valgus impacted compared to a displaced femoral neck fracture; pragmatically 
speaking, there is little practical value to the original four categories of Garden. Conversely, Pauwels’ femoral neck classification is directed toward 
prognosis, based upon predicting the biomechanical favorability at the fracture site for healing. Pauwel calculated that increasing fracture line inclination 
results in greater shear and varus stresses; thus, at an advanced type III fracture (>50 degrees of inclination of the fracture line from horizontal), there is a 
high risk of fracture displacement, and ultimately, nonunion.*° 

Another example of how fracture classifications guide treatment and prognosis is the Mason classification of radial head fractures. Published in 1954, it 
was created purely to determine whether an injury should be managed conservatively or operatively. Later modifications by Hotchkiss (regarding 
mechanical block to motion) and Broberg/Morrey (adding the type IV radial head fracture with associated elbow dislocation) now allow us to determine 
whether nonoperative management, ORIF, radial head resection, or radial head arthroplasty is the best option for treatment.7° 

Finally, in certain situations, combinations of fracture classifications are used in conjunction to understand the mechanism of injury (and therefore 
method of reduction/fixation), as well as considering which injuries require operative fixation. A classic example of this synergy is the Tile and Young- 
Burgess classification systems for evaluation of pelvic ring injuries. The Tile system emphasizes stability: type A injuries are stable, type B injuries are 
rotationally unstable but vertically stable, and type C injuries are both rotationally and vertically unstable.®* Conversely, the Young and Burgess system is 
concerned with mechanism, with groupings based on a lateral compression force, anterior to posterior compression force, vertical shear, or combined 
mechanisms.” These systems were designed to be studied using radiograph imaging, but the advent of CT imaging has helped to improve precise 
delineation of fracture morphology even within these systems. 

Despite their extensive use, until recently, the inter-observer reliability of the Tile and Young—Burgess systems had not been studied. If agreement 
among surgeons is poor, it is difficult to determine the treatment and prognosis for patients with any degree of certainty.®* In 2009, it was found that the 
overall Kappa values for the Young—Burgess system based on XR imaging or XR + CT imaging, were among the highest reported for fracture classification 
systems at 0.62 and 0.72, respectively. There was a positive correlation between the level of agreement and expertise; the pelvis/acetabular specialists had 
the highest level of agreement, followed by the orthopaedic traumatologists and then senior orthopaedic trainees. A similar pattern was seen for the Tile 
classification system, with both the addition of CT imaging and the seniority of the evaluator improving accuracy.?° 


RESEARCH 


Research is perhaps the number one reason why the classification of fractures is important and will continue to develop. Clinical research on fractures and 
fracture care is virtually impossible without systematically grouping fracture characteristics. Fractures in the same anatomic area differ from each other, and 
researchers must classify them to set study protocols, decide on inclusion and exclusion criteria, and analyze subgroups. A study that reports the results of 
volar plate fixation of distal radius fractures is of little meaning without specific information about the types of fractures included in the study. To compare 
two treatment techniques for femoral neck fractures, the fractures must be classified since treatment and prognosis vary based on well-known femoral neck 
subgroups. Issues with reliability of categorical classifications and problems with measurement present challenges for clinical research. Traditionally, 
multiple reviewers examine each set of imaging studies. If there is difficulty reaching a consensus utilizing a classification system, this particular scheme is 
ineffective in meeting the “reproducibility” aspect discussed previously and is unlikely to be helpful in furthering research in the orthopaedic canon. 


EDUCATION 


The education and training of orthopaedic surgeons relies foundationally on the principles of fracture assessment and treatment. Classification of fractures is 
part of the way experienced surgeons think, and education must impart this information and thinking to the learner. When asked to review a fracture 
radiograph, junior residents often demonstrate their knowledge by citing a well-known classification of that fracture: how to classify the fracture becomes 
part of the educational discussion. 


LIMITATIONS AND CHALLENGES OF FRACTURE CLASSIFICATION SYSTEMS 


Improving fracture classification requires understanding and optimization of issues related to reliability, validity, measurement error, and host/patient 
factors. A fracture classification must have reasonable reliability and validity to be important and worthwhile. 


RELIABILITY 


Reliability of classification has been assessed in many categorical classifications in various medical disciplines. Given the central role of classification in the 
treatment of fractures, understanding how reliability is assessed, why it is important, and the limitations reliability imposes on the language we speak is a 
part of fracture care. For a classification to be reliable, there must be confidence that two observers separately shown the same set of radiographs will agree 
on the appropriate classification category a reasonable proportion of times. Determining the reliability of a fracture classification requires a scientific 
exercise where more than one observer classifies a number of fracture radiographs separately from each other and their degree of agreement is measured. 
Kappa is a statistic where 1.0 indicates perfect agreement and 0.0 indicates no agreement. The Kappa statistic corrects for agreement by chance alone. The 
guidelines of Landis and Koch are used to provide verbal descriptors of the degree of agreement measured by the Kappa statistic.” They characterized 
values less than 0 as indicating no agreement and 0 to 0.20 as slight, 0.21 to 0.40 as fair, 0.41 to 0.60 as moderate, 0.61 to 0.80 as substantial, and 0.81 to 1 
as nearly perfect agreement. These guidelines have been applied to fracture classification, and Kappa statistics are widely quoted. Many fracture 
classifications in current use have K values in the fair to moderate range. 

There are many reasons for fair or even poor reliability of a fracture classification. Poor agreement can result from imprecise or inadequately defined 
categories (displaced or nondisplaced), nondiscrete categories (small open wound with a high-grade fracture pattern), complex fracture patterns that are hard 
to interpret (acetabular fractures), poor radiographs, categories that are defined by difficult measurements (45 degrees of angulation or 1 cm of displacement 
in the proximal humerus), nonclassifiable fracture patterns, and assignment of continuous variables to categories such as degree of comminution. 


VALIDITY 


For a fracture classification to be valid, the classification must be shown to relate to something that is particularly relevant. Most but not all fracture 
classifications meet this metric, at least at face value. For instance, in the OTA/AO 2018 Fracture Compendium, many portions of the alphanumeric code 
are included for completeness yet have not been demonstrated to be valid with little likelihood that such validity would be identified if further investigated. 
For instance, diaphyseal fractures of the femur are categorized into three types, each of which is categorized into three groups without compelling evidence 
that these resulting nine categories are important to treatment or prognosis. 

Validity is linked to reliability. The categories may be important, but if they cannot be reliably assessed, the classification cannot be valid. As an 
example, there would be wide agreement that the severity of soft tissue injury associated with closed fractures is important; but if a classification that 
assesses soft tissue injury cannot be reliably used since observers cannot agree, it is not valid or useful. 


MEASUREMENT 


Measurement may be embedded in some categorical classifications. For instance, a type I versus a type II radial head fracture (as described by Mason) is 
often defined by millimeters of displacement and percentage of the articular surface involved.*° Alternatively, a classification may be solely based on a 
measurement, as when assessing calcaneal fractures through depression of Bohler angle. The use of measurement is laudable, and categories precisely 
defined by objective measurements are always preferable to imprecise subjective definitions. However, all measurements contain some degree of error, 
either large or small. If the measurement is important, the degree of error inherent in that measurement should be assessed critically. 

First, consider the difficulty in precisely measuring centimeters or angles, that are hand-drawn with imperfect technique on imaging software. Some 
degree of error is inherent as part of this measurement technique. Second, many classification systems are designed to be measured on certain radiographic 
projections. For example, when measuring Pauwels angle in a femoral neck, this measurement is meant to be examined on an anteroposterior (AP) 
radiograph of a hip.°° If neither of the orthogonal views presented are exactly a perfect AP view, the amount of error is by definition increased. While this is 
less important in the Pauwel measurements, as the ranges that need to be distinguished between are quite large (0—30 degrees, 30-50 degrees, and >50 
degrees), an imperfect view can have significant ramifications as discussed with Bohler’s angle. 

In measuring scoliosis radiographs, the error of Cobb angles has been found to be small, but in two commonly used fracture measurements (Bohler’s 
angle for calcaneus and degree of articular depression for tibial plateau) the error was found to be very high. These measurements are commonly used and 
such a high margin of error calls into question their value for classification, treatment, or assessment of prognosis. 


CATEGORIZING CONTINUOUS VARIABLES 


Swiontkowski et al. reported a study of pilon fractures using an older version of the OTA/AO fracture classification and highlighted the issue of individual 
judgment in taking a continuous variable such as fracture pattern and compartmentalizing it into a dichotomous variable.®° These authors focused on the 
challenge of interobserver variation and individual judgment in the use of fracture classification systems.©° 

Categorizing injury severity presents interesting challenges because injury severity is a continuous variable, perhaps the key variable that surgeons face 
in treating fractures. Many fracture classifications are based on the severity of injury. The OTA/AO universal classification categorizes fractures into types 
A, B, and C based on the degree of comminution. Because injury severity is a continuous variable that occurs on a spectrum, breaking it into discrete 
categories will inevitably introduce error. These errors are increased by the fact that measuring injury severity is very imprecise (the amount of 
comminution, for example). 

Rank order techniques have been proposed as an alternate way to stratify continuous variables that are difficult to measure. Rank orders have been used 
in pathology and other medical fields where subjective opinion is used and is challenging to quantify. In one orthopaedic study, a rank order technique was 
used to stratify resident clinical performance, an important but difficult to measure variable. Rank order techniques have been recommended as methods to 
assess fractures and have been shown to have greater reliability than traditional classification. They have been used in the tibial plateau and tibial plafond to 
stratify injury severity.!! Despite their advantages, there are significant disadvantages of rank order techniques that prevent wide applicability. First and 
foremost, they apply only to the series of cases under study. A rank order cannot be applied to an individual fracture out of that series, which limits the 
utility to research projects. 

CT imaging is a possible technique to measure injury severity through computational assessment in order to objectively and quantitatively measure 
fracture severity. This technique uses standard CT-based datasets of fractures taken at the time of injury and measures fracture surface area slice by slice. 
Liberated fracture surface area correlates with fracture energy. Although oversimplified, the technique essentially quantitatively measures the amount of 
comminution, which has been shown to correlate with clinical and radiographic outcomes of tibial pilon fractures. This objective measurement has 


significant promise, but at its current stage, it is mostly a research tool. It does illustrate two important points. First, it shows the potential value of 
measuring something that previously could only be subjectively assessed. Secondly, it demonstrates that in the future computerized analysis may have a big 
role in fracture classification. 


CURRENT STATE OF CLASSIFICATION OF FRACTURES 


While an exhaustive review of each anatomic-based classification of fractures is beyond the scope of the present chapter, several classification systems will 
be described for illustrative purposes. Current classification of fractures has progressed to more uniformly accepted classifications that provide value in one 
or more of the ways described in the previous sections. The 2018 OTA/AO classification of fractures builds on its predecessor compendiums*® and 
especially the 1996 Fracture and Dislocation Compendium.“* The updated version holds promise that it will be more widely accepted and utilized bringing 
the fracture community closer to a true international language of fractures. In many anatomic areas, time-honored fracture-specific classifications remain 
widely accepted and the most utilized classification. These traditional classifications have stood the test of time by providing value for treatment and 
prognosis, and their terminology has become entrenched when fractures are discussed in these areas. 


FRACTURE-SPECIFIC CLASSIFICATIONS 


Proximal Humerus 


The classification of proximal humerus fractures illustrates an area where a deeply entrenched classification has provided language that is nearly universally 
utilized and accepted. However, scientific scrutiny shows that observers do not use the classification and resulting language reliably, and this lack of a 
reliable classification may affect our ability to have clinical studies convincingly demonstrate optimal treatments. The Neer classification system (Fig. 5-2) 
for proximal humerus fractures involves a single anatomic area defined on radiographs.*! This classification identifies predictable fracture lines creating 
four potential fracture fragments: (1) the humeral head, (2) the greater tuberosity, (3) the lesser tuberosity, and (4) the humeral shaft. This classification is 
then based on how many “parts” are created by the fracture lines. Neer defined a fracture as a part if it was displaced by more than 1 cm or angulated by 
more than 45 degrees. A one-part fracture could contain any number of fractures that are not displaced enough to meet either of these criteria. A proximal 
humerus fracture with enough displacement to be called a part can be classified as either a two-part, three-part, or four-part fracture. When there is a 
dislocation, the fracture is first classified followed by the direction of the dislocation, for example, three-part anterior fracture dislocation. While not part of 
Neer’s original classification, additional injuries can also occur to the humeral head, such as head splitting and impaction fractures of the articular 
cartilage.?? This is an example of how many classifications fail to classify and account for all potential fracture lines and patterns that can occur. 

Despite the fact that the proximal humerus fracture classification according to Neer seems straightforward, poor interobserver reliability has been 
shown. Issues with reliability of fracture classification were widely demonstrated for the Neer classification.3>57:58 In one study by Kristiansen et al., 100 
AP and lateral radiographs were reviewed and classified by four independent reviewers. A low degree of agreement was found between reviewers most 
notably between the least experienced reviewers.* In another study by Sidor et al., the radiographs of 50 fractures of the proximal humerus were reviewed 
by five observers at two time points 6 months apart. The reviewers included a shoulder specialist, trauma surgeon, skeletal radiologist, and two residents. 
All the five observers agreed on the final classification for only 32% and 30% of the fractures on the first and second viewings, respectively. Paired 
comparisons between the five observers showed a mean reliability coefficient (Kappa) of 0.48 for the first viewing and 0.52 for the second viewing.°” 
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Figure 5-2. Neer classification system of proximal humerus fractures. A part is defined if it is displaced by 1 cm or greater or angulated by 45 degrees or more. A 
displaced fracture is noted as either two-, three- or four-part. A fracture is displaced if the fracture fragments are separated 1 cm or greater, or if angulation between the 
fracture fragments is more than 45 degrees. A displaced fracture is a two-, three-, or four-part fracture. (Adapted with permission from Neer CS. Displaced proximal 
humeral fractures: I. classification and evaluation. J Bone Joint Surg Am. 1970;52(6):1077-1089.) 
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Figure 5-3. AP radiograph (A), coronal CT scan (B), and 3D CT rendering (C) showing a proximal humerus fracture and the challenge of the Neer classification. 
Note the differences in appearances of the fracture lines. How and from where does an observer measure the magnitude of displacement and/or angulation necessary to 
be characterized as a part? 


Observer agreement is low for the Neer classification. Fractures of the proximal humerus often have poor radiographs because of difficulty in obtaining 
a good lateral, especially while acutely injured. Without good radiographs, reliable classification is difficult. Although the definitions that separate the 
categories described above seem clear, they may be inadequately applied or misunderstood by observers. The definitions of 1 cm of displacement or 45 
degrees of angulation are clear and commendable but present difficulties with adequately measuring these variables that are critical to assigning categories 
(Fig. 5-3). Finally, the proximal humerus often has complex fracture lines that do not fit a consistent pattern or definition. Despite these limitations, the Neer 
classification continues to be widely utilized. These observations indicate that the proximal humerus is a deeply entrenched classification and fracture 
description language that works well in some ways. However, poor observer reliability and resulting poor validity are clear issues. Similarly, proximal 
humerus fractures have among the widest variation and disagreement on natural history and optimal treatment techniques for various patterns. While there 
may be other reasons for this lack of knowledge and disagreement on optimal treatment, the difficulties with classification are almost certainly a 
contributing factor. This is an area in which AI systems have the potential to propagate an already well-known and easily understood system, while 
increasing the reliability of the classification. 


Calcaneus Fractures 


Classification of calcaneus fractures illustrates how advances in imaging technology have and will undoubtedly continue to add new information and how 
that new information can be used to expand and develop new classifications. The calcaneus also illustrates the complexity of fracture classification since 
despite many different important classifications there are important aspects of this fracture that are not included in any of the major classifications. 

The most popular early classification of fractures of the calcaneus was described by Essex-Lopresti in 1952.1? This classification, which was based upon 
plain radiographs, accounted for two major fracture patterns—a joint-depression type fracture where the articular fragment is separate from the calcaneal 
tuberosity and a tongue-type fracture where the articular surface remains attached to the tuberosity. If the force is directed more posteriorly toward and into 
the posterior facet, a joint depression-type fracture occurs; whereas if the force is directed more axially, a tongue-type fracture occurs (Fig. 5-4).!? 

With the rise of CT imaging, other authors described injury patterns based upon the new information that was obtained with this more advanced imaging 
technique. This included information on joint alignment and displacement of fragments, and surgeons used this increased information to determine whether 
or not surgical reconstruction may be indicated.” These early descriptions added useful information to our knowledge on the mechanism of injury and 
treatment of calcaneus fractures. Several authors began to base systems of classification on data obtained from CT.2°° 

The most well-known calcaneus fracture classification system based upon CT scans was described by Sanders et al. The Sanders classification focuses 


upon the number and location of articular fracture fragments at the widest part of the posterior facet viewed in the coronal plane (Fig. 5-5). The articular 
surface of the posterior facet at its widest point is subdivided into four possible fragments according to the medial, central, and lateral third of the overlying 
talus, plus the sustentaculum. Type I fractures include all nondisplaced (<2 mm) articular fractures (despite number of fracture lines); type II fractures are 
two-part fractures of the posterior facet; types IIA, B, and C are further descriptors based upon location of the articular fracture line. Type III fractures are 
three-part fractures and are similarly subdivided into types III AB, AC, and BC based upon the location of the articular fracture lines. Type IV fractures are 
highly comminuted with often more than four articular fragments. Follow-up studies have revealed that this classification system has utility in not only 
describing the injury but also aiding treatment decisions and predicting outcome.!®5! Based upon the results of a comparative analysis of 108 fractures, the 
Sanders classification has been shown to be prognostic. After a minimum of 10 years, type III fractures treated by open reduction and internal fixation were 
four times more likely to need a subtalar fusion than type II fractures.°* 


Figure 5-4. Essex-Lopresti classification of calcaneus fractures by mechanism of injury. The force of injury (arrows) creates a secondary fracture line that creates a 
joint-depression type fracture pattern (A-C) when driven more posterior and into the posterior facet, versus a tongue-type fracture pattern (D-F) if the force is directed 
more axially. 


Recent studies continue to support the validity of the Sanders Classification. Rao et al. studied 36 patients with 48 displaced intra-articular calcaneus 
fractures using preoperative CT scans to both grade fractures according to the Sanders classification and to qualify fracture severity.*® These authors found 
that fracture energy determined by a CT-based measure of fracture energy positively correlated with the Sanders classification.*® Misselyn et al. in 2018 
reported improved interobserver reliability of the Sanders classification using 3D prints (88% vs. 65% for 2D views).°9 


OTA/AO 2018 FRACTURE COMPENDIUM CLASSIFICATION 


The OTA/AO classification of fractures represents an international effort involving professional organizations dedicated to orthopaedic traumatology, as 
well as subspecialty societies in spine, shoulder, adult reconstruction, and thoracic surgery. The 2018 revision? included recently published validated 
classifications: OTA open fracture classification, OTA/AO scapular classification, Unified Classification of Periprosthetic fractures, AOSpine Cervical and 
Thoracolumbar classification, and AOSpine Sacral Fracture Classification, and AOTK Thoracic Surgery preliminary classification of rib and sternal 
fractures were all added. 

The OTA/AO classification is a systematic method of assigning an alphanumeric code to a given fracture that can be applied to most of the skeleton. 
Coding fractures allows for broad data collection within an institution, between institutions, nationally, and internationally. Uniformly identifying and 
electronically recording fracture codes that group similar fractures allows for subsequent analysis of meaningful information, increases the utility of 
multicenter investigation, and provides a structured learning framework across the skeleton for residents and students. 

To perform basic classification of fractures of long bones, clinicians must understand and apply basic definitions. These have been modified to some 
extent in the 2018 compendium. The first question that must be answered is “Which bone is fractured”? (Fig. 5-6). Next, the observer must identify which 
part of the bone is fractured. In long bones the diaphysis is positioned between the proximal and distal metaphyseal end segments. However, accurate and 
reliable classification requires a precise definition of these parts of bone. The proximal and distal end segments of bone are defined using the rule of squares, 
in which the end segments are defined using a square, all sides being the same length as the widest part of the epiphysis/metaphysis (Fig. 5-7). The 
diaphysis then is that portion of the bone that lies between the two squares or end segments. The parts of bones are numbered as follows: the proximal end 
segment is 1, the diaphyseal segment is 2, and the distal end segment is 3. 
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Figure 5-5. Sanders classification of calcaneus fractures. Note the classification is subdivided into a number of parts that are fractured at the widest part of the 
articular surface of the posterior facet. (Reprinted with permission from Sanders R. Intra-articular fractures of the calcaneus: present state of the art. J Orthop Trauma. 
1992;6:254.) 
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Figure 5-6. The OTA/AO classification of fractures requires identification of which bone is fractured according to an alphanumeric scheme. (Reprinted with 
permission from Meinberg E, et al. Fracture and dislocation classification compendium—2018 International Comprehensive Classification of Fractures and 
Dislocations Committee. J Orthop Trauma. 2018;32(1 Suppl):S1-S10. Copyright © 2018 by AO Foundation, Davos, Switzerland; Orthopaedic Trauma Association, 
IL, US.) 


The location of the fracture can be found by identifying the center. In a simple fracture, the center is intuitive; in a wedge fracture, the center is at the 
level of the broadest part of the wedge; and in a multifragmentary wedge, the center can only be determined after reduction. The segment of a long bone 
(proximal—1, diaphyseal—2, distal—3) that contains the center of the fracture is then assigned the appropriate numerical code. Any diaphyseal fracture that 


includes a displaced articular component is considered an articular fracture. If a single bone has multiple fractures, each fracture is classified separately. 
The description of the morphology of fractures depends on whether it is a diaphyseal or an end-segment fracture. 


Fig. 5-8 
For diaphyseal fractures, the morphology is defined as follows: 


Type A: Simple-one fracture line of at least 90% of the circumference of bone. This can include spiral, oblique, and transverse fracture lines. 

Type B: Wedge-fractures characterized by contact between the main fragments after reduction, which usually restores the normal length of bone. The 
wedge may be intact or in multiple fragments (i.e., Fragmentary wedge). 

Type C: Multifragmentary fractures that are characterized by many fracture lines and fracture fragments. As introduced above the term “complex” was 
replaced in the 2018 compendium update by the term “multifragmentary,” which in the diaphysis implies that even after reduction, if fracture fragments 
were removed, bone-to-bone contact in the diaphysis would not exist. 


Fig. 5-9 
The morphology of the end segment is described based on the level of articular involvement. 


Type A: Extra-articular. There are no fracture lines that enter the articular surface (See Fig. 5-7). 

Type B: Partial articular. The fracture involves only part of the articular surface, and the remainder of the joint is intact and connected to the supporting end 
segment. 

Type C: Complete articular. The fracture or fractures disrupt the articular surface such that the articular surface is completely separated from the diaphysis. 


The process of classification and coding of an individual fracture based on the OTA/AO classification scheme then follows the format in Tables 5-1 and 
5-2. The 2018 Compendium includes added Universal Modifiers and Qualifications (Table 5-3), which capture additional useful information when added to 
the end of the fracture-specific codes. 


SELECTED RECENT STUDIES ON THE OTA/AO 2018 FRACTURE COMPENDIUM CLASSIFICATION 


Studies of the 2018 OTA/AO classification are gradually being published. Beebe et al. reviewed 2,885 open fractures of the tibia and noted that the 
OTA/AO classification was highly predictive of compartment syndrome.® From their patient population, OTA/AO 41-C injuries were 5.5 times more likely 
to advance to acute compartment syndrome (ACS) compared with OTA/AO 41-As; conversely, OTA/AO 43 injuries were at least 4.0 times less likely to 
progress to ACS.* 

Marmor et al. compared the Neer classification with the 2018 classification by giving x-rays and CT scans to seven independent raters.2° They found 
that all raters graded the OTA/AO classification as “good or better than the Neer classification for an adequate description of the fracture pattern.”25 The 
full-form of the OTA/AO classification was superior for characterizing specific fracture types.” Nonetheless, they noted that the “low inter-rater reliability 
of the full 2018 OTA/AO classification is a concern that needs to be addressed in the future.”?° 


O 


CROSS-TAB 
LATERA 


Figure 5-7. AP (A) and lateral (B) radiographs of the distal tibia. Note when using the rule of squares (yellow square) whose sides are the same length as the widest 
portion of the epiphysis/metaphysis, this tibia fracture should be classified as an end-segment injury. (Reprinted with permission from Neer CS. Displaced proximal 
humeral fractures. II. Treatment of three-part and four-part displacement. J Bone Joint Surg Am. 1970;52(6):1090-1103.) 


Knutson et al. reported on 118 femur fractures randomly selected from the Swedish Fracture Register and noted kappa values for interobserver 
agreement of 0.79 to 0.81 for the OTA/AO group and 0.91 to 0.93 for the OTA/AO type.” Interestingly, these investigators noted that despite the fact that 
the classifications in the registry were made by “mostly inexperienced classifiers,” the fracture classification in this national quality registry was “accurate 
enough to permit the evaluation of fracture treatment in specific groups of fractures.”29 

Pfluger et al. reported on the classification of 193 trimalleolar ankle fracture.4” These authors noted that the OTA/AO classification was a reliable 


system for characterizing trimalleolar fractures with the caveat that “it fails to provide solid information about the posterior malleolus.”47 
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Figure 5-8. Fractures of the diaphyseal segment. A: Type A: Simple fractures have a single circumferential disruption of the diaphysis. B: Type B: Wedge fractures 
are characterized by contact between the main fragments after reduction usually restoring the normal length of the bone. The wedge fragment may be intact, or in 
multiple fragments (i.e., fragmentary wedge). C: Type C: Multifragmentary fractures consist of many fractures lines and fracture fragments. (Reprinted with 
permission from Meinberg E, et al. Fracture and dislocation classification compendium—2018 International Comprehensive Classification of Fractures and 
Dislocations Committee. J Orthop Trauma. 2018;32(1 Suppl):S1-S10. Copyright © 2018 by AO Foundation, Davos, Switzerland; Orthopaedic Trauma Association, 
IL, US.) 
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Figure 5-9. Fractures of the end segment. A: Type A: Extra-articular. The fracture line may be metaphyseal or epiphyseal, but it always spares the articular surface 
although it may be intracapsular. B: Type B: Partial articular. The fracture involves part of the articular surface while the remainder of the joint remains intact and is 
solidly connected to the supporting metaphysis and diaphysis. C: Type C: Complete articular. The fracture is where there is a disruption of the articular surface and the 
articular surface is completely separated from the diaphysis. (Reprinted with permission from Meinberg E, et al. Fracture and dislocation classification compendium— 
2018 International Comprehensive Classification of Fractures and Dislocations Committee. J Orthop Trauma. 2018;32(1 Suppl):S1-S10. Copyright © 2018 by AO 


Foundation, Davos, Switzerland; Orthopaedic Trauma Association, IL, US.) 


Clinical decisions about the timing of fracture fixation, especially involving pilon fracture and calcaneus fractures, are based on the condition of the soft 
tissue envelope. Current methods for assessing the condition of the soft tissues are limited and based mainly on the clinician’s experience and judgment; an 
accepted objective testing methodology does not exist. Therefore, there is no incorporation of soft tissue injury assessment for closed fracture into the 
OTA/AO 2018 Fracture Compendium. However, at the present time the lack of a way to classify soft tissue damage associated with closed fractures may 
prove to be the large deficiency in the 2018 OTA/AO fracture compendium. This area is an opportunity for future study in order to incorporate MRI and 
evaluation of soft tissue injury into fracture classification. 


TABLE 5-1. The Process of Classification and Coding a Diaphyseal Fracture 


4b 
4c 


5 


Question 

What is the bone? 

Is the fracture at the end or middle segment? 

What is the type? 

Group: If simple (A), what is the fracture pattern (group)? 

Group: If wedge (B), what is the fracture pattern (group)? 

Group: If multifragmentary (C), what is the fracture pattern (group)? 


Add qualifications and/or universal modifiers 


Answer 

Specific bone (see Fig. 5-6 for bone number) 
Middle—diaphyseal segment (2) 

Simple (A), wedge (B), multifragmentary (C) 
Spiral (1), oblique (2), transverse (3) 

Intact (2) or fragmentary (3) 


Intact segmental (2) or fragmentary segmental (3) 


Reprinted with permission from Meinberg E, et al. Fracture and dislocation classification compendium—2018 International Comprehensive Classification of Fractures and Dislocations 
Committee. J Orthop Trauma. 2018;32(1 Suppl):S1-S10. Copyright © 2018 by AO Foundation, Davos, Switzerland; Orthopaedic Trauma Association, IL, US. 


TABLE 5-2. The Process of Classification and Coding an End-Segment Fracture 


4a 


4b 


Question 
What is the bone? 
At which end is the fracture located? 


Does the fracture enter the joint surface? 


If articular, is it partial (part of joint attached to metaphysis)? 

Type: If articular, is it complete (no part of joint attached to metaphysis)? 
Group: If extra-articular (A), what is the fracture pattern? 

Group: If partial articular (B), what is the fracture pattern? 

Group: If complete articular (C), what is the articular fracture pattern? 


Subgroup: If complete articular (C), what is the metaphyseal fracture pattern? 


Answer 
Specific bone (see Fig. 5-6 for bone number) 
Proximal (1) or distal (3) 


No—extra-articular (type A), go to 5 Yes—articular (type B or type C), 
go to 4 (a,b) 


Yes (type B), go to 6 

Yes (type C), go to 7 

Avulsion (1), simple (2), wedge or multifragmentary (3) 
Simple (1), split and/or depression (2), fragmentary (3) 
Simple (1), multifragmentary (2) 


Simple articular with simple metaphyseal (1), simple articular fracture 
with multifragmentary metaphyseal (2), multifragmentary articular with 
multifragmentary metaphyseal (3) 


9 Add qualifications and/or universal modifiers 


Reprinted with permission from Meinberg E, et al. Fracture and dislocation classification compendium—2018 International Comprehensive Classification of Fractures and Dislocations 
Committee. J Orthop Trauma. 2018;32(1 Suppl):S1-S10. Copyright © 2018 by AO Foundation, Davos, Switzerland; Orthopaedic Trauma Association, IL, US. 


SOFT TISSUE INJURIES ASSOCIATED WITH CLOSED FRACTURES: ADVENT OF MRI 


Despite the advent of advanced MRI, the systematic classification of fractures has not incorporated the associated soft tissue injuries that exist alongside 
closed fractures, with the exception of the Oestern and Tscherne.*? The Oestern and Tscherne is a classification that does categorize the soft tissue injury 
severity in closed fractures via four grades of injury with increasing severity from 0 to 3.42 This system has not been widely utilized, and there has been a 
paucity of literature reviewing the reliability of this system, with most studies demonstrating only a moderate degree of reliability.© 


TABLE 5-3. Accepted OTA/OA Fracture Classification Universal Modifiers 


1. Nondisplaced 
2. Displaced 


3. Impaction 
3a: Articular 
3b: Metaphyseal 
4. No impaction 
5. Dislocation 
5a: Anterior (volar, palmar, plantar) 
5b: Posterior (dorsal) 
5c: Medial (ulnar) 
5d: Lateral (radial) 
5e: Inferior (with hip is also obturator) 
5f: Multidirectional 


6. Subluxation/ligamentous instability 
6a: Anterior (volar, palmar, plantar) 
6b: Posterior (dorsal) 
6c: Medial (ulnar) 
6d: Lateral (radial) 
6e: Inferior (with hip is also obturator) 
6f: Multidirectional 

7. Diaphyseal extension 


8. Articular cartilage injury? 
8a: ICRS Grade 0: Normal 
8b: ICRS Grade 1: Superficial indentation (A) and/or superficial fissures and cracks (B) 
8c: ICRS Grade 2: Abnormal lesions extending down to 50% of cartilage depth 
8d: ICRS Grade 3: (A) Severely abnormal with defects extending down >50% of cartilage depth; (B) down to calcified layer; (C) down to subchondral bone but not through; (D) 
blisters included 
8e: ICRS Grade 4: Severely abnormal cartilage loss through subchondral bone 
9. Poor bone quality 
10. Replantation 
11. Amputation associated with a fracture 
12. Associated with a nonarthroplasty implant 
13. Spiral-type fracture 
14. Bending-type fracture 


“International Cartilage Repair Society score/grade: ICRS Clinical Cartilage Injury Evaluation System. http://cartilage.org/society/publications/icrs-score/ 


There is no question that improved classification of the injuries to the soft tissue envelope surrounding fractures is important for treatment, prognosis, 
and outcome. Further work in this area is clearly needed—for example, how do traditional classification schemes based on radiographic imaging predict 
injuries to surrounding ligamentous structures, in the ankle, pelvis, or knee? Is this information consistent with what can be directly observed with 
advancements in our imaging technology? Only time will tell, but several preliminary studies indicate that information gained can have a clear influence on 
our historic understanding of the pathoanatomic etiologies and ultimate interventions in fracture care. 1559:65 


MRI of Pelvic Fractures and Posterior Ligaments 


Kenawey reported on the use of MRI in addition to CT imaging in the evaluation of eight children with “displaced pelvic fractures, Tile C, and open 
triradiate cartilage.” Kenawey noted that the anterior sacroiliac ligaments were disrupted in all cases while the pelvic floor ligaments were disrupted in five 
of eight patients.7® 

Gary et al. reported the results of using MRI for the evaluation of ligamentous injury with pelvic ring injuries in a prospective case-controlled study.!® 
They noted that tearing of the sacrospinous ligament is variable among anteroposterior compression (APC) type II injuries and noted that this injury pattern 
can be subdivided into those with and without sacrospinous ligament tears.'® These authors also noted that other than the exception of the APC-II injuries, 
that their findings of ligament injury and pelvic injury type “generally agreed with the Young—Burgess classification system.” !® 


MRI of Knee Fracture Dislocations 


Obviously, MRI could be described as a standard of care with regard to traumatic injuries to the knee, especially in the setting of negative radiographs. 
However, recent authors have investigated the use of MRI with tibial plateau fractures to assess the integrity of the numerous ligamentous structures 
necessary for knee stability. 

Stannard et al. reported high rates of soft tissue injury with all types of tibial plateau fractures and that 53% of these patients had multiple ligaments 
damaged.°? Voss et al. compared MRI and CT for fracture classification and detection of soft tissue injury with tibial plateau fractures and surveyed OTA 


and AO. These authors reported that survey respondents identified the correct Schatzker fracture type with MRI 73.5% of the time compared to 58.1% of 
the time using CT. In addition, these authors noted that MRI was “favored among survey respondents for preoperative planning, Schatzker classification, 
and surgical approach.” 

Some authors have noted a specific application of MRI imaging of Schatzker type IV tibial plateau fractures.°°-°8 Zhang et al. studied 49 Schatzker type 
IV using MRI and CT.6? They reported that incidence of associated soft tissue injuries as 96.7% for anterior cruciate ligament (ACL) tears, 43.3% for 
posterior cruciate ligament (PCL) tears, and 70% for medial collateral ligament (MCL) tears. Yan et al. studied 27 patients with Schatzker IV injuries and 
reported the prevalence of soft tissue injuries from operative notes and MRI data.°° They reported the incidence of lateral meniscus tears and medial 
meniscus tears was 63% and 44.4%, respectively; and the incidence of ACL tears and PCL tears was 92.6% and 70.4%, respectively. These findings have 
initiated further soft tissue, specifically ligamentous attention, for trauma surgeons managing tibial plateau fractures. None of these MRI study findings are 
surprising. A Schatzker IV fracture is generally thought of as fracture-dislocation of the knee. 

In summary, as technology advances, so does our understanding of the traumatic injuries we treat. Radiographs could be described as the single most 
important technologic advancement of musculoskeletal treatment; however, CT and MRI clearly play a role in the future of classifications and ideally the 
treatment of fractures. The Neer classification was deemed valuable at the time of its creation; however, with routine use of CT imaging in the proximal 
humerus, how will that affect the future of classification? The Sanders classification has since replaced the previously widely adopted Essex-Lopresti 
classification due to incorporation of CT imaging. Pelvic ring stability is regularly debated following high and low energy fractures; thus, with MRI 
accessibility, will future classifications incorporate soft tissue injury and correlate with surgical treatment? 


OPEN FRACTURES 


THE GUSTILO-ANDERSON CLASSIFICATION 


Open fractures present unique treatment challenges to orthopaedic surgeons and unique challenges to classification. Given the importance of soft tissue 
wounds associated with such fractures, the wide variation in severity of these injuries and the known effect of this variation on prognosis, this is a very 
important area to have good classification. However, not all of the important information is present on radiographs, and this presents challenges to designing 
and assessing classifications. The following section will illustrate issues present in historical classifications and to describe a modern process that has been 
undertaken to improve classification of open fractures. It also illustrates the difficulty of replacing entrenched classification language. 

Fractures that are exposed to environmental contamination through disruption of the soft tissue envelope have been shown to have increased risks of 
infection, delayed union, nonunion, and even limb amputation.'®! A variety of factors have been found to contribute to the complications associated with 
open fractures. Classification systems have been developed to characterize these injuries and to account for the most important of these factors. The most 
notable of these from a historic context is the open fracture classification that was described in tibia fractures by Gustilo and Anderson Table 5-4.°122 

The Gustilo and Anderson system has withstood the test of time likely owing to its simplicity and ability to quickly stratify severity of injury.? Several 
studies have shown that this system demonstrates only moderate interobserver agreement.>** In one study, Brumback et al. distributed a survey to 245 
orthopaedic surgeons, asking them to classify 12 open fractures of the tibia based upon a video presentation. The level of agreement for the classification of 
each fracture was determined according to the largest percentage of observers who chose a single classification type. The average agreement among the 
observers for all 12 fractures was 60%, with the overall agreement for each fracture ranging from 42% to 94%.° There are several reasons why this 
classification has poor observer agreement. There is a lack of precision in describing different injury characteristics of open fractures allowing for 
interpretation of how the open fracture should be classified, that is, a fracture with a small wound but extensive periosteal stripping. In addition, the 
treatment can actually dictate the appropriate classification, such as the ability to close a traumatic wound, a decision often left to the discretion of the 
treating surgeon, which distinguishes between a type IIIA and type IIB open fracture. 


TABLE 5-4. Gustilo-Anderson Classification of Open Fractures 


Type I <1 cm 

Type II 1-10 cm 

Type II >10 cm 

Type IIIA High energy regardless of wound size 

Type IIIB Periosteal stripping and bone exposure associated requiring flap coverage 
Type IIC Associated vascular injury requiring repair 


OPEN FRACTURES AND THE OTA/AO OPEN FRACTURE CLASSIFICATION 


In an attempt to build on the reliability and validity of the Gustilo and Anderson open fracture classification, the OTA Classification Committee underwent 
an extensive process which included the review of available evidence, the identification of 34 factors which were placed in a preliminary rank order of 
factor importance, and then modified through consensus expert opinion from an Open Fracture Study Group of the OTA,*° who ultimately selected the five 
most essential categories of open fracture severity establishing the new OTA/AO Open Fracture Classification (OTA-OFC; Table 5-5). It consists of five 
categories of injury: skin injury (S), muscle injury (M), arterial injury (A), bone loss (B), and contamination (C) with each of these categories further 
stratified into three subcategories according to injury severity (mild, moderate, and severe). 

The interobserver reliability of the OTA-OFC in most categories has been determined to be good to excellent.! In one study, 136 independent raters 
comprising 91 attending surgeons and 45 resident surgeons reviewed six videos of various open fractures. In addition to excellent reliability, this 
classification has been shown to provide prognostic information. The OTA-OFC has been shown to aid in the prediction of short-term complications in 
open fracture management, such as infection, amputation, number of debridements, and wound healing at a single in stitution? and across multiple 
institutions.’ A large retrospective study utilizing the Gustilo—Anderson classification and the OTA-OFC for assessments of open fractures found that the 


Gustilo—Anderson classification demonstrated no correlations with any of the postoperative complications measured; however, they found that the OTA- 
OFC skin injury component was an independent predictor of limb amputation. Furthermore, they commented that a summative OTA-OFC score 210 best 
correlated with need for amputation. While expanding evidence demonstrates superiority of the OTA-OFC in both reliability and predictive ability to aid 
clinicians in treatment of these challenging injuries, further evidence will be needed to determine its true utility. Further considerations will be how a 
summative score may aid in predicting outcome, how the OTA-OFC predicts outcomes in specific anatomic areas that have been understudied (e.g., upper 
extremity, pelvis), and how the OTA-OFC can reproduce the simplicity of the Gustilo system without losing the increased specificity of the information 
provided. 


TABLE 5-5. The Orthopaedic Trauma Association Classification of Open Fractures 


Skin 1. Can be approximated 
2. Cannot be approximated 
3. Extensive degloving 


Muscle 1. No muscle in area, no appreciable muscle necrosis, some muscle injury with intact muscle function 
2. Loss of muscle but the muscle remains functional, some localized necrosis in the zone of injury that requires excision, intact muscle-tendon 
unit 
3. Dead muscle, loss of muscle function, partial or complete compartment excision, complete disruption of a muscle—tendon unit, muscle 
defect does not approximate 


Arterial 1. No injury 
2. Artery injury without ischemia 
3. Artery injury with distal ischemia 


Contamination 1. None or minimal contamination 


2. Surface contamination (easily removed not embedded in bone or deep soft tissues) 
a. Embedded in bone or deep soft tissues 
b. High-risk environmental conditions (barnyard, fecal, dirty water, etc.) 


Bone loss 1. None 


2. Bone missing or devascularized but still some contact between proximal and distal fragments 
3. Segmental bone loss 


Goshal et al. investigated the interobserver reliability between the OTA-OFC and the Gustilo classification.'? They noted similar interobserver 
agreement between the two classifications, adding that further development was needed to make the OTA-OFC a “reliable and robust tool.”!9 Garner et al. 
used the OTA-OFC as an outcome prediction tool in 501 consecutive open tibial shaft fractures and found the muscle component was predictive of 
nonunion, while both the muscle component and the arterial component were predictive of amputation. 1” 

The reason the Gustilo—Anderson classification remains the standard is perhaps its simplicity. In contrast, the OTA-OFC with its five variables and three 
levels of severity appears to be too complicated to use in its present form. The challenge of the new OTA-OFC is to demonstrate the additional variable 
assessment to be more valuable regarding treatment and prognosis than the size of the laceration and skin envelope alone. The OTA-OFC appears to be a 
more accurate tool for describing severity of open fractures than the traditional Gustilo—Anderson classification. However, the complexity of the new open 
fracture classification system is magnified when clinicians use it for discussion in real time; this remains a hurdle and raises cause for concern regarding its 
reproducibility and reliability. 


ARTIFICIAL INTELLIGENCE AND MACHINE LEARNING 


In 1959, Arthur Samuel described AI as “the programming of a digital computer to behave in a way which, if done by human beings, or animals, would be 
described as involving the process of learning.”“? As AI algorithms continue to be refined—resulting in a computer’s improved ability to learn without 
needing to be reprogrammed-—its role appears to be increasing throughout nearly every industry and, by extension, in our everyday life. 

Streaming companies use AI capabilities to make the user’s experiences seamless. By continually feeding data into ever-improving algorithms, they gain 
the ability to parse through an infinite amount of data to create individualized catalogs of music, movies, or TV series. Healthcare is no exception to 
industry, and the role of AI is increasing in medicine as clinical volumes reach record highs. The use of “Deep Learning” was published in Nature in 2015, 
and with it, the implications of machine-learning powers skyrocketed. Deep learning allows computational models to learn representations of data consisting 
of multiple processing layers with varying levels of abstraction and complexity. They describe a method of teaching an AI algorithm classification tasks 
utilizing deep learning, which turned out to be highly successful at discovering intricacies in complex images. The use of multiple layers allows for 
detection of subtleties in complex imagery by breaking it down into its pixelated values. The key to this system is that it is created from the algorithm’s 
supervised learning of imagery, rather than a code programmed by human engineers.** 

The use of convolutional neural networks (CNNs) has been touted as the most successful tool for image classification, with significant applications in 
many domains of science.** Their use is now prevalent in biomedical image analysis and has begun to allow for medical image analysis in several fields, 
including detection of skin cancer," diabetic retinopathy,” mammographic lesions,*! and lung nodules.?° 

Unsurprisingly, AI has also been introduced into the practice of orthopaedics. A Korean study in 2018 analyzed 1,891 AP radiographs of the shoulder 
(1,376 with a proximal humerus fracture and 515 without) with a CNN trained to recognize the presence or absence of a proximal humerus fracture and 
apply the Neer classification to the fracture pattern fell. The AI model was compared to general physicians, general orthopaedists, and orthopaedists 
specializing in shoulder surgery. The deep learning CNN model exhibited 99% accuracy in diagnosing the presence of a proximal humerus fracture and an 
overall higher accuracy in classification than all groups of physicians, although the difference between the AI group and both groups of orthopaedic 
surgeons did not reach statistical significance. Specifically, the CNN performed more accurately when comparing three- and four-part fractures; while the 
human groups had more difficulty distinguishing between complex patterns, the CNN found this task to be less challenging. The benefit of the CNN is the 


ability to be trained with a near-infinite number of samples, vastly more than any surgeon will experience in a lifetime of training.” 

A meta-analysis by Langerhuizen et al. examined 10 studies utilizing AI in the detection and classification of fractures, utilizing multiple modalities 
including XR and CT imaging. It was found across multiple studies that regarding the use of fracture detection AI had near perfect prediction (range 0.95— 
1.0); more impressively, pretrained CNN models outperformed humans in both proximal humerus and hip fracture classification. However, these 
comparisons are based only upon one imaging modality; whereas physicians have the benefit of utilizing clinical acumen and physical examination 
correlation to improve accuracy for fractures that present more subtly on imaging, such as scaphoid fractures.*° 

Tarzi et al. used a new computer-aided diagnosis tool based on vision transformers, another deep learning technique, to classify femur fractures.°' They 
noted that the technique was able to predict 83% of the images correctly, and that the clinician’s diagnostic improvement was 29% when supported by the 
technique.®! 

Olczak et al. used deep learning with the OTA/AO 2018 compendium for malleolar fracture identification and found a high degree of correct 
classification.4? The authors stated that their approach could be scaled up to other anatomic areas and that this approach was “an important step toward 


computer-assisted decision making.”“? 


SUMMARY 


The OTA/AO 2018 Fracture Compendium classification, advances in CT and MRI imaging, and the progression of AI presents a tremendous opportunity to 
accurately and systematically classify fractures with linkage to epidemiology, imaging, fracture morphology, pathoanatomy, treatment, cost, and outcomes. 
Issues of reliability and validity are improved but remain. This process will require a tremendous amount of data to be further analyzed and understood. 
Technologic improvements in advanced imaging have also made rapid assessment of fracture morphology and the associated soft tissue injury a reality. 
Classification of fractures in the future may occur so quickly and accurately that the process itself of “classifying” becomes an anachronism. It may 
become a small, initial step in larger analytical pathways and processes of AI with machine learning. The additional data could become increasingly linked 
with accurately classified fracture fractures, providing tremendous power and an ability to improve clinical decision making and fracture treatment. 
Advances in technology and clinical research on a global scale, aligned with better analysis of fractures, are already driving exponential progress in the 


classification of fractures, fracture care, and the orthopaedic trauma patients we serve. 
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INTRODUCTION 


Orthopaedic surgeons are trained to individualize the treatments of patients with fractures and orthopaedic injuries. While this helps us to maximize care for 
that individual patient, as orthopaedic surgeons, we do not always see the scope of effects fractures and orthopaedic injuries have on the entirety of health 
care. Fractures are one of the most common disease burdens in the world and there have been increasing years lived with disability since 1990. Fractures 
also have major social and financial burdens and have significant political and economic importance, all of which have increased over time (GBD 
collaborators). Despite the significant role that fractures play in the disability of patients and the overall financial impact most epidemiology studies 
involving fractures have not been written by orthopaedic surgeons, but rather by epidemiologists, doctors, and scientists with major interest in osteoporosis 
and osteopenia. These studies will lack the detail to analyze the minutiae of different fracture types as they often simply divide fractures into different bones 
such as the femur and humerus or into different body areas such as the hand and foot. This is not a criticism of these studies but rather just a realization that 
they cannot be expected to understand the minutiae of the different fracture types with the femur or humerus, or different fractures within the foot such as a 
talus fracture compared to metatarsal fracture. 

There are several issues that are likely related. One is that no single data registry is able to capture a large enough population in enough detail to make an 
assessment of the data to apply to an entire population. Second populations across the world are made up of different cohorts of people which drastically 
affects the incidence and prevalence of fracture types and injuries. While multiple large population studies have been performed, there have been 
discrepancies among the incidence of certain fractures within certain populations. The studies by Court-Brown et al. and Bergh et al. each looked at the 
incidence of fractures within a population of 550,000 people. This is less than 0.014% of the world’s population. While it provides a significant amount of 
detail, their patient populations are not likely to be duplicated anywhere else in the world. While this sounds like a major criticism of the work, it is not. The 
point is even made by the authors. This is one of the most useful studies we have to date and much information can be gleaned from this study and the 
authors should be commended for their work. A study of this nature and magnitude would be extremely difficult to perform in the United States as any 
region that you would evaluate would have multiple hospitals within different health care networks making the data collection extremely difficult and less 
reliable and less accurate. 

While epidemiology studies of fractures will never be perfect, we can still take the lessons learned from the study and critically analyze the results to 


influence our own practices to help improve treatment effectiveness, appropriately allocate resources for prevention of fractures, and also better prepare 
orthopaedic surgeons to deal with future fractures. One example of this is with the increasing fractures due to electric scooters and bicycles. This trend has 
been recognized, and multiple orthopaedic organizations have attempted to educate the public to prevent fractures by helping provide safety measures and 
guidelines. This is similar to when a national public education effort was launched by orthopaedic surgeons to improve playground safety based on injuries 
sustained in children on playgrounds. 

This chapter will review the basics of epidemiology and will also evaluate its strengths and weaknesses. Since the publication of the ninth edition, there 
has been a substantial amount of work on fracture registries across the world; however, the most comprehensive and published is the Swedish Fracture 
Registry. The Swedish Fracture Registry work has been used to update and compare the work by Court-Brown et al. to provide the most comprehensive 
review of fracture epidemiology possible. This will allow for critical analysis to help shape future practices, economics, and politics, and most importantly 
improve the care provided to adults with fractures or even help prevent fractures from occurring. 


HISTORY 


The study of epidemiology goes back to the fifth century BC when Hippocrates evaluated the development of human disease and how it was related to the 
external and internal environment of the individual (Hennekens). Prior to 1895, when radiographs were first invented, fracture diagnosis was based on 
knowledge of the human anatomy, clinical signs, and educated observation. Even without radiographic diagnosis, a number of surgeons were able to 
analyze fracture epidemiology. A good example is Malgaigne,!7° who analyzed 2,377 fractures in the Hôtel Dieu in Paris between 1806 and 1808 and 1830 
and 1839. He analyzed these fractures according to age, gender, seasonality, and the location of the fracture. He observed that fractures were most 
commonly seen between 25 and 60 years of age. He understood the importance of calculating incidence and showed that while patients aged 25 to 30 years 
and 55 to 60 years had a similar prevalence of fractures, the number of 55- to 60-year-olds in the population was less than 50% that of 25- to 30-year-olds. 
He stated that there were very few fractures in patients older than 60 years but there were very few people of that age left alive. 

Malgaigne!*° stated that fractures in males exceeded fractures in females by a factor of 5:2 but that the factor varied with age. In children of 5 years or 
less, females presented with twice as many fractures as males. The ratio changed with increasing age so that between 15 and 20 years there were eight male 
fractures for every female fracture. The ratio continued to change so that between 70 and 75 years of age the fracture rate was similar in males and females. 
Thereafter, fractures were more commonly seen in females. Malgaigne did not agree with the previously stated view that fractures were more common in 
winter because cold weather made bones more fragile, and he actually recorded that fractures were more commonly seen in spring. 

A review of the epidemiology of the fractures that Malgaigne!*° treated showed that 46.9% were upper limb fractures, 52.0% were lower limb fractures, 
and the remaining 1.1% were spinal or pelvic fractures. There was a high prevalence of humeral fractures (14.4%), femoral fractures (10.1%), and lower leg 
fractures (33.1%), and he recorded that 5.3% of the fractures were proximal femoral fractures and that 1.3% involved the proximal humerus. He and his 
contemporaries were obviously aware that different fractures occurred at different ages, and he observed that it had recently been stated that fractures of the 
diaphyses tended to occur in adulthood while intra-articular fractures occurred in old age. He thought that this observation was essentially correct, and he 
stated that fractures of the “cervix femoris and cervix humeri” occurred in old age and that women sustained a large proportion of the fractures of “the 
carpal extremity of the radius.” 

More exact analyses of fracture epidemiology were undertaken by Stimson!”’ in the Hudson Street Hospital, New York, between 1894 and 1903 and by 
Emmett and Breck”! of El Paso, Texas, in three time periods between 1937 and 1956. To be strictly accurate, these analyses cannot be compared with data 
from Edinburgh, Scotland, as they simply report the workload of their particular institutions. However, both hospitals dealt with a wide range of different 
patients and conditions and they treated many thousands of fractures. Thus, their results are of interest and there are, in fact, no better epidemiologic 
analyses to compare with modern data. 

Table 6-1 shows a comparison of the prevalence of different fractures treated by Stimson and his colleagues!” and by Emmett and Breck and their 
colleagues.’! Both groups treated both children and adults, and for comparative purposes, their results had been compared to those of the Edinburgh 
Orthopaedic Trauma Unit in 2000 as both adults’ and children’s fractures were examined that year. It is of course difficult to compare all the fractures 
accurately. This is particularly true of forearm fractures where proximal radial fractures are often combined with forearm diaphyseal fractures. In Table 6-1, 
all of Emmett and Breck’s data on forearm fractures have been combined as it was difficult to analyze their assessment of the individual fractures. It is also 
difficult to distinguish between isolated fibular fractures and those fibular fractures associated with ankle fractures, tibial diaphyseal fractures, and proximal 
and distal tibial fractures. The overall figures do however point to changing trends in the epidemiology of fractures, which reflect massive social, health, and 
economic changes in society. 


TABLE 6-1. The Prevalence of Fractures in Five Time Periods Over the Past 130 Years 


Fracture Prevalence (%) 


1894-1903'” 1937-1956” 20005-157 2010-2011 2015-2018 


Clavicle 5.9 6.2 4.3 ST 3.6 
Scapula 0.7 0.7 0.2 0.5 1.1 
Proximal humerus 2.6 4.8 6.8 8.2 
Humeral diaphysis Dina 2.0 1.0 1.0 1.2 
Distal humerus 52 2.5 0.7 0.9 
Proximal ulna i,t 0.8 5.4 527 
Proximal radius 242° 3.8 5.4 52? 
Radius and ulnar diaphyses 9.0" 2.3 0.8 0.7 
Distal radius and ulna ł1.2 2232. 17.5 16.4 
Carpus 0.2 24 2.0 2.8 2:2 
Metacarpus 9.7 4.2 10.5 11.2 7.2 
Finger phalanges 19.3 7.6 L2 9.9 Df 
Pelvis 0.7 2:5 12 1:7 2.6 
Proximal femur 6.6 8.9 10.8 14.7 
Femoral diaphysis 4.7" 25 0.9 0.8 0.8 
Distal femur 0.6 0.4 0.5 0.8 
Patella 1.7 1.8 0.8 0.7 tal 
Proximal tibia 1.0 0.8 2.0 
Tibia and fibula diaphyses 10.4" iS 2.0 1.0/0.6 (1.6) LA 
Distal tibia 1.0 0.6 0.8 
Ankle 10.6 8.8 7.7 10.2 10.3 
Tarsus 1.5 3.5 1.6 1b) 153) 
Metatarsus 2.8 41 6.4 6.6 4.9 
Toe phalanges 3.1 4.4 2.0 3.5 3.0 
Others 1.5 4.6 — — 1.6 
Fracture numbers 8,982 9,379 7,760 6,996 27,169 


“Where it was impossible to separate the prevalence of individual fracture types in the same body area, they have been combined. See text for details. 
Study combined proximal radius and proximal ulna fractures into “proximal forearm fractures.” This number represents a combined percentage of the two fracture types in the 
studied year. 


A review of Table 6-1 shows that in 1894 to 1903, when motor vehicles were extremely rare and the life expectancy of both males and females might 
reasonably be expected to be about 50 years of age, there were many fractures that one would regard as high-energy injuries. There was a high prevalence of 
fractures of the scapula, tibia, fibula, and ankle, and it seems likely that many of these fractures were work related as there would have been little workplace 
legislation. The prevalence of fractures of the tibia and fibula was particularly high in 1894 to 1903. 

Unfortunately, Stimson!” did not separate proximal humeral and proximal femoral fractures from other fractures of the humerus and femur. But it does 
seem likely that there was a much lower prevalence of fragility fractures in those days. This is confirmed by observing that the prevalence of distal radial 
fractures has doubled in the last 100 years or so, and this must be largely because of the increase in numbers of elderly people in the population. Table 6-1 
shows that the prevalence of proximal humeral and proximal femoral fractures has certainly increased since the period around World War II. 

Another major difference in fracture epidemiology over the last 100 years or so is the decreased prevalence of fractures of the hand. Stimson found that 
29.2% of the fractures that he treated involved the hand compared with 23.7% in Edinburgh in 2000. It seems likely that this is related to a safer work 
environment nowadays. It is also likely that Stimson’s estimate of the prevalence of carpal fractures is an underestimate as radiographs were in their infancy 
at that time. 

Table 6-1 shows that the epidemiology of fractures is changing and there is no doubt that it will continue to change. Recently, many authors have 


commented on the increased incidence of fragility fractures but nothing is new and we should remember Malgaigne’s!2° observation over 170 years ago that 
fractures of the proximal humerus, proximal femur, and proximal radius were more common in the elderly and in women. 


FRACTURE INCIDENCE 


Fracture incidence is the proportion of new fractures that occur within a given population within a given time period (Kocher). Most studies report incidence 
as a measure of the number of fractures per person-year. This means that the number of fractures within a given period is divided by the number of people 
studied and the number of years observed. For example, if 10 new fractures are identified in a population of 1,000 people observed for 1 year (1,000 person- 
years), the incidence would be 0.01 fractures per person-years (10/1,000). If that same population was observed for 5 years (5,000 person-years) and there 
were 10 new fractures in that 5-year span, the new incidence would be 0.002 fractures per person-years. Even though it would seem easy to calculate 
fracture incidence, it is surprisingly difficult to analyze accurately. This is because fractures occur throughout the body, and they can be classified based on 
various factors such as location, severity, and fracture pattern. This data is very difficult to accurately record and document in a manner to allow for an 
incidence analysis as there is usually heterogeneity in the way this data is collected. There are also medical conditions such as osteoporosis and lifestyle 
factors such as smoking and alcohol consumption that affect the occurrence of fractures. In many parts of the world, there are no facilities to allow accurate 
analysis of these conditions. However, even in more affluent areas, there is remarkably little accurate information about the incidence of fractures. In many 
countries, orthopaedic trauma is treated at different types of institutions with severe trauma being treated in Level 1 trauma centers, or their equivalent, 
while less severe trauma is often treated in community hospitals or by surgeons in private practice in the community. Thus, fewer hospitals see the whole 
range of orthopaedic trauma, and as there is usually little communication between hospitals, it is often impossible to accurately analyze the incidence of 
fractures. This is particularly common in the United States where there is no standard electronic medical record or data collection system for all orthopaedic 
injuries. Within a single city, there can be several institutions, each with their own electronic medical record system, that are unable to share data. 

For this reason, a number of different types of methodologies have been used to try to define fracture epidemiology in both adults and children. Table 6- 
2 shows the results of several analyses of fracture epidemiology of fractures in the United Kingdom, Norway, Sweden, the United States, and China. The 
difference in the results is striking! All the studies in Table 6-2 used different methodologies, and this is likely to account for the wide variation in results. 

Donaldson et al.,°? in their early study, examined a geographically well-defined population in England and looked at both the inpatient and outpatient 
fractures in the area. The lead authors used their fracture diagnoses to study the incidence of fractures within this population. They observed that they might 
be missing some toe and spinal fractures, but they felt that they had missed relatively fewer fractures. A very similar methodology was employed by Court- 
Brown and Caesar® in the sixth edition of Fractures in Adults. The lead authors assessed all of the adult fractures treated in the Royal Infirmary of 
Edinburgh in 2000.°° 

The studies by Johansen et al.’ in Wales, Sahlin!® in Norway, and Fife and Barancik’® in the United States took the records of the local emergency 
departments. Many of these patients would not have been seen by an experienced orthopaedic surgeon and the diagnosis would have been made by an 
inexperienced doctor. Aitken et al.? have shown that even in a hospital with an interest in fractures there was a 25% error rate in diagnosing fractures in the 
emergency department, which could potentially explain the higher fracture incidence recorded in these three studies. 

In the United Kingdom, much of the fracture data used in epidemiologic analysis are taken from the Clinical Practice Research Datalink (CPRD), 19:18 
formerly known as the General Practice Research Database. This Datalink contains 6.9% of health records in the United Kingdom. Diagnoses made by 
nonorthopaedic surgeons, in the emergency departments of different hospitals, are relayed to local family physicians where they are recorded and then 
analyzed to produce epidemiologic information. This may lead to an incorrect estimation of the number of fractures in a community, particularly in those 
fractures that occur in areas where soft tissue injuries are relatively common, such as the hand, wrist, ankle, and foot. An example of this problem is seen in 
the study by Johansen et al.%° of fractures in the combined pediatric and adult population treated in South Wales in 1994. They stated that the overall 
incidence of fractures of the hand and foot, ankle and finger, and thumb and hand were 2.41, 1.42, and 4.41 per 1,000 population per year, respectively. This 
is higher than the combined pediatric and adult figures from Edinburgh in 2000157 which was a single for these fracture combinations were 1.3, 0.9, and 
3.0 carpal fractures per 1,000 population per year, respectively, suggesting that inexperienced doctors will overestimate the prevalence of fractures, many of 
which are seen on an outpatient basis. A good example of this is the “scaphoid” soft tissue injury that is often documented as being a fracture. 


TABLE 6-2. Fracture Incidence Reported in Various Studies 


Incidence (n/10°/yr) 


Study Years Country Overall Male Female 

Donaldson et al. 1980-1982 United Kingdom 910 1,000 810 
Johansen et al.” 1994-1995 United Kingdom 2,110 2,350 1,880 
Court-Brown and Caesar,” 2000 United Kingdom 1,113 1,167 1,065 
Rennie et al.*"“ 

Donaldson et al.” 2002-2004 United Kingdom 3,600 4,100 3,100 
Sahlin'™ 1985-1986 Norway 2,280 2,290 2,130 
Fife and Barancik” 1977 United States 2,100 2,600 1,600 
Driessen et al.“ 2011 Denmark 1,910 1,710 2,110 
Rupp et al.’ 2019 Germany 1,014 1,262 755 
Chen et al.” 2014-2015 China 3,210 3,650 2,750 
Bergh et al." 2015-2018 Sweden 1,229 1,042 1,413 

“To obtain the overall incidence in Scotland in 2000, the adult fractures reported by Court-Brown and Caesar” have been com- 


bined with the children’s fractures reported by Rennie et al.'” 


The third type of methodology highlighted in Table 6-2 is that used by Donaldson et al.°? in a later study. They asked patients to complete a 
questionnaire regarding whether they had had a fracture in a given time period. Table 6-2 shows that this methodology produces results that are about 300% 
greater than one would expect. If the incidences suggested in this study are applied to the U.K. population, there would be about 2,200,000 fractures 
annually in the United Kingdom, which is simply not the case. This problem is obviously methodologic as many patients will be told that recurrent or 
continuing pain may be secondary to undiagnosed fractures by family physicians, physiotherapists, nurses, osteopaths, or other paramedical professionals 
without there being any proof that this is the case. A similar methodology was used by Chen et al.2° in China. They undertook a retrospective epidemiologic 
study in different areas of China using stratified random sampling and results are shown in Table 6-2. They are clearly very different from the other results. 
Chen et al.*° realized this and suggested that fractures were more common in developed countries. However, the differences in the fracture incidences are 
considerable, and it does seem likely that at least some of the differences relate to methodology. 

Other methods have been employed to try to estimate fracture incidence. In countries with privatized medical systems, insurance records have been 
used. These may be very large, but they tend to present an unbalanced view of the population. This is particularly common in the United States. Brinker and 
O’Connor?° examined a large privately insured cohort of patients, but the average age was 29.0 years for males and 28.7 years for females, which is not 
representative of the population. However, it explains why 57% of their population presented with fractures of the forearm, hand, and foot, which is higher 
than the Edinburgh and Swedish studies reported. In a similar study, Orces and Martinez!“ examined the incidence of wrist and forearm fractures in the 
United States. They looked at the records of a large number of emergency departments and concluded that the incidence of wrist and forearm fractures in 
males and females 50 years or older was 78.2 and 256.9 per 100,000 population per year, respectively. It seems likely that these values should be much 
higher. The work by Court-Brown et al. was 154.0 and 642.6 per 100,000 population per year. Clearly, one must examine the whole population to get 
accurate figures. 

In recent years, there has been considerable interest in analyzing national databases to assess the incidence of fractures. These databases have the 
advantage of containing very large numbers of patients but there are a number of problems associated with their use. In a recent analysis of the use of large 
databases in the United States, Alluri et al.° pointed out that some databases only monitor inpatient treatment that would lead to a selection bias when 
investigating fracture epidemiology as many fractures are treated on an outpatient basis. In addition, some databases only record data about particular 
sections of the population. 

The other important issue regarding the use of databases such as the CPRD in the United Kingdom and various databases in the United States is the 
accuracy of data diagnosis and recording. We have already pointed out that with inexperienced medical or nonmedical personnel, there may be a 
considerable error rate in diagnosis and this is compounded by the use of coding systems that are very basic and not designed for research purposes. Alluri 
et al. pointed out that analysis of the same material in different U.S. databases may give different results. It may be that the coding of data in these 
databases improves in the future but at the moment, while they are superficially attractive, it is likely that some of the results gained from their use may not 
be very accurate. The other important point is that while many of these databases are large they do not contain data relating to a representative cohort of the 
population. There is also a large-scale registry out of Germany that looked at the ICD10 codes for all fractures over a period from all German hospitals. This 


is a very encompassing database from a center perspective, however, they do not specifically explain who provided the ICD10 code which could lead to 
problems on inappropriate diagnosis, such as that seen in the United Kingdom and United States.1° 

The most recent large-scale epidemiologic study from Sweden evaluated data from the Swedish Trauma Registry.!” All data entered into the registry is 
done prospectively by orthopaedic-trained personnel that had initial contact with the patient on either the inpatient or outpatient setting. This registry started 
at Gothenburg and has slowly increased in size to include all 54 trauma centers within Sweden.'*® They estimate that the completeness of the registry is 
69% to 96% for hip fractures in 2020, with the majority reporting greater than 85% completeness. Bergh et al. looked at population around Gothenburg in 
Sweden, which averaged approximately 550,000 over the 4-year span of 2015 to 2018. She pulled the data from the Swedish Trauma Registry for the 
trauma center in Sahlgrenska University over the same time period, and this methodology produced similar results to the Edinburgh studies as noted in 
Table 6-2. 

The difficulty of getting accurate epidemiologic information is highlighted in Table 6-2. Looking at the incidence of hip fractures among socially similar 
populations over a similar time frame resulted in different incidences of fractures.®-!7-188 Again these differences, as highlighted above, are due to the 
methodology used within each study and the difficulty in accurately assessing the true fracture incidence within a given population. 


THE INCIDENCE OF FRACTURES IN ADULTS 


In the ninth edition of Fractures in Adults, a year of inpatient and outpatient fractures presenting to the Royal Infirmary of Edinburgh was prospectively 
analyzed.°° In the sixth edition, all fractures presenting to the hospital in 2000 were analyzed. In the seventh edition,” a year of fractures between July 
2007 and June 2008 was analyzed. In the ninth edition,°° all fractures presenting in a year between September 2010 and August 2011 were prospectively 
analyzed as they were in the eighth edition.*” This allowed for longitudinal evaluation of the incidence of fractures in patients older than 16 years old. The 
newest data collected is from the Swedish Fracture Registry which evaluated patients in a population size similar to that of the population in Edinburgh.!” 
All patients residing and injured within their defined catchment area were included. The overall epidemiology is shown in Table 6-3. There were 27,169 
fractures in 23,917 individuals over a 4-year period for an average of 6,792 per year.” This compares to 6,996 fractures per year in the data published in the 
ninth edition of this text.” The overall fracture incidence was similar, with an annual incidence of 1,229 compared to 1,351.7 per 100,000 population in 
Edinburgh. The average age was slightly higher in the Bergh data with an average of 57.9 years compared to 53.2 years, respectively. Also, the percentage 
of fractures occurring in women was higher in the Swedish data with 64.5% compared to 53% of fractures occurring in women between the two registries. 
Five fractures; distal radius, proximal femur, ankle, proximal humerus, and metacarpal bones, accounted for greater than 50% of the total number of 
fractures in the Swedish data. 


GENDER AND AGE 


The importance of gender and age to fracture epidemiology has been understood for many years. In their classic epidemiologic study, Buhr and Cooke?® 
highlighted the fact that men have a bimodal distribution of fractures and women have a unimodal distribution with a significant progressive increase in 
fracture incidence in the postmenopausal years. This is demonstrated in the overall fracture distribution curve shown in Figure 6-1. Analysis of the 
Edinburgh data shows that males between 16 and 19 years of age have an annual fracture incidence of 2,506.4 per 100,000 population, which falls to 937.4 
in males aged between 50 and 59 years and then rises to 6,860.5 in males aged 90 years or more. In females, the equivalent values are 792.1, 1,398.5, and 
7,769.8 per 100,000 population per year, respectively. This illustrates the considerable difference in the incidence of fractures between males and females. 

The difference in fracture epidemiology between males and females is further highlighted by comparing Tables 6-4 and 6-5. Basic epidemiologic data 
for males are shown in Table 6-4 and for females in Table 6-5. In males in Gothenburg, the average age is 48.7 years and only 27% of fractures occurred in 
males 65 years of age and older compared to an average age of 42.4 years and 17.1% in the Edinburgh population. The five most common fractures in men 
in Gothenburg were metacarpal, proximal femur, distal radius, ankle fracture, and finger phalanx comprising 51.2% of all the fractures seen in male 
patients. If we look at the Edinburgh data, fractures of the metacarpus, finger phalanges, distal radius and ulna, and ankles comprised 52.1% of all male 
fractures. If we remove proximal femur fractures and look at the same four fractures among males in the Gothenburg group, only 39.3% of fractures would 
be accounted for. This shows a difference between the populations of the two studies. 
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Figure 6-1. The overall age and gender fracture distribution curves. 


TABLE 6-3. Incidence of all Fractures in a 3-Year Period (2015-2018) in Sweden 


Fracture n(%)? High Energy % Open Fracture % Total: n/100,000 Men: n/100,000 Women: n/100,000 


Distal radius 4,445 (16.4) 5.3 1.6 201.1 108.2 292.4 
Proximal femur 3,993 (14.7) 1.8 0.2 180.6 123.2 237.1 
Ankle 2,799 (10.3) 4.5 1.6 126.6 100.3 132.3 
Proximal humerus 2,237 (8.2) 4.1 0.4 101.2 59.2 142.5 
Metacarpal 1,964 (7.2) 6.2 0.9 88.8 125.6 52:7 
Finger phalanx 1,549 (5.7) 10.0 12:2 70.1 77.6 62.6 
Proximal forearm 1,413 (5.2) 6.5 1.4 63.9 54.6 73.0 
Metatarsal 1,339 (4.9) 7.0 0.7 60.6 50.0 71.0 
Clavicle 991 (3.6) 27.0 0.2 44.8 61.9 28.1 
Toe phalanx 804 (3.0) 5.6 6.4 36.4 32.6 40.1 
Pelvis 716 (2.6) 15.2 0.5 32.4 16.4 48.1 
Spine 670 (2.5) 222 0.0 30.3 ILA 28.3 
Carpus 606 (2.2) 10.5 0.0 27.4 38.8 16.2 
Proximal tibia 545 (2.0) 19.9 1.6 2451, 212 28.2 
Humeral diaphysis 323 (1.2) 12.0 2:2 14.6 13:4 15.8 
Patella 308 (1.1) 5.8 2.8 13.9 12.0 15.9 
Scapula 304 (1.1) 27.9 0.7 13.8 17.4 10.1 
Tibia diaphysis 291 (1.1) 2933 16.3 13.2 14.9 11.5 
Midfoot 283 (1.0) 34.9 KS 12.8 13.8 11.8 
Calcaneus 252 (0.9) 48.6 3.6 11.4 15.0 7.9 
Distal humerus 249 (0.9) 12.5 8.5 LS 7.8 14.7 
Distal tibia 217 (0.8) 31.5 15.0 9.8 10.7 9.0 
Femoral diaphysis 211 (0.8) 14.2 3.8 9.5 5.2 13.8 
Distal femur 204 (0.8) 9.8 53 9.2 4.8 13.5 
Forearm 196 (0.7) 27.4 14.4 8.9 9.9 7.9 
Acetabulum 164 (0.6) 322 1.1 T4 10.0 4.8 
Talus 96 (0.4) 52.9 7.8 4:3 5.6 3.1 
Total 27,169 9.2 2.3 1,229.0 1,042.1 1,412.8 


“n indicates number of fractures for each fracture type, and % is percentage of all fractures. 
Bergh C, et al, Fracture incidence in adults in relation to age and gender: a study of 27,169 fractures in the Swedish Fracture Register in a well-defined catchment area. PLOS One. 
2020; 15(12):e0244291. 


In the Gothenburg population, the average age of females was 63.6 years and 54.5% of fractures occurred in patients at least 65 years of age. This is 
slightly different than the Edinburgh data which found an average age of 61.8 years and 48.8% of fractures occurring in female patients at least 65 years of 
age. 

The obvious tendency for fragility fractures to be much more common in females is highlighted in Table 6-5, which shows that fractures of the distal 
radius and ulna and proximal femur makeup 37.4% of all female fractures in the Gothenburg data, which is very similar to the data from Edinburgh which 
had 38.5%. In both registries, the four most common fractures among women were the same and included distal radius, proximal femur, ankle, and proximal 
humerus. This accounted for 58.3% and 57.7% of all fractures in women in each population, respectively. 


TABLE 6-4. Epidemiology of Fractures in Males? 


Mean Age 250 Years 265 Years 275 Years 


Fracture n (Years) (%) (%) (%) 

Proximal femur 1,350 77.9 95.8 87.1 67.9 
Acetabulum 110 64.2 14.5 55.5 37.3 
Pelvis 180 63.3 72.2 53.3 40.0 
Proximal humerus 649 59.0 66.7 427 23.6 
Spine 355 57.8 65.4 41.7 276 
Distal humerus 85 56.5 65.9 432 oy ia | 
Distal femur 53 33:2 66.0 45.3 18.9 
Patella 131 53.0 55.0 36.6 19.1 
Femoral diaphysis 57 52.6 54.4 36.8 24.6 
Humeral diaphysis 147 52.1 57.8 354 16.3 
Scapula 191 50.0 49.2 21.9 12.6 
Distal radius 1,186 48.6 50.4 24.5 12.9 
Ankle 1,099 46.8 45.1 20.0 7.8 
Proximal tibia 231 45.8 40.7 13.4 6.9 
Calcaneus 164 43.7 35.4 14.6 3.0 
Clavicle 678 43.6 37.6 14.6 6.2 
Distal tibia 117 43.0 34.2 14.5 2.6 
Toe phalanx 357 42.0 30.3 10.4 4.8 
Proximal forearm 599 41.9 312 12.0 S7 
Finger phalanx 851 41.8 30.9 13.0 523) 
Tibia diaphysis 163 41.7 a 12:3 oi 
Metatarsal 548 39.9 29.0 9.9 3.6 
Midfoot 151 39.3 28.5 8.6 2.0 
Carpus 425 38.4 24.5 9.2 ae, 
Forearm 108 Nhe 25.0 8.3 Soi: 
Metacarpal 1,377 34.4 18.4 ree: 3.4 
Talus 61 33.3 13.1 4.9 1.6 


“The numbers, prevalence, and incidence are shown together with the average ages and percentages of patients >50 years, 
>65 years, and >75 years of age. These data are representative of a 3-year period (2015-2018) in Sweden. 

Bergh C, et al. Fracture incidence in adults in relation to age and gender: a study of 27,169 fractures in the Swedish Fracture 
Register in a well-defined catchment area. PLOS One, 2020;15(12):e0244291. 


Table 6-3 also contains an analysis of the prevalence of patients who presented with open fractures and the incidence of high-energy fractures among 
fracture types in men and women. This table also provides further detail about each fracture type and its respective incidence as they occur in men and 
women. 


TABLE 6-5. Epidemiology of Fractures in Females# 


Mean Age 250 Years 265 Years 275 Years 

Fracture n (Years) (%) (%) (%) 

Proximal femur 2,643 82.8 98.9 95.0 82.0 
Femoral diaphysis 154 77.0 92.2 81.2 70.1 
Acetabulum 54 76.6 92.6 79.6 66.7 
Pelvis 536 76.5 90.3 79.1 70.3 
Distal femur 151 32 89.4 76.8 63.6 
Proximal humerus 1,588 69.7 92.2 66.4 38.9 
Spine 315 68.7 84.1 65.7 51.4 
Humeral diaphysis 176 67.3 85.8 60.8 42.6 
Distal humerus 164 67.1 81.1 61.6 43.3 
Patella 177 65.7 82.5 59.9 38.4 
Distal radius 3,259 63.9 83.2 51.4 28.0 
Scapula 113 63.9 85.0 50.4 22.1 
Proximal tibia 314 61.7 VEE 47.1 29.0 
Clavicle 313 59.3 69.6 42.8 27.8 
Forearm 88 56.9 62.5 45.5 28.4 
Ankle 1,700 56.7 66.8 37.3 18.3 
Tibia diaphysis 128 56.1 66.4 36.7 21.9 
Proximal forearm 814 54.3 65.0 29.2 13.3 
Distal tibia 100 54.2 57.0 34.0 19.0 
Metacarpal 587 53:5 61.3 35.8 18.9 
Carpus 181 3 62.4 30.9 E33 
Calcaneus 88 52.4 DI 28.4 13.6 
Metatarsal 791 51.0 55.8 24.4 11.9 
Finger phalanx 698 50.7 52.3 28.4 13:2 
Toe phalanx 447 47.0 41:4 13.4 3.8 
Midfoot 132 433 ariel 18.2 6.8 
Talus 35 44.5 34.3 20.0 5.7 


“The numbers, prevalence, and incidence are shown together with the average ages and percentages of patients >50 years, 


>65 years, and 275 years of age. These data are representative of a 3-year period (2015-2018) in Sweden. 


Bergh C, et al. Fracture incidence in adults in relation to age and gender: a study of 27,169 fractures in the Swedish Fracture 
Register in a well-defined catchment area. PLOS One, 2020;15(12):e0244291. 


SOCIAL DEPRIVATION 


The other factor that undoubtedly affects the incidence of fractures is social deprivation. This is limited access to society’s resources due to poverty, 
discrimination, or other disadvantage and leads to an inadequate opportunity for the individual to have a culturally normal interaction. There is good 
evidence in the orthopaedic literature that social deprivation correlates with musculoskeletal pain,!®° high-energy lower limb trauma, !2* Perthes disease, ! 
and outcome after hip arthroplasty.°” There is also evidence that social deprivation is associated with fractures in children,2*!7%!75 adolescents,!°” and 
young adult males.!3* In adults, it has been shown to be implicated in fractures of the distal radius,*! proximal humerus,” tibial diaphysis,°! and hand, but 
it has become clear that social deprivation is an important factor in determining the incidence of many fractures in adults.48-50.142 

A study of the effect of social deprivation on the incidence of fractures was undertaken using the fractures treated in Edinburgh between July 2007 and 
June 2008*8 and analyzed in the seventh edition of Fractures in Adults.” In Scotland, social deprivation is analyzed using the Carstairs score,*! this being a 
Z-score created from each postcode, which is based on overcrowding, male unemployment, household status, and car ownership. The Carstairs score has 
been successfully used for the analysis of deprivation in many branches of medicine including orthopaedic surgery.!2°7288 Using the Carstairs score, the 
population can be divided into deciles with decile 1 being the most affluent and decile 10 the least affluent. Decile 10 contains the least affluent 10% of the 
population. Figure 6-2A shows the distribution of the population of the catchment area of the Royal Infirmary of Edinburgh according to the social deciles, 
and Figure 6-2B shows the incidence of fractures within the different deciles in both males and females. It can be seen that there is a significant difference 
between the distribution of the population and their fractures. Statistical analysis shows that there is no significant difference in the incidence of fractures in 
either males or females between deciles 1 and 8, but there is a significant difference in deciles 9 and 10 and it is clear that the effect of deprivation on 
fracture incidence is seen in the most deprived 10% of the population. 

Table 6-6 shows the incidence of fractures when deprivation is taken into account. Once the figures are adjusted for age, it can be seen that in males, the 
overall incidence of fractures in the very socially deprived is four times that of the rest of the population and in females the equivalent figure is 3.5. The 
difference in incidences is statistically significant for both genders. Table 6-6 also shows which individual fractures show correlation between fracture 
incidence and significant deprivation. 
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Figure 6-2. The population numbers in the different social deciles in the Edinburgh catchment area (A) and the fracture numbers in the same area (B). 


The commonest fracture types in deprived males are those of the metacarpal, distal radius and ulna, and finger phalanges, which constitute 55% of all 
fractures in the deprived population. This compares with 43% of the more affluent population. Table 6-6 shows that the incidence of hand fractures is 
significantly higher in the deprived group than in the less deprived group, but it is salutary to note that while fractures of the hand and carpus constitute 35% 
of the more deprived group, they still constitute 30% of the less deprived population. Presumably, testosterone and alcohol are an issue in all sectors of the 
male population. 

Proximal femoral fractures in males are only the sixth most common fracture in the socially deprived and are in fact less common than clavicle fractures. 
Further analysis shows that 15.3% of the most affluent male population presented with proximal femoral fractures compared with only 8.6% of the least 


affluent. Analysis also shows that deprived patients present at a younger age and have a shorter life expectancy. It would seem that even in an affluent city 
such as Edinburgh, many of the older socially deprived males do not live long enough to have a proximal femoral fracture.” 

In females, the incidence of distal radius and ulna fractures and proximal femoral fractures rises by 295% and 232%, respectively, in the very deprived, 
and Table 6-6 shows a similar increase in other fractures. The biggest increase in incidence in female fractures is in fact in the femoral diaphyseal fracture, 
where there was a 480% increase in incidence in the very deprived population. The reason for this considerable increase is unknown. In males, the proximal 
tibial fracture showed a rise of 1,107% with distal humeral fractures, midfoot fractures, and scapula fractures showing increases of 940%, 835%, and 723%, 
respectively. It would seem reasonable to assume that the overall effect of social deprivation is caused by a number of medical and social comorbidities that 
affect both males and females and will cause an increased rate of fractures, but in males, more aggressive behavior may account for the greater difference in 
the incidence of a number of fractures. 

There is evidence that a number of diseases are related to social deprivation and it has been shown that fracture incidence is affected by factors such as a 
rural or urban domicile, 35-168 education,®® occupation,®’ type of residence,’* marital status,” and smoking and alcohol.'? There is also evidence that bone 
mineral density (BMD) is affected by social deprivation.” In recent years, there has been interest in the effect of ethnicity on the incidence of 
fractures,?>176 and a number of authors have pointed to the different incidence of proximal femoral fractures in particular in different parts of the 
world.®!-102.176 Tt has been noted that in the United States, African American and Hispanic males who present with hip fractures are younger than White 
males.!”° Pressley et al.!5* drew attention to the paradox of African American males in the United States having a higher BMD, but also a higher incidence 
of fractures, than White males. It is likely that these findings relate to deprivation. Ethnicity is difficult to study in Scotland, but in other areas of medicine 
the relationship between ethnicity and deprivation has been shown?®t83 and it would seem likely to be important in the epidemiology of fractures. 


TABLE 6-6. The Effect of Social Deprivation on the Incidence of Fractures in the Edinburgh Population 


Fracture Incidence? (n/10°%/yr) 


Males Males Females Females 
(Deciles 1-8) (Deciles 9-10) (Deciles 1-8) (Deciles 9-10) 


Distal radius/ulna 120.7 475.3 254.3 749.8” 
Metacarpus 188.1 748.8” 44.1 153.1° 
Proximal femur 80.8 219.7" 194.7 451.4 
Ankle 105.5 327.3" 103.3 345.5" 
Finger phalanges 159.6 457.3" 78.0 219.8? 
Proximal humerus 54.6 197.3 106.9 341.5° 
Metatarsus 61.3 139.0° 78.8 251.2" 
Proximal forearm 58.0 206.3? 58.4 PAT 
Clavicle 71.3 228.7" 24.5 78.5° 
Toe phalanges 23.8 94.2" 18.8 47.1" 
Carpus 48.5 179.3° 16.7 78.5" 
Pelvis 18.5 SLS) 22.9 82.4 
Femoral diaphysis 14.7 35.8” 13.9 66.7 
Humeral diaphysis 11.9 44.8” 10.2 31.4 
Tibial diaphysis 21.8 67.3" sT 7.8 
Calcaneus 13.3 62.8" 4.1 7.8 
Proximal tibia 8.1 89.7" 13.9 39:3" 
Forearm diaphyses 20.0 62.8" 4.9 LSI 
Patella 6.2 22.4 11.0 39.3 
Distal humerus 4.3 40.4 11.4 19.6 
Distal tibia 12.8 35.9 6.5 11.8 
Scapula 6.2 44.8” 8.6 31.4? 
Distal femur 5.7 9.0" E3 31.4? 
Midfoot 4.3 35.9 5.3 AT" 
Talus 7.6 17.9 4.1 7.8 
1,078.0 3,918.9" 1,096.9 3,317.1" 


“The population has been divided into deciles 1-8 and deciles 9-10 (see text). 
*Statistical correlation between fracture incidence and social deprivation. 


FRACTURE DISTRIBUTION CURVES 


Multiple studies have identified fracture incidences and developed graphical representations of each fracture, most fracture incidences can be broken down 
into several patterns, however, based on the data collected these charts may vary slightly based on the analysis performed by each author. While they are 
diagrammatic and the relative heights of the peaks of the curves will vary, the overall curve patterns from the 2010-2011 Edinburgh population study 
remain appropriate for most fractures and are the easiest to interpret.*” Most fractures have a unimodal distribution affecting either younger or older 
patients. Some fractures, however, have a bimodal distribution whereby younger and older patients are affected, but there is a lower incidence in middle 
age. If one analyzes males and females separately, the distribution curves shown in Figure 6-3 can be constructed and will be referred to as the “Edinburgh 


curves” throughout the chapter. 
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Figure 6-3. The eight fracture distribution curves. These are based on age and fracture incidence. See Table 6-7 for a list of distribution curves for different fractures. 


The earliest fracture distribution curves, based on age and gender, were proposed by Buhr and Cooke.”° They analyzed 8,539 fractures over a 5-year 
period in Oxford, England, and proposed five basic curves. Their type A curve affected young and middle-aged men and they referred to it as a “wage 
earners” curve. This is equivalent to the Edinburgh type B curve (see Fig. 6-3). They suggested that this occurred in patients who presented with fractures of 


the hand, medial malleolus, metatarsus, foot phalanges, and spine. Their J-shaped curve affected older males and females, and obviously it described 
fragility, or osteoporotic fractures. They stated that fractures of the proximal humerus, humeral diaphysis, proximal femur, and pelvis together with 
bimalleolar ankle fractures had a J-shaped curve. Buhr and Cooke’s third curve was an L-shaped curve that affected younger males and females and was 
equivalent to our type C curve (see Fig. 6-3). This was said to occur in distal humeral fractures, tibial diaphyseal fractures, and clavicular fractures. They 
also described two composite curves with either a bimodal male and unimodal female distribution or a unimodal male and bimodal female distribution. 
These are equivalent to the Edinburgh type D and G curves (see Fig. 6-3). They said that these curves described fractures of the proximal and distal radius, 
femoral diaphysis, proximal tibia and fibula, and the lateral malleolus. 

Later studies produced similar distribution curves. Knowelden et al.!!4 analyzed patients in Dundee, Scotland, and Oxford, England, who were over 35 
years of age. They showed that fractures of the proximal humerus, pelvis, and proximal femur all demonstrated an osteoporotic type F curve. It is interesting 
to note that they had a type A curve for femoral diaphyseal fractures, but they recorded that the highest incidence of femoral diaphyseal fractures occurred 
in the elderly persons. Donaldson et al.®* constructed four curves for proximal femoral, proximal humeral, distal radial, and tibia and fibula diaphyseal 
fractures that are very similar to the curves shown in Figure 6-3. Johansen et al.°° constructed eight curves covering different body areas, these being the 
hip, spine, upper limb, pelvis, forearm and wrist, ankle, hand, finger and thumb, and foot and toes. These are also very similar to the curves shown in Figure 
6-3. 

Berg et al. developed seven curves to fit the general fracture patterns seen in their patient population. These curves are slightly more granular than the 
curves developed by Court-Brown, but overall they are very similar. These slight differences are likely related to the subtle differences in the population 
fracture incidences and since all of these curves are based off of the fracture incidence within the study population there will always be subtle differences. 
The curves by Berg et al. can be found in her paper that is in the annotated reference. Again, given the diagrammatic nature, ease of interpretability, and the 
fact that there has not been substantial changes between the fracture incidences in a majority of the fracture types between the two fracture registries, the 
Edinburgh curves have been kept as reference. 

A type A curve is often thought of as a typical fracture curve with a unimodal distribution in younger males and in older females. In general, the younger 
male peak is higher than the older female peak, although this is not the case in all fractures. An example is the metatarsal fracture where the younger male 
peak and the older female peak are at a similar height. Table 6-7 shows the fractures with a type A curve. In type B curves, there is also a young male 
unimodal distribution, but fractures in females occur in relatively small numbers throughout the decades. Type B curves are generally seen in the hand and 
affect the carpus, metacarpus, and fingers. However, they are also characteristic of femoral head fractures. 

In type C fractures, both males and females show a unimodal distribution. These fractures are rare after middle age. These fractures tend to occur in the 
foot and affect the toes, midfoot, and talus. In type D fractures, there is a young male unimodal distribution, but the female distribution is bimodal, affecting 
younger and older females. In general, the second peak starts around the time of the menopause. Type D curves are seen in fractures of the proximal 
forearm, forearm diaphyses, and tibial plafond. 

Type E fractures are the opposite of type B fractures. They show a unimodal female distribution affecting older females with a relatively constant, lower 
incidence of fractures in males throughout the decade. The type E pattern is seen in pelvic fractures, distal humeral fractures, and distal femoral fractures. 
This may be surprising to orthopaedic surgeons who see young male patients with these fractures after high-energy trauma. However, if the complete 
epidemiology of these fractures is analyzed across the community, it is apparent that the high-energy injuries are relatively rare compared with the lower- 
energy injuries seen in later life. 

Type F fractures are the opposite of type C fractures. In type F fractures, both males and females show a unimodal distribution affecting older patients 
with the incidence being higher in females. This pattern is characteristic of fractures of the proximal humerus, proximal femur, and patella. There is some 
variation regarding when the rise in fracture incidence occurs. In general, it is earlier in females than males and usually occurs around the time of the 
menopause in proximal humeral fractures and patella fractures, but somewhat later in proximal femoral fractures. 

In type G fractures, females show a unimodal distribution affecting older females and males show a bimodal distribution affecting both younger and 
older males with the incidence being higher in younger males. This distribution is seen in calcaneal and clavicular fractures. It is also now seen in femoral 
diaphyseal fractures. Type H fractures are unusual in that both males and females show a bimodal distribution. This fracture pattern is seen in fractures of 
the humeral diaphysis, tibial plateau, and cervical spine. 

One can use the system of eight curves shown in Figure 6-3 to define other fractures. Although Table 6-7 shows that ankle fractures have a type A 
distribution, analysis of the different types of ankle fractures shows that only lateral malleolar fractures have a type A distribution. Medial malleolar 
fractures have a type D distribution and suprasyndesmotic ankle fractures have a type C distribution. Both bimalleolar and trimalleolar fractures are fragility 
fractures showing a type E distribution. Similarly, proximal forearm fractures have a type D distribution when they are all considered together, but further 
analysis shows that radial neck fractures have a type A distribution, whereas radial head fractures have a type H distribution. Both olecranon fractures and 
fractures of the proximal radius and ulnar have a type F distribution and should be regarded as fragility fractures. The distribution curves for different 
fractures are listed in Table 6-7, which also shows the distribution curves for the different fracture types. 


TABLE 6-7. The Distribution Curves Shown in Applied to Different Fractures 


Fracture Location 

Clavicle 
Medial 
Diaphyseal 
Lateral 

Scapula 
Intra-articular 
Extra-articular 


Proximal humerus 
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Humeral diaphysis 


Distal humerus 

Proximal forearm 
Radial head 
Radial neck 
Olecranon 
Radius and ulna 

Forearm diaphyses 
Radius 


Ulna 


Radius and ulna 
Distal radius/ulna 
Distal ulna 
Carpus 

Scaphoid 

Triquetrum 

Hamate 

Trapezium 
Metacarpus 
Finger phalanges 
Pelvis 
Acetabulum 
Proximal femur 

Head 

Neck 

Intertrochanteric 

Subtrochanteric 
Femoral diaphysis 
Distal femur 
Patella 
Proximal tibia 
Tibia and fibular diaphysis 

Tibial diaphysis 

Fibular diaphysis 
Distal tibia 
Ankle 

Medial malleolus 

Lateral malleolus 

Bimalleolar 

Trimalleolar 

Suprasyndesmotic 

Talus 

Neck 

Body 

Calcaneus 

Intra-articular 

Extra-articular 
Midfoot 
Metatarsus 
Toe phalanges 


Cervical spine 
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Thoracolumbar spine A 
Fracture Type 
Periprosthetic 
Open 

Multiple 


Fatigue 


71 OA w OO F 


Insufficiency 


“The curves of different fracture types are also shown. In this table, the term “multiple” applies to multiple fractures and not to multiple injuries. 


CHANGING EPIDEMIOLOGY 


There is no doubt that fracture epidemiology is changing very quickly. This is due to multiple factors that reflect a massive change in the health and 
economic status of many countries. There has been a great deal of literature dealing with the increasing frequency of fragility fractures that is thought to be 
secondary to the improved health and longer life expectancies of the older members of the population. !>83-100,106,107,136 However, the change in fracture 
epidemiology is much broader than this and reflects the important industrial and road safety legislation introduced in many countries since the Second 
World War. The changes are well illustrated in Table 6-1. The best way to assess for change is to analyze a population from the same region over a 
widespread time. This is best done by looking at the work from Court-Brown and Clement who looked at the population of Edinburgh in 2010 to 2011 and 
compared it to the work of Buhr and Cooke,?® who analyzed more than 8,500 patients, between 1938 and 1956, in Oxford, England. Buhr and Cooke 
prefaced their paper by pointing out the changes in health they had encountered. They stated that smallpox, diphtheria, the enteric fevers, and rickets had 
practically been eliminated and had been replaced by new viral diseases, radiation hazards, and the diseases of degeneration. They noted that in the elderly 
population, cardiovascular degeneration, strokes, diabetes, osteoarthritis, and fractures presented problems as pressing as the great infections of a few 
decades earlier. Buhr and Cooke”® clearly recognized the problems that osteoporosis presented in the 1940s and 1950s. They pointed out the prevalence of 
proximal femoral fractures, particularly in women, and they noted that in nonmalignant pathologic fractures, a third were caused by “senile osteoporosis.” 

However, when one examines their results, it is clear that the situation has changed dramatically. They defined five fracture distribution curves. Their 
type A, wage earners, curve is the equivalent of the Court-Brown type B curve affecting younger males. Their type L, prewage earners, curve is the 
equivalent of the Court-Brown type C curve affecting younger males and females and their type J, postwage earners, curve is the same as the Court-Brown 
type F curve affecting older males and females. They also stated that there were two composite curves with bimodal distributions affecting males and 
females. These were the same as the Court-Brown type D and H curves. 

They categorized 22 different fractures and a comparison of their distributions with that of Court-Brown indicates considerable social and medical 
differences between the two time periods. They classified carpal, metacarpal, finger phalangeal, medial malleolar, tarsal, metatarsal, toe phalangeal, and 
spinal fractures as being type B fractures. Table 6-7 shows that the intervening 50 to 60 years have altered things considerably and only metacarpal and 
finger phalangeal fractures still have a type B distribution. Surgeons now see many more females with the other fractures. This is still true as noted in the 
recent work by Bergh et al.!” 

Their type F osteoporotic fractures were similar to the Court-Brown work. They felt that the humeral diaphyseal fracture was an osteoporotic fracture, 
and when comparing the epidemiology of humeral diaphyseal fractures with distal radial and ulnar fractures they were correct. They listed distal humeral 
and clavicle fractures as type C fractures and again a review shows that surgeons now expect to see many older women with these fractures. Thus, the main 
difference between the two time periods is the number of fractures in females that are now seen but were not seen in the 1940s and 1950s. This must reflect 
the changing role of women in society and the fact that successful medical and surgical treatment, including joint arthroplasty, now allows older women to 
sustain fractures that they would not have sustained in the past! 

Other studies indicate that the increased incidence of fractures that is now seen is mainly because of a significant increase in the incidence of fractures in 
females. In a study carried out between 1954 and 1958 in Dundee, Scotland, and Oxford, England, Knowelden et al.'!* examined the incidence of fractures 
in patients more than 35 years of age and found that the annual incidences of the fractures in males and females in Dundee were 1,017.3 and 921.3 per 
100,000 population, respectively, with the equivalent figures in Oxford being 811.4 and 871.5 per 100,000 population. The equivalent annual incidences in 
Edinburgh in 2010 to 2011 were 1,062.5 and 1,711.6 per 100,000 population. Thus, in 50 to 55 years, the incidence of fractures in Scottish males has risen 
by 4.4%, whereas the incidence of fractures in females has risen by 85.7%. The increased incidence in males is less but the spectrum of fractures in males 
has changed considerably over this period. There are now many fewer industrial fractures and many more fall-related fractures and consequently fewer hand 
and foot fractures in males. 

The fact that the epidemiology of fractures has continued to change in recent years is illustrated by reference to Table 6-8. This shows the incidence, 
average age, and the prevalence of standing falls as a cause of fracture in six fractures treated in Edinburgh in three time periods. The results are taken from 
patients aged 15 years and above in 3 study years, over a 20-year period, using prospectively collected data from the same catchment area. Four of the 
fractures are the classic fragility fractures of the proximal humerus, distal radius and ulna, pelvis and proximal femur, and the other two fractures are the 
principal diaphyseal fractures of the lower limb, the femoral and tibial diaphyseal fractures. Table 6-8 shows that there are considerable differences in the 
epidemiology of all the fractures, but the changes vary between different fractures. It is quite clear that the overall incidence of proximal humeral and distal 
radial fractures has risen in both males and females. This is not the case in pelvic fractures or in the overall incidence of proximal femoral fractures. 
However, Table 6-8 shows a marked increase in the incidence of proximal femoral fractures in males in the past 20 years, presumably because more males 
are living longer. 

The comparison of the incidences of femoral and tibial diaphyseal fractures shows considerable differences in epidemiology. The femoral diaphyseal 
fracture has not significantly changed, but the incidence of tibial diaphyseal fractures has decreased markedly. The overall annual incidence has declined 
from 24.4 to 13.3 per 100,000 population, with a decline seen in both males and females. The difference is probably because the femoral diaphyseal 
fractures have essentially become fragility fractures, whereas the tibial diaphyseal fracture is not. 

Examination of the age of the patients and the prevalence of fractures caused by a standing fall shows that there have been no major differences in 
proximal humeral or distal radial fractures. However, the average age of patients presenting with pelvic fractures is rising in both males and females, 


although the rise in male age is more dramatic. This is because there are now fewer high-energy pelvic fractures and more lower-energy fractures in a male 
population that is living longer. This would seem to be confirmed by the increased number of pelvic fractures caused by standing falls. The average age of 
males presenting with proximal femoral fractures is also increasing, although no other differences were noted. 

The differences noted in pelvic fractures are mirrored in the femoral diaphyseal fracture, where there is clearly an increasing average age and a higher 
prevalence of fractures caused by standing falls. The same is seen in the tibial diaphyseal fracture, although this fracture is unique in that the average age of 
females presenting with tibial diaphyseal fractures is falling. 


TABLE 6-8. The Incidence, Average Age, and Prevalence of Fractures in Patients 215 Years Caused by Standing Falls for Six 


Common Fractures Treated in Three Time Periods in Scotland 


Incidence (n/10°/yr) Average Age (years) Standing Falls (%) 

Overall Male Female Male Female Male Female 
Proximal Humerus 
1993 47.2 28.7 63.8 56.0 69.9 76.1 89.2 
2000 65.1 41.4 86.3 57.4 68.0 71.3 84.7 
2010-2011 92.4 61.0 120.3 59.2 68.9 73:1 90.9 
Distal Radius/UIna 
199] 158.3 87.3 2203 42.0 64.2 54.4 83.5 
2000 201.5 131.5 264.0 38.0 63.3 39.2 81.2 
2010-2011 235.9 139.3 322.2 43.7 63.4 50.6 91.3 
Pelvis 
1991 21.6 163 26.3 46.0 73.6 28.9 73.9 
2000 17.6 BESI 23.4 50.4 77.8 29.6 84.4 
2010-2011 22.9 14.7 30.4 64.7 80.4 56.4 91.6 
Proximal Femur 
1991 143.8 57.4 220.8 71.9 80.2 86.6 91.2 
2000 BIT 74.1 208.8 74.5 82.6 83.4 95.3 
2010-2011 145.5 84.0 200.4 78.0 81.1 88.3 95.3 
Femur Diaphysis 
1991 8.9 8.6 9.2 39.5 62.0 25.0 54.2 
2000 10.4 7.8 12.8 35.9 78.4 35.0 80.0 
2010/11 8.3 8.6 8.0 63.4 75.6 42.8 86.4 
Tibia Diaphysis 
1991 24.4 37.2 13.0 32.8 60.7 16.1 52.9 
2000 18.5 24.6 11.0 35.8 49.5 18.3 50.0 
2010-2011 ifs} 20.1 Ta 41.0 43.6 36.7 65.0 


The tibial diaphyseal fracture is a very good example of the changing epidemiology of a nonfragility fracture. A review of the incidences of tibial 
diaphyseal fractures in Europe at different times shows that there has been a considerable decline. The literature is complicated by the fact that different age 
ranges of patients are often assessed and that children and adolescents are sometimes included. However, by calculating the incidences of equivalent age 
groups trends can be shown. Knowelden et al.'!* demonstrated an annual incidence of tibial diaphyseal fractures of 17.3 per 100,000 population in patients 
aged over 35 years in Dundee, Scotland, in 1954 to 1958. The equivalent annual incidence in Edinburgh in 1991 was 18.0 per 100,000 population and in 
2010 to 2011 was 12.3 per 100,000 population. Similar trends are also shown by examining the Swedish literature.”™!9t The most current work by Berg et 
al. found similar results with a tibial diaphyseal fracture incidence of 13.2 per 100,000 population per year. Emami et al.”? compared the incidence of tibial 
diaphyseal fractures in 1971 to 1975 and 1986 to 1990. Their annual incidences in patients at least 20 years of age were 40.6 and 31.9 per 100,000 
population, respectively. In Edinburgh in 1991, the incidence of tibial diaphyseal fractures in patients aged 20 years and older was 24.7 per 100,000 
population. It is therefore clear that the incidence of tibial diaphyseal fractures has fallen since the Second World War and continues to fall. Initially, this 
was presumably related to industrial and workplace safety legislation, but more recently much of the decline must be due to a decline in motor vehicle 
accident—associated fractures. However, there is also a decline in sports-related tibial fractures, and in young males, the overall decline may simply relate to 
a more sedentary lifestyle. 

A review of the epidemiology of tibial diaphyseal fractures in Edinburgh between 1990 and 2007 has shown a progressive decline in both males and 
females. In males, the annual incidence fell from 43.6 to 25.0 per 100,000 population, and in females it fell from 15.8 to 6.2 per 100,000 population. 
Analysis showed that there was a statistically significant decline in incidence in males aged 15 to 34 years and in both males and females aged 65 years and 
older, with the greatest decline in incidence being seen in females 65 years and older. Tibial diaphyseal fractures are unusual in that there is a declining 
incidence in elderly women and presumably this relates to the fact that tibial fractures are not osteoporotic fractures and the causes of these fractures are 
declining. 

The declining incidences of different fractures have had an effect on the distribution curves. Buhr and Cooke?® defined tibial fractures as having a type 


C curve, but as females became more affected it was changed to a type A Edinburgh curve. Table 6-8 shows a decline in elderly females and the distribution 
curve appears to be continuing to change and it may be that in the future, a new curve will be required with a bimodal distribution in males and a unimodal 
distribution in younger women only. 

Much has been written about the epidemiology of fragility fractures. The assumption is that fragility fractures are increasing in incidence, but it is 
surprisingly difficult to know if this is actually the case and, if so, is it true for all fragility fractures or only for some. A good example of the confusion is 
seen in the proximal humeral fracture literature. There is no question of doubt that these have increased in frequency since the Second World War. In their 
analysis of patients over 35 years of age in Dundee, Scotland, in 1954 to 1958, Knowelden et al.!!4 quoted an annual incidence of 44.0 per 100,000 
population (32.8 in males and 52.2 in females). Table 6-8 shows the incidence of proximal humeral fractures in the population of Edinburgh over an 18-year 
period; but if patients over 35 years old are analyzed, the annual incidence of proximal humeral fractures in 1993 is 69.5 per 100,000 population (39.9 in 
males and 94.1 in females). In 2010 to 2011, the annual incidence was 136.6 per 100,000 population (88.0 in males and 178.2 in females). There has, 
therefore, been a progressive rise in the incidence of proximal humeral fractures in Scotland in the past 55 to 60 years. However, Kannus et al.!°” in a study 
of proximal humeral fractures in females aged 80 years and older in Finland between 1970 and 2007 showed that the annual incidence in this age group was 
88 per 100,000 population in 1970 and 304 per 100,000 population in 1995, but there was no further rise, and in 2007 the incidence was 298 per 100,000 
population. It is interesting to note that the comparative figures for Edinburgh females at least 80 years of age were 285.5 per 100,000 population in 1993 
and 497.7 per 100,000 population in 2010 to 2011. Thus, the Edinburgh incidence in the 1990s was not dissimilar to the Finnish incidence, but the incidence 
of proximal humeral fractures continued to rise in the Edinburgh population. Given the similarities between Finland and Scotland, there is no obvious 
explanation for this difference but it does seem likely that the incidence is rising. 

The fracture that has received most attention in the epidemiologic literature is the proximal femoral fracture. There is no doubt that this fracture has also 
increased in incidence, but there is considerable variation in its current incidence throughout the world and there is also debate as to whether the incidence 
of proximal femoral fractures is now declining in developed countries.3 The earliest incidences that are available are from Rochester, Minnesota, where 
Melton et al.!°° studied the incidences of proximal femoral fractures in six time periods between 1928 and 1992. They looked at the incidences of proximal 
femoral fractures in the whole population and found that in the period 1928 to 1942, the annual incidences in males and females were 17.3 and 46.9 per 
100,000 population. They documented a rise in incidence in both males and females until 1963 to 1972 when the annual incidences were 69.3 and 125.0 per 
100,000 population, respectively. Thereafter, the male annual incidence continued to rise until 1983 to 1992 when it was 82.2 per 100,000 population, but 
the female annual incidence plateaued so that it was 115.2 per 100,000 population in 1983 to 1992. However, Melton et al. also published the incidences of 
proximal femoral fractures in Olmsted County, Minnesota,!*° and they stated that in males and females at least 35 years of age in 1989 to 1991, the annual 
incidences were 142 and 219 per 100,000 population, respectively. The incidences appear to be different, but it may be that during the 1983—1992 period, 
the incidences were rising. Knowelden et al.!!* stated that in 1954 to 1958 in Dundee, Scotland, the annual incidences of proximal femoral fractures in 
males and females older than 35 years were 43.4 and 105.4 per 100,000 population, these being lower than the incidences in Rochester, Minnesota, in a 
similar period. The annual incidences of proximal femoral fractures in Edinburgh in 2010 to 2011 in males and females over 35 years were 131.7 and 233.4 
per 100,000 population, respectively. This is about the same as in Olmsted County in 1989 to 1991. A more recent study from Olmsted County, Minnesota,® 
has compared the incidences of proximal femoral fractures in patients aged at least 50 years in 1989 to 1991 and 2009 to 2011 (Table 6-9). This shows a 
decline in proximal femoral fractures in females to an incidence similar to that recorded by van der Velde et al.188 in the United Kingdom using the CPRD. 
However, the incidence is less than recorded in Edinburgh. 

Table 6-9 shows the incidence of proximal femoral fractures in different parts of the world at different times.!!1®-1!715° All of these studies looked at 
patients at least 50 years of age, and all were carried out in Caucasian populations or were age adjusted for the Caucasian U.S. population. The results 
encapsulate many of the problems that exist in defining hip fracture incidence. The Scandinavian studies!®-1°° all show much higher incidences in males and 
females than in other parts of the world, but two of the studies disagree about whether the fracture incidence is declining in Sweden. The third study 
compared the incidence of proximal femoral fractures in Sweden and Denmark between 1987 and 2010.160 The results were consistently higher than in 
other countries and Sweden appears to have a slightly higher incidence of proximal femoral fractures than its neighbor. This is consistent with the 
Gothenberg, which showed a higher incidence in the Swedish population. The incidence in Japanese males is very low!! compared with the incidence in 
females and in general the incidence in males is highest in North Europe.!®!59 

There are many other studies of hip fracture incidence, but the age ranges are often different. Chang et al.2* showed that the annual incidence of 
proximal femoral fractures in patients 60 years and older in Australia in 1989 to 2000 was 329 per 100,000 population in males and 759 in females, which is 
not dissimilar to the Swedish results in Table 6-9. Kanis et al.!°? undertook a systematic review of hip fracture incidence worldwide and standardized all the 
results with United Nations age data. They found a very wide difference in annual incidence from approximately 20 per 100,000 population in South 
African to approximately 575 per 100,000 population in Denmark. It is highly likely that in many countries data collection is poor, but the paper certainly 
highlights huge differences in the incidence of this fracture. 


TABLE 6-9. The Incidence of Proximal Femoral Fractures as Reported in Different Parts of the World 


Incidence (n /105/yr) 


Country Males Females Comments 


Sweden?® 

1993-1996 390 706 Declining incidence except in females 290 years 
2001-2005 317 625 

Sweden?9 

1987 (rural) 710 Females only 

1987 (urban) 750 No change in incidence 

2002 (rural) 600 


2002 (urban) 690 


Sweden?©0 


1987-2010 320 740 
Denmark?6° 
1987-2010 280 680 


United States® 


1989-1991 243 438 

2009-2011 247 327 

Hong Kong??? 180 459 All 1997-1998 age adjusted for U.S. population 
Singapore!’ 164 442 

Malaysia?” 88 218 

Thailand?” 114 269 

Japan! 

1987-1988 59.2 245 Age adjusted for U.S. population 

2004 115.2 453.7 


United Kingdom!88 


1990-1994 108 338 Reported incidence of hip and femur fractures 
2008-2012 134 335 

Scotland 

1991 134.5 514.3 

2010-2011 224.7 494.4 


Portugal”? 


2005-2013 419 762 Noted increasing incidence throughout study 


“All studies have reported on patients aged >50 years and all were carried out in Caucasian populations or age adjusted for the Caucasian U.S. population. 


Clearly, there are many other fractures in which the incidence is probably changing quite quickly, but these fractures serve to highlight the enormous 
changes in fracture epidemiology that have occurred in the past 70 years. There is no logical reason why the changing epidemiology should not continue in 
the future, and surgeons should be aware that a number of fractures that are now not regarded as fragility fractures will probably be so in the next few 
decades. 


VARIATION IN EPIDEMIOLOGY 


It has already been pointed out that the epidemiology of fractures varies widely. Some of the variations are undoubtedly accounted for by the different 
methods used to collect and to diagnose fractures. However, despite this, there are significant differences in the incidence of fractures in different 
communities. The reason for this is unknown. However, there is evidence that the incidence of fractures varies with racial type,3>182-190 domicile,8°-85 
season of the year,°° and social deprivation.”®!37 The importance of social deprivation has already been discussed in this chapter, but clearly the reason for 
the variation in epidemiology is more complex. Scandinavian countries are relatively affluent and one would expect a lower incidence of fractures in more 
affluent countries, but they have the highest incidence of fragility fractures.'®261!97,106,159 Other factors, such as life expectancy, likely contribute to the 
epidemiology of fragility fractures. It seems likely that social deprivation accounts for some of the variation in fracture epidemiology attributed to ethnicity, 
particularly in the United States. Pressly et al.!°* pointed out the apparent contradiction of young Black males in the United States having a higher BMD, 
but also having a higher incidence of fracture. This is likely to represent deprivation. In a recent study, Cauley** pointed out that despite increased bone 
density, Black women in the United States were more likely to die after hip fracture, had longer hospital stays, and were less likely to be ambulatory at 
discharge from hospital. 

It has been suggested that there are racial differences in fracture incidences. This has mainly been studied in the Far East with Wang and Seeman 
suggesting that in the Chinese population, bone cortices are thicker and there is more mineralized bone matrix. However, it seems likely that racial 
differences, like most things in medicine, are multifactorial and will involve life expectancy, deprivation, and other social and medical comorbidities. 
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COVID AND ORTHOPAEDIC TRAUMA 


Starting in March of 2020, the world faced the largest pandemic in over 100 years. Not since the Flu of 1918 has the world suffered from a pandemic that 
caused cities to go on lockdown and travel restrictions to be instituted on a global scale. This has provided a unique time frame to look at how a pandemic 
affected the epidemiology of orthopaedic trauma. During the early stages of the COVID pandemic, the overall amount of fractures being cared for dropped. 
This was attributed to the lockdowns and activity limitations that were put in place. !?t184 The overall amount of fractures was down nearly 40% during the 
“lockdown” phase of the pandemic.!®* This is logical as people were confined to their homes and sporting activities and other individual activities were 
limited, resulting in a decrease in the amount of fractures due to sports and motor vehicles. !?! Interestingly enough, multiple studies have noted that fragility 
fractures of the proximal femur remained the same throughout the pandemic or were slightly higher during the pandemic compared to prepandemic 
levels.!!9:121,127 No difference was seen as most patients with proximal femur fractures are elderly and the mechanism is a ground-level fall at home, which 
would not be drastically decreased by the pandemic. It may have even been increased as many people delayed their care and let chronic medical conditions 


go unchecked because of the lack of regular health care resources available to the populations during the height of the pandemic. Several studies have been 
performed looking at the overall mortality rate of patients undergoing surgical fixation of a fracture during the pandemic and mixed results have been 
found.!?! Lim et al. found a slightly increased mortality rate among all patients managed during the pandemic while others found no change. One of the 
major findings associated with the COVID pandemic, however, was the increased 30-day mortality rate among patients requiring surgical intervention and 
were infected with COVID.®®!2! The meta-analysis by Lim and Pranata found a sevenfold increase in the mortality rate among patients with a hip fracture 
and concurrent COVID infection.!*! Egol et al. studied the effects of COVID infection on patients with hip fracture in New York City and found a fivefold 
increase in mortality. They also noted longer hospital stays, longer access to the operating room (OR), and higher complication rates for patients with a hip 
fracture and a COVID infection. 

It is important to recognize these trends and negative outcomes of patients at risk, so we can dedicate extra resources to help care for this patient 
population and avoid complications. An example of this was a group in East Sussex in the United Kingdom that dedicated extra resources to care for 
COVID-negative elderly hip fracture patients. They prioritized surgical intervention of hip fractures and prioritized discharge to rehabs in an attempt to 
decrease the hospital stay among these patients. They therefore decreased the potential exposure risk to COVID for these patients.!2” In prioritizing 
resources toward this vulnerable group, they were able to shorten the hospital stay and there was no increase in mortality among these patients when 
compared to identical time frames in the 2 years prior to COVID. This study highlights the importance of identifying epidemiologic trends so we can 
dedicate the appropriate resources to help efficiently and effectively care for a patient population. 


THE FUTURE 


In recent years, discussion about the changing epidemiology of fractures has concentrated on fragility fractures in older patients, which is understandable 
given the increase in the population of older adults. However, despite the fact that some of the established fragility fractures may continue to rise in 
incidence, it is likely that there will be other changes in the epidemiology of fractures in the future. We believe that there will be three major areas of 
change. 

First, it is likely that there will continue to be an increase in fractures in the 65 years and over age group that we do not necessarily recognize as fragility 
fractures today. In ninth edition of this text fractures in the 65 years and over population treated in 2000 were compared with those of 2010 to 2011.°° This 
allowed comparison of the changes in incidence in an identical population. Overall, the incidence of fractures in the 65 and older population in 2010 to 2011 
was 12.7% higher than in 2000. The figures for males and females were very different. In males, there was a 31.6% increase, whereas the increase was 5.7% 
in females. Analysis of the three most common fragility fractures showed that there was a 20.5% increase in the incidence of male proximal femoral 
fractures but a 2.5% decrease in females. In distal radial fractures, there was a 5.9% decrease in males but a 4.2% increase in females. In proximal humeral 
fractures, there was a 43.2% increase in the incidence of male fractures and a 13.7% increase in the incidence of female fractures. 

Analysis of the other fractures shows that surgeons can expect an increase in a number of different fracture types in the future. Table 6-10 lists the 
fractures where the percentage increase in fracture incidence in 2010 to 2011 compared with 2000 exceeded 20%. It can be seen that there are 13 fracture 
types in males and 5 in females. We think it likely that these fracture types in particular will increase in the future and surgeons will have to deal with 
fractures in the elderly that they are more used to treating in younger patients. There is already a substantial literature documenting the changes in different 
fractures in older patients compared with younger adults, and it is likely that these will continue and there may well be an increased interest in nonoperative 
management of some fractures. 


TABLE 6-10. The Fracture Types in Patients 265 Years That Were 220% Greater in Incidence in the Study Year (2010-2011) Than 


in 2000 


Males Females 
Clavicle Clavicle 

Scapula Distal humerus 
Proximal humerus Finger phalanges 
Humeral diaphysis Ankle 

Distal humerus Metatarsus 
Metacarpus 

Finger phalanges 

Pelvis 


Femoral diaphysis 
Distal femur 
Proximal tibia 
Distal tibia 


Ankle 


The second change in the epidemiology of fractures will probably be that we will see more low-energy fractures in younger adults. Social and health 
changes in the population will continue, and it is likely that this will alter the pattern of fractures that will need to be treated. A good example of this can be 
seen in the changing epidemiology of fall-related fractures.°° In 2010 to 2011, twisting injuries or falls from a standing height accounted for 62.5% of the 
fractures that were treated. In 2000, they accounted for 51.3% of the fractures.°? A comparison of the incidence of fall-related fractures in males and females 
in different age groups in the two study periods was undertaken. It showed that in certain age groups, in both males and females, there was a significantly 
increased incidence of fall-related fractures in 2010 to 2011 compared with 2000. The results are shown in Figure 6-4 for males and Figure 6-5 for females. 
They show that in males, there was a significantly higher incidence of fall-related fractures in 30 to 39, 40 to 49, 60 to 69, 80 to 89, and 90+ years, whereas 


in females there was a significant increase in all age groups except 70 to 90 years. There was a significantly decreased incidence of fall-related fractures in 
90+ females. This is of interest given the apparent reduction in proximal femoral fractures in females in some studies.®36 In addition, a comparison of the 2 
study years showed that in 90+ females, there was a reduction in the incidence of fractures of the fingers, proximal forearm, femoral diaphysis, tibial 
diaphysis, distal humerus, proximal humerus, and distal tibia. In 80+ males, there was significant increase in the incidence of fractures of the proximal 
humerus, distal humerus, humeral diaphysis, femoral diaphysis, ankle, metacarpus, metatarsus, and proximal forearm. 

It is the belief that these results indicate considerable social changes and changes in health in the population. It is probable that an increasing incidence 
of obesity and diabetes in the population may well have caused some of the changes in the incidence of fall-related fractures in younger patients.5° In 
addition, studies have suggested that increased alcohol intake,®* psychological problems,!!* and imbalance problems in the elderly®* may well have 
contributed. It seems likely that we will see more changes in the epidemiology of fractures in the future. 

Third, there will continue to be an increase in the amount of periprosthetic fractures that orthopaedic surgeons are responsible for managing. As the 
population becomes older and life expectancy increases and the number of arthroplasties performed increases, there will be a larger prevalence of 
periprosthetic fractures due to the increased population size with prosthetic joints. The increase in periprosthetic femur fractures has been well documented 
in the literature with a persistent increase in the prevalence and incidence noted in the United Kingdom.**!*4 Over a 5-year span from 2015 to 2020 in the 
United Kingdom, the prevalence has risen from 9.5% to 11.5%.! The prevalence of periprosthetic femur fractures is expected to rise by over 13.8% over the 
next 30 years.!® Not only are lower extremity periprosthetic fractures increasing, but there is also likely to be a substantial increase in the amount of upper 
extremity periprosthetic fractures. Total shoulder arthroplasty has been used to treat shoulder osteoarthritis, and since the 2000s when reverse total shoulders 
were popularized the indications for shoulder arthroplasty have increased. As a result, there is now a growing population of people with prosthetic implants 
in their shoulders who are also at risk for a periprosthetic fracture, and this population is likely to exponentially increase as the need for shoulder 
arthroplasty increases.'°° Given the overall decreased BMD among patients most commonly undergoing arthroplasty surgeries, these patients are at risk of 
sustaining a periprosthetic fracture.!9 As the overall prevalence and incidence of periprosthetic fractures continues to increase, the total burden to the health 
care system will also increase. Orthopaedic trauma surgeons and arthroplasty surgeons will need to be prepared to deal with this influx of patients and the 
associated challenges in managing these fractures. 
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Figure 6-4. The percentage incidence difference of fall-related fractures in males between 2000 and 2010-2011. A purple column represents statistical significance (p 
< .05). The different percentage incidence for each age group is shown. 
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Figure 6-5. The percentage incidence difference of fall-related fractures in females between 2000 and 2010-2011. A purple column represents statistical significance 
(p < .05). The different percentage incidence for each age group is shown. 


OPEN FRACTURES 


In the Gothenburg study population, 2.3% of the fractures were open. A review of the sixth and seventh editions of Fractures in Adults shows that in 
Edinburgh 3.1% of fractures were open in 2000,54 while 2.6% were open in 2007 to 2008°° and 1.9% were open in 2010 to 2011.5” Further analysis of their 
work shows that 66% of the fractures were Gustilo type I fractures, 19.7% were Gustilo type II fractures, and the remaining 13.6% were Gustilo type III 
fractures. There also seems to have been a decline in the prevalence of Gustilo type III fractures with 22.8% being recorded in 2000, 19.9% in 2007 to 2008, 
and 13.6% in 2010 to 2011. It therefore seems likely that there is a trend toward fewer and less severe open fractures. This would seem to be confirmed by 
examining the incidence of open tibial fractures in Edinburgh over a 20-year period. In 1991, 34.7% of the tibial fractures were open, giving an annual 
incidence of open tibial fractures of 8.5 per 100,000 population (13.8 in males and 3.8 in females). In 2010 to 2011, 20.3% of the tibial fractures were open, 
the annual incidence being 2.7 per 100,000 population (4.9 in males and 0.7 in females). In 1991, 42.9% of the open tibial fractures were Gustilo type III, 
but by 2010 to 2011, this had fallen to 21.4%. 

The largest study pertaining to open fractures was performed at the Royal Infirmary of Edinburgh. All open fractures over a 15-year period between 
1995 and 2009°? were analyzed. As many open fractures are associated with more severe injury, the injury severity score (ISS) for each patient was 
analyzed, in addition to creating a musculoskeletal index (MSI), which is the sum of all fractures and severe soft tissue injuries such as ligament disruption, 
dislocations, nerve damage, vascular damage, and tendon injury. All were given the score of 1 and the total used to provide an assessment of the degree of 
musculoskeletal injury. 

In the 15 years of the study, 2,386 open fractures were treated, giving an annual incidence of 30.7 per 100,000 population. They occurred in 2,206 
patients, with 2,079 (94.2%) presenting with a single open fracture, and a further 127 (5.8%) presenting with between two and seven open fractures. The 
average age was 45.5 years. Analysis showed that 69.1% of the fractures occurred in males with an average age of 40.8 years and 30.9% occurred in 
females with an average age of 56.0 years. In males, 10.2% of the fractures occurred in patients aged 65 years or older and 2.1% in patients aged 80 years or 
older. The equivalent figures for females were 42.9% and 18.6%, respectively. 

The overall male and female fracture distribution curves for open fractures are different from those for all fractures shown in Figure 6-1. The curves for 
open fractures are shown in Figure 6-6. This shows that in adult males, the highest incidence of open fractures occurs between 15 and 19 years and that 
there is an almost linear decline with increasing age. The annual incidence of open fractures in males aged 15 to 19 years was 54.5 per 100,000 population 
compared with 23.3 per 100,000 population in the 90+ age group. In females, there is a unimodal distribution, rising from 9.2 per 100,000 population per 
year in the 15- to 19-year group to 14.6 per 100,000 population per year in the 50- to 59-year group. Thereafter, there is a rapid rise in annual incidence to 
53.0 per 100,000 population in the 80- to 89-year group. There were insufficient fracture numbers to calculate fracture curves for open fractures of the 
scapula, proximal radius, radial diaphysis, carpus, and proximal femur. Table 6-11 shows the fracture incidence curves for the different open fractures. It is 
clear that the overall fracture distribution is different from that of closed fractures. In open fractures, it is younger males who are most affected and not 
infrequently they sustain their open fractures as a result of high-energy injuries. In females, Figure 6-6 shows that the open fracture distribution curve is not 
dissimilar to the overall fracture distribution curve of females shown in Figure 6-1, but there is one significant difference. The overall female distribution 
curve shows a marked increase in incidence in the 50- to 59-year group in the postmenopausal period. In open fractures, this increase occurs one decade 
later and is therefore probably not just related to osteoporosis, but to increasing overall patient frailty which affects the soft tissues as well as bone. It is also 
true that the ability to avoid dangerous situations is compromised in older patients. A review of the open fracture distribution curves shown in Table 6-11 
indicates that in open fractures that are commonly caused by high-energy injuries such as fractures of the pelvis, femoral diaphysis, distal femur, patella, 
proximal tibia, distal humerus, and proximal ulna, the distribution changes to one that highlights the increased frequency of open fractures in younger 
patients. Thus, the distribution curve for femoral diaphyseal fractures changes from a type A curve to a type B curve showing that open femoral fractures are 
predominantly seen in young men. Other fractures such as those of the distal femur, patella, and proximal tibia change from a curve showing a unimodal 


distribution affecting older patients to a bimodal distribution where younger patients are affected more commonly. In lower-energy open fractures, more 
elderly patients are affected. Thus, fractures of the metacarpals and finger phalanges change from a unimodal curve affecting younger patients to a bimodal 
curve where elderly females are also affected. In both distal radial and ankle fractures, there is a change from a type A curve in all fractures to a type E 
curve in open fractures emphasizing the frequency of open fractures in elderly females. Further analysis shows that 73.3% of open distal radial fractures and 
20.8% of open ankle fractures occur in females aged 80 years or older. There are a number of fractures in which the distribution curve does not change. 
These tend to be fractures that mainly occur in young patients anyway. There is no change in the curves for the different foot fractures, although while 
closed talar fractures affect both young males and females, the open talar fracture seems mainly to occur in young males. 


60 
munnan 
50 
Fá 
+ 
œ 40 : 
= / 
So Fd 
© 30 Sa 
S i — Males 
= + 
> 20 Fa ===: Females 


o* 
ott e a 
- 


oot tt aaa” 


10 


0 
15-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90+ 


Age (yrs) 


Figure 6-6. The age and gender distribution curves for open fractures. 


TABLE 6-11. Fracture Distribution Curves for Different Open Fractures From Edinburgh Population? 


All Fractures 


Upper Limb 


Open Fractures 


Fracture Distribution Curves 


Axial Skeleton and Lower Limb 


All Fractures 


Open Fractures 


Clavicle G E Pelvis E € 

Proximal humerus F H Femoral diaphysis G B 

Humeral diaphysis H F Distal femur E A 

Distal humerus E G Patella Ẹ A 

Proximal ulna Ẹ H Proximal tibia H A 

Ulna diaphysis H D Tibia and fibular diaphyses A A 

Radius and ulna diaphyses A G Distal tibia D D 

Distal radius and ulna A E Ankle A E 

Metacarpus B A Talus C C 

Finger phalanges B A Calcaneus G G 
Midfoot E B 
Metatarsus A A 
Toe phalanges C G 

Modes of Injury (Open Fractures) 

Crush injuries A Direct blows or assaults B 

Falls from standing height F Falls from height Cc 

Road traffic accidents G Falls down stairs F 

Cutting injuries B Sport Ç 


“The overall distribution curves are included for comparison. Distribution curves for the different modes of injuries that caused open fractures are also shown. 


The basic epidemiologic data for all open fractures treated between 1995 and 2009 are shown in Table 6-12. This shows that almost half of all open 
fractures involve the fingers and that open fractures of the fingers, tibial diaphysis, distal radius, toes, and ankle accounted for about three-quarters of all 
open fractures. Table 6-12 also shows that in a number of fracture types, open fractures are very rare, with 10 fracture types averaging less than one open 
fracture per year in a very busy trauma unit. In 15 years, there were no open proximal radial fractures. 

The severity of the different open fractures is shown in Table 6-13. The Gustilo grade has been used to define the severity of the fracture and the ISS and 
MSI have been used to define the overall injury suffered by the patient. Overall, 75.9% of patients had an isolated open fracture with no other 
musculoskeletal injury with 81.3% of open upper limb fractures being isolated compared with 62.8% of open lower limb fractures. Further analysis showed 
that 26.8% of open fractures were Gustilo type III with 18.6% of upper limb fractures being Gustilo type III compared with 42.6% of lower limb fractures. 
The overall average ISS was 7.2 with the average ISS of patients with upper and lower limb fractures being 5.1 and 11.1, respectively. A total of 7.2% of 
patients presented with an ISS of 16 or higher, with 2.5% and 13.8% of patients with upper and lower limb fractures, respectively, having an ISS of 16 or 
higher. 

Table 6-13 shows that open lower limb fractures tend to be more severe than open upper limb fractures. Open fractures of the femoral diaphysis, distal 
femur, patella, proximal tibia, tibial diaphysis, distal tibia, talus, and calcaneus tend to be associated with the highest ISS and MSI and the highest 
prevalence of Gustilo III fractures. Most of these fractures were caused by high-energy injuries such as motor vehicle accidents and falls from a height. The 
highest prevalence of Gustilo type III fractures is seen in fractures of the hindfoot and midfoot, although the annual incidence of these fractures is only 0.4 
per 100,000 population. 

Analysis of the mode of injury showed that the commonest cause of open fractures was a crush injury with an annual incidence of 93.8 per 100,000 
population. Eighty-three percent of these open fractures were finger phalangeal fractures. The second commonest mode of injury was a fall from a standing 
height with an annual incidence of 59.4 per 100,000 population. The average age of this group was 64.4 years and 60.9% were 65 years or older. Open 
fractures following falls tended to be isolated and not particularly severe. Only 0.7% of patients who had an open fall-related upper limb fracture had an ISS 
of at least 16, and the average MSI was 1.2. Similar values were seen in open lower limb fractures where 1.1% had an ISS of at least 16 and the average 
MSI was 1.1. However, 3.2% of the open upper limb fractures secondary to a standing fall were Gustilo type III in severity, compared with 31.1% of the 
open lower limb fractures. 

It is often assumed that motor vehicle accidents cause most open fractures, but this is not the case. In this study, motor vehicle accidents caused 15.9% 
of the open fractures, giving an annual incidence of 48.8 per 100,000 population. The average age of this group was 40 years of age and 14% were at least 
65 years of age. Further analysis showed that 26.1% of these patients had an ISS of at least 16, and 50.7% of the fractures were Gustilo type III in severity. 

Analysis of the multiple open fractures showed that 5.8% of patients presented with multiple open fractures. As one might expect, open lower limb 


fractures were associated with a higher prevalence of multiple open fractures. This was a particular problem with open fractures of the talus (50%), distal 
femur (44%), calcaneus (33.3%), patella (23.9%), proximal tibia (20.7%), and femoral diaphysis (14%). In the upper limb 12.5% of patients with humeral 
diaphyseal fractures, 9.1% of patients with distal humeral fractures, and 3% of patients with distal radial fractures presented with multiple open fractures. 
Again this illustrates the greater severity of open lower limb fractures. 


MULTIPLE FRACTURES 


Orthopaedic surgeons will be aware that although most fractures present as isolated injuries, patients may present with more than one fracture and there are 
certain accepted patterns such as the association between calcaneal and spinal fractures in a fall from a height or the association between proximal femoral 
fractures and distal radial or proximal humeral fractures in elderly patients who fall from a standing height. It is often assumed that multiple fractures are the 
result of high-energy injuries, but with increasing aging of the population, it is likely that surgeons will be called on to treat an increasing number of patients 
who have multiple fractures. 


TABLE 6-12. The Epidemiology of Open Fractures? From Edinburgh Population 


Prevalence Age 265 Years 280 Years 


n (%) (Years) (%) (%) M/F 

Finger phalanges 1,090 45.7 43.9 13.4 4.2 79/21 
Tibial diaphysis 267 11.2 43.3 18.0 6.7 67/33 
Distal radius 184 hel 67.0 67.4 30.4 23/77 
Toe phalanges 170 7.1 41.9 11.8 1.8 66/34 
Ankle 126 5.3 56.7 42.9 143 43/57 
Metacarpus 104 4.4 34.8 WT 4.8 90/10 
Proximal ulna 51 sl 47.9 29.4 7.8 69/31 
Metatarsus 49 Zi 42.2 ES 8.2 80/20 
Patella 46 1.9 20:3 10.9 4.3 72/28 
Radius and ulna 44 1.8 40.9 20.5 6.8 74/26 
Femoral diaphysis 43 1.8 31.8 4.7 2.3 77/23 
Distal tibia 31 1.3 48.1 22.6 3.2 58/42 
Proximal tibia 29 1.2 47.7 24.1 10.3 59/41 
Distal femur 25 1.0 40.6 20.0 12.0 48/52 
Ulna diaphysis 25 1.0 43.2 16.0 0 68/32 
Calcaneus 18 0.8 43.7 22.2 0 78/22 
Distal humerus 18 0.8 48.5 33.3 11.1 78/22 
Humeral diaphysis 16 0.7 51.3 37.5 12.5 75/25 
Proximal humerus 12 0.5 56.0 25.0 83 50/50 
Clavicle 9 0.4 44.0 wo uall 78/22 
Pelvis 7 0.3 40.9 14.3 0 86/14 
Talus 6 0.3 SS 0 0 83/17 
Radial diaphysis 5 0.2 44.0 20.0 0 80/20 
Midfoot 3 0.2 28.2 0 0 100/0 

Scapula 2 0.08 29.5 0 0 100/0 

Proximal radius/ulna D 0.08 71.0 50.0 50.0 50/50 
Proximal femur l 0.04 45.0 0 0 100/0 

Carpus 1 0.04 20.0 0 0 100/0 

Total 2,386 100 43.3 20.3 VABA 69/31 


“The number, prevalence, and gender ratios are shown, as are the average ages and percentages of patients >65 years and 280 years. 
(=) (=) D 


The 2010-2011 study from the ninth edition of Fractures in Adults looked at numbers of multiple fractures.” The number varied between 2 and 8, with 
77.3% of the patients with multiple fractures having two fractures, 16.1% having three fractures, and the remaining 6.5% having four or more fractures. 
Table 6-7 shows that multiple fractures have a type A distribution curve, and this is emphasized by comparing the basic epidemiology of multiple fractures 
caused by falls from a standing height with those caused by falls from a height or motor vehicle accidents. Analysis shows that 5% of patients who were 
injured as a result of a standing fall presented with multiple fractures. Their average age was 63.5 years, and 25% were males and 75% were females. Of 
patients injured by a fall from a height or in a motor vehicle accident, 19.7% presented with multiple fractures. The average age was 41.6 years, and 83% 
were males and 17% were females. The multiple fractures associated with each individual fracture are shown in the individual sections dealing with each 
fracture type. 


TABLE 6-13. The Severity of the Fractures and Overall Injury Level in the Edinburgh Population? 


Fracture Severity Injury Severity Score Soft Tissues 


Fracture (%) MSI Average ISS ISS 216 (%) Gustilo Type III (%) Principal Modes of Injury 


Finger phalanges 84.5 1.3 2.9 0.5 24.9 55.4% crush, 31.5% cut 
Tibia and fibula 71.9 have 13.5 15:3 44.6 46.1% MVA 

Distal radius 78.3 1.3 10.9 6.5 22 71.2% fall 

Toe phalanges 67.6 1.8 Bhs} SI 17.1 45.3% crush 

Ankle 86.5 1.3 12.6 aD 47.6 54.8% fall 

Metacarpus 45.2 w 57 1.9 10.6 55.8% direct blow/assault 
Proximal ulna 82.3 1.5 11.3 5.9 13.7 43.1% fall 

Metatarsus 22.4 3.6 7.6 0 57.1 40.8% crush, 36.7% MVA 
Patella 58.7 1.9 9.1 19.5 30.4 58.7% MVA 

Radius and ulna 86.4 1.2 10.8 6.8 + 43.2% fall, 25% MVA 
Femoral diaphysis 37.2 AT 18.1 39.5 65.1 53.5% MVA 

Distal tibia 83.9 1.4 131 12.9 452 51.6% fall height 
Proximal tibia 48.3 2.1 14.3 20.7 58.6 51.7% MVA 

Distal femur 25.0 2.1 18.6 40.0 72.0 80.0% MVA 

Ulna diaphysis 76.0 1.5 12.0 8.0 16.0 28.0% fall, 28.0% direct blow/assault 
Calcaneus 22.2 2.7 15.0 50.0 778 72.2% fall height 

Distal humerus 72.2 1.5 13.6 11.1 44.4 33.3% fall, 33.3% MVA 
Humeral diaphysis 62.5 1.8 17.5 37.5 18.7 50% MVA 

Proximal humerus 91.6 1.1 10.2 0 8.3 41.7% fall, 33.3% MVA 
Clavicle 77.8 1.7 6.4 11.1 0 33.3% fall 

Pelvis oy fa | 2.0 19.0 42.9 0 42.8% fall height 

Talus 50.0 3.0 10.2 33.3 50.0 50% MVA 

Radial diaphysis 40.0 1.6 12.4 20.0 20.0 40% fall 

Midfoot 20.0 5.8 14.0 40.0 80.0 40% MVA, 40% fall height 
Scapula 100.0 1.0 13.0 50.0 0 50% direct blow/assault, 50% fall height 
Proximal radius/ulna 50.0 2.0 25.5 50.0 0 50% fall, 50% fall height 
Proximal femur 0 2.0 10.0 0 0 100% MVA 

Carpus 0 6.0 8.0 0 0 100% cut 

Total 75.9 1.5 hed 6.5 26.8 


“The modes of injury are shown. 
MVA, motor vehicle accident. 


FRAGILITY FRACTURES 


The importance of osteoporotic fractures has been highlighted by many authors but a study by Cauley et al.3? compared the absolute risk of fractures with 
the risk of different cardiovascular events and breast cancer in women aged 50 to 79 years. They found that the projected number of women who would 
experience a fracture exceeded the combined number of women who would experience invasive breast cancer or a range of different cardiovascular events 
in all ethnic groups except Black women. They found that the annual incidence of fractures was greatest in White and American Indian women and lowest 
in Black women. There is little doubt that the incidence of osteoporotic fractures will continue to increase over the next few decades and they will place a 
significant financial burden on the medical system of all countries. 


There has been some debate as to which fractures are osteoporotic fragility fractures. Traditionally four fractures have been regarded as osteoporotic or 
fragility fractures, these being fractures of the proximal femur, distal radius, proximal humerus, and the thoracolumbar spine. However, it is self-evident that 
other fractures commonly occurring in osteopenic or osteoporotic bone should also be regarded as fragility fractures. Buhr and Cook,”® in 1959, indicated 
that humeral diaphyseal fractures, bimalleolar ankle fractures, and pelvic fractures had a type F distribution and they also demonstrated that proximal radial, 
femoral diaphyseal, proximal tibial, and lateral malleolar fractures had a bimodal distribution with a significant proportion of the fractures occurring in older 
women. Other researchers have also suggested that there are a considerable number of fractures that should be regarded as fragility fractures.o?-10° 

Kanis et al.!°! defined osteoporotic fractures as occurring at a site associated with low BMD that also increased after the age of 50 years. Based on this 
definition, Johnell and Kanis! proposed that vertebral fractures, all femoral fractures, wrist and forearm fractures, humeral fractures, rib fractures, pelvic 
fractures, clavicular fractures, scapular fractures, and sternal fractures should be regarded as osteoporotic fractures. They also suggested that fractures of the 
tibial and fibular diaphyses should be regarded as osteoporotic fractures in women. 

Table 6-14 lists the fractures that occur in osteopenic or osteoporotic bone and should be considered fragility fractures. All humeral and all femoral 
fractures, with the exception of the very rare femoral head fracture, should now be regarded as fragility fractures as should many long bone metaphyseal 
fractures. Based on the fractures shown in Table 6-14 and the patients who presented with type A, D, G, and H fractures and were over 50 years of age in 
2000, it was estimated that 30.1% of male fractures and 66.3% of female fractures were potentially fragility fractures.“ They also pointed out that in a large 
Orthopaedic Trauma Unit, 34.7% of outpatient fractures and 70.4% of inpatient fractures were potentially fragility fractures. This illustrates the scale of the 
current problem. It seems likely that the problem will increase and with increasing aging of the population other fractures will be regarded as fragility 
fractures and will be added to the list shown in Table 6-14. The fact that Table 6-5 shows that only three fracture types in women currently have an average 
age under 50 years illustrates the potential problem facing orthopaedic surgeons in the future. 


TABLE 6-14. Fractures That Should Be Considered Fragility Fractures 


Proximal humerus Femoral diaphysis 

Humeral diaphysis Distal femur 

Distal humerus Patella 

Olecranon Bimalleolar ankle 

Proximal radius and ulna Trimalleolar ankle 

Distal radius Pelvis 

Proximal femur Thoracolumbar spine 
MORTALITY 


Multiple studies have demonstrated that one in five people sustaining a hip fracture will die within 4 months of injury.°° This figure increases with 
increasing age, with a one in three mortality rate for those patients aged 80 years and older at 4 months.’ This is not unique to hip fractures with an 
increased mortality rate also being associated with proximal humeral fractures.!68 In addition, when assessing standardized mortality rates according to age 
for specific fractures, there is an increased risk of death at 1 year associated with ankle, pelvic, proximal humerus, and proximal femur (Table 6-15).*° 


TABLE 6-15. The 1-Year Standardized Mortality Ratios and p-Values for Single Fractures of the Ankle, Distal Radius, Pubic Rami, 


Proximal Femur, and Proximal Humerus in the Elderly (265 Years) 


Fracture Standardized Mortality Ratio (95% Cl) P-Value® 
Ankle 1.85 (1.03-3.10) 0.02 
Distal radius 0.75 (0.50-1.08) 0.13 
Pelvis 2.28 (1.35-3.63) <0.001 
Proximal femur 3.41 (2.99-3.87) <0.001 


“Chi-square test. 


TABLE 6-16. The 1-Year Standardized Mortality Ratios and p-Values for Patients Aged 265 Years With Multiple Fractures, 


Including Fractures of the Ankle, Distal Radius, Pubic Rami, Proximal Femur, and Proximal Humerus 


Fracture Standardized Mortality Ratio (95% Cl) P-Value® 
Ankle 1.95 (0.34-6.61) 0.32 
Distal radius 1.43 (0.64—4.82) 0.15 
Pelvis 10.50 (2.43-13.05) <0.001 
Proximal femur 4.66 (2.66-7.64) <0.001 
Proximal humerus 4.95 (2.66-7.64) <0.001 


“Chi-square test. 


During the study period, 2,217 patients aged at least 65 years of age presented with 2,335 fractures, including spinal fractures, to the Royal Infirmary of 
Edinburgh. In total, 119 patients presented with multiple fractures. The gender ratio was 22/78 male/female and the average age was 78.7 years. The 


standardized mortality ratio at 1 year was significantly increased for ankle, pelvic, proximal humerus, and proximal femoral fractures (Table 6-16). 
Interestingly, fractures of the distal radius were not associated with an increased risk of mortality, which has been observed previously.!68 A potential 
explanation for this difference may relate to patients’ physiologic status. Allum et al. studied age-dependent balance correction and arm movements for 
falls in different age groups and showed that compensatory movements to facilitate protection from falls were less effective with increasing age. Frailer 
patients were more likely to incur proximal limb girdle fractures due to diminished protective reflexes and hence sustain proximal humeral and femoral 
fractures,”!°5 whereas patients who retain their protective reflexes are more likely to sustain a distal radial fracture, which may reflect a superior 
physiologic status. This may account for the observed improved survival rate of proximal femoral fractures associated with distal radial fracture. 

It was observed that patients sustaining multiple fractures were at an increased risk of mortality within 1 year of injury. The mortality of patients with 
multiple fractures, of which one included that of the pelvis, proximal humerus, or proximal femur, was increased relative to those patients sustaining a 
single fracture (see Table 6-16). This suggests that patients who present with multiple fractures are frailer than those presenting with a single fracture. This 
was supported on subgroup analysis, as patients aged 65 years and older were demonstrated to have an increased mortality risk compared with patients 80 
years and older (Table 6-17). This may reflect the frailty of this younger age group after sustaining low-energy multiple fractures. The mortality risk was 
significantly increased for multiple fractures that included pelvic or proximal humeral fractures in all elderly patients, or proximal femoral fractures in those 
aged 65 to 79 years old, relative to fractures sustained in isolation. Patients sustaining these multiple fracture combinations should be identified, and both 
the medical and surgical management should be prioritized in an effort to improve their outcome. 

The same mortality rate has been demonstrated for pelvic fractures and other lower limb fractures in patients aged at least 80 years.°° This unadjusted 
mortality rate is greater than for some malignant diseases.!°° A palliative care approach is therefore appropriate for patients with advanced nonmalignant 
disease as well as malignant disease.‘*! Thus, a fragility fracture in a frail patient aged 80 years or older may reasonably trigger a palliative care approach: 
anticipating and planning for physical, social, psychological, and spiritual needs and end-of-life care.!“° 


TABLE 6-17. The 1-Year Standardized Mortality Ratios (95% Cl) and p-Values for Multiple Fractures of the Ankle, Distal Radius, 


Pubic Rami, Proximal Femur, and Proximal Humerus in the Elderly (65-79 Years) and the Superelderly (280 Years) 


Fracture 65-80 Years p-Value? 280 Years Edinburgh p-Value? 


Ankle 2.66 0.31 No deaths — 
(0.33-6.61) 


Distal radius 2.18 0.31 1.07 (0.16-3.30) 1.0 
(0.33-6.61) 
Pelvis 11.64 0.03 3.45 (1.27-9.65) 0.003 


(5.38-19.22) 


Proximal femur 8.39 <0.001 3.53 (1.46-5.51) <0.001 
(1.83-1.08) 
Proximal humerus 6.64 <0.001 4.34 (2.19-8.25) <0.001 


(1.83-11.08) 


‘Chi-square test. 


One-year mortality following fractures of the ankle, pelvis, proximal humerus, and proximal femur in the elderly is greater than the equivalent mortality 
of many solid tumors.!°3 The mortality is even higher in specific groups, such as those graded preoperatively as American Society of Anesthesiologists 
(ASA) III or ASA IV, with 38% of patients dying within 4 months of surgery. However, predicting which patients will die is very difficult. The question, 
“Would I be surprised if this patient were to die in the next year?” is being increasingly used to identify nonmalignant patients for a palliative care 
approach.!4! Orthopaedic surgeons, orthogeriatric clinicians, and family physicians considering individual hip fracture patients might not be surprised in 
many cases. Relatives frequently underestimate the 1-year mortality associated with a hip fracture. In patients with a real risk of dying, even when the 
prognosis is uncertain, it is appropriate to make a care plan, together with the patient and relatives, where appropriate, in case this does happen. It is then 
possible to anticipate problems and possibly prevent unnecessary interventions and admissions. For most such patients, postoperative care planning includes 
nutritional, cognitive, social, physiotherapy, and occupational therapy assessments.!2* In some trauma units, a geriatrician is responsible for ensuring 
appropriate medical treatments are undertaken and is often involved in discussions with the patient and family regarding a poor prognosis. Appropriate 
intervention by a geriatrician may reduce short- and long-term mortality, but overall mortality remains high.!®° A recent controlled trial of advance care 
planning in geriatric inpatients was shown to improve end-of-life care and family anxiety.° 

Active supportive care following their fracture is useful to help patients live and die well. It is currently good practice for a hip fracture in a frail, older 
person to trigger an orthogeriatric review to prevent and treat medical complications.* Some authors have suggested that for such patients, the orthopaedic 
surgeons, orthogeriatricians, patient, and family should be involved in discussions about anticipatory care to optimize the quality of life, and in due course, 
death.!“° These care plans could then be reviewed and taken forward by family physicians, nurses, and social carers in the community. A fracture, especially 
those of the lower limb and pelvis, in the frail superelderly patient may act as a stimulus to consider holistic planning and care typical of a palliative care 


approach. Specialist palliative care in people with lung cancer has been shown to be associated with improved quality of life and even longevity.!®° It may 
also be beneficial if clinicians adopt a palliative care approach in selected elderly patients with fractures. 


TABLE 6-18. The Epidemiology of the Different Modes of Injury? 


Average Age (Years) Multiple Open 

Prevalence Incidence §}3——_—___ Fractures Fractures 

(%) (n/10%/yr) All Males Females >65 Years 280 Years (%) (%) M/F (%) 
Fall 62.5 836.4 62.3 54.3 65.7 38.9 20.6 Tie 0.5 30/70 
(standing) 
Low fall A 57.0 SLs, 48.2 55.2 27.1 10.8 6.8 3.1 51/49 
Fall (height) Z3 31.6 36.0 37.3 30.0 8.1 DS 33.0 10.6 88/12 
Direct blow/ 13.6 182.6 33.3 31.1 40.1 3.6 1.0 FT 5.8 75/25 
assault 
Sport 11.1 149.2 31.3 30.4 35.5 3.0 0.3 2l 0.6 82/18 
MVA aw 69.6 42.6 41.7 45.8 10.2 3.0 17.4 6.4 78/22 
Pathologic 0.4 4.8 67.3 63.5 70.3 60.0 24.0 0 0 44/50 
Stress/ 0.3 2.7 49.9 a4) 54.0 21.4 PA lk: 0 0 43/57 
spontaneous 

“The prevalence, incidence, and gender ratios are shown as are the percentages of open fractures and patients with multiple fractures. The average ages and prevalence of patients 
265 years and 280 years are also shown. Low falls include falls down stairs and slopes. Direct blows/assaults include crush injuries. 


MODE OF INJURY 


Mode of injury is not clearly or consistently documented in the fracture literature and no two studies use the exact same mode of injury. As a result, it is 
difficult to cross-analyze studies. For these reasons, we have kept the mode of injury data used in the ninth edition of this text by Court-Brown, as it was the 
most comprehensive and thorough analysis of the data. Mode of injury was broken down into eight basic categories, these being falls from a standing 
height, falls from a low height, including stairs and slopes, and falls from a significant height, this being defined as above 6 feet. The other modes of injury 
are direct blows, assaults or crush injuries, sports injuries, motor vehicle accident injuries, pathologic fractures, and stress or spontaneous fractures. The 
epidemiologic parameters for these modes of injury are shown in Table 6-18. Gunshot injuries are very uncommon in Scotland, and none were treated 
during the study year of 2010 to 2011, but please refer to the subsection on gun-related injuries for more analysis. In 0.4% of the patients, the cause was 
unknown, usually because the patient was intoxicated. 

The commonest cause of injury was a fall from a standing height that accounted for 62.5% of the fractures. These are more common in older patients 
and are the most frequent cause of fragility fractures. The other common causes of fractures are direct blows, assaults, or crush injuries that cause about 
14% of all fractures and sports injuries that cause about 11% of all fractures. It is accepted that sports injuries are a combination of falls, direct blows, 
crushing injuries, and falls from a height, but they are conventionally grouped together as sports injuries and this has been done. Both direct blows and 
assaults and sports injuries tend to occur in younger patients, with only 3% to 4% of patients being 65 years or older. They are more common in males. 

Motor vehicle accidents are often perceived to cause most fractures, but Table 6-18 shows that this is not the case. In 2000, 7.2% of all fractures were 
the result of motor vehicle accidents,°* but the prevalence of motor vehicle accident fractures had fallen to 5.2% in 2010 to 2011, and there is little doubt 
that the decline in motor vehicle accident fractures is partially responsible for the lower incidence of fractures such as those of the tibial diaphysis. It is 
possible to construct age and gender curves for modes of injury in the same way as can be done for individual fractures and the eight curves shown in Figure 
6-3 can be used to describe modes of injury. 


Falls From a Standing Height 


This is the commonest mode of injury. There seems no doubt that fractures as a result of standing falls are becoming more common and this is confirmed by 
comparing the 2000 study year data documented in the sixth edition of Fractures in Adults®* with the data documented in the ninth edition of Fractures in 
Adults.” In 2000, 51.3% of fractures followed a standing fall or a twisting injury, compared with 62.5% in 2010 to 2011. However, the average age of the 
groups was the same. It seems likely that the incidence of fractures caused by standing falls will continue to rise, and as shown in Figures 6-4 and 6-5, it will 
not just be the older population that will be affected. 

Further analysis of fractures caused by standing falls shows that 40.7% of male fractures resulted from a standing fall, compared with 85.4% of female 
fractures. Table 6-18 shows that the average ages were very different and that about 40% of the patients were at least 65 years of age. A review of the 
incidence of fractures following a standing fall shows that the overall annual incidences in males and females are 530 and 1,101.1 per 100,000 population 
and that the annual incidences of fractures in the male and female 65 and older age groups are 1,182.6 and 2,880.9 per 100,000 population, respectively, 
indicating that falls from a standing height are a particular problem in older patients. Overall, fractures caused by falls from a standing height show a type F 
distribution (see Fig. 6-3). However, falls from a standing height can cause fractures in younger patients (see Figs. 6-4 and 6-5). The 2010-2011 data show 
that in patients aged 16 to 35 years, standing falls caused 22.0% of fractures in males and 55.2% of fractures in females. In the 36- to 64-year groups, the 
equivalent figures are 44.5% and 78.3% and in the 65 and older group they are 81.6% and 94.2%. The prevalence of fall-related fractures continues to rise 
with age such that in the 80 and older groups, 88.2% of fractures in males and 96.0% of fractures in females followed a standing fall.5° 


Falls From a Low Height 


Falls from a low height consisted of falls down stairs, falls from a low height (<6 feet), and falls down slopes. Table 6-18 shows that these accounted for 
4.2% of fractures in the 2010-2011 study year and that they often affect older patients with about 27% of the patients being at least 65 years of age. The 
average age of males and females injured in low falls was 44.8 years and 54.4 years, respectively. The overall annual incidence of these fractures was 53.7 
in males and 51.6 per 100,000 population in females, respectively. If the population of patients aged 65 years and older is considered, the relative annual 
incidences are 44.0 and 89.4 per 100,000 population, indicating that there is only a small rise in incidence in females at least 65 years of age. The incidence 
does rise in the 80 and over age groups. In males, the annual incidence is 77.2 per 100,000 population and in females it is 109.5 per 100,000 population, 
indicating the increasing frailty of these groups of patients.°> Overall fractures that occur as a result of falls from a low height have a type F fracture 
distribution curve. Table 6-18 shows that there are other differences from fractures associated with falls from a standing height. Low falls are associated 
with a higher prevalence of open fractures and multiple fractures indicating that these falls are associated with higher-energy injuries than falls from a 
standing height. 


Falls From a Height 


Fractures caused by falls from a height are relatively infrequent accounting for only 2.3% of the fractures seen in the 2010-2011 study population (see Table 
6-18). They mainly affect young males and only 8% of the patients treated during the study year were 65 years of age or older. They therefore have a type B 
distribution (see Fig. 6-3). The overall incidences of these fractures are 47.9 per 100,000 population in males and 5.9 in females. This is the lowest incidence 
of fractures in females from any mode of injury, except for pathologic or stress fractures. There were only 10 females injured in a fall from a height during 
the study year and none were aged 65 years or older. It is also interesting to note that the 117 male fractures occurred in 76 patients and that only 10 (8.5%) 
occurred in patients 65 years or older and none occurred in the 80 years and older group.” 

Table 6-18 shows that falls from a height are associated with a higher prevalence of open fractures and multiple fractures than motor vehicle accidents. 
Unsurprisingly, 70.6% of the open fractures were in the lower limb and 83.3% of these fractures were in the distal tibia, ankle, or foot. The number of 
multiple fractures varied between two and eight. Classically, falls from a height are associated with hindfoot and spinal fractures and this was seen to be the 
case with 32.7% of the fractures being in the calcaneus. Although spinal fractures have not been included in the overall epidemiologic analysis, a review of 
the data shows that 14 (11%) patients presented with a total of 28 thoracolumbar spine fractures, of which 32.1% were thoracic and 67.9% were lumbar. The 
commonest area to be fractured was the T12—L1 area, with 5 (17.8%) T12 fractures and 10 (35.7%) L1 fractures being seen.°° 


Direct Blows, Assaults, or Crush Injuries 


This mode of injury, like falls from a height, is commonest in young males and therefore has a type B distribution (see Fig. 6-3). It is the second commonest 
mode of injury after falls from a standing height. It is accepted that it covers a number of different causes of fracture and that the patient’s history may not 
always be accurate or honest. With that proviso, further analysis showed that 50.8% of the fractures followed a direct blow, 29.1% occurred in a fight or 
assault, 11.3% as a result of a crush, and 7.3% as a result of a twisting injury. It is not surprising to see that 48.1% were metacarpal fractures and 27.5% 
were finger fractures. These are common fractures in adolescent males and Table 6-6 shows that they are commonly associated with social deprivation. 
Indeed, analysis of the annual incidence of metacarpal and finger phalangeal fractures in deciles 9 and 10 showed it to be 959.5 per 100,000 population. The 
annual overall incidence of fractures caused by direct blows or assaults in males and females was 291.7 and 85.2 per 100,000 population, respectively.°° 

Table 6-18 shows that direct blows and assaults are associated with a relatively high rate of multiple and open fractures. This may be surprising to some 
surgeons given the low energy involved in most of these injuries. The fact that 5.7% of patients had multiple fractures relates to the fact that 7.6% of males 
had multiple metacarpal fractures. Interestingly, no female presented with multiple metacarpal fractures following a direct blow or assault. Four percent of 
males with a finger fracture following a direct blow or assault had multiple finger fractures, compared with 3.1% of females. Analysis of the open fractures 
caused by direct blows or assaults showed that 68.7% were finger fractures.°° 


Sports 


Sports injuries occur in a very heterogeneous group of patients who are injured by falls of different types, direct blows, and even motor vehicle accidents. In 
addition, there is an association between stress fractures and sports. In general, sports fractures have a type C distribution affecting younger males and 
females, although as Table 6-18 shows many more young males are affected. Predictably there are very few patients 65 years of age or older, and there are 
relatively few open fractures or multiple fractures.°° 

It is self-evident that the epidemiology of sports-related fractures will vary throughout the world depending on the degree of affluence, availability of 
resources, and the popularity of different sports. Thus, analysis of sports in the United Kingdom will not include sports such as baseball, American football, 
ice hockey, or cross-country skiing. However, many sports are universally popular and during the year football accounted for 39.5% of the fractures, rugby 
for 13.0%, cycling and mountain biking for 11.8%, and the different winter sports for 10.1%. The annual overall incidence of sports-related injuries in males 
was 258.9 per 100,000 population, with 51.2 per 100,000 population being recorded in females. In the 16- to 34-year-old male group, the annual incidence 
of fractures related to football was 594.9 per 100,000 population, with 212.2, 106.1, and 72.5 per 100,000 population being recorded in rugby, cycling and 
mountain biking, and winter sports. In the 16 to 35 female group, the highest annual incidence of fractures followed winter sports at 29.2 per 100,000 
population, with the incidence following football and rugby both being 20.6 per 100,000 population.*° 


Motor Vehicle Accidents 


The assumption is often made by the lay public that most fractures are caused by motor vehicle accidents. However, Table 6-18 shows that this is not the 
case. It is likely that the number of fractures caused by motor vehicle accidents varies considerably throughout the world but in the developed world 
improved automobile design, speeding restrictions, and improved alcohol legislation have caused a reduction in the incidence of fractures. This has been 
shown to be the case by a study of motor vehicle—related open fractures in Edinburgh, Scotland, between 1988 and 2010. The annual overall incidence of 
open fractures fell from 12 per 100,000 population in 1988 to 3.4 per 100,000 population in 2010. Figure 6-7 shows the different incidences of open 
fractures in vehicle occupants, pedestrians, motorcyclists, and cyclists in four different time periods between 1988 and 2010. It shows that while the overall 
incidence of open fractures has declined, there was a slight rise in cyclists but a decline in vehicle occupants, pedestrians, and motorcyclists. The increased 
incidence in cyclists is presumably due to the increased popularity of cycling in the past 10 to 15 years. 

Overall motor vehicle accident fractures have a type B distribution with a unimodal peak in young males and Table 6-18 shows that the annual overall 


incidence of fractures is 69.6 per 100,000 population. The prevalence of multiple fractures and open fractures is second to those associated with falls from a 
height. Further analysis of fractures following motor vehicle accidents shows that the annual overall fracture incidence is 115.1 per 100,000 population in 
males and 28.9 in females. Obviously, the incidence of motor vehicle—related fractures will vary with the precise involvement of the patient. Table 6-19 
shows the basic epidemiology of the different types of involvement in motor vehicle accidents. 


Cyclists 


Table 6-19 shows that the highest incidence of fractures as a result of motor vehicle accidents occurs in cyclists, with an annual overall incidence of 32.5 per 
100,000 population. In males, the annual incidence is 55.7 and in females it is 11.7 per 100,000 population. Overall, there is a type C distribution affecting 
younger males and females, but clearly the incidence in males is about five times that of females. A review of the fractures sustained by cyclists indicates 
that they are mostly upper limb fractures with the commonest fracture being the clavicle (20.8%), followed by the proximal radius (16.7%) and the distal 
radius and ulna (12.5%). Ninety percent of the open fractures caused by cycling occur in the upper limb. A cycling fracture that has not received much 
attention in the literature is the proximal femoral fracture. In 2010 to 2011, there were six (2.5%) proximal femoral fractures, of which five were in males. 
The average age was 50 years. The fracture is caused by the cyclists being unable to release their feet when they fall and they consequently fall on their 
hip.°° 
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Figure 6-7. The changing incidence of open fractures in motor vehicle accidents between 1988 and 2010 in Edinburgh, Scotland. The different incidences for vehicle 
occupants, pedestrians, motorcyclists, and cyclists are shown. 


Motorcyclists 


Motorcyclists present with the second highest annual incidence of motor vehicle accident—associated fractures at 15.1 per 100,000 population (Table 6-19). 
The overall distribution curve is a type B curve indicating that these fractures are most commonly seen in young men. The annual incidence of fractures in 
males is 28.9 per 100,000 population, compared with 2.9 in females. Obviously, many fractures in motor cyclists are very severe and may be fatal, but of the 
fractures that presented to the Edinburgh hospital in 2010 to 2011, the commonest was the distal radius and ulna at 17.9%.°° This was followed by the 
clavicle (14.1%). However, a review of the open fractures shows that 62.5% affected the lower limb with the patella (25%) and tibial diaphyses (25%) being 
the most common.°° 


TABLE 6-19. The Epidemiology of Fractures in the Different People Involved in Motor Vehicle Accidents? 


Prevalence Incidence 


(%) (n/10%/yr) Average Age (Years) M/F (%) Open Fractures (%) Multiple Fractures (%) 
Cyclist 46.7 32:5 40.2 81/19 6.0 8.6 
Motorcyclist 2T 15.1 41.0 90/10 10.3 21.3 
Pedestrian | Uy fo 12.2 48.8 62/38 352 24.4 
Vehicle driver 10.2 7.1 47.2 76/24 8.1 34.8 


Vehicle passenger pip} 1.5 29.6 50/50 0 16.7 


‘The prevalence, incidence, average age, and gender ratio are shown as is the prevalence of open fractures and multiple fractures. 


Pedestrians 


Table 6-19 shows that pedestrians tend to be older and to present with fewer open fractures, but there are more patients with multiple fractures than in motor 
cyclists. At first sight, this might seem unlikely, but there is an increased prevalence of multiple fractures that correlates with increasing age and osteopenia. 
The annual overall incidence of fractures in pedestrians is 12.2 per 100,000 population, but it is higher in males (16.0) than in females (8.8). The commonest 
fractures seen in pedestrians were metatarsal fractures (23.8%), finger phalangeal fractures (11.1%), and tibial and fibular diaphyseal fractures (11.1%).°° 
The patients presenting with tibial and fibular diaphyseal fractures had an average age of 38.3 years and the gender ratio was 86/14. Overall, pedestrians 
show a type G distribution of fractures with bimodal peaks in males and a unimodal peak in older females. 


Vehicle Drivers 


Surgeons may be surprised that vehicle occupants present with the lowest prevalence of fractures in road traffic accidents (see Table 6-19). Overall, 12.5% 
of the fractures occurring in motor vehicle accidents were in vehicle occupants. Vehicle drivers, like pedestrians, have a higher average age and about a 
third of patients will present with multiple fractures. The annual overall incidence of fractures in vehicle drivers was 7.1 per 100,000 population, the annual 
incidence in males and females being 11.5 and 3.3 per 100,000 population, respectively.” The overall fracture distribution curve for all vehicle occupants is 
a type H curve with bimodal distributions in both males and females. This is also the case with vehicle drivers, but there are too few vehicle passengers to 
calculate a curve accurately. The two commonest fractures seen in vehicle drivers were the metacarpal fracture (16.2%) and the clavicle fracture (13.5%). 


Vehicle Passengers 


Fractures in vehicle passengers are surprisingly rare, which presumably is a testament to improved car design, seatbelts, and airbags. Only 2.2% of fractures 
in motor vehicle accidents occurred in vehicle passengers and Table 6-19 shows that they were in younger adults. The gender distribution was equal and 
there were no open fractures. The commonest fractures were spinal fractures (37.5%), followed by fractures of the distal radius and ulna (25%). All patients 
who presented with multiple fractures had spinal and distal radial fractures.°° 


Pathologic Fractures 


Table 6-18 shows that 0.4% of fractures in the 2010-2011 study were pathologic, being caused by the presence of metastases. Not unexpectedly, this group 
was older and there were no open fractures or multiple fractures. Further analysis showed that 76% of the fractures occurred in the femur with 57.9% of the 
femoral pathologic fractures being proximal in location and the remaining 42.1% being in the diaphysis. The remaining fractures occurred in the humeral 
diaphysis (8%), proximal humerus (4%), radial diaphysis (4%), spine (4%), and the distal tibia (4%).°° Pathologic fractures have a type F distribution. 


Stress and Spontaneous Fractures 


The remainder of the fractures that were seen during the study year were stress or insufficiency fractures where there was no obvious cause. Only 0.3% of 
fractures were stress or insufficiency fractures (see Table 6-18), giving an annual overall incidence of 2.7 per 100,000 population. These fractures have a 
type H distribution with the stress fractures tending to occur in younger adults and the insufficiency fractures in the older population. In this group of 
patients, 63.6% of fractures were metatarsal fractures with an average age of 34.4 years and two (18.2%) occurred in the proximal femur with an average 
age of 82.5 years. If stress and insufficiency fractures are considered separately, stress fractures have a type C distribution and insufficiency fractures a type 
F distribution. 


Other Modes of Injury 


During the study year, 1.6% of patients either did not know or were not admitting to the cause of their fractures. The average age of this group was 39.1 
years, and the gender ratio was 57/43. It is interesting to note that 47.6% of the fractures were of the metacarpal or finger fractures where direct blows or 
assaults are common! 


Gunshot Injuries 


Civilian gunshot fractures are less common in Europe than in the United States. The most recent study by Lyons et al. looked at gunshot-induced fractures 
in the United States from 2000 to 2019. They found that an estimated 240,555 patients sustained ballistic fractures over the 20-year period in the United 
States. The overall incidence was 3.9 per 100,000 person-years.!*3 Table 6-20 shows the average age, patient sex, and type of firearm used in patients 
sustaining ballistic fractures.!23 The victims are predominantly males with an average age of 30.9 years. Figure 6-8 shows the incidence of ballistic fractures 
broken down by sex and age from the 2000-2019 data. The authors also found that there was a greater percentage of non-Caucasian patients sustaining 
ballistic fractures likely indicating the social disparities that exist among this patient population. !?3 Figure 6-9 shows that the incidence of ballistic fractures 
continued to increase over the past 19 years in North America going from an incidence of 15.7 in 2000 to 96.8 in 2019. Literature from the R. Adams 
Cowley Shock Trauma Center in Baltimore, Maryland, in 2007 (Table 6-21) found that 6.5% of all fractures were caused by gunshot wounds in 2007.*° 
Some 93% of the patients were male, with an average age of 28 years, which is similar to the study by Lyons. There were also racial differences with 83% 
of patients being Black and 15% being Caucasian. The North American literature suggests that they have a type B distribution and most commonly occur in 
young males.!?° Analysis showed that 7% of patients had an injury to their central nervous system, 30% had a thoracic injury, 33% had an abdominal 
injury, and 22% had associated spinal injuries. 


SPECIFIC FRACTURE TYPES 


This section highlights epidemiologic information about specific fracture types. Given that there is no one resource that provides all of the information in 
regard to associated complications or injuries, the following was composed via literature review combining Swedish fracture registry data with the date 
provided previously from Court-Brown et al. The tables cited here are provided to serve as a quick reference for epidemiologic data in specific fracture 
types, but please refer to the relevant chapters for more detailed information on the epidemiology of each fracture and its associated injuries and 
complications. 


TABLE 6-20. Ballistic Fracture Estimates and Incidence Rates, 2000 to 2019, by Race/Ethnicity and Anatomic Location 


Nonspine Axial Spine Ballistic Upper Extremity Lower Extremity 


All Ballistic Fractures Ballistic Fractures Fractures Ballistic Fractures Ballistic Fractures 
Race/Ethnicity N (%) IR N (%) IR N (%) IR N (%) IR N (%) IR 
White, NH* 59,254 15.0 11,385 2.9 2,923 0.6 22,763 5.8 24,756 6.3 
(24.6) (28.2) (19.4) (27.7) (21.5) 
Black, Hispanic, 88,786 110.9 14,383 18.0 5,391 6.7 29,330 36.6 44,361 55.4 
NH (36.9) (35.6) (41.4) (35.7) (38.6) 
Hispanic’ 27,082 28.9 5,060 5.4 1,651 1.8 8,545 9.1 13,150 14.0 
(11.3) (12:5) (12.7) (10.4) (11.4) 
Asian/Pacific 493 (0.2) 1.6 90 (0.2) 0.3 30 (0.2) 0.1 231 (0.3) 0.8 187 (0.2) 0.6 
Islander, NH 
American Indian/ 853 (0.4) 18.8 122 (0.3) 2:7 0 (0.0) 0.0 596 (0.7) 13.1 135 (0.1) 3.0 
Alaska Native, NH 
Other, NH 3,479 (1.5) 32 815 (2.0) Tea) 218 (1.7) 2.0 1,063 (1.3) 9.8 1,605 (1.4) 14.8 
Unknown/not stated 60,608 8,517 3,201 19,644 30,885 
(25.2) (21.1) (24.6) (23.9) (26.8) 


"White patients, excluding those who were of Hispanic origin. 

Hispanic patients, excluding Black Hispanic patients. 

IR, incidence rate (expressed per million at-risk person-years); N, weighted national estimate; NH, non-Hispanic. 

Lyons JG. Epidemiology of ballistic fractures in the United States: A 20-year analysis of the Firearm Injury Surveillance Study. Injury. 2022;53(11):3663-3672, with permission 


from Elsevier. 
Upper Extremity 


Clavicle 


Table 6-3 shows that clavicle fractures account for about 4% of all fractures. If clavicle fractures are subdivided according to their location within the 
clavicle, fractures of the medial and lateral ends of the clavicle are more likely to be seen in patients older than 50 years and higher in women. Diaphyseal 
clavicle fractures are most common in young males. Table 6-22 shows that medial fractures of the clavicle are rare and it should be remembered that in 
younger patients, these fractures may involve the proximal physis. In elderly, the distal end is more likely to be affected. Table 6-22 shows that standing 
falls, sports, and motor vehicle accidents are the commonest causes of clavicular fractures. However, analysis of the different fracture locations shows that 
56.8% of lateral fractures resulted from a standing fall, compared with 24.8% of diaphyseal fractures. The commonest cause of diaphyseal clavicle fractures 
is sports (34.4%), followed by motor vehicle accidents (29.6%). Cycling or motorcycling are clearly important causes of clavicular fractures and if one 
combines all types of cycling, it is apparent that cycling causes about one-third (33.6%) of diaphyseal clavicle fractures and 25.7% of all clavicle fractures. 
Open clavicle fractures are very rare and fewer patients who have clavicle fractures present with multiple fractures. Table 6-22 shows that when patients do 
present with multiple fractures, the other fractures tend to be spinal or upper limb fractures with 2.3% of patients with clavicle fractures also have a 
coexisting scapular fracture. The most common complication of a clavicle fracture is nonunion which occurs in 15% to 30% of diaphyseal injuries. This 
number is higher in distal third clavicle fractures. 
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Figure 6-8. Age- and sex-specific incidence of all ballistic fractures in the United States, 2000-2019. (Redrawn from Lyons JG. Epidemiology of ballistic fractures in 
the United States: A 20-year analysis of the Firearm Injury Surveillance Study. Injury. 2022;53(11):3663-3672, with permission from Elsevier.) 
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Figure 6-9. Annual incidence of ballistic-related fractures in the United States 2000-2019. (Redrawn from Lyons JG. Epidemiology of ballistic fractures in the United 
States: A 20-year analysis of the Firearm Injury Surveillance Study. Injury. 2022;53(11):3663-3672, with permission from Elsevier.) 


Scapula 


Tables 6-3 shows that scapular fractures are rare and are more commonly seen in males. Much of the literature relating to scapular fractures has come from 
Level 1 trauma centers and has reinforced the view that scapular fractures are invariably high-energy fractures, mainly involving the scapula body.*? This is 
in fact not the case and scapular fractures affect younger males and older females. Thus, in females, scapular fractures are unquestionably fragility fractures. 

Scapular fractures are divided into fractures of the body and neck, glenoid, acromion, and coracoid. The epidemiology of these fractures is shown in 
Table 6-23. Fractures of the acromion and coracoid are clearly very rare and fractures of the glenoid are in fact commoner than fractures of the body and 


neck and are often associated with a dislocation. Table 6-23 shows that patients who present with fractures of the glenoid and patients who present with 
fractures of the neck and body have a similar average age. Table 6-30 also shows that the commonest causes of scapular fractures are motorcycle crashes, 
motor vehicle accidents, and low falls. 

Open scapular fractures are incredibly rare. It seems likely that open scapular fractures associated with blunt injuries are essentially unsurvivable. The 
fact that most scapular fractures in younger patients follow high-energy injuries and that low-energy scapular fractures are associated with advanced age 
means that many patients who present with scapular fractures will also have multiple fractures. Table 6-23 shows that the overall distribution of the 
fractures associated with scapular fractures is not dissimilar to that of the clavicle with upper limb and spinal fractures being most commonly seen. 


Proximal Humerus 


These are common fractures accounting for about 8% of all fractures (see Table 6-3). Tables 6-4 and 6-5 show that the incidence in females is greater than 
twice that seen in males. Young males and elderly females make up most of these fractures. Table 6-24 shows the epidemiology of proximal humeral 
fractures. They have been divided according to the Orthopaedic Trauma Association (OTA) classification!’ into unifocal extra-articular (type A), bifocal 
extra-articular (type B), and intra-articular (type C) fractures. 

Most proximal humeral fractures occur as a result of a fall from a standing height, although in younger patients sporting injuries can cause proximal 
humeral fractures. Table 6-8 shows that proximal humeral fractures are increasing in incidence. Table 6-1 shows the increase in proximal humerus fracture 
over time. As one might expect with a low-velocity fragility fracture, open proximal humeral fractures are extremely rare. As with other fragility fractures, 
there is an increasing prevalence of multiple fractures with increasing age. Table 6-24 shows that the two commonest associated fractures are fractures of 
the proximal femur and distal radius, but about 5% of patients who have multiple fractures with a proximal humeral fracture will also have a scapular 
fracture. 


Humeral Diaphysis 


Humeral diaphyseal fractures have a bimodal distribution in both males and females. However, it is likely that the distribution of these fractures is changing. 
The annual overall incidence was 14.6 per 100,000 population (see Table 6-3), which is similar to the studies from Edinburgh in 2010 to 2011 and Sweden 
in 2011 to 2013.16 Table 6-3 shows that patients who present with humeral diaphyseal fractures have a very similar average age to those who present with 
distal radius and ulna fractures and they increase in incidence with age, and that humeral diaphyseal fractures should now be considered as fragility 
fractures. 


TABLE 6-21. Numbers and Prevalence of Gunshot Fractures Presenting to the R. Adams Cowley Shock Trauma Center in 


Baltimore in 2007 


Tibia and fibular diaphysis 24 9.8 
Pelvis 23 9.4 
Hand 23 9.4 
Forearm diaphysis 16 6.6 
Lumbar spine 15 6.1 
Femoral diaphysis 13 5.3 
Scapula 11 4.5 
Distal humerus 10 4.1 
Distal femur 10 4.1 
Cervical spine 9 3.7 
Skull 9 3.7 
Thoracic spine 9 Shi 
Proximal forearm 9 3.7 
Humeral diaphysis 8 3.3 
Proximal humerus 8 3.3 
Foot 8 3.3 
Proximal femur 8 3.3 
Face 7 2.9 
Acetabulum 5 2.0 
Clavicle 5 2.0 
Proximal tibia 5 2.0 
Ankle 4 1.6 
Calcaneus 1 0.4 


Distal radius 1 0.4 


Table 6-25 separates the humeral diaphyseal fractures according to their location within the humerus or whether the fracture was periprosthetic or not. 
Table 6-25 shows that 2.6% of the humeral fractures were periprosthetic with 50% occurring around a shoulder prosthesis and 50% around a previously 
inserted plate. It is likely that these will become more common in the future. 


TABLE 6-22. The Basic Epidemiologic Characteristics of Clavicle Fractures > 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Medial 45 — 62/38 
Diaphyseal 65.4 = 74/26 
Lateral 29.7 = 57/43 
Common Modes of Injury 
Fall (standing height) 49 — 56/44 
Motor vehicle accident 21 — 79/21 
Bicycle 20 = 82/18 
Sport 8 — 79/21 
Associated Fractures 
Rib 41 
Spine 15 
Scapula 11 
Common Complications/Associated Injuries 
Nonunion 15-30 


The fact that humeral diaphyseal fractures are mainly low-energy fractures occurring in older patients means that the prevalence of open fractures is low. 
The prevalence of multiple fractures was surprisingly low for a fragility fracture and only 5% of humeral diaphyseal fracture was associated with an 
ipsilateral distal radial/forearm fracture. 


Distal Humerus 


Distal humeral fractures in adults are comparatively rare with Table 6-3 showing that only 0.9% of fractures in the study year involved the distal humerus. 
As with proximal humeral and humeral diaphyseal fractures, the incidence in 2010 to 2011 Edinburgh data was very similar to that recorded in Sweden in 
2011 to 2013 and again from 2013 to 2018.16 Overall distal humeral fractures have a type E distribution, which may surprise some surgeons as much of the 
literature has concentrated on high-energy intra-articular fractures in younger patients. However, Table 6-5 shows that in females, the average age is 67.1 
years and 61.6% of the fractures occurred in patients aged 65 years and older. Thus, distal humeral fractures should be regarded as fragility fractures. 


TABLE 6-23. The Basic Epidemiologic Characteristics of Scapular Fractures > >’ 


Prevalence (%) Average Age (Years) Male/Female Ratio 
Location 
Body 52 45.6 5.2/1 
Glenoid 29 46.7 3.3/1 
Scapular processes* 11 45.9 2.4/1 
Neck 8 37.7 1.4/1 
Common Modes of Injury 
Motorcycle crash 60.7 mae a 
Motor vehicle accident 16.7 — 2 
Fall 8.3 — = 
Associated Fractures 
Rib 56.9 
Spine 25 
Clavicle 18.1 
Common Complications/Associated Injuries 
Pulmonary contusions 40.2 


“Scapular processes included isolated fractures of coracoid process, acromion process, and spine of scapula. 


TABLE 6-24. The Basic Epidemiologic Characteristics of Proximal Humeral Fractures >’ > 


Prevalence (%) Male/Female (%) 


Location 

Unifocal, extra-articular 49 25/75 
Bifocal, extra-articular 43.1 19/81 
Intra-articular 77 22/78 


Common Modes of Injury 


Fall (standing height) 76 20/80 
Motor vehicle collision 14 53/47 
Low fall (stairs) 7 41/59 


Associated Fractures 


Distal radius 3 


Proximal femur 2 


Table 6-26 shows that most distal humeral fractures are actually OTA!®° type A extra-articular fractures with 31.4% of the fractures being type C intra- 
articular fractures. Even in this group, it is interesting to note that there is a relatively high average age of 65.3 years. In recent years, much of the literature 
about distal humeral fractures in the elderly persons has concerned the argument regarding replacement or reconstruction of type C fractures 


TABLE 6-25. The Basic Epidemiologic Characteristics of Humeral Diaphyseal Fractures +: 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Upper third 34 = — 
Middle third 46 pe < 
Lower third 20 = — 
Periprosthetic 2.6 = O 
Common Modes of Injury 
Fall (standing height) 53.7 66.4 31/69 
Fall from height B25) 63.4 46/54 
Motor vehicle collision IET 40.6 60/40 
Associated Fractures 
Ipsilateral radius, ulna, or hand fracture 6 
Spine 5 
Common Complication/Associated Conditions 
Radial nerve injury 10 
Nonunion 1-10 


TABLE 6-26. The Basic Epidemiologic Characteristics of Distal Humeral Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 

Location 

Extra-articular 40.1 68.3 28/72 

Partial articular 25.1 60.7 24/76 

Complete articular 34.1 65.3 30/70 
“Common Modes of Injury 
Fall (standing height) 56 71.3 20/80 

Motor vehicle accident 7.8 62 47/53 

Sport 11.4 35.2 58/42 


Associated Fractures 

Proximal ulna 

Proximal radius 

Distal radius or ulna 

Common Complications/Associated Injuries 


Ulnar neuropathy 26 


Table 6-26 shows that 7.8% of distal humeral fractures occurred as a result of a motor vehicle accident. Table 6-3 shows that open fractures are more 
commonly seen in about 8.5% of distal humerus fractures. Table 6-26 shows that patients who present with distal humeral fractures and who have multiple 
fractures tend to have fractures in the proximal forearm or distal radius. 


Proximal Forearm 


Proximal forearm fractures are relatively common with Table 6-3 showing that they account for 5.2% of all fractures. They are evenly distributed between 
males and females, and overall have a type D distribution. However, a review of the four basic types of proximal forearm fractures shown in Table 6-7 
indicates that the epidemiology of proximal radial fractures is somewhat different from that of proximal ulna fractures and fractures of both the proximal 
ulna and radius. Radial head fractures have a type H distribution and radial neck fractures have a type A distribution. The remaining two fracture types, the 
proximal ulna and the proximal radius and ulna, have a type F distribution and should be regarded as fragility fractures. 

Proximal radial fractures accounted for 74.3% of all proximal forearm fractures. Overall, 63.3% occurred as a result of a standing fall, 12.8% from a 
motor vehicle accident, and 12.5% as a result of a sporting injury. The average ages of these groups were 46.4 years, 40 years, and 29.6 years, respectively. 
Table 6-27 shows that patients with proximal ulna fractures had the highest average age of all patients who presented with proximal forearm fractures. 
Overall, 66.6% of proximal ulna fractures followed a fall with the average age of these patients being 62.5 years. A further 13.1% were caused by sporting 
injuries, with the patients’ average age being 34.8 years. Further analysis of the proximal ulna fractures showed that 92.9% were olecranon fractures and 
only 7.1% were coracoid fractures. Patients with coracoid fractures have an average age of 34.5 years and clearly coracoid fractures are not fragility 
fractures. 


TABLE 6-27. The Basic Epidemiologic Characteristics of Proximal Radial and Ulnar Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Proximal ulna 22.2 54.2 50/50 
Radial head 59.5 42.4 44/56 
Radial neck 14.8 42.4 44/56 
Proximal radius and ulna 3.4 50.1 38/62 
Common Modes of Injury 
Fall (standing height) 64.0 50.4 30/70 
Sport 13.0 31.6 76/24 
Motor vehicle accident 10.8 40.4 76/24 
Associated Fractures 
Distal radius or ulna 10.5 
Carpus 10.2 
Common Complications/Associated Injuries 
Elbow stiffness 3-20 


Fractures of both the proximal radius and ulna are relatively unusual with only 3.4% of proximal forearm fractures involving both bones. Analysis 
showed that 61.5% occurred following falls from a standing height and that they had an average age of 54.5 years. 

Table 6-3 shows that only 1.4% of the proximal forearm fractures were open fractures. Table 6-27 shows that 10% of these were bilateral proximal 
forearm fractures and that the other two commonly associated fractures were distal radial and carpal fractures. 


Forearm Diaphyses 


When all fractures are considered, it becomes apparent that forearm diaphyseal fractures are relatively uncommon. Table 6-3 shows that they accounted for 
only 0.7% of the fractures seen in the study year. Table 6-28 shows a similar prevalence for isolated ulnar and radial diaphyseal fractures. Table 6-28 shows 
that the patients’ average age and gender ratio was similar in the three types of forearm fracture. However, the distribution curves are different. The overall 
distribution curve for forearm fractures is a type D curve affecting younger males and females and older females. However, isolated ulnar fractures have a 
type H distribution, while isolated radial fractures show a type A distribution. There were fewer females with fractures of both the radius and ulna, but in the 
ninth edition of Fractures in Adults,” it was recorded that fractures of the radial and ulnar diaphyses had a type A distribution. This is still likely to be the 
case. 

The common causes of these fractures are listed in Table 6-28, but if one analyzes the three fracture types separately, it is apparent that the causes are 
very similar with 50% of ulnar diaphyseal fractures, 50% of radial diaphyseal fractures, and 44.4% of both bone fractures occurring as a result of a standing 
fall. A further 25% of ulnar diaphyseal fractures, 36.4% of radial diaphyseal fractures, and 11.1% of both bone fractures occurred as a result of a sporting 
injury. The main difference was that 33% of both bone fractures were caused by motor vehicle accidents compared with 4.2% of ulnar diaphyseal fractures 
and no radial fractures. 


TABLE 6-28. The Basic Epidemiologic Characteristics of Radius and Ulnar Diaphyseal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 


Ulna diaphysis 43.6 45.8 67/33 


Radial diaphysis 40.0 49.5 68/32 
Radius and ulnar diaphyses 16.4 46.9 78/22 


Common Modes of Injury 


Fall (standing height) 49.1 60.0 52/48 
Sport 2ra 32.2 93/7 
Motor vehicle accident 7.3 40.7 100/0 


Associated Fractures 
Metacarpal 25.0 
Finger phalanx 25.0 


Common Complications/Associated Injuries 


Nonunion 1 


Compartment syndrome 3 


Analysis of the fracture morphology shows that there were no OTA!° type C fractures and this probably relates to the diminishing prevalence of 
fractures associated with motor vehicle accidents. In fact, 83.6% of forearm diaphyseal fractures were OTA type A simple fractures and 16.4% were OTA 
type B wedge fractures. However, the average ages were very similar at 47.2 years and 48.3 years, respectively, although the gender ratios were 33/67 and 
22/78, respectively, suggesting that the type B fractures were associated with higher-energy injuries. This is confirmed by examining the prevalence of fall- 
related fractures that accounted for 52.2% of type A fractures and 33.3% of type B fractures. 

Tables 6-3 showed that the rate of open fractures of the forearm diaphysis was relatively high with 14.4% being open. Table 6-28 shows that the 
prevalence of multiple fractures was relatively low and most were in the upper limbs. 


Distal Radius and Ulna 


Distal radial fractures are the commonest fractures treated by orthopaedic surgeons. Table 6-3 shows that there was an annual incidence of 201.1 per 
100,000 population in the study year and that the incidence is considerably higher in females than males. The incidences reported in Table 6-3 are very 
similar to the incidences published in the ninth edition,” suggesting that socially similar countries will have similar incidences of common fracture. 

Table 6-29 shows that most distal forearm fractures are distal radial fractures, with only 1.9% being isolated distal ulna fractures. Both have a type A 
distribution, but more males present with distal ulna fractures and the average age is less. Given the low-energy nature of the majority of these fractures, it is 
not surprising that Table 6-3 shows that very few are open. Analysis of the open fractures showed that 80% of them were Gustilo®! type I open fractures. 
Table 6-29 shows that the commonest coexisting fracture in patients who present with a distal radial fracture is a fracture of the proximal femur. Ten 
patients presented with bilateral distal radius fractures, which represented 1.4% of this population showing this occurs on rare occasions. 


TABLE 6-29. The Basic Epidemiologic Characteristics of Distal Radial and Ulnar Fractures > >’ 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Distal radius + ulna 98.1 63 22/78 
Distal ulna 1.9 — 53/47 
Common Modes of Injury 
Fall (standing height) 76.2 = = 
Sport 7.5 = = 
Low fall (stairs) 57 = oF 
Associated Fractures 
Scaphoid 4.2 
Femoral neck 2.9 
Bilateral distal radius/ulna 1.4 
Olecranon 1.5 
Common Complications/Associated Injuries 
Extensor pollicus longus rupture 5 
Carpal tunnel syndrome 43 


Carpus 


Carpal fractures are relatively common and accounted for 2.2% of all fractures during the study years. Table 6-30 shows that scaphoid and triquetral 
fractures account for about 95% of all carpal fractures and that fractures of the other carpal bones are rare, although fractures of the hamate, pisiform, and 
trapezium were seen during the study year. Overall, the carpal bone fractures have a type A distribution curve, except for fractures of the scaphoid, hamate, 
and trapezium tend to occur in younger males and have a type B curve. Triquetral fractures are somewhat different. They show a type A distribution curve 
involving younger males and older females. 


TABLE 6-30. Prevalence of Carpal Fractures 


Prevalence (%) 


Location 

Scaphoid 799 
Triquetrum 22.7 
Hamate 21 
Pisiform 16 
Trapezium 1.0 


Common Modes of Injury 


Fall (standing height) 85.4 
Sport 4 
Direct blow/assault 6.3 


Associated Fractures 


Distal radius/ulna 27 


Metacarpus/phalanges 9 


Analysis of the method of injury in Table 6-30 shows that 85.4% occurred via a fall, 6.3% from a direct blow of assault, and 4% from sporting injuries. 
There were no open carpal fractures during the study years and when concomitant injuries occurred to the distal radius/ulna. 


Metacarpus 


Table 6-3 shows that during the study year, metacarpal fractures were the fifth most common fracture with 7.2% of all fractures occurring in the metacarpus. 
This is different from the 2010-2011 fractures examined in the ninth edition of Fractures in Adults,” in which metacarpal fractures were the second most 
common fracture seen. The change may reflect a decrease in metacarpal fractures or could be the result of a different sample population in the ninth edition. 

Tables 6-4 and 6-5 confirm the considerable difference in the incidence of metacarpal fractures in males and females. These tables show that metacarpal 
fractures occur more than twice as much in males compared to females. In addition, metacarpal fractures are the most common fracture to occur in males 
where they are the seventh most common fracture to occur in females. Table 6-4 shows that they are associated with the second youngest average age of all 
male fractures after talar fractures and that only about 7.5% occur in the 65 years and older group. 

This reflects a type B distribution on the fracture curves. 

Table 6-31 shows that metacarpal fractures are least common in the thumb metacarpal and become commoner as one moves toward the ulnar border of 
the hand such that 17% of metacarpal fractures occur in the ring finger metacarpal and 60% in the little finger metacarpal. The average age is highest in 
patients who present with thumb metacarpal fractures and more females present with fractures of the ring and little finger metacarpals. 


TABLE 6-31. The Basic Epidemiologic Characteristics of Metacarpal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Thumb 5.8 39.7 87/13 
Index 8.6 32.0 88/12 
Middle 8.1 33.6 89/11 
Ring 17.0 33.7 76/24 
Little 60.6 32.4 78/22 
Common Modes of Injury 
Direct blow/assault 58.1 26.8 88/12 
Fall (standing height) 23.8 48.8 59/41 
Sport 10.9 28.0 89/11 
Associated Fractures 
Two metacarpals 62.7 
Three metacarpals 25.3 


Distal radius/ulna 11.9 


Phalanges 32.8 26.0 14.3 9.1 18.4 
Metacarpals 60.6 17.0 7.9 8.6 5.6 


Figure 6-10. The prevalence of metacarpal and phalangeal fractures in the hand. They are divided into basal fractures, diaphyseal fractures, and fractures of the distal 
metacarpals and phalanges. The overall prevalences in each finger are also shown. 


Figure 6-10 shows the prevalence of metacarpal fractures according to their location within the metacarpus. The three commonest sites for metacarpal 
fractures are all in the little finger metacarpal with 36.1% of all the metacarpal fractures being “boxer’s fractures” situated distally in the little finger 
metacarpal. There were 283 such fractures during the study year and Table 6-3 shows that if this fracture was regarded as a separate fracture type, it would 
be the ninth most common fracture to present to orthopaedic surgeons. Analysis has shown that fractures of the little finger metacarpal are associated with 
social deprivation. The commonest metacarpal fracture beside the little finger is seen at the base of the thumb, although distal fractures of the index and 
ring fingers have similar prevalences. 

Table 6-31 shows that 58% of metacarpal fractures are said to follow direct blows, although the prevalence may, of course, be higher. The difference in 
the patient population is highlighted by comparing the average ages, these being 26.5 years for a little finger metacarpal fracture caused by a direct blow and 
48.5 years for those fractures caused by a standing fall. 


TABLE 6-32. The Basic Epidemiologic Characteristics of Finger Phalangeal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 


Location 

Thumb 16 = = 
Index 16 — e 
Middle 19 — = 
Ring 24 = = 
Little 26 = = 


Common Modes of Injury 


Direct blow/assault 46 == = 
Crush injury 24.6 = = 
Sport 23.8 = = 


Associated Fractures 


Other finger fractures 12.4 


Metacarpus 9.3 


Finger Phalanges 


Table 6-3 shows that fractures of the finger phalanges account for about 5.7% of all fractures that are seen. They are the fifth most common fracture in 
males and overall have a type B distribution because of the high incidence in young males. Table 6-32 shows an analysis of the epidemiology of fractures in 
the different fingers and as with metacarpal fractures (see Table 6-31) it is apparent that the little and ring fingers are the most affected. The causes of finger 
phalangeal fractures are very similar to that of metacarpal fractures, although more occur as a result of a sporting injury. Figure 6-10 shows a breakdown of 
the different fracture locations within each finger phalanx 


Torso, Spine, and Pelvis 

Spine 

The incidence of vertebral fractures during the study year was not analyzed because of the difficulty in retrieving them and the impossibility of producing 
accurate figures. It seems likely that spinal fractures are by far the commonest fracture, because osteoporotic fractures of the spine are extremely common 
and most are never seen by a doctor, as many elderly ladies merely accept a bit more back pain. 

Table 6-33 shows an analysis of the spinal fractures that were admitted during the study year 2010 to 2011 from the Edinburgh center. Most were 
thoracolumbar and were caused by a fall from a height or a standing fall. The annual overall incidence for the more severe thoracolumbar fractures admitted 
to hospital was 20.3 per 100,000 population, with the male and female incidences being 20.3 and 13.3 per 100,000 population, respectively. Overall, Table 
6-7 shows a type A distribution curve for thoracolumbar fractures, although one could argue that it really is a type E curve as there are so many elderly 
females who have this fracture. Cervical spine fractures have a type H distribution. Open spinal fractures are extremely unusual, and one must assume that 
open spinal fractures are often fatal. Overall, 57.5% of the patients admitted with spinal fractures had multiple fractures and Table 6-33 shows that these 
were usually multiple spinal fractures or fractures of the distal tibia and hindfoot. 


TABLE 6-33. The Basic Epidemiologic Characteristics of Spinal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Cervical 6.7 68.4 57/43 
Thoracic 42.3 57.1 61/39 
Lumbar 51.0 47.0 70/30 
Common Modes of Injury 
Fall height 26.9 36.0 86/14 
Fall (standing height) 23.1 69.7 71/29 
Low fall 221 67.0 83/17 
Associated Injuries 
Two spinal fractures 20.6 
Calcaneus 10.3 
Distal tibia 8.8 


Cooper et al.*° estimated the age- and gender-adjusted annual incidence of clinically diagnosed vertebral fractures in the United States as 117 per 
100,000 population between 1985 and 1989, and Jansson et al.% stated that the annual incidence of thoracolumbar fractures admitted to hospital in Sweden 
is 30 per 100,000 population. Grados et al.” analyzed the prevalence of vertebral fractures in elderly French women. They found that 22.8% of women with 
an average age of 80.1 years had a vertebral fracture. The prevalence and the number of fractures increased with age such that 41.4% of women 85 years 
and older had vertebral fractures. Recently, attempts have been made to assess the frequency of vertebral fractures in postmenopausal females using 
radiologic techniques. El Maghraoui et al.°* studied 228 postmenopausal women and showed that 25.6% had vertebral fractures. Ferrar et al.’* undertook a 


similar study in pre- and postmenopausal women. They found vertebral fractures in 1.4% of the premenopausal women and in 6.8% of the postmenopausal 
women. A further 3% of the postmenopausal women developed vertebral fractures within 6 years. A Dutch study!®” showed that 30.7% of women 50 years 
and older had a previously undiagnosed vertebral fracture. Obviously these studies had different results, but if one assumes a 25% incidence of vertebral 
fractures in women 50 years and older, the overall incidence of these fractures is about 18 times the incidence of all other fractures in this segment of the 
population. Clearly further work is required! 


Pelvis and Acetabulum 


Fractures of the pelvis and acetabulum accounted for 1.7% of the fractures in the study year. There has been considerable interest in their management over 
the past 25 to 30 years and, as with some other fractures, the implication is that they occur as a result of high-energy trauma. Analyzing the Edinburgh data, 
the incidence rises with age such that pelvic fractures are the seventh most common fracture in males aged 65 years and older and the fifth most common 
fracture in females 65 years and older. Their incidence continues to rise, and in both males and females 80 years and over, they are the fourth most common 
fracture presenting to orthopaedic surgeons. Overall, pelvic fractures have a type E distribution, but if acetabular fractures are considered separately, they 
have a type G distribution, affecting younger males and females and older females. 


TABLE 6-34. The Basic Epidemiologic Characteristics of Pelvic and Acetabular Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Pelvis 85.7 74 28/72 
Acetabulum 14.3 66 61/39 
Common Modes of Injury 
Fall (standing height) 82.4 81.3 22/78 
Motor vehicle accident 8.4 51.4 70/30 
Sport 3.4 379 50/50 
Associated Injuries 
Femoral diaphysis 16.6 
Distal tibia 16.6 
Calcaneus 11.1 


Table 6-34 shows that about 84% of pelvic and acetabular fractures involved the pelvis and 14% were acetabular fractures. The average age of patients 
with acetabular fractures was slightly lower and the gender ratio of the two fracture types was markedly different. The modes of injury were also different 
with 35.3% of acetabular fractures being high-energy injuries following a fall from a height or a motor vehicle accident and 52.9% following a standing fall. 
In pelvic fractures, 87.2% followed a standing fall with only 6.9% being high-energy injuries. 

Tables 6-4 and 6-5 show that there is a high prevalence of patients with multiple fractures and that these also usually occur in high-energy injuries. 
Table 6-34 shows that the associated fractures are usually lower limb fractures. 

Tables 6-4, 6-5, and 6-12 show that open pelvic fractures are rare. They are high-energy injuries and are associated with a significant mortality. Data 
from a Level 1 trauma center in the United States™ indicate that the prevalence of open pelvic fractures is low even in specialized trauma centers. In a 10- 
year study period, the unit admitted 3,053 pelvic fractures, of which 52 (1.7%) were open. Of these 43 (82.7%) were in males. They commented that 
motorcycle injuries were the commonest cause of open pelvic fractures. 


Lower Extremity 
Proximal Femur (Femoral Neck and Trochanteric Region) 


There is considerable debate about the epidemiology of proximal femoral fractures in different parts of the world and this has already been outlined in the 
section on changing epidemiology. Table 6-9 illustrates some of the issues relating to the incidence of proximal femoral fractures in different countries. It 
highlights the different incidences in different parts of the world!!361!7 and the higher incidences in Scandinavia. 18102-159 As has already been discussed, it 
seems likely that some of the differences are attributable to different data collection techniques but there are also considerable differences in life expectancy, 
deprivation, and other medical and social comorbidities in different parts of the world. The worldwide differences in proximal femoral fracture incidence 
have been examined by Kanis et al.!°* Table 6-3 shows that proximal femoral fractures were the second most common fracture after distal radius 1 fractures. 
The annual overall incidence was 180.6 per 100,000 population, but they are the least common fracture to occur in 16- to 35-year adults but they are the 
commonest fracture in the 65 and older age group. Table 6-8 shows that the incidence in males has risen in the past 20 years as has the average age of males 
who present with proximal femoral fractures. 


TABLE 6-35. The Basic Epidemiologic Characteristics of Femoral Neck Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Type 
Minimally displaced 25 78.5 34/66 
Displaced 63 81.1 36/64 
Basiocervical 12 80.2 42/58 


Common Modes of Injury 


Fall (standing height) 79.9 — — 
Low fall (stairs) 2.9 = = 
Stress fracture 1.9 = = 


Associated Fractures 


Proximal humerus 4 
Distal radius/ulna 4 


Common Complications/Associated Injuries 
1-year mortality (elderly patients) ~30 


Inability to return to previous residence 15-20 


Table 6-35 shows that 63% of the femoral neck fractures that were evaluated were displaced femoral neck fractures. The average age of patients with a 
femoral neck was not significantly different between the different subtypes. Table 6-35 again shows that most of these fractures occur in females; 79.9% of 
the fractures were the result of a low-energy mechanism (fall from standing height). When looking at the associated injuries, other fragility fractures were 
occasionally seen with an incidence of proximal humerus and distal radius fractures occurring concomitantly in 4% of femoral neck fractures. 

Table 6-36 shows that when fractures occurred in the trochanteric region, most were intertrochanteric hip fractures. The average age for subcapital and 
intertrochanteric fractures was similar between the two groups. Virtually all proximal femoral fractures are low-energy injuries, and Table 6-35 shows that 
84.4% were caused by a standing fall. There is minimal literature about high-energy trochanteric region femoral fractures, but in a survey of the Swedish 
fracture registry, only 2.4% fractures followed a motor vehicle accident and 4% were a result of a fall from height. Table 6-3 further confirms this as it notes 
that only 1.8% of all the proximal femur fractures occurred as a result of high-energy mechanisms. Open fractures were only seen in 0.2% of all proximal 
femur fractures and are exceedingly rare. Table 6-36 shows that associated fractures are relatively rare with these injuries with most of the concomitant 
injuries being other fragility fractures such as proximal humerus and distal radius fractures. 


TABLE 6-36. The Basic Epidemiologic Characteristics of Trochanteric Femur Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Intertrochanteric 78 82.8 22/78 
Subtrochanteric 22 81 31/69 
Common Modes of Injury 
Fall (standing height) 84 = a 
Low fall (stairs) 3.6 — 2 
Motor vehicle accident DIA = = 
Associated Fractures 
Proximal humerus 1 
Distal radius or ulna 2 
Common Complications/Associated Injuries 
1-year mortality (elderly patients) 26 
Avascular necrosis 1 


Overall proximal femoral fractures have a type F distribution and this is true of both intra- and extracapsular fractures. The very rare femoral head 
fracture is associated with hip dislocation and has a type B distribution. The section on dislocations indicates that four hip dislocations were admitted during 
the study year of which one (25.0%) had an associated femoral head fracture. 


Femoral Diaphysis 


There has been a considerable change in the epidemiology of femoral diaphyseal fractures in the last 100 years (see Table 6-1). It was the femoral 
diaphyseal fracture that was largely responsible for the change in management of severely injured patients in the 1960s and 1970s. The mortality associated 
with nonoperative management of young people injured in motor vehicle accidents was unacceptable and new fracture techniques were adopted and 
specialized trauma centers were set up. As a result of this, it is still felt that the femoral diaphysis is mainly a young person’s fracture, but this is simply not 
the case and in fact the femoral diaphyseal fracture is a fragility fracture. The change in epidemiology of femoral diaphyseal fractures is emphasized by 
comparing the age of the patients treated in the Edinburgh catchment area in 1991 with today’s patients (see Table 6-8). 


TABLE 6-37. The Basic Epidemiologic Characteristics of Femoral Diaphyseal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Subtrochanteric 30.5 74.1 36/64 
Diaphyseal 52.4 64.6 49/51 


Periprosthetic 17.1 78.2 64/36 


Common Modes of Injury 


Fall 69.5 77.6 
Pathologic 9.8 65.1 
Motor vehicle accident 9.8 47.6 


Associated Fractures 


Tibia or fibula 20.5 
Ribs or sternum 19.1 
Femoral neck 9 


Common Complications/Associated Injuries 


Pulmonary injury 18.9 


Intracranial injury 13.5 


In previous editions of Fractures in Adults,°*°> femoral diaphyseal fractures were documented as having a type A distribution affecting younger males 
and older females, but the situation has undoubtedly changed, and these fractures now have a type G distribution. This fracture curve reflects the high 
incidence in young male patients and then another peak again in the elderly patients. Table 6-37 shows that femoral diaphyseal fractures have been 
classified according to whether they are subtrochanteric, diaphyseal, or periprosthetic. It shows that 69.5% of patients sustained their fractures in a standing 
fall, but if one simply looks at the subtrochanteric fractures, 76% were injured in a standing fall with a further 12% having a pathologic fracture. In the 
diaphyseal fractures, 58.1% of the patients had a standing fall and 11.6% presented with a pathologic fracture. In the periprosthetic group, 92.9% were 
injured as a result of a standing fall. Given the popular misconception that femoral diaphyseal fractures are mainly high-energy injuries, it is interesting that 
only 9.8% of the fractures resulted from motor vehicle accidents with 62.5% of them occurring in motorcyclists. The average age of this group was 47.6 
years and all were male. An analysis of the periprosthetic fracture showed that all were around hip replacements and that 42.9% were in the proximal third 
of the femur with the remaining 57.1% being in the middle third. Table 6-37 shows that patients who presented with multiple fractures most commonly had 
a concomitant tib/fib fracture (20%), one of the commonly reported injuries, in 1% to 9% of high-energy femoral shaft fractures. 


Distal Femur 


The distal femoral fracture should be regarded as the classic fracture of elderly ladies. Table 6-4 shows that in the study year, distal femoral fractures were 
the least common fracture seen in males. They are very unusual in young and middle-aged males; with increasing age, the male incidence rises, but even in 
males 80 years and older, the annual incidence was previously reported to only be 38.6 per 100,000 population.®°° These fractures have a type E distribution, 
showing a unimodal female distribution tending to affect elderly females with a lower incidence of fractures in males throughout all decades and should be 
regarded as fragility fractures. Nowadays, an increasing number of these fractures are periprosthetic, and Table 6-38 shows that in 2010 to 2011, 27.9% 
were periprosthetic fractures. This compares with 15.4% in 2007 to 2008. A review of the periprosthetic fractures shows that 70% occurred around knee 
prostheses, with the remaining 30% occurring around long-stem hip prostheses. All periprosthetic fractures occurred as a result of a standing fall. Open 
fractures and multiple fractures are very rare. 


TABLE 6-38. The Basic Epidemiologic Characteristics of Distal Femoral Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Extra-articular 38.6 64.6 33/67 
Partial articular 17.6 60.2 55/45 
Complete articular 6.4 63.1 45/55 
Periprosthetic 27.9 77.4 18/82 
Common Modes of Injury 
Fall (standing height) 60 
Low fall (stairs) 3.3 
Motor vehicle accident 8.3 
Associated Fractures 
Bilateral distal femurs 50.0 
Ankle 25.0 
Proximal humerus 25.0 
Common Complications/Associated Injuries 
1-year mortality Pal 


Patella 


Patellar fractures are relatively rare and have a type F distribution. Table 6-39 shows that about two-thirds of patellar fractures result from a standing fall. 
Motorcycle injuries make up about two-thirds of patella fractures in younger males. 


TABLE 6-39. Prevalence of Patellar Fractures 


Prevalence (%) 


Location 

Extra-articular 20 
Vertical intra-articular 26.4 
Transverse intra-articular 56.2 


Common Modes of Injury 


Fall (standing height) 69.8 
Motor vehicle accident is 
Low fall (stairs) 8.7 


Associated Fractures 


Acetabulum 25.0 
Distal tibia 25.0 
Clavicle 25.0 


“Average patient age was 47.2 years. 


Open fractures of the patella are also more common in males. Table 6-39 shows the breakdown of the type of patella fracture with a majority being 
intra-articular fractures with a major transverse component. Also, most of the fractures associated with patella fractures were located in the lower limbs. 


Proximal Tibia 


Proximal tibia fractures accounted for 2.0% of the fractures seen Gothenburg study population as noted in Table 6-3. Nearly 20% were due to high energy 
and a slightly higher incidence in females. Proximal tibial fractures have a type H distribution with bimodal peaks in both males and females. Tables 6-4 and 
6-5 show that the average age was 16 years and older for females compared to males. While proximal tibia fractures are more common in younger men with 
greater than 60% of these fractures occurring in men less than 50 years old more than 77% of these fractures occur in women older than 50 years likely 
signifying that proximal tibia fractures will be regarded as fragility fractures in the future. Table 6-40 shows that most proximal tibial fractures were partial 
articular fractures, although the highest average age is seen in the extra-articular group. Table 6-40 also shows that while standing falls in older patients 
were the commonest cause of proximal tibial fractures, about 35% were caused by higher energy. 

Open fractures are relatively rare with 1.6% being an open fracture. The most common associated fractures are seen in Table 6-40. Compartment 
syndrome is seen in about 8.3% of these fractures. Also, the rate of arthritis ranged from 9% to 27%. 


TABLE 6-40. The Basic Epidemiologic Characteristics of Proximal Tibial Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Extra-articular 18 56 50/50 
Partial articular 64 54 38/62 
Complete articular 18 53 47/53 
Common Modes of Injury 
Fall (standing height) 48 59 34/66 
Traffic 23 46 56/44 
Fall from height 12 56 51/49 
Associated Fractures 
Metacarpus 25.0 
Proximal humerus 12.5 
Femoral diaphysis 12.5 
Common Complications/Associated Injuries 
Compartment syndrome 8.3 
Posttraumatic arthritis 9-27 


Tibial Diaphysis 
The changing epidemiology of tibial diaphyseal fractures has already been discussed in the section on changing epidemiology, but a review of Table 6-8 
emphasizes not only the declining incidence but also the increasing average age in males and the decreasing average age in females. It has also been pointed 
out that the declining incidence of tibial fractures in older females will, in time, alter the distribution curve, although the distribution curve has been kept as 
atype A. 

Tibial diaphyseal fractures now account for only 1.1% of the fractures treated by orthopaedic surgeons. Rapidly changing epidemiology means that the 
modes of injury are changing. In 1988 to 1990, 37.5% of tibial diaphyseal fractures treated in the Edinburgh catchment area were caused by motor vehicle 


accidents, 30.9% by sports injuries, and 17.8% by falls from a standing height.°® Table 6-41 shows that the situation is now radically different with 41% of 
patients now sustaining their tibial diaphyseal fracture as a result of a standing fall. 

In Table 6-41, the tibial diaphyseal fractures have been classified according to the OTA classification??? into type A simple fractures, type B wedge 
fractures, and type C comminuted or segmental fractures. A greater percentage of type C fractures are open than types A and B. This is not surprising as 
higher energy mechanisms are usually responsible for segmental bone injuries. 

Open fractures of the tibia have always proved challenging to treat and they have been relatively common with over 16% being an open fracture, 
however, this prevalence is decreasing. Table 6-41 shows that when patients present with multiple fractures, they tend to be in the lower limbs and further 
analysis shows that while only 3.2% of patients with type A or B fractures had multiple fractures the prevalence rose to 28.6% in patients with type C 
fractures. Table 6-41 also shows the most common associated fractures and associated complications. 


TABLE 6-41. The Basic Epidemiologic Characteristics of Tibial Diaphyseal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Type 
Simple 56 46 56/44 
Wedge 28 47 63/37 
Comminuted/segmental 16 51 60/40 
Common Modes of Injury 
Fall (standing height) 41 51 46/54 
Traffic 24 44 68/32 
Miscellaneous (sports, tools, machines) 18 35 86/14 
Associated Fractures 
Fibular diaphysis 80 
Posterior malleolar 8-9 
Common Complications/Associated Injuries 
Compartment syndrome Siil 
Nonunion 1-10 
Infection 1.8-8 


There is an important subgroup of tibial diaphyseal fractures—those with an intact fibula. They constituted 21.9% of the tibial fractures treated in 2007 
to 2008. In the 2010-2011 study year, only 11.6% of tibial diaphyseal fractures had an intact fibula.” These fractures have a type B distribution and 
generally occur in younger males. 


Fibula 


The isolated fibular fracture has received little attention in the orthopaedic literature. These are fibular fractures that are not associated with a tibial 
diaphyseal fracture, a proximal or distal tibial fracture, or an ankle fracture. They are relatively rare and accounted for only 0.6% of the fractures in the 
2010-2011 Edinburgh study. There is little literature about isolated fibular fractures, and when they were initially defined,” it was thought that they had a 
type B distribution. However, they actually occur in both younger males and older females, and they should be redefined as having a type A distribution. 

There are two types of isolated fibula fracture with 65.8% being proximal fractures at or adjacent to the fibular neck. The remaining 34.2% are 
diaphyseal fractures. Table 6-42 shows that a fall from a standing height will cause fibular fractures in older females and 68.4% of the fractures caused by 
falls were in the fibular neck. This is very different from the sports-related fractures where 77.8% were fibular diaphyseal fractures that were probably 
caused by direct blows. All of the fibular fractures caused by motor vehicle accidents were located in the proximal fibula and 60% occurred in cyclists or 
motorcyclists. There were no open fractures and few multiple fractures, although those that did occur were in the lower limb. 


Distal Tibia 


Distal tibial fractures receive a lot of attention in the orthopaedic literature, but this is because of the difficulty that surgeons find in treating them rather than 
the frequency with which they are seen. They are, in fact, comparatively rare, accounting for only 0.8% of all fractures (see Table 6-3). In Table 6-43, they 
have been classified according to the OTA classification!®° into type A extra-articular fractures, type B partial articular fractures, and type C complete 
articular fractures. Overall, they have a type D distribution affecting younger males and older males and females. However, Table 6-43 indicates that the 
OTA type B partial articular fracture and type C complete articular fractures tend to occur in younger patients while the OTA type A extra-articular fracture 
occurs in older patients. 


TABLE 6-42. The Basic Epidemiologic Characteristics of Fibular Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Proximal fibula 65.8 49.2 41/59 
Fibular diaphysis 34.2 42.0 57/43 


Common Modes of Injury 


Fall (standing height) 46.3 53.9 16/84 
Sport 22.0 32.8 100/0 


Motor vehicle accident 122 50.6 40/60 


Associated Fractures 


Ankle 2.4 
Proximal tibia 2.4 
Femoral diaphysis 24 


TABLE 6-43. The Basic Epidemiologic Characteristics of Distal Tibial Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Extra-articular 39 59 39/61 
Partial articular 33 42 53/47 
Complete articular 28 44 75/25 
Common Modes of Injury 
Fall (standing height) 39 56 37/63 
Fall height 22 45 77/23 
Motor vehicle accident 18 43 74/26 
Associated Fractures 
Calcaneus 33.3 
Talus 22.2 
Ankle syndesmosis 15 
Common Complications/Associated Injuries 
Compartment syndrome 2.8 
Posttraumatic arthritis ~72 at 5 years 


Analysis of the different OTA types shows considerable differences. In OTA type A fractures, 64.3% followed a standing fall and 7.1% were high- 
energy injuries. In type B fractures, 31.6% followed a standing fall and 52.6% were high-energy injuries. In type C fractures, 11.1% followed a fall, and 
77.8% were high-energy injuries. Open fractures and multiple fractures were most commonly seen in AO type C fractures. 

As with other fractures, distal tibial fractures resulting from a standing fall tended to occur in older patients, with the higher-energy fractures resulting 
from motor vehicle accidents or falls from a height occurring in younger patients, most of whom are male. It should not be surprising that open fractures 
occur most commonly in young males who sustain high-energy injuries. Table 6-43 shows the common associated fractures and the most common 
complications associated with distal tibia fractures. 


Ankle 


Ankle fractures are very common with Table 6-3 showing that they account for 10.3% of all fractures. They are slightly more common in females and the 
average age is 10 years more in females than males. Ankle fractures have a type A distribution. However, different ankle fractures have different 
distributions curves. Lateral malleolar fractures have a type A distribution curve, whereas medial malleolar fractures have a type D distribution curve. 
Suprasyndesmotic fractures have a type C distribution curve and both bimalleolar and trimalleolar fractures have a type E distribution curve and should be 
regarded as fragility fractures. It is educational to note that Buhr and Cooke,® in 1959, drew attention to the number of bimalleolar and trimalleolar 
fractures in the elderly population more than 50 years ago. 

It is likely that ankle fractures are increasing in incidence. In 2000, there was an incidence of 100.8 per 100,000 population,?! whereas in 2011 it was 
137.7 per 100,000 population. However, Kannus et al.!°° have suggested that in Finland the annual incidence of ankle fractures is decreasing in the elderly, 
having reached a peak of 169 per 100,000 population in 1997. They recorded an annual incidence of 13 per 100,000 population in females and 100 in males 
in patients aged 60 years or older. Their data are higher than the Edinburgh and the Swedish data, a difference that is likely related to the methodology as 
the Finnish group looked at inpatient fractures only. A study from Holland has produced similar findings to those from the ninth edition data. Beerekamp et 
al.'* studied the incidence of ankle fractures between 2004 and 2012 and found that the annual incidence rose from 113 per 100,000 population in 2004 to 
158 per 100,000 population in 2012. 

Rydberg et al. looked at the epidemiology of over 50,000 ankle fractures over a 10-year period. The basic epidemiology of ankle fractures from this 
study is reflected in Table 6-44. The ankle fractures are divided according to the OTA classification.!°” It shows that type B transsyndesmotic fractures 
accounted for about two-thirds of all ankle fractures and that about 66% of all fractures occur as a result of a standing fall, although many of these fractures 
may well have occurred as a result of the twisting injury that preceded the fall. As is common with most high-energy fractures, high-energy ankle fractures 
occurred most commonly in young males. Traffic injuries comprise a substantially higher proportion of high-energy trauma (29.2%) and resulted more 
frequently in open fractures (4.7%).!6 The greatest number of open fractures occurred in women over the age of 60 and were caused by simple falls. With 
an aging population, it seems likely that open ankle fractures will become more common. A recent study has also highlighted the problem of open ankle 
fractures in the elderly and pointed out that they were associated with a similar mortality to that of proximal femoral fractures.!®! 


TABLE 6-44. The Basic Epidemiologic Characteristics of Ankle Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Infrasyndesmotic 24.3 53 36/64 
Transsyndesmotic 63.6 57 38/62 
Suprasyndesmotic 12.1 52 52/48 
Common Modes of Injury 
Fall (standing height) 65.7 57 36/64 
Fall from height 10.6 54 40/60 
Motor vehicle accident 7 47 51/49 
Associated Fractures 
Metatarsus 23.8 
Calcaneus 14.2 
Spine 14.2 


TABLE 6-45. The Basic Epidemiologic Characteristics of Talar Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Avulsion, process, head 46 41.5 56/44 
Neck 21 39.2 62/38 
Body 24.2 38 68/32 
Common Modes of Injury 
Fall (from height) 33.8 
Fall (same Level) 25.4 
Motor vehicle accident 22.7 
Associated Fractures 
Ankle 42.7 
Calcaneus 27.8 
Metatarsals 15.1 
Common Complications/Associated Injuries 
Pulmonary injury 19 
Posttraumatic arthritis 47 
Avascular necrosis 31 


Talus 


Talar fractures are one of the most uncommon fractures and are seen in young males and females and have a type C distribution. In Table 6-45, the talar 
fractures have been divided according to the OTA classification.!°° Type A fractures are avulsion fractures, process fractures, and head fractures. They have 
been combined in Table 6-45. OTA type B fractures are fractures of the talar neck and OTA type C fractures are fractures of the talar body. Table 6-45 
shows the breakdown of talus fractures. 

The talar neck and body fractures tended to be high-energy injuries with 44.4% occurring as a result of a fall from a height, although 33.3% were also 
caused by sports injuries. Given the severity of these fractures, it is not surprising that 8.3% were open fractures and that 41.6% of the patients presenting 
with talar fractures had multiple fractures. Table 6-45 shows that the multiple fractures were in the foot and distal tibia. 


Calcaneus 


Calcaneal fractures are relatively uncommon. They are more commonly seen in males, although there has been a recent increase of calcaneal fractures in 
older females and overall calcaneal fractures have a type G distribution. In 1959, Buhr and Cooke?® indicated that hindfoot fractures were “wage earners” 
fractures and mainly affected males. Kannus et al.!°° drew attention to the rising incidence of low-trauma fractures of the calcaneus and foot in Finnish 
patients aged at least 50 years, so it is clear that in the past 50 to 60 years, more older patients have been getting calcaneal fractures. 


TABLE 6-46. The Basic Epidemiologic Characteristics of Calcaneal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 


Location 


Avulsion, process, or tuberosity 20.0 31.6 73/27 
Nonarticular body 24.6 38.5 81/19 
Articular 55.4 45.6 71/29 


Common Modes of Injury 


Fall height 69 
Fall (standing height) 15 
Traffic accident 8 


Associated Injuries 


Lumbar spine 8-17 
Ankle 8 
Bilateral calcaneus 3-8 


In Table 6-46, calcaneal fractures have been classified using the OTA classification!*° into type A avulsion, process or tuberosity fractures, type B 
nonarticular body fractures, and type C articular fractures, the latter being a fracture that has received considerable attention in the orthopaedic literature in 
recent years. Because of this recent interest, the implication is that most calcaneal fractures are articular, but Table 6-46 shows that nonarticular fractures are 
relatively common. Articular and nonarticular calcaneal fractures have different distribution curves. Articular fractures tend to present in younger males and 
they have a type B distribution. Nonarticular fractures have a type G distribution with older males and females also being affected. 

The commonest mode of injury is a fall from a height. As with other high-energy fractures, multiple fractures are not uncommon, particularly in males. 
Table 6-46 shows that patients who presented with multiple fractures usually had bilateral calcaneal fractures or spinal fractures. 


Midfoot 


Midfoot fractures are rare. They occur in younger patients and have a type C distribution. Table 6-47 shows that the navicular bone had the highest 
prevalence of fractures and males were more commonly affected in all midfoot fractures. The common modes of injury are shown in Table 6-47. Open 
fractures are rare (see Table 6-3). Table 6-47 also shows the most common associated fractures. 


Metatarsus 


The study by Rassmussen et al. looked at all the forefoot fractures from Denmark and is the largest epidemiology study on metatarsal fractures. They 
reported an annual incidence of 124 per 100,000 population for metatarsal fractures. This incidence is similar to that of the 2010-2011 Edinburgh work. 
Metatarsal fractures are common and accounted for 6.6% of the fractures. They tend to occur in younger males and older females and therefore have a type 
A distribution. Table 6-48 shows the prevalence and common modes of injury from the largest epidemiology study on metatarsal fracture from Denmark.!5° 
Also the most common associated injuries are reported. Metatarsal fractures become more common as one moves toward the lateral border. The average age 
is higher and the majority occurs in females in lateral-sided fractures. 


TABLE 6-47. The Basic Epidemiologic Characteristics of Midfoot Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Cuboid 26.7 39 67/33 
Medial cuneiform 15.3 38.8 63/37 
Intermediate cuneiform 6.1 47.6 77123 
Lateral cuneiform 10 40 79/21 
Navicular 41.7 38.7 55/45 
Common Modes of Injury 
Foot torsion aly! 
Fall (standing height) 14 
Sport 11 
Associated Fractures 
Metatarsus 57.1 
Multiple midfoot bones 42.9 
Talus 42.9 


The commonest site of a fifth metatarsal fracture is at the base of the metatarsal. The fifth metatarsal base fracture is one of the most commonly seen by 
surgeons, and they have a very similar incidence to distal fractures of the fifth metacarpal. 


EPIDEMIOLOGY OF ADOLESCENT FRACTURES 


There continues to be very little information available about adolescent fractures.!!! This is because the epidemiologic studies tend to concentrate on adult 
or pediatric fractures with a dividing age of 14, 16, or 18 years. Unfortunately, adolescent fractures are lost in the division. They are an important group 


because fractures in adolescent males in particular are common, and the curves shown in Figure 6-3 do not emphasize this. To study adolescent fracture 
epidemiology, the epidemiologic data from the year 2000, which was presented in the sixth edition of Fractures in Adults, were combined with the pediatric 
data from the same year.!°” Adolescent fractures were defined as being between 10 and 19 years of age. Table 6-49 shows the incidences of different 
fractures in the adolescent population. It can be seen that there is a significant rise in the incidence of adolescent fractures from 10 to 19 years of age 
compared with the incidences of fractures in children and adults. Male adolescents in 2000 had a fracture incidence of 3,830/ 10°/year which in 2010 to 2011 
is only exceeded by the incidence of fractures in females 80 years and older. There was a progressive decrease in fracture incidence in boys after 13 years 
and in girls after 11 years, and at 19 years of age, the fracture incidence in males was 3.6 times that in females. The overall annual incidence in adolescents 
in 2000 was 2,430 per 100,000 population, and the gender ratio was 72/28. 


TABLE 6-48. The Basic Epidemiologic Characteristics of Metatarsal Fractures 


Prevalence (%) Average Age (Years) Male/Female (%) 
Location 
Hallux 9.9 24.4 63/37 
Second 13.4 37.3 59/41 
Third 14 37.9 56/44 
Fourth 13.2 40.1 52/48 
Fifth 49.5 39.4 46/54 
Common Modes of Injury 
Sports 16.7 
Hit by object 16 
Fall (standing height) 15.7 
Associated Injuries 
Other metatarsals 47.8 
Midfoot 8.7 
Ankle 8.7 


TABLE 6-49. The Incidence (n /10°/yr) of Fractures in Adolescents, Children, and Adults in 2000 >: 


Adolescents (10-19 Years) Children (0-13 Years) Adults (214 Years) 

Distal radius 659.0 689.7 195.2 
Finger phalanges 439.9 294.7 107.3 
Metacarpus 405.3 111.8 130.3 
Clavicle 139.8 137.9 36.5 
Metatarsus 132.7 99.3 75.4 
Ankle 118.6 60.6 100.8 
Toe phalanges 110.1 63.7 39.6 
Carpus 69.2 19.9 29.7. 
Forearm diaphysis 63.5 111.8 13.8 
Proximal forearm 55.1 59.6 55.5 
Tibial diaphysis 52.2 44.9 21.5 
Distal tibia 359 33.4 7.9 
Distal humerus 32.5 166.2 5.8 
Proximal humerus 29.7 38.7 63.0 
Spine 12.7 5.2 7.5 
Proximal tibia 11.3 4.2 13.3 
Humeral diaphysis 11.3 5.2 12.9 
Patella 9.9 4.2 10.7 
Pelvis 9.9 4.2 17.0 
Femoral diaphysis 8.5 16.7 10.3 
Calcaneus 7.1 2.1 13.7 


Midfoot Osi 4.2 5.0 


Talus 57 1.0 3.2 


Proximal femur S 1.0 129.4 
Distal femur 2.8 5:2 4.5 
Scapula 2.8 0 3.2 
Total 2,430.2 1,986.5 1,113.3 


Table 6-49 shows the incidence of the different fractures seen in children, adolescents, and adults in 2000. What is striking is the very high incidence of 
fractures of the distal radius, finger phalanges, metacarpus, clavicle, metatarsus, and ankle in adolescents. Some fractures have a lower incidence in 
adolescents. These tend to be fragility fractures, although hindfoot and midfoot fractures are also rare in the adolescent period. In other fractures such as 
distal humeral fractures, the adolescent group is clearly midway between the high incidence seen in childhood and the lower incidence seen in adulthood. 
Menon et al.!37 divided the adolescents into male and female junior and senior adolescents of 10 to 14 years and 15 to 19 years. They examined the 
influence of social deprivation in these groups and showed a correlation between social deprivation and fracture incidence in senior male and female 
adolescents and junior male adolescents. They also found that social deprivation was an independent predictor of fractures of the hand in senior adolescent 
males, of fractures of the upper limb in junior adolescent males, and of fractures of the upper limb and distal radius in senior adolescent females. 


THE EPIDEMIOLOGY OF DISLOCATIONS 


The assessment of the epidemiology of dislocations is subject to the same methodologic considerations as were discussed in the section on the epidemiology 
of fractures. As with fractures, there are relatively fewer hospitals with a captive, well-defined population that allows for accurate epidemiologic assessment. 
Thus, surgeons have analyzed insurance company records? or, in the case of shoulder and knee dislocations, the records of the U.S. military.2%!5° Clearly, 
this will define epidemiology in a particular, usually younger, subset of the population but not the whole population. To our knowledge, no one has as yet 
attempted to assess the epidemiology of dislocations by postal questionnaire! 

There are some other complications when assessing the epidemiology of dislocations that one is not faced with when estimating fracture epidemiology. 
It can be subjectively difficult to differentiate between a subluxation and a dislocation and one simply has to accept the surgeon’s view. This is a particular 
problem in situations such as fracture dislocations of the ankle or finger joints where, because of the fracture, there may be a significant subluxation. The 
other issue that can prove impossible to resolve is whether the joint was dislocated before a well-meaning doctor, physical therapist, or bystander reduced it. 
Clearly, some of the joints will have been dislocated, but others will not have been. 

In this assessment of the epidemiology of dislocations, the incidence of dislocations over a 1-year period between November 2008 and October 2009 
was examined. This included both children and adults treated during the year. Unlike the fracture epidemiology assessment, this was a retrospective study 
with the data being obtained from the three hospitals in the Edinburgh area that deal with adult and childhood trauma or provide an emergency minor 
injuries service. The question of whether a dislocation was present prior to a prehospital reduction was resolved as best as it could be by careful analysis of 
the clinical records. However, this is a persistent problem with the assessment of dislocations, and we accept that there might be some errors. 

It should be emphasized that there are very few studies of the overall epidemiology of dislocations. Yang et al.!%? studied the incidence of dislocations in 
Taiwan between 2000 and 2005 using data from their National Health Insurance Program. They analyzed a randomly selected 1 million people from the 
National database stating that the demographics of the selected population was similar to the overall Taiwanese population. They estimated the incidence of 
dislocations of the shoulder, elbow, wrist, fingers, hip, knee, ankle, and foot during each year between 2000 and 2005 and noted that the incidence rose 
annually. They also analyzed the dislocations to see if they were simple dislocations or fracture dislocations, and they monitored the prevalence of recurrent 
dislocations. Their annual overall average incidence of dislocations was 42.1 per 100,000 population, which is relatively low, and their reported incidence of 
dislocations of different joints is lower than that of many other studies. Thus, as with the incidence of fractures, one does not know if there is a different 
incidence of dislocations around the world or if the different methodologies used to assess epidemiology give different results. 

Brinker and O’Connor,”? in their insurance-based study in the United States, looked at the common dislocations referred to orthopaedic surgeons. They 
found that the commonest dislocation was the patellofemoral joint, which accounted for 55% of their dislocations, and that 78% of their dislocations 
involved the patellofemoral, shoulder, and acromioclavicular joints. In the section on the epidemiology of fractures, it was pointed out that the average age 
of their capitated population was low, and it seems unlikely that it represents the complete population. 

The basic epidemiology of the dislocations treated in the 1-year study period is shown in Table 6-50. It shows that the annual overall incidence was 
157.4 per 100,000 population, with an incidence of 188 in males and 128 in females. There were 50 dislocations in children and adolescents under 15 years 
in the study, giving an overall annual incidence of 48.9 per 100,000 population for this group and of 53.6 for males and 44.1 for females. The annual overall 
incidence of dislocations in adults was 178.5 per 100,000 population, with 215.9 being recorded in males and 145.2 in females. Table 6-50 shows the 
numbers, prevalence, incidence, average age, and gender ratio for all dislocations in the population. The distribution curve for all dislocations is also shown, 
as is the percentage of patients at least 65 years of age and those at least 80 years of age. It should be noted that because dislocations of prosthetic hips are 
so common, they have been included in the analysis. However, if only dislocations of native joints are considered, the annual overall incidence is 138.4 per 
100,000 population and the average age is 39.3 years. The percentage of patients 65 years or older is 15.5%, with 5.1% of patients 80 years or older. The 
gender ratio changes to 62/38. 


TABLE 6-50. The Epidemiology of Dislocations 


Dislocation n % n/10%/yr Average Age (Years) 265 Years (%) 280 Years (%) M/F Distribution Curve 


Shoulder 317 32.5, 51.2 43.0 23.6 9.4 59/41 H 


Hand (MCPJ, PIPJ, and 185 19.0 29.9 40.7 13.5 5.9 79/21 G 

DIP}) 

Patellofemoral 134 13.8 21.6 24.8 DA 0 51/49 C 

Prosthetic hip 114 11.7 19.0 75.9 87.7 35.1 30/70 F 

Ankle 71 io 11.5 49.8 31.0 4.2 30/70 H 

Acromioclavicular 55 5.6 8.9 37.1 5.4 0 87/13 B 

Elbow 37 3.8 9 33.4 Pi 0 49/51 G 

Toes (MTPJ, PIPJ, and DIPJ) 33 3:4 D) 35.5 9.1 0 64/36 H 

Carpometacarpal 9 0.9 lo 27.2 11.1 0 67/33 C 

Native hip 4 0.4 0.6 22.5 0 0 7329: IC 

Tarsometatarsal 4 0.4 0.6 25.5 0 0 7525 C 

Knee 3 0.3 0.5 43.0 0 0 67/33 (E 

Perilunate 3 0.3 0.5 Ps 0 0 100/0 B 

Distal radioulnar 2 0.2 0.3 44.0 0 0 50/50 — 
Sternoclavicular 2 0.2 0.3 15.5 0 0 50/50 — 
Subtalar l 0.1 0.2 47.0 0 0 0/100 — 
Total 974 100 157.4 43.0 23.9 8.6 57/43 H 


SHOULDER DISLOCATIONS 


Shoulder dislocations are the commonest dislocations that present to orthopaedic surgeons. In the study year, we had an annual overall incidence of 51.2 per 
100,000 population, but this covered both primary and recurrent dislocations. The annual incidence in males was 63.1 per 100,000 population and in 
females it was 40.2. Table 6-50 shows that the distribution curve is type H (see Fig. 6-3), with bimodal peaks in both males and females. Table 6-50 shows 
that with the exception of dislocations of prosthetic hips, shoulder dislocations have the highest prevalence in patients 80 years or older. A review of the 
fracture dislocations that occurred during the study year showed that they have a different distribution curve. These tend to occur in older patients, and they 
have a type F curve, affecting older males and females (see Fig. 6-3). It is well established that posterior dislocations are much less common than anterior 
dislocation, and in the study year, the incidence of posterior dislocations was 2.4 per 100,000 population. 

It is important to differentiate between primary and secondary or recurrent dislocations when considering the epidemiology. In the study year, 58% of 
the shoulder dislocations were primary and the remaining 42% were recurrent. Thus, the annual incidence of primary dislocations was 29.7 per 100,000 
population year and the incidence of recurrent dislocations was 21.5 per 100,000 population. These figures are very similar to those published by Liavaag et 
al.!2° who analyzed the incidence of shoulder dislocations in Oslo, Norway, in 2009. They had an annual overall dislocation rate of 56.3 per 100,000 
population, with a primary dislocation rate of 26.2 per 100,000 population. Their male and female annual dislocation rates were a little different from ours, 
at 82.2 and 30.9 per 100,000 population, respectively. 

Liavaag et al.!2° drew attention to the differences in the published rates of shoulder dislocation over the last 40 years. Some researchers have 
investigated specific groups in the population. An example is Owen et al.!°° who published an annual overall incidence of 169 per 100,000 population in the 
U.S. military, with the male and female incidences being 182 and 90 per 100,000 population, respectively. They also found racial differences and age and 
rank differences. A later study! in the U.S. military showed an annual incidence of 313 per 100,000 population, and they said that recurrent dislocation 
had occurred in 28.7% of cases. 

Other authors have looked at their whole population. Simont et al.!”° published an annual incidence of 11.2 per 100,000 population in males and 5.0 in 
females in Olmsted County, Minnesota, in 1970 to 1979. Krgner et al.!!° published an incidence of 12.3 per 100,000 population in 1989 and Zacchilli and 
Owens! reported an annual incidence of 23.9 per 100,000 population in 2002 to 2009 using a randomized sample of U.S. hospitals with emergency 
departments. They had fewer elderly patients with shoulder dislocations than seen in Oslo or Edinburgh. They were not able to document recurrence and 
they stated that only 2.1% of their dislocations were recurrent. This would seem to be an underestimate of the prevalence of recurrent dislocations but it may 
well be that they mainly recorded primary dislocation, which would explain the lower incidence of dislocations. 

The difference in incidence between the military and nonmilitary groups is interesting. It presumably relates to activities undertaken by soldiers 
compared with civilians. 

The epidemiology of posterior shoulder dislocation is poorly understood. It is known to be less common than anterior dislocation. Robinson et al.!°8 
looked at 112 cases of posterior dislocation and stated that the annual incidence was 1.1 per 100,000 population and that they occurred mainly in males 
between 20 and 49 years and in males under 70 years of age. The authors also stated that 17.7% of the patients experienced a recurrent dislocation within a 
year. 


It may well be that dislocations, like fractures, are increasing in incidence. There is an increasing number of older active people in most communities, 
and it therefore seems logical to assume that the rate of dislocations, such as shoulder dislocations, is rising. Simont et al.!73 in 1970 to 1979 noted that 
15.2% of his patients were at least 40 years of age, whereas Liavaag et al.!7° in 2009 found that 39.5% of his patients were in that age group. Presumably 
this trend will continue. 


STERNOCLAVICULAR AND ACROMIOCLAVICULAR DISLOCATIONS 


Sternoclavicular dislocations are very rare. There were only two sternoclavicular dislocations during the study year giving an annual incidence of 0.3 per 
100,000 population. An analysis of sternoclavicular dislocations in the United States?* showed that they constituted 0.9% of all shoulder girdle lesions and 
1.1% of all dislocations. However, the study included both children and adults. 

Acromioclavicular dislocations are considerably more common and accounted for 5.6% of the dislocations (see Table 6-50). The acromioclavicular 
dislocations were classified according to the Rockwood classification.'*? Type I dislocations were excluded from analysis as they are simply joint sprains. 
However, we have included type II subluxations as they are usually referred to as dislocations. The annual overall incidence was 8.9 per 100,000 
population, and these dislocations have a type B distribution being commoner in young males. Very few occur in females. 

It is interesting to compare our result with those in the literature. Analysis of a similar population in Italy showed that 89.5% occurred in males and the 
annual overall incidence was 18 per 100,000 population.?” However, type I dislocations were included in the analysis. A study of acromioclavicular joint 
injuries in U.S. military recruits between 2004 and 2009 separated Rockwood type I and II fractures from type III, IV, V, and VI fractures, which were 
described as high grade. The annual incidence of the high-grade injuries was 96.5 per 100,000 population, which is much higher.!°! As with the differences 
in the incidence of shoulder dislocations, presumably this represents the results in two very different populations. 

Analysis of the severity of the acromioclavicular dislocations during the study year shows that there were no type VI dislocations but 28% of the 
dislocations were type II, 37% were type II, 2% were type IV, and 33% were type V. 


ELBOW DISLOCATIONS 


Table 6-50 shows that elbow dislocations are relatively uncommon with an annual incidence of 5.5 per 100,000 population. Overall, we believe that simple 
dislocations of the elbow, which do not have an associated fracture, have a type C distribution affecting young males and females. However, in the study 
year, we collected both simple fractures and fracture dislocations and the fracture dislocations had a type G distribution with a bimodal distribution in males 
and a unimodal distribution in older females. Thus, the fractures tend to occur in older patients. Of the 35 patients who had confirmatory radiographs, 28 
(80%) had a dislocation of both the humeroulnar and radiocapitellar joints, with the remaining 7 (20%) simply having a dislocation of the radiocapitellar 
joint. 

A review of the complete elbow dislocations involving both joints showed that in 2 (7.1%) there was anterior displacement, with posterior displacement 
being seen in the other 26 (92.3%) dislocations. Fifteen (53.6%) of the elbow dislocations were associated with a fracture. Four (57.1%) of the 
radiocapitellar dislocations were associated with a fracture. Two (5.4%) of the elbow dislocations were open. 

In a previous analysis of simple elbow dislocations over a period of 10 years in Edinburgh, the annual overall incidence was noted to be 2.9 per 100,000 
population.!° The average patient age was 38.8 years, and the gender ratio was 54/46. The main causes of simple dislocations in males were a standing fall 
(46%) or sports (24%), with 71% of dislocations in females being caused by a standing fall. Stoneback et al.!”® analyzed the incidence of simple elbow 
dislocations in the United States. They had a slightly higher annual overall incidence, at 5.21 per 100,000 population and noted that the incidence was 
similar in males and females, at 5.26 in males and 5.16 in females. Most of the dislocations occurred as a result of sports or gymnastic activity. Yang et 
al.!°3 reported an annual incidence of 7.7 per 100,000 population in Taiwan, but it is likely that these included fracture dislocations. 


WRIST AND HAND DISLOCATIONS 


Table 6-50 shows that dislocations of the wrist and hand are relatively common, with an annual overall incidence of 32.2 per 100,000 population. 
Dislocations of the fingers are by far the most common, and it is surprising that comparatively little has been written about these injuries. In this study year, 
there were only two dislocations of the distal radioulnar joint, and little useful information could be gained from them. In the study year, documented in the 
section on the epidemiology of fractures, there were three Galeazzi fractures associated with distal radioulnar dislocation. All occurred in males, with an 
average age of 29.0 years. The annual overall incidence of Galeazzi fractures is therefore 0.6 per 100,000 population. 

There were three perilunate dislocations giving an annual overall incidence of 0.5 per 100,000 population, although all occurred in adults, and therefore 
the annual adult incidence was 0.6 per 100,000 population. All were associated with carpal or distal radial fractures, but it is well recognized that carpal 
dislocations can occur without an associated fracture. All occurred in young males, and the distribution curve is therefore type B. There were nine complete 
carpometacarpal dislocations. Carpometacarpal subluxations are more commonly seen, but these were not included. As with most hand injuries, these 
occurred in young adults, and they had a type C distribution. Of the nine dislocations, five (55.6%) were single, and the remaining four involved two or 
three joints. Five (55.6%) had an associated fracture. 

The second most common dislocation, after shoulder dislocation, is that of the joints of the fingers. The annual overall incidence of dislocations in all 
the metacarpophalangeal and interphalangeal joints is 29.9 per 100,000 population, with the incidence in males and females being 59.9 and 12.1, 
respectively. There is a bimodal distribution in males, and a unimodal distribution affecting older females. Hand dislocations therefore have a type G curve. 
Overall, 6.4% of the dislocations occurred in patients under 15 years of age, and the annual overall incidence in this group was 11.8 per 100,000 population, 
with incidences of 13.4 and 10.0 being recorded in males and females, respectively. In patients aged 15 years or older, the annual overall incidence was 35.7 
per 100,000 population, with the incidences in males and females being 59.9 and 14.3, respectively. There were 22 (11.9%) open injuries and 60 (32.4%) 
fracture dislocations, giving fracture dislocations of the hand an annual overall incidence of 11.6 per 100,000 population. 

Figure 6-11 shows the prevalence of dislocations in the different joints of the hand. It can be seen that 59.4% of all the dislocations involved the joints of 
the thumb or little finger, with the highest dislocation rates being in the proximal interphalangeal joint of the little finger, the metacarpophalangeal joint of 
the thumb, and the proximal interphalangeal joint of the ring finger. Figure 6-11 shows that 58.4% of all hand dislocations affect the proximal 
interphalangeal joints of the fingers or the interphalangeal joint of the thumb, 27.6% occur in the metacarpophalangeal joints, and 14.0% occur at the distal 
interphalangeal joints. There was no significant difference in the average ages or the gender ratios of the patients relative to which digit was affected. 

There are very few analyses of the epidemiology of finger dislocations and the results are somewhat different from those shown in Table 6-50. The 


incidence of dislocations in this study is considerably higher than that recorded by Yang et al.!9 in Taiwan between 2000 and 2005 who found an annual 
incidence of finger dislocations of 4.6 per 100,000 population. Mall et al.!?° studied the incidence of dislocations in American football players and showed 
that subluxations or dislocations comprised 49% of all finger injuries. As in our series, the commonest site of a finger dislocation was the proximal 
interphalangeal joint. Golan et al.” studied the finger dislocations treated in emergency departments in the United States and found an annual overall 
incidence of 11.1 per 100,000 population, with incidences of 17.8 in males and 4.6 in females. 
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Figure 6-11. The prevalence of metacarpophalangeal and interphalangeal dislocations. The prevalences in each finger are also shown. 


HIP DISLOCATIONS 


Hip dislocations tend to be high-energy injuries, most being caused by motor vehicle accidents, although in the study year, one dislocation occurred in a 
rugby match. There were four in the study year, all of which occurred in adults, giving an annual overall incidence of 0.8 per 100,000 population in patients 
aged 15 years or older, with an incidence in males and females of 1.2 and 0.4, respectively. The condition has a type C distribution curve, and Table 6-50 
shows that there were no hip dislocations in people aged 65 years or older. Three (75.0%) of the hip dislocations were associated with fractures, with one 


both column fracture, two posterior lip fractures, and one femoral head fracture being recorded. 

The frequency of hip dislocation presumably varies with the number of motor vehicle accidents in a particular country. In a 5-year study in Nigeria, 
was recorded that there were 50 hip dislocations. The incidence could not be analyzed, but 81.3% occurred in males and the average age was 34.8 years. 
Forty-eight of the dislocations were posterior, and only 2 were anterior. 

Dislocations of prosthetic hips are much commoner and are presumably increasing in incidence with an increasing elderly population. Obviously, all 
occurred in adults and the annual overall incidence in patients aged 15 years or older was 22.0 per 100,000 population, with the incidence in adult males and 
females being 13.9 and 29.3, respectively. They have a type F distribution. 
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KNEE DISLOCATIONS 


Dislocation of the knee joint is very rare and is usually caused by high-energy injuries, although, as with hip dislocations during the study year, one knee 
dislocation occurred as a result of playing rugby, with the other two following motor vehicle accidents. All the dislocations occurred in adults, and if the 
annual overall incidence is calculated in the population aged 15 years or older, it is 0.6, with the incidences in males and females being 0.8 and 0.4, 
respectively. As with hip dislocations, they have a type C distribution curve. In a study from Finland,!”° a total of 837 knee dislocations were reviewed over 
a 14-year period. The incidence was considerably higher, with an annual incidence of 2.9 per 100,000 population being recorded in males aged 18 to 29 
years. The incidence in males decreased with increasing age, but this was not the case in females. The authors drew attention to the difficulty of separating 
knee dislocations from ligamentous injuries. 

Dislocations of the patellofemoral joint are extremely difficult to evaluate accurately. A significant number of dislocations will have been reduced prior 
to presentation to an emergency department, and patients will also have been told that they have had a knee dislocation without any good evidence that this 
is the case. It is also very difficult to separate an actual or perceived subluxation from a dislocation. Thus, the best that can be done is to calculate the 
incidence from those patients who are believed to have had a dislocation, but we accept that there may be inaccuracies. 

Table 6-50 shows that the annual overall incidence for the whole population was recorded at 21.6 per 100,000 population. The annual overall incidence 
for primary dislocations was 11.9 per 100,000 population, with 9.7 being recorded for secondary or recurrent dislocations. The annual overall incidences of 
dislocations in males and females were 22.9 and 20.4 per 100,000 population, respectively. However, this is a condition that is common in children and 
adolescents, and the male and female annual incidences in the under-15 age groups were 21.1 and 16.0 per 100,000 population, respectively. The equivalent 
annual incidences in the male and female aged 15 years and older groups were 23.8 and 20.8 per 100,000 population. The distribution curve is type C. 

A review of the literature shows widespread variation in the results that have been published probably because of the problems that have already been 
stated. Nielsen and Yde!** examined the incidence of patellar dislocation in Denmark in 1986 and stated that the annual overall incidence was 30 per 
100,000 population, with incidences of 20 per 100,000 population in males and 50 per 100,000 population in females. In a more recent Danish study, 
Gravesen et al.”° reported an annual overall incidence of 42 per 100,000 population, with the highest incidence being in females aged 10 to 17, at 108. They 
also reported that 22.7% of patients were at risk of recurrent dislocation. Nietaosvaara et al.!4 investigated the incidence of patellar dislocation in children 
and adolescents under 16 years of age in the early 1990s in Finland and documented an annual incidence of 43 per 100,000 population. Fithian et al.’ 
studied the condition between 1992 and 1997 in the United States in members of a health plan. The annual overall incidence of was 5.8 per 100,000 
population or primary dislocators and 3.8 for secondary dislocators. The incidence was age dependent, the highest incidence being reported in primary 
female dislocators aged 10 to 17 years. Hsiao et al.° investigated patellar dislocation in the U.S. military between 1996 and 2007. They reported an annual 
overall incidence of 69 per 100,000 population, with a higher incidence in females and in patients under 20 years of age. A similar annual incidence of 77 
per 100,000 population was reported in males in the Finnish military,!©? whereas Yang et al.!°3 reported an annual incidence of 1.4 per 100,000 population 
in Taiwan, although they were not specific as to whether they were documenting both knee and patellofemoral dislocations. These results demonstrate the 
difficulty in assessing the incidence of patellar dislocations accurately. 


ANKLE AND FOOT DISLOCATIONS 


An analysis of the literature indicates that most dislocations of the ankle are fracture dislocations, and a review of the ankle dislocations during the study 
year confirmed this, as only four (5.6%) dislocations were not associated with a fracture. Table 6-50 shows that the annual overall incidence of ankle 
fractures is 11.5 per 100,000 population, but the incidence of pure dislocations in adults is only 0.8. The distribution curve for fracture dislocations is type 
H, with bimodal distributions in both males and females, but for pure dislocations, it is type C with younger patients being affected. Table 6-50 shows that 
ankle fracture dislocations are more common in females, probably due to the osteoporotic nature of bimalleolar and trimalleolar fractures (see Table 6-7). 
The annual overall incidence of all ankle dislocations in males is 7.2 per 100,000 population compared with 15.5 in females. A review of the fractures 
associated with ankle dislocations showed that 54% were trimalleolar, 23% were bimalleolar, and 14% were lateral malleolar fractures. The remaining 
fractures were talar and distal tibial fractures. Six (8.5%) of the ankle dislocations were open. 

Hindfoot dislocations are extremely rare, and there is little information available about their epidemiology. There was only one subtalar dislocation in 
the study year, which was associated with a talar neck fracture. There were no dislocations affecting Chopart joint. Lisfranc injuries to the tarsometatarsal 
joint are more commonly seen, although the true epidemiology is difficult to determine, as a substantial number remain undiagnosed. There were four 
Lisfranc injuries, all of which occurred in adults, giving an annual overall incidence in the 15 years and older population of 0.8 per 100,000 population. 
Three (75.0%) of the dislocations were associated with fractures. Lisfranc dislocations have a type C distribution curve. 

Toe dislocations had an annual overall incidence of 5.3 per 100,000 population. They have a type H distribution curve with bimodal distributions in both 
males and females. The annual overall incidences in males and females are 7.1 and 3.7 per 100,000 population, respectively. As with finger dislocations, the 
first and fifth toes are most affected, with 27% of the dislocations being in each toe. These were followed by the second (21%), third (15%), and the fourth 
(10%) toes. Again, as with finger dislocations, the proximal interphalangeal joints and the interphalangeal joint of the hallux were most affected (61%). A 
further 27% of the dislocations occurred in the metatarsophalangeal joints, and the remaining 12% occurred in the distal interphalangeal joints. There were 
eight (24.2%) fracture dislocations, and one (3.0%) dislocation was open. 


THE EPIDEMIOLOGY OF TENDINOUS AND LIGAMENT INJURIES 


With the exception of Achilles tendon and hand injuries, there is very little information available about the epidemiology of tendinous or ligament injuries. 


The same problems exist with these injuries as with the accurate assessment of fracture epidemiology. Another problem is that quite a number of studies of 
soft tissue injury epidemiology concentrate on sporting injuries or injuries in young adults. While the results of these studies are interesting, they do not 
provide information about the whole population. Clayton and Court-Brown*® undertook a 5-year study of these injuries between 1996 and 2000 and 
analyzed traumatic soft tissue injuries in all patients in the catchment area of the Royal Infirmary of Edinburgh between 12 and 90 years of age. It is likely 
the incidence of many of these soft tissue injuries is probably changing, but there is very little other information about their epidemiology. 

In the study, all soft tissue injuries excluding abrasions, lacerations, and soft tissue injuries related to fractures or dislocations were analyzed, and the 
results are shown in Table 6-51. Some of these injuries, such as meniscal tears and rotator cuff tears, will not be routinely managed by orthopaedic trauma 
surgeons in most countries, and we will not discuss the epidemiology of these conditions. 

Analysis of the data shows that the annual overall incidence was 106.2 per 100,000 population, with incidences of 166 and 52.1 being recorded in males 
and females. If meniscal and rotator cuff tears were excluded from analysis, the annual overall incidence was 78.7 per 100,000 population. The mean age 
was 36.3 years, with 33.1 years and 43.6 years being recorded in males and females. The age distribution curve was a type B curve (see Fig. 6-3), with a 
higher incidence in young males. 


HAND AND FOREARM INJURIES 


Table 6-51 shows that flexor and extensor tendon injuries of the forearm and hand constitute about 21% of all the soft tissue injuries, with mallet finger and 
ulnar collateral ligament injuries accounting for another 12.5%. Thus, hand soft tissue injuries account for about one-third of all soft tissue injuries. Both 
flexor and extensor tendon injuries have a type B distribution (see Fig. 6-3), being more common in young males. Ulnar collateral ligament injuries have a 
type C distribution but mallet finger injuries show a different distribution. In males, there is a higher incidence in young and middle age, but the incidence 
declines in old age. In females, the highest incidence is in middle age. 

A study from Olmsted County, Minnesota,°? documented a higher incidence of tendon injuries than is shown in Table 6-51. In a 10-year period between 
2001 and 2010, they recorded an annual overall incidence of 33.2 per 100,000 population, with 56.3 in males and 10.7 in females. They also found that the 
incidence of tendon injuries decreased from 2001 to 2010. Further analysis showed that 57.1% of the tendon injuries affected the extensor tendons, and the 
remaining 42.9% were flexor tendon injuries. The most commonly injured tendons were in the index finger (31.9%), followed by the middle finger (18.5%), 
thumb (17.7%), ring finger (16.3%), and little finger (15.6%). 

Analysis of flexor tendon injuries in a Finnish population’~” showed an annual incidence of 7 per 100,000 population, which is much less than that 
recorded in Olmsted County. The male incidence was 11.6 per 100,000 population, and the female incidence was 2.4. These figures are much closer to the 
Edinburgh figures in Table 6-51, and as with the proximal femoral fractures documented earlier in the chapter, it is difficult to know why the incidences in 
two socially similar areas are so different. 

There is very little information about the epidemiology of mallet fingers but Table 6-51 shows that they are the fifth most common soft tissue injury, and 
60% occurred in males who had a lower average age than females. The literature dealing with ulnar collateral ligament epidemiology mainly relates to 
sportsmen,*°-8” but Table 6-51 shows that they have a type C distribution being commoner in young males and females. 
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KNEE INJURIES 


Table 6-51 shows that anterior cruciate rupture was the sixth most common soft tissue injury in the study. They have a type C distribution being commoner 
in young males and females. Posterior cruciate ligament injuries had a type B distribution being commoner in young males. Table 6-51 shows that medial 
collateral ligament injuries had a similar incidence to anterior cruciate injuries and were more common than lateral collateral ligament injuries. Both had a 
type B distribution (see Fig. 6-3). 

Many of the recent studies of the epidemiology of knee injuries come from Sweden. 146-147 The results are very different from those shown in Table 6- 
51. Nordenvall et al.!4° examined cruciate ligament injuries over a 9-year period and found an annual incidence of 78 per 100,000 population in a group of 
patients that had a type C distribution. Olsson et al.!4” undertook a study of knee injuries related to knee hemarthrosis over a 7-year period. All patients who 
presented with a hemarthrosis had a magnetic resonance imaging (MRI) scan of the knee and they stated that the annual incidence of anterior cruciate 
injuries was 77 per 100,000 population, with the incidence of medial collateral ligament injuries being 41 per 100,000 population and of lateral collateral 
ligament injuries 10 per 100,000 population. The annual incidence of meniscal tears was 62 per 100,000 population. It is impossible to know why these 
results are so different from those in Table 6-51, but it may simply demonstrate differences in the medical systems and an improved diagnostic procedure in 
Sweden. 


TABLE 6-51. The Epidemiology of Musculotendinous and Ligamentous Injuries 


Average Age (Years) 


n % Incidence (n/10°%/yr) M/F Males Females Distribution Curve 


Meniscal tear 625 22.4 23.76 75/25 33.8 35.0 G 

Forearm/hand extensor tendon 470 16.8 17.87 79/21 32.7 38.5 B 

Acromioclavicular joint 381 13.6 14.49 84/16 33.1 43.6 B 

Achilles tendon rupture 298 10.7 11.33 68/32 43.2 46.9 aa 
Mallet finger 260 9.3 9.89 60/40 39.9 48.4 — 
Anterior cruciate ligament 212 7.6 8.06 76/24 27.2 29.0 c 

Medial collateral ligament 137 4.9 5.21 75/25 31.1 39.1 B 

Forearm/hand flexor tendon 127 4.5 4.83 80/20 33.7 38.7 B 

Rotator cuff tear 98 3.5 3.73 52/48 40.5 57.2 D 

Ulnar collateral ligament 90 52 3.42 52/48 27.6 35.9 Cc 

Quadriceps tendon rupture 36 13 1.37 89/11 50.5 51.7 — 
Patellar tendon rupture 18 0.6 0.68 78/22 49.0 69.0 — 
Biceps tendon rupture 14 0.5 0.53 71/29 60.0 67.5 E 

Posterior cruciate ligament 12 0.4 0.46 83/17 31.2 40.0 B 

(repaired) 

Peroneal tendon rupture T 0.3 0.27 100/0 46.4 N/A B 

Lateral collateral ligament 5 0.2 0.19 100/0 31.0 N/A B 

Gastrocnemius tendon rupture 3 0.1 0.11 67/33 48.0 67.0 — 
Tibialis posterior tendon rupture l 0.0 0.04 100/0 17.0 N/A — 
Total 2,794 100 106.24 74/26 33.1 43.6 B 


Table 6-51 shows that quadriceps tendon ruptures were commoner than patellar tendon ruptures. Analysis showed that both were commoner in middle- 
aged men but patellar tendon ruptures were more commonly seen in older females. 


ACHILLES TENDON RUPTURE 


There has been considerable interest in Achilles tendon ruptures in the past few years mainly because of the debate as to whether they should be treated 
surgically. However, their epidemiology is interesting because of the apparent differences in incidence in different parts of the world and the apparent 
increase in their incidence. It would also seem to be the case that they are becoming commoner in older people. Kannus and Jozsa!° drew attention to the 
fact that only 66 Achilles tendon ruptures had been reported by 1929 and there had been a steady increase in the reporting of the condition. Table 6-51 
shows that in Edinburgh in the late 1990s, the annual incidence of Achilles tendon rupture was 11.3 per 100,000 population. It was commoner in males, but 
the average age was similar in males and females. 

Other studies showed different incidences of this injury. Houshian et al.°! stated that the annual incidence of Achilles tendon rupture in Denmark in 
1984 was 18.2 per 100,000 population and that it had increased to 37.3 in 1996. The increase was attributed to an increasing participation in sport. Maffulli 
et al.!25 studied the incidence in Scotland in the same time period and found that the annual incidence per 100,000 population increased from 4.7 in 1981 to 
6 in 1994. In males, the peak incidence was in the 30 to 39 years group, and in females it was in the 80 and older group. 

More recent studies have shown that the incidence has continued to rise with a Canadian study!°” documenting that the annual incidence rose from 18 
per 100,000 population in males in 2003 to 29.3 in 2013. However, a Swedish study®? quoted an annual incidence of 47 per 100,000 population in males in 
2001 and 55.2 in 2012. The equivalent annual incidences in females were 12 and 14.7. The highest male incidence was in the 40 to 49 years group. It was 
felt that the rise in incidence was because of increased participation in sports by older adults. This tends to confirm the clinical impression that more older 
patients are presenting with Achilles tendon ruptures. 


OTHER INJURIES 


Table 6-51 shows the incidences of a number of other soft tissue injuries. There is very little information in the literature about most of them. We discussed 
acromioclavicular dislocation in the dislocation section of this chapter and noted that the annual overall incidence of Rockwood type II to VI dislocations!“ 
was 8.9 per 100,000 population. Table 6-51 shows the type I acromioclavicular injuries that presented in the study period. Type I injuries are clearly much 
more common and, like the more severe acromioclavicular injuries, they have a type B distribution and are rare in females. 


The annual incidence of biceps tendon ruptures in the study period is 0.5 per 100,000 population, and they were more commonly seen in older adults. 


There is little published about their epidemiology in the literature, but a study using a large database in the United States has produced different results. 
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The results showed an annual incidence of 5.35 per 100,000 population, and the average ages in males were 46.3 years and 46 years, respectively. The only 
similarity to the Edinburgh results was that the condition was commoner in males. The authors did comment that their incidence was higher than had been 
previously reported. 


Annotated References 


Reference Annotation 


Aitken SA, Rodrigues MA, Duckworth AD, et al. Determining the incidence of adult An important analysis of the basic problem of recording data on fractures. Who makes the 
fractures: how accurate are emergency department data? Epidemiol Res Int. 2012;837928. diagnosis and how accurate is it? 


Alluri RK, Leland H, Heckman N. Surgical research using national databases. Ann Trans! An analysis of the problems associated with the use of large national databases in the 


Med. 2016;4(20):393. assessment of fracture epidemiology. 
Bergh C, Moller M, Ekelund J, Brisby H. Mortality after sustaining skeletal fractures in Recent database analysis looking at mortality rates after individual fracture types 
relation to age. J Clin Med. 2022;11(9):2313. subspecified by age. 


Bergh C, Wennergren D, Moller M, Brisby H. Fracture incidence in adults in relation to An analysis of the Swedish fracture registry data from 2015 to 2018. This analysis is the 
age and gender: a study of 27,169 fractures in the Swedish Fracture Register in a well- largest and most recent epidemiologic study encompassing 27,169 total fractures. 
defined catchment area. PLoS One. 2020;15(12):e0244291. 


COMPOSE Study Team. Epidemiology and characteristics of femoral periprosthetic Recent analysis looking at the epidemiology of femoral periprosthetic fractures from a 
fractures: data from the characteristics, outcomes and management of periprosthetic multicenter study including 720 fractures. 

fracture service evaluation (COMPOSE) cohort study. Bone Joint J. 2022;104-B(8):987— 

996. 

Court-Brown CM, Aitken SA, Duckworth AD, et al. The relationship between social An analysis of the relationship between social deprivation and the epidemiology of 
deprivation and the incidence of adult fractures. J Bone Joint Surg Am. 2013;95(6):e321— fractures. 

e327. 

Court-Brown CM, Caesar B. Epidemiology of adult fractures: a review. Injury. An analysis of fracture epidemiology in a large hospital in the United Kingdom. 


2006;37(8):691-697. 


Court-Brown CM, Duckworth AD, Clement ND, McQueen MM. Fractures in older adults. A recent study looking at two databases over a 10-year period to evaluate which fractures 
A view of the future? Injury. 2018;49(12):2161-2166. were becoming more prevalent in patients 65 years and older. 


Egol KA, Konda SR, Bird ML, et al. Increased mortality and major complications in hip Recent cohort study looking at the impact the COVID pandemic had on caring for patients 
fracture care during the COVID-19 Pandemic: a New York City perspective. J Orthop with hip fractures and its effect on patient outcomes. 
Trauma. 2020;34(8):395—402. 


Kocher MS, Zurakowski D. Clinical epidemiology and biostatistics: a primer for A review of basic epidemiologic principles and statistics tailored toward orthopaedic 
orthopaedic surgeons. J Bone Joint Surg Am. 2004;86(3):607-620. surgeons. 


REFERENCES 


yI 


LPR 


à 


OPRWNrFPOWOAND 


. 17th Annual Report 2019-2020. National Joint Registry. 2020. Accessed June 13, 2022. https://www.ncbi.nlm.nih.gov/books/NBK566660/pdf/Bookshelf_NBK566660.pdf 
. Adunsky A, Lerner-Geva L, Blumstein T, et al. Improved survival of hip fracture patients treated within a comprehensive geriatric hip fracture unit, compared with standard of 


care treatment. J Am Med Dir Assoc. 2011;12(6):439—444. 


. Aitken SA, Rodrigues MA, Duckworth AD, et al. Determining the incidence of adult fractures: how accurate are emergency department data? Epidemiol Res Int. 2012, Article ID 


837928, 7 pages, 2012. https://doi.org/10.1155/2012/837928. 


. Akaraborworn O, Sangthong B, Thongkhao K, et al. Scapular fractures and concomitant injuries. Chin J Traumatol. 2012;15(5):297-299. 
. Allum JH, Carpenter MG, Honegger F, et al. Age-dependent variations in the directional sensitivity of balance corrections and compensatory arm movements in man. J Physiol. 


2002;542(Pt 2):643-663. 


. Alluri RK, Leland H, Heckmann N. Surgical research using national databases. Ann Transl Med. 2016;4(20):393. 

. Amer KM, Congiusta DV, Suri P, et al. Clavicle fractures: associated trauma and morbidity. J Clin Orthop Trauma. 2020;13:53-56. 

. Amin S, Achenbach SJ, Atkinson EJ, et al. Trends in fracture incidence: a population-based study over 20 years. J Bone Miner Res. 2014;29(3):581-589. 

. Anakwe RE, Aitken SA, Cowie JG, et al. The epidemiology of fractures of the hand and the influence of social deprivation. J Hand Surg Eur Vol. 2011;36(1):62-65. 

. Anakwe RE, Middleton SE, Jenkins PJ, et al. Patient-reported outcomes after simple dislocation of the elbow. J Bone Joint Surg Am. 2011;93(13):1220-1226. 

. Arakaki H, Owan I, Kudoh H, et al. Epidemiology of hip fractures in Okinawa, Japan. J Bone Miner Metab. 2011;29(3):309-314. 

. Barakat K, Stevenson S, Wilkinson P, et al. Socioeconomic differentials in recurrent ischaemia and mortality after acute myocardial infarction. Heart. 2001;85(4):390-394. 

. Baron JA, Farahmand BY, Weiderpass E, et al. Cigarette smoking, alcohol consumption and risk of hip fracture in women. Arch Intern Med. 2001;161(7):983-988. 

. Beerekamp MSH, de Muinck Keizer RJO, Schep NWL, et al. Epidemiology of extremity fractures in the Netherlands. Injury. 2017;48(7):1355-1362. 

. Bengnér U, Johnell O, Redlund-Johnell I. Changes in the incidence of fracture of the upper end of the humerus during a 30-year period. A study of 2125 fractures. Clin Orthop 


Relat Res. 1988;(231):179-182. 


. Bergdahl C, Ekholm C, Wennergren D, et al. Epidemiology and patho-anatomical pattern of 2,011 humeral fractures: data from the Swedish Fracture Register. BMC Musculoskelet 


Disord. 2016;17:159. 


. Bergh C, Wennergren D, Möller M, Brisby H. Fracture incidence in adults in relation to age and gender: a study of 27,169 fractures in the Swedish Fracture Register in a well- 


defined catchment area. PLoS One. 2020;15(12):e0244291. 


. Bergström U, Jonsson H, Gustafson Y, et al. The hip fracture incidence curve is shifting to the right. Acta Orthop. 2009;80(5):520-524. 
. Binkley N, Nickel B, Anderson PA. Periprosthetic fractures: an unrecognized osteoporosis crisis. Osteoporos Int. 2023;34(6):1055-1064. 
. Black EA, Lawson CM, Smith S, Daley BJ. Open pelvic fractures: The University of Tennessee Medical Center at Knoxville experience over ten years. Iowa Orthop J. 


2011;31:193-198. 


. Boeddrich O, Sander AL, Lustenberger T, et al. Epidemiology of carpal fractures: is it only about the scaphoid? Eur J Trauma Emerg Surg. 2023;49(3):1499-1503. 
. Boesmueller S, Wech M, Tiefenboeck TM, et al. Incidence, characteristics, and long-term follow-up of sternoclavicular injuries: an epidemiologic analysis of 92 cases. J Trauma 


23. 
24. 
25. 
26. 
27. 
28. 
29. 


30. 


31. 
32: 


33. 
34. 


35. 
36. 
SYA 
38. 
39. 
40. 
41. 


42. 


43. 
44. 


45. 
46. 


47. 


48. 


49. 


50. 
51. 
52. 
53. 
54. 


55. 


56. 
57. 
58. 
59. 


60. 
61. 
62. 
63. 
64. 
65. 
66. 


67. 
68. 
69. 
70. 


71. 
72. 
73. 


74. 


75. 
76. 
77. 
78. 
79. 


Acute Care Surg. 2016;80(2):289-295. 

Brennan SL, Henry MJ, Wluka AE, et al. Socioeconomic status and bone mineral density in a population-based sample of men. Bone. 2010;46(4):993-999. 

Bridgman S, Wilson R. Epidemiology of femoral fractures in children in the West Midlands region of England 1991 to 2001. J Bone Joint Surg Br. 2004;86(8):1152-1157. 
Brinker MR, O’connor DP. The incidence of fractures and dislocations referred for orthopaedic services in a capitated population. J Bone Joint Surg Am. 2004;86-A(2):290-297. 
Brogren E, Petranek M, Atroshi I. Incidence and characteristics of distal radius fractures in a southern Swedish region. BMC Musculoskelet Disord. 2007;8:48. 

Brown C, Elmobdy K, Raja AS, Rodriguez RM. Scapular fractures in the pan-scan era. Acad Emerg Med. 2018;25(7):738-743. 

Buhr AJ, Cooke AM. Fracture patterns. Lancet. 1959;1(7072):531-536. 

Byrd GS, Edwards CL, Kelkar VA, et al. Recruiting intergenerational African American males for biomedical research studies: a major research challenge. J Natl Med Assoc. 
2011;103(6):480-487. 

Candela V, Di Lucia P, Carnevali C, et al. Epidemiology of distal radius fractures: a detailed survey on a large sample of patients in a suburban area. J Orthop Traumatol. 
2022;23(1):43. 

Carstairs V, Morris R. Deprivation and health in Scotland. Health Bull (Edinb). 1990;48(4):162-175. 

Cauley JA, Wampler NS, Barnhart JM, et al; Women’s Health Initiative Observational Study. Incidence of fractures compared to cardiovascular disease and breast cancer: the 
Women’s Health Observational study. Osteoporos Int. 2008;19(12):1717-1723. 

Cauley JA. Defining ethnic and racial differences in osteoporosis and fragility fractures. Clin Orthop Relat Res. 2011;469(7):1891-1899. 

Chang KP, Center JR, Nguyen TV, Eisman JA. Incidence of hip and other osteoporotic fractures in elderly men and women: Dubbo osteoporosis epidemiology study. J Bone 
Miner Res. 2004;19(4):532-536. 

Chen W, Lv H, Liu S, et al. National incidence of traumatic fractures in China: a retrospective study of 512187 individuals. Lancet Glob Health. 2017;5(8):e807-e817. 

Chevally T, Guilley E, Herrmann FR, et al. Incidence of hip fracture over a 10-year period (1991-2000): reversal of a secular trend. Bone. 2007;40(5):1284-1289. 

Chillemi C, Franceschini V, Dei Giudici L, et al. Epidemiology of isolated acromioclavicular joint dislocation. Emerg Med Int. 2013;2013:171609. 

Clayton RAE, Court-Brown CM. The epidemiology of musculoskeletal tendinous and ligamentous injuries. Injury. 2008;39(12):1338-1344. 

Clement ND, Aitken SA, Duckworth AD, et al. The outcome of fractures in very elderly patients. J Bone Joint Surg Br. 2011;93(6):806-810. 

Clement ND, Aitken SA, Duckworth AD, et al. Multiple fractures in the elderly. J Bone Joint Surg Br. 2012;94(2):231-236. 

Clement ND, Duckworth AD, Wickramasinghe NR, et al. Does socioeconomic status influence the epidemiology and outcome of distal radial fractures in adults? Eur J Orthop 
Surg Traumatol. 2017;27(8):1075-1082. 

Clement ND, Mcqueen MM, Court-Brown CM. Social deprivation influences the epidemiology and outcome of proximal humeral fractures in adults for a defined urban population 
of Scotland. Eur J Orthop Surg Traumatol. 2014;24(7):1039-1046. 

Cole PA, Gauger EM, Schroder LK. Management of scapular fractures. J Am Acad Orthop Surg. 2012;20(3):130-141. 

COMPOSE Study Team. Epidemiology and characteristics of femoral periprosthetic fractures: data from the characteristics, outcomes and management of periprosthetic fracture 
service evaluation (COMPOSE) cohort study. Bone Joint J. 2022;104-B(8):987-996. 

Conte SA, Fleisig GS, Dines JS, et al. Prevalence of ulnar collateral ligament surgery in professional baseball players. Am J Sports Med. 2015;43(7):1764-1769. 

Cooper C, Atkinson EJ, O’ Fallon WM, Melton LJ 3rd. Incidence of clinically diagnosed vertebral fractures: a population-based study in Rochester, Minnesota, 1985-1989. J Bone 
Miner Res. 1992;7(2):221-227. 

Court-Brown CM. The epidemiology of fractures and dislocations. In: Court-Brown CM, Heckman JD, McQueen MM, et al., eds. Rockwood and Green’s Fractures in Adults. 8th 
ed. Wolters Kluwer Health; 2015:59-108. 

Court-Brown CM, Aitken SA, Duckworth AD, et al. The relationship between social deprivation and the incidence of adult fractures. J Bone Joint Surg Am. 2013;95(6):e321- 
e327. 

Court-Brown CM, Aitken SA, Forward D, et al. The epidemiology of fractures. In: Bucholz RW, Court-Brown CM, Heckman JD, Tornetta P, eds. Rockwood and Green’s 
Fractures in Adults. 7th ed. Lippincott, Williams and Wilkins; 2010:95-113. 

Court-Brown CM, Aitken SA, Ralston SH, Mcqueen MM. The relationship of fall-related fractures to social deprivation. Osteoporos Int. 2011;22(4):1211-1218. 

Court-Brown CM, Brydone A. Social deprivation and adult tibial diaphyseal fractures. Injury. 2007;38(7):750-754. 

Court-Brown CM, Bugler KE, Clement ND, et al. The epidemiology of open fractures in adults. A 15-year review. Injury. 2012;43(6):891-897. 

Court-Brown CM, Caesar B. Epidemiology of adult fractures: a review. Injury. 2006;37(8):691-697. 

Court-Brown CM, Caesar B. The epidemiology of fractures. In: Heckman JD, Buchholz RW, Court-Brown CM, eds. Rockwood and Green’s Fractures in Adults. 6th ed. 
Lippincott Williams & Wilkins; 2006:95-113. 

Court-Brown CM, Clement ND. The epidemiology of musculoskeletal injury. In: Tornetta P III, Ricci W, Ostrum RF, et al., eds. Rockwood and Green’s Fractures in Adults. Vol 
1, 9th ed. Walters-Kluwer; 2020:123-187. 

Court-Brown CM, Clement ND, Duckworth AD, et al. The changing epidemiology of fall-related fractures in adults. Injury. 2017;48(4):819-824. 

Court-Brown CM, Garg A, Mcqueen MM. The epidemiology of proximal humeral fractures. Acta Orthop Scand. 2001;72(4):365-371. 

Court-Brown CM, Mcbirnie J. The epidemiology of tibial fractures. J Bone Joint Surg Br. 1995;77(3):417-421. 

De Jong JP, Nguyen JT, Sonnema AJ, et al. The incidence of acute traumatic tendon injuries in the hand and wrist: a 10-year population-based study. Clin Orthop Surg. 
2014;6(2):196-202. 

Detering KM, Hancock AD, Reade MC, et al. The impact of advance care planning on end of life care in elderly patients: randomized controlled trial. BMJ. 2010;340:c1345. 
Dhanwal DK, Dennison EM, Harvey NC, et al. Epidemiology of hip fracture: worldwide geographic variation. Indian J Orthop. 2011;45(1):15-22. 

Donaldson LJ, Cook A, Thomson RG. Incidence of fractures in a geographically defined population. J Epidemiol Community Health. 1990;44(3):241-245. 

Donaldson LJ, Reckless IP, Scholes S, et al. The epidemiology of fractures in England. J Epidemiol Community Health. 2008;62(2):174-180. 

Driessen JH, Hansen L, Eriksen SA, et al. The epidemiology of fractures in Denmark in 2011. Osteoporosis Int. 2016; 27(6):2017-2025. 

Dunn L, Henry J, Beard D. Social deprivation and adult head injury: a national study. J Neurol Neurosurg Psychiatry. 2003;74(8):1060-1064. 

Egol KA, Konda SR, Bird ML, et al; NYU COVID Hip Fracture Research Group. Increased mortality and major complications in hip fracture care during the COVID-19 
pandemic: A New York City perspective. J Orthop Trauma. 2020;34(8):395—402. 

Elliot JR, Gilchrist NL, Wells JE. The effect of socioeconomic status on bone density in a male Caucasian population. Bone. 1996;18(4):371-373. 

El Maghraoui A, Morjane F, Nouijai A, et al. Vertebral fracture assessment in Moroccan women: prevalence and risk factors. Maturitas. 2009;62(2):171-175. 

Elsoe R, Ceccotti AA, Larsen P. Population-based epidemiology and incidence of distal femur fractures. Int Orthop. 2018;42(1):191-196. 

Emami A, Mjöberg B, Ragnarsson B, Larsson S. Changing epidemiology of tibial shaft fractures: 513 cases compared between 1971-1975 and 1986-1990. Acta Orthop Scand. 
1996;67(6):557-561. 

Emmett JE, Breck LW. A review and analysis of 11,000 fractures seen in a private practice of orthopaedic surgery 1937-1956. J Bone Joint Surg Am. 1958;40-A(5):1169-1175. 
Evans JM, Newton RW, Ruta DA, et al. Socio-economic status, obesity and prevalence of type 1 and type 2 diabetes mellitus. Diabet Med. 2000;17(6):478—480. 

Farahmand BY, Persson P-G, Michaélsson K, et al; Swedish hip fracture group. Socioeconomic status, marital status and hip fracture risk: a population-based case-control study. 
Osteoporos Int. 2000;11(9):803-808. 

Ferrar L, Roux C, Felsenberg D, et al. Association between incident and baseline vertebral fractures in European women: vertebral fracture assessment in the Osteoporosis and 
Ultrasound Study (OPUS). Osteoporos Int. 2012;23(1):59-65. 

Fife D, Barancik JI. Northeastern Ohio trauma study. III. Incidence of fractures. Ann Emerg Med. 1985;14(3);244-248. 

Fithian DC, Paxton EW, Stone ML, et al. Epidemiology and natural history of acute patellar dislocation. Am J Sports Med. 2004;32(5):1114-1121. 

Golan E, Kang KK, Culbertson M, Choueka J. The epidemiology of finger dislocations presenting for emergency care within the United States. Hand (NY). 2016;11(2):192-196. 
Grados F, Marcelli C, Dargent-Molina P, et al. Prevalence of vertebral fractures in French women older than 75 years from the EPIDOS study. Bone. 2004;34(2):362-367. 
Gravesen KS, Kallemose T, Blond L, et al. High incidence of acute and recurrent patellar dislocations: a retrospective nationwide epidemiological study involving 24.154 primary 
dislocations. Knee Surg Sports Traumatol Arthrosc. 2018;26(4):1204—1209. 


. Guilley E, Chevalley T, Herrmann F, et al. Reversal of the hip fracture secular trend is related to a decrease in the incidence of institution-dwelling elderly women. Osteoporos Int. 


2008; 19(12);1741-1747. 


. Gustilo RB, Mendoza RM, Williams DN. Problems in the management of type III (severe) open fractures. A new classification of type III open fractures. J Trauma. 


1984;24(8):742-746. 


. Haapasalo H, Laine HJ, Mäenpää H, et al. Epidemiology of calcaneal fractures in Finland. Foot Ankle Surg. 2017;23(4):321-324. 

. Hagino H, Yamamoto K, Ohshiro H, et al. Changing incidence of hip, distal radius and proximal humerus fractures in Tottori Prefecture, Japan. Bone. 1999;24(3):265—270. 

. Heijnen MJH, Rietdyk S. Falls in young adults: perceived causes and environmental factors assessed with a daily online survey. Hum Mov Sci. 2016;46:86-95. 

. Hindle P, Davidson EK, Biant LC, Court-Brown CM. Appendicular joint dislocations. Injury. 2013;44(8):1022-1027. 

. Ho SC, Chen YM, Woo JL. Educational level and osteoporosis risk in postmenopausal Chinese women. Am J Epidemiol. 2005;161(7):680-690. 

. Hodgins JL, Vitale M, Arons RR, Ahmad CS. Epidemiology of medial ulnar collateral ligament reconstruction: a 10-year study in New York State. Am J Sports Med. 


2016;44(3):729-734. 


. Hole DJ, McArdle CS. Impact of socioeconomic deprivation on outcome after surgery for colorectal cancer. Br J Surg. 2002;89(5):586-589. 
. Holt G, Smith R, Duncan K, et al. Early mortality after surgical fixation of hip fractures in the elderly: an analysis of data from the Scottish hip fracture audit. J Bone Joint Surg Br. 


2008;90(10):1357-1363. 


. Horton TC, Dias JJ, Burke FD. Social deprivation and hand injury. J Hand Surg Eur Vol. 2007;32(3):256—261. 
. Houshian S, Tscherning T, Riegels-Nielsen P. The epidemiology of Achilles tendon rupture in a Danish county. Injury. 1998;29(9):651-654. 
. Hsiao M, Owens BD, Burks R, et al. Incidence of acute traumatic patellar dislocation among active-duty United States military service members. Am J Sports Med. 


2010;38(10):1997—2004. 


. Huttunen TT, Kannus P, Rolf C, et al. Acute Achilles tendon ruptures: incidence of injury and surgery in Sweden between 2001 and 2012. Am J Sports Med. 2014;42(10):2419- 


2423. 


. Iglesias-Rodriguez S, Dominguez-Prado DM, Garcia-Reza A, et al. Epidemiology of proximal humerus fractures. J Orthop Surg Res. 2021;16(1):402. 
. Jacobsen SJ, Goldberg J, Miles TP, et al. Seasonal variation in the incidence of hip fracture among white persons aged 65 years or older in the United States, 1984-1987. Am J 


Epidemiol. 1991;133(10):996-1004. 


. Jansson KA, Blomqvist P, Svedmark P, et al. Thoracolumbar vertebral fractures in Sweden: an analysis of 13,496 patients admitted to hospital. Eur J Epidemiol. 2010;25(6):431— 


437. 


. Jenkins PJ, Perry PRW, Yew Ng C, Ballantyne JA. Deprivation influences the functional outcome from hip arthroplasty. Surgeon. 2009;7(6):351-356. 
. Jermander E, Sundkvist J, Ekelund J, et al. Epidemiology, classification, treatment and mortality of Talus fractures: an observational study of 1794 talus fractures from the Swedish 


Fracture Register. Foot Ankle Surg. 2022;28(8):1444-1451. 


. Johansen A, Evans RJ, Stone MD, et al. Fracture incidence in England and Wales: a study based on the population of Cardiff. Injury. 1997;28(9-10):655-660. 

. Johnell O, Kanis J. Epidemiology of osteoporotic fractures. Osteoporos Int. 2005;16(suppl 2):S3-S7. 

. Kanis JA, Oden A, Johnell O, et al. The burden of osteoporotic fractures: a method for setting intervention thresholds. Osteoporos Int. 2001;12(5):417—427. 

. Kanis JA, Odén A, Mccloskey EV, Johansson H, Wahl DA Cooper C; IOF Working Group on Epidemiology and Quality of Life. A systematic review of hip fracture incidence 


and probability of fracture worldwide. Osteoporos Int. 2012;23(9):2239-2256. 


. Kannegaard PN, Van Der Mark S, Eiken P, Abrahamsen B. Excess mortality in men compared with women following a hip fracture. National analysis of comedications, 


comorbidity and survival. Age Aging. 2010;39(2):203-209. 


. Kannus P, Józsa L. Histopathological changes preceding spontaneous rupture of a tendon: a controlled study of 891 patients. J Bone Joint Surg Am. 1991;73(10):1507-1525. 
. Kannus P, Niemi S, Palvanen M, et al. Rising incidence of low-trauma fractures of the calcaneus and the foot among Finnish older adults. J Gerontol A Biol A Sci Med Sci. 


2008;63(6):642-645. 


. Kannus P, Palvanen M, Niemi S, et al. Stabilizing influence of low-trauma ankle fractures in elderly people. Finnish statistics for 1970 to 2006 and prediction for the future. Bone. 


2008;43(2):340-342. 


. Kannus P, Palvanen M, Niemi S, et al. Rate of proximal humeral fractures in older Finnish women between 1970 and 2007. Bone. 2009;44(4):656-659. 

. Kardouni JR, Mckinnon CJ, Seitz AL. Incidence of shoulder dislocations and the rate of recurrent instability in soldiers. Med Sci Sports Exerc. 2016;48(11):2150-2156. 

. Kaye JA. Epidemiology of lower limb fractures in general practice in the United Kingdom. Inj Prev. 2004;10(6):368-374. 

. Kelly MP, Perkinson SG, Ablove RH, Tueting JL. Distal biceps tendon ruptures: an epidemiological analysis using a large population database. Am J Sports Med. 


2015;43(8):2012-2017. 


. Kihlström C, Moller M, Lönn K, Wolf O. Clavicle fractures: epidemiology, classification and treatment of 2 422 fractures in the Swedish Fracture Register; an observational study. 


BMC Musculoskelet Disord. 2017;18(1):82. 


. Kojima R, Ukawa S, Ando M, et al. Association between falls and depressive symptoms or visual impairment among Japanese young-old adults. Geriatr Gerontol Int. 


2016;16(3):384-391. 


. Kim JH, Kwon MJ, Choi HG, et al. Changes in the mean incidence and variance of orthopedic diseases before and during the COVID-19 pandemic in Korea: a retrospective study. 


BMC Musculoskelet Disord. 2023;24(1):540. 


. Knowelden J, Buhr AJ, Dunbar O. Incidence of fractures in persons over 35 years of age. A report to the MRC working party on fractures in the elderly. Brit J Prev Soc Med. 


1964;18:130-141. 


. Kroner K, Lind T, Jensen J. The epidemiology of shoulder dislocations. Arch Orthop Trauma Surg. 1989;108(5):288-290. 
. Kruse M, Wolf O, Mukka S, Briiggemann A. Epidemiology, classification and treatment of patella fractures: an observational study of 3194 fractures from the Swedish Fracture 


Register. Eur J Trauma Emerg Surg. 2022;48(6):4727-4734. 


. Lau EM, Lee JK, Suriwongpaisal P, et al. The incidence of hip fracture in four Asian countries: the Asian osteoporosis study (AOS). Osteoporos Int. 2001;12(3);239-243. 
. Lawson DH, Sherman V, Hollowell J. The general practice research database. Scientific and Ethical Advisory Group. QJM. 1998;91(6):445—452. 
. Leow JM, Clement ND, Mcqueen MM, Duckworth AD. The rate and associated risk factors for acute carpal tunnel syndrome complicating a fracture of the distal radius. Eur J 


Orthop Surg Traumatol. 2021;31(5):981-987. 


. Liavaag S, Svenningsen S, Reikeras O, et al. The epidemiology of shoulder dislocations in Oslo. Scand J Med Sci Sports. 2011;21(6):e334-e340. 
. Lim MA, Mulyadi Ridia KG, Pranata R. Epidemiological pattern of orthopaedic fracture during the COVID-19 pandemic: a systematic review and meta-analysis. J Clin Orthop 


Trauma. 2021;16:16—23. 


. Lynn J. Palliative care beyond cancer: reliable comfort and meaningfulness. BMJ. 2008;226(7650):958-959. 

. Lyons JG. Epidemiology of ballistic fractures in the United States: a 20-year analysis of the Firearm Injury Surveillance Study. Injury. 2022;53(11):3663-3672. 

. Mackenzie EJ, Bosse MJ, Kellam JF, et al. Characterization of patients with high-energy lower extremity trauma. J Orthop Trauma. 2000;14(7):455—466. 

. Maffulli N, Waterston SW, Squair J, et al. Changing incidence of Achilles tendon rupture in Scotland: a 15-year study. Clin J Sports Med. 1999;9(3):157-160. 

. Malgaigne JF. A Treatise on Fractures. Lippincott; 1859. 

. Malik-Tabassum K, Crooks M, Robertson A, et al. Management of hip fractures during the COVID-19 pandemic at a high-volume hip fracture unit in the United Kingdom. J 


Orthop. 2020;20:332-337. 


. Mall NA, Carlisle JC, Matava MJ, et al. Upper extremity injuries in the national football league: part I: hand and digital injuries. Am J Sports Med. 2008;36(10):1938-1944. 
. Manninen M, Karjalainen T, Määttä J, Flinkkilä T. Epidemiology of flexor tendon injuries of the hand in a northern Finnish population. Scand J Surg. 2017;106(3):278-282. 
. Marsh JL, Slongo TF, Agel J, et al. Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association classification, database and outcomes committee. 


J Orthop Trauma. 2007;21(suppl 10):S1—S133. 


. Mattila H, Keskitalo T, Simons T, Ibounig T, Rämö L. Epidemiology of 936 humeral shaft fractures in a large Finnish trauma center. J Shoulder Elbow Surg. 2023;32(5):e206— 


e215. 


. Mattila VM, Jormanainen V, Sahi T, Pihlajamäki H. An association between socioeconomic, health and health behavioural indicators and fractures in young adult males. 


Ostoporos Int. 2007;18(12):1609-1615. 


133. 


134. 


135. 


136. 
137. 
138. 


139. 
140. 


141. 
142. 
143. 
144. 
145. 
146. 


147. 


148. 
149. 
150. 


151. 
152. 
153. 


154. 
155. 


156. 
157. 
158. 


159. 


160. 
161. 
162. 


163. 


164. 
165. 
166. 


167. 


168. 
169. 
170. 


171. 
172. 
173. 
174. 
175. 
176. 
177. 
178. 
179. 


180. 
181. 
182. 


183. 
184. 


185. 
186. 


187. 


188. 


Mattisson L, Bojan A, Enocson A. Epidemiology, treatment and mortality of trochanteric and subtrochanteric hip fractures: data from the Swedish fracture register. BMC 
Musculoskelet Disord. 2018;19(1):369. 

Meek RMD, Norwood T, Smith R, Brenkel IJ, Howie CR. The risk of peri-prosthetic fracture after primary and revision total hip and knee replacement. J Bone Joint Surg Br. 
2011;93(1):96-101. 

Melton LJ 3rd, Crowson CS, O’fallon WM. Fracture incidence in Olmsted County, Minnesota: comparison of urban with rural rates and changes in urban rates over time. 
Ostoporos Int. 1999;9(1):29-37. 

Melton LJ 3rd, Therneau TM, Larson DR. Long-term trends in hip fracture prevalence: the influence of hip fracture incidence and survival. Osteoporos Int. 1998;8(1):68-74. 
Menon MRG, Walker JL, Court-Brown CM. The epidemiology of fractures in adolescents with reference to social deprivation. J Bone Joint Surg Br. 2008;90(11):1482-1486. 
Moller M, Wolf O, Bergdahl C, et al. The Swedish Fracture Register - ten years of experience and 600,000 fractures collected in a National Quality Register. BMC Musculoskelet 
Disord. 2022;23(1):141. 

Moura SP, Meulendijks MZ, Veeramani A, et al. Epidemiology and fracture patterns of traumatic phalangeal fractures. Plast Reconstr Surg Glob Open. 2022;10(8):e4455. 

Murray IR, Biant LC, Clement NC, Murray SA Should a hip fracture in a frail older person be a trigger for assessment of palliative care needs? BMJ Support Palliat Care. 
2011;1(1):3-4. 

Murray SA, Sheikh A. Palliative care beyond cancer: care for all at the end of life. BMJ. 2008;336(7650):958-959. 

Navarro MC, Sosa M, Saavedra P, et al. Poverty is a risk factor for osteoporotic fractures. Osteoporos Int. 2009;20(3):393-398. 

Neer CS, Rockwood CA. Fractures and dislocations of the shoulder. In: Rockwood CA, Green DP, eds. Fractures in Adults. 2nd ed. Lippincott; 1984:675-985. 

Nielsen AB, Yde J. Epidemiology of acute knee injuries: a prospective hospital investigation. J Trauma. 1991;31(12):1644-1648. 

Nietosvaara Y, Aalto K, Kallio PE. Acute patellar dislocation in children: incidence and associated ostechondral fractures. J Pediatr Orthop. 1994;14(4):513-515. 

Nordenvall R, Bahmanyar S, Adami J, et al. A population-based nationwide study of cruciate ligament injury in Sweden, 2001-2009: incidence, treatment, and sex differences. Am 
J Sports Med. 2012;40(8):1808-1813. 

Olsson O, Isacsson A, Englund M, Frobell RB. Epidemiology of intra- and peri-articular structural injuries in traumatic knee hemarthrosis: data from 1145 consecutive knees with 
subacute MRI. Osteoarthritis Cartilage. 2016;24(11):1890—1897. 

Onyemaechi NO, Eyichukwu GO. Traumatic hip dislocation at a regional trauma centre in Nigeria. Niger J Med. 2011;20(1):124-130. 

Orces CH, Martinez FJ. Epidemiology of fall related related forearm and wrist fractures among adults treated in US hospital emergency department. Inj Prev. 2011;17(1):33-36. 
Owens BD, Dawson L, Burks R, Cameron KL. Incidence of shoulder dislocation in the united States military: demographic considerations from a high-risk population. J Bone 
Joint Surg Am. 2009;91(4):791—796. 

Pallis M, Cameron KL, Svoboda SJ, Owens BD. Epidemiology of acromioclavicular joint injury in young athletes. Am J Sports Med. 2012;40(9):2072-2077. 

Pillai A, Atiya S, Costigan PS. The incidence of Perthes’ disease in Southwest Scotland. J Bone Joint Surg Br.2005;87(11):1531-1535. 

Pivec R, Issa K, Kapadia BH, et al. Incidence and future projections of periprosthetic femoral fracture following primary total hip arthroplasty: an analysis of international registry 
data. J Long Term Eff Med Implants. 2015;25(4):269-275. 

Pressley JC, Kendig TD, Frencher SK, et al. Epidemiology of bone fracture across the age span in blacks and whites. J Trauma. 2011;71(5 suppl 2):S541-S548. 

Rankin JK, Woollacott MH, Shumway-Cook A, Brown LA. Cognitive influence on postural stability: a neuromuscular analysis in young and older adults. J Gerontol A Biol Sci 
Med Sci. 2000;55(3):M112—M119. 
Rasmussen CG, Jorgensen SB, Larsen P, et al. Population-based incidence and epidemiology of 5912 foot fractures. Foot Ankle Surg. 2021;27(2):181-185. 

Rennie L, Court-Brown CM, Mok JYQ, Beattie TF. The epidemiology of fractures in children. Injury. 2007;38(8):913-922. 

Robinson CM, Seah M, Akhtar MA. The epidemiology, risk of recurrence, and functional outcome after an acute traumatic posterior dislocation of the shoulder. J Bone Joint Surg 
Am. 2011;93(17):1605-1613. 
Rosengren BE, Ahlborg HG, Gärdsell P, et al. Bone mineral density and incidence of hip fracture in Sweden urban and rural women 1987-2002. Acta Orthop. 2010;81(4):453- 
459. 
Rosengren BE, Björk J, Cooper C, Abrahamsen B. Recent hip fracture trends in Sweden and Denmark with age-period-cohort effects. Osteoporos Int. 2017;28(1):139-149. 

Roux A, Decroocq L, El Batti S, et al. Epidemiology of proximal humerus fractures managed in a trauma center. Orthop Traumatol Surg Res. 2012;98(6):715—719. 

Rupp M, Walter N, Pfeifer C, et al. The incidence of fractures among the adult population of Germany: an analysis from 2009 through 2019. Dtsch Arztebl Int. 2021;118(40):665— 
669. 

Rydberg EM, Wennergren D, Stigevall C, et al. Epidemiology of more than 50,000 ankle fractures in the Swedish Fracture Register during a period of 10 years. J Orthop Surg Res. 
2023;18(1):79. 

Sahlin Y. Occurrence of fractures in a defined population: a 1-year study. Injury. 1990;21(3):158-160. 

Sanchez-Sotelo J, Athwal GS. Periprosthetic postoperative humeral fractures after shoulder arthroplasty. J Am Acad Orthop Surg. 2022;30(19):e1227—-e1239. 

Sanders KM, Nicholson GC, Ugoni AM, et al. Fracture rates lower in rural than urban communities: the Geelong Osteoporosis Study. J Epidemiol Community Health. 
2002;56(6):466—470. 

Sheth U, Wasserstein D, Jenkinson R, et al. The epidemiology and trends in management of acute Achilles tendon ruptures in Ontario, Canada: a population-based study of 27607 
patients. Bone Joint J. 2017;99-B(1):78-86. 

Shortt NL, Robinson CM. Mortality after low-energy fractures in patients aged at least 45 years old. J Orthop Trauma. 2005;19(6):396-403. 

Sillanpää P, Mattila VM, Iivonen T, et al. Incidence and risk factors of acute traumatic primary patellar dislocation. Med Sci Sports Exerc. 2008;40(4):606-611. 

Sillanpää PJ, Kannus P, Niemi ST, et al. Incidence of knee dislocation and concomitant vascular injury requiring surgery: a nationwide study. J Trauma Acute Care Surg. 
2014;76(3):715-719. 

Silva J, Linhares D, Ferreira M, et al. Epidemiological trends of proximal femoral fractures in the elderly population in Portugal. Acta Med Port. 2018;31(10):562—-567. 

Silversides JA, Gibson A, Glasgow JFT, et al. Social deprivation and childhood injuries in North and West Belfast. Ulster Med J. 2005;74(1):22-28. 

Simont WT, Melton LJ 3rd, Cofield RH, Ilstrup DM. Incidence of anterior shoulder dislocation in Olmsted County, Minnesota. Clin Orthop Relat Res. 1984;(186):186-191. 
Soerensen S, Larsen P, Korup LR, et al. Epidemiology of distal forearm fracture: a population-based study of 5426 fractures. Hand (N Y). 2022;15589447221109967. 

Stark AD, Bennet GC, Stone DH, Chishti P. Association between childhood fractures and poverty: population based study. BMJ. 2002;324(7335):457. 

Sterling RS. Gender and race/ethnicity differences in hip fracture incidence, morbidity, mortality, and function. Clin Orthop Relat Res. 2011;469(7);1913-1918. 

Stimson LA. A Practical Treatise on Fractures and Dislocations. 4th ed. Lea Brothers & Co; 1905. 

Stoneback JW, Owens BD, Sykes J, et al. Incidence of elbow dislocations in the United States population. J Bone Joint Surg Am. 2012;94(3):240-245. 

Sundkvist J, Briiggeman A, Sayed-Noor A, et al. Epidemiology, classification, treatment, and mortality of adult femoral neck and basicervical fractures: an observational study of 
40,049 fractures from the Swedish Fracture Register. J Orthop Surg Res. 2021;16(1):561. 

Temel JS, Greer JA, Muzikansky A, et al. Early palliative care for patients with metastatic non-small-cell lung cancer. N Engl J Med. 2010;363(8):733-742. 

Toole WP, Elliott M, Hankins D, et al. Are low-energy open ankle fractures in the elderly the new geriatric hip fracture? J Foot Ankle Surg. 2015;54(2):203-206. 

Tracy JK, Meyer WA, Flores RH, et al. Racial differences in rate of decline in bone mass in older men: the Baltimore men’s osteoporosis study. J Bone Mine Res. 
2005;20(7):1228-1234. 

Trauer T, Eagar K, Mellsop G. Ethnicity, deprivation and mental health outcomes. Aust Health Rev. 2006;30(3):310-321. 

Troiano E, De Sensi AG, Zanasi F, et al. Impact of COVID-19 pandemic on treatment and outcome of fragility hip fractures in non-covid patients: comparison between the 
lockdown period, a historical series and the “pandemic normality” in a single institution. Geriatr Orthop Surg Rehabil. 2023;14:21514593231152420. 

Tuček M, Chochola A, Klika D, Bartoniéek J. Epidemiology of scapular fractures. Acta Orthop Belg. 2017;83(1):8-15. 

Urwin M, Symmons D, Allison T, et al. Estimating the burden of musculoskeletal disorders in the community: the comparative prevalence of symptoms at different anatomical 
sites, and the relation to social deprivation. Ann Rheum Dis. 1998;57(11):649-655. 

Van Den Berg M, Verdijk NA, Van Den Bergh JPW, et al. Vertebral fractures in women aged 50 years and older with clinical risk factors for fractures in primary care. Maturitas. 
2011;70(1):74-79. 

Van Der Velde RY, Wyers CE, Curtis EM, et al. Secular trends in fracture incidence in the United Kingdom between 1990 and 2012. Osteoporos Int. 2016;27(11):3197—3206. 


189. 


190. 
191. 


192. 
193. 


194. 


Vidan M, Serra JA, Moreno C, et al. Efficacy of a comprehensive geriatric intervention in older patients hospitalized for hip fracture: a randomized controlled trial. J Am Geriatr 
Soc. 2005;53(9):1476-1482. 

Wang XF, Seeman E. Epidemiology and structural basis of racial differences in fragility fractures in Chinese and Caucasians. Ostoporos Int. 2012;23(2):411—422. 

Weiss RJ, Montgomery SM, Ehlin A, et al. Decreasing incidence of tibial shaft fractures between 1998 and 2004: information based on 10,627 Swedish inpatients. Acta Orthop. 
2008;79:526-533. 

Wennergren D, Bergdahl C, Ekelund J, et al. Epidemiology and incidence of tibia fractures in the Swedish Fracture Register. Injury. 2018;49(11):2068-2074. 

Yang NP, Chen HC, Phan DV, et al. Epidemiological survey of orthopedic joint dislocations based on nationwide insurance data in Taiwan, 2000-2005. BMC Musculoskelet 
Disord. 2011;12:253. 

Zacchilli MA, Owens BD. Epidemiology of shoulder dislocations presenting to emergency departments in the United States. J Bone Joint Surg Am. 2010;92(3):542-549. 


7 


Imaging Considerations in Orthopaedic Trauma 


Joseph Dynako, Noah M. Joseph, Cassandra Rickets, and Christiaan N. Mamczak 


INTRODUCTION 
General Considerations 
Availability 

Image Resolution 
Invasiveness 
Cost-Effectiveness 
Patient Risk 

Surgeon Risk 


SPECIFIC IMAGING MODALITIES 
Radiography 

Fluoroscopy 

Computed Tomography 

Magnetic Resonance Imaging 

Arthrography 

Ultrasonography 

Nuclear Medicine Imaging 

Angiography 

MANAGEMENT OF IMAGING DATA 
Distribution of Imaging Information 

Picture Archive and Communications Systems 
Digital Imaging and Communications in Medicine Standards 
Teleradiology in Orthopaedics 


INTRODUCTION 


Medical imaging is integral to the acute and chronic management of musculoskeletal trauma. From the initial diagnosis and fracture care, through 
subsequent healing or the management of various posttraumatic sequelae (i.e., soft tissue injury, infection, nonunion, arthrosis), various imaging modalities 
enhance the surgeon’s conceptual knowledge for decision making and treatment algorithms. In most instances, imaging studies are used to confirm or 
exclude diagnoses already suggested by the clinical history, mechanism of injury, and physical examination findings. Collectively, the appropriate use of 
modalities will yield valuable information that compliment surgical care and strengthen outcomes. 

In the initial setting, conventional or digital radiographs play a critical role in the diagnosis and timely management of complex injuries for multitrauma 
patients who may not localize pain or participate in an optimal physical examination. For example, an obtunded trauma patient from a high-speed motor 
vehicle collision might demonstrate the following diagnoses based on Advanced Trauma Life Support adjunctive imaging studies: a chest radiograph 
showing a hemopneumothorax and rib fractures with an incidental finding of a shoulder dislocation, a pelvic radiograph depicting an unstable and widened 
pelvic ring injury, and extremity radiographs confirming bilateral femur fractures from rotationally unstable clinical deformities. The acute management 
with intubation, chest thoracostomy, pelvic binding, and extremity splinting can be lifesaving to this patient in hemorrhagic shock. The resulting sequences 
of care might be enhanced with advanced imaging modalities such as computed tomography (CT) scans with angiography contrast to definitively diagnose 
the head, chest, and abdominal/pelvic injuries, angiography for potential pelvic arterial embolization, cystography to rule out urogenital injury, and 
operative fluoroscopy for damage control trauma management with pelvic and femoral external fixation. This orchestrated multidisciplinary approach to 
acute trauma care is facilitated by the modern advancements in medical imaging and the resulting treatment protocols that have been developed as a result. 


GENERAL CONSIDERATIONS 


A wide variety of imaging examinations are available in clinical practice today, and the use of a particular modality may be influenced by multiple factors: 
imaging modality availability, image resolution, radiation exposure, invasiveness, cost-effectiveness, patient risk, and the clinical appropriateness for 
specific trauma patients. Conventional radiographs are the mainstay for screening evaluation of acute bony extremity trauma and are routinely ordered 
without necessitating justification. However, clinicians must often consider the advantages and disadvantages of various modalities when deciding whether 
to pursue additional imaging. 

In 1993, The American College of Radiology (ACR) Appropriateness Criteria were formally introduced for the purpose of creating peer-reviewed and 
scientifically based guidelines to eliminate improper utilization of radiology services. The ACR Appropriateness Criteria are annually reviewed by an 
expert panel to assist providers in selecting the most suitable imaging or treatment decisions for 223 diagnostic imaging and interventional radiology topics 
with over 1,060 variants and 3,000 diagnostic imaging clinical scenarios.° 

For example, the guidelines for radiologic evaluation of acute hip pain with suspected fracture advocate for initial radiographs of the pelvis/affected hip 
and the avoidance of advanced imaging studies. Although this seems intuitive, the algorithm supports the sensitivity of radiographs, noting their 
effectiveness as a screening tool to identify hip fractures in approximately 90% of cases. This avoids the potential unnecessary increase in relative radiation 


levels with modalities such as CT and bone scan, not to mention the unwarranted index expense.°°” However, in the case of negative radiographs and 
suspected hip fracture, the guidelines support advanced imaging modalities, giving a rank order of appropriateness favoring MRI and CT without contrast in 
comparison to bone scan, MRI with contrast, and CT with contrast. Studies have found the sensitivity of MRI to approach 100% for occult fracture of the 
proximal femur with CT scan ranging from 69% to 87%.°°9! With the goal of early detection and surgical treatment of hip fractures, especially in the 
elderly population, clinicians should be aware of this diagnostic algorithm and their own hospital resources (i.e., MRI timeliness including after-hours 
capability). The ACR Appropriateness Criteria embody the strongest current evidence for appropriately selecting imaging modalities. Trauma surgeons 
should become familiar with these guidelines as they enhance the quality of patient care and promote the most efficacious and responsible use of radiology. 


AVAILABILITY 


Although there is widespread availability of conventional radiography in both clinical and hospital settings, there is more variable access to advanced 
imaging modalities, particularly in rural communities and after-hours.’? In a random survey of 5% of U.S. emergency departments (EDs; n = 262), CT 
scanners were present in 96% of institutions and were available 24 hours a day in 94%. Scanner resolution was variable; 39% had access to 16-slice or 
greater scanners. On-site MRI was available in two-thirds of the institutions, with another 20% having mobile MRI available. However, smaller, and rural 
hospitals had less access to CT and MRI, and when available, CT tended to be of lower resolution.”? Although data are lacking, access to other imaging 
modalities such as ultrasound (US) and nuclear medicine (NM) are also likely to be similarly variable, potentially available only on an “on-call” basis or not 
available at all after-hours. 

Fortunately, plain radiographs provide sufficient information to diagnose fractures or dislocations during the initial trauma encounter. The primary 
exception is in the evaluation of the spine, especially in the obtunded or comatose patient where both CT and MRI have well-defined roles in specific injury 
patterns.°°153 Although MRI has the added benefit of assessing spinal soft tissue injuries and disc herniation, the benefits are limited by inconsistent after- 
hours availability of MRI and the logistical problems of transporting and monitoring an acute trauma patient within an MRI unit. Thus, CT remains the most 
common practical method of spinal imaging during the early evaluation of the trauma patient. 

Timely interpretation of imaging studies is equally important to successful trauma care. The introduction of digital radiography (DR) and teleradiology 
provides the means to obtain efficient and even after-hours interpretation of images by trained radiologists.®*:!®9 Although the emergency and trauma teams 
often participate in the review of radiographs and CT imaging during the trauma activation, the modern era allows for radiologists to participate as a critical 
member of the team from a virtual standpoint. This includes interpretation for the high volumes of musculoskeletal imaging annually performed in EDs. A 
study of the benefits of nighttime teleradiology services reported 43 of 75 emergency studies as musculoskeletal in nature.6? This coordinated system 
continues to enhance trauma care, which represents between 17% and 26% of urgent hospital visits.°+2°7 


IMAGE RESOLUTION 


The choice of a particular imaging examination may, in part, be influenced by spatial resolution and contrast resolution. Instinctively, clinicians consider the 
differential diagnosis and the inherent capacity to reach a definitive diagnosis when selecting between modalities. The ability of an imaging modality to 
resolve small objects of high subject contrast (e.g., bone—muscle interface) as distinct entities is referred to as spatial resolution. This is typically measured 
in line pairs per millimeter (I[p/mm) where higher values of lp/mm indicate greater resolution. For comparison, the limiting spatial resolution of the human 
eye is approximately 30 lp/mm. Resolution may also be expressed in millimeters, whereby smaller values represent greater spatial resolution. Table 7-1 lists 
representative values of limiting spatial resolution for common imaging modalities. Conventional radiographs have considerably better spatial resolution 
than cross-sectional imaging techniques; however, overlapping bony structures often complicate the evaluation of osseous anatomy. CT offers better spatial 
resolution than MRI and is more commonly performed for evaluating finer bony abnormalities, such as avulsion fractures and calcification within tumor 
matrix. 

Contrast resolution refers to the ability to resolve two tissues of similar subject contrast (e.g., muscle—muscle interface). Conventional radiographs 
typically have poor soft tissue contrast resolution, whereas CT and MRI have much better contrast resolution, in part related to their tomographic nature. For 
example, on conventional radiographs, subcutaneous fat may be discerned from the underlying muscle groups, although the intermuscular fascial planes 
cannot be visualized. CT and MRI better demonstrate the subcutaneous fat and intermuscular fascial planes, although MRI shows superior soft tissue 
contrast resolution between the two. Therefore, these advanced modalities yield greater sensitivity and specificity in diagnosing entities such as an 
intramuscular hematoma or a subcutaneous—fascial degloving Morel-Lavallée lesion. 


TABLE 7-1. The Limiting Spatial Resolutions of Various Medical Imaging Modalities: The Resolution Levels Achieved in Typical 


Clinical Usage of the Modality 


Resolution 
Modality Ip/mm mm Comments 
Screen film radiography 6 0.08 Limited by focal spot and detector resolution 
Digital radiography 3 0.17 Limited by size of detector elements 
Fluoroscopy 4 0.125 Limited by detector and focal spot 
CT 1 0.4 About V,-mm pixels 
NM: planar imaging <0.1 7 Spatial resolution degrades substantially with distance from detector 
SPECT <0.1 7, Spatial resolution worst toward the center of cross-sectional image slice 
PET 0.1 5 Better spatial resolution than other nuclear medicine imaging modalities 
MRI 0.5 1.0 Resolution can be improved at higher magnetic fields 


Ultrasound 1.7 0.3 (5 MHz) Limited by wavelength of sound 


CT, computed tomography; MRI, magnetic resonance imaging; NM, nuclear medicine; PET, positron emission tomography; SPECT, single-photon emission computed tomography. 
Modified with permission from Bushberg JT, et al. The Essential Physics of Medical Imaging. 2nd ed. Lippincott Williams & Wilkins; 2002. 


INVASIVENESS 


Most medical imaging procedures are noninvasive, short of the placement of intravenous access for contrast administration. However, some imaging 
techniques are more invasive, such as peripheral angiography, which not only carries more inherent risk to the patient but also requires greater resources and 
coordination on an emergent basis. When used appropriately, the diagnostic and therapeutic advantages of these procedures can contribute substantially to 
the patient’s management. 


COST-EFFECTIVENESS 


With increasing pressures on cost containment, numerous studies have addressed the cost-effectiveness of imaging algorithms in the diagnosis and follow- 
up of musculoskeletal trauma. Ankle injuries are among the most common musculoskeletal (MSK) complaints triaged in EDs with the prevalence of 
fractures estimated to be less than 15%. The Ottawa Ankle Rules remain a validated clinical evaluation with high sensitivity for identifying ankle and 
midfoot fractures. A cost-effectiveness analysis for implementing the Ottawa Ankle Rules in U.S. and Canadian EDs found a significant savings in health 
care dollars by avoiding unnecessary radiographs (US$614,226-$3,145,910 per 100,000 patients and CAN$730,145 per 100,000 patients). Radiography, 
waiting time, lost productivity, and medicolegal costs were all calculated and incorporated into one-way and two-way analysis.? The adjuvant use of US to 
assist with triage of ankle injuries even further reduces the need for radiographs. These studies demonstrate opportunities for cost savings and decreased 
radiation exposure when specific training is effectively implemented. 

The overall value of immediate postoperative radiographs should be directed by clear goals. When compared to intraoperative fluoroscopy, a 
prospective study of 100 intertrochanteric hip fractures (mean age 80 years) treated with open reduction internal fixation or cephallomedullary nail fixation 
showed no value to routine postoperative x-rays within the first week. The authors found no changes to weight-bearing status or reoperation based on these 
images. They noted the radiation burden of AP and lateral hip x-rays expose the patient to approximately 0.7 to 0.8 mSv, equivalent to about 40 chest x- 
rays.202 

The effectiveness of routine posttreatment radiographs has also gained some attention in outpatient fracture care. An estimated $510 billion is spent 
annually on musculoskeletal conditions with average orthopaedic surgeon directing 75% of their annual outpatient costs toward medical imaging 
expenditures.*29> A study of early (7-21 days) versus late (22-120 days) postoperative radiographs for operatively treated ankle fractures showed no 
statistical difference in complication rates (6.97% early vs. 5.93% late) based on the timing of radiographs. Thus, these findings question the justification of 
routine ankle radiographs without clear guidelines noting a potential metric for health care cost savings and resource optimization.!“° On a similar note, a 
review of pediatric torus fractures has shown that radiographs after splint/cast application are unnecessary for this fracture pattern because they did not 
change the fracture management. The authors found significant cost savings because of decreased radiography. 

Given the increases in health care costs each year in the United States, an area of particular concern is the perceived expense of advanced 
musculoskeletal imaging techniques such as CT and MRI. According to one estimate, the use of musculoskeletal MRI had grown nearly 14 times faster than 
overall musculoskeletal imaging during the period 1996 to 2005 (353% increase vs. 26% increase).!7? Parker et al.!”> explored the possible cost savings that 
could be realized if US was used instead of MRI for the diagnosis of musculoskeletal disorders. According to their review of 3,621 musculoskeletal MRI 
reports, 45.4% of primary diagnoses and 30.6% of all diagnoses could have been made with US instead.'’° By extrapolating these data into the future, the 
authors predict that the substitution of musculoskeletal US for MRI in appropriate cases could save more than $6.9 billion in the period 2006 to 2020 and 
lead to large cost savings for Medicare. 173 

There is a rising incidence of CT scans performed in adult patients after falls.3? Natoli et al. found advanced imaging lacks clinical utility in low-energy 
geriatric pelvic ring trauma.!®° Among 87 patients with low-energy pelvic fractures, 42 had advanced imaging of the posterior pelvic ring (10 MRIs, 32 
CTs). Although more posterior pelvic ring injuries were identified with advanced imaging compared to radiographs alone (p < .001), there was no 
statistically significant difference in any clinical parameter, admission status, length of hospital stay, radiographic displacement (initial or at follow-up), or 
treatment recommendations.!®° A possible way to decrease this overutilization of advanced imaging is to provide standards regarding when such imaging is 
clinically warranted such as the previously discussed ACR Appropriateness Criteria. Embedded clinical decision support within the electronic medical 
record workflows can promote adherence to evidence-based guidelines with respect to high-cost imaging, especially in high utilizers when studying head 
injury, C-spine, and pulmonary embolism.”* 

Other studies have shown that early advanced imaging can be cost-effective because of the diagnostic accuracy and contribution to avoid delays in 
treatment, which contribute to increased patient morbidity and/or delayed return to work. For example, several studies have shown that early MRI in cases 
of wrist trauma can be cost-effective in confirming acute fractures of the scaphoid in cases where initial conventional radiography was normal.**!°5 MRI 
also proved superior to follow-up radiography for diagnosis of occult scaphoid fractures, resulting in a change in management in up to 89% of cases.!®° Cost 
was found to be similar or reduced in all studies comparing early MRI with more traditional algorithms of casting and radiographic follow-up.2*-135-185 
Similarly, MRI has been found to be a sensitive, cost-effective, and efficient modality in the diagnosis of occult hip fracture with negative radiographs, 
thereby contributing to a more timely and accurate diagnosis when compared to CT and bone scans. !°8 

Significant costs may be incurred at trauma centers when repeating radiographic workups for patients transferred from referring facilities despite the 
inclusion of data and reports. In a prospective study of 104 trauma transfers, the receiving level-1 center charged $66,463 for repetition of laboratory and 
radiology workup done at referring facilities.2!° Bertrand et al. performed a retrospective review of 432 patient transfers where over half received repeat 
studies; repeated procedures were judged as inappropriate for 197 (99.5%) laboratory tests and for 39 (73.6%) radiologic procedures based on an 
independent review.!° Although clinical judgment and changes in patient status may warrant repeat imaging studies, the overall cost of health care must not 
be lost in translation when patients require transfer to tertiary-level facilities. 


PATIENT RISK 


In general, the imaging modalities used in orthopaedic trauma contribute very little risk for an adverse event to the patient. However, potential exists for a 
variety of safety factors during the handling of trauma patients who require special attention and care when transferring from gurneys onto imaging 


equipment. The potential for spine injuries requires spinal precautions and special radiographic views and patient positioning during imaging procedures. 
Likewise, fractured extremities may be very painful when moved, and there may be changes in fracture reduction or redislocation of an injured joint during 
manipulation of an extremity for radiographs or CT scans. Patients with pain and disorientation may be unable to lie still during imaging examinations and 
require analgesia and sedation. Sometimes, mechanical ventilation, multiple intravascular access lines, various catheters, and even skeletal traction must all 
be appropriately managed during imaging. Continuous advanced trauma life support (ATLS) evaluation of the acutely injured patient is a priority to prevent 
decompensation during the index resuscitation and efforts to obtain imaging studies (i.e., CT scan). 

Intravenous administration of iodinated contrast medium carries a small risk of adverse events, which may be categorized as mild, moderate, severe, and 
end organ.” With traditional high-osmolality ionic contrast media, most adverse reactions are mild to moderate and occur in 5% to 12% of patients. This 
incidence is significantly decreased with use of the newer low-osmolality nonionic contrast agents. The occurrence of severe contrast reactions is 
approximately 1 to 2 per 1,000 patients receiving high-osmolality contrast agents, whereas this number decreases to approximately 1 to 2 per 10,000 
patients receiving low-osmolality contrast media.’ Examples of end-organ adverse events include thrombophlebitis related to the injection site, 
nephrotoxicity, pulseless electrical activity, seizures, and pulmonary edema.’ Intravascular contrast administration during CT and/or angiography is 
independently associated with increased risk of requiring hemodialysis after a traumatic injury. Trauma providers must consider the necessity of contrast for 
each clinical situation and understand the potential for contrast-induced nephropathy. A study by Schneider et al. found the relative risk for hemodialysis 
was 1.49 with CT intravascular contrast only, 4.33 with angiography only, and 5.35 with consecutive CT intravascular and angiography.*°° Note that 
peripheral angiography carries a low risk of complications including bleeding and further vascular injury, wShich can be minimized with experience and 
careful technique. 

There are rising concerns and literature detailing the cumulative effects and risks of radiation exposure, especially in children.!®!:2!0 The ALARA (As 
Low As Reasonably Achievable) concept was developed to avoid unnecessary radiation in the pediatric population by decreasing exposure through dose 
redSuction techniques. Appropriately, this philosophy has subsequently carried over to the adult population. The risk of cancer associated with medical 
imaging has been the subject of reports, with ionizing radiation varying with modality.®®!6!,181,210 CT generates considerably higher-radiation doses 
compared to conventional radiography, while US and MRI do not expose the patient to ionizing radiation. There are variable radiation doses among CT 
protocols and even between manufacturers.!%° One study showed a 61% to 71% decrease in radiation dose between standard- and low-dose multidetector 
CT (MDCT) in cervical spine trauma.!54 The National Council of Radiation Protection and Measurements reported in 2009 that the average radiation dose 
in the United States had risen from 3.6 mSv in the early 1980s to a value of 6.2 mSv in 2006, with most of the increase attributed to CT and nuclear 
imaging.'®! Another report documented an increase between 1996 and 2012 in the use of advanced imaging and the per capita radiation dose, as well as the 
proportion of patients receiving high and very high doses of radiation.*!° It has been estimated that as many as 1.5% to 2% of all cancers in U.S. patients 
may be attributable to radiation from CT studies. 

The ubiquitous use of CT to evaluate the multiply injured trauma patient is widespread and increasing across trauma centers. The “whole-body” CT scan 
has gained popularity in screening the spine, diagnosing occult injuries, and decreasing length of stay in the ED.°°-8” In the cervical region, the greatest risk 
of ionizing radiation is induction of thyroid malignancy. One study suggests that use of CT to clear the cervical spine in unconscious major trauma patients 
is justified given the relatively minor concern for inducing thyroid malignancy. However, in those patients who are conscious or with a Glasgow Coma 
Scale score between 9 and 12, clinical evaluation is more likely to be helpful, and the risk of thyroid malignancy in a young cohort does not justify the use 
of CT to clear the entire cervical spine.!%° Prasarn et al.!83 reported total radiation exposure in a cohort of 1,357 orthopaedic trauma patients. The average 
effective radiation dose for all patients was 31.6 mSv. For patients with an Injury Severity Score of greater than 16, the average exposure was 48.6 mSv.!8! 
In a retrospective review of trends in MSK imaging at two level 1 trauma centers, Vallier et al. demonstrated a yearly increase in CT imaging and 
cumulative radiation dose (17.3 mSv in 2002, 30.0 mSv in 2005, and 34.1 mSv in 2008).?22 To put these findings in perspective, the International 
Commission on Radiologic Protection recommends a permissible annual radiation dose of 20 mSv.!®! This suggests an opportunity for process 
improvement and patient safety with discussion over the indications for advanced imaging and efforts to lower the amount of ionizing radiation. 

The pregnant trauma patient deserves special consideration with respect to imaging studies. Plain radiography is generally safe for the mother and fetus. 
Common-sense precautions with avoiding unnecessary studies and shielding the uterus when possible are good practices. The use of CT in the pregnant 
trauma patient warrants special consideration. A pelvic CT scan results in an estimated 2.6 rad (26 mGy) to the fetus, representing half of the recommended 
5-rad (50-mGy) maximum.!*! Therefore, multiple CT studies should be avoided, and alternative imaging methods such as MRI and US should be 
considered when appropriate. However, there is consensus that when clinically indicated, imaging modalities with ionizing radiation should not be withheld 
from the pregnant trauma patient.'*! When surgical intervention is necessary, efforts should be made to limit the overall dose of fluoroscopic. 

MRI has unique risks in patients with implanted devices.®® Ferromagnetic metals can experience strong forces, especially near the magnet when forces 
can be enough to cause motion of the implant. Second, some metals may experience heating, although the effects of this are negligible in orthopaedic 
implants. Finally, metal implants always cause some degradation of the image, although this can often be mitigated using new signal processing techniques, 
as discussed later in this chapter. 


SURGEON RISK 


The potential negative health results of radiation exposure are characterized as either stochastic or deterministic. Examples of deterministic effects of 
ionizing radiation include sun burn or cataracts where a threshold amount of radiation is absorbed, which can be cumulative or due to a single large dose of 
radiation. In comparison, stochastic effects are random and can occur at any level of radiation exposure, but their likelihood increases directly with the 
cumulative amount of radiation exposure such as the development of a malignancy. Note that daily background radiation exposure is unavoidable with an 
average individual exposure of 4 mSv annually, whereas a cross-country flight entails 40 pSv of additional radiation, a screening mammogram 400 pSv, 
and a chest CT scan yields a much larger 7 mSv.®° 

The use of intraoperative imaging has steadily increased (i.e., fluoroscopy, O-arm, angiography) causing cumulative exposure of ionizing radiation to 
the surgeon and operating room (OR) staff.°*?!5 A variety of trauma procedures were studied by Cheriachan et al. using dosimeter to determine the 
radiation exposure at eye level for 131 different surgeries. The average level of exposure was 0.22 mSv per case with significantly higher levels observed 
during femoral nail and pelvic fixation cases. Although the authors concluded the overall radiation exposure was below thresholds, they noted that 
protection methods should be a routine practice to lessen the long-term effect.4° Gausden et al. quantified the cumulative radiation exposure to surgeons and 
residents using dosimeter measurements over a 12-month timeframe.’” Orthopaedic residents received monthly mean radiation exposures of 0.2 to 79 


mrem/month,’” lower than the dose limits of 5,000 mrem/year recommended by the U.S. Nuclear Regulatory Commission.”° Senior residents on trauma 
rotations were exposed to the highest monthly radiation (79 mrem/month [range 15-243 mrem/month]), as compared to attending trauma orthopaedic 
surgeons with radiation exposure of 53 mrem/month (range 0-355 mrem/month). A retrospective study extrapolating yearly surgeon radiation exposure was 
based on surgeon position during cases and type of lead worn. The authors found that average annual radiation exposure for a traumatologist was 1,521 mR 
to the thyroid, 2,452 mR to the chest, and 1,129 mR to the pelvis. Circumferential lead decreased exposure by 90% or better. Noncircumferential lead 
provided only a 22% reduction in radiation scatter and zero protection while standing perpendicular to and away from fluoroscopy source, respectively.!8° 

Radiation exposure to the pregnant orthopaedic surgeon has been studied by Keene et al. who emphasized that the potential risks of mutation 
development to the fetus and a predisposition to childhood malignancies must be accounted for during fluoroscopic surgeries. Given the maximum 
recommended prenatal dose of 1 mSv, normal protective lead wear attenuates 99% of radiation which still permits an undesirable amount of fetal exposure. 
Therefore, a recommended second layer of protective lead can attenuate 66% of the remaining radiation that passes through the first layer. Rates of 
childhood and life-long cancer with prenatal radiation exposure are comparable to the general population if kept within recommended dosing.!° 

The stochastic risk of developing malignancy as a trauma surgeon is not well known. As a result, there is no adequate guideline for health care workers 
exposed to chronic low levels of ionizing radiation. However, a small study performed at a single Italian hospital that failed to routinely use protective lead 
or appropriate radiation protocols does highlight the risk of malignancy when proper safety measures are not implemented. In 2005, Mastrangelo et al. 
reported the incidence of malignancy of 150+ radiation-exposed and 150+ nonexposed health care workers.!“° There were 30 orthopaedic surgeons included 
in the study with a reported 29% incidence of malignancy (odds ratio of 5.37). Lung and colon cancers were the most common in exposed health care 
workers, highlighting that the most radiosensitive tissues for malignancy were found in the chest and abdomen (i.e., breast, lung, colon, and stomach 
cancers). Although the literature suggests that orthopaedic surgery remains within the acceptable tolerances for annual radiation exposure, the overall 
incidence of negative health impacts is poorly understood across our subspecialty. False reassurance with the use of minimal protective lead shielding is an 
illogical approach to the potential long-term consequences that may or may not have been associated with a career of surgical radiation exposure. Thus, it is 
wise to promote safety measures to protect the surgeon and staff: proper C-arm positioning, distancing personnel from the area of C-arm scatter, minimizing 
fluoroscopic time, and protective lead to cover the thyroid, chest, abdomen, and gonads. 

Finally, the effects of ocular radiation exposure are of considerable importance. The lens of the eye is another radiosensitive structure with well-known 
effects of cataract development with life-long ocular exposure above 0.5 Sv,* but there are no studies examining the risk and incidence of cataracts in 
fracture surgeons. However, a report by Vano et al. demonstrated a statistically high rate of cataracts in interventional cardiologists who had an estimated 
career ocular exposure of 6 Sv which far exceeds the accepted recommendations.*** The previously mentioned Cheriachan et al. study suggests that the 
cumulative case exposure for fracture surgeons is unlikely to reach such high levels of ocular exposure.*° Nonetheless, since there is relative uncertainty on 
the dose necessary to induce cataracts in an individual surgeon, the routine use of lead-lined glasses is warranted. 


SPECIFIC IMAGING MODALITIES 


RADIOGRAPHY 


Brief Overview 


Radiography involves the use of x-rays, a form of high-energy electromagnetic radiation, to create a two-dimensional (2D) image. Conventional 
radiography, which utilized screen films, has largely been replaced by DR which can be subcategorized as either computed radiography (CR) or direct 
digital radiography (DDR). DR allows for more ease in manipulation of images, storage, and communication between different departments in the hospital. 
Radiography is the most common imaging modality used in orthopaedic trauma and is utilized to identify and characterize osseous injuries, it is 
instrumental for preoperative planning, and essential for postoperative evaluation through fracture union. Limitations include the production of a 2D image 
to represent a three-dimensional (3D) object and challenges associated with imaging the acutely injured patient due to patient discomfort and/or body 
habitus. 


Technical Considerations 
Conventional Radiography 


Conventional radiography (screen film radiography, plain film radiography) involves the use of x-rays, which are high-energy electromagnetic radiation 
with wavelengths smaller than ultraviolet light but longer than gamma rays. X-rays are produced using an x-ray tube, whereby electrons are emitted from a 
heated tungsten filament and accelerated across a voltage potential to strike an opposing tungsten target. The flow of electrons from filament to the target 
results in a tube current, and its interaction with the tungsten target generates a spectrum of x-rays and heat. Before leaving the x-ray tube, the x-rays are 
filtered and collimated into a useable beam. Factors that are set by the technologist to vary the quality and/or quantity of the x-ray beam include the voltage 
potential (measured in peak kilovoltage [kVp]), tube current (milliamperes [mA]), and exposure time (seconds). The output of the x-ray tube is expressed in 
mAs, calculated by multiplying the tube current (mA) by the exposure time (s). These factors are routinely recorded on digital radiographs, whereas they 
may be handwritten on portable radiographs for use with future examinations. 

After leaving the x-ray tube, the x-ray beam is directed through the patient and onto a screen/film cassette. Passage through the patient attenuates the x- 
ray beam via two processes: the photoelectric effect and Compton scatter. After passing through the patient and before reaching the screen/film cassette, the 
transmitted radiation may be further collimated using a lead grid to remove the scattered radiation. Scatter increases with increasing patient thickness and 
larger fields of view and is a significant source of image degradation. Scatter may be negligible with certain extremity radiographs, in part related to their 
smaller size and greater proximity to the cassette; hence, grids may not be required. This might be in comparison to radiographs taken of the pelvis or axial 
skeleton that traverse greater soft tissue envelope and require expanded fields to capture the desired anatomy. A lipomatous patient body habitus may also 
directly influence the quality of image based on the inherent tendency for increased soft tissue scatter. 

Screen/film cassettes are used to capture the transmitted radiation and create the latent image. Intensifying screens absorb x-ray photons and 
subsequently emit a greater number of light photons, which are then absorbed by the film. The film consists of a base, which is covered on one or both sides 
by an emulsion containing silver grains. Absorbed light photons result in liberation of free electrons within the emulsion, which subsequently reduce the 
silver atoms. When the film is developed, the reduced silver atoms are amplified and appear black on the film. Most screen/film cassettes use a dual-screen 
and dual-emulsion film combination, which is enclosed in a light-tight cassette and ensures good contact between the screens and film. To improve bone 


detail, a single-screen, single-emulsion system may be used. 


Digital Radiography 


DR systems create and attenuate the x-ray beam as it passes through the patient and are similar to conventional radiography systems. What differentiates DR 
systems is the type of image receptor that interacts with the attenuated x-ray beam to create a medical image. 

CR was first introduced in the late 1970s and has gained wide popularity in radiology departments. With CR, the screen/film cassette is replaced by a 
cassette containing a photostimulatable phosphor deposited onto a substrate. When this type of phosphor interacts with x-rays, electrons are elevated to and 
trapped at higher-energy levels within the phosphor. The amount of electron trapping is proportional to the incident x-rays and results in the creation of a 
latent image, which can later be read using a specialized CR cassette reader. The reader scans the phosphor plate using a laser, which releases the electrons 
from their higher-energy states, and results in emission of light as they drop down to lower-energy states. The emitted light is captured by a photomultiplier 
tube (PMT), which converts the light into an electrical signal, which is subsequently digitized and stored. This process is done on a point-by-point basis 
throughout the entire phosphor plate to create a digital image. 

Advances in flat panel detectors (FPDs) have led to a new digital imaging technology, DDR, which further can be subclassified as indirect or direct 
conversion based on its process of image capture. Each of these systems uses FPDs that incorporate a large array of individual detector elements; each one 
corresponds to a pixel in the final image. In indirect conversion DDR, the detector elements are sensitive to light; hence, an x-ray intensifying screen is used 
to convert the incident x-rays into light, which is then captured by the individual detector elements and stored as a net negative charge. In direct conversion 
DDR, the individual detector elements are coated with a photoconductive material, most commonly selenium. On exposure to x-rays, electrons are liberated 
from the photoconductor and are captured by the underlying detector elements, resulting in a net negative charge within each detector element. With both 
systems, the negative charges within the array of detector elements are read out electronically, digitized, and stored to create the final image. 

Currently, the spatial resolution of conventional radiography is greater than for DR systems (see Table 7-1). CR and DDR offer significant advantages 
over conventional radiography: the ability to manipulate digital images and alter image contrast, decreased radiation dose to the patient and radiologic 
personnel, and greater ease of storage and transmission of radiographs both within and beyond the imaging department. New portable DR systems that 
incorporate wireless flat panel displays are much quicker and have improved workflow compared to conventional DR. Unfortunately, DR systems are 
expensive to implement, as they require replacement of the entire radiography suite. CR systems are much more economical to implement, as they only 
require replacement of the screen/film cassettes and purchase of a CR reader. Both digital systems offer ongoing cost savings as a result of decreased 
number of retakes and reduction in film costs. DR systems allow data distribution which increases the efficiency of information tangible to providers within 
a hospital, as well as between hospitals during trauma patient transfers. 


Applications 


Radiography remains the primary diagnostic modality for assessing fractures and dislocations in the traumatized patient. In addition, they are the gold 
standard for preoperative planning and postoperative evaluation. However, insufficient views, technically imperfect radiographs, and improperly positioned 
patients may contribute to missed diagnoses in nondisplaced fractures, commonly missed locations (i.e., ankle), small avulsion fractures portending larger 
injuries (i.e., Maisonneuve, patellar dislocation), sesamoid injuries, and periprosthetic fractures. Complete imaging, including standardized orthogonal views 
and supplemented specific projections when indicated, are usually sufficient to identify and manage most fractures and dislocations. 

When interpreting radiographs, the quality of the image must first be interpreted before the evaluation for pathology. X-rays are a 2D representation of 
3D structures. The radiopaque projection of bone is of particular significance when evaluating the cortex for fractures. The cortex seen on a radiograph 
represents only the cortical bone tangential to the x-ray beam; therefore, changing the position of the beam in relation to the bone will alter the cortex 
projected and potentially affect the interpretation of pathology. By performing standardized views, radiographic anatomy is consistent, allowing faster 
pattern recognition and decreasing the potential for misreads or missed diagnoses. In a study of medical cost containment assessing dual 
orthopaedic/radiologist interpretation, orthopaedic surgeons were effective in performing immediate interpretation of conventional fracture radiographs in a 
timely, accurate, and inexpensive method, whereas formal interpretation of the same studies by a radiologist typically occurred after the rendering of patient 
care with a potential for inaccurate reads and added expenses.2° 

Standardization of the radiographic series in orthopaedic trauma also helps to identify injuries. The gold standard for imaging an injured extremity 
includes orthogonal radiographs of the entire bone including the joint above and the joint below. The systematic use of standardized series can identify 
associated bone-soft tissue injuries such as the Maisonneuve fracture dislocation of the lower leg or the Essex-Lopresti injury to the forearm or concomitant 
injuries to the same bone such as an ipsilateral fracture to the tibial plateau and tibial shaft. Insufficient imaging and poor technique may miss these injuries 
in the traumatized patient. In addition, radiographs can be limited by the parallax effect, a physics phenomenon in which electromagnetic waves diverge 
from the focal point leading to scatter and distortion of the size and position of structures at the periphery. For this reason, radiographs are most accurately 
interpreted in the center of the image and numerous radiographs may be necessary to define accurate detail of long bones or segments of the spine. 

In some cases, radiographs without evidence of fracture can provide subtle evidence of soft tissue injuries that warrant further diagnostic imaging or 
clinical scrutiny. Examples include the presence of a posterior fat pad sign in a paediatric elbow indicating an occult elbow injury or a fat-fluid level in the 
knee joint suggesting the possibility of an osteochondral fracture. The radiographic projection of soft tissues may show additional evidence of trauma 
including significant swelling, foreign bodies, and gas, all of which require a detailed clinical examination to correlate. Traditional radiographs are static; 
however, the concept of dynamic instability can be evaluated with stress radiographs. This incorporates utilizing gravity, weight bearing, or manipulative 
stress across an injury to evaluate displacement. This concept has been studied to determine if operative intervention is necessary for ankle fractures in 
which a ligamentous injury may contribute to overall instability and standing hemipelvic flamingo stress views depicting pelvic ring instability. In addition 
to delineating injury patterns, radiographs are useful for assessing limb length and alignment but specialized full-length cassettes or stitching programs are 
necessary to create these images. 

Radiography is used for preoperative planning of surgical tactic for methods of fracture fixation, implant selection, patient positioning, and order of 
operations in polytrauma patients. X-rays of the contralateral uninjured extremity are useful templates for judging length, alignment, and rotation. For 
particular injury patterns where shortening obscures alignment based on fracture fragment overlap, a traction view can be obtained (Fig. 7-1). Classically, 
traction views are beneficial in distal humerus and pertrochanteric femur fractures where additional axial stress can direct between surgical approaches, 
positioning setup, specific instrumentation, and even different operative strategies (i.e., hip arthroplasty vs. open reduction internal fixation). 

Plain radiographs are also the primary imaging modality utilized for postoperative evaluation of fracture healing, maintenance of reduction, and 
examination for any hardware complications. Objective scoring systems based on plain radiographs, such as the Radiographic Union Scale for Tibia 


(RUST) fractures!*® and the similar Radiographic Union Score for Hip (RUSH) fractures,”° define thresholds that correlate with fracture union.?® 
Although radiographs are universally used for assessing fracture healing, one report noted that there is very poor interobserver agreement regarding the 
determination of fracture healing after internal fixation based solely on imaging studies.” 


TRACTION VIEW 


A, B i d c,D 
Figure 7-1. Preoperative axial traction views using conventional radiography can assist with improved diagnosis and surgical planning. A: Traction confirms a simple 
intertrochanteric fracture pattern over a basicocervical fracture which might lead to a change in surgical implant. B: This reverse obliquity fracture also demonstrates a 
concurrent intertrochanteric pattern with traction. C: A higher degree of distal humeral intra-articular comminution is appreciated with traction views along with 
fragment size and location; this might change the surgical tactic of using an olecranon osteotomy when compared to a simpler pattern (D). 


Despite the wide array of uses for radiography in trauma, there are limitations. Patient discomfort, severely malaligned extremities, and suboptimal 
technique can all limit the quality of imaging to interpret and make clinical decisions. In addition, obesity can significantly degrade the quality of plain x- 
rays despite adjustments in image capture. Fracture planes perpendicular to the beam source will not be well visualized. Other fracture characteristics that 
may not be as well represented on x-ray include nondisplaced intra-articular extension and fracture impaction. This is highlighted in a study by Nork et al., 
in which a series of biplanar distal femoral radiographs detected only 69% of coronal plane articular fractures in distal femur fractures as compared to 
adjuvant CT scan. 

DR has largely replaced conventional radiography and has provided a platform on which to develop new methods of musculoskeletal imaging. Digital 
tomosynthesis, most commonly used in mammography, can be valuable in assessing fracture healing after internal fixation, using radiation doses much less 
than CT.° Botser et al.^? studied a series of nondisplaced proximal femoral fractures and found that digital enhancement with the use of specific filter 
techniques largely improved fracture diagnosis when compared to standard radiographs. Another emerging advancement is a full-body scanner capturing 
rapid digital images of the entire body in single or multiple planes (StatScan Critical Imaging System; Lodox Systems Ltd., South Africa). The index 
evaluation use of StatScan for multiple trauma and pediatric patients has been reported.64155.178 The primary advantages are the rapid detection of injuries, 
decreased radiation exposure, and less time needed for image acquisition.°*!°»-'’° In one study, 96% of fractures were identified on the initial StatScan with 
imaging 13% faster than CR.!’° In another study focusing on 37 consecutive pelvic injuries, StatScan images were compared to CR and CT. Of 73 
abnormalities noted in these patients, 18 were not identifiable on the StatScan, although only one of the missed findings was considered significant for the 
initial management of the patient. Although many trauma patients initially evaluated with StatScan will need formal CT, these index studies can result in 
less overall radiation exposure to the patient than conventional imaging algorithms. 


FLUOROSCOPY 


Fluoroscopy involves the use of low-dose x-rays to image a patient in real time. Modern technology has led to the development of digital fluoroscopy 
systems where a small plate of photosensitive elements, each corresponding to a pixel, is read electronically to produce an image. Additional improvements 
in intraoperative fluoroscopy include new devices that spin around the patient to produce 3D images. Fluoroscopy is utilized intraoperatively for many 
portions of fracture care including analysis of fracture lines, dynamic stress examination, reduction, implant position, and for use with minimally invasive 
techniques. Computer-assisted surgical navigation utilizing fluoroscopy is an emerging technology that has been applied to percutaneous pelvic and 
acetabular screw placement with expected continued progress. Unique limitations to intraoperative fluoroscopy include a smaller field of view compared to 
radiography and cumulative radiation exposure to the surgical team. 


Conventional Fluoroscopy 


Fluoroscopy involves the use of low-dose x-rays to image patient anatomy at high temporal resolutions in real time. Typical components of a fluoroscopy 
system include an x-ray tube, filters, and a collimator that are similar to those used in conventional radiography. The x-ray tube is energized continuously 
using a low exposure rate, and the x-ray beam is directed through the patient onto an image intensifier. The image intensifier is responsible for converting 
the attenuated x-ray beam into a visible light image, which is frequently coupled to a closed-circuit television camera to produce a “live” image on a video 
monitor. An optical coupling system, using high-resolution lenses and mirrors, may also be used to direct the light image to recording devices, such as video 
recorders and photospot cameras. 

The components of the image intensifier are housed in a glass vacuum tube and include a large input phosphor, a photo cathode, a series of electrostatic 
lenses, an anode, and a smaller output phosphor. Incident x-rays are directed onto the input phosphor and are converted into light photons similar to a 
radiographic intensifying screen. The light photons are channeled by the phosphor to the adjacent photocathode because of the linear crystalline structure of 
the phosphor matrix. The photocathode is composed of a thin metal layer, containing cesium and antimony, applied to the posterior surface of the input 
phosphor. This directly interacts with the light photons and results in emission of electrons. The electrons are then accelerated from the photocathode to the 
anode by an applied voltage approximating 25,000 V. During the acceleration process, the electrons emitted across the entire cross-sectional area of the 
photocathode are kept in relative alignment by a series of electrostatic lenses that preserve the spatial information. The electrons are finally focused onto the 
output phosphor, which results in light emission and creation of an image. 

Fluoroscopy systems vary in configuration, from permanently installed biplane angiography suites to mobile C-arm designs. Mini C-arm units have 
become increasingly popular for their practical use in outpatient clinics and distal upper/lower extremity surgery. Image intensifiers are produced in 
different sizes with the measurements referring to the size of the input phosphor. Typical diameters range from 4 to 16 inches (10—40 cm) with larger sizes 
better suited or standardized for spine, pelvic, and long bone applications. Many fluoroscopy systems offer additional magnification modes, which use a 
smaller area of the input phosphor to create the magnified image. The theoretical resolution of an image intensifier is approximately 4 to 5 Ip/mm, with 
somewhat better resolution obtained in magnification modes (see Table 7-1). Unfortunately, this is achievable only when the images are output to film. The 
image intensifier output is usually coupled to a video monitor for real-time viewing, which results in degradation of the resolution achievable by the image 
intensifier, a potential limitation to fluoroscopic magnification. Resolution of such closed-circuit television systems is typically 1 to 2 lp/mm. 


Digital Fluoroscopy 


Advances in digital technology have ultimately led to the development of digital fluoroscopy systems. The output of the image intensifier may be coupled to 
a high-resolution video camera with subsequently digitized output directed onto a charge-coupled device (CCD). A CCD is a small plate containing a large 
array of photosensitive elements, each of which corresponds to a single pixel in the final digital image. Each element stores charge in proportion to the 
amount of absorbed light, which is then read out electronically and digitized to produce a pixel value. The matrix of pixel values is then used to create the 
final digital image. The resolution of a CCD depends on the size of each of its array elements; CCDs with a 1,024 x 1,024 matrix may achieve a resolution 
of 10 lp/mm. The digital nature of the image lends itself to computer postprocessing and digital subtraction techniques, which improves image contrast. 
Recent advancements in FPD technology use thin-film transistor (TFT) arrays that replace the image intensifier and video camera and result in even greater 
image contrast. 


Two- and Three-Dimensional Fluoroscopy 


New fluoroscopic devices are no longer constrained by the standard restriction of historic C-arm rotation and can obtain fluoroscopic images in an arc 
around the patient utilizing processing software for immediate 2D or 3D reconstructions. Several 3D fluoroscopic imaging systems are now available such 
as the O-Arm™ (Medtronic Minneapolis, MN) and several brand name manufacturers supplying multidirectional (egg-shaped arc) or isocentric (circular 
arc) C-arm fluoroscopy (Fig. 7-2). 3D fluoroscopy units that are adapted for this purpose incorporate a motor that rotates the x-ray tube and image 
intensifier around the patient while taking hundreds of images. Immediate computer processing generates a reconstructed cross-sectional image similar to an 
axial CT image. Different manufacturers’ devices vary in the arc of rotation required to obtain an image, with newer devices capable of creating the 
reconstructed images with 136 degrees of arc compared to the 180 degrees required by first-generation scanners.*!! Although the devices that obtain images 
through a full 180-degree arc produce quality images, the devices that image through the smaller arc can provide images in anatomic regions like the 
shoulder that cannot be imaged with the 180-degree devices.?!! 


Applications 
Intraoperative Imaging 


Intraoperative fluoroscopy is used almost universally during the operative care of fractures (excluding remote or austere operating environments and 
developing nations with limited resources). Fluoroscopic imaging techniques facilitate the intraoperative assessment of fracture reduction, joint stability, 
verification of intramedullary nail starting portals, targeting for cannulated or interlocking screws, and confirmation of safe implant position. 

Fluoroscopy provides real-time intraoperative evaluation of fracture reduction with many useful adjunctive applications. It is imperative that fracture 
surgeons master the numerous motions of the C-arm unit to confirm successful surgical tactic and properly placed implants. Specific views achieved with 
standard radiography might require transitional modifications intraoperatively based on patient positioning and set up. Variances in obtaining proper images 
or templating can lead to errors. For example, the contralateral, uninjured femur is often used for intraoperative fluoroscopic templating to control femoral 
nail rotational alignment. However, a cadaveric study comparing C-arm acquisition of reference images with ipsilateral central field of view versus 
contralateral imaging demonstrated a wide array of parallax potentially contributing to inaccurate assessment of the true femoral rotation (5.6 and 5.5 
degrees in the central view vs. 9 and 12.6 degrees in the contralateral).'°? This exemplifies some of the shortcomings of intraoperative fluoroscopy and the 
technical details necessary for accuracy. 

Nonetheless, fluoroscopy continues to be the mainstay of surgical fracture care imaging with many advantages. Norris et al.!®° studied the intraoperative 
use of fluoroscopy during acetabular fracture surgery and found it as effective as postoperative radiographs to assess fracture reduction and comparable to 
postoperative CT when evaluating for intra-articular extension of hardware. The quick and easy ability to take multiple shots allows the surgeon to view the 
desired image to assess reduction and implant placement. 

Fluoroscopy is also used intraoperatively for dynamic stress examinations. Static or live stress images can be used to evaluate fracture and joint stability 
for multiple injuries: pelvic ring and posterior wall acetabular instability examination under anesthesia (EUA), concentric terrible triad elbow reduction and 
stability, varus and valgus stability of the elbow or knee, and syndesmotic competence. Whiting et al. found that negative fluoroscopic stress EUA of the 
pelvis reliably predicted fracture union without displacement.229 Firoozabadi et al. demonstrated the importance of dynamic intraoperative EUA imaging for 


posterior wall acetabular fractures and noted the location of the exit point of the fracture in relation to the dome of the acetabulum is a radiographic marker 
that can be used to aid physician in determining stability, and wall sizes less than 20% is not a reliable indicator of stability. 

The fluoroscope allows the trauma surgeon to critically evaluate hardware placement. Certain reduction and instrumentation techniques are done 
completely based on fluoroscopic views, that is, percutaneous pelvic screw fixation or femoral neck pinning. Advances in “minimally invasive” fracture 
fixation rely even more on the interpretation of fluoroscopic images. When performing percutaneous pelvic osteosynthesis, it is important to remember to 
make adjustments in the planes of the fluoro beam and not in a plane perpendicular or parallel to the floor or standard AP and lateral orientations. This 
anatomic point is of particular importance when the fluoro views are not orthogonal and a change in direction on the inlet or outlet projection might yield 
unintended changes on the opposite view. 
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Figure 7-2. Standard fluoroscopic (top) and intraoperative isocentric fluoroscopic (bottom) images depict a 2D “spin” to assess the fracture reduction and iliosacral 
screw placement. A: The right iliosacral screw threads remain within the sacral fracture limiting the biomechanical compression. B: Based on the real-time operative 
assessment, this screw was revised during the same surgical procedure, and repeat intraoperative imaging demonstrates that all screw threads pass the fracture site to 
optimize interfragmentary compression. 


It is important to note several technical points about fluoroscopy application. As with x-rays, fluoroscopic images demonstrate a 2D representation of 
cortical bone tangential to the beam. This feature can be utilized to evaluate particular cortical surfaces such as with a coronal internal rotation view of the 
distal femur to evaluate screw length penetrating the trapezoidal anatomy or with sagittal rotational views of the patella to evaluate reduction of the medial 
and lateral facets separately ( ). >49 Tt is also particularly important to remember when evaluating for screw penetration through nonlinear articular 
cortices. Hardware placed near convex articular surfaces like the femoral head require all radiographic views to accurately depict the implant within the 
bone to avoid intra-articular penetration. Any view showing extrusion of the screw through the convex cortex represents an unsafe screw that requires 
revision (“If it’s out on one view, it’s out”). Noting the limitations of fluoroscopy and spherical anatomy, Bengard and Gardner published a technical trick 
of sounding out the humeral head to avoid complications with iatrogenic screw penetration during proximal humeral fracture surgery.'” In comparison, the 
imaging of concave surfaces, such as the acetabulum, requires the opposite geometrical sequencing. The presence of one view demonstrating safe screw 
placement indicates the screw is contained within the bone and avoids intra-articular penetration (“If it’s in on one view, it’s in”) (F ). 

Despite the benefits of intraoperative fluoroscopy, most surgeons insist on obtaining conventional radiographs at the completion of surgery. Although 
this practice requires further radiation exposure and adds time and expense, it is important for both clinical and medicolegal documentation. Fluoroscopic 
images have limited field of view and may not demonstrate the full extent of hardware fixation as compared to conventional radiographs as in the case of an 


intramedullary nail long bone fixation or overall limb alignment. Finally, it may be difficult to compare intraoperative fluoroscopic images to later 
conventional radiographs, so the immediate postoperative radiograph represents an important baseline reference for future comparisons. 
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Figure 7-3. Variances in projection of the trapezoidal anatomy of the distal femur can be misleading with regard to hardware placement, a limitation of 2D imaging 
modalities like fluoroscopy and radiography. This intraoperative fluoroscopic view (A) with slight external rotation perfectly profiles the distal femoral plate but fails 
to reveal the excessively long screws that project well beyond the obliquity of the medial femoral condyle, as seen in the postoperative radiograph (B). 
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Figure 7-4. A: The fluoroscopic assessment of convex periarticular anatomy requires that a screw projects safely within the convex articular surface of the lateral 


malleolus on all views (“if it’s out, it’s out”). B: In comparison, only a single view is necessary to demonstrate a safe screw avoiding intra-articular penetration in 
concave surfaces such as the medial malleolus (“if it’s in on one view, it’s in”). 


Several studies have examined the amount of ionizing radiation that OR personnel are exposed to during the care of fractures when fluoroscopy is 
used.”!4 Fortunately, with modern fluoroscopic systems, measurable radiation exposure is limited to the surgeon’s hands, although they need to limit 
excessive use of the fluoroscope during surgical procedures. A recent meta-analysis found that spine procedures and intramedullary nailing had the highest 
levels of fluoroscopic exposure; they also noted that surgeon radiation exposure was reduced by 96.9% and 94.2% with a thyroid collar and lead apron, 
respectively.!** Matthews et al.'“4 showed that repetitive fluoroscopic scout imaging is often performed to reproduce a specific desired image. In a 
simulated test rig, an average of seven scout images was required to reproduce a given C-arm position.'“4 In contrast, these investigators showed that the 
use of navigation-assisted repositioning using a standard, commercially available image-guided surgical navigation system did not require a single 
additional scout image, with comparable positioning times.!“4 

Like radiography, fluoroscopy is limited by the effect of parallax where peripheral image clarity is altered and sometimes irregularly shaped (nonlinear 
long bones). Patient body habitus may also impede the penetration of the beam producing a poor contrast image. Unique to fluoroscopy compared to 
radiography is the smaller window of view which might amplify the tendency to visualize parallax. One advance in intraoperative fluoroscopy is the ability 
to generate cross-sectional, multiplanar 2D and 3D computer-reconstructed images in real time.!2:!5:39:107,108 The ability to obtain immediate cross-sectional 
images during surgery can help the surgeon assess reduction during the repair of certain intra-articular fractures when direct visualization of the articular 
surface is not possible.” Cross-sectional intraoperative imaging may also be of benefit in situations when hardware placement requires precision, such as 
the insertion of pedicle or iliosacral screws.!® In cadaver models of calcaneal fractures!°” and acetabular fractures,!°8 3D fluoroscopy was superior to 
standard 2D fluoroscopy but comparable to CT for the detection of intra-articular hardware and intermediate between the other modalities in demonstrating 
articular impaction of acetabular fracture! or the articular reduction, or medial screw protrusion in calcaneal fractures.!°” In a clinical series of articular 
fractures, information obtained via intraoperative 3D fluoroscopy led to revision fracture fixation in 11% of cases.!? In another series of patients undergoing 
foot and ankle surgery, 39% of cases with adequate conventional C-arm images were revised intraoperatively after 3D fluoroscopy showed variances in 
fixation.'°' However, it is important to note that while 3D fluoroscopy improves radiologic outcomes, there is no evidence that demonstrates it improves 
clinical outcomes.!!° 


Surgical Navigation 


Although computer-assisted surgical navigation techniques may be performed with cross-sectional imaging data obtained from preoperative CT, 
fluoroscopy is commonly used for surgical navigation because of its flexibility, convenience, lower radiation exposure, and lower cost. Computer-assisted 
surgical navigation has been applied to cervical and thoracic spine fracture fixation,!° placement of percutaneous iliosacral and anterior pelvic column 
screws,°0-!23:152 femoral neck fracture fixation,!*? and intramedullary nailing. ° 

Fluoroscopic surgical navigation requires a specialized computer-based system, which tracks the position of a handheld tool in space. It is necessary to 
“register” the patient’s bone within the computer software based on preoperative CT data or the use of a generic data set. Fluoroscopic views need be taken 
only once; thereafter, all movements of the tool are recorded against the registered bone image and may be displayed in different planes simultaneously, 
superimposed on the static images by the computer system. This dramatically reduces the need for repeated intraoperative imaging, decreasing the time of 
surgery and the radiation exposure of the patient and surgical team. However, intraoperative changes in the patient’s position or in the dimensions of the 
registered bone (such as might occur during fracture reduction) decrease the accuracy of image registration and might benefit from repeat navigation 
sequences. Surgical navigation has been used for hip fractures’? and placement of iliosacral screws.!°* During intramedullary nailing of the femur, surgical 
navigation facilitates accurate entry-point location, fracture reduction, and insertion of interlocking or blocking screws and assists with determination of nail 
and screw length.ê??8 Weil et al.278 used a cadaveric femur model to demonstrate that computerized navigation may increase the precision of fracture 
reduction, while at the same time lessening requirements for intraoperative fluoroscopy. In another cadaveric model, navigated distal interlocking was found 
to lead to less rotational deformity (2 degrees) compared with freehand distal interlocking (7 degrees).” 

Although this technology has been validated, the clinical importance and cost-effectiveness of surgical navigation remain undetermined. Collinge et al. 
compared the safety and efficiency of standard multiplanar fluoroscopy with those of virtual fluoroscopy for use in the percutaneous insertion of iliosacral 
screws in 29 cadaver specimens. Interestingly, both methods were equally accurate; one screw was incorrectly inserted in each group, and both groups 
contained examples of screws with minor deviations in trajectory. Although the actual time for screw insertion was less with virtual fluoroscopy (3.5 
minutes vs. 7.1 minutes), this was offset by the increased time needed to set up and calibrate the image-guided system. ° Liebergall et al.!2° showed 
improved screw parallelism and screw spread when navigation was used during repair of femoral neck fractures, and this correlated with fewer reoperations 
and overall complications in the navigated group. Expected advancements within the field if orthoapedic trauma surgical navigation will determine the 
overall cost-effectiveness and precisional value to this imaging technique. 


COMPUTED TOMOGRAPHY 


Brief Overview 


Advances in technology and computer science have guided the development of several new generations of CT scanners which allow surgeons to optimize 
their evaluation and treatment of patients. MDCT scans are now commonplace and produce multiplanar and 3D reconstructions that provide surgeons with 
optimal information to characterize injury patterns. With the advent of cone-beam technology, intraoperative CTs are capable of depicting fracture reduction 
and implant alignment potentially improving patient outcomes. 3D printing allows surgeons to template and prepare for complex surgeries such as malunion 
correction. 4D CT technology is emerging and allows visualization of dynamic cine movies to better characterize joint biomechanics and weight-bearing CT 
scans can be performed to better understand joints under physiologic load. Projection-based metal artifact reduction (MAR) systems and dual-energy CT 
can both reduce the historic metal artifact seen in CT, which is extremely important when evaluating postoperative fracture reduction, hardware malposition, 
nonunion, infection, or new fracture. 

CT remains the imaging modality of choice for preoperative planning of complex periarticular fractures and for evaluating occult fractures of the spine, 
pelvis, and extremities. The trauma indications for CT continue to expand: evaluating intra-articular extension of metaphyseal or diaphyseal fractures, the 
assessment of postoperative reduction, identifying soft tissue wounds with traumatic arthrotomy, and diagnosing nonunions, malunions, infections, and bone 


lesions. As the technology continues to improve, intraoperative CT and CT coupled with navigation and robotics will play a more prominent role in the 
future of trauma surgery. 


History of CT and Technical Considerations 


Thus far, CT has had the greatest clinical impact of any of the radiographic imaging modalities, and continued technologic advances allow for improved 
treatment of acute fractures, nonunions/malunions, infections, tumors, and more. The inventors of CT, Godfrey Hounsfield and Allan Cormack, received the 
Nobel Prize for Medicine in 1979. Since its inception in the early 1970s, advances in technology have guided the development of several new generations of 
CT scanners, each capable of greater throughput and improved resolution. 

Helical (spiral) CT scanners were developed in the late 1980s and are so named because of the helical path the x-ray beam takes through the patient. The 
development of “slip ring” technology allowed the gantry (x-ray tube and detectors) to rotate continuously around the patient, whereas with previous- 
generation scanners, gantry rotation was constrained by electrical cables, which needed to be unwound in between slice acquisitions. With nonhelical 
scanners, table position was incrementally advanced in between slice acquisitions; with slip ring technology, the table position is advanced continuously 
while the gantry rotates, resulting in a helical x-ray beam path. The first dual-slice helical scanner was demonstrated in 1992, with 4- and 16-slice models 
appearing in 1998 and 2001. Compared to a single row of detectors in the early single-slice helical scanners, multislice (multidetector CT or MDCT) 
scanners have multiple rows of detectors present within the gantry and are designed to allow acquisition of multiple slices at the same time. 

The data sets from single-slice and multislice scanners are both helical in nature, and individual slices must be interpolated from the data set. Minimum 
slice thickness is set by the original x-ray beam collimation (single-slice scanners) or detector width (multislice scanners). Any number of slices may be 
reconstructed at any position along the long axis of the patient and in any thickness equal to or greater than the minimal slice thickness. This allows 
reconstruction of overlapping slices (typically 50% overlap), which increases the sensitivity for detecting small lesions that may otherwise be averaged 
between adjacent slices. This also results in twice as many images, with no increase in scan time or radiation dose to the patient. 

Multiplanar reconstructions (MPRs) and 3D reconstructions are also routinely performed with both single-slice and multislice helical scanners. Today’s 
CT examinations routinely produce hundreds of images, and MPR and 3D reformatting assist surgeons in interpreting this data and treating the patient (Fig. 
7-5). Advances in detector technology have allowed slice thickness to decrease such that slice thicknesses of 0.5 mm are routinely achieved clinically and 
allow acquisition of isotropic voxels. A voxel is the 3D equivalent of a pixel and represents the volume of tissue represented by a single pixel; isotropic 
voxels have uniform thickness in all directions (e.g., 0.5 x 0.5 x 0.5 mm). Acquisition of images with isotropic voxels results in MPRs that have in-plane 
resolutions equal to those of the original axial image. In addition, the use of overlapping images is useful in 3D reconstructions to eliminate artifact. 

Intraoperative CT scans are being used more frequently in orthopaedic trauma surgery. MDCT was traditionally a very large device not suited for the 
OR. However, new MDCT units are available and designed for use in the OR, such as the AIRO (Brainlab) and the BodyTom (Samsung).”!” Many of the 
emerging intraoperative units are cone-beam computed tomography (CBCT), which are fluoroscopy units, similar to a standard intraoperative fluoroscopy 
machine, that have scintillation counters. The machines can reconstruct 3D images in DICOM format. CBCT was initially used in dentistry/oral surgery and 
has extended to other fields, including orthopaedic trauma surgery. Intraoperative CT scans use less energy, cost less money, and allow for simple use by a 
radiology technologist. In addition, the unit can be used for intraoperative fluoroscopy as well as intraoperative CT.*!” It must be noted that CBCT has a 
smaller examination field, has more noise and truncation artifacts, and is not as useful for imaging soft tissue. A calibration target/receiver is no longer 
needed, which reduces space required for the CT machine in the OR. FPD-based technology allows for digitization at the image-generating source to 
automatically correct the image and no calibration target is indicated. Intraoperative imaging can be coupled with both navigation and robotics. 
Intraoperative CT systems, such as the O-arm (Medtronic), Vario 3D by Ziehm, or Surgivisio (eCential), can be coupled with navigation systems and may 
improve reduction and fixation in trauma surgery. Intraoperative CT coupled to robotics is currently used in spine and arthroplasty surgery and may become 
more prominent in trauma surgery as the technology advances. 


gu . A: Anteroposterior view of a right acetabular fracture dislocation. B: Axial computed tomography (CT) better reveals the extent of comminution of the 
posterior wall, as well as demonstrating the persistent posterior dislocation of the hip. C, D: With high-resolution 3D reconstructions, a more “anatomic” appreciation 
of the fracture pattern is possible, similar to what the surgeon would view at surgery. Note the “ghosting” technique used to remove the other bones, most notably the 
femoral head, that would otherwise obscure the view. For complex fractures such as this, advanced CT scanning is unparalleled. 


Developments in rapid-prototyping technology and 3D printing now readily allow CT data to be used to develop physical models of the imaging target. 
Such models have been extensively used in maxillofacial reconstruction and are now beginning to be used for management of complex orthopaedic 
fractures, deformity, malunions, tumors, and more. 

It must be noted that conventional MDCT provides clinicians with a static image, while the patient is typically supine without movement or loading of 
the joints/extremities. Dynamic CT, otherwise known as a 4D CT, is an emerging diagnostic tool to assess joint biomechanics.” Specifically, 4D CT allows 
the reconstructions to show dynamic cine—-movies. While 4D CT has been used in other specialties, such as parathyroid and esophageal surgery, in traumas 
it is beginning to be used for diagnosis and preoperative planning, specifically in the upper extremity. Thus far, there is research on 4D CT for diagnosis of 
costoclavicular impingement, scapholunate instability, capitate subluxation, pisotriquetral instability, acromioclavicular dislocation, and snapping 
scapula.?*¥)’*° The indications for 4D CT will continue to expand, specifically in the lower extremity and further investigation will be needed. 

Similarly, conventional CT is most often used without physiologic loading to the imaged extremity. However, emerging CBCT allows for weight- 
bearing imaging. Recent studies have looked at pre- and postoperative evaluations of total ankle replacements, patellofemoral instability after MPFL 
reconstruction, architecture of the foot in the diabetic foot, flatfoot reconstruction, and syndesmotic instability.‘*''%* A recent systematic review and meta- 
analysis found that weight-bearing CT measuring the syndesmotic area to be the most reliable parameter in assessment of syndesmotic injuries. The authors 
concluded that weight bearing CT (WBCT) could be used when there is clinical concern for syndesmotic instability.*°’ In short, improving technology will 
expand the applications of CT and further research will determine which methods lead to improved surgeon understanding of injuries and optimal patient 
outcomes. 


Metal Artifact Suppression and Options 


Orthopaedic hardware results in undesirable metallic streak artifact on standard CT images, which frequently obscures surrounding bone and soft tissue 
detail.” As x-ray beams pass through a metallic object, this leads to impaired image quality of the adjacent tissue and the metallic object itself. Metal 
artifacts are caused by multiple mechanisms; the two major reasons being photon starvation and beam hardening. > As an x-ray beam passes through any 
material, attenuation occurs, which is when photons are absorbed and scattered because of the interaction between the photons and the atoms in the material. 
Since metals have larger atomic numbers than soft tissues, there is more attenuation of the x-ray beam (due to the photoelectric effect), thus an insufficient 
number of photons reaches the detector. This is known as photon starvation. Conventional CT scans use a polychromatic x-ray beam, which means photons 
have a range of energies. Beam hardening is when low-energy photons are attenuated while high-energy photons are less likely to be attenuated. Again, 


materials such as metals with higher atomic numbers are more likely to cause this effect, due to the probability of the photoelectric effect which is 
proportional to the atomic number divided by the energy, cubed (Z/E).>103 

Conventional approaches to correct metal artifacts include using a higher tube charge (mAs setting) to allow more photons to pass through the hardware 
or using a higher peak voltage, to allow a higher energy of photons and thus less photon starvation. These techniques may only slightly reduce metal 
artifacts and subject the patient to a higher radiation dose. Modern MAR techniques include projection-based MAR algorithms and dual-energy CT, which 
do not give an additional radiation dose to the patient. 

Projection-based MAR systems identify the corrupted data and then replace it with estimates of the correct data. This algorithm is more effective for 
reducing artifacts in photon starvation, especially in patients with a significant amount of metallic implants and metal with higher atomic numbers.’ Dual- 
energy CT involves use of two different energy spectra (high and low), which is available through a dual-source CT scanner that has two x-ray tubes, or a 
single-source CT scanner. Single-source dual-energy CT can either alternate between the energies, split the output into low- and high-energy x-ray beams, 
or use a dual-layer detector system to detect low- and high-energy spectra. Of note, radiologists must decide to use dual-energy CT prior to imaging, except 
for the dual-layer detector system which can perform either single- or dual-energy CT. By using both high- and low-energy spectra, a virtual 
monochromatic image can be calculated to determine which energy level allows for the best image quality. High-energy levels (95-150 keV) can reduce the 
effects of beam hardening. Besides MAR, dual-energy CT can also evaluate for occult fractures by detecting marrow edema and organ/soft tissue perfusion, 
which has historically been done with angiography and MR imaging.”°” 

Use of MAR algorithms can significantly improve CT images and improve diagnostic performance. Fayad et al.°’ reviewed the use of 3D CT images 
obtained using 64-MDCT in assessing postoperative complications in patients with orthopaedic hardware, including nonunion, infection, new fracture, or 
hardware malposition. Postoperative MDCT after surgical repair of tibial plateau fractures has been shown to accurately image the articular surface and to 
be useful for assessing fracture healing, despite the adjacent metal implant. 156 
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Applications 


CT remains the imaging modality of choice for preoperative planning of complex fractures and evaluating for occult fractures of the spine, pelvis, and 
extremities. CT is now routinely used for evaluating intra-articular extension in metaphyseal or diaphyseal fractures, postoperative reduction assessment, 
open fractures, ruling out traumatic arthrotomy, nonunions, malunions, infections, bone lesions, and combat injuries. As the technology continues to 
improve, intraoperative CT assessment is more practical to assess fracture reduction and safe implant placement. CT linked to navigation and robotics is an 
emerging frontier that may have a more prominent role in the future of orthopaedic trauma surgery. 


Axial (cross-sectional) CT cuts provide important information regarding 3D relationships that may not be evident on plain films (Fig. 7-6). In addition to 
high-resolution axial images, MPRs are commonly performed to create coronal, sagittal, and 3D images. This information provides critical data about the 
displacement of fracture fragments, including assessment of intra-articular displacement, articular surface depression, and bone loss. In additional to the 
bony structures, soft tissue windows can allow the treating surgeon to identify potential injury to adjacent neurovascular structures and tendons. Extremity 
CT scans can be obtained acutely or in a delayed fashion after provisional external fixation in high-energy tibial pilon and plateau fractures. If staged 
fixation is planned, a CT scan obtained after reduction or external fixation allows for better visualization of the fragments for the definitive fixation stage. In 
the setting of open fractures, a preoperative CT scan before the initial debridement and irrigation surgery can enhance the surgical tactic with respect to 
understanding the necessary fracture reduction sequences and safe surgical approached given the location of traumatic wounds and soft tissue status. CT is 
indicated for the assessment of fractures of the spine, scapula, proximal humerus, distal radius, pelvis and acetabulum, tibial plateau, tibial plafond, 
calcaneus, and midfoot. 


Figure 7-6. Modern CT workstations allow for numerous depictions of the fracture within axial, sagittal, and coronal planes, as well as various 3D orientations. Note 
the use of reference lines on the standard 2D imaging to localize the area of marginal impaction in this complex pilon fracture. 


Besides high-energy fractures, CT scan is quite helpful in identifying occult fractures and intra-articular involvement with long bone fractures, such as 
distal femur and spiral or distal third tibial shaft fractures. In 2022, Myatt et al. found that almost half of tibial shaft fractures had intra-articular extension 
and that a low threshold for preoperative CT should be maintained. Out of 442 diaphyseal tibia fractures, 107 patients had a posterior malleolar fracture 
(24.21%) and 128 patients had intra-articular extension other than a posterior malleolar fracture (28.96%).!57 


In the upper extremity, CT is commonly performed to evaluate fractures of the scapula, proximal humerus, and distal radius.**°°’° For proximal 
humeral fractures, simple axial images provide important information about the glenohumeral relationship, demonstrate glenoid rim fractures, and reveal 
whether the tuberosities of the humerus are fractured. Occult fractures of the coracoid process and lesser tuberosity are readily seen.” For distal radial 
fractures that mandate surgical reconstruction, CT is more accurate than conventional radiography in demonstrating involvement of the distal radioulnar 
joint, the extent of articular surface depression, the amount of comminution, and occult carpal bone fractures.” 3D CT was found to further improve the 
accuracy of fracture classification and to influence treatment decisions compared to standard 2D CT in a series of 30 intra-articular distal radius fractures. 
MDCT was compared to conventional radiography in a series of 120 distal radius fractures.** In this study, MDCT was dramatically better at demonstrating 
central articular impaction than plain radiography and 26 radiographically occult injuries to the carpus were also identified. Furthermore, the recommended 
treatment plan changed in 23% of the cases based on information provided by the CT evaluation. 

CT is routinely used in evaluating pelvic and acetabular fractures. Although an important part of the treatment for hemodynamically unstable trauma 
patients, pelvic binders can make the overall assessment of fracture displacement and instability problematic. Subtle avulsion fractures of the inferolateral 
sacrum, ischial spine, and superior pubic ramus seen on MDCT are evidence of rotational instability of the pelvis.’ CT with sagittal reconstruction is useful 
in diagnosing the so-called U fracture of the sacrum and potential lumbopelvic dissociation.*°” The use of pelvic CT in the management of elderly patients 
with a low-energy fall is more controversial. One study of 233 elderly patients showed that 22% of patients with negative plain radiographs of the posterior 
pelvis had sacral fractures on CT.” However, a more recent study including clinical outcomes demonstrated that for patients with minimally displaced 
pelvic ring injuries, obtaining a CT scan to diagnose posterior ring injuries did not affect management or outcomes.’*” For the assessment of acetabular 
fractures, classification according to the system of Letournel is more accurate when CT is used compared to plain radiographs alone.*’” CT is also better 
than conventional plain radiography at identifying intra-articular step-offs and gaps and is considered an essential part of the preoperative acetabular 
evaluation.~? Reformatted images can be obtained in oblique planes to simulate standard Judet radiographs ( ). In one study, five orthopaedic trauma 
surgeons with varying trauma experience compared 77 images from 11 different patients with acetabular fractures.~° The reviewers were asked to identify 
primary fracture lines and to classify each fracture according to the Judet—Letournel system; each patient had two sets of three images (one with traditional 
Judet radiographs and one with reformatted CT scans). When compared to the surgical findings, both sets of images performed equally well, and reviewers 
reported equivalent confidence in their ability to recognize fracture characteristics with each type of imaging.” Postoperative CT after acetabular fracture 
repair has identified residual articular defects or incongruities better than plain radiographs.~’ Because small intra-articular bodies may not be visible on 
radiographs, one should consider obtaining CT imaging in all patients who sustain a hip dislocation, even when plain radiographs appear to be normal. 
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Computed tomography of the pelvis reformatted in 45-degree right and left oblique planes (bottom) to simulate the traditional plain film Judet views of 
the pelvis. The corresponding anteroposterior view is shown above. (Courtesy of Dr Rena Stewart.) 


The impact of CT on tibial plateau fracture management is well described. In one study, when using just conventional radiographs for formulating a 
treatment plan, the mean interobserver kappa coefficient was 0.58, which increased to 0.71 with the addition of CT. The mean intraobserver kappa 
coefficient for fracture classification using radiographs was 0.70, which increased to 0.80 with addition of CT. With the addition of CT, the fracture 


classification was changed in 12% of cases, whereas the treatment plan was altered 26% of the time.*° In another study, Wicky et al.?2° compared helical 
CT with 3D reconstructions to conventional radiography in patients with tibial plateau fractures and found that fracture classification was underestimated in 
43% of cases by radiographs. Among a smaller subset of patients in whom operative plans were formulated with and without CT, the same investigators 
found that the addition of helical CT 3D reconstructions led to modifications in the surgical plan in more than half the cases.?30 

Tornetta and Gorup?!’ evaluated the use of preoperative CT in the management of tibial pilon fractures. Twenty-two patients were studied with both 
conventional radiographs and CT. The fracture pattern, number of fragments, degree of comminution, presence of articular impaction, and location of the 
major fracture line were recorded. CT revealed more fragments in 12 patients, increased impaction in 6 patients, and more severe comminution in 11 
patients. The operative plan was changed in 64% of cases, and additional information was gained in 18 (82%) patients.?!9 

CT is valuable for assessing fractures of the hindfoot. CT reveals bone debris in the subtalar joint than radiographs for patients with lateral process 
fractures of the talus. MDCT has been valuable for the preoperative planning of calcaneal fractures. Prior to the classic article in 1993 by Sanders et al., 
there was not a prognostic classification system for characterizing calcaneus fractures. The Sanders classification of calcaneal fractures was based upon CT 
and was found to aid in decision making for the surgeon and to have prognostic significance, where excellent or good clinical results declined from type I to 
type IV fractures.!9° 

In the spine, helical CT has become the imaging modality of choice. The latest ACR Appropriateness Criteria recommend axial MDCT with sagittal and 
coronal reconstructions as the primary imaging modality of choice for suspected spine trauma.®? In addition to its high diagnostic sensitivity, MDCT is more 
time effective, reducing imaging time by as much as 50% compared to radiography—time that may be critical to a trauma patient.>! A variety of 
measurements that incorporate CT data have been described that are useful in the assessment of the cervical spine following injury, including cervical 
translation and vertebral body height loss, canal compromise, spinal cord compression, and facet fracture and/or subluxation.*? Despite its greater initial 
expense, CT has been shown to have sensitivity and specificity of 96%, both greater than for conventional plain radiography.®° Grogan et al.®° present a 
decision analysis emphasizing cost minimization and conclude that helical CT is the preferred initial screening test for detecting cervical spine injury in 
moderate- to high-risk trauma patients. Determination of need for surgical management using the Subaxial Cervical Spine Injury Classification (SLIC) 
System scores may be determined by CT alone.!°? However, clinicians depending on MDCT of the spine for the imaging of trauma should be aware of 
potential diagnostic pitfalls, including accessory ossification centers, developmental disk abnormalities, vascular channels, and image artifacts. The 
prevalence of incidental findings in cervical spine CT imaging increases with patient age and in those with high-injury severity scores. Finally, Griffith et al. 
suggested that CT of the cervical spine in trauma is overutilized, and that strict adherence to NEXUS guidelines for imaging could reduce the need for CT of 
the neck by 20%.*4 


Traumatic Arthrotomy and Open Fractures 


CT scans can identify traumatic arthrotomies and open fractures with excellent accuracy. Historically, a saline load test has been used to diagnose traumatic 
knee arthrotomies in the ED; however, intra-articular air seen on CT is being used more frequently. Updated studies have shown that a saline load test of 15 
to 195 mL is required to reach a 95% sensitivity. 106164218 One study has shown a false-negative rate of 67%, and a false-negative rate of 9% with the saline 
load test.!4” Konda et al. evaluated 37 patients who received both a CT scan and saline load test, and the sensitivity and specificity of the CT scan was 100% 
compared with 92% for the saline load test (p < .001).!!° Another study by the authors showed a 27% rate of open fractures and traumatic arthrotomies in 
open wounds around the knee. The study found that the CT altered management of the patient 43% of the time and recommended routine use of CT to 
evaluate knees with deep periarticular wounds, especially gunshot injuries, given the high incidence of open fractures.''® Similarly, for the detection of 
traumatic arthrotomy of the wrist and elbow, CT scans can effectively diagnosis traumatic arthrotomies with good sensitivity and specificity in cadaveric 
models.98.175 

Gas noted on CT imaging may be associated with open fractures, but the so-called vacuum phenomenon gas has been noted in 17% of closed lower 
extremity fractures.!6? Thus, the presence of gas in a traumatized limb, whether subfascial or intra-articular, may not be pathognomonic of an open injury 
and clinical judgment should be used. 163 


Intraoperative and Postoperative Evaluation 


CT plays an important role in intra- and postoperative assessment of complex fractures. Several studies have looked at quality of postoperative reduction on 
CT scan and patient outcomes. Moed et al.!°° compared the functional outcome of 67 patients with posterior wall acetabular fractures with the findings on 
postoperative CT. In this study, postoperative CT more accurately revealed the degree of residual fracture displacement compared with conventional 
radiographs, and the accuracy of surgical reduction seen on postoperative CT was highly predictive of the clinical outcome.!°° In a series of operatively 
treated tibial plateau fractures, clinically relevant information regarding articular depression or fracture healing that was not apparent on plain radiographs 
was found in 81% of cases imaged with MDCT.!°° Vasarhelyi et al.?2° found side-to-side torsional differences of greater than 10 degrees in one-quarter of 
61 patients undergoing fixation of distal fibula fractures.22° Kurozumi et al. correlated postoperative radiographs and CT with functional outcomes in 67 
patients with intra-articular calcaneal fractures and found that better reduction of the calcaneocuboid joint and posterior facet of the subtalar joint correlated 
with improved outcome. 

As technology improves, intraoperative CT is being used more frequently by orthopaedic trauma surgeons because it allows for an immediate 
assessment of the reduction and fixation construct rather than subjecting the patient to revision surgery with a postoperative CT study. This may improve 
patient outcomes that are typically linked to the quality of the reduction. Carelsen et al. looked at intraoperative CT (3D-RX), and with independent review 
of the imaging, the intraoperative 3D-RX showed significantly more information as to screw position and rotation of the fracture reduction when compared 
to conventional 2D fluoroscopy (p < .005). The authors evaluated 81 patients, none of whom needed surgical revision based on postoperative imaging.°9 
Similarly, Beerekamp et al. studied 231 patients who underwent ORIF of calcaneal fractures using intraoperative 3D imaging and found that corrections 
were performed in 53% of the patients.!® In their prospective cohort study, Sebaaly et al. found that using intraoperative CT/navigation (O-arm) for 
displaced acetabular fractures allowed for improved reduction (87.1% reduction vs. 64.7%, p < .05, and 3.6-mm mean gap vs. 5.6 mm, p = .01, in the O-arm 
group compared to the control group, respectively). The authors concluded that intraoperative CT/navigation allowed for improved reduction, similar 
operative time, and decreased radiation time.2° It must be noted that besides the potential for improved patient outcomes, intra- and postoperative CT can 
be a powerful education tool for residents, fellows, and surgeons to assess the quality of their reduction and fixation. 


Nonunion and Malunion Characterization 


Conventional radiographs are often limited in demonstrating the exact persistence and location of fracture lines, while such nonunions are more readily 
depicted on CT imaging (Fig. 7-8).2! Multiplanar and 3D reconstructions can be helpful in evaluating persistent fracture nonunion and surgical 
management. Assessing partially united fractures can be difficult, even with CT. The accuracy of CT in detecting nonunion was evaluated by Bhattacharyya 
et al.2! who studied 35 patients with suspected tibial nonunion and equivocal plain radiograph findings. In this series, the sensitivity of CT for detecting 
nonunion was 100%, but its accuracy was limited by a low specificity of 62%, because three patients who were diagnosed as having tibial nonunion by CT 
were found to have a healed fracture at surgery.” 


A 
Figure 7-8. A: Anteroposterior radiograph of a patient who had persistent knee pain after surgical repair of a medial femoral condyle fracture. B: Computed 
tomography of the distal femur clearly with 2D reconstructions in the coronal and sagittal planes provides unambiguous evidence of fracture nonunion. 


A more interesting role for CT is evaluation of early fracture healing. CT reveals external callus formation earlier than conventional radiography and 
allows for more complete and detailed visualization of fracture healing, which may be obscured by overlying casts and/or fixation hardware on radiographs. 
The use of multidetector 3D CT techniques and MAR can further improve the visualization of nonunion adjacent to metal hardware.®” Lynch et al.134 
developed a means of measuring changes in CT density at fracture sites by quantifying the formation of mineralized tissue within fracture gaps while 
ignoring loss of bone mineral caused by disuse osteoporosis. In a preliminary study of seven patients with distal radius fractures, this technique 
demonstrated increased CT density 2 weeks after fracture that correlated with the visual appearance of sclerosis and blurring of the fracture line on 
conventional radiographs.!** Although insightful, the use of early CT scanning of routine fracture healing is uncertain at this time for predicting fracture 
healing or complications. Further studies might support earlier weight bearing or return to work/sport than our conventional timelines. 

Malunion is a complication evaluated and treated by traumatologists that can lead to significant functional impairment and chronic pain in some 
patients. Malunion surgery often requires significant preoperative planning, and the surgeries can be technically challenging. CT, specifically 3D CT of both 
the abnormal and normal limbs, can allow for characterization of the deformity and complex preoperative planning.!8 Virtual osteotomy and/or reduction 
of fracture fragments can be performed using the CT scan and computer software, including the selection of appropriate implants. Using 3D printing, 
patient-specific instruments, and osteotomy guides, implants can be designed to assist with intraoperative osteotomy, malunion correction, and fixation. 148 


Infection and Bone Tumor Workup 


While a detailed description of infection and bone tumor imaging is outside the scope of this chapter, it should be mentioned that CT has an important role 
in the workup of these entities. With respect to infection, CT is more sensitive than traditional x-ray; however, MRI is the most sensitive study when 
evaluating musculoskeletal infection and MRI can also detect bone marrow changes earlier than CT scan.2* However, CT may provide a role in infection 
and tumor workup when a patient is unable to obtain an MRI due to absolute contraindications (such as a non-MRI compatible pacemaker, metallic 
intraocular foreign bodies, cerebral artery aneurysm clips), or when the access to MRI is limited. 

MRI is the most sensitive when evaluating bone lesions and MRI of the entire bone should be ordered when evaluating lesions suspicious for primary 
bone tumors. However, in certain circumstances, CT scans of a tumor can be helpful. CT can often confirm the benign appearance of lesions seen on x-ray, 
such as an enchondroma, osteochondroma, or enostosis (bone island). MDCT allows for precise anatomical delineation and visualization of bony changes 
including calcifications, mineralization, cortical changes, and periosteal reaction.®! In certain circumstances, CT scans of a bony tumor can be very useful, 
such as in osteoid osteoma, where the nidus is better visualized on a CT and can be misleading on an MRI.!79 CT does not, however, show soft tissue 
characteristics of the tumor or the extent of the medullary canal involvement.®!-!79 


MAGNETIC RESONANCE IMAGING 


Brief Overview 


As MRI technology continues to evolve, its application within acute and subacute trauma care is expanding. Unlike most imaging modalities, MRI uses 
radiofrequency (RF) waves and a strong magnetic field rather than ionizing radiation. The benefit of advanced soft tissue and marrow imaging with MRI 
offers a highly sensitive assessment for occult fractures, osteochondral defects, ligamentous and tendon injury, muscular abnormalities, as well as tumor and 
infection. Various imaging sequences with and without contrast or arthrography further enhance the fine detail not attainable by alternative imaging. 
Specific anatomic protocols offer optimal oblique articular orientations along with 2D and 3D depictions to enhance diagnostics and operative planning. The 
historic disadvantage of traditional MRI metallic artifact has been mitigated with new protocols to suppress image scatter around indwelling trauma 
implants (plates, screws, nails, and arthroplasty). In response to its wide use, commonly used external fixation constructs must now pass “MRI conditional” 


or “MRI safe” testing. This has also expanded to other medical subspecialties modifying their devises where patients were ineligible for MRI due to 
pacemakers, implantable cardiac defibrillators, cochlear implants, brain aneurysmal vascular clips, infusion pumps, and catheters. However, select patients 
remain unsafe for MRI and alternative imaging modalities should be considered. The magnetic MRI field can cause dangerous interactions in patients with 
metallic foreign bodies that include a projectile effect, metal twisting or burning, image artifact, and device malfunction. Thus, all patients should be 
thoroughly screened before undergoing an MRI scan. All orthopaedic surgeons should have a fundamental knowledge of the contraindications for obtaining 
an MRI, the ability to assess MRI safety, a patient’s overall medical condition, and compatibility of medical devices to keep patients safe. 


Technical Considerations 


MRI was first introduced in the early 1980s, and the resulting explosion of technology continues to advance and broaden the indications for use. MRI is one 
of the most valuable diagnostic imaging studies in orthopaedic trauma due to its ability to show fine soft tissue detail through different sequences and 
contrasts, image orientations, and 2D or 3D projections.” MRI does not use ionizing radiation like standard radiographs, fluoroscopy, and CT. Rather, 
MRI uses RF waves, in the presence of a strong magnetic field, to interact with the patient’s hydrogen atoms (protons) and create images of superb soft 
tissue contrast. Although the physics of MRI is complex and too detailed to review in this section, the more practical aspects of MRI relevant to the 
evaluation of orthopaedic imaging will be discussed. 

Modern high-field-strength MRIs use powerful magnets to align the protons within the tissue being evaluated. An RF pulse or wave is generated and 
when the pulse is turned off, the tissues release the absorbed energy at different rates, which determines their T1 and T2 times. T1 time is the time it takes 
for protons to realign with the magnetic field. T2 denotes the time it takes for synchronized protons to lose their coherence. An RF coil is used to detect the 
emitted energy from the protons as they return to baseline.%° 

Present-day MRI scanners may be classified according to their field strength. The basic unit of measurement of magnetic field strength is the Gauss (G); 
the earth’s magnetic field measures approximately 0.5 G. Field strengths for MRI are much greater and are measured in Tesla (T), which is defined as 
10,000 G. Low-field-strength scanners are typically 0.2 to 0.3 T and are commonly used in outpatient settings as “extremity” or “open” scanners. High- 
field-strength scanners are generally those greater than 1 T, with optimal orthopaedic imaging occurring at 1.5 to 3.0 T. The 3-T scanners are more 
expensive and have a limited selection of receiver coils. Advantages of higher—field-strength scanners include increased capability, increased resolution and 
image quality, and decreased scan time. 

The RF coils are an essential element of any MRI system. RF coils are used to transmit RF waves into the patient, as well as receive RF signals 
(“echoes”) from the patient during the examination. A standard “body” coil is incorporated into scanners as a default coil from which to both send and 
receive RF signals. The body coil is located within the housing of the magnet and, as a result, is located some distance from the patient. This distance factor 
decreases the strength of the RF signal received from the patient; although this is not a problem for imaging larger body parts such as the abdomen and 
pelvis. Specialized RF coils are available for smaller body parts in the extremities and are routinely used to increase the quality of the MRI study. These 
coils are usually “receive-only” coils, meaning the body coil transmits the RF pulse; some specialty coils, however, incorporate both transmit and receive 
functions. These smaller coils are placed around or over the body part to be scanned, which decreases the distance from the patient’s anatomy to the coil and 
results in greater signal return from the underlying tissue. This increases the signal-to-noise ratio (SNR) of the resulting images and produces images of 
greater contrast resolution and higher image quality. 

Advances in RF coil technology have led to the wide variety of RF coil designs available today. Volume coils encircle the anatomy of interest and 
provide increased signal homogeneity. Surface coils are placed over the anatomy of interest and significantly improve near-field signal strength returning 
from the underlying anatomy. Quadrature and phased-array coil designs incorporate multiple coil elements with electronic coupling to increase signal 
strength and SNR. Specialized coils are available for orthopaedic imaging and include dedicated phased-array coils, as well as various sizes of flexible 
surface coils. 

MR images are generated using a series of pulse sequences. The term pulse sequence refers to sequence of RF pulses that are applied in concert with a 
series of magnetic gradients. These pulses are applied in a particular order and with a particular timing scheme, with the RF coils listening for the resulting 
“echoes” at specific time intervals. Pulse sequences determine the type of image contrast produced. During each pulse sequence, magnetic gradients are 
applied to the main magnetic field to achieve spatial localization. A magnetic gradient along the long axis of the bore of the magnet (and patient) is used for 
slice selection, whereas gradients along the transverse plane are responsible for frequency and phase encoding which result in localization within the 
transverse plane. Most MRI examinations are particularly loud as a result of rapidly switching the gradients on and off, thereby necessitating the safe use of 
earplugs or headphones during the test study. Inherent in all pulse sequences are specifications for parameters such as geometry (imaging plane, field of 
view, number of slices), resolution (number of frequency and phase encoding steps, slice thickness), and image contrast (repetition time [TR], echo delay 
time [TE]). A collection of multiple pulse sequences used for a particular examination is often referred to as a protocol. 

Common sequences used in orthopaedic imaging include spin echo ([SE], T1-weighted [T1W] and T2-weighted [T2W], proton density), and gradient- 
echo (gradient-recalled echo [GRE]) imaging. SE sequences are most frequently used in conjunction with a fast-imaging technique, termed fast spin-echo 
(FSE) or turbo spin-echo (TSE) imaging, depending on the manufacturer. SE sequences provide T1W, proton density (PD), and T2W image contrast based 
on selection of the parameters TR and TE. T1W images include a pulse sequence with a short TR and TE.°° T1W images tend to depict anatomy well and 
are sensitive, but not specific, for pathology. Fat, proteins, hemorrhage (iron), melanin, and gadolinium classically have a high signal intensity on T1W 
images. T2W pulse sequences have a long TR and long TE. T2W images are fluid-sensitive images and tend to depict pathology well. PD images are 
neither T1W nor T2W, and contrast is derived from differences in PD within the tissues. PD images are commonly used in orthopaedic imaging, as they 
result in high SNR images and depict anatomy and pathology well. PD can be an excellent sequence for fibrocartilage.°° PD images are often acquired in 
conjunction with T2W images during the same pulse sequence; in this case, the PD image is referred to as the first echo and the T2W image is called the 
second echo. This combination may also be referred to as a double echo (DE, 2E) sequence. Finally, GRE imaging is a collection of sequences that are 
typically T2W and can be obtained using 2D or 3D techniques. GRE can have significant artifacts, which can be used when looking for small amounts of 
hemorrhage (hemosiderin), gas, or metallic foreign bodies.°° For example, giant cell tumor of tendon sheath (formerly known as pigmented villonodular 
synovitis) will have blooming artifact on GRE sequences due to the iron in the hemosiderin.!%° 

One consequence of FSE/TSE techniques is that fat, like fluid, is relatively bright on PD and T2W sequences. Fat suppression (FS) techniques are 
necessary to evaluate for edema or fluid with fat-containing tissues, such as bone marrow. Two techniques are commonly used in musculoskeletal imaging: 
short T1 inversion recovery (STIR) and chemical saturation (“fat-sat,” spectral saturation or frequency-selective fat saturation [FSFS]). FSFS involves use 
of a special gradient to stop the signal from fat. Typically, this sequence is used with T1. T1W FS sequences are typically used after contrast (gadolinium) 
enhancement to distinguish areas of enhancement from fat, whereas PD FS and T2W FS sequences are used in evaluating a variety of tissues, including 


bone marrow and articular cartilage. FSFS can have several problems, including inhomogeneous FS due to inhomogeneous magnetic field. In addition, MRI 
scanners with lower field strength (<1 T) are unable to use FSFS due to inability to separate fat and water. STIR is a good alternative to FSFS when 
inhomogeneous FS becomes a problem, or the magnet has a low field strength. 

STIR is a distinctive spin echo pulse sequence that uses different tissue relaxation times and results in suppression of a particular tissue based on the 
choice of an additional parameter, TI. A relatively short TI value of 150 ms results in suppression of fat-containing tissues. This sequence tends to be 
relatively low in SNR and consequently is often performed at lower resolution. STIR is less affected by variations in magnetic field homogeneity, and 
results in fairly uniform FS throughout the image. This sequence is ideal for low—field-strength magnets and patients with metal implants. Gadolinium and 
fat have similar relaxation times, so they appear dark on STIR sequences.’” Thus, STIR images cannot be used to evaluate gadolinium-contrast 
enhancement and are less useful for MR arthrography or intravenous contrast studies. 

Developing orthopaedic imaging protocols is a challenging task that involves balancing trade-offs in signal (SNR), spatial resolution, contrast resolution, 
and image acquisition time. Low-SNR images tend to be “noisy” or “grainy” and unpleasant to view. Higher-resolution techniques result in both lower SNR 
and longer acquisition times and may not be practical for all patients; for this reason, lower-resolution techniques may be required. Many patients are unable 
to tolerate long scan times because of pain and limitations on movement during the examination and motion artifact may become a problem. 


Metal Artifact Suppression and Options 


MRI artifacts (wraparound, motion artifact, pulsation artifact, metallic artifact) represent additional sources of image degradation that can be difficult to 
eliminate. Metal artifact is a particular problem in orthopaedic imaging applications. Metals and the surrounding tissue greatly differ in their magnetic 
susceptibility and a significant artifact can be caused including signal dropout and inaccurate high-intensity signal that obscures the surrounding tissues. 
The degree of artifact is also dependent on the metallic composition of the orthopaedic implants, with titanium generally exhibiting the least amount of 
artifact. Fortunately, the amount of metal artifact can be reduced with certain MR imaging techniques on high-field (1.5-3 T) MRI studies. In the presence 
of indwelling metal, 1.5-T scanners are preferable compared to 3-T scanner because the susceptibility-induced field inhomogeneity is double with 3 T 
compared to 1.5 T. Appropriate sequences should be used for MAR, including TSE sequences instead of SE/GRE sequences, and for FS STIR instead of 
FSFS (F ). As mentioned previously, STIR sequences are more resistant to inhomogeneities and are preferred when metal implants are involved. 
Other conventional techniques for MAR include increasing the receiver bandwidth, increasing the matrix size, decreasing echo times, switching frequency 
and phase encoding direction, and decreasing the slice thickness. Many modern MR scanners have these protocols found in their sequence libraries. 
Protocols based on modification of receiver bandwidth have been shown to reduce metallic artifact by an average of 60%, whereas additional protocols 
using a combination of several susceptibility artifact reduction techniques further reduce metallic artifact by an average of 79%.*** 


i 9. Metal artifact reduction sequences. A: A femoral neck fracture after pinning with four screws demonstrates nonunion. MRI using metal artifact reduction 
sequences shows no evidence of avascular necrosis of the femoral head. B: An additional case of nonunion of an intertrochanteric fracture that demonstrates avascular 
necrosis of the femoral head without subchondral fracture or collapse. The intramedullary rod and screw are titanium, which results in fewer artifacts than stainless 
steel or other alloys. 


Advanced MARS techniques include view angle tilting (VAT), slice encoding metal artifact correction (SEMAC), multiacquisition variable resonance 
image combination (MAVRIC), and off-resonance suppression (ORS). VAT applies an additional slice-selection gradient to reduce metal artifact; however, 
it does not correct for through-plane distortion. SEMAC is used in combination with VAT to reduce through-plane distortions by correcting for signal that is 
excited in wrong slice positions. MAVRIC is a 3D acquisition technique that reduces metal artifact and does not have through-plane distortions. ORS can be 
added to SEMAC or MAVRIC to reduce scan time and adds flexibility of scan orientation. Advanced reconstruction techniques include parallel imaging, 
partial Fourier techniques/undersampling, and compressed sensing. A detailed review of each of these techniques is beyond the scope of this chapter. 


MRI Safety With Orthopaedic Implants and External Orthopaedic Devices 


Ferromagnetic material placed within a magnetic field may experience linear force, torque, and heating. In general, most contemporary orthopaedic implants 
are not ferromagnetic and are MRI conditional (formerly known as MRI compatible), in terms of heating and migration. Most fracture implants are made of 
316L stainless steel, titanium, or titanium alloy; none of these materials contain delta ferrite, so they are not magnetic. The American Society for Testing 
and Materials (ASTM) has established standards for labeling implants as MRI safe, MRI conditional, or MRI unsafe.?°? Most orthopaedic manufacturers 
have redesigned their implants to make them MRI conditional and thus MRI can be safely performed around plates, screws, and total joint implants, 
although metallic artifact may degrade the image quality as described earlier. 

MRI safety with external orthopaedic devices such as an external fixator or skeletal traction has been a topic of concern for radiologists and surgeons for 
some time. External fixation is commonly used for provisional or definitive stabilization of fractures and dislocations. MRI is often required to diagnose 
spinal injuries or other soft tissue injuries such as a ligamentous knee injury after a knee dislocation. MR imaging of patients with external fixators was 
historically unsafe due to the strong ferromagnetism of early orthopaedic implants resulting in implant motion or heating. Due to this concern, many 
orthopaedic manufacturers introduced MRI conditional external fixators with low ferromagnetism. In their retrospective review, Gillig et al. studied MRI 
scans in patients with knee-spanning external fixators placed for tibial plateau fractures. Two scans out of 57 (3.5%) were stopped due to patient-reported 
pain or warmth of the external fixator. All 57 patients went on to have similar pain scores and narcotic usage. The authors concluded that MRI can be safely 
performed in patients with external fixators if patients are appropriately educated before imaging.” Similarly, in a recent cadaveric study, Ryan et al. 
evaluated thermal changes at the pin/skin interface with knee-spanning external fixator and reported on the quality of the MRI sequences collected.!9* The 
authors found statistically significant differences in temperature changes between the femoral/tibial pin sites and control probe sites during the MRI scan; 
however, there was only one clinically significant difference in temperature change. They concluded that the temperature changes are likely not clinically 
relevant. The authors also found that MRI quality was excellent despite the presence of an external fixator.!94 In their multicenter case series, Hayden et al. 
reported that no adverse events occurred among 38 patients with 44 contemporary external fixators who had an MRI with the fixator inside or outside the 
MRI bore.” These outcomes must be further investigated with prospective studies; however, in the alert patient, MRI conditional external fixators appear to 
be safe. All orthopaedic surgeons should check with the manufacturer and be aware of the MRI compatibility of the external fixators used in surgical care. 

Traction pins are commonly used for temporary stabilization of acute lower extremity femoral or pelvic/acetabular fractures. The safety of traction pins 
within the MRI scanner is of concern due to the nonthreaded nature of some pins and additional concerns regarding the traction bow. Traction pins are 
implant-quality stainless steel and have been shown to be MRI safe. However, at some centers, traction pins are not allowed in the MRI suite. In their 
cadaveric simulation, Mansour et al. found that implant-grade stainless steel Steinmann pins (Zimmer) used for distal femoral fractures were MRI 
conditional and did not show signs of pin migration or thermal injury. They also found that Kirschner wire bows were ferromagnetic and not MRI safe.!°” 
For these reasons, most centers allow only traction pins in the MRI suite, where standard traction bows and weights must be removed from the patient prior 
to the scan. 


Applications 


MRI is frequently performed in evaluating both osseous and soft tissue injuries after trauma. Within the field of orthopaedic traumatology, MRI can 
diagnose radiographically occult fractures, pediatric articular fractures, soft tissue injuries with or without adjacent fracture, and infections. Although MR 
angiography is a well-established technique for noninvasive evaluation of the arterial system, it may be impractical for evaluating the multitrauma patient. 
Evaluation of vascular trauma is accomplished much more rapidly with CT angiography (CTA) or conventional angiography, which also allows for 
interventional procedures (e.g., embolization of arterial bleeding). 

A more controversial application is MR venography (MRV) to detect deep venous thrombosis (DVT) of the proximal thigh and pelvic veins. In a review 
DVT imaging, Orbell et al.168 noted that MRV has many advantages, including lack of exposure to ionizing radiation and avoidance of any need for vein 
cannulation and injection of contrast (for nonenhanced studies). MRV is as sensitive and specific for proximal leg DVT as US or venography? and may be 
more accurate in the detection of isolated pelvic thrombi. Unfortunately, the cost and logistical problems of MRI have limited its usefulness in the imaging 
of DVT. 

MRI has been advocated to be the gold standard for imaging and clearance of the cervical spine following trauma,!®? and faster imaging protocols 
certainly make the use of MRI much more feasible in the acutely injured patient. In spinal trauma, MRI is used to evaluate for associated injuries such as 
herniated discs and possible spinal cord injury associated with cervical and thoracolumbar spine fracture/dislocations. Green and Saifuddin have shown that 
77% of patients with spine injury have a secondary injury level identified when whole-spine MRI is employed. Most commonly, these secondary injuries 
were bone marrow contusions, but 34% of patients also had noncontiguous compression or burst fractures diagnosed by MRI. 

While the indications for MRI in the trauma patient continue to expand, the practicality of using MRI in trauma patients may be limited by difficulties 
associated with transporting patients to the MRI suite and MRI incompatibilities with various life-support equipment and patient implants. MRI scan times 
are also much longer than with CT and other imaging modalities and may not be tolerated by hemodynamically unstable trauma patients or those in 
considerable pain. Thus, for practical reasons, MRI continues to have only a limited role in the immediate management of the trauma patient. 


Osseous Injury and Bone Density 


MRI commonly demonstrates bone marrow edema (bone bruise, bone marrow contusion) after extremity trauma. Histologically, these lesions correlate with 
cancellous bone microfractures as well as edema and hemorrhage within the fatty marrow. The long-term sequelae of these radiographically occult lesions 
have not been well defined. Roemer and Bohndorf!®* evaluated 176 consecutive patients with acute knee injuries and found that nearly three-fourths had 
bone marrow abnormalities. Most lesions (69%) involved the lateral compartment of the knee; 29% were medial, and 2% were patellofemoral. Many of the 
lesions resembled edema of the subchondral bone without other osseous or cartilage injury, while nearly one-fourth represented subchondral impaction 
fractures and one-third comprised osteochondral or chondral lesions. Forty-nine of these patients had repeat MR studies conducted at least 2 years after their 
injury. In these patients, only 7 of 49 (14%) had persistent signal changes within the marrow space. The extent of signal abnormality was less than originally 
seen and none of the patients developed degenerative changes, regardless of the injury type that was initially present. No cases of posttraumatic 
osteonecrosis were found. Therefore, one must be careful to avoid interpreting marrow signal abnormalities alone on MRI as evidence of a true fracture, as 
this may lead to overtreatment. This distinction is especially problematic in the assessment of hip pain after a fall, where trochanteric bone marrow edema 
might be interpreted as a fracture, leading to a decision to perform internal fixation. 

An important role of MRI is the evaluation of suspected but radiographically occult fractures. Fracture lines are distinctly visualized on PD or T2W 
images as linear, lower—signal intensity abnormalities silhouetted by higher-signal intensity marrow fat. Fracture lines can also be seen on STIR and 
PD/T2W FS images, which also show the degree of surrounding reactive marrow edema. Care is needed in interpreting T1W images, as fracture lines may 


be obscured by surrounding marrow edema both of which are hypointense in signal intensity on T1W images. In their retrospective review of patients with 
clinically suspected hip fracture, Iwata et al. found that the T1W coronal MRI was the best imaging sequence to show hip fracture with 100% sensitivity, 
while T2W MRI sequence alone had an 84% sensitivity. 


0. A: Conventional plain anteroposterior radiograph of a patient’s hip demonstrates a femoral neck fracture. Although the fracture can be seen on routine 
radiographs, the patient was at risk for osteonecrosis because of corticosteroid use related to a kidney transplant. Some apparent changes are seen in the bone density of 
the femoral head. STIR (B), T1-weighted (C), and T2-weighted (D) magnetic resonance images of the pelvis confirm the presence of an acute left hip fracture and 
demonstrate that there was no osteonecrosis. Incidentally noted is a small developing fracture with surrounding stress reaction in the right femoral neck medially. 
Higher-resolution images of the left hip fracture demonstrating mild impaction at the fracture site without significant angulation: axial proton density (E), axial fat- 
suppressed proton density (F), and coronal T2-weighted (G) images. Note inferior pole of kidney transplant in the lower left pelvis with surrounding complex fluid 
collection. 


MRI has become the imaging modality of choice for identifying occult fractures such as femoral neck fractures (Fig. 7-10),°°" intertrochanteric femur 
fractures, scaphoid fractures,*°? and pediatric elbow injuries.*** In elderly patients with hip pain after low-energy trauma, early MRI can avoid delays in the 
diagnosis and treatment of occult hip fractures. In one study, six elderly patients with hip pain after a fall had both MRI and CT, while seven others had 
MRI alone. In the first group, four of the six CT studies were inaccurate, while all MRI studies correctly identified the fracture. Similarly, in a 
retrospective review, Collin et al. found that MRI was more reliable than CT and changed the primary diagnosis in 27 out of 44 elderly patients with hip 
pain after low-energy trauma. The authors concluded that a negative CT finding cannot completely rule out a hip fracture in patients with suspicious clinical 
findings.*° 

Several studies have looked at MRI imaging in the setting of greater trochanteric fractures identified on radiographs to determine if there is 
intertrochanteric extension. In their systematic review and pooled analysis, Kim et al. identified 110 patients with greater trochanteric fractures from seven 
published studies and in 99 patients (90%), MRI revealed extension of the fracture into the intertrochanteric region.'!! A recent study found a 12% to 26% 
incidence of ipsilateral femoral neck fractures on MRI in patients with femoral shaft fractures (OTA/AO 32-A — 16.5%, 32-B — 12%, and 32-C — 26%). The 
authors recommend the use of rapid sequence pelvic MRI for patients with high-energy femoral fractures to rule out ipsilateral femoral neck fracture not 
seen on x-ray or CT. 

In cases of occult hip fracture, the fracture pattern can be accurately delineated using MRI, which may be of preoperative planning importance. MRI will 
distinguish femoral neck fractures that are frequently treated with screw fixation, compared to intertrochanteric fractures which are often treated with sliding 
hip screw or cephallomedullary nail, compared to greater trochanteric or pubic rami fractures which may not require surgical stabilization. It has been 


shown that an abbreviated MRI protocol consisting of coronal STIR and coronal T1W images has high sensitivity and specificity for fracture, avascular 
necrosis (AVN), and muscle injury in patients presenting with hip pain and negative radiographs.!!° MRI may also identify additional comorbid conditions, 
such as pre-existing osteonecrosis or metastatic disease. 

MRI is similarly advantageous in the assessment of pediatric elbow injuries. In one series, seven of nine pediatric patients with an elbow effusion after 
injury were found to have a radiographically occult fracture.!® In the same series, MRI provided further useful diagnostic information in 16 other patients 
despite the presence of a visible fracture and/or dislocation of the elbow on plain radiographs. 

Although CT with multiplanar reformatting remains the modality of choice for imaging complex fractures, MRI may be valuable in assessing such 
injuries as well. In one study, the impact of MRI on the treatment of tibial plateau fractures was assessed.?34 Three sets of images were prepared for each 
injury: radiographs alone, radiographs with CT, and radiographs with MRI. Three surgeons were asked to determine the fracture classification and suggest a 
treatment plan based on each set of images.72* The investigators found that the best interobserver variability for both fracture classification and fracture 
management was seen with the combination of conventional radiographs and MRI. The Schatzker classification of tibial plateau fractures based on 
conventional radiographs changed an average of 6% with the addition of CT and 21% with the addition of MRI. The addition of MRI changed the treatment 
plan in 23% of cases.734 Similarly, Holt et al.9° studied 21 consecutive patients with tibial plateau fractures who were evaluated with both conventional 
radiography and MRI before treatment. MRI was more accurate in determining fracture classification, in revealing occult fracture lines, and in measuring 
the displacement and depression of fragments. The MRI findings resulted in a change in the classification of 10 fractures (48%) and a change in the 
management of four patients (19%). Preoperative MRI also allows for the diagnosis of associated tibial plateau intra-articular and periarticular soft tissue. In 
their prospective cohort study, Gardner et al. found that soft tissue injuries were higher than previously reported. Out of 103 patients, they found only 1 
patient (1%) with no soft tissue injury, 79 patients (77%) with complete tear or avulsion of the cruciate or collateral ligaments, 94 (91%) lateral meniscal 
tears, 45 (44%) medial meniscal tears, and 70 (68%) posterolateral corner structure injury.” 


Soft Tissue Injury 


Because of its superb soft tissue contrast and spatial resolution, MRI provides an optimal imaging modality to assess soft tissue injury. MRI of the shoulder 
and knee is commonly used for evaluation of traumatic injuries of tendons, ligaments, cartilage, and neurovascular structures. Common indications for 
shoulder MRI following trauma include evaluation of the rotator cuff, the glenoid labrum for superior labral anteroposterior (SLAP) tears, and the 
anteroinferior labral—ligamentous complex after glenohumeral joint dislocation. Standard indications for knee MRI following trauma include evaluation of 
the cruciate and posterolateral corner ligaments for sprain or disruption, the menisci for tears, and the articular cartilage for osteochondral injury. Lonner et 
al.!27 compared MRI findings to EUA in 10 patients with acute knee dislocations who had later surgical intervention. Although the investigators considered 
MRI to be useful for defining the presence of ligamentous injuries in knee dislocations, the clinical EUA was more accurate in this series when correlated 
with findings at surgery.!*” Conversely, a retrospective review of 21 patients with knee dislocation who underwent subsequent reconstruction found that 
MRI was an accurate method to assess soft tissue, osseous, and neural damage after knee dislocation.!®* The authors reported an excellent correlation 
between MRI findings with respect to the size and location of tendon tears (kappa > 0.8, p < .001), the type and location of meniscal tears, and the presence 
of nerve injury. Based on these studies, a complete clinical examination of the knee should be performed and when there is concern for soft tissue injury, an 
MRI of the knee should be performed with an expected high yield of diagnosing pathology. 

MRI of the elbow, wrist, hip, and foot/ankle is also commonly ordered after acute or chronic trauma. Ankle MRI is useful at operative decision making 
and defining the nature of associated ligamentous injuries to the deltoid and tibiofibular syndesmosis in cases of distal fibular fracture. Koval et al. 
retrospectively reviewed 21 patients with a positive ankle stress test after isolated Weber B lateral malleolus fractures.'!” After MRI, complete disruption of 
the deltoid ligament (2 patients) was treated with operative repair and incomplete or intact deltoid patients were treated nonoperatively (19 patients). Fifteen 
patients were available for 1-year follow-up and all patients recorded above or normal levels based on SF-36, all patients were satisfied, and 14 out of 15 
(93%) indicated they would make the same treatment decision again. Future research is necessary to further assess the value of routine MRI in the treatment 
of isolated soft tissue ankle trauma and ankle fracture patterns. 

MR arthrography is a potentially valuable technique for assessing intra-articular derangement in many joints. Common indications include 
distinguishing partial from full thickness rotator cuff tears and evaluating labral—ligamentous pathology in the shoulder, evaluation of collateral ligaments in 
the elbow and intercarpal ligaments in the wrist, demonstrating labral tears in the hip, evaluating postoperative menisci in the knee, and assessing the 
stability of osteochondral lesions and the presence of intra-articular loose bodies. Direct MR arthrography is performed by intra-articular injection of a 
dilute gadolinium solution resulting in distention of the joint capsule and improved delineation of intra-articular structures. Indirect MR arthrography is 
performed using an intravenous injection of gadolinium with a delay before scanning during which mild exercise may be performed. The indirect technique 
is based on recognition that the intravenous gadolinium diffuses from the highly vascular synovium into the joint space. The indirect technique does not 
produce controlled joint distention and is best applied in smaller joints such as the shoulder, elbow, wrist, and ankle. 


Infection and Bone Tumor Workup 


MRI is the most sensitive imaging modality for evaluation of musculoskeletal and soft tissue infection, including osteomyelitis (Fig. 7-11). MRI will 
accurately identify fluid collections and the addition of contrast studies enhances the sensitivity and specificity of identifying fluid-enhancing lesions such 
as abscess. MRI is the modality of choice to diagnose and localize osteomyelitis and it can identify osteomyelitis much earlier than plain radiographs with 
higher sensitivity than both radiographs and CT.*4 Radiographic changes for osteomyelitis are known to lag behind MRI around 2 weeks or so. It should be 
noted that T2 sequences will show bone and soft tissue edema; however, it may also overestimate the amount of infection. 

MRI also remains the most sensitive study when evaluating bone neoplasm lesion. After radiographs, MRI of the entire bone should be ordered when 
working up most lesions that are concerning for primary bone tumors. MRI is often more useful than radiographs except for the diagnoses of aneurysmal 
bone cysts and chondroid tumors.!*° Occasionally, CT scan can be more helpful than MRI for the diagnosis of osteoid osteoma where it is difficult to 
visualize the nidus on MRI. The anatomical location of MSK neoplasms and the effect of the tumor on surrounding tissues is readily identified and well 
characterized with MRI. This can guide surgeons in planning diagnostic biopsies and subsequent monitoring of the oncologic effect of tumor 
treatments. 109.204 


ARTHROGRAPHY 


Brief Overview 


Arthrography is a minimally invasive but valuable resource to evaluate for periarticular capsular and ligamentous injuries using an injected contrast material 
and sequential fluoroscopic imaging. The advanced sequences captured via CT and MRI arthrogram studies have largely replaced standard arthrography. 
However, arthrography remains a relevant choice for the evaluation and treatment of pediatric injuries of the elbow, knee, and hip. 


Technical Considerations 


Arthrography involves distention of a joint capsule using positive or negative contrast agents. Water-soluble, iodinated contrast media is typically used to 
provide positive contrast, whereas air has been historically used to produce negative contrast. Double-contrast examinations may also be performed using 
both agents simultaneously, although these techniques are largely of historical interest, as advances in cross-sectional imaging have supplanted double- 
contrast arthrography techniques. 

Fluoroscopic or CT guidance is frequently used to confirm accurate needle placement into the joint capsule. Typically, a 22-gauge needle is used for 
larger joints (shoulder, hip, and knee) and a 25-gauge needle is used for smaller joints (elbow, wrist, ankle, and smaller joints of the hands and feet). The 
anatomic safe zone approach varies according to each joint; for example, a lateral elbow approach into the radiocapitellar joint space and anterior 
approaches for the shoulder, hip, and tibiotalar joints. Table 7-2 lists technical considerations for arthrography of select joints. After needle placement, small 
amounts of contrast are injected until the intra-articular location of the needle tip is confirmed. Contrast is then injected with subsequent distention of the 
joint capsule; the amount also varies by joint. 


Figure 7-11. Numerous MRI coronal STIR and axial T2 fat saturation images demonstrating a complex pelvic infection with bone marrow edema within the left 
ilium, ischium, rami, and femoral head suggestive of osteomyelitis, complex heterogeneous fluid collections to the left inner and outer iliac tables and right hip 
abductors consistent with abscess, and complex septic arthritis of the left hip with expansive fluid collection. 


TABLE 7-2. Arthrographic Techniques of Selected Joints 


Joint Injection Approach Needle Size Volume of Contrast 
(mL) 

Shoulder Anterior glenohumeral joint space 22-gauge 34-inch spinal needle 15 

Elbow Lateral radiocapitellar joint space 25-gauge 14-inch needle 10 

Wrist Dorsal radioscaphoid joint space 25-gauge 14-inch needle 4 

Hip Anterior femoral head/neck junction 22-gauge 34-inch needle 15 

Knee Medial or lateral patellofemoral joint space 22-gauge 14-inch needle 40 

Ankle Anterior tibiotalar joint space 22-gauge 34-inch spinal needle 10-12 


The injection is often performed under fluoroscopy, and sequential spot films are obtained before and during the injection to evaluate the flow of 
contrast. Pathology is inferred by abnormal communication of contrast within capsular structures or via extravasation into extracapsular structures. Passive 
and active range of motion are often required to demonstrate pathology, as abnormalities may only be shown after contrast is allowed to work its way 
through defects in the capsule and into the surrounding soft tissues. The timing of contrast extravasation is dependent on the severity of soft tissue capsular 
abnormalities (i.e., massive vs. small rotator cuff tear) and may occur during quiescent use of the fluoroscope. Since only 2D articular images are standardly 
captured with fluoroscopy, localizing the site of extravasation during conventional arthrography can be quite challenging. Care is also needed to avoid 
overdistention of the joint capsule, as extravasation through the capsule can occur, leading to subsequent decompression of intra-articular contrast and 
possible false-positive interpretations. 

Complications of arthrography are uncommon but may include bleeding and infection at the injection site, in addition to allergic reactions related to 
iodinated contrast media. A small number of patients experience postprocedural pain, possibly related to a mild synovial inflammatory response to the 
contrast media. Although patients are generally apprehensive about the procedure, they generally tolerate the procedure with less discomfort than expected. 


CT and MR Arthrography 


Cross-sectional modalities, such as CT and MRI, have largely replaced conventional arthrography, but these imaging modalities may be combined with 
arthrography using appropriate contrast agents.®° For CT arthrography, an arthrogram is first obtained using a contrast solution containing saline and water- 
soluble, iodinated contrast media, typically in a 1:1 dilution. Thin-section CT is then performed through the joint, and images in orthogonal planes are 
reconstructed. For MR arthrography, a very dilute gadolinium solution (typically 1:200 dilution) is injected into the joint, and MRI is subsequently 
performed. In addition to routine sequences, fat-suppressed T1W images are used to visualize the injected contrast. With both imaging modalities, 
evaluation is aided by silhouetting intra-articular structures by relatively bright contrast and distention of the joint capsule. This results in separation of intra- 
articular ligaments and capsular structures to allow more precise evaluation of complex anatomy (Fig. 7-12). 


Applications 


Before advanced cross-sectional imaging techniques, arthrography was traditionally used for assessing periarticular soft tissue injuries associated with 
trauma. Today, there are more limited indications for arthrography, although it is frequently performed in combination with CT and MRI to increase the 
sensitivity and specificity for internal derangement. 

Arthrography may be substituted in patients with contraindications to MRI, such as pacemakers or intracranial aneurysm clips. However, CT 
arthrography is preferred as advances in CT scanner technology have led to marked improvements in resolution and scan time, resulting in high-spatial 
resolution images of intra-articular structures. 


Upper Extremity 


In the upper extremity, shoulder arthrography is commonly performed to evaluate for full-thickness rotator cuff tears. Extravasation of contrast into the 
subacromial/subdeltoid bursa is diagnostic of a full-thickness tear. Even with careful fluoroscopic observation during the injection process, it is frequently 
impossible to delineate the site or extent of the tear, as contrast medium may accumulate in the bursa without visualization of an obvious tract through the 
torn tendon. Occasionally, no extravasation is seen after completing the injection; however, after passively and/or actively exercising the shoulder, 
subsequent fluoroscopy reveals contrast flooding the bursa as a result of the medium working itself through a full-thickness tear. Special care is needed in 
interpreting arthrography of the postoperative rotator cuff, because intact cuff repairs may continue to leak contrast into the bursa. 


Figure 7-12. A: Lateral radiograph of the proximal femur after fixation of a femoral neck fracture, showing malunion with retroversion of the femoral neck. B: The 
patient had persistent hip pain, and magnetic resonance arthrography revealed a tear of the anterior acetabular labrum. Note angular deformity at the site of fracture 
malunion and residual micrometallic artifact related to insertion of prior screws. (Reprinted with permission from Eijer H, et al. Anterior femoroacetabular 
impingement after femoral neck fractures. J Orthop Trauma. 2001;15[7]:475—481.) 


In the setting of acute wrist trauma, studies have shown the value of three-compartment arthrography and digital subtraction arthrography techniques.”?° 
Conventional arthrography has historically been applied to the evaluation of ulnar collateral ligament injuries of the thumb (“gamekeeper’s thumb”). 
However, recent literature shows MR arthrography to be more accurate in detecting ulnar collateral ligament injuries and the degree of displacement! as 
well for the evaluation of triangular fibrocartilage complex injury.2°° 


Lower Extremity 


In the lower extremity, arthrography alone is rarely performed for trauma but may be combined with CT or MRI for evaluating osteochondral abnormalities 
(see Fig. 7-9). A study comparing CT arthrography with MR arthrography suggested that CT may be more accurate in evaluating cartilage lesions of the 


ankle joint.1%° 

Arthrography has been used in the evaluation of pain after intra-articular calcaneal fractures. Matsui et al.!4° performed posterior subtalar joint 
arthrography at a mean of 6 months postinjury in 22 patients; 15 with operative fixation and 7 treated nonoperatively. The patients were separated into four 
groups based on arthrographic findings: normal, narrow, irregular, and ankylosis. Clinical follow-up performed at a mean of 23 months postinjury correlated 
very well with the earlier arthrographic findings, suggesting that subtalar arthrosis is responsible for many of the symptoms that develop after calcaneal 
fracture. 


Pediatric Injuries 


Arthrography is valuable in assessing pediatric physeal injuries (especially the elbow) that are not visible on conventional radiographs. The addition of 
arthrography is most useful for visualization of the elbow, knee, and hip joints where the study allows surgeons to refine the diagnosis and management of 
pediatric fractures and aids in the surgical assessment of fixation.!®” The use of arthrography to assess pediatric injuries has been largely supplanted by MRI 
(when available), although in the pediatric population, both procedures may require sedation. 


Dynamic Imaging 


Arthrography remains the investigation of choice when dynamic imaging is necessary. Using arthroscopy as the diagnostic standard, Kim et al.!!2 compared 
dynamic arthrography with MRI arthrography for the diagnosis of wrist pain in 38 patients, finding both modalities had similar sensitivity and specificity 
for the diagnosis of scapholunate ligament, lunotriquetral ligament, and triangular fibrocartilage complex tears. 


ULTRASONOGRAPHY 


Brief Overview 


US utilizes ultrasonic sound waves (frequencies >20 kHz and typically between 2 and 12 MHz) to create an image based on the acoustic impedance of 
different tissues. Though US waves were discovered before x-rays, there use in medical imaging was not adopted until much later and has mainly been 
reserved for intra-abdominal and intrapelvic imaging (i.e., FAST, obstetrical US). Musculoskeletal US offers a low-cost, noninvasive method of evaluating 
orthopaedic trauma patients and is particularly useful in the presence of metallic implants. While traditionally used for evaluation of hip dysplasia in infants 
and rotator cuff pathology in adults, improved technologic advancements with transducer probes and imaging resolution have made US a valuable 
alternative and/or adjunct imaging modality to CT, MRI, and conventional radiography. Applications in orthopaedic trauma include imaging soft tissue 
conditions (i.e., joint effusions, tendon and ligamentous injury, muscle trauma, tumor, and nerve injury), guidance for regional anesthesia (i.e., peripheral 
nerve blocks),!®? evaluation of bony union, fracture healing, and infection. Limitations include operator dependence and difficulties in communicating 
examination findings. 


Basic Principles 


US examination is performed using a handheld transducer that makes use of piezoelectric materials to convert electrical energy into mechanical energy 
(sound waves). The transducer beam produces sound waves that propagate through tissue before being reflected back by the various densities of the 
underlying tissue. These differences in acoustic impendence, the product of tissue density and the speed of sound, result in different reflected echoes 
traveling back to the transducer for conversion into electrical signals and, ultimately, an ultrasonic image. Echogenicity describes the relative brightness of 
echoes returning from tissues or tissue interfaces. Tissues may be described as hypoechoic (dim) or hyperechoic (bright) with regard to a reference tissue. 
An isoechoic tissue is equal to surrounding background if two distinct soft tissues share the same level of echogenicity. The descriptor anechoic (no echo) 
refers to a tissue or medium that produces no reflected echoes and is black on the corresponding US image. 

Tissues have different characteristic appearances on US, enabling operators to discern individual tissue layers with relative accuracy. Water, or simple 
fluid, is anechoic while the surface of bone is hyperechoic. Tendons appear hyperechoic while nerves exhibit mixed hypo- and hyperechoic appearance. 
Cortical bone and air produce large differences in acoustic impedance resulting in marked attenuation of the US beam and distal acoustic shadowing, an 
effect produced by tissues that block transmission of all sound waves. 

Improvements in US technology have yielded high-spatial resolution and Doppler US. Doppler US involves a color-flow display where colors are 
assigned according to the amplitude, power, intensity, and energy of the echoes. This allows for assessment of blood flow within vessels and to soft tissue. 
Velocity measurements and directions of flow may be ascertained based on the frequency shifts of the returning echoes. Various modes of Doppler 
operation are used for vascular evaluation. Duplex Doppler imaging combines 2D B-mode imaging with pulsed Doppler imaging; the 2D B-mode image 
provides an anatomical map to identify vessels for subsequent Doppler interrogation. Color Doppler combines grayscale imaging with color-flow 
superimposed over vessels, allowing for assessment of velocity and direction of blood flow. Power Doppler imaging is a signal processing algorithm that 
uses the total amplitude of the Doppler signal to generate maps of flow, which are then superimposed on B-mode grayscale images. The corresponding 
images demonstrate greater sensitivity to slow flow, although no directional information is available. Doppler US has been used in evaluation of vascular 
injury following trauma or surgery, in screening for DVT, and evaluation of embolic load perioperatively. 

Compared to CT and MRI, US is typically more easily accessible, less expensive, and may offer dynamic examination even in the setting of metallic 
implants. However, US examinations are highly operator dependent, and the quality of the examination can be influenced by the sonographer’s training, 
experience, and understanding of normal anatomy and disease states. US is a real-time examination, and although images that represent the underlying 
anatomy are saved, these 2D images cannot provide the depth of understanding that real-time visualization provides. For this reason, it may be necessary for 
the interpreting physician to be present or to image the patient to interpret complex examinations. 


Applications 


Musculoskeletal US is simple, noninvasive, relatively inexpensive, and usually widely available in hospital and clinic settings. Handheld US technology is 
also now available, facilitating it as a bedside point-of-care imaging option. In one study, a handheld, pocket-sized US device had a sensitivity for diagnosis 
of distal radius fracture of 100% and a specificity of greater than 90%.!2° In the same study, handheld US could also reasonably assess the quality of 
fracture reduction.!2° Diagnostic US has an established role in the immediate diagnosis of trauma patients according to the ATLS protocol, where it is used 
in the “Focused Abdominal Sonography for Trauma” (FAST) examination for intra-abdominal injury. US also has applications in evaluation of fractures, 


fracture healing, soft tissue trauma including ligamentous injury, and venous thromboembolism. Such applications will become more widespread as 
handheld US equipment becomes more widespread. 


Fractures 


US has potential in the assessment of fractures and remains underused in this regard.!7? Fractures in the upper arm, forearm, femur, tibia/fibula, hand, and 
foot have been diagnosed with up to 94% accuracy using US, which amplifies its usefulness in settings where conventional radiography may not be readily 
available. US compares favorably to conventional radiography in the assessment of occult scaphoid fracture in patients with wrist pain. Durston and 
Swartzentruber®! used US to assess the reduction of pediatric forearm fractures in the ED, thereby avoiding multiple trips to the radiology suite and rapid 
bedside assessment of the quality of fracture reduction. Because US can visualize the nonossified epiphysis, it is useful in assessment of pediatric fractures, 
particularly those of the shoulder and elbow. Shintani et al. found that 43% of pediatric patients with benign-appearing elbow radiographs were 
misdiagnosed initially and that seven standard US planes about the elbow can be used to detect occult injury.2°8 US has proven to be valuable in evaluating 
lateral condylar fractures and extension of the fracture line through the unossified capitellum and trochlea to distinguish unstable intra-articular fractures 
from their stable extra-articular counter parts. These fractures had previously required more invasive arthrography for diagnosis. US can also distinguish 
distal humeral epiphyseal separation in pediatric patients, an uncommon but challenging diagnosis based on radiography.?!° Other indications for US of the 
pediatric upper extremity include those related to neonatal birth trauma.!7” 


Fracture Healing 


US is a useful method to monitor fracture healing. When applied to a fracture site, US depicts a break in an otherwise dense white line of the intact cortical 
bone. As a fracture heals and periosteal soft callus bridges the fracture gap, growing in size and density, this projects in various shades of gray on US which 
are delineated from surrounding soft tissue envelope. Periosteal soft callus can obscure visibility of an intramedullary nail, making it less visible on US over 
time. Serial US examinations demonstrating a decrease in intramedullary nail visibility overtime can be indicative of fracture healing. 

Publications of monitoring fracture healing with US are encouraging but sparse. Moed et al.!°! performed sonographic evaluation of patients 6 and 12 
weeks after unreamed tibial nailing and found that persistent nail visualization indicated poor callus formation and predicted later healing complications. 
The authors reported a 97% success rate in predicting union in fractures that had positive US findings of callus at 6 or 9 weeks. Furthermore, when 
compared with radiographs obtained at similar time points, US was markedly more sensitive in detecting the presence of callus. The clinically observed 
increase in echogenicity on US was correlated with histologic specimens in a canine model demonstrating the presence of organizing callus. Chachan et 
al.43 quantified the efficacy of US in detecting union of tibia fractures treated with intramedullary nailing compared with radiographs and found union could 
be diagnosed, on average, 2 weeks earlier when using US. US has also been used to evaluate the maturation of fracture callus during bone transport 
procedures. Last, color Doppler sonography has been shown to demonstrate progressive vascularization of fracture callus and predict delayed callus 
formation in another study of patients with tibial fractures.*! 

In addition to diagnostic imaging, a different form of US, low-intensity pulsed US (LIPUS), has been described for accelerating fracture healing. The 
Food and Drug Administration approved the first US bone stimulator to accelerate fracture healing in 1994. Nevertheless, LIPUS has not conclusively been 
shown to be of benefit with several case series reporting heterogeneous results in the delayed and nonunion settings.?*” Randomized control trials using 
LIPUS for nonunions have not yet been produced. In a systematic review of LIPUS for fractures, the authors conclude the evidence available for its use is 
moderate to very low in quality and produces conflicting results.** Furthermore, while there may be evidence of radiographic union, this does not translate 
to functional recovery or prevention of delayed union.!%° Therefore, while no harmful effects have been reported even in the presence of infection or metal 
implants, large high-quality trials are still required to determine its utility in fracture healing. 


Soft Tissue Trauma and Infection 


US is useful for evaluating musculoskeletal soft tissues and joints for traumatic injury, posttraumatic sequelae, and infection. In the ankle, US has been used 
in assessment of lateral ankle ligamentous injury, syndesmotic injury, and in dynamic examination of mechanical impingement symptoms.!4 Because of its 
size and subcutaneous location, Achilles tendon injury is also well suited for sonographic evaluation.” In the shoulder, both partial and full thickness rotator 
cuff tears can be imaged with high sensitivity and specificity.4” US allows for dynamic and static imaging of all these soft tissue pathologies. US has been 
used to assess muscle injury, depicted as a tear or hematoma and subsequent complications such as fibrosis, cystic lesions, or heterotopic ossification. US 
can assess closed soft tissue degloving injuries (the Morel—Lavallee lesion)!?3 and is valuable in localizing foreign bodies within soft tissues; an advantage 
over conventional radiography is that foreign objects do not need to be radiopaque to visualize them.!** Finally, US may determine the presence of a fluid 
collection, whether in isolation or surrounding deep implants, though differentiating infectious versus noninfectious fluid typically requires aspiration or 
further advanced imaging. In the setting of draining sinus tracts, US can be used to determine whether the sinus communicates with underlying implants. 


Venous Thromboembolism 


US plays an important role in managing venous thromboembolism in trauma patients. All trauma patients are at risk for developing DVT, and venous US 
has become the most widely used imaging modality for DVT diagnosis. Venous scanning performed by skilled operators is the most practical and cost- 
effective method for assessing DVT of the proximal and distal lower extremity veins. Several US modalities are used to evaluate DVT, including B-mode 
for real-time visualization of compression of larger veins. 

Duplex Doppler for evaluating waveforms and velocities and color Doppler for depicting patency of veins are particularly useful in the calf and iliac 
veins.*°9 The diagnostic accuracy of US is well documented, and the sensitivity and specificity of venous US (including all types) for the diagnosis of 
symptomatic proximal DVT are 97% and 94%, respectively.*°9 The high specificity of venous US is sufficient to initiate treatment of DVT without further 
confirmation, and the high sensitivity for proximal DVT makes it possible to withhold treatment if the examination is negative.” When US examinations 
cannot be performed (e.g., uncooperative patient, presence of bandages, casts), an alternative diagnostic procedure, such as contrast venography, may be 
needed. More advanced imaging modalities such as CT or MRV are also available. However, US is less accurate in the diagnosis of proximal DVT 
involving the pelvis and MRV has been suggested as a more accurate modality for detecting intrapelvic DVT. 


NUCLEAR MEDICINE IMAGING 


Brief Overview 


NM imaging techniques are useful in a variety of orthopaedic pathologies including occult and insufficiency fractures, nonaccidental trauma, metastatic 
neoplastic disease, osteomyelitis, and osteonecrosis.2 NM is frequently utilized for further evaluation when conventional radiographs are normal or to 
evaluate the significance of abnormalities seen on radiographs. Bone scan imaging is resistant to metal-based implant artifact, making it useful in the 
evaluation of pathology surrounding total joint prostheses or fracture-related implants.!!® The mechanism of uptake of the radiopharmaceuticals used in 
bone imaging is determined by blood flow and the degree of osteoblastic activity, allowing delivery of the tracer to the region of interest in varying 
concentrations. Bone scintigraphy, or bone scan, is highly sensitive for identifying disease processes with increased boned and/or joint metabolism but has 
poor specificity, making it necessary to correlate the findings with the entire clinical picture.!!® 


Technical Considerations 


Nuclear scintigraphy involves intravenous injection of a radiopharmaceutical, composed of a radionuclide and pharmaceutical compound, with subsequent 
imaging using a gamma scintillation camera. The pharmaceutical is responsible for localization of the molecule in the body, and the radionuclide allows 
imaging of the pharmaceutical distribution. 

Radionuclides are radioactive isotopes that undergo spontaneous decay, resulting in the emission of photons. Photons that are generated in the nucleus of 
the atom are gamma rays, whereas photons generated by electron transitions within their orbital shells are x-rays. Technetium (°°"Tc) is the most commonly 
used radionuclide in NM imaging because of its favorable imaging properties (140-keV gamma energy), clinically suitable half-life (6 hours), and 
availability (9°Mo/99™Tc generator) and ease in labeling of pharmaceuticals. Other radionuclides used in orthopaedic imaging include gallium (°’Ga) and 
indium (tn). The pharmaceuticals are metabolically active molecules that are designed to localize to target tissues once injected intravenously. 

Gamma scintillation cameras are specialized detectors that capture photons within a large flat crystal, commonly made of sodium iodide activated with 
thallium. Photons interact with the scintillation crystal and are converted to visible light, which is then captured by PMTs coupled to the crystal. The PMT 
converts the light photon into an electrical signal, which is subsequently amplified and electronically processed. This process results in a single “count” in 
the final NM image corresponding to a single radioactive decay in the patient. 

NM images are formed by placing the gamma scintillation camera over the anatomy of interest and accumulating counts for a specific amount of time or 
for a minimum number of counts typically on the order of hundreds of thousands of counts. 

Imaging is often performed after a delay to allow localization and/or uptake of the radiopharmaceutical within the target tissues. Delayed imaging 
demonstrates characteristic patterns of distribution throughout the body for a particular radiopharmaceutical, in addition to abnormal accumulation or 
absence of activity corresponding to disease states. Consequently, nuclear imaging studies are based on visualization of metabolic function, rather than 
anatomy. Anatomic features can be visualized on NM images, though spatial resolution is poor compared with other imaging modalities (see Table 7-1). 

During routine acquisition of NM images, the gamma scintillation camera is left stationary in a single projection, resulting in a planar image. Single- 
photon emission computed tomography (SPECT) is an extension of planar imaging, whereby the gamma camera rotates around the patient, stopping at 
predefined intervals, to acquire multiple static planar images. Using techniques similar to those in CT, these planar data sets are then processed by 
computers. Images are typically created in orthogonal tomographic planes (axial, coronal, sagittal), in addition to 3D volumes. Although the main advantage 
of SPECT over planar images is the improved image contrast resolution as a result of eliminating radioactivity from overlapping anatomy, spatial resolution 
is similar or slightly decreased compared to planar imaging (see Table 7-1). 

Indwelling orthopaedic hardware may affect image quality by introducing artifacts into the diagnostic image. Since implants can shield the gamma 
camera from photons arising behind the hardware, a photopenic defect can project. Knowledge of indwelling implants and their characteristic photopenic 
appearances alleviate misinterpretation of these defects. Acquisition of multiple projections allows for evaluation of the activity on multiple sides of the 
implant. 


Skeletal Scintigraphy 


Skeletal scintigraphy, or a bone scan, is the most commonly performed NM study in orthopaedics. The radiopharmaceutical used is typically a 9°™Tc- 
labeled diphosphonate, which localizes to bone based on chemisorption of the phosphorus compound to the mineral phase of bone, particularly at sites of 
increased osteoblastic activity. Regional blood flow is also important for tracer distribution, as areas of increased regional blood flow deliver greater tracer 
to the adjacent skeleton and result in greater uptake. The term bone scan typically refers to images obtained after a 2- to 4-hour delay that allows 
localization of the diphosphonate compound. Three-phase bone scans incorporate additional dynamic and immediate imaging phases. A radionuclide 
angiogram (first phase) is obtained during transit of radiopharmaceutical through the arterial system. Immediate static images are then obtained for an 
additional 5 minutes (second phase) and represent “blood pool” or “tissue phase” images. Both of these earlier imaging phases are used to evaluate for 
regional hyperemia, as evidenced by both increased blood flow and increased surrounding soft tissue uptake. 

Normal bone scan images show a characteristic appearance of the skeleton, with slightly greater uptake in the axial skeleton (spine, pelvis) than the 
extremities. In skeletally immature individuals, there is normal avid uptake in the growth plates, resulting in symmetrically increased bands of activity 
occurring adjacent to joints and apophyses. Many diseases are characterized by both increased osteoblastic and osteoclastic activity within the bone, in 
addition to regional hyperemia, and result in greater tracer uptake (“hot” lesions) than normal bone. These abnormalities may be solitary or multiple and 
focal or diffuse in nature. Some pathologic processes, particularly permeative processes (small round cell tumors) or those that elicit little surrounding bone 
reaction, result in regions of decreased tracer uptake, or “cold” lesions. These lesions maybe difficult to detect on routine bone scans. Bone scans are highly 
sensitive for disease processes, although specificity is poor. A normal bone scan may rule out underlying skeletal abnormality, but a positive bone scan 
necessitates further workup of the underlying abnormality. 


Marrow Imaging 


Marrow imaging is performed using 9°™Tc-labeled sulfur colloid. The sulfur colloid is composed of particles measuring between 0.1 and 2 microns, which 
are taken up by the reticuloendothelial cells within the liver (85%), spleen (10%), and bone marrow (5%). Uptake is rapid (half-life is 2-3 minutes), and 
imaging is performed after a 20-minute delay. Current indications for marrow imaging are limited but include evaluation of osteomyelitis in conjunction 
with ''In-labeled white blood cell (WBC) imaging. 


Gallium Imaging 


Gallium-67 citrate is a radiopharmaceutical used with technetium in bone imaging to increase specificity, particularly in the setting of infection and 
inflammation. After intravenous injection, gallium rapidly binds to serum proteins, especially transferrin, and circulates in the bloodstream where it is taken 
up into cells with proclivity toward leukocytes. Thus, sites of inflammation or infection with increased regional blood flow and increased vascular 
permeability result in greater accumulation of gallium. In addition, neutrophils release large amounts of lactoferrin as a part of their inflammatory response; 
gallium has a higher binding affinity for lactoferrin than transferrin and localizes at the site of inflammation. Gallium is a relatively poor imaging agent, as 
its photons are not optimum for imaging with present-day gamma cameras, and total body clearance is slow with considerable background activity. Imaging 
is typically performed at 48 hours, which contributes to delays in diagnosis. Gallium scans are often interpreted along with bone scans for the evaluation of 
osteomyelitis. Gallium activity that is greater than or in a different distribution than corresponding activity on the bone scan is diagnostic for osteomyelitis. 


White Blood Cell Imaging 


There are several approaches for using labeled WBCs for diagnosing infection and/or inflammatory processes. Of these, ''!'In oxine- and 9°™Tc-labeled 
hexamethylpropyleneamine oxime (HMPAO)-labeled WBCs are discussed briefly. Indium-111 is complexed with oxine, which results in a lipid-soluble 
compound that readily crosses the cell membranes. Approximately 50 mL of blood must be drawn with separation of the leukocytes from the plasma and 
red cells. Labeling is accomplished by incubating the leukocytes with the '''In oxine complex for 30 minutes. The leukocytes are then resuspended in 
plasma and reinjected into the patient within a total of 2 to 4 hours. Imaging is typically performed at 24 hours to allow for leukocyte localization and 
clearance from the blood pool. 

99mTc HMPAO is a cerebral perfusion agent that also crosses cell membranes and may be used to label WBCs, preferentially granulocytes. 
Approximately 50 to 75 mL of blood is withdrawn and incubated with the radiopharmaceutical; however, the labeling process is performed in plasma, and 
cell separation is not needed. The labeled cells are then reinjected, and imaging is performed at 4 hours for the peripheral skeleton. 

Labeled WBC studies should be interpreted in combination with sulfur colloid marrow studies for evaluation of osteomyelitis and infected joint 
replacements. When used alone, labeled white cell studies may result in false-positive results, because labeled WBCs normally distribute to the bone 
marrow, in addition to the liver and spleen, after reinjection. The sulfur colloid marrow study is used to map out areas of normal residual marrow activity. 
Congruent activity is seen within the bone marrow on both examinations. Osteomyelitis results in replacement of marrow activity on the sulfur colloid 
study, resulting in a photopenic defect, whereas there is significantly increased activity on the corresponding labeled WBC study. Drawbacks of labeled 
leukocyte scans include its cost, laborious preparation, and the handling and processing of pathogenic blood products. 


Applications 
Fractures 


Bone scans are highly sensitive for acute fractures. Matin'*! demonstrated positive scans in 80% of fractures at 24 hours (from injury), and in 95% by 72 
hours. Advanced age and debilitation contributed to nonvisualization of fractures beyond this time frame. The minimum time to return to normal was 5 
months, and 90% of fractures returned to normal by 2 years. Because of its poor specificity, scintigraphy can lead to false-positive diagnoses of fracture. 
Garcia-Morales et al.’”* reported five cases of false-positive scans for hip fracture because of collar osteophytes; subsequent MRI in these patients was 
negative. 

Radiographically negative stress fractures and insufficiency fractures are also well delineated on bone scintigraphy as focal areas of increased 
radiotracer uptake. Characteristic sites of stress fractures depend on the activity that produced them, although there is considerable overlap. Some fracture 
patterns show characteristic appearances on scintigraphy. For example, in elderly patients with chronic low back or hip pain, sacral insufficiency fractures 
reveal a classic H pattern of uptake, known as the “Honda” sign.”' Not uncommonly, several focal areas of increased tracer uptake are seen in the skeleton, 
which presumably represent a combination of acute and more chronic findings. In these cases, three-phase scintigraphy can provide additional information 
regarding hyperemia and may help to differentiate acute from chronic injuries. Typically, hyperemia resolves within 4 to 8 weeks after initial injury, with 
the blood flow, then the blood pool, images normalizing. 

Scintigraphy may be useful in the early identification of fracture healing complications. Barros et al.!? performed scintigraphy at 6, 12, and 24 weeks 
with 25 mCi of MDP-°9™Tc in 40 patients with tibial shaft fractures that were treated nonsurgically. Using the normal leg as a control, an activity index (the 
ratio of the uptake counts of the injured leg to the normal leg) was calculated. All fractures in this series healed within 20 weeks and the activity ratio index 
progressively decreased at the three evaluations.'? The investigators speculate that a persistently increased activity index would indicate future development 
of healing complications, such as delayed union or nonunion, although they did not have any such healing complications in their series. 13 

Bone scintigraphy may also be used in evaluating a child with nonaccidental trauma. In a study from Australia, studies of 30 children who were the 
victims of suspected child abuse were retrospectively reviewed comparing both skeletal surveys and bone scintigraphy.'“° Excluding rib fractures, there 
were 64 bony injuries, of which 33% were seen on both imaging modalities, 44% were seen on skeletal survey only, and 25% of the injuries were seen on 
bone scans alone. Metaphyseal lesions typical of child abuse were found in 20 cases (31%) on skeletal survey; only 35% of these were identified on bone 
scan. The investigators believed that both skeletal survey and bone scintigraphy should be performed in cases of suspected child abuse. 


Infection 


NM imaging techniques can be useful in the diagnosis of musculoskeletal infections such as osteomyelitis, where conventional radiographs are limited early 
in the infection process and show only the later stage of bony cortical destruction and MRI can be difficult to interpret in the setting of metallic implant 
artifact or recent surgical tissue changes. 

Radionuclide imaging has evolved over time with respect to imaging orthopaedic infections. In addition to three-phase bone scans, dual gallium/bone 
scintigraphy and labeled WBC studies, including the combination leukocyte/bone and leukocyte/marrow studies, are valuable in diagnosing both acute and 
chronic osteomyelitis as well as periprosthetic joint infections. However, no single imaging study is equally applicable to all clinical situations. Although 
three-phase bone scans have excellent accuracy for detecting osteomyelitis in normal underlying bone, the specificity of this test is markedly reduced in the 
presence of underlying bone disease.!°* 

Dual gallium (©’Ga)/bone scintigraphy used with technetium can improve specificity in evaluation for osteomyelitis. Gallium scintigraphy demonstrates 
greater accuracy (86%) in diagnosing spinal osteomyelitis compared with ‘'In-labeled WBCs (66%).!’2 An evaluation of imaging techniques in spinal 
osteomyelitis and surrounding soft tissue infections has recommended SPECT °’Ga as the radionuclide study of choice when MRI is unavailable or as an 
adjunct in patients with possible spinal infection in whom the diagnosis remains uncertain.!*® Gallium is also better suited for imaging of chronic 


osteomyelitis compared with 9°"Tc HMPAO-labeled WBCs, which are better for imaging acute infections. 76 

99mTc HMPAO-labeled WBC scintigraphy exhibits high sensitivity (97.7%) and specificity (96.8%) for acute osteomyelitis, although its sensitivity for 
chronic osteomyelitis is slightly decreased.?3? 99"Tc HMPAO-labeled WBC scintigraphy is preferred for evaluating children because the radiation dose to 
the spleen is smaller and less blood is needed for labeling.?°! 9°™Tc HMPAO-labeled WBC scintigraphy is superior to 9°™Tc bone scintigraphy for children 
younger than 6 months because of the poor sensitivity of bone scintigraphy at this age.!”° !!"In-labeled WBC scintigraphy is preferred in evaluating chronic 
osteomyelitis, as dual !!'In WBC/""Tc sulfur colloid studies result in improved accuracy for diagnosis of osteomyelitis in regions containing active bone 
marrow.!7620! Tn more complex regions with overlapping bone and soft tissues, such as the skull and hips, simultaneous '!'In WBC/°9™Tc bone SPECT 
imaging has been recommended.”°! 

Dual !!!In WBC/9™Tc bone scans have been used to evaluate for osteomyelitis at sites of delayed union or nonunion with 86% sensitivity, 84% 
specificity, 69% positive and 94% negative predictive values, and 82% accuracy. 16? 

Recently, a meta-analysis of 99™Tc-radiolabeled antigranulocyte monoclonal antibodies has shown a sensitivity of 81% and a specificity of 77% in the 
diagnosis of osteomyelitis. The authors conclude that antigranulocyte scintigraphy can be used as a major diagnostic method in patients with suspected 
osteomyelitis but cannot replace traditional methods such as histologic examination and cell culture.!”! Similarly, Stucken et al.*!* reported the results of a 
prospective protocol designed to identify the presence of occult infection in patients with a nonunion of an open or previously operated fracture. The 
protocol included labeled leukocyte/sulfur colloid imaging, as well as measurement of inflammatory markers (C-reactive protein [CRP] and erythrocyte 
sedimentation rate [ESR]), serum WBC count, and histopathology. In this study of ununited fractures, the labeled leukocyte/sulfur colloid scan had a 
sensitivity of just 19% and did not add anything to the positive predictive value of the combination of serum WBC, ESR, CRP, and histopathologic 
examination alone.?!? The authors concluded that the addition of labeled WBC/sulfur colloid imaging had no clinical benefit and was not cost-effective 
when trying to assess occult infection when fracture nonunion is present.?!2 

F-18 fluorodeoxyglucose (FDG)-positron emission tomography (PET) has emerging utility in diagnosis of osteomyelitis as FDG is a glucose analog 
metabolite that accumulates within cells after being taken up by lymphocytes, neutrophils, and macrophages. FDG-PET has a reported sensitivity of 94% to 
100% and specificity of 87% to 100% in the detection of soft tissue inflammation and osteomyelitis.” FDG-PET can be useful in detecting infectious 
pathology in patients with retained orthopaedic implants that often limit the efficacy of CT and MRI imaging. In trauma patients with existing metallic 
implants, FDG-PET showed 100% sensitivity, 93.3% specificity, and 97% accuracy in diagnosing implant-related infections.!98 While useful in this regard, 
the short half-life of FDG (approximately 2 hours) typically requires an onsite facility for production and handling, which can limit ease of access to this 
imaging modality. 


Osteonecrosis 


Because scintigraphy can demonstrate the vascularity of bone, it can be used to assess the risk of osteonecrosis after an injury. Although largely supplanted 
by MRI, bone scanning can identify osteonecrosis of the femoral head before it is apparent on conventional radiographs (Fig. 7-13). Bone scintigraphy 
cannot predict the risk of osteonecrosis after femoral neck fracture, and SPECT imaging may be more accurate in assessing vascularity of the femoral head 
in fractures of the femoral neck.*© 


Right hip (anterior) Left hip (anterior) 


Figure 7-13. Pinhole bone scintigraphy (anteroposterior views) showing a photon-deficient area centrally in the right femoral head and increased uptake in the 
femoral neck and subcapital area compared with normal left hip findings. (Reprinted with permission from Yoon TR, et al. Unusual osteonecrosis of the femoral head 
misdiagnosed as a stress fracture. J Orthop Trauma. 2004;18[1]:43—47.) 


ANGIOGRAPHY 


Brief Overview 


Angiography utilizes radiopaque contrast dye injected directly into arteries under fluoroscopy for real-time evaluation of blood flow, arterial injury, and 


allows for selective arterial embolization. CTA is the utilization of IV contrast dye during CT to evaluate for arterial pathology. It is the preferred imaging 
modality for evaluation of pelvic and extremity vascular injury in association with orthopaedic trauma due to its accuracy, noninvasiveness, and immediate 
availability. Conventional angiography has been traditionally used to evaluate and treat vascular injuries in the setting of pelvic ring, extremity, or cervical 
spine trauma." This involved arterial puncture and cannulation, intra-arterial contrast administration, and a radiology team/suite to perform the procedure. 
The evolution of CTA has offered a less invasive modality to capture vascular anatomy often during the index trauma workup in the ED. The resulting 
images are immediately interpreted by on-call radiologists and show high sensitivity and specificity for identifying vascular injury. Limitations of 
angiography include the need to mobilize a formal angio team for the procedure and the potential risk of tissue ischemia after embolization. 


Conventional Angiography 


Conventional angiography requires procedural cannulation of a vessel, commonly a major artery, for subsequent diagnostic and therapeutic interventions. 
Typically, the right common femoral artery is accessed, although less common access sites include the left common femoral artery, the axillary and brachial 
arteries, and translumbar aortic approaches, depending on the clinical situation and goal of angiography. Cannulation involves the Seldinger technique 
whereby an 18-gauge needle is placed into the artery under fluoroscopic guidance and pulsatile flow is observed from the needle hub. A guidewire is then 
passed through the needle and into the vessel lumen where the needle is then exchanged over the guidewire for a catheter or sheath. US confirmation for 
arterial and venous access has become increasingly popular, specifically under difficult conditions such as hemorrhagic shock, vessel injury, or those 
requiring extracorporeal membrane oxygenation. Under direct visualization with US, the risk of injury to adjacent structures is decreased with only a single- 
wall puncture required.2°° A recent meta-analysis comparing anatomic landmark versus US-guided femoral artery access showed decreased rates of 
bleeding events and venipunctures and improved first-pass success utilizing US.!38 Selective catheterization of individual vessels involves advancing the 
guidewire into the arterial tree, with subsequent advancement of the catheter over the guidewire to the desired location for imaging. 

Diagnostic angiography is performed by positioning the tip of the catheter proximally within the artery of interest and rapidly injecting nonionic 
iodinated contrast medium. The rate and volume of which are proportional to the size and flow within the vessel lumen. Rapid fluoroscopic spot filming is 
timed to coincide with contrast opacification of the arterial tree and documents progressive filling and washout of the vessels. Venous return may also be 
demonstrated with appropriate delays in filming. Abnormal findings associated with vascular trauma include transection, laceration, dissection, 
arteriovenous fistula, pseudoaneurysm, mural hematoma, intimal tears, and vasospasm. 

Digital subtraction angiography (DSA) is a commonly used technique, whereby a preliminary fluoroscopic spot film (the “mask”) is taken before 
contrast injection and is subsequently subtracted from dynamic images obtained during contrast injection. The background tissues (bones, soft tissues) are 
removed from the dynamic arterial images, resulting in greater image contrast resolution. The concentration of iodinated contrast may be reduced using this 
technique, resulting in a lower total volume of injected contrast medium. Disadvantages of this technique include lower-spatial resolution and 
misregistration artifact, which can occur as a result of patient motion after the mask image has been performed and results in misalignment of the mask 
during subtraction. 

Therapeutic interventions may be performed during angiography of trauma patients and most commonly include embolization of bleeding arterial 
vessels in association with both abdominal visceral injuries and bony fractures. Superselective catheterization of the bleeding vessel is first performed, with 
subsequent occlusion of the vessel using agents administered through the catheter. Temporary and permanent embolic agents are available. Their use is 
directed by the clinical situation and therapeutic goal. Temporary agents include autologous blood clots and Gelfoam pledgets, whereas permanent agents 
include microcoils and macrocoils, detachable balloons, polyvinyl alcohol, as well as various tissue adhesives and glues. Pre- and postembolization 
angiograms are performed not only to confirm occlusion of the bleeding vessel but also to evaluate for adjacent collateral flow. 

A major application of conventional angiography within orthopaedic trauma involves pelvic ring injuries with concern for active arterial bleeding. Its 
use depends on available institutional resources/preferences, the clinical scenario, and the presence of hemodynamic instability with need for ongoing 
resuscitation. No universal standard algorithm has been established for the use of angiography in pelvic ring injuries.?*! While some institutions may favor 
angiography in the setting of hemodynamic instability and pelvic ring injury, others favor pelvic external fixation with surgical preperitoneal packing. 4 A 
multidisciplinary team approach can facilitate concomitant intervention with pelvic angiography and pelvic ring stabilization with external fixation. The 
prevention of pelvic ring instability with sheet or binder removal during angiography can be performed with the use of working portals cut into a well- 
placed antishock pelvic sheet that remains on during the procedure.’° Contrast-enhanced CT has been used to predict the need for angiography and 
embolization as evidenced by contrast extravasation in a hemodynamically unstable patient. Recent evidence suggests that while this “CT blush” is 
relatively common in pelvic ring injuries, it does not necessarily predict the need for angioembolization.°©!°° However, patients with hemodynamic 
instability and a positive blush in this setting should be considered for urgent angiography. 

Complications of angiography include puncture site complications (e.g., groin hematoma, arteriovenous fistula, pseudoaneurysm), contrast 
complications (e.g., anaphylactoid reactions, renal failure), catheter-related complications (e.g., vessel wall dissection, thromboembolism), and therapy- 
related complications (e.g., tissue necrosis distal to embolization). Complications following pelvic angioembolization are significant and can include wound 
complications, gluteal muscle necrosis, nerve injury, bowel or bladder infarction, and impotence.**! These complications can be minimized through 
selective and/or reversible embolization techniques (Fig. 7-14). 


Computed Tomography Angiography 


CTA is commonly used established application of multislice helical CT technology. Intravenous nonionic iodinated contrast medium is injected, usually 
through an antecubital vein, using a volume of 120 to 150 mL at a rate of approximately 3 to 4 mL/s. Scanning is performed after an appropriate delay to 
ensure passage of contrast through the heart, lungs, and arterial tree so that imaging occurs during peak intravascular enhancement throughout the arterial 
segment of interest. Images are typically reconstructed from the helical data set at 1-mm slice thicknesses with a 50% overlap. Because a typical CTA study 
generates hundreds to thousands of images, evaluation of the data is performed using 3D workstations, where the images may be viewed using cine modes, 
MPRs, and interactive real-time volume-rendering techniques. In addition to arterial injury, concomitant fractures are captured for evaluation on the same 
study. Factors that can limit accurate interpretation of CTA images include vasospasm, anatomic variants, atherosclerosis, displaced fracture fragments, 
metal hardware artifacts, foreign bodies, and patient motion or positioning problems. 


Applications 


Vascular Trauma 


CTA has become the imaging method of choice for the initial evaluation of vascular injury. CTA can be an important diagnostic and therapeutic modality 
for trauma patients with hemodynamic instability related to severe abdominal and pelvic trauma or extremity injuries with vascular damage. Although the 
incidence of identifiable arterial injury is low, when vascular injury is present, prompt embolization using interventional techniques can be lifesaving. 

CTA has recently emerged as a simple and effective means of assessing possible vascular injury of the pelvis and extremities. It is as accurate, less 
invasive, more time efficient, and less expensive than standard angiography.°° CTA of the pelvis can be effectively incorporated into standard CT 
evaluation protocols for patients with blunt trauma and is capable of differentiating active arterial and venous bleeding to guide further care. In a study of 48 
trauma patients, contrast-enhanced CT was compared to formal angiography in detecting pelvic bleeding; CT had 94.1% sensitivity and 97.6% negative 
predictive value for the detection of active hemorrhage and 92.6% sensitivity and 91.2% negative predictive value for predicting need for surgical or 
endovascular intervention.!4° However, another study showed the sensitivity and specificity of CTA in predicting the need for angioembolization range 
from 60% to 90% and from 92% to 100%, respectively.” 

One traditional indication for angiography has been in the assessment of popliteal artery injury in the patient with definite or suspected knee dislocation. 
Studies have clarified the role of angiography in such patients, showing that urgent angiography is not needed unless there are deficits in distal pulses, 
ideally quantified by determination of the ankle-brachial index.'!? In general, in the absence of hard or soft clinical signs of vascular injury, CTA is unlikely 
to demonstrate injury requiring intervention.” 


Figure 7-14. Angiography images for a 39-year-old woman with an associated both-column acetabular fracture with combined pelvic ring injury and persistent 
hemodynamic instability during the index trauma resuscitation. The patient was taken emergently to the interventional radiology suite for pelvic angiography with 
selective gelfoam embolization of branches of anterior and posterior divisions of the right internal iliac artery. 


CTA has significant advantages for the assessment of potential vascular injury in the extremities because of its noninvasiveness and immediate 
availability. CTA has supplanted arteriography as the imaging method of choice for the initial radiographic evaluation of peripheral vascular injuries.’ 
Inaba et al.°° used multislice CTA in 59 patients who underwent a total of 63 studies. In their series, multislice CTA was both 100% sensitive and 100% 
specific for detecting clinically significant arterial injury in the lower extremity.’ A study by LeBus and Collinge!2? suggests that routine use of CTA in the 
evaluation of patients with high-energy tibial plafond injuries may be beneficial. Twenty-five consecutive patients were treated with a standard protocol that 
included preoperative CT and CTA. In 13 of the patients (52%), notable arterial injury was identified, most involving the anterior tibial artery. The authors 
concluded that the additional information of an associated vascular injury allowed for decisions about surgical tactics including the use of traditional open or 


minimally invasive approaches, as well as the locations of incisions.!** However, due to its convenience and minimally invasive nature, overuse of CTA 
prior to orthopaedic consultation has been documented, resulting in increased hospital costs. One study found that using more stringent examination 
findings prior to CTA at a level 1 trauma center would have eliminated 48% of CTAs used for extremity trauma evaluation.°” 


MANAGEMENT OF IMAGING DATA 


Advances in digital imaging modalities have necessitated a parallel advancement in distributing, viewing, and storing the data. In many instances, the 
traditional light box has been replaced by digital picture archiving and communication system (PACS) workstations and the file room has been upgraded 
with large volume data archive storage systems where the digital transmission of images is more efficient across networks to remote health care 
workstations. These changes depend upon continued improvements in computer networks, individual workstations, storage devices, and media displays. In 
addition, evolving security standards have been implemented as necessary support for the digital imaging infrastructure and protection of patient 
information. 


DISTRIBUTION OF IMAGING INFORMATION 


The distribution of medical images is influenced by several factors: size and volume of imaging studies, computer or wireless network infrastructure, and 
the clinical requirements of the interpreting and referring physicians. Current trends in digital imaging technology have resulted in greater image resolution 
and greater numbers of images. For example, a typical 256 x 256 matrix image, using 2 bytes of storage per pixel, requires approximately 125 KB of 
storage per image, whereas a higher-resolution 512 x 512 matrix image requires approximately four times as much storage at 500 KB. CT and MRI studies 
routinely contain 100 to 200+ images, resulting in storage requirements of 12 to 100 MB per study. Newer 64-slice and 256-slice CT scanners may result in 
data files of up to 2.5 and 10 GB per study, respectively. Higher slice CT scanners offer more detectors, which enhance the imaging process with faster 
image acquisition, greater accuracy, less radiation exposure to the patient, and reduced motion artifact. However, the threshold for ideal imaging efficiency 
and capacity for a given patient volume versus the increased cost for multiple-slice CT scanners remains an ongoing mission for health care systems to 
balance. 

Media for imaging distribution include historic printed films, CD-ROMs, and networks for remote viewing or processing on workstations. Ideally, when 
trauma patients are transported from one institution to another, images taken at the referring institution should be imported to the PACS at the receiving 
hospital to reduce unnecessary repeat imaging.!*° To accomplish this, many Radiology Information Systems (RIS) are connected to networks for 
transmitting image data to remote locations for image viewing and storage. There are a wide variety of network configurations available for date 
transmission: such as local or wide area networks (LAN, WAN), intranets, and the internet. The transmission speed depends on the various types of 
communication links within the network (DSL, cable modem, T1, T3, fiberoptic cable), as well as the level of network traffic. Data compression is often 
used to decrease the size of imaging studies before electronic transmission. Compression schemes are categorized as “lossless” (no loss of original data, 
typically 3:1 compression) or “lossy” (some loss of data in original image, typically 15:1 or greater compression). As the use of the internet to transmit 
imaging studies becomes more commonplace, patient confidentiality and security remain at the forefront. 

This infrastructure has given rise to teleradiology: the remote practice of radiologists interpreting medical images at a location offsite from where the 
images are generated. Typically, the radiologist workstations are much more sophisticated and able to display images at full resolution using specific 
advanced formats including manipulating 3D images in real-time or video modes. These current, high-end workstations are expensive and are usually not 
available outside of the radiology department. The operating theater, wards, and clinic often rely on less-sophisticated viewing stations with basic access to 
images but offer the ability to display numerous images of various imaging modalities to facilitate patient care. 

The ubiquitous presence of smartphones provides a simple means to capture images from a computer workstation and distribute most easily using text- 
messaging capabilities. To maintain patient privacy, many “apps” have been developed within the electronic medical record or dual-authenticated secure 
medical text platforms. Although image resolution can be compromised from this process, it appears to be adequate for clinical decision making. Naqvi et 
al. evaluated the use of smartphones for fracture diagnosis, taking photographs of 30 radiographs of the distal radius, ankle, and hip using an iPhone 
camera.!°° The images were sent to three orthopaedic registrars using text multimedia messaging service. Each surgeon independently assessed the images 
on their own smartphone and recorded the diagnosis, the fracture classification, and a specific treatment plan. The overall accuracy of fracture diagnosis was 
97.7% with sensitivity of 100% and specificity of 94.4%. The three surgeons had substantial agreement for management plan and substantial to near-perfect 
agreement on the fracture classification supporting the use of smartphones as an accurate tool for MSK trauma consultation among on-call doctors. 


PICTURE ARCHIVE AND COMMUNICATIONS SYSTEMS 


A PACS represents a network of mechanisms used to acquire, view, and store digital images. This includes the devices used to acquire digital images (e.g., 
CT and MRI scanners), the workstations whereby images may be viewed and manipulated for diagnostic interpretations, and archives where digital images 
are stored for later retrieval. PACS may also include connections to viewing stations for departments outside of the radiology department (e.g., ED, 
intensive care unit, operating theater). PACS may also communicate with RIS and Hospital Information Systems to share and/or modify patient information. 

There are many advantages of PACS over hardcopy films: prompt access to imaging studies, capacity to manipulate images (window leveling, MPRs 
and 3D reconstructions, measurement and annotations tools), simultaneous image viewing by different providers, reduced film costs, less radiation 
exposure, fewer wasted films, and virtual elimination of lost films. On the other hand, the disadvantages include initial and recurring expenses related to 
installing and maintaining PACS, massive storage requirements for image archival, and the necessity of support personnel to maintain the network and its 
components. One study showed that LCD personal computer monitors and PACS workstations did not differ significantly in the diagnostic quality of 
cervical spine fracture radiographs, suggesting the former are sufficient for the timely and accurate diagnosis of cervical spine injuries in the ED at 
considerably reduced cost.*! 


DIGITAL IMAGING AND COMMUNICATIONS IN MEDICINE STANDARDS 


In 1983, the ACR and the National Electrical Manufacturers Association (NEMA) formed a joint committee to develop a standard by which users could 
retrieve images and associated information from digital imaging equipment in a form that would be compatible across all manufacturers. The first two 


versions relied on point-to-point connections between equipment, and by 1988, the growing implementation of networks and PACS necessitated a complete 
rewriting of the standard, which is currently known as DICOM version 3.0. 

The DICOM standard sets forth a uniform set of rules for communication of medical images and associated information. The standard is flexible enough 
to accommodate a variety of images and information across a broad range of medical imaging platforms. Conformance with the standard is voluntary, and 
manufacturers of medical imaging equipment or software who support the standard must provide confirmation. Unfortunately, this does not guarantee that 
two DICOM-compliant devices will communicate properly with one another; rather, the conformance statement serves as a guide to rule out obvious 
incompatibilities between equipment. 


TELERADIOLOGY IN ORTHOPAEDICS 
Teleradiology 


Teleradiology can affect the practice of fracture management in many ways. Teleradiology allows emergency physicians and/or house staff to send digital 
images of radiographs or clinical photographs to off-site attending orthopaedic staff. There is potential application for community-based orthopaedists to 
obtain second opinions about fracture management from specialists at tertiary care centers. Traditionally, such consultation required the referring 
orthopaedic surgeon to obtain, duplicate, and mail hardcopies of radiographs to the consulting surgeon, who then had to communicate their opinion to the 
referring surgeon by telephone. Using teleradiology, the transmission of patient information, imaging studies, and the consultant’s evaluation can all be 
accomplished with greater convenience and less cost. 

Ricci and Borrelli!®° demonstrated that teleradiology improved clinical decision making in the management of acute fractures. A series of 123 
consecutive fractures was studied; in all cases, a junior orthopaedic resident performed the initial orthopaedic evaluation. All radiographs were digitized and 
electronically sent to the attending orthopaedist. Treatment plans were formulated and documented at three different times: after verbal communication of 
the patient’s history and injuries, after the digitized radiographs were viewed, and after the original hardcopy radiographs were viewed. The investigators 
recognized two different types of changes that were made to the initial plan of management: acute treatment changes and changes in the definitive 
management of the fracture. Overall, the viewing of digitized radiographs resulted in a change of management in 21% of the fractures. No further changes 
in management were decided on after review of the original radiographs. The investigators concluded that the routine use of digitized radiographs improves 
fracture management.!®9 
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health record decreases use of high-cost imaging in the emergency department: embed 
study. Acad Emerg Med. 2017;24(7):839-845. 


Use of advanced imaging in the emergency room for diagnosis of brain or cervical spine 
trauma or VTE is common but also quite variable. This article demonstrates that the use of 
clinical decision rules embedded within an electronic health record helps to standardize 
care, with decreased use of high-cost imaging while still adhering to accepted practice 
standards. 


Dreizin D, Nascone J, Davis DL, et al. Can MDCT unmask instability in binder-stabilized 
pelvic ring disruptions? AJR Am J Roentgenol. 2016;207(6):1244-1251. 


The correct assessment of mechanical instability in a pelvic ring injury is of the utmost 
importance because it can provide clues to other injuries as well as predict blood loss, and 
thereby direct initial interventions. However, many open-book injuries are placed in pelvic 
binders in the field, and plain images may not demonstrate deformity or displacement. In 
this paper, the authors review CT findings that provide important clues to potential pelvic 
instability. 


Expert Panel on Musculoskeletal Imaging; Bencardino JT, Stone TJ, Roberts CC, et al. 


ACR Appropriateness Criteria® stress (fatigue/insufficiency) fracture, including sacrum, 
excluding other vertebrae. J Am Coll Radiol. 2017;14(5S):S293-S306. 


Many imaging modalities are available for imaging suspected stress or insufficiency 
fractures, including plain radiographs, MRI, CT, ultrasound, and radionuclide imaging. 
This article provides an evidence-based approach to optimize imaging in patients with 
pain possibly due to stress or insufficiency fracture. 


Firoozabadi R, Alton T, Weinke J. Novel strategies for the diagnosis of posttraumatic 
infections in orthopaedic trauma patients. J Am Acad Orthop Surg. 2015;23(7):443-51. 


Advanced imaging modalities can aid in the diagnosis and management of orthopaedic 
trauma-telated infections. While CT and MRI provide high-quality anatomic projections, 
detail can be obscured in the setting of metallic implants. Nuclear medicine modalities, 
which are less prone to artifact, play a role in diagnosing orthopaedic infections. This 
paper describes available advanced imaging and molecular diagnostics that help guide 
treatment in orthopaedic infections. 


Firoozabadi R, Spitler C, Schlepp C, et al. Determining stability in posterior wall 
acetabular fractures. J Orthop Trauma. 2015;29(10):465—-469. 


Frantz TL, Steenburg SD, Gaski GE, et al. Tissue damage volume predicts organ 
dysfunction and inflammation after injury. J Surg Res. 2016;202(1):188-195. 


Kumar V, Baburaj V, Patel S, et al. Does the use of intraoperative CT scan improve 
outcomes in Orthopaedic surgery? A systematic review and meta-analysis of 871 cases. J 
Clin Orthop Trauma. 2021;18:216-223. 


These authors demonstrate that the exit point of a posterior wall fracture in relation to the 
dome of the acetabulum is a useful predictor of hip stability, and posterior wall size of less 
than 20% is not a reliable indicator of stability. 


Polytrauma patients exhibit a systemic inflammatory response that contributes to 
complications of ARDS or MOD. These authors show that the volume of tissue damage as 
assessed by MDCT identifies patients at risk for these complications. 


Meta-analysis of 31 different studies encompassing multiple orthopaedic subspecialties to 
evaluate the use of 3D imaging intraoperatively compared to conventional 2D 
fluoroscopy. Found that inclusion of 3D imaging intraoperatively improved implant 
positioning (OR 0.35, p = .0002) and decreased revision surgery for implant malposition 
(OR 0.18, p = .03) without a statistically significant increase in mean surgical time 


Raffetto ML, Blum LE, Abbenhaus EJ, et al. Radiation exposure among orthopaedic 
trauma surgeons: deconstructing commonly held myths and misperceptions. J Orthop 
Trauma, 2022;36(8):375. 


(average 4.19 minutes longer, p = .57). 


Retrospective study extrapolating yearly surgeon radiation exposure based on surgeon 
position during cases and type of lead worn. Found that average annual radiation exposure 
for a traumatologist was 1,521 mR to the thyroid, 2,452 mR to the chest, and 1,129 mR to 


Vaidya R, Waldron J, Scott A, Nasr K. Angiography and embolization in the management 
of bleeding pelvic fractures. J Am Acad Orthop Surg. 2018;26(4):e68-e76. 


Vallier HA, Ahmadinia K, Forde FA, et al. Trends in musculoskeletal imaging in trauma 
patients: how has our practice changed over time? J Orthop Trauma. 2014;28:e236-e241. 


Watanabe Y, Matsushita T, Bhandari M, et al. Ultrasound for fracture healing: current 
evidence. J Orthop Trauma. 2010;24:S56-S61. 


the pelvis. Circumferential lead decreased exposure by 90% or better. Noncircumferential 
lead provided only a 22% reduction in radiation scatter and zero protection while standing 
perpendicular to and away from fluoroscopy source, respectively. 


Ambiguity persists regarding use of angiography with or without embolization in the 
setting of pelvic ring injury. Contrasted CT scans can aid in discerning the need for 
angioembolization. This paper reviews the use of angiography and embolization in 
management of pelvic hemorrhage. 


A retrospective review of diagnostic imaging of trauma patients at two level 1 trauma 
centers demonstrated a progressive trend toward annual increased number of studies, 
greater radiation exposure, and higher costs, with CT scans accounting for the majority of 
radiation dose and costs. The results reflect an opportunity to lower radiation dose and 
imaging expenses. 


Low-intensity pulsed ultrasound (LIPUS) has been described for use in nonunions though 
its efficacy is controversial. Clinical trial results are heterogeneous and therefore its utility 
is unknown. This paper offers a review of current evidence surrounding LIPUS for 
delayed unions and nonunions. 
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INTRODUCTION 


The “outcomes movement” in orthopaedic surgery began well over two and a half decades ago and has earned a preeminent position in the arenas of clinical 
decision making, health policy, and regulation of therapeutic interventions. At its essence, outcomes research—which falls under the broader umbrellas of 
“comparative effectiveness research” and “evidence-based medicine”—involves decision making guided by the highest quality of scientific research.®° It 
was brought to the forefront during an era where clinical decisions in orthopaedics were based on a single surgeon’s experience and opinion—a situation 
that was recognized as untenable, especially with the proliferation of comparative clinical study designs.*° Today, we are seeing an accelerated movement 
toward not only outcomes research but “patient-centered” outcomes research, which has rapidly gained the support of clinicians, health policy experts, 
government officials, and patients alike.!9:!°* Orthopaedic surgeons today must be able to navigate, appraise, and act upon the best available information to 
guide patient care. 

In this chapter, we will provide an overview of the principles and practice of clinical research—and more broadly the concept of evidence-based 
orthopaedics (EBO)— including an evaluation of contemporary study designs with recommendations for their appropriate use and interpretation. 


EVIDENCE-BASED ORTHOPAEDICS 


The balanced application of evidence to clinical decision making is the central point of practicing EBO and—consistent with evidence-based medicine 
principles—involves the integration of surgical expertise and judgment, patients’ perceptions and societal values, and the best available research 
evidence.!:!4 The best available research evidence exists on a hierarchy of study designs, ranging from meta-analyses of high-quality randomized trials 
demonstrating definitive results that are directly applicable to the individual patient to a reliance on biologic rationale, mechanistic reasoning, or clinical 
experience. Importantly, in addition to considerations of study design, EBO entails careful attention to the design, methodologic rigor, and statistical 
analysis of a study. Ultimately, the hallmark of the evidence-based surgeon is that, for a particular clinical decision, they know the strength of the evidence 
and therefore the degree of certainty (or uncertainty). 


THE HIERARCHY OF EVIDENCE 


Among the various study designs, there exists a hierarchy of evidence with randomized controlled trials (RCTs) at the top, controlled observational studies 
in the middle, and uncontrolled studies and opinion at the bottom (Fig. 8-1).!*:2%24 The hierarchy of evidence bases its classification on the validity of the 
study design. Thus, those designs that limit bias to the greatest extent find themselves at the pinnacle of the pyramid and those inherently biased designs are 
found at its base (Fig. 8-2). 

Since 2003, the Journal of Bone and Joint Surgery (JBJS) has published the “level of evidence” associated with each published scientific article to 
provide readers with a gauge of the validity of the study results. Based on a review of several existing evidence ratings (updated most recently in 2015), the 
JBJS uses five levels for each of the four different study types (i.e., therapeutic, prognostic, diagnostic, and economic; Table 8-1).°! Other orthopaedic 
journals, including the Journal of Orthopaedic Trauma, have also now begun to report a level of evidence for published studies. In general, all else being 
similar, readers may place more confidence in the results of a higher-level study design. For instance, a large, high-quality multicenter randomized trial 
evaluating the comparative effectiveness of arthroplasty versus internal fixation on revision rates and mortality after hip fracture (level I study) should elicit 
more confidence than two separate case series, each individually evaluating either arthroplasty or internal fixation on the same outcomes (level IV studies). 
We will outline the reasons for this further along in the chapter. 
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Figure 8-1. The hierarchy of evidence with high-quality randomized trials at the top and expert opinion at the bottom. 
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Figure 8-2. Categorization of study designs. 


The historical reliance on lower-level studies has been steadily improving in the orthopaedic literature.®9 A systematic review of the orthopaedic trauma 
literature evaluated trauma publications in three prominent orthopaedic journals and found a significant decrease in the number of low-level studies 
published over 15 years.®° The authors were unable to definitively demonstrate an increased proportion of higher-level studies, although a positive trend 
was observed. Another systematic review evaluating the proportion of level I and II studies published in two orthopaedic journals reported a decrease in 
nontrauma studies between 2013 and 2018 (28.8%-24.9%, p = .037).59 As such, an emphasis on case series and lower-level studies remains a cultural 
remnant within orthopaedics, often dominating discussions at national and international meetings. Slobogean and colleagues previously demonstrated that 
more than half of podium presentations at the Orthopaedic Trauma Association (OTA) were identified as low-level (i.e., level IV) studies.2! However, 
higher-level studies presented at orthopaedic meetings are more likely to be published.%° 

Although not all journals clearly identify the level of evidence of a study, orthopaedic surgeons may reliably make this assessment on their own. 
Bhandari and colleagues? have evaluated the interobserver agreement among reviewers with varying levels of epidemiology training in categorizing clinical 
studies published in the JBJS into levels of evidence. Among 51 included articles, the majority were studies of therapy (68.6%) constituting level IV 
evidence (56.9%). Overall, the agreement among reviewers for the study type, level of evidence, and subcategory within each level was substantial. The 
findings suggested that epidemiology- and non—epidemiology-trained reviewers can apply the levels of evidence guide to published studies with acceptable 
interobserver agreement. 


TABLE 8-1. Levels of Evidence 


Therapeutic Studies— 
Investigating the Results 
of Treatment 


Prognostic Studies 
Investigating the 
Outcome of Disease 


Types of Studies 


Diagnostic Studies 
Investigating a Diagnostic Test 


Economic 


Level I Randomized controlled Inception cohort 1. Randomized controlled trial Computer simulation model (Monte Carlo 
trial study 2. Testing of previously simulation, Markov model) with inputs 
developed diagnostic criteria derived from level I studies, lifetime time 
(consecutive patients with duration, outcomes expressed in dollars 
consistently applied reference per quality-adjusted life years (QALYs), and 
standard and blinding) uncertainty examined using probabilistic 
sensitivity analyses 
Level II 1. Prospective cohort 1. Prospective 1. Development of diagnostic Computer simulation model (Monte Carlo 
study cohort study criteria (consecutive patients simulation, Markov model) with inputs 
2. Observational study 2. Control arm of with consistently applied derived from level II studies, lifetime time 
with dramatic effect randomized trial reference standard and duration, outcomes expressed in dollars per 
blinding) QALYs, and uncertainty examined using 
probabilistic sensitivity analyses 
Level III 1. Retrospective 1. Retrospective 1. Retrospective cohort study Computer simulation model (Markov model) 
cohort study cohort study 2. Case-control study with inputs derived from level II studies, 
2. Case-control study 2. Case-control 3. Nonconsecutive patients relevant time horizon, less than lifetime, 
study 4. No consistently applied outcomes expressed in dollars per QALYs, 


Level IV 


Level V 


1. Case series 
2. Historically 
controlled study 


Mechanism-based 
reasoning 


Case series 


Mechanism-based 
reasoning 


reference standard 


Poor or nonindependent reference 
standard 


Mechanism-based reasoning 


and stochastic multilevel sensitivity analyses 


Decision tree over the short time horizon 
with input data from original level Il and 
level II studies and uncertainty is examined 
by univariate sensitivity analyses 


Decision tree over the short time horizon 
with input data informed by prior economic 


evaluation and uncertainty is examined by 
univariate sensitivity analyses 


Studies may be further downgraded if study quality is low (e.g., a low-quality RCT may be better rated as a level II study). A systematic review is ranked based on the level of 
evidence of the studies of which it is composed 
Reprinted with permission from Marx RG, et al. Updating the assignment of levels of evidence. J Bone Joint Surg Am. 2015;97(1):1-2. 


A caveat to classifying a study on the hierarchy of evidence is that one must still appraise its methodologic design and rigor independently. For instance, 
the findings of a small, poor-quality level I RCT may not be as valid as a multinational, high-quality level II prospective comparative cohort. Therefore, 
orthopaedic surgeons must be able to critically appraise individual studies (in addition to determining position on the hierarchy) to determine how much 
confidence can be placed in the results. 


THE IMPACT OF HIGH-QUALITY STUDIES IN TRAUMA 


High-quality studies in orthopaedic trauma have the potential for enormous impact. Improved understanding of methodologic principles in health research 
has led to a reliance on good evidence to guide both clinical decision making and health policy development.!%!©? This is because high-quality studies, 
through their ability to limit bias, provide the closest possible approximation to the “truth.” This “truth” enables one to make the best possible decisions for 
patients (e.g., utilizing saline to irrigate an open fracture as opposed to soap? while also avoiding costly interventions with limited benefit (e.g., low- 
intensity pulsed ultrasound [LIPUS] for fresh tibial shaft fractures).°° 

While some may lament the increasing reliance on large, resource-intensive studies, such studies provide a unique opportunity for orthopaedic surgeons 
that was not available in the past. Millions of dollars of research funding are available to facilitate high-quality evidence creation—funds that have 
traditionally been disproportionately allocated toward medical studies over surgical studies.** Moreover, high-quality research is often published in high- 
impact general medical journals with large circulations and large budgets for media outreach. This high-quality research positively influences clinical 
practice guidelines, policymaking, and pharmaceutical and device regulation. Indeed, with a single, well-designed RCT, there exists an opportunity to 
improve the care of patients locally, nationally, and globally. 


CASE STUDY: TRUST TRIAL 


The publication of the “Re-evaluation of low intensity pulsed ultrasound in treatment of tibia fractures (TRUST)” RCT serves to demonstrate the impact of 
high-quality outcomes research in orthopaedics.°® LIPUS is a widespread, noninvasive therapy frequently used for the purposes of accelerating tibial shaft 
fracture healing. It has been hypothesized that the LIPUS ultrasonic waves may serve to accelerate bone healing through various mechanisms, including the 
induction of micromotion at the fracture site (i.e., promoting secondary bone healing) or enhancing local blood flow and nutrient delivery.’? Before the 
TRUST randomized trial, systematic reviews and meta-analyses of the literature remained noncommittal.‘* Although no strong (or even moderate) 


recommendations could be made, possible benefit of LIPUS was suggested by numerous small, low-quality trials. This equipoise likely contributed to the 
widespread use of this technology, including $250 million in annual U.S. sales (2006 data).®! 

The TRUST trial was a multicenter randomized clinical trial of patients with fresh tibial shaft fractures treated with intramedullary nailing. The trial 
randomized 501 patients across 43 North American centers to either LIPUS therapy or sham-LIPUS therapy (i.e., placebo). TRUST found no difference in 
radiographic healing, time to return to preinjury function, or final function between the two groups. Through its rigorous design, large predetermined sample 
size, and comprehensive use of outcome measures, the TRUST trial single-handedly clarified the uncertainty surrounding LIPUS therapy. In addition to 
widespread social and traditional media coverage, this trial also enabled a meta-analysis of the orthopaedic literature to conclude with “high certainty” that 
LIPUS did not reduce time to weight bearing, time to radiographic union, or pain at follow-up.®° Based on these results, a rapid BMJ recommendation was 
made against the use of LIPUS therapy in the management of fresh tibial shaft fractures. The impact of this clinical trial demonstrates the sheer strength of 
well-conducted outcomes research to facilitate evidence-based decision making and policy. While the TRUST trial provided strong evidence against the use 
of LIPUS in operatively treated low extremity fresh fractures, its generalizability to LIPUS for nonunion treatment is less certain. Application of the results 
of a clinical trial must always be careful not to “overextend” findings to populations in which the treatment effect is less certain. 


CLINICAL STUDY DESIGNS IN TRAUMA RESEARCH 


Study designs in orthopaedic trauma research may be broadly categorized into either descriptive designs or analytic designs. Descriptive research designs 
attempt to describe the distribution of some entity among a population (e.g., different types of hip fractures or different treatment options used for open 
fractures). For example, if an orthopaedic surgeon wants to know the incidence of high-energy acetabular fractures in the state of California, a descriptive 
study design could be used to determine this. Case series, cross-sectional surveys, and both retrospective and prospective cohorts are usually included within 
this umbrella. In contrast, analytic research designs endeavor to test a hypothesis, which typically involves evaluating the difference between two or more 
treatments or exposures, or determining the relationship between two or more variables. Case-control studies, comparative observational studies, and 
clinical trials are all categorized as analytic studies. 


RANDOMIZED TRIAL 


When considering a single study, the randomized trial remains the most powerful study design to limit bias in comparative clinical research. Randomized 
trials are by no means easy to conduct even when the pathology is a common one as they require a complex infrastructure for appropriate design and 
execution.’! Certain regions have been more effective than others at executing randomized trials in orthopaedics. In a systematic review of hip fractures, 
Yeung and Bhandari identified a total of 199 randomized trials.!°? Sweden ranked highest with 50 trials (8,941 patients). The United Kingdom followed 
with 40 trials (7,589 patients). The United States and Canada together contributed only a 10th of the total number of trials contributed by European 
countries. 

The randomized trial’s strength is rooted in the process of randomization. Although the definition of randomization is straightforward, many surgeons 
remain unfamiliar with the rationale for random allocation of patients in a trial. To understand this concept, one must return to the fundamental reason why a 
study is being conducted. In orthopaedic trauma, therapeutic studies aim to determine the impact of an intervention on events such as nonunions, infections, 
or death. However, in addition to the treatment patients receive, pre-existing prognostic factors (such as a patient’s age, the underlying severity of fracture, 
the presence of comorbid conditions, health habits, and a host of other characteristics) also influence the frequency with which a trial’s target outcome 
occurs. Randomization is a process whereby a patient entering a clinical trial has an equal probability (or chance) of being allocated to either of the 
competing treatment options. Randomization is the only method of controlling for both known and unknown prognostic factors between two comparison 
groups. By balancing these prognostic factors between the two groups, the observed outcome seen in a trial is more likely to be due to the isolated effect of 
the treatment received. 

For instance, an observational (i.e., nonrandomized) study comparing the impact of early surgery (i.e., surgery performed within 24 hours) versus 
delayed surgery (i.e., surgery performed after 24 hours) on mortality after hip fracture must take into account that patients receiving surgery within 24 hours 
may be inherently different (e.g., healthier) than those receiving delayed surgery (e.g., if surgery is being delayed to address medical issues).°° Therefore, 
the analysis must try to statistically balance underlying medical comorbidities between groups to remove this source of bias. However, there may be several 
unknown or unmeasured factors that also contribute to differences between groups (e.g., patient frailty, socioeconomic status, etc.).24°° Randomization 
removes this concern of unequal distribution of unknown prognostic variables, thereby limiting bias more effectively than an observational study design. 

Equally important to randomization is the concept of allocation concealment. Allocation concealment means that there is a process in place to prevent 
prediction of which treatment arm the next participant will be assigned to. Strategies to achieve allocation concealment include use of a remote 24-hour 
telephone or online randomization service. Historically, treatment allocation in surgical trials has been performed with the use of sealed and (occasionally) 
opaque envelopes; although theoretically concealed, in the “real world,” envelopes may be tampered with. 

Allocation concealment is distinct from the concept of blinding. Blinding can be conceptualized as occurring after the process of allocation, whereby 
certain (or all) involved stakeholders are unaware which treatment a study participant has received. Studies should specify for readers who was and was not 
blinded in a clinical trial—the term “single” or “double” blinding is not sufficient. Devereaux et al.” have recently challenged the “classic” definition of 
double blinding. The authors identified 17 unique definitions of “double blinding” based on a survey of 91 internists and researchers. Moreover, randomized 
trials in five high-profile general medical journals revealed considerable variability in the use of the term “blinding.” Individuals in a clinical trial who can 
theoretically be blinded include physicians, patients, outcome assessors, and data analysts. Although blinding of surgeons or patients in surgical trials may 
not be feasible, a review of orthopaedic trials demonstrated even outcome assessors were blinded only 44% of the time and data analysts were never 
blinded. Having this information is critical to assessing a trial’s risk of bias, and current recommendations for reporting randomized trials recognize the 
need to explicitly identify who is blinded.°° 

The balance of known and unknown prognostic factors must be maintained throughout the analysis phase of a trial as well. A statistical principle known 
as the intention-to-treat (ITT) principle accomplishes this by analyzing patients to the group they were initially allocated regardless of treatment received 
(Fig. 8-3).”° For instance, in a trial of reamed versus unreamed nails for tibial shaft fractures,°? suppose a patient was randomized to receive a reamed nail, 
but instead their soft tissues necessitated treatment with an external fixation device. In this situation, the patient should still be analyzed in the reamed nail 
arm, despite being treated with definitive external fixation. 
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Figure 8-3. The intention-to-treat principle: a per protocol analysis analyzes patient outcomes to the treatment they “actually received” whereas intention-to-treat 
analysis evaluates outcomes based upon the treatment to which patients were originally randomized. 


In addition to preserving the balance of known and unknown prognostic variables between groups, the ITT principle also has the benefit of emulating 
the “real world” scenario in which crossovers in treatment are to be expected. A follow-up question of interested investigators and readers may be what the 
effect of the intervention was in only those patients who ultimately received the intervention. For this scenario, a per protocol analysis may be conducted as 
a secondary analysis. However, readers must be cognizant that the risk of bias in the per protocol analysis is higher than in the ITT analysis because the 
delicate balance of known and unknown prognostic factors will necessarily have to be disrupted. 

The overall quality of a randomized trial can be evaluated with a simple checklist (Table 8-2). This checklist provides guidance to the assessment of the 
methodologic rigor of a trial. 


EXPERTISE-BASED RANDOMIZED TRIAL 


In conventional surgical trials, participants with a condition (e.g., hip fracture) are randomized to a procedure (e.g., hemiarthroplasty [HA] or total hip 
arthroplasty [THA]).*)”” Each participating surgeon is prepared to perform the procedure to which the patient is randomized. However, in this conventional 
scenario, there arises the issue of differential expertise bias; in other words, not all surgeons are equally competent at performing both procedures. For 
instance, certain surgeons may have expertise in performing HA but not necessarily THA. An expertise-based randomized trial effectively randomizes 
patients to a surgeon (or group of surgeons) who is committed to perform only the intervention in which they have expertise. Expanding on the previous 
example, in an expertise-based design, participants would receive either THA (by surgeons who are experienced and committed to performing only THA) or 
HA (by surgeons who are experienced and committed to performing only HA).* Devereaux et al.” have outlined several advantages of this trial design that 
makes it an attractive option for surgical research. These include the following: (i) elimination of differential expertise bias where, in conventional designs, 
a larger proportion of surgeons are experts in one procedure under investigation compared with the other; (ii) differential performance, cointervention, data 
collection, and outcome assessment are less likely than in conventional RCTs; (iii) procedural crossovers are less likely because surgeons are committed and 
experienced in their procedures; and (iv) ethical concerns are reduced because all surgeries are conducted by surgeons with expertise and conviction 
concerning the procedure. 


OBSERVATIONAL STUDY 


Studies in which randomization is not employed can be referred to as nonrandomized, or observational, study designs. The role of observational 
comparative studies in evaluating treatments is an area of continued debate. Treatment decisions made for or by each patient mean that differential outcomes 
may be caused by differences between patients as opposed to the effects of the treatments alone. Unrecognized or unmeasured baseline characteristics can 
preclude an adequate balancing of prognostic factors between groups. There has been considerable debate about whether the results of nonrandomized 
studies are consistent with the results of RCTs.*:7855 Nonrandomized studies have been reported to overestimate or underestimate the treatment effect.49.5> 


TABLE 8-2. Checklist for Assessing Quality of Reporting 


Randomization 1 Yes 1 Partly 0 No 
Were the patients assigned randomly? 2 Yes 0 No 
Randomization adequately described? 1 Yes 0 No 
Was treatment group concealed to investigator? 1 Yes 0 No 
Total out of 4 

Description of outcome measurement adequate? 1 Yes 1 Partly 0 No 
Outcome measurements objective? 2 Yes 0 No 
Were the assessors blind to treatment? 1 Yes 0 No 


Total out of 4 


Were inclusion/exclusion criteria well defined? 2 Yes 1 Partly 0 No 
Number of patients excluded and reason? 2 Yes 1 Partly 0 No 
Total out of 4 

Was the therapy fully described for the treatment group? 2 Yes 1 Partly 0 No 
Was the therapy fully described for the controls? 2 Yes 1 Partly 0 No 
Total out of 4 

Statistics 1 Yes 1 Partial 0 No 
Was the test stated and was there a p-value? 2 Yes 0 No 
Was the statistical analysis appropriate? 1 Yes 0 No 
Was the trial negative; were confidence intervals of post hoc power calculations performed? 1 Yes 0 No 


Sample size calculation before the study? 
Total out of 4 (if positive trial); total out of 5 (if negative trial) 
Total score: 20 points (if positive trial); 21 points (if negative trial) 


Reprinted from Detsky AS, et al. Incorporating variations in the quality of individual randomized trials into meta-analysis. J Clin Epidemiol. 1992;45(3):225-265. Copyright © 1992 
Elsevier. With permission from Elsevier. 


One example of the pitfalls of nonrandomized studies was reported among study designs that addressed the topic of arthroplasty versus internal fixation 
for hip fracture.’ Mortality data were available in 13 nonrandomized studies (n = 3,108 patients) and in 12 randomized studies (n = 1,767 patients). 
Nonrandomized studies overestimated the risk of mortality by 40% when compared with the results of randomized trials (relative risk: 1.44 vs. 1.04, 
respectively) (Fig. 8-4). If we believe the data from the nonrandomized trials, then no surgeon would offer a patient an HA for a displaced hip fracture, 
given the significant risk of mortality. However, in practice, arthroplasty is generally favored over internal fixation in the treatment of displaced femoral 
neck fractures. Thus, surgeons (correctly) believe the randomized trials that report no significant differences in mortality and significant reductions in 
revisions with arthroplasty. 

Although randomized trials, when available, represent the most valid evidence, information from nonrandomized studies can provide crucial data to 
generate hypotheses for future studies. Nonrandomized studies also serve an invaluable role when studying the effects of potentially harmful exposures 
(such as smoking) between two groups owing to ethical considerations precluding deliberate exposure allocation. 


PROSPECTIVE COHORT STUDY 


A prospective observational cohort study identifies a group of patients at a similar point in time and follows them forward in time. Outcomes are determined 
prior to the start of the study and evaluated at regular time intervals until the conclusion of the study. A comparison group (i.e., controls) may also be 
identified concurrently and followed for the same period. 

Whereas comparison groups are helpful when comparing the outcomes of two surgical treatment options, a prospective evaluation of a single group of 
patients with complex injuries can provide information on the prognosis, outcomes, and/or expected complications. This information is most useful when 
the data collected remain consistent over time, the data collected include important baseline patient characteristics and patient outcomes, and efforts are 
made to ensure patients are followed over time. Matta’s acetabular fracture database is one striking example of a carefully designed prospective cohort that 
has consistently collected data on patients for more than 25 years.°° With the outcomes of over 800 patients with acetabular fractures reported, the current 
limits of technique, results, and complications can be reported to serve as a benchmark for future studies. In addition, these types of studies can assist 
surgeons in discussing the expected risk and outcomes of surgery with their patients during the informed consent process. For instance, Matta’s group 
reported avoidance of THA in 79% of patients following acetabular fixation at 20-year follow-up.°° 
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Figure 8-4. Estimates from randomized trials tend to provide a more conservative estimate of a treatment effect when compared with nonrandomized studies. 
Nonrandomized studies overestimate the benefit of internal fixation regarding mortality by 40%. 


CASE-CONTROL STUDY 


If the outcome of interest is rare (e.g., mortality after elective hip arthroplasty), the sample size required in a prospective cohort study to capture a sufficient 
number of outcomes may be cost prohibitive. A case-control study is a useful strategy in such circumstances.’® Cases with the outcome of interest are 
identified retrospectively from a group of patients (e.g., databases) and matched (e.g., by age, gender, severity of injury) with control patients who do not 
have the outcome of interest. Both groups can be compared for differences in risk factors. The validity of results from case-control studies depends upon the 
accuracy of the reporting of the outcomes of interest. For example, investigators conducted a study to determine risk factors for hip fracture among elderly 
women.”* To accomplish this, they identified 159 women with their first hip fracture and 159 controls (i.e., 1:1 matching) matched for gender, age, and 
residence. Identified factors that differed between the matched groups, and therefore appeared to place patients at risk for fracture, included perceived safety 
(odds ratio = 5.8), psychotropic drug use (odds ratio = 2.6), and tendency to fall (odds ratio = 2.3). Some of these factors may not have been well captured in 
existing records (e.g., perceived safety), and therefore may have biased the results. 


RETROSPECTIVE CASE SERIES 


Retrospective studies, although less costly and less time consuming than prospective studies, are typically limited by biased ascertainment of cases and 
reporting of outcomes. When patient charts form the basis for the outcome evaluation, readers may be convinced that objective outcomes are reported and 
collected with reasonable accuracy. For example, in-hospital mortality data are an objective outcome that is likely to have been well documented in patient 
charts. However, subjective outcomes such as patient satisfaction or functional outcome are far less likely to have been recorded with any standardization or 
consistency when using patient records. 

Despite its limitations, a retrospective case series can provide initial useful information about the safety and complication profile of a new surgical 
technique or implant. This information is most valid when eligibility criteria for patient inclusion are clearly defined, consecutive patients are screened for 
eligibility, surgery and perioperative care are consistent, outcomes are objective and independently assessed, and follow-up is complete. Unfortunately, the 
validity of the results can be compromised by inadequate and incomplete reporting of patient characteristics and outcomes in patient charts. 


CASE STUDY: THE FAITH TRIAL OF HIP FRACTURES 


The Fixation using Alternative Implants for the Treatment of Hip fractures (FAITH) trial was an RCT comparing multiple cancellous screw fixations with a 
sliding hip screw plus side-plate construct for the treatment of femoral neck fractures.** The trial randomized and concealed allocation of 1,108 patients 
from 81 international clinical sites. Although not “expertise based” by design, all surgeons were experienced in the execution of both surgical techniques as 
determined by objective and transparently reported criteria. 

Blinding of surgeons, patients, or outcome assessors was not undertaken due to practical considerations, which certainly adds to the overall risk of bias 
in the trial. This risk was likely mitigated through independent outcome arbitration and by blinding of data analysts. Moreover, both groups of patients 
received a surgical intervention (i.e., in contrast to a placebo or a medical treatment in one group), and therefore any underlying placebo effect was likely 


similar between the groups. 

The analysis was conducted by a team with statistician support and adhered to the ITT principle. Furthermore, the investigators determined the primary 
outcome (i.e., reoperation rate within 24 months) a priori and did not modify it either throughout or at the conclusion of the trial. These factors collectively 
helped limit additional bias and reinforce confidence in the conclusion that there is no difference overall between the two fixation constructs. 


SYNTHESIZING EVIDENCE IN TRAUMA 


SYSTEMATIC REVIEW AND META-ANALYSIS 


Systematic reviews are proliferating rapidly in the orthopaedic literature and can serve as a useful means to summarize and synthesize the literature.*! A 
systematic review utilizes a systematic (and therefore reproducible) approach to searching, screening, extracting data, and synthesizing information from 
available research studies. A systematic review may or may not include a meta-analysis, which involves quantitative pooling of results of multiple studies to 
answer a focused clinical question. The main advantage of meta-analysis is the ability to increase the “total sample size” and therefore come to a more 
precise estimate of treatment effect. When well-designed studies are available on a particular question of interest, a meta-analysis can provide important 
information to guide clinical practice. Consider the following example: Several randomized trials, of varying sample sizes, have attempted to determine 
whether volar locking plates or percutaneous pinning of distal radius fractures produces a superior outcome. Assessing outcomes at 1 year, five of seven 
trials demonstrated no difference between the two treatments, while two trials demonstrated a statistically significant benefit of plating. Using meta-analytic 
techniques, the results of these seven studies were combined (i.e., outcomes of 875 patients) to produce a summary estimate with sufficient certainty to 
guide decision making.” 

Another benefit of meta-analysis is the increased impact over traditional reviews (i.e., narrative or nonsystematic reviews). Rigorous systematic reviews 
receive over twice the number of mean citations compared with other systematic or narrative reviews (13.8 vs. 6; p = .008).” Meta-analysis of high-quality 
randomized trials represents the current gold standard in guiding the translation of evidence to practice. Although meta-analysis can be a powerful tool, its 
value is diminished when poor-quality studies (i.e., case series) are included in the pooling.*° Pooled analyses of nonrandomized studies are prone to bias 
and have limited validity. Surgeons should be aware of these limitations when extrapolating such data to the clinical setting. 


NETWORK META-ANALYSIS 


Traditional meta-analyses—which pool the head-to-head results of two treatments—may be inadequate to summarize the state of the evidence on a topic, 
especially when there are three or more well-accepted treatment options. In this situation, a “network meta-analysis” (NMA) may be used to compare 
multiple treatments to each other. This is done both directly (i.e., pooling data from head-to-head trials) and indirectly (i.e., assessing how treatments would 
perform against each other based on their relative effect to a common third comparator).?”° This concept is depicted pictorially in Figure 8-5. Furthermore, 
NMA techniques can also formulate a relative ranking of treatments from best to worst based on direct and indirect comparisons”, 

The publication of NMAs has rapidly increased in occurrence over the past decade, with continual advancements and new considerations developed by 
methodologists to further advance this analysis approach. Due to the fast-moving and changing landscape in the infancy of NMA methodology, there is a 
lack of consistency and standardization for this approach. 17-6786 

Although NMA allows for a comprehensive evaluation of all available treatment options for a given condition, a concern of this relatively new analysis 
method is the receptiveness and appropriate interpretation of results to inform clinical practice.°”®° NMA results often encompass a large number of 
comparisons, making results lengthy and complex—and potentially at risk of difficult interpretation. Some analysis options, such as surface under the 
cumulative ranking (SUCRA) curve, were primarily developed to simplify interpretation of NMA results by ranking treatments from “best” to “worst” for a 
given outcome. This form of analysis is debated as an “oversimplification” of results that forgoes consideration of both the magnitude of effects as well as 
the quality of the evidence. For this reason, more advanced methods of ranking treatments for improved interpretation have been developed.'!>!” Notably, 
the partially and minimally contextualized approaches to interpreting NMA results provide guidance on ranking treatments into “best” to “worst” treatment 
categories, while simultaneously considering the quality of the evidence and magnitudes of effect.!°!” While these approaches are an excellent 
improvement to previous NMA methods, there remain limitations in the ability for NMA authors to present their results in an easily interpretable manner. 


Direct 


Figure 8-5. In the simplest theoretical network, there are three treatments being compared. Treatment A is compared directly to treatment B in a head-to-head trial 
(solid arrow). Treatment A is also compared directly to treatment C in a head-to-head trial (solid arrow). There are no head-to-head trials between treatments B and C 
(dashed arrow), but these two treatments can be indirectly compared based on their relative effects to the common comparator treatment A. 


Reporting and methodology standardization efforts from key groups, such as PRISMA, Cochrane, and Grading of Recommendation, Assessment, 
Development, and Evaluation (GRADE), have become more available, but a major gap exists in the form of an optimal presentation format for multiple 
outcomes within an NMA. 117 

In the orthopaedic literature, the main limitation of conducting network meta-analyses is the quality of available studies. Any meta-analytic study is only 
as good as the trials it is composed of, and despite steady improvement, the overall quality of the orthopaedic literature is still low. While some high-quality 
trials certainly do exist, the relative scarcity of such trials limits the utility of network meta-analyses and using their results to inform decision making. 

The design, execution, and critical appraisal of network meta-analysis are more complex than that of traditional meta-analysis and are beyond the scope 
of this chapter. We refer readers to other sources for a detailed guide on understanding network meta-analyses in orthopaedic surgery.??36,37 


SUMMARIZING EVIDENCE (THE GRADE APPROACH) 


Research designs that summarize evidence, especially those that involve statistical pooling of results (i.e., meta-analysis), must be carefully interpreted. This 
is because the validity of their results hinges on the quality of two different factors. The first factor, which has been referred to as credibility, is how 
methodologically robust the systematic review and meta-analysis are.*”°® The second factor, which has been referred to as certainty, is how much the 


pooled effect sizes and directions can be believed.?”© This latter issue is typically a reflection of the quality of the primary studies being included within 
the review. 


TABLE 8-3. Criteria for Assessing Grade of Evidence 


Type of Evidence 

Randomized trial = high quality 

Quasi-randomized = moderate quality 

Observational study = low quality 

Any other evidence = very low quality 

Decrease Grade(s) If 

Serious (—1) or very serious (—2) limitation to study quality 
Important inconsistency (-1) 

Some (-1) or major (—2) uncertainty about directness 
Imprecise or sparse data (—1) 

High probability of reporting bias (—1) 

Increase Grade(s) If 


Strong evidence of association—significant relative risk greater than 2 (<0.5) based on consistent evidence from two or more observational studies, with no plausible confounders (+1) 


Very strong evidence of association—significant relative risk greater than 5 (<0.2) based on direct evidence with no major threats to validity (+2) 
Evidence of a dose-response gradient (+1) 
All plausible confounders would have reduced the effect (+1) 


Based on work by the GRADE Working Group. 


The GRADE Working Group has developed the GRADE approach to provide a framework when determining the certainty of the results. This approach 
considers several issues within and between all the included studies to “grade” the certainty of summarized evidence (e.g., low, moderate, high, or very high 
certainty). These issues include risk of bias, precision, consistency, and applicability to the population.’”? With ever-increasing numbers of studies, readers 
may not be able to individually appraise each included study within a sizable meta-analysis or network meta-analysis. The GRADE approach provides a 
reliable framework to help readers circumvent this process (Table 8-3). An example of a GRADE recommendation made in a systematic review and meta- 
analysis comparing LIPUS to no ultrasound in the treatment of fractures is demonstrated in Table 8-4. A complementary online tool (GRADEpro.org) has 
been made available for authors to create a GRADE summary table for their meta-analyses. 


TABLE 8-4. Ultrasound Versus LIPUS for Bone Healing: GRADE Summary of Findings for Days to Full Weight Bearing 


Anticipated Absolute Effects 
Number of Patients Quality of §©£—@ ————___ 


Outcome (Studies) Evidence No Ultrasound LIPUS Difference (95% Cl) 
Days to full weight bearing 483 High 70 days 73 days 3 days earlier (3 days earlier to 10 days later) 
(2 RCTs) 


Cl, confidence interval; GRADE, Grading of Recommendation, Assessment, Development, and Evaluation; LIPUS, low-intensity pulsed ultrasound; RCT, randomized controlled trial. 
Reproduced from Schandelmaier S, et al. Low intensity pulsed ultrasound for bone healing: systematic review of randomized controlled trials. BMJ. 2017;356:j656, with permission 
from BMJ Publishing Group Ltd 


CASE STUDY: OPEN FRACTURE NETWORK META-ANALYSIS 


A network meta-analysis of treatments for open tibial shaft fractures demonstrates both the benefits and the limitations of this methodologic technique.?” 
There are several available surgical treatment options for open tibial shaft fractures, including reamed intramedullary nails, unreamed intramedullary nails, 
plate fixation, and external fixation. Between many of these treatments, there exist head-to-head clinical trials; however, this is not the case for all 
combinations of treatments. Furthermore, all trials have been relatively small.?” Therefore, pooling of data to increase the overall sample size can provide 
more precise estimates of treatment effects. 

This network meta-analysis pooled outcome data from multiple clinical trials, ultimately evaluating 15 head-to-head combinations of six different 
treatment options, both directly and indirectly.2” Through complex statistical techniques, the network meta-analysis was able to demonstrate (with moderate 
certainty as determined by the GRADE approach) that the entirety of level 1 evidence (both direct and indirect) suggests intramedullary nailing decreases 
secondary surgical procedures as compared to other treatment strategies. However, conclusions pertaining to the other head-to-head comparisons (e.g., 
reamed vs. unreamed nailing or plating vs. external fixation) and other outcomes (e.g., infection, malunion) were limited given the low number of trials and 
the high risk of bias. Higher-quality trials in the future could better inform these comparisons and outcomes, and lead to multiple meaningful 
recommendations for surgical practice. 


MEASURING VALUE IN TRAUMA 


There exist philosophical, ethical, and political arguments both for and against undertaking economic studies of therapeutic interventions. However, 
government agencies and insurance companies (among other stakeholders) already have a vested interest in moving forward with these types of analyses. 
The number of economic analyses published in the medical literature has increased exponentially, although the surgical literature has comparatively 
lagged.*° Economic analysis can serve as a powerful tool to assist orthopaedic surgeons in promoting the value of both existing and novel interventions to 
hospital administrators and health policymakers. 

It has been proposed that “value” should be the fundamental unit to be optimized in any economic analysis. Value has been defined as the “outcomes 
achieved per dollar spent.”8* In other words, maximizing value involves improving patient outcomes or reducing overall costs, or both.” The outcomes 
(i.e., the numerator in the value equation) are ideally those relevant to patients, or “patient-important outcomes.” In the absence of differences in objective 
outcomes (such as mortality, infection, or disease-free survival), most patient-important outcomes in the orthopaedic literature involve differences in pain, 
function, and/or quality of life between interventions. Such subjective measures are best captured by validated outcome instruments that are either specific 
to the condition (i.e., disease-specific outcome instruments) or measure general health status (i.e., generic outcome instruments). We will discuss outcome 
instruments in detail further on in the chapter; however, the importance of developing and validating high-quality outcome instruments in orthopaedic 
trauma cannot be overstated, especially given the primacy of such instruments in establishing an intervention’s “value.” 

Determining cost (i.e., the denominator in the value equation) is a complex exercise. The costs to be considered depend on perspective. The costs 
perceived by the patient (which may include factors such as time off from work or out-of-pocket health care costs) are different than the costs perceived by 
a hospital administrator (which may include factors such as costs of implants and length of hospital stay). One must consider who the audience or 
stakeholders for an economic analysis are before endeavoring to tabulate the relevant costs. Once this decision is made, the methods to calculate costs also 
vary. Most recently, a time-driven activity-based method has been proposed to determine total costs of an intervention (in addition to direct material 
costs).’° Furthermore, immediate costs often factor into decision making to a greater extent than later costs. Therefore, cost deferral must be accounted for 
as well (e.g., by discounting future costs by a certain percentage).°” 

Once the outcomes and costs, and therefore “value,” of an intervention are determined, this information can be used to compare the intervention to other 
similar and nonsimilar interventions, or a predetermined threshold.” In this manner, economic analysis provides an important resource to inform value- 


based decision making in orthopaedic trauma and health care in general. Guides are available to facilitate in-depth critical appraisal of economic analyses, 
and we refer interested readers to these resources. 


FUNDAMENTALS OF STATISTICS IN TRAUMA OUTCOME STUDIES 


HYPOTHESIS TESTING, THE p-VALUE, AND STATISTICAL SIGNIFICANCE 


In comparative research designs, the primary question is typically “which treatment is superior”? Answering this question in an objective and quantitative 
manner requires statistical inference. Much like a criminal trial, which commences with a fundamental presumption—the presumption of innocence—a 
comparative study commences with a fundamental presumption of “no difference,” known as the null hypothesis. The null hypothesis posits that the 
difference between the two treatments being compared is zero. The subsequent statistical analysis attempts to quantify the probability that this null 
hypothesis is true. We can never be completely certain as to whether one intervention is better than the other; rather, we can only calculate the probability of 
such. With increasingly divergent effect sizes and/or directions between interventions, the probability of the two treatments being the same decreases. If the 
probability of the null hypothesis being true falls below a certain reasonable (albeit arbitrary) threshold, we can conclude that the two treatments likely 
differ. In the medical literature, this threshold is typically set at a value of less than 5% (i.e., p < .05). 

A hypothetical example involving a tossed coin serves to provide a more concrete application of this principle.!® A coin can land on either heads or tails, 
and the baseline assumption (or null hypothesis) is that there is no difference between the chance of landing on either heads or tails. Suppose a coin is tossed 
10 times and, on all 10 tosses, the result is heads. One may conclude that this coin, or some element of the toss, is biased toward heads. In this situation, the 
null hypothesis (i.e., that there is no difference between the chance of landing on heads or tails, and that this is a fair coin) would be rejected because the 
coin seems to favor heads. The intuitive nature of this decision can be quantified utilizing the law of multiplicative probabilities. Specifically, the probability 
of landing on heads with each individual toss (i.e., 1 in 2, or 0.5) is multiplied by itself for the total number of events (i.e., 0.5 multiplied by 0.5 for a total of 
10 times, or 0.5!°). Using this calculation, the probability of landing on heads 10 consecutive times is slightly less than 1 in 1,000 or, expressed statistically, 
p < .001.!® Therefore, the null hypothesis is rejected. In research vernacular, we would refer to this result as “statistically significant.” 


DESCRIPTIVE STATISTICS: MEASURES OF CENTRAL TENDENCY AND SPREAD 


Descriptive statistics are utilized in both descriptive studies and analytic studies. While descriptive studies may report descriptive statistics as an end per se, 
analytic studies generally use descriptive statistics to outline the baseline characteristics of participants. This summary of baseline characteristics is critical 
to readers’ assessment of prognostic balance between groups. For instance, in a study comparing two different hip fracture surgical treatments, readers may 
want to ensure that factors such as patient age, medical comorbidities, and fracture severity are similar between groups, as these may influence outcomes. 
By convention, this reporting is typically done in the first table of a research study or clinical trial. The frequencies of dichotomous (i.e., “either/or”) events 
per group are easily reported as an absolute number or proportion (e.g., number of femoral neck fractures, number of intertrochanteric fractures). 
Continuous variables (e.g., age, weight) are more typically described with a single summary statistic (i.e., measure of central tendency) as well as the 
associated uncertainty around the summary estimate (i.e., measure of spread). Measures of central tendency include means, medians, and occasionally 
modes. The sample mean is equal to the sum of the measurements divided by the number of observations. The median of a set of measurements is the 
number that falls in the middle. The mode is the most frequently occurring number in a set of measurements. The appropriate choice often depends on the 
distribution of data. Most data can be assumed to be normally distributed, in which the most common value lies halfway between the lowest and highest 
values. Moreover, the frequency of values drops off predictably as one ventures further from the most common (i.e., central) value. In this situation of 
normality, the mean is the best-used summary statistic. If the data are not normally distributed, then the median may be a better summary statistic. For 
instance, ordinal variables (e.g., pain grade: 0, 1, 2, 3, 4, or 5) can be summarized with a median. 

Along with measures of central tendency, investigators will often (and should) include a measure of spread to indicate uncertainty around the estimate. 
The standard deviation is a common measure of spread, which is derived from the square root of the sample variance. Nonnormally distributed data may be 
better described with ranges (i.e., indicating the lowest value and highest value found within the dataset) or interquartile ranges (i.e., similar to range but 
with exclusion of the bottom and top quartiles). 


REPORTING A TREATMENT EFFECT 


Outcomes of each treatment arm can be reported individually using the principles of descriptive statistics, as discussed above. However, more clinically 
useful metrics would enable us to describe the relative effect of one treatment compared to the other (e.g., “the risk of reoperation after reamed 
intramedullary nailing of a closed tibial shaft fracture is 0.67 times the risk after unreamed intramedullary nailing”).°? The relevant metrics to use in the case 
of dichotomous variables (e.g., mortality or reoperation) include odds ratios and risk ratios (i.e., relative risk; Table 8-5). These metrics enable us to say 
treatment A reduces the odds (or risk) of reoperation by x% compared with treatment B. Risk ratios can also be reframed and presented as the relative risk 
reduction (RRR), absolute risk reduction (ARR), and/or the number needed to treat (NNT, which is the number of patients who require treatment to prevent 
one negative event). Both the RRR and ARR have been reported to have the strongest influences on patient decision making.'© In the case of continuous 
variables (such as pain or functional outcome scales), absolute differences in the means or medians between groups are typically used to quantify treatment 
effect. 


TABLE 8-5. Presentation of Results 


Infection No Infection 
Treatment group 10 90 

A B 
Control group 50 50 


C D 


Treatment event rate (TER): A/(A + B) = 10/100 = 10% 
The incidence of infection in the treatment group 


Control event rate (CER): C/(C + D) = 50/100 = 50% 
The incidence of infection in the control group 


Relative risk (RR): TER/CER = 10/50 = 0.2 or 20% 
The relative risk of infection in the treatment group relative to the control group 


Relative risk reduction (RRR): 1 - RR = 1 - 0.2 = 0.8 or 80% 
Treatment reduces the risk of infection by 80% compared with controls 


Absolute risk reduction (ARR): CER - TER = 50% - 10% = 40% 
The actual numerical difference in infection rates between treatment and controls 


Number needed to treat: 1/ARR = 1/0.4 = 2.5 
For every 2.5 patients who received the treatment, 1 infection can be prevented 


Odds ratio: AD/BC = (10)(50)/(90)(50) = 500/4,500 = 0.11 
The odds of infection in treatment compared with controls is 0.11 


Readers should also pay attention to the certainty (or precision) associated with any reported treatment effects. This certainty is usually reported in the 
form of a 95% confidence interval (CI). In principle, the CI defines the range in which the true value exists with 95% confidence. For example, if a study 
reports that nails reduced the risk of infection by 50% compared with plates in patients with tibial shaft fractures and has an associated CI of 25% to 75%, 
one may say with 95% confidence that the true value for infection lies between 25% and 75%. Naturally, a narrow range for the CI represents a more 
consistent treatment effect among study participants and a more precise overall point estimate. 


COMMON STATISTICAL APPROACHES 


The practical application of hypothesis testing relies on statistical tests, the choice of which varies depending on the type of variables (e.g., categorical, 
continuous) being used to measure treatment effect. Common statistical tests include those that examine differences between two or more means, 
differences between proportions, and associations between two or more variables (Table 8-6).*! These tests are best performed in consultation with a 
statistician with the use of appropriate statistical software. 


Comparing Continuous Data: Two Groups 


When we wish to test the null hypothesis that the means of two independent samples of continuous data (e.g., functional outcome scores) are the same, the 
appropriate test statistic is called the Student’s t-test. It is important that the distribution of the data (i.e., when plotted on a graph) is initially assessed to 
ensure a normal distribution, which is a precondition to employing this test statistic. If the data are nonnormally distributed, different tests (referred to as 
nonparametric tests) such as the Mann—Whitney U or Wilcoxon rank-sum tests must be utilized. The other issue to note is if there is any nonindependence 
between the two means being compared. For instance, if a study is comparing the function of each patient’s left knee to their right knee, then the samples 
cannot be considered independent as they belong to the same patient. In these types of cases, a specific t-test—referred to as a paired t-test—is most 
appropriate. The nonparametric version of this test is the Wilcoxon signed-rank test. 


Comparing Continuous Data: Three or More Groups 


When three or more different means are to be compared (e.g., length of hospital stay among three tibial fracture treatment groups: plate fixation, 
intramedullary nail, and external fixation), a single factor analysis of variance (ANOVA) is the appropriate statistical test. Once again, the data should be 
assessed for normality before using this test. The ANOVA will provide the appropriate test for statistical significance, but will not indicate which of the 
groups are different from one another (e.g., all three interventions may differ from one another or, alternatively, only one—such as intramedullary nailing— 
may be superior to the other two). To determine precisely where the differences lie, investigators can conduct post hoc comparison tests if the ANOVA 
yields statistical significance (usually a series of pairwise comparisons using t-tests). 


Comparing Dichotomous Data 


A common situation in the orthopaedic literature occurs when there are two groups with differing frequencies of dichotomous events (e.g., nonunion, 
infection, or mortality). To test the null hypothesis that there is no difference between two groups in this situation, both frequencies should first be expressed 
as a proportion (i.e., total number of events / total number of patients at risk in each group). These two proportions can then be statistically compared, 
usually with the use of the chi-squared (x°) test. The x? test is best employed when large numbers of events are available; however, with smaller studies or 
rare events, this may not always be the case. In the less ideal (although not uncommon) situation where one of the event counts is very low (e.g., <5), the x? 
test becomes unreliable and a Fisher’s exact test is the more appropriate statistical test. 


TABLE 8-6. Common Statistical Tests 


Data Type and Distribution 


Samples Categorical Ordered Categorical or Continuous and Nonnormal Continuous and Normal 


Two samples Different individuals X test Mann-Whitney U test Unpaired t-test 


Fisher's exact test Wilcoxon rank-sum test 


Related or matched samples | McNemar'’s test Wilcoxon signed-rank test Paired t-test 


Three or more Different individuals Kruskal-Wallis statistic ANOVA 


samples 


ZY test 
Fisher's exact test 
Related samples Friedman statistic 


Cochran Q test Repeated measures 


ANOVA 
Adapted with permission from Griffin D, Audige L. Common statistical methods in orthopaedic clinical studies. Clin Orthop Relat Res. 2003;413:70-79 


Determining Association Between Two Variables 


Occasionally we are not interested in the difference between two variables, but rather how they are related to one another. In other words, it may be possible 
to use knowledge of one variable (referred to as the independent variable) to predict the outcome of a second variable (referred to as the dependent 
variable). For instance, we may want to know if we can predict length of hospital stay by the type of open fracture (Gustilo I, II, or III) that a patient 
presents with. 

The simplest form of this relationship takes the form of a linear relationship and can be represented mathematically with the formula “y = a + bx.” In 
this formula, a (a constant number) and b (the regression coefficient) are the numbers that must be determined using statistical analysis. Once we solve for a 
and b, we can input any value for x (the independent variable, e.g., Gustilo type I) to predict y (the dependent variable, e.g., mean length of stay). The null 
hypothesis for this type of study would be that there is no relationship (as opposed to “no difference”) between the two variables, and the statistical 
significance would enable us to accept (if p > .05) or reject (if p < .05) this hypothesis. 

The strength of the relationship between two continuous variables (e.g., age and length of hospital stay in patients with ankle fractures) can be 
summarized using the correlation coefficient (represented with the letter r). This value is usually derived from a scatter plot of all the sample values. Values 
for r can range from -1 (a perfectly linear negative relationship) to 1 (a perfectly linear positive relationship), with zero representing no relationship 
between the two variables. 


ISSUES IN THE DESIGN AND INTERPRETATION OF ORTHOPAEDIC STUDIES 


It is not uncommon to witness ostensibly definitive conclusions or practice recommendations at orthopaedic meetings, in published literature reviews, or in 
orthopaedic textbooks, many of which are supported by quoting the results of a single or a few small clinical research studies. However, not all studies are 
created equal and one of the key elements of EBO is to recognize that studies are not infallible (Table 8-7). Rather, they exist on a spectrum from very low— 
quality studies to very high-quality studies. Furthermore, even within this spectrum, the orthopaedic surgeon must understand how to interpret and apply the 
results appropriately. A very high-quality study can lead to erroneous recommendations for practice if the results are taken to mean something that they do 
not, or if the strength of the results is overstated. These are common issues in the design and interpretation of orthopaedic studies and are addressed here. 


TABLE 8-7. Study Designs and Common Errors 


Study Design Common Errors 


Meta-analysis 


Randomized trial 


Prospective cohort (with 
comparison group) 


Prospective case series (without 
comparison group) 


Case-control study 


Retrospective case series (with 
comparison group) 


Summary 


High-quality studies addressing a focused clinical question are critically 
reviewed and their results statistically combined 


Patients are randomized to receive alternative treatments (i.e., cast vs. 
intramedullary nail for tibial shaft fracture) 
Outcomes (i.e., infection rates) are measured prospectively 


Patients who receive two different treatments are followed forward in 
time. Choice of treatment is not randomly assigned (i.e., surgeon 
preference, patient preference) 

Comparison group is identified and followed at the same time as the 
treatment group (i.e., concurrent comparison group) 

Outcomes (i.e., infection rates) are measured prospectively 


Patients who receive a particular treatment are followed forward in time 
(i.e., intramedullary nailing of tibial fractures) 


No concurrent comparison group is utilized 


Patients with an outcome of interest (i.e., infection) are compared 
backward in time (retrospective) to similar patients without the outcome 
of interest (i.e., no infection) 

Risk factors for a particular outcome can be determined between cases 
and controls 


Patients with a particular treatment are identified backward in time (i.e., 
retrospectively) 


Major differences between pooled studies (heterogeneity) 
Poor-quality studies pooled = less valid results 


Type II (8) errors: Insufficient sample size 

Type I (a) error: Overuse of statistical tests and multiple outcomes 
Lack of blinding 

Lack of concealed randomization 


Type II (8) errors: Insufficient sample size 

Type I (a) error: Overuse of statistical tests and multiple outcomes 
Lack of adjustment for differences in characteristics between treatment 
and comparison groups 


Lack of independent or blinded assessment of outcomes 
Lack of follow-up 


Type II (8) errors: Insufficient sample size 
Type I (a) error: Overuse of statistical tests and multiple outcomes 
Problems in ascertainment of cases and controls 


Type II (8) errors: Insufficient sample size 
Type I (a) error: Overuse of statistical tests and multiple outcomes 


Comparison patients are also identified retrospectively Incomplete reporting in patient charts 


| | Diference | No aitference | 


Correct False 
Difference conclusion positive 
(1-B) (a error or 


type | error 
Results yP ) 


of the 
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type II error) 


Figure 8-6. Errors in hypothesis testing: Type I and type II errors are presented along with the power of a study (1 - p). 


TYPE | (a) ERROR AND TYPE II (B) ERROR 


Even a flawless RCT (if one were to exist) could theoretically produce an incorrect result because of issues inherent to the concept of hypothesis testing 
(hence the importance of reproducing findings in multiple studies and pooling outcomes in meta-analyses). Of the two common errors in hypothesis testing, 
most surgeons are generally less familiar with type I or a-error—the concept of concluding that the results of a particular study are true, when, in fact, they 
are false (Fig. 8-6).!3 By convention, most studies in orthopaedics adopt a predetermined type I (a) error rate of 0.05. Thus, investigators can expect a false- 
positive error about 5% of the time. Ideally, this threshold is applied to only one comparison—that which is designated as the primary outcome measure. In 
situations where no primary outcome variable has been assigned, there is a risk of conducting multiple tests of significance on multiple outcomes measures. 
This form of data “dredging” or “fishing” by investigators risks false-positive findings (i.e., a “coincidental” finding of statistical significance that is 
actually due to random chance). In this circumstance, techniques are available to adjust for multiple comparisons and should be utilized, as the conventional 
0.05 type I error rate is not sufficiently robust. Indeed, most readers are intuitively skeptical when 1 in a list of 50 outcomes measured by an investigator is 
statistically significant (p < .05). This situation typically occurs when investigators are not focused on a single predetermined hypothesis but rather are 
experimenting with several hypotheses hoping that one may be true. 

Bhandari et al.! conducted a review of randomized trials to determine the risk of type I errors among surgical trials that did not explicitly state a 
primary outcome measure. One study examining outcomes in two different uncemented total-knee arthroplasty designs evaluated 21 different outcome 
measures and found 13 outcomes that were significantly different between groups. As there was no clear statement about a designated primary outcome 
measure, the risk of a false-positive result was 66%.!% 

Owing to trials with small sample sizes and high risk of bias, the more common and widespread error in the orthopaedic literature is likely type II, or B- 
error. This type of error occurs when one concludes that no difference between treatment groups exists when, in fact, there is a difference (see Fig. 8-4). 
Typically, investigators will accept a B-error rate of 20% (B = 0.2), which corresponds with a study “power” of 80%. Most investigators agree that beyond 
this threshold, studies are predisposed to unacceptably high risks of false-negative results. 

In an effort to quantify the extent to which orthopaedic trauma trials were underpowered, Lochner et al. reviewed 117 randomized trials in trauma for 
type II error rates. The mean overall study power was 24.65% (range 2%-99%).°° The potential type II error rate for primary outcomes was 91%. For 
example, one study demonstrated “no difference” between reamed and unreamed tibial intramedullary nailing; however, this study was underpowered for 
this conclusion (study power = 32%). 


CASE STUDY: THE SPRINT TRIAL (REAMED VS. UNREAMED TIBIAL NAILS) 


The SPRINT RCT evaluated reamed versus unreamed nailing for tibial shaft fractures in 1,226 patients, as well as in open and closed fracture subgroups (n 
= 400 and n = 826, respectively).°° To evaluate the impact of smaller sample sizes on the results, the SPRINT investigators analyzed the reoperation rates 
and relative risk comparing treatment groups at 50, 100, and then increments of 100 patients up to the final sample size.!? Results at various enrollments 
were compared with the final SPRINT findings. In the final analysis, there was a statistically significant decreased risk of reoperation with reamed nails for 
closed fractures (RRR 35%). Results for the first 35 patients enrolled suggested reamed nails increased the risk of reoperation in closed fractures by 165%. 
Only after 543 patients with closed fractures were enrolled did the results reflect the final advantage for reamed nails in this subgroup. Had the SPRINT trial 


stopped at fewer than 100 patients, the findings may have represented a misleading estimate of the true effect of reamed nailing. 


WHEN TO BELIEVE A SUBGROUP ANALYSIS 


Subgroup analyses are outcome comparisons of patients within a study subdivided by one or more specific characteristics.®°.!4 For instance, in a study of 
operative versus nonoperative management of calcaneal fractures, investigators may report no difference in the overall outcome (e.g., patient function), but 
subsequently conduct a series of comparisons specifically within different patient subgroups (e.g., gender, worker’s compensation status, or certain 
comorbidities) and find a difference within one or more of these subgroups.'® The main issue with subgroup analyses is that these are frequently post hoc 
analyses that risk false-positive results (i.e., type I error). As discussed previously, conducting multiple statistical tests risks spurious false-positive findings. 
Alternatively, false-negative results may also occur because subgroup analyses are often underpowered (i.e., small sample size). 

Subgroup analyses should be interpreted with caution. When encountering a subgroup analysis, readers should ensure that an a priori hypothesis was 
proposed (i.e., before the analysis of results) based on biologic plausibility and/or pre-existing data, that the subgroup effect was one of a small number of 
hypothesized effects tested, that the magnitude was sufficiently large, and that the effect is both statistically significant and clinically important.%* In the 
case of meta-analyses, readers should also consider whether the subgroup difference is suggested by comparisons within rather than between studies and 
that this difference is consistent across studies.°4 

Bhandari et al. identified important errors in surgical RCTs related to subgroup analyses. Most authors did not report whether subgroup analyses were 
planned a priori, and these analyses often formed the basis of RCT conclusions. Inferences from such RCTs may be misleading and their application to 
clinical practice unwarranted.®°.!4 In this review of 72 RCTs published in orthopaedics and other surgical subspecialties, 27 (38%) RCTs reported a total of 
54 subgroup analyses with a minimum of 1 and a maximum of 32 subgroup analyses per study.° The vast majority of subgroup analyses (i.e., 49 of 72, or 
91%) were performed post hoc (i.e., not stated to be preplanned at the outset of the study nor included in the hypothesis). The majority of investigators 
inappropriately used tests of significance when comparing outcomes between subgroups of patients (41 subgroup analyses, 76%); however, only 3 of the 
analyses were performed using statistical tests for interaction. Investigators reported differences between subgroups in 31 (57%) of the analyses, all of 
which were featured in the summary or conclusion of the published paper. 


THE MINIMAL CLINICALLY IMPORTANT DIFFERENCE 


The minimal clinically important difference (MCID), also called a minimally important difference (MID), is the smallest difference between two treatments 
that is perceptible to the patient.®* Typically, this terminology is applied to subjective outcome measures used in clinical studies, such as scales to measure 
pain or function. Such scales are important to ensure we are measuring and reporting patient-important outcomes (as opposed to more surgeon-oriented 
outcomes, such as radiographic healing). However, the use of these instruments also demands an understanding of issues such as the MCID, and how it 
differs from statistical significance. 

Two competing treatments may produce statistically different outcomes, but the calculated difference may still fail to reach the threshold for clinical 
importance (i.e., the MCID). This concept can be demonstrated in a meta-analysis comparing volar locking plates to percutaneous Kirschner-wire (K-wire) 
fixation for distal radius fractures.” At 1 year postoperatively, the functional outcomes were statistically in favor of volar locking plates; however, this 
failed to achieve the threshold MCID, and therefore any statistical advantage is likely imperceptible to a patient. Despite the statistically significant 
difference, the conclusion must be that there is no clinical advantage in function between volar locking plates and percutaneous K-wires at 1 year following 
surgery. The MCID is the threshold that an intervention must surpass (both its mean difference and the surrounding 95% CI) to be considered superior to a 
control treatment. 


TABLE 8-8. Sample Size Requirements for Continuous Outcome (Time to Fracture Healing) 


Time to Healing (Control Group) Time to Healing (Treatment Group) Reduction in Time to Healing (%) Number of Patients Needed Per 
Group 

150 days 120 20 16 

150 days 135 10 63 

150 days 143 5 289 


STUDY POWER AND SAMPLE SIZE CALCULATION 


The power of a study is defined as the probability of detecting a difference between two treatments when one truly exists. Mathematically, it is calculated by 
subtracting the type II (8) error from 100% (i.e., 1 — B). Thus, if an investigator sets a 20% type II error rate, as is convention, they are also accepting that 
the study will detect a true difference 80% of the time. Understanding this definition facilitates calculation of an appropriate study sample size. 

Determining a study’s sample size is more than an academic exercise; it is in fact one of the most important aspects of study design. Studies with small 
sample sizes will simply be insufficiently powered to detect real differences between two treatments, wasting valuable time and resources. Conversely, 
sample sizes that are larger than necessary will needlessly drain limited health care resources that could be used for other purposes, such as answering other 
important clinical questions. Every study should provide a justification for its chosen sample size. Tables 8-8 and 8-9 provide hypothetical sample size 
calculations for continuous and dichotomous outcomes, respectively. 

The minimum required sample size of a study is based on the predetermined power, along with an estimated treatment effect size and acceptable type I 
error rate. The power and type I error rates are set by the investigator (and typically follow conventional norms of 80% and 5%, respectively). Establishing 
an estimate for treatment effect size can be a somewhat subjective process but is typically guided by existing published data. Many complementary sample 
size calculators are available on the internet and employ these same principles. 


TABLE 8-9. Sample Size Requirements for Difference Baseline Risks of Pulmonary Embolus 


Pulmonary Embolus Rate Control Pulmonary Embolus Rate Treatment Reduction in Pulmonary Embolus Number of Patients Needed Per 


Group (%) Group (%) Risk (%) Group 


10 8 20 3,213 
1 0.8 20 35,001 
0.10 0.08 20 352,881 


FRAGILITY: A NEW CONCEPT TO ASSESS VALIDITY OF RESULTS 


The fragility of a clinical trial is an emerging concept within the evidence-based medicine literature, which acknowledges that even “statistical significance” 
exists on a spectrum, with some results barely achieving this threshold while others vastly surpass it. A “fragility index” has been proposed, and is 
calculated by determining the number of observed events that would have to be converted to nonevents to change a statistically significant outcome to a 
statistically nonsignificant one.!°° In general, the fragility index is a function of treatment effect size, the number of total observed events, and the overall 
sample size of the study. Small studies with a low number of events and marginal difference between treatment effects are more fragile than a large study 
with many events per group and a large treatment difference between groups. 

The concept of fragility once again reinforces the importance of large, multicentered surgical trials. Although the trauma literature has not been 
specifically evaluated, most studies in the orthopaedic literature are quite fragile with a mean fragility index of two (i.e., the statistically significant results of 
the average orthopaedic study hinge on a difference of two events between treatment groups).2*°+!° Intuitively, basing patient care decisions on such 
fragile results is problematic and must be improved with larger trials. 


CASE STUDY: FAITH SUBGROUP ANALYSES 


The FAITH trial, as discussed earlier, did not demonstrate a difference between multiple cancellous screws and the sliding hip screw-side plate construct for 
femoral neck fractures.*+ However, several secondary subgroup analyses were conducted, and they did demonstrate statistically significant differences 
between the two treatments. Specifically, there was an advantage (in terms of preventing reoperation within 24 months) of the sliding hip screw-side plate 
construct for displaced fractures, fractures that occurred in patients who smoked, and fractures that occurred at the base of the neck (i.e., basicervical). These 
subgroup analyses were appropriately conducted and reported. The plausibility of these subgroup effects was hypothesized before data unblinding and, in 
the case of displacement, at the initial design phase of the study. This practice assures readers that the results were not coincidental findings of 
nonsystematic data dredging. 

Importantly, the results of these subgroup analyses, while statistically significant, did not disproportionately influence the conclusions of the trial. 
Specifically, these findings were not reported as primary outcomes, they did not form the basis of any strong recommendations, and they were 
acknowledged in the published manuscript as findings of low credibility. These findings, rather than taking on unintended significance, can serve as the 
basis for future hypothesis generation and clinical study designs. 


WHEN IS A STUDY TRULY NEGATIVE OR TRULY POSITIVE? GUIDE TO INTERPRETATION OF 
RESULTS 


It is our hope that the information presented in this chapter has convinced surgeons not to place blind faith in the final written conclusion of a published 
manuscript without a detailed critical appraisal of its hypothesis, methodology, and results. A collection of critical questions, along with the concepts 
presented in this chapter, can guide this assessment. Table 8-10 presents a users’ guide to appraising therapeutic evidence in the orthopaedic literature.® 


MEASURING PATIENT HEALTH AND FUNCTION 


The true benefit of the “outcomes movement” in trauma lies in the move toward utilizing patient-relevant and clinically important measures to evaluate the 
success (or failure) of surgical interventions. Many of the objective outcomes utilized in the orthopaedic literature are not patient important. A common 
example is the use of radiographic parameters to assess treatment “success.” Whereas an intra-articular step-off in a tibial plafond fracture may be viewed as 
a less-than-satisfactory radiographic outcome, there may be no detectable effect on patient function or quality of life. 


TABLE 8-10. User’s Guide to Orthopaedic Randomized Trials 


Validity 

Did experimental and control groups begin the study with a similar prognosis? 

Were patients randomized? 

Was randomization concealed? 

Were patients analyzed in the groups to which they were randomized? 

Were patients in the treatment and control groups similar with respect to known prognostic factors? 
Did experimental and control groups retain a similar prognosis after the study started? 

Blinding 

Did investigators avoid effects of patient awareness of allocation—were patients blinded? 

Were aspects of care that affect prognosis similar in the two groups—were clinicians blinded? 

Was outcome assessed in a uniform way in experimental and control groups—were those assessing the outcome blinded? 
Was follow-up complete? 


Results 
How large was the treatment effect? 
How precise was the estimate of the treatment effect? 


Applicability 


Can the results be applied to my patient? 
Were all patient-important outcomes considered? 
Are the likely treatment benefits worth the potential harms and costs? 


Reprinted with permission from Bhandari M, et al. User’s guide to the orthopaedic literature: how to use an article about a surgical therapy. J Bone Joint Surg Am. 2001;83(6):916—926. 


Patient-important outcomes may indeed be objective outcomes that are relatively simple to capture, such as the incidence of mortality. However, this is 
not always the case, especially in the field of orthopaedic trauma, where pain and function are among the most common endpoints patients are concerned 
with. To measure such subjective outcomes, we must rely on specially designed instruments (i.e., surveys or questionnaires). Given their inherent 
subjectivity, validation studies should ascertain and quantify both the reliability and the validity of these outcome instruments prior to use in clinical trials.°° 
Reliability refers to the reproducibility of outcomes when the instrument is applied several times to the same clinical scenario, either by the same person 
(intraobserver reliability) or a different person (interobserver reliability). Validity refers to an instrument’s accuracy in estimating the “true” value of an 
effect. There are several domains to measuring instrument validity, including its face validity, content validity, construct validity, and internal consistency.” 


HEALTH-RELATED QUALITY OF LIFE 


The World Health Organization defines health as “a state of complete physical, mental, and social well-being.”“° Instruments that strive to measure this 
holistic concept of health are referred to as health-related quality of life (HRQOL) measures. These instruments may capture factors related to pain, 
function, mood, social relationships, and occupation, among other factors. HRQOL measures may either be specific to the disease (i.e., designed to be used 
in only a single condition, such as arthritis of the hip or knee) or be of a more generalized nature (i.e., designed to be used in any condition, including 
medical or surgical conditions). 

Information captured by generic outcome instruments is broadly encompassing in nature; therefore, these instruments enable comparisons across a 
diversity of conditions and treatments (e.g., outcomes between survivors of polytrauma and survivors of myocardial infarction). The primary disadvantage 
of generic outcome instruments is that they may lack the sensitivity to capture small but important changes or differences.” For instance, a generic 
instrument would not be able to inquire about distal paresthesias or heat intolerance following a forearm fasciotomy for compartment syndrome because this 
is not a question that applies commonly to other conditions in medicine. Disease-specific measures, by posing these types of specific questions, are better 
able to detect small but important changes or differences.°° Both instruments serve an important—albeit different—purpose and are best used in concert to 
provide a comprehensive evaluation of effect. 


FLOOR AND CEILING EFFECTS 


Another factor to consider when choosing an outcome instrument is whether that instrument can discriminate between patients across a spectrum of the 
injury in question, or whether there exists some element of “ceiling” or “floor” effect. Ceiling effects occur when the instrument is too easy and all or most 
patients score the highest possible score. A hypothetical example of this is a scenario where patients are asked to rate their experience with each of two 
exceptional surgeons on a scale of 1 through 10. If both surgeons obtained a perfect rating of 10 out of 10, this would be demonstrative of a ceiling effect. In 
this situation, making a meaningful comparison between surgeons becomes very difficult, if not impossible. 

Floor effects are the opposite of ceiling effects, and occur if the instrument is extremely challenging or endeavors to explore uncommon issues 
associated with a disease or condition. This may result in a scenario where all or most patients score the lowest possible score. For instance, in a study of 80 
patients with pelvic fractures, Miranda et al.°8 found that the severity of pelvic fracture did not alter Short Form-36 (SF-36) and Iowa pelvic scores. Despite 
increasing severity of the pelvic injury, functional outcomes remained equally poor. This may have been attributable to the associated soft tissue injuries 
that created a floor effect limiting the ability to discriminate between the orthopaedic injuries. 


COMMON OUTCOME INSTRUMENTS USED IN TRAUMA 


Beaton and Schemitsch? have reported commonly used measures of outcomes in orthopaedics. These include both generic and disease-specific instruments. 
Properties of some of the most common instruments are outlined in Table 8-11. 

The EQ-5D (formerly known as the EuroQOL) and SF-36 are two of the most widely used generic health measures in clinical research studies. These 
are true “generic” measures in that they capture health status in a variety of domains (i.e., beyond just physical health), and therefore enable comparison of 
scores across disciplines.2”1°! This property is particularly valuable in economic analyses and health policy. Many other instruments exist within a “gray 
zone” between generic and disease specific. These instruments are “generic” musculoskeletal health measures; however, from a broader cross-discipline 
perspective, they are more accurately classified as disease specific. The Short Musculoskeletal Function Assessment (SMFA) Form,” Merle d’ Aubigne- 
Postel Score,” and the Get-Up and Go Test”? are examples of these types of health measures. These measures are sufficiently broad to enable comparisons 
across musculoskeletal conditions, but too narrow in scope to enable comparisons across medical disciplines. 

Further along the spectrum of specificity are instruments that focus on single limbs or joints. These instruments may be used in multiple “diseases” so 
long as the condition is isolated to the limb or joint of interest. Examples include the Disabilities of the Arm, Shoulder, and Hand Form (DASH),*” Hip 
Rating Questionnaire,°? Harris Hip Score,®* Lower Extremity Measure,°! Knee Injury and Osteoarthritis Score (KOOS),®* American Shoulder and Elbow 
Surgeons (ASES) Score,°° and American Orthopedic Foot and Ankle (AOFAS) Scale.°”-°* Truly “pure” disease-specific measures score the health status of 
only one condition. These include the Hospital for Joint Diseases Hip Fracture Recovery Score!?°-!6 and the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC). 


TABLE 8-11. Commonly Used Outcome Measures 


Type Measure 


Utility EQ-5D 


SF-36 
version 2 


Generic 


Region SMFA 


DASH 


Toronto 
Extremity 
Salvage 
Score 
(TESS) 


Domains/Scales 


Mobility 

Self-care 

Usual activities 
Anxiety/depression 
Pain 


Physical functioning 
Physical role limitations 
Bodily pain 

General health 
Energy/vitality 

Social functioning 
Emotional role limitations 
Mental health 


Daily activities 
Emotional status 
Arm/hand function 
Mobility 

Above combined for 
functional index 
Bothersome index 


Physical function, 
symptoms (one 
scale) 


Physical function in 
surgical oncology 


Number 
of Items 


Response 
Categories 


1 3 
1 
1 
1 
1 


Total: 5 


10 3-6 


Total = 35 + 
litem 


10 5 points 
7 
8 
9 


30 5 


Measurement Properties 


Target Internal Test-Retest Construct 
Population Consistency Reliability Validity 

All NA Y YY Y 
All YY ve eed YY 
Musculoskeletal YY YY YY YY 
All upper limb YY YY ¥ YY 
musculoskeletal 

disorders 

Lower limb YY YY Y YY 
sarcoma 


Responsiveness 


Comments 


Describes health state that 
is transcribed into utility 
using U.K. data. Indirect 
measure of utility 


Version 2 now in use. 


Uses improved scaling 

for role functioning and 
clearer wording. 
Reliability is lower than 
desired for individual level 
of interpretation, fine for 
group 


Normative data now 
available. 

Only measure designed 
for any musculoskeletal 
problem 


Normative data now 
available. 


Manual available. 
Developed in oncology; 
used in hip fractures 


Specific © WOMAC Physical function 17 5 or VAS Osteoarthritis of YY YY. YY YY. Adopted as key outcome 


Pain 5 knee, hip for evaluating knee 
Stiffness 2 arthroplasty 
Roland and Physical function because 24 2 (Yes/No) Low back pain Y YY YY YY Excellent review and 
Morris of low back pain comparison with Oswestry 


in Roland and Fairbanks* 


Oswestry Pain 1 each 6 points Low back pain YY YY Bd wY Excellent review and 
Personal care comparison with Roland in 


P g i g 47 
Lifting Roland and Fairbanks 


Walking 
Sitting 
Standing 
Sleeping 
Sex life 
Social life 


Traveling 


Simple Function-8 8 2 (Yes Shoulder Y bad YY YY Developers suggest reporting 
Shoulder Pain 2 difficult Yes/ disorders % with difficulty in each 
Test (SST) No) item, not a summative score. 


Some psychometrics done 
using sum of items 


Neck Sleep position l each 6 points Whiplash ¥ YX Y ¥ Neck pain has few 
disability Personal care disorders instruments that have 
index 0 
index Lifting been evaluated fc ro 
i psychometrics. This is 
Reading eae 
most tested 
Headaches 
Concentration 
Work 
Driving 
Sleeping 
Recreation 
Patient- — — — — = — = — — No patient-specific 
specific measure found in literature 


reviewed 


NA, not available; Y, one or two articles found in support of this attribute; YY, multiple articles supporting this attribute. 
Reprinted with permission from Beaton DE, Schemitsch E. Measures of health-related quality of life and physical function. Clin Orthop Relat Res. 2003;413:90-105. 


Despite common use, each of these instruments varies in its inherent properties and qualities, such as reliability and accuracy (as discussed earlier) as 
well as responsiveness (i.e., ability to detect changes or differences), sensitivity (i.e., ability to “rule out” disease), and specificity (i.e., ability to “rule in” 
disease).”™ 6? Investigators and readers should be aware of the properties and limitations of these outcome measures when used in clinical studies. Given the 
widespread and increasing use of these instruments, additional work is needed from within the orthopaedic research community to improve these 
properties. 


THE ROAD AHEAD: THE AGE OF ARTIFICIAL INTELLIGENCE 


As the “outcomes movement” in orthopaedic surgery has matured, and the principles of EBO have become more widely regarded (Table 8-12), the road 
ahead has become ripe with opportunities. We are witnessing a better understanding of the design and execution of high-quality clinical research in 
orthopaedic surgery.’!89 Many flagship orthopaedic journals now demand better designs and more transparent reporting of surgical trials.! This has led to 
the early emergence of several studies that demonstrate the scale of what is possible: large simple trials with global impact,*° complex pragmatic surgical 
trials that will inform the delivery of health services,“ well-designed meta-analyses and network meta-analyses,?”®° and large multinational prospective 
cohort studies.?® 

As evidence quality continues to improve, data have become a critical asset. Large datasets are being used routinely in a rapidly progressing age of 
artificial intelligence (AI). Trauma research is evolving to include data analytics which include machine learning—and most recently, self-supervised 
learning (ChatGPT). AI is an umbrella term broadly defined as systems that can mimic intelligence and in doing so perform automated tasks. The pre- 
eminent subdomain with the field of AI is machine learning, a broad collection of algorithms and tools that are able to identify patterns and learn from data 
in order to make predictions. As the predominant approach toward achieving AI, in recent years, AI and machine learning have become synonymous terms. 
Finally, in recent decades, the term deep learning has emerged as a subspecialty of machine learning. Deep learning refers to machine learning models that 
are sufficiently large to model significant complexity. Traditionally, it has been defined as neural networks with multiple hidden layers. In truth, given 
advances in computer power, most (if not virtually all) modern neural networks pass the depth threshold to be considered deep learning models. 

Broadly speaking, machine learning models aim to link patterns present within some set of input data, to some outcome of interest. How this mapping 
occurs depends on what type of data are used. Models that aim to predict a continuous variable are referred to as regression models, whereas those that aim 
to predict a categorical outcome are called classification models. 

Models can further be subdivided based on how much information is known about the data itself, which impacts the strategy used for training. Perhaps 
the easiest approach is supervised learning when the model is fed with both a set of input data and the outcome of interest. In this way, the model is able to 
check its predicted answer with the actual answer, and in doing so, learn a set of patterns that connect the input data with the outcome of interest. 


TABLE 8-12. Finding Current Evidence: Resources 


peee mer 
Publications 


EBM 

Using the Medical Literature 

Journal of American Medical Association User’s Guides 
Canadian Medical Association Journal User’s Guides 
Journal of Bone and Joint Surgery User’s Guides 
Canadian Journal of Surgery User’s Guides 


Databases 

Best Evidence 

Cochrane Library and Cochrane Randomized Trials Register (update-software.com/cochrane/) 
OrthoEvidence (myorthoevidence.com) 

Database of Abstracts and Reviews of effectiveness (DARE) 
Internet Database of Evidence-based Abstracts and Articles (IDEA) 
Medline/PubMed (ncbi.nlm.nih.gov/entrez/query.fcgi) 

EMBASE (European equivalent of Medline) 

Clinical Evidence (clinicalevidence.org/) 

SUMSearch (sumsearch.uthscsa.edu) 

TRIP database (tripdatabase.com/) 


Electronic Publications 

ACP Journal Club (American College of Physicians; acpjc.org/) 

EBM 

National Guideline Clearinghouse (Agency of Health Care Policy and Research [AHCPR]; guidelines.gov) 


Internet Resources 

HealthWeb: Evidence-based Health Care (healthweb.org) 

EBM from McMaster University (hiru.hirunet.mcmaster.ca) 

Center for Evidence-based Medicine (cebm.net) 

Critically Appraised Topics (CAT) databank (cebm.net/toolbox.asp) 

New York Academy of Medicine EBM resource center (ebmny.org) 

University of Alberta EBM (cebm.med.ualberta.ca/ebm/ebm.htm) 

Trauma Links—Edinburgh Orthopaedic Trauma Unit (trauma.co.uk/traumalinks.htm) 
OrthoEvidence (myorthoevidence.com) 


However, in many cases, input data are not linked to any particular “right answer,” and so instead the model must learn to identify patterns within the 
data itself based on, for example, the similarity of the data structures. This type of approach is broadly referred to as unsupervised learning, an example of 
which is clustering analysis, wherein data samples are categorized into clusters based on their internal similarity. 

In the middle of these two approaches is semisupervised learning wherein a small set of labeled data is used to guide the broad patterns that are learned 
via unsupervised methods. 

Finally, in recent years, a common training approach is self-supervised learning, wherein labels are artificially generated from the raw data themselves 
in order to train the model in a supervised manner. Perhaps the most famous example of self-supervised learning is generative pretraining—given a series of 
words, predict the next word in the sentence—which is one of the training styles used by ChatGPT. 


GAPS AND OPPORTUNITIES 


With this gradual improvement in the quality of the orthopaedic literature, we can expect many additional benefits in the future. For instance, clinical 
practice guidelines are already bringing high-quality evidence—despite its dearth—to the forefront.®! The accumulation of more high-quality studies will 
better inform these guidelines and enable them to make practice-changing recommendations for patients. Meta-analyses, which too frequently conclude that 
there is insufficient evidence to make a conclusion, will be able to make more certain recommendations as the accumulation of high-quality trials continues. 
Health policymakers and funding agencies are recognizing the value of outcomes research to patient care and system efficiency as well. As such, they are 
gradually allocating appropriate funds to these endeavors, further enhancing our ability to perform high-quality research in the future.!939.102 

The road ahead will also present unique challenges. With the proliferation of well-designed studies, we are also seeing a perhaps larger proliferation of 
poorly designed studies, often published in low-quality or even predatory journals.?’ To distinguish high-quality, practice-informing studies from the 
“noise” of poor-quality studies, a deep knowledge of EBO principles and critical appraisal will be necessary for every orthopaedic surgeon. We may also 
see situations of interventions that were once thought to be effective being disproven through surgical trials, while interventions that had been previously 
dismissed as ineffective may make a resurgence. This will challenge existing dogmas in orthopaedic trauma, and likely precipitate heated debate, as we have 
seen in other areas of orthopaedic surgery.°?°’ However, challenging such dogmas—whether ultimately confirmed or negated—will only serve to benefit 
patient care. 

The rapid growth of research involving AI will create new opportunities and challenges. While analytical approaches in AI continue to rapidly evolve, 
the fundamental issue remains the quality of data. Data are the asset—not the analytical approach. Identifying high-quality datasets for analysis will remain 
the fundamental challenge in the new era of AI. 


Clinical circumstances 


Patient prefere parch evidence 


Figure 8-7. The current conceptual framework for evidence-based practice encompassing research findings, patients’ values and preferences, clinical circumstances, 
and expertise. 


Finally, orthopaedic surgeons will be challenged to be at the forefront of patient-centered research. While employing patient-important outcomes in 
research studies is an important starting point, the future of patient-centered research will demand patient involvement in the design and execution of 
clinical studies as well. We are already witnessing the creation of agencies designed to promote and fund these types of arrangements (e.g., Patient-Centered 
Outcomes Research Institute).°? This marks a monumental change in the way outcomes research will be conducted in the future, but truly represents the 
hallmark of patient involvement and shared decision making. Orthopaedic surgeons must, and will, rise to the challenge. 


CONCLUSION 


The purpose of the “outcomes movement” is ultimately about making the right decision. Determining the right choice—whether it pertains to prognosis, 
treatment, or harm avoidance—is difficult without a set of principles and tools to guide the decision-making process (Fig. 8-7). This chapter has attempted 
to outline the principles of EBO while providing orthopaedic surgeons with the knowledge necessary to sift through the noise, identify the best and most 
relevant sources of evidence, critically appraise these sources, and accurately interpret the results. Through the integration of this knowledge with both a 
detailed understanding of each patient’s unique needs and preferences and the clinical expertise of the orthopaedic surgeon, we can make the best decision 


possible for the individual patient. 
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Explanation 


Subgroup analyses are common in orthopaedic surgical trials. However, these analyses are 
often poorly executed and interpreted. The extent of this issue was first highlighted in this 
publication. 


Comparative studies of therapeutic interventions are perhaps the most commonly used 
evidence sources by orthopaedic surgeons. This article provides a guide to understanding 
and critical appraisal of these types of studies. 


Meta-analyses and network meta-analyses are techniques to pool and summarize data from 
multiple comparative studies. This article provides an up-to-date guide to understanding 
and critical appraisal of network meta-analysis, with a focus on interpretation of results. 
The guide is applicable to both traditional (i.e., head-to-head) and network meta-analyses. 


Surgical trials can pose both practical and ethical challenges because not all surgeons can 
perform different surgical procedures with similar proficiency. The “expertise-based” 
randomized trial is a novel study design that aims to address this issue. 


This study is a multicentered RCT of two surgical interventions for hip fractures. It serves 
as a model for how subgroup analyses should be designed and interpreted. 


Meta-analyses and network meta-analyses are techniques to pool and summarize data from 
multiple comparative studies. This article provides an up-to-date guide to understanding 
and critical appraisal of network meta-analysis, with a focus on appraisal of methodology. 
The guide is applicable to both traditional (i.e., head-to-head) and network meta-analyses. 


Network meta-analysis attempts to determine the relative treatment effect between two or 
more treatments based on all available comparative studies. It does so by considering both 
direct evidence (i.e., based on head-to-head trials) and indirect evidence. This study is an 
example of a methodologically robust network meta-analysis of multiple surgical 
treatment options for open tibial shaft fractures. 


A prominent editorial condemning the lack of high-quality evidence in the field of surgery 
and challenging surgeons to develop a high-quality evidence base to guide clinical 
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decision making. 


The design and execution of a randomized trial in orthopaedic surgery demands an 
understanding of issues beyond those provided in available users’ guides. This reference 
provides an overview of these issues for orthopaedic surgeons interested in conducting 
clinical trials. 


This study represents one of the first multicentered RCTs of two orthopaedic interventions 
in the field. 


This study is a multicentered randomized trial which single-handedly has helped clarify 
much of the uncertainty around a widely employed intervention used to accelerate fracture 
healing. This trial serves as a model of the types of issues that can be resolved with high- 
quality clinical research. 


This article describes a novel statistic that is increasingly being used to assess the 
robustness of positive trial results in orthopaedic surgery, as well as the medical field in 
general. 
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CONCLUSION 


Artificial Intelligence in Orthopaedic Trauma 


HYPE OR DISRUPTIVE INNOVATION? 
On August 3, 2023, the authors of this chapter entered the following prompt into the Chat Generative Pretrained Transformer (ChatGPT; OpenAI, San 
Francisco, CA): “Please write a scientific introduction for Rockwood and Green; covering artificial intelligence (AI) and its basics, the applications in 
orthopaedic trauma, and future perspective.” 
ChatGPT® returned the following: 


In the rapidly evolving landscape of orthopaedic trauma management, the integration of Artificial Intelligence (AI) has emerged as a transformative 
paradigm, promising to revolutionize traditional approaches and enhance clinical outcomes. 

AI, a multidisciplinary field at the intersection of computer science and health care, encompasses the creation of intelligent systems capable of 
mimicking human cognitive functions such as learning, reasoning, and problem-solving. Its fundamental principles, rooted in machine learning and data 
analysis, empower AI systems to extract meaningful insights from vast and complex datasets, thereby augmenting diagnostic accuracy, treatment 
planning, and prognostic capabilities. 

Within the purview of orthopaedic trauma, AT’s prowess has found a compelling canvas for applications ranging from automated fracture detection 
and classification to personalized surgical navigation and predictive modeling. 

As we stand on the precipice of a new era in medical practice, this chapter endeavors to elucidate the fundamental underpinnings of AI, elucidate its 
current applications in orthopaedic trauma, and extrapolate the tantalizing future prospects that hold the promise of reshaping the landscape of fracture 


care. 
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Figure 9-1. Gartner hype cycle, or Scott parabola, moving from innovation trigger, to peak of inflated expectations, via the trough of disillusionment (also referred to 
as “the valley of death” for many Al-driven applications), to ultimately reach a plateau of productivity. (Reproduced from Oosterhoff JHF, et al. Artificial intelligence 
in orthopaedics: false hope or not? A narrative review along the line of Gartner’s hype cycle. EFORT Open Rev. 2020;5(10):593-603. Adapted from Gartner Hype 
Cycle for Artificial Intelligence. 2019. gartner.com/smarterwithgartner.) 


Al—the science and engineering of intelligent machines, especially computer programs—now permeates health care. The application of AI in the field 
of orthopaedics is a new and transformative frontier of data science, bearing the hope and promise of revolutionizing ways to promote health and deliver 
health care across specialties, including orthopaedic trauma.?*®:87,88.94 

After promising studies,”®79:82105 many reasoned that “with Watson’s help” AI would change our medical world. In contrast, critics argued hope and 
hype would crash in the trough of disillusionment, also coined the “valley of death” for many Al-driven applications, following Gartner hype cycle®® (Fig. 
9-1). Indeed, until 2022,9!1°! there had not been a single Al-driven clinical application in orthopaedic trauma that changed our day-to-day practice.?®61,67 
For example, machine learning did not outperform traditional logistic regression algorithms for predictive modeling of clinical outcomes in trauma data 
sets.99 Nevertheless, many continued to believe—and write—that AI had the potential to greatly impact our field of orthopaedics.?®:2461,63,67,87-89,94 
Moreover, the rapid expansion of interest in this technology has gained an additional boost since the development of generative AI—a class of machine 
learning trained using large volumes of text, image, and audio data to generate new, natural human-like content. 

Large language models (LLMs) or chatbots, such as ChatGPT, are a form of generative AI, trained using high volumes of text data, to perform a range 
of language-specific tasks. True disruption came early 2023, when ChatGPT became mainstream. To illustrate the level of disruption, the authors of this 
chapter prompted ChatGPT to write several paragraphs throughout this chapter, making it a virtual coauthor. Chatbot writing is a hot topic at schools and 
universities and among editors of scientific literature.°° °! 

Generative AI, LLM in particular, convinced the public of AI’s unparalleled potential, its undisputable strengths, and its inherent flaws, dangers even. 
While current versions of these chatbots generate content with a remarkable level of sophistication, there will undoubtedly be barriers to overcome and 
continual improvements to be made to enable real-world impact (Fig. 9-2). The authors argue that 2024 may be the year to leave the trough of 
disillusionment, ascend the slope of enlightenment, and finally discover the first useful applications of AI in orthopaedic trauma in day-to-day clinical 
practice.2454-56,58,62,85,87-89,92,93 We are ever curious what the plateau of productivity will bring to our patients’ care.°® 


A BRIEF HISTORY OF Al 


AI dates back to the mid-20th century. In 1943, Warren McCulloch and Walter Pitts proposed the first theoretical computational model, which served as a 
foundation for the development of machine learning (a branch of AI focused on the use of data, algorithms, and statistical models to imitate human learning 
with increasing accuracy). Machine intelligence was also integral to cracking Germany’s enigma coding encryption during the Second World War by a team 
led by British mathematician and cryptanalyst Alan Turing at Bletchley.'® In 1950, Turing coined the imitation game (or Turing test) as the test of a 
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machine’s ability to express intelligent behavior equivalent to or indistinguishable from that of a human. 
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Figure 9-2. AI development: algorithm to patient. Barriers to overcome and continual improvement to enable real-world impact pathway from a clinically relevant 
question through all the required steps to reach models ready for clinical application. 


In 1956, John McCarthy, a computer and cognitive scientist, coined the term artificial intelligence and, with a group of researchers including Marvin 
Minsky and Claude Shannon, organized the Dartmouth Conference, widely considered the birthplace of AI.8° The 1950s also saw Frank Rosenblatt’s design 
of the first neural network for computers, a method in AI and type of machine learning process called deep learning, in which computers process data via a 
series of interconnected nodes or neurons in a layered structure akin to the human brain. Arthur Samuel developed the first self-learning computer and 
coined the term machine learning during this period. 

The 1960s and 1970s saw substantial progress in the field of AI, with researchers developing symbolic reasoning systems, natural language processing 
algorithms, realistic pattern matching and substitution, and early versions of AI robots and chatbots. However, progress slowed in the mid-1970s onward as 
processing power struggled to keep up with the strong theoretical basis of the technology developed by scientists. Researchers and computer engineers 
failed to develop algorithms capable of handling the complexity and nuance of real-world problems. The development of expert systems—programs able to 
learn by asking experts in a given field how to respond in specific situations—in the 1980s and increasing expenditure on more sophisticated computing 
systems for machine learning and deep learning during the 1990s reignited the interest in AI. 

With advancements in computing power and the access and availability of “big data,” machine learning algorithms became increasingly effective 
(moving from knowledge-driven approaches to data-driven approaches) at handling complex tasks, such as image and speech recognition. Defeat of world 
chess champion Garry Kasparov by IBM’s Deep Blue supercomputer in 1997 ushered in a new era of AI and a transition toward widespread, practical 
applications within software services and mobile devices, including the da Vinci robotics-assisted surgical system (Intuitive Surgical)—the first device to 
gain U.S. Food and Drug Administration approval for general laparoscopic surgery. 

In 2006, Geoffrey Hinton coined the term deep learning to describe algorithms that could be trained to recognize objects and text in images and videos. 
The 21st century has also observed the development of Al-enabled autonomous vehicles, voice-activated virtual assistants, human gesture recognition 
solutions, increasingly humanoid robots, programs to detect previously undetected particles, computers that can teach themselves to walk, biometric 
recognition, and, in health care, increasingly effective detection and diagnosis of conditions such as cancer. 

While the expectations for powerful AI solutions remain high, critics have also argued that many of these technologies have and will continue to plunge 
into the trough of disillusionment following Gartner hype cycle?! (see Fig. 9-1). Despite the array of powerful functions provided by Watson—IBM’s AI 
and Internet of Things (IoT) platform—announcement of its full withdrawal on December 1, 2023, provided a stark awareness of the potential lifespan of 
such technology and important considerations around integration into real-world contexts, including the range of settings in health care. 

Overall, the authors of this chapter consider AI as a technology capable of driving all forms of innovation in orthopaedic trauma. We believe AI will 
help sustain an existing position in the market (sustaining innovation, such as current Al/computer vision solutions for detecting fractures); will provide 
gradual, continuous improvement of existing services (incremental innovation, such as improvements in interpretation of text and audio for automating 
coding); will form technologies that disrupt the entire market (disruptive innovation, such as AI- and augmented reality—-enabled surgery; and will spark 
breakthrough technology that transforms the industry by creating new markets (radical innovation, such as providing patients unparalleled access to medical 
information and engagement in health systems),24°45%58.62.85,87-89,92,93 


TO ALLEVIATE THE HEALTH CARE BURDEN TO SOCIETY: CURRENT HEALTH CARE SYSTEMS 
ARE NOT SUSTAINABLE 


“If the computer does the simple stuff, we have more time for our patients.”°° AI has demonstrated the ability to liberate surgeons from repetitive 
operational tasks, enabling them to spend more time on rewarding engagement with their patients, fellow clinicians at work, and family and friends outside 
work. 

Common frustrations during an orthopaedic surgeon’s daily work often arise from mundane tasks, navigating multiple platforms that lack 
interoperability, to achieve results that should be simple but instead demand multiple steps, such as ordering radiographs in the emergency department (ED), 
generating clinical documentation of an outpatient visit, triggering transitions of care and appointment scheduling, and operation notes and postoperative 
orders. Substantial cost savings may be achieved by automation of relatively basic, low-risk, routine processes and procedures.”* 

Al can substantially augment a clinician’s activities through pattern recognition at a pace and scale to improve diagnostic precision and efficiency. For 


more complex tasks, AI is more likely to complement physicians than to replace them. Speeding up diagnostics in simple cases creates more autonomy for 


junior doctors by supplying Al-driven expert advice in an instant, thereby closing the so-called expert gap.*2°* AI models could make the ED more 
productive and safer with automated triage based on plain text or with early warning systems for adverse events.?!°°-** It is estimated that AI could reduce 
annual health care costs in the United States, where expenditure is at an all-time high, by $150 billion by 2026.49 


OVERCOME HUMAN BIASES: DECREASE UNDESIRED PRACTICE VARIATION, IMPROVE 
PATTERN RECOGNITION, AND REDUCE BIASED DECISION MAKING 


AI could be an aid to critical thinking. For a patient with an ankle or distal radius fracture, the adage “What you get depends on where you live and who you 
see” is true.°°->! One could argue that such practice variation is undesired. Medicine in general, and our field of orthopaedic trauma in particular, is rife with 
unsatisfactory levels of agreement between doctors and surgeons. One good example is the variability in fracture recognition and fracture classification, 
alongside relatively high variations in surgical decision making.!>1819,26—28,36,75,76,103,106 Th this clinical scenario, AI algorithms should not just replicate 
human thinking processes but should aim to exceed them.!?3 

AI is all about pattern recognition, at pace and at scale to improve diagnostic precision and efficiency. This capability is especially relevant to care of the 
orthopaedic trauma patient, which is often dependent on a surgeon’s ability to recognize patterns such as (1) fracture patterns on radiographs (AI domain: 
computer vision)?*>+52.87,92; (2) a combination of specific patient characteristics that could predict arthrosis, infection, or trigger adverse events and other 
clinically relevant outcomes (AI domain: machine learning prediction tools)66; (3) an arrangement of words predictive of underlying anxiety or depression 
(AI domain: natural or LLM)3; and (4) patient’s facial expression! in order to integrate mental and social health in orthopaedic practice.*” 

However, human behavior and performance, especially with regard to pattern recognition, has its limitations and is prone to several biases.*® For 
instance, the recognition of fracture patterns is shown to differ greatly between surgeons such that different surgeons see different things. Moreover, humans 
are unaware of their blind spots (unknown unknowns), which has been coined WYSIATI, for “what you see is all there is,” by Daniel Kahneman.*® Biases 
and blind spots may systematically affect trauma patients by overlooking specific fracture patterns, by making treatment decisions based on familiarity and 
personal preference rather than evidence, and, more importantly, by failing to recognize aspects of individual mindset or circumstances (the “whole person 
lens”) and focusing instead on pathophysiology and the familiar biomedical paradigm. 

It is important to note that the complete elimination of human biases is not possible and the introduction of and perpetuation of biases within training 
algorithms remain a risk that should be controlled. For instance, the potential amplification of bias should be addressed when using clinical datasets from 
one population for predicting clinical outcomes in another. The importance of ensuring bias-mitigation strategies when building AI models is paramount.®* 
Therefore, we should be mindful of the ground truth, not mistaking our biased opinions for a gold standard in supervised training of algorithms. t° 


HOW? GUIDING PRINCIPLES FOR Al MODEL DEVELOPMENT IN ORTHOPAEDIC TRAUMA 
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Basics of Artificial Intelligence 


Artificial Intelligence encompasses a diverse range of techniques and methodologies that enable computers to simulate human-like intelligence. At its 
core, AI relies on machine learning algorithms that learn from data patterns and iteratively improve their performance over time. These algorithms 
include supervised learning, where models are trained on labeled datasets, and unsupervised learning, which involves extracting insights from unlabeled 
data. Supervised learning can generally achieve good to excellent performance with limited data, but providing detailed information about the data is a 
costly effort, especially when these need to be provided by experts that have limited time—such as surgeons. This is one of the most challenging 
obstacles in creating accurate models in our field. Reinforcement learning further enables AI systems to make decisions by interacting with an 
environment and receiving feedback. Deep learning, a subset of machine learning and the most recent leap forward in the AI field, involves artificial 
neural networks inspired by the human brain’s structure and function. These networks, often referred to as deep neural networks, are particularly adept 
at handling complex and unstructured data, such as images and text, making them invaluable tools in medical imaging analysis and natural language 
processing. 


EXPANDING EDUCATION: TRAINING OUR PEERS 


Orthopaedic trauma surgeons should become familiar with the basic concepts, technical aspects, and implementation of AI technologies in orthopaedic 
trauma to better understand and critically appraise the validity of AI algorithms. Avoidance will hinder the opportunities to optimize the use of these 
technologies as they become introduced in our daily practice and will magnify the risk of dependence as AI becomes part of the data infrastructure in health 
care, including electronic medical records (EMRs). Several educational initiatives specifically combining AI and health care exist, such as the European 
Union—funded AIPROHEALTH,? which offers a free online course as well as certificate programs in AI for health care providers. 

There is also a movement toward introducing education regarding AI in a more structured manner. The basics of AI should be included when training 
medical students, residents, and practice peers to understand the language of specialists in this field—our collaborating computer scientists. 


INTERDISCIPLINARY ENGAGEMENT: BRINGING COMPUTER SCIENTISTS AND ENGINEERS INTO 
ORTHOPAEDIC TRAUMA CARE 


Orthopaedic trauma teams should engage with computer scientists and engineers to help develop effective use cases and models designed to fit these 
functions in the real world. While computer scientists and engineering resources are often limited within health care, especially considering the pull of such 
talent into the medical technology and digital health industry, orthopaedic trauma offers several clinically meaningful (and commercially viable) 
opportunities for interdisciplinary engagement. A new generation of clinicians with a special interest in AI are emerging that understand the importance of 
bringing together good data infrastructures with appropriate AI techniques to match the specific clinical use case. 


DATA INTEGRITY 


A model can perform only as well as the data used to train it. Collaboration between different institutions and surgeons is essential in generating sufficient 
quantities of high-quality data to train models. While recent endeavors using “big data” in orthopaedics are encouraging,’*” the availability of data of high 
volume (e.g., cohorts from large health systems, clinical registries, biobanks) and high quality is limited, especially in orthopaedic trauma. These data 
limitations, particularly in terms of retrospective data, may be due to the acute nature of trauma, scattered data sets of variable quality that are not networked 
between hospitals, and restrictions around the availability of data and experts to label the data itself. The ability to utilize prospective data in AI models is 
further challenged by the requirement of greater financial resources, often a lengthy inclusion period, and high variations in treatment standards, potentially 
leading to underpowered analyses due to insufficient numbers of a patients for a given injury type. 


Challenges of AI model development across these functions are multifold. Overfitting is a phenomenon that occurs when a model becomes exceedingly well 
adapted to the training data set and captures not just the main underlying patterns but also the noise and outliers specific to that data. Model overfit can 
occur when training deep learning models and as a result compromise its external validity and generalizability when applied to new data sets. This limitation 
renders the model less effective, as it tends to make predictions based on the noise it has learned rather than being anchored around the true and genuine 
patterns. 

In a famous example, a model was trained to detect traumatic pneumothorax on chest radiographs. The data set used for training contained a relatively 
large number of radiographs with a chest drain inserted within the pleural cavity. Even though the model output was frequently correct, its prediction was 
based on the presence of a chest drain (noise) and not the pneumothorax itself (F ). Overfitting can have severe implications in relation to orthopaedic 
trauma imaging, leading to incorrect diagnoses or misguided treatment recommendations. Therefore, ensuring a model is robust and not overfit is paramount 
for maintaining accuracy and reliability in clinical applications. Regularization techniques, cross-validation, data augmentation, and increasing the diversity 
of training data are common methods employed to mitigate overfitting. 

In addition to variations in data, differences in labeling can also exert a notable impact on model performance. Label noise can significantly disrupt a 
convolutional neural network’s (CNN’s) effectiveness, and radiology reports, which often rely on a single observer, can vary in terms of expertise and 
accuracy. Relying solely on a single expert for data labeling carries the inherent risk of biasing the CNN toward that specific observer. Another method is to 
classify each fracture by multiple clinicians—to create the so-called ground truth by majority voted decision. However, requiring experts to label and 
annotate each individual case is extremely labor intensive and repetitive. In addition, human bias is reduced but not eliminated when a majority voted 
decision is used. These limitations should all be considered when critically appraising deep learning algorithms. An example in fracture classification: What 
was considered the ground truth? Which imaging modality was used to determine this reference standard? Were there one or more observers classifying to 
determine “the truth”? 

Moreover, it is challenging to find a sufficient number of qualified experts to provide accurate image labels when developing CNNs. Using reference 
standards such as CT scans as the ground truth is considered the best approach for training CNNs. However, these standards may not always be readily 
available, especially in cases involving “simple” fractures. 


Figure 9-3. CNN was trained to detect traumatic pneumothorax on chest radiographs. The data set used for training contained a relatively large number of radiographs 
with a diest drain inserted within the pleural cavity. Even though the model output was frequently correct, its prediction was based on the presence of a chest drain 
(noise) and not the pneumothorax itself, shown in red. 


APPROPRIATE REGULATION: ENABLING RESPONSIBLE Al THROUGH ROBUST GOVERNANCE, 
DATA SHARING, AND FEDERATED LEARNING 


Appropriate levels of AI regulation are required globally, and effective regulatory standards by organizations within a region should be emulated and 
mirrored by others. For instance, the EU has developed strong general data protection and regulation guidelines that other countries should consider 
adopting to ensure adequate levels of data privacy, transparency, accountability, accreditation, and security. Specific safeguarding strategies should include 
careful documentation of data parameters, disclosure of methods for model development, data sources, and open acknowledgment of potential biases, risks, 
and limitations of models. Patients place substantial trust in health systems that use their personal health information, and these safeguards and protections 


should be adhered to. This aspect is especially important in regard to the trauma team, which is focused primarily on the acute management of patients and 
less concerned about data per se during emergent care. Leadership from professional societies and organizations (e.g., Orthopaedic Trauma Association 
(OTA), Arbeitsgemeinschaft fiir Osteosynthesefragen (AO), national orthopaedic associations), patient advocacy groups, and academic experts within and 
outside orthopaedics should be convened for human oversight over development (reinforcement learning through human feedback) of AI models to ensure 
trust among all stakeholders in this arena. 

Federated learning—a decentralized approach to AI and machine learning models in which raw data from edge devices are used to train models locally, 
thereby increasing data privacy, before being shared with global servers as needed—offers an enhanced approach that optimizes privacy while ensuring 
more streamlined flow of data between systems. This approach may allow safe and efficient model training across hospital networks and therefore more 
accurate development of AI solutions tailored to different patient populations experiencing orthopaedic trauma. 

Open access to algorithms allows for independent validation and adherence to FAIR—findable, accessible, interoperable, and reusable—principles. 
Further, ethical and legal guardrails should be developed that are aligned with values of diversity, equity, and inclusion. Regulatory agencies should also be 
empowered with the authority to both enforce compliance and grant accreditations for the development and utilization of safe, accurate, and equitable AI 
models. Clinicians are ultimately responsible and liable for the outcomes of care delivered using AI and therefore should understand the basis of this tool 
like any other in their toolkit. 

In the research domain, advances have been made around standards of reporting AI research, including CONSORT-AI,® CAIR,® and TRIPOD-AI.7! 


WHAT? 


This section will offer guidance for critical appraisal of AI tools in the upcoming era and will discuss examples of potential applications. 
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Applications in Orthopaedic Trauma 
In the realm of orthopaedic trauma, AI exhibits transformative potential across diverse domains. 1) Al-driven image analysis facilitates the rapid and 
accurate detection, classification, and segmentation of fractures from radiological images, expediting diagnosis and treatment planning. 2) Surgical 
interventions are bolstered by Al-powered preoperative simulations and intraoperative guidance, enhancing precision, and minimizing risks. 
Additionally, 3) Al-powered predictive models utilize patient data to forecast postoperative outcomes, aiding in shared decision-making and optimizing 
treatment strategies. Furthermore, Al-driven data mining and knowledge extraction from electronic health records contribute to evidence-based clinical 
guidelines and facilitate research endeavors. 

There is a range of computer vision modalities, encompassing image classification, object detection and semantic segmentation. As we delve into 
each facet, we uncover their respective contributions to fracture assessment and therapeutic interventions, underscoring the transformative potential 
computer vision holds in orthopaedic trauma care. 


Al-DRIVEN IMAGE ANALYSIS: COMPUTER VISION 


Fracture Detection 


Image recognition and classification models using AI (also termed computer vision) are increasingly being developed for automated fracture 
detection,°*5*67-86.87,92 including some solutions that are commercially available. Most models provide classification based on the entire image and 


produce heatmaps for approximate fracture localization (Fig. 9-4). New types of models developed by computer scientists allow for more advanced 
possibilities, such as accurate segmentation of bones and fractures. For example, the development of the Mask R-CNN makes it possible to combine 
conventional object detection with segmentation, an exact outline of the area of interest.22 This neural network was used to train a model to detect, locate, 
and segment distal radius fractures (Fig. 9-5). The benefit of these models compared to conventional object detection lies in the user interface; that is, 


clinicians can more readily visualize and confirm whether the conclusion drawn by the computer is correct. This type of solution is an example of 
»92 


“explainable AI,” in which the observer is able to understand what it is that the computer “sees. 
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Figure 9-4. CNN for scaphoid fracture detection. Most models provide classification based on the entire image and produce heatmaps for approximate fracture 
localization. 


While earlier computer vision models were developed for fractures that are easily recognized and classified clinically, growing experience with this 
technology is being used to solve increasingly complex tasks. For instance, source data from advanced imaging such as computed tomography (CT) and 
magnetic resonance imaging (MRI) are now being utilized as the ground truth and the visual input for AI models to detect injuries such as scaphoid 
fractures, which can be occult in 20% of patients, with increasing precision?®3954 (see Fig. 9-4). AI models may recognize patterns that are not apparent to 
the clinician or radiologist, especially if they are challenging to diagnose on plain radiographs. The combination of improved reliability as compared to 
humans and a visual output with this prediction, fractures may be picked up on initial presentation and receive optimal treatment, such as, in our example of 
scaphoid fractures, avoiding overtreatment by either unnecessary cast immobilization or redundant advanced imaging with MRI or CT.100 


Fracture Classification 


Training algorithms to classify fractures is a more challenging task given the marked variation in intra- and interobserver agreement on fracture 
classification, especially based on plain radiographs alone. !5:!®-19,22,26,36,75,76,81,103,106 While CT scans are commonly used to improve accuracy and 
definition of the fracture configuration, they are also subject to a level of intersurgeon disagreement. As expressed by Doornberg et al., “Surgeons agree 
mostly with themselves, and not so much with each other.”?8 However, classification of each fracture by multiple clinicians to create the so-called ground 
truth by majority voted decision is the best we have. 


Figure 9-5. The development of the Mask R-CNN makes it possible to combine conventional object detection with segmentation—an exact outline of the area of 
interest. This neural network was used to train a model to detect, locate, and segment distal radius fractures. 


Studies generally report results similar to human performance; this extends to the fact that more complicated classification systems suffer from lower 
reliability and accuracy, mirroring clinical practice. AI does not exceed surgeon performance for fracture classification.6”86 These classification tasks, like 
detection tasks, are ubiquitous among early studies using AI models.§7:8586 

These are examples of supervised learning: images are labeled by humans and a CNN is trained based on these truths. In contrast, unsupervised learning 
strategies can also be applied: the computer finds patterns in pathoanatomy on images, while outcome variables are given for automated cluster analyses. 
These AI algorithms do not just replicate human thinking processes—classification of fractures—but should aim to exceed them by offering new 
classifications. +?3 


Prediction of Clinical Outcomes Based on Images: Multimodal Approach 


Beyond automated fracture detection, a step change in AI applications includes the prognostic and diagnostic utility of these models to advance clinical 
outcomes. The prediction of clinical outcomes, based on trauma radiographs potentially augmented with a patient’s personal characteristics, provides a 
multimodal inputs and outputs that may influence decision support. For instance, for patients with distal radius fractures, we can not only detect, segment, 
and classify the fractures (see Fig. 9-5), but also gauge the likelihood of loss of threshold stability* (Fig. 9-6). This may guide ongoing treatment with a cast 
or conversion to offer fracture fixation to our patients in a shared decision-making process. This type of data-driven approach to decision making is 
otherwise challenging, if not impossible, where surgeon-based estimations of fracture instability carry a 54% accuracy based on trauma and reduction 
radiographs, improving to 70% with advanced imaging based on CT interpretations as discovered in online experiments.® In contrast, a CNN can be trained 
with an area under the curve of 0.83 and 76% accuracy to predict fracture instability based on radiographs alone.®° 

This line of inquiry is more challenging; for example, identifying patients at risk for failure of their hip fracture fixation based on FAITH data?’ 
applying machine learning techniques without imaging data failed.!°? However, we are confident that advancements will be made when trauma data sets 
become richer and AI methodology more sophisticated. 


Surgical Interventions: Augmented Reality 


Accurate visualization of anatomic structures and fractures is pivotal for both diagnostic and therapeutic procedures. Deep learning—based AI models can 
process CT scans by segmenting anatomic structures and associated fractures with high precision.2+** Once segmented, these AI models can subsequently 
reconstruct a detailed three-dimensional (3D) model of the fracture site. Such AI model outputs serve dual purposes: offering comprehensive anatomical 
insights and enabling individualized treatment planning. 

Augmented reality technology further augments the utility of these AI model outputs by rendering them in the surgeon’s field of view in real-time. This 
integration allows medical personnel, especially those in training, to interact with these 3D reconstructions in a more intuitive and immersive manner.°” As 
a result, augmented reality could bridge the gap between theoretical knowledge and practical application. For surgeons, the 3D models can be superimposed 
over the actual surgical site during both preoperative planning and the intraoperative procedure. This provides both the experienced surgeon and the trainee 
increased fidelity and information, including an improved understanding of the spatial relationship of the fracture fragments and the surrounding anatomy. 


J GE) ; o EE | : 
“== RAldius Instability Calculator 

— % Chance 

i of Loss of Alignment 

No active principal problem 


Height: 5°9 
t 98.9 kg (218 Ib 0.6 cz) 


Wt Method: Bed Scale >1 day 
BMI 


NO NEW RESULTS, LAST 36H 


ACTIVE MEDS (5) 
© Scheduled (3) 
D Continuous (1) 
@ PRN (1) 


Figure 9-6. Prediction of distal radius fracture instability. For patients with distal radius fractures, we can not only detect, segment, and classify the fractures (see Fig. 
9-5), but also gauge the likelihood of loss of threshold stability.“ 


Such technology enables the integration and visualization of 3D models into clinical workflows, allowing surgeons to efficiently convert scans into 3D 
holograms in real life projection over the patient’s affected anatomic site. In a cloud-based environment, medical scans can be automatically converted into 
3D holograms, which can be experienced and manipulated in augmented reality by multiple users. Using holograms in surgical preparation enhances the 


understanding of anatomy and pathology, facilitating spatial tasks like patient positioning and surgical trajectory planning.2*°° An example in orthopaedic 
trauma is augmented reality—guided sacroiliac (SI) screw placement (Fig. 9-7). However, clinical efficacy and accuracy have yet to be determined as 
compared to conventional methods.’ 


STEPS TOWARD CLINICAL PRACTICE 


Model Development 


Model development consists of two phases: training and testing (see Fig. 9-7). The process of training an AI model involves a continuous and iterative 
approach. For computer vision, the model learns from a data set that contain annotated (highlighted region of interest) and/or labeled (image-level 
classification) cases. Predictive models use abstract data such as patient characteristics and laboratory values (Fig. 9-8). Each complete cycle through the 
entire training data set is termed an epoch. Striking the right balance of epochs is crucial. Too few leads to suboptimal performance, and too many results in 
overfitting, where the model becomes exceptionally accurate on the training data but fails on new data. 

The duration of an epoch can vary, spanning from hours to days, which is why computer scientists often work with batches (essentially small parts of the 
data set, consecutively) to monitor the learning rate of a model and to identify a plateau. This plateau represents a point at which there is a substantial 
diminishing return in the model’s improvement with each pass of a batch during training. Throughout this training phase, the model tries to discern the 
essential data characteristics that align with the ground truth. 

Subsequently, in the testing phase, the model evaluates instances it has not encountered previously and generates predictions based on its learned 
patterns. This is referred to as internal validation. Performance assessment is conducted by comparing these model predictions with the ground truth. It is 
crucial to acknowledge that during testing, the model’s performance may not consistently mirror its real-world effectiveness, particularly when handling 
infrequent cases that are underrepresented in the data set. These rare instances often carry clinical significance, demanding a balance between effort invested 
and clinical relevance. 

To mitigate this challenge, a common approach in computer vision is to introduce randomness into the data set, such as by applying image rotations, 
random cropping, stretching, and horizontal or vertical mirroring. This forces the neural network to identify features that remain unchanged despite 
manipulations and is commonly known as data augmentation. 


External Validation 


External validation is the next phase after internal validation (often referred to as the test set) when assessing a model. In external validation, the focus shifts 
from reproducibility to transportability. To ensure the adaptability of a model to various environments, several factors must be considered. These factors 
include demographic disparities, operator-dependent radiologic variables (e.g., angles, rotations, contrast enhancement, and radiation doses during 
radiograph or CT procedures), as well as variations in the make and quality of radiography equipment. It is imperative to thoroughly evaluate these factors 
before deploying a model to a different institution or setting. 
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Figure 9-7. A: Using holograms in surgical preparation enhances the understanding of anatomy and pathology, facilitating spatial tasks like patient positioning and 
surgical trajectory planning. B: An example in orthopaedic trauma is augmented reality—guided sacroiliac screw placement. (Courtesy of Michiel Herteleer and Kobe 
Bamps, Leuven University, Belgium.) 
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Figure 9-8. Example of a machine learning—driven probability calculator in electronic medical records, also known as predictive models, which use abstract data such 
as patient characteristics and lab values—in this clinical scenario, to predict mortality in trauma patients. 


The significance of this evaluation becomes clear in instances where models exhibit impressive performance on radiographs from a general population 
but struggle when confronted with diagnostically challenging cases. Typically, the actual model performance, assessed through external validation, tends to 
be lower compared to the performance measured using the data set employed during the model’s development phase. This performance dip underscores the 
substantial differences in image characteristics between the internal validation and geographical external validation data sets, underscoring the importance 
of geographical external validation.!” 


Prospective Validation and Clinical Efficacy 


When a model has been through internal and external validation, confirming its predictive accuracy and robustness, the next step is to prospectively validate 
it—in real-time—and evaluate its performance with the struggles of daily practice. We often encounter radiographs shot from suboptimal angles, over- or 
underexposed images, and a great variance in demographics presenting to the ED, all of which the model needs to be able to handle. One of the great 
challenges is having a model incorporated in the imaging software used by the hospital. Ideally, the output of the model should be presented as an extra 
image or report to the clinician. However, when validating a model, this will inherently introduce a bias. One way to prevent a model from biasing clinicians 
in their decision making, before it is proven to be accurate in a clinical setting, is to blind the results from the clinician. In other words, we perform our 
assessment and treatments as we would normally do, and in the background the model presents their prediction or treatment to a researcher, which can then 
over many cases evaluate the real performance of the model in the hospital without compromising patient care. 


Self-Learning 


If the model has proved to be accurate and trustworthy in a clinical setting, it should be employed in daily practice to further improve its accuracy and thus 
its efficacy. In a perfect scenario, doctors would use the model’s predictions in their decision making, and the model learns from the note if it was correct or 
not, so that it may learn from each encounter. Self-learning could be considered an area of controversy because it can be seen as doctors essentially training 
a model to replace their expertise. This poses another challenge: If models replace our expertise in certain diagnoses or predictions, how will we train the 
new generation of doctors to be able to correct or deviate from the model when they deem necessary, like the guidelines we may deviate from daily? 


FUTURE PERSPECTIVE 
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Future Perspectives 


The burgeoning synergy between AI and orthopaedic trauma presents an exciting trajectory of advancement. The evolution of AI algorithms holds 
promise for real-time intraoperative decision support, where AI systems provide instantaneous insights to surgeons during procedures. Collaborative 
robotic systems, guided by AI, may redefine surgical workflows and enable remote consultations, transcending geographical barriers. The harnessing of 
multimodal data, encompassing patient genetics, biomechanics, and lifestyle factors, could pave the way for personalized treatment regimens tailored to 
individual needs. Moreover, AI’s potential to decipher complex molecular interactions could engender breakthroughs in regenerative therapies and 
fracture healing mechanisms. 

In summation, the convergence of AI and orthopaedic trauma signifies a watershed moment in modern medicine, heralding a future characterized by 
precision, efficiency, and patient-centered care. This chapter embarks on a comprehensive exploration of this dynamic alliance, delving into the 
foundational principles of AI, its current applications within the domain of orthopaedic trauma, and the tantalizing vistas that lie ahead. As we traverse 
this uncharted terrain, the symbiotic interplay between AI’s computational prowess and the nuanced expertise of orthopaedic practitioners promises to 
redefine the boundaries of possibility and reshape the trajectory of fracture management. 


LARGE LANGUAGE MODELS 


The explosion of interest in generative A146—a class of machine learning models that are trained using large volumes of text, audio, image, or video data to 
generate new, natural, human-like content—holds the promise of clinical applications of AI in orthopaedics beyond the examples presented in this chapter. 

The final AI example we will discuss involves the application of LLMs, also known as chatbots, with ChatGPT’s output included in this chapter. LLMs 
have potential high-value applications in our outpatient clinics, including serving and acting as a virtual assistant, and linking triage and health advice to 
automated appointment scheduling. 

One of few potential threats, however, is the so-called AI hallucination, which can fuel misinformation, such as the potential answers to a clinical 
question such as, “Is this distal radius fracture stable or will it lose threshold alignment during follow-up and become unstable?”—leading to intensified 
distress and unhelpful thinking through medical misinformation. 

Generative AI and LLMs are expanding the reach of AI technology within health care and our daily lives. While such technology is poised to enable a 
variety of value-generating opportunities, stakeholders should be aware of potential threats and supportive strategies for data quality, model development 
and regulation, and legal and ethical guardrails. 


CONCLUSION 


Al in orthopaedic trauma shows great promise. There are many barriers to its adoption: overcoming bias in algorithms, incorporating new applications into 
clinical workflow, regulatory approval, and billing.’® 

The ultimate goal is data-driven decision support to overcome human biases and to support shared decision making that focuses on patients’ values and 
preferences. 


3D-Guided Surgery in Orthopaedic Trauma 


HYPE OR DISRUPTIVE INNOVATION? 


The advent of 3D technology in medicine, and surgery in particular, is considered the fourth industrial revolution. In contrast to AI in orthopaedic trauma to 
date, 3D applications have been successfully introduced to our day-to-day clinical practice and have been a disruptive innovation for at least a decade now. 
Advanced imaging for preoperative planning, application of cutting and reduction guides for osteotomies, patient-specific implants, and postoperative 
quantitative 3D CT (Q3DCT) are a few such established 3D techniques. 

In this part of this chapter, respective applications of 3D in orthopaedic trauma surgery will be discussed, exploring its ability to enhance visualization, 
surgical planning, and patient-specific treatment interventions. By embracing these advances in technology, orthopaedic trauma surgeons can strive to 
provide care that is centered on the individual needs of each patient to facilitate personalized and stratified health care. 


WHY? RATIONALE FOR USING 3D TECHNOLOGY 


3D technology and AI are now merging in the field of orthopaedic trauma, combining their individual strengths to improve patient care. The common 
ground between 3D and AI is substantial and versatile, enabling promising advancements in diagnosis, surgical planning, and personalized treatment. For 
instance, 3D imaging may provide detailed anatomic information, facilitating AI algorithms’ precise analysis and aiding in early diagnosis. AI models may 
aid in analyzing 3D images of both pre- and postoperative care, predicting patient recovery trajectories, anticipating potential complications, and identifying 
rehabilitation needs. In fact, the integration of 3D and AI technology could create a synergy that enhances every stage of patient care, from accurate 
diagnosis and precise planning to personalized interventions. 

3D imaging is increasingly used for preoperative planning and translating the planned strategies into actual operative procedures. Essentially, 3D- 
assisted surgery encompasses a wide range of techniques, such as 3D virtual surgical planning, the creation of 3D-printed models for precontouring 
osteosynthesis plates, utilization of 3D-printed surgical guides, and the development of patient-specific implants. 11:1474 

The rationale for using 3D technology in orthopaedic trauma surgery is based on its ability to provide detailed and accurate visualizations of complex 
injuries. Unlike traditional 2D imaging methods (e.g., radiographs, CT images), 3D technology offers a 360-degree view, allowing surgeons to assess 
fractures, deformities, and soft tissue injuries accurately and more intuitively. This enhanced visualization aids in accurate preoperative surgical planning, 
enabling surgeons to assess fracture displacement, choose surgical approaches, optimize fracture reduction strategies, predetermine implant and screw 
positions, and anticipate potential intraoperative challenges before the actual surgery takes place. 


HOW? IMPLEMENTATION OF 3D TECHNOLOGY 


Integrating high-quality 3D technology into orthopaedic trauma requires several resources and a collaborative effort. First and most obviously, the 
implementation of 3D technology requires specific hardware and software infrastructure for designing and printing. Second and almost as important, a 
successful collaboration between surgeons and engineers, including technical physicians and biomedical engineers, is essential. Technical physicians are 
known as academically trained clinical engineers, who have a clinical as well as a technologic background. They possess a unique skill set that merges 
clinical knowledge with engineering expertise, allowing them to bridge the gap between health care and technology. Surgeons provide valuable clinical 
insights and operative and anatomic expertise, while engineers facilitate the translation of these insights into practical and sound 3D solutions. This synergy 
between medical expertise and technical knowledge is fundamental to successful implementation and ongoing advancement of 3D technology in 
orthopaedic trauma care. In practice, this often entails a shared process where surgeons and engineers collaborate while sharing a computer screen 
(physically or virtually) to discuss the case and find patient-specific solutions. Alternatively, there are software tools available in which the surgeon can 
simulate a visualization of the fracture, the intended reduction and position of the implants without assistance of engineers. This advanced use of 3D 
techniques is highly dependent on resources and qualified and experienced staff, which might differ per hospital. 


Ideally, the surgeon presents the clinical case, including details about the patient’s condition, medical history, fracture characteristics, extent of soft 
tissue injury, and specific considerations regarding the preoperative planning for the surgical procedure. Using advanced software, the engineer processes 
the medical imaging data (e.g., CT scans and/or MRIs) to create a 3D model of the injury. Based on the virtual 3D model, the surgeon and engineer discuss 
the surgical plan. Together they can analyze the type of fracture and degree of displacement and perform a virtual simulation of the fracture reduction as 
well as the implant (e.g., plates, nails, screws) positioning. If the procedure involves implants and/or surgical guides (e.g., cutting, drilling, reposition 
guides), the surgeon suggests type, size, and placement of implants and/or guides required for surgery based on their experience. Then the engineer designs 
3D models of the implants and/or guides that are tailored to patient-specific anatomy. It is possible to simulate the implant placement within a 3D 
environment, validating compatibility and fitting with the injury that needs to be fixed. Revisions could be made until the 3D plan meets the patient’s needs. 
The team has to verify the feasibility of the 3D plan and give their approval for using it in patient care. The production of implants and/or surgical guides 
can be supplied by various certified companies and depends on local availability. Finally, the surgeon could use the approved 3D plan—presented on screen 
in the operating room as a reference—during surgery, where it guides the actual procedure. There are differences in approaches among hospitals, of course. 
In some clinics, a substantial part of the workflow is available in-house, whereas in others, a large part of the 3D workflow is outsourced to companies. 

A third and final prerequisite for successful implementation of 3D technology in hospital is compliance with national and international device 
regulations. the medical device regulation (MDR) in the European Union for instance sets guidelines and standards for medical devices, including 3D- 
manufactured implants and surgical guides used in orthopaedic trauma surgery. Comprehensive documentation of the design, manufacturing process, and 
materials is necessary for use in patients. Collaboration with regulatory affairs experts who are knowledgeable about MDR or other legal requirements is 
essential. These experts will guide the team in this complex and labor-intensive regulatory system consisting of numerous documents before a 3D product is 
approved for patient care. 


WHAT? APPLICATIONS OF 3D TECHNOLOGY IN ORTHOPAEDIC TRAUMA SURGERY 


3D technology can be applied across various stages of patient’s medical journey. 3D models—both virtual and printed models—are valuable educational 
tools for medical students, residents, and surgeons for improving understanding of injuries.2°42-5593:99 Preoperatively, surgeons may use virtual 3D fracture 
models for surgical planning, allowing them to analyze complex fracture patterns and optimize implant placement. 

Intraoperatively, 3D technology may provide real-time guidance to translate the preoperative plan to the actual operation. 3D-printed surgical guides can 
be placed directly in the surgical field, assisting osteotomy saw planes, fracture reductions, and implant and screw positions. Additionally, some preliminary 
studies reported that patient-specific implants—designed based on 3D models—can be used to increase the predictability and accuracy of the operation.**77 
Moreover, navigation utilizes advanced 3D technology to provide real-time 3D guidance to surgeons during procedures. 

Postoperatively, 3D imaging allows for evaluation of the surgical outcomes in terms of quality of fracture reduction and the accuracy of implant 
placement. In this final section on 3D technology in orthopaedic trauma surgery, various clinical examples and potential applications will be discussed. 


3D FRACTURE ASSESSMENT 


3D virtual or printed models of fractures may be used to facilitate discussion among surgeons, ensuring thorough understanding of complex injuries and 
aligning the surgical plan. Furthermore, when communicating with patients, these 3D models offer a visual representation of the injury, providing them with 
a better understanding of their condition. Surgeons can use these models to explain surgical procedures and potential risks in a clear and comprehensible 
manner. A drawback of 2D fracture imaging lies in its limited perspective and lack of depth. Conventional x-rays and CT slices, which are commonly used 
for surgical planning, provide only a single-plane view of the fractured bone. This makes it challenging to accurately assess complex fracture patterns. 
Moreover, 2D images often lead to substantial interobserver variability in the interpretation of fracture type and degree of fracture displacement (e.g., gap 
and step-off measurements) among different physicians.”? This implies that the same imaging results may be interpreted differently by various health care 
professionals. The use of 3D models may enhance the process of fracture pattern recognition and classification. Additional insights provided by 3D fracture 
models may even change surgeons’ opinions about the surgical approach and increase their confidence.®” Therefore, 3D models may play a crucial role in 
evaluating complicated fracture patterns (e.g., both column acetabular fractures) and guiding the decision-making process for treatment strategies. 

Radiographs and CT images are valuable tools in managing patients with fractures. Measurements of gaps and step-offs obtained from these imaging 
modalities are used as indicators for determining the need for surgical treatment. Moreover, these measurements are often used in studies assessing the 
outcome after surgery. Gap and step-off measurements involve certain subjective elements, and different surgeons might interpret them differently. The 
accuracy of assessing a fracture depends on the specific location where the measurement is taken—such as which fracture line or CT slice is chosen—and 
the technique used for the measurement. A recent study”? demonstrated insufficient inter- and intraobserver agreement on measuring gaps and step-offs for 
supporting clinical decisions in complex fractures. This is worrisome because if observers cannot agree on the size of the gap and step-off, it will be 
challenging to decide whether to perform surgery. 

Recently, a Q3DCT method was introduced to quantify the intra-articular displacement in various type of fractures.*:7!,7297 The method showed 
enhanced reliability in contrast to standard CT measurements and has the potential to complement existing fracture classification systems. This technique 
uses the concept of the “3D gap area,” quantifying the complete surface area among all fracture fragments at the articular level (Fig. 9-9). It takes into 
account all gaps and step-offs between these fragments, providing a comprehensive measure of intra-articular incongruity. Unaffected by issues related to 
interobserver reliability, this 3D measurement technique has the potential for quantifying both the initial and residual displacement. When this innovative 
technique was used to assess fracture displacement in a large cohort of patients with tibial plateau fractures, the study findings demonstrated that 3D fracture 
assessment supplements existing classification methods, helps identify patients prone to conversion to total knee arthroplasty at follow-up, and offers 
valuable insights for patient counseling regarding prognosis.’ A subsequent study demonstrated that both increasing initial and residual displacement, as 
assessed using a validated 3D measurement technique, were negatively associated with patient-reported functional outcome.® 


3D Gap Area Size 


Figure 9-9. Quantitative 3D assessment of fracture displacement. The 3D gap area measurement (depicted in red) on a 3D fracture model represents the complete 
displacement between all fracture fragments at the articular level. Each distinct fracture fragment is highlighted in a different color. The 3D gap area is specifically 


highlighted in red to indicate the extent of fracture displacement.©” (Reproduced from Assink N, et al. 3D assessment of initial fracture displacement of tibial plateau 
fractures is predictive for risk on conversion to total knee arthroplasty at long-term follow-up. Eur J Trauma Emerg Surg. 2023;49(2):867—874.) 


Despite the potential advantages, a significant drawback of performing 3D fracture assessments is the labor-intensive nature of the process. Depending 
on the extent of fracture comminution, segmenting and measuring could take up to an hour. Initially, 3D fracture assessment of the initial displacement 
might be limited to specific cases characterized by substantial initial displacement and other established prognostic factors. On the other hand, we envision 
that automated segmentation and (semi-)automated 3D analysis of fracture displacement will become feasible in the near future. For instance, the 
measurement of the 3D gap area could be incorporated into commercially available surgical planning software to standardize the assessment of surgical 
outcomes and, eventually, to predict prognosis. 


3D VIRTUAL SURGICAL PLANNING 


One of the important adages thought during surgical training is “Plan your operation and operate your plan.” 3D technology can substantially enhance 
surgical planning, enabling virtual planning of various surgical steps, including fracture reduction strategy, implant sizing and placement, and screw 
positions and lengths (Fig. 9-10). 3D surgical planning usually starts with a CT scan of the fracture, which is converted into a virtual 3D fracture model. 
Surgeons may use these 3D models to simulate some parts of surgery in a virtual environment, allowing them to anticipate challenges and optimize the 
surgical plan.°+18 The virtual plan allows for real-time adjustments, ensuring that everyone is aligned on the operative procedure. 


Figure 9-10. 3D virtual surgical planning of osteosynthesis of a distal radius fracture involves several steps: (A) creating a 3D reconstruction based on the CT scan of 
the fracture; (B) identifying all different fragments and assigning these a different color; (C) virtually reducing the fracture; (D) selecting and positioning of the 
osteosynthesis plate; (E) and planning screw trajectories and predetermining screw lengths. 


To create such a preoperative virtual plan, all the fracture fragments should be identified and virtually reduced using the contralateral side or statistical 
shape model as template. Considering the fracture morphology, and taking into account the surgeon’s preferences, various osteosynthesis implant options 
may be fitted on the reduced bone and evaluated. Subsequently, upon selecting the preferred implant, the most suitable size can be ascertained. In addition, 
ideal screw trajectories can be planned virtually, and the length of these screws can be predetermined. The entire virtual plan can be translated to the surgery 
by displaying the images on-screen. 


3D-PRINTED SURGICAL GUIDES 


Execution of a virtual surgical plan may be aided by the use of patient-specific 3D-printed surgical guides.”? These guides can be used in acute fracture care 
as well as in corrective osteotomies of (posttraumatic) deformities. Illustrative examples of such surgical guides in acute fracture care are presented in 
Figure 9-11. These surgical guides are designed to envelop the implant of choice, facilitating precise implant placement at its intended location. 
Additionally, a drill sleeve can be inserted into the cylindrical holes to guide the screws to their predetermined positions. 


D 
Figure 9-11. Clinical case example of 3D surgical planning, including the design and clinical application of a patient-specific surgical guide for treatment of a tibial 
plateau fracture. The process of 3D-assisted surgery consisted of the following steps: A, B: A 3D reconstruction was generated from the initial CT scan, where all 
fragments were identified and color coded. Virtual fracture reduction was then performed, followed by digital fitting of a plate and predetermining screw trajectories 
(indicated by red bars). C: Subsequently, the drilling guide was designed to enclose the osteosynthesis plate, guiding the drill bit and screws along the planned 
trajectories. D, E: The guide is subsequently 3D printed and used during the operation to translate the virtual plan to the actual operative procedure. (B-E: Reproduced 
from Assink N, et al. 3D surgical planning including patient-specific drilling guides for tibial plateau fractures. Bone Jt Open. 2024;5(1):46-52.) 


This concept was recently introduced and applied in treatment of tibial plateau fracture. Preliminary findings indicated that the application of 3D-printed 
surgical drilling guides in combination with conventional plates was feasible and could potentially facilitate accurate fracture reduction.!* Moreover, it 
allowed for accurate plate positioning, screw directions, and screw lengths according to the preoperative 3D surgical planning. 

Another application illustrating the clinical use of patient-specific 3D-printed surgical guides is in the treatment of corrective osteotomies for 
(posttraumatic) deformities.° 4/59 Malunions in fractures occur when the fractured bones fail to heal in their proper anatomical positions. This malalignment 
can result from inadequate initial (surgical) treatment or secondary fracture displacement during cast immobilization. Posttraumatic deformities might cause 
functional impairment, instability, pain, or aesthetic concerns. Corrective osteotomy surgery provides a good solution for these cases provided that the 
operative procedure is carefully planned. This type of surgery can be very complex and challenging, however, particularly because deformities are usually 
present in three dimensions. Relying on radiographs or 2D CT slices for surgical planning of these operations might result in a less predictable outcome. 
The application of 3D planning and printing techniques empowers surgeons to address such challenges by using comprehensive 3D visualization of the 
anatomy. This enables the surgeon to plan the osteotomy prior to the actual surgery, taking into account the patient’s unique anatomic characteristics (e.g., 
bone irregularity due to previous callus formation) and considering various surgical approaches. 

Over the past few years, several methods for 3D-assisted corrective osteotomies have been introduced to treat posttraumatic deformities. These methods 


involve the design and 3D printing of patient-specific surgical cutting and/or reduction guides, which are used during the operation to perform the corrective 
osteotomy according to the surgical plan. This 3D-assisted approach seems to improve the predictability and eventually accuracy of osteotomy procedures. 
In general, two concepts have been described: the predrilling of screws method and the two-step approach (Fig. 9-12).° In the predrilling method, a surgical 
guide is used to predrill the screws and to perform the osteotomy. The reduction is subsequently guided by the implant itself, which is fixated with screws in 
the predrilled holes. This method requires adequate fitting of the implant. Alternatively, the two-step method uses K-wires that are inserted through the same 
surgical guide used for the osteotomy. Subsequently, the cutting guide needs to be removed and the reposition guide should be slid over the K-wires to 
guide and hold the reduction. Both concepts offer predictable and accurate solutions for treatment of posttraumatic deformities in different regions of the 
body (Fig. 9-13). 


PATIENT-SPECIFIC IMPLANTS 


Customizing of implants could be beneficial in some cases where standard off-the-shelf implants may not fit properly because of variations in patient 
anatomy and fracture characteristics. The process of 3D printing and precontouring of implants is considered a first step in personalizing conventional 
implants to individual needs.1468 To achieve this, a virtual 3D fracture model should be generated from a CT scan. In case of a pelvic fracture, the uninjured 
hemipelvis from the contralateral side could be mirrored using 3D software, serving as a template for the virtual reduction of the fracture fragments to their 
original position. This mirrored healthy hemipelvis or digitally reduced fractured hemipelvis is then 3D printed. This 3D-printed handheld model serves as a 
template for positioning and prebending the implant before the actual surgery takes place. Subsequently, the precontoured implant is sterilized and used for 
intraoperative fracture fixation. 


Predrilling screws method 


Figure 9-12. Representation of the two main concepts for performing 3D-guided corrective osteotomies, demonstrated in cases of distal radius malunions. The 
predrilling screws method involves the use of a surgical guide to predrill screws and perform an osteotomy. After predrilling, the reduction is guided by the implant 


itself, because screws placed in the predrilled holes force the osteotomized distal radius into the preplanned position. In the two-step approach, a cutting guide was first 
fitted on the bone and K-wires were inserted through the guide. Subsequently, the osteotomy was performed through a slot in the cutting guide using an oscillating saw. 
The planned correction was performed by aligning the K-wires to a parallel position. To secure the correction, a reposition guide, covering the plate, was slid over the 
K-wires. After correction, plate fixation was performed with several screws. 


Patient-specific implants could be considered the next level of surgical planning by addressing the limitations of one-size-fits-all implant solutions. This 
personalized approach aims to achieve adequate fracture reductions, perfect fitting of osteosynthesis plates, and accurate placement of screws. 
Customization of implants—based on 3D technologies—is meant to make surgery more predictable and accurate. However, these techniques are associated 
with extensive efforts, costly software packages, and required resources for implant manufacturing. The use of patient-specific implants in acute fracture 
surgery is still in the developmental phase and has not been applied on a large scale.!%-“4,77:107 Managing lead time is the most challenging aspect of 
implementing patient-specific implants in acute fracture care. In reconstruction cases for instance, where lead time is less of an issue, successful applications 
of patient-specific implants or prosthesis have been reported in multiple case series.”®™!07 These cases often involve challenging reconstructive procedures 
for significant bone defects and/or deformities resulting from severe trauma or oncologic resections. In acute cases, there is only a short time frame of just a 
few days between the injury and the surgical procedure in which the patient-specific implant needs to be designed, produced, and applied. 
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Figure 9-13. Clinical case example of 3D surgical planning of guided derotation osteotomy of the femur, including the design and clinical application of a patient- 
specific surgical guide using the predrilling screw method for treatment of malrotation after a peritrochanteric fracture. 


Recently, an innovative fast-track workflow was introduced, which enables a complete virtual design, production, and application of patient-specific 
implants and drilling guides in a few days for treatment of acetabular and tibial plateau fractures (Fig. 9-14).!°4+77 By using CT data and advanced 3D 
surgical planning software, virtual models of the fractures were generated. Virtual reductions of the fractures were performed by using the mirrored 
contralateral bone or a digital template as a reference. First, the optimal screw trajectories in relation to the fracture fragments were predetermined in the 3D 
fracture model. Patient-specific titanium plates were then designed based on the virtually reduced 3D fracture model. The plates were tailored to the shape 
of the bone and the fracture patterns (Figs. 9-15 and 9-16). Surgical drilling guides were designed to translate the virtual planning to the surgical procedure. 
The 3D-printed guides were specifically designed to fit on top of the osteosynthesis plate and contained drill sleeves to precisely guide the drill bit and 
screws in the preplanned direction. After insertion of screws, the guide should be removed. Some preliminary studies demonstrated that the application of 
patient-specific implants, combined with drilling guides, allowed for accurate operative reconstruction of complex fractures.**”” It was feasible to adhere to 
the preoperative plan and attain the predetermined osteosynthesis plate and screw positions. No additional contouring of the implant was needed during the 
operations, saving valuable time and avoiding weakening of the metal caused by repetitive bending. Moreover, the patient-specific plates served as molds or 
references to address residual displacement of fracture fragments. 
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Figure 9-14. Workflow regarding the design and patient-specific implants for tibial plateau fracture surgery, including the process of manufacturing patient-specific 
titanium implants and accompanying 3D-printed surgical guides for treating tibial plateau fractures. In our clinic, the entire process of designing, producing, sterilizing, 
and applying these implants occurs within 5 days, ensuring timely patient care. (Reproduced from Assink N, et al. Development of patient-specific osteosynthesis 
including 3D-printed drilling guides for medial tibial plateau fracture surgery. Eur J Trauma Emerg Surg. 2024;50(1):11-19. 
https://creativecommons.org/licenses/by/4.0/) 


With the rapid progress in 3D technology, it is likely that patient-specific osteosynthesis will become part of our armamentarium for treating fractures 
and performing complex bony reconstructions in the next decade. 


Figure 9-15. 3D virtual surgical planning and application of a custom-made, patient-specific implant designed to fit medial tibial plateau fractures. In the surgical 
guide, which aligns with the implant, drill sleeves can be inserted to guide the drill bit along the predetermined screw trajectories. The unique features of this type of 
implant includes that it was designed to follow the curvature of the tibial shaft as well as the medial plateau. This personalized combination facilitates restoration of 
coronal and sagittal alignment. (Reproduced from Assink N, et al. Development of patient-specific osteosynthesis including 3D-printed drilling guides for medial tibial 
plateau fracture surgery. Eur J Trauma Emerg Surg. 2024;50(1):11-19. https://creativecommons.org/licenses/by/4.0/) 


Figure 9-16. 3D fracture model of a displaced associated-type both column acetabular fracture, which was treated with patient-specific osteosynthesis plates. These 
images illustrate the preoperative planning, osteosynthesis plate designs, and drilling guides. CT data are employed to generate a 3D model, and virtual reduction is 
performed on the displaced fracture fragments. The intact hemipelvis on the contralateral side serves as a mirrored template to confirm the accuracy of the reduction. 
Using the reduced 3D fracture model as a foundation, a patient-specific plate is designed and produced through titanium milling. During surgery, a 3D-printed drilling 
guide, tailored to fit on top of the plate, assists in accurately directing the screws. (Reproduced from IJpma FFA, et al. Feasibility of imaging-based 3-dimensional 
models to design patient-specific osteosynthesis plates and drilling guides. JAMA Netw Open. 2021;4(2):e2037519.) 


CONCLUSION 


The integration of 3D technology in orthopaedic trauma surgery is driven by the desire for thorough surgical planning. Proper preoperative planning is 
mandatory to achieve optimal results in surgery. “Plan your operation, and operate your plan” is one of the adages taught during our surgical training and 


takes on a new dimension with the use of 3D technology. Surgeons can now meticulously prepare for surgery, visualizing the procedure before entering the 
operating room. 3D surgical planning may enhance efficiency and surgical accuracy and reduce the likelihood of complications. Close collaboration 
between orthopaedic surgeons and engineers is paramount for successful implementation of 3D technology in clinical practice. The application of 3D 
technology may benefit patient care at various stages of the surgical process. Preoperatively, virtual or 3D-printed handheld models may serve as 
educational tools, enhancing the understanding of complex injuries. Surgeons can use these models for patient counseling and to discuss possible surgical 
approaches with the team. Moreover, 3D technology allows surgeons to understand details of fractures, simulate fracture reduction, predetermine implant 
sizes, position screws accurately, and personalize surgical plans. Intraoperatively, patient-specific surgical guides and implants, designed based on 3D 
fracture models, may be used to translate the surgical planning to the actual operative procedure. Postoperatively, 3D imaging may facilitate evaluation of 
the surgical results. Overall, the integration of 3D technology in orthopaedic trauma surgery heralds a new era, in which collaboration, surgical planning, 
accurate execution, and continuous evaluation converge to improve patient care. As it continues to evolve and advance, 3D technology has the potential to 
enhance the field even further, ensuring patients receive the most personalized treatment available. 
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THE FUTURE OF NONOPERATIVE FRACTURE TREATMENT 


INTRODUCTION 


Nonoperative fracture management was the only method of fracture management until about 1750. Operative fracture treatment accelerated considerably 
after World War II because of improved surgical techniques, better anesthesia, and the introduction of antibiotics. Even today, however, most fractures can 
be managed nonoperatively with success, so nonoperative management remains a very important tool in the armamentarium of the orthopaedic trauma 
surgeon. The concentration of severe injuries in specialized trauma centers in many countries has unquestionably improved their treatment, but changes in 
the expectations of patients and surgeons have made operative management more of an expectation. Nonoperative fracture treatment remains the most 
common method of fracture management, although its role has changed significantly during the past 40 to 50 years. This chapter presents an epidemiologic 
analysis of nonoperative fracture management from a major trauma center, illustrates common nonoperative techniques, and discusses indications for their 


use. 
HISTORY OF NONOPERATIVE FRACTURE TREATMENT 


The ancient Egyptians were the first to document how fractures should be managed and to record the basic results of their management.2° The Edwin Smith 
Papyrus dates from 3000 to 2800 BC and was translated in 1930 in the United States. It is composed of a series of case reports of specific injuries and their 
associated prognoses, good and bad. Case 37 describes a coexisting humeral fracture and wound over the upper arm. It suggests that if the two are not 
connected, the arm should be splinted and the wound dressed. If the wound and fracture connect, the prognosis is poor and the ailment should not be treated! 
In those days, splintage relied on bandaging over splints of wood and linen and using glue to stiffen the bandages. 

There does not exist any records of significant advances in fracture management until the Ancient Greek Empire, with Hippocrates being credited with 
many advances that were probably the results of clinical work of many doctors. Hippocrates described six different methods of applying roller bandages 
depending on the fracture location. The bandages were stiffened with cerate, which was an ointment consisting of lard or oil mixed with wax, resin, or pitch 
to essentially create a cast. It was customary to defer definitive management, usually fracture manipulation, until the swelling had diminished, which often 
took about 7 days. It is interesting that delayed management still remains popular in the treatment of some fractures. The Ancient Greeks also introduced the 
use of mechanical aids to facilitate the reduction of fractures and dislocations, and Hippocrates is credited with the first audit of fracture healing time. 
However, he was either an optimist or the ancient Greeks had a superior genetic makeup because he said that femoral fractures and tibial fractures united in 
50 and 40 days, respectively!55 

Further progress occurred in Ancient Rome and in Asia, but it is Albucasis, an Arabic physician, who is credited with advancing nonoperative fracture 
treatment and for acting as a conduit through which the philosophies of Ancient Rome and Greece could be transferred to Western Europe. Albucasis 
clearly upset his colleagues by suggesting that in femoral diaphyseal fractures the knee should be placed in full flexion.°° His cast was a mixture of mill dust 
and egg whites or mixtures of grain, herbs, clay, and egg whites that were supported by bandages. He also introduced the somewhat radical practice of 


maintaining his casts for a longer period rather than changing them every few days, as had been done up to that time. 

Following the introduction of gunpowder in 1338, cannon shot in 1346, and half-pound gunshot in 1364, it was obvious that surgeons were going to be 
faced with many more open fractures than they had encountered before. As one would expect this stimulated innovation and surgeons began to challenge 
the views that open wounds should be encouraged to suppurate and that “laudable pus” was essential for wound healing. Paré and others demonstrated that 
wounds could be cleaned and sometimes closed primarily. Paré made the discovery that primary wound cleaning using a paste of oil of roses, turpentine, 
and egg yolk gave better results than the use of boiling oil. Paré’s views were very influential, and the management of open wounds improved 
considerably.* He and others realized that devitalized bone fragments should be removed from open wounds but it was Desault and Larrey who introduced 
debridement at the Hôtel Dieu in Paris at the end of the 18th century.°° 

Seutin,!©° a Belgian surgeon, had introduced a method of applying rigid dressings that could be left in position for a longer period, but it was the 
introduction of plaster of Paris bandages that revolutionized fracture treatment. These were introduced by Pirogov from Russia and Mathijsen from Holland 
in the middle 1800s just prior to the Crimean war.°° Mathijsen lived from 1805 to 1878, and used plaster of Paris, in Dutch called “gips,” for the first time in 
1851 in Haarlem in the Military Hospital. A better method of fracture management had become essential due to injuries sustained during the Napoleonic 
wars in Europe and the increased urbanization associated with the Industrial Revolution. While plaster of Paris bandages were not used during the American 
Civil War, Sayre!! and Stimson!!! in New York together with Scudder!? in Boston promoted the use of plaster of Paris bandages in the United States. 
Volkmann!° was a particular enthusiast of the use of plaster of Paris in the management of fractures in Europe. 

Gradually plaster of Paris replaced splintage. The Thomas splint remained popular in the United Kingdom strongly supported by Hugh Owen Thomas!" 
and Robert Jones.® Lorenz Böhler of Vienna was a particular proponent of plaster of Paris cast treatment, believing in accurate reduction, the use of 
skintight casts, and intensive physical therapy. He was also very influential in developing a system of fracture treatment that was adopted throughout the 
world. 

Sarmiento was also a particular advocate of nonoperative management, particularly of tibial fractures. He introduced a lower-leg functional brace 
to permit early joint mobilization and he has continued to popularize nonoperative management of diaphyseal fractures. Sarmiento’s tibial functional brace 
became popular, but its introduction coincided with the explosion of interest in operative lower-limb fracture treatment, which started in the 1960s. 

The operative treatment of fractures first started in France and is described in an article from 1775, and the first operative textbook detailing techniques 
of fracture fixation was published by Bérenger-Féraud in 1870.8 He described six methods of fracture management, of which three are still in use today— 
cerclage wiring, interosseous sutures, and external fixation. In the 20th century operative management rapidly increased in popularity in both the United 
States and Europe. Pioneers such as Lambotte, Hey-Groves, Lane, Hoffman, Kiintscher, Ilizarov, and Miiller and his colleagues in Europe and Parkhill, the 
Rush brothers, and Sherman in the United States promoted internal and external fixation.2° However, it was the introduction of antibiotics and the 
development of modern anesthesia and improved surgical techniques that altered the way orthopaedic surgeons considered fracture management. The 
prevalence of operative fracture management has now increased significantly but is not used in all fractures. 


EPIDEMIOLOGY OF NONOPERATIVE FRACTURE TREATMENT 


There is very little information available about the changing demographics of fracture treatment. There have been studies of the use of nonoperative 
management in specialist hospitals that were not responsible for treating all fractures in a community. However, in 1958 Emmett and Breck published a 
paper detailing the treatment of almost 11,000 fresh fractures in El Paso, Texas, between 1937 and 1955.34 They combined adult and pediatric fractures, and 
to provide a modern comparison we have compared their results for the three time periods they analyzed with 7,863 consecutive pediatric and adult 
fractures treated in Edinburgh, Scotland, in 2000. The results are shown in Table 10-1. Spinal fractures are not included as although Emmett and Breck 
detailed their treatment, many spinal fractures in Edinburgh are managed outside the city in a National Spinal Centre. The fractures from Edinburgh in 2000 
have been combined in the same way as Emmett and Breck did to minimize any difference between the series. Emmett and Breck combined all of their 
tibial fractures, except for ankle fractures, and they also combined talar, calcaneal, and midfoot fractures as tarsal fractures. They also combined all 
proximal diaphyseal forearm fractures. 
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TABLE 10-1. Prevalence of Surgical Treatment in Texas in 1937 to 1955 Compared with Edinburgh in 2000? 


Surgical Treatment (%) 


Emmett and Breck (1937-1955)* Edinburgh 

Fracture 1937-1945 1946-1950 1951-1955 2000 
Clavicle 1.7 2.8 8.7 3.0 
Scapula 0 0 3.0 0 
Proximal humerus 2.9 7.9 9.6 6.9 
Humeral diaphysis 222 10.6 20.8 33.3 
Distal humerus 8.5 17.8 25.3 32.9 
Radial/ulna diaphysis 6.0 13.6 14.9 26.4 
Radial diaphysis ao 8.8 10.6 10.4 
Ulna diaphysis 20.7 17.7 19.8 38.3 
Distal radius 6.0 4.2 4.6 20.3 
Carpus 0 4.9 (er 10.1 
Metacarpus 7.9 15.7 16.6 9.2 
Finger phalanges 13.5 13.6 20.9 7.5 
Pelvis 0 ya I 21.6 25:4 
Proximal femur 47.1 72.3 73.3 97.4 
Femoral diaphysis 27.9 41.8 52.1 76.1 
Distal femur 50.0 26.1 36.0 65.5 
Patella 35.3 38.3 SPA 32.8 
Tibia and fibula 27.5 22.9 30.4 61.8 
Ankle 13.0 20.4 pi Be 35.8 
Tarsus m8) 5.9 17.4 35.2 
Metatarsus 0 6.2 8.5 3.6 
Toe phalanges 0 8.4 7.6 3.2 


“The fractures are in both adults and children. 


The prevalence of surgical treatment of quite a number of fractures has not changed since the mid-1940s with the overall prevalence of surgical 
management of proximal humeral, metacarpal, finger phalangeal, and patella fractures not really changing between the mid-1940s and 2000. There are 


however many fractures with a higher prevalence of surgical treatment in 2000. This is particularly true of proximal femoral, femoral diaphyseal, and distal 
femoral fractures, and in part this is due to the aging population and that, in adults, traction has essentially been discontinued. There are also some changes 
in response to large randomized trials and the move towards evidence-based medicine with increased operative treatment of humeral diaphyseal, distal 
humeral, carpal, tibial, ankle, and tarsal fractures seen. 

Review of the data regarding operative or nonoperative treatment of the fractures in Edinburgh treated in 2010 to 2011 shows that overall 27.6% of 
fractures were treated surgically (Table 10-2) and that 24.0% of male fractures were treated surgically compared with 30.7% of female fractures. The overall 
average age of the operatively treated patients was 62.1 years compared with 48.3 years for the nonoperatively managed patients. The average age of the 
operatively managed patients was 50.9 years compared with 38.7 years for nonoperatively managed male patients. The equivalent figures for females were 
69.9 years and 57.5 years, respectively. There was a considerable difference in the prevalence of primary surgery in upper and lower limb fractures. Overall 
14.8% of upper limb fractures were treated with primary surgery compared with 51.6% of lower limb fractures. The average ages of the two groups of 
patients were 50.9 years and 67.6 years, respectively, emphasizing the importance of primary fracture surgery of lower limb fractures in the elderly. 


TABLE 10-2. The Numbers and Prevalence of Surgery of All Fracture Types Treated in Edinburgh in 2010 to 2011 


All Patients Males Females 


Fracture n % Surgery n % Surgery n % Surgery 
Radius/ulna diaphyses 9 100.0 7 100.0 2 100.0 
Tibial diaphysis 69 98.6 49 97.9 20 100.0 
Proximal femur 133 97.8 205 97.6 548 97.8 
Femoral diaphysis 82 96.3 39 94.9 43 97.7 
Distal femur 36 77.8 6 66.7 30 80.0 
Radial diaphysis 22 72.7 15 73.3 7 71.4 
Proximal radius/ulna 13 69.2 5 80.0 8 62.5 
Distal tibia 42 67.4 28 67.8 14 A 
Proximal tibia 59 66.1 31 74.2 28 57.1 
Proximal ulna 84 58.3 42 54.8 42 61.9 
Distal humerus 48 41.7 20 50.0 28 35.7 
Talus 12 41.7 10 50.0 2 0 
Patella 49 40.8 20 35.0 29 44.8 
Midfoot 28 35.7 17 47.0 11 15.4 
Ankle 713 33.9 330 36.1 383 32.1 
Ulna diaphysis 24 29.2 16 25.0 8 37.5 
Calcaneus 65 26.2 48 25.0 17 29.4 
Distal radius/ulna 122 243 340 21.8 881 25.3 
Humeral diaphysis 70 24.3 33 36.4 37 13:5 
Scapula 37 18.9 28 21.4 9 11.1 
Carpus 194 12.4 125 17.6 69 2.9 
Clavicle 257 8.6 180 8.3 77 9.1 
Finger phalanges 696 8.0 418 8.1 278 hee. 
Proximal humerus 478 7.1 149 9.4 329 6.1 
Metacarpus 781 6.7 624 7.7 157 2D 
Fibula“ 41 aei 19 5.3 22 412) 
Pelvis 119 4.2 30 13.9 83 0 
Proximal radius 281 Bip 128 3.9 153 3.3 
Metatarsus 465 3.2 170 4.7 295 2.4 
Toe phalanges 248 2.8 146 2i 102 2.9 
Total 6,996 27.6 3,284 24.0 3,712 30.7 


“Fibula fractures refer to fibular fractures that were not associated with proximal tibial or ankle fractures. 
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Figure 10-1. The prevalence of operatively managed fractures in adults with relation to age. Al fractures in patients 16 years of age and older have been included. 


In contemporary surgical practice, both bone forearm fractures and virtually all fractures of the proximal femur, femoral diaphysis, and tibial diaphysis 
are treated surgically. Usual care for fractures of the distal femur, radial diaphysis, proximal radius and ulna, distal tibia, proximal tibia, and proximal ulna is 
surgical treatment although many are nonoperatively managed. In all other fracture types, nonoperative management was more common. In nine fracture 
types, less than 10% of fractures were treated operatively, and it is interesting to observe that these nine fracture types accounted for 48.1% of all the 
fractures treated in the study year. This emphasizes that although the literature deals mainly with operative treatment of fractures this is a publication and 
reporting bias with a very large number of fractures routinely treated nonoperatively. These tend to be upper limb fractures, fractures of the forefoot, and 
pelvic fractures in the elderly. 


THE EFFECT OF AGE 


Age is a very important predictor of the role of fracture treatment. The overall relationship between primary surgical management and age is well known 
and is illustrated in Figure 10-1. This linear relationship between age and the prevalence of primary surgical fracture care is thought to be due to the need for 
effective weight-bearing rehabilitation. In males, the rate of surgical treatment rises between 65 and 69 years, but in females the rise is constant throughout 
all ages. It is interesting to observe that in the youngest age group (16-19 years) almost 90% of all fractures were treated nonoperatively. Most of these 
fractures were fractures of the metacarpus (31.2%), finger phalanges (15.6%), distal radius and ulna (9.9%), proximal forearm (7.3%), metatarsus (6.9%), 
and ankle (6.7%). The prevalence of surgical management rises with increasing age, but this is mainly because of an increase in lower limb surgery. 

The increased incidence of operative management in the elderly is due to the overwhelming effect of femoral fractures and if these are not considered 
(Fig. 10-2) the rate of operative treatment declines quickly after about 70 years of age. 


FRACTURES IN THE ELDERLY 


In the last 10 to 15 years there has been increased interest in fractures in older patients. The original proponents of nonoperative management would have 
had very few older patients to treat, and it is informative that in a study of fractures in the elderly in the United Kingdom in the 1960s it was decided to 
examine patients who were 35 years and older. It should, however, be remembered that males and females born about 1920 in the United Kingdom had a 
life expectancy of about 45 and 50 years, respectively. Change, however, has been rapid and surgeons now have to decide how to treat fractures in both fit 
and unfit older patients. 

The prevalence of surgery in patients aged 65 years and above is markedly different in younger patients (Table 10-3) shows that greater than or equal to 
50% of fractures in 10 different fracture types were treated surgically. It is unlikely that surgeons will be surprised about these fractures, apart from the fact 
that 50% of calcaneal fractures in older patients were treated surgically. Calcaneal fractures are often assumed to be high-energy injuries that occur in 
younger patients, but in fact, 35.4% of the calcaneal fractures in 2010 to 2011 occurred as a result of a standing fall or a fall from a low height. The average 
age of this group was 52.6 years. This probably represents a demographic change in the population. This change in demography does have some 
considerable implications for both incidence of fractures and complications. In a study of 111,402 patients managed operatively there was an overall 
incidence of infection of 2.5%.°” Among those variables found to be associated with risks for infection older age was found to be significantly associated. 
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Figure 10-2. The prevalence of operatively managed fractures in adults with relation to age. All fractures except proximal femoral, femoral diaphyseal, and distal 
femoral fractures in patients 16 years of age and older have been included. 


FRACTURE SEVERITY 


One would reasonably assume that more significant injuries are associated with a higher prevalence of surgical treatment. It is, however, difficult to assess 
fracture severity which for many is a surrogate measure for energy of injury. While the proportion of open fractures relates well to severity all open 
fractures need primary surgery even if it is simply a wound debridement. The accumulating evidence that the use of more extensive operative approaches, or 
expensive implants is not associated with improved outcomes. In an interesting review of ankle fracture outcomes, costs, and operative approaches, it was 
established that more expensive implants were not associated with better outcomes.°* 


TECHNIQUES OF NONOPERATIVE MANAGEMENT 


Currently, we tend to use nonoperative techniques to treat stable fractures rather than to facilitate the reduction and stabilization of unstable fractures. They 
tend to be used to treat undisplaced or minimally displaced fractures or in patients who are elderly, frail, or who have significant medical or social 
comorbidities. However, in parts of the world with less access to operative fixation techniques, nonoperative management remains an important treatment 
method for all fractures, and it is therefore important that surgeons understand the rationale behind the use of all nonoperative techniques. 

During the COVID-19 pandemic where operative intervention in those with active COVID-19 was thought to be associated with poorer outcomes and 
pressures on beds and services were high there was a return to nonoperative approaches for many fracture types.** While there were no apparent differences 
in treatment selection for hip fractures, particularly in the upper limb many cases that would have been treated operatively were treated nonoperatively.! In 
one study of a major trauma network in the United Kingdom a more nonoperative approach was seen in the management of wrist fractures, with 41.4% of 
injuries undergoing an operation during the lockdown period compared to 58.6% at baseline. This has since been examined extensively in the literature with 
good results often reported. For example, in 179 patients presenting with distal radius fractures Maliyappa et al. reported that 137 were treated 
nonoperatively with just 3 patients subsequently requiring an osteotomy. 

There have been several advances in nonoperative fracture management in the last 20 to 30 years, although the basic tenets of management remain 
unchanged. The use of plaster of Paris casts remains widespread as they are inexpensive and easy to apply. However, fiberglass casts are now more 
frequently used as they are lighter and more radiolucent. In addition, plastic orthoses, braces, and splints are now more frequently used. Their design has 
improved but their overall function remains unchanged. 


TRACTION 


The initial argument regarding the role of internal fixation of fractures after World War II centered on femoral diaphyseal fractures. Intramedullary nailing 
gradually grew more popular and essentially superseded traction as the treatment of choice for femoral fractures in the 1970s and 1980s, but traction is still 
used in parts of the world and surgeons should understand the rationale behind its use and its complications. In addition to the treatment of femoral 
diaphyseal fractures, traction was used to treat acetabular fractures and fracture-dislocations of the hip as well as comminuted fractures of the tibial 
diaphysis and distal tibia, although its role in the management of these fractures is now extremely limited and essentially confined to situations when 
internal and external fixation techniques are unavailable. It is still used for the acute management of cervical spine fractures. 


TABLE 10-3. Numbers and Prevalence of Primary Surgical Management in Different Fractures in Patients at Least 65 Years of 


Ageĉ 


Radius/ulna diaphysis 


Tibial diaphysis 
Proximal femur 
Femoral diaphysis 
Distal femur 
Distal tibia 

Radial diaphysis 
Proximal tibia 
Proximal radius/ulna 
Proximal ulna 
Calcaneus 

Patella 

Ankle 

Distal humerus 
Distal radius/ulna 
Humeral diaphysis 
Scapula 

Proximal humerus 
Clavicle 

Proximal radius 
Finger phalanges 
Metacarpus 

Talus 

Midfoot 

Ulna diaphysis 
Carpus 

Fibula 

Pelvis 

Metatarsus 

Toe phalanges 


Total 


10 


2,331 


All Patients 265 years 


% Surgery 


100.0 
100.0 
98.1 
96.4 


78.9 


2.1 


1.6 


43.3 


‘The figures for males and females are also given. 


n 


180 


10 


59 


35 


25 


550 


n 


1,781 


Females 
% Surgery 
100.0 
100.0 

97.8 
97.1 
81.2 
83.3 
60.0 
40.0 
50.0 
Da) 
25.0 
38.1 
34.1 
28.6 
25.0 
25.0 


14.3 


42.7 


Most traction methods rely on a splint on which the leg is placed. The proximal end or ring of the splint is placed in the patient’s groin and traction is 
applied by placing a transosseous pin through the distal femur or proximal tibia. Fixed traction is undertaken when the pin is secured to the distal end of the 
splint by traction cords. In balanced traction, the splint is suspended by a pulley system and a second pulley system is applied to the transosseous pin. 
Traction, using a variable weight, then alters the fracture position with countertraction being achieved by placing the patient head down and raising the end 
of the bed. Once traction is established, the fracture alignment is checked radiologically and pads are inserted appropriately to push the femur into correct 
alignment. A posterior pad under the distal femur is almost always required because of the posterior sag produced by the effect of gravity. 

Many types of traction have been described, but the six basic types are shown in Figure 10-3. The first of these is a Thomas splint with a Pearson knee 
piece attached to the splint (see Fig. 10-3A). The Thomas splint supports the leg and balanced traction is applied. After 4 to 6 weeks the knee piece is 
applied and knee mobilization commenced. This was a commonly used traction apparatus. 

A second type of traction is Braun traction using a weight and pulley system (see Fig. 10-3B). This is a very simple traction system that permits traction 
in the longitudinal axis of the femur. Control of the fracture fragments is difficult. The system, using skin rather than skeletal traction, is still used for 
temporary traction prior to femoral diaphyseal surgery. 

A still relatively commonly used type of traction is Hamilton-Russell traction, which uses a one-pulley system to provide support for the femur and to 
apply traction (see Fig. 10-3C). The mechanical advantage offered by two pulleys at the foot of the bed theoretically meant that the longitudinal pull was 
twice as great as the upward pull and the resulting traction was at an axis of 30 degrees to the horizontal, approximately in line with the femur. 

In Perkins traction (see Fig. 10-3D) a straight pull along the axis of the femur through a proximal pin but without a splint is employed. The control of 
overall femoral alignment is poor and malunion is common. Perkins believed in early knee mobilization and advocated the use of a split bed later in the 
treatment of femoral diaphyseal fractures. In this system, the patients sat on a bed with the knee flexed over the mattress and knee movement was 
encouraged while longitudinal traction was maintained. 
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Figure 10-3. Six methods of skeletal traction. See text for explanation. 


A fifth variety of traction is Fisk traction (see Fig. 10-3E). This consists of a short Thomas splint and a hinged knee piece. Traction in the axis of the 
femur was maintained using a proximal tibial transosseous pin but the patient could flex the hip and knee by pulling on a separate cord attached to the end 
of the thigh splint. 

Finally, there is 90-90 traction (see Fig. 10-3F). In this method, the thigh is pulled upward and both hip and knee are at 90 degrees. The advantage of 
this method is that gravity does not cause posterior sag of the femoral fragments. It was used for proximal femoral diaphyseal fractures when the proximal 
femoral fracture was flexed by the unopposed action of iliopsoas. The method is still used for pediatric femoral fractures. 

Treatment of femoral diaphyseal fractures by traction should be reserved for cases for which no other method is available, or as first aid while awaiting 
surgery. There is considerable morbidity associated with its use. The main complications are failure to maintain normal femoral alignment and significant 


knee stiffness. Charnley!* documented 34 cases in patients between 20 and 45 years of age with middle and distal third diaphyseal fractures. On average, 
knee mobilization was commenced at 10 to 25 weeks and the final range of motion was 120 degrees. He also quoted very similar results from Massachusetts 
General Hospital stating that 44.4% of patients, with an average age of 37 years, had actually regained full knee function. Keep in mind that these were 
selected series of patients and Charnley’s results were not matched by other surgeons. Connolly et al.!6 reported that the use of traction was associated with 
malunion and nonunion requiring operative treatment in 11% to 29% of cases. Shortening of more than 2 cm occurred in 14% to 30% of cases and 
refracture in 4% to 17% of cases. They pointed out that the most significant complication was knee stiffness, which occurred in 30% to 50% of cases and 
affected both elderly and younger patients. In addition to these complications, prolonged traction is associated with significant medical problems and 
decubitus ulcers. Younger patients also suffered significantly with loss of employment and financial hardship. Psychological problems associated with 
prolonged bed rest were not uncommon. 

To minimize these complications, surgeons turned to the use of a cast brace, which is essentially a long-leg cast with knee hinges to facilitate knee 
mobilization. This was applied after a few weeks of bed rest but its use was far from problem free. If the surgeon used prolonged bed rest prior to the 
application of the cast, patients tended to have the problems associated with traction, and if they shortened the period of bed rest it was difficult to apply the 
cast and mobilize the patient without losing fracture alignment. Using a regime of early application of a cast brace and mobilization, Connolly et al.‘® 
documented a 0.7% prevalence of nonunion and malunion with 13% shortening of more than 2 cm, 5.4% symptomatic loss of knee motion, 2% refracture, 
and 3% pulmonary emboli. They found the method particularly useful for distal fractures, comminuted middiaphyseal fractures, and open fractures. Hardy°! 
used a similar regime and quoted femoral malalignment in 72.2% of patients, significant knee dysfunction in 7.4%, and knee instability in 35.2%. As with 
femoral traction, the cast brace has now essentially disappeared and should only be used if surgical treatment is unavailable. 

Tibial traction as a definitive treatment should not be used. It was used in cases of middiaphyseal comminution or if it was considered that a tibial 
plafond fracture was too complex to be treated surgically. Traction was applied through a transosseous calcaneal pin. Unfortunately, the use of excessive 
traction has been shown to increase the risk of compartment syndrome,!°® and even if this complication does not occur, traction is associated with the same 
complications as femoral fractures: malalignment, joint stiffness, and nonunion. There is now no indication for prolonged tibial traction unless appropriate 
internal or external fixation techniques are unavailable. 

In current practice, short-term traction for femoral or tibial injuries in Thomas, K-splints, or similar are utilized for ambulance transfers and patients 
should be treated either with appropriate nonoperative methods or surgery as soon as is practicably possible. 


Spinal Traction 
Cervical Spine 


Unlike skeletal traction, spinal traction remains popular and is in widespread use for the management of cervical fractures and dislocations. It has been 
shown to be effective in various cervical fractures. Traction is commonly used to reduce a fracture or dislocation, thereby decompressing the neural 
elements and providing a degree of spinal stability. Spinal traction is rarely used for definitive management, and it is usually changed to a halo-body cast or 
vest, or the surgeon may opt for later surgical stabilization. There are two principal types of cervical traction. These are cranial tongs, of which the best 
known are the Gardner-Wells tongs, and halo traction. 


Cranial Tongs 


Cranial tongs consist of a hemicircular frame with two spring-loaded angulated pins (Fig. 10-4) that are placed into the outer table of the skull at points 
about 1 cm posterior to the external auditory meatus and 1 cm superior to the pinna of each ear. Because this is below the widest diameter of the skull, the 
upward pin angulation means that traction can be applied. Each spring-loaded pin is applied with an insertion torque of 6 to 8 inch-pounds, and once the 
tongs are in position a simple pulley system can be set up with a weight hanging over the end of the frame or bed. Care must be exercised in applying 
weights in case overdistraction and neural damage occurs. 


Figure 10-4. The use of cranial tongs to apply traction. 


Figure 10-5. A halo ring. 


The weight required to reduce the spine varies with the position of the fracture, the degree of ligamentous damage, and the size of the patient. As a rule, 
the surgeon should start with an initial weight of 10 lb. Approximately 5 lb per spinal segment are required to reduce the fracture in most patients, although 
this is only a guide. Thus, a load of about 40 lb will be required for a C5 to C6 injury, although the exact weight varies and serial imaging is required to 
check the position as the load is increased. It is important to obtain a lateral radiograph or fluoroscopic image to visualize fracture reduction. 


Halo Rings 


Closed or open halo rings are now a more popular choice for cervical traction (Fig. 10-5) because they can tolerate higher loading than cranial tongs and can 
be incorporated into a cast or brace to allow definitive treatment. The halo is attached with four pins: two anterior and two posterior. The pins should be 
inserted below the widest diameter of the skull with two anterior pins being placed through stab incisions under local anesthetic about 1 cm above the lateral 
third of the orbital rim. In this location, they are lateral to the supraorbital and supratrochlear nerves. The posterior pins are placed about 1 cm above the 
helix of the ear, and to prevent skin necrosis they should not make contact with the ear. Opposing pins should be tightened at the same time to avoid pin 
displacement, with the pins then being retightened 24 to 48 hours after the initial application. 


Halo-Body Fixation 


The original halo-body device was a body cast attached to a halo. It was devised by Perry and Nickel.®! Halo casts may still be useful if the appropriate 
bracing materials are not available or if the patient is uncooperative, but nowadays the halo is usually attached to a vest or orthosis (Fig. 10-6), which is 
made of plastic and tightened with buckles or straps. It is attached to the halo by two anterior and two posterior rods and it is worn until union occurs or a 
cervical brace is used. 


Figure 10-6. A halo vest. 


Complications 


As with skeletal traction, cervical traction is associated with several complications. It has been estimated that up to 31% of normal cervical spinal motion is 
permitted by halo-body orthoses and about 10% of patients lose fracture reduction. Thus, serial radiographs are essential during treatment. As with 
external skeletal fixation, pin-track sepsis is a problem with it occurring in up to 20% of patients. As the fixation is unicortical, pin loosening is also a 
problem and rates of 36% to 60% have been recorded.*°-7* Nerve damage, dural puncture, skull perforation, and brain abscesses have all been reported, and 
when halo-body fixation is used in quadriplegic patients there is a high incidence of pressure sores, decubitus ulcers, and respiratory complications.2°-”* 
Dysphagia has also been reported. 


Thoracolumbar Spine 


Traction is not used for the definitive management of thoracolumbar fractures, although prolonged bed rest is still used despite an increasing prevalence of 
surgical stabilization. Prolonged immobilization necessitates the use of a rotating bed, such as a Stryker bed, which is designed to facilitate skin care, 
physiotherapy, and personal hygiene. Complications include respiratory problems and decubitus ulcers, and intensive nursing is required. In less severe 
thoracolumbar fractures the surgeon may opt for a short period of bed rest followed by surgical stabilization or the use of a thoracolumbar brace or orthosis. 

The use of a short period of thoracolumbar traction is sometimes used as a method of reducing thoracolumbar and lumbar burst fractures prior to the 
application of a thoracolumbar cast.!!9 This technique involves the use of a Cotrel frame for a few days to facilitate fracture reduction. At this time, this 
technique is not in widespread use. 


CASTS 


Unlike skeletal traction, casts remain popular for fracture treatment and remain the most common method of fracture treatment throughout the world. Figure 
10-2 and Table 10-2 show that nonoperative management, usually with casts, is more commonly used to treat upper limb fractures but Table 10-2 also 
indicates that many less severe lower limb fractures continue to be treated with casts. Nowadays casts are less commonly used to control the position of a 
diaphyseal fracture after closed reduction but in some metaphyseal and intra-articular fractures, such as distal radial fractures and ankle fractures, this 
method of treatment is still widely used. Casts are often used for pain management and to facilitate mobilization. The decision between cast management 
and surgery is frequently subjective and influenced by the patient’s age, physical condition, mental status, and degree of prefracture mobility. In decades to 
come, it is likely that this decision will become more difficult as the age of the patients increases and they get progressively less fit. 

In recent years there have been a number of studies examining the use of removable splints rather than casts for simple, stable fractures. This has been 
reported particularly in fractures of the ankle, hand, and wrist, where the use of a splint also facilitates the development and use of virtual fracture services 
as the patient does not need to reattend for removal of the cast, requires fewer x-rays and so can be managed virtually.” 

There are three principles that apply to the treatment of unstable fractures with a cast. These are (1) utilization of intact soft tissues, (2) three-point 
fixation, and (3) hydrostatic pressure. These are illustrated in Figure 10-7 in reference to a fracture of the tibia and fibula. In theory, there will often be a 
hinge of intact soft tissue on one side of the fracture, which can be used to assist with fracture reduction. If three-point fixation is applied through the cast, 
the fracture will be maintained in a reduced position. This theory may well work in the Orthopaedic Trauma Association (OTA)”° A3.? tibial fracture 
illustrated in Figure 10-7; however, many tibial fractures are not transverse, and obviously, the theoretical concept of a soft tissue hinge will be less 
applicable in spiral, butterfly, segmental, or comminuted fractures. In addition, there may be soft tissue stripping from the diaphysis adjacent to the fracture 
and the fracture ends may overlap, which makes reduction more difficult. The last point to bear in mind is that while the soft tissue hinge may be intact in 
low-velocity fractures in younger patients, it is unlikely to be intact after high-energy injury or in older patients where the periosteum becomes thinner and 
is more easily damaged. As many fractures occur in older patients, the fracture reduction concepts promoted by Charnley!® and others are less applicable. 
This is illustrated in Figure 10-8. It shows the theoretical use of the soft tissue hinge in a metaphyseal distal radial fracture compared with the more common 
distal radial fracture in an older person, which is associated with metaphyseal comminution and a poor or absent soft tissue hinge. 


Figure 10-7. A: An OTA A3.° fracture with valgus angulation. B: Three-point fixation, or pressure, will reduce fracture if a soft tissue hinge is present. 


Figure 10-8. A: The use of an intact soft tissue hinge and three-point fixation in a distal radial fracture in a young patient. B: The same situation in an older patient 
with poor soft tissues and bone comminution. 


Figure 10-9. The principle of hydrostatic pressure in cast use. See text for explanation. 


The principle of hydrostatic pressure is illustrated in Figure 10-9. Hydrostatic pressure relies on the fact that the soft tissues and the diaphysis of the 


bone are not compressible. Thus, when they are encased in a complete cast or brace, they essentially become rigid and maintain the position of the fracture. 
As with the soft tissue hinge, the explanation is somewhat simplistic and does not take into account active muscle contraction around the fracture. 


Cast Application 


All casts are applied in a similar manner, no matter whether the traditional plaster of Paris (Fig. 10-10) or more modern fiberglass materials are used (Fig. 
10-11). Both types of cast material are frequently used as “slabs,” which are often applied to a limb soon after injury to give temporary support. A full cast 
is rarely applied immediately after injury because of the potential for swelling associated with the injury to lead to compartment syndrome if the limb is 
encased in a rigid cast. Slabs are applied by using a layer of protective stockinette and layers of synthetic wool padding (see Fig. 10-10). A slab of the 
appropriate length is then cut and, after soaking, applied to the limb. The location of the slab depends on the fracture. In the lower limb, backslabs or dorsal 
slabs are usually used, these being applied to the posterior leg and calf to support the fracture until a full cast can be applied or surgery is undertaken. In the 
upper limb, humeral diaphyseal fractures are often supported with a laterally located U slab, fractures around the elbow and forearm are supported with a 
posteriorly located backslab, and distal radial and carpal fractures with a dorsal slab (see Fig. 10-10). 


Figure 10-10. A forearm back slab used to treat an undisplaced distal radial fracture. 


Full casts are applied by wrapping plaster of Paris or fiberglass bandages around the limb after stockinette and synthetic wool have been applied. Up to 
30 years ago there was considerable debate regarding how much padding should be used, as surgeons recognized that too much padding permitted 
secondary fracture displacement but too little padding caused skin problems and increased the risk of compartment syndrome. If the cast is being used to 
control the position of a reduced fracture, excessive padding should be avoided because redisplacement of the fracture may occur. Ideally, two layers of 
wool are applied with the second layer being applied so that there is a 50% overlap over the first layer. Cast bandages should be applied carefully, keeping 
the bandages flat to avoid soft tissue damage. As the cast hardens the surgeon should manipulate the fracture, using molding where appropriate and taking 
care not to indent the cast material. Care must be taken not to obstruct joint motion or, if a joint is encased by the cast, it should be placed in the correct 
position. Once the cast has been applied (see Fig. 10-11), radiographs should be obtained to confirm the fracture is in an acceptable position. Cast 
management of unstable fractures is very labor-intensive. Follow-up must be assiduous until callus starts to stabilize the fracture, as it is easy to miss 
secondary fracture displacement. If this occurs, the position of the fracture must be corrected without undue delay as soft tissue contracture occurs fairly 
quickly and secondary reduction becomes progressively more difficult. If this occurs, it is important that the surgeon knows how to deal with it. 


Figure 10-11. A fiberglass scaphoid cast. 


TABLE 10-4. Application of Plaster or Fiberglass Casts and Slabs 


. Reduce the fracture. 

. Assistant holds fracture in reduced position. 

Stockinette is measured. It should extend about 10 cm beyond the proposed cast length. 

. Stockinette is applied. 

. Wool padding is applied from distal to proximal. There should be a 50% overlap between turns. 
Bony prominences must be protected by wool padding. 

. Plaster of Paris or fiberglass slab or cast is applied. 

. Plaster of Paris or fiberglass is submerged in water, then squeezed to get rid of excess water. 
. If swelling is anticipated, use slab. 

. If slab is used, apply and mold slab, then apply bandage. 

. If cast is used, apply plaster of Paris or fiberglass bandages. 

12. Hold fracture in reduced position until cast hardens. 

13. Fold stockinette and wool padding back and apply second cast bandage. 

14. Ensure proximal and distal joints can mobilize adequately. 

15. If there is swelling, the cast should be cut. 

16. Patient should be warned about potential complications. 
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The application of slabs and casts is summarized in Table 10-4. Patients should be warned about the potential complications of casts such as plaster 
blisters and allergic dermatitis, but the main complication is elevated intracompartmental pressure that can lead to compartment syndrome, peripheral nerve 
injury, muscle wasting, and pressure sores. They should also be given clear information about caring for the cast and told not to get it wet or put anything 
down the cast. 

In diaphyseal fractures angular malalignment can be corrected by wedging the cast. In this technique (Fig. 10-12) radiographs, or preferably 
fluoroscopy, are used to identify the fracture site and the cast is cut leaving a hinge of 2 to 3 cm of the cast intact, the location of the hinge depending on the 
direction of the necessary correction. Thus, if the fracture is in valgus, a medial hinge is left and a varus force applied is to the distal cast to open the 
window. Once opened, the position is maintained until more cast material can be applied to maintain the reduced position. In years gone by, plaster rooms 
would keep a jar of wooden dowling or wedge to insert into the cast window to maintain the reduced fracture position while the supplementary plaster of 
Paris dried. Theoretically, rotational deformity is also correctible by cutting the cast. A cut is made in the cast at the level of the fracture and the rotation is 
corrected, but it is easy to lose position and sometimes it is better to remove the cast and reapply it. Surgeons should be aware that it is difficult to maintain 
the position of an unstable fracture in a cast, and that is why earlier surgeons defined levels of “acceptable” malunion. If the fracture position is not 
maintained by the cast, consideration should be given to operative treatment. 
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Figure 10-12. Wedging a cast to straighten a diaphyseal fracture of the tibia and fibula. A: The fracture is in valgus. The cast is cut at the level of the fracture to leave 
a medial hinge. B: The fracture is straightened and the gap in the cast kept open while the cast is completed. 


Figure 10-13. A long arm cast. 


Types of Cast 

Upper Limb Casts 

Long Arm Cast 

The classic long arm cast with the elbow at 90 degrees and the wrist included in the cast (Fig. 10-13) is less commonly used now because forearm and 
elbow fractures are often internally fixed, but it is still used for less severe fractures, pediatric forearm or elbow fractures, and some elbow fractures in the 
elderly (e.g., olecranon fractures). The cast is applied from just below the axilla to just proximal to the metacarpophalangeal joints of the digits but leaving 


the thumb free. The wrist is placed in 30 degrees of dorsiflexion and the elbow in 90 degrees of flexion. In more minor fractures the wrist may not be 
included and a full arm cylinder is then applied. 


Figure 10-14. A hanging cast. 


Figure 10-15. A Colles, or forearm, cast. 


Hanging Cast or U-Slab 


These casts are routinely used to treat humeral diaphyseal fractures in the acute phase. The arm is placed over the lower chest with the elbow at 90 degrees. 
A collar and cuff support can be used to maintain the position. A cast is then applied as shown in Figure 10-14, so that the top of the humeral component of 
the cast is above the humeral fracture. Gravity is used to regain humeral length and the alignment of the fracture can be theoretically adjusted by altering the 
length of the cast between the neck and forearm. The shorter the cuff the more varus is applied to the fracture. An alternative to the hanging cast is the U- 
slab or sugar-tong splint, in which a plaster is placed from just below the axilla on the medial side of the arm down and around the elbow and then upward 
to just below the shoulder. The slab is then bandaged into position. In proximal humeral fractures the slab can be extended above the shoulder, but surgeons 
should be aware that this will negate any beneficial reduction effects of gravity. These casts are often replaced at 2 to 4 weeks by a functional brace. 


Colles Cast (Forearm Cast) 


The Colles, or forearm cast, is the most widely used upper limb cast and is used for most distal radial and ulnar fractures as well as for some carpal injuries. 
The cast extends from below the elbow to just proximal to the metacarpal necks of the digits with the thumb left free (Fig. 10-15). The application of the 
Colles cast is frequently preceded by the use of a dorsal plaster slab (see Fig. 10-10), which is replaced by the cast once the swelling has reduced. 


Scaphoid Cast 


The scaphoid cast is commonly used to treat scaphoid fractures and pain in the anatomical snuff box on the radial border of the wrist when radiographs do 
not confirm the presence of a fracture. The wrist is held in slight dorsiflexion and the thumb is in abduction and slight flexion as if a glass is being held 
between the index finger and thumb (Fig. 10-16). The cast extends from just below the elbow to just proximal to the metacarpal necks of the digits. On the 


thumb the cast extends to just proximal to the interphalangeal joint. A modification of the scaphoid cast is the extended scaphoid cast, which may be used 
for fractures distal to the metacarpophalangeal joint of the thumb. In the extended scaphoid cast, the whole thumb is included. 


Figure 10-16. A scaphoid cast. 


Figure 10-17. A Burkhalter cast. This is a combination of a forearm cast and a dorsal slab. 


Bruner Cast 


The Bruner cast is a variant of the extended scaphoid cast that is cut short to release the wrist joint. It is particularly useful for the treatment of ligamentous 
injuries of the thumb metacarpophalangeal joint but may be used to treat associated minor avulsion fractures. 


Burkhalter Cast 


This cast is used to treat metacarpal or phalangeal fractures. The wrist is placed in 40 degrees of dorsiflexion and the metacarpophalangeal joints are placed 
in 70 to 90 degrees of flexion (Fig. 10-17). The cast relies on the intact dorsal hood of the fingers acting as a tension band or a soft tissue hinge. It is usually 
applied by placing a slab over the dorsum of the forearm and the hand, with the wrist and fingers in the correct position, and then applying a forearm cast to 
secure the slab. Finger extension is not permitted by the dorsal slab but some flexion is allowed. 


James Cast 


In this cast, the fingers are kept in the “position of function” of the hand. The wrist is maintained at 40 degrees of dorsiflexion with the metacarpophalangeal 
joints at 70 to 90 degrees of flexion and the interphalangeal joints of the fingers in full extension. In this position, the collateral ligaments of the 
metacarpophalangeal joints and the interphalangeal joints are stretched maximally and thus contractures will not occur (Fig. 10-18). As with the Burkhalter 
cast, the James cast is in fact a combination of a slab and a cast. Initially, a volar slab is applied to the forearm and hand with the joints in the correct 
position. A forearm cast is then applied. 


Other Upper Limb Casts 

Surgeons used to use shoulder spicas to treat fractures around the shoulder girdle. These were mainly used for clavicle or proximal humeral fractures. 
Sometimes the shoulder was placed at 90 degrees of abduction with the elbow at 90 degrees of flexion and the forearm pronated in the “policeman’s halt 
position.” These casts are now very rarely used with surgeons favoring operative management. 


Figure 10-18. A James slab. This is volar slab that may be supplemented by a forearm cast. 


Lower Limb Casts 

Below-Knee Cast 

This is the most common cast used for lower limb injury, including ankle fractures, foot fractures, and soft tissue injuries. It is occasionally used to treat 
undisplaced lower tibial diaphyseal fractures or minor pilon fractures. The cast is applied from below the level of the fibular neck proximally to the level of 
the metatarsal heads distally with the ankle at 90 degrees and the foot in the plantigrade position (Fig. 10-19). The below-knee cast may be applied as a first 
stage in a long-leg cast used to treat an unstable tibial diaphyseal fracture. 


Figure 10-19. A below-knee cast. 


Figure 10-20. A long-leg cast. 


Long-Leg Cast 


Surgeons usually use a long-leg cast to treat unstable tibial diaphyseal fracture in the acute phase changing to a patellar tendon-bearing cast after a few 
weeks. They may also be used to treat fractures around the knee. A long-leg cast is best constituted by applying a below-knee cast and then flexing the knee 
to about 10 degrees, following which the thigh extension is applied (Fig. 10-20). 


Patellar Tendon-Bearing Cast 


The other variant of the below-knee cast is the patellar tendon-bearing cast, which is usually used to treat tibial diaphyseal fractures after a few weeks in a 
long-leg cast. In this cast, the proximal end of a below-knee cast is extended upward as far as the lower pole in the patella and molded around the patellar 
tendon to provide a degree of rotational stability (Fig. 10-21). Care must be taken not to apply pressure over the common peroneal nerve running around the 
neck of the fibula. 


Spinal Casts 

Spinal casts are now rarely used. The basic cast is a plaster jacket that extends from the sternal notch to the symphysis pubis and is carefully molded. If 
fractures lower than L3 are to be treated, the cast should be extended downward to include one thigh. If cervical fractures are treated in a cast, the cast is 
extended upward into a collar, but the use of cervical casts is now extremely unusual and they would only be used if no other treatment method was 
available. Thoracolumbar casts are still used by some surgeons, !!° but the results are no better than those associated with spinal braces. 
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Figure 10-21. A patella tendon-bearing cast. 


BRACES 


Limb Braces 


Many different limb braces have been designed but they fall into four main types used to treat fractures of the humeral diaphysis, distal radius, metacarpus, 
and lower leg. Most braces are made of polyethylene or plastic and secured by Velcro, plastic straps, and buckles. Braces tend to be lighter than casts and 
are often used after a short period of cast immobilization once the fracture is more stable. Other advantages are that braces can be tightened as the soft tissue 
swelling decreases and they can be removed for personal hygiene and radiologic evaluation of the fracture. 


Upper Limb 
Humeral Brace 


A simple polyethylene or plastic brace is often used to treat humeral diaphyseal fractures after the initial cast management. The brace fits around the arm 
and is usually wider laterally than medially to support the humerus proximally (Fig. 10-22). 


Distal Forearm Brace 

These are used to treat distal radial fractures and may be used after a period of cast immobilization or they may be applied primarily to the forearm. There 
are two basic types. Figure 10-23 shows a conventional distal forearm brace, which extends to the radiocarpal joint. Alternatively, the brace may have a 
dorsal extension just proximal to the metacarpophalangeal joints of all digits except the thumb. 


Figure 10-22. A humeral brace. The sling length can be altered to change the fracture position. 


Metacarpal Brace 

Metacarpal braces are usually either made up of a strap worn around the hand under which padding is placed to maintain fracture reduction or they take the 
form of a heat-molded plastic brace that is placed around the hand and then molded into an appropriate shape to maintain fracture reduction (Fig. 10-24). 
They can be used for the primary treatment of metacarpal fractures“? or to protect the metacarpus after operative fracture treatment.°’ Skin necrosis has been 
reported.*° 


Lower Limb 
Below-Knee Brace 


The most popular lower limb brace is the equivalent of the below-knee cast. There are many available but all tend to be made of plastic and fastened with 
Velcro or straps (Fig. 10-25). They are used for the same indications as below-knee casts and may be used primarily or after an initial period of cast 
management. They are commonly used after internal fixation of ankle and foot fractures or to allow mobilization after a soft tissue injury to the ankle, 
hindfoot, or midfoot. 


Figure 10-23. A distal forearm brace. A modification of this brace includes an extension to just proximal to the MCPJs, except the thumb. 


Figure 10-24. A metacarpal brace. 


Patellar Tendon-Bearing Brace 


This is the equivalent of the tendon-bearing cast but it permits ankle movement (Fig. 10-26). The plastic brace is fitted with an ankle hinge and a heel cup 
and can therefore be worn inside a shoe. 


Knee Brace 


This is the modern equivalent of the old cast brace but it is no longer used to treat femoral diaphyseal fractures. Now it is made from synthetic material and 
fitted with adjustable integral knee hinges (Fig. 10-27). These are often used to treat soft tissue injuries around the knee but may be used to facilitate 
mobilization after internal fixation of distal femoral or proximal tibial fractures. In some minor fractures around the knee, they may be used for definitive 
treatment. 


Figure 10-25. A below-knee brace. 


Figure 10-27. A knee brace. 


Spinal Braces 
Cervical Braces 


There are three types of cervical braces: soft and hard collars, high cervicothoracic orthoses, and low cervicothoracic orthoses (Fig. 10-28A). Within these 
three types there are many different designs, but they all have the same basic function. Standard soft and hard collars are not generally used for the treatment 
of acute cervical fractures or dislocations, but they are useful for the treatment of minor soft tissue sprains and whiplash injuries. They allow up to 80% of 
normal cervical movement and therefore confer little stability to the cervical spine.°°’* Their main function is to act as a proprioceptive stimulus to remind 
patients to take care. Rigid cervical collars may be used for emergency stabilization of the injured cervical spine but the most effective way of stabilizing the 
cervical spine is by strapping the chin and forehead to a rigid spinal board with blocks. 
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Figure 10-28. Different types of cervical braces. A: A cervical collar. B: A high cervicothoracic orthosis. C: A low cervicothoracic orthosis. 


High cervicothoracic orthoses (see Fig. 10-28B) have molded occipitomandibular supports that extend to the upper part of the thorax. The best-known 
example of this orthosis is the Philadelphia collar. Studies indicate that the Philadelphia collar resists 71% of normal cervical flexion and extension, 34% of 
lateral bending, and 54% of rotation.”* Other similar orthoses show similar results. These types of braces are useful for the management of cervical sprains 
or to provide temporary immobilization during transport or after surgical stabilization of the cervical spine. 

Low cervicothoracic orthoses have the same molded upper support but extend to the lower part of the thorax (see Fig. 10-28C). Examples of these 
braces are the Minerva and sternal-occipital-mandibular immobilizer (SOMI) braces. Low cervicothoracic orthoses are better than high cervicothoracic 
orthoses in resisting cervical rotation and sagittal movement in the mid and lower cervical spine but they do not prevent all cervical movement. If any type 
of neck brace is used to treat an unstable or potentially unstable cervical fracture, serial radiographs must be taken to check that fracture reduction is 
maintained until union. 

The complications of cervical braces are essentially the same as those associated with limb braces. As cervical movement is not prevented, loss of 
fracture reduction may occur in unstable fractures. In addition, a poorly fitting brace may be uncomfortable and cause skin and soft tissue irritation and 
damage.” 


Thoracic and Lumbar Braces 


The role of thoracolumbar braces is to support the spine by limiting overall trunk motion, decreasing muscular activity, increasing the intra-abdominal 
pressure, resisting spinal loading, and limiting spinal motion. Several braces are available; the simplest is a lumbosacral corset and the most complex is an 
individually molded thoracolumbar-sacral orthosis made from plastic and tightened by buckles and straps (Fig. 10-29). A useful intermediate brace is the 
Jewett brace (Fig. 10-30), which provides three-point fixation and permits spinal extension but not flexion. 


Figure 10-29. A thoracolumbar sacral orthosis. 


Figure 10-30. A Jewett brace. 


Lumbar corsets, like cervical collars, are essentially proprioceptive and serve to remind the patient to take care. They are used in the management of low 
back pain but their only use in spinal injury is in the management of minor stable fractures or soft tissue injury. The Jewett brace is useful in the treatment of 
injuries between T6 and L3, which are unstable in flexion. Studies have shown that it reduces intersegmental motion and flexion at the thoracolumbar joint 
while lateral bending and axial rotation remain unaffected.!° They are more effective in the treatment of one- and two-column spinal fractures than in the 
treatment of three-column fractures. Thoracolumbar-sacral orthoses provide more stability but maintenance of reduction of unstable thoracolumbar fractures 
cannot be guaranteed and serial radiographs are required to confirm the maintenance of fracture reduction. 

With the increasing number of elderly in the population, there are going to be more osteoporotic compression fractures in the future. It seems likely that 
there will be debate as to how these fractures should be managed particularly as many fractures are not treated at all as the patients do not report the 
increased back pain and are not investigated. In a recent study, Kim et al.®* used the Oswestry Disability Index score to examine the role of rigid braces, soft 
braces, and no brace in 60 patients after an osteoporotic compression fracture. They found no advantage in the use of braces with similar Oswestry 
Disability Index scores and pain levels being present regardless of how the fracture was treated. 


CASTS OR BRACES? 


The debate regarding the relative merits of casts or braces originated with tibial diaphyseal fractures. Until relatively recently most tibial diaphyseal 
fractures were treated nonoperatively and the results were often not particularly good. Surgeons debated the optimal treatment method and compared the 
results of casts and functional braces. Recently intramedullary nailing has become the treatment of choice for many surgeons and the debate is now between 
intramedullary nailing and functional bracing. The debate between the use of casts and braces now mainly concerns the management of distal radial 
fractures and ankle fractures. In distal radial fractures, the debate mainly concerns the use of casts or braces in nonoperatively treated fractures, whereas in 
ankle fractures the debate has mainly concerned the management of internally fixed fractures in the postoperative period. 


Tibial Diaphyseal Fractures 


The comparative usefulness of casts and braces in the treatment of tibial diaphyseal fractures was a subject of considerable debate until about 20 to 25 years 
ago when intramedullary nailing became the treatment of choice for these fractures. The implication in the literature was that functional bracing produced 
better results, with Sarmiento and colleagues being particular proponents of functional bracing.°° 

Older papers discussing the use of long-leg casts to treat tibial diaphyseal fractures show how the treatment of these fractures has changed in the last 50 
years.6®80.122 They confirm that the method is associated with significant knee stiffness, particularly if used for complex fractures, open fractures, or in 
fractures that were associated with nonunion. Few modern surgeons would treat open tibial diaphyseal fractures with a long-leg cast, but it is interesting to 
note that Nicoll®° reported 60% delayed or nonunion in open tibial fractures managed in a long-leg cast in 1965. He also reported 25% joint stiffness rising 


to 70% in tibial nonunions associated with an open fracture. The results of the use of long-leg casts were reported as late as 1991 when Kyro et al.°8 
analyzed the use of long-leg casts in 165 consecutive tibial fractures. Traction was used in severe open fractures and a calcaneal pin was incorporated into 
the cast of 23% of the patients. They found that 26% of patients had impaired knee flexion and 9% had impaired knee extension. In addition, 42% had 
impaired ankle flexion and 37% had impaired toe movement. Only 21% of the patients thought that they had an excellent result. 

There is no doubt that the use of patellar tendon-bearing casts and functional braces facilitated knee mobilization but it should be remembered that 
during the period when these methods of management were introduced, surgeons had turned to operative treatment for open and more severe closed 
fractures, and therefore the results associated with the use of patellar tendon-bearing casts and functional braces may well have been achieved in more 
straightforward fractures than those treated by long-leg casts in earlier years. 

The results of the use of patella tendon-bearing casts showed that they were associated with significant malunion and joint stiffness.°°8° Hooper et al.5° 
undertook a prospective study comparing functional bracing with intramedullary nailing and discontinued the trial early because of the improved results 
with intramedullary nailing. Functional braces were introduced to facilitate hindfoot mobility. Sarmiento et al.°° analyzed 780 patients treated with a 
functional brace but selected ambulatory patients and excluded fractures with excessive initial shortening and those that showed an increasing angular 
deformity in the initial cast. Their results were good but they did not assess malunion or joint stiffness. Digby et al.” reviewed 103 adult tibial fractures and 
reported that 11% had restricted ankle motion and 45% had reduced subtalar function. Overall, a comparison of the three methods of casting and bracing 
does not show that functional bracing gives superior results, although long-leg casts are associated with greater knee stiffness.” 


Distal Radial Fractures 


Stewart et al.!!° undertook a prospective study comparing a conventional Colles cast with an above-elbow cast brace and a below-elbow cast brace in the 


treatment of displaced distal radial fractures. In both the above-elbow and below-elbow cast brace, they used a dorsal extension of the brace beyond the 
wrist joint, which extended as far as the metacarpophalangeal joints of the fingers. The brace only extended to the carpometacarpal joint of the thumb. The 
authors undertook a radiographic and functional analysis of the patients and found no statistical difference in either the radiographic or functional results 
between the three different methods of management. They also noted no difference in the prevalence of complications between the three groups of patients. 
They did comment that there was better patient tolerance of casts than braces with the main problem of bracing being pressure over the distal radial border 
and the head of the ulna. They felt that in most patients there was no reason to change from the traditional Colles cast. 

Ina later study, Tumia et al.!2! compared the traditional Colles cast with a forearm functional brace that did not have an extension beyond the wrist joint 
(see Fig. 10-23). They treated both minimally displaced fractures, which did not require manipulation, and displaced fractures that did require manipulation. 
The results were assessed using a functional and anatomical scoring system. They found that the brace-treated patients had lower functional scores than the 
cast-treated group at 12 weeks, but the difference was not statistically significant. By 24 weeks the results were similar. Grip strength was initially higher in 
both manipulated and nonmanipulated brace-treated groups, but by 12 weeks there was no difference with cast-managed fractures. There was also more pain 
associated with the brace during the first 5 weeks, but this settled later. Their conclusion was that a brace could be used effectively in treating Colles 
fractures. In a randomized study O’Connor et al.8* compared a plaster cast with a lightweight removable splint in 66 patients with minimally displaced 
radial fractures. They also used both anatomical and functional evaluation systems and found no significant differences between the two groups, but patients 
tended to prefer the brace. There is some evidence however in those patients who have undergone a manipulation that bracing is not as effective. In a 
retrospective study of 500 patients (184 treated with a splint and 316 circumferential cast), Berger et al.? established that at the 1-week follow-up point 
redisplacement was more common in those treated with a splint (29% vs. 17% p = .001). 


Ankle Fractures 


There have been several studies comparing the use of casts and braces after operative management of ankle fractures. Tropp and Norlon!2° compared the 
use of a plaster cast for 6 weeks with an ankle brace applied 1 to 2 weeks after surgery. They permitted early weight bearing in both groups and showed that 
by 10 weeks there was improved function in the brace-managed group. This had disappeared by 12 months but they did report impaired dorsiflexion in the 
cast group, compared with the functional brace group. 

DiStasio et al.?? examined a group of U.S. military personnel with operatively treated ankle fractures. They compared the use of a non—weight-bearing 
cast for 6 weeks with the use of a non—weight-bearing removable orthosis and showed that the orthosis group had better subjective scores for pain, function, 
cosmesis, and motion 3 and 6 months after injury, but there was no difference in objective assessment of function on return to duty. Simanski et al.!°® 
compared the use of a functional brace with early weight bearing with a standard cast without weight bearing after ankle fixation. Both groups did well and 
most of the patients achieved their preinjury level of activity. The authors of both these studies stated that braces were useful but emphasized the 
requirement of reliable, cooperative patients! In a prospective randomized study, Lehtonen et al.” compared the use of a below-knee cast and a functional 
brace in Weber type A and B fractures treated operatively. There were no significant differences between the study groups in the final subjective and 
objective evaluations, but there were more wound complications in the brace-managed group. In all studies dealing with casts or braces in operatively 
managed ankle fractures, differences in outcome have been shown to be relatively minor. 

In perhaps the most definitive study on the subject the AIR trial has been reported at initial follow up by Kearney et al.°! and at the 2-year follow-up 
point by Haque et al.°° The AIR trial was conducted across 20 trauma units in the United Kingdom and compared plaster cast immobilization to a 
removable brace in adults with acute ankle fractures. The study involved 669 participants, aged 18 and older, who were suitable for cast immobilization. 
The intervention for the plaster cast group involved applying a below-knee cast and starting ankle range of movement exercises upon cast removal. In 
contrast, the removable brace group was fitted with the brace and began ankle exercises immediately. 

The primary outcome measure was the Olerud Molander ankle score (OMAS) at 16 weeks, with other assessments including the Manchester-Oxford 
foot questionnaire, disability rating index, quality of life, and complications evaluated at 6, 10, and 16 weeks. The study’s participants had a mean age of 46 
years, and 57% were women. The results showed no statistically significant difference or clinically significant differences at any time points, nor in the 
secondary outcomes, whether unadjusted, imputed, or analyzed per protocol. 

At the 2-year follow-up point of the initial participants, 436 (65%) patients were available for review. At this point, the average OMAS difference was 
-0.3 points, slightly favoring plaster cast use, but this difference was not statistically significant (with a 95% confidence interval of -3.9 to 3.4). 
Additionally, there were no significant differences in patient quality of life or Disability Rating Index between the two treatment groups. The longer follow- 
up of this study found that the outcomes for patients treated with a removable brace were similar to those treated with a plaster cast over the first 2 years 
after injury. Therefore, a removable brace is a viable alternative to traditional immobilization with a plaster cast for patients with an ankle fracture. 


The comparative results of the use of casts or braces in tibial diaphyseal fractures, distal radial fractures, and ankle fractures indicate that there is no 
long-term advantage of either method. The studies suggest return of joint movement is slightly faster if a brace is used but there is no evidence that overall 
function is better with a brace. There is also some evidence that early complications are higher if a brace is used. The choice between a brace and a cast is 
determined by the surgeon and the patient. Braces are obviously useful. Personal hygiene is easier, and physical therapy, if indicated, can be more easily 
undertaken, but braces are also more expensive and are not freely available in all countries. The decision should be based on these factors but also on the 
reliability of the patient. Casts have a great advantage in that they are difficult, although not impossible, to remove and are therefore advantageous in the 
treatment of unreliable patients. 


SLINGS, BANDAGES, AND SUPPORT STRAPPING 


Several types of minor injuries, soft tissue sprains, and minor fractures are treated by support and analgesia with mobilization of the affected area 
encouraged after a relatively short period. Tubular elastic support bandages are frequently used to treat minor soft tissue injuries, such as ankle and foot 
sprains, wrist sprains, or minor ligament damage in other joints. Several upper limb fractures are treated by the use of slings, which may be supplemented by 
bandaging. 

Fractures of the clavicle, proximal humerus, and radial head and neck are often treated by sling support until the discomfort settles enough to allow joint 
movement. Many different methods of bandaging have been used to treat clavicle fractures in an effort to reduce pain and maintain fracture reduction. The 
figure-of-eight bandage is still used in some centers for treatment of clavicle fractures. This is placed anteriorly around both shoulders and crossed over at 
the level of the upper thoracic spine. Theoretically, tightening the bandage reduces and stabilizes the fracture, but unfortunately, it loosens quickly and 
clinical evidence suggests that it is no better than a sling. Fractures of the clavicle, proximal humerus, and proximal radius that are treated nonoperatively 
are best treated by the use of a sling for no more than 2 weeks followed by mobilization of the affected joint. 

Another area in which strapping is useful is in the management of stable undisplaced fractures of the phalanges of the hand and foot. These fractures can 
be treated by buddy strapping the affected digit to an adjacent digit (Fig. 10-31). Usually, two strips of half-inch tape are placed around the proximal and 
middle phalanges with protective gauze between the fingers. The joints should be left free to permit mobilization. It should be remembered that this type of 
strapping loosens quickly and the patient, or companion, should be taught how to replace it. 
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Figure 10-31. Buddy strapping. 


The use of an elastoplast thumb spica (Fig. 10-32) may be helpful in treating sprains or minor tears of the collateral ligaments of the thumb. It can also 
be used for treating minor associated avulsion fractures. These are constructed of elastoplast tape, which is placed around the thumb and extends down to 
the carpometacarpal area. As with buddy strapping, they tend to loosen quickly and need to be replaced. Neither buddy strapping nor elastoplast spicas 


should be used to treat unstable fractures. 


Figure 10-32. A thumb spica. 


Figure 10-33. An aluminum foam-backed splint. 


SPLINTS 


Many different splints have been designed, usually for the treatment of metacarpal and phalangeal fractures. The two most popular splints are the 
aluminum-backed foam splint (the so-called “Zimmer splint”) (Fig. 10-33) and the mallet finger splint (Fig. 10-34). Aluminum-backed foam splints are used 


for phalangeal fractures. They may also be used to apply longitudinal traction if taped in extension then flexed. They are commonly applied to the volar or 
dorsal aspects of the digits to immobilize fractures or joints after reduction of a dislocation. They are also useful for immobilizing the finger after soft tissue 
injuries, and a volar splint may be particularly helpful for maintaining extension after a volar plate injury. In more unstable fractures the surgeon may elect 
to use an aluminum-backed splint in the same way as a Burkhalter (see Fig. 10-17) or James (see Fig. 10-18) cast might be used. This is appropriate for a 
single-digit fracture and the splint is extended across the wrist joint maintaining the position of the wrist as described for the Burkhalter or James splint. 

Mallet fingers caused by either avulsion of the extensor tendons from the distal phalanx or by a fracture of the distal phalanx are well treated by the use 
of a mallet finger splint (see Fig. 10-34). An appropriately sized splint is applied to the digit with the distal interphalangeal joint in full extension. If this 
method of management is used, the patient is taught that the distal interphalangeal joint must be kept extended for a period of 6 weeks however compliance 
can be a problem and splints are often removed too early. 


Figure 10-34. A mallet finger splint. 


SPECIFIC FRACTURES 


UPPER LIMB FRACTURES 


Suggested guidelines for nonoperative management of upper limb fractures are shown in Table 10-5. 


Clavicle Fractures 


Historically most clavicle fractures have been managed nonoperatively (Fig. 10-35) and Table 10-2 shows that this continues to be the case. In the study 
year, 8.6% of clavicle fractures were managed by primary surgery, the highest prevalence being in OTA type B diaphyseal fractures where 10.4% were 
managed surgically. There were no OTA type A medial fractures in the study year and 7.2% of the OTA type C lateral fractures were treated with primary 
surgery. These figures are very similar to data from Sweden® where the management of 2,422 clavicle fractures was recorded. The authors showed that 
11% of the clavicle fractures were treated by primary surgery but a further 6% were treated surgically within 11 to 17 days after nonoperatively had failed. 
The majority of the operatively treated fractures were OTA”® type B diaphyseal fractures. 


TABLE 10-5. Guidelines for Nonoperative Management for Various Upper Limb Fractures if Nonoperative Management is Chosen 


as the Treatment Method 


Fracture Type Nonoperative Management 

Scapula Sling and mobilize at 2 weeks, focus on cuff rehab early 
Clavicle Sling and mobilize at 2 weeks 

Proximal humerus Sling and mobilize at 2 weeks 

Humeral diaphysis Hanging U-slab or sugar-tong cast. Brace at 0-2 weeks 
Distal humerus Long arm cast for 4-8 weeks 

Olecranon Long arm cast for 2 weeks 

Proximal radius Sling and mobilize at 2 weeks 


Forearm diaphysis 


Both bones (undisplaced) Long arm cast. Forearm cast at 4 weeks 
Radius only Forearm cast 6 weeks 
Ulna only Forearm cast 6 weeks 


Distal radius and ulna Forearm cast or brace for 6 weeks 


Carpal fractures 
Scaphoid Scaphoid cast for 6-12 weeks 
Other carpal bones Forearm cast for 3-6 weeks 


Metacarpal fractures 


Undisplaced Mobilize 
Displaced Burkhalter or James splint. Mobilize at 3 weeks 
Phalangeal fractures Proximal and middle phalanges 
Undisplaced Buddy strapping and mobilize 
Displaced Burkhalter, James, or aluminum splint. Mobilize at 3 weeks 
Distal phalanx Mobilize or mallet splint 


“See relevant chapters for suggested management for different fractures. 


Clavicle fractures are one of the fractures where recently there has been considerable interest in primary internal fixation of clavicle fractures, with both 
plating and intramedullary pinning being used.'***-5! Not surprisingly, opinion continues to be divided regarding the best method of treatment. In an early 
study, Nordquist et al.°! analyzed 225 consecutive clavicle fractures treated nonoperatively and showed that 185 were symptomatic, 39 had moderate pain, 
and 1 patient had a poor result. There were seven nonunions in displaced fractures. They advocated nonoperative management as did Grassi et al.,4? who 
compared nonoperative treatment and intramedullary pinning in 80 clavicle fractures. They found no difference in the outcome scores between the two 
groups. 

The Canadian Orthopaedic Trauma Society!? pointed out that several studies indicated there was a high prevalence of symptomatic malunion and 
nonunion after nonoperative management of midshaft clavicle fractures, and they undertook a prospective randomized study comparing plate fixation with 
nonoperative management in displaced clavicle fractures. They found that the outcome scores were significantly improved in the operatively managed 
group at all time points and that there was a reduced union time and prevalence of nonunion in the operatively managed fractures. They advocated plate 
fixation of completely displaced midshaft clavicle fractures in active adult patients. 

Since then, there have been a number of studies comparing internal fixation and nonoperative management mainly in OTA type B diaphyseal fractures. 
Most studies have compared plates and nonoperative management and there is now evidence that primary internal fixation does have advantages, although 
there is little evidence that functional outcome is improved. Most recently the Clavicle Trial has reported on 301 patients randomized to either operative or 
nonoperative treatment.! Their primary outcome was union by 3 months with a range of secondaries. The study demonstrates no difference at 3 months in 
union rates between operative (28%) and nonoperative (27%) groups. However by 9 months nonunion was significantly more common in the nonoperative 
group (11% vs. 0.8%). 

There is now consistent evidence that the rates of malunion and nonunion are less with primary surgery?®:78:109,115 but there is essentially no evidence 
that primary surgical treatment improves final patient function.!°7:!!5 Tamaoki et al.!!5 reported no difference in the disability of the arm shoulder and hand 
(DASH) scores at 6 weeks, 6 months, and 1 year and they also reported no difference in pain levels, time to return to previous activities, and dissatisfaction 
with the cosmetic result. However, in a review of published evidence, Smeeing et al.!°9 noted that analysis of the DASH score favored operative 
management. 


A B 
Figure 10-35. A: An OTA type B diaphyseal clavicle fracture. There is debate about the optimal method of management but nonoperative management resulted in 
union (B) and excellent function. Recent evidence indicates that proportional shortening of 8% is not associated with impaired function or patient dissatisfaction. 
(Reprinted with permission from Goudie EB, et al. The influence of shortening on clinical outcome in healed displaced midshaft clavicular fractures after nonoperative 
treatment. J Bone Joint Surg Am. 2017;99(14):1166-1172.) 


It is obvious that the malunion rate will be higher with nonoperative management but there is little information as to how important this is. However, a 
recent study from Edinburgh, Scotland, examined the effect of clavicular shortening in nonoperatively treated patients. It was found that proportional 
shortening of 8% did not significantly correlate with the DASH score, Constant score, or SF-12 score at any time during follow-up. There was also no 
correlation with patient satisfaction.*2 

It seems likely that more midshaft clavicle fractures will be treated by internal fixation in the future but clearly more work is required to establish the 
precise indications for operative treatment. As many clavicle fractures are undisplaced or minimally displaced, nonoperative management will continue to 
be an important treatment method and it is important to review the alternative methods of nonoperative management. 


Most surgeons use a sling when treating clavicle fractures nonoperatively. The sling is usually maintained for 2 weeks and then physical therapy is 
started. The historical alternative to the sling was the figure-of-eight bandage. The rationale behind the use of a figure-of-eight bandage was that the 
shoulders were extended and fracture reduction thereby facilitated, but comparative studies have shown no advantage of the figure-of-eight bandage over a 
simple sling. Andersen et al.° actually found that the sling caused less discomfort and fewer complications and this finding has recently been confirmed by 
Ersen et al.” who also found a higher pain score with the figure-of-eight bandage and that there was no difference in the amount of clavicular shortening. If 
nonoperative management is used to treat a clavicle fracture, it is suggested that a sling should be worn for about 2 weeks and then a physical therapy 
regimen instituted. 

Analysis of the epidemiology of clavicle fractures in the study year shows that 48.6% of the fractures were OTA type C lateral fractures. As with 
midshaft clavicle fractures, there has been debate about how lateral clavicular fractures should be treated, with interest concentrating on the Neer type II 
distal clavicle fractures associated with coracoclavicular ligament damage. The treatment of the condition will be discussed in detail in Chapter 34, but the 
literature suggests that nonoperative management is a good alternative for many lateral clavicle fractures, particularly in middle-aged and elderly 
patients.°*°° As with midshaft clavicle fractures, if nonoperative management is chosen to treat a lateral clavicle fracture, a sling should be used for 2 weeks 
and a physical therapy regime then commenced. 


Scapular Fractures 


Scapular fractures are rare, constituting only 0.5% of all fractures (see Table 10-2). The implication from the literature is that scapular fractures are high- 
energy injuries and they have been documented to occur in 7% of multiply injured patients.!*° Analysis of the scapular fractures in our study year showed 
that 37.8% occurred as a result of a motor vehicle accident or a fall from a height. However, there is an increasing realization that scapular fractures have a 
bimodal distribution and that many fractures occur in older patients following low-energy trauma. There is also an iatrogenic incidence in acromial scapular 
fractures following reverse total shoulder replacement. The average age of patients with scapular fractures in our study year was 54.8 years and 32.4% were 
at least 65 years of age. 

There are four types of scapular fractures, these being intra-articular (Fig. 10-36A) and extra-articular glenoid fractures, acromion fractures (Fig. 10- 
36B), coracoid fractures, and fractures of the scapular body (Fig. 10-36C). Acromion and coracoid fractures are rare and in the study year 56.7% of scapular 
fractures were glenoid fractures and 32.4% were body fractures. Table 10-2 shows that 18.9% of scapular fractures were treated with primary surgery, but 
further analysis showed that 28.6% of glenoid fractures were treated surgically, these mainly being displaced glenoid rim fractures. Good results can be 
obtained by internal fixation of displaced glenoid fractures.° 


? z c 
Figure 10-36. Three scapular fractures that can be successfully managed nonoperatively. A: An undisplaced intra-articular glenoid fracture. B: A fracture of the 
acromion. C: A minimally displaced scapular body and neck fracture. 


Most coracoid and acromion fractures are undisplaced and few require surgical treatment. It has also been shown that most scapular body fractures can 
be treated nonoperatively. A meta-analysis of scapular fractures showed that 99% of body fractures and 83% of neck fractures were treated 
nonoperatively.!3? Van Noort and Van Kampen!” examined 13 patients with scapular neck fractures and found an average Constant score of 90 after 
nonoperative management with no correlation between functional outcome and malunion. Pace et al.®* confirmed a good outcome associated with 


nonoperative management but pointed out that most patients had some activity-related pain and minor cuff tendinopathy that, they thought, were related to 
glenoid neck malunion. 

It seems likely that there will be more scapular fractures in the future with an increasingly elderly population. Cole et al.!° have shown that good results 
can be obtained by internal fixation of scapular fractures in patients aged 65 years and above, but it seems likely that nonoperative management will 
continue to be the treatment of choice for most scapular fractures in the elderly population with surgical treatment being used mainly for displaced intra- 
articular and extra-articular glenoid fractures. 

If nonoperative management is chosen, it is suggested that a sling is used for 2 weeks to provide pain relief, following which a physical therapy program 
should be instituted. Scapular fractures are discussed in detail in Chapter 33. 


Floating Shoulder 


The term “floating shoulder” is given to a combination of clavicle and scapular neck fractures. It was initially felt that clavicle stabilization would minimize 
scapular neck malunion® but later papers suggest that nonoperative treatment of the floating shoulder gives equivalent or better results. Egol et al.3? 
compared operative and nonoperative management and showed no significant difference between the two methods. They did note that internal and external 
rotation was weaker in the operatively treated group, although there was improved forward flexion in this group. Edwards et al.*! reported similar results but 
stressed that more severely displaced fractures were associated with poorer results. In a more recent study, Pailhes et al.®° reported on the operative and 
nonoperative treatment of 40 floating shoulders over a 15-year period. They assessed outcomes using appropriate shoulder scoring systems and found no 
difference between operative and nonoperative groups. They did stress that the loss of glenohumeral lateral offset had a negative influence on the results. 
Thus, the literature suggests that most floating shoulders should be treated nonoperatively using a sling for 2 weeks followed by a course of physical 
therapy. 


Proximal Humeral Fractures 


Proximal humeral were historically mainly treated nonoperatively (Tables 10-1 and 10-2) and the rate of surgery has only increased very slightly. However, 
it is difficult to know how well these figures represent the worldwide prevalence of primary surgery. An analysis of the PearlDiver database in the United 
States suggests that about 85% of proximal humeral fractures in elderly patients are treated nonoperatively®* and an analysis of the Swedish National 
Discharge Register! shows that the rate of surgical intervention in Sweden has increased and in 2012 it was 16.8% in females and 17.1% in males. 

While there are clearly exceptions, the current state of play in the literature is given best by the ProFHER trial.“° This study compared surgical and 
nonsurgical treatments for adults with displaced proximal humerus fractures in the United Kingdom. Involving 250 participants, the trial found no 
significant differences in recovery outcomes, measured by the Oxford Shoulder Score (OSS), over 2 years between the two groups. Additionally, they 
reported that surgical treatment was significantly more expensive by approximately £1,780.’ per patient without notable benefits in quality-of-life or 
reduced complications. The 5-year follow-up has also been reported and involves 176 of the original 250 participants, aimed to assess long-term outcomes 
in adults with displaced proximal humerus fractures.*® The study compared operative and nonoperative treatments. Participants were evaluated annually 
from 3 to 5 years after recruitment using the OSS and EuroQol 5D-3L (EQ-5D-3L). OSS data were collected from 164, 155, and 149 participants at 3, 4, 
and 5 years, respectively, showing no significant differences between the treatment groups at any point. Additionally, quality-of-life assessments using EQ- 
5D-3L data revealed no significant differences over time. 

It would seem that most proximal humeral fractures are still treated nonoperatively. The recent introduction of locking plates and improved arthroplasty 
prostheses, together with the expansion of shoulder surgery as an orthopaedic discipline, has increased the rate of surgical treatment but this must be 
balanced against the increasing age and infirmity of the elderly population who usually present with this fracture. 

The debate about the treatment of proximal humeral fractures is centered around three- and four-part fractures and fracture-dislocations, which comprise 
about 12.5% of proximal humeral fractures.*! Neer’? stated that 85% of proximal humeral fractures were minimally displaced fractures, although a more 
recent study showed that 49% of proximal humeral fractures were minimally displaced.'® The difference probably relates to the increased incidence of 
osteopenic and osteoporotic fractures in the population since Neer’s study. Minimally displaced fractures should be managed nonoperatively. There is 
debate about the management of two-part fractures, particularly with the introduction of the locking proximal humeral plate, but these plates have only been 
partially successful®’ and it seems likely that many two-part fractures will continue to be managed nonoperatively (Fig. 10-37). Further information about 
the results of nonoperative treatment of two-part proximal humeral fractures and fracture-dislocations including the 1-year Neer’? and Constant scores of all 
two-part fractures classified according to the OTA classification has been published.!9 

Recently, there have been a number of studies and meta-analyses comparing operative and nonoperative treatment of proximal humeral fractures. Lange 
et al.” analyzed 167 patients with two-, three-, and four-part fractures treated nonoperatively or with an intramedullary nail. Operative treatment was not 
superior to nonoperative treatment even in displaced fractures. The complication rate was higher in the operative group. Handoll et al.*8 have published the 
5-year results of a trial comparing operative and nonoperative treatment of adults with a displaced proximal humeral fracture. They also found no clinically 
significant differences between the two types of management. 
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Figure 10-37. A: Neer two-part, OTA A3.2 proximal humeral fracture in a 64-year-old woman. B: This was treated nonoperatively with a sling followed by physical 
therapy. This resulted in union and good function. 


Robertson et al.°? compared nonoperative management with the use of a reverse shoulder arthroplasty for treatment of three- and four-part proximal 


humeral fractures in older adults. They found no differences in range of motion or patient-reported outcomes. A review undertaken by the Cochrane 
database examined 31 randomized controlled trials.*” It was stated that the evidence quality was low, but the conclusions were that surgery did not give a 
better outcome 1 to 2 years after injury and was likely to result in the need for secondary surgery. 

The literature regarding the management of proximal humeral fractures is poor. A number of authors justify primary surgery because it is indicated in 
high-energy fractures often in younger patients. However, as we have shown these are very rare and the decision regarding surgery is usually related to an 
older patient injured in a fall. It has to be said that there is very little evidence that surgical treatment is better than nonoperative treatment and better studies 
are required to see which fracture types should be treated surgically. It does however seem likely that most proximal humeral fractures will continue to be 
treated nonoperatively. The management of this fracture is discussed in detail in Chapter 36. 

Nonoperative management is undertaken by placing the patient in a sling for 2 weeks and then gradually introducing a program of physical therapy. The 
patient should be warned that progress is slow and that it is often more than 1 year before maximum shoulder motion is regained. 


Humeral Diaphyseal Fractures 


The treatment of humeral diaphyseal fractures is, as yet, not well defined and the situation is likely to become more complicated by the aging population. In 
1988, Zagorski et al.!?8 reported on the use of a functional brace in humeral diaphyseal fracture. They analyzed 170 patients and showed that 167 had 
excellent or good functional results. Since then, further studies?>36-58,92,97,118 have accepted that nonoperative management gives good results but they have 
tried to analyze which fractures, if any, are better treated surgically. Clearly open fractures, irreducible fractures, pathologic fractures, fractures in the 
multiply injured, and floating elbows may well be treated surgically, but Ekholm et al.?3 also noted that OTA”® type A fractures seemed to have a high 
prevalence of nonunion and often required revision surgery. Ring et al.9? took a similar view stating that spiral or oblique fractures that involved the middle 
or proximal third had a high rate of nonunion after treatment with a functional brace. Toivanen et al.!!® treated 93 consecutive fractures with a brace but 
found that 23% required surgery. Again they found a higher rate of nonunion in proximal third diaphyseal fractures. 

The other disadvantage of nonoperative management that has been highlighted is impairment of shoulder function. Fjalestad et al.2° reported that 38% of 
patients treated with a humeral brace lost external rotation of the shoulder, which they attributed to malrotation at the fracture site. Rosenberg and Soudry®” 
analyzed 15 patients treated by bracing and showed that the Constant shoulder scores were significantly lower in the injured shoulder. The average age was 
only 43 years and only 40% of the patients returned to their previous professional activities. 

There has been a particular interest in bracing fractures of the distal third of the humeral diaphysis. Fracture alignment can be difficult to maintain and 
there is concern about elbow stiffness.” Sarmiento et al.°° analyzed 85 distal third fractures, of which 15% were open. They recorded 96% union with no 
infections. Jawa et al.” compared operative and nonoperative management and found very similar results, although they stated that operative treatment 
gives more predictable alignment and potentially a quicker return of function, although there was an increased risk of nerve damage and infection. More 


recent studies comparing operative and nonoperative treatment have shown that the prevalence of delayed union and radial nerve palsy is very similar.“”’ 
However, a study of 138 humeral diaphyseal fractures treated with a functional brace showed that the union rate for proximal third fractures was 76% 
compared with 88% for middle third fractures and 85% for distal third fractures. 

Attempts at undertaking systematic reviews and meta-analyses comparing non-operative and operative management for treating humeral diaphyseal 
fractures is difficult due to the limited level 1 data in this area.°* There is an increasing awareness that proximal and middle third fractures are more difficult 
to treat nonoperatively and it seems likely that surgical treatment of these humeral fractures in particular will increase. Nonoperative management will 
probably continue to be an important method of management for reducible closed fractures but more complex fractures will probably be treated operatively 
more frequently than they are now. If nonoperative management is selected, it is suggested that a U-slab or sugar-tong cast is used for about 2 weeks and a 
functional brace is then applied (Fig ). The brace is usually used for 8 to 12 weeks with serial radiographs used to determine union. Active elbow 
motion is usually allowed by about 4 weeks. Early identification of those patients at risk of nonunion is increasingly seen as a key component of non- 
operative management, to allow for early surgical reintervention where indicated. The treatment of humeral diaphyseal fractures is discussed in detail in 


The majority of distal humeral fractures are treated operatively. The use of nonoperative care should be reserved for those with a very low functional 
baseline or significant comorbidity. Age is clearly important in this group of patients and it is interesting to observe that 29.2% of the patients presenting 
with distal humeral fractures were aged 80 years or above ( ). As with other fractures, this introduces new potential complications, particularly 
with complex OTA type C fractures. An obvious answer is the use of a hemiarthroplasty or arthroplasty and good results have been obtained. “4 However, 
Desloges et al. examined the use of nonoperative management in 19 low-demand, medically unwell, or older patients with a mean age of 77 years. They 
demonstrated satisfactory outcomes in these patients, and they emphasized that an arthroplasty could be used if a poor result occurred. It does seem that 
nonoperative management will continue to have a place in the management of distal humeral fractures. 


A 
Anteroposterior (A) and lateral (B) radiographs of an OTA C2.2 humeral diaphyseal fracture in a 68-year-old woman. This was initially treated with a 
arene U-slab followed by a humeral brace, which is shown in the radiographs. The fracture united with a degree of malunion but good function was achieved. 


F re 10-39. Anteroposterior radiographs of two distal humeral fractures in older women that were treated nonoperatively. A: Transcondylar OTA A2 undisplaced 
fracture ir in a 78-year-old woman. B: Transtrochlear OTA B3 fractures in an 85-year-old woman. Most surgeons would treat fracture A nonoperatively, but good results 
can be achieved with nonoperative management of more severe distal humeral fractures in older frail patients. Both patients were treated in a long arm cast followed by 
physical therapy. (Reprinted from Desloges W, et al. Functional outcomes of distal humeral fractures managed nonoperatively in medically unwell and lower-demand 
elderly patients. J Shoulder Elbow Surg. 2015;24(8):1187—1196. Copyright © 2015 Elsevier. With permission from Elsevier.) 


igure 10-40. Lateral radiographs of two proximal radius and ulna fractures. A: OTA type B2.1 proximal radial fracture in a 42-year-old man. This was treated 
Hh a td with good results. Treatment was with a sling followed by physical therapy. B: OTA B1.1 stable olecranon fracture in 67-year-old woman. This was 
treated nonoperatively with good results. Treatment was with a long arm cast for 2 weeks followed by physical therapy. Recent evidence has highlighted the 


advantages of treating stable olecranon fractures in older patients nonoperatively. 


Proximal Radial Fractures 


shows that most radial head and neck fractures continue to be treated nonoperatively, with only 3.5% in the study year managed operatively ( 

). The likelihood of operative management is not related to the OTA classification’”® with only 4.1% of OTA type A and 3.4% of type B being treated 
surgically. The literature suggests that most isolated proximal radial fractures can be managed nonoperatively, with a low long-term reintervention rates 
reported.*° Herbertsson et al.°? examined the nonoperative treatment of displaced Mason type I fractures and showed favorable results. Akesson et al. 
looked at Mason type Ila fractures, displaced by 2 to 5 mm, and also showed a favorable outcome, although they suggested that a delayed radial head 


excision be undertaken if the early outcome was unsatisfactory. If nonoperative management is used, all that is required is a sling with joint movement 
permitted as soon as pain allows, usually about 2 weeks. 


Olecranon Fractures 


Olecranon fractures comprised 92.8% of proximal ulna fractures and the role of nonoperative management in older patients was established in the late 
1990s!*4 and recent studies have confirmed good results.?®38 Gallucci et al.38 used an above elbow cast for 5 days followed by a sling. They employed a 
formal rehabilitation program and had good results in a group of patients with an average age of 82 years. Duckworth et al.” randomized patients with 
stable olecranon fractures to nonoperative management (see ) or treatment with tension-band wiring or a plate. The trial was stopped early due to 
unacceptably high complication rates in the operative arm. Surgeons should think very carefully about offering operative intervention to older patients with 
olecranon fractures given the results of this paper. 

If nonoperative management is to be used for olecranon fractures, an above elbow cast or sling can be used for 1-2 weeks as guided by pain, and then 
physical therapy commenced. A check radiograph of the elbow at approximately 2 weeks is recommended to ensure there is no evidence of instability 
requiring surgery. The treatment of proximal forearm fractures is discussed in 


Other Proximal Forearm Fractures 


In the study period two (33.3%) coronoid fractures were treated surgically. These were displaced fractures in young patients. Undisplaced or minimally 
displaced fractures can potentially be treated nonoperatively if concurrent elbow instability is excluded e.g. posterolateral instability (PLRI) or 
posteromedial instability (PMRI). Combined fractures of the proximal ulna and radius have a type III distribution, with most patients requiring surgery. 


Most forearm fractures are treated operatively, as detailed in and in recent years the debate has related to the type of fixation rather than the use 
of nonoperative management. Isolated diaphyseal ulna fractures are often undisplaced or minimally displaced ( ) and the use of a cast or brace will 
give good results. Sarmiento et al.‘°° reported on 287 ulnar shaft fractures and recorded 99% union and good or excellent outcomes in 96% of patients. If 
nonoperative management is used for undisplaced fractures of the forearm, a long arm cast should be applied for 6 weeks and a forearm cast or brace after 
this point if further immobilization is required. 


Figure 10-41. Anteroposterior (A) and lateral (B) radiographs of an OTA type B1 fracture of the distal ulnar diaphysis in a 36-year-old man. Many isolated ulnar 
facies are oo or minimally displaced and can be managed in a forearm cast. 


shows that operative management of distal radial fractures has increased over the last 80 years. This is due to an increased appreciation of the 
importance of fracture reduction and carpal alignment. The introduction of locked plates and different types of external fixators has altered the management 
of these fractures but a substantial proportion of distal radius fractures will continue to be managed nonoperatively. As a result of these changing patient 
demographics, and a number of randomized trials failing to show the benefit of operative treatments, it seems likely that more fractures will be treated 
nonoperatively in the future ( ) particularly if they are OTA type A or B fractures (' 0-6). 


A 


Figure 10-42. Anteroposterior (A) and lateral (B) radiographs of an OTA A2.2 distal radial fracture in a 59-year-old woman. Closed reduction was undertaken and a 
backslab applied. The fracture was inherently unstable with dorsal comminution and a distal ulnar fracture but the position was maintained and the backslab converted 


to a full forearm cast after 1 week. 


Nonoperative management of these fractures should consist of a brace or cast applied for 6 weeks in stable fractures with physical therapy thereafter or 
reduction of the fracture under local, regional, or general anesthetic and the application of a short arm cast (see Fig. 10-11). The classic reduction technique 
of a dorsally displaced fracture is traction, dorsiflexion to worsen the deformity, and then flexion and ulnar deviation, with radiographs or fluoroscopy to 
check the position after reduction. If the fracture does not reduce, the Agee maneuver can be used (Fig. 10-43). A radiograph of the fracture must be taken at 
7 to 10 days to ensure no displacement of the fracture and if maintained the cast should remain for 6 weeks and physical therapy commenced after removal 
of cast (see Fig. 10-42). If the fracture has lost position, further management will be dependent on patient factors, such as age, functional status, and medical 
comorbidities. Remanipulation is rarely successful and consideration should be given to operative management. 


TABLE 10-6. Fractures in the Study Year That Showed an Increasing Rate of Surgical Treatment Related to the OTA Classification 


Proximal humerus 
Distal humerus 
Distal radius/ulna 
Finger phalanges 
Patella 

Proximal tibia 
Distal tibia 

Ankle 

Talus 


Metatarsus 


OTA Type A 
4.2 
33.3 


20.5 


1.6 


Surgical Treatment (%) 
OTA Type B 
5.3 

47.0 

20.3 

4.2 

33.3 

67.6 

47.4 

37.0 

40.0 


4.6 


OTA Type C 


60.0 


Reprinted with permission from Marsh JL, et al. Fracture and dislocation classification compendium-2007. J Orthop Trauma. 2007;21(Suppl 10):S1-S133. 
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Figure 10-43. The Agee maneuver. This places a volar translation force on the distal radial fragment, which allows the lunate to tilt the distal fragment in a volar 
direction. 


Carpal Fractures 


Carpal fractures are predominantly treated nonoperatively. However, there has been a steady increase in the numbers treated operatively and 12.4% were 
treated with primary surgery in the study year. Analysis showed that 73.8% of the carpal fractures were scaphoid fractures and that 12.0% were treated 
surgically. The second most common carpal fracture was in the triquetrum (23.0%) but none were treated surgically. The only nonscaphoid fracture treated 
surgically was a trapezium fracture. Carpal fractures have a type IV distribution, and this is reflected in the average age of the operative group that was 28.0 
years. 

It seems likely that significantly displaced scaphoid fractures will continue to be treated surgically but an analysis of six studies of undisplaced and 
minimally displaced scaphoid fractures showed that any benefits of surgery did not reach statistical significance and there was a significantly increased risk 
of complications.*” A second meta-analysis of 10 studies suggested that surgical management of undisplaced and minimally displaced might be beneficial in 
the short term, defined as 2 years, but not in the long term.”? There is very little information in the literature about the optimal treatment of nonscaphoid 
fractures. 

If nonoperative management is used for scaphoid fractures, a scaphoid or short arm cast is applied (see Fig. 10-16) and worn for 6 to 12 weeks as union 
can be slow. For other carpal fractures, the nonoperative management is usually only 3 to 6 weeks in cast or brace. Further discussion of management of 
carpal fractures is in Chapter 44. 


Metacarpal Fractures 


Operative management of metacarpal fractures was seen to increase between the 1930s and 1950s (see Table 10-1) and then decrease so that only 6.7% of 
adult metacarpal fractures were treated surgically in the study year (see Table 10-2). This is despite the availability of screws, mini plates, and mini fixators. 
It is likely this reduction in operative treatment relates to industrial and workplace safety legislation. Crushed hands are far less common than in the post- 
World War II period and metacarpal fractures are now mainly caused by low-energy injuries, often by direct blows. Further analysis shows that operative 
treatment increases in prevalence as one goes from the ulnar to the radial side of the hand. Operative treatment was used for 4.6% of fifth metacarpal 


fractures, 3.7% of fourth metacarpal fractures, 6.3% of third metacarpal fractures, 14.9% of second metacarpal fractures, and 24.4% of thumb metacarpal 
fractures. 

The commonest fracture in the study year was the OTA A3.1 “Boxer’s fracture” of the fifth metacarpal neck ( 0-44). This accounted for 23.4% of 
all metacarpal fractures. Overall 96.3% were treated nonoperatively. Nonoperative management of stable isolated metacarpal fractures involves the use of 
buddy strapping and mobilization. Closed reduction can be achieved using the Jahss technique; flexing the metacarpophalangeal joint to 90 degrees and 
using the proximal phalanx to push the metacarpal head dorsally and control rotation. This is usually employed when the fracture is angulated, rotated, or 
shortened. Nonoperative management for malreduced or unstable fractures is usually in a Burkhalter or James type cast or splint that is maintained for 3 
weeks. This is followed by physical therapy. A Bruner cast may be used for base of thumb metacarpal fractures or fracture-dislocations of the thumb 
metacarpal that should then be worn for 4 to 6 weeks. 


The prevalence of operative management of phalangeal fractures is similar to metacarpal fractures. Comparison with Emmett and Breck’s data from 80 
years ago”? (see ) shows that we operate less now. Presumably, as with metacarpal fractures, this is because the incidence of severe hand 
fractures and crushed hands has declined due to improved workplace legislation. Many phalangeal fractures are stable and require no more than buddy 
strapping or an aluminum foam—backed splint for comfort and reduction of risk of secondary displacement. If reduction leads to a stable fracture, a 
Burkhalter or James splint can be applied for approximately 2 to 3 weeks. 


€ -44. Anteroposterior (A) and lateral (B) radiographs of an OTA A3.1 noncomminuted metacarpal neck fracture, known as a Boxer’s fracture, in a 26-year- 
oldir man. It was treated by manipulation and the application of a volar slab followed by mobilization at 3 weeks. 


Distal phalangeal tuft fractures and closed diaphyseal fractures (F 0-45) tend to be stable and are often treated by local splintage for pain relief. Basal 
fractures of the distal phalanx are often unstable but can be treated in an extension splint for 4 weeks. Bony mallet fractures are treated in a similar fashion 
in a mallet splint for 4 to 6 weeks. 


Figure 10-45. Anteroposterior (A) and lateral (B) radiographs) of an OTA A2.3 transverse fracture of a distal phalanx. This was treated by manipulation and the 
application of a mallet finger splint. The patient had had a previous fracture of the base of the proximal phalanx of the little finger, which had also been treated 
nonoperatively. He had regained full movement. 


TABLE 10-7. Guidelines for Nonoperative Management for Various Lower Limb Fractures If Nonoperative Management Is Chosen 


as the Treatment Method 


Fracture Type Nonoperative Management 
Pelvis 
Insufficiency fracture (elderly patient) Mobilize as pain permits 
APC type I and LC type I Mobilize as pain permits 
Undisplaced acetabulum (except transtectal type) Mobilize as pain permits 
Proximal femur Not recommended 
Femoral diaphysis Not recommended 
Distal femur (undisplaced) Hinged knee brace for 6-8 weeks 
Patella (undisplaced) Long-leg cylinder cast or brace. Mobilize at 4-6 weeks 
Proximal tibia (undisplaced) Hinged knee brace for 6-8 weeks 
Tibial diaphysis Long-leg cast. Patellar tendon-bearing cast or brace at 4—6 weeks 
Distal tibia (undisplaced) Lower leg cast or brace for 6-8 weeks 
Ankle Lower leg cast or brace for 6 weeks 


Talus Lower leg cast or brace for 6 weeks 


Calcaneus Lower leg cast or brace for 6 weeks 


Midfoot Lower leg cast or brace for 4-6 weeks 
Metatarsus Mobilize or lower leg cast or brace for 4—6 weeks 
Toes Buddy strapping and mobilize 


“See relevant chapters for suggested management for different fractures. 


LOWER LIMB FRACTURES 


Suggested guidelines for the nonoperative treatment of lower limb fractures are shown in Table 10-7. 


Proximal Femoral Fractures 


Proximal femoral fractures are treated operatively unless the patient’s medical condition means that surgery is contraindicated. In undisplaced intracapsular 
femoral neck fractures, there is a higher prevalence of nonunion, avascular necrosis, and fracture displacement in nonoperatively treated fractures.° In 
addition, nonoperative management means that an elderly patient, often with significant medical comorbidities, is confined to bed for 4 to 6 weeks, which is 
clearly undesirable. A recent review of the literature confirms that nonoperative management is also associated with a higher mortality rate.!!6 

The main proximal femoral fracture for which nonoperative management may be the treatment of choice is the greater trochanter fracture, when there 
may be little or no displacement. In the study year, five greater trochanter fractures were treated nonoperatively. However, surgeons should be aware that, in 
older patients, there may be an intertrochanteric extension. Lesser trochanter fractures are very rare but may be treated nonoperatively. In older patients 
these fractures should be assumed to be metastatic fractures until proven otherwise. The treatment of proximal femoral fractures is discussed in Chapters 52 
to 54. 


Femoral Diaphyseal Fractures 


Femoral diaphyseal fractures should no longer be treated nonoperatively unless the patient is not fit for surgery or the facilities to allow operative treatment 
are unavailable. The results from nonoperative treatment are significantly inferior to operative management. If nonoperative management is used, then one 
of the methods of traction illustrated in Figure 10-3 should be used. There is probably no other fracture in which there is such a strong consensus in favor of 
one treatment method, and intramedullary nailing is generally used for all femoral diaphyseal fractures. The management of femoral diaphyseal fractures is 
discussed in Chapters 55 to 57. 


Distal Femoral Fractures 


There has been a significant change in the epidemiology of these fractures, which used to be considered to be high-energy fractures in younger adults. 
However, in the study year, 86.1% of distal femoral fractures followed a standing fall in a population with an average age of 70.4 years (Fig. 10-46). Many 
of the patients who present with distal femoral fractures have other medical comorbidities and treatment is based on the same principles as that of proximal 
femoral fractures with nonoperative management being mainly used for undisplaced or minimally displaced low-energy fractures in older patients. 
Nonoperative management historically was the application of a long-leg cast for about 4 weeks following which a hinged knee brace can be applied. These 
days surgeons mostly prefer a hinge brace, well fitted with restricted flexion as they are less bulky making mobilization more likely. As fractures treated 
nonoperatively are usually undisplaced, union may be fairly rapid. This is particularly true for OTA” type B partial articular fractures that are not 
infrequently undisplaced or minimally displaced. Under these circumstances a cast or brace may well only need to be used for 6 to 8 weeks. 


Patella Fractures 

It is often not appreciated that the epidemiology of patellar fractures is changing and many more are now seen in elderly patients. Nonoperative 
management can be used for the vast majority of patients who are able to straight leg raise. If nonoperative management is chosen, it usually involves the 
use of a long-leg cylinder cast or brace, which is worn for about 6 weeks. A physical therapy program is then instituted. Patella fractures are discussed in 
Chapter 60. 


Proximal Tibial Fractures 


Surgical treatment likelihood correlates with fracture severity with 40% of OTA’® type A extra-articular fractures, 67.6% of type B partial articular 
fractures, and all type C complete articular fractures being treated surgically. As with distal femoral fractures, the patients treated nonoperatively tend to 
present with undisplaced or minimally displaced fractures. If nonoperative management is used for proximal tibial fractures, a hinged knee brace should be 
applied for 6 to 8 weeks. 


A B 


Figure 10-46. Anteroposterior (A) and lateral (B) radiographs of an OTA B2.1 distal femoral fracture in a frail 82-year-old man. It was decided to manage the 
fracture nonoperatively, and reasonable function was achieved. 


The treatment of tibial diaphyseal fractures has changed considerably in the last 20 years. The treatment of these fractures was the subject of much debate 
until relatively recently. Long-leg casts, patellar tendon-bearing casts, and functional braces have all been used to treat both closed and open tibial 
diaphyseal fractures“”°°"°"»"** but the results were relatively poor and intramedullary nailing has become the treatment of choice for these fractures. 
Nonoperative management is usually chosen for patients with a stable fracture who either cannot have surgery or in whom anterior knee pain would be 
catastrophic (e.g., carpet fitters). 

If nonoperative management is to be used for an unstable tibial diaphyseal fracture, it is recommended that a long-leg cast is applied initially and that a 
patellar tendon-bearing cast or brace be applied after 4 to 6 weeks. Serial radiographs will be required to determine when union has occurred and, therefore, 
when to remove the cast. 


These are either isolated fractures of the proximal fibula, which are not associated with a proximal tibial fracture, or fractures of the fibular diaphysis. They 
do not include ankle fractures. 

Nonoperative management will depend on the site of injury. Proximal fibular fractures will usually require a knee brace for 2 weeks following which a 
hinged brace can be used for a further 4 to 6 weeks. Fibular shaft fractures are best treated in a below-knee cast or brace for 6 weeks. 


Distal tibial fractures are somewhat unusual as the prevalence of primary surgery usually increases with age. The implication from most of the literature is 
that primary surgery is the treatment of choice for most distal tibial fractures. However, some can be successfully treated nonoperatively ( 7). As 
with other fractures it would seem that distal tibial fractures in the elderly are going to become an increasing problem. 

If nonoperative management is to be used for an undisplaced or a minimally displaced distal tibial fracture, a non—weight-bearing below-knee cast or 
brace is adequate and it may need to be worn for 8 to 10 weeks depending on the speed of union. In younger patients with physeal fractures, the use of a cast 
or brace for 4 to 6 weeks is adequate. Distal tibial fractures are discussed in Cl 


It seems likely that the numbers of ankle fracture in older patients will continue to rise and, as with other fractures, nonoperative management will be 
examined as a treatment option. In a recent randomized study comparing close contact casting with surgery for unstable ankle fractures in older patients, 
19% of patients required secondary surgical treatment but otherwise the results of casting were equivalent to those of surgery with similar functional 
outcomes. 

If nonoperative ankle fracture treatment is undertaken (F 8), a below-knee cast or brace is applied for 6 weeks. Many surgeons do not permit 
weight-bearing for 6 weeks after cast application but there is no good evidence to support this regime and a recent analysis showed a wide variation among 
orthopaedic surgeons regarding the duration of non—weight bearing. 


Fi 47. Anteroposterior (A) and lateral (B) radiographs of a distal tibial fracture. Most distal tibial fractures are treated operatively but undisplaced fractures 
such as this OTA B1.2 can be treated nonoperatively. 


The implication in the literature is that all talar fractures require primary surgery and this is not an unreasonable view given the fact that most of the 
literature comes from trauma surgeons working in Level I trauma centers who are dealing with high-energy injuries in severely injured patients. However, it 
is clear that if one considers the whole spectrum of talar fractures, some fractures, particularly OTA type A fractures, can be managed nonoperatively. If 
nonoperative management is to be undertaken, the use of a non—weight-bearing below-knee cast or brace for 6 to 8 weeks is recommended. Following its 
removal a physical therapy regime should be instituted. Talar fractures are discussed in detail in 


Fractures of the calcaneus continue to cause debate among orthopaedic trauma surgeons ( ).*47^ Many surgeons understandably believe that 
reduction and internal fixation will give the best results for displaced intra-articular OTA”® type C fractures. However, it has to be said that the surgery may 
be difficult and the significant damage to the subtalar joint that often occurs as a result of the injury prevents the patient from getting good subtalar function, 
regardless of the success of the calcaneal reduction. This can lead to pain and subtalar stiffness, and as many of these fractures occur in manual workers, the 
end result may not be good. However, the alternative of nonoperative management does not give good results in displaced intra-articular fractures. 


48. Anteroposterior (A) and lateral (B) radiographs of an OTA B2.1 ankle fracture. ‘The spicule of bone under the medial malleolus suggests significant 
collateral iigamnent damage and care must be taken to ensure that the joint is correctly reduced. If nonoperative management is undertaken, it is important to obtain 
radiographs within a week to check that fracture reduction has been maintained. 


ac 


l . Three different calcaneal fractures for which nonoperative management is indicated. A: Lateral radiograph of an undisplaced intra-articular fracture. B: 
o ique radiograph of an undisplaced anterior process fracture. C: CT scan of a sustentacular fracture. All can be managed nonoperatively. 


In recent years there has been considerable debate regarding the management of OTA type C intra-articular calcaneal fractures. A study from the United 
Kingdom examined both methods of management and concluded that there was no advantage to operative management.** Complications were stated to be 
more common in those patients who were treated operatively. There have also been a number of meta-analyses of operative versus nonoperative 
management. The results are contradictory. Luo et al.’* examined seven studies and said that nonoperative management could reduce the risk of late 
subtalar arthrodesis. Zhang et al.'*? stated that when surgery was performed correctly better shoe wear and walking ability could be expected. Meena et al. 
stated that operative treatment meant that patients were more likely to resume work and had fewer problems with shoe wear. 

It is likely that surgeons will treat more elderly patients with calcaneal fractures in the future and this is suggested by Su and Cao!!* who undertook a 
study of operative or nonoperative management in 60 elderly patients. They found better function after surgery and that patients had less pain. They stated 
that open reduction and internal fixation should be performed if there was no contraindication. 


If nonoperative treatment is used for calcaneal fractures, a cast should be avoided. Patients should begin physiotherapy immediately while non—weight 
bearing. It is the author’s practice to admit the patient for A-V Impulse TM foot pumps and elevation in the initial phase. We do not use a cast, but a 
protective orthosis or boot can be helpful. Patients stay non—weight bearing for 6 weeks and then a weight bearing and physical therapy regimen is 
instituted. 


Midfoot fractures are relatively uncommon and they tend to occur in younger patients. A previous study of midfoot fractures** showed that there were four 
basic fracture types, these being avulsion fractures, shear fractures, uniarticular impaction fractures, and biarticular impaction fractures. About 45% of 
midfoot fractures are avulsion fractures that can generally be treated nonoperatively. Operative treatment tends to be used mainly for more severe fractures 
or for maintaining the length of the medial and lateral columns of the midfoot in more severe fractures or fracture-dislocations. The other indication for 
operative treatment is if the fracture is associated with a Lisfranc dislocation of the tarsometatarsal joint. Thus, more severe midfoot injuries in younger 
people, particularly males, tend to be treated operatively. Most avulsion fractures and other undisplaced or minimally displaced fractures can be treated 
nonoperatively ( ). If nonoperative treatment is used, it is recommended that a non—weight-bearing cast or brace is used for 6 weeks. The treatment 
of midfoot fractures is discussed in detail in 


Metatarsal fractures are relatively common, but there is a very low rate of primary surgery. However, only 3.2% of metatarsal fractures were treated with 
primary surgery in the study year. Further analysis shows that 78.9% of the metatarsal fractures were isolated, with isolated fractures of the fifth metatarsal 
accounting for 63% of all metatarsal fractures treated during the year (Fig ). Only 0.3% of isolated fifth metatarsal fractures were treated surgically 
compared with 10.5% of isolated second and third metatarsal fractures and 14.3% of isolated first and fourth metatarsal fractures. Ta ) shows that 
OTA type C fractures had a high prevalence of surgery. These are relatively rare fractures, but their complexity often necessitates surgical treatment. Some 
multiple metatarsal fractures or fractures associated with significant displacement or with a Lisfranc dislocation of the tarsometatarsal joint require operative 
treatment, but these are frequently associated with high-energy injuries to the foot. Stress fractures of the metatarsal are not uncommon and are also treated 
nonoperatively. 


‘igure 10-50. A: An avulsion fracture of the navicular. Care must be taken not to confuse this fracture with an accessory navicular. B: A minimally displaced fracture 
of the cuboid, Both fractures were successfully managed nonoperatively. 


Treatment of metatarsal fractures is essentially symptomatic. No treatment is required if the patient can manage to mobilize without significant 
discomfort. If the fracture is painful, it is suggested that a below-knee cast or brace be applied for 3 weeks and then reapplied if the pain continues. 
Mobilization can be allowed when the patient can manage this. 


Surgical treatment is usually confined to the hallux and intervention for other toes is rarely required. If nonoperative management is used buddy strapping to 
the adjacent toe is usually all that is needed, although the treatment is usually symptomatic and frequently no treatment is actually required. 


51. Anteroposterior (A) and oblique (B) radiographs of an OTA B2.1 fracture of the fifth metatarsal. This was managed in a below-knee brace. 


The epidemiology of pelvic fractures is changing fairly rapidly in many countries. In 2000 in Edinburgh, the average age of patients with pelvic fractures 
was 70.3 years and 15.7% were treated surgically. In the study year 2010/11 the average age was 75.6 years and 4.2% were treated with primary surgery. 
The decreasing incidence of serious fractures following road traffic accidents and the increasing number of fractures in the elderly have reduced the 
requirement for primary surgery in pelvic fractures. In the study year 82.3% of pelvic fractures followed a standing fall, this group of patients having an 
average age of 81.3 years. Overall 88.2% of the pelvic fractures were OTA”® type A stable fractures, 8.4% were type B partially stable fractures, and only 
3.4% were type C unstable fractures. 

Obviously surgeons working in Level I trauma centers will see severe pelvic and acetabular fractures that will require surgical treatment but the data 
show that the overwhelming majority of pelvic fractures in the whole population are relatively benign fractures occurring in elderly patients who do need 
surgery ( 2). Pelvic fractures that occur in younger patients that are still frequently treated nonoperatively are anteroposterior compression type I 
injuries and lateral compression injuries.*? Many sacral fractures are also treated nonoperatively. Treatment is restricted weight bearing depending on the 
degree of discomfort. Most acetabular fractures are treated operatively with nonoperative management reserved for undisplaced fractures with the exception 
of transtectal transverse fractures, which may displace later.“” Treatment is restricted weight bearing for 10 to 12 weeks and a physical therapy program. 


Very little is known about the epidemiology of spinal fractures as most spinal fractures are insufficiency fractures that occur in the elderly often without any 
obvious cause. The elderly person simply complains of increased back or neck pain and may not even see a doctor. Clearly, all of these fractures will be 
treated nonoperatively, although patients may require later procedures such as kyphoplasty. The nonoperative management of spinal compression fractures 
has been well described by Genev et al. 


Figure 10-52. An anteroposterior radiograph showing a pubic ramus fracture in an 84-year-old woman following a fall. Pelvic fractures in the elderly are becoming 
commoner and operative treatment of pelvic fractures is less frequently required. 


The management of more serious spinal injuries depends on a number of factors such as the degree of instability and the presence of neurologic 
compromise. Clearly primary surgery will be undertaken in a number of fractures but nonoperative management is commonly used. The management of 
spinal fractures is discussed in detail in Chapters 47 to 49. 


SPECIFIC FRACTURE TYPES 


PERIPROSTHETIC FRACTURES 


Increasing longevity, with associated osteopenia and osteoporosis, together with an increased use of arthroplasty and fracture fixation has led to a rapid 
increase in the incidence of periprosthetic fractures. These usually occur in older patients and can be very difficult to treat. Many periprosthetic fractures 
will be treated operatively but there is a role for nonoperative management in certain circumstances. Most periprosthetic fractures associated with 
arthroplasty will occur in the femur following hip or knee replacement. The classification and management of these fractures are detailed in Chapter 59, but 
if the Vancouver classification! of proximal femoral periprosthetic fractures is employed, most type B and C fractures will be treated operatively with 
nonoperative treatment being reserved for stable type A fractures (Fig. 10-53). The basic principle governing the use of nonoperative management is that the 
fractures should be undisplaced or minimally displaced and the implant should not be loose. If these conditions apply, type A proximal femoral 
periprosthetic fractures can be treated by a period of restricted weight bearing. 


Figure 10-53. Vancouver type A fracture around the proximal stem of a stable bipolar prosthesis. This type of periprosthetic fracture generally does not need surgical 
treatment. 


The same basic principle applies to periprosthetic fractures affecting the acetabulum or distal femur. Minor undisplaced perioperative acetabular 
fractures are sometimes caused by the insertion of hemiarthroplasty prosthesis in the treatment of proximal femoral fractures. These can be treated 
nonoperatively with a period of restricted weight bearing. More severe displaced acetabular fractures are usually treated operatively. In the distal femur, 
Lewis and Rorabeck’! type I fractures can be treated nonoperatively, as they are undisplaced and stable, but type II and III fractures are best treated 
operatively. Again a period of restricted weight bearing is used. The same principles are applied to periprosthetic patellar and proximal tibial fractures. 

Humeral periprosthetic fractures can be very difficult to treat. They occur in elderly patients and analysis of implant failure has shown that loosening is 
relatively rare.”’ Thus, the surgeon may be faced with a Vancouver type B~ periprosthetic fracture in osteopenic bone and a stable implant. An example of 
this is shown in 54 in which there had been an earlier humeral diaphyseal fracture as well. Nonoperative management may be the only realistic 
option under these circumstances. Periprosthetic fractures associated with elbow or ankle arthroplasties are treated using the basic principles of fracture 
displacement and implant stability that have already been outlined. 

In recent years there has been an increasing prevalence of femoral fractures associated with proximal femoral fracture fixation. These are most 
commonly associated with proximal femoral nails but may occur after the use of compression and dynamic hip screws. These fractures are usually displaced 
and there is little role for nonoperative management. 


Figure 10-54. A periprosthetic fracture that is virtually impossible to treat surgically. A Vancouver Type B fracture in a humerus with an old nonoperatively managed 
diaphyseal fracture in an 89-year-old woman. The shoulder was already very stiff. 
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Fig 5. Anteroposterior radiograph of a stress fracture of the proximal femur in a “fun runner.” It was treated nonoperatively with non—weight bearing for 
several weeks followed by gradual mobilization. 


STRESS FRACTURES 


There are two types of stress fracture: fatigue fractures and insufficiency fractures. Fatigue fractures usually occur in younger patients and, with the 
exception of some fractures of the proximal femur, femoral diaphysis, distal femur, and tibial diaphysis they are usually undisplaced and are managed 
nonoperatively ( ). Stress fractures of the proximal humerus, ankle, patella, and metatarsus are almost universally treated nonoperatively. The 
general principles of management are the same as described for other fractures and the same treatment regimens outlined in g and should be 
followed. Insufficiency fractures occur in abnormal bone and obviously, the most common causes for these fractures are osteopenia and osteoporosis. Many 
of these fractures are undisplaced and nonoperative management will be used. The treatments outlined in Tables 10-8 and should be followed. 


PATHOLOGIC FRACTURES 


Generally speaking, most pathologic fractures are treated operatively unless the patient has a very short life expectancy as surgical stabilization will 
diminish pain and improve the quality of the patient’s remaining life. 


TABLE 10-8. Guidelines for Nonoperative Management for Various Upper Limb Fractures if Nonoperative Management is Chosen 


as the Treatment Method 


Fracture Type Nonoperative Management 


Scapula Sling and mobilize at 2 weeks 


Clavicle 
Proximal humerus 


Humeral diaphysis 


Distal humerus 
Olecranon 
Proximal radius 
Forearm diaphysis 
Both bones (undisplaced) 
Radius only 
Ulna only 
Distal radius and ulna 
Carpal fractures 
Scaphoid 
Other carpal bones 


Metacarpal fractures 


Sling and mobilize at 2 weeks 
Sling and mobilize at 2 weeks 


Hanging U-slab or sugar-tong cast 
Brace at 2-3 weeks 


Long arm cast for 4-8 weeks 
Long arm cast for 2 weeks 


Sling and mobilize at 2 weeks 


Long arm cast. Forearm cast at 4 weeks 
Forearm cast 6 weeks 
Forearm cast 6 weeks 


Forearm cast or brace for 6 weeks 


Scaphoid cast for 6-12 weeks 


Forearm cast for 3-6 weeks 


Undisplaced Mobilize 
Displaced Burkhalter or James splint. Mobilize at 3 weeks 
Phalangeal fractures Proximal and middle phalanges 
Undisplaced Buddy strapping and mobilize 
Displaced Burkhalter, James, or aluminum splint. Mobilize at 3 weeks 
Distal phalanx Mobilize or mallet splint 


See relevant chapters for suggested management for different fractures. 


THE FUTURE OF NONOPERATIVE FRACTURE TREATMENT 


Nonoperative treatment is the most common method of treating fractures and its use is changing quickly. As with many aspects of medicine, there is a 
cyclical element to fracture management and while operative management has revolutionized fracture treatment in the last 50 to 60 years it seems clear that 
the cycle will continue and nonoperative treatment will become more popular in the future but for specific indications. With an increasingly elderly 
population there is going to be a substantial increase in the number of low-energy fractures in patients who are relatively frail. The literature has already 
started to analyze the use of nonoperative management in fractures that 10 years ago would have been treated surgically. The collective view is that there is 
a role for the increased use of nonoperative treatment because of the relatively high complication rate of surgical management in older, frailer patients and 
because this population has a reduced requirement to undertake physical activity. 


TABLE 10-9. Guidelines for Nonoperative Management for Various Lower Limb Fractures if Nonoperative Management is Chosen 


as the Treatment Method 


Fracture Type Nonoperative Management 
Pelvis 

Insufficiency fracture (elderly patient) Mobilize as pain permits 

APC type I and LC type I Mobilize as pain permits 


Undisplaced acetabulum (except transtectal type) 


Proximal femur 
Femoral diaphysis 
Distal femur (undisplaced) 


Patella (undisplaced) 


Proximal tibia (undisplaced) 
Tibial diaphysis 

Distal tibia (undisplaced) 
Ankle 

Talus 


Calcaneus 


Mobilize as pain permits 

Not recommended 

Not recommended 

Hinged knee brace for 6-8 weeks 


Long-leg cylinder cast or brace. 
Mobilize at 4-6 weeks 


Hinged knee brace for 6-8 weeks 

Long-leg cast. Patellar tendon-bearing cast or brace at 4—6 weeks 
Lower leg cast or brace for 6-8 weeks 

Lower leg cast or brace for 6 weeks 

Lower leg cast or brace for 6 weeks 


Lower leg cast or brace for 6 weeks 


Midfoot 
Metatarsus 
Toes 


See relevant chapters for suggested management for different fractures. 


Lower leg cast or brace for 4—6 weeks 
Mobilize or lower leg cast or brace for 4—6 weeks 


Buddy strapping and mobilize 


As more and more prospective randomized trials are being undertaken, the value of nonoperative treatment is coming to the fore. There are now large 
numbers of trials in the upper and lower limb that all point to the perhaps all too obvious. It’s unimportant how a fracture is held (plaster, splint, or 
metalwork) if it is well reduced. In practice for reducible fractures in compliant patients this nearly always favors operative interventions. 
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INTRODUCTION 


More than any other method of skeletal repair, external fixation is constantly changing due to fixator design, modularity, and indications. Advancements in 
plating, IM nail technologies, and wound management capabilities have dramatically changed the indications for external fixation over the last 10 years. 
However, advances in biomaterials, biomechanics, and computer-assisted external fixation technologies have, at the same time, dramatically improved the 
ability of contemporary external fixation devices to perform complex functions while reducing the well-known issues of patient tolerance and pin-related 
complications. Expanded indications dictate that these devices be applied safely and effectively by a surgeon with appropriate training in a setting suitable 
to support the patient postoperatively. This demands that the surgeon have a basic understanding of the clinical and biomechanical principles of external 
fixation as well as a creative appreciation of the unlimited potential of this methodology. 


HISTORICAL PERSPECTIVE 


External fixation dates to 3000 bc as the early Egyptians first demonstrated the ability to treat femur fractures using skeletal traction.°”7°° Around 377 bc, 
Hippocrates was the first to mention what would be considered true external fixation, when he described a method to immobilize a fracture of the tibia. This 
was accomplished by wrapping the proximal and distal tibia with Egyptian leather rings, “such as are worn by persons confined for a length of time in large 
shackles, and they should have a thickened coat on each side, and they would be well stuffed and fit well, the one above the ankle, and the other below the 
knee. Four flexible rods, made of the cornel tree (European dogwood), of equal length should be placed between the knee and ankle wrap. If these things are 
properly contrived, they should occasion a proper and equable extension in a straight line. And the rods are commodiously arranged on either side of the 
ankle so as not to interfere with the position of the limb; and the wound is easily examined and arranged” (Fig. 11-1),170-280.281 


Figure 11-1. Hippocrates “shackle” external device for maintaining a tibia fracture at length. 


The history of modern external fixation dates back to the 19th century with the famous Professor of Surgery, Jean-Francois Malgaigne’s design of a 
hemicircular metal arc that he described as the point metalliqué in 1840. This device could be strapped to the limb such that a metal “point,” more correctly 
a metal “spike,” could be positioned over a protruding fragment (usually for tibial fractures), and by tightening a thumbscrew, the point would impact the 
bone in question and help to reposition the fragment. He followed this simple device with the griffe metalliqué or “metal claw.” This was an ingenious 
mechanism consisting of a clamp that approximated four transcutaneous metal prongs for use in reducing and maintaining patellar fractures (Fig. 11-2). The 
metal points would engage the tough patellar and quad tendinous substances to obtain purchase in the aponeurotic tissues and not impaled into the bone as 
one would think. This was described in 1843, a full 12 years before the introduction of plaster casting techniques.**1>°.28! This device was also used to 
indirectly help reduce patella fractures by clamping molded gutta percha splints on the leg. Gutta Percha is a natural plastic, a polymer of isoprene that could 
be molded into a rubber-like consistency derived from the Guttal-percha tree. Its excellent mouldability and slight flexibility made it ideal for splitting 
material. Each splint was placed on the anterior skin above and below the patella and each was attached to the leg with leather straps. The claw was then 
tightened, compressing the splints and reducing the patella.?!9 The use of these splints in conjuction with the “spike” was also the forerunner of the 
technique of “pins and plaster.” He described two problems still inherent in external fixation today: first, to let the patient have access to the screw; second, 
to require a substantial force to tighten and loosen the screw, a force which caused the whole appliance to move and was very painful for the patient. The 


issues of patient compliance and frame comfort are still applicable today. 

This model of fixation was also used by Rouxco in the early 1800s, who developed a system of “pegging” a broken leg to a large traction board with 
multiple holes. Pegs were placed into the holes and against the skin to maintain overall fracture alignment. The pegs also could hold a traction strap at the 
end of the board to maintain traction on the fracture (Fig. 11-3). This could be considered the first method of “traveling traction.” The method would also 
incorporate a small spike, a point metalliqué, attached to the peg board that could be used to reduce fragments by bayonetting the bone above or below the 
fracture.” 

This concept was further advanced by Ollier, who developed a wooden posterior padded leg splint that had the ability to also use an adjustable “position 
pin” that could also be spiked into the bone to provide additional stability to the splinted reduction.52 

In 1852, Chassin modified the Malgaigne metal claw and pointe metalliqué concepts to an ingenious device that was proposed for use in displaced 
fractures of the clavicle.” It consisted of two pairs of claws and thumb screws that could be positioned on either side of the clavicle fracture length of the 
clavicle to correct the fracture displacement and also to provide a compressive reduction force (see Fig. 11-2). 

In 1850, Ph. Rigaud (1805-1881) developed a rudimentary device that used two wooden screws united by a string. As the screws were tightened into the 
bone it would also tension the connecting string thus achieving compression between the two screws. This early device was used for olecranon fractures.7°° 
The stability of this concept device was enhanced further in 1870 by L.J.B Berenger-Feroud (1832-1900) who joined the bone screws with a wooden bar.*° 
He also described anexternal fixation device used for the treatment of mandibular fractures.** These early devices using the point fixation concept provided 
the groundwork for others to devise fixation devices for a host of bones including metacarpals, metatarsals, radius and ulnas, ribs, tibia, femur, and humerus. 


ORIGINS OF MONOLATERAL EXTERNAL FIXATION 


The original description of the management of long-bone fractures suggestive of an external fixator is attributed to a British surgeon, Keetley, in 1893.4191 
In an effort to decrease malunion and nonunion of the femur, rigid pins were inserted percutaneously into the femur and attached to an external splint 
system. “A carefully purified pin of thickly plated steel, made to enter through a puncture in the skin, cleansed with equal care” was passed through drill 
holes, one in each main fragment. The two horizontal arms of each device, suitably notched along the edges, were united by twists of wire, and the construct 
was then dressed in a wrapping of iodoform gauze (Fig. 11-4). Early external fixation constructs continued to be modified and refined, but the 
improvements of Parkhill, Lambotte, and Freeman were the primary innovators that led to the first readily available devices that became widely available 
for general surgeons in practice to adopt. 


C 


Figure 11-2. Malgaigne’s point metalliqué (A) and griffe metalliqué (B), and Chassin’s modification of the “claw” for clavicle fixation (C). 


In 1897, Clayton Parkhill (1895-1897), a Denver surgeon and Dean of the University of Colorado School of Medicine, reported on the results of 14 
cases treated with an external device similar to a modern simple monolateral four-pin external fixator.2””2’8 His first case was performed in 1894, and his 
device consisted of four screws, two of which were inserted into each fragment above and below the fracture. The bone screws were then each attached to a 
“wing plate” using a simple nut connection thru a hole in the plate. The ends of the bone screws were square shaped, permitting it to be turned into the bone 
by a church key. Three sizes were developed to accommodate differential lengths of the bones being treated. The pin and wing plates were fixed together by 
additional interlocking plates and bolts. The strength of this construct was achieved by joining the four wing plates together as one unit, thereby increasing 
stability and minimizing motion at the fracture site. The clamps were also made of steel and heavily plated with silver to give it the advantage of silver’s 
antiseptic properties.! He also described the use of silver-coated threaded pins for preventing pin-tract infection. He did require supplemental plaster 
immobilization to provide additional support to the construct (Fig. 11-5). In his original account of the technique, he laid the groundwork for many of the 


concepts of contemporary modular monolateral fixators that are still used today. Parkhill treated nonunions of the femur, humerus, forearm, and tibia. He 
claimed that union of the fractures occurred in all patients. Although himself a surgeon, he would not submit to surgery for appendicitis, and his career was 
cut short when he died of the condition in 1902. 

Leonard Freeman was a contemporary of Parkhill, as both were professors of surgery in the Medical Department of the University of Colorado. Freeman 
developed his own system of external fixation, which he thought was much simpler than Parkhill’s device. Single pins were inserted above and below the 
fracture or nonunion and were connected to each other using an external metal band with wooden plate liners firmly clamping the pin shafts (Fig. 11- 
6A).!29122,123 He was the first to develop a system of standardized instrumentation to insert the pins. They were applied through very small incisions, and 
he carefully reviewed the technique of “clean” insertion using a trocar and drill sleeve to protect the soft tissues during predrilling of the fixation holes. He 
also used a “T handle” to carefully insert the pins into the bone. He recommended that the pins be inserted “at a distance from the fracture, perhaps in 
normal tissues, through small openings in the skin.” He was also one of the first to advocate the use of newly available roentgenograms to secure anatomic 
alignment. Despite his continual praise of Parkhill’s work, Freeman believed that Parkhill’s clamp and other similar ones were unnecessarily complicated 
and difficult to apply, his apparatus, conversely, was much simpler to work with.!!9-!20.122,124 He initially reported the treatment of a proximal femoral neck 
nonunion and two tibial nonunions with this technique (Fig. 11-6B).!!9 
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Figure 11-3. A: Rouxco “pegboard” as the original traveling traction device. B: Ollier’s padded split with use of a screw-in “position pin.” 


Figure 11-4. Keetley’s fixator consisted of implanted pins connected by wire, then overwrapped with gauze. 


Figure 11-5. Parkhill’s external fixator for tibia fractures. 
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Figure 11-6. A: Freeman’s fixator. B: Freeman device used to stabilize proximal femoral fractures and nonunions. 


The Belgian surgeon Lambotte (1866-1955) recognized Parkhill’s work but was unable to obtain a copy of Parkhill’s paper. In 1902, he was the first to 
apply a simple unilateral frame in a systematic fashion. He recognized that the fixation pins that protruded through the skin were remarkably well tolerated 
and could be connected to an external clamp device. He was the first to utilize threaded pins which would allow for better stabilization of the pin/bone 
interface and the bone segments they were attached to (Fig. 11-7).?!° Lambotte’s concepts and design evolved, and eventually, he devised a more complex 
system in which the protruding ends of the screws were connected to adjustable clamps linked together by a heavy external bar. This device allowed for 
frame and fracture adjustments to occur, including compression and distraction at the fracture site. This inherent rigidity permitted passive and active 
motion of the adjacent joints. He also stated that this device was conducive to dressing application of open wounds and thus initiated the use of these 
devices for the treatment of open fractures. He repeatedly attributed the decreased incidence of amputation, which previously seemed inevitable with open 
fractures, to the use of his external fixation device.?!! 

External fixation devices continued to develop with Alessandro Codivilla (1861-1912) and Fritz Steinmann (1872-1932) with their contributions at the 
beginning of the 1900s. Codivilla, in 1902, introduced a method of skeletal traction and was credited for the first use of full-pin splintage with external bars 
used in distraction osteogenesis and treatment of chronic lower extremity deformities.“ 


Figure 11-7. Lambotte’s external fixator using simple pins and a clamp device. 


In 1907, Steinmann began to use pins directed into the femoral condyles to apply skeletal traction. He enhanced skeletal traction by redirecting the 
reduction force directly onto the bone where prior to this, traction had been accomplished via the application of external plaster applied to the soft tissues to 
transmit distracting forces onto bone. This often resulted in complications including severe pain, skin necrosis, and failures. The insertion of Steinmann’s 
pins at this time was accomplished by driving the pin into the bone with a hammer. He also developed an external device to stabilize bone fragments with 
transfixion pins above and below the fracture with distraction bars connecting the pins. This device had the ability to distract and reduce a displaced 
fracture.3°8 This device is very similar to what is today considered “traveling traction” (Fig. 11-8). 

D.W. Crile developed a modification of the Thomas splint to care for fractures of the femur that occurred on the battlefields of World War I, particularly 
fractures in the proximal femur, which were difficult to treat when accompanied by extensive flesh wounds of the buttocks and hips. These cases required 
abduction as well as extension to reduce, and his device accomplished this. The “extension/abduction” splint was utilized successfully for traction but was 
quite cumbersome.*! Crile later developed a method of external fixation to maintain femoral reduction. It consisted of a pin placed in the greater trochanter 
with an attached metal sphere at the end of the pin. A large transfixion pin was placed transversely through the distal femoral condyles, and it also had a 
sphere at the end of the pin. Once both pins were inserted, an external linking device with a universal joint at each end was attached laterally and allowed 
both proximal and distal fragments to be independently manipulated through the ball joints. The device also allowed controlled distraction to bring the 
fracture out to length. In appearance, it looked like a much earlier version of the A/O large femoral distractor.8°8 


Figure 11-8. Original Steinmann pin fixator. This was the first two-pin fixator, used to stabilize and distract a fracture out to length. The “T handles” were used to 
lock the longitudinal telescoping rods out to length once the fracture was distracted and reduced. 


In Europe, Lambotte’s original concepts were expanded significantly, and in 1938, Raul Hoffmann began tinkering with the external fixators of his era, 
whose shortcomings included the need for open reduction before fixator application. He developed his own technique for fracture fixation, which he termed 
ostéotaxis, a Greek term meaning “to put the bones in place.” Hoffmann was also a Doctor of Theology and a carpenter in his free time, and his external 
fixator incorporated a universal ball joint connecting the external ball of the fixator to strong pin-gripping clamps.!”* This universal joint permitted fracture 
reduction to occur in three planes while the fixator was in place. Hoffman’s external fixation application technique was the first evidence of minimally 
invasive surgical techniques. Hoffmann could substitute a sliding compression—distraction bar connecting the pin-gripping clamps, and then 
interfragmentary compression or limb length restoration could be performed (Fig. 11-9).'!®!7! The versatility and stability of his fixator were a significant 
innovation for its time. It allowed preservation of joint motion at the adjacent joints, lowered the risk of open fracture infection due to its unparalleled 


stability, and permitted closed reduction of fractures allowing for anatomic reduction, whereas, prior devices usually required an open procedure to reduce 
the injury. 

In 1942, Hoffmann published his new technique and presented it to the French Congress of Surgery.!”! Contrary to contemporary orthopaedic myth, 
Hoffmann did not use transfixion pins. The classic Hoffmann frame used all half-pin configurations. Pitkin and Blackfeld were the first to advocate pins 
inserted through both cortices and attached to two external fixation clamps in 1931.4%768.288 

In the United States, Roger Anderson devised an apparatus for the mechanical reduction of fractures utilizing transfixing pins connected to movable 
metal yokes.° Anderson’s early concept called for application of transfixion pins that permitted multiplanar adjustment of the fracture fragments and also 
allowed compression at the fracture site. Anderson embedded the pins in plaster after securing reduction using the “fracture robot” attached to the pin 
groups, permitting multiplanar adjustment of the fracture fragments. Before this time, all external fixation devices had relied on half-pins and single 
connecting linkages. Following reduction, and casting, the limb was still held by the external device. After the cast was applied, the external device was 
removed and reused on additional patients. Later, Anderson extended this concept and designed an entire external system that connected percutaneous 
transfixion pins to bars, eliminating the need for a plaster cast (Fig. 11-10).!5° Although not the first surgeon to describe transfixion pins, he emphasized the 
benefits of early weight bearing and joint mobilization that his device afforded because of the stability of the pins. 
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Figure 11-9. Hoffmann’s multipin clamp external fixator. 


In 1937, Otto Stader, a Pennsylvania veterinarian was dissatisfied with the inadequate methods utilized at the time for treatment of long-bone fractures 
in dogs. Plaster casts were generally not tolerated by canines, with the constant biting and chewing would soften, soil, and disintegrate these materials. Thus, 
he devised a system of fracture management for use in his veterinary practice, which permitted stabilization of fractures and also allowed the independent 
reduction of fracture fragments to occur in three planes.!°>?8! He used this to treat fractures in a series of more than 1,200 dogs.*°° Stader’s work was 
observed by surgeons from Bellevue Hospital in New York. In 1937, Lewis and Breidenbach had the opportunity of seeing the Stader splint applied to a 


police dog for a femoral shaft fracture. They were much impressed by the ease of its application, the prompt and accurate reduction obtained, and the 
simplicity of the instruments. They persuaded him to adapt his fixator for use in humans and thus the Stader device was refined and enlarged for use in 
human long bones. In October 1937, the first patient was treated by this method by the fourth Surgical Division of Bellevue Hospital. Lewis and 
Breidenbach went on to report their experience with this device for treating 20 patients with long-bone fractures at Bellevue Hospital.274 They were 
encouraged by the frame’s ability to achieve excellent alignment and early ambulation without the need for adjunctive casting (Fig. 11-11). Their results 
were uniformly good with fracture union occurring in all but one patient and minimal pin-tract issues were noted.?* They were the first to describe the 
technique of placing pins as far from the fracture as possible and avoiding pins directly near the site of fracture. This was done to improve the fixator’s 
ability to gradually reduce a misaligned extremity by adjusting the device. They felt a wide pin spread increased the overall mechanical stability of the 
construct. They also were among the first investigators—along with Schanz, Riedel, and Anderson—to point out the advantages of inserting the fixation 
pins at an angle to each other (not parallel) as a means of firmer control over the bone fragments (see Fig. 11-11).?7+78° Advantages of his device included 
the ability to allow complete ambulation after application without significant pain, did not require casting, or a separate reduction device for the frame. 


Figure 11-10. Anderson device with through-and-through smooth transfixion pins, which were the case of infection as the pins loosened very quickly without the use 
of a cast to prevent translation of the pins. 


WORLD WAR II USE OF EXTERNAL FIXATION 


During World War II (WWII) there were initial favorable reports on the use of the Roger Anderson device in the European theatre where external fixation 
techniques were used at base hospitals. However, experience showed that the techniques were too specialized and time consuming for use in an active 
combat zone. Also, there was a high incidence of complications, including poor pin fixation, pin-tract infection, and localized osteomyelitis. Indeed, the 
copious purulent drainage from the pin sites of the Anderson device became so infamous that it was dubbed “Seattle serum,” after the city in which he 
worked.®155 This may have been in part because the Anderson device used smooth transfixion pins, which would, by nature, translate in the bone and be 
prone more to infection than threaded transfixion pins. 


Figure 11-11. The Stader device. 


This technique fell into general disfavor because these complications were by and large attributed to the external fixation device and not necessarily to 
the problems of treating high-energy open fractures.'°> This resulted in a directive issued to military surgeons of the United States Armed Forces to 
discontinue the use of external fixation in the European theater of WWII conflict: “This method of treatment is not to be employed in the Third Army.”1°1 

In 1941, 2 months before Pearl Harbor, Time magazine reported: “Metal splints for broken leg bones, originally invented by a veterinary (sic) for use on 
dogs, have proved so effective in treating human fractures that the U.S. Navy is now buying 1,000 of them a month.” The article informed the public that a 
veterinarian by the name of Otto Stader had developed an external fixation device that had been successfully adapted for use in people.** As a result of the 
U.S. Navy’s use of the Stader device, excellent results were reported using external fixation techniques in the Pacific conflict. These were documented by 
Shaar and Kreuz in their monograph outlining their use and results of the Stader splint.??43?5 They describe the use of this fixator for a wide variety of 
fractures including femur, tibia, humerus, forearm, and even facial and mandibular fractures. These procedures were primarily performed on evacuation 
hospital ships and away from the chaos of field hospitals. They documented its use in 157 cases of various types of fractures. In 1943, they analyzed 84 
cases of simple fractures and 21 compound fractures of tibia and fibula. No pin track infection was reported, and none of the cases went onto nonunion. 
Knee and ankle movement was restored normally, and no physical therapy was required. They advocated the Stader splint as an ideal device for treatment of 
compound and comminuted fractures of tibia. 

Similar results with the use of the Stader device were documented by the Canadian Armoured Corps beginning in 1942. They thought that pretraining 
with cadaver application and familiarity with the device were crucial factors in their excellent results. They also discussed pin insertion technique 
extensively to avoid heat generation and the development of ring sequestrum.2°° 

Following WWII, Charnley developed an external device based on the Roger Anderson device, which he used for arthrodesis. It was very simple, 
consisting of a transfixion pin on either side of the fusion site. Significant compression could be achieved by adjusting the connection devices (Fig. 11-12). 
He augmented the fusion with casts, which limited any undue motion of the fixator and resulted in successful fusion. He popularized his compression device 


to facilitate arthrodesis of shoulder, knee, and ankle joints, and this technique rapidly grew in popularity.°>°° 

After WWII, external fixation fell into disrepute in North America due to a perceived lack of rigid fixation afforded by the frames, as well as the 
frequent pin-tract infections. However, multiple reports published by Hoffmann and numerous authors from Europe and Scandinavia reported excellent 
results using this technique. These reports brought about an upsurge in the popularity of external fixators, prompting the Committee on Fracture and Trauma 
Surgery of the American Academy of Orthopaedic Surgeons (AAOS) to investigate the efficacy and indications for external fixation in clinical fracture 
management.!®° Their retrospective study in 1950 was based on 3,082 questionnaires sent to practicing clinicians who were members of the AAOS, the 
American Association for the Surgery of Trauma (AAST), and the Iowa Medical Society. Of 395 surgeons who responded, 108 (28%) advocated this 
method and thought it had a definite place in fracture management. They outlined the advantages afforded by external fixation and included decreased 
surgical risk, shorter operative times, maintenance of fracture reduction and length, and early ambulation with shorter periods of hospitalization. Some 287 
respondents had used this method sparingly and later discarded it stating that this method had many disadvantages which included pin-tract infection, ring 
sequestrum, and osteomyelitis followed by nonunion, mechanical instability, pain, and conversion of a simple fracture into compound fractures when the 
treatment failed. Thus, 29.4% thought that external fixation was not advisable except in select rare instances.!°° Over 43% of respondents had used external 
fixation at one time but had abandoned it completely by the time of the survey. Based on the results of the survey the committee determined that, while it 
may have a definite place in orthopaedic surgery, the concerns that practitioners had with the difficulty associated with these frames, as well as the prospect 
of converting a closed fracture to an open fracture, precluded their routine use. The committee concluded that any physician who contemplated the use of 
external skeletal fixation required special training under the supervision of a surgeon who had treated at least 200 cases by this method.!55332 As a 
consequence, after 1950, most American surgeons were not using this modality.!®° 


Figure 11-12. Charnley’s simple “compression” fixator for arthrodesis. 


CONTEMPORARY MONOLATERAL EXTERNAL FIXATION EVOLUTION 


As noted, from 1950 to 1970, external fixators were generally unpopular with American orthopedists, although the “pins and plaster” technique was still 
widely used for wrist and tibial fractures. In Europe, Vidal modified the original Hoffmann device from a sinlge half-pin frame to a quadrilateral frame, with 
bi-cortical trans fixation pins. This modification greatly increased its rigidity. Vidal et al. were also the first to subject the various external fixator frames to 
mechanical testing. His early work helped determine the basic biomechanical principles of frame stability and construct management. He evaluated the 
compression resistance of the Hoffmann device. The biomechanical study was carried out by attaching potentiometers to the bar portions of the frame and 
then gradually loading the frames to record the induced deformities. The results of the experiment determined that the most stable construct for the tibia was 
a bilateral frame using transfixion pins mounted in the frontal plane with three centrally threaded pins placed on either side of the fracture. Based on this 
work, the quadrilateral configuration was deemed quite stable,!5°3°4 and this served to popularize this type of construct. Similarly, Franz Burny continued 
with Dr. Hoffmann’s original concept of a unilateral frame utilizing a single connecting bar and half-pins.°° His extensive clinical experience with a half-pin 
frame documented the success of this device when treating several large series of fractures. A total of 1,421 cases of tibial fractures treated by external 
fixation between 1960 and 1977 was presented by Burny in 1979 and eventually published in 1986.°! His cases included simple fractures, open comminuted 
fractures, and infected pseudoarthroses. Simple half-pin frames were used in most cases except for highly comminuted fractures, which required more 
complex delta (triangular) configurations.°°°? This European experience in the late 60s and early 70s demonstrated that the use of external fixation not only 
could successfully treat fractures but also could be extended to the treatment of pseudoarthroses, infections, and arthrodeses. 

During the 1970s, De Bastiani developed the “dynamic axial fixator” and Gotzen the “monofixator.” These fixators comprise a large tubular single bar 
with articulating ends with large pin clusters at each end. A telescopic tubular body allows ready conversion from rigid to dynamic fixation once periosteal 
callus formation has commenced. Reduction and controlled distraction or compression can be achieved by means of a detachable compressor unit (Fig. 11- 
13). This innovation allowed the frames to be more patient friendly compared with the complex fixators of Vidal-Adrey. These frames promote axial 
loading with full-weight bearing, accentuating micromotion, and dynamization at the fracture site to enhance healing. 


Figure 11-13. Large body monotube external fixator. 


The outstanding basic science work on external fixation and the promising clinical results emanating from Europe in the early 1970s stimulated renewed 
interest in the use of these techniques in North America. This also coincided with the publication of the second edition of the Arbeitsgemeinschaft fiir 
Osteosynthesefragen (AO) Manual in 1977.1®? It should be noted that the first AO fixator was actually designed by M.E. Muller in 1952. He set forth the 
concept by which stable fixation could be achieved, only if one applied axial compression through the fixator. It was at this time that external fixation was 
recommended for the treatment of acute open fractures. Simultaneous with the recommendations found in the second AO Manual was the production of a 
new tubular monolateral external fixation system. The tubular system of the Association for the Study of Internal Fixation (ASIF) gained wide acceptance 
very rapidly, because of improved pin design and frame biomechanics as well as precise indications for its use. These factors contributed to many North 
American surgeons’ revisiting and adopting this technique, with good clinical results (Fig. 11-14). 

External fixation has enjoyed a renaissance over the last several years with the adoption of damage control orthopaedic (DCO) techniques and the 
concepts of temporary-spanning external fixation for the treatment of complex periarticular injuries. These treatment methodologies emphasize the 
application of simplistic monolateral external fixators to facilitate the initial management of complex articular injuries, or long-bone fractures in the 
polytraumatized patient.°! Their primary role is to provide fast, minimally traumatic stability to a fractured limb. This technique can be limb saving in the 
setting of high-energy trauma with soft tissue damage in the medically unstable patient and in any circumstance where definitive fracture treatment must be 
delayed. The surgeon can place half-pins independently in safe corridors without having to spend time aligning the pins with one another. The connecting 
bars are then assembled to the pins and to one another until all points of fixation are incorporated.!!® Most contemporary external fixators have clamps that 
will allow for a significant degree of freedom, and as such the pins no longer have to be placed in a perfectly aligned. Pins can rapidly be placed even 
though they are not colinear and may be out of plane with each other. Contemporary clamps can compensate for this and allow the pin-to-bar connection to 
be accomplished without displacing the fracture alignment. Minimalistic frames combined with delayed skeletal reconstruction using locking plates and IM 
nails have become the standard of care for most centers treating these patients (Fig. 11-15). 


One plane 


Figure 11-14. The “simple monolateral” modular external fixation system that helped renew interest in contemporary external fixation techniques. 


CIRCULAR EXTERNAL FIXATION 


The credit for establishing circular external fixation as a method for fracture reduction and limb lengthening has to be given to Joseph E. Bittner, MD, a 
general surgeon from Yakima, Washington. He developed a system of circular rings with transfixion wires that were tensioned by expanding a hinged ring 
with the wire attached between the hinges. As the ring diameter was expanded, the tension increased in the wires (Fig. 11-16). He published his work in a 
German science journal in 1933 and patented his device 1 year later in 1934. This was followed by a plethora of Russian and European circular fixators 
initiated first by Pertsovsky in 1938, followed by other Russian surgeons including Gudushauri and Kalnberz. Their devices all resembled Bittner’s original 
concept of circular rings with tensioned wires, 152-180 

External fixation as a modality for fracture treatment continued to remain viable in Russia following WWII. Instead of concentrating on half—pin- and 
monolateral-type configurations that were popular in the United States, their techniques continued to focus on the use of tensioned transfixion wires to 
maintain bone segment fixation. In 1948, Gavril Abramovich Ilizarov developed his version of a circular fixator, which permitted surgeons to stabilize bone 
fragments with distraction techniques and also made three-dimensional reconstructions possible. Meanwhile, Ilizarov continued to explore ways to achieve 
improved results in bone healing and patented his device in 1954. By attaching these wires to separate rings, the rings could be individually manipulated to 
provide for three planes of correction, similar to the concepts pioneered by Hoffmann, Bernie, Vidal, and Bittner. This ability to achieve precise ring 
positioning resulted in significant flexibility of the device (Fig. 11-17). The indications for his frame rapidly expanded as he perfected the percutaneous 
“corticotomy.” When used in combination with distraction, the phenomenon known as “osteogenesis” became a well-defined technique, and he was the first 
to demonstrate that distraction rather than compression can cause the healing of fractures and pseudoarthrosis. Because of the success rate he reported for 
complex problems, devices similar to the Ilizarov circular frame began emerging in other areas of the USSR.!°° The Gudushauri device was a half-ring 
(bow) designed at the Central Institute of Traumatology and Orthopaedics (CITO) in 1955. Later, the Gudushauri device was given the green light and 
became the “official” external device used in Moscow for many years. In the mid-1960s the central power structure in Moscow did not want to credit a 


simple “province” doctor from Siberia (Ilizarov) with these revolutionary concepts. 180 


Figure 11-15. A: Polytrauma patient with multiple lower extremity fractures stabilized with a modular fixator. B: The foot was incorporated into the construct using 
similar “mini” components. C: Stability was substantially increased by “double stacking” the connecting bars. 
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Figure 11-16. The original patent application for Bittner’s circular external fixator with the principle of tensioned thin fixation wires. 
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Figure 11-17. A: Ilizarov’s circular fixators using small tensioned wires attached to individual rings. Note the pins wrapped with gauze to provide stabilization of the 
pin-skin interface—“pin wraps.” B: Radiograph demonstrating bilateral tibial lengthening using classic Ilizarov thin wire frames. 


Dr. Mstislav V. Volkoff, head of the CITO, was one of the prominent figures who actively worked against universal acceptance of the Ilizarov 
methodology in the USSR. Together with Dr. Oganesyan they patented a similar device and used their prestige to promote their device for many years.®° In 
1975, Volkoff and Oganesyan published a series of patients treated with distraction arthroplasty at the knee and elbow using small transfixion wires attached 
to ring fixators. Their work went largely unnoticed in North America even though it was published in the American Journal of Bone and Joint Surgery.>°8 

Dr. David Fisher was exposed to Volkoff’s circular apparatus and designed a circular-type fixator of his own. Instead of using thin tensioned wires as 
with the Russian device, he designed a fixator construct that allowed for significant pin separation, deviation of pins at various angles, and a semicircular 
configuration using larger Schanz half-pins. He introduced many innovative concepts, including the routine predrilling of pins, uniplanar adjustment 
capabilities with the semicircular frame, and titanium and aluminum alloy materials, which provided adaptability, adjustability, and excellent 
biocompatibility. With his device he determined that fracture site stability could be increased using these circular configuration concepts, !!*!5° as well, he 
introduced the concept of adjustable telescoping rods for use in a circular fixator. This was a major advancement in that the connecting rods of his frame 
allow a physiologic piston action to occur when desired. When the rods are released, full axial physiologic loading can occur through the bone and across 
the fracture site. Because other aspects of the universal joint are not changed, no significant alteration in the ability of the frame to control bending 
(angulation) or torsion occurs. If unacceptable shortening occurs the mechanism is tightened, and the turnbuckle component of the rod is used to re-establish 
proper length passively. This condition can be maintained until stability is present.!'* Because of these and other innovations, Fisher should be credited with 
introducing circular fixation in the United States. 

As the traditional Soviet circular-type devices were quite cumbersome and complex compared with the more straightforward AO and Hoffmann-type 
fixators, in 1978, Kroner refined and modified the Russian devices by employing plastic components and transfixion pins in place of the thin wires used by 
the Ilizarov technique.27:!55179 

For many years, the Ilizarov method was restricted to the Kurgan region of Siberia. He was not truly recognized until 1967 when Olympic champion 
high jumper Valery Brumel underwent treatment with Ilizarov. In 1965, Brumel sustained a compound fracture of his left tibia in a motorcycle accident. He 
subsequently developed osteomyelitis of the entire distal fibular segment. Ilizarov performed a fibular corticotomy following resection of the infected 
fibular segment. He distracted the fibula out to length and docked with the distal lateral malleolus. Brumel was able to successfully return to competition but 
retired in 1970 as an actor and writer.! 

In 1980, however, the technique was introduced in Western Europe thanks to the persistence of world-famous Italian explorer, Carlo Mauri. Mauri 
traveled to Russia specifically for this technique and was successfully treated for an infected psuedoarthrosis of the tibia by Ilizarov. His fracture had 
occurred 10 years earlier in a mountain climbing accident. Through the friendship established by Mauri with Professor Ilizarov, the technique was 
introduced to Mauri’s initial treating surgeons, and subsequently, Ilizarov was invited to speak at the XXII Italian AO conference in Bellagio, Italy. This 


was the first clinical presentation that Ilizarov gave on his techniques outside of the “Iron Curtain.” Italian surgeons realized the significance of his methods 
and brought the techniques back to Italy under the guidance of Professor Roberto Cattaneo and his associates, Villa, Catagni, and Tentori. They began the 
first Western clinical trials with transosseous osteosynthesis utilizing Ilizarov’s fixator in Lecco, Italy, in 1981.°7-179-18° 

When the political climate in the Soviet Union changed under different leadership in the 1980s, the possibilities of the Ilizarov method that had 
previously been unrecognized in the West became more apparent. These techniques were presented at various orthopaedic meetings in Italy and other 
centers in Western Europe in the early 1980s.°7!55179.180 Victor H. Frankel (then president of the Hospital for Joint Diseases) saw the external device at a 
scientific exhibition while attending a meeting in Spain. He investigated further and eventually traveled to Kurgan to visit Ilizarov’s center along with Dr. 
Stuart Green in 1987. This began a progression of North American surgeons—notably Victor Frankel, James Aronson, Dror Paley, and Stuart Green—who 
were exposed to Ilizarov’s work. They recognized the potential of this methodology as applied to difficult contemporary orthopaedic problems and all began 
clinical applications in the mid-1980s.37:150151,154 Tn 1989, Green, who had significant expertise in treating nonunions and osteomyelitis with external 
fixation techniques, was entrusted by Ilizarov to translate his original basic science work into English; this was published in Clinical Orthopaedics and 
Related Research in 1989.177:178 

The North American experience was popularized by a small cadre of American surgeons in the late 1980s. In an effort to simplify and apply these 
techniques to traumatology, the tensioned ring concept was married to the unilateral fixator, and the hybrid external fixator was developed to address 
periarticular injuries with all the advantages of tensioned wires, while limiting the disadvantages of tethering large musculotendinous units with through- 
and-through transfixion wire constructs (Fig. 11-18).°”!54792293 However, this “advancement” had a relatively short life span because of inferior 
biomechanics. 

A significant innovation in deformity correction and precise fracture reductions was developed by Charles Taylor and others to correct complex 
deformities through the use of simple ring constructs using half-pin fixation. These “hexapod” fixators have rings interconnected and manipulated by a 
system of adjustable struts, which allow for six-axis correction of bone fragments (Fig. 11-19).9°!303.318,319 The earliest designs were from Seide and 
Taylor. Seide was the first to develop a hexapod fixator that involved 12 ball joints and six linear distractors in a hexapod configuration. Their initial 
description in 1996 was followed by a summary of their experience with 16 tibial fractures, nonunions, and malalignment.?!!3!? Dr. Taylor’s initial circular 
frames were developed in 1997 and were preassembled with the rings attached to each other by struts permanently incorporated into the frame. He also had 
design concepts integrating the six-strut mechanism into a monolateral fixator, which could provide similar adjustability. However, these initial frames were 
time consuming and problematic to apply and manipulate in surgery. 
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Figure 11-18. A: An early version of a hybrid external fixator combining periarticular tensioned wires and diaphyseal half-pin configurations. B: same hybrid frame 


on a patient with a tibial plateau fracture. C: Hybrid frame using two rings with long unsupported bars and fixation points at the far ends of the fixation construct. 
Gross instability in this frame resulted in early removal and malunion of the calcaneal fracture. 
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Figure 11-19. Dr. Charlie Taylor’s original patent application for the ring and monolateral “spatial” frames. The first frames were not modular and were difficult to 
apply. 


Designs of today’s hexapod frames derive from multiple manufacturers. They all have complete modularity with interchangeable rings and removable 
telescoping struts (thanks to Fischer), which allows for ease of application, reduction, and further frame adjustments. The development of this concept, as 
well as the ability to interface deformity correction with web-based software, has vastly simplified frame construction and patient compliance (Fig. 11-20). 

“Smart” frames are available for clinical use that allow the surgeon to preprogram the struts. Once the struts are initiated, additional patient adjustments 
are not necessary. These devices are automated and perform the prescribed adjustments at a predetermined rate and rhythm. The early versions of these 
devices are somewhat cumbersome, and frames are complex requiring an attached control box and cabling to the strut mechanism. However, as the 
components are miniaturized, it will be another big advancement for the continued comfort and compliance of the patients, facilitating the treatment of 
complex conditions. Such is the basis for contemporary circular external fixation techniques in use at this time. 


FRAME TYPES, BIOMECHANICS, AND COMPONENTS 


External fixation systems in current clinical use can be categorized according to the type of bone anchorage used: large (terminally threaded Schantz pins, 
which are screwed into the bone, or small-diameter transfixion wires drilled through bone and then tensioned. The pins or wires, and hence the bone 
fragments, are connected to one another using longitudinal bars or circular rings. Circular fixation may use threaded pins, small tensioned wires, or a 
combination of both to attach the bone to the frame. Monolateral fixation is accomplished using various diameter threaded pins; and may occasionally 
involve the use of centrally threaded through-and-through transfixion pins (e.g., calcaneal transfixion pin for an ankle-spanning frame). 


Pu 


Figure 11-20. Hexapod external fixator with multiple oblique connecting struts through which the limb segments can be manipulated for simultaneous correction of 
multiple deformities. Note the pin sponges used to compress and stabilize the pin-skin interface. 


LARGE PIN FIXATION 


Large pin fixators are attached to the bone using various sizes of terminally threaded Schantz pins. The half-pins have a wide range of diameter ranging 
from 2 to 6 mm with all intermediate sizes available. In addition, there are large-diameter pins with threads in the midportion of the device (centrally 
threaded pins), for use in transfixion-type constructs, that is, Hoffmann—Vidal configurations (Fig. 11-21). 

The biomechanical function of a monolateral frame is dependent on pin placement and orientation of the connecting bars. The ability to neutralize 
deforming forces is the most common mechanical principle exploited by external fixation. This is especially true for acute fractures accompanied by severe 
soft tissue damage.?!-32!09 Following resolution of the soft tissue injury, secondary procedures such as delayed internal fixation and bone grafting are 
performed. The primary function of fixators used in this way is to provide relative stability to maintain temporary fracture reduction and length to avoid 
collapse of the fracture construct (Fig. 11-22). This type of stabilization is reasonably “flexible.” It is nearly impossible to achieve absolute rigidity to 
achieve primary bone healing using monolateral external fixation. 

Monolateral external fixation can also be used to bring areas of metaphyseal or metadiaphyseal bone into close contact through the use of compression 
techniques. This may be useful in arthrodesis, osteotomy, or nonunion repair (Fig. 11-23).?3°.2”5 Similarly, distraction forces can also be applied across pin 
groups to effect deformity correction, intercalary bone transport, or limb lengthening. 
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. A: Large centrally threaded Schanz pin placed as a distal femoral transfixion pin in a temporary knee-spanning external fixator as seen on radiographs. 
Clinical i image Pol proximal transfixion pin and quadrilateral-spanning frame with intercalary half-pin mid tibia. B: Multiple pin types in use. C: (1) 5-mm self-tapping 
predrilled pins with a short thread length; (2) 5-mm self-tapping predrilled pin with long threads; (3) 6-mm hydroxyapatite self-drilling pin, note self-drilling tip; and 
(4) 6-mm self-tapping predrilled titanium pin. D: Multiple thread designs are used for specific purposes: (5) tapered pins facilitate subsequent pin removal; (6) self- 
drilling pins with drill-type pin tip; (7) pins with larger thread diameter suitable for cancellous bone insertion; (8) small pitch angle and narrow thread-diameter pins are 
applied in cortical bone; and (9) hydroxyapatite-coated pins improve the pin-bone interface by encouraging direct bone apposition and ingrowth. E: Newer HA coated 


pins with the coating throughout most of the pin shank (red). The proximal pin is uncoated (green). This is an attempt to stabilize the pin skin interface with tissue 
ongrowth onto shank of pin and lessen the occurrence of pin tract infection. 


No matter what the biomechanical function of the frame, the most important factor regarding the longevity and performance of the construct is the 
strength and competency of the pin—bone interface. As important as an improved pin-bone interface, however, is the realization that the surgeon must do 
everything reasonable to minimize the duration of maximal stresses at the pin—bone interfaces. Pin loosening with subsequent ae sepsis continues to be 
problematic. Many biomechanical factors have been evaluated for the prevention of pin-tract problems, including ®? +9999, 


2, 5 


e Pin geometry and thread design 
e Pin biomaterials and biocompatibility 
e Pin insertion techniques and pin—bone interface mechanics 
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Figure 11-22. Temporary spanning external fixator with “relative” fracture stability to provide a platform for soft tissue reconstruction in this sever degloving injury. 
Note pins placed in locations with intact skin. 
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Figure 11-23. A: A simple “compression” AO monolateral system constructed to achieve arthrodesis of the knee. Very similar to Charnley’s “clamp.” B: Complex 
ring external fixator to effect similar compression forces for an infected knee fusion below a preexisting femoral nail. Solid arthrodesis was achieved following frame 
nail removal, debridement, and compression treatment. 


Pin Design 


It has been determined that both the screw thread design and the type of cutting head have a significant effect on the holding power of screws. Pin core 
diameter is crucial in determining the stiffness of the frame, as well as determining the risk of stress fracture at the pin-site entry portal. The bending 
stiffness of the pin increases as a function of the pin’s radius raised to the fourth power (S = r*). Larger pins increase the risk of a potential stress riser and 
can ultimately lead to fracture.2® For example, a 5-mm pin is 144% stiffer than a 4-mm pin.!°9 Placing a screw hole greater than 20% or 30% of the bone’s 
diameter will substantially increase the risk of pinhole fracture. It is important to match the pin diameter to the diameter of the bone being stabilized. In 
general, it is recommended to err on the side of using a smaller pin diameter. 

Calculations have determined that in adult bone, a pin diameter of 6 mm is the maximum that can be used to achieve a stable implant without suffering 
the consequences of stress fracture through the pinhole itself.°%84.28632! This risk will resolve in 6 to 8 weeks through bone remodeling once the pin has 
been removed. However, the pin site does remain a stress riser until full remodeling of the pin site can occur. 

In addition to the variable diameter of the pin, the screw thread may also have differing pitch angle and pitch height. The screw design makes 
allowances for the quality and location of the bone to which the screw is applied. Pins with a small pitch height and low pitch angle are usually applied in 
regions of dense cortical bone, such as femoral and tibial diaphysis (see Fig. 11-21C). As the pitch angle increases and the curvature and diameter of the 
thread increase, the area captured by each individual thread is broader and more applicable to cancellous bone rather than hard cortical bone. Conical pins 
have been designed so that the threads increase in diameter from the tip of the pin to the shaft. This taper allows the pins to increase their purchase 
theoretically by cutting a new larger path in the bone with each advance of the pin. This conical taper also produces a gradual increase in radial preload and 
thus the screw—bone contact is optimized. Micromotion typical of a straight cylindrical screw is avoided.?!®2°5,256 Backing these conical pins out should be 
avoided, as this will cause loosening (see Fig. 11-21D). 


Pin Biomaterials and Biocompatibility 


Traditionally, external fixator pins have been composed of stainless steel, which offers substantial stiffness compared to titanium.'° Titanium has a much 
lower modulus of elasticity. However, because of the better biocompatibility afforded with titanium and titanium alloys, some investigators prefer the lower 
pin—bone interface stresses, as well as the better biocompatibility when using titanium, believing there is a lower rate of pin sepsis. Titanium alloy half-pins 
have greater recoverable deformation and less stress concentration at the pin—bone interface. Micro-CT analysis also indicated a larger and higher quality of 
newly formed bone at the pin—bone interface in titanium alloy group when compared with a pin with a titanium core and a vanadium surface coat (TAV). 
Histology demonstrated that the newly formed bone integrated well into the threads of titanium alloy half-pins. In contrast, there was a layer of necrotic 
tissue between the bone tissue and the vanadium half-pin at the pin—bone interface in the TAV group. The extraction torque values of the titanium alloy 
half-pins near the fracture line were significantly higher than the TAV pins. It appears that pins with a low elastic modulus and excellent biocompatibility 
can enhance osseointegration and reduce pin loosening.°9° 

The perceived advantages of titanium in demonstrating excellent biocompatibility may be because of the oxide layer formed on titanium implants. The 
efficacy of pins coated with titanium dioxide (TiO) for inhibition of infection was compared with that of stainless steel control pins in an in vivo study.70! 
Histomorphometrically, the bone—implant contact ingrowth ratio of the titanium dioxide—coated pin group was significantly higher (71.4%) than in the 
noncoated control pin group (58.2%). The titanium dioxide was also successful in decreasing infection both clinically and on bone histology.!”* The 
mechanism of action appears to be a photocatalytic bactericidal effect. 

New titanium dioxide pin innovations have been demonstrated with an oxide layer (~2 um in thickness) supported by an oxygen-hardened case (~15 pm 
in thickness). When the ceramic conversion—-treated pins were tested, the maximum insertion force and temperature of insertion were reduced substantially 
compared to untreated pins.°*355 These pins have increased hardness (more than three times) and effectively enhanced wear resistance of the cutting edge of 
the self-drilling titanium dioxide pins following the treatment. Antibacterial tests also revealed a 50% reduction in bacteria isolated from the titanium 
dioxide—treated pins compared with the untreated pins. These biomaterial advances demonstrated high-performance antibacterial titanium dioxide external 
fixation pins that are much easier to insert with less inherent production of microbone debris as well as improved bacterial resistance. 

This improved performance of titanium may be because of many factors including an actual bone ingrowth phenomenon seen at the pin—bone 
interface.231,251,252,255 A prospective trial examined 80 patients (320 pins) with unstable distal radius fractures who were treated with external wrist 
fixators.78°287 The pins were either stainless steel or titanium alloy. The rates of premature fixator removal because of severe pin-tract infection (5% vs. 
0%) and pin loosening (10% vs. 5%) were higher in the stainless steel pin group. The authors concluded that the use of titanium alloy external fixator pins 
in distal radial fractures may reduce pin-related complications and significantly reduce pain levels compared with the stainless steel pin fixators. 

There is early work evaluating the infection resistance that various coatings applied to titanium pins can have in reducing pin-tract infection. Both 
iodine-coated titanium pins and titanium pins coated with a fibroblast growth factor 2 (FGF-2)-apatite composite layer have shown an advantage over 
noncoated titanium pins in the reduction and prevention of pin-tract infections. None of these coated pins are yet in general clinical use, but it is clear that 
titanium as a substrate may have the ability to impart some degree of infection resistance.??8:389 

Among the many different techniques to enhance the stability of the pin—bone interface fixation, coating the pins with hydroxyapatite (HA) has been 
shown to be one of the most effective.225+253 Moroni et al.2°° demonstrated that HA-coated tapered pins improved the strength of fixation at the pin—-bone 
interface, which corresponded to a lower rate of pin-tract infection (Fig. 11-24). The HA coating provides a significant increase in direct bone apposition 
with a decrease in the fibrous tissue interposition at the pin—bone interface. There is significantly less pin loosening in studies comparing HA-coated pins 
with other pin material groups.?! These advantages of HA coating appear to be more relevant clinically when these pins are used in cancellous bone rather 
than in cortical bone.5+?5%.254 In subsequent studies, HA coating on fixator pins has been shown to be more important for optimal pin fixation than the 
particular combination of design parameters used in each pin type (i.e., thread pitch, thread configuration, tapered, etc.).?°! 

Recently, bisphosphonate-coated stainless steel pins have also been found to provide exceptional metaphyseal fixation, similar to that of HA coatings.°°* 
The debate of HA versus titanium dioxide external fixation pins as prophylaxis against infection continues to be a dilemma. In a randomized prospective 
study that evaluated pin-related complications in external fixators applied for unstable wrist fractures,?”? no definitive superiority of either was 
demonstrated. There was a trend toward a superior pin—bone anchorage with minimal loosening when using HA pins, but also demonstrated a tendency for 
increased minor pin-track infections. 

Stofel et al. evaluated HA-coated and uncoated stainless steel pins in a prospective, multicenter, nonrandomized, comparative intervention study among 
patients undergoing surgical treatment with external fixators. Pin track infection occurred in 45.7% and 48.5% of patients, respectively (P = .0887). The 
probability of developing infection was not statistically higher among those who received uncoated pins compared to those who received pins coated with 
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Figure 11-24. A: HA pin demonstrating significant ingrowth of bone into each individual thread. B: The solid pin-bone ingrowth interface afforded by the HA pins is 
stable such that failure occurred above the threads and bent the pin. The pin did not loosen. 


Overall their external fixator pin infection rates were similar when using HA coating and standard steel pins. 

A recent meta-analysis reviewed the clinical benefits of using HA-coated pins.* Four randomized controlled trials (RCTs) (101 patients, 327 HA-coated 
vs. 354 uncoated pins) were included in this review. None of the studies demonstrated a clear benefit between pin types with respect to loosening of pins 
prior to healing. Several of the studies discussed higher extraction torques and lower rates of pin loosening with HA coating, but there was little evidence to 
suggest that these biomechanical advantages translate to a lower rate of pin-tract infection. A larger metanalysis reviewed multiple studies comparing 
stainless steel pins and pins coated with HA, titanium, and silver, including three meta-analyses, comparing stainless steel versus silver pins, stainless steel 
versus HA-coated pins, and titanium versus HA-coated pins. None of the pins in this analysis resulted in statistically significant difference in the 
development of pin-tract infections in types should be selected based on indications.’** Based on all the studies at hand, if the desire is to maintain a long- 
term frame for complex reconstructions, HA pins appear to have the advantage of improved fixation and lower rates of revision, even in elderly bone with 
poor bone quality.*°? In cases in which infection is the primary concern (i.e., diabetes, osteomyelitis), titanium dioxide pins appear to be more infection 
resistant and may be the pin of choice for those indications. 


Preloading the implant—bone interface has an effect on pin loosening. Radial preload prestresses the pin—bone interface in a circumferential fashion rather 
than in just one direction.”®3? Fixator pins can be placed with a slight mismatch in the core diameter versus the diameter of the pilot hole. The small 
mismatch increases insertion and removal torque, with a decrease in signs of clinical loosening. There is a point at which a mismatch of greater than 0.4 mm 
can result in significant microscopic structural damage to the bone surrounding the pin. High degrees of radial preload or large pilot hole thread diameter 
mismatch will exceed the elastic limit of cortical bone, with subsequent stress fracture. Thus, the use of oversized pins producing excessive radial preloads 
must be questioned.*®!*°-!88 Deterioration of bone properties because of aging and disease can lead to an increase in the risk of pin loosening. Fixator 
modifications when treating elderly patients such as the use of three, rather than two, half-pins on either side of the fracture have been recommended.” 
Additional recommendations include the use of small tensioned wire constructs in severely osteopenic individuals as a means to avoid pin—bone resorption 
and subsequent loosening. The volume of resorbed bone at all wire—bone interfaces decreased with an increase in wire pretension. The absence of 
continuous cortical thickness resorption offers an explanation for the clinical observation that Ilizarov ring-wire fixation can provide stable fracture fixation 
even in a bone with high porosity.”” 
Screw insertion technique also has an effect on the pin—bone interface. The pins typically come in two types, predrilled pins and self-drilling pins (see 
). Predrilled pins by their name require a drill to be used to produce a pilot hole prior to insertion of the pin. The pilot hole has a diameter equal 


to or somewhat less than the core diameter of the pin itself.’°°*! Predrilling using very sharp drills to remove the root diameter of the pin minimizes the risk 
of thermal necrosis and subsequent bone damage.°° An atraumatic pin tip is used to avoid penetrating structures on the far cortical side of the pilot hole 
Predrilling is performed with a power drill, and the pin is inserted by hand again to avoid thermal necrosis. The use of self-tapping cortical pins allows each 
thread to purchase bone as the pin is slowly advanced.””°” 

Self-drilling pins have a drill tip point and are driven under power into the bone to engage the threads in cortical or cancellous bone. There is some 
concern that when using self-drilling pins, the near cortex thread purchase may be stripped as the drill tip of the pin engages, but does not efficiently 
advance into the far cortex. As the drill tip on the pin spins to cut the far cortex (but does not advance), the newly purchased bone in the near threads is 
stripped and the pin stability is compromised. Some studies indicate a 25% reduction in bone purchase of self-drilling, self-tapping pins compared with that 
of predrilled pins.2° This is also accompanied by a marked increase in the depth of insertion required to achieve a similar pin purchase or pin “feel,” when a 
self-drilling pin has a long sharp-tipped drilling portion adjacent to the actual threads.?2” To have both cortices engaged with full threads, the pin must be 
advanced through the far cortex enough to capture the fully threaded portion of the pin and avoid the tapered drill tip. This may leave the tip of the pin 
“proud” for 2 to 3 mm, which may be problematic in certain anatomic areas where neurovascular structures are directly adjacent to the bone. 

The potential disadvantages of self-drilling pins are increased heat of insertion, increased microfracture at both cortices (specifically at the near cortex 
with increased bone resorption), and subsequently decreased pullout strength with decreased insertion and extraction torque.’”2°° However, with the 
development of newer self-drilling cutting tips with fluted shafts, the phenomenon of decreased pullout strength is now debatable. A cadaver study by 
Oliphant et al.2°° evaluated the detrimental effects of self-drilling pins when placed with and without predrilling the cortices. They did not observe a 
significant biomechanical advantage of predrilling for modern external fixator pins when used in normal bone with bicortical insertion. Additionally, the 
near cortex of a pin inserted into two cortices without predrilling did not exhibit a substantial stripping effect of the near cortex. 

Using both clinical and laboratory studies, Hutchinson et al. investigated whether predrilling before insertion of external fixation pins is necessary for 
pin insertion techniques. Their study included 50 consecutive external fixators (4.0- and 2.5-mm pins) using 100 predrilled and 100 direct-drilled pins 
placed in a randomized manner. There was no increased incidence of pin track infection or other pin problems with the direct-drilled technique. There were, 
however, significantly elevated temperatures with the direct-drilled technique. The authors therefore recommend predrilling even though the temperature 
differences were not clinically evident. 176 

Studies have noted elevations of temperature on heat of insertion with a direct drill technique, where temperatures in excess of 55°C can occur during 
insertion of self-drilling pins.2°9 The considerable amount of heat around the pins is primarily generated from bone debris and higher insertion speeds.!5° 
Temperatures that exceed 50°C can result in cell death leading to an increased risk for pin-site loosening. A comparative study assessed if the presence of 
irrigation, slower insertion speed, and insertion force impacted the insertion temperatures of standard predrilled and self-drilling external fixation half pins. 
The results demonstrated that adding irrigation to the standard pin insertion significantly lowered the maximum temperature (P < .001). Applying irrigation 
during the self-drilling pin tests dropped the rise in temperature by an average of 30° C. When the self-drilling pin insertion torque was decreased 
considerably from 360 to 60 rpm, the temperature decreased significantly averaging 40°C. The authors concluded that the standard pin had lower peak 
temperatures than the self-drilling pin for all conditions. Moreover, slowing down the insertion speed and adding irrigation helped mitigate the temperature 
increase of both pin types during insertion.”4 Thus no matter which pin type is selected, correct technique of insertion is important and should include 
coolant irrigation, and lower torque insertion speed and force when inserting either type of pin.!48:25%383 The complication of thermal necrosis with 
secondary loosening and poor surgical outcome is influenced by thermal osteonecrosis of bone resulting in the resorption of nonviable bone and is a 
practical concern (Fig. 11-25). Clinically, however, an increased incidence of pin-tract infection or other pin complications associated with the use of self- 
drilling pins has yet to be confirmed.?7° 


SIMPLE MONOLATERAL FRAMES 


Monolateral frames have individual separate components including separate bars, attachable pin bar clamps, bar-to-bar clamps, and separate Schanz pins. 
“Simple monolateral” frames allow for a wide range of flexibility with “build-up” or “build-down” capabilities. Components are available in various sizes 
and pin clamp configurations including “mini” configurations for the stabilization of smaller areas of involvement such as for the fingers, wrist, and hand, as 
well as foot and ankle involvement (Fig. 11-26). As noted above, pin diameters should be undersized especially when stabilizing lesser diameter bones. This 
allows the surgeon to apply a frame specific to the clinical and biomechanical needs of the pathology addressed. In an effort to streamline inventory and 
simplify the application of frames, there are two traditional clamp functions: (1) pin-to-bar clamp connecting the Schanz pins directly to the fixation bar, and 
(2) bar-to-bar clamp that connects only bars to other bars. In an effort to streamline inventory and simplify the application of frames, most manufacturers 
now have a “combination clamp” that allows attachment of any combination of pins to bar, or bar-to-bar, in the same clamp. These function well and may 
decrease the inventory for institutions that do not do a high volume of external fixation constructs. However, they are more expensive than the single- 
function pin-to-bar or bar-to-bar clamps that are also available (Fig. 11-26D,E). 

Stability of all monolateral fixators is based on the concept of a simple “four-pin frame.” Pin number, pin separation, and pin proximity to the fracture 
site, as well as bone—bar distance and the diameter of the pins and connecting bars, all influence the final mechanical stability of the external fixator frame 
(Fig. 11-27). 

Most simple monolateral frames allow for individual placement of pins prior to the application of the connecting bars. This permits the surgeon to place 
pins out of the zone of injury or away from the fracture hematoma. Contemporary pin-to-bar clamps have multiple degrees of freedom built into the clamp, 
which allow a single bar to attach to all four clamps while still retaining the ability to reduce the fracture. The pins do not have to be placed in precise 
alignment as was required by earlier monolateral frame designs (Fig. 11-28). If orthogonal pin placement is contraindicated because of soft tissue or other 
concerns, the fractures can still be reduced by simply adding additional connecting bars and using the proximal and distal pin groupings as reduction 
handles. Once reduction is achieved, the bar-to-bar connecting clamp is tightened and reduction maintained (Fig. 11-29). 
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Figure 11-25. A, B: Distal tibial nonunion with varus deformity following failure of hybrid external fixation. Self-drilling pins utilized in the diaphysis resulted in a 
ring sequestrum at the proximal pin site. Sclerotic bone at prior pin location, with circumferential lucency characteristic of ring sequestrum. This complication required 
excision of the infected sequestrum. C: Clinical appearance of a chronic pin infection. D: Ring sequestrum removed at time of debridement. Previous location of a 
small tensioned wire that developed a chronic pin tract infection with sclerosis (arrow) and deep sequestrum (circle) as demonstrated on CT (E) and 3D reconstruction 


(F). 


Figure 11-26. A: “Mini” monolateral frame used to span an ankle. B, C: A Monolateral external fixator used to reduce a complex tibia with compartment syndrome. 
Note two separate clamp types for frame connections: that is, separate pin-to-bar clamp and separate bar-to-bar clamp. D: Simple triangular ankle-spanning fixator 
across a distal tibial injury, with a transfixion pin through the calcaneal tuberosity and two mid-tibial half-pins. This maintains the reduction but is not rigid and 
requires additional temporary splinting. E: This fixator uses a multipin clamp with a fixed pin distance and “outrigger” wings to attach connecting bars. Both styles use 
“universal clamps,” which combine a pin-to-bar configuration and a bar-to-bar connection capability within a single clamp. 
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Figure 11-27. Factors affecting the stability of monolateral external fixation include pin distance from fracture site, pin separation, bone—bar distance, connecting bar 
size and composition, pin diameter, pin number, and pin—bone interface. A, pin to center of fracture; B, pin separation; C, bone—bar distance. 


Simple four-pin system rigidity can be increased by maximizing pin separation distance on each side of the fracture site as well as increasing the number 
of pins used. In the case of a four-pin system, two pins on each limb segment with maximal pin spread, and minimizing the bone-connecting bar distance 
also increases stability (see Fig. 11-27).7°°.269 Behrens found that anteriorly placed frames best neutralized the anteroposterior (AP) and transverse-bending 
moments in a tibia fracture model. He concluded that an anteriorly placed tibial fixator could control most of the significant clinical forces that the leg 
would experience. He demonstrated that satisfactory unilateral configurations are easily built using the “four-pin frame” as a basic building block (see Figs. 
11-27 and 11-28).3°-32 

Gasser et al.!*9 noted that the bending stiffness of unilateral fixators was dependent on the plane of the half-pins and the plane of loading with anteriorly 
mounted frames providing greater bending stiffness to anteroposteriorly directed bending forces. In contrast, when these frames were loaded out of plane, 
with varus—valgus and torsional forces, they had poor control of the bone fragments with significant motion at the fracture. Both Beherns and Gasser agree 
that more stability would be obtained from a multiplanar system, by adding an out-of-plane monolateral frame. When subjected to axial loading, the 
unilateral frames demonstrate cantilever bending with asymmetric loading at the fracture site. This eccentric loading is accentuated when a monolateral 
frame is combined with a ring construct at the metaphyseal ends of the bone. So-called hybrid frames served only to emphasize this cantilever loading with 
weight bearing (see Fig. 11-18B).79”2% 

Mechanically, the most effective are “delta” plane configurations, when two simple four-pin fixators are applied at 90-degree angles to each other and 
connected (Fig. 11-30). However, single- and double-stacked bar anterior four-pin frames have the best combination of clinical and mechanical features 
(Fig. 11-31).245.346 

These complex delta frames allow for gradual frame removal on a rational basis to slowly transfer more load to the bone. This stepwise frame reduction 
leads from the most rigid unilateral constructs to frames that allow the most complete force transmission across the fracture site while still providing 
adequate protection against sagittal-bending movements.*°? Studies have shown that a unilateral biplanar delta frame without transfixion pins has an 
overall rigidity equal to a bilateral transfixion—type device.“ 


A, B Cc 
Figure 11-28. A: The versatility of a monolateral frame is demonstrated. Pins can be positioned out of plane with respect to each other. B: A solitary connecting bar 
is able to connect to all pin—bar clamps. C: Reduction can be accomplished by manipulating each limb segment and then tightening the clamps to lock the reduction in 
place. 


Figure 11-29. A: A tibia fracture is grossly reduced and two pins each placed above and below the fracture. B: Each two-pin segment is connected with a single bar. 
The reduction is fine adjusted and the two bars are connected to each other to lock in the reduction. C: Final postreduction x-ray demonstrating two pins in each limb 
segment. D: Four-pin monofixator with pins out of plane to each other. E: Final reduction with four-pin frame. 


Double stacking can significantly increase construct stiffness. This was demonstrated in a simple knee-spanning construct in which a double-stacked 
frame was compared to single bar.7° Double bars were most effective in increasing resistance to bending, particularly under AP bending loads (see Fig. 11- 
26B,C). AP bending was increased by (109%), mediolateral bending (22%), axial compression (150%), and torsion (41%), all of which were significant (P 
< .05).245 

Desai also demonstrated increased construct stiffness of a knee-spanning configuration when using a double stack frame with pin-to-bar clamps oriented 
with pins in a far—near, near—far pin design. This was compared to constructs with a single stacked bar and four pin-to-bar clamps that had a similar average 


stiffness to a construct with two stacked bars and two multipin clamps. Pin-to-bar clamps with a double stack crossbar result in a stronger knee-spanning 
construct compared to constructs using multipin clamps. This demonstrates a possible advantage of placing individual pins on either side of the leg as far 
from the pathology as possible, in combination with pins as close to the pathology on either side as can safely be applied—the so-called near—far pin 
orientation® (Fig. 11-32). 


Figure 11-30. A: A delta configuration is composed of two “simple” four-pin frames connected at 90 degrees to each other. B: Fracture stabilized with modified delta 
configuration with two out-of-plane half-pins on either side of the fracture and two connecting bars. Note soft tissue recovery afforded by the external fixator. 


Figure 11-31. A-C: Double stack anterior frame with two bars connecting the pins. This configuration confers the best overall stability in all planes with the simplest 
application format. D: Infected femoral shaft fracture stabilized with double stack frame and three pins per limb segment, spanning the entire femur with a large pin 
spread. 


When the connecting bar to bone distance increases, implant stability decreases. This is clinically significant when dealing with patients who present 
with wide areas of soft tissue compromise, which may preclude the ability to place the connecting bar close to the subcutaneous border of the bone. To 
counteract this, a standard four-pin fixator can be augmented by increasing the number of pins applied in each fracture segment (see Fig. 11-33).*° 
Alternatively out-of-plane pin insertion can also improve the mechanics when orthogonal pins due to soft tissue concerns are contraindicated. By simply 
increasing the diameter of the connecting bars, significant increase in stiffness properties under bending and torsion loads is demonstrated.??3 Increasing the 
connection bar diameter a small amount, from 8 to 11 mm (37%), increased stiffness of a knee-spanning fixator by 191% in AP bending. 198-245 

Bar diameter has a large effect on the stability of monolateral external fixators. As an increase in stiffness of up to 191% in AP bending can occur with 
only an increase in bar size of only 37.5%. This finding might allow clinicians to use less expensive frames constructed of a single larger bar, compared to 
multiple smaller double-stacked bars, without sacrificing construct stiffness. 198 

Modular monolateral fixator systems are now providing larger diameter connecting bars as a means to provide enhanced construct stiffness. This has 
become an essential requirement to preserve fracture reduction, particularly in active and overweight patients (Fig. 11-34). 

The connecting bar material has a significant effect on overall frame stability. Kowalski et al.2°* demonstrated that carbon fiber bars were approximately 
15% stiffer than stainless steel tubes, but an external fixator with carbon fiber bars achieved 85% of the fixation stiffness compared with that achieved with 
stainless steel tubes. They felt that the loss of stiffness of the carbon fiber construct was likely because of the clamps being less effective in connecting the 
carbon fiber rods to the pins. 

The weakest part of a monolateral system is the junction between the fixator clamp and the Schanz pins. Insufficient holding strength on a pin by a 
clamp may result in a decrease in the overall fixation rigidity, as well as increased motion and cortical bone reaction at the pin—bone interface.!? Cyclic 
loading of external fixators has been shown to loosen the tightened screws in the pin clamps. Thus, one needs to be aware of the mechanical yield 
characteristics of the clamps, bars, and pins throughout the course of treatment.!°° Because of the gradual fatigue of components, loosening of pin-to-bar 
and bar-to-bar connections can occur and an increase in fixator discomfort and the subtle development of a pin site infection may follow. An unstable frame 
due to clamp “creep” is a primary cause of construct instability and the development of infection at the pin—bone interface.*”? Because of these issues the 


clinical practice of regular tightening of the device during the course of treatment should be routine. Studies examining fixators have documented that many 
clamp mechanisms tend to deteriorate over time as reuse continued. Because of the unpredictable nature of clamp degradation, they cautioned against 
repeated use. Clinicians should consider reuse of external fixator clamps with the knowledge that repeated use degrades clamp mechanical 
performance. !00,164,385 


Monotube Fixators 


The other major category of monolateral frames is a more constrained fixator that is supplied preassembled with a multipin clamp at each end of a long rigid 
tubular body. The telescoping tube will allow for axial compression or distraction of this so-called monotube-type fixator. Simple monolateral fixators have 
the distinct advantage, compared to monotube, of allowing individual pins to be placed at different angles and varying obliquities while still connecting to 
the bar. This is helpful when altering the pin position relative to the areas of soft tissue compromise.*? The advantage of the monotube-type fixator is its 
simplicity. Pin placement is predetermined by the multipin clamps. Loosening the universal articulations between the body and the clamps allows these 
frames to be easily manipulated to reduce a fracture. Similarly, compression (dynamization) or distraction can be accomplished by a simple adjustment of 
the monotube body (Fig. 11-35). 

Stability of the large monotube fixators is obtained in a distinctly different way compared with that of simpler monolateral fixators. Most monotube 
fixators have a fixed location for their pins mounted in pin clusters. These are connected to the body and thus the ability to vary pin location is substantially 
less when compared with simple monolateral fixators. Because the pin clusters are fixed at either end of the monotube body, the ability to maximize pin 
spread in relation to the fracture site is limited by the monotype body’s length. There is little variability in lowering the large monotube connection bar 
closer to the bone in an effort to increase stability. These frames are very stable and accomplish their inherent rigidity by having a large-diameter monotube 
connecting body, which are typically three to four times the diameter of the simpler monolateral connecting bars. Because of the large body configuration, 
these devices offer higher bending stiffness, as well as equal torsional stiffness and variable axial stiffness when compared with standard Hoffmann—Vidal 
quadrilateral frames with transfixion pins (see Fig. 11-35).*°6,167,183 The rigid monotube fixators have been very useful for lengthening and deformity 
correction procedures of the humerus and femur in particular. These fixators offer several advantages over other types of fixators in these locations. Ease of 
application and the need for fewer pins are advantageous when dealing with the bulky soft tissue envelope and muscle compartments in these locations. It 
has been shown that patients can perform their day-to-day activities with the fixator in situ much easier than using circular frames for the same 
indications.” Newer monotube designs allow for the simultaneous correction of deformity in multiple planes. These frames have ball joints at either end 
connecting the large fixator bodies to their respective pin-clamp configurations. There has been concern about the ability to achieve stability because of the 
ball-locking mechanism. Chao determined that the ball joint locking cam and fixation screw clamp required periodic tightening during clinical application to 
prevent loss of frame stiffness under repetitive loading. However, frank clinical failure with these types of ball joint devices has not been demonstrated (Fig. 
11-36),14,62,167 


Figure 11-32. Knee-spanning frames with various configurations, provide of which adequate strength to facilitate soft tissue recovery and fracture/joint relative 
stability. A: Multipin clamps with “outriggers” connecting the bars. B: Double stack frame using “universal clamps” to attach pins and bars with the same clamp. C: 
Solitary bar spanning the knee with separate pin/bar clamps. D: Double stack knee spanning frame using separate pin—bar and bar to-bar clamps. 


Figure 11-33. A: Increa: ng construct stability by placing connecting bars closer to the anterior skin and adding an additional bar. B: Similar construct with additional 
bars and pin wraps to stabilize the pin skin interface to help prevent infection. 
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Figure 11-34. A large body monotube fixator, achieving mechanical stability by the use of a large diameter connecting bar and wide pin separation on either side of 
the limb segment in addition to multipin clamps. 


In an attempt to provide the convenience of a monotube multipin clamp, most monolateral manufacturers now provide a large clamp that can 
accommodate four to six Schanz pins applied directly through the clamp as a template. These clamps are then connected to the separate monolateral bars 
and other modular components through the use of outriggers. These frames attempt to combine the ease of pin insertion with excellent biomechanics (see 
Figs. 11-26E and 11-32A).*”! The disadvantage of a multipin clamp with an outrigger is the higher cost when compared to the large “combination clamps” 
as previously discussed. However, the combination clamps are still more expensive than the individual pin-to-bar or bar-to-bar clamps. Clamps are the 
major contributor to cost for each comparable frame. The “combination clamp” may be substituted for a multipin clamp, which is less expensive, resulting 
in significant cost savings as well as the other advantages of ease of pin application and frame construction.?”° 

A similar study compared mechanical stiffness and costs of a traditional pin orientation of near—far and multipin-to-bar constructs commonly used for 
temporary external fixation of femoral shaft fractures. The near—far construct had two pins that were 106 mm apart, placed 25 mm from the gap on each side 
of the fracture. The multipin-to-bar construct pins were 55 mm apart, placed 40 mm from the gap. Stiffness was determined for both constructs in four 
modes: axial compression, torsional loading, frontal plane 3-point bending, and sagittal plane 3-point bending. Costs were determined from a contemporary 
price guide. Compared with the traditional near—far construct, the multipin-bar construct had stiffness increased by 58% in axial compression (P < .05) and 
by 52% in torsional loading (P < .05). The mulitpin-to-bar construct increased cost by 11%. In contrast to existing orthopaedic dogma, the near—far 
construct was less stiff than the more expensive multipin-to-bar system*®° (see Fig. 11-32). 

Use of the pin-bar construct is mechanically and economically reasonable if the needs of the patient are met. Numerous construct designs exist, and even 
small changes can significantly impact cost. Knowledge of component cost is low among staff and trainees. Education of component cost is vital to allow 
adequate consideration of construct design prior to fixator application.?7° 


Figure 11-35. A: Large monotube fixator with fixed pin distances on each side of the fracture. Stability achieved with a large diameter connecting bar that allows 
controlled dynamization. B: Articulated connecting elements allow for precise reduction of the fracture and controlled stability of the fracture during subsequent 
procedures (flaps, grafts, antibiotic beads). 


Insufficient holding strength on a pin within a constrained pin clamp may result in the diminution of the overall construct rigidity, as well as pin 
movement at the pin—bone interface. This is a distinct disadvantage of the multipin clamp compared with the single component for monolateral frames 
where each pin has its own pin—bone clamp interface.'* With monotube fixators, the use of six pins increased torsional rigidity, but the configuration failed 
at lower-bending loads when compared with the four-pin configuration, reflecting the uneven holding strength of the large multipin clamp on three pins.14 


Figure 11-36. Ankle-spanning monotube fixator allows for ankle distraction as a temporary spanning frame, and then can be used for additional procedures (ORIF). 
The use of ball joints is a potential source of instability but is controlled by the large diameter connecting bar and multipin clamps. 


Monolateral Pin Orientation and Frame Stability 


The rigidity of a half-pin system is maximal in the plane of the pins and is minimal at right angles to this plane. Thus, a simple four-pin frame placed along 
the anterior border of the tibia will resist the anterior and posterior forces generated with normal stride, whereas this frame is weakest in mediolateral 
bending.?48:351.381 This demonstrates the biomechanical advantages of adding an additional two to four pins perpendicular (90 degrees) to the anterior pins 
(see Fig. 11-30). 

Stability is also improved when the pins are placed in a nonorthogonal position (i.e., not at 90 degrees to the long axis of the tibia).°°° If half the pins are 
oriented out of plane in relation to the remaining pins, this decreases the overall strength of the construct in the primary plane of the pins; however, this 
would be compensated for by increasing the strength of the construct in the plane at right angles.°°**+ Thus, overall frame rigidity would be improved. 

Shear and Eagan demonstrated that a system in which the pins were placed at 60 degrees to each other offered substantial mechanical advantages. This 
increase in torsional rigidity is maintained at 30 degrees of pin divergence angle, after which torsional stability rapidly decreases. With only a 10-degree 
separation between the pin angles, displacement and response to torsional stress were reduced by 97%. The effects on compressive forces are much less. 
When fixator pins are spread out, the fixator is 91% stronger for resisting angular displacements and torsion compared with the traditional monolateral 
orientation.3?” However, preferable to merely reducing rigidity in all planes is the production of a frame that more closely mimics the biomechanics of 
normal bone. An external fixator that allows an offset pin angle of 60 degrees demonstrates the ability to equalize forces in the sagittal and coronal planes, 
providing mechanical stimuli much closer to those normally encountered in the sagittal and coronal planes (Fig. 11-37A).°69:247:268,269,317,327 

Many investigators are currently examining alternative pin placement as a way to achieve maximal fracture stability with relative frame 
simplicity.2°-3247,348,351,381 A simplified two-ring circular frame utilizing three 6-mm half-pins has been shown to increase circular frame stability 
compared with more complex ring constructs. The pins for these simple frames were applied at divergent angles of at least 60 degrees to the perpendicular. 
These divergent 6-mm half-pin frames demonstrated similar mechanical performance compared with standardized multiple tensioned wires and 5-mm half- 
pin frames in terms of axial micromotion and angular deflection.7!® 

The stiffness characteristics of a simple hexapod fixator stabilized with 1.8-mm transverse wires or HA-coated 6.5-mm half-pins in 45-, 60-, 75-, and 
90-degree divergence angles were performed. There was an increase in axial and torsional stiffness with the increase in the divergence angle between the 
wires or pins (P < .05). The simple half-pins provide greater stiffness to these frames and allow for axial micromotion as well.!°” Thus the clinical decision 
making regarding the use of tensioned transverse wires in comparison to half-pins when using a circular fixator can be based on soft tissue or bony 
constraints without fear of inferior biomechanics with half-pin frames. Many surgeons who use circular fixators insert wires when they are most 
advantageous, in metaphyseal and juxta-articular locations where they are less likely to cut through. Similarly, Schanz pins are used when they are most 
advantageous, in diaphyseal bone where they provide excellent purchase with less risk of infection. 

A biomechanical model investigating the strain that occurs at a fracture site with a traditional tensioned wire Ilizarov frame was compared to the strain 
that occurs with a similar frame with half pins substituted for the tensioned wires. With this model, Henderson found that the appropriate use of half-pins in 
substitution for tensioned wires, may reduce levels of harmful shear strain during physiologic loading of circular frames without altering the fracture site 
mechanical environment. Thus, the thought that half-pin circular frames are somehow detrimental to fracture or regenerate healing is unfounded.!®8 Half-pin 
use in a ring fixator construct has a substantial influence on the biomechanical performance of an Ilizarov external fixator. Half-pins induce greater stiffness 


to the Ilizarov external fixator and allow the usage of only one ring per bone segment, hence the ability to simplify circular frame creation with half-pin 
configurations.!°? Yet some surgeons remain steadfastly devoted to the use of all tensioned wires, despite the absence of any data demonstrating an 
improvement in clinical results with their use. 

The spread of fixation is critically important to recognize, and surgeons should be aware of the concept of working length as it applies to fracture 
stabilization and frame construction. The fixation needs to be adjusted to obtain the optimal biomechanical and biologic environment,?%** regardless of 
whether half-pins or tensioned wires are used. Based on the available evidence, the mechanical performance of simplified divergent half-pin frames are 
equivalent, if not superior, to the traditional transfixion wire frames. Surgeons can now reliably increase frame stability by simply placing pins out of plane 
to the long axis of the bone (Fig. 11-37B—F). 

Frame stability is most problematic when treating highly comminuted fractures or fractures with significant fracture obliquity and increased shear 
stresses.2®4 Standard half-pin application with pins placed perpendicular to the long axis of the bone fails to oppose the shear force vector directly, because 
the pins are placed oblique to the shear force vector, and thus do not neutralize the cantilever forces induced by this standard pin insertion angle. When half- 
pins are placed parallel to the fracture line, they are known as steerage pins. Steerage pins placed parallel to the fracture line are thus in direct opposition to 
the shear force vector. The shear force is actively converted into a dynamic compressive moment directed to the edge of the fracture fragments (Fig. 11-38). 
In this way, compression is dependent on axial load, and the shear phenomenon is dramatically reduced, thereby yielding nearly zero shear. For fracture 
obliquities less than or equal to 30 degrees, there is inherent stability such that standard modes of fixation can be used without undue concern. 169:229,390 
However, at fracture obliquities greater than 30 degrees, inherent shear is present at the fracture ends, with axial loading. Added steps should therefore be 
considered to help minimize this shear component, such as the application of the steerage pin concept. At fracture obliquities greater than 60 degrees, shear 
is a dominating force and one must be aware that even with steerage pins (pins placed parallel to the fracture lines), the forces may be extreme. Frames 
should be modified to perform strictly as a neutralization device as interfragmentary compression will be difficult to achieve even with the most complex 
devices. !®9 

An alternative method of monolateral external fixation has developed using anatomically contoured metaphyseal-locking compression plates (LCPs) as 
external fixators (Fig. 11-39). The locking plates are applied outside the soft tissue envelope following closed reduction. The plates function as external 
monolateral connecting bars, and the locking screws secure the bone to the external plate. The LCPs function well as external fixators, given their angular 
stable screw fixation, much like Schanz pins, which are also locked into their connecting clamps. In a series of seven patients for acute or posttraumatic 
problems of the tibia (“supercutaneous plating”) LCP external fixators facilitated mobilization and were more manageable and aesthetically acceptable than 
traditional bar-to-Schanz pin fixators.!99-353,384 

Mechanical studies have evaluated the biomechanical properties with regard to the axial and torsional stiffness of externalized titanium and stainless 
LCPs compared to a unilateral external fixator in a Sawbonz model. Both plates demonstrated slightly higher torsional stiffness with similar axial rigidity as 
the external fixator. 


Figure 11-37. A: Oblique (out-of-plane) pin testing confirms that the oblique orientation of pins, allows for fewer pins to be used with no decrease in relative fixator 
stability. Frames with nonlinear pin placement neutralize forces similar to the normal forces developed in a tibia. This frame demonstrates pins out of plane to each 
other in the transverse and sagittal orientations. Six-millimeter HA-coated pins were utilized which gives this simple frame very stable mechanics. Note sponges to 
stabilize the pin skin interface. B, C: “Simple” construct with only 3- to 6-mm pins above and below the nonunion. All pins were placed out of plane to each other to 
affect larger pin spread and confer increased stability. D: Pins have wide separation above and below the proximal ring. Pins as close to pathology and as far from the 
area is a very stable construct. Despite use of only two rings, the fixation spans the entire tibial shaft. E: Computer software allows the surgeon the ability to apply the 
frame and visualize the gradual correction at each stage of frame adjustment. This image matches the x-ray (D) as the correction progresses. F: Newer circular frames 
with more rigid oblique struts and various ring sizes can accommodate half-pin and tensioned wire constructs. 


A . B 
Figure 11-38. A: Steerage pin experimental set up demonstrating pins placed parallel to the major fracture line, dramatically reducing the shear forces and 
accentuating compressive forces with axial-weight bearing. B: Clinical appearance of a frame with 2- mid tibial steerage pins to convert cantilever loading into 
compression at the fracture site. (A: Courtesy of David Lowenberg, MD.) 


Data concerning the biomechanical characteristics of external locking plate fixation is still inadequate to support its clinical recommendations as an 
external locking plate. Blazevic et al. demonstrated higher stiffness of the conventional external fixator than that of the external locking plate fixator. In all 
testing models, the stiffness decreased as the distance between the plate/rod and the bone surface increased.*° 

Finite element analysis indicated that external locking plate fixation is more flexible than conventional external fixation and can influence secondary 
bone healing. External locking plate fixation requires the placement of the plate as close as possible to the skin, which allows for a low-profile design 
because the increased distance from the plate to the bone can be too flexible for bone healing.*° 

Using the LCP as an external fixator may provide a viable and attractive alternative to a standard anterior tibial frame as its lower profile makes it more 
acceptable to patients, and is cost-effective when compared to most unilateral frame constructs but a complete understanding of its unique biomechanics is 
necessary for successful application.!° 


SMALL-WIRE CIRCULAR FRAME FIXATION 


A major advantage of a monolateral system is that it can be applied in a uniplanar fashion minimizing the transfixion of soft tissues. The ring-type systems 
have the disadvantage of transfixion-type wires tethering soft tissues, as the wires pass from one side of the limb to the other.!5>!79 Because of the smaller 
wire diameter, soft tissue trauma, bony reaction, and intolerance to the wires are minimized. Large-pin monolateral fixators rely on stiff pins for frame 
stability. Upon loading, these pins act as cantilevers and produce eccentric loading characteristics. Shear forces are regarded to be inhibitory to fracture 
healing and bone formation, which may be accentuated with certain types of monolateral half-pin stabilization, especially when the pins are 
aligned.1*19-15.22,61,276,386 Circular or semicircular fixators allow for multiple planes of fixation which minimizes the harmful effects of cantilever loading 
and shear forces while accentuating axial micromotion and dynamization.!7729.240,269,290,381,384 

Ring fixators are built with longitudinal connecting rods between rings to which the small-diameter tensioned wires are attached. Alternatively, the bone 
fragments may be attached to the rings by half-pins. The connecting rods may incorporate universal joints, which give these frames their ability to produce 
gradual multiplanar angular and axial adjustments. 


B b 
Figure 11-39. A: Comminuted, closed proximal tibial fracture with significant soft tissue concerns which precluded internal fixation. B, C: Use of proximal tibial 
locking plate as an external fixator. D: Plate (fixator) stabilizing comminuted fracture. 


Several component-related factors can be manipulated to increase the stability of the ring fixation construct: 


Increase wire diameter 

Increase wire tension 

Increase pin-crossing angle to approach 90 degrees 

Decrease ring size (distance of ring to bone) 

Increase number of wires 

Use of olive wires/drop wires 

Close ring position to either side of the fracture (pathology) site 
Centering bone in the middle of the ring 


Wires 


Thin, smooth wires of 1.5, 1.8, and 2 mm are the most basic components used in a circular small wire fixator (see Fig. 11-36). Wire strength and stiffness 
increase as the square of the diameter of the wire (S = d°). As these wires are tensioned, they provide increased stability. This occurs by increasing wire 
stiffness which simultaneously decreases the axial excursion of the wires during loading. The amount of tension in the wires directly affects the stiffness of 
the frame. Compression and bending resistance increases as a function of wire tension as it is gradually increased up to 130 kg (Fig. 11-40A). Beyond this 
threshold, further wire tensioning is difficult to accomplish because commercially available wire tensioning devices are unable to stop the slippage of the 
wire in the device as the wire is tensioned.!®3° 

Beaded wires (olive wires) perform many specialized functions. During insertion the beaded portion of the wire is juxtaposed onto the cortex. As the far 
side of the wire is tensioned, the bead is compressed into the near cortex. This allows olive wires to be inserted to perform interfragmentary compression, 
which may be useful in fracture applications (Fig. 11-40B). These wires act as a source of additional transverse force to correct deformity in malunions or 


nonunions and provide additional support to a limb segment that a smooth wire cannot achieve.!79 


al 


Figure 11-40. A: Two wire tensioning devices used to increase the overall rigidity of the frame construct by tensioning counter-opposed olive wires to rigidly fix a 
ring to the calcaneous. B: Fracture extending over distal one-third of tibia with large medial butterfly fragment is an ideal indication for a small wire fixator. Olive 
wires were used as a “lag screw” to achieve additional stability of the medial butterfly fragment and distally in the metaphyseal region. C: Olive wires used to 
maximize stability and provide a compressive “lag effect” for the reconstruction of a distal pilon fracture. 


During limb lengthening, tension in the wire will inherently be generated from the soft tissue forces achieved through distraction. This may generate tension 
in the wire up to as much as 50 kg. If the patient is weight bearing, and the limb is loaded, then further wire deflection (tension) occurs. This generates 
additional tension in the wire. Additional rigidity of the entire construct is also demonstrated (the so-called “self-stiffening effect of tensioned wires”). If the 
wire was initially tensioned to 130 kg and additional tension is added through lengthening and weight bearing, then the yield point of the wire may be 
approached with possible wire breakage occurring). A fracture frame is essentially a static fixator where additional wire tension will only occur through 
weight bearing. Thus, the degree of initial wire tension should take into account the pathology being treated and the treatment forces being 
generated. !7-59.56.83 


The diameter of the ring also affects the stiffness of frame; as the diameter of the ring increases so does the distance of the ring to the bone, similar to the 
bone—bar distance described for half-pin monolateral fixators Stability decreases as this distance increases. Ring diameter and wire tension have a dramatic 
effect on overall frame stability. As ring diameter increases, the effect of increasing wire tension on gap stiffness and gap displacement is also decreased. 
Decreased ring diameter has a greater effect on all variables compared with simply increasing wire tension. Although the effect of wire tension decreases as 
ring diameter increases, tensioning wires on frames with larger ring constructs is important because these constructs are inherently less stiff because of 


longer wires, 1752:55.56.83 


Wire Orientation 


Wires placed parallel to each other, and parallel to the applied forces, provide little resistance to deformation. The bone can slide along this axis much like a 
central axle in a wheel. In bending stresses, the frames are much less rigid because of bowing of the transverse wires and slippage of the bone along these 
wires. The most stable configuration occurs when two wires intersect at 90 degrees. The bending stiffness in the plane of the wire is decreased by a factor of 
two as the angles between the wires converge from 90 to 45 degrees (Fig. 11-41). Therefore, changing wire orientation to a less acute angle decreases the 
stiffness in AP bending, but has a lesser effect on lateral bending, torsion, and axial compression.°°5°1!5270 


Figure 11-41. A: Wire-crossing angle of 90 degrees provides the most stable configuration with small mediolateral translations and a rigid frame. B: A wire 
convergence angle of 45 to 60 degrees allows acceptable amounts of translations to occur with satisfactory frame stability. C: As the convergence angle decreases, the 
translation increases dramatically to the point where the bone slides along a single axis. Parallel wires produce a grossly unstable frame configuration. 


Clinically, a wire divergence angle of at least 60 degrees should be attempted. Because this is not always possible because of anatomic constraints of 
passing transfixion wires, the use of olive wires or the addition of a wire at a distance from the primary ring (drop wires) significantly improves bending 


stiffness. The use of olive wires placed at the same level but from opposite directions improves resistance to shear forces by “locking” in the segment (see 
Fig, 11-40A,,C).5556.115,150,179,290,369,371,376 


Limb Position in the Ring 


The location of the tibial bone in the limb is actually eccentric in nature compared with the humerus or the femur. This is important when placing the rings 
around the particular extremity. The center of the ring applied may not be located over the actual center of the bone. It may be positioned eccentrically with 


respect to the ring, affecting the overall stiffness of the frame. If the bone is located off center, this position provides greater stiffness to loading in axial 
compression, compared with a construct where the center of the ring is positioned exactly over the center of the bone. This center/center configuration 
demonstrates lowered axial stiffness at the fracture site during axial loading.!7°%:55-56.270 Clinically, since tibial frames are most common, this is usually not 
an issue because the bone is routinely eccentric in the ring as long as the ring is centered on the leg itself. The eccentric location of the muscular 
compartments ensures this offset bone position. To place a frame on a tibia with the center/center orientation, a very large ring would be needed. This would 
vastly increase the ring—bone distance and further decrease the frame stiffness (Fig. 11-42). 

A typical three- or four-ring frame consists of eight crossed wires, two wires at each level and four rings with supporting struts connecting two rings on 
either side of the fracture (see Fig. 11-17B). When this circular frame was tested against the standard Hoffmann—Vidal quadrilateral transfixion frame, the 
circular type frame was noted to be stiffer in compression. However, the circular fixators are less rigid than all other monolateral-type fixators in all modes 
of loading, most particularly in axial compression. !7:5°-5%83,84 This may be clinically beneficial to allow for axial micromotion and facilitate secondary bone 
healing.!°! The Ilizarov fixator allowed significantly more axial motion at the fracture site during axial compression than the other fixators tested; however, 
the device controlled shear at the fracture site as well as other half-pin frames!°!18° The overall stiffness and shear rigidity of the Ilizarov external fixator 
are similar to those of the half-pin fixators in bending and torsion. !!4179,196,240,290,314,382 


Wire Connecting Bolts 


Mechanical slippage between wire and fixation bolt is the primary reason for loss of wire tension and thus frame instability. The change in wire stiffness can 
be explained mainly as a result of wire slippage, but plastic deformation and material yielding also contribute.!°* Studies demonstrate that this may be 
because of wire deformation by the bolts and as such can reduce wire tension during fixator assembly.?”>377 Slippage can be avoided by adequate torque on 
the fixation bolt (i.e., >20 Nm). Material yield accompanied by some wire slippage through the clamps is responsible for the decreased tension at the pin- 
clamp interface. 


Figure 11-42. A: Eccentric bone location in the ring, simulating a tibial mounting. B: Center/center location of bone in the ring mounting simulating a femoral or 
humeral mounting. C: Central position of tibia in too small of a ring, results in posterior soft tissue impingement. A larger ring should have been used to center the 
bone within the ring and avoid soft tissue concerns. 


Wire slippage at the fixation bolt—ring interface during weight bearing can occur causing less deflection of the wire with subsequent loss of stability in 
the frame construct. This slippage was measured in a biomechanical model. Large differences between various types of fixation bolts were observed. Wire 
fixation bolts with a larger and rougher contact surface had significantly smaller tension loss than fixators with smaller and smoother contact surfaces. 
Plastic wire deformation and slippage are the main contributors to loss of tension in a circular fixator. It is imperative that the clinician recognize that this 
phenomenon can occur as treatment progresses. One should be prepared to retension the wires in the clinic, should wires become painful as a result of loss 
of tension.*!® 

Wire fixation bolt design can be improved in order to maintain wire tension. The relatively simple modification made by roughening the wire—bolt 
interface resulted in improved holding capacity and wire stiffness and these fixation devices are now clinically available.!3>134 Although the initial wire 
tension has an appreciable effect on the wire stiffness, it does not affect the elastic load range of the clamp wire system. To prevent yield of the clamp wire 
system in clinical practice, the fixator should be assembled with sufficient wires to ensure that the load transmitted to each wire by the patient does not 
exceed 15 N.°8° Adding additional wires will increase the frame stiffness directly proportional to the number of wires in the system. Stiffness of an Ilizarov 
frame is more dependent on bone preload than on wire number, wire type, or frame design. Preload stiffness can be increased simply by compressing the 


rings together and achieving bone-on-bone contact. !7»18,53,55,56,115 


HYBRID AND HEXAPOD FIXATORS 


Because of the complexity of the assembly of a full circular ring fixator, hybrid configurations were developed to take advantage of tensioned wires’ ability 
to stabilize complex periarticular fractures. Early designs married a periarticular ring using tensioned wires to a monolateral bar connected to the shaft using 
two to three half-pins. Unfortunately, these simple frames were shown to be mechanically inferior in their abilities to resist cantilever loading with resultant 
malunion/nonunion (see Fig. 11-18A).19%292.293,301,369 Mechanical instability was especially pronounced when the frames were applied with specific errors 
in technique: 


1. Insertion of only two transfixion wires in periarticular locations. Because of anatomic constraints, the wires cannot be placed at 90 degrees to each 
other in most periarticular locations. As noted previously, if the two wires are not at 90 degrees then the bone can translate easily along the two wires. 


2. Half-pins placed too far from the site of pathology, placing significant strain on the connecting clamps to maintain frame stability (Fig. 11-43). 


When applied to external fixation, the term hybrid denotes the use of half-pins and wires in the same frame mounting as well as using a combination of 
rings and monolateral connecting bars. Stable hybrid frames should include a ring incorporating multiple levels of fixation in the periarticular fragment. 
This is accomplished with a minimum of three tensioned wires and if possible, an additional level of periarticular fixation using adjunctive half- 
pins.®7:17,48,196 

The use of a single bar connecting the shaft to the periarticular ring places significant stresses on the single connecting clamp and accentuates the 
harmful off-axis forces generated with weight bearing. This type of hybrid fixator construct has been shown to have much less axial and bending stiffness 
compared to a standard Ilizarov fixator. This is the reason that most of these devices tend to lose reduction with progressive weight bearing.*!° 

A hybrid circular frame with multiple connecting bars is superior to a single monolateral bar. However, full circular frames with a minimum of four 


half-pins attached to the shaft component*”:!3.53.293,310,382 and two complete rings connected by four threaded rods are superior to both constructs. 
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Figure 11-43. “Hybrid” frame demonstrating mechanical instability with only two periarticular tensioned wires on the distal ring and two small monolateral bars 
connecting two diaphyseal half-pins located at an extreme distance from the fracture. This unstable fixation resulted in fracture nonunion. 


With the hexapod frames, longitudinal threaded rods have been replaced by 6 obliquely oriented struts as previously discussed in this chapter. In a 
standardized model the typical Ilizarov-type frame configuration, with four threaded rods, is significantly more rigid than a comparative hexapod construct 
under axial and bending loading. However, the six-telescopic strut hexapod frames in many studies demonstrated a two to three times greater rigidity 
compared to the four-threaded rod Ilizarov-type frames in torsion (see Fig. 11-20),!21,200 

In cases where there is a requirement for increased torsional stability, the hexapod frames may provide an advantage due to their better resistance to 
torsional loading. In cases where there is a requirement for higher axial stability, then the [lizarov-type constructs may provide better tolerance to increased 
axial loading. The associated weakness of those traditional constructs to torsion should be improved by replacing the long regular threaded rods with the 
Ilizarov-type telescopic rods or hexapod struts that have been shown, to increase the torsional resistance. 


BIOLOGY OF EXTERNAL FIXATION AND DISTRACTION HISTOGENESIS 


BASIC BIOLOGY 


The fracture repair process proceeds through constant physiologic stages depending on external forces imparted to the fracture site. External fixation 
facilitates external bridging callus. External bridging callus is largely under the control of mechanical and biologic factors and is highly dependent upon the 
integrity of the surrounding soft tissue envelope. The critical cells necessary for healing are derived from the surrounding soft tissues and from the 


revascularization response that occurs during the inflammatory phase of fracture healing.*°-!””1”® This type of fracture healing has the ability to bridge large 
gaps and is very tolerant of movement. It results in the development of a large callus with the formation of cartilage because of the greater inflammatory 
response caused by micromovement of the fragments. !9>?14 Migrating mesenchymal cells from the surrounding area reach the fracture ends where they 
differentiate into various cell types, primarily cartilage. The cartilage is formed in the well-vascularized granulation tissue because of its ability to repel 
vessels. These early cartilaginous elements undergo remodeling through endochondral bone formation. It is well known that this type of indirect bone 
healing occurs with less rigid interfragmentary stabilization. 9-194 Strain resulting from interfragmentary motion (IFM) is distributed over the fracture 
surface and will differ depending on the fracture geometry. Comminuted fractures will be able to tolerate relatively greater motion since the strain is less 
when applied over a larger surface area of fracture fragments. The size of callus formed during the healing process will depend on the magnitude of those 
forces,71,76,144,386 

The amount of interfragmentary movement in a fracture gap is dynamic and is also influenced by the type of tissue formed as a response to the strain 
across a fracture gap.8? The fibrous tissue tends to occur where the strain is greater than 10% of the original fracture gap and this itself will influence 
interfragmentary movements,”® thereby adapting the fracture environment and tending toward decreasing levels of strain. If IFM exceeds a critical level, 
the blood vessels formed at the fracture site will be subjected to repeated disruption and will not become established, preventing the development of stable 
tissues. 

Factors that affect bone healing have been studied, and there is a strong correlation between IFM and callus formation.’* The body of the literature 
suggests that a degree of axial micromotion at the fracture site is desirable and that this can promote callus formation.!?-!44 Conversely, excessive motion 
can impair fracture consolidation, and the degree of allowable strain across the fracture site is controversial.5>76 Some studies have suggested that fracture 
healing will occur at up to 25% of shear strain?%?’6 while others suggest that strain delays or impairs healing?” There is no clear consensus in the 
literature on the effect of torsional strain on fracture site healing although it is thought to be less deleterious than the effects of shear strain.2°7 

The rate of this type of healing and the extent of callus in this type of repair can be modulated by mechanical conditions at the fracture site.??’ A certain 
amount of mechanical instability leads to greater motion with the formation of cartilage, and thus to endochondral healing by which most fractures heal. It 
has been shown that applying cyclic interfragmentary micromotion for short periods of time influences the repair process and leads to a larger area of callus 
formation compared with those fractures that are rigidly fixed.!2-13:76.101,143,145,186,192,194,276,283 Alternatively, efforts to reduce micromotion by increasing 
frame stiffness can cause a significant reduction in the rate of healing.?4°1381,386 

Goodship et al. demonstrated that excessively rigid fixation may paradoxically impair fracture healing.14>144 Major concerns raised are the possible 
inhibition of external callus formation, maintenance of a fracture gap aggravated by bone-end resorption, and the excessive protection of the healing bone 
from normal stresses (stress shielding), producing adverse remodeling. The temporal relationship of excessive stiffness contributing to the inhibition of 
callous formation has not been determined as yet. In some circumstances, it has been shown that following the development of callous a more rigid 
construct does facilitate remodeling and healing via reverse dynamization (RD).*8 Consequently, based on the results from these studies, many mechanical 
factors have been identified as having an influence on fracture healing, including the magnitude and direction of interfragmentary movement, the type of 
fracture, and fracture geometry. 

Larger IFMs lead to more fibrocartilage, as well as an increase in the number of blood vessels.”°-359 However, as the amount of fibrocartilages increases, 
the ability for remodeling and bone formation is simultaneously decreased. There appears to be some threshold at which the degree of micromotion becomes 
inhibitory to the remodeling process and thus hypertrophic nonunion can result. It should be noted, however, that fractures requiring external fixation in 
general are usually more complex, which may result in an intrinsically higher rate of nonunion. Healing problems encountered in these severe injuries may 
reflect the severity of the local soft tissue and periosteal injury, and should not be attributed solely to the inherent features of the external fixation device. 

Bony healing is not complete until remodeling of the fracture has been achieved. At this stage, the visible fracture lines in the callus decrease and 
subsequently disappear. The bone transmits mechanical forces to the encapsulating callus as the tissue differentiates from granulation tissue to collagen and 
hyalin cartilage, and then to woven intramedullary bone through the process of endochondral bone formation. 179-361 


DYNAMIZATION 


Dynamization converts a static fixator which neutralizes all forces including axial motion to a construct that allows the passage of controlled forces across 
the fracture site. The IFM is increased by changing from stable fixation to more flexible fixation. It is often used when an implant allows axial shortening of 
a bone through a telescoping mechanism incorporated into the fixation device. As the elasticity of the callus decreases, bone stiffness and strength increase, 
and larger loads can be supported. Thus, the advantages of axial dynamization help to restore cortical contact and produce a stable fracture pattern with 
inherent mechanical support. Aro described a uniform distribution of callus following dynamization and noted this as “secondary contact healing.”!3-!5 By 
increasing cortical contact, dynamization attempts to decrease the translational shear forces.!2-!5 He found that, for a given rigidity of external fixation, the 
amount of physiologic stress and the presence of a significant gap proved to be the most significant factors in determining the pattern of fracture repair. 
Controlled dynamization that accentuated motion with loading, tended to promote external callus maturation and secondary bone healing. 

Although, in principle, dynamization is a sound strategy to attempt to accelerate the healing process, its main clinical drawback is the early loss of frame 
stability can induce increased shear IFM. Shear forces are thought to be the leading factor in producing a predominance of fibrous tissue at the fracture 
site!932,53,63,73,74 Potentially leading to delayed union, refracture, or the development of a secondary deformity. Regardless, early dynamization has shown 
favorable healing outcomes as long as dynamization is applied after a bridging callus has formed. It is debatable when, during the healing process, 
dynamization should be applied, and whether it helps fractures repair more efficiently. There have been few clinical studies that have attempted to 
determine the optimal axial micromotion or the effect of dynamization at the various stages of fracture repair. It is unclear whether this accelerates bone 
repair in an efficient and timely manner. 139 

Frames are distinguished between static and dynamic fixators. Active dynamization occurs with weight bearing or with loading when there is 
progressive closure of the fracture gap. This usually occurs by making adjustments in the pin bar clamps with simple monolateral fixators. This is 
accomplished by loosening the clamp portion that attaches to the bar which then allows the bar to slide within the clamp. The pin portion is still tight and 
thus the fracture can “slide” and compress or dynamize, whereas the alignment is maintained by the pin portion still remaining securely attached. For large 
monotube fixators, the telescoping body can be released and the two portions are allowed to compress across the fracture. Dynamization also decreases the 
pin—bone stresses and prolongs the lifetime of the frame. 186-192,238 

There is a race between the gradually increasing load-carrying capacity of the healing bone and failure of the pin—bone interface. In unstable fractures, 


very high stresses can occur at the pin—bone interface which may create localized yielding failure. In half-pin frames, these high stresses are generated 
primarily at the entry cortex and stress-related pin—bone failures occur mainly in this location.’°” It is well accepted that the relative motion of the bone ends 
at the fracture site is a very important parameter in the healing of the fracture; however, the threshold at which this motion becomes deleterious is as yet 
unknown.°” 

It has been suggested that healing can be accelerated by first stabilizing the defect with a construct that allows for low-stiffness or low-strain RD is a 
mechanical manipulation regimen designed to accelerate bone healing and remodeling. A fracture that is initially stabilized less rigidly facilitates the 
formation of intervening fibrous tissue to further decrease strain and allows micromotion to encourage initial cartilaginous callus formation with the 
ongoing neovascularization of the fracture site. Once substantial callus has formed, the stabilization should then be converted to a rigid configuration to 
prevent the disruption of neovascularization. External fixation is the perfect device to modulate the mechanical environment in this fashion. The results of 
early studies confirmed that the healing of large bone defects is highly responsive to the ambient mechanical environment allowing the rate and quality of 
healing to be manipulated by altering fixation stability. >°- 

A recent large animal study in goats evaluated transverse osteotomies stabilized with circular external fixators divided into three mechanical groups: 
static fixation (rigid fixation), dynamic fixation (continuous micromotion using dynamizers), and RD (initial micromotion using dynamizers followed by 
rigid fixation at 3 weeks postoperatively). Healing was assessed with the use of radiographs, microcomputed tomography, and mechanical testing 
radiographic evaluation showed earlier robust callus formation in the dynamic fixation and RD groups compared with the static fixation group. After 8 
weeks of treatment, the RD group had reduced callus size, less bone volume, higher bone mineral density, radiographic evidence of complete healing 
compared with the static and dynamic fixation groups. The tibiae in the RD group were significantly stronger in torsion compared with those in the static 
fixation and dynamic fixation groups. These findings confirm that tibial osteotomies under RD healed faster, and mechanically stronger, suggesting an 
accelerated healing and remodeling process.’*» 

There is only one clinical study that investigated an RD regimen in humans. Howard et al.*’° allowed initial axial macromovement from 2 to 4 weeks 
after surgery utilizing a flexible tibial external fixation. After the initial period of flexible fixation he manipulated the frames to provide more rigid 
stabilization to accelerate fracture healing. Faster healing was associated with a reduction in the average time to removal of the fixator in the RD group (~11 
weeks), compared to the standard of care (~22 weeks) when treating isolated closed or open grade I tibial fractures ( ). 

Although clinical data is limited regarding the benefits of RD, as most reports are unpublished or anecdotal, the initial results have been very positive, 
consistently demonstrating accelerated bone healing when the RD regimen is applied during the early phase of healing. The fastest way to generate maximal 
callus is through early flexible fixation and rapid conversion to hard callus requires rigid fixation to avoid neovascular disruption. By optimizing this 
process, the RD regimen provides a strategy to accelerate bone healing minimizing the incidence of nonunion. 


11-4 Concept of reverse dynamization is demonstrated with this highly cnnminuted segmental fracture involving the entire tibia. A: Distal comminution 
stabilized with a ring fixator and intercalary reduction olive wire. B: Once early bridging was noted, the olive wire (arrow) was removed and additional strain reduced 
by the application of two intercalary lag screws. C: More stability (“reverse dynamization”) at this time resulted in complete healing and facilitated earlier removal of 
the frame. 


As noted in the previous section on biomechanics of hexapod frames, conversion of any hexapod frame configuration, to an Ilizarov-type construct 


increases the fixator rigidity following deformity correction or initial fracture treatment. This may reduce the overall IFM which, in turn, may benefit the 
progression of the fracture from fibrous tissue to bone.?” 

Although the results have not been widely tested on a fracture or animal mode 

Preclinical and human studies are only beginning to provide knowledge about the influence of modulating the mechanical environment and the effects it 
has on bone repair. Clearly, external fixation is best suited to provide this type of microenvironment manipulation. The data from these studies appear to 
suggest that no single set of mechanical circumstances suits all stages of fracture repair and that healing might be enhanced by changing the stiffness of 
fixation systematically during different phases. Selecting the specific mechanical conditions, as well as determining the most appropriate time to modulate 
this environment, will be critical to achieving the optimal conditions for bone repair.!°9 
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FRACTURE HEALING WITH LIMITED ORIF COMBINED WITH EXTERNAL FIXATION 


On occasion, it is advantageous to perform limited internal fixation in combination with an external fixator. Whereas this type of methodology is very useful 
in metaphyseal bone and has been demonstrated to work well in periarticular fractures, its use in diaphyseal regions must be questioned and in general 
avoided. The use of interfragmentary screws seeks to achieve direct bone healing through primary cortical healing. This type of healing is very intolerant of 
movement and is not dependent upon soft tissues. Union occurs slowly and has no ability to bridge gaps, as opposed to external bridging callus.!6°.!92 
Primary cortical healing is characterized by sequential cutting cones of osteoclasts crossing across the fracture line with subsequent reestablishment of new 
osteons. The vasculature develops from a budding process sprouting from the intramedullary blood vessels, which are very fragile and intolerant of motion. 
External fixation does not entirely eliminate extraneous forces, but it does modulate the degree of micromotion.”>-!®:169.179,186,192,360 Therefore, because the 
diaphyseal bone is rigidly fixed with lag screws, very poor bridging callus develops if these are applied at the time of initial fracture surgery. Because 
external fixators do not produce absolute rigidity, insufficient cortical healing occurs, demonstrating the worst of both biologic entities.*”° A combination of 
internal and external fixation for diaphyseal fractures may at first appear to be desirable but is in fact often disastrous and should be avoided.*“* This 
construct should not be confused with the concept of “reverse dynamization.” As noted previously, the addition of more rigidity toward the end of fracture 
healing is appealing. Applying an external fixator with limited diaphyseal lag screw fixation is detrimental to fracture healing. But delaying the timing and 
applying limited lag screw fixation once the callus is visible and comminution is beginning to consolidate, takes advantage of the “reverse dynamization” 
concept. This strategy eliminates the high-strain areas which are concentrated to a solitary fracture line as the comminution has begun to heal and the strain 
is highest at the remaining primary fracture line. 139249 


BIOLOGY OF DISTRACTION OSTEOGENESIS 


Distraction osteogenesis is the mechanical induction of new bone that occurs between bony surfaces that are gradually pulled apart. Ilizarov described this 
as “the tension stress effect.” 17-179 Osteogenesis in the gap of a distracted bone takes place by the formation of a physis-like structure. New bone forms in 
parallel columns extending in both directions from a central growth region known as the interzone (Fig. 11-45A). Recruitment of the tissue-forming cells for 
the interzone originates in the periosteum.!”'®-179 Under the influence of tension stress, fibroblast-like cells found in the middle of the growth zone develop 
an elongated shape and are orientated along the tension stress vector during distraction. Surrounding the fibroblast-like cells are collagen fibers aligning 
parallel to the direction of the tension vector. The fibroblastic cells transform into osteoblasts which deposit osteoid tissue upon these collagen fibers. They 
further differentiate to become osteocytes within the bone matrix laid down upon the longitudinal collagen bundles. These cells will become incorporated 
into their own HA matrix as the collagen bundles are consolidated into bone. This tissue gradually blends into the newly formed bone trabeculae in the 
regions farthest away from the central interzone. Thus, newly formed bone grows both proximally and distally away from the middle of the distraction zone 
during elongation. These columns of bone will eventually cross the fibrous interzone to bridge the osteogenic surfaces following distraction (Fig. 11- 
45B), 7173 

With stable fixation, osteogenesis in the distraction zone proceeds by direct intramembranous ossification omitting the cartilaginous phase characteristic 
of endochondral ossification. Distraction osteogenesis also provides a significant neovascularization effect. The fibroblast precursors are concentrated 
around sinusoidal capillaries. The growth of these newly formed capillaries under the influence of tension stress proceeds very rapidly and in some instances 
overgrows development of bony distraction resulting in enfolding of this tremendous capillary response. This dense network of newly formed blood cells 
has a longitudinal orientation connecting to the surrounding soft tissue vessels by numerous arteries that perforate the regenerate bone. Thus, the regenerate 
distraction gap is very vascular, with large vascular channels that surround each longitudinal column of distracted collagen. Neovascularization extends 
from each bone end surface toward the central fibrous interzone. This intense formation of new blood vessels under the influence of tension stress occurs 
not only in the bone, but also in the soft tissues. These vessels contain a thin lining of endothelial cells very similar to the neovascular response that occurs 
in a centripetal fashion during routine fracture healing (Fig. 11-45B). 

The rate and rhythm of distraction are crucial in achieving viable tissue following distraction histogenesis. Histologic and biochemical studies have 
determined that a distraction rate of 0.5 mm per day or less leads to premature consolidation of the lengthening bone, whereas a distraction rate of 2 mm or 
greater often results in undesirable changes within the distracted tissues. Faster rates of distraction will disrupt the small vascular channels and areas of cysts 
can occur inhibiting mineralization. !”:18:177-179 For osteogenesis to proceed more rapidly, optimum preservation of the periosteal tissues, bone marrow, and 
surrounding soft tissue blood supply at the time of osteotomy is mandatory.!79:36.367.391 The new bone and soft tissues are formed parallel to the tension 
vector even when the vector is perpendicular to the limb’s overall mechanical axis. 

Studies have documented that superior bone regeneration is formed when a very low-energy osteoclasis technique is utilized to produce a corticotomy 
(Fig. 11-46). This is achieved by osteotomizing the anterior, anterior lateral, and anterior medial cortices, and then performing a closed osteoclasis 
maneuver to the posterior cortex preserving the periosteal tissues as much as possible.” Ilizarov recommended a rate of 1 mm total distraction (rate of 
distraction) per day. The actual number of distractions (rhythm of distraction) should be at least four each day, achieving the total daily distraction in four 
divided doses. His work has also demonstrated that constant distraction over a 24-hour period produces a significant increase in the regenerate quality as 
compared to other variables.!”7-!79 

Circular frames are able to limit the magnitude of abnormal forces when they are placed in compression.!7!8-1°1196 This stabilizes the small blood 
vessels and allows for neutralization of the forces that are destructive to the neovascular region. 1187576360 This allows intramembranous bone remodeling 
to proceed (Fig. 11-47). 
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Figure 11-45. A: The interzone (dark z area mid regenerate) is the central growth region involved i 

Collagen fibrils line up along the vector of distraction. Osteoblasts line the collagen bundles forming new bone. There are large vascular channels surrounding each 
collagen bundle. 
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Figure 11-46. Corticotomy of a proximal tibia for bone transport using the Debastaini technique. through a small anterior lateral incision, the periosteum is fully 
elevated and the cortices are predrilled circumferentially to reduce any stress risers. A narrow osteotome is then used to osteotomize the anterior, medial, and lateral 
cortices. Note osteotome through lateral cortex. All cortices are fully cut with a controlled cortical ostetotomy avoiding significant medullary disruption. Early 
regenerate bone is noted following a short period of distraction. 


A 
Figure 11-47. A: X-ray of distraction demonstrating formation of cortical endplates with vigorous regenerate noted. B: Histology with osseous trabeculae containing 
numerous lacunar spaces with prominent osteocytes characteristics of late “woven bone” in which the lining osteoblast population is dominant. The woven bone is 
being converted to mature lamellar bone. With remodeling into cortical endplates and restoration of the marrow component. Well-organized vascular channels and 
collagen fibers between the trabeculi are aligned along the longitudinal vector of distraction. This demonstrates the hallmarks of a stable frame and distraction 
osteogenesis. 


When mechanical instability is present in a frame, abnormal motion is present at the distraction site, and bone resorption always occurs. The greater the 
IFM at the site of the fracture, the greater the resorption of the fragment and slower the consolidation. The healing process depends on arterial 
revascularization and if the fracture fragments are excessively mobile, the local blood supply is traumatized by the moving bone ends.”>7636 Instability that 
introduces translational shear across the distraction gap will result in an atrophic fibrous nonunion with mixed cartilage and incomplete vascular channels, 
interspersed within the longitudinal collagen columns. In these areas of mechanical instability, intramembranous ossification is irregular with islands of 
endochondral ossification seen and if local vascularity is insufficient, mineralization will be inhibited leaving necrotic fibrous areas or vascular cysts (Fig. 
11-48). 

Compression osteosynthesis does not suppress the reparative process and does not cause damage or resorption of the bone. Under conditions of both 
compression and distraction in the presence of stable fixation, bone is actively formed by cellular elements of the endosteum, bone marrow, and periosteum. 
The osteogenic activity of connective tissue is stimulated by tension stress when the tissue is stabilized. Soon after the end of distraction, the connective 
tissue is replaced by bone. Therefore, compression or dynamization can facilitate healing of delayed or nonunions under this stable mechanical environment. 
Increase in axial loading is accompanied by enhanced blood supply that activates osteogenesis.!””-!79559 Many authors have demonstrated the positive 
benefit that axial loading combined with muscular activity has on new bone formation.!°194.214 

As noted by Ilizarov, all tissues will respond to a slow application of prolonged tension with metaplasia and the differentiation into the corresponding 
tissue type. Bone responds best followed by muscle, ligament, and tendons in that order. Neurovascular structures will respond with gradual new vessels 
and some degree of nerve and vessel lengthening. However, they respond very slowly and are intolerant of acute distraction forces.!77-179.220 

Muscle growth results from the tension stress effect by increasing the number of myofibrils in pre-existing muscle. Muscle also responds by the 
formation of new muscle tissue through the increased numbers of muscle satellite cells, the appearance of myoblasts, and their fusion into myotubes. Within 
the newly formed muscle fibers active formation of myofibrils and sarcomeres also occurs.!””-!”9 Smooth muscle tissue and blood vessel walls are also 
stimulated by tension stress. Smooth muscle activity and proliferation are accompanied by an increase in the extent and number of intercellular contacts 
between myocytes and by the formation of new elastic structures. These morphologic changes in the ultrastructure of arterial smooth wall muscle cells 
resemble the changes seen in the walls of arteries elongated during active prenatal and early postnatal growth.!77-179 
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Figure 11-48. A: X-ray demonstrates inadequate (lack of) regenerate in an area of frame instability. This area is demonstrated histologically by islands of young 
cellular cartilage that is sparsely mineralized at the periphery with interlocking trabeculae of new woven bone rimmed by osteoblasts. B: Preponderance of 
cartilaginous elements is a hallmark of unstable fixation. C: There are islands of residual necrotic bone being resorbed and replaced by disorganized vascular ingrowth 
and fibrous tissue. There is minimal early remodeling with nominal osteoblasts lining the early disorganized collagen columns. Osteoclast multinucleate giant cells can 
be seen with receding osseous trabecula. These are sequalae of an unstable frame unable to proceed with intramembranous ossification yet promoting endochondral 
ossification (secondary callous) formation. 


A similar response also occurs in the connective tissue of fascia, tendons, and dermis. The number of fibroblasts is increased during distraction and an 
increase in the density of intracellular junctions is multiplied, which is characteristic of fibroblasts in the developing connective tissue of embryos, fetuses, 
and newborn animals. The adventitial blood vessels in the epineurium and perineurium of major nerve trunks also undergo similar changes. 177-179 

Distraction, accomplished through the use of a ring fixator, or a stable monotube device, initiates the histogenesis of bone, muscle, nerves, and 
skin.!718:177,179 This facilitates the treatment of complex orthopaedic diseases, including pathologic conditions such as osteomyelitis and fibrous dysplasia. 
Other conditions that have been historically refractory to standard treatments such as congenital pseudoarthrosis and severe hemimelias can also be 
addressed .86179:189,244,259,294,308,349 

Bone transport methodologies can replace large skeletal defects with normal healthy bone structure, which is well vascularized and relatively 
impervious to stress fractures. The ability to correct significant angular, translational, and axial deformities simultaneously through relative percutaneous 


techniques, as well as perform these corrections in an ambulatory outpatient setting adds to the attractiveness of this methodology (Fig. 11- 
49), 19.71,102,150, 154,179, 187,235,272,313,314,363,366-370 


CONTEMPORARY EXTERNAL FIXATOR APPLICATIONS 


Traditionally, external fixation has been used primarily for trauma applications, including the treatment of open fractures and closed fractures with high- 
grade soft tissue injury or compartment syndrome. In addition, external fixation has been used in critically ill patients with multiple long-bone fractures as a 
method for temporary stabilization of these injuries. 
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gu A: Complex tibial deformity (condena tibial nonunion) with malrotation, angulation, translation, and leg length discrepancy. A double-level hexapod 
frame \ was as applied to limb using primarily half-pin attachments. Patient self-adjustment of all the oblique struts gradually corrected all deformity parameters. B: X-ray 
following correction demonstrates realignment and correction of all deformities and near resolution of the leg length discrepancy. Complete consolidation via gradual 
distraction osteogenesis occurred, and no grafting was required to achieve these results. 


11-50. A: Temporary two-pin fixator (traveling traction) placed in damage control mode for an open tibial shaft fracture. Patient was able to undergo 
conversion to an IM nail 5 days after injury. Reduction and soft tissue stability was maintained in this simple construct. B: Damage-control knee and ankle spanning 
fixator for multiple fractures in conjunction with necrotizing fasciitis. The frame provided stable fixation for soft tissue care and further resuscitative measures for this 
severely injured patient. 


Indications have been expanded to include the definitive treatment of complex periarticular injuries which include high-energy tibial plateau and distal 
tibial pilon fractures. With the introduction of minimally invasive techniques, combined with locking plate technologies, the indications for use of circular 
fixation for the definitive fixation of periarticular fractures have narrowed. Circular fixator use in periarticular injuries is largely restricted to the most severe 
fractures patterns with extensive comminution, bone loss, or critical soft tissue injury. 

Given the mechanical and biologic advantages of external fixation, their use in reconstructive orthopaedics has gained wider acceptance and is currently 


used for limb lengthening, osteotomy, fusion, and deformity correction, as well as bone transport for the reconstruction of bone 
defects. 2:47:150,208,243,273,302,335,366,369 


DAMAGE CONTROL EXTERNAL FIXATION 


The concept of temporary-spanning fixation for complex articular injuries has become widely accepted. The ability to achieve an initial ligamentotaxis 
reduction substantially decreases the amount of injury-related swelling and edema by reducing deformity. It is important to achieve an early reduction, as a 
delay for more than a few days will result in an inability to disimpact and reduce displaced metaphyseal fragments. When definitive stabilization is 
attempted, reduction will be more difficult by indirect means and may require larger or more extensile types of incisions.*41:279.331,362,364,370,374 With 
temporary fixation in place, the patient is then able to have other procedures or tests performed while effective distraction is maintained and the soft tissues 
are put to rest. 

Many types of temporary “traveling traction” have been described. Most commonly used are the knee- or ankle-bridging constructs. This may be a 
simple quadrilateral frame, constructed by applying medial and lateral radiolucent external bars to proximal and distal threaded transfixion pins placed 
across the respective joint. Manual distraction is carried out and a ligamentotaxis reduction is achieved (Fig. 11-50). A simple monolateral frame can be 
used to maintain similar reduction across the knee joint for temporizing the management of knee dislocations, complex distal femoral fractures, and tibial 
plateau fractures.245.279:331,362,364,365,374 Tt can also be configured in a triangular-type construct about the distal tibial and ankle region in an effort to achieve 
relative stability. These are usually constructed with two or three pins in the mid- to distal tibia and a single transversely placed centrally threaded calcaneal 
tuberosity pin. These tibia pins are then connected in a triangular fashion with distraction across the calcaneal pin effecting a ligamentotaxis reduction at the 
distal tibia (Fig. 11-51). This typical external fixator construct can obscure the site of injury on radiographs, and unbeknown to the surgeon as the clamps 
“creep.” The reduction can be lost as the foot construct subluxes posteriorly (Fig. 11-51C,D). 

Since most ankle-spanning frames have a solitary calcaneal pin, the bars attached to the foot “pinwheel” around this axis pin and rotate posteriorly with 
ambulation and the shaft translates anteriorly, putting more pressure on the soft tissues as reduction is lost (Fig. 11-51C,D). A blocking bar placed across the 
triangular configuration may inhibit this “pinwheel” effect.3”? Application of forefoot pins and stabilization of the foot in neutral position not only prevents 
rotation with calcaneal pin loosening, but also maintains the foot in neutral and prevents the common complication of forefoot equinus (Fig. 11-52).?’ 

Pin-tract infections, loosening of the calcaneal pin fixation, and heel ulcerations, have all been reported,*”° primarily related to this posterior subluxation 
issue. An additional strategy to prevent calcaneal complications includes the placement of two longitudinal axis pins placed from posterior to anterior in the 
body of the calcaneus to prevent rotation, rather than the calcaneal tuberosity transfixion pin. These are then connected to a U-tube bar around the posterior 
calcaneus. The U-bar is then attached to the tibial shaft pin—bar couple with distraction performed at the ankle joint. Medial talar body pins may be inserted 
to provide points of fixation in the hindfoot when applying ankle-spanning external fixators. Specifically, with the larger Monotube ankle-spanning fixators, 
the large distal monoblock pin clamp positions a medial calcaneal tuberosity pin in conjunction with a talar neck pin. Because of the proximity to the ankle 
joint, there is a risk of intracapsular pin placement with the talar neck pin. An anatomic study performed on cadavers noted all applied talar neck pins 
(100%) were intracapsular as determined by arthrogram. All pin sites demonstrated extravasation into the ankle joint. Pin placement within the joint capsule 
risks seeding a sterile joint when the pin remains in place for prolonged periods. For this reason, talar body pins should be used with great caution and 
awareness of this anatomic phenomenon!”® (see Fig. 11-36). 


Figure 11-51. A: Ankle-spanning fixator placed to distract pilon fracture and place soft tissues at rest. Note excellent skin wrinkles denoting soft tissues’ availability 
for surgery. B: Patient did not have any forefoot pins or adjunctive calcaneous fixation allowing the heel to rotate about the axis of the heel pin when the connecting 
bar clamps loosened over time. This can result in early pin loosening and equinus positioning. C: Posterior subluxation of distal fracture segment occurred gradually as 
the fixator clamps “slipped” over time. This placed excessive tension on the anterior soft tissues further delaying surgery. D: Note the anterior skin necrosis from the 
unrecognized gradual posterior subluxation (creep) over time. Near full-thickness skin loss occurred from this complication. 
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Figure 11-52. A: Yellow arrows denote clamps that slowly lost fixation and allowed the unsupported foot to pinwheel posteriorly (red arrow). This can be prevented 
with a foot frame attachment. B: Alternatively, a “blocking bar” can be positioned to prevent the triangular bars from subluxing posteriorly should the clamps loosen. 


The most common complication encountered when utilizing temporary-spanning external fixation is the inability to reestablish length. Also, fixator 
“creep” or gradual loosening of fixator components may occur prior to definitive reconstruction, causing the initial reduction and length to be lost. If correct 
length is not maintained, then many of the perceived advantages of spanning external fixation are lost.?°* If a delay of more than a week is anticipated prior 
to definitive reconstruction, interim radiographs should be performed, and repeat reduction performed if length has been lost. 

For periarticular fractures, the decision to convert to definitive stabilization is usually based on the condition of the soft tissues. A latency period of at 
least 10 to 14 days is required to allow the soft tissues to recover to the extent where definitive fixation can be undertaken safely. Many series have 
demonstrated excellent results achieved with a staged approach consisting of early fracture stabilization using spanning external fixation. The timing of 
frame application for periarticular fractures is variable depending on the individual institution and their trauma system. A theoretical advantage is that 
earlier fracture stabilization could prevent further soft tissue damage and potentially reduce the occurrence of subsequent infection. Haller et al.!®° 
retrospectively evaluated the timing of frame application regarding “early” frame placement (within 12 hours from injury) compared with “late” application 
(more than 12 hours after injury). No difference in infection, compartment syndrome, secondary procedures, or length of hospitalization was noted for 
patients who underwent early versus delayed temporary external fixation for high-energy pilon and plateau injuries. 

Following reduction at length using the external fixator, careful preoperative planning is based on distraction CT scans and the judicious clinical 
evaluation of the soft tissue injury prior to definitive internal fixation.©222275.279.331.374 When applying temporary-spanning external fixation there has been 
concern that overlap of external fixation pins and the proposed definitive incision would increase infection rates and should be avoided. Investigators 
evaluated the overlap between temporary external fixator pins and definitive plate fixation correlates with infection in high-energy tibial plateau and pilon 
fractures. 

There are conflicting results in this regard. Laible et al. found no correlation between deep plate—related infection and the distance from pin to plate, 
pin-plate overlap distance, time in the external fixator, presence of open fracture, or healing status of the fracture.2°9 However in a similar study, 
investigators reviewed more than 200 fixator patients and determined that placement of definitive plate fixation with overlapping previous external fixator 
pin sites significantly increased the risk of deep infection for the staged treatment of bicondylar plateau and pilon fractures.°7° 

Dombrowsky et al. evaluated 146 pilon fractures to determine whether definitive fracture fixation site contamination occured from overlapping external 
fixator pins. Overlap of definitive plate and external fixation pin sites occurred in 58 (40%) of ankles. Of these, 7 (12%) developed deep wound infection 
compared with 15 (17%) patients without overlap. There was no significant difference in amount of overlap (P = .636) or distance from plate-to-pin site (P 
= .607) in patients with and without deep infection. They felt that overlap of definitive plate fixation with primary spanning external fixator pin sites was not 
a risk factor for development of deep infection in a staged treatment of high-energy pilon fractures.°° Thus the surgeon should be aware of this risk and 
place the pins that provide for the best reduction and stability of the fracture, regardless of plans for future surgery. Vigilance for any signs of early pin-tract 


infection should be a priority prior to definitive surgery and appropriate measures taken if signs of infection develop.!”* 


The need to obtain MR imaging of the knee or ankle is not that infrequent following spanning external fixation, especially of the knee. Many radiology 
departments are reluctant to perform MR scans because of the risk of “heat” generation and possible discomfort related to the pins themselves. Almost all 
external fixation components at this time are considered “MR conditional” by the FDA. However, it appears as though the dogma of automatic rejection of 
scanning ex-fix patients still exists. There are many studies documenting the safety of MR scanning of the knee with contemporary external fixation 
devices. There are a few reports of scans that were stopped prematurely for patient-reported pain and subjective warmth of the external fixator. However, for 
most clinical studies, pain scores and narcotic usage were unchanged, and all perceived pain issues were resolved without complication.!26184.225 

There is basic scientific evidence evaluating temperature changes at the pin skin interface under MRI scanning conditions in cadavers.?°°.29” Pin site 
temperatures were measured over multiple MRI sequences in commonly used external fixator devices, there were significant temperature differences 
between tibial and femoral pin sites however, the differences in temperature change were found not to be clinically relevant.29” Morandi et al. evaluated 
various fixator configurations for best image production and heat generation in a cadaver model. They found that the best images were achieved when using 
fixator configurations that avoided the use of clamps and bolts within the axial planes containing the knee joint. There were also no detrimental temperature 
changes noted regardless of the configuration.2°° MRIs can be safely performed on patients with external fixators if patients and radiology techs are 
educated before imaging. Even in the small percentage of patients who experienced discomfort, there were no long-term complications. 


SMALL WIRE EXTERNAL FIXATION 


Diaphyseal long-bone injuries are best managed using half-pin techniques. This is readily accomplished when the fracture occurs in the mid portion of the 
long bone, allowing the diaphyseal bone above and below the fracture to be stabilized by half-pins which achieve solid bicortical pin purchase. However, as 
many high-energy fractures involve the tibial metaphyseal regions, transfixion techniques using small, tensioned wires are ideally suited to this area, as they 
demonstrate superior mechanical stability and longevity. The improved stability of these tensioned periarticular wires may eliminate the need to span the 
ankle or the knee joint. The small, tensioned wires may be used in concert with limited open reduction if necessary. Olive wires can be used to achieve and 
maintain “tension compression fixation” across small metaphyseal fragments, similar to the effect achieved with small lag screws. 5’ Therefore, the 
combination of smooth and olive wires is used to neutralize deforming forces across the fracture lines and also help to achieve and maintain compression 
across the fracture lines (see Fig. 11-40B,C).!79 

Randomized prospective trials comparing circular external fixation with standard internal fixation for the treatment of bicondylar tibial plateau fractures 
have demonstrated excellent functional results comparable to traditional open methodologies. A recent meta-analysis comparing ring fixation to standard 
ORIF techniques revealed no significant differences in the rates of deep infection, venous thromboembolism, compartment syndrome, or need for 
reoperation between the two groups.?“° The major advantage of circular techniques was the reduction of soft tissue complications and infections that are 
traditionally associated with open procedures, especially for high-energy fractures. Severely compromised soft tissues in association with periarticular 
fractures are the major indication for use of small wire fixators (Fig. 11-53). 

A completely circular frame offers more adjustability and superior resistance to deformation from detrimental mechanical forces such as cantilever 
bending. The “hybrid” frame has evolved to include a traditional monolateral diaphyseal bar attached to a solitary circular periarticular ring. Full ring 
stabilization is preferable to monolateral shaft stabilization because of the cantilever loading accentuated with this construct. Specifically in the proximal 
tibia, this type of frame configuration functions similar to a diving board producing tremendous loads at the metaphyseal—diaphyseal junction with the 
associated development of nonunion or malunion.®7:!08.264,365,367,376,392 Tf monolateral adaptations are to be used, it is recommended that at least three 
divergent connecting bars be attached to the periarticular ring.” The bars should be oriented to achieve at least 270 degrees of separation to alleviate 
cantilever loading. An additional disadvantage of this “hybrid” construct is the inability to easily dynamize the fixator.292:29%:371,382 
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Figure 11-53. A: Severe internal degloving injury with comminuted distal tibal fracture is an ideal indication for treatment with a small wire circular fixator. 
Numerous olive wires were used to reduce and stabilize the distal segment. The soft tissues were minimally disturbed with the fixation construct application. B: The 
patient was able to bear weight as the fracture healed and the soft tissue injury resolved. Note vigorous callous bridging and healing the fracture and resolution of the 


severe soft tissue injury. 


Surgical application of a circular hybrid periarticular fixator can be performed with the patient on either a fracture or radiolucent table with calcaneal pin 
or distal tibial pin traction. Following a ligamentotaxis reduction of the metaphyseal fragments, olive wires or percutaneous small fragment screws can be 
used to achieve interfragmentary compression of these metaphyseal components (see Fig. 11-53A). If necessary, limited incisions are used to elevate the 
depressed articular fragments as well as bone graft the subchondral defects. It has been shown that at least three periarticular wires are necessary to stabilize 
these injuries. Most authors using small wire techniques recommend that as many wires as can be inserted safely should be used for maximal 


stability.®107:357:374 Biomechanical data supports the use of tensioned wire fixation stabilizing complex fractures of the proximal tibia. The stability 
achieved with a four-wire fixation construct is comparable to that of dual plating for bicondylar tibial plateau fractures.2%26°.376 
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Figure 11-54. Anatomic specimen showing the capsular reflections around the knee joint. Care must be taken to avoid capsular penetration when placing periarticular 
wires around the knee. (Courtesy of Spence Reid, MD.) 


When utilizing transfixion wires, care should be taken to avoid the proximal tibial capsular reflection and ankle joint capsule to avoid penetrating the 
capsule. 130.357.359 This maintains the wires in an extra-articular location and avoids secondary contamination of the joints which can result in knee or ankle 
sepsis (Fig. 11-54). 

In certain situations, a multiplane circular external fixator can be used to prevent further deformity while allowing weight bearing for a neglected 
diabetic ankle fracture. This technique may also be utilized for the management of complex diabetic ankle fractures that are prone to future complications 
and possible limb loss (Fig. 11-55).9>110 

The treatment of tibial metaphyseal injuries has also included the use of monotube ankle bridging and simple monolateral external fixator designs.*3!!4 
These are applied to achieve a distraction reduction across their respective joints, followed by limited ORIF. The advantage of using monotube constructs 
for either plateau or pilon fractures is that articular fixation is achieved and maintained without the use of small, tensioned wires, and the potential for 
articular contamination is avoided.?9? 
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Figure 11-55. A: Bimalleolar ankle fracture with poor soft tissues in a diabetic with early Charcot development. Reduction could not be maintained in a cast or splint. 
B: A circular frame was used in concert with percutaneous techniques to achieve reduction of the fractures and maintain stability while permitting weight bearing. C: 


Frame removed at 10 weeks with excellent joint congruency and ankle stability. 


Figure 11-56. A transport frame spanning the segmental defect following injury. The frame is attached to the bone using a combination of transfixion wires and half- 
pins. A proximal corticotomy was performed, and transport was carried out using auto distractors. As distraction continued the docking site gradually shortened and at 
near docking, bone grafting to the docking site was carried out. Transport is then continued, fully compressing the graft, achieving a stable docking site. The frame was 
successfully removed without docking site nonunion or late deformity of the regenerate. 


BONE TRANSPORT 


Bone transport utilizing distraction osteogenesis can be carried out with a modified monotube monolateral fixator that has an intercalary sliding mechanism 
to transport the bone segment. Similarly, ring fixators can also be configured to perform successful intercalary bone transport (Fig. 11- 
56), 71,91,150,162,257,266,294,313,367,387 

Newer techniques such as rapid transport using a fixator followed by IM nailing or plating, as well as cable-assisted bone transport29:20>294295 with 
delayed IM nailing have come online and are now used in certain circumstances to limit the time in the external fixation frame.?6:131,147,162,263 Advanced 
technologies employing internal lengthening nails used in concert with stable plate fixation have eliminated the need entirely for external 
fixators,50:126,137,261,264,265 

Intercalary bone transport nails are also coming online which allow for transport solely by an IM nail. These techniques and technologies will be 
covered in depth in the section on bone defect management. 


HEXAPOD FIXATORS 


As external fixation devices and techniques have become more sophisticated, the ability to simultaneously correct a complex deformity with a simplistic 
device has become more attractive. The hexapod fixator was designed to allow simultaneous correction in six axes, that is, coronal angulation and 
translation, sagittal angulation and translation, rotation, and length. To achieve this with conventional frames, a complex customized mounting would be 
required. In addition, the mounting of traditional frames would be fairly difficult because the rings need to be placed parallel to the respective reference 
joints, as well as perpendicular to the long axis of the limb. In cases of deformity or fracture, this can be very problematic. The hexapod-type frames allow 
rings to be positioned in any orientation within their respective limb segment. It is not necessary that the rings be parallel with respect to joints or 
perpendicular to the long axis of the bones. This demanding task has been vastly simplified using this six-axis “hexapod” concept.?18-319 

The hexapod is a ring fixator Ilizarov-type design with a configuration consisting of six struts each consisting of a central distractor and universal joints 
at each end. The universal joints which allow for six degrees of freedom of bone fragment displacement are attached to specialized rings on either side of 
the deformity (or fracture) in predetermined locations on the rings. By adjusting the simple distractors, gradual three-dimensional corrections or acute 
reductions are possible without the need for complicated frame mechanisms (see Fig. 11-37F).°!8 

As a fixation device, hexapod fixators are unique in that deformity correction depends on the use of computer software. Once the rings are mounted, the 
deformity is quantified with respect to angulation and translation, in both the coronal and sagittal planes, rotation, and axial translation. These deformity 
parameters are entered into the software program along with the frame mounting parameters. The frame mounting parameters include data points such as 
distance of the frame “master ring” from the deformity (or fracture site) location, and distance from the ring center to the deformity (or fracture) center in 
both the coronal and sagittal planes.?°° The starting length of the six struts is also a variable, which is entered into the software calculations. The program 
will then calculate the final strut lengths necessary to achieve a corrected limb alignment. In addition, daily strut adjustments can also be calculated to effect 
a very gradual correction over a specific time period that the surgeon wishes to achieve (see Fig. 11-37D,E). The final alignment can be further adjusted 
using the same software applying similar deformity and strut parameters to the program.2° 

In the acute application, this frame allows emergent placement of a relatively simple frame. The frame can be attached using either transfixion wires or a 
minimum of three half-pins on either side of the fracture. At this point, an approximate reduction can be achieved grossly at the time of surgery and the final 
reduction can be completed over a short period of time using the software program and gradual adjustment of the six struts (Fig. 11-57). The hexapod 
frames and internet software offer the advantage of very accurate and precise control of multiple deformities without significant soft tissue dissection. A 
relatively straightforward and simple external device is applied to effect these corrections. 

Studies have also documented the hexapod frames’ ability to achieve gradual realignment of complex pediatric fractures, deformities, and complex foot 
reconstruction procedures. >®9,105,106,111,116,166,308,333 Traditional reconstructive surgical approaches involve large, open incisions to remove bone and the 
use of internal fixation to attempt to fuse dislocated joints. Such operations can result in shortening of the foot and/or incomplete deformity correction, 
fixation failure, incision healing problems, infection, and the long-term use of casts or braces. The ability to gradually reduce a chronically dislocated ankle 
or correct complex foot deformities in the setting of a severe diabetic and Charcot arthropathy without the need for extensive incisions is 
advantageous,”’*.*73 as extensive open reduction can frequently be contraindicated because of local skin conditions and contractures (see Fig. 11-55).?!2213 
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Figure 11-57. A: Complex open distal tibial fracture with large open wound potentially requiring free flap coverage. B-D: Acute management included conversion of 
the spanning fixator to a Taylor spatial frame, with intentional shortening and creation of varus deformity, to help achieve primary wound closure. E-G: Once the 
wound has been stabilized, gradual correction of the induced deformity was carried out. Complete healing of the wound is noted. H: Skin appears normal following 
frame removal and subsequent follow-up. 


One can comprehensively approach tibial nonunions with these devices. This is particularly useful in the setting of stiff hypertrophic nonunion, 
infection, bone loss, leg length discrepancy (LLD), and poor soft tissue envelope. What is unique is the hexapod frames’ ability to resolve multiple 
deformities and restore leg length equality with a relatively simplistic frame application (Fig. 11-58),111-904309,319,356,388 

Correction of severe tibial deformity associated with nonunion of the tibia can be achieved by slow gradual correction, allowing the compromised 
tissues to adapt. Studies have demonstrated that patients with either a hypertrophic or oligotrophic nonunion of the tibia with deformity are the best 
candidates for hexapod frame application. Similarly, patients with three-dimensional deformity and malunion can also be corrected through the use of select 
corticotomies and gradual distraction with a hexapod frame.3043?4 Studies document these frames’ ability to accurately realign the mechanical axis and 
achieve union even for the most complex tibial deformities (see Fig. 11-58).21316387,388 

As noted previously in this chapter, acute shortening with a circular external fixator has been shown to be helpful in the treatment of open tibia fractures 
with simultaneous bone and soft tissue loss. This is especially true in cases of axial bone transport where longitudinal defects are closed by the soft tissue 
recruitment that accompanies the transport segment. However, in most cases, the soft tissue defect considerably exceeds the bone loss and may require a 
concomitant soft tissue procedure. There are a number of potential difficulties with vascularized pedicle flaps and free tissue flaps, including anastomotic 
complications, partial flap necrosis, and flap failure in these cases. With the versatility of the device, open fractures can be acutely deformed with regard to 
shortening and angulation to facilitate primary wound closure.”°” This limb distortion is temporary and may not require a concomitant soft tissue 
reconstructive procedure to achieve coverage (see Fig. 11-57A—D).”°° In some situations following an acute shortening and angulation of the tibia, a 
rotational muscle flap procedure is then carried out with a split-thickness skin graft to close the soft tissue defect. Once the wound is healed, the hexapod 
frame is then used to correct the alignment while stretching the rotational muscle flap (the gradual expansion muscle flap).*? The deformity and length are 
gradually corrected by using the software programs that are now available for most of these hexapod devices (see Fig. 11-57E-H). A relatively simplistic 
frame has been described for the use of these techniques when treating complex tibial shaft fractures with concomitant soft tissue injury with deformity.® 


Figure 11-58. A: Complex infected nonunion with deformity and leg length discrepancy. B: Complex reconstruction with hexapod frame to gradually distract the 
nonunion and perform six-axis correction. A proximal corticotomy was also performed to help reestablish normal leg lengths. C: Consolidation phase with struts 
changed out for compression rods at the nonunion site (reverse dynamization). Note maturing regenerate (arrows) with 1-year follow-up films. 


EXTERNAL FIXATOR FRAME MANAGEMENT 


Secondary procedures are frequently required during treatment involving external fixators. These may include soft tissue coverage procedures or delayed 
bone grafting. Most external fixator frames can be easily modified or placed out of the zone of injury. Most surgeons find it problematic to drape the fixator 
out of the operative field and maintain this unusually small area as sterile throughout an entire procedure. The benefits of safely prepping an external frame 
into the operative field include the ability to maintain reduction during secondary conversion procedures, and decreasing the time, material cost, and 
frustration of trying to drape a fixator safely out of the operative field. It has been shown that following a standardized protocol, including precleaning the 
external fixator frame, followed by a 70% alcohol wash, and then a standard ChloraPrep for frames with closed injuries. Povidone-iodine prep and paint, 
with air drying, was performed for frames with open fractures. This is followed by draping the extremity and fixator directly into the operative field, 
additional surgery can be safely performed without the risk of an increased rate of postoperative wound infection.!5>-!®:375 Tt is possible to perform free 
flaps and other soft tissue procedures directly around the external fixator pins as long as the pins do not communicate directly with the operative site. 


PIN INSERTION TECHNIQUE 


The integrity of the pin—bone interface is the critical link in the stability of the external fixation system. External fixation pins placed in cancellous 
metaphyseal bone frequently loosen with time, resulting in fixation failure and increased risk for infection. The fixation pin in cortical/diaphyseal regions 
can remain intact and infection-free for extended periods of time. Thus, each pin in the fixation construct should be continually evaluated for these potential 
problems to avoid an unstable fixator. The correct insertion technique involves incising the skin directly at the side of pin insertion. Following a generous 
incision, dissection is carried directly down to bone and the periosteum incised where anatomically feasible. A small Penfield-type elevator is used to gently 
reflect the periosteum off the bone at the site of insertion. Extraneous soft tissue tethering and necrosis are avoided by minimizing soft tissue at the site of 
insertion. A trocar and drill sleeve are advanced directly to bone, minimizing the amount of soft tissue entrapment that might be encountered during 
predrilling. The drill sleeve should be centered in the midportion of the medullary canal (Fig. 11-59A). One needs to ensure that the pin trajectory traverses 
the near cortex, then the medullary canal, and finally exits the far cortex. In this fashion, a transcortical pin, which acts as a stress riser and can be a site of 
fracture once the frame has been removed, is avoided. A sleeve should also be used if a self-drilling pin is selected. Following predrilling, an appropriate 
size depth of pin is advanced usually with a T-handle chuck to hand torque the pin into the appropriate position to achieve a bicortical purchase. Any 
offending soft tissue tethering should be released with a small scalpel (Fig. 11-59G—J).!°> Generous irrigation during predrilling and pin insertion can 
reduce the risk of heat necrosis of bone and soft tissues. 
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Figure 11-59. A, B: A trocar and drill sleeve are centered on the bone under fluoroscopic control to ensure that the pin is not eccentrically located and traverses both 
cortices as well as bisects the medullary canal. C: Cold saline is used to irrigate and reduce heat generation during drilling and placement of these predrilled pins. D-F: 
The pin must engage the posterior cortex and be central in the bone to avoid postframe stress fracture through an errant transcortical pin tract. Note the central location 
of the diaphyseal pin. G: Following pin insertion there is some degree of soft tissue tethering. Because of this tissue encroachment, hand placement of the pins with a T 
handle limits any soft tissue damage during pin insertion. H: The skin can be released using a no. 11 blade scalpel. I, J: The tethering is relieved, and a small suture can 
be used to loosely reapproximate the skin. 


PIN CARE 


There is no consensus in the literature as to the appropriate regimen for pin-tract care and infection prevention. An intrasubject, randomized, prospective 
controlled trial comparing daily pin-tract care with no pin-tract care was undertaken. Outcome measures evaluated in this study included the pin-skin soft 
tissue interface integrity, stability of the pins including torsional stability as determined with a torque meter, presence of radiographic pin-site osteolysis, 
and presence of pin-site pain. There were no statistically significant differences between the two groups (pin care to no pin care) when comparing 
granulation tissue, pin-site drainage, and pin stability (osteolysis, or torque on extraction). This study suggested that specific routine pin-tract care is 
unnecessary as long as daily hygiene for the patient and frame is maintained.*” 

Thus, a universal standard for pin care has yet to be identified. Pin-site recommendations are based more often on clinical preference rather than strict 
research findings.®® It should be noted that correct pin-site insertion technique removes most of the factors that cause pin-site infection and subsequent pin 
loosening.!1°5.274 If appropriate insertion technique is used, the pin sites will completely heal around each individual pin, much like a pierced earring 
insertion site heals. Once healed, only showering without any other pin-cleaning procedures is necessary.?”* The occasional removal of a serous crust 
around the pins using dilute hydrogen peroxide and saline may be beneficial (Fig. 11-60).4°-!46 


Figure 11-60. As the pin sites are healing, serous fluid exudes at the pin site and develops crusting, which should be removed with mild peroxide or mild soap and 
water. 


In general, recommendations for the initial management of immediate postoperative pin sites include using normal saline as the cleansing agent in 
concert with dilute hydrogen peroxide.!°*!4° A recent survey evaluating the common trends in use for the management of half-pins and the treatment of 
pin-tract infections that occur in circular fixation. Experts polled were all members of the Limb Lengthening and Reconstruction Society (LLRS). Most 
surgeons (81%) preferred HA-coated pins as a means to decrease pin-site infection. Respondents commonly encouraged the use of a shower (60%) and a 
mild cleansing solution (67%) for routine daily pin-site care once the initial inflammation from insertion has subsided and the pin sites sealed.18t34 A 
review of the Cochrane database with regard to the most effective pin care regime was performed, and all RCTs comparing the effect on infection and other 
complication rates of different methods of cleansing or dressing orthopaedic percutaneous pin sites were evaluated. Three trials compared a cleansing 
regimen with no cleansing, two trials compared cleansing solutions, one trial compared identical pin-site care performed daily or weekly, and four trials 
compared dressings. One of these trials reported that infection rates were lower (9%) with a regimen that included cleansing with half-strength hydrogen 
peroxide and application of Xeroform dressing when compared with other regimens.22! Additional studies have recommended the use of 
polyhexamethylene biguanide, silver sulfadiazine, or 10% polyvinylpyrrolidone iodine (polyod)-impregnated gauze pin wraps to reduce the risk of pin-tract 
infection compared with pin-gauze wraps soaked in normal saline.’®-882!7.332 However, the authors agree with the conclusions of other investigators that 
there is insufficient evidence for a single particular strategy of pin-site care that minimizes infection rates.!°+?2! Ointments are not recommended for 
postcleansing care, as these tend to inhibit the normal skin flora and can lead to superinfection or pin-site colonization.?°° It is important to remove the 
buildup of crusted material, which will tend to stiffen the pin-skin interface and increase shear forces at the pin—bone interface (see Fig. 11-60). This leads 
to the development of additional necrotic tissues and fluid buildup around the pin.” Immediate postoperative compressive dressing should be applied to the 
pin sites to stabilize the pin-skin interface and thus minimize pin—-skin motion, which can lead to additional necrotic debris. By “training” the skin, the pin 
site remains stable.!”9 This allows the skin to heal around the pin undisturbed. Compressive dressings can be removed within 10 days to 2 weeks once the 
pin sites are healed (Fig. 11-61). If pin drainage does develop, then providing pin care three times per day should be undertaken. This may also involve 
rewrapping and compressing the offending pin site in an effort to minimize the abnormal pin-skin motion.!79 

Review of large pin-site registries has documented a significant difference in the rates of pin-tract infection between large Schanz half-pins and small 
transfixion wires. A recent meta-analysis evaluating pin-tract infection articles from 1980 through 2014 documented an overall rate of 27.4% for risk of at 
least one pin-tract infection when using external fixation.!®! 

For acute fracture fixation fixators, patients with hybrid external fixators demonstrated a similar risk of pin-tract infection as patients who had unilateral 
fixators. The infection rate in the ring fixator (using small transfixion wires) group was significantly lower than the hybrid external and unilateral fixator 
groups (using primarily Schanz half-pins),?°* especially when these frames are used for traumatic applications. 13 

Pin registries evaluating the rates of pin-tract infection for limb-lengthening procedures demonstrated similar results. The rate of half-pin site infection 
was significantly (P < .05) higher in half-pin fixators (100%) compared with hybrid fixators (78%) where a combination of thin wire and half-pins was 
used. When half-pins were compared exclusively with thin wires, a significantly (P < .05) higher incidence of half-pin site infection (78%) over fine-wire 
site infection (33%) was revealed.'! The etiology of frame use was most predictive of the potential for pin-tract infection. Trauma patients had the lowest 
risk for infection at 24%, while reconstructive and limb-lengthening frames had the highest risk at 46%. This was probably related to frame duration, with 
trauma fixators removed at an average of 88 days and reconstructive frames removed on average at 198 days. This supports the concept that the pin-skin 
interface degrades over time. The longer the pins are exposed to bacteria, the more likely they are to become infected.!®! These findings highlight the need 
to insert half-pins with correct technique (as described above) to avoid excessive soft tissue impingement, incarceration, or development of necrotic tissue at 
the site of half-pin insertion. In general, it appears that a simple, inexpensive, and patient-friendly plan of pin-site care is equal to more complex or costly 
plan. 
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Figure 11-61. A: The pin-skin interface should be compressed and stabilized to minimize motion and subsequent development of any necrotic material. Gauze wraps 
around the pins or pin sponges can be used to provide stabilization following pin site healing. Immediate postoperative dressings should include compressive dressings 
around all pins to compress and stabilize the pin-skin interface. B: Healing pin sites require some degree of compression to stabilize the pin skin interface and 
minimize motion while they are healing (note the compressive sponges over pin sites.) No other special care other than mild soap and water is needed at this time. No 
ointments or antiseptics are required for the maintenance of a healed/sealed pin site. C: A shoe is reversed laced such that the excess laces can be tied up around the 
rings to help maintain the foot in a neutral position. Often during correction, the patient will develop an equinous contracture and the shoe facilities weight bearing and 


maintain a plantigrade foot. 


FRAME REMOVAL 


Definitive treatment with an external fixator demands close scrutiny of radiographs to ensure that the fracture or distraction site has completely healed prior 
to frame removal. Numerous authors have described various techniques including CT scans, ultrasound, and bone densitometry to determine the adequacy 
of fracture healing.!®-!9:179 In general, the patient should be fully weight bearing with a minimal amount of pain noted at the fracture site. The frame should 
be fully dynamized such that the load is being borne by the patient’s limb rather than by the external fixator (Fig. 11-62). 


Figure 11-62. A: The rods are dynamized by backing up the nuts and allowing the rings to “float” and compress against one another with weight bearing. B: Prior to 
frame removal all the connecting rods are removed and only the rings remain. The frame is fully dynamized, and the patient is allowed to ambulate full-weight bearing. 
The patient is instructed to be aware of any signs of pain or deformity that would indicate incomplete healing. If this occurs, the connecting bars can easily be reapplied 
and the frame not removed at this time. 


With the use of hexapod fixators, however, full frame dynamization may be problematic especially if the rings are nonorthogonal at the end of 
correction. Biomechanical studies indicate a significant reduction in the hexapod frame ability to fully dynamize if the rings are more than 10 degrees of 
divergence from each other. The struts are found to bind and resist axial collapse due to excessive obliquity of the struts. This eccentric subsidence of struts 
has also been found to induce cantilever bending instead of promoting circumferential compression of the rings (Fig. 11-63).2°9 

For distraction osteogenesis, radiographs are visualized in the AP and lateral plane. It is necessary to see three out of four neocortices in the regenerate 
zone reconstituted to ensure that the bone is mechanically stable and able to tolerate frame removal.!4—16!50,151,153,154 Late deformity following frame 
removal is very common and usually is the result of incomplete healing of the distraction regenerate.'”? In the tibia, this is because the subcutaneous border 
anteriorly has the least amount of soft tissue coverage, and thus, blood supply. However, mechanical stability requires only three out of four reconstituted 
cortices (Fig. 11-64). With standard external fixation techniques, similar precautions should be adhered to in order to avoid refracture or the development of 
nonunion. Multiple x-ray views of the extremity should be obtained to determine the adequacy of fracture healing prior to frame removal. Out-of-plane 
ununited fracture lines may be present and may be overlooked if only orthogonal AP and lateral x-rays are obtained to confirm fracture healing. Oblique 
views should also be obtained in addition to standard views to help identify any residual fracture gaps. 

A recent survey conducted by the members of the LLRS determined the criteria practitioners utilized to help them determine the timing of frame 
removal.!82 The most reliable and widely used criterion was the ability of the patient to walk full weight bearing (75%). Radiographic criteria used were 
primarily demonstrating three out of four cortices reconstituted prior to removal as viewed on AP, lateral, and oblique views of the tibia (71%). Other 
criteria included no pain with weight bearing and full ambulation (55%), after dynamization (55%), and duration of fixator in place (30%). Most 
respondents routinely dynamized the frame prior to removal and thought that this was the final test to determine suitability for frame removal. Those who 
dynamized their frames were more confident in the regenerate healing. This study highlighted that most surgeons used plain radiographs and clinical 
evaluations to determine timing of fixator removal. Only 23% reported using computed tomography as a means for determining timing of frame removal. 


Figure 11-63. With hexapod fixators, the struts are released to allow the rods to telescope and rings can compress with weight bearing. If the rings are more than 10 
degrees divergent from one another, the struts may bind and produce harmful cantilever loading which may be detrimental to final healing. Many manufacturers have 
other strut additions that can mitigate this “locking” phenomenon. In this case, the rings’ final positions are nearly parallel, and unencumbered dynamization proceeded 
without problems. Note excellent pin spread of fixation and perfect pin health, just prior to removal. 


Figure 11-64. The best way to time the removal of the ring fixator is to evaluate the number of healed cortices on both AP and lateral x-rays. At least three of the four 
cortices should be completely reconstituted and in continuity to avoid postframe deformation or nonunion. A: The lateral view should demonstrate the posterior cortex 
reconstituted. The anterior cortex is usually the last to heal, given the paucity of anterior soft tissues in the tibia. B: The AP view should demonstrate complete healing 
of both medial and lateral cortices at the site of regenerate or nonunion. Thus, with three of four cortices healed, the frame can be removed. 


Ease of frame removal in an outpatient or office setting varies depending on the type of fixator pins used. A study evaluated the ability to remove 


stainless steel pin fixators in the office setting without anesthesia. Removal of these particular external fixators without anesthesia was well tolerated by 
most patients. Inflammation at pin sites was associated with a higher degree of discomfort during external fixator removal. Despite the higher pain score, 
most patients with pin-site inflammation report that they would repeat the procedure without anesthesia.*©” This study confirms the concept that stainless 
steel pins are usually easily removed; however, newer pin designs including titanium pins, as well as HA-coated pins are more problematic. With the 
biologic ingrowth nature of these biomaterials, pin removal is often difficult requiring sufficient force to loosen (break) the intact pin—bone interface. This 
may inflict a significant amount of pain which may preclude this procedure occurring in an office setting.2°975%3!2 In patients whose treatment time has 
been prolonged, there is often a large overgrowth of heterotopic pin keratosis which has built up around the pin sites. This can leave an unsightly painful 
scar if not removed and therefore should be excised at the time of pin removal. 

If HA pins are utilized, removal can occasionally cause fresh brisk bleeding. Because of the solid ingrowth of bone into the pin threads, the removal 
interface is similar to a “mini” fresh fracture due to breaking the HA-—cortical bond. Silver nitrate cautery sticks can be placed into the pin tract to achieve 
hemostasis at these sites (Fig. 11-65). 


FRAME REUSE 


In this era of cost containment for health care, the practice of recycling external fixator components makes economic sense. Dirschl and Smith reported on a 
single center’s experience with a reuse program. Components in good repair were returned to the operating room stock for reuse, whereas those showing 
signs of wear were discarded. No component was used more than three times. The institution charged patients a “loaner fee” equal to the hospital’s cost for 
the inspection, processing, and recycling of fixator components. The mean hospital cost for a fixator decreased 34% as a result of this program. There were 
no differences in the rates of reoperation or complications before and after institution of the reuse program. No patient had mechanical failure of a new or 
reused component.2294:179.207 

A prospective randomized interventional trial was conducted with patients’ consent using new versus recycled external fixators.777 Outcome indicators 
included incidence of pin-tract infections, loss of fixation, and loosening of components. An equal number of patients were recruited into both groups. No 
significant difference was found regarding pin-tract infection, loss of fixation, or loosening of components. The study concluded that recycling external 
fixator components was safe and effective, with sizable cost savings compared with using new frames at each application. A potential issue with reuse 
relates to ownership of the frame. Some believe that the party that paid for and therefore owns the frame (patient, insurance carrier, or hospital) should 
consent to reuse. 


Figure 11-65. Following frame removal pin sites can bleed and ooze for some time especially with HA coated pin sites. Application of silver nitrate sticks into the pin 
sites will cauterize them and prevent chronic drainage. This facilitates granulation tissue and early healing of the pin sites. 


Most external fixators are used as temporary frames, and are not intended to withstand physiologic loads, nor are they expected to provide anatomic 
reduction for long periods of time. Given the considerable expense associated with external fixation frame components, the practice of new components 
considered disposable “single-use” items appears to be somewhat wasteful. 

With this in mind, many investigators have turned to lower-cost frames specifically designed to be one-use disposable items. A small series 
documenting this type of device was published. There were no complications or noticeable disadvantages associated with the use of this lower-cost device 
composed of plastic resin with modular, disposable components. Specifically, there were no pin-tract infections, no loss of fixation, no loosening, and no 
uncoupling of the devices.??? 

Many investigators have evaluated the mechanical properties of recycled fixator components.’°.°394164207 A thorough examination of clinically 
removed frames, including static mechanical testing, has shown no reduction in performance or catastrophic mechanical failure of recycled parts that 
showed no visual signs of wear. A study from the U.S. Army evaluated reprocessed connecting bars from a commonly used external fixation system. The 
bending strength and stiffness of these rods was determined using four-point bending testing. The location of rod failure was noted. Testing conditions 
simulated those utilized by the manufacturer for release of new rods. There was no statistically significant difference in bending strength, but there was a 
6% decrease in bending stiffness of the used rods compared with the new rods, the clinical significance of which is unknown. Thirteen totally 


used/refurbished rods broke at locations of previous clamping.”°? Thus it is recommended that the rods undergo thorough examination for signs of notching 
or excessive wear prior to reuse. The potential cost savings, combined with the documented safety of recycled components, makes reuse of these devices 
attractive. 

August 2000 marked a significant change for hospitals or companies that perform in-house reprocessing of single-use medical devices (such as external 
fixator components). The U.S. Food and Drug Administration (FDA) announced new guidelines for hospitals as well as third-party reprocessing companies 
that now hold them to the same rigorous premarket submission requirements as manufacturers. For every device a hospital wants to reprocess, it must 
submit information to the FDA that demonstrates the safety and effectiveness of that device following reprocessing. This means that hospitals now face 
tough choices, with a wide range of factors to consider, such as cost liability, quality assurance, and device tracking. Since this ruling went into effect many 
hospitals have determined that they lack the resources to meet the arduous premarket submission requirements (510K approval). Hospitals that performed 
their own reprocessing have been forced to decide whether to continue to recycle at great expense, stop using reprocessed devices, or outsource to a third- 
party preprocessor. Many have decided to outsource the service. 

Reprocessing, whether in-house or by a third-party company, can result in cost savings over the purchase price of new fixator components. Data 
currently suggests that this does not compromise the standard of care or patient outcome. A recent study at Boston University evaluated reuse of reprocessed 
external fixator frames at the time of removal, for efficacy of function and potential complications.**” The authors found no statistical differences in the 
incidence of pin-tract infections, loss of fixation, or loosening of the components compared to those patients treated with new fixators. Their study 
demonstrated that this type of reuse program was safe and effective with a potential savings of 25% compared with the cost of all new frames. 

Devices must be tested and recertified prior to redeployment in hospital stock. Using a conservative pass rate and the assumption of a maximum of three 
recertifications for each component, Horwitz et al.!”4 calculated the total potential hospital savings on external fixation components when this program was 
instituted. Components were returned back to the original manufacturer for reprocessing. The first pass rate was 76% for initial reprocessing. The second 
pass rate (i.e., the rate for components that had already been recertified once and had been sent for a second recertification) was 83%. On the basis of a 
conservative pass rate estimate of 75%, the predicted average number of uses of a recyclable component was 2.7. The recertified components were sold 
back to their institution at 50% of the original price. Because carbon fiber bars and half-pins were not recycled, 85% of the charges expended on new 
external fixation components were spent on portions of the system that were recyclable. The potential total savings on reusable components was found to be 
32%, with a total savings of 27% for the whole external fixation system. The investigators noted that no recertified components failed in clinical use over 
the course of the study. 

These studies demonstrate the real cost savings associated with a manufacturer-based testing and recertification program. However, issues of voluntary 
participation in reuse programs by the patient as well as informed consent of the use of reprocessed components, component ownership, and the impact of 
savings on patient charges, still need to be clarified. 


FIXATOR-RELATED COMPLICATIONS 


INFECTION 


Wire and pin-site complications include pin-site inflammation, chronic infection, loosening, or metal fatigue failure. Most authors agree that infection rates 
from external fixation pins have steadily decreased, as pin technology has increased, but are still significant.©!®! The rates of frank pin-tract infection have 
been based on anecdotal accounts in many studies regarding external fixation. The major problem inherent in all external fixator studies has been the exact 
definition of an infected pin site. Histologic examination of the tissues surrounding the inflamed pin site might lead to the conclusion that almost every pin 
tract is infected. 

The Checketts—Otterburn classification® is one of the most commonly employed in the literature. It describes six grades of infection based on clinical, 
radiologic, and mechanical factors and taking into consideration response to treatment while at the same time providing management recommendations for 
each stage. The authors further differentiate between the first three stages as minor infections and the last three as major and resulting in the need for the 
removal of the external fixation device (Table 11-1). The content validity of this tool is considered the reason for its common use but concerns have been 
raised with regard to its criterion validity.’ An inflamed pin site would be classified as grade 1, highlighting the lack of clear definition for what 
constitutes a pin-site infection, the lack of a clear definition and a universally accepted classification system for pin-site infections. Existing classifications 
have offered valuable insight into various aspects of managing this commonly encountered complication. They are, however, subjective, demonstrate 
varying degrees of reproducibility, and fail to offer any prognostic inference. They are often outcome-derived and of retrospective nature. Furthermore, no 
single classification can account for all the variable aspects relating to care and outcomes (Fig. 11-66). 


TABLE 11-1. Checketts—Otterburn Classification of Pin-Tract Infections 


Grade Characteristics Treatment 


Minor Infection 


1 Slight redness, little discharge Improved pin site care 
2 Redness of the skin, discharge, pain, and tenderness in the soft tissue Improved pin site care, oral antibiotics 
3 Grade 2 but no improvement with oral antibiotics Affected pin or pins resited and external fixation can be continued 


Major Infection 


4 Severe soft tissue infection involving several pins, sometimes with External fixation must be abandoned 
associated loosening of the pin 


5 Grade 4 but radiographic changes External fixation must be abandoned 


6 Infection after fixator removal. Pin track heals initially but will Curettage of the pin tract 
subsequently break down and discharge in intervals. Radiographs show 
new bone formation and sometimes sequestra 


Reproduced from Checketts RG, et al. Pin track infection and the principles of pin site care. In: Orthofix External Fixation in Trauma and Orthopaedics. Springer Nature; 2000:97—103. 


PREMATURE CONSOLIDATION AND REFRACTURE 


In patients undergoing distraction osteogenesis techniques, the problem of premature consolidation is most commonly diagnosed as a failure of the 
corticotomy site to open and lengthen following initiation of distraction. In most instances, the problem is actually an incomplete osteotomy rather than the 
premature healing of the osteotomy site.!79263 When this occurs in the tibia, it is often a failure to completely osteotomize the posterior lateral cortex. Most 
experienced surgeons perform the corticotomy and then manually distract the corticotomy site acutely for 1 to 2 mm under fluoroscopic control to ensure 
that the corticotomy is complete and can be distracted manually. Using the fixator pins above and below the corticotomy as joysticks, the limb segments can 
be counter-rotated one against the other under fluoroscopy to ensure that a complete osteotomy has occurred, !50-154179,363 

Premature consolidation does occur most commonly in a pediatric population where distraction must begin much sooner compared with a mature 
patient. It is usually because of a prolonged latency period allowing significant callus formation to bridge across the corticotomy site. This is seen clinically 
as excessive deflection of the wires or half-pins with a concomitant lack of a distraction gap on radiographs. If this is recognized early in the treatment 
phase, continued slow distraction can be carried out until the premature area of consolidation ruptures.'°* The patient should be warned, however, that he 
may feel an ache or hear an audible snap or pop in the limb with sudden pain and concomitant swelling. Should this occur, the patient should immediately 
reverse the distraction and compress the region until the pain has subsided. If the patient continues to distract following the fracture of the premature 
consolidation zone, significant diastasis in the distraction gap will be created causing rupture of the neovascular channels. This may result in the formation 
of cysts with incomplete regenerate formation and possible regenerate failure.!”!91!77-!79.272 Should the slow distraction fail to achieve disruption of the 
premature consolidation, the patient should be returned to the operating room where closed manipulation can sometimes be successful in achieving 
complete corticotomy. Should this fail, a repeat corticotomy should be carried out. 

The most common cause of incomplete regenerate healing includes disruption of the periosteum and soft tissues during corticotomy, too rapid a 
distraction, and frame instability,!8:!9:177-179 

The rate and rhythm of distraction should be modulated in accordance with the radiographic visualization of the regenerate bone including the formation 
of the interzone and longitudinal orientation of trabecular bone. Any evidence of disruption or nonlinear orientation of the trabecular bone should be a clear 
sign that frame instability has occurred. Each pin, wire, and ring connection should be checked and if necessary, additional pins or wires added to assure 
adequate frame stability. This will help to avoid the formation of intercalary cartilaginous elements. 

Regenerate refracture or late deformity following removal of the apparatus usually presents as a gradual deviation of the limb. This often occurs as a 
result of the patient and treating surgeon becoming “frame weary,” which results in premature frame removal prior to complete healing of the regenerate or 
fracture.!”9 The frame should remain on for an extended period of time to ensure that the fracture has healed. Refracture through a docking site is unusual 
and is typically the result of incomplete healing. What is more common is fracturing through an osteoporotic stress fracture or through a previous pin or 
wire hole site. When late deformity or regenerate collapse occurs, this usually leads to an unsatisfactory outcome unless collapse is detected early and the 
frame is reapplied. Untreated, the resulting malunion requires secondary osteotomy procedures (Fig. 11-67). 


Figure 11-66. A: Grade 1 pin site (minor) A minimally inflamed pin site with scant serous type discharge. At long term, these pins can develop painful hypertrophic 
keratosis surrounding the pin sites and should be excised at the time of pin removal. B: Grade 2 (minor) pin-tract infection redness of the skin, pain, and tenderness in 
the soft tissue with seropurulent drainage requires vigorous pin care and antibiotics. C: Grade 4 (major) pin-tract infection with surrounding erythema, inflammation, 
and purulent drainage. Severe soft tissue infection involving a single pin, is sometimes associated with loosening of the pin. Radiographs of this region must be 
examined for radiographic signs, suggestive of pin loosening. D: Radiographic evidence of pin sepsis and loosening includes pin sequestrum (white arrow) and cortical 


lucencies (black circles). 


Pin- and wire-site fracture, as well as docking site or fracture site refractures can usually be treated with a cast if detected early before significant 
malalignment occurs. However, in complex cases, frame reapplication is required. 


Figure 11-67. A: Bone transport with incomplete docking site healing and questionable proximal regenerate. In these situations, to avoid late deformation, frank 
nonunion, or other complications of premature frame removal, careful evaluation by all radiographic and clinical methodologies should be undertaken. B: In this case, 
bone grafting of both the regenerate and docking site was carried out and uncomplicated healing without nonunion or deformation occurred. 


CONTRACTURES 


Muscle contractures usually result from excessive joint distraction, occurring when elastic tissues and contractile elements cannot accommodate changes in 
length. This can occur over an extended period, such as the use of an ankle-bridging monotube fixator, or temporary traveling traction spanning the knee or 
ankle.3?? A common complication when using lower extremity external fixators is the development of equinus contractures of the foot and ankle. To prevent 
this, spanning the tibial frame to the forefoot in a neutral position can be performed. 

Extension contracture of the knee can occur with femoral lengthening or impalement of the quadriceps mechanisms from prolonged monolateral 
external fixation. Knee flexion exercises to stretch the contracture with physical therapy can be effective but take a prolonged amount of time to work and 
place increased stress across the patellofemoral joint. An extension contracture can be corrected if manipulated early, using general anesthesia. However, 
long-standing contracture can be corrected with limited open or formal quadricepsplasty.!9° 

Contractures result when the resting muscle length becomes relatively short to that of the newly lengthened bone. Thus, tibial lengthening or bone 
transport can cause flexion contractures at the knee and equinus contractures of the ankle. Measures should be taken to prevent severe muscle contractures 
when dealing with correction of LLD.'”9 This also occurs during the correction of malunions or nonunions, where, following the deformity correction, 
relative length is restored. Preventive measures include avoiding transfixion of tendons and maximizing muscle excursion before placing transfixion wires 
or half-pins. Physical therapy throughout the course of treatment is helpful as is splinting and maintaining a plantigrade foot in neutral and the knee in full 
extension when the patient is at rest. In some instances, local injection of botulinum neurotoxin A can help with severe developing equinus contractures, 
especially with extended tibial lengthening. 


CONCLUSION 


The traditional complications of external fixation have been related to the complexity of the external devices, the prolonged treatment times in the frame, 
and suboptimal outcomes of nonunion, malunion, and pin-related infection. These have largely been eliminated because of advancements in contemporary 
pin design and frame constructs as a result of innovations in biomaterials and orthobiologics, and an improved understanding of fracture biomechanics. 
External fixation frames can now remain in place for prolonged periods of time without degradation of the pin—bone interface, and the stiffness of the 
frames can be adapted to match the clinical demands of the application at hand. Simplified frame mountings have extended the indications for use of these 
devices, not only for acute fracture management but also for the reconstruction of complex posttraumatic conditions. 

Advanced technologies such as forthcoming Hexapod fixators that will automatically adjust the fixator stiffness as fracture healing progresses coupled 
with web-based software interfacing with digital x-rays that will automatically calculate deformity parameters are in development. Most contemporary 
fixators require relatively uncomplicated frame adjustments, and automated distraction devices are available. These frames can produce anatomic restoration 
of limbs that previously could not be achieved with earlier external devices.7841,267 On the horizon are entirely internal self-lengthening implants which will 
revolutionize limb lengthening and deformity correction.'°? However, external fixation will always provide distinct biologic advantages and will continue to 
treat a variety of challenging conditions as the ultimate noninvasive tool. 
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concerns about cross-contamination from the additional open procedure and maintenance 
of bone regenerate stability. A case-controlled series was examined. The integrated 
fixation method allows for a more efficient limb salvage surgical reconstruction in patients 
carefully selected for that approach, the frequency of adverse events and the ability to 
restore limb lengths were not different between the groups with and without this 
methodology. 


Level III: Evidence. 


Overlap of definitive plate and external fixation pin site occurred in 58 (40%) of ankles. 
Of these, 7 (12%) developed deep wound infection compared with 15 (17%) patients 
without overlap (p = .484). Conclusions: Overlap of definitive plate fixation with primary 
spanning external fixator pin sites is not a risk factor for development of deep infection in 
a Staged treatment of high-energy pilon fractures. 

Level III: Evidence 


There is some concern, that application of an external fixator with subsequent reduction of 
the fractures with distraction may precipitate the development of compartment syndrome. 
Patients who underwent immediate knee-spanning external fixation also had all four 
compartments of the injured leg measured during the temporizing procedure at four 
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different time points. Application of knee-spanning external fixation as a temporary 
measure for stabilization of high-energy proximal tibial fractures and dislocations may 
result in transient elevation of intracompartmental pressure of the leg. Although DeltaP 
may fall below the threshold of 30 mm Hg, this does not appear to lead to compartment 
syndrome. However, overdistraction of the joint should be avoided. 

Level III: Evidence. 


Under axial loading, the Ilizarov construct utilizing demonstrated the greatest rigidity 
followed by the Ilizarov construct using hexapod components. Under bending loads, the 
difference in rigidity between constructs was similar but less marked. Under torsional 
loading, both hexapod frames were seen to be significantly more rigid than the Ilizarov 
constructs. Overall deformation around neutral loading was much higher in the Hexapod 
frame. Hexapod frame constructs were less rigid under axial loading but more rigid under 
bending and torsional loads than their comparative Ilizarov constructs. 

It is generally accepted that circular frames optimize the mechanical environment by 
reducing shear strain across the fracture while maintaining axial micromotion so as to 
promote fracture healing. Comparative biomechanics is reviewed and there were 
significant differences in the frames’ mechanical behavior under different loading 
conditions based on the type of hexapod strut utilized. 


Reverse dynamization is a mechanical manipulation regimen designed to accelerate bone 
healing and remodeling. It is based on the hypothesis that a fracture that is initially 
stabilized less rigidly allows micromotion to encourage initial cartilaginous callus 
formation. Once substantial callus has formed, the stabilization should then be converted 
to a rigid configuration to prevent the disruption of neovascularization. The results of this 
study confirmed that tibial osteotomies under reverse dynamization healed faster, healed 
objectively better, and were considerably stronger, all suggesting an accelerated healing 
and remodeling process. 


The classic primer for any surgeon wishing to establish external fixation as a large part of 
their armamentarium. Specifically discusses pin-site infection and prevention, nonunion 
etiology, and soft tissue contractures. 


To assess the influence of both the rate and frequency of distraction on osteogenesis 
during limb elongation, a canine tibia was used with various combinations of distraction 
rates (0.5 mm, 1.0 mm, or 2.0 mm per day) and distraction frequencies (1 step per day, 4 
steps per day, 60 steps per day). Histomorphic and biochemical studies were conducted on 
the elongated osseous tissue, fascia, skeletal muscle, smooth muscle, blood vessels, 
nerves, and skin. It was determined that distraction at a rate of 1 mm per day in divided 
distractions was optimal. 

Increased fixator stability, and maximum preservation of the periosseous and 
intraosseous soft tissues enhanced bone formation during limb lengthening. 


Meta-analysis evaluating the etiology of pin-tract infections and methodologies for 
prevention. 


Level IV: Evidence. 


The top 5 responses for determining when it is safe to remove a fixator were full weight 
bearing (75%), 3 cortices (71%), no pain (55%), after dynamization (55%), and duration 
of time (30%). Forty-eight percent of respondents routinely dynamized the frame prior to 
removal. Significantly fewer surgeons who dynamized the frame protected the limb after 
removal (P = .046). This study showed that most surgeons used radiographs and clinical 
evaluation to determine timing of fixator removal. 


A retrospective review was undertaken to determine whether overlap between temporary 
external fixator pins and definitive plate fixation correlates with infection in high-energy 
tibial plateau fractures. There was no correlation seen between infection and distance from 
the pin-to-plate, pin—plate overlap distance, or time in the external fixator. 

Fears of definitive fracture fixation site contamination from external fixator pins do not 
appear to be clinically grounded. 
Level IV: Evidence. 


Biomechanical performance of simplified divergent half-pin frames to mountings 
currently being utilized for application of hexapod frames. Three 6-mm half pins per limb 
segment were placed into sawbones at 60-degree divergent angles in both the sagittal and 
coronal planes in a 2-cm diaphyseal fracture gap model. Divergent 6-mm half-pin frames 
demonstrated similar performance compared the standardized tensioned wire and 5-mm 
half-pin frames in terms of axial micromotion and angular deflection. Simplified divergent 
half-pin frames can be used clinically without detrimental biomechanical consequences. 


All knee-spanning external fixators were considered “MR conditional” by the FDA. The 
electronic medical record was reviewed for notes from the technologist and nursing staff 
documenting any patient complaints or adverse events during the MRI exam as required 
by departmental protocol. No adverse events were reported for a 40-minute average 
estimated patient scan time with the stabilization devices in the MR gantry. MRI 
examinations in patients with external fixators for traumatic knee dislocations can be 
safely performed under certain conditions and provide diagnostic-quality images. 


This study assessed how varying the presence of irrigation, insertion speed, and force 
impacted the insertion temperatures of two types of predrilling standard and self-drilling 
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external fixation half pins. Standard predrilled pins had lower peak temperatures than the 
self-drilling pin for all conditions. Slowing down the insertion speed and adding irrigation 
helped mitigate the temperature increase of both pin types during insertion. 


Rozbruch SR, Weitzman AM, Watson JT, et al. Simultaneous treatment of tibial bone and This study evaluated limb salvage using the Ilizarov method to simultaneously treat bone 
soft-tissue defects with the Ilizarov method. J Orthop Trauma. 2006;20(3):197—205. and soft-tissue defects of the leg without flap coverage. Ilizarov and TSF were used to 


gradually close bone and soft-tissue defects simultaneously by using monofocal shortening 
or bifocal or trifocal bone transport. 


Level IV: Evidence. 
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PRINCIPLES OF INTERNAL FIXATION 


The principles of internal fixation vary based on the nature of the fracture. In the setting of an extra-articular fracture, the goals of treatment include the 
restoration of the length, alignment, and rotation of the limb and achieving sufficient stability for healing and mobilization of both the patient and adjacent 
joints. Fracture patterns are largely determined by injury mechanisms (Fig. 12-1). The surgeon may pursue absolute or relative stability using a plate and 
screw construct or an intramedullary (IM) nail based on the fracture morphology and anatomic location. It is critical, especially when creating a plate screw 
construct, that the biomechanics of the construct appropriately create an environment conducive to either primary or secondary bone healing. Primary bone 
healing generally requires anatomic reduction, compression between fragments, and rigid fixation (absolute stability). Secondary bone healing generally 
requires restoration of alignment and flexible fixation (relative stability), but not necessarily anatomic reduction of individual fracture fragments. Constructs 
that mix techniques of nonanatomic reduction and relative stability often lead to failure. 

The goals of surgical treatment of an intra-articular fracture include anatomic reduction and interfragmentary compression of the articular surface with 
absolute stability and early range of motion. When all of the articular fragments are separated from the adjacent metaphysis or diaphysis, these fractures are 
characterized as “complete articular” (Orthopaedic Trauma Association/AO Foundation [OTA/AO] C). Historically, when confronted with such a fracture, 
the surgeon commonly anatomically reduced and compressed the articular surface and, in doing so, converted an intra-articular fracture (OTA C) into an 
extra-articular fracture (OTA A) (Fig. 12-2). The principles of extra-articular fracture management then followed with the restoration of length, alignment, 
and rotation. An alternative strategy involves first reducing and stabilizing a part of the articular surface to the stable segment (creating an OTA B type 
fracture), then anatomically reducing and fixing this new partial articular fracture. 


PRINCIPLES OF INTRAMEDULLARY NAILING 


IM nails are most frequently employed to stabilize fractures of the diaphyseal and metaphyseal regions of the femur and the tibia. Some surgeons also 
choose IM nails to treat select fractures of the clavicle, humerus, forearm, and fibula. In all of these applications, the goal is relative stability and the 
maintenance of appropriate length, alignment, and rotation. Outlined below are several critical details of IM nailing that can affect the mechanical 
environment of the fracture, local fracture biology, and the systemic health of the patient. 


Reamed Versus Unreamed Intramedullary Nailing 


The modern era of IM nailing was ushered in by Gerhard Kuntscher, who during the Second World War introduced IM nailing of the femur to the world.®> 
Early IM nails were unreamed and the procedure involved opening the medullary canal, reducing the fracture, and passing a nail to achieve fracture 
stability. First conceptualized in the 1940s and popularized in the 1950s, reaming of the IM canal was introduced with the goals of increasing contact area 
between the IM nail and the bone and allowing for passage of a larger nail. Larger nails, at that point in time, were needed due to the relatively weak thin- 
walled open section nature of nails of that era. In the intervening decades, much has been learned about the basic and clinical science of reamed versus 
unreamed IM nails. 
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Figure 12-1. Basic forces. Axial loading shortens length and can lead to an oblique fracture line or comminution. Tension can lead to a transverse fracture. Torsional 
forces usually cause a spiral pattern. Bending forces cause compressive forces on one side and tensile forces on the other, which can result in a transverse fracture on 
the tensile side and comminution in a bending wedge pattern on the compressive side. Bending forces can also result in incomplete, or greenstick, fractures in the 
pediatric population. 
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Figure 12-2. A-C: This patient sustained a high-energy complete articular (C-type) distal femur fracture. D, E: Definitive fixation involved a direct anatomic 
reduction of the articular surface and compression. F-H: This was followed by a reduction of the reconstructed articular block back to the proximal segment with 
restoration of length, alignment, and rotation using a bridge plate. 


Unreamed nailing has the theoretical advantage of better maintaining the endosteal blood supply around the site of the fracture. Passage of a smaller 
unreamed nail may also limit embolization of fat from the IM canal. However, reaming before insertion allows for the passage of a larger IM nail. For 
several reasons that will be discussed in more detail below (see biomechanics of IM nails), this improves construct stability. Reaming the IM canal is also 
thought to stimulate periosteal blood supply and deposit local bone graft at the fracture site. 

Randomized controlled trials have been performed to compare reamed and unreamed nailing techniques in both the femur and the tibia. Compared to 
diaphyseal femur fracture patients treated with reamed IM nailing, patients treated without reaming had a relative risk of nonunion that was 4.5 times 
greater.'° Similarly, patients with closed tibia fractures were more likely to go on to uneventful healing when treated with a reamed IM nail. Reaming had 
no effect on reoperation rate in the setting of open fracture.” Based on the best available evidence, reamed IM nailing appears to be the technique of choice 
for the majority of patients and fractures. 


The first IM nails did not provide an opportunity for interlocking, and although various design features were introduced to optimize rotational stability, the 
ability of these nails to control length and rotation was limited.” The 1950s saw the introduction of the first nail with interlocking options and contemporary 
IM nails provide a wide variety of static, dynamic, multiplanar, and fixed-angle interlocking options. 

Static proximal and distal interlocking screws are the current standard of care when nailing the majority of diaphyseal fractures. This allows the surgeon 
to maintain the length, alignment, and rotation that were achieved during the nailing procedure. As recently as the 1980s, surgeons were dynamically nailing 
femoral shaft fractures frequently. However, in 1988, Brumback et al. found that 10% of dynamically nailed femoral fractures, which in these cases were 
unlocked in one segment, were complicated by postoperative loss of reduction, primarily shortening. This was attributed to undetected or underappreciated 
comminution.*° These same authors went on to show that routine static interlocking did not compromise fracture union and advocated for static interlocking 
as the technique of choice.*’ More recent studies have confirmed that it is safe and appropriate to weight bear as tolerated on statically locked IM nails of 
the femur and tibia without compromising reduction or fixation.*’ The safety and utility of modern dynamic locking that provides rotational stability and 
limits potential shortening, remain uncertain in the management of acute fractures. 

Although dynamic locking has a limited role in the management of acute fractures, dynamization remains a useful technique in the management of 
delayed and nonunion. Dynamization involves removing all statically locked screws from one segment of an IM nail to allow compression at the fracture 
site to promote healing. It is generally advisable to remove screws from the longer of the two bone segments, and when possible, a dynamically locked 
screw can be inserted or maintained to maximize rotational stability. Care should also be taken not to dynamize a fracture fragment in which the nail is 
adjacent to an articular surface, as the nail can penetrate this surface if the fracture shortens. A large retrospective study of dynamization for the treatment, 
tibia nonunions found high rates of healing that were similar to those obtained with exchange nailing. 

IM nailing without interlocking for the treatment of diaphyseal fractures is of historical interest only, as it provides little control of length and rotation. 
However, there has been increased interest in this technique when treating intertrochanteric proximal femoral fractures with cephalomedullary nailing. 
Although cephalomedullary nails without distal interlocking screws are less stable in axial load and torsion, many intertrochanteric fractures are inherently 
stable in these planes after reduction and insertion of the nail into the femoral head element(s). There continues to be variation in practice surrounding the 


use of distal interlocking screws in cephalomedullary nails used for intertrochanteric fracture fixation, and the role of distal interlocking in these 
circumstances remains controversial but appears to have limited downside.” 


Compression nailing is a technique by which surgeons can apply controlled compression during an IM nailing procedure. Prior to the introduction of 
specialized compression nailing technology, surgeons wishing to compress through an IM nail could place a static interlocking screw at the tip of the nail 
and then “back-slap” the nail through the insertion handle prior to placing interlocking screws through the insertion handle. Although this technique 
achieves compression, it is quite imprecise. Modern compression nailing involves insertion of an interlocking screw or screws at the tip of the nail followed 
by interlocking screw insertion through the jig in dynamic mode. A compression bolt is then threaded through the insertion jig, making contact with the 
dynamic interlocking screw, resulting in proximal translation of the tip segment and compression across the fracture. While the clinical efficacy of this 
technique has not been formally evaluated, the technique holds promise for optimizing fracture healing in length stable and/or distracted fractures and for 
compressing nonunions ( ). 
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12-3. This patient sustained a transverse diaphyseal humerus fracture (A) treated with compression nailing (B). The fracture was anatomically reduced and 
nailed. The bent proximal interlocking screw through a dynamic hole in the nail indicates that a compression device has been employed. This was done after insertion 
of the distal interlocking screw. 


Exchange nailing is a common treatment for a well-aligned nonunion previously treated with an IM nail.°*°° The technique involves removing the existing 
IM nail, reaming the medullary canal, and inserting a new nail of a larger diameter. The proposed mechanisms of action include increased mechanical 
stability that comes with a larger nail, stimulation of the periosteal blood supply, and perhaps deposition of autograft at the fracture site. Most surgeons will 
attempt to increase nail diameter by 1 to 2 mm, and some recommend using a nail from a different manufacturer than the one being explanted so there are 
new interlocking opportunities in intact bone.°**? While exchange nailing has been shown to be very effective in the treatment of tibial nonunion, efficacy 
in the femur has been more variable. 


PRINCIPLES OF PLATE AND SCREW CONSTRUCTS 


A screw is a simple machine that produces linear motion from rotation, potentially converting torque into compression. Screws can be used to secure plates 


to bone, generate compression between fracture fragments (lag screws), stabilize fracture fragments without compression (position screws), serve as an 
anchor for suture material or cerclage wire, or as a post against which the surgeon can push or pull ( ). 


|. This patient sustained open distal tibia and fibula fractures that were placed into an external fixator in a foreshortened position. At the time of fibular 
frachire fixation, an independent screw was used a post against which a lamina spreader was applied to regain length. 


Each screw consists of a head, a shaft, threads, and a tip ( ). The screw head engages the screwdriver, facilitates insertion and removal, and acts 
as a buttress as the screw advances, pushing a plate forward or driving one bone fragment toward another. The screw shaft has an inner (core or minor) and 
outer (thread or major) diameter. Screw threads are flat, broad surfaces that provide purchase. The minor diameter of the screw determines the bending 
strength. The difference between the minor and major diameters is known as the thread depth and is a determinant of stripping torque (the maximum torque 
prior to screw thread stripping). The pitch of the screw is the distance between screw threads and is directly related to the distance a screw advances in a 
360-degree turn. Pitch is another determinant of stripping torque. Screws with a smaller pitch have more threads over any given distance and advance less in 
a 360-degree turn than screws with a larger pitch. 

A tap is a device that has the same diameter and thread profile as the screw, and has sharp leading cutting flutes and sharper thread edges to precut the 
pathway for screw insertion. Tapping reduces friction between screw thread and bone and therefore allows the torque applied to the screw head to more 
easily overcome friction between the screw and bone ( 6). Tapping is most advantageous during screw insertion into dense bone or with the insertion 
of very small screws (that are not strong enough to overcome friction between screw and bone and therefore are at risk of breaking, especially with insertion 
into dense bone). Most modern screw designs have self-tapping screw tips that cut the path for the threads as the screw is inserted. Screws with four cutting 
flutes at the tip appear to be the easiest to insert and have greater holding power than screws with fewer cutting flutes. In cancellous bone, tapping is less 


advantageous as tapping may decrease screw pullout strength.°* However, in very dense cancellous bone, tapping may be beneficial. A clinical example 
would be when treating femoral neck fractures in a physiologically young patient with a sliding hip screw; one may need to use a tap to create the threads in 
the associated dense bone. In this case, the reason to use the tap in the dense bone is to prevent the frictional forces between the screw thread and bone from 
causing rotation of the femoral head during screw insertion, resulting in malreduction. In some cases, the frictional forces become so great that it is 
extremely difficult to advance the screw without tapping. 
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Figure 12-5. Nomenclature of screws. The root diameter is the inner diameter of the screw, and the pitch refers to the distance between threads. 


Cortical Versus Cancellous Screws 


Historically, distinct screw designs were thought to optimize function in either cortical or cancellous bone. Cortical bone is dense, but the amount of bone 
available for screw purchase is small when compared to the cancellous bone of the medullary canal, particularly in metaphyseal regions. As a result, cortical 
screws feature a small pitch and a shallow tread depth to facilitate insertion and theoretically optimize holding power in dense cortical environments. 
Cancellous bone is more porous, featuring less bone per unit of volume, but a larger volume is available for thread purchase. As a result, cancellous screws 


feature a larger pitch and deeper thread depth to potentially optimize fixation in what are typically metaphyseal locations with thin cortical but abundant 
cancellous bone.°? 


Figure 12-6. A screw is a mechanical device that converts torque into compression between objects. The screw thread is actually an inclined plane that slowly pulls 
the objects it is embedded into together. (F normal or compressive force acting against the screw head; F „ tangential or frictional force acting along the screw thread; 


Fp resultant of the two forces; a, angle of the screw thread. The smaller the angle a [finer thread] the lower the frictional force.) 


Lag Screws 


Lag screws generate compression between fracture fragments and are used in articular and simple fracture patterns when absolute stability is desired. They 
have purchase in the far fragment but not the near fragment. As the screw head contacts the near cortex, the lag screw must glide through the near fragment 
(without any thread purchase) while the threads of the lag screw purchase the far fragment. With screw rotation through the far fragment, the far fragment is 
drawn towards the stationary screw head (which is contacting the near fragment), achieving interfragmentary compression. There are two methods to 
achieve gliding through the near fragment to achieve the desired compression: lagging by technique and lagging by design. 

Inserting a lag screw by technique involves first drilling a glide hole in the near fragment. This gliding hole matches or is larger than the major diameter 
of the screw and prevents purchase between the screw and the near fragment. Next, the far fragment is drilled with a drill bit approximating the minor 
diameter of this screw, allowing for screw purchase in this fragment. It is important that the gliding hole and the far fragment hole are co-linear, otherwise, 
the screw threads will bind in the near fragment and reduce or eliminate fracture compression. Co-linearity can be facilitated by using a “top-hat”: a drill 
guide with an outer diameter equal to the screw major diameter (diameter of the gliding hole) and an inner diameter equal to the screw minor diameter 
(diameter of the drill used for the far fragment). The top-hat is inserted into the gliding hole when drilling the far fragment. Both of these holes drilled 
perpendicular to the fracture line will maximize perpendicular fracture compression. Using a countersink is often advisable as this allows for an increased 
contact area between screw head and bone, reducing the risk of cracking the near fragment. Countersinking has the added benefit of decreasing screw head 
prominence, which may be relevant in subcutaneous locations or in circumstances where a plate will be applied over the top of the screw. Most cortical 
screws only have a fully threaded option, so when used as lag screws they must be inserted using this technique. Inserting a lag screw by technique allows 
the surgeon to customize the depth of the glide hole and maximize the number of threads in the far fragment. This is particularly useful in circumstances 
where a screw is inserted from a larger near-fracture fragment toward a smaller far-fracture fragment. In such an instance, a partially threaded lag screw 
option (lag by design described below) with thread length greater than the size of the far fragment would result in threads across the fracture and no 
compression (Fig. 12-7). 

Inserting a lag screw by design involves using a partially threaded screw. The threaded portion obtains purchase in the far fragment and the smooth 


portion glides through the near fragment. Only one drill is needed, one that matches the core diameter of the screw. The threads on lag screws by design are 
typically cancellous (wide pitch and greater thread depth). They are most typically used in metaphyseal locations such as the femoral neck, distal femur, 
tibial plateau, and medial malleolus. Because cortical bone can also be thin in these metaphyseal locations, washers can be utilized to prevent head 
penetration and loss of compression.’ The surgeon must also ensure that the screw thread length is appropriate for the regional anatomy as threads in the 
fracture will prevent compression. 


Cannulation 


Cannulated screws have a hollow core, allowing them to be placed over a guidewire. These are useful in percutaneous applications like screw fixation of the 
femoral neck and in locations where anatomic considerations make precision of screw placement particularly important and unforgiving, such as screw 
fixation of the sacrum and sacroiliac joint. 

Despite the benefits of being able to place a screw over a guidewire, there are also disadvantages to cannulated screws that should lead surgeons to use 
such screws selectively. For a given screw thread diameter, the core diameter is generally increased to allow for cannulation. This results in a smaller thread 
depth and potential compromise of pullout strength. Any loss of bending strength related to loss of material from the cannulation is typically offset by the 
increased diameter of the core. The additional steps required to machine cannulated screws also result in increased cost and some surgeons believe there is 
also an increased risk of infection related to the increased implant surface area. 


A,B c 
Figure 12-7. This patient sustained a posterior malleolus fracture below a distal tibia shaft fracture. An initial attempt was made to stabilize the posterior malleolus 
with a cannulated lag screw by design. A: A guidewire was first placed to maintain reduction. B: However, the threads on the partially threaded cannulated screw 
ended in the fracture and resulted in loss of reduction. C: The lag screw by design was removed and a lag screw by technique inserted with anatomic reduction and 
compression at the fracture site. 


Locking 


Locking screws are different from standard nonlocking screws by virtue of having threads on the periphery of the head. These threads mate with matching 
plate hole threads. When a locking screw is tightened into a plate it creates a fixed-angle construct. Typically, the thread pitch on the screw head exactly 
matches the pitch in the plate hole. 

“Uniaxial” locking has a single nominal angle, and requires drilling through a drill guide threaded into the plate hole to ensure that the screw will be 
coaxial with the plate hole so cross-threading does not occur. Newer “polyaxial” screws allow for locking at various angles, and most systems have “cone” 
drill guides to ensure the drill and screw are within an angle range in which effective screw locking will occur. The polyaxial screws provide more options 
for fragment fixation, but are inherently less stable than uniaxial screws, although the clinical significance of decreased strength is not always clear. 

In creating a fixed-angle construct between plate and screw, locked constructs do not rely on plate-to-bone friction for stability (Fig. 12-8). Because 
these screws rely less on screw purchase for stability, they often have larger core diameters and decreased thread depths when compared to nonlocking 
screws, reflecting an emphasis on bending strength over stripping torque. Locking screws are particularly advantageous in the setting of poor bone quality 
or a short segment in which a conventional plate and screw construct may not be able to achieve sufficient plate/bone friction to stabilize a fracture (Figs. 
12-9 and 12-10). The proximal humerus, distal radius, and distal femur are all common locations where both of these features are present. Another 
advantage of locking screws is in the setting of plate bone mismatch. When an anatomic reduction has been established and the selected plate does not fit 
perfectly to the bone contour, a nonlocked screw tightened to the plate has the potential to disrupt the reduction as it draws bone to plate. Locked screws in 
these situations will impart stability without disrupting the reduction. 
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Figure 12-8. The difference between the conventional screw and locking screws is shown. The conventional screw has a smooth screw head that allows for 
compression between the plate and bone. The locking screw has a threaded screw head that engages the plate and locks. It does not allow for compression between the 
plate and bone. The locking screw also has a finer screw pitch and a larger core diameter to increase resistance against bending forces. 
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Figure 12-9. The function of a conventional plate and screw construct relies on frictional forces between the plate and bone to resist the applied force. When the 
frictional forces are greater than the load applied, the construct is stable. If the load applied is greater than the frictional forces, the construct can fail. 


There are some disadvantages to locking plates and screws. These implants are often higher profile, which can lead to soft tissue irritation in some 
locations.”” They are also much more expensive than nonlocking implants. A purported disadvantage of locking constructs is that they may actually create 
an environment that is too stiff for callus formation. Finally, surgeons using locking implants must still adhere to the basic principles of fracture 


management and obtain compression where appropriate prior to locking. 


Plate Function 

Although modern manufacturers produce plates with a wide variety of shapes (anatomy-specific precontoured), sizes (mini, small, large, etc.) and other 
design features (nonlocking vs. conventional locking vs. variable angle locking), plate function is determined by the surgeon based on surgical technique. 
As such, most plates can be used for a variety of different functions. A surgeon must incorporate such variables as fracture pattern, location, and soft tissue 


environment when deciding on a plating strategy. Below, each plate function will be discussed in detail. 


Figure 12-10. Because the conventional screw does not engage the plate when load is applied, the screw has no angular stability. Thus, it relies on the frictional forces 
between the plate and bone for stability. The locking screw engages into the plate and is able to resist the load because of the screw head threading into the plate; thus, 


it is a fixed angle device. 


Neutralization Plating 

Neutralization plating is a technique that is used to neutralize torsional and bending forces at a fracture site following lag screw fixation (Fig. 12-11). 
Neutralization plates are also sometimes described as “protection plates.” Because these plates are used in conjunction with lag screws, they are employed 
for simple fracture patterns. Many times, the fracture is reduced and stabilized with independent lag screws followed by plate application. This technique is 
advantageous because fracture reduction can be maintained with one or more lag screws while the appropriate neutralization plate is appropriately 
contoured, positioned, and applied. However, if the fracture obliquity and surgical exposure allow for it, the fracture can be reduced and provisionally 
stabilized first. Then the plate is applied with screws on either side of the fracture and then a lag screw is applied through the plate. This technique has the 
advantage of limiting exposure but is more technically challenging, as reduction and fixation must be maintained while the plate is applied. Neutralization 
plating in conjunction with lag screws produces an absolute stability environment in which primary bone healing is expected. 


GD 
11. A, B: This patient sustained a both-bone forearm fracture in a ground level fall. C, D: The radius fracture is short oblique and amenable to direct 
anatomic reduction and compression plating, while the ulna fracture had sufficient obliquity for independent lag screw fixation followed by neutralization plating. 


Compression plating is a technique that allows the surgeon to obtain absolute stability in the setting of a simple (most commonly transverse or short 
oblique) fracture pattern. This technique can utilize eccentric screw placement within the plate holes, which translates the plate on the surface of the bone 
and can generate axial compression across the fracture site ( ). When plating a transverse pattern, it is important to slightly overcontour or 
“pretension” the plate to avoid distraction of the far cortex during compression of the near cortex with eccentric screws (F 3). When compression 
plating an oblique fracture pattern, the surgeon should affix the plate to the appropriate segment to create an axilla into which the opposite fragment can be 
compressed. Affixing the plate to the wrong fragment first will result in shear across the fracture when compression is applied. If sufficient fracture 
obliquity is present, a lag screw through the plate can be used secondarily to augment compression. Alternative strategies for generating compression during 
plate fixation include the use of an independent “push-pull” screw outside the plate as an anchor for an articulated tensioning device (F )ora 
Verbrugge clamp that is connected to the plate. Drawing the “push-pull” screw towards the plate (which is screwed to the opposite fracture fragment as the 
push-pull screw) procures compression at the fracture site. Compression plating produces an absolute-stability environment in which primary bone healing 
is expected. 
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Figure 12-12. Dynamic compression principle. A: The holes of the DC-plate are shaped like an inclined and transverse cylinder. B: Like a ball, the screw head slides 
down the inclined cylinder. C, D: Because of the shape of the plate hole, the plate is being moved horizontally relative to bone when the screw is driven home. 
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Figure 12-13. A demonstration of the gapping that occurs on the opposite cortex when a flat plate is applied to a flat bone surface. Slightly prebending the plate 
causes the ends of the opposite cortices to be driven together when the plate is applied. 


Buttress and Antiglide Plating 


Buttress and antiglide plating are very similar terms that are often confused or even used interchangeably, but have subtle differences in connotation. 
Buttress plating technique relies on an undercontoured plate application at the site of a vertically oriented partial articular (OTA/AO B-type) fracture to 
produce compression. The plate should be placed across the apex of the fracture contacting bone at the proximal and distal margins. The so-called axillary 
screw is placed in the stable segment just adjacent to the apex of the fracture where the plate is not contacting bone. Tightening this screw pushes the 
undercontoured plate down to the bone to generate compression and also prevents longitudinal translation (an antiglide feature; Fig. 12-15). Additional lag 
screws through the plate are often used to augment compression with buttress plating. Common locations for buttress plating of partial articular fractures 
include the distal radius, proximal tibia, and distal tibia (posterior malleolus). These plates produce an absolute-stability environment in which primary bone 
healing is expected. 

Antiglide plating is a term that many surgeons use to describe plating of shearing-type fractures where the plate primarily acts to prevent shortening 
(whereas a buttress plate also applies compression). Antiglide plates are often shorter than buttress plates and generally rely on lag screws to generate 
compression. This technique is used commonly in the distal fibula, where posterior or posterolateral plates are used in antiglide mode (Fig. 12-16). 


Tension Band Constructs 


Many bones throughout the body are loaded eccentrically and have tension and compression surfaces. Tension band plating is most commonly applied to 
periarticular fractures, in which the convexity of the bone is the surface under tension while the concavity is the surface under compression (Fig. 12-17). 
The most clinically relevant examples are the proximal ulna (olecranon) and the patella. Theoretically, an eccentrically applied device that creates 
compression on the convex surface will convert tensile forces into compression provided that the concave surface is intact or appropriately reconstructed. 
This concept has been challenged biomechanically but tension band constructs continue to be used in fracture fixation. An eccentrically loaded bone with an 
incompetent concave surface stabilized with a tension band will result in a mechanically unstable situation at risk for fixation failure (Fig. 12-18). Therefore, 
tension banding is most appropriate for fractures that have failed in tension, producing a transverse fracture pattern (Figs. 12-19 and 12-20). 
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Figure 12-14. During repair of a pertrochanteric femur fracture nonunion, an articulated tensioning device (arrow) is used to generate compression at the nonunion 
site. 
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Figure 12-15. This patient sustained a partial articular (B-type) posteromedial tibial plateau fracture. The surgeon envisions where he or she would place a thumb to 
reduce the fracture (A) and places an antiglide plate in this location (B). The most critical screw creates an axilla to capture the fragment being buttressed. C: In this 
case, the posterior plate was supplemented by an additional direct medial buttress plate as well. 


Figure 12-16. A: Unstable lateral malleolus fractures are commonly treated with antiglide plating. B: In this case, the antiglide plate was supplemented with a lag 
screw (distal oblique screw). 
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Figure 12-17. The application of a plate on the compressive as opposed to the tensile side of a bone subjected to bending causes a gap to open on the opposite side of 


the plate during functional loading. 


A,B Cc 
Figure 12-18. By placing the plate in a transverse femur fracture (A) to the lateral aspect of the femur (B), this implant will undergo tensile forces that are 


theoretically converted into compression at the fracture site. A precondition is however that the bone opposite to the plate has close contact to resist the compressive 
forces. C: If the essential medial support is missing, the plate is more likely to break due to fatigue. 


Several different implants can serve as tension bands when appropriately applied to the tension surface of a bone with an amenable fracture pattern. 
Most commonly this involves a plate or cerclage wires wrapped around K-wires and placed through drill holes or passed through cannulated screws (Fig. 
12-21). Tension band plating can also be applied to diaphyseal fractures that have a varus bending moment with axial loading, such as lateral plating of the 
femoral shaft. 


Bridge Plating 


Bridge plating is most commonly utilized to span comminuted metaphyseal and diaphyseal fractures. Rather than striving for anatomic reduction and 
compression of individual fracture fragments as with other forms of plating, the comminuted region is simply bridged. The resultant construct provides 
relative rather than absolute stability. As with all plating methods, the surgical goals are restoration of limb length, alignment, and rotation while promoting 
fracture healing. Emphasis is placed on preserving biology at the fracture site. Indirect reduction techniques are typically employed to minimize soft tissue 
trauma within the zone of injury and the plate is then affixed proximally and distally, often without direct visualization of the fracture. Although the optimal 
working length (the zone of the fracture spanned by the fixation construct) and stiffness for bridge plating are not known, many surgeons emphasize the 
importance of a long plate with judiciously placed screws. Bridge plating produces a relative-stability environment in which secondary bone healing is 
expected (Fig. 12-22). 


Figure 12-19. A simple tension failure olecranon fracture (A) is treated successfully with tension band plating (B). 
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€ 0. A transverse patella fracture (A, B) is treated with a modified tension band construct using cannulated screws and tension band wires (C, D). The 
screws pude compression and maintain reduction while the tension band wires are tightened. 
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Figure 12-21. A: A typical example of tension band fixation of the olecranon with two K-wires and a figure-of-eight tension band wiring. B: Tension band fixation of 
a transverse patella fracture with a tension band wire loop. Note that the tension band device must lie eccentrically on the tensile side of the bone and that this dynamic 
fixation is enhanced by flexion of the joint. 


Locked Plating 


Locked plates have the capacity to function as fixed-angle devices at the plate-locking screw interface and evolved as a solution to improve fixation quality 
in situations of poor bone quality. The first generation of locked plates include the Less Invasive Stabilization System.?”3” The fixed angular stability of 
locking screws in the LISS and other early locked plates were distinct from cortical screws in conventional plates in that locking screws essentially act in 
parallel and therefore failed in pullout at all locked screw-plate interfaces, whereas cortical screws fail individually.2” The additional angular stability of 
locked plates was initially appealing in situations of poor bone quality, such as short metaphyseal segments and osteoporotic bone. The early LISS and its 
contemporaries were also designed to minimize biologic insult and periosteal stripping. Thus, minimal plate-bone contact at plate holes only, and 
percutaneous insertion jigs with self-drilling unicortical locking screws were additional early features. These design features facilitated indirect reduction 
techniques and perhaps reflected their use predominantly in bridge mode to provide relative stability in situations of intended secondary bone healing. 
Locked plates continued to evolve with the introduction of the locking compression plate (LCP).°° The LCP facilitated the use of locked plates as 
compression plates with the addition of oblong holes that could generate compression with eccentric insertion of a cortical screw. The use of an LCP as a 
compression plate for a fracture with poor bone quality or a short segment, with both locking and cortical screws, is an example of hybrid locked plating. In 
biomechanical testing, hybrid locked plating is more comparable to pure locked plating than conventional nonlocked plating.** Further experience with 
locked plating resulted in an emphasis on the use of bicortical over unicortical locking screws in osteoporotic bone. Bicortical screws provide significant 
improvement in resisting torsional stress compared to unicortical locking screws. Bicortical locking screws increase the torsional stability of nonlocking 
screws in the same plate construct.2* Modern locked plate advances include a proliferation of anatomic precontoured plates for short metaphyseal segments 
and periarticular fractures, variable angle locking for precise screw path insertion, as well as locked minifragment fixation. Overall, it remains important to 
understand that locked plating is not a plate function and locking plates can serve in any of the functions outlined above. Locking plates can work in 
neutralization mode after lag screw fixation. If eccentric nonlocking screws or an articulated tensioning device is applied to compress a fracture, a locking 
plate can be used in compression mode. Similarly, nonlocking screws can be placed through a locking plate to achieve antiglide, buttress, or tension band 
functions followed by supplementation with locking screws if the surgeon feels it is indicated. Locking plates are frequently employed in bridge mode. This 
is because many of the best indications for locking such as osteoporosis and short metaphyseal segments tend to be present in fractures that are amenable to 
bridging such as comminuted fractures of the distal femur.*° 


Figure 12-22. This ballistic femur fracture was treated with bridge plating. The working length of the construct (WL) is the distance between the most distal screw in 
the proximal segment and the most proximal screw in the distal segment. 


BIOMECHANICS OF INTERNAL FIXATION 


GENERAL BIOMECHANICAL PRINCIPLES 


Mechanobiology of Fracture Healing 


The mechanical environment created by the stabilization technique along with the local biology affects the type of tissue formed in a healing fracture. The 
theory of interfragmentary strain attempts to relate the types of tissues formed to the amount of strain experienced by the tissue between the healing bone 
fragments.”!-® Strain is a unitless parameter defined as the deformation of a material under an applied load and is expressed as the change in length relative 
to the original length (Fig. 12-23). From a practical point of view, some surgeons find it helpful to conceptualize strain as the amount of motion at a fracture 
site divided by the fracture surface area. The theory predicts that greater motion at a simple fracture site (low fracture surface area) would result in high 
strain while this same motion at the site of a comminuted fracture (high fracture surface area) results in lower strain. This is clinically relevant because in a 
high-strain environment, granulation and fibrous tissue form between fracture fragments.*°7!° Intermediate-level strains produce cartilage and small 


strains result in bone formation. 


10 um 


40 um 
Figure 12-23. Strain theory by Perren. A: Within a narrow gap (10 um), a single cell will rupture upon minimal distraction (high strain). B: In a wide gap (20 pm) 
with room for several layers of cells, the same amount of distraction will only deform or stretch these cells (low strain). 


Conceptually, the strain theory must be reconciled with the empirical observation that simple fractures do heal readily in a relative-stability 
environment. This is because strain at a fracture site is dynamic. As granulation tissue forms at a fracture site, motion and strain are decreased. This is 
secondary to both the mechanical properties of the granulation tissue and the fact that this tissue is increasing the diameter of the bone at the fracture 
site.?}69 In addition, the local inflammatory response causes resorption of the fracture surfaces in the early stages of healing, effectively increasing the gap 
and decreasing the strain.®° Once the strain decreases sufficiently, the fibrous tissue becomes cartilaginous, decreasing strain even further and eventually 
resulting in bone formation. 

Clinicians and researchers have also come to recognize that zero strain does not correlate with maximum bone formation. In fact, load and some 
resulting strain are necessary within the healing fracture to stimulate bone formation in a relative-stability environment.”° In a study of femoral fixation 
using IM rods of either 12% or 42% of the torsional stiffness of the intact femur, the femurs fixed with the lower stiffness rods produced an abundance of 
stabilizing callus, as opposed to the femurs with more rigid fixation (Fig. 12-24).9* With the rise of locked plating, the question of excessive construct 
stiffness has been raised. While compression at the fracture site coupled with rigid fixation is desirable in the case of simple fractures in which anatomical 
reduction has been achieved, rigid fixation of simple fractures that have not been anatomically reduced (bridge plating) may lead to the development of 
nonunion. This issue has been best studied in the distal femur where researchers have recognized high nonunion rates with locking bridge plates in 
predominantly simple fractures and observed that fractures form more callus medially where there is more motion as compared to laterally where there is 
less.° Dynamic locking in which a modified surgical technique or specially designed implants allow for symmetric motion across a fracture seems to 


result in improved callus formation.® To date, the optimal amount of motion at a bridged fracture remains unknown. 


Figure 12-24. A comparison of the different healing responses of dog femurs with midshaft fractures fixed with IM rods of 12% (top) or 42% (bottom) of the 
torsional stiffness of the intact femur. The femurs fixed with rods of lower stiffness produced more callus as additional stabilization against functional loads, but there 
was ultimately no difference in the mechanical properties between the femurs fixed with rods of different stiffnesses. (Reprinted with permission from Woodard PL, et 
al. The effect of implant axial and torsional stiffness on fracture healing. J Orthop Trauma. 1987;1(4):331-340.) 


Working Length 


The working length of a fracture fixation construct is the distance between the most distal point of fixation in the proximal fragment and the most proximal 
fixation of the distal fragment (see Fig. 12-22). Fracture stability is inversely proportional to working length, so as working length increases, fracture 
stability decreases. Working length is determined both by the fracture pattern and by the surgeon and the way a surgical implant is applied. An extensively 
comminuted fracture treated with a bridge plate, nail, or external fixator will have a large working length regardless of screw or locking bolt position. 
However, with a simple fracture pattern, the surgeon can significantly influence the stability based on surgical technique. In the setting of a plate or external 
fixator, placing a screw or external fixator pin as distal as possible in the proximal segment and as proximal as possible in the distal segment will minimize 
working length. However, in the setting of damage control external fixation, pin placement may be dictated by anatomic constraints and the desire to keep 
pins out of the zone of definitive surgery and the surgeon must therefore decide between prioritizing stability and these other important considerations. 
When a reamed medullary nail is used to treat a fracture around the isthmus of a long bone, points of contact between the nail and endosteum create both the 
most distal point of proximal segment fixation and the most proximal point of distal fixation, resulting in a relatively shorter working length and a more 
stable construct. In the metaphyseal zones, interlocking screws become increasingly relevant points of fixation and come to determine working length. As 
discussed above, modulating stability is clearly important in optimizing fracture healing but the optimal stability for a given fracture has not yet been 
determined. 


Stress Risers 


A stress riser is a location in an implant or bone where stress is concentrated (Fig. 12-25). Stress risers predictably occur at transition points in implants or 
bone and at locations of abrupt changes in geometry or stiffness. Clinically relevant transition points include plate holes, drill holes in the bone (filled with a 
screw or not), and the end of a plate, nail, or prosthesis where there is an abrupt transition between metal and bone. These are all locations where the risk of 
stress riser related fracture is increased. In clinical practice, stress risers most commonly cause clinical problems in the subtrochanteric zone of the femur 
when a low screw has been placed for the stabilization of a femoral neck fracture or in the femoral shaft at the tip of a hip arthroplasty stem or short 
cephalomedullary nail (particularly first-generation designs with a large diameter distal interlocking screw) (Fig. 12-26). Methods to smooth the stress 
transition at the end of a diaphyseal plate construct include using a unicortical screw, or a nonlocking screw angled to engage the far cortex distant to the 
end of the plate in a hybrid locking construct. Techniques to mitigate stress risers at the junctions of nails and arthroplasty stems include spanning the rod 
and stem with a plate and screws. 
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Figure 12-25. Stress trajectories in a bar uniformly loaded in tension without (A) and with (B) a hole. 


.2-26. This fracture that occurred through the interlocking screw hole of a short cephalomedullary nail is an example of a stress-riser—related fracture. This 
was a acre problem with first-generation short nails, which featured a relatively large interlocking screw that was close to the tip of the nail. Rates of 
periprosthetic fracture have decreased with more contemporary implant designs. 


BIOMECHANICS OF INTRAMEDULLARY NAILS 


IM nails must be sufficiently durable in both bending and torsion to maintain fracture stability until union. Most modern IM nails are titanium, which, 
compared to stainless steel, more closely approximates the modulus of bone and has higher fatigue and ultimate strength. Failures at interlocking screw-nail 
interface occurred earlier in cannulated nails than solid nails, perhaps highlighting the importance of screw configuration in modern cannulated nails.” 

The primary determinant of bending strength that is within the surgeon’s control is nail diameter. For every increase in nail radius (r), the stiffness increases 
by r*. Working length (as discussed above) is also relevant as bending stiffness is inversely proportional to the square of the working length (i.e., shorter 
working length leads to more rigidity in bending). Torsional stiffness is also inversely proportional to the working length, so shorter working length 


constructs are also stiffer in torsion. 


Effects of Interlocking 


Interlocking screws hold the length and rotation of a fracture that has been treated with an IM nail. While not all surgeons interlock nails used for the 
treatment of intertrochanteric hip fractures, there is near universal agreement that the vast majority of acute diaphyseal fractures should be locked in both the 
proximal and distal segments. 

Interlocking screws do not generate friction between the implant and the bone. As a result, interlocking screw design optimizes bending strength at the 
expense of pull-out strength and stripping torque. The resulting design features a larger minor diameter and smaller thread depth than is found in most other 
bone screws. The surgeon must be mindful of this, as the resulting insertional torque prior to stripping is less than in other screws. Newer interlocking 
screws also thread into the nail itself either directly or via a plastic sleeve secured into the nail during manufacturing. Potential benefits include increased 
resistance to screw back-out, and approximation of a fixed angle device to allow increased bending strength in short periarticular segments (e.g., distal and 
proximal tibia, distal femur). 


BIOMECHANICS OF PLATE-SCREW CONSTRUCTS 


Nonlocked Constructs 


The stability of nonlocked constructs relies on the frictional force generated by the compression of the plate against bone (Fig. 12-27). Tightening a 
conventional screw against the plate results in a normal force (force perpendicular to the surface) between the section of the plate in contact with bone and 
the plate contacting the screw head. Screw tightening increases the normal force between plate and bone. The magnitude of the frictional force between 
plate and bone is the product of the frictional coefficient between the contacting surfaces and the normal force. 

Construct stability is compromised if load levels exceed the frictional force between the plate and bone. Once the frictional force is overcome, load 
transfers directly to the screw—bone interface, and loosening or failure of the construct will occur at the interface of the screw and the bone by sequential 
screw toggling (see Fig. 12-9). Sufficient bone quality and screw purchase are therefore critical to nonlocked plate—screw construct stability. 


Locked Constructs 


Screw orientation is fixed (fixed angle device) in a locked construct, with the construct behaving as an internal fixator. As discussed previously, threads on 
the periphery of a locking screw head interface with internal threads in the screw hole of the plate (Fig. 12-28) creating a fixed-angle construct and without 
generating friction between the plate and bone. Consequently, all loads are transferred directly from the screws to the plate (Fig. 12-29). Axial loads are 
therefore primarily converted to compressive stresses at the screw—bone interface and shear and bending loads in the screw near the plate—screw interface 
(Fig. 12-30). Fixation is improved because bone is much stronger under compressive loads than in shear. The angular stability of the locked plates also leads 
to more uniform distribution of the stress between all screw—bone interfaces (Fig. 12-31), while stresses are primarily focused on a single screw in a 
nonlocked construct.*! Both locked and hybrid (utilization of locking and nonlocking screws in the same construct) constructs may increase both torsional 
and bending strength compared to nonlocked constructs. In osteoporotic bone in particular, locking screws increase torsional stiffness of a construct and 
protect adjacent cortical screws from loosening.244142 


Figure 12-27. A conventional cortical screw applied as a plate screw. It presses the plate against the bone surface, thereby creating friction and preload. 


Improper angulation of a locking screw inserted into a fixed-angle locking hole leads to incomplete plate—screw thread engagement (cross-threading) 
and reduces bending stability.°* Variable angle locking plates are available, which allow for screw insertion in a conical “locus of vectors,” typically, up to 
15 degrees off axis. Variable angle screw locking mechanisms are not as strong in bending strength. Care should be taken when using variable angle locking 
plates because construct stability may be compromised as screw inclination is increased.®® 
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Figure 12-28. Locking head screw. The screw head is firmly locked in the screw hole without pressing the plate against the bone. It provides angular stability. 


Modulation of Implant Stiffness and Fatigue 


Under physiologic conditions, implants are subjected to complex stresses, including axial, bending, shear, and torsional loads. The deformation of fracture 
fixation constructs under these complex loading conditions has important implications to fracture healing.°° Surgeons have numerous options to modulate 
plate—-screw construct stiffness to create a mechanical environment appropriate for fracture healing. The selection of the plate type (nonlocked, locked, 
hybrid), material, and length as well as screw density, location, and purchase (unicortical, bicortical) all influence construct stiffness. In addition, the degree 
of load sharing between the implant and bone will influence the stresses in the plate, and consequently overall construct stiffness. It is therefore important to 
remember that in loadable fracture patterns with cortical apposition, fracture reduction will result in a significantly more stable construct. 


Figure 12-29. The force transfer in the internal fixator principle occurs primarily through the locking head screws (LHS) across the plate and fracture. It is not 
dependent on preload and friction as in conventional plating, but rather on the stiffness of the fixator device. The locked plate does not have to touch the bone surface 
and therefore interferes less with the periosteal blood flow. 
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Figure 12-30. When load is applied (red arrow) to a locking construct, the load is resisted by the plate-screw interface (orange circle) acting as a fixed angle device. 
Also the screw shaft (small black arrow) exposed between the plate and bone resists the shear forces. And because of the fixed angle construct, the forces applied are 


also resisted by compression of the bone (dashed lines and double-headed arrow). 


The decision to utilize a stiff or flexible construct depends on the anticipated plate function. For simple fractures amenable to anatomic reduction and 
compression, a stiff construct is appropriate and primary bone healing is anticipated. However, when bridge plating is indicated, longer plates with fewer 
screws and an increased working length optimize the mechanical environment for callus formation. A longer working length results in a more durable 
implant. When used in bridge mode, overly stiff constructs may lead to inconsistent callus formation and premature peri-implant failure.®*® 

The number and location of screws and plate length affect the torsional and bending stiffness of both locked and nonlocked constructs. Longer plates 
with few screws display greater stiffness than shorter plates with many screws.” Wider span of screws in a given fragment increases bending stiffness to a 
greater degree than increasing the number of screws, while torsional strength depends on the number of screws and not screw location.’ Increasing the 
number of cortices of fixation over a given segment length will also increase construct strength.2? Compared to unicortical screws, bicortical screws provide 
increased multiaxial stability, especially torsional stability, due to the increased working length of the screw. 

Locked plating leads to improved fixation in osteoporotic bone.: With locked plates, a minimum of two screws are required in each segment to 
maintain construct stability, although some surgeons recommend three screws for safety.4* The use of a longer plate with greater spacing between the 
nearest and farthest screws from the fracture will result in more stability under bending loads.** 

Changing implant material will also alter implant stiffness. The axial and bending stiffness of a fixation plate is directly related to the elastic modulus of 
the material. Assuming all other parameters are equal, the stiffness of a titanium plate will be approximately half that of a stainless steel plate. This may 
have implications for the mechanobiology of fracture healing, and some clinical series have suggested better healing of fractures bridged with titanium as 
compared to stainless steel locking plates.°!-°°.74 

Geometrical changes to plate design also influence construct stiffness. Plate axial stiffness is proportional to the plate thickness, while plate bending 
stiffness is proportional to the cube of plate thickness. Other variations in geometry, including width, cross-sectional shape, screw holes, notches, and 
recesses, will all influence plate stiffness, strength, and fatigue performance. Limited contact dynamic compression plate designs have more uniform 
stiffness along their length compared to standard plates, reducing stress concentrations located at the plate holes (Fig. 12-32).”° Stress concentrations at the 
periphery of vacant central (over fracture) screw holes in locking plates can be reduced by inserting a locking screw head. This results in increased plate 
stiffness and improved bending fatigue performance, although the clinical importance remains unknown.” 
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Figure 12-31. A: In conventional plating, the screw head is allowed to toggle under loading. This process of load concentration starts at the end screw and continues 
from one screw to the next until the plate is completely pulled out. B: In locked plates, the angular stable screws prevent a load concentration at a single bone-screw 
interface, by distributing the load more evenly. To pull out a locked plate, much greater forces are needed as all screws have to be loosened at the same time. 


Figure 12-32. Some plate designs (like the LC-DCP, limited contact dynamic compression plate) feature the dynamic compression unit and have undercuts between 
the screw holes to reduce the area of contact between the plate and the bone. This plate design has uniform strength throughout. 


Several techniques have been developed to decrease construct stiffness and promote uniform callus formation not seen with conventional locking 
constructs. Strategies used to achieve this so-called dynamic locking (or far cortical locking [FCL]) situation include deploying specially designed screws 
that allow toggling in the near cortex while maintaining fixation of the screw in the plate and far cortex,™?5?6 simply creating a slot in the near cortex to 
generate near-cortex toggling, or utilizing active plates that incorporate elastic suspension of screw holes.°° Although these concepts and techniques are 
relatively new, they are supported by an accumulating body of biomechanical, large animal, and clinical research studies.?!0!4,35.63,73 FCL may play an 
increasingly important role in fracture fixation as our knowledge base and surgical techniques continue to evolve. 


Implant Fatigue 


Fatigue is defined by load and cycles on an implant. Repeated or fluctuating loads, with levels below the static failure limit of the construct, may lead to 
fatigue failure.’”8 Microcracks will develop in regions of high stress, slowly propagating until a critical size is reached, resulting in catastrophic mechanical 
failure.”® The higher the load levels, the fewer number of cycles the construct will withstand prior to failure. The endurance or fatigue limit of a construct is 
the loading level at which an implant can be cycled indefinitely without failure. 

Construct behavior under fatigue loading depends on the construct arrangement, bone quality, fracture type, material properties, and loading conditions. 
Stress concentrations, regions of high stress in a construct, are influenced by abrupt changes in material or geometry. Stress concentrations in the plate, 
screw, bone, or at interfaces between these components may lead to premature fatigue failure. Any implant that carries the majority of the load will fail 
eventually due to fatigue.°° In addition, the presence of a fracture gap will lead to all loads being transferred through the plate, which will result in fatigue 
failure if timely fracture healing does not occur (see Fig. 12-18).5° 

In nonlocked constructs, if screws are insufficiently tightened, the lack of compression across the bone—plate interface will cause load to be transferred 
directly from the plate to screws. The resulting large shear and bending stresses in the screw cause rapid fatigue failure (Fig. 12-33).°° 

Locking and hybrid constructs show enhanced torsional fatigue performance compared to nonlocked plating in simulated osteoporotic bone.** Because 
the extreme material mismatch between osteoporotic bone and an implant, high stress concentrations may be present at the bone—implant interface in overly 
rigid constructs. This may lead to early loosening and reduced fatigue performance when compared to more elastic constructs.®2 


Material Properties 


Materials used in plate—screw implants must have sufficient strength, stiffness, and fatigue properties to withstand the loads applied during daily activity. In 
addition, implant materials must have good biocompatibility, avoid allergenic compounds, and have low rates of corrosion.” Materials currently used in 
plate screw constructs include 316L stainless steel, titanium, titanium alloy (typically Ti6Al-4V), and, more recently, fiber-reinforced polyether ether ketone 
(CFR-PEEK).®6° Ideally, construct stiffness and implant material properties closely match that of bone. 

The mechanical properties of a material are independent of geometry (Table 12-1). Stress is equal to the force applied divided by the area over which it 
acts. Strain is a description of a material’s deformation and is equal to the change in length of an object divided by its original length. Relevant mechanical 
properties include the elastic modulus, yield strength, ultimate strength, and fatigue strength. The elastic modulus, defined as the slope of elastic region of 
the stress-strain curve, is a material’s resistance to recoverable deformation. Yield strength is the stress level at the onset of plastic (permanent) 
deformation. Ultimate strength is the maximum load prior to failure normalized to materials cross-sectional area. The ultimate strength defines a material’s 
failure point when subjected to a single load application. In the presence of repetitive loads, such as during ambulation, the failure limit of a material may be 
much lower. Fatigue strength describes the magnitude of cyclic stress that a material can withstand prior to failure. Implant materials should also be ductile. 
Ductility is the ability of a material to plastically deform before failure. This property is important for implants requiring shaping or contouring prior to 
fixation. 
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Figure 12-33. A mechanism for rapid failure of screws in cyclic bending occurs when the screw has not been tightened sufficiently to keep the plate from sliding 
along the bone surface (the plate-bone gap shown here is exaggerated for clarity). The result is that bending loads are applied transverse to the long axis of the screw, 
which in combination with fretting corrosion caused by the screws rubbing against the plate results in early failure of the screw. 


TABLE 12-1. Basic Engineering Properties of Common Biologic and Implant Materials 


Ultimate Strength Ultimate Strength Yield Strength Elastic Modulus 


Material Tensile? (MPa) Compressive (MPa) 0.2% Offset’ (MPa) (MPa) 
Muscle 0.2 

Skin 8 50 
Cartilage 4 10 20 
Fascia 10 

Tendon 70 400 
Cortical bone 100 175 80 15,000 
Cancellous bone 2 3 1,000 
Plaster of Paris 70 75 20 

Polyethylene 40 20 20 1,000 
PTFE Teflon 25 500 
Acrylic bone cement 40 80 2,000 
Titanium Pure, cold worked 500 400 100,000 
Titanium (AI-4V) (alloy F136) 900 800 100,000 
Stainless steel (316L) (annealed) >500 >200 200,000 
Stainless steel (cold worked) >850 >700 200,000 
Cobalt chrome (cast) >450 >50 20,000 
Cobalt chrome (wrought, annealed) >300 >300 230,000 
Cobalt chrome (wrought, cold work) 1,500 1,000 230,000 
Super alloys (CoNiMo) 1,800 1,600 230,000 


Ultimate tensile strength or maximum force in tension. 
*Yield strength at 0.2% offset is the strength at which the strain in the material (change in length/original length) is 0.2%, a usual standard for metals, elastic modulus, or stress/strain. 


A positive surgical outcome will depend not only on the material properties of the implant, but also on the geometry and interfaces between the 
construct components. Despite material properties being much greater than that of cortical bone, construct structural properties, which are dependent on 
both material and geometry, may be altered to create a more flexible, favorable healing environment. Relevant structural properties include stiffness, 
ultimate load, and ultimate displacement. Stiffness is directly proportional to the elastic modulus and is defined as the slope of the force versus displacement 
curve. Torsional stiffness is defined as the slope of the torque versus rotation curve. 

It is also important to be aware of the concept of corrosion, which results in material loss due to chemical reactions in the local environment. Fretting is 
the process of material wear due to relative surface motion of contacting surfaces. Both processes will degrade a material’s mechanical performance, 
potentially leading to implant failure. Although rare, corrosion, when it occurs, typically is seen at the plate-screw interface.®! If corrosion is present, not 
only will fatigue life be reduced, the degradation products may lead to adverse biologic reactions.°? 

Stainless steel has an elastic modulus much higher than that of cortical bone. It is fracture resistant, but may be susceptible to corrosion. Titanium has an 
elastic modulus that is approximately half of that of stainless steel, making it more similar to bone. Titanium alloys have poorer abrasion resistance than 
stainless steel; however, titanium displays very high corrosion resistance. Titanium demonstrates superior fatigue properties when compared to stainless 
steel.”! Stainless steel is more ductile than titanium, making it easier to contour and bend (see Table 12-1). 

CFR-PEEK has only recently become an option for fracture fixation devices and demonstrates good biocompatibility and durability.“ In addition, the 
mechanical properties of CFR-PEEK implants, including the elastic modulus, can be tailored to more closely match that of cortical bone. However, unlike 
metal plates and IM nails, CFR-PEEK implants cannot be contoured or bent from their manufactured orientation. CFR-PEEK is also radiolucent, so 
radiopaque markers are added to implants to assist in visualization. 


BIOMECHANICS OF MULTIPLE IMPLANTS 
Fixation Around Hip and Knee Arthroplasty 


Periprosthetic fractures around hip arthroplasty stems are becoming increasingly common.*” Some of these are treated with revision arthroplasty, but when 
the stem is well fixed, fracture fixation is commonly performed. The short proximal femoral segment and the obstructive nature of the femoral stem result in 
a unique biomechanical environment. Proximal fixation strategies have evolved over time, and current options include plates and/or cortical strut allografts. 
Plate fixation in this setting can be with cerclage cables, locking screws, and/or nonlocking screws. Strut fixation is with cerclage cables. Cerclage cables 
used in isolation or with cortical strut allograft are biomechanically inferior to bicortical locking screws.°? Unicortical locked screws address the issue of an 
obstructive femoral stem, but provide insufficient biomechanical fixation, especially with regard to withstanding torsional stress. In instances where the 
femoral component precludes bicortical fixation, unicortical locked screws may be added to cerclage cables to increase stability.°° Further biomechanical 
advantage can be gained with the insertion of bicortical nonlocked or locked screws around the prosthesis. Obtaining bicortical locked screw purchase has 


been made easier with the introduction of variable angle locking technology and certain plate attachments that make it easier for the surgeon to avoid a 
stem. 


MODES OF MECHANICAL FAILURE OF FIXATION DEVICES 


When fracture fixation implants fail prior to fracture union, a variety of underlying problems may be present. In general, these can be divided into one of 
two categories: biologic or mechanical. Biologic causes of altered healing and fixation failure typically lead to relatively late fixation failure (as the 
mechanics of the fixation construct in this scenario were sound). Biologic issues may be related to patient factors such as smoking, chronic diseases such as 
diabetes, medications such as steroids, and many others. Although some biologic etiologies of altered healing leading to fixation failure are only minimally 
under the surgeon’s control, others can be directly affected by the physician. The surgeon should make every effort to preserve soft tissue, respect the zone 
of injury, and preserve vascularity. Meticulous surgical technique, wound closure, and appropriate perioperative antibiotic therapy can all reduce the risk of 
infection and decrease the risk of treatment failure. When failure occurs early (prior to the expected time required for fracture healing) a mechanical issue is 
likely the primary culprit. Understanding the mechanical principles underlying stable fixation and fixation failure can help the surgeon determine the 
appropriate investigation and intervention.*° 


SCREW BREAKAGE DURING INSERTION 


One potential problem during screw placement is shear failure of the screw, typically the head twisting off the shaft, leaving the shaft embedded in bone and 
difficult to remove. This can occur especially when inserting smaller (less than 4-mm diameter) screws in dense bone without tapping. The stiffness and 
torsional fatigue strength of a screw are related to the fourth power of its radius (the effect of moment of inertia, for screws of the same material). A 6-mm 
diameter screw is approximately 16 times as stiff as a 3-mm diameter screw and 16 times as resistant to failure by over-torquing the screw during insertion. 
The junction of the screw head and threaded portion of the screw is a transition point in shape and size. Therefore, this location is a stress concentration 
point and is usually the location of such screw breakage. 


SCREW-BONE INTERFACE FAILURE 


Fracture healing when using plate—screw devices depends on a multitude of factors, among which the integrity of the bone—screw interface is of paramount 
importance. An extremely common failure mode of a fracture fixation construct is failure at the bone-screw interface, causing loosening of the implant and 
instability of the fracture. This can occur iatrogenically, caused by technical errors while inserting screws, or can occur later with cycling loading of the 
construct during patient mobilization. 


Stripping During Insertion 


Orthopaedic surgeons insert nonlocked screws with a screwdriver to a tactile-feedback point that is often just below of stripping torque. This is clearly very 
subjective and based on experience and assumptions of patient factors, anatomic region, and bone quality. Determining the torque that leads to stripping is 
extremely difficult, and depends on screw pitch, bone density, and bone microarchitectural properties.’ Hence, screw stripping occurs commonly, 
particularly in geriatric patients. An in vitro study found that screw stripping by attending surgeons and senior residents occurred in 42% of samples, which 
decreased to 15% with real-time visual torque feedback. A clinical study in osteoporotic ankle fractures found that in 37 of 42 patients, at least one screw 
was stripped.’ Another recent study comparing screw insertions between orthopaedic surgeons and researchers found that surgeons stripped 48% of 
screws, emphasizing that subjective assessment of optimal screw insertional torque is difficult. Overall, surgeons’ capability to detect screw stripping prior 
to or after occurrence is generally poor.4®79 It is clear that over-insertion of a screw, or “stripping,” destroys the microarchitecture of bone and is not 
desired. Once a screw is stripped, it no longer provides meaningful fixation to the plate construct. What remains unclear is whether it is desirable to strive 
for maximal insertion torque to optimize stability.®” 

Aside from avoiding near-maximal screw insertion torque, several other methods to avoid screw stripping have been described. Thakkar et al. described 
the “turn-of-the-nut” method to provide a reproducible technique to avoid stripping based on construction principles. In this technique, the screw is inserted 
90 to 180 degrees past the point where the screw head contacts the plate, which maximizes pullout strength and minimizes the risk of stripping. Clearly, this 
method relies significantly on screw thread pitch. However, a subsequent study in cancellous bone found that the turn-of-the-nut parameters may not be as 
applicable in cancellous bone.” In settings where screw stripping is likely, locked screws may be preferred. 

Once a screw has stripped, several options are available. With a stripped screw hole, augmentation with polymethylmethacrylate cement or another 
biologic cement can provide a more stable substrate in which to anchor a screw.? It has also been suggested that using a larger diameter cancellous “rescue” 
screw may be able to salvage fixation, although biomechanical evidence suggests that this does not predictably restore implant stability.°°*! 


Driver Interface 


Another common, but less frequently studied, problem when inserting screws is failure of the driver—screw interface. As torque increases when tightening a 
screw, either from full seating of a conventional screw or plate engagement of a locking screw, the torsional forces between the screwdriver and screw head 
increase. If the torsional force increases past a critical threshold, the screwdriver is not fully seated in the screw head, or if the metal is relatively “soft” (e.g., 
titanium alloy), the screw head recess may become damaged. In addition, decreased depth of the recess, such as with smaller diameter or flat-head screws, 
can also predispose to screw head stripping. Traditional geometry of orthopaedic screw head recesses is hexagonal, and damage manifests as rounding of 
the hexagonal angles preventing torque generation for screw insertion or removal. Newer designs, such as star-shaped configurations, have been purported 
to decrease risk of stripping due to increased surface area of the interface, but these screw heads can certainly still strip as well. Once stripping occurs, 
removal can be difficult. One technique that can facilitate removal is to use a diamond-tipped burr to flatten opposing sides of the round screw head to allow 
for grasping with a vice-grip pliers.’ 


Late Screw Loosening 


The maximum holding power that a screw can withstand along its axis, the pullout force, depends upon multiple factors, including screw size, thread depth, 


insertion depth, and bone density. This is particularly true in cancellous bone. When the force acting on the screw exceeds its pullout strength, the screw will 
pull or “strip” out of the hole, carrying the sheared bone within its threads, greatly decreasing the holding power and fixation strength (Fig. 12-34). 
Although such pull-out is studied and discussed often in the orthopaedic literature, its relevance is questionable as this mode of failure is much less common 
than loosening by unwinding of the screw where repeated bending forces cause screw toggling and loosening within the bone then unwinding. The pullout 
force increases with larger screw diameter, a greater number of threads per unit length, a longer embedded length of screw shaft, and greater density of the 
bone it is placed into.2+3* The diameter and length of the embedded screw can be thought of as defining the outer surface of a cylinder along which the 
screw shears. Given a maximum stress that bone of a particular density can withstand, increasing the surface area of the screw cylinder increases the pullout 
force (because force equals stress multiplied by the area over which it acts). To enhance screw purchase, maximize insertional torque and reduce loosening 
by unwinding, consider embedding the largest diameter screw possible into bone of the greatest density over as long a purchase length as possible.!%24 
Clinically, however, there are downsides to placing the largest diameter screw possible. Larger screws can occupy a large volume in small fracture 
fragments, limit the number of fixation sites possible, and propagate adjacent fracture lines. Newer designs of screw-type implants being developed include 
barb-augmented screws,?! and “fasteners” which mechanically interlock with the bone substrate instead of providing a buttress effect with the threads.?¢ 
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Figure 12-34. The factors that determine the pullout strength of a screw are its outer diameter and length of engagement (this defines the dimensions of a cylinder of 
bone that is carried in the threads and is sheared out as the screw is pulled out of bone) and the shear strength of bone at the screw—bone interface, which is directly 
related to its density. A finer pitch screw produces a small gain in purchase. 


In cancellous bone, screw loosening becomes a more significant problem because the porosity of cancellous bone reduces its density and therefore its 
shear strength and in-turn reduces the ability to generate enough insertional torque to stably compress plate to bone. Hole preparation, specifically drilling 
but not tapping, improves the strength of screws placed into cancellous bone (such as pedicle screws in the vertebral body). The reason that tapping reduces 
strength in cancellous bone is that running the tap in and out of the hole invariably removes bone, effectively increasing the diameter of the hole and 
reducing the amount of bone material that interacts with the screw threads (Fig. 12-35). Tapping has a more detrimental effect as bone density decreases and 
can reduce the pullout strength from 8% to 27%. 

Some research has also examined whether pullout strength is an appropriate measure of screw performance in cancellous bone. In a nonlocking plate 
and screw construct, the stability of the construct is achieved by the friction generated from compression between the plate and the bone. As a screw is 
inserted into the bone, if it is able to generate high values of insertional torque this will result in increased compression of the plate to the bone and increased 
stability. As the maximum insertional torque is reached and then exceeded, the screw will then “strip out” and lose its purchase in the bone. Although there 
exists a relationship between maximum insertional torque and compression forces, and a correlation of increasing maximum insertional torque with 
increasing screw pitch, pullout strength has little correlation with either the maximum insertional torque or screw pitch.”? Thus, insertional torque may be a 
more clinically relevant metric to measure screw performance and optimize screw characteristics. 


Failure by Cyclic Loading 


Orthopaedic fracture implants have traditionally been manufactured from stainless steel or titanium alloy. These have been optimized to account for rigidity, 
strength, durability, and contourability. Unfortunately, regardless of the material properties of an orthopaedic implant, all implants will fail after 
experiencing a critical number of stress cycles prior to fracture healing. 
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Figure 12-35. A: The decrease in pullout strength in various types of foam used to test bone screws demonstrating the percentage decrease in pullout strength 
between screws placed into holes that were either drilled only or drilled and tapped. B: The percentage increase in volume comparing holes that were drilled only and 
those that were drilled and tapped. Tapping in cancellous bone increases hole volume, which decreases pullout strength. 


Screw Failure 


Once screws are successfully inserted and a fracture fixation construct is finalized, screws become subject to cyclic bending forces as the patient begins to 
mobilize. Ideally, a nonlocking screw is initially tightened against the plate to achieve sufficient compressive force between the plate and bone. The screw 
holds the plate against bone by frictional contact, which depends on the frictional force generated between the undersurface of the plate and bone or 
periosteum. The frictional force is directly dependent on the compressive force generated by the screws (see Fig. 12-27). If any loss of friction occurs 
between the plate and bone, stability will be compromised. Bending loads perpendicular to the axis of the screw, along with possible stress corrosion and 
fretting corrosion, may cause the screws to fail rapidly in fatigue. Zand et al.9° showed that, compared to a nonlocking construct with what the thought felt 
to be fully tightened screws, a construct in which screws were inserted with 10% to 15% decreases in insertional torque failed in less than 1,000 loading 
cycles by bending fatigue, compared to 2.5 million loading cycles in the fully tightened screw construct. This emphasizes the clinical importance of 
ensuring appropriate screw insertional torque during plate fixation, although, optimizing insertional torque remains part of the art of fracture surgery. 

Screws that lock into the plate minimize this problem, provided they are ensured to be completely tightened to the plate. One factor that leads to fatigue 
failure of small fragment screws is their relatively small (2.4-2.7 mm) core diameter. Locking screws often have greater core diameters than analogous 


nonlocked screws and are better able to resist bending loads and fatigue failure, but the larger core diameter necessitates shallower threads (to maintain a 
same major diameter), which sacrifices a degree of holding power in bone. Screws with smaller core diameters fatigue and fail more rapidly than screws 
with larger diameters. The fatigue strength of the screw must be weighed against the purchase power of the screw as well as the size of the screw in relation 
to the size of the bone fragment. 


Plate Failure 


It is important to appreciate that plates are most susceptible to bending failure, because plates are relatively thin and easy to bend (compared to bone) and 
have low moments of inertia. When used to apply compressive force to fracture surfaces after anatomic reduction, the stabilized bone can then assume a 
portion of the forces, and the construct is able to better resist the bending loads applied during functional use. If a gap is left on the side opposite the plate 
(Fig. 12-36), as when a bridge plating technique is used or with a nonanatomic reduction of a simple fracture, the fracture site can become a fulcrum around 
which the plate bends under combined compressive and bending loads, such as those which occur with axial extremity forces. Gapping can also occur when 
a segment of bone is missing at the fracture site, or if the plate is not properly contoured during application. Figure 12-13 demonstrates how a flat, 
noncontoured plate tightened against a flat bone surface will cause a gap to appear on the opposite cortex. This is why a diaphyseal plate applied to a simple 
transverse fracture should be slightly over-contoured to create an initial gap between it and the bone surface it will be applied to. Gapping at the fracture 
also occurs when the plate is applied to the predominantly compressive side instead of the tensile side of a long bone during functional loading that causes 
bending. Figure 12-17 demonstrates that placing the plate on the compressive side will cause a gap to open under load. 

Plate stresses are significantly increased by gapping at the fracture. In comminuted fractures where it is difficult to approximate the fracture ends, bridge 
plating can be performed. For large zones of comminution, screws should be placed near the fracture gap and spread over a long plate length to reduce 
strains in the plate.2® When the zone of comminution is short, in the range of three or fewer plate holes, screws should be further spread to allow for a longer 
working length to optimize mechanobiology. Torsional and bending stiffness of a fracture construct can be significantly increased, and therefore plate strain 
reduced, by increasing the length of the plate itself. While increasing the number of cortices of fixation also increases the stiffness, as shown in Figure 12- 
37, the number of screws is not the dominant determinant of construct stiffness. It is the screws closest and furthest to the fracture that have the greatest 
contribution to construct stiffness. Each additional intervening screw adds marginally less added stiffness. Figure 12-38 shows several interesting aspects 
related to plate fixation with screws. First, plate strains are highest at the two holes adjacent to the fracture gap and become very small five holes away. 
Second, this occurs regardless of whether the screws were placed near the fracture (locations 2, 3, 4, and 5), far from the fracture (locations 7, 8, 9, and 10), 
or were mixed (locations 2, 6, and 9). These data also indicate that not all holes of the plate need to be filled with screws to provide similar fixation stiffness. 
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Figure 12-36. When a gap is left on the cortex opposite that to which the plate is attached, bending of the plate at the fracture site can cause the plate to fail rapidly in 
bending (left). Compressing the fracture surfaces allows the bone cortices to resist bending loads, plus the frictional contact and interdigitation help resist torsion 
(right). 
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Figure 12-38. Distribution of strain (measured in microstrain or strain x 1076) at various locations along a plate regardless of placement of the screws in different 
locations: holes 2, 3, 4, 5; holes 7, 8, 9, 10; or holes 2, 6, 9. 
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Figure 12-39. The conventional screw construct fails when the screws lose purchase in the bone and pull out of the bone. Note the screws fail sequentially. The 
locking construct acts as a fixed angle device and failure results when the bone fails in compression and all the screws fail simultaneously. 


Locking Constructs 


Conventional screw constructs fail differently when compared to locking screw constructs (Fig. 12-39). When conventional constructs fail, it is usually due 
to loss of bony purchase of the screw and sequential loosening of the screws. Because a locking construct creates multiple fixed angle devices, the screws 
must all fail simultaneously and ultimately fail after compressive failure of the bone. 

Dynamic fatigue testing has shown that anatomically appropriate locking plates have fatigue strengths similar to comparable nonlocking plates and are 
able to support loads comparable to 1 bodyweight for 2 million cycles, which should be sufficient for normal fracture healing. Unicortical screws have 
substantially lower torsional resistance than bicortical screws and generally should be avoided. As with other systems, locking plates have mechanical 
sensitivities. For example, accurate placement of the locking screws is important. Angulation of the screw causes incomplete engagement of the thread at 
the screw-plate interface and, therefore, lower mechanical stability of the construct. In fact, comparatively, the bending stability of a 4.5-mm locking plate 
was reduced to 63% and 31%, respectively, with 5- or 10-degree axis deviation of the locking screw insertion vector.3°:54 

Newer locking construct designs allow for variable angle locking trajectories. The specific design varies by manufacturer, and includes locking caps, 
over compression screw heads, screws that cut threads into the plate, and tabbed screw holes.5®°8 While variable angle locking can improve surgical options 
for fixation opportunities, the surgeon should be aware that the locking interface may be less stable than uniaxial locking screws.®® For any implant, 
deviating from the design parameters will result in loss of mechanical stability of the screw—plate interface.°” In general, the clinical effectiveness of 
variable angle locking technology remains unproven.®° 


Plate Failure Through a Screw Hole 


Many plates have multiple screw holes to provide fixation options depending on the specific requirements of the fracture pattern and bone quality. It is not 
necessary to place screws in every hole in the plate, but the effects of screw placement on fixation stiffness should be understood. An empty screw hole is an 
area of elevated stress on the plate, unless the plate is made thicker near the holes to compensate, as is the case with some implants. Placing the plate so that 
an empty screw hole is located over the fracture will significantly increase the potential for fatigue fracture of the plate. The plate material around the holes 
will have higher material stresses than occurs in the solid regions of the plate. Around the holes, the force acts through a smaller cross-sectional area, so the 
material stresses must be higher. A second consideration related to multihole plates is that separating the screws so that there is a greater distance between 
them across the fracture site, that is, increasing the “working length” of the construct, results in lower stiffness of the plate—fracture construct.*? This may 
have beneficial biologic ramifications, as fracture site motion is distributed to more of the comminuted fragments, decreasing strain at each fragment, 
increasing the likelihood of callus formation. 


Annotated References 


Reference 


Beltran MJ, Collinge CA, Gardner MJ. Stress modulation of fracture fixation implants. J 
Am Acad Orthop Surg. 2016;24(10):711-719. 


Bottlang M, Fitzpatrick DC, Sheerin D, et al. Dynamic fixation of distal femur fractures 
using far cortical locking screws: a prospective observational study. J Orthop Trauma. 
2014;28(4):181-188. 


Claes L. Biomechanical principles and mechanobiologic aspects of flexible and locked 
plating. J Orthop Trauma. 2011;25(suppl 1):S4—-S7. 


Egol KA, Kubiak EN, Fulkerson E, et al. Biomechanics of locked plates and screws. J 
Orthop Trauma. 2004;18:488—493. 


Gallagher B, Silva MJ, Ricci WM. Effect of off-axis screw insertion, insertion torque, and 
plate contouring on locked screw strength. J Orthop Trauma. 2014;28(7):427-432. 


Gardner MJ, Silva MJ, Krieg JC. Biomechanical testing of fracture fixation constructs: 
variability, validity, and clinical applicability. J Am Acad Orthop Surg. 2012;20(2):86-93. 


Henderson CE, Lujan TJ, Kuhl LL, et al. 2010 mid-America Orthopaedic Association 
Physician in Training Award: healing complications are common after locked plating for 
distal femur fractures. Clin Orthop Relat Res. 2011;469(6):1757-1765. 


Lenz M, Wahl D, Zderic I, et al. Head-locking durability of fixed and variable angle 
locking screws under repetitive loading. J Orthop Res. 2016;34(6):949-952. 


Perren SM. Physical and biological aspects of fracture healing with special reference to 
internal fixation. Clin Orthop Relat Res. 1979;138:175-196. 


Sanders R, Haidukewych GJ, Milne T, et al. Minimal versus maximal plate fixation 
techniques of the ulna: the biomechanical effect of number of screws and plate length. J 
Orthop Trauma. 2002;16(3):166-171. 


Annotation 


The article provides a detailed discussion on surgeon-controlled variables that may be 
manipulated to modulate fracture fixation implant stiffness in order to promote secondary 
bone healing. Guidelines are presented for the bridge plating constructs. Novel techniques 
to create a “dynamic locking” situation, such as near cortical over drilling and far cortical 
locking (FCL), are also introduced. 


FCL screws were developed to provide a less rigid construct that promotes more 
symmetric interfragmentary motion. An observational study of dynamic plating with 
MotionLoc FCL screws was performed on 32 patients with 33 distal femur fractures. 
Thirty of the 31 fractures available for follow-up healed with 15.6 + 6.2 weeks. None of 
the FCL screws broke or lost fixation. The results of this study suggest dynamic plating 
may provide safe and effective fixation. 


Claes describes compression versus locked plating and the evolution toward stabilizing 
fractures by flexible plate fixation in order to stimulate callus formation. Important 
mechanobiologic aspects of fracture healing are discussed. 


The authors provide a valuable summary of plate and screw function, fracture fixation 
stability, and the biomechanics of locked versus conventional plate fixation. Indications 
for both plating techniques are presented. 


A biomechanical study which demonstrates that the locking screw-plate interface is 
strongest with orthogonal insertion rather than cross-threading. 


An effective summary of the variables effecting the clinical applicability and accuracy of 
biomechanical tests. Testing modes (load-to-failure, cyclic), loads (direction and 
magnitude), and substrate material (cadaveric vs. synthetic) are discussed. 


A retrospective review was performed on 82 patients treated with 86 distal femur fractures 
using lateral locked plates. A high nonunion rate was found (20%), which presented 
without hardware failure and with limited callus formation. Less callus was formed in 
patients treated with stainless steel plates compared with titanium plates. The high 
stiffness of the locked plates likely restricts interfragmentary motion and prevents callus 
formation. 


A biomechanical comparison of durability of locking mechanism among fixed angle and 

variable angle screws. Removal torque after cyclic loading was not significantly lower in 
any group, demonstrating durable locking in all conditions, although fixed angle and zero 
degree variable angle (nominal angle) had the highest removal torque of all groups. 


Perren presents the fracture strain theory, describing how strain levels influence the type 
of repair tissue. The concepts introduced in the article provide an important foundation for 
fracture treatment. 


This biomechanical cadaveric ulna osteotomy study demonstrated that implant (plate) 
length, rather than number of screws or cortices, maximizes bending strength. 
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FUTURE DIRECTIONS: PATIENT-SPECIFIC IMPLANTS 


INTRODUCTION 


The surgeon must consider several factors when devising and implementing a fracture reconstruction. The idea of anatomic restoration versus functional 
restoration is important. As an example, a comminuted femoral shaft fracture may be stabilized with an intramedullary implant with the goal of healing by 
secondary intent. In this case, each comminuted fragment does not require anatomic reduction, but rather the overall alignment of the limb must be restored 
as to allow for appropriate function; thus, functional restoration. In a similar manner, the goals for diaphyseal fractures may not be the same as the goals for 
periarticular fractures. The main outcome for diaphyseal fractures is functional restoration and fracture healing. In contrast, the most important goal for 
periarticular fractures is anatomic reduction of the articular surface and correct joint alignment. The tactics for achieving these goals can be similar or very 
different. Thus, the surgeon must choose which techniques are applicable for which fracture reduction and fixation goal (Fig. 13-1). 

Finally, a thorough understanding of the concepts of direct and indirect reduction as well as of absolute versus relative stability is necessary for the 
fracture surgeon. In considering direct reduction techniques, the surgeon applies fracture reduction vectors via clamps, plates, or other devices to 
anatomically align fracture fragments. This is particularly important for articular reductions (Fig. 13-2). In contrast, indirect fracture reductions employ the 
application of forces, again via clamps, plates, or fixators to achieve alignment of the fracture without applying the load to the fracture fragments, but rather 
using ligamentotaxis to achieve alignment (Fig. 13-3). 

Absolute stability is often associated with direct reduction methods where compression is achieved at the fracture site and the bone is anticipated to heal 
with primary bone healing. With relative stability, the fracture fragments are not necessarily compressed at the fracture site but are “aligned” so that healing 
by secondary intent is expected. Relative stability is often associated with indirect fracture reduction techniques. Regardless of the technique and fixation 
strategy, the process begins with a sound preoperative plan. 


TEMPLATING IN PREOPERATIVE PLANNING 


The preoperative plan for surgical repair of a fracture will assist the surgeon in executing the reconstruction. Ideally, the plan serves as a roadmap for 
fracture reduction and fixation. It is critical to appreciate that the plan will include not only the technical factors associated with reconstruction, but the 
patient-specific factors including patient optimization and soft tissue elements that may impact the outcome more so than the technical components of the 
fracture reconstruction. When beginning, general considerations should include the surrounding soft tissue envelope and any future or concurrent surgeries 
that may take place in the area. For example, if there is a large soft tissue defect or area of contamination, this may alter the approach or fixation choice. If 
there is a concurrent vascular repair planned or need for staged fixation, one must take this into consideration when planning the placement of fixation. 

Regarding the technical aspects of the reconstruction, an important part of preoperative planning in complex fracture patterns includes some form of 
templating. This can include a demonstration of the fracture itself as well as specific fixation methods. Ideally, the preoperative plan utilizes known anatomy 
(the contralateral limb or hemipelvis) as a model for reconstruction of the injured side. Mast?” described two approaches to planning: (1) a tracing of the 
desired end result, and (2) a tracing of the “surgical tactic,” which is the step-by-step outline of the surgical procedure. 


Fi 


-1. A: A radiograph demonstrating a comminuted, proximal femur fracture. B: Provisional reduction is achieved with clamp assistance, and a guide wire for 
an intramedullary nail is passed through the segments. C: The overall alignment has been restored; however, anatomic reduction is not required, nor achieved. 


Figure 


. Pointed reduction clamp used during reduction of an intra-articular distal humerus fracture. 


The first step in any method of planning is to obtain quality imaging of the injury. This should include true AP and lateral x-rays, or as best possible in 
the acutely injured patient. Additionally, thin-cut CT scans with reconstructions in the coronal and sagittal planes can be extremely valuable, as can any 
available three-dimensional (3D) renderings. It is important to remember that plain x-rays cannot give a good rendering of torsional or rotational injury, and 
such deformity can be appreciated with CT and/or clinical examination. The process of studying and recreating the fracture pieces in multiple planes helps 
the surgeon gain an understanding of the fracture itself as well as the contour of the surrounding bone which will aid in implant selection. It is an important 
skill, though, to be able to understand the plain film images, as the reduction in the operating room is confirmed using fluoroscopy in most cases. 

One of the most universal applications of templating as described by Mast?” is an overlay technique utilizing the uninjured or contralateral side. This 
technique employs tracing paper and a viewing box with traditional plain-film radiographs, but can be adapted to printed paper with modern digital 
radiographs. The traditional steps for this technique are outlined below. When beginning, the surgeon should decide which view has the greatest amount of 
deformity, or which will be the most useful orientation to visualize the reconstruction ( ). 


Figure 13-3. Examples of indirect reduction of an articular fracture using ligamentotaxis technique. A, B: Initial intraoperative anteroposterior (AP) and lateral 
fluoroscopic images of a tibial plateau fracture. Two K-wires have been placed to provide provisional fixation of a fracture in the coronal plane. The medial and lateral 
plateaus remain depressed, the medial side being more significantly depressed resulting in slight varus deformity. C, D: AP and lateral views after a femoral distractor 
has been applied. Note that the distraction has improved the medial plateau position, restoring overall alignment and providing a stable construct to allow for internal 
fixation. In addition, the joint itself has been distracted and will allow for its visualization during joint line reduction. E: Injury radiograph of a distal radius fracture. F: 
Indirect reduction is achieved with the application of an external fixator. 
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Figure 13-4. Examples of fracture templating as described in the AO manual. A: A tracing of the uninjured contralateral side as a template for the injured side. B: 
Utilization of the flipped contralateral template, now applied to the injured side radiographs for sequencing fracture reduction. 


1. The uninjured bone outline is traced in the chosen plane of reference. 


N 


The injured side is then traced separately. 

3. The outline of the intact side is then inverted to superimpose over the fracture outline and moved around to sequentially trace each fracture piece in the 
position it will ultimately be in. 

4. The complete tracing will include all fracture pieces together in the final desired result. 

5. The surgical tactic is then developed by working backward through the process of making the completed figure. K-wires and final implants can be 

superimposed at this point to help develop the fixation plan. 


An extension of this technique for acetabulum and pelvic fractures employs the utilization of a plastic-coated pelvis model and dry-erase markers to 
draw out the fracture configurations. This exercise is used in combination with the simultaneous review of the 2D and 3D pelvic CT scans to help define the 
simple and complex elements of acetabular fractures (Fig. 13-5). 


Figure 13-5. A, B: Plastic-coated pelvis model with fracture lines and planned implants drawn for preoperative planning. The drawing includes the fracture lines 
(black), plans for plate placement (blue), posterior column screws (green), SI screws (orange), and proposed spots for clamp placement (red dots). C-E: Preoperative 
3D reconstruction CT images of the fracture. F-J: Postoperative radiographs show the final hardware used. Note that an additional two screws were used across the 
iliac wing fractures and an additional plate was placed along the brim of the pelvis. The fixation pattern mirrors the general fixation concepts drawn out in the 
preoperative plan. (A, B: Courtesy of Roman Natoli, MD, PhD.) 


A modern adaptation of the preoperative planning process involves the use of 3D models fabricated with additive manufacturing or 3D printing 
techniques.’ These models can be placed in a sterile transparent bag or covering and studied intraoperatively, and may be particularly useful for extremely 
complex reconstructions.?83470 Liu et al.3* described a complex T-type acetabular fracture treated 25 days after injury using a 3D model for “practice 
surgery.” The authors were able to establish the reduction and fixation sequence, and determine plate and screw lengths as well as screw trajectories. 
Prebent plates used in the practice surgery were then sterilized for use during the actual surgical reconstruction. Similarly, You et al.”? compared surgical 
outcome variables in proximal humeral fractures randomized to preoperative planning using traditional thin-cut CT versus 3D-printed models. They 
performed “practice surgery” and precontouring of implants. They demonstrated reduced surgical time, blood loss, and fluoroscopy time in the 3D-printed 
group. These reports highlight the possibilities afforded by fracture models using modern additive manufacturing techniques. At present, the models are 
expensive, time consuming to produce, and do not incorporate the soft tissue elements. It is not practical to use these methods daily in a busy trauma 
service. However, the exercise of templating or preplanning with models is a very helpful way to learn the concepts of studying fractures and developing a 
plan that can then be applied to other fractures without physically setting up a model or drawing a template each time. 

With such advances in technology, some are beginning to use specific software that will help surgeons visualize fracture fragments and plan reduction 


maneuvers virtually or use navigation techniques.°!5°16° More of these techniques will undoubtedly continue to emerge and more studies will be needed 
to evaluate their clinical significance. 

Once the surgical plan for reduction and fixation has been developed, the surgeon is then obligated to perform the reconstruction as outlined. A useful 
exercise throughout the surgical career is a comparison of the preoperative plan template with the postoperative radiographs. This allows the surgeon to 
critically evaluate both the preoperative planning process as well as the execution of the reconstruction plan. As an individual surgeon gains experience, this 
exercise may not be necessary for every case; however, even the most advanced surgeon benefits from postoperative review of complex fracture 
reconstructions. 


REDUCTION TECHNIQUES 


Devising and implementing the preoperative plan requires an extensive understanding of the various reduction and fixation concepts and techniques. In the 
following sections, various technical procedures and concepts are discussed. Examples are provided for specific anatomic regions, bones, or fracture 
variants; however, the methods should be applicable in many situations and should be considered in a context of concepts and strategies rather than only a 
series of individual applications. 


FRACTURE COMPRESSION TECHNIQUES 


The use of reduction clamps remains a mainstay of direct fracture reduction. This method involves the exact approximation of two main fragments and the 
use of the clamp to control length, axial, and rotational alignment. A force vector is created between points of the clamp that will determine the reduction 
force on the two fragments. In the case of an obliquely oriented fracture, the application of a clamp in the plane perpendicular to the fracture can maintain 
the reduction. At times, sequential clamp applications can facilitate a reduction, with the final clamp secured perpendicular to the fracture. For transverse 
fracture patterns, clamps may be applied to each fracture segment while manual distraction and rotation are used to reduce the fragments. 

Clamps can be used in a variety of fracture patterns and soft tissue environments; however, they must be used judiciously in order to prevent significant 
stripping of the periosteum and devitalization of the injured bone. When applied during an open reduction, care should be taken to strategically place the 
clamps in such a manner to avoid blocking the position of the fracture fixation implant or lag screws that are frequently used to maintain reduction. Often 
the plate can be placed between the tines of a clamp, which then supports both the implant and the fracture reduction. Alternatively, a clamp may be used 
with the plate by placing a tine of the clamp through one of the holes in the plate. Finally, minifragment screws or plates may be used to maintain the 
reduction an allow clamp removal (Fig. 13-6). 

Several common clamps have routine applications and are worthy of specific mention. The most used clamp is the pointed reduction or Weber clamp, 
which comes in different sizes. 

This clamp ideally applies a very specific reduction vector to “tune” or maintain the reduction of simple fracture lines. It is ideally suited to reduce 
oblique fractures such as that encountered in the distal fibula with a Weber B ankle fracture. In this oblique fracture pattern, one tine of the clamp is 
positioned at the sharp tip of the proximal segment and the opposite tine is placed on the sharp tip of the distal segment. This orients the clamp obliquely to 
the long axis of the bone so that as the clamp is rotated perpendicular to the long axis of the bone, the fibular length is restored. Once the fracture surfaces 
are opposed at the appropriate length, the clamp can be closed to compress the fracture. 


= D, E, F 
Figure 13-6. A: Segmental femoral shaft fracture. B-D: Reduction with a combination of clamps and minifragment plates. Note the clamps were placed to hold the 
plates in position as well as the bone fragments. D-F: This reduction allowed for intramedullary nail placement. 


Another common application for Weber clamp is the percutaneous reduction of a spiral tibial shaft fracture where the tines are placed through small 
percutaneous wounds carefully planned based on intraoperative radiographs or fluoroscopy. This technique has been advocated by Collinge et al.!? where 
they reported on a series of tibial fractures amenable to percutaneous clamp application. They describe the typical clamp placement being over the lateral 
compartment, sliding a tine just anterior to the fibula facilitating access to the typical posterolateral spike. A second incision is placed along the 
anteromedial aspect for tine application to that fragment. Utilizing gentle manual reduction and small adjustments of the clamp, they achieve 
fluoroscopically assessed reduction. The clamp is left in place during reaming and nail passage; thus, preventing malreduction. The authors compared 
patients treated with clamp-assisted nailing and patients treated with only manual reduction and found improved postoperative alignment and fewer fracture 
gaps in the clamp-assisted cohort. These techniques can be used throughout the body when oblique or spiral fractures are encountered as well as for other 
applications when fragments require a specific vector to fine-tune the reduction (Fig. 13-7). 


Another common clamp application uses a serrated clamp with blunt tips. This type of clamp also comes in different sizes and has many common 
names. The standard clamp, also known as a mother-in-law or lobster clamp, is generally used for the reduction of smaller bones such as the radius, ulna, or 
fibula. Larger versions are known as lion jaw or lobster clamps. Given the stout nature of this clamp, it is particularly useful for applying high-force vectors 
often required to reduce long bone shaft fragments of the femur, tibia, and humerus. The clamp can be partnered with a second identical clamp where one is 
applied slightly oblique to the fracture and the second is applied perpendicular to the fracture plane. They can then be rotated and tightened sequentially, 
similar to the description above with a pointed reduction clamp, to restore length and reduce the fracture. Typically, lag screws are placed in the same 
direction as the tines of the clamps to maintain the reduction. 

Screw-based reduction clamps can be used to assist with many different fracture variants although they are most commonly applied for pelvic and 
acetabulum fractures. The Farabeuf clamp utilizes two jaw tines that capture the heads of screws placed on each fracture segment. The clamp can then be 
manipulated to achieve fracture reduction. In a similar manner, the Jungbluth clamp has tines with screw recesses where the screws placed on each fracture 
fragment can then be tightened to bone creating a stout friction fit between the clamp and the bone not dissimilar to that achieved with plate fixation to 
bone. This clamp offers the ability to apply both translation and rotation in multiple planes, creating more complex fracture reduction vectors. These clamps 
can be very powerful, but there are some caveats to their successful application. The force vector applied through the Farabeuf or Jungbluth clamps is 
directed by the position of the reduction screws, so the placement of the reduction screws must be carefully considered. Additionally, if the screws are 
placed too close to the fracture edge, they may “cut out” of bone during attempted reduction maneuvers. The screws placed in each fracture segment should 
be bicortical whenever possible, and the heads should be tightened as close to the bone surface as possible. This reduces the moment arm is applied to the 
reduction screw by the clamp and thereby decreases the “toggle” of the screw in bone which ultimately leads to loosening of the screw—bone interface. 
Given this potential failure mechanism, it must be appreciated that these clamps may have a finite number of reduction attempts that can be tolerated before 
failure of the screw—bone interface. The final fixation construct must also be considered prior to screw-reduction clamp placement to prevent the inability to 
definitively maintain reduction once achieved with these clamps. When used appropriately, the Farabeuf and Jungbluth clamps are excellent additions to the 
fracture reduction armamentarium. Robertson et al.*° demonstrate an example of use of the Farabeuf in Figure 13-8. A Jungbluth clamp helping to reduce a 
femoral neck fracture that was then provisionally fixed with K-wires is shown in Figure 13-9A. In Figure 13-9B,C, the Jungbluth clamp is applied to the 
posterior column of a transverse acetabulum fracture to reduce this element of the fracture. 

Plate-assisted fracture compression can also be used to assist with fracture reduction. This is typically most useful in long bone fractures with two 
segments and a transverse fracture configuration. In this scenario, a plate is applied to one segment and centered on the bone with a standard reduction 
clamp. The plate is then fixated to that segment with a screw placed in the most proximal or distal hole of the plate on the fracture segment. A second point 
of fixation can be obtained by applying a standard clamp closer to the fracture on the fixated segment, centering the plate on the long axis of the bone 
adjacent to the fracture plane. With the plate provisionally fixed to the second segment, compression across the fracture can be applied through the plate in a 
number of manners. Gross compression can be generated via a screw outside the plate using either an articulated tensioning device or a second Verbrugge 
clamp with the plate tine applied to the screw head and the reciprocal tine engaging the last hole of the plate or with the use of the compression/distraction 
device (Fig. 13-10). This construct allows for significant compression to be applied across a transverse fracture site. At that point, further compression can 
be applied utilizing an oval compression hole with the screw applied through the hole away from the fracture site. Compression on the opposite cortex from 
the plate is achieved by prebending the plate. This converts compression forces on the plate side into compression forces on the opposite cortex as described 
in the AO manual (see Fig. 13-10).*8 


FRACTURE DISTRACTION AND LENGTHENING TECHNIQUES 


Distraction applies a tensile force across a joint surface or fracture site. Using the concept of ligamentotaxis initially described by Vidal, the structures of 
the soft tissue envelope surrounding the fracture are used to align fracture fragments by applying tension across the zone of injury. Distraction techniques 
can improve fracture visualization, assist with fracture fragment disimpaction, improve limb alignment, and reduce fracture components. Frequently 
employed as an indirect reduction technique, distraction often reduces a fracture while minimizing trauma to the surrounding soft tissue envelope. A variety 
of mechanical aides are used to apply distraction across a fracture or joint including the fracture table, external fixators, the femoral or universal distractor as 
well lamina spreaders, and some bone clamps including the Jungbluth and Farabeuf clamps. 


Figure 13-7. A, B: Weber clamp being used for percutaneous tibial shaft fracture reduction. C-F: Similar application of a Weber clamp applied percutaneously. 
(Parts D-F from Collinge CA, et al. Percutaneous clamping of spiral and oblique fractures of the tibial shaft: a safe and effective reduction aid during intramedullary 
nailing. J Orthop Trauma. 2015;29:e208-e212, with permission.) 


Farabeuf clamp 


A 
Figure 13-8. Use of a Farabeuf in a tibia fracture. A: Suggested screw placement. B: Maintaining reduction in a tibia fracture. (Reprinted from Robertson A, et al. 
Maintaining reduction during unreamed nailing of a segmental tibial fracture: the use of a Farabeuf clamp. Injury. 2003;34(5):389-391. Copyright © 2003 Elsevier 
Science Ltd., with permission from Elsevier.) 


c 

Figure 13-9. A: Fluoroscopic image showing the Jungbluth clamp being used to reduce a femoral neck fracture. B, C: Jungbluth clamp being used to reduce an 
acetabulum fracture seen on fluoroscopy and illustration. The Jungbluth (arrow) is being used to reduce and hold the transverse portion of the acetabulum fracture in 
the illustration. 


Figure 13-10. Compression using a plate and a compressor/distractor. (Adapted with permission from Ruedi TP, et al., eds. AO Principles of Fracture Management. 
AO Publishing: George Thieme Verlag; 2000. Copyright by AO Foundation, Switzerland.) 


The most basic distraction or traction device is the fracture table, which is often used to provisionally reduce proximal femur and femoral shaft fractures. 


The table helps apply traction across the fracture by applying counterforce on the ipsilateral ischium with a peroneal post in the groin. Distally, the limb is 
distracted either via a skeletal traction pin in the distal femur or proximal tibia or via a boot device that holds the leg by the foot for the application of a 
tensile load across the fracture. 

The advantages of a fracture table include the ability to apply very high distraction forces across the fracture as well as the ability to stabilize the limb 
free in space to allow near circumferential access to almost the entire femur. However, one has limited ability to freely manipulate the whole limb, which is 
secured distally. In addition, the large distraction forces obtained with a fracture table can at times inhibit reduction of the fracture. This is particularly 
relevant in subtrochanteric fractures where excessive traction can accentuate the flexion deformity of the proximal segment and prevent reduction. 
Additionally, the risk of pudendal nerve palsy from pressure in the groin region has been cited in the literature! Despite these potential drawbacks, the 
fracture table can be a powerful tool employing the concepts of fracture distraction as an aide to reduction. 

The use of external fixators, either uniplanar or multiplanar, can be helpful in fracture reduction of long bones as well as the provisional reduction of 
periarticular fractures.*9*° During flexed knee intramedullary nailing of the tibia fractures, this is particularly useful especially if skilled assistants are not 
available. In this circumstance, a fixator can be applied medially with a single pin placed proximally and posterior in the tibia behind the nail entry portal. 
Distally, the pin can be placed just proximal to the plafond from medial to lateral. This creates a fixator construct that can maintain length and allow the 
operative surgeon to manipulate the fracture while an assistant passes the guidewire (Fig. 13-11). 

As an adjunct to periarticular fractures, numerous authors have advocated the use of the provisional external fixator to obtain alignment of 
supracondylar femur fractures, tibial plateau fractures, distal third tibial shaft fractures, and pilon fractures.”!+°” In this case the fixator assists in gross 
alignment as well as restoration of length. In a similar manner, the external fixator can assist with small bone alignment. Figure 13-12 shows an example of 
provisional fixation of a pilon fracture and an example of an external fixator applied to hold the foot and ankle in position to allow for provisional fixation 
of a talus fracture/dislocation. Hsu and Scolaro’? described using a small bone fixator to assist in a posteromedial approach to the talus. After placement of a 
medial uniplanar external fixator, the authors were able to distract and dorsiflex the ankle joint and improve visualization and mobilization to reduce the 
talus fracture. Similar applications are described for midfoot fractures and dislocations as well as distal radius fractures and carpal injuries.®-!7.26.61,67 

A universal or femoral distractor may be used in a similar fashion to an external fixator; however, it has some advantages that the fixator does not 
possess. The distractor can be translated and rotated in multiple to reduce one fragment relative to the other. Additionally, the active ability of the distractor 
to apply tension and then compression can be advantageous. It is also helpful for fractures of the tibial plateau and plafond in order to actively distract the 
joint by removing deforming forces from the articular fragments during reduction. The universal distractor can also be applied across the hip joint to aide 
reduction of acetabulum fractures with a pin in the lateral ilium and a second pin in the lateral femur. In these scenarios, the temporary distraction of the 
fracture space or joint provides the visualization needed to reduce articular fragments, including impacted segments. It is important to keep in mind that the 
use of a femoral distractor or uniplanar external fixation device provides control in limited planes of motion. Rotational deformities must often be corrected 
before or after the use of these distraction devices (Fig. 13-13). 
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Figure 13-11. Tibial IMN application with previously placed tibia external fixation. A, B: Injury films show an open comminuted midshaft tibia fracture. C, D: 
External fixation was performed at the first operation. E-l: The external fixator was left in place during insertion of the IMN, which maintained reduction during the 
procedure. Note the pin positions in the tibia allow for passage of the guidewire, reamers, and nail. The proximal pins were placed in the medial aspect of the 
metaphysis and the distal pins were placed more laterally in the diaphysis. Care must be taken to strategically place the external fixator pins if this technique will be 


employed because the pins may act as blocking pins. This may be advantageous if placed properly but can produce unwanted deformity of the fracture if not. J, K: 
Final films show good final reduction of the fracture and alignment of the tibia. (Courtesy of Paul Tornetta III, MD.) 


2. Application of external fixators for provisional fixation. A-F: External fixator application to a comminuted pilon fracture. A, B: The fracture is 
Shortened andi in valgus. C, D: Traction forces are used during surgery to restore the length and alignment of the fracture. This can be achieved by placing the external 
fixation pins first, followed by the bars, loose in the clams. The surgeon then pulls traction and when the desired position is achieved as evaluated under fluoroscopy, 
the assistant tightens the clamps. Image F shows a clinical picture of the external fixation frame used in this case. This particular fixator used tibial pins, a calcaneal 
pin, and midfoot pins. G-L: External fixator application for a talus fracture-dislocation. G, H: Injury films show an open talus fracture-dislocation. The external fixator 
was applied after reduction of the talus and provided provisional fixation as well as a means to distract through the injury to provide visualization. I, J: This allowed 
for provisional internal fixation with K-wires to be applied in a more controlled setting with the foot and ankle in a stable position. K, L: Final radiographs. 


When not using a fracture table, a handheld Kirschner or traction bow applied to the distal femur, proximal tibia, or calcaneus can provide a stable 
handle for applying traction to the fractured limb. This technique can provide some rotational and coronal plane control as well.*” Analogous to this 
technique is the creation of an external fixator “handle” on the distal limb of a long bone to gain more control of that segment and allow the application of 
both traction and rotation/translation. This is accomplished with two obliquely placed Schantz pins in the distal femur or tibia followed by the application of 
external fixation clamps and bars. The same method can be employed to obtain more reduction control of a hemipelvis for unstable pelvic ring injuries. In 
this case, Schantz pins are placed orthogonally in the gluteal pillar of the ilium and the supra-acetabular zone. By clamping the pins together, a very stout 
“handle” is created, which allows additional traction and translational/rotational control to the unstable hemipelvis ( ). 

A lamina spreader can be used in a fashion similar to the universal distractor to distract fracture planes or joint surfaces of smaller anatomic areas. 
Unicortical or ideally bicortical screws approximately 4 to 6 mm longer than the measured length are placed on each side of the fracture, each acting as a 
post against which to open the teeth of a lamina spreader. The screws should be positioned 6 to 8 mm from the fracture edge to prevent “cutout” as a 
reduction force is applied through the lamina spreader. Alternatively, 1.6- or 2.0-mm K-wires may be placed instead of screws, depending on the available 
space. This technique is particularly useful in fractures that may have shortened between the time of injury and the attempted reduction (F 5). 
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Figure 13-13. Application of femoral distractors to aid in the reduction of a tibial plateau fracture. Using distractors on both the medial and lateral sides allows for 
better control of each plateau. A: Photograph shows the application of both medial and lateral femoral distractors for a bicondylar tibial plateau fracture. They can then 
be distracted simultaneously or sequentially depending on reduction and fixation needs. B: Anteroposterior and (C) lateral radiographs demonstrating medial and 
lateral joint distraction in order to aid reduction with provisional fixation. 


In a comparable manner, a small bone distractor such as a Weinraub distractor can be used with K-wires to apply distractive forces between fracture 
fragments. This tool has the additional advantage of giving some control over the fragments being manipulated. These are frequently employed for the 
distraction of Lisfranc fractures and other foot and ankle fractures and dislocations (Fig. 13-16).”° 

As previously mentioned, the Jungbluth clamp is used with two screws on each side of a fracture plane and can provide fine control of fracture 
fragments including distraction, compression, and rotation. 


DIRECT FRACTURE MANIPULATION TECHNIQUES 


In diaphyseal cortical bone such as midshaft femur and tibia fractures, using the tip of a Hohmann retractor to lever one fracture segment over another to 
achieve reduction can be helpful. The tip of the retractor is carefully placed within the fracture site, against one fracture fragment, and a steady bending 
force is applied to the Hohmann to lever the end of bone over the other, like the use of a crowbar. A small elevator instrument can serve a similar function 
for smaller fracture fragments allowing the surgeon to “shoehorn” fragments into position (Fig. 13-17). Use of this method can serve as a percutaneous 
reduction maneuver in tibia shaft fractures, for example (Fig. 13-18). 

Large-diameter (5- or 6-mm) Schantz pins are helpful tools in the reduction of acetabular fractures. For example, in the posterior approach to the 
acetabulum, a 6-mm Schantz pin placed in the ischium just below the subcotyloid gutter will allow for control and derotation of the ischiopubic segment in 
transverse-type fractures. In a similar fashion, a Schantz pin placed in the proximal femur is used to pull axial or lateral traction on the femoral head which 
can facilitate acetabulum fracture reductions, especially those fractures in protrusion (Fig. 13-19). 


Figure 13-14. An orthogonal pelvic external fixator construct applied to a hemipelvis bone model demonstrating a reduction “handle” that is created to apply traction 
as well as translation and rotation. 


Joystick techniques use small-diameter Schantz pins (3 or 4 mm) or threaded-tip K-wires placed directly into fracture fragments to help guide them into 
a reduced position.°®°° This can be particularly helpful for small articular fragments requiring precise reduction. Placing two wires will provide control in 
multiple planes. 

Placing K-wires or Steinmann pins within a fracture fragment to use as a joystick for manipulation can provide control of the fragment. Working 
directly through the fracture plane, a K-wire can be introduced through the fracture and used to distract and rotate one fragment relative to the other, similar 
to the Hohmann technique. This has been described in distal radius fractures as the Kapandji technique.**-*” 

Other instruments such as dental picks or bone hooks are used to apply reduction forces to fragments in a gross or fine manner, depending on the nature 
of the fracture. On a larger scale, a ball-spike pusher is used to apply high-force vectors and these are particularly useful in acetabular fracture reductions 
(Fig. 13-20). 

The “pass-through” technique is particularly useful to stabilize joint depression or impaction fragments that are accessed through an external fracture 
plane. The most common application is the lateral split depression tibial plateau fractures where the impacted joint surface is addressed via the split fracture 
plane. By working through the split fracture plane, impacted joint fragments are reduced and provisionally stabilized with subchondral K-wires. If the 
reduction is deemed adequate via fluoroscopy, the wires are “passed” through the remaining medial plateau and exit through the skin on the medial knee. A 
key element is that the wires are advanced antegrade until they breach the skin on the medial side. At that point, they are “pulled” retrograde until the wire 
tip is flush to the fracture surface of the impacted fragment. In this manner, the split component is then reduced without the subchondral rafting wire 
impeding or blocking the reduction of that component. This allows for the K-wires to remain in place as provisional fixation until definitive fixation is 
obtained and they can be removed.®? Care must be taken to avoid neurovascular structures on the opposite side of the limb where the wires exit, not 
dissimilar to the wires utilized for circular frame fixators. Although most frequently used for tibial plateau fractures, the concept can be expanded for distal 
femur and distal tibia fractures as well as supracondylar humerus fractures (Fig. 13-21). 


A,B 
Figure 13-15. K-wires (A) and a lamina spreader (B) being used to distract during reduction of the midfoot (C). (Reprinted from Shymon SJ, Harris TG. Low-cost 
intra-articular distraction technique using Kirschner wires and a toothed lamina spreader. J Foot Ankle Surg. 2017;56(3):605-608. Copyright © 2017 by the American 
College of Foot and Ankle Surgeons, with permission from Elsevier.) 
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Figure 13-16. A, B: AP and lateral radiographs of a trimalleolar ankle fracture dislocation equivalent injury. C: Intraoperative photo showing a small bone distractor 
helping restore length to the fibula. D: Photo highlighting the definitive reduction and fixation with the aid of the small bone distractor. (Used with permission from 
Johnson JP, et al. Use of a pin distractor as an aid for fixation of pronation-external rotation fibular fractures. Orthopaedics. 2017;40:e192-e194. Reprinted with 
permission of SLACK Incorporated. Permission conveyed through Copyright Clearance Center, Inc.) 
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7. A-D: Example of the shoehorn technique reducing a transverse tibia fracture. Any type of elevator can be used. 
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3-18. Midshaft femur fracture reduced with an elevator acting as a lever arm or “shoehorn” to lift the proximal segment up and over to align with the distal 
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Figure 1 
fragment. 


IMPLANT-AIDED REDUCTION AND STABILIZATION TECHNIQUES 


Position screws are utilized to maintain the reduction of fracture with the understanding that no further reduction can be obtained once a position screw has 
been placed. Unlike provisional K-wires, position screws are definitive fixation; however, they are not generally adequate in terms of stability to be isolated 
definitive fixation. In contrast, lag screws are placed with the goal of achieving further reduction of nearly reduced fractures or to achieve compression 
across a reduced fracture site. Lag screws are performed by technique or by using partially threaded screws that result in a lag function.*° When using lag 
technique, the near cortex is overdrilled to the size of the outer diameter of the screw thread, thus allowing the screw to slide and compress the fracture once 
it engages in the far cortex which was underdrilled. To ensure the best compression efficiency and decrease the risk of displacing the fracture, lag screws 
should be applied perpendicular to a fracture line. It should be noted that lag screws do not control rotational deforming forces, and the use of more than one 
lag screw to provide multiple points of fixation in larger fragments should be considered. In general, lag screws are supplemented with a neutralization plate 
to dissipate the larger loads away from the lag screws ( 22). 
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Figure 13-19. A: Photograph showing the application of lateral femoral distraction of the femoral head for an acetabulum fracture utilizing a table-based traction 
device. B: Intraoperative radiograph showing distraction of the femoral head during fixation of an acetabulum fracture. 


Figure 13-20. Demonstration of use of a ball-spike pusher in the positioning and application of a quadrilateral surface plate. 


Plates 


Weber coined the term antiglide plate when he described a technique of reduction using a straight plate on a straight bone with an oblique fracture pattern.®5 
The reduction method is based on the screws being placed in a position that pushes the bone fragment down an inclined plane. Once the reduction is 
obtained, the axilla of the fragment should be in a position to resist axial load and allow further compression by utilizing dynamic compression holes or an 
articulating tensioning device (Fig. 13-23). 

In a similar manner, a buttress plate is applied along a metadiaphyseal segment to buttress or support a reduced epiphyseal or articular segment. 
Typically, in this application, the plate is undercontoured and screws are placed and tightened from the diaphyseal segment toward the metaphyseal 
segment. In doing so, the plate further contours as the screws are tightened, forming an anatomic buttress that resists the axial loading of the epiphyseal or 
articular segment. This is commonly used for tibial plateau fractures to provide axial stability for a split fracture component (Fig. 13-24). 
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Figure 21. The “pass-through” technique is demonstrated by placing subchondral K-wires through impacted joint fragments of a lateral split depression tibial 
plateau fracture. A: Initially, the K-wires are put in place from the lateral side to secure the fracture fragment. B: The wires are then pulled through from the medial 
side, leaving them flush with the lateral surface. C: This allows for work to be continued through the open wound on the lateral side, including clamp and plate 
placement, while maintaining provisional fixation that is not obstructing the area. D: Final reduction and fixation achieved using the pass-through technique. 
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Figure 2. A femur fracture with a butterfly segment fixed using multiple lag screws followed by a neutralization plate. A, B: Preoperative images. C, D: 
Intraoperative fluoroscopy. E, F: Postoperative x-rays. 


Distal radius fractures often benefit from utilizing a plate as a reduction tool. Eglseder*® describes securing a volar locking plate first to the distal 
fragment, using K-wire guidance to ensure positioning of the screws parallel to the joint surface. This is followed by reducing the remainder of the plate to 
the shaft of the radius, which reduces the fracture and restores volar tilt by using the contour of the plate. When needed, a radial-sided buttress plate secured 
by screws only in the proximal shaft fragment is used to prevent radial translation of the distal radial styloid fragment. 

Another method has been described that uses a mini-Hohmann retractor to wedge between the proximal plate and the shaft while an initial cortical screw 
is placed, thus keeping the plate elevated off the bone. The distal screws are then secured, and when the mini-Hohmann is removed, the shaft screw is 
tightened, which tilts the distal fragment volar, restoring tilt ( 5) 

Small, low-profile plates can be used for provisional fixation of complex fractures. This has been termed “reduction plating.”“ Frequently in 
comminuted fractures, bone clamps and/or lag screws are not possible. This is particularly relevant in obliquely oriented fracture planes along the 
metadiaphyseal shaft where it is difficult to apply a force vector with a clamp to achieve a reduction. To address this, the use of small or minifragment plates 
can be helpful to provisionally stabilize portions of the fracture. The plates can be secured to bone with unicortical or bicortical screws, depending on the 
fracture configuration. Care must be exercised not to block the position of definitive fixation plates with reduction plates; however, this technique can 
provide a valuable adjunct for complex periarticular reconstructions. Depending on the location and fracture pattern, these plates can be left in place as a 
part of the final construct or removed once the definitive fixation is stable ( ). 


Figure 13-23. Example of the antiglide technique for a type B distal fibular fracture. (Redrawn with permission from Winkler B, et al. The dorsal antiglide plate in the 
treatment of Danis-Weber type B fractures of the distal fibula. Clin Orthop Relat Res. 1990;(259):204—209.) 


Clavicle fractures, for example, are highly amenable to this technique.° Shannon et al.>! discussed this method in clavicle fractures with comminuted 
fragments that are too small for lag fixation, but can be secured with minifragment plates. These can be placed either superiorly or anteriorly, depending on 
fracture pattern and location of the definitive plate. 

This technique can extend to pelvic fractures that are not readily accessible to certain clamping techniques.°? Figure 13-27 shows a method using 
minifragment plate provisional fixation that does not ultimately interfere with the definitive 3.5-mm plates needed to support the fracture fixation. 

With the evolution of precontoured periarticular implants, plate-aided reductions can be achieved in a fashion similar to those accomplished with blade 
plates in the past. The distal femur can serve as an illustrative example.>!3 Assume a highly comminuted metadiaphyseal supracondylar femur fracture. The 
principle of reconstruction is to first obtain an anatomic reduction of the joint surface. This articular segment can be stabilized with independent lag screws. 
This is followed by bringing the articular block to the shaft and restoring functional alignment. In highly comminuted fractures, anatomic reduction of all 
fragments may not be possible, so restoration of alignment should be the primary goal. This can be accomplished by using a precontoured distal femoral 
locking plate as a reduction template. The reconstructed articular block is provisionally fixated to the plate with wires or clamps. These plates are designed 
so that the distal row of fixed-angle screws parallel the distal femoral articular. 

The plate is adjusted until acceptable alignment is achieved in both the AP and lateral planes. At that point, the plate is definitively fixated on the 
articular block with screws. Then the articular block and plate have formed a single composite construct that can be reduced to the shaft of the femur either 
through an open approach or a limited minimally invasive approach. The plate is provisionally secured to the shaft with reduction clamps or provisional 
fixation and adjusted until acceptable alignment of length and rotation are achieved. Finally, the plate is definitively stabilized to the shaft. This construct 
“bridges” the comminuted metadiaphyseal segment, yet allows the restoration of anatomic, functional alignment. In a similar manner, other periarticular 
fractures can be reduced and stabilized with precontoured plates (Fig. 13-28),1835.42,62 


Plating Techniques for Periprosthetic Femoral Fractures 


Periprosthetic femoral fractures are more common than ever and their incidence is expected to rise by 4.6% every 10 years over the next three decades.* The 
incidence of periprosthetic tibia fractures is much less common but also occurs, in the intraoperative and postoperative setting of total knee arthroplasty.” 
The morbidity of periprosthetic fractures is significant and reduction and fixation techniques can be complex. 

Figure 13-29 is an example of a fracture that was reduced by external forces. Note the shadow of the radiolucent triangle in Figure 13-29B, which 
helped in reducing the flexion deformity in this minimally comminuted fracture. This was a cruciate-retaining prosthesis, so an intramedullary implant was 
an option. The retrograde nail was able to provide adequate fixation distally for this fracture. 

Especially in comminuted distal femur periprosthetic fractures, extension deformity is very common and needs to be addressed during reduction. 
Sharma et al.°° suggested that a medial parapatellar approach for comminuted fractures can result in better reduction than a lateral-based approach. A bone 
hook method is utilized in Figure 13-30 to avoid extension malalignment.®* 


Figure 13-24. Applications of buttress plating to tibial plateau fractures with split components. Application on a bicondylar tibial plateau fracture (A-D), and a 
medial plateau split (E-H). 


| . Demonstrates reduction of fracture and restoration of volar tilt using a mini-Hohmann to wedge between the plate and bone while the cortical screw is 
initially Secre (From Metikala S, et al. A simple tool for volar tilt restoration during volar plate osteosynthesis of distal radius fracture: a technical note. Trauma 
Case Reports. 2023;43:100760.) 
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Figure 13-26. Examples of distal femur fracture with initial fixation involving application of small reduction plates using unicortical screws in distal fragments not 
amenable to lag fixation prior to final plate application. 
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Figure 13-27. Sawbones representation of minifragment provisional reduction technique. (From Shannon SF, et al. Provisional minifragment plate fixation of 
acetabular fractures: a technical trick. J Orthop Trauma 2020;34:e454—e459.) 


Cables can be of help with periprosthetic fracture reduction and stabilization. Used either independently or with a plate, they can aid in initial reduction. 
For example, a Weber clamp can be used for provisional reduction while a cable is placed. This allows enough stability to place additional cables to secure 
the fragments. A distal femoral neutralization plate can then be placed. Examples include this application to a periprosthetic distal femur fracture (Fig. 13- 
31) and an interprosthetic distal femur fracture (Fig. 13-32). Alternatively, cables can be used in combination with a plate to help maintain reduction and 
apply the plate to a periprosthetic fracture (Fig. 13-33). 


Nails 


By design, intramedullary nails assist in reduction simply by their placement in the intramedullary canal where they achieve a friction fit and self-align a 
long bone diaphyseal fracture. In these circumstances, simply aligning the diaphyseal canal will often achieve acceptable if not anatomic reduction (Fig. 13- 
34). As previously described, the fracture table is frequently used to apply enough traction to overcome the deforming forces of a femoral shaft fracture. To 
further assist reduction of a femur or tibial shaft fracture, many adjuvants have been developed or described. Most frequently, externally applied force 
vectors are used to facilitate a reduction. This can include towel or blanket “bumps” on the table or the application of an external reduction load with a 
mallet or crutch applied to the limb to assist reduction. This can be combined with a surgical towel applied circumferentially above or below the externally 
applied “push” to apply a counterforce “pull.” A method of applying a greater reduction force vector employs the femoral wrench or “F” tool. This is an 
externally applied bar device designed to allow the application of a combined force and counterforce. It can be rotated around the limb based on 
intraoperative fluoroscopic images to find the correct combined vector in order to reduce the fracture. Figure 13-35 shows examples of these tools as 
demonstrated by Riehl and Widmaier.*° 

Femoral diaphyseal fractures lend themselves well to reduction methods using the nail itself. For example, provisional reduction with external 
techniques described above can be maintained once the nail has engaged both fracture segments. Figure 13-36 shows the translational component of a 
diaphyseal fracture reduced by passing the nail. The anterior bow of the nail can also be used to maintain reduction as the nail is inserted. This is usually 
done by rotating the nail such that the bow is apex medial until the nail engages the distal fragment. It is then slowly rotated as the nail is advanced into 
anatomic position with the bow anterior. Figure 13-37 demonstrates this technique in a review by Ricci et al.*# 


. D 
}. A, B: AP and lateral radiographs of a comminuted distal femur fracture provisionally reduced and stabilized with a distal femoral locking plate as a 
bridging ¢ construct. C, D: Images showing final reduction and fixation of the bridging construct. (From Collinge CA, et al. Pitfalls in the application of distal femur 
plates for fractures. J Orthop Trauma. 2011;25(11):695-706.) 
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Figure 13-29. Periprosthetic distal femur fracture (A) reduced with the aid of a radiolucent triangle (B) and fixed with a retrograde intramedullary nail through the 
total knee arthroplasty prosthesis (C, D). 
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Figure 13-30. The bone hooks method to obtain reduction, correcting the extension malalignment. (From Shon O-J, et al. Bone hook reduction technique combined 
with lateral parapatellar arthrotomy for periprosthetic distal femoral fractures following total knee arthroplasty: a technical note. Orthop Surg. 2022;14:1902-1906.) 
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Fig 1. Periprosthetic distal femur fracture (A) reduced with a Weber clamp followed by cables (B, C) and application of distal femur plate for definitive 
fixation (D-F). 


G,H 
. Interprosthetic distal femur fracture reduced with a Weber clamp (A, B) followed by cable placement to maintain the reduction (C) and distal femur 
plate application with unicortical screws near the implant, for final fixation (D-H). 
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Figure 13-33. A: Periprosthetic distal femur fracture in good alignment. B: Large fragment plate provisionally fixed to femur with K-wires and cables, holding the 
reduction and securing the plate to the bone. C, D: Final fixation with unicortical screws near the implant and bicortical screws proximally. 
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Figure 13-34. Diaphyseal femur fracture showing friction-fit of intramedullary nail. 
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Figure 13-35. Examples of applying a crutch (A, B) and a femoral wrench (C) as external forces to help reduce femoral shaft fractures. (Used with permission of 
Slack Inc from Riehl JT, Widmaier JC. Techniques of obtaining and maintaining reduction during nailing of femur fractures. Orthopaedics. 2009;32:581-588, 
permission conveyed through Copyright Clearance Inc.) 
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Figure 13-36. Diaphyseal femur fracture provisionally reduced with external forces, with improvement of reduction after nail passage. 


If these external techniques are unsuccessful, more invasive adjuvants are attempted. As previously described, the universal distractor can be utilized to 
assist a femoral shaft reduction. The distractor is applied via percutaneous pins placed very close to the fracture in order to manipulate fragments 
directly.©° In particular, the length of the distractor arm can serve as a manipulative aide for reduction. The shaft segments are translated into multiple 
planes relative to each other by flexing/extending, abducting/adducting, and lengthening/shortening one fragment relative to the other. Additionally, the 
distractor can apply tension or compression to further reduce the fracture and allow intramedullary guidewire passage (Fig. 13-38). 


Figure 13-37. Schematic showing reduction technique using the bow of the nail to help aid in reduction and avoid further displacement. (From Ricci WM, et al. 


Intramedullary nailing of femoral shaft fractures: current concepts. J Am Acad Orthop Surg. 2009;17:296-305.) 


In a similar manner, Pettett et al. demonstrated a percutaneous reduction technique utilizing two Schantz pins to obtain the reduction for the guidewire to 
pass, followed by a blocking screw to maintain alignment. 

If the fracture plane is oblique or spiral, directly applied standard reduction clamps or a bone hook can be used to obtain anatomic reduction through 
open or minimally invasive wounds. For these fracture patterns, a supplemental cerclage wire can be applied to assist in maintaining an anatomic reduction. 
This technique is particularly useful for long oblique and spiral fractures of the femur (Figs and 13-40). +42% 

On some occasions, a combination of external forces and an elevator placed percutaneously are adequate tools to hold a fracture reduced particularly 
oblique fractures. 

As the indications and applications of intramedullary nails have expanded to the more distal and proximal segments of long bones, their intrinsic 
stability and reduction capacity are more limited. Thus, adjuvant techniques may be required to obtain acceptable reduction and stability. A method of 
gaining better control of the near segment of a long bone during intramedullary nail insertion is the use of a cannulated awl. This can be placed over a 
guidewire, providing a stouter guide within the canal. The awl is used to direct the near fragment to achieve a reduction with the guidewire remaining in the 
near segment. Once the fracture is reduced, the guidewire can then be passed beyond the fracture site ( ). 
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A: Example of femoral distractor placement aiding in the reduction of a femoral shaft fracture, allowing passage of the guidewire. B: Initial 
Jean image of the distractor being placed. The fracture is first distracted (C) and then manipulated (D). Note the slight bending of the proximal pin of the 
distractor, which is common but must be monitored. The guidewire is then able to be passed (E) and the distractor removed (F). 


As an extension of an awl reduction technique, most intramedullary nail sets are equipped with a “finger” reduction tool. Typically, this is a cannulated 
device that is smaller in diameter than the average femoral or tibial canal. The instrument is typically fashioned with an angled or curved tip that is used to 
facilitate reduction. The device is placed in the intramedullary canal in a similar manner to an intramedullary nail. Given the fact that it is cannulated, the 
guidewire can pass into the finger reduction tool. The tool can then be used to manipulate the proximal segment and align it to the distal segment. Once this 
has been accomplished, the guidewire can be passed from the proximal to the distal segment (F 3-42). At times, the intramedullary canal is smaller than 
the finger reduction tool. In this circumstance, the proximal segment may require reaming to enlarge the diameter of the canal in order to accommodate the 
finger reduction tool ( 13). 

The indications and applications of intramedullary nails have been expanded as experience has been gained in the technique. Fractures that occur in the 
metadiaphyseal region are not intrinsically stable with the use of an intramedullary nail. However, adjuvant techniques can be employed to improve the 
stability of an intramedullary nail in the fluted proximal and distal segments of lower extremity long bones. The most frequently used technique is the 
application of a blocking or Poller screw. Blocking or Poller screws should be considered to help guide the trajectory of an intramedullary device or prevent 
malalignment of the fracture during nail insertion. The use of Poller screws was first described for use in the tibia** and can be applied to any long bone 
fixation with an intramedullary device. In general, a blocking screw is placed on the concave side of a deformity to prevent the nail from following a path 
within the canal that would displace the fracture.?*°°"°" A simple way to understand the concept of blocking screws is to consider screw as an extension 
of the diaphyseal cortex. The screw provides an interference to direct the nail in the appropriate alignment of the fractured segment of bone. In cases of 
extreme nailing, where periarticular fractures are stabilized using an intramedullary nail, blocking screws can be placed on both the medial and lateral sides 
of the intramedullary nail to provide a pseudocanal. These screws provide stability for the nail in the fluted distal or proximal segment of the long bone 
( and ). 


Cc D 
Figure 13-39. A, B: AP and lateral radiographs of a comminuted subtrochanteric femur fracture. C, D: Images of definitive fixation utilizing the cerclage wire 
technique as a supplement to reduction and fixation. 
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Figure 13-40. Subtrochanteric femur fracture reduced using a bone hook followed by cable placement. 


Schumaier et al.°° studied the use of blocking screws in distal femur fractures in an attempt to identify factors associated with their successful 
implementation. Identifying these factors would aid in earlier decision-making intraoperatively with regard to the use of blocking screws. They concluded 
that the patients with successful use of blocking screws in distal third femur fractures had higher BMI, greater cortical bone loss, more space available for 
the nail, and shorter distal segments. Metaphyseal fractures have been found to have a higher rate of malalignment after intramedullary nail fixation due to 
the larger difference in canal and nail diameter.'“? However, the most important factor remains obtaining a good reduction and maintaining it during 
reaming and nail placement (Fig. 13-46). 


If there is a large area of cortical loss due to a butterfly fragment or pathologic fracture, as in the case in F 3-47, a right-angled clamp can be 
placed percutaneously to help guide the ball-tipped guidewire. It is used as a pseudo-blocking screw. This technique can also be used if there is a need for 
open reduction, giving exposure to the fracture site. 

A similar concept for fracture-specific reduction is the “push-out molding” technique for reducing calcaneal fractures.” This technique uses the idea of 
reducing a fracture from inside-out, taking advantage of fracture planes to allow an instrument to be used as a lever to reduce fracture fragments. An angled 
curette is used in this technique ( 1 ). This technique also has the advantage of utilizing small incisions, thus avoiding an extensile approach with 
more risk for complications such as infection.” 

As was previously described, reduction plating techniques can facilitate intramedullary nail stabilization of very proximal and very distal fractures as 
well. This technique was originally described for proximal tibia fractures.*' In this application, the plate is applied along the anterolateral or anteromedial 
aspect of the proximal tibia. Unicortical screws are used to reduce the interference of the screws with the intramedullary nail. The supplemental plate, which 
maintains the reduction and prevents the common procurvatum deformity, can be left in place after nail stabilization. 
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j |1. Examples of using an awl to aid in reduction of a proximal femur fracture. The awl can be used as a more rigid guide first through the soft tissue while 
freee the starting guidewire. A: Alternatively, it can be used with the final ball-tipped guidewire to introduce it into the canal. B-D: It can then be useful to help 
control the proximal portion of the fracture and align it with the distal segment, while at the same time creating a path for the guidewire. Note how the awl was used to 
capture the distal fracture segment and then correct the valgus deformity in this case (B, C). 


Figure 13-42. Finger tool used to control the proximal segment of a subtrochanteric femur fracture, with subsequent passage of the guidewire. 


In any given fracture scenario, a multitude of fracture reduction techniques are possible. The goal of this chapter is to provide insight into a number of 
techniques that can be extrapolated to various other fracture patterns. Certainly, there are many techniques that have not been described in this text. 
However, those that are presented should be considered as a template for fracture reduction techniques throughout the body. 


FUTURE DIRECTIONS: PATIENT-SPECIFIC IMPLANTS 


As technology and manufacturing techniques continue to improve, tools and techniques for fracture reduction will likely improve as well. Additive 
manufacturing, in particular, will provide ample opportunity for improving fracture reduction and stabilization techniques. Advanced imaging techniques 
will likely be translated into patient-specific and injury-specific implants that will facilitate reduction and stabilization. To further facilitate these techniques, 
it is possible that computer-assisted robotics will have the ability to provide precise fracture reduction maneuvers via minimally invasive fracture 
manipulations.!° In addition, advances in material and composite production will likely result in implants that more closely simulate biologic loading during 
fracture healing. The future is vast, and it is imperative that we as orthopaedic fracture surgeons continue to innovate and push the boundaries of fracture 
reduction in stability. 


L,M N 
Figure 13-43. A-H: Demonstration of use of the finger tool for a femoral shaft fracture. B, D: Initial attempts at reduction were unsuccessful, so the finger tool was 
inserted to give the operator more control of the proximal segment as well as the guidewire. This helped obtain a reduction that allowed for the passage of first the 
guidewire (D-G) and then the reamer (H). I, J: Segmental femur fracture with significant comminution and a butterfly fragment at the proximal fracture. The figure 
tool was used in a retrograde fashion to bypass the distal fracture and help align the ends of the proximal fracture. Because it is a rigid instrument, it allows for more 
control of each fracture segment than using the guidewire alone. K: It also creates a path for the guidewire. Here, it is inserted into the proximal-most fracture 
fragment. L-N: The guidewire could then be passed. (Courtesy of Paul Tornetta III, MD.) 
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| 14. Blocking screws placed to guide a femoral IMN, correcting any residual injury deformity after gross reduction. A: Because of the comminution on the 
medial side, the fracture tends to fall in varus. B: A blocking screw was placed from anterior to posterior on the medial aspect of the nail. C: Conceptually, this dictates 
a more specific trajectory for the nail and acts as a medial “wall” for the nail to correct the varus deformity. D: Alignment was maintained in the sagittal plane and the 


placement of the blocking screw can be seen here. 


Figure 13-45. Blocking screws placed in two planes for insertion of a tibial IMN, prior to nail insertion. A: A screw shot from anterior to posterior, placed lateral in 
the proximal segment to help control the valgus deformity. In addition, a screw from medial to lateral, placed in the posterior aspect of the proximal segment, helps to 
control procurvatum deformity. B, C: Note that the nail rests just medial and anterior to the screws, respectively. 


Figure 13-46. Fluoroscopic images showing placement of blocking screws in distal femur fractures, either before or after intramedullary nail placement. (From 
Schumaier AP, et al. Factors predictive of blocking screw placement in retrograde nailing of distal femur fractures. J Orthop Trauma. 2019;33(6):e229—-e233.) 


Figure 13-47. Pathologic tibia fracture with cortical loss. Combination of a cannulated finger and a right-angled clamp placed through fracture site to guide the 
trajectory of the guidewire. 


3. The “push-out” techniques using an angled curette to restore alignment of the calcaneus from within the calcaneus through fracture planes. (From Choi 
YJ, Bae S y. Assessment of clinical outcomes after reduction of depressed fractures using the push-out molding technique. Heliyon. 2023;2023:e13199, with 


permission from Elsevier.) 


Beltran MJ, Gary JL, Collinge CA. Management of distal femur fractures with modern 
plates and nails: state of the art. J Orthop Trauma. 2015;29:165-172. 
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Trans. 1995;18:1055—-1056. 


Collinge CA, Gardner MJ, Crist BD. Pitfalls in the application of distal femur plates for 
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A respected source giving a compilation of techniques for fixation of distal femur 
fractures, for use with modern fixation devices. 


One of the first descriptions of reduction plating, for use in the proximal tibia. 
A great review of techniques of distal femoral plating from authors previously published 
on the subject. 


One of the landmark papers describing the use of Poller screws for fracture reduction. 


One of the landmark papers describing the use of Poller screws for fracture reduction. 


Mast J, Jakob R, Ganz R. Planning and Reduction Technique in Fracture Surgery. 
Springer-Verlag; 1989. 
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The benchmark of preoperative planning and fracture reduction surgery. Many of the 
techniques for both planning and reduction techniques used today are either directly from 
this text or are updated techniques originally described here. 

A respected source describing treatment of severe pilon fractures. 


The principal textbook describing AO techniques. 


A respected source describing treatment of severe pilon fractures. 


One of the original published descriptions of this reduction and fixation technique that has 
been applied by many after its publication. 
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PHILOSOPHY 


Injury is the leading cause of death and disability among persons under 50 years of age. In the United States, annual direct medical expenses related to 


trauma care exceed $500 billion, and trauma accounts for over 200,000 deaths per year.‘ Including the indirect costs of lost employment and quality of life, 
the total projected costs per year in the United States are estimated at $4.2 trillion.4? Management of the multiply injured patient is provided by a team of 
providers under the direction of a general trauma surgeon. Algorithm-based care has developed over time, with iterative processes affording opportunity for 
consistency and optimal outcomes.* Trauma registries and regular, empirical performance assessments regarding morbidity, mortality, and achievement of 
quality standards are essential to high-functioning systems. Continuous measurement and refinement have produced outstanding care within major trauma 
systems.” Expeditious field assessment and transport to a trauma center initiate the treatment pathway for a severely injured individual. This chapter will 
focus on the initial hospital assessment and care, with mention of injuries to all body systems but with specific reference to the role and view of the 
orthopaedic surgeon. 

Collaboration among specialty providers is essential in developing treatment plans for patients with complex polytrauma. Early identification of all 
injuries and immediate resuscitation are undertaken upon arrival. Reduction and stabilization of fractures and dislocations provide pain relief, afford some 
hemostasis, and potentially restore blood flow. Urgent management of open fractures reduces risks of infection, and definitive management of axial, pelvis, 
and femoral fractures in resuscitated patients provides pain relief and promotes mobility, in turn reducing pulmonary, thrombotic, and other 
complications.?799:104,129,131,163,231,284 However, damage-control strategies are appropriate for patients in extremis to provide provisional bony stability 
without contributing to further hemorrhage and systemic demise.2°8273 


INITIAL ASSESSMENT OF THE TRAUMA PATIENT 


The optimal initial assessment of the multiply injured trauma patient begins with an evaluation of the very things that are the most life-threatening and time- 
limited. This is performed in a systematic fashion that combines rapid diagnosis with immediate interventions to ensure additional time is available to 
perform definitive diagnostic studies and to provide further lifesaving procedural interventions. The Advanced Trauma Life Support (ATLS) program by the 
American College of Surgeons was modeled after the extremely effective and popular Advanced Cardiac Life Support (ACLS) program. The concept upon 
which this program built its foundation was introduced by James Styner, an orthopaedic surgeon, in cooperation with the University of Nebraska in 1968.36 
It has been considered today’s international standard that can be implemented to provide an organized and systematic approach to initial assessment of the 
trauma patient. Although this has been a widely popular program and is followed by institutions and clinicians worldwide, alternatives are available and 
prevail in some countries. The Definitive Surgical Trauma Care (DSTC) program, Early Management of Severe Trauma (EMST), and European Trauma 
Course (ETC) are other such programs used worldwide with the same mission of optimizing trauma patient evaluation and management to enhance 
outcomes and to improve morbidity and mortality. 

Regional and institutional adaptations of these programs have yielded specific differences with respect to delivery, but they uniformly identify key 
factors that require immediate attention and intervention. The vertical trauma resuscitation is one in which a single clinician along with a limited number of 
additional allied health care personnel function in isolation. This approach does not reflect the reality in most hospitals where multiply injured patients are 
prioritized by prehospital providers. The horizontal trauma resuscitation is one in which multiple priorities are managed in parallel by multiple clinicians, 
most effectively led by a designated team leader. A multidisciplinary group from disciplines including anesthesia, general surgery, orthopaedic surgery, 
neurosurgery, otorhinolaryngology, emergency medicine, along with nursing and allied health care personnel, in some deliberate combination, will 
converge on a trauma patient after team activation in a well-choreographed series of assessments and actions led by a “team leader.””° Performance of a 
resuscitative evaluation and intervention is enhanced by having a team leader.!!? The most effective example of how a horizontal resuscitation should 
proceed is seen in the interactions of a “NASCAR” pit crew. Each member has a designated role to complete. Any deviations are guided by the team leader. 
Once the individual task is completed, the member completing the task pulls away from the field to optimize exposure to allow those still working 
additional space. As flight crew training has been effective in enhancing team performance in medical care, the “NASCAR” pit crew experience can be 
effectively applied to trauma resuscitation.!!° Expediency in diagnosis and treatment may be the difference between life and death. 

The “ABCDE rule” is employed as the framework of the evaluation.* A is for airway with cervical spine immobilization, B for breathing, C for 
circulation, D for disability, and E is for exposure. This very simple concept ensures that during high stress and potential chaos, a very simple, organized 
evaluation can be recalled. Injuries are diagnosed and addressed following this pneumonic “ABCDE.” It is only when the first letter is confirmed secure that 
one should proceed in the evaluation and stabilization of the second. Death from airway obstruction is quicker than that from pneumothorax impeding 
breathing, as is death from pneumothorax from traumatic bleeding deranging circulation. When breaking down the priorities in this fashion, one can 
appreciate that this is a matter of seconds rather than minutes. The definitive diagnosis is not as immediately important as the elimination of critical, life- 
threatening factors. 


PRIMARY SURVEY 


Airway 


Airway assessment is the initial priority. Without oxygenation, clinical deterioration will rapidly ensue, rendering all other lifesaving efforts futile. Upper 
airway obstructions, facial fractures, bleeding, and mental status all contribute to preventing proper air exchange. Supplementary oxygen should be 
administered via nasal cannula or face mask empirically. Patients with severe traumatic brain injury (Glasgow Coma Scale [GCS] < 8) are optimally 
managed with intubation. Facial and neck trauma could form mechanical obstructions for which the only management strategy to ensure a patent airway is 
intubation. In addition, the cervical spine should be immobilized until it is determined that no bony or ligamentous injuries have occurred. Hypoxic or 
hypercarbic patients often present with altered mental status and may appear noncompliant or even combative. This should be taken into consideration when 
evaluating the airway. Definitive airway control in these situations is typically managed with orotracheal intubation; however, in specific instances 
nasotracheal intubation may be necessary. Should neither of these be possible, direct airway access via a cricothyroidotomy or tracheostomy may be 
required. 


Breathing 


The assessment of breathing relies on the clinical exam. Evidence of traumatic injuries, including tachypnea, expanding neck hematomas, stridor, 
hoarseness, tracheal deviation, multiple rib fractures, severe burn eschars, and altered mental status, are highly suggestive of a process that will limit the 
patient’s ability to adequately breathe and ventilate and may mandate intubation. Additional clinical exam findings suggestive of underlying pneumothorax 


and/or hemothorax, including penetrating neck and chest wounds, dullness or tympani on percussion, subcutaneous emphysema, or lack of breath sounds on 
auscultation, are addressed emergently with needle decompression or, if time permits, with thoracostomy tube placement. A patient with tension physiology, 
from either pneumothorax, hemothorax, or a combination thereof, will deteriorate due to diminished preload and subsequent decreased cardiac output, 
rapidly resulting in cardiac arrest. Tension pneumothorax is addressed with needle decompression or thoracostomy tube placement. Needle decompression 
is only a temporary intervention that takes less time to perform than thoracostomy tube placement. Subsequently, a thoracostomy tube is obligatorily placed. 


Circulation 


Circulation provides oxygen delivery to end organs, preventing ischemic injury. Shock is a state of inadequate end-organ perfusion, leading to cellular 
dysfunction and injury. Specific types of shock will be discussed later in this chapter; however, all patients with aberrant physiology should be considered in 
hemorrhagic shock until proven otherwise. Hemorrhage is the most common cause of shock after trauma. Goals of treatment are control of hemorrhage and 
restoration of effective circulating volume.* 

Two large bore (14- or 16-gauge) intravenous peripheral lines are initially placed. The flow of fluids through an intravenous catheter can be best 
described by Poiseuille’s law, where flow rate is directly related to the radius to the fourth power of the tubing and inversely related to its length. Thus, short 
and wide catheters are preferred to long and narrow for large volume flow. Conventional, smaller bore, multi-lumen catheters with 5 to 7 French-sized 
lumens are ineffective in rapid large volume resuscitation. Other suitable large bore vascular access devices include sheath introducers and rapid infuser 
catheters (RICs). Commonly utilized sheath introducers usually placed within central veins (internal jugular, subclavian, or femoral veins) and starting at 
8.5 to 9 French in diameter provide low resistance to enhance flow. Rapid infusion catheters can be placed using the Seldinger technique through peripheral 
veins and can be as large as 8.5 French. 

Simultaneous administration of blood volume—expanding agents and assessment of sites of potential hemorrhage should occur. The most effective type 
of volume-expanding agents remains an area of much research and controversy. Crystalloid fluid is considered to be the first treatment choice in most U.S. 
trauma centers. Clinical trials have not shown any difference in outcomes when using lactated Ringer’s versus normal saline. It was once believed that 
crystalloid solutions were undesirable due to rapid loss from circulation. However, further studies showed a significant improvement in overall survival with 
crystalloid versus colloid agents.'”* Blood product administration in resuscitation is discussed in more detail later in this chapter. 

Exsanguination accumulates in specific predictable locations: thorax, peritoneum, retroperitoneum (which is contiguous with the pelvis), thighs, and 
externally. There is controversy regarding the accuracy of palpable pulses and the prediction of systolic blood pressure. It has been suggested that a palpable 
carotid pulse confers the following approximate pressures: systolic 60 mm Hg, femoral 70 mm Hg, radial 90 mm Hg, and pedal 100 mm Hg. Blood pressure 
measurement has not been an immediate part of the assessment as long as radial or femoral pulses are palpable. However, automated or manual blood 
pressure should be obtained for assessment and for identifying trends, keeping in mind the potential for inaccuracy in patients in shock.°° 

Cavitary triage proceeds in the hypotensive patient to elucidate a potential source of bleeding. A bedside chest x-ray is adequate to reveal any potential 
accumulation of massive air or blood. Ultrasound has been shown to be an extremely useful tool to rapidly perform peritoneal exsanguination triage.!”° This 
has been expanded to incorporate thoracic evaluation to triage traumatic pericardial effusions and pneumothorax as well.'4° This technique was formalized 
into the “focused assessment with sonography for trauma” (FAST) exam. The general FAST technique is performed with the patient lying supine so that the 
dependent portions of the pericardial and peritoneal cavities, which are accessible via ultrasound, may accumulate free fluid. The chest and abdomen are 
exposed. A subxiphoid view reveals any pericardial effusion (suggesting tamponade as the source of hypotension rather than exsanguination) seen as an 
anechoic area surrounding the myocardium. Following this, the hepatorenal recess (Morrison’s pouch), splenorenal recess, and the pelvis around the bladder 
are visualized. This should be performed before urinary catheter placement. Importantly, the retroperitoneum is not triaged during this examination. An 
extension of this, E-FAST, allows visualization of pneumothorax anterior to the Iungs.!4° An anteroposterior pelvis radiograph should be obtained and can 
suggest potential sources of retroperitoneal bleeding. In many instances, in patients who exhibit hypotension with pelvic trauma, a circumferential pelvic 
sheet, binder, or anterior C-Clampis employed to potentially reduce the volume of the pelvis and tamponade bleeding. It should be noted that a pelvic binder 
is not a panacea for pelvic injury, and may further displace fractures in certain types of pelvic injury. In vertical shear (VS) injuries, skeletal traction should 
be placed prior to performing circumferential reduction. 

The easiest method of external hemorrhage control is application of direct pressure. Tourniquets have been advocated in the prehospital setting, and 
patients with suspected extremity trauma at risk of exsanguination may arrive to the hospital with tourniquets in place.? Major arterial trauma in the 
extremities can result in exsanguination. Tourniquet use in this setting can be lifesaving, but once in the trauma center these may be removed at the 
appropriate time for examination of the local area and direct control. 10:252 
Disability 
Neurologic status should be rapidly assessed. The GCS is employed to determine severity of potential traumatic brain injury with the motor component as 
the most sensitive for predicting outcomes (Table 14-1).* It is divided into three components: best eye response (E: 1—4), best verbal response (V: 1-5), and 
best motor response (M: 1-6). A GCS of 13 or higher is believed to correlate with a mild brain injury, 9 to 12 is considered a moderate injury, and 8 or less 
is a severe brain injury. The score is expressed as individual components and then the sum, that is, E# + V# + M# = GCS of #. Intubation and ocular trauma 
may further inhibit examination, so the respective GCS score is reported with modifiers of T to indicate the patient is intubated and C for eyes closed due to 
swelling (Table 14-1). In addition, agitation and combativeness are classic clinical manifestations of shock and should not be readily attributed to other 


reasons until otherwise proven. Patients with spinal cord injury should rapidly be assessed for level of injury; however, other time-consuming scoring 
(ASIA scale) should be reserved for the secondary survey. 


TABLE 14-1. Glasgow Coma Scale (GCS) 


Score 
Eye Opening 
Spontaneous 4 
To speech 3 


To pain 2 


None 1 


Best Motor Response 


Follows command 6 
Localizes 5 
Withdraws 4 
Flexion posture (decorticate) 3 
Extension posture (decerebrate) 2 
None 1 


Verbal Response 


Oriented 5 
Confused 4 
Inappropriate 3 
Incomprehensible 2 
None 1 


The GCS score is determined by defining the score for eye opening, best motor response, and verbal response. These three scores are added together for a GCS ranging from 3 to 15. 
Modifications: T = intubated, C = eyes closed secondary to trauma. 

Reprinted from Teasdale G, Jennett B. Assessment of coma and impaired consciousness: A practical scale. Lancet. 1974;2(7872):81-84. Copyright © 1974 Elsevier, with permission 
from Elsevier. 


Exposure 

The patient should be completely exposed. All clothing and prehospital dressings are removed. Every square centimeter of the entire body, anterior and 
posterior, should be visualized without fear of modesty and with redundancy. Prehospital splints and cervical collars are briefly removed for examination 
and then reapplied. The posterior aspect of the body should be visualized with the spine secured “in-line,” utilizing a log roll. This evaluation is rapid and 
brief, as hypothermia can occur quickly. 


SECONDARY SURVEY 


After the primary survey has been completed for immediate life-threatening injury, the secondary survey is performed. This is considered a more detailed 
and thorough examination from head to toe performed with the goal of identifying additional injuries. This begins with a medical history. ATLS suggests 
utilizing the AMPLE acronym to identify the key components that should be obtained (allergies, medications, past illnesses, last meal, events/environment 
related to injury). Knowledge of the mechanism of injury can assist with diagnosis of associated injuries, raising the index of suspicion for those injuries 
not identified on the primary survey. 


TERTIARY SURVEY 


The tertiary survey is a repeat head-to-toe evaluation a time interval after the initial assessment and intervention. The uncooperative or obtunded patient 
cannot confidently participate in the initial surveys, so it is necessary to perform an additional complete examination when they are able to participate. 
Missed injuries, particularly musculoskeletal, are common in multiply injured patients.?°-”* Patients with traumatic brain injury requiring emergent surgical 
procedures are at the highest risk for missed injuries.” 


ROLE OF THE ORTHOPAEDIC SURGEON 


In the multiply injured patient, competing injuries, including major fractures, are common. All clinicians involved should effectively communicate to 
develop the best plan for life and limb preservation. Rapid reduction of fractures and dislocations during the secondary survey may contribute to physiologic 
stabilization. Exsanguination from collateral injuries, severe traumatic brain injury, severe pulmonary injury, metabolic derangements, hypothermia, and 
coagulopathy all will influence the type and timing of fixation. 

An orthopaedic specialist participates in the initial evaluation to optimize care. Determination of what interventions are prudent to preserve life or limb 
until the patient is physiologically appropriate to undergo definitive repair is rooted in this multidisciplinary approach.”®! Damage-control orthopaedic 
surgery is a strategy to control hemorrhage, to reduce contamination through debridement, and to provide bone and soft tissue stabilization to patients 
unable to undergo definitive repair.” Effective reduction of fractures and dislocations before undergoing imaging for concurrent suspected injuries can 
increase the yield of radiographic data, and potentially reduce need for additional imaging. Effective coordination in the operating theater can permit 
multiple clinicians to perform procedures simultaneously. For example, patients can undergo an emergency decompressive craniotomy along with the 
placement of a femoral external fixator and/or a splenectomy. Communication about technical requisites, such as a radiolucent operating room table and 
fluoroscopy, is essential to effective teamwork. 


CLINICAL PRESENTATION 


SHOCK 


Shock is a state of inadequate end-organ perfusion leading to cellular dysfunction and injury. There are four major categories of shock. 


Hypovolemic 


Hypovolemia occurs after loss of effective circulating volume, thus resulting in inadequate oxygen delivery to end organs. The most common cause, 
hemorrhage, is the leading cause of preventable death in multisystem trauma. Other nontraumatic causes that may compound hypovolemia due to 
hemorrhage include dehydration as well as extravasation of fluid into interstitial spaces as a result of poor baseline colloid oncotic pressure from chronic 
illnesses. 

Hypovolemic (hemorrhagic) shock due to trauma accounts for 40% of traumatic fatalities.4* During the physical exam, attention should be given to 
evaluate heart rate, pulse character, respiratory rate, skin temperature, and pulse pressure.* Depending on the amount of blood loss the patient may have a 
confusing presentation (Table 14-2). The natural history of heart rate in the exsanguinating patient first starts with a normal heart rate, then tachycardia, 
followed by bradycardia, ending with asystolic arrest. The patient may be at any point along that spectrum when being evaluated, which may be misleading 
to the examiners. This evaluation is complicated further as resting heart rate and the ability to maintain cardiac output with tachycardia vary with age. It is 
compounded by the concurrent use of adrenergic blocking agents in the treatment of preinjury chronic hypertension. Extremes of age also may be 
misleading, with a potential attenuated sympathetic response in the elderly or a more robust compensatory tachycardia before abrupt cardiovascular collapse 
in the very young.*!°8 Time to identification of potential sources of hypovolemic shock is restricted by the fact that there is only a limited amount (e.g., 
4.7-5 L in the 70-kg male) of circulating blood volume. 


TABLE 14-2. Classification for Hemorrhagic Shock in a 70-kg Male 


Class 1 Class 2 Class 3 Class 4 


Blood loss (mL) Up to 750 750-1,500 1,500-2,000 >2,000 
Blood loss (% of volume) Up to 15% 15—40% 30-50% >40% 
Heart rate <100 >100 >129 >140 
Blood pressure Normal Normal Decreased Decreased 
Pulse pressure (mm Hg) Normal Decreased Decreased Decreased 
Respiratory rate 14-20 20-30 30-40 >40 

Urine output (mL/hr) >30 20-30 5-15 Negligible 
Mental status Slightly anxious Mildly anxious Confused Lethargic 


Cardiogenic 


Cardiogenic shock results from circulatory pump failure. This is due to loss of myocardial contractility or functional myocardium, or structural failure of 
cardiac anatomy. Myocardial infarction is the most common cause and usually the result of pre-existing cardiac disease. However, cardiac injury is a rare 
cause of cardiogenic shock following polytrauma, attributed to kinetic energy dispersion forces resulting in myocardial dysfunction, dysrhythmia, or valve 
injury.®°.!7! In addition, cardiogenic shock can be caused by massive air embolism.??3 Suspicion of cardiogenic shock is increased during resuscitation 
when hypovolemic (hemorrhagic) and neurogenic shock have been excluded or risk factors have been identified from the medical history. A common 
scenario in the setting of multisystem trauma is that diminished cardiac output decreases coronary blood flow in a setting where potentially massive 
bleeding leads to inadequate intravascular volume. Patients with fixed coronary defects are highly susceptible to ischemia. Diagnostic criteria for 
cardiogenic shock include a persistent systolic blood pressure less than 90 mm Hg with the persistence of the need for adjuncts to augment blood pressure, 
cool extremities, a heart rate greater than 60 beats per minute, a cardiac index less than 2.2 L/min per square meter of body surface area, and a pulmonary 
capillary occlusion pressure greater than 15 mm Hg.°! In the setting of adequate volume resuscitation, ionotropic support is indicated to augment cardiac 
contractility and, thus, output. Refractory ineffective cardiac contractility may require mechanical circulatory support with afterload reduction using an 
intra-aortic balloon pump. Complicating this scenario in cardiogenic shock is that anticoagulation or thrombolytic therapy is affected by the presence of 
concurrent injury and may even be contraindicated. 


Neurogenic 


Cervical or upper thoracic spinal cord injury may cause loss of central nervous system sympathetic outflow resulting in inadequate end-organ perfusion. 
This is referred to as neurogenic shock and occurs in 7% to 10% of all patients who sustain spinal cord trauma.'®° Neurogenic shock can have several 
“mechanistic” etiologies and may represent a decrease in peripheral vascular resistance, a combination of diminished peripheral vascular resistance and 
cardiac output, or a pure decrease in cardiac output.2”° Patients typically manifest both hypotension and bradycardia. As a result of the loss of vascular tone, 
blood pools in the periphery and yields a “relative” hypovolemic state. It must be remembered that late clinical manifestations of hemorrhagic shock also 
present as hypotension and bradycardia. As such, hypovolemia should first be identified and eliminated as a potential cause before neurogenic shock is 
presumed. These patients generally present with warm dry skin. It should be noted that this term is commonly confused with “spinal shock,” which is a 
temporary loss of spinal reflex activity below a spinal cord injury level. Spinal shock is not a true form of shock, but rather a misnomer utilizing the lay 
interpretation of “shock” implying stun, upset, traumatization, or disturbance. Therapy for neurogenic shock is rooted in restoring intravascular volume 
followed by judicious ionotropic support. 


Septic 

Septic (distributive) shock is a subset of sepsis. Sepsis is a clinical syndrome that is defined as “life-threatening organ dysfunction caused by dysregulated 
host response to infection.”2°° It is a leading cause of critical illness worldwide.28” This form of shock is rarely seen in the initial period of multisystem 
trauma. Common clinical scenarios though do exist, for example, such as a septic patient from a urinary tract infection who has crashed their vehicle or a 
pneumonia patient who has sustained a ground level fall. In general, as the traumatically injured patient recovers though, infection risk increases. Clinical 
exam findings of a dysregulated host response to infection include any combination of altered mental status, fever, leukocytosis, tachycardia, tachypnea, 
hypotension, and oliguria. 

When hypotension is recalcitrant to fluid resuscitation, requires vasopressors to maintain a mean arterial pressure of 65 mm Hg or greater, and the 
patient has a serum lactate level greater than 2 mmol/L in the absence of hypovolemia, a patient is considered to be in septic shock.*°° With no gold 
standard laboratory test to detect sepsis, several criteria utilizing clinical exam findings have been studied and validated. Outside of the intensive care unit, 
the “Quick Sequential Organ Failure Assessment (qSOFA)” score, characterized by altered mentation, low systolic blood pressure, and elevated respiratory 
rate, has been demonstrated to have predictive validity in the diagnosis of sepsis.**” Treatments of sepsis and septic shock include goal-directed 
resuscitation to restore circulatory volume, measures to support or augment the function of dysfunctional organs, and control of the source of infection. In 
the multiply injured patient, clinical manifestations of sepsis and/or septic shock should trigger a re-evaluation for any missed injuries. 


CAUSES OF MORTALITY 


There is lack of clarity with respect to the exact definitions of time intervals of trauma mortality. Classically, mortality from trauma is properly described as 
having a trimodal distribution.®° By convention, immediate mortality occurs at the scene of injury or in transit to the trauma center. This is usually due to 
loss of airway, devastating large mass occupying brain injuries, high spinal cord injury, or large blood vessel rupture. Early mortality is reported to occur 
within hours of the injury and may be secondary to traumatic brain injury that has the potential of salvage with decompression, intrathoracic injuries such as 
hemothorax or pneumothorax, solid organ injury, and other forms of fracture-related bleeding that could potentially be rapidly addressed. Late mortality 
occurs days to weeks after injury secondary to either infection or sequela of multiple organ system dysfunction. 

Many variations exist in the literature to more specifically describe the time intervals of mortality, but there is no uniformity. Recent studies demonstrate 
that the majority of deaths from trauma still occur within 24 hours of injury.2”” It should be noted that the epidemiology of trauma appears to be changing, 
particularly due to the growing elderly population and the rise in access to trauma care via the regionalization of trauma centers.)2% 66,108,206 


INJURY SCORING 


The science of the quantification of the risk of an outcome has yielded many scoring systems that combine statistical outcomes and patient characteristics of 
injury to create a metric to describe a patient outcome. In addition, these have been used to triage and classify patients for purposes of quality assurance and 
reimbursement. Commonly utilized scoring systems can be broadly divided into three major categories: physiologic, anatomic, or combined. The Injury 
Severity Score (ISS) is an anatomic scoring system that is broadly utilized and validated to correlate with morbidity and mortality.'°5? ISS has a value from 
0 to 75. Each body area is graded for severity using the Abbreviated Injury Scale (AIS) and then the sum of the squares of the top three worst areas 
quantifies the overall injury (Table 14-3). If any injury is assigned an AIS of 6, the overall ISS is automatically set at 75. Only the highest AIS in each body 
region is used. An ISS greater than 15 is associated with a 10% mortality. The problem with this widely utilized scoring system is that it is difficult to 
calculate during an initial evaluation, and it does not take into account multiple injuries over a single body area. Because multiple injuries within the same 
body region are only given a single score with the AIS, the New Injury Severity Score (NISS) was developed to include the three highest scores, regardless 
of anatomic area, and has been shown to be potentially more predictive of survival than ISS.7°° 


TABLE 14-3. Injury Severity Score (ISS) 


AIS Body Areas 


Soft tissue 

Head and neck 

Chest 

Abdomen 

Extremity and/or pelvis 

AIS Severity Code 

1 = Minor 

2 = Moderate 

3 = Severe (non-life threatening) 
4 = Severe (life-threatening) 

5 = Critical (survival uncertain) 
6 = Fatal 


The ISS is determined by identifying the three most injured areas, then determining the severity of each as defined by the Abbreviated Injury Scale (AIS) designated as A, B, and C. The 
ISS = A? + B? + C°, 

Reprinted with permission from Baker SP, et al. The injury severity score: a method for describing patients with multiple injuries and evaluating emergency care. J Trauma. 
1974;14(3):187-196. 


INITIAL MANAGEMENT 


RESUSCITATION 


The main priority during initial management is to prevent morbidity and mortality by ensuring the patient does not succumb to anaerobic respiration. This is 
accomplished by supporting normalizing oxygen delivery and oxygen consumption. The lethal triad of hypothermia, acidosis, and coagulopathy has been 
well accepted as the sequela of severe hemorrhage (Fig. 14-1).28.158.224 

The lethal triad of conditions leads to each other and eventually becomes metabolically synergistic to the point of no return. Ineffective oxygen delivery, 
whether due to hypotension or, more commonly, hemorrhage, leads to anaerobic respiration. Anaerobic respiration produces a biochemical state of acidosis 
that alters the environment for normal enzymatic processes, resulting in dysfunctional platelet aggregation and clotting factors. Further blood loss worsens 
the acidosis. Inability to effectively perfuse tissues leads to hypothermia and worsens the environment for enzymatic processes needed for proper 
coagulation, resulting in further bleeding. 

Thromboelastography (TEG) and rotational thromboelastometry (ROTEM) measure viscoelastic changes during the process of coagulation. This 
method of determining the character of a given traumatically injured patient’s coagulation profile has been recently shown to be more effective in improving 
blood product utilization and time to medical hemostasis. The following parameters can be identified as a result of these forms of viscoelastic assays: 
clotting time, speed of clot formation, clot strength, and character of fibrinolysis (Fig. 14-2).°° 


Acidosis 


Jf N 


Coagulopathy 


==> Hypothermia 


Figure 14-1. The lethal triad of acidosis, coagulopathy, and hypothermia. 


It is based on derangements in the established parameters that resuscitative efforts can be more directly and deliberately employed. A prolonged R time 
suggests dysfunction in coagulation factors and thus fresh-frozen plasma (FFP) or concentrates may be optimally employed in resuscitation. A delay in K 
time suggests that there is dysfunction in a fixed clot to develop maximal strength, resulting from a deficiency in fibrinogen requiring cryoprecipitate 
administration. An increase in the alpha angle reflects the speed of fibrin accumulation, and if too wide, may require cryoprecipitate to replenish fibrinogen. 
The maximum amplitude, which is the highest vertical amplitude of the thromboelastogram, may be above normal suggesting that platelets are required. If 
there is a reduction in the percentage of amplitude 30 minutes after maximum amplitude, there may be excessive fibrinolysis and the administration of 
tranexamic acid or aminocaproic acid may be indicated. 

In an effort to support an exsanguinating patient while attempting to control hemorrhage, early blood product administration protocols have been shown 
to decrease utilization and to improve morbidity and mortality. Massive transfusion protocols stipulate blood product resuscitation in a 1:1:1 product ratio 
(fresh-frozen plasma:platelets:packed red blood cells). This is rooted in the rationale that replacing coagulation factors along with volume effectively 
promotes coagulation and oxygen delivery. "38 

In response to noncompressible torso hemorrhage, the resuscitative endovascular balloon occlusion of the aorta (REBOA) tool was developed for 
resuscitation of traumatically injured patients. This is an endovascular procedure that is intended to control noncompressible torso hemorrhage below the 
level of the diaphragm. Though balloon occlusion of the aorta has been advocated by surgeons as early as the Korean War, the development and evolution 
of endovascular tools and techniques has led to the development of sophisticated tools now in use in the modern trauma center.!!5 This involves the 
percutaneous placement of an introducer sheath into the femoral artery through which a REBOA catheter is advanced into the aorta.”9 The aorta is divided 
into three zones: 


e Zone 1: left subclavian artery to the celiac trunk 
e Zone 2: between the celiac trunk to the lowest renal artery (nondeployed region) 
e Zone 3: lowest renal artery to the aortic bifurcation 


The REBOA catheter is then deployed in either Zones 1 (just above the diaphragm, to control intraperitoneal hemorrhage) or 3 (just proximal to the 
aortic bifurcation, to control pelvic hemorrhage) to provide total occlusion of the aorta based on the suspected location of exsanguination. This would serve 
as a bridge to surgical or endovascular intervention. The greatest limitation, of course, is the ischemia (visceral, truncal, and/or extremity) that is caused by 
the total occlusion of the aorta, and studies have suggested survivability at times as long as 60 minutes in Zone 1 and 90 minutes for Zone 3.169.244 
However, it is recommended that immediate transfer to the procedural suite or operating room is imperative after deployment with the intent to deflate the 
balloon as soon as possible. This technique is thus preferentially applicable in centers with immediate access to surgical and endovascular resources and 
most commonly used exclusively in trauma centers. Current indications include adult patients over the age of 16 with known or suspected hemorrhagic 
shock from exsanguinating hemorrhage from a source below the diaphragm with a persistent systolic blood pressure less than or equal to 90 mm Hg. 
Multiple contraindications do exist but focus around patients with known or suspected thoracic aortic injury, suspected or known previous aortic injury, 
extremes of age, known or suspected advanced vascular disease, previous groin surgery, penetrating injury to the chest, and pericardial tamponade.*® The 
current strongest literature supports the value of REBOA in trauma fraught with exsanguinating pelvic hemorrhage.'®* For the orthopaedic surgeon, 
deliberate awareness of the incidence of reperfusion injury resulting in lower extremity compartment syndrome is imperative, and this should be closely 
monitored in the early postoperative period. 


TEG Parameter Definition Reference Range 

Maximum Amplitude (MA) | Maximum clot strength (accounts for platelet and fibrin contribution) 44-64 (mm) 

Alpha angle (a) Angle demonstrating rate of clot formation 22-58 (deg) 

R time Time in s until initial fibrin formation 9-27 (min) 

K time A measure to a predetermined point of clot size (20 mm amplitude on TEG 2-9 (min) 
reading), measuring clot kinetics 

Cl Linear calculation implementing R, K, a, and MA demonstrating coagulopathy -3-3 

G value (dyn/cm?) Shear force of strength of clot, calculated by the following formula: 3,600-8,500 (d/cm?) 
G=(5000* MA)/(100-MA) 

[ LY30 Measure of the percentage of clot lysis at 30 minutes 0-8 (%) 


Figure 14-2. Thromboelastography parameters and definitions. (Reproduced from Brown W, et al. Ability of thromboelastography to detect hypercoagulability: a 
systematic review and meta-analysis. J Orthop Trauma. 2020;34(6):278-286.) 


OPEN FRACTURES 


Open fractures are classified by associated soft tissue injury and degree of contamination (Tables 14-4 and 14-5).°89°97.199 As the energy of the mechanism 
of injury increases, so does associated damage to soft tissues and bone. Concurrently the microvasculature is disrupted, producing risk for infection and 
healing complications. Gustilo and Anderson described an open fracture classification system related to wound size, contamination, and energy of 
injury.°©°” More recently the Orthopaedic Trauma Association developed an open fracture classification system with additional detail regarding injury to 
the skin, muscle, bone, and vascularity, and associated contamination. °’ For all open fractures intravenous antibiotics should be administered expeditiously 
and tetanus immunization updated. All adult patients with an open fracture should receive a first-generation cephalosporin, such as cefazolin (2 g IV) 
followed by repeated dosing at a minimum of every 8 hours. Clindamycin is a good alternative (900 mg IV every 8 hours) for patients with cephalosporin 
allergy. High-energy open fractures, or cases with gross contamination, may receive gram-negative coverage as well. Gentamicin (4-5 mg/kg IV every 24 
hours) is effective, with fluoroquinolones providing a similar spectrum of coverage in patients with renal impairment or other contraindication to 
aminoglycoside. Some recent studies have questioned the need for routine aminoglycoside administration in high-energy open fractures, and such practice 
has become less common over time. However, Lloyd et al. suggest a benefit for reducing infection with gram-negative species when administering 
aminoglycoside or fluoroquinolone in conjunction with cefazolin for combat-related open fracture.!°” Fractures with soil contamination should also be 
treated with penicillin, 1 million units IV every 4 hours, to address anaerobes, especially Clostridium species.°®°’ Future research regarding optimal 
antibiotic selection and duration of administration is needed and regional and seasonal variation of bacteria have been reported.” 


TABLE 14-4. Gustilo and Anderson Classification of Open Fractures > 


Type 1 Wound 1 cm or less in length, clean, low-energy injury with minimal soft tissue damage and simple fracture pattern. 


Type 2 Wound more than 1 cm in length. More extensive soft tissue damage with flaps, avulsion, or crush components. 


Type 3A Severe soft tissue damage and high-energy wound of variable size, but adequately covering bone. 


Type 3B Type 3 injuries with extensive bone exposure and necessitating flap coverage. Also includes less complex wounds with gross contamination and 
shotgun blasts. 
Type 3C Type 3 injuries with vascular lesion requiring repair to preserve limb viability. 


TABLE 14-5. Open Fracture Classification Developed by the Orthopaedic Trauma Association (OTA) 


Skin 1. Laceration with edges that approximate 
2. Laceration with edges that do not approximate 
3. Laceration associated with extensive degloving 


Muscle 1. No appreciable muscle necrosis, some injury without loss of function 


2. Loss of muscle but still functional, some localized necrosis in the zone of injury that requires excision, intact muscle— 
tendon unit 


3. Dead muscle, loss of function, partial or complete compartment excision, complete disruption of a muscle—tendon unit, 
muscle defect does not approximate 


Arterial 1. No major vessel disruption 
2. Vessel injury without distal ischemia 
3. Vessel injury with distal ischemia 


Contamination 1. None or minimal contamination 
2. Surface contamination 
3. Contaminant embedded in bone or deep soft tissue or high-risk environmental conditions 


Bone loss 1. None 


2. Bone missing or devascularized fragments, but some contact between proximal and distal fragments 
3. Segmental bone loss 


This classification is meant to be used at the time of initial debridement. 
From Orthopaedic Trauma Association Open Fracture Study Group. A new classification scheme for open fractures. J Orthop Trauma. 2010;24(8):457-464, with permission. 


Open fractures are surgical emergencies. The timing of surgery is related to infection rates, particularly for high-energy fractures.°%°” This is secondary 
to the time required for bacteria to adhere to tissue and to generate a glycocalyx. Once this occurs, several hours after contamination, the risk for infection 
increases, as bacteria become more difficult to eliminate. Urgent debridement and irrigation in the operating room are recommended. This is generally 
combined with provisional or definitive fixation, when safe. Stabilization of an open fracture provides support to the surrounding soft tissues and decreases 
the risk of infection.®* 8° Occasionally, provisional external or internal fixation is preferred, due to massive contamination, surgical delay, the inability to 
close the wound, or critical status secondary to hemorrhage or head injury. Definitive fixation is best deferred until closure or coverage is obtained and 
ideally done at the same operative setting. 14? 


TRAUMATIC ARTHROTOMY 


When a traumatic arthrotomy is present, intravenous antibiotics and tetanus are administered, similar to an open fracture. Urgent surgical debridement and 
irrigation of the joint are recommended to decrease the risk of infection. The timing of this intervention has not been well studied, so urgency should be 
based on the severity of the associated soft tissue injury. Traumatic wounds are repaired, preferably with monofilament suture to mitigate bacterial 
adherence, reducing infection risk.°” 


GUNSHOT WOUNDS 


The majority of gunshot wounds in civilian areas are low energy and are associated with small entrance and potentially exit wounds, which generate 
minimal damage to the surrounding soft tissues. These are not considered open fractures, and are not associated with high rates of infection, although risk 
for infection may be greater when they occur in subcutaneous bones, such as the tibia.!7819°191269 Many of these wounds do not require surgical 
debridement and are safely treated with local wound care, a single dose of intravenous antibiotics (cefazolin 2 g or clindamycin 900 mg), and an update to 
tetanus immunization as needed.!9!:!22 Similarly, mechanically stable fractures or traumatic arthrotomy secondary to low-energy ballistics are successfully 
managed with a single dose of intravenous antibiotics and does not require surgical debridement, unless to remove bullet fragments or other foreign bodies 
retained in a joint.!%° 

In contrast, high-energy gunshot injuries cause a great amount of associated destruction of soft tissues and bone. Secondary to shotguns or high-velocity 
firearms, these wounds warrant surgical debridement and staged bone and soft tissue management as indicated, similar to blunt open fractures.»!28 


FRACTURES AND DISLOCATIONS 


Initial management of the trauma patient entails identification of fractures and dislocations requiring emergent care. Musculoskeletal injuries are life- 
threatening when associated with massive hemorrhage. Bleeding can be due to an isolated fracture or the combination of multiple fractures and blood loss 
from other body systems. Pelvic fractures or bilateral femur fractures are the two most frequent injuries that can cause bleeding of this magnitude. Often 
hemorrhage will be into a closed space and not obvious to the examiner. 


Long Bone Fractures 


Life-threatening hemorrhage can occur with bilateral femoral shaft fractures or multiple long bone fractures with mortality rates of up to 25%.145.193,202,301 


Most often this group of patients has major injuries to other systems, but the hemorrhage associated with multiple long bone fractures may be impressive. 
Mean blood loss associated with a femoral shaft fracture is 1,200 cc, and with a humerus shaft fracture or a tibia shaft fracture is 750 cc. This does not 
include additional bleeding caused by surgery. Similar to displaced, closed pelvis ring injuries, fracture hematoma associated with closed long bone 
fractures is within a closed space and not immediately obvious, which can result in a dangerous delay in resuscitation. 

More apparent on initial examination, mangled extremity trauma, with associated large open wounds, also generates massive hemorrhage. In addition to 
expeditious administration of intravenous antibiotics, urgent surgery will help control the bleeding, and may be life-saving. Direct pressure, compressive 
dressings, and tourniquets are advised to prevent exsanguination.!?°.252 In rare cases amputation is undertaken to stop bleeding in a mangled extremity in a 
patient in extremis. This can save a life and reduces the wound and injury burden in a multiply injured person. More commonly, salvage is attempted with 
provisional or definitive stabilization of fractures. External fixation is a rapid means of stabilizing fractures in patients who are critically ill and under- 
resuscitated. External fixation can generally be performed in several minutes with minimal surgical trauma. Serial debridement and later definitive fixation 
(vs. amputation) can be done after discussions with the patient and other subspecialists. 


Dislocations 


Dislocated joints cause pain and deformity, and some are associated with neurologic or vascular injuries.’”°* A dislocated joint should be anatomically 
reduced as soon as possible, and stabilized to prevent recurrence. Closed reductions are possible in most cases, and muscular relaxation is necessary for 
major reductions to be performed safely. Some dislocations, such as the hip joint, are best undertaken with general anesthesia, which permits muscular 
paralysis and safe airway management. Musculoskeletal complications such as nerve damage and iatrogenic fracture are kept to a minimum when general 
anesthesia is used. Rarely a closed reduction is not possible, and open reduction is required. Urgent management of all dislocations is an important goal to 
mitigate pain and damage to the surrounding tissues. For example, prolonged dislocation of the femoral head may increase the risk of osteonecrosis, 
although the initial bony displacement is likely more causative of arterial damage. 107278 


MANAGEMENT OF INJURIES TO OTHER SYSTEMS 


HEAD INJURY 


About 1.4 million patients sustain traumatic brain injury each year with mortality in approximately 50,000.4147 Injuries can be divided temporally into 
primary and secondary. Primary traumatic brain injury results directly from the traumatic event via tissue injury or hematoma formation. Secondary injuries 
occur subsequent to the initial event and include hypoxia, hypotension, seizures, fevers, and hypoglycemia, directly affecting the brain’s ability to recover 
from the primary injury. Every effort should be made to avoid secondary injuries, which are commonly iatrogenic. Multiple guidelines and protocols exist 
for management of traumatic brain injury. The Brain Trauma Foundation produces a serial set of guidelines that are widely utilized based on the most 
current clinical evidence.*” Fundamental principles include initiation of interventions in series or parallel to the initial evaluation and management. 

Maintenance of euvolemia and normothermia is essential to mitigate secondary injury. Traumatic cerebral edema creates an environment within the 
skull that cannot be accommodated, causing increased intracranial pressures (ICPs) that can further injure the brain. Hyperosmolar therapy, 
hyperventilation, and elevation of the head of bed, all have been shown to reduce ICP. Patients with severe traumatic brain injury and elevated ICPs are at 
risk for developing gastric ulcers (Cushing ulcers), and antiulcer prophylaxis is indicated. Hemodynamic compromise in the setting of increased ICPs 
follows a predictable pattern, termed the Cushing reflex. The nervous system responds to poor brain tissue perfusion with hypertension and tachycardia 
caused by compensatory activation of the sympathetic nervous system. Baroreceptors in the aortic arch then sense the rise in mean arterial pressure and 
trigger the parasympathetic nervous system via the vagus nerve to produce bradycardia. Hypertension and bradycardia in this setting are highly suggestive 
of impending herniation, and immediate medical or surgical interventions are required based on the specific type of injury. In the multiply injured patient, 
competing interests exist, and a multidisciplinary team approach to prioritization is essential to optimize outcomes.*>75" 


THORACIC INJURY 
Chest Wall 


Chest wall injuries are common after blunt trauma. The severity of injury can range from single closed rib fracture to an open flail chest. A “closed” chest 
wall injury is one in which the skin has not been penetrated. Conversely, an “open” chest wall injury is one in which the pleural space has been violated and 
directly communicates through a break in the skin barrier. Tension pneumothorax cannot occur in open chest wall injury; however, spontaneously breathing 
patients will draw in air through the defect in the chest wall in addition to the native airway, thereby generating a pneumothorax. In the prehospital and 
initial emergent setting, it is recommended to convert the open chest wound to one with a one-way valve by covering the defect with a square occlusive 
dressing at three of the four sides, so that upon inspiration the covering provides a barrier. If pressure builds up creating a potential for tension physiology, 
the air can be expelled through this defect. A chest wall injury is considered a “flail chest” when there are at least two fractures per rib in at least three 
sequential ribs. The segments are then physically unable to participate in the synchronous movement of the chest wall. When the patient is spontaneously 
breathing and generating negative inspiratory pressure, paradoxical motion occurs with depression of the area when the remainder of the chest wall expands. 

Rib fractures are associated with underlying lung injuries that produce pain and splinting and generate potential for the development of respiratory 
failure requiring mechanical ventilation. This is associated with longer hospital stay and greater incidence of pneumonia, and need for tracheostomy. 
Internal fixation techniques have developed in which the application of positive pressure ventilation is the mainstay of treatment. 

Rib fixation techniques have been widely described, commonly employing plates. Currently advocated indications for rib fixation include five or more 
sequential rib fractures requiring mechanical ventilation, symptomatic nonunion, and severe displacement found during a thoracotomy for another reason.°! 
Consideration is given to patients with three or more ribs in flail not requiring mechanical ventilation, three or more ribs with severe bicortical displacement, 
or three or more ribs with mild to moderate displacement and 50% reduction of expected forced vital capacity despite optimal pain management.®! A 
contaminated field is an absolute contraindication. Attempts have been made for development of clear indications; however, there continues to be debate in 
this area.°* In properly selected patients, rib fixation has been found to decrease mortality, decrease long-term opioid requirements, shorten days of 
necessary mechanical ventilation, intensive care unit as well as hospital length of stay; and reduce both the incidence of pneumonia and the need for 
tracheostomy.*8.5495.134 


Pulmonary 


Thoracic trauma is common after blunt injury. Most initial life-threatening injuries to the chest are the result of hemothorax and/or pneumothorax. These are 
ameliorated quickly with decompression using a large bore needle or tube thoracostomy. Based on the size and mechanism of injury, some may be 
observed. Most are the result of rib fractures disrupting the pleural space homeostasis. Most intrathoracic bleeding is from damage to intercostal vessels or 
muscle bleeding, which subsides without intervention. Conversely, after tube thoracostomy placement, an initial tube output of 1,000 to 1,500 mL of blood 
or persistent output of 200 to 300 mL of blood per hour conventionally mandates surgical exploration.!’” 

Pulmonary contusions often create a unique clinical dilemma that can develop into a life-threatening issue. Contusion of the pulmonary tissue causes 
locoregional edema. Spaces reserved for gas exchange now sequester fluid, making oxygenation and ventilation difficult and increasing intrapulmonary 
shunt, resulting in hypoxia and/or hypercarbia. Optimal management of pulmonary injury of this type includes aggressive pain control with intravenous, 
oral, and local agents for overlying rib fractures, pulmonary volume expansion with pulmonary toileting, frequent use of incentive spirometry, interval 
support with noninvasive positive pressure ventilation devices, administration of supplementary oxygen, and early mobilization from bed and/or upright 
posture.6t:84.134 These measures will enhance respiratory effort, ventilation, and oxygenation. A judicious fluid resuscitation strategy can minimize 
compromise of the underlying pulmonary contusion; however in the multiply injured patient with large hemorrhage, fluid restriction may not initially be 
possible. 


Cardiac 


Traumatic injury to the heart may result from blunt or penetrating injuries. These are generally uncommon, and despite advancements in medical care they 
are considered highly lethal.!°!°5 The majority of immediate mortality due to blunt chest trauma is secondary to cardiac rupture.*”* Most penetrating 
cardiac injuries are due to ballistic injury.!° The increased frequency of gunshot wounds in the past decade has resulted in more mortality from cardiac 
injury.!8! 

Blunt cardiac injury is now the conventional lexicon to replace confusing terminology like cardiac contusion or cardiac bruising. A spectrum of injury 
exists ranging from mild transference of kinetic energy to the epicardium to valvular or septal rupture. Injuries to the precordium or the epigastrium should 
alert a clinician to the potential for blunt cardiac injury. Bleeding into the pericardial space, if left untreated, will lead to obstructive physiology as the 
pericardium is relatively inelastic, and eventual tamponade of the heart will occur. The pericardial space is readily evaluated in the subxiphoid view using 
the FAST ultrasound method. Hemoperitoneum can decrease the sensitivity of pericardial fluid diagnosis on ultrasound. Patients who arrive in extremis 
with clinical or ultrasonographic findings highly suggestive of pericardial tamponade may mandate emergency department thoracotomy for evacuation of 
tamponade. The decision to perform this is controversial and is based on mechanism of injury and presence of signs of life (spontaneous respiratory effort, 
present pupillary reflex, narrow QRS complexes on telemetry monitoring).?“° 


ABDOMINAL INJURY 
Hepatic 


The liver is the largest organ in the abdomen and sustains frequent injury due to mechanisms of both blunt and penetrating injuries. Despite advances in 
resuscitation, operative hepatic injury mortality continues to remain high.*!” Management should be distinctly differentiated between observation, catheter- 
based interventions, and surgery. Hemodynamics alone dictates which patients warrant surgical intervention.°+7* Nonoperative management of 
hemodynamically normal patients with liver injury is now the standard of care.''® Evidence now substantiates nonoperative management in higher-grade 
liver injuries, with less morbidity and mortality and fewer transfusion requirements.’ Active bleeding, seen as arterial blush on computed tomography (CT) 
imaging, may be treated with arterioembolization. Most hepatic injuries are venous in nature, and as such are within a low-pressure system; once clots form, 
bleeding usually stops. Liver-related bleeding can be exacerbated by operative intervention, unlike splenic bleeding. Avoiding operative intervention will 
mitigate massive uncontrollable hemorrhage of the liver.?°° 


Splenic 
The spleen is one of the most frequently injured organs in blunt injury. One-third of patients with splenic injury have been reported to proceed directly to the 
operating room for surgical intervention. Nonprocedural management is appropriate for many injuries, but concomitant other injuries may affect the manner 
in which the splenic injury is addressed to avoid potential secondary effects of delayed hemorrhage, should nonoperative management fail. A quarter of 
patients with splenic injury may not manifest hemoperitoneum.”* Because of this, a hemodynamically stable patient with negative E-FAST exam should 
undergo further evaluation with multidetector CT imaging if the trauma mechanism yields concern for solid organ injury. It has been shown that CT 
imaging does not necessarily detect all injuries to the spleen, but it does reliably identify injuries that require invasive treatment.!7 

As with liver injuries, management should be distinctly differentiated among observation, catheter-based interventions, and operative management. 
Nonoperative management is best guided by institutional protocols based on available resources and technical expertise.!°'10%2!3 Changes in 
hemodynamics and the need for blood transfusion should prompt reconsideration of nonoperative management. Predictors of failure of nonprocedural 
management include high-grade injury, evidence of active hemorrhage, and presence of vascular lesions such as pseudoaneurysms.!7°.2!% 
Angioembolization has come to the forefront of nonoperative management. Splenic salvage rates up to 95% have been reported after severe injuries with 
contrast blush on imaging.!%102,!26,258 Nonoperatively managed patients undergo hospital admission and serial abdominal exams and hemoglobin 
measurements. Some advocate for a subsequent CT evaluation to rule out delayed pseudoaneurysm formation. Although controversy exists, in patients 
managed nonoperatively chemical thromboembolism prophylaxis with low—molecular-weight heparin should be initiated, as it is not associated with 
failure.’? 


Intestinal 


Injuries to the bowel more often occur as a result of penetrating rather than blunt abdominal trauma. Penetrating ballistic injury to the abdomen carries a 
higher risk of requiring bowel resection than stab injury due to the degree of kinetic injury associated with ballistic missiles resulting in denuded or 
nonviable tissue that may not be repaired. The presence of blunt solid organ injury increases the rate of a simultaneous hollow viscus injury by 4% to 7%.2% 
The physical exam finding of ecchymosis to the abdominal wall in the same region of where one wears a seat belt is called a “seat belt” sign. This can be 


associated with an almost 5% increased risk of small bowel perforation.’ The same force transmitted posteriorly along this anteroposterior plane of 
distribution can result in Chance fractures, flexion-distraction injuries of the thoracolumbar spine, which are associated with hollow viscus injury. High 
suspicion of intra-abdominal injury is warranted whenever these fractures are seen. The FAST exam is not sensitive in diagnosing hollow viscus injury. CT 
imaging with intravenous contrast in the setting of hollow viscus injury can demonstrate pneumoperitoneum, contrast extravasation, pneumatosis, 
mesenteric stranding or hematoma, and free intraperitoneal fluid, which have sensitivity and specificity approaching 90% for hollow viscus injury.164 
Intraluminal contrast is not necessary and is very time-consuming to administer for effective radiographic yield in the trauma patient. As in damage-control 
orthopaedic intervention, surgical intervention after intraperitoneal control of hemorrhage and contamination is guided by concomitant injuries, physiology, 
and ability to tolerate intestinal reconstruction safely. 


Renal 


Recently a marked transformation in the approach to both blunt and penetrating renal injuries has been noted. As seen with other solid organ injuries, 
nonoperative management of renal injuries is safe and effective.*%2!9 Some disagreement persists with the specifics of grade and degree of injury and timing 
and utility of catheter-based nonoperative therapy versus other solid organs.!°® Isolated renal injuries are rare. Sustaining multisystem injury does not 
increase the risk of nephrectomy, and a surprisingly high percentage (54%) of kidneys that sustain penetrating trauma are salvageable.!° The availability of 
alternative therapies including stenting, angiography with embolization, and percutaneous drainage has contributed to less morbidity and more salvage after 
nonoperative management. 

Clinical suspicion of renal injury is heightened based on clinical complaints, mechanism of injury, and location of blunt or penetrating injury. CT 
imaging should be the primary diagnostic study.*!-!24 Hematuria is the most common sign of renal trauma but poorly correlates with the degree of injury 
after penetrating trauma. 1?t?4 Hemodynamic instability, ongoing hemorrhage requiring transfusion, pulsatile or expanding hematoma, and avulsion of the 
renovascular pedicle are indications for surgical exploration. 


PELVIC INJURY 


The amount of kinetic energy necessary to fracture and displace the pelvis is substantial. Pelvic fractures are often associated with other potentially serious 
injuries. During the exposure component of the primary survey, attention should be paid to pelvic asymmetry, leg length and hip rotation abnormality, 
ecchymosis and hematomas (with particular attention to the perineum), and soft tissue injuries. Patients who are unresponsive, hypotensive, or complaining 
of pain on palpation to the pelvis should have a portable anteroposterior pelvis radiograph performed during the initial radiographic evaluation along with 
the chest radiograph. This will allow quick identification of injuries associated with severe hemorrhage.* 

Blood at the urethral meatus could indicate presence of urethral injury. A retrograde urethrogram (RUG) in males should be performed prior to 
placement of Foley catheter to rule out urethral injury (especially in cases of symphyseal disruption) unless the patient is in extremis. Rectal digitalization 
during the disability assessment of anal tone should also include evaluation for frank blood, which may be from injury to the rectum. In females, blood in 
the vagina raises concern for pelvic injury, and speculum examination should be undertaken. Caution should be employed as fracture fragments have been 
known to injure the clinician during digital examination. It is controversial whether a physical exam to assess pelvic instability should be performed. Most 
orthopaedic traumatologists favor putting gentle manual pressure on the bilateral ilia to achieve this. If there is any asymmetry of the extremities or pelvic 
region, pelvic instability should be assumed.??” Others contend an AP pelvis radiograph in combination with later advanced imaging is adequate. 

Anteroposterior compression (APC) or VS pelvic ring injuries can be associated with blood loss of several liters, related to the amount of displacement 
of the posterior pelvic ring (see Chapter 50).*7! In contrast, lateral compression (LC) pelvic ring injuries are not associated with pelvic bleeding unless they 
are severe enough to disrupt the pelvis floor on one side (LC-3).7°? Acute management of unstable pelvic fractures must address bleeding from three 
potential sources: bony, venous, and arterial. Blood loss secondary to the fractured bone surfaces may be significant, especially in a hypocoagulable patient. 
More important though is the proximity of major branches of the iliac vessels to the posterior ring displacement. The retroperitoneum of the intact pelvis 
can hold 4 L of blood before tamponade occurs. The pelvis is conical in shape, so the volume available for blood to accumulate is proportionate to the radius 
cubed. However, this is not the important region. Blood will go into the retroperitoneum and the lower extremities when the soft tissues of the pelvis are 
disrupted. Initial management of the hypotensive patient with widely displaced posterior pelvis ring should include provisional reduction by manually 
closing the pelvic ring with a circumferential sheet or binder at the level of the greater trochanters and with emergent traction if vertical displacement is 
present.*°° This decreases pelvic volume and will rapidly tamponade bleeding from the sacral plexus if the patient is not coagulopathic. Major arterial injury 
is associated with pelvic ring injuries in approximately 6% to 8% of mechanically unstable pelvic fractures. Angiography and embolization or pelvic 
packing are lifesaving measures in patients with an arterial injury.”>154155,211,260 Tf the patient remains hypotensive or has ongoing blood requirements, 
despite aggressive fluid replacement and pelvic reduction, emergent angiography and embolization should be performed. Open fractures, urogenital trauma, 
and gastrointestinal injury in conjunction with pelvic fractures, although infrequent, are also considered surgical emergencies. !78:185,286 

As the utilization and quality of CT scans has increased, attention has been given to the presence of a “blush” potentially indicating active extravasation. 
However, several studies have shown that conventional pelvis CT scan blush is a poor predictor of active arterial bleeding on pelvic angiography.®79.27! In 
the absence of persistent hypotension and large retroperitoneal hematoma, pelvis angiography is generally not indicated, and may be associated with 
delayed urgent care and/or increased risk of surgical site infection. !39:144221 


Rectal Injury 


In terms of management of rectal injury with pelvic fracture, neither empiric presacral drainage nor rectal debridement has been supported by the 
literature.2*! Primary repair can be extremely difficult and is unnecessary. Fecal diversion should be employed in the management of extraperitoneal rectal 
injuries.” This can be achieved through a standard laparotomy approach or more elegantly using laparoscopy. A loop sigmoid colostomy would be the ideal 
approach to fecal diversion, as the eventual takedown of the ostomy can be less invasive. A multidisciplinary approach should be used so that the colostomy 
site is as far from the incisions that may be needed for definitive pelvic fixation. 


Bladder Rupture 


Bladder perforation is frequently seen with pelvic fractures. Injuries to the bladder can be caused by either blunt or penetrating mechanism (50% each),?!4 
and most patients will have concomitant injuries. Radiographic findings potentially associated with bladder rupture include symphysis pubis diastasis or 


displaced fractures of the obturator ring.!! The bladder is more vulnerable to injury in children due to underdeveloped pelvic bones.°® CT urography, 
cystography, and cystourethrography are all effective for diagnosis of bladder injury. Intraperitoneal bladder rupture is usually considered an indication for 
surgical intervention with catheter decompression for a period of time post-repair followed by a radiographic evaluation before removal. Nonoperative 
management of extraperitoneal bladder injuries has been the standard of care with the placement of an indwelling bladder catheter for typically 10 to 14 
days followed by a cystogram to determine the persistence of extravasation before removal.*!° However, if the bladder rupture is associated with an 
operative anterior pelvic ring injury, it should be treated with repair. Reduction and fixation of the fracture are performed first to promote skeletal stability, 
followed by bladder repair and continued urinary catheter drainage.*°” Suprapubic cystostomy tubes should be avoided, as they result in contamination and 
colonization of the anterior pelvic hematoma, which can cause chronic pelvic osteomyelitis.?°” 


Urethral Injury 


When urethral trauma is suspected with subtle findings like perineal hematoma or blood at the urethral meatus, a RUG is the imaging modality of choice for 
confirmation. This study should be performed in all men with a pelvic injury before Foley catheter placement unless the patient is in extremis in which case 
a senior member of the team may attempt a gentle single pass of a catheter. With minimal extravasation of a urethral injury, a gentle attempt at blind urinary 
drainage catheter placement can be safely attempted.73” Some clinicians strongly favor endoscopic guidance. Penetrating anterior urethral injuries are 
usually effectively managed with exploration and repair alone.!!® However, posterior injuries raise concern for adjacent structural injury and warrant 
evaluation for concomitant injuries to the intrapelvic viscera. 


TIMING OF MANAGEMENT OF ORTHOPAEDIC INJURY 


BENEFITS OF EARLY CARE 


Reduction and fixation of fractures will generally promote control of hemorrhage and the pathophysiology of shock, aiding in resuscitation of the patient. 
Furthermore, reduction and stabilization of fractures provide pain relief and promote mobility from bed. Early management of orthopaedic injury may be 
provisional or definitive, but in all cases it should be expeditious. 

Fractures and dislocations are reduced and splinted to alleviate pain, and surgical management is recommended depending on the pattern of injury and 
the patient’s systemic status. Pain secondary to injury induces sympathetic discharge that can contribute to a hyperinflammatory response, increasing risks 
of morbidity and mortality in severely injured patients.”! Pain also leads to poor respiratory effort and impaired ventilation, which cause atelectasis. 
Atelectasis may result in hypoxemia or pneumonia. Therefore, pain control is critical in the care of the multiply injured patient and is achieved by several 
methods. Fracture stabilization provides pain relief. Early fracture fixation has been associated with reduced narcotic medication usage, potentially resulting 
in less respiratory depression and other adverse effects. !4 

In addition to pain relief, fracture stabilization contributes to resuscitation of trauma patients. Reduction and fixation of pelvis ring and long bone 
fractures reduce ongoing hemorrhage, and unstable pelvis, acetabulum, thoracolumbar spine, and femur fractures are often definitively managed within the 
first 36 hours.27105,129,131,159,163,182,198,220,235,262,279,282 This promotes mobility from bed, reducing risks of thrombotic complications, fat embolism, 
pneumonia, adult respiratory distress syndrome (ARDS), and sepsis. Many studies have documented the positive effects of early fracture management in 
diminishing morbidity and mortality.?35-129,186,188,231,282 Farly fixation prevents prolonged recumbency and enhances mobilization from bed, both of 
which are key factors in reducing atelectasis, pneumonia, and organ failure.2%!59-186188,198,235,279 Ty addition to better pulmonary function, some of the 
benefits of early fracture fixation are improved wound care, fewer wound complications, and lower risk of thrombotic complications. These effects are even 
more profound in patients with multiple system injury versus those with isolated fracture.?~188 

Regarding the type and the timing of fixation a historical review of practices illustrates the benefits of early fixation and also denotes the risks of early 
definitive care. In terms of timing, the concept of early fixation has evolved from weeks to hours. Over 40 years ago femur shaft fracture fixation within the 
first 24 hours was advocated to reduce ARDS and sepsis.?”!79 These recommendations were corroborated by review of 132 multiple trauma patients with 2 
major fractures and an ISS of 18 or greater.!*9 Higher incidence of ARDS was noted when fixation was delayed beyond 24 hours: 7% in the early fixation 
group versus 39% after 24 hours. Subsequently, a randomized trial compared definitive management of femoral shaft fracture with intramedullary nail 
within 24 hours versus more than 48 hours after injury. Delay in definitive fixation was associated with more pneumonia, ARDS, fat embolism syndrome, 
and with longer hospital and intensive care unit (ICU) stays, ultimately generating much larger treatment costs.” The benefits of early femoral nailing were 
even more pronounced in patients with injury to multiple systems. 

Early definitive long bone fixation and provisional external fixation methods have continued to evolve and are now considered to be an integral part of 
the initial care. Recent attention has been placed on adequately resuscitating patients before undergoing definitive fixation. In resuscitated patients, early 
definitive fracture care is associated with several benefits: fewer pulmonary complications, shorter hospital and ICU stays, and lower costs of 


care,2122,33,45,46,71,104,186,220,231,232,262,265,271,280,282 


RISKS OF EARLY CARE 


An important consideration in development of a treatment plan for patients with multiple system injuries and unstable fractures is whether the physiologic 
state of the patient has been optimized to tolerate surgery. Trauma constitutes a burden to the patient, much of which is related to associated hemorrhage. 
The injury itself may be considered the “first hit.” Surgery to stabilize fractures will provide control of bony bleeding, and provide pain relief and 
pulmonary benefits; however, surgery also causes further hemorrhage, referred to as the “second hit.” 1105,148,208 When the second hit exceeds a theoretical 
threshold level, severe systemic inflammation may occur. In this model, severely injured patients with massive hemorrhage enter a state called systemic 
inflammatory response syndrome (SIRS), which has been associated with multiple organ failure and death. !°5209,210 Fracture fixation will contribute to this 
secondary response, and in under-resuscitated patients, depending on the amount of blood loss generated by surgery, can result in SIRS. An adequate level 
of resuscitation is crucial in minimizing adverse consequences.47:!82,203,265,285 

In the early 1990s, the practice of early definitive fracture fixation was called into question. The concept of early total care had resulted from the 
recommendations for early femur fracture fixation.?”!?9 This often led to sequential management of multiple injuries beyond the femoral shaft, within the 
same anesthetic setting. Retrospective study by Pape et al. described early nailing to be beneficial in patients with no chest injury or only minor chest injury. 


However, ARDS was seen in 33% and mortality in 21% of patients with severe chest trauma who underwent early femoral nailing.°8 The practices of early 
femoral fracture fixation and of performing medullary reaming in patients with severe chest trauma were considered potentially problematic. 
Recommendations ensued to avoid early definitive femoral fixation in “borderline” patients, defined by a constellation of physiologic and injury features, 
and the second-hit model was developed. 10%.209.210 

External fixation was proposed as an alternative to definitive femoral fixation in critically ill trauma patients, with initial indications including severe 
head injury, hemodynamic instability, and severe chest trauma. Definitive internal fixation was then deferred for several days. The term “damage control 
orthopaedics” was coined as femoral external fixation, utilized to provide benefits of femoral stabilization while requiring little operating time and 
generating minimal surgical bleeding.?”4?73:275 Over time, the experience of large trauma systems has consistently shown that most patients with femoral 
shaft fractures may be resuscitated on arrival such that early definitive stabilization of femoral shaft fractures is safe and preferred to damage control, to 
minimize the risks and costs with staged fixation, !04:186,189,203,232,234,260 


INDICATIONS FOR DAMAGE CONTROL 


The majority of current data support early fracture stabilization of not only the femoral shaft, but also the proximal femur, pelvic ring, acetabulum, and 
thoracolumbar spine.2!:75-103,104,159, 182,188, 192,198,210,284,296 The type and timing of surgical intervention will depend on the magnitude and duration of 
acidosis, associated coagulopathy, and the response to resuscitation. Injury complexity and underlying factors, including patient age and cardiac function are 
also important to consider.°2!”2 Underlying severe head injury could also be an indication for damage control, in order to maintain cerebral perfusion 
pressure (CPP) greater than 70 mm Hg.®!,29! The orthopaedic surgeon, trauma critical care team, and anesthesiologist must work together to decide the 
appropriate timing of any surgical intervention and the type of fracture fixation.232.2°! 

Several laboratory parameters routinely obtained during care of the multiply injured patient are crucial for appropriate management. In combination with 
physiologic parameters and physical exam, these are usually sufficient to assess resuscitation.'42 Severe musculoskeletal trauma and associated hemorrhage 
result in tissue hypoperfusion, which produces acidosis. The extent of acidosis can be assessed by pH, base excess, or lactate. Normalization of these values 
within 24 hours of injury is predictive of survival.®°:100.117.204,205,229 The pH and base excess are less specific than lactate and are more easily regulated by 
compensatory mechanisms. The pH and base excess are also more subject to confounders, including alcohol ingestion or renal disease; thus, lactate is the 
most reliable indicator of resuscitation.100111204.205.285,298,299 Improvement in lactate over time is one of the most accurate and specific indicators of a 
patient’s volume repletion and tissue oxygenation. 

Guidelines for adequacy of resuscitation have been proposed to provide an objective level to guide the timing of definitive fracture fixation. Various 
parameters and injury features of concern have been analyzed regarding developing a risk profile and determining readiness for definitive surgery, including 
age, vital signs, hematologic, chemistry, and coagulation laboratory values, as well as type and severity of injury to other systems.*”!!2:187207 Clinical 
reports suggest that a patient with improving acidosis, as measured by pH 7.25 or higher, base excess of at least -5.5 mmol/L, or lactate less than 4.0 
mmol/L, will benefit from definitive fracture care, as long as severe head injury or other medical pathology does not preclude it. These parameters have 
been termed early appropriate care (EAC) and recommend surgical stabilization of spine, pelvis, acetabulum, and femur fractures within 36 hours of injury 
in adequately resuscitated patients.*°*?85 However, damage control would be indicated for protracted metabolic acidosis, severe head injury, or cardiac 
ischemia. 


TECHNIQUES OF DAMAGE CONTROL 


Provisional external fixation of the femur is performed with percutaneous Schantz pins on each side of the fracture. Ideally two pins on each side, each in 
locations near and far from the fracture, and in a uniplanar configuration provide an efficient and stable construct. Fracture extensions into the distal femur 
may necessitate temporary fixation across the knee joint, and fracture extensions into the proximal femur may preclude external fixation. At the discretion 
of the treating surgeon, distal femoral skeletal traction may afford some provisional restoration of fracture length and is considered a reasonable 
alternative.*“? Care should be taken to preserve pin hygiene and to convert external fixation to definitive internal fixation within 2 weeks, to minimize risks 
of infection. 106,179,194 

Damage-control provisional external fixation may also be applied to some pelvic ring injuries amenable to reduction of the anterior ring.®”:!3 However, 
reduction will not be possible for patients with complete posterior injury and wide displacement, as the posterior displacement will be accentuated when 
iliac Schantz pins are manipulated to reduce the anterior ring (Fig. 14-3). Pins in the iliac crest are well tolerated and technically easier to place, although 
radiographic guidance is preferred. Pins in the supra-acetabular region of the ilium afford greater rotational control.®” Most pelvic ring injuries are not 
amenable to reduction via external fixation, limiting the concept of damage control. Some injuries with complete disruption of the posterior ring, though not 
responsive to external fixation, will benefit from circumferential sheet reduction and/or skeletal traction.” Acetabulum fractures are also not amenable to 
external fixation. Skeletal traction is helpful as a provisional reduction aid for VS pelvic ring fractures as well as to maintain closed reduction of grossly 
unstable acetabulum fractures. 

Regarding the concept of damage control, Stahel et al. have promoted it for complex thoracolumbar injuries. In an effort to minimize length of surgery 
and associated bleeding, they advocate early “spine damage control” procedures including posterior reduction and instrumentation within 24 hours of 
admission, followed by anterior fusion at 3 or more days after admission, if indicated. Complications and length of stay are improved when compared with 
early definitive fixation or delayed fixation, and staged procedures are advocated.7°!262 


PRINCIPLES OF EARLY DEFINITIVE MANAGEMENT 


Multiply injured patients who are hemodynamically stable and responding to resuscitation, as evidenced by improvement in metabolic acidosis, will benefit 
from early definitive care. Although initial retrospective reports usually define “early” as within 24 hours of presentation or injury for femoral shaft 
fractures, more recent evidence using probability modeling proposes that within 48 hours of injury the benefits of early stabilization of axial and femoral 
fractures are realized, including lower rates of pulmonary and other complications, shorter hospital stays, shorter mechanical ventilation times, and lower 
costs of care.25-104,226,280,282 Mechanically unstable fractures of the thoracolumbar spine, pelvis ring, acetabulum, and proximal and diaphyseal femur are 
best managed within that window. EAC refers to early definitive management of these fractures within 36 hours after injury unless the patient has not 
shown improvement in acidosis to within pH 7.25 or higher, base excess of at least -5.5 mmol/L, or lactate below 4.0 mmol/L; damage control is reserved 


for those not meeting these criteria, or who warrant delay for other reasons. +°> 


i ü ai F 
Figure A 27-year-old male pedestrian was struck by motor vehicle and presented with hypotension, and this closed pelvic ring fracture seen on plain 
anteroposterior radiograph (A) and CT scan (B), indicating complete displacement of the left sacroiliac joint. C: An external fixator was placed with pins in the iliac 
crest, failing to reduce the posterior pelvic ring, due to complete injury to the sacroiliac ligaments. D-F: Several hours later, the patient was taken to the operating 
room, where reduction and fixation of the left sacroiliac joint were achieved with a percutaneous iliosacral screw. 


e 


For patients with more than one axial or femoral fracture, plans for sequence and technique are developed jointly with all treating physicians and under 
the leadership of the attending trauma critical care specialist.?8t Frequent intraoperative reassessment is encouraged to gauge systemic response to the 
procedures and to potentially alter the initial plan, in the event of patient demise. When femoral fractures are being treated with intramedullary nailing, it is 
critical to avoid hypotension that can lead to ARDS. For multiple planned procedures, mechanically unstable spinal fractures with neural elements at risk 
may be best served first in the surgical setting, to provide a stable spinal column prior to moving patients into various other positions to reduce and stabilize 
other fractures. In addition, femoral shaft fractures that are amenable to provisional external fixation may be better treated as the last of these fractures of 


interest, since a suitable alternative to definitive fixation exists, in contrast to fractures of the spine, acetabulum, proximal femur, and most pelvis ring 
fractures. As long as the patient continues to improve systemically, it is likely safe to proceed with other procedures within the same anesthetic setting, and 
would be cost-effective.*> 


MANAGEMENT OF SPINAL INJURY 


CERVICAL SPINE 


All new trauma patients are treated as though they have spine injury until proven otherwise. ATLS protocol includes cervical immobilization and log-roll 
precautions. Once patients can be safely examined clinically and with radiography as indicated, the spine can be cleared. Validated guidelines exist for 
identification of patients who can be safely cleared clinically without imaging studies. This group of patients includes those who are alert, unintoxicated, 
without neurologic deficit, without posterior midline cervical tenderness, and without painful distracting injuries.2°° CT of the cervical spine is obtained in 
most high-energy trauma patients when the spine cannot be cleared clinically.°.7” 

Emergent consultation with a spine trauma specialist is warranted for mechanically unstable spine injuries and/or spinal cord injury. Expeditious 
reduction is warranted for dislocations, and in some cases emergent MRI before reduction may be indicated. Detailed neurologic examination should be 
documented for all patients with neurologic deficits (Table 14-6). Urgent decompression and stabilization provide a reliable platform to promote 
neurologic recovery. Early stabilization (within 24 hours) of unstable cervical injuries, even in the absence of neurologic deficit, is associated with fewer 
pulmonary and other complications and with shorter hospital stays.’®!59 


TABLE 14-6. American Spinal Injury Association (ASIA) Impairment Scale 


Grade Level of Impairment Description 
A Complete No sensory or motor function is preserved in the sacral segments S4—5. 
B Sensory incomplete Sensory but not motor function is preserved below the neurologic level and includes the sacral segments S4—5 


(light touch or pin prick at S4—5 or deep anal pressure) AND no motor function is preserved more than three 
levels below the motor level on either side of the body. 


C Motor incomplete Motor function is preserved at the most caudal sacral segments for voluntary anal contraction (VAC) OR the 
patient meets the criteria for sensory incomplete status (sensory function preserved at the most caudal sacral 
segments [S4-5] by LT, PP, or DAP), and has some sparing of motor function more than three levels below 
the ipsilateral motor level on either side of the body. (This includes key or non—key muscle functions to 
determine motor incomplete status.) For AIS C—less than half of key muscle functions below the single NLI 
have a muscle grade 23. 


D Motor incomplete Motor incomplete status as defined above, with at least half (half or more) of key muscle functions below the 
single NLI having a muscle grade 23. 


E Normal If sensation and motor function as tested with the ISNCSCI are graded as normal in all segments, and the 
patient had prior deficits, then the AIS grade is E. Someone without an initial SCI does not receive an AIS 
grade. 


Using ND: To document the sensory, motor and NLI levels, the ASIA Impairment Scale grade, and/or the zone of partial preservation (ZPP) when they are unable to be determined based 
on the examination results. 
Reproduced with permission from American Spinal Injury Association: International Standards for Neurological Classification of Spinal Cord Injury, revised 2019. 


THORACOLUMBAR SPINE 


Thoracic and lumbar injuries occur commonly, especially at the thoracolumbar junction. A minority of these have neurologic injury, which should be 
evaluated and documented as described above. Mechanically unstable fractures are stabilized surgically to promote upright posture and mobility from bed, 
thereby minimizing pulmonary and thrombotic complications.!”71,99-131,137.159,196,198,261,284,296 Gradual movement toward percutaneous and less invasive 
surgical techniques over time has been shown to reduce surgical duration and morbidity.!79°29°.° In patients with unstable spinal fractures in association 
with other musculoskeletal injuries, reduction and stabilization of the spine fractures may be the top surgical priority in order to protect the spinal cord and 
roots at risk, as well as to ensure safety when positioning for other procedures and when performing other reduction maneuvers. Furthermore, fractures that 
could be provisionally managed with external fixation or splintage may be considered of lower priority for definitive fixation. 


CONTROVERSIES IN CARE 


TIMING OF DEFINITIVE MANAGEMENT 


Type of treatment and the timing thereof in a patient with multiple system trauma and fractures remain controversial. Decisions should be made in a 
collaborative fashion with all members of the team providing care. Life-threatening and limb-threatening musculoskeletal injuries are addressed emergently. 
These include patients with massive hemorrhage from pelvic fracture or multiple long bone fractures, arterial injury in an extremity, and compartment 
syndrome. In these situations, orthopaedic management contributes to resuscitation and promotes viability of life and limb. Other musculoskeletal injuries 
may be treated urgently. These include open fractures; mechanically unstable pelvis, acetabulum, or femur fractures; hip fractures; and dislocated joints. 
EAC supports definitive management of axial and femoral fractures within 36 hours after injury in patients responding to resuscitation. 

In a prospective study of 335 consecutive multiple trauma patients, 80% were treated according to the EAC recommendations while the others were 
treated definitively after delay, 71% secondary to surgeon preference based on scheduling convenience. Complications occurred in 16% of patients fixed 
within 36 hours after injury and in 33% of delayed patients. Mean ICU and hospital stays were shorter in the early group, and hospital revenue increased 
approximately $2 million per year after implementation.78°.282 


Definitive management for most other articular fractures and isolated extremity injuries can be on a subacute basis. This ensures that resuscitation is 
completed, nutrition is addressed, and underlying medical conditions are optimized. Furthermore, many articular injuries have severe soft tissue swelling, 
which precludes safe open reduction and internal fixation in the first several days. Extensile surgical approaches for certain fractures of the tibia plateau, 
tibia plafond, and calcaneus can result in disastrous soft tissue complications and deep infections when undertaken within the first 2 to 3 days after injury. 
Recently some surgeons have shown that select articular fractures of the lower extremity may be managed definitively within the first few days after 
injury.27©20° The strategy should be employed only by surgeons with ample experience to discern those injuries of lesser energy and complexity in order to 
avoid soft tissue complications. 


INDICATIONS FOR PELVIS ANGIOGRAPHY 


Pelvic fracture with severe hemorrhage into the peritoneum poses a diagnostic and treatment dilemma (Fig. 14-4). Fracture pattern is helpful in identifying 
patients more likely to be hemodynamically unstable due to intraperitoneal hemorrhage.”° In studies when LC and APC pelvic fractures of type I were 
characterized as stable fracture patterns, and LC 2 or 3, APC 2 or 3, and VS patterns were characterized as unstable fracture patterns, abdominal bleeding 
was associated with stable fracture patterns, and pelvic bleeding was associated with unstable fracture patterns.’* A large volume of intraperitoneal fluid 
seen on FAST exam is best addressed with exploratory laparotomy. Whenever possible, pelvic reduction and external fixation are undertaken before 
laparotomy to prevent further widening of the pelvic ring. During laparotomy, the retroperitoneal zones can be visualized directly. Continued hemodynamic 
instability due to isolated pelvic bleeding can be addressed with preperitoneal packing followed by angiography.’:22! The retropubic space of Retzius is 
opened and the bladder distracted posteriorly to evaluate this space. Hematoma is evacuated and multiple laparotomy pads are packed to provide tamponade 
until angiography is performed. 

Classically there are four potential sources of pelvic bleeding: pelvic venous plexus, pelvic arterial injury, fracture surfaces, extrapelvic sources. Nearly 
90% of pelvic bleeding is venous in nature. Reduction of pelvic ring injuries to restore the normal diameter with a sheet or a commercially available pelvic 
binder decreases the space into which this bleeding can occur; this can be lifesaving. Infrequently, patients with ongoing hemorrhage after reduction and 
sheet application have continued hemodynamic instability and should be emergently assessed for arterial bleeding by interventional radiology. 

Pelvic arteriography may detect bleeding at rates from 0.5 to 1 mL/min. If hemodynamic instability is due to pelvic arterial bleeding, then embolization 
is necessary.°” The presence of a contrast blush on CT imaging has low sensitivity and specificity for the need for pelvic embolization. Thus, blush in the 
absence of clinical findings supporting pelvic angiography, has not been supported with research evidence.® However, no blush on CT angiography (CTA) 
has a high negative predictive value. More recent studies advocate urgent pelvic angiography for patients with fracture patterns associated with massive 
hemorrhage (APC-3, VS), persistent uncontrolled hypotension, and a large retroperitoneal hematoma. 144-221 
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Figure 14-4. Algorithm for management of pelvis ring fracture in a patient with hypotension. 


FRACTURES ASSOCIATED WITH SEVERE HEAD INJURY 


The incidence of brain injury in association with either pelvic ring injury or femoral fracture is reported to be 37% to 50%.”* Most head injuries are minor, 
with presenting GCS above 12 (Table 14-1). Less than 3% of patients with mild head injury will develop deterioration of their mental status; however, 
patients with severe head injury (GCS < 8) are comatose, requiring mechanical ventilation and ICU monitoring. Although most will gradually improve, 
these patients are at risk for permanent neurologic dysfunction. The timing of major fracture fixation in patients with severe head injury is controversial. 
Most prior studies have reviewed femoral shaft fractures in conjunction with major head injury and have supported a conservative strategy of damage 
control orthopaedics (DCO) for patients with elevated ICP. 

Monitoring of ICP is initiated in patients at risk for intracranial hypertension. CPP is calculated as the mean arterial pressure minus the ICP and indicates 
the amount of blood flow to the brain. Ischemia with CPP less than 70 mm Hg for several hours can cause permanent brain damage. ICP should be 20 mm 
Hg or below and CPP should be above 70 mm Hg to proceed with definitive management of axial and femoral fractures.®!:29° For patients with severely 
elevated ICP, ventriculostomy, craniotomy, mannitol infusion, and/or hypothermia may be undertaken. Judicious usage of DCO with external fixation of 
femoral and pelvic fractures is appropriate. With respect to femoral shaft fractures, literature suggests that early definitive fixation of femoral fractures is 
safe in hemodynamically stable patients, who are well oxygenated, and with CPP above 70 mm Hg.®!,158,290 


FRACTURES ASSOCIATED WITH VASCULAR INJURY 


Injury to arterial flow to a limb is a surgical emergency. More than 75% of such injuries occur from penetrating trauma. Most major arterial injuries after 
blunt trauma result from knee dislocations, with incidence of arterial injury of 16% to 25%.9* When an extremity is pulseless despite reduction and 
splinting, emergent revascularization is essential to preserve the limb. Within 6 hours of ischemia, myonecrosis and loss of neurologic function will 


ensue.!°3 When a pulse is palpable or Dopplerable but asymmetrical, a vascular injury is suspected. Ankle brachial indices (ABI) should be emergently 
obtained. A blood pressure cuff is placed on the upper arm and inflated to obtain a measurement of the systolic pressure. Subsequently, the procedure is 
repeated at the ankle of the affected leg. The ABI is the ratio of the systolic pressure of the ankle over the systolic pressure of the arm. If an ABI is less than 
0.9, vascular consultation is indicated.!27-183 

For arterial injury requiring revascularization in conjunction with a fracture or dislocation, reduction and stabilization of the fracture are indicated before 
the vascular procedure. This is to ensure safety of the vascular repair and to avoid further arterial damage during fracture reduction and fixation. In many 
cases provisional external fixation may be the most appropriate method in maintaining limb alignment, without requiring extensive surgical time and 
dissection. If a primary vascular repair is not possible, which is commonly the case, then definitive fixation of the bony injury is desirable before the 
definitive vascular repair, such that the vascular graft is at the appropriate length and will not see strain caused by fracture reduction. Depending on the time 
of injury and the projected ischemia time with orthopaedic intervention, the two teams must decide on the most effective treatment. This may be emergent 
fracture care (such as a femoral nail that may take 30 minutes or less) followed by revascularization, or alternately, the use of a vascular stent followed by 
definitive bony reconstruction and then definitive vascular bypass. A recent study of ischemic limbs demonstrated that cases in which definitive bony 
reconstruction preceded definitive vascular reconstruction had a lower amputation rate.” After the limb is revascularized, distal fasciotomy is 
recommended to prevent reperfusion compartment syndrome. 183 


LIMB SALVAGE VERSUS AMPUTATION 


Traumatic amputation and near-amputation are surgical emergencies. Direct pressure to control bleeding is imperative as are expeditious antibiotic and 
tetanus prophylaxis for any open fracture. Reimplantation, especially with certain hand injuries, and salvage of near-amputation may be possible, if this can 
be completed within the first several hours of injury. Crush injuries, prolonged ischemia time, severe trauma elsewhere in the limb, serious systemic injury, 
advanced age, and underlying medical conditions are factors that decrease the likelihood and feasibility of successful salvage.2>127-146 

In some cases amputation is undertaken to stop bleeding in a mangled extremity. This can be lifesaving and can reduce the wound and injury burden in a 
multiply injured person.®? More commonly, salvage is attempted with provisional or definitive stabilization of fractures. External fixation is a rapid means 
of stabilizing fractures in patients who are critically ill and under-resuscitated. External fixation can generally be performed in several minutes with minimal 
surgical trauma. Serial debridement and later definitive fixation (vs. amputation) are undertaken after discussions with the patient and other subspecialists. 

With modern techniques for free tissue transfer and bone transport, many severe limb injuries, which were not salvageable 20 years ago, may now be 
salvaged. However, deep infection, nonunion, nerve damage, and other complications are common with both salvage and amputation. 160-162 Patients should 
be frequently counseled regarding treatment options and expectations. Those with advanced age, severe baseline medical or mental health conditions, and/or 
devastating articular trauma to the foot and ankle will often function better after amputation. Amputation is a more expeditious treatment and may provide 
faster return to function and better outcome, although lifetime treatment expenses within several years of injury are generally lower for patients who 
undergo salvage after limb-threatening lower extremity trauma.!©°-!©? Regardless of treatment, the primary determinants of outcome are self-efficacy and 
social support. Acute implementation of supportive services such as Trauma Survivor Network and like programming has been shown to be effective in 
educating and engaging patients and families.44254259.257.267,294,295 


PATIENT CHALLENGES IN CARE 


OBESITY 


Obesity has been identified as an impactful comorbid condition serving as an independent risk factor for morbidity and mortality after trauma.” Obesity can 
represent concomitant risk factors as well, including diabetes mellitus, hyperlipidemia, heart disease, and hypertension that have been demonstrated to 
impact trauma outcomes negatively.®° Obesity poses a unique series of diagnostic and therapeutic dilemmas. Critical airway management, intravenous 
access, ultrasonography, plain radiography and CT, and volume resuscitation all are directly negatively affected by obesity. Obesity has been associated 
with an elevated risk of venous thromboembolism and as such there is evolving evidence to suggest higher dosing in chemical prophylaxis.7**7°° Surgical 
exposures, patient positioning, early mobilization, and post-hospitalization rehabilitation are negatively affected by obesity. Longer surgical times and more 
complications have been reported in obese patients treated for fracture.*7!8246 There are also theories that suggest that obesity-induced inflammatory stress 
compounded by trauma-induced inflammatory stress increases morbidity and mortality after major trauma.9!3°2 


DIABETES 


The prevalence of diabetes mellitus is increasing in developed nations, following a rise in obesity.® In addition to renal dysfunction and neuropathy, which 
result from longstanding and poorly controlled diabetes, other medical conditions including cardiac disease are also common in this population.?°° 
Furthermore, undiagnosed diabetes and trauma-induced hyperglycemia are frequent among trauma patients, and have been shown to be associated with 
infections and other complications.!7°*!°3.253 In one recent study, elevations in perioperative blood glucose greater than 220 mg/dL were associated with a 
sevenfold increase in infections in orthopaedic trauma patients, none of whom had a diagnosis of diabetes.'*? In known diabetic patients, injury and surgery 
are disruptive to normal glycemic control, leading to greater risk for early infections and other complications and for longer hospital 
stay. 7685,86,123,133,225,233 Optimization of glycemic control is paramount to reducing risk. Medical co-management with a team of hospitalists, or like- 
providers, may be effective. Early enteral nutrition and strategies including combinations of short- and long-acting insulin may reduce hyperglycemia and 
may provide a narrower window of glycemic control, 188-233 


CARDIOVASCULAR DISEASE 


Pre-existing cardiovascular diseases pose a unique modifier in the ability to recover from multisystem trauma. Multisystem trauma elicits a profound 
sympathetic response that the cardiovascular system must accommodate. Hemorrhagic shock demands increased cardiac work to maintain adequate cardiac 
output. Patients with pre-existing cardiac disease are at higher risk of cardiac failure and myocardial infarction. Cardiovascular disease is associated with an 


active state of inflammation, whereby within the context of traumatic insult, morbidity and mortality are worsened.*!* Microvascular disease significantly 
affects end-tissue perfusion. Higher incidences of wound dehiscence and infections have been described in patients with pre-existing vascular disease. Many 
patients are on therapeutic anticoagulation, increasing the risk of death by uncontrolled exsanguination as well as risks of other bleeding complications, 
including wound infections.®° 


IMMUNOCOMPROMISE 


The diverse population of patients presenting with traumatic injury includes a growing number of those who are immunocompromised. Patients requiring 
immunomodulating medications for rheumatologic disorders, autoimmune diseases, cancer, or HIV infection are occurring with greater frequency over 
time.!©> Although the distinct medical management of each is unique, several issues are common to this group. Upon presentation the medical background 
of severely injured patients is often unknown or poorly understood. This can lead to delay in administration of important medications.!*73° Many patients 
with autoimmune diseases are steroid-dependent, which can generate addisonian crisis when they become cortisone deficient. In addition, the risk of 
infection is increased up to 10-fold in immunocompromised patients, related to poor baseline soft tissue integrity and prolonged wound healing as well as 
diminished functionality of the immune system.!®° Such patients should be closely monitored and counseled regarding these risks. Optimization of nutrition 
and engagement of medical specialists are paramount to co-manage these complex patients.!~165293 


ELDERLY PATIENTS 


Elderly patients may sustain major injury in the setting of even minor mechanisms. They are the fastest-growing trauma demographic and pose some of the 
most challenging treatment dilemmas in the management of acute trauma. Falls are the most common etiology of trauma and are the leading cause of 
mortality in the elderly.!5° Older patients have alterations in anatomy, physiology, and pre-existing pathology that compound and may amplify otherwise 
easily recoverable injury in the young.°>*74 

During the initial survey, evaluation of the airway should be performed with the patient’s age in context. Age-related neurologic diseases can impede the 
patient’s ability to protect their airway under stress. Chronic undiagnosed aspiration may make posterior oropharyngeal visualization for intubation difficult. 
Dentures or prosthetic teeth can become dislodged and may mechanically obstruct the airway. Cervical vertebral degeneration and pathology may limit 
range of motion for proper visualization of the airway and increase potential for fracture. 

Pulmonary function in elderly patients is characterized by decreased compliance and elastance.!”° Comorbid conditions including chronic obstructive 
pulmonary disease and osteoporosis worsen ventilation. It has been demonstrated that mortality is significantly increased in elderly trauma patients with rib 
fractures.'8 The ability to physiologically compensate is greatly attenuated by aged cardiovascular health. Cardiac reserve is diminished in the elderly, and 
circulatory collapse occurs more rapidly. Medications such as beta blockers used in this population can blunt response to decreased oxygen demand. This 
can also eliminate clinical cues to shock and leave even less reserve to hemodynamically compensate in the case of exsanguination. 

Fracture management is more challenging in the elderly.8>135:151,272 Pre-existing implants, prosthetic joints, and presence of arthritis complicate 
otherwise easily treatable injuries. Frailty with frequent malnutrition and altered mental status diminish capability to adhere to recommendations and to 
adequately heal surgical repairs. Pre-existing deconditioning greatly affects postoperative rehabilitation, adding yet another element to overcome to return to 
preinjury level of function. These patients most often require a multidisciplinary approach.8135.151,272 There should be a lower threshold for activation of 
the trauma team or referral to a trauma center.7©°+6 


MENTAL ILLNESS 


Pre-existing mental illness is common in orthopaedic trauma patients. Recent studies have reported mental illness in up to 39% of patients with presentation 
of new injury, with depression occurring most often.”°” Furthermore, existing mental illness is exacerbated by new injury, and new mental health diagnoses 
are frequent among trauma patients.°®!°” Secondary to COVID-19 and social responses, a dramatic surge in mental illness has been noted, and has been 
seen among trauma patients.!°” This is consistent with a growing body of literature showing the high rates of psychological disorders noted within several 
weeks of a new injury event, often with little to no improvement over 2 years. 16:39,40,56,160,162,173 Posttraumatic stress disorder has been shown to occur in 
up to half of newly injured patients, posing further challenges in achieving patient engagement and adherence to treatment 
recommendations. }!50.149.184,253,297 Mental illness after trauma has been associated with poor adherence to treatment recommendations and with higher 
rates of complications, as well as greater potential for recidivism, returning with a new, otherwise unrelated trauma event. + 109:297 

Identification of pre-existing mental illness will promote implementation of medical and counseling therapies. However, orthopaedic surgeons have 
historically been ineffective at both identifying prior mental illness and providing appropriate referrals for treatment.2°8297 When mental illness is 
identified, nearly half of trauma patients lack resources to address their mental health needs.!2°297 Sadly, patients debilitated with anxiety, depression, and 
other mental illness experience more pain with greater narcotic consumption, more catastrophizing, more self-reported disability, and lower levels of patient 
satisfaction.’~°.49.20! Targeted interventions to educate patients, to improve communication, and to promote self-efficacy hold promise in mitigating the 
detrimental effects of mental illness on recovery.8:41,289 


SOCIAL FACTORS 


Recreational Substance Abuse 


Social circumstances are closely related to mental health. Higher rates of substance use and abuse have been associated with more pain and greater 
postinjury narcotic consumption. About 80% of world’s opioid supply is consumed in the United States, and epidemic proportions of the U.S. population 
are utilizing dangerously large amounts of narcotics after injury, with similar trends now being observed in other developed countries.3®?38 A vicious cycle 
of unrelenting pain, resulting in catastrophizing, resulting in greater substance use and abuse, and portending poor physical and mental outcomes after 
trauma, has been described often in recent trauma patients.®39-40.160 Breaking the cycle with strategies including patient and provider education, counseling, 
and multimodal pain management offers promise in reducing morbidity and mortality associated with narcotic abuse.?941,29° 


Recreational use of cannabinoids and related products has seen a rise in the last several decades, and has been augmented by its legalization. 1? 


Recent 


studies have demonstrated that cannabis use is associated with an observed increase in the rate of venous thromboembolism.2°! 


Alcohol Abuse 


Alcohol abuse is also prevalent among trauma patients and is similarly under-diagnosed due to patient nondisclosure and provider under-detection, despite 
toxicology screening requirements for trauma centers.!7? In addition to the deleterious social consequences secondary to alcoholism, acute withdrawal can 
be life-threatening and is associated with early and late complications as well as greater hospital stays and costs of care. Most alcoholics are malnourished 
and have reduced protein synthesis due to hepatic dysfunction, ultimately resulting in higher rates of infections and poor wound healing, as well as deficient 
bone healing and muscle recovery. Early identification of malnourishment and liver disease should initiate interventions to provide protein supplements, 
vitamins, and appropriate caloric augmentation to mitigate risk.141 


Tobacco Abuse 


Tobacco consumption is also widespread and of higher prevalence among trauma patients than the remaining populations.*°!”? Tobacco causes hypo- 
oxygenation and vasoconstriction, resulting in greater rates of infection and poor bone and soft tissue healing. Furthermore, recent reports have 
demonstrated more pain, greater narcotic utilization, prolonged recovery, and worse late functional outcomes among tobacco users.’~:!60173,297 This is 
likely a combination of diminished baseline metabolic capability and poor underlying musculoskeletal health, coupled with altered pain receptors.%788 
Offering counseling and medication strategies for tobacco cessation should be standard practice for trauma providers. Recent studies indicate that even brief 
periods of smoking cessation perioperatively have positive effects on pulmonary function during anesthesia, and lower risks of infection.?!® 


SYSTEM CHALLENGES TO CARE 


Substantial variability exists with respect to timing of fracture care for patients with femur and hip fractures, as well as spinal, pelvis, and acetabulum 
trauma.?*189,249,281 System capacity heavily influences surgical timing. Even among level 1 and level 2 trauma centers, 26% were considered outliers in 
terms of providing early fixation of femoral shaft fractures in stable patients, resulting in greater rates of pulmonary complications and longer length of stay 
for delayed patients when controlled for confounding variables.” Variations likely result primarily from historical practice patterns of surgeons and 
facilities and, to a lesser extent, to resource access,°2!67,234,281,283 

Operating room availability is variable among trauma centers and nontrauma centers. ‘41-189.249.281 though the American College of Surgeons requires 
operating room access for emergent and urgent musculoskeletal cases, there is some inconsistency in institutional interpretation of these guidelines.?78 
Resource availability is further influenced by the time of admission and proposed timing of surgery, as well as the type and complexity of the procedures. 
Nontrauma centers and non-academic centers are likely to have less access overall and even fewer resources available during evening and weekend 
hours.*49 

Integrated care pathways utilize multidisciplinary providers to standardize patient care at various time points.8>135189 The erratic nature of trauma 
patient presentations and the heterogeneous, often complex, array of patients and injuries make development of pathways more challenging. 18949 However, 
initial evaluation and management of the injured patient is standardized, resulting in lower morbidity and mortality.4° Thus, further introduction of 
standardized processes including resuscitation and medical optimization for the operating room in patients requiring urgent surgery appears feasible.!®° In 
one trauma center implementation of the EAC guidelines to standardize the timing of definitive fixation for axial and femoral fractures took approximately a 
year to engage all providers to achieving a 90% adherence rate. The prioritization of definitive fixation within 36 hours after injury in resuscitated patients 
resulted in significantly fewer complications, shorter hospital stays, and substantially greater revenue to the hospital. 189,280,281 


OPTIMIZING RECOVERY 


NUTRITION 


Nutritional status impacts clinical outcomes, and widespread malnutrition is seen in multiply injured patients.!!9 It is an independent risk factor for 
morbidity, mortality, and prolonged hospital course.9* Effective wound healing, reconditioning, and optimal recovery to pretrauma baseline all are at risk 
with poor pretrauma nutritional status. Injury requires substantial caloric and nutritive intake for proper healing. Baseline metabolic and physiologic status 
profoundly impact how the patient tolerates the injury and how the patient recovers. These changes can have deleterious inflammatory, hematologic, 
immunologic, and hemodynamic effects. 150 

Daily basic caloric needs are increased due to a larger basal energy expenditure as the body begins recovery. Fat is stored as adipose tissue and 
carbohydrates are stored as glycogen in the liver and skeletal muscle. Protein is not stored effectively in the body. If less protein is ingested than is needed to 
maintain the physiologic demands, the body goes into a negative nitrogen balance and begins metabolizing muscle, leading to further deconditioning and 
worsening recovery potential. All polytrauma patients can benefit from supplementary nutritional support. Before initiation of nutritional support, endpoints 
of resuscitation should have been met, and the patient should be stabilized. Once this is achieved, within 24 to 48 hours, enteral nutrition should be initiated. 
Prospective randomized controlled trials have demonstrated improvements in infection rates, hospital length of stay, expense, and outcomes with a keen 
focus on optimal nutritional supplementation.°° 


PATIENT ENGAGEMENT 


Patient engagement is paramount to complete recovery. Initial engagement is hampered by altered consciousness, severe pain, and poor recall. Over time, 
pain is a major driving factor to increase anxiety, and to foster catastrophizing and mental illness, particularly anxiety, depression, and posttraumatic stress 
disorder, }4056,130,149,173,263 Early iterative communication by all providers regarding the nature of injuries and projected treatment course and framing of 
expectations are essential to achieving patient education and engagement. Baseline chronic pain with prescription and/or recreational opioid use as well as 
other forms of substance abuse and mental illness is common in trauma patients.”®?97 These factors are associated with poor self-efficacy and support 
systems, and place patients at even greater risk for poor outcome.!®*!73,297 Initial strategies to manage pain including education and setting of expectations; 


multimodal pain medications; counseling; and alternative therapies such as aromatherapy, cryotherapy, and other nontraditional methods may be 
effective.*°.!!4,258 Other strategies to educate and engage patients and families have demonstrated early success. Comprehensive programming to enhance 
recovery has shown promise by providing education and support services in the trauma system and subsequent to discharge.*!,257,267,268 Jnitial reports of 
such interventions, coupled with counseling and peer visitor support, are valuable in promoting patient and provider satisfaction and in minimizing 
complications related to nonadherence to treatment recommendations.®.41.255.268,289,292,294,295 
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Wartime Injuries 


INTRODUCTION TO WARTIME INJURIES 


Blast injury is the generic term for the effects of an explosion on the human body. Since World War I (WWI), explosive devices have accounted for over 
70% of all deaths and injuries to combatants in conflict!? and were the leading cause of death and injury among coalition troops in Iraq and 
Afghanistan.’2-”4 Survival rates have increased from 70% during WWI to 89% during the most recent conflict in Iraq.®° As a result, there has been an 
increased incidence of severely injured casualties surviving with multiple extremity injuries. Data from these conflicts have demonstrated that extremity 
injuries account for over 60% of all combat wounds, of which approximately one-third are fractures.?° Blast injury, however, is no longer restricted to the 
battlefield. Continued political instability throughout the world, with an increasing threat of terrorist attack, means that injuries once found exclusively in 
warfare can present in any major civilian center. In this chapter, the pathophysiology of blast and ballistic trauma are discussed as well as the underlying 
principles of managing these high-energy injuries. 


PHYSICS OF EXPLOSION 


Detonation of an explosive initiates a shock wave that propagates through the explosive, causing an instantaneous (<1 ps) chemical reaction. Behind the 
detonation wave, the explosive has been converted to hot, high-pressure gas: the detonation products. Local pressures are typically in the region of 25 x 10° 


atm while temperatures range from 2,000 °C to 6,000 °C (3,500-11,000 °F). The hot gas expands outward at 3 to 4 km/s, forcing out the volume it occupies 
and violently pushing material out of the way. As a consequence, a layer of compressed air (blast wave) forms in front of this gas volume containing most of 
the energy released by the explosion. 
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Figure 15-1. The Friedlander curve depicting the initial overpressure after an explosion (blast wave), followed by the negative underpressure, which results in rapid 
movement of air causing the blast wind. 


The classical waveform, Friedlander wave (Fig. 15-1), describes pressure changes from a fixed location relative to the explosive event.*° There is an 
instantaneous sharp rise in pressure within the air surrounding the explosion, rapidly attaining its peak overpressure. As the blast wave moves through the 
air, the pressure wave disperses in inverse proportion to the third power of the spherical explosive’s radius.*? Overexpansion of the detonation products 
results in the development of a subatmospheric pressure phase. In this phase, a partial vacuum is created and air is sucked in. This is also accompanied by 
high-suction winds that carry debris for long distances away from the explosion source. 

The Friedlander wave is idealized because the effects of structures and the ground have been omitted, which produce multiple reflective waves that 
distort the waveform. The physical properties of the blast wave in respect to physiologic dysfunction are essentially the peak pressure, the impulse (the time 
integral of pressure), and the duration of the positive phase overpressure.** It has also been proposed that the dynamic overpressure of the detonation 
products (blast wind) and thermal energy released in the explosion contribute to blast injury.*° 

By convention, blast injuries are classified according to the mechanism by which they are produced, and their effect on the skeletal system is 
summarized in Table 15-1. 


TABLE 15-1. Blast Injury Classification and Clinical Manifestations in the Musculoskeletal System 


Blast Injury Mechanism of Injury Clinical Manifestations 
Primary blast effects Blast shockwave Primary blast lung, gastrointestinal injury, soft tissue deformation, and possible traumatic 
amputation 
Secondary blast effects Fragments from explosive device and energized Penetrating wounds to the extremities resulting in significant soft tissue injuries and 
debris fractures 


Combined primary and secondary Combination of primary and secondary injuries when Massive soft tissue injury and subtotal/traumatic amputation of the limb 


blast effects victim is near the seat of the explosion (e.g., landmine 
detonation) 
Tertiary blast effects Acceleration and deceleration injuries Severe axial loading to lower limbs and spine 
Flail injuries Fractures from impact with solid objects. Soft tissue injuries from crush leading to 
Axial loading compartment syndrome, nerve injury, and crush injuries 
Crush phenomenon Flail leading to limb loss 
Quaternary blast effects Thermal injuries and others Burns 


Adapted with permisssion of The Royal Society (U.K.) from Ramasamy A, et al. Blast-related fracture patterns: a forensic biomechanical approach. J R Soc Interface. 2011;8(58):689— 
698, permission conveyed through Copyright Clearance Center. 


EFFECT OF BLAST ON THE MUSCULOSKELETAL SYSTEM 


PRIMARY ORTHOPAEDIC BLAST INJURY 


It was previously hypothesized that primary orthopaedic blast injury was related to the effect of the blast wave on skeletal structures. This was based on the 
theory that blast waves, interacting with the body, will transfer energy at interfaces between tissues of differing acoustic impedance. This leads to cellular 
disruption, soft tissue destruction, and bone microfractures. Air-containing organs, such as the middle ear, lungs, and gastrointestinal tract, are more 
susceptible to the effects of the blast wave. Eardrums may rupture at pressures of 2 psi, whereas pulmonary effects are seen at 70 psi. Due to pulmonary 
damage, exposure to pressures above 80 psi is associated with death in more than 50% of cases.°! Tissue susceptibility to the effects of primary blast is 
inversely related to the third power of a victim’s distance from the explosion. Consequently, the presence of severe pulmonary damage was used as evidence 
of the proximity of the victim to the explosion. 

Hull demonstrated that a goat limb, shielded from the effects of the detonation products and fragments, could be fractured by the blast wave alone when 
placed in close proximity (<50 cm) to the seat of the explosion.*® If the blast wave entered the tibia laterally (bomb detonation to the side of the victim), the 
bending forces exerted by the blast wave, combined with the geometry of the tibia and the differential movement afforded by the knee and ankle joints, 
resulted in the peak stresses being situated within the upper third of the bone. The resulting shear and axial stresses exceed the tensile failure stress of the 
bone, causing a fracture. This concept is demonstrated in Figure 15-2A using a femur. 
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Figure 15-2. A: The blast wave interacts with the femur causing microfracture within the bone. Due to the bone geometry and the differential movement allowed by 
the knee and hip joints, the bending forces exerted on the femur by the blast wave result in an area of stress concentration. The peak loop and axial stresses within this 
area exceed the tensile failure stress of bone, resulting in fracture. B: A traumatic amputation of the femur. Note the absence of significant soft tissue disruption or 
fragments and the short oblique fracture configuration of the stump. (Used with permission of The Royal Society (U.K.) from Ramasamy A, et al. Blast-related fracture 
patterns: a forensic biomechanical approach. J R Soc Interface. 2011;8(58):689-698, permission conveyed through Copyright Clearance Center.) 


From clinical experience, the proximal third of the tibia and femur are the most common sites for traumatic amputation in these circumstances.“ Once 
the bone is fractured by the blast wave, the detonation products expose the bone to significant bending stresses and are the probable mechanism of traumatic 
amputation.*”-“8 Typically, the proximal stump contains a short oblique or transverse fracture morphology (Fig. 15-2B). 

The resultant injuries from an explosion affect all tissues, leading to significant soft tissue loss. In his review of traumatic amputations following blast, 
Hull et al.*” reported that the levels of soft tissue injury were commonly several levels proximal to the level of bone injury where one level was considered 
to be one-third of a limb segment. Clasper and Ramasamy” reported that the zone of soft tissue injury associated with traumatic amputations in casualties 
from Afghanistan was even greater than that reported in previous conflicts. This may be related to the extensive use of improvised explosive devices (IEDs) 
in the most recent conflicts. 

In a more recent analysis of blast fatalities from Iraq and Afghanistan, Singleton et al.°? noted that a substantial number of casualties with traumatic 
amputation did not have concomitant primary lung injury. They also reported a large number of through-joint amputations with no concomitant fractures. 
This led the authors to conclude that traumatic amputation is likely to be multifactorial and that flailing of the limb due to the blast wind may be the 
predominant injury mechanism. 


SECONDARY ORTHOPAEDIC BLAST INJURY 


Secondary blast injury is characterized by penetrating trauma from bomb casing fragments, materials implanted within the explosive (e.g., nails, screws), 
and local materials energized by proximity to the explosion. Direct impact of a high-energy fragment into a bone usually results in a highly comminuted 
fracture“ with no periosteal attachment and thus no blood supply. In addition, these direct high-transfer wounds produce substantial contamination of the 
fracture site and the medullary canal, thereby increasing the risk of developing long-term infective complications (Fig. 15-3). In cadaveric studies, Huelke et 
al. demonstrated that direct fractures occurred only when steel projectiles weighing at least 1.05 g were traveling at velocities greater than 185 m/s, and that 
the degree of comminution and size of the soft tissue injury increased with velocity.*° 


e 


ju Comminuted radial fracture after direct impact from multiple fragments following an explosion. Even on a radiograph, the level of soft tissue injury 
associated with the fracture can be seen. 


The projectile, after penetrating the near bone cortex, encounters the marrow-filled cancellous bone and propels the marrow outward at high velocity, 
fracturing the thin trabeculae. When the projectile penetrates the far bone cortex, the exit hole is enlarged by the cavitation in the cancellous bone. Because 
of the relatively inelastic nature of bone compared with soft tissues, the cavity formed in the cancellous bone does not collapse and a permanent cavity is 
formed. With increased velocity (more than 500 m/s), the cavitation phenomenon produces widespread destruction of cancellous bone with increased 


fragmentation of the cortical bone on the exit hole. A similar effect has been noted with increasing projectile diameter.^®^®^> If the fragment is traveling at a 
slower velocity, full penetration of the bone does not occur and only a single cortex is breached. In these cases, the classical “drillhole” fracture is produced 
( 5-4). Clinically, these injuries have a good prognosis and generally do not require surgical reconstruction. 


COMBINED PRIMARY AND SECONDARY ORTHOPAEDIC INJURIES 


If the casualty is located at the seat of the explosion, the effects of the shock wave and the detonation products occur almost instantaneously. This classically 
occurs upon detonation of an IED. The IED is designed to release a large amount of explosive energy at a short range, aiming to maim rather than kill. Upon 
detonation, the blast wave is transmitted directly into the limb causing a brisance (shattering) effect on the bone." This occurs within 200 ps of mine 
detonation. One or 2 milliseconds post detonation, the detonation products, casing, and environmental fragments contact the limb causing destruction of the 
traumatized soft tissue and applying maximal stresses on the bone previously damaged by the blast wave.*’* The net result is either a total or subtotal 
amputation of the limb, with the zone of soft tissue injury (including significant amounts of foreign debris and fragments) extending more proximally to the 
damaged bone ( 5). 


|. A “drill-hole” fracture secondary to direct impact from a fragment. 


Based on histologic studies of combat casualties during the Soviet occupation of Afghanistan and animal models, Nechaev et al.°* described three major 
zones of injury following a blast as illustrated in F 5-6. Zone I represents the area closest to the seat of the explosion. It is characterized by traumatic 
amputation of the limb, with widespread damage and anatomical destruction at different levels of the skin, tendons, muscles, bones, and neurovascular 
structures. In all cases, the soft tissue injuries within this zone are associated with substantial contamination from the environment and energized explosive 
fragments. Based on the level of local soft tissue injury, surgical amputations performed through zone I were considered nonviable. 

Within zone II of the injured limb, there are focal areas of microlaceration of the muscle fascicles with associated lacerations of small and large blood 
vessels, giving rise to focal areas of hemorrhage. The level of injury diminished with increasing distance from the zone I boundary with areas of tissue 
completely undamaged. Of note, the focal areas of injuries appeared to be localized near the neurovascular bundles and the osteofascial planes, suggestive 
of transmission of the blast wave through these structures. 


Blast wave 
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Figure 15-5. A: Upon detonation of an improvised explosive device (IED), a blast wave is transmitted to the limb causing a brisance effect on the bones. Within 1 to 
2 ms, the detonation products reach the limb and place huge stresses on the already damaged bone, resulting in multiple fractures and potentially traumatic amputation 
of the affected limb. B: Radiograph and clinical photograph demonstrating the devastating effects of an IED explosion. The proximity to the seat of the explosion 
results in the significant amounts of foreign debris seen on the radiograph. The clinical appearance underlines how the detonation products are driven through the 
fascial planes resulting in the classical umbrella effect of the remaining soft tissues (white arrow). (Used with permission of The Royal Society (U.K.) from Ramasamy 
A, et al. Blast-related fracture patterns: a forensic biomechanical approach. J R Soc Interface. 2011;8(58):689-698, permission conveyed through Copyright Clearance 
Center.) 
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Figure 15-6. Illustration of the zones of injury following a landmine injury. 


The main features of injuries in zone III are avulsion of small arterioles from main vessels, impaired venous return, and reactive changes in the axons of 
peripheral nerves. Based on these findings, Nechaev et al. recommended that the optimal level for surgical amputation should be at the border of zone II and 
HI. Clinically, this manifests as the ability for muscle fibers to contract and minimal soft tissue edema.°? 


TERTIARY ORTHOPAEDIC INJURIES 


Tertiary orthopaedic blast injuries occur due to bodily displacement of the casualty or impact against solid structures. Displacement of the casualty results in 
injuries with similar characteristics to those seen in civilian high-energy blunt trauma. This has become a predominant mechanism of injury for vehicle 
occupants following an under-vehicle explosion.82 When an explosive detonates under a vehicle, the rapidly expanding products of detonation carry soil 
particles at speeds of 1,300 to 3,200 km/hr, followed by a large plug of soil hitting the underside of the vehicle. This imparts huge amounts of kinetic energy 
(KE), which results in local rapid deformation of the floor, leading to severe axial loading of the lower limbs.® This is described as a “deck-slap” injury and 
is characterized by severely comminuted calcaneal fractures and pilon-type injuries (Fig. 15-7).””"”8 The significant KE imparted to the floor of the vehicle, 
results in global vertical acceleration of the vehicle and its occupants, also leading to spinal and head injuries. 


Figure 15-7. Severely comminuted calcaneal fracture following an under-vehicle explosion. These injuries have a very poor clinical prognosis, with an amputation 
rate over 40%. 


QUATERNARY ORTHOPAEDIC BLAST INJURY 


Quaternary blast injury is related to the thermal effects of the explosion and inhalation injuries as well as chemical, biologic, radiologic, and nuclear 
exposure. Quinary injuries are all injuries that do not fall within the previous categories. 


SPECIAL EFFECTS OF EXPLOSION 


The relative effect of each blast injury mechanism is determined by the nature of the explosive and the environment in which the explosion occurs. 


CLOSED EXPLOSION VERSUS FREE FIELD EXPLOSION 


The location of the explosion effects both the severity and spectrum of the resultant injuries. Leibovici et al.5° compared the effects of explosions occurring 
in open spaces with those in confined spaces. He found that explosions in confined spaces were associated with a higher incidence of primary blast lung 
injury, increased injury severity, and increased severity of burns compared with explosions in open air. Moreover, those injured inside a closed environment 
in which the explosion was outside the structure were noted to have injuries sustained predominantly by tertiary orthopaedic blast injury (rather than 
primary or combined primary and secondary). Kosashvili et al.5* reported that explosions occurring in confined environments (e.g., restaurants or 
transportation) caused the highest number of severe injuries and casualties requiring surgical interventions. Conversely, open space explosions caused the 
largest number of casualties but with the smallest percentage of severe injuries or death since the energy was dissipated over a greater distance. Further, 


Ramasamy et al.’”° found statistically more open fractures sustained in those surviving blasts in an open environment when compared with a closed 
environment. When a detonation occurs close to, but outside a structure, the resulting blast wave diffracts around, reflects off, and, to a much lesser extent, 
transmits into the interior. Because only a small portion of the blast wave is transferred internally, the risk of blast wave—related injuries is substantially 
reduced. 


MANAGEMENT OF BLAST INJURY 


Management of blast injuries is very different from those sustained by civilian gunshot wounds (GSWs) or blunt injury due to a road traffic collision. The 
soft tissue injury combined with considerable foreign debris often requires more extensive surgery (Fig. 15-8).”° 

In a single incident, an explosion can cause multiple casualties with severe injuries requiring multidisciplinary intervention, placing a substantial burden 
on hospital and surgical capabilities.” Management of the multiply injured patient is covered extensively in Chapter 14, but the importance of a 
multidisciplinary team approach cannot be overstated. Depending on proximity to the blast, these patients can have severe orthopaedic, thoracoabdominal, 
genitourinary, and neuraxial injuries. Adhering to a systematic approach to each polytraumatized patient, especially blast-injured patients, ensures that an 
accepted standard is met each time. 


Figure 15-8. Severe multisystem trauma following blast injury. Management of these injuries requires multiple surgical teams working in parallel to reduce operating 
time. Coordination and detailed surgical planning remain key in improving outcome and enhancing recovery. 


The fundamental cornerstone of the management of blast injury is to control massive hemorrhage and ensure rapid evacuation of the patient to a facility 
with appropriate resuscitative and surgical capabilities. An increased understanding of the physiologic effects of trauma has led to the introduction of 
damage control resuscitation (DCR). The goal of DCR is to “minimize blood loss, maximize tissue oxygenation and optimize outcome” by rapidly 


correcting the lethal triad of hypothermia, coagulopathy, and acidosis which are the physiologic consequences of polytrauma.°9 


PREHOSPITAL CARE 


External hemorrhage control in the prehospital phase is critical and achieved by pressure dressings, application of tourniquets, and placement of topical 
hemostatic dressings. Prior to the recent conflicts in the Middle East, the conventional wisdom was that the use of tourniquets for hemorrhage control would 
likely result in amputation of the injured limb and that the harmful effects of tourniquets far outweighed the benefits. A review of U.S. battlefield fatalities 
from the early phase of combat operations in Iraq demonstrated that 7.8% of fatalities were due to potentially compressible extremity hemorrhage.” 
Following the introduction of tourniquets to front-line combat troops, Eastridge et al.°* reported a 67% drop in fatalities (down to 2.6%) who died from 
compressible hemorrhage. Based on these studies, combat application tourniquets, which are a windlass-type tourniquet, are carried by all combat troops 
and can be applied single handedly by the casualty themselves. 

In contrast, junctional (e.g., groin, neck, axilla) and truncal hemorrhage are especially challenging to control at the point of injury as routine tourniquets 
do not adequately control bleeding; these injury patterns impart a significant risk of mortality from exsanguination.** This can be mitigated by specialized 
junctional tourniquets or clamps, rapid administration of tranexamic acid (TXA) and low-titer O whole blood (LTOWB), and application of a pressure 
dressing with hemostatic agents.!732°° More importantly, rapid evacuation to a team with surgical hemorrhage control is paramount in these patients. 

Rapid administration of whole blood and/or blood products is necessary to sustain life in the prehospital environment, particularly if casualty evacuation 
is prolonged. Intravenous access via peripheral veins may be difficult due to a combination of peripheral vasoconstriction and multiple extremity injury. 
Intraosseous (IO) access, where a large bore needle is inserted into the bone marrow of the tibia, humerus, or sternum has been effective during recent 
military operations in the Middle East as well as civilian trauma settings.!>°9 

Increased attention to early trauma deaths prompted the focus on the “golden hour,” which promoted the delivery of damage control resuscitative 
capabilities to the patient within an hour. A 2014 study of 10 years of early (<4 hours) trauma deaths in a civilian statewide trauma database showed that to 
provide access to surgery for 95% of patients with potentially lethal injuries, the time from injury to surgery would need to be reduced to 23 minutes.®? With 
increasing recognition of the need to correct physiologic dysfunction as quickly as possible, much earlier than the previously thought golden hour, the 
military has developed various service-specific platforms to deliver these rapid DCR and surgical capabilities farther forward.* 


HOSPITAL CARE 


On arrival to the hospital setting, the clinical management generally follows the Advanced Trauma Life Support (ATLS®) algorithm using a systematic 
approach of simultaneous assessment and treatment performed by multiple clinicians.” For this approach to be successful, a team leader is needed to 
coordinate efforts and to maintain overall situational awareness as the team works their way through airway, breathing, and circulation initially. This initial 
phase has two goals”: stabilize the casualty and gain further clinical information to guide future decision making and to aid surgical prioritization in a mass 
casualty event. Most casualties will be stabilized adequately to allow transfer to computed tomography (CT) if available, providing detailed imaging of all 
injuries and allowing advanced planning of any surgical interventions. 

Management throughout this phase has two key elements: hemostatic or DCR and damage control surgery (DCS). 


DAMAGE CONTROL RESUSCITATION 


The major principle of DCR is to restore homeostasis, prevent or mitigate the development of tissue hypoxia, oxygen debt, and burden of shock, as well as 
coagulopathy.”!°* Trauma patients, particularly blast injury patients, are susceptible to the lethal triad: coagulopathy, hypothermia, and metabolic acidosis; 
all facets of the lethal triad must be addressed during this phase of evaluation and treatment. 

The cornerstone to DCR is administration of blood or blood products. It has been well recognized that resuscitation with large volumes of crystalloid 
cannot reverse the lethal triad and can in itself increase mortality.>! Hence, there has been a paradigm shift in trauma care to the early delivery of blood 
products, particularly whole blood when available. This has the advantage of restoring tissue perfusion by replacement of blood volume, ensure optimal 
oxygen delivery by the replacement of red blood cells, and reverse coagulopathy by the replacement of clotting factors and platelets. Evidence from military 
and civilian practice has demonstrated that resuscitating with blood products in a 1:1:1 ratio (platelets, fresh frozen plasma, and packed red blood cells) 
decreases mortality.*! Further, when available, whole blood delivers all the components of blood in the same ratio in which they were lost and is 
independently associated with improved survival.?° 

Hemostatic resuscitation is not limited to the administration of blood products. TXA should be administered within 3 hours of injury. TXA blocks 
plasminogen which is responsible for fibrinolysis (clot breakdown) and has been shown to significantly reduce mortality in the bleeding trauma casualty. 10? 
The Clinical Randomization of an Antifibrinolytic in Significant Hemorrhage (CRASH-2) was a landmark randomized controlled trial examining the safety 
and efficacy of using TXA to treat trauma patients. This cohort of 20,211 adult trauma patients in 274 hospitals in 40 countries with, or at risk of, significant 
bleeding (HR >110, SBP <90, clinical judgment) were randomized to either TXA or placebo. They found that TXA use resulted in a statistically significant 
reduction in the relative risk of all-cause mortality of 9%. The use of TXA was associated with the greatest reduction in risk of death in the group of most 
severely injured patients.”° In addition, calcium is a key component of the coagulation system: Hypocalcemia will lead to coagulopathy even in the presence 
of normal clotting factor levels. One gram of calcium should be administered to patients in hemorrhagic shock during or immediately after transfusion of the 
first unit of blood product and with ongoing resuscitation after every 4 units of blood products. 18 

Once massive bleeding has been controlled, blood levels are checked alongside the degree of metabolic acidosis and corrected as necessary. The degree 
of acidosis (measured by serum lactate) is used as a marker of adequate volume resuscitation and should be tested at regular intervals until it has 
normalized. Coagulopathy can be assessed using thromboelastography (TEG) or rotational thromboelastometry (ROTEM), which are viscoelasticity point- 
of-care tests that provide assessment of whole blood clotting with useable results within 5 to 10 minutes.!+3!49.97 Alterations in these traces would suggest 
coagulopathy. It has been demonstrated that these tests correlate well with standard laboratory findings and can reduce the time taken between the sample 
being taken and any intervention being delivered.2! TEG and ROTEM are increasingly being used to guide resuscitation in coagulopathic trauma patients by 
providing targeted blood component transfusions to address each patient’s deficiencies.®!431.49 

Finally, hypothermia needs to be aggressively corrected with active warming of the casualty through whatever means are available, including but not 
limited to warming blankets, heating the room, or administration of warm intravenous fluids. The aim of this resuscitative process is to restore the 


casualties’ physiologic reserve by restoring their normal blood volume, allowing them to tolerate further blood loss that may occur during surgery. If this is 
not done, any further bleeding may result in anaerobic metabolism and rapid physiologic deterioration. In conclusion, all aspects of the lethal triad must be 
addressed in the DCR setting in order to optimize patient outcomes. 


DAMAGE CONTROL SURGERY 


The philosophy of DCS was devised to counter the adverse effects of prolonged surgery on casualties already compromised by the effects of the lethal triad. 
Previously considered a separate phase to initial resuscitation, DCS has become an integral component within DCR of the trauma patient. This concept is 
covered more completely in Chapter 14. 

The priorities for DCS are hemorrhage control, limiting contamination, and temporary closure or cover for transportation or evacuation or more 
definitive surgery at a later date. Vascular hemorrhage control is achieved by proximal vessel control followed by either ligation, suture, or shunting of 
damaged vessels. Solid organ hemorrhage control can be achieved by aggressive intra-abdominal packing or removal of the bleeding organ if permissible. 

The duration of surgery is determined by the physiologic state of the patient: communication between the surgical and anesthetic team is vital in order to 
ensure informed, collaborative decisions are made. At the outset of surgery, it is important to set clear objectives with time points and plans to abort surgery 
if mandated by the patient condition. In cases of severe physiologic instability, it must be recognized that this may require prolonged resuscitation in 
intensive care before further surgery can be considered. 


ACUTE MANAGEMENT OF THE INJURED EXTREMITY 


When feasible, the clinical evaluation of the limb should involve: 


Addressing wound hemorrhage with placement of a tourniquet or direct pressure using a sterile dressing 

A full neurovascular assessment of the injured limb 

Assessment of skin and soft tissue damage. If possible, photograph the wound, and then cover the wound with a sterile dressing 
Fracture reduction if possible and application of a splint or external fixator 


Antibiotic Prophylaxis 


The prophylactic use of penicillin has been one of the enduring lessons learned from WWII when sepsis was a major cause of mortality following battlefield 
injury. Benzylpenicillin has the advantage of being heat stable, allowing early on-scene administration as well as being effective against organisms that are 
potentially life-threatening, namely gram-positive Clostridium species and anaerobic streptococci. Animal studies by Mellor in 1996 showed that 
administration of intramuscular benzylpenicillin within 1 hour of wounding was effective in preventing streptococcal infections in a pig model of fragment 
wounds. When this administration was delayed until 6 hours after wounding, the antibiotic was ineffective.®! Antibiotics should be given as soon as possible 
after wounding. Current Joint Trauma System guidelines for antibiotic prophylaxis of extremity wounds recommend cefazolin 2 g IV every 6 to 8 hours 
until final soft tissue coverage. Clindamycin 900 mg IV every 8 hours is an acceptable alternative in patients with a concerning history of allergic reaction to 
antibiotics where cross-reactivity is likely. Further, the Department of Defense’s Joint Trauma System (JTS) recommends against early administration of 
additional penicillin for prevention of clostridial gangrene or streptococcal infections or gram-negative coverage with an aminoglycoside or 
fluoroquinolone.’ 

Drugs should be targeted whenever possible at likely pathogens: therefore, knowledge of local microbial epidemiology is helpful. Treatment should 
always be modified where appropriate once microbiology results are available. Antifungal therapy should only be initiated when suspected invasive fungal 
infection is present, usually upon return to a military treatment facility in the United States and not at time of injury despite gross contamination of a severe 
wound.? Prior experience in Afghanistan showed that the presence of fungal infection resulted in the need for serial wound debridement and significant 
shortening of amputation stumps to eradicate the infection. These infections were seen in soldiers who required a massive blood transfusion (>8 units within 
the first 24 hours after wounding) after sustaining extensive, contaminated wounds/amputations from blast injuries, commonly while on foot patrol, in 
certain areas of Afghanistan. In these cases of suspected or confirmed invasive fungal infection, due to the rapidity of progression of disease, dual antifungal 
treatment (e.g., amphotericin B and a broad-spectrum triazole agent) was recommended, although the data guiding treatment recommendations are 
limited.?4 


Immunization 


The explosive forces that disperse nails and other metal objects embedded in explosive devices may also disperse fragments from the body of the bomber 
(in the case of suicide bombings) to which the device is attached. Bone, because of its lightweight and mechanical properties, makes a highly effective 
projectile, hence its use in the arrowheads and spearheads of primitive cultures. In a study of casualties from the July 7, 2005, London suicide bombings, 
Wong et al.!° reported five cases of foreign bone implantation in patients treated at the Royal London Hospital. This biologic material not only causes 
physical injury to bystanders but may also represent a source of severe infectious disease. Braverman et al.!? reported a case of the removal of a penetrating 
bone fragment that contained tissue positive for hepatitis B surface antigen. In a review of 12 terrorist suicide attacks in Israel, the bone fragments of three 
suicide bombers were analyzed for hepatitis B and C and HIV, and two were positive for hepatitis B.°° Further guidelines on postexposure testing were 
published by Center for Disease Control in 2008 (Table 15-2). 


TABLE 15-2. Recommended Postexposure Management by Risk Category and Specific Pathogen 


Preoperative Hepatitis B Hepatitis C HIV Tetanus 


Category 1. Penetrating or nonintact skin exposures“ Intervene Consider testing Generally no action Intervene 

Category 2. Mucous membrane exposure’ Intervene Generally no action Generally no action No action 
o 7 7 7 

Category 3. Superficial exposure of intact skin‘ No action No action No action No action 
o / 


“Penetration of skin by a sharp object that was in contact with blood, tissue, or other potential infectious body fluid (ie., semen, vaginal fluid, cerebrospinal fluid, synovial fluid, 
pleural fluid, peritoneal fluid, pericardial fluid, amniotic fluid, or any other visibly bloody body fluid or tissue) before penetration. Nonintact skin exposure is defined as con- 
tact of nonintact skin with any of these potentially infectious tissues or fluids. 

’Contact of mucous membranes (i.e., eyes, nose, mouth, or inner surfaces of the gut or genital areas) with blood, tissue, or other potential infectious body fluid (i.e., semen, vagi- 
nal fluid, cerebrospinal fluid, synovial fluid, pleural fluid, peritoneal fluid, pericardial fluid, amniotic fluid, or any other visibly bloody body fluid or tissue). 

“Superficial exposure of intact skin (but not of mucous membranes) with blood, tissue, or other potential infectious body fluid (ie., semen, vaginal fluid, cerebrospinal fluid, 
synovial fluid, pleural fluid, peritoneal fluid, pericardial fluid, amniotic fluid, or any other visibly bloody body fluid or tissue). 

Reproduced from Chapman LE, et al. Recommendations for postexposure interventions to prevent infection with hepatitis B virus, hepatitis C virus, or human immunodeficiency 
virus, and tetanus in persons wounded during bombings and other mass-casualty events—United States, 2008. MMWR Recomm Rep. 2008;57(RR-6):1-21. 


Debridement 


A thorough, systematic inspection of wounds caused by a blast injury is necessary to explore the full extent of the soft tissue damage. This often requires 
extension of the traumatic wounds along the longitudinal axis of the limb outside the apparent zone of superficial trauma. Blast injuries commonly 
contaminate extensively along the fascial planes. 

Sharp surgical debridement to remove all nonviable tissue, including skin, fat, fascia, muscle, and bone devoid of any soft tissue attachments is the 
mainstay of this treatment. Irrigation of sterile fluid throughout the wound is a common adjunct to aggressive sharp debridement. Hemostasis should also be 
confirmed prior to application of a sterile dressing. Wounds caused by a blast injury will continue to evolve over the subsequent 24 to 72 hours and as such, 
require routine return trips to the operating room for serial wound debridements until tissue necrosis stabilizes. 


Other Soft Tissue Structures 


Damaged nerves and tendons may be tagged at time of initial surgery for possible repair at the time of wound closure once the wound is free of infection. 
Aggressive traction neurectomy is no longer recommended due to development of targeted muscle reinnervation (TMR) or regenerative peripheral nerve 
interface (RPNI) techniques. Following initial debridement, the wounds should be dressed with a dry, bulky, sterile dressing to absorb any exudate if a 
wound vacuum is not available. If resources allow, antibiotic beads or pouches may also be utilized. Wounds should never be primarily closed at time of 
initial debridement and should only be attempted once the wound is free from infection. 


Management of Small Fragment Injuries 


While the conventional approach to the management of penetrating wounds is by exploration, debridement, excision of dead tissue, and delayed primary 
closure, experimental evidence and clinical experience suggest that selected low-energy transfer small fragment wounds may be safely managed 
nonoperatively.™!%1238 They are treated nonsurgically by thorough wound scrub and then left to heal by secondary intention. The wounds are usually less 
than 1 cm deep by 2 cm long, limited to soft tissue, and not associated with a substantial wound cavity (defined as an inability to probe the wound with a 
single digit); they should not be grossly contaminated, with no signs of hematoma, underlying soft tissue disruption, comminution of bone, or neurovascular 
injury.’* 

Most fragments from modern antipersonnel munitions weigh only a few hundred milligrams. These are initiated at high velocity (1,000 m/s), but their 
low mass and irregular shape lead to a rapid reduction in velocity.!° Animal studies have shown that the energy transfer from these fragments to the soft 
tissues is 25 to 30 J and the soft tissue damage extends only a few millimeters from the entry wound margin. The amount of devitalized muscle amounts to 
only a few hundred milligrams within the wound track for up to 24 hours and to around a gram by 3 days, with frankly necrotic tissue in the tract. However, 
by 7 days, the tissue in the tract consists almost entirely of granulation, with little necrosis.'' These findings are supported by data from the International 
Committee of the Red Cross (ICRC) war surgery hospital in Quetta, Pakistan, which showed that out of 866 low-energy transfer wounds treated 
nonoperatively, there were only two instances of wound infection.9 More recently, a study from the U.K. Field Hospital in Iraq has shown that over 80% of 
low-energy transfer wounds could be safely treated nonoperatively with no complications reported.”4 


Compartment Syndrome 


Compartment syndrome is a limb-threatening condition observed when perfusion pressure falls below intracompartmental pressure in a closed anatomic 
space. Fascial compartments tighten and swell when they become ischemic for more than 4 to 6 hours, which can result in permanent muscle damage. 
Bleeding, edema, or inflammation may increase the pressure within one of the myofascial compartments. This leads to decreased capillary flow, which 
results in ischemia, edema, and further increase in the pressure of the compartment. A vicious cycle occurs that ultimately leads to the necrosis of the nerves 
and muscles within the compartment if not released.4? Compartment syndrome can occur in any location with the most common being the lower leg, 
followed by the forearm. It can also occur in the hand, foot, thigh, and gluteal area. In an alert and awake patient, it is a clinical diagnosis with extreme pain 
out of proportion with the apparent injury, tense compartments, and pain with passive stretch of a muscle group within the affected compartment. The 
diagnosis of impending compartment syndrome is more challenging in the obtunded patient. Compartmental pressures can be measured; a compartment 
pressure within 30 mm Hg of the patient’s diastolic blood pressure, referred to as the A P or perfusion pressure, has typically been used to aid in decision 
making; however, recent data questions its use to diagnosis an acute compartment syndrome.®? Since early detection is challenging, prophylactic fasciotomy 
should be routine when compartment syndrome is likely. Prophylactic fasciotomy is most commonly indicated in patients with certain “at-risk” fractures, in 
patients with prolonged ischemia, or following limb reperfusion in the setting of vascular injury. In the austere environment, there is a low threshold to 
perform fasciotomies in patients at risk for developing compartment syndrome. The difficulties associated with monitoring a patient’s physical examination 
during lengthy periods of transport must be considered in these settings, along with the inability to intervene surgically during patient evacuation. 

Blast can cause fracture, tissue loss, and vascular injury, all of which place the extremities at risk of developing compartment syndrome. In addition, in 


the postexplosion environment, a number of factors may prevent prompt diagnosis of the condition; namely, multiple casualties from a single explosion may 
reduce the opportunity for serial examinations, casualties suffering multiple distracting injuries, analgesics, sedation, edema formation or delayed bleeding 
into compartments following adequate resuscitation, and application of constrictive splints. In a study of complications after fasciotomy revision and 
delayed compartment release in U.S. combat casualties, Ritenour et al.4 found that out of 332 patients undergoing fasciotomies, 17% required a revision 
procedure. In the revised group, there were statistically higher rates of muscle excision (35% vs. 9%) and mortality (20% vs. 6%). Those casualties who 
received fasciotomies after evacuation had amputation rates twice those who had fasciotomies in theatre (31% vs. 15%). The most common compartments 
that were inadequately decompressed were the anterior and deep posterior compartments of the lower leg. The authors concluded that there was a need for 
increased vigilance for compartment syndrome in severely injured patients and they urged the early use of complete fasciotomies and prophylactic 
fasciotomies in high-risk patients. 


Management of Skeletal Injury 


The use of traction or splinting of ballistic femoral fractures was shown to be an effective treatment over 90 years ago, and during the First World War in 
deployed forward hospitals, it helped to reduce the mortality of such injuries from 80% to 20%.’! This method remains as valuable now as then and is used 
to good effect by military orthopaedic surgeons in Iraq and Afghanistan and by the ICRC hospitals.7*° Traction and plaster immobilization are therefore 
entirely suitable for the initial treatment of fractures when resources are stretched due to mass casualty situations or austere environments. 

Although an area of considerable debate in the past, the role of acute external fixation has become increasingly accepted. The advantages of external 
fixation include facilitation of transportation of wounded patients with fractured extremities, allowing access to soft tissue wounds and thereby enabling 
effective wound care, and rapid stabilization of the skeletal system to permit revascularization procedures. In addition, temporary external fixation may 
provide systemic benefits similar to those reported in multiply injured civilian patients undergoing “damage control orthopaedics.” 69-88 

However, their use in ballistic trauma is not without complications. Clasper and Phillips prospectively followed up 15 external fixators applied in the 
management of war injuries during the 2003 Gulf conflict. They found that 13 (86.7%) required early revision or removal due to complications of the injury 
or the fixator; 67% had instability of the fixator, 20% developed pin site infections refractory to intravenous antibiotics, and 33% developed pin loosening. 
They concluded that external fixators were associated with a high early complication rate and cautioned against its universal application in war injuries and 
recommended that if used, multiple pins and bars be utilized to improve the rigidity of the fixator construct and that bridging configurations should be 
avoided.*! 

The following are indications for the use of external fixation: 


e Unstable fractures, due to severe comminution or bone loss where a plaster splint will not maintain adequate stability 

e Severe soft tissue injury, where routine dressing changes may be required or where microvascular anastomosis may be required such as for free tissue 
transfer in a delayed fashion 
Fractures with associated vascular injury, where vascular shunting and/or repair is required 
Multiple extremity injuries 

e Patients requiring lengthy evacuation 


Traditionally, there has been no place for internal fixation (intramedullary nails or plate fixation) in the acute management of war injuries, where the 
greatest data concerning blast injury are found, due to the related high risk of infection and complications. The high infection rate after primary 
intramedullary nailing has been confirmed in animal models!’ and in civilian studies on the management of open fractures when dirty water or 
agricultural contaminants are present.? Definitive fixation is delayed until the patient reaches an appropriate level of care and the concern for active wound 
infection has diminished. 


Amputations 


The treatment of severe, limb-threatening injuries often necessitates an immediate or early decision between limb reconstruction/limb salvage techniques 
and amputation. A more complete review of this topic is found in Chapter 18. In short, the initial decision requires a prediction of treatment outcomes on the 
basis of patient and injury characteristics in addition to available resources. Factors that may mitigate toward amputation include the following: 


Irreparable vascular injury 

Warm ischemia greater than 8 hours 

Severe crush with minimal remaining viable tissue 

A severely damaged limb which may constitute a threat to the patient’s life 


A number of scoring systems have been developed to aid the surgeon in making the difficult decision to amputate. However, no single scoring system 
has proven to have both high sensitivity and specificity for predicting amputation versus successful limb salvage.® The scoring systems utilize a variety of 
different components including patient age, shock, severity of bone, muscle, skin, nerve, vascular, and soft tissue injuries, contamination, and time to 
treatment. The only factor considered in all scoring systems is warm ischemia time.® It has previously been thought that the presence of an insensate foot at 
the time of injury was an indication for amputation. Evidence from the Lower-Extremity Assessment Project (LEAP) study, however, has shown that 
plantar sensation can return and therefore should not be used as a determining factor for amputation.>°© The decision to amputate should be made by the 
most senior surgeon available and ideally should be made by two surgeons and documented clearly in the medical notes. The huge psychological cost of 
such injuries cannot be underestimated and often patients are unwilling to undergo primary amputation following injury. In these cases, where the patient’s 
physiologic state is favorable, initial salvage may be attempted, with amputation occurring at a later stage. A consensus statement on performing 
amputations following ballistic injury was published by the Academic Department of Military Surgery and Trauma, United Kingdom with similar 
guidelines published by the U.S. military Joint Trauma System Clinical Practice Guideline and is summarized in Table 15-3.2276 


Ongoing Care and Reconstruction 

The reconstruction of extremity blast injury involves a hierarchy of management goals that aim to achieve”: 
e A clean, noncontaminated wound 

e Removal of all dead tissue 

e Stabilization of fractures 


e Timely coverage of exposed tendon and bone 
e Provision of robust, well-vascularized coverage over nerve grafts and musculotendinous units 
e Provision of robust soft tissue coverage of amputation stumps 


TABLE 15-3. Guidelines for Amputations Following Blast/Ballistic Trauma 


Preoperative 

The examination findings, together with the indications to amputate should be documented 
Existing limb salvage scores should not be used 

Where possible, the decision to amputate should be confirmed with a second surgeon 

All wounds to be photographed. Radiographs should be obtained prior to amputation 
Neurologic dysfunction should not be part of the limb salvage algorithm 

Operative Technique 

The site of the amputation should be the lowest level possible 

Guillotine amputations should not be performed 

No fashioning of flaps at initial debridement 

Bones should be cut at the most distal soft tissue level 

Amputations should not be carried out at the level of any fracture unless this is the appropriate skin/soft tissue level 
No part of the wound to be closed at initial surgery 

No attempt to be made to prevent skin retraction 


Through-knee amputation is acceptable if appropriate 


Adapted from Clasper J. Amputations of the lower limb: a multidisciplinary consensus. J R Army Med Corps. 2007;153(3):172-174, with permission from BMJ Publishing Group Ltd. 


Definitive Fracture Stabilization 


The fracture pattern and surrounding soft tissue envelope must be taken into consideration in the management of fractures sustained by blasts. Definitive 
fracture management of blast injury fractures should not be attempted until the wound and soft tissue injury progression has stabilized and there is no 
concern for infection. Basic principles of fracture management should be utilized when addressing the bony injury. Segmental bone defects should be 
addressed according to surgeon preference. In addition, care should be taken not to amputate through the most proximal fracture if stabilization of the 
fracture can result in an improved functional outcome and the associated wounds make salvage at the more distal level possible. For example, stabilizing a 
subtrochanteric femur fracture to allow for a more traditional above-knee amputation or stabilizing a tibial plateau fracture to salvage a below-knee 
amputation in what would otherwise be a knee disarticulation or above-knee amputation can be performed when the injury pattern permits. 


Soft Tissue Reconstruction 


It is generally not possible to reliably debride highly contaminated blast wounds in a single operative setting, and severe infective complications can arise 
from premature closure of open fractures in these injuries. It is prudent to delay soft tissue reconstruction until the wounds are macroscopically clean and 
remain so on two successive debridements 24 to 48 hours apart with no physiologic signs of sepsis.°° 

Negative pressure wound therapy can be used to help manage the wound and any associated dead space between debridements, preparing it for soft 
tissue coverage, when required.°° It is important to note that negative pressure wound therapy is not a substitute for an adequate debridement. In general, it 
is wise to limit operative time in the multiply injured blast patient, keeping reconstruction as simple as possible. However, prompt complex microsurgical 
reconstruction should be considered where there is a clear benefit to be had from early (rather than delayed) reconstruction and the patient is physiologically 
well enough to tolerate prolonged surgery. In selecting flap options, every effort should be made to minimize donor morbidity in the often already disabled 
patient. 

Local flap options are often not available due to extensive, discontinuous multiple fragmentation injuries with associated soft tissue damage. As blast 
wounds may take a considerable length of time before they are clean enough to close, it is possible to delay regional flaps, avoiding prolonged microsurgical 
operations. All patients routinely undergo angiography prior to free tissue transfer as fragmentation injuries to proximal pedicles may be present and 
thrombosis of recipient vessels can occur. The nature of blast fragmentation injury means it is often not possible to get proximal from the zone of injury and 
microanastomosis must be performed within the zone of trauma. However, if the blood flow is good and there is no sign of intimal injury, free tissue 
transfer can be safe and reliable.5>70°8 Flap selection is challenging and potential donor site morbidity should be a major factor in flap selection. 

Split-thickness skin grafting or skin substitutes may be used in blast-injured tissue following through debridement if the wound bed is amenable. Integra 
(INTEGRA™ Bilayer Matrix Wound Dressing) can be used and provides a more pliable result compared with simple split-skin grafting, with less wound 
contraction.®! 


Gunshot Wounds 


INTRODUCTION 


Nonfatal firearm injuries accounted for nearly 85,000 injuries in 2015 in the United States, as reported by the Centers for Disease Control. This was nearly 
an increase in 15,000 nonfatal firearm-related injuries since 2005.1 These injuries are also extremely common on the battlefield. Extremity injuries account 
for more than 50% of all injuries on the battlefield and GSWs are the second most common mechanism of injury (16%) behind blast injury (36%).°° As 


such, it is increasingly likely that an orthopaedic surgeon will care for a nonfatal firearm-related injury. 
The wide spectrum of wounding agents available from small caliber handguns to fully automatic assault rifles means that the resultant pattern of injury 
can be vastly different. Fundamentally, the wounding effects of any projectile can be determined by the following®*: 


e The physical properties of the missile (mass, velocity, shape, construction, and stability in tissue) 
e The flight characteristics (velocity, stability in flight, and tumbling characteristics) 
e The interaction of the projectile with differing types of tissue (e.g., bone vs. soft tissue) 


Firearms can be broadly classified into shotguns, handguns, and rifles and each can potentially be fired either manually (i.e., the ammunition must be 
manually loaded into the firing chamber), semiautomatically (single-shot firing), or automatically (firing in bursts). 


TYPES OF GUNS 


SHOTGUNS 


Shotguns have a smooth bore and can fire either multiple pellets or a single large projectile called a slug (Fig. 15-9). The pellets are contained within a 
shotgun cartridge called a shell and are collectively known as the shot and their number depends on the size of the cartridge. In general, the pellets range in 
diameter from 1 to 10 mm, falling into two major categories, the smaller size, birdshot, and the large size, buckshot. The wadding is used to isolate the shot 
from the propellant and prevent it from rubbing against the inner wall of the barrel. 
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Figure 15-9. Shotgun shell. A shotgun shell consists of the primer, powder, wad, and shot. All of this is contained in the shell casing. When powder burning is 
initiated by the primer, the wadding propels the shot down the barrel and into free flight. 
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Figure 15-10. Barrel types: smoothbore (shotgun) and rifled. The smoothbore barrel is commonly used for shotguns, whereas a rifled barrel is used in both rifles and 
handguns. 


On firing the shotgun, it is the shot charge and the wadding that leave the muzzle, following which the shot expands and lengthens. The distribution of 
pellets, or pattern, is determined by the choke, a constriction of the bore at the muzzle end of the barrel. 


HANDGUNS AND RIFLES 


A handgun is a short firearm that can usually be held with one hand and is either referred to as a revolver, where a small number of rounds are loaded in a 
revolving drum, or a pistol where rounds are loaded in a magazine. There is no clear definition of a handgun but the barrel is usually less than 30 cm in 
length. 

Rifles are long-barreled firearms that are capable of firing more powerful ammunition than handguns. As such, they have more substantial breeches and 
have longer barrels to control the greater energy. 

Confusingly, both rifles and handguns have rifled barrels compared to the typically smooth barrel shotgun (Fig. 15-10). Rifling refers to the series of 
spiral parallel grooves that are cut into the bore (inner surface of the barrel). 


AMMUNITION 


Conventionally, ammunition consists of four components: the case, primer, propellant, and bullet (Fig. 15-11). Collectively they are known as a round of 
ammunition. The bullet is the part of the round that is released from the barrel and hits the target. The cartridge case contains the propellant with the bullet 
mounted on the open end of the case and the primer incorporated into the closed end (base).2° 

Combustion of the powder ignited by the primer produces rapidly expanding gases that propel the projectile out of the case and down the barrel of the 
gun. During its acceleration, the bullet gains forward motion as well as rotation along its longitudinal axis (spin) as it encounters the grooves of the rifled 
bore. This rotation (spin) due to the rifling of the barrel serves to gyroscopically stabilize the bullet during its flight, thus increasing both its velocity, which 
improves its range, and accuracy. 

Most bullets are composed of a lead alloy and they can be either jacketed or solid. Jacketed bullets have a core of lead covered by a coating of a harder 
metal, such as cupronickel or steel alloy. Partially jacketed bullets have the tip either left exposed (“soft point”) or hollowed (“hollow point”). These 
typically flatten when striking soft tissue at sufficient velocity. The increased surface area of the bullet causes significant energy transfer into the casualty 
leading to far more significant injuries. As such, any similar expansible construct is banned for military purposes under the Hague Convention of 1899. 
However, they are still available for civilian use and are most commonly used with hunting rifles and handguns. 
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Figure 15-11. Schematic drawing of a cartridge. An entire cartridge is made up of the cartridge case, the bullet, a primer, and powder. When struck, the primer 
initiates powder burning, generating the pressure to propel the bullet in flight. 
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Figure 15-12. A bullet is stable when the axis of the projectile is the same as or approaches the line of flight. 


Within military weapons, the bullet is fully jacketed and is known as a “full metal jacket.” The jacket also prevents the softer lead core from being 
stripped and deposited within the rifled barrel during firing. 


WOUND BALLISTICS 


The tissue damage that a bullet is capable of producing is referred to as its wounding potential. This wounding potential is related to the amount of KE that 
the bullet possesses when it strikes the target. The KE of a bullet can be calculated from the familiar equation: 


KE = 1/2(mv?) 


where m = mass of bullet and v = impact velocity of bullet. 

As a consequence, it has previously been thought that the muzzle velocity (the velocity that bullet leaves the barrel) is synonymous to the amount of 
damage that the bullet causes when it strikes the target. This led to the concept of low- (<2,000 feet/s or 600 m/s) and high-velocity (>2,000 feet/s or 600 
m/s) bullet wounds being developed. However, the KE that the bullet possesses is only one part of the equation. It is only the energy that is delivered to the 
tissue itself that can result in wound production. If a bullet comes to rest within the body without deforming or fragmenting, its entire KE is transferred into 
the tissues. Whereas, if the bullet perforates through the body, then only part of its KE is used up to cause injury. Hence, it is more appropriate to consider 
wounding in terms of low- or high-energy transfer. Some authors regard 400 J as the cutoff between low- and high-energy transfer wounds. 

The amount of energy transferred into the body will depend, to a large extent, on the viscoelastic properties of various tissues that may react in different 
ways to bullets of similar size and velocity. For example, a bullet passing through lung tissue may only transfer a small amount of energy to the local tissue 
compared to a similar bullet that is stopped when it hits cortical bone. Therefore, an important marker of wound severity is the rate of energy loss from the 
bullet in transit through the target tissue. This is determined by drag, which is the force causing the retardation of the projectile. 

Drag (Fp) is related to the density of the surrounding medium (p), the cross-sectional area of the projectile on a plane perpendicular to its motion 


(presenting or frontal area, A), and its velocity (v), according to the equation: 
A/mm "he 2 
Fp = 1/2(C,pAv?) 


where C,, is the drag coefficient. 

Because of the exponential effect of velocity on drag, the KE loss in tissue will be much greater with high-velocity missiles. Similarly, increasing the 
presenting area of the projectile will have a significant effect on the amount of energy imparted into the tissues. In order to understand the motion of the 
bullet as it passes through tissue, it is important to appreciate the movement of the bullet as it travels through the air. 

Bullets are designed to afford the minimum area of presentation to reduce drag and to maintain velocity while traveling through the air. This leads to the 
elongated pointed body that is seen in their design. A stable bullet is one that is traveling nose-on with its axis always close to its trajectory (Fig. 15-12). 
When this axis deviates from the trajectory, the bullets’ presenting area will increase. This deviation is called yawing and the amount of deviation is 
measured by the angle of yaw (Fig. 15-13). 

Yawing occurs around the bullet’s center of mass. It is inherent in all bullets flying nose on and is initially exaggerated when the bullet exits the barrel 
of the weapon due to the destabilizing effects of the muzzle vibration and the burst of propellant gases. Any degree of yaw will generate drag and create an 
overturning moment that will tend to destabilize the projectile. This effect is counteracted gyroscopically by the high rate of spin imparted to the bullet from 
the rifled grooves in the bore. This spin stabilization is not instantaneous and causes a spiraling motion around the axis of trajectory called precession. This 
is analogous to the wobbling motion of a spinning top that has been knocked sideways. Within a distance of 100 m, the precession is typically damped and 
the bullet flies virtually nose-on until it enters the body. 
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Figure 15-13. The angle that the axis of the projectile deviates from the line of flight is referred to as yaw, which increases as the projectile becomes less stable. 


Once the bullet hits the body, it cannot maintain its previous orientation because the stabilizing effects of spin are overcome by the tissue density 


exceeding that of air by a factor of 800 or more. As soon as this occurs, the overturning moment will increase the angle of yaw. Once the angle of yaw 
exceeds 15 degrees, the bullet will start to tumble. Yaw in tissue has a major influence on the wounding mechanism because it will create a greater 
presenting surface area to damage tissue as well as increasing drag significantly. This leads to maximum energy transfer. In addition, if a rifle bullet 
traverses soft tissue sideways above 600 m/s, the excessive stresses on the bullet will cause flattening of the cylindrical body and even fragmentation of the 
bullet, leading to multiple wound tracks. 


BULLET-TISSUE INTERFACE 


Unlike penetrating trauma from stabbing, the energy transfer from bullets produces both direct as well as indirect damage to the tissues. Direct injury occurs 
when the bullet encounters the soft tissue interface. Rapid distension of the tissue results in rupture by the bullet’s leading edge and results in tissue 
laceration surrounded by contusion. When the bullet penetrates at high velocity, high hydrodynamic pressures develop in the immediate vicinity, producing 
more substantial injury. This is known as the permanent cavity and is typically the size of the contact area of the bullet (Fig. 15-14). It should be recognized 
that the size and course of the permanent track will be altered by factors such as fragmentation of the bullet or the trajectory being altered by striking bone. 

As the bullet passes through the tissue, the tissue is forcibly detached from the projectile by flow separation. This then proceeds to cause a dynamic, 
very short—duration radial tissue displacement that is the result of momentum imparted on the soft tissue leading it to be accelerated en masse at right angles 
to the direction of its trajectory, creating a void or temporary cavity (see Fig. 15-14). As a result of the inertia of the soft tissue, this cavity formation 
significantly lags behind the bullet and reaches its maximum volume approximately 1 ms after its passage, but can be as much as 10 to 40 times the 
diameter of the permanent cavity. Thereafter, tissue elasticity and the pressure differential between the low-pressure cavity and higher pressure—displaced 
tissues cause the cavity walls to pulsate and eventually collapse, leaving the permanent cavity. 
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Figure 15-14. Pictorial description of the formation of the temporary and permanent cavities. Note the tumbling of the bullet as it passes through the tissue. Where the 
bullet is perpendicular to the trajectory, maximal energy is transferred, which is often the location of the widest diameter of tissue damage. 


The maximum volume of the temporary cavity is related to the amount of KE transferred by the bullet into the tissue combined with the elastic 
properties of the tissue. Hence the clinical significance depends upon the size of the cavity and more importantly the characteristics of the tissue injured. 
The temporary cavities formed from relatively low-velocity bullets are not large enough to cause significant injury. Cavity formation becomes clinically 
important when bullet impact velocities exceed 400 m/s. 

The mechanism of tissue damage from cavitation is due to the rapid radial stretching. This leads to peripheral compression by the expanding cavity, as 
well as significant shearing effects related to tissue heterogeneity. For example, skeletal muscle is extremely elastic and can therefore tolerate the rapid 
deformation caused by cavitation compared to the relatively inelastic liver, which is more likely to be disrupted. As demonstrated in Figure 15-14, the shape 
and location of the temporary cavity are also intimately related to the degree of energy transfer during the bullet’s progression. As the bullet enters the 
tissue, it initially maintains stability, leading to a relatively low-energy transfer and consequently a small temporary cavity. However, as the bullet starts to 
yaw, the presenting area increases which causes increased drag and subsequent increase in energy transfer. At this stage, the temporary cavity is greatest 
when the bullet is exposed to maximal drag. The shape and location of the cavity are therefore also related to the characteristics of the bullet. Bullets that are 
not fully jacketed, and therefore expandable, will have a shorter neck as the bullet deforms rapidly on impact, causing a larger temporary cavity closer to the 
entry site. 

The damage from the temporary cavity can be extremely extensive. The high pressures exerted on the bone surface by the rapidly expanding cavity have 
been shown to result in indirect fractures. Animal studies have shown that these fractures are usually simple in configuration with little comminution and the 
bone fragments retain their periosteal attachments and therefore likely to remain viable.!°®° Capillaries and small blood vessels are mainly affected, 
resulting in areas of focal bleeding. Large vessels not severed by the bullet tend to avoid injury due to their elasticity, although they may still be susceptible 
to intimal injury and thrombosis. Peripheral nerves can also be stretched, leading to a prolonged block to conduction (neurapraxia), which can take a 
significant time to recover.>® 


EVALUATION AND MANAGEMENT OF GUNSHOT WOUNDS 


INITIAL EVALUATION 


As with any major trauma, the patient should be initially stabilized using ATLS protocols.” At that stage, the patient should be exposed and examined for 
wounds. Witness statements or police information may help to provide clues as to the type of weapon used and proximity of the victim to the weapon, all of 
which can help determine whether this is likely to be a high- or low-velocity GSW. The presence of a single wound should alert the possibility of a retained 
bullet, but it is important to fully expose the patient to ensure that there is not a distant exit wound due to an altered path of the bullet. The limb itself should 
be inspected for pallor, level of soft tissue injury, gross contamination, compartment swelling, joint effusion, and the presence of exposed bone fragments. 
Where there is any concern about the vascularity of the limb (e.g., poor perfusion, diminished distal pulses, pulsatile bleeding), a formal vascular 
examination is required with measurement of the ankle-brachial index (ABT) or ankle-brachial pressure index (ABPI) (<0.9 is suggestive of injury) and if 
continued concern exists, a CT angiography can be performed to determine if a vascular injury is present that will require emergent surgical intervention. 

In addition, a formal neurologic assessment is required to provide a baseline of nerve function. The wounds themselves should be photographed, 
irrigated if time permits, and covered with a dressing. Tetanus prophylaxis should be given as per local hospital protocols. The injured limb should have 
standard radiographs to assess for fracture, retained fragments, and possible joint injury. At the time of radiograph, the placement of a radiodense marker on 
the wound (e.g., a paperclip) can help determine the bullet trajectory as well as provide useful forensic information in the future.’°-8° As with standard 
trauma fracture management, the fracture is reduced if possible and splinted with plaster. In cases where there is significant injury to the hip joint or there 
are retained metallic or bone fragment in the joint, skeletal traction can be applied. 

The initial management of GSWs is dependent upon the nature of the injury and the amount of energy transferred from the bullet into the tissue. As a 
result, these injuries are typically categorized as either low velocity or high velocity based on the muzzle velocity, which corresponds to the degree of KE 
imparted to the bone and surrounding soft tissues on impact. 


MANAGEMENT OF LOW-VELOCITY GUNSHOT WOUNDS 


In most low-velocity GSW injuries, formal debridement is not required. Simple local wound care of the entry and exit site, combined with a short course of 
an oral broad-spectrum antibiotic (e.g., cephalosporin) or single dose of intravenous antibiotics will suffice.2°-5879! If there is a stable fracture that is 
amenable to nonoperative management, then cast immobilization with a window to allow wound care is appropriate. Where surgical fixation of the fracture 
is warranted, the injury can be treated as a closed fracture. However, caution should be exercised when dealing with fractures involving the ulna and tibia, 
which are relatively exposed due to their subcutaneous nature resulting in increased rates of subsequent infection.*° The risk of exposed bone fragments into 
the wound is high and such fractures should be treated as any open fracture with thorough wound excision, debridement, appropriate fracture stabilization, 
and soft tissue coverage if required. 


MANAGEMENT OF HIGH-VELOCITY GUNSHOT WOUNDS 


In high-velocity wounds, the principle of management is similar to that of blast injuries. Priority is given to life- and limb-saving procedures. 


Antibiotics Regimen 


The risk of infection is much greater in high-energy injuries due to the amount of soft tissue injury. As a result, unlike low-velocity gunshot injuries, these 
injuries are always treated similarly to open fractures. Therefore, early administration of antibiotics is required as a delay in antibiotic administration is 
associated with an increased risk of infection in open fractures.°° Specific antibiotic regimes will vary depending on national guidelines, or local policy; 
however, a first-generation cephalosporin such as cefazolin can be recommended for a period of 48 to 72 hours, without the addition of enhanced gram- 
negative coverage, even for type III open fractures.® As these wounds may require repeat debridement and irrigations, the decision to continue antibiotics 
for a longer duration can be made during the subsequent debridement. Typically, antibiotics should be discontinued within 24 to 72 hours following wound 
closure or soft tissue coverage. In cases of severe soft tissue injury, gross contamination, or large soft tissue defects, local antibiotic delivery should be 
considered. In wounds that can be definitely closed, antibiotic-impregnated absorbable carriers such as calcium sulphate can be used. In wounds that require 
repeat debridement, the use of antibiotic-impregnated polymethylmethacrylate (PMMA) beads or spacers can be considered. When using antibiotic- 
impregnated PMMA, in addition to providing high doses of local antibiotics, it can also assist in dead space management to help prepare the wound bed for 
subsequent soft tissue closure or coverage. 


Wound Debridement 


The degree of wound debridement required is dependent upon the severity of soft tissue injury and level of contamination found. For instance, although the 
individual pellets from a shotgun injury can be relatively low-energy transfer, the combined effects of hundreds of pellets fired from a short distance can 
result in a large area of damaged soft tissue that will need to be debrided. In addition, a shotgun injury at close range can result in retained wadding within 
the wound and should be removed due to the level of soft tissue contamination commonly associated with it.4° The aim of debridement is to remove any 
devitalized tissue to reduce the risk of secondary infection following necrosis. If the level of soft tissue injury is macroscopically limited with no significant 
contusions, then minimal excision of the wound edges followed by liberal curettage and irrigation of the wound track is usually sufficient. The wound track 
can be thoroughly cleared by passing saline-soaked gauze swabs along its length. The wound track can then be lightly packed, and the wound examined 
after 48 to 72 hours where the pack is removed and the wound can be closed. When the soft tissue injury is more severe, a more formal debridement is 
necessary with the track laid open and the wounds left open. The wounds are then covered with either saline-soaked gauze or negative pressure therapy 
dressings and re-examined on a serial basis every 48 to 72 hours until the wound is clean and ready for closure or they can be allowed to heal by secondary 
intention. 


Retained Fragments 


Retained bullet fragments are generally benign and can commonly be left in place as long as they are not located in a location that will cause pain, that is, 
palm of hand, sole of foot, or periarticular, or are intra-articular due to concern for lead poisoning (Fig. 15-15). However, there have been cases reported 
within the literature of symptomatic lead toxicity from otherwise benign-appearing retained bullet fragments. While the evidence is limited, some authors 
have recommended routine monitoring of blood lead levels in patients with extra-articular retained bullet fragments.®” 


Figure 15-15. Lateral radiograph of the hip showing a retained fragment from a low-velocity handgun that caused a minimally displaced intertrochanteric hip fracture 
(arrow). This patient was ultimately treated with internal fixation without fragment removal. 


However, in close-range shotgun injuries, a surgical debridement is often warranted, largely due to the retained wadding material which can serve as a 
nidus for infection (Fig. 15-16). 


While high-energy intra-articular injuries should typically undergo a formal debridement, low-energy injuries are typically treated on a case-by-case basis. 
Those injuries where the bullet has come to rest in soft tissues after passing through the joint with minimal articular damage can typically be managed 
nonoperatively. If there is any concern of contamination or debris within the joint, however, a formal debridement should ensue to minimize the risk of 
septic and/or posttraumatic arthritis. Arthroscopic debridement of low-energy GSWs to the knee has been recommended as an acceptable alternative to open 
surgical debridement by some authors, !°° which allows the evaluation of soft tissue injury, such as meniscal injuries, while simultaneously debriding loose 
bodies and/or retained bullet fragments within the joint. It is important to note that during the debridement, large osteochondral fragments should be retained 
and fixed when possible. Intra-articular injuries that are severely comminuted or unreconstructable will likely require arthrodesis or arthroplasty at a later 
date once there is no concern for infection and the soft tissues have healed. 


Transabdominal gunshot injuries to the hip and pelvis constitute a unique injury that warrants further work-up to determine if there is damage to the 
surrounding gastrointestinal tract, as spillage of the contents can increase the risk of infection. The data describing outcomes following gunshot injuries to 
the hip and pelvis are somewhat limited due to the low numbers of injuries and variations of debridement and types of antibiotics administered. However, 
using the available evidence, the authors recommend formal debridement of intra-articular contamination in transabdominal gunshot injuries when there is a 


known bowel injury. On the other hand, extra-articular fractures of the pelvis, even with a known bowel injury, can commonly be managed with broad- 
spectrum antibiotics without the need for a formal debridement.®* 


Vascular Injuries 


With a known vascular injury associated with a GSW, the goals are to gain proximal and distal control of the vessel and perform a shunt or definitive repair 
if feasible. Proximal control can be gained either through pneumatic tourniquet use in distal injuries or formal surgical vascular control in the abdomen or 
groin in more proximal lesions. Once proximal and distal control have been achieved, the vascular injury is assessed and treated. In cases of multiple GSWs 
or where there is a mass shooting event resulting in large number of casualties, definite vascular repair in the form of an autologous vein graft may not be 
possible. In these cases, temporary vascular shunting can be performed to maintain limb perfusion, followed by definitive vessel repair at a later date once 
the physiologic condition of the patient allows. 


Figure 15-16. A close-range shotgun injury should always raise concern. While the initial wound appeared rather minor (A), multiple pellets, wading, and a portion of 
the patient’s shirt (B) were all debrided from the wound. C: Because of the extent of soft tissue damage, a repeat debridement was required to ensure all contamination 
and nonviable tissue was debrided. 


There continues to be controversy about whether associated fracture stabilization or vascular repair should occur first in combined vascular and 
orthopaedic injuries. There is no consensus in the literature as to which option is best, and should be decided on a case-by-case basis between the 
orthopaedic and vascular surgical teams managing the patient. A recent multicenter study found that initial osseous fixation resulted in a 13% amputation 
rate as compared with 25% when the vascular repair preceded the skeletal reconstruction.°° Proponents of initial fracture stabilization argue that this allows 
a stable construct to prevent any injury from shear/traction on the vascular repair, but this must be balanced with prolonging ischemia time. The use of 
vascular shunting is a reasonable option but requires the vascular surgeon to be present before and after fracture fixation. Regardless of order of operations, 
prophylactic fasciotomies of the distal compartments should also be performed following reperfusion of the limb. 


Nerve Injuries 


The key to the management of nerve injuries in ballistic trauma relies on early recognition of the injury. Where possible, careful neurologic examination of 
the injured limb should be performed. It should be acknowledged that in a multiply injured casualty, this may not be possible and it may be several days 
before a full neurologic examination can occur. However, due to the close proximity of major nerves to vascular structures, the presence of a vascular injury 
should heighten the surgeon’s suspicion of a concomitant nerve injury. Much like vascular structures, the elasticity of nervous structures often means that, 
unless directly in the path of the passing bullet, laceration (neurotmesis) of the nerve is unlikely. However, experimental studies have demonstrated that 


nerves exposed to strain over 12% are likely to sustain axonotmesis and therefore the rapid radial expansion of the temporary cavity can cause significant 
intraneural damage. 

There are differing opinions on management of a lacerated nerve on initial exploration; some advocate for tagging the nerve ends with a nonabsorbable 
suture to facilitate repair later once the wound is clean, while others argue that this lengthens the nerve defect.” If the nerve is tagged, care should be taken 
to avoid causing additional injury to the nerve. When a nerve injury is suspected, nerve conduction studies should not be performed before 3 weeks after 
injury to allow signs of Wallerian degeneration to appear on the neurophysiologic studies. These patients should be clinically assessed on a regular basis to 
determine if there are signs of recovery. The presence of an advancing Tinel and improvements in muscle grading can be observed until recovery occurs. In 
patients that show no sign of improvement clinically or on neurophysiologic testing at 3 months, referral to a peripheral nerve injury specialist for 
consideration for nerve exploration is reasonable. Similarly, the presence of neuropathic pain syndromes of neurostenalgia, chronic regional pain syndrome, 
and posttraumatic neuralgia can be indicative of the need for exploration.®° In most cases, the nerve is often found intact but constricted in severe scar 
tissue, resulting in poor conduction and neuroma formation. In these cases, extensive neurolysis is required. The use of intraoperative nerve conduction 
studies can determine the function of the nerve following neurolysis and the need for excising nerve sections and using nerve conduits or donor nerve grafts. 
Whatever surgical treatment is performed, it is essential that the nerve is placed into a healthy tissue bed to facilitate recovery. This may necessitate the need 
to revise soft tissue coverage from split-thickness skin grafts to fasciocutaneous or free tissue flaps. Poor clinical results have been reported in up to 10% of 
ballistic nerve injuries with the common peroneal nerve, ulnar nerve, and median nerve fairing the worst. Where nerve reconstruction is not possible or not 
likely to be successful, then tendon transfers should be considered. 


Initial Skeletal Fixation 


The choice of initial skeletal stabilization will depend on the location of the injury, the severity of the bone injury, and the facilities available within the 
treatment center. In high-energy transfer wounds, the primary aim remains to remove any necrotic nonviable tissue that can form a potential nidus for 
infection. In terms of bone, those fragments that have no soft tissue attachments should be considered nonviable and be removed. For this, the “tug test” is 
applied where a bone that can be removed with gentle pressure from a pair of forceps should be considered nonviable. The exception to that rule is with 
periarticular injuries where the fragment has a chondral attachment and where removal can result in significant joint deficit. Similarly, the absence of 
punctate bleeding on the surface of cortical bone can also be a sign of nonviable bone and this may also need to be debrided back to bleeding cortical edges. 

Initial stabilization can be performed with splint immobilization, traction, or external fixation in these high-energy injuries. The aim is to restore length 
and alignment while providing adequate stability to allow the soft tissues to heal. In the case of high-energy ballistic injuries, this is commonly done through 
external fixation. Ideally, any temporary fixation should be applied outside the immediate zone of injury, and, when possible, distant to any planned 
definitive fixation, although pin-plate overlap does not appear to increase the risk of infection.°” 

The aim of traditional uniplanar external fixation is typically to restore length and alignment to allow resuscitation of the patient and the soft tissues 
prior to conversion to definitive fixation. In addition to providing bony stability, external fixation allows access to the wound for local wound care, vascular 
surgery, or plastic surgery, if required. When using temporary external fixation, it is ideal to perform definitive fixation within 2 weeks if using plates or 
intramedullary nails to minimize the risk of subsequent complications, such as infection.” Alternatively, a ringed external fixator can be used, which 
provides adequate bony stability, while also minimizing hardware and further surgical dissection in the zone of injury.°* 


SUMMARY 


Injuries once found exclusively in warfare can present in any major civilian center. The mechanism of injury from blast injury can be categorized into 
primary (blast wave mediated), secondary (fragment damage), tertiary (bodily displacement), and quartenary (burn mediated) effects. The relative effect of 
each blast injury mechanism is determined by the nature of the explosive and the environment in which the explosion occurs. The fundamental cornerstone 
of the management of blast injury is to rapidly correct the lethal triad of hypothermia, coagulopathy, and acidosis. The management of GSWs is related to 
the degree of energy that is transferred into the target tissue. Low-energy wounds can often be treated nonoperatively and any associated fractures can be 
managed as a closed injury. High-energy wounds and injuries involving subcutaneous bones such as the ulna and tibia will require more formal debridement 
and skeletal fixation. 
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CONCLUSION 


INTRODUCTION 


An open fracture occurs when there is a breach in the soft tissue envelope, resulting in communication between the external environment, the fracture, and 
its hematoma. Any skin breach occurring in a fractured limb should raise the suspicion of an open fracture, even if it is not directly over the fracture site. 
This is because a distant wound may communicate with the fracture under degloved skin. Any fracture associated with a wound in the same region must be 
considered to be an open injury until proven otherwise by surgical exploration. 

Contamination of the fracture site with external microorganisms poses the risk of fracture-related infection (FRI).!°? This risk is proportional to the 
extent of injury to the soft tissues and bone, as the associated devascularization caused by periosteal stripping, tissue contusion, and fracture comminution 
results in an increased susceptibility to infection and subsequent fracture nonunion. In higher-energy injuries, there may be bone and/or soft tissue loss 
which is likely to affect the options for fracture stabilization and compromises the vascularized envelope that can support bone union. 

Open fractures may also be associated with other problems, such as compartment syndrome, injury to muscles, tendons, or neurovascular structures 
causing long-term functional disability. As these fractures are often high-energy injuries and are frequently associated with life-threatening polytrauma, they 
are best managed by a team approach in centers that have appropriate facilities for resuscitation and multidisciplinary care. Recent developments, such as 
improved management of polytrauma, the prompt use of appropriate antibiotics, refinement in the techniques of wound excision, bone stabilization, and 
early soft tissue reconstruction, have helped to improve outcomes. The present challenge for the trauma surgeon is not simply salvage of the limb but the 


restoration of maximal function in the most patient-friendly way. Patients with a disfigured or painful limb are often very dissatisfied with the results of 
treatment which can result in them opting for amputation at the end of a prolonged treatment regimen. 

The ultimate goal of open fracture treatment is to achieve a painless, well-functioning limb, which is best achieved by preventing fracture-related 
infection, restoring the soft tissue envelope, achieving bone union, avoiding malunion, and instigating early joint movement and rehabilitation. Of these 
goals, the most important is the avoidance of infection as this outcome may, in turn, result in nonunion, pain, soft tissue compromise, and loss of function. 


HISTORICAL PERSPECTIVE 


The principles of treatment of open injuries have gradually evolved over the centuries, with significant advances in understanding, often resulting from 
experience gained in treating war injuries. The problem of wound contamination was recognized by Ambroise Paré who emphasized the need for cleaning 
wounds of all foreign matter and necrotic tissue and leaving the wound open.'!°1 In the 18th century, French surgeons Desault, LeDrain, Percy, and 
Dupuytren coined the term debridement to describe a procedure that involved surgical extension of a wound to unbridle swollen soft tissues from their 
enclosed fascia and to facilitate the removal of all necrotic and contaminated tissue.®™89 Despite these advances, the absence of antibiotics and aseptic 
surgical techniques, meant that the incidence of mortality and amputation following infection was very high. “Lose a limb to save a life” was an accepted 
dictum of management as gross infection of open injuries often led to gangrene, septicemia, and death. In 1866 Billroth reported a mortality of 39% 
following open injuries and an amputation rate of 29%.!8 During the American Civil War, the reported mortality for femoral fractures was 32% and the 
overall mortality for open fractures was 26%.!°4 

Tscherne described the evolution in understanding of open fracture management and divided it into four different eras: life preservation, limb 
preservation, infection prevention, and functional restoration.2!® World War I saw the successful beginning of the “Era of Life Preservation” as mortality 
was considerably reduced as a result of the application of the principles of good resuscitation, thorough debridement, stabilization, and avoiding closing the 
wounds. Before 1916, mortality from open femoral fractures caused by gunshots was estimated to be 80%. This reduced to 15.6% after these principles 
were adopted and in large part due to the use of Thomas splints to provide stability.” 

Through his experience of managing injuries during the Spanish Civil war, Trueta was able to demonstrate improved outcomes by combining prompt 
wound debridement and excision with skeletal stabilization achieved by limb immobilization in a plaster-of-Paris cast.2!7 

Survival continued to improve as sulfonamides and other antibiotics became available in World War II. Antibiotics were widely used during the Korean 
War, although it became clear that antibiotics were not a replacement for adequate wound excision. 

The 1970s saw major advances in both orthopaedic and plastic surgery leading to the “era of limb preservation.” The refinement of the principles and 
techniques of external fixation allowed rapid and effective stabilization of the skeleton in the presence of complex fracture patterns. By the 1980s, it was 
recognized that early stabilization of fractures saved lives and limbs.*! The advent of bone transport and ring fixators led to the possibility of successful 
bone regeneration even in the presence of major bone loss. Simultaneous advances in plastic surgery with the evolution of numerous flap options in 
different regions of the body, together with the development of microvascular free tissue transfer, made reconstruction of composite tissue loss possible. 
These advances made limb reconstruction a technical possibility, even in challenging situations. 

The availability of antibiotics and the understanding of the need for effective debridement and early soft tissue cover helped to control infection bringing 
in the “era of infection control.” Meanwhile the principles of treatment were being constantly refined. Gustilo and Anderson published their landmark 
classification scheme for open fractures that brought attention to the importance of the wound characteristics and the need for early soft tissue cover.8°-5.84 
The seminal work of Godina clearly emphasized the advantages of early soft tissue cover.’°-”* Infection was more frequently recognized to have originated 
from the hospital environment through prolonged wound exposure. This cemented the indications and advantages of primary skin suturing as well as 
leading to the principle of “fix and flap.” 

The huge variability in presentation and the challenges inherent in the management of Gustilo type IIIB injuries led to the development of scoring 
systems that could help inform early surgical decision making regarding limb salvage and reconstruction, such as the Ganga Hospital Open Injury Score 
(GHOIS),!79-177 

Understanding that open fractures are best treated by a multidisciplinary team has helped to improve results. This “orthoplastic approach” where the 
orthopaedic and plastic teams work together from the stage of wound debridement onward is now recognized as the gold standard of care and is undertaken 
in many centers that regularly treat these injuries. In some nationalized and large healthcare systems this approach is now mandated. This protocol allows 
surgeons to undertake a meticulous debridement without being limited by concerns regarding the subsequent reconstruction. It emphasizes the need for 
adequate exposure of the fracture site and early soft tissue cover to attain the best outcomes by reducing complications like infection and nonunion. 

The management of open injuries is now in the “era of functional restoration.” Functional restoration is aided by effective wound debridement, early 
definitive fracture stabilization, and early wound closure or cover to achieve bone and soft tissue healing as soon as possible. Surgeons realize that success 
in open fracture management should not be judged merely on whether the limb was salvaged, but more on the long-term patient outcome. Patients may 
remain dissatisfied if they are left with a deformed or painful lower limb at the end of the treatment and often opt for a secondary amputation. Surgical 
interventions must be judged on their ability to restore patient function most predictably, within an acceptable timescale. The future may focus on 
identifying and understanding factors that affect healing of bone and soft tissues at the molecular and genetic level so that the treatment can be tailored to 
each patient and secondary amputations avoided. There will also be a focus on the development of safe protocols for reconstruction, with the lowest 
morbidity and quickest restoration of function. 


ETIOLOGY 


Large population studies looking at open fracture etiology are scarce. One of the largest cohort studies reporting on the incidence of open fractures looked at 
38,347 cases treated in England between 2008 and 2019, of which 12,170 (31.7%) were severe open tibial fractures.!9° The incidence of open fractures was 
reported as 6.94 per 100,000 person-years, which is lower than an older study of 474 patients with 515 open long-bone fractures undertaken in Edinburgh, 
Scotland, between 1988 and 1993, which estimated the incidence of open long-bone fractures to be 11.5 per 100,000 person-years.*8 The highest incidence 
of open fracture was in young males 20 to 29 years old.!° In females, the incidence of open fractures increased with age, rising to a peak of 32.11 per 
100,000 person-years for all open fractures in those aged 90 years or older. Among those with severe open fractures of the tibia, there was a bimodal 
distribution in males, peaking at 20 to 29 years (3.71 per 100,000 person-years) and greater than 90 years of age (2.84 per 100,000 person-years), 


respectively; among females, incidence increased with age to a peak of 9.91 per 100,000 person-years at 90 years of age and over. 

Of 1,175 patients presenting to English hospitals in 2021, the median age was 47 years old, 61% were male and in 341 (29%) there were multiple 
injuries, with 56 cases (4.8%) having two or more open fractures.*”° Vehicle collisions were responsible for 38.8% of injuries and were more common in 
younger patients (medial age 35 years), compared to falls from less than 2 meters that were responsible for 35% of cases, but more common older patients 
(median age 66 years). In the 876 cases aged 64 years old or less, 420 (48%) were caused by vehicle collisions and of this group 195 of 420 (46.4%) 
sustained multiple injuries. In those older than 64 years old, 71.8% of open fractures occurred due to a fall of less than 2 m. 

It is clear from these high-income country studies that open fragility fractures are a growing subgroup, due to the aging population. These injuries can 
occur following low-energy falls from standing height. The reconstruction of these open fractures can pose challenges due to associated osteopenia, poor 
soft tissues, compromised limb vascularity, and the presence of complex systemic comorbidities. Most open fragility fractures occur in the ankle and tibia. 
Despite the low-energy mechanisms commonly seen there is a relatively high incidence of Gustilo-Anderson IIIA injuries, often through skin failure. 
Reconstruction is associated with higher rates of nonunion, wound breakdown and amputation compared to younger patients with similar injuries.“ 

In contrast, the etiology of open fractures in low- and middle-income countries, is different, predominantly seen in younger patients as a result of road 
traffic accidents which are a leading cause of death and disability.1++-144151 In many countries, motorcycle accidents are the commonest cause of open long- 
bone fractures, with more fractures occurring in the lower limbs than in the upper limbs. 1+1 

While rare in Europe, gunshot injuries are more common in other parts of the world. In the United States, it is estimated that between 2009 and 2017 
there were on average 120,232 firearm injuries per year.!°° Open fracture injury patterns depend on whether the bullet is low or high energy and is related to 
the muzzle velocity of the projectile and the degree of energy transfer that occurs to the soft tissues. 

Open fractures of the upper limb are usually associated with less severe soft tissue damage and fewer associated musculoskeletal injuries. Table 16-1 
shows the spectrum of open fractures presenting in England between June and September 2021.°?5 In this group, 27.6% of fractures were Gustilo—Anderson 
grade I, 34.7% Gustilo—Anderson grade II, and 37.7% Gustilo—Anderson grade III. 


PATHOPHYSIOLOGY 


Open fractures can occur in low-velocity injuries due to the sharp ends of the fractured bone piercing the skin and soft tissues but more often they are the 
result of high-energy injuries. The amount of energy absorbed by the injured limb is determined by the equation KE = MV7/2, where KE is the kinetic 
energy absorbed, M is the mass, and V is the speed. The bone and soft tissues of the limb absorb the energy, but when the threshold is exceeded, there is 
significant comminution of the bone, with periosteal stripping and soft tissue damage. The sharp comminuted bone fragments are frequently devoid of all 
soft tissue attachments and may be displaced with a velocity that results in additional damage to the soft tissues and neurovascular structures. High-velocity 
gunshot injuries are also subject to cavitation waves generated in the soft tissues around the path of the bullet, which can damage structures remote from the 
obvious entry wound (gunshot and wartime injuries are further discussed in Chapter 15). Blunt and open injuries with a crushing element have a larger area 
of impact and tissue destruction than penetrating injuries,’*-5> (for the principles of mangled extremity management, see Chapter 18). The extent of damage, 
especially to the deeper tissues, may be much wider than it initially appears. This has given rise to the concept of the zone of injury. The area at the center is 
termed the zone of necrosis which is directly beneath the wound. It contains the dead, revascularized tissue. Surrounding this is a zone characterized by 
inflammatory edematous soft tissue and disturbed microcirculation. This zone of injury extends for a variable distance into the peripheral uninjured viable 
zone to an extent dependent on the amount of energy imparted to the tissues at the time of impact, as well as the anatomy of the area of impact. 


TABLE 16-1. The Distribution of Open Fracture in England Between June and September 2021 


Bone Involved Segment Involved Number (Percentage) Total 

Tibia/fibula Proximal segment 45 (3.6%) 636 
Diaphyseal segment 250 (20.1%) (51.3%) 
Distal segment 152 (12.2%) 
Malleolar segment 187 (15.1%) 

Radius/ulna Proximal segment 81 (6.5%) 325 
Diaphyseal segment 108 (8.7%) (26.2%) 
Distal segment 136 (11.0%) 

Femur Proximal segment 2 (0.16%) 92 
Diaphyseal segment 51 (4.1%) (7.4%) 
Distal segment 39 (3.1%) 

Humerus Proximal segment 3 (0.24%) 67 
Diaphyseal segment 29 (2.3%) (5.4%) 
Distal segment 35 (2.8%) 

Other Foot 66 (5.3%) 121 
Patella 30 (2.4%) (9.7%) 
Clavicle 14 (1.1%) 
Pelvis 11 (0.89%) 

Total 1,242 fractures in 1,175 patients 


Reproduced with permissions from Winstanley RJH, et al. The Open-Fracture Patient Evaluation Nationwide (OPEN) study: the management of open fracture care in the UK. Bone Joint 
J. 2022;104-B(9):1073-1080. Permission conveyed through Copyright Clearance Center Inc. 


Further secondary soft tissue damage can subsequently occur as a result of vascular injury, increased compartment pressures, or impeded venous 
drainage. When the skin is torn, a temporary vacuum can be created that sucks in all adjacent foreign material. This debris may be deposited in the depths of 
the wound in the deep intermuscular planes and often in the intramedullary canal of the bone. This fact should be borne in mind during the wound 


debridement and excision where meticulous examination of all possible areas of contamination must be performed. 

A few facts require emphasis. Although most open fractures, especially Gustilo type III fractures, expose one or both ends of the fractured bone, the 
wound may be distant to the fracture and there may be no direct exposure of the bone (Fig. 16-1). Any wound, no matter how small or distant from the 
fracture, must still be considered indicative of an open fracture. Also, the size and nature of the external wound may not reflect the damage to the deeper 
structures. Frequently, small, lacerated wounds are associated with extensive occult degloving with severe soft tissue damage and bone comminution. Open 
injuries may damage one or more compartments of the limb, but severe swelling may result in compartment syndrome of the other intact compartments of 
the same limb.?” Therefore, the presence of an open wound does not preclude the occurrence of a compartment syndrome in the injured limb. The true 
extent of injury to the soft tissues may not be fully appreciated on day 1 and the actual “zone of injury” may declare itself only over several days. This has 
important implications in the decision making during the initial evaluation and surgery and in the choice and the timing of soft tissue reconstruction. It 
should also be understood that an open injury is not just a simple combination of a fracture and a wound. Additional factors such as contamination with 
bacteria and debris and devitalization of the soft tissues increase the risk of infection and other complications. 


ASSESSMENT 


PREHOSPITAL CARE 


Prehospital care for trauma patients can be delivered by a variety of emergency care providers, from paramedics and emergency medical services (EMS) 
personnel, to search and rescue teams, to telemedicine services in austere or remote environments. These first responders may have varying levels of 
expertise in managing patients with open fractures. All these team members have as their main goals the assessment of the severity of the situation, the 
maintenance of vital functions, the relief of pain and the prevention of further damage. Open fractures are often associated with high-energy injury 
mechanisms which mean that there are often other associated body system injuries present, some of which may be a higher treatment priority than the open 
fracture. For this purpose, all attention is initially given to the general condition of the patient and the process of hemodynamic resuscitation (if needed) and 
transport to the most appropriate medical facility in the area. In case of the presence of a suspected open fracture it must be emphasized that the best care for 
these patients is given in hospitals where adequately trained trauma, orthopaedic, and plastic surgical teams are located. These teams need the appropriate 
experience to carry out the whole sequence of treatment, first addressing all life-threatening injuries, and then the subsequent treatment of any open fracture. 
The full spectrum of orthoplastic services, including the final reconstruction of soft tissues and bone, should be available 24 hours per day. These teams can, 
without unnecessary delay, perform thorough debridement of the soft tissues and achieve adequate stabilization of the fracture. Simultaneously management 
plans for open wounds and soft tissue defects can be jointly discussed by the team and planned. The LEAP study and subsequent studies showed that the 
quality of the first debridement and wound excision is more important than merely considering the absolute timing of this intervention. !45-147:173,222 This 
means that the best hospital to treat open fractures might not be the nearest hospital but rather the hospital with the personnel equipped with the necessary 
experience and expertise in decision making for open fracture management. Many countries have now established trauma networks to ensure these complex 
cases are treated in dedicated centers to improve outcome.?° It is important that there is coordination of the Area Trauma System to ensure adequate 
decision making in this matter and to expedite transfer of the prehospital care to the treating facility. 


Figure 16-1. The skin wound in this patient, although located proximal to the fracture (A), communicated with it under degloved skin (B). 


TABLE 16-2. Priorities in Prehospital Care 


Early IV antibiotic administration (ideally within 1 hour of injury) 

Splint fracture in reduced position and provide analgesia 

Serial assessment of neurovascular function 

Photograph wound and cover with saline soaked gauze and occlusive dressing 
Urgent transfer to specialist center offering orthoplastic care 


Much of prehospital care is focused on minimizing the second hit, and preventing further damage caused by the systemic inflammatory response (Table 
16-2). Maintaining optimal oxygenation and perfusion is important and all fractures should be gently reduced within normal anatomic proportions and 
immobilized with a simple cast or splint. This will assist in maintaining limb perfusion and help protect against further soft tissue injury. Attempts to reduce 
any dislocated joints are appropriate if the person who performs this procedure is trained to administer appropriate analgesic medication and the procedure 
requires minimal time. The goal of the reduction is to reduce pain, prevent pressure on soft tissues (skin, nerves, vessels), and minimize the ongoing damage 
to the articular surface. If a prehospital attempt to reduce a joint fails, it is often a better choice to proceed quickly to an appropriate facility than to retry the 
reduction maneuver at the scene. Often in a failed reduction, there will be interposition of soft tissues (such as joint capsule or bony fragments) and one 
attempt might end in several (unsuccessful) time-consuming and painful manipulations. 

The neurologic and vascular status of the affected limb should be checked and documented before and after any attempt at fracture reduction (Table 16- 
3). In case of severe bleeding, alignment of the fracture and applying a proper pressure bandage before splinting is often sufficient to control this. If the 
bleeding continues in such a way that the patients’ well-being is compromised, the application of a tourniquet proximal to the injury might be required. True 
arterial injuries in long-bone fractures are relatively rare and venous bleeding generally can be controlled with the restoration of fracture alignment and 


application of a pressure bandage, hence avoiding the associated risks of prolonged limb ischemia after the application of a tourniquet. Serious 
contamination (such as gross coverage by dirt, sewage debris, or toxic materials) can be gently removed from wounds with care given to the universal 
precautions needed to ensure the safety of the person performing this procedure. The first carer should ensure proper (photographic) documentation of the 
wound and surrounding soft tissues; this will reduce the need for exposing the open fracture again at a later time point, and thereby prevent subsequent 
contamination. After this, a simple sterile saline-soaked gauze and occlusive dressing should be applied and the affected limb can be provisionally splinted 
for transport. Penetrating foreign bodies should be left in place to prevent the dislodgement of any hemostatic clots or induce contamination by taking away 
the compression or sealing effect from the foreign body. Early antibiotic administration is a key element of reducing subsequent fracture-related infection. 
Intravenous antibiotics as per local protocol should be given as early as possible, preferably in the prehospital setting but, ideally within 1 hour after the 
injury but without delaying any transport to an appropriate facility. Lack et al. reported in a series that there were no fracture-related infections in the group 
that received antibiotics within 66 minutes of injury, compared to 17% if antibiotics were delayed beyond this time frame.'!® 


TABLE 16-3. Signs of Vascular Injury 


Hard Signs 

Absent or significant difference in pulsations compared with normal side 

Severe hemorrhage from the wound 

Expanding or pulsatile hematoma 

Bruit or thrill 

Pallor (Although the pink pulseless limb must be assumed to have a vascular injury until proven otherwise) 


Associated Signs 

Associated numbness and neurologic deficit 

Difference in skin temperature distal to injury 

Absence of venous filling 

Absence of pulse-oximeter reading. No capillary blanching 
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Figure 16-2. Open fractures are often high-energy injuries, and the fracture (A) may be associated with varying degrees of accompanying soft tissue injury (B). In 
every case it is important to look for and exclude other life-threatening injuries, such as this extradural bleed causing midline shift and requiring an emergency 
craniotomy (C). 


EMERGENCY DEPARTMENT CARE 


A successful outcome in the management of open fractures is dependent on a promptly executed and thorough initial evaluation and management plan in the 
emergency department. An open injury often draws attention and has the capacity to distract from identifying more serious occult injuries that may 
potentially be disabling or even life-threatening (Fig. 16-2). The assessment of injured patients in a systematic manner, such as the Advanced Trauma Life 
Support (ATLS) or similar protocols (e.g., Trauma Evaluation and Management [TEAMS],!!4 or the European Trauma Course [ETC]) ensure that 
clinicians, “treat first what kills first.” In case of the presence of an extremity injury this translates to a “life before limb” approach. A recent review of open 
fractures found that 29% of patients with open fractures have more than one injury, so the temptation to immediately focus all attention on the bleeding 
wound or deformed limb must be avoided.?*° The principles of the management of multiple injured patients are discussed in Chapter 14. In case of an open 
fracture with severe bleeding a pressure bandage, traction, or even a tourniquet is applied during the primary survey, thus allowing focus on excluding other 
potentially life-threatening injuries. In the secondary survey, a top-to-toe examination is performed in which nonlife-threatening injuries are identified and 
managed, usually, this is the time when the (open) fractures are assessed. This systematic approach minimizes the risk of missing associated injuries (Fig. 
16-3). 

The immediate threat to life in case of open fractures is exsanguination. The trauma metabolic syndrome (deadly triad) of acidosis, hypothermia, and 
coagulopathy are often present in patients with open fractures and these must be aggressively identified and corrected.?0-47:199 In this context many lessons 
have been learned from the military experience and translated into civilian practice.!4° Inadequate resuscitation is an important cause of avoidable death in 
trauma patients. Sugrue et al. reported in a series of 307 deceased trauma patients a total of 1,063 errors, of which 425 (40%) occurred during resuscitation 
(171 were classified as poor judgment, including inappropriate resuscitation and 100 (23.5%) as inadequate hemorrhage control).2!° Examples of major 
impact hemorrhage control in this study included failure to control pelvic bleeding, suture scalp lacerations and failure to apply damage control principles. 
The principles of damage control orthopaedics®”-!®.208 are discussed in Chapter 14. 
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Figure 16-3. Radiographs of a severely injured limb must include the joints on both sides of a fracture. Here, an open injury of the knee joint (A, B) was associated 
with an undiagnosed dislocation of the right hip (C), which was detected only after a delay of 48 hours. 


Secondary life-threatening consequences arise later from such complications as respiratory failure due to pulmonary fat or thrombotic embolism, renal 
failure due to hypovolemia or rhabdomyolysis (with untreated compartment-syndrome) or multiorgan failure related to the systemic inflammatory response, 
particularly if associated with multiple injuries. 

Once the patient is hemodynamically stabilized, it is important that the circumstances of the accident and the patient’s (medical) history are meticulously 
documented including details of the accident, the time of injury, the location, any history that might raise the potential for an associated head injury (such as 
loss of consciousness), temporary or partial paralysis, the probable velocity of injury, the use of seat belts and helmets, and emergency medical attention 
received at the site of accident. The type of injuries sustained by accompanying passengers in the vehicle will also provide information about the 
circumstances and severity of the accident. Information about the condition of the patient and the resuscitative measures undertaken at the scene of the 
accident, and the condition of the patient during transport to the hospital must be obtained from the emergency medical personnel. This requires an 
organized and clear hand over process to avoid missing important information. 

Special attention should be paid to documenting any comorbidities of the patient, as well as their preinjury physical and functional status, as they may 
significantly influence treatment decisions and final outcome.!”°7!3 Any systemic illness, cardiovascular diseases, history of smoking, drug and alcohol 
abuse, medications, and allergies should be documented. Comorbidities such as diabetes mellitus, rheumatoid arthritis, and connective tissue diseases as 
well as the presence of osteoporosis and bleeding disorders should be recorded. All recent and current medication is noted and evaluated in light of the 
current condition. Coagulopathic drugs such as coumarin derivates, direct oral anticoagulants (DOACS), and thrombocyte aggregation inhibitors many need 
to be stopped or reversed. Other medication, such as corticosteroids, may interfere with wound healing. Any history of previous surgery and explanation of 
previous scars must also be documented. Previous hospital records may need to be retrieved. As smoking is associated with an increased rate of flap failure, 
delayed union and nonunion, patients who are current smokers must be urged to stop smoking at least during the treatment process.!37"!48 


EXAMINATION 


A thorough physical examination, and repeated re-examination, of the whole patient is important. All wounds are of relevance and should be considered in 
the planned management of open fractures. For example, in the pelvis, a laceration of the rectum, vagina, or urinary tract represents an open fracture of the 
pelvis and often a colostomy is required within 24 to 48 hours to minimize fecal contamination.”® 136 The degrees of active and passive range of motion of 
all four limbs and trunk must be examined, joints must be assessed for swelling, stability, and pain. The presence or absence of palpable peripheral pulses 
should be noted. Signs of vascular injury are listed in Table 16-3. If pulses are absent, one must re-examine the limb after the limbs are anatomically aligned 
and splinted as shortening and angulation of the fractured skeleton may result in kinking and occlusion of the vessels (Fig. 16-4). If the pulses are still 
absent, a vascular injury must be suspected unless proved otherwise (Fig. 16-5). Tenting of the skin by sharp bone fragments may lead to subsequent 
ischemic soft tissue damage and this condition must be considered as an equal emergency as open fractures, even in cases in which no obvious wound is 
present. The same principles apply for dislocated joints as they lead to pain, possible ongoing cartilage and soft tissue injury, and possible prolonged 
vascular or neurologic compromised extremities. After a quick but thorough assessment of the neurologic and vascular status of the affected limb these 
dislocations require urgent reduction in the emergency room, preferably before a patient is subjected to advanced medical imaging such as a computed 
tomography (CT) scan. Often a short-acting general anesthesia is required for this procedure. After reduction, the affected limb should be reassessed on its 
vascular and neurologic status and, if possible, the joint should be splinted. In case of worsening neurologic or vascular condition, urgent measures should 
be undertaken to identify or rule out any trapped or transected structures that could benefit from urgent release or repair. Finally, the limb must also 
repeatedly be examined for any signs of compartment syndrome (see Chapter 17). 
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Figure 16-4. A: The sharp ends of the broken bone may cause skin tethering jeopardizing its vascular supply. The bone ends may also cause pressure on local 
neurovascular structures resulting in distal avascularity. B, C: In this patient, the flexed distal fragment caused local vascular pressure resulting in absent distal pulses. 
Distal vascularity was established once the bone was reduced by gentle traction. 


In case of open fractures, the adage of “do no further harm” applies. Repeated removal of dressings to examine the same wound by different healthcare 
personnel is not necessary and even disadvantageous. One healthcare provider, with sufficient surgical decision-making experience and expertise, should 
examine the affected limb and soft tissues and decide on a further diagnostic and management plan. In case of adequately taken prehospital photographs 
exposing the injury can be deferred until theatre. In case of reported severe soft tissue injury, it is advised that an orthoplastic consultation is carried out in 
the emergency department and that both teams inspect and discuss the soft tissue defect together as an urgent bedside (or in theatre) procedure. 
Photographic clinical pictures should be taken (if not already done prehospital) and for future reference uploaded in the patients’ medical files. This is 
important as a good visual documentation surpasses any written description and will be of immense value during follow-up. Not only for follow-up 
examinations but also to manage expectations and for research purposes.!*! For this reason, a digital camera should be available in any emergency 
department where open injuries are received.2°° Following the initial assessment and documentation, the wound should be covered with a sterile saline- 
soaked gauze and occlusive dressing, a temporary cast, splint, or traction should be applied. Probing or further handling of the wound may provoke 
unnecessary bleeding and increase the chances of secondary contamination and nosocomial infections. No attempts should be made to (temporarily) close 
the skin as this will prolong the exposure time and might result in accidental worsening of contamination and increased damage to the skin and underlying 
tissues, even in experienced hands. As a general rule, patients with open fractures require urgent debridement of their soft tissues and stabilization of their 
fracture in theatre. The primary examiner must carefully document the findings in the medical chart with emphasis on the size, appearance, and degree of 
contamination of the wound and the relationship of the wound to the fracture. Communication with the actual fracture site due to disruption of the fascia and 
degloving of the skin is often only obvious during the debridement. Persistent oozing from a small laceration, especially if it carries fat globules, indicates a 
discharging fracture hematoma and is, therefore, indicative of the presence of an open fracture. If there is extensive damage or contusions to the skin around 
the wound, there may be significant skin avascularity and therefore one can anticipate major skin loss during debridement. 


Figure 16-5. In the absence of the distal pulses, if there is no contraindication to undertaking it, a CT angiogram will not only show the level and severity of the block 
but also show the status of the collateral vessels. Here, there is a complete block of the artery due to a supracondylar fracture of the femur with poor collateral blood 
supply. 


Although a thorough neurologic examination in a fractured limb may be difficult in the emergency department setting, within these limitations, 
documentation of the distal neurologic status is the next step. Both touch sensation and pinprick testing can be used to examine distal dermatomes and 
motor movements can also be tested. Determination of the exact power of the muscle groups may be difficult. If for any reason testing of specific muscle 
groups is not possible, it should be documented so that a proper evaluation can be done at a later time (but as soon as possible). 


ROLE OF TISSUE CULTURES IN THE EMERGENCY DEPARTMENT 


FRI!°5 is the major complication after open fracture which may lead to the need for secondary surgery, disturbed healing and even amputation. FRI is 
discussed in Chapter 29. However, studies have shown poor correlation between the presence of initial positive cultures at the time of injury and subsequent 


development of FRI.!3*-!59.223 The commonly isolated organisms from established infection are Staphylococcus aureus, Pseudomonas, and Escherichia 
coli.!®” These organisms are frequently present due to hospital contamination*® and are rarely isolated from the environment where the accidents occur. The 
practice of obtaining routine cultures from the wound either pre- or postdebridement is no longer advocated. !!%?20 It is now understood that in addition to 
initial contamination, infection is influenced by various factors related to the wound, host, and environment. 


ANTIBIOTICS AND TETANUS PROPHYLAXIS 


Appropriate intravenous antibiotics should be administered as soon as possible, preferably in the prehospital setting, but at latest in the Emergency Room 
direct after the open limb is dressed and splinted. The choice of antibiotics should be considered therapeutic and not prophylactic,58-167:208 as all open 
fractures are contaminated to a varying extent.”°7981,83 Gram-positive coverage is recommended for type I and type II fractures. Broader antimicrobial 
coverage is recommended for type III fractures. It is recommended that all healthcare workers involved in the care of patients with open fractures should 
refer to local guidelines on this topic, and that these guidelines should be written in conjunction with microbiologists and pharmacists. Most guidelines 
recommend typically in the absence of organic or sewage contamination intravenous first- or second-generation cephalosporins such as cefazolin or 
cefuroxime should be given before the patient leaves the emergency room.”481.187,190,214 An aminoglycoside, such as gentamicin is usually added in Gustilo 
type III injuries. Penicillin, with or without metronidazole, should be given to patients with gross organic contamination, such as when the injury occurred 
in the presence of fecal or possible clostridial contamination or in a farmyard. If a patient is truly penicillin allergic, clindamycin is an acceptable substitute. 

It should be remembered that the prolonged use of antibiotics is not indicated and will enhance the development of resistant organisms.°? A summary of 
current opinion regarding the use of antibiotics is given in Table 16-4.5° As most of the infections in open injuries are hospital acquired, it is necessary to 
choose preventative antibiotics (given prehospital or in the emergency department) based on the background of the common bacterial flora of the institution. 
Although most reports have implicated S. aureus and MRSA as the main organisms, in many developing countries and in industrial accidents gram-negative 
organisms have a bigger role to play.?™155.190.215 There is a strong case for the regular addition of aminoglycosides in such instances. Aminoglycoside usage 
in patients with diabetes, increased use of iodine-based contrast media, prolonged hypotension and administration of other nephrotoxins are associated with 
acute and chronic kidney failure. Therefore, it is important to avoid the overuse of antibiotics in situations that are not supported by good clinical evidence. 
The following should be avoided: 


TABLE 16-4. Intravenous Antibiotic Therapy Recommendations 2017 


Open Fracture Type Recommended Systemic Antibiotic Prophylaxis 


Gustilo—Anderson type I First-generation cephalosporin (cefazolin) 
Alternative: clindamycin with anaphylactic penicillin allergy 


Gustilo—Anderson type II First-generation cephalosporin (cefazolin) 
Alternative: clindamycin with anaphylactic penicillin allergy 


Gustilo—Anderson type III First-generation cephalosporin (or clindamycin with anaphylactic penicillin allergy) plus aminoglycoside (gentamicin) 
Alternatives: Third-generation cephalosporin (ceftriaxone or piperacillin/tazobactam) 


Fecal or potential clostridial contamination In addition to above regime (cefazolin/gentamicin) addition of penicillin (or clindamycin with anaphylactic penicillin allergy) 


Reprinted from Carver DC, et al. Role of systemic and local antibiotics in the treatment of open fractures. Orthop Clin North Am. 2017;48(2):137-153. Copyright © 2017 Elsevier, with 
permission from Elsevier. 


Prolonged and continuous use of antibiotics 

Continuing antibiotics to cover the presence of wound drains 

Continuation of the empirical antibiotic regime until wounds are dry 

Prophylactic antibiotics to prevent pin-tract infections with external fixators 

Antibiotic therapy as a substitute for debridement in presence of necrotic and contaminated material 


Early administration of antibiotics reduces the incidence of FRI, but controversy still exists regarding the duration of therapy. A retrospective case 
control study by Dunkel et al.°” compared 1 day of antibiotic treatment with 2 to 3 days, 4 to 5 days, and more than 5 days and showed no effect on the risk 
of infection. It concluded that infection in open fractures is related to the extent of tissue damage but not to the duration of prophylactic therapy. A 
randomized, double-blinded prospective trial by Dellinger et al.” compared a 1-day versus 5-day course of postoperative antibiotics in 248 patients with 
open injuries and concluded that there was no reduction in infection rates related to the longer 5-day course of antibiotics. 

Mauffrey et al. made the following recommendations!”®: 


Early initiation of systemic antibiotic to gram-positive organisms 

Addition of gram-negative coverage for type III open fractures 

Additional high-dose penicillin for fecal or potential clostridial contamination (farm injuries) 

Avoidance of fluoroquinolones as no proven advantage over cephalosporin or aminoglycoside because they have a potential detrimental effect on 

fracture healing and higher infection rates in type III open fractures 

e Continuation of antibiotics for 72 hours in type III open fractures, following injury but not beyond 24 hours after the achievement of soft tissue 
coverage 

e Once-daily aminoglycoside dosing as a safe and effective measure for types II and III open fractures 


The patient’s tetanus status must be documented and supplementary injections given if necessary. Although tetanus has become a rare disease in many 


higher-income countries, there were still 96 cases identified between 2001 and 2014 in England. Only a small percentage of those affected had age- 


appropriate immunizations (8.8%), underlining the importance of updating the tetanus status of patients according to national guidelines.“ 


RADIOGRAPHIC IMAGING AND OTHER DIAGNOSTIC STUDIES 


In principle there is no difference between imaging of open and closed fractures. Plain radiographs are sufficient in most cases to identify the extent of 


injury and plan initial (emergency) treatment. A true anteroposterior (AP) and lateral radiograph of the injured bone with inclusion of the proximal and 
distal joints is the minimum required medical imaging. In high-energy injuries involving the femur, special attention should be paid to the femoral neck as 
in 1% to 3% of cases a diaphyseal femur fracture is associated with a concomitant ipsilateral neck-of-femur fracture.+!82212,216 Radiologic imaging of the 
pelvis, cervical, and thoracolumbar spines must be undertaken according to ATLS protocols. Radiographs of the pelvis with good visualization of the 
sacroiliac joints, pubic symphysis, and both hips are important. In modern trauma practice, however, total-body contrast CT will often include CT 
angiography of badly injured limbs providing rapid detailed cross-sectional imaging (see Fig. 16-5). 

The presence of air in the subcutaneous tissues, intramuscular planes and joint cavities and the visualization of foreign bodies are indicative of open 
injuries. The presence of air in the subcutaneous tissues in puncture wounds or small lacerations indicates severe degloving of the skin. Radiographic 
evidence of severe contamination with organic matter, shattered glass, or metal pieces suggests significant injury (Fig. 16-6). In patients presenting late, the 
presence of radiographic gas shadows in the muscular planes should raise suspicion of an established infection by gas producing organisms such as 
Clostridium perfringens or E. coli.34-181 
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tibia and fibula (A) has extensive contamination of mud and dirt in the intermuscular planes, which is seen well on radiography (B). In another case of open injury of 
knee joint (C), glass fragments inside the wound are seen on plain radiography. Such foreign bodies have to be carefully identified and removed. 


In case of life-threatening injuries, the patient will in many hospitals undergo urgent whole-body trauma CT scanning, ideally with intravenous contrast. 
On this CT, the thoracolumbar spine and pelvis will be imaged. If time permits, in less critical patients, a quick but thorough secondary survey will identify 
other body regions that require simultaneous CT imaging. It will identify the three-dimensional orientation of fracture planes in, for example, intra-articular 
fractures and any distortion of the articular margins. This will facilitate fracture reduction and skeletal stabilization following debridement during the index 
surgery. When it is decided to temporarily stabilize the fracture with an external fixator (rather than definitive reduction and fixation), the CT scan should 
preferably be postponed until after the temporary fixation (“span, scan, and plan”). This is commonly required in distal tibial pilon fractures or complex 
distal femur fractures. Intravenous contrast or CT angiography may be indicated in suspected vascular injury (e.g., in case of absent distal pulses or 
following a now-reduced knee dislocation) or for later surgical planning in any open fracture with such severe soft tissue injury that covering the defect with 
a free-tissue transfer (“free flap”) is to be expected. The role of an MRI in open fracture care is minimal in the acute setting and is rarely indicated. 


ROLE OF BIOCHEMICAL MARKERS 


Major injuries activate multiple humoral and cellular cascade mechanisms involving the inflammatory mediators and complex mechanisms of host defense 
as part of the stress response. !®6>159 These include an increase in capillary damage and permeability, multiple organ dysfunction syndrome (MODS), and 
even mortality. The value of inflammatory markers in identifying the presence of systemic inflammatory response syndrome (SIRS) and in predicting 
outcomes is being investigated.2°°7161-16 Until now, no biomarker has been identified as beneficial in predicting outcome in open fracture care or the 
development of FRI. 


CLASSIFICATIONS AND SCORES FOR OPEN FRACTURES 


CLASSIFICATION SYSTEMS 


Open fractures can have a significant impact on the patient’s physical and mental well-being. They are associated with long-lasting morbidity, inability to 
resume work and social life, and large healthcare costs. Several classification systems have been proposed to guide management, enable prediction of 
prognosis, and scientific comparison. 


Gustilo—Anderson Classification 


In 1976, Gustilo and Anderson reported on the treatment of a retrospective cohort of 602 patients with 673 open tibia fractures (1955-1968) of whom 583 
(86.6%) were followed for at least 1 month until soft tissues were healed. Thirty-eight patients developed wound problems, both with and without positive 
cultures. In the same paper they proposed a classification based on a second, prospective, cohort of 352 open long-bone fractures (1955 and 1960), which 
still is the most commonly used classification worldwide.®2 Open injuries were divided into three types. Type I injuries were associated with minimal soft 
injury, type II with moderate injury, and type III injuries were severe injuries that exposed the fracture site and were associated with muscle damage and 
periosteal stripping (Fig. 16-7). In 1984, Gustilo, Mendoza, and Williams subtyped the severe type III open fractures: IIIA (adequate soft tissue coverage of 
bone with extensive soft tissue laceration or flaps), IIIB (extensive soft tissue loss with periosteal stripping and bone exposure), and IIIC (arterial injury 
requiring repair).°4 In this publication, reported wound sepsis in the three subtypes were: type IIIA, 4%, IIIB, 52%; and IIC, 42%; while amputation rates 
were, respectively, 0%, 16%, and 42%. The classification is listed in Table 16-5. 
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Figure 16-7. Open fractures can present with different degrees of soft tissue injury. A, B: This Gustilo—Anderson grade I patella fracture can be managed with direct 
wound closure after excision. C: This grade II wrist injury can also be managed with definitive fixation and closure at the time of the initial wound excision. Each type 
HIB injury has involvement of soft tissues and bone to a different extent. Some injuries have severe involvement of the soft tissues (D, E), some have more severe 
involvement of bone (F, G), and others have severe injuries of both bone and soft tissues (H, I). 


Gustilo’s contribution was a milestone in the management of open injuries as it brought into focus the importance of soft tissue injury and wound 
contamination. Its simplicity has allowed it to stand the test of time despite its limitations. It has been applied to most open fractures, however, the Gustilo 
system was originally designed only for open tibial fractures. From the time of its original description, the classification has undergone many modifications 
that have led to different interpretations by various authors, resulting in loss of uniformity in its global application. The system relies on subjective 
description such as “significant periosteal stripping” and “extensive soft tissue damage,” and this leads to significant variation of interpretation and 
evaluation among surgeons. There are two major studies that have both reported a low interobserver agreement rate of only 60%. Agreement varied widely 
depending upon the experience of the surgeon and the type of injury as some of these injuries were inherently difficult to classify.*~78°° Furthermore, there 
can be a great variability in fractures classified as IIIB open fractures, form the easily treatable to the barely salvageable (Fig. 16-8). 


AO Classification for Open Fractures 


The classification from the Arbeitsgemeinschaft für Osteosynthesefragstucken (the “AO”) for the grading of wound severity in open fractures provides a 
score for injuries of the skin (I), muscles and tendons (MT), and neurovascular (NV), each of which is divided into five degrees of severity (Table 16-6).°3 
This detailed classification is designed to be used in conjunction with the OTA/AO fracture and dislocation classification. The detailed categorization of 
open fractures by the AO system is most reliably done in the operating room at the completion of primary wound care and surgical excision. The separate 
domains tend to add detail but reduce interobserver reliability. When used in a large database this multifaceted, alphanumeric classification permits very 
precise comparison of injury types and is most useful as a research tool. However, its complexity renders it largely impractical for everyday use in clinical 
practice. 


Orthopaedic Trauma Association Open Fracture Classification System 


The Orthopaedic Trauma Association Open Fracture Classification (OTA-OFC) was developed to address some of the problems associated with the existing 
classification systems. 16158 In the original article in 2009 by the OTA open fracture study group!°® 34 factors were identified through systematic literature 
review and ranked in order of importance by a panel resulting in consensus on five essential categories of open fracture severity assessment: skin injury, 
muscle injury, arterial injury, contamination, and bone loss (Table 16-7). This revealed that the five categories were widely applicable to open fractures, but 
the subcategories of open fracture characteristics required alteration to reflect clinically important parameters for open fracture severity stratification. Skin 


injury was best assessed by its potential for approximation rather than laceration length. Muscle injury required quantitative and qualitative assessment of 
potential for function. The effects of arterial injury were most accurately assessed through distal limb ischemia. The depth and nature of contamination were 
important indicators of overall contamination significance. Bone loss was best assessed quantitatively. 


TABLE 16-5. Gustilo-Anderson’s Classification of Open Fractures 


Type Wound Level of Contamination Soft Tissue Injury Bone Injury 

I <l cm long Clean Minimal Simple, minimal comminution 

Il >1 cm long Moderate Moderate; some muscle damage Moderate comminution 

IIA Usually >10 cm High Severe with crushing Usually comminuted; soft tissue coverage of bone possible 

IIIB Usually >10 cm High Very severe loss of cover Bone cover poor; usually requires soft tissue reconstructive 

surgery 

HIC Usually >10 cm High Very severe loss of cover and Bone cover poor; usually requires soft tissue reconstructive 

vascular injury requiring repair surgery 


EN 


Figure 16-8. Following excision of the fracture wound, all these fracture types were classified as Gustilo type IIIB fractures. However, their severity varies between 
the easily treatable and the barely salvageable, determined by the energy transfer at time of injury. 


TABLE 16-6. AO Classification of Open Fractures 


Component of AO Open Fracture Classification 


Open Skin Lesion (IO) 101 Skin breakage from inside out 
102 Skin breakage from outside in <5 cm, contused edges 
103 Skin Breakage from outside in >5 cm, increased contusion, devitalized edges 
104 Considerable, full-thickness contusion, abrasion, extensive open degloving, skin loss 


105 Extensive Degloving 


Muscle and Tendon Lesions (MT) MT 1 No muscle injury 


MT2 Circumscribed muscle injury, one compartment only 
MT 3 Considerable muscle injury, two compartments 
MT4 Muscle defect, tendon laceration, extensive muscle contusion 
MT5 Compartment syndrome/crush syndrome with wide zone of injury 
Nerve and Vessel Lesions (NV) NV 1 No neurovascular injury 
NV 2 Isolated nerve injury 
NV3 Localized vascular injury 
NV4 Extensive segmental vascular injury 
NV5 Combined neurovascular injury, including subtotal or even total amputation 


Reproduced with permissions from Buckley RE, et al., eds. AO Principles of Fracture Management: Vol. 1: Principles, Vol. 2: Specific Fractures. Georg Thieme Verlag; 2018:b-006- 
149767. 


TABLE 16-7. OTA Classification 


Skin 1. Laceration with edges that approximate 
2. Laceration with edges that do not approximate 
3. Laceration associated with extensive degloving 


Muscle 1. No appreciable muscle necrosis, some muscle injury with intact muscle function 
2. Loss of muscle but the muscle remains functional, some localized necrosis in the zone of injury that requires excision, intact muscle-tendon 
unit 
3. Dead muscle, loss of muscle function, partial or complete compartment excision, complete disruption of muscle-tendon unit, muscle defect 
does not reapproximate 


Arterial 1. No major vessel disruption 
2. Vessel injury without distal ischemia 
3. Vessel injury with distal ischemia 


Contamination 1. None or minimal comminution 
2. Surface contamination (not ground in) 
3. Contaminant embedded in bone or deep soft tissue or high-risk environment conditions (e.g., barnyard, fecal, dirty water) 


Bone loss 1. None 
2. Bone missing or devascularized bone fragments, but still some contact between proximal and distal fragments 
3. Segmental bone loss 


Reproduced with permissions from OTA Open Fracture Classification (OTA-OFC). J Orthop Trauma. 2018;32(1):S106-S106. 


Orthopaedic Trauma Society Classification of Open Fracture 


The Orthopaedic Trauma Society (OTS) developed its own classification system in an effort to avoid descriptive terminology, which may lead to 
misclassification of the injury severity. A lack of evidence linking previous classifications to outcomes, which patients consider the most important, 
prompted the society to evaluate the classification system through prospective data collection. The system is applied at the end of debridement and classifies 
fractures as either simple or complex. Simple fractures can be closed without any further reconstruction. Complex fractures are classified as (A) requiring 
bone reconstruction for bone loss, shortening, or deformity; (B) requiring soft tissue reconstruction; and/or (C) requiring vascular repair (Fig. 16-9). 

The OTS classification was investigated using a cohort of adults with open fractures of the lower limb, who were recruited as part of two large 
prospective clinical trials within the United Kingdom.*°.*6 These studies showed that the classification correlates with patient-reported disability and quality 
of life in the first year after injury. However, it did not correlate with deep infection at 30 days postinjury. They recommended further work was required to 
test the intra- and interobserver reliability of the classification system, and to correlate the classification with patient-centered outcomes in different patient 
groups and different healthcare systems. 


Ganga Hospital Score 


The GHOIS was described in 2006 by Rajasekaran et al.!’° to specifically address the issue of salvage and reconstruction pathways in complex limb (type 
IIIB) injuries (Table 16-8). The basis of the score is that the three components of a limb; covering tissues (skin), structural tissues (bone), and functional 
tissues (muscles, tendons, and nerves)—are injured to different severity in every type III injury and hence are graded separately by points ranging from one 
to five. In addition, seven comorbidities that are known to influence the outcomes are given two points each. The total score is used to assess the need for 
amputation and the individual scores provide guidelines for management such as the need for a flap or the requirement for bone transport. The scoring 
involves a detailed assessment of the degree of injury of the different components of the limb and must be done after debridement.!”® A recent systematic 
review was published by Ndlovu et al.!“8 which performed a diagnostic test meta-analysis on 5 cohort studies, with 474 participants, showing that GHOIS at 
a threshold score of 14 has a pooled sensitivity of 93.4% (95% CI, 78.4-98.2) and a specificity of 95% (95% CI, 88.7-97.9) for predicting primary or 
secondary amputations in people with complex lower limb injuries. The disadvantage of the GHOIS however, like most predictive scorings systems, is that 
it comprises many items and is not easily remembered or applied. 


TABLE 16-8. Ganga Hospital Open Injury Score (GHOIS) 


Parameter Points 


Covering Structures: Skin and Fascia 


Wound with no skin loss and not over the fracture site 1 
Wound with no skin loss and over the fracture site 2 
Wound with skin loss and not over the fracture site 3 
Wound with skin loss and over the fracture site 4 
Wound with circumferential skin loss 5 


Functional Tissues: Musculotendinous and Nerve Units 


Partial injury to musculotendinous unit i 
Complete but repairable injury to musculotendinous units 2 
Irreparable injury to musculotendinous units, partial loss of a compartment, or complete injury to posterior tibial nerve 3 
Loss of one compartment of musculotendinous units 4 
Loss of two or more compartments or subtotal amputation 5 
Skeletal Structures: Bone and Joints 

Transverse or oblique fracture or butterfly fragment <50% circumference 1 
Large butterfly fragment >50% circumference 2 
Comminution or segmental fractures without bone loss 3 
Bone loss <4 cm 4 
Bone loss >4 cm 5 


Comorbid Conditions: add 2 Points for Each Condition Present 

Injury leading to debridement interval >12 hours 

Sewage or organic contamination or farmyard injuries 

Age >65 years 

Drug-dependent diabetes mellitus or cardiorespiratory diseases leading to increased anesthetic risk 
Polytrauma involving chest or abdomen with ISS >25 or fat embolism 

Hypotension with systolic blood pressure <90 mm Hg at presentation 


Another major injury to the same limb or compartment syndrome 


“Total points: Injuries with a score of 14 or below are advised salvage. Injuries with score 17 or above usually end up in amputation. Injuries with score 15 and 16 fall into the grey zone 
in which decision is made on patient to patient basis. 


Reproduced with permissions from Rajasekaran S, et al. Ganga hospital open injury score in management of open injuries. Eur J Trauma Emerg Surg. 2015;41(1):3-15, Springer Nature. 
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Figure 16-9. Orthopaedic Trauma Society Open Fracture Classification System. Fractures can be classified as simple or complex depending on whether they require 
reconstruction. If the wound cannot be directly closed and requires reconstruction, there is a hierarchy of complexity starting with A, relating to the need for bone 
reconstruction or intentional shortening or deformity to achieve wound closure, B if flap coverage is required for wound closure, or C if vascular injury is present 
requiring vascular repair. 


OPEN FRACTURES WITH ASSOCIATED VASCULAR INJURY 


All open fractures will cause a degree of injury to adjacent blood vessels with reduced perfusion of the local tissues. In some anatomical locations, injury to 
major blood vessels is more likely. In a study of 450 open lower limb fractures, 20 (4.9%) had an arterial injury requiring treatment. The posterior tibial 
artery was the most frequently injured vessel. Blunt trauma will tend to injure vessels close to the fractured bone (e.g., brachial artery at the lower humerus; 
popliteal artery with fracture dislocations of the knee and iliac vessel disruption with displaced pelvic fractures). Penetrating trauma can divide any vessel in 
the line of the wound. It should be noted that many nerves run close to major arteries and nerve injury is commonly associated with vascular injury. 

Open fractures with vascular injury can have three consequences. First, the skin wound removes the tamponade present in closed injuries, allowing 
exsanguination. Second, the limb may be rendered acutely ischemic with arterial loss, or venous congestion with vein injury or thrombosis. Last, late 
sequelae may include chronic ischemia, false aneurysm, or arteriovenous fistula formation which can interfere with secondary reconstruction. 

Arrest of arterial blood flow will reduce tissue perfusion. This reduction is proportional to the integrity of the collateral circulation, the general degree of 
hypovolemia/shock and the presence or absence of preexisting arterial disease. Muscles will tolerate ischemia for 6 to 8 hours, but nerve tissue will die 
much sooner. 

Outcome of treatment of these injuries is critically dependent on early recognition of the vascular compromise and prompt restoration of tissue 
perfusion.®!!9-194 Pulsatile or active bleeding should be stopped with local pressure or a temporary tourniquet. Bleeding around the pelvis, which is difficult 
to stop, should prompt urgent investigation with CT angiography and possible arterial embolization, before any other surgery is planned. 148 

In the limbs, the signs of ischemia (pain, pallor, paresthesia, coldness, and absent pulses) should be sought (see Table 16-3). Expanding swellings 
(particularly with an audible bruit or thrill) may be present. In normotensive patients, the ankle-brachial pressure index can be measured. A ratio below 0.90 
suggests significant arterial compromise and arteriography should be considered. 

However, a pulseless pink limb should still be assumed to have a vascular injury and revascularization needs to ideally be performed within 3 or 4 hours 
of injury. CT angiography should be undertaken as part of the immediate trauma scan. Requesting separate preoperative angiography is usually unnecessary 


and may waste valuable time, delaying the surgical reestablishment of blood flow to the limb. Once concerns are raised about the limb’s vascularity all 
members of the necessary surgical team and the operating room personnel should be alerted to minimize delay. Treatment should begin urgently with 
exposure of the vessels above and below the zone of injury. The vessels should be exposed in wound that could be used to undertake fasciotomies. If a 
partial vessel tear is easily repaired, this can be undertaken first. If a segment of vessel is injured, or a complex disruption is present, the vessels should be 
resected back to healthy ends, to facilitate repair. The lumens should be flushed to remove blood clot and a temporary vascular shunt rapidly inserted to 
allow reperfusion of the distal limb and prevent tissue loss.° The aim should be to use vascular shunts to minimize the ischemia time. These shunts should 
be long enough to allow some scope for fracture reduction or manipulation without the risk of dislodging them. Once vascularity has been reestablished it is 
then possible to evaluate if there is potential for limb salvage. At this point skeletal stabilization can be achieved followed by definitive vascular repair. Care 
must be taken to avoid dislodging the shunt. If the bone reconstruction is very complex, it may be more prudent to temporarily span the fracture with an 
external fixator, after gross limb realignment, leaving definitive fixation to a second stage. It is tempting to fix the fracture first to give the vascular surgeons 
a safe, stable environment for vessel repair. However, this will usually delay reperfusion of the limb and may be associated with poorer outcomes.!!9 

Vascular repair can be performed in several ways. If vein grafts are used, they should be harvested from another limb as the superficial veins in the 
injured limb may be the only functioning drainage. Removing these may create chronic venous congestion and postphlebitic syndrome. 

When the blood supply is restored, it is often easier to see the demarcation between viable and nonviable tissue. Careful excision of the dead muscle and 
skin can then be performed. After repair and stabilization, the wound must be closed to protect the vascular anastomosis. Reperfusion after a period of 
ischemia will cause an increase in capillary permeability, with tissue edema and increased compartmental pressure (reperfusion injury). If the ischemic time 
has been long (over 3—4 hours) or there is associated major soft tissue injury, such as after blunt trauma with crushing, prophylactic fasciotomies should be 
performed. 

After surgery, the patient should be observed for the frequent complications which can arise. Failure of the vascular repair, due to clotting can affect 
30% to 58% of cases!! and should be promptly revised. Compartment syndrome can arise distal to the fracture even with fasciotomies (e.g., in the foot 
after tibial fractures). Later ischemia may present due to clotting around a previously undiagnosed arterial intimal tear. 

These injuries are classified separately as Gustilo—Anderson type ITIC to reflect their increased severity and poor outcome.®* Amputation is common, 
being reported in between 5% and 41% of cases thus classified.1!9-194204,219 Early amputation is usually related to delay in treatment, with later cases due to 
infection. Nonunion of the fracture is also much more common than without vascular injury.28*°* Even with successful limb salvage, many patients 
experience dysesthesia, muscle weakness, numbness, and loss of joint function. 


SALVAGE OR AMPUTATION? 


The decision to amputate or salvage a severely injured limb is an important, but often difficult, decision, that requires extensive experience.’72°5 However, 
it cannot be stressed enough that the successful management of these injuries is hugely dependent on the skill and expertise of the orthopaedic and plastic 
surgery teams and their ability to work together. Availability of advanced soft tissue reconstruction techniques using microsurgery and skeletal 
reconstruction devices has made limb salvage technically possible even in extreme cases. If the treatment strategy is not carefully chosen, the patient may 
either be denied a possible successful salvage procedure or be subjected to prolonged attempts at reconstruction with multiple surgeries that finally result in 
a secondary amputation.?”23:87,222,227 Every attempt must be made to avoid the “triumph of technique over reason” and a decision regarding the probability 
of amputation should be made during the index procedure or at least before the definitive soft tissue reconstruction procedure is attempted in a 
multidisciplinary discussion with the highest medical expertise available. Shared decision making with the patient and their next of kin is essential. 
Sometimes a patient simply does not want a prolonged attempt to save the injured limb and will opt for an early amputation with a more predictable 
outcome, a relatively quick rehabilitation, and return to work/social life, even when a reconstruction and salvage of the limb seems feasible. A number of 
studies, including two meta-analyses, have shown that the final outcomes of amputation after trauma are similar to the outcomes after limb salvage, with 
high rates of long-term disability reported in both patient groups.??-169.189 


TABLE 16-9. Components of Lower Extremity Injury Severity Scoring Systems 


Scoring Systems 


Parameter MESS LSI PSI NISSSA HFS-97 GHOIS 


Age X X X 
Shock X xX X X 
Warm ischemia time X X X X X X 
Bone injury X X X X 
Muscle injury x x 7 
Skin injury X X X 
Nerve injury X X X 

Deep-vein injury X 

Skeletal/soft tissue injury X X 

Contamination K X X 
Time to treatment X 

Comorbid conditions X 


MESS, mangled extremity severity score; LSI, limb salvage index; PSI, predictive salvage index; NISSSA, nerve injury, ischemia, 
soft tissue injury, skeletal injury, shock and age of patient score; HFS-97, Hannover fracture scale (1997 version); GHOIS, 
Ganga Hospital Open Injury Score. 

Reproduced with permission from Shanmuganathan R. The utility of scores in the decision to salvage or amputation in severely 
injured limbs. Indian ] Orthop. 2008;42(4):368-376. Permission conveyed through Copyright Clearance Center Inc. 


The need for primary amputation may be obvious in certain instances. Immediate amputation is indicated in the following cases: 


e When a limb is the source of life-threatening hemorrhage or as part of damage control in unstable polytraumatized patients 
e An avascular limb with a warm ischemia time longer than 6 hours 
e Extensive crush injuries, particularly if there is also involvement of the ipsilateral foot 


Many injured limbs fall into a grey zone in which the availability of objective assessment criteria would be helpful. As mentioned above, the GHOIS has 
a rather good sensitivity of 93.4% (95% CI, 78.4-98.2) and a specificity of 95% (95% CI, 88.7—97.9) for predicting amputation in type IIIB injuries but is 
not an on-the-spot easily executed scoring system.!’>!77-178 Apart from the GHOIS, many other extremity injury severity scores such as the mangled 
extremity severity score (MESS),!°? the limb salvage index,!®8 the predictive salvage index,°° the nerve injury, ischemia, soft tissue injury, skeletal injury, 
shock, and age of patient (NISSSA) score,!°* and the Hannover fracture scale?’ have been proposed to correlate the degree of injury to outcome. The 
components of different lower-extremity injury scoring systems are listed in Table 16-9. These scores have all in their own way attempted to evaluate the 
degree of injury to different tissues separately and include host and treatment factors that influence the outcome.!%” In general these scores are also not 
easily applied and therefore not regularly used in practice. 

It must also be remembered that no score is infallible, and the final decision should depend on a combination of factors, including severity of injury, the 
overall health status of the patient, the technical expertise of the treating team, and the suitability of the patient for prolonged surgical procedures. The 
patient and their family should ideally be actively involved in the decision at all stages. A recent meta-analysis of prognostic factors associated with 
amputation following repair of lower extremity vascular trauma highlighted a number of factors associated with an increased risk of secondary amputation, 
which included major soft tissue injury, compartment syndrome, an ischemic time beyond 6 hours and age over 55 years.'”° Neurologic findings at 
presentation such as absent plantar sensation and lack of motor function are not absolute indicators for amputation but may warrant direct nerve 
visualization. Bosse et al. reported in a study comparing patients presenting with an insensate foot on clinical examination similar outcomes following limb 
salvage at over 2 and a half years compared to a matched group with intact plantar sensibility at presentation.** 

The term mangled extremity refers to an injury to an extremity so severe that salvage is often questionable and amputation is a possible (early) outcome. 
The principles of mangled extremity management are being discussed in Chapter 18. Several factors are important to consider in deciding if limb salvage or 


amputation is the better option (Table 16-10). When indicated a delayed primary amputation is best performed within 72 hours to reduce the risk of 
subsequent infection. Retaining limb length is important for function. A through-knee amputation is usually preferable to an above-knee amputation for this 
reason. Plastic surgical soft tissue cover should be considered to maintain bone length if there is a soft tissue defect. 


TABLE 16-10. Important Factors in Decision Making Between Amputation and Limb Salvage 


Injury Factors 
Uncontrolled hemorrhage 
Associated vascular trauma 
Warm ischemia time 
Neurologic injury 

Degree of soft tissue injury 
Extent of bone loss 

Degree of contamination 
Ipsilateral foot trauma 
Patient Factors 

Severity of multiple injuries (based on Injury Severity Score) 
Age 

Hemodynamic stability 
Smoking status 

Medical comorbidities 
Occupation 


Social and cultural factors 


Careful attention to postoperative pain control and rehabilitation is important to optimize functional outcomes. Follow-up for at least 2 years is 
necessary to address any issues as it is not uncommon for secondary revision surgeries to be necessary to optimize prosthetic use. 


TREATMENT 


OPEN FRACTURE WOUND EXCISION 


Goals of Wound Excision 


Early thorough excision of nonviable tissues at the fracture site is one of the most important elements of infection prevention in open fracture management. 
The first goal of wound excision is to reduce the infective burden by removing contaminated debris that might have entered the fracture site. The second 
goal is to excise any devitalized tissue that could act as a nidus for bacterial adhesion and biofilm formation. For this to be achieved, the wound needs to be 
extended to provide adequate exposure (termed debridement, from the French word to “unbridle”). This process of wound release helps in improving tissue 
perfusion. While the term debridement is now often used synonymously to mean excision of tissue, it is helpful to think of the process in two stages; 
debridement to expose the injured tissues and excision to remove devitalized material and contamination. 

Wound excision needs to be systematic to ensure all foreign material and suspected avascular tissue is removed so that whatever is left behind is well 
vascularized living tissue, devoid of contamination. A secondary aim of debridement is also to minimize risk factors for infection such as dead space or 
hematoma so that the incidence of infection is reduced. To this end, tissue excision should be done by an experienced team of both orthopaedic and plastic 
surgeons.'*” An “orthoplastic approach” involving the plastic surgeon right from the start of tissue excision has numerous advantages. The combined 
experience of both specialists in the assessment of soft tissue and skeletal injury will improve the adequacy of tissue excision and favor early reconstruction 
without compromising secondary options.?°” It is important that during debridement, the surgical team should focus only on adequacy of the excision 
without being concerned about the ease of reconstruction. Modern methods of microvascular soft tissue reconstruction and bone defect management allow 
successful reconstruction but only in the absence of infection. A large, clean wound has a higher chance of successful reconstruction than a smaller but 
inadequately debrided, infected wound. Errors of judgment by the less experienced at this stage are an important cause of complications and failure. 
Following tissue excision, the presence of the plastic surgeon will aid in the decision making regarding whether direct closure is possible, whether it is 
possible to proceed with immediate internal fixation, as well as aid in the planning of any spanning external fixator, so that it does not compromise access 
for later soft tissue flaps. Finally, having a plastic surgeon in attendance during the initial tissue excision facilitates the organization and planning of 
definitive soft tissue cover. If the wound cannot be closed directly, the plastic surgeon can ensure that secondary closure occurs as quickly as possible. The 
element of wound excision is outlined in Table 16-11. 


Timing of Excision 


There has been an evolution in thinking on the optimal timing of the initial wound excision. Previously it was believed that wound excision should be 
undertaken within 6 hours of injury. The rationale for this originates in an historic guinea-pig study undertaken by Friedrich in 1898.77! Until recently there 
was little investigation into the validity of this widely accepted timeframe. This led to the practice of debridement being done even in the middle of the night 
when experienced surgeons were often not available. 

Much of the literature investigating the timing of wound excision is confounded by other variables, including the timing of antibiotic therapy, the 


mechanism of injury, patient factors, and time to definitive soft tissue reconstruction. The scientific basis of the 6-hour rule has been challenged by many 
recent studies which have failed to show a difference in outcome with wound excision undertaken beyond 6 hours.2°0-!73,186,192,202,205 

Current literature suggests no obvious advantage in performing debridement within 6 hours compared to debridement performed between 6 and 24 hours 
after injury.'®° A prospective study of 315 patients with open extremity fractures by Srour et al.*°> analyzed the effect of the timing of operative 
debridement on infection risk. Patients were grouped into categories of 6-hour intervals and all patients were formally debrided within 24 hours. Gustilo 
type I injuries constituted 22.2% of the population, 29.8% were type II, and 48% were type III injuries. The overall infection risk was 4.4%. In uni- and 
multivariate analysis, there was no difference in infection risk between all the groups up to 1 year after injury. A large retrospective multicenter review 
evaluated 554 open fractures in children and also showed no advantage of an emergent debridement within 6 hours.7°? Another study by Hull et al.°” looked 
at the impact of delay in wound excision on deep infection rate in 459 open fractures. They grouped all grades of open fracture together in analysis and 
controlled for confounding factors. They reported that the rate of deep infection increased by 3% for every hour delay to wound excision (odds ratio [OR] 
1.033/hr). However, they reported that infection was more likely in contaminated wounds (OR 3.12), tibial fractures (OR 2.44), and when comparing Grade 
TIC and IIC to grade II and IIIA fractures (OR 1.99). 


TABLE 16-11. Open Fracture Tissue Excision 


Debridement Principles 

Must be performed by an experienced team and as early as possible 

Orthoplastic approach with involvement of plastic surgeons even at index surgery 

Timing 
e Immediately—contaminated open fractures, suspected associated vascular injury, compartment syndrome, presence of multiple injuries 
e Within 12 hours uncontaminated high-energy injuries (types IIIA and IIIB) 
e Within 24 hours—low-energy uncontaminated open fractures 

Steps 

Predebridement photographs for documentation 

Application of tourniquet in case needed for part of excision 


Skin and Fascia 

Wounds must be longitudinally extended to provide adequate visualization of deeper structures (along fasciotomy lines) 
Margins must be trimmed to bleeding dermis to create a clean wound edge 

Gentle handling of the skin and prevention of degloving are essential 

All avascular fasciae must be excised 


Muscles 
All muscles in the compartment must be evaluated for viability (4 Cs: color, consistency, contractility, capacity to bleed) and excised until normal 


Bone 
Bone ends and medullary cavity must be carefully examined for impregnated debris, mud, and organic material 
All fragments without soft tissue attachment must be excised 


Lavage 
Adequate quantity of fluid with low-pressure lavage with tepid 0.9% saline until fluid draining clear 


Completion 

If tourniquet is used deflate to evaluate viability of all retained structures 

Assess loss of tissues classify injury. Document with photograph for future planning 
Decision of closure should be joint orthoplastic decision 


If closure possible, definitive fracture fixation after wound excision should be treated as new procedure with reprepping of the limb and separate opening of fixation instruments and 
implants at time of stabilization 


If closure not possible then method and timing of wound closure should be documented and planned to avoid delay 


The current data suggests that timing of wound debridement should be determined by the degree of contamination and severity of injury. In the United 
Kingdom, the National Institute for Clinical Excellence (NICE) now recommends that highly contaminated fractures, such as those exposed to agricultural 
or aquatic environments, should be excised immediately, that grade IIIA and IIIB fractures are excised within 12 hours and that all other long bone open 
fractures be excised within 24 hours of injury.'4” Although surgery should be performed as soon as safely possible, the thoroughness of debridement and 
excision seems to be more important than the timing. The advantage of early wound excision should be balanced with the benefit of having the most 
experienced personnel to carry out the excision. The consultant orthoplastic surgical team are best placed to determine the timing for individual patients 
based on clinical assessment. There are also other local and systemic factors that influence infection and wound healing (Table 16-12). 


Preoperative Preparation 


On patient arrival in the anesthetic room, a pneumatic tourniquet can be applied in case it is required during surgery. This will also allow quick control of 
severe hemorrhage that may rarely occur during any preoperative washing of the limb due to displacement of a clot or from an injury to an exposed, 
partially damaged vein. Dressings and splints can be removed, and the limb perfusion reassessed. The limb can be washed with a soapy chlorhexidine 
solution at this point to remove any particulate contamination or dried blood prior to formal skin antisepsis. A soft brush may be used to aid cleaning of dirt 
particles and debris. This also provides the opportunity to inspect the limb for any possible associated injuries missed during the initial assessment. In 
heavily contaminated wounds, thorough washing with copious amounts of saline is warranted before draping the limb. 


TABLE 16-12. Factors Increasing Risk for Infection 


Local Factors 
Organic, farmyard, or sewage contamination 
Poor debridement with retention of foreign debris and nonviable tissues 


Inadequate skeletal stabilization 

Presence of dead space 

Debridement later than 24 hours 

Delay of >72 hours to definitive soft tissue coverage 


Systemic Factors 

Presence of shock and ARDS 

Comorbid factors like age above 65 years, metabolic disorders like diabetes mellitus, history of smoking 
Compartment syndrome and hypovascular tissues 

Prolonged hospital stay and exposure to resistant organisms 

Poor nutrition 


If not already taken, photographs can be acquired to document the extent of injury before formal excision and should be obtained following excision to 
plan reconstruction. 

It is recommended that alcohol-based skin preparation is used, ensuring that there is no pooling under the tourniquet or contact with the open wound. 
The instruments used for the wound excision should be independent from any equipment used for definitive fixation to minimize the risk of contamination 
of any fracture implants. For the same reason at the end of wound excision the limb should be reprepared and draped and the instruments used passed out 
and replaced with a clean set.°8 


Wound Extension 


To allow adequate excision of nonviable tissue and particulate contamination, the zone of injury must be adequately visualized. Contamination may not be 
immediately obvious because maximal deformity of the fracture occurs at the time of injury and after the subsequent elastic recoil of tissues, or limb 
reduction undertaken during initial splinting, debris can be pulled into the fracture site and obscured from view. The superficial wound may not reflect the 
severity of involvement of the deeper structures, particularly in high-energy injuries. It is therefore necessary to undertake extension of the open fracture 
wound to allow exposure of the entire zone of injury to complete an inspection of the fracture site and associated soft tissues. 

This debridement or “laying open” of the soft tissues will allow an adequate wound excision to be performed. In tibial fracture wounds this should be 
undertaken along fasciotomy lines to prevent further denuding of the bone and to protect perforators arising from the posterior tibial artery that might be 
useful in subsequent soft tissue reconstruction (Fig. 16-10). Wound extension must be subfascial to prevent degloving of the skin. The extension should 
continue until the muscle is normal and the periosteum is adherent to the bone.° Not all open fracture wounds can be easily extended along fasciotomy lines 
and decision making about wound extension and the extent of excision is best done in the setting of senior orthopaedic and plastic surgical consultation 
during this initial excision surgery, based on the fracture configuration, the relationship to neurovascular bundles and the defect morphology. 


Tissue Excision 


Judging the viability of tissue can be difficult and a systematic approach is recommended. The use of magnifying loupes may facilitate the identification of 
dirt and contamination and helps to improve the quality of debridement. Many authors describe a system of assessing tissues from superficial to deep in a 
clockwise manner or from the periphery to the center. However, this should only be done after the wound has been adequately extended to aid visualization 
(Fig. 16-11). In higher-energy injuries the deep posterior muscle compartment must be visualized as this is often where devitalized muscle or foreign 
material can be missed. 

Some controversy remains regarding the use of tourniquets in open fractures. Proponents of their use argue that they aid in visualizing neurovascular 
structures, avoid tissue being obscured by bleeding, which can hide contamination, especially in deeper muscle planes, and that they reduce further 
intraoperative blood loss. These advantages should be weighed up against the potential harm that can result from further injury to traumatized tissues more 
vulnerable to ischemic and reperfusion injury. A recent study reviewing tourniquet use in 1,351 open lower limb fractures found no increased risk of wound 
complications or reoperation at 1 year.®8 However, they observed that in Gustilo IIIA and IIIB, there was a meaningful association between tourniquet use 
and unplanned reoperation with a dose-response association that was not evident in lower-grade injuries. Prolonged tourniquet use should be avoided 
particularly in the setting of high-grade open fractures. If used, the tourniquet should be deflated after excision to allow assessment of tissue viability and to 
achieve hemostasis. 


Superficial Excision 


Skin is relatively robust but less resilient when subjected to crush, torsional, and avulsive forces as this can damage its underlying blood supply. Initially, 
skin edges should be inspected and everted to identify signs of necrosis, such as venous thrombosis in the dermal layer or a lack of blanching on digital 
pressure. Debridement of the skin must be undertaken without a tourniquet as the extent of skin resection is usually decided by the presence of bleeding skin 
edges. Although nonviable skin must not be retained, indiscriminate removal of skin flaps must be avoided. Viable skin flaps can cover exposed bone and 
help to limit the extent of soft tissue reconstruction that is required. Distally based skin flaps have less vascularity than proximally based skin flaps but flaps 
with a large base often have sufficient vascularity to allow good healing (Fig. 16-12). Whenever the viability of a flap is in doubt, it is better to retain the 
skin for debridement during the secondary procedure. The underlying fascia should also be checked carefully as retaining nonviable fascia often causes 
infection. Fascia that is detached, shredded, or even doubtfully nonviable must be excised. 

Signs of degloving may require more extensive skin excision (see next section). Subcutaneous fat can be damaged by direct compression so the extent of 
fat necrosis may extend beyond intact skin. Fat with evidence of thrombosis or loss of its inherent integrity should be excised. 


MUSCLE EXCISION 


Special attention needs to be given to excision of nonviable muscle as retained necrotic muscle is a leading cause of anaerobic infection. Classically muscle 
viability is assessed by the four C’s: contractability, color, consistency, and capacity to bleed.°° Any muscle that fails to contract on electrical stimulus with 
the diathermy or is discolored is devitalized and must be removed. If the muscle is gripped with a bone rongeur and pulled then devitalized muscle tends to 
detach easily, in contrast to health muscle that tends to contract and pull away from the rongeur tips. If a tourniquet is used, viable muscles appear pale 
while under tourniquet and blush immediately on release, whereas avascular muscles appear dark red even while under tourniquet with no change after 


release of the tourniquet. 


e 16-10 A: Open tibial fracture with oblique wound overlying the medial tibial face. B: To allow adequate e: exposure, the wound should be extended along the 
purple- -dashed fasciotomy lines. Note the position of the perforator vessels sometimes used in fasciocutaneous flaps, marked as red dots at approximately 5, 10, and 15 
cm above the medial malleolus. C: Open fracture wound extended to allow bone end deliver. Free gracilis flap (D) used as definitive soft tissue cover, which contours 
nicely to the leg with compression as it matures (E). 


E, F ` 3 
Figure 16-11. Open fracture of the forearm cause by a severe crush mechanism. Note the relatively simple fracture pattern on AP (A) and lateral (B) radiographs as 
well as the relatively small open wounds, that do not reflect the extent of damage to the deeper soft tissues (C). D: Wound extension should ideally be planned in 
combination with a plastic surgeon. Note the extensive exposure and excision of dubious muscle. E: Skeletal stabilization achieved using temporary external fixator. A 
free anterolateral thigh flap was used to manage soft tissue defect (F) with fixator changed out for internal fixation at the same time (G). 


Muscles may be extensively damaged by bone ends and subcutaneous degloving, even in the presence of a small external wound. This is particularly 
likely with gunshot wounds or blast injuries. Careful examination of all muscles of the different compartments is required to rule out occult muscle damage. 
Proximal avulsion of entire muscle bellies with complete devascularization of the muscles is common in the forearm and this should be recognized. This 
may require the excision of entire muscle bellies, but the tendons can be retained and tethered to intact muscles in a later reconstructive procedure. The 
tendons and tendon sheaths are highly susceptible to drying and desiccation so care must be taken to protect them under skin flaps or bury them under 
muscles. Accurate assessment of muscle viability is not always straightforward and comes with experience. Where there is doubt it is better to excise than 


retain dubiously vascularized muscle. 
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Figure 16-12. Large skin flaps, especially over the joints, may be viable and can be retained with great benefit. Here, an open injury of the lower end of the femur has 
a large flap (A, B), which satisfied the requirements for primary closure that was done after suitable internal fixation (C, D). E: Primary healing of both the skin and 
bone was achieved. 


Bone Excision 


Bone ends need to be visualized to ensure that no foreign material has been driven into the medullary canal or under the periosteum. The method of 
delivering the bone ends into the surgical wound is often termed the shotgun maneuver. This allows the canal to be inspected and cleaned with curettes to 
remove the intramedullary hematoma or contamination. In simple fracture patterns the bone spike that exited the wound at time of injury can be identified 
and removed using bone rongeurs. If the bone ends are viable, some care should be taken to try and retain some degree of cortical integrity to aid reduction. 
If foreign material is embedded in the bone end this must be meticulously removed. Bone damage varies considerably with the site of the injury and may be 
independent of the damage to the soft tissues. The decision to retain or discard damaged bone is made on the basis of vascularity, which is related to its 
residual soft tissue attachment. Stripped fragments have lost their vascularity so are unlikely to contribute to bone healing and are significantly more likely 
to become a nidus of infection if a subsequent wound infection develops. Any damaged periosteum stripped off the bone should also be excised. Cortical 
bone has a relatively poor blood supply and any separated bone fragments should undergo a tug test, where a gentle steady pull is applied. If the fragment 
has tenuous soft tissue attachment it will separate easily and should be removed (Fig. 16-13). The viability of larger fragments can be assessed by cutting the 
cortical edge with a chisel or rongeurs and looking for punctate bleeding. If a saw is used it should be kept cool with irrigation to avoid thermal necrosis of 
the bone ends. Intermittent lavage of the bone may help in maintaining visibility of the bone edges to allow assessment of viability. A systematic inspection 
of the bone is needed. Once a bone edge is seen to bleed, it should be noted because if it is inspected later, it will probably have stopped bleeding, and this 
might result in unnecessary repeated resection. 
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Figure 16-13. A, B: Comminuted cortical bone fragments without soft tissue attachments are avascular and nonviable. C: The fragments must be removed since 
retaining them may result in infection and non-union. 


If there is doubt regarding viability of fragments, then they should probably be removed. If fragments are retained, then they should be rechecked at any 
secondary relook surgery to confirm their viability. 

In contrast, metaphyseal bone, which is purely cancellous, has a higher capacity for revascularization and integration and can be preserved if not grossly 
contaminated. In the ankle, foot, and carpal regions, entire tarsal and carpal bones may sometimes be extruded. If not severely contaminated these bones can 
be retained with good results. If there is metaphyseal comminution adjacent to a joint, the retained bone fragments must be stably fixed so that the 
complications of secondary loss of bone, joint incongruity, and infection are reduced. 

Every effort should be made to preserve large articular fragments with an intact cancellous bone attachment, even if they do not have soft tissue 
attachment.!°4 However, these pieces should be thoroughly cleaned with scrubbing, curettage, and lavage before being fixed with absolute stability.°° 

If the zone of injury includes a joint this will likely need to be inspected including the joint surface and periarticular space. In the case of ankle fractures, 
the syndesmosis should also be explored for potential debris or fracture fragmentation. Exposed bone and articular cartilage are very susceptible to 
desiccation during excision and should be kept wet while the wound is open. 


DEGLOVING 


Degloving is often associated with high-energy injuries and occurs when the soft tissue is sheared from its underlying attachments along single, or multiple 
planes (Fig. 16-14 and Table 16-13). This occurs in response to various types of force that can occur together, including torsion, avulsion, or crush injuries. 
Single plane degloving occurs between the subcutaneous fat and deep fascia while multiplanar injuries tend to occur within muscle groups and between the 
bone and muscle. This shear causes disruption to the transmuscular and intermuscular perforating vessels that normally perfuse the skin, resulting in 
necrosis of the overlying skin. This problem can be compounded by associated venous congestion and hematoma accumulation as well as local cytokine 
release. 

The likelihood of non-viable skin increases with the extent of degloving from (1) localized to (2) non-circumferential single plane degloving, to (3) 
circumferential degloving to (4) circumferential multiplanar degloving. The location of the degloving is also an important factor because even localized 
degloving can result in soft tissue loss over bony prominences, such as the malleoli. Skin degloving around open calcaneal fractures is a special case with 
few possibilities for restoration of the specialized heel skin. 

Circumferentially degloved skin is usually nonviable and will usually require excision. 

The viability of the affected skin can be difficult to assess. Often the degloving causes color change in the skin which can vary from red to blue 
discoloration. Signs that the skin is not viable include thrombosis of the subcutaneous veins or the presence of fixed staining, when there is no blanching in 
the observed color change in the skin on digital pressure. 
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Figure 16-14. Closed degloving is a major risk factor for extensive skin avascularity. Here the soft tissues can be lifted away from the fascia of the leg (A) indicating 
extensive degloving (B). 


Nonviable skin will need to be excised and the defect treated with a meshed split skin graft or with flap coverage if the fracture site or bone is exposed 
(Fig. 16-15). If on inspection the extent of skin damage is difficult to assess, a second look procedure in 24 to 48 hours may be warranted. However, early 
definitive coverage of open fractures is preferred and should certainly not be delayed beyond 72 hours if possible.!66 Therefore, serial wound debridement is 
best avoided. Once the nonviable skin excision is complete, split skin grafting can be performed during the same anesthetic, assuming good soft tissue 
coverage of the bone. The use of short-term negative-pressure wound therapy (NPWT) can be useful in aiding graft take as it can help the graft confirm to 
the graft bed, even if the wound shape is irregular.®:25193 

Closed degloving can present as subcutaneous fluid collections. Sometimes diagnosis is delayed days to months after injury. Late presentations can be 
associated with full thickness skin necrosis. When the subdermal fat is sheared off the fascia a Morel—Lavallée lesion can occur. The risk with these lesions 
is later infection. These lesions can be treated with aspiration, insertion of vacuum drains, or excision. A study demonstrated higher infection rates with 
aspiration (56%) compared to observation (19%) or excision (15%).!49 This study also found that lesions with >50 mL of fluid were more likely to become 
infected compared to smaller lesions (83% vs. 33%), recommending larger lesions should be treated surgically. 


TABLE 16-13. Approach to Managing Degloving Injuries 


Extent of injury often underestimated 

Signs of non-viable skin 

Thrombosis of subcutaneous veins 

Presence of fixed staining 

Non-blanching of skin on digital pressure 

With multiplanar degloving when some muscles may be striped form bone it may be preferable to undertake a second look within 72 hours 
Circumferential degloving is nonviable 

Collections under Morel—Lavallée >50 mL may be best treated surgically rather than with aspiration 

With very extensive multiplanar degloving amputation may need to be undertaken within 72 hours of injury 


Lavage 


Following excision, irrigation of the surgical site serves to remove blood, reduce the number of bacteria, and flush out any residual particulate matter.°! This 
stage should be undertaken after excision of the wound to avoid driving any debris and bacteria deeper into the wound. While high-pressure pulse lavage is 
more effective at removing bacteria from surfaces compared to low pressure irrigation, there are now several studies which have highlighted the negative 
effects of high-pressure pulse lavage. These include muscle necrosis, damage to cancellous bony architecture, as well as the detrimental effect on soft tissue 
and fracture healing caused by the damage and removal of cells important in tissue regeneration.”7634,40,54,56,88, 106,113,172 The effect of irrigation pressure 
and the addition of soaps to washout fluids has also been investigated by the FLOW study.®? This found no benefit to high-pressure pulse lavage and noted 
higher reoperation rates with the use of soap as an additive. 

The addition of antiseptics to lavage solutions have resulted in significant impairment in wound healing due to their cytotoxic effects, so their use is not 
recommended in open fracture management. Diluted povidone-iodine (1.3 g/L) has a bactericidal effect with less effect on cellular viability, but its use 
stains the operative field, potentially making identification of contamination more difficult.®:!2 It is also possibly toxic to tendon sheaths, cartilage, and 
periosteum. 

The addition of antibiotics to irrigation solution has not been shown to offer a clear advantage over normal saline in either animal or human 
models.°°-!85 Given the small risk of allergic reaction and the additional costs, the use of antimicrobials in lavage solutions is not recommended. 


Figure 16-15. A, B: Open femoral fracture with simple transverse fracture pattern but gross displacement. C, D: Small medial wound with unrecognized degloving. 
E: Intramedullary nail inserted and wound closed. F, G: Subsequent skin necrosis. Treated with skin excision and skin grafting (H, I) onto underlying viable muscle 
which was successful (J). K: Fracture went onto uneventful union. 


An adequate quantity of lavage fluid must be used for cleaning on the principle that the “solution for pollution is dilution.” Lavage should continue until 
the whole wound is clean and the draining effluent is clear.!°° To date, there are no human clinical studies evaluating optimal irrigation volumes for open 
fractures. As a general recommendation, a minimum of 3 L should be used for open fracture lavage, but as the severity of the open fracture increases, so 
should the volume of irrigation. Typically, more than 9 L of fluid may be required in type IIIB injuries. Evidence supporting the use of lavage in open 
injuries is given in Table 16-14. 

Therefore, current recommendations are to use low-pressure saline lavage with no additives along with digital agitation of the tissues to aid in the 
cleaning process.5%58 


TABLE 16-14. Evidence Supporting Wound Lavage in Open Injuries 


Adequate quantity of fluid must be used for lavage. Typically, at least 9 L of fluid is used for type IIIB fractures. 
Lavage clears blood clot, nonviable tissues, and debris from tissue planes and dead spaces. 
Lavage reduces bacterial population. 


No advantage in adding antiseptic solutions or antibiotics to lavage fluid. 
Use of hydrogen peroxide, alcohol solution, povidone iodine, and other chemical agents may impair osteoblast function, inhibit wound healing, and cause cartilage damage. 


High-pressure pulsatile lavage can reduce bacterial load by 100-fold but has a disadvantage of microscopic damage to the bone, considerable soft tissue damage, and may push the 
bacteria contamination to deeper tissue plane. 
Low-pressure lavage is equally effective as high-pressure pulsatile lavage and has less harmful effects on tissues. 


LOCAL ANTIBIOTICS 


More recent studies have focused on the effect of local delivery of antibiotics at the site of contamination. The use of local antibiotics allows delivery of 
high concentrations of antibiotics without significant risk of systemic toxicity. High concentrations of antibiotics have been shown to be effective against 
biofilms, and therefore local antibiotics may have a significant role in reducing infections from biofilm-producing bacteria on bone or implants. 

Craig et al.*9 conducted a meta-analysis of open fractures treated with intramedullary nailing and compared the use of locally delivered antibiotics and 
systemic antibiotics with the use of systemic antibiotics alone. They found that the infection rate decreased from 31% for type IIIB and IIIC fractures to 9% 
for those treated with the addition of locally administered antibiotics. For type IIIA fractures, the rate decreased from 14.4% to 2.4% with the addition of 
local antibiotics. In a retrospective study by Ostermann et al.!°” on the efficacy of local antibiotics, they have found that the adjuvant use of local antibiotic- 
loaded polymethylmethacrylate beads (PMMA) may reduce the incidence of infection in severe open fractures. They have reported an infection rate of 3.7% 
in patients treated with both local as well as systemic antibiotics compared with 12% infection rate for patients who received only systemic antibiotics. 

Rand et al.!”° investigated the effect on infection of combining systemic with local antibiotics using PMMA beads or gel delivery in an experimental 
animal model. Although no significant difference was found between the vehicles, they have suggested that local antibiotics augment the antimicrobial 
effect of systemic antibiotics. In a more recent study by Moehring et al.'°” comparing antibiotic beads with systemic antibiotics, it was suggested that 
antibiotic beads may provide protection against infection but they cannot be considered a substitute for systemic therapy. Rozell et al.t86 concluded that the 
available evidence regarding the efficacy of antibiotic-laden cement in large-defect open fractures is compelling. In a meta-analysis including 2,738 patients 
from 8 comparative trials, Morgenstern et al.!47 assessed the effect of local antibiotic prophylaxis in the setting of open limb fractures. Six studies utilized 
antibiotic loaded polymethyl methacrylate beads and two studies utilized local antibiotics without a carrier substance. Their analysis suggested a risk 
reduction of 11.9% in FRI if additional local prophylactic antibiotics were given. However, the authors conclude that heterogeneity, potential bias, and low- 
quality studies limit this finding. The Major Extremity Trauma Research Consortium (METRC) investigated the effect of adding 1 g of topical vancomycin 
power preclosure in high-risk tibial plateau and pilon fractures on the rate of deep infection within 6 months of surgery.!2° This open-label randomized 
clinical trial including 890 patients found a reduction of gram-positive deep surgical site infections (risk difference, -3.7%; 95% CI -6.7%-0.8%; p = .02), 
although not a significant difference in the overall infection rates between treatment and control groups (risk difference, -3.4; 95% CI, -6.9%-0.1%; p = 
.06). 

In conclusion, most studies have suggested a benefit from the use of local antibiotics, however, more well-designed comparative studies on the subject 
are required. 


SKELETAL STABILIZATION 


Achieving skeletal stability is an important element in achieving successful outcome because it arrests ongoing tissue injury and provides an optimal 
environment for neoangiogenesis. It is important to provide adequate stability immediately following the completion of tissue excision. The options 
available for securing stability are determined by the decision making related to soft tissue management (Table 16-15). This important decision point should 
be made through senior orthoplastic consultation, ideally with both specialties being present during the initial tissue excision. 

If the soft tissues are assessed as being suitable for immediate definitive closure following tissue excision and there is minimal contamination at the time 
of injury, it may be possible to proceed to internal fixation at that stage. If internal fixation is used, then it is mandatory that definitive soft tissue cover is 
achieved at the same time to minimize the risk of secondary colonization of the implant and subsequent infection.2%73:!45-147,227 Studies have shown that 
undertaking definitive internal fixation with delayed soft tissue coverage is associated with higher rates of infection.!!!27 


TABLE 16-15. Considerations When Undertaking Skeletal Stabilization 


If wound closure possible definitive internal fixation possible 

Undertake as staged procedure with reprep and drape of limb and separate instruments to minimize infection risk 
If wound not closable avoid definitive internal fixation 

Undertake temporizing spanning external fixation 

Ensure sufficient stability to prevent fracture displacement 

Consider pin placement to avoid impeding soft tissue reconstruction or further intended internal fixation 
Consider predrilling pins to avoid thermal necrosis of bone 

Aim to place pins through intact skin not open wounds 

Aim to achieve good fracture reduction and joint congruity (may consider supplemental percutaneous fixation of articular segments 
Pins should avoid joints and the capsular reflections of joints as any pin site 

Muscle and tendon impalement must be avoided 

Aim to convert to internal fixation as early as possible (within 3 days) 

Avoid definitive internal fixation if not undertaking soft tissue cover at the same time 


If internal fixation is undertaken at this stage, it is recommended that this second step be considered a separate procedure. It is good practice for the old 
instruments to be passed out, gowns and gloves changed, and the limb reprepared and redraped. 

If the wound is deemed to be unsuitable for direct closure or immediate flap, then stabilization should be achieved using a temporary spanning external 
fixator. This should restore the limb’s length and alignment, which will protect the limbs vascularity, aid venous return, and decrease swelling. Furthermore, 
it should allow easier inspection of wounds, and facilitate rehabilitation by reducing pain and allowing some joint movement in the affected limb. It is 
important when considering application of a temporary external fixator that it does not impede any future plastic surgical reconstruction of the soft tissues. 


Temporary external fixators should be placed outside the zone of injury and outside the zone of reconstruction. Therefore, it is best placed with close liaison 
with the plastic surgeon (ideally be present at the initial tissue excision). If there is an associated vascular deficit the frame may need to be applied quickly 
to see if flow is restored or if further vascular exploration and/or repair is required. 

A variety of stabilization methods are available, and the choice depends on the morphology of the fracture, the extent of any initial contamination, and 
the timing and type of any planned soft tissue reconstructive procedure. 

In situations where there is a good soft tissue envelope, as in many upper limb and femoral fractures, and enough time considering the patient’s 
condition, internal fixation can be considered immediately following tissue excision. The choice of plate or nailing depends on the location of injury. As a 
general rule, plate fixation is preferable for all open upper limb injuries and is usually used for periarticular injuries with or without articular surface 
involvement. Lower limb diaphyseal fractures are usually treated by IM nailing. There are many exceptions to these rules, however, and individual 
decisions need to be made on a patient-to-patient basis. For instance, reamed intramedullary nailing of the femur in a patient with already compromised 
breathing can cause severe pulmonary insufficiency due to fat emboli syndrome. In this case it is better to temporarily stabilize the femur with an external 
fixator and delay the intramedullary nailing procedure until the condition of the patient has improved. 


PLASTER CASTS AND TRACTION 


Plaster casts and traction are now rarely used in open injuries, apart from a temporary measure to bridge the time to initial surgery. Wound inspection and 
dressing changes are very difficult in a cast or traction and cast contamination and maceration of the skin can be unpleasant and increase the risk of 
infection. Casts also compromise the early detection of compartment syndrome, skin blistering, and skin necrosis and are therefore not recommended as a 
method of treatment in the early stages of wound care. 


EXTERNAL SKELETAL FIXATION 


External fixators, especially half pin unilateral frames, are the workhorse for skeletal stabilization in open fractures as they provide a swift versatile method 
of providing stability without the need for additional exposure or periosteal striping even in demanding situations. !* 

When using temporary monolateral external fixators the diameter of the connecting bars and pins is important in providing sufficient stability. 
Therefore, in adults, pins with a diameter of at least 5 or 6 mm should be used with connecting rods of at least 10 mm diameter. In children 4-mm pins may 
be sufficient. 

External fixators are mainly used as temporary stabilizers with conversion to internal fixation being undertaken at an appropriate time. They can be used 
as a definitive treatment when a stable fracture configuration with good reduction and circumferential contact is achieved (Fig. 16-16). However, if a frame 
is used as definitive fixation it may be preferable to convert fixation to a circular or biplanar external fixator, as this will allow improved mobility and 
weight bearing, which are important elements in a successful recovery. A meta-analysis of the treatment of open tibial diaphyseal fractures with external 
fixation by Giannoudis et al. reported a union rate of 94% at a mean of 37 weeks and an overall infection rate of 16.2%.°° Chronic infection developed in 
4.2% of fractures. External fixators also have a high rate of complications, the most common being pin loosening, infection, and malunion.°*?° Pin-tract 
infection is the most frequent complication with external fixation and occurs in up to 32% of patients. This can lead to chronic infection and make future 
conversion to intramedullary nailing (IMN) difficult. Utmost care should be exercised in the placement of the pins and during follow-up. 

Ilizarov ring fixators and other ring fixators are used mainly in juxta-articular fractures with soft tissue injury and in fractures with bone loss. 

The following points need emphasis: 


e Itis good practice, especially when external fixation has to be maintained for a long period, to predrill pin sites with a cooled drill to minimize thermal 
necrosis as this may lead to pin loosening, loss of stability, and infection.?®??8 

e The pins must be judiciously placed to allow further soft tissue reconstruction. The availability of a plastic surgeon at the time of debridement is 
valuable to plan the soft tissue reconstruction and place the pins suitably. 

e Pins should be placed through intact soft tissues rather than through the open wound.!!8 
In the presence of degloving, further debridement may lead to further secondary loss of skin and the need to change pin sites. 

External fixators must be applied with good reduction of the fracture. When the fracture is distant from the open wound, small pin incisions may be 
made in consultation with the plastic surgeons. 

e Whenever conversion to internal fixation is planned in advance, care must be taken to avoid placing the pins in the line of future surgical incisions. 

e In fractures with articular surface involvement, especially in fractures around the knee and elbow, joint congruity should be achieved on day one with 
appropriate internal fixation as late reconstruction of the joint surface is often not possible. This can be achieved with supplementary percutaneous 
placement of screws to reduce the articular segments assuming that there is minimal contamination of the open fracture. 

Pins must be placed with a thorough knowledge of the regional anatomy so that injuries to the neurovascular structures are avoided. 

Incisions for pins should be in line with trajectory of pin placement to prevent skin tethering which can result in skin breakdown. 

Pins should avoid joints and the capsular reflections of joints as any pin site infection may lead to septic arthritis.°* For example, proximal tibial pins 
should be placed at least 14 mm distal to the articular surface to avoid intra-articular placement. 

e Muscle and tendon impalement must be avoided as entrapped musculotendinous units restrict movement and cause pain and discomfort.°? Drill sleeves 
should be used and appropriate dissection of the soft tissues will avoid critical soft tissue tethering. 


Figure 16-16. A major type IIIB injury of both the tibia and fibula right leg (A, B) had skeletal stabilization by external fixation (C) and the soft tissue defect 
addressed by a large free flap (D). E: Bone union was achieved by external fixation alone without any need for further internal fixation. 


Meticulous care of pin tracts is crucial to avoid infection. In common practice the pin tracts should be dressed and not disturbed for the first 48 hours. 
Following this they should be kept clean and dressed if not dry, to minimize the risk of pin site infection. Even a few days of neglect may result in a deep 
pin-tract infection that will complicate the management of the fracture and delay the process of reconstruction. 

Following temporary external fixation, definitive internal fixation with an interlocking nail or plate, is ideally performed within 72 hours of the primary 
wound excision. This implies that it is performed usually at the second-look procedure when the definitive soft tissue cover is achieved at the same time.!~ 
If a flap is performed before definitive internal fixation, then a period of time of between 12 and 28 days is usually required to allow the flap to settle 
preventing conversion to internal fixation during this time. There is a higher chance of colonization of bacteria through the pin tracts by any delay to internal 
fixation when a temporary external fixator is in place.719-126.129.130,134 

In a meta-analysis!© it was demonstrated that conversion of external fixation to IM nailing in open tibial and femoral fractures within 28 days resulted in 
a reduced rate of infection of only 3.7% compared to 22% when performed later. In late conversions, an interval of 10 to 14 days between removal of the 
external fixator and internal fixation has also been advised as a method by which infection can be avoided. However, this “pin site holiday” may not be 
possible at the early stage of fracture healing without compromising stability. The use of local antibiotics to protect internal fixation in this higher-risk group 


may mitigate the increased risk of infection with these cases of delayed conversion to internal fixation.6?142 


PRIMARY INTERNAL FIXATION 


Primary internal fixation was considered unacceptable even two decades ago due to the fear of increased infection and damage to the blood supply during 
the process of fixation.?®107 With refinement of the techniques of debridement, however, primary bone stabilization by interlocking nails and plate fixation 
is being increasingly performed with good results.°* Using internal fixation is safe if, following wound excision, the wound can be sutured closed without 
tension, which is usually the case in Gustilo—Anderson grade I, II, and most IIIA fractures.!°! Low infection rates can still be attained, even in cases when 
direct wound closure cannot be achieved, as long as good initial excision is performed and a well-vascularized soft tissue envelope is restored, with the use 
of local or free-flap coverage at the same time as the internal fixation. 

Generally, plate fixation is ideal for fractures of the upper limb. The choice between a locking nail and a plate for the lower limb bones is made 
depending on the fracture morphology, the instrumentation that is available, and the surgeon’s preference. Apart from soft tissue coverage (favoring 
intramedullary nailing), no advantages for either technique exists, and the same principles apply for open as for closed fractures. 


MANAGEMENT OF ACUTE BONE LOSS 


Bone loss of varying degrees can occur due to primary bone loss at the time of accident or during secondary excision of dead or contaminated bone. 
Sometimes in high-energy injuries, metaphyseal bone can become crushed and leave a resultant bone void, even when there has been no bone extrusion 
from the wound. Considerable experience is often required regarding the retention of comminuted bone fragments as there is no clear indication as to how 
much soft tissue attachment is required to maintain viability of the fragments. Although cortical fragments are best to remove, given their poor blood supply 
and propensity to become sequestra if infection ensues, metaphyseal fragments with cancellous bone and fragments containing articular margins are usually 
retained after adequate cleaning even when there is no soft tissue attachment. Although large bone gaps do add additional complexity to future management, 
a larger bone gap without infection is preferable to a smaller gap with nonviable bone and infection. 

While there are rare reports in the literature about spontaneous healing of bone defects’”°* which may be related to unpredictable genetic factors,!*° a 
remaining periosteal envelope or in association with head injuries, most cases will require reconstruction for critical segmental bone defects. Several factors 
influence the treatment option selected, including which bone is involved, the size of the defect, the location within the bone, the condition of the soft tissue 
envelope, the presence of any patient comorbidities or mental health issues, and the expertise of the treating hospital. Safe and effective management 
requires expertise in both orthopaedic and plastic specialties. These cases are particularly challenging and should be managed in units with relevant 
expertise and experience.°8 

Distraction osteogenesis using the Ilizarov method is well established and reliable. The induced membrane technique first described by Masquelet uses a 
temporary PMMA spacer to create a pseudomembrane suitable for later bone grafting. Some defects may be amenable to vascularized free transfer of bone 
(usually the fibula). Partial bone loss or small cuneiform defects may be amenable to secondary autologous bone grafting. 
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UPPER LIMB DEFECTS 


Unlike in the lower limb moderate bone gaps in the upper limb can generally be managed by bone shortening. Whenever there is bone loss, the ends of the 
bone can be trimmed suitably so that there is a good contact for stable fixation. In the humerus, patients can tolerate quite significant shortening, up to about 
5 cm without significant functional deficit or weakness. In the forearm, bone shortening is not as straightforward because of the need to avoid differential 
shortening of the radius and ulna, as well as there being less scope for shortening due to the impact on the long flexor tendons. A differential loss of up to 2 
cm in one bone can be easily managed by bone grafting the defect. For bigger defects in the upper limb, induced membrane techniques seem to be more 
successful and better tolerated than in the lower limb. A reconstruction is also possible using a vascularized free fibula in larger defects as is bone 
transportation if only one of the forearm bones has a segmental defect. If there is a very severe loss of either the radius or the ulna, with major functional 
loss in the hand, reconstruction to create a single-bone forearm is a viable option. In the most severe mangled extremity injuries of the upper limb, this 
option may allow the quickest return of function and may avoid the need for amputation, which has poorer functional outcomes (Fig. 16-17). 


Figure 16-17. A, B: This patient presented with a severe mangled injury of the forearm and major bone loss involving both the radius and ulna. C-E: A one-bone 
forearm reconstruction procedure was undertaken, and a good result was achieved. 


LOWER LIMB DEFECTS 


In the lower limb, the extent of bone loss determines reconstruction options. A loss of less than 2 cm is well tolerated and primary shortening can be done 
safely, with the added advantage of obliterating dead space by shortening the bone ends until they are in contact. Acute shortening may sometimes be used 
for larger segmental defects, particularly if there are no good flap options and soft tissue closure can be achieved with direct closure after shortening. Any 


length discrepancy may be equalized later using distraction osteogenesis, or acute shortening and lengthening through the same site. 

When the loss is due to the removal of a large, comminuted fragment, or when the circumferential loss is less than 3 cm, autologous bone grafting may 
be effective. Generally, bone grafting is usually undertaken as a secondary procedure to minimize the risk of infection, once the soft tissue cover has 
adequately matured. Many centers use an induced membrane technique with initial PMMA spacer followed by grafting of the defect as a secondary 
procedure. 

When the bone loss exceeds 4 cm in the lower limb, options become more difficult due to the need to allow weight bearing. Larger bone defects have 
been treated with free vascularized free fibula flaps (Fig. 16-18), but these are associated with a higher failure rate compared to the upper limb, usually 
related to the incidence of late stress fractures.!°4!!” Efforts to avoid this risk have included cutting the fibula to provide a double barrel flap that is more 
robust. However, this cannot be used in larger defects. A modified Capanna technique, in which a long free vascularized fibular graft is incorporated into a 
large femoral allograft to bridge the gap, has been reported.!0-!21 


Figure 16-18. The severity of the skin wound often has no bearing on the extent of damage to deeper tissues. An open tibial diaphyseal fracture with a small skin 
wound (A) was associated with significant bone (B, D) and soft tissue (C) damage. The wound ultimately required a free fibula graft (E) and a soft tissue flap (F). 


A,B c,D 
Figure 16-19. Acute bone shortening and lengthening. A, B: This patient presented with a type IIIB open supracondylar femoral fracture with primary bone loss. C, 
D: The patient was treated with acute shortening with relengthening at the subtrochanteric region, and a good result was achieved. 


Distraction osteogenesis is a well-established technique that can be employed in a variety of different ways.!°! Bone defects can be primarily shortened 
to achieve bone contact and subsequently relengthened (Fig. 16-19) or the limb can be fixed out to length and the defect addressed by bone transport (Fig. 
16-20). Although ring fixators undoubtedly provide excellent stability and versatility of bone transport, they are not usually the primary choice in the acute 
phase. Applying a circular frame in the acute setting can be time-consuming and can also interfere with future plastic surgical procedures. Nevertheless, 
their use provides flexibility in managing complex defects, particularly in cases with segmental defects associated with multifocal fractures (Fig. 16-21). 

A recent systemic review looked at various options for reconstruction, namely; neovascularized bone graft (including induced membrane techniques), 
bone transport, and vascularized free fibula.!°? While each approach has pros and cons, in reality each technique requires dedicated expertise and the 
options for segmental defect reconstruction will in large part rely on the local experience and expertise in selecting the best option. 

Efforts have been made to improve the patient experience during bone transport. The balanced cable transport technique is a modification of the Ilizarov 
technique where a braided cable is used to achieve bone transport around a fulcrum pin.!!!”4 This technique avoids the need for wires in the transport 
segment that cut through the soft tissues, an advantage when used in combination with free-flap reconstruction of soft tissue defects. Once the transport has 
docked the frame can be converted to an intramedullary nail to support the regenerate, this minimizing the time in external fixator for the patient. It is our 
practice to use local antibiotics around the nail to minimize the risk of infection when converting to the intramedullary nail (Fig. 16-22). It is also possible to 
undertake bone transport over internal fixation using a nail or plate to shorten frame times. Once the transport is complete the transport segment can be 
locked, and the frame removed (Fig. 16-23). Other centers have used all internal bone transport using motorized lengthening nails in combination with 
plates. 153 

Any case involving bone transportation requires careful observation and any problems arising during treatment need to be addressed early to avoid 
serious complications of treatment. 

There are a small number of reports in the literature looking at outcomes following reimplantation of extruded or nonviable bone, if available for 
reimplantation. 184198 The benefits of reimplantation include maintenance of skeletal and soft tissue length, averting the morbidity associated with 
autograft harvest, and obviating the need for allograft bone or prolonged bone transport procedures (Fig. 16-24). However, the risks of infection, nonunion, 
and need for secondary procedures are significant. As reported in the two studies looking at this practice, meticulous and radical soft tissue excision and 
robust vascularized soft tissue cover is required as part of this approach, to avoid the risk of subsequent infection. In these studies, repeated cleaning of the 
fragments was performed at definitive closure and the periosteum was kept intact on the bone if present. There are various sterilization methods before 
reimplantation of extruded bone such as boiling, autoclaving, and washing with chlorhexidine solution or povidone-iodine solution. Gamma irradiation can 
also be used. Disinfection of the bone fragment is done by autoclaving or by the use of an antiseptic or antibiotic solution. Autoclaving leads to complete 
loss of viable cells and antiseptic or antibiotic solutions do not disinfect completely. There is a report where two pieces of extruded femur were preserved in 
the subfascial plane in the healthy soft tissues of the thigh and reimplanted after 1 week when there was no evidence of infection.!®° Until there are more 
robust long-term studies of this practice it must be considered a developing rather than standard or established practice. 


Figure 16-20. Large bone gaps of more than 4 cm cannot be treated by acute shortening. They are ideally treated by bone transport. A, B: This patient presented with 
a type IIIB fracture with extensive soft tissue loss and fracture comminution. C: Following debridement there was a considerable bone defect. This was treated by bone 
transport (D, E) and subsequent plating (F) good result was achieved. 


Figure 16-21. Segmental tibial fracture with extruded fracture fragment (A) and second proximal tibia fracture (B). Treated with excision leaving 8-cm bone defect. 
Temporary monolateral frame applied and gracilis flap undertaken. C, D: Once flap mature at 2 weeks this was converted to Ilizarov frame. E: Two corticotomies used 
in transport to minimize frame time. F: Note shortening corrected with frame as seen by improvement in fibula overlap. G: Frame used to ensure limb alignment fully 
corrected. Frame was removed at 8 months. H—J: Final images 18 months following injury. 
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Figure 16-22. High-energy crush injury to tibia (A) with segmental defect (B). Excision undertaken demonstrating extensive soft tissue damage (C) and stabilized 
with spanning external fixator (D). Latissimus dorsi flap used to manage soft tissues with filling of both anterior (E) and posterior defects (F). G: A 14-cm bone defect 
with limited percutaneous joint reduction achieved with single screw. H-J: Two weeks after flap undertaken a balanced cable transport frame applied with 
percutaneous passage of proximal cable. The main benefit of this technique is that there are no wires cutting through flap during transport. K-M: Trifocal transport 
undertaken under frame to minimize frame time. Frame exchanged for IM nail at 12 months to minimize frame time. O-Q: Final images taken at 2 years after injury. 


J, K 
Figure 16-23. A: Open proximal tibia as part of polytrauma motorcycle crash. B: Bone excision undertaken with Ilizarov rings connected with Hoffman bars 
connected to threaded rods due to anterior soft tissue loss limiting pin placement. C: On table angiogram undertaken due to intermittent loss of pedal pulse during 
initial review demonstrated normal flow. D: Twelve-centimeter bone defect. E, F: At time of free latissimus dorsi flap, a circular frame was applied and set up for 
retrograde balanced cable transport over a lateral plate to minimize frame time. G: Radiograph demonstrating transportation of segment proximally. H: Transport 
segment locked using the plate and cable removed. I: Frame removed 7 months after application. J-M: Images taken at 20 months after injury. 


WOUND COVER 


TIMING OF WOUND COVER 


After debridement and appropriate skeletal stabilization, the most important factor that determines outcome is the timing and method of wound coverage. 
Adequate cover of the exposed wound by viable skin or soft tissue at the earliest possible time is essential. Exposure and desiccation can quickly lead to 
necrosis of many important deeper structures such as periosteum, articular cartilage, paratenon, and fascia. Delay also increases the chances of 
contamination and infection that can deleteriously affect the reconstruction process and even result in amputation. 

Although infection results from wound contamination especially if the debridement has been poor, there is now firm evidence that most acute infections 
after open injuries are the result of pathogens acquired in the hospital rather than from the site of injury.>1415:138.177 In a prospective study of 326 open 
fractures, Gustilo et al.84 reported that 8 patients developed infection of which 5 were acquired secondarily in the hospital. They concluded that “during the 
long intervals when such wounds were open, secondary infection usually with gram-negative organisms may be a problem since these organisms are usually 
difficult to control by antibiotics alone.” In a prospective study, Patzakis et al.!®8 found that only 18% of infections were caused by the organism that was 
initially isolated in the perioperative period. The benefit of early definitive closure is that it will prevent the ongoing translocation of organisms from the 
external environment into the wound. Given the selection pressure caused by antibiotic treatment coupled with unintended exposure to nosocomial 
pathogens, there is a danger that subsequent infection in wounds with delayed soft tissue coverage will be caused by more difficult to treat, multidrug 
resistant organisms. 


A, B,C 
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Figure 16-24. A-E: A 24-year-old man had an open supracondylar femur fracture with a large, extruded segment of 13 cm. The fragment was reimplanted 
immediately after thorough debridement, and the extruded bone washed with povidone-iodine solution. F, G: A locking plate fixation and primary closure was 
performed. H, I: Good union without infection was achieved. 


Achieving early closure of the soft tissue envelope with well-vascularized soft tissues has been shown to reduce rates of infection and nonunion and it is 
now recommended that if definitive closure cannot be achieved immediately following wound excision then the aim should be for this achieved no later 
than 72 hours following injury.>®:!4” There are, however, some circumstances with evolving soft tissue injuries such as blast, soil, or marine-contaminated 
soft tissues and those with revascularization injuries or extensive degloving where the soft tissue injury may still be evolving and demarking at 72 hours. 
These should be managed with repeated senior decision-making trips to the operating theatre and soft tissue coverage as soon as stable soft tissue envelope 


is achieved. 
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Figure 16-25. An extensive degloving injury of the buttocks (A) with a pelvic fracture (B) had a large defect following debridement (C). D: Such large defects may 
be amenable to negative pressure wound therapy, which was applied and then followed by skin grafting. 


PRIMARY CLOSURE OF WOUNDS 


Assessment of whether the wound is amenable to direct closure is only possible following open fracture wound excision. Certain prerequisites are required 
to ensure that direct wound closure is safe. The skin edges must be viable, confirmed if they have bleeding margins following excision, they should be able 
to be closed without undue tension, and there needs to be sufficient skeletal stability to ensure the wound healing is protected. Several authors have 
demonstrated that in selected cases direct wound closure is safe.94138.176,191,201 Rajasekaran et al.!”6 reported the results of immediate primary skin closure 
in type III injuries using strict inclusion and exclusion criteria. They have reported excellent results with only 3% deep infection rate (Fig. 16-25). 
Successful immediate closure was possible in 32% of the patients but they advised that the wounds be left open whenever there was doubt regarding the 
fitness for closure. 


Further important points to consider when deciding on the safety of direct closure are as follows: 


Many open injuries appear to have been associated with skin loss as a result of fracture displacement, which results in gaping of the wound. Once the 
fracture is reduced, the wound edges often oppose more easily and so it is important to consider wound closure only after tissue excision and fracture 
reduction is achieved (Fig. 16-26). 

The length of the wound does not correlate with the ease with which the wound can be closed by primary closure. Lacerated wounds without skin loss 
can be closed, irrespective of the size of the wound, provided the skin can be opposed without tension (Fig. 16-27). 

Caution is needed when considering direct closure in high-energy injuries and those with a crushing mechanism of injury. The zone of injury may not 
be obvious on day 1 or during the index procedure. These limbs tend to swell during the next 48 hours and therefore may not be suitable for primary 
closure. A GHOIS of 10 or higher denotes a high-energy injury possibly with a crushing component. 

Careful judgment is required when assessing the viability of any skin flaps overlying the extensor aspects of joints. When the joint is flexed, these flaps 
retract making the wound appear very large. Many of these flaps, if viable, can be managed by primary closure when the joint is extended, but must be 
protected from extreme flexion during healing. 

Flaps must be differentiated from closed degloving as the viability of the skin over degloved tissue is very poor. Lacerations adjacent to closed 
degloving or associated with extensive bruising of the skin are not suitable for primary closure. 

Use of a deep drain is recommended when wounds are primarily closed to prevent hematoma formation. 

Careful review of the wound following closure is important to identify and address any problems at an early stage. 
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Figure 16-26. A-C: An open tibial fracture with soft tissue loss and exposure of the fracture site. This injury was amenable to intramedullary nailing (D) and early 
fasciocutaneous flap cover (E). The GHOIS score can be helpful in determining treatment options. In this case the GHOIS score was 8. A low total score allowed 
successful early flap cover. 
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Figure 16-27. A severe open injury of leg, with significant soft tissue loss during debridement (A, B). This was managed by secondary debridement and a delayed 
free flap performed at 1 week (C, D) and a good result was obtained. In this higher-energy case, immediate flap coverage is not advisable. The GHOIS score in this 
case was 13. A score of 10 or more indicates a very severe injury to all compartments of the limb. Thus, immediate soft tissue reconstruction is not recommended. 


TABLE 16-16. Factors That Warrant Consideration of Second-Look Debridement 


High-energy blast injuries 

Initial debridement considered unsatisfactory 

Severe contamination, farmyard, and sewage contamination 
Degloving injuries 

Delayed presentation Evidence of infection during debridement 


A useful policy is “whenever in doubt, do not close.” In this situation, a second-look surgery 48 to 72 hours later is indicated (Table 16-16). 


DELAYED SOFT TISSUE COVERAGE 


Certain cases are more safely managed with a second-look surgery to ensure that there is no evolution in tissue necrosis that might compromise immediate 
soft tissue coverage. The cases where this is most likely to be indicated are those with high-energy injuries or when the risk of infection is high. 

Following high-energy injuries, particularly with crush or blast mechanisms, the soft tissues may appear viable at the initial excision but may show 
evidence of partial or complete necrosis over the next few days. In these injuries it can be difficult to clearly distinguish the zone of injury from adjacent 
healthy tissues immediately after trauma and during the initial excision surgery. This has considerable clinical importance because the vascular pedicles of 


flaps that are based in this zone of injury or microvascular anastomoses performed in this area are associated with an increased rate of failure. Failure to 
recognize this phenomenon will result in failure of soft tissue reconstruction and may make further reconstruction impossible. 

Other indications for delaying definitive soft tissue cover include wound contamination with sewage or organic matter, cases with delayed presentation, 
when there are concerns about the adequacy of the initial excision surgery, or if there are signs of infection at the initial surgical excision (see Table 16-16). 


THE TIMING OF SOFT TISSUE RECONSTRUCTION 


Traditionally, if definitive closure cannot be achieved immediately, the protocol in most units is to limit the initial surgical procedure to excision and 
skeletal stabilization. The definitive soft tissue and bony reconstruction is postponed to a later date. In our institution a plastic surgeon is present at all initial 
wound excisions. This means that if a wound is assessed as requiring flap coverage, planning can be started immediately to ensure this procedure can be 
undertaken as soon as appropriate with a target 72 hours from injury, thus avoiding unnecessary delay to definitive soft tissue cover. During this time 
patients can be optimized and any additional imaging, such as CT angiography, can be organized to aid in planning the subsequent soft tissue 
reconstruction. Free-flap reconstruction is best performed on scheduled lists by experienced, surgical teams. 

The historical argument favoring staged procedures centers around the need for a second-look procedure to ascertain if there was any residual 
devascularized tissue. Godina’°-”? initiated the trend toward early soft tissue cover and reported a significant difference between wounds reconstructed 
within 72 hours of injury and those reconstructed later. The rates of infection (1.5%) and free-flap failure (0.75%) in wounds in which microvascular 
reconstruction was performed within 72 hours of injury were significantly lower than the rates (2% infection, 12% flap failure) for wounds reconstructed 
between 72 hours and 3 months after injury. In the “fix and flap” protocol, wounds are reconstructed with muscle flaps as early as within 72 hours of 
injury.”° In a review of early debridement and muscle flap cover, patients undergoing soft cover within 72 hours had a deep infection rate of only 6%. This 
was significantly lower than the 29% deep infection rate in patients undergoing soft tissue cover after 72 hours. There is considerable support in the 
literature for early soft tissue reconstruction. Hertel et al.9' reported on the results of 29 consecutive open tibial fractures (24 type IIIB and 5 type HIC) of 
which 14 were reconstructed immediately and 15 were reconstructed with a mean delay of 4.4 days (range: 1-9 days). In the delayed reconstruction group 
the time to full unprotected weight bearing (p = .021), the time to definitive union (p = .004), the number of reoperations (p = .0001), and the infection rate 
(p = .037) were significantly higher. The better outcome in all parameters was related to the fact that bone infection did not occur in the immediate 
reconstruction group. They advocated that whenever possible and where the condition of the patient allowed, a “zero-delay protocol” might be useful to 
maximize results. 

The practice of debridement that retains only viable tissues and the facility to cover large soft tissue and bone defects by modern microsurgical soft 
tissue and bone transport procedures have facilitated early reconstruction. As Godina”? stated, “Wide, early, experienced excision to clearly healthy tissue 
and early rotational or free muscle flap cover may be better in experienced hands than sequential debridement and delayed closure.” The higher rates of 
complication in delayed free-flap reconstruction may also be attributed to the more mature local inflammatory response, with perivascular fibrosis, edema, 
and an increased risk of venous thrombosis, making the surgery more technically challenging. 

The benefits of early soft tissue cover are clear (Table 16-17), although there are other factors that might result in delays in achieving this goal. In 
polytraumatized patients it may not be possible to undertake prompt microvascular reconstruction and the priority must be saving life over limb 
reconstruction. Yet the current advice is that definitive soft tissue reconstruction should be undertaken as soon as practically possible, and ideally within 72 
hours of injury to minimize the risk of infection. Several other studies have demonstrated higher complication rates with increasing delay in definitive soft 
tissue coverage. One study demonstrated that for every additional day of delay after 7 days postinjury, there was an 11% increase in flap complications and 
16% increase in infection complications.°* Another showed that delays beyond 5 days had an OR for infection of 7.39 higher than closure within 5 days.1!® 


TABLE 16-17. Evidence Supporting Early Soft Tissue Reconstruction and its Impact on Late Deep Infection 


Author and Year 


Godina, 1986"° 


Fischer et al., 1991® 


Hertel et al., 1900 


Gopal et al., 2000” 


Hohmann et al., 2007 


Lo et al., 2007+ 


Bhattacharyya et al., 
2008" 


Rinker et al., 2008" 


Choudry et al., 2008+ 


Rajasekaran et al., 
2009176 


Liu et al., 2012!» 


Moola et al., 2014! 


Jenkinson et al., 
2014! 


Bellidenty et al., 2014" 


Chua et al., 2014 


Mathews et al., 20151?” 


Lack et al., 2015"° 
Olesen et al., 2015!” 


Scharfenberger et al., 
2017! 


Kuripla et al., 2021!” 


Number 
of Cases 
532 


43 


29 


95 


83 


38 


87 


65 


173 


105 


296 


146 


89 


89 


74 


137 
56 


151 


296 


Fracture 
Type 
IIIB 


IIIB 


IIIB, HIC 


IIIB, HIC 


I, I, IHA 


IIB 


IIIB 


IIIB 


IIIB 


TIA 


IIIB 


I, I, IHA 


1, 1, Il 


IIIB 


IIB, HIC 


IIIB 


Ill 
IIIB 


I, H, IHA 


IIIB 


Wound Management 


<72 hours 

>72 hours to 3 months 
<10 days 

>10 days 

Immediate cover (n = 14) 
Delayed cover (1-9 days) 
(n = 15) 

Immediate cover (n = 33) 
<72 hours (n = 30) 

>72 hours (n = 21) 
Immediate cover (n=49) 
Delayed cover (n=46) 

<5 days 

>5 days 


<7 days (n = 24) 
>7 days (n = 14) 


1-7 days (n = 32) 
8-42 days (n = 55) 


<1 week 
(n=31) 
>1 week (n=34) 


All closed immediately 


<3 days 
>7 days 


Direct closure (n = 255) 


Delayed closure (n = 41) 


Immediate closure 


(n = 262) 
Delayed closure 
(n = 87) 


Immediate coverage 
(n= 23) 


Delayed coverage (n = 66) 


<72 hours (n = 30) 
>72 hours (n = 59) 


Immediate 
Delayed 


>5 days 


<7 days 
>7 days 


Immediate closure (n = 83) 
Delayed closure (n = 68) 


Varying time to flap 
coverage 


Infection Rate 
1.5% 
17.5% 


18% 
69% 


0% 
26.6% 


3% 
10% 
28.6% 


4.1% 
2.2% 


Deep infection associated 
with metal implants lower if 
coverage <5 days. 


12.5% 
53% 


9% 
15% 


Uncomplicated healing 45.2% 
Uncomplicated healing 17.6% 


2.9% deep infection rate 


4.2% 
28.6% 


4.7% 
12.2% 


4% 
18% 


4% 
60% 


23% 
54% 


4% 
35% 


Odds ratio 7.39 for infection 


27% 
60% 


4% 
9% 


Overall infection rate 32.4% 


Comments 


Flap failure 0.75 vs. 12% 


<10-day group Lower hospital stay 


Time to union (months) 
5.6 (SD 2.3) 
11.6 (SD 6.4) 


Fracture union 30.9 weeks 
42.0 weeks 
41.7 weeks 


Shorter mean hospital stay in immediate 
cover group (8.6 vs. 15.4 days) 


Lower rates of free-flap failure and local 
flap partial necrosis in <5-day group 


Mainly fasciocutaneous flaps 


Overall complication rate 
31% 

Vs. 

47% 


Nonunion 41.9% 
Nonunion 73.5% 


Nonunion 3.5% 


Higher rates of flap take-back, failure, and 
deep metalwork infection noted in those 
with >3 days delay to coverage 


Nonunion 9% 
Nonunion 17.7% 


All cases had immediate definitive 
stabilization 


Delayed closure associated with more 
Gram-negative organism infections 


Flap failure 4% 
Flap failure 23% 


Early flap coverage was associated 
with shorter length of hospitalization 
(31.4 vs. 55.8 days, p < .01) 


Immediate flap coverage as part of 
orthoplastic treatment 


13% nonunion 
29% nonunion 


Higher infection rate with delay between 
definitive fixation and flap coverage 


NEGATIVE-PRESSURE WOUND THERAPY 


NPWT has gained popularity over the last decade for a variety of surgical indications, including open fractures with wounds that were not amenable to be 
immediately closed. From the time of the first clinical report of NPWT in 1993 by Fleischmann et al.,°! its mechanism and beneficial effects in the 
management of different soft tissue defects, with and without infection, have been reported. In a study including 60 patients, Stannard et al. showed that the 
use of NPWT was superior to conventional gauze dressings in terms of prevention of infection in patients with high-energy open fractures.2°° However, 
attitudes have started to evolve regarding the place of NPWT in managing open fracture. The use of prolonged NPWT in an effort to downgrade the 
requirements for definitive soft tissue reconstruction is being challenged. Many centers are now moving away from the prolonged use of NPWT, given the 
extensive evidence that infection rates rise if definitive closure is delayed beyond 72 hours, even when NPWT is used to bridge to definitive soft tissue 
reconstruction. t?’ There is little evidence that NPWT does downgrade the reconstructive requirements for wound cover. A prospective study of 16 patients 
with high-energy open fractures concluded that NPWT is useful as a temporizing dressing, but does not downgrade the reconstructive requirements.” 

The WOLLF multicenter randomized controlled trial which included 460 patients, found no difference in self-reported disability rating or deep surgical 
site infection rates at 1 year following injury in open fractures treated with NPWT as compared to standard dressings.*° The study was powered for 
disability rather than infection. The authors found that NPWT was not cost effective in improving outcomes. These findings have been supported by a recent 
Cochrane review.°? Other authors have reached similar conclusions. In a systematic review and meta-analysis published in 2019 by Kim et al., there was no 
significant reduction in fracture related infection with the use of NPWT when compared to conventional management. +°? This finding overlaps with the use 
of NPWT in FRI management of soft tissue defects, where two systematic reviews reported no benefit regarding the use of NPWT®®1° and one study 
reported an increased FRI recurrence rate.*!! In a secondary analysis of patients in the large FLOW trial of irrigation in the management of open tibial 
fractures, the authors demonstrated that the use of NPWT was associated with a significantly increased incidence of later infection regardless of the severity 
of the open fracture.!%° Infection rates for closure without any use of NPWT ranged from 5.7% to 21.4% for Gustilo-Anderson grades I to IIIB open 
fractures, while even limited use of NPWT increased this to 27.8% to 31.5% (odds ratio, 2.39; 95% CI 1.76-3.26). The difference was most marked for the 
lower grades of severity. 

Even the evidence on the use of NPWT over a primarily closed surgical wound (to reduce fluid accumulation) is limited and a recently updated 
Cochrane review concluded in this matter that there is moderate-certainty evidence that NPWT in surgery for lower limb fracture was not cost-effective.*&° 

While it is difficult to compare these findings, there is no uniformity in protocols and outcomes. Surgeons regard the time to definitive closure as a more 
important focus in the prevention of FRI, than the use of NPWT or temporary wound dressings. In this perspective, the increased rates of infection 
following NPWT may be associated with its inadvisable use as a method attempting to avoid more complex free tissue transfers with a local or free flap. In 
a retrospective analysis of 38 patients, patients who underwent definitive cover less than 7 days after injury had an infection rate of only 12.5% compared to 
57% in patients in whom definitive cover was performed after 7 days. The overall infection rate was 36% with routine use of the vacuum-assisted closure 
sponge. Patients who developed infection had a greater mean time to coverage than patients who did not develop infection (8.9 days vs. 4.8 days; p < 
.029).?*4 Given the fact that the use of NPWT in open fracture management has limited evidence for any benefit, we recommend that its use should be kept 
to a minimum and only regarded as a bridge to early flap coverage in a physiologic stable patient or in cases with degloving that requires subsequent skin 
grafting (Fig. 16-25). 


TYPE OF COVER 


In patients with established skin loss, there are many options for providing skin cover over the fracture site from releasing incisions to microvascular free 
tissue transfer. Traditionally, choices were viewed as a reconstructive ladder starting from simple split skin grafts and progressing to fasciocutaneous flaps, 
rotational muscle flaps, and free muscle flaps. Each step of the ladder provided a wound cover option of increasing complexity, and the traditional advice 
was to choose the simplest option as the first choice for soft tissue cover. However, extensive advances in microsurgery have brought this approach into 
question. Free flaps are now undertaken with a high success rate, and they have the advantage of providing versatile skin cover with vascular tissue that is 
important in minimizing infection and supporting bone healing. Hence, it has been suggested that the reconstructive ladder concept should be replaced by 
the “reconstructive elevator” concept, as the ladder’s top step option is often the one that provides the best wound healing. Rather than adopting a stepwise 
algorithm for wound cover, surgeons now choose the appropriate method (Table 16-18). In some circumstances when soft tissue coverage options are 
challenging then one option is acute shortening and/or intentional deformity using a hexapod frame which may allow primary wound closure with gradual 
restoration of limb alignment over time using the frame. 


TABLE 16-18. Soft Tissue Reconstruction 


Definitive soft tissue closure should be undertaken at same time as wound excision if possible or within 72 hours if flap coverage required 
Free-flap reconstruction is best undertaken on a planned list with an optimized patient and an experienced surgical team 

CT angiogram is useful to identify vascular anatomy to aid planning anastomosis 

Soft tissue coverage should be undertaken at same time as any definitive internal fixation 

Negative pressure wound therapy can bridge to definitive soft tissue coverage but is not a substitute for early definitive flap coverage 
Local flaps are best reserved for low-energy injuries 

Free flaps better in high-energy injuries 


Gustilo type III injuries are associated with wounds of varying size and complexity. Reconstruction should be tailored to the wound and also the 
surgeon’s expertise. Every surgeon has certain preferences in reconstruction techniques, but the following guidelines generally hold true. Lacerated wounds 
without skin loss, which can be opposed without tension, can be primarily sutured. In small linear vertical wounds lying over bone, with minimal soft tissue 
loss, cover can be achieved using a parallel releasing skin incision that will allow direct closure of the laceration. The releasing skin incision should be over 
a good muscle bed or fascia so that it will allow skin grafting of the defect. Wounds that are not directly over the bone and that have a healthy muscle bed 
can usually be treated by split skin grafting with good results. Small defects in the skin that are directly over bone and are exposing implants can be 
successfully covered with rotational fasciocutaneous flaps that may have either a proximal or a distal base (Fig. 16-26). The commonly seen defect over the 
subcutaneous surface of the tibia can be treated by a rotational flap, provided there is no degloving and the zone of injury is not extensive. When 
considering local flaps, it is important to appreciate the zone of injury and in higher-energy injuries it may be best not to undertake the local flap cover at 


definitive debridement. A distally based flap is commonly performed for a defect in the anterior part of the leg as it creates a donor area over healthy calf 
muscles that take skin grafts well. Larger defects and injuries exposing the bone and tendons require cover with vascularized tissue and the best option is a 
muscle flap covered with split skin graft. A good example of this is the rotational gastrocnemius flap that is used for injuries around the proximal tibia. The 
medial gastrocnemius is especially useful as it has a good blood supply from the superior branch of the popliteal artery that is usually uninjured in fractures 
of the tibia. Even in patients who require an amputation due to severe crushing of the soft tissues in the calf the gastrocnemius is usually viable and can be 
utilized effectively to cover the amputation stump. Failure of a gastrocnemius flap is very uncommon unless there is an injury to the popliteal vessels, or the 
pedicle blood supply is damaged during dissection. Wounds in which a pedicle flap is not suitable, or which are too large to be treated with a pedicle flap 
require free microvascular tissue transfer (Fig. 16-27). Although demanding and requiring the availability of an experienced microvascular surgeon, it is 
frequently the best option in complex injuries and may make the difference between amputation and salvage (Fig. 16-28). Pollak at al., found that the used 
of free flaps to treat limbs with a severe underlying osseous injury was significantly less likely to lead to a wound complication requiring operative 
intervention than was use of a rotational flaps.!”! The most commonly used free flaps for lower limb injuries include the free gracilis flap or the free 
latissimus dorsi flap for larger defects (Fig. 16-29). Some centers favor fasciocutaneous flaps such as the anterolateral thigh flap. The choice is made 
depending on the dimensions of the wound and the size of the flap that is required. Further information on soft tissue reconstruction can be found in Chapter 
19. 


CONCLUSION 


Open fractures remain common and consume considerable healthcare resources worldwide. Advances in the understanding of these injuries have improved 
the results of treatment. Early prophylactic antibiotics, timely, effective debridement, stabilization, and early soft tissue cover, are established, evidence- 
based principles of care. Delivering this care requires that Trauma Units have skilled staff who are committed to trauma and available 24 hours per day. The 
centralization of the management of open fractures, with combined orthoplastic services may offer some advantages in this. Recent studies on the use of 
local antibiotics, free-flap reconstruction and bone defect management may produce further potential for prevention of complications and better functional 
outcomes. 
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Figure 16-28. A healthy 46-year-old male cyclist hit by a delivery van sustained an intra-articular Gustilo—Anderson grade III-B open injury of the proximal left tibia 
involving the tibial plateau. There was large displacement of the articular fragments but no significant vascular or neurological injury. A-E: On the day of injury (day 
0) debridement and lavage of soft tissues, reconstruction of the tibia plateau with two screws, and temporarily spanning with an external fixator was undertaken. On 
day 2 a second look was performed and NPWT was applied as temporary wound cover awaiting final surgery. On day 5 the external fixator was removed and ORIF 
(plate osteosynthesis) and soft tissue coverage with free extended latissimus dorsi flap was performed. Both the surgery and postoperative recovery were 
uncomplicated (F, G) and postoperative x-rays (H) and CT scan (I, J) showed an adequate fracture reduction and stabilization. After extensive rehabilitation the patient 
achieved a very good clinical (K, L) and radiologic (M, N) result. He is able to walk freely and even run short distances. 
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Figure 16-29. A: Massive soft tissue defect overlying knee joint with contamination. B: Latissimus dorsi muscle flap used to cover joint with limited internal fixation 
to restore joint congruity with knee being stabilized using temporary bridging external fixation. C, D: Final outcome with healing of soft tissues. 
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INTRODUCTION TO ACUTE COMPARTMENT SYNDROME 


Acute compartment syndrome (ACS) occurs when pressure rises within a confined space in the body, resulting in a critical reduction of the blood flow to 
the tissues contained within that space.°49 Without urgent fasciotomy and decompression of the affected compartments,°*:!°® tissue ischemia and necrosis 
lead to irreversible functional disability.6%8990 ACS should be differentiated from other related conditions, so awareness of the different definitions 
associated with a compartment syndrome is important. 


e ACS is defined as the elevation of intracompartmental muscle pressure (IMP) to a level and for a duration that without decompression will cause 
irreversible tissue ischemia and necrosis. 

e Exertional compartment syndrome is the elevation of IMP during exercise, causing ischemia, pain, and rarely neurologic symptoms. It is characterized 
by resolution of symptoms with rest but may proceed to ACS if exercise continues. 

e Volkmann ischemic contracture is the end stage of a neglected ACS. Patients have muscle contractures due to sustained ischemia and muscle necrosis. 


HISTORY 


Well over a century has passed since the first description of ischemic muscle contracture was published in the medical literature. The first report of the 
condition had been attributed to Hamilton in 1850, but Hamilton’s original description has never been found. The credit for the first full description belongs 
to Richard Von Volkmann who published a summary of his views in 1882. He noted that paralysis and contractures appeared after overly tight bandaging of 
the forearm and hand, they were ischemic in nature, and were caused by prolonged blocking of arterial blood. He thought that muscle could not survive 
longer than 6 hours with complete interruption of its blood flow and that 12 hours of tight bandaging could be enough to result in “dismal permanent 
crippling.” In 1888, Peterson wrote that ischemic contracture could occur in the absence of bandaging but did not postulate a cause. The first major reports 
of ACS appeared in the English literature in the early 20th century. At this time, it was suggested that swelling after removal of tight bandaging might even 
contribute to the contracture and that the contracture was caused by “fibrous tissue—forming elements” or a “myocytic process.”!29 By the early part of the 
20th century, published accounts of the sequence of events in ACS were remarkably similar to what is known today—with differentiation between acute 
ischemia caused by major vessel rupture, acute ischemia caused by “subfascial tension,” the late stage of ischemic contracture, and the separate concept of 


nerve involvement. The importance of early fasciotomy was suggested at this time and confirmed by prevention of the development of contractures in 
animal experiments.°” 

During the Second World War, attention was directed away from these seemingly sound conclusions. Physicians of the time believed that ischemic 
contracture was caused by arterial injury with reflex collateral spasm. Successful results from excision of the damaged artery were likely attributed instead 
to the fasciotomy that was performed as part of the surgical exposure. 

The arterial injury theory was challenged by Seddon in 1966.137 He noted that in all cases of ischemic contracture, there was early and gross swelling 
requiring prompt fasciotomy, and that 50% of his cases had palpable peripheral pulses. He was unable to explain muscle infarcts at the same level as the 
injury based on arterial damage. He recommended treatment by early fasciotomy. In their classic paper, McQuillan and Nolan reported on 15 cases 
complicated by “local ischemia.” They described the vicious cycle of increasing tension in an enclosed compartment causing venous obstruction and 


subsequent reduction in arterial inflow. The most important conclusion was that delay in performing a fasciotomy was the primary cause for failure of 
treatment. 


EPIDEMIOLOGY 


The epidemiology of ACS is valuable for identifying high-risk patients who justify an increased clinical surveillance and potential IMP monitoring. This in 
turn aims to decrease the time to diagnosis and fasciotomy.* The accepted incidence in the Western World is 3.1 per 100,000 population per year,’ with 
males more frequently affected than females (10:1; males 7.3/100,000, females 0.7/100,000). Up-to-date reported incidence of ACS ranges from 1% to 20% 
depending on the study.!3? The mean age is approximately 32 years, with males being younger than females (30 years vs. 44 years).°>!0! The age- and 
gender-specific incidences are illustrated in Figure 17-1. Youth has been found to be the most important risk factor for developing ACS, possibly due to the 
relatively high muscle bulk in a fixed compartment, and thus a reduced capacity for swelling in these patients. From adolescence, younger patients are at 
more risk of compartment syndrome. In tibial diaphyseal fracture, the prevalence of ACS was reported as being three times greater in the under 35-year-old 
age group, and in distal radial fractures, the prevalence is 35 times less in the older age group.!>°° Adolescents have been recognized as having a high rate 
(8.3%) of compartment syndrome after tibial fracture.2* In a cohort of 212 children with tibial diaphyseal fractures and a median age of 13 years, a 
prevalence of 11.4% was reported. For a group older than 14 years who were injured in a motor vehicle accident, the prevalence was 48%.!4? Older patients 
often have reduced muscle bulk, sometimes with an associated increased perfusion pressure due to hypertension, which could potentially explain the 
protective effects of increasing age. These findings have been substantiated in big data statistical analyses.!>7° 
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Figure 17-1. The annual age- and gender-specific incidence of acute compartment syndrome. 


Although initial studies suggested that intramedullary tibial nailing could be associated with an increased rate of ACS,!04148 this has since been 
disproved, with large studies in patients with fractures of the tibia suggesting that youth, males, and diaphyseal fractures are the key risk factors for 
developing ACS.!!5 The underlying condition causing ACS is most commonly a fracture (69% of cases) (Table 17-1). Areas of the body commonly 
involved are the lower leg” and forearm.® Fractures of the tibial diaphysis make up a third of all presentations,’ with the prevalence of ACS found to 
range from 2.7% to 20%,!3491,104,142 with the differences in prevalence likely to be because of different diagnostic techniques, selection of patients, or 
nature of the data gathering. However, recent data have reported a high rate of ACS following fractures of the tibial plateau (12% vs. 3% for shaft 


fractures),”1538.'59 with the Schatzker VI fracture type being particularly at high risk. Actual incidence in even large retrospective databases is difficult to 
determine due to lack of a proper classification system but is reported recently at 4.3% in the tibia.” Similar figures for ACS have been reported in children, 
with 76% of cases caused by fracture, predominantly tibial diaphyseal, distal radius, and forearm.” 

The second most common cause of ACS is soft tissue injury, which in combination with tibial diaphyseal fracture makes up almost two-thirds of the 
cases. Although fracture is the most common cause, it is key to appreciate that almost a quarter of all cases follow an isolated soft tissue injury,°?°? with 
some cases having no clear history of preceding injury. The majority of these arise after soft tissue injury, particularly a crushing-type injury, but some arise 
with no preceding history of trauma.°? In children, 61% of cases of ACS in the absence of fracture are reported as being iatrogenic.!7° Potential precipitating 


causes include crush syndrome, crush injuries, a drug overdose, or anticoagulation medications.°©95:100.101,128 


TABLE 17-1. Conditions Associated With Injury Causing Acute Compartment Syndrome Presenting to an Orthopaedic Trauma 


Unit 


Underlying Condition % of Cases 
Tibial diaphyseal fracture 36 
Soft tissue injury 232 
Distal radius fracture 9.8 
Crush syndrome 7.9 
Diaphyseal fracture forearm 7.9 
Femoral diaphyseal fracture 3.0 
Tibial plateau fracture 3.0 
Hand fracture(s) 25 
Tibial pilon fractures 2.5 
Foot fracture(s) 1.8 
Ankle fracture 0.6 
Elbow fracture dislocation 0.6 
Pelvic fracture 0.6 
Humeral diaphyseal fracture 0.6 


The second most common fracture to be complicated by ACS is a radius fracture. It occurs in approximately 0.25% of distal radius cases. Forearm 
diaphyseal fractures are complicated by ACS in 3% of cases.30:54.119,126 Other less common causes of ACS are listed in Table 17-2. 

In a retrospective case series of 1,388 patients with tibial diaphyseal fractures from the Edinburgh Orthopaedic Trauma Unit, the rate of ACS was 11.5% 
(n = 160). Multivariate regression analysis revealed that age was the strongest factor associated with the development of ACS, with the highest prevalence 
in the second and third decades. All other factors were strongly confounded by age.°* This is supported by other studies that have found that the prevalence 
of ACS is three times greater in patients under 35 years of age?" and that adolescents have an increased rate of ACS following a fracture of the tibia, 
particularly after high-energy mechanisms. The single exception to youth being a risk factor in ACS is in cases with soft tissue injury only. Patients with a 
diagnosis of ACS without fracture tend to be older and have more medical comorbidities than those with a fracture, with certain medications predisposing 
patients, for example, anticoagulants. They are more evenly distributed between the genders with a male-to-female ratio of five to one. 

High-energy injury is generally believed to increase the risks of developing an ACS. However, the literature also supports a high rate of ACS following 
closed low-energy fractures of the tibial diaphysis.°}°° In tibial diaphyseal fractures in adults complicated by ACS, the proportion of high- and low-energy 
injury shows a slight preponderance of low-energy injury (59%) in some studies. In the same population, there are an equal number of high- and low-energy 
injuries in tibial diaphyseal fractures uncomplicated by ACS.”° Adolescents may be an exception to this because of the high prevalence of 48% reported in 
teenagers after road accidents.!*? In the larger Edinburgh series, there was an increased risk of ACS in closed compared with open fractures (p < .05). This 
suggests ACS may be prevalent after low-energy injury. In the Edinburgh study, high-energy injuries such as sports, a fall from height, and a motor vehicle 
accident accounted for less than 50% of all ACS cases secondary to a fracture of the tibial diaphysis. The literature does support an increased rate of ACS 
following high-energy fractures of the femur and forearm, perhaps because of the higher rate of young males who have these types of injuries.8%95:120 More 
recent data that examined 203,500 tibia fractures from the American College of Surgeons trauma database suggests comminuted fracture patterns and open 
fractures may be more prone to ACS.!> Other factors associated with ACS are substance abuse disorders, cirrhosis, and smoking. Importantly, this larger 
big-data analysis showed there was a protective effect of hypertension in older patients. 


TABLE 17-2. Causes of and Risk Factors for Acute Compartment Syndrome 


Conditions Increasing the Volume of Compartment Contents 
Fracture 

Soft tissue injury 

Crush syndrome (including use of the lithotomy position) 
Revascularization 

Exercise 

Bleeding diathesis/anticoagulants 

Fluid infusion (including arthroscopy) 

Arterial puncture 


Ruptured ganglia/cysts 

Osteotomy 

Snakebite 

Nephrotic syndrome 

Leukemic infiltration 

Viral myositis 

Acute 

Conditions Reducing Compartment Volume 
Burns 

Repair of muscle hernia 


Medical Comorbidity 

Diabetes 

Hypothyroidism 

Cirrhosis 

Risk Factors for Developing ACS 
Age (youth) 

Fracture of the tibia 

High-energy femoral shaft fracture 
High-energy fracture(s) of the forearm 
Clotting abnormalities, e.g., warfarin 
Polytrauma patients 

t Lactate/base deficit 

Transfusion 


Risk Factors for a Delay in the Diagnosis of ACS 
Reliance on clinical signs alone 

Children 

Patients with learning disabilities 

Associated neurologic injury 

Reduced/altered conscious level 

Regional anesthesia 

Patient-controlled analgesia 


ACS, acute compartment syndrome. 


The possible risk factors for the development or late diagnosis of ACS are listed in Table 17-2. Age decreases the likelihood by 1% per year.!° This is 
also illustrated by a comparison of the age- and gender-related incidence of distal radius fractures complicated by ACS (Fig. 17-2). The likely explanation 
for the preponderance of young patients with ACS is that the young have relatively large muscle volumes, whereas their compartment size does not change 
after growth is complete. Thus, younger patients may have less space for swelling after injury. Presumably, an older person routinely has a degree of 
sarcopenia and atrophic muscle mass, which allows space for swelling. 

A delay in the time to diagnosis of ACS has been associated with inexperience, regional or general anesthesia (GA), polytrauma cases, injuries to the 
soft tissues, as well as relying solely on the clinical signs of ACS.*-8:26,32,47,48,76,80,100,124,147,149 Kosir et al. reported a 20% rate of lower-limb ACS in 45 
critically injured patients. Risk factors included high lactate level, an increased base deficit, and a requirement for transfusion.®® A systematic review on the 
use of regional anesthesia or patient-controlled analgesia and ACS found no clear delay in the time to diagnosis. In 32 of 35 patients, classic signs and 
symptoms of compartment syndrome were present in the presence of epidural analgesia, including 18 patients with documented breakthrough pain. There 
were no randomized controlled trials or outcome-based comparative trials available to include in the review. The literature is limited, and published papers 
are flawed in study design. Further data in this area is clearly needed.*’ 
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Figure 17-2. The annual age-specific incidence of all distal radius fractures compared with the annual age-specific incidence of acute compartment syndrome in distal 
radial fractures. 


PRECLINICAL MODELING 


The heterogeneous clinical course of ACS has made it difficult to investigate. Various cadaveric and animal models have been developed to help understand 
the complex and debilitating nature of this condition.4!7-19.25.71,113,150,152 The most popular methods used by these papers for induction of a compartment 
syndrome include the use of tourniquets or intracompartmental infusion/balloon techniques directly into the compartment. Live animal models have proven 
useful in the investigation of pressure sensing techniques as well as histologic analysis of muscle damage after injury!”!7°; however, care needs to be taken 
when analyzing results as certain anatomical and physiologic differences between models exist. The current rat model for ACS has several inherent flaws. 
Lack of consistent fascia, redundant blood supply, and resistance to necrosis make most of the studies using the rat model nonapplicable. Modeling using a 
porcine hind limb has proven especially useful given their similar anatomy and similar blood pressure.°°°!? Diastolic to intracompartmental pressure 
gradients (AP) or perfusion pressure values of relevance to pig physiology have yet to be determined. 


PATHOGENESIS 


The critical closing pressure theory states that there is a critical closing pressure in the small vessels when the transmural pressure (TM) (the difference 
between intravascular pressure and tissue pressure) drops.'® TM is balanced by a constricting force (TC) consisting of active and elastic tension derived 
from smooth muscle action in the vessel walls. The equilibrium between expanding and contracting forces is expressed in a derivation of Laplace law: TM = 
RC = r, where r is the radius of the vessel. If, because of increasing tissue pressure, the TM drops to a level such that elastic fibers in the vessel wall are no 
longer stretched and therefore cannot contribute any elastic tension, then there will be no further automatic decrease in the radius. TC + r then becomes 
greater than TM and active closure of the vessel will occur. This concept has been verified in both animal and human local vascular beds.>!5” Ashton? was 
the first to relate these findings to ACS and concluded that whatever the cause of the raised tissue pressure, blood flow will be decreased and may 
temporarily cease altogether as a result of a combination of active arteriolar closure and passive capillary compression, depending on vasomotor tone and 
the height of the total tissue pressure. Critics of this theory doubt the possibility of maintaining arteriolar closure in the presence of ischemia, which is a 
strong local stimulus for vasodilatation. Ashton noted that flow resumes after 30 to 60 seconds of maintained tissue pressure and attributes this to vessel 
reopening possibly because of an accumulation of vasodilator metabolites.®® A second theory is the arteriovenous (AV) gradient theory.86:87 According to 
this theory, the increases in local tissue pressure reduce the local AV pressure gradient and thus reduce the blood flow. When flow diminishes to less than 
the metabolic demands of the tissues (not necessarily to zero), then functional abnormalities result. The relationship between AV gradient and the local 
blood flow (LBF) is summarized in the equation: LBF = (P, — P,) + R, where P, is the local arterial pressure, P, is the local venous pressure, and R is the 
local vascular resistance. Veins are collapsible tubes and the pressure within them can never be less than the local tissue pressure. If tissue pressure rises as 
in the ACS, then the P, must also rise, thus reducing the AV gradient (P, — P,) and therefore the LBF. At low AV gradients, compensation from R is 
relatively ineffective, and LBF is primarily determined by the AV gradient. Matsen et al. presented results on human subjects demonstrating reduction of the 
AV gradient with elevation of the limb in the presence of raised tissue pressure.” This theory has been supported by work that demonstrated that with 
external pressure applied, simulating ACS, venous and capillary flow ceased, but arterioles were still capable of carrying flow. This disproves the critical 
closing theory but supports the hypothesis of reduced AV gradient as the mechanism of reducing blood flow. 

A third theory is the microvascular occlusion theory that postulates capillary occlusion is the main mechanism reducing blood flow in ACS.*° 
Measurement of capillary pressure in dogs with normal tissue pressures revealed a mean level of 25 mm Hg. Hargens et al. suggested that a tissue pressure 
of similar value is sufficient to reduce capillary blood flow.*® Resultant muscle ischemia leads to increased capillary membrane permeability to plasma 


proteins, increasing edema and obstruction of lymphatic by the raised tissue pressure. Nonetheless, the authors admitted that reactive hyperemia and 
vasodilatation both tend to raise the critical pressure level for microvascular occlusion. However, this work was done in the presence of normal tissue 
pressures and it has also been pointed out that capillaries are collapsible tubes®® and their intravascular pressure ought to rise in the presence of raised tissue 
pressure. Hargens theory is supported by work demonstrating reduction of the number of perfused capillaries per unit area with raised tissue pressures.*© 


EFFECTS OF RAISED TISSUE PRESSURE ON MUSCLE 


Regardless of the mechanism of vessel closure, reduction in blood flow in the ACS has a profound effect on muscle tissue. Skeletal muscle is the tissue in 
the extremities most vulnerable to ischemia and is therefore the most important tissue to be considered in ACS. Both the magnitude and duration of pressure 
elevation have been shown experimentally to be important influences in the extent of muscle damage. 

There is now universal agreement that rising tissue pressure leads to a reduction in muscle blood flow. A number of experimental studies have 
highlighted the importance of perfusion pressure as well as tissue pressure in the reduction of muscle blood flow. Measurements of cellular metabolic 
derangement (pH, tissue oxygenation, and energy stores) and histologic studies, including electron microscopy and videomicroscopy studies of capillary 
blood flow, have shown that critical tissue pressure thresholds are 10 to 20 mm Hg below diastolic blood pressure or 25 to 30 mm Hg below mean arterial 
pressure. Increased vulnerability in previously traumatized or ischemic muscle has been demonstrated when the critical threshold may occur at tissue 
pressures more than 30 mm Hg below mean arterial pressure.!! 

The ultimate result of reduced blood flow to skeletal muscle is ischemia followed by necrosis, with general agreement that increasing periods of 
complete ischemia produce increasing irreversible changes. Evidence indicates that muscle necrosis is present in its greatest extent centrally in the muscle 
and that external evaluation of the degree of muscle necrosis is unreliable. The duration of muscle ischemia dictates the amount of necrosis, although some 
muscle fibers are more vulnerable than others to ischemia. For example, the muscles of the anterior compartment of the leg contain type I fibers or red slow 
twitch fibers, whereas the gastrocnemius contains mainly type II or white fast twitch fibers. Type I fibers depend on oxidative metabolism of triglycerides 
for their energy source and are more vulnerable to oxygen depletion than type II fibers whose metabolism is primarily anaerobic.’* This may explain the 
particular vulnerability of the anterior compartment to raised IMP. 


EFFECTS OF RAISED TISSUE PRESSURE ON NERVE 


There is little dispute about the effects of raised tissue pressure on neurologic function. All investigators note a loss of neuromuscular function with raised 
tissue pressures but at varying pressure thresholds and duration.°9“°'*! In a study on human neurologic function, Matsen et al. found considerable 
variation of pressure tolerance that could not be attributed to differences in systemic pressure. The mechanism of damage to nerve is unknown; but may be a 
result of ischemia, compression, or the effects of acidosis. 


EFFECTS OF RAISED TISSUE PRESSURE ON BONE 


Nonunion is recognized as a complication of ACS.'®°! It was first suggested by Nario in 1938 that “Volkmann disease” caused obliteration of the 
“musculodiaphyseal” vessels and caused frequent pseudarthrosis.!°° McQueen observed a reduction in bone blood flow and bone union in rabbit tibiae after 
an experimentally induced ACS.®9 In another study out of Edinburgh, that group found that patients with delay to diagnosis had decreased bone healing. 
They saw an 8-week delay in tibia fracture healing when pressure measurements were not used to aid tin the diagnosis of ACS. It is likely that muscle 
ischemia reduces the capacity for development of the extraosseous blood supply on which long bones depend for healing. 


REPERFUSION INJURY 


Reperfusion syndrome is a group of complications following re-establishment of blood flow to ischemic tissues of a limb. It can occur after fasciotomy and 
restoration of muscle blood flow in patients with ACS. Reperfusion is followed by an inflammatory response in the ischemic tissue that can cause further 
tissue damage. The trigger for the inflammatory response is likely the breakdown products of muscle.!4 

If there is a large amount of muscle involved in the ischemic process, the inflammatory response may become systemic. In ACS, this is most likely to 
occur in crush syndrome. Procoagulants escape into the systemic circulation and produce systemic coagulopathy with parallel activation of inflammatory 
mediators. These then damage the vascular endothelium, leading to increased permeability, transcapillary fluid leakage, worsening of IMP,*? and eventual 
multiple organ failure. Systemic clotting and the breakdown products of dead and dying cells also lead to activation of white blood cells, with the release of 
additional inflammatory mediators such as histamine, interleukin, oxygen free radicals, and thromboxane.‘ This is the basis for the use of agents such as 
antioxidants, antithromboxanes, antileukotrienes, and antiplatelet-activating factors that modify the inflammatory process. Some of these agents have been 
shown in the laboratory to be capable of reducing muscle injury.°*° Clinical data is lacking. 


DIAGNOSIS OF ACUTE COMPARTMENT SYNDROME 


Prompt diagnosis of ACS is the key to a successful patient outcome. Delay in diagnosis has long been recognized as the single cause of failure of the 
treatment of ACS.8%117 A delay in the time to diagnosis of ACS has been associated with relying solely on the clinical signs.7647,89.100,124 Despite this, 
many centers still utilize clinical symptoms and signs alone for the diagnosis. One series from a level I trauma center found IMP monitoring was employed 
as the primary diagnostic instrument in 11.7% of 386 fractures of the tibial diaphysis.!°° A recent survey of U.S. orthopaedic trauma surgeons found that 
physical examination should be utilized in the awake patient, with monitoring useful in the obtunded or unconscious patient.?* Clinical examination alone 
has been proven to be an ineffective method for diagnosis. 16:75-117 

Delay in treatment of the ACS can be catastrophic, leading to serious complications such as permanent sensory and motor deficits, contractures, 
infection, and amputation of the limb.!°+!2° In serious cases, there may be systemic injury from the reperfusion syndrome. A clear understanding of the 
clinical techniques necessary to make an early diagnosis is therefore essential to any physician treating ACS.!°:!!7 


CLINICAL DIAGNOSIS 


The symptoms and signs indicative of an ACS are swelling, pain on passive stretch, pain out of proportion to the injury, paresthesia, and paralysis. 
Peripheral pulses and capillary return are intact in a confirmed case of ACS. Absent peripheral pulses, pallor, and reduced capillary return are late clinical 
signs of ACS or are associated with a vascular injury requiring an angiogram.!® Conversely, it is dangerous to exclude the diagnosis of ACS because distal 
pulses are present.29 It is becoming more apparent that the concept of the six Ps being a tool for diagnosis is not adequate. Recent data show that all of the 
Ps are not useful as triggers for surgery. Examination of records from five trauma centers in Canada, France, and the United States demonstrates that there is 
poor correlation between any of the Ps to differentiate ACS from non-ACS cases.!° Records were examined in five level I trauma centers to evaluate what 
was used as a trigger for surgery and whether there was a diagnostic value for differentiating ACS from non-ACS. Pain when used as a trigger had no 
correlation with a positive finding of ACS—as did all other Ps. Pallor and pulselessness were negatively correlated or more likely not to be ACS when used 
as a diagnostic trigger. Although the Ulmer paper"? indicated that three Ps would be 94% sensitive for ACS, the final “P” was paralysis, which is indicative 
of an evolved or missed case of ACS. Furthermore, re-examination of the literature shows that grouped clinical markers (Ps) are only accurate 21% of the 
time.!© Grouped Ps plus pressure measurements gave a Bayesian equivalent to slightly over 60% of the time for accuracy. So, despite the discussion of the 
Ps, they are no longer seen as diagnostic, even when grouped. 

New diagnostic markers may be more useful. Work by the group from Edinburgh has shown that DMP is important to track to avoid late ACS and 
upward trends in pressure over the diagnostic period is also seen as important. !®28,29.91 


Pain 

Pain is usually the first symptom of ACS in the awake and alert patient.” The pain experienced by the patient is ischemic in origin and usually out of 
proportion to the clinical situation (and apparent extent of the injury). Increasing analgesia requirements is common. However, pain is very subjective and 
can be an unreliable symptom, with cases documented in the literature of ACS occurring in the absence of pain.® Pain can be influenced by psychosocial 
factors such as anxiety, is almost universal following injury, and is of variable intensity.°° Assessment can be very difficult in children and patients with 
learning disabilities.” In addition, examination is impaired in the presence of regional anesthesia or in the unconscious patient.2®-4” Pain has been found to 
have a very low sensitivity (13%) with a good specificity (97%), which equates to a large percentage of false-negative or missed cases, although with a 
small percentage of false-positive cases.82:9°!5! There has been general agreement that pain, if present, is a relatively early symptom of ACS in the awake, 
alert patient. Increasing trends in pressure may be much earlier than pain.'® Increasing requirements for opiates should also be considered in assessing the 
severity of pain. Pain with passive stretch of the muscles involved is recognized as a symptom of ACS. Pain is increased, for example, in an anterior 
compartment syndrome when the toes or foot are plantarflexed. This symptom is no more reliable than rest pain. Pain on passive stretch of the muscle 
compartment involved has analogous diagnostic performance characteristics as the same confounding factors listed above also apply (see Table 17-2).°151 


Paresthesia 


Paresthesia and hypesthesia may occur in the territory of the nerves traversing the affected compartment and are usually the first signs of nerve ischemia, 
although sensory abnormality may be the result of concomitant nerve injury.!*9 Paresthesia or hypesthesia was once advocated as the optimal sign for 
diagnosing ACS,!°? but it is now established as generally a late sign with a very low sensitivity (13%) despite very good specificity (98%).!5! This rate of 
false negatives excludes paresthesia as an accurate diagnostic indicator. Reduced or absent sensation could be associated with nerve ischemia within the 
involved compartment or concomitant injury.!” 


Paralysis 


Paralysis of muscle groups affected by the ACS is recognized as being a late sign of established ACS where irreversible injury to the soft tissues has 
occurred. Paralysis prior to fasciotomy is a poor prognostic indicator in ACS. The literature also suggests it is the worst clinical symptom or sign in terms of 
combined sensitivity and specificity, probably because of the difficulty of interpreting the underlying cause of the weakness, which could be inhibition by 
pain, direct injury to muscle, or associated nerve injury.2! The found down patient with late presentation often has paralysis as a presenting sign. We have 
yet to see a final care map that incorporates the found down patient with our current diagnostic signs.!!6145 


Palpable Swelling 


Palpable swelling has been seen as the seventh P. If found in the compartment affected, it may be a further sign of compartment syndrome, although the 
degree of swelling is difficult to assess accurately, making this sign very subjective. It is a positive predictor of ACS seen in data from an international 
trauma group study on a series of patients with fasciotomy for suspected ACS.'© However, in the literature, assessment is routinely inadequate.®:!03 
Although sensitivity is higher than for other clinical symptoms and signs (54%), the current published specificity (76%) and negative predictive value (63%) 
are far inferior. 


Diagnostic Performance Characteristics 


Although the literature is clear that employing a combination of clinical symptoms and signs raises the sensitivity for diagnosing ACS,!®!49.!5! this is not 


practical. Ulmer et al. carried out a systematic review of four studies (132 cases) to determine the diagnostic performance characteristics of the four 
commonly quoted symptoms and signs associated with ACS including pain on passive stretch, pain, paralysis, and paresthesia. He found that the sensitivity 
of each of the four symptoms and signs was low and that all were better at discounting rather than corroborating the diagnosis.'“° One positive sign resulted 
in the odds of a case of confirmed ACS to be less than 26%. To achieve a probability of over 90% of ACS being present, however, three clinical findings 
must be noted. The third clinical finding is paresis; thus, to achieve an accurate clinical diagnosis of ACS, the condition must be allowed to progress until a 
late evolved stage. Revised literature review has shown that the sensitivity of grouped clinical signs may be closer to 20%.!® This is clearly unacceptable 
and has led to a search for earlier, more reliable methods of diagnosis. Kosir et al. abandoned clinical examination as part of their screening protocol for 
critically ill trauma patients because of the difficulty in eliciting reliable symptoms and signs in this group,®* while other authors3361-105 state that clinical 
diagnosis of ACS in the foot, in particular, is so unreliable that other methods should be used. 


COMPARTMENT PRESSURE MONITORING 


Several techniques were developed to measure IMP once it was appreciated that ACS was caused by increased tissue pressure within the affected 
compartment (Table 17-3). Because raised tissue pressure is the primary event in ACS, changes in IMP will precede the clinical symptoms and signs. 
Several authors have shown that the trend in increasing pressures is an earlier indication of ACS over all other signs.”272 


Noninvasive Techniques 


The common invasive methods of measuring IMP are an indirect way of measuring muscle blood flow and oxygenation. Assessment of the IMP using 
modern noninvasive techniques has advantages, but their use is yet to be validated in the literature. Near-infrared spectroscopy (NIRS) uses a probe placed 
on the skin to measure tissue oxygen saturation. This has been shown to correlate well with the tissue pressure in both experimental!” and human*®!*2 
studies, with recent data from a case-control study of 109 patients demonstrating some positive results, but with further validation required.!“* In patients 
with ACS, the reduction in oxygenation values compared to the opposite uninjured leg has been shown to correlate with reducing perfusion pressures but a 
critical level has not yet been established. It has also been used to demonstrate the hyperemic response to injury in tibial fractures.'“* Limitations with NIRS 
include inaccuracy in dark-skinned patients, tattooed areas, use with nonexperienced clinicians, and in limbs with hematoma. t? This makes NIRS not very 
useful in real-world applications. The sensitivity of this technique has been reported at 77%, with a specificity of 93%.’” The primary limitation of this 
technique is the reduction in sensitivity with a hypotensive patient or in deep spaces with soft tissue dissection. An implantable NIRS device has been 
reported.? This is an invasive technique but allowed observation that increased pressure caused lower PPO, levels. Unfortunately, this group did not report 
on the physiologic evolution seen before ischemia occurs; making correlations with trend in PPO, over time before DMP is reached. Regardless, the NIRS 


records the same trends that track with pressure measurement itself, so it is impossible to determine if there is any benefit over pressure monitoring itself. 


Invasive Techniques 


Advantages and limitations of invasive monitoring techniques are found in Table 17-3. One of the first invasive techniques used a needle manometer.** The 
IMP is calculated by the amount of pressure that is required to inject air into the tubing and flatten the meniscus between the saline and the air. Matsen et al. 
developed a modified technique using an infusion of saline into the compartment,°* with the IMP measured as the pressure resistance to the infusion of the 
saline.’* The needle manometer is a simple and inexpensive method but has some drawbacks. A danger exists of too large a volume being infused, possibly 
inducing ACS. It is probably the least accurate of the measurement techniques available, and falsely low values in cases of very high IMP.'4° A needle with 
only one perforation at its tip also can become easily blocked. 


TABLE 17-3. The Advantages and Disadvantages of the Currently Available IMP Monitoring Techniques Used in the Diagnosis of 


Acute Compartment Syndrome 


Method Advantages Disadvantages 
Needle manometer Simple technique Accuracy limited with false positives/negatives 
Low cost Invasive indirect measure 
Continuous measurement unfeasible 
Needle tip may block 


Fluid infusion can cause clinical picture to deteriorate 


Wick catheter 


Transducer-tip intracompartmental catheter 


Slit catheter 


Near-infrared spectroscopy 


Microelecticomechanical Systems (MEMS) 
intracompartmental sensor 


Good accuracy with high surface area 
Blockage of catheter uncommon 
Continuous monitoring feasible 


Good accuracy 
Continuous monitoring feasible 
Transducer level not important 


Good accuracy with high surface area 
Continuous monitoring feasible 


Good accuracy and correlation 
Continuous monitoring feasible 
Noninvasive technique 


Best sensitivity and specificity’? 
Continuous monitoring 
Transparent team monitoring 


Invasive indirect measure 

Blockage at air/fluid junction possible 
Wick material retention possible 
Transducer must be at catheter level 


Increased costs 
Resterilization necessary 


Invasive indirect measure 

Catheter may block 

Air bubble can lead to false-low reading 
Transducer must be at catheter level 


Increased costs 
Not yet clearly validated for ACS 
Measurement dependent on soft tissue depth 


Higher cost 


Reproduced with permission from Duckworth AD, McQueen MM. The diagnosis of acute compartment syndrome: a critical analysis review. JBJS Rev. 2017;5(12):e1. 


The wick catheter was first described for use in ACS by Mubarak et al.'°? This is a modification of the needle technique, in which fibrils protrude from 
the bore of the catheter assembly. This allows a large surface area for measurement and prevents obstruction of the needle, as well as being ideal for 
continuous measurement. A disadvantage of this technique is the possibility of a blood clot blocking the tip or air in the column of fluid between the 
catheter and the transducer, which will dampen the response and give falsely low readings. There is a theoretical risk of retention of wick material in the 
tissues. 

The slit catheter was first described by Rorabeck et al. and is like the wick catheter technique.!?° It is designed to increase the surface area at the tip of 
the catheter by means of being cut axially at the end of the catheter. The interstitial pressure is measured through a column of saline attached to a transducer. 


The patency of the catheter can be tested once it is in situ by applying light pressure to the compartment, which should result in an immediate elevation of 
the IMP reading. Devices that depend on a standing column of water are unreliable.®-°%°” Care must be taken to avoid the presence of air bubbles or any 
blockage in the system as this can, like the wick catheter, result in falsely low readings. 

The solid-state transducer intracompartmental catheter (STIC) was described in 198488 and utilizes a pressure transducer located directly within the 
catheter lumen but still depends on a standing column of water with injection of a fixed amount of fluid.®* To retain patency of the catheter for continuous 
monitoring, an infusion must be used with its attendant problems as outlined above. The alternative is intermittent pressure measurement, which causes 
significant discomfort to patients and is even more labor intensive. One study assessed 26 patients with suspected ACS (97 compartments) to contrast the 
STIC technique with the modified Whitesides needle and an electronic transducer-tipped catheter.?! The authors reported a correlation coefficient of 0.83 
and determined that despite the techniques being similar in terms of IMP readings, reliability for IMP monitoring in the trauma setting was not established, 
particularly when utilized for one-off IMP measurements. 

Newer systems with the transducer placed at the tip of the catheter do not depend on a column of fluid and therefore avoid the problems of patency. 
The accuracy of the STIC device has been shown to be somewhat limited in a study analyzing interobserver variability in four above-knee cadaveric lower 


96 


leg ACS models.®? Other authors have compared the STIC technique with more promising solid-state pressure transducers directly placed in the muscle.°° 
These newer devices do not use a standing column of water and are inherently much more accurate, especially under real-world conditions. The newer 
devices allow continuous pressure measurements as well as allowing the physician to observe trends in the patient’s condition. Merle et al.9° compared the 
Stryker device and the Synthes solid state device with a recent IMP-monitored device, MY01 (NXTSens, Montreal, Canada) and found the more recent 
MY01 device to be six times more accurate (Fig. 17-3). Limitations in the accuracy of the Stryker device have already been demonstrated by Large et al.°° 
Newer data on the MEMS sensor devices show improved sensitivity and specificity to that in the literature.’* Case reports with the MY01 device have 
shown that the trend in pressure is more important for early diagnosis—more than absolute pressures. Figure 17-4 illustrates the pressure tracings of two 
trauma patients. Each had similar tibia fractures but the patient that eventually developed ACS showed an increasing pressure over several hours before 
developing clinical ACS. Debate over usefulness in determining release efficiency of affected compartments has not yet been performed in large clinical 
numbers despite being shown in cadaver studies.°~ 134185 

Other invasive methods of diagnosis have been explored. Usage of the pH probe commonly used in gastric reflux investigation has been reported (Fig. 
17-5). Early results have not been promising in that most of the pH fluctuation can be seen to come from outside the traumatized limb of interest. Temporal 
changes in pH are late because of the innate homeopathic processes in the body. Also, a pH probe placed near a contained local area of muscle bruising or 
damage will show a falsely high value. 


Catheter Placement 

Recommended catheter placement for each of the anatomic areas is summarized in Table 17-4. Careful placement of the catheter within the affected 
compartment is carried out using a strict aseptic technique. The literature would suggest that when there is an associated fracture, the catheter tip should lie 
within 5 cm of the level of the fracture to obtain the peak measure of the IMP reading within the compartment (Fig. 17-6).” Conversely, some authors have 
suggested that tip placement at the fracture level results in inaccurately high IMP readings due to the fracture hematoma.*® It is important with the older 
devices that the level of the transducer is secured at the level of the compartment being measured due to changes in the reading with height. Continuous 
pressure trends as a diagnostic tool may make placement less important.!® 
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Figure 17-4. Comparison of pressure trends in two postoperative tibia fracture patients. One patient (red) developed ACS and one (blue) did not. 
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Figure 17-5. ZepHr pH probe for gastric investigation of pH levels in the stomach. (Courtesy of Diversatek Healthcare, Milwaukee, WI.) 


The anterior compartment of the leg is recommended for measurement due to evidence suggesting it is the most involved compartment and is readily 
accessible, 9120 Concomitant IMP monitoring in the deep posterior compartment is suggested by some to reduce the chance of missing an isolated deep 
ACS, although this is difficult and cumbersome for the patient®, and recent literature has shown posterior measurement not to be necessary as pressure 
trends in posterior compartment are picked up in the anterior measurements.'3* A more rational approach is to monitor the deep compartment when the 
clinical picture is suggestive of that compartment being involved. Recent publications!**!** have shown though that a single compartment may be all that is 


necessary and that the anterior and lateral compartments track pressure changes as one compartment. It is possible that the deep posterior and the posterior 
also have a similar relationship. As with the leg, monitoring the anterior compartment of the thigh is advised due to frequent involvement,°?!° with isolated 
posterior thigh ACS documented in the literature. For cases of suspected foot ACS, IMP monitoring of the interosseous compartments is advocated by 
some, with the calcaneal compartment being monitored in hindfoot injuries.°°!0°'°5 For the upper limb, the forearm is one of the most commonly involved 
sites, with volar compartment placement recommended.®”!”° The rare isolated dorsal ACS requires placement in the extensor compartment. The anterior 
compartment of the arm and the hand interosseous compartments are the other recommended sites in the upper limb. +9 


TABLE 17-4. Recommended Catheter Placements for Compartmental Pressure Monitoring 


Anatomic Area Catheter Placement 
Thigh Anterior compartment 
Leg Anterior compartment 


Deep posterior if clinically suspected 


Foot Interosseous compartments 
Consider calcaneal compartment in hindfoot injuries 


Forearm Flexor compartment 


Hand Interosseous compartment 


Figure 17-6. Estimation of the entry point (arrow) on the anteroposterior radiograph of a midshaft tibial diaphyseal fracture. The entry point should be proximal to the 
fracture site and 1 to 2 cm lateral to the lateral subcutaneous border of the tibia. (Reproduced with permission from Duckworth AD, McQueen MM. Continuous 


intracompartmental pressure monitoring for acute compartment syndrome. JBJS Essential Surg Techn. 2013;3[3]:e13.) 


Threshold for Decompression in Acute Compartment Syndrome 


Much debate has occurred about the critical pressure threshold, beyond which decompression of ACS is required, with the debate centered around using 
either the IMP alone, the differential pressure, or perfusion pressure (AP). The normal resting IMP in adult muscle is around 10 mm Hg.*! Critical levels 
have been reported at 30 to 50 mm Hg of IMP.!°3 However, it has been recognized that there is a significant variation between individuals in their tolerance 
of raised IMP and critical levels are intrinsically linked with the systemic blood pressure or the calculated perfusion pressure.!58791,155 Whitesides et al. 
were the first to suggest the importance of employing the differential pressure or delta muscle pressure (AP or DMP) that is equal to diastolic pressure— 
intracompartmental pressure.!°> They stated that there is inadequate perfusion and relative ischemia when the tissue pressure rises to within 10 to 30 mm Hg 
of the diastolic pressure. Since then, the literature has suggested a DMP of 10 to 35 mm Hg to be diagnostic, but with good clinical and experimental data 
now advocating a pressure difference less than or equal to 30 mm Hg should be used as a safe threshold for diagnosing ACS,.9°.91114 

The concept of the use of DMP is also supported by Ovre et al.,!* although they did report a higher-than-expected rate of fasciotomies (29%) using an 
IMP of 30 mm Hg as a threshold for decompression. In one study from Edinburgh, 116 patients with an acute fracture of the tibial diaphysis’! underwent 
immediate continuous anterior compartment IMP monitoring, which continued for a minimum of 24 hours. When employing a DMP of less than or equal to 
30 mm Hg for more than 2 hours as the differential pressure threshold for proceeding to fasciotomy, three patients underwent fasciotomy, there were no 
unnecessary fasciotomies (overtreatment), no missed cases of ACS, as well as no sequelae at a final mean follow-up of 15 months. This protocol was 
validated by the same group in 101 patients with a tibial diaphyseal fracture.!°* There were 41 patients with an absolute IMP reading greater than 30 mm Hg 
for more than 6 hours continuously (but with normal DMP of >30 mm Hg). These patients were compared with 60 patients where there was an absolute 
IMP reading of less than 30 mm Hg throughout. In the following 1-year period, there was no statistically significant difference in isometric muscle analysis 
or in the return to function. 

Questions have been raised about the validity of DMP in the light of intraoperative diastolic pressure changes.°? The threshold may differ for children 
who have a low diastolic pressure and are therefore more likely to have a DMP less than 30 mm Hg. Mars and Hadley®! recommend the use of the mean 
arterial pressure rather than the diastolic pressure to obviate this problem. DMP in the awake adult may in fact be a proxy for mean arterial DMP—which 
would not be as sensitive to diastolic pressure values as DMP. Much of the literature to date has been performed in adults and with reference to leg 
compartment syndrome. It has been assumed that these pressure thresholds apply equally to anatomic areas other than the leg, although this has not been 
formally examined. 

Timing 

Time factors are also important in making the decision to proceed to fasciotomy. Both the duration and severity of the pressure elevation influence muscle 
ischemia and thus patient outcome, so it is necessary to contemplate the trend and timing of IMP readings when deciding whether to proceed to 
fasciotomy.8>90.104 A limitation of the current literature is the definition of the time of onset of ACS and thus it is difficult to determine the time to 
fasciotomy. In the acute setting, it is suggested that the duration to fasciotomy is best defined as the point from admission as this is most consistently 
defined.292:9! Crush syndrome is the one exception to this, as the inevitable long period of compression makes it almost impossible to determine the time 
of onset. 

Janzing et al. performed a prospective study of 95 patients with tibial diaphyseal fractures with a minimum of 1-year follow-up, with every patient 
undergoing continuous IMP monitoring” albeit with not very accurate values of pressure in a device not designed for continuous monitoring. With a 14.4% 
fasciotomy rate, the best combined sensitivity and specificity was clinical symptoms with a DMP of less than 30 mm Hg (61%, 97%), and with when using 
monitoring in isolation having a DMP less than 30 mm Hg (89%, 65%). The authors concluded that an increased rate of fasciotomy could occur with 
continuous IMP monitoring®® and it was impossible for them to determine if all fasciotomies were needed. The study does not consider the trend of the 
DMP over time. Kakar et al.°9 performed a prospective cohort study of 242 tibial diaphyseal fractures that underwent intramedullary nailing under GA and 
found that although the preoperative diastolic blood pressure was associated with the postoperative pressures, a statistically significant difference was found 
with the intraoperative pressure (mean difference 18 mm Hg, p < .05). This important study highlights the need to utilize serial pressure measurements when 
determining whether to proceed to fasciotomy. Intraoperative and immediate postoperative readings should clearly be interpreted with caution. Fasciotomy 
should not be performed based on a single pressure reading except in extreme cases or in cases with a need to validate the diagnosis, as this will likely lead 
to an increased rate of overtreatment and unnecessary fasciotomies. Whitney et al. found a false-positive rate of 35% if a one-time DMP of 30 mm Hg or 
lower is used without considering the trend over time.!°> The strength of continuous pressure monitoring is it allows a clear record of the trend of the tissue 
pressure measurements. The Edinburgh protocol is well researched in the literature and uses a DMP of 30 mm Hg or lower over a 2-hour period as the 
indication for proceeding to urgent fasciotomy. However, the trend of the DMP should also be considered. In situations where the DMP drops below 30 mm 
Hg, if the IMP is dropping and the DMP is rising, then it is safe to observe the patient in anticipation of the DMP returning within a short time to safe levels. 
If the IMP is rising, the DMP is dropping and less than 30 mm Hg, and this trend has been consistent for a period of 2 hours, then fasciotomy should be 
performed. Using this protocol, delay to fasciotomy and the sequelae of ACS are reduced without unnecessary fasciotomies being performed.®! Preliminary 
data from the Canadian Orthopaedic Trauma Society (COTS) prospective cohort undergoing continuous pressure monitoring has shown that if the trends are 
observed as per the Edinburgh protocol, then 100% sensitivity and specificity can be seen. They had more than 100 patients with continuous monitoring in 
both preoperative, diagnostic, and postoperative settings and were able to correctly diagnose ACS without performing any unnecessary fasciotomies.!® 


Clinical Signs Versus IMP Monitoring 


McQueen et al.9! analyzed 25 patients with a tibial diaphyseal fracture that was complicated by ACS, with 13 cases having undergone IMP monitoring and 
a further 12 patients who underwent clinical assessment alone. A statistically significant difference in the time from presentation to fasciotomy was found in 
the clinical assessment alone cohort (16-hour difference; p < .05), with a significantly higher rate of late ACS sequelae (91% vs. 0%; p < .01) and a delay to 
union (8-week delay; p < .05). Preliminary data from the COTS study reveals that similarly there is a 6-hour decrease in time to operation in patients 
undergoing clinical examination plus continuous pressure measurement. 16 

Al-Dadah et al.! carried out a study of 218 patients, with 109 consecutive tibial diaphyseal fractures, who had continuous IMP monitoring and a further 
109 historical patients as the control group that was evaluated for ACS with clinical signs alone. The authors reported comparable fasciotomy rates (15.6% 
vs. 14.7%), but no statistically significant difference was found in either outcome or time to fasciotomy. A limitation of this study is that the control group 


had clinical assessment performed on an hourly basis, which many would argue is difficult to reproduce with accuracy in normal day-to-day clinical 
practice. There was also no validation of ACS diagnosis and the rates of fasciotomy are higher than the literature would seem to indicate for true ACS. 

Harris et al.*8 carried out a prospective randomized trial including 200 consecutive tibial diaphyseal fractures comparing clinical assessment alone (100 
patients) with IMP monitoring (100 patients). The primary outcome for this series was the late sequelae of ACS at 6 months following injury, with a total of 
five patients developing ACS (all in the clinical assessment group). Complications included sensory loss, contracture, toe clawing, muscle weakness, and 
nonunion. There was no statistically significant difference in the complication rates between groups (27% vs. 29%). A limitation of this study associated 
with the indication to proceed to fasciotomy was the use of clinical symptoms and signs with monitoring employed at the discretion of the surgeon not 
universally used. For IMP monitoring to be fairly compared without bias to clinical assessment alone, the differential pressure over time needs to be the 
primary indication for fasciotomy as IMP is not the appropriate surgical trigger. 

A recent multicenter study from Scotland included 287 patients with acute tibial diaphyseal fractures from three centers, with 171 patients who 
underwent continuous pressure monitoring and 116 who did not.!!® There were 21 patients who developed ACS and underwent fasciotomy, with similar 
numbers in both groups reported (13 in the monitoring group, 8 in the nonmonitoring group). The authors found continuous pressure monitoring to be safe, 
with no difference in overall complications, but with a mean time from admission to fasciotomy being 6 hours earlier in the continuous pressure monitoring 
group. There was also a trend toward a reduced requirement for split-skin grafting postdecompression in those who underwent monitoring (15% vs. 50%). 
Although the possibility exists that the group had more category 1 (non-ACS) cases, all patients had involved muscle—signs of compromise—intimating 
that the cases had actual ACS. It is hypothesized that the higher rate of primary wound closure with monitoring could be related to a shorter time to 
fasciotomy, thus not allowing more swelling and ischemia to develop, thus making eventual closure easier. This phenomenon has also been found in ACS of 
the forearm.°° 


Diagnostic Performance Characteristics 


The diagnostic performance characteristics of continuous invasive IMP monitoring were reported in a series from Edinburgh of 850 adult patients with an 
acute tibial diaphyseal fracture.°? The Edinburgh group used a slit catheter technique inserted into the anterior compartment of the leg and employed 
diagnostic criteria of a DMP of less than 30 mm Hg for more than 2 hours. The authors reported a sensitivity of 94% and a specificity of 98.4%, with 11 
false-positive and 9 false-negative cases. The positive predictive value was 92.8% and the negative predictive value was 98.7% (Table 17-5). To attain 
comparable performance characteristics to this when using clinical symptoms and signs alone, three signs are needed, with the third being paresis that is 
indicative or irreversible injury to the patient. The authors of the study stated that ideally there should be a 100% certainty of the diagnosis but 
acknowledged that this is not possible in clinical practice when in most situations, both the surgeon and the patient must accept a small amount of risk. With 
ACS, until now, that risk inevitably needs to be balanced somewhat in the favor of the unnecessary fasciotomy (false positive), given the devastating 
complications associated with a missed ACS (false negative). Unfortunately, the risks of fasciotomy are not small and are recognized in the 
literature.!520:125 Authors have shown that there is residual pain and dysfunction in a large percentage of patients. Surgical site infection rates between 13% 
and 50% have also been reported.!° However, it could be argued that unnecessary fasciotomies are tolerable to avoid one missed case of ACS. A British 
group showed that the patient-reported outcomes and complication profile are similar for patients with an acute tibial diaphyseal fracture complicated by 
ACS requiring fasciotomy as those that are not.’® These reported results for fasciotomy are not similar to the American College of Surgeon numbers or 
other groups.”:!5-98.104,111 


TABLE 17-5. The Reported Sensitivities and Specificities of the Clinical Symptoms and Signs of ACS, Along With the Diagnostic 


Performance Characteristics of IMP Monitoring 


Sensitivity Specificity PPV NPV 


Symptom or Sign (%) (%) (%) (%) 
Pain 19 0-97 14 54-98 
Pain on passive stretch 19 0-97 14 54-98 
Paresis/motor changes 13 97 i 98 
Paresthesia/sensory 13 98 15 98 
changes 

Swelling 54 76 70 63 
IMP monitoring 94 98 93 99 


IMP, intracompartmental muscle pressure; NPV, negative predictive value; PPV, posi- 
tive predictive value. 

Reproduced with permission from Duckworth AD, McQueen MM. The diagnosis of 
acute compartment syndrome: a critical analysis review. JBJS Rev. 2017;5(12):e1. 


SURGICAL AND APPLIED ANATOMY 


THIGH 


The thigh is divided into three main compartments, all of which are bounded by the fascia lata and separated by the medial and lateral intermuscular septa 
(Fig. 17-7). Their contents and the clinical signs of compartment syndrome in each compartment are summarized in Table 17-6. Involvement of the 
adductor compartment is rare. 


LEG 


There are four compartments in the leg—anterior, lateral, superficial posterior, and deep posterior (Fig. 17-8). The contents of the compartments of the leg 
and the clinical signs of involvement in ACS are detailed in Table 17-7. The anterior compartment is enclosed anteriorly by skin and fascia, laterally by the 
intermuscular septum, posteriorly by the fibula and interosseous membrane, and medially by the tibia. The lateral compartment is enclosed laterally by skin 
and fascia, posteriorly by the posterior intermuscular septum, medially by the fibula, and anteriorly by the anterior intermuscular septum. The deep peroneal 
nerve may rarely be affected as it passes through the lateral compartment en route to the anterior compartment. 


Figure 17-7. A cross-section of the thigh demonstrating the three compartments and the access to them. A, anterior; Ad, adductor; P, posterior. 


TABLE 17-6. Compartments of the Thigh, Their Contents, and Signs of Acute Compartment Syndrome 


Compartment Contents Signs 

Anterior Quadriceps muscles Pain on passive knee flexion 
Sartorius Numbness—medial leg/foot 
Femoral nerve Weakness—knee extension 

Posterior Hamstring muscles Pain on passive knee extension 


Sensory changes rare 


Sciatic nerve Weakness—knee flexion 
Adductor Adductor muscles Pain on passive hip abduction 
Obturator nerve Sensory changes rare 


Weakness—hip adduction 


The superficial posterior compartment is bounded anteriorly by the intermuscular septum between the superficial and deep compartments and 
posteriorly by skin and fascia. The deep posterior compartment is limited anteriorly by the tibia and interosseous membrane, laterally by the fibula, 
posteriorly by the intermuscular septum separating it from the superficial posterior compartment, and medially by skin and fascia in the distal part of the leg. 


Figure 17-8. A cross-section of the leg showing the four compartments. The arrows show the routes for double-incision four-compartment fasciotomy. A, anterior 
compartment; DP, deep posterior compartment; L, lateral compartment; SP, superficial posterior compartment. 


TABLE 17-7. Compartments of the Leg, Their Contents, and Clinical Signs of Acute Compartment Syndrome 


Compartment 


Anterior 


Lateral 


Superficial posterior 


Deep posterior 


FOOT 


Contents 
Tibialis anterior 
Extensor digitorum longus 


Extensor hallucis longus 
Peroneus tertius 
Deep peroneal (anterior tibial) nerve and vessels 


Peroneus longus 

Peroneus brevis 
Superficial peroneal nerve 
Gastrocnemius 

Soleus 


Plantaris 
Sural nerve 


Tibialis posterior 
Flexor digitorum longus 
Flexor hallucis longus 


Posterior tibial nerve 


Signs 


Numbness—first web space 


Weakness—ankle/toe extension 


Pain on passive foot inversion 
Numbness—dorsum of foot 
Weakness of eversion 

Pain on passive ankle extension 
Numbness—dorsolateral foot 


Weakness—plantar flexion 


Pain on passive ankle/toe extension/foot eversion 


Numbness—sole of foot 


Weakness—toe/ankle flexion, foot inversion 


Until recently, most authorities believed that there were four compartments in the foot—medial, lateral, central, and interosseous (Fig. 17-9). The medial 
compartment lies on the plantar surface of the hallux, the lateral compartment is on the plantar surface of the fifth metatarsal, and the central compartment 
lies on the plantar surface of the foot. The interosseous compartment lies dorsal to the others between the metatarsals. 


Manoli and Weber challenged the concept of four compartments using cadaver infusion techniques.’? They believe that there are nine compartments in 
the foot, with two central compartments, one superficial containing flexor digitorum brevis, and one deep (the calcaneal compartment) (Fig. 17-10) 
containing quadratus plantae, which communicates with the deep posterior compartment of the leg. They demonstrated that each of the four interosseous 
muscles and adductor hallucis lies in separate compartments, thus increasing the number of compartments to nine. Their contents are shown in Table 17-8. 
The clinical importance of these anatomic findings has been challenged after the finding that the barrier between the superficial and calcaneal compartments 
becomes incompetent at a pressure of 10 mm Hg, much lower than that required to produce an ACS.*° The clinical diagnosis of ACS should be suspected in 
the presence of severe swelling, but differentiating the affected compartments is extremely difficult. Recent reports!*° show that minimally invasive release 
of all foot compartments is possible with the use of pressure monitoring in each compartment to ensure release. Cadaver studies and clinical cases have 
revealed safe and efficacious decompression through two 1 cm incisions on the dorsum of the foot. Performing minimally invasive surgery to avoid the 
outcomes seen after ignored ACS (claw toes, repeated surgeries, need for insoles, chronic pain) may be seen as a more refined option. 


Lateral 


Central 


Figure 17-9. A cross-section of the foot showing access from the dorsum of the foot to the compartments. I, interosseous. 


Superficial 


Figure 17-10. A cross-section through the hindfoot showing the medial, superficial, and deep central (calcaneal) compartments. The medial approach for release of 
the calcaneal compartment is shown. FHL, flexor hallucis longus. 


TABLE 17-8. Compartments of the Foot and Their Contents 


Compartment Contents 
Medial Intrinsic muscles of the great toe 
Lateral Flexor digiti minimi 


Abductor digiti minimi 


Central 
Superficial Flexor digitorum brevis 
Deep (calcaneal) Quadratus plantae 
Adductor hallucis Adductor hallucis 
Interosseous x 4 Interosseous muscles 
Digital nerves 
ARM 


There are two compartments in the arm: anterior and posterior (Fig. 17-11). The anterior compartment is bounded by the humerus posteriorly, the lateral and 
medial intermuscular septa, and the brachial fascia anteriorly. In late cases, paralysis of the muscles innervated by the median, ulna, and radial nerves is 
seen. The posterior compartment has the same boundaries as the anterior but lies posterior to the humerus. The contents of the compartments and the clinical 
signs of ACS are listed in Table 17-9. 


FOREARM 


The forearm contains three compartments: volar, dorsal, and “the mobile wad” (Fig. 17-12). The volar compartment has the ulna, radius, and interosseous 
membrane as its posterior limit and the antebrachial fascia as its anterior limit. A suggestion has been made that the volar compartment of the forearm 


contains three spaces, the superficial volar, deep volar, and pronator quadratus spaces,”° but in practice, it is not usually necessary to distinguish between 
these at fasciotomy.!® The dorsal compartment of the forearm lies dorsal to the radius, ulna, and interosseous membrane and contains the finger and thumb 
extensors, abductor pollicis longus, and extensor carpi ulnaris. The contents of the compartments and the clinical signs of ACS are summarized in Table 17- 


10. 


Brachialis 


Figure 17-11. A cross-section of the arm showing the anterior compartment containing biceps (B) and brachialis (Br), and the posterior compartment containing 


triceps (T). 


TABLE 17-9. Compartments of the Arm, Their Contents, and Clinical Signs of Acute Compartment Syndrome 


Compartment 


Anterior 


Posterior 


Contents 


Biceps 

Brachialis 
Coracobrachialis 

Median nerve 

Ulnar nerve 
Musculocutaneous nerve 
Lateral cutaneous nerve 
Antebrachial nerve 
Radial nerve (distal third) 


Triceps 
Radial nerve 


Signs 


Pain on passive elbow extension 
Numbness—median/ulnar distribution 
Numbness—volar/lateral distal forearm 
Weakness—elbow flexion 
Weakness—median/ulnar motor function 


Pain on passive elbow flexion 
Numbness—ulnar/radial distribution 


Ulnar nerve (distally) Weakness—elbow extension 
Weakness—radial/ulnar motor function 
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Figure 17-12. A cross-section of the midforearm. The pronator quadratus compartment is not shown as it lies in the distal forearm. D, dorsal; V, volar. 
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Figure 17-13. A cross-section of the hand showing the muscle compartments. The adductor pollicis lies more distally. CP, central palmar; H, hypothenar; I, 
interosseous; T, thenar. 


HAND 


General agreement exists that the hand has 10 muscle compartments: 1 thenar, 1 hypothenar, 1 adductor pollicis, 4 dorsal interosseous, and 3 volar 
interosseous compartments (Fig. 17-13). The thenar compartment is surrounded by the thenar fascia, the thenar septum, and the first metacarpal. The 
hypothenar compartment is contained by the hypothenar fascia and septum and the fifth metacarpal. The dorsal interosseous compartments lie between the 
metacarpals and are bounded by them laterally and the interosseous fascia anteriorly and posteriorly. The volar interosseous compartments lie on the volar 
aspect of the metacarpals, but it is unlikely that these are functionally separate from the dorsal interosseous compartments because the tissue barrier between 
the two cannot withstand pressures of more than 15 mm Hg.“ The contents of the hand compartments are detailed in Table 17-11. 


TABLE 17-10. Compartments of the Forearm, Their Contents, and the Clinical Signs of Acute Compartment Syndrome 


Compartment Contents Signs 
Volar Flexor carpi radialis longus and brevis Pain on passive wrist/finger extension 
Flexor digitorum superficialis and profundus Numbness—median/ulnar distribution 
Pronator teres Weakness—wrist/finger flexion 
Pronator quadratus Weakness—median/ulnar motor function in hand 
Median nerve 
Ulnar nerve 
Dorsal Extensor digitorum Pain—passive wrist/finger flexion 
Extensor pollicis longus Weakness—wrist/finger flexion 


Abductor pollicis longus 
Extensor carpi ulnaris 


Mobile wad Brachioradialis Pain on passive wrist flexion/elbow extension 
Extensor carpi radialis Weakness—wrist extension/elbow flexion 
TABLE 17-11. The Compartments of the Hand and Their Contents 
Compartment Contents 
Thenar Abductor pollicis brevis 


Flexor pollicis brevis 
Opponens pollicis 


Hypothenar Abductor digiti minimi 
Flexor digiti minimi 
Opponens digiti minimi 


Dorsal interosseous x 4 Dorsal interossei 
Volar interossei x 3 Volar interossei 
Adductor pollicis Adductor pollicis 


TREATMENT OF ACUTE COMPARTMENT SYNDROME 


The single most effective treatment for ACS is fasciotomy, delay of which can cause devastating complications. Nevertheless, other preliminary measures 
should be taken in cases of impending ACS. The process may on occasion be aborted by release of external limiting envelopes such as dressings or plaster 
casts, including the padding under the cast. Splitting and spreading a cast has been shown to reduce IMP as has release of dressings. The split and spread 
cast is the only method that can accommodate increasing limb swelling. Hypotension should be corrected because this will reduce perfusion pressure. 
Oxygen therapy should be instituted to ensure maximum oxygen saturation. 


FASCIOTOMY 


When the diagnosis has been made, urgent fasciotomy should be performed. The basic principle of fasciotomy of any compartment is full and adequate 
decompression. Skin incisions must be made along the full length of the affected compartment. There is currently no place for limited or subcutaneous 
fasciotomy in ACS. It is essential to visualize all contained muscles in their entirety to assess their viability and any muscle necrosis must be thoroughly 
debrided to avoid infection. Subcutaneous fasciotomy is contraindicated for these reasons and because the skin may act as a limiting boundary. 


Technique 


Leg 


WA cev suncicat Four-Compartment Fasciotomy of the Leg: 


KEY SURGICAL STEPS 


v a on but not inflated 

Lateral skin incision approximately 2 cm anterior to fibula over the intermuscular septum 

Skin retracted adequately to allow assessment of fascia overlying anterior and lateral compartments, which can then be released 

Care taken to avoid superficial peroneal nerve, which has a variable course but normally pierces fascia approximately 10 cm above the lateral 
malleolus 

Muscle in anterior and lateral compartments assessed for viability, with nonviable tissue debrided 

Medial skin incision approximately 1 to 2 cm posterior to the medial border of the tibia, allowing for adequate skin bridge 

Care taken to identify and protect saphenous vein and nerve 

Care also taken to be anterior to the posterior tibial artery and protect the perforating vessels for any potential local fasciocutaneous flap that may be 
needed 

ho over superficial posterior compartment is identified and released 

=i posterior compartment is exposed by posterior retraction of the superficial compartment, with partial elevation of this compartment of the 


tibia to allow a full release 
LJ Muscle in superficial and deep posterior compartments assessed for viability, with nonviable tissue debrided 


In the leg, all four compartments should be released. One of the most commonly used techniques is the double-incision four-compartment fasciotomy. The 
anterior and lateral compartments are released through a lateral skin incision over the intermuscular septum between the compartments (see Fig. 17-8). The 
skin may then be retracted to allow fascial incisions over both compartments. Care must be taken not to injure the superficial peroneal nerve that pierces the 
fascia and lies superficial to it in the distal third of the leg (Fig. 17-14). There is considerable variation in its course, with approximately three-quarters of 
nerves remaining in the lateral compartment before its exit through the deep fascia and one-quarter passing into the anterior compartment. 


Figure 17-14. Fasciotomy of the anterior and lateral compartments of the leg. Note that the incision extends the whole length of the muscle compartment, allowing 
inspection of all muscle groups. 


Figure 17-15. Decompression of the medial side of the leg. The superficial posterior compartment is being retracted to display the deep compartment. The scissors are 
deep to the fascia overlying the deep posterior compartment. 


The two posterior compartments are accessed through a skin incision 2 cm from the medial edge of the tibia (Fig. 17-15). This allows a generous skin 
bridge to the lateral incision but is anterior to the posterior tibial artery, especially in open fractures, to protect perforating vessels that supply local 
fasciocutaneous flaps. The superficial posterior compartment is easily exposed by skin retraction. The deep posterior compartment is exposed by posterior 
retraction of the superficial compartment and is most easily identified in the distal third of the leg. It is sometimes necessary to elevate the superficial 
compartment muscles from the tibia for a short distance to allow release of the deep posterior compartment along its length. Care must be taken to protect 
the saphenous vein and nerve in this area and to protect the posterior tibial vessels and nerves. !2! 

Single-incision fasciotomy of all four compartments was described using excision of the fibula, but this is unnecessarily destructive and risks damage to 
the common peroneal nerve. Single-incision four-compartment fasciotomy without fibulectomy can be performed through a lateral incision that affords easy 
access to the anterior and lateral compartments. Anterior retraction of the peroneal muscles allows exposure of the posterior intermuscular septum overlying 
the superficial posterior compartment. The deep posterior compartment is entered by an incision immediately posterior to the posterolateral border of the 
fibula. Double-incision fasciotomy is faster and probably safer than single-incision methods because the fascial incisions are all superficial. Using the 
single-incision method, it can be difficult to visualize the full extent of the deep posterior compartment. Both methods seem to be equally effective at 
reducing IMP. 

There is some ongoing debate about the need for decompression of all four compartments. Some authors maintained a limited release because the 
anterior and lateral compartments act as a single entity.!34148 A recent cadaver study illustrates that this does happen. This publication also showed that the 
deep posterior and posterior compartments may also act as a single compartment but there is no clinical study substantiating this. Based on current literature, 
the safest approach is to release all four compartments. 


Figure 17-16. Fasciotomy of the thigh through a single lateral incision. 


Thigh 


In the thigh and gluteal regions, decompression is simple, and the compartments are easily visualized. Both thigh compartments can be approached through 
a single lateral skin incision (Fig. 17-16), although a medial incision can be used over the adductors if considered necessary. 


Foot 


In the foot, there are a few compartments to decompress, and a sound knowledge of the anatomy is essential. Dorsal incisions overlying the second and 
fourth metacarpals allow sufficient access to the interosseous compartments and the central compartment that lies deep to the interosseous compartments 
(see Fig. 17-9). The medial and lateral compartments can be accessed around the deep surfaces of the first and fifth metatarsal, respectively. Such a 
decompression is usually sufficient in cases of forefoot injury, but when a hindfoot injury, especially a calcaneal fracture is present, a separate medial 
incision may be required to decompress the calcaneal compartment (see Fig. 17-10).45-65:105.135 


Arm 


Fasciotomy of the arm is performed through anterior and posterior incisions (see Fig. 17-11) when the compartments are easily visualized. On rare 
occasions, the deltoid muscle should also be decompressed. 


Forearm 


In the forearm, both volar and dorsal fasciotomies may be performed. In most cases, the volar compartment is approached first through an incision 
extending from the proximal forearm to the palm of the hand to allow carpal tunnel decompression that is usually necessary (Fig. 17-17). Fascial incision 
then allows direct access to the compartment (see Fig. 17-12). The deep flexors must be carefully inspected after fascial incision. Separate exposure and 
decompression of pronator quadratus may be necessary. Usually, volar fasciotomy is sufficient to decompress the forearm,*° but if IMP remains elevated in 
the dorsal compartment perioperatively, then dorsal compression is easily performed through a straight dorsal incision (see Fig. 17-12). 


Figure 17-17. Fasciotomy of the forearm in a case of crush syndrome. There is necrosis of the forearm flexors proximally. The carpal tunnel has been decompressed. 


Hand 


Decompression of the hand can usually be adequately achieved using two dorsal incisions that allow access to the interosseous compartments (see Fig. 17- 
13). This may often be sufficient, but if there is clinical suspicion or raised IMP on measurement, then incisions may be made over the thenar and 
hypothenar eminences, allowing fasciotomy of these compartments. 


Upper Extremity 


Decompression of other muscles either in isolation or in combination has been described. Although the deltoid is rarely involved, 18 papers describing 19 
patients are in the literature and are discussed in a review.!°° The authors felt that males are more commonly affected, and isolated deltoid compartment 
syndrome occurs in about 50% of reported cases. Most commonly, the cases are iatrogenic, after prolonged lateral decubitus positioning, injections, and 
surgical interventions for the shoulder. Intoxication or found down syndrome is also a common etiology. 


Fasciotomy incisions must never be closed primarily because this may result in persistent elevation of IMP.°° The wounds should be left open and dressed, 
and approximately 48 hours after fasciotomy, a second-look procedure should be undertaken to ensure viability of all muscle groups. Skin closure or cover 
should not be attempted unless all muscle groups are viable. 

One of the factors that may reduce the risk of surgical site infection is the type of dressing applied over the closed incision. The WHIST trial evaluated 
the effects of negative pressure wound therapy (NPWT) compared with standard dressings.°” They found no significant difference between NPWT and the 
physician-chosen standard dressings. The type of closure or coverage required is predicted by age and type of injury with split skin grafting significantly 
more common in younger patients and crushing-type injuries, presumably because of the increased muscle bulk in these groups.°° The wounds may then be 
closed by delayed primary closure, if possible, although this must be without tension on the skin edges. Commonly, in the leg, this technique is possible in 
the medial but not the lateral wound. If delayed primary closure cannot be achieved, then the wound may be closed using either dermatotraction techniques 
or split skin grafting. Dermatotraction or gradual closure techniques have the advantage of avoiding the cosmetic problems of split skin grafting but may 
cause skin edge necrosis.°° A further disadvantage is the prolonged time required to achieve closure, which may be up to 10 days.!° 

Split skin grafting, although offering immediate skin cover, has the disadvantage of a high rate of long-term morbidity.*° There is an increasing body of 
literature supporting the use of vacuum-assisted closure (VAC) systems which can potentially reduce the need for split skin grafting with a low 
complication rate.73153,157,158 


MANAGEMENT OF ASSOCIATED FRACTURES 


As is now generally accepted, fractures, especially of the long bones, should be stabilized in the presence of ACS treated by fasciotomy.'! The treatment of 
the fracture should not be radically altered by the presence of an ACS, although cast management of a tibial fracture is contraindicated in the presence of 
ACS. Fasciotomy should be performed prior to fracture stabilization to eliminate any unnecessary delay in decompression. Stabilization of the fracture 
allows easy access to the soft tissues and protects the soft tissues, allowing them to heal. 

Reamed intramedullary nailing of the tibia confers excellent stabilization of a diaphyseal fracture and is now probably the treatment of choice in most 
centers for tibial diaphyseal fracture. Reaming as a possible cause of ACS has been refuted by studies examining IMPs during and after tibial nailing. 


McQueen et al.°° studying reamed intramedullary nailing and Tornetta and French'“® studying unreamed intramedullary nailing agreed that the IMP 
increased perioperatively and dissipated postoperatively, and that nailing did not increase the likelihood of ACS. Nassif et al.!°7 found no differences in 
IMP between reamed and unreamed nailing. In a group of 212 children and teenagers with tibial fractures treated with casting, external fixation, and locked 
and flexible nailing, the fixation type was not predictive of ACS.!41 

Several factors may raise IMP during stabilization of tibial fractures. These include traction, which raises pressure in the deep posterior compartment by 
approximately 6% per kilogram of weight applied.!#° Countertraction using a thigh bar can cause external calf compression if the bar is wrongly positioned 
and can also decrease arterial flow and venous return, making the leg more vulnerable to ischemia. Elevation of the leg as in the 90-90 position decreases 
the tolerance of the limb to ischemia.’ Thus, excessive traction, poor positioning of the thigh bar, and high elevation of the leg should be avoided in 
patients at risk of ACS. Recent data show that transient increase in IMP up to and even over 70 mm Hg can be seen after nailing of tibia fractures. Both 
patients in Figure 17-4 had transient and/or sustained high pressures immediately postoperatively. The patient with blue tracing did not develop ACS but 
had very high pressures with a low DMP for a couple hours after surgery. The pressures trended steadily downward. The patient in red had a stable IMP and 
an adequate DMP for a few hours but then began to show pressure trends that were slowly increasing. Eventually, the DMP was lower than 30 mm Hg as 
the IMP continued to slowly climb. At the midpoint of the red curve, the dressing was completely taken down resulting in a decrease in IMP of 10 mm Hg, 
but the pressure trend soon continued an upward slope. The continuous values and trends in pressure allow surgeons to plan for surgery before muscle 
necrosis occurred. The group at Edinburgh routinely monitors all at-risk surgeries to rule out ACS. 


Authors’ Preferred Treatment for Acute Compartment Syndrome ( 


At-risk oho 


High-energy injury 


No fasciotomy 
Continue monitoring & examination 
Examination—no 
evidence of ACS 


Examination— 
positive Ps or 
concerns 


Examination— 
positive Ps or 
concerns 


Trend 
worsening 


AP >30 mmHg for 
Trend >24 hours 
improving 


Examination— 
positive Ps or 


Clear clinical 
signs of ACS 
concerns 


AP <30 mmHg 
for 2 hours 


Crush injury 


Orthopaedic or 
trauma team 
Notification 


Continue to 
monitor 


Discontinue 
monitoring 


Trend 
worsening 


Continuous 
compartment pressure 
monitoring 

I 


Systemic pressure 
documentation 


Insertion in 
most at risk 
region 


Low IMP 
Normal AP (230 mmHg) 


High IMP 
Low AP (<30 mmHg) 


High IMP 
Normal AP (230 mmHg) 


Algorithm 17-1 Authors’ preferred treatment for acute compartment syndrome (ACS). Young age is the key risk factor for development of ACS. *Patients with 
clotting disorders are considered at risk. A > P, differential perfusion pressure (diastolic pressure — IMP); IMP, intracompartmental muscle pressure. 


Early diagnosis of ACS is essential, and it is important to be aware of the patients at risk of developing ACS. Good clinical examination techniques in 
the alert patient will help to identify the compartments at risk. However, given the evidence demonstrating the superior diagnostic performance 
characteristics of continuous IMP monitoring when compared to clinical signs and symptoms alone, we feel continuous IMP monitoring should be 
employed as a diagnostic adjunct in all patients defined as being at risk of ACS (Table 17-12). Youth is a key risk factor for developing ACS, with tibial 
diaphyseal fractures the most common precipitating injury. In adults, displaced tibial plateau fractures are the primary concern followed by tibial shaft 
and both bone forearm fractures. Ultimately, if ACS is suspected, IMP monitoring is recommended. 

Compartment monitoring should be used in all “at-risk” patients as defined in Table 17-2 and reinforced in Algorithm 17-1. In practice, this means 
that almost all tibial fractures should be monitored. The anterior compartment should be monitored, but in rare cases where symptoms are present that 
cannot be explained by the tissue pressures in the anterior compartment, the posterior compartment should also be monitored. 

The diagnosis of ACS should be made using sequential DMP readings. The decision to perform an urgent fasciotomy primarily using IMP 
monitoring and the differential muscle pressure (DMP), with clinical symptoms and signs being used as an adjunct to diagnosis, appears to be the 
optimal approach to take. Urgent fasciotomy is recommended in those patients with symptoms and multiple signs present. In at-risk patients with no or 
minimal clinical signs, fasciotomy should be performed after observing a persistent differential pressure of less than 30 mm Hg for more than 2 hours 
(see Algorithm 17-1). The threshold for fasciotomy is debated but a persistent DMP of less than 30 mm Hg, particularly which is declining, has been 
found to prevent a delay in the diagnosis and reduce long-term complications, with no appreciable increase in fasciotomy rates. If the DMP is less than 
30 mm Hg but the tissue pressure is dropping, as can happen for instance for a short time after tibial nailing, then the pressure may be observed for a 
period in anticipation of the DMP rising. On the other hand, if the DMP remains less than 30 mm Hg or is reducing, then immediate fasciotomy is 
indicated. Delay and complications are minimized by making the decision to perform a fasciotomy primarily on the level of DMP, with clinical 
symptoms and signs being used as an adjunct to diagnosis. Special attention should be paid to patients with a climbing intracompartmental pressure 
whether the DMP is over 30 mm Hg or not. Often a plot of their pressures can estimate when DMP will become significant. 

Once the diagnosis of ACS is confirmed, urgent fasciotomy should be performed. If any muscle necrosis is present, this should be thoroughly 
debrided back to bleeding tissue. At this stage, if a fracture is present, it should be stabilized if this has not been done previously. Suction dressings if 
available can be applied. A “relook” procedure should be performed at 48 hours after fasciotomy, with further debridement if necessary. If the wound is 


healthy, closure should be undertaken at this stage with either direct closure or split skin grafting. We do not use gradual closure techniques because of 
the risk of wound edge necrosis and prolonged times to coverage. There is no indication to prolong closure beyond 48 hours unless there is residual 
muscle necrosis. 


COMPLICATIONS OF ACUTE COMPARTMENT SYNDROME 


Complications of ACS are unusual if the condition has been treated expeditiously. Delay in diagnosis has been cited as the single reason for failure in the 
management of ACS,”>*5-!1” with a delay to fasciotomy of more than 6 hours likely to cause significant sequelae.*° 

Legal actions have succeeded around delay to diagnosis or missing the diagnosis. The detrimental effects of a delayed diagnosis and treatment for ACS 
have been known for over 40 years. It is associated with long-term complications, poor patient-reported outcomes,®*!% increasing medical costs, as well as 
an increased number of indemnity settlements when compared to the mean for all orthopaedic surgery.!*-85 A recent settlement in Minnesota for 111 million 
dollars was found against the physician group missing a case of ACS. Documented complications include infection, muscle necrosis and contractures, 
permanent neurologic injury, chronic pain, and nonunion of associated fractures. !537.51,53,62,70,98,104 Th severe cases, amputation may be necessary because 
of infection or lack of function. American data from the American College of Surgeons Trauma Quality Improvement Program data repository shows that 
slightly over 5% of patients with tibia fractures receiving fasciotomies end up with amputation. >33 


TABLE 17-12. Grades of Recommendation for the Diagnosis of Acute Compartment Syndrome 


Recommendation Grade® 
Youth is the most important risk factor associated with the development of ACS, with over two-thirds of cases associated with an underlying fracture B 
Clinical symptoms and signs alone are inadequate in the diagnosis of ACS due to well-documented poor sensitivity B 
All patients at risk of acute compartment syndrome should undergo continuous intracompartmental pressure monitoring B 
Decompression fasciotomy should be carried out primarily based on a differential pressure <30 mm Hg for more than 2 hours B 


“Grade A, good evidence (level I studies with consistent findings) for or against recommending intervention; grade B, fair evidence (level II or III studies with consistent findings) for or 
against recommending intervention; grade C, conflicting or poor-quality evidence (level IV or V studies), not allowing a recommendation for or against intervention; grade I, there is 
insufficient evidence to make a recommendation. 


ACS, acute compartment syndrome. 
Reproduced with permission from Duckworth AD, McQueen MM. The diagnosis of acute compartment syndrome: a critical analysis review. JBJS Rev. 2017;5(12):e1. 


LATE DIAGNOSIS 


The concept of found down compartment syndrome (FDCS) is becoming more important. Several centers now have a significant number of their cases 
presenting after overdose or inebriation. There is some debate about the place of decompression when the diagnosis is made late and muscle necrosis is 
inevitable, whether because of a missed ACS or the crush syndrome. Little can be gained in exploring a closed crush syndrome when complete muscle 
necrosis is inevitable, except in circumstances where there are severe or potentially severe systemic effects when amputation may be necessary. The review 
by Mortensen et al.!°* found that most patients early in the literature were initially treated with fasciotomy, with 16% of these patients going on to receive a 
subsequent amputation. This is higher than the traumatic reported rate by Bouklouch.!° The disease process may be different than the ACS traumatic 
feedback loop. FDECS may more closely resemble a crush syndrome and rhabdomyolysis. This may be possibly because of concomitant rhabdomyolysis 
and/or acute kidney injury being present in these patients. It may be due to uncertainty of the initiating time of the injury, repeated perfusion injuries with 
unobserved changes in position may occur. It is almost impossible to tell when the inciting event occurred or if there were multiple events leading finally to 
a hospital visit.49-58.63.116 Tn addition, many substances depress respiratory drive and a subsequent reduction in oxygen perfusion may increase the risk of 
tissue necrosis. The literature!°*!4° suggests that nonoperative management has a role in FDECS and may be indicated for patients who have been found 
down for more than 24 hours and have no sensory or motor function. There are no hard guidelines for fasciotomy or observation for these patients. 10? 
Nonetheless, if partial muscle necrosis is suspected and compartment monitoring reveals pressures above the threshold for decompression, there may be an 
indication for fasciotomy to salvage remaining viable muscle. 

Increased sepsis rates with potentially serious consequences have been reported when these cases have been explored.'*° In these circumstances, 
debridement of necrotic muscle must be thorough to reduce the chances of infection. 

In rare cases, the IMP may be high enough to occlude major vessels. This is a further indication for fasciotomy to salvage the distal part of the limb. It is 
recommended that if there is no likelihood of any surviving muscle and compartment pressures are low, then fasciotomy should be withheld. 


FUTURE DIRECTIONS FOR RESEARCH 


ACS remains a potentially devastating complication of fracture that continues to be a significant cause of disability and successful litigation.!2-!99 In a 
review of legal cases relating to ACS between 1998 and 2008, 55% of cases had an unfavorable outcome for doctors or judgment for the plaintiff; 77% of 
plaintiffs had permanent disability. Orthopaedic surgeons were assigned responsibility in the greatest numbers in both of these groups and the most frequent 
clinical issue was diagnostic failure or delay.'°° In a study from the United States, the most prominent risk factor for an indemnity payment was delay in 
diagnosis, and the number of hours delayed had a linear relationship to the value of the claim.!* Delay to diagnosis was cited as the single cause of a poor 
outcome more than 40 years ago, yet there remains a remarkable lack of consistency in the methods used to diagnose the condition. Considering the 
published high sensitivity and specificity of continuous IMP monitoring compared to that for the clinical diagnosis of ACS, clinical diagnosis should no 
longer be the gold standard. Continuous IMP monitoring should be instituted in all patients at risk of ACS. Added to this, universally acceptable, clear, 
clinical guidelines are required to improve speed of diagnosis in all units managing trauma and would likely be the single biggest advance in the 


management of the condition. 

One of the important issues about the current data regarding the diagnosis of ACS is the lack of a gold-standard reference for the diagnosis of ACS, with 
the incidence documented in the current data notably below 30%.9®108.115 In such clinical situations, routine statistical analysis is not robust and other 
methods including latent class analysis and Bayes theorem are necessary to accurately determine the diagnostic performance characteristics. Although the 
gold standard would be to perform sufficiently powered prospective randomized controlled trials of clinical signs versus continuous IMP monitoring, there 
are important issues of bias due to the inherent risk of modifying routine day-to-day clinical practice due to the predictable improvement in the frequency 
and robustness of clinical assessment. The current literature would benefit from prospective mid- to long-term outcome data on the efficacy of IMP 
monitoring, along with reports on the diagnostic performance characteristics of different IMP-monitoring protocols. Data on ACS in adolescents and other 
areas of the body other than the leg is needed to allow us to determine the indications, thresholds, and protocols for using IMP monitoring. 

Other future developments are likely to center on methods of measuring blood flow directly rather than indirectly by IMP measurement. Noninvasive 
methods of diagnosing ACS have been developed.!?8 One such example is NIRS, which measures the amount of oxygenated hemoglobin in muscle tissues 
transcutaneously.*? Unfortunately, in its current state, this is not an accurate procedure. Methods of reducing the effects of ACS are also likely to play a part 
in the future. Some basic science research has already been published on the effects of antioxidants and ultrafiltration on the outcome of ACS with 
promising results.4°-°+59 This work should be extended to human studies to reduce the effects of ACS in the clinical situation. Prevention of ACS is the 
goal in its management. Attempts have been made to reduce IMP with the administration of hypertonic fluids intravenously,!? but these have never been 
successful clinically. Nevertheless, an experiment on human subjects using tissue ultrafiltration to remove fluid from the compartment has been shown to 
reduce IMP.1°-!!9 Whether or not this technique can be useful clinically remains to be seen. Concerted research groups will aid any future efforts. The big 
data approach to national databases will help future study design.!>7° Classification of the disease has not yet been reliably done and a validated system to 
allow communication and reporting would be valuable. 
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SUMMARY 


INTRODUCTION 


The term mangled extremity refers to a severe bone and soft tissue injury that threatens the viability of a limb. The mangled extremity has been previously 
defined as a complex fracture with additional involvement of at least two of the following: artery, muscle/tendon, nerve, or soft tissue.4° This injury is 
usually a result of high-energy blunt trauma, crush, or blast injury. Associated fractures usually verify the high-energy forces of the mechanism of injury by 
exhibiting extensive comminution patterns. The skin is often degloved with large areas of loss secondary to avulsion or ischemia and the fascial 
compartments are typically disrupted by explosion or tear. Muscle is typically damaged both locally by direct injury as well as regionally by indirect injury. 
Furthermore, fascial planes are usually extensively disrupted and, when present, contaminants generally infiltrate all these planes (Fig. 18-1). Not only are 
the injury patterns themselves complex, but the medical, psychological, and socioeconomic impacts that these injuries have on the patient make their 
management a difficult task, even in the most experienced of hands. 

Although most of the advances that have taken place in the management of mangled extremity have occurred during times of war, most limb-threatening 
injuries seen in practices today are the result of high-speed motor vehicle collisions. Injuries to the extremities occur more frequently than head injuries in 
motorcycle crashes.®® Modification of passenger restraints, vehicle safety engineering, and the legislation of seat belt and airbag protection appear to be 
decreasing the mortality rate associated with motor vehicle crashes.!°° As a result, the incidence of severe lower extremity trauma present in individuals 
surviving accidents may be increasing. In the United States, injuries to the lower extremity account for over 250,000 hospital admissions annually for 
patients 18 to 54 years of age. It is estimated that over half of these admissions result from a high-energy mechanism.*° While less frequent than the lower 
extremity, 90% of upper extremity amputations are a result of trauma.° Limb reconstruction patients and amputees both must endure long-term treatment 
with the goal of functional restoration to preinjury levels. Orthopaedic surgeons caring for these patients should understand the historical concepts 
surrounding the care for these complex injuries as well as recent advances and the long-term clinical outcomes of patients with these injuries. 


Figure 18-1. Soft tissue injury demonstrating gross contamination in multiple tissue planes. Caution should be used in making viability determinations prior to 
debridement and irrigation in the controlled setting of the operating room. 


This chapter will highlight advances in treatment for the mangled extremity. Regardless of whether a limb salvage or amputation treatment pathway is 
chosen, most recent studies have continued to demonstrate poor long-term outcomes. Shared decision making is critical throughout the process and a 
multidisciplinary approach involving orthopaedic surgery, vascular surgery, plastic surgery, physical therapists, prosthetists, and behavioral health 
professionals may optimize a patient’s outcome. 


HISTORICAL BACKGROUND 


From the time of Hippocrates, the management of the limb-threatening lower extremity injury has plagued patients and surgeons alike. Until the 
implementation of amputation, most severe open fractures resulted in sepsis and these injuries were often fatal.> Amputation was associated with a very high 
mortality rate, often the result of hemorrhage or sepsis. Amputations performed during the Franco—Prussian War and American Civil War carried mortality 
rates ranging from 26% to as high as 90%.!39 Amputation techniques improved alongside our understanding of the concepts of bacterial contamination and 
infection. By the mid-1880s, through the pioneering works of Pasteur, Koch, and Lister on bacterial contamination and infection, there was a rapid increase 
in the use of antiseptic agents, soon followed by the introduction of aseptic methods, and then mortality rates rapidly declined.!®” Subsequently, topical sulfa 
agents were introduced just before World War I and systemic antibiotics became available during World War II and the Korean War.!29 Through advances 
in surgical technique, as well as through a better understanding of microbial prophylaxis and treatment, extremity injuries that were once considered to be 
life-threatening have now been rendered, at the very least, survivable.*® 

Despite the relative success of amputation surgery in reducing mortality in the treatment of patients with a life- or limb-threatening injury of the 
extremity, many patients and physicians have historically perceived amputation as a failure of therapy and have fought aggressively to salvage the mangled 
limb. Although a pioneer in the field of amputation, Ambroise Paré knowingly risked his own life over limb when he insisted on conservative management 
of his own open tibial fracture rather than amputation. Not only did he survive the injury, but his documentation of the conservative treatment of a 
potentially limb- and life-threatening injury serves as one of the first known documented cases of “limb salvage.”!“8 However, for centuries to come, most 
complex extremity injuries were appropriately treated with amputation. 

After World War II, medical and surgical training became more specialized and numerous developments in the civilian medical arena led to a revolution 
in the management of limb-threatening battlefield injuries, which dictates our treatment today. Arterial repair and bypass were attempted on a wide scale 
during the Korean and Vietnam Wars, subsequently reducing the amputation rates in extremities with vascular injuries from 50% to 13%.79-81,1393,161 Qn the 
battlefields of Iraq and Afghanistan, body armor, the widespread use of tourniquets, and in theater, resuscitation techniques are saving a higher percentage 
of combat casualty victims than in any previous U.S. military conflict'"°; however, due to the nature of body armor coverage, the extremities are often left 
exposed. The high-energy, explosive mechanism of injury resulting from improvised explosive devices (IEDs) has led to a high prevalence of “mangled” 
extremities with severe damage to the hard and soft tissues. While the rate of amputations within the U.S. military population has doubled during the most 
recent conflicts compared to previous wars, current active duty soldiers aim to return to their combat unit, following their injury and a great deal of focus 
has also been centered on limb salvage.!°* There is also a heightened emphasis on diagnosis and treatment of associated psychological trauma and mood 
disorders that accompany mangled limbs.44127196 

Over time, advances in all aspects of wound and fracture management have improved our ability to reconstruct the severely injured extremity. Limbs 
that would have required an amputation even 15 to 20 years ago are now routinely entered into complex reconstruction protocols. Advancements in 


systemic and local antibiotic use, improvement in microsurgical tissue transfer success, the use of temporary intraluminal vascular shunts,®® serial irrigation- 
debridement, and tissue-friendly fracture fixation methods have combined to make initial limb salvage, at the very least, feasible in most cases. 
Furthermore, by using massive autogenous grafts or osteoinductive materials,*+°!°19 as well as through the technique of bone transport, !?7:146,164 delayed 
large-segment bone defect reconstruction has become routine. Although limb salvage has become technically feasible, the initial assessment and 
management of the patient and the injury are paramount in determining whether salvage is advisable. This is perhaps the most important aspect of treatment. 


PRINCIPLES OF MANAGEMENT 


INITIAL EVALUATION 


Although mangled extremities can be distracting to the treatment team, routine trauma protocols must be followed prioritizing life over limb. As a result of 
the high-energy mechanisms associated with mangled limbs, 10% to 17% of these patients will have an associated life-threatening injury, including 
comorbid brain, chest, and pelvic injuries.!28 Evaluation should begin by following the principles of Advanced Trauma Life Support (ATLS). Once primary 
and secondary surveys have been completed, a comprehensive orthopaedic examination of the patient should be performed. 

To minimize infection risk, prophylactic antibiotics should be administered as soon as possible!®! and tetanus prophylaxis should be administered as 
indicated. As type 3 open fractures, mangled extremity patients warrant urgent (goal <1 hour) gram-positive and gram-negative antibiotic coverage. 
Literature supports the use of first-generation cephalosporins (e.g., cefazolin) for gram-positive microbial prophylaxis and the use of clindamycin for beta- 
lactam allergic patients. Most studies have failed to demonstrate a reduction in the rate of infection with the addition of (or substitution with) 
vancomycin.!®* Appropriate gram-negative coverage can be achieved with aminoglycosides (e.g., tobramycin, gentamicin) or third- to fifth-generation 
cephalosporins (e.g., ceftriaxone, cefepime). Although there is concern for aminoglycoside-induced nephrotoxicity in underresuscitated trauma patients, !! 
several other studies reported no difference in acute kidney injury with the addition of an aminoglycoside in the treatment of open fractures.54!47:184 
Penicillin should be considered for patients exposed to heavy environmental contamination at risk of anaerobic bacterial infection. 166 

In addition to basic demographic information, important components of a detailed patient history include comorbidities, social circumstances, and 
mechanism and time of injury. There is a direct correlation between the amount of energy absorbed by the extremity and resulting bone and soft tissue 
damage.!°® In the civilian population, blunt injuries are the most common, while crush injury, shotgun blasts, and high-velocity or close-range gunshot 
wounds pose the greatest risk of vascular injury and amputation.!°* The injured extremity should first be evaluated for adequate vascular perfusion and, if a 
vascular injury is suspected after straightening the extremity, vascular surgery consultation should be obtained. A determination of the time of injury is of 
great importance as prolonged ischemia leads to increased risk of infection, tissue devitalization, and muscle loss after 4 to 6 hours of warm ischemia time. 
Certain mechanisms such as farm, industrial, and military injuries are associated with high levels of contamination and can involve chemical damage and 
burns.”° If possible, a cursory removal of any gross contamination via irrigation should be performed before dressing the wounds and immobilizing the 
extremity. A detailed motor and sensory examination should be performed and documented, both before and after any manipulation of the extremity. Acute 
compartment syndrome (ACS), occurs in up to 10% of open fractures.°® Radiographic evaluation should include two orthogonal views of any involved 
joints or long bones, as well as the joint above and below any confirmed fractures. Photographs of the extremity should be obtained whenever possible with 
consent of the patient or legal representative. While protecting patient privacy, photographs should be placed in the electronic medical record to document 
the severity of the initial injury. They should also be recorded throughout treatment to document progress or decline of subsequent reconstructive efforts. 18 

Not only should the orthopaedic examination include the extremity in question, but a comprehensive musculoskeletal examination should be performed 
to rule out any concomitant musculoskeletal injuries. In the case of a polytrauma patient with a mangled extremity, the initial diagnostic workup and 
treatment of any life-threatening injuries can be time consuming and precede the management of the injured limb; therefore, a sterile dressing should be 
applied to open wounds and the limb immobilized as soon as possible to minimize ongoing soft tissue damage until the patient is in the operating room. 


VASCULAR ASSESSMENT 


Limb-threatening injuries have a rate of vascular injury as high as 21.8% which puts the patient at risk for exsanguination, limb ischemia, higher risk of 
amputation, and other complications.'' A normal pulse is present in 5% to 15% of vascular injuries, is physician dependent, and is insufficient to diagnose 
peripheral vascular injury.'®° Arterial injuries may present with either hard or soft signs suggestive of injury. Examples of hard signs that should be 
documented and investigated include pulsatile bleeding, the presence of a rapidly expanding hematoma, a palpable thrill, or audible bruit, as well as the 
presence of any of the classic signs of obvious arterial occlusion (pulselessness, pallor, paresthesia, pain, paralysis, poikilothermia). Hard signs should be 
considered diagnostic for major peripheral vascular injury and affected patients should be taken to the operating room emergently for exploration.°° Soft 
signs are more subjective and increase the suspicion of arterial injury with a risk of 3% with one sign, and as high as 25% with multiple signs. Soft signs of 
arterial injury most commonly include nonexpanding, and nonpulsatile hematoma in 35% of patients, and diminished pulse and external bleeding in 20% of 
patients.°®!89 Other soft signs include a history of arterial bleeding, a neurologic deficit originating in a nerve adjacent to a named artery, and the proximity 
of a penetrating wound, fracture, or dislocation near to a named artery.!3 In addition to observing for these hard and soft signs of vascular injury, a formal 
vascular examination should be conducted. The skin color and time required for capillary refilling of the skin of the distal extremity should be compared 
with and documented against that of the uninjured contralateral side. Patients presenting in shock may have slow refill and poor circulation and this 
confounder must be reevaluated once adequate resuscitation has been achieved. The distal extremity should be evaluated for the presence of palpable 
peripheral pulses and/or Doppler signal. Another potential confounder is deformity secondary to fracture or dislocation resulting in kinking or compression 
of vascular structures. Such injuries should be appropriately reduced and immobilized, followed by repeat vascular examination. Arterial pressure indices 
(APIs) should also be obtained in the presence of a history of pulselessness in the extremity or if the vascular status of the distal extremity remains at all 
unclear after reduction of the extremity to restore reasonable alignment. APIs are obtained by first identifying the dorsalis pedis and posterior tibial arteries 
of the injured extremity using a Doppler probe. Next, a blood pressure cuff is placed proximal to the level of injury and then inflated to a suprasystolic level 
causing cessation of the normal Doppler signal. The cuff is then slowly deflated and the pressure at which the Doppler signal returns identifies the ankle 
systolic pressure to the injured limb. This procedure should then be repeated on the contralateral extremity as well as in the arm (brachial pressures). The 
pressure in the injured extremity is then compared with the pressure in the arm or the unaffected extremity and reported as a ratio of the normal systolic 
pressure (e.g., if the brachial systolic pressure is equal to 120 mm Hg and the systolic pressure in the injured limb is equal to 90, then API is reported as 


0.75). Historically, angiography and/or vascular surgery consultation was recommended if the API is lower than 0.90. However, most of the studies 
advocating for 0.90 were specific to penetrating injuries. A recent retrospective study showed that although vascular injury was noted on 49% of limbs with 
APIs less than 0.90, only 12% required intervention.”? Furthermore, of the 12% of injuries that required intervention, the recorded API was markedly 
reduced (<0.60). Based upon their data, lowering the threshold for diagnostic studies to 0.60 in cases of blunt trauma has a sensitivity of 100%, and a 
specificity of 87%. Thus, lowering the threshold to 0.60 in cases of blunt trauma may lower costs and unnecessary imaging without the risk of missing a 
vascular injury requiring intervention.” Regardless of the API threshold, computed tomography angiography (CTA) is the gold standard for diagnosis of 
peripheral vascular injury in lower extremity trauma with sensitivity and specificity values of 96.2 and 99.2, respectively. 

Once an arterial injury has been diagnosed, restoration of arterial inflow and skeletal stabilization must be performed. There is debate on the sequence of 
each component depending on the availability of the orthopaedic and vascular teams as well as the ischemia time. Manipulation and changes in length 
during fracture fixation may damage a definitive vascular repair, favoring early skeletal stabilization. However, minimizing ischemia time is a priority as 
amputation rates as high as 78% have been reported in cohorts with prolonged lower extremity ischemia times.!”° If the fracture is relatively stable and will 
require little manipulation, immediate arterial repair can precede bony stabilization. However, if the fracture is excessively comminuted, displaced, or 
shortened, rapid bony stabilization should be performed before any attempts at vascular repair if the expected total ischemia time is under 2.5 hours. Not 
only will this aid in the exposure of the vascular injury, but doing so brings the limb out to its proper resting length, ensuring the vascular repair is of 
sufficient length to allow for further manipulation and reduction of the extremity with less risk of vascular complications after the repair has been 
completed.®° 

A recent large multicenter study by Shahien et a examined combined orthopaedic and vascular injuries to identify variables that predict amputation. 
Three-fourths of the population had vascular repair prior to bony reconstruction. Those with initial bony fixation resulted in 13% amputation rate compared 
to 25% when vascular repair preceded skeletal reconstruction, although this did not achieve statistical significance (p = 0.07). They also found that ischemia 
time for successful salvage averaged 5.3 hours compared with 7.5 hours for failed salvage attempts and favor protocols that allow for definitive 
reconstruction of the osseous anatomy before the definitive vascular repair. 

In the patient who has undergone a period of prolonged ischemia, the restoration of arterial inflow should be the highest priority, and consideration 
should be given to temporary intraluminal vascular shunting of the extremity prior to orthopaedic intervention.**-9°-!38 The insertion of an intraluminal shunt 
can rapidly restore arterial inflow and allow for a more detailed examination to better determine the extent of the injury and whether the limb is indeed 
salvageable. Because the shunt will hold up to fairly vigorous manipulation, it will also allow for a more thorough debridement and appropriate stabilization 
of the bone and soft tissues. Once the debridement has been completed and the bony injury temporarily or definitively stabilized, formal vascular repair can 
then either proceed immediately or in a delayed fashion if the patient remains in extremis. Primary repair is often not possible in these circumstances and a 
vein graft is employed to repair the injured artery. 

Compartment syndrome occurs in as many as 59% of IIC open fractures.*° Soft tissue contusion, venous outflow obstruction, and diminished arterial 
inflow during the ischemic period combined with the “reperfusion injury” that occurs after arterial repair can result in interstitial fluid leakage and elevated 
compartment pressures. Fasciotomies are recommended after any revascularization and are associated with a four times lower risk of eventual amputation in 
mangled extremities with a vascular injury.!9%:105125.180 While most vascular and general surgeons are trained to perform fasciotomies, early 
communication with orthopaedic surgery facilitates appropriate fasciotomy wound location to avoid compromising future limb reconstruction. Regardless of 
surgeon specialty, adequate compartment decompression is of paramount importance to prevent ongoing muscle necrosis and systemic complication. 


SALVAGE VERSUS AMPUTATION DECISION MAKING 


The quintessential question in management of mangled extremities is whether the optimal treatment is amputation or limb salvage. Due to the high-energy 
nature of these injuries, data from military populations have yielded much of the data used to inform our treatment. With improvements in technology and 
treatment algorithms, amputation rates have decreased from 60% during World War II to 10% from modern battlefield injuries.2° Defense secretary Robert 
Gates mandated following the “golden hour policy” of critically injured combat casualties in 2009 and implementation of this policy has reduced soldiers 
killed in action from 16.0% to 9.9%.!9 As trauma survival rates improve, more patients consequently undergo limb salvage. These developments have 
coincided with an increase of mangled extremities in developing countries secondary to increased motorization and traffic accidents. In China, road traffic 
injuries have increased 58-fold from 1951 to 2008, and such injuries have become the main cause of injury or death among those who are 15 to 29 years 
old.!!* Notwithstanding an obvious need for amputation such as a life over limb situation (mangled limb with uncontrollable hemorrhage) or traumatic 
amputation, salvage versus amputation is rarely a simple decision. Several factors can make treatment recommendations difficult for treating clinicians: 
heterogeneity of injury with mangled limbs, patient- and/or physician-strong treatment preferences, and very few large, prospective trials. The discussion 
should be reframed from “can” the limb be salvaged to “should” it be salvaged based on patient wishes, injury characteristics, and optimization of outcomes 
with either treatment.®* The current clinical practice guidelines from the American Academy of Orthopaedic Surgeons for Limb salvage versus amputation 
are summarized in Table 18-1. The guidelines contain 11 recommendations to evaluate the decision factors important for limb salvage versus early 
amputation. 
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TABLE 18-1. Current Clinical Practice Guidelines From the American Academy of Orthopaedic Surgeons for Limb Salvage or 


Early Amputation 


Burden of Injury 

A. The physician team should evaluate overall burden of injury and patient physiology when considering if initial limb salvage is advisable. 
Strength of recommendation: Moderate 

B. In the absence of reliable evidence, the work group suggests that the physician team should prioritize patient survival in the limb reconstruction versus amputation decision. Limb 
specific damage control measures (i.e., temporizing) or immediate amputation should be considered when additional attempts at definitive salvage will increase the risk of mortality. 
Strength of recommendation: Moderate 

C. Physicians should consider the cumulative injury burden (soft tissue, vascular, nerve, bone, and joint) of the limb when counseling patients on anticipated outcomes of and making 
recommendations on when to pursue limb salvage or amputation treatment. 
Strength of recommendation: Moderate 


Psychosocial Factors 
Clinicians should screen all patients with high-energy lower extremity trauma for psychosocial factors (e.g., depression, PTSD, anxiety, low self-efficacy, and poor social support) 


affecting patient outcomes. 
Strength of recommendation: Strong 


Rehabilitation 

Clinicians should recommend patients with high-energy lower extremity trauma injuries participate in a rehabilitation program (e.g., physical therapy [PT], occupational therapy [OT], 
and behavioral health) to improve psychological and functional outcomes. 

Strength of recommendation: Strong 


Nerve Injury 
The evidence suggests that plantar sensation or an observed nerve transection is not a factor in the decision for limb salvage versus amputation. 
Strength of recommendation: Limited 


Massive Soft Tissue and Muscle Damage 


Limited evidence suggests that these etiologies may lead to increased risk of adverse events or decreased functional outcomes as follows: 
e Crush 

Blunt 

Blast 

Penetrating 

Degloving 
e Volumetric muscle loss/soft tissue loss 

Strength of recommendation: Limited 


Vascular Injury/Limb Ischemia 

The evidence suggests that neither hard signs of vascular injury nor duration of limb ischemia are absolute factors in the decision for limb salvage versus amputation. However, the 
panel recognizes that prolonged ischemia is detrimental, and the interval to perfusion should be kept at a practical minimum. The duration of lower extremity ischemia is directly 
corelated with adverse events. 


Strength of recommendation: Limited 


Smoking 


Physicians should not consider a patient’s smoking/nicotine use as a critical decision-making factor at time zero. Physicians should recommend nicotine education/cessation (abstinence 
of nicotine) for all patients with high-energy lower limb trauma because there is moderate evidence to suggest that smoking/nicotine use had a detrimental effect on outcomes for both 
amputation and limb salvage. 


Strength of recommendation: Moderate 


Lower Extremity Injury Scores 
Physicians should not use extremity-specific scores to select limb salvage versus amputation or to predict outcomes for patients with high-energy lower extremity trauma. 
Strength of recommendation: Moderate 


Amputation/Limb Salvage 


Injury patterns requiring ankle arthrodesis or foot free-tissue transfer may be an indication for amputation in the nonacute phase and should be addressed in shared decision making with 
the patient. 


Strength of recommendation: Limited 


Orthotics/Prosthetics 


In the absence of reliable evidence, it is the consensus of the work group that all patients with lower extremity amputation be fitted with an appropriate prosthesis. Similarly, all lower 
extremity limb salvage patients with residual deficits should be evaluated for and/or fitted with an appropriate orthosis. 


Level of recommendation: Consensus 


Massive Muscle Damage 


In the absence of reliable evidence, the work group suggests that massive muscle damage requiring extensive debridement is not an absolute factor in the decision for limb salvage 
versus amputation. 
Strength of recommendation: Consensus 


Comorhidities 
In the absence of reliable evidence, it is the opinion of the work group that preexisting comorbid conditions should be considered in the decision of limb salvage versus amputation. 
Strength of recommendation: Consensus 


With permission from American Academy of Orthopaedic Surgeons and Major Extremity Trauma and Rehabilitation Consortium (METRC). Limb Salvage or Early Amputation: 
Evidence-Based Clinical Practice Guideline. Published December 6, 2019. AAOS.org/lsacpg. Published 2019 by the Major Extremity Trauma and Rehabilitation Consortium 
(METRC) in collaboration with the American Academy of Orthopaedic Surgeons (AAOS). 


Each of these factors forms a confluence of complex multidisciplinary decision making between orthopaedic surgeons, general surgeons, plastic 
surgeons, and the affected patients. 

In 2002, factors that influenced the mangled extremity treatment decision process were studied by MacKenzie!!” and the Lower Extremity Assessment 
Project (LEAP) study group. Orthopaedic and general trauma surgeons caring for the mangled limbs were surveyed to determine the factors they typically 
used to make a reconstruction or amputation treatment decision. Over 33% of 52 orthopaedic surgeons indicated that plantar sensation was the most 
important determinant for limb salvage. The severity of the soft tissue injury (17%) and limb ischemia (15%) followed in importance. No orthopaedic 
surgeon ranked the patient’s Injury Severity Score (ISS) as a critical factor. Of important note, the orthopaedic surgeon was responsible for the initial 
treatment decision in all cases. General trauma surgeons participated in the decision-making process 58% of the time and plastic surgeons contributed to the 
process 26% of the time. 

Although the LEAP study found significant disability and no difference between treatment groups (amputation vs. salvage), more recent studies such as 
METALS (Military Extremity Trauma Amputation/Limb Salvage), OUTLET (Outcomes Following Severe Distal Tibial, Ankle, and/or Mid/Hindfoot 
Trauma) and others demonstrated better outcomes after amputation for certain domains.!*44!22,!97 The paradigm has shifted from assessing the feasibility 
of limb salvage to presenting amputation as a viable and efficacious treatment option in some scenarios. Regardless of the treatment, the patient will require 
an extensive rehabilitation process, and the importance of their involvement in the decision making process cannot be overstated. Humbyrd et al. provided a 
comprehensive ethical framework for such discussions. The authors proposed three general rules for optimizing ethics in practice and patient involvement in 
the decision making process.®* First, treatment should defer discussion purely of limb salvage to treatment options of reconstruction or amputation without 
framing amputation as an unsuccessful outcome. Second, a damage control approach should be used initially to allow time to begin the conversation about 
reconstruction versus amputation. Third, the patient should be encouraged to reflect on his or her values and choose a treatment plan that is based on those 


values. While there is rarely a simple answer for favoring amputation versus salvage, a sound understanding of treatment principles combined with a 
patient-centric approach to either treatment option provides the tools for optimizing outcomes. 


SURVIVABILITY 


The decision to amputate a severely injured limb can often be a long and difficult decision for both the patient and the treating surgeon. While many 
concepts within limb salvage are controversial, the paradigm of “life over limb” is not. Amputation is generally the only treatment option in cases of a 
severely injured extremity with an irreparable vascular injury or prolonged warm ischemia (>6 hours for lower extremity and >8 hours for upper 
extremity). ° Immediate amputation should also be considered in patients critically injured with significant hemodynamic instability ( ), 
coagulopathy, or an injury constellation that would preclude the multiple surgeries required for limb salvage. *’""* In these cases, an immediate amputation 
preserving potentially viable muscle skin and fascia is performed, not the traditional guillotine amputation.~* This amputation is then revised to a formal 
closure once the patient’s condition is improved and the soft tissue envelope has declared itself to be viable. Traumatic amputation is another circumstance 
that obviates limb salvage. This type of dismemberment is often seen with blast injuries in military casualties and carries a fatality rate of 23%. Bilateral, 
and more proximal traumatic amputation rates carry significantly higher mortality rates secondary to exsanguination. 

Multiply injured patients with mangled limbs present an added level of treatment difficulty. Limb hemorrhage incurred at injury and at subsequent 
surgery can have a deleterious impact on patient physiology that is more pronounced in critically ill individuals. Likewise, critically ill patients are more 
prone to infection and wound healing issues making limb salvage more challenging. Polytrauma and shock provoke high levels of inflammation that can 
progress to a dysregulated immunologic response placing affected patients at risk of organ failure and other systemic complications. Associated injuries that 
incur higher risk of mortality and early amputation include, more proximal injury level, associated pelvic fracture, and associated abdominal injury.*’’ In 
hospital mortality rates have been reported between 2% and 6%.***** In the setting of vascular injury, blunt trauma also carries a higher amputation rate 
6.7% versus 1.35%, and mortality rate 4.8% versus 3.8% compared to penetrating trauma likely secondary to these factors.”° As injuries approach the level 
of the hip, tourniquet application is not feasible increasing the risk of exsanguination. More proximal injuries also carry higher risk of pelvic fracture and 
abdominal injury, and in turn, higher risk of developing multiple organ failure. In the extreme case of a blast injury with a traumatic amputation and pelvic 
fracture, the mortality rate was 61% compared to 23% in those without a pelvic fracture.*’? Given the high risk of mortality and association with 
polytrauma, recognizing when patients are at high risk of exsanguination, infection, and multisystem organ failure is a crucial component of recognizing 
when an amputation may be the first-line treatment for mangled extremities. 


PLANTAR SENSATION 


The origin of the concept that initial plantar sensation is critical to the salvage of an extremity is difficult to trace. Although the LEAP study group’s 
decision-making analysis supported the inclusion and perceived importance of plantar sensibility, the fact that this was an established treatment axiom at the 
time of this study may have driven a self-fulfilling prophecy. Because surgeons believed that absent plantar sensation was a reason to amputate a limb, they 
acted accordingly. Indeed, the literature before 1980 warns of neuropathic ulcers and chronic complications associated with absent plantar sensation. 
Johansen et al.,”” Howe et al.,’” and Russell et al.,°° however, describe a confirmed avulsion or complete transection of the tibial nerve as their definition of 
absent plantar sensation in their limb salvage algorithms. Lange et al.’ considered complete tibial nerve disruption in adults to be an absolute indication 
for amputation. 


A, B 
Figure . A 38-year-old woman was involved in a rollover motor vehicle accident and presented in extremis with her blood pressure only transiently responsive to 
IV ‘fluid administration. A: A CT scan demonstrates an unstable comminuted segmental tibial fracture. B: Because of extensive soft tissue damage to the leg and the 
hemodynamic instability, a through-knee amputation was performed at the time of crash laparotomy to control intra-abdominal bleeding. C: An above-knee amputation 
was performed later as the definitive procedure. 


In most clinical scenarios, however, the assessment of the limb is performed in the emergency department. Once in the operating room, additional 
dissection of the deep posterior compartment to assess the tibial nerve is not performed unless it is in the zone of debridement. Therefore, the absence of 
initial plantar sensation may be a physiologic disruption of the nerve rather than an anatomic one. Ischemia, compression, contusion, and stretch can 
temporarily affect the function of the tibial nerve. Once these factors resolve, nerve function may return. In the face of no sensory return, orthopaedic 
surgeons have successfully demonstrated the ability to care for the insensate foot in other conditions (diabetes or incomplete spine lesions) through 
education and shoe modifications. Furthermore, the orthopaedic oncology literature has documented cases of limb salvage in the face of tumor with 
acceptable results after sciatic, peroneal, or tibial nerve resection. !>23 

In an effort to better understand the true importance of plantar sensation in the mangled extremity, Bosse et al.2! used the variations in physician practice 
patterns to explore the outcomes of patients admitted to the LEAP study with absent plantar sensation. They compared a subset of 29 plantar sensation 
salvage patients to 29 limb salvage patients with intact plantar sensation. The two groups had similar outcomes at 12 or 24 months postinjury. Pain, weight- 
bearing status, percentage of patients who had returned to work, and Sickness Impact Profile (SIP) scores were also similar between groups. More than half 
the patients initially presenting with an insensate foot and treated with limb reconstruction had regained normal sensation at 2 years. At 2 years, only two 
patients in the insensate salvage group and one patient in the sensate control group had absent plantar sensation, thus, initial plantar sensation was not found 
to be prognostic of long-term plantar sensory status or functional outcomes. Based on these data, the authors concluded that plantar sensation should not be 
included as a major factor in the decision making for limb salvage in lower extremity trauma. 


DECISION-MAKING PROTOCOLS AND LIMB SALVAGE SCORES 


Because the decision to amputate or salvage a severely injured lower extremity is difficult, several researchers have attempted to enumerate certain 
indications for amputation or quantify the severity of the trauma to establish numerical guidelines for the decision to amputate or salvage a limb. These 
lower extremity injury scoring systems all vary in terms of the factors considered relevant to limb salvage and the relative weights assigned to each element. 
These scoring systems were validated by the developers and aimed for high sensitivity (most amputated limb scores above the threshold value) and 
specificity (most limb scores below the threshold value). Even if a system with such accuracy were feasible, factors such as patient wishes, technical 
competencies and available resources must be considered. Beginning in 1985, research teams reported attempts to quantify extremity injury severity with 
scoring systems. Over a 10-year period, six scoring systems were published that valued different injury components as critical to the treatment decision 
(Table 18-2),°%.69.77,90,130,165,183 These components were assigned arbitrary weights and the summation scores were used to establish “cutoffs” for limb 
salvage or amputation. 


TABLE 18-2. Limb Salvage Decision-Making Variables 


Patient Variables 

Age 

Underlying chronic diseases (e.g., diabetes) 
Occupational considerations 

Patient and family desires 

Extremity Variables 

Mechanism of injury (soft tissue injury kinetics) 
Fracture pattern 

Arterial/venous injury (location) 

Neurologic (anatomic status) 

Injury status of ipsilateral foot 

Intercalary ischemic zone after revascularization 
Associated Variables 

Magnitude of associated injury (Injury Severity Score) 
Severity and duration of shock 


Warm ischemia time 


Gregory et al. published the first grading system for the mangled extremity, the Mangled Extremity Syndrome Index (MESI) (Table 18-3). In this 
study, the authors included 17 patients over a 3-year period who met their criteria of a mangled extremity syndrome (defined by three of four organ/tissue 
systems—integument, nerve, vessel, bone—injured in the same extremity). Additional scoring schemes were also included to address patient age, the time 
lag to treatment, preexisting medical comorbidities, and the presence or absence of shock. In their small series, they found that 100% of patients with a 
MESI score of greater than 20 underwent either primary or secondary amputation. In addition to the obvious limitation of only 17 cases, 5 were injuries to 
the upper extremity. Similar to many scoring systems, MESI can be both cumbersome and somewhat subjective in nature, making it prone to interobserver 
variability and difficult to apply during the initial evaluation of the patient. These factors prevented its widespread acceptance and application in orthopaedic 
practice. 

The Predictive Salvage Index (PSI)!** was introduced in 1987 as another scoring system to help predict amputation versus salvage in patients with 
combined musculoskeletal and vascular injuries of the lower extremity. The PSI ascribes points based on information from four key categories (level of 
arterial injury, degree of bone injury, degree of muscle injury, and interval from injury to treatment) (see Table 18-3). In the initial retrospective analysis, all 
12 patients in the salvage group had PSI scores of less than 8, while 7 of 9 in the amputation group had scores of 8 or higher. The authors concluded that the 
PSI determined the likelihood of amputation with a sensitivity of 78% and a specificity of 100%. Although less complex than the MESI, it still had similar 
faults such as limited number of patients in the original series, scoring subjectivity, and the information necessary to complete the scoring can be difficult to 


ascertain readily during the patient’s initial evaluation. 

In 1990, Johansen et al.°° and Helfet et al.5° proposed the Mangled Extremity Severity Score (MESS) (Table 18-4; see Table 18-3). Like the PSI, the 
MESS system is also based on four clinical criteria (skeletal/soft tissue injury, shock, ischemia, and patient age), and it was developed through the 
retrospective review of 26 severe lower extremity open fractures with vascular compromise. It was then validated in a prospective trial involving 26 patients 
at 2 separate trauma centers. In both studies, all salvaged limbs had a score of 6 or lower and all amputated limbs a score of 7 or greater. 


TABLE 18-3. Index Domains 


MESI PSI MESS LSI NISSSA HFS-98 

Injury severity score Ischemia Ischemia Ischemia Ischemia Ischemia 

Bone Bone Bone/tissue shock Bone Bone Bone 

Age Muscle Age Muscle Muscle Muscle 
Integument injury Timing Skin Skin Skin 

Nerve Nerve Nerve Nerve 

Lag time to operation Vein Age Contamination 
Preexisting disease Shock Bacteria 

Shock Onset of treatment 


MESI, Mangled Extremity Syndrome Index; PSI, Predictive Salvage Index; MESS, Mangled Extremity Severity Scoring System; LSI, Limb Salvage Index; NISSSA/HFS, Nerve injury, 
Ischemia, Soft tissue injury, Skeletal injury, Shock, and Age of patien/Hannover Fracture Scale. 


TABLE 18-4. Mangled Extremity Severity Scoring System (MESS) 


Parameter Points 


Skeletal/Soft Tissue Injury 


Low energy (stab; simple fracture; “civilian” gunshot wound) 1 
Medium energy (open or multiple fractures; dislocation) 2 
High energy (close-range shotgun or “military” gunshot wound; crush injury) 3 
Very high energy (above and gross contamination; soft tissue avulsion) 4 


Limb Ischemia 


Pulse reduced or absent but perfusion normal 18 
Pulseless; paresthesia; diminished capillary refill 2a 
Cool; paralyzed; insensate; numb 3a 
Shock 

Systolic BP always >90 mm Hg 0 
Hypotensive transiently (<90 mm Hg) 1 
Persistent hypotension (<90 mm Hg) 2 


Age (Years) 


<30 0 
30-50 1 
>50 2 


“Score doubled for ischemia lasting longer than 6 hours. 


Shortly after the MESS scoring system had been published, Russell et al.!® proposed the Limb Salvage Index (LSI) (Table 18-5). In this study, the 
authors performed a 5-year retrospective review of 70 limbs in 67 patients. Their proposed index was slightly more complex in that it quantified the 
likelihood of salvage according to the presence and severity of arterial injury, nerve injury, bone injury, skin injury, muscle injury, and venous injury as well 
as the presence and duration of warm ischemia. They reported that all 59 limbs with an LSI score of less than 6 were able to undergo successful limb 
salvage, while all 19 patients with an LSI score of 6 or greater had amputations. Criticisms of the LSI are that it is very detailed and requires a thorough 
operative evaluation to complete the initial scoring. Furthermore, because accurate scoring of the skin category requires a prior knowledge of the treatment 
and final outcome, the LSI is essentially ineffective during the initial phases of treatment. 

In 1994, McNamara et al.!2° modified the MESS by including nerve injury in the scoring system and by separating soft tissue and skeletal injury. Their 
modification was named the NISSSA (Nerve injury, Ischemia, Soft tissue injury, Skeletal injury, Shock, and Age of patient) scoring system (see Table 18- 
3). Subsequently, the authors applied the MESS and the NISSSA to retrospective data of 24 patients previously treated for limb-threatening injuries. The 
authors found both the MESS and the NISSSA to be highly accurate in predicting amputation. The NISSSA was also found to be more sensitive (81.8% vs. 


63.6%) and more specific (92.3 vs. 69.2%) than the MESS in their patient population. The NISSSA has also not been validated in prospective clinical trials. 


TABLE 18-5. Clinical Usefulness of Limb Salvage Scores 


Score All Gustilo Type Ill Fractures (n = Gustilo Type IIIB Fractures (n = 214)? Gustilo Type IIIC Fractures (n = 59) 
357)? 

MESS 

Sensitivity 0.45 (0.35-0.55) 0.17 (0.10-0.30) 0.78 (0.64-0.89) 

Specificity 0.93 (0.90-0.95) 0.94 (0.89-0.97) 0.69 (0.39-0.91) 

PSI 

Sensitivity 0.47 (0.37-0.57) 0.35 (0.22-0.51) 0.61 (0.45-0.75) 

Specificity 0.84 (0.79-0.88) 0.85 (0.79-0.90) 0.69 (0.39-0.91) 

LSI 

Sensitivity 0.51 (0.41-0.61) 0.15 (0.10-0.28) 0.91 (0.79-0.98) 

Specificity 0.97 (0.94-0.99) 0.98 (0.95-1.00) 0.69 (0.39-0.91) 

NISSSA 

Sensitivity 0.33 (0.24-0.43) 0.13 (0.05-0.25) 0.59 (0.43-0.73) 

Specificity 0.98 (0.96-1.00) 1.00 (0.98-1.00) 0.77 (0.46-0.95) 

HFS-97 

Sensitivity 0.37 (0.28-0.47) 0.10 (0.04-0.23) 0.67 (0.52-0.81) 

Specificity 0.98 (0.95-1.00) 1.00 (0.97-1.00) 0.77 (0.46-0.95) 


“95% confidence intervals given in parentheses. 


MESS, Mangled Extremity Severity Scoring System; PSI, Predictive Salvage Index; LSI, Limb Salvage Index; NISSSA, Nerve injury, Ischemia, Soft tissue injury, Skeletal injury, Shock, 
and Age of patient; HFS-97, Hannover Fracture Scale. 


Finally, a version of the Hannover Fracture Scale (HFS) was first published in 1980 and consisted of 13 weighted variables that included an analysis of 
the bacterial colonies present in the wound and were weighted toward vascular injuries (see Table 18-4).47!7! It was later simplified to only include eight 
domains by Krettek et al. and renamed the HFS-98.99 The HFS-98 was found to have higher sensitivity and equivalent specificity when compared to the 
NISSSA and MESS scales when prospectively applied to 87 open long-bone fractures.°° 

Although the introduction of the scoring systems has helped highlight certain key factors considered relevant to limb salvage, each system, in and of 
itself, is not without its own limitations. First, while these scoring systems were validated by the developers and demonstrated a high sensitivity and 
specificity in predicting limb salvage in their respective studies, the development of the lower-extremity ISSs has been flawed by retrospective designs and 
small sample sizes. In each study, with the exception of the small prospective series in which the MESS system was validated, each proposed classification 
system was applied retrospectively to patients with known outcomes, rather than prospectively to patients with unknown outcomes. Another important flaw 
in the development of the scoring systems lies in the fact that component selection and weighting in all of the indices were affected by the clinical bias of 
the index developers. While age, shock, contamination, and initial plantar sensation may play a role in decision making, strict reliance on certain criteria 
with disregard to others via strict adherence to a scoring system might lead to premature amputation in an otherwise salvageable situation. As an example, 
the commonly cited MESS assigns an additional point if the patient is above the age of 29, a point for normal perfusion with a diminished pulse, and points 
for transient or persistent hypotension without qualifying cause or response to treatment. The suggested MESS threshold score for amputation is 7. Using 
the MESS, for example, a 30-year-old patient (1 point) with a high-energy open tibial fracture (3 points), with normal perfusion but a diminished pulse 
secondary to spasm or compression (1 point), who has persistent hypotension before laparotomy related to a spleen injury (2 points) would undergo 
amputation at the conclusion of the laparotomy despite the fact that the limb perfusion will likely return to normal and splenectomy and appropriate 
resuscitation will resolve the patient’s hypotension. 

Since the time of their initial publication, various other authors have attempted to validate several of the proposed scoring systems. In a later study, due 
to improvements in clinical techniques and patient care, Lin et al. suggested attempted salvage should be done for MESS scores of 9 or less.!°? Support for 
the higher score cutoff was recently supported by Soni et al.!”8 in a 15-year retrospective study of British Gustilo type IIIC patients that also found MESS 
score was a positive predictor of functional outcomes.!78 

Roessler et al.!®? and Bonanni et al.!6 attempted to apply the MESI retrospectively to each of their patient populations. Both authors determined that the 
MESI inaccurately predicted amputation versus salvage. Furthermore, they found that MESI scores were often only approximate at best because many of 
the variables required surgical intervention for accurate determination of the scores, which negated their usefulness as a prediction tool in the acute phase of 
assessment and treatment. Bonanni et al.!6 also evaluated 58 limb salvage attempts over 10 years using the MESS, LSI, and PSI limb salvage score 
strategies and found all 3 to be ineffective at directing treatment. In an attempt to further clarify the clinical utility of any of the limb salvage scores, the 
LEAP study prospectively captured all of the elements of the MESS, LSI, PSI, NISSSA, and the HFS!® at the time of each patient’s initial assessment and 
critical decision making.!®14 The elements were collected in a fashion so as to not provide the evaluator with a “score” or impact on the decision-making 
process. The analysis did not validate the clinical utility of any of the lower extremity ISSs. The high specificity of the scores did, however, confirm that 
low scores could be used to predict limb salvage potential. The converse was not true, though, and the low sensitivity of the indices failed to support the 
validity of the scores as predictors of amputation (Table 18-6). The authors concluded that lower extremity ISSs at or above the amputation threshold should 
be used cautiously by surgeons deciding the fate of a mangled lower extremity. 

Few clinical scoring systems perform ideally and the limb salvage scoring systems have proved to be no exception. The aforementioned components of 
limb injury should be coupled with overall patient physiology and patient wishes while arriving at a treatment decision. 


Recent studies have supported the use of Ganga Hospital Score (GHS).64149 This system uses a score of 1 to 5 points for each of three following 
components: covering tissues (skin and fascia), functional tissues (musculocutaneous and nerve units), and skeletal structures. Two points are added for 
each of a possible seven comorbid conditions. The GHS has a threshold of amputation with a score of 17 and above while salvage is recommended for a 
score of 14 or below. A GHS score of 15 or 16 is a unique gray zone in which the injury is neither readily salvageable nor absolutely indicated for 
amputation. Parikh et al. prospectively studied 182 consecutive patients with open tibial fractures and showed that time to bony union, number of 
admissions, length of hospital stay, total length of treatment, final functional score, and number of operations all correlated with increasing GHS. Since the 
primary aim of any salvage system is to avoid a secondary amputation after a prolonged salvage attempt, the score can provide insight into each of these 
factors in the consideration of early amputation versus a prolonged salvage attempt. While they can provide evidence-based guidance for certain cases, the 
heterogeneity of the injuries and patient preferences often prevent them from providing absolute indications or a gold standard of treatment. A follow-up 
prospective study of 219 patients with IIIB injuries compared the GHS, MESS LSI, and Orthopedic Trauma Association-Open Fracture Classification. Each 
system was found to have a high specificity and negative predictive value (i.e., recommending salvage).°* However, GHS has a higher sensitivity and 
positive predictive value for amputation. The GHS may aid the treating physicians in identifying cases where a secondary amputation after a prolonged, and 
possibly even futile salvage attempt is likely. 


TABLE 18-6. Predictors of Poor Outcome Found in the LEAP Study After Adjusting for Extent of Injury 


Major complication 

High school education or less 
Nonwhite 

Low income and no private insurance 
Current smoker 

Low self-efficacy and social support 
Involvement with legal system 


ADDITIONAL IMPORTANT FACTORS 


CONCOMITANT FOOT AND ANKLE INJURIES 


High-energy open tibial fractures are ubiquitous in the discussion of mangled extremities. Both comorbid with lower leg trauma and in isolation, foot and 
ankle injuries can also have significant consequences on limb salvage efforts. Myerson et al.!°7 and others!9!,!°4 have shown that despite successful salvage 
treatment of crush injuries to the foot, a substantial proportion of these patients will continue to have pain, often neuropathic in nature, and poor functional 
outcomes. Studies by Turchin et al.!89 found that polytrauma patients with concomitant foot and ankle injuries had significantly worse pain, functional 
scores as well as lower satisfaction with treatment. Pain, social and emotional health perceptions were also dramatically reduced compared with a control 
population of trauma patients without foot injuries. Consequently, Turchin et al.!®° showed that multiply injured patients with foot injuries were similar to 
patients with chronic debilitating conditions such as congestive heart failure, ischemic heart disease, or chronic obstructive pulmonary disease. Allami et al. 
reviewed data from 1,079 veterans with foot and ankle injuries with an average patient age of 52.11 years and average age at time of casualty of 22.1 years. 
The main predicting factors of health related quality of life were the disability to perform activities of daily living, two or more injuries, hospitalization in 
the year preceding the study, and unemployment. 

More recent studies have further examined the deleterious effects of foot injuries on trauma patients, provided insight on risk factors for poor recovery, 
and clarified treatment strategies for these patients. Bennett et al.!* examined 18-month follow-up data for British Military casualties sustaining hindfoot 
fractures in conflicts in Iraq and Afghanistan. Their main purpose was to understand if affected limbs could be salvaged and, secondarily, if they should be 
salvaged. They found that 31% of fractures required unplanned revision surgery, of which 53% involved amputation. Amputation rate was 17% and deep 
infection, which occurred in 11% of fractures, was the sole variable significantly associated with requirement for amputation by 18 months. In a separate 
study, Bennett et al. used SF-12 and American Academy of Orthopaedic Surgeons Foot and Ankle (AAOS F&A) questionnaire scores with a multivariate 
regression analysis to identify injury features associated with poor functional recovery. Based on their results, negative Bohler’s angle on initial radiograph, 
coexisting talus and calcaneus fracture, and tibial plafond fracture in addition to hindfoot fracture were associated with poor AAOS F&A questionnaire 
scores at 18 month follow up. The presence of two out of three variables was associated with significantly lower functional scores compared with amputees. 
The Outcomes Following Severe Distal Tibial, Ankle, and/or Mid/Hindfoot Trauma!* study, provides a high level of evidence on mangled extremities 
involving the foot and ankle. This multicenter prospective observational study included patients 18 to 60 years of age in whom a type III pilon or IIIB or C 
ankle fracture, a type-II talar or calcaneal fracture, or an open or closed blast/crush foot injury had been treated with limb salvage (n = 488) or amputation 
(n = 151) and followed for 18 months. The primary aim of the study was to compare outcomes of limb salvage patients with presumed outcomes of the 
same patients had they undergone amputation using causal analysis. They concluded that limb salvage patients would have had improved outcomes had they 
undergone amputation highlighted by a 7-point improvement in the Mobility domain of the Short Musculoskeletal Function Assessment (SMFA), and to a 
lesser degree in the Dysfunction, Daily activities, and Emotional domains.!? Greater functional benefits were observed in the pilon and ankle subgroup. Of 
note, only 10% of salvaged patients reported use of any orthotic device. The authors postulated that appropriate use of dynamic ankle foot orthoses could 
conceivably bridge the gap between the two cohorts. Salvage patients required multiple readmissions (>3) at double the rate of amputees (23% vs. 11%). 

Based on current data, mangled extremities with comorbid foot and ankle injuries push the limits of available reconstructive techniques. Several recent 
studies provide valuable insight into specific injury characteristics that may favor amputation over salvage. Although it may not be applicable to all patients, 
amputation must be presented as a viable and efficacious treatment option rather than a last resort in afflicted patients. 


MANGLED FOOT 


Although mangled forefoot and midfoot injuries carry an amputation rate as high as 30%,7° there is limited literature on them.4817? Consequently, much of 
the treatment relies on surgeon experience.!°” Ellington et al.*8 reported on 174 open severely injured hindfoot or ankle injuries that were part of the 
prospective LEAP study, of which 116 were salvaged and 58 had a below-knee amputation (BKA). Patients with foot injuries that required flaps or ankle 
fusions did significantly worse than the BKA patients.*® Shawen et al.!”* also noted foot injuries requiring free flaps and patients whose pain management 


required large doses of narcotics or nerve blocks as having the worst clinical outcomes.”° Working et al.!°” performed the largest review on mangled 
midfoot and forefoot injuries to determine specific factors that were predictive of amputation. The amputation rate at 30 days was 14%, and 19% at 1 year. 
Statistically significant predictors of amputation were number of bones fractured in the foot, open injury to the plantar or dorsal surfaces of the foot, higher 
Gustilo type, vascular injury, and complete loss of sensation to any surface of the foot. Open fractures were 16 times more likely to progress to amputation, 
and each additional fracture of the foot increased the risk of amputation by 25%. Fracture of the first metatarsal increased the amputation risk by a factor of 
3 while fractures of all five increased the risk of amputation by a factor of 10. Interestingly, concomitant fractures and dislocations of the distal tibia were 
not predictive of amputation. !9” This is in contrast to the study by Bennett et al.!? which focused on hindfoot injuries. 


SMOKING 


Not only is cigarette smoking a marker for potential medical comorbidities such as coronary heart disease and chronic obstructive pulmonary disease in a 
patient with a potentially limb-threatening injury, but it is also a prognostic variable related to long-term treatment complications and may guide treatment 
recommendations. Basic science and clinical studies have suggested links between cigarette smoking and complications of fracture healing. Several studies 
have provided preliminary evidence of a link between smoking and delayed bone healing and nonunion, !:?%123.169 infection,>*:!23 and osteomyelitis.°2:!75 
Laboratory studies have shown that nicotine reduces vascularization and inhibits bone cell metabolism at bone healing sites, and this is associated with 
delayed healing in animal models.*®:7692,!90 Smoking has also been associated with decreased immune function.9*:!24 

A concern with many of the current clinical studies has been the presence of many potential confounding variables that may have also affected the 
outcomes, thus refuting the overall impact of smoking on such negative outcomes as delayed union, nonunion, and infection. Patient age, education, and 
socioeconomic status have all been shown to have deleterious effects on overall health status, access to treatment, treatment compliance, and other health 
behaviors, which may have affected the higher complication rates seen in some of the smoking cohorts. In an effort to address these issues, Castillo et al.9 
used data from the LEAP project to determine if cigarette smoking increased the risk of complications in patients with a limb-threatening open tibial 
fracture, while adjusting for the previously mentioned confounders. They were able to demonstrate that current smoking and even a previous smoking 
history independently placed patients at an increased risk for nonunion and infection. Current smokers and previous smokers were 37% and 32%, 
respectively, less likely to achieve union than nonsmokers. Current smokers were also more than twice as likely to develop an infection and 3.7 times more 
likely to develop osteomyelitis than were nonsmokers. Furthermore, previous smokers were 2.8 times more likely to develop osteomyelitis than were 
patients with no prior history of tobacco use. 

In addition to its correlation with increased bone healing complications in the patient with a limb-threatening injury, smoking also diminishes the 
success of the soft tissue portion of the reconstructive effort. Smoking is associated with a significant reduction in peripheral blood flow. Sarin et al.!®7 
showed that blood flow to the hand is reduced as much as 42% after smoking just one cigarette. Cigarette use has also been shown to negatively affect 
peripheral blood flow in free transverse rectus abdominis flaps.!” Microsurgeons have reported poor outcomes after digital replantation in smokers. Chang 
et al.?? noted that approximately 80% to 90% of cigarette smokers will lose their replanted digits if tobacco use occurred within 2 months before their 
surgery. Cigarette use has been shown to lead to increased local flap and full-thickness graft necrosis compared with nonsmoking status.°? Smoking has also 
been shown to decrease the success rates and increase the complication rates of microvascular free tissue transfer. Reus et al.!®° found more complications 
following free tissue transfer in active smokers, often occurring at the interface between the flap and its bed or an overlying skin graft. Lovich and Amold!"° 
performed a retrospective review of 300 pedicled muscle flap procedures and determined that active smokers had a significantly higher complication rate 
than nonsmokers and smokers who had previously quit. In the smoking group, they noticed a higher incidence of both partial muscle flap necrosis and 
partial skin graft loss with most of these complications occurring in the immediate postoperative period. Additionally, smokers also have an increased rate 
of complications at the donor site.°3 

Clearly, both a history of previous cigarette use and current cigarette smoking place the patient with a limb-threatening injury at increased risk for both 
osseous and soft tissue complications. These factors must be discussed at length and weighed very carefully with the patient before embarking on a 
prolonged course to salvage a mangled limb. 


PATIENT CHARACTERISTICS 


Successful treatment of the mangled extremity and the return of the patient to as close to a preinjury level of activity and social interaction as possible are 
dependent on the interaction of the patient, the patient’s environment, the injury, and the treatment course. Understanding the epidemiology of mangled 
extremities and the potential impact of elements outside of the surgeon’s control, such as psychological, economic, and social resources is critical to the 
development of an effective care plan. Mackenzie et al.'!5 and others characterized patients who face the challenge of amputation or limb salvage following 
a limb-threatening injury. In that study, most of the patients were male (77%), white (72%), and between the ages of 20 and 45 years (71%). They were 
often less educated, as only 70% were high school graduates versus a national rate of 86%. These patients were often impoverished. Significantly more of 
the patients (25%) lived in households with incomes below the federal poverty line compared with the national rate (16%). This patient cohort also had 
significantly higher rates of uninsured individuals (88%) and had double the national average of heavy drinkers. The higher rates of socioeconomic 
challenges in this patient population can make the treatment plan and recovery more difficult. No significant differences were detected between the 
characteristics of patients entered into the reconstruction or amputation groups. Interestingly, in a thorough review of LEAP study-related publications, 
Higgins et al.”4 concluded that the single most important characteristic of patient success following treatment for a mangled limb is the patient’s “self- 
efficacy” and ability to handle change. 

More recent studies have provided further insight into the deleterious effects this can have on patients recovering from mangled extremity injuries. At an 
average of 38 months after limb-threatening injury treated with salvage or amputation, the METALS!°° study found that 29% of patients reported current 
tobacco smoking, 26% reported concerning drinking habits, and only 64% of patients were working, on active duty, or attending school. Thirty-eight 
percent screened positive for symptoms of depression and 18% for posttraumatic stress disorder (PTSD). In a longer-term study, Allami et al. showed that 
employment and independence with activities of daily living were correlated with improved functional outcomes. In a review of 2,879 patients who 
underwent a posttraumatic lower extremity amputation, Low et al.!"! found that African American patients experienced a 49% higher major postsurgical 
incidence and stayed on average 2.5 days longer in the hospital compared to white patients. This study also noted a higher incidence of revision amputations 
at university hospitals (46%) compared to community (27%), and nonteaching hospitals (31.1%). 

de Mestral et al. performed a retrospective analysis of lower limb trauma patients from the National Trauma Database, which was inclusive of a wide 


range of Level I and II trauma centers in the United States, between 2007 and 2009.*° Limb injury factors (i.e., higher-energy mechanism, shock in ED, 
severe head injury) were the strongest determinants of early amputation, while age was not.*° 

In contrast to the developed world where peripheral vascular disease and diabetes are predominant indications for amputation, trauma-related 
amputations are more common in developing countries. The most common reason for amputation was mangled limb accounting for 43.2% of 
amputations.** For example, in China, motor vehicle accidents have become the leading cause of death and injury among individuals between the ages of 15 
and 29.!'? A study out of India estimated that 50% of the population lies in the age group of 20 to 64 years and the disabled population has increased 15- 
fold in the country since a similar estimate in 1981. While establishment of such databases in developing countries is prudent, an important consideration is 
that mangled extremities, and their associated healthcare burdens are increasing throughout the world. This coincides with an increase of mangled 
extremities in elderly patients, an understudied population with unique demands for treating physicians. Limb salvage and fracture fixation can be very 
different and more technically demanding in this demographic secondary to poor skin, and tissue quality, and lower physiologic reserve. 

Lancaster et al.!°? retrospectively examined 2-year follow-up of open tibia and ankle fractures in the elderly. They found a 30-day mortality of 10%, 1- 
year mortality of 19%. As the population ages, the incidence of these injuries will likely continue to increase. Given they have, functional and mortality 
profile to hip fractures in these populations. More research may provide valuable insight into appropriate methods of limb salvage, and rehabilitation for 
elderly patients. 

These findings are important to surgeons planning to care for patients with mangled lower extremities. Compared with the general population, patients 
with limb-threatening injuries have fewer resources, which can potentially limit their access to rehabilitation services and affect their ability to 
accommodate to residual disability. They are often employed in more physically demanding jobs, which may impede efforts to return to work, and they 
have poorer health habits, which may complicate recovery. The personality traits identified in this population could also predispose these patients to a more 
difficult recovery. A thorough understanding of each patient’s risk factors, individual needs, and healthcare environment can provide crucial insight to 
providing the best possible care. 


MANAGEMENT 


OPERATIVE DEBRIDEMENT AND STABILIZATION 


As previously stated, once the extremity has been evaluated in the emergency department and photographs have been taken for the medical record, open 
wounds should be gently rinsed with a saline and dressed with sterile gauze.°° Because of a paucity of data surrounding topical antibiotic powder 
administration for open fractures upon admission, a randomized clinical trial is under way to determine whether vancomycin powder applied to open 
fracture wounds in the ER may reduce infection (Placement of Antibiotic Powder in Open Fracture Wounds during the Emergency Room [POWDER)).!%° 

In the operating room, a sterile tourniquet should be placed to prevent the possibility of exsanguination, unless tourniquet placement restricts prepping of 
the limb. It should not be inflated unless necessary, thus limiting further ischemic injury to the extremity. Although typically referred to as “irrigation and 
debridement,” the first and most important step is a thorough and systematic debridement of the wound to remove all contaminated and devitalized tissue 
(Fig. 18-3). The skin and subcutaneous tissue should be addressed first. While the initial open skin wounds are obvious, the energy imparted at the time of 
injury typically produces a shock wave that causes stripping of the soft tissues. Acute traumatic injuries to the extremity result in “zones of injury.” A 
gradient of energy extends peripherally from the site of impact, variably damaging tissues along its path. A central zone of necrotic tissue exists at and 
around the point of impact and greatest injury. These tissues are typically nonviable regardless of the intervention. Surrounding this area lies a zone of 
marginal stasis. This ischemic penumbra consists of tissue that is variably injured and may or may not survive despite appropriate intervention. Finally, at 
the periphery of the injury exists a zone of minimally injured tissue that, while not subject to the primary injury, could be at risk from the delayed 
physiologic responses to the primary area of injury.°*!°° To address these zones of injury, the open wounds should be extended or separate extensile 
incisions should be performed to adequately assess and debride the wound. These incisions should be axially aligned and thoughtfully placed so as not to 
create “at-risk” flaps or preclude any later reconstructive efforts. 
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Figure 18-3. A: An 8-year-old child slipped and fell under a lawn mower, sustaining extensive soft tissue injury with severe contamination. B: After extensive 
debridement, as much soft tissue as possible was preserved and then secondary closure with skin grafting was performed in a delayed fashion. 


Once the skin wounds have been extended, all necrotic muscle, fat, fascia, skin, and other nonviable tissue within the central zone of injury should be 
removed. Muscle should be tested for viability based on its contractility, consistency, color, and capillary bleeding (the four Cs), and if it is found to be 
nonviable, it should be debrided, regardless of the expected functional loss. While the amount of tissue damage seen on the initial debridement can be quite 
extensive, the quantity of tissue necrosis from the delayed response to the injury within the zone of marginal stasis can far exceed the loss and destruction 


caused by the initial traumatic injury. Because the exact degree of expected tissue loss and necrosis cannot be determined easily at the time of initial 
debridement, serial debridements are required until the identification and removal of all nonviable tissue has been achieved and wound hemostasis obtained. 

Wounds should be irrigated with saline following meticulous debridement. The international, randomized, controlled FLOW trial of open fracture 
treatment found no difference between high- and low-pressure irrigation for 2,551 patients with open fractures and a higher reoperation rate when castile 
soap was used compared to normal saline.°? The overall results held true for advantages of saline over soap when a subgroup of type 3 open fractures was 
analyzed separately. 


SKELETAL STABILIZATION 


Skeletal stabilization is an extremely important tenant in the initial management of the limb at risk. Stabilization of the bony skeleton prevents ongoing soft 
tissue damage, promotes wound healing, and is thought to protect against infection. In an animal study, Worlock et al.!®* examined the rate of infection and 
osteomyelitis associated with stable (plates) and unstable (loose IM nails) skeletal fixation in rabbit tibiae. They reported that the infection rate in the 
unstable group was nearly double that in the skeletal stabilization group. 

The choice of skeletal stabilization is dependent on the location of the bony injury, the degree of soft tissue injury, and the overall condition of the 
patient at the time of initial operative management. Initial temporizing stabilization options include splint immobilization, skeletal traction, damage control 
plate fixation, and external fixation. Definitive fixation options include external fixation (“ring fixators”), intramedullary nail, or plate fixation (Fig. 18-4). 
However, definitive fixation should not block access to the reevaluation of injured tissues if repeat debridements are planned. 

Most limb-threatening injuries present as type IIIB or type IIC open fractures. These injuries are perhaps most judiciously managed with temporizing 
external fixation. External fixation in this setting offers many advantages. It can be applied relatively quickly and without the use of fluoroscopy while still 
providing excellent stability and alignment of the limb until definitive fixation can be performed. External fixation also allows for redisplacement of the 
fracture fragments for a more thorough evaluation and debridement of the soft tissues during any repeat procedures. Once wound hemostasis has been 
obtained, conversion to definitive internal fixation can be performed on a delayed basis with good results.”:!”4 External fixation can also be chosen as the 
form of definitive fixation for diaphyseal fractures, but multiple studies have found this approach to have slightly higher complication rates and poorer 
outcomes when directly compared with intramedullary fixation. Henley et al.” found fewer incidences of malalignment and fewer subsequent procedures in 
patients that underwent intramedullary nail fixation compared to the external fixation. Tornetta et al.188 also reported on the early results of a randomized, 
prospective study comparing external fixation with the use of nonreamed locked nails in type IIIB open tibial fractures and found that the intramedullary 
nail treatment group had slightly better knee and ankle motion and less final angulation at the fracture site. They concluded that nailed fractures were 
consistently easier to manage, preferred by their patients, and that it did not require the same high level of patient compliance as external fixation. Using 
data obtained through the LEAP, Webb et al.!9? reviewed 156 patients with the combination of a fractured tibia in association with a mangled lower 
extremity. One hundred and five patients with 17 type IIIA, 84 type IIIB, and 4 type IIIC tibial fractures had follow-up up to 2 years. The authors found that 
definitive treatment with a nail yielded better outcomes than definitive treatment with external fixation. In their series, the external fixation patients had a 
significantly increased likelihood of both infection and nonunion. The recent FIXIT trial likely represents the highest-quality evidence comparing external 
ring fixators to intramedullary for severe open tibia fractures. In a randomized, controlled trial of 260 patients, O’Toole and colleagues found a higher rate 
of major complications in the modern ring external fixation group (62%) compared to the intramedullary nail group (44%) with similar rates of infection 
and union between groups.!2! Figure 18-5 depicts a limb salvage case of an open tibia fracture with 17-cm bony defect successfully treated with a ring 
fixator and proximal to distal bone transport. 
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Figure 18-4. A: An intramedullary nail can be used for both provisional and definitive stabilization of the tibia during the multiple phases of limb salvage. B: Damage 
control plate fixation can be used during initial debridements prior to definitive fixation. 


Local antibiotic delivery in the open wound following debridement and prior to closure or dressings, often in the form of “antibiotic cement beads” or an 
“antibiotic bead pouch,” has been shown to reduce infection in severe open fractures.®™144 Recently, Patterson et al. retrospectively reviewed 113 type 3B 
open tibia fractures and reported a lower rate of infection with use of an antibiotic bead pouch compared to negative pressure wound therapy (NPWT) alone 
or NPWT with antibiotic beads. 1t 


HYPERBARIC OXYGEN 


Hyperbaric oxygen (HBO) allows patients to breathe 100% oxygen in a chamber under increased barometric pressure. This results in a supraphysiologic 
arterial oxygen saturation level, creating an expanded radius of diffusion for oxygen into the tissues that results in increased oxygen delivery to the injured 
extremity. The proposed mechanisms of action include vasoconstriction, improving and intensifying osteogenic cells, increasing collagen synthesis, 


encouraging angiogenesis, increasing oxygen pressure, removing toxic gases, and producing antibacterial effects.8° 

This improved oxygen delivery is believed to be most beneficial in the peripheral zone of injury where tissue that is variably injured may or may not 
survive despite other appropriate interventions. Injured but viable cells in this area have increased oxygen needs at the very time when oxygen delivery is 
decreased by disruption of the microvascular supply.°*!4° As such, HBO can be applied in an effort to mitigate this process of secondary injury in extremity 
trauma and minimize the resultant tissue loss at different points in both the pathologic and recovery processes.°* 

While much of its reported use focuses on chronic wounds, and insufficient vascular supply, it has been applied to mangled extremities as well. Most 
clinical studies for traumatic wounds have relatively small cohorts and supply fairly anecdotal evidence on its efficacy. Bouachour et al.?* performed a 
randomized placebo-controlled human trial of HBO as an adjunct to the management of crush injuries to the extremity and found complete wound healing 
without tissue necrosis in 17 of the 18 HBO patients and in 10 of the 18 control patients. Jirangkul et al.8 performed a study specific to patients with a 
MESS score of 7 or higher. Eighteen patients were given HBO treatment within 48 hours of injury twice daily for the first 3 days followed by once daily for 
several days, depending on the level of damage. One patient required amputation and all 13 patients with a fracture achieved bony union at an average of 4 
months. While this study does not provide a control cohort, it does show that HBO can be an efficacious adjunct treatment in patients at high risk for 
amputation (MESS >7).®8 

To date, controlled animal experiments, select human case series, and a small number of randomized studies seem to suggest a potential benefit of HBO 
therapy as an adjunct to the management of the severely traumatized limb. However, if efficacious, HBO use in the mangled extremity patient will be 
selective as many patients are critically ill and are often unable to travel to receive and to tolerate HBO therapy. 
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Figure 18-5. A 21-year-old man was in a motorcycle accident resulting in an open tibia fracture with a 25-cm wound. A: Injury radiograph AP tibia. B: Clinical 
photograph following temporary external fixation and antibiotic spacer. C: AP tibia with spacer spanning 17-cm bone defect. D: Three months postinjury after ring 
fixator application and subsequent proximal tibia osteotomy and initiation of bone transport. E: Clinical photograph of ring fixator after bone transport completed. F, 
G: AP and lateral tibia of healed distal tibia fracture and consolidated proximal tibia regenerate. 


The Hyperbaric Oxygen for Lower Limb Trauma (HOLLT) study is the largest randomized controlled trial performed to date for mangled extremities, 
whereby patients with open tibia fractures were assigned standard trauma care with or without HBO therapy for a total of 12 sessions over 8 days.!34 The 
study showed reduced incidence of tissue necrosis in the HBO group (29% vs. 53%), fewer late complications (12% vs. 35%), and an insignificantly lower 
rate of infection. 

Evidence suggests HBO may be used as an adjuvant treatment. However, more data and clinical studies will need to be performed to identify the 
appropriate indications, timing, dosage, and duration for it to be employed as a standard of care for severe limb injuries. 


SOFT TISSUE COVERAGE 


Successful limb salvage requires a healed wound overlying an aseptic, united fracture.!°? Angled extremity wound coverage is frequently achieved via free 
tissue transfer and rotational muscle flaps performed by plastic surgery. While an in depth discussion of these treatments is outside of the scope of this 
chapter, knowledge of the complicating factors and limitations are essential components of limb salvage. While multiple options for coverage exist, such as 
skin grafts, local flaps, or free flaps, complications will occur with each. Pollak et al.!57 found that 27% of high-energy tibial injuries requiring soft tissue 
reconstruction had at least one wound complication within the first 6 months after injury. They also found that the rate of complication differed based on the 
type of flap coverage. For limbs with the most severe osseous injury (OTA type C fractures), treatment with a rotational flap was 4.3 times more likely to 
lead to an operative wound complication than was treatment with a free flap. The rate of complications for the limbs with less severe osseous injury did not 
differ significantly based on soft tissue coverage selection. Based on this information, one should be very cautious when selecting a local flap in the setting 
of high-energy trauma as the flap, although originally healthy in appearance, may have indeed been included in the initial zone of injury. 

Lower extremity flaps are more prone to venous stasis and impaired venous return. The resulting venous congestion has been cited as the most common 
reason for failure of these reconstructive efforts. Stranix et al. performed a retrospective review of 806 lower extremity reconstructions and 361 soft tissue 
flaps for Gustillo IIIB and IIC fractures and found that the extent of soft tissue and vascular injury is often highly underestimated. Preoperative angiogram 
showed an arterial injury in 52% of affected limbs. In contrast to limbs with three vessel runoff, authors reported a 1.6 times greater risk of flap failure with 
two vessel runoff and 2.2 times greater risk with only one vessel runoff.!®* In a follow-up study of 361 soft tissue flaps, the authors found that two vein 
outflow correlated with a fourfold reduction in complication rates compared to single vein flaps.!®! 

A second and perhaps more controversial principle is the timing of the soft tissue reconstructive procedure. The primary argument for early soft tissue 
reconstruction is to reduce the risk of nosocomial contamination because of repeated exposures of the vulnerable wound to the hospital environment. When 
analyzing a subset of patients with open tibial fractures in association with a mangled extremity, Webb et al.'° failed to observe any advantages related to 
the performance of early muscle flap wound coverage within the first 72 hours after the injury. In contrast, multiple authors have indeed shown that early 
reconstruction (within 72 hours) reduces postoperative infection, flap failure, and nonunion rates as well as the risk for the development of 
osteomyelitis.5°-°8:60.72 

The advent of NPWT, caused a trend toward increased delays until definitive soft tissue reconstruction procedures are performed. While NPWT can be a 
very effective tool in the initial soft tissue management of high-energy open fractures, its routine use in open tibial fractures has not been found to reduce 
the overall infection rates, or flap coverage in these injuries.*! Bhattacharyya et al.'* evaluated whether the use of NPWT could allow for a delay of flap 
coverage for open tibial fractures without a subsequent increase in the infection rate. The authors concluded that despite the routine use of NPWT before 
definitive soft tissue reconstruction in patients with Gustilo type IIIB fractures, patients who underwent definitive soft tissue coverage within 7 days had 
significantly decreased infection rates compared with those who underwent soft tissue coverage at 7 days or more after injury (12.5% vs. 57%). Cao et al.78 
found early (mean 6 days) and late (mean 16 days) reconstruction groups and reported favorable results in the early group: lower flap harvest time, shorter 
reconstructive time, less intraoperative blood loss, fewer flap complications, and shorter hospital length of stay. Two additional recent retrospective 
investigations found a significant rise in the rate of deep infection in open fractures that had flap coverage performed more than 7 days postinjury.2”155 

Although recent evidence supports early soft tissue coverage of type 3b open fractures, serial evaluations and debridement take precedence to avoid 
leaving behind nonviable tissue prone to infection. Perhaps more critical than “time to coverage” is the “time from definitive fixation to flap coverage.” In 
an international, multicenter retrospective study of 373 patients, authors found a higher rate of deep infection of type 3b open tibia fractures when soft tissue 
coverage was performed more than 2 days after definitive fixation.? 

To optimize care, shorten the time to soft tissue coverage, and provide a more collaborative approach between orthopaedic and plastic surgeons in the 
treatment of mangled extremities, recent authors have advocated an “orthoplastic” approach.!°18.78 With this approach, orthopaedic and plastic surgeons 
work in close unity during preoperative planning, intraoperative decision making, and postoperative care. This allows procedures to be planned with input 
from both teams to ensure adequate debridement, optimal skeletal stabilization, and timely.!° In a multicenter prospective cohort study, an orthoplastic 
approach led to shorter soft tissue osseous healing times, lower infection rates, and improved functional outcomes.!® Hoyt et al. had similar results with 
implementation of an orthoplastic protocol evidenced by lower reoperation rates, shorter hospital stay, shorter time to bone union, and nearly a twofold 
decreased risk of flap failures.” When employed effectively, the use of this approach may help mitigate the complexity of the treatment of these injuries as 
well as the lack of consistently efficacious scoring systems. 


REHABILITATION OF THE MANGLED EXTREMITY 


Appropriate rehabilitation of mangled extremities is necessary to preserve as much functional capacity of the affected limb as possible. The OUTLET study 
found that only 47% of amputees reported pain-free prosthetic wear and 63% agreed that the prosthesis was comfortable throughout the day.!?? Challenges 
from salvage include development of posttraumatic arthritis, heterotopic ossification, and neuromuscular deficits. However, with successful rehabilitation 
and improvement in techniques, patients have been able to resume athletic activity and 20% of military patients have been able to return to deployment. !28 
A secondary analysis of the LEAP subjects found that PT was beneficial for the LEAP lower extremity patients and that those subjects identified as having 
an unmet need by a physical therapist had statistically significantly less improvement over time in five measures of physical impairment.?! Pezzin et al.'54 
determined that inpatient rehabilitation use significantly improved outcomes in return to work rates, functional and vocational prospects. 

McLaughlin et al.!?9 used the Paffenbarger Physical Activity Questionnaire (PAGA) to assess physical activity levels 18 months after mangled 
extremity injury. Meeting PAGA was defined as at least 150 minutes per week combined moderate and vigorous intensity activity or at least 75 minutes per 
week of vigorous intensity activity. Fifty-seven percent of the patient cohort met this prior to injury, which is consistent with the rate of the general 
population. The adjusted odds for meeting PAGA were lower for patients with depression, women, and Black or Hispanic patients. Patients meeting PAGA 
prior to injury were twice as likely to meet PAGA after injury. Individuals who do not meet these thresholds are at increased risk for stroke, diabetes, and 
heart failure, as well as poorer outcomes related to the injury itself.!*° Appropriate rehabilitation is intertwined with the physical and well-being of the 
patient. As shown by recent studies in the sections below, each can have profound effects on the success of long-term treatment for mangled extremities. 
Improvement, and further study inpatient rehabilitation, particularly in the civilian sector, may improve the physical and psychiatric health of affected 
patients. 


OUTCOMES: AMPUTATION VERSUS LIMB SALVAGE 


The clinical challenge faced in every case is deciding, as early as possible, the correct treatment pathway for the patient. The surgeon must weigh the fact 
that, in most cases, limb reconstruction is possible given the appropriate application of current techniques and counterbalance the expected result of salvage 
against that which is possible with amputation. Prosthetic bioengineering innovations have significantly improved the function and comfort of lower 
extremity amputees. Given the heterogeneity of these injuries and patient preferences, decision making is rarely simple. The studies cited below can provide 
insight into the clinical decision making process but cannot provide a definitive answer for when a limb should be amputated or salvaged. They can provide 
for more in depth conversations for shared decision making between the patient and treating physician. 

Several of these series have supported amputation as the optimal treatment option in the setting of the mangled extremity. Georgiadis et al.°” suggested 
amputation as a treatment on the basis that early BKA resulted in a faster recovery with less long-term disability. Bennet et al.!* performed a retrospective 
review of 114 patients and 134 fractures in a more recent study that supported this conclusion. SF-12 physical component scores were significantly lower 
among salvage treated patients than amputation treated patients.°° Functional outcomes worsened with a negative Bohler’s angle on initial radiograph, as 
well as with associated talus, calcaneus, and pilon fractures. 

In a review of 72 acute grade IIIB open tibial fractures that required soft tissue reconstruction and were salvaged, Francel et al. found that over 50% of 
the patients had severe limitations in motion and half also required the use of an assistive device for ambulation. The long-term employment rate was 28% 
and no patient returned to work after 2 years of unemployment. In contrast, 68% of trauma-related lower extremity amputees from their institution over the 
same time period returned to work within 2 years. 

Based on these studies, proponents of early amputation claim that patients undergoing amputation often have shorter initial hospital stays, decreased 
initial hospital costs, and a higher likelihood of resuming gainful employment, thus decreasing the financial burden of this life-altering injury. 

Hertel et al.” retrospectively compared below-knee amputees with patients receiving complex reconstructions after a grade IIIB or IIC open tibial 
fracture. They also concluded that for the first 4 years after injury, amputation resulted in lower mean annual hospital costs than reconstruction and 
amputation patients required 3.5 interventions and 12 months of rehabilitation compared with an average of 8 interventions and 30 months of rehabilitation 
for the reconstruction patients. However, amputation patients were reported as having a higher dollar cost to society, a figure that was inflated by adding the 
amounts of permanent disability assigned to an amputee compared with a reconstruction patient. Despite this, the authors concluded that functional outcome 
based on pain, range of motion, quadriceps wasting, and walking ability was better in the reconstruction group than in the amputation group and therefore 
limb reconstruction was advisable (although the data to support this conclusion were soft and no patient-directed outcome measures were used). Dagum et 
al.°9 also touted reconstruction as the preferred option in the management of the mangled extremity. They retrospectively evaluated 55 grade IIIB and HIC 
tibial fractures and reported better SF-36 scores in salvage patients compared to amputees. Furthermore, 92% of their patients preferred their salvaged leg to 
an amputation at any stage of their injury, and none would have preferred a primary amputation. 

The OUTLET study (described in detail in Foot and Ankle section) offers a recent prospective comparison of salvage versus amputation for severe 
hindfoot injuries.!2° For each outcome, a causal effect estimation was performed simulating the outcomes if salvage patients had undergone amputation 
compared to observed outcomes of salvage patients. The outcomes assessed by this method slightly favored amputation in most outcomes. Although 
amputation was slightly favored by the results, the SMFA outcomes were poor for both groups at 18 month follow up. The authors also note room for 
improvement with both treatments. Less than half of amputees reported pain-free prosthetic use and only 63% reported comfort with the prosthesis. SMFA 
scores were highly correlated with device satisfaction suggesting that improving the quality and fit of prosthetics could further improve the results of 
amputation. While some authors have found that amputation may be less costly in the short term, reconstruction may be more cost-effective compared with 
amputation when lifelong prosthetic costs are taken into account. Williams!%° also compared hospital costs and professional fees of 10 patients with Ilizarov 
limb reconstruction to the hospital costs, professional fees, and prosthetic costs of 3 patients with acute and 3 patients with delayed lower extremity 
amputation. The average treatment time was higher in the Ilizarov reconstruction group. The hospital costs and professional fees for the amputation group 
averaged $30,148 without prosthetic costs, while the total cost of the Ilizarov limb reconstruction averaged $59,213. However, with projected lifetime 
prosthetic costs included, the average long-term cost for the amputee was estimated to be $403,199. Thus, he concluded that Ilizarov limb reconstruction is a 
more cost-effective treatment option than amputation when long-term prosthetic costs are considered. 

Similarly, MacKenzie et al.'!9 compared the 2-year direct healthcare costs and projected lifetime healthcare costs associated with both treatment 
pathways. The calculated patient costs included the initial hospitalization, all rehospitalizations for acute care related to the limb injury, any inpatient 
rehabilitation, outpatient physician visits, outpatient physical and OT, and the purchase and maintenance of any prosthetic devices. When the costs 
associated with rehospitalizations and postacute care were added to the cost of the initial hospitalization, the 2-year costs for reconstruction and amputation 
were similar. However, when prosthesis-related costs were added, there was a substantial difference between the two groups ($81,316 for patients treated 
with reconstruction and $91,106 for patients treated with amputation). Furthermore, the projected lifetime healthcare cost for the patients who had 
undergone amputation was three times higher than that for those treated with reconstruction ($509,275 and $163,282, respectively). Based on these 
estimates, they concluded that efforts to improve the rate of successful reconstructions have merit and that not only is reconstruction a reasonable goal, but it 
may result in lower lifetime costs to the patient. 

The LEAP study prospectively compared the functional outcomes of a large cohort of patients from eight Level I trauma centers who underwent 
reconstruction or amputation following an open tibial shaft fracture. A total of 601 patients with limb-threatening lower extremity trauma were enrolled in 
this study for more than a period of 44 months. The inclusion criteria for the LEAP study were as follows”*: 


e Traumatic amputations below the distal femur 

Gustilo grade IIIA open tibial fractures with hospital stays greater than 4 days, two or more limb procedures, and a high degree of nerve, muscle, or 
bone injury 

Gustilo grade IIIB and IIC open tibial fractures 

Dysvascular injuries below the distal femur 

Major soft tissue injuries below the distal femur, excluding the foot 

Grade III open pilon fractures 

Grade IIIB open ankle fractures 

Severe open hindfoot and midfoot injuries with degloving and nerve injury 


The hypothesis was that after controlling for the severity of the limb injury, the presence and severity of other injuries, and patient characteristics, 


amputation would prove to have a better functional outcome than reconstruction. The SIP was used as the primary outcome measurement. Secondary 
outcomes included the limb status and the presence or absence of a major complication that required rehospitalization. Five hundred sixty-nine patients were 
followed over 2 years. No significant difference was detected at 2 years in the SIP scores between the amputation and the reconstruction patients. After 
adjustment for the characteristics of the patients and their injuries, patients who underwent amputation had outcomes that were similar to those who 
underwent limb reconstruction.2%§7:74 116,156,158 

The analysis of all patient, injury, treatment, and environmental variables in the LEAP study identified a number of predictors of poorer SIP scores. 
Negative factors included the rehospitalization of a patient for a major complication, a low education level, nonwhite race, poverty, lack of private health 
insurance, a poor social support network, a low self-efficacy, smoking, and involvement with disability-compensation litigation (see Table 18-6). To 
underscore the combined influence of these multiple factors on outcome, adjusted SIP scores were estimated for two subgroups of patients. A patient with a 
high school education or less, poor social support, and rehospitalization for a major complication had a mean adjusted SIP score of 15.8. A comparable 
score for a patient with some college education, strong social support, and an uncomplicated recovery was 8.3. Although patients with substantial economic 
and social resources and no complications could not function at the level of a healthy adult of similar age and gender (SIP typically <4), they were still 
significantly better off than those without such resources. 

The study also found that patients who underwent reconstruction were more likely to be rehospitalized than were those who underwent amputation 
(47.6% vs. 33.9%). Nonunion (2.7%) and wound infection (28.3%) were the most common complications reported.®” Osteomyelitis developed in 7.7% of 
the LEAP cases. The limb salvage group displayed a higher risk of complications. At 2 years, nonunion was present in 10.9% of the reconstruction patients 
and 9.4% had developed osteomyelitis. Additional operations were required for 14.5% of the amputation patients to revise the stump and reconstruction 
patients required twice as many operations.®” The levels of disability, as measured by the SIP, were high in both groups. More than 40% of the patients had 
a SIP score of greater than 10, reflecting severe disability. Except for scores on the psychosocial subscale, there was significant improvement in the scores 
over time in both treatment groups. Return to work success was disappointing. At 24 months, only 53.0% of the patients who underwent amputation and 
49.4% of those who underwent reconstruction had returned to work. 

After the publication of the original LEAP data, MacKenzie et al.!!® reexamined the outcomes of patients originally enrolled in the study to determine 
whether their outcomes improved beyond 2 years and whether differences according to the type of treatment emerged. Three hundred and ninety-seven of 
the 569 patients who had originally undergone amputation or reconstruction of the lower extremity were interviewed by telephone at an average of 84 
months after the injury, physical and psychosocial functioning deteriorated between 24 and 84 months after the injury. At 84 months, half of the patients 
had a physical SIP subscore of 10 or more points, which is indicative of substantial disability, and only 34.5% had a score typical of the general population 
of similar age and sex. There were few significant differences in the outcomes according to the type of treatment, with two exceptions. Compared with 
patients treated with reconstruction for a tibial shaft fracture, those with only a severe soft tissue injury of the leg were 3.1 times more likely to have a 
physical SIP subscore of 5 points and those treated with a through-the-knee amputation were 11.5 times more likely to have a physical subscore of 5 points. 
There were no significant differences in the psychosocial outcomes according to treatment group. At 7-year follow-up, patient characteristics that were 
significantly associated with poorer outcomes included older age, female sex, nonwhite race, lower education level, living in a poor household, current or 
previous smoking, low self-efficacy, poor self-reported health status before the injury, and involvement with the legal system in an effort to obtain disability 
payments. Except for age, predictors of poor outcome were similar at 24 and 84 months after the injury. These results confirmed the previous conclusion of 
the LEAP study that limb reconstruction results in functional outcomes equivalent to those of amputation. The results also showed that regardless of the 
treatment option, long-term functional outcomes are likely to be poor. 

Melcer et al.!*! further stratified the intermediate term results of mangled extremity patients by comparing limb salvage (n = 107), early amputation 
(<90 days, n = 440), and late amputation (>90 days, n = 78) cohorts through retrospective review of Department of Defense and Department of Veterans 
Affairs health data. The early amputation group had a lower prevalence of wound complications and osteomyelitis (35%) than the late amputation (53%) 
group. The authors also analyzed the prevalence of psychiatric disorders between the three groups. The percentage of patients with at least one diagnosis 
ranged from 82% to 89% and did not differ significantly between the three groups. The early-amputation groups (mean/median = 2.7/3.0), and salvage 
groups (mean/median = 2.8/3.0) had fewer diagnoses than the late amputation group (mean/median 3.3/4.0). The late amputation group was associated with 
the highest prevalence of all groups for diagnoses of mood, substance abuse, anxiety, and tobacco use disorder than both the early amputation and limb 
salvage groups. This study provides compelling evidence to favor early over late amputation once shared decision making arrives at amputation as the 
treatment of choice to. minimize late complications, reoperations, pain-related diagnoses, and development of psychological disorders (Melcer). 


CLINICAL PRACTICE CONSIDERATIONS 


Generalizing the findings of the LEAP study beyond Level I trauma centers must be done with caution and based on the experience and resources of the 
hospital. In summary, surgeons may advise their patients with mangled lower limbs that the functional results of reconstruction are equivalent to 
amputation. The OUTLET!” and METALS“ studies favor amputation for patients in their respective cohorts. 

These three impactful studies all emphasize that a reconstruction pathway requires more operations, more hospitalizations and is associated with a 
higher complication rate. At intermediate (2-5 years) and long-term (>5 years) follow-up, salvage patients and amputees are significantly disabled with less 
than half able to return to work. Both patient groups show evidence of lingering psychosocial disability. Efforts to minimize complications and hastened 
fracture union might improve the outcome of the reconstruction patients (Fig. 18-6). Given aforementioned instances where amputation may produce 
slightly better results, the paradigm should shift from whether a limb “can” be salvaged to if it “should” be salvaged. Shared decision making is critical 
between the treating physicians and the patient based on injury characteristics, preferences, treatment goals and projections, and physical capacity for either 
treatment. 

Results of the LEAP study, and corroborated by OUTLET!** and METALS,” suggest that major improvements in outcome might require greater 
emphasis on nonclinical interventions, such as early evaluation by vocational rehabilitation counselors. Both self-efficacy and social support are important 
determinants of outcome.*®:!° Interventions aimed at improving support networks and self-efficacy may benefit patients facing a challenging recovery. 
Surgeons should acknowledge the long-term psychosocial disability associated with the mangled extremity, regardless of the treatment. PTSD screening and 
appropriate referral of patients for therapy may need to become a proactive part of the postoperative treatment plan. 1?6:132,133,179 

For patients undergoing limb amputation, the LEAP study identified a number of clinical issues that can be used by the surgeon in planning amputation 
level and stump coverage. There were no significant differences between above-knee amputations and BKAs in return-to-work rates, pain, or SIP scores. 


Patients with through-knee amputations had SIP scores that were 40% higher than those patients who received either a BKA or an above-knee amputation. 
Patients with through-knee amputations also demonstrated significantly lower walking speeds. Physicians were less satisfied with the clinical, cosmetic, and 
functional recovery of through-knee amputations compared with above-knee amputation and BKA. Thus, as a generality, in the adult trauma population, a 
through-knee amputation should be avoided whenever possible. 

Atypical wound closures, skin grafts, and flaps did not adversely affect the outcome in this study, suggesting that efforts to preserve the knee are 
worthwhile.!!* Furthermore, patient outcomes were not affected by the technical sophistication of the prosthesis, although patients with higher-technology 
prostheses were more satisfied. These findings will challenge the physician who currently fits a patient with a sophisticated (and expensive) prosthesis and 
the results underscore the need for controlled studies that examine the relationships between the type of prosthetic device, the fit of the device, and its 


functional outcomes.!!4 


PSYCHOLOGICAL CONSIDERATIONS 


Most studies related to management options for the mangled extremity have centered on functional outcomes and the complications that are associated with 
each procedure. While these are the most obvious areas of concern for clinicians, the psychological well-being of the patient must also be explored when 
considering the best approach. Data on depression, anxiety, and pain were also collected from the LEAP study using a psychological self-report symptom 
scale. Patients were categorized as having normal (58.4%), moderate (15.8%), or severe (25.7%) depression or anxiety at the 3-month follow-up. Twenty- 
one patients in the latter category were found to be at highest risk (40%) for suffering from chronic pain at 7 years after discharge after adjusting for pain 
intensity at 3 months (p < .001). The authors suggested that early referral to psychological intervention for patients found to be at moderate and severe levels 
of anxiety or depression within 3 months of injury could be beneficial in reducing the risk of prolonged suffering from pain. Two years after injury, the 
LEAP study participants were also surveyed regarding their satisfaction with the treatment of their lower extremity.'*! The level of satisfaction was found to 
be independent of the details of the injury, treatment option, patient demographics, or psychological profile of the patient. O’Toole et al.'4! listed physical 
function, pain intensity, the absence of depression, and the ability to return to work at 2 years as the most important factors affecting patient satisfaction. 
Long-term results (average 22.1 years) from veterans of the Iran—Iraq war supported this finding by showing unemployment, hospitalization, and limitations 
in activities of daily living (ADL) were determinants of poor mental health in veterans with mangled extremities.® 
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Figure 18-6. A 54-year-old man caught his leg in a rotary tiller blade. A: The blade was removed from the machine and the patient was transferred for definitive care 
to a regional facility where the limb was extracted from the tiller blade. B: Radiographs demonstrate a relatively simple ankle fracture and do not adequately reflect the 
extensive soft tissue injury. C: Initial spanning external fixation and provisional pin fixation of the medial malleolus were performed. D: After counseling with the 
family and the patient, a plan was made to proceed with limb salvage. Definitive fixation of the fractures was performed 10 days from the initial injury and at the same 


time, a latissimus free flap was placed to provide anterior soft tissue coverage. E: Over the next 2 years, he had three deep infections requiring debridement and 
intravenous antibiotics and at that point, he elected to proceed with a below-knee amputation. 


A systematic meta-analysis of 11 peer-reviewed studies centered around amputation versus limb salvage in mangled lower limb was performed by 
Akula et al.,? with the goal of comparing the two treatments based on the patient perspective of quality of life. The analysis only included studies that 
administered the widely validated SF-36 and SIP to establish which injury treatment method yields better psychological outcomes. The 11 studies were 
compiled to include 1,138 cases involving unilateral lower limb trauma, of which there were 769 amputations and 369 limb salvage cases. Findings from 
this unique analysis supported the previous conclusion that there was no significant difference in physical recovery between the two treatment modalities; 
however, limb reconstruction patients fared better than the amputees when comparing psychological outcomes. The results of these studies highlight the 
importance of using a systematic approach to patient treatment that is concerned with both the physical and mental aspects of patient recovery. 

Castillo et al.2° performed a cross sectional study of 429 U.S. service members who were involved in the METALS study to determine the incidence of 
pain, depression, and PTSD. Thirty-eight percent screened positive for depressive symptoms, 18% for PTSD, and 34% were not working, on active duty, or 
in school at an average of 3 years postinjury. The results showed a marked relationship between the presence of these conditions and worse functional 
outcomes 12 months after injury. Although only 10% of the study population, patients with low levels of pain with no depression or PTSD, 10% of the 
study group, were on average one minimally clinically important difference from the population norm. A larger proportion of the patients (60%) that 
experienced high levels of pain with PTSD, depression, or both fared much worse and were found to be four to six minimal clinically important differences 
(MCIDs) on average from the population norm.*° Twenty-six percent of METALS participants were found to have concerning drinking habits, and older 
age was associated with worse functional scores and a 10% higher risk of PTSD.!°6 

Regardless of the treatment, the incidence of a mangled extremity is a life-altering event associated with dire functional and mental health consequences. 
Although mental health treatment does not fall within the jurisdiction of orthopaedic surgeons, acknowledging the high prevalence of mental health 
disorders in patients with devastating limb injuries may improve patient outcomes through timely diagnosis and referral. 


MILITARY TRAUMA CARE 


It is a harsh reality that military conflicts lead to advancements in the field of trauma care. A specific subgroup of mangled extremity patients has emerged 
from the most recent conflicts that are suffering from combat blast injuries. Extremity injuries accounted for 39% to 54% of all combat wounds sustained in 
the War on Terror.!°° In addition, implementation of the golden hour policy has reduced those killed in action by more than a third, further increasing the 
prevalence of mangled extremities resulting from conflicts.'°? Limb salvage is approached in the same way in the civilian population. When reconstruction 
is not an option, guillotine amputations are avoided, with the goal of preserving as much viable tissue as possible.°! The military hospital system of care for 
the combat casualty patient population is unmatched in the civilian community. Care for these extremity trauma patients includes prolonged stays on the 
medical campus and intensive nursing, therapy (mental and physical) interventions, and the best orthotic and prosthetic devices available. A unique aspect 
of the military treatment of extremity traumas is that the majority of care is done in group treatment facilities. A comprehensive team of physicians, 
prosthetists, and physical and occupational therapists work together using a standardized five-phase protocol that has been developed to treat amputees!”’: 


1. Acute management and wound healing 
2. Introduction to prosthetic training 

3. Intensive prosthetic training 

4. Advanced functional training 

5. Discharge planning 


Different therapies are introduced within each phase to meet the individual needs and progress each soldier to OT. Pain management and psychological 
support are also important aspects of the military protocol. 

The METALS study was a comprehensive retrospective cohort study of U.S. service members or reservists who sustained a major limb injury while 
serving in Afghanistan or Iraq between 2003 and 2007 to compare the two treatment options.“* Doukas et al.** reported the findings for 324 lower limb 
patients that were included in the METALS study. The level of disability in the military patients were at levels comparable to those found in the LEAP 
civilian study; however, unlike the LEAP study, a significantly higher level of function was reported for military amputee patients when compared to those 
that underwent limb salvage procedures (p < .01). The military amputees were 2.6 times more likely to be at high levels of activity compared to the 
reconstructed group. These results may be indicative of the intensive rehabilitation program that military amputees are subjected to as quickly as possible 
following the procedure and their access to state-of-the-art prosthetic devices and care. Military limb salvage patients are not subjected to the same 
organized rehabilitation protocols and have longer recovery times, which may have contributed to the lower functional outcomes at 2-year follow-up. 


BONE-ANCHORED IMPLANT SYSTEMS FOR PROSTHETIC ATTACHMENT 


Major advances have been made in the development of prosthetic devices that offer patients with limb loss the ability to return to a high quality of life. 
Bone-anchored implant systems for prosthetic attachment, commonly referred to as osseointegrated (OI) devices, consist of an endoprosthetic stem that is 
implanted directly into the residual bone and a percutaneous post that connects to the stem, exits through the skin, and connects the stem to the 
prosthesis, ®:94,107,108.185 resulting in direct skeletal attachment of the prosthesis (Fig. 18-7). Originally first performed in Sweden, Australia, and Germany, 
OI transfemoral surgery is growing in popularity throughout the world including the United States. Both single- and two-stage surgical approaches have 
been used successfully to place the stem and the percutaneous post, with surgical techniques differing greatly between OI system designs. 

This emerging technology has been developed to better restore function to amputees through a secure and comfortable fit, while alleviating most 
concerns present with traditional socket suspension systems. Removing the socket from the system and allowing for direct skeletal attachment obviates 
complications commonly associated with prosthesis such as skin breakdown, poor fit, and pain.'° Furthermore, degenerative changes in the form of arthritis 
and osteoporosis have been linked to limb amputation due to disuse on the amputated side, overuse on the intact side, and modified gait 
mechanics.?”5°83,140,163 OJ implants may help mitigate these musculoskeletal issues by introducing the direct transfer of ground reaction forces from the 
prosthetic limb to the skeletal system via the implant. 173 


d ©. 


Figure 18-7. A transfemoral percutaneous osseointegrated implant system for direct skeletal attachment of artificial limbs consists of an endoprosthetic stem and a 
percutaneous post. That connects to the prosthetic limb. 
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OI technology also offers a potential alternative to socket attachment for amputees that have limited residual limb length, extensive heterotopic 
ossification or difficulties with socket fitting due to pain, adherent scar tissue, or multiple amputations.8®143 Patients that have been implanted with a 
percutaneous OI device have reported a number of advantages over conventional socket attachment including osseoperception (perception of terrain 
changes through mechanotransduction of vibration from the prosthesis to the skeletal system), increased prosthetic wear times, and easier donning/doffing 
of the prosthetic limb.®5:65:87,113 

Infection is a source of concern as the intramedullary device is in communication with the external environment. However, recent studies have shown 
that the technique is safe*7°-!59 with a low rate of deep infection. A prospective cohort study recorded all adverse events in 86 patients with OI procedures 
after above knee amputations. They found that while there were high rates of infection and soft tissue complications, they were typically minor 
complications that could be treated nonoperatively. Devastating complications such as loosening, and deep infection were rare.* A similar 5-year follow up 
study of 42 patients showed that although 77% of patients developed infection, 95% were classified as grade 1 or 2 and were successfully managed 
nonoperatively with no instances of septic loosening. Q-TFA prosthetic use and global scores improved significantly from 71 to 100, and 33 to 75, 
respectively. The authors concluded that while the complication rate can be fairly high, they are typically minor. The improvement of prosthetic use and 
health related quality of life with OI vastly outweighs the risks of minor infections, and soft tissue complications. !°9 

No special surgical considerations are required at the time of amputation for a patient to consider this type of implant system at a later date. However, 
preservation of bone length at the time of primary amputation may become of greater importance as this technology continues to advance and become more 
widely available in order to allow for proper bone preparation and prosthetic alignment at the time of OI implantation. 


UPPER EXTREMITY 


Much of the discussion of mangled extremities focuses on lower extremity injuries. Consequently, there is far less information available on mangled upper 
extremities with fewer than 30 scientific articles published in the past 20 years.'*° There are important differences between the upper and lower extremities 
in terms of trauma care. The critical ischemic time is longer for the arms at 8 to 10 hours versus 6 for the lower extremity.!°® As a general statement, the 


upper extremity is more amenable to reconstruction in many circumstances because nerve reconstruction has been more successful in the upper extremity 
and shortening of the limb has less of an effect on successful postoperative function than it does in the lower extremity.*°!”” Limb salvage for the upper 
extremity has a different set of considerations than the lower extremity since an upper limb with severe limitations of motor and/or sensory function may 
still be more useful to the patient than a prosthetic device. Despite advancements, there is no equivalent prosthetic to match the sensory and prehensile 
function of the hand.!° Consequently, prostheses fail to provide adequate functional and aesthetic results, and up to 30% of patients do not accept the 
prosthesis.7° Kumar et al.1°° reported a low infection rate (8%) and high flap success rate (96%) in a set of 26 mangled upper extremity military patients 
with wounds necessitating soft tissue coverage by means of flap reconstruction (pedicled or free tissue transfer). Their “Bethesda limb salvage protocol” 
stressed the importance of plastics coverage of a clean wound over the type of flap used and achieved 100% coverage without amputation. Patients 
underwent an average of six debridements and/or wound washouts before reconstruction was attempted and all had early (<5 days) occupational hand 
therapy treatment in addition to PT (supervised active and passive postoperative splint protocols), physical medicine, and prosthetics evaluations within 30 
days. The METALS Study included a retrospective cohort study of 155 individuals who sustained mangled upper extremity injuries treated with amputation 
or limb salvage at 40 months postinjury. After adjusting for covariates, the authors found no significant differences in outcomes between participants who 
underwent unilateral limb salvage and participants who underwent amputation at 40 months. Outcomes studied included SMFA scores, rates of depression 
and PTSD, return to work, active duty, or school; participation in vigorous activity; or pain interference. The presence of lower extremity injury was 
associated with worse SMFA total dysfunction and mobility scores, and older age was associated with both worse SMFA scores in all domains and 10% 
greater odds of PTSD.'°° 

Although it was originally devised to assess injuries to the lower limb, Slauterbeck et al.!”° applied the MESS to the high-energy injuries of the upper 
extremity. In their series, they retrospectively reviewed the data of 37 patients with 43 mangled upper extremities and found that all 9 upper extremity 
injuries with a MESS of greater than or equal to 7 were amputated and 34 of 34 with a MESS of less than 7 were successfully salvaged. Based on their 
findings, they concluded that the MESS system was an accurate predictor of amputation versus salvage when applied to the upper extremity. Conversely, 
Togawa et al.!86 also retrospectively applied the MESS to patients with severe injuries of the upper extremity with associated arterial involvement. In their 
series, they successfully salvaged two of three upper extremity injuries with a MESS score of 7 or higher with good functional outcomes. They concluded 
that because of the decreased muscle mass in the upper extremity compared with the lower extremity and the increased collateral circulation and tolerance to 
ischemia seen in the upper extremity, the MESS score was inappropriate for application to the upper limb. Savetsky et al.168 proposed a scoring system 
specific to mangled upper extremities called the Mangled Upper Extremity Score (MUES). The authors found that the variables most significantly 
correlated with complications and length of stay were patient age over 40 years, need for fasciotomy, requirement of bony fixation, bony defect 2 cm or 
larger, revascularization required, crush injury mechanism, degloving or avulsion injury present, and soft tissue defect larger than 50 cm?. One MUES point 
is assigned for each variable present with a maximum possible score of 8. The specificity (predicting salvage success) was 82%, with a MUES 6 compared 
or higher to 36% for MESS. The MUES also correlated with the number of complications, and length of hospital stay while the MESS did not.1 

While the METALS study suggests that outcomes may be equivalent with amputation versus salvage in mangled upper extremity injuries, salvage 
should be attempted whenever possible in upper extremity injuries. Even modern prosthetics in the upper extremity fail to provide adequate functional, 
sensory, and aesthetic results for these patients in comparison to lower-extremity prosthetics. The microvascular (hand/plastics) service should be enlisted 
early on in the management of these injuries as tendon transfers, nerve grafts, and soft tissue transfers are frequently necessary to recreate a functional hand. 
This, in conjunction with appropriate bony stabilization and neurovascular repair, may provide patients with greater function than a prosthetic. 


SUMMARY 


The decision to amputate or salvage a severely injured lower extremity is a difficult one, which relies not only on the expertise of the orthopaedic surgeon 
but also on the input of his subspecialty colleagues (general trauma surgeons, vascular surgeons, and plastic surgeons) as well as the patient. The decision to 
reconstruct or amputate an extremity cannot depend on limb salvage scores, as all have proved to have little clinical utility. Despite advances in treatment 
methods and technology, the results of limb reconstruction versus amputation still fail to provide a clear answer on the optimal treatment. This is further 
complicated by the heterogeneity of injury patterns and patient populations. Incorporation of patient goals, preferences, potential treatment pathways and 
anticipated rehabilitation should all factor into the shared decision making process. Early diagnosis of associated mental health disorders and prompt 
professional referral is a vital component of comprehensive treatment for patients with mangled limbs. Ideally, the patient with a mangled extremity should 
be directed to an experienced limb injury center, where strategies to minimize complications, address related PTSD, improve the patient’s self-efficacy, and 
target early vocational retraining may improve the long-term outcomes in patients with these life-altering injuries. 
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fractures. Mobility scores were highly correlated with prosthetic device satisfaction. Only 
10% of salvage patients reported use of orthoses. 


Level of Evidence: II 


Using a retrospective chart review and prospective interviews, this study examined the 
long-term (>5 years) outcomes of persons undergoing trauma-related amputations and the 
role of inpatient rehabilitation had in improving physical, social, and mental health. 
Inpatient rehabilitation was found to significantly improve the long-term outcomes of 
persons with trauma-related amputations. 

Level of Evidence: III 


This study describes a five-phase upper extremity amputee protocol of care that was 
developed at the Walter Reed Army Medical Center and Brooke Army Medical Center as 
a result of the severe war injuries that were treated by these teams during recent conflicts. 
The five phases of the protocol include acute management; preprosthetic training; basic 
prosthetic training; advanced prosthetic training; and discharge planning. 


Level of Evidence: IV 


In a retrospective review of 361 patients with complex open IIIB and IIC injuries 
requiring soft tissue flaps, the authors reported a 42% incidence of arterial injury. Forty 
percent of patients had a complication and 9% suffered total flap loss. After controlling for 
confounders, single-vessel runoff was associated with a higher rate of revision surgery and 
flap failure compared to legs with three vessel runoff. 


Level of Evidence: IV 


This retrospective study highlighted the morbidity of high-energy forefoot and midfoot 
injuries. One hundred and forty-six forefoot and midfoot injuries were studied (excluding 
talus, calcaneus, toes) and they reported a 14% amputation rate at 30 days and 19% 
amputation rate at 1 year. Predictors of amputation included: number of bones fractured, 
open injury plantar or dorsal foot, Gustilo grade, vascular injury, loss of sensation, fracture 
of all five metatarsals. Mid-term outcomes of a subset of the patients (n = 51) reported no 
difference in function between salvage and amputation patients. 
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INTRODUCTION TO SOFT TISSUE COVERAGE FOR INJURIES AND FRACTURES 


The aim of treatment and care of patients with any extremity injury remains returning the individual to their optimal functional outcome in the quickest time 
possible while avoiding complications. In open injuries with tissue loss and associated fractures, all these aims are challenging. Optimizing outcomes for 
these patients requires planning for the overall management of these injuries in advance at a system or institute level. Treating each presentation in a 
sporadic case-by-case basis leads to variability, less effective resource use, and a less predictable outcome. 

This chapter will discuss the various models of care for open fractures. The focus will be on the surgical aspects of this care. It will outline the ideal 
approach between the surgeons undertaking the soft tissue reconstruction and the orthopaedic surgeons undertaking the bony reconstruction, known as the 
orthoplastic approach. It will describe the emerging data from large collaboratives to compare the orthoplastic methodology with conventional strategies. It 
is acknowledged that the availability of microvascular expertise needed for an orthoplastic approach is variably available in different institutes and health 
care systems requiring alternative approaches for pragmatic reasons. While accepting that it may not be instantly achievable everywhere, there is evidence 
of superior outcomes that should serve as a further driver for system evolution in those centers where complication rates remain in double figures. 

The chapter will then continue by distilling this experience into treatment strategies for high-energy and low-energy or fragility-type fractures, and how 
the often-present comorbidities or patient factors can further impinge on the chosen modality. 

Finally, it will outline the modern approach to soft tissue cover, the choice between graft and flaps, and the hierarchy of flaps. It will then outline the 
technical aspects of the flaps commonly used to achieve robust soft tissue cover in open injuries. Surgeons undertaking the more complex of these 
operations should be trained in soft tissue reconstruction either by way of fellowships or more formal training in reconstructive plastic surgery. 


COMBINED CARE MODELS FOR ASSESSMENT AND TREATMENT 


By convention, historic standards of care for open fractures consisted of the initial management by orthopaedic surgeons who undertook the debridement 
and temporary stabilization. From this point on, for those who require soft tissue cover, many models exist and depend on local resources. Most patients 
require further debridement and definitive fixation prior to or coincident with soft tissue management. Over the past several decades the published rates of 
infection for Gustillo IIIb lower limb fractures remain persistently in excess of 20%!011-15.16.23 and can be much higher. 

In 2006 two publications, one from India and the other from the United Kingdom, advocated for a combined approach with experienced orthopaedic and 
plastic surgeons undertaking the debridement, planning, and definitive reconstruction.2”° The latter called this an “orthoplastic” approach, and the principal 
finding and reported outcome was better flap survival when the surgeries were undertaken expeditiously and there was no delay between the definitive soft 
tissue and bony reconstructions. This complements the groundbreaking publication of Godina’s practice in 1986 suggesting a much lower flap failure rate if 
it was undertaken within 72 hours of the injury. The reported flap failure rate after 7 days rose steeply, however, the time from definitive fixation to flap 


was not evaluated or reported. In 2015, Mathews et al. looked at the orthoplastic approach outlined in the Naique article with respect to infection and found 
that where the definitive reconstructions were undertaken in the same sitting the infection rate was 4.2% compared to a reported 34% where the fixation was 
undertaken independently and at varying numbers of days before the soft tissue reconstruction.!° In the United Kingdom, the orthoplastic approach was 
advocated for on a national basis with the publication of standards and subsequently national guidelines.?!? The latter highlighted the importance of senior 
combined expertise when undertaking the debridement of open injuries and not just at the soft tissue reconstruction. In all of these publications, debridement 
is mentioned however there is no consistent reporting of surgical methodology or type of debridement and it remains a confounding variable.? The advent of 
major trauma networks in the United Kingdom inevitably resulted in the centralization of open injuries into specialist centers. This has yielded a national 
figure of a 7% deep infection rate which appeared to be achievable across multiple centers.® 

The publication from the GOLIATH study group is valuable in conceptualizing approaches to dealing with open injuries. Their meta-analysis suggests 
that infection risk increases with increased time from injury to debridement.'! They also report low evidence for a reduced infection rate if the debridement 
was undertaken within 12 hours, as is also recommended in the U.K. national guidance, and report there is moderate evidence for undertaking within 24 
hours. This was especially so for the more severe injuries. Kuripla et al. further examined the time intervals from injury as separate entities spanning the 
periods from initial injury to the initial debridement, to the definitive internal fixation and until the flap coverage.'® They found that the time between 
definitive fixation and flap coverage was most important and predictive of infection. A large collaborative paper by Al-Hourani et al. analyzed the time from 
definitive fixation to definitive flap coverage in open tibial shaft fractures. They concluded that while same-sitting definitive fixation to flap coverage is the 
gold standard for deep infection rate, there was no statistical increase in deep infection rate if definitive flap coverage occurred up to 2 days following 
definitive fixation.* The authors, while acknowledging that there would be logistic challenges in adopting an orthoplastic approach, suggested that “timing 
of definitive internal fixation, and its coordination with flap are well within the surgeon’s control in most clinical contexts” and this would lead to a drastic 
reduction in infection rates. 


INITIAL MANAGEMENT 


Patients with open lower limb injuries should be initially managed as per established trauma reception principles, to assess and treat any life-threatening 
injury prior to treating the injured limb in isolation. Following this, specific lower limb consideration should be addressed: reduction and stabilization will 
reduce pain and bleeding and restore anatomical position, a neurovascular examination will identify any urgent need for revascularization or decompression 
and photography of any soft tissue defect along with appropriate plain and cross-sectional imaging will allow orthoplastic surgical planning. Even in the 
presence of an open injury, compartment syndrome can still occur and a clinical assessment of the compartments should be undertaken as part of the 
management of the injured limb. The wound should be covered prior to the application of any plaster cast, and this could simply be with saline-soaked 
gauze. Gross contamination should be removed from the wound, however, a “washout” of the wound in the emergency department is not a substitute for 
timely and thorough debridement in the operating theatre. 

Early administration of intravenous antibiotics is indicated in all open fractures but is particularly important in Gustilo Anderson grade III fractures with 
delay in antibiotic administration greater than 1 hour being shown to be associated with increased infection rates.2 Although regimes differ according to 
local antimicrobial policy, most approaches will include intravenous antibiotics with broad coverage for gram-positive organisms. Consideration should be 
given to include the addition of gram-negative cover for grade III fractures and may be broadened at the time of surgery to cover for the potential of 
nosocomial infection. 

The addition of preoperative computed tomography (CT) angiogram to imaging can be very useful for assessment of the regional vasculature and aid in 
planning any soft tissue reconstruction. This can be done either at time of initial trauma assessment (allowing identification of any immediate concerning 
vascular findings) or following initial debridement and temporary stabilization (giving time for any peri-injury vasospasm to have resolved and reflecting 
any postdebridement changes). 

A thorough medical review and physiologic optimization are important and modifiable risk factors for a poor outcome such as anemia are corrected, 
suitable hemodynamic resuscitation, and efforts are made to ensure that the patient avoids dehydration and hypothermia. Consent must include potential risk 
and donor site morbidity. In the event of a more severe open injury, an assessment of the limb and a discussion surrounding salvage versus primary 
amputation may need to occur. This is especially relevant in cases of significant limb ischemia, massive soft tissue loss involving multiple compartments, 
severe bone loss, or when there is involvement of the foot and loss of plantar skin. Multiple prediction models have been utilized in the past, including the 
Ganga Hospital Score, which is specific to open tibial fractures. The risk of secondary amputation should also be discussed with the patient, particularly in 
borderline cases, where salvage is to be attempted in higher-grade open injuries. Thromboprophylaxis should be administered as usual provided there are no 
contraindications such as a high bleeding risk involving another system as part of a polytrauma. 


DECISION-MAKING CONSIDERATIONS 


Shah et al. reported on an 11-year cohort of open tibial fractures in the United Kingdom.’ They reported data on 38,347 patients with open fractures, and a 
further analysis of 12,170 with severe open fractures of the tibia. The overall incidence in England was 6.94 per 100,000 person-years with two main peaks 
in the age demographic. The highest incidence observed was in those aged 20 to 29 years (11.5 per 100,000 person-years) which are predominantly males 
and represent the high-energy injuries most commonly associated with road traffic collisions, sports, falls from height, assaults, and in some countries, 
gunshot or ballistic injuries. The second peak occurs in the elderly population, more commonly female, and tends to be low or very low-energy injuries. 
This second incidence peak is at over 90 years of age (2.84 per 100,000 person-years) respectively; among females, incidence increased with age to a peak 
of 9.91 per 100,000 person-years at 90 years of age and over. They are also sometimes discussed as fragility fractures and many of the same concerns arise 
as do in the hip fracture population with the complications of frailty and an open fracture. Principles of management of both are the same and require 
thorough debridement of the fracture zone. 

In high-energy fractures, there is commonly an extended zone of injury that requires exposure so that an adequate debridement can be undertaken. There 
is also often associated degloving and considerable local muscle damage. Wounds should be extended until they reach healthy tissue proximally and distally 
to be certain that all damage is explored and dead tissue debrided. Following debridement there is often a skin and soft tissue defect that cannot be closed 
primarily as well as muscle and bone loss requiring more complex reconstruction. This chapter focuses on those fractures that require flap coverage. The 
ideal scenario is that the soft tissue and bony reconstructions be closely coordinated and if possible, be undertaken in the same theatre episode. Part of the 


planning is defining the vascular anatomy of the limb to determine the most appropriate soft tissue coverage options, this would usually include early 
contrast arterial phase CT to visualize the vascular tree and reconstructive options. Visualization of the vascular tree with CT angiogram and duplex Doppler 
have both been shown to be effective in planning free flap reconstruction.'* In patients with occluded vessels or compromised flow an urgent vascular 
opinion should be sought to optimize peripheral perfusion where possible. There are commonly additional injuries that require treatment and the influence 
of these on the vasculature and the available flaps also needs to be considered. 

Fractures occurring in the elderly group of patients are fragility fractures and represent failure of the skin and bone under physiologic loading. The most 
common presentation is the distal tibia and ankle. There is not the same extensive area of degloving, contamination, and skin loss associated with the high- 
energy injuries. Elderly patients can present with severe skin tears that are not readily reconstructable where the deformity associated with the fracture has 
resulted in a soft tissue “burst” or “split.” The management aims are different in that they would have one operation that leaves them weight bearing in order 
to maintain their preinjury level of function. These patients usually have higher rates of comorbidity, poorer vascular status, and higher dependency levels. 
Local flaps such as the medial plantar flap described later in the chapter may become the workhorse rather than skin graft or free tissue transfer in these 
patients. The orthopaedic techniques used to stabilize the bone can also be adapted to facilitate this, for instance, shortening of the tibia or ankle fusion to 
allow tension-free apposition of healthy viable skin. 

In addition to the considerations relating to the injury itself, existing comorbidities influence what can be safely achieved or the anticipated final 
outcome and risk. These include diabetes and smoking, both of which are associated with increased risks of nonunion and infection. The vascular anatomy 
may also not be normal and where the history is present, the authors recommend an angiogram (usually CT) at reception to inform both the debridement and 
the definitive reconstruction. 


RECONSTRUCTIVE LADDER 


Bearing in mind the mechanism of injury and the patient’s preinjury condition, there are a number of conceptual frameworks that can be used to decide 
upon methods of reconstruction of a soft tissue defect. One framework that has become popular is the reconstructive ladder/reconstructive elevator (Fig. 19- 
1). Within this, all reconstructive options should be considered and the correct option chosen based on the considerations that would “push” a patient up or 
down. Multiple options can also be utilized within the same operation, for example, a local flap with skin grafting of a secondary defect, or the use of a 
muscle flap with an overlying skin graft. 

An understanding of the options available within these reconstructive categories and the benefits and risks of each is essential for this decision-making 
process. 


SUPPORTIVE MEASURES 


These will include simple dressings as well as more complex options such as topical negative pressure dressings. Following appropriate debridement, 
simple occlusive dressings maybe the only management required for superficial skin defects (e.g., road rash, skin tears). 

Following its widespread introduction in the 1990s, topical negative pressure therapy has been used to support wound healing. There are a number of 
theorized mechanisms for how it functions, including increased dermal perfusion, stimulation of granulation tissue formation, reduction in edema, reversed 
tissue expansion, and reduced bacterial colonization. While there is good evidence to support topical negative pressure therapy for some chronic wounds 
(e.g., pressure sores) there is no evidence to support it as a definitive treatment for soft tissue coverage in open fractures. However, it is widely used as a 
temporizing measure for management of wounds overlying open fractures in the period between initial debridement and stabilization and definitive fixation 
and coverage. 
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Figure 19-1. Reconstructive ladder illustrating the option(s) that available at time of surgery. 


DIRECT CLOSURE 


Where a satisfactory direct opposition of skin and soft tissues without undue tension can be obtained, this is most often the best option for the patient. In the 
significantly comorbid patient, some bony shortening may be performed to facilitate this. However, it is important to note that while shortening may remove 
tension from transverse defects and allow closure, for longitudinal defects it may in fact make closure more challenging. This occurs because shortening 
may actually increase the “width” of longitudinal wounds due to the behavior of the cylindrical tissue envelope (Fig. 19-2). 


SKIN GRAFT 


A graft is tissue that is moved from one site to another without bringing its own blood supply with it. As such, a skin graft is entirely dependent on the 
recipient site’s vascularity. Healthy muscle provides an excellent recipient site for skin graft as it is well vascularized. A period of reduced mobilization or 
splinting may be considered in the initial postoperative period (3—7 days) to reduce shear forces that may interrupt the adherence of the graft to the bed and 
prevent graft “take” and healing. While skin grafting on periosteum is possible, this is not recommended as there is a risk of desiccation and necrosis of the 
periosteum. In addition, the resulting scar is likely to be unstable and not aesthetically pleasing. 

Skin graft “take” may also be affected by infection or colonization of a wound with organisms such as beta-hemolytic streptococci, staphlococci species, 
and pseudomonas in particular likely to cause issues with healing. As such, any wound should be fully debrided prior to any attempt at skin grafting. 

Both full- and split-thickness skin grafting (Fig. 19-3) can be used, but split-thickness is preferred for most trauma reconstruction cases because of the 
larger areas of graft required. Full-thickness grafting can be used for small areas where a lower risk of postoperative contracture is desirable (e.g., hands and 
overlying joints). 

Various manufactured dermal matrices are available with the older generation being animal-derived products (e.g., Integra, MatriDerm) and the newer 
generation fully synthetic (e.g., biodegradable temporizing matrix). While these are a useful adjunct and their use can improve scar appearance and 
durability they too require a well-vascularized recipient site and will require skin grafting in addition either at the time of application (MatriDerm) or after a 
period of revascularization (Integra, biodegradable temporizing matrix). 


d Effect on soft tissue i Effect on bone 


Figure 19-2. Schematic illustrating the effect of long bone shortening on the cylindrical soft tissue envelope. 


LOCAL AND REGIONAL FLAPS 


In contrast to a graft which has no intrinsic blood supply, a flap is a block of tissue that is moved with an inherent blood supply. For both local and regional 
flaps, the vessels that constitute this blood supply are left in continuity. 

Local flaps involve moving tissue immediately adjacent to the defect whereas regional flaps can be mobilized from uninjured areas not directly adjacent 
to the defect but from the same anatomical region. 

As well as relative location to the defect, flaps may also be categorized by the nature of their blood supply (random pattern, axial pattern) (Fig. 19-4) by 
the tissues contained therein (e.g., skin, fasciocutaneous, muscle) or by the manner in which the flap is mobilized into the defect (advancement, 
transposition, rotation, propeller) (Fig. 19-5). 

Many of the early flaps used were random pattern transposition skin flaps and through trial and error, the concept of length-to-breadth ratio was 
established for different areas of the body with a ratio of 2:1 or even 1:1 recommended for lower limb flaps to avoid devascularization and necrosis of the 
tip of the flap. The development and use of axial pattern skin flaps (which incorporate a directly named anatomical vessel into its base) allowed for a greater 
length-to-breadth ratio but were limited to anatomical territories where a large and distinct subcutaneous vessel with a predictable orientation existed (e.g., 
the superficial circumflex iliac artery in the groin flap). These constraints limited the use of cutaneous flaps for lower limb reconstruction until Ponten 
described the “super flap” in 1981.74 He noticed that in the lower extremity, if during dissection one was to include the deep fascia in the flap, then longer 
and thinner flaps survived mobilization and as such, made that operation more predictable. 
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Figure 19-3. Demonstration of the boundary differentiating between split-thickness and full-thickness skin graft. Dashed black lines denote the level at which this 
demarcation occurs. (Reproduced from Khan AZ, et al. Skin grafting. Tidsskr Nor Laegeforen. 2022;142(8). https://creativecommons.org/licenses/by-nd/4.0/) 
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Figure 19-4. Flaps by vascular supply. A: Random pattern. B: Axial pattern with cutaneous vessel. C: Axial pattern with fasciocutaneous vessel. (Reproduced from 
Goding G Jr, Hom DB. Skin flap physiology. Plastic Surgery Key. https://plasticsurgerykey.com/skin-flap-physiology/.) 
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Figure 19-5. Flaps by manner of mobilization. 


The era of fasciocutaneous flaps was entered and that led many to look again at the blood supply to human skin. The axial vessels in a limb give 
branches into the muscles, which ultimately end up also feeding the skin overlying the muscle. However, there are also skin-perfusing vessels that branch 
from the axial vessels and between the muscles to perfuse the skin directly. Both types of vessels are called perforator vessels as they eventually perforate 
the deep fascia and perfuse the skin (Fig. 19-6). Within the lower limb, there are a number of predictable perforating vessels that can be grouped by location 
into medial, lateral, and posterior groups. A large island of skin can be adequately perfused by such perforating vessels.”*!” 


Fasciocutaneous Flaps: Medial Leg 


On the medial aspect of the lower limb there are predictable perforators from the posterior tibial artery. In adult patients, these can usually be found at 5 and 
10 cm proximal to the medial malleolus (Fig. 19-7). 

Local fasciocutaneous flaps based on these perforators can be transposed into defects on the lower aspect of the anterior tibia. When designing this flap, 
it is helpful to confirm the perforator location with a Doppler ultrasound. At this point, you can “plan the flap in reverse” by identifying the dimensions of 
the defect and then using a small sterile gauze swab to mimic the flap paddle. The gauze is stretched between the posterior edges of the intended flap edge to 
the furthest edge of the defect. Then that length of gauze is rotated backward onto the donor site to help plan the intended dimensions of the flap. 
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Figure 19-6. Illustration of perforating vessels branching directly from the axial vessel to the skin. 


Note that this can be done in a single stage with definitive internal fixation just before the local flap (Fig. 19-8A,B).° While this type of reconstruction is 
relatively quick, there is a secondary donor site that will need a split-thickness skin graft (Fig. 19-8C). In addition, there is risk of tip necrosis in longer flaps 
and due to the configuration of these flaps this tip usually will be the area most likely to be critical to the reconstruction. 


Propeller Flap: Pretibial and Medial Leg 


Propeller flaps can be applied to more distal leg defects, particularly those that require a larger arc of rotation (Fig. 19-9A). The flap is planned based on 
perforators that have been identified with the use of a hand-held Doppler device. Dissection proceeds with the islanding of the flap on the perforator pedicle 
(Fig. 19-9B). The flap is then rotated 180 degrees and the perforator is seen to twist around its axis (Fig. 19-9C). The tourniquet is deflated to witness the 
flap perfusion and then it is sutured into the defect. A secondary defect will need a split-thickness skin graft (Fig. 19-9D). 

To help reduce the donor site morbidity the concept can be extended further with primary closure of the donor site. This must only be done in selected 
cases when closure remains tension-free and there is an abundance of loose skin (Fig. 19-9E). 


Fasciocutaneous Flap: Lateral Leg 


Lateral fasciocutaneous flaps are proximally based on the perforators from the peroneal artery perforators which come into the lateral skin via the proximal 
lateral compartment (between the peroneal muscles). The laterally based flaps are less frequently used due to the reduced rotational reach to cover an 
exposed tibial fracture. In addition, there is risk to the superficial peroneal nerve during their dissection. 
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Figure 19-8. A: Medial aspect of the lower leg; The foot is to the left and the knee to the right. There was an open fracture in the junction between the middle and 
distal third. The fracture has been stabilized by way of a locked intramedullary nail. There is minimal degloving and the wound has been excised. A decision was made 
to use a local distally based flap rotated into the defect. B: AP plain radiograph showing definitive fixation of the open fracture prior to soft tissue reconstruction. C: A 
distally based medial fasciocutaneous flap was used to fill the traumatic defect over the fracture site. Note the white sponge is over the secondary defect, which has had 
split-thickness skin graft applied to it. 


In an attempt to reduce the size of the secondary donor site and allow a greater arc of rotation, the medial and lateral fasciocutaneous flaps can be 
“jslanded” (see Fig. 19-7). This means that the entire paddle of skin and fascia is elevated and the only attachment to the patient is via the perforator vessels. 
This method however is reported to have up to 25% tip necrosis rates, especially if the rotation goes beyond 90 degrees.’ 

To address the issue of tip necrosis some have advocated that with careful perforator dissection to free the draining veins from the artery and from each 


other (there are often two draining veins which interconnect). This allowed those surgeons to rotate the flap paddle up to 180 degrees. The latter are termed 
“propeller” flaps and has been covered above. However, even with these techniques literature reports rates of partial flap loss in 11.3% and venous 


congestion in 8.1%. 


Fasciocutaneous Flap: Posterior Leg/Foot 
Reversed Sural Artery Flap 


The reversed sural artery flap (sometimes called sural “neurocutaneous” Flap) relies on an artery that accompanies the sural nerve which itself emerges 
between the heads of the gastrocnemius muscle. It has limitations as it has a high incidence of partial necrosis (rates of up to 21% reported) but some might 
find it helpful in very selected cases. This case illustrates the flap use. There was an anterior ankle defect following skin tumor excision. It was decided that 
a local flap would be employed but one which had the reach. The reversed sural artery flap was chosen. This procedure starts with markings as shown in 
Figure 19-10. The flap relies on perfusion of the skin and tissues that surround the sural nerve (so-called neurocutaneous vessels). The flap is thus based on 
the sural nerve and this has to be sacrificed by transecting it proximally. The vessels that supply the nerve come from the peroneal axis and there is a 
connection just proximal to the lateral malleolus. A 4-cm-wide band of subcutaneous tissue must be harvested with the nerve. Under tourniquet control, the 
sural nerve is identified and a paddle of skin around it is earmarked as the flap. The posterior skin is incised to allow dissection of the band and nerve which 
is transected proximal to the flap. The flap is then carefully harvested and the tourniquet is deflated to witness perfusion of the flap. Next, a tunnel is made 
between the donor areas into the defect. This must be wide enough to accommodate the flap and pedicle as well as allowing for postoperative swelling. The 
secondary defect is preferably closed primarily (Fig. 19-10). 


E 
Figure 19-9. A: Anteromedial left leg open wound. Planning rotational component of propeller flap. B: Islanding the proposed flap on the perforator pedicle. C: Flap 
rotated 180 degrees twisting the perforator around its axis. D: Propeller flap sited with a secondary defect requiring skin grafting. E: Propeller flap sited with primary 
closure of the secondary defect. 


The medial sural artery flap relies on a transmuscular perforator vessel which originates from the sural artery (the main vessel supplying the medial 
gastrocnemius muscle). The feeding perforator pierces the muscle and deep fascia. The vessel is predictably found in the proximal third of the belly of the 
muscle. A line is drawn between the popliteal mid-points to the medial malleolus (Fig. 19-11A). The vessel is typically located a third of the way along 
from the proximal to distal marking (Fig 19-11B). This flap can be used as a pedicled flap to cover anterior knee defects and as a free flap for foot/ankle 
defects, but only if the donor site can be closed primarily. 

In this case, the markings are shown with a cross on a strong Doppler signal. If you have to hand an ultrasound machine this can often confirm the origin 
of the perforator. A couple of close perforators are captured in the harvest of this flap. The delicate dissection of splitting the gastrocnemius muscle then 
proceeds. 


Figure 19-10. Reverse sural artery flap, planning, execution, and primary closure of donor site. 


Until one has a long enough pedicle and with artery and vein that are of large enough caliber to tolerate rotation and or microanastomosis (Fig. 19-11C). 


Medial Plantar Artery flap (MPA) 


This is a local axial patterned fasciocutaneous flap that can be used as a free flap if needed, but its primary use is as a local flap, especially in open ankle 
fractures.' The vascular basis is the medial plantar branch of the posterior tibial artery as it splits into medial and lateral branches (Fig. 19-12A). The tissue 
that lies between the anterior edge of the heel pad and the ball of the foot is the target tissue for harvesting, as it is nonweight bearing (Fig. 19-12B). Figure 
19-12C and D shows its application in the setting of a medial open ankle fracture. 


LOCAL/REGIONAL MUSCLE FLAPS 


Individual muscles can also be used as local flaps. A muscle’s utility as a local flap is greatly influenced by the nature of its blood supply. Mathes and Nahai 
classified muscles by their blood supply in 1981 (Table 19-1; Fig. 19-13).!8 

As the flap needs to be isolated on a vascular pedicle to allow movement of it into the defect type IV muscles are poorly suited. Type I muscles are ideal, 
but types II, III, and V can also be used if care is taken to control the other pedicles to avoid bleeding. 

Consideration also needs to be made of the impact of loss of the action of the utilized muscle and how this will be tolerated by the patient and overall 
impact on function of the limb. 


GASTROCNEMIUS FLAP: PROXIMAL THIRD OF THE LEG 


The most commonly used local muscle flap in the lower extremity is the medial gastrocnemius muscle. It has been in use for decades and offers a relatively 
easy dissection and transfer. It is a type I muscle with the medial sural artery as its only vascular pedicle (Fig. 19-14). The muscle can be dissected off its 
origin on the femoral condyle for extra rotational arc and or partially incised through fascia to increase length/width. Care must be taken to avoid damage to 
the pedicle. In open trauma, this can be employed for proximal one-third defects, however, there will be donor site morbidity and there is a need to skin 
graft the raw surface of the flap as well as the fact that often it will be within the zone of trauma and the muscle itself may be traumatized. The lateral 
gastrocnemius muscle can also be utilized on its pedicle of the lateral sural artery. However, is less commonly used as it is frequently a smaller flap, has an 
arc of rotation limited by the head of the fibula, and exposes the peroneal nerve to risk of injury during its dissection. 


c 
Figure 19-11. A: The markings for the medial sural artery perforator (MSAP) flap. As shown, a line is drawn from the mid-point of the popliteal crease and the 
medial malleolus. One-third of the way along this line from the popliteal crease is the area where the MSAPs are located (as shown by the circular outline). B: The 
dissection starts from medial to lateral in the subfascial plane until the perforators are seen. C: Transmuscular dissection through the medial head of the gastrocnemius 
muscle. The skin paddle is islanded on the perforators that perfuse it and the pedicle can be seen proximally. When the required length of pedicle and size of vessels are 
reached, the flap can be rotated or used as a free flap. 
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Figure 19-12. A: Anatomical basis for the medial plantar artery (MPA) flap. B: Exposure and raising of the skin flap. C, D: Anteromedial ankle defect coverage 
using the MPA. 
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Figure 19-13. Illustration of the vascular types per the Mathes and Nahai classification.'® 


This case in Figure 19-15 illustrates the use of the medial gastrocnemius flap for a severe open proximal third fracture that was treated in stages. After 
stage 1 of wound excision and temporary skeletal stabilization, the patient was taken to theatre and a gastrocnemius flap was planned (Fig. 19-15A). The 
markings are to connect the defect to the posterior calf and to incise that skin. The great saphenous vein and the saphenous nerve are in the field of 
dissection and must be spared if at all possible (Fig. 19-15B). Occasionally the pes anserinus can inhibit the arc of rotation and must be dealt with. 
Additional mobilization of this flap can be achieved by scoring incisions to the fascia. 


TABLE 19-1. Mathes and Nahai Classification of Flaps Based on Vascular Type 


Type Vascular Supply Example 


I One vascular pedicle Gastrocnemius 
Tensor fascia lata 


H Dominant vascular pedicle and minor vascular pedicle(s) Gracilis 
Soleus 
Ill Two dominant pedicles Rectus abdominis 


Gluteus maximus 


IV Multiple segmental vascular pedicles Tibialis anterior 
Sartorius 
Vv Dominant vascular pedicle and secondary segmental vascular pedicles Latissimus dorsi 


Since a decision was made to use a circular frame for definitive skeletal fixation that was applied after soft tissue healing (Fig. 19-15C,D). It is the 
authors’ preference however to use definitive internal fixation at the time of definitive soft tissue reconstruction. 
The area covered by this flap is limited to the proximal part of the tibia and rarely can it reach the knee above the joint line. 


SOLEUS FLAP: MIDDLE AND DISTAL THIRD OF THE LEG 


As a type II muscle, the soleus has more than one “dominant” pedicle. The most proximal part of the muscle has direct muscular branches from the popliteal 
artery. More distally, the medial and lateral segments of the muscle are supplied by branches from the posterior tibial and peroneal artery respectively. 
Because of the configuration of its blood supply, the soleus muscle can used as a flap either as the whole muscle or as a “hemisoleus flap,” and can be used 
as a proximally based flap to cover middle-third defects or a distally based flap to cover distal third (Fig. 19-16). 

Use of the soleus flap has been described as both reliable and robust. However, it does not have the ease of dissection as the gastrocnemius does and its 
arc of rotation is limited. Given this is also within the zone of injury, there remains a risk of concomitant muscular and vascular pedicle damage which may 
render the flap nonviable. Therefore, given its smaller arc of rotation and size in comparison to the gastrocnemius flap, it is important to consider this for 
smaller defects of the tibia, provided that there has been no muscular/pedicle compromise as part of the injury pattern. 
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Figure 19-15. A: Wound debridement and gastrocnemius flap planning for proximal third tibial fracture. B: Mobilization of the gastrocnemius flap, with preservation 
of the great saphenous vein and nerve (asterisk). C: Coverage of open wound with flap and closure of primary donor site. D: Flap at healed stage with definitive 
circular frame. 
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Figure 19-16. A: Area coverage by different types of soleus muscle flap. B: Vascular anatomy of medial distally based hemisoleus flap. (Reprinted from Johan MP, 
et al. Distally based hemisoleus flap for soft tissue defect closure following chronic osteomyelitis of the distal tibia: a case report. Int J Surg Case Rep. 
2021;87:106437, with permission from Elsevier. 


FREE TISSUE TRANSFER (FREE FLAP SURGERY) 


With larger or more complex defects, and in the face of injury to local tissues, reconstruction with local or regional options can be suboptimal or impossible. 
As such it can be necessary to turn to “free flaps.” A free flap is where a block of tissue is isolated on its pedicle (just as with many regional flaps) but at this 
point, instead of maintaining the pedicle in continuity, it is divided and anastomosed to recipient vessels within the desired location. 

Historically, the main hurdle to undertaking this type of reconstruction was the ability to undertake anastomosis of small vessels. Precise microsurgical 
instruments, the use of heparin flushes to avoid small vessel clotting, and newer operating microscopes with dual operator binocular eye pieces giving a 
bright and consistent depth of field have allowed surgeons to gain experience and confidence in microvascular surgery. Donor site morbidity has been 
reduced by operating with a better understanding of the vascularity of human tissues, particularly the fasciocutaneous “perforator flaps.” The growth in 


indications and safety of these complex and long procedures has made free tissue transfer a routine procedure in many surgical centers in the developed 
world. 

With free tissue transfer, surgical planning is paramount. Meticulous attention to detail and recognition of the peculiarities of each case is a must. To 
succeed, a specialist team of nursing, anesthetic, and surgical staff is necessary. Often two surgeons will do these cases together, one working on the donor 
site while the other exposes the recipient site. For success, the following are prerequisites: 


A well-prepared patient. 
A surgical plan that has options if the first attempt at flap coverage cannot be sustained. 

e An operating environment that has enough space for comfortable operating to include the surgical instruments and the operating microscope. This 
includes staff in the room who understand the workings of the microscope, should the need arise. 

e A postoperative environment that nurtures a safe space for the care of the patient who has had a lengthy and complex surgery. 

e Inmany centers two surgical teams, one to raise the flap and one to prepare the recipient site, are used to reduce operative durations. 


A WELL-PREPARED PATIENT 


As well as the initial patient management approach previously discussed in this chapter there, are some additional considerations if free tissue transfer is 
planned. 

CT Angiogram or other study of the lower limb vasculature is helpful and can identify acquired traumatic deficits, pre-existing vascular disease, and 
congenital anatomical abnormalities (e.g., peronea magna, which is an anatomical variant with an incidence of 5% where anterior tibial and posterior tibial 
arteries are hypoplastic and the peroneal artery is the main supply to the leg and foot). 

General patient optimization is particularly important in cases where free flap surgery is planned as the small vessels that perfuse the flap itself are 
sensitive to vasospasm. As such free flap surgery would not be recommended for any patient on inotropic support. 

When consenting for surgery the patient should be aware that there is potential for need to return to theatre for flap salvage and understand that there 
remains a risk of flap failure (partial and complete) for which the literature quotes rates up to 20%.° 


COMPLETE SURGICAL PLAN 


The surgical plan should take into account the full spectrum of the soft tissue defect, the available vascularity, the availability of donor tissue, and 
acceptability of anticipated donor deficit. Free flaps may be difficult as the region is hostile for a number of reasons. The traumatic wound might only be the 
tip of the iceberg of the zone of trauma, which could include the recipient vessels. There is often subclinical injury to these vessels and the plan must be to 
inspect them as the first stage in the attempt at limb salvage with free flap(s). The traumatic wound is inspected and further excision can be undertaken 
again. Next, a decision is made on where to undertake the microvascular anastomosis—proximal or distal to the defect. The latter decision is a key one as 
this will be needed when deciding on the vascular pedicle length and position. The operating surgeon must always have in the back of their mind a plan 
should the first plan fail and that the second plan must not be jeopardized by the first plan. Patient position is important and should allow for synchronous 
operating by orthopaedic and plastic surgeons while allowing enough space for imaging during fracture fixation and flap harvest. 

The surgical plan is agreed to by all members of the team, including the anesthetic staff. Short of compromising the safety of the anesthetic, it is 
imperative that the anesthetic staff avoids ionotropic support in favor of volume expansion or “lightening” the depth of anesthesia. Urine output may be 
used as a surrogate marker of intravascular volume and end-organ perfusion. Catheterization and hourly urine output can be measured with an output of 0.5 
mL/kg/hr as a target (aiming for minimum rather than maximum recommended output will help reduce postoperative edema that may compromise the 
reconstruction). 


WELL-EQUIPPED OPERATING ENVIRONMENT 


A well-equipped operating room means that staff are familiar with all the surgical instruments that will be needed for the differing parts of the procedure. 
Experienced staff both scrubbed and unscrubbed are invaluable. Adequate environment and personnel are controllable factors that can help make up for the 
unavoidable unexpected challenges that are synonymous with the trauma patient. 

A modern operating microscope that allows accurate positioning of the eyepieces for surgical comfort helps to avoid fatigue. Precision microsurgical 
instruments are required, in particular, the scissors and forceps must be sharp and replaced often. The microvascular clamps must also be regularly reviewed 
to ensure that they do not lose their compression. Intraluminal heparin reduces white clot (platelet clot) and is a recommended adjunct to suturing. A typical 
solution contains 50 units/mL normal saline. After anastomosis the vessels are bathed in a smooth muscle relaxant. Options include topical papaverine or 
1% plain lidocaine applied to the pedicle and anastomosis after the flap circulation has been re-established. 


SAFE POSTOPERATIVE ENVIRONMENT 


Once the fixation and flap surgery is completed, the patient is sent to a recovery area where monitoring, which starts in the operating theatre, continues. It is 
critical that the recovery staff are familiar with accurate monitoring of free flaps. 

This will include clinical observations such as flap temperature, color, turgor, and capillary refill. An ultrasound Doppler probe is a frequently used 
adjunct. There are also several other monitoring methods available including thermography, implantable Doppler, laser Doppler, and 
plethysmography/pulse oximetry. 

As every flap will vary somewhat in appearance and composition, it is vital that there is a face-to-face handover from the operative to the recovery team; 
this will establish the baseline off which the recovery staff can observe for any changes. 

Whichever methods of observation are selected, they must be able to identify problems with both arterial insufficiency and venous congestion. As most 
flap salvage occurs in the first 24 to 48 hours, the most intensive monitoring should be during this period. However, since salvageable problems have been 
identified in the literature up to day 4, it can be recommended to continue regular monitoring until this point.* 

A flap monitoring chart can be useful to ensure timely observations and prompt identification of changes. 

The operated limb is elevated on a couple of pillows to reduce edema and improve venous drainage; and a heating blanket is used to cover the patient to 
encourage peripheral vasodilation. 


POSTOPERATIVE CARE AND REHABILITATION 


As the lower limb free flap is vulnerable to venous congestion when dependent most would advocate a period of bed rest postoperatively and a progressive 
introduction to dependency over several days (often called a “dangling” protocol) during which the flap is monitored for signs of venous congestion. 

During this initial period of bed rest and intensive monitoring (usually 3 or 4 days) it is usually best to postpone any nonessential trips off the ward as 
this could precipitate or delay the detection of problems with the flap. In addition, many advocate the continued strict avoidance of any vasopressive 
substances (e.g., nicotine, caffeine) during the initial period of recovery. 

Development of correctable vascular problems with a free flap is very rare after 7 days, especially where successful “dangling” has been initiated and so 
discharge from hospital is often possible at this point. 

In terms of immobilization, most splinting put in place for resting of soft tissue post free flap surgery can be discontinued at 2 weeks, although where the 
free flap requires tensile strength prior to mobilization (e.g., free functioning muscle transfer) this will need to be extended. 


FREE FLAPS FOR LOWER LIMB RECONSTRUCTION 


Many free flaps have been described for use in lower limb reconstruction. Like with local and regional flaps there are multiple methods of classification 
including by their composition (as previous) or by the historical timing of their introduction. 

Significant debate continues regarding the relative merits of free muscle versus free fasciocutaneous flaps for lower limb open fracture reconstruction 
but there is no definitive evidence to empirically support the use of one over the other. Each operating surgeon must consider their relative benefits to best 
meet the needs of the individual patient’s requirements. 

In general, muscle flaps can fill dead space more effectively and may better conform to a defect. Theoretically, their increased vasculature may improve 
bony healing, but clinical evidence is equivocal. They do however require the additional step of skin grafting to achieve definitive soft tissue cover, can be 
difficult to monitor, and may result in greater donor morbidity. They are also significantly more difficult to reelevate if secondary orthopaedic procedures 
(e.g., bone grafting) are required. Fasciocutaneous flaps by contrast can provide an immediate skin-to-skin closure and better scar quality. They typically 
have lower donor morbidity. They undergo less postoperative shrinkage and may require secondary surgery (thinning with liposuction or other revision) to 
achieve the best cosmetic and functional result. 

Below we will describe some commonly used flaps in lower limb reconstruction. This is by no means an exhaustive list and complex defects may 
require more complex reconstructions utilizing less-frequently used flaps. 


FASCIOCUTANEOUS FREE FLAPS 


Table 19-2 covers free flaps for soft tissue reconstruction of the lower limb. 


Anterolateral Thigh Flap 


A perforator flap, based on the descending branch of the lateral circumflex femoral artery, this flap is something of a workhorse for lower limb 
reconstruction. Large skin paddles can be harvested up to 25 cm wide and 35 cm long. Although it is important to remember, widths greater than 8 to 13 cm 
will likely be unable to be closed and require skin grafting. Pedicle length of 8 to 12 cm can be obtained. The surface markings are the anterior superior iliac 
spine (ASIS) and the lateral border of the patella. The main perforator vessels are found halfway between these two points within a circle 4 cm in diameter. 
These perforators can be marked preincision with the use of a handheld Doppler or an ultrasound machine (Fig. 19-17). 

As well as having a predictable vasculature, this flap is often thin and contours well (although this can vary by body habitus), it can be harvested at the 
same time as the fracture fixation and the donor morbidity is low (even when the donor site is skin grafted). 


TABLE 19-2. Free Flaps for Soft Tissue Reconstruction of the Lower Limb 


Potential Area 


Flap Composition Pedicle of Coverage Advantages Disadvantages 
Anterolateral Fasciocutaneous Descending 25 x 30 cm Predictable vasculature Thickness of flap can vary with 
thigh branch Limited donor morbidity body habitus 
of lateral 
: Can contour well 
circumflex 
femoral Facilitates synchronous 
operating 
Scapular Fasciocutaneous Circumflex 10 x 20 cm Predictable vasculature Lateral positioning required for 
(+ bone) scapular Limited donor morbidity harvest 
Can contour wel Donor scar likely to stretch 
Radial forearm Fasciocutaneous Radial 8 x 16 cm Reliably thin flap that contours Poor donor site 
well Risk to superficial radial nerve 
Long pedicle Risk of cold intolerance 
Facilitates synchronous 
operating 
Superficial Cutaneous Superficial 8 x 25 cm Thin flap Short pedicle 
circumflex circumflex Limited donor morbidity with 
aney “hidden” scar 
perforator ae 
Facilitates synchronous 
operating 
Latissimus Muscle (+ skin Thoracodorsal 20 x 40cm Predictable vasculature Lateral positioning required for 
dorsi paddle) branch of (muscle only) Large area harvest 
subscapular Requires skin grafting to cover 
Potential for functional 
impairment 
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Figure 19-17. A: Marking of the ALT perforators in preoperative planning. B: Harvested ALT flap. C: Direct closure of the donor site. 


Scapular Flap 


This flap was a workhorse flap for the authors and at one point was the default flap. It remains so in young children with open fractures due to its constant 
vascular anatomy and large paddle of skin that can be harvested (up to 10 cm x 20 cm with direct closure) as well as the low donor morbidity. 

The blood supply is via the circumflex scapular vessel. The patient must be in the lateral position or prone to bilateral harvest. Harvest starts from 
medial to lateral in a “siege” style. The flap is a purely cutaneous flap. The vessel is approached and the parascapular branch is given off. Next, the bony 
branch is secured before the pedicle is dissected to the thoracodorsal vessels. If the pedicle is limited to the circumflex scapular vessel, length will be less 
than 7 to 10 cm. It can be harvested with the bone, fasciocutaneous parascapular flap, and latissimus dorsi (LD) muscle if needed. The lateral positioning 
makes it difficult to undertake synchronous operating (Fig. 19-18). 

In this clinical case, a lateral ankle defect poses quite a challenge. A scapular flap is planned and a circular frame for fixation. The circular frame is 
applied then the patient is turned (injured side down) and the flap harvest commences. Microvascular anastomoses are planned onto the posterior tibial 
vessels (PTA). A tunnel from the medial side to the lateral defect is made anterior to the tendo achilles. The flap pedicle will be passed through that tunnel. 


Radial Forearm Flap 


This flap has enjoyed much success and has been a workhorse for intraoral reconstruction. It relies on sacrificing the radial artery and its venae comitantes. 

Typically, this is a relatively small flap, with no more than 8 cm width and 16 cm length taken because of the impact of the donor site however, 
theoretically, most of the volar skin of the forearm could be perfused on this pedicle. 

It must be ensured that the donor hand is supplied by a patent ulnar artery which can be done by undertaking an Allen test preoperatively. The donor site 
is skin grafted. Negatives with this flap included a very visible donor site scar, risk to the cutaneous branches of the radial nerve during harvest, and a risk of 
cold intolerance postoperatively. To minimize these negatives this flap can be harvested suprafascially and can be reserved for those cases that can have the 
donor site closed primarily. Virtues of this flap are that it is reliably thin and pliable, even in larger patients; that a long pedicle can be harvested and that the 
vessels are predictable and large. Synchronous surgery can also be undertaken (Fig. 19-19). 
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Figure 19-18. A: Harvesting of the skin. B: Dissection of the pedicle to the thoracodorsal vessels. C: Lateral ankle soft tissue coverage with harvested scapular flap. 


Superficial Circumflex Iliac Artery Perforator (SCIP) Flap 


This is an evolution of the groin (superficial circumflex iliac artery) flap. It is thin and long. The traditional groin flap has a vascular pedicle which is 
delicate and often short. This evolution allows for a lengthening of the pedicle, with pedicle lengths of up to 5 cm described. Thus, the virtues of the groin 
flap are married with a longer pedicle. The donor site scar sits in the groin/lower abdomen, and flaps up to 8 cm wide can be taken with direct closure. 

In the clinical case shown in Figure 19-20, the first metatarsal was crushed and an open fracture was sustained. A thin durable flap was needed and the 
SCIP seemed the most appropriate given the patient’s body habitus. The flap is harvested like the groin flap but with attention to the deep fascia as that is 
left intact via an inferior incision following identification of the SCIP vessel. 
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Figure 19-19. A: Soft tissue defect following debridement of open ankle fracture. B: Soft tissue coverage with radial forearm flap. C: Donor site cosmetic outcome. 


The delicate vessels are dissected proximally until a length and diameter are reached to allow a safe tissue transfer (Fig. 19-20C). The flap is then 
anastomosed to the foot vessels (Fig. 19-20D,E). 


MUSCLE FREE FLAPS 


Latissimus Dorsi (LD) Flap and Serratus Anterior (SA) Muscle Flaps 


Both these flaps have the same vascular origin from distal branches of the subscapular artery (SA, serratus branch, and LD, thoracodorsal branch) and are 
best discussed together (see Table 19-2). Reconstructive surgeons have used the LD flap for over a century mainly as a pedicled flap for chest 
reconstruction. It has two great advantages. First, it has a predictable blood supply (type V muscle) and second it has a large surface area for coverage (up to 
20 by 40 cm). In addition, it may be harvested with an island of skin as a surrogate monitor (Fig. 19-21). 

Both LD and SA flaps are classically harvested in the lateral position which can cause difficulties with synchronous operating. Donor site seroma is 
common despite use of postoperative drains. In addition, there is potential for functional impairment of shoulder movement, particularly in the early 
postoperative period, which can affect rehabilitation post lower limb injury. 

With the LD flap, the tendon insertion into the humerus must be released and the branch to SA (with its nerve) must be preserved to avoid winging of 
the scapula. Some have described a segmental harvest to reduce donor site morbidity but that may risk vascularity. The pedicle length is long and the caliber 
of the vessels for anastomosis is large enabling relatively straightforward microvascular anastomosis. 

The SA flap is a little different in that the vascular pedicle runs on the anterior surface of the muscle. Both flaps can be harvested as a “chimeric” flap as 
they have the same source vessel. Because of the potential complication of scapular winging, the SA flap has fallen out of favor. 

For the SA muscle flap, the vascular access is the same as an LD muscle flap but the vascular pedicle lies on the upper surface of the muscle (Fig. 19- 
22A). To reduce donor site morbidity one can attempt to harvest the lowest two or three slips of the muscle. In that case, the nerve must be preserved (Fig. 
19-22B). The muscle flap can then be dissected clear of the ribcage (Fig. 19-22C). 

In cases of large defects (Fig. 19-23), the coverage may need a large flap. The choice of using the LD and SA together (chimeric flap) is attractive as the 
common vascular pedicle is large and can be long enough to allow a tension-free anastomosis outside the zone of injury. Defect coverage of up to 1,050 cm? 
has been described. 


Gracilis Muscle Flap 


This small thin muscle is ideal for harvest as a muscle flap. It can be accessed via a medial thigh approach synchronously with fracture fixation. The pedicle 
length is short (usually <7 cm) and the vessel caliber is small but the pedicle is consistent. It conforms well and can cover defects of up to 6 by 20 cm. It can 
be used as a functioning muscle for ankle reanimation. Often this is our plan B flap. The flap dissection is helped by flexing the knee and abducting the hip 
of the donor side. The adductor longus is bought tight by this maneuver and the gracilis lies two fingerbreadths behind that muscle. The major pedicle is 10 
cm distal to the pubic tubercle. A tip is to dissect just beyond the branch given off to adductor longus and that the nerve supply is always superior to the 
vascular pedicle. The skin paddle is unreliable so the muscle is more commonly used alone and covered with split-thickness skin graft. While this flap can 
appear bulky and cosmetically poor, initially it tends to atrophy considerably and improve significantly in appearance over the first 6 months 
postoperatively. 


Figure 19-20. SCIP Flap. A: Planning and incision. B: Flap harvest, paying attention to the deep fascia. C: Dissecting the vein and artery of the SCIP flap which 
often diverge. D: Anastomosis to the medial foot vessels. E: Immediate outcome of flap once reconstruction complete. 


Rectus Abdominis Muscle Flap 

There are very few indications for this flap because of its effect on the core muscles at a time that the patient needs this function for mobilization and 
rehabilitation. However, even when raised as muscle only, it is a large flap (up to 10 by 30 cm), it may be quickly harvested as the blood supply (the deep 
inferior epigastric artery) is predictable and, in addition, the abdominal donor site facilitates synchronous operating. As such this may be considered in 
patients who are at risk from longer surgeries (Fig. 19-24). 


Figure 19-21. A: Skin defect following debridement. B: Initial skin grafting of muscle flap. C: Latissimus dorsi flap with skin island. 
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Figure 19-22. A: Vascular pedicle for serratus anterior muscle. B: Preservation of the innervation (asterisk) to serratus. C: Dissection of serratus anterior clear of the 
rib cage. 


Figure 19-23. Chimeric muscle flap (SA and LD) for larger defects. 


This flap can be raised as muscle only or with an overlying skin paddle which can be orientated vertically (VRAM) or transversely (TRAM). As a free 
flap, it is raised on the deep inferior epigastric artery and its venae comitantes that originate on the external iliac vessels just above the inguinal ligament. 
The rectus sheath is opened, and the deep inferior epigastric vessels are identified and preserved with the muscle and can be traced down to their origin. At 
the superior end of the muscle, the superior epigastric vessels must be identified, ligated, and divided. Although the rectus sheath is preserved and closed, 


this procedure does carry a risk of incisional hernia. 


VASCULARIZED BONE FLAPS 
Free Fibula Flap 


The fibula is a common resource for vascularized bone and has the advantage that it can be used as a structural graft. Its use has been extensively reported in 
the mandible. Its use in extremity reconstruction remains but the indications are fewer due to the success of bone transport, and in particular, the advent of 
cable transport and bone transport nails has reduced the utility of free fibula strut grafting. One unique advantage of this flap is the ability to take 
vascularized bone and its associated soft tissues. The vascular pedicle is the peroneal artery and so a preoperative angiogram of the donor limb is 
mandatory. The donor leg is prepped and draped and the common peroneal nerve is marked for reference. Then the dissection starts posteriorly to identify 
skin perforators. After that, the anterior dissection is undertaken where the superficial peroneal nerve is identified and protected. The fibula is cut distally 
and then proximally after the peroneal artery and veins are identified. These vessels are then dissected proximally until the desired pedicle length is reached. 

The maximum length of fibula taken is typically limited to a central segment of bone extending from 2 cm distal to fibula neck (to avoid injury to 
peroneal nerve) to 6 cm proximal to lateral malleolus (to avoid damage to the ankle syndesmosis). An overlying skin paddle of up to 5 cm in width can be 
taken and the donor closed directly. 
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Figure 19-24. A: Soft tissue defect following debridement of open tibial fracture. B: Intramedullary nailing of fracture and rectus abdominis muscle flap. C: Skin 
grafting of muscle flap. 


This clinical case was a pathologic fracture through osteomyelitic bone. The free fibula flap has been utilized by reconstructive surgeons for replacing 
lost decades before. The vascular supply is the peroneal artery and the drainage via the commitant veins. It thus sacrifices an axial lower limb artery. The 
donor limb is prepped and marked as shown with the common peroneal nerve specifically outlined to avoid damage (Fig. 19-25A,B). 


Figure 19-25. A: Marking the donor site. B: Dissection down to fibula avoiding damage to the superficial peroneal nerve. C: Fibula cut proximally and distally. D: 
Mobilization of the graft. E: AP radiograph of pathologic open tibial fracture as a result of chronic osteomyelitis. F: Tibial defect with cement spacer in situ. G: 
Second stage when flap was raised and free fibular graft used for bony reconstruction of the defect. H: Final clinical outcome when healed. I: AP radiograph showing 
with fibular graft in situ. 


The bone is then cut distally and then proximally. To allow the pedicle dissection with relative ease and comfort (Fig. 19-25C,D). 

In the clinical case, an open pathologic fracture resulted from chronic osteomyelitis (Fig. 19-25E). Following resection of the pathologic bone, a large 
defect resulted. An initial free flap and cement spacer were utilized to fill the defect (Fig. 19-25F), with a second stage some months later to reconstruct the 
bony anatomy with the free fibular graft (Fig. 19-25G). Final outcome when healed is shown in Figure 19-25H,I. 


Deep Circumflex Iliac Artery (DCIA) Bone Flap 


This flap can provide a large corticocancellous segment of the wing of the ilium based on a feeding vessel. The origin of the vascular supply is the femoral 
vessels just before they go under the inguinal ligament. There are two ways to harvest this flap and it can be harvested with a skin paddle, however, almost 
routinely a cuff of internal oblique (IO) can be harvested with the bone to avoid damage to the terminal branches of the artery. The antegrade method relies 
on cutting the inguinal ligament to identify the vessel and the retrograde relies on finding the terminal branches that lie deep to IO and following those to the 
main vessel. The block of bone is templated and an oscillating saw and osteotomes help with safe bone cuts to avoid damage to the vessels which lie deep. 
There is a need in almost all cases to use a mesh to repair the defect in the abdominal wall to avoid a hernia. The preferred technique is the retrograde which 
is used in this clinical series during the harvest of a deep circumflex iliac artery (DCIA). The cuff of IO is used to avoid vessel damage and allow safe 
delivery of the bone flap. 

The anatomical landmarks are the ASIS and the pubic tubercle. Two fingerbreadths above the inguinal ligament an incision is made leading to the 
external oblique (EO) muscle (Fig. 19-26A). The EO is dissected free at the inferior edge and the IO is harvested with the bone flap. The perfusing vessel is 
deep to the IO (Fig. 19-26B,C). 
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Figure 19-26. A: Planning of the flap using anatomical landmarks. B: Harvesting of the flap with the perfusing vessel deep to IO. C: Iliac crest cut and flap delivered. 


Scapular Fasciocutaneous Flap 


The scapular fasciocutaneous flap can be harvested with a segment of scapular bone (usually the lateral edge). Scapular dissection as previously described is 
adjusted by identifying the constant bony branch of the circumflex scapular artery and using a jigsaw to cut through the bone. Subscapularis must be 
dissected off the deep surface of the bone. In this clinical case, the lateral skin and fibula have been excised due to infection. 

The clinical case illustrates a composite defect of skin and bone on the lateral side of the ankle (Fig. 19-27A). The principle of harvest is shown in this 
illustration. The clinical image is a dissected flap at the time of healing (Fig. 19-27B—D). 


Figure 19-27. A: Composite defect lateral ankle. B: Dissected scapular flap. C: Clinical outcome at early follow-up. D: AP radiograph of outcome when healed. 
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INTRODUCTION 


Musculoskeletal trauma may be associated with injury to peripheral nerves causing paralysis, impairment of sensation, and pain. The outcome of a nerve 
lesion has a major influence on the overall outcome and function after limb trauma. There is a spectrum of severities of injury to nerve trunks from minor 
blunt trauma, which is likely to recover spontaneously, to laceration or rupture of nerves, which only has a chance of improvement after surgical repair. The 
prognosis for some nerve injuries remains poor largely because of the limited biologic potential for nerve regeneration. Early recognition and optimal 
management with decompression or repair of injured nerves is important to maximize recovery. While special investigations can provide helpful diagnostic 
information, thorough assessment of the clinical scenario and skeletal injury allows prediction of the likely type of nerve injury and guides management in 
many cases. 


STRUCTURE OF PERIPHERAL NERVES 


Peripheral nerves enable the vast array of sensory organs to feed information into the central nervous system (CNS) for processing and the initiation of 
reflexes. They control muscles and other effector organs, which allow the body to physically interact with the external environment. Sensory input is as 
important as motor and autonomic outflow. 


RELEVANT PHYSIOLOGY AND MICROANATOMY 


There are autonomic and somatic systems, which have separate anatomical pathways, but the somatic system is the primary concern of peripheral nerve 
surgeons. That is best considered in terms of the lower motor neurons and the primary sensory neurons, whose axons are bundled into fascicles to form the 
peripheral nerves. Both have a perikaryon (cell body), central processes (dendrites) that synapse with interneurons/pathways in the spinal cord (Fig. 20-1), 
and a peripheral process (axon) that runs within a peripheral nerve to innervate its target muscle or sensory organ. These are among the largest cells in the 
body. Axons may be over 1 meter in length, and their maintenance represents a significant biologic challenge to the cell. 


Figure 20-1. Transverse histologic section of the spinal cord, including the anterior horn with cell bodies of alpha motor neurons. (B) is a magnified view of the 
framed area in (A). (From Hems T. Nerves: structure, anatomy and response to Injury. In: Béttcher R, ed. Living Textbook of Hand Surgery. German Medical Science; 
2014. Copyright T. Hems.) 


The perikaryon is the metabolic hub of the cell. In the resting state, it has a supportive phenotype, principally producing cytoskeletal proteins, trophic 
factors, and neurotransmitters that are transported antegrade down the axon to maintain axonal and target viability. The axons also retrogradely transport 
target-derived neurotrophic factors that help maintain perikaryal phenotype and viability. However, the prime role of the nerve is to convey information by 
conducting action potentials that are generated by a rapid, but energetically passive, process that relies upon aerobic glycolytic metabolism to maintain a 
high concentration gradient for K* (high intracellular concentration) and Na‘ ions (high extracellular concentration) via the Na*/K*-ATPase ion pump. If 
the resting membrane potential (-70 mV) is disturbed (depolarized) sufficiently to reach the threshold for its voltage-gated Na* channels to open (at around 
-55 mV), the resulting massive influx of Na* ions causes membrane depolarization to +40 mV. Slower efflux of K* ions then redresses the local balance of 
charge across the membrane, closing the Na* channels and overshooting the resting membrane into hyperpolarization (to around —90 mV) that shuts the K* 
channels. The membrane is then refractory to conduction until the Na*/K*-ATPase pump normalizes the local ion gradients, restoring the resting membrane 
potential to -70 mV. Another action potential can then be generated. Anything that prevents action potential generation will block nerve function, resulting 
in paresthesia/anesthesia and paresis/paralysis. 

Ischemia precludes aerobic glycolysis, preventing the Na*/K*-ATPase pump from functioning, and preferentially affects large diameter axons 
subserving fine touch, motor control, and proprioception. Local anesthetic agents block the voltage-gated Na* channels (preferentially affecting small 
diameter axons that subserve nociception, coarse sensation, and autonomic functions), preventing depolarization. Certain inflammatory events also block 
conduction. 

Axons are supported by peripheral neuroglia (Schwann cells). Action potentials are conducted either slowly as a continuous process along an exposed, 
unmyelinated axon, or rapidly by saltatory conduction in myelinated axons in which the action potential jumps over myelinated (insulated) segments 


interposed between exposed axonal sections (nodes of Ranvier). In the former, several axons will receive support from any given Schwann cell, whereas in 
the latter each Schwann cell will invest a single axon in spiraling layers of myelin (lipid) that electrically insulate the internodes. Conduction velocity also 
relates proportionately to axonal diameter and varies from 3 to 120 m/s. Anything that causes a reduction in axonal diameter or disrupts the Schwann cell 
function will impair action potential conduction. By precluding saltatory conduction, demyelination considerably impairs action potential conduction. 
Symptomatically, paresthesia and paresis result, along with impaired sensorimotor coordination. 

Nerve fibers are typically classified by their diameter and by the function that they subserve. The diameter of myelinated axons varies from 2 to 20 pm 
and unmyelinated axons from 0.1 to 1.25 pm. Higher-order functions (e.g., motor control, proprioception, fine discriminative touch) are subserved by larger 
diameter, myelinated axons. Lower-order functions (e.g., autonomic functions, nociceptive pain, nondiscriminatory touch) are subserved by small-diameter, 
unmyelinated nerve fibers. This explains patterns of symptoms in certain conditions, including the progression of compression neuropathy. 


RELEVANT SURGICAL ANATOMY 


Nerves exit the spinal cord as multiple dorsal (sensory) and ventral (motor) roots that coalesce by somatic level of origin within an intervertebral foramen. 
The cell bodies of the motor neurons are in the anterior horn of the spinal cord (see Fig. 20-1). Sensory neurons have their cell bodies in the dorsal root 
ganglion that lies on the dorsal root, before it fuses with the ventral root to form the spinal nerve that exits the foramen between spinal musculature (e.g., 
scalenus anterior in the neck). The spinal nerves then intermingle in plexuses (brachial plexus in the neck, or lumbosacral plexus to the lower limb) before 
forming the named terminal nerves (median, ulnar, axillary, posterior tibial, etc.) or continue as segmental (thoracic and upper lumbar) peripheral nerves. 
However, root values innervate defined skin territories (dermatomes) or sets of muscles (myotomes) with minimal crossover. The peripheral nerves go on to 
innervate autonomous territories (neurotomes) that differ from the dermatomes/myotomes. Thus, the clinical pattern of motor and sensory loss after injury 
can reliably localize the site of injury to the peripheral nerve, plexus, or spinal nerve/root. 

Along the length of each nerve, axons will cross between fascicles, making it surgically difficult to identify highly localized axon groups when operating 
proximally (e.g., brachial plexus injury). However, more distally (e.g., ulnar nerve in the forearm), the fibers begin to show more defined grouping by target 
destination (“topographical grouping”) and by function (sensory vs. motor “type grouping”). This means that during repair of distal nerve injuries, it is 
critical to restore rotational alignment to optimize topographical specificity and type specificity during regeneration. Defined grouping also enables the 
selection of fascicles with localized destinations for use in distal selective nerve transfers. 

Peripheral nerves are unique structures in terms of their microscopic anatomy (Fig. 20-2). An investing layer (epineurium) provides mechanical integrity 
and allows the nerve to glide within a surrounding adventitia. The epineurium is the layer into which sutures are placed during nerve repair. Interstitial 
perineurium then provides a gel-like milieu within which sit bundles of nerve fibers (“fascicles”) ensheathed by fascicular perineurium. Fascicles contain 
tens to hundreds of individual axons, each contained within a tube of basement membrane termed the endoneurium that also houses the Schwann cells. 
Fascicles are mobile against one another in normal nerve (allowing for dispersion of compressive force and dissipation of pressure during flexion—extension 
of joints), but poorly so in fibrotic, irradiated, or inflamed nerve (explaining the greater susceptibility of such nerves to compression neuropathy). 

Being dependent upon aerobic metabolism, the vascular supply of nerves is highly relevant. Segmental mesoneurial vascular pedicles feed a 
longitudinally oriented vascular plexus in the epineurium (visible with loupe magnification and used in rotationally orienting nerves during epineurial 
repair) and interstitial perineurium. The longitudinal vascular plexus allows nerves to be mobilized over a considerable length without causing significant 
ischemia. Oblique transperineurial vessels (equivalent to precapillary arterioles) pierce the fascicular perineurium and are highly susceptible to occlusion by 
direct compression or traction (shear force). These feed the longitudinally oriented endoneurial capillary plexus at which level is the blood—nerve barrier. 
Any intraneural edema or perivascular fibrosis will effectively impair diffusion from blood to nerve, predisposing to ischemia and compression neuropathy. 

This anatomy enables peripheral nerves to glide during limb movement and to be surgically mobilized over very considerable distances without being 
devascularized. The anatomical course of each peripheral nerve, points of tethering, and their relation to potentially compressive structures determines 
susceptibility to laceration, traction injury, or compression neuropathy and delineates typical patterns of nerve injury that accompany orthopaedic trauma 
(e.g., the association between glenohumeral dislocation and axillary nerve injury). Gross anatomy relevant to specific nerve injuries will be described in 
later sections. 

Motor nerve branches usually pass into the deep surface of muscles near their origins (less mobile attachments). Within the muscle, the nerve divides up 
with fibers running along septa. The alpha motor axons branch before terminating on the motor end plates of individual muscle fibers. A single alpha motor 
neuron innervates a variable number of muscle fibers, termed a motor unit. The muscle fibers within a motor unit are not necessarily grouped together. 
There is variation in the size of motor units, these generally being larger in proximal limb muscles and smaller in distal muscles, such as the intrinsic 
muscles of the hand, which have more precise actions. 
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Figure 20-2. Diagram showing the microanatomy of the peripheral nerve trunk. 


NERVE REACTION TO INJURY, DEGENERATION, AND REGENERATION 


Nerve injury encompasses a disparate range of etiologies and conditions, but the simplest groupings to consider are compression neuropathy and traumatic 
injury. These constitute the bulk of surgical conditions. 


COMPRESSION NEUROPATHY 


Although there is growing interest in the role of inflammation and metabolic insufficiency in this group of conditions, the essence of pathophysiology 
remains disruption of the structures and processes that underpin the effective conduction of action potentials, the key processes being the maintenance of 
Na‘ and K* ion gradients across the plasmalemma, of myelination, and of axonal diameter and number. 

The typical symptom complex can be considered in relation to altered membrane activity, secondary to axonal ischemia. Ischemia impairs aerobic 
glycolysis, reducing efficiency of the Na*/K*-ATPase. That either blocks action potential conduction (if resting membrane potential is altered sufficiently to 
prevent voltage-dependent activation of Na* channels) or slows repolarization, thereby reducing the frequency of action potentials. Large diameter axons 
are most susceptible resulting in paresthesia, impaired sensorimotor coordination for fine tasks, and clumsiness. During reperfusion, and Na*/K*-ATPase 
reactivation, membrane potential changes trigger spontaneous action potentials causing tingling and prickling sensations. If compression is more severe or 
prolonged, then small diameter axons generally fail first, resulting in poorly defined aches and pains, impaired thermoception, and ultimately in trophic skin 
change. 


The typical progression of the condition can be considered in terms of the blood—nerve barrier and myelination. Each ischemic episode (or inflammatory 
event) will result in increased capillary leakage and interstitial edema that effectively increases the blood—nerve barrier, predisposing to axonal ischemia. 
Symptoms become more easily or frequently triggered. Repeated episodes (or prolonged inflammation) result in protein extravasation that worsens or 
prolongs the interstitial edema and ultimately induces perivascular fibrosis. Both increase the blood—nerve barrier and further impair axonal aerobic 
metabolism, worsening symptoms. In addition, the nerve becomes less compliant, such that any external force is more likely to be transferred into the nerve, 
and the course of the oblique transperineurial vessels is further predisposed to occlusion. Symptomatic episodes become more severe, slower to resolve, and 
small diameter axonal symptoms start to predominate. 

Demyelination will follow, via ischemic or inflammatory pathoetiologic pathways, and action potential conduction will cease to normalize between 
compressive episodes. Focal conduction block becomes more severe. Symptoms become more persistent and unresponsive to conservative measures. 
Muscle weakness develops. 

Over time, axonal transport will become compromised, compromising axonal viability and function distal to the compression site and potentially 
reducing retrogradely transported neurotrophic support of the perikaryon. Trophic skin change appears. Axons begin to atrophy (slowed conduction) or die 
(axonotmesis) at and beyond the site of compression. Symptoms become permanent and denervation atrophy of target muscles begins. Intraneural fibrosis 
will progress, ultimately disrupting the endoneurial tubes and blocking regeneration even after surgical decompression and neurolysis. Neuroma-in- 
continuity may develop. 

This explanation accounts for the fact that conservative measures become ineffective as the chronicity and severity of symptoms progress, for the 
temporal pattern of symptoms, and for the greater benefit of early surgical decompression as opposed to late intervention after demyelination, axonotmesis, 
or intraneural fibrosis has set in. 


TRAUMATIC INJURY 


Peripheral nerves may be injured via a range of traumatic events, but the principal differentiation at the level of the nerve lies between sharp laceration and 
blunt trauma, such as compression or stretch. Other causes of nerve injury include injection, radiation, ischemia, and infiltration by tumors. Traction injury 
involves a more complex pathogenetic process and varying severities of injury (Table 20-1) may occur or coexist. If repair is required, the involvement of a 
much greater length of nerve often dictates reconstruction with nerve grafts rather than repair by direct neurosynthesis. Mild compression, stretch, or 
ischemia may cause conduction block (neurapraxia, Sunderland first degree), but more severe trauma results in axonal degeneration. 


Conduction Block 


In conduction block, the axons and overall structure of the nerve remain intact. Nerve impulses are not conducted across the affected segment. Since the 
abnormality is confined to the injured segment, the proximal and distal parts of the nerve are still able to conduct. The evidence for the underlying pathology 
of conduction block is largely dependent on experimental studies because the injury recovers spontaneously and consequently human material for histologic 
examination is unlikely to be available. Sunderland! described three grades of severity based on the duration of the conduction block. 


1. Transient conduction block, which is thought to be related to temporary ischemia of a segment of a nerve and lasts for only a few minutes or hours. 

2. Moderately severe conduction block that lasts for up to about 4 weeks. There is a degree of inflammatory reaction in the injured segment of the nerve 
with edema, hyperemia, and infiltration by macrophages and lymphocytes. The myelin sheaths may be thinned and display abnormalities adjacent to 
the nodes of Ranvier. 

3. Severe conduction block that can last for several months. There is localized demyelination and thinning of axons. At the margins of a compressed 
segment of nerve, telescoping of the myelin at the nodes may occur. 


Large diameter myelinated nerve fibers are more susceptible to conduction block, as are motor fibers compared to sensory fibers. Providing the cause of 
conduction block, usually compression, is removed, then complete recovery will occur. Compression of a nerve causes some degree of ischemia, which 
appears to be important in development of the conduction block lesion. Ischemia of a nerve for more than about 6 hours is likely to damage axons 
sufficiently to cause axonal degeneration. 


Axonal Degeneration 


Classical teaching focused on the acute response to a nerve division injury. Locally, hemorrhage and elastic retraction of the proximal and distal nerve 
stumps is followed by clotting, fibrosis, and inability to return the nerve stumps to apposition. At the microscopic level, the axon dies back one to two nodes 
of Ranvier proximal to the injury. The entire distal axon will die, since it is disconnected from its metabolic hub (the perikaryon), in the process termed 
Wallerian degeneration. Activated macrophages and Schwann cells phagocytose the axon and myelin debris before regeneration can occur. The Schwann 
cells in the distal nerve proliferate and line up within the endoneurial tubes to form the bands of Biingner, in preparation to receive axonal regrowth (Fig. 
20-3). 


TABLE 20-1. Anatomic Structures Affected in Each Grade Nerve Injury of Seddon’s and Sunderland’s Classifications 


Endoneurial Nerve Conduction Fibrillation Sunderland 


Seddon Group Axon Tube Perineurium Epineurium Distal to Injury Potentials on EMG Grade 
Neurapraxia + + t + Present Absent First degree 
Axonotmesis = + it + Absent Present Second degree 
- - + + Absent Present Third degree 
Neurotmesis - = - + Absent Present Fourth degree 
Neurotmesis = = = = Absent Present Fifth degree 


+, intact; -, disrupted. 
From Hems T. Nerve injury: Classification, clinical assessment, investigation, and management. In: Béttcher R, ed. Living Textbook of Hand Surgery. German Medical Science; 2014. 
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Figure 20-3. Diagram showing the events after transection of a myelinated axon in a peripheral nerve with resin-embedded transverse sections of peripheral nerve at 
each stage (similar magnification, toluidine blue stain). A: The intact nerve fiber. B: Fragmentation of the axon and myelin distal to the transection. C: Schwann cell 
proliferation and phagocytosis of myelin in the distal segment. D: Regenerating axons sprout from the divided axon and grow distally. E: The regenerated axon, which 
has a smaller diameter, is myelinated and connects with a target organ. (Nerve sections from Hems T. Nerves: structure, anatomy and response to Injury. In: Böttcher 
R, ed. Living Textbook of Hand Surgery. German Medical Science; 2014. Copyright T. Hems.) 


However, it is more useful to consider the impact of injury on all the systems that contribute to function. Axonal disruption, particularly by nerve 
transection, initiates a range of antidromic electrical activity and neurotoxic cytokine production, as well as disconnecting the perikaryon from its source of 
distal neurotrophic support. These factors trigger profound phenotypic change within the perikaryon, as intracellular processes for regeneration and cell 
death are triggered. Histomorphologic changes, including chromatolysis, nuclear peripheralization, and perikaryal swelling, are simply the cell response to 
this process playing out as the proregenerative and cell death pathways converge at the mitochondrial level to decide the fate of the cell. After unrepaired 
distal nerve transection, around 30% of primary sensory neurons will die.” After proximal injury (e.g., postganglionic brachial plexus injury), neuronal 
death is greater, and motor neurons and brain-derived neurotrophic factor (BDNF)-dependent large diameter myelinated sensory neurons also die. 
Following preganglionic injury, up to 80% of sensory neurons and 50% of lower motor neurons may die. Sensory neuronal death begins within 24 hours, 
reaches a peak rate after 2 weeks, and is complete within 2 months. Motor neuronal death shows a slower time course. Since all qualities of peripheral nerve 
function are determined by innervation density, neuronal death presents an overwhelming challenge to functional restitution. The only fortuitous factor is 


that the time course of cell death is sufficiently slow as to give a therapeutic window for intervention. At present, the only therapeutic strategy clinically 
available is very early nerve repair, which has been shown to be partly neuroprotective in both animal and clinical studies. Highly effective experimental 
interventions are reported.!!! 

Upstream within the CNS, similar changes occur in terms of neuronal death and denervation plasticity within projecting pathways. The normal sensory 
and motor homuncular maps begin to change within hours, although it is not yet clear how rapidly any change becomes permanent. This presents a further 
plasticity challenge after any subsequent nerve regeneration to targets. Denervation and the spontaneous discharge from injured or dying nociceptive and 
somatic afferent pain fibers result in the symptom complex of denervation pain. Worse still for patients is the dense crushing and unremitting pain of root 
avulsion injury. 

Distal to the nerve injury, the aforementioned processes of Wallerian degeneration and bands of Biingner formation occur, but this is better considered 
in terms of cellular change. The distal axon takes some days to weeks to degenerate fully and may remain partially electrically active during this time. As a 
result, neurophysiology studies are not considered diagnostically reliable for some 3 to 6 weeks after proximal nerve injury. Axonal regeneration will not 
occur until all myelin debris has been cleared from the distal nerve. The Schwann cells initially proliferate and change their phenotypic profile from a 
supportive one to a proregenerative phenotype that involves increased neurotrophic and neurotropic factor production, ready to promote axonal 
regeneration.!>34 However, the expression of neurotrophic factors is transient and declines over time. When the distal stump is denervated for more than a 
month, Schwann cells soon begin to atrophy, lose their pro-regenerative phenotype, and die. This change, which is established within 2 months of injury, is 
occurring along the whole length of the distal nerve and is not reversed by nerve repair per se, but rather by axonal regrowth and sequential innervation of 
each cell. The distal nerve may not be reinnervated for many months after repair during which time atrophy is progressing. As the Schwann cells atrophy, 
there is associated endoneurial tube fibrosis and shrinkage, leading to physical obstruction of axonal regrowth. Changes are most profound within the final 
nerve twigs approaching the neuromuscular junctions in skeletal muscle. 

Rapid changes occur in denervated muscle with loss of weight and atrophy of fibers. About 30% of the weight is lost in the first month reaching over 
60% loss by the fourth month. There is loss of sarcoplasm and reduction in caliber of muscle fibers. These changes account for the wasting of denervated 
muscle that is observed on clinical examination. Neuromuscular junctions also atrophy and become lost. The denervated skeletal muscle will initially 
exhibit uncontrolled spontaneous activity (fibrillation, or spontaneous activity seen by electromyography [EMG)]) but later becomes increasingly electrically 
quiescent, as profound changes occur at the neuromuscular junctions where acetylcholine receptor localization is lost. The muscles proceed to become 
fibrotic and denervation atrophy for more than 12 months is thought to compromise recovery after nerve regeneration and to become irreversible after 24 
months. 


Axonal Regeneration 


If a nerve repair is undertaken before these changes become irreversible, some regeneration will occur. First, the axons must exit the proximal nerve face. 
This occurs by a phasic, staggered outgrowth, with very little significant progress achieved in humans until some 2 to 3 weeks have passed. Then increasing 
numbers of neurites follow pathfinder fibers out from the nerve face. They must cross the nerve repair site, which presents a significant barrier even if only 
1 to 2 mm across. As they grow, the neurites seek contact guidance, neurotropic direction, and support from Schwann cells. Successful fibers will then reach 
the distal nerve face and have to enter endoneurial tubes that will railroad them to distal targets. Many (around 50%) of the fibers will fail to cross the repair, 
forming a neuroma in continuity instead. Of those fibers entering the distal nerve, many will be effectively lost due to poor type specificity (i.e., motor 
axons entering an endoneurial tube previously occupied by a sensory axon, and then being lost to a sensory target), although Schwann cells display epitopes 
with relative type specificity. Others will be misdirected to an inappropriate part of the body (i.e., a sensory axon that once innervated the thumb being 
directed to the middle finger) due to poor topographical specificity. Hence, the critical importance of fascicular matching and rotational orientation when 
performing nerve repair. However, matching is, at best, only at the level of fascicles, which contain hundreds of nerve fibers. Lack of topographical 
specificity remains one of the fundamental limitations for functional recovery after nerve repair. 

Axons will then grow at an average of 1 mm/day, but growth may slow or peter out distally. The axons exhibit a high degree of spontaneous activity and 
mechanosensitivity, accounting in part for the ubiquity of episodic lancinating pain, and for the physiologic basis of the Hoffman-Tinel sign. After a 
brachial plexus injury, it may therefore take over 12 to 18 months for axons to reinnervate distal nerve segments, muscles, or skin while denervation atrophy 
and denervation plasticity within the CNS inexorably progress toward irreversibility. If sensory reinnervation is successful, then the CNS must undergo 
reinnervation plasticity to optimize cortical interpretation of the resulting typically poorly spatially defined sensory input. However, sensory recovery is 
highly associated with significant reductions in neurogenic pain. Regenerated axons remain abnormal with reduced fiber diameters and hence conduction 
velocity. The denervation changes in muscle are partially reversed when regenerating axons connect with muscle fibers, with increased diameter and muscle 
bulk. The number of axons reinnervating a muscle is reduced, as a result of neuronal loss, and hence fewer but larger motor units will be formed. 

It is pertinent to note that in experimental studies there is very strong evidence that all the neurobiologic changes that pertain to quality of nerve 
regeneration after a repair exhibit a profound deterioration when the delay from injury to repair is extended beyond 1 to 2 months. This, along with limited 
clinical evidence, has supported a move toward early nerve repair in cases where the injury is of a sufficient grade to merit repair or grafting (e.g., 
Sunderland third to fifth degree). 

Extensive research on the biology of nerve regeneration has raised some promising strategies for improving outcome of nerve repair, although these 
have not yet reached clinical application. Experimental approaches include pharmacologic measures to slow Wallerian degeneration, promoting axon 
growth with electrical stimulation, and targeted transfer of genes to increase production of neurotrophic factors and modify the phenotype of Schwann 
cells.5° Since Wallerian degeneration is a result of disconnection of the axons distal to the injury from their cell bodies, another strategy under investigation 
is rapid application of polyethylene glycol to fuse the ends of the divided axons within 24 hours of injury and thus prevent Wallerian degeneration. Initial 
experimental and clinical results have been encouraging and suggest improved functional recovery.24 


SUMMARY 


Peripheral nerve injury disrupts a highly specialized structure that is but one part of a multisystem pathway by which our consciousness interacts with the 
physical world around us. Compression neuropathy can be considered as a progressive metabolic failure of axonal conduction, followed by disruption of the 
anatomical structures that physiologically enable axonal conduction. Traumatic injury is simplest when considered in the setting of a sharp laceration but 
more complex in traction injury. However, similar neurobiologic features underpin our current inability to adequately restore function or manage neurogenic 
pain. Neuronal death is a fundamental issue that requires timely nerve repair and/or pharmacologic intervention. The repair site environment is not 


adequately conducive to bridging by neurite growth, with the result that many axons are lost. The entry into the distal nerve presents further challenges in 
terms of type and topographical specificity. Nerve regeneration is far too slow for optimal salvage of much of the distal nerve, target muscles, and higher- 
order sensory organs from irreversible denervation atrophy. Plasticity is initially disadvantageous (during denervation) and subsequently inadequate to make 
the best use of what reinnervation occurs. The neurobiologic determinants of regeneration are time dependent and show profound worsening after some 1 to 
2 months delay from injury to nerve repair. 


MECHANISM OF NERVE INJURY 


Peripheral nerves may be divided in penetrating injuries and occasionally divided by sharp ends of fracture fragments, but the nerve injury in association 
with skeletal injury is more often a result of blunt trauma, such as compression, stretch, or ischemia. The damage may occur largely at the time of injury 
with violent stretch or compression being maximal at that moment. However, the damage may also result from ongoing compression of nerves in 
association with displaced fractures, dislocations, or swelling in confined compartments. In terms of management, it is important to differentiate between 
these two situations. Unfortunately, nerves are also sometimes injured in association with treatment of fractures or dislocations. 


CLASSIFICATION OF NERVE INJURIES 


Classification of nerve injuries is useful in understanding the pathogenesis, predicting prognosis for recovery, and making decisions on management. The 
most widely used classification of localized injury to peripheral nerves was described by Seddon®-%8 after observation of large numbers of casualties during 
the Second World War and divides injuries into three categories of increasing severity (Table 20-1): 


e Neurapraxia—nerve not working 
e Axonotmesis—axons divided 
e Neurotmesis—whole nerve divided 


NEURAPRAXIA 


Neurapraxia is the most mild grade of injury to a nerve. It is caused by temporary blunt trauma, such as compression or stretch associated with a displaced 
fracture or dislocation. Loss of function results from a block to conduction of nerve impulses across the zone of damage to the nerve, a local conduction 
block. The axons remain intact and there is no Wallerian degeneration. There is complete paralysis of muscles innervated by the affected nerve but some 
sensation and autonomic function may be preserved. Providing the cause, such as continuing compression or stretch of the nerve is removed, a neurapraxia 
will recover fully. The speed of recovery varies from a few days to several weeks and improvement does not follow a proximal-to-distal pattern as is seen 
with axonal regeneration. Intervention may be needed to reduce a displaced fracture or dislocation, but otherwise management is nonoperative. 


AXONOTMESIS 


Axonotmesis is the term used for a more severe blunt injury to a nerve, which causes disruption of the axons and myelin sheaths with consequent axonal 
degeneration. The connective tissue layers including the endoneurial tubes, perineurium, and epineurium remain intact. On examination, there is complete 
loss of motor, sensory, and autonomic function. Axons undergo Wallerian degeneration and therefore the nerve does not conduct at or distal to the zone of 
injury. The prognosis for recovery is good, providing the cause of injury is removed. Axons are able to regenerate at a rate of 1 to 2 mm per day along the 
same pathway, which they previously occupied and therefore connect with the same end organ. Recovery of motor and sensory function progresses from 
proximal to distal and is eventually near normal. An example is radial nerve injury associated with fracture of the shaft of the humerus, which is commonly 
an axonotmesis. 


NEUROTMESIS 


Neurotmesis is the expression used to describe the situation when a nerve trunk has been divided or so seriously disrupted that spontaneous recovery cannot 
occur. All the connective tissue layers of the nerve are affected as well as the axons and Wallerian degeneration occurs. Neurotmesis is usually caused by 
sharp laceration or high-energy traction injury that ruptures the nerve. Other possible causes include intraneural injection of drugs and ischemia. Recovery is 
only possible by axonal regeneration after surgical repair of the nerve, with function returning in a proximal to distal pattern. However, the quality of 
functional recovery is never normal after neurotmesis, partly because of the failure of correct “rewiring.” Since the endoneurial tubes and other connective 
tissue structures have been disrupted, even with microsurgical repair, regenerating nerve fibers connect with different muscle and sensory organs from those 
they previously innervated resulting in impairment of function. Outcome is also affected by the extent of the zone of injury, with poorer results after repair 
of a nerve ruptured by severe traction compared with repair of a sharp laceration. 

The clinical features and neurophysiologic findings may be the same for axonotmesis and neurotmesis, yet there is a major difference in prognosis and 
management. 


SUNDERLAND CLASSIFICATION 


A limitation of Seddon’s classification is that it does not distinguish between all grades of intraneural damage. Seddon himself?®98 noted variation in the 
appearance of nerve lesions classified as axonotmesis at exploration and in their subsequent recovery. This is because of variable degrees of damage to the 
endoneurium and perineurium as well as disruption of the axons but without loss of continuity of the nerve trunk. Sunderland!” described another 
classification in which there are five degrees of injury to the nerve, based on increasing anatomical disruption of the nerve trunk (see Table 20-1). It 
distinguishes injuries where the nerve trunk is in continuity but there is damage to endoneurium and perineurium. In cases of third-degree injury where the 
endoneurial tubes are damaged but perineurium is intact, Sunderland’s observations suggested there is likely to be recovery, although variable in quality. 
Useful recovery is unlikely for fourth-degree injuries where the fascicles (perineurium) have been disrupted. The classification is useful when exploring a 
nerve damaged by blunt trauma. If fascicles are found to be in continuity, spontaneous recovery may occur since the injury cannot be worse than third 


degree, but if there is a loss of continuity of fascicles, then repair of the nerve is required. Sunderland!°7:!°8 recognized that in some injuries, different parts 
of the nerve are affected to varying degrees producing a mixed picture. Mackinnon and Dellon® proposed that that situation is classified as a sixth-degree 
injury. 


SUMMARY 


The classifications described help in understanding the pathogenesis of nerve injuries, but in practical terms, it may be difficult to classify a closed injury on 
initial clinical and neurophysiologic assessment and hence plan management. Correct classification may only be made in retrospect. The distinction between 
injuries where there is no axonal degeneration (conduction block, neurapraxia) and those with axonal degeneration (axonotmesis and neurotmesis) is 
important in predicting prognosis. However, the most important issue influencing management is identifying lesions where the nerve is in continuity 
(neurapraxia and axonotmesis) and those where recovery cannot occur without surgical repair (neurotmesis). If there is loss of nerve continuity, the 
classifications do not distinguish between sharp lacerations and lesions where a length of nerve has been disrupted. 


CLINICAL ASSESSMENT OF NERVE INJURIES 


Careful clinical assessment remains paramount in diagnosis and planning management of nerve injuries. The mechanism of injury should be established to 
ascertain whether it was penetrating or blunt trauma and high or low energy. High-energy blunt trauma and open injuries tend to be associated with more 
severe nerve injuries. It is important to check whether the onset of neurologic deficit was at the time of the injury or occurred later. The nature of associated 
skeletal and soft tissue injury to the limb, as well as any other injuries, should be noted. The severity and character of pain is important in addition to the 
loss of function. Assessment of nerve function includes motor power, sensation, and autonomic function. 


MOTOR FUNCTION 


Simple observation of the resting position of the limb may give useful information. For example, in the hand, clawing of the fingers may indicate ulnar 
nerve dysfunction. Muscle bulk will be reduced if there has been prolonged denervation. To test muscle power, the patient should be asked to perform the 
desired movement, first against gravity, and then resisted by the examiner. At the same time, it is important to palpate either the muscle belly or the tendon 
of the muscle being tested, in order to confirm which muscles are functioning, as some movements can be performed by more than one muscle (Fig. 20-4). 
For example, the elbow can be flexed by brachioradialis as well as biceps and brachialis. The Medical Research Council (MRC)’! system is the most 
commonly used system of grading muscle power (Table 20-2). It is a rather coarse scale but is easy to apply in the clinical situation without the need for 
special equipment. Grade 4, in particular, can include a wide range of muscle strength. Formal measurement of muscle force using weights or a 
dynamometer is desirable when assessing outcomes of treatment. Assessment of motor function should also take account of the active and passive range of 
movement of affected joints. Even with good muscle power, movement will be limited if joints are stiff. In the acute situation when there is pain from 
skeletal injuries, assessment may have to be limited to a check on isometric contraction of a few muscles, sufficient to confirm integrity of the main nerves. 


SENSORY FUNCTION 


In the acute diagnosis of nerve injury, an assessment of whether touch sensation is normal, altered, or absent is often adequate. More detailed tests of 
sensory function include localization, two-point discrimination (2PD), touch threshold, temperature perception, and vibration. These may be combined to 
give a sensory grade, for example, the MRC classification of sensory function (Table 20-3).”! 

Two-point discrimination, which is a measure of tactile recognition, can easily be applied clinically. The minimum distance between two points 
touching the skin, which can be perceived as separate, is measured using a U-shaped piece of wire, which can be made from a paper clip, or a calibrated 
device. The test is most applicable to the pulps of the fingers where normal static two-point discrimination is approximately 4 mm. It is an objective test of 
sensation that is particularly useful for assessing the hand after open injuries. Normal two-point discrimination confirms continuity of a nerve. It rarely 
recovers well after repair of a nerve and is therefore less useful in monitoring recovery. Touch threshold can be measured using Semmes Weinstein 
monofilaments. These calibrated filaments are applied to the skin and provide a measure of the minimum touch pressure that can be perceived. 


Figure 20-4. A patient with complete right axillary nerve palsy. A: Almost full shoulder abduction is possible as a result of the action of supraspinatus. B: Palpation 
of the deltoid muscle, however, reveals wasting and no contraction. C: Abduction with the shoulder in internal rotation is restricted. 


TABLE 20-2. MRC Classification of Motor Nerve Dysfunction 


Grade Clinical Features 

MO Complete paralysis 

M1 Flicker of muscle activity 

M2 Power insufficient to overcome gravity 

M3 Movement against gravity throughout the range of movement of the joint 
M4 Movement against resistance 

M4+ Strong movement, but not normal 

M5 Normal, full power 


From Medical Research Council. Peripheral Nerve Injuries. Medical Research Council Special Report Series No. 282. London, UK: Her Majesty’s Stationary Office; 1954. Reprinted by 
permission of Oxford University Press on behalf of the BJS Society. 


AUTONOMIC FUNCTION 


Injury to a nerve with axonal degeneration causes a loss of autonomic function with consequent impairment of sweating. Assessment of sweating is an 
objective sign of nerve function that does not depend on cooperation of the patients and can be useful after acute nerve injuries in the hand. In the fingers, 
testing is performed by running a plastic pen along each side of the fingers. If sweating is absent, the skin will be smoother and drier. 


TABLE 20-3. MRC Classification of Sensory Nerve Dysfunction 


Grade Clinical Features 

SO No sensation 

Si Deep pain sensation 

S2 Skin touch, pain, and thermal sensation (i.e., protective sensation) 

S3 S2 also with accurate localization but deficient stereognosis. Cold sensitivity and hypersensitivity are often present 
S3+ Object and texture recognition, but not normal sensation. Good but not normal, two-point discrimination 

S4 Normal sensation 


From Medical Research Council. Peripheral Nerve Injuries. Medical Research Council Special Report Series No. 282. London, UK: Her Majesty’s Stationary Office; 1954. Reprinted by 
permission of Oxford University Press on behalf of the BJS Society. 


RECORD KEEPING 


It is important to record the findings of neurologic examination, including the power of important muscles and sensation in each nerve territory. When 
observing progress after a nerve injury, a standardized chart that allows sequential recording of function is particularly useful (Fig. 20-5). 


INVESTIGATIONS 


CLINICAL NEUROPHYSIOLOGY 


Neurophysiologic testing is widely used in the investigation of nerve injuries. It should only be carried out after careful clinical assessment and 
identification of the information required from the tests. Conduction continues for a few days in the distal segment of a nerve even after axons are disrupted. 
In practice, it is about 2 weeks before conduction ceases completely, and reliable neurophysiology results can be obtained. Consequently, neurophysiology 
is not useful in the early management of open and other injuries requiring urgent surgical exploration. It can provide additional information in defining the 
grade of injury in other closed nerve injuries or provide evidence of early recovery. 

The two main types of tests available for investigation of nerve injury are: 


e Motor and sensory nerve conduction studies. These are performed by applying a stimulus to a nerve and recording at another point on a nerve using 
surface electrodes. The presence or absence of the nerve action potential can be established. If present, the amplitude and conduction velocity may be 
measured and compared to the normal side. 

e EMG. This test involves inserting a needle electrode into a muscle and asking the patient to contract the muscle. The resting electrical activity and the 
muscle action potential in response to voluntary activity are amplified and viewed. The presence of a voluntary motor response as well as abnormalities 
indicating denervation and reinnervation may be observed. Fibrillation potentials are associated with degeneration of the axons innervating a muscle. 


Neurophysiology tests can distinguish between injuries where axons have not undergone Wallerian degeneration (neurapraxia) and those where axons 
have degenerated distal to the site of injury (axonotmesis and neurotmesis) (see Table 20-1). If all the nerve fibers have degenerated in an axonotmetic 
lesion, then the findings will be the same as neurotmesis. However, if some intact fibers are detected in a mixed nerve lesion, then it can be implied that the 
nerve trunk is in continuity. 


MAGNETIC RESONANCE IMAGING 


It is possible to visualize normal nerves with magnetic resonance imaging (MRI), but their signal characteristics are not distinct from other tissues. The 
resolution of MRI limits the detail that can be seen. Conventional MRI has proved useful for imaging peripheral nerve tumors.*° In the management of 
brachial plexus injuries, it can help to diagnose avulsion of nerve roots.°? A technique for enhancing neural tissue on images, called magnetic resonance 
neurography, was reported by Filler et al.°° Short tau inversion recovery (STIR) sequences are used to provide tissue-selective imaging of nerves including 
morphology and pathologic features such as nerve fibrosis, inflammation, and edema that is seen as enhancement or increased signal intensity, and may be 
performed in three-dimensional (3D) format.®? Du et al.74 reported a series of 192 magnetic resonance neurograms carried out to investigate spinal and 
peripheral nerve disorders, including mononeuropathy, radiculopathy, brachial plexopathy, tumors, and traumatic avulsions and neuromas. Additional 
diagnostic information over neurophysiology investigations was obtained in 45% of cases. Continuing experience with management of nerve injuries 
suggests that it is difficult to obtain consistently good quality imaging using standard clinical MR scanners. Edema and hemorrhage in the surrounding 
tissues in the zone of an acute injury make delineation of nerves difficult. 

Contrast in MR images may be improved by using diffusion-weighted MRI, which maps the diffusion process of molecules, mainly water, in tissues. 
Molecular diffusion is affected by interaction with macromolecules, fibers, and membranes. Therefore, water molecule diffusion patterns can be analyzed to 
provide imaging of tissue architecture. Diffusion tensor imaging is a special type of diffusion-weighted MRI used to image neural tracts. It has been used 
extensively to study white matter in the brain but can also be used to image peripheral nerves.’’ Diffusion tensor imaging of normal sciatic nerves and those 
affected by neuropathies has shown higher sensitivity for detection of nerve damage over conventional MRI. Currently, the technique is not widely 
available. 

As well as imaging nerves themselves, MRI of muscles innervated by damaged nerves may provide useful information. Changes may be seen on T2- 
weighted and STIR images as early as 2 weeks after injury (Fig. 20-6).!'8 The exact relationship between the early signal changes in muscles on MRI and 
the severity of nerve injury is uncertain. Prolonged denervation of muscle results in wasting and fatty infiltration causing increased signal on T1-weighted 
MR images. 


ULTRASOUND 


Imaging of soft tissues with high-resolution ultrasound has improved in recent years and has higher spatial resolution than MRI. It is increasingly being used 
to examine nerves damaged by closed trauma and may confirm continuity of a nerve, or diagnose rupture or entrapment. It may be possible to visualize 
disruption of fascicles within a nerve trunk, thus distinguishing low-grade injuries (Sunderland grades 1, 2, and 3), which may recover spontaneously, from 
high-grade injuries (Sunderland grades 4 and 5) which need surgical repair.°°-!°© If a nerve has been completely transected, then the length of the gap can be 
measured. Toros et al.!! reported a high correlation between ultrasound diagnosis of peripheral nerve dysfunction of the radial, ulnar, and 
musculocutaneous nerves due to trauma or entrapment and surgical findings. Gruber et al.’ have also shown accurate ultrasound diagnosis of the severity of 
the axillary nerve injury after shoulder trauma. Although a promising technique, ultrasound is operator dependent which requires experience for optimal 
interpretation, deeply placed nerves are not as well seen, and bone and metal implants adjacent to nerves may distort images. 
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Figure 20-5. Assessment chart used by the Scottish National Brachial Plexus Injury Service to record the details of the injury and sequential neurologic examinations 


of the affected upper limb. 


Figure 20-6. Sagittal T2-weighted magnetic resonance image of the shoulder showing increased signal in deltoid and teres minor as a result of axillary nerve injury. 
(Reprinted by permission from Hems T. Injuries of the axillary nerve. Obere Extremitat. 2015;10(3):150-155. Copyright © 2015 Springer-Verlag Berlin Heidelberg, 
Springer Nature.) 


ANGIOGRAPHY 


Nerve injury may be associated with injury to adjacent arteries, for example, the axillary artery in combination with brachial plexus injury. The artery may 
be ruptured or occluded. If arterial injury is suspected on clinical grounds, then arteriography should be performed urgently. In the authors’ experience, 
computed tomography (CT) angiography provides adequate information in most circumstances and has the advantage of being quick to perform and 
minimally invasive. 


PRINCIPLES OF MANAGEMENT OF NERVE INJURIES 


The classifications of nerve injury provide a basis for understanding the pathogenesis and prognosis, and hence guiding management. However, it is often 
difficult to diagnose the grade of injury in the early stages, particularly when assessing closed injuries. A practical approach to management of open and 
closed nerve injuries is therefore recommended. 


OPEN INJURIES 


If a patient presents with evidence of impairment of function in a nerve with an associated wound, then surgical exploration of the wound and affected nerve 
should be carried out in most circumstances, as soon as appropriate surgical expertise is available. Exceptions to this policy would be if the patient is not fit 
for operation or if, after expert assessment, it is decided that it is unlikely that there will be useful benefit from repair of the nerve. If a nerve has been partly 
divided, then there may be uncertainty after clinical assessment as some function will be preserved. Therefore, rather than assuming that there is a lesion in 
continuity, all lacerations associated with any neurologic deficit should be explored in case the affected nerves are either partly or completely divided. 


CLOSED INJURIES 


If a nerve is injured as a result of blunt trauma, the grade of injury is likely to be uncertain at initial presentation. There are two possible courses of action. 
First, exploration of the nerve may be performed to ascertain the severity of injury and carry out repair if necessary. Exploration has the potential advantage 
of giving information on the prognosis and achieving early repair of the nerve, but in many cases, the nerve will be in continuity and would have recovered 


without intervention. Second, a policy of expectant management may be pursued to see if recovery occurs, with surgical exploration only being considered 
if improvement does not occur. With expectant management, the chance to carry out early nerve repair may be missed. A balance between these two 
policies can be reached by assessing the probability that a nerve has been disrupted or is under continuing compression. Injuries caused by high-energy 
trauma are more likely to result in disruption of nerves and therefore early exploration should be considered. If operation is required for other reasons, such 
as fracture fixation, then any affected nerves should be explored at the same time and continuity confirmed. Early nerve exploration, within the first 2 weeks 
after injury, allows easier dissection before scarring has occurred. For cases resulting from lower-energy trauma, nerve lesions in continuity are more likely 
and it is reasonable to pursue expectant management initially. Progress of nerve recovery, including return of muscle function and an advancing Tinel sign, 
is monitored carefully. Neurophysiologic assessment and imaging may provide additional information. If there is no clinical evidence of improvement by 2 
to 3 months after injury, then surgical exploration should be considered. 


ACUTE NERVE COMPRESSION 


After trauma, nerves may be compressed by displaced fracture fragments, dislocation of joints, expanding hematoma, or swelling within confined 
compartments. There is usually severe pain associated with the neurologic deficit, which may be progressive. Allowing compression to continue may cause 
an injury that started as a conduction block to progress and result in axonal degeneration and fibrosis within the nerve. Urgent intervention is required 
initially to reduce fractures and dislocations. If closed reduction fails to improve the situation, then open reduction with exploration of the affected nerves 
should be performed. If arterial injury is suspected, then angiography should be arranged. If a hematoma has sufficient pressure to cause impairment of 
nerve function, then it is likely to have been caused by arterial hemorrhage, for example, a false aneurysm. Emergency drainage of the hematoma and repair 
of the vessel is required. At certain anatomical sites, nerves are particularly at risk of compression. For example, at the wrist, compression of the median 
nerve may complicate injuries to the distal radius or carpus. In general, decompression of the nerve should be carried out within hours. 


NERVE INJURIES ASSOCIATED WITH TREATMENT 


A nerve palsy presenting after closed or open treatment of a fracture is a particularly difficult situation to manage, being an unfortunate and sometimes 
disastrous complication. Function of nerves should be examined and documented before and after procedures. However, accurate assessment of nerve 
function can be difficult in patients presenting with acute limb trauma, particularly if their conscious level is impaired. If the patient is unresponsive or 
impaired, it should be carefully documented in the medical record that a complete neurologic assessment is not possible, rather than assuming the 
neurovascular examination is “normal.” This has important clinical and medicolegal ramifications. If there is a new loss of neurologic function after a 
procedure, then a careful and objective assessment should be made as soon as possible. An account of events from the patient is often useful. The surgeon 
who has performed the procedure is likely to have an emotional attachment to the situation and it is therefore usually best for another clinician to be 
involved, preferably a specialist in the management of peripheral nerve injuries. Unfortunately, it is not uncommon for there to be delay in referral to a 
specialist. 

In assessing the situation, the details of the procedure should be reviewed to determine the likely mechanism of injury, including compression or 
laceration. Nonsurgical injury can occur as a result of injections, patient positioning, or pressure from a cast/splint. For open surgery, it is important to know 
whether the injured nerve was identified during the procedure and whether injury was recognized at the time. It should be established if the nerve palsy was 
present immediately after the procedure or developed after a delay. Delayed loss of function is suggestive of continuing compression of the nerve by 
hematoma or an implant (Fig. 20-7) or a nontraumatic cause. Nerve compression is usually associated with severe pain. Urgent investigation such as 
ultrasound, MRI, and neurophysiology may be useful, but as in other situations, the results of neurophysiology tests are not reliable until 2 to 3 weeks after 
injury to a nerve. Finally, the surgeon should thoroughly explain to the patient the neurologic injury, its consequences, the likely etiology, and the treatment 
plan, and document this discussion in the medical record. 

Re-exploration of the affected nerve as soon as possible is mandatory if there is a possibility of ongoing nerve compression. In other cases, early re- 
exploration, before scarring has developed, should be considered, but the risks and benefits of carrying out a second procedure, including the patient’s 
general condition, the risk of introducing infection, and whether repair of the affected nerve is likely to lead to a useful return of function, need to be taken 
into account. In many cases, exploration to establish that the nerve is in continuity and free of compression will reassure the patient and the surgeon that 
recovery is likely. If found to be divided, early repair of the nerve can be carried out, giving the best chance of recovery. If exploration is not carried out 
initially, then regular follow-up with clinical examination, imaging, and neurophysiology tests should be arranged and operation reconsidered if recovery 
does not progress.?2 
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Figure 20-7. Operative photograph of exploration of the radial nerve, which was found to be entrapped under a bone plate used for fixation of a humeral fracture. 
Unfortunately, exploration was delayed for a few months after the initial operation and repair of the nerve was required. 


NONTRAUMATIC CAUSES OF PERIPHERAL NERVE DYSFUNCTION 


Neuralgic amyotrophy is a nontraumatic condition that may present with paralysis usually in the upper limb. The condition is sometimes triggered by 
surgery, trauma, or critical illness,®° and therefore may present to the orthopaedic trauma surgeon. Differentiation from nerve injury may be difficult. 
Clinical features of the condition were detailed by Parsonage and Turner’ in a series of 136 patients in 1948. A number of terms have been used for 
neuralgic amyotrophy, including Parsonage—Tumer syndrome, acute brachial neuropathy, and idiopathic brachial neuritis.’ The etiology is unknown but 
may be a result of an autoimmune process. In idiopathic cases, clinical presentation is typically severe burning pain in the upper limb, followed by muscle 
weakness occurring within a few weeks. There may be sensory impairment, which doesn’t necessarily affect the same anatomical distribution as the motor 
loss. When occurring after injury or surgery, the painful phase of neuralgic amyotrophy may not be evident as a separate condition. Nerves that are more 
often affected include the long thoracic, suprascapular, axillary, and anterior interosseous either in isolation or in a combination.2° Although the upper limb 
is predominantly affected, lumbosacral plexus involvement has been reported.?’ 

Magnetic resonance neurography may show thickening and increased signal in the brachial plexus.2+ Neurophysiology tests are usually diagnostic of 
neuralgic amyotrophy when performed 3 or more weeks after onset. There is acute denervation in affected muscles but changes are often found to be 
widespread including muscles that are not clinically weak. The prognosis for recovery of function is variable and is difficult to predict in the early 
stages.®™ 117 Significant functional deficit, for example, weakness of serratus anterior, may persist in the longer term. Treatment is largely symptomatic with 
analgesics in the early stages. Oral steroids have been recommended but there is no definite evidence that they alter the course of the condition. 

The time of onset of symptoms of neuralgic amyotrophy after surgery is variable, occurring within 24 hours or after a week or more. The diagnosis 
should be considered in cases of neurologic change after injury or surgery where there appears to be no causal relationship with the injury or surgical 
technique. 

Some cases of neurologic deficit after injury or surgery do not have an identifiable medical cause. It is important to recognize this situation early in 
order that appropriate investigation and management can be arranged. The apparent loss of function may be a result of deliberate exaggeration of symptoms 
(malingering) or a conversion disorder. A conversion disorder or functional neurologic symptom disorder is a psychiatric illness where symptoms affecting 
voluntary motor and sensory function cannot be explained by medical evaluation.” The deficits are thought to be associated with psychological stress. The 
patient is believed not to have voluntary control of the symptoms. If it is suspected that an apparent paralysis has no physical basis, a careful clinical 
assessment should be made. Usually there is inconsistency in muscle testing. Muscle contraction may be apparent if the limb is allowed to move suddenly 
with gravity. Tendon reflexes will be normal. Neurophysiology testing will confirm normal nerve function. Differentiation of malingering from a 
conversion disorder may be difficult and referral for psychiatric assessment is often indicated. 


NERVE EXPLORATION AND REPAIR 


Nerve exploration and repair often requires extensive exposure. The procedure may be lengthy, with harvest of nerve grafts from other limbs being required. 
While isolated nerve injuries in the forearm and hand may be explored under regional local anesthetic block, most cases require general anesthetic. Loupe 
magnification (approximately three times) is required for most operations on nerves. For exploration and repair of smaller nerves, an operating microscope 
is advantageous, although this has not been conclusively shown to improve outcome. Microsurgical instruments are needed for repairs. 

Thorough cleaning and debridement of open wounds is a prerequisite for nerve repair. Associated fractures should be stabilized and disrupted vessels 
and tendons repaired. As soft tissue cover with full-thickness vascularized skin is important, flap coverage may be needed if there has been tissue loss. 
Tension on a nerve repair has been shown to adversely affect outcome” by causing ischemia of the nerve ends and promoting fibrosis. Direct suture is 


usually possible if a nerve has been cleanly divided. If the wound is untidy or a nerve has been ruptured by blunt trauma, the nerve ends should be trimmed 
back to expose healthy nerve fascicles. If there has been a delay between injury and operation, the nerve ends will retract and scarring will occur and 
trimming will be needed. A scalpel with a large blade or a Meyer nerve holding and trimming instrument can be used to achieve a clean cut. 


Figure 20-8. Operative photograph showing direct epineurial suture of a laceration of the ulnar nerve at the elbow after anterior transposition. 


Loss of nerve tissue will result in a gap and direct suture of the nerve without tension will not be possible. Mobilization of the nerve ends, rerouting or 
transposition of the nerve, and splinting of adjacent joints in flexion may reduce tension and allow repair by direct suture. For example, at the elbow, the 
ulnar nerve may be transposed anteriorly (Fig. 20-8). During the first half of the 20th century, this approach was used with nerve defects of 10 cm or more 
being closed, but poor results were reported with these long gaps. Stretch on the nerve when the limb is mobilized after operation causes degeneration in the 
proximal stump and fibrosis in and around the nerve.*’ Therefore, mobilization of the nerve and flexion of joints is only applicable if the gap is less than 2 
to 3 cm. If there are fractures associated with a nerve injury in the upper limb, then direct nerve repair can be facilitated by shortening the bone at the 
fracture site. Shortening of several centimeters is well tolerated in the humerus and is routinely carried out in limb replantation. Bone shortening is less well 
tolerated in the forearm. The radius and ulna have to be shortened by exactly the same amount. If repair with minimal tension cannot be achieved with the 
above techniques, then a nerve graft will be needed. 


SURGICAL EXPOSURE 


As nerves are longitudinal structures in limbs, extensive exposure is often required. The nerve and adjacent structures need to be seen above and below the 
area of damage. If exploration is delayed more than 2 weeks after injury, then scar tissue will have formed, and it is important to identify the nerve in 
unscarred tissue, proximally and distally. Dissection can then proceed into the zone of injury. If the injury is sufficiently distal in the limb, a tourniquet can 
be used to create a bloodless field and ease dissection. Exposures required for injury to individual nerves will be described with their management. 


INTRAOPERATIVE NEUROPHYSIOLOGY 


The damage to a nerve from recent trauma is usually evident on exploration. If exploration is delayed or there has been a blunt injury, however, testing of 
the function of a motor nerve by electrical stimulation can give important additional information. The anesthetic should avoid use of neuromuscular 
blocking drugs. A stimulus can be applied with a sterile bipolar electrode connected to a neurophysiology unit or with the unipolar electrode of a disposable 
sterile battery-powered stimulator. The muscle response on direct stimulation of the nerve is observed. If a surgical tourniquet is being used, then the nerves 
will stop conducting and therefore not respond after about 30 minutes. Therefore, if the result of stimulation is important, the tourniquet will have to be 
deflated and time allowed for recovery of the nerve. In addition, the interpretation of intraoperative neurophysiology has to take into account the time from 
injury. If an injury to a nerve is sufficient to cause axonal degeneration (axonotmesis or neurotmesis), then axons in the distal segment continue to conduct 
for 2 to 4 days. Consequently, there will be a response to stimulation if nerve exploration is carried out within that time and may be misinterpreted as 
indicating a less severe grade of injury, such as conduction block (neurapraxia), when assessing a nerve that appears to be in continuity. If there is a clear 
loss of continuity of an injured nerve on exploration within a few days, stimulation of the distal stump can be used to help define functional topography of 
the nerve so that fascicles innervating important movements can be targeted in the reconstruction. 

More complex testing can be performed including recording of nerve action potentials. A neurophysiology unit is required. A bipolar stimulating 
electrode is placed on the nerve proximal to the lesion and a recording electrode distally. Nerve action potential recording is most useful when assessing a 
nerve that appears to be in continuity at exploration 2 to 3 months after injury. If there is no muscle response to stimulation, the presence of a nerve action 
potential indicates that axons have regenerated across the nerve lesion but not yet reached the muscles they innervate. 

When exploring injuries of the brachial plexus, sensory-evoked potentials (SEPs) may be recorded to confirm connection of a nerve root to the spinal 


cord, and therefore exclude preganglionic injury. A chain of stimuli is applied directly to the nerve roots while recording from electrodes placed either over 
the second cervical vertebra or over the sensory cortex. 


DIRECT NERVE SUTURE 


Methods of direct nerve suture vary according to the connective tissue layer that is sutured and include epineurial repair, group fascicular repair, and 
fascicular repair. Epineurial repair is most commonly used. Sutures are placed around the nerve in the epineurium. It is important to align the nerve ends as 
accurately as possible, by observing the blood vessels in the epineurium and the fascicular pattern in the two nerve faces. Group fascicular repair or 
fascicular repair involves separating fascicles in a nerve and suturing matching structures separately. There is potential for more surgical trauma from this 
type of repair. A recent literature review found no evidence that one suturing technique is superior to another.!° The author uses epineurial suture for most 
repairs except at distal sites where fascicles are separating to form terminal branches and group fascicular repair can be performed with minimal dissection. 

If possible, it is useful to approximate the nerve ends by suturing adjacent tissue such as mesoneurial attachments, so reducing tension at the site of the 
nerve repair itself. For larger nerves, the ends are usually first approximated by placing one or two larger gauge sutures in the epineurium (e.g., 6/0) on the 
deep side. Then smaller sutures are inserted working toward the superficial side of the nerve. Nonabsorbable monofilament sutures are usually used, 6/0 for 
large nerves such as the sciatic, 8/0 for the median or ulnar nerves, and 9 or 10/0 for digital nerves. Although the repair does not need to be “watertight,” the 
sutures should close the epineurium sufficiently to cover the nerve fascicles. The repair may be augmented with fibrin glue. 


NERVE TUBES 


An alternative method for approximating a divided nerve, which has become more widely used in recent years, is to place the ends in a tube or conduit, such 
as a piece of vein or a synthetic material. Lundborg® proposed that enclosing the nerve ends in a tube, leaving a short gap, would allow accumulation of 
neurotrophic factors and encourage axonal regeneration. A semirigid tube may also help to prevent scar tissue forming between the nerve ends. However, a 
prospective randomized study comparing repair of the median and ulnar nerves in the forearm using silicone tubes with direct microsurgical suture showed 
no difference in the quality of motor and sensory recovery.® Silicone tubes may need to be removed as they are not resorbable. Bioresorbable tubes made 
from polyglycolic acid, caprolactone, and collagen have become available, and bioresorbable glass tubes have also been proposed.5®%64 The surgical 
technique, which requires less microsurgical expertise and equipment, is relatively straightforward. A nerve tube, slightly larger than the diameter of the 
nerve, is selected. The nerve ends are trimmed, if necessary, and then drawn into the tube using sutures placed through the wall of the tube.! It is important 
to have good quality soft tissue cover over the nerve conduit. Reported complications include development of fistulas over the repair after insertion of 
caprolactone tubes.7! 

Nerve tubes may support regeneration of a nerve across a short gap, potentially allowing repair after it has been necessary to trim the damaged nerve 
ends. Mackinnon and Dellon®’ reported good or excellent recovery in 86% of cases after use of bioabsorbable polyglycolic acid tubes for secondary repair 
of digital nerves with gaps of 0.5 to 3 cm (mean 1.7 cm). Weber et al.!?° reported a prospective randomized study comparing end-to-end suture, nerve 
grafts, and polyglycolic acid conduits for reconstruction of digital nerves. The mean gap length for the conduit repairs was 7 mm. Sensory recovery, 
measured by two-point discrimination, was equal or better for the conduit repairs. Although bioabsorbable tubes have gained popularity for repair of sensory 
nerves in the hand, particularly when tension-free suture is not possible, review of current evidence has not shown that tube repair is better or even 
equivalent to conventional direct nerve suture or nerve graft repair and may be associated with a higher rate of complications. 19113 


NERVE GRAFTING 


Nerve grafting (autograft) involves using a length of expendable, usually sensory, nerve from the same individual to reconstruct a gap in a more important 
nerve. Experimental work early in the 20th century confirmed that regeneration was possible through nerve grafts. However, it was work during the Second 
World War that fully established the technique. Most nerve grafts are free grafts that must revascularize within a few days for their constituent cells to 
survive. The graft provides a similar environment for axon regeneration to the distal nerve and is therefore more than just a framework. Cell labeling 
experiments have confirmed that the Schwann cells in the nerve graft are actively involved in remyelinating the regenerating axons. Pioneering clinical 
work by Seddon and others showed useful outcomes in about two-thirds of cases in which extensive gaps in nerves were repaired with grafts.°” 

Most grafts are thin cutaneous sensory nerves. In order to repair a larger nerve, a number of strands are used in parallel to build up a similar thickness to 
the nerve being repaired. The outcome is thought to deteriorate with increasing length of nerve grafts, but defects of 15 to 20 cm have been successfully 
bridged in some nerves. The concept of interfascicular nerve grafting was introduced by Millesi et al.,”473 in which fascicles at each end of a divided nerve 
are matched as closely as possible. Corresponding fascicles at the two nerve ends are identified and connected with strands of nerve autografts. The original 
technique involved excision of a cuff of epineurium from each nerve stump and separating major fascicular bundles, but this inflicts additional surgical 
trauma on the nerve. Millesi also emphasized the importance of avoiding tension in a nerve graft repair. 

The concept that blood supply to the graft is important in the outcome of the nerve repair led to the development of vascularized nerve grafts. A pedicled 
ulnar nerve graft was reported first, then free microvascular transfer of the superficial radial nerve. The ulnar nerve has been recommended for repair of the 
upper brachial plexus roots when C8 and T1 have been avulsed from the spinal cord. However, experimental evidence*! and results from clinical cases have 
failed to show a definite advantage for vascularized nerve grafts. If available, they may be useful if the recipient tissue bed is scarred or for particularly long 
grafts. 

The sural nerve is the most commonly used donor nerve and can provide up to 45 cm of graft. It is usually easy to harvest. Donor-site morbidity has 
been reported to be low.’° Other nerves that may be used in the upper limb include the lateral cutaneous nerve of the forearm, the medial cutaneous nerve of 
the forearm, and the superficial sensory branch of the radial nerve.!° If function in the donor nerve has already been lost as a result of the initial injury, for 
example, the superficial radial nerve if there has been a proximal injury to the radial nerve, then harvest for a graft is particularly attractive. 


Surgical Technique 


After preparing the nerve stumps by serial section until normal nerve tissue is seen, nerve grafts should be placed without tension. The grafts should be at 
least 10% longer than the gap in the nerve. When possible, equivalent fascicles in the nerve should be connected with the grafts. In reality, this is usually 
only possible if a short segment of nerve has been lost or at a more distal site where the nerve is branching. Fascicular bundles may be transected at different 


levels in order to separate the suture lines for each bundle. One or two sutures (8/0 or 9/0), passed through the epineurium of the graft and the epineurium of 
the nerve or the perineurium of a fascicular bundle, are inserted to hold each strand of nerve graft. Further strength may sometimes be obtained by placing 
side-to-side sutures away from the point of coaptation. The repair may be reinforced with fibrin glue, which should only cover the end of the grafts. 


Harvesting Nerve Grafts 


The sural nerve can be harvested from the knee to the ankle. A skin incision is made behind the lateral malleolus and the nerve is identified. The position of 
the nerve more proximally can be located by palpation while gentle traction is applied to the nerve. A 2- to 3-cm incision is made over the nerve at midcalf 
level. Finally, a transverse incision is made in the skin crease at the popliteal fossa and the nerve is identified lying between the two heads of gastrocnemius. 
The nerve is divided proximally, delivered from proximal to distal, and then divided at the ankle. If there is a communicating branch from the peroneal 
nerve in the calf, difficulty may be encountered in delivering the nerve and additional incisions may be needed. The sural nerve should usually be divided at 
the popliteal fossa so that the proximal stump and subsequent neuroma are deeply placed. 


NONNEURAL GRAFTS 


There has long been a search for grafts of nonneural tissue or other material that might support nerve regeneration across a gap and avoid the sacrifice of 
donor nerves and associated complications. Freeze-thawed skeletal muscle autografts, which contain a basement membrane framework similar in structure 
to the endoneurial tubes of a nerve, showed promising results for repairing 1-cm defects in the rat sciatic nerve but were ineffective in defects of 5 cm or 
more.** Work on synthetic grafts also suggests that grafts or tubes that do not contain live Schwann cells are not able to support nerve regeneration across a 
gap of more than 2 to 3 cm.°! Research continues on synthetic grafts seeded with cultured Schwann cells, but these developments have not yet reached 
clinical application. 

Fresh nerve allografts are not usable as they provoke an immune reaction unless immunosuppression is given, as with other transplants. However, 
decellularized allografts, which have been processed to remove cellular material while preserving the structural architecture (Avance allograft, AxoGen, 
Inc., Alachua, Florida, USA) have become available and more widely used. As with other grafts lacking live Schwann cells, the effective length of the graft 
is likely to be limited to about 3 cm. In a large series, better results were reported for sensory, with 77% of cases achieving useful (S3) sensation, than motor 
recovery.°° Poorer outcomes occurred with longer grafts and those with greater diameter. Currently, there remains insufficient evidence for routine use of 
acellular allografts to repair defects in mixed or motor nerves. 


NERVE TRANSFERS 


An alternative type of procedure to restore function in a nerve that has been divided is a nerve transfer. A functioning expendable nerve is connected to 
reinnervate a more important nerve. A nerve transfer may allow reinnervation of a nerve when the proximal nerve is not available or the gap cannot be 
reconstructed. Although not a new concept, nerve transfers have become more popular in recent years. In some situations, nerve transfers may represent a 
more reliable method of reconstruction than repair of the damaged nerve itself; for example, when treating a proximal disruption of the ulnar nerve, the 
terminal branch of the anterior interosseous nerve may be transferred to the deep motor branch of the ulnar nerve at the wrist.°* 

The normal function of the donor nerve for transfer will be lost. Therefore, nerves have to be selected carefully to avoid a significant deficit. Nerve 
transfers are joined by direct suture, whenever possible, so avoiding use of an interpositional graft. Therefore, the donor nerve needs to be closely related to 
the recipient nerve. Most nerve transfers are carried out to restore motor function. It should be appreciated that the function gained as a result of a nerve 
transfer cannot be independent from that of the donor nerve. Therefore, actual function in the reinnervated muscles may be compromised by problems with 
coordination and co-contraction between muscle groups.”° Selection of a donor nerve whose normal function is synergistic with the function to be restored 
is likely to give the best results. A single nerve transfer is unlikely to effectively restore more than one movement. Therefore, more than one donor nerve 
will be needed to reconstruct multiple movements. 

Nerve transfers are often recommended as part of the reconstruction for brachial plexus injuries, for example, transfer of the distal accessory nerve to the 
suprascapular nerve. However, nerve transfers have also been used for reinnervation of nerves in the forearm and hand and the lower limb, for example, the 
radial nerve.!!® 

Transfer of sensory nerves in the hand has also been described. A nerve supplying a less important area of sensation is transferred to one innervating a 
more important area of skin. For example, the ulnar nerve branch to the fourth web space can be transferred to the median nerve branches to the thumb and 
first web space in patients with median nerve injury. The procedure may provide some sensation, but it is unlikely to be good quality or well localized. 


SECONDARY EXPLORATION AND REPAIR OF NERVES 


Delayed exploration of damaged nerves is often carried out after a closed blunt injury or when primary repair of an open injury has not been possible. There 
will be scarring at the site of injury. Therefore, substantial exposure is needed to identify the nerve in normal tissue proximally and distally. The nerve is 
then followed toward the zone of injury. If the nerve has been divided or ruptured, then a neuroma will have formed on the proximal stump and a swelling 
on the distal stump. The nerve ends must be trimmed back to healthy unscarred fascicles (Fig. 20-9). The extent of the gap in the nerve can be assessed and 
repair untaken using the principles already described. If a nerve has been ruptured by violent stretching, then there is usually a considerable defect of 10 cm 
or more. 

In less severe blunt injuries, the nerve may be found to be in continuity and careful assessment is needed to decide whether the lesion is likely to recover 
spontaneously or if surgical repair offers a better chance of recovery. Absence of swelling or constriction suggests axonotmesis or Sunderland second- 
degree injury. Swelling of the nerve indicates a more severe injury. The epineurium can be opened longitudinally to inspect the fascicles. If fascicles are 
intact across the injured segment, the injury is no worse than Sunderland third degree and hence recovery is possible. A double bulb swelling occurs in a 
Sunderland fourth degree injury where fascicles have ruptured, leaving only scarred epineurium in continuity. 

Electrical stimulation is important in the assessment and is applied first proximal to the lesion. If there is any response from muscles innervated by the 
nerve, then there is a good chance of continuing recovery. In the absence of a response in muscles, recording a nerve action potential may give useful 
information (see Intraoperative Neurophysiology). The presence of an action potential indicates that there is a good chance of subsequent recovery in the 
nerve.” If there is a focal lesion in a nerve and no response to electrical stimulation with no action potential 2 to 3 months or more after injury, then it is 
usually best to proceed with nerve repair. 


NEUROLYSIS 


Release of a nerve from compression or scar tissue is termed neurolysis. If the nerve has been compressed externally, for example, by a displaced fracture or 
in the carpal canal, then external neurolysis is performed. The epineurium of the nerve is left intact. External neurolysis can be very effective at relieving 
pressure on a nerve and allowing the nerve to recover. In some situations, there is a risk that compression will recur if scar tissue reforms. If there is 
intraneural scar tissue, then internal neurolysis can be carried out by opening the epineurium and dissecting out the fascicles. However, it is likely that 
fibrous tissue will reform, and it is therefore doubtful if the procedure will lead to improvement in function of the nerve. Neurolysis is often performed 
during secondary exploration of injured nerves, as part of the exposure and defining the injury. However, it is doubtful if the outcome from injury is altered 
unless there has been focal external compression. 


SECONDARY REPAIR WITH NERVE GRAFTS 


If repair of a nerve is required on delayed exploration for severe blunt trauma or laceration, then a nerve graft is likely to be needed. Normal nerve fascicles 
should be identified proximal and distal to the lesion, by trimming the ends back. The grafts are used to bridge the remaining gap. Histologic examination of 
frozen sections of the nerve can help to confirm the nerve architecture and degree of fibrosis. If there is clear discontinuity of the nerve, the ends do not have 
to be mobilized. A longitudinal incision can be made through the epineurium proximally and distally. The fascicles are then divided within the epineurial 
sleeve and nerve grafts are placed bridging the damaged segment. Retraction of the nerve ends is prevented using this technique and tension on the repair is 
reduced. The strength of the repair can be increased by inserting sutures between the epineurium of the nerve and the grafts (Fig. : ). 
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Figure 9. Histologic sections obtained on secondary exploration and nerve graft repair of ruptured nerves (resin-embedded section, toluidine blue stain). A: 

Median nerve distal to the injury. There has been complete loss of axons but the connective tissue structure of the endoneurial tubes remains intact. Some myelin 
remnants can be seen. B: Median nerve proximal to the injury after trimming to normal-looking fascicles. Myelinated nerve fibers have a normal appearance. C: Radial 
nerve proximal to the injury after trimming to macroscopically normal-looking fascicles. There has been marked retrograde degeneration of large-diameter myelinated 
fibers but some axonal sprouts are visible. (Courtesy of Dr. W. Stewart, Neuropathologist, Queen Elizabeth University Hospital, Glasgow, UK.) 


POSTOPERATIVE MANAGEMENT 


Even if there has been no loss of nerve tissue, the normal elasticity of the nerve will create some tension at a repair site. Usually, some form of 
immobilization is used to reduce tension by flexing adjacent joints, until initial healing has occurred. The length of time immobilization is required remains 
controversial, but the tension at the repair should be taken into account. If a gap has been closed by direct suture, then a longer period of splintage is 
necessary compared with a tension-free nerve graft. 

A paralyzed limb is at risk of joint stiffness and deformity because of loss of muscle power. Once established, joint stiffness is often difficult to 
overcome, may require extensive operative release, and can be a major factor limiting function after nerve recovery. The situation may be aggravated by 
swelling and injury to other structures. Specific nerve injuries are associated with development of particular patterns of stiffness and deformity, for example, 
clawing of the fingers after injury to the ulnar nerve. Passive exercises to maintain joint mobility and active exercises to strengthen muscles that are 


functioning should be introduced immediately. Static or dynamic splints may help to prevent deformity and enhance function, for example, in radial nerve 
palsy. 

After nerve repair, imperfect reinnervation of sensory receptors results in altered sensory impulses reaching the CNS and hence abnormal sensory 
perception. Sensory reeducation can be used to maximize sensory function by improving ability to interpret the abnormal sensory information. It uses the 
concept that there is some plasticity in cortical organization. The program of therapy is divided into three phases. First, protection of the denervated part 
from damage. When some sensation returns, hyperesthesia may cause unpleasant sensations. This may be treated with application of graded stimuli. When 
more sensation returns, patients are taught to localize touch and to discriminate static and moving touch. Finally, training is given in object recognition. 


Figure 20-10. Nerve grafting of the brachial plexus exposed using supraclavicular (A) and deltopectoral (B) incisions. The posterior division of the upper trunk had 
been divided by a displaced clavicle fracture. Sural nerve grafts have been tunneled behind the clavicle and sutured onto the posterior division of the upper trunk above 
the lesion (A) and to the axillary nerve distally (arrow in B). The coaptation at both ends of the nerve grafts was reinforced with fibrin glue. 


MONITORING RECOVERY AND ASSESSMENT OF OUTCOME 


An important sign for monitoring axon regeneration after nerve injury or repair is the Hoffman—Tinel sign,!!4 which was described around the same time in 
separate papers by Tinel and Hoffman. It is often underused, particularly when looking for early recovery after closed nerve injuries. Tinel stated that 
“tingling” in response to pressure on a nerve indicates the presence of young axons. If a nerve is regenerating, then the tingling appears 4 to 6 weeks after 
the injury and then progresses distally along the nerve at a rate of 1 to 2 mm per day. It is perceived by the patient in the corresponding cutaneous area of the 
nerve. Tinel sign is elicited by percussing along the course of the nerve from distal to proximal and the point the tingling starts is noted. Localization of the 
tingling sensation by the patient is important particularly if assessing more than one nerve. 

Recovery after nerve injury can be assessed in a number of ways, including: 


Motor function 

Sensory function 

Task-based tests 

Disability or functional scores 
Severity of pain 


The simplest form of assessment of motor function is the power of individual muscles, which can be recorded using the MRC scale (see Table 20-2) or 
quantified more accurately by measuring the weight that can be lifted or using a dynamometer or pinch meter. The MRC also developed a system for 
grading the motor function for a whole nerve, which includes an assessment of muscle control. Methods of assessing sensation have been described in the 
section on clinical assessment. Attempts have been made to describe the outcome for whole-nerve function. However, the relative importance of motor and 
sensory function is different for specific nerves, for example, sensation being important in the median nerve but motor function in the radial and ulnar 
nerves. If nerve recovery is complicated by severe pain, then the result should be regarded as poor. No single system of assessing and scoring nerve function 
is used universally. Assessment should ideally include measures of everyday function using patient-reported outcome measures, such as the DASH 
(Disability Arm Shoulder Hand) score, but these have not been widely evaluated in nerve injury.°° 


GENERAL FACTORS INFLUENCING RECOVERY AFTER NERVE INJURY 


A number of general factors influence recovery after injury to a nerve. The most important of these is the severity of injury to the nerve with the grades of 
injury forming the basis of classification of nerve injury (see earlier section). The outcome in injuries where there has been loss of nerve continuity 
(neurotmesis) is almost invariably less good than injuries where the nerve is in continuity (neurapraxia and axonotmesis). However, even in cases of 
neurotmesis, the extent of damage varies. The outcome is likely to be better after a clean division of a nerve where nerve suture is possible, compared with a 
severe traction or crush injury where a length of nerve has been lost. In addition, associated vascular, soft tissue, and skeletal injuries are likely to adversely 
affect outcome. 


Delay 


Outcome is influenced by the delay between injury and repair of a nerve. In general, results deteriorate with increasing delay (see also section on axonal 
regeneration). There appear to be adverse effects as a result of delay in repair at all levels in the neural pathways extending from the cerebral cortex to 
sensory end organs and muscles. When Wallerian degeneration occurs in a nerve, as well as the axonal degeneration distal to the injury, there is death of 


some of the neurons proximally. Earlier repair reduces the amount of neuronal loss probably as a result of the influence of neurotrophic factors produced by 
cells in the distal segment that has undergone Wallerian degeneration.*° With early repair, apposition of the nerve ends allows these factors to reach the 
axons in the proximal segment. 

There is an increase in endoneural fibrosis in the distal segment of a divided nerve over time, which appears to make it a less favorable environment for 
regenerating axons. Denervated muscle undergoes atrophy and connective tissue increases. Eventually, after 1 to 2 years, these changes become irreversible 
so that recovery will not occur even if regenerating axons reach a muscle. Investigation of functional recovery of muscles after delayed nerve repair shows 
that deterioration of the intramuscular nerve sheath contributes to a reduction in the number of regenerating motor axons when there has been a delay.?! In 
addition, the muscle fibers that have been denervated for long periods fail to fully recover from denervation atrophy. 

The effect of delay in repair is variable between specific nerves, but in general, the outcome of repair deteriorates if delay is more than 3 months after 
injury. Direct suture of clean lacerations or nerves within a few days of injury provides the best chance of recovery. As well as the biologic effects, delay 
will allow retraction of the nerve ends that will decrease the chance of direct suture being possible and adversely affect outcome. 

More complex open injuries of nerves are also usually best managed with very early operation, which is easier to perform before significant scarring has 
occurred. Nerve repair can be carried out providing the wound is clean, adequate soft tissue cover can be provided, there is appropriate surgical expertise, 
and the patient is fit for operation. As detailed previously, the decision to operate on closed injuries is more complex but, when the indications are clear, 
then earlier exploration and repair of the nerve improves the chance of useful recovery. 


Distance of Injury From End Organs 


Injuries to nerves occurring more proximally in a limb require axons to regenerate greater distances to reach muscles and sensory organs. This will take 
longer and denervation times will be increased. Therefore, in general, the result of more proximal injuries is less favorable. For example, recovery of the 
intrinsic muscles in the hand is often incomplete even after a lesion in continuity of the median or ulnar nerves occurring at the shoulder level.*° 


Type of Nerve 


It is generally believed that recovery following injury to mixed nerves such as the median and ulnar nerves is worse than for pure sensory or predominantly 
motor nerves. The prognosis is better for recovery after repair of motor nerves that innervate large muscle groups in the proximal upper limb, which do not 
require fine motor control, for example, the musculocutaneous nerve.®* Motor nerves supplying small distal muscles, particularly the intrinsic muscles of the 
hand, which require fine control of movement and good sensory feedback, tend to recover incompletely. Sensory recovery after repair of a nerve may be 
useful but is never normal. 


SECONDARY RECONSTRUCTION FOR NERVE INJURY 


In the event of a nerve failing to recover after operative or nonoperative management, secondary reconstructive procedures may be considered in order to 
improve function. The most common type of reconstructive operation is tendon transfer, but other options are sometimes indicated, including tenodesis, 
arthrodesis, and free muscle transfer. Tendon transfer potentially provides earlier improvement in function than nerve repair and may be a better option for 
some patients’ overall rehabilitation. 


TENDON TRANSFER 


Tendon transfer involves transfer of a healthy muscle and tendon to replace the function of a paralyzed muscle. There are a number of principles of tendon 
transfer. 


e There should ideally be full range of passive movement in all the joints on which the transfer will act. Hence, it is very important that patients with 
nerve injuries receive regular physiotherapy treatment, starting soon after the injury, in order to maintain passive movement. 

e The transferred muscle should be expendable so that its use does not take away an important function. In general, if there are two or more muscles that 
perform a movement, then one can be used as a donor for transfer. However, the full extent of the nerve and muscle injury must be carefully evaluated 
to check which muscles are functioning, as it is not uncommon for more than one nerve territory to be affected after blunt trauma to a limb. 

e It is best for there to be normal power in the transferred muscle. Some strength is generally lost by transfer, usually about one grade on the MRC scale. 
If there isn’t normal power in a potential donor muscle, transfer may still be worthwhile, but each case should be considered individually. It is rarely 
effective to transfer a muscle that has recovered after repair of its nerve. 

e The properties of the transferred muscle, including amplitude and power, should be suitable for the function being restored. The mass or volume of 
muscle fibers is proportional to work capacity. The length of the fibers in a muscle is proportional to the excursion (the distance through which the 
muscle can contract) or amplitude. The excursion of a muscle is about one-third of the resting length of its fibers. The physiologic cross-section of a 
muscle is proportional to the maximum force of contraction. The relationship between these properties depends on the arrangement of fibers within the 
muscle. 

e Where possible, muscles with a function that is synergistic to that to be restored should be used for transfer, as experience suggests that synergistic 
muscles are more easily retrained to perform their new function. For example, wrist flexors usually function well for powering finger extension, as they 
normally contract to stabilize the wrist during this movement. 

e The transferred tendon should have as straight a line of action as possible. Most transfers are passed through subcutaneous tunnels. Tissues should be 
pliable with stable skin cover. 

e The transfer is attached to the tendon of the paralyzed muscle when possible, as this will have the most effective insertion. Most often the attachment is 
done end to side, this being important if there is a possibility that some nerve recovery may occur later. The tendons are joined as strongly as possible, 
with a weave or side-by-side suture, in order to allow mobilization as early as possible (Fig. 20-11). 

e If the transferred muscle is to retain its original function, then its effectiveness will depend on the activity of the antagonist to that original function. 
For example, if brachioradialis is transferred to flexor pollicis longus, the triceps should be functioning to resist its normal elbow flexion action and so 
allow its power to act distally on the thumb. 


A 
Figure 20-11. Transfer of tendons of flexor carpi radialis to extensor digitorum communis and palmaris longus to extensor pollicis longus for reconstruction of 
posterior interosseous nerve palsy. The donor tendons are woven into the recipient tendons on the dorsum of the wrist and locked with multiple sutures (A) to restore 
finger and thumb extension (B). 


OTHER RECONSTRUCTIVE PROCEDURES 


The automatic movement of a joint produced by motion of another, usually more proximal joint, is termed a tenodesis. A surgical tenodesis can be created 
by fixing a tendon to bone so that motion of a proximal joint produces a force on the tendon and hence motion in a more distal joint. For example, the 
extensor pollicis longus tendon can be anchored to the distal radius so that the thumb extends with wrist flexion. 

Fusion of a joint provides stability and allows movement of the proximal limb segment to act more distally. For example, in certain cases of upper trunk 
or axillary nerve dysfunction, fusion of the glenohumeral joint can actually increase the functional range of motion of the shoulder. Rather than the shoulder 
simply being flail and subject to gravitational pull alone, the intact periscapular musculature can move the fused glenohumeral joint, allowing a surprising 
degree of limb motion, particularly flexion. 

If there is no donor muscle available for transfer, then free microvascular muscle transfer may sometimes be possible. This technique involves moving a 
muscle from another part of the body, the gracilis muscle in the thigh being the most commonly used donor. The feeding blood vessels and the nerve that 
innervates the muscle are connected to vessels and nerves at the recipient site. There must be a suitable functioning nerve to innervate the transferred muscle 
and recovery of function relies on nerve regeneration. Free microvascular transfer of gracilis can be used to restore elbow flexion after brachial plexus 
injury. The upper end of the muscle is sutured to the coracoid and the lower end to the biceps tendon. It is usually innervated using intercostal nerves or the 
accessory nerve. 


NERVE INJURIES ASSOCIATED WITH SPECIFIC FRACTURES AND DISLOCATIONS 


SUPRACLAVICULAR BRACHIAL PLEXUS 


The part of the brachial plexus located above the clavicle, the supraclavicular brachial plexus, arises from the C5-T1 nerve roots and extends laterally and 
downward from the cervical spine to the axilla, forming a triangular shape (Fig. 20-12). The plexus is normally taut as a result of the weight of the upper 
limb. Lateral flexion of the cervical spine toward the opposite side, depression of the shoulder girdle, traction on the arm, and rotation of the head and 
cervical spine increase tension in the nerves. Trauma of sufficient force to exceed the normal limits of these movements may cause excessive stretching and 
injury to the nerves. Serious injuries are most commonly caused by road traffic accidents, particularly involving motorcycles. If a motorcyclist is thrown off 
and hits their head and shoulder on the ground, the shoulder girdle may be forced downward while the neck is flexed laterally in the opposite direction. The 
particular nerve roots that are damaged are affected by the position of the upper limb at the time of impact, with the upper roots being most vulnerable. 
Compression or even laceration of the brachial plexus may occasionally result from displaced fractures of the clavicle (see Fig. 20-10). 
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Figure 20-12. Diagram of the nerves of the brachial plexus (anterior view) showing their relationship with the skeleton of the shoulder and upper arm. 


As with nerves at other sites, the brachial plexus may sustain different grades of injury after blunt trauma. The severity of damage often varies between 
different parts of the plexus. In more mild cases, the nerves remain in continuity and spontaneous recovery is possible. More severe traction may cause 
rupture of the nerves distal to the dorsal root ganglia. In the worst injuries, nerve roots are avulsed from the spinal cord. This is termed preganglionic injury, 
for which there is no possibility of spontaneous recovery and options for surgical reconstruction are limited. 

While many patterns of injury are possible, most traction injuries to the supraclavicular brachial plexus fall into three groups*?: 


e Upper plexus injury. The C5 and C6 roots and upper trunk are injured, with C7 and C8 being involved in more severe cases. There is loss of shoulder 
abduction, external rotation, and elbow flexion, with elbow, wrist, and finger extension being affected in more extensive lesions. 


e Total plexus injury, usually with preganglionic avulsion of at least the lower roots. 
e Lower plexus injury. These are relatively rare. There is isolated avulsion injury of the C8 and T1 roots and sometimes C7, resulting in partial paralysis 


of the hand with preservation of proximal limb function. 
Clinical assessment is paramount in establishing the diagnosis and making decisions on the management of brachial plexus injuries. The mechanism of 
injury should be noted. Severe pain is associated with preganglionic injury to nerve roots and situations where there is ongoing nerve compression. Horner 
sign affecting the ipsilateral eye indicates damage to the sympathetic chain and is strongly indicative of preganglionic injury to the lower brachial plexus 


roots. Abrasions and bruising over the shoulder girdle and swelling above the clavicle are associated with supraclavicular injuries. Abnormal pulses and 
circulation suggest additional arterial injury. Muscle power should be assessed using the MRC scale and sequentially recorded (see 5). Examination 
of muscles innervated by proximal branches of the plexus is useful in determining the level of the lesion. Paralysis of serratus anterior, which is innervated 
by branches from the C5-C7 roots, indicates avulsion or very proximal injury to these roots. Sensation for each dermatome and nerve territory is recorded 
as normal, altered, or absent. 

Plain radiographs, which are routinely performed in severely injured patients, may provide useful information. Elevation of the ipsilateral 
hemidiaphragm on a chest radiograph indicates damage to the phrenic nerve, which is associated with avulsion of C5. Presence of an extrapleural apical 
hematoma strongly suggests avulsion of the C8 and T1 roots, as a result of leakage of cerebrospinal fluid through the intervertebral foramina.°” Transverse 
process fractures may be seen on radiographs or CT of the cervical spine, but it is not clear how these correlate with the grade of injury to the nerve roots. 
Although cervical myelography and CT myelography have been used to diagnose avulsion of nerve roots from the spinal cord, MRI of the cervical spine is 
most widely used. In addition to sagittal and axial T1- and T2-weighted sequences, coronal images should be obtained. Hems et al.’” reported a sensitivity 
of 81% in diagnosing root avulsions compared with findings of surgical exploration and a recent meta-analysis concluded sensitivity of 93% and specificity 
of 72%. -+ However, the resolution of imaging has improved’*’ with more consistent demonstration of the nerve rootlets within the spinal canal ( 

). MRI is less reliable at defining the severity of injury to the postganglionic structures of the brachial plexus, although diffusion weight neurography is 
showing promise.”®--7 Neurophysiology assessment can provide additional information if surgical exploration is delayed. 


A B 
Coronal (A) and axial (B) T2-weighted MR images of the cervical spine showing preganglionic avulsion of the left C7, C8, and T1 nerve roots. The 


ventral and dorsal rootlets can be seen on the right but are absent on the left and there are meningoceles in the intervertebral foramina. 


The prognosis for spontaneous recovery of total brachial plexus injuries is poor with some return of shoulder and elbow function being more likely than 
hand function. Horner syndrome and persistent severe pain are associated with poorer outcomes. Isolated injuries to the lower brachial plexus roots are 
usually preganglionic and recovery is therefore unlikely. Rorabeck and Harris reported full recovery in 18 and partial recovery in 11 of 34 upper trunk 
injuries believed to be postganglionic but recovery only in 3 of 13 cases with preganglionic injury as indicated by paralysis of serratus anterior. More 
extensive injuries carry a worse prognosis with Kline>* stating that 40% of patients with C5—C6 injuries recover useful function, with this falling to 15% for 
C5-C7 injuries. Recovery of elbow flexion is more likely than shoulder function. A serious brachial plexus injury is likely to be a life-changing event for 
the patient. It is therefore important to provide information on the likely prognosis soon after the injury. Rehabilitation requires a multidisciplinary 
approach, including measures to maintain passive joint mobility, to control pain, to provide supportive slings or orthoses, and to advise on occupation. 

Early surgery to explore the brachial plexus and reconstruct nerves, when necessary, has the potential to improve outcome in many cases. If nerves have 
been divided or there is a postganglionic rupture, repair may be carried out with nerve grafts. Although direct repair of preganglionic injury is only available 
as an experimental procedure in a few centers, it is often possible to restore some function using nerve transfers. Sharp, penetrating injuries of the plexus 
should be explored and the divided nerves repaired as soon as possible, as with open injuries at other sites. The indications for surgery for missile injuries 
are less clearcut, with a conservative approach being recommended after the Second World War but more recent work supporting primary intervention 
when there is evidence of vascular injury.'’* Surgical exploration is usually recommended for closed supraclavicular injuries associated with high-energy 
trauma, where there is complete loss of function of all or part of the plexus. 

Emergency or very urgent operation is necessary for open injuries and those with an associated arterial injury that requires repair. For other cases, there 
is some controversy as to whether very early operation within the first 2 weeks after injury or after a delay of 2 to 4 months is better.*** Cases likely to 
require intervention are usually evident at an early stage. Patients should be referred to a specialist unit as soon as their general condition allows so that the 
opportunity for very early operation is not missed if indicated. Outcomes of repair are known to deteriorate with delay of more than 3 to 6 months. 

The supraclavicular plexus is exposed through an incision above the clavicle and dissection on the lateral side of sternomastoid. The roots and trunks are 
found emerging behind the lateral edge of the scalenus anterior muscle. It is often necessary to explore the infraclavicular plexus through a deltopectoral 
approach as well. More extensive exposures require osteotomy of the clavicle. Definition of the injured nerves may be difficult because of reactive scar 
tissue. Nonfunctioning nerve roots should be traced proximally toward the intervertebral foramina to ascertain whether they have been avulsed from the 
spinal cord. Postganglionic ruptures of nerves are defined and lesions without clear loss of continuity assessed to ascertain the chance of spontaneous 
recovery (see Intraoperative Neurophysiology). A plan for reconstruction is then made. For nerve graft repair of postganglionic ruptures, the viability of the 
proximal root has to be confirmed, with the presence of a response to stimulation in the root’s branch to the long thoracic nerve being a favorable indicator. 
The techniques for nerve grafting are similar to repairs at other sites. 

Nerve transfers are increasingly being used in brachial plexus reconstruction either in addition to or instead of nerve grafting. They allow the possibility 
of reconstruction for some preganglionic injuries and also may provide earlier recovery by effecting repair closer to the target muscles. Commonly used 
transfers for reconstruction of shoulder abduction and external rotation are accessory to suprascapular nerve and nerve to long or medial head of triceps to 


the axillary nerve (Fig. 20-14). Nerves that can be transferred to reinnervate the musculocutaneous nerve for elbow flexion include a fascicle from the 


ulnar and/or median nerves (Fig. 20-15),°°!" the medial pectoral nerve,!’ and intercostal nerves.°° Transfer of the C7 root from the contralateral brachial 
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plexus is recommended in some centers to provide a source of neurotization for complete preganglionic injuries. 
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Figure 20-14. Operative photographs showing transfer of the left radial nerve branch to medial head of triceps to the anterior branch of the axillary nerve. A: After 
exposing the nerves through an incision on the posterior aspect of the upper arm, the radial nerve branch is divided as distal as possible and folded proximally. B: It is 
sutured to the axillary nerve and the junction reinforced with fibrin glue. 
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Figure 20-15. Operative photographs showing transfer of a fascicle from the ulnar nerve to the nerve to biceps (Oberlin transfer). A: With the aid of electrical 
stimulation, a fascicle, which innervates mainly flexor carpi ulnaris, is selected from the ulnar nerve. B: The fascicle is divided and sutured directly to the nerve to 
biceps. 


In upper root injuries, where hand function is largely preserved, reinnervation of the suprascapular, axillary, and musculocutaneous nerves is the priority 
to restore shoulder abduction and external rotation together with elbow flexion. This can usually be achieved with a combination of nerve transfers and 
nerve grafting and there is potential for substantial gain in function of the limb as a whole. Reported results suggest that restoration of at least MRC grade 3 
active elbow flexion can be achieved in about 80% of cases with nerve grafting. For nerve transfers, Teboul et al.'!° found at least MRC grade 3 recovery 
after ulnar nerve fascicle transfer in 24 of 32 cases, although co-contraction of biceps and hand movements can be a disadvantage.”° In the authors’ series of 
medial pectoral to musculocutaneous nerve transfers, 11 of 13 patients with C5—C6 or C5-C7 injuries have regained grade 4 elbow flexion, with 8 able to 
lift at least 3 kg. Results for restoration of shoulder function are generally not as reliable, but appear to be better with the reconstruction including accessory 
to suprascapular nerve transfer. 038-112 Leechavengvongs et al.°? reported mean shoulder abduction of 115 degrees after accessory to suprascapular and long 
head of triceps to axillary nerve transfers. Good shoulder external rotation is not often achieved. 

For total plexus injuries, it is unlikely that useful function can be restored in the hand, but some proximal upper limb function may be gained. The upper 
roots may be repairable with nerve grafts. Priorities for neurotization include the lateral cord for elbow flexion and sensation to the hand, the axillary nerve, 
and the pectoral nerves. Good recovery in deltoid and biceps may be obtained but useful wrist and finger movement is unusual. Intercostal nerves may be 
used for transfer and direct suture of these to the musculocutaneous nerve can restore at least grade 3 elbow flexion in 80% of patients who have surgery 
within 6 months of injury.”© 


INFRACLAVICULAR BRACHIAL PLEXUS, SHOULDER DISLOCATION, AND PROXIMAL HUMERAL 
FRACTURE 


Injuries that predominantly affect the nerves below the level of the clavicle are referred to as infraclavicular injuries. The axillary artery and the surrounding 
cords and branches of the brachial plexus run on the anteromedial aspect of the glenohumeral joint and the proximal humerus (see Fig. 20-12). After 
branching from the posterior cord, the axillary nerve runs though the quadrilateral space and around the neck of the humerus, making it vulnerable to injury. 
Infraclavicular injuries are often, but not always, associated with skeletal injury to the shoulder or humerus, which are closely related to the nerves. One or 


more of the terminal branches of the plexus are generally affected rather than the cords. If the skeletal injury is taken into account, most closed 
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infraclavicular injuries fall into four scenarios 


e Nerve injuries associated with dislocation of the shoulder (glenohumeral) joint 


e Axillary nerve injury in isolation, or in combination with other nerves, in the absence of shoulder dislocation 
e Nerve injuries associated with displaced fractures of the proximal humerus 
e Rupture of the musculocutaneous nerve with or without injury to other nerves 


Anterior dislocation of the shoulder occurs when the arm is forced posteriorly when it is abducted and extended. The infraclavicular plexus is put under 
compression and stretch by displacement of the humeral head into the axilla.!° Nerve injury occurs in about 10% of cases of shoulder dislocation, often after 
lower-energy trauma. Patients over the age of 50 are at higher risk.!?? Hems and Mahmood,” reporting on 49 patients with nerve injuries referred to a 
specialist center, found the axillary nerve affected in 37, ulnar nerve in 39, median nerve in 35, radial nerve in 28, and the musculocutaneous in 28. 
Neurotmesis of the axillary nerve occurred in only two cases. All other nerves sustained lesions in continuity. Therefore, the prognosis for spontaneous 
recovery is generally good, a finding also reported by Watson-Jones. !22 

Axillary nerve injury without dislocation of the shoulder tends to occur in younger patients and to be associated with high-energy trauma. There may be 
a fracture of the scapula or arterial injury. The mechanism of injury is uncertain, but some patients may have had dislocation of the shoulder that reduced 
spontaneously, “occult dislocation.”4° There is high risk of rupture of the axillary nerve. The suprascapular nerve may also be injured. This is usually a 
lesion that will recover spontaneously,*>»°® although Mikami et al.” found the suprascapular nerve ruptured in 25 of 33 patients with combined axillary and 
suprascapular nerve injury. 

Nerve injury is rare after fracture of the proximal humerus.!2* When it occurs, it is usually as a result of medial displacement of the humeral shaft 
applying direct pressure on the neurovascular bundle in the axilla. The axillary artery is also injured in about 50% of cases.*° There is often severe pain and 
progressive neurologic deterioration. 

Forced hyperextension of the arm appears to cause a pattern of injury characterized by rupture of the musculocutaneous nerve, which has a short course 
lying anteriorly in the upper arm.*° This type of injury results from high-energy trauma. There is fracture of the shaft of the humerus or dislocation of the 
elbow in some, but not all, cases. The median and radial nerves, which pass anterior to the elbow joint, may also be involved, whereas the ulnar nerve, 
which lies behind the axis of the elbow joint, is least vulnerable. 

On clinical assessment of infraclavicular brachial plexus injuries, there is preservation of proximal shoulder girdle muscles, including serratus anterior, 
pectoralis major, and latissimus dorsi. Shoulder function can be difficult to assess if there is skeletal injury. The pattern of neurologic loss distally is usually 
consistent with injury to one or more of the terminal branches of the plexus rather than nerve roots. Axillary nerve palsy alone does not cause complete loss 
of shoulder abduction. Indeed, supraspinatus can produce a full range of abduction. In addition to palpation to confirm contraction of the deltoid muscle, 
specific tests for function of deltoid include abduction of the shoulder in internal rotation*? and the “swallowtail” test for posterior deltoid (see Fig. 20-4). 
Absence of active shoulder abduction implies additional suprascapular nerve palsy or a tear of the rotator cuff tendons. MRI of the shoulder is a very useful 
investigation for a flail shoulder, accurately defining rotator cuff tears and displaying signal changes in denervated muscles (see Fig. 20-6). 

Since most nerve injuries associated with dislocation of the shoulder are likely to recover spontaneously, they can usually be managed nonoperatively. 
Younger patients who have suffered high-energy trauma should be monitored carefully with neurophysiology tests at about 2 months after injury to look for 
evidence of continuity of the axillary nerve. The outcome of these injuries is adversely affected by a displaced fracture of the greater tuberosity or large 
rotator cuff tears. Urgent surgery is necessary for fracture fixation or tendon repair and is not contraindicated by the presence of nerve injury. 

If axillary nerve injury, with or without other involvement of other nerves, is identified in the absence of shoulder dislocation, then there is a strong case 
for early surgical exploration. This should be carried out by 3 months after injury, unless there is clear evidence of recovery on clinical examination and 
neurophysiologic tests. 

If there are nerve injuries associated with displaced proximal humeral fractures, then surgery to reduce and stabilize the fracture is almost always 
indicated. It should be carried out as an emergency to relieve any ongoing nerve compression and prevent progressive damage. Formal exposure of the 
infraclavicular plexus allows a full assessment of the grade of injury to the affected nerves and control of the axillary artery. Nerve and arterial repair can be 
performed if necessary. 

Patients presenting with musculocutaneous nerve palsy after high-energy injury should have early exploration of the infraclavicular brachial plexus. For 
open injuries, vascular injury, or where fracture fixation is required, this may be carried out as part of the primary surgery. 

The infraclavicular brachial plexus is best exposed through a deltopectoral approach, which can also be used for fixation of the proximal humerus when 
required. The interval between the deltoid and pectoralis major is developed on the lateral side of the cephalic vein. The pectoralis minor tendon is defined 
medial to the coracoid and divided to expose the neurovascular bundle (Fig. 20-10B). The cords and their terminal branches can then be explored and the 
grade of injury defined. Ruptured nerves, most commonly the axillary and musculocutaneous nerves, are traditionally repaired with nerve grafts. 
Alternatively, the axillary nerve may be reinnervated by transfer of a triceps branch of the radial nerve,®®? this being a good option if there are technical 
difficulties with nerve grafting or if there has been delay of more than 6 months. Working through an approach posterior to deltoid or splitting the deltoid,’ 
the nerve transfer is attached to the anterior branch of the axillary nerve to reinnervate the important middle and anterior parts of deltoid (Fig. 20-13). 

Results of reconstruction of infraclavicular injuries vary considerably between nerves involved. Repair of rupture of the musculocutaneous nerve with 
nerve grafts is usually rewarding, with grade 3 or 4 recovery of the elbow flexion in over 80% of cases,°”®? although results are worse if there is associated 
arterial or bony injury. Because shoulder abduction requires function of the axillary and suprascapular nerves and the rotator cuff tendons, it is difficult to 
assess the outcome of axillary nerve repair in isolation. Mikami et al.”? reported deltoid recovery of M3 or better in 77% of cases with more than 120-degree 
shoulder abduction in 82% after combined injuries of the axillary and suprascapular nerves. M3 or better recovery has been reported for nerve graft repair or 
triceps nerve transfer for isolated axillary nerve lesions.891463,81 Outcomes after repair of nerves innervating the forearm and hand are less favorable.>” 

Late reconstructive procedures are not usually necessary for isolated deltoid deficiency alone. If shoulder abduction is limited as a result of partial 
paralysis, then it may be improved by lateral transfer of the clavicular head of pectoralis major®® or the long head of the triceps to the acromion.!°9 For 
complete paralysis of the shoulder, arthrodesis gives predictable stability and movement if muscles controlling the scapula, most importantly the trapezius 
and serratus anterior, are functioning. However, the loss of passive movement at the glenohumeral joint is a disadvantage. 


RADIAL NERVE INJURY AND HUMERAL FRACTURES 


The radial nerve is the nerve most commonly injured in association with fractures of the humeral shaft. It forms in the axilla as the main terminal branch of 
the posterior cord receiving fibers from the C6, C7, C8, and T1 nerve roots.° After running distally behind the brachial artery, the radial nerve passes, with 
the profunda brachii artery, through the triangular space formed by the humeral shaft, the long head of triceps, and the teres major (see Figs. 20-12 and 20- 
14A). It then runs in the spiral groove across the posterior aspect of the midshaft of the humerus covered by the lateral head of the triceps muscle. Branches 


are given off to all three heads of triceps. It pierces the lateral intermuscular septum at the junction of the middle and distal thirds of the arm to reach the 
anterior compartment. Most injuries of the radial nerve can be explored through a direct posterior approach splitting the midline of the triceps (see Fig. 20- 
7). Additional exposure of the anterolateral aspect of the lower third of the arm may be needed for more distal injuries. 

The close proximity of the radial nerve to the middle third of the humeral shaft makes it vulnerable to injury by stretch or compression by fracture 
fragments. A prevalence of 11.8% was reported by Shao et al.°° Transverse and spiral fractures are more likely to cause nerve injury than comminuted or 
oblique fractures. As well as being vulnerable in the spiral groove, the radial nerve can also be entrapped in fractures of the junction of the middle and distal 
thirds of the humerus where it passes through the lateral intermuscular septum. Transection of the nerve is usually associated with open fractures or complex 
upper limb trauma.’ Many injuries are lesions in continuity with spontaneous recovery occurring in more than 70% of cases. The mean time to onset of 
recovery is 7 weeks (range 2 weeks to 6 months) and for full recovery is 6 months (range 3 to 12 months).°° The grade of injury to the nerve is commonly 
axonotmesis. It is possible for the radial nerve to be entrapped in the fracture and hence be subject to continuing compression. Sometimes, there is delayed 
onset of radial nerve palsy indicating that there is compression as a result of the position of the fracture. 

On clinical examination, there is typically loss of function of the radial nerve below the triceps branches with absence of wrist, finger 
(metacarpophalangeal joint) and thumb extension and impaired sensation on the dorsoradial aspect of the hand. At follow-up, it is important to monitor 
whether the Tinel sign is advancing along the course of the nerve from the level of injury. Ultrasound has shown promising results in demonstrating loss of 
continuity or entrapment of the nerve. 

Optimal management relies on selecting the cases where operation is necessary to relieve entrapment or repair a rupture of the nerve. Delay in these 
cases is likely to affect outcome. Some evidence has suggested that a limited period of waiting before exploring the nerve has no effect on final 
recovery.°?:!29 However, an updated systematic review concluded that patients who underwent surgical exploration within 3 weeks of injury had a higher 
chance of radial nerve recovery than those initially managed nonoperatively.4® Management can also be guided by treatment of the fracture and other 
injuries. If operative fracture management is thought necessary, the fracture is open, there is associated vascular injury or a floating elbow, then the nerve 
should be explored and, if necessary, repaired at the same operation whenever possible. If a decision is made to manage a humeral fracture, resulting from 
low-energy trauma, nonoperatively and observe the nerve injury, careful clinical assessment should be made to look for evidence of recovery after 
approximately 3 months. A neurophysiology assessment may be requested. Nerve exploration is considered if there is no evidence of recovery. If radial 
nerve palsy develops while a fracture is being managed nonoperatively, then urgent exploration and fixation of the fracture should be performed. 

If the radial nerve is ruptured, then there will be loss of nerve substance and hence nerve grafting will be required for repair. Occasionally, direct nerve 
suture may be possible if bone shortening can be carried out through an acute fracture or nonunion. If nerve grafting appears unfavorable, then an alternative 
approach to reinnervating the extensor muscles of the forearm is to carry out nerve transfers. The flexor digitorum superficialis branch of the median nerve 
is transferred to the nerve to extensor carpi radialis brevis for wrist extension and the branch to flexor carpi radialis to the posterior interosseous nerve for 
finger and thumb extension.?*!!© When delayed exploration and repair of the radial nerve is being considered, a number of factors should be taken into 
account, including whether the fracture has united, the age of the patient, and the speed of functional improvement is likely to occur after operation. The 
patient may be better served by tendon transfer if this is possible since function will be regained earlier than after nerve repair. 

The results of 242 repairs of the radial nerve were reported by Shergill et al.!°° out of which, 220 (91%) had required nerve grafts. Repairs were carried 
out after a mean delay of 90 days (0-440). Overall, there were 30% good results, 28% fair results, and 42% failures. The series included a high proportion 
of complex injuries with multiple nerves involved, which may have adversely affected outcomes. The violence of the injury was an important influence on 
outcome. If the defect in the nerve trunk was more than 10 cm, then most repairs failed, as did all repairs carried out more than 12 months after injury. Lee 
et al.° reported good or excellent results in five of six cases where the radial nerve was repaired with grafts 9 cm or more in length after a mean delay of 6 
months. Recovery of wrist extension is more reliable than digital extension, with the latter being less likely the more proximal radial nerve injury.°* For 
nerve transfer, Ray and Mackinnon®’ reported results in 19 patients who underwent operation at a mean of 6 months after injury. Eighteen regained MRC 
grade 4/5 wrist extension and 12 grade 4/5 finger and thumb extension, although 9 patients also had a tendon transfer for wrist extension. Further evidence 
on the reliability of nerve transfer is still needed. 

Tendon transfer is a useful option for improving function if recovery is unlikely after radial nerve injury (see Fig. 20-11). Transfers are required to 
replace wrist extension, finger extension, and a combination of thumb extension and abduction. Providing the median and ulnar nerves are functioning 
normally, a number of combinations of transfers are possible. Pronator teres is usually transferred to extensor carpi radialis brevis for wrist extension. Either 
the flexor carpi radialis or flexor carpi ulnaris is transferred to extensor digitorum communis for finger extension. If present, the palmaris longus is 
transferred to extensor pollicis longus for thumb extension. The procedure is reliable in improving function with Ropars et al.°° reporting 11 excellent, 2 
good, and 2 fair or bad results in 15 cases, although limitation of the range of digital extension, particularly the thumb, and restriction of wrist flexion has 
been reported.’ 


FRACTURES AND DISLOCATIONS OF THE ELBOW 


The three major nerves of the arm pass the elbow and are potentially vulnerable to injury. The median and radial nerves lie anterior to the distal humerus 
and elbow joint, being separated from bone by the brachialis muscle. The ulnar nerve runs posteromedially passing through the cubital tunnel behind the 
medial epicondyle. More distally, the radial nerve divides to form the superficial radial nerve and the posterior interosseous nerve, which is closely related 
to the neck of the radius as it passes posteriorly to reach the extensor compartment of the forearm. 

Nerve injuries can be associated with fractures of the distal humerus, dislocation of the elbow, and dislocation of the radial head. In supracondylar 
fractures of the humerus, the distal humerus often displaces posteriorly and distal end of the shaft may directly injure the median or radial nerves that lie 
anteriorly. This scenario is rather more common in children than adults. If operative treatment of the fracture is necessary, then affected nerves should be 
explored at the same operation (Fig. 20-16). Ulnar neuropathy may also occur after fracture of the distal humerus or after operative treatment of these 
fractures in adults. The cause of the injury to the ulnar nerve is often unclear, but manipulation of the nerve during surgery, inadequate release, impingement 
of bone fragments or metalwork, and postoperative fibrosis may contribute. Good results have been reported if neurolysis of the ulnar nerve is carried out at 
the time of secondary reconstructive procedures for the fracture.” 

The median, ulnar, and radial nerves can all be injured as a result of elbow dislocation, although the radial nerve is least vulnerable. The median nerve 
may be injured by stretch or compression at the time of dislocation, by expanding hematoma resulting from arterial rupture, or by entrapment in the joint 
during reduction. Examination of neurovascular function before and after manipulation is therefore important. Entrapment results from displacement of the 
median nerve behind the medial epicondyle if the common flexor origin and medial collateral ligament are ruptured or the medial epicondyle is fractured in 


combination with the dislocation. It may then be entrapped in the joint at the time of reduction. Most reported cases have been in children, but median nerve 
entrapment can occur in adults. The resulting median nerve palsy is usually associated with severe pain. Operation should be carried out as soon as possible 
to explore the nerve and remove it from the joint. 
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Figure 20-16. Radiographs of a displaced supracondylar fracture of the distal humerus in a 14-year-old boy at presentation (A) and after operation (B). He had a 
radial nerve palsy at the time of presentation. At emergency operation, the nerve was explored through an anterior approach and found to be impaled on the distal end 
of the humeral shaft. After freeing of the nerve and plate fixation of the fracture, there was full recovery of the nerve within a few weeks. 


The posterior interosseous nerve is sometimes injured in association with dislocation of the radial head and fracture of the shaft of the ulna (Monteggia 
lesion) or olecranon. The exact mechanism of the nerve injury is uncertain. While stretch or compression of the posterior interosseous nerve may occur at 
the radial neck or under the supinator muscle, direct damage to the nerve may occur more distally as a result of the fracture of the ulna. Spontaneous 
recovery is likely. Exploration and decompression of the nerve has been recommended if there is no evidence of recovery after 8 weeks. 


FRACTURES OF THE FOREARM AND WRIST 


In the forearm, the median and ulnar nerves are not closely related to the bones and injuries rarely occur with fractures of the shafts of the radius and ulna 
except with high-energy injuries. Nerve problems may arise as a result of distal radial fractures or carpal dislocations. These include direct injury to the 
median nerve, acute carpal tunnel syndrome, and injury to the superficial radial nerve. 

Direct median nerve injury may occur with dorsally displaced fractures of the distal radius often as a result of high-energy trauma. With dorsal 
displacement of the fracture, the distal end of the shaft may contact the median nerve, causing compression and contusion. The median nerve deficit, with 
altered sensation in the thumb, index, and middle fingers, is present immediately after injury. It may be difficult to differentiate this situation from acute 
carpal tunnel syndrome, which results from swelling or hematoma in the carpal canal.”’ Dyer” estimated that acute carpal tunnel syndrome occurs in 5.4% 
of operatively treated distal radius fractures. The fracture or dislocation should be reduced as an emergency to relieve ongoing pressure on the nerve and 
then carpal tunnel release and nerve exploration should be carried out unless there is rapid resolution of the nerve symptoms and signs. Localized contusion 
of the median nerve is often seen at the fracture site, but rupture of the nerve is rare. Operative stabilization for the fracture is usually necessary. Recovery 
after contusion of the median nerve is variable. The outcome for acute carpal tunnel syndrome is related to the timing of release, often with full recovery if 
performed early within a few hours and permanent nerve impairment if delayed. However, there is a lack of consensus on the amount of delay that is 
acceptable. 

If carpal tunnel syndrome develops after manipulation or fixation of a fracture, then urgent carpal tunnel release should be performed unless pain and 
sensory impairment improves rapidly with elevation and splitting the cast. The release should extend proximal to the wrist skin crease, but particular care 
should be taken not to injure the palmar cutaneous branch of the median nerve. 


The superficial radial nerve is rarely damaged by closed injuries to the wrist but is vulnerable during treatment as a result of insertion of K-wires, 
external fixator pins, and plates, or pressure from a cast. While the area of sensation supplied by the superficial radial nerve is less important than the 
median and ulnar nerve, injury to this nerve appears to contribute to ongoing pain. Therefore, the nerve should be adequately visualized or, if possible, 


incisions should be avoided over the course of the nerve.” 


OPEN INJURIES TO THE HAND AND WRIST 


Digital nerves are the most commonly injured nerves in the upper extremity.!*4 Injury occurs as a result of either lacerations or blunt trauma to the hand, 
causing loss of the precise sensation on the pulps of fingers, which is important for normal hand function. Injury may also be complicated by formation of 
painful neuromas, which can be more disabling than the impairment of sensation. Digital nerves may be divided in isolation, but often there is damage to 
adjacent structures including digital arteries and flexor tendons. In most circumstances, surgical exploration is recommended to ensure adequate cleaning 
and debridement of the wound, definition of damage to all structures, and repair. Digital nerves in the fingers and thumb are usually exposed using Bruner- 
type incisions. If found to be transected, the nerve is gently mobilized over a length of about 1 cm proximal and distal. For fresh lacerations, trimming of the 
nerve ends is not necessary unless they are ragged or crushed. Nerve repair is usually performed by direct suture under magnification if it is possible without 
tension, with nerve conduits being another option. If there is loss of nerve tissue, a graft may be needed (see section on nerve repair), but the likely amount 
of improvement in sensation as a result of the repair may not justify the morbidity resulting from harvest of a nerve graft. 

While microsurgical repair of divided digital nerves is the current standard management, recent review of evidence comparing outcomes of single digital 
nerve injuries in adults, which were repaired or left unrepaired, showed that only 24% of repaired nerves regained sensation similar to that before injury.*° 
The proportion who developed neuromas was similar in repaired and unrepaired nerves at about 5%. Little evidence was found to support repair of the 
nerves in the thumb and border digits over other sites. It was concluded that a large-scale randomized controlled trial comparing repair of single digital 
nerve lacerations with no repair is needed to establish outcomes and indications. This review strengthens the case for nonoperative management of single 
digital nerve injuries in selected cases, particularly older patients. 

The outcome of digital nerve repair is difficult to assess, particularly if only one nerve to a finger has been injured. Some of the improvement in 
sensation may be a result of crossover from the adjacent nerve territory. Sensation does not recover to normal, at least in adult patients.2® Fakin et al.28 
reporting on long-term outcome of 93 digital nerves repaired by direct epineurial suture found a high level of satisfaction with recovery of protective 
sensation. Mean two-point discrimination was 10.6 mm compared with 4.4 mm on the contralateral side. Only 2% developed painful neuromas. Kallio”! 
reported long-term results of secondary repair of 254 completely divided digital nerves in 95 patients with a mean follow-up of 12 years. Repairs were with 
suturing or nerve grafts. Useful recovery, with MRC grade S3 or S4, was achieved in 79.5% of nerves. Age was an important factor with 100% of patients 
under age 15 years regaining useful sensation compared with 26% of patients over 40 years. Better results were found in those who had repair within 3 
months. Results also deteriorated with increasing length of nerve grafts with useful recovery in only 15% of nerves that required a graft over 50 mm in 
length. 

The median and ulnar nerves may be injured by lacerations on the anterior aspect of the wrist and forearm. The median nerve runs distally in the forearm 
on the deep surface of the flexor digitorum superficialis, emerging on the lateral side of the muscle to lie more superficially at the wrist. The ulnar nerve 
runs distally between flexor digitorum profundus and flexor carpi ulnaris adjacent to the ulnar artery to reach Guyon canal. Both nerves are most vulnerable 
at the wrist and distal forearm. Lacerations associated with neurologic deficit should be explored. Longitudinal extension of the laceration, often into the 
carpal canal distally, is usually necessary to give adequate exposure. If explored early, tidy nerve lacerations can be repaired by direct suture, but nerve 
grafts may be needed if there is loss of a length of nerve or if there is a delay in repair. 

Seddon reported the results of the 584 median and ulnar nerve repairs at all levels using the MRC system for whole nerve recovery. Overall, 33% gained 
a good result, 50% fair, 10% poor, and 7% bad. The outcomes in children were notably better than adults with 71% good results in those below age 10 years 
and 58% in those aged 11 to 15 years. The authors’ experience has been that correct localization of sensation to each finger may be regained, but return of 
two-point discrimination is rare. Recovery of the thenar muscles is likely after median nerve repair but overall control of muscle function is compromised 
by the sensory impairment. For the ulnar nerve, finger abduction and thumb adduction are more likely to recover than finger adduction. Outcomes have 
been shown to be better for primary compared to delayed repair. !* 


PELVIC FRACTURES 


In contrast to the brachial plexus, the lumbosacral plexus (L2—S4) is protected by the stability of the pelvic girdle. Therefore, injury is less common and is 
associated with life-threatening pelvic disruption caused by high-energy trauma. The anterior rami of L2, L3, and L4 unite and branch in the psoas muscle to 
form the lumbar plexus. The two major terminal branches are the femoral and obturator nerves. All of L5 and part of L4 join to form the lumbosacral trunk 
that passes down into the pelvis in front of the sacroiliac joint. It then joins the S1, S2, and S3 nerves, which emerge from the sacral foramina to form the 
sacral plexus. The main terminal branch is the sciatic nerve, which leaves the pelvis through the greater sciatic foramen, passes behind the hip joint, and 
then runs down the back of the thigh between the hamstring muscles. Other important motor branches include the superior and inferior gluteal nerves. 

The prevalence of clinically evident nerve injury after pelvic fracture has been estimated to be around 10%, with L5 and S1 being most commonly 
affected. Nerve injuries occur with fractures of the sacrum, which may involve the sacral foramina, or disruption of the sacroiliac joint on the ipsilateral 
side. The close proximity of the lumbosacral trunk to the sacroiliac joint makes it vulnerable to injury. Bowel and bladder continence and sexual function 
may be affected as a result of injury to the sacral nerves in pelvic fractures. Birch! reported 42 cases of lumbosacral plexus injury in 489 cases of fractures 
or dislocations of the pelvis, with 37 of those with nerve injury having unstable Tile type C fractures. There was complete recovery in 38% of the nerve 
injury cases who had early accurate reduction and fixation of the fracture or sacroiliac joint. The prognosis was less favorable in those who had later and 
less accurate reduction. 

Conservative treatment has been advocated for most lumbosacral plexus injuries partly because of the technical difficulties of surgical access. However, 
surgical exploration, including laminectomy when necessary, has been reported.” Intraspinal rupture of the nerve roots between the spinal ganglion and 
spinal cord was found in some cases. Reconstruction of ruptured postganglionic nerves or ruptured ventral roots was performed with nerve grafts or nerve 
transfers. Return of function in the thigh and to a lesser extent calf muscles was achieved. The place for this more aggressive approach to lumbosacral 
plexus injuries needs further definition. 


HIP DISLOCATION AND ACETABULAR FRACTURES 


The close proximity of the sciatic nerve to the hip joint makes it vulnerable to injury in posterior dislocations and fracture dislocations. The nerve is likely to 
be stretched but is rarely ruptured. A prevalence of between 6% and 20% has been reported!” with nerve injury being more common in dislocations 
associated with fractures of the rim or floor of the acetabulum. As well as injury resulting from the dislocation, the sciatic nerve is at risk during surgery for 
open reduction and internal fixation. Emergency reduction of the hip and, if necessary, urgent internal fixation of the fracture to relieve any ongoing 
compression of the nerve are important in improving the prognosis for recovery. Fixation of posterior acetabular fractures is usually performed through a 
Kocher-Langenbeck approach with the patient in a prone or lateral position. Hip extension and knee flexion reduce tension on the sciatic nerve in either 
position. Chen et al.!® reported new or acute worsening of sciatic nerve palsy after operation in 52 of a large series of 1,045 patients (5%). The incidence 
was 9.5% in the prone position compared with 1.5% in the lateral position, with persistent motor palsy in 3.1% of the prone group and 0.3% of the lateral 
group, this difference being significant for fracture patterns not involving only the posterior wall. Higher blood loss and longer surgical time were also risk 
factors for palsy. 

Recovery of sciatic nerve function has been reported to occur in 65% of patients.” Although the tibial and peroneal divisions of the sciatic are usually 
bound together at the level of the hip, the peroneal division appears to be more vulnerable to injury!®!° and to be less likely to recover. The reason for this 
difference is uncertain. Delayed-onset sciatic nerve palsy as a result of entrapment of the nerve in ectopic bone has also been reported. 


FRACTURES AND DISLOCATIONS OF THE KNEE 


The sciatic nerve divides into its two main components, the tibial and common peroneal nerves, at the upper end of the popliteal fossa 10 cm above the knee 
joint. The tibial nerve continues to descend in the midline to reach the back of the leg, where it supplies all the superficial and deep muscles. The common 
peroneal nerve runs laterally in the popliteal fossa to reach the neck of the fibula, where it divides into deep and superficial peroneal nerves. The deep 
peroneal nerve innervates the muscles of the anterior compartment of the leg and the superficial peroneal nerve, the peroneal muscles of the lateral 
compartment, as well as sensation on the dorsum of the foot. The common peroneal nerve is covered by the peroneus longus muscle and therefore relatively 
tethered at the fibula neck making it vulnerable to stretch. 

The peroneal nerve is much more commonly injured than the tibial nerve in association with skeletal injuries around the knee, including proximal fibular 
fractures, tibial plateau fractures, knee dislocations and ligament disruptions, and distal femoral fractures. There may also be arterial injury and a risk of 
acute compartment syndrome. A prevalence of common peroneal nerve palsy of 25% after knee dislocation has been reported.’® The author has encountered 
peroneal nerve injuries after rupture of the lateral ligament complex of the knee, avulsion of the biceps femoris insertion, and rupture of the cruciate 
ligaments caused by adduction and hyperextension. Exploration of the nerve has been carried out at the same time as surgery to repair the ligaments. There 
may be a lesion in continuity, but the nerve has been found to be ruptured in a number of cases, even though the mechanism of injury appeared to be 
relatively low energy from sporting accidents. The rupture may be quite proximal at the division of the peroneal nerve from the sciatic nerve. After 
debridement of the ends back to healthy nerve tissue, the gap is usually 15 to 20 cm. Repair with grafts from the ipsilateral sural and superficial peroneal 
nerves is possible, but results have not been encouraging. Birch! reported good results in 30 of 78 repairs for compound lesions of the common peroneal 
nerve. Kim et al.°? reported the results of graft repair in 138 peroneal nerve injuries. Thirty-six patients (26%) had grafts less than 6 cm long, with 27 (75%) 
achieving grade 3 or greater peroneal nerve function. Twenty-four (38%) of 64 patients with 6- to 12-cm grafts, and only 6 (16%) of 38 patients with 13- to 
24-cm grafts, attained good function. In view of the poorer results for those found to have longer nerve defects, early transfer of the tibialis posterior tendon 
at the ankle may be recommended rather than nerve repair. 
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INTRODUCTION TO LIMB AMPUTATION 


Amputation is considered by some surgeons to be an admission of failure and by definition a poor outcome. In fact, after a life-changing limb injury, a well- 
performed amputation should be regarded as a rehabilitative procedure that sets an injured patient on their pathway of recovery to regain independence and 
to return to work and sport. In many cases, a patient with severe limb injuries can have a higher quality of life following limb amputation than a heroic limb 
salvage reconstruction.®17 

Amputation following injury is relatively uncommon; only 5% to 15% of amputations are performed following trauma, with the majority being due to 
vascular disease.!>°4 Patients who require limb amputation after injury are typically younger with fewer comorbidities than those who require amputation 
for vascular disease or diabetes. Likewise, their tissue and healing potential is different. The abundance of literature describing dysvascular amputation can 
make it challenging for the orthopaedic trauma surgeon to identify reference texts and papers that specifically address amputation after injury. 

This chapter will focus on achieving the highest quality outcome for patients who require amputation after severe limb injury by exploring the essential 
principles and relevant anatomy and techniques. It is impossible to cover the techniques for amputation at every level in the upper and lower limbs, and 
therefore having covered principles of amputation relevant to all levels, the technical surgical descriptions will be focused on the most commonly required 
lower limb amputation levels. 


PRINCIPLES OF LIMB AMPUTATION 


The surgical aim of lower limb amputation is to provide a comfortable, stable, robust interface for a prosthesis to be worn, allowing transfer of sufficient 
forces for weight bearing. Given that traumatic injuries are heterogeneous, surgical planning must be flexible, and rigid adherence to a single technique will 
not be feasible, and therefore an understanding of the principles is essential. 


RESIDUAL LIMB LENGTH 


It has been well established that in general, the energy expended to walk with a residual limb increases the shorter the residual limb is.°! Therefore, a 
general principle of amputation surgery is to achieve the longest residual limb possible within the constraints of the injury pattern. There are exceptions to 
this rule—there is some evidence that partial foot amputees have a greater energy expenditure than transtibial amputees (TTAs).”! 

Following the Lower Extremity Assessment Project’s (LEAP) findings that patients with knee disarticulation (KD) had poorer outcomes than those with 
transfemoral amputation (TFA), there was a move away from amputations at this level. The 2009 UK guidance on managing open fractures advised TFA 
over KD based on the findings of LEAP.?” In assessing LEAP, however, it is important to bear in mind that its conclusions regarding KD were based on 
follow-up of only 18 patients at 2 years and 15 patients at 7 years.?®30 Further, all but 1 patient in the KD group had an amputation through the zone of 
injury and 12 of 18 patients did not have gastrocnemius coverage of the femoral condyles.’ This conclusion was contradicted by the results of a meta- 


analysis of outcomes following amputations following injury; 48 patients with a KD were compared to 187 with a TFA, and it was found that the mean 
Short Form 36 (SF-36) physical component score was 45 in the KD patients, superior to the mean of 38 in TFA patients (p < .0001).*° It is the practice of 
the authors to perform a KD in preference to a TFA where possible. The positive benefits of KD versus TFA include weight bearing as well as a longer 
lever arm for sitting balance and a lower energy expenditure with walking without the need for ischial weight bearing. 


WEIGHT BEARING 


It is important to understand that weight is not transferred through the transected end of either the tibia or femur in classic TTA or TFA residual limbs. 
Instead, forces are distributed throughout the residual limb-socket interface. In a TTA prosthesis, the socket is typically molded for the knee to be at 
approximately 5 to 10 degrees of flexion, permitting weight bearing through the patellar tendon—a comfortable arrangement similar to kneeling. In TFA, 
particularly with a short residual, load distribution through the socket can be augmented with a “shelf” for the ischial tuberosity, permitting direct transfer of 
weight from the pelvis to the prosthesis. 

The exception to this is KD; amputation at this level allows direct end weight bearing through the femoral condyles (Fig. 21-1). To a lesser degree, an 
Ertl TTA permits partial end weight bearing through a bony synostosis created between the fibula and tibia; this is discussed in greater detail later in the 
chapter. 

Even though direct end weight bearing rarely occurs, a key principle is that all bony prominences should be covered with a layer of muscle to prevent 
excessive friction and pressure leading to skin ulceration. 
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Figure 21-1. The difference between hydrostatic transfer of forces (red arrows) between the socket and residual limb in transosseous amputation and end weight 
bearing (blue arrows) in knee disarticulation. A: Transfemoral amputation with predominantly hydrostatic force transmission from prosthesis and residual limb. Note 
the ischial shelf with direct weight bearing between the prosthesis and the pelvis. B: Knee disarticulation and direct weight bearing (blue arrow) between the patella 
and distal femur and the prosthesis. C: Typical position of knee in transtibial prosthesis, with flexion of 10 to 20 degrees allowing some direct weight bearing from 
anterior patella, but predominantly hydrostatic force transmission. 


MUSCLE BALANCING 


Muscle tissue is inevitably transected during an amputation; left unattached, not only will the effect of its action be lost, but it will atrophy and contract. 
Without the effect of the muscular pump on venous return, there will be greater venous stasis and edema. The loss of specific muscular effect is most 
pronounced in key areas. For example, the loss of adductor magnus from its insertion in the adductor tubercle just proximal to the medial epicondyle leaves 
the more proximal hip abductors unopposed, resulting in an inefficient, widened gait secondary to abduction of the residual femur. 

To avoid these negative effects, a general principle of limb amputation is to balance muscle groups. This is achieved by either myodesis (direct 
reattachment to bone) or myoplasty (attachment of two opposing muscle groups to each other). Specific examples of each are discussed in greater detail 
below. 


AMPUTATION AS PART OF DAMAGE CONTROL ORTHOPAEDICS 


Amputation during the damage control surgery phase may be necessary for a limb that is not amenable to reconstruction (Fig. 21-2). In these circumstances, 


the only objective is to gain hemorrhage control and remove gross contamination. It must always be remembered that if the tourniquet does not control 
active hemorrhage, then proximal direct vascular control will be necessary and access to the groin and abdomen will be required. Skin preparation and 
draping must make allowance for this. 

The decision to proceed to amputation during the resuscitative phase must be made quickly and involve all key team members. Any prehospital 
tourniquet should be replaced with a pneumatic tourniquet at the earliest opportunity. The patient should be transferred swiftly to an appropriately sized 
operating theatre that will allow for large numbers of personnel to engage in concurrent resuscitation and surgery efforts. 
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Figure 21-2. Patient with bilateral traumatic lower limb amputations and pelvic fracture. Priority in this case is hemorrhage control followed by preventing infection 
by removal of contamination and necrotic tissue. The final level of amputation cannot be planned at initial surgery. 


Only necrotic and significantly contaminated tissue should be excised; resection of bone should be particularly limited to only that which is 
macroscopically contaminated. The final bony resection should be delayed until the procedure where definitive wound closure is achieved. This prevents 
microorganism colonization of the exposed cortical surface at the level of eventual bone resection. 

The residual limb wounds should not be closed at time of initial surgery and negative pressure wound therapy (NPWT) for temporary coverage should 
be used. 


DECISION MAKING IN AMPUTATION 


As stated in the introduction, amputation following injury is relatively uncommon, and therefore, few surgeons frequently have to make decisions regarding 
whether to amputate and to which level. Decisions regarding whether and how a severely traumatized limb can be reconstructed should ideally be made 
jointly by orthopaedic and plastic surgeons experienced in limb reconstruction. The results of a meticulous clinical examination should be recorded: 
documenting the status of all arteries, motor and sensory components of all peripheral nerves, and the presence or absence of clinical features of 
compartment syndrome. It is important to note that sensory deficit should not be used as a basis for decision making as this may be due to neuropraxia with 
significant potential for recovery. Even nonrecoverable sensory deficit in the sole of the foot is not necessarily an indication for amputation with 
appropriate orthosis and specialist footwear. 

Limbs should be photographed and x-rayed with vascular studies performed where required. Obviously, if possible, the patient and their family should 
be included in these discussions and provided with a likely prognosis in terms of numbers of surgical procedures, length of stay and rehabilitation, and 
future outcome. When decision making is not time critical, prosthetists should also be involved in these discussions.*° An intra- and postoperative pain 
management strategy must be in place, typically involving nerve catheters and regional anesthetic. The use of nerve catheters and loss of sensory and, 
sometimes, motor examination underscore the need for extensive documentation of the physical examination of the limb. 

Given the permanence and life-changing nature of limb amputation surgery, there is considerable pressure to make the correct decision not only on 
whether to amputate but also to what level. It is important to recognize that these decisions are influenced by wider factors than just the injuries to the limb 
in question; limb reconstruction usually entails greater numbers and duration of surgeries than amputation, as does amputation from within the zone of 
injury compared to amputation proximal to the zone of injury. In both these examples, the physiologic stability of the patient must be considered. In rare 
mass-casualty situations, it may be necessary to consider the ability and the resources of the wider health care system to provide repeated surgical episodes. 


LIMB AMPUTATION OR RECONSTRUCTION 


In an attempt to establish an objective basis for the challenging decision of amputation versus limb reconstruction, several researchers have proposed 
scoring systems.**“° The studies that describe these scoring systems have some similarities. First, they are cohort studies of limb-threatening trauma in 
which the treatment presumption is reconstruction, and regression analysis is used to determine predictive factors that form the basis of the scoring systems 
they propose. Second, they focus on whether a limb could technically be reconstructed as opposed to should a limb be salvaged in terms of enabling a 


superior outcome to be achieved for the patient. 

These proposed scoring systems have been shown to be poor predictors of limb viability in both the civilian® and military’? practices. However, for 
surgeons not familiar with making these decisions, using the objective criteria from a scoring system as part of the overall decision-making process may 
have value as they ensure a systematic approach. This might be particularly useful in instances where the patient is unconscious and cannot be involved in 
discussion. Looking at outcomes for patients, LEAP did not demonstrate a clear benefit of reconstruction over limb amputation.?®30 The recent experience 
of both the U.S. and U.K. military surgeons in managing large numbers of young casualties is that similarly they have failed to demonstrate superior 
functional outcomes from limb reconstruction compared to amputation following severe tibial fracture.'”°9 After severe hindfoot injury, there is a 
demonstrably superior outcome for military patients with amputation, either primarily or delayed, compared with “successful” reconstruction.®® 

At the time of injury, however, it is very challenging to predict which patients will eventually function better with an amputation, and it may well be 
impossible to discuss this in detail with injured patients and their families. Therefore, an appropriate surgical strategy may be to consider limb 
reconstruction as the default, accepting that some patients may opt for amputation later. Recent studies have indicated that contrary to commonly held 
beliefs, delayed amputations do not result in poorer outcomes than primary amputation.?” An American College of Surgeons Trauma Quality Improvement 
Program (ACS TQIP) database study showed no increase in mortality in patients with attempted limb salvage and subsequent amputation after 24 hours.*8 
In cases where the treatment choice is not obvious, debridement and external fixation with subsequent re-evaluations can help the surgeon determine limb 
viability over a short period of time. The limb can then be allowed to “declare itself” with respect to its viability. 

In cases of severe bilateral lower limb injury, reconstructing at least one leg, even with very limited function, will improve potential eventual recovery 
compared to bilateral limb loss. 


DETERMINING THE APPROPRIATE AMPUTATION LEVEL 


As stated earlier, a general principle of limb amputation is to preserve as much limb length as possible. However, this can be a difficult judgment, and given 
the heterogeneity of injuries, limb amputation decisions are guided more by experience than strict protocol. Normally, the decision on amputation level is 
guided more by the potential for reconstruction of soft tissue defects rather than the skeletal injury. There are two strategies for amputation in the acute 
setting: (1) excise nonviable tissue and then construct the residual limb from within the zone of injury, or (2) excise and reconstruct proximal to the zone of 
injury. Clearly, the strategy used will vary depending on both the injury to the limb and the systemic injury burden for the patient; in a severely injured 
polytrauma patient, a shorter residual limb may have to be accepted to avoid the repeated surgical procedures normally required when amputating from 
within the zone of injury. 

Normally, midfoot amputations (Lisfranc) and ankle disarticulations (Syme’s) are avoided following trauma, particularly in young active patients due to 
prosthetic fitting challenges and the excellent functional outcomes achieved with a TTA. In older patients with lower demands, however, this may well be 
appropriate. 

As described later in the technical section for TTA, there is an optimal length for this procedure and it is possible for the residual limb to be too long, 
reducing the thickness of muscle available to cover the distal tibia and leaving insufficient room for the prosthesis prior to the ankle component. Preserving 
the knee joint can significantly improve function as studies consistently report superior outcomes in TTA compared to KD.*° In some cases, it may be 
appropriate to consider subsequent lengthening of a short tibia, particularly if the tibial tuberosity is preserved with its tendon attached, using distraction 
osteogenesis. !® Salvaging local viable bone and soft tissues at the time of amputation can allow the surgeon to preserve more length. 


OUTCOMES AFTER LIMB AMPUTATION 


As stated in the introduction, most of the literature regarding outcome after amputation concerns dysvascular patients who are often older and less healthy 
than traumatically injured patients and will likely end up with a poorer outcome. Conversely, it may be equally invalid to extrapolate the recent literature 
regarding outcomes in military personnel after amputation to the civilian trauma patient. These military studies almost universally describe fit young men 
with access to excellent prosthetic provision and rehabilitation services and may have superior outcomes to civilian patients. 

Evidence to measure the function of people with amputations over the course of their lives is lacking. However, it is believed that the early and medium- 
term outcomes of superior function of those with amputations may well be reversed in older age; that is, with those who retained their own albeit low- 
functioning limbs may in older age have greater function than similar patients with an amputation, even though the amputees may have previously had 
higher function. This reversal is due to the much greater energy demands of walking on a prosthesis compared to a retained, albeit low-functioning limb. A 
recent study showed that amputations had higher Short Musculoskeletal Functional Assessment (SMFA) scores than limb salvage and felt that amputation 
should therefore be considered a treatment and not a late salvage.?! 


OUTCOME MEASURES FOR AMPUTATION 


There is no consensus on the most appropriate outcome measure for patients with a lower extremity amputation, and a wide array has been used in previous 
studies.!3 The SF-36°° is the health-related quality of life instrument that has been used most extensively,*° with the similar Sickness Impact Profile (SIP)’ 
being used by the LEAP study.” Employment is an obvious surrogate marker for ability to function in a range of domains as well itself being a key aim of 
rehabilitation. 

Pain after amputation is a deceptively complex subject. Pain can be “phantom”—the unpleasant sensation of the missing body part, neuropathic pain— 
often perceived as “electric shocks” from around transected nerves at the residual limb, mechanical friction pain from prosthetic fitting problems, and even 
arthritis in unrelated joints secondary to altered gait. 

The ability to walk 500 m (1,600 ft) and the duration of daily prosthesis wear are less obvious measures. The ability to walk a distance equivalent to 
approximately 500 m has been identified as a key threshold to enable independent living.*9 Prosthesis use is widely regarded as an outcome measure 
because it is believed to be a surrogate marker of the extent of rehabilitation and stump health but has not been validated as such.!4 


TECHNICAL CONSIDERATIONS OF LIMB AMPUTATION 


MYOPLASTY AND MYODESIS 


Myodesis is the direct reattachment of muscle to bone, and myoplasty is the attachment of two opposing muscle groups to each other. Sutures should ideally 
be placed through muscular raphe, tendons, or epimysium and not just muscle tissue. This is not always possible, however, and where muscle has to be 
sutured directly, care should be taken not to strangulate tissue. For myodesis, holes should be drilled into the bone directly using thick absorbable sutures to 
be passed and secured to the muscle flap in a horizontal mattress fashion to minimize risk of strangulation. 


NEUROVASCULAR TRANSECTION 


All neurovascular structures should be transected away from the main weight-bearing zones. Large vessels should be secured with a suture ligature followed 
by a second ligature. Nerves should be placed under gentle traction, transected with a blade, and then placed in muscle tissue away from areas of loading or 
bony prominence. Tourniquets can either be deflated prior to final closure to allow meticulous hemostasis or left until all dressings are in place. If the 
tourniquets are deflated after closure and dressing application, drains must be used to prevent hematoma formation. 


DRESSINGS AND DRAINS 


Dressings should be applied firmly to prevent ooze and freshly opposed tissue planes shearing in the first 2 weeks before they have been able to adhere to 
each other. The authors also strongly recommend the use of NPWT (vacuum) dressings over the suture line to promote healing and remove exudate.*° The 
residual limb should then be firmly bandaged in a thin layer of wool, then a conforming crepe-type bandage before a firm, secure outer layer of elasticated 
adhesive tape (e.g., Coban®). Ideally, the bandages should be applied to allow wound drains to be easily removed. Plaster slabs can be applied to add greater 
stability to the soft tissues of the residual limb during the early healing phase (10-14 days). Following TTA, the splint or knee immobilizer should be 
extended above the knee with 10 degrees of flexion to help prevent a flexion contracture; removable extension splints are an alternative that will permit easy 
wound care. Residual limbs should be drained for the first 24 to 48 hours to avoid either hematoma or seroma collection. 


Transtibial Amputation 
Preoperative Planning 


Transtibial Amputation: 
PREOPERATIVE PLANNING CHECKLIST 


Operating room (OR) table LJ Standard table 
Position/positioning aids LJ Supine, small bump under ipsilateral buttock to stabilize leg 
Fluoroscopy location LJ Not required 
Equipment | Oscillating saw, long amputation knife 
Tourniquet LJ High-thigh tourniquet 
Positioning 


The patient should be positioned supine with a high-thigh tourniquet and a soft bump under the ipsilateral buttock to stabilize the leg. Similarly, a thigh 
support can be useful to prevent external rotation. In cases of contaminated or infected wounds, all dressings should be removed and a thorough soap 
prescrub should be performed prior to formal skin preparation and draping. 


Surgical Approach 


Incisions must be carefully planned, measured and marked; if in doubt err on the side of resecting less and then as closure progresses resect more if 
necessary. The tibial resection is planned first—the residual tibia should be approximately 2.5 cm long for every 30 cm of patient height, equating to a 
length of approximately 15 to 17 cm, measured from the medial joint line. 

There are three commonly used techniques to plan the residual limb and specifically the creation of the posterior flap: short, long, and extended. The 
short posterior flap is planned using the circumference of the leg and only the gastrocnemius muscle is in the flap. The long flap (Burgess) and extended flap 
are both similarly based on the diameter (depth) of the calf at the level of the tibial cut. In the extended flap, as the anterior portion of the residual limb is 
closed, there is further excision of anterior skin to allow for tension and “bunching”-free suturing of the tip of the posterior flap.* 

The authors favor the short flap based on measuring the circumference of the lower leg at the level of the bone resection (Fig. 21-3). The circumference 
of the leg is measured at the level of the amputation. The anterior incision is drawn 1 cm distal to the bone resection and extends medially and laterally from 
the anterior tibial crest, a distance of one-third the measured circumference on each side; then, each incision curves distally to run a distance of one-third the 
circumference longitudinally, before curving to meet posteriorly to form the extent of the proximal flap. Using this technique, the only muscle in the 
posterior flap is the gastrocnemius. 

The long and extended flap technique is based on the diameter of the leg: The anterior to posterior “depth” (APD) of the leg is measured at the level of 
the bony resection. The anterior incision is made at this level and extends approximately slightly more than halfway down the depth of the lower leg 
perpendicular to the limb (approximately the level of the posterior tibia); it then curves symmetrically on the medial and lateral sides of the leg to run 
distally and longitudinally for a distance of APD plus 2 cm (or plus 5 cm in the extended flap). The incisions then curve to join in a straight line at the 
posterior calf. In this technique, the posterior flap is bulkier, containing both gastrocnemius and soleus. In the extended flap, the flap is used to template 
further anterior skin that is excised to allow the flap to be closed. 
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Figure 21-3. Planning of posterior flap for transtibial amputation (A) and the structures encountered at this level (B). The level of the bone cut is determined by 
measuring from the medial joint line distally. This distance is calculated by determining the height of the patient in centimetres and dividing this number by 30. The 
resulting answer is multiplied by 2.5 to give the distance of the cut. For a 5'10" male (70 inches, 178 cm) the length would be 14.8 cms. Most flaps are between 12.5-15 
cms from the medial joint line. For proper fit and amubulation 12.5 cm is probably the shortest viable bone cut. Another way to look at it would be the bone cut would 
equate to approximately one inch of length per foot of patient height (6 foot tall patient, 15 cm bone cut). At this level, the circumference of the calf is measured. The 
anterior incision is 2/3 of this distance with its mid-point in line with the tibial tuberosity. Thus it extends on each (medial and lateral) side for a distance of 1/3rd the 
circumference previously defined. The base of the posterior flap is thus formed from the final 1/3 of this circumference. The longitudinal extensions of the posterior 
flap extend distally on each side of the leg for a length once more equivalent to 1/3 of the circumference as previously measured. A curvilinear incision is fashioned to 
join together these longitudinal incisions at the posterior aspect of the leg, the most distal and posterior point of this curve being approximately 1 cm more distal than 
its origins at each side. 


Technique 


Transtibial Amputation: 
KEY SURGICAL STEPS 


LJ The resection is planned, measured, and marked. 


The anterior, medial, and lateral incisions are made. 

The saphenous vein is ligated and the nerve transected. 

The anterior and lateral compartments are transected. 

The anterior tibial vessels are ligated, and the deep and superficial peroneal nerves transected. 

The tibia is transected, protecting the posterior neurovascular structures. 

The fibula is transected at a level 1.5 cm proximal to the tibial cut. 

Posterior flap raised from distal tibia. 

Deep and superficial posterior compartments are separated, deep muscles transected at the level of the tibial cut, and posterior tibial nerve and 

vessel transected. 

Sural nerve transected. 

Tourniquet released and hemostasis achieved. 

Myodesis of gastrocnemius to anterior tibial periosteum. 

Posterior flap secured with apposition and suturing of fascia and skin. 

After the incision is marked out as described above, the limb is exsanguinated and the tourniquet inflated. The anterior, medial, and lateral incisions are 
made first from skin to fascia, delaying the final posterior incision, which commits the surgeon to the length of the posterior flap. Sharp 90-degree corners 
should be avoided and incisions should be curved as they change direction. 

The saphenous vein and nerve can then be addressed in the medial third of the anterior incision. A curved or right-angled hemostat can then be slid 
down the lateral edge of the tibia, curved laterally along the interosseous membrane and in front of the fibula, isolating the muscles and neurovascular 
structures of the anterior and lateral compartments. The muscles of the anterior and lateral compartments are transected with cutting electrocautery, with the 
anterior artery and veins double ligated and the peroneal nerves cut. 

An instrument and a wet swab are placed behind the tibia to isolate it, and the bone is cut with an oscillating saw. Cooling is unnecessary as some 
thermal damage may prevent spur formation. The cut should be perpendicular to the tibial shaft; it is not necessary to angle the cut perpendicular to the 
mechanical axis as this is not an end weight-bearing residual limb. A 1- to 2-cm flap of anterior periosteum is carefully elevated. Beveling the anterior tibia 
with a rasp or saw to prevent sharp edges can be performed more easily later. 

Using the same technique, the fibula should be cut with a 20-degree lateral angle, 1 to 2 cm proximal to the tibia. A bone hook should be used to elevate 
the distal tibia, allowing an amputation knife to be placed behind the tibia and fibula and slid distally, separating the posterior compartment from the bones 
and creating the basis of the posterior flap. At this point, the flap can be terminated much more distally than it is intended to remove the foot and ankle and 
to allow more easy manipulation of the limb. 

The deep and superficial posterior compartments can now be separated by blunt dissection; this is often easier to perform proximal to distal. For the 
short posterior flap technique, the soleus is removed along with the muscles of the deep posterior compartment, whereas in the long and extended posterior 
flaps, the muscle layer contains both the gastrocnemius and soleus. The anterior tibia can be easily beveled at this stage. 

At this stage, the closure can be confirmed and any excess tissue be trimmed. The tourniquet can be released at this point and any bleeding addressed. A 
size 10 French drain can be laid into the wound behind the tibia and brought out through the skin laterally. 

The epimysium/fascia of the gastrocnemius is then sutured to the anterior tibial periosteal flap and the fascia closed with interrupted absorbable sutures. 
The skin is closed with vertical or horizontal mattress nylon sutures. The authors routinely use an NPWT dressing over the incision and firm bandaging as 
described above. 


Knee Disarticulation 


Preoperative Planning 


Knee Disarticulation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 

Position/positioning aids LJ Supine, small bump under ipsilateral buttock to stabilize leg 

Fluoroscopy location LJ Not required, but may aid designing flap 

Equipment Standard surgical set, long amputation knife (oscillating saw if condylar resection is 
planned) 

Tourniquet LJ High-thigh tourniquet 


KD has historically rarely been performed for trauma patients, and in low-demand dysvascular patients, there have been a large number of techniques 
described. For trauma patients with a likely higher rehabilitation expectation and potential, there are two principal approaches to performing KD, with the 
choice being dictated by the available soft tissues and the experience of the surgeon: a posterior myocutaneous flap or sagittal fasciocutaneous flaps. Both 
approaches use a tethered patella to achieve the optimal end weight-bearing residual limb. 

A further consideration for the surgeon to consider as part of the preoperative planning is whether to perform limited resection of the femoral condyles. 
This is not done in the manner of a traditional Gritti-Stokes (GS), which sacrifices the abductor tubercle, but more similar to the chamfer cuts performed for 
a knee replacement.’ This can be required in the trauma setting in order to make the femoral condyles less bulbous, making it easier to close the wound.° A 
comparison of the GS to TF amputation showed better SIP scores in the GS patients who also demonstrated an increased walking rate without assistive 
devices.“ Some surgeons advocate this technique to allow arthrodesis of the patellofemoral joint,* though this is uncommon and may create issues with 
fitting prosthetics. It should be noted that in the presence of infection, the articular cartilage provides a more effective barrier to bacteria than exposed 


cancellous bone. 

For the posterior myocutaneous flap, the planning is similar to the technique described above for TTA. The anterior incision is at the level of the middle 
of the patellar tendon, halfway between the inferior pole of the patella and the tibial tuberosity. The APD or “depth” of the limb is measured at this height. 
The anterior incision is marked out extending posteriorly approximately two-thirds the APD until it overlies the distal end of the femoral condyles, 
approximately at the level of the posterior femoral cortex. The incision then curves distally and runs distally, approximately over the anterior edge of the 
gastrocnemius for a distance of 1 APD plus 2 cm until the two incisions curve toward each other and meet at the back of the calf. 

For the sagittal fasciocutaneous flap, the circumference is measured at the tibial tuberosity. The incision is planned, originating over the tibial tuberosity 
and then curving distally a distance of one-sixth of the calf circumference, before meeting posteriorly, directly behind the tibial tuberosity. This leaves a 
midline sagittal scar posterior to the weight-bearing surface over the femoral condyles. 


Positioning 

Positioning is similar for a TTA with the patient supine with a high-thigh tourniquet and a soft bump under the ipsilateral buttock to stabilize the leg. The 
tourniquet should be placed as high as possible and will be deflated prior to final muscle balancing. 

Surgical Approach 

The limb is marked up prior to the start of surgery according to the technique planned (Fig. 21-4). 


Figure 21-4. Planning of knee disarticulation amputation. The anterior to posterior diameter (APD) is measured at the level of the midpoint of the patellar tendon with 
the knee extended. The anterior cut extends two-thirds of the APD on either side, then curves distally to extend for one-third the APD plus 2 cm medially and laterally 
before curving posteriorly to meet behind the calf. 


Technique 


Knee Disarticulation: 
/ | KEY SURGICAL STEPS 
The resection is planned, measured, and marked. 
The skin incisions are made down to the fascia. 
The long saphenous vein is ligated and the nerve transected. 
The patellar tendon is lifted from the tibial tuberosity and the knee joint is entered under the menisci. 
The anterior cruciate ligament (ACL) is released from the tibia. 
The posterior meniscal attachments, posterior capsule, posterior cruciate ligament (PCL), and collaterals are released together from the tibia as a 
sleeve of tissue. 
LJ If a posterior myocutaneous flap is being fashioned, an amputation knife is used to release posterior compartments from the back of the tibia; they 


are then transected at the level of the posterior skin incision. 
LJ The popliteal vessels and the saphenous vein are now ligated and transected along with tibial, common peroneal, and sural nerves. 


For a posterior flap, only the deep compartment and soleus muscles are removed, but for sagittal flaps, all muscles are now removed. 

The tourniquet is deflated, wound irrigated, and hemostasis is achieved. 

The patellar tendon is firmly sutured to the ACL with nonabsorbable or PDS sutures. Where possible, hamstring tendons are incorporated. 
The flaps are closed over the femoral condyles; if a posterior flap is used, then the gastrocnemius fascia is sutured to anterior joint capsule. 
Skin layers are closed after excess tissue is trimmed. 


After the skin incisions are marked out as above, the tourniquet is inflated. The skin incisions are made down to the fascia with care anteriorly to avoid 
damage to the patellar tendon. The long saphenous vein is located and ligated, and the saphenous nerve is transected under tension, allowing it to retract. 
The patellar tendon is then lifted from the tibial tuberosity and reflected superiorly exposing Hoffa fat pad, which can be excised or taken with the tibia. A 
cut is made into the anterior joint capsule, under the menisci, allowing the ACL to be removed from its tibial insertion and then allowing the joint to be 
opened up. Further release of the capsule and collateral structures including the hamstrings medially, and the iliotibial band laterally, from the tibia allows 
detachment of the posterior capsule, posterior meniscal attachments, and PCL. 

For creation of a posterior flap, a bone hook is used to translate the tibia forward and the amputation knife to be slid down the posterior tibia, releasing 
the posterior compartments from the tibia. The posterior flap can then be completed at the level previously marked. Starting proximally, the deep and 
superficial compartments can be separated with blunt dissection and the deep compartment removed. The soleus muscle is then removed and this allows the 
posterior neurovascular structures to be addressed. 

Ligation of the popliteal artery is challenging due to multiple branches at this level and should be carefully dissected out before double ligation is 
performed. The tibial and peroneal nerves have separated at this level; the tibial nerve will normally be found immediately posterior to the artery and should 
be transected as proximally as possible and under tension. The common peroneal nerve can be located posterior to biceps femoris and transected under 
tension. 

If the sagittal flaps technique is used, then the gastrocnemius can be transected at the level of the joint once all the neurovascular structures have been 
addressed. 

At this stage, any planned bony resection can be performed. The “closure” of the joint together with tenodesis of the patellar tendon to the ACL can now 
be planned. Excess menisci can be trimmed back to vascular attachments to the capsule and options for suturing medial hamstrings and lateral biceps 
femoris tendons, either to joint capsule or the cruciates, with nonabsorbable or PDS-type sutures can be explored. The most important step is in firm 
suturing of the patellar tendon to the ACL. This must be done with the tourniquet released to avoid tethering of the quadriceps muscles and the myodesis 
performed in the incorrect position. 

If a posterior myocutaneous flap technique is used, the gastrocnemius flap may have to be trimmed to allow apposition of the gastrocnemius fascia to the 
anterior joint capsule; and before this layer is closed with absorbable sutures, a surgical drain should be laid, exiting the skin laterally. If the gastrocnemius 
is excessive, the lateral head can be removed and just the medial head used to cover the femoral condyles, but this should be trialed prior to muscle excision. 
The deep fascia is then closed and any skin excised, if necessary, to prevent uneven wound closure. The residual limb is dressed in a similar manner to that 
of a TTA described above. 


Transfemoral Amputation 


Preoperative Planning 


Transfemoral Amputation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table with a warming mattress 
Position/positioning aids LJ Supine 
Equipment Oscillating saw 
NPWT dressing system 
Tourniquet Well-padded pneumatic tourniquet, upper thigh, if possible 
Do you need direct proximal vascular control? 


The final level of amputation will be guided by the soft tissue injury and the potential level at which a closed residual limb can be fashioned. The bone 
resection level does not necessarily have to correlate with a more proximal fracture of the femur. Good results have been achieved with fixation of fractures 
above the zone of injury, thereby preserving length and positively influencing eventual outcome (Fig. 21-5). 

If there is a sufficient soft tissue envelope to plan a TFA with a choice of length, prosthetists favor a femoral length of 23 to 30 cm from the tip of the 
greater trochanter.“ The commonest technique is to use anterior and posterior flaps also known as “fishmouth” flaps. These can be planned using the 
“quartering technique” as shown in Figure 21-6. 

A length of thick suture is used to measure the circumference of the thigh at the level of the bone cut. The suture is then folded into quarters and this 
length is used to measure and mark the radius of the curved skin incision of the anterior flap. The process is repeated posteriorly to mark out the posterior 
flap. 


Positioning 

TFA is a physiologically demanding operation necessitating slick team working of the highest order. The operating table must be positioned such that it 
allows the entire surgical and anesthetic team access to the patient. If performed acutely following major trauma, the patient may still be within the 
resuscitation phase requiring ongoing major transfusion. It must always be remembered that if active hemorrhage is not controlled by the tourniquet, then 
proximal control will be required and access to the groin and abdomen will be required. Skin preparation and draping must make allowance for this. 


Surgical Approach 
As before, the flaps and the level of the bone cut should be templated carefully prior to the start of the procedure. 


Technique 


y4 Transfemoral Amputation: 


KEY SURGICAL STEPS 


Skin flaps are marked out using the technique described above 

Full-thickness fasciocutaneous flaps are raised 

The anterior compartment is transected 

Adductor canal is identified and vessels transfixed and ligated 

Medial compartment (adductors) transected 

Posterior muscles transected and the sciatic nerve cut sharply and allowed to retract proximally into muscle 

At this stage, the adductors can be myodesed to femur and a flexor—extensor myoplasty performed with suturing of the quadriceps to the hamstrings 
Tension-free closure in layers over multiple drains 

NPWT dressing to residual limb 


Proposed skin flaps are marked preoperatively. These full-thickness fasciocutaneous flaps are raised, avoiding any undermining of skin. Muscle within the 
anterior compartment is divided sharply at the level of the planned bone cut, working from lateral to medial. Large perforating vessels can cause 
troublesome bleeding and may need ligation. The vastus medialis is approached with caution, with the femoral vessels potentially lying immediately 
posterior, depending on the level. These are secured with double transfixion sutures. 


Figure 21-5. A: Radiograph showing subtrochanteric fracture in the presence of distal, unreconstructable injuries. B: Transfemoral amputation with proximal fracture 
fixation. 
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Figure 21-6. A: Planning of transfemoral amputation and how anterior and posterior fish mouth flaps are fashioned. B: Structures encountered at this level of 
amputation. 


The medial compartment muscles can then be transected, leaving the adductor magnus long enough to allow myodesis later if possible. The posterior 
muscles are transected finally with the sciatic nerve retracted, limited electrocautery applied to vasa nervorum which can bleed briskly, and the nerve 
sharply transected and allowed to retract. Soft tissue trauma should be kept to an absolute minimum. 

Muscle flaps should be gently reflected and supported with wet abdominal packs. The femur can then be transected using an oscillating saw protecting 
the soft tissues. The use of bone wax is not advocated by the authors. In a recently traumatized limb, the authors have found that formal myodesis of the 
adductor magnus to the femur using heavy braided nonabsorbable sutures was associated with complications such as infection.*! The preferred technique 
was to loosely tack muscle groups back into anatomical position ensuring that antagonistic muscle groups are coupled together. Before myodesis is 
performed, the tourniquet should be deflated, final hemostasis performed, and if part of the postoperative analgesia strategy, nerve catheters inserted along 
the sciatic nerve, exiting the lateral side of the thigh. A drain is placed in both the anterior and posterior compartments. 

The fascia of the anterior and posterior flaps is closed together and skin is closed with interrupted sutures. NPWT dressing is applied to the residual limb 


forming an all-encompassing envelope; use of an adhesive drape (e.g., Ioban) often makes sealing the residual limb easier. The use of NPWT dressings in 
this way was found to reduce postoperative swelling and pain and to reduce wound problems. 


Authors’ Preferred Method for Amputation Decision Making ( 


Limb threatening 
trauma 
Could this limb 
be reconstructed? 


Documentation and record keeping. 
Limb should be imaged with plan films 
and if appropriate, angiographic studies. 
Formal clinicial photographs should be 
taken if possible. All Clinicans involved 
in decision should document their 
reasons for their decision to amputate 


Joint decision— 


two surgeons, ideally orthopaedics & 

plastics or vascular 

e Can patient physiologically withstand limb 
reconstruction attempts? 

e Can vascular supply be restored? 

e Can wounds be covered and closed? 

e Will fractures unite and consolidate free from 
infection? 


Yes 


A complex shared decision to be 
discussed carefully with patient over days. 
Ideally involving other members of multi 


Will this patient have a better functional 

outcome with an amputation rather than a 

reconstructed limb? 

e Will they have pain? 

e Will their limb allow them to return to physical 
activity work, and sport? 

¢ Will reconstructive treatment be too long for 

Yes them? 

Acute reconstruction attempts always permits 

delayed amputation later. 


Should this limb 
be reconstructed? 


disciplinary team, including prosthetists, 
physiotherapists, and occupational 
therapists with a patient aware of most 
likely amputation level. 


Limb 
reconstruction 


Algorithm 21-1 Authors’ preferred method for determining limb amputation or reconstruction. 


Trauma requiring 
limb amputation 


What is the lowest level that soft tissue 
coverage/closure can be achieved? 


Consider using plastic 
surgical techniques to cover 
residual limb 


Hip disarticulation 


Foot/ankle 


Frail, elderly 
patient? 


Yes 


Foot/ankle 
amputation 


Consider fixation 
of fractures 


Hip disarticulation 


Would this require amputation through zone of injury? 
Is patient physiologically fit enough for multiple procedures? 


Could the tibia be retained Could a KD amputation be 
with bony lengthening at achieved with trimming of 
later date? femoral condyles? 


Yes No Yes No 


Algorithm 21-2 Authors’ preferred method for determining amputation level. KD, knee disarticulation; TF, transfemoral; TT, transtibial. 


Postoperative Care 
Amputation is a significant assault on the patient’s physiology, particularly if being performed for recent trauma or active sepsis. Patients should be closely 
monitored postoperatively preferably in a high-dependency setting. Pain relief is of paramount importance and good control of the acute pain is associated 
with better patient outcomes. Drains are removed once significant drainage has ceased, normally by 48 hours, and sutures removed at 14 days. Wounds must 
be carefully inspected as dehiscence can occur up to 10 days postsurgery. Formal psychological support is not required routinely, but the clinicians should 
be aware of possible adverse emotional reactions that may benefit from referral for clinical psychological assessment. 

Rehabilitation should begin almost immediately, certainly as soon as pain is controlled. Joint contraction must be guarded against—patients are prone to 
losing knee extension after TTA and hip extension after KD and TFA, especially if an inpatient in an intensive care unit for prolonged periods. 

As soon as the patient can tolerate it, a compressive stocking or “stump shrinker” should be fitted. Graduated weight bearing is started at 6 weeks. 


Potential Pitfalls and Preventive Measures 


Amputation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Communication between anesthetic and surgical teams. 
Medical optimization prior to surgery/aggressive resuscitation. 


Physiologic instability 


Inadequate soft tissue coverage Careful preoperative planning with attention on marking accurate skin flaps. 
Early plastic surgical involvement using tissue transfer if necessary. 


Hematoma formation Double tie all major vessels. 
Consider tourniquet deflation and hemostasis prior to closure. 
Define anatomy. 
Use drains for first 24 to 48 hours. 


Symptomatic neuroma formation Explore and identify all major nerves. 
Divide nerve with sharp blade under tension allowing the end to retract into muscle. 


Wrong length bone cut Preoperative planning with prosthetist. 


Wound dehiscence Careful handling of soft tissues. Avoid amputation within the zone of injury. 
Tension-free closure. 
Sutures to remain in skin for 10+ days. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO AMPUTATION 


Amputation: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Physiologic instability 

Wound dehiscence and infection 
Mobile soft tissue envelope 

Bony prominence 

Painful neuroma 

Painful heterotopic ossification (HO) 
Phantom pain 

Folliculitis 

Proximal joint stiffness 


Physiologic Instability. Anticipate physiologic impact, especially in polytrauma patients. Be prepared to curtail surgical procedure and ensure sufficient 
blood products are available for transfusion. 

Wound Dehiscence and Infection. Return to operating room for exploration and further excision of infected or necrotic tissue. Consider revision to 
more proximal level, or use of plastic surgical techniques to cover wound. 

Mobile Soft Tissue Envelope. Allow several months for full maturation of residual limb, then consider revision of myodesis and myoplasty. 

Bony Prominence. Consider revision with further excision of bone to allow improved soft tissue coverage. 

Painful Neuroma. Assess with diagnostic local anesthetic injection under ultrasound guidance. Revise nerve transection at more proximal level and 
ensure transected end is “buried” in muscle. 

Painful HO. Confirm HO is static with serial radiographs, then plan potential excision with CT imaging. Note that in some areas, HO may help with 
load distribution. Careful clinical assessment is needed to differentiate problem areas of HO from more benign tissue. Consider use of osseointegration (OT) 
for prosthetic fitting. 

Phantom Pain. Early involvement of pain specialists. Further surgery may be counterproductive. 

Folliculitis. Joint assessment with prosthetics to determine source of poor prosthetic fit, may be caused by soft tissue mobility. Consider OI if more 
simple solution not effective. 

Proximal Joint Stiffness. Physiotherapy is essential to prevent and treat joint contractures. Consider examination and manipulation under anesthetic. 
Beware of loss of bone density in nonambulating patients. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO AMPUTATION 


OSSEOINTEGRATION 


In recent years, huge advances have been made in prosthetic design, whereas surgical techniques for formal limb amputation have changed little over the 
last decades. There are, however, a group of patients who are surviving more severe injury due to advances in emergency trauma care, who have very short 
residual limbs often with irregular soft tissue envelopes and HO. Despite the huge advances in prosthetic design, fitting, and rehabilitation, some patients 
will still be unable to walk to their satisfaction due to recurrent skin breakdown, painful neuromas, symptomatic HO, and poor mechanical control of a short 
residual limb. 

Reconstructive surgeons and their patients are increasingly looking to OI as a possible solution. The biologic attachment of the prosthesis directly to the 
residual bone stock transmits forces directly from the prosthesis to the skeleton, bypassing many of the soft tissue—socket-related problems. 

The concept of OI is not new. In the 1950s, Swedish Professor Per-Ingvar Branemark discovered that implants made of commercially pure titanium 
integrated with living bone, and OI had been used in dental surgery for many decades.!° The first OI implant for mounting a prosthetic was performed in 
Sweden in 1990.!! OI surgery for amputees has become more widely accepted with various teams around the world working on stem design, rehabilitation 
protocols, and most importantly the interface between the patient’s bone, skin, and the implant. In general, implant design has moved away from the early 
screw-type fixation to intramedullary press fit, highly porous-coated metal alloy devices.” Sweden developed the Osseointegrated Prosthesis for the 
Rehabilitation of Amputees (OPRA),” Germany, the Integral Leg Prosthesis (ILP)*°; and most recently in Australia, the Osseointegration Group of 
Australia Osseointegration Prosthetic Limb (OGAP-OPL).*° There is also variation in the timing of implantation, with initial techniques favoring a two- 
stage technique, but more recently, a single-stage procedure using the OGAP-OPL devices has been successful. 

Controversies exist around OI. The issue that stimulates most debate is that of the interface between the patient and the prosthesis known as the stoma 
and the risk of deep infection. Deep infection is a potentially devastating complication; treatment may have to involve shortening the residual limb, further 
making wearing a conventional prosthesis even more challenging. The U.K. Intraosseous Transcutaneous Amputation Prosthesis (ITAP) team has 
developed a system that creates a tight seal between the implant and host tissues in the hope of avoiding such complications.*® 

Despite the obvious potential for infection, the limited published series actually only report a relatively low incidence of superficial infection needing 
oral antibiotics and rare cases of deep infection and osteomyelitis.®31:35 

Infection is not the only risk of OI; Al Muderis et al.' published a series examining the safety of a press-fit osseointegrated implant currently used in 


Australia and the Netherlands. A cohort of 86 patients was followed for a mean of 34 months; only 36% had a completely uneventful postoperative course. 
The most common complications were soft tissue infections, soft tissue hypergranulation at the stoma, and soft tissue redundancy. More significant 
complications such as fracture (three patients) and implant failure (two patients) were rare and threatened neither the patient nor the retention of the implant. 
Commentary on this study by Dougherty and Smith!® offers a balanced view on the current situation. The benefits that patients report including improved 
gait, proprioception, comfort, and quality of life are significant and for some life-changing. The literature base is increasing but there has to be further 
research and development looking at the interface where the implant exits the soft tissue envelope. Cost analysis research in the United Kingdom’ has been 
positive. As OI becomes more widely used, the indications for surgery and evidenced-based exclusion criteria will be defined. It is important to 
acknowledge that the evidence base for OI in amputees is not strong. 

The authors’ experience with OI has been with the OGAP-OPL device implanted in a single-staged procedure in military patients as shown in Figure 21- 
7. We still regard this as a novel technique and as such should be used only in centers caring for large numbers of amputees and that long-term follow-up 
and outcome publication are mandatory. While our military patients may be younger and have fewer comorbidities than the general trauma population, the 
soft tissue of their residual limbs is typically extremely challenging and often still retains foreign material from their blast injury. Our strategy so far has 
been to only offer this surgery to those who use wheelchairs due to inability to wear standard prosthesis; this is based on the rationale that should a patient 
experience implant failure for any reason, they will not be disadvantaged compared to their preimplant condition. Despite our caution, we regard the surgery 
as successful with all patients now able to walk on prosthesis and no deep infections.°” 

The authors believe that the makeup of any team providing OI is critical to achieving successful outcomes. Although deep bone infection is the most 
feared complication, it is the soft tissues around the stoma that give rise to the more common complications seen following surgery. The authors recommend 
a multidisciplinary team facilitating orthoplastic care, pain management, and the full spectrum of postoperative therapies including physiotherapy, 
occupational therapy, full prosthetic specialist care, and psychological support. 


A 


Figure 21-7. Type A OPAG implant device ex vivo (A) and after implantation (B). 


A 


ire 21-8. Anteroposterior (A) and lateral (B) radiographs of an Ertl transtibial amputation. 


THE ERTL PROCEDURE 


During the recent conflicts in Iraq and Afghanistan, the large number of amputees with high expectation of functional recovery led to an increased interest 
in the Ertl procedure, particularly in the United States. This is an “osteoplastic” technique for creating a bony bridge or synostosis between the fibula and 
tibia,” developed by the Hungarian surgeon Janos von Ertl based on his surgical experience of caring for casualties from both World Wars ( ). 
Proponents of the Ertl procedure argue that it provides a greater bony surface area that permits direct end weight bearing, stabilizes the fibula, and that 
However, contemporary studies have failed to demonstrate 
improved outcomes following an Ertl transtibial amputation over a traditional technique.*°** Recently, a study comparing a small number of Ertl amputees 
to TTA patients demonstrated that the Ertl patients were able to generate more hip force when ascending a curb most likely due to the ability to partial 


sealing the tibial intramedullary canal prevents bone spurs and restores venous return.?? 


weight bear on the residual limb.*° The Ertl procedure was not used when performing transtibial amputation in British military casualties from the wars in 


Iraq and Afghanistan.” In patients with thin legs, however, anecdotally it may be advantageous to do an Ertl procedure to improve the prosthetic fit. 
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A three-volume detailed and definitive text covering surgical technique and rehabilitation 
for upper and lower limb amputation at all levels. It has been extensively updated and 
takes into account the recent advances. Contains hundreds of diagrams and illustrations. 


A review of patient outcomes following amputation after traumatic injury. Also reviews 
and examines outcome measures for amputees. 


Informative review of postoperative changes in residual limbs, the problems that the 
surgeon might be confronted with, and possible management options. 


Two-part review of both the theoretical and technical considerations of upper and lower 
limb amputation taking into account the advances following recent military experience. 


Very detailed discussion of the development of the technique of hip disarticulation with 
extensive review of the anatomy of the area. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS 


INTRODUCTION 


Musculoskeletal injuries change the body. Accommodating the stiffness, soreness, deformity, numbness, or complete or partial limb loss alters everyday 
existence, and adapting to these changes is an important part of recovery. Surgeons and their teams can facilitate resilience and optimize recovery by 
conveying compassion and developing trusting relationships.” Within a trusting relationship, patients may be receptive to attending to unhelpful thinking, 
feelings of distress, and life stressors. Orthopaedic surgeons are now aware that capability and comfort during recovery are strongly associated with mindset 
and circumstances. The next step is to implement this evidence and knowledge into daily practice, developing support strategies for identifying and 
addressing mental health opportunities and social determinants of health (SDOH). New practices will support processes for screening and referrals for 
patients in need. In the United States, the American College of Surgeons (ACS) now requires trauma centers to screen and treat mental health during the 
initial trauma presentation. Established methods for identifying and treating stress, distress, and unhelpful thinking, along with a spectrum of related mental 
illnesses, exist and can be an integral component of the initial care of musculoskeletal injuries. A growing body of evidence supports these practices and 
highlights opportunities for improvement of outcomes. Trauma systems are starting to employ a larger team of professionals and to maintain additional 
resources to enhance recovery after trauma by addressing these historically unmet needs. 

Trauma surgeons face daily stresses, which may result in feeling loss of autonomy in the workplace and which may be associated with less effective 
practices. Insufficient institutional support generates less joy in practice and may produce moral injury—failure of institutions to provide essential practice 
operations and resources to permit optimal patient care. The conflicts faced by surgeons who are not able to provide healthy solutions without system 
support have substantial effects, including poor mental health of clinicians and risk for workforce attrition, individual burnout, and suicide. Awareness of 
these consequences and deliberate structural processes to mitigate them are important. 


A THERAPEUTIC RELATIONSHIP 


Compassion is defined as sympathetic awareness of the pain or distress of others combined with the wish to alleviate that suffering. Compassion differs 
from empathy in the desire for action. Surgeons convey compassion in their technical work by taking action.°! An injured person is more likely to trust an 
expert, receive information, think objectively about their condition if they trust their surgeon, and feel valued as an individual. 10105 Feeling understood and 
heard builds trust and enhances recovery. Patient and clinician satisfaction are increased. 

Stress (e.g., financial, relationship, occupational), distress (depression and anxiety), less effective coping strategies, and other unhelpful thinking are the 
strongest correlates of symptom intensity and magnitude of physical limitations.”*:”°.!5* The psychosocial aspects of human illness can be measured on 
questionnaires, but they can also be recognized in words and behaviors.” Words such as “unbearable” and “excruciating” and behaviors such as presenting a 
limb as if it is not part of the body correlate with symptoms of depression and less resilient coping strategies such as catastrophic thinking.'* Surgeons who 
make a comfortable space to talk about recovery and remain mindful of the psychosocial aspects of recovery can ascertain when there are opportunities to 


facilitate recovery beyond our typical tools of surgery, braces, medications, and exercises. 

It can be therapeutic for patients to be able to express their feelings of fear, sorrow, frustration, or hopelessness in a compassionate encounter. The act of 
talking or even writing about the emotional aspects of illness can decrease symptoms and elicit effective coping.!®7*,”? It is the interaction of the clinician 
with the patient, not specific patient factors or belief systems, that diminishes symptoms and limitations and can affect pathophysiology.°? Most people have 
overcome difficult things in their lives. By uncovering these past challenges within the conversation, the surgeon can make parallels to the current situation 
and demonstrate inner strength that can be engaged.’2 

Needing support for adjustment to life-changing situations, such as injury, is normal and expected. However, some patients may resist the idea of 
working with a counselor or psychotherapist. Stigma is reduced when we acknowledge that stress and distress are expected aspects of recovery from injury. 
Managing angst makes resilience and adaptation possible, and the more we encounter stressful situations that we manage well, the more resilient we 
become. Interventions that address the fears that accompany injury and help develop natural coping strategies can seed positive adjustment and an optimal 
recovery.2% 162 


PSYCHOSOCIAL ASPECTS OF RECOVERY 


An injured person may face a lengthy and difficult recovery. They may need to adapt to permanent changes in level of comfort and degree of function. 
Inability to return to prior recreational and vocational activities is common and may also be permanent. Such challenges can trigger the automatic fight or 
flight reaction and produce feelings of panic and intense fear, which limit ability to think objectively. The fight or flight system is responsible for the 
tendency to assume the worst when injured, even if there is much to be hopeful about. 

While this stance may be helpful initially because it may prompt an individual to ask for assistance, it often continues when the threat is removed and 
the individual is safe and cared for. This unhelpful stance can be frustrating to the surgeon who becomes invested in restoring logic and facilitating 
constructive thinking. But, using expertise, including facts and figures to persuade a frightened person who may be thinking the worst is generally not useful 
and can increase anxiety and frustration for both the patient and the surgeon. Fear blocks receptivity. Attempts to convince or educate might create a 
polarization that makes a person feel more alone. During initial encounters, compassion is as crucial as education. It helps if the surgeon considers the 
patient’s perspective. Surgeons can empathize with the fear and frustration, convey hope, and acknowledge emotions, rather than trying to solve them. 
Active listening is an essential skill for a successful surgeon. People will only trust you when they feel heard and understood; inability to take the time to 
listen and empathize may prevent development of a healthy relationship with the patient. Yet, this shift in behavior is not apt to take more time during the 
encounters, rather it will result in more efficient management of the time spent providing care. Conveying that we are in this together can help build a 
trusting relationship. 

The limited correlation between severity of injury and levels of discomfort and incapability is surprising.9*!5*)!55 Accommodation of new impairments 
depends on personal resources, hopefulness and confidence,“ healthy interpretation of symptoms, a support network and security in roles, relationships, 
housing, and food access.”° Individuals who are able to adapt more efficiently have qualities of resilience and psychological flexibility, which are associated 
with optimized recovery.!!136 A baseline social support system is generally present. Resilient individuals manage uncertainty, while not dwelling on 
specific physical impairments or a rigid timeline. Activities that provide meaning and purpose facilitate effective coping strategies. A narrative that keeps 
the injury from defining one’s life fosters recovery. Orthopaedic trauma surgeons have the ability to guide this narrative. 

Those unable to mitigate the fight or flight response and negative thinking associated with it experience more discomfort and incapability along the 
entire recovery trajectory.'°* The tendency to “prepare for the worst” can be conceptualized as catastrophic thinking. Correlation exists between catastrophic 
thinking, lower self-efficacy (confidence in reaching one’s goals), and impeded recovery.”>95-139.140 This type of thinking, fear of painful movement, and 
other unhelpful interpretation of symptoms are associated with a disconnect between objective impairment (stiffness, scarring, weakness, deformity, etc.) 
and the magnitude of discomfort and incapability. On one end of the spectrum, surgeons meet people with substantial impairment (amputation, stiffness, 
numbness, arthritis, atrophy) who have adapted well and report little discomfort or limitations. Surgeons also meet people whose symptoms and limitations 
seem to exceed objective findings (pathophysiology, impairment, and nociception). Mounting evidence confirms that pain and incapability increase with 
greater stress (job, relationship, financial, etc.) and distress (depression, anxiety, posttraumatic stress disorder [PTSD]) or with less effective coping 
strategies (catastrophic thinking, low self-efficacy, kinesiophobia, etc.).°2 

Some people are naturally pessimistic and high in negative affectivity; they may tend to get downhearted.!® While all people experience subjectivity— 
the truth as they know it based on a lens created by past and present experiences—some are more receptive to changing their view than others. They are able 
to change their thoughts based on new information, and the explanation they tell themselves can shift based on input from an expert or trusted person. 

Recovery is slower and less complete in those with a negative mindset. This is seen in one study that used video clips to prime people toward either the 
enhancing or debilitating aspects of stress and then gave them a stress challenge, noting that the positive priming improved cognitive and affective 
outcomes.*! But, it is also seen in the evidence that greater scores on measures of more effective coping strategies (less catastrophic thinking) are associated 
with fewer symptoms and physical limitations after trauma.'® The thought “If I use my arm, I am causing damage,” is an automatic or unconscious means 
of self-protection, but avoidance of movement causes deconditioning and reinforces maladaptive habits, which provoke a dysfunctional cycle. Recovery is 
delayed when people do not resume normal daily activities promptly. The “fear avoidance model” of disability describes the transition from acute to chronic 
pain.’ 15! Avoiding activities leads to deconditioning and stiffness, which leads to more pain when movement is attempted, thus making it seem that the 
activity does cause harm. Understanding one’s own predispositions, particularly when negative, creates the opportunity for self-compassion and change. 
This process can start in the surgeon’s office. Although initial physical restrictions and limitations are present following injury, returning to even a few 
simple elements of a daily routine, and planning for this return, generates empowerment. 

Secondary gain is also an issue. Perceived benefits to being ill or injured may exist. Greater illness may support personal injury and work compensation 
claims or other disputes. Patients with notable preinjury symptoms of dysthymia or depression, and those who were less happy in their vocation are more 
likely to take this path. Their behaviors may be conscious or unconscious. Physicians who inquire regarding prior recreational and vocational activities and 
aspirations at the outset of the relationship may provide foundation for a recovery path, which precludes or minimizes secondary gain. 


SPECIFIC PSYCHOLOGICAL ISSUES 


PSYCHOLOGICAL DISTRESS 


Approximately half of people with acute traumatic injury meet the criteria for a questionnaire-based diagnosis of an anxiety, depression, or PTSD up to 6 
months after injury.2759-67,98,134,145,161,163 Many of these had symptoms and/or a diagnosis of a known mental health disorder prior to injury.9®!6! 
Furthermore, patients commonly experience mental health symptoms that may not meet diagnostic criteria.!2° Recognizing and acknowledging the ubiquity 
of such mood changes reduce stigma. One drawback to the use of terms and concepts such as PTSD is that they can reinforce stigma (as if a lesser class of 
humans exists that is susceptible), shame (as if a person with substantial anxiety after injury is somehow flawed or a failure), and a false mind—body 
dichotomy (as if you either have anxiety after injury or not), which ignores the reality that everyone experiences some degree of stress, distress, and less 
effective coping strategies after injury, and that these occur on a continuum. !°9 

A certain magnitude or duration of emotional distress can warrant a referral to a psychologist or psychiatrist. Lesser levels of emotional distress may be 
managed by other providers on the health care team. Depending on your system, licensed counselors, social workers, and nurse specialists may be trained to 
provide care. The ACS implemented new guidelines for trauma center verification in 2022.73 In addition to prior requirements for alcohol screening and 
PTSD screening, level 1 and 2 trauma centers are required to perform screening for PTSD and other mental health disorders and to initiate treatment within 
their facility (for level 1 and 2 centers), or at a minimum, provide referral to external agencies (for level 3 centers). These recommendations were developed 
and implemented based on recent supporting evidence and consensus that unhelpful thinking and feelings of distress are frequent aspects of recovery. 
Greater feeling of distress or misinterpretation of symptoms is associated with nonadherence to treatment recommendations, more complications, trauma 
recidivism, and lower likelihood of returning to employment.!4445.49,54,63,86,99, 107,119,122,138,145,161 Anxiety and catastrophic thinking about pain 1 to 2 
months after injury are associated with pain intensity and magnitude of incapability 5 to 9 months later.“+°?:!52,167 Other studies have demonstrated that 
these unhelpful thoughts about pain increase the likelihood of continuing to seek care for pain more than 12 months following injury.!04137:147 A brief 
cognitive skills program can decrease pain intensity and magnitude of incapability and can foster more effective coping strategies. 1? 


ISOLATION AND LONELINESS 


Loneliness is increasingly common in our society, and it is a risk factor for greater symptoms of depression, as well as sleep loss, obesity and inactivity, and 
substance misuse.” People without social integration are more likely to experience symptom amplification2°.2!,25-107,158 and were two times more likely to 
die by suicide in one recent study.29)!42 

Injury can exacerbate social isolation and loneliness. If motivation for adherence or self-care wanes, health deteriorates. Patients with limited baseline 
social support are at increased risk for isolation, loneliness, and other unhelpful emotions.!>!5° Trauma recovery programming which provides educational 
resources and mental and social health support has demonstrated capacity to identify individuals at risk and to intervene to enhance efficiency and 
effectiveness of recovery. !2!:124,126,133,159 


DEPRESSION AND ANXIETY 


Psychological distress occurs in all people who experience trauma, and symptoms of dysthymia and depression are among the most frequent mental health 
opportunities seen.420.47,62,92,98,161,163 Patients with a prior history of major depression are at substantial risk for major depression following acute injury, 
even if their mental health was stable at the time of the injury. Patients who are already familiar with the benefits of psychological counseling or 
medications are likely to request referrals or to return to prior mental health providers when they experience distress after acute injury. Orthopaedic trauma 
surgeons and other members of the health care team must incorporate thorough social and medical history taking into their routine practices when they meet 
new musculoskeletal trauma patients.””!®! Historically, we are less likely to acknowledge pre-existing mental illness and to recommend psychiatric 
consultation or even to order a patients’ existing prescription psychiatric medications. 

Most patients experience symptoms of anxiety after major traumatic injury. These symptoms may be more pronounced for patients with more severe 
injury, greater pain intensity, less baseline supportive relationships, and/or a prior diagnosis of anxiety disorder.®9899110 Patients with lower levels of formal 
education are more likely to experience greater feelings of distress.°*-°8 Early identification and treatment of these symptoms may lessen the propensity for 
more severe symptoms and will likely mitigate the duration of intense episodes.?®4>126 Recognizing patients at risk, based on prior psychiatric history or 
mechanism of injury, is prudent and fosters optimal care following acute injury. Patients who experience ballistic trauma or other forms of interpersonal 
assault are at substantially increased risk for more symptoms of anxiety, PTSD, and other mental health disorders.°>»!28 

Now that the ACS requires trauma centers to screen the mental health of all new traumatically injured patients, developing familiarity with simple 
surveys for depression and anxiety is imperative.®34 The next section of the chapter provides description and references for several measurements that 
meet this objective. These are easily implemented for inpatients and may be used to screen in outpatient clinics as well. 


POSTTRAUMATIC STRESS DISORDER 


Early symptoms of anxiety, depression, and PTSD are frequent and interrelated. Fortunately, most patients will not develop a formal diagnosis of any of 
these disorders.?3-34,%6.67,75,92 Early screening, symptom identification, patient education, and counseling alleviate symptoms and facilitate recovery. Yet, up 
to 30% of adults experience PTSD following acute injury.?334-66,67,75,92 One recent study identified a 13 times higher risk for a diagnosis of PTSD among 
patients who “thought they would die” during the injury episode.!2° This simple screening question is a useful addition to early trauma care. Other common 
symptoms include hyperarousal, sleep disturbance, flashbacks, and fear of leaving the home.*>!®8 Provider knowledge about these common symptoms and 
signs, in addition to trauma system screening, will greatly enhance the identification and treatment of injured individuals in need. 

Various individual and group therapies have been effective in addressing symptoms of PTSD. Exposure therapy, cognitive behavioral therapy 
(individual or group), and group present-centered therapy are among some of the successful tactics.®67477:103 Brief interventions during the initial 
hospitalization for trauma may be effective in initiating treatment and in facilitating better participation of patients following discharge from the hospital. 
Medications may be helpful. Even telehealth strategies or internet-based programs may be useful in making diagnosis and providing mental health 
care.?7-118.158,164 These may be used after an acute hospitalization or even in follow-up after an initial diagnosis during an outpatient visit. 


CATASTROPHIC THINKING 


All trauma surgeons can check-in regularly with their patients about the symptoms and limitations associated with acute injuries, lack of education about 
injury, and about pain resulting in a heightened pain intensity. Inadequately treated pain predisposes to pain catastrophizing, which may rapidly become 
consuming of a patient’s attention and result in a poor outcome. Catastrophic thinking invokes a magnification of existing pain and related physiologic 
factors, effectively interpreting pain as indicating harm.°76,95-136,140,151-153,155-158,160 Tt ig associated with sense of helplessness, feeling overwhelmed, and 
ruminating on symptoms. Early provision of education about pain and utilization of preemptive analgesia, multimodal pain management, aromatherapy, 
cryotherapy, and counseling are among the many useful techniques in mitigating the intensity and duration of pain following acute injury. One recent study 
demonstrated that patients with low bias and low distress have better activity tolerance and self-efficacy with lower pain intensity and little tendency for 
catastrophic thinking.°° 


OPIOID MISUSE 


Many people recovering from injury misuse opioids. In one study, 28% of people were still taking opioids between 1 and 2 months after injury, long after 
the body’s healing was well established.°! In one recent study, tobacco use and catastrophic thinking were each associated with more requests for opioid 
medication, while the complexity of the surgical procedure was not associated.’ Unhelpful feelings and unhelpful thoughts are each associated with greater 
pain intensity.'%9 Persistent use of opioids is associated with more symptoms of anxiety and depression and less effective coping strategies. Dependence, 
misuse, and addiction may also be experienced with longer-term usage. Over the past several years, this issue has received much increased attention. 
Education of providers and implementation of prescribing rules within medical systems and within some states have served to reduce the size and duration 
of opioid prescriptions recently.2915°-!6” Regular use of acetaminophen, nonsteroidal anti-inflammatory agents, gabapentin, and other classes of pain 
medications is becoming commonplace following musculoskeletal injury. Although these medications may have side effects, the safety profiles of them are 
favorable compared with opioids. 


STRESSFUL LIFE ALTERATIONS WITH INJURY 


Surgeons and their teams can read heartbreaking and yet inspiring stories about injury on the Trauma Survivors Network 
(http://www.traumasurvivorsnetwork.org) or on the Orthopaedic Trauma Association website, within an area developed for patient education 
(www.ota.org). Seeing yourself or loved ones in such stories is a reminder of the human side of injury, how life can change in an instant, how we are all 
vulnerable, and how amazing the capacity for adaptation can be. 

Depending on the type and severity of injury, up to 20% of people do not return to their prior job afterward.’! Notably, the severity of injury has been 
realized to play much less role in capability of returning to prior vocation than was previously considered. If one does return to the job in a compromised 
way, coworkers may feel uncomfortable and detach from relationships. Such distancing can amplify the challenges of returning to work and the motivation 
to remain.?767,109 

When a spouse is physically impaired and/or depressed, it can damage a marriage.'' A devoted, conscientious spouse may become drained by a 
consuming, yet seemingly unalterable, condition. Compared to the general population, divorce is six times more common in injured women, but comparable 
in injured men.** Dependency can have deleterious effects. If a self-starter now has trouble with basic activities of daily living, guilt can ensue and 
relationships can change. The solicitous spouse can reinforce maladaptive coping strategies via their own misconceptions and misplaced care.* Injury can 
affect the way an individual views themselves and their relationships with others.!! 

Orthopaedic surgeons and other providers on the health care team should be aware of these common thoughts among patients as they are less commonly 
spoken to providers.!*9 A major asset to recovery is the offering of peer mentorship for newly injured people, by encouraging interaction with trauma 
patient survivors. These peer mentors return to the trauma center to meet with new trauma patients and families.°*!24 They provide their perspective and 
experiences with recovering from similar injuries. This affords trust, understanding, and hope. Patients frequently establish rapport with peer mentors, and 
they may elect to broach these anxieties about their lives with them. 

People can conjure a new “self” based on familiar values or traits. “Still me” but an evolved version is a natural part of the life cycle under any 
circumstance. Modern trauma recovery programs have afforded direct attention to defining a “new normal,” and to encouraging realistic goal setting for 
individuals and families as they proceed along a recovery path. 15:?1,35,41,97,101 These behaviors and strategies promote understanding and resilience. Better 
coping tactics are developed and less mental anguish is experienced.2854101,103,123,126 


ASSESSING THE EXPERIENCE OF INJURY: MENTAL HEALTH SURVEYS 


After an injury, loss of function and the presence of pain can be a shock. To contend with the change that has occurred, it helps to identify, qualify, and 
quantify each individual’s psychological situation. A person who experiences anxiety or panic will need a different intervention than one who feels 
paralyzed with despair. Some will express their stress through emotions and affects (“I’m sad”), others through physical sensations (“I hurt”). 

Several validated measures of symptoms of depression with the Depression Subscale of the Patient Health Questionnaire (PHQ-9) exist,!°° although the 
Patient Reported Outcome Measurement Information System (PROMIS) computer adaptive test for depression is increasingly used.'°° Yet, recent work 
suggests substantial floor effect of PROMIS Depression; possibly indicating fewer symptoms versus inconsistent reporting of all symptoms in the haste of a 
busy office setting.®46-150 While major depression is an all-or-none diagnosis that risks reinforcing shame or stigma, these scales measure depressive traits 
or symptoms on their natural continuum. Symptoms of depression have a strong influence on symptoms and limitations during recovery.1®47-168 Patients 
with more symptoms of depression report higher pain intensity, greater dissatisfaction with care, more physical incapability, and they experience lower 
likelihood of returning to vocational and recreational activities. ”499119,120,135 

Catastrophic thinking in response to nociception is assessed with the Pain Catastrophizing Scale, a 13-item measure with three subscales: magnification 
(e.g., “I become afraid that pain may get worse”), helplessness (e.g., “It is awful, and I feel that it overwhelms me”), and rumination (e.g., “I can’t seem to 
keep it out of my mind”). Catastrophic thinking is one of the strongest predictors of pain intensity and magnitude of limitations across a variety of 


musculoskeletal injuries and disease.*! Anticipation of catastrophic thinking and offering education and strategies for reorienting unhelpful thinking can 
improve comfort and capability. 4>147:155-158,167 

Health anxiety (the sense that something is going undiagnosed or untreated, despite evidence to the contrary) can be assessed with the Health Anxiety 
Inventory, Whitley Index, Somatic Symptoms Inventory (SSI), or Generalized Anxiety Disorder Assessment (GAD-7). The SSI addresses the extent to 
which patients experience certain bodily functions (e.g., nausea and vomiting, hot or cold spells, heart pounding, heavy arms). The Health Anxiety 
Inventory and Whitley Index assess the extent to which patients endorse cognitive aspects of health anxiety (e.g., “Do you worry about your health?” “Do 
you often worry about the possibility that you have a serious illness?”). Health anxiety correlates with pain intensity and degree of limitations, particularly 
among people with nonspecific pain.!5®!57 The GAD-7 is a self-administered survey of seven questions, which are easily scored. It has high sensitivity and 
specificity for general anxiety disorder and reasonable sensitivity and specificity for other common anxiety disorders, including PTSD.!°° Furthermore, the 
physician can easily review patient responses to identify unhelpful thinking suggesting anxiety in the absence of enough responses to corroborate a 
diagnosis. 

Other commonly used and effective surveys that assess for PTSD are the Posttraumatic Stress Disorder Checklist for DSM-5 (PCL-5) and the Injured 
Trauma Survivor Screen (ITSS).°+* The PCL-5 has been utilized for several years and is valid and reliable in diagnosing PTSD, although the ideal time of 
administration and minimal period of symptom time in order to make a diagnosis are debated.!® It is a survey consisting of 20 questions, which are easily 
scored and acted on. The ITSS is a newer schema, which simultaneously serves as an initial screen for possible depression and PTSD using nine 
questions.“ It is meant as a cursory survey to prompt conversation between the screener and patient and to facilitate referral to another mental health 
professional for establishment of a diagnosis. 


SURGEON STRATEGIES TO AMELIORATE THE PSYCHOSOCIAL ASPECTS OF INJURY DURING 


RECOVERY 


Since injuries are common, and most involve a shift in life situation and emotional state, the surgeon’s compassion can have far-reaching positive effects. A 
connected, pointed conversation can alter current mood, foster effective coping strategies, and reset the course of life. People are far more likely to achieve 
and maintain health with a supportive network of relationships from the home to the surgeon’s office. Meaningful relationships stimulate true physiologic 
change.®°:5699:107 Evidence suggests that resilience may be innate but is also influenced by the clinician’s approach.2>>!!3 Indeed, the quality and scope of 
the relationship between surgeon and patient has a substantive impact.89 

Emotional giving can reduce stress and pain; possibly demonstrated by your facial and verbal expressions, tone, and touch.”°!48 It is less about what you 
say and more about how you say it—with spontaneous adjustment based on reading the patient’s needs at the moment. Effective communication can make a 
visit more efficient and authentic. These principles also foster trust in a relationship, which enhances patient engagement and participation in their recovery. 

Another essential aspect of propensity for recovery following trauma is the presence of self-efficacy. Self-efficacy refers to a person’s belief in their 
ability to achieve specific goals. In the realm of trauma, it has been associated with better early and long-term patient-reported outcomes.!*.81.82 People with 
greater self-efficacy experience less pain and fewer limitations for a given severity of injury. The single most effective pain reliever may be self- 
efficacy.”®8488 Those who have the capacity to accept the pain and still feel positive by focusing on new possibilities fare better. Resilience does not mean 
feeling problem free, but rather feeling that the problem is manageable. The surgeon, and other health professionals, can play a role in fostering constructive 
mindset, including self-efficacy.40.87,103.120,121,125,134 

Less effective coping strategies such as dwelling on the worst case (catastrophic thinking) and inability to consider painful activities healthy 
(kinesiophobia) make symptoms and limitations worse. Effective coping strategies such as a confidence that goals can be achieved (self-efficacy) relieve 
pain and restore function. Coping strategies may be part genetic and part circumstantial. The key is to understand that effective strategies can be learned, 
practiced, and improved.72:!51,154.168 Acceptance is a form of management.” Ideally, one accepts the circumstances, maintains optimism, sees options, and 
turns reality into something tenable and consistent with their persona. Effective coping strategies, such as a positive mindset and self-efficacy, can be 
learned and practiced. 

A compassionate medical team with an astute surgeon can make all the difference in the trajectory of the injury. The emotional part of recovery starts 
with every member of the care team—from the scheduler, to the medical assistant, to the surgeon—anticipating feelings and fears and having genuine 
interest in each person under their care. Curiosity is a form of caring and when it comes from all parties, it primes the patient for resiliency. Empathy or 
feeling understood by one’s surgeon has a sizable impact on satisfaction, adherence, and adaptation,®” and the empathetic connection improves adherence to 
treatment recommendations.®-!*°-!29 Some modern hospital systems have embraced a culture that fosters recovery by formally engaging all members of the 
team toward this common goal for patients and their loved ones. 1?7:133 

Whether a person has strong self-efficacy or a feeling of helplessness, the greatest underlying emotion—which can apply to either of these mindsets— 
may be that of grief. Surgeons can help a person by being aware that grief for loss of function, or for gain of pain, is normal. Grieving has a trajectory with a 
termination that can be renewed hope and motivation. A grieving process for lost comfort and function can seed resilience. Acknowledging the normal 
grieving process and not assuming psychological pathology will help people find a way through. 

Psychosocial interventions are no more a panacea than biomedical interventions are. Cultural approaches such as nature,!” faith,!4© community, art,!® 
exercise,”° spirituality, and connecting with a deeply trusted professional or friend can help some people. A beloved task, a treasured ritual, a lifelong habit, 
a past hobby or a new discovery, and deep absorption in a meaningful activity can do much for happiness and resilience. Such healthy distractions may not 
remove a troubling symptom, but they may mitigate it. 


PROGRAMS AND RESOURCES TO ENHANCE RECOVERY FOLLOWING TRAUMA 


In 2022, the ACS revised the standards for trauma center verification. In addition to requiring mental health screening, beyond the former expectations of 
alcohol and PTSD screens, level 1 and 2 centers are required to have a structured approach for screening of all trauma patients for symptoms of PTSD and 
other acute mental health disorders during the initial trauma episode. Identification of patients with mental illness or at risk for diagnosis and 
implementation of a minimum of brief treatment intervention within the system are also required. Level 3 centers are allowed to perform external referrals 
for patients with positive mental health screens. During the rehabilitation and discharge planning phases of care, the ACS now recommends patient-centered 


strategies including peer mentoring with in-person or online trauma survivors, referral to relevant community services for mental and social health, and 
utilization of the American Trauma Society Trauma Survivors Network or like programming.*? Unarguably, the ACS guidelines have dichotomized a 
concept of mental illness as all or nothing, when the reality is that unhelpful thoughts and distress associated with a recent traumatic injury are common and 
may not reach the established criteria for a specific diagnosis. Surgeons should be aware of the continuum of mental distress and be prepared to offer 
resources and services to all patients in need. 

Most trauma centers have not developed multidisciplinary recovery programs that meet these specifications. It is possible for trauma centers to establish 
the required screening and treatment processes without a full recovery program. Identification of licensed mental health care providers, including 
counselors, social workers, psychologists, and psychiatrists on site in the hospital and within outpatient facilities may also suffice.°&!07!58 Documentation 
of established processes and procedures will be required during verification. 

Some trauma centers have established online tools for patient self-diagnosis and/or self-management with links to requests for additional mental health 
services. !!>158 Others have provided referrals to online communities of trauma survivors, such as the Trauma Survivors Network. ! 1127.133 Although most 
trauma patients have access to the internet via Smartphones or personal computers, many do not have these devices or the skills to utilize these services.2” 
Alternative methods and provisions should be available. 

The Center for Medicare and Medicaid Services has recently advocated routine screening of SDOH to identify patients at risk for poor health outcomes 
of acute and chronic conditions. SDOH are various conditions in everyone’s environment. These include home, school, work, and neighborhood and may 
refer to education, economic stability, neighborhood safety, and physical and mental health.'** Deficiencies in social health such as food insecurity or 
insufficient home safety are more common among trauma patients.*°°* Adverse SDOH are also associated with lack of health insurance, or with health 
insurance that does not include mental health care.** Incorporating routine SDOH screening for trauma patients, coupled with interventions to address 
shortcomings, is essential to minimizing complications following injury and to reducing the potential for recurrent acute trauma events, or trauma 
recidivism .20-49-107,133,166 

A handful of trauma centers have developed entire programs to educate and engage all trauma patients and families. 
initiated during the acute trauma episode and are likewise available in the outpatient setting. These include printed and online educational materials, which 
may be specific to that trauma system, peer mentorship, counseling and coaching, support groups, and a variety of referrals for community resources and 
advocacy specific to crime victims.!** Mature programs have demonstrated better patient satisfaction, better provider satisfaction, and more adherence to 
treatment recommendations.49,52)!11,120,121,126,141,159 


THE EFFECT OF TRAUMA ON THE SURGEON 


Surgeon self-awareness is important. For many psychologically healthy people, nonaction can create a feeling of ineffectiveness. Many patients expect 
surgery and are disappointed if it is not recommended. Mingling the surgeon’s wish to have an impact with the patient’s desire for a procedure can lead to 
unnecessary recommendations (e.g., removal of nonproblematic implants in the hope that pain will improve, or the decision to operate on a fracture with a 
comparable prognosis with natural healing). It is easy, humane, and common to minimize the risks and limitations of intervention when the drive for 
fixation is strong. 

If a procedure is truly not that useful but is performed anyway, both the patient and the physician are at risk. Reoperation for pain, stiffness, malunion, or 
prominent implants may not deliver desired results. Addressing the emotional aspects of recovery could be more fruitful. Surgeons need to shift from a fixer 
to a healer identity. Wearing another hat may feel less comfortable or effective, and it is usually associated with less revenue for the surgeon and the health 
care system. However, our roles as physicians are based on the oath to do no harm, and to provide help to those in need. Many people who seek a surgical 
procedure might accept other treatment possibilities if rapport and communication skills are refined. Conveying an honest picture about treatment 
indications, risks and benefits, and the anticipated recovery is crucial. 

Can surgeons feel self-actualized in what feels like a passive or inactive position? If it is better for the patient and less risky for the surgeon, this strategy 
is most appropriate and also excellent for fostering a meaningful relationship. 

Relationship-centered care with active listening, empathic tone, and body language enhances patient comfort and empowerment. Encouragement of 
patient self-expression improves patient satisfaction, adherence, and outcomes.®!8 Personal questions about life set the stage for the recovery process by 
bringing the vital and resilient self to the fore. If the surgeon finds commonalities or feels curious, surprised, moved, or inspired, the interaction is 
meaningful for both parties. 

People are more capable of managing challenges, and they recover faster when they have a quality relationship, a strong connection to another person.*° 

A substantive relationship with one’s surgeon is often sufficient psychological support, but sometimes expert support is helpful. Traditional supportive 
therapy might best be thought of as a compassionate interchange that fosters robustness.°° Motivational interviewing addresses the inner obstacles that 
interfere with desired behavior change.!44 Psychodynamic therapy is about the self-knowledge that leads to personal freedom.'2? Acceptance and 
commitment therapy values personal values and fosters flexible thinking to create growth.“ Cognitive behavioral treatments help one change thoughts and 
behaviors to change mindset and mood.'*? Group therapy can help people feel less alone and more understood.®* As social integration can be protective for 
mental health in general, familial, friendship, and community support count. Finally, designing a self-care contract together with your patient says “We are 
in this together.”!“9 Such a stance can make a monumental difference for mood and compliance. Treatments that are tailored for the needs of individual 
patients and are delivered in the acute phase of symptoms are more effective than those that start after symptoms have become persistent. 

Simple, brief exercises can also be embedded within surgical practices. A  60-second, personalized mindfulness intervention 
(http://www.pixelthoughts.co) delivered to patients who were waiting for their surgeon in the examination room was feasible, accepted by patients, and 
associated with immediate decrease in pain, anger, anxiety, and depression.*° For patients who score high on catastrophic thinking about pain or pain 
anxiety, a four-session intervention, Toolkit for Optimal Recovery that combined mind-body skills with cognitive behavioral approaches decreased pain 
intensity and limitations among patients recovering from injury or surgery.!54 The toolkit is currently being tested in a clinical trial in using virtual care. 

The hope is that incorporation of such biopsychosocial interventions integrated into trauma care may improve their appeal, increase utilization, and 
lower overall costs to individuals and society. Relaxation and mindfulness skills, cognitive behavioral skills, and activity pacing can all help. These methods 
challenge negative myths associated with recovery (e.g., “One should be pain free after surgery” and “Pain means there is something wrong”). 


84,96,107,121,124,125,127,133 Services are 


BURNOUT 


Many surgeons experience “burnout,” or loss of joy in practice. It is shown in emotional exhaustion, depersonalization, and lower sense of personal 
accomplishments. The term burnout has become controversial, in that some are refraining it from using it to avoid perceptions of blame or inadequate 
ability of oneself to manage stressors. In this chapter, burnout is not referring to any failure of individual resilience. 

Risk factors include female sex, working longer hours, spending less time at home, and early or midcareer status.!°?7:!!4 Recently, up to two-thirds of 
trauma surgeons reported burnout.!?! Sadly, burnout is associated with depression, substance abuse, and suicide.!%22,60,61,79,115 Tt may be associated with 
early career attrition.®° Orthopaedic surgeons have the highest rate of suicide of any medical specialty in the United States.32!'5.!28 Burnout also has 
ramifications for the patients we care for, as it is associated with lower patient satisfaction scores, more medical errors, and higher risk for malpractice 
claims.10100 

Surgeon self-awareness and intentional self-care are essential to maintaining wellness and to providing the best care for others. Each of us has unique 
challenges in our lives, related to stresses at home, at work, and within our own physical and mental state. Understanding ourselves, our limitations, and our 
priorities, and revisiting each of these regularly can mitigate tendencies for prolonged stress and perceived ineffectiveness. Team meetings providing 
opportunities to discuss feelings and perceived failures may also foster teamwork and acceptance, while reducing stress and self-doubt.** Meaning can be 
established in a compassionate conversation, which need not have a concrete outcome. Meaningful conversations and relationships can help restore 
happiness and satisfaction for surgeons. 


MORAL INJURY 


Moral injury is a newer term to describe something that may be something contributing to physician burnout. Moral injury refers to an inability to 
adequately provide patient care at the level of quality you deem appropriate due to barriers in your workplace.3”!28 One example of circumstances that 
generate moral injury may include deficient staffing in the operating room, such that access for nonscheduled cases is excessively limited, and surgeons are 
encouraged to do nonurgent procedures in the middle of the night or during weekends. Another example may include insufficient surgeon support to 
provide patient referrals for social services or specialty consultations, generating substantial additional surgeon time spent on these activities so that their 
patients may receive standard care. 

Some health care systems are becoming aware of the concept of moral injury and are working collaboratively to achieve operational and other solutions 
to encourage sustainable, meaningful careers for their surgeons and other team personnel. t?19:116,117 Related resources to promote physician self-care and 
well-being or to provide surgeon peer mentorship may also be helpful.!%22-8°.85.128 Medical student and surgeon education should incorporate topics of 
physician well-being. Surgeons should be empowered to work together with each other and with health care leaders to achieve and maintain a healthier 
workplace and workforce. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS 


In an ideal comprehensive care setting, all caregivers have psychological skills. It is recognized that all experiences have associated feelings and thoughts; 
all events are psychological. Understanding how to process or employ emotion in the clinical setting fosters more hope and less somatization. Empathetic 
exchanges foster self-care, self-efficacy, fewer symptoms and limitations, and greater satisfaction with care. Leading the person to uncover their own 
solutions is powerful because it builds agency and resilience. It is the quality of the patient relationships with clinicians that allows the unique and vitalized 
part of any person, no matter their injury or circumstance, to emerge. 

Surgeons have a responsibility and opportunity to shift their mindset to best help their patients. By treating the person rather than the injured body part, 
by engaging with curiosity and emotion, recovery can be enhanced. Accessing natural empathy and humility is useful, altruistic, and pleasurable. This 
model of comprehensive care also benefits surgeons as well as patients. Reciprocal exchange creates meaningful, compassionate moments. When patients 
and providers learn from, are inspired by, and connect to each other, everyone benefits. 

Recent development of recovery resources and expanded teams to provide new programs including mental and social health care have demonstrated 
great promise in enhancing the scope and trajectory of recovery and in improving provider satisfaction. The ACS and the Orthopaedic Trauma Association 
have supported and facilitated these efforts. Trauma centers in the United States are now expected to provide screening for mental and social health 
opportunities and to provide interventions and referrals to mitigate this growing burden among our trauma patients. 
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Obesity 


SCOPE AND BURDEN 


Obesity is frequently defined by the body mass index (BMI), calculated by dividing the weight in kilograms by the square of the height in meters (kg/m7). 
The Centers for Disease Control and Prevention (CDC) has the following definitions for weight categories based on the BMI: 25 to 29.9 kg/m? is 
overweight; greater than 30 kg/m? is obese; greater than 40 kg/m? is severe or extreme (morbid) obesity.“ Morbid obesity can alternatively be defined by 
one of the following: at least 100 pounds above ideal body weight or more than twice ideal body weight.?3” Unfortunately, there has also been an additional 
classification of super (morbid) obese reserved for those individuals with a BMI above 60. 

Obesity is a worldwide epidemic with a prevalence that has alarmingly tripled from 1975 to 2016.2 In 2016, over 1.9 billion adults (39%) worldwide 
were overweight, with over 650 million (13%) classified as obese.”°° This same trend has also been seen in children and adolescents with 39 million under 
the age of 5 years being overweight or obese in 2020 and over 340 million from ages 5 to 19 years being overweight or obese in 2016.7°2°° Obesity 
accounted for at least 2.8 million deaths worldwide in 2014.°° Increasing rate of obesity and morbid obesity in the United States is on the leading edge of 


this worldwide epidemic. Results from the 2017—2018 National Health and Nutrition Examination Survey (NHANES) estimated an age-adjusted prevalence 
of 30.7% overweight, 42.4% obese, and 9.2% severe obesity in the United States. This represents and approximate doubling and tripling of obesity and 
severe obesity over a 20-year period.®° In 2006, Hootman et al. estimated that 67 million Americans will be classified as obese by 2030.!*° This represents a 
significant health burden in the United States, with an estimated 300,000 deaths annually due to obesity with untold morbidity and complications in the 
obese population. That figure is over three times the total number of annual deaths attributed to colon and breast cancers. !86237 

Obesity is the second leading cause of preventable death and is second only to smoking on the list of preventable factors that increase health care 
costs.2”° A 25-year-old morbidly obese man has a 22% decreased life expectancy compared with a man of normal size, correlating to 12 years of life lost.*°” 
Obesity is a major risk factor for systemic diseases, such as cardiovascular disease, stroke, diabetes, and multiple forms of cancer. Elevated BMI is also a 
major risk factor for the development of osteoarthritis.2°° In addition to the general negative health effects related to obesity, obese patients have a 48% 
increased risk of trauma, including fractures, and perioperative mortality is significantly greater in patients with BMI greater than 30 kg/m?.”:?13 

In regard to musculoskeletal implications, a large share of the burden in the treatment of the adult obese population falls on the traumatologists and 
arthroplasty surgeons.?“3 The obese population has a higher incidence of physician-diagnosed arthritis: 16% for underweight/normal-weight patients, 21.7% 
for overweight patients, and 30.6% for obese patients.?“? If population size and obesity rates continue their current growth, the numbers of patients needing 
treatment will increase proportionally. As obesity rates continue to climb, the rates of the obese patients injured will also continue to grow. Due to the 
complex alterations in the physiology of obese patients, initial resuscitation and final treatment are more complex, requiring increased time and resource 
utilization. 


FINANCIAL IMPLICATIONS 


In 2003, Finkelstein et al.°* reported that U.S. medical expenditures related to the overall health care costs of treating conditions directly resulting from 
obesity exceeded $90 billion. This figure represented 9.1% of total U.S. health care expenditure. They noted a 37.4% estimated increased cost of health care 
for the obese population. In 2008, the annual estimated medical cost of obesity in the United States was $147 billion.*! That figure balloons to $331.4 
billion when accounting for all obesity-related conditions (including coronary artery disease, hypertension, diabetes mellitus [DM] type II, end-stage renal 
disease, obstructive sleep apnea [OSA]).7“ In 2021, Ward et al. published a study evaluating health care expenditure estimates related to increasing BMI in 
the United States based on the 2011-2016 Medical Expenditure Panel Survey.*°° They found that every one-unit increase in BMI resulted in an additional 
cost of $253. In addition, they estimated obesity to be associated with an excess cost of $1,861 per person annually, resulting in a striking $172.74 billion in 
annual expenditures. Not surprisingly, the excess cost of severe obesity was even more at $3,097 per person annually. It has been shown that total hospital 
cost, length of stay, and proportion of patients discharged to a rehabilitation facility all are increased in obese patients following a total knee 
arthroplasty.°”!*? This higher cost is in part due to the increased anesthesia and operative time noted in the obese population.?!2 

Beyond the medical costs of obesity, there are societal and personal costs to the patient. The obese population is more likely to have work limitations or 
impairment.!'9 In addition, higher rates of work-related and unintentional injuries lead to greater numbers of Worker’s Compensation claims and loss of 
work time.7°>?!7 The obese population commonly faces discrimination, not only in health care but in society at large.?7!”5 Further personal costs include 
perceived lower class in society, lower earning potential, and poor physical function.’?!** In the health care setting, weight stigma affects how medical 
providers care for patients: spending less clinical time counseling and providing medical education.?”!162!,225.226 This is likely secondary to the perceived 
notion that obese patients are unlikely to comply with treatment.?7! In particular, orthopaedic surgeons are considered less interested in taking responsibility 
for the management and intervention of weight loss. 146221 

In the office setting, obese patients may feel discriminated against should the provider not have the basic equipment to care for them. 382?1 This may 
include purchasing items ranging from the most basic (larger gowns, blood pressure cuffs, wheelchairs) to updating waiting room to include larger chairs. 
Examination tables must be able to support heavier/wider patients, and restrooms need to be equipped with safety bars and elevated commodes. Bariatric 
stretchers may be needed to transport patients to clinic. As bariatric wheelchairs will not fit through a standard 30-inch doorjamb, hallways and entryways 
need to be widened to allow passage. In designing or renovating an outpatient clinic, a useful recommendation is designating at least a single room 
specifically for accommodating larger patients. This would alleviate the need for updating the entire clinic. All bariatric equipment could be stored here, 
allowing for discrete access that is readily available. While the additional obesity-related equipment and workspace may incur significant capital expense, 
these items will provide an environment to decrease apprehension or emotional and psychological distress associated with office visits. In this setting, obese 
patients can feel more comfortable in presenting medical issues to the physician and participating in their own medical care. These recommendations can 
provide safe and complete evaluation of the obese patient.?7! 

In the hospital or inpatient setting, the above recommendations can be replicated to accommodate not only patients but also larger family members and 
friends. Additional items need to be considered including oversized walkers, bedside and restroom commodes, hospital beds and mattresses, rolling/lifting 
equipment, and adequate staffing to assist in the care of obese patients. Imaging equipment such as closed ring computed tomography (CT) and magnetic 
resonance imaging (MRI) scanners pose a particular problem. The tables need to support the physical weight of the patient, the motor powering the table 
and the gears translating the motion of the motorized tables need to be powerful enough to move the patient, and the bore of the scanner needs to be of 
sufficient diameter to accommodate the girth of the patient. While it is certainly not practical to expect all small community hospitals and imaging centers to 
provide this equipment, regional centers will likely have this equipment and should be utilized as a valuable resource. Surgical suites should include 
equipment for performing procedures and operations on obese patients. Specialized tables may be required to support and provide motorized bed movement. 
To accommodate the increased weight and width, some surgeons have placed two tables next to each other to safely stabilize patients. Bariatric retractors 
for appropriate soft tissue retraction to allow surgical access, and surgical instruments with elongated or offset handles to provide deeper access are very 
helpful. While items and accommodations in the office setting may be geared toward comfort and sensitivity to patients, the hospital and operating room 
equipment is quite necessary for patient safety.?7! 

All the added equipment and staff require significant additional capital input. These additional costs do not appear to be adequately offset by increased 
reimbursement to allow adequate compensation. Specifically, operative care of obese patients requires greater time, resources, and effort. Current 
Procedural Terminology code modifiers can be used to “provide the means by which the reporting physician can indicate that a service or procedure that has 
been performed has been altered by some specific circumstance but not changed in its definition or code.” To offset the increased skill, time, and resource 
expenditure when operating on obese patients, the 22-modifier may be added to the index CPT code. The 22-modifier may be used “when the service(s) 
provided is greater than that usually required for the listed procedure.”* Thus, the 22-modifier provides additional reimbursement; however, this increased 


charge is different for each insurance provider. Payers will typically add a percentage of the standard charge for the service rendered. Unfortunately, due to 
the ambiguity of language for the 22-modifier, the payer has no obligation to observe the up-charge.?*? In 2014, Bergin et al. evaluated the reimbursement 
of the 22-modifier for acetabular fractures in morbidly obese patients. Despite providing evidence for increased time and effort for treating the morbidly 
obese population, they found no difference in mean reimbursement when using 22-modifier in morbidly obese patients compared to nonmorbidly obese 
patients. Furthermore, there was no difference in mean reimbursements with 22-modifier between privately insured patients and governmentally insured 
patients. They noted that this could be a disincentive for many centers to treat these difficult injuries in an especially challenging population.!® This is 
especially discouraging given that up to 33% of a practicing orthopaedic surgeon’s patient population may be classified as obese due to the ever-increasing 


epidemic of obesity in our society.**! 


BASIC SCIENCE OF OBESITY 


Excess weight is the result of a net positive balance between caloric intake and expenditure. This positive balance of energy consumption leads to adipose 
tissue hypertrophy, macrophage recruitment, and complex adaptive changes within adipocytes and the surrounding supporting tissues.2°* As the adipocytes 
continue to hypertrophy, the nutrient supply cannot maintain the demand for the hypertrophic cells. This situation leads to chronic tissue hypoxia and 
adipocyte cell death.2°*2! Obesity in addition to a state of excess adipose tissue is also a generalized, systemic proinflammatory state due to the release of 
adipokines (leptin and adiponectin).?!° Adipokines lead to a biologic cascade that induces a chronic inflammatory condition, not unlike rheumatoid 
arthritis.'“9!5 This inflammatory state is caused by increased production of proinflammatory cytokines such as TNF-a and IL-6 by resident 
macrophages. !’*!90204 This chronic, low-grade hyperinflammatory state additionally promotes insulin resistance leading to type II DM.’”°4 Obese and 
overweight patients are known to have elevated baseline levels of inflammation like C-reactive protein,” and adipokines are thought to be one of the 
primary causes of this chronic inflammation. 1813 Chronic exposure to higher levels of these inflammatory cytokines contributes to metabolic syndrome 
(increase in blood pressure, blood sugar, and triglycerides or cholesterol), chronic insulin resistance, atherogenic dyslipidemia, hypertriglyceridemia, 
hyperleptinemia, cardiac disease, and endothelial dysfunction commonly seen in obese patients. 

Furthermore, leptins are known to affect bone cell function and bone structure and are implicated in the biochemical processes involved in the 
development of osteoarthritis.2! Leptins are found in significantly higher concentrations in the synovial fluid of osteoarthritic joints*°’ and are thought to 
cause intra-articular inflammation and collagen breakdown, possibly due to activation of proinflammatory nitric oxide synthase.8%?07:208 This inflammation 
also seems to impair healing of traumatic damage to articular cartilage in the obese patient. 

Bone metabolism appears to be negatively affected by obesity in several ways. The application of Wolff’s law to the bone density of the obese patients 
would lead one to believe that absolute bone density would be higher in the obese patients. However, this effect disappeared when the values were adjusted 
by BMI and compared to a normal-weight control group.?!*:24” The marginal increase in bone density may well not be able to compensate for the inflated 
loads placed across the skeleton in obese patients.*!3:247 On a cellular level, osteoblasts and adipocytes arise from common precursor mesenchymal cells and 
these cell lineages compete for the opportunity to differentiate. This may lead to decreased bone formation as fat cells outcompete osteoblasts. The chronic 
state of inflammation seen in the obese patients leads to high systemic levels of IL-6 and TNF-a, which are also associated with increased bone resorption. 
The malnourishment of obesity commonly caused by a high-fat, nutrient-poor diet can also contribute to decreased intestinal calcium absorption and overall 
poor bone health.34 

There are multiple ways that the physiology of obese patients differs from normal-weight patients. Respiratory differences in obese patients include 
higher ventilation demands (because of higher systemic oxygen demands), increased work of breathing (due to the force required to move the ribcage and 
displace intra-abdominal fat), increased airway resistance, and decreased respiratory compliance.?!! When supine, the pressure of the abdominal contents 
reduces the overall capacity of the lungs, which is partially mitigated by keeping the chest vertical. In addition, obese patients have higher rates of OSA and 
reactive airway disease, which can complicate airway management. Cardiovascular differences in obese include higher resting heart rates and difficulty in 
increasing left ventricular ejection fraction due to higher peripheral resistance. These changes lead to ventricular hypertrophy and diastolic dysfunction 
when present over a long period of time.?8 The atherosclerosis present with common obesity-related comorbidities contributes to both coronary artery and 
peripheral vascular disease. Obese patients are at significantly higher risk of thromboembolic events at baseline. This is felt to be due to a combination of 
endothelial cell changes, platelet dysfunction, and the release of prothrombotic cytokines from adipose tissue, and this risk is amplified in the setting of 
polytrauma. 10? 

Obesity has well-documented associations with DM and hypertension, which are the most common causes of kidney disease. Obesity has also been 
found to be an independent risk factor for kidney dysfunction.?% This is felt to be due to adipose secretion of angiotensin. Dosing renally excreted drugs in 
obese patients can be quite challenging due to dose differences based on ideal body weight as well as impaired kidney function. Patients with obesity have 
also been found to be at higher risk of acute kidney injury after trauma than normal-weight patients. 

Obesity also disrupts the integrity of the immune system and leads to alterations in white blood cell development, migration, and diversity. The 
inflammation associated with obesity may blunt portions of the immune response to trauma and pathogens while demonstrating a heightened inflammatory 
response. The obese patients have increased absolute numbers of inflammatory leukocytes but demonstrate overall impaired ability to mount an immune 
response.’ These changes are amplified in obese trauma patients with higher levels of IL-6 and TNF-a measured in obese patients when compared to 
similarly injured nonobese patients. 1? 


INITIAL EVALUATION AND MANAGEMENT 


INJURY PATTERNS 


Overweight patients with a BMI of 25 to 30 kg/m? have 15% increased odds of sustaining an injury while the morbidly obese patients have an up to 48% 
increased risk of trauma.®°:!93.247,268 Obese patients have higher mortality rates because of high-energy trauma.!°%:247 After blunt trauma, obese patients are 
less likely to suffer from head injuries and liver lacerations but more likely to have extremity and thoracic injuries than the nonobese. In these motor vehicle 
collisions, the soft tissue envelope of obese patients may be protective of abdominal viscera injuries. However, as the energy is transmitted to the axial and 
appendicular osseous structures, they are also more likely to sustain injuries to the pelvis,!? distal femur, !6? ankle,2° and calcaneus.*4” In addition, the 


severity of extremity fractures and soft tissue injuries seen in the obese patients is increased due to the increased energy associated. !01252,268 

In the obese patients, low-energy mechanisms more commonly result in high-energy fracture patterns and soft tissue injuries because of the energy 
transferred at impact.!01-133,213,247 Increased rates of low-energy knee dislocations secondary to low-energy trauma have been observed in obese 
persons.7!3,16.247 This along with a high prevalence of associated popliteal artery injury leads to considerable rate of complications, up to and including 
above-knee amputations, 108:132,213,247 

The distal aspect of long bones appears to be particularly at risk for comminuted fractures with associated soft tissue damage.'°? Conversely, obesity 
may have a protective effect for some fractures. Postmenopausal obese women report falling more often, however suffer fewer hip fractures. This is 
theorized to be an effect of thicker surrounding soft tissue envelope cushioning the blow.'° However, comminuted upper extremity fractures after falls onto 
an outstretched arm are seen with higher prevalence in the obese patients.'2*:7!° This is postulated to be secondary to difficulties with ambulation due to 
excessive soft tissue. 133713 
Obese children are more likely to suffer fractures of the distal aspect of an extremity secondary to high-energy trauma.!®?!9 In the pediatric population, 


obese children have been found to have a greater risk of forearm, femur, and lateral humeral condyle fracture resulting from lower-energy 
mechanisms.29152.213.245,247,260,272 


INITIAL BONY STABILIZATION 


Initial stabilization of long bone fractures with splinting/casting or skeletal traction may be more difficult to achieve.?!>?68 Due to difficulties maintaining 
reduction in obese patients, surgeons may need to adjust indications for conservative management in favor of more aggressive internal fixation with 
potentially higher complication rates.?13:268 


RESUSCITATION 


Prehospital care and resuscitation in the obese patients present unique challenges. Prehospital transport delays are common in the morbidly obese due to the 
limits of personnel and equipment in extricating and transporting patients. External monitoring devices like blood pressure cuffs, pulse oximetry, and 
electrocardiograms are less accurate in the obese patients, creating another challenge in obese patient assessment.!* Peripheral vascular access can be 
significantly more challenging in the obese patient leading to a more common need for ultrasound guidance and central venous access.!*! The large size of 
the head and neck and the proportionally small airway size in the obese patients make airway management challenging and video laryngoscopy is more 
commonly needed for successful intubation.’ Poor baseline respiratory status, poorly tolerated supine positioning, and opioid respiratory depression of the 
obese patient can quickly lead to hypoxemia and respiratory failure.!9 

There is some clinical and basic science that suggests that obesity impairs normal cardiovascular and hemodynamic regulatory responses in hemorrhagic 
shock leading to impaired organ perfusion and end-organ damage.!®* Obese patients have been found to have higher base deficits on admission than 
normal-weight patients with the same Injury Severity Score (ISS).?? In addition, after blunt trauma, the obese patients are commonly underresuscitated and 
are given lower volumes of intravenous fluids when adjusted for BMI. This can also contribute to persistent acidosis and hypovolemic shock.!9!:2%4 Even 
with identical fluid resuscitation based on ideal body weight, morbidly obese patients resolve their acidosis much more slowly despite similar mean arterial 
pressure and heart rates. These patients are ultimately at higher risk of multiorgan failure and higher rates of mortality.278-29* The traditional cardiovascular 
end points seem to be inadequate markers in the resuscitation of critically injured obese patients. Glycemic control also plays an important role in the 
critically ill patient, and obese patients are at particular risk of hyperglycemia due to their baseline insulin resistance. 

The role of chronic inflammation in the resuscitation of obese patients likely plays an important role, but this role is incompletely understood and there 
is conflicting information potentially due to differences in injury patterns and patient populations not recorded. When compared to lean and even overweight 
patients, one study has shown persistently elevated levels of C-reactive protein and IL-6 in the obese patients in the first 4 hospital days after trauma.!° 
Another study showed that obese had lower concentrations of inflammatory cytokines in the early posttrauma setting compared with more lean cohorts.2% 
In both studies, obese patients, compared to lean and overweight patients, had higher rates of multiorgan failure in spite of conflicting data on inflammatory 
markers. The altered inflammatory response may contribute to universally poorer outcomes in the obese trauma patient. This area is still in need of better 
understanding to improve trauma care in these patients. 


ANESTHESIA CONSIDERATIONS 


Anesthetic complications are higher in the obese pediatric population, with an associated higher-than-normal incidence of baseline hypertension, asthma, 
and OSA,719.247 

Preoperative evaluation must assess the cardiopulmonary systems to adequately address the altered physiology in obese patients.!°” Operative time, and 
thus anesthetic exposure, is significantly greater in the obese patients.°*?!5 To optimize this patient population for the stress and trauma of surgery, proper 
recognition and treatment of all modifiable conditions and risk factors are of primary importance. Standard laboratory testing including electrolytes, 
glucose, complete blood count, renal function panel (especially for diabetic patients), and liver function panel should be drawn.!°”,75° General 
cardiovascular evaluation should include history of any cardiac pathology (angina, palpitations, activity capacity, etc.), clinical examination (cardiac 
auscultation, jugular vein distension, lower extremity edema, etc.), and electrocardiogram.°°!®! General pulmonary evaluation should include history of any 
pre-existing pulmonary pathology (chronic obstructive pulmonary disease, asthma, OSA, home oxygen use), clinical examination (lung auscultation, 
dyspnea, increased work of breathing), and chest x-ray.*!2°.2!5 Blood pressure cuffs need to be of appropriate size (40-45 cm) to provide accurate 
values, 1666 

The impact of obesity on the respiratory system is correlated to BMI, with significant impairment noted when the patient’s BMI surpasses 45 
kg/m?.°8:204 Several respiratory changes are associated with obesity. Decreased pulmonary compliance, as low as 35% of normal in morbidly obese 
individuals,!°7.2° reduces functional residual capacity, resulting in hypoxemia and increased risk for postoperative atelectasis. These concerns are 
intensified by general anesthesia and postoperative pain, which can further limit postoperative respiratory drive.®:6103.153 OSA is defined as a minimum of 
10 seconds of total respiratory cessation that occurs more than 30 times per night. Obese patients with OSA are at increased risk for pulmonary 
hypertension (PH), right ventricular failure, stroke, and hypertension.®® OSA secondary to obesity is due to increased pharyngeal wall adipose tissue, with 


rates reported between 40% and 90% in the obese patients. 1869.6685.129,204 OSA is significantly associated with death, venous thromboembolism, and failure 
to be discharged by 30 days postoperatively.1®.2°* A separate phenomenon known as “obesity hypoventilation syndrome” is secondary to decreased 
response to carbon dioxide retention. General anesthetics and narcotics can lead to worsening of obesity hypoventilation syndrome and predispose the 
patient to resting hypoxemia. Obese patients have been found to be at greater risk for postoperative atelectasis and are more vulnerable to episodic 
desaturations due to sedatives and opiates. These factors leave patients in peril of postoperative hypoxemia, hypercapnia, and respiratory failure.”>!’7! OSA 
is one of the most common causes of upper airway obstruction in the postoperative period and typically occurs in two patient populations: obese patients 
and those with pre-existing neurologic disorders.‘ 

Risk factors for perioperative cardiac complications include any history of ischemic heart disease, congestive heart failure (CHF), cerebrovascular 
disease, DM, and impaired renal function.!!”1° Each of these risk factors is found in higher rates among the obese patients. Cardiac work increases 
proportionally with BMI, and can be up to 40% greater in obese patients.!°”5° Approximately 60% of obese patients may have mild to moderate systemic 
hypertension secondary to increased blood volumes and hormonal/renal/hemodynamic mechanisms.°° Over time, increasing cardiac load culminates in left 
ventricular hypertrophy (LVH), which is an independent risk factor for cardiovascular morbidity and sudden death.!°75° As myocardial compliance 
decreases with LVH, associated fluid overload can lead to CHF and dilated cardiomyopathy.®°107.25° In addition, obesity is now considered an independent 
risk factor for coronary artery disease.°° Right ventricular hypertrophy has been identified as a consequence of OSA secondary to hypercapnia and PH.®© 
Patients with PH have a significantly higher risk of developing CHF, respiratory failure, hemodynamic instability, and sepsis.??4??9 Associated changes in 
the electrophysiology of the myocardium can be detected on electrocardiogram,®©?*° which may necessitate further diagnostic studies, including 
echocardiogram. Early identification of these issues can prevent delay in proceeding to the operating room and decrease risk for intra- and postoperative 
morbidity and mortality. 

Regional anesthesia may be advantageous over general anesthesia in obese patients for a multitude of reasons: Without the need for intubation, there is 
minimal airway manipulation and resultant irritation; drugs that depress the cardiopulmonary systems can be avoided; diminished risk of postoperative 
nausea and vomiting; and improved postoperative pain control without the use of sedating narcotic medications are all potential benefits.4” Unfortunately, 
obesity makes regional anesthesia more difficult for a multitude of reasons: palpation of osseous landmarks becomes more difficult; obscured visualization 
of vital structures with ultrasonography; longer needles and catheters are needed to access nerves under a deeper soft tissue envelope; and differing dosing 
requirements to achieve a successful peripheral or neuraxial blockade.>?:!27/196.247 


PREOPERATIVE IMAGING 


Because of the effect of obesity on imaging, adjustments must be made to standard protocols to ensure quality images are obtained.!8>?!3.247 Increasing the 
voltage of the beam reduces the contrast. To improve the image, the radiology technologist must narrow the collimator beam to reduce photon scatter and 
dispersion while reducing the need for increased exposure time.!85:213.247 Similar to preoperative imaging, intraoperative fluoroscopy can be quite 
challenging. The fluoroscopy unit needs to have an adjustable collimator to be able to improve the image while reducing exposure time and the need for 
increased voltage, both of which will induce issues with image acquisition.!®°2!3 Having radiology technicians skilled in imaging obese patients is 
invaluable in obtaining satisfactory images. 

The EOS imaging system has been evaluated due to its ability to obtain imaging that is unaffected by scattered radiation which can significantly reduce 
x-ray exposure while improving the quality of images.!7° This technology is limited by cost per patient and was found not to be cost-effective for any 
indication in a study by Faria et al. in 2013.78 

Despite these modifications to technique, obesity can contribute to missed or delayed diagnosis of fracture.!48 Specifically, overlying soft tissue may 
obscure ipsilateral femoral neck fractures in association with femoral shaft fractures. In addition to heightened awareness and more detailed scrutiny of plain 
films, this may warrant advanced imaging studies to further evaluate the femoral neck and intertrochanteric region of the femur.!!+?!°.247 Obtaining 
appropriate advanced imaging presents its own unique set of challenges. In this regard, the BMI is less important than the physical limitations of the CT 
scanner. The weight limit for a standard CT scanner is 202.5 kg (450 pounds), gantry bore ranging from 80 to 85 cm with a scan field of view ranging from 
25 to 82 cm.!®5 Specialized scanners for obese patients have an aperture of 90 cm (35.4 inches).!®° This aperture height must account for the anteroposterior 
thickness of the patient and the bed of the scanner. MRI scanners have even more stringent requirements, and obese patients must often use an open MRI. 


INTRAOPERATIVE CONSIDERATIONS 


POSITIONING 


Standard supine positioning compresses the diaphragm, making respirations more difficult. In addition, excess abdominal weight can exert pressure on the 
inferior vena cava, reducing cardiac return. This added pressure can also compress the aorta, leading to increased afterload, higher blood pressure, and 
decreased stroke volume.”™66 Trendelenburg and prone positioning exacerbate these effects. The patient may need to have their head or back elevated while 
in the supine position.>>.© The lateral position is usually well tolerated by obese patients as the bulk of the panniculus is displaced away from the diaphragm 
and intra-abdominal vasculature (Fig. 23-1).66:107:247 Obese patients undergoing prolonged procedures are predisposed to pressure ulcer formation, leg and 
thigh compartment syndromes, compressive neuropraxias, and scalp alopecia secondary to intraoperative positioning. 137:214247 


Figure 23-1. A: This patient was a 550-lb man who sustained a transverse/posterior acetabular fracture in a motor vehicle collision. This necessitated operative 
intervention. His size and lung injuries made prone positioning difficult and a lateral position was chosen. B: Note the extra-large bean bag that is used to safely 
stabilize the patient. The left leg and both arms are well padded to prevent pressure ulcers and neurologic injury. In the lateral position, the panniculus is allowed to rest 
away from the abdomen and chest wall, reducing the ventilatory pressure. 


Standard operating room tables with a weight limit of 450 pounds may not accommodate the morbidly obese, possibly requiring the use of specialized 
tables with the capability of holding up to 1,000 pounds.!°7 


FRACTURE-SPECIFIC CARE 


Proximal Humerus 


Injuries about the shoulder can be subgrouped into fractures involving the clavicle, scapula, and proximal humerus. Whereas clavicle and scapula injuries 
can be treated similarly in either obese or nonobese patients, unstable displaced proximal humerus fractures present unique problems. 33 

Proximal humerus fracture outcomes vary based on a number of characteristics, including fracture pattern and displacement, viability of the head 
fragment, and multiple patient factors.'°+7®° Good to excellent outcomes can be expected for nondisplaced and minimally displaced fractures, which 
fortunately represent the majority of proximal humerus fractures.°*789 For fractures requiring operative fixation, local and systemic complications have 
been reported: deep infection, neurovascular injury, malunion, nonunion, hardware failure, joint stiffness, heterotopic ossification, avascular necrosis, deep 
venous thrombosis (DVT) and pulmonary embolism (PE), sepsis, and end-organ failure.?833-135,210,289,301 Multiple fixation techniques exist for fixation of 
these complex fractures, and controversy exists as to the optimal management. !?? Obesity further complicates the fixation strategy. 

Closed reduction percutaneous pinning (CRPP) may be limited due to the available length of pins. Even those up to 300 mm in length may not be 
sufficient in the presence of excessive arm girth with associated swelling and fracture hematoma. In cases where CRPP proves to be the most optimal 
operative strategy, timing of fixation is restricted until swelling subsides.!?3 It may prove most beneficial to abandon this procedure in favor of open 
techniques in these instances. 

Osteosynthesis techniques are most successful in young patients with reasonable proximal humerus bone stock and relatively large tuberosity 
fragments. ©30,80,200,210,232,273 ORIF in the obese patients requires a large extensile incision, via either the deltopectoral interval or an extended lateral 
deltoid-splitting approach.'*3 The standard deltopectoral approach may limit plate application lateral to the bicipital groove.®” This approach also involves 
significant traction on the deltoid musculature and soft tissue stripping to approach the zone of plate application.®” More vigorous retraction is needed as the 
depth of soft tissue increases, which can place undue tension on the axillary nerve. The extended anterolateral approach is another option, exploiting the 
avascular raphe between the anterior and middle heads of the deltoid.®” This has been touted as a minimally invasive approach to the proximal humerus, 
allowing the option for submuscular plating.8®!33 This option is limited in morbidly obese patients secondary to short drill sleeve and bit 
lengths.8%133,150,241 Despite the disadvantages associated with either approach, Jones et al. prefer the use of locking plate fixation. This method allows 
stable fixation while avoiding the risk of pin tract infections associated with CRPP and range of motion restrictions associated with primary arthroplasty. 133 
In addition, locking fixation has the potential to alleviate the complications associated with poor bone quality in the obese patients, while enhancing the 
construct stability in the face of increased forces across the implant. 

Arthroplasty is a salvage option for unstable displaced proximal humerus fractures.8%81-133 Traditionally, a proximal humerus hemiarthroplasty has been 
the implant of choice in this setting; however, this has shown to yield unpredictable and inconstant results.78-8°.181.242 Malunion and osteolysis of the 
tuberosities appear to be the primary causes of unsatisfactory results following hemiarthroplasty.”880.81.242 Reverse total shoulder arthroplasty (RTSA) has 
emerged as a successful option in the treatment of these fractures in the elderly,?!8°.17°.189.24? but its efficacy, safety, and reliability in the obese patient is 
unclear. Obesity does complicate the utilization of proximal humerus arthroplasty, as implantation of the humeral stem requires arm adduction and 
extension, made difficult in the setting of wide girth and/or pendulous breasts.!*° In addition, instability of the implant is a concern with range of motion and 
weight bearing. As obese individuals often require the use of their upper extremities for mobilization, dislocation of the implant requiring closed versus 
open reduction becomes a greater possibility. A systematic review and meta-analysis on complications associated with obese patients undergoing primary 
RTSA or total shoulder arthroplasty revealed increased risk for dislocation, fracture, and revisions.””* While this study did not evaluate arthroplasty used in 
the fracture setting, it is reasonable to assume similar or worse challenges in the setting of fracture. While arthroplasty (either hemiarthroplasty or RTSA) 
may be an attractive option for significantly displaced proximal humerus fractures in elderly or osteoporotic bone, ORIF is a more proven option in the 
obese patients. 

In 2015, Werner et al. performed a retrospective review of a national database that identified 20,319 patients who underwent operative management of 
proximal humerus fractures from 2005 to 2011.7°° They assessed four methods of operative management: open reduction internal fixation, intramedullary 
nailing (IMN), shoulder hemiarthroplasty, and total shoulder arthroplasty (no distinction was made for reverse vs. standard). They then stratified each 
operative group into obese and nonobese cohorts to assess differences in complication rates. Obese patients suffered significantly increased rates of local 
and systemic complications within each subgrouping of operative modality. There were significantly higher rates of return to the operating room for 
management of postoperative stiffness and deep infection, including manipulation under anesthesia, lysis of adhesions, and irrigation and debridement for 
each subgrouping of operative modality. This study attributed the higher rates of complications associated with operative management of these fractures to 


increased difficulty in surgical exposure due to the overlying soft tissue envelope and depth of surgical wounds and the multitude of associated medical 
comorbidities that complicate patient management. !6.114,141,175,289 


Humeral Diaphysis 


The majority of diaphyseal humeral fractures can be managed nonoperatively with manual realignment maintained by coaptation splinting followed by 
functional bracing." In the obese patients, the excessive surrounding soft tissue envelope impedes appropriate three-point bending moments to achieve 
adequate maintenance of closed reduction. !3t-133:244 For obese women, and to a lesser extent morbidly obese men, a bulky chest wall and pendulous breast 
create a varus moment at the fracture site, displacing a closed reduced fracture. Placing a bump at the medial aspect of the elbow during splint application 
can counteract the displacing force to prevent varus malalignment. Following splint application, transitioning to a functional brace requires hydrostatic 
pressure to maintain fracture alignment and length. With excessive surrounding adipose tissue, this pressure is minimally present, if at all.'°? For these 
reasons, in addition to the impaired functional mobility in the obese patients, closed treatment of diaphyseal humerus fractures in the morbidly obese may 
not be sufficient. 133 

External fixation is of limited utility except when temporizing length, alignment, and rotation in cases where soft tissues are not amenable to definitive 
open fixation. 1168 Due to surrounding adiposity, it is difficult to identify anatomic landmarks for safe placement of pins with respect to cross-sectional 
anatomy. In addition, the bone-to-bar distance will be increased secondary to surrounding soft tissue envelope with the associated risk of pin tract 
infections. 13 

Intramedullary nailing is made more difficult due to inability to adduct the arm,!°? similar to issues noted for arthroplasty of proximal humerus fractures. 
A bulky chest wall and increased breast girth impedes the necessary adduction. This leads to eccentric reaming leading to malunion/nonunion.!*? 
Positioning the patient supine with large ipsilateral bump or in lazy lateral position will aid in diverting some of the soft tissues to the contralateral side. In 
addition, extension of the arm can create more space for adequate adduction. 13 

ORIF of humeral diaphyseal fractures should follow similar guidelines for obese and nonobese patients with regard to approach for proximal, middle, 
and distal one-third diaphyseal injuries. The difference lies in device selection due to the increased forces applied to the construct. The use of dynamic 
compression plating rather than reconstruction plates, sized 4.5 mm rather than 3.5 mm, is recommended to allow safe mobilization.’ Longer (> eight- 
hole) plates should be utilized, necessitating more extensile exposures.!?? As with other regions of the body, more extensile exposures lead to increased risk 
of wound healing complications and deep infection. When applied properly, these principles allow for predictable healing with excellent alignment of 
humeral diaphyseal fractures.*!35 Jones et al. prefer lateral positioning with a posterior approach to the humerus and compression plating to provide rigid 
fixation with absolute stability, allowing for early mobilization and weight bearing. 3 


Distal Humerus 


In the adult population, distal humerus fractures often represent complex injuries requiring anatomic reduction with rigid fixation versus total elbow 
arthroplasty (TEA).?°° The distal aspect of long bones is at higher risk for comminuted fractures with significant soft tissue damage, even with low-velocity 
mechanisms. !?162,247 Precontoured plating has been an excellent advance in the fixation of distal humerus fractures with the goal of anatomic fixation of 
the articular surface.*°*°° TEA is an option for elderly, low-demand patients with severely comminuted fractures in the setting of poor bone 
stock,’495157,164,262,290 Younger obese individuals would likely have significant difficulty with lifetime weight-bearing restrictions imposed on TEA 
implants and would require rigid fixation with robust plating constructs. As dissection planes can be askew due to superficial adiposity, great care must be 
taken to identify pertinent neurovascular structures while approaching any fracture about the elbow.!*° The overall treatment of supracondylar humerus 
fractures is treated similarly between obese and nonobese patients. 13 

Werner et al. examined 6,928 patients undergoing operative management of distal humerus fractures, either via ORIF or TEA. Of these, 1,162 patients 
were coded as obese or morbidly obese and were compared to the remaining nonobese group. Within the ORIF group, obese patients had a significantly 
increased risk of local and systemic complications, including infection, venous thromboembolic disease (TED), and other medical complications. The same 
significantly increased risk held true for the TEA group.2°° Claessen et al. identified a coded diagnosis of obesity as a significant risk factor of hardware 
loosening or plate breakage following plate and screw fixation of bicolumnar distal humerus fractures.>” 


Elbow 


Injuries about the elbow, including olecranon or radial head fractures, and ulnohumeral, radiohumeral, and radioulnar dislocations, are treated similarly in 
obese and nonobese patients.'°? The primary difference is the difficulty in maintaining an initial reduction in a splint.!33?38 This can make closed 
management of fracture dislocations around the elbow very challenging. Morbid obesity has also been linked to higher costs at 1 year after elbow 
dislocation mainly due to postoperative complications.® A study of terrible triad injuries showed an increased complication rate of operative treatment and 
attributed this to difficulty with use of postoperative bracing, increased forearm weight, and lack of adherence to postoperative protocols.°* Obesity also 
causes difficulty in accurately diagnosing the injury pattern and in identifying interposing chondral fragments and subtle joint incongruity. 13:238 

After ligament or bony reconstructions, external fixation or newer implants such as an Internal Joint Stablizer (Skeletal Dynamics, Miami Florida) can 
be used to augment fixation to avoid postoperative subluxation, dislocation, or failure of fixation/repair that can occur simply due to the weight of the limb. 


Forearm 


Similarly, forearm injuries are generally treated in similar manner between obese and nonobese groups.!** Analogous to humeral diaphyseal fractures, 
longer or more robust plating options may be required to allow weight bearing. This necessitates more extensile exposures with the increased risk of 
postoperative infection. Due to excessive superficial adiposity, dissection planes are obscured, and thus frequent reorientation and confirmation of fascial 
planes are required.!°3 


Wrist 


Nonoperative management of unstable distal radius fractures in the morbidly obese patients is problematic due to inability to create and maintain the 
appropriate three-point bending mold.”™133 Obese patients rely more heavily on the upper extremity for mobilization with ambulatory aids and in assistance 
in rising from seated position.!°2 ORIF provides stable fixation that is not dependent on external splint/cast pressure and provides greater stability than 


percutaneous pinning without the added risk of pin site irritation and infection.!33 Comparable to other upper extremity fractures, the main difficulty arises 
with the exposure.!53:202 Due to difficulty with anatomic landmark visualization, exposure along an aberrant path increases the risk to pertinent 
neurovascular structures.!°3 Locked volar plate fixation is recommended to enhance construct stability. 70:76.104,133 


Pelvic Ring and Acetabulum 


With every pelvic ring and acetabulum fracture, adherence to advanced trauma life support evaluation and resuscitation protocols is of primary importance. 
Secondary survey should pay particular attention to inspection for Morel-Lavallee lesions that may be obscured by excessive superficial adiposity. In 
addition, skin folds, pannicular valleys, groin, perineum, and buttocks warrant close inspection for open wounds and skin shearing.°* Anterior pelvic ring 
injuries should raise suspicion for urethral injuries, warranting inspection of the urethral meatus for blood®* and placement of urethral catheter to inspect 
urine for gross hematuria. Women with anterior pelvic ring injuries require speculum examination to rule out vaginal wall perforation by osseous 
fragments.°* Similarly, all patients with pelvic ring injuries require rectal examination to evaluate perforation by osseous fragments and a high-riding 
prostate in males. 

Acetabulum fractures with associated hip dislocations require urgent reduction to prevent prolonged femoral head ischemia and associated chondrolysis. 
Due to previously mentioned obesity-associated medical comorbidities, the safest route for sedation is often in the controlled environment of the operating 
room. Reduction maneuvers are more difficult to achieve due to soft tissue constraints and gravity opposing the vector of traction. Once reduced, standard 
Kirschner wires (threaded or smooth) used for skeletal traction may be of insufficient length to traverse the soft tissue envelope. In this case, the use of 
starting guidewires from a femoral or tibial intramedullary nail may be required. The same is true for unstable pelvic ring injuries requiring provisional 
stabilization with skeletal traction. 

Following complete resuscitation, definitive fixation may proceed. As noted previously in the chapter, adequate resuscitation may be difficult to assess 
in the morbidly obese patient with multiple medical comorbidities, particularly in those with cardiomyopathy or other cardiovascular complexities. 

The goals of operative management of acetabular fractures are the same for obese and nonobese patients: stable anatomic reconstruction of the 
acetabular articular surface to allow early range of motion. The primary differences lie in the depth of tissue encountered in the surgical approach that 
requires prolonged retraction. All possible steps should be taken to minimize associated complications via limiting local tissue necrosis and lipolysis. These 
goals are met with sharp knife dissection” to limit electrocautery whenever possible, with the exception of focal cautery for localized control of bleeding. In 
addition, longer incisions help limit focal tissue necrosis from undue tension applied to the soft tissues with retractors. Frequent repositioning of retractor 
blades and the use of handheld, rather than self-retaining, retractors will aid in preventing excessive muscle necrosis. These steps, in addition to liberal use 
of drains, multiple layered closures (including sutures within the adipose layer itself), placement of incisional negative pressure wound management 
systems, and aggressive return to the operating room for persistent drainage are tactics to avoid wound complications.?*9 

Anterior exposures such as the ilioinguinal, Pfannenstiel, and Stoppa exposures are commonly used to treat anterior pelvic ring injuries and specific 
acetabular fracture patterns.9* Great care should be taken to avoid placing an anterior incision along the inferior margin of the panniculus, avoiding the 
pannicular valley. This region is high risk for skin maceration and bacterial and/or fungal contamination.°* For these reasons, it may be beneficial to move 
the incision more proximal through the panniculus and/or keep it covered at all times.°* Visualization of deep osseous structures may require the use of 
extra-long skin incisions and longer retractors, including a stiff malleable, Homan, Deaver, and Sofield retractors.°* Tenotomy of the rectus abdominis just 
proximal to its insertion on the pelvic brim or extensive release of the rectus from its broad insertion on the pubis can improve access to the true pelvis.°” 
This must be repaired to both its insertion and the contralateral rectus abdominis muscle at the conclusion of the procedure.°* Tension from the iliopsoas 
muscle can be relieved by placing a bump or ramp under the thigh.°? 

The most commonly used posterior approach to the acetabulum is the Kocher—Langenbeck approach. Improved access may require extending the 
incision,’ along with techniques to allow decreased tension on soft tissues, such as gluteus maximus insertion tenotomy and trochanteric osteotomy. A 
Charnley-type self-retaining retractor is required for adequate visualization. As the size of the buttock increases, the use of dual Charnley retractors in 
addition to multiple assistants and additional self-retaining retractors may be mandated.%” 

For both anterior and posterior incisions, frequent reorientation and increased use of fluoroscopy are often necessary as palpation of anatomic landmarks 
can be quite difficult. However, as noted earlier in this chapter, intraoperative images can be difficult to interpret due to the increased volume of soft 
tissue.9? 

External fixation may appear to be an attractive option to alleviate complications associated with extensive surgical dissection through a deep soft tissue 
envelope. In practice, this method of fixation becomes difficult due to impingement of the anterior soft tissues on the external fixator itself, high rates of pin 
tract infections, difficulty with intraoperative fluoroscopic identification of osseous landmarks, and inability to maintain reduction of rotationally unstable 
pelvic ring injuries.9>!?5 Alternatively, one case series by Bates et al. found that percutaneous treatment of pelvic ring and acetabular fractures in obese 
patients yielded excellent results with only one failure of fixation and no reported complications. This represents a compelling alternative to open surgery 
for those facile with percutaneous techniques. !* 

Obtaining anatomic reduction and rigid fixation of displaced intra-articular acetabular fractures is the standard of care for these injuries, despite this 
being a technically difficult process in all patients.!°°!7322 The osseous and soft tissue anatomy and surrounding muscular and neurovascular structures 
greatly increase the difficulty in obtaining an anatomic reduction and rigid fixation.*?* This process is made significantly more arduous when additional soft 
tissues heighten the level of difficulty, leading to lower frequency of anatomic reductions. 176??? Obesity has been blamed for adverse outcomes and high 
complication rates following hip and pelvis surgeries.°9-107-199.184,222-224 Porter et al. found that anatomic or satisfactory reduction can be obtained in all 
patients not classified as morbidly obese; this includes normal-weight and obese patients.*?* They found that anatomic reductions are more difficult to 
obtain in those classified as morbidly obese. This shares commonality with other articles that have shown morbidly obese patients present unique challenges 
in the management of pelvic and acetabular trauma.9”!99.222,224 Fluoroscopy can be extremely difficult in morbidly obese patients and visualizing 
percutaneous reductions may be challenging. When plain films are difficult to visualize due to obesity, postoperative CT scans can help detect residual 
postoperative fracture displacement.222 

Literature has shown incremental increases in BMI to be associated with increased risk of complications following ORIF of displaced acetabular 
fractures and pelvic ring injuries. These complications included significantly greater risk of wound infection, intraoperative blood loss, postoperative DVT, 
and loss of reduction.92-!59:184,223,252 Nearly half the reported complications in one study were secondary to wound infections.?2° Indeed, surgical site 
infections occur with increased frequency in the obese trauma patient, with significant perioperative morbidity associated.*9:°* There is an increased risk of 
Morel-Lavallee lesions requiring treatment in obese patients, which in and of itself can increase the risk of infection if not appropriately managed.37:92 


Gettys et al. make special note that surgical indications for acetabular fractures should not be changed due to obesity, but that all attempts at reducing the 
risk of infection should be made.’ Potentially controllable factors within the pre- and intraoperative period include preoperative skin preparation, 
administration of prophylactic antibiotics within 30 minutes of incision, adequate sterilization of surgical instruments, improved surgical technique, and 
atraumatic soft tissue handling.°”1®:29 Mittwede et al. suggest potential value in nutritional optimization as obesity has been paradoxically associated with 
malnourishment that may compromise healing. While recognizing the limitations in the existing literature, Bergin et al. also agree that supplementing the 
malnourished patient may lower complications and improve healing in the orthopaedic surgical patient.2° Postoperative hyperglycemia is associated with 
surgical site infections, and thus warrants strict control with at least an adjusted basal bolus dosing regimen, if not an insulin infusion.3956,65,90,92,97,278,288 
Supplemental oxygen administration, either via nasal cannula or noninvasive ventilator assistance (continuous passive airway pressure [CPAP]/bilevel 
positive airway pressure [BiPap]), can assist to increase incisional oxygen tension and tissue oxygenation.?~?’ The use of negative pressure therapy with 
incisional wound vacuum-assisted closure,°~*°° frequent changing of soiled bandages, aggressive management of postoperative hematomas or seromas, and 
nutritional optimization” are all methods to decrease wound complications. 

DVT is an ever-present risk factor for morbidity and mortality in patients who suffer major orthopaedic trauma. Many studies have shown obesity to be 
an independent risk factor for DVT and PE.*:75-91,92,261 One study, specifically, indicated a 2.6 times greater rate of DVT in obese patients in comparison to 
nonobese counterparts.!29 The diagnosis of DVT prior to PE may be difficult as unilateral limb swelling may be clinically difficult to appreciate, and venous 
Doppler ultrasound efficacy is attenuated by limited image quality due to increased subcutaneous fat.??79 Postoperative prophylaxis is not without 
challenges as well. Mechanical sequential pneumatic compression devices may not fit the girth of the leg, and potentially lose compressive force on the 
vasculature due to absorption by the surrounding fat. Low-—molecular-weight heparins (LMWHs) or newer oral anticoagulants are the preferred 
chemoprophylactic regimens.” There is debate in the literature as to the necessity for larger doses in the obese patient, and the answer has yet to be 
completely elucidated.91:92:109.154,199 

Nonoperative management of high-energy pelvic and acetabular fractures has also been shown to be associated with significant obesity-related risk 
factors.'88 Notably, pneumonia, DVT with subsequent PE, and development of decubitus ulcers were complications associated with the immediate 
hospitalization period of both operative and nonoperative injuries to the pelvis and acetabulum. !®8 


Peritrochanteric/Subtrochanteric Femur Fractures 


The adjusted risk of having a subtrochanteric femur fracture is significantly higher in obese patients.!®° Peritrochanteric femur fractures are typically 


managed with either a cephalomedullary nail or a dynamic/sliding hip screw.°° The specific indications for each are outside the scope of this chapter, but in 
general, a cephalomedullary device provides protection of the entire bone (if a long rather than short implant is utilized). The dynamic hip screw (DHS) is at 
greater risk of fracture at the distal aspect of the plate—bone interface, risk of “cut out” of the lag screw, and screw breakage. !4 In addition, a larger incision 
is needed for the placement of the DHS, increasing the risk for associated wound complications. 

When attempting to use a trochanteric starting point for a cephalomedullary device, obesity increases the risk of lateralizing the entry point for the 
starting guide wire. Guide wire and reamer lateralization due to the soft tissue envelope about the hip and abdomen can lead to risk of eccentric reaming of 
the proximal, lateral, and posterior aspects of the greater trochanter.?’”°? Moving the guide wire and reamer medial to the tip of the greater trochanter, 
adjusting the position of the patient to alleviate the soft tissue constraints, or by physically placing a directional force on the reamer in a lateral to medial 
direction can prevent this.?0? 

The complication profile seen in this injury pattern is similar to that of other high-energy trauma in the adult obese population. Due to similarity with 
femoral diaphyseal fractures managed with an intramedullary device, they will be covered in detail in the next section. 


Femoral Diaphysis 


Initial stabilization of femoral shaft fractures with skeletal traction involves the same issues noted above for pelvic ring injuries and acetabular fractures. An 
additional option for provisional stabilization in the case of femoral shaft fractures is proximal tibial traction. 

Fractures of the femoral diaphysis in obese patients can be more technically demanding to treat, resulting in prolonged operative time and increased 
blood loss.!”4?87 While antegrade IMN is the accepted standard of care for femoral shaft fractures, these injuries in obese patients have proven more 
difficult to treat in this manner.!’+2%277 As such, obesity is considered a relative indication for retrograde IMN of fractures of the femoral 
diaphysis.!!!'8277 The relative technical ease of utilizing a retrograde starting point versus a piriformis or trochanteric starting point has been the reason 
behind this.!74206.277 If a retrograde starting point is unobtainable due to associated soft tissue or osseous injury, an antegrade nail using a trochanteric 
starting point is advantageous over a piriformis start point due to inability to medialize the drill against excessively lipomatous soft tissues.?°° In addition, if 
using a lateral position or supine position, the usual adduction position of the leg to facilitate access to the greater trochanter may be near impossible due to 
the size of the patient’s thighs and subsequent inability to perform adduction. Often, even a trochanteric starting point and appropriate entry angle can be 
difficult to achieve, in this instance, a modified open approach can facilitate both obtaining the starting point/entry angle as well as insertion of the nail and 
jig. Most jigs will not be able to accommodate the wide soft tissue envelope. Certain manufacturers have made jigs for larger patients but even with these, 
an open approach is often necessary (Fig. 23-2). 
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Figure 23-2. A: An incision is mandated to seat this cephalomedullary nail to the correct depth. A standard jig (B) for a cephalomedullary nail and extended option 
(C), which can sometimes avoid the extra incision, as seen in A. 


Tucker et al. found using an antegrade intramedullary rod insertion technique resulted in an increase in both operative time and radiation exposure in 
obese patients versus nonobese patients.””” Furthermore, this study found decreased operative time and radiation exposure in obese patients with the use of 
retrograde intramedullary rod in comparison to the antegrade technique.*”” In addition, McKee and Waddell recommended using larger implants to allow 
more aggressive weight bearing and mobilization. 4 

Weinlein et al. noted a significantly higher percentage of obese patients treated with retrograde IMN in comparison to normal-weight patients.*°” They 
also noted increased odds of acute respiratory distress syndrome (ARDS) and sepsis, with a trend for increased odds of PE in morbidly obese patients 
compared with normal-weight patients. Morbidly obese patients additionally required more days in the ICU and hospital in general and more ventilator days 
than patients of normal weight.7°” Morbidly obese patients had a significantly increased risk of mortality in comparison to patients of normal weight.?°” In 
addition, increasing BMI was found to be a statistically significant independent predictor of “any systemic complication” including ARDS, sepsis, and 
death.?87 In this series, morbidly obese patients with femoral shaft fractures had a high prevalence of morbidity and mortality, regardless if the injury was in 
isolation or was part of a polytrauma.?°’ The study by Tucker et al. found that obese patients with femoral shaft fractures may not functionally recover to the 
same level as nonobese patients with the same injury, even at 1-year postinjury.?’” 


Supracondylar Femur 


The standard treatment for supracondylar femur fractures has become fixed-angle locked plating, particularly for supracondylar femur fractures with 
intercondylar extension to the articular surface.” Non—fixed-angle implants are at higher risk for varus collapse of the fixation construct, particularly when 
metaphyseal comminution is present.5t:?35 Lateral locking fixed-angle constructs offer favorable biomechanical properties to resist varus collapse 
historically seen with traditional condylar buttress plating,°°%.61.1!3,235 jn addition to being technically easier to place with the opportunity for multiple 
points of fixation within the distal fragment. !49-167.169,293-235,251,267,303 

A study by Rodriquez et al. found obesity to be a prognostic risk factor for nonunion of distal femur fractures treated with lateral locked plating (Fig. 23- 
3).740 In a similar study by Ricci et al., reviewing lateral locked plating for supracondylar femur fractures, diabetes (a known obesity-related comorbidity) 
was associated with necessity for reoperation to promote union of the fracture site.2°° The same study indicated that obesity and diabetes were associated 
with deep infection and that higher BMI was identified as an independent predictor of proximal implant failure. This is likely due to increased stress across 
the implant with weight bearing, leading to uncontrolled motion across the fracture site and increasing the strain of the construct with resultant failure. The 
authors did note that constructs using plates greater than nine holes were less likely to fail than shorter plates. In these fixation failures, outlined by Ricci et 
al., the proverbial race between bone healing and construct failure was lost. To better the odds of the race, the construct stability may need to be enhanced 
by adding a supplemental off-axis plate or combined with intramedullary fixation.*°° In a retrospective review, Spitler et al. reported a 92.3% union rate 
among eight overweight patients (average BMI 44.3) with distal femur fractures treated with a lateral locked plate and endosteal substitution using a 
retrograde femoral rod.*°* Another option to empower fixation is dual plating. Wright et al. performed a biomechanical study showing dual plating provided 
greater axial and torsional stiffness in distal femur fractures when compared to lateral plate combined with a retrograde femoral nail.*°” Regardless of the 
technique, empowering fixation in the distal femur will decrease the risk of failure in obese patients. 

Fractures at the distal femoral metadiaphyseal junction may be adequately treated with retrograde intramedullary nail fixation, with the same risk factors 
and complications outlined in the previous section. Blocking screws may be needed to maintain alignment and are much harder to place with increased soft 
tissue in the distal thigh. 


Periarticular Tibia Fractures 


This section will focus on periarticular fractures of the tibia, including both the tibial plateau and the tibial plafond, as the issues associated with fracture 
care in the obese patients are similar between the two. Any specific differences will be noted. Incision planning for periarticular fractures about the proximal 
and distal tibia is of paramount importance; realizing two separate goals need to be met. The first is quality reduction with appropriate construct stability to 
maintain the reduction through cyclic loading. The second is absence of wound-healing complications.!°° Realizing these goals has led to two differing 
strategies for periarticular fracture care. On one hand, larger incisions allow for adequate visualization and anatomic reduction, but at the expense of 
increased wound healing complications. 10%101,139,224,230 Moreover, obesity has been shown to be an independent risk factor following plate fixation of 
proximal tibia fractures.*!* On the other hand, more limited incisions with minimally invasive techniques allow for decreased wound healing complications, 
but this may come at the expense of reduction in quality and construct stability.!°° Indeed, every choice comes with a compromise. Techniques at either end 
of the spectrum are rarely the absolute answer, and the same can be surmised here. If the approach with more extensile incision is chosen, atraumatic soft 


tissue technique with careful closure should be strictly adhered to. Wound healing may need to be augmented with the use of an incisional negative pressure 
wound management device.!0®?30 Should the more minimally invasive technique be chosen, indirect reduction techniques utilizing specialized 
instrumentation are required.!° Preoperative planning with a CT scan is paramount in these injuries and adequate fluoroscopic imaging is crucial when 
using percutaneous techniques. At times, definitive external fixation or even nonoperative care may be the best solution if the suspected rate of wound 
complications is unacceptably high (Fig. 23-4). 

Preparation of the bone ends and reduction of the fracture fragments represent the next step in fixation. As a general rule, the articular component of the 
fracture requires anatomic reduction to limit the incidence of posttraumatic arthritis. This is often accomplished with direct reduction techniques through an 
open approach. The metadiaphyseal component can typically accommodate functional reduction with indirect reduction techniques.! In the obese patients, 
articular reduction presents a challenge owing to lack of adequate reduction tools. Standard clamps were not designed for the morbidly obese population, 
leading to crushing of the soft tissues if applied through percutaneous incisions.!° For the morbidly obese patients, utilizing specialized periarticular 
clamps, pelvic reduction clamps, and collinear clamps may be necessary. Clamps allowing for large excursion with increased distance between arms prove 
particularly useful for morbidly obese patients.!°° Standard clamps will still have an advantage if able to be applied through the planned surgical incision. ! 
The requirements for reduction of the metadiaphyseal component of the fracture, while less stringent than that of the articular component, are no less 
challenging in the obese patients. A quality reduction here will often affect the quality of the reduction at the articular surface, such that increased stress and 
strain on the articular cartilage will result from gross malreduction. This effect would be magnified even more in the obese patients. Some available tools for 
effecting indirect reduction include the universal distractor (more commonly for tibial plateau fractures) and the external fixator (more commonly for tibial 
plafond fractures).!°° Indirect reduction techniques require skilled fluoroscopic interpretation; however, due to the limited available field of view associated 
with morbid obesity, intraoperative plain films may be necessary. 


Figure 3. This patient was a 435-lb woman who suffered a right distal femoral fracture in a motor vehicle collision. A: Injury films show an extra-articular injury 
with pre- “aisting arthrosis. B: This was treated with closed reduction techniques and percutaneous stabilization with a laterally based locking plate. C: Despite 
reconstruction of the medial cortex, the implant failed at early (6-week) follow-up. D: This was treated with a retrograde nail and revision plating, which was healed at 
6-month follow-up. 
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Figure 23-4. A, B: AP and lateral clinical photographs of a patient with a closed pilon fracture. The patient had uncontrolled type II diabetes with a history of a 
contralateral amputation for diabetic wounds. C, D: AP and lateral radiographic projections of the injury. E, F: Coronal and sagittal CT reconstructions showing 
extensive articular and metaphyseal comminution. G, H: AP and lateral radiographs taken immediately after fixation. I-K: Clinical pictures of the patient 4 weeks after 
surgery showing severe wound complications that ultimately led to a below-knee amputation. 


The primary difference in provisional fixation between obese and nonobese patients is the more robust hardware that must counteract the greater 
deforming forces across the construct.!°° This may include larger diameter wires, greater number of wires, longer wires, or replacement of wires with 
minifragmentary screws.!°° The most difficult aspect of surgical fracture care is often transitioning from provisional to definitive fixation. Thoughtful 
planning of clamp and provisional wire placement will keep clear the potential zone of plate application. 

Definitive fixation must account for the amplified deforming forces that the construct will face. A thorough understanding of failure mode will help 
alleviate the risk for failure and will prompt bolstering the mechanical stability of the construct. Due to the higher risk for comminuted fractures in the obese 
patients, the implant typically is not load sharing, creating an even higher risk for construct failure if deforming forces are not sufficiently counteracted. 10° 
In a similar situation to nailing the femur, when utilizing targeting guides in the tibia, the design of the percutaneous insertion handles and screw-aiming 
arms must be evaluated in the face of a larger soft tissue envelope.!° An extension may need to be placed on the insertion handle to allow clearance of the 
soft tissues by the targeting guide.!°° In addition, the soft tissues may push on the aiming arm and cause targeting error and the further away from the 
implant hole that the aiming arm is, then the greater the chance of missing due to “play” in the system. Alternatively, the incision may need to be 
superficially extended to allow clearance.!° The remaining technical aspects for fixation of tibial plateau and plafond fractures are the same between obese 
and nonobese patients in regard to plate and screw placement, the need for dual plating with the added risk of wound complications in a second incision, and 
locking versus nonlocking fixation.!°° The primary issue is that of counteracting the deforming forces with appropriate hardware selection and placement. 
As in other areas of the body, longer or larger implants with more points of fixation may be required to offset the increased loads (Fig. 23-5). In a similar 


fashion to the elbow, an external fixator placed for a short amount of time (4-6 weeks) to augment and protect your fixation may be prudent in the morbidly 
obese, especially around the knee, given the sheer weight of the leg and the inability to use a knee brace effectively due to the leg shape. 

Periarticular reduction and internal fixation in obese patients can be quite difficult. The same surgical procedure performed in a nonobese patient would 
likely require less operative time with less undue hardship on the ancillary operating room staff, cause less frustration on the part of the surgeon, and have 
less risk of construct failure and wound healing complications. Despite this, remaining positive and optimistic can serve to bolster morale of the operating 
room staff during a difficult case, and postoperative discussions may encourage patient compliance to accept their burden of the healing process. 


Tibial Diaphysis 

Due to the morbidity of nonoperative management of tibial diaphyseal injuries, surgical management with either ORIF or IMN is widely accepted as 
standard of care.?432 The specific techniques for fixation do not differ between obese and nonobese patients, with the exception of possibly longer or larger 
plates with more points of fixation for those treated with ORIF. For IMN, the size of the implant will be limited by the diameter of the canal. Additional 
points of fixation can be obtained by utilizing more of the proximal and distal interlocking options. 

Burrus et al. evaluated the complication rates for ORIF and IMN of tibial shaft fractures in obese versus nonobese patients.** The obese ORIF patients 
showed a significantly increased risk of all medical complications. Obese patients who underwent ORIF additionally had significantly higher rates of 
infection and nonunion but did not have an increased rate of implant removal. They further evaluated morbidly obese versus obese in the ORIF group. 
Although they found a trend toward higher complication rates in the morbidly obese cohort, this failed to reach statistical significance. Not surprisingly, the 
morbidly obese cohort did, however, have significantly higher odds ratios for all complications than the nonobese cohort. Similarly, in the IMN group, the 
obese patients had significantly increased rates of all medical complications, higher rates of infection, and higher rates of nonunion but did not show an 
increased need for implant removal. Unlike the ORIF cohort, there was a statistically significant increased rate of complications associated with morbid 
obesity in comparison to obesity. Again, not surprisingly, the morbidly obese cohort had significantly higher odds ratios for complications than the 
nonobese grouping. 


Rotational Ankle Fractures/Syndesmotic Injuries 


It is difficult to clearly delineate the effects of obesity on complications in operative management of ankle fractures due to the associated comorbidities, 
such as peripheral vascular disease, diabetes, and peripheral neuropathy.*°*°!®* For example, up to 50% obese adults are also diabetic.** Are the 
complications seen in diabetics following ankle fracture surgery due to the diabetes, or are they due to the obesity that is associated with the diabetes? A 
study by Cavo et al. found obesity to be an independent risk factor for in-hospital complications, longer hospitalizations, and higher hospital cost.*° The 
same study noted that obesity alone, diabetes alone, and patients with both diagnoses were all at higher risk for the above-stated complications. Obese 
patients have worse self-reported outcomes than do nonobese patients.7°> 

Loss of reduction in surgically treated ankle fractures and syndesmotic injuries is a serious complication, often necessitating return to the operating room 
for revision of fixation. In a study of over 3,000 operatively treated fractures about the distal tibia and ankle, Bostman et al. found the mean BMI to be 
significantly higher in patients with failed reduction compared with patients with normal postoperative course.”9 In fact, there was a threefold higher risk for 
loss of malleolar reduction in obese patients. This study recommended stronger internal fixation techniques and prolonged periods of non—weight bearing in 
these patients to prevent mechanical failure of fixation. Similarly, Mendelsohn et al. found a significantly higher rate of fixation failure in the obese cohort 
in comparison to the nonobese cohort.!”9 When adjusted for injury severity, obese patients were 12 times more likely to suffer loss of reduction than were 
nonobese patients. Interestingly, they noted that diabetes, smoking, and types of constructs were not associated with loss of reduction. Specifically, the 
number and diameter of screws and the number of cortices of fixation had no association with fixation failure. This is in contradistinction to other studies 
that recommend the use of larger screws with increased number of cortices engaged to enhance purchase.*” Intuition would agree with biomechanical 
studies showing that 4.5-mm screws resisted higher levels of shear stress than did 3.5-mm screws.!!* The literature is inconclusive as to the ideal number of 
cortices to engage for syndesmotic fixation. No clear biomechanical or clinical evidence shows superiority of either three or four cortices.?3122,187,198,293 


F,G d n 4 H 
Figure 23-5. A, B: AP and lateral clinical photographs of a patient with a closed pilon fracture. C, D: AP and lateral radiographic projections of the injury. E, F: AP 
and lateral images taken immediately postoperatively. An external fixator was used to help protect the construct due to poor bone quality, unsure ability to protect 
weight-bearing, and ligamentous/capsular laxity. G, H: At final follow-up, the patient has healed the fracture with a concentric reduction of the tibiotalar joint. 


PERATIVE CARE AND COMPLICATION PREVENTION 


RESPIRATORY FAILURE 


Patients with OSA, obesity, underlying lung disease, and underlying congestive cardiac failure have been identified as at-risk groups for postoperative 
respiratory failure.'°°'7! Noninvasive ventilation (NIV), including CPAP and BiPap, has been shown to improve lung inflation and prevent alveolar 
collapse.!3*!71 Prophylactic use of NIV, that is to prevent postoperative acute respiratory failure in at-risk patients, has been shown to be beneficial in 
morbidly obese patients undergoing abdominal surgeries.!**!7! Patients treated prophylactically with CPAP of 10 cm H,O for 12 to 24 hours per day 
following thoracoabdominal surgery demonstrated significantly better oxygenation rates and decreased number of ICU and overall hospital days.!49:!7! 
Similarly, the application of BiPap set to 12 and 4 cm H,O of positive end-expiratory pressure (PEEP) significantly improves oxygen saturations on the first 
postoperative day.!34171 Aggressive respiratory physiotherapy is another intervention to prevent postoperative respiratory compromise secondary to 
hypoxemia and atelectasis. Respiratory therapists encourage deep breaths and coughing, in addition to chest physiotherapy, hyperinflation, and incentive 
spirometry. To achieve this goal, postoperative pain must be aggressively controlled. There are many recommended protocols, but the preferred technique is 
a multimodal strategy using a combination of opiate-sparing patient-controlled anesthesia in combination with epidural anesthesia.®©25° In spite of 
continually improving trauma care and aggressive respiratory therapy, the obese patients remain at higher risk of pneumonia and longer ICU stay than 
normal-weight trauma patients.27180.253 


PHARMACOKINETICS/ANALGESIA 


Obesity affects the pharmacokinetics of anesthetic and postoperative pain medications due to a multitude of physiologic changes. These changes include 
alterations in volume of distribution (overall decreased body water and increased adipose tissue), changes in free-drug availability, and differences in drug 
clearance due to altered renal blood flow, glomerular filtration rate, and hepatic blood flow.®® The pharmacokinetics of most anesthetics are usually 
determined by adipose tissue, producing a prolonged effect. Lipophilic drug dosing is related to volume of distribution, which can prolong elimination of 
drugs such as benzodiazepines and barbiturates. As such, dosage calculation should be calculated based on ideal body weight or lean body mass.6®156 In a 
systematic review of 11 trials, Liu et al. found that postoperative recovery after anesthesia in morbidly obese patients was significantly faster with the use of 
desflurane rather than isoflurane, sevoflurane, or propofol anesthesia. 158 


RENAL FAILURE/MULTIORGAN FAILURE 


The insult of high-energy trauma to the complex and already strained physiology of the obese patient leads to higher rates of multiorgan failure. 10:51,72,255 
Obese patients are predisposed to postoperative renal failure due to preoperative fasting, increased urine output stimulated by diabetes, diuretics, and 
antihypertensive medications affecting renal function. Risk factors include BMI greater than 50 kg/m2, prolonged surgery, pre-existing renal disease, and 
intraoperative hypotension.°®*°* Intra- and postoperative fluid requirements may be elevated above that of patients with normal body habitus to prevent 
acute tubular necrosis and acute renal failure.°° However, this needs to be balanced with the risk of precipitating or exacerbating CHF in obese patients with 
cardiac dysfunction. The relatively high peripheral vascular resistance and seeming organ underperfusion are also felt to contribute to higher rates of 
multiorgan failure. 183 


THROMBOEMBOLIC DISEASE 


The risks of TED and infection are doubled in obese patients with a BMI between 30 and 40 kg/m2.?!3 Obesity predisposes patients to TED secondary to 
postoperative immobilization and venous stasis in conjunction with the obesity-related state of chronic inflammation and impaired fibrinolysis. !10-144,204,258 
The American College of Chest Physicians guidelines for prevention of TED recommend either low-dose unfractionated heparin or LMWH in addition to 
mechanical prophylaxis with elastic stockings or intermittent compression devices.°*2 If either LMWH or heparin is contraindicated, fondaparinux, low- 
dose aspirin, and mechanical prophylaxis are recommended.®®.*°* Worth mentioning is the wide variability in practice patterns with respect to chemical 
prophylaxis agent selection and indications among orthopaedic trauma surgeons. Other agents, to include aspirin and direct factor Xa inhibitors, are being 
increasingly studied for potential use in orthopaedic trauma, however, high-quality evidence is still lacking.” Additional recommendations include early 
postoperative ambulation. 77:204 


MEDICAL COMANAGEMENT 


It has been shown that universal medical comanagement has better outcomes and lower cost than traditional management in the geriatric hip fracture 
population.?”! Multiple models of multidisciplinary care have been developed, but a common feature of the more successful models is the shared goal that 
common medical and surgical complications should be anticipated rather than treated after occurrence.®%°®25927! These geriatric patients often have 
complicated medical comorbidities and can be quite difficult to manage medically in the perioperative period.!*-°”,7*271 Similarly, obesity is strongly 
associated with multiple complex medical comorbidities, including DM, cardiovascular disease, hypertension, hyperlipidemia, cerebrovascular disease, and 
OSA.3,36,45,106,141,147 Multiple studies indicate that obese patients surgically treated for a variety of orthopaedic injuries among all subspecialties have 
significantly increased rates of postoperative systemic medical complications. )!73,68.71,178,281,285,287 No studies have been done specifically exploring 
universal medical comanagement of obese patients with orthopaedic injuries; however, it can be reasonably surmised that care of these medically complex 
patients could be facilitated by universal medical comanagement. Dedicated recovery wards equipped with proper monitoring systems, adverse event 
prevention and management protocols, and specialty-trained nursing specifically for the postoperative medical care of the obese patient could similarly 
improve patient recovery in the obese patients who have well-documented higher rates of complication, longer ICU and hospital stays, and are more likely 
to require transfer to skilled nursing facilities than similarly injured normal-weight patients.*8 


MORTALITY 


Despite advances in trauma care over the last several decades, obesity continues to be an independent risk factor for mortality. 
A recent study of a national vehicle crash database revealed that obese patients were four times more likely to die after a motor vehicle crash than a 
normal-weight patient.2“° Even more alarming are the findings that in spite of similar ISS, obese patients have higher rates of complication, longer ICU 


27,121,193,300 


stays, and higher overall mortality rates than nonobese patients.!59 While its known effects on chronic health conditions are the most widely publicized, the 
effects of obesity in the trauma patient are less well known but equally devastating. Trauma is the most common cause of death in the United States in 
individuals from 1 to 45 years of age, and in the United States, the percentage of obese patients continues to increase and now represents more than one- 
third of the population. Further basic science and clinical research are needed to improve outcomes and decrease mortality in the obese trauma patient. 


DELAYED RECOVERY 


Obese patients face metabolic difficulties with fracture healing and functional recovery. There is some evidence of an almost 20% increase in the rate of 
nonunion after fracture.?°* Even when there is bony healing, obesity can complicate recovery after orthopaedic trauma. While rehabilitation is obviously 
helpful in the obese patient, the rehabilitation process progresses at a much slower rate and results in overall poorer functional rehabilitation. Extended use 
of physical therapy may be needed and can at times be difficult to justify to payors.®*7®? 


Diabetes Mellitus 


INTRODUCTION 


Diabetic patients who sustain a fracture are often characterized by vasculopathy and neuropathy and are at higher risk for wound complications, delayed 
healing times, nonunions, malunions, and infection. In general, diabetic patients often have other pre-existing comorbidities that have been shown to impair 
surgical outcomes. Even in the absence of these comorbidities, perioperative hyperglycemia is an independent risk factor for complications and poor 
outcomes.” 


EPIDEMIOLOGY OF DIABETES MELLITUS 


Diabetes is a relatively common disease. Globally nearly 400 million people have currently been diagnosed with the disease. This is expected to balloon to 
nearly 600 million in the next 20 years.!°5:29! While the majority of the growth in diabetes cases is occurring in the developing world, 37.3 million (11.3%) 
of the American population already have diabetes. More concerning is that 23% of estimated patients were unaware or did not report having diabetes.** 

For patients receiving orthopaedic surgery, the rate of diabetes is even higher.?9! In the elderly population in the United States, nearly one in four 
patients has diabetes.“ 


DIAGNOSIS 


DM can be thought of broadly as a heterogeneous group of disorders that all share hyperglycemia as a hallmark. The diagnosis is made by measuring blood 
glucose levels at various time points, either in response to fasting or a glucose challenge. 

Type I DM is a disease resulting from the absence of insulin and subsequent destruction of end organs by glycosylated end products resulting from a 
hyperglycemic state. Insulin-producing beta cells in the islets of Langerhans in the pancreas are destroyed by an autoimmune process. Type II DM develops 
from insulin resistance. While the exact underlying cause is still unknown, the disease is strongly associated with obesity. In the United States, it is 
estimated that over 90% of cases of diabetes are type II diabetes.“* Treatment includes medications directed at either increasing insulin release or sensitizing 
peripheral tissues to the effects of insulin. Later stages of the disease are treated with insulin. Sustained systemic hyperglycemia leads to the formation of 
advanced glycosylation end products (AGEs), which, in turn, cause end-organ tissue damage, resulting in immune compromise, neuropathy, nephropathy, 
retinopathy, and arthropathy.?°° 

The diagnosis of diabetes can be made based on a fasting plasma glucose level, a random glucose level with symptoms of diabetes, or using the 
hemoglobin A1C test. The A1C test is particularly attractive since it functions independent of fasting state or current blood glucose and can provide an 
estimate of the average blood glucose measurement over the past 3 months.!?8 This is especially attractive in the trauma patient where stress-induced 
hyperglycemia can elevate fasting glucose levels without formal diabetes. Unfortunately, this “dysglycemia” whether hypo- or hyperglycemia in the setting 
of trauma can lead to even worse outcomes and mortality than true diabetes.!4° 


ORTHOPAEDIC PATHOPHYSIOLOGY 


BONE METABOLISM/FRACTURE HEALING 


Clinical and basic science studies have demonstrated delayed fracture healing in diabetes. Basic science research has shown that insulin plays a role in both 
bone metabolism and fracture healing. Lower bone mineral density has been noted in patients with type I diabetes when compared with patients without 
diabetes. In addition, animal studies have shown impaired bone architecture, decreased callus size, decreased tensile strength and stiffness, and delayed 
fracture healing in untreated diabetic rats, with strength and stiffness restoration after insulin administration. Multiple studies have focused on the influence 
of glycemic control on bony biomechanical properties, cellular proliferation, callus content and formation, and cartilage content. 

While there are changes in the mineral composition of bone with diabetes, the link between diabetes and osteoporosis seems to be somewhat 
independent of bone mineral density. Instead, AGE and the resultant poor cross-linking of collagen strands due to elevated circulating glucose changes the 
material properties of the bone.*8 


VASCULOPATHY/ANGIOPATHY 


Impaired vascular status has direct implications in wound healing. Both large vessel arteriosclerosis and small vessel angiopathy lead to problems with both 


collagen and fibroblast function resulting from tissue ischemia. Endothelial cells are unique in that they do not require insulin for glucose uptake. As such, 
they are susceptible to a state of sustained systemic hyperglycemia, in which glucose is shunted to sorbitol in the polyol pathway, which uses glutathione 
and produces excess reactive oxygen species. Mitochondrial production of superoxide indirectly increases further generation of reactive oxygen species, 
which exacerbates oxidative stress. AGEs exert intracellular effects by protein binding and gene regulation and extracellular effects by downregulating the 
expression of nitric oxide synthase, a potent vasodilator, and upregulating the expression of endothelin 1, a potent vasoconstrictor. In addition to increasing 
vascular damage, diabetes has a similar negative influence, both directly and indirectly, on the ability of the vasculature to repair and proliferate. 


INFECTION 


Diabetes exists on a spectrum, with more complications arising as systemic manifestations of the disease become apparent. Immunocompromise in diabetic 
patients is multifactorial and caused in part by vasculopathy and its resulting hypoxia and ischemia. Following a traumatic injury, the risk of infection is 
increased, in part by the diminished ability of immunomodulating cells to migrate and attach to sites of injury.!° 

However, studies have shown impaired granulocytic, phagocytic, and chemotactic function. Diabetes itself is a major risk factor for infection following 
spinal surgery.2°! A lack of glycemic control in patients with diabetes has been shown to be a risk factor for infection following total hip and knee 
arthroplasty.!5!-!66 Diabetes has also been shown to increase postoperative infection rates after foot and ankle surgery.?”9 


FALL RISK 


Diabetic patients are at an increased risk of falls compared with their nondiabetic peers for a number of reasons. Many of the complications of diabetes 
specifically affect the ability to ambulate safely. Diabetic retinopathy can impair vision, vasculopathy can cause strokes with subsequent weakness, and 
neuropathy can impair tactile feedback when walking. Hypoglycemic episodes can also cause dizziness and lead to injury. One study specifically found a 
10% to 20% increased rate of falls in elderly diabetic patients being treated for their disease relative to nondiabetic peers.*8* Even within a diabetic 
population, being a poorly controlled diabetic carries a near eightfold increase in the rate of falls.?” 


PERIPHERAL NEUROPATHY 


Neuropathy is present in a substantial number of diabetic patients. Around 10% have some degree of neuropathy at the time of diagnosis, and 40% develop 
neuropathy within 10 years of diagnosis. Elderly patients with diabetes have a higher prevalence of neuropathy. Neuropathy is caused by a state of sustained 
hyperglycemia, which leads to the formation of AGE. These AGE cause direct neuronal injury and microvascular damage, both of which negatively affect 
peripheral nerve function. Cellular homeostasis is reliant on a balance of reactive oxygen species production and use. Sustained hyperglycemia causes 
excess production of reactive oxygen species, which results in direct damage to intracellular proteins and membrane lipids. There is significant overlap 
between the development of neuropathy and vasculopathy in diabetic patients. Nitric oxide is an important reactive oxygen species, which has vasodilatory 
effects on the vascular tree. Excess production of superoxide species disrupts nitric oxide function, causing vasoconstriction and subsequent ischemia and 
end-organ damage. 


CHARCOT ARTHROPATHY 


Charcot arthropathy is a noninfectious, destructive process. While it is commonly associated with diabetes, it can result from any condition that causes 
neuropathy and the loss of protective sensation. The diagnosis of neuropathy can be made with nerve conduction studies, use of the 10-g nylon Semmes- 
Weinstein monofilament, as well as vibration testing with a 128-Hz tuning fork. The loss of protective sensation is indicative of advanced neuropathy and is 
a harbinger of Charcot arthropathy. 

While the etiology of Charcot arthropathy is undoubtedly multifactorial, two predominant theories have been proposed. With the French neurovascular 
theory of bone and joint degeneration, the lack of autonomic regulation of blood flow to the foot with advanced neuropathy leads to a state of hyperemia in 
the local tissue. This can cause venous congestion and even necrosis with compartment syndrome, such as muscle and tendon disruption leading to joint 
collapse and dislocation. There is also an imbalance in osteoblast/osteoclast homeostasis, with a relative overexpression of osteoclasts and increased bone 
turnover. The resultant osteopenic bone is more susceptible to minor traumatic events. 

The German neurotraumatic theory of bone and joint degeneration proposes that unperceived trauma to an insensate joint is the instigating factor. An 
initial injury activates the process, and the lack of protective sensation prevents a period of protective unloading by the patient, which results in an eventual 
loss of structural integrity and reparative process. 

While the vascular theory is supported by the fact that Charcot arthropathy is uncommon in patients with peripheral artery disease, the next stage in the 
progression of Charcot is the same: continued weight bearing with no ability to protect the joints. This leads to continued mechanical breakdown of the 
joints with subsequent proinflammatory cascade. Clinically, patients often present with a painless swollen extremity with deformity and at times a marked 
change in skin temperature relative to other parts of the body. Unlike patients, with peripheral artery disease, pulses can often be bounding. Erythema of the 
foot is common, although erythema more proximally should be a cause for concern for possible infectious etiologies.*°? Charcot arthropathy has been 
classified based on either anatomic location or the stages of disease progression. Both the Sanders and Frykberg and the Brodsky classification systems 
utilize anatomic location to define the disease while Eichenholz utilizes the stages of disease progression regardless of specific anatomic location.7°° While 
treatment options are outside the scope of this chapter, nonoperative care is useful in the early stages of Charcot to help reduce the swelling and 
inflammation and prevent deformity and ulceration of the skin. Once the inflammatory phase has resolved, surgical management can be useful to either 
prevent or correct deformities and often to treat the ulceration and concomitant osteomyelitis seen in this disease. 


GLUCOSE MANAGEMENT 


EVALUATING DIABETIC CONTROL 


Evaluating diabetic control starts with knowing which of your patients has diabetes. There is some evidence that nearly a quarter of patients living with 


diabetes in the United States are unaware of their diagnosis.“ This leads to some surgeons recommending universal screening of patients for diabetes in 
preoperative evaluation. While universal screening is not yet recommended within orthopaedics due to a paucity of evidence, one study in cardiac surgery 
reported 25% of patients having hyperglycemia on the morning of surgery with no history of the disease.!!> The risk profile of a patient with well-controlled 
blood glucose levels and the absence of peripheral neuropathy, arthropathy, nephropathy, or retinopathy is much different than for a patient with poorly 
controlled blood glucose levels and multiple associated comorbidities. For patients admitted for trauma, glucose measurements can be affected by a change 
in diabetic medications and diet on admission or by stress-induced hyperglycemia or dysglycemia. The hemoglobin A1C test can be a useful way to 
measure recent (3-month) average glucose levels as a measure of diabetes control. For urgent patients, evaluating for comorbidities and ensuring inpatient 
glucose control may be all that the surgeon can do. For elective patients, the A1C has been used to screen for patients who may benefit from delaying 
surgery until baseline blood glucose control can be improved. Unfortunately, some patients have a hard time ever bringing their A1C into “normal” 
ranges.°4 


PERIOPERATIVE GLUCOSE MANAGEMENT 


Hyperglycemia has been studied both in the presence and absence of diabetes and has been shown to be an independent risk factor for multiple 
complications, in both the general surgery and orthopaedic surgery patient. Following a traumatic injury, the balance of endogenous hormones shifts, 
favoring an environment of increased blood glucose levels, partially caused by increased circulating cortisol and a relative decrease in insulin sensitivity. 
When hyperglycemia results from this process in patients without a known history of diabetes, this is termed “stress-induced hyperglycemia.” While there is 
controversy surrounding the exact role of strict glycemic control in the critically ill patient, the general surgery and critical care literature has shown the 
relationship between hyperglycemia and morbidity and mortality in critically ill patients.” However, there are some concerns that too much focus on 
preventing hyperglycemia can lead to hypoglycemic episodes and even increase mortality in some patients.!9° Given the very real concerns over 
hypoglycemic episodes, some authors suggest the goals of preventing excessive hyperglycemia and ketoacidosis while ensuring against hypoglycemia. With 
preoperative fasting considered, blood sugar should be checked every 4 to 6 hours in the perioperative period.” 
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Annotation 


This retrospective study hypothesized that while obesity can increase rates of infection and 
soft tissue complications seen in many body parts, the increased soft tissue around the 
ankle may be of benefit in pilon fractures. There were no significant differences between 
lean and obese patients in this study, although there was a trend toward higher infection 
rates in the obese patients. 

Level of Evidence: III 


This retrospective study showed higher rates of blood loss, infection, and DVT in patients 
with higher BMIs. When looking specifically at the morbidly obese population, there was 
a fivefold increased risk of wound infection compared with their leaner peers. 


This review article is a brief summary of achieving higher-quality plain film and CT 
imaging in the obese patient. The techniques described can be invaluable in assessing 
bony injuries in a difficult-to-image patient population. 

Level of Evidence: V 


This retrospective study found that adequate acetabular reductions can be obtained in 
morbidly obese patients at a statistically similar level to their leaner peers. However, 
anatomic reductions could be more difficult to achieve in those with a BMI over 40 kg/m?. 
Level of Evidence: III 


This large retrospective study (almost 800 patients) reviewed hyperglycemia as a risk 
factor for infection after orthopaedic trauma. They found having two blood glucose 
measurements over 200 mg/dL or a hyperglycemia index that suggested blood glucose 
averages over 140 mg/dL to be highly predictive of 30-day infection risk. 


Level of Evidence: II 


This retrospective case control study identified no specific differences in the rates of 
systemic complications and mortality between normal-weight, overweight, and obese 
patients. However, morbidly obese patients had massive increases in the risks of systemic 
complications, including a 35-fold increased risk of ARDS, a 10% mortality, and a 20% 
mortality risk when the ISS was over 17. 

Level of Evidence: II 


In this large database survey of patients with proximal humerus fractures, obesity was 
associated with both wound and implant complications regardless of the treatment option 
(ORIF, IMN, or arthroplasty) chosen. 

Level of Evidence: III 


This study is a large subset of a prospectively collected database of blunt trauma patients. 
While traditional parameters of resuscitation were met in both obese and lean patients, 
acidosis and base deficit remained in the morbidly obese cohort suggesting need for 
biomarker-based resuscitation. 


Level of Evidence: II 


This large retrospective study of over 1,000 patients with foot and ankle surgery revealed 
diabetes with complication (particularly neuropathy) to be a profound risk factor for 


Bone Joint Surg Am. 2010;92(2):287-295. infection with a 10-fold increased risk of severe infection in this population. 


Level of Evidence: III 
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HISTORICAL PERSPECTIVE 


Stress fractures of bone are common injuries in athletes and nonathletes alike. Originally described by Breithaupt in unconditioned Prussian military recruits 
in 1855, they typically occur in individuals who perform repetitive activities and, therefore, result from an overuse mechanism.°° Stress fractures comprise 
multiple entities. They occur along a spectrum of severity that can impact treatment and prognosis.””»”? The extent of these injuries varies, and the clinical 
behavior of these injuries varies by location and cause. 1718 

Stress fractures predominantly occur in the weight-bearing bones of the lower extremities, where the repeated stresses of running and jumping are the 
typical precipitating activities.°° However, as awareness of potential overuse injuries of the upper extremity has increased, so has the diagnosis of stress 
fractures in the upper extremity.®8921 This chapter provides general guidance on the causes, risks, classification, and treatment of stress fractures, accepting 
that no two stress fractures behave exactly alike. Treatment protocols should be individualized to the patient, the causative activity, the anatomic site, and 
the severity of the fracture. 


PATHOPHYSIOLOGY 


Stress fractures are a material fatigue failure of bone.®’ These stress injuries result from overuse. Repeated episodes of bone strain can result in the 
accumulation of enough microdamage to become a clinically symptomatic stress fracture.®”:”’ Fatigue failure of bone has three stages: crack initiation, crack 
propagation, and complete fracture. Crack initiation typically occurs at sites of stress concentration during bone loading. Stress concentration occurs at sites 
of differential bone consistency such as lacunae or canaliculi. Initiation of the microcrack alone is not sufficient to cause a symptomatic fracture. In fact, 
crack initiation is important for bone health and when coupled with the appropriate reparative response, it is the first step in bone remodeling. It may serve 


to increase bone density and strength when the pace of remodeling balances the rate of damage. 

Crack propagation occurs if loading continues at a frequency or intensity above the level at which new bone can be laid down and microcracks repaired. 
Propagation, or extension of a microcrack, typically occurs along the cement lines of the bone. When propagating parallel to the cement lines, microcracks 
expand more rapidly than when propagating perpendicular to cement lines.” Continued loading and crack propagation lead to the coalescence of multiple 
cracks, producing a clinically symptomatic stress fracture. If the loading episodes are not modified or the reparative response increased, crack propagation 
can continue until structural failure or complete fracture occurs.147t 

Any stress or load causes some strain or deformation to bone, and any strain of bone results in some microdamage.*” Since in vitro bone appears to have 
no endurance limit (a strain level below which a material may be loaded an infinite number of times without failure), with continued loading, microdamage 
will continue to occur and accumulate until complete fracture occurs.'4! Fortunately, in vivo bone has a reparative healing response to microcracks. Bone 
metabolic units (BMUs), traditionally known as “cutting cones,” respond to repair microcracks.!!® Healthy bone is in homeostasis between microcrack 
creation and repair. If the healing response cannot prevent crack propagation, a fatigue failure results. Propagation of a microcrack to a size of 1 to 3 mm is 
believed to be large enough to become symptomatic.®* Through the adaptive process of remodeling, bone is able to respond to crack initiation and 
propagation such that the loaded bone is strengthened in preparation for future loading. This positive adaptive response is known as Wolff’s law and is an 
essential part of bone health.®” Unlike most other tissues, bone repairs itself with new bone that ultimately remodels to a state just as strong as the old or 
previous bone. Cardiac muscle cannot do that following a myocardial infraction, nor can brain cells following a cerebrovascular stroke. 


RISK FACTORS 


A variety of biologic and mechanical factors are thought to influence the body’s ability to remodel bone and therefore impact an individual’s risk for 
developing a stress fracture. These include, but are not limited to, sex, age, race, hormonal status, nutrition, neuromuscular function, and genetic factors. 
Other predisposing factors to consider include abnormal bony alignment, improper technique or biomechanics, poor running form, poor blood supply to 
specific bones, improper or worn-out footwear, and hard training surfaces. !°.77 

The key modifiable risk factors in the development of overuse injuries of bone relate to the preparticipation condition of the bone and the frequency, 
duration, and intensity of the causative activity. Without preconditioning and acclimation to a particular activity, athletes are at significantly increased risk 
for the development of overuse and fatigue-related injuries of bone.°2 


NEUROMUSCULAR HYPOTHESIS 


Muscle contraction can have both provocative and protective effects on fatigue failure of bone.®” Muscle contraction results in internally generated 
compressive, tensile, and/or rotational stresses on bone. In this way, muscle contraction creates microdamage. An example of this “internal” loading of bone 
would be the rotational strain placed on the humerus during the throwing motion. Yet, neuromuscular function can also be protective of the skeleton by 
facilitating the distribution of externally applied loads. Neuromuscular conditioning plays a significant role in enhancing the shock-absorbing and energy- 
dissipating functions of muscles to the ground reaction forces occurring during impact loading. This neuromuscular function can therefore decrease the 
amount of energy directly absorbed by the bones and joints.°” Thus, as muscles fatigue, they are less able to modulate applied external forces, allowing for 
more rapid accumulation of microtrauma to the bone.”! Muscle fatigue may be a collaborative culprit in the development of stress fractures in overtrained 
athletes and undertrained nonathletes. 


CALORIC INSUFFICIENCY AND THE FEMALE TRIAD 


Stress fractures result from failure of the normal balance between the creation and repair of microcracks in bone. Treatment mandates a holistic approach to 
individuals presenting with this injury. To decrease the creation of microcracks, one must evaluate the patient’s training regimen, biomechanics, and 
equipment. To maximize the patient’s biologic capacity to repair microcracks, one must evaluate the general health of the patient, including nutritional 
status, hormonal status, emotional status, and medication use. The clinician should be aware of the female athletic triad, which is the interaction and 
frequent coexistence of disordered eating, amenorrhea, and stress fractures in female endurance athletes. 1037:38 

Inadequate caloric intake may play a role in amenorrhea, which has been linked to an increased incidence of stress fracture.!!>!!8 Dietary intake and 
disordered eating patterns have been linked to amenorrhea in a number of studies. A concept that has been developed supporting the link between dietary 
intake and amenorrhea is the so-called “energy drain hypothesis.” If caloric intake is too low, production of hormones such as estrogen and progesterone is 
moved lower on the body’s list of priorities.!' These hormones may not be produced in amounts high enough to trigger normal menstrual cycles.?? A study 
of 390 female athletes noted that teens aged 14 to 19 years were at higher risk of stress fracture compared to those aged 20 years or older. They noted a 
12.9-fold increase in risk of stress fracture for secondary amenorrhea (no period for 3 months or more), a 4.5-fold increase with bone mineral density 
(BMD) Z score less than —1.0, and a 1.1-fold increase with body mass index (BMI) less than 17.5.!°7 According to another study of 210 elite female 
athletes, secondary amenorrhea for at least 1 year during teenage years and low BMI at present was strongly associated with low BMD (Z score <-1.0) in 
their 20s,10° 

Endocrine and nutritional conditions can impair the balance between bone formation and resorption, thus predisposing athletes to stress fractures. 
Oligomenorrheic or amenorrheic female athletes are at increased risk for developing stress fractures, likely secondary to decreased estrogen levels and 
increased osteoclastic activity. Stress fractures are also associated with lower fat intake, lower caloric intake, eating disorders, and body weight less than 
75% of ideal body weight. The female athlete triad (menstrual irregularity, inadequate caloric intake, and decreased BMD) has been associated with 
increased susceptibility to stress fractures and may contribute to the increased stress fracture risk seen in female athletes and female military recruits 
compared with males performing the same activities.” High-intensity training may suppress menses, which may exacerbate these risk factors. 18 

The Female Athlete Triad Coalition developed a metric in 2014 to determine cumulative risk of fracture. The Triad Cumulative Risk Assessment score 
is the sum of six scored criteria with each criterion assigned low (0 point), moderate (1 point), or high (2 points) in the categories of low energy availability, 
BMI, age at menarche, oligo- or amenorrhea within 12 months, previous stress reaction or fracture, and BMD (Z score). This score was then used to 
determine their risk of stress fracture and bone stress injury. A score of 0 to 1 point indicated low risk, with full clearance for participation; 2 to 5 points 


indicated moderate risk, with provisional or limited clearance; and higher than 5 points indicated high risk, with restriction from training and competition.*° 


A pilot study indicated that female track and field and cross-country runners had an increased risk of developing stress fractures if BMI was less than 19. 
The authors of this case series found that female athletes with BMI of 19 or lower took significantly longer to return to unrestricted training and competition 
than those with a BMI above.®?,”8 In a study of college female athletes with bone stress injuries in cortical-rich regions and trabecular-rich regions, their 
Triad Cumulative Risk score positively correlated with injuries in trabecular-rich regions of bone compared to athletes with cortical-rich region injuries. 
They suggest participants with bone stress injuries in the trabecular-rich regions address components of the female athlete triad while those with cortical- 
rich region injuries address a wider set of risk factors such as biomechanics and fracture healing.!?? In a military study assessing the relation of vitamin D 
levels, BMI, and location of lower extremity stress fractures, military recruits with femoral neck and tibial shaft fractures had a lower BMI than those with 
ankle or foot stress fractures. Nevertheless, weight appropriate BMI is not itself protective in female military trainees. Unfit female recruits of appropriate 


weight are at significantly increased risk of musculoskeletal injury including stress fractures compared to their fit, weight-qualified counterparts. 146 


MALE ENDURANCE ATHLETES AND DECREASED BMD 


The female triad of decreased energy availability, decreased BMD, and menstrual dysregulation has been extensively studied.'°* Male runners may be 
predisposed to decreased BMD.1!° This has been shown to be most notable in the lumbar spine and radius. The cause of this decreased density is most likely 
multifactorial. Inadequate caloric intake, decreased testosterone levels, and a genetic predilection are suspected of being the main culprits.!°? Decreased 
energy availability may be the key factor for low BMD. Decreased testosterone levels have been shown to be present in males who participate in prolonged 
endurance events. To prevent severe or irreversible effects of low BMD, it is necessary to assess the nutritional behaviors of male endurance athletes. 
Relative energy deficiency in sports has become an important area in research as its effects have been implicated in injury and performance. The parameters 
for female risk factors and their sequelae have been better established than for males. Studies for set points and markers for male energy availability and 
their ramifications have been found, at least, to be different than for females. No clarity yet exists on how it affects hormonal imbalance and bone health 
disturbances, but further investigation is ongoing.2®*7.79-81 


VITAMIN D INSUFFICIENCY 


Efforts have been made to evaluate the potential association between serum vitamin D levels and stress fractures. A prospective study of Finnish military 
recruits found that the average serum vitamin D concentration was significantly lower in the group that had sustained a stress fracture.8? A randomized, 
double-blind, placebo-controlled study examined whether calcium and vitamin D intervention could reduce the incidence of stress fractures in female 
recruits during basic training.®? This level 1 study suggests that calcium and vitamin D supplementation may have prevented a significant percentage of 
their recruits from sustaining a stress fracture along with a significant decrease in morbidity and financial burden.®? 

The U.S. Food and Drug Administration (FDA) recommendation for daily value (DV) of vitamin D in adults and children over 4 years old is 20 mcg or 
800 1U.1°3 Much of the research conducted on this topic is in the military population as their cohorts, tasks, and energy availability are well controlled and 
can be readily recorded with well-powered prospective evidence. An association exists between vitamin D insufficiency and stress fractures. Serum 
25(OH)D has been used as the laboratory value of choice to determine availability: more than 30 ng/m is sufficient, 20 to 29 ng/mL is insufficient, and less 
than 20 ng/mL is deficient. Baseline serum 25(OH)D below 50 ng/mL in military recruits had an increased risk for stress fracture; 74% with stress fractures 
had low vitamin D levels, and those with low vitamin D and stress fractures took longer to recover.?”’!!9!46 A randomized, double-blind, placebo-controlled 
intervention trial (RCT) in 5,201 female U.S. Navy recruits reported a 20% reduction in stress fracture incidence in those randomized to the Ca and vitamin 
D supplement arm (2,000 mg/day and 800 IU/day, respectively) compared to placebo.8? The military recommends daily natural intake of over 600 IU of 
vitamin D daily and supplements those who do not receive these levels with ergocalciferol 50,000 IU/week for 12 weeks followed by recheck of 25(O0H)D 
and supplement at 1,500 to 2,000 IU/day.“ In a study of college athletes at high risk for stress fracture, insufficient or deficient 25(OH)D below 30 ng/mL 
was supplemented with 50,000 IU per week for 8 weeks and resulted in a decreased stress fracture rate from 7.51% to 1.65%.!43 These recommendations 
demonstrate value with the relative ease of administration, low cost, and low risk with the upper tolerable limit of 4,000 IU/day. When indicated, ensure 
vitamin D-deficient patients are evaluated for innate errors in vitamin D metabolism and obtain vitamin D from sunlight exposure when safe and available. 


STRESS FRACTURE VERSUS INSUFFICIENCY FRACTURE 


There is a subtle difference between stress fractures and insufficiency fractures. Both are the result of the loss of balance between the creation and repair of 
microdamage in bone. High loads placed on relatively normal bone can produce stress fractures, whereas an insufficiency fracture results from normal loads 
placed on bone with impaired healing capacity.”” Insufficiency fractures are commonly seen in elderly females. 

Bone stress injuries are overuse injuries that occur when the skeleton fails to withstand submaximal forces acting over time. With day-to-day 
physiologic stress, bone undergoes normal and accelerated remolding, conditions that are adaptive and clinically asymptomatic. However, as the rate of 
loading exceeds the rate of remodeling, microdamage can accumulate. Pathology occurs on a continuum of injury, progressing through the stages of stress 
injury, stress reaction, and stress fracture. Stress fracture represents the final step along the continuum and is defined as a discontinuity in the bony cortex. 
This stress reaction continuum occurs in physiologically normal bone. Insufficiency fractures occur in pathologic bone. The World Health Organization 
defines a fragility fracture as a fracture that is caused by an injury that would be insufficient to fracture normal bone.” This is due to the reduced 
compressive and/or torsional strength of bone. The most frequent underlying cause is osteoporosis. Other predisposing conditions include vitamin D 
insufficiency, long-term immobilization, rheumatoid arthritis, long-term corticosteroid use, irradiation treatment, and sites of bone harvest.°9-!54 These 
injuries often require advanced imaging, such as computed tomography (CT), in addition to plain radiographs as the decreased density of their bone allows 
for more penetration and may be difficult to identify subtle fracture lines. Given the often frail, elderly patient demographics, when fixation of insufficiency 
fractures is indicated, surgical techniques that both increase rigidity and minimize morbidity, such as use of percutaneous corridors, should be considered 
(Fig. 24-1). 


> 24-1. A: AP, inlet, and outlet radiographs of an elderly female osteoporotic fragility fracture of the pelvis with multiple fractures in different stages of healing. 

: Axial computed tomography of the same patient showing pathologic bone density and fractures at different stages of healing. C: Postoperative AP radiograph after 
percutaneous fixation using a combination of transosseous intramedullary fixation. D: Intraoperative inlet radiograph of a patient with fragility fractures of the pelvis 
treated with requiring circumferential percutaneous transosseous fixation. 


CLINICAL PRESENTATION 


Pain that is initially present only during activity is common in patients presenting with a stress reaction or stress fracture. Symptom onset is usually 
insidious. Typically, patients cannot recall a specific injury or trauma to the affected area. If activity level is not decreased or modified, symptoms persist or 
worsen. Those who continue to train without modification of their activities may develop pain with normal daily activity and potentially sustain a complete 
fracture.” Physical examination reveals reproducible point tenderness with direct palpation of the affected bone site. There may or may not be swelling or a 
palpable soft tissue or bone reaction. Two physical examination tests commonly used to assess for stress fractures include the fulcrum test for long bones 
and the single-leg hop test for evaluating pelvic and lower extremity stress injuries. 


IMAGING 


Plain x-rays are usually negative early in the course of a stress fracture, especially in the first 2 to 3 weeks.’* Two-thirds of initial x-rays are negative, but 
half ultimately prove positive once healing begins to occur, making standard radiographs specific but not sensitive.“* Even after healing has begun to occur, 
radiographic findings can be subtle and may be overlooked.*° Diagnostic ultrasound imaging has not been shown to be reliable for diagnosing stress injuries 
of bone.°” 

Bone scintigraphy has been shown to be nearly 100% sensitive for stress injuries of bone but with lower specificity than magnetic resonance imaging 
(MRI).°='*° Bone scan—negative, but MRI-positive, stress fractures have been reported.’° Especially useful for tarsal, femoral, pelvic, and tibial plateau 
stress fractures, bone scans are usually positive in all phases of a triple-phase technetium scan (angiogram, blood pool, delayed).!“* This allows for easier 
differentiation of stress fractures from periostitis, or medial tibial stress syndrome (shin splints), as periostitis is often negative in the angiogram and blood 
pool phases and positive in the delayed image phase. Periostitis has also been shown to have a more diffuse distribution along the medial border of the tibia 
as opposed to a focal “hot spot” indicating a stress fracture.*” 

In the clinical setting, bone scintigraphy allows early diagnosis of stress injuries.*” Bone scans will often demonstrate increased uptake in the affected 
bone 1 to 2 weeks before radiographic changes occur ( ). Given that uptake on bone scan requires 12 to 18 months to normalize, often lagging 
behind the resolution of clinical symptoms, bone scans are less helpful for guiding return to activity and/or sports participation.’*** This lag also makes 
them less useful for determining prognosis or assessing clinical union of the fracture. 

Single-photon emission computed tomography (SPECT) scan is a more specific nuclear medicine scanning technique than planar bone scan. Using 
analysis of the metabolic rate of cells, it is especially helpful in detecting stress fractures of the vertebral pars interarticularis (F ), pelvis, and femoral 
neck. 

CT delineates bone well and is useful when the diagnosis of a stress injury is difficult, particularly in the case of tarsal navicular stress fractures ( 

) as well as those of the pars interarticularis or linear stress fractures. CT scanning is useful for demonstrating evidence of healing by clearly showing the 


periosteal reaction and the absence of a discrete lucency or sclerotic fracture line.^®4>3449 It is also helpful in determining if the fracture is complete or 
incomplete. 
MRI is the most sensitive and specific imaging study available to evaluate stress injuries of bone.°’° This imaging modality has demonstrated superior 


sensitivity and specificity over bone scan and CT for associated soft tissue abnormalities and edema and may delineate injury earlier than bone scan.°~ 
MRI has been used more frequently recently as the primary diagnostic tool for stress fractures.'** Its sensitivity is similar to that of a bone scan; however, it 
is much more precise in delineating the anatomic location and extent of injury.” 


Bone scintigraphy image of a 20-year-old female rower with left lower chest pain. She was diagnosed with a midaxial stress fracture of the sixth rib. 
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Figure 24-3. Single-photon emission computed tomography bone scan demonstrating increased contrast uptake at the site of bilateral pars interarticularis stress 
fractures at L4 in a 15-year-old female gymnast. 
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Figure 24-4. High-risk stress fracture. A: Coronal T2 MRI scan of a displaced (grade IV) navicular stress fracture in a competitive dancer (arrow). B: After 3 months 
of nonoperative treatment, the fracture shows minimal signs of interval healing on three-dimensional CT scan and has developed a nonunion. 


Typical MRI findings on T2 sequences include a band of low signal corresponding to the fracture line, surrounded by diffuse high signal intensity 
representing marrow edema.” Though expensive, it has the additional benefit of identifying soft tissue injuries. In summary, MRI is highly useful clinically 
for the diagnosis of many stress fractures, especially if used by musculoskeletal radiologists familiar with specific imaging protocols.” 


CLASSIFICATION/GRADING 


Stress fractures are classified in multiple ways, most commonly by the size of the fracture line seen on imaging, the severity of pain or disability, the 
biologic healing potential of the particular injury or location, the natural history of the particular fracture, or some combination of these parameters.°4269.70 
The classification of stress fractures as either “high risk” or “low risk” has been suggested by multiple authors.!”!*79 High-risk stress fractures have at least 
one of the following characteristics: risk of delayed or nonunion, risk of refracture, and significant long-term consequences if they progress to complete 
fracture.'”7! Table 24-1 shows a list of anatomic locations considered high risk for stress fractures.®* This distinction allows clinicians to quickly determine 
whether to pursue aggressive or conservative protocols to return athletes to training or competition. 


TABLE 24-1. Anatomic Sites for High-Risk Stress Fractures 


Femoral neck (tension side) 

Patella (tension side) 

Anterior tibial cortex 

Medial malleolus 

Dorsal tarsal navicular cortex 

Fifth metatarsal proximal metaphysis 
Sesamoids of the great toe 


In addition to the classification of whether a stress fracture is high risk or low risk as determined by its anatomic site, the extent of the fatigue failure or 
“grade” of the stress fracture is also needed to completely describe the injury and make appropriate treatment plans.?”6%-71 As described above, stress 
injuries to bone occur on a continuum from simple bone marrow edema (stress reaction) to a small microcrack with minor cortical disruption to a complete 
fracture with or without nonunion. The management of bony stress injuries should be based on the location and grade of the injury. These two details give 
us the amount of damage that has accumulated and whether it is a high- or low-risk injury. A combined clinical and radiographic classification system 
developed by the previous authors of this chapter is shown in Table 24-2, with diagnostic images in Figure 24-5. This system has shown high inter- and 
intraobserver reliability among sports medicine and orthopaedic clinicians.® In addition, this system has shown high prognostic ability for time to healing 
and return to sports participation.”° 


HIGH-RISK STRESS FRACTURES VERSUS LOW-RISK STRESS FRACTURES 


Low-risk stress fractures include the femoral shaft, medial tibia, ribs, ulnar shaft, and first through fourth metatarsals, all of which have a favorable natural 
history. These sites tend to occur on the compressive side of the bone and respond well to activity modification. Low-risk stress fractures are less likely to 
reoccur, develop nonunion, or have a significant complication should progression to complete fracture follow.!® 


TABLE 24-2. Kaeding-Miller Stress Fracture Classification System 


Grade Pain Radiographic Findings? 


I - Imaging evidence of stress fracture 
No fracture line 


II ar Imaging evidence of stress fracture 
No fracture line 


Ill + Nondisplaced fracture line 
IV + Displaced fracture (>2 mm) 
V + Nonunion 


*Computed tomography, magnetic resonance imaging, bone scan, or x-ray. 
Adapted with permission from Kaeding CC, Miller TL. The comprehensive description of stress fractures: a new classification system. J Bone Joint Surg Am. 2013;95(13):1214—-1220. 


High-risk stress fracture locations are noted in Table 24-1. Not only do fractures at these anatomical sites have a predilection to progress to complete 
fracture, delayed union, or nonunion, have a refracture, or have significant long-term consequences should they progress to a complete fracture, but they 
also often have worsening prognosis with delay in diagnosis. A delay in treatment may prolong the patient’s period of complete rest of the fracture site and 
potentially alter the treatment strategy and necessitate surgical fixation with or without bone grafting. Due to their location on the tension side of the 
respective bones, these fractures possess common biomechanical properties regarding propagation of the fracture line. In comparison to low-risk stress 
fractures, high-risk stress fractures do not have an overall favorable natural history. With delay in diagnosis or with less aggressive treatment, high-risk 
stress fractures tend to progress to nonunion or complete fracture, require operative management, and recur in the same location." 


ire 24-5. Examples of Kaeding—Miller classification of stress fractures. A: T2 MRI examples of grade I and grade II stress fractures of the tibia in a female 
distance runner. The increased signal intensity in the right tibia representing a stress reaction was asymptomatic at the time of presentation (grade I). The left tibial 
stress reaction was symptomatic with pain (grade II). B: Grade III stress fracture of the fifth metatarsal in a 24-year-old male soccer player (arrow). C: Grade IV stress 
fracture of the humeral shaft in a baseball pitcher/football quarterback. D: Grade V stress fracture of the ulnar shaft in a 35-year-old woman who used crutches for 6 
weeks following ankle fracture. 


MANAGEMENT OF HIGH-RISK STRESS FRACTURES 


Treatment decision making for high-risk stress fractures should be based on radiographic findings with less consideration given to symptom severity. The 
immediate goal of treatment of a high-risk stress fracture is to avoid progression and induce fracture healing. Typically, this requires either complete 
elimination of loading of the site or surgical stabilization. Ideally, while the fracture is healing, one works to avoid deconditioning of the athlete while 
minimizing the risk of a significant complication of fracture healing.’’»’“ While overtreatment of a low-risk stress fracture may result in unnecessary 
deconditioning and loss of playing time, undertreatment of a high-risk injury puts the athlete and indeed all patients at risk of significant complications. 
Understanding the classification and grade of stress fractures and their implications is the key to providing optimal care to all patients with a high-risk 
injury. 

The presence of a visible fracture line on a plain radiograph in a high-risk stress fracture should prompt consideration of operative management. 
Depending on injury classification, patients with stress injuries in high-risk locations may require immediate immobilization and/or restriction from weight- 
bearing activities with close monitoring. If an incomplete fracture is present on plain films with evidence of fracture on MRI or CT in a high-risk location, 
immobilization and strict non—weight bearing is indicated. Worsening symptoms or radiographic evidence of fracture progression despite nonoperative 
treatment is an indication for surgical fixation. All complete fractures at high-risk sites should receive serious consideration for surgical treatment. In 
summary, surgical fixation should be considered for high-risk stress fractures for several reasons. These include expediting healing of the fracture to allow 
earlier return to full activity as well as minimizing the risk of nonunion, delayed union, and refracture. Finally, surgical intervention may be necessary to 
prevent catastrophic fracture progression such as in the case of a tension-sided femoral neck fracture. 


Generally in athletes, return to play should only be recommended after proper treatment and complete healing of the injury. One published classification 
system has shown the ability to predict the expected time to return to athletic activity.’”’° High-risk stress fractures have a significantly poorer prognosis 
when they progress to complete fracture, leading in turn to more frequent complications. Continued participation in the inciting activity is thus not 


recommended for those with a high-risk stress fracture.”? Complete rest, including weight-bearing restrictions, with or without immobilization or operative 
management, is commonly required.?” 

The majority of early stress reactions at high-risk sites heal with nonoperative management.!’ A period of complete rest to eliminate the individual’s 
symptoms and gradual return to training with activity modification is typically suggested for early stress reactions at high-risk sites. Return to play decision 
making for a low-grade injury at a high-risk location should be predicated on the patient’s compliance level, healing potential, and risk of worsening of the 
injury. A key difference between a low-grade stress fracture at a high-risk location versus a low-risk location is that with the low-risk site, the athlete or 
patient can be allowed to continue to train, whereas the high-risk site needs to heal prior to full return to activity. 

Regardless of the grade and location, the risk of continued participation should be discussed, and the management of each fracture should be 
individualized. Cross-training while resting from the inciting activity allows maintenance of cardiovascular fitness while decreasing stresses at the healing 
fracture site.2” Return to participation for athletes should be a joint decision between the physician, athletic trainer, coach, and athlete. 


MANAGEMENT OF LOW-RISK STRESS FRACTURES 


Low-risk stress fractures may be treated nonoperatively with relative rest and activity modification. Decision making should be based in part on symptom 
severity. Those who experience enough pain to limit function should be treated with relative, if not complete, rest.2” As Algorithm 24-1 suggests, if the 
fracture does not heal or if symptoms persist beyond 4 to 6 weeks, the options for treatment are immobilization with full restriction from weight bearing or 
operative intervention. Those patients with a low-risk stress fracture who present with pain but have no functional limitation may continue their activities as 
tolerated using symptoms as a guide. The decision to continue activity despite the presence of a low-risk stress fracture and titrate the volume of activity to a 
low pain level can be made after a discussion with the patient of the possible progression to complete fracture with this approach. This approach is 
acceptable if the risk and consequence of progression to complete fracture are acceptable to the patient due to the importance of continuing their activity. If 
the goal is not to continue activity but to heal the low-risk stress fracture, then rest to a pain-free level is required. The acceptable level of activity will differ 
among patients and may include discontinuation of only the aggravating activity, discontinuing all training activities, or placing the patient on non—weight- 
bearing status. Unless otherwise contraindicated, a patient may be permitted to cross-train during this time with cycling, swimming, or aqua running to 
maintain fitness as long as it does not cause pain at the stress fracture site. As with high-risk stress fractures, close follow-up of these patients is necessary to 
assure compliance with activity restrictions and prevent fracture progression to a higher-grade injury. 

Low-grade stress injuries at a low-risk site have a better prognosis for time to recovery than a higher-grade injury at the same site.®!8 The difference in 
treatment of these two levels of severity, then, has to do with the expected length of treatment, the required degree of activity modification, and the need for 
immobilization. The goal of treating injuries with this level of severity is to decrease the repetitive stress at the fracture site enough to allow the body to 
restore the dynamic balance between damage and repair. This may include decreasing volume and intensity of activity, equipment changes, technique 
changes, or cross-training. One benefit to such a strategy is that the individual typically does not suffer a substantial loss of conditioning while still allowing 
their body to repair the bone injury. If pain intensifies and activity modification alone is inadequate for healing, treatment should be intensified to include 
complete rest, immobilization, or surgical intervention (see Algorithm 24-1, later in chapter). 


Return to Sports Participation 


Despite advances in imaging and our understanding of stress fracture behavior, return-to-activity decisions continue to challenge practitioners. Many factors 
need to be discussed with the athlete or patient. All patients should understand the risk of noncompliance with the treatment plan; this is especially true for 
high-risk stress fractures. A treatment plan should be tailored to the individual’s athletic and personal goals with a thorough discussion of the risks and 
benefits of continued participation.*°>72 

In the treatment of low-risk stress fractures, the point in the competitive season at which the injury is diagnosed is often a major consideration for return 
to play. Athletes at the end of a competitive season, or in their offseason, often desire to be healed from their stress fracture before resumption of 
competition or preseason training.’”* For these individuals, the treatment plan should include relative rest and activity modification to a pain-free level. 
Training programs in this situation commonly include cross-training or alternative training options such as the use of an aquatic treadmill (Fig. 24-6). In 
contrast, athletes in midseason with low-risk stress fractures often desire to finish the season and pursue treatment for a cure at a later time.” Low-risk stress 
fractures will usually heal by limiting the athlete to a pain-free level of activity for 4 to 8 weeks.*! Gradual increase in activity can begin once the athlete is 
pain free with activities of daily living and when the site is nontender.?t 


UPPER EXTREMITY STRESS FRACTURES 


Stress fractures most commonly occur in the lower extremity as a result of the impact loading of walking, running, or jumping.’ However, individuals 
performing repetitive tasks with the upper extremity and athletes who require upper extremity weight bearing may develop stress injuries of bone. Upper 
extremity stress fractures account for less than 10% of all stress fractures and are commonly found in throwing athletes and rowers.68-139 The great majority 
of these stress injuries are considered low risk and usually require only activity modification to heal. Repetitive torsion, weight bearing, and muscle 
contraction overload of bone must be considered when evaluating these injuries. Any repetitive overhead athlete or laborer complaining of the nontraumatic 
onset of pain in the upper extremity, with a normal examination and the presence of pain only with the repetitive activity, should be considered as having a 
possible stress fracture. 
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Figure 24-6. A 21-year-old male long jumper undergoing running gait analysis on an aquatic treadmill during recovery from a navicular stress fracture. 
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Algorithm 24-1 Authors’ preferred treatment for stress injuries of bone. Grading is based on the Kaeding—Miller classification system shown in Table 24-2. 
Observation, return to activity with close follow-up. Consider relative rest and cross-training. Relative rest, decrease frequency or intensity of inciting activity. 
May cross-train. Gradual return to full pain-free activity. Complete rest, discontinuation of any activity that places stress at fracture site. May include 
immobilization. 


In the shoulder girdle, arm, forearm, and wrist, strain is generated by the rotational torque of swinging or throwing, as well as by the tension or 
compression generated by muscle contraction.!*° A third mechanism of creating bone stress in the upper extremity is repetitive axial loading. Sinha et al. 
reviewed 40 stress fractures of the ribs and upper extremity. They noted that individuals performing weight-bearing activities of the upper extremity 
(gymnastics, cheerleading) developed all their stress fractures distal to the elbow, indicating that with such activities, significant bony overload occurs in the 
distal upper extremity as opposed to the proximal portion.!2® Ulnar shaft stress fractures in underhanded fast-pitch softball have been reported, likely due to 
the rotational and bending forces experienced in the narrow triangular ulnar shaft of the pronated forearm during the windmill delivery which is a distinctly 
separate mechanism than described for ulnar shaft stress fractures seen in overuse activities requiring an axial load to the ulna in gymnasts or pushup style 
activities.°+198 

Most upper extremity stress injuries respond well to nonoperative treatment with rest and activity modification. One of the few stress fractures of the 
upper extremity that may require surgical intervention is the olecranon stress fracture in a competitive thrower. Though this injury has the potential to heal 
with conservative management, when a stress fracture line (grade III injury) is discovered in a throwing athlete’s olecranon process, internal fixation is the 
ideal treatment. 1:124 


VERTEBRAL STRESS FRACTURES 


Spondylolysis, a stress fracture of the pars interarticularis region of the posterior elements of the vertebrae, occurs most commonly in patients performing 


repetitive hyperextension of spine (gymnasts, cheerleaders, divers, weightlifters) and is a common cause of pediatric low back pain.®** The L4 and L5 levels 
are most commonly affected. Patients present with insidious onset of low back pain ultimately with complaints of significant back spasms. This injury is 
often misdiagnosed as lumbar strain. Short periods of rest may temporarily relieve pain, but return to activity typically results in immediate exacerbation of 
symptoms.?84 

On examination, affected individuals may have clinical hyperlordosis in addition to pain with palpation over affected vertebral levels and exquisite pain 
and muscle guarding with one- and two-leg standing trunk extensions.** Pain may also be elicited by trunk rotation and extension, prone hip extension, and 
prone trunk extension. Neurologic evaluation is usually normal but occasionally may demonstrate associated radiculopathy.®* 

On radiographic evaluation, x-rays have low sensitivity for stress fracture of the pars interarticularis.7> Anteroposterior, lateral, and bilateral oblique 
views should be obtained. If positive, the classic defect of a “collar” on the neck (pars interarticularis) of the “Scotty dog” is seen on oblique views. X-ray 
imaging has fallen out of favor because of low sensitivity and high radiation exposure. A SPECT scan has a greater sensitivity and is becoming the gold- 
standard test for diagnosis of pars interarticularis stress fractures (see Fig. 24-3).84 A thin-cut CT scan (1.5-2-mm cuts) may additionally aid in determining 
the extent and age of a stress fracture. Furthermore, a combination of SPECT and CT findings may help determine the likelihood of healing and may help 
define the treatment protocol.®* 

The treatment protocol for stress fractures of the pars interarticularis is somewhat controversial. Initially, activity modification and avoidance of lumbar 
hyperextension are recommended. If symptoms persist, a nonrigid brace such as a corset may be applied. After 2 to 4 weeks of rest and bracing, patients 
should begin a regimen of physical therapy that includes trunk stabilization, core strengthening, and lumbar spine flexibility exercises.®* If pain is still 
present by 4 weeks, a thoracolumbosacral orthosis (TLSO) or low-profile rigid antilordotic Boston brace may be considered to unload posterior elements 
and prevent hyperextension. Treatment should be continued until the patient is symptom free. Complete healing, however, may take as long as 3 to 6 
months, and a repeat axial-cut CT scan may be considered to assess the degree of healing.” 

Return to play may be as early as 8 weeks if the patient remains pain free at rest, in hyperextension, and while performing aggravating activities.? 
Surgical fixation may be considered if the patient continues to experience persistent pain despite rigid bracing, especially if neurologic symptoms are 
present or progressive.54 


PELVIC AND SACRAL STRESS FRACTURES 


Stress fractures of the pelvis and sacrum are uncommon and typically involve the pubic rami. These injuries occur most often in women, military recruits, 
long-distance runners, or joggers after increases in duration, frequency, or intensity of impact-loading exercise.*9 Patients with stress fractures of the pubic 
rami present with insidious pain in the inguinal, perineal, or adductor regions that is relieved by rest. Sacral stress fractures present with vague, poorly 
localized pain in the gluteal or groin areas.*? In young men, concern must be raised for the possibility of seronegative arthropathies including ankylosing 
spondylitis causing the symptoms.!°! Therefore, a high index of suspicion must be maintained. 

On physical examination, patients may demonstrate antalgic gait, full range of motion, pain over the pubic rami, or an inability to stand unsupported on 
the affected side. Patients with a sacral stress fracture may also demonstrate pain with hip flexion, abduction, and external rotation in addition to increased 
pain when asked to hop. These patients usually will have normal hip and spine range of motion yet complain of deep groin pain at the extremes of hip 
motion. 

X-rays are initially negative in most cases of both pelvic and sacral stress fractures.?”*? Later in the healing process, callus may be present on plain 
films. Bone scan or MRI is usually necessary for early diagnosis (Fig. 24-7). Treatment requires cessation of running and jumping activities, protected 
weight bearing, and relative rest lasting from 6 weeks to 8 months. An initial brief period of non—weight bearing may be necessary based on the patient’s 
pain level. Surgery is not typically necessary if the fracture is diagnosed in a timely manner. 


LOWER EXTREMITY STRESS FRACTURES 


FEMUR 


Stress injuries and fatigue fractures may occur at a variety of sites in the femur. The most commonly involved areas are the shaft, the intertrochanteric 
region, and the neck. The tension or superior side of the femoral neck represents a high-risk site for fracture propagation. Here, a missed or delayed 
diagnosis significantly increases the patient’s risk for a potentially catastrophic complete fracture. 


A i B 
Figure 24-7. A 21-year-old female distance runner with right pelvic pain. A: Anteroposterior pelvic radiograph demonstrating minimally displaced (grade IV) right 
inferior pubic ramus stress fracture. B: Axial-cut T2 MRI demonstrates stress reaction and early healing callus. 


Femoral Neck 


Seen most frequently in runners, dancers, and military recruits, the diagnosis of a femoral neck stress fracture is often delayed up to 3 months.®° Unlike 
femoral shaft stress fractures, which are low risk and usually heal with activity modification, femoral neck fractures are high-risk injuries.!” Tension-sided 
femoral neck stress fractures possess the greatest risk for fracture progression.” The diagnosis requires a high degree of suspicion and usually occurs in 
runners with vague hip or groin pain. Depending on the stage, examination will reveal an antalgic gait, pain with palpation in the groin, hip, or anterior thigh 
as well as pain at the extremes of hip range of motion.*!42-4” Subtle limitation of flexion and internal rotation may also be present with or without a positive 
log roll test.” 

Confirmation of the diagnosis usually requires bone scan and/or MRI. The radiographic appearance lags behind symptoms and may not be evident until 
some healing has occurred. X-rays have a high false-negative rate. Bone scan or SPECT scans have proven useful for early diagnosis, but false negatives 
have been reported up to 12 days after symptom onset.** MRI is a more sensitive and specific study for identifying early marrow edema, which typically 
resolves in 8 to 12 weeks.°!76 

Femoral neck stress fractures require concerted management. Inferior cortex fractures, or compression-sided processes, require restricted weight bearing 
for 6 weeks or longer.*!:424”7 Weekly radiographs should be obtained until the patient can walk pain free with a cane. Return to play or other vigorous 
activity may be delayed up to 2 years. Tension-sided stress fracture is an indication for surgical fixation with parallel screws or a sliding hip screw device 
(Fig. 24-8). If no surgical stabilization is undertaken, complete weight-bearing restriction must be initiated. Recognition of the tension-sided femoral neck 
stress fracture and immediate appropriate treatment are of utmost importance to prevent complete fracture, nonunion, and the potential development of 
femoral head osteonecrosis.*!:4747 


Femoral Shaft 


Stress fractures of the femoral shaft are diagnosed most commonly in runners, in particular female runners, with the most common location being the 
junction of the proximal and middle thirds of femoral shaft.5°!!5 As with most stress injuries of bone, the history often reveals a recent increase in 
frequency, intensity, or duration of a repetitive activity. Pain with running then progresses to pain with activities of daily living and functional limitation. 
Examination is positive for an antalgic gait with normal knee and hip range of motion. Pain with palpation may be present at the anterior thigh with hopping 
on the affected leg reproducing the pain. The fulcrum or “hanging leg” test involves having the patient seated on an examination table with the leg hanging 
freely. A three-point bending force is then applied to the thigh with the edge of the table being used as a fulcrum. Pain elicited is suggestive of a stress 
fracture. As with most stress injuries, plain x-rays are typically negative early in the course of the injury. Fracture callus and a radiolucent fracture line 
usually appear 2 to 6 weeks after symptom onset. Bone scan or MRI may be necessary for an early diagnosis. 

Nonoperative treatment of femoral shaft stress fractures is usually successful. First-line interventions include protected weight bearing with crutches for 
1 to 4 weeks depending on symptom severity and radiologic grade of the injury. Activity modification with cross-training during this time period allows 
maintenance of aerobic fitness, skill, and strength. If the patient is pain free with day-to-day activities at 2 weeks, a rehabilitation program with low-impact 
exercise may be initiated. Time to full recovery varies but has been reported as 5 to 10 weeks from diagnosis with return to full athletic participation at 8 to 
16 weeks.78 
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Figure 24-8. A: Preoperative AP left hip radiograph and coronal CT reconstruction demonstrating a tension-sided femoral neck stress fracture. B: Intraoperative 
fluoroscopy after percutaneous fixation using large partially threaded cannulated screws in an inverted triangular pattern. 


KNEE AND LOWER LEG STRESS FRACTURES 


Patellar stress fractures are rare but troublesome injuries occurring most often in basketball players, soccer players, and high jumpers.’!-!3! Risk factors for a 
tension-sided (anterior cortex) stress fracture of the patella are flexion contracture and/or harvest of a patellar tendon graft for ACL reconstruction.!?! The 
patient’s history reveals anterior knee pain, worse with jumping. The key diagnostic features are point tenderness to palpation of the anterior patella and 
increased pain with resisted knee extension.’! Radiographic studies may show fracture lines in longitudinal or transverse directions, but these must be 
differentiated from a bipartite or tripartite patella.1*! A bone scan or MRI scan identifying bone edema can clarify the diagnosis. 

Due to the distractive forces of the extensor mechanism, transverse fractures are prone to displacement. Nondisplaced fractures are treated in a hinged 
knee brace with the knee in full extension for 4 to 6 weeks, followed by progressive range of motion and quadriceps rehabilitation. 

Displaced fractures should be treated with open reduction and surgical fixation.” Case series have reported that acute nondisplaced fractures can heal 
with immobilization and relative rest, but open reduction and internal fixation is recommended for chronic or displaced fractures and those that fail 
nonoperative management.” 1% 


Stress fractures of the tibia represent 20% to 75% of all stress fractures in athletes.^*> To effectively treat stress injuries at this anatomical site, a distinction 
must be made between medial tibial stress syndrome (shin splints), a compression-sided stress fracture, and a tension-sided stress fracture. The predominant 
type is a low-risk posteromedial cortex (compression side) stress fracture, with the much less common type being the high-risk “dreaded black line” of the 


anterolateral cortex of the central shaft (Fi 1-9).'°’ Most commonly occurring in running sports such as soccer, track and field, basketball, or ballet, the 
pain occurs initially after activity. Pain later develops during running and progresses eventually to affect activities of daily living. On examination, there is 
localized pain with point tenderness at the anterior or medial tibia. Edema, palpable periosteal thickening, and pain with percussion may also be present. 
Continuation of high-impact sports can lead to fracture propagation and even open fractures (1 0). A “tuning fork test” may be performed to elicit 
pain if a high pretest probability is present but is generally not performed due to a high false-negative rate and limited availability of the proper equipment.” 

X-rays may be positive if symptoms have persisted for 4 to 6 weeks. Bone scan often demonstrates focal fusiform uptake, which differs from the linear 
uptake seen with medial tibial stress syndrome.*”*" MRI is more useful for grading and providing a prognosis for return to play (see F ). 

Treatment should initially involve steps to control pain and limit, if not completely discontinue, running or jumping activities. The use of crutches, 
immobilization, and limited weight bearing may be necessary depending on symptom severity and fracture classification.?*’" If the fracture is diagnosed 
early, it frequently may be treated by limiting practice activities but allowing participation in competitions. Once pain free, cross-training with low-impact 
or nonimpact aerobic training may begin and be used to supplement training during a gradual return to running. Compression-sided injuries may take 2 to 
12 weeks to heal. Tension-sided injuries achieve faster return to play with intramedullary (IM) rod fixation (see 9).137 The options for treatment of 
injuries in this location include 4 to 6 months of rest, bone grafting, electrical stimulation, or IM nailing.’ If a patient or athlete desires to resume training 
for sports at the same or increased intensity, IM nailing is usually recommended. Case series have reported good outcomes with anterior tension band 
plating in high-performance athletes and may represent an option to avoid anterior knee pain associated with IM nailing. 


9. A: A 19-year-old female ballet dancer with chronic anterior tibial pain and stress fracture of the anterior tibial cortex (arrow). Final treatment required 
operative fixation with an intramedullary rod. B: Cortical thickening remains evident 6 months after surgery. 


Figure 


Stress fractures of the medial malleolus are relatively rare and are usually associated with running and jumping sports. They are inherently unstable and 
prone to nonunion.!°! A high index of suspicion is the key to their early recognition as patients typically present with the insidious onset of medial ankle 
pain that is increased with exercise and relieved by rest. Physical examination reveals medial malleolar tenderness to palpation and an effusion of the ankle 
joint. It is important to evaluate patients for any predisposing factors that may contribute to stress overloading in the area such as foot or lower limb 
alignment. Varus alignment, in particular, can cause medial overload.'°° On x-ray, the fracture line extends vertically or horizontally from the medial 
articular surface of the tibial plafond. 

Treatment of an incomplete fracture requires no weight bearing and immobilization with gradual rehabilitation in low-demand individuals.*! In high- 
demand athletes and those who wish early return to sports participation, a more aggressive approach may be warranted. Complete fractures require 
treatment with open reduction and malleolar screw fixation. As with traumatic ankle fractures, most patients return to full activity by 6 to 8 weeks 
postoperatively.®! Nonunion of a medial malleolar stress fracture requires bone grafting and screw fixation.!!” 
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Figure 24-10. A: Lateral radiograph of stress fracture in a collegiate long jumper with anterior cortical thickening and radiolucent fracture line. B: Lateral radiograph 
of open tibia shaft fracture in the same patient after long jumping in practice. C: Postoperative lateral radiograph after fixation with intramedullary nail. 


Fibula 


Stress fractures of the fibula are rare, given the limited amount of weight-bearing stress borne by this bone. The most common location is in the distal third 
of the diaphysis just proximal to the distal tibiofibular syndesmosis. It may be associated with overpronation and a valgus hindfoot.°° Patients typically 
present with lateral leg and ankle pain with mild swelling and may have a notable limp. Point tenderness can be elicited by palpation of the bone or by 
performing a syndesmosis squeeze test. Recommended initial treatment is weight bearing as tolerated in a protective fracture brace, followed by gradual 
return to activity once pain and swelling have resolved. With early diagnosis, athletes may return to participation after 3 to 6 weeks of rest.!® Complete 
healing occurs within approximately 8 to 12 weeks. 


STRESS FRACTURES OF THE FOOT 


CALCANEUS 


Calcaneal stress fractures occur most commonly in long-distance runners and military recruits. Patients present with the insidious onset of diffuse heel pain 
with running that may be increased by toe walking or during the toe-off phase of running. Examination reveals edema and a positive “heel squeeze” test. 
This is performed by compressing the body of the calcaneus between the palms of both hands. Increased pain with hop testing may also be present. 

Plain x-rays become positive after 2 to 4 weeks. At that time, a sclerotic line with callus perpendicular to the trabecular lines of the calcaneal tuberosity 
may be visualized. Bone scan and MRI usually demonstrate increased reactive bone in this region as well, confirming the diagnosis. Initial treatment is to 
decrease activity and use cushioned heel inserts until symptoms have improved and healing is evident radiographically. The use of a cast or brace and a 
brief period of non—weight bearing may be necessary if ambulation is painful. The estimated time to return to sports participation is 3 to 8 weeks. 


TARSAL NAVICULAR 


Navicular stress fractures may occur in jumping and running athletes.!*2°3! This is a high-risk stress fracture.°>’ Some studies have found greater than 
98% of these fractures occur in athletes with a median age in the mid-20s.°* Patients present with vague midfoot and medial arch symptoms of insidious 
onset often leading to delayed diagnosis.!?>135 The final diagnosis may be delayed from 2 to 7 months.” On examination, patients report tenderness at the 


“N spot” (the dorsal aspect of the navicular), but pain may be diffuse rather than localized.!'! Continued weight-bearing activity may delay the healing 
process, resulting in progression to a complete fracture or nonunion. Therefore, midfoot pain in a running or jumping athlete requires a high index of 


suspicion and early aggressive management.®® 


TABLE 24-3. Saxena CT Classification of Navicular Stress Fractures 


Type Description 

0.5 Normal CT; evidence of stress reaction on MRI 
1 Dorsal cortex fracture 

2 Fracture extends to midpoint of navicular 

3 Both cortexes affected 


CT, computed tomography; MRI, magnetic resonance imaging. 


Adapted from Saxena A, et al. Results of treatment of 22 navicular stress fractures and a new proposed radiographic classification system. J Foot Ankle Surg. 2000;39(2):96-103. 
Copyright Elsevier. 


The classification system of Saxena is based on the CT findings for navicular stress fractures!’ (Table 24-3). 

Most fractures occur in the sagittal plane and in the central third of the dorsal navicular cortex; x-rays are usually negative.°° It has been proposed that 
this site has a poor blood supply predisposing the bone to stress-related injury.'!° This region has also been correlated with the plane of maximum shear 
stress during a combination of plantar flexion and pronation.*+”° Associated foot anomalies that may predispose a patient to this type of fracture include a 
short first metatarsal, a long second metatarsal, or a calcaneonavicular coalition. 135 

Bone scan can confirm the diagnosis, but CT (see Fig. 24-4B) or MRI may be necessary to determine the exact location and extent of the fracture and 
the amount of healing or to diagnose a nonunion.°° The key to a successful outcome in treating this injury is early diagnosis with aggressive treatment. 1°? 
Nonsurgical treatment of incomplete fractures and non—weight bearing is recommended, with casting for 6 to 8 weeks followed by gradual 
rehabilitation.!!*155 Upon return to play, the use of orthotics should be considered if a bony abnormality or poor biomechanics are present.”° 

The decision to treat a navicular fracture surgically has typically been ascribed to fractures that are complete and/or show evidence of sclerosis at the 
margins.’ Surgical fixation with or without bone grafting is suggested for those in whom nonsurgical management has failed.’*1!4 Because of the poor 
blood supply to the region where the fracture occurs, it is crucial to immobilize the fracture site after surgery and until radiographic healing has occurred.!*° 
Return to sport is not recommended until both clinical and CT-confirmed radiographic healing has occurred.!!? 


METATARSAL STRESS FRACTURES 
First Through Fourth Metatarsals 


Stress fractures of the first through fourth metatarsals are generally considered low-risk injuries. Excluding the fifth metatarsal, first metatarsal stress 
fractures make up 10% of all metatarsal stress injuries and are associated with overpronation during running. The remaining 90% are distributed between 
the second, third, and fourth metatarsals.*° Stress injuries to these bones are associated with running over 20 miles/wk. Pes planus deformity increases the 
impact stress to the medial four metatarsals. In runners, most injuries occur in the distal shaft. However, in ballet dancers, fractures may occur proximally 
and often involve the medial border of the second metatarsal due to weight bearing in the en pointe position. Patients present with localized pain and 
swelling in the absence of trauma and report symptom onset after an increase in training intensity. Close inspection of the foot may reveal low arches, 
overpronation while running, and point tenderness over the involved metatarsal. Pain is often exacerbated with inversion of the foot. 

Weight-bearing AP, lateral, and oblique radiographs should be obtained. In dancers with second metatarsal pain, internal and external oblique 
radiographs of the foot may be necessary to fully evaluate the involved bone. Treatment involves rest and the use of a stiff-soled shoe or fracture boot to 
decrease bending stresses across the midfoot.*? Gradual reconditioning with progression of repetitive loading such as pool running progressing to cycling, 
then land running is recommended in athletes to maintain cardiovascular fitness and prevent progression of the injury. Once the fracture has healed, orthotic 
devices should be prescribed if abnormal bony alignment or foot biomechanics are present. In dancers, proximal second metatarsal stress fractures may 
progress to nonunion and must be aggressively managed with casting or fracture bracing until radiographic healing is present (usually 6-8 weeks). 


Fifth Metatarsal 


The proximal fifth metatarsal is considered a high-risk site for stress fracture. Because of the poor blood supply to the affected area, both stress injuries and 
traumatic injuries are prone to nonunion.!*9 Figure 24-11 demonstrates the three zones of the proximal fifth metatarsal. Zone I represents the tuberosity; 
zone II the watershed or avascular area at the metaphyseal—diaphyseal junction. !?8 Zone III represents the proximal diaphysis. Fractures occurring in zone II 
have the greatest risk for delayed healing due to the limited vascularity of this site.!2° Occurring commonly in basketball players and runners, these injuries 
present with the insidious onset of lateral foot pain that is worst during and after running or jumping activity.!29 Pain steadily worsens if the causative 
activity is continued. Not uncommonly, an acute fracture occurs following days to weeks of antecedent pain. On clinical evaluation, point tenderness is 
elicited at the distal portion of the tuberosity, usually in zone III. Plain radiographs usually show sclerotic change around the fracture site (see Fig. 24-5B). 
Bone scans are only occasionally necessary for diagnosis, but bone scan or MRI may be employed if an occult fracture is suspected. 


Figure 24-11. Three zones of the proximal fifth metatarsal. Zone I—tuberosity; zone [I—watershed (avascular) zone at the metaphyseal—diaphyseal junction; zone III 
—proximal diaphysis. 


Treatment for stress fractures of the proximal fifth metatarsal, as with all high-risk anatomical sites, should be aggressive.*° In nonathletes, a short leg 
non—weight-bearing cast or fracture brace for 6 to 8 weeks is recommended. Longer immobilization may be required if no radiographic evidence of healing 
has occurred during that time period.*? Because of the potentially prolonged healing time and risk of refracture or nonunion following conservative 
treatment, there is now a greater tendency to use surgical fixation as the primary treatment.°282:102 

In high-demand athletes, IM screw fixation with a 4.0- or 4.5-mm cannulated screw permits faster return to play since casting alone in this population 
has been shown to have a high failure rate.!!3-!16 Multiple fixation options exist for treatment. IM screw fixation remains the mainstay for most orthopaedic 
surgeons. Comparisons between cannulated screws and traditional solid core screws do not show any significant differences in terms of union rate.°8 

One study of NBA patients found that radiographic healing was observed at an average of 7.5 weeks with return to play around 10 weeks. However, 
refracture occurred in 30% of patients.!°9 If nonunion is not present, bone grafting usually is not necessary at the time of IM fixation. Weight bearing should 
be initiated 7 to 14 days postoperatively, with training progressing to full unrestricted activity over 9 weeks. Return to sport trends earlier in the operatively 
treated cohort (13.8 vs. 19.2 weeks).°* A 2015 meta-analysis found a nonunion rate in the nonoperative group to be 11% to 50% versus 0% to 11% in the 
operatively treated group.!“° 


Sesamoids 


Sesamoid stress fracture is a rare and difficult diagnosis to make. This injury must be differentiated from sesamoiditis, bipartite and tripartite sesamoids, 
hallux rigidus, and a painful soft tissue callus.!°° The medial sesamoid is most frequently involved. Because most of the body’s weight is transferred 
through the medial aspect of the first metatarsal during the toe-off phase of activity, the medial sesamoid receives both tensile and compressive stresses.” 
Patients with this injury typically present with pain localized to the plantar surface of the first metatarsal head that is worse upon weight bearing and during 
the toe-off phase of the gait cycle. Pain on palpation, pain with resisted active great toe plantar flexion, and pain at the sesamoids with stretch into full 
dorsiflexion of the first metatarsophalangeal joint are positive indicators on physical examination.!°° Diagnosis of sesamoid stress fracture by x-ray is 
challenging, if not impossible, when the fracture is nondisplaced. Additional imaging, including bone scan or MRI, is often required to identify marrow 
edema and differentiate stress fracture from a bipartite sesamoid. 

Conservative treatment with 6 weeks of non—weight-bearing cast immobilization to prevent dorsiflexion of the first ray is the recommended initial 
treatment.’! Unloading of the first metatarsal head is the primary goal. Consideration should also be given to the use of orthotic devices in the shoe after 
casting. Complete resolution of this fracture and its symptoms may take as long as 4 to 6 months.°? Surgical excision is recommended for delayed union or 
chronic pain. Removal of the entire medial sesamoid may, however, result in weakening of the flexor hallucis brevis insertion on the proximal phalanx, 
resulting in the great toe drifting into valgus. Partial sesamoidectomy has been suggested as an alternative to complete sesamoidectomy to effectively 
resolve symptoms and maintain normal mechanics of the great toe.’! One surgeon’s case series documents 24 patients who failed nonoperative measures 
going on to undergo partial sesamoidectomy with return to play at an average of 11.6 weeks. Only one patient in this cohort developed hallux valgus. 
Surgery is considered to be a last resort and generally should be avoided in athletes.1® 


PREVENTION OF STRESS INJURIES 


Prevention is the ideal treatment of stress injuries of bone. An assessment of the athlete’s risk should be made at preparticipation evaluations, especially in 
those with a history of previous stress fractures.?”’? Correction of amenorrhea in females and calcium and vitamin D supplementation are recommended in 
addition to general nutritional optimization. If biomechanical abnormalities are encountered, the use of appropriately designed orthotic devices should be 
considered as an initial corrective measure. However, gait analysis and appropriate running form and technique changes may be necessary to prevent future 
injuries. 


BIOLOGIC MODALITIES AND FUTURE TREATMENT OPTIONS 


Technologic developments have given rise to the use of biologic treatment modalities for stress injuries to bone. These include the use of electronic bone 
stimulators, pulsed parathyroid hormone (teriparatide), and subchondroplasty. Pulsed electromagnetic fields (PEMFs) and low-intensity pulsed ultrasound 
(LIPUS) are FDA-approved, noninvasive tools that increase the production of substances required for physiologic bone healing.°° PEMF creates a magnetic 
field and a secondary electric impulse activating a series of enzyme reactions that upregulate growth factors such as bone morphogenetic proteins, 
transforming growth factor-B, and calmodulin, leading to bone cell proliferation and fracture healing. LIPUS appears to have a direct effect on ion channels 


for stimulating bone cell activity via mechanoreceptors.°2 

Concentrated bone marrow aspirate (BMAC) uses the patient’s own mesenchymal stromal cells to assist in bone healing. It may offer many of the same 
benefits of autologous bone grafting without much of the morbidity associated. Although some studies have shown benefits in high-risk fractures, 
nonunions, and bone defects, ultimately the process is difficult to standardize and needs more rigorous research before a definitive recommendation can be 
given, 60:86 

Similarly to BMAC, the use of platelet-rich plasma (PRP) has shown some promising results in regard to fracture healing in both human and animal 
models but lacks quality randomized studies to recommend its routine use.°°5155:57.91127 

The effect of teriparatide on fracture healing has been evaluated with mixed results. However, teriparatide was shown to achieve the primary end point 
of accelerated healing with improved early callus formation compared to placebo.® Preclinical studies on rat models have shown that supraphysiologic doses 
of parathyroid hormone demonstrate increased fracture site strength and callus quantity, with greater mineralization at the fracture site.®-86:108 The use of 
extracorporeal shock wave therapy (ESWT) is a noninvasive treatment option for refractory stress fractures. It uses mechanotransduction to stimulate 
osteoblasts to induce bone turnover and also plays a role in local angiogenesis.®° One study by Furia et al. reports outcomes in the treatment of stress 
fractures, delayed unions and nonunions in military personnel to be equal to those of surgical repair.“® 

Electrical osseous stimulation with PEMFs works to increase production of growth factors such as BMPs, transforming growth factor, and calmodulin. 
LIPUS stimulates osteocyte mechanoreceptors activating ion channels, though definitive treatment outcomes are lacking in the literature to recommend its 
use.!3 


SUMMARY 


Stress fractures are common injuries particularly in endurance athletes and military recruits. Diagnosis mandates a high index of suspicion and proper 
imaging studies. A holistic approach to treatment that takes into account the importance of nutritional, hormonal, psychological, and biomechanical factors 
is necessary for treatment success. Stress fracture management should be individualized to the patient or athlete by taking into consideration injury site (low 
vs. high risk) and grade (extent of microdamage accumulation), along with the individual’s activity level, competitive situation, and risk tolerance. The 
Kaeding—Miller Classification System for stress fractures characterizes these injuries based on the patient’s symptoms as well as their position on a 
radiographic continuum of severity. The recommended treatment algorithm further stratifies these injuries as either high- or low-risk based on the 
biomechanical environment in which they are located. High-risk stress fractures are primarily loaded in tension, have a poor natural history, and commonly 
require surgical intervention. Low-risk fractures are most often those loaded in compression, have better prognoses, and are unlikely to progress to complete 
fracture. 
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SUMMARY AND KEY POINTS 


INTRODUCTION 


A pathologic fracture is a fracture that occurs with normal physiologic loading through abnormal bone. If a patient presents with a low-energy fracture in a 
long bone or a fracture that occurred while performing normal activities of daily living, physicians should be alerted to the presence of weakened bone and 
an underlying condition/process within the bone. Appropriate and durable management of these fractures requires thorough evaluation, definitive diagnosis, 
and treatment not only of the fracture but also of the underlying condition weakening the bone. Failure to recognize and treat the underlying condition will 
not only result in failure of fixation/stabilization but, especially in the case of metastatic disease, may adversely affect the patient’s function and life. 

When treating patients with non—cancer-related pathologic fractures, it is best to first establish the underlying diagnosis and separate the underlying 
problem into correctable and noncorrectable conditions. These would include systemic and metabolic conditions such as renal osteodystrophy, 
hyperparathyroidism, osteomalacia, and disuse osteoporosis versus genetic or inheritable conditions such as osteogenesis imperfecta, polyostotic fibrous 
dysplasia (FD), postmenopausal osteoporosis, Paget disease, and osteopetrosis. Each of these conditions is associated with thin, fragile, or brittle bone and 
often with abnormal healing ability. Thus, these patients have increased incidence of fractures, delayed union, and nonunion. If the underlying process is 
correctable, appropriate medical and often multidisciplinary treatment should be undertaken. 

Although osteoporosis and fragility fractures are the most common cause of pathologic fractures, their treatment may require minor modifications of 
fracture care. However, it is the treatment of patients with pathologic fractures secondary to metastatic bone disease that presents a unique surgical challenge 
and requires multidisciplinary approach. This chapter will focus on the evaluation and treatment of patients with impending and pathologic fractures through 
metastatic and primary bone disease. It is important that all orthopaedic surgeons know the basic principle and algorithm of pathologic fracture care because 
most pathologic fractures are not treated by orthopaedic oncologists. 


DEMOGRAPHICS 


Currently, an estimated 10 million Americans have osteoporosis, while another 34 million have osteomalacia and are at risk for developing osteoporosis.°° 
It is a major public health concern for 55% of people who are 50 years or older. Eighty percent of those affected by osteoporosis are women, and 
approximately 2 million people sustain a pathologic fracture related to osteoporosis each year.°° Of patients older than 50 years of age, 24% who sustain a 
hip fracture will die within 1 year.°° One of every two women will have an osteoporosis-related fracture in her lifetime.?” Spine, proximal femur, distal 
femur, and distal radius fractures are the most common locations for pathologic fractures in this population. Other skeletal conditions such as Paget disease 
and osteogenesis imperfecta affect an estimated 1 million and 50,000 people in the United States respectively.°° 

Cancer continues to be the second most common cause of death in the United States, after heart disease. The American Cancer Society predicts a total of 
1.9 million new cancer cases (about 5,370 cases each day) and 609,820 cancer deaths (about 1,670 deaths a day) in the United States in 2023.!2? Although 
studies using the Surveillance, Epidemiology, and End Result database have failed to establish the true incidence of bone metastasis,’”* nearly 50% of these 
tumors will metastasize to the skeleton.’! The most common cancers that metastasize to bone are thyroid, breast, lung, kidney, and prostate, and with 
advances in systemic care, many of these patients are living longer and longer.!*° This increase in survival correlates with an increase in the development of 


bone metastatic disease and pathologic fractures. Pathologic fractures have been shown to occur in 8% to 30% of patients with metastatic cancer bone 
disease and completed pathologic fractures can be a negative predictor of patient survival.*°+ The most common sites of metastasis in the skeleton include 
the spine, pelvis, ribs, skull, proximal femur, and proximal humerus.!44 

Pathologic fractures are associated with significant morbidity and mortality, including pain, spinal cord compression, and decreased quality of life. They 
can be emotionally traumatic to patients as pathologic fractures are definitive evidence that their disease is progressing/has progressed. Several studies have 
attempted to predict which patients might be at a higher risk of pathologic fracture. The Mirels’ score is the most commonly quoted scoring system used to 
predict pathologic fracture? (Table 25-1). It uses criteria such as lesion site, radiographic characteristics, location, and pain to determine which lesions have 
a higher incidence of fracture. It has also been shown to be highly sensitive (>91%) but not specific (35%) for predicting fracture.?™> Although Mirels 
criteria have been shown to be valid, reliable, and reproducible, some authors recommend using the system only as a guide, with heavier weight 
consideration given to mechanical pain and location. Clinical judgment should be used to make a final treatment decision.!!3-!22 

The cost engendered by the management of pathologic fractures is significant. In the United States, the estimated annual cost is 12 billion.!1!412! 
Several studies have compared the benefits of prophylactic fixation of impending fractures versus treatment of complete pathologic fractures and found that 
prophylactic fixation is associated with less blood loss, less operative morbidity, less pain, generally shorter surgery, faster mobilization, easier 
rehabilitation, less in-hospital stay, and decreased mortality.29!2 In addition, Blank et al. have shown that mean direct and total costs were higher in 
patients treated for pathologic fractures compared with those treated prophylactically. This was due to the longer hospital stay, increased narcotic use, 
difficult postoperative rehabilitation, and alternative care facilities on discharge in order to regain functional independence.!4 


EVALUATION OF THE PATIENT WITH AN IMPENDING OR ACTUAL PATHOLOGIC FRACTURE 


CLINICAL EVALUATION 


Systemic workup consisting of a thorough history, physical examination, laboratory test, and radiographic studies (Table 25-2) will identify the primary 
lesion in over 85% of the patients.'!9 


History 


The first step in the evaluation of a patient with a lytic lesion of bone or with a pathologic fracture is a thorough history and physical exam. If a fracture is 
present, ascertain the circumstances surrounding the fracture such as age (>45 years), pain at the site preceding the fracture, level of trauma, history of 
malignancy, and history of previous fractures. The answer to these questions should alert the orthopaedic surgeon that the fracture is pathologict!®144 (Table 
25-3). 


TABLE 25-1. Mirels’ Scoring System 


Points 
Parameter 1 2 3 
Site Upper extremity Lower extremity Peritrochanteric 
Pain Mild Moderate Severe 
Radiographs Osteoblastic Mixed Osteolytic 
Size <1/3 width of bone 1/3-2/3 width of bone >2/3 of the bone 
Score Risk Management 
<7 points 4% Preventive ORIF 
8 points 15% Indication for ORIF 
29 points 233% Indication for preventive 


Data from Mirels H. Metastatic disease in long bones. A proposed scoring system for diagnosing impending pathologic fractures. Clin Orthop Relat Res. 1989;(249):256-264. 


TABLE 25-2. Comprehensive Evaluation of a Patient With a Lytic Bone Lesion 


History: Thyroid, breast, or prostate nodule 

Review of systems: Gastrointestinal symptoms, weight loss, flank pain, hematuria 

Physical examination: Lymph nodes, thyroid, breast, lungs, abdomen, prostate, testicles, rectum 

Plain x-rays: Chest, affected bone (additional sites as directed by bone scan findings) 

99™T¢ total body bone scan (FDG-PET scan in selected cases such as lymphoma) 

CT scan with contrast: Chest, abdomen, pelvis 

Laboratory: Complete blood count, erythrocyte sedimentation rate, calcium, phosphate, urinalysis, prostate-specific antigen, immunoelectrophoresis, and alkaline phosphatase 


Biopsy: Needle versus open 


The force required to cause the fracture and presence of prodromal pain convey information about the underlying bone strength. If present, the pain can 
range from a dull constant ache to an intense sharp pain associated with and/or exacerbated by weight bearing. This is due to stress of the remaining bone 
and the body’s response to accommodate the weakness in bone quality. Patients should be asked specifically about previous cancer diagnoses because, if 
cured, the patient may not volunteer this information. Most metastases occur within 10 years after treatment of the primary tumor however, breast cancer 
can have a long(er) latent period.*” A thorough history of previous treatments is also important because prior treatments to the bone, such as radiation, can 


lead to secondary malignancies or abnormal and weakened bone changes. Standard review of systems and questions about constitutional symptoms such as 
recent weight loss, fevers, night sweats, and fatigue are important. Social history should be probed to ascertain the smoking history, dietary habits, and toxic 
exposures. 


Physical Examination 


A physical examination should start with a careful evaluation of all possible primary sites (breast, prostate, lung, thyroid) and a stool test for occult blood.!“* 
It should include a thorough evaluation of the affected skeletal region. Assessment of swelling, an obvious deformity, warmth, skin changes, palpation of a 
mass is essential. A detailed neurovascular examination of the extremities is critical. Each extremity and its nodal basin should be evaluated for additional 


lesions. 


TABLE 25-3. Factors Suggesting a Pathologic Fracture 


Spontaneous fracture 
Fracture after minor trauma 
Pain at the site before the fracture 


Multiple recent fractures 

Unusual fracture pattern (“banana fracture”)* 
Patient older than 45 years 

History of primary malignancy 


“A “banana fracture” is a transverse fracture after minimal trauma through an abnormal area of bone. It is a frequent pattern in pathologic situations and has the appearance of breaking a 
segment off a banana. 


Laboratory Studies 


Laboratory tests will supply supporting data to generate a solid differential diagnosis. Laboratory tests obtained should include a baseline laboratory profile 
including a complete blood count with manual differential, erythrocyte sedimentation rate (ESR), C-reactive protein, serum chemistries, blood urea nitrogen 
(BUN), serum glucose, liver function tests, protein, albumin, calcium, phosphorus, alkaline phosphatase, serum protein electrophoresis, urine analysis, and a 
24-hour urine collection for urine protein electrophoresis. Patients with widespread bone metastasis may exhibit anemia of chronic disease, hypercalcemia, 
and increased alkaline phosphatase. Anemia is common in patients with multiple myeloma. The urinalysis can reveal microscopic hematuria, which is 
suggestive of a renal cell carcinoma (RCC), and a 24-hour urine collection is necessary for a complete metabolic evaluation. The serum and urine protein 
electrophoreses measure the monoclonal antibody produced by myeloma cells. Both tests are important to exclude or identify multiple myeloma. Additional 
tests to serve as markers for specific tumors can also be helpful. These include thyroid function tests (thyroid cancer), carcinoembryonic antigen (CEA 
colon cancer) CA125 (gynecologic malignancies), and prostate-specific antigen (PSA prostate cancer). Obstructive N-telopeptide and C-telopeptide are 
biomechanical markers of bone collagen breakdown that can be measured in the serum and urine. These markers are used to confirm increased bone 
destruction caused by multifocal bone metastases, measure the overall extent of bone involvement, and assess the response of the bone to bisphosphonate 
treatment.?? 

Approximately 40% of the 75,000 cases of hypercalcemia diagnosed in the United States each year are related to hypercalcemia of malignancy, and this 
is associated with those cancers that most commonly metastasize to bone: lung, breast, kidney, prostate, and multiple myeloma.'!? Although this 
hypercalcemia may be secondary to a paraneoplastic syndrome, it is often simply related to bone destruction from the osseous metastatic disease. However, 
no reliable correlation between the severity of the hypercalcemia and the degree of metastatic bone disease has been established. Patients with lung cancer 
may develop hypercalcemia without obvious bone metastases due to parathyroid hormone-like proteins made by the tumor, yet hypercalcemia in multiple 
myeloma or breast carcinoma correlates with the extent of bone metastases.'!* Clinical hypercalcemia can be seen histologically due to increased 
osteoclastic activity associated with bone metastasis. 

The manifestations of hypercalcemia can vary significantly, and symptoms depend on the level of hypercalcemia as well as how rapidly the calcium 
level is rising. Hypercalcemia of malignancy typically occurs acutely and can have manifestations in the cardiovascular, gastrointestinal, renal, neurologic, 
and/or musculoskeletal system.** While hypercalcemia is rarely the presenting sign of malignancy, when present, it portends a poor prognosis. Sixty percent 
of patients with hypercalcemia will survive less than 3 months, and only 20% will be alive at 1 year. The orthopaedic surgeon managing a patient with 
metastatic carcinoma to bone must be aware of the symptoms, risks, and treatment options for hypercalcemia as it can be lethal if untreated (Table 25-4). 


TABLE 25-4. Signs and Symptoms of Hypercalcemia 


Neurologic: Headache, confusion, irritability, blurred vision 
Gastrointestinal: Anorexia, nausea, vomiting, abdominal pain, constipation, weight loss 
Musculoskeletal: Fatigue, weakness, joint and bone pain, unsteady gait 


Urinary: Nocturia, polydipsia, polyuria, urinary tract infections 


A treatment plan for the patient with hypercalcemia often requires inpatient care. Vigorous volume repletion and diuresis normalize the calcium so that 
the treatment of the underlying cause of the bone resorption, be it treating the primary tumor directly or by using bisphosphonates to reduce osteoclastic 
activity can be performed.?! Correction of any electrolyte imbalance or hypercalcemia should be done before surgery. 


IMAGING STUDIES 


Radiographs 
Plain radiographs are still the gold standard, and evaluating a patient with a destructive lesion of bone should start with 2 orthogonal (AP and lateral) plain 


radiographs of the entire bone.“ Referred pain, pain localized to a distal site, but originating from a more proximal lesion is common, for example, hip 
pathology can manifest as knee pain. Thus, the entire affected bone should be imaged to include the joint above and below. One should examine the 
radiographs and assess bone quality/generalized osteopenia (Table 25-5), cortical thickening, cortical thinning, periosteal reaction, Looser zones, and 
abnormal soft tissue shadows. Both Henry A. Mankin and William F. Enneking, MD developed a series of questions to assist in determining the 
aggressiveness of the lesion (Table 25-6). 


A B 


Figure 25-1. A: Anteroposterior (AP) radiograph of a 57-year-old man with metastatic renal cell carcinoma. Lytic lesion in the proximal femur. B: AP radiograph of 
a 55-year-old man with metastatic prostate cancer carcinoma. Mixed blastic and lytic lesions through the femur. 


Bone lesions specifically bone metastases can be osteolytic or osteoblastic. While osteolytic lesions, which radiographically appear to have less bone, 
have a high risk of fracture, osteoblastic lesions, which appear radiographically dense, are also at risk for fracture. The osteoblastic bone is brittle and lacks 
the strength of healthy bone (Fig. 25-1). Even though they appear harder and more sclerotic it is not normal bone. It is brittle with reduced strength so a 
small cortical involvement can lead to fracture. Enneking radiographically divided bone lesions into latent (inactive), active, and aggressive (see Table 25- 
6). Latent lesions have well-defined margins and are surrounded by a rim of reactive bone. Active lesions have less well-defined margins but may expand 
and thin the cortex. Aggressive lesions are poorly marginated and can destroy the cortex. A permeative or “moth-eaten” pattern of cortical destruction is 
highly suggestive of an aggressive lesion. Apart from giant cell tumor (GTC) of bone and infection, the more aggressive the radiographic characteristics, the 
more likely the lesion is malignant. The differential diagnosis of a lytic lesion of bone in an individual over 40 years of age is metastases, multiple myeloma, 
lymphoma, and infection. However, primary bone tumors, such as a chondrosarcoma, Ewing, undifferentiated pleomorphic sarcoma, or osteosarcoma must 
be ruled out.!4* Misdiagnosis and mismanagement of a primary tumor of bone is associated with a significantly worse prognosis. 


TABLE 25-5. Disorders Producing Osteopenia 


Laboratory Value 


Serum Serum Alkaline 
Disorder Serum Calcium Phosphorus Phosphatase Urine 
Osteoporosis Normal Normal Normal Normal calcium 
Osteomalacia Normal Normal Normal Low calcium 
Hyperparathyroidism Normal to high Normal to low Normal High calcium 
Renal osteodystrophy Low High High 
Paget disease Normal Normal Very high Hydroxyproline 
Myeloma* Normal Normal Normal Protein 


*Abnormal serum or urine immunoelectrophoresis. 


TABLE 25-6. Evaluation of Plain Radiographs 


Question Option Interpretation 


Where is the lesion? Epiphysis vs. metaphysis vs. diaphysis 
Cortex vs. medullary canal 
Long bone (femur, humerus) vs. flat bone (pelvis, scapula) 


What is the lesion doing to the bone (osteolysis)? Total destruction 
Diffuse destruction 
Minimal destruction 


What is the bone doing to the lesion? Well-defined reactive rim Benign or slow growing 
Intact but abundant periosteal reaction Aggressive 
Periosteal reaction that cannot keep up with tumor (Codman Highly malignant 
triangle) 

What are the clues to the tissue type within the lesion? Calcification Bone infarct/cartilage tumor 
Ossification Osteosarcoma/osteoblastoma 
Ground-glass appearance Fibrous dysplasia 


Bone metastasis can be osteolytic, osteoblastic, or mixed. Osteolytic lesions are the most common and occur in metastases from cancers of the lung, 
thyroid, kidney, colon, and breast. Osteoblastic lesions are the most common in metastases from prostate cancer but metastatic breast cancer can appear 
either as osteolytic or osteoblastic. The radiographic appearance of the metastasis is determined by the balance of bone destruction by osteoclasts and bone 
production by osteoblasts. Osteolytic lesions are the result of uncoupling or imbalance in bone remodeling which leads to an increase in osteoclast-mediated 
bone resorption.2°-94:!16117,138,143 There are specific radiographic findings that are highly suggestive of metastatic bone disease; isolated avulsion of the 
lesser trochanter and a cortically based lesion in an adult below the elbow or knee. These lesions should arouse suspicion of metastatic bone involvement 
and risk for fracture, especially in the femoral neck, and should be immediately addressed, and stabilized. 


Nuclear Medicine Studies 


After full radiographic evaluation of the bone lesion, the next step is to assess the overall osseous metastatic load. This can be achieved with a technetium 
bone scan. A technetium bone scan is very helpful in determining the extent of metastatic disease within the skeleton. It is highly sensitive to osteoblastic 
activity. However, it is important to note that a bone scan is sensitive, but not specific, and lesions identified on bone scan should be assessed 
radiographically (Fig. 25-2). In addition, because bone scans detect osteoblastic activity, extremely lytic lesions such as in some cases of renal cell and lung 
cancer, the bone scan can be falsely negative. Bone scans can also be misleading in multiple myeloma. Patients with multiple myeloma should be evaluated 
with a skeletal survey with skull films. A bone scan will also reveal asymptomatic lesions and lesions that are more accessible for biopsy. Positron emission 
tomography (PET) combined with computer tomography has gained favor but the indications for staging patients with metastatic bone disease are not clear 
at present. 104 Fluorine-18-deoxyglucose (FDG)-PET-CT is optimal for identifying small lesions, especially in lung cancer.'3”? PET-CT is also valuable to 
assess treatment response.4~79:100 


Figure 2. A: Bone scan of a 67-year-old woman with metastatic breast cancer, revealing multiple sites of osseous disease. B: AP radiograph of the tibia 
demonstrates that the disease seen on bone scan is sub-radiographic and is not compromising the integrity of the bone. 


Three-dimensional studies can be helpful. An MRI will reveal the intraosseous extent of the lesion within the bone as well as the presence of a soft 
tissue mass. This is particularly helpful if resection of the lesion is desired versus intramedullary fixation. An MRI will also assess the relationship of the 
mass to the neurovascular bundle. For cancer evaluation, an MRI with gadolinium is preferred. A CT scan is not commonly used to evaluate metastatic bone 
disease however it can be quite helpful for preoperative planning in the pelvis and shoulder girdle. 


If the metastatic lesion is suspected, further three-dimensional imaging is needed in an attempt to identify the location of the primary lesion. A CT of the 
chest, abdomen, and pelvis is helpful to investigate the location of the primary lesion. The CT scan should be performed with oral and intravenous 
contrast.’ A mammogram should also be done if breast cancer is suspected; however, in some cases, magnetic resonance imaging (MRI) can be used for 
early detection. 


BIOPSY 


Although a metastasis is the most common diagnosis of a lytic lesion of bone in a patient older than 50, presuming a solitary lesion is a bone metastasis, 
when it is actually a primary bone sarcoma can lead to the wrong operation, extensive contamination and can potentially compromise the limb or life of the 
patient. Initial staging will generate a differential but a solitary bone lesion should be biopsied, a diagnosis established, before surgical intervention. In 
individuals with known history of bone metastases, or multifocal metastatic bone disease, a new biopsy of bone is not necessary. 

While open biopsy remains the gold standard, diagnosis can be achieved with a needle biopsy depending on the availability of expert musculoskeletal 
radiologists and pathologists.‘ A needle biopsy is most helpful when differentiating a carcinoma from a sarcoma. Specific immunohistochemical staining 
may allow determination of the primary site of origin of a carcinoma. However, an open needle biopsy may not be sufficient when ruling out the diagnosis 
of lymphoma or when there is a pathologic fracture through a lytic lesion. In the latter circumstance, the biopsy results can be complicated by blood and/or 
early fracture callus. The fracture should be stabilized initially with traction or a cast to allow preliminary staging studies to be completed. 


If a needle biopsy is nondiagnostic or cannot be performed, an incisional biopsy should be performed using oncologic principles so as not to preclude 
subsequent definitive surgical treatment.”“ The oncologic principles consist of the following: 


The tissue should be obtained from a site near but unaffected by the fracture. 

The incision should be as small as possible. 

The incision should be longitudinal and in line with the extremity. 

Hemostasis must be meticulous. 

Avoid, if possible, placing a drain, but if one is truly needed, it should be placed close to and in line with the incision. 

Tissues contaminated by a postbiopsy hematoma must be considered contaminated by tumor. Following the old adage to “Biopsy every infection, 
culture every tumor,” cultures should always be sent at the time of biopsy to rule out infection, which as the great mimicker, can appear radiographically 
similar to a tumor. If a definitive diagnosis of metastatic disease can be made on an intraoperative frozen section, surgical treatment of the pathologic 
fracture can be performed in the same operative setting. However, if the frozen section is nondiagnostic, it is best to wait for the permanent sections before 
definitively treating the lesion. 

is the authors’ preferred treatment for pathologic fractures, which includes knowledge about the patient’s malignancy history along with 
an appropriate workup to prevent inappropriate treatment of a lesion. 


AP radiograph of a 57-year-old man with metastatic renal cell carcinoma showing lytic lesion in the femoral neck. 


Authors’ Preferred Treatment for Patholo Fractures 


Pathologic fracture 


No known malignancy 
history 


Known malignancy history 


Site-specific axial imaging 
with contrast, radiographs, 
bone scan, CT of chest, 
abdomen, and pelvis with 

IV and PO contrast 


Under current treatment 


Remote history of cancer é 
for malignancy 


Site-specific axial imaging Site-specific axial imaging 
with contrast, radiographs, with contrast and 
and bone scan radiographs 


Resectable disease 


5 : Multiple lesions 
or single site 


Treatment based on Treatment based on 
Biopsy location, disease pathology, Biopsy location, disease pathology, 
patient characteristics patient characteristics 


Algorithm 25-1 Author’s preferred treatment for pathologic fractures. 


IMPENDING PATHOLOGIC FRACTURES 


There are several options for the treatment of bone metastases/impending pathologic fractures and the options depend on both location and histology. These 
options include (1) radiation and/or chemotherapy, (2) prophylactic surgical stabilization and radiation therapy, and (3) minimally invasive 
interventions.””!44 

Impending pathologic fracture is the imminent fracture risk on a preexisting bone lesion that is expected to occur with normal physiologic loading (Fig. 
25-3). However, there is no consensus in the literature on the true osseous or radiographic definition of an impending fracture. In fact, there is disagreement 
in the literature on the best criteria to use to diagnosis an impending pathologic fracture. The current scoring systems consider variables like size, location, 
and treatment response. Factors necessary for the assessment of fracture risk include the radiographic appearance of the lesion and the patient’s symptoms. 
Fidler*® assessed preoperative and postoperative pain in patients with impending fractures and found that among patients with 50% to 75% cortical 
involvement, all had moderate to severe pain preoperatively and none or minimal pain after prophylactic internal fixation. Commonly, a lesion is considered 
to be at risk for fracture if it is painful, larger than 2.5 cm, and involves over 50% of the cortex.!24 The most commonly used scoring system to estimate the 
risk of pathologic fracture is the Mirels’ scoring system.°897 

The Mirels’ scoring system is the best-known validated scoring system. This scoring system takes four variables into account; location (upper limb, 
lower limb, peritrochanter), radiographic appearance (lytic, blastic, or mixed), size of the lesion (less than one-third, one-third to two-thirds, more than two- 
thirds), and pain (mild, moderate, functional). Each parameter is scored from 1 to 3, resulting in a total maximum score of 12. The initial validation study 
retrospectively analyzed 78 metastatic long bone lesions and stratified their fracture risk. Within a 6-month period, lesions with scores of 7 or less had a low 
risk (5%) of fracture, and thus can be safely irradiated, lesions with a score of 8 had 15% risk of fracture, so clinical judgment is required to determine the 
best course of action and lesions with scores of 9 or higher had very significant risk (33%) and thereby prophylactic fixation is recommended. Damron et al. 
found for determining the likelihood of pathologic fracture when the scoring system was used by all the medical subspecialties that treat impending 
pathologic fractures, the overall sensitivity of the scoring system was 91%, which was greater than the sensitivity of using clinical judgment alone. Thus, 
they felt that this tool was helpful in ruling out impending fractures. However, the overall specificity was 35%. The score overestimates the risk of fracture 
which could potentially result in unnecessary procedures in greater than 60% of the patients.2° Several authors have published similar findings.*!)!°° They 


found that only axial cortical involvement of more than 30 mm (P = .01), and circumferential cortical involvement of over 50% (P = .03) were predictive of 
fracture and the Mirels’ scoring system was insufficiently specific to predict a fracture (P = .36). The main issue was with the load-bearing requirements of 
the bone and with the considerable differences in load-bearing requirements between the upper and lower extremities. Strictly following the Mirels’ scoring 
system would result in overtreatment of upper extremity lesion and an undertreatment of femoral lesions. 

The Mirels’ score does not assess patient’s underlying diagnosis, disease load, comorbidities, responsiveness to radiotherapy, prognosis after the 
procedure, or life expectancy of the patient. Several authors have pointed out that the Mirels’ score “does not take into account the functional demands of 
patients, their anticipated longevity, or their baseline osteoporosis” and thus it should not be used alone in a vacuum. They suggested using the Mirels’ score 
in conjunction with assessments of cortical destruction and the overall functional status of the patient.!47 

The Harrington guideline, which has been referred to as the “classic guideline” was developed prior to the publication of the Mirels’ score. It states that 
cortical bone destruction greater than 50%, lesion larger than 2.5 cm, pathologic avulsion fracture of the lesser trochanter, and persisting stress pain despite 
irradiation were the risk factors for impending fracture and thus indication for impending fracture. The presence of these factors was an indication for 
prophylactic fixation of the femur. Although these criteria were first generated for lytic lesions, they were then extrapolated to osteoblastic lesions. While 
straightforward and easy to remember, the Harrington classification has not been validated.!°° 

Investigators have attempted to quantify the risk of pathologic fracture in patients with metastatic bone disease. The risk of pathologic fracture for 
osseous metastases can be defined as the load applied to the bone (the load-bearing requirement) divided by the load at which a bone fails (the load-bearing 
capacity). The load-bearing requirement depends on the patient’s age, weight, activity level, and ability to protect the site. The load-bearing capacity 
depends on the amount of bone loss, modulus of the remaining bone, and location of the defect with respect to the type of load applied.!©? Several authors 
have attempted to estimate the load-bearing capacity of a bone.®°:® They demonstrated in vivo that relative fracture risk could be predicted by a structural 
rigidity analysis using cross-sectional imaging data or by quantitative CT structural analysis. However, neither of these methods is straightforward or 
routinely used in the clinical setting. Others are now attempting to develop reliable and easy-to-use methods of risk assessment. 


A, B C 


Figure 25-4. A, B: AP and lateral radiographs of an impending pathologic of the femur. C: Prophylactic fixation of the femur. 


PROPHYLACTIC FIXATION 


Prophylactic fixation of impending fractures is associated with fewer risks and a quicker return to baseline function (Fig. 25-4). These patients have shorter 
hospitalization (average 2 days), discharge to home more likely (40%), less pain and more immediate pain relief, faster and less complicated surgery, less 
blood loss and therefore less likelihood of blood transfusion, quicker return to premorbid function, improved survival, and fewer hardware 
complications.!876.9 Phillips et al. found greater overall survival between patients undergoing prophylactic stabilization of metastatic femoral lesions 
versus those with fixation of complete pathologic fractures. In addition, elective stabilization also allows all members on the treatment team to coordinate 
medical, radiation, and surgical treatment. 

When the patient is taken to the operating room, the surgical team must be cognizant of the fragile bone and realize that fracture risk is greatest during 
surgical positioning, preparation, and draping. When patients are anesthetized, they cannot protect the affected extremity and must rely on the surgical team 
to proceed carefully. Low-energy fractures will occur after very minor trauma or a twisting movement. The goals of surgical treatment in a patient with an 
impending pathologic fracture are to alleviate pain, reduce narcotic utilization, restore skeletal stability, and regain functional independence.”°!“4 However, 
the decision to proceed with operative intervention is multifactorial and must be individualized. Factors included in the decision making are life expectancy 
of the patient, degree of pain, patient comorbidities, extent of the disease, tumor histology, and anticipated future oncologic treatments. Patients with a life 
expectancy greater than 4 weeks are candidates for lower extremity stabilization. Even if the patient does not return to ambulation, stabilization is associated 
with improved transfers, independence, and hygiene. Patients with life expectancy of more than 3 months are candidates for fixation/stabilization of the 
upper extremity. However, an accurate determination of prognosis is not always possible, and the decision of whether to proceed with surgery should be 
discussed with the multidisciplinary team, the patient, and the patient’s family. 


TREATMENT OPTIONS FOR PATIENTS WITH METASTATIC OR SYSTEMIC DISEASE 


GENERAL CONSIDERATIONS 


Because of the advances in systemic treatment patients with cancer are living longer and thus have more time to develop metastatic bone disease. Advances 
in local modalities including radiation and surgery, have led to a change in the philosophy of the management of these patients from one of palliation until 
impending demise to aggressive and durable palliation to improve the quality of remaining, which may be substantial, life. As stated previously, depending 
on size, location, and histology, the local bone lesion can be treated nonsurgically (radiation, functional bracing, and bisphosphonates) or surgically 
(stabilization with or without resection), or a combination of the two. Fracture healing rates, prognosis, response to radiation, and patient activity 
level/expectations must be considered to determine the appropriate fixation. The underlying disease can lead to decreased fracture healing potential. For 
example, the fracture healing rates for metastasis from multiple myeloma, renal, breast, and lung carcinoma vary widely, and this awareness of this variation 
can be essential for successful preoperative planning and choice of fixation. For example, a fracture through a lesion secondary to myeloma has a much 
greater healing potential than one through a lesion secondary to lung carcinoma, and may require a different approach. 12-42 

Bisphosphonates, which inhibit osteoclast-mediated bone destruction, reduce bone turnover, increase bone mass, and decrease the risk and incidence of 
fracture, are an effective treatment in patients with cancer metastasizing to bone.®!-87,88 Intravenous administration of bisphosphonates has demonstrated 
efficacy in preventing the occurrence of skeletal-related events (SREs), as defined clinically by hypercalcemia, spinal cord compression, pathologic fracture, 
and other conditions requiring surgery or radiotherapy.!°* 

Patients with symptomatic small bone lesions, especially in non—weight-bearing bones, are often candidates for radiation therapy or percutaneous 
management. However, if a patient can protect the limb and limit weight bearing with proper consent/discussion, the larger lesion may be candidates for 
radiation as well. Thorough discussion of the pros and cons of nonoperative treatment should be discussed and documented with the patients. Surgical 
intervention is for large lytic lesions at risk for fracture or for existing pathologic fractures. Postoperatively unless the metastatic lesion is completely 
resected, external beam radiation can be used as an adjuvant treatment for the entire operative field and implant. 133-144 

Patients who present with a pathologic fracture can be medically debilitated and require multidisciplinary care and medical optimization. The 
comprehensive team should include medical oncologists, radiation oncologists, anesthesiologists, endocrinologists, radiologists, pathologists, pain 
specialists, nutritionists, physical therapists, and psychologist/psychiatrists. Reversible issues, like serum prealbumin should be addressed and improved. 
Nutrition is of particular concern; and the patient may require the addition of enteral or parenteral hyperalimentation perioperatively. Patients may have 
relative bone marrow suppression and will require adequate replacement of blood products and perioperative monitoring. Perioperative antibiotic coverage, 
prophylaxis for embolic events, aggressive postoperative pulmonary toilet, and early mobilization are all instituted as standard treatments. 


NONOPERATIVE TREATMENT 


Bracing an impending or actual pathologic fracture is indicated if the patient is not a surgical candidate. Nonsurgical candidates are those with limited life 
expectancies, severe comorbidities, small lesions, or radiosensitive tumors.'* The use of a fracture brace works well for lesions in the upper extremity. 
Patients should limit weight bearing on the affected extremity. A braced lesion may heal with or without radiation therapy, however radiation may provide 
pain relief during the healing process. Lesions most amenable to bracing are those in the humeral diaphysis, forearm, and occasionally the tibia. Patients 
with proximal humeral lesions can be treated with a sling, and those with distal humeral lesions can be immobilized in a posterior elbow splint with or 
without a hinge. If a patient requires their upper extremity in order to ambulate then surgical stabilization will provide better support than a brace. Gainor 
and Buchert*? determined the most important factor affecting union was length of patient survival. Of 129 pathologic long bone fractures, the overall rate of 
fracture healing was 34%; however, it was 74% in the group of patients who survived greater than 6 months. Among different tumor histologies, fractures 
secondary to multiple myeloma were most likely to heal.*9 


OPERATIVE TREATMENT 


Depending on location, size, and histology the local bone lesion can be treated nonsurgically (radiation, functional bracing, and bisphosphonates) or 
surgically, with or without resection or a combination of the two (Fig. 25-5). Fracture healing rates, prognosis, response to radiation, and patient activity 
level/expectations must be considered to determine the appropriate fixation. The underlying disease can lead to decreased fracture healing potential. For 
example, the fracture healing rates for metastasis from multiple myeloma, renal, breast, and lung carcinoma vary widely, and this awareness of this variation 
can be essential for successful preoperative planning choice of fixation and choice of adjuvants. For example, a fracture through a lesion secondary to 
myeloma has a much greater healing potential than one through a lesion secondary to lung carcinoma.!* Multiple myeloma is susceptible to radiation and 
pathologic fractures readily heal. RCC on the other hand should be widely excised when possible. Not only do they tend to be radioresistant but several 
investigator have identified an improvement in cancer-specific survival (4.8 years vs. 1.3 years) when complete metastasectomy was performed.>** 


Figure 25-5. Functional bracing of the upper extremity. 


Pathologic fractures may occur secondary to benign lesions, metastasis, primary bone lesions, or metabolic bone abnormalities. The treatment of 
pathologic fractures is dictated by the etiology of the underlying lesion. Stable and durable fixation is the hallmark of surgical management for pathologic 
fractures secondary to metastatic disease. Depending on the location and amount of bone loss stabilization can be done with internal fixation devices and/or 
prosthetic replacements. Ideally, the reconstruction should allow immediate weight bearing and should be durable enough to last beyond the patients 
expected lifespan.””!44 While all pathologic fractures eventually heal, given sufficient time and disease control, it should be assumed that the fixation 
device used for stabilization will at least initially be loadbearing.*!’ Fixation options include plates and screw, intramedullary devices, or modular 
prosthesis. 

Polymethyl methacrylate (PMMA) is often used when treating metastatic disease to increase the strength of the fixation of both plates and screws and 
intramedullary fixation devices (Fig. 25-6). It not only improves the bending strength of a construct but also the longevity of the fixation.®°!*° In addition, 
the properties of the PMMA are not affected adversely by the radiation.°° Its use in the Masquelet induced membrane technique (IMT) to reconstruct bone 
defects has also been reported. This technique is a two-stage technique to repair segmental bone defects. The first stage consists of implanting a PMMA 
spacer into the defect site. After the spacer induces the formation of a membrane surrounding the PMMA, the second stage involves removing the spacer 
through an incision in the membrane and filling the defect with autologous bone grafting. This technique is rarely used in the setting of malignancy but is a 
viable option for benign bone defects.!2” In the setting of malignancy autogenous bone graft and segmental allografts are rarely used as they do not provide 
immediate structural integrity and have extremely poor rates of healing after radiation. 


Figure 


5. A: AP radiograph of the femur in a 57-year-old woman with metastatic lung cancer. B: Intramedullary fixation distal femur with PMMA 
supplementation. 


When prosthesis is used to replace a joint that is affected by metastatic disease, cemented arthroplasty is considered the standard of care. It has the 
ability to allow immediate weight bearing and improved function. However, cementing is not an entirely benign procedure and has been associated with 
increased surgical time and thromboembolic disease from pressurization of the canal.’»** Larsen et al. did not find statistically significant differences 
regarding function, pain, or complication rates for patients undergoing cemented versus uncemented hip arthroplasty for oncologic disease. However, a 
2018 Musculoskeletal Tumor Society (MSTS) survey by Reif et al.’ revealed no clear consensus on implant choice for cemented versus uncemented 
prostheses, but they did note that when hemiarthroplasty was performed in the metastatic setting. Over 86% of respondents favored cemented 
hemiarthroplasty.* Since the goal is to have the patient weight bearing as tolerated after the surgical procedure, it is the authors preference to use cemented 
arthroplasties as well. 

When prophylactically stabilizing patients with metastatic disease, it is important to stabilize as much of the affected bone as possible. When an 
intramedullary device is indicated, the entire femur, humerus, or tibia should be treated with a statically locked nail.'*°+°* For femoral lesions, historically a 
reconstruction nail would be recommended to stabilize the femoral neck even if no lesion is present there at the time of surgery. Patients with metastatic 
disease often develop subsequent lesions and the reconstruction nail can be helpful in preventing a future pathologic femoral neck fracture. However, Moon 
et al. demonstrated that in 145 femoral lesions stabilized with a prophylactic reconstruction nail, not one developed a lesion in the femoral neck, thus 
potentially obviating the need for reconstruction nails.‘ Retrograde nails should be avoided as they have the potential to contaminate the knee joint. This is 
especially true for malignancies that are radioresistant. 

Surgical adjuvant treatment can be helpful in managing those tumors that are relatively resistant to chemotherapy and radiation therapy. RCC is a 
notable example. Curettage, high-speed burr, and cementation can significantly decreases the tumor burden as these lesions tend to progress despite standard 
medical treatment and external beam radiation.’ °>- Argon beam coagulation and hydrogen peroxide wash after curettage can also extend the treatment 
margin and help eradicate microscopic disease. In most cases, postoperative radiation is often used to prevent growth of the residual microscopic disease. °° 
However, when complete resection with negative margins and joint replacement is performed, the chances of progressive bone destruction from recurrent 
tumor are decreased and radiation may not be necessary.’* 

If not addressed preoperatively, hypervascular metastases from multiple myeloma, thyroid, and renal cancer, can put the patient at risk for life- 
threatening intraoperative hemorrhage. Significant blood loss can occur simply by opening/broaching the canal of long bones. When possible, a tourniquet 
should be used during surgery. However, many metastases occur in locations that preclude the use of a tourniquet. Excessive blood loss can be avoided if 
these vascular lesions are embolized preoperatively. Preoperative embolization should be performed 36 to 24 hours before the surgical procedure. 
Intraoperative hemorrhage can also occur in the setting of open biopsy. This reinforces the importance of complete staging workup and generation of 
differential diagnosis before open biopsy. Open biopsy should be avoided in bone lesions expected to be from thyroid, multiple myeloma, and renal cells. 
For patients with metastatic RCC kidney function may already be compromised thus a careful evaluation of their renal status should be performed and 
intraoperative hydration should be used. 


Twenty percent of osseous metastases occur in the upper extremity with approximately 50% occurring in the humerus. Lesions in the humerus comprise 
16% to 39% of all impending or completed pathologic long bone fractures.**»"°’ Upper extremity metastases can lessen patient’s independence by causing 
significant pain, hindering personal hygiene, self-feeding and meal management, independent ambulation, and the ability to use external aids.'°944 When 
making decisions about treatment of upper extremity metastasis, the benefits to quality of life should outweigh the risks of potential surgery. Contractures of 


the shoulder and elbow are common with or without surgical treatment and continued active therapy should be utilized to improve functional outcomes. 
Gentle pendulum exercises can maintain motion in the shoulder and, with appropriate precautions against using torsion, are safe for most proximal and 
midhumeral impending fractures. Gravity-assisted elbow flexion and extension exercises can also be performed safely by most patients. 


Metastatic lesions to the clavicle and scapula are generally treated nonoperatively with shoulder immobilization, radiation, and/or medical management. 
Occasionally a large, destructive metastasis will occur in the inferior body or articular portion (glenoid) of the scapula and as pain dictates, these areas of the 
scapula can be resected. 


Pathologic fractures involving the humeral head or neck are treated with, depending on bone stock present, a proximal humeral replacement or 
intramedullary rod fixation. If enough bone is available in the proximal humerus, an intramedullary locked device with multiple proximal screws is 
acceptable. The 3.5-mm proximal humerus locking compression plate with PMMA supplementation is also an option for proximal humeral pathologic 
fractures. The plate spares the joint, avoids disruption of the rotator cuff, and maintains shoulder range of motion.*°- As with all pathologic fractures 
PMMA may be required to supplement the fixation. When there is extensive destruction of the proximal humerus or a fracture leaving minimal bone for 
adequate fixation, resection of the lesion, and reconstruction with a cemented proximal humeral endoprosthesis is indicated’’ ( ). This modular 
construct replaces a variable amount of proximal humerus and has a long-cemented stem to protect the remainder of the bone. This is a procedure for pain 
relief and tumor control. Shoulder range of motion and stability are often compromised because of inadequate fixation of the rotator cuff and surrounding 
soft tissue attachments to the metal construct. A synthetic vascular graft or mesh sutured to the glenoid labrum and around the prosthetic humeral head can 
augment the rotator cuff and offer some stability. In the face of distal disease progression, a proximal humeral prosthesis can be modified to a total humeral 
prosthesis. Involvement of the glenoid is rare, so replacement of this articular surface is generally not necessary. The use of reversed geometry proximal 
humeral prostheses that does not rely on rotator cuff musculature is a good option to preserve motion. It has been shown to provide excellent symptomatic 
relief, tumor control, and a pain-free functional range of motion.’°.'°° Like in other locations, postoperative radiation therapy can be used for patients when 
intralesional treatment is performed. 


A = B 


Figure 25-7. A: AP radiograph of a right proximal humerus in a 54-year-old woman with a large lytic lesion. B: Resection of the proximal humerus and 
endoprosthesis reconstruction. 


Humeral diaphyseal lesions or fractures can be surgically treated with locked intramedullary fixation or an intercalary metal spacer.°2°'!* Locked 
intramedullary humeral nails span the entire humerus and provide mechanical and rotational stability. When inserted in a closed fashion, this type of 
fixation allows unrestricted radiation to the shaft without fear of incisional wound breakdown. However, as previously discussed, curettage and cementation 
not only provide some semblance of local tumor control but can also supplement poor bone quality and improve implant stability.°” Intercalary spacers offer 
a modular reconstructive option for large diaphyseal defects?! ( ). They are excellent options for segmental defects, progressive disease, or failed 
instrumentation. They can provide immediate stabilization, excellent pain relief, and early return of function.?”=°° They also provide wide resection as an 


option for addressing a midshaft diaphyseal lesion and if resected with negative margins the need for radiation may be obviated. In addition, use of an 
intercalary spacer leaves the shoulder and elbow joints untouched and thus maintains full motion at these joints. Plate fixation produces good to excellent 
functional results in nonpathologic humeral fractures; however, drawbacks to their use in metastatic disease include the need for extensive exposure of the 
humerus and the inability of the implant to protect the entire bone. Thus, there is a risk, with disease progression, of hardware failure. 


e 25-8. AP radiograph of intercalary prosthesis reconstruction after midshaft resection of a metastatic lesion 


Distal humeral lesions or fractures can be treated with flexible intramedullary nails, bicondylar plate fixation, or resection with modular distal humeral 
reconstruction. Flexible nails, inserted in a retrograde manner through small medial and lateral incisions, offer ease of insertion, the ability to span the entire 
humerus, excellent functional recovery, and preservation of the native elbow and shoulder joints” ( ). Curettage of the distal humeral lesion allows 
open reduction in the case of a fracture and the opportunity to use PMMA in the lesion to gain rotational stability. Orthogonal plate fixation is similar to 
nonpathologic fracture care but, when combined with PMMA, it can provide a stable construct about the elbow. Plate fixation does not protect the proximal 


humerus against a future metastatic lesion or fracture. A distal humeral resection and modular endoprosthetic reconstruction of the elbow is the best option 


A: AP radiograph of the humerus with a lytic in the distal humerus. B: AP radiograph of the humerus with retrograde flexible Ender rod and PMMA 


for massive bone loss involving the condyles. 


cementation. 


Metastases distal to the elbow are unusual, and are the most commonly due to lung, breast, or kidney primary site.°~ Metastatic lesions to the radius and ulna 
can be treated with flexible rods or rigid plate fixation with PMMA supplementation. Pathologic fractures of the radial head can be treated with resection. 
Intralesional surgery is preferred for hand metastasis with curettage, internal fixation, and cementation. Although avoided in metastatic cases, amputation 
may be the best option for distal or extensive lesions. 


The pelvis is the second most common location for metastatic disease. The treatment goals in this location include pain control, local disease management, 
improved stability, functional improvement, and minimal disruption of systemic therapies. High-resolution and additional three-dimensional anatomic 
information can be achieved through computed tomography (CT) scans and MRI imaging. The CT evaluates bone strength and cortical integrity and helps 
evaluate the extent of structural destruction. An MRI can detect small skeletal metastasis which can be helpful imaging tool in preparation for surgical and 
radiation procedures. 

Pelvic resections have been classified by Enneking et al. to facilitate consistent discussions about resection and reconstruction technique.*” The basic 
types are type I, the iliac wing; type II, the periacetabular region; and type III, the obturator region. Metastatic lesions in zones 1 and 3, lesions of the iliac 
wing, superior/inferior pubic rami, or sacroiliac region, do not affect weight-bearing functions nor do not they compromise the mechanical stability of the 
pelvic ring, thus they do not require surgical intervention. Insufficiency fractures caused by osteoporosis or radiation frequently occur in these locations and 


can be managed with protected weight bearing until the pain diminishes followed by assessment of bone density and appropriate medical treatment.***? It 
is the periacetabular (zone 2) lesions that are at greater risk for mechanical failure. 
Harrington developed a classification of periacetabular metastatic disease (see ). The Harrington classification categorizes periacetabular 


metastatic lesions into four classes with corresponding surgical strategies. Harrington class I lesions are contained cavitary defects and can be represented by 
solitary lesion with good prognosis. Harrington class II lesions have a deficient medial wall, but the roof and acetabular rim are intact. The lesions are likely 
pathologic fractures in periacetabular region. Harrington class III lesions have deficient lateral cortices and superior wall and can be represented by a supra- 
acetabular osteolytic lesion. Class IV lesions are solitary metastases lesion that can be resected in an attempted curative procedure. Each class has a different 
surgical strategy. Harrington class I lesions can be managed with intralesional curettage, conventional cemented total hip arthroplasty (THA) combined with 
metal mesh. Class II can be managed with intralesional curettage and reconstructed using an antiprotrusio device. Class II lesions can be managed with 
intralesional excision, acetabular cage with long-screw fixation into the pubis, ilium, or ischium plus or minus cement and Steinmann pins. Class IV lesions 
can be managed with en bloc resection and reconstruction or resection arthroplasty. With these techniques, satisfactory pain relief and function can be 
achieved in 70% to 75% of patients. Complications are common and occur in 20% to 30% of cases. 7’%"""°" Extensive blood loss can be anticipated 
with massive lytic defects. This demanding surgery is best done by surgeons with extensive experience treating this type of lesion. 

Since the multidisciplinary approach to bone metastasis requires a good functioning interaction between orthopaedic surgeon, oncologist, and 


radiotherapist, Capanna and Campanacci developed an algorithm in long bone metastases that has been extrapolated to the pelvis and provides an easy tool 
for all involved specialists to find an adequate treatment. The patients are divided into four classes: (1) solitary lesion with good prognosis, (2) pathologic 
fracture, (3) impending fracture, and (4) other lesions.?! 

When selecting the appropriate treatment for metastatic disease in the pelvis, expected survival, the type and stage of the tumor, visceral spread, the time 
interval from the primary lesion, the risk of pathologic fracture, and the sensitivity to chemotherapy, hormone therapy, and irradiation are considered. 
Depending on the histology, initial treatment can involve activity modification, weight-bearing restriction, radiation therapy, chemotherapy, 
immunotherapy, bone-modifying agents, bisphosphonates, and analgesics. If these treatments fail, if a patient is at high risk for fracture or has a fracture, 
stabilization is necessary. There are several minimally invasive options consisting of cementation, screw fixation, a combination of screws and cement, 
screws and cement and ablation, and photodynamic nail stabilization (Fig. 25-10). While each technique varies in its application, they all offer the benefit of 
pain relief, decrease narcotic use, and stabilization through small incisions. The surgical options for the management of pelvic metastases include 
girdlestone (flail hip), extended THA utilizing Harrington-type reconstruction, extended THA utilizing a cage prosthesis, and porous tantalum implants (Fig. 
25-11). Each of these provide excellent stability, pain relief, and functional improvement.®° Porous tantalum acetabular implants offer an alternate to the 
Harrington fixation. Highly porous tantalum acetabular components successful ingrowth and can provide long-term stability.°” Houdek et al. found that 
porous tantalum provided a more durable construct with fewer complications compared with the cemented Harrington-style technique, even in the setting of 
preoperative radiation therapy. 


Lower-Extremity Fractures 


The femur is the most common long bone to be affected by metastatic disease.!“° The proximal third is involved in 50% of cases, with the intertrochanteric 
region accounting for 20% of cases. Metastatic disease in the femur may cause significant pain because of the high—weight-bearing stresses through the 
proximal region. Pathologic fractures of the femur significantly impact the quality of a patient’s life and threaten their level of independence. Without 
proper surgical intervention, the patient with a pathologic fracture of the femur will be confined to bed, a situation that is medically and psychologically 
devastating. 
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Figure 25-10. A: Axial CT of metastatic disease of the pelvis. B: Cementoplasty of metastatic lesion within the pelvis, with filling of the lytic lesion. C: AP 
radiograph of the pelvis after photodynamic rod fixation of a metastatic lesion of the right hemipelvis. D: CT pelvis reconstruction of the pelvis after photodynamic rod 
fixation of a metastatic lesion of the right hemipelvis. 


The high stresses across the proximal femur, combined with the limited potential for healing, even in low-demand patients, have resulted in a high rate 
of failure for internal fixation devices.'?° It is recommended that both impending lesions and complete pathologic fractures of the femoral head and neck be 
managed with replacement arthroplasty. The development of bone metastasis is a continuous process, so it is important to stabilize as much of the femur as 
possible to avoid future peri-implant failure.**° At a minimum, it is recommended that the tip of the chosen fixation device bypass a given lesion by at least 
two times the diameter of the femur. 


Femoral Neck 


Pathologic fractures of the femoral head and neck rarely heal, and the neoplastic process tends to progress.’* Accordingly, there is a high incidence of 
failure if traditional fracture fixation devices are used. The procedure of choice for patients with metastatic disease to the femoral head or neck is a cemented 
arthroplasty.’"»° The decision to use a hemiarthroplasty versus a total hip replacement depends on a variety of factors, such as previous arthritis, high 
activity levels, cognitive function, and medical comorbidities. The acetabulum must be carefully scrutinized for tumor involvement as it may go 
unrecognized. All tumor tissue should be curetted from the femoral canal before implanting the prosthesis. When there are adjacent lesions in the 
subtrochanteric region or proximal diaphysis, a long-stemmed cemented femoral component should be considered. This will provide distal fixation, prevent 
fractures through any distal lesions and allow full weight-bearing postoperatively. When there are no additional lesions in the femur, the length of the 
cemented femoral stem is controversial. The risk of cardiopulmonary complications from cement monomer or marrow embolization after pressurizing the 
cement and long stem within the canal, must be weighed against the potential risk of future metastasis distal to the tip of the prosthesis if a shorter stem is 
used. -^^ Xing et al. found that reoperation after hip arthroplasty for proximal femur metastases is uncommon and not correlated with femoral stem length. 
Considering the high complication rate associated with a long-stem hip prosthesis, they did not recommend its routine use. >~ However, if long-stemmed 
femoral components are used, it is to inject the cement into the canal after thorough canal preparation, with the distal femur vented and while it’s still in a 
fairly liquid state. 4> 


AP radiograph of the hip after cage reconstruction of a metastatic lesion within the acetabulum. 


Intertrochanteric Region 


Traditional fixation of an intertrochanteric fracture with screw and side-plate fixation has a high rate of failure when used in the setting of metastatic bone 
disease, even when supplemented with PMMA and postoperative radiation. The standard of care in this location is intramedullary fixation or prosthetic 
replacement.’*° The choice of fixation in this region of the femur depends on the tumor type, extent of the lesion, and whether the lesion is radiosensitive. 
An intramedullary reconstruction device will allow the highest level of function and is recommended, depending on the tumor type and if there is sufficient 
remaining bone stock in the femoral head and neck. A cephalomedullary nail protects the femoral neck and is used for all metastatic lesions or pathologic 
fractures of the intertrochanteric region when an intramedullary device is indicated. If the destruction is more extensive, a cemented calcar-replacing 
prosthesis may be required ( 5-12). The same issues arise related to the length of the femoral stem as discussed in the previous section. 


Subtrochanteric Region 


The subtrochanteric region of the femur is subjected to forces of up to four to six times body weight and plate and screw fixation of metastatic fractures in 
this area will usually end in failure. Statically locked intramedullary fixation with or without PMMA will stabilize the area and provide weight-bearing 
support.’*’ Even impending fractures should be statically locked, as the lesion can fracture later, causing shortening of the femur. A modular proximal 
femoral prosthesis is reserved for cases with extensive bone destruction or used as a salvage device for failed internal fixation.*™> It can also be used when a 
wide resection is necessary for a pathologic fracture through a primary bone sarcoma. Potential disadvantages include increased rates of postoperative 
infection, dislocation, and loss of hip flexor and abductor strength that often results in a Trendelenburg gait. However, despite the high complication rate, 
patients are allowed immediate weight bearing. A bipolar head or unipolar is used if the acetabulum is not involved with metastatic disease.'-” Excellent 
pain relief and local tumor control can be obtained after tumor resection and prosthetic reconstruction. 


Femoral Diaphysis 


Pathologic fractures of the femoral diaphysis are treated most effectively with a statically locked cephalomedullary nail, with or without PMMA."4°!°- Plate 
fixation, although more rigid, requires significant surgical exposure, and the plate does not protect the entire bone and is prone to failure with disease 
progression. Cephalomedullary nail fixation protects the entire bone and is technically simple, especially when performed prophylactically. A trochanteric 
or piriformis entry point can be used, and the canal should be slowly overreamed by at least 1 to 1.5 mm to avoid high-impaction forces during rod 
placement.*” Because the device will be load-bearing if the fracture does not unite, a nail with the largest possible diameter should be used along with 
multiple interlocking screws. The field for postoperative radiation should encompass the entire implant. Several studies have looked at the use of the RIA 
(reamer, irrigator, aspirator) device (Synthes USA) and whether reaming has a role in the development of metastatic pulmonary disease. Cipriano et al. 
showed that this method may decrease the systemic dissemination of malignant cells, although further studies are needed to show improvement in survival 
outcomes.-° Metastatic diseases are often multifocal, affecting both lower extremities and it recently has been shown that simultaneous nailing of impending 
and pathologic femur fractures can be performed with relatively low mortality and complication rates, irrespective of whether the patients had impending or 
complete pathologic fractures. 


2. A: AP radiograph of the left proximal femur in a 61-year-old man with lung cancer and impending pathologic fracture of the femoral neck. B: AP 
radiograph shows a cemented calcar replacing prosthesis. 


Supracondylar Femur 


The choice of fixation for pathologic supracondylar femur fractures depends on the extent of local bone destruction and the presence of additional lesions in 
the femur. The distal lesions are a challenge due to fracture comminution of the metaphyseal bone and poor bone stock, especially in older patients. Options 
include lateral locking plate fixation supplemented with PMMA or a modular distal femoral prosthesis! (Fig. 25-13). As stated previously, a retrograde 
nail is not preferred. It has the drawback of potentially seeding the knee joint with tumor and failing to provide fixation to the entire bone. The locking plate 
provides stable fixation after curettage and cementation of the metastatic lesion. The modular endoprosthesis is the optimal choice for local control when 
there is massive destruction of the femoral condyles, as it allows the lesion to be resected en bloc.38 


Tibia 

Metastases distal to the knee are uncommon but, for proximal tibial lesions, similar principles should be used as for lesions in the supracondylar femoral 
area. A periarticular locking plate with PMMA after thorough curettage of the lesion is generally sufficient. Extensive lesions may require a modular 
proximal tibial prosthesis. Tibial diaphyseal lesions and fractures should be managed with a locked intramedullary device or an intramedullary device with 
PMMA supplementation. Various techniques can be employed for pathologic fractures of the distal tibia, but standard internal fixation methods are 


generally advised supplemented with generous use of PMMA to augment the construct.?~®* The treatment of foot and ankle lesions must be individualized 
to maintain maximal function.° 


Spinal Fractures 


Between 5% and 10% of patients who die of metastatic carcinoma will have microscopic disease in their spine. The metastases most commonly involve the 
vertebral body rather than the posterior elements. Most of these patients will not have clinically significant spine disease during their lifetime and will not 
need treatment specific to this location. These lesions are often discovered incidentally on a bone scan during a routine metastatic workup in a patient with 
known cancer. However, if the disease progresses, it can cause moderate to severe pain and neurologic compromise. Occasionally, the onset of pain is 
sudden following a pathologic compression fracture. 

When the patient does not have a history of cancer, it must be determined whether the compression fracture is secondary to osteoporosis or metastasis. If 
the patient has a history of cancer or if the patient’s current symptoms, physical examination, laboratory studies, or imaging suggests a primary carcinoma 
or myeloma, the patient should be evaluated for a compression fracture caused by metastatic disease. It is imperative to evaluate for spinal metastasis in any 
cancer patient with back pain. A delay in diagnosis can allow progression and possible neurologic compromise, leading to permanent functional deficits. 
Patients with a suspected malignancy should have a biopsy, but others should be treated symptomatically. If a patient treated for an osteoporotic 
compression fracture does not respond to the treatment or if there is progressive destruction of bone, a biopsy should be performed. Percutaneous CT-guided 
needle biopsy of vertebral lesions can be performed with local anesthesia and intravenous sedation. 


gure 25-13. A: AP radiograph of comminuted pathologic fracture of the distal femur. B: AP radiograph of distal femur after resection and endoprosthesis 
reconstruction. C: Clinical photo of the endoprosthesis. 


The classic plain radiographic finding in metastatic involvement of the spine is loss of a pedicle on an anteroposterior view. The winking eye or winking 
owl sign describes this appearance. When a pedicle is absent it is almost always due to a bony metastasis. The usual appearance of the pedicles, on AP 
projection is that of two eyes, as one pedicle is destroyed, it then appears like one eye is open and the other is winking or shut. MRI with gadolinium can be 
used to differentiate an osteoporotic compression fracture from one caused by a malignant lesion.'°’ When there is complete replacement of the vertebral 
segment, multiple vertebral body lesions, pedicle involvement, and an intact intervertebral disk, metastatic disease is the most likely the diagnosis. Some 
patients with myeloma, lymphoma, or leukemia may present with osteopenia of the vertebra. To determine if the patient has a hematologic malignancy, a 
bone marrow aspirate should be considered. Most of these patients will have systemic findings (e.g., weight loss, fatigue, fever). If a metastatic lesion in the 
spine is identified, the patient is at risk of having additional skeletal lesions. 

Treatment options for patients with symptomatic metastatic disease to the spine include nonoperative management with radiation, corticosteroids, and/or 
bracing; minimally invasive techniques, such as kyphoplasty and vertebroplasty; and surgical treatment with adjuvant radiation.**°”!** Scoring systems 
for the evaluation of patients with vertebral metastasis have been reported, but no system has been universally adopted to guide treatment.°”’’* Quality of 


life must be considered as these are painful lesions, but surgical treatment is often a major undertaking that has significant morbidity and may require a 
prolonged recovery.” 

Symptoms from a vertebral compression fracture caused by osteoporosis are minor and can be successfully controlled with temporarily decreasing 
activity or bracing. If the patient has asymptomatic vertebral metastases that are not at risk for pathologic fracture, systemic treatment can be used to address 
the primary and metastatic disease. Regular imaging of the spine should be performed to ensure that any disease progression is identified quickly. Often, 
early recognition of a spinal metastasis allows pain relief with nonoperative management. If the patient has pain but no neurologic compromise or risk of 
fracture, radiation treatment is indicated. Radiation is also used for radiation-sensitive tumors such as lymphoma or myeloma even when they present with 
neurologic compromise. The tumor response is usually sufficiently rapid such that the risk of permanent neurologic loss is no higher than that seen after 
surgical decompression. It is important to determine on MRI if the cord compression is secondary to tumor or retropulsion of a bony fragment. When it is 
minimal or no bone destruction, but cord compression is caused by tumor extension, emergent radiation is recommended.!!! The patient should also be 
treated with a short course of high-dose corticosteroids to reduce edema surrounding the tumor that contributes to compression and neurologic damage. 
Other indications for radiation of vertebral metastasis include patients with medical comorbidities precluding surgery, patients with 6 weeks or less to live, 
and those with multilevel disease. If the cord compression is due to a retro-pulsed bony fragment, surgery is an option, as radiation alone will not affect the 
location of the fragment. Radiation should be added to improve local disease control when patients are treated with surgery.!*? More recently, stereotactic 
radiosurgery (SRS), a form of radiation therapy that focuses high-power energy on a small area of the body, has been shown to be very effective in 
treatment and management of spinal metastases. Cyberknife is a computer-assisted, minimally invasive procedure that can be performed as an outpatient in 
only one to three sessions and serves as another alternative to major surgery.°! Cyberknife focuses small beams of radiation into the tumor from many 
different directions via a robotic arm. It destroys tumors with extremely precise manner with very intense doses of radiation while minimizing damage to the 
surrounding healthy tissue, offering accuracy “akin to the sharpness of a surgeon’s scalpel.” It not only can be used in patients who have had prior external 
beam radiation, but it can be used more than once. Cyberknife has provided effective pain relief in patients with spinal metastases.°!:108 

Indications for surgical treatment of vertebral metastasis include a progression of disease after radiation, neurologic compromise caused by bony 
impingement or radioresistant tumor within the spinal canal, an impending fracture, or spinal instability caused by a pathologic fracture or progressive 
deformity. The goals of surgery are to maintain or restore neurologic function and spinal stability. 

When surgical treatment is necessary to relieve compression of the spinal cord, decompression and stabilization are required. Before surgery, MRI is 
used to verify the level of the lesion and rule out the possibility of compression at additional levels. A preoperative angiogram with embolization of feeder 
vessels should be considered in patients with highly vascular metastasis, to reduce intraoperative blood loss and facilitate exposure." Relief of symptoms 
can often be accomplished via a posterior decompression and fusion using instrumentation.* When there is anterior collapse of the vertebrae and anterior 
compression of the spinal cord resulting in kyphosis, the patient is also treated with an anterior decompression and stabilization.**-°9*-’4 When the posterior 
elements are involved with tumor and the cord is compressed anteriorly, the patient should have an anterior decompression with posterior stabilization and 
fusion.!5! Internal fixation is indicated to provide immediate stability for all but the most limited decompressions. In recent years, there has been 
considerable improvement in the implants used to manage structural deficiency of the spine, including pedicle screws, cages, and more sophisticated plates 
and rods. Specific techniques for anterior and posterior decompression and stabilization, including the use of modern instrumentation systems, are described 
in the literature.**-!3! Surgical implants made of titanium allow easier assessment of recurrent disease on MRI. As patients live longer with their metastatic 
disease, aggressive surgical treatment of spinal lesions can enhance quality of life. However, the magnitude of the operative procedure should not exceed the 
patient’s chance of surviving the surgery or the surgeon’s level of competence. 


Kyphoplasty or Vertebroplasty 


Minimally invasive treatments for metastatic disease to the spine have been used to control pain in patients who have developed compression fractures.2°!24 


Vertebroplasty or kyphoplasty can be used for pathologic vertebral body fractures caused by osteoporosis, metastatic carcinoma, or multiple myeloma. The 
literature suggests that the results are similar in patients with malignancy versus osteoporosis, although these procedures have not been directly compared. 
Indications include patients with stable compression fractures who have normal neurologic function but persistent pain. One technique, vertebroplasty, 
involves percutaneous direct injection of PMMA through the pedicle to maintain and seal the vertebral body and stabilizes the vertebral height. Kyphoplasty 
reconstitutes vertebral height by expanding the compression fracture with a balloon before injecting the PMMA. Reported complications include extrusion 
of cement around the neurologic structures leading to neurologic compromise, so this procedure should only be performed after careful consideration of the 
risks and is typically reserved either for patients who cannot undergo surgery or for palliative purposes. 


COMPLICATIONS 


Because patients with pathologic fractures are often older with several associated comorbidities, the likelihood of perioperative complications is increased. 
These patients have the same risks as those with nonpathologic fractures when they consent to surgical treatment, but some complications are more likely in 
patients with widespread cancer. Two of the most concerning complications are tumor progression with resultant hardware failure and cardiopulmonary 
compromise. 

Bone metastases that are unresponsive to chemotherapy and radiation will continue to cause lysis of the bone and can cause the existing hardware or 
prosthesis to become load-bearing rather than load-sharing. Using the principles of surgical treatment outlined in this chapter will minimize the risk of 
hardware failure, but inevitably some constructs will fail, especially with increasing patient longevity. The salvage of failed reconstructions must be 
individualized, but modular endoprostheses can frequently be used to salvage failed intramedullary fixation.”! With tumor recurrence, an amputation may 
also be considered for palliative and curative intent. Again, the patients’ lifespan and general health must be favorable before they are indicated for a 
prolonged procedure. 

Cardiopulmonary compromise is a noted risk in patients with bone metastasis. Many of these patients have pulmonary metastases or primary lung 
tumors that can compromise lung function. Some patients will have a surgical procedure to stabilize a pathologic fracture and fail postoperative attempts at 
extubation, thus remaining in an intensive care unit for a prolonged time. The placement of long-stemmed cemented femoral prostheses or prophylactic 
femoral or humeral nails must be done carefully to avoid embolic events. The orthopaedic literature details how thorough canal preparation (brushing, 
irrigation, and careful suction of the canal in addition to slow reaming and possibly “venting” distally) helps to decrease this complication.!°?5 Fat 
embolism and fat embolism syndrome (FES) are common complications following long bone fractures. The sequelae of fat embolism can affect the 
functioning of other organs. The full-blown systemic manifestation is referred to as FES.°° Radiographically, FES is diagnosed through the appearance of 


ground glass opacities and thickened interlobular septa on chest CT and on MRI ischemic microlesions in the brain.!9 It is unclear from the available 
literature whether the actual incidence of fat emboli is increased during placement of intramedullary rods or long-cemented femoral stems in patients with 
malignancy compared to those without cancer. However, patients with cancer are hypercoagulable and are less likely to be able to compensate for fat emboli 
to the lung due to their significantly reduced cardiopulmonary reserve than are patients without cancer especially if they have primary or metastatic 
pulmonary disease. 


ADJUVANT RADIATION AND MEDICAL TREATMENT 
External Beam Radiotherapy 


External beam radiotherapy (EBRT) continues to be the mainstay to treat pain secondary to bone metastases, halt the progression of bony destruction, and 
facilitate healing of an impending pathologic fracture. It is a reasonable alternative to surgical treatment for certain lesions. When the endpoint is pain relief, 
local radiation therapy typically results in partial relief in over 80% of patients with bone metastasis and complete pain relief in 50% to 60% of cases.’ 
Variability in response rates depends on multiple factors, including the histology and location of the lesion. The onset of symptomatic relief usually occurs 
in the first 1 to 2 weeks, but maximal relief may take several months. There are several radiation treatment regimens for bone metastases and these 
fractionation schedules may provide significant palliation of symptoms and/or prevent the morbidity of bone metastases. Both prospective studies and 
retrospective data have shown that retreatment of previously irradiated osseous lesions can be safe and effective.®° Standard of care is 30 Gy in 10 fractions 
or 20 Gy in 5 fractions and more recently single-fraction radiotherapy with 1 x 8 Gy may be considered.!!° However, even the most recent SBRT in one to 
five fractions has been shown to relieve pain and decrease symptoms for the treatment of bone metastases.!°? Radiographic changes/improvements are 
generally seen 2 to 3 months after radiation. Radiation is used in the postoperative setting to increase local tumor control after surgical stabilization. 
Retrospective data have shown that postoperative radiation improves limb function and decreases the rates of second orthopaedic procedures.!*° The 
majority of patients in this study had the entire prosthesis or internal fixation device included in the treatment field. Radiation can usually begin 2 weeks 
after the surgical procedure if there are no wound complications. Treatment should be individualized and directed based on the risk of recurrence and 
expected lifespan. 


Systemic Radionucleotides 


Systemic therapy for bone metastasis using radioactive bone-seeking agents provides palliation of bone pain. It may be appropriate for widespread bone 
metastases when more traditional forms of radiation have reached their limit or when standard radiation techniques are not feasible because of surrounding 
normal tissue tolerances. Strontium-89 is used clinically and preferentially taken up at sites of active bone mineral turnover, similar to bisphosphonates. 
There is a greater uptake of the radionucleotides in metastatic lesions than in normal bone. A systematic review of the published literature on palliation of 
painful bone metastasis with radiopharmaceuticals revealed better pain relief with fewer sites of disease using strontium-89 compared to placebo or local 
radiation therapy.!" 


Bisphosphonates 


Bisphosphonates bind preferentially to the bone matrix and inhibit osteoclastic bone resorption. Receptor activator of nuclear factor kappa-B ligand 
(RANKL) on osteoblasts acts as an activator of osteoclast function. Bisphosphonates act as a competitive inhibitor of RANKL and thus decrease the depth 
of resorption cavities at osteoclastic binding sites, inhibit osteoclastic function, alter the morphology of the osteoclast ruffled border, and inhibit maturation 
and recruitment of osteoclasts from the monocyte/macrophage cell line. They promote osteoclast apoptosis, and there is some data to suggest direct effects 
on tumor cells. Intravenous bisphosphonates have been used with success to treat bone pain and hypercalcemia in breast cancer, and they are most 
commonly used as an adjunct to other systemic therapies.®° 

There have been multiple well-organized studies that document a decrease in the time to SREs as well as a decrease in the rate of these events in patients 
with bone metastasis treated with various bisphosphonates.°!-87-88 Not all carcinomas respond equally to bisphosphonates. Although bisphosphonates have 
been shown to reduce the rate of SREs in renal cell patients with bone metastases, metastatic renal cell, and thyroid carcinomas do not respond as well as 
metastases due to breast and prostate carcinoma.!*° Therefore, surgical decisions should be based on the imbalanced response and the risk of local 
recurrence. 


CONTROVERSIES AND FUTURE DIRECTIONS 


The main controversies in the management of patients with metastatic bone disease are (a) the specific characteristics that define an impending fracture, (b) 
the ideal length of a cemented femoral stem in patients with metastatic disease about the hip, and (c) the surgical treatment of patients with a solitary 
metastasis. 

There is literature to suggest that wide resection of a solitary RCC metastasis leads to increased survival.’*!28 However, these data have not been shown 
to be applicable to metastatic disease from other primary sites. The study recommending resection of solitary RCC metastasis was conducted before 
widespread use of PET scanning, which allows discovery of smaller foci of active disease. It is likely that many patients presumed to have solitary 
metastasis would have additional sites of disease if screened with PET imaging. However, a patient with a solitary metastasis of any origin who has been 
tumor-free for several years should be theoretically considered a candidate for a resection. RCC and follicular thyroid carcinoma are the two tumor types 
most likely to produce isolated bone metastasis years after treatment of the primary tumor. 

Interventional radiologists are working more closely with orthopaedic surgeons to manage patients with bone metastasis. These minimally invasive 
techniques are ideal for the patients who have failed to respond to prior treatment or who are considered to be poor surgical candidates or poor candidates 
for narcotic medication or radiation. Image-guided, minimally invasive, percutaneous thermal ablation of osseous metastases can result in significant pain 
palliation, prevention of SREs, and durable local tumor control.°° The primary intent of thermal ablation is to induce tissue necrosis and cell death by 
substantially decreasing (<-20 °C to -40 °C) or increasing (>60 °C) temperatures within the targeted tumor.° There are several thermal ablation techniques 
used for the treatment of osseous metastases. Cryoablation (CA) and radiofrequency ablation (RFA), are the most used techniques but newer techniques 
such as microwave ablation (MWA), laser ablation (LA), and MRI-guided focused ultrasound (MR-FUS) are getting traction. These techniques provide an 
adjuvant or even an alternative to external beam radiation or surgery.°!°” Each ablation modality has advantages and disadvantages and which modality is 


chosen for a lesion is based on tumor size/morphology, tumor location, documented outcomes, and preference of the interventional radiology team. All 
thermal ablation techniques are minimally invasive and require the placement of percutaneous needle/probe into the target tissue. Both RFA and MWA are 
generally limited to smaller tumors, around 3 and 5 cm. They are also the quickest, taking approximately 15 to 20 minutes. Cryotherapy takes a bit longer, 
about 20 to 25 minutes for the freezing and then another 5 to 15 minutes for the thaw and to allow the probes to be removed. Cryotherapy and MWA have 
better energy conduction through cortical or very sclerotic bone.!>°9 Several studies have shown the efficacy and long-lasting pain relief of these techniques 
for the treatment of bone metastases.?”>2 


TREATMENT OPTIONS FOR PATIENTS WITH PATHOLOGIC FRACTURES THROUGH PRIMARY 


BONE TUMORS 


BENIGN BONE TUMORS 


Benign bone tumors occur most commonly in children and young adults. Most tumors are slow-growing and can gradually enlarge until the patient reaches 
skeletal maturity. Once at skeletal maturity these generally ossify and remodel. Inactive lesions do not require surgical treatment. While the healed lesion 
does not require treatment when the lesion is growing, as the patient is growing it may require treatment. These lesions often require intralesional curettage 
with or without bone grafting or PMMA, to remove the tumor and allow healing of the underlying bone. A pathologic fracture through a benign bone tumor 
can change the course of treatment, but pathologic fractures in this age group are not uncommon. 

In general, the treatment of a pathologic fracture through a benign bone lesion depends on the activity of the underlying lesion. Most can be treated 
nonoperatively in a cast until the fracture heals. Once the fracture heals the lesion can be addressed. In cases where the fracture is poorly reduced, the 
fracture is open or there is tumor progression, surgery may be indicated. The treatment of pathologic fractures in the context of specific benign bone tumors 
is discussed next, however, the reader is referred to comprehensive musculoskeletal oncology textbook to learn more about the diagnosis and treatment of 
individual tumors. 


Unicameral Bone Cyst 


The most common location for unicameral bone cysts (UBCs) is in the proximal humerus (69.2%) followed by the proximal femur (16.2%).°*4 A 
pathologic fracture is the presenting complaint in two-thirds of patients with a UBC.”° In latent lesions and in postpubertal patients these fractures tend to 
stimulate healing of the cysts and thus have better clinical results than in active lesions and those in younger patients. Even if healing is not complete, the 
healing of pathologic fractures in proximal humerus UBCs can dramatically decrease cyst size.** Occasionally these fractures stimulate healing of the cyst. 
The fracture should be allowed to heal before local intervention is initiated. These are several treatment options for those UBCs that do not heal 
spontaneously and these include decompression of the cyst with screws or nails, intracavitary injection of steroids and autologous red bone marrow, 
intralesional curettage and bone grafting or flexible intramedullary nailing with or without use of bone marrow and/or bone substitute. A displaced fracture 
through a proximal femoral UBC in a child usually requires open reduction internal fixation and bone grafting. 


Aneurysmal Bone Cyst 


Aneurysmal bone cysts (ABCs) represent 1% to 6% of all primary, benign bone tumors and generally occur in patients younger than 20 years of age. They 
are rapidly growing benign bone tumors located in the metaphysis of a skeletally immature patient.2° Both the radiographic and histologic differential 
includes telangiectatic osteosarcomas, thus a definitive diagnosis is important before initiating local treatment. These lesions can be very expansile but, 
pathologic fractures are uncommon. The most common localization is the metaphysis of long bones and the posterior part of spine. The lesions that occur in 
the posterior elements of the spine can cause neurologic compromise. The treatment options include intralesional curettage with or without adjuvants, wide 
resection, embolization, percutaneous intralesional injections doxycycline foam, injection of bone marrow, CA, or the systemic application of denosumab or 
bisphosphonates.** A pathologic fracture might require internal fixation at the time of curettage. 


Eosinophilic Granuloma 


An eosinophilic granuloma is a solitary lesion in the spectrum of disease known as Langerhans cell histiocytosis. It is a benign bone tumor, and affected 
patients present with pain. This tumor can cause collapse of a vertebral body (vertebra plana) and neurologic symptoms. Patients with symptomatic vertebra 
plana are braced, and eventually, the vertebral height is restored without surgery.!©° For extremity lesions that do not spontaneously resolve, the standard of 
care is an intralesional corticosteroid injection. Open curettage is reserved for selected lesions that fail to respond or are unsuitable for steroid injection 
because of the size, location, or aggressiveness of the lesion.!°! Pathologic fractures are rare however they too should be allowed to heal before performing 
a needle biopsy and injection, so the fracture callus does not confuse the histologic picture. 


Nonossifying Fibroma 


Nonossifying fibromas are extremely common lytic lesions in young patients that spontaneously resolve after skeletal maturity. They are most commonly 
found about the knee and the distal tibia; however, the majority are found incidentally, the exact incidence is unknown. Nonossifying fibromas are generally 
asymptomatic, but large lesions can fracture. Patients with multiple lesions have a higher risk of fracture. Pathologic fractures can be treated with closed 
reduction and cast immobilization then/or open reduction internal fixation and bone grafting.°’ If the lesion persists after fracture consolidation, curettage, 
and bone grafting can be performed if necessary. If a fracture is unstable and cannot be reduced in a closed fashion, curettage and bone grafting are 
combined with internal fixation. 


Enchondroma 


Enchondromas are benign cartilage tumors that are asymptomatic unless associated with a pathologic fracture.!2° These lesions, when they occur in long 
bones, rarely fracture. However, lesions in small bones of the hand and foot are prone to pathologic fractures. Some advocate nonsurgical treatment of these 
lesions, as the fracture occasionally stimulates resolution of the enchondroma. Most agree that surgical intervention, if performed, should be delayed until 
the fracture has healed.'°* Occasionally, other factors (such as a tendon avulsion fracture through a phalangeal enchondroma) may prompt urgent surgery. 
Surgical treatment of the enchondroma eliminates the future risk of pathologic fracture and avoids progressive deformity. Whether to perform a bone graft 


to the defect after curettage remains controversial. 


Fibrous Dysplasia 


ED is defined as a developmental abnormality rather than a true neoplasm and occurs in both monostotic and polyostotic forms.°° Most solitary lesions of 
FD are asymptomatic, but patients can present with a painful pathologic fracture or a bowed extremity. In the polyostotic form, lesions involve multiple 
areas of a single bone or multiple bones in one extremity, and fractures occur in 85% of these patients. The sequential microfractures can result in 
progressive deformity that in the proximal femur produce the classic shepherd’s crook varus appearance deformity. 

Pathologic fractures or symptomatic lesions in the upper extremity and spine can be treated nonoperatively, whereas lower extremity fractures usually 
require internal fixation.°> Extensive areas of FD in high-stress weight-bearing areas are treated with prophylactic internal fixation. The lesion should be 
biopsied at the time of surgery to confirm the diagnosis before proceeding with intramedullary fixation to stabilize long bones. The goal is to strengthen and 
straighten the bone, not to resect the lesion. If bone graft is used, it should be allograft and not autograft. Autograft has the same genetic abnormality as the 
dysplastic bone and thus will not heal properly. Fibrous dysplasia heals as fibrous dysplasia. Internal fixation only provides mechanical support and pain 
relief, but it does not alter the disease process. Another option is medical treatment with bisphosphonates alone or in combination with surgery.®° Chapurlat 
et al. found that intravenous bisphosphonates are an option to treat persistent, moderate to severe bone pain of FD, however, the treatment endpoint remains 
unclear.?? 


Giant Cell Tumor 


GCT is an aggressive benign bone tumor that occurs in young adults. Ten percent of patients present with a pathologic fracture. In patients whose adjacent 
joint can be preserved, the GCT should be treated with thorough curettage and bone grafting or cementation.!** High-seed bur and adjuvant therapy (argon 
beam, phenol, cryosurgery) has been shown to significantly decrease the recurrence rate.’ Internal fixation is often necessary after a pathologic fracture as 
there is usually extensive bone loss and deformity. Adjuvant treatment with phenol or cryosurgery should be used with caution in patients when a pathologic 
fracture is present and the option of argon beam coagulation may be the best option. Adjuvant treatments such as high-speed burr, argon beam, 
phenolization, cryosurgery, and cementation have been shown to lower local recurrence rates. They each extend the microscopic margin of the procedure. 
Curettage and bone grafting or cementation are the may stays of treatment and resection and reconstruction are reserved for very large metaphyseal— 
epiphyseal tumors with very little bone stock or very poor bone quality. 


MALIGNANT BONE TUMORS 


Primary malignant bone tumors are treated with a combination of surgery, chemotherapy, and/or radiation. Multiple myeloma is a primary malignant bone 
tumor with a systemic presentation that occurs in older patients. Pathologic fractures in patients with myeloma, lymphoma, and metastatic carcinoma can be 
treated with fixation through the tumor as they are systemic diseases treated primarily with chemotherapy and radiation. The overall survival of these 
patients is not influenced by palliative surgical stabilization. A serious mistake is to assume the fracture is secondary to metastatic carcinoma and place an 
intramedullary rod through the lesion. Diagnosis must be obtained prior to surgical stabilization. 

Primary malignant bone tumors such as osteosarcoma, Ewing sarcoma, and chondrosarcoma are treated much differently than systemic neoplastic 
disease.'*! These tumors grow initially in the bone and can metastasize to the lungs. Local control of the primary lesion is achieved by wide surgical 
resection. A pathologic fracture through the lesion theoretically decreases the chance of local control, because tumor cells spread throughout the hematoma. 
However, this remains controversial. Several authors have found that pathologic fracture can also affect the development of distant metastases, event-free 
survival, and overall survival.!2355 Although amputation is a viable option in any patient with osteosarcomas, it should definitely be discussed as a 
potential surgical option for patients with a pathologic fracture through a primary malignant bone tumor. But with advances in adjuvant care and surgery, 
recent studies have described good rates of limb salvage with local disease control, but not necessarily the same overall survival.*>!23:!49 The overall 
survival was also shown to be worse in patients with pathologic fracture and appears to be related to the degree of fracture displacement, histology of the 
tumor, and response to chemotherapy. 

Before initiating treatment for a patient with a pathologic fracture through a presumed primary bone sarcoma, the patient should be staged, and a biopsy 
performed. An appropriate staging workup includes a CT scan of the chest, bone scan, or PET-CT. The biopsy of a presumed bone sarcoma can be difficult 
in the setting of an associated pathologic fracture. The fracture hematoma and healing process alters the histology and may make the pathology difficult to 
properly interpret. Whenever possible, the biopsy should be performed away from the fracture. When there is an extraosseous soft tissue mass associated 
with the tumor, an image-guided needle biopsy is usually adequate. When the lesion is intraosseous and fracture callus is present, an open biopsy may be 
necessary. The surgeon who will eventually perform the definitive surgical treatment of the lesion should be the one who orders or performs the diagnostic 
biopsy.°? Improper internal fixation of a pathologic fracture through a primary sarcoma can compromise the limb and life of the patient.814 If the patient 
will be treated with preoperative chemotherapy, cast immobilization or limited internal fixation of the fracture is preferred. The fracture usually heals during 
systemic treatment, and a cast avoids potential pin tract infections in neutropenic patients stabilized with an external fixator. These patients require a 
coordinated multidisciplinary team that includes a medical oncologist, radiation oncologist, musculoskeletal pathologist, radiologist, physical therapist, and 
orthopaedic oncologist; only with the full complement of care can these patients achieve the best quality of life and maximum overall survival. 


Osteosarcoma and Ewing Sarcoma 


These are the two most common primary malignant bone tumors in children. Approximately 10% of patients present with a pathologic fracture. Closed 
treatment of the fracture in a cast is indicated after a needle or open biopsy is performed. When staging is complete, preoperative chemotherapy is used for 
patients with osteosarcoma or Ewing sarcoma. After 3 to 4 months of systemic therapy, a decision is made about local control of the primary tumor. For 
patients with osteosarcoma, surgical resection is indicated. If patients have a clinical and radiographic response to chemotherapy, a limb salvage procedure 
is generally preferred. Articles have shown no difference in local control for patients with osteosarcoma and a pathologic fracture that are treated with limb 
salvage compared to amputation.™!?3 However, if the sarcoma shows a poor response to chemotherapy or neurovascular invasion has progressed since 
treatment, limb salvage is potentially contraindicated. Close follow-up is necessary to identify a possible local recurrence or the presence of metastatic 
disease. 

Local control of Ewing sarcoma can be achieved with surgical resection, radiation, or both. In reconstructable sites, most patients are treated with limb 
salvage surgery to remove all chemotherapy-resistant clones and avoid the risks of radiation in a growing child. However, in patients with a pathologic 


fracture treated with surgical resection, consideration should be given to adding radiation as a postoperative adjuvant to improve the chance of local control 
and avoid amputation.*® 


Chondrosarcoma 


Chondrosarcoma occurs in middle-aged and older adults.!* The most common location of a pathologic fracture through a chondrosarcoma is in the proximal 
femur. The pelvis is a common site, but displaced pathologic fractures are rare in this location. A serious mistake is to assume the fracture is secondary to 
metastatic carcinoma and place an intramedullary rod through the lesion. This act contaminates multiple tissue planes (such as the glutei) with malignant 
cells and generally precludes any safe limb salvage option for the patient. Although no data have shown that reaming directly results in systemic spread of 
disease, the implication is that tumor cells may be forced into the blood stream or lymphatics and this could lead to seeding distant sites. In cases of 
chondrosarcoma, the fact that they are not sensitive to chemotherapy or radiation therapy, the soft tissues around the insertion sites can be contaminated. An 
older patient with a solitary lytic lesion should be staged appropriately with a biopsy to confirm the diagnosis before any surgical treatment. 

The treatment of a patient with a pathologic fracture through a chondrosarcoma is wide resection by an orthopaedic oncologist. Chemotherapy and 
radiation are generally not effective for this tumor. Recent studies have shown that proton beam radiation is useful in some patients with 
chondrosarcoma.”® This is reserved for specific cases that include skull base tumors or recurrent, unresectable tumors. A pathologic fracture greatly 
compromises the local area, as any stray tumor cells not resected will likely grow into a locally recurrent lesion. A displaced fracture through a 
chondrosarcoma is a reason to consider amputation, especially if wide resection cannot be achieved with a limb salvage procedure. 


SUMMARY AND KEY POINTS 


Any process that reduces bone strength predisposes a patient to a pathologic. The most common cause of a lytic lesion of bone in a patient older than 40 
years of age is a metastasis. The prognosis and survival for patients with metastatic bone disease have significantly improved because of better systemic 
therapy and early. The most common carcinomas to metastases to bone are breast, thyroid, lung, kidney, and prostate. Do not immediately assume that a 
lytic lesion or pathologic fracture is from metastatic disease. A definitive diagnosis must be obtained before initiating surgical intervention. A thorough 
workup and possible biopsy are required. Prophylactic fixation for impending (vs. actual) fractures from metastatic disease is technically easier for the 
surgeon and allows a quicker patient recovery. The Mirels’ scoring system is available to guide the treatment of an impending fracture from metastatic bone 
disease (see Table 25-1). Femoral neck fractures caused by metastatic bone disease require a cemented hip prosthesis, as internal fixation has a high rate of 
failure with disease progression. An isolated fracture of the lesser trochanter is a sign of a metastatic femoral neck lesion with impending fracture. When 
surgery is required for metastatic disease to the spine, decompression and stabilization with internal fixation are generally necessary. Surgical reconstruction 
for pathologic fractures should be durable enough to allow immediate weight bearing and last beyond the patient’s expected lifespan. A pathologic fracture 
through a primary malignant bone tumor is treated much differently than a fracture through a metastatic lesion. Treatment of patients with pathologic 
fractures requires the presence of a multidisciplinary team consisting of orthopaedic surgeons, medical oncologists, radiation oncologists, endocrinologists, 
radiologists, pathologists, pain specialists, nutritionists, physical therapists, and psychologists/psychiatrists. 
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recurrence but did see a decrease in overall survival. 
Level of Evidence: IV 


Jung ST, Ghert MA, Harrelson JM, Scully SP. Treatment of osseous metastases in patients A single institution review of renal cell carcinoma osseous metastasis was performed. 

with renal cell carcinoma. Clin Orthop Relat Res. 2003;409:223-231. Ninety-nine patients were reviewed and showed that the presence of one single carcinoma 
metastasis, a wide resection of the lesion, and a nephrectomy were independent predictors 
of survival. The eight patients who had wide resection of a solitary osseous metastasis in 
combination with a nephrectomy had disease-specific survival of 100%. 


Level of Evidence: IV 


Lane JM, Khan SN, O’Connor WJ, et al. Bisphosphonate therapy in fibrous dysplasia. Six patients with fibrous dysplasia were treated with oral or oral and IV bisphosphonates. 
Clin Orthop Relat Res. 2001;382:6-12. The combination therapy showed diminished pain, lower rate of fractures, lowered N- 


telopeptide values, and partial resolution of fibrous dysplasia lesions. 
Level of Evidence: IV 


Mirels H. Metastatic disease in long bones. A proposed scoring system for diagnosing A scoring system to quantify the risk of sustaining a pathologic fracture was developed 
impending pathologic fractures. Clin Orthop Relat Res. 1989;249:256-265. specifically for long bones. A retrospective study on radiographs and clinical data showed 


that a mean score of 7 was found in the nonfracture group and the fracture group averaged 
a score of 10. A recommendation was made that lesions with a score of 8 or higher require 
fixation prior to irradiation. 

Level of Evidence: III 


Sugiura H, Yamada K, Sugiura T, et al. Predictors of survival in patients with bone A retrospective study at a single institution showed 121 patients treated with metastatic 
metastasis of lung cancer. Clin Orthop Relat Res. 2008;466:729-736. lung cancer to bone. Favorable prognosis was more likely in women and patients with 


adenocarcinoma, solitary lesions, no metastasis to the appendicular spine, no pathologic 
fractures, high-level function, the use of chemotherapy, and the use of an epithelial growth 
factor receptor inhibitor. 


Level of Evidence: IV 


Turcotte RE, Wunder JS, Isler MH, et al. Giant cell tumor of long bone: a Canadian A multicenter retrospective study reviewed outcomes of giant cell tumor of bone and 
Sarcoma Group study. Clin Orthop Relat Res. 2002;397:248-258. recurrence rates. The recurrence rate was similar between curettage and resection. 


Recurrent lesions had a higher recurrence rate than lesions initially treated with curettage. 
Bone graft and cement had equal recurrence rates after curettage. 
Level of Evidence: III 


REFERENCES 


1. 


RwWNR 


Aboulafia AJ, Buch R, Mathews J, et al. Reconstruction using the saddle prosthesis following excision of primary and metastatic periacetabular tumors. Clin Orthop Relat Res. 
1995;(314):203-213. 


. Abudu A, Grimer RJ, Cannon SR, et al. Reconstruction of the hemipelvis after the excision of malignant tumours. Complications and functional outcome of prostheses. J Bone 


Joint Surg Br. 1997; 79(5):773-779. 


. Ahmed M, Brace CL, Lee FT Jr., Goldberg SN. Principles of and advances in percutaneous ablation. Radiology. 2011;258(2):351-369. 
. Akeyson EW, McCutcheon IE. Single-stage posterior vertebrectomy and replacement combined with posterior instrumentation for spinal metastasis. J Neurosurg. 1996;85(2):211— 


220. 


. Alt AL, Boorjian SA, Lohse CM, et al. Survival after complete surgical resection of multiple metastases from renal cell carcinoma. Cancer. 2011;117(13):2873-2882. 
. Amen TB, Varady NH, Hayden BL, Chen AF. Pathologic versus native hip fractures: comparing 30-day mortality and short-term complication profiles. J Arthroplasty. 


2020;35(5):1194-1199. 


. Amichetti M, Amelio D, Cianchetti M, et al. A systematic review of proton therapy in the treatment of chondrosarcoma of the skull base. Neurosurg Rev. 2010;33(2):155—-165. 
. Ayerza MA, Muscolo DL, Aponte-Tinao LA, Farfalli G. Effect of erroneous surgical procedures on recurrence and survival rates for patients with osteosarcoma. Clin Orthop Relat 


Res. 2006;452:231-235. 


. Bacci G, Ferrari S, Longhi A, et al. Nonmetastatic osteosarcoma of the extremity with pathologic fracture at presentation: local and systemic control by amputation or limb salvage 


after preoperative chemotherapy. Acta Orthop Scand. 2003;74(4):449-454. 


. Barwood SA, Wilson JL, Molnar RR, Choong PF. The incidence of acute cardiorespiratory and vascular dysfunction following intramedullary nail fixation of femoral metastasis. 


Acta Orthop Scand. 2000;71(2):147-152. 


. Bauman G, Charette M, Reid R, Sathya J. Radiopharmaceuticals for the palliation of painful bone metastasis-a systemic review. Radiother Oncol. 2005;75(3):258-270. 

. Biermann JS, Holt GE, Lewis VO, et al. Metastatic bone disease: diagnosis, evaluation, and treatment. J Bone Joint Surg Am. 2009;91(6):1518-1530. 

. Bjornsson J, McLeod RA, Unni KK, et al. Primary chondrosarcoma of long bones and limb girdles. Cancer. 1998;83(10):2105—2119. 

. Blank AT, Lerman DM, Patel NM, Rapp TB. Is prophylactic intervention more cost-effective than the treatment of pathologic fractures in metastatic bone disease? Clin Orthop 


Relat Res. 2016;474(7):1563-1570. 


. Brace CL. Radiofrequency and microwave ablation of the liver, lung, kidney, and bone: what are the differences? Curr Probl Diagn Radiol. 2009;38(3):135-143. 
. Brahme SK, Cervilla V, Vint V, et al. Magnetic resonance appearance of sacral insufficiency fractures. Skeletal Radiol. 1990;19(7):489-493. 
. Brown RK, Pelker RR, Friedlaender GE, et al. Postfracture irradiation effects on the biomechanical and histologic parameters of fracture healing. J Orthop Res. 1991;9(6):876— 


882. 


. Bunting RW, Boublik M, Blevins FT, et al. Functional outcome of pathologic fracture secondary to malignant disease in a rehabilitation hospital. Cancer. 1992;69(1):98-102. 

19. Buskens CJ, Gratama JWC, Hogervorst M, et al. Encephalopathy and MRI abnormalities in fat embolism syndrome: a case report. Med Sci Monit. 2008;14(11):CS125-CS129. 

. Campanacci M, Capanna R, Picci P. Unicameral and aneurysmal bone cysts. Clin Orthop Relat Res. 1986;(204):25—36. 

. Capanna R, Piccioli A, Di Martino A, et al. Management of long bone metastases: recommendations from the Italian Orthopaedic Society bone metastasis study group. Expert Rev 


Anticancer Ther. 2014;14(10):1127-1134. 


. Cazzato RL, De Marini P, Leonard-Lorant I, et al. Percutaneous thermal ablation of sacral metastases: assessment of pain relief and local tumor control. Diagn Interv Imaging. 


2021;102(6):355-361. 


. Chapurlat R, Legrand MA. Bisphosphonates for the treatment of fibrous dysplasia of bone. Bone. 2021;143:115784. 

. Chatziioannou AN, Johnson ME, Pneumaticos SG, et al. Preoperative embolization of bone metastases from renal cell carcinoma. Eur Radiol. 2000;10(4):593-596. 

. Churchill DL, Incavo SJ, Uroskie JA, Beynnon BD. Femoral stem insertion generates high bone cement pressurization. Clin Orthop Relat Res. 2001;(393):335-344. 

. Cipriano CA, Arvanitis LD, Virkus WW. Use of the reamer-irrigator-aspirator may reduce tumor dissemination during intramedullary fixation of malignancies. Orthopedics. 


2012;35(1):e48-e52. 


. Cummings SR, Melton LJ. Epidemiology and outcomes of osteoporotic fractures. Lancet. 2002;359(9319):1761-1767. 

. Dallas J, Imanirad I, Rajani R, et al. Response to sunitinib in combination with proton beam radiation in a patient with chondrosarcoma: a case report. J Med Case Rep. 2012;6:41. 
. Damron TA, Morgan H, Prakash D, et al. Critical evaluation of Mirels’ rating system for impending pathologic fractures. Clin Orthop Relat Res. 2003;(415 Suppl):S201—S207. 

. Damron TA, Rock MG, Choudhury SN, et al. Biomechanical analysis of prophylactic fixation for middle third humeral impending pathologic fractures. Clin Orthop Relat Res. 


1999;(363):240-248. 


. Damron TA, Sim FH, Shives TC, et al. Intercalary spacers in the treatment of segmentally destructive diaphyseal humeral lesions in disseminated malignancies. Clin Orthop Relat 


Res. 1996;(324):233-243. 


. De Geeter K, Reynders P, Samson I, Broos PL. Metastatic fractures of the tibia. Acta Orthop Belg. 2001;67(1):54-59. 

. Demers LM, Costa L, Lipton A. Biochemical markers and skeletal metastases. Clin Orthop Relat Res. 2003;(415 Suppl):S138-S147. 

. Deventer N, Deventer N, Gosheger G, et al. Current strategies for the treatment of solitary and aneurysmal bone cysts: a review of the literature. J Bone Oncol. 2021;30:100384. 

. Dougall WC, Chaisson M. The RANK/RANKL/OPG triad in cancer-induced bone diseases. Cancer Metastasis Rev. 2006;25(4):541-549. 

. Dudeney S, Lieberman IH, Reinhardt MK, Hussein M. Kyphoplasty in the treatment of osteolytic vertebral compression fractures as a result of multiple myeloma. J Clin Oncol. 


Bhs 
38. 
39. 
40. 
Al. 
42. 


43. 
44. 
45. 


46. 
47. 
48. 
49. 
50. 
51. 
52. 


53. 


54. 


55. 


56. 
57. 


58. 
59. 
60. 


61. 


62. 
63. 
64. 
65. 
66. 


67. 


68. 


69. 
70. 


71. 
72. 
73. 
74. 


75. 
76. 
77. 
78. 


79; 
80. 
81. 
82. 
83. 
84. 


85. 
86. 
87. 
88. 
89. 
90. 


91. 


92. 
93. 


2002;20(9):2382-2387. 

Easley ME, Kneisl JS. Pathologic fractures through nonossifying fibromas: is prophylactic treatment warranted? J Pediatr Orthop. 1997;17(6):808-813. 

Eckardt JJ, Kabo JM, Kelly CM, et al. Endoprosthetic reconstructions for bone metastases. Clin Orthop Relat Res. 2003;(415 Suppl):S254-S262. 

Eftekhar NS, Thurston CW. Effect of irradiation on acrylic cement with special reference to fixation of pathological fractures. J Biomech. 1975;8(1):53-56. 

Enneking WF, Dunham WK. Resection and reconstruction for primary neoplasms involving the innominate bone. J Bone Joint Surg Am. 1978;60(6):731-746. 

Evans AR, Bottros J, Grant W, et al. Mirels’ rating for humerus lesions is both reproducible and valid. Clin Orthop Relat Res. 2008;466(6):1279-1284. 

Even-Sapir E, Metser U, Flusser G, et al. Assessment of malignant skeletal disease: initial experience with 18F-fluoride PET/CT and comparison between 18F-fluoride PET and 
18F-fluoride PET/CT. J Nucl Med. 2004;45(2):272-278. 

Feiz-Erfan I, Rhines LD, Weinberg JS. The role of surgery in the management of metastatic spinal tumors. Semin Oncol. 2008;35(2):108-117. 

Feldenzer KL, Sarno J. Hypercalcemia of malignancy. J Adv Pract Oncol. 2018;9(5):496-504. 

Ferguson PC, McLaughlin CE, Griffin AM, et al. Clinical and functional outcomes of patients with a pathologic fracture in high-grade osteosarcoma. J Surg Oncol. 
2010;102(2):120-124. 

Fidler M. Prophylactic internal fixation of secondary neoplastic deposits in long bones. Br Med J. 1973;1(5849):341-343. 

Friberg S, Nystrom A. Cancer metastases: early dissemination and late recurrences. Cancer Growth Metastasis. 2015;8:43-49. 

Fuchs B, Valenzuela RG, Sim FH. Pathologic fracture as a complication in the treatment of Ewing’s sarcoma. Clin Orthop Relat Res. 2003;(415):25-30. 

Gainor BJ, Buchert P. Fracture healing in metastatic bone disease. Clin Orthop Relat Res. 1983;(178):297-302. 

Gass M, Dawson-Hughes B. Preventing osteoporosis-related fractures: an overview. Am J Med. 2006;119(4 Suppl 1):S3-S11. 

Gerszten PC, Welch WC. Cyberknife radiosurgery for metastatic spine tumors. Neurosurg Clin N Am. 2004;15(4):491-501. 

Goetz MP, Callstrom MR, Charboneau JW, et al. Percutaneous image-guided radiofrequency ablation of painful metastases involving bone: a multicenter study. J Clin Oncol. 
2004;22(2):300-306. 

Gronemeyer DHW, Schirp S, Gevargez A. Image-guided radiofrequency ablation of spinal tumors: preliminary experience with an expandable array electrode. Cancer J. 
2002;8(1):33-39. 

Groot OQ, Lans A, Twining PK, et al. Clinical outcome differences in the treatment of impending versus completed pathological long-bone fractures. J Bone Joint Surg Am. 
2022;104(4):307-315. 

Guille JT, Kumar SJ, MacEwen GD. Fibrous dysplasia of the proximal part of the femur. Long-term results of curettage and bone-grafting and mechanical realignment. J Bone 
Joint Surg Am. 1998;80(5):648-658. 

Gurd AR, Wilson RI. The fat embolism syndrome. J Bone Joint Surg Br. 1974;56B(3):408-416. 

Harrington KD. Anterior decompression and stabilization of the spine as a treatment for vertebral collapse and spinal cord compression from metastatic malignancy. Clin Orthop 
Relat Res. 1988;(233):177-197. 

Harrington KD. Impending pathologic fractures from metastatic malignancy: evaluation and management. Instr Course Lect. 1986;35:357-381. 

Harrington KD. The management of acetabular insufficiency secondary to metastatic malignant disease. J Bone Joint Surg Am. 1981;63(4):653-664. 

Harrington KD, Sim FH, Enis JE, et al. Methylmethacrylate as an adjunct in internal fixation of pathological fractures. Experience with three hundred and seventy-five cases. J 
Bone Joint Surg Am. 1976;58(8):1047-1055. 

Hatoum HT, Lin SJ, Smith MR, et al. Zoledronic acid and skeletal complications in patients with solid tumors and bone metastases: analysis of a national medical claims database. 
Cancer. 2008;113(6):1438-1445. 

Hattrup SJ, Amadio PC, Sim FH, Lombardi RM. Metastatic tumors of the foot and ankle. Foot Ankle. 1988;8(5):243-247. 

Henry JC, Damron TA, Weiner MM, et al. Biomechanical analysis of humeral diaphyseal segmental defect fixation. Clin Orthop Relat Res. 2002;(396):231-239. 

Higuchi T, Yamamoto N, Hayashi K, et al. The efficacy of wide resection for musculoskeletal metastatic lesions of renal cell carcinoma. Anticancer Res. 2018;38(1):577-582. 
Hipp JA, Springfield DS, Hayes WC. Predicting pathologic fracture risk in the management of metastatic bone defects. Clin Orthop Relat Res. 1995;(312):120-135. 

Hong J, Cabe GD, Tedrow JR, et al. Failure of trabecular bone with simulated lytic defects can be predicted non-invasively by structural analysis. J Orthop Res. 2004;22(3):479- 
486. 

Houdek MT, Abdel MP, Perry KI, et al. Outcome of patients treated with porous tantalum acetabular implants for neoplastic periacetabular lesions. J Am Acad Orthop Surg. 
2020;28(6):256—-262. 

Houdek MT, Ferguson PC, Abdel MP, et al. Comparison of porous tantalum acetabular implants and Harrington reconstruction for metastatic disease of the acetabulum. J Bone 
Joint Surg Am. 2020;102(14):1239-1247. 

Hyder N, Wray CC. Treatment of pathological fractures of the humerus with Ender nails. J R Coll Surg Edinb. 1993;38(6):370-372. 

Ibrahim A, Crockard A, Antonietti P, et al. Does spinal surgery improve the quality of life for those with extradural (spinal) osseous metastases? An international multicenter 
prospective observational study of 223 patients. Invited submission from the Joint Section Meeting on Disorders of the Spine and Peripheral Nerves, March 2007. J Neurosurg 
Spine. 2008;8(3):271-278. 

Jacofsky DJ, Papagelopoulos PJ, Sim FH. Advances and challenges in the surgical treatment of metastatic bone disease. Clin Orthop Relat Res. 2003;(415 Suppl):S14-S18. 

Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin. 2010;60(5):277-300. 

Jung ST, Ghert MA, Harrelson JM, Scully SP. Treatment of osseous metastases in patients with renal cell carcinoma. Clin Orthop Relat Res. 2003;(409):223-231. 

Kanayama M, Ng JT, Cunningham BW, et al. Biomechanical analysis of anterior versus circumferential spinal reconstruction for various anatomic stages of tumor lesions. Spine 
(Phila Pa 1976). 1999;24(5):445—450. 

Kapur RA, McCann PA, Sarangi PP. Reverse geometry shoulder replacement for proximal humeral metastases. Ann R Coll Surg Engl. 2014;96(7):e32-e35. 

Katzer A, Meenen NM, Grabbe F, et al. Surgery of skeletal metastases. Arch Orthop Trauma Surg. 2002;122(5):251-258. 

Kumar D, Grimer RJ, Abudu A, et al. Endoprosthetic replacement of the proximal humerus. Long-term results. J Bone Joint Surg Br. 2003;85(5):717-722. 

Kunisada T, Choong PF. Major reconstruction for periacetabular metastasis: early complications and outcome following surgical treatment in 40 hips. Acta Orthop Scand. 
2000;71(6):585-590. 

Kwee TC, Kwee RM, Nievelstein RA. Imaging in staging of malignant lymphoma: a systematic review. Blood. 2008;111(2):504-516. 

Lane JM, Khan SN, O’Connor WJ, et al. Bisphosphonate therapy in fibrous dysplasia. Clin Orthop Relat Res. 2001;(382):6—12. 

Larsen CG, Crockatt WK, Fitzgerald M, et al. Outcomes of press-fit uncemented versus cemented hip arthroplasty in the oncologic patient. J Orthop. 2020;22:198-202. 

Leeson MC, Makley JT, Carter JR. Metastatic skeletal disease distal to the elbow and knee. Clin Orthop Relat Res. 1986;(206):94—99. 

Leithner A, Radl R, Gruber G, et al. Predictive value of seven preoperative prognostic scoring systems for spinal metastases. Eur Spine J. 2008;17(11):1488-1495. 

Lin FF, Chen YF, Chen B, et al. Cemented versus uncemented hemiarthroplasty for displaced femoral neck fractures: a meta-analysis of randomized controlled trails. Medicine 
(Baltimore). 2019;98(8):e14634. 

Lin PP, Mirza AN, Lewis VO, et al. Patient survival after surgery for osseous metastases from renal cell carcinoma. J Bone Joint Surg Am. 2007;89(8):1794—1801. 

Lindsay AD. Skeletal metastatic disease of the acetabulum: historical and evolving techniques for management. Ann Joint. 2022;7:27. 

Lipton A. Efficacy and safety of intravenous bisphosphonates in patients with bone metastases caused by metastatic breast cancer. Clin Breast Cancer. 2007a;7 (Suppl 1):S14—S20. 
Lipton A. Treatment of bone metastases and bone pain with bisphosphonates. Support Cancer Ther. 2007b;4(2):92-100. 

Lutz S, Berk L, Chang E, et al. Palliative radiotherapy for bone metastases: an ASTRO evidence-based guideline. Int J Radiat Oncol Biol Phys. 2011;79(4):965-976. 

Mac Niocaill RF, Quinlan JF, Stapleton RD, et al. Inter- and intra-observer variability associated with the use of the Mirels’ scoring system for metastatic bone lesions. Int Orthop. 
2011;35(1):83--86. 

Major P, Lortholary A, Hon J, et al. Zoledronic acid is superior to pamidronate in the treatment of hypercalcemia of malignancy: a pooled analysis of two randomized, controlled 
clinical trials. J Clin Oncol. 2001;19(2):558-567. 

Mankin HJ, Mankin CJ, Simon MA. The hazards of the biopsy, revisited. Members of the Musculoskeletal Tumor Society. J Bone Joint Surg Am. 1996;78(5):656-663. 

Marco RA, Sheth DS, Boland PJ, et al. Functional and oncological outcome of acetabular reconstruction for the treatment of metastatic disease. J Bone Joint Surg Am. 


150. 


152. 


2000;82(5):642-651. 


. Mbalaviele G, Novack DV, Schett G, Teitelbaum SL. Inflammatory osteolysis: a conspiracy against bone. J Clin Invest. 2017;127(6):2030-2039. 
. McGough RL, Rutledge J, Lewis VO, et al. Impact severity of local recurrence in giant cell tumor of bone. Clin Orthop Relat Res. 2005;438:116-122. 
. McLynn RP, Ondeck NT, Grauer JN, Lindskog DM. What is the adverse event profile after prophylactic treatment of femoral shaft or distal femur metastases? Clin Orthop Relat 


Res. 2018;476(12):2381-2388. 


. Mirels H. Metastatic disease in long bones. A proposed scoring system for diagnosing impending pathologic fractures. Clin Orthop Relat Res. 1989;(249):256—264. 

. Moynagh MR, Kurup AN, Callstrom MR. Thermal ablation of bone metastases. Semin Intervent Radiol. 2018;35(4):299-308. 

. Muheremu A, Niu X. Positron emission tomography/computed tomography for bone tumors (Review). Oncol Lett. 2015;9(2):522-526. 

. Muramatsu K, Ihara K, Iwanagaa R, Taguchi T. Treatment of metastatic bone lesions in the upper extremity: indications for surgery. Orthopedics. 2010;33(11):807. 

. Nazarian A, von Stechow D, Zurakowski D, et al. Bone volume fraction explains the variation in strength and stiffness of cancellous bone affected by metastatic cancer and 


osteoporosis. Calcif Tissue Int. 2008;83(6):368-379. 


. Newhouse KE, el-Khoury GY, Buckwalter JA. Occult sacral fractures in osteopenic patients. J Bone Joint Surg Am. 1992;74(10):1472-1477. 
. Nguyen QN, Chun SG, Chow E, et al. Single-fraction stereotactic vs conventional multifraction radiotherapy for pain relief in patients with predominantly nonspine bone 


metastases: a randomized phase 2 trial. JAMA Oncol. 2019;5(6):872-878. 


. Ohta M, Tokuda Y, Suzuki Y, et al. Whole body PET for the evaluation of bony metastases in patients with breast cancer: comparison with 99Tcm-MDP bone scintigraphy. Nucl 


Med Commun. 2001;22(8):875-879. 


. Papagelopoulos PJ, Galanis EC, Greipp PR, Sim FH. Prosthetic hip replacement for pathologic or impending pathologic fractures in myeloma. Clin Orthop Relat Res. 1997; 


(341):192-205. 


. Piccioli A, Spinelli MS, Maccauro G. Impending fracture: a difficult diagnosis. Injury. 2014;45 (Suppl 6):S138-S141. 
. Piras A, Boldrini L, Menna S, et al. Radiofrequency thermoablation and hypofractionated radiotherapy combined treatment for bone metastases: a retrospective study. Oncol Res 


Treat. 2022;45(3):88-93. 


. Porras JL, Pennington Z, Hung B, et al. Radiotherapy and surgical advances in the treatment of metastatic spine tumors: a narrative review. World Neurosurg. 2021;151:147-154. 

. Raab P, Hohmann F, Kuhl J, Krauspe R. Vertebral remodeling in eosinophilic granuloma of the spine. A long-term follow-up. Spine (Phila Pa 1976). 1998;23(12):1351-1354. 

0. Rades D. Dose-fractionation schedules for radiotherapy of bone metastases. Breast Care (Basel). 2010;5(5):339-344. 

. Rades D, Blach M, Nerreter V, et al. Metastatic spinal cord compression. Influence of time between onset of motoric deficits and start of irradiation on therapeutic effect. 


Strahlenther Onkol. 1999;175(8):378-381. 


. Ralston S, Fogelman I, Gardner MD, Boyle IT. Hypercalcaemia and metastatic bone disease: is there a causal link? Lancet. 1982;2(8304):903-905. 
. Ramsey DC, Lam PW, Hayden J, et al. Mirels scores in patients undergoing prophylactic stabilization for femoral metastatic bone disease in the veterans administration healthcare 


system. J Am Acad Orthop Surg Glob Res Rev. 2020;4(9):e20.00141. 


14. Randall RL, Aoki SK, Olson PR, Bott SI. Complications of cemented long-stem hip arthroplasties in metastatic bone disease. Clin Orthop Relat Res. 2006;443:287-295. 

15. Reif TJ, Strotman PK, Kliethermes SA, et al. No consensus on implant choice for oligometastatic disease of the femoral head and neck. J Bone Oncol. 2018;12:14-18. 

16. Roodman GD. Biology of osteoclast activation in cancer. J Clin Oncol. 2001;19(15):3562—3571. 

17. Roodman GD, Silbermann R. Mechanisms of osteolytic and osteoblastic skeletal lesions. Bonekey Rep. 2015;4:753. 

18. Rougraff BT. Evaluation of the patient with carcinoma of unknown origin metastatic to bone. Clin Orthop Relat Res. 2003;(415 Suppl):S105-S109. 

19. Rougraff BT, Kneisl JS, Simon MA. Skeletal metastases of unknown origin. A prospective study of a diagnostic strategy. J Bone Joint Surg Am. 1993;75(9):1276-1281. 

. Scarborough MT, Moreau G. Benign cartilage tumors. Orthop Clin North Am. 1996;27(3):583-589. 

. Schulman KL, Kohles J. Economic burden of metastatic bone disease in the U.S. Cancer. 2007;109(11):2334-2342. 

. Scolaro JA, Lackman RD. Surgical management of metastatic long bone fractures: principles and techniques. J Am Acad Orthop Surg. 2014;22(2):90-100. 

. Scully SP, Ghert MA, Zurakowski D, et al. Pathologic fracture in osteosarcoma: prognostic importance and treatment implications. J Bone Joint Surg Am. 2002;84(1):49-57. 
. Siemionow K, Lieberman IH. Vertebral augmentation in osteoporosis and bone metastasis. Curr Opin Support Palliat Care. 2007;1(4):323-327. 

. Sim FH, Daugherty TW, Ivins JC. The adjunctive use of methylmethacrylate in fixation of pathological fractures. J Bone Joint Surg Am. 1974;56(1):40-48. 

. Sugiura H, Yamada K, Sugiura T, et al. Predictors of survival in patients with bone metastasis of lung cancer. Clin Orthop Relat Res. 2008;466(3):729-736. 

. Sun H, Godbout C, Hali K, et al. The induced membrane technique in animal models: a systematic review. OTA Int. 2022;5(1 Suppl):e176. 

. Swanson DA. Surgery for metastases of renal cell carcinoma. Scand J Surg. 2004;93(2):150-155. 

. Swanson KC, Pritchard DJ, Sim FH. Surgical treatment of metastatic disease of the femur. J Am Acad Orthop Surg. 2000;8(1):56-65. 

. Tillman RM, Myers GJC, Abudu AT, et al. The three-pin modified ‘Harrington’ procedure for advanced metastatic destruction of the acetabulum. J Bone Joint Surg Br. 


2008;90(1):84-87. 


. Tomita K, Kawahara N, Kobayashi T, et al. Surgical strategy for spinal metastases. Spine (Phila Pa 1976). 2001;26(3):298-306. 
. Tordai P, Hoglund M, Lugnegard H. Is the treatment of enchondroma in the hand by simple curettage a rewarding method? J Hand Surg Br. 1990;15(3):331-334. 
. Townsend PW, Smalley SR, Cozad SC, et al. Role of postoperative radiation therapy after stabilization of fractures caused by metastatic disease. Int J Radiat Oncol Biol Phys. 


1995;31(1):43—-49. 


. Turcotte RE, Wunder JS, Isler MH, et al. Giant cell tumor of long bone: a Canadian Sarcoma Group study. Clin Orthop Relat Res. 2002;(397):248-258. 
. van Broekhoven DL, Dootjes LW, van der Veldt A, et al. Effect of bisphosphonates on skeletal related events in long bone metastases of renal cell carcinoma: a systematic review. 


Clin Genitourin Cancer. 2023;21:e190-e197. 


. Van der Linden YM, Dijkstra PDS, Kroon HM, et al. Comparative analysis of risk factors for pathological fracture with femoral metastases. J Bone Joint Surg Br. 2004;86(4):566— 


573. 


. Vansteenkiste JF, Stroobants SS. PET scan in lung cancer: current recommendations and innovation. J Thorac Oncol. 2006;1(1):71-73. 
. Virk MS, Petrigliano FA, Liu NQ, et al. Influence of simultaneous targeting of the bone morphogenetic protein pathway and RANK/RANKL axis in osteolytic prostate cancer 


lesion in bone. Bone. 2009;44(1):160-167. 


. Voskuil RT, Mayerson JL, Scharschmidt TJ. Management of metastatic disease of the upper extremity. J Am Acad Orthop Surg. 2021;29(3):e116—-e125. 

. Wang TI, Wu PK, Chen CF, et al. The prognosis of patients with primary osteosarcoma who have undergone unplanned therapy. Jpn J Clin Oncol. 2011;41(11):1244-1250. 

. Weber K, Damron TA, Frassica FJ, Sim FH. Malignant bone tumors. Instr Course Lect. 2008;57:673-688. 

. Weber KL. What’s new in musculoskeletal oncology. J Bone Joint Surg Am. 2004;86(5):1104-1109. 

. Weber KL, Gebhardt MC; Council of Musculoskeletal Specialty Societies of the American Academy of Orthopaedic Surgeons. What’s new in musculoskeletal oncology. J Bone 


Joint Surg Am. 2003;85(4):761—767. 


. Weber KL, Lewis VO, Randall RL, et al. An approach to the management of the patient with metastatic bone disease. Instr Course Lect. 2004;53:663-676. 

. Weber KL, Lin PP, Yasko AW. Complex segmental elbow reconstruction after tumor resection. Clin Orthop Relat Res. 2003;(415):31—44. 

. Weber KL, O’Connor MI. Operative treatment of long bone metastases: focus on the femur. Clin Orthop Relat Res. 2003;(415 Suppl):S276-S278. 

. Weber KL, Randall RL, Grossman S, Parvizi J. Management of lower-extremity bone metastasis. J Bone Joint Surg Am. 2006;88 (Suppl 4):11-19. 

. Weikert DR, Schwartz HS. Intramedullary nailing for impending pathological subtrochanteric fractures. J Bone Joint Surg Br. 1991;73(4):668-670. 

. Xie L, Guo W, Li Y, et al. Pathologic fracture does not influence local recurrence and survival in high-grade extremity osteosarcoma with adequate surgical margins. J Surg Oncol. 


2012;106(7):820-825. 
Xing Z, Moon BS, Satcher RL, et al. A long femoral stem is not always required in hip arthroplasty for patients with proximal femur metastases. Clin Orthop Relat Res. 
2013;471(5):1622-1627. 


. Yasko AW, Fanning CV, Ayala AG, et al. Percutaneous techniques for the diagnosis and treatment of localized Langerhans-cell histiocytosis (eosinophilic granuloma of bone). J 


Bone Joint Surg Am. 1998;80(2):219-228. 
Yazawa Y, Frassica FJ, Chao EY, et al. Metastatic bone disease. A study of the surgical treatment of 166 pathologic humeral and femoral fractures. Clin Orthop Relat Res. 1990; 


(251):213-219. 
153. Yuh WT, Zachar CK, Barloon TJ, et al. Vertebral compression fractures: distinction between benign and malignant causes with MR imaging. Radiology. 1989;172(1):215-218. 
154. Zhou J, Sweiss K, Han J, et al. Evaluation of frequency of administration of intravenous bisphosphonate and recurrent skeletal-related events in patients with multiple myeloma. 
JAMA Netw Open. 2021;4(7):e2118410. 
155. Zhou Y, Lu Q, Xu J, et al. The effect of pathological fractures on the prognosis of patients with osteosarcoma: a meta-analysis of 14 studies. Oncotarget. 2017;8(42):73037—73049. 


26 


Venous Thromboembolism in Patients With Skeletal Trauma 


Prism S. Schneider 


INTRODUCTION 


PATHOPHYSIOLOGY OF TRAUMA-INDUCED COAGULOPATHY 
Normal Hemostasis 
Trauma-Induced Coagulopathy 


RISK FACTORS FOR VENOUS THROMBOEMBOLISM 
Trauma-Related Risk Factors 

Patient-Related Risk Factors 

Risk Assessment Models 


VENOUS THROMBOPROPHYLAXIS IN ORTHOPAEDIC TRAUMA 
Pharmacologic Thromboprophylaxis Options 

Mechanical Thromboprophylaxis Options 

Inferior Vena Cava Filters 


CURRENT THROMBOPROPHYLAXIS RECOMMENDATIONS 
Timing of Thromboprophylaxis Initiation 

Patient Preference for Pharmacologic Thromboprophylaxis 
Summary of Thromboprophylaxis Recommendations 


AUTHOR’S PREFERRED THROMBOPROPHYLAXIS 


DIAGNOSIS OF VENOUS THROMBOEMBOLISM 
Assessing Pretest Probability of Vte 

Investigations for Deep Vein Thrombosis 
Investigations for Pulmonary Embolism 

Screening for Dvt 


TREATMENT OF VENOUS THROMBOEMBOLISM 
CONCLUSION 


INTRODUCTION 


Trauma-induced coagulopathy presents a complex interplay between the initial hemostasis required for hemorrhage control, followed by a hypercoagulable 
state (increased propensity for blood to clot) that increases the risk for forming a blood clot, or thrombus, in a vein, known as deep vein thrombosis (DVT). 
Some DVTs embolize and travel to the lungs, resulting in a pulmonary embolism (PE). DVT and PE together are collectively known as venous 
thromboembolism (VTE). The fundamental principles of VTE were first described more than 150 years ago by the German physician, Rudolph Virchow. 
The complex physiologic interplay among Virchow’s triad of venous stasis (e.g., cast immobilization, protected weight bearing), vascular endothelial injury 
(e.g., acute trauma, multiple injuries, surgical insult), and hypercoagulability (e.g., increased procoagulant factors, impaired fibrinolysis), all contribute to 
the increased risk for VTE (Fig. 26-1). Therefore, the trauma patient represents the culmination of many VTE risk factors, given their injury, reduced 
mobility, and the hypercoagulable state that ensues following trauma. 

The first description of PE in the setting of trauma was made by McCartney in 1945, who recognized the increased VTE risk associated with immobility 
and fractures of the spine, as well as that most PE occurred approximately 2 weeks after the initial injury. Despite the early recognition of the association 
between VTE and trauma, VTE remains as the third most common cause of in-hospital death in the trauma population. PE is a leading cause for death after 
the first 24 hours of hospital admission for injury and accounts for 12% of all deaths after major trauma.”°-87 

The exact incidence of VTE after orthopaedic injury remains difficult to quantify, due to varied screening and surveillance protocols, diagnostic tools 
used (e.g., venography, compression ultrasound, or duplex ultrasound), reporting (e.g., asymptomatic or symptomatic), clinical presentation (e.g., elderly 
patients with a hip fracture, who are unable to communicate symptoms), and thromboprophylaxis prescription. In a landmark study in 1994, Geerts et al. 
prospectively evaluated 349 trauma patients with an Injury Severity Score (ISS) of 9 or more (median ISS 26) with contrast venography and 
plethysmography, in the absence of thromboprophylaxis (pharmacologic or mechanical).4” Notably, 201 patients (58%) developed a DVT, with 18% of 
these being a proximal DVT (proximal to the popliteal fossa), and 69% of patients with lower extremity orthopaedic injuries (126/182) developed DVT. 
This study reported the need for rigorous thromboprophylaxis in the management of traumatized patients. Primary prophylactic modalities include 
pharmacologic and mechanical thromboprophylaxis, with the use of inferior vena cava (IVC) filtration reserved for the highest-risk patients with a 
contraindication to other methods of thromboprophylaxis.°* 
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Figure 26-1. Virchow’s triad of thrombogenesis: endothelial injury, venous stasis, and hypercoagulability lead to increased risk for venous thromboembolism. 


Trauma patients represent a unique patient population with an acute prothrombotic state due to endothelial injury, a systemic inflammatory response, 
and hypercoagulable state, which elevates the risk of thrombus formation. In addition, those who require urgent surgical management experience a 
compounding insult that is not experienced by patients undergoing elective surgery. Trauma patients are at highest risk for VTE within the first 2 weeks of 
injury,4*!°4 and remain at risk for 2 to 3 months postoperatively.”°81,!02,142 Up to 37% of symptomatic PE occur within 4 days of the initial trauma,”®%113 
with the highest risk period for fatal PE being 3 to 7 days postoperatively.!'? Importantly, the risk for VTE often extends beyond hospital discharge. For 
example, in large prospective hip fracture clinical trials (e.g., HEALTH and FAITH trials), 45.6% of VTE events were reported at 6 weeks postoperatively 
or later.1°? Similarly, a large population-based study of trauma patients reported a median time from trauma to VTE of 18 days, with over half of these 
patients (62%) being discharged from hospital prior to their VTE event,!*9 and there is consistent reporting that VTE incidence remains highest in the first 3 
months following major orthopaedic trauma.°° 

The morbidity, prolonged hospitalization, and increased costs associated with VTE result in heightened awareness and vigilance for 
traumatologists.°%97-131167 However, the balance between bleeding risk and thrombosis risk in patients with orthopaedic injuries who often require surgical 
intervention, as well as complex polytraumatized patients, results in considerable uncertainty regarding optimal thromboprophylaxis. The heterogeneity in 
patient-related and trauma-related factors in skeletal trauma generates a unique challenge in establishing comprehensive recommendations to best mitigate 
VTE. 

This chapter will outline the pathophysiology inherent to VTE, review patient-related and trauma-related risk factors, review pharmacologic and 
mechanical thromboprophylaxis options, recommend appropriate diagnostic testing, and ultimately propose thromboprophylaxis strategies for patients with 
skeletal trauma. Contemporary literature regarding thromboprophylaxis options will be discussed regarding low—molecular-weight heparin (LMWH), 
unfractionated heparin (UFH), direct oral anticoagulants (DOACs), vitamin K antagonists (VKA), aspirin, and mechanical thromboprophylaxis options. The 
author’s preferred thromboprophylaxis algorithm accounts for individual risk stratification and is based on the best available evidence. 


PATHOPHYSIOLOGY OF TRAUMA-INDUCED COAGULOPATHY 


NORMAL HEMOSTASIS 


Coagulation is an intricate process in which blood transforms from a liquid into a fibrin-based thrombus (blood clot); this process is dependent on the 
elaborate interplay of the endothelium, subendothelial matrix, platelets, and circulating proenzymes.** Physiologically, the normal process of coagulation 
culminates in hemostasis, or the cessation of blood loss and repair of a damaged vascular structure.'®' Hemostasis is a dynamic process, constantly 
balancing clot formation and dissolution with the day-to-day minor trauma experienced by the microvasculature. The majority of clots facilitate hemostasis 
and ultimately undergo fibrinolysis (clot breakdown), with restoration of physiologic blood flow.!”° However, the venous stasis, endothelial injury, and 


hypercoagulability that occurs following orthopaedic trauma predispose this process to become pathologic (coagulopathy), causing excessive thrombus 
formation and propagation, resulting in obstructive venous thrombosis (e.g., DVT and PE) and arterial thrombosis (e.g., cerebrovascular or 


myocardial).*184183 


Coagulation Cascade Model of Hemostasis 


The process of coagulation consists of a coordinated sequence of events, traditionally described using the coagulation cascade, in which proenzymes cause 
the subsequent activation of enzymes further downstream.!*° The coagulation cascade was first described in 1964 by two groups as a sequential activation 
of plasma proteins through two initial pathways, the extrinsic (tissue factor [TF] dependent) and intrinsic (contact activation) pathways, which eventually 
converge and lead to fibrin formation. Fundamental understanding of these pathways is helpful in understanding the mechanisms of action of different 
thromboprophylaxis agents (Fig. 26-2). Laboratory analyses can be performed to measure clotting time in the intrinsic pathway (partial thromboplastin time 
[PTT]) and extrinsic pathway (prothrombin time [PT]). 

Primary hemostasis and secondary hemostasis occur simultaneously. Primary hemostasis is defined as the physiologic coagulation process that begins 
immediately following injury to the vascular endothelium.''! Primary hemostasis is triggered by a break in the vasculature that exposes the extracellular 
matrix to platelets and exposes subendothelial TF to plasma factor VII.84 Platelets immediately aggregate to form a platelet plug adherent to the exposed 
subendothelial tissue by a variety of mechanisms depending upon local shear stress conditions. The primary interaction involves direct binding to collagen 
with platelet glycoprotein Ia/Ila surface receptors, promoted by von Willebrand factor (VWF), which is released by endothelium and platelets.!°” This 
localization facilitates interaction of platelet glycoprotein VI that leads to activation of platelet integrins that mediate adhesion of platelets to the site of 
injury.!*° Activated platelets change morphology from spherical to stellate morphology and release the contents of their granules (e.g., coagulation factors, 
adenosine diphosphate [ADP], serotonin), which stimulates platelet aggregation.'“? After fibrinogen cross-link formation, a platelet plug is formed and 
primary hemostasis is complete.°° 
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Figure 26-2. Summary of intrinsic and extrinsic pathways leading to cross-linked thrombin clot, with the associated mechanisms of action for common pharmacologic 
thromboprophylaxis agents. UFH, unfractionated heparin. 


Secondary hemostasis commences with either the extrinsic or intrinsic pathway leading to a final common pathway of fibrin clot formation. The primary 
physiologic pathway is the TF/extrinsic pathway.'°? The main role of this pathway is to rapidly generate thrombin, the pivotal constituent of the coagulation 
cascade.!*8 The first stage, initiation, begins with interaction of factor VII with TF, expressed on stromal fibroblasts and leukocytes, forming an activated 
factor VIla-TF complex.!*8 This complex generates small quantities of factor IXa and factor Xa, which play central roles in the ensuing reactions. Factor 
Xa forms a complex with factor Va to convert prothrombin to thrombin. Factor VILA-TF complexes are inhibited by tissue factor pathway inhibitor (TFPI) 
to modulate hemostasis activity. Thrombin formed in the initiation phase acts as an amplifier (amplification phase) by acting on platelets and proteins to 
facilitate platelet-driven thrombin generation. This occurs at the platelet surface, with the resulting intrinsic tenase complex (FIXa:VIIla) and 
prothrombinase complex (FXa:FVa) leading to a large quantity of thrombin production. The activated platelet with activated cofactors is primed for 
increased thrombin generation during the propagation phase, which results in cleavage of fibrinopeptides from fibrinogen. This process stabilizes the initial 
platelet plug into a consolidated fibrin plug.? 

There are several limitations to understanding the clinical picture with the coagulation cascade model and it has been recognized that the intrinsic and 
extrinsic pathways may not function as independent, but redundant, pathways as initially described.®°”! For example, the discovery that the factor VIla-TF 
complex could activate both the intrinsic and extrinsic pathways demonstrated interdependence between the pathways that is not explained by the 
coagulation cascade model alone.’! The coagulation cascade also fails to explain why factor XII deficiency does not lead to the same bleeding tendency as 
factor VIII (hemophilia A) or factor IX (hemophilia B) deficiency.®° In isolated factor deficiencies, neither pathway is able to achieve hemostasis alone. 
Furthermore, DOACs inhibit a single coagulation factor but do not have predictable effects on PT or PTT. This observation is not unusual in complex 


biologic cascades where posttranscriptional modifications and nonlinear binding affinities are known to have an impact on the majority of biologic cascades. 


Cell-Based Model of Hemostasis 


The concept of TF as the primary physiologic activator in hemostasis along with the finding that factor VIla-TF complex can activate factor X on platelets 
to restore platelet surface thrombin generation led to the development of the cell-based model of hemostasis in 2001.67!!!” The cell-based model of 
hemostasis describes coagulation by three overlapping stages, which are regulated by cell surface receptors, lipids, and other structures, and are critical in 
defining the roles of specific cell types in hemostasis (Fig. 26-3). The three stages include (1) initiation (via the extrinsic pathway on TF-bearing cells); (2) 
amplification (positive feedback of thrombin on platelets); and (3) propagation (via the intrinsic pathway on activated platelets). The cell-based model of 
coagulation emphasizes the fundamental role of platelets as a platform for clotting factor assembly and platelet interaction with endothelium that culminates 
in thrombin generation and incorporation of fibrin to form a hemostatic plug.6%71-117 
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Figure 26-3. Cell-based theory of hemostasis. 


During the initiation stage, factor VIla TF-bearing cells on damaged vessels come into contact with circulating factor IX and X, which triggers the 
coagulation process.6®!7 During the amplification phase, factor Xa generates thrombin, activating platelets through platelet protease-activated receptors 
(PARs). Activated platelets express procoagulant phospholipids on their membrane, undergo a conformational change to increase the surface area for 
platelet linkage, activate glycoprotein IIb/IIIa receptors which leads to platelet cross-linking by fibrinogen, and activate the intrinsic pathway. Finally, 
during the propagation phase, activated intrinsic pathway factor Xa and factor complexes ([IXa—VIIla, Xa—Va) on platelet surfaces lead to significantly 
increased thrombin generation. Thrombin activates additional platelets and factor XIIa (fibrin stabilizing protease), and retains red blood cells to increase 
clot strength and stability.69117 


Tranexamic Acid 


Tranexamic acid (TXA) is a synthetic derivative of the amino acid lysine that functions as an antifibrinolytic agent and competitive inhibitor in the 
activation of plasminogen to plasmin, preventing degradation of fibrin. TXA is gaining popularity due to proven efficacy in decreasing blood loss and 
transfusion requirement in trauma patients.4° A recent multicenter randomized controlled trial (RCT) compared TXA to placebo in 9,535 patients 
undergoing noncardiac surgery and confirmed a significant reduction in bleeding rate with TXA and a very similar composite cardiovascular event rate 
(including VTE events) between groups.?? 


TRAUMA-INDUCED COAGULOPATHY 


Following injury, tissue injury and shock stimulate the endothelium and immune system, and platelet and procoagulant clotting factors are activated.!!7 
Trauma-induced coagulopathy results from an imbalance in procoagulant factors, anticoagulant factors, platelet function, and fibrinolysis (clot 
breakdown),°*!!7 leading to pathologic thrombotic and hemorrhagic responses.''® The hypercoagulable state that leads to increased VTE risk is 
characterized by increased thrombin generation, hyperfibrinogenemia, platelet activation, and fibrinolysis shutdown (inability to break down clots)!!” and 
can be framed based on Virchow triad. 


Endothelial Injury 


Endothelial injury (damage to the vessel wall) contributes to a hypercoagulable state by exposing the subendothelial matrix and facilitating contact between 


flowing blood and TF, collagen, and vWF, which initiates thrombin generation. In addition, antithrombin (AT; previously known as antithrombin III) 
activity is reduced in the traumatic state.!’* AT inhibits coagulation by down-regulating thrombin and factor Xa, and AT is notably the therapeutic target for 
LMWH.!”4 Reduced AT levels after trauma have been associated with increased DVT rates.°°!”4 Plasminogen activator inhibitor type I (PAI-1) is a 
protease inhibitor that has become recognized as a central molecule linking pathogenesis and progression of thrombosis.'** With endothelial injury, PAI-1 
expression is increased, with resultant decrease in fibrinolysis (clot breakdown) due to decreased circulating levels of t-PA. VTE can occur remote from the 
site of trauma (e.g., contralateral, uninjured extremity), likely due to systemic circulating procoagulant chemotactic stimulus that activates remote and 
uninjured endothelium.'!”""8 Importantly, elevated PAI-1 is associated with increased VTE risk and platelets may serve as a source of circulating PAI-1, as 
the majority of the PAI-1 in thrombi is released from activated platelets. 164 


Venous Stasis 


Any disruption of normal laminar blood flow increases the opportunity for endothelial exposure to platelets, which can result in thrombus formation and 
propagation. Venous stasis is also believed to result in local accumulation of procoagulant factors and the desaturation of hemoglobin, which results in 
activation of local leukocytes, platelets, and endothelial cells, all contributing to increased thrombus formation.!°!/!!8 The time to peak thrombin generation 
has been reported as an independent predictor of trauma-related VTE.!°° Extended duration of general anesthesia (ranging from >30 minutes—>2 hours) has 
been identified as a risk factor for VTE and may be attributed to prolonged venous stasis.®%,83.142 


Hypercoagulability 


Though it is well established that hypercoagulability occurs following orthopaedic trauma,**!® the exact mechanisms are not fully understood. Hypotheses 
include reduced AT, increased TF, protein C resistance, platelet hyperactivity, and fibrinolysis shutdown.®!)!"° Increased utilization of viscoelastic analysis 
(e.g., thrombelastography [TEG] and rotational thrombelastometry [ROTEM]) has allowed quantification of the extent and duration of the hypercoagulable 
state that ensues after trauma.!®44,51,116,189 A growing evidence base supports that TEG-identified hypercoagulability can be used to predict trauma patients 
at risk for developing VTE events.!”3!44,79 In 684 trauma patients at a level I trauma center, TEG predicted DVT with a high sensitivity (91.9%) but low 
specificity (16.1%).!” In 2,070 trauma patients, Cotton et al. determined that elevated admission TEG maximal amplitude (MA, a measure of clot strength) 
greater than 65 mm (odds ratio [OR] 3.5) and greater than 72 mm (OR 5.8) were independent predictors of VTE.?! Similarly, when these findings were 
applied to an orthopaedic trauma population by Gary et al., MA over 65 mm (OR 3.7) and MA over 72 mm (OR 6.7) were independent predictors of VTE 
during hospitalization.** Furthermore, this study revealed a higher rate of VTE in trauma patients with orthopaedic injuries (6.5%) compared to trauma 
patients without orthopaedic injuries (2.7%). Finally, Wilson et al. found that patients with hip fracture with DVT were significantly hypercoagulable in the 
first 7 days postfracture.'®° There is also growing evidence demonstrating the contribution of platelets to hypercoagulability, which may be a potential target 
for VTE prevention.*3031,44,61,189 While viscoelastic hemostatic assays are not specific for the cell-based model, they are able to measure the function of 
platelets as well as the interaction between platelets and coagulation factors during the coagulation process.9%1!7.118 


Inflammation and Coagulopathy 


Inflammation and coagulation are inextricably linked processes that influence one another; however, their synergistic contribution to trauma-induced 
coagulopathy remains unclear.*!!"” Tissue injury causes a surge of proinflammatory (interleukin [IL]-6, IL-8, IL-1, tumor necrosis factor-alpha [TNF-a]) 
and anti-inflammatory (IL-10, transforming growth factor-beta [TGF-B]) mediators. Proinflammatory cytokines have been shown to be elevated from 
admission until 48 hours postadmission in polytrauma patients.*° Elevated proinflammatory mediators (IL-6, IL-8, and TNF-a) and monocyte chemotactic 
protein-1 (MCP-1) are associated with increased first-time VTE and recurrent VTE.*!!”* Proinflammatory mediators play important roles in inflammation- 
related VTE by increasing hypercoagulable state through upregulation of TF, increasing thrombin—antithrombin complexes, and inducing platelet 
aggregation.!° Individualized inflammatory response to trauma supports future investigation to further assess patient-specific inflammatory-mediated 
coagulopathy. 


RISK FACTORS FOR VENOUS THROMBOEMBOLISM 


The systemic physiologic changes that occur as a result of musculoskeletal trauma have a profound impact on the risk of VTE. The optimal 
thromboprophylaxis regimen is dependent on unique patient-related and trauma-related risk profiles that necessitate an understanding of individualized risk 
(Table 26-1). 


TRAUMA-RELATED RISK FACTORS 


Major transient risk factors, including trauma and major surgery, are associated with a 10-fold increase in the risk of a first-time VTE event.®? Trauma- 
related risk factors for VTE include severe chest or spine injuries, hemodynamic instability, mechanical ventilation for greater than 3 days, and general 
anesthesia for more than 30 minutes (see Table 26-1).°°:87 Perioperative red blood cell transfusions are associated with increased VTE risk by threefold, 
with many VTE events being symptomatic PE.”°7 

Surgical and postoperative decision making, including timing and extent of surgical intervention and immobilization, may also impact the morbidity and 
mortality associated with VTE. Prolonged time between injury and surgery, as well as increased surgical time are contributing factors to increased VTE 
risk.!5? A retrospective review of 106 high-risk trauma patients reported the combination of pelvic fractures with prolonged operative time (>2 hours) as an 
independent risk factor for VTE.©? Prolonged lower leg immobilization following trauma is a notable risk factor for VTE.** 


Injury Severity Score 


The ISS was first introduced in 1974!° as a method to classify the extent of injury in polytrauma. The score is based on injury to six anatomic zones (head 
and neck, face, chest, abdomen and pelvic viscera, extremities and bony pelvis, and integument); graded as follows: 1, mild; 2, moderate; 3, severe; 4, 
critical—outcome usually favorable; and 5, critical—outcome usually lethal. The ISS is calculated by the sum of the squares of three highest grades and can 
aggregate to a maximum of 75. ISS has been identified as an independent variable correlating with the incidence of VTE events, irrespective of 


thromboprophylaxis,!?” with increasing ISS correlated with greater risk of VTE.!99 


TABLE 26-1. Summary of Patient-Related and Injury-Related Risk Factors for Venous Thromboembolism 


Patient-Related Risk Factors 
e Increased age (increased risk with each decade) 
e Obesity (BMI >30 kg/m?) 
e Active malignancy 
e Myocardial infarction (within past 3 months) 
e Diabetes mellitus 
e Personal or first-degree relative VTE history 
e Pregnancy or <12 weeks postpartum 
e Inherited or acquired coagulation disorder (protein C or S deficiency, factor V Leiden mutation, thrombophilia) 
e Autoimmune disorders 
e Inflammatory bowel disease 
e Non-O blood type 
e Long distance travel >4 hours 
e Smoking history (controversial) 
e Treatment related: 
e Oral contraception (containing estrogen) 
e Hormone replacement therapy 
e Chemotherapy 
e Systemic steroid use >3 months 


Trauma-Related Risk Factors 
e Increased Injury Severity Score (>10) 
Pelvic fracture 
Hip fracture 
Lower extremity fracture 
Spinal cord injury or spinal fracture 
Traumatic brain injury 
Chest injury 
Shock at time of hospital admission 
Trauma-induced coagulopathy 
Blood transfusion: >4 units in initial 24 hours 
Hypothermia 
Central venous catheterization 
Mechanical ventilation >3 days 
Anesthesia time >30 minutes 
Prolonged immobilization 
Hemi or total hip arthroplasty for hip fracture 
Surgical delay of hip fracture >24 hours 


Pelvic and Lower Extremity Fractures 


Pelvic and lower extremity fractures place patients among the highest risk for VTE. In a study of 312 patients with high-energy skeletal trauma, despite 
thromboprophylaxis, 11.5% of the patients developed VTE, with 10% prevalence in the absence of pelvic fracture, and 12.2% prevalence with pelvic 
trauma.!54 Similarly, a large population cohort of over 45,000 patients reported a symptomatic VTE rate, despite thromboprophylaxis, for 12% of those 
undergoing internal fixation for a pelvic injury, 2.1% for femur fractures, 3.8% proximal tibia fracture, and 2.2% for tibial diaphysis.°° Furthermore, DVT 
can occur in the uninjured limb with preoperative and postoperative rates of 4.9% and 16.4% reported respectively following lower extremity fractures. !77 


Temporary External Fixation for Lower Extremity Fracture 


Niikura et al. evaluated two groups of complex femoral and tibial fractures managed with staged external fixation followed by definitive internal fixation. ! 
None of these patients received pharmacologic thromboprophylaxis. One group underwent external fixation for a shorter duration, with an average of 11.6 + 
4.0 days, and the other group for a longer duration, with an average of 29.8 + 28.0 days. The rate of VTE was 29% in the short external fixation group and 
45% in the longer external fixation group, although sample size did not allow for establishing statistical significance. Sems et al. evaluated 143 patients with 
temporary knee or ankle spanning external fixator placement prior to definitive surgical fixation [with the majority being for proximal tibia fractures (n = 
62), distal tibia fractures (n = 49), and femur fractures (n = 14)], for an average of 18 days while receiving LMWH thromboprophylaxis and noted a 2.1% 
incidence of DVT, all in patients with multiple injuries.!“° In a retrospective review of a single surgeon series of 177 patients with tibial fractures who 
underwent management with circular frame application, 7 patients (4%) developed symptomatic VTE (3 DVT and 4 PE).!”° All patients received LMWH 
within 24 hours of injury until independent mobility was achieved and the authors reported a significantly higher body mass index (BMI) in the VTE group. 
Temporary external fixation is an important adjunct to fracture management by providing stability and mitigation of endothelial injury; however, given the 
reported VTE risk, pharmacologic thromboprophylaxis should be considered, especially in the setting of additional risk factors for VTE, such as elevated 
BMI. 


Hip Fractures in Older Adults 


Given age-related hypercoagulability, reduced mobility, and frequent comorbidities, the risk for VTE following hip fracture surgery remains high. In the 
HIP ATTACK trial, a 3% overall VTE event rate was reported (1% DVT and 2% PE) in this large RCT of hip fracture patients (n = 2,970). A recent 
subanalysis of the large HEALTH and FAITH hip fracture RCTs (n = 2,520) reported a symptomatic VTE rate of 2.5% (1.4% DVT and 1.1% PE), despite 
thromboprophylaxis, most commonly with LMWH.!°? Notably, surgical treatment with arthroplasty compared to internal fixation was associated with 
increased VTE risk (hazard ratio 2.67; p = .02). 

In a large population-based database review, both hospital stay and cost doubled for patients with hip fracture who suffered a VTE compared to those 
without VTE complications.!®” The diagnosis of VTE in elderly patients with hip fractures can be complicated by cognitive impairment, delirium, 
immobility, and symptoms that are masked by the injury. Therefore, close monitoring in patients with hip fracture and consideration for screening venous 
duplex ultrasound when there are challenges with clinical diagnosis may be warranted, as early detection of DVT may allow for treatment to prevent the 


increased morbidity and mortality associated with PE.!7” 

The American Academy of Orthopaedic Surgeons (AAOS) guidelines suggest surgical intervention for older adults with hip fractures as soon as safe, 
but within 24 to 48 hours of admission.'©? A greater than 24-hour delay in surgery correlates with increasing likelihood of VTE, despite 
thromboprophylaxis.!°* This is further supported by a recent multicenter RCT of 2,970 patients with hip fractures across 69 participating sites who were 
randomized to either accelerated surgery (within 6 hours of hospital admission) or to standard of care. This study found decreased rates of delirium and 
urinary tract infections, earlier mobilization, and shorter hospital stay with accelerated surgery (median time to surgery 6 hours [range 4—9 hours]), but no 
difference between the accelerated group and the standard of care group (median time to surgery 24 hours [range 10—42 hours]) for 90-day mortality or a 
composite outcome of major complications (e.g., VTE, myocardial infarction, stroke, major bleeding). 


Acute Spinal Cord Injury 


The acute phase of spinal cord injury (SCI) correlates with an increase in risk of VTE. In the first month after acute SCI, patients have a 500-fold increase in 
PE-related death compared to age- and gender-matched controls.”° The overall incidence of DVT in patients with SCI ranges from 49% to 100% in the first 
12 weeks, with the first 2 weeks having the highest rate following acute injury.”®?8 The physiologic basis of this elevated risk is the venous stasis that 
results from diminished to absent vascular tone combined with the loss of active muscle function. The rate of VTE differs based on the level of SCI; 6.3% 
for patients with high thoracic (T1-T6), 3.4% for high cervical (C1-C4), and 3.2% for lumbar injury.!°9 Higher association with VTE was seen in SCI 
patients coupled with predictable risk factors of increased BMI, completeness of motor paralysis, male sex, length of stay, associated pelvic or extremity 
fracture, and delayed admission to SCI specialty service.?9 


PATIENT-RELATED RISK FACTORS 


In evaluation of individual VTE risk profiles, it is important to consider pre-existing medical conditions and patient-related risk factors (see Table 26-1). 
Patient-related risk factors associated with increased VTE risk in trauma patients include increasing age,°9!©° elevated BMI (>30 kg/m2),°!)!48 and ethnicity, 
where African Americans have a significantly higher VTE risk, followed by Caucasians, Hispanics, and Asians/Pacific Islanders.'®* Medical comorbidities 
such as diabetes mellitus (OR <2), malignancy (OR 2-9), hypercoagulability or prior VTE (OR 2-9), and inherited or acquired coagulation disorders (OR 
2-9) are also correlated with increased risk of VTE.4447:82:90127 

Pregnancy causes a hypercoagulable state due to increased coagulation factor levels, decreased protein S levels and function, acquired protein C 
resistance, and decreased fibrinolytic activity due to increased PAI-1 production. The VTE risk increases throughout pregnancy and is greatest 2 weeks after 
delivery (OR 2-9),°° with persistently elevated VTE risk until 12 weeks postpartum.”®108 Use of combined estrogen and progestin hormonal contraceptives 
has been demonstrated to increase risk of VTE. Overall risk of VTE is 3 to 15 per 10,000 woman-years in hormonal contraceptive users versus 1 to 5 per 
10,000 risk in nonusers.!*° The risk is further increased in patients older than age 35 and with BMI over 30.78135 A family history of VTE in a first-degree 
relative is associated with increased risk for VTE and may reflect underlying genetic risk factors (i.e., factor V Leiden mutation, low AT, low protein C, or 
low protein S levels).!? Therefore, a complete history and medical record review, including collateral history, if needed, is required for patient-specific VTE 
risk assessment. 


RISK ASSESSMENT MODELS 


Several risk assessment models (RAMs) have been developed to predict the risk of VTE, inform the utility of image investigation for DVT, and inform 
pharmacologic thromboprophylaxis. The Caprini Index is a 31-item RAM originally created primarily for VTE risk evaluation in general surgery patients”? 
to help establish a composite and individualized risk profile, which was then updated in 2019.3? Some limitations of this RAM include the number of 
variables required, time required to complete, inclusion of subjective variables (challenging with severely injured or intoxicated patients), requirement for 
physical examination, inclusion of lab variables, and notably, major lower extremity fractures place patients in the highest-risk category by definition, which 
may limit the applicability of this risk assessment tool in the trauma population. Recently, an abbreviated Caprini RAM was proposed to mitigate these 
challenges and improve applicability to the trauma population, with 10 variables included (recent major surgery, length of surgery greater than 72 hours, 
central venous catheter, current major surgery, age, history of VTE, hip or leg fracture, and serious trauma).°* In a population of 1,279 patients, the 
abbreviated model had similar OR compared to the original Caprini score (1.17 vs. 1.07; both p < .001), similar sensitivity for VTE prediction (0.73 for the 
abbreviated Caprini and 0.76 for the original), and similar specificity (0.62 for the abbreviated vs. 0.61 for the original). The abbreviated Caprini score 
warrants further investigation, given the potential for improved time and cost savings. 

Greenfield’s Risk Assessment Profile for Thromboembolism (RAPT)® and the Trauma Embolic Scoring System (TESS)'*! are VTE RAMs developed 
for use in the trauma population; however, each RAM has limitations in accurate risk stratification.'®°-19! The RAPT score was developed in hospitalized 
trauma patients, in order to evaluate the likelihood of VTE development.” The score considers underlying conditions (obesity, malignancy, VTE history, 
coagulopathy), iatrogenic factors (femoral venous line, transfusion, prolonged operative duration, and major venous repair), injury-related factors (pelvic 
fracture, severe lower extremity fracture, etc.), and age; however, not all components of Virchow triad are captured in the RAPT. A recent evaluation of the 
RAPT in 1,989 trauma patients demonstrated that though the RAPT was significantly higher in patients who suffered a VTE event, the score was not an 
independent predictor of VTE.®° The authors concluded that the performance of the RAPT score in predicting VTE was moderate and should not be used in 
isolation for deciding VTE risk or for deciding on the need for screening ultrasound. In a cohort of 1,233 trauma patients with a mean ISS of 21 (+13), the 
RAPT score was applied retrospectively and a univariate, followed by multivariate logistic regression analysis identified 5 of the original 16 criteria in the 
RAPT as independent predictors of VTE (four or more blood transfusions within 24 hours from admission, Glasgow coma score of <8 for over 4 hours, 
pelvic fracture, age 40-59 years, and operation over 2 hours in length).!'* Though a promising simplification of Greenfield’s original RAPT score, this 
approach requires further study and validation. 


TABLE 26-2. Trauma Embolic Scoring System (TESS) for Risk Prediction for Venous Thromboembolism in Trauma Patients 


Risk Factor Description Points® 


Age (years) 18-29 0 


30-64 1 
265 2 
Injury Severity Score 1-9 0 
10-16 3 
17-25 3 
>25 5 
Preexisting obesity No pre-existing obesity 0 
Pre-existing obesity 1 
Ventilator days No ventilator days 0 
Ventilator days 4 
Lower extremity facture No lower-extremity fracture 0 
Lower-extremity fracture 2 


“A score of 0 to 2 is considered negligible risk, a score of 3 to 6 is considered low risk, a score of >7 is considered moderate to high risk. 


Reproduced with permission from Rogers FB, et al. Determining venous thromboembolic risk assessment for patients with trauma: the Trauma Embolic Scoring System. J Trauma Acute 
Care Surg. 2012;73(2):511-515. 


The TESS was developed using a retrospective review of 16,608 consecutive trauma patients, with risk factors identified as significant in a univariate 
analysis being evaluated using multivariate analysis (Table 26-2).!*! The independent risk factors were then applied to a validating dataset from the 
National Trauma Data Bank (n = 234,032) to identify increasing age, increasing ISS, obesity, ventilator requirement, and lower extremity fracture as risk 
factors predictive of VTE. A TESS score of 7 or greater is deemed moderate to high risk (sensitivity of 77.4%-87.5%; specificity of 75.6%-77.5%; positive 
predictive value of 3.3%—4.1%; and negative predictive value of 99.6%-99.9%) and both mechanical and pharmacologic thromboprophylaxis is 
recommended for these patients. The TESS is the author’s preferred RAM. 

Computerized clinical decision support systems (CCDSSs) leverage medical records systems to facilitate thromboprophylaxis for VTE. A recent meta- 
analysis examining their use comprising 156,366 patients (104,241 in the intervention group and 52,125 in the control group) demonstrated a significant 
increase in the rate of appropriate ordering of thromboprophylaxis (OR 2.35) and a significant decrease in the risk of VTE events (risk ratio 0.78).!° 
Implementation into health care systems will likely reduce error and optimize patient therapy. 


VENOUS THROMBOPROPHYLAXIS IN ORTHOPAEDIC TRAUMA 


PHARMACOLOGIC THROMBOPROPHYLAXIS OPTIONS (TABLE 26-3) 


Aspirin 

Acetylsalicylic acid (ASA), or aspirin, is a nonsteroidal anti-inflammatory drug (NSAID) that functions as an irreversible inhibitor of cyclooxygenase 
(COX; more COX-1 pathway inhibition than COX-2 pathway), thereby inhibiting thromboxane A,-dependent platelet ageregation*? during the 7- to 10-day 
lifespan of the affected platelet.2+4° Aspirin is used for cardiac pathologies, including myocardial infarction, unstable angina, ischemic stroke, and transient 
ischemic attack.*4 Aspirin increases laboratory bleeding time without affecting other coagulation parameters.?* 

Aspirin has been popularized as a pharmacologic thromboprophylaxis agent in the total joint arthroplasty (TJA) literature for prevention of VTE, with 
RCTs supporting VTE prevention compared with LMWH¢® and the DOAG, rivaroxaban.” However, the orthopaedic trauma patient population differs from 
the elective arthroplasty patient population in mobility, weight-bearing restrictions, and additional systemic injuries, which may result in an increased risk 
profile for bleeding or VTE. A systemic review by Drescher et al.?” included eight RCTs evaluating lower extremity orthopaedic surgery, including hip 
fracture surgery and TJA, where aspirin was compared to anticoagulants (warfarin, UFH, LMWH, DOACs, and fondaparinux [FPX]) and concluded that 
there was no difference in DVT incidence (aspirin, 12.7%; anticoagulants, 7.8%). Notably, the risk of bleeding was lower with aspirin than anticoagulants 
following hip fracture surgery (aspirin, 3%; anticoagulants, 10%) and rates of PE were too low for comparison. A multicenter retrospective review of 1,141 
patients with femoral neck fractures, where aspirin was compared to all other pharmacologic thromboprophylaxis agents, reported a significantly lower 
overall VTE rate (1.98%) for patients who received aspirin compared with patients who received other anticoagulants (6.7%; p <.001).°” After propensity 
score matching and regression modeling, aspirin was found to be noninferior to other anticoagulation agents in preventing VTE after both total hip 
arthroplasty and hemiarthroplasty procedures for femoral neck fractures. 

A landmark multicenter RCT (Pulmonary Embolism Prevention trial; PEP trial) compared aspirin (160 mg daily for 35 days) to placebo for hip fracture 
thromboprophylaxis in 13,356 patients across 148 participating sites and reported a 43% reduction in PE (95% CI 18-60; p = .002) and a 29% reduction in 
DVT (95% CI 3-48; p = .03).!37 There was a 24% increase in bleeding events reported in the aspirin group (95% CI 1-53; p = .04), but no increased wound 
complications or infection rates. Notably, 82% of patients received the first dose of the study medication preoperatively. 

A recent pragmatic, multicenter, randomized, noninferiority trial of 12,211 adult patients across 21 trauma centers in the United States and Canada with 
an extremity fracture (from shoulder to wrist and hip to midfoot) treated operatively, or a pelvic or acetabular fracture treated operatively or nonoperatively 
randomized participants to receive enoxaparin 30 mg BID or aspirin 81 mg BID for a duration selected by the treating physician.!°* This study reported that 
aspirin was noninferior, but not superior, compared to LMWH for 90 days for all-cause mortality and that there was no difference in DVT, PE, bleeding 
complications, or other adverse events between the two treatment groups. 104 


TABLE 26-3. Pharmacology of Common Venous Thromboprophylaxis Agents 


Drug Mechanism of Action Half-Life Reversal Agent(s) Considerations 


Aspirin Irreversibly inhibits COX-1, Approximately 30 min- None e Allergies are rare 
thereby inhibiting thromboxane utes, but inhibition lasts e Avoid in gastrointestinal 
A,-dependent platelet 5 to 7 days bleeding 
aggregation e Bleeding complications 
UFH Binds AT to inactivate Factors 1 to 2 hours" Protamine 1 mg IV for every e Anti-Xa level or PTT 
Xa, prothrombin (II), IXa, XIa, 100 units of UFH monitoring 
and XIla e HIT, bleeding, and 
osteoporosis 
LMWH Binds AT to inactivate Factor Xa 3 to 6 hours initially, Protamine (dose depends on e Avoid in renal failure 
then up to 7 hours after LMWH type) and only 60% e No lab monitoring needed 
several doses“ reversal e HIT is rare 
e Bleeding complications 
FPX Indirect Xa inhibitor that binds 13.5 to 21 hours* Recombinant activated factor e Avoid in renal impairment 
AT to selectively inactivate Xa VIII (limited data) e No lab monitoring needed 
e Bleeding complications 
VKA Warfarin inhibits hepatic 20 to 60 hours e Vitamin K 5 g IV e Requires INR monitoring 
synthesis of Factors II, VII, IX, e Prothrombin complex e Multiple diet and drug 
and X concentrate interactions 
DOAC e Factor Xa inhibitors: e ~9 hours* e Andexanet alfa for acute e No lab monitoring needed 
rivaroxaban, apixaban, e 11 to 13 hours? bleeding e Bleeding complications 
edoxaban e Idarucizumab 5 g IV e Antifungal/antiviral 
e Thrombin inhibitor: interaction 
dabigatran e Bleeding complications 


*Dependent on renal clearance. 
AT, antithrombin; COX-1, cyclooxygenase-1; DOAC, direct oral anticoagulant, FPX, fondaparinux; HIT, heparin-induced thrombocytopenia; INR, International Normalized Ratio; 
IV, intravenous; LMWH, low—molecular-weight heparin; PTT, activated partial thromboplastin time; UFH, unfractionated heparin; VKA, vitamin K antagonist. 


Unfractionated Heparin 


Heparin was discovered by McLean in 1916 as one of the earliest modalities of pharmacologic thromboprophylaxis.!°” Heparin binds to and activates AT 
(enzyme inhibitor), as well as to thrombin directly, resulting in an inhibition of coagulation.” Heparin has a faster onset of anticoagulation action, as it 
inhibits Xa and thrombin (Ila), while LMWH only inhibits Xa directly. Heparin not only prevents fibrin formation but also inhibits thrombin-induced 
activation of platelets and of factors V and VIII. The effects of UFH are measured in the laboratory by the partial thromboplastin time (PTT).’”? The 
therapeutic index of UFH is narrow compared to LMWH; therefore, it requires increased vigilance with continuous monitoring of anti-Xa levels or PTT. 
UFH has a half-life of approximately 1 to 2 hours after infusion, depending on renal function, and requires frequent or continuous infusion for adequate 
therapeutic effect.” 

Potential adverse reactions include bleeding, osteoporosis and related fractures, hyperaldosteronism, and the potential for heparin-induced 
thrombocytopenia (HIT), a hypercoagulable phenomenon causing the formation of pathologic antibodies that activate platelets, reducing circulating platelet 
volume to below 50%.°° Treatment for bleeding includes discontinuing the medication and consideration for administering protamine sulfate. In 
contemporary practice, UHF is not commonly used but may be valuable for bridging therapy to warfarin, anticoagulation in patients with renal failure, as a 
short-term and short-acting agent for perioperative VTE risk mitigation, and may be a more economical alternative. 


Low-Molecular-Weight Heparin 


LMWH, including dalteparin, enoxaparin, and tinzaparin, inhibit coagulation by activating AT, which then binds to and inhibits factor Xa. By inhibiting 
factor Xa, the final common pathway is inhibited; therefore, prothrombin is not activated to thrombin and subsequently, fibrinogen is not converted into 
fibrin and a clot is not formed. LMWHs are administered subcutaneously, undergo renal metabolism, and have a longer half-life (3-5 hours) with increased 
bioavailability in contrast to UFH.”? Laboratory monitoring of LMWH is not required, although anti-Xa levels can be measured. More personalized LMWH 
dosing regimens may be needed in the setting of renal insufficiency (creatinine clearance <30 mL/min) and obesity. In general, LMWH has reduced 
antifactor Ia activity relative to direct factor Xa activity, a more favorable risk—benefit ratio, and superior pharmacokinetic properties, compared with 
heparin. The standard dosage of enoxaparin is 30 mg BID or 40 mg daily and some literature suggests reduction in DVT rates with the latter dosage. !4° 

Numerous studies comparing UFH to LMWH!°48 have concluded that LMWH is associated with lower risk of VTE. For example, in a large 
retrospective review of the American College of Surgeons Trauma Quality Improvement Program (ACS TQIP) database for patients who required surgical 
fixation for an isolated pelvic fracture and received either LMWH (n = 2,349; 85%) or UFH (n = 403) reported a significantly lower odds of VTE (OR 0.37; 
95% CI 0.22-0.63) and death (OR 0.27; 95% CI 0.10-0.72) compared with UFH."4 

AT deficiency is common in the trauma population and, as AT is required for LMWH to ultimately inhibit factor Xa, this may contribute to LMWH 
resistance and increased VTE risk.!”4 Up to 50% of surgical ICU patients have been reported to have subtherapeutic anti-Xa levels when standard 
enoxaparin dosing is used for thromboprophylaxis, which further highlights the increased VTE risk following trauma.!°° 


Fondaparinux 


Fondaparinux (FPX) is a synthetic pentasaccharide, AT-dependent indirect factor Xa inhibitor with similar monomeric chemical structure to heparin. 
Administered daily subcutaneously, FPX has a prolonged half-life (~17 hours), improved therapeutic index, and a favorable pharmacokinetic profile 
compared to UFH.!® Its safety profile is similar to enoxaparin for clinically relevant major bleeding. Excreted by the kidneys, FPX is contraindicated in 
patients with creatinine clearance below 30 mL/min and should be used judiciously in patients with a creatinine clearance of 30 to 50 mL/min. Unlike 
heparins, FPX avoids osteopenic complications and HIT as it does not affect osteoclast or osteoblast metabolism and does not activate platelets.!7!-1°8 The 
Pentasaccharide in Hip-Fracture Surgery Study was a multicenter RCT comparing FPX or enoxaparin postoperatively in 1,711 patients with hip fracture that 
reported significantly lower VTE rates with FPX (8.3%) compared with enoxaparin (19.1%).°° 


Vitamin K Antagonists 
Warfarin 


The most commonly used VKA is warfarin. Warfarin blocks gamma-carboxylation of Factors II, VII, IX, and X and protein C and S and has a half-life 
between 20 and 60 hours.!8 Reversal agents include vitamin K and prothrombin concentrate complex. Importantly, warfarin requires serial international 
normalized ratio (INR) measurement and titration. 

In a large population-based database study of post—hip fracture thromboprophylaxis, warfarin (n = 3,457) was reported to be less effective in VTE 
prevention compared with LMWH (enoxaparin, n = 6,835) and also carried a higher adverse event rate (OR 1.18, p < .001).”° Similarly, in a large 
retrospective database review of hip fracture patients compared enoxaparin (n = 6,835), apixaban (n = 1,092), and warfarin (n = 3,457) and reported a 
similar 90-day VTE event rate for enoxaparin and apixaban, but a greater odds of 90-day VTE with the use of warfarin.” Caution is also recommended in 
using warfarin for VTE prevention in the trauma population, as during the initiation of warfarin, there is a paradoxical procoagulant effect, which may 
increase clotting risk, due to reduced levels of protein C and protein S levels.’ 


Non-Vitamin K Antagonists 
Direct Oral Anticoagulants 


Rivaroxaban, apixaban, edoxaban, and dabigatran fall into the category of non-VKA or DOACs. These oral agents function by selective inhibition of 
thrombin (dabigatran) or factor Xa (rivaroxaban, apixaban, edoxaban) and have predictable oral bioavailability that avoids parenteral administration and 
need for routine monitoring.” The half-life of these agents ranges from 9 to 13 hours (Table 26-3), which allows once- or twice-daily dosing. 
Anticoagulation is achieved rapidly with peak plasma concentration within 1 to 4 hours of oral administration. 

A recent meta-analysis comparing DOACs (with the most common being rivaroxaban 10 mg daily) with LMWH, UFH, or warfarin following lower 
limb fracture surgery reported a significant reduction in DVT events with rivaroxaban (OR 0.48; 95% CI 0.35-0.66; p < .001) with no increase in bleeding 
events (OR 1.03; 95% CI 0.68-1.58; p = .87).!”© Similarly, a second meta-analysis of patients with hip fracture compared DOAC (most commonly 
rivaroxaban 10 mg daily) across five studies (n = 4,767 patients) and reported improved VTE prevention with DOAC use (OR 0.52; 95% CI 0.25-1.11, p = 
.09) compared to LMWH, with no reported increase in bleeding risk (OR 0.97; 95% CI 0.76-1.23; p = .27).!?8 

Hoffmeyer et al.’* performed a study of 413 patients who underwent nonelective orthopaedic surgery for lower extremity trauma (hip/femur, 26%; 
tibia/fibula/ankle/foot, 74%) comparing rivaroxaban to LMWH with no difference in VTE or major bleeding events. In a large retrospective review of the 
ACS TQIP database, for patients with isolated pelvic fractures who were treated nonoperatively, those who received DOACs (n = 284) were compared, 
using propensity matching, to those who received LMWH (n = 568). There were significantly fewer DVTs in those who received DOACs (1.8%) compared 
to those who received LMWH (6.9%; p < .01).° 

Notably, the bleeding risk with DOACs increases with coadministration with other anticoagulants, platelet inhibitors (e.g., aspirin, clopidogrel), or 
NSAIDs. In addition, the lack of laboratory monitoring capability and reversibility makes it challenging to determine patient compliance and level of 
anticoagulation. 146 


MECHANICAL THROMBOPROPHYLAXIS OPTIONS 


Current mechanical thromboprophylaxis options include graduated compressive stockings (GCS) or intermittent pneumatic compression devices (IPCDs) 
(also called sequential compressive devices). Largely risk free and cost-effective, they can function as adjuncts, if not primary methods of 
thromboprophylaxis, particularly in patients with contraindications to pharmacologic thromboprophylaxis. 


Graduated Compressive Stockings 


The physiologic principle of GCS is to minimize venous stasis by reducing the resting volume of veins. In a 2018 Cochrane review, 20 RCTs of mainly 
surgical patients were identified (1,681 individual patients, 1,172 individual legs) in which GCS were applied from surgery until discharge or full 
mobility.!4* In comparison to the control group without GCS, the incidence of DVT was reduced from 21% to 9% in the treatment group (p <.001). The 
incidence of PE was reduced from 5% to 2% with the use of GCS (p = .04). The authors concluded that GCS are effective at lowering the risk of DVT in 
hospitalized surgical patients and may also reduce the risk of proximal DVT and PE, although the sample size was limited. 


Intermittent Pheumatic Compression Devices 


IPCDs function by mechanically stimulating venous blood flow in the limbs, thereby limiting stasis and facilitating VTE prevention. A number of RCTs 
have compared IPCD to LWMH. In a study of 442 polytrauma patients, DVT rate was 2.7% in IPCD group versus 0.5% in LMWH (p = .122). No 
differences were noted in the rates of PE or bleeding complications.*? In another RCT of 120 patients with head and spine trauma who were randomized to 
IPCD or LMWH, no difference was noted in the rates of DVT, PE, or mortality between the treatment groups.°? Stannard et al. performed an RCT including 
224 trauma patients comparing administration of LMWH within 24 to 48 hours of admission to delayed administration with mechanical IPCD as a 
temporizing measure.!°? A delay of up to 7 days prior to LMWH administration was deemed safe without a significant difference from immediate LMWH 
administration. Despite these findings, the American College of Chest Physicians (ACCP)°® current guidelines maintain that isolated use of mechanical 
devices does not match the efficacy of pharmacologic thromboprophylaxis. 

A recent Cochrane systematic review of 34 studies (14,931 mainly surgical or trauma patients) comparing pharmacologic thromboprophylaxis alone 


(UFH, LMWH, FPX, warfarin, DOAC, or aspirin) to combined IPCD and pharmacologic thromboprophylaxis demonstrated reduced risk of symptomatic 
PE from 1.34% in the IPCD alone group, compared to 0.65% in the combined group (OR 0.51; 95% CI 0.29-0.91).’” The incidence of DVT was reduced 
from 3.81% to 2.03% in the combined group (OR 0.51; 95% CI 0.36-0.72); however, there was an increased bleeding risk with the addition of 
pharmacologic thromboprophylaxis (0.34% risk of major bleeding in IPC alone group vs. 2.21% in the combined group; OR 5.77; 95% CI 2.81—11.83). 
Combined mechanical and pharmacologic thromboprophylaxis merits consideration in high-risk patients, following a complete assessment of bleeding risk. 


INFERIOR VENA CAVA FILTERS 


IVC filters were introduced for the prevention of PE by Greenfield in 1973.159 Current IVC filters are now retrievable and can therefore be used temporarily 
for the prevention of embolic PE in the highest-risk patients.!”! Indications for IVC filter placement include patients who are at high risk of VTE and those 
with documented VTE with an absolute contraindication to pharmacologic thromboprophylaxis, hemorrhage with anticoagulation, or reembolization despite 
therapeutic anticoagulation. 145 

A systematic review of 24 studies regarding the use of IVC filters in trauma patients supported a reduction in PE and PE-associated mortality with 
uncommon reports of complications, ultimately the review supports the use of IVC filters in high-risk polytrauma patients in whom anticoagulation is 
contraindicated beyond 72 hours after injury.8® In a recent multicenter RCT from Australia, 240 severely injured patients (ISS >15) who had a 
contraindication to anticoagulation were randomized to IVC filter placement within 72 hours of hospital admission or to no IVC filter placement. This study 
reported that prophylactic IVC filter placement did not significantly lower the risk of symptomatic PE (13.9% in the IVC group and 14.4% in the control 
group; hazard ratio 0.99; 95% CI 0.51-1.94; p = .98) or 90-day all-cause mortality. Notably, in those patients who had a persistent contraindication for 
pharmacologic thromboprophylaxis (most commonly intracranial hematoma) and did not receive any pharmacologic thromboprophylaxis within 7 days, 
there were no PE developed in the IVC filter group, but there were five PE (14.7%) in the no IVC group with entrapped thrombus found in the filter for six 
of the patients, in the IVC filter group. The authors recommended consideration for IVC filter placement in the polytraumatized patient with ongoing 
contraindications to pharmacologic thromboprophylaxis beyond 7 days as a temporizing measure for PE prevention. 

The ACCP recommends against the use of an IVC filter as an alternative to anticoagulation and in patients with acute DVT or PE who are already being 
treated with anticoagulation.°®-!5° This recommendation is based on evidence from the PREPIC and PREPIC 2 randomized trials, which demonstrated that 
placement of an IVC filter decreased PE, but was associated with increased DVT event rate and did not influence mortality.!!4!29.136 In patients with an 
acute proximal DVT and a contraindication to anticoagulation, the ACCP does recommend consideration for the insertion of an IVC filter. 

Retained filters pose an increased risk to patients for complications and the U.S. Food and Drug Administration (FDA) has recommended that 
physicians obtain diligent patient follow-up with removal of IVC filters at the earliest possible time deemed clinically appropriate (ideally between 29 and 
54 days after implantation).'2° Long-term complications described in the literature include filter migration (<1%), filter fracture, IVC thrombosis or stenosis 
(2.8%), and IVC perforation.® 

If an IVC filter is indicated, clinicians must maintain vigilance and document the presence of an IVC filter to facilitate timely extraction. 


CURRENT THROMBOPROPHYLAXIS RECOMMENDATIONS 


The orthopaedic trauma patient provides a unique challenge in establishing comprehensive recommendations to best mitigate VTE, given heterogeneity of 
clinic presentation and individual risk factors for VTE. The ACCP ninth edition of thromboprophylaxis guidelines was published in 2012,3” and an update 
has yet to be released. There have been several other thromboprophylaxis recommendations recently, which are summarized in Table 26-4. The author’s 
preferred thromboprophylaxis is based on these recommendations and individual risk assessment (Algorithm 26-1). 


TIMING OF THROMBOPROPHYLAXIS INITIATION 


Hypercoagulability commences rapidly following the initial onset of trauma. Prior to initiating thromboprophylaxis, hemorrhage must be ruled out, 
especially intracranial, intrathoracic, intra-abdominal, and perispinal bleeding that is most commonly assessed by computed tomography (CT). Numerous 
studies support early initiation of thromboprophylaxis to reduce VTE risk.!1-!9-63,75,85 In the absence of contraindications, the initiation of pharmacologic 
thromboprophylaxis is recommended if surgery is delayed more than 12 hours from time of admission.?”85-%8.!62 Tn the setting of hemorrhagic head injury, 
initiation of thromboprophylaxis within 48 hours is deemed safe with appropriate close monitoring,®° and the American Association for Surgery of Trauma 
(AAST) recommends initiation as soon as possible (within 24-72 hours from admission).!°8 Similarly, for solid organ injury, AAST recommends LMWH 
to be initiated within 48 hours of control of active bleeding.!38 Every attempt possible should be made to avoid missed thromboprophylaxis doses, in the 
absence of any contraindication. 


TABLE 26-4. Summary of Current Thromboprophylaxis Guidelines 


International 
Consensus 
Meeting 
(ICM)-VTE: 
Trauma 


JBJS 


Western 
Trauma 
Association 


Year 


2022 


2020 


Thromboprophylaxis 
Recommendations 


e ICPD combined with 


pharmacologic prophylaxis 
recommended for high-risk 
patients (e.g., hip fractures) and 
for pelvic and lower extremity 
fragility fractures, if no bleeding 
contraindications 

Arthroplasty procedures for 

hip fracture are at higher VTE 
risk and nonoperatively treated 
hip fractures should receive 
ICPD and pharmacologic 
thromboprophylaxis 
Nonoperative, single-limb 
lower extremity injury 

does not require routine 
thromboprophylaxis 

Surgeries in the upper extremity 
and distal to the ankle can 

be considered nonmajor and 
thromboprophylaxis not 
routinely recommended, unless 
high risk or severely limited 
activity 

Thromboprophylaxis not 
recommended following 
implant removal 


ISS >10 suggests pharmacologic 
thromboprophylaxis should be 
initiated as soon as possible 
Patients with spine or pelvic 
fractures, venous injury repair, 
history of VTE, or inherited 
clotting disorder should be 
considered for pharmacologic 
thromboprophylaxis 

Trauma patients capable 

of mobilization but are 
confined to bed due to 
intoxication or restraints 
should receive pharmacologic 
thromboprophylaxis 

Trauma patients requiring 
hospital admission for 24 hours 
or more require pharmacologic 
thromboprophylaxis 


Pharmacologic Agent 


e LMWH is agent most 
recommended 

e FPX promising, 
but requires more 
evidence 

e Consider DOAC 
for inpatient 
rehabilitation 

e LMWH, UFH, FPX, 
VKA, aspirin for hip 
fracture 


e Enoxaparin is 
the agent most 
recommended 
(40 mg SC BID) 

e Weight-based dosing 
for elevated BMI 

e Suggests titration 
based on anti-Xa 
levels for pregnant 
patients 

e Mechanical 
thromboprophylaxis 
is encouraged for all 
moderate- to high- 
risk patients 

e Aspirin may 
be initiated 
postdischarge for 
high-risk patients 


Thromboprophylaxis 
Initiation 


e As soon as active 


bleeding is controlled, 
but within 24 hours of 


injury 


e With TBI, once stable 


imaging, start within 
24-36 hours from injury 


e With solid organ injury, 


as soon as bleeding risk 
allows 

Mechanical 
thromboprophylaxis 

at admission for hip 
fractures and high-risk 
patients 


Pharmacologic 
thromboprophylaxis 
must be initiated as 
soon as possible and 
within 24 hours for 
most trauma patients 


e With solid organ injury, 


initiate within 24 hours 


e With TBI and a stable 


CT, initiate within 24 
hours and in nearly all 
TBI patients within 
72 hours of injury 


e As soon as possible for 


spine surgery or injury, 
but within 48 hours 


Thromboprophylaxis 
Duration 


e Restart 12 hours 
postoperatively for 
hip fractures 

e Based on injury 
profile, but 
recommend 
during hospital 
stay/inpatient 
rehabilitation 

e At least 28 days 
following hip 
fracture surgery 


e Up to 4 weeks 
after the date of 
admission for TBI, 
orthopaedic or spine 
injuries, and those 
who undergo major 


surgery 


National 2018 e LMWH or FPX for lower limb e LMWH e Preoperatively if surgical e Restart LMWH 


Institute immobilization where VTE risk e UFH with serologic delay >24 hours 6-12 hours 
for Health outweighs bleeding risk monitoring e Last dose LMWH postoperatively 
and Care e Pharmacologic * FPX 12 hours preoperatively e Restart FPX 6 hours 
Excellence thromboprophylaxis for foot e IPCD if e Last dose FPX 24 hours postoperatively if 
(NICE) and ankle surgery that requires contraindications preoperatively low bleeding risk 
immobilization, when anesthesia to pharmacologic e Preoperatively within e Consider stopping 
time >90 minutes, VTE risk thromboprophylaxis 14 hours of hip fracture if immobilization 
outweighs bleeding risk + LMWH 24 hours after >42 days 
e Offer LMWH of FPX for admission for spinal e Pharmacologic 
fragility fractures of the pelvis, injury thromboprophylaxis 
hip, proximal femur, spinal for 30 days or until 
injury mobile for spinal 
e Add IPCD at admission until injury 
mobile e Minimum of 7 days 
e Generally not needed in upper after major trauma 
extremity surgery but consider e LMWH for 
if general anesthetic time minimum of 7 days 
>90 minutes and in pregnant patients 


postoperatively immobility 
Consider LMWH and ICPD for 
pregnant women (or gave birth/ 
miscarriage in past 6 weeks) 


Orthopaedic 2015 e Pharmacologic e LMWH e 12-24 hours e Approximately 
Trauma thromboprophylaxis should e UFH, aspirin, postoperatively 4 weeks for those 
Association be initiated in patients with warfarin e Pharmacologic and/ at high risk (hip 
(OTA) musculoskeletal injury with recommended over or mechanical fracture, multiple 
additional risk factors no pharmacologic thromboprophylaxis trauma) 
e Pharmacologic thromboprophylaxis, should be initiated 
thromboprophylaxis not if LMWH is not as soon as medically 
recommended in patients with available possible 
isolated lower extremity fractures e IPCD when 
and no other risk factors pharmacologic 
e Consultation with general/ thromboprophylaxis 
trauma surgery prior to contraindicated 


initiation in patients who are 
hemodynamically stable with 
solid organ injuries 
Consultation with 
neurosurgeon for patients with 
TBI and stable CT exams 


American 2012 e LMWH more strongly e LMWH, FPX, UFH, e 12 hours or more e Minimum 10-14 days 
College recommended VKA, aspirin preoperatively e 35 days from the day 
of Chest e Both pharmacologic and IPCD e 12-24 hours of surgery for major 
Physicians following major orthopaedic postoperatively orthopaedic surgery 
(ACCP) surgery while in hospital 
e IPCD recommended if bleeding 
risk 


If unable/unwilling to use 
LMWH injections or IPCD, 
DOACs recommended 

e No pharmacologic 
thromboprophylaxis 
recommended for foot and 
ankle injuries requiring 
immobilization 


DOAC, direct oral anticoagulant; FPX, fondaparinux; ICPD, intermittent pneumatic compression device; LMWH, low—molecular-weight heparin; TBI, traumatic brain injury; 
UFH, unfractionated heparin; VKA, vitamin K antagonist; VTE, venous thromboembolism. 


In support of these recommendations, a recent systematic review of patients with surgically treated pelvic and acetabular fractures summarized three 
studies evaluating early thromboprophylaxis administration (<24—48 hours of injury) compared with late thromboprophylaxis administration (>24—48 hours 
from injury) and reported higher odds of VTE event, including both higher rates of symptomatic DVT and PE, and longer hospital stay with late 
thromboprophylaxis.!°° There was no increased risk for associated bleeding complications in these studies reported. LMWH can be withheld the evening 
prior to or on the day of surgery, as deemed appropriate, based on the short half-life. UFH can be initiated as a continuous infusion for initial acute 


thromboprophylaxis to aid with the unpredictability of surgical scheduling, given rapid reversibility. Aspirin thromboprophylaxis has been initiated 


preoperatively!” and immediately postoperatively,!°* without increased wound complications or infection risks. 


PATIENT PREFERENCE FOR PHARMACOLOGIC THROMBOPROPHYLAXIS 


Patients with orthopaedic fractures and hospitalized medical and surgical patients report a strong preference for oral medications for thromboprophylaxis, if 
the clinical outcomes are similar, as compared to injectable thromboprophylaxis agents.°°-!®° Patient preference is mainly attributed to lower cost and ease 
of use. Patients admitted to hospital are also more commonly administered orally with injectable thromboprophylaxis agents. 133134 Only one in five (16.3%) 
patients with hip fractures adhere to prescribed LMWH, thereby limiting its effectiveness.“ Many oral thromboprophylaxis agents do not require laboratory 
monitoring or dose adjustments, which may improve medication adherence after hospital discharge. 


SUMMARY OF THROMBOPROPHYLAXIS RECOMMENDATIONS 
High-Risk Patients 


Patients with fractures of the pelvis, hip, spine, and multiple fractures are classified as high risk for VTE and often require major orthopaedic surgery. The 
ACCP guidelines from 2012 recommend thromboprophylaxis for a minimum of 10 to 14 days postoperatively and suggest extension for 35 days for patients 
undergoing major orthopaedic surgery.°” In 2017, experts from the Orthopaedic Trauma Association (OTA) came to the consensus to recommend LMWH 
within 24 hours for pelvic and acetabular fractures without active bleeding and to prescribe thromboprophylaxis for 4 weeks after surgery.!°° A survey 
investigating the current practice of orthopaedic surgeons reported that LMWH was the agent of choice following pelvic and acetabular fractures.°° 
However, surgeons felt that the thromboprophylaxis literature and guidelines did not provide enough guidance, especially regarding the ideal 
duration.?™99.147,187 Current research is ongoing to define the duration of hypercoagulable state and increased VTE risk after high-risk fractures. The recent 
PREVENT CLOT trial compared aspirin with LWMH (enoxaparin) in the trauma population and reported noninferiority of aspirin for 90-day all-cause 
mortality and no significant difference in VTE events (PE = 1.49% in each group).!4 


Hip Fractures in Older Adults 


Following individualized risk assessment, mechanical thromboprophylaxis GCS or IPCD is widely recommended at the time of admission and 
pharmacologic preoperative thromboprophylaxis is recommended if surgical delay will be 12 hours or longer from the time of injury, or if there is no 
increased risk for bleeding.?7:95-98:122,162 Preoperative pharmacologic thromboprophylaxis with LMWH or UFH are recommended, with discontinuation 12 
hours preoperatively and with laboratory monitoring for UFH and renal adjusted dosing.!22 

Timely surgery (within 24 hours of injury) followed by immediate postoperative mobilization and mechanical and extended pharmacologic 
thromboprophylaxis are recommended to decrease the VTE risk. Mechanical and pharmacologic thromboprophylaxis is recommended beginning 6 to 12 
hours postoperatively and extending for a minimum of 28 to 35 days, !?”'®* with mechanical thromboprophylaxis continued in acute care and rehabilitation 
settings for at least 18 hours per day.!®* The optimal pharmacologic agent, dose, and duration have not been identified; therefore, high-quality research and 
knowledge dissemination is still required. 


Low- to Intermediate-Risk Patients 
Foot and Ankle Trauma 


In ambulatory patients without additional risk factors, there is conflicting evidence regarding the need for routine thromboprophylaxis to lessen VTE risk. 
Current ACCP guidelines and the OTA Expert Panel do not recommend routine thromboprophylaxis for isolated lower extremity fractures that require 
immobilization,*”“° whereas the more recent guidelines from the International Consensus Meeting (ICM) on VTE consider surgical management of 
injuries distal to the ankle as nonmajor, but note increasing VTE risk from ankle to pelvis.'®* Similarly, the National Institute for Health and Care 
Excellence (NICE) guidelines recommend pharmacologic thromboprophylaxis for foot and ankle surgery that requires immobilization, when anesthesia 
time exceeds 90 minutes.!22®? Therefore, assessment of individual risk factors should be made, with consideration for surgical duration, increased age, 
elevated BMI, postoperative mobility, prior VTE, oral contraceptive pill use, and air travel as risk factors.1°° 

For patients with isolated lower extremity injuries who do not require surgical management, most guidelines support that routine thromboprophylaxis is 
not required.!©* However, the NICE guidelines recommend individual risk stratification and consideration of LMWH or FPX when VTE risk outweighs risk 
of bleeding.!** Similarly, for patients with acute Achilles tendon ruptures, pharmacologic thromboprophylaxis should be considered based on individual risk 
factors, given the higher VTE risk. In a prospective cohort of patients with lower extremity injuries, those with acute Achilles tendon ruptures (n = 291) 
treated with immobilization and full weight bearing, the VTE rate was 4.8% (3.8% symptomatic DVT and 1% PE), with VTE occurring at mean of 16.1 
days (range 5-33 days).!437 

The TRiP (cast) score is an externally validated risk assessment measure that evaluates the type of lower extremity injury, immobilization, and patient 
characteristics and suggests a score below 7 does not require thromboprophylaxis, but a score of 7 or higher warrants consideration for 
thromboprophylaxis.!24 Though encouraging ankle and foot motion is common post-operative advice, an RCT of patients with ankle fractures reported no 
reduction in VTE rate in the group randomized to daily active ankle and toe movement.®” 

A recent network meta-analysis included 14 studies that compared rivaroxaban, FPX, and LMWH with placebo or no treatment across over 8,000 
patients requiring immobilization after isolated lower extremity trauma.** This study reported efficacy of VTE prevention with no increased bleeding risk 
for all pharmacologic agents studied, with the highest net clinical benefit reported for rivaroxaban. Duration of increased VTE risk and optimal duration of 
pharmacologic thromboprophylaxis following foot and ankle injury remains largely unknown. 


Upper Extremity Fractures 


Isolated upper extremity injuries treated nonoperatively do not routinely limit patient mobility and are unlikely to benefit from routine pharmacologic 
thromboprophylaxis; however, individual risk stratification is required and ponderation should be given to pharmacologic thromboprophylaxis in the setting 
of surgical management if a general anesthetic is required for 90 minutes or longer or the patient is immobile postoperatively. !?? 


Jameson et al. reviewed 4,969 patients undergoing surgical fixation of a proximal humerus fracture from the English National Health Service database 
and demonstrated no difference in VTE rates with or without the administration of LMWH thromboprophylaxis.’”* A retrospective review of 1,984 patients 
with upper extremity fractures from a single level 1 trauma center reported the incidence of VTE at a rate of 1.3%, with occurrence of VTE being most 
common in proximal humerus fractures (3.0%), followed by clavicle fractures (2.0%), then midshaft humerus fractures (1.9%), distal radius/ulna fractures 
(0.95%), and distal humerus/elbow (0.36%). In this cohort, 62% had additional injuries, 88% received mechanical and/or pharmacologic 
thromboprophylaxis with UFH or LMWH, and the median time to DVT was 10 days (range 2—24 days) and median time to PE was 3.7 days (range 1-10 
days). Ongoing studies and planned subgroup analyses may help inform the indications for the use of aspirin thromboprophylaxis in upper extremity 
injuries. 104 


Personalized Thromboprophylaxis 


There is increasing evidence to support the potential benefit of a precision medicine approach to thromboprophylaxis in the trauma population, given the 
aforementioned variability in trauma-related and patient-related risk factors. A retrospective study of high-risk trauma patients who received anti-Xa—guided 
LMWH (enoxaparin) thromboprophylaxis compared to standard dosing of enoxaparin (30 mg BID) demonstrated a reduction of VTE event rate from 20.5% 
to 7.1% with personalized care.!°! A recent prospective cohort study further supported that acquired AT deficiency is common in trauma patients; therefore, 
these patients have lower responsiveness to enoxaparin, as measured by anti-FXa levels.!”* The authors reported that for every 10% decrease in average AT 
activity during the first 3 days, the risk of VTE increased 1.5-fold. 

Female trauma patients have evidence of a more profound, early hypercoagulability!**; however, male sex has been reported as an independent risk 
factor for VTE after trauma.’ There are no considerations given to sex-based thromboprophylaxis in current guidelines. In the hip fracture population, 
hypercoagulability based on TEG demonstrated that over 50% of patients remained hypercoagulable at 6 weeks postoperatively.'®? Recommendations for 
optimal duration of pharmacologic thromboprophylaxis remain controversial. Future well-designed, prospective research examining the role for 
personalized thromboprophylaxis is warranted. 


Contraindications to Immediate Pharmacologic Thromboprophylaxis 


Absolute contraindication to pharmacologic thromboprophylaxis relates to uncontrolled hemorrhage, including but not limited to cerebral/intracranial, 
epidural, gastrointestinal (GI), and retroperitoneal hemorrhage. Relative contraindications include coagulopathy, thrombocytopenia (<50,000 platelets/uL), 
end-stage liver disease, hypertensive urgency/emergency, and epidural catheterization, and are at the discretion of the primary clinician.” Frequently, the 
contraindication to pharmacologic thromboprophylaxis is temporary and vigilant patient monitoring with mechanical thromboprophylaxis is indicated as a 
temporizing measure. 


Author’s Preferred Thromboprophylaxis ( ) 
Assess patient-related and trauma-related risk factors 


Low risk Intermediate risk 
TESS <6 TESS 27 


High risk 
TESS >10 


TRiP (cast) <7 TRiP (cast) 27 ISS >10 


Isolated upper extremity or Lower extremity injury Hip, pelvis, acetabulum, spine 
foot fracture (i.e., Achilles rupture, tibia fracture) fracture 


No other risk factors hao rik acari No other risk factors Other risk factors No bleeding risk Bleeding risk** 


* Nonoperative © Operatively treated e Nonoperative e Operatively treated 


ie Ambulatory + Immobilized x Ambulatory + Immobilized 
e Patient-related factors + Patient-related factors 


Mechanical Mechanical 
thromboprophylaxis thromboprophylaxis 
immediately immediately 

No Consider ere Mechanical Mechanical 
thromboprophylaxis thromboprophylaxis thromboprophylaxis thromboprophylaxis 
{aspirin 81 mg BID while in hospital while in hospital 

until mobile) 


Pharmacologic Pharmacologic 
thromboprophylaxis* thromboprophylaxis 
(LMWH or aspirin as soon as bleeding 
for minimum 28 days) risk reduced* 
(LMWH or aspirin 


required 


Consider pharmacologic Pharmacologic 
thromboprophylaxis thromboprophylaxis* 
(aspirin 81 mg BID (LMWH or aspirin 
until mobile) for minimum 14 days) 


Consider DOAC in hip for minimum 28 days) 
fracture 


In surgically treated patients, 

if surgery delayed, consider 
pharmacologic thromboprophylaxis 

up to 12 hours preoperatively 


Consider screening 
Consider extended ultrasound every 7 days 
duration in hip fracture 


Consider IVC filter if 
bleeding risk 
persists or proximal DVT 


Algorithm 26-1 Author’s preferred thromboprophylaxis for prevention of venous thromboembolism. *When pharmacologic thromboprophylaxis is indicated, re- 
initiation should occur 6 to 12 hours post-operatively. **Contraindications to initiating pharmacologic thromboprophylaxis include traumatic brain injury, spinal 
cord injury, solid organ injury, active bleeding, and hemodynamic instability. Multi-disciplinary coordinated care should be used to initiate pharmacologic 
thromboprophylaxis as soon as the bleeding risk is less than thrombosis risk. BID, twice daily; DOAC, direct oral anticoagulant; DVT, deep venous thrombosis; 
ISS, Injury Severity Score; IVC, inferior vena cava; LMWH, low—molecular-weight heparin; TESS, Trauma Embolic Scoring System. 


The author recommends beginning with individual risk stratification using currently available RAMs, including the TESS (all trauma patients) and/or 
the TRiP(cast) score (lower limb injuries requiring immobilization), as indicated (Table 26-5). In the preoperative setting, mechanical thromboprophylaxis 
should be initiated as soon as possible and used continuously for most trauma patients. Pharmacologic thromboprophylaxis should be initiated as soon as 
bleeding is controlled, but within 24 hours for the majority of trauma patients. For patients with solid organ injury, TBI, or ongoing bleeding risk, a 
multidisciplinary coordinated care approach is required to optimize bleeding and thrombosis risk. If a patient is being managed operatively and there is 
anticipated delay of surgical management beyond 12 hours, pharmacologic thromboprophylaxis should be initiated as soon as possible until 12 hours 
preoperatively. Early definitive fixation within 24 hours is preferred for high-risk fractures in hemodynamically stable patients, as surgical delay increases 
risk of VTE, as well as prolonged hospital stay.” Postoperative thromboprophylaxis should be restarted within 6 to 12 hours postoperatively. The ideal 
duration is still to be determined, but for low-risk patients, it should be based on level of mobility, though this can be challenging to measure objectively, 
while high-risk patients should receive a minimum of 28 days postoperative (or postinjury, if treated nonoperatively); however, for immobilized patients 
with additional risk factors, consideration should be given to extended thromboprophylaxis. Pharmacologic thromboprophylaxis agents can include LMWH, 
UFH for those with impaired renal function (creatinine clearance <30 mL/min), or aspirin. 


DIAGNOSIS OF VENOUS THROMBOEMBOLISM 


DVT makes up two-thirds of all VTE diagnoses with 90% involving the lower extremities, and PE makes up the other one-third.®! Given that 
anticoagulation therapy for VTE is effective, but the risk for major hemorrhage in the trauma population is significant, the goal of VTE diagnostic 
investigations is to identify patients where the benefit of therapeutic anticoagulation outweighs the bleeding risk. An additional goal can be to narrow the 
differential diagnosis, if a DVT or PE is ruled out. For example, in the setting of a negative test for PE, imaging of the lungs can often suggest an alternative 
diagnosis. The sequence of investigation for VTE should include an assessment of the pretest probability of VTE based on signs, symptoms, and risk 
factors, followed by an evaluation of the indications and contraindications for a specific VTE diagnostic investigation.®+1®° 


TABLE 26-5. TRiP(cast) Score: Thrombosis Risk Prediction in Patients With Cast Immobilization 


Risk Factor Description Points 
Trauma (choose the most severe, High-risk trauma 3 
if multiple injuries) e Fibula and/or tibial shaft fracture 


e Tibial plateau fracture 
e Achilles tendon rupture 


Intermediate-risk trauma 2 
e Bi- or trimalleolar ankle fracture 
e Patella fracture 
e Ankle dislocation, Lisfranc injury 
e Severe knee sprain (edema/hemarthrosis) 
e Severe ankle sprain (grade 3) 


Low-risk trauma 1 
e Single malleolar fracture 
e  Patellar dislocation 
e Metatarsal, tarsal, or forefoot fracture 
e Nonsevere knee sprain or ankle sprain (grade 1 or 2) 
e Significant muscle injury 


Immobilization (choose one) Upper-leg cast 3 
Lower-leg cast 2 
Foot cast (ankle free) or any semirigid cast without plantar support 1 
Other cast or bracing with plantar support 0 
Patient characteristics (choose all Age <35 years 0 
that apply) Age 35-54 years 1 
Age 55-74 years 2 
Age 275 years 3 
Male sex 1 
BMI 25-34 kg/m? 1 
BMI 235 kg/m? 2 
Family history of VTE (first-degree relative) 2 
Personal history of VTE or known major thrombophilia 4 
Current use of oral contraceptives or estrogen hormone replacement 4 
Cancer diagnosis within the past 5 years 3 
Pregnancy or puerperium 3 


Immobilization within the past 3 months (next to cast immobilization): Hospital admission, bedridden, flight 2 
>6 hours, or lower limb paralysis 


Surgery within the past 3 months 2 


Comorbidity: Heart failure, rheumatoid arthritis, chronic kidney disease, COPD, IBD 1 
Chronic venous insufficiency (varicose veins) 1 
The TRiP(cast) score is an externally validated risk assessment measure that evaluates the type of lower extremity injury, immobilization, and patient characteristics and suggests a score 


of <7 does not require thromboprophylaxis, but a score of >7 warrants consideration for thromboprophylaxis. 


Reproduced with permission from Nemeth B, et al. Clinical risk assessment model to predict venous thromboembolism risk after immobilization for lower-limb trauma. 
EClinicalMedicine. 2020;20:100270, with permission from Elsevier. 


ASSESSING PRETEST PROBABILITY OF VTE 


A validated clinical prediction score, such as the Wells or Revised Geneva score, is used to determine the necessity for further diagnostic testing. A recent 
study retrospectively applied the Wells criteria to 298 trauma patients (median ISS of 17), who underwent venous ultrasound for DVT assessment and 
reported the incidence of image-confirmed DVT was 0% in the low-probability group (Wells score of —2—0), 7.3% in the moderate-probability group (Wells 
score of 1-2), and 66.6% in the high probability group (Wells score of 3-8).!!5 The authors report that the Wells score was able to detect trauma patients at 
moderate or high risk for DVT with a sensitivity of 67%, specificity of 90%, positive predictive value of 31%, and a negative predictive value of 99% 
(Table 26-6). 

The revised Geneva and Wells rules have recently been simplified and retrospective analysis suggests that these new models may be effective, but 
prospective validation is required. 

The revised Geneva score eliminates the need for information gleaned from a chest radiograph or an arterial blood gas sample, ranging now from 0 to 22 
points and results in three clinical probability categories: low, intermediate, and high probability. 


INVESTIGATIONS FOR DEEP VEIN THROMBOSIS 


Even for the experienced clinician, the diagnosis of DVT in an injured, and often postsurgical, extremity can be challenging; therefore, a high index of 
suspicion for DVT is required in the trauma population. Patients with DVT may demonstrate unilateral leg tenderness, limb swelling, pitting edema, 
erythema, Homan sign (pain behind the knee with passive foot dorsiflexion), tachycardia, or fever of unknown origin.'®° Of these, the sign with the highest 
positive predictive value is an increase in calf diameter of more than 2 cm compared to the contralateral side, with a likelihood ratio of 1.8.53 Symptoms of 
small-burden distal DVT are uncommon until there is proximal extension into the popliteal and femoral veins (proximal DVT).®! In population of 
immobilized trauma patients with multiple injuries, 60% had a DVT diagnosed on contrast venography, with half of the thrombi extending proximal to the 
knee and 15% occurring in the uninjured lower extremity.°* If left untreated, approximately 50% of symptomatic proximal DVT will embolize into the 
lungs within 3 months, resulting in PE.® 

D-dimer is the plasmin-derived degradation product of a cross-linked fibrin blood clot that can be measured in the blood and used as a diagnostic (not 
screening) test.4180.181 In patients with VTE, the D-dimer level is a highly sensitive test for VTE (>95%); however, it has low specificity (approximately 
40%).'8° For example, D-dimer specificity decreases with trauma, recent major surgery, major hemorrhage, liver disease, pregnancy, malignancy, and 
increasing age; therefore, the value of this test in the setting of trauma requires a negative result.5!1®° In a single center retrospective cohort of 204 trauma 
patients (median ISS of 20) with daily D-dimer levels measured, 65 (32%) developed VTE, and elevated D-dimer was associated with moderate accuracy in 
VTE prediction with a suggested diagnostic threshold of 12.45 g/mL.'°° Therefore, when a D-dimer level is used in combination with the validated Wells 
clinical prediction score for DVT, a DVT can be ruled out in patients with low clinical probability of having a DVT.9*°%18! 


TABLE 26-6. Summary of Current Validated Venous Thromboembolism Prediction Scores that Can Be Used to Inform Decision- 


Making Around Need for Diagnostic Imaging 


Wells Score: DVT 


Wells Score: PE 


Modified Geneva: PE 


Variable Points Variable Points Variable Points 
Active cancer (treatment ongoing or l. Signs or symptoms of DVT 3 Risk Factors 
within previous 6 months, or palliative) Age 265 years Previous DVT or PE l 
. . ; . sai Surgery (under general anesthesia) or 
Paralysis, paresis, or recent plaster 1 Alternative diagnosis is less 3 gery ( 8 ‘ we 3 
i kT as nos . fracture of the lower limb within 
immobilization of the lower extremities likely than PE 
i 1 month) 

Recently bedridden >3 days or major 1 Hear rate >100 bpm LS Active malignant condition (solid or 2 
surgery within 4 weeks hematologic, active or cured <1 year) 2 
Localized tenderness along the 1 Immobilization/surgery in the 1.5 Symptoms 
distribution of the deep venous system previous 4 weeks Unilateral lower limb pain 3 

Hemoptysis 2 
Entire leg swollen 1 Prior history of DVT or PE 1.5 Clinical Signs 

Heart rate 75-94 bpm 3 
5 ; ; ; Heart rate >95 bpm 5 
Calf swelling >3 cm compared with 1 Hemoptysis 1 P 
asymptomatic leg (measured 10 cm Pain on lower limb deep venous 4 
below tibial tuberosity) palpation and unilateral edema 
Pitting edema (greater in symptomatic leg) 1 Active cancer 1 
Collateral superficial veins (nonvaricose) 1 
Past history of DVT 1 
Alternate diagnosis as likely or greater 1 


than that of DVT 


Original Score 
23 = High probability and 60% 
prevalence of DVT 


1 or 2 = Moderate probability and 25% 
prevalence of DVT 


Original Score 
26.5 = High probability and 
60% prevalence of PE 


4.5-6.0 = Moderate 
probability and 25% 


Modified Score 
>10 = High probability of PE 


4-10 = Intermediate probability of PE 


<3 = Low probability of PE 


Simplified Score 
<2 = PE unlikely 


<1 = Low probability and 5% prevalence prevalence of PE 


of DVT <4.0 = Low probability and 


Simplified Score 5% prevalence of PE 
22 = DVT likely 


<1 = DVT unlikely 


Simplified Score 
>4 = PE likely 
<4 = PE unlikely 


Contrast venography has a historical place in DVT diagnosis and is no longer routinely used due to risks of phlebitis, allergic reactions to contrast 
agents, and inconsistent interpretation.°°-°*“4 Doppler ultrasound is a noninvasive study using high-frequency ultrasound waves to detect blood flow, 
direction, speed, and turbulence. Compression ultrasonography is the currently recommended diagnostic imaging test for evaluating DVT.'®° Proximal 
venous ultrasound (or limited ultrasound) is used to examine the common femoral vein, the femoral vein, the popliteal vein, and the trifurcation; whereas, 
whole-leg ultrasound (or complete ultrasound) also includes the distal lower extremity veins. Venous thrombosis is identified on the basis of altered venous 
flow dynamics and the sensitivity is dependent upon the expertise of the technician and may not detect nonobstructive thrombi.*° Compression of the vein 
lumen is performed using the ultrasound probe and lack of compressibility is the most sensitive and specific measure for diagnosis of a DVT.'®° 

Duplex ultrasound is standard of care in many centers and combines traditional compression ultrasound and Doppler ultrasonography to provide color 
images of blood flow, direction, speed, turbulence, as well as a grey-scale ultrasound image of the surrounding tissues, which is particularly beneficial when 
compression cannot be performed (e.g., iliac or subclavian veins). This addition of color also improves visualization of vascular structures (e.g., venous 
enlargement) with improved sensitivity (83%) and specificity (98%) for distal and proximal DVT diagnosis and can be used to monitor thrombus 
progression or resolution.”®102-123 In patients with high pretest probability for DVT, or patients with a positive D-dimer, venous duplex ultrasound is the 
investigation of choice for DVT diagnosis with high sensitivity (97%-100%) and specificity (98%-99%). 100.110.180 Current recommendations suggest a 
whole-leg (complete) compression ultrasound or serial proximal (limited) examinations in high-risk patients.’ 

Magnetic resonance imaging (MRI) can be used for pelvic DVT diagnosis, particularly after pelvic and acetabular trauma, although high false-positive 
rates have been reported. Stover and colleagues performed a prospective study of MR venography and CT with false positive rates of 100% for MR 
venography and 50% for CT venography.!°® These findings coupled with an increase in cost compared to ultrasound scanning make MRI difficult to 
recommend for routine use. 


INVESTIGATIONS FOR PULMONARY EMBOLISM 


The presentation of PE is highly variable, as it depends on the degree of pulmonary artery obstruction and resulting ventilation-perfusion (V/Q) mismatch. 
The clinical presentation may include dyspnea, tachycardia, hypotension, pleuritic chest pain, hemoptysis, and presyncope or syncope®; however, in the 
setting of the trauma patient, signs and symptoms of PE can be confounded by thoracic injury, pneumonia, or congestive heart failure. 

Although there are several diagnostic imaging tests available for evaluating PE, such as chest radiographs, conventional contrast pulmonary 
angiography, thoracic ultrasound, computerized tomographic venography, echocardiology, and magnetic resonance angiography, the most widely used and 
evaluated modalities are V/Q lung scans and computerized tomographic pulmonary angiography (CTPA). CTPA has improved sensitivity (83%-86%) and 
specificity (96%)!!>155 compared to V/Q scans (85% sensitivity and 93% specificity).!*** In 701 patients presenting with signs and symptoms concerning 
for PE, who were randomized to CTPA or V/Q scan, the authors reported that CTPA diagnosed approximately 30% more patients with PE when compared 
to a V/Q scan. As in most cases of technologic advancement, CTPA resolution allows for diagnosis of previously missed asymptomatic subsegmental 
emboli that generate therapeutic dilemmas!®°; therefore, the pretest probability assessment prior to CTPA imaging is important to avoid unnecessary 
anticoagulation. Given that CTPA requires radiation and contrast dye exposure, V/Q scan are still recommended when a low radiation dose is desirable 
(e.g., pregnancy, contrast allergy, renal impairment), given a very high negative predictive value. 119-180 


SCREENING FOR DVT 


Although screening for DVT using surveillance venous compression duplex remains controversial, screening is considered by many as indicated in high- 
risk patients who have not received adequate thromboprophylaxis. This may apply to a polytraumatized patient in the ICU with high bleeding risk, when 
pharmacologic thromboprophylaxis is contraindicated. Surveillance duplex in the highest risk patients has been reported to reduce PE rates.° The Greenfield 
RAPT can be used to identify those who may benefit from screening for DVT (e.g., score >10).!!” 


Thrombus Embolization 


The clinical consequences of thrombus formation after injury are variable. The majority of clots facilitate hemostasis and ultimately undergo fibrinolysis 
(clot breakdown), with restoration of physiologic blood flow. In surgical patients, the majority of distal DVT that form intraoperatively are asymptomatic 
and resolve spontaneously within 72 hours postoperatively.®? 

The venous stasis, endothelial injury, and hypercoagulability that occurs for an orthopaedic trauma patient predisposes this process to become 
pathologic, resulting in excessive thrombus formation and propagation, giving rise to obstructive venous thrombosis (e.g., DVT and PE) and arterial 
thrombosis (e.g., cerebrovascular or myocardial). Multiple studies suggest the risk of PE in the setting of a distal lower extremity DVT is low; however, the 
risk of DVT progression is increased when there are continued risk factors for thrombosis (e.g., immobilization).°* Symptoms of small-burden distal DVT 
are uncommon until there is proximal extension into the popliteal and femoral veins (proximal DVT). The types of DVT at highest risk of embolization to 
the pulmonary vasculature originate at or above the level of the popliteal fossa in the large veins of the thigh or pelvis, such that 70% of patients with a 
symptomatic PE have DVT, with about two-thirds being located in the proximal veins.®* If left untreated, approximately 50% of symptomatic proximal 
DVT will embolize into the lungs within 3 months, resulting in PE.8? 

There has been a recent paradigm shift supporting concept of de novo pulmonary vascular thrombosis development in 60% to 80% of PE, and true 
peripheral DVT embolization in 20% to 40% of cases.!!® For example, patients with severe chest injury have been shown to have significantly increased 
risk of PE, without notable increased risk for DVT, whereas patients with traumatic brain injury have been shown to be at higher risk for DVT.®” Only 25% 
of patients who suffer a PE have preceding symptoms or clinical evidence of DVT.®* Given the growing evidence that DVT and PE may have distinct 
pathophysiology and different associated risk factors,8”173 this further supports individual risk assessment throughout the course of recovery from injury. 


TREATMENT OF VENOUS THROMBOEMBOLISM 


Though appropriate thromboprophylaxis for VTE prevention is critical in the trauma population, it is an imperfect attempt at risk mitigation, and a plan for 
treatment must be in place when thrombosis occurs. Anticoagulation is the primary treatment modality for VTE with therapeutic goals including prevention 
of additional thrombus deposition, stabilization of an established thrombus to promote fibrinolysis, and prevention of recurrent VTE.®* When using imaging 
to rule ina VTE event, a posttest probability for proximal DVT or PE of at least 85% is recommended for justifying initiating therapeutic anticoagulation, in 
order to balance missing a VTE diagnosis, which can potentially have fatal outcomes, with potentially harmful bleeding complications.*! The second update 
of the ninth edition of the ACCP CHEST Guideline and Expert Panel Report on Antithrombotic Therapy for VTE Disease was updated in 2021 and 
currently provides best evidence. 156 

Treatment recommendations for VTE are based on anatomic location and whether the VTE was provoked by a major transient risk factor (e.g., major 
trauma, general anesthesia for >30 minutes, confinement to hospital bed for >3 days), a minor transient risk factor that presented within the preceding 2 
months (e.g., leg injury associated with reduced mobility for >3 days, general anesthesia for <30 minutes, hospital admission for <3 days, pregnancy, or 
prolonged car or air travel), a persistent risk factor (e.g., active cancer or antiphospholipid syndrome), or if the VTE was unprovoked.®*:!56 The definition of 
VTE provoked by a transient risk factor is based on the consensus of the Scientific and Standardization Committee of the International Society on 
Thrombosis and Haemostasis.®° 

There are three phases used to describe VTE treatment!°®: 


1. Initiation phase: The initial provision of anticoagulants following VTE diagnosis with parenteral or high-dose oral anticoagulation for 5 to 21 days, 
depending on the anticoagulant regimen selected. 


2. Treatment phase: The period after initiation, which consists of anticoagulants used at standard therapeutic doses for 12 weeks (3 months). 
3. Extended phase: This phase follows the treatment phase and includes the use of anticoagulants, at full or reduced dose, for the goal of reducing the 
risk of future recurrent VTE. 
There is no preplanned stop date for the extended phase; however, the decision to continue anticoagulation should be periodically reevaluated. 
Treatment of acute VTE is recommended over no therapy for patients with proximal DVT, distal DVT with severe symptoms or risk factors for 


extension, superficial venous thromboembolism (SVT) of the lower limb at increased risk of clot progression to DVT or PE, and subsegmental PE (no 
involvement of more proximal pulmonary arteries) and no proximal DVT in the leg (as confirmed by ultrasound imaging), but increased risk for recurrence 
(Table 26-7). In the setting of major transient or minor transient risk factors, but no persistent risk factors, the duration of treatment recommended is 3 
months (45 days for SVT, when treatment is indicated). 16 


TABLE 26-7. Summary of Current Evidence for Treatment of Venous Thromboembolism 


Recommendation Level of Evidence Considerations 
Acute isolated distal DVT of the leg: e Weak recommendation e Factors that may favor choosing anticoagulation: thrombus is 
e without severe symptoms or risk factors for extension, suggest e Low-certainty evidence extensive (>5 mm in length, >7 mm in diameter, multiple veins), 
weekly serial imaging of the deep veins for 2 weeks over thrombus Is close to proximal veins, in-patient status, 
anticoagulation symptomatic, history of VTE, COVID-19, active cancer 


e with severe symptoms or risk factors for extension, suggest 
anticoagulation over serial imaging of the deep veins 


Acute DVT of the leg, suggest anticoagulant therapy alone over e Weak recommendation e Risks of interventional therapies include intracranial bleeding, 
interventional therapy (e.g., thrombolytic, mechanical) e Moderate-certainty evidence need for transfusion, and a greater than twofold increase in major 
: i bleeding 

SVT of the lower limb at increased risk of clot progression to DVT or e Weak recommendation e Inpatients with SVT who are treated with anticoagulation, suggest 

PE, suggest anticoagulation for 45 days over no anticoagulation e Moderate-certainty evidence FPX 2.5 mg daily over other anticoagulant treatment regimens, 
with rivaroxaban 10 mg daily as a reasonable alternative 

Acute DVT of the leg, we recommend against the use of an IVC filter in e Strong recommendation e Given known risks of harm and significant uncertainty 

addition to anticoagulants e Moderate-certainty evidence e Suggest IVC use only in patients with acute VTE (diagnosed in 

Acute proximal DVT of the leg and a contraindication to anticoagulation, ne sprees WCU ALE homianticoaelantsiare 

Bee cormmendihe is Ot am Iv eae e The IVC filter should be promptly removed when anticoagulant 
therapy has been instituted 

Acute DVT of the leg, suggest against using compression stockings e Weak recommendation © Based on best available data 

routinely to prevent postthrombotic syndrome e Low-certainty evidence 

Subsegmental PE (no involvement of more proximal pulmonaryarteries) e Weak recommendation e Risk factors for recurrent or progressive VTE may include 

and no proximal DVT in the legs who have a: e Low-certainty evidence hospitalization, reduced mobility, active cancer, pregnancy 


e A low cardiopulmonary reserve or marked symptoms favor 


e low risk for recurrent VTE, suggest clinical surveillance over 
gg anticoagulant therapy, whereas a high risk of bleeding favors no 


anticoagulation 3 eae 
e high risk for recurrent VTE, suggest anticoagulation over clinical anteoagwiantitherapy 
surveillance 
Acute PE associated with hypotension (e.g., systolic BP <90 mm Hg) e Weak recommendation © Studies have used different agents at varying doses. Due to lack of 
without high bleeding risk, suggest thrombolytic therapy over no such e Low-certainty evidence comparative data, no recommendation of agent or dosing strategy 
therapy over another is made 
e Deterioration that has not resulted in hypotension may also prompt 
the use of thrombolytic therapy 
Acute PE associated with hypotension who also have a high bleeding e Weak recommendation e The most important limitation of systemic thrombolytic therapy is 
risk, failed systemic thrombolysis, or shock, if appropriate expertise and e Low-certainty evidence increased bleeding 


e Catheter-based (mechanical-only) techniques for thrombus 
removal involve thrombus fragmentation when there is a high risk 
of bleeding that precludes thrombolytic therapy 


resources are available, suggest catheter-assisted thrombus removal over 
no such intervention 


Incidental finding of asymptomatic PE, we suggest the same initiation e Weak recommendation e Same anticoagulation as for similar patients with symptomatic PE, 

and treatment phase anticoagulation as for comparable patients with e Moderate-certainty evidence on ensuring that PE is a new finding on CT imaging, or that 

symptomatic PE ultrasound reveals proximal DVT, and the patient is not at high 
risk for bleeding 

In patients with acute VTE who do not have a contraindication, we e Strong recommendation e Upon completion of the 3-month treatment, all patients should be 

recommend a 3-month treatment phase of anticoagulation e Moderate-certainty evidence assessed for extended-phase therapy 

VTE diagnosed in the setting of a major transient risk factor, recommend © Strong recommendation e In patients offered extended-phase treatment, use of a DOAC 

against offering extended phase anticoagulation e Moderate-certainty evidence recommended over VKA, mainly due to the lower risk of bleeding 

VTE diagnosed in the setting of a minor transient risk factor, recommend ®© Weak recommendation e Represents a group with the closest balance between the risk of 

against offering extended phase anticoagulation e Moderate-certainty evidence recurrent thrombosis without extended anticoagulation and the risk 
of bleeding 


e Suggest against extended-phase anticoagulation, but this decision 
is highly informed by each patient 


For extended-phase anticoagulation, suggest reduced-dose apixaban or e Weak recommendation e Reduced dose refers to apixaban 2.5 mg twice daily and 
rivaroxaban over full dose e Very low-certainty evidence rivaroxaban 10 mg once daily 

For extended-phase anticoagulation, suggest reduced-dose DOAC over e Weak recommendation e Several other DOACs, as well as warfarin, are also acceptable for 
aspirin or no therapy e Moderate-certainty evidence extended-phase therapy after VTE 


If the patient has recovered and the major transient risk factor (e.g., trauma and surgery) has resolved, the rate of recurrence if anticoagulant treatment is 
stopped after 3 months is reported as 1% at 1 year and 3% at 5 years.!”9 Recurrent VTE risk varies for minor transient risk factors depending on the risk 
factor, but it is reported as 5% at 1 year and 15% at 5 years. 

Emerging evidence supports the use of DOACs (apixaban, dabigatran, edoxaban, or rivaroxaban) over VKA or LMWH. Based on several RCTs, the 
decreased risk of bleeding with DOACs coupled with greater convenience for patient and health care providers, DOAC use has been recommended over 
VKA for treatment phase and extended phase of VTE therapy in patients without cancer.'°® At this time, there is insufficient data to suggest one DOAC 
over another as an optimal agent. However, for SVT requiring therapy, current recommendations are for FPX 2.5 mg daily, with rivaroxaban 10 mg daily, 
as an acceptable alternative.!°° 

Upon completion of the 3-month treatment phase, all patients should be assessed for extended-phase therapy. In patients offered extended-phase 


treatment, use of a DOAC is recommended over VKA, mainly due to the lower risk of bleeding, especially intracranial bleeding.!°® When extended-phase 
anticoagulation is indicated, a reduced-dose of apixaban (2.5 mg twice daily) or rivaroxaban (10 mg daily) is recommended over full-dose anticoagulation. 

For an asymptomatic, isolated distal DVT of the leg, serial weekly imaging of the deep veins for 2 weeks is preferred over anticoagulation in patients 
without severe symptoms, high bleeding risk, or risk factors for clot extension.!°° For those undergoing serial imaging, no anticoagulation is recommended 
in the setting of a stable thrombus that does not extend proximally. Similarly, for patients who develop asymptomatic, subsegmental PE, in which the 
proximal pulmonary arteries are not involved, in the absence of proximal DVT (as confirmed by ultrasound imaging), clinical surveillance is preferred over 
anticoagulation. This has become more clinically relevant as improvements in CTPA technology have led to increased frequency of diagnosis, yet concerns 
remain regarding the low positive predictive value and the poor interobserver agreement for diagnosis of subsegmental PE.?3-184 

Clinically relevant PE requires timely intervention to reduce the risk of mortality. Initial respiratory and circulatory system support is indicated along 
with hemodynamic optimization. Once the diagnosis of PE is confirmed, anticoagulation should be initiated immediately, with parental therapy with 
LMWH being preferred. Acute PE and hemodynamic instability (systolic BP <90 mm Hg), in the absence of a high risk of bleeding, is an indication for 
thrombolytic therapy.'5° For those with PE, hypotension, and a high risk of bleeding (e.g., immediately post major surgery) that precludes thrombolytic 
therapy, catheter-assisted thrombus removal is preferred.!°° In the setting of PE without hypotension, anticoagulation and supportive measures are indicated. 

Following VTE, for patients offered extended-phase anticoagulation, reduced-dose DOACs are recommended over aspirin or no therapy.!°° However, if 
a patient elects to discontinue anticoagulant therapy, aspirin is preferred over no pharmacologic therapy. A large RCT directly compared extended-phase 
anticoagulant therapy (rivaroxaban 10 or 20 mg) with aspirin (100 mg), and demonstrated superiority of rivaroxaban at both doses for prevention of VTE 
recurrence, with no difference in major bleeding; however, this study included patients with both provoked and unprovoked proximal DVT and PE.!78 
There is a need for future research to determine the optimal agent for prevention of VTE recurrence in the trauma population. 


CONCLUSION 


Trauma patients necessitate a high level of vigilance from the clinician for optimal VTE risk assessment, thromboprophylaxis decision making, and 
management of VTE. Because of the significant complexity of patient-related and trauma-related risk factors, developing an optimal thromboprophylaxis 
algorithm is challenging. Risk mitigation is best achieved by individualized assessment of bleeding and thrombosis throughout the course of recovery. 
Clinical practice guidelines are continuously undergoing development and research in this field is ongoing. It is the responsibility of the provider to remain 
current with VTE prevention strategies. 

As orthopaedic surgeons, our goal is to provide evidence-based fracture care to facilitate early patient mobility. Appropriate fracture management 
combined with timely administration of pharmacologic and mechanical thromboprophylaxis reduces the morbidity and mortality associated with VTE in our 
trauma patient population. 
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INTRODUCTION 


Complex regional pain syndrome (CRPS) refers to an unexplained pain syndrome that can occur following a variety of events and most commonly occurs 
after a minor injury.2””! CRPS is characterized by disproportionate pain and accompanying autonomic and motor disturbances.” 

Over the years, many suspected pathophysiologic causes have been proposed, but scientific evidence is scarce and of low quality, which has led to 
practice variation.!29 A gold standard for the diagnosis of CRPS could never be established and nowadays the Budapest diagnostic criteria are the best 
validated and most common internationally used criteria.*° In addition, the treatment and perspectives on treatment for CRPS have changed in the last 
couple of years.!3543 National and international guidelines showed that drug treatment in patients with chronic CRPS had limited effects.2! After the 
introduction of several more cognitive and behavioral treatment methods, such as pain exposure physical therapy (PEPT) and exposure in vivo, it appeared 
that disuse and kinesiophobia played an important role in the development and maintenance of CRPS.?426.30.81 Nowadays it is considered a rare, devastating 
complication of minor injury caused by disuse and seen in any patient at every age. 

Because this chapter will specifically describe CRPS within the context of orthopaedic trauma surgery, the emphasis, descriptions, and concepts differ 
slightly from those routinely found in publications from the International Association for the Study of Pain (IASP). These apparent differences are 
counterpoints; the theme is identical. 


HISTORY 


A historic review of nomenclature will help to understand the widespread confusion that surrounds this condition. In the past CRPS was diagnosed clinical, 
and the literature describes use of a variety of nonstandardized and idiosyncratic diagnostic systems derived solely from the authors’ clinical experience, 
none of which achieved wide acceptance. The condition was given several synonyms (Table 27-1) that cited affected, cause, and clinical features. Mitchell 
noted the burning nature of pain following nerve trauma and described this as causalgia (from the Greek “burning pain”).6465 Sudeck investigated in the 
1900s, conditions characterized by the appearance of severe osteoporosis including some cases of CRPS.’® The condition was named Sudeck atrophy by 
Nonne in 1901.57 In one of the earliest descriptions of treatments, Leriche, a French surgeon, demonstrated that sympathectomy could alter the clinical 
features associated with posttraumatic osteoporosis.>©>’ De Takats suggested eventually the term reflex dystrophy in 193778 which was then further refined 
by Evanst who introduced the term reflex sympathetic dystrophy (RSD) based on the theory (following Leriche observations) that sympathetic 
hyperactivity was involved in the pathophysiology and this term was popularized by Bonica.!° In 1940, Homans proposed the definition minor causalgia to 
imply a relationship between Mitchell causalgia.*9 After Homans, Steinbrocker et al.” introduced the term shoulder hand syndrome for CRPS of the hand 
where the shoulder is also involved. In the early 1970s, algoneurodystrophy was suggested by Glick and Helal.*!:42 Algodystrophy is a word from the Greek 
and it describes painful progressive degeneration. This word is arguably the best name for the syndrome and it was popularized by French rheumatologists 
in the late 1970s. 


TABLE 27-1. Synonyms for Complex Regional Pain Syndrome 


Complex regional pain syndrome; reflex sympathetic dystrophy 
Sudeck atrophy 


Causalgia 

Minor causalgia 

Mimo-causalgia 

Algodystrophy 
Algoneurodystrophy 
Posttraumatic pain syndrome 
Painful posttraumatic dystrophy 
Painful posttraumatic osteoporosis 
Transient migratory osteoporosis 


Recognizing the confusion owing to the many names and diagnostic criteria for the condition, in 1994, the IASP set about analyzing the features of 
CRPS and reclassifying the condition and its diagnosis in order to standardize terminology and understanding.®? The IASP changed the name to the more 
descriptive CRPS at a consensus workshop in Orlando, Florida, in 1994674 and proposed new standardized diagnostic criteria (Table 27-2).°? A broad 
description of CRPS followed!645; 


CRPS describes an array of painful conditions that are characterized by a continuing (spontaneous and/or evoked) regional pain that is seemingly 
disproportionate in time or degree to the usual course of any known trauma or other lesion. The pain is regional (not in a specific nerve territory or 
dermatome) and usually has a distal predominance of abnormal sensory, motor, sudomotor, vasomotor, and/or trophic findings, including osteoporosis. 
The syndrome shows variable progression over time. 


TABLE 27-2. Original IASP Diagnostic Criteria for Complex Regional Pain Syndrome 


. The presence of an initiating noxious event, or a cause of immobilization. (Not required for diagnosis; 5-10% of patients will not have this.) 
. Continuing pain, allodynia, or hyperalgesia in which the pain is disproportionate to any known inciting event. 

. Evidence at some time of edema, changes in skin blood flow, or abnormal sudomotor activity in the region of pain (can be sign or symptom). 
. This diagnosis is excluded by the existence of other conditions that would otherwise account for the degree of pain and dysfunction. 


AUNE 


If the condition occurs in the absence of “major nerve damage,” the diagnosis is CRPS-1. 
If “major nerve damage” is present, the diagnosis is CRPS-2. 


Adapted from Merskey H, Bogduk N. International Association for the Study of Pain. Task Force on Taxonomy: Classification of Chronic Pain: Descriptions of Chronic Pain Syndromes 
and Definitions of Pain Terms. 2nd ed. [ASP Press; 1994. 


CRPS was divided into CRPS type 1 and 2 by the IASP.®? CRPS type 2 (CRPS-2) was described as direct nerve damage, and CRPS type 1 (CRPS-1), 
was not caused by nerve damage. It was noted that these syndromes may have different clinical features. 1 

A cardinal feature of CRPS as a diagnosis is the abnormalities of pain perception, and these have been codified by Merskey and Bogduk in 1994 into 
features of allodynia, hyperalgesia, and hyperpathia.°* 

Allodynia (literally “other pain”) is a painful perception of a stimulus that should not usually be painful. Thus, for example, a patient will find gentle 
stroking of the affected part painful. Allodynia differs from referred pain, but allodynic pain can occur in areas other than the one stimulated. 

Hyperalgesia is an increased sensitivity to painful stimulus, which may be caused by damage to nociceptors or peripheral nerves. The patient finds 
gentle touching with a pin unbearably painful. Hyperalgesia is usually experienced in focal, discrete areas, typically associated with injury. 

Rarely, hyperalgesia is seen in a more diffuse, body-wide form. 

Hyperpathia is a temporal and spatial summation of an allodynic or hyperalgesic response. The patient finds gentle touching painful but repetitive 
touching either on the same spot or on another part of the affected limb becomes increasingly unbearable and the pain continues for a prolonged period after 
the stimulus has been withdrawn. In severe cases, the pain may be accentuated by unusual, extraneous things such as the sudden noise of a door shutting or 
a draft of cold air. 

It is important for the orthopaedic surgeon to realize that these patients are not malingering, crazy, or mad. These are genuine perceptions of pain. 

Another important feature and clinical manifestation for patients suffering CRPS is disuse and kinesiophobia, which are especially important to 
recognize in the effective management of CRPS. 

Disuse is the term when a limb is not used for a long period of time. The state of something that has been unused and neglected. 

Kinesiophobia is also known as fear of movement. Kinesiophobia is defined as an excessive, irrational, and debilitating fear of carrying out a physical 
movement, due to a feeling of vulnerability to a painful injury or reinjury.®? 


INCIDENCE 


Because CRPS was only recognized as a disease entity in the 1980s, the incidence and prevalence of the disease could be monitored right from the 
inception. Due to the lack of a gold diagnostic standard, however, the literature suffers from multiple different lists of criteria with varying sensitivity and 
specificity. This has resulted in the reported incidence ranging between 5.5 and 26.2 per 100,000 person-years from earlier publications.*””! The difficulties 
in studying and quantifying CRPS can be seen in a very illustrative manner when considering studies on the incidence of CRPS in a homogeneous patient 
group with wrist fractures, which different studies reported to have an incidence varying between 0.8% and 37%.%3250,5! A single recent study even 
reported that the incidence of CRPS after a wrist fracture was only 0.36%.“ There is some evidence to suggest a changing incidence. The national data from 
this study showed, that the overall incidence of CRPS gradually decreased between 2014 and 2018 from 23.3 to 16.1 per 100,000 person-years. Over the 
whole study period, an average incidence rate of 20.3 per 100,000 person-years was reported.“* Over the last decade, a changing approach toward CRPS 
however is described,!!?!;7! which could be one possible explanation for the decreasing incidence of CRPS. A different perspective on the etiology of 
CRPS has been raised with the thought that CRPS should not be seen as an isolated and severe debilitating disease, but rather to describe it as a variation of 
the healing process. This view is supported by recent insights into the importance of the length of cast immobilization and prevention of disuse in the 


development of CRPS after a wrist fracture.®*-°:”9 For example, experiments in healthy volunteers show that 4 weeks of forearm immobilization causes 
symptoms very similar to those associated with CRPS.”9 

In conclusion, the extreme variation in incidence numbers of CRPS reflects the highly subjective diagnostic criteria based on unknown pathophysiology. 
The decreasing incidence numbers support the changing approach toward CRPS being not a disease entity but explained by variations in healing process 
and disuse. 


ETIOLOGY 


CRPS may occur after any minor injury and is characterized by disproportional pain. Pain is usually caused when an intense noxious stimulus activates 
high-threshold nociceptors to prevent tissue damage. Neuropathic pain in CRPS occurs without appropriate stimulus and has no physiologic protective 
function. After injury, the central and peripheral nervous system adapts to protect the injured area by enhancing the response to pain. The threshold for 
activation of nociceptive pathways is lowered both centrally”? and peripherally.227> This central and peripheral sensitization is mediated by neuropeptides 
and inflammatory mediators. Its continuance can account for the spontaneous pain, hyperalgesia, and allodynia which is classical of CRPS.!4 

Risk factors or early prognostic factors for development or chronification of CRPS have been studied extensively but could not be identified. 

During the past decades, more research has been focused on psychological abnormalities, abnormal (neuropathic) pain, sympathetic nervous system 
abnormalities, abnormal inflammation, and immune dysfunction with numerous publications in high-quality medical journals.’”* All this research, however, 
is heavily biased by the aforementioned difficulties in the definition of CRPS and diagnosing the syndrome and therefore irrelevant for the practicing 
orthopeadic surgeon. 

The popular French term for CRPS, algodystrophy, means painful disuse.*? It is a common clinical observation that patients who appear to be at risk of 
developing CRPS are unable or unwilling to cooperate with physical therapy to remobilize their limb after minor trauma or orthopaedic surgery. Undue 
immobilization has traditionally been believed to be at least an important contributory factor in the generation of CRPS or even the sole cause.*7°-%6.84 

CRPS obviously involves a significant abnormality of afferent sensory perception but only recently the possibility of abnormal efferent motor function 
has been systematically explored. Classically, it was believed that the “immobile RSD limb” was guarded by the patient in order to prevent inadvertent 
painful movement or sensory contact.?>38 In fact, CRPS is associated with an abnormality of motor function which is often overlooked partially due to 
patient embarrassment and partly because in the past it has been labeled as hysterical.2”.8? Interviews with patients suggest further possible reasons for the 
lack of movement in CRPS. Patients demonstrate evidence of “neglect” of the affected limb, similar to that seen after parietal lobe stroke. When asked about 
moving the limb, statements are made, such as “My limb feels disconnected from my body” and “I need to focus all my mental attention and look at the 
limb in order for it to move the way I want.”37-39 Another study revealed bizarre perceptions about a body part including a desperate desire for amputation. 
There was a mismatch between limb sensation and appearance with mental erasure of the affected part. These authors suggested the term “body perception 
disturbance” rather than “neglect” to describe this phenomenon.” There appears to be a central sensory confusion. When a non-noxious stimulus is 
provided, which the patient finds painful due to allodynia, they are unable to determine whether it is truly painful. Additionally, by impairing integration 
between sensory input and motor output, movement is impaired.**-°! 

Overall, in CRPS, patients tend to ignore their affected limb and find it difficult to initiate or accurately direct movement and there is a mismatch 
between sensation, perception, and movement.!”*8®* Failure to use the limb appears to relate to this rather than the traditional view of learned pain 
avoidance behavior in response to allodynia. Whatever the exact cause, failure of mobilization may be central to the etiology of CRPS since all the features 
17-19,39 Pain-contingent therapeutic approaches and avoiding 
exacerbation of pain that have been advocated for decades also contributed to kinesiophobia and disuse.*° A study of the treatment with mirror visual 


of CRPS, except pain, are produced in volunteers after a period of cast immobilization. 


feedback supports the central role of movement disorder in CRPS.°! The rationale for mirror visual feedback is restoration of the congruence between 
sensory and motor information and it was originally used for the treatment of phantom limb pain.”° The patients are instructed to exercise both the 
unaffected and the affected limbs. However, a mirror is placed so that they cannot see the affected limb and when they think they are looking at it, they are 
actually observing the mirror image of their normal limb. As might be expected, mirror visual feedback resulted in improvement in range of movement, 
however, in addition, in early CRPS, mirror visual feedback also abolished or substantially improved pain and vasomotor instability.*! 

These observations emphasize the importance of early mobilization in the prevention and treatment of CRPS.!+56 


TABLE 27-3. Modified [ASP Diagnostic Criteria for Complex Regional Pain Syndrome (CRPS) : 


General definition of the syndrome: CRPS describes an array of painful conditions that are characterized by a continuing (spontaneous and/or evoked) regional pain that is seemingly 
disproportionate in time or degree to the usual course of any known trauma or other lesions. The pain is regional (not in a specific nerve territory or dermatome) and usually has a distal 
predominance of abnormal sensory, motor, sudomotor, vasomotor, and/or trophic findings. The syndrome shows variable progression over time. 


To make the clinical diagnosis, the following criteria must be met (sensitivity 0.85, specificity 0.69): 


1. Continuing pain, which is disproportionate to any inciting event 
2. Must report at least one symptom in three of the four following categories: 

Sensory: Reports of hyperesthesia and/or allodynia 

Vasomotor: Reports of temperature asymmetry and/or skin color changes and/or skin color asymmetry 

Sudomotor/edema: Reports of edema and/or sweating changes and/or sweating asymmetry 

Motor/trophic: Reports of decreased range of motion and/or motor dysfunction (weakness, tremor, dystonia) and/or trophic changes (hair, nail, skin) 
3. Must display at least one sign at time of evaluation in two or more of the following categories: 

Sensory: Evidence of hyperalgesia (to pinprick) and/or allodynia (to light touch and/or temperature sensation and/or deep somatic pressure and/or joint movement) 

Vasomotor: Evidence of temperature asymmetry (>1°C) and/or skin color changes and/or asymmetry 

Sudomotor/edema: Evidence of edema and/or sweating changes and/or sweating asymmetry 

Motor/trophic: Evidence of decreased range of motion and/or motor dysfunction (weakness, tremor, dystonia)and/or trophic changes (hair, nail, skin) 
4. There is no other diagnosis that better explains the signs and symptoms 


For research purposes, diagnostic decision rule should be at least one symptom in all four symptom categories and at least one sign (observed at evaluation) in two or more sign 
categories (sensitivity 0.70, specificity 0.94). 


MAKING A DIAGNOSIS 


To diagnose any disease reliably, a solid set of widely accepted criteria must be applied by the treating physician or (orthopaedic) surgeon. Since CRPS 
refers to an unexplained pain syndrome, a wide variety of diagnostic criteria were used to make the diagnosis in patients suspected to have CRPS. 

Factor analysis of 123 CRPS patients has been undertaken and the results are helpful. They indicate that the features cluster into four statistically distinct 
subgroups*>47; 


1. A set of signs and symptoms indicating abnormalities in pain processing (e.g., allodynia, hyperalgesia, hyperpathia) 
2. Skin color and temperature changes, indicating vasomotor dysfunction 

3. Edema and abnormalities of sweating 

4. Motor and trophic signs and symptoms 


The statistical separation of edema and sudomotor dysfunction from vasomotor instability and the finding of motor and trophic abnormalities are at odds 
with the original IASP criteria which have therefore been subsequently modified (Table 27-3).'°3°4> The important changes are inclusion of clinical signs, 
their separation from symptoms, and the inclusion of features of motor abnormalities and trophic changes. 

Eventually these criteria were further validated and called the Budapest diagnostic criteria.*° These criteria are still used today as a diagnostic tool for 
research but also for the clinical setting and represent the most widely agreed criteria for diagnosis of CRPS. 


CLINICAL DIAGNOSIS 


CRPS is a clinical diagnosis per exclusionem, and there is no single reliable diagnostic test available. The classic case is obvious and fulfills the Budapest 
criteria, but direct effects of trauma, fracture, cellulitis, arthritis, and malignancy remain potential common differential diagnoses. The criteria used today are 
the Budapest Diagnostic criteria (see Table 27-3).*° 

In cases where patients report numerous subjective symptoms but fail to demonstrate objective signs described in the Budapest criteria, the treating 
physician should be suspicious of the risks of conscious exaggeration or conversion syndrome instead (see differential diagnosis). Any suspected, or 
potential underlying cause of pain should be excluded prior to diagnosing CRPS. 


SENSORY SYMPTOMS 


A history of excessive pain is elicited. Abnormalities of pain perception are examined in comparison with the opposite normal side. Excessive tenderness is 
found by squeezing digits in the affected part between thumb and fingers. This may be quantitated using dolorimetry but this is usually a research tool.? 
Allodynia is demonstrated by fine touch, and hyperalgesia using a pinprick. Hyperpathia is examined by serial fine touch or pinprick. 


VASOMOTOR INSTABILITY 


This is often transitory so it may not be present at the time of examination. If the patient is reliable, then a history confirms its presence. Visual inspection is 
the usual means of diagnosis. Thermography with ordinary ear thermometer can be used to quantitate temperature difference between the affected and 
healthy limb. This is greater in CRPS than other pain syndromes® and this can be used to distinguish CRPS from other causes of neuropathic pain. 


SUDOMOTORIEDEMA 


Excessive sweating is usually clinically obvious. In a doubtful case, the resistance to a biro or pencil gently stroked across the limb is useful. The extent of 
sweating can be quantified by iontophoresis but this is rarely undertaken. Edema and swelling are usually obvious on inspection. In the hand, it may be 
quantified by hand volume measurement. Similarly, skinfold thickness and digital circumference may be measured reliably.! 


MOTORITROPHIC CHANGES 


Loss of joint mobility is usually diagnosed by standard clinical examination. The range of finger joint movement may be accurately quantified.’ As 
discussed above, atrophy will affect every tissue within the limb. 


DIAGNOSTIC TOOLS 


Diagnostic tools such as radiographs, (PET) CT scans, bone scintigraphy, or MRI are only useful to exclude any underlying cause of pain. 


CASE EXAMPLES 


Case 1 


This patient was a young, otherwise healthy 22-year-old woman who was referred for evaluation by her pain specialist after unsuccessful treatment for 
severe CRPS of her right leg. Her symptoms of intractable pain started in her ankle during rehabilitation about 4 weeks after knee arthroscopy undertaken to 
stabilize her patella for recurrent dislocations. She was referred back to her orthopaedic surgeon who ruled out deep venous thrombosis and also undertook 
an MRI scan to rule out other causes which did not reveal any abnormalities. The pain, meanwhile, was getting worse and radiated up to the knee. She was 
then referred to the pain specialist with a diagnosis of CRPS. She was managed according to the current local protocol with vitamin C, pain medication, 
sleep medication, edema, and occupational therapy with physiotherapy including transcutaneous electrical nerve stimulation (TENS). She was also treated 
with osteopathy and visited a psychologist. 

She was then presented to our clinic around 8 months after the initial knee operation. Using the Budapest diagnostic criteria, the diagnosis of severe 
CRPS was confirmed. All positive subjective and objective signs and symptoms according to Budapest criteria were present, including severe edema, 


muscle atrophy, and knee and ankle joint stiffness (Fig. 27-1). She was treated with PEPT and she improved within 3 months, but her swelling took more 
time to resolve. After 2 months, she enjoyed snow skiing in the Alps without any problems with her leg. But after a fall on her hand, she was again 
diagnosed with CRPS by her general practitioner. Again, the concept of disuse was explained, and the patient recovered completely. 
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Figure 27-2. Patient with CRPS, Case 2. A: In the left leg, the patient had edema, ulcer, erythema, and joint stiffness. B: Six months after regular below-knee 
amputation, there are no signs of recurrence. 


Case 2 


This patient had a clinical history that started on January 5, 1993, following a minor injury, when he sprained his left ankle several times in short succession. 
This was initially treated with a brace and rest. Soon after, the diagnosis of CRPS was made. He was sent to the pain team for treatment in June 1994, 
where, in addition to clinical admission for epidural pain relief, the ankle was also tested and moved under anesthesia. In the following years, lumbar 
sympathectomy was performed several times. Later, he was implanted with a pain pump for morphine administration in combination with TENS. He then 
entered a rehabilitation process where he was also treated with medical therapies (according to the contemporary protocol) with mannitol, adalat, temgesic, 
fluimicil, tryptizol, and neurontin. 

After more than 10 years of treatment, a different diagnosis was sought because no improvement was observed, but an EMG gave no indication of 
peripheral nerve disorders. A vascular examination in 2018 also revealed no abnormalities in the peripheral vascular supply of his lower extremities. 

At this point, he had been struggling with pain and limited mobility for over 20 years with no prospect of improvement. He was referred for amputation 
of his leg, but this was repeatedly not felt to be indicated, and the patient became depressed with treatment by a psychiatrist. In that period, he attempted 
suicide five times and became addicted to drugs and alcohol. Finally, in 2019, the diagnosis was made for a conversion disorder with limited intelligence. 

In 2022, he had been free of addictions for several years and had overcome his depression, but the condition of his leg had deteriorated, with increasing 
ulceration and pain, for which he again requested amputation. This time he underwent standard below-knee amputation and recovered without 
complications (Fig. 27-2). One year later, he had tapered his painkillers and his quality of life had improved substantially. He had largely resumed his life. 
He decided not to use socket prosthesis to avoid recurrence of CRPS in his amputation stump. 


DIFFERENTIAL DIAGNOSIS 


The cardinal symptoms for classical CRPS of pain, swelling, and vasomotor instability are common associations of trauma and orthopaedic surgery. To 
diagnose CRPS, it is important to first rule out other diagnosis that can imitate CRPS-like symptoms. The following are common differential diagnoses. 


“Mechanical” problems. Classical examples are incorrect sizing of a total knee replacement prosthesis causing pain, swelling, and stiffness or overlong 
screws, pins, and plates impinging on a joint or on soft tissues. In accordance with Category 4 of the original IASP criteria for CRPS, all mechanical 
causes for the symptoms and signs must be excluded before making a diagnosis of CRPS. 

Fracture-related problems after trauma. Malunion or nonunion may cause posttraumatic pain symptoms which can eventually lead to CRPS-like 
symptoms. It is important to diagnose this and to treat this as the symptoms will probably be less when treated well. 

Conscious exaggeration of symptoms. This is usually seen in the context of litigation but the secondary gain from exaggeration may also relate to complex 
and pathologic interpersonal relationships. This problem has been accidentally made more acute and severe by the IASP criteria for CRPS diagnosis. The 
original criteria (see Table 27-2) are readily mimicked by a patient determined to deceive the examining clinician. 

Psychiatric disease. Separately from the conscious exaggeration described above, psychiatric disease may cause a patient unconsciously to exaggerate the 
level or impact of physical disease. Somatoform disorders describe conditions in which patients unconsciously exaggerate physical symptoms and 
conversion disorders refer to unconscious exaggeration of physical signs. These patients are often psychologically fragile, may have a history of an 
unusually severe reaction to multiple minor medical problems, and may show a tendency to “catastrophize” life events. In addition to this direct influence 
on a diagnosis of CRPS, patients with CRPS may be depressed due to chronic pain, and psychiatric disease may play an indirect part in the condition. 
Catastrophic thinking has often been correlated with chronic pain, disuse, and CRPS-1.° If it remains unnoticed, it can lead to fear and avoidance of 
activity and disuse, which in turn causes stiffness and skin changes (e.g., swelling, shiny skin, and changes in hair patterns).°? To diagnose catastrophic 
thinking, you may use the Pain Catastrophizing Scale—short form (PCS-4).!? 

Chronic pain state. Patients with long-lasting and unremitting pain may become depressed, particularly when there is a neuropathic element. They learn to 
avoid activities that cause pain and their relatives and caretakers act to protect them from perceived injury. This generates a complex psychosocial 
situation that may require psychological, psychiatric, pain therapeutic, and orthopaedic combined management. 


MANAGEMENT 


Recently, multiple studies have been performed regarding disuse and CRPS after, for example, distal radius fractures. Not only have these studies confirmed 
the similarity between disuse and CRPS in clinical symptoms but they have also identified similar processes in the central nervous system.°>’”78 Based on 
these concepts, several treatment modalities have been created. Based on these recent insights, new prevention and treatment methods have been developed. 
Graded motor imaging (GMI) and PEPT, both addressing the cognitive and behavioral aspects of pain, have shown promising results in recent clinical 
trials.”25! The changing ideas about CRPS have led to a change in the management of CRPS.®° This management often includes informing the patient 
properly, managing the patient’s expectations for the upcoming year, and preventing disuse with a prompt and active home exercise program. 

A more recent study from Chang and colleagues even describes that CRPS should be seen as functional disorder and not as a debilitating disease, and 
that the label CRPS should be abandoned.”! The more recent trend and evidence describes CRPS as a disorder with functional causes rather than structural 
cause of the symptoms. This functional disorder may be treated with reassurance, physiotherapy, and cognitive behavior.7° 

Abnormalities of pain sensation will often respond to desensitization. The patient is asked to stroke the area of allodynia, where stroking is painful. They 
are reminded that simple stroking cannot by definition be painful and they are instructed to stroke the affected part repetitively while looking at it and 
repeatedly saying “this does not hurt, it is merely a gentle touch.” The earlier this is begun, the more effective it is. A similar attitude can be taken with early 
loss of joint mobility due to perceived pain rather than contracture. 

Amputation of a limb affected by severe CRPS has recently become an issue of controversy. The classic view was that amputation was always a poor 
option to be avoided. This position is well illustrated by Dielissen et al.2! who reported a series of 28 patients who underwent 34 amputations in 31 limbs. 
Surgery was usually performed for recurrent infection or to improve residual function. Pain relief was rare and unpredictable, and neither was infection 
always cured nor was function universally improved. CRPS often recurred in the stump, especially if the amputation level was symptomatic at the time of 
surgery. For this reason, only two patients wore a prosthesis. Nevertheless, most patients reported themselves satisfied with the surgery. 

Recently, this bleak view of amputation has been challenged by the experience of a highly specialized tertiary referral unit. Bodde et al.” and Krans- 
Schreuder et al.°* have extensively reported their methodology and experience in a relatively small, highly selective group of patients, finding outcomes that 


are less adverse than those classically suggested. Support for this concept comes from another small series, although the study methodology is 
controversial.®? Even in these studies, the outcomes were not as good as would be expected from the generality of amputations in the absence of CRPS. 

The synthesis of the current literature is that amputation should be approached with great caution. It should only be undertaken by specialized, highly 
experienced, multidisciplinary units. The patients require very careful selection and must be aware that the physical outcome is likely to be less good than 
where amputation is performed for other indications. This cautious attitude is even more important in the context of litigation. 


CONCLUSION 


This chapter has presented the concept that CRPS is a very rare diagnosis and most commonly caused by disuse after minor injury or immobilization in an 
orthopaedic trauma practice. Although the majority of cases will resolve with time-contingent PEPT, CRPS may be responsible for significant disability and 


may cause long-term problems. Major limb amputation is seldom indicated. 
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NEW AND FUTURE DIRECTIONS 


INTRODUCTION 


Pain management and surgery have historically grown together, as surgery is made more comfortable and acceptable by “anesthesia,” or lack of feeling. 
Derivatives from the opium poppy have been used for thousands of years, but more modern pain medication was first popularized during the Civil War. 
Over time, these medications became more refined, and synthetic codeine was first manufactured in 1830. By 1996, the American Pain Society introduced 
the concept of pain as the “fifth vital sign.” Treatment of pain became a focus across the United States and, in 2001, the Joint Commission (formerly known 
as JCAHO) distributed guidelines on pain management to encourage the improved assessment and management of pain. By 2007, the Centers for Medicare 
and Medicaid Services started to link financial incentives with hospital participation in the Hospital Consumer Assessment of Healthcare Providers and 
Systems, in part based on questions regarding pain management while in hospital. Although these have subsequently been removed from the questions that 
give financial incentives, the idea of pain management as an important component of the hospital stay is strongly embedded in the perception of patients and 
their caregivers. The opioid epidemic has, appropriately, produced increased scrutiny of physician prescribing practices; however, patient’s expectation of 
pain control may, at times, directly challenge an orthopaedic surgeon’s goal of judicious opioid prescribing.®? However, the patient’s perception that their 
pain is being managed has been shown to affect satisfaction more than the amount of opioid medication prescribed.! Many orthopaedic surgeons 
successfully decreased their opioid prescribing over the 5-year period from 2012 to 2017 and continue to do so with better guidelines to help them manage 
pain with multimodal regimens.*!4” 

Pain is transmitted from the extremities via nociceptors to the dorsal horn of the spinal cord. From the spinal cord, pain sensation is transmitted to 
multiple areas of the brain, including the somatosensory cortex, the limbic system, and the frontal cortex, which are linked to physical sensation, feelings, 
and thoughtful reaction, respectively. Specific peripheral nerve blockade administered for anesthesia may work directly on these nerves in the region of a 
surgical procedure, as opposed to oral and intravenous medications that have more systemic effects. Traumatic limb injury may cause further complications 
for pain management, as the patients have not generally had any pain management or anesthesia prior to sustaining their traumatic injury, and research in 
amputees has shown nerve rearrangement in the brain and spinal cord over time.*® This process is due to a number of different factors including 
psychological catastrophizing, local inflammatory states, and a process known as central sensitization which results in a downregulation of spinal cord 
inhibitive pathways and abnormal central pain perception.® 


ASSESSMENT OF PAIN 


Assessment of patient pain should take place through a multipronged strategy, including assessment of pain characteristics (onset, duration, location, 
quality, intensity), past and current management strategies, the impact of pain on the patient’s daily life, and expectations and goals. In some patient 
populations, such as impaired individuals or those with emotional or cognitive disturbances, signs such as grimacing, restlessness, or vocalization, as well as 
other vital signs, may be useful in diagnosing pain. Multiple scales such as the numeric rating scale (0—10) or visual analog scale (a 10-cm scale along 
which patients place a mark indicating the severity of their pain), as well as verbal and visual descriptors, have been validated.’?!°5 Pain should be 
reassessed after administration of medication with certain guidelines: within 30 minutes after parenteral or 1 hour after oral drug administration or with any 
new or changed pain.°” 

Assessment of pain is a complex topic and the Joint Commission issued a warning regarding adverse drug events (especially respiratory depression) 
associated with opioid analgesics in particular.5* Respiratory depression in opioid users can be as high as 48%, and sedation scales such as the Pasero 
Opioid-Induced Sedation Scale should be used to ensure safety with opioid prescribing (Table 28-1).!2°°*! In addition, it is important that patients be 
screened prior to opioid prescription to evaluate for risk factors and avoidance of abuse, misuse, and diversion.?:!%27 

Prediction of postoperative pain and future development of chronic pain has also been widely studied.!°! In particular, Quantitative Sensory Testing has 


been shown to be the most accurate in predicting pain; this consists of quantifiable testing such as mechanical, thermal, or electrical stimuli.* Other methods 
of testing, including preoperative pain scales, have not been shown to be as reliable. The complexity of this topic is further demonstrated by studies that 
have shown that opioid administration in some patients may cause a hyperalgesic effect, thereby potentially worsening postoperative pain.!®° In particular, 
after orthopaedic surgery, a variety of mechanisms related to soft tissue trauma, including neuroendocrine pathway changes, neural plasticity, and cognitive 
changes, affect the pain state of the patient.®8 


PAIN MEDICATION 


A wide variety of pain medications are currently available, both over the counter and by prescription. A brief summary of the general classes and 
mechanisms of actions follows. 

Acetaminophen is one of the most widely used pain relievers; it is also used as an antipyretic. The mechanism of action is unknown for acetaminophen; 
however, it is considered safe for adults and children except in some cases of liver disease. Aspirin is an antiplatelet salicylate that inhibits cyclooxygenase. 
This causes its antiplatelet effects and also gives its analgesic and antipyretic effects while acting as an anti-inflammatory medication. Multiple nonsteroidal 
anti-inflammatory medications (NSAIDs) (naproxen, ibuprofen, meloxicam, etc.) act upon these pathways and are very effective for postsurgical and 
posttraumatic pain management. However, there is some historic concern regarding anti-inflammatory effects on bone healing. More recent literature is 
starting to show that risk of nonunion is of less concern, particularly when these medications are utilized for short periods, and providers are starting to use 
these as adjuncts more often after fracture.7°°®.77,10 Opioids themselves may have deleterious bone healing effects while also potentiating the personal and 
societal costs of abuse or addiction.*® 

Opioid pain medications act on receptors located in the brain, spinal cord, and peripheral nociceptors. These are the mu, delta, and kappa receptors in the 
nervous system, stimulating feelings of pleasure in addition to pain relief. These medications also act on the midbrain (mesolimbic) reward system, which 
stimulates a dopamine release leading to the pleasurable sensation.®! Recent literature has shown a delayed effect on healing in rats with opioid 
administration; however, this has not been robustly shown in humans.!° Gabapentin is a neurologic medication that blocks certain calcium channels, thereby 
affecting neurotransmitter release through an unknown mechanism. Muscle relaxants (cyclobenzaprine, metaxalone, methocarbamol, etc.) are another class 
of medication with an unknown mechanism of action; however, these act centrally to reduce muscle spasticity. 


TABLE 28-1. Pasero Opioid-Induced Sedation Scale With Intervention 


Score Category Intervention 

S Sleep, easy to arouse Acceptable; no action necessary; may increase opioid dose if needed 

1 Awake and alert Acceptable; no action necessary; may increase opioid dose if needed 

2 Slightly drowsy, easily aroused Acceptable; no action necessary; may increase opioid dose if needed 

3 Frequently drowsy, arousable, drifts off to sleep during conversation Unacceptable; monitor respiratory status and sedation level closely until sedation level is 


stable at <3 and respiratory status is satisfactory; decrease opioid dose 25-50% or notify 
prescriber or anesthesiologist for orders; consider administering a nonsedating, opioid- 
sparing nonopioid, such as acetaminophen or an NSAID, if not contraindicated 


4 Somnolent, minimal or no response to verbal or physical stimulation Unacceptable; stop opioid; consider administering naloxone; notify prescriber or 
anesthesiologist; monitor respiratory status and sedation level closely until sedation level is 
stable at <3 and respiratory status is satisfactory 

NSAIDs, nonsteroidal anti-inflammatory medications. 


Reprinted from Pasero C. Assessment of sedation during opioid administration for pain management. J Perianesth Nurs. 2009;24(3):186-190. Copyright © 2009 American Society of 
PeriAnesthesia Nurses, with permission from American Society of PeriAnesthesia Nurses. 


Opioid medications also have central nervous system depressant effects due to their ability to cross the blood-brain barrier; numerous research efforts 
are in progress working on peripheral opioids that do not cross this barrier and therefore may have fewer side effects.°° 


PREOPERATIVE IMPLICATIONS 


Many orthopaedic procedures are elective; however, urgent procedures such as those involving infection or orthopaedic trauma cannot be planned ahead of 
time. Multiple studies have investigated the association of preinjury or presurgical opioid use and its relation to outcomes, and these are suggestive of poorer 
outcomes with those using drugs (prescription or illicit) ahead of their orthopaedic intervention. Specifically, patients who used drugs were found to have 
orthopaedic injuries that were of higher severity and required longer hospitalizations.®* Preinjury drug use in these patients was also associated with a higher 
complication rate.!8 Orthopaedic patients who used drugs (prescription or illicit) preinjury or presurgery also had higher rates of not only later opioid use 
but also specifically misuse and abuse.314470.74,103 Iņ addition, preoperative opioid use in patients undergoing total joint arthroplasty is associated with 
increased early revision rate and complications.®®9 One study has even shown an increase in mortality after elective orthopaedic surgery in patients using 
preoperative opioids.’! Unfortunately, it has also been shown that patients who use drugs and alcohol are likely to misreport or not report this issue.®° 

It is important to note that cultural perspectives influence patients’ overall thinking regarding their pain around the time of surgery. Socioeconomic 
factors have been shown to influence patients’ misuse of opioids, with unemployed and lower-income patients more likely to believe that their prescription 
is inadequate and to take excessive amounts of pain medication.” American patients also seem to generally feel that their pain control is less adequately 
controlled than residents of other countries, as seen in studies comparing American patients with those from Vietnam and the Netherlands. 11-65 


PERIOPERATIVE MANAGEMENT 


Managing pain and expectations around the time of surgery can be challenging and is particularly important for orthopaedic surgical patients, not only due 
to the often high intensity of pain experienced after musculoskeletal procedures but also because of the difficulties with ongoing pain management if pain is 
not well controlled around the time of initial surgery. Multiple modalities have been explored for perioperative pain management, including peripheral nerve 
blockade, intravenous pain medications, and oral pain medications. 


PERIPHERAL NERVE BLOCKADE 


Peripheral nerve blockades provide anesthesia of peripheral sites such as the arms and legs, with fewer central nervous system side effects such as nausea 
and sedation. Patients have been shown in many studies to have significantly better pain control immediately postoperatively with peripheral nerve blocks in 
orthopaedic surgery, but the effects are somewhat dependent upon the surgical site and patient factors and may vary in postdischarge effects.7°.7°9 There is 
significant concern about rebound pain that occurs after the block wears off at a higher intensity than the patient may have experienced without the 
block.??:39.104 This rebound effect has been shown to be significantly decreased with continuous blockade (i.e., with an infusion catheter that allows for 
ongoing pain control) versus a single shot block.24345158 In addition, patients have improved pain control when they have been counseled about this 
possible outcome. Despite the improvements with continuous blockade, there are still concerns regarding complications such as acute compartment 
syndrome which could potentially be masked by a peripheral nerve blockade, so these are generally avoided in patients or injuries at high risk for acute 
compartment syndrome. Liposomal bupivacaine has also been effective in certain orthopaedic populations when used intraoperatively for postoperative pain 
control.40.48.92 

A variety of nerve blocks exist, including spinal and epidural (neuraxial) and regional and local (peripheral). Spinal and epidural blocks refer to injection 
or continuous infusion of opioid or anesthetic into the cerebrospinal fluid at a chosen level of the spine. Regional blocks may be directed at a specific 
sensory innervation to help with pain in the area of surgery or trauma; common medications include lidocaine, mepivacaine, bupivacaine, and ropivacaine. 
Each of these medications has slightly different time to onset and duration.” With blockade of peripheral nerves, muscular weakness may also occur, 
including quadriceps weakness with femoral nerve blockade, which has been shown to increase the risk of postoperative falls.5°-8” Local infiltration 
anesthesia is more commonly used in elective procedures such as arthroplasty; however, recent studies have shown improved pain control and decreased 
opioid utilization in femoral shaft fractures, hip fractures, and periarticular injuries with local injection.21-49-59.9%9.106 

Complications of peripheral nerve blockade are rare but can include nerve injury, infection, or bleeding from the catheter. Peripheral nerve injuries are 
rare, with permanent nerve damage occurring in 1.5 out of every 10,000 injections.° Transient neurologic symptoms are more common (up to 10%).°> A 
more severe, though rare, complication of peripheral nerve blockade is local anesthetic systemic toxicity (LAST). This toxicity can be mild (i.e., perioral 
numbness or metallic taste) or severe (including cardiac arrhythmias and arrest).°2 


INTRAVENOUS PAIN MEDICATIONS 


Intravenous pain medication may allow a more rapid onset of pain relief than oral medications. In addition, with patient-controlled analgesic (PCA) pumps, 
patients have been shown to have increased comfort with control over their own medication administration. This allows both faster administration (as 
opposed to having to call for a nurse and wait for assistance) and faster onset once it is administered. In addition, intravenous medication can be 
administered at low doses with a PCA, which permits analgesia without extensive central nervous system side effects.2° However, many current multimodal 
protocols caution against PCA use as patients must still be closely monitored because the potential side effects can occur faster with medication overuse by 
patients and/or others pressing the PCA activation button for them at the bedside (e.g., family, friends, staff). 

Other medications besides opioids may also be administered intravenously. Ketorolac is commonly used to mitigate musculoskeletal pain, and recent 
literature supports this in the postoperative patient even with fracture, as patients do not have an increased risk of nonunion.?™33 Acetaminophen can be 
administered intravenously and is commonly used in countries outside of the United States as the only postoperative analgesic. The analgesic and 
antipyretic properties of acetaminophen can both be helpful for postoperative comfort. Intravenous acetaminophen can be expensive in the United States and 
many hospitals do not have it on the inpatient formularies. Ibuprofen can be administrated intravenously and has been shown to reduce opioid consumption 
in patients following orthopaedic trauma.!°° 


ORAL PAIN MEDICATIONS 


A wide variety of oral pain medications exist, in the same classes as previously discussed (opioid, anti-inflammatory, etc.). NSAIDs are most commonly 
used for chronic and acute minor musculoskeletal injuries, while opioids are more often used in cases of surgery or more severe trauma. The U.S. 
government, as well as many medical and orthopaedic societies, has advocated more limited use of opioids as the opioid crisis continues in the country.” 

Oral opioids as an intervention for acute pain can be highly effective, but the side effects are particularly concerning in certain populations, especially 
geriatric patients who are at high risk for opioid overdose or oversedation. However, in at least one study, geriatric patients with hip fractures were at 
increased risk of postoperative delirium without adequate pain control postoperatively.”° In addition, a systematic literature review showed no difference in 
delirium when comparing various postoperative opioid types.°? 

NSAIDs are often used in patients with orthopaedic conditions either with or without surgery despite historical concern regarding fracture healing with 
NSAID administration. Several more recent literature reviews and studies have shown that particularly with early postinjury or postoperative administration, 
this does not seem to be a long-term problem for nonunion risk.?563:68.77 In addition, NSAIDs are highly effective for musculoskeletal pain and can greatly 
decrease opioid requirements.°”°”7””8 Despite concern about the risks of postoperative bleeding with NSAIDs and although some surgeons recommend 
NSAID cessation preoperatively for elective surgeries, there is not a significant postoperative bleeding risk for patients taking NSAIDs.” In addition, the 
risk of gastrointestinal bleeding with ketorolac is only slightly higher than that with morphine.’ 

Gabapentin has been shown to improve postoperative pain, especially in cases of neuropathic pain.**-8? Muscle relaxants are another commonly used 
adjunct, especially in spine surgery and severe trauma where large amounts of muscle injury and spasm contribute to postoperative discomfort. Because all 
of these medications have some central nervous system depression as a side effect, it is important that patients be counseled and monitored to avoid 
oversedation and potential respiratory depression. 


AUTHORS’ PREFERRED METHOD OF PAIN MANAGEMENT 


The Orthopaedic Trauma Association published clinical practice guidelines for acute pain management after musculoskeletal injury, and the authors divided 
patient injuries into three categories for management guidelines (Tables 28-2 to 28-4).*” The first category is major musculoskeletal trauma procedures, 
including operative fixation of long-bone or complex joint fractures and extensive soft tissue dissections. Minor musculoskeletal trauma procedures 
encompass the second category, including operative fixation of smaller bones or more simple joint injuries. The final category is nonoperatively treated 
musculoskeletal injuries. 


PAIN MANAGEMENT DURING RECOVERY 


Besides the medications previously discussed, it is important for the patient to have an awareness of the long-term expectations as well as risks of the 
medications being taken. Developing a weaning protocol even early after injury or surgery can be very beneficial to avoid long-term dependence, as half of 
patients who take opioids for at least 3 months are still taking them 5 years later.®? Orthopaedic trauma patients who were educated about a cessation plan 
early in their injury course were more successful at early discontinuation of opioids, although this did not necessarily have a long-term effect.*° 
Postoperative pain control is also culturally related, and in some cases, patients who do not use opioid pain medication actually have improved pain 
management and satisfaction.!4!:65 Expectations about long-term opioid use are one of the strongest predictors of whether patients will be using these 
medications 1 year after initiating them.% 

As recovery continues, it is important to assess whether patients are weaning themselves off medications appropriately. Patients often continue anti- 
inflammatory medications for more extended periods, but with the risks of dependence and addiction associated with opioids, it is especially important to 
monitor these medications. There are multiple risk calculators, and it is recommended that a validated opioid risk tool be used to calculate a patient’s risk 
before prescribing extended opioids after an acute injury or surgery.°° Patients and prescribers may also use morphine milligram equivalent calculators to 
assess their risk of overdose, as this is increased for patients who are taking over 100 morphine milligram equivalents. 


TABLE 28-2. Authors’ Preferred Pain Management After Major Musculoskeletal Trauma Procedures 


Opioid Nonopioid 
Inpatient e Oxycodone/acetaminophen: 5 mg/325 mg, 1 or 2 tabs PO q4h e Ketorolac: 15 mg IV q6h x 5 doses, followed by ibuprofen 600 mg 
PRN moderate pain (do not prescribe range) PO q8h 
e Hydromorphone: 1 mg IV q3h PRN severe pain e Gabapentin 100 mg PO TID 


e Acetaminophen 650 mg PO q6h PRN mild pain 
After Discharge 


Week 1 e Oxycodone/acetaminophen: 5 mg/325 mg, 1 or 2 tabs PO q6h e Ibuprofen: 600 mg PO q8h x 5 days (prescription given) 
PRN moderate pain (do not prescribe range) e Gabapentin: 100 mg PO TID x 5 days (prescription given) 
e Dispense #40 (one-time prescription; no refills) e Substitute opioid with acetaminophen PRN as directed 
Weeks 2-4 e Hydrocodone/acetaminophen: 5 mg/325 mg, 1 tab PO q6h PRN e NSAID PRN as directed 
e Dispense #30, then #20, then #10 (only if necessary; max 3 e Substitute opioid with acetaminophen PRN as directed 
prescriptions) 


or 
e Tramadol: 50 mg PO q6h PRN 
e Dispense #30, then #20, then #10 (only if necessary; max 3 
prescriptions) 


Week 5+ e NSAID PRN as directed 
e Acetaminophen PRN as directed 


NSAIDs, nonsteroidal anti-inflammatory medications. 


“In conjunction with other Best Practice Recommendations and individualized per treating physician discretion according to patient characteristics, local practice preferences, and state 
law. 


TABLE 28-3. Authors’ Preferred Pain Management After Minor Musculoskeletal Trauma Procedures 


Opioid Nonopioid 
After Discharge 
Week 1 e Hydrocodone/acetaminophen: 5 mg/325 mg, 1 tab PO q6h PRN e Ibuprofen: 600 mg PO q8h x 5 days (prescription given) 
e Dispense #30 (one-time prescription; no refills) e Gabapentin: 100 mg PO TID x 5 days (prescription given) 
e Substitute opioid with acetaminophen PRN as directed 
Weeks 2, 3 e Hydrocodone/acetaminophen: 5 mg/325 mg, 1 tab PO q6h PRN e NSAID PRN as directed 
e Dispense #20, then #10 (only if necessary; max 2 prescriptions) e Substitute opioid with acetaminophen PRN as directed 


or 
e Tramadol: 50 mg PO q6h PRN 
e Dispense #20, then #10 (only if necessary; max 2 
prescriptions) 


Week 4+ e Acetaminophen PRN as directed e NSAID PRN as directed 


NSAIDs, nonsteroidal anti-inflammatory medications. 


“In conjunction with other Best Practice Recommendations and individualized per treating physician discretion according to patient characteristics, local practice preferences, and state 
law. 


TABLE 28-4. Authors’ Preferred Pain Management After Nonoperatively Treated Musculoskeletal Trauma 


Opioid Nonopioid 


Minor injury (small-bone fracture, e Tramadol: 50 mg PO q6h PRN e NSAID PRN as directed 


sprain, laceration, etc.) e Dispense #20, then #10 (only if necessary; max 2 prescriptions) e Acetaminophen PRN as directed 
Major injury (large-bone fracture, e Hydrocodone/acetaminophen: 5 mg/325 mg, 1 tab PO q6h PRN e NSAID PRN as directed 
rupture, etc.) e Dispense #20, then #10 (only if necessary; max 2 prescriptions) e Acetaminophen PRN as directed 


or 
e Tramadol: 50 mg PO q6h PRN 
e Dispense #20, then #10 (only if necessary; max 2 prescriptions) 


NSAIDs, nonsteroidal anti-inflammatory medications. 


“In conjunction with other Best Practice Recommendations and individualized per treating physician discretion according to patient characteristics, local practice preferences, and state 
law. 


As of July 2022, every state in the United States participates in a prescription drug-monitoring program (PDMP), which can be useful to assess whether 
patients are using opioids appropriately or receiving prescriptions from any other providers. In one study, physicians are alerted to potential narcotic 
concerns in their patients, and this has been successful in decreasing prescriptions.®° Patients who have a high school education or less or those who were on 
opioid medications prior to injury were more likely to search for multiple doctors to prescribe them opioids postoperatively in an orthopaedic trauma 
population.”* Multiple states also have enacted state laws that limit opioid prescribing for acute pain and following surgery and use the PDMP for tracking 
with potential financial and legal ramifications for prescribers. 1°98 

Providers may consider sending their patients to specialty pain management clinics when there is concern about long-term chronic pain or opioid use. In 
many states, the number of pain clinics has risen exponentially in recent years, and these clinics can provide important treatment for chronic pain patients. It 
is important to discuss the goal of opioid cessation with these patients, as some pain clinics simply continue the medications that patients are taking on 
arrival. In addition, many pain clinics offer other pain services such as injections and other therapeutic pain modalities. Once patients have developed opioid 
use disorder, pain management physicians may consider medication-assisted treatment (MAT) with agonist (e.g., methadone) or partial agonist (e.g., 
buprenorphine). In randomized controlled trials comparing MAT to placebo, MAT at least doubles the rates of opioid abstinence outcomes. !” 


MENTAL HEALTH AND PAIN MANAGEMENT 


Although this is covered in more detail in Chapter 22, it is important to note that mental health and related issues are important factors in pain management 
and recovery after orthopaedic surgery and trauma.°’ Patients with poor coping strategies after orthopaedic trauma have an increased risk of ongoing opioid 
use for a longer time than patients with robust strategies.*? In addition, many patients with orthopaedic trauma also suffer from traumatic brain injuries, 
which may have some causality in increased rates of substance use disorders.’ Furthermore, rates of posttraumatic stress disorder in orthopaedic trauma 
patients can approach 25%, which may increase the risk for opioid use disorder.5*5° Patients who take more opioids after injury actually report increased 
pain and less satisfaction with their pain relief; self-efficacy was the most correlated with satisfaction.®:”9 Finally, in one study of patients with work-related 
injuries, a much higher percentage of psychiatric disorders was seen following injury, and these patients had greater rates of pain disability, with the authors 
recommending a comprehensive biopsychosocial approach to treatment.”? 


NEW AND FUTURE DIRECTIONS 


Some novel intraoperative strategies may improve postoperative pain control in specific situations, particularly following amputation. Targeted muscle 
reinnervation (TMR) involves redirecting the cut ends of major nerves severed during amputation and coaptation to nearby, newly divided motor nerve 
branch. The fascicles then grow down this motor nerve, growing toward a new receptor target?! A recent randomized controlled trial demonstrated 
improved phantom limb pain and trended toward improved residual limb pain when compared with the more conventional neurectomy.”? To date, no 
studies have assessed whether TMR could also reduce opioid use among amputation patients, though the possibility remains intriguing. 

National guidelines are helpful for acute pain management in general, and specifically for musculoskeletal injury and surgery. With established 
guidelines, orthopaedic surgeons have a clearer course of action for intervention in these patients and have a better way to evaluate their own practice and 
coherence with clinical norms. In addition, these guidelines help to clarify appropriate treatment for operative and nonoperative fracture care as well as 
other injury and chronic musculoskeletal conditions. Use guidelines also standardize treatments between physicians and may reduce “medication shopping” 
behaviors. The Orthopaedic Trauma Association published clinical practice guidelines for acute pain management in musculoskeletal injury or surgery in 
2019.*” These guidelines have been used at multiple trauma centers and shown to decrease opioid prescribing with no detriment to patient pain control or 
satisfaction.®9%13 The U.S. Centers for Disease Control and Prevention (CDC) published guidelines on chronic pain and opioid prescribing in 2016, and 
more recently published updated opioid prescribing guidelines to include acute, subacute, and chronic pain in 2022.?7:?8 The American Pain Society and 
American Society of Anesthesiologists also have pain management guidelines, and these are more relevant for acute and postoperative pain.* 4 The 
American Academy of Orthopedic Surgeons published guidelines in 2023 with pharmacologic, physical, and cognitive pain alleviation recommendations 
for musculoskeletal extremity and pelvis surgery.° 
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INTRODUCTION 


Osteomyelitis and orthopaedic infections in general, affect millions of patients worldwide with a reported incidence as high as 21.8 cases per 100,000 
person-years, leading to devastating effects for the patients, their families, and the society thereafter.!°° Their diagnosis is challenging, often involving a 
range of investigations with limited diagnostic accuracy. Management is complex and not always predictable, with complications and especially recurrence, 
being commonly reported even after many years from an otherwise successful management. Duration of the disease is prolonged, with patient-reported 
outcomes often described to be unsatisfactory. 186-187 

A comprehensive understanding of the definition, pathophysiology, and natural process of the disease is of paramount importance for both the diagnosis 
and management of osteomyelitis. The current chapter reviews the diagnosis, management, and complications arising from osteomyelitis and orthopaedic 
infections. We will also discuss emerging treatments and future directions in the management of osteomyelitis and orthopaedic infections. 


HISTORICAL PERSPECTIVE 


Osteomyelitis is an ancient disease, present since the evolution of vertebrates and well before the advent of man. Several fossils have been discovered with 


evidence of osteomyelitis, with the oldest being in a 275-million-year-old terrestrial reptile.!®! The presence of pus in wounds probably communicating with 
bones was first reported in the Edwin-Smith Papyrus. In ancient Egyptian mummies, sequelae of osteomyelitis and abscesses were commonly encountered, 
even though sequelae of open fractures were very rare mainly because of their high mortality.>!!76 

In humans, the first documented report of osteomyelitis was by Hippocrates (c. 460-370 BC), the father of modern medicine.!” More specifically, he 
described posttraumatic osteomyelitis of the skull and of long bones, recognizing the formation of sequestra.°! Celsus (c. 25-50 AD) later became known 
for his classical description of inflammation, while Galen (c. 129-210 AD) was the first to describe osteomyelitis following open fractures.°! William 
Bromfield in 1773 reported hematogenous osteomyelitis describing it as “abscessus in the medulla.”!”° The term osteomyelitis was coined by Nelaton in 
1846, but Lannelongue was the first to use it in 1879, with the impression that the initial infection involved the bone marrow.?"2! 

A comprehensive understanding of the pathogenesis of osteomyelitis has only developed in the past few centuries. Before that, there was no scientific 
background to support the management of osteomyelitis. More than 3,500 years ago, the ancient Egyptians were the first to report the destructive effect of 
pus commonly linked to the presence of osteomyelitis, but it was Hippocrates who went further into describing the effect of sequestra, around the 5th 
century bc. It was not until 1786 that Hunter described the mechanism of sequestrum formation, whereas the presence of microorganisms causing the 
disease was demonstrated by Pasteur in 1860.°! The discovery of x-rays by Roentgen in 1896 facilitated the understanding of the changes in the bones 
involved, whereas further advances were made with the evolution of imaging techniques and with research involving in vivo and in vitro studies on different 
aspects of the disease.>! 

Regarding the management of osteomyelitis, the first reports are again those of the Egyptians who used herbs, poultices derived from animals, even 
perfumes, and soft music, in conjunction with the scraping of the necrotic pieces of bone. The Chinese and the Hindus later tried the use of slow-burning 
wood and fire over the painful area. Hippocrates later introduced the basic rule that “those diseases which medicines do not cure, iron cures; those which 
iron cannot cure, fire cures; and those which fire cannot cure, are to be reckoned wholly incurable,” a principle that was adhered to by his followers for 
hundreds of years.°! The introduction of antiseptics by Lister in 1867, penicillin by Fleming in 1878, and advances in anesthesia were significant 
advancements that revolutionized the treatment of osteomyelitis. 

This chapter will concentrate on the definition, pathogenesis, pathophysiology, diagnosis, and management of orthopaedic-related infections, but with a 
special focus on fracture-related (posttraumatic) osteomyelitis in the skeletally mature population. A good understanding of the natural history of the disease 
along with the treatment principles is necessary for guiding the treating physician to a successful outcome. 


DEFINITIONS 


To understand the pathogenesis and appropriately treat orthopaedic infections, it is first necessary to gain knowledge of the interdependence of the human 
body and microorganisms. An abundant and diverse population of microbial organisms exists on human skin, which acts as an ecosystem of these microbial 
communities. When the skin integrity is compromised through a wound, this is soon colonized with bacteria; differentiating colonizing from invading 
however is difficult, if not impossible.°? Nonetheless, the infiltration of pathogens in the human tissues does not always lead to an infection. The incredibly 
complex but well-orchestrated process of host defense mechanisms eradicates these microbial organisms. In situations where these mechanisms fail to 
remove these pathogens, infection occurs, especially in hosts with predisposing conditions.!°° Many of these systemic conditions promote inflammation and 
impair blood flow resulting in local hypoxia and a subsequent decrease in leukocyte bactericidal action; this in turn contributes to the advancement and the 
chronicity of the infection.!8° 


ORTHOPAEDIC-RELATED INFECTIONS 


Orthopaedic-related infection is a term that includes all infections relevant to orthopaedic practice. They can either be a result of contiguous spread, as in 
trauma, or the sequelae of hematogenous spread. They represent a substantial clinical and financial burden to every healthcare system, but also to society, 
the family, and most importantly the patients. Evaluation of the pathogenesis and natural cause of the disease will help to guide treatment algorithms and 
allocation of resources for its prevention, diagnosis, and management. 

Overall, orthopaedic infections can involve soft tissues (cellulitis or surgical site infection [SSI]), joints (septic arthritis), orthopaedic devices 
(periprosthetic infections), and bones (osteomyelitis). 


CELLULITIS 


Cellulitis is a bacterial infection of the deep dermis and subcutaneous tissue that commonly presents acutely with a poorly demarcated, expanding erythema, 
and is associated with edema/swelling, warmth, and tenderness around the affected area.!’” Cellulitis represents a common global health burden; in the 
United States alone, more than 650,000 admissions per year have been reported, costing more than $3.7 billion in ambulatory care costs.”9!7” Even though 
very common, its diagnosis and management can often be challenging. In most cases, cellulitis responds to simple antibiotic regimes but it also carries a 
high risk of recurrence, especially in the presence of risk factors such as lymphedema and skin damage.!”” 


SURGICAL SITE INFECTIONS 


SSIs, according to the Centers for Disease Control and Prevention (CDC), are those involving the incision or organ or space, occurring after surgery.!° SSIs 
are largely preventable, so CDC and World Health Organization (WHO) have outlined specific recommendations to limit their incidence, based on 
evidence-based strategies.*!3 Nevertheless, patient- and operation-related factors are still associated with an increased risk of SSIs, while their 
consequences can be devastating for the patients.2°°:2!9 They represent the leading or second most common cause of healthcare-associated infections 
worldwide and are associated with increased morbidity, length of stay in hospital, and considerable healthcare costs. 16 


A a bh. Lal B 


jure 29-1. This patient had sustained a distal tibial fracture of the right ankle that was plated, His postoperative recovery was complicated by an infection that 
spread to the ankle joint (septic arthritis). AP (A) and lateral (B) radiographs at 12-month follow-up demonstrate destruction of the ankle joint. 


SEPTIC ARTHRITIS 


Septic arthritis is defined as joint sepsis caused by inoculation of pathogens inside the joint; this can occur through direct or hematogenous routes, rather 
than from an immunologic response to pathogens such as in reactive arthritis.*°* If septic arthritis is not promptly and adequately treated, it can lead to 
irreversible joint destruction ( ) and subsequently significant morbidity and mortality. Native septic arthritis is generally rare, with its incidence 
being as low as 4 to 10 per 100,000 person-years in Western Europe, but in disadvantaged populations it can be as high as 29.1 per 100,000 person- 
years.°”°° Overall, the incidence of native septic arthritis seems to be on the rise worldwide; possible reasons for this may be an aging population, the 
increasing incidence of orthopaedic-related infections, as well as immunosuppressive conditions, and medications. 


PERIPROSTHETIC JOINT INFECTIONS 


Periprosthetic joint infection (PJI), also referred to as prosthetic joint infection, is defined as an infection that involves a joint prosthesis and its adjacent 
tissues.“ According to Parvizi et al., the diagnosis of PJI can be made when at least one major criterion is present or when a score of 6 or more is achieved 
preoperatively or intraoperatively ( ).*°° The number of implanted joint arthroplasties continues to rise, but the prevalence of PJIs between 
different studies varies considerably. It generally ranges from 0.3% to 2.4% for primary total hip arthroplasty (THA), compared to 1.0% to 3.0% for primary 
total knee arthroplasty (TKA), being higher in cemented arthroplasties.'¥:°-"° In large registry studies, PJI has been reported as the most common cause of 
revision in TKA with a prevalence ranging from 15.4% to 25.0%, even though some authors suggest that registries can underestimate their incidence.°” 
Their treatment is associated with substantial morbidity and mortality, while in the United States, the average hospitalization cost associated with them has 
been calculated as high as $25,692 for revision TKA and $31,753 for revision THA.° 


FRACTURE-RELATED INFECTIONS 


Fracture-related infection (FRI), also referred to as posttraumatic osteomyelitis, osteitis, or deep infection, is a common but devastating complication 
following trauma. Its management is complex because of the unpredictable nature of the bone damage and concomitant injuries that are frequently 
present.!*? In contrast to the definition of PJIs where a consensus has been achieved, there is no agreement in the definition of posttraumatic infection 
following surgical fixation.?®141.143.166 Eyen though there are similarities between PJIs and FRIs, one should recognize the unique challenges related to 
FRIs. Recently, a group of experts proposed a definition, based on the presence of confirmatory criteria (infection is definitely present if a confirmatory 
criterion is met) or suggestive criteria (these features are associated with infection and further investigation is required) (Table 29-2).73:143.144 


TABLE 29-1. New Scoring-Based Definition for Periprosthetic Joint Infection (PJI) 


Major Criteria (at least one of the following) 
Two positive cultures of the same organism 


Sinus tract with evidence of communication to 
the joint or visualization of the prosthesis 


[niece | | ee 
Elevated CRP or D-Dimer >6 Infected 
Flevated ESR = 2-5 Possibly 

Infected’ 


Elevated synovial WBC 0-1 Not Infected 
count or LE 


Positive alpha-defensin 
Elevated synovial PMN (%) 
Elevated synovial CRP 


Inconclusive preoperative score 
or dry tap* Score | Decision 


4-5 Inconclusive’ 


Infected 


iagnosis 


. 


(=) 
> 
= 
E 
Y 
S 
È 


Synovial 


iagnosis 


. 


Positive histology 


<3 Not Infected 
Single positive culture 


CRR C-reactive protein; ESR, erythrocyte sedimentation rate; LE, leukocyte esterase; 
PMN, polymorphonuclear; WBC, white blood cell. 

Proceed with caution in adverse local tissue reaction, crystal deposition disease, and 
slow-growing organisms. 

*For patients with inconclusive minor criteria, operative criteria can also be used to 
fulfill definition for PJL. 

*Consider further molecular diagnostics such as next-generation sequencing. 

Reproduced from Parvizi J, et al. The 2018 definition of periprosthetic hip 
and knee infection: an evidence-based and validated criteria. ] Arthroplasty. 
2018;33(5):1309-1314 e1302, with permission from Elsevier. 


Intraoperative D 


Overall, the incidence of FRI depends on the bone involved and the grade/type of fracture.!>!4? It ranges from 1% in simple, otherwise uncomplicated 
injuries to more than 30% in high-energy open fractures of the lower limb, with the tibia being the most commonly involved bone.!*-!*? Over the last 
decades, the incidence of FRIs has been steadily reducing but some experts question whether we have now reached a plateau on what can be achieved with 
the current protocols.'4? As one would expect, the associated costs of patient care during primary hospitalization and potential readmissions are substantial. 
A recent cost analysis claimed that the median cost in patients with SSI increased to $108,782, compared to $57,418 for uninfected patients.2"% 


OSTEOMYELITIS 


The term osteomyelitis is derived from osteo (bone), myelos (bone marrow), and itis (inflammation). Osteomyelitis represents a progressive inflammatory 
process that can involve the bone, bone marrow, periosteum, and surrounding soft tissues.!>85!!5 Tt is caused by infectious pathogens, resulting in bone 
destruction, necrosis, apposition of new bone, and sequestrum formation.?®115 In the literature, the term osteomyelitis is not universally used in the same 
context. Some authors differentiate bone infection according to the way that the infection affects the bone: Osteitis refers to the infection of the bone mostly 
caused by bacteria and that can lead to the complete destruction of the affected bone and of the surrounding tissues (centripedal infection), while 
osteomyelitis refers to the primary infection of the bone marrow with subsequent involvement of the cortical bone and the periosteum (centrifugal 
infection).7°° At the same time however, these authors recognize that the clinical and investigative findings of these two entities can be very similar, making 
it difficult if not impossible to differentiate between the two, especially at the advanced stages of the disease.?°9 


TABLE 29-2. Criteria for Diagnosis of Fracture-Related Infection According to an International Expert Group 


Confirmatory Criteria? 


e Fistula, sinus, or wound breakdown (with communication to the bone or the implant) 


From medical history and clinical exam 
e Purulent drainage from the wound or presence of pus during surgery 


During surgical exploration e Phenotypically indistinguishable pathogens identified by culture from at least two separate deep tissue/implant specimens 
e Presence of microorganisms in deep tissue specimens, as confirmed by histopathologic examination 


Suggestive Criteria? 


Clinical signs: local and systemic 

Radiologic signs 

New-onset joint effusion 

Elevated serum inflammatory markers (erythrocyte sedimentation rate, white blood cell count, C-reactive protein) 
Persistent, increasing, or new onset wound drainage 


From medical history and clinical exam 


During surgical exploration Pathogenic organism identified by culture from a single deep tissue or implant specimen 


“Confirmatory criteria: Infection is definitely present if a confirmatory criterion is met. 


Suggestive criteria: These features are associated with infection, and further investigation is required. 


Adapted from Metsemakers WJ, et al. Fracture-related infection: a consensus on definition from an international expert group. Injury. 2018;49(3):505-510. Copyright © 2017 The 
Author(s), with permission from Elsevier. 


For a successful outcome, prompt diagnosis and aggressive management of osteomyelitis are of paramount importance. If there is any delay, the 
chronicity of osteomyelitis may result in loss of function, chronic pain, and even lead to an amputation. The presentation of chronic osteomyelitis may be as 
a recurrent or intermittent disease, with considerable variation between the symptoms and their duration. Even following an apparently “successful” 
treatment, the incidence of relapse remains high and assumed “remission” should only be claimed following long follow-up (at least of 1 year).!98 “Cure” of 
the disease on the other hand cannot be safely declared as once osteomyelitis has been established, complete eradication of the infection is extremely 


difficult if not impossible.!8° 


CLASSIFICATION OF OSTEOMYELITIS 


Several classification systems have been suggested in the literature, but there is no consensus as to which is the most appropriate to use in clinical practice 
(Fig. 29-2). In simple terms, osteomyelitis can be defined as acute or chronic. In acute osteomyelitis, inflammatory bone changes are present, typically 
presenting 2 weeks after bone infection.’”!*° On the contrary, in chronic osteomyelitis bone destruction and formation of sequestra are evident, typically 
presenting 6 weeks after bone infection.’”!*:!°” The onset of infection can be insidious and many times cannot be well defined. Therefore, characterization 
of the lesion based on its histopathologic findings rather than the duration of the infection can be more accurate.” Nevertheless, such simplified 
classification systems cannot provide any information about prognosis and have no direct clinical relevance. 
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Figure 29-2. Diagrammatic representation of types of osteomyelitis. 


The Cierny—Mader classification system is the most widely used system describing chronic osteomyelitis of long bones in adults.!64 More specifically, 
this pathoanatomical system combines four anatomical types of the disease with three physiologic classes of the host, defining 12 distinct stages of the 
disease (Table 29-3; Fig. 29-3).°° This classification system also incorporates prognostic factors and delineates treatment for each stage of the disease, 
providing guidelines for the successful management of osteomyelitis that correlate to the clinical and biologic response to therapy.°° 


TABLE 29-3. Cierny—Mader Classification System 


Anatomic Type 


Type Characteristics 

I Medullary osteomyelitis 
Il Superficial osteomyelitis 
Ill Localized osteomyelitis 
IV Diffuse osteomyelitis 


Physiologic Class 


Host Characteristics 
A Good immune system and delivery 
B Compromised locally (BL) or systemically (BS) 
G Requires suppressive or no treatment 
Minimal disability 


Treatment worse than disease 
Not a surgical candidate 


Factors Affecting Physiologic Class 


Systemic Factors (S) Local Factors (L) 
Malnutrition Chronic lymphedema 
Renal or hepatic failure Venous stasis 
Diabetes mellitus Major vessel compromise 
Chronic hypoxia Arteritis 

Immune disease Extensive scarring 
Extremes of age Radiation fibrosis 
Immunosuppression Small-vessel disease 
Immune deficiency Neuropathy 

Tobacco abuse 

Alcohol abuse 

Malignancy 


Used with permission of British Editorial Society of Bone & Joint Surgery from Panteli M, Giannoudis PV. Chronic osteomyelitis: what the surgeon needs to know. EFORT Open Rev. 
2016;1(5):128-135; permission conveyed through Copyright Clearance Center Inc. 


c D 
Figure 29-3. Cierny—Mader classification of osteomyelitis. A: Stage I: medullary osteomyelitis. B: Stage II: superficial osteomyelitis. C: Stage III: localized 
osteomyelitis. D: Stage IV: diffuse osteomyelitis. 


Depending on the pathogenesis of osteomyelitis (mechanism of infection), there are three distinct categories of osteomyelitis: hematogenous (blood 
borne) osteomyelitis, exogenous (contiguous contamination) osteomyelitis, and vascular insufficiency-associated infection (modified to include neurologic 
insufficiency-associated infection by some authors).'>°8 In hematogenous osteomyelitis, the spread of the pathogens is through the systemic circulation, 
which then seed into the bones. It mainly afflicts skeletally immature patients, affecting the metaphysis or vertebral bodies. In skeletally mature patients, it 
most commonly affects the vertebral bodies of the lower spine and can also be associated with inflammation of the adjacent intervertebral discs, even 
though infections at other locations may occur.!>?!,28:77,115 Contiguous infection osteomyelitis is secondary to direct inoculation of pathogens into the bone. 
It represents the most common form of osteomyelitis, and it commonly results from direct contamination of pathogens in trauma (open fractures), from 
orthopaedic procedures (i.e., following open reduction and internal fixation of fractures or joint arthroplasty surgery), from chronic wounds, and from 
contiguous soft tissue infections.2*7716° Vascular or neurologic insufficiency-associated osteomyelitis on the other hand presents with several distinct 
clinical and pathophysiologic features.'"° It is usually a consequence of diabetic-related complications, especially loss of protective sensation in neuropathy, 
vasculopathy, presence of chronic wounds, and altered immune defenses. 1:230 

Several other classification systems have also been reported, 184188 but because of their complexity and poor clinical correlation, they have not been 
widely used in the clinical setting. 


EPIDEMIOLOGY OF OSTEOMYELITIS 


Osteomyelitis has classically been described as having a bimodal distribution, with peak incidences in children under the age of 5 and adults over the age of 
50.113 In children under the age of 17, it commonly follows an acute or subacute presentation following hematogenous spread, whereas direct inoculation 
following trauma or surgery is more common in adults.!2* Since the introduction of antibiotics in the 1940s, the incidence of hematogenous osteomyelitis 
and its associated mortality has been dramatically reduced. !°° 

In a large epidemiologic study in the United States, the overall incidence of osteomyelitis was calculated as high as 21.8 cases per 100,000 person-years, 
with the incidence in men being higher than women (27.7 vs. 16.7 cases per 100,000 person-years, respectively) and increasing with age, especially after the 
age of 50.105 Moreover, the same group concluded that the incidence rates significantly increased over time (almost trebled in the elderly), which were 
most notable in groups suffering from diabetes and in vertebral osteomyelitis. 105 

The incidence of chronic osteomyelitis following contiguous focus of infection is reported to be on the rise, especially in the developed world.*®9! A 
possible explanation is the increase in posttraumatic osteomyelitis that remains the most common cause,!** the increased prevalence of trauma, and the 
increased survival following trauma. More specifically, infection rates following trauma range from 4% to 64% in different studies, whereas the recurrence 
rate has been reported as high as 30%.1!1-132.209 Other causes of the increased incidence of osteomyelitis include improved life expectancy (especially of 


patients suffering from diabetes), neuropathy or vascular insufficiency, and improvements in the diagnosis of the disease.?®?8-120 In addition, prosthetic joint 
infections represent a relatively new entity of chronic osteomyelitis with a reported incidence of 1% to 2.5% in primary arthroplasty and as high as 20% in 
revision arthroplasty.®° 

The overall incidence of vertebral osteomyelitis has been previously reported as low as 2.5 per 100,000 population, with a male predominance.”* This 
increases with age, from 0.3 per 100,000 of the population younger than 20 years of age to 6.5 per 100,000 of the population older than 70 years of age.”4 
Nevertheless, many suggest that the incidence and morbidity of vertebral osteomyelitis are generally increasing.*’ Possible reasons for this may include the 
aging population and the increasing prevalence of significant comorbidities, improved diagnostic techniques, the increasing use of indwelling intravascular 
catheters, immunosuppressive therapies, and the increasing numbers of spinal operations.*”7°6 


PREDISPOSING FACTORS 


Several predisposing risk factors have been reported to contribute to a higher incidence of osteomyelitis. Even though these are similar between the different 
types of osteomyelitis, their impact in each group is not well defined. A history of trauma, open fractures, and orthopaedic surgery are the most encountered 
factors.1°°-163.171 Furthermore, the presence of diabetes, peripheral vascular disease and arteriosclerosis, smoking, and obesity have been reported as host 
condition-related risk factors for bone infection.!° Other factors include malnutrition, hypotension, chronic steroid use, malignancy, immunosuppression, 
intravenous drug use, and presence of decubitus ulcers.?t:77:150,164 

In the case of vertebral osteomyelitis, hematogenous seeding to a distant site can occur secondary to urinary tract infections, soft tissue/skin infections, 
intravascular catheters, bursitis, and septic arthritis.'°” Advancing age, diabetes mellitus, coronary heart disease, immune system impairment, malignancy, 
alcoholism, rheumatic disease, renal failure, liver cirrhosis, and intravenous drug use are also factors strongly linked to vertebral 
osteomyelitis, 1494151,173,200,236 Other less common factors include history of radiotherapy to the spine, osteoporotic vertebral fractures, pulmonary fibrosis, 
heart conditions, and malnutrition. 15t 

Finally, in recent years the presence of orthopaedic implants has become one of the most important predisposing factors.1°°- Similarly, retention of 
metalwork following SSIs has also been linked with an increased incidence of osteomyelitis. 183 


PATHOGENESIS OF OSTEOMYELITIS 


INITIATION OF INFECTION 


Healthy bone compared to other types of tissue is relatively resistant to infection." Nevertheless, direct trauma, large bacterial inoculation, or even a 
smaller number of particularly virulent bacteria can lead to an infection.?!°° Following the inoculation of pathogens, an acute inflammatory response is 
induced. The different inflammatory products released by both the pathogens and the host’s cells (mainly leucocytes), in combination with the impairment 
of the vascularity of the surrounding tissues, can lead to tissue necrosis and bone destruction.!!> As a result, the traumatized area becomes avascular, 
resulting in poor penetration of immune cells and antibiotic agents given through the systemic circulation. In the chronic stages of the disease, inflammatory 
cells release more cytokines that stimulate increased osteoclastic activity with osteoclastic bone resorption and fibrous tissue ingrowth.!!® This in turn leads 
to deposition of reactive new bone in the periphery and osteoporosis.!!5 Involucrum is a term used to describe the sleeve of living tissue formed by the 
newly deposited bone around the infected, devitalized bone.” 

Some pathogens however, such as Staphylococcus aureus, have developed mechanisms to overcome this natural resistance to bone infection, including 
the expression of surface proteins that mediate the adherence to bone matrix and collagen,!!> the formation of biofilms that protect them against 
antimicrobial agents and the host immune response,°®!!° and by the invasion of the pathogen in host cells (typically osteoblasts, fibroblasts, and endothelial 
cells),!!5-195 with subsequent formation of small-colony variants in the intracellular compartment. 174214 


ROLE OF BIOFILM 


It has been reported that up to 65% of orthopaedic-related infections are caused by biofilm-producing organisms, including staphylococci (S. aureus and S. 
epidermidis), Pseudomonas aeruginosa, and Propionibacterium acnes.152 These biofilms represent a confluence of bacteria characterized by a unique 
mode of growth, allowing survival in hostile environments.®* Generally, biofilms can be composed of a single organism or can be polymicrobial, in which 
case they are very difficult to eradicate.!5? 

In open fractures, biofilms can develop within hours from the traumatic event as devitalized bone and injured soft tissues create a favorable environment 
for the pathogens. Moreover, orthopaedic implants that may be used for the fracture fixation represent an excellent surface on which a biofilm can be 
developed. The formation of the biofilm starts with the adherence of the bacteria on the bone or implant surface, through one or more wall-associated 
adhesins collectively known as microbial surface components, which recognize adhesive matrix molecules.*®-15> These bacteria then enter the proliferation 
phase, secreting at the same time matrix components, producing a relatively impermeable polysaccharide/protein matrix.°! Subsequently, the pathogens are 
surrounded by a glycocalyx or a slime layer that protects them from the host’s defense mechanisms.*! 

Polymicrobial biofilm-producing organisms can form a complex network of colonies where they can communicate via cell-to-cell signaling.” This 
typically occurs via quorum sensing, where chemical signal molecules called autoinducers are produced depending on cell density and physiologic 
conditions, leading to the expression of specific genes in a coordinated fashion. 1”:53145,154 Apart from communication, interaction between the different 
species also includes metabolic cooperation, as well as competition over nutrients and growth inhibition.>*-!5-1°8 When interactions are synergistic, they can 
result in the development of several beneficial phenotypes.!°? These include promotion of the formation of the biofilm by coaggregation, metabolic 
cooperation where metabolites produced by one species are utilized by neighboring species, and finally increased resistance both to antibiotic agents and to 
the immune response of the host.’?38,53,161 

The resistance to antimicrobial agents and host defenses has been extensively studied, as it is one of the most alarming consequences of the biofilm 
formation. Interestingly, it has been reported that biofilm organisms are up to 800-fold less susceptible to antibiotics than planktonic organisms.*° In most 
cases, polymicrobial biofilms are reported to be more resistant to antimicrobial treatment and disinfection than monospecies biofilms.?-°* The mechanisms 


that promote the survival of antibiotic resistance of biofilms generally include the altered composition of extracellular polymeric substances matrix, 
expression changes, and reducing the hostility of the environment.®?3-60.92 Inside the biofilms, the pathogens can remain in an inert state for long periods of 
time, being able to cause flare-ups many years after the initial inoculation. 16t 


PROPAGATION OF INFECTION 


In the case of post-traumatic osteomyelitis, pathogens and the resulting inflammatory process can percolate throughout the haversian systems and 
periosteum to the newly formed callus, therefore leading to an infected nonunion. Animal models demonstrate that intraoperative contamination of 
pathogens (even with low-grade pathogens) can interrupt the healing cascade and lead to a nonunion, even in the absence of signs of infection.*!22 

In the case of small-colony variant infections, the pathogens can survive in a metabolically inactive state, preserving the integrity of the host cell and 
becoming relatively resistant to cell wall-active antibiotics and aminoglycosides, therefore making it difficult if not impossible to eradicate them with 
standard antibiotic therapy.!°°? For this reason, some authors have advocated the role of extensive surgical debridement in the treatment of small-colony 


variant infections. 153 


COMMON PATHOGENS 


Even though a large array of pathogens—including bacteria, fungi, viruses, and parasites—can cause osteomyelitis, the commonest pathogens are certain 
pyogenic bacteria, whereas mycobacteria and fungi are unusual and are generally associated with immunodeficiency (Table 29-4).1>38.77 Risk factors such 
as age, history of trauma, geographic location, and background of immunodeficiency are strongly related to the types of pathogens isolated.*! 

In general, osteomyelitis of hematogenous origin is most commonly monomicrobic in nature,*! whereas contiguous-focus osteomyelitis is most 
commonly polymicrobic.*!**!9” Some authors report the incidence of polymicrobic osteomyelitis to be as high as 29% following trauma,®*°°!6” compared 
to only 5% in hematogenous spread.°* Notably, the increase in infections caused by polymicrobes that are commonly less virulent in isolation presents an 
additional challenge because of their synergistic resistance to a wide range of antibiotics.'® 

S. aureus is the predominant cause of all types of osteomyelitis and it is isolated in 30% to 60% of the cases, with its incidence having increased in the 
last few decades. 1424,38.47,74,77,83,90,93,94,167,210 Some strains of S. aureus have developed resistance to common antibiotics, including methicillin-resistant S. 
aureus (MRSA) that has been increasingly isolated from areas of chronic osteomyelitis.°*’” Infection with MRSA strains has been associated with an 
increased risk of extraosseous disease, increased number of surgical reinterventions, and prolonged hospital stay.°”!"> Panto—Valentine leukocidin (PVL), a 
cytotoxin produced by some S. aureus strains, can cause leucocyte destruction, therefore increasing the virility of the pathogen.®+ Even though it is 
uncommon in adults, PVL-positive S. aureus strains are currently underrecognized and can lead to invasive life-threatening diseases.'°7° Rapid 
identification of the organism is of paramount importance in order to provide adequate treatment and reduce associated morbidity and mortality.®* 

Coagulase-negative staphylococci are also commonly isolated from osteomyelitis lesions, both following trauma and vertebral osteomyelitis (25% and 
22%, respectively). 142447,90,93,94,167 Staphylococcus epidermidis (S. epidermidis), in particular, is the most abundant skin flora and is the most commonly 
involved pathogen in periprosthetic infections.!° Mycobacterium tuberculosis has been isolated from lesions of vertebral osteomyelitis in up to 31% of the 
cases in some reports, even though in post-traumatic osteomyelitis it is rarely isolated.477493 


CULTURE-NEGATIVE INFECTION 


Microbiologic testing of tissue obtained from osteomyelitis with conventional cultures is not always positive for pathogens. In fact, it has been reported that 
up to 32% of patients with posttraumatic osteomyelitis present with negative cultures,?483 compared to 41% in vertebral osteomyelitis.!49394 In addition, 
the prevalence of culture-negative cases seems to be increasing.!°° The clinical implications for culture-negative infections are significant, as this can delay 
the diagnosis and initiation of treatment, antibiotic treatment can only be empirical and not targeted to the responsible organism(s), while surgical 
debridement might not be adequate, and local antibiotic delivery systems might not be effective for the causative organism. 


TABLE 29-4. Common Pathogens for Osteomyelitis 


Pathogen Occurrence 
Post-Traumatic Osteomyelitis 


Gram-positive bacteria 


Staphylococcus aureus 35-50% 
Coagulase-negative staphylococci 9-25% 
Enterococcus faecalis 5-8% 
Streptococcus sp. 3-6% 
Propionibacterium acnes 6% 
Enterococcus avium 2% 
Streptococcus milleri 1% 


Gram-negative bacteria 


Baumann acinetobacter 6-20% 
Escherichia coli 12-15% 
Enterobacter cloacae 11-12% 


Klebsiella pneumoniae 4-12% 


Brevibacterium casei 6% 


Pseudomonas aeruginosa 4% 
Citrobacter koseri 2% 
Serratia marcescens 1% 
Morganella morganii 2% 
Klebsiella oxytoca 1% 
Bacillus 1% 
Polymicrobial 10-29% 
Culture-negative 11-35% 


Vertebral Osteomyelitis 


Gram-positive bacteria 


Staphylococcus aureus 33-55% 
Coagulase-negative staphylococci 2-22% 
Streptococcus sp. 2-16% 
Enterococcus faecalis 2-18% 
Propionibacterium acnes <1% 
Streptococcus pneumoniae 1% 
Clostridium perfringens 1% 


Gram-negative bacteria 


Escherichia coli 3-12% 
Pseudomonas aeruginosa 1-6% 
Bacteroides sp. 1-6% 
Yersinia enterocolitica 1-3% 
Streptobacillus moniliformis <1% 
Salmonella sp. <1% 
Haemophilus aphrophilus <1% 
Mycobacterium tuberculosis 6-31% 
Candida albicans <1% 
Polymicrobial 5% 
Culture-negative 23—41% 


Possible explanations for culture-negative infections include the start of empirical antibiotic therapy before obtaining samples, the inability of 
conventional culture techniques to detect bacteria situated within a biofilm and the presence of organisms that require special culture techniques not used in 
routine practice.??! Use of real-time polymerase chain reaction (PCR) and cultures targeting specific low-virulence pathogens may increase success of 
isolation methods.”° Next-generation sequencing has also been suggested as an adjunct in identifying infective pathogens, especially those that are in a 
viable but not culturable state.70106 


CLINICAL PRESENTATION OF OSTEOMYELITIS 


The clinical presentation of osteomyelitis is often subtle and insidious. A long list of conditions such as soft tissue infections and bone tumors can present 
with similar symptoms, and therefore differential diagnosis can often be challenging. The presence of comorbidities such as diabetes or immunosuppression 
obscures the symptomatology even further. Regardless, the consequences of these infections can be devastating, resulting in chronic pain, irreversible 
damage, and deformity. In the presence of any of the features of osteomyelitis, there should be a high clinical suspicion and prompt treatment should be 
initiated to reduce any adverse outcomes. 

A new onset of pain or pain increasing with time and not depending on weight bearing, localized swelling, erythema, and increased skin temperature 
over the affected bone and pyrexia greater than or equal to 38.2°C are some of the commonest initial features.‘4? Impaired wound healing, increased 
drainage from wounds over fractures or sinus tracts, and general malaise can also be present.*®:’7115.150.197 Tp Jate, neglected cases, patients may complain 
of a cyclical pain that gradually increases in severity.*! This is often associated with pyrexia and finally subsides when a sinus is formed and the pressure 
from the accumulating pus is released.?! 

In neuropathic ulcers in the diabetic foot, probe-to-bone (PTB) test has also been described as a quick and easy way to identify bony involvement during 
clinical examination. The PTB test is performed by inserting a sterile, blunt, metallic probe into an ulcer; if the surface palpated is hard and gritty, it 
indicates a positive test.10°?30 It has been reported by many authors as the clinical tool of greatest diagnostic value, as it is associated with high sensitivity 
and specificity (0.87 and 0.83, respectively), values that are similar to magnetic resonance imaging (MRI) and erythrocyte sedimentation rate (ESR) as 
diagnostic tests,!0-110.148 

In cases of vertebral osteomyelitis of hematogenous spread, the initial symptoms and signs can be dominated by manifestations of the primary infection; 


thus, a high clinical suspicion should be present in high-risk patients.7°° Moreover, because of the nonspecific nature of these signs and symptoms, delayed 
diagnosis is frequent. The most common symptom at the early stages of the disease is back pain, with its location depending on the site of infection, even 
though tenderness on percussion is only present in some patients.'4151.290.236 pyrexia is only present in two-thirds of the cases, whereas neurologic 
impairment (sensory, motor, urinary symptoms) is only reported in one-third of the cases.!+2°2°6 Complications related to the presence of osteomyelitis 
such as epidural abscesses can exacerbate symptoms.”*° 


DIAGNOSIS OF ORTHOPAEDIC INFECTION 


For the prompt and successful management of orthopaedic infection, early recognition is of vital importance. Nonetheless, there is no single routine test 
available to detect an infection beyond doubt.’! The diagnosis is mostly based on a combination of clinical, imaging, laboratory, and microbiologic tests. 
The treating physician’s personal experience and preferences, availability of different techniques and modalities in each institution, and their financial 
implications are factors influencing the decision making. 


CHOICE OF RADIOLOGIC INVESTIGATIONS 


Several imaging techniques are available for the diagnosis and characterization of orthopaedic-related infections (Table 29-5). Their sensitivities and 
specificities vary and the decision as to which one to use is usually based on the type of osteomyelitis, location and chronicity of the infective process, 
presence of orthopaedic implants, and varying availability of each imaging modality in different institutions. The choice of the appropriate imagining 
technique is therefore difficult, and the advantages, disadvantages, and contraindications of each technique should be carefully considered. Regardless of the 
imaging modality used, there are several questions that need to be answered: 


Is there an infection and where is it located? 

Does the infection involve the medullary cavity, the bone and/or the surrounding soft tissues? 

What is the viability of the involved bone, is there a sequestrum or sinus tract, and are there any collections in the surrounding tissues? 
For preoperative planning, what is the fracture position, progression of union, and implant integrity? 


Plain Radiography 


Plain radiography is the first-line imaging technique as it is readily available, inexpensive, and easy to perform, despite its limitations. It is useful to 
differentiate infection from other pathologies such as fractures and malignancies, even though this is not always clear.”™!!3 Radiographs can also be used 
for assessing the progression of the disease by direct comparison of the features on consecutive images. "3 


Periosteal 
Reaction 


Osteolysis” 


Figure 29-4. AP radiograph of a left ankle at 5 months after fixation of a distal tibia fractures shows features of osteolysis and periosteal reaction secondary to 
underlying osteomyelitis. 


Plain radiographs can demonstrate soft tissue swelling, periosteal reaction, and haziness around bony structures secondary to elevation of the 
periosteum, well-defined lucencies within bony structures that may represent an intraosseous abscess, and the presence of a sequestrum that may appear as a 
focal sclerotic lesion with a lucent rim. t! Osteolysis can be present as early as 10 to 21 days after the bone infection at which point the bone loses 30% to 
50% of its mineral content (Fig. 29-4).2477-1!5.150 Bone resorption, formation of sequestra, and/or new bone formation in the periosteum or endosteum 
represent late signs in established infection.!°° Nevertheless, their low sensitivity and specificity limit their value, while in acute presentation plain 
radiographs are often normal.!!3 


Computed Tomography 


Computed tomography (CT) is the investigation of choice for providing detailed imaging of the cortical bone, allowing delineation of even subtle changes at 
the early stages of the disease.!”° It especially is useful in demonstrating cortical involvement, periosteal reaction, sclerotic changes, and presence of 
interosseous gas. CT can also identify sequestra and intraosseous fistulas (Fig. 29-5).'!>!79 Moreover, it can characterize the bone marrow involvement and 
evaluate the soft tissue condition, while added use of an intravenous contrast agent can provide further information about the vascularity of the affected 
area.!50:197 However, the presence of implants degrades its quality because of beam hardening artifact.!”° Despite all its limitations, it is routinely used for 
preoperative planning, for assessing progression of union in case of infected nonunions, and for guiding biopsies. 150.164 


TABLE 29-5. Imaging Modalities Used for 


hopaedic-Related Infections 


Imaging 
Modality Advantages Disadvantages Sensitivity Specificity PPV NPV Indications 
Plain e Widely available e Less suitable for 0.16-0.82 0.75-0.96 e As first-line imaging 
radiographs e Cheap determining the exact technique 
e Useful in assessing progression localization of infected e For assessing the progression 
of union and presence of small bone of the disease 
sequestra e Normal at the initial stages 
of the disease 
Computed e Widely available e Less suitable for determining 0.47-1.00 0.50-0.96 0.80 0:25 e In combination with nuclear 
tomography e Cheap the exact localization of medicine modalities to 
e Quick scanning time infected bone increase their accuracy 
e Superior special resolution © Normal CT does not exclude ¢ For evaluation of bony 
e Useful in assessing progression osteomyelitis structures 
of union and presence of small e Ionizing radiation exposure 
sequestra Streak artifacts in the 
e Can be used for percutaneous presence of orthopaedic 
aspirations and biopsies implants 
Magnetic e Widely available è Relatively expensive 0.81-1.00 0.43-0.67 0.69 0.60 e In combination with nuclear 
resonance e Quick scanning time e Interpretation of the images medicine modalities to 
imaging e Can demonstrate the extent of can be challenging increase their accuracy 
bone and soft tissue involvement It can occasionally e For the evaluation of 
e A normal result virtually overestimate the severity of surrounding soft tissues and 
excludes osteomyelitis the infection bone marrow 
e Orthopaedic implants can 
introduce artifacts 
è Scar tissue and recent 
operations can limit its 
diagnostic accuracy 
Bone e Widely available e Ionizing radiation exposure 0.61-1.00 0.00-0.84 0.19-0.60 0.50 © To demonstrate viability of 
scintigraphy* e Cheap e Increased uptake in areas of bone in cases of established 


In chronic cases, negative bone 
scan excludes infection 


increased bone metabolism 
irrespective of underlying 
cause (low specificity) 

Can only be used in long- 
standing bone infection 
Can be positive for 2 years 
after surgical treatment of 
fractures, 2 years after THA, 
and 5 years after TKA 


nonunions (in combination 
with SPECT-CT) 

e In peripheral osteomyelitis, 
regardless of metalwork 
presence (placement >2 years 
ago) 


WBC e Detects leukocytic infiltration e Ionizing radiation exposure 0.50-1.00 0.40-0.97 0.50-0.95 0.67-0.88 e Diagnosis of infected nonunion 
scintigraphy* e High diagnostic accuracy in both e Expensive, laborious, and (in combination with SPECT- 
acute and chronic infections time-consuming CT) 
e Needs to be performed e Diagnosis of peripheral 
under sterile conditions osteomyelitis regardless of 
e Dual-time point imaging presence of implants and their 
è False-positive results in placement <2 years ago 
mechanically unstable 
nonunions and periarticular 
nonunions with associated 
arthropathy 
e Reduced accuracy in the 
axial skeleton 
FDG-PET* e Short acquisition time e Ionizing radiation exposure 0.83-1.00 0.51-1.00 0.67-0.92 0.75-0.93 e Diagnosis of peripheral 
(60 minutes after injection) e Uptake also increased in osteomyelitis regardless of 
e High spatial resolution inflammation surgery at least 6 months ago, 
e No need for blood e Presence of recent fractures but with no implants in situ 
manipulation and metalwork decreases e Diagnosis of osteomyelitis in 
accuracy the axial skeleton 
e Interpretation criteria for e Diagnosis of dissemination of 
positivity are not universally infectious foci 
accepted 
Availability and costs limit 
its use 
FDG-PET/CT e As per FDG-PET and CT e As per FDG-PET 1.00 0.83 0.91 1.00 e As per FDG-PET and CT 
e Visualization of metastatic 
infection 
e Discrimination between aseptic 
and septic delayed union 
FDG-PET/MRI e As per FDG-PET and MRI e As per FDG-PET 1.00 0.92 1.95 1.00 e As per FDG-PET and MRI 
e Detection of small epidural 
abscesses 
Ultrasound e Widely available e Operator dependent 0.55 0.47 e In pediatric population 


e Cheap 

e Useful for detecting soft tissue 
or subperiosteal collections 

e Cannot assess bone 


Can be used for guiding 
needle aspiration 


e For assessment of soft tissues 


"Hybrid camera systems combining nuclear medicine imaging and CT/MRI (ie., SPECT-CT, PET- CT, or PEI-MRI) improve the sensitivity and specificity by allowing for an almost perfect correlation of pathophysiologic with 


anatomic features. 


PPV, positive predictive value, NPV, negative predictive value; WBC, white blood cells; FDG-PET, fluorodeoxyglucose—positron emission tomography. 


Sequestrum 
Nonunion 


: ga 
iS 
2 


~ 


`G 
7 


i 

29-5. This patient underwent open reduction and internal fixation of a fracture of the right distal tibia but was diagnosed with cellulitis 6 weeks after fixation. 
A: At 6-month follow-up, the AP radiograph demonstrates an area of nonunion. B: Axial cut of a computed tomography scan reveals nonunion and a sequestrum (dead 
bone). 


MRI is the most accurate technique for evaluating the soft tissues and bone marrow, having an excellent structural definition and spatial resolution.~’” It 
offers an advantage in recognizing infections compared to CT scanning and plain radiographs, whereas compared to nuclear medicine techniques it has the 
advantage of not requiring ionizing radiation. It can assess the bone marrow with the surrounding soft tissues, clearly demonstrating the associated edema 
and hyperemia at the very early stages of the disease, as early as 1 or 2 days after the onset of infection.~*’**»:-"’ In the case of preoperative planning, it can 
be used as an adjunct in deciding the extent of the surgical debridement by assessing the degree of devitalized tissue, whereas in the follow-up setting it can 
be utilized to assess the response to treatment.’*’°” Intravenous gadolinium contrast can enhance tissues according to their vascularity, while it is also 
useful in cases of abscesses and their differentiation from phlegmon (a solid inflammatory mass), sinuses, and suspected epiphyseal infections. 

Nevertheless, there are several limitations to the use of MRI. Absolute contraindications include permanent pacemakers and intracranial aneurysm coils. 
On the other hand, several conditions can present with similar features on MRI and differential diagnosis can be challenging. These include malignancy, 
Langerhans cell histiocytosis (LCH), neuropathic arthropathy, reactive osteitis, osteoid osteoma, and stress fractures.++>430 In case of uncertainty in the 
diagnosis, serial MRIs can demonstrate the progression of the disease, confirming the presence of active osteomyelitis."’”? Moreover, orthopaedic implants 
can introduce artifacts, even though metallic artifact suppression techniques can now be used with good results.‘"’ Scar tissue and recent operations can 
limit its diagnostic accuracy as differentiation between infected and inflamed tissue is difficult.°%''*-°" In addition, in the case of vertebral osteomyelitis, 
MRI cannot always differentiate between infection and degenerative abnormalities, especially in the early stages of the disease. 


Ultrasonography (US) is a safe, inexpensive, and readily available imaging technique that offers real-time imaging.'’” It has a role in assessing soft tissue 
structures and joints around areas of osteomyelitis, is able to visualize cellulitis and soft tissue collections including subperiosteal collections that can be 
present in skeletally immature patients, can identify the presence of foreign bodies or fistulae,'!»'’? and provides guidance for fine needle aspiration or 
biopsy. The use of power Doppler sonography can highlight the hyperemia around areas of infection or soft tissue abscesses.!’° Nevertheless, the role of US 


is limited, as bony structures cannot be visualized, and its sensitivity and specificity are low.*! 


Nuclear Medicine Imaging 


Nuclear medicine imaging is based on the intravenous administration of radiopharmaceuticals (radioactive elements attached to chemical compounds 
specific to certain diseases).’' The resulting emitting radiation is received by a camera system that is then transformed into an image. Nuclear medicine 
imaging focuses on the pathophysiologic changes caused by the infection, which usually precede any anatomical changes.’”! Nuclear medicine techniques 
generally have very high sensitivity but are limited by relatively poor specificity and the reduced anatomical localization capability.1!° 

Early nuclear medicine systems produced 2D planar images that were limited by image quality, spatial resolution, and overlapping structures. Newer 
systems like single photon emission computed tomography (SPECT) collect images from different angles around the patient creating a 3D image, which 
leads to a higher contrast and improved sensitivity.’' More recently, positron emission tomography (PET) has been developed allowing greater efficiency in 
detecting photons and allowing better spatial resolution.”! Software developments on the other hand support the use of hybrid camera systems, combining 
nuclear medicine techniques (SPECT and PET) with radiologic techniques (CT and MRI), allowing for an almost perfect correlation of pathophysiologic 
with anatomical features and therefore better diagnostic accuracy rates, while reducing costs and inconvenience to the patients from having additional 
imaging studies.3471;72,104,217 


Bone Scintigraphy 

Routine bone scintigraphy is the oldest existing nuclear medicine technique and remains one of the commonest investigations in the diagnosis of 
orthopaedic-related infections. This technique involves the administration of diphosphonates coupled to the radionuclide technetium-99m (2°™Tc), which 
selectively accumulates on the surface of bone mineral matrix, therefore depicting osteoblastic activity.” 

For the diagnosis of orthopaedic-related infection, a three-phase bone scan can be performed as a screening tool. The first phase (perfusion phase or flow 
study) is performed dynamically for the first 2 minutes following administration of the radionuclide. The second phase (blood pool phase) is performed 
directly after the first phase (2—5 minutes after injection). The third phase (static phase) is performed 3 hours after the injection and depicts the incorporation 
of the 9°™Tc into the matrix of the bone. In low-grade infection, this phase may be the only indication of an infection as the first two phases are commonly 
negative. The combination of the images obtained from all three phases can be used to characterize both the vascularization and the metabolic activity of the 
suspected area of infection (Fig. 29-6). 

Its use is limited as a single imaging modality because of its low specificity, especially in the background of conditions such as recent trauma or surgery, 
diabetic arthropathy, and gout.!!>07 If all three phases of the bone scan are negative, it essentially excludes infection.’ When a SPECT-CT is combined 
with the static phase, it can localize the area(s) of increased bone metabolism, therefore, increasing its sensitivity.” 


Leucocyte Scintigraphy 


Leucocyte (white blood cell) scintigraphy uses autologous white blood cells most often labeled with indium-111—oxyquinoline (In) or 9™Tc- 
exametazime, which are subsequently reinjected into the patient. At least two imaging time points are necessary (one at 3—4 hours and another at 20-24 
hours after the injection). Leucocyte scintigraphy is a dynamic imaging technique where an increase in size or intensity in time indicates the presence of 
infection, whereas a decrease in intake suggests inflammation or physiologic bone marrow uptake.’! For diagnostically acceptable images, there should be 
at least 2,000 circulating leukocytes per microliter.!°® 

Leucocytes can also be labeled in vivo. Antigranulocyte scintigraphy uses monoclonal antibodies or antibody fragments against granulocytes, 
demonstrating the high granulocyte concentration in inflamed tissues secondary to an infective process.!°*?2° True infection can therefore be distinguished 
from areas of high metabolic activity but without evidence of inflammation.” 

Leucocyte scintigraphy remains the gold standard nuclear medicine technique for orthopaedic-related infections, even though its diagnostic accuracy in 
the axial skeleton is reduced.2°” Nonetheless, in the background of periarticular nonunions with posttraumatic arthropathy and mechanically unstable 
nonunions, false-positive results can be obtained (Fig. 29-7).!5° 


Positron Emission Tomography 


PET is the investigation associated with the highest sensitivity and specificity, especially when combined with the glucose analog !8F-fluorodeoxyglucose 
(FDG).24:45 It can delineate lesions and their concomitant inflammatory activity at very early stages of the disease.3t:1!5 Following injection, FDG enters 
the glucose cycle and is therefore found in increased concentrations in monocytes, lymphocytes, activated leukocytes, macrophages, and giant cells that use 
glucose as their energy source.’! By fasting for 4 to 6 hours and resting for up to 1 hour before the investigation, FDG uptake by normal tissues is 
minimized, whereas activity in inflamed, infected tissues is clearly demonstrated. FDG PET is reported to have the highest diagnostic accuracy in excluding 
or confirming the presence of chronic osteomyelitis, especially in the axial skeleton. 194207 

Limitations of its use include reduced availability, high associated costs, and conditions that lead to false-positive results (presence of postoperative 
granulation tissue, presence of implants, recent fractures, atherosclerosis, and neuro-osteoarthropathy).” t164 
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Figure 29-6. AP (A) and lateral (B) radiographs of a recalcitrant left subtrochanteric nonunion, for which the patient had undergone a revision antegrade nailing 12 
months previously. C: Bone scan demonstrating the photopenic fracture site with heterogeneous tracer activity throughout the femoral shaft, suggesting the presence of 


intramedullary sepsis. 
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7. AP (A) and lateral (B) radiographs of right distal tibia fracture initially treated with antegrade nailing and later complicated by intramedullary sepsis. A 
cirailar frame was used until fracture healing, but eradication of the infection was not possible. C: False-negative white cell scintigraphy scan showing no increased 
white cell activity at the site of fracture, with subsequent tissue samples growing Staphylococcus aureus. D: Hybrid bone scan SPECT-CT demonstrating a low-grade 
and nonspecific increase in activity within the mid-diaphysis of the right tibia on the delayed views, indicative of an ongoing infective process. 


LABORATORY DIAGNOSTIC TESTS 


In combination with the clinical examination and imaging modalities, several laboratory investigations can aid the diagnosis of osteomyelitis, even though 
they generally lack specificity. They can also be used for monitoring response to treatment, as well as providing early evidence of recurrence. Isolation of 
the causative pathogen remains the gold standard for the diagnosis of osteomyelitis, which can also be used for tailoring antibiotic treatment. 


Laboratory findings can be used as an adjunct both for the diagnosis of osteomyelitis and for monitoring response to treatment.^°“ Nonetheless, these tests 
are nonspecific and cannot differentiate osteomyelitis from other types of infections or inflammatory processes. Common findings include the presence of 


high inflammatory markers such as C-reactive protein (CRP; >10 mg/L represents elevated levels) and ESR (>30 mm/hr represents elevated 
levels).28:77:115.150 Tt should be mentioned however that variations in measuring these markers between laboratories have been reported, as well as 
differences in their levels according to age, sex, and medical comorbidities of the patient.!25 On the other hand, a persistently normal CRP and ESR make 
the diagnosis of osteomyelitis unlikely; however, in the background of diabetes or a discharging sinus this may not be the case.” Elevated alpha-1 acid 
glycoprotein levels and leukocytosis may also be recorded, but their reliability has been questioned.*®-7” On the contrary, white cell count (WCC) can often 
be within normal limits. 150-197 


Microbiologic Testing 


As mentioned, microbial cultures from bone and affected tissue(s) are considered essential.” Biopsies should be taken from deep representative tissues and 
bone, as biopsies from superficial wounds and fistulae are associated with low accuracy because of inclusion of microorganisms irrelevant to the deep 
infection, which just colonize the wound.?®:!!5 To reduce the risk of contamination, each sample should be obtained with separate, sterile instruments. !®!42 
At least three samples should be obtained, with a maximum of five (always an odd number of samples) and incubated in both anaerobic and aerobic 
conditions; prolonged enrichment broth cultures are often necessary.””!!5-'°° If there is a clinical indication or high suspicion of fungal or mycobacterial 
infection, appropriate cultures should also be performed, especially in cases of polymicrobial infections. In cases of joint effusion adjacent to an area of 
osteomyelitis, a fluid sample should be obtained using a sterile technique.'*? Conventional blood cultures are only useful in case of hematogenous 
osteomyelitis or generalized sepsis secondary to osteomyelitis, as they are generally associated with a low yield rate, especially in cases of chronic or late- 
onset FRIs. They could, however, be used in cases of pyrexia (single oral temperature measurement of >38.3°C [101°F]).”° 

Bacteriologic results of superficial or sinus tract swabs are no longer acceptable for the diagnosis, as only samples taken from deep to the subcutaneous 
tissue and fascia can accurately assess the depth of bacterial colonization.!*:!42 Swab samples are also more likely to be contaminated, and generally contain 
insufficient volumes of specimen for cultures, while some pathogens adhere to the swabs leading to false-negative results.2?° Moreover, some pathogens 
survive less well in swabs than in tissue or aspirated fluid, while the growth of others is inhibited with this method of collection.?7° 

Even with the correct collection of specimens, false-negative results have been reported.!! Reasons may include the patchy distribution of the bony 
lesion, initiation of antibiotic treatment before the collection of samples, and the presence of biofilm in which case conventional cultures fail to detect the 
involved pathogens.!!5:201,230 PCR, sonication, and use of dithiothreitol (DTT) are some of the methods utilized for identifying pathogens in patients with 
negative cultures. 


Polymerase Chain Reaction 


Molecular methods such as PCR, because they are able to detect nonviable bacteria, can be used as an additional diagnostic tool to improve diagnostic 
gain,°*102,178,182,234 Ty addition, time to diagnosis is significantly shorter compared to conventional cultures.'7®:!®* There is no agreement in the literature 
with regard to the sensitivity and specificity of PCR compared to conventional cultures. Many authors suggest depending on the statistical measures of the 
performance of PCR, when sensitivity is higher specificity is lower and when sensitivity is lower specificity is higher.4>103.129,147 On the contrary, others 
report superiority of PCR in both sensitivity and specificity. +5? 

It has been also suggested that broad-range PCR could be performed if infection is highly suspected and cultures are negative, followed by sequencing, 
and by cloning if polymicrobial infection is thought to be present.” Multiplex PCR on the other hand allows the simultaneous amplification of more than 
one target sequence, reducing costs and time for test and increasing sensitivity.” Next-generation sequencing, a technique that leverages PCR in the 
sample preparation stage, is finding a role in clinical practice. It decreases time for identification of some slow-growing pathogens and pathogens in a viable 
but not culturable state, while identification is independent of previous antibiotic use.”®106 


Sonication 


As previously discussed, some pathogens attach to prosthetic implants forming biofilms, especially in periprosthetic infections. Conventional cultures from 
tissue around the prosthesis are often negative, as pathogens remain embedded in the amorphic extracellular matrix. Sonication is the process used to 
dislodge adherent microorganisms, followed by culture of the resulting sonication fluid. 182,202,212 

Trampuz et al. described a sonication method using solid containers for the removed implants, adding a vortexing step before sonication and processing 
all samples within 6 hours from collection.2!2 Comparing sonication with conventional cultures, he reports that sonication is a more sensitive technique 
especially for polymicrobial infections (sonication: sensitivity 78.5%, specificity 98.8%; conventional cultures: sensitivity 60.8%%, specificity 99.2%), 
yielding viable microorganisms that can be tested for sensitivities to antibiotic agents.?!* This finding is also reported by other authors, suggesting that the 
routine use of sonication in PJIs improves the diagnostic sensitivity for detecting both clinical and occult infections.!2!:!79-189:206 Sensitivity, however, is 
reduced in cases where antibiotic treatment is administered before the collection of samples, even when antibiotic treatment is discontinued 14 days before 
surgery.*!* When sonication is combined with multiplex PCR, it yields comparable performance of cultures of periprosthetic tissue or sonication fluid, but 
with a shorter processing time and using a fully automated procedure. 182,202 


Dithiothreitol 


DTT is a sulfhydryl compound that can be used to dislodge bacteria embedded in biofilms without affecting their culture characteristics and antibiotic 
susceptibility testing.4°4%4° It has been reported as a reasonable alternative to sonication and it is found to improve detection of biofilm-associated 
bacteria. Compared to treatment with saline, DTT has a higher sensitivity (88.0% for DIT and 72.0% for saline) and specificity (97.8% for DTT and 
91.1% for saline).** It also carries a reduced risk of contamination because of the limited manipulation required and has a relatively low cost.*® This 
technique can therefore supplement conventional cultures for identifying implant-related infection.*°*® Recently, the use of a closed system utilizing DTT 
(MicroDTTect) has been reported to be superior to swab collection, being quick and simple to use.” 


Histopathology 


Histopathologic and cytopathologic examination of the tissue specimens obtained during biopsy or debridement can provide preliminary or even definitive 
diagnosis.” Not only can these results be available before the completion of tissue cultures, but they can also be used to assess the clinical relevance of the 
culture results, especially in differentiating contamination of the samples.?*° Tissue should be examined by specially trained pathologists for the presence of 


neutrophils that are indicative of infection, disregarding those entrapped in superficial fibrin or adherent to endothelium or small veins.*!:!!516 Positive 
special staining can reveal the presence of pathogens especially when the involvement of fungi is suspected.4!1!5-142 

Even though Gram staining has traditionally been one of the most important steps in processing specimens, errors can occur either because of technical 
errors performing the Gram stain, or because some organisms do not exhibit an expected Gram morphology.°° More specifically, the technique of fixing and 
processing the samples can potentially affect the characteristics of the bacteria, whereas bacteria grown in culture media as opposed to tissue can be 
misinterpreted when stained.??” Because of the above, many authors advocate that Gram staining is not sensitive and should therefore not be performed in 
the setting of osteomyelitis.?7° 

Fine-needle bone biopsy has similarly been used with good results, even though false-negative results can be obtained when the needle is placed 
incorrectly and distant from the inflamed area. The use of CT-guided biopsy has also been suggested, especially for lesions involving the spine.*! CT- 
guided biopsy is considered a safe, accurate, and relatively inexpensive technique, but it has a limited diagnostic readability in patients who are already on 
antibiotics.*! Both biopsy techniques can however be used in conjunction with other investigations to increase their diagnostic value. 


DIFFERENTIAL DIAGNOSIS 


Especially in its acute or subacute form, osteomyelitis can mimic other conditions, both clinically (pyrexia, bone pain, increased inflammatory markers) and 
radiologically.!°” The most common conditions include bone tumors (Ewing sarcoma, osteosarcoma, osteoid osteoma, metastatic disease, etc.), LCH, 
chronic recurrent multifocal osteomyelitis, soft tissue or spine infections, bone infarction, Gaucher disease, eosinophilic granuloma, and others.”898-107,136 
In all of these conditions the radiographic pattern of bone disruption, periosteal reaction, and location of the lesion can be similar. However, subtle 
differences in soft tissue changes and the extent of bony involvement can aid the diagnosis. 

In Ewing sarcoma, there is generally a well-defined soft tissue mass with preservation of the fascial planes and permeative cortical involvement.”8:!96 
On the contrary, in osteomyelitis the soft tissue edema is diffuse, with obliteration of fascial planes.!3° Other characteristics indicating the presence of 
Ewing sarcoma include metaphyseal involvement, a wide transition zone, and the presence of a Codman triangle.'°° In LCH, there is generally no 
significant soft tissue edema or mass.?® The duration of symptoms also plays an important role in the differential diagnosis of these conditions. The extent of 
bone disruption after 4 to 6 weeks of osteomyelitis occurs after only 7 to 10 days for LCH, while in Ewing sarcoma it takes 4 to 6 months.’ In cases where 
the diagnosis is not established through history, clinical examination, and imaging, bone biopsy can be used to differentiate between the different 
conditions.’ 

Chronic recurrent multifocal osteomyelitis is a complex autoinflammatory bone disorder characterized by chronic nonbacterial osteomyelitis, with 
multifocal bone lesions and recurrences.” 185.192 Tt generally affects children, even though adult-onset disease has also been reported.5”:185-192 Marginal 
sclerosis around bony lesions is the typical feature and is associated with skin manifestations and the presence of other inflammatory diseases.!9? A related 
bone autoinflammatory condition is the SAPHO syndrome (synovitis, acne, pustulosis, hyperostosis, and osteitis).>*”> In both conditions, clinical findings, 
radiologic imaging, and histologic appearance resemble those of infectious osteomyelitis. Bone biopsy is often needed to confirm diagnosis.°” 


PRINCIPLES OF TREATMENT OF OSTEOMYELITIS 


Chronic osteomyelitis is very difficult if not impossible to completely eradicate, with recurrences occurring years after the original diagnosis. The aim of 
treatment is resolution of symptoms and restoration of function.'** The most important step for a successful outcome is prompt diagnosis, which is often 
challenging, especially on the background of vascular disease, diabetes, and immunodeficiency where systemic symptoms and features are subtle or 
absent.*! A combination of a high index of clinical suspicion and a careful and comprehensive clinical examination to identify clinical signs, along with 
laboratory and imaging investigations, may lead to prompt diagnosis. 

Management of chronic osteomyelitis can be very complex and requires a multidisciplinary approach.'“* “Orthoplastic” care refers to the collaboration 
of orthopaedic trauma surgeons and plastic surgeons for the optimal management of patients requiring complex reconstructive procedures following trauma, 
osteomyelitis, or tumors.°%9” In the case of chronic infections, the orthoplastic team must be supported by musculoskeletal radiologists, infectious disease 
physicians, microbiologists, vascular surgeons, prosthetists, clinical psychologists, and nursing staff experienced in treating patients following limb 
reconstructions.!!4 With such an interdisciplinary approach, all aspects of treatment can be carefully considered, increasing the chance of a successful 
outcome. 

The management generally depends on the chronicity of the disease, its extent and severity of symptoms, the local microenvironment, and the presence 
of medical comorbidities. Challenges in treating osteomyelitis include the presence of devitalized bone (sequestrum) surrounded by a sclerotic, relatively 
avascular bone that is covered by thickened periosteum and scar tissue. The soft tissue envelope may also be compromised with reduced vascularity. The 
presence of a biofilm and secondary infections are also common. All the above create an environment where the host’s immune system and systemic 
antibiotics are essentially ineffective. 

The main goals of treatment are as follows: 


Patient (host) optimization 

Removal of all the devitalized tissue and pathogens and elimination of the inflammatory process 

Dead space management 

Stimulation of bone repair (if healing has not occurred), when an aseptic environment has been established by optimizing the mechanical and biologic 
environment 


With the aim of achieving the optimal outcomes of: 


e Restoration of the mechanical axis of the limb and previous functional capacity 
e Reduction of the risk of recurrence 


These goals can be achieved with a combination of aggressive surgical debridement and management of the dead space, along with targeted, effective 
antibiotic treatment. The treatment and definition of a successful outcome should be individualized, however, according not only to the local environment 
but also to the systemic condition of the host. 


SYSTEMIC ANTIBIOTIC TREATMENT 


Since Fleming’s major breakthrough with the discovery of penicillin in 1928, antibiotic and antibacterial agents have revolutionized treatment of infectious 
diseases and saved millions of lives worldwide.*! Antibiotics can be bactericidal (able to kill microorganisms), bacteriostatic (able to stop bacteria from 
reproducing, without necessarily killing them), or both. In general, bacteriostatic agents have a slower onset of action compared to bactericidal agents, while 
they also require a functioning immune system to effectively eliminate the microorganisms.!! Their action can be based on targeting different molecules and 
pathways of the infecting microorganism (Table 29-6; Fig. 29-8). At the same time, host cells can be targeted, increasing the toxicity of these agents. 
Irrational use with poor regulation of antibiotics by medical and veterinary practice, food industries, and agriculture has led to the emergence of antibiotic 
resistance which has become a major problem in modern medicine.!!!°° As in other disciplines, the choice of antibiotics should be based on local 
guidelines and targeting specific microorganisms. Before any decisions about the type and duration of antibiotics are made, discussion with a microbiologist 
is advocated, while response to treatment should be carefully monitored. Most importantly, the use of antibiotic stewardship programs has been shown to 


improve outcomes.!“4 


TABLE 29-6. Major Classes of Antibiotics and Their Mechanism of Action 


Examples of Antibiotics Classes Mechanism of Action 

Beta-lactams antibiotics (penicillins, cephalosporins, carbapenems, monobactams), Inhibitors of cell wall synthesis: target the cell wall that is critical for the survival of 
glycopeptides, bacitracin, chlorhexidine bacteria 

Polymixins Inhibitors of cell membrane action: disrupt or damage the membrane function, resulting to 


leakage of important solutes essential for the cell’s survival 


Aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamides, streptogramins Inhibitors of protein synthesis: target enzymes and cellular structures necessary for the 
multiplication and survival of all bacterial cells (usually by binding to the 30S or 50S 
subunits of the intracellular ribosomes) 


Rifamycins, fluoroquinolones, metronidazole, macrolides Inhibitors of nucleic acid synthesis (RNA and DNA): bind to components involved in the 
process of DNA or RNA synthesis, disrupting pathways necessary to the survival of 
bacteria 

Sulfonamides, diaminopyrimidines Inhibitors of metabolic processes: act on selected cellular processes essential for the 


survival of the bacterial pathogens 


Data from Bbosa G, et al. Antibiotics/antibacterial drug use, their marketing and promotion during the post-antibiotic golden age and their role in emergence of bacterial resistance. 
Health. 2014;6:410-425. 
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Figure 29-8. Mechanisms of action of common antibiotics. 


Historically, extensive surgical debridement followed by lengthy antibiotic regimens has been recommended for the management of chronic 
osteomyelitis.‘°* There is no clear evidence regarding the choice of antibiotics, route of administration, or duration, especially on the background of 
polymicrobial infections and antibiotic resistance.*”'”* Initiation of antibiotic treatment should be after collection of tissue samples as described in previous 
sections, except in systemically unwell patients when antibiotic treatment should be commenced immediately. When the results of cultures and sensitivities 
are available, the antibiotic regimen should be tailored according to the isolated microorganisms.‘ In polymicrobial cases, a combination of antibiotics can 
be beneficial in reducing the risk of recurrence, whereas in cases of antibiotic resistance the choice of antibiotics should be in accordance to the sensitivities 


obtained.*!!°8 In osteomyelitis caused by M. tuberculosis, prolonged treatment with antituberculosis drugs may be required.4” However, antibiotic 
treatment cannot replace surgical debridement, which remains the most effective method of reducing the pathogen load and removing the compromised 
tissues. 

With regard to the duration of antibiotics, most authors recommend 4 to 6 weeks of antibiotic therapy.!*3®19® The rationale is that revascularization of 
the bone following debridement takes 3 to 4 weeks to complete, giving the opportunity for the antimicrobial agents to infiltrate the inflamed area and attack 
the pathogens in their most susceptible milieu.?®198 Although theoretically this seems sensible, there is no strong evidence to support this 
recommendation.!*!%8 There is also no association between prolonged antibiotic therapy and reduced rate of recurrence.!>198 On the contrary, prolonged 
antibiotic treatment increases cost, adverse events and is associated with the development of antibiotic resistance.!* Recently, the FRI consensus group 
attempted to provide recommendations for systemic antimicrobial therapy, based on the latest evidence and expert opinion.** 

The route of administration also remains a matter of debate. Currently, there is no clear evidence that the intravenous route offers any advantage over the 
oral route, while there are increasing numbers of applications for local antibiotic release systems. Regardless of the route of administration, the antibiotic 
should be able to achieve optimum bone penetration and exceed the minimum inhibitory concentrations for the isolated pathogen.!% In a Cochrane review, 
the rate of remission at the end of treatment with oral antibiotics was reported to be similar to parenteral antibiotics after a minimum of 12 months of follow- 
up,” a finding previously reported by other authors.°:!°8 Additionally, a recent randomized controlled trial demonstrated that antibiotics taken orally for the 
first 6 weeks of therapy, is noninferior to intravenous antibiotic therapy, is less costly and does not result in detectable differences in quality of life.!!®199 
The oral route of administration therefore seems attractive, as administration is easier, costs are lower, and length of hospital stay is reduced.?®-198 
Nonetheless, intravenous antibiotic regimes can have more predictable kinetics with serum levels that can be kept relatively constant, so they are the 
preferred method of delivery by many clinicians. 


NONBIODEGRADABLE ANTIBIOTIC-DELIVERY DEVICES 


As already mentioned, the infected necrotic focus of the osteomyelitis lesion is commonly surrounded by sclerotic and avascular bone, being almost 
unreachable to systemic antibiotics.!°! Local antibiotic delivery systems can increase the concentrations of antibiotics at the infection site without having 
any additional systemic side effects, while antimicrobial coating of orthopaedic implants has emerged as a promising strategy.?*? The most commonly used 
local delivery vehicle is polymethylmethacrylate (PMMA) bone cement.?!® 

Antibiotic-loaded PMMA bone cement has been used for the management of orthopaedic infections for the last 40 years.®°.!?6 Its effectiveness is based 
on its excellent elution characteristics, being able to deliver high local concentration of antibiotics with minimal systemic levels,”©!5° as well as on its 
structural properties and space-filling applications where it can be used as a spacer or as strings of beads aiding in management of dead space following 
surgical debridement.%7-101,140,223,231 Commercial PMMA products are usually premixed with antibiotics, but additional antibiotics can be used in selected 
cases, targeting specific pathogens. Small doses of antibiotics do not adversely affect PMMA’s mechanical properties.®2:2!© The release of the antibiotics 
from PMMA follows a typical biphasic fashion: There is an initial burst release with high elution rate, followed by a tail release that can last for months.224 
The release of antibiotics from PMMA is a passive phenomenon, where the antibiotic diffuses out of pores, voids, and cracks in the cement.®2!26 Therefore, 
increased surface area, increased surface roughness, and increased porosity have been reported to release more antibiotics and for a longer period of time.!2 
Nevertheless, drawbacks of the use of nondegradable delivery devices include the need to remove the carrier (as if not removed it can provide a substratum 
for bacterial colonization), inefficient release kinetics (e.g., vancomycin only has a burst release followed by a subtherapeutic tail-release), and 
incompatibility for some groups of antibiotics (tetracycline, rifampicin).!°! 


BIODEGRADABLE ANTIBIOTIC-DELIVERY DEVICES 


Because of the limitations of PMMA, the use of biodegradable antibiotic delivery systems seems very attractive. Only a few such commercial systems exist 
and they are generally categorized into three groups: natural polymers (protein-based), bone graft materials and substitutes, and synthetic polymers. 101-138 
Their advantage is that they obliterate the dead space following surgical debridement, release most of their incorporated antibiotic content after degradation, 
and leave no substratum for bacterial colonization. 101.140.180 Generally, biodegradable materials can carry a wider range of antibiotic agents and require less 
subsequent surgeries.®%7!8 


Natural Polymers 


Natural polymers are derived from various biologic tissues and include collagen, chitosan, thrombin, autologous blood clot, and gelatin.!*8 Collagen, a 
major component of connective tissue, is the most extensively studied because of its biocompatibility, importance as an extracellular matrix protein, low 
cost, and potential for clinical applications.8®?35 It mainly releases antibiotics through diffusion instead of following its degradation and is characterized by 
a rapid bolus release.!°° However, its use in osteomyelitis is rather limited. Chitosan, a polysaccharide biopolymer, possesses innate antimicrobial properties 
related to its polycationic nature against a broad spectrum of microorganisms.® 


Bone Graft Substitutes 


Radical surgical debridement is often required in chronic osteomyelitis, resulting in extensive bone defects. Bone graft substitutes loaded with antibiotics 
can be used both to fill the dead space and release high concentrations of antibiotics locally (diffusion of the agent during the first few hours). Even though 
autologous bone graft possesses osteoinductive, osteoconductive, and osteogenic properties, it is associated with a high risk of donor site complications and 
is of limited availability.°° The most commonly used bone graft substitute is calcium sulfate, a natural bioceramic, which has a relatively low toxicity to the 
surrounding tissues.°? It is associated with persistent drainage from wounds and development of seromas, however, while the release of antibiotics is usually 
uncontrolled.5*:224 Hydroxyapatite on the other hand has the advantage of stimulating osteoid-formation on its surface, enhancing bone remodeling.!% 
Finally, bioactive glass, a biocompatible material that combines angiogenic, osteoconductive, and antimicrobial properties, has been used with promising 
results.” It integrates into bone and soft tissue, reducing the risk of recurrence, and does not require a second procedure for its removal.” 


Synthetic Polymers 


Synthetic polymers gained popularity because of their favorable release kinetics, mechanical properties, degradation rates, and predictability.82 The first line 
of synthetic polymers released were polyparadioxanone, polylactic acid (PLA), and polyglycolic acid (PGA).?!5 Nowadays, they have been replaced by the 
amorphous poly(DL-lactide) (PDLLA) and copolymers of polylactic and polyglycolic acid (PLGA), because of their better release profiles that are 
primarily based on bulk erosion.*©!5 Their acidic degradation products restrict their use to applications involving low volumes of the material, such as for 
coating of implants.!°! Polytrimethylene carbonate (PTMC) on the other hand is a fully biocompatible synthetic polymer that has the advantage of 
degrading without releasing acidic products, yielding a constant release of antibiotic agents over time, and is therefore, the preferred type of polymer.*22 


SURGICAL TREATMENT OF OSTEOMYELITIS 


It is generally accepted that in chronic osteomyelitis the most important clinical predictor of a successful outcome is the adequacy of debridement as the 
presence of dead bone, biofilm formation, and a compromised tissue envelope render systemic antibiotic agents ineffective.®' There are many techniques in 
the surgical armamentarium, but treatment should be individualized according to each patient’s needs and expectations (Table 29-7). 


SURGICAL DEBRIDEMENT 


If the patient is fit for surgery, radical debridement is the treatment of choice. By removing all the devitalized, dead, and infected bone, as well as the 
necrotic and hypoxic surrounding soft tissues, the pathogen load is significantly reduced, the remaining soft tissue envelope becomes more vascular, and the 
healing potential is improved. In the presence of uncertainty regarding the condition of bone and where its removal would lead to extensive reconstructive 
procedures, the operating surgeon should carefully consider the risks and benefits of this approach and make a decision in the patient’s best interest. This 
should ideally be with informed consent before the operation. In patients with many comorbidities, who may not survive the extensive surgical stress for the 
treatment of the disease, less aggressive options should be considered. This could be in the form of long-term suppressive antibiotic treatment, with or 
without limited surgical debridement. Treating comorbidities and nutritional support is also very important, and where possible this should be initiated in 
the preoperative period. 


TABLE 29-7. Surgical Techniques for Treating Chronic Osteomyelitis 


Surgical Technique Advantages Disadvantages Indications 


Debridement Procedures 


Radical debridement 


Conventional reaming of the intramedullary 
canal 


RIA of the intramedullary canal 


Amputation 


Local Antibiotic-Delivery Systems 


Closed suction irrigation 


Nonbiodegradable antibiotic delivery 
devices (antibiotic-impregnated cement 
spacers, cement nails, or antibiotic beads) 


Biodegradable antibiotic delivery devices 


Dead Space Management 


Bioactive glass 


Local flaps 


Effective reduction of bacterial load 
Low incidence of recurrence 


Debridement of the medullary canal 


Debridement of the medullary canal 
Lower morbidity compared to 
conventional reaming 


One-stage procedure 
Early mobilization 
No risk of recurrence 


One-stage procedure 

System can be removed at the ward 
Delivers high concentrations of 
antibiotics locally 


Excellent elution characteristics, 
deliver high local concentration of 
antibiotics with minimal systemic 
levels 

Easy to use, custom shapes and sizes 
Cement nails provide additional 
stability in case of fractures 


Release most of their incorporated 
antibiotic content after degradation 
They can carry a wider range of 
antibiotic agents 

Leave no substratum for bacterial 
colonization 

Easy to use 


Antimicrobial, osteoconductive, and 
angiogenic properties 
Integrates with bone and soft tissue 


Well-vascularized, healthy tissue 
covers the defect improving bone and 
wound healing 


Well-vascularized, healthy tissue 


High morbidity 
Often leads to creation of dead space 


Risk of bleeding 

Risk of fracture 

Distal diaphysis needs to be 
fenestrated for irrigation 

Risk of propagation of infected 
material 

Can lead to thermal cortical necrosis 


Risk of bleeding 

Risk of fracture 

More expensive than conventional 
reaming 


Stump complications 
Compromised function 

Need for regular revisions of the 
prosthetic limb 


May require further debridement and 
irrigation 

High risk of system blockage 

High maintenance of the system 


Need to remove the carrier (as if not 
removed it can provide a substratum 
for bacterial colonization) 

Inefficient release kinetics 
Incompatibility for some groups of 
antibiotics 

Increased risk of antibiotic resistance 


Increased risk of antibiotic resistance 
Associated with persistent drainage 
from wounds and seromas 

Some release acidic degradation 
products limiting the volume that can 
be used 


Good soft tissue coverage is required 


Pedicle length limits the distance flap 
can be transferred to 
Donor site morbidity 


Need for microsurgical anastomoses 


In all patients unless any 
contraindications 


Involvement of the medullary canal 


Involvement of the medullary canal 


Marjolin ulcer 
Multiple failed treatments 
Patient’s preference 


Involvement of the medullary canal 


Management of dead space 
Local release of antibiotics 


Management of dead space 
Local release of antibiotics 


Management of dead space 


Management of dead space 
Poor soft tissue envelope— 
compromised local vascularity 


Management of dead space 


Vascularized free flaps covers the defect improving bone and and therefore high risk of e Poor soft tissue envelope— 
wound healing complications and failure of graft compromised local vascularity 
e Prolonged operating time 
e Contraindicated in peripheral arterial 
disease 
e Donor site morbidity 


Management of Bone Defects 


Primary bone grafting e Single-stage procedure e Limited availability e Management of dead space 
e Superior osteoconductive, e Risk of early resorption e Structural support of the body 
osteoinductive, and osteogenic e Risk of relapse of infection 
properties of the graft e Graft incorporation is slow and 
e Antibiotics can be added for local unreliable 
release e Donor site morbidity 
Bone graft substitutes e No donor site morbidity e Associated with persistent drainage e Management of dead space 
e Antibiotics can be added for local from wounds and seromas e Structural support of the body 
release e The release of antibiotics is usually 
uncontrolled 
Induced membrane (Masquelet) technique e Combines the advantages of e Two-stage procedure e Management of dead space 
antibiotic-impregnated cement spacers e Increased risk of antibiotic resistance e Structural support of the body 
with those of delayed bone grafting e Limited availability of bone graft 
e The induced membrane is highly e Can be associated with prolonged 


vascularized and rich in growth and healing and recovery time 
osteoinductive factors 

e Confined space for the application of 
the bone graft 


Monolateral or circular external fixation e Site of corticotomy has good blood e Distraction often limited by e Management of dead space 
devices and bone transport supply and therefore risk of healing neurovascular bundle contracture or e Structural support of the body 
complications is reduced pain for distraction >2 cm 
e Minimally invasive technique with e Frequent pin-site complications 
less trauma to soft tissues e Need for specialized skills and 
equipment 
e High incidence of re-interventions 
Megaprosthesis e Early restoration of function Only at specialized centers e Management of dead space 
e Single-stage surgery High associated costs e Structural support of the body 


Risk of dislocation 
Risk of recurrence 
No options for revision surgery 


RIA, reamer-irrigator-aspirator. 


Used with permission of British Editorial Society of Bone & Joint Surgery from Panteli M, Giannoudis PV. Chronic osteomyelitis: what the surgeon needs to know. EFORT Open Rev. 
2016;1(5):128-135; permission conveyed through Copyright Clearance Center Inc. 


To reduce the risk of recurrence, however, debridement should not be limited by concerns of the resulting osseous or soft tissue defects, as many 
reconstruction options are available with good results.?®150 After debridement, the wound should be extensively irrigated with at least 3 L of saline, 
preferably with a nonpulsatile (low pressure) delivery system. Primary wound closure is not essential and vacuum dressings can be applied until further 
debridement is performed and tissues look macroscopically free of infection.2°° Moreover, sinus tracts and their surrounding soft tissues should be removed, 
and histologic examination should be performed to rule out malignant transformation.'°° Even though the effectiveness of surgical debridement is 
unquestionable, combination with antibiotics offers better outcomes. 150 

In the presence of metalwork, the aim is to reduce the bacterial load with surgical debridement, with simultaneous removal of all implants. This is 
however not always possible, especially in the presence of unhealed fractures or infected nonunions.°! In these cases, assuming that there is no osteolysis 
around the implant and the fixation is stable, surgical debridement along with antibiotics can be used to suppress the infection until the fracture heals.!®° 
Monolateral external fixation systems, circular fixation systems, or hybrid systems can also be used to provide additional stability if all implants need to be 
removed, without a further insult to the surrounding soft tissues. !°9)!62,209,227,228 

When the medullary canal is involved, intramedullary reaming of the canal with fenestration of the far end of the long bone to allow for drainage of 
irrigation fluids can help with debridement and preserve cortical stability.!2” Care should be taken as excessive reaming can lead to thermal cortical necrosis 
and subsequent exacerbation of the infection. The reamer-irrigator—aspirator is a device that combines reaming of the canal with simultaneous irrigation, 
reducing the risk of thermal necrosis and the morbidity associated with drilling of the far end of the bone (Fig. 29-9).°°?" In case of medullary 
involvement and septic arthritis of the adjacent joint, reaming of the canal of both involved long bones can further reduce the risk of recurrence. Insertion of 
an antibiotic-impregnated intramedullary cement rod following reaming can deliver high doses of local antibiotics facilitating in eradicating the infection.!5° 


MANAGEMENT OF CRITICAL SIZE BONE DEFECTS 


The management of bone defects is challenging to both the surgeon and the patient, despite recent advances in the field of limb reconstruction. Ilizarov was 
the surgeon who revolutionized their treatment in the 1950s by describing the method of distraction osteogenesis.** Today, bone transfer remains an option 
to consider using either Ilizarov circular fixators??®??9 or monoplanar external fixator devices that may be combined with early autologous bone grafting 
and osteosynthesis to reduce the external fixator time and time to union.??®?33 In the femur, the Ilizarov technique is more challenging being associated with 
a higher incidence of pain at the pin sites during distraction, and therefore, monoplanar external fixators offer an advantage.!5.2?8 However, Ilizarov frames 
provide a more stable mechanical environment, correct deformities, and enable weight bearing.?7° Complications of Ilizarov bone transport include pain and 
scarring, refracture (4—5%), neurovascular complications (2—13%), pin-track infections (10—100%), psychological impact to the patient, and amputation 
following failure to control the disease (3-4%). 10.22,162,175,227 

The induced membrane (Masquelet) technique is another method used for addressing bone defects. It includes the implantation of PMMA cement spacer 
mixed with antibiotics at the site of a bone defect, which induces the formation of an angiogenic membrane, rich in osteoprogenitor cells. Secondary 
grafting is required 4 to 8 weeks later (Fig. 29-10).*%2° It is an effective and reliable method, !?3-128.221 but is a two-stage procedure and relies on the 


presence of a good vascular bed.®°.27! In cases where the soft tissue envelope is poor, free flaps are desirable to address the soft tissue defect and to improve 
vascularity.” Limitations of this technique include failure of the graft to revascularize with reoperation in up to 18% of the cases, metalwork failure, and 
loss of alignment.°*149 

In cases of complex nonunions and critical size defects, replacement of the affected bone is also an option. The use of megaprostheses has been reported 
in oncologic conditions, even though nowadays their indications are expanding. Poor quality of tissues and risk of residual infection following radical 
debridement may necessitate two-stage surgery. Their use is also limited by the fact that these procedures should be performed in highly specialized centers, 
the high associated costs of treatment, and the increased risk of periprosthetic infection.”® 
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Figure 29-9. Lateral (A) and oblique (B) radiographs of left femur in a 41-year-old male patient with lesions of osteomyelitis (hematogenous spread). C: MRI scan 
demonstrates intramedullary sepsis. D: Fluoroscopic view shows insertion of guide wire in the intramedullary canal prior to reaming. E, F: Fluoroscopic views 
demonstrating reaming of the intramedullary canal with the RIA device. G, H: Postoperative radiographs of left femur demonstrate the implantation in the 
intramedullary cavity of a cement nail for management of dead space and local delivery of antibiotics (gentamycin, vancomycin). l, J: Radiographs taken at 1-year 
follow-up show reactive cortical response medially but a quiescent medullary cavity. 


MANAGEMENT OF DEAD SPACE 


Following radical debridement for chronic osteomyelitis, large areas of osseous and soft tissues can be removed, resulting to “dead” space, a poorly 
perfused defect where bacteria can proliferate.°**" If not covered or filled with well-vascularized tissue, this can lead to collections or abscesses. The 
appropriate management of dead space will reduce the risk of recurrence, enhance the healing process, and reduce treatment time. 

The choice of the reconstruction technique depends on the characteristics of the lesion following the debridement and the physiologic grading of the 
host. Primary bone grafting procedures are not associated with good success rates because of resorption of the bone graft due to ongoing inflammation or 
infection.’ Antibiotic-impregnated cement spacers or beads are often indicated until infection is eradicated and reconstruction is carried out as a second- 
stage procedure.!°° Local flaps (muscle flaps, pedicle muscle flaps, myocutaneous flaps, and osseous flaps)*®1°°-161,64 and vascularized free flaps provide 
the most reliable option to promote healing and minimize the risk of recurrence of infection (F and 29-12),150.161,164 
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Figure 29-10. A 68-year-old man had sustained a closed fracture of the left distal tibia 4 months previously, which was reduced with reduction forceps through small 
incisions. A: Clinical photograph demonstrating skin erythema and a discharging sinus. AP (B) and lateral (C) radiographs demonstrate failure of the nail at the distal 
locking and evidence of delayed healing. D: Clinical intraoperative images of the delayed union site following surgical debridement, and the resulting bone defect. E: 
Following stabilization of the tibia with an external fixator (first stage of the procedure), a cement spacer (PMMA, loaded with vancomycin) was implanted at the site 
of the infected nonunion. F-H: Intraoperative images of the incised induced membrane, and after removal of cement spacer showing no evidence of infection; 
application of autologous bone graft using RIA technique from the ipsilateral femur; and closure of the membrane (second stage of the procedure). I: Intraoperative 
images of the fixation of the fracture using a distal tibia medial locking plate. AP (J) and lateral (K) radiographs at 12-month follow-up showing osseous healing with 


no radiologic features of infection. 


Great care should be taken when dealing with diabetic patients. Vague symptoms, vascular compromise, and peripheral neuropathy can complicate the 
choice of treatment. Another factor that should be taken into account in this patient group is that the presence of a compromised arterial tree may be a 
contraindication for free flaps. Still, a small but significant percentage of patients will require limb amputation. 5 


AMPUTATION 


Limb salvage is not always feasible, and amputation is not infrequently the only viable option.''* The prevalence of amputation has been reported to range 
between 1% and 17%, but it can be as high as 50% in diabetic patients.®50-83.186 Before making any decisions about lengthy, complex, and potentially 
unsuccessful limb salvage procedures, the patient and their family should be consulted regarding the options, including that of an early amputation.!°° Early 
amputation is supported by an increasing body of literature, especially in cases where the outcome is expected to be poor, or the morbidity of treatment 
high.'8° Compared to limb reconstruction, early amputation can lead to faster recovery and equivalent or even superior functional outcomes.°081:117 

Indications for amputation include malignant transformation of chronic osteomyelitis, multiple unsuccessful surgical debridements or reconstructive 
procedures, and patient’s wishes in cases of uncontrolled, debilitating pain. Risk factors associated with failure of reconstruction procedures include severe 
or unaddressed peripheral vascular disease, diabetes, malnutrition, smoking, and the type of pathogen isolated.® When considering the level of an 
amputation, the treating surgeon should ensure that the stump can be easily accommodated with an orthotic device or prosthesis, the stump is durable and 
resistant to pressure breakdown, muscle imbalances are avoided, and healing of the wound is by primary intention where possible.!46 Every effort should 
also be made to provide a better functioning limb by preserving limb length and sensibility.5+°° 
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Figure 29-11. A 60-year-old man had sustained an intra-articular fracture of right os calcis 24 months previously. The plate was removed 4 months after fixation 
because of infection. A: Clinical photograph demonstrates chronic cellulitis and pus discharge. Lateral (B) and axial (C) radiographs show subtalar joint destruction 
due to infection. D: Arteriogram shows an intact arterial tree. E: Intraoperative image at debridement shows pockets of necrotic bone. F: Intraoperative image at 
second look 3 days after initial debridement illustrates state of calcaneal bone following multiple drill holes to check local vascularity status. Lateral (G) and axial (H) 
radiographs demonstrate state of bone at the 8-week follow-up. I: Clinical photograph shows latissimus dorsi flap that was used for reconstruction of the local soft 
tissue envelope. The volume of the flap was reduced 12 months after surgery. 


HYPERBARIC OXYGEN THERAPY 


Hyperbaric oxygen therapy (HBOT) has been reported by many authors as an adjunctive treatment in chronic refractory osteomyelitis. In HBOT, patients 
receive 100% oxygen in increased atmospheric pressure, leading to an increase in the amount of dissolved oxygen in the circulation and therefore, 
theoretically, promoting healing, angiogenesis, production of extracellular matrix, and reducing inflammation.!°8 In a systematic review by Goldman et al., 
14 out of 15 studies reported positive findings with a median remission rate of 89%, while one study reported equivocal findings.®° The same team 
suggested that the level of evidence supporting the use of HBOT is moderate, and that randomized controlled trials are needed to further investigate the 
efficacy of HBOT.®? Moreover, during the 10th European Consensus Conference on Hyperbaric Medicine there was a “weak recommendation” supporting 
the use of HBOT, especially for compromised hosts who are compliant with treatment, based on low evidence.!*4 Nonetheless, other studies report no 


benefit of HBOT.®&16 
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Figure 29-12. A 50-year-old female smoker who had undergone intramedullary nailing for a tibial fracture sustained 8 years previously. The nail was removed at 12 
months due to medullary sepsis. The fracture had united, and she was treated with IM reaming on two separate occasions. She was left with a discharging sinus and 
was referred to our clinic from abroad for further management. A, B: Clinical photographs illustrating discharging sinus. AP (C) and lateral (D) radiographs and lateral 
(E) and axial (F) CTs demonstrate a chronic osteomyelitic lesion. Arteriography revealed absence of a posterior tibial artery. Peripheral blood supply was 
compromised. The pathogen was coagulase-negative staphylococci. G, H: Fluoroscopic images following surgical debridement demonstrating removal of the dead 
bone fragments and the presence of a cavity. l, J: During the second-look trip to operating room, a cement spacer was implanted (PMMA) loaded with vancomycin. 
Soft tissue reconstruction was not possible due to the local state of the soft tissues and the absence of the posterior tibial artery. The patient was managed with a 
negative-pressure wound therapy regimen for 6 weeks and then changes of wound dressings. K, L: Radiographs of the left tibia at 1-year follow-up show that the 
cement spacer has been left in situ with the patient able to mobilize full weight bearing with the aid of two elbow crutches. M: State of the soft tissues at 12 months. At 
4-year follow-up, there was no recurrence of the infection. 


COMPLICATIONS OF OSTEOMYELITIS 


Osteomyelitis can be a chronic, debilitating disease, associated with several significant complications that may lead to an unfavorable outcome. The 
pathogenesis of such complications is not always clear, but it is generally secondary to the chronic inflammation and infective process.®95-119.157 Functional 
outcomes of patients with post-traumatic osteomyelitis have been reported to be below that of general population, even when in remission.°-186 

Common complications include development of abscesses, extension to adjacent structures, and formation of sinus tracts and fistulas. The risk of 
developing a thromboembolic event has also been reported to be higher in patients with chronic osteomyelitis compared with patients with similar 
comorbidities but not suffering from osteomyelitis. 118 

The association between diabetes and subsequent development of osteomyelitis is well known.?®:38.120 Nevertheless, some authors have reported an 
association between chronic osteomyelitis and an increased risk of developing type II diabetes mellitus, especially in young patients with higher 
socioeconomic status.!!9 The mechanism behind this is thought to be the local release of proinflammatory cytokines and their subsequent spread in the 
systemic circulation that in turn may affect the whole-body insulin resistance.!!9 

The most important complication of chronic osteomyelitis is the increased risk of malignant transformation (Marjolin ulcer).!®! The etiology of Marjolin 
ulcers is unclear but many support that it is related to the chronic effect of inflammatory cytokines on the genome and the alteration of the host’s immune 
response.!®! It mainly involves aggressive squamous cell carcinoma (SCC) and has a very poor prognosis.°° The duration of osteomyelitis represents the 
single most important predictive factor and the latent period can be 27 to 30 years from the onset of the osteomyelitis.»°>9>!5° Marjolin ulcers can occur in 
1.6% to 23% of all patients with chronic osteomyelitis, but in developed countries with established health systems, the prevalence is thought to be much 
lower 595.187 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO OSTEOMYELITIS 


Chronic osteomyelitis remains a serious health problem, not only in the developing world but also in countries with advanced healthcare. The high 
incidence of hospitalization, need for multiple procedures, and high risk of recurrence, places chronic osteomyelitis as a significant economic burden to any 
health system. Its occurrence, type, severity, and prognosis depend on the characteristics and virulence of the infecting pathogen, the physiologic class of the 
host, and the mechanism of the infection. Before initiating treatment, host disorders such as malnutrition, diabetes, and peripheral vascular disease should be 
optimized. Most importantly, the prevention of osteomyelitis is of paramount importance, as in the case of open fractures, the diabetic foot, and the 
implantation of orthopaedic devices. 


The gold standard for the diagnosis of chronic osteomyelitis is positive bone cultures and histopathologic examination of the bone. The presence of 
confirmatory criteria and suggestive criteria has been recently introduced for aiding the diagnosis. Several imaging and laboratory modalities can aid the 
diagnosis, but there is no single routine test available to detect an infection beyond doubt. FDG-PET combined with CT appears to be the most accurate 
imaging technique for detecting osteomyelitis, especially in the axial skeleton, but if it is unavailable, leukocyte scintigraphy can be used with satisfactory 
diagnostic accuracy in the peripheral skeleton. The treating physician should therefore be aware of the advantages and limitations of each modality, along 
with their diagnostic accuracy. The choice of investigations should be based on the patient’s comfort, safety, and the surgeon’s preference. 

The management of chronic osteomyelitis is challenging and complicated by the presence of sequestra, biofilms, impaired local vascularity, 
compromised tissue envelopes, and multiple comorbidities. In many cases, multiple previous operations may have a detrimental effect on the local 
microenvironment, whereas patients commonly experience physical and psychological manifestation of the chronicity of the disease. For a successful 
treatment, a multidisciplinary approach is advocated, aiming at the overall optimization of the host. Treatment should be individualized according to 
severity of disease, chronicity, clinical, and radiologic response to treatment. It should ideally include a combined antimicrobial and surgical treatment, with 
effective management of the dead space and soft tissue reconstruction where required, whereas vascularity of the limb should be restored if compromised. 
Psychological support should also be considered and offered to these patients. Regardless of all the advances in this field, the risk of recurrence and risk of 
amputation remain high. The length of follow-up remains a subject of debate but should be at least 5 years to ensure the absence of subclinical infection. 
“Cure” of the disease on the other hand cannot be safely declared as once osteomyelitis has been established, complete eradication of the infection is 
extremely difficult if not impossible. 

For the successful management of chronic osteomyelitis, new mechanisms and pathways need to be targeted. Future directions include enhancing the 
innate immune response, the development of species-specific antibiotics, exploring new pathways of binding sites of microorganisms, exploiting biofilms, 
and improving the understanding of mechanisms of genome mutations leading to resistance to specific antibiotics. Moreover, the use of novel 
biocompatible, biodegradable antibiotic carriers, combining osteoinductive and osteoconductive properties, and compatible with a wider range of antibiotics 
could be a solution in the management of bone defects. Antimicrobial implant coatings may be an option preventing implant colonization and biofilm 
formation. Finally, immune modulation and bacteriophage therapies are emerging as promising treatment strategies for the near future. 
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INTRODUCTION TO NONUNIONS 


Bone healing is an elegant but complex biologic phenomenon. Most other tissues in the human body can only manage to heal with scar, but bone can heal 
by forming new bone. Although fracture healing usually occurs unencumbered, it may be adversely affected or interrupted in many ways. The frequency 
and consequence of such alterations varies based on many factors to be discussed. The associated treatments of altered bone healing, functional disability, 
prolonged pain, and lost wages can lead to substantial psychosocial impairment, economic burden to the patient, and stress on the health care system.®? A 
recent investigation indicates the impact of femoral shaft nonunion on physical health was comparable to end-stage hip arthrosis and tibial nonunion, and 
worse than many other medical conditions.*® Patients diagnosed with a long-bone nonunion have a very low health-related quality of life.*!° It was found 
that this cohort’s mean utility score was 0.68. This result is well below that of illnesses such as type I diabetes mellitus (0.88), stroke (0.81), and acquired 
immunodeficiency syndrome (0.79). Patients with forearm nonunions had the lowest utility scores. This evidence indicates that nonunion is a debilitating 
chronic medical condition with substantial negative effects on health. With regard to the scope of the problem of nonunion, a large epidemiologic database 
study has recently indicated the overall rate of nonunion is 4.9%.°99 


The definitions of nonunion and delayed union are variable and can be somewhat arbitrary. In the scientific literature, there is a lack of consensus 
regarding the definition of nonunion.°’° A review of 148 studies that had long-bone nonunion as the main subject found only 50% provided a definition of 
nonunion. In these studies, time-related criteria were used in 85% (ranging from 3—12 months), radiographic criteria in 62% and clinical criteria in 45%. 

Most definitions of nonunion, in a broad sense, can be temporally based (e.g., a fracture unhealed by a certain time is a nonunion) or physiologically 
based. Temporal definitions are based on a lack of complete bone healing in a specified time frame, commonly 6 to 8 months for nonunion and 3 months for 
delayed union, but this is arbitrary.79” 
fracture is not likely to heal without new intervention. 164?15 While delayed union occurs when a fracture has not completely healed in the time expected, but 
still has the potential to heal without further intervention. While these descriptions may seem simply put, defining the expected time for healing and 
identifying when healing has finally occurred can be elusive. The expected time for healing depends on many factors including the bone involved, the 
anatomic region of that bone, the fracture pattern, the energy of the original injury, the associated soft tissue damage, host factors, and the method of 
treatment. Comparison with healing times reported in the literature for similar fracture situations along with clinical experience is necessary to identify 
alterations in expected healing. In delayed union, clinical and radiographic evidence of healing lags behind what would ordinarily be present in a similar 
fracture in the same bone under similar conditions. The potential inaccuracies in these analyses are confounded by the fact that attempts to define a cellular 
process by reviewing radiographic and clinical data are inherently flawed. On a cellular level, nonunion occurs when there is cessation of a reparative 


Physiologic definition of nonunion is based on failure of healing in the expected time and a prediction that the 


process antecedent to bony union,!*° while for delayed union it has been suggested that cessation of the periosteal and not the endosteal healing response 
prior to fracture bridging may define delayed union.7!® 

In the clinical setting, both clinical and radiographic findings are utilized for the diagnosis of nonunion. Nonunion is often obvious in retrospect but is 
often difficult to define and diagnose in real time. For example, when primary bone healing is expected, radiographic signs of healing may be completely 
absent as fracture callus is not expected in these situations. Clear radiographic signs of nonunion such as hardware failure may occur long after progress 
toward union has ceased. Clinical signs of altered healing may also be elusive. Newer implants and techniques (interlocked nails and locking plates) provide 
levels of stability that can yield a paucity of clinical symptoms, even with full weight bearing, in the absence of complete fracture union. 

This chapter will review the important aspects of nonunion pathophysiology including risk factors for the development of a nonunion, discuss the 
current methods for evaluating and diagnosing nonunions, present the common nonoperative and operative methods for treating nonunions including 
adjuncts to surgical treatments and their outcomes, and present and discuss the author’s preferred treatments for nonunions. 


PATHOPHYSIOLOGY, ETIOLOGY, AND RISK FACTORS FOR NONUNION 


Nonunion is the failure of a fracture to heal, while delayed union is a slower than expected progression toward healing. The pathophysiology of each is 
similar and definitions of delayed and nonunion are often soft. Failure of an acute fracture to progress to timely union may be caused by a myriad of factors. 
All factors can be grouped into host (patient), treatment, and local/injury (fracture and bone-related) factors. Impaired fracture healing, delayed union and 
nonunion, is estimated with a combined prevalence of 6.9%.?”! A number of factors have been identified that may affect bone healing including patient age, 
gender, renal disease, osteoporosis, arthritis, nutritional status, obesity, bone quality, endocrine disorders (most notably diabetes), smoking, fracture energy, 
fracture location and pattern, associated injuries, exposure to radiation, vitamin D deficiency, and exposure to medications (most notably steroids, 
chemotherapy, and nonsteroidal anti-inflammatory drugs [NSAIDs], opioids, and anticoagulants).?®54399 Some of these factors are and some are not within 
the surgeon’s control: 


Patient factors 


Age 

Gender 

Comorbidity (including renal disease, endocrine disorders, osteoporosis, arthritis) 
Nutritional status 

Smoking 

Diabetes 

NSAID and other medication use 

Vitamin D deficiency 

Metabolic bone and collagen diseases and disorders 


Local/injury factors 


Vascular injury 

Infection 

Soft tissue compromise and disruption 

Bone factors (e.g., radiotherapy) 

Local mechanics (e.g., tension-sided fractures) 


Treatment factors 


e Damage to blood supply 
e Poor reduction 
e Mechanical factors (e.g., inadequate stability or too stiff a construct) 


The risk for nonunion increases with greater injury energy. Higher energy of injury is associated with greater damage to the bone, stripping of the 
periosteum and disruption of the local blood supply, and greater damage to the surrounding soft tissues. The damaged bone has a reduced inherent capacity 
to form new bone and the damaged soft tissues have a reduced ability to stimulate the reparative process. The incidence of nonunion in the presence of an 
open fracture and extensive soft tissue injury, not surprisingly, approaches 20%.°*° The characteristics of the original injury, the patient’s ability (or 
inability) to generate a normal healing response to the particular injury, the mechanical and biologic environment created by the chosen treatment method, 
and the presence or absence of associated infection are among the factors that can influence the rate and the likelihood of uncomplicated and timely fracture 
healing. 


FRACTURE-SPECIFIC FACTORS RELATED TO NONUNION 


The involved bone and the specific location of the fracture within any given bone influence the innate ability for fracture healing. This is related, in large 
part, to the associated local vascular supply and mechanical environment of the fractured region. The talar neck, the proximal metaphyseal—diaphyseal 
junction of the fifth metatarsal, the femoral neck, and the waist of the scaphoid are examples of anatomic sites that have relatively limited or watershed 
vascular supplies that are potentially disrupted by fracture. Hence, fractures in these sites have a propensity for healing complications or the development of 
osteonecrosis. On the other hand, the metaphyseal regions of most other long bones as well as the pelvic bones and scapula have a robust vascular supply, 
and in the absence of other complicating factors, heal reliably. The diaphyseal regions of long bones, especially the tibia, fall between these extremes. The 
diaphyseal region of long bones has a relatively limited blood supply and therefore diaphyseal fractures usually require longer periods of time to achieve 
union than metaphyseal fractures and are more likely to proceed to nonunion. The diaphyseal tibia, due to its incomplete nutrient providing surrounding 
muscular envelope has more limited healing capacity than the fully surrounded femur. 

Some anatomic regions exhibit an adverse mechanical environment. Subtrochanteric fractures are subject to tension forces making achieving stability 
and bony union difficult and leading to high failure and nonunion rates.!* Understanding when biomechanical factors are at play in higher nonunion rates is 
important and can be an important part of developing a treatment strategy.!!% 

Independent of the anatomic location of the fracture, the degree of bone and surrounding soft tissue injury influences the healing potential. The degree of 
soft tissue injury was identified in a survey of surgeons as one of the most important factors that contribute to the development of a nonunion.”® High- 
energy fractures cause devascularization of the fractured bone in the form of periosteal stripping or disruption of the endosteal blood supply or both. This is 
clearly evident even with low-grade open fractures (Fig. 30-1), but internal soft tissue stripping can occur equally in closed fractures. In addition, severe 
high-energy injuries can render the bone ends nonviable either from immediate cell death or via the process of apoptosis.*! Bone loss, either traumatically 
associated with open fracture or the result of surgical debridement, is a potential precursor of nonunion. Nonunion incidence is also closely related to the 
degree of open fracture by virtue of its providing a source of bacterial contamination and creating the potential for infection. 


HOST FACTORS RELATED TO NONUNION 


Host factors clearly play a major role in the potential for alterations in fracture healing. Specific conditions that are most notably considered to affect 
fracture healing are smoking, diabetes, and vascular disease.?8120.226 Smoking was considered to be a major factor in the development of nonunion by 81% 
of polled orthopaedic trauma surgeons, diabetes by 59%, and vasculopathy by 53%.7° Other factors such as exposure to certain medications, the presence of 
osteoporosis, advanced age, and immunosuppression have also been implicated, with varying degrees of supportive data, as risk factors for nonunion. 


A 


Figure 30-1. AP radiograph (A) of an open tibial shaft fracture with associated periosteal stripping seen in the clinical photograph (B). 


Diabetes 


Laboratory evidence demonstrates that most phases of fracture healing are affected by diabetes mellitus. Decreased cellular proliferation is seen in the early 
phases of fracture healing?!? and decreased callus strength at the later phases.?°-!!8 The ultimate clinical effect of long-standing and especially uncontrolled 
diabetes is to increase the risk for delayed union and nonunion. It is postulated that the microvascular disease, and perhaps the reduced immunocompetence 
and the neuropathy associated with diabetes, leads to alterations in bone metabolism leading to delayed fracture healing.*”* Diabetes also poses greater risks 
for soft tissue healing complications as well as increased risk for infection after surgical fracture management.!”* The association of hyperglycemia with 
complications related to orthopaedic surgery has been established.!3+78933! However, it is unclear which, if any, diabetic-related comorbidities might also 
affect bone healing. Peripheral neuropathy and hemoglobin Alc levels above 7% were significantly associated with bone-healing complications in the foot 
and ankle.*?! In a recent systematic review diabetes was found to significantly increase rates of malunion, infection, and reoperation in patients with 
surgically treated lower extremity fractures.'°9 In addition, when only peripheral lower extremity fractures (i.e., below the knee) were examined, diabetes 


significantly increased the rates of nonunion. There is newer evidence suggesting that diabetes-related nonunions are likely due to loss of regulation of 
enchondral bone formation and increased osteoclastic activity. Most recently Alharbi and Graves? have implicated the FOXO1 pathway and they have 
identified this as a potential future therapeutic pathway. 


Smoking 


Cigarette smoking is commonly identified by orthopaedic trauma surgeons as one of the factors to cause delayed union and nonunion.”® This perception is 
grounded by sound evidence linking smoking to delayed acute fracture healing,58160:210 and failure of nonunion treatment,” as well as failure of bone 
healing associated with spinal fusion and osteotomies.!°? Even a history of prior smoking and exposure to secondhand smoke has been shown to delay bone 
healing.°*-!9? Not only does smoking affect bone healing, it also increases the risk of other complications such as acute infection and osteomyelitis.?7° 

Animal studies suggest that the vasoconstrictive properties of nicotine inhibit tissue differentiation and the normal angiogenic responses in the early 
stages of fracture healing, and that nicotine directly interferes with osteoblast function.8®353-394 Human data, where samples of fractured and nonfractured 
bones from smokers and nonsmokers were assayed for bone morphogenetic protein (BMP)-2, -6, -4, and -7 using polymerase chain reaction, indicate that 
smoking reduces periosteal BMP gene expression.°” 

Smokers with open tibia fractures treated with intramedullary (IM) nails were found, in a prospective study by Castillo et al.,°° to be 37% less likely to 
achieve union and 3.7 times more likely to develop osteomyelitis than nonsmokers. Smoking was also found to delay healing in a dose-dependent manner 
after closed management of tibial shaft fractures.!9°7!4 In the setting of Ilizarov limb reconstruction, McKee et al.” demonstrated that smoking was 
associated with multiple complications. The overall complication rate was over three times higher in the smokers compared with nonsmokers including 
higher rates of persistent infection, nonunion, and amputation. 

Despite being one of the few risk factors that is potentially modifiable, smoking cessation in the face of the stresses associated with acute fracture is 
exceedingly difficult. Despite these challenges, it is prudent to advocate and support smoking cessation in all patients with fractures at risk for nonunion and 
in those facing nonunion repair. Given the direct adverse effects of nicotine on bone healing, nicotine supplementation (e.g., nicotine patch) as part of a 
smoking cessation program should be avoided. This concept is supported by animal data linking transdermal nicotine to nonunion and decreased mechanical 
strength of healing fractures.°° 

More recently, vaping has supplanted both smoking and nicotine supplementation in many countries.?*? There are no direct data however Jones and 
colleagues argue that there is evidence in cell lines and animal models to suggest that osteoblasts and osteoclasts respond similarly to the nicotine in e- 
cigarettes as traditional cigarettes. The devices also carry aldehydes and flavoring chemicals which are likely to have similar effects. 


Nonsteroidal Anti-Inflammatory Drugs 


NSAIDs, once used ubiquitously to control postfracture pain, have been implicated in inducing fracture nonunion.?*° These medications are now used much 
more sparingly in the setting of acute fracture or nonunion repair, especially in the initial weeks after injury, a time corresponding to the inflammatory phase 
of fracture healing. The initial biologic healing response to fracture is an inflammatory process. Therefore, it is logical that NSAIDs may be inhibitors of 
this process. Prostaglandins are inflammatory mediators present during the initial phases of fracture healing. Their synthesis from arachidonic acid is 
catalyzed by the cyclooxygenase (COX) enzymes. Both traditional NSAIDs and selective COX-2 inhibitors have been found to interfere with COX-2 
upregulation and therefore prostaglandin synthesis, including such synthesis in healing bone. 27:285 

Results of clinical studies on the effect of NSAIDs on fracture healing have yielded conflicting recommendations.*}7°!25.190279.324 adding to the 
controversy is alleged fraudulent research activity in this area that led to retraction of at least 20 articles and has cast doubt on some results.2*3”2 A number 
of important clinical factors related to NSAID use in the face of fracture healing were investigated in a meta-analysis of over 10,000 patients.’ Exposure 
was found to increase the risk of nonunion (odds ratio 3); however, lower-quality study was found to be a confounding variable. Lower-quality study was 
associated with higher risk of nonunion. Lower-quality studies affected the association of NSAID use with spinal union rate, but not with long-bone fracture 
healing. When only moderate-quality long-bone fracture studies were considered in isolation, NSAID exposure still was associated with an increased risk of 
nonunion (odds ratio 4.4). No association of factors, including dose or route (parenteral or oral) of administration or duration of treatment, was found to 
affect the risk of nonunion. Another more recent systematic review that included 12,895 patients from 3 prospective randomized trials and 13 retrospective 
cohort studies concluded that these trials did not show strong evidence that NSAIDs for pain therapy after fracture osteosynthesis or spinal fusion lead to an 
increased nonunion rate.2° However, they pointed out that the studies present such conflicting data that no clinical recommendation can be made regarding 
the appropriate use of NSAIDs in this context. 

Most recently, several studies have found that short-term postoperative NSAID use appears to provide little risk of subsequent nonunion. In a 
retrospective review of patients treated with or without ketorolac after open reduction internal fixation (ORIF) of an ankle fracture there were no nonunions 
in those taking ketorolac.?”* Ketorolac administered in the recovery room after IM nailing of femoral and tribal shaft fractures showed no increased rate of 
nonunions compared to patients not treated with ketorolac.%° 


Hypovitaminosis D 


Vitamin D deficiency has been shown to be associated with nonunion. Brinker et al. found that 25 of 37 patients (68%) with nonunion had vitamin D 
deficiency.*° Although this does not prove a causal link, they also found that medical treatment of endocrine abnormalities, such as vitamin D deficiency, 
lead to union without surgical management in some patients. Another case-control study found that vitamin D deficiency was more common (60%) in tibial 
nonunion patients than in matched controls (30%).7°° The scope of the problem of hypovitaminosis D is quite large. Among 889 patients with fractures at a 
level 1 trauma center, 39% were found to be vitamin D deficient.'©° Routine treatment of all fracture patients with calcium and vitamin D supplementation 
would be logical and economically cost-effective if the nonunion rate could be reduced by 5%.°* However, a recent prospective randomized trial in patients 
with acute fracture and hypovitamonosis D showed no benefit of vitamin D supplementation.'°! Empiric treatment in fracture patients has not become 
mainstream, but testing for and treating vitamin D deficiency is routine in patients with established nonunions. 


Other Medications and Systemic Conditions 


Other chronic health conditions, although not directly shown to negatively impact fracture healing, empirically can lead to altered healing responses. Any 
state leading to malnutrition or immunosuppression, including steroid use, rheumatoid disease, and malignancy, can negatively impact the body’s healing 


response including fracture healing. Previously irradiated bone or bone actively infiltrated with tumor are also at high risk for delayed union or nonunion.°® 
Although children clearly have higher healing potential than adults, whether advanced age, once physeal closure has occurred, is an independent risk factor 
for nonunion is unclear.!*° Advanced age was found to be an independent risk factor for nonunion in patients with an acute clavicle fracture,” but other 
prognostic studies have failed to identify age as a risk factor for nonunion in other anatomic locations.*!-8° Although osteoporosis is clearly a risk factor for 
acute fracture, once fracture has occurred, osteoporosis does not appear to be a risk factor for the subsequent occurrence of nonunion.?°8 

Bisphosphonates are a class of drugs that prevent bone loss by decreasing osteoclastic-mediated bone turnover and have been used successfully in the 
treatment of osteoporosis, most commonly in the form of the drug alendronate. Long-term use of bisphosphonates have been implicated in the development 
of atypical stress fractures, !°°207,240327 and with impaired healing of these fractures. According to the task force of the American Society for Bone and 
Mineral Research, the major criteria for atypical femur fractures are location between the lesser trochanter and the supracondylar flare, association with 
minimal trauma, transverse or short oblique configuration, lack of comminution, and a medial spike in complete fractures.°2’ The atypical fractures have 
characteristic radiographic findings including a simple transverse fracture, cortical thickening, and medial beaking at the fracture site. Additional minor 
features include prodromal symptoms, the use of bisphosphonates, and delayed healing. Cessation of bisphosphonates has been suggested to help promote 
union in the face of an atypical fracture.®°.25! However, given the long half-life of the drug and that physiologic effects are thought to continue for at least 5 
years after discontinued use, it is unclear if cessation is of any clinical utility. 

A recent large claims database study has implicated opioids in impaired fracture union,°° with 14.6% (45,085) of the affected patients using chronic 
opioids. They found most medications do not increase nonunion risk, but acute and chronic use of NSAIDs or opioids was associated with impaired fracture 
healing. 


TREATMENT FACTORS RELATED TO NONUNION 


Appropriate mechanical stability is required to create an environment conducive to fracture healing. Unfortunately, appropriate stability is very difficult to 
define and even more difficult to quantify. In fact, the desired degree of stability depends, to a great extent, on the chosen method of stabilization. The 
natural process of bone healing, commonly referred to as secondary bone healing, through the formation of callus relies on micromotion at the fracture site. 
In nature, fractures can heal without stabilization, but stabilization can reduce the risk of nonunion. The use of external immobilization such as with a splint, 
as a method to effect fracture healing, evolved from an effort to control pain. Medical practice has similarly evolved to understand that fractures heal more 
reliably when immobilized. Indeed, most fractures heal with the relatively limited stability provided by splint or cast immobilization. Rigid internal fixation, 
as provided by the compression plating technique, represents the opposite end of the stability spectrum associated with fracture care. Rigidly stabilized 
fractures heal without callus via primary bone healing, a relatively unnatural, yet successful, strategy. 

Regardless of whether the chosen treatment method relies on primary or secondary bone healing, improper technique can lead to an increased risk of 
nonunion. A recent study suggests, for example, that a poorly fitting IM nail leads to delayed fracture healing.?°° A poorly applied cast or one applied to a 
severely lipomatous extremity, for instance, may provide inadequate stability resulting in excessive fracture site motion and the development of nonunion. It 
is often difficult to predict the fracture healing response to excessive motion, as either abundant callus or a paucity of callus may result (Fig. 30-2). Rigid 
internal fixation techniques that fail to accomplish bone-to-bone contact and compression (i.e., ones with gaps at the fracture site) do not support the 
primary bone healing process, which relies upon direct remodeling of bone via cutting cones that traverse the fracture and can also lead to nonunion (Fig. 
30-3). Whereas modern surgical techniques emphasize biologically friendly tissue handling, older techniques that included anatomic reduction of individual 
fracture fragments were at the expense of soft tissue stripping from the fracture fragments and led to a suboptimal environment for fracture healing. Whether 
fracture reduction is direct or indirect, or the fixation construct is relatively stable or rigid, minimizing soft tissue disruption is paramount to maximizing the 
healing potential and minimizing other complications that relate to devitalization of bone, namely infection. 
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Figure 30-2. Three humeral shaft fractures treated nonoperatively developed different types of nonunions: hypertrophic (A), oligotrophic (B), and atrophic (C). Final 
radiographs after management of the nonunions with plate fixation alone for the hypertrophic (D) and oligotrophic (E) nonunions and plate fixation supplemented with 
bone graft for the atrophic nonunion (F). 


INFECTION AS A FACTOR RELATED TO DEVELOPMENT OF NONUNION 


Fractures can heal in the face of infection; however, even a suppressed infection may substantially alter the healing process, and uncontrolled osteomyelitis 
can inhibit normal fracture healing altogether. The inflammatory process in response to infection may inhibit fracture healing by causing excessive 
remodeling and osteolysis. Tissue necrosis may be accelerated by infection, but histologic evidence indicates that soft tissue disruption caused by the initial 
trauma and surgical insult is the primary event leading to bone necrosis in cases of osteomyelitis associated with fracture.” Loose nonvital bone fragments 
and bone pieces demarcated by osteoclastic activity are eventually transformed into sequestra (Fig. 30-4).7°° Infection not only predisposes to nonunion, but 
also makes nonunion repair substantially more complex, often requiring multistaged treatment protocols that are discussed later in this chapter. In general 
terms, the presence of a bacterial burden makes the fractures more difficult to heal. Resolving infection is typically the priority followed by definitive 
nonunion management. However, in some circumstances, particularly when thin wire treatment is utilized as the definitive method of nonunion treatment, 
treatment can be aimed at resolving the fracture nonunion without aggravating the bone infection in the first instance. 


A, B 


Figure 30-3. A: Postoperative radiograph showing fibular fracture gap. B: At 3 months postoperatively, the gap persists. C: Nonunion repair with bone grafting 
yields union. 


CLASSIFICATION OF NONUNION 


Nonunions are typically classified based on two factors, biologic activity, and infection. Biologic activity, or lack thereof, at the fracture site is inferred from 
radiologic studies. However, these definitions represent cellular processes and therefore provide an inherent inaccuracy by attempting to identify a biologic 
phenomenon by radiographic analysis. Atrophic, oligotrophic, and hypertrophic nonunions represent increasing biologic potential for fracture healing. 
Aseptic nonunion implies that there is absence of infection while septic nonunion implies that there is an infectious process at the nonunion site. 


Figure 30-4. Lateral radiograph (A) and sagittal CT scan (B) showing a sequestrum. 


ATROPHIC NONUNION 


Atrophic nonunion, also referred to as avascular, nonviable, or avital nonunion indicates poor healing response with little or no bone-forming cells active at 
the fracture site.??3,228 The blood supply to an atrophic nonunion is typically poor. This is typically manifested radiographically by the absence of any bone 
reaction (see Figs. 30-2C and 30-3). This lack of healing response may be related to the severity of the injury (e.g., open fracture) or subsequent surgical 
treatment (e.g., surgical stripping of soft tissues about the fracture site) or because of host issues (e.g., diabetes or smoking).*!2 Strategies for the treatment 
of atrophic nonunions generally include a method to provide a biologic stimulus to the fracture site, most commonly with autogenous bone graft or another 
graft that has potential to stimulate healing (e.g., BMP). Debridement or excision of nonvital bone ends is another principle for the management of atrophic 
nonunion. The degree of bone resection can vary greatly depending upon the mode of treatment to be utilized and the presence or absence of infection. An 
aseptic atrophic nonunion treated with compression plating will require little bone resection, whereas a septic atrophic nonunion treated with Ilizarov 
methods including bone transport may benefit from a relatively large area of bone resection. 


HYPERTROPHIC NONUNION 


At the other end of the spectrum from atrophic nonunion is hypertrophic nonunion, also referred to as hypervascular, viable, or vital nonunion. Hypertrophic 
nonunions are characterized by an adequate healing response with satisfactory vascularity.*7°*9 These fractures lack adequate stability to progress to union. 
The viable healing fibrocartilage cannot mineralize because of an unfavorable mechanical environment at the fracture site.*!* This is manifested 
radiographically by callus formation, usually abundant, with an interceding area of fibrocartilage-lacking mineral, and so appearing dark on standard 
radiographs. Hypertrophic nonunions can occur after initial nonoperative management (see Fig. 30-2A) or after attempts at operative stabilization (Fig. 30- 
5A,B). Successful treatment of hypertrophic nonunions utilizes methods to provide the stability required to allow the adequate biologic response to 
complete (see Figs. 30-2D and 30-5C-—F). Rigid stabilization allows chondrocyte-mediated mineralization of the fibrocartilage at the hypertrophic nonunion 
site, usually by 8 weeks. Resection or debridement of the aseptic hypertrophic nonunion is neither required nor desired. Unlike atrophic nonunions, biologic 
stimulus, such as bone grafting, is not a treatment necessity for hypertrophic nonunions. 
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gure 30-5. Hypertrophic nonunion resulting after IM nailing of a distal tibial shaft fracture (A, B) that was treated with plate and screw fixation (C, D) healed 
without adjuvant bone graft (E, F). 


OLIGOTROPHIC NONUNION 


Oligotrophic nonunions probably represent a condition somewhere between atrophic and hypertrophic nonunions. They are viable, but usually manifest 
minimal radiographic healing reaction (callus), often because of inadequate approximation of the fracture surfaces ( 5; see ). A bone scan 
may be necessary to distinguish this type of nonunion from a frankly atrophic one. The oligotrophic situation will be manifested by increased uptake where 
the atrophic situation would be relative cold on bone scan.” Management of oligotrophic nonunions usually involves addressing deficiencies in bone 
contact either by mechanical compression or bone grafting of associated defects or a combination of biologic and mechanical methods (see ). 
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Figure 30-6. An oligotrophic femoral shaft nonunion after initial IM nailing (A) treated with exchange nailing (B) healed uneventfully (C), probably as the result of 
bone graft generated by reaming and improved stability. 


PSEUDOARTHROSIS 


Pseudoarthrosis, a subclassification of nonunion, has properties of hypertrophic nonunion, but because of excessive and chronic motion, an actual synovial 
pseudocapsule is formed, containing fluid much like an actual synovial joint (Fig. 30-7). The medullary ends are usually sealed, and an interceding cold 
cleft is noted on bone scan. Management of these nonunions typically requires debridement of the pseudoarthrosis, opening of the medullary canal, and 
enhancement of stability, typically with compression at the nonunion site. Although these nonunions are technically vital, biologic stimulation can be 
helpful to promote more rapid and reliable healing. 


BONE DEFECTS 


There are no widely accepted or used classifications schemes for bone defects. In fact, there is no accepted definition of the size of a gap for it to be 
considered a “defect.” Clearly then, the size of a bone defect may vary substantially as does the etiology and management. A critical-sized defect is 
generally regarded as one that requires an intervention, most commonly some type of grafting or transport procedure, in addition to bony stabilization to 
achieve union. What constitutes a critical-sized defect varies based on a number of factors including the particular bone involved, the relative location 
within the bone, the state of the surrounding soft tissues, and the expected biologic response of the host (acute fracture vs. established nonunion, healthy 
patient vs. diabetic smoker, etc.). 


EVALUATION AND DIAGNOSIS OF NONUNION 


The diagnosis of nonunion is an inexact exercise even when ignoring the temporal issues of defining when a fracture should or should not yet be considered 
a nonunion. At any given time point, determining if a fracture is united or not is more straightforward than diagnosing a nonunion, but this is not a simple 
task either. Bone healing is a progressive process where the strength of the reparative process, under usual circumstances, gradually increases over a period 
of time. Clinical attempts to define union are hampered by utilizing indirect means to evaluate the strength of the healing process. Further, even if the 
strength of the healing bone could be accurately evaluated, neither the baseline strength of the uninjured bone nor the fraction of that value required to 
achieve union is known. However, technologic advances in microelectronics have made measurement of mechanical properties of healing bone possible. A 
preliminary report evaluated a telemetric system to measure bending load in a titanium internal fixator to determine if clinically relevant information could 


be drawn from its application.’“° Well before radiographic signs of healing could be detected, a substantial decrease in elasticity of the fixator was recorded. 
This and similar technologies have the potential to revolutionize the evaluation of fracture healing and to change the management of healing fractures. It 
will be possible to identify progression toward union or nonunion and to accurately define a healed fracture without the use of ionizing radiation. 
Accelerated weight bearing could be promoted or a reduction in activity recommended based on automated systems that evaluate real-time data. Prior to the 
maturation of these exciting new technologies, clinicians must continue to rely on indirect means in the evaluation of fracture healing and in determining if 
union has occurred. 


Figure 30-7. A: Pseudoarthrosis 2 years after fracture. B, C: Nonunion repair with ORIF and ICBG. 


Depending on the diagnostic modality being used, the determination nonunion may be one of inclusion or exclusion. That is, when evidence of union 
exists, then nonunion is ruled out. In usual clinical practice, the information gathered from many modalities, such as history, physical examination, 
radiographs, and other special tests are used in concert to determine the presence or absence of fracture union. Since most of these evaluation tools are 
subjective, the clinician can interpret results differently and assign different relative importance to various measures. This leads to inherent difficulty in 
establishing uniform determinations of union.*°°?:/”-!° A survey of 335 orthopaedic trauma surgeons endorsed that currently there exists a lack of 
standardization in the definitions of delayed union and nonunion.?° These surgeons did agree that these definitions should account for both radiographic and 
clinical criteria. 


HISTORY AND PHYSICAL EXAMINATION RELATED TO NONUNION 


History and physical examination are critically important to both the initial evaluation of the patient being scrutinized to determine the presence or absence 
of fracture union after acute fracture, as well as the patient suspected of having an established nonunion. The history of the events surrounding the index 
injury provides insight into any expected deviations from the normal course of fracture healing for the particular fracture being evaluated. This information 
may heighten the index of suspicion for not only nonunion but also for associated problems such as infection. The mechanism of injury, and perhaps more 
importantly, the energy associated with injury, have implications regarding fracture healing. Higher-energy injuries, by virtue of the greater damage done to 
the bone and surrounding soft tissues, have a higher risk for healing complications. Similarly, the nature of the associated soft tissue injury may be 
prognostic for delayed bone healing. If the fracture was open, prolonged fracture healing is expected and infection becomes more common. 

The details of prior treatments and subsequent recovery complete the history specific to evaluation of a potential nonunion. It is important to uncover the 
type and timing of the initial treatments and any subsequent interventions. The indication, specific details, and the results of any additional procedures 
should be identified. Specifically, it is important to distinguish if secondary debridement procedures were done as planned prophylactic procedures or for 
the treatment of a documented infection. Causative organisms, antibiotic susceptibilities, and details of antibiotic treatments should be elucidated. The 
clinical response to such treatments can provide valuable insight into future responses to similar treatment. The nature of prior surgical procedures aimed at 
augmenting fracture healing provides useful information regarding the diagnosis and helps direct future treatments. It is important to distinguish prior 
implant removal performed for pain from implant removal done to promote fracture healing, such as removal of interlocking screws for nail dynamization. 
With a history of prior bone grafting, it should be clarified if the graft was autologous or otherwise. If autologous, the prior harvest site is confirmed with 
physical examination such that if future graft harvest is contemplated a unique site can be prepared for. If there was treatment with bone growth stimulators, 
such devices may be incorporated in future treatments with little or no additional patient expense. 

The typical signs and symptoms of nonunion are a combination of pain, tenderness, and detectible motion at the site of fracture. Gross motion at a 


fracture site is clear evidence of lack of union, but the time frame of such findings is critical to diagnosing a nonunion and prognosis for eventual healing. A 
recent study indicates that humeral shaft fracture site gross motion on physical examination at 6 weeks after injury identified future nonunion with 82% 
sensitivity and 99% specificity.°” It should be noted that symptoms of nonunion can be masked in patients with relatively stable or rigid fixation such as is 
seen with locked plate constructs. It is not uncommon for such patients to present with the acute or subacute onset of pain and disability associated with 
implant fracture subsequent to a period of full weight bearing with no or a relative paucity of symptoms (Fig. 30-8). In these circumstances, the loss of 
stability accompanying implant failure incites the onset of symptoms. In an opinion poll of orthopaedic trauma surgeons, the lack of ability to bear weight 
was felt to be the most important clinical factor in diagnosing a lower extremity nonunion followed by fracture pain, weight-bearing status, and tenderness 
on palpation.” 


RADIOGRAPHIC ASSESSMENT OF NONUNION 
Plain Radiographs 


Plain radiographs are used ubiquitously in the evaluation of fractures as they provide timely, accurate, and inexpensive means to diagnose an acute fracture. 
The utility of plain radiographs in evaluating fracture union is less clear. As the process of fracture healing is slow and progressive, the precise time when 
union occurs is difficult to determine. Plain radiographs often help with the diagnosis of nonunion by excluding union. 


A, B ) 
Figure 30-8. A, B: At 4 months after distal tibia nonunion repair, radiographs and painless weight bearing suggest union. Two weeks later, the patient presents with 
increasing pain with weight bearing. C, D: Radiographs show plate failure indicating a persistent nonunion. 


The diagnosis of fracture union by plain radiographs is typically defined by the presence of bridging callus across the fracture. Whether circumferential 
bridging, as evidenced by bridging across four cortices on orthogonal x-rays, is required to accurately diagnose union is without consensus. The orthopaedic 
literature is conflicted with regard to this requirement as different studies can define union as healing across only two or three, rather than four, cortices on 
orthogonal views.”° Although identifying the number of healed cortices may seem straightforward, in practice this is a very subjective and imprecise 
exercise especially in the presence of implants that obscure visualization. Furthermore, it is often difficult to know if the radiograph and fracture are 
coplanar. When radiographs are out of plane from the fracture, fracture gaps may be disguised by overlying bone. Minor variances in the angle of the x-ray 
beam can completely disguise a nonunion (Fig. 30-9). Scoring systems have been proposed to better quantify information gathered from plain radiographs 
to help predict healing, most notably the Radiographic Union Score for Tibia Fractures (RUST), but they have not yet gained widespread clinical use.37t 

The location and type of fracture and the relative stability of the fixation method create great variations in the expected biologic healing response, and 
therefore, variations in the expected radiographic appearance of union. Simple diaphyseal fractures fixed anatomically with rigid compression plate 
techniques that promote primary bone healing without fracture callus may look nearly identical at healing as they did immediately after fixation (Fig. 30- 
10). Abundant fracture callus would be unexpected. Under these circumstances, accurate diagnosis of union may be difficult, but lack of union may be 
directly or indirectly evident. Direct evidence is a fracture gap seen on a radiograph taken coplanar with the fracture (see Fig. 30-9B). In the absence of 
direct evidence of nonunion, plain radiographs should be scrutinized for indirect evidence for incomplete healing. Progressively loosened or broken 
implants indicate persistent motion at the fracture. More subtle findings are motion artifacts seen in bone at or around the margin of seemingly stable 
implants or fractured screws without complete loss of fixation (Fig. 30-11). Judicious utilization of other imaging methods helps to confirm the diagnosis of 
nonunion when only indirect evidence is present using plain radiographs. It should be noted that fracture healing can continue and sometimes is augmented 
by implant fracture. An example is “autodynamization” of an IM nail where interlocking screws fracture allowing dynamic compression at the fracture site. 
This phenomenon can also occur after plate fixation (Fig. 30-12), but with plate construct failure progressive malalignment may occur, which may or may 
not be problematic. 
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Figure 30-9. A lateral radiograph (A) fails to clearly identify a nonunion 8 months after ORIF of a distal humeral shaft fracture, whereas a slight oblique from the 
lateral projection (B) clearly shows the nonunion. 
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0-10. A: A comminuted clavicle shaft fracture treated with rigid fixation (B, C) yielded fracture healing without callus. 


Computed tomography (CT) offers an opportunity to more accurately delineate bony anatomy at the site of a suspected nonunion than does plain 
radiography. Modern CT scans can be reformatted in high quality in any plane. This allows image orientation to be precisely optimized to evaluate potential 
absence of bridging bone, eliminating a major shortcoming of plain radiography. CT scans have been shown to be highly sensitive (100%) for detecting 
tibial nonunion.?” The limitation of CT, however, is a relative lack of specificity (62%) that can lead to surgery in patients who have healed fractures ( 


In the future, CT may prove to provide a quantitative evaluation of not just union, but fracture stability. In one study, patients with less than 25% 
bridging of the circumference of bone were found to be at high risk (37.5%) for clinical failure of fracture union, whereas those with greater than 25% 
bridging had only a 9.7% failure rate.’° Finally, an added benefit of CT is the ability to evaluate rotational deformities associated with nonunion. 
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30-11. A, B: Radiographs showing a healing tibia fracture after IM nailing. C, D: One month later a fractured distal interlock confirms fracture nonunion. 


? cC, D 
2. A patient with an open distal humeral shaft fracture (A) was treated with irrigation and debridement and plate fixation (B). Despite having a nonunion 
at 6 nhs, she was functioning well and without pain because of the stability provided by the plate. C: An acute increase in pain resulted from failure of the plate. D: 
The fracture then healed in slight varus without further surgery. 


The use of bone scintigraphy dates back to the 1920s. A multitude of radioactive materials have been applied to the diagnosis of musculoskeletal 
pathologies, including technetium-99m (°8®Tc), indium-111 (In), gallium citrate-67 (°’Ga), and fluorine-18 (‘8F).?°93?! 98mTe methylene 
diphosphonatebone scintigraphy can be used to help diagnose nonunion. The major limitation of this technique is that a positive result can be relatively 
nonspecific. Most nonunions show an intense tracer uptake at the fracture site, as do fractures undergoing normal healing.*‘* Various other types of scans 
used individually or in combination have been used in attempts to differentiate simple nonunion from those that are complicated by infection. Increased 
blood flow and blood pool as demonstrated during the first and second phases of a three-phase bone scan are consistent with the inflammatory reaction seen 


with infection, but are not pathognomonic for infection. Combined use of a °8™Tc and a °’Ga scan has produced inconsistent results for accurately detecting 
infection at the site of nonunion. 105-311 

In contrast to other forms of nonunion, a synovial pseudoarthrosis correlates with the presence of a cold cleft between two intense areas of uptake on 
scintigraphy. Newer technologies such as single-photon emission computed tomography (SPECT) have been investigated for use in differentiating infected 
from noninfected and vital from nonvital nonunions.?°° 
nonunion site. 


The technology appears to have high specificity but low sensitivity to confirm nonviability at a 


LABORATORY STUDIES FOR THE DIAGNOSIS OF NONUNION 


Given that clinical and radiographic evidence is unreliable for the early detection and prediction of eventual nonunion, repeated efforts have been made to 
identify reliable laboratory tests to evaluate bone healing. If reliable, early prediction of eventual nonunion would provide an opportunity for early 
intervention to prevent subsequent nonunion and thereby reduce associated time, pain, costs, and disability. Markers of bone metabolism are natural targets 
for such investigation but have not yet been proven to be clinically reliable.”? As genetic factors into the pathogenesis of nonunion are increasingly 
understood,°* the evaluation of gene expression may be another potential marker to predict or diagnose nonunion.*** The main application of laboratory 
tests in the setting of a nonunion is to help diagnose associated infection. This topic is discussed briefly in the later section of this chapter related to infected 
nonunions and in detail in Chapter 29, on orthopaedic infections and osteomyelitis. 


PREDICTION OF NONUNION 


Experienced surgeons were found to predict eventual nonunion of patients with incompletely healed tibia fractures at 3 months with a positive predictive 
value of 74%.?85 Several studies have attempted to use scoring systems to stratify risk of nonunion. Using the Squared-Error Skill Score (SESS), at 6 and 12 
weeks after treatment of 39 femur and tibia fractures, the probability of a correctly predicted union was 0.727 and correctly predicted nonunion was 
1.000.338 The Nonunion Risk Determination (NURD) score was used at the time of definitive fixation and assigned 5 points for flaps, 4 points for 
compartment syndrome, 3 points for chronic conditions, 2 points for open fractures, 1 point for male gender, and 1 point per grade of American Society of 
Anesthesiologists Physical Status and percent cortical contact. One point each was subtracted for spiral fractures and for low-energy injuries, which were 
found to be predictive of union. A NURD score of 0 to 5 had a 2% chance of nonunion; 6 to 8, 22%; 9 to 11, 42%; and more than 12, 61%.247 An updated 
NURD 2.0 score improved upon previous models by predicting nonunion at various time points during the first 3 months after fracture.” Use of artificial 
intelligence and machine-learning algorithms are just beginning to be applied to the diagnosis and prediction of nonunion.*°” It is logical that such 
technologies will play an increasingly impactful role in the diagnosis and prediction of nonunion as these technologies mature. These investigations suggest 
that waiting an arbitrary length of time, such as at least 6 months, before intervention may subject patients to prolonged disability and discomfort. Directing 
early intervention may decrease these adverse effects at the risk of operating on some patients that would have healed without further intervention. 


C, D 
Figure 30-13. Lack of specificity of CT in the diagnosis of nonunion. AP (A) and lateral (B) radiographs 6 months after repair of a distal humeral nonunion show 
equivocal healing. C: Coronal CT demonstrates a lucent line consistent with nonunion prompting revision nonunion repair where solid healing, rather than nonunion, 
was encountered. Further scrutiny of the CT reveals healing of the posterior cortices of the medial (D) and lateral (E) columns. 


NONUNION TREATMENT 


OBJECTIVES AND GENERAL PRINCIPLES OF NONUNION TREATMENT 


Regardless of the chosen method for operative nonunion repair, there are common principles that can be applied for the management of patients with 
nonunion. As with most medical conditions, accurately identifying the diagnosis is a critical first step to designing an optimal treatment plan. This is 
especially important when dealing with nonunions. Classifying the nonunion as either hypertrophic, oligotrophic, atrophic, or pseudoarthrosis, identifying 
whether it is septic or aseptic, and recognizing associated deformity are each critical to the formulation of a complete diagnosis and subsequently the 
preferred treatment plan. The classification of the nonunion dictates whether a direct exposure and debridement is required and if adjuvant bone grafting is 
indicated. Hypertrophic nonunions, by definition, have inherent biologic capacity but lack sufficient mechanical stability required for completion of union. 
Treatment for this diagnosis is therefore focused upon increasing, and often maximizing, mechanical stability. More rigid forms of fixation such as plate 
fixation or a snug fitting nail in a diaphyseal region are generally preferred for hypertrophic nonunions to less rigid means such as bridge plating techniques 
or loose fitting nails in metaphyseal regions. Because hypertrophic nonunions have the biologic potential to heal, debridement of the nonunion site and bone 
grafting is not an absolute requirement to accomplish union (see Fig. 30-2A,D).!7! 

Atrophic nonunions and pseudoarthroses have in common the need for debridement of the nonunion site despite atrophic nonunions being considered 
avital whereas pseudoarthroses are vital. Principles of atrophic nonunion management call for debridement of the nonviable bone ends back to healthy 
bleeding bone. These nonunions also typically require bone grafting. The relative paucity of healing potential of an atrophic nonunion calls for a graft with 
osteoinductive or osteogenic properties. Exceptions exist where atrophic nonunions can be successfully treated without graft (see Fig. 30-14). Diaphyseal 
nonunions with healthy bone margins that can be keyed together and compressed without substantial defect are candidates for this treatment method. A 


pseudoarthrosis, once debrided, has viable vascular ends, and technically speaking, may therefore not require a bone graft. However, in the absence of bone 
transport or purposeful shortening, graft material is usually used to fill the gap that is invariably left by debriding the synovial tissue central to a 
pseudoarthrosis. Oligotrophic nonunions are intermediate in their biologic capacity. Whether failure to unite was related to a primary problem of biology or 
a problem related to mechanics or a combination of both can be difficult to establish. It is therefore prudent to aim treatment of oligotrophic nonunions at 
improving both the biologic and mechanical environment. 

Control, and preferably eradication, of any associated infection is another general principle of nonunion treatment. Even complex nonunions can be 
successfully treated in the absence of infection while simple nonunions can be recalcitrant in the presence of infection. If infection is diagnosed before 
initiating nonunion treatment, then treatment of the infection becomes a priority over treatment of the nonunion. Occasionally, infection and nonunion can 
be treated simultaneously with success. However, in most circumstances, it is prudent to optimize infection treatment first followed by optimal nonunion 
treatment. This strategy of serial, rather than parallel, treatments for infection and nonunion is at the expense of additional treatment duration. Optimal 
management of infection associated with nonunion begins with removal of associated implants. Serial debridement of necrotic soft tissues and bone follows 
until a stable healthy environment is accomplished. Skeletal stabilization by means that are conducive to eradication of infection calls for sparing the zone 
of infection from implants, typically with external fixation devices. Internal fixation is generally avoided with the notable exception of antibiotic-coated IM 
nails or antibiotic-coated plates that have been shown to be successful in this scenario.2°383.348 Also, certain anatomic areas, most notably the proximal 
femur, are not well suited for external fixation or antibiotic nails. In these circumstances, clinical judgment dictates whether plate/screw constructs (with or 
without antibiotic coating) or no internal fixation should be pursued. Infection treatment continues with organism-specific antibiotics, usually delivered 
parentally for 6 weeks. Once clinical and laboratory data indicate infection control, definitive treatment of the nonunion ensues. If conversion of external to 
internal fixation is planned, then a staged protocol consisting of removal of the external fixators and cast application (when it is reasonably appropriate) 
allows pin site healing prior to definitive nonunion surgery. On occasion, union can be accomplished concurrent with the antibiotic phase of nonunion 
treatment, but infection treatment should not be compromised toward this goal. 

In the presence of a malaligned nonunion, correction of any associated deformity is paramount to a successful outcome. Correction of alignment not 
only restores normal anatomy and improves the potential for functional recovery, but it is also critical to establishing appropriate mechanics at the site of 
nonunion to maximally promote healing. 

Finally, of critical importance to the choices made for treatment of a nonunion are the patient’s individual response to prior treatment, their current level 
of disability, time constraints for future weight-bearing restrictions, and their occupational needs. With all other factors being equal, the patient with a 
progressive increase in pain and disability from an ununited fracture is more likely to benefit from surgical intervention than a patient with minimal or 
improving symptoms. Conversely, the patient with clear radiographic signs of nonunion but with limited pain and marginal functional disability may be 
more suited for less invasive treatment means such as external bone growth stimulation, especially if comorbid conditions made surgery risky or if 
restrictions after operative management would result in untimely loss of employment. 


F, G 

4. Radiographs (A, B) and CT (C) showing atrophic nonunion 6 months after nonoperative management of a humeral shaft fracture. After debridement of 
hen nonunion, n Healthy long oblique surfaces without significant defect existed. D, E: Repair proceeded with ORIF without any bone graft, despite the atrophic nature of 
the nonunion. F, G: Six months after nonunion repair the fracture is united. 
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SOFT TISSUE MANAGEMENT ASSOCIATED WITH NONUNION 


In many cases, the soft tissues about nonunions are compromised by the original injury or subsequent surgeries. In situations where operative treatment is 
planned, it may be necessary to acquire soft tissue coverage with local, rotational, or free tissue flaps prior to successful nonunion repair. This is especially 
true if plate fixation is contemplated for stabilization of the nonunion. This requires forethought as a perfect osseous procedure may be planned and carried 
out only to have insufficient tissue for a tension-free closure to occur at the conclusion of the case. Preoperative consultation with a soft tissue reconstructive 
team to allow planning of any needed coverage and to coordinate logistic issues related to their availability is prudent. In the setting of an infected nonunion 
there is often the need for soft tissue reconstruction. This is usually performed after one or more debridements once control of infection has been obtained. 

Of the myriad of flaps available, tissue transfer has the advantage of bringing enhanced vascularity and oxygen to the local environment.”++99 Particular 
attention should be paid to the soft tissue on the concave side of any associated deformity when angular correction of a malaligned nonunion is planned. 
When soft tissue coverage is lacking and flap coverage is not practical, deficient soft tissues can be dealt with using an external fixation technique or 
primary shortening by other means. Purposeful shortening and bone deformation to allow soft tissue closure without tension followed by gradual correction 
of alignment and distraction osteogenesis has been described using the Taylor Spatial Frame (TSF) device.*** Another successful strategy is primary 
shortening during nonunion repair, followed by secondary lengthening after union has occurred.*** 


INDICATIONS AND CONTRAINDICATIONS FOR NONOPERATIVE AND OPERATIVE TREATMENT 


Given the inherent inability to accurately define when a nonunion is established and inability to evaluate the biologic potential of fractures to unite, 


nonoperative means can be considered for many unhealed fractures. Additional time for the completion of fracture healing, without any other intervention, 
may be all that is required. When serial examinations show little or no progress to healing and the diagnosis of nonunion (defined as a fracture that is 
unlikely to heal without further intervention) is established, treatment interventions are indicated. On the surface there may appear to be little downside to 
nonoperative treatment other than the time required for successful treatment with nonoperative methods. However, there are issues with prolonged 
nonoperative management that should not be discounted. The socioeconomic and psychological aspects of prolonged periods of pain, functional loss, 
disability, and economic hardship can be profound. Also, there are some inherent associated risks with prolonged nonoperative management. Progressive 
fracture malalignment can occur, especially when implants fail. This represents one relative contraindication to nonoperative management of nonunions. 
Persistent and excessive motion at a nonunion site also can cause bone resorption, especially when an indolent infection is present. Known infection at the 
site of nonunion is another relative contraindication to nonoperative management. Therefore, the ideal situation for nonoperative management of a nonunion 
is when the limb has acceptable alignment, there is thought to be a reasonable potential for success of nonoperative management, and the time anticipated 
for healing is associated with little morbidity. An example of such a situation is a nailed femur or tibia fracture in satisfactory alignment where the patient 
can fully weight bear and perform normal work activities without excessive pain. Most nonunions do not meet these criteria and therefore most nonunions 
are best suited for operative management. 


NONOPERATIVE TREATMENT OF NONUNION 


Nonoperative interventions for bone healing problems can accelerate the existing healing process or promote additional healing that would otherwise not 
have taken place. Such strategies may be most successful for promoting a delayed union to proceed to union, but healing of established nonunion can also 
be accomplished. The attractiveness of nonoperative treatment is the avoidance of surgical complications. 

Nonoperative treatment can be divided into direct and indirect interventions. Direct intervention implies application of treatment directly to the ununited 
bone. Examples include electrical stimulation and ultrasound. Indirect intervention implies institution of treatment directed more toward the patient as a 
whole. Examples of indirect intervention include nutritional augmentation or vitamin supplementation, alteration of certain medications, and smoking 
cessation (Table 30-1). 


TABLE 30-1. Nonoperative Treatment of Nonunions 


Indirect Intervention 


Smoking cessation 

Optimizing nutrition 

Correction of endocrine and metabolic disorders 
Elimination or reduction of certain medications 


Direct Intervention 


Weight bearing 

External immobilization or support (e.g., cast or orthosis) 
Electromagnetic stimulation 

Ultrasound stimulation 

Parathyroid hormone 


Indirect Nonoperative Treatment Interventions 


Adequate nutrition is probably the most obvious and necessary ingredient for healing of all tissues including bone. Adequate caloric intake, vitamins, and 
protein are necessary to optimize the healing process.!46:?96 Patient nutrition can be indirectly investigated by assessing total albumin levels. If low, 
nutritional supplementation and nutrition counseling can be helpful. 

Smoking is probably the most commonly studied patient comorbidity that affects bone healing. Higher rates of delayed union and nonunion have been 
reported in smokers and the effect is probably proportional to the number of cigarettes smoked.!%.3!4 The mechanism, although not completely understood, 
likely relates to diminished osteoblast function and decreased local vascularity.8*:!°8 Therefore, cessation of smoking would logically be very important for 
any patient with a fracture or nonunion regardless of the treatment method. However, smoking cessation in the face of the stresses associated with an acute 
fracture is exceedingly difficult. Referral to a physician with expertise in smoking cessation or to a smoking cessation program can provide the support 
necessary for success. Given the direct adverse effects of nicotine on bone healing, nicotine supplementation (e.g., nicotine patch) as part of a smoking 
cessation program should be avoided. This concept is supported by animal data linking transdermal nicotine to nonunion and decreased mechanical strength 
of healing fractures.°° 

Medical conditions such as diabetes also affect bone healing and increase the risk of nonunion. Diabetic patients with one or more comorbidities are at 
increased risk for the development of nonunion.‘’® Diet modification and maintenance of well-controlled blood sugar levels should be encouraged as they 
may minimize the negative effect of hyperglycemia on fracture and wound healing.”° 

Other metabolic and endocrine abnormalities may also play a role in nonunion in some patients. Conditions like calcium imbalance, hypogonadism, and 
thyroid and parathyroid disorders should be addressed medically by the appropriate specialist.“ Patients with an established nonunion have a very high 
likelihood of having some endocrine dysfunction. The precise screening tests that should be obtained are not clearly defined. Serum vitamin D levels, at a 
minimum, are commonly obtained during the evaluation of the patient with a nonunion. This is an easy test to perform (as it is a relatively routine serologic 
test), is relatively inexpensive, may elucidate a potential confounding factor in fracture healing, and is relatively easily treated. Nonunion repair surgery, if 
contemplated, is deferred until vitamin D levels are restored to normal whenever possible. Patients with low vitamin D levels are treated with 50,000 IU of 
vitamin D weekly in single doses for 4 to 6 weeks. If levels remain low, this regimen is repeated. Patients with low vitamin D levels, recalcitrant to such 
treatment, deserve a thorough evaluation by an endocrine or metabolic bone disease specialist.’ 

In addition to nicotine, other drugs and medications including steroids, dilantin, chemotherapeutic agents, NSAIDs, and some antibiotics 
(fluroquinolones) negatively affect bone healing.*”3767 Any adverse effects associated with cessation of such drugs must be balanced with benefits 
associated with nonunion treatment. 

Adequate medical treatment of systemic infections, including HIV, is desirable in the face of fracture, and probably necessary in the treatment of an 
established nonunion, especially when CD4 counts are low. 


There is no clinical evidence to support the use of hyperbaric oxygen for the treatment of nonunion.?* 


Weight Bearing and External Stabilization 


Probably the simplest and most long-standing direct intervention for a nonunion would be application of a functional brace with some degree of weight 
bearing. This, however, is only reasonably practical for a tibial nonunion that has not been operatively stabilized. The mechanism for the success of this 
treatment is said to be stimulation of osteoblastic activity by mechanical loading.?”©3°8 The improved stability of a cast or brace can be most effective in the 
treatment of hypertrophic nonunions. Sarmiento et al.?°° managed 16 delayed unions and 57 nonunions of the tibia with below-the-knee functional braces. 
In 48 cases, a fibular osteotomy was performed to allow compression at the nonunion site with weight bearing and 10 patients had adjuvant bone grafting. 
Healing occurred in 91.3% of the patients at a median of 4 months with an average of 5 mm of shortening for the nonunions. External supportive devices 
have little role in the management of atrophic nonunions, pseudoarthrosis, malaligned nonunions, and infected nonunions. These methods are generally 
considered to be less effective than modern operative means as most nonunions that are amenable to functional bracing are associated with the potential for 
progressive deformity and can result in skin breakdown. 


Electrical Stimulation 


Four forms of electrical stimulation including direct current, capacitive coupling, pulsed electromagnetic field stimulation (PEMF), and combined magnetic 
fields are currently used for the treatment of delayed unions and nonunions. It is estimated that more than 400,000 fracture nonunions and delayed unions 
have been treated with these physical forces.” Direct current electrical stimulation is unique in that it involves surgical implantation and potentially 
surgical removal of the stimulation device. The other methods are noninvasive and involve daily external application for various durations. PEMF is 
typically recommended for approximately 8 to 12 hours per day; capacitive coupling must be worn for 24 hours a day; and combined magnetic field devices 
are applied for 30 minutes a day. The substantial daily time requirements for PEMF and capacitive coupling provide limitations regarding patient 
compliance. 

The mechanism of action with all these devices is thought to be alteration of electrical potentials at the fracture site.2®832° Electromagnetic fields have 
shown, in animal studies, to reduce osteoclastic-related bone resorption, increase osteoid formation, and stimulate angiogenesis.2°° 

Although PEMF has been reported to be equally effective as compared to operative treatment of nonunions,!4° some degree of skepticism for these 
methods still exists because of the lack of well-designed clinical trials of this technology. The only prospective double-blind trial of capacitive coupling, 
published in 1994, showed a 0% healing rate in the placebo group with no treatment, compared with 60% healing in the treated group. The series, however, 
was small with only 21 patients enrolled.*2° Four meta-analyses of electrical stimulation have been compared.'%’ The most rigorous of these reported that 
the evidence available is insufficient to conclude a benefit of electromagnetic stimulation in improving fracture union rates or preventing nonunions.?*! 

With regard to prevention of nonunion, Adie et al. reported on a large multicenter, prospective, randomized double-blind trial.2 Two hundred eighteen 
patients with acute tibial shaft fractures completed the 12-month trial. There was no difference in the need for secondary surgical intervention because of 
delayed union or nonunion in the group with active PEMF devices and the group with inactive devices (risk ratio 1.02). Because of moderate compliance 
with the recommended treatment protocol of 10 hours per day for 12 weeks (average daily use was 6.2 hours), a sub analysis between compliant patients 
with active units and patients with inactive units combined with noncompliant patients with active units also failed to demonstrate any benefit of pulsed 
electromagnetic field devices (risk ratio 0.97). 

Requisite conditions for the successful application of electrical stimulation to nonunions include acceptable limb alignment, bone edge proximity, and 
the absence of pseudoarthrosis. Risk factors and relative contraindications for electrical stimulation are considered to be prolonged nonunion, prior bone 
graft surgery, prior electrical stimulation which failed, open fractures, active osteomyelitis, extensive comminution, and atrophic nonunion.‘ Electrical 
stimulation at this time can probably be considered to be a reasonable, acceptable nonoperative form of treatment for nonunion. Additional large double- 
blind trials offering level I evidence can probably not be expected because of the necessity of the control group having no treatment for nonunion for a 
prolonged time period. 


Ultrasound Stimulation 


Low-intensity pulsed ultrasound (LIPUS) is one of the various noninvasive biophysical methods used to promote fracture and nonunion healing (Fig. 30- 
15). LIPUS signals have a frequency of 1.5 MHz, a signal burst width of 200 us, a repetition frequency of 1 kHz, an intensity of 300 mW/cm? (Fig. 30- 
16),} and an administration time of approximately 20 minutes per day.°°° The LIPUS signal is of low energy, similar to that used for diagnostic ultrasound 
of vital organs and fetuses (1,050 mW/cm2). Its side-effect profile is therefore negligible as compared to high-energy ultrasound shock wave therapy. 


A 


Figure 30-15. A: A humeral shaft fracture initially treated with external fixation resulted in nonunion. B: Four months after treatment with Exogen, the fracture was 
united. 


The mechanism is believed to be related in part to the actual mechanical phenomenon created by the ultrasound. LIPUS is a form of low mechanical 
energy that may be simulative to ossification.’’° It has been theorized that the acoustic waves of LIPUS can provide a surrogate for the forces involved in 
Wolff’s law. In addition, other investigations indicate that LIPUS affects cellular interactions, gene expression, signal transduction, and cellular level 
calcium regulation. !^+49,494,399 As a result of these complex cellular effects, multiple phases of fracture healing including inflammation, repair and 
remodeling, as well as angiogenesis, chondrogenesis, and osteoblastic activity, are each thought to be influenced by LIPUS. 

LIPUS has been shown to accelerate fracture healing in both animal models’°*’’” and in clinical trials.‘°°*’?:-"° Clinically, LIPUS has a role to speed 
fracture healing, to reduce healing complications in the high-risk population (diabetics, smokers, etc.), and to treat existing delayed unions and nonunions. 
In a study of closed or Gustilo type I open tibial shaft fractures treated with cast immobilization, significant improvements in time to healing were 
demonstrated for LIPUS with the proportion of fractures healed at 120 days being 88% in the LIPUS group and 44% in the controls.'°° The benefit of 
LIPUS appears to be greater for patients with risk factors for delayed healing such as smoking.’?:'’’ Laboratory data also indicate that LIPUS can increase 
the usually blunted fracture response associated with diabetes to nearly normal levels.”° 

High-quality, double-blind placebo-controlled clinical trials for the use of ultrasound in the treatment of nonunions does not exist and will probably not 
be done due to an ethical dilemma. For such a study, the control nonunion group, as a necessity, would go untreated for a long period of time. A PubMed 
search using the terms “nonunion” and “ultrasound” filtered for “clinical trials” yielded no relevant publications in the last 5 years. There are, however, 
older studies supporting LIPUS for nonunion (primarily self-pared controls for nonunion cases) with healing rates approaching 90% and healing times 
ranging from approximately 100 to 180 days.***4*=**899-°"8 The success rate for deeper bones seems to be lower than for subcutaneous bones.” A 
recent systematic review of 1,441 nonunions from 13 studies showed a pooled effect size for heal rate of 82%.*”" Hypertrophic nonunions benefited more 
than biologically inactive atrophic nonunions. Acceptable limb alignment, bone edge proximity, and the absence of a pseudoarthrosis are requisite 
conditions for successful ultrasound treatment. 
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Figure 30-16. A schematic diagram depicting characteristics of the low-intensity pulsed ultrasound signal. 


Extracorporeal Shock Wave Therapy 


Extracorporeal shock wave therapy (ESWT) is a higher-energy treatment modality than LIPUS. It has been applied in the treatment of many 
musculoskeletal disorders including tendinopathy of the rotator cuff, lateral epicondylitis, and chronic plantar fasciopathy. Unlike LIPUS, which is patient 
self-administered, high-energy shock wave therapy typically requires general or regional anesthesia and investment in capital equipment by the treating 
institution. Studies have shown that the shock waves generated can elicit augmented osteogenic differentiation of mesenchymal stem cells, and can enhance 
biomechanical properties of bone and angiogenesis.!°? These properties make this technology potentially applicable to the treatment of nonunion. Early 
experiences have demonstrated a favorable response and side-effect profile.3103:310 Side effects have included swelling, hematoma formation, and petechial 
hemorrhages. In a report of 115 patients with established nonunions or delayed unions treated with high-energy shock waves, 75.7% healed after one 
treatment?!° and in a follow-up report from the same group 80.2% healed after one to three treatments at an average of 4.8 + 4 months.!°° A review of 
ESWT identified 10 studies (all level IV evidence) that included 924 patients.*°* The overall union rate was 76% and was significantly higher in 
hypertrophic nonunions. The majority of these studies were confounded by associated treatment with cast or external fixator immobilization, and, in the 
absence of a control group without shock wave treatment, it remains unproven how much effect this therapy has on nonunion healing. 


Parathyroid Hormone 


Parathyroid hormone (PTH) is a regulator of calcium metabolism and also assists in the regulation of bone turnover. Animal research has established PTH 
as having an important role during fracture healing. PTH binds to osteoblasts stimulating release of mediators that in turn stimulate osteoclasts to resorb 
bone.®8 This oversimplification of the action of PTH in the complex interplay of osteoclasts and osteoblasts suggests a potential role for PTH in fracture 
healing. The utility of PTH to augment acute fracture healing and stimulate healing of nonunions has been the subject of several recent reports. Teriparatide 
is a synthetic hormone, containing the 1-34 amino acid fragment of recombinant human PTH, that has been used in such human investigations. Case reports 
and very small uncontrolled studies have demonstrated healing of nonunions and atypical fractures related to bisphosphonate therapy after administration of 
teriparatide,©°.129,166,183,255,282,351 A systematic review of 20 articles consisting of 64 patients treated for nonunion with teriparatide found complete healing 
in 95.3%.°> Whether bone healing would have occurred without the drug administration casts some doubt on the efficacy of PTH in these settings. 
Controlled clinical studies evaluating the effectiveness of PTH for the treatment of nonunions are anxiously awaited.?”° 


Gene Therapy 


A growing body of research indicates that gene therapies have the potential to augment fracture healing and to treat nonunions.’*27° Answers to critical 
questions such as what gene to transfer, where to transfer them, how to transfer them, does transfer work, and is transfer safe are beginning to unfold. 
Genetically engineered stem cells have been successfully used in segmental defect and nonunion models.84234,255,270,329 Another approach that does not 
require stem cell isolation utilizes direct introduction of an osteogenic gene into a target tissue, some with viral vectors?”'!97 and others without. 188-330 
These direct methods rely on transient expression of the delivered gene. Such transient expression of members of the BMP family (BMP-2, -4, -6, and -9) 
has been shown to be sufficient for bone formation.*°° These targeted gene therapy techniques are promising in that they rely on relatively small quantities 
of inexpensive plasmid DNA in contrast to the mega doses of expensive recombinant proteins (e.g., rh BMP) used currently in clinical practice. Although the 
proof of concept has been demonstrated in small animal models, a few large animal studies have yielded encouraging results.!°° Progress toward developing 
clinically relevant gene therapies to augment bone healing is limited by substantial financial constraints and the ever-changing regulatory environment.**” 


OPERATIVE TREATMENT OF NONUNION 


Although a common goal of surgical nonunion treatment is bone healing, there is large variation in the methods available for achieving this. Whereas a 
single treatment option is often clearly superior for an acute fracture, such as IM nailing for a closed mid-diaphyseal tibia fracture, several options may be 
equally suited for the treatment of a nonunion of the same injury (e.g., exchange nailing, nail dynamization, plate osteosynthesis, circular external fixation, 
and external bone stimulation for a mid-diaphyseal tibial nonunion). The vast array of options can usually be refined with consideration of the integrity of 
the soft tissue envelope, the degree of bone loss, and coexisting conditions. For instance, nonunion in the face of associated infection makes repair with 
plates less, and external fixation more attractive. Malaligned nonunions are not well suited for interventions that do not address the deformity such as 
external stimulation or nail dynamization. Further refinement of the most desired treatment method considers surgeon experience and skill with, the relative 
risks and benefits of, as well as patient tolerance for, the remaining treatment methods. 


Timing of Operative Intervention 


Difficulty in establishing the optimal time to intervene surgically in the treatment of a nonunion parallels the difficulty in the diagnosis of a nonunion. Once 
the diagnosis of a nonunion is established, operative intervention can reasonably be recommended at any time thereafter. However, if a future nonunion can 
be accurately predicted at an early stage, before meeting the criteria for the establishment of a nonunion, early operative intervention may be beneficial. This 


strategy could save patients from the prolonged adverse effect of living with an ununited fracture and all the associated physical and psychological 
morbidities and socioeconomic hardships. However, if the prediction for eventual nonunion was inaccurate, patients could be subjected to unnecessary 
operations. Several studies have addressed these issues. A multicenter prospective study to evaluate reamed and unreamed IM nailing of tibia fractures 
suggested that delaying any surgical intervention for at least 6 months postoperatively may decrease the need for reoperation.9 Other investigators suggest 
that nonunion repair be performed as early as 3 months.*+°°""° In a survey of orthopaedic trauma surgeons, over 55% of them felt more confident about 
predicting nonunions at and past the 14th week after fracture for tibial and femoral shaft fractures and by the 12th week after humeral shaft, pubic rami, and 
scaphoid fractures.” The overall diagnostic accuracy of early (12 weeks) prediction of eventual nonunion was reported to be 74% with a sensitivity of 62% 
and specificity of 77%.°8° The diagnostic accuracy was higher in patients with less callus formation, high-energy mechanisms, closed injuries, and diabetes. 
These authors concluded that a standardized protocol of waiting for 6 months before reoperation in all patients with nailed tibia fractures may subject a large 
proportion of the patients to unnecessary, prolonged disability and discomfort. 


Nonunion repair with plate and screw constructs is applicable to most bones (Fig. 30-17), including repair of diaphyseal as well as end-segment nonunions. 
Whereas IM nailing is almost universally considered the treatment of choice for acute mid-diaphyseal fractures of the femur and tibia, and by some the 
humerus, plate fixation is applicable and may be preferred for repair of ununited fractures in these locations. Additional relative advantages of plate and 
screw fixation of nonunions are the ability to address angular, rotational, and translational deformities, and with minor technical modifications the ability to 
manage periprosthetic nonunions. In the absence of soft tissue concerns, where the local soft tissues can accommodate the bulk of the implant and the 
dissection required for insertion, nonunion repair with plate constructs is a very powerful method that can be used successfully for any class of nonunion 
(i.e., atrophic or hypertrophic) by providing the stability, alignment control, and when appropriate the compression required for successful nonunion 
treatment. 

Whether the tibia, femur, or humerus is involved, a pre-existing IM nail is, in most circumstances, removed at the time of nonunion repair with plates. 
However, successful locked and compression plate fixation of nonunions around a previously inserted nail has been reported.??6:390 Eccentric plate 
positioning allows bicortical screw fixation around the nail to augment unicortical locked screws.?2° 

There are some inherent limitations of plate and screw techniques in the management of nonunions. Nonunion repair with plates is limited most by its 
relative invasiveness, most notably regarding the potential compromise of any already marginal soft tissue envelope that is often encountered when dealing 
with nonunions. These constructs are generally load bearing and therefore, early post repair weight bearing typically must be limited. The extreme stresses 
on plates spanning long segmental defects, because of their eccentric extramedullary location, can lead to premature implant failure (Fig. 30-18). Plate and 
screw constructs are also limited by an inability to correct limb shortening from bone loss. 


A, B 
Figure 30-17. Plates can be used to treat nonunions at almost any part of any long bone. A: A proximal femur nonunion was repaired with a proximal femoral locking 
plate with adjuvant ICBG and an intramedullary fibular strut. Nonunions of the midshaft (B) and distal (C) portions of the femur were repaired with distal femoral 
locking plates. 


A,B c,D 
Figure 30-18. A: An open distal femur fracture treated with debridement and lateral plating resulted in a large segmental defect. High varus stresses on the 
eccentrically placed plate (B) resulted in plate fracture prior to union despite bone grafting (C). D: Nonunion repair with revision plating and additional autologous 
bone graft led to fracture union. 


Aftercare specific to plate-repaired nonunions must consider the soft tissue envelope. These procedures are often extensive and postoperative swelling 
can be substantial and lead to blistering, unforeseen wound issues, and even compartment syndrome. Therefore, efforts to minimize limb swelling are 
paramount. A well-padded splint, one without proximal occlusiveness, is often used even if not required to protect the mechanical integrity of the repair. 
Elevation of the limb above the heart level and cold therapy are mainstays of the initial postoperative regimen. Careful and timely observation of wounds is 
a practice that can identify and potentially help avoid impending problems. The results of nonunion repair with plate and screw constructs will be presented 
in each chapter that is specific to an anatomic location. 


IM Nailing of Nonunions 


IM nailing of nonunions and delayed unions can take three forms: primary nailing of a nonunion in the absence of a pre-existing nail, exchange nailing, and 
dynamization. Regardless of which situation is present, nail treatment is most applicable to diaphyseal nonunions. Nailing metaphyseal nonunions has been 
associated with mixed results and is dependent upon the specific region being treated, with success most notably being reported for the distal femur and the 
distal tibia.29!378 


Primary and Exchange Nailing 


Primary IM nailing of a nonunion is less common than exchange nailing. This is because nonunions that are amenable to nailing typically have had IM 
nailing as an initial method of treatment. Therefore, primary nailing of mid-diaphyseal nonunions usually occurs after primary nonoperative management of 
tibia and humeral shaft fractures. Well-aligned end-segment nonunions initially treated with plate fixation are also potential candidates for primary nailing. 

Exchange nailing, the practice of removing a pre-existing nail in favor of a new nail, is most applicable to situations where deficiencies of the pre- 
existing nail can be overcome with a new, larger reamed nail. Such deficiencies can include bone defect, a lack of rotational control by absence or fracture 
of interlocking screws and lack of adequate stability caused by an undersized nail. Even when there are no obvious mechanical deficiencies of the pre- 
existing nail, the reaming associated with an exchange nailing procedure can deposit small amounts of local bone graft and can stimulate an inflammatory 
response sufficient to promote healing.”! It should be noted, however, that the local graft deposition provided by exchange nailing cannot be expected to fill 
defects of any substantial size. Therefore, exchange nailing is most applicable to situations without bone loss, unless adjuvant open bone grafting 
accompanies the procedure (Fig. 30-19). Also, exchange nailing is best considered when angular alignment is satisfactory. The new nail will tend to follow 
the pre-existing IM path of the prior nail, and therefore, angular malalignments tend to persist after exchange nailing without specific efforts being taken to 
correct them such as adjuvant plating and/or the use of blocking screws (Fig. 30-20). 

The technique for IM nailing of nonunions is generally similar to the technique used for nailing of acute fractures. The degree of overreaming required 
for effective application of exchange nailing is somewhat controversial. Newer evidence suggests that 1 mm of overreaming is sufficient rather than the 
historical recommendations for at least 2 mm of overreaming.*”” However, a published 100% union rate using a systematic approach to exchange nailing of 
femoral nonunions included inserting an exchange nail at least 2 mm larger in diameter than the in situ nail, using a different manufacturer’s nail, static 
interlocking, correction of any metabolic and endocrine abnormalities, and secondary nail dynamization in cases showing slow progression toward 
healing.*“ It should be clear that a minimum requirement for exchange nailing is the ability to insert a large enough nail to provide mechanical strength to 
the repair. When considering exchange nailing for the tibia, an associated fibular osteotomy to allow fracture compression during repair has been considered 
an integral part of the procedure, but recent evidence suggests this is not always essential!”° but may accelerate healing.'3°° Dynamic interlocking that 
allows postoperative compression with weight bearing may also accelerate healing.?°” 


A, B,C | D,E, F 


jure 3 ). A, B: Radiographs showing nonunion 8 months after IM nailing with residual bone defect. C, D: Treatment was with exchange nailing with adjuvant 
ICBG n with an acetabular reamer to fill the bone defect. E, F: Six months after nonunion repair the fracture is united and the defect graft is consolidated. 


nien 


gure 30-20. Exchange nailing of a malaligned tibia nonunion. A: An undersized nail was used to treat an open tibial shaft fracture leading to an atrophic nonunion 
in slight valgus alignment. B: Exchange nailing was performed without specific consideration of the malalignment resulting in an almost identical amount of valgus. 
C: A persistent nonunion, although now oligotrophic, with fractured interlocking screws has resulted. 


Alterations of angular alignment can be made during exchange nailing, but this adds substantial technical challenges to the procedure with any 
correction of malalignment needing to be made before reaming. This requires mobility of the nonunion, either at baseline or created by surgical means such 
as debridement of the nonunion and, for the tibia, osteotomy of the fibula. Externally applied devices, such as a femoral distractor, are useful tools to help 
obtain and maintain alignment during the procedure. When multiplanar deformities are present, simultaneous use of two distractors can be helpful, one in 


the sagittal plane and one in the coronal plane. All distractor pins need to be placed in locations that will not interfere with nailing. Use of multiple 
interlocking screws and blocking screws may be helpful to enhance mechanical stability.!®” 

Union rates for exchange nailing of femoral and tibial diaphyseal nonunions have ranged substantially, from less than 50% to over 
90%, 44,152,252,369,377,383 With regard to the major long bones, success is most often reported for the tibia and femur, with exchange nailing of humeral 
nonunions being less consistent unless supplemental bone graft is utilized.44152-191,362,377 Results for exchange nailing of the femur were found to be better 
for isthmal fractures (87% union) compared with results for nonisthmal fractures (50% union).2°° Presence of fracture gap also was found to be a negative 


prognostic factor.2°° In the tibia, infection, not surprisingly, was identified as the strongest predictor for failure of exchange nailing.°°* 


Dynamization 


Dynamization, the practice of removing interlocking screws at one end of a nail to allow axial shortening with weight bearing, is a method advocated to 
promote healing of delayed unions or nonunions when small gaps are present at the fracture site. Such gaps may be present because of bone loss, 
osteoclastic bone resorption, or prior static nailing with distraction at the fracture site. Dynamization with modern nails that provide a dynamic interlocking 
slot can take two forms. Removal of static screws with retention or addition of a dynamic screw has the advantage of maintaining rotational control but 
limits the amount of shortening to the amount of excursion of the dynamic screw within the oval dynamic slot in the nail, usually a few millimeters with 
most nail designs. This limit may on one hand be advantageous to avoid excessive shortening or, on the other hand, it may be detrimental by preventing 
sufficient compression at the fracture to accomplish union. The other form of dynamization is removal of all interlocking screws from one end of the nail. 
This allows more freedom for shortening at the expense of a lack of any axial or rotational control inherent in the nail construct, and therefore, creating the 
potential for complications of excessive shortening and malrotation.*® The ideal situation for this form of dynamization is when the fracture pattern itself 
will result in limited shortening and when the existing healing response is thought to provide some inherent rotational stability. The compression allowed by 
dynamization will also provide increasing rotational stability. Several considerations should go into the decision regarding which end of a nail should be 
dynamized. Stability is maximized if screws near the fracture are retained and those on the opposite side of the isthmus relative to the nonunion site are 
removed. Another consideration relates to which end should be allowed to telescope over the nail. As the bone shortens, the nail will become more 
prominent on the end of the nail with removed screws. Therefore, screws should not be removed if this result (such as protrusion of the nail into the adjacent 
joint) is undesirable. One must also realize that predicting the degree of shortening can be imprecise. Removal of distal screws, those near the knee, in the 
case of a retrograde femoral nail is a notable example. In this scenario, the driving end of the nail, if devoid of interlocking screws, can theoretically back 
into the knee joint and potentially cause devastating damage to the patellar articulate cartilage.*°” 

The practice of dynamization, given its relatively simplicity and minimal patient morbidity, was at one time commonplace, and even became a routine 
planned staged procedure after femoral nailing in some cases. This practice was used despite a lack of clinical evidence to support its use. Good results after 
routine dynamization of acute femur fractures were a justification for the practice.!®° Later evidence revealed that high union rates could be expected with 
static femoral nailing without secondary dynamization.*? In the case of an established femoral delayed union or nonunion, dynamization has been shown to 
be successful in promoting union in only approximately 50% of cases*®*.274,359.380-382 and to be more successful for delayed unions than established 
nonunions.*©° Presence of a fracture gap also was found to be a negative prognostic factor.?°° The ideal timing, early versus late, for dynamization remains 
uncertain.*!9 

Despite the marginal results of dynamization, it has a role in the management of femoral and tibial nonunions and should be considered in cases where 
shortening is unlikely. Its advantages are minimal morbidity, the potential for immediate full weight bearing, and reduced cost relative to exchange IM 
nailing.2°9 


Combined Plate and Nail Treatment of Nonunions 


Historically, combining nail and plate fixation of a singular fracture was considered ill-advised. Nails induce secondary bone healing and rely on nonrigid 
mechanics to allow micromotion. Adding plates and screws to a nail construct has the potential detrimental effect to stiffen nail constructs to levels that 
inhibits secondary bone healing. Limited plate fixation, with short thin plates, used to hold a reduction during nailing does not appear to provide enough 
stiffness to interfere with secondary bone healing. In contrast to these concerns when managing acute fractures, combining nail and plate fixation for 
treatment of nonunions increasingly has shown good results. In the distal femur, such a combined treatment resulted in high union rates in multiple small 
retrospective studies.!+°? Management of femoral shaft nonunions (after index IM nailing) with augmentative plating was found to have satisfactory results, 
although concomitant use of various adjunctive grafts and correction of deformity make conclusions regarding the efficacy of the technique itself difficult. 
Another comparative study showed higher union rate of augmentative plating than reamed exchange femoral nailing.” The combination of plate and nail is 
also thought to improve mechanics of fixation to allow earlier weight bearing in some of these cases. In the upper extremity, managing humeral nonunions 
after prior IM nailing with addition of anterior plates was associated with results similar to traditional compression plating after nail removal.!7° 


External Fixation for Nonunion Treatment 


The use of external fixation in nonunions is widespread and the principles should adhere to those described in the external fixation chapter (Chapter 11). 

Of the many different types of external fixation frames and techniques used to treat fractures, circular ring fixators using thin wires and the concepts of 
Ilizarov are the mainstays for treatment of nonunions by external fixation. The general principles of these techniques are presented in Chapter 11 (Principles 
of External Fixation). The applicability of thin wire fixators in the treatment of nonunions extends to almost any location within any long bone as well as to 
the hand, foot, and even to the clavicle.®52.59.173,181,189,196,304,349 These techniques can even be applied in the setting of failed plate fixation.!9 Other 
advantages of Ilizarov techniques are the relative paucity of soft tissue trauma imparted by this nonunion repair method and the ability to slowly correct the 
associated deformities. The latter advantage also protects the soft tissues from the stretching that can accompany acute deformity correction with other 
methods. Other advantages of circular external fixation include the ability to fine tune correction and the potential for early weight bearing. 

Computer-guided treatment with the TSF is an advance that has considerably simplified Ilizarov type correction of any malalignment, even complex 
multiplanar deformities.!0*7°% The TSF differs from traditional Ilizarov fixators by utilizing adjustable struts that are oriented in a hexapod configuration. In 
conjunction with special web-based software programs, six axes of deformity can simultaneously and accurately be corrected (Fig. 30-21). These features 
make the TSF attractive in managing combined malunions and nonunions.!° 

Decision making for nonunion treatment with ring fixators must consider if adjuvant open bone grafting is prudent either at the initial nonunion 
procedure or later in a staged manner. The nonunion characteristics dictate this aspect of the treatment strategy, with stiff nonunions being differentiated 


from mobile nonunions. Stiff nonunions rarely require bone grafting, whereas mobile nonunions often will benefit from the osteogenic stimulus of a graft. 
Radiographic evaluation of the stiff nonunion usually reveals hypertrophic callus formation and upon physical examination stress on the nonunion site is 
accompanied by pain with resistance to deformation. In contrast, mobile nonunions are characterized by either atrophic features on radiographic 
examination or by features of a synovial pseudoarthrosis. The mobile nonunion moves easily with stress, often without substantial pain. Stiff nonunions 
have inherent biologic activity and therefore usually do not require a bone graft and respond favorably to closed external fixation methods that utilize 
compression, distraction, or a combination of both.2?!’%:'%!!89 According to the principles of distraction osteogenesis, gradual distraction of the 
hypertrophic nonunion can stimulate new bone formation and eventual union. Hypertrophic nonunions act similarly to the regenerate seen with limb 
lengthening or bone transport procedures. Modest lengthening, of up to approximately 1.5 cm, can typically be accomplished through a hypertrophic 
nonunion. If more length is required, lengthening can be performed separately through a distant osteotomy. Before distraction, a short period of 
compression, typically 7 to 14 days, may be helpful to “prime” the site for the osteogenic process. In certain circumstances, when there exists a transverse 
nonunion site where external compression will result in compression of the fracture fragments, union can be accomplished with pure compression. Clearly, 
an advantage of the gradual treatment afforded by thin wire external fixation, especially when associated with deformity correction, is the preservation of 
the often-compromised soft tissue envelope. 


E, F G,H 
Figure . A malaligned tibial nonunion (A, B) is treated with a Taylor Spatial Frame (C, D), which allows gradual correction of alignment (E, F). G, H: The 
frame was removed after the correction and union was achieved with IM nailing. 


Treatment of mobile nonunions with ring fixators usually requires opening the nonunion site to surgically convert the nonviable atrophic nonunion to 
fresh viable bone ends, or in the case of a pseudoarthrosis, to resect the synovium, pseudocapsule, and the fibrocartilage covering the bone ends. In either 
case, the medullary canal is opened and the site is typically bone grafted. Pure adherents to the Ilizarov techniques may, instead of bone grafting, perform a 
corticotomy of the involved bone at a site surrounded by healthy soft tissues followed by transport of the intercalary segment to eventually achieve healing 
by compression at the nonunion and regenerate formation at the corticotomy site, respectively. This technique is technically much more demanding, 
potentially more time consuming, relies on healing at two sites rather than one, and has the potential complications inherent with bone transport. But, 
despite this, it is a powerful strategy in experienced hands especially when lengthening of more than 2 cm is required. 

Aftercare specific to nonunion treatment with circular frames obviously requires management of the pin sites. Pin site infection near a joint has the 
potential for joint sepsis, and in these cases careful pin site care and close observation can avoid disastrous consequences. The accepted strategies for pin 
site care are many, but at least one should be chosen and clearly outlined to the patient and caregivers. Signs and symptoms of infection should prompt more 
aggressive treatment such as initiation of antibiotic therapy or wire exchange. The potential for safe and early weight bearing is an advantage of nonunion 
treatment with ring fixators. Once any associated deformities are corrected and any soft tissue deficiencies are healed, some degree of weight bearing in the 
frame is generally permitted in all but the most extreme cases. 

Ring fixators have limitations for the treatment of end-segment nonunions related to the proximity of thin wires to the involved joint.’*’ Wires that 
puncture joint capsule pose a risk for the development of joint sepsis if pin site infection develops. 


Arthroplasty for Nonunion Treatment 


There are limited circumstances that make joint arthroplasty a viable option for the treatment of nonunion. However, when circumstances are appropriate, 
arthroplasty can result in rapid and profound symptomatic and functional improvement. Several factors determine the appropriateness for arthroplasty. A 
minimum requirement is nonunion in a periarticular location that has an associated arthroplasty option that can accommodate the bone resection required to 
eliminate the nonunion. Depending upon other factors, arthroplasty for nonunion can either be an excellent first choice, an option of last resort, or 
contraindicated. In the elderly, especially with associated joint arthrosis, which may be in the form of pre-existing arthritis, posttraumatic arthritis, joint 
destruction from prior implants, or osteonecrosis, arthroplasty is often preferred to other methods of nonunion treatment. Nonunions of the distal 
metaphyseal end of the femur and humerus are relatively well suited for arthroplasty. Whereas metaphyseal nonunions of the proximal femur, proximal 
humerus, and proximal tibia are less ideal for arthroplasty for different reasons. For nonunions of the proximal femur, proximal humerus and proximal tibia, 
the common reason is related to the tendon insertions onto the greater trochanter of the femur, the greater and lesser tuberosities of the humerus, and the 
tibial tubercle of the proximal tibia, respectively. These tendon attachments should be preserved and any associated nonunion managed separate from the 
arthroplasty to maximize function (Fig. 30-22). Therefore, proximal replacing arthroplasty in these regions should be considered in extreme circumstances 
where other options are of equal or greater disfavor.78° Nonunion of the distal tibial metaphysis is not well suited to arthroplasty due to a lack of appropriate 
distal tibial replacing implants. When arthroplasty is selected, it usually offers the advantages of immediate weight bearing and concomitant treatment of the 
associated arthrosis, two things that are not accomplished with nonunion repair. 

In physiologically younger patients, arthroplasty becomes less advantageous because of limited longevity of the implants. In the absence of substantial 
and debilitating arthrosis in this patient population, periarticular nonunions are usually best treated with repair. Regardless of the patient’s age, active 
infection at the site of nonunion is a contraindication to arthroplasty. Strategies for arthroplasty after eradication of infection, often accompanied with 
antibiotic spacer placement, are not unreasonable, but are associated with substantial risk of recurrent infection. Arthroplasty can be considered after 
aggressive treatment of an infected nonunion. This typically involves relatively radical debridement of involved bone, internal implantation of antibiotic- 
impregnated cement spacers, and prolonged administration of organism-specific parental antibiotics. Whether an infection-free period of time off antibiotics 
prior to arthroplasty, aimed to prove eradication of the infection, or whether arthroplasty should be accompanied by long-term oral suppression, are both 
unresolved issues and these decisions are typically individualized and made in concert with consultant infectious disease specialists. A more distant history 
of infection presents a similar quandary. Biopsy or joint aspiration prior to arthroplasty can be a useful guide to decision making. 


Figure 22. A: An AP pelvis shows nonunion of an intertrochanteric femur fracture with substantial limb shortening. B: Nonunion that is confirmed with a CT. C: 


The nonunion and limb shortening are both managed with total hip arthroplasty. 


One of the most suitable metaphyseal nonunion locations that is amenable to arthroplasty is the distal femur. Here, a knee arthroplasty that includes 
distal femoral replacement is relatively mainstream, technically of moderate, but not extreme, complexity, and, because of a lack of critical soft tissue 
attachments on the distal femur, is generally associated with good functional outcomes.’°%°9'?°°° However, good results with this method are certainly 
not universal and complication rates, especially for infection, are potentially high.*°?"°’ Noninfectious complications occurred in 6 of 15 cases in one 
series’’’ and a revision rate of 13% after a follow-up period of 24 months has been reported in another.~* In the absence of complications, and even in some 
patients with treated complications, distal femoral replacement offers the potential for substantial improvement in function. *°” 

Standard hip arthroplasty, either partial or total as dictated by other factors such as the condition of the hip joint and patient demand, are options for 
nonunions of the femoral neck and intertrochanteric region.°”!*?: 

Arthroplasty for nonunion of the proximal tibia, although reported,'®° is typically avoided in favor of staged knee arthroplasty after nonunion repair 
even in the presence of knee arthrosis because of the critical importance of the tibial tubercle for extensor function. In addition, infection was reported in 
50% of proximal tibia replacements in one small series. 


1 0-23. AP (A) and lateral (B) radiographs showing an intra-articular distal humerus nonunion with hardware failure, malalignment, and joint incongruity. C, 
D: ‘In a physiologically elderly patient, total elbow replacement is a good reconstructive option. 


Critical soft tissue attachments do not limit the applicability of total ankle replacement for nonunion of the distal tibia, but the lack of prostheses that can 
accommodate bone loss in this location does. 
Nonunions of the distal humerus can often be treated with standard total elbow replacements rather than requiring distal humeral replacement (Fi 
3). >19%29/ This is because of a combination of the high frequency of fractures occurring within the articular block of the distal humerus, the potential 
problems with fixation of very distal fractures in this region, and the common association of osteoporosis with these factors. When nonunions are more 
proximal, a distal humeral replacing total elbow prosthesis can be used. 


Amputation as definitive treatment for nonunions is often dictated by associated soft tissue and infectious issues, comorbid conditions and by patient 
preference rather than a technical inability to eventually achieve union.~*:**° Psychological and psychosocial factors specific to each individual patient are 
important to recognize, discuss, and consider before pursuing shared decision making for amputation in the setting of nonunion. The time and effort 
invested in prior treatments makes some patients reluctant to consider amputation and eager for fresh ideas and strategies for repair, whereas the same 
investments in prior failures may leave other patients frustrated, worn out, and ready to proceed with a definitive procedure such as amputation. Candid 
assessments for potential success with additional attempts at nonunion repair, the required investment of time and energy of the patient, and the relative 
functional, cosmetic, and neurologic (i.e., pain, neuralgia) outcomes of success versus failure of nonunion repair should be discussed and used to guide 
treatment decisions. Chronic pain from nonunion that will dissipate with bone healing needs to be differentiated from neurogenic pain which is likely to 
linger. If such neurogenic pain is chronically disabling, then efforts at nonunion repair may be misguided and amputation deserves serious consideration. 
Also, a contingency plan for what follows if a future nonunion repair fails is useful. A plan for amputation if failure occurs with the next intervention may 
make it much easier for some patients to reconcile amputation. 


Arthrodesis is sometimes indicated for the management of periarticular nonunions especially when associated with arthrosis of the effected joint.‘°»* The 
choice of arthrodesis is typically one of last resort when repair with standard techniques or arthroplasty is either contraindicated, unavailable, or not desired. 
Periarticular nonunions with arthrosis of the associated joint ( ), nonreconstructable periarticular nonunions without good arthroplasty options 
(e.g., ankle), nonreconstructable periarticular nonunions with good arthroplasty options but in young patients who are likely to have poor long-term success 
with arthroplasty, and infected periarticular nonunions, are typical indications for arthrodesis. Often, especially when dealing with infected nonunions of the 


lower extremity in a compromised host, the choice is between arthrodesis and amputation. It is useful to expose patients trying to make such a decision to 
other patients who have undergone either arthrodesis or amputation. 


Nonunions can be treated directly or indirectly with excision. Direct excision of one or more nonunited bone fragments is most applicable when the excision 
is designed to eliminate pain associated with fracture fragment contact with each other and when the excision minimally disrupts function. Ununited 
avulsion fracture fragments, where a portion of the ligamentous attachment to the intact bone remains in continuity are prime candidates for excision. 
Anatomic examples include avulsion fractures of the base of the fifth metatarsal,-’* fractures of the medial malleolus, the inferior pole of the patella, the 
greater trochanter of the femur,’ the ulnar styloid,’’’ the olecranon,*°* and the greater tuberosity of the humerus. Although avulsed fragments represent a 
large category of ununited bone fragments amenable to excision, any ununited fragment is a potential candidate for excision. Excisions of an ununited radial 
head fragment,’? the proximal pole of the scaphoid,?~’"' and the anterior process of the calcaneus-”” have been reported. 
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Figure 30-24. A comminuted pilon fracture (A) was initially treated with ORIF (B, C) and adjuvant ceramic bone void filler. D, E: Nine months after ORIF, the 
patient w was referred for management of nonunion associated with substantial ankle arthrosis, plate fracture, and varus malalignment. Staged management was initially 
with removal of hardware, debridement, and multiple cultures. F, G: After final negative cultures, reconstruction was with ankle fusion using ICBG harvested with 
acetabular reamers and expanded with allograft cancellous chips and a hindfoot fusion nail. H, I: Six months later, the fusion is nicely consolidated. 


The utility of this method of nonunion treatment has been reported for excision of proximal fifth metatarsal avulsion fractures in six elite athletes.*’* All 
patients experienced relief of activity-related pain and all returned to competitive play at a mean of 11.7 weeks after surgery. The majority of the peroneus 
brevis tendon attachment to the fifth metatarsal was found to be preserved in all except one case. In the case with more than 50% of the tendon attached to 
the excised fragment, the tendon was repaired to the remaining fifth metatarsal base. 

Nonunions may be treated indirectly with partial excision of an intact adjacent bone to facilitate healing of the ununited bone. A prime example is 
excision of a segment of fibula to allow compression of the tibia. As osteotomy and excision serve the same purpose; this type of excision will be discussed 
further in the next section on osteotomy. 


Osteotomy related to the treatment of nonunions usually serves the purpose to realign the nonunion directly or to allow secondary axial shortening of an 
adjacent bone (e.g., fibular osteotomy for tibial nonunion). In either case, the ultimate goal of osteotomy is to allow compression at the nonunion site to 
promote healing. The prototypical realignment osteotomy is the Pauwels osteotomy for a femoral neck nonunion described in 1935 and still used 
today.!+719.339 Tn this case, a closing wedge osteotomy distal to a femoral neck nonunion serves to reorient a vertical nonunion to a more horizontal plane. 
Fixation across both the osteotomy and the femoral neck nonunion, typically with a blade plate, provides direct compression at the osteotomy and allows 
secondary dynamic compression across the nonunion (Fig. 30-25). This procedure has reported success rates of up to 90%.*"” 

When manipulation of tibial length, either compression or distraction (associated with bifocal Ilizarov methods), is required during nonunion treatment 


and the fibula is intact, a fibular osteotomy or partial excision is performed. Osteotomy without excision allows compression for a relatively short period of 
time, until healing of the osteotomy occurs. When more time is needed to accomplish the desired compression of the tibia, an excision of a fibular segment 
large enough that healing is unlikely to occur is preferred over a simple osteotomy. The level of fibular excision has been suggested to be at a site other than 
that of the nonunion to avoid destabilization.” However, this recommendation is most applicable to nonunion treatment with cast immobilization without 
other fixation.’’° The level of fibular excision in the setting of adequate internal or external fixation is likely to be of less importance. 


Figure 3( . A femoral neck nonunion (A) is treated with a valgus-producing osteotomy (B) and blade plate fixation. C, D: The obliquity of the osteotomy allows 
compression at the osteotomy site with tightening of the distal screws, and the orientation of the nonunion relative to the blade plate allows compression of the 
nonunion with weight bearing. E: Union is achieved at both the nonunion and osteotomy sites. 


The lower leg and the forearm, by virtue of having paired bones, are amenable to synostosis techniques for treatment of nonunions of one of the bones. 
These techniques are most applicable to tibial nonunions as synostosis between fibula and tibia is of little functional consequence.” This is in contrast to 
the forearm, where synostosis of the radius and ulna eliminates supination and pronation. Forearm synostosis may, however, be a reasonable option in 
situations where loss of forearm rotation is already a forgone conclusion, such as in the late management of a mangled extremity. Synostosis of the fibula 
and tibia may be identified by a number of terms: fibula transfer; fibula-pro-tibia; fibular transposition; fibulization; fibular medialization; posterolateral 
bone grafting, tibialization of the fibula, transtibiofibular grafting; and synostosis. Synostosis techniques generally attempt to create continuity between the 
paired bones above and below the nonunion. Weight-bearing forces are transmitted, via the synostosis, around the nonunion through the adjacent bone. 
Healing of the nonunion is not a requisite for success of the synostosis procedure. 


A number of methods for percutaneous treatment of nonunions have been described. Typically, the nonunion is localized radiographically and a biologically 
active substance is injected into the nonunion site ( ). These techniques have the advantage of being less invasive than most other operative 
techniques. They generally leave the patient in a similar clinical status immediately postoperatively as preoperatively with regard to fracture stability, 
alignment, weight bearing, pain, disability, etc. For this reason, these percutaneous techniques are only indicated when fracture stability and alignment are 
satisfactory and other clinical parameters are acceptable. The landmark studies on this technique were by Hernigou et al. In 2005, they reported a series of 
60 noninfected tibial nonunions injected with approximately 20 mL of concentrated bone marrow.*°” Fifty-three of the 60 went on to union and there was a 
suggestion that efficacy was related to the number of injected progenitor cells and that bone marrow aspirated from the iliac crest appears to be less than 
optimal without concentration.'°* Later studies from the same group suggested that bone marrow concentrated granulocytes precursors could be effective in 
treating infected nonunions.'°» 

The need for concentration of marrow contents remains controversial. Brinker et al. treated a relatively homogeneous group of nonunions, patients with 
distal tibia nonunions after plate and screw fixation, with nonconcentrated iliac crest bone marrow aspirate. Forty to 80 mL of asporate was injected in and 
around these nonunions in 11 patients; 9 of whom achieved union within 6 months. The larger volume of marrow injected in this series may have obviated 
the need for concentration. 


Other series generally show union rates that approach formal open nonunion repair in selected patient groups. Percutaneous platelet-rich plasma (PRP) 
in 14 consecutive patients with oligotrophic long-bone nonunion was compared to 15 consecutive patients treated with exchange IM nailing. PRP is 
typically harvested as the thin layer between clear plasma and red blood cells in centrifuged peripheral blood. This fluid contains concentrated platelets 
(300-600%) which are believed to promote osteoblast proliferation and differentiation.**! There was no statistical difference in the union rate between 
groups (80% for the IM nailing group and 92.8% for the PRP group). 


LONG-TERM OUTCOMES AND RISK FACTORS FOR NONUNION REPAIR FAILURE 


A recent study investigated the long-term pain outcomes after nonunion surgery in 270 patients followed for at least 1 year after nonunion surgery.!!? Based 
on having a pain score greater than one standard deviation above the mean, 17.4% were considered have high pain. High baseline pain score, increased 
Charlson comorbidity index, lower income level, and current smoking status were found to be significantly more prevalent in the high-pain cohort. 

Another recent study attempted to develop a clinically useful prediction model for success of tibial nonunion or tibial defect repair.2!! Multivariate 
logistic modeling identified five significant risk factors: mechanism of injury, increasing BMI, cortical defect size, flap size, and insurance status. Several 
typically accepted risk factors for alterations in fracture healing, such as smoking and diabetes, were absent from this model’s statistical associations. In 
contrast, another study evaluating the outcomes of nonunion surgery related to age found that smoking and failure of previous surgical intervention were 
associated with nonunion surgery outcomes.?4” Advanced age was not associated with poorer nonunion surgery outcomes. The clinical utility of such 
models remains unclear. 


BONE GRAFTS AND OTHER ADJUNCTS TO OPERATIVE NONUNION REPAIR 


Approximately 500,000 bone graft procedures are performed annually in the United States.!4* Autologous bone grafts are the gold standard for use in 
fracture nonunions, but allografts and other bone graft substitutes are each part of the armamentarium for those treating nonunions. The optimal choice of 
graft material is determined by factors such as the required properties (e.g., osteogenic, osteoinductive, or osteoconductive), the required volume, the 
accessibility of the material, the cost, and known efficacy. There have been a number of developments in this area over the past several years chiefly with 
the advent of antibiotic carrying synthetic grafts suitable for either mixing with allograft as an antibiotic carrier or use on their own.?4® Second, the use of 
endosteal harvesting such as that offered by the reamer-irrigator-aspirator (RIA) system has become more widespread,®! offering large volumes of graft 
with little morbidity in most instances. Complications, most notably excessive blood loss and RIA-related perforations, have been reported in a minority of 
cases, with a 1.7% prevalence in a recent meta-analysis. !9 
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Figure 30-26. A: An AP of the femur demonstrating a subtrochanteric nonunion and implant failure after IM nailing and cerclage wiring. B: After nonunion repair 
with ORIF and ICBG, nonunion persists. This is managed with percutaneous injection of concentrated bone marrow aspirate. Intraoperative fluoroscopy demonstrating 
debridement of the nonunion with a curette (C) followed by insertion of a delivery needle (D). E, F: The bone marrow aspirate mixed with a radiopaque liquid) is 
visible at the nonunion site. G: The nonunion shows progressive healing and union. 


AUTOGENOUS BONE GRAFT 


Autogenous bone graft remains the standard graft substance used in the repair of atrophic nonunions, some oligotrophic nonunions, and some 
pseudoarthroses. It has the best and longest documentation and experience and does not confer the risk of spreading infectious diseases. For instance, 
autograft from the iliac crest used in the treatment of tibial and femoral nonunion typically results in union rates exceeding 90%.°°* Cancellous autogenous 
bone graft supplies osteogenic and osteoconductive materials. Osteogenic cells, including stroma cells, are present in the graft material. It provides an 
excellent osteoconductive scaffold by way of cancellous bone spicules. It is estimated that 15% of the osteocytes and osteoblasts can survive the bone graft 
procedure.!© Additional data also indicate that various growth factors and BMPs are present in autologous bone graft and that these levels seem to be 
independent of harvest site.2!3.346 

The disadvantages of autogenous bone grafting relate to limited quantities that can be harvested, variable quality, and donor site morbidity. The volume 
required to fill a cylindrical defect in the femoral or tibial diaphysis has been estimated to be 11.3 cm?/cm-length and 7.1 cm?/cm-length, respectively.2*! 
Defects of several centimeters or more in length may therefore exceed the volume of autogenous graft that is available. It has been estimated that the limit of 
defect length that can be filled using iliac crest bone graft (ICBG) is 5 to 7 cm.!®4 The quality of the autogenous graft is dependent on host health in general 
and perhaps to some degree on bone health, such as osteoporosis, as well. Donor site morbidity includes the potential for infection, pain (acute and chronic), 
neurovascular injury, secondary fracture, and hematoma.® Iliac crest is the most commonly used site for large volume grafts, but other sites such as the 
greater trochanter and the femoral and tibial condyles can be used for small amounts. 


Iliac Crest Bone Graft 


The anterior iliac crest is the most common site of autologous bone graft harvest for the treatment of nonunions. It is a relatively accessible location in all 
but the most obese patient, and it can provide relatively large quantities of graft, which can be either cancellous, cortical, or a combination of both. 
Furthermore, the efficacy of this graft is proven. The posterior iliac crest is a nearly identical alternative except for the obvious implications for patient 
positioning and surgical approach. 

The disadvantages of using the anterior iliac crest are those described for autologous bone graft harvest in general.?-1.89.334.370 The reported rates have 
varied from 2% to 26% for pain,*89.297,334,370 from 0% to 7.5% for infection,>?289.370 and from 0% to 16% for persistent lateral femoral cutaneous nerve 
symptoms.*+!6.207,334 Less common, but severe complications related to ICBG harvest include arterial injury, abdominal herniation, pelvic instability, and 
secondary fracture through the harvest site.>8277 A prospective study of 92 patients who underwent anterior ICBG for delayed union or nonunion indicated 
that this was a well-tolerated procedure. Only two patients (2%) reported a pain value higher than 3 at 1 or more years postoperatively, there was no 
functional impairment compared to controls without ICBGs, there were no sensory deficits related to the lateral femoral cutaneous nerve, and deep infection 
was minimal (3%). Similar results were found in a more recent study of 48 patients followed for an average of 4.5 years after anterior inner table ICBG.*°? 
In this series, all patients had zero pain at final follow-up, but three indicated they would seek different sources of graft due to recall of postoperative pain. 
These data are in contrast to those of one of the most cited articles in the history of the Journal of Orthopaedic Trauma,” in which 8.6% major and a 
20.6% minor complication rates were reported after autogenous bone grafting.°°! This report included harvest from different donor sites, a heterogeneous 
patient population, and multiple surgeons. 

A number of techniques are available for harvesting anterior iliac crest graft. It can be harvested via a trap door in the crest, from the inner table, or from 
the outer table. Structural graft is available in the form of a tricortical wedge from the crest.2? Cancellous graft may be harvested in isolation via the trap 
door approach or in combination with the thin cortical bone of the inner or outer table. Curettes, osteotomes, and gouges are useful tools for harvest. 
Alternatively, acetabular reamers can be used to shave the table and the underlying cancellous bone providing a homogeneous combination of cortical and 
cancellous bone (Fig. 30-27).370 


Alternative Sites for Autologous Bone Graft Harvest 


Although the iliac crest, anterior and posterior, are the most common sites for autologous bone graft harvest, other anatomic regions can provide cancellous 
graft for use in nonunion surgery, especially when small volumes of graft are required. The distal femur and proximal tibia can provide a modest volume of 
graft material as can the distal tibia, proximal humerus, and olecranon. Concerns regarding the efficacy of graft obtained from these alternative harvest sites 
have been one factor limiting their use. Data, however, suggest that sites other than the iliac crest have similar levels of endogenous BMP as crest graft?46 
and grafts from such sites are associated with good clinical results.'992°” However, another study suggested that the iliac crest may have a superior content 
of hematopoietic and osteogenic progenitor cells based on histologic differences. 


Reamer-Irrigator-Aspirator 


Autogenous graft can also be harvested using the RIA (Synthes, Paoli, PA) (Fig. 30-28).?4! This device was originally designed as a one-pass reamer for IM 
nailing to minimize embolic phenomenon. !”>176:318 Using this device, reamings are evacuated via suction and collected to be used as bone graft. In the 
relatively limited experiences reported so far, minimal complications have occurred, but potential certainly exists for mechanical malfunction, femur 
fracture, embolism, and excessive blood loss.?4+340 There have been more recent reports as use becomes more widespread and the complication profile 
looks favorable compared to other forms of graft harvest. In a recent systematic review, Laubach et al.!9” reported that among 1,834 procedures performed 
with the RIA system, a complication rate of 1.7% was observed. The most commonly reported complication was cortical perforation (34 cases). However, it 
is worth noting that in those studies reporting blood loss, a mean drop of hemoglobin of 3.74 g/dL was seen with a blood transfusion necessary in 9.72% of 
the patients. 


E ` 
Figure 30-27. Technique of ICBG harvest with acetabular reamers. A: The bony landmarks of the iliac crest are identified and marked. B: The outer table is exposed. 
C: An acetabular reamer (38—42 mm) is used to harvest cortico-cancellous graft. D: Care is taken to avoid breeching the inner table. Graft is collected from each 
reamer pass (E) and pooled to yield substantial volume of graft (F). 
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Figure 30-28. The reamer-—irrigator—aspirator. 


Reamings in general have been shown in in vitro analysis to contain pleuripotent stem cells with the possibility of dedifferentiation into osteoblasts.368 


Specifically quantitative assessment has demonstrated the presence of significant growth factors using the RIA technique!!”:167278.313,368 and also that the 
complement of osteogenic elements in the aspirate may be superior to those in ICBG.°”? In addition, an animal study has suggested that a superior quality of 
callus may result from implantation of graft material harvested in this way. 1°? 

Clinical results of RIA graft used for segmental defects and nonunions are generally favorable. Stafford and Norris**! reported a 70% union rate at 6 
months and 90% union rate after 12 months in 27 segmental long-bone defect nonunions (average defect 5.8 cm, range 1-25 cm) managed with a femoral 
RIA bone graft. McCall et al.?7? reported on a similar group of 21 patients with defects averaging 6.6 cm. Seventeen of the 21 healed at 11 months, but only 
10 of the 21 healed without a secondary intervention. The combined use of RIA graft plus rhBMP-2 in recalcitrant tibial nonunions resulted in union in a 
small case series of nine patients reported by Desai et al.° 

Trials comparing RIA harvest with other standard methods of reaming and graft harvest are emerging. Streubel et al.*4* retrospectively compared 
conventional reaming with RIA during IM nailing of femoral shaft fractures. They found no benefit to RIA with regard to reducing pulmonary 
complications and found a trend toward increased healing complications in the RIA group. Belthur et al.?* found the pain associated with graft harvest with 
RIA to be less than the pain after traditional ICBG. 

Complications associated with RIA bone graft harvest have most notably included fracture and excessive blood loss. Lowe et al.” reported five 
postoperative fractures after RIA bone graft harvest and suggested that harvest in osteoporotic or osteopenic patients be avoided and that the degree of 
cortical reaming be carefully monitored. A recent study demonstrated that 44% of patients undergoing RIA required transfusion, with a mean hematocrit 
drop of 13.7 compared to a drop of 7.36 in a group who underwent ICBG.*!® Severe unexpected intraoperative cardiac events presumably caused by 
excessive and rapid blood loss during RIA bone graft harvesting have also been reported.°* 

To harvest RIA graft, a reamer is selected that is 1 to 4 mm greater than the narrowest part of the femoral canal as measured on pre- or intraoperative 
images. The starting point is the same as for IM nailing and may be a piriformis or trochanteric entry site. Using standard IM nailing technique, a guidewire 
is inserted into the canal of the femur with image control and a one-time pass reamer is gently used to ream the femoral canal with an in and out motion so 
as not to advance too aggressively. A trap is used to collect the reamings. Typically, 60 to 80 cm of graft can be harvested with experience without critically 
weakening the donor bone.!1!78! 


Vascularized Grafts 


Vascularized grafts are most commonly used to treat segmental defects and nonunions of the femoral neck.'®° They are advantageous in this situation as 
they provide a live bone graft that also has structural properties. These are properties not provided by standard iliac crest cancellous autograft. The fibula is 
the most commonly harvested bone although other sites such as the iliac crest, rib,2°” and most recently medial femoral condyle!“ and ilium*“* have been 
used. Vascularized grafts typically must undergo some degree of hypertrophy for ultimate success in addition to healing to the host tissue at each end.!’* 
Double vascularized grafts (fibula) combined with cancellous grafts have been proposed to gain additional and more rapid stability.'° This is, however, a 


technically demanding procedure requiring mircovascular anastomosis. Complications include recurrent graft fractures and donor site morbidity. 1°4 


BONE GRAFT SUBSTITUTES AND OTHER MODIFIERS OF BONE HEALING 


Autologous bone graft has been challenged as the gold standard bone graft substance for nonunions.*”° Alternatives to autologous bone graft including 
demineralized bone matrix (DBM), bone marrow aspirate, PRP, allograft, and ceramics have been developed and utilized for nonunion treatment with 
varying degrees of success. New advances in bioengineering based on enhanced understanding of the cellular and molecular aspects of fracture healing have 
led to the development and clinical use of growth factors, such as BMPs, that are used to augment fracture healing. The details of the basic science and 
mechanism of action of these alternatives are presented in Chapter 3. The advantages of these substitutes, relative to autologous bone graft, in the treatment 
of nonunion include reduced or eliminated patient morbidity and increased or unlimited supply. 

The ideal graft substitute for nonunion treatment would be inexpensive, of unlimited supply, easy to prepare and handle, easy to implant, without 
adverse reactions, and 100% efficacious. Each of the above-mentioned graft substitutes has some of these ideal graft attributes but none have all. 


Effectiveness in the treatment of nonunion has been reported for each of these substitutes but there is little in the way of direct comparison to autologous 
bone grafting 24:74:191,135,165,186,217 The utility of BMPs to enhance the effects of autogenous bone graft is controversial.!2° It seems logical that adding a 
bone growth stimulator such as BMP to autogenous bone graft would augment healing capacity. In a noninstrumented spinal fusion model, the combination 
of osteogenic protein-1 (OP-1) with autograft yielded a 55% fusion rate that was similar to historical controls. In the setting of fracture nonunion, a 
similar lack of efficacy has been demonstrated.7°° 


Recombinant Proteins 


BMPs have been increasingly studied as potential substitutes for autologous bone graft.?!> Their production from recombinant gene technology makes them 
available in unlimited quantities. Furthermore, BMPs are available in exact concentrations therefore allowing accurate therapeutic dosing. Their major 
drawbacks are high cost, increasing number of complications, and a lack of understanding its long-term effects.!” Recombinant human osteogenic protein-1 
(rhOP-1), also known as BMP-7, has been studied in the setting of upper and lower extremity nonunions showing high healing rates when used either alone 
or in combination with autologous or allogeneic bone graft.37:91-306,395 When used only in combination with a type I collagen carrier, BMP-7 has been 
shown to achieve healing rates similar to iliac crest autograft in tibial nonunions without the associated donor site morbidity.!!>!!© BMP-7 has however 
only been approved in the United States under a humanitarian device exemption stipulating that its use is limited to situations where autologous graft is not 
available, thereby limiting its clinical applicability.!?3 BMP-2 has been shown to improve healing rates and reduce the risk for infection and secondary 
procedures after IM nailing of acute open tibia fractures.!*! Similar healing rates to autologous ICBG have been reported for the combination of BMP-2 and 
freeze dried cancellous allograft in the management of diaphyseal tibial shaft fractures with segmental defects.!’”7 While approved by the US FDA only for 
the treatment of acute open tibia fractures, spinal fusions, and oral facial bone augmentation, BMP-2 has been used off-label for the management of 
established nonunions alone or in combination with ICBG 30% 342,350,355 

thOP-1 was directly compared to autograft in the treatment of 124 tibial nonunions in a prospective randomized study.'!® At 9 months after repair using 
an IM nail, 81% of the rhOP-1 and 85% of the autograft-treated nonunions had healed clinically. Radiographic healing in the rhOP-1 group was 75%, 
whereas it remained essentially unchanged from clinical healing in the autologous group (84%). The main advantage of rhOP-1 was elimination of the 
donor site pain which was present in 20% of the patients receiving autograft. Noncomparative data have shown good healing rates, 89% to 92%, with BMP- 
7 (trhOP-1) in the treatment of various upper and lower extremity nonunions.°!,275.232 One randomized controlled study exists comparing rhBMP-2 and 
allograft to autogenous bone graft for reconstruction of diaphyseal tibial fractures with cortical defects.!’” Thirteen patients in the rhBMP-2 group had 
comparable results to 10 patients in the autograft group. These fractures were not nonunions, but with an average 4-cm defect, they were certainly unlikely 
to heal without intervention. A retrospective comparison of BMP-2 plus cancellous allograft to autologous ICBG for the treatment of long-bone nonunion 
revealed a moderate but not statistically significant difference in healing rates between the two groups of 68.4% and 85.1%, respectively.2°° The authors 
concluded that BMP-2 might provide a suitable alternative to ICBG but acknowledged the potential for a B-error in their study. Although a disadvantage of 
recombinant BMPs is their cost, data suggest their use could actually reduce costs when treating complex or recalcitrant nonunions by reducing the number 
of procedures and the number of hospital days.®° 


Demineralized Bone Matrix 


DBM is produced by extraction of proteins from allograft bone. DBM contains type I collagen and noncollagenous proteins including osteoinductive growth 
factors. There is a requirement from the American Association of Tissue Banks and the US FDA that each batch of DBM be from a single donor. This 
requirement produces the potential for substantial differences in biologic activity between batches. Further heterogeneity between different formulations of 
DBM exists because of different manufacturing processes and different carriers used by various commercial producers.?°9 

A number of studies report good results after nonunion treatment using DBM either alone or in combination with other graft materials.292374396.397 
These studies suffer from a lack of controls leaving definitive conclusions regarding the efficacy of DBM uncertain. DBM used as an adjunct to locked 
compression plating of osteoporotic humeral shaft nonunions resulted in union in 11 out of 13 patients.*9” Both failures united after secondary ICBG. By 
comparison in the same study, all 12 nonunions in patients treated with autograft healed without further intervention. 


Bone Marrow Aspirate 


Bone marrow aspirate, primarily from the iliac crest, has been shown to contain osteoprogenitor cells and has osteogenic and osteoinductive properties.” In 
general, low concentration of such cells (612/cm?) and the variability between patients (12—1,224/cm?) have led to the development of improved aspiration 
techniques with specialized aspiration needles and cell concentration systems aimed at increasing both the number and density of the progenitor cells. 18° 
Without concentration, the evidence suggests that the number of cells in a marrow aspirate is suboptimal for nonunion treatment.!°? Furthermore, some 
controversy exists as to whether concentrated cells should be injected directly and percutaneously into nonunion sites or if applications with an 
osteoconductive carrier after open debridement of the nonunion are required for optimal results.77° The actual efficiency of direct marrow injection is 
difficult to interpret in the face of associated interventions including cast immobilization and IM nailing that have accompanied the injection in series 


reporting union rates ranging from 75% to 90%,74122,135 


Allograft and Ceramics 


Other graft substitute materials such as ceramics (calcium sulfate, calcium phosphates, beta tricalcium phosphate, and hydroxyapatite) and allograft lack 
osteoinductive or osteogenic properties and have little role in promoting bone healing in the setting of nonunion. These ceramic materials are primarily 
osteoconductive and function best as graft extenders or carriers for other osteoinductive compounds.“° The structural properties of allograft struts have been 
exploited most commonly for periprosthetic nonunions with bone loss?® and in the management of proximal humeral nonunions.!2! 


GRAFT SITE PREPARATION 


Successful application of a bone graft or a bone graft substitute requires preparation of the local recipient site. The general principles are to expose healthy 
bone by removing local scar or other intervening materials, to increase surface area for graft adherence, and to stimulate blood flow to the affected area. 
These principles can be extended to the situation of a nonunion being repaired primarily with compression without the use of adjuvant graft. Debridement of 


a nonunion site is tedious and time consuming, but it is perhaps one of the most critical steps in nonunion management. Thorough debridement is at times at 
odds with preservation of local soft tissue attachments. Debridement of the space directly between the bone ends can be accomplished with exposure from 
one direction and therefore with limited circumferential soft tissue stripping. However, application, adherence, and consolidation of graft to the periphery of 
a long-bone nonunion are biomechanically advantageous. Graft material placed at a further radius from the center axis provides substantially more strength 
than centrally placed material. This is based on calculations of cylinder strength: Torsional strength is proportional to the third power of the radius and 
bending strength is proportional to the fourth power of the radius. Therefore, it is advantageous to circumferentially prepare either side of a diaphyseal 
nonunion while at the same time minimizing soft tissue stripping. 

The technique of Judet and Patel,!”? which dates back over 45 years, remains a standard method to prepare the bone for grafting. This technique 
involves raising osteoperiosteal fragments from the periphery of the nonunion, either through cortex or callus. An osteotome is used to create small, 2- to 3- 
mm, fragments of cortex, each with an attached soft tissue sleeve. An area 3 to 4 cm in length on each side of the nonunion and covering approximately 
two-thirds of its circumference is so treated. This method increases surface area for bone graft healing and may stimulate the healing process. Various 
modifications have been proposed,**"*“4 yet the original Judet principles remain steadfastly utilized. Petaling or fish scaling represents a less elegant and 
technically easier modification. An osteotome or a small gauge is used to simply raise flakes of bone that resemble flower petals or fish scales. This 
increases surface area and can promote bleeding into the area but may have more limited biologic effects than the true Judet technique. These techniques 
should be applied with caution in osteoporotic bone, as iatrogenic fractures and weakening of the bone may hamper fixation. 


Authors’ Preferred Technique for Grafting Defects 


In grafting defects, the authors prefer the following general principles and techniques. 

1. Prior to undertaking bone grafting, the patient is evaluated with a careful history, imaging and labs to determine a treatment strategy and establish 
an index of suspicion for infection. 

a. In patients with a low index of suspicion, treatment proceeds as outlined below. 

b. In patients with a high index of suspicion for infection (e.g., prior open fracture, history of delayed wound healing, history of infection, 
elevated serum markers) consideration is given to a one- or two-stage treatment plan. 

i. One-stage plan: Treatment is undertaken as outlined below but with an antibiotic carrier mixed with the bone graft such as Cerament or similar 
hydroxyapatite carrier. 

ii. Two-stage plan: Stage 1 (occurring after at least 2 weeks off antibiotics) consists of removal of all hardware, debridement of the defect, 
harvesting of multiple tissue cultures (typically 5), irrigation, and temporizing stabilization. Stage 2 occurs after final culture results are 
negative or if cultures are positive, after approximately 6 weeks of culture-specific antibiotics (associated with clinical evidence of appropriate 
response to therapy, e.g., wound healing without drainage or erythema). 

2. The nonunion site is fully exposed, typically through prior incisions, taking care not to devitalize the area of nonunion with new approaches or 
straying from the prior scar plane. Previous hardware, if any, is removed. The nonunion site is opened with a single longitudinal incision through 
the periosteum and scar allowing for later direct closure. 

3. All nonviable tissue is removed with direct sharp excision from the primary nonunion site. 

4. A high-speed burr is used to freshen the bone ends and any area where bone graft is expected. Mechanical stimulation techniques including 
endosteal drilling, decortication, and/or stippling are utilized. 

5. A provisional reduction is achieved, and stabilization implants are sized and contoured as needed prior to bone graft harvest. 

6. Bone graft is harvested at a time when final graft implantation will occur within 15 minutes of harvest. Prolonged extracorporeal graft storage is 
avoided as graft activity decreases at room temperature. Autograft and allograft (if needed) are proportioned and mixed based on the volume of 
graft obtained relative to the volume of graft required. 

a. When the volume of autograft is equal to or greater than the volume required, only autograft is utilized. Pure autograft is considered Grade A 
graft. 

b. When the volume of autograft is less than the volume required, the autograft is mixed with allograft to expand the volume. First, enough pure 
autograft (Grade A graft) is set aside for use in the most critical areas of the nonunion, typically the extramedullary periphery (where the graft 
will impart the greatest strength once incorporated). Autograft mixed with allograft (typically cancellous chips) in a ratio of between 1:1 and 
1:2 is considered Grade B graft. This is used centrally within the nonunion defect. In very large defects, pure allograft (cancellous chips or 
cortical struts), Grade C graft, is used centrally then surrounded by Grade B graft then surrounded by Grade A graft. 

7. If augments are to be used (e.g., BMP or antibiotics) these are mixed prior to grafting. It is the author’s preference not to use BMP. 

8. Bone grafting is undertaken carefully from deep to superficial with repeated gentle tamping ensuring high volumes are packed into a small space. 
Too densely packed graft may inhibit nutrient supply to the central areas. 

9. Mechanical stability is ensured. This can take the form of intramedullary devices, extramedullary plates and screws, or thin-wire external fixation 
frames. Bone grafting in the presence of mechanical instability is ineffective. 

10. At the end of the procedure a watertight closure to contain graft is assured through the scar bed. 


SPECIAL CIRCUMSTANCES IN THE TREATMENT OF NONUNIONS AND BONE DEFECTS 


MANAGING ARTICULAR NONUNION 


Articular nonunions are relatively uncommon. A potential causative factor is inadequate compression of the articular fracture gap leading to prolonged 
exposure of the fracture surfaces to synovial fluid. These nonunions are therefore commonly oligotrophic and amenable to compression techniques.°22 
Evaluation of and operative planning for articular nonunions should consider, in addition to standard factors evaluated for nonarticular nonunions, articular 
congruity, associated arthrosis, stability, and stiffness of the affected joint. The ideal situation for repair of an articular nonunion is one without associated 
joint arthrosis, without joint instability, and with minimal stiffness. Repair will not address or improve arthrosis and joint stability is often difficult to 
accomplish with nonunion repair alone. A stiff joint will put the nonunion repair under greater stress during postoperative rehabilitation than is seen with the 


repair of a nonunion involving a supple joint. Therefore, either the joint contracture should be released during nonunion repair or postoperative range-of- 
motion exercises should be modified to minimize the risk of implant failure before union can occur. As with any articular fracture, the goals of articular 
nonunion treatment include restoration of articular congruity, recreation of proper limb alignment, maximization of joint function, and minimization of pain. 
When these goals cannot be accomplished with nonunion repair, joint arthroplasty becomes a relatively attractive option.24°°8” Arthroplasty is particularly 
beneficial when patient age is advanced or baseline function is low. In the presence of active infection, total joint arthroplasty is contraindicated and 
resection arthroplasty or arthrodesis becomes considerations. Both arthroplasty and arthrodesis as treatments for nonunion are discussed in further detail in 
prior sections of this chapter. 


MANAGING BONE DEFECTS AND SEGMENTAL BONE LOSS 


Segmental defects related to trauma may result from acute bone loss or be related to established nonunions. Regardless of the etiology, these are very 
challenging problems for the patient and the surgeon alike. Management of the chronic skeletal defect may be only part of the challenge, as infection and 
soft tissue compromise are often associated. Several surgical options are available to manage segmental defects including autogenous bone grafting, free 
vascularized fibular bone grafts, and bone transport. The relative rarity of these problems and the substantial variability between cases mean that high-level 
evidence to guide treatment is difficult to come by. A recent review points out that union is achieved by different procedures with varying success and 
varying functional outcomes.'8* Therefore, treatment decisions are based on knowledge of the available low-level evidence, but more importantly, 
knowledge of contemporary principles of nonunion management, and consideration of personal experience and skill with the various methods. 


Autogenous Bone Grafting Using the Masquelet Technique 


For segmental loss, the technique of Masquelet or primary shortening followed by lengthening is favored. In the technique of Masquelet, the area of 
segmental loss is filled with a polymethylmethacrylate (PMMA) cement. At 4 to 6 weeks, when an osteogenic membrane has been formed around the 
cement, the membrane is surgically reopened, the cement is removed, and generous cancellous grafting is carried out (Fig. 30-29). Recorticalization 
generally occurs slowly but usually by 3 to 6 months. This, of course, is done in conjunction with internal stabilization most frequently using a locked IM 
rod for diaphyseal defects or locked plates for metaphyseal defects.2”° The initial role of the spacer is to maintain the space for future grafting by avoidance 
of fibrous ingrowth. The secondary role of the spacer is the induction of membrane formation. This membrane is synovial-like with few inflammatory 
cells.2°° The membrane itself serves to contain the graft, prevents fibrous ingrowth, and provides growth factors.* Immunochemistry has shown that the 
membrane produces growth factors and inductive factors including BMP-2 which are probably maximal around 4 weeks.?®5 In his original article, 
Masquelet reported successful use of this two-stage technique in 35 cases with defects ranging from 4 to 25 cm in length.?2° Other authors have had similar 
success with this staged membrane-induced technique.?2:3!” The underlying mechanism of the membrane formation is not well understood but cases when 
the membrane itself has generated enough bone so that secondary grafting is not necessary have been observed in our practices. It is unclear whether this 
membrane can form with substances other than methyl methacrylate and this technique requires an excellent soft tissue envelope.?7° 

Recent reports have investigated using adjuncts or graft expanders to augment autograft for filling defects while using membrane-induced techniques. 
One such variation of the induced membrane technique used a free nonvascularized fibular graft.!°! Fifteen patients were treated for femur or tibia defects 
ranging in size from 5 to 14 cm. All cases were treated by the induced membrane technique in two stages. Autogenous cancellous bone graft and free 
nonvascularized fibular graft were used to fill the defect in the second stage of surgery. The 87% healing rate is consistent with other similar series of 
induced membrane techniques without free fibular grafts. Beta-tricalcium phosphate has also been successfully combined with cancellous graft when using 
induced membrane technique.°°° 

There have been mixed results of the Masquelet procedure reported in the literature with some series reporting high rates of failure. Morris et al 
reported in 2017 on the outcomes of 12 patients with isolated tibial defects treated with a Masquelet procedure. In their series, only five patients went on to 
achieve bony union with five suffering infective complications of whom two went on to require amputation. This underlies the relatively complex nature of 
these cases and the high rates of complications. More recently, Frese et al.!!4 reported on the outcomes of 195 infected bone defects in 175 patients all 
treated with the Masquelet technique. They make the useful observation that a defect of 62 mm appears in their series to be a limit of success with patients 
beyond this having lower chances of full weight bearing (their selected outcome measure) and overall successes of around 90% for all patients. The authors 
here also report that the use of secondary stabilization (undertaken in 34% of their patients) was associated with success. 
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Figure 30-29. An infected nonunion of the distal femur (A) is treated with removal of failed implants, debridement, and implantation of an antibiotic-impregnated 
cement spacer according to the Masquelet technique (B). C: Healing is accomplished after appropriate antibiotic therapy followed by nonunion repair with removal of 
the cement spacer, iliac crest bone grafting of the defect, and plate stabilization. 


Using Ilizarov techniques to treat nonunions without associated bone defects typically involves simple compression or distraction or some combination of 
compression and distraction at the nonunion site. This is considered a monofocal Ilizarov technique ( ). When bone defects are present, 
corticotomy at an adjacent site followed by distraction osteogenesis through the corticotomy (bone transport) and eventual compression at the nonunion site 
is a bifocal (distraction-compression) Ilizarov method for management of bone defects (F ). Two-level lengthening with compression at the 
nonunion site is considered trifocal bone transport. These methods have been applied with success for more than the last two decades in the management of 
tibial defects.°9.298.761: 

In a retrospective series of 50 consecutive patients treated with distraction osteogenesis for an infected femoral nonunion, Blum et al.” evaluated the 
associated complications. The infected nonunion sites were widely debrided creating segmental defects. In this exceedingly difficult group of patients who 
had an average of 3.8 prior surgical procedures, it is not unexpected that treatment was protracted, and most patients experienced some complication. The 
duration of the distraction osteogenesis was 24.5 months; all patients sustained pin tract infections; knee range of motion was consistently reduced; 26% had 
persistent pain; and the residual leg length discrepancy was 1.9 cm on average. However, union was achieved in all but one patient. 

The relative ease of use and the ability for simultaneous deformity correction have made the use of the TSF an attractive option for these cases.?98.3 
Good results in a small (n = 12) retrospective series were reported by Sala et al.’’° for the management of postinfectious atrophic tibial nonunions using 
techniques of bifocal and trifocal bone transport. All patients were treated using Ilizarov principles but with the TSF apparatus. All patients achieved union 
and eradication of the infection. 

These circular fixator techniques are arguably the gold standard for the treatment of large bone defects. More recently, there has been a resurgence of 
interest in cable and wire transport techniques with the aim of improving the complication profile of this technique. Quinnan and Lawrie~** described a new 
balanced cable transport technique in 2017. In a review and technical tip, the outcomes of 14 patients are reported alongside the technique. The technique 
was used for patients with a mix of severe open fractures (n = 11), osteomyelitis (n = 2) and a single case of nonunion and an average bone defect of 11.1 
cm. A single serious complication (anterior tibial artery division) was reported along with 11 unplanned returns to the operating theatre arising from 8 
obstacles. In a report of a modified balanced cable technique, eight cases of posttraumatic bone defects were managed with no major complications, but four 
obstacles necessitated a return to theatre. Cable transport is an evolving technique that allows for large segments to be reconstructed without exposing the 
patients to major complications.*”° 


Before After 


Figure 30-30. Schematic diagram of monofocal Ilizarov lengthening technique. Increased length (L2—L1) is accomplished by increasing distance at one location (D2— 
D1). 
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Figure 30-31. Schematic diagram of bifocal Ilizarov technique. 


MANAGEMENT OF INFECTED NONUNIONS 


The test diagnosis of an infected nonunion can be obvious or very subtle. The diagnostic gold standard is a positive deep tissue or bone culture. However, 
the morbidity and expense of a separate surgical procedure to obtain deep cultures from a nonunion site is not warranted unless there is a sufficient index of 
suspicion. Establishing the correct threshold for what constitutes a “sufficient” index of suspicion is more art than science. An astute history and physical 
examination are of critical importance. A history of a previous open fracture or open fracture management raises the suspicion more than a prior closed 
fracture treated nonoperatively. Any history of a confirmed prior infection or of persistently draining traumatic or surgical wounds also substantially raises 
suspicion for infection. Pain at a nonunion site that is constant rather than activity-related may be another clue to an underlying infection. Any physical 
examination finding consistent with acute or chronic inflammation should also be considered a sign of potential deep infection in the setting of nonunion. 
Laboratory evaluation for the diagnosis of infection associated with nonunion typically includes a complete blood count (CBC), erythrocyte sedimentation 
rate (ESR), and C-reactive protein (CRP) level. The utility of these and other tests to diagnose bone infection is discussed further in Chapter 29. 

After gathering diagnostic information regarding the potential for an infected nonunion, the clinician is often left contemplating the relative risk of 
infection and the appropriate course of action. It is useful to stratify risk as low, moderate, or high. Again, as stated above, such stratification is largely 
based on experience rather than established guidelines. In a low-risk setting, nonunion repair may proceed with the assumption that infection does not exist. 
Obtaining intraoperative cultures prior to the administration of antibiotics is a consideration but not mandatory in such cases. Surprise positive cultures in 
this scenario, when preoperative clinical or laboratory evidence of infection was minimal or absent, are occasionally encountered. Several studies have 
demonstrated that single-stage management of the presumed aseptic nonunion and ongoing antibiotic treatment of infection yield satisfactory results. 
Olszewski et al. found 20% of patients with negative serologic markers for infection had surprise positive cultures during nonunion repair.?°* These patients 
were treated with culture-specific antibiotics with retention of internal fixation. Of these 91 patients, 80% healed and 14% had ongoing infection. In a 
similar study, Arsoy et al. reviewed 77 patients with long-bone nonunions thought to be aseptic but had positive intraoperative cultures at the time of index 
nonunion surgery®; 84% went on to union after the index nonunion surgery. Internal fixation and bone grafts used in such a clinically noninfected but 
culture positive nonunion site can be successfully left in situ with continuation of antibiotic therapy until union is achieved.°9 

When there is a moderate suspicion for infection it is prudent to plan for deep intraoperative cultures, intraoperative frozen section of the associated soft 
tissue (as frozen section of bone is usually not possible), careful inspection of the local environment for signs of infection, and a potentially staged treatment 
strategy. Patients should be advised of this possibility preoperatively. When intraoperative findings are benign, nonunion repair at this operative setting is 
reasonable. Suspicious findings usually trigger a staged protocol directed at infection control and eradication while awaiting definitive culture results. If 
final cultures are negative, nonunion repair can then commence. 

When the suspicion for infection is high but not yet established, the initial management plan usually proceeds with the assumption that infection is 


present. The initial operative setting is therefore dedicated to confirming the diagnosis and preparing the nonunion for eventual repair as discussed in the 
following paragraphs. In the setting of an established infected nonunion, control, and when possible eradication, of infection normally takes precedence over 
efforts to achieve union. In the absence of infection, achieving union, even in the setting of a segmental defect, is usually achievable in all but the most 
challenging host. However, each case must be individualized and at times a reasonable strategy can be formulated to manage infection simultaneously with 
efforts to achieve bone healing or even to prioritize bone healing. 

One consideration in the management of infected nonunions is whether to remove or retain existing implants. When evidence suggests that existing 
implants are providing no or marginal stability, removal is the usual course because retention provides little or no benefit. In the circumstance when the 
existing implants are providing sufficient stability and appear that they will continue to provide sufficient stability during the course of management of the 
infected nonunion, the decision to remove or retain implants is more controversial.°%!8 This decision represents a conundrum. Internal implants may 
increase the risk for persistent infection and impair the host’s ability to eradicate it, yet the stability imparted by the implants may benefit the treatment of 
infection and may provide patient comfort and retained function. Situations most amenable to implant retention are those where union can be expected 
without the need for grafting procedures. The strategy relies on suppression of infection while allowing the existing biologic process, with the existing 
implants, to progress toward union. Once union occurs, implant removal becomes part of the strategy to eradicate infection. The alternative strategy, 
removal of implants, is most applicable when control of infection is particularly problematic or when bone grafting is thought to be required. Metal implants 
are known to promote both adherence of microbes and biofilm formation and adversely affect phagocytosis, thereby making control of infection more 
difficult, especially in a compromised host. 143-144 Bone graft, whether autograft or allograft, is generally considered avascular upon initial implantation and 
therefore can provide fertile ground for infection. In the situation when removal of internal implants leaves the nonunion unstable, external fixation with 
pins and wires placed outside the zone of infection, is normally selected. In the long bones, a reinforced antibiotic bone cement rod can serve to 
simultaneously provide local antibiotic administration and stability (Fig. 30-32).25%,260325,348 This technique is relatively simple and well tolerated. The 
cement nail is fashioned using an appropriately sized chest tube as a mold. Chest tube sizing units, French (Fr), represent the outer circumference. The inner 
diameter depends on the wall thickness of the chest tube, a parameter that varies based on the manufacturer. The approximate outer and inner diameters of 
various-sized chest tubes are presented in Table 30-2. Cement in a semiliquid state is injected into a chest tube of appropriate inner diameter, usually about 
1.5 mm smaller than the reamed canal to avoid excessive stress on the nail during insertion. Length is based upon intraoperative measurements. A thin rod, 
such as a guidewire used for IM reaming, is inserted as a reinforcing metal core before curing of the cement. A hook can be fashioned at the driving end of 
the nail to facilitate removal. Once the cement has hardened and cooled down, the chest tube is cut off. The cement nail is then inserted through the same 
portal as used for prior IM nailing, is easily removed, and allows easy subsequent exchange nailing. When additional strength is required, such as a very 
unstable femoral nonunion in a large patient, cement can be manually placed around a standard small-diameter nail. One retrospective analysis revealed 
success in 14 of 16 patients with infected nonunions of long bones treated with a protocol of culture-specific IV and oral antibiotics, surgical debridement, 
and stabilization with an antibiotic-impregnated bone cement rod.??5 


TABLE 30-2. Inner and O Diameters of Chest Tubes 


Chest Tube Size (Fr) Outer Diameter (mm) Approximate Inner Diameter (mm) 
38 12.1 9.4 

40 12.7 10 

42 13.3 10.5 

44 14 11.3 


Management of the infectious process in the setting of an infected nonunion follows the general principles for the treatment of osteomyelitis as 
presented in C . Surgical debridement of the infected nonviable bone and surrounding nonviable soft tissues, culture-specific parenteral antibiotics, 
and bone stabilization are the primary goals. 

Local antibiotic delivery is often included, especially when a dead space results from debridement, in the form of an antibiotic-impregnated synthetic 
material. PMMA as cement beads or as a cement spacer is the most common vehicle used for antibiotic delivery in this setting.°+°7!°7 Beads have greater 
surface area than a spacer and therefore may provide higher initial antibiotic concentrations, but the effective duration for antibiotic elution may be 
shorter.’’? Creation of a bead pouch is an excellent method for local antibiotic delivery between serial debridement procedures. With regard to longer-term 
implantation, beads can be substantially more difficult to remove after more than 4 weeks than a block of cement because of the ingrowth of scar tissue. 
Also, an antibiotic cement spacer prepares the defect for bone grafting according to the Masquelet technique previously described. An obvious shortfall of a 
nonabsorbable delivery system such as PMMA is the typical need for removal. Bioabsorbable bone substitutes that can be impregnated with antibiotics are 


osteoconductive, may promote bone healing, and do not necessarily require a second-stage procedure for removal. Numerous animal, and more recently 
human, clinical trials support this approach. 133:??8 McKee et al.??’ reported promising results in a prospective randomized trial comparing an antibiotic- 
impregnated calcium sulfate bone substitute to standard antibiotic-impregnated PMMA beads in the treatment of chronic osteomyelitis and infected 
nonunion. Infection was eradicated in 86% of the patients from both groups; seven of the eight patients achieved healing of their nonunion in the 
bioabsorbable group compared to six of the eight in the PMMA group, and there were more operations in the PMMA group. 

Infected nonunions are generally treated in a staged manner. However, Wu??? reported success with one-stage surgical treatment of infected nonunion of 
the distal tibia. Twenty-two consecutive patients were successfully managed to union with a protocol of implant removal, IM and extramedullary 
debridement, cancellous autograft with antibiotics (vancomycin and gentamycin), and stabilization with an Ilizarov fixator. 


MANAGEMENT OF SOFT TISSUE COMPROMISE ASSOCIATED WITH NONUNION 


When soft tissues are poor or deficient and free tissue transfer is not possible, primary shortening with an IM rod followed by full weight bearing and an 
elevated shoe is preferred. Once healing has occurred, the limb can be relengthened if the patient desires with either an internal skeletal distraction nail 
(ISKD Orthofix Inc, McKinney, TX) (Fig. 30-33) or the Ilizarov technique.?4303.363 In some cases with less than 3 or 4 cm of shortening, patients are often 
satisfied with the result and do not desire secondary lengthening. The internal skeletal distraction nail seems to be better tolerated than the skinny wire 
external fixator techniques. It is, however, no faster. Complications similar to those with other distraction or transport techniques still exist including too fast 
or too slow distraction, failure or delay of regenerate bone formation, adjacent joint problems, a need for exchange nailing, and failure of the distraction 
device itself. 


A, B d c, D 
Figure 30-33. A: A 40-year-old woman with a grade IIIB open tibia. The central fragment was completely stripped of soft tissue. She was not a candidate for free 
tissue transfer. B: After resection of the devitalized bone, the leg was shortened and treated with a locked rod. The fracture healed with full weight-bearing ambulation 
in a built-up shoe. Note the overlapping fibula. Only local soft tissues, which were adequate in volume after shortening, were used for coverage. C: Subsequent 
lengthening with the internal skeletal distraction nail. D: After exchange nailing the regenerate was mature at about 6 months. (Case courtesy of Timothy Weber, MD.) 
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Algorithm 30-1 Author’s preferred treatment for nonunions. When soft tissues are compromised, IM nailing is favored over plate fixation unless tissue transfer 
precedes nonunion treatment. For diaphyseal nonunions, IM nailing is preferred over plating and for metaphyseal or articular nonunions, plating is preferred over 
IM nailing. TSF, Taylor Spatial Frame. 


A B 


Figure 30-34. A: AP radiograph showing a nonunion in a 27-year-old man 6 months after intramedullary nailing of a mid-diaphyseal femur fracture. At this point, the 
patient was fully weight bearing with minimal pain and an ultrasound external bone stimulator was applied 20 minutes daily. B: Six months later and without further 
surgical intervention, the nonunion is healed. 


NONOPERATIVE NONUNION TREATMENT 


External stimulation alone, typically ultrasound, can be successfully used in select patients. This modality is most attractive in patients who will have little 
morbidity associated with a 6-week course of ultrasound treatment. The ideal patient is one who is already fully weight bearing and has minimally 
symptoms from their nonunion. Another group of patients well suited to external stimulation are those who are not candidates for surgery or additional 
procedures (Fig. 30-34). Ultrasound stimulation is sometimes used in conjunction with operative treatment in high-risk patients such as smokers and 
diabetics, however the evidence for its use is mixed. 


OPERATIVE TREATMENT OF NONUNION 


SEPTIC NONUNIONS 


Septic nonunions are one of the most challenging reconstructive procedures facing the orthopaedic traumatologist. These patients deserve the expertise of a 
team fluent in their management. Often, infected nonunions are limb-threatening conditions. Given the seriousness of this condition, our approach is to 
maximize the treatment decisions toward eradicating infection. Patients are managed as part of a bone infection multidisciplinary team (MDT), receiving 
specialist input from orthopaedic traumatologists, limb reconstruction surgeons, plastic surgeons, infectious disease specialists, and radiologists all with an 
interest and expertise in bone infection. 

Treatment is usually staged to inform a tissue diagnosis prior to definitive surgery. Therefore, a stepwise approach is sensible. In our practice very few 
infected nonunions are treated as a single stage. The initial phase of management involves pre-operative samples either biopsy or aspiration to guide local 
antibiotics followed by: 


Complete hardware removal 

Wide debridement and cultures 

Soft tissue coverage as needed 

Bone stabilization preferably bridging the zone of infection with an external fixator 
Use of high-dose local and systemic antibiotics 


e Appropriate dead space management usually with a polymethylmethacrylate spacer 


Following MDT discussion, culture-specific IV antibiotics should be continued until definitive bony stabilization is undertaken at stage 2. Local 
antibiotic delivery is typically with antibiotic beads or a block spacer between serial debridements and with antibiotic PMMA spacers or antibiotic rods after 
definitive wound closure at the conclusion of this stage. Stabilization is with an antibiotic rod when applicable (e.g., diaphyseal tibia nonunion), otherwise 
with circular external fixation. 

The second phase of management is dedicated to culture-specific antibiotic treatment. An infectious disease team experienced in the management of 
osteomyelitis associated with fractures is critical to direct the selection and duration of antibiotic therapy and manage any encountered side effects. Close 
communication between orthopaedic and ID teams is important as unexpected events often necessitate changes in management plans. The second phase 
ends when clinical, laboratory, and radiographic signs of infection are absent, usually after 6 weeks of therapy. 

The third phase in the management of infected nonunions typically mimics the management of atrophic aseptic nonunions as discussed in the following 
section. One important decision at this juncture is whether to discontinue antibiotic therapy prior to nonunion repair or to continue therapy through and after 
nonunion repair. We generally lean toward continuation of oral therapy until union has occurred whenever there is any doubt regarding the success in 
eradication of infection. In cases in which a resistant bacteria is cultured or there is host compromise we would recommend the use of transport techniques 
as this robustly treats infected segmental defects. In cases without resistant bacteria or with an excellent host, grafting can be considered. Consideration 
should be given to the size and location of the defect. Subcutaneous infected defects do not do as well with grafting, where almost any defect can be treated 
in the femur with an IM nail and Masquelet-assisted bone grafting. 


ASEPTIC NONUNIONS 


Atrophic and Oligotrophic Nonunions 


The first consideration when dealing with nonviable or marginally vital nonunions is whether direct compression of the bone ends is possible without 
unacceptable shortening. When the answer is yes, then compression with a nail or plate is desired unless the soft tissues dictate the need for thin wire 
external fixation. If the nonunion is well aligned, then the choice of IM nailing or plating is largely based on the location of the nonunion. Well-aligned 
nondiasphyseal nonunions, in the absence of bone loss, are preferably managed with compression plating. Diaphyseal nonunions without bone defects are 
preferably managed with primary IM nailing or exchange nailing (if a nail was previously used) if well aligned. If the nonunion is malaligned, compression 
plating is generally preferred regardless of location. When direct compression of atrophic nonunions can be accomplished without any remaining defects, 
we find it unnecessary to routinely add bone graft. This is an unusual circumstance most commonly encountered when dealing with humeral and clavicle 
nonunions. When direct compression still leaves some bony defect, autologous cancellous bone or concentrated bone marrow combined with cancellous 
allograft are our primary choices of graft material. We have largely abandoned the use of BMPs in the treatment of nonunions. We find no utility in grafting 
atrophic nonunions with allograft alone. 

When bone defects are present we prefer to fill the defect with autologous bone graft when available in sufficient quantities. Graft from the iliac crest 
harvested with an acetabular reamer is preferred. When the volume of autologous graft is insufficient to fill the defect, we preferentially use cancellous 
allograft to expand the volume. As a rule of thumb, a ratio of autograft to allograft of up to 1:2 is acceptable. When greater relative quantities of allograft are 
expected to be required, bone transport methods rather than direct void filling is considered. We prefer to think of the autologous and allograft mixture as 
being one of three grades. Grade A graft is pure autograft. This has the greatest potential for healing and is used in the most important regions of the 
nonunion, typically at the periphery. Grade B graft is a mixture of autograft and allograft. This has intermediate biologic potential for healing and is used 
centrally to fill the medullary canal of long-bone nonunions. Grade C graft is pure allograft. It has the least potential for healing of the three grades and it is 
used sparingly and in locations that are the least important for rapid healing. Fixation in the presence of a filled defect is either with an IM nail or a bridge 
plate. 


Hypertrophic Nonunions 


Hypertrophic nonunions are realigned if necessary, then stabilized and when possible, compressed (see Fig. 30-2A,D). The choice of implant depends on the 
location of the nonunion and limb alignment. Well-aligned hypertrophic nonunions at the end segment of long bones or of flat bones are preferably 
managed with plating. Hypertrophic diaphyseal nonunions are preferably managed with primary IM nailing or exchange nailing (if a nail was previously 
used) when well aligned. Augmentative plating is being used with increased frequency. If the nonunion is malaligned, plating is preferred regardless of 
location. 


Annotated References 


Reference Annotation 


Bhandari M, Guyatt GH, Swiontkowski MF, et al. A lack of consensus in the assessment Demonstrates the difficulty of evaluation of fracture healing. 
of fracture healing among orthopaedic surgeons. J Orthop Trauma. 2002;16(8):562—566. 


Brinker MR, O’Connor DP, Monla YT, et al. Metabolic and endocrine abnormalities in Highlights the common endocrine abnormalities seen in patients with nonunion. 
patients with nonunions. J Orthop Trauma. 2007;21(8):557—570. 


Brinker MR, Trivedi A, O’Connor DP. Debilitating effects of femoral nonunion on health- Demonstrates the severe debilitating consequences of nonunion. 
related quality of life. J Orthop Trauma. 2017;31(2):e37-e42. 
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invasive, low-intensity pulsed ultrasound. J Bone Joint Surg Am. 1994;76A(1):26-34. 


Hernigou P, Poignard A, Beaujean F, et al. Percutaneous autologous bone-marrow grafting Description of percutaneous treatment of nonunions with concentrated marrow. 
for nonunions: influence of the number and concentration of progenitor cells. J Bone Joint 
Surg Am. 2005;87A(7):1430-1437. 


Jones AL, Bucholz RW, Bosse MJ, et al. Recombinant human BMP-2 and allograft A randomized trial comparing BMP-2 plus allograft to autograft for the treatment on 
compared with autogenous bone graft for reconstruction of diaphyseal tibial fractures with nonunions. 


cortical defects: a randomized, controlled trial. J Bone Joint Surg Am. 2006;88A (7):1431- 
1441. 


Masquelet AC, Fitoussi F, Begue T, et al. [Reconstruction of the long bones by the 
induced membrane and spongy autograft.] Ann Chir Plast Esthet. 2000;45(3):346-353. 


Murnaghan M, Li G, Marsh DR. Nonsteroidal anti-inflammatory drug-induced fracture 
nonunion: an inhibition of angiogenesis? J Bone Joint Surg Am. 2006;88A(Suppl 3):140- 
147. 


Newman JT, Stahel PF, Smith WR, et al. A new minimally invasive technique for large 
volume bone graft harvest for treatment of fracture nonunions. Orthopedics. 


2008;31(3):257-261. 


Olszewski D, Streubel PN, Stucken C, et al. Fate of patients with a “surprise” positive 
culture after nonunion surgery. J Orthop Trauma. 2016;30(1):e19-23. 


Thonse R, Conway J. Antibiotic cement-coated interlocking nail for the treatment of 
infected nonunions and segmental bone defects. J Orthop Trauma. 2007;21(4):258-268. 


Westrich GH, Geller DS, O’Malley MJ, et al. Anterior iliac crest bone graft harvesting 
using the corticocancellous reamer system. J Orthop Trauma. 2001;15(7):500—506. 


Zura R, Xiong Z, Einhorn T, et al. Epidemiology of fracture nonunion in 18 human bones. 


Initial description of the induced membrane technique for management of bone defects. 


Review of the effects of NSAIDs on fracture healing. 


Initial clinical series demonstrating the use of RIA technique. 


Article describing outcomes of patients with unexpected positive cultures encountered 
during nonunion surgery. 
Series describing technique and results for antibiotic nail treatment of infected nonunions. 


Description of novel method for harvest of iliac crest autograft using acetabular reamers. 


Large database study describing epidemiology and risk factors for nonunion. 


JAMA Surg. 2016;151(11):e162775. 
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EVALUATION 


Each malunited fracture presents a unique set of bony deformities that are described in terms of abnormalities of length, angulation, rotation, and translation. 
Also, describing the location, magnitude, and direction of the deformity completes the characterization of the malunion. Proper evaluation allows the 
surgeon to determine an effective treatment plan for deformity correction. 


CLINICAL 


Evaluation begins with a medical history and a review of all available medical records. The history should include the date and mechanism of injury of the 
initial fracture and all subsequent operative and nonoperative interventions. The history should also include descriptions of prior wounds and bone 
infections, and prior culture reports should be obtained. All preinjury medical problems, disabilities, or associated injuries should be noted. The patient’s 
current level of pain and functional limitations as well as medication use should be documented. 

Following the history, a physical examination is performed. The skin and soft tissues in the injury zone should be inspected. The presence of prior 
incisions, active drainage, or sinus formation should be noted. 

The malunion site should be manually stressed to rule out motion and assess pain. In a solidly healed fracture with deformity, manual stressing of the 
malunion site should not elicit pain. If pain is elicited by manual stressing, the orthopaedic surgeon should consider the possibility that the patient has an 
ununited fracture. 

A neurovascular examination of the limb and evaluation of active and passive motion of the joints proximal and distal to the malunion site should be 
performed. Reduced motion in a joint adjacent to a malunion site may alter both the treatment plan and the expectations for the ultimate functional outcome. 
Patients who have a periarticular malunion may also have a compensatory fixed deformity at an adjacent joint, which must be recognized to include its 
correction in the treatment plan. Correction of the malunion without addressing a compensatory joint deformity results in a straight bone with a maloriented 
joint, thus producing a disabled limb. The limb may appear aligned in these cases, but radiographic evaluation will reveal the joint deformity. If the patient 
cannot place the joint into the position that parallels the deformity at the malunion site (e.g., evert the subtalar joint into valgus in the presence of a tibial 
valgus malunion), the joint deformity is fixed and requires correction (Fig. 31-1). 


RADIOGRAPHIC 


The plain radiographs from the original fracture show the type and severity of the initial bony injury. Subsequent plain radiographs show the status of 
orthopaedic hardware (e.g., loose, broken, undersized) as well as document the timing of insertion or removal. The evolution of deformity—for example, 
gradual versus sudden—should be evaluated. 

The current radiographs are evaluated next. Anteroposterior (AP) and lateral radiographs, including the proximal and distal joints, are used to evaluate 
the axes of the involved bone. Manual measurement of standard radiographs or computer-assisted measurement of digital radiographs may be used with 
equivalent accuracy.®*89 Bilateral AP and lateral 51-inch radiographs are obtained for lower extremity deformities to evaluate limb alignment (Fig. 31-2). 
Flexion/extension lateral radiographs may be useful to determine the arc of motion of the surrounding joints. 

The current radiographs are used to document the following characteristics: limb alignment, joint orientation, anatomic axes, mechanical axes, and 
center of rotation of angulation (CORA). Normative values for the relations among these various parameters” are used to assess deformities. 


B 
Figure 31-1. Angular deformity near a joint can result in a compensatory deformity through the joint. For example, frontal plane deformities of the distal tibia can 
result in a compensatory frontal plane deformity of the subtalar joint. The deformity of the subtalar joint is fixed (A) if the patient’s foot cannot be positioned to parallel 
the deformity of the distal tibia or flexible (B) if the foot can be positioned parallel to the deformity of the distal tibia. 


ire 31-2. Bilateral weight-bearing 51-inch AP (A) and lateral (B) alignment radiographs, which are used to evaluate lower extremity limb alignment. 


Evaluation of limb alignment involves assessment of the frontal plane mechanical axis of the entire limb rather than single bones.?®49:/9,/1,8/ In the lower 
extremity, the frontal plane mechanical axis of the entire limb is evaluated using the weight-bearing AP 51-inch alignment radiograph with the feet pointed 
forward (neutral rotation).°**:’? Weight-bearing radiographs are important to evaluate the mechanical axis of the lower limb under load. 


Mechanical axis deviation (MAD) is measured as the distance from the knee joint center to the line connecting the joint centers of the hip and ankle. The 
hip joint center is located at the center of the femoral head. The knee joint center is half the distance from the nadir between the tibial spines to the apex of 
the intercondylar notch on the femur. The ankle joint center is the center of the tibial plafond. 

Normally, the mechanical axis of the lower extremity lies 1 to 15 mm medial to the knee joint center. If the lower extremity mechanical axis is outside 


this range, the deformity is described as mechanical axis deviation (MAD; Fig. 31-3). MAD greater than 15 mm medial to the knee midpoint is varus 
malalignment; any MAD lateral to the knee midpoint is valgus malalignment. 


Long Bone Anatomic Axes 


The anatomic and mechanical axes of the long bones are assessed in both the frontal plane (AP radiographs) and sagittal plane (lateral radiographs). The 
anatomic axes are defined by lines that pass through the center of the diaphysis along the length of the bone or bone segment. To identify the anatomic axis, 
the center of the transverse diameter of the diaphysis is identified at several points along the bone or bone segment. The line that passes through these points 
represents the anatomic axis (Fig. 31-4). 


A B 


Figure 31-3. A: Mechanical axis of the lower extremity, which normally lies 1 to 15 mm medial to the knee joint center. B: Medial mechanical axis deviation, in 
which the mechanical axis of the lower extremity lies more than 15 mm medial to the knee joint center. 


In a normal bone, the anatomic axis is a single straight line. In a malunited bone with angulation, each bony segment can be defined by its own anatomic 
axis with a line through the center of the diameter of the diaphysis of each bone segment representing the respective anatomic axis for that segment (Fig. 31- 
5). In bones with multiapical or combined deformities, there may be multiple anatomic axes in the same plane. 


Mechanical Axes 


The mechanical axis of a long bone is defined as the line that passes through the joint centers of its proximal and distal joints. To identify the mechanical 


axis in a long bone, the joint centers are connected by a line (Fig. 31-6). The mechanical axis of the entire lower extremity is described above in the Limb 
Alignment section. 
Joint Orientation Lines 


Joint orientation describes the relation of a joint to the respective anatomic and mechanical axes of a long bone. Joint orientation lines are drawn on the AP 
and lateral radiographs in the frontal and sagittal planes, respectively. 


A 


Figure 31-4. A: Anatomic axis of the femur. B: Anatomic axis of the tibia. 


Figure 31-5. A: A malunited tibia fracture with angulation showing the anatomic axis for each bony segment as a line through the center of the diameter of the 
respective diaphyseal segments. B: A malunited femur fracture with a multiapical deformity, showing multiple anatomical axes in the same plane. 


A 


Figure 31-6. The mechanical axis of a long bone is defined as the line that passes through the joint centers of the proximal and distal joints. A: The mechanical axis of 
the femur. B: The mechanical axis of the tibia. 


Hip orientation may be assessed in two ways in the frontal plane. The trochanter-head joint orientation line connects the tip of the greater trochanter with 
center of the hip joint (the center of the femoral head). The femoral neck joint orientation line connects the hip joint center with a series of points that bisect 
the diameter of the femoral neck. 

Knee orientation is represented in the frontal plane by joint orientation lines at the distal femur and the proximal tibia. The distal femur joint orientation 
line is drawn to connect the most distal points of the femoral condyles. The proximal tibial joint orientation line is drawn tangential to the subchondral lines 
of the medial and lateral tibial plateaus. The angle between the two knee joint orientation lines is called the joint line congruence angle (JLCA), which 
normally varies from 0 to 2 degrees of medial JLCA (i.e., slight knee joint varus). A lateral JLCA of any degree represents valgus malorientation of the knee 
and a medial JLCA of 3 degrees or greater represents varus malorientation of the knee. 

Knee orientation is represented in the sagittal plane by joint orientation lines at the distal femur and the proximal tibia. The sagittal distal femur joint 
orientation line is drawn through the anterior and posterior junctions of the femoral condyles with the metaphysis. The sagittal proximal tibial joint 
orientation line is drawn tangential to the subchondral lines of the tibial plateau. 

Malorientation of the knee joint produces malalignment of the lower limb, but limb malalignment (MAD outside the normal range) is not necessarily 
due to knee joint malorientation. 

Ankle orientation is represented in the frontal plane by a line drawn through the subchondral line of the tibial plafond. Ankle orientation is represented 
in the sagittal plane by a line drawn through the most distal points of the anterior and posterior distal tibia. 


Joint Orientation Angles 


The relation between the anatomic axes or the mechanical axes and the respective joint orientation lines can be referred to as joint orientation angles and are 
described using standard nomenclature (Table 31-1; Fig. 31-7). 


TABLE 31-1. Normal Values for Joint Orientation Angles in the Lower Extremity 


Mean Value 


Normal Range 


Bone—Plane Components (degrees) (degrees) 

Femur—Frontal 

Anatomic medial proximal femoral angle (aMPFA) Anatomic axis Trochanter-head line 84 80-89 

Mechanical lateral proximal femoral angle (mLPFA) Mechanical axis Trochanter-head line 90 85-95 

Neck shaft angle (NSA) Anatomic axis Femoral neck line 130 124-136 

Anatomic lateral distal femoral angle (aLDFA) Anatomic axis Distal femoral joint orientation line 81 79-83 

Mechanical lateral distal femoral angle (mLDFA) Mechanical axis Distal femoral joint orientation line 88 85-90 

Femur—Sagittal 

Posterior distal femoral angle (PDFA) Mid-diaphyseal line Sagittal distal femoral joint 83 79-87 
orientation line 

Tibial—Frontal 

Medial proximal tibial angle (MPTA) Mechanical axis Proximal tibial joint orientation line 87 85-90 

Lateral distal tibial angle (LDTA) Mechanical axis Distal tibial joint orientation line 89 88-92 

Tibial—Sagittal 

Posterior proximal tibial angle (PPTA) Mid-diaphyseal line Sagittal proximal tibial joint 81 77-84 
orientation line 

Anterior distal tibial angle (ADTA) Mid-diaphyseal line Sagittal distal tibial joint 80 78-82 


orientation line 


Figure 31-7. Joint orientation angles. A: Anatomic medial proximal femoral angle (@MPFA). B: Mechanical lateral proximal femoral angle (mLPFA). C: Neck shaft 
angle (NSA). D: Anatomic lateral distal femoral angle (aLDFA). E: Mechanical lateral distal femoral angle (mLDFA). F: Posterior distal femoral angle (PDFA). G: 
Medial proximal tibial angle (MPTA). H: Lateral distal tibial angle (LDTA). I: Posterior proximal tibial angle (PPTA). J: Anterior distal tibial angle (ADTA). 


To draw a joint orientation angle in the lower extremity when a deformity is present, begin by drawing the joint orientation line. Next, identify the joint 
center, which will always lie on the joint orientation line and intersects the mechanical axis. The mechanical axis line of the bone segment immediately 
adjacent to the joint can then be drawn using one of the three methods: (1) using the population mean value for that particular joint orientation angle””7!; (2) 
using the joint orientation angle of the contralateral extremity, assuming it is normal; or (3) by extending the mechanical axis of the neighboring bone. 

For example, in order to draw the mechanical lateral distal femoral angle (mLDFA) in a femur with a frontal plane deformity, the steps would be as 
follows: 


Step 1: Draw the distal femoral joint orientation line. 

Step 2: Start at the joint center and draw an 88-degree mLDFA (population normal mean value), which will define the mechanical axis of the distal femoral 
segment. Alternately, draw the mLDFA that mimics the contralateral distal femur (if normal), or extend the mechanical axis of the tibia proximally (if the 
tibia is normal) to define the distal femoral mechanical axis. 


Center of Rotation of Angulation 


The intersection of the proximal axis and distal axis of a deformed bone is called the CORA (Fig. 31-8), which is the point about which a deformity may be 
rotated to achieve correction.2*:2®29,65,67,68,70,71,86 The angle formed by the two axes at the CORA is a measure of angular deformity in that plane. Either the 
anatomic axis or the mechanical axis may be used to identify the CORA, but these axes cannot be mixed. 

For diaphyseal malunions, the anatomic axes are most convenient. For juxta-articular (metaphyseal, epiphyseal) deformities, the mechanical axis of the 
short segment is constructed using one of the three methods described above: (1) population mean value”»”!; (2) the contralateral extremity, assuming it is 
normal; or (3) extension of the mechanical axis of the neighboring bone. 

To define the CORA, the proximal axis and distal axis of the bone are identified, and then the orientations of the proximal and distal joints are assessed. 
If the intersection of the proximal and distal axes lies at the point of obvious deformity in the bone and the joint orientations are normal, the intersection 
point is the CORA and the deformity is uniapical in the respective plane. If the intersection of the axes lies outside the point of obvious deformity or either 
joint orientation is abnormal, either a second CORA exists in that plane and the deformity is multiapical or a translational deformity exists in that plane, 
which is usually obvious on the radiograph. 

The CORA is used to plan the operative correction of angular deformities. Correction of angulation by rotating the bone around a point on the line that 
bisects the angle of the CORA (the “bisector”) ensures realignment of the anatomic and mechanical axes without introducing an iatrogenic translational 
deformity.”° The bisector is a line that passes through the CORA and bisects the angle formed by the proximal and distal axes (see Fig. 31-8).°° Angular 
correction along the bisector results in complete deformity correction without the introduction of a translational deformity.™67:69%-71 All points that lie on the 
bisector can be considered to be CORAs because angulation about these points will result in realignment of the deformed bone (see Treatment— 
Osteotomies, below). 

Note that the proximal half of the mechanical axis for the femur and a portion of the proximal humerus normally lie outside the bone, so the CORA that 
is identified using the mechanical axis of the femur may lie outside the bone as well even though the deformity may be uniapical. By contrast, if the CORA 
identified using the anatomic axis of the femur or humerus, or either axis of the tibia, lies outside the bone, then a multiapical deformity exists (see Fig. 31- 
8). 
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Figure 31-8. A: Center of rotation of angulation (CORA) and bisector for a varus angulation deformity of the tibia. B: Multiapical tibial deformity showing that the 
apparent CORA joining the proximal and distal anatomic axes (solid lines) lies outside of the bone. A third anatomic axis for the middle segment (dashed line) shows 
two CORAs for this multiapical deformity that both lie within the bone. 


EVALUATION OF THE VARIOUS DEFORMITY TYPES 
Length 


Deformities involving length include shortening and overdistraction and are characterized by their direction and magnitude. They are measured from joint 
center to joint center in centimeters on plain radiographs and compared to the contralateral normal extremity, using an x-ray marker to correct for 
magnification (Fig. 31-9).°° Shortening after an injury may result from bone loss (from the injury or debridement) or overriding of the healed fracture 
fragments. Overdistraction at the time of fracture fixation may result in a healed fracture with overlengthening of the bone. 


Angulation 


Deformities involving angulation are characterized by their magnitude and the direction of the apex of angulation. Angulation deformity of the diaphysis is 
often associated with limb malalignment (MAD), as described above. Angulation deformities of the metaphysis and epiphysis (juxta-articular deformities) 
can be difficult to characterize. The angle formed by the intersection of a joint orientation line and the anatomic or mechanical axis of the deformed bone 
should be measured. When the angle formed differs markedly from the contralateral normal limb (or normal values when the contralateral limb is 
abnormal), a juxta-articular deformity is present.™6970 The identification of the CORA is key in characterizing angular deformities and planning their 
correction. 

Pure frontal or sagittal plane angular deformities are simple to characterize since the deformity appears only on the AP or lateral radiograph, 
respectively. If, however, the AP and lateral radiographs both appear to have angulation with CORAs at the same level on both views, the orientation of the 
angulation deformity is in an oblique plane (Figs. 31-10 and 31-11). 


Bilateral standing 51-inch AP alignment radiograph reveals a 34-mm leg length inequality. 
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e 31-10. A 28-year-old woman presented with complaints of her leg “going out” and her knee hyperextending. A: A 51-inch AP alignment radiograph reveals a 
6- -degree apex medial deformity with the CORA 6.5 cm distal to the proximal tibial joint orientation line, and (B) the lateral alignment radiograph shows a 17-degree 
apex posterior angulation with a CORA 6.5 cm distal to the proximal tibial joint orientation line. This patient has an oblique plane angular deformity without 
translation. 
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Figure 31 


-11. A: AP and lateral radiographs of a 36-year-old man with oblique plane deformity of the femur 11 years after intramedullary (IM) nail fixation of a 
closed femur fracture. The patient presented with a femoral nonunion and an oblique plan angular deformity. B: One-month follow-up radiographs following acute 


deformity correction and retrograde femoral fixation. Alignment orientation has been restored to normal and there is progressive but incomplete healing at this early 
juncture. 


Characterization of the magnitude and direction of oblique plane deformities can be computed from the AP and lateral radiographic measures using 
either the trigonometric or the graphic method.-*°° Using the trigonometric method, the magnitude of an oblique plane angular deformity is: 


Oblique magnitude 


= tan! „tan? (frontal magnitude) + tan*(sagittal magnitude) 


and the orientation (relative to the frontal plane) of an oblique plane deformity is: 


Oblique orientation = tan™ eninge mae? 
tan (frontal magnitude) 


Using the graphic method, the magnitude of an oblique plane angular deformity is: 


Oblique magnitude 


= ,/(frontal magnitude)? + (sagittal magnitude) 


and the orientation (relative to the frontal plane) of an oblique plane deformity is: 


ı | sagittal magnitude 


Oblique orientation = tan™ 
frontal magnitude 

The graphic method, based on the Pythagorean theorem, approximates the exact trigonometric method. The error of approximation for angular 
deformities using the graphic method is less than 4 degrees unless the frontal and sagittal plane magnitudes are both greater than 45 degrees.9-97:69-71 

When the CORA is at different levels on the AP and lateral radiographs, a translational deformity is present in addition to an angulation deformity (Fig. 
31-12). 

A multiapical deformity is defined by the presence of more than one CORA on either the AP or lateral radiograph (or both). In a multiapical deformity 
without translation, one of the joints will appear maloriented relative to the anatomic axis of the respective segment. For multiapical deformity, the anatomic 
axis of the segment nearest the joint with malorientation provides a third line that intersects both of the existing lines within the bone. These intersections 
are the sites of the multiple CORAs (Fig. 31-13). 


Figure 31-12. Frontal (A) and sagittal (B) views of a tibia with an angulation-translational deformity. Note that the angulation deformity is evident only on the frontal 
view and the translational deformity is evident only on the sagittal view. C: The oblique view showing both deformities. 


Figt 31-13. AP (A) and lateral (B) long-leg radiographs of a 27-year-old woman with a multiapical deformity of the femur, a large lateral mechanical axis 
deviation, a 13-cm leg length discrepancy, superior subluxation of the hip joint, degenerative hip joint disease, and a history of developmental dysplasia of the hip, 
proximal femoral focal deficiency, and Wagner osteotomy in childhood. The staged treatment plan included deformity correction, followed by femoral lengthening, 
and finally hip arthroplasty. Use of tracing paper (C) and three-dimensional CT reconstruction (D) of the femur to facilitate treatment planning. The multiapical 
deformity and its three CORAs can be seen on these images. E: AP radiograph 1 month following multiapical deformity correction and intramedullary nailing showing 
the location and orientation of the three osteotomy sites. F: AP radiograph 7 months following deformity correction shows solid bony union at all three corticotomy 
sites. 


A rotational deformity occurs about the longitudinal axis of the bone. Rotational deformities are described in terms of their magnitude and the position 
(internal or external rotation) of the distal segment relative to the proximal segment (Fig ). Identification of a rotational deformity and quantification 
of the magnitude can be done using clinical measurements,?° axial computed tomography (CT; )’* or AP and lateral radiographs with either 
trigonometric calculation or graphical approximation.® While axial CT and the radiographic methods allow for more precise measurement of rotational 
deformities, the more convenient clinical measurement method often results in measures of sufficient accuracy to allow for adequate correction. 

To measure tibial malrotation using clinical examination, the position of the foot axis, as indicated by a line running from the second toe through the 
center of the calcaneus, is compared to the projection of either the femoral or the tibial anatomic axis. To use the femoral axis, the patient is positioned 
prone or sits with the knee flexed to 90 degrees. The examiner measures the deviation of the foot axis from the line of the femoral axis; any deviation is 
considered to represent tibial malrotation. To use the tibial axis, the patient stands with the patella facing anteriorly (i.e., aligned in the frontal plane). To 
measure tibial malrotation, the examiner measures the deviation of the foot axis from the anterior projection of the tibial anatomic axis in the sagittal plane; 
any deviation of the foot axis from the tibial anatomic axis is considered to represent tibial malrotation (F 5A). 


Figure 31-14. Clinical photograph of a patient who presented with an internal rotation malunion of his left tibia as demonstrated by the orientation of the foot axis 
(red line). 


To measure a femoral rotational deformity using clinical examination, the patient is positioned prone with the knee flexed to 90 degrees and the femoral 
condyles parallel to the examination table. The femur is passively rotated internally and externally by the examiner, and the respective angular excursions of 
the tibia in the transverse plane are measured. Asymmetry of rotation in comparison to the opposite side indicates a femoral rotational deformity. If the 
patient also has a tibial angulation deformity, the tibia will not be perpendicular to the examination table when the femoral condyles are so positioned; tibial 
angulation deformity will cause an apparent asymmetry in femoral rotation. In this case, the rotational excursions of the tibia must be adjusted for the 
magnitude of the tibial angular deformity to avoid an incorrect assessment of femoral rotation. 


Translation 


Translational deformities may result from malunion following either a fracture or an osteotomy. Translational deformities are characterized by their plane, 
direction, magnitude, and level. The direction of a translational deformity is described in terms of the position of the distal segment relative to the proximal 
segment (medial, lateral, anterior, posterior), except for the femoral and humeral heads in which case the description is the position of the head relative to 
the shaft. Translational deformities may occur in an oblique plane, and trigonometric or graphical methods similar to those described for characterizing 
angulation deformities may be used to identify the plane and direction of the deformity.?!?° Magnitude of translation is measured as the horizontal 
distance from the proximal segment’s anatomic axis to the distal segment’s anatomic axis at the level of the proximal end of the distal segment (Fig. 31-16). 


Figure 31-15. A: Clinical photograph of a 38-year-old woman who presented 9 months after nail fixation of a tibial fracture. She complained of her right foot 
“pointing outward.” B: Plain radiographs show what appears to be a healed fracture following tibial nailing. Comparison of the proximal and distal tibias bilaterally 
was consistent with malrotation of the right distal tibia. C: CT scans of both proximal and distal tibias show asymmetric external rotation of the right distal tibia which 
measures 42 degrees. The CT scan also confirmed solid bony union at the fracture site. 


Translation = 20 mm 


Figure 31-16. Method for measuring the magnitude of translational deformities. In this example, with both angulation and translation, the magnitude of the 
translational deformity is the horizontal distance from the proximal segment’s anatomical axis to the distal segment’s anatomical axis at the level of the proximal end of 
the distal segment. 


TREATMENT 


The clinical and radiographic evaluation of the deformity provides the information needed to develop a treatment plan. Following evaluation, the deformity 
is characterized by its type (length, angulation, rotational, translational, or combined), the direction of the apex (e.g., anterior, lateral, posterolateral), its 
orientation plane, its magnitude, and the level of the CORA. 

The status of the soft tissues may impact the surgical treatment of a bony deformity. Preoperative planning should include an evaluation of overlying 
soft tissue free flaps and skin grafts. In addition, scarring, tethering of neurovascular bundles, and infection may require modifications to the treatment plan 
in order to address these concomitant conditions in addition to correcting the malunion. Furthermore, if neurovascular structures lie on the concave side of 
an angular deformity, acute correction may lead to a traction injury and associated temporary or permanent complications. In such cases, gradual deformity 
correction may be preferable to allow for gradual accommodation of the nerves or vasculature to mitigate complications. 


OSTEOTOMIES 


An osteotomy is used to separate the deformed bone segments to allow realignment of the anatomic and mechanical axes. The ability of an osteotomy to 
restore alignment depends on the location of the CORA, the axis about which correction is performed (the correction axis), and the location of the 
osteotomy. While the CORA is defined by the type, direction, and magnitude of the deformity, the correction axis depends on the location and type of the 


osteotomy, the soft tissues, and the choice of fixation technique. The relation of these three factors to one another determines the final position of the bone 
segments. Reduction following osteotomy produces one of the three possible results: (1) realignment through angulation alone; (2) realignment through 
angulation and translation; and (3) realignment through angulation and translation with an iatrogenic residual translational abnormality. 

When the CORA, correction axis, and osteotomy all lie at the same location, the bone will realign through angulation alone, without translation (Fig. 31- 
17A). When the CORA and correction axis are at the same location but the osteotomy is made proximal or distal to that location, the bone will realign 
through both angulation and translation (Fig. 31-17B). When the CORA is at a location different than the correction axis as well as different from the 
osteotomy, correction of angulation aligns the proximal and distal axes in parallel but excess translation occurs and results in an iatrogenic translational 
deformity (Fig. 31-17C). 

Osteotomies can be classified by cut (transverse or wedge, dome [actually not truly shaped like a dome, but cylindrical], or clamshell) and type 
(opening, neutral, closing). A straight cut, such as a transverse or wedge osteotomy, is made such that the osteotomy immediately produces opposing bone 
ends that have flat surfaces. A dome osteotomy is made such that the opposing bone ends have congruent convex and concave cylindrical surfaces. The type 
describes the rotation of the bone segments relative to one another at the osteotomy site. 

Selection of the osteotomy type depends on the type, magnitude, and direction of deformity, the proximity of the deformity to a joint, the location and its 
effect on the soft tissues, and the type of fixation selected. In certain cases, a small iatrogenic deformity may be acceptable if it is expected to have no effect 
on the patient’s final functional outcome. This situation may be preferable to an osteotomy type that requires an unfamiliar fixation method or a fixation 
technique that the patient may tolerate poorly. 


Wedge Osteotomy 


The type of wedge osteotomy, opening, neutral, or closing, is determined by the location of the osteotomy relative to the locations of the CORA and the 
correction axis. The CORA and correction axis may both lie in the same location: on the cortex on the convex side of the deformity, on the cortex on the 
concave side of the deformity, or in the middle of the bone (Fig. 31-18). 

When the CORA and correction axis both lie on the convex cortex of the deformity, the correction will result in an opening wedge osteotomy (see Fig. 
31-18A). In an opening wedge osteotomy, the cortex on the concave side of the deformity is distracted to restore alignment, opening an empty, wedge- 
shaped space that traverses the diameter of the bone.!°! An opening wedge osteotomy also increases bone length. 

When the CORA and correction axis both lie in the middle of the bone, the correction distracts the concave side cortex and compresses the convex side 
cortex. A bone wedge is removed from the convex, compression side to allow realignment. This neutral wedge osteotomy (see Fig. 31-18B) has no effect on 
bone length. 
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Figure 31-17. Possible results when using osteotomy for correction of deformity. A: The CORA, the correction axis, and the osteotomy all lie at the same location; 


the bone realigns through angulation alone, without translation. B: The CORA and the correction axis lie in the same location but the osteotomy is proximal or distal to 
that location; the bone realigns through both angulation and translation. C: The CORA lies at one location, and the correction axis and the osteotomy lie in a different 
location; correction of angulation results in an iatrogenic translational deformity. 


When the CORA and correction axis both lie on the concave cortex of the deformity, the correction will result in a closing wedge osteotomy (see Fig. 
31-18C). In a closing wedge osteotomy, the cortex on the convex side of the deformity is compressed to restore alignment; this requires removal of a bone 
wedge across the entire bone diameter. A closing wedge osteotomy decreases the bone length (resulting in shortening). 

These principles of osteotomy also hold true when the osteotomy is located proximal or distal to the mutual site of the CORA and correction axis, except 
that realignment in these cases occurs via angulation with translation. When the CORA and correction axis are not at the same point and the osteotomy is 
proximal or distal to the CORA, the correction maneuver results in excess translation and an iatrogenic translational deformity. 


Dome Osteotomy 


The type of dome osteotomy is also determined by the location of the CORA and the correction axis relative to the osteotomy. In contrast to a wedge 
osteotomy, however, the osteotomy site can never pass through the mutual CORA-correction axis (Fig. 31-19). Thus, translation will always occur with 
deformity correction using a dome osteotomy. 

Ideally, the CORA and correction axis are mutually located such that the angulation and obligatory translation that occurs at the osteotomy site results in 
realignment. Attempts at realignment when the CORA and correction axis are not mutually located result in a translational deformity (see Fig. 31-19B). 
Similar to wedge osteotomy, the CORA and correction axis may both lie on the cortex on the convex side of the deformity, on the cortex on the concave 
side of the deformity, or in the middle of the bone. 
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Figure 31-18. Wedge osteotomies; the osteotomy is made at the level of the CORA and the correction axis in all of these examples. A: Opening wedge osteotomy. 
The CORA and correction axis lie on the cortex on the convex side of the deformity. The cortex on the concave side of the deformity is distracted to restore alignment, 
opening an empty wedge that traverses the diameter of the bone. Opening wedge osteotomy increases final bone length. B: Neutral wedge osteotomy. The CORA and 
correction axis lie in the middle of the bone. The concave side cortex is distracted and the convex side cortex is compressed. A bone wedge is removed from the convex 
side. Neutral wedge osteotomy has no effect on final bone length. C: Closing wedge osteotomy. The CORA and correction axis lie on the concave cortex of the 
deformity. The cortex on the convex side of the deformity is compressed to restore alignment, requiring removal of a bone wedge across the entire bone diameter. A 
closing wedge osteotomy decreases final bone length. 


The principles guiding wedge osteotomies hold true for dome osteotomies. When the CORA and correction axis lie on the convex cortex of the 
deformity, the correction will result in an opening dome osteotomy (Fig. 31-20). The translation that occurs in an opening dome osteotomy increases final 
bone length. When the CORA and correction axis lie in the middle of the bone, the correction will result in a neutral dome osteotomy. A neutral dome 
osteotomy has no effect on bone length. When the CORA and correction axis lie on the concave cortex of the deformity, the correction will result in a 
closing dome osteotomy. The translation that occurs in a closing dome osteotomy decreases final bone length. Unlike wedge osteotomies, the movement of 


one bone segment on the other with a dome osteotomy is rarely impeded, so removal of bone is not typically required unless the final configuration results 
in significant overhang of the bone beyond the aligned bone column. 


Clamshell Osteotomy 


The clamshell osteotomy was designed to create a more simplified technique to address diaphyseal malunions.’*”*77®5.109 The osteotomy utilizes three 
bone cuts along the segment of deformity: a longitudinal cut through the deformed segment and transverse cuts at the proximal and distal end of the 
deformed segment. An intramedullary (IM) nail is then used to alignment the proximal and distal diaphyseal segments along the anatomic axis to correct 
angulation and translation in the coronal and sagittal plans (Fig. 31-21) with the osteotomized fragments healing to each other and to the proximal and distal 
fragments by secondary bone healing. Prior to locking the nail, the rotational and length alignment is achieved using the contralateral limb as a template. 
The technique minimizes the complexity of planning and executing diaphyseal malunion corrections using single-plane osteotomies. This osteotomy 
technique can also be used for treatment of acute fractures near preexisting diaphyseal malunions.”* 
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Figure 31-19. In a dome osteotomy, the osteotomy site cannot pass through both the CORA and the correction axis. Thus, translation will always occur when using a 
dome osteotomy. A: Ideally, the CORA and correction axis are mutually located with the osteotomy proximal or distal to that location such that the angulation and 
obligatory translation that occurs at the osteotomy site results in realignment of the bone axis. B: When the CORA and correction axis are not mutually located, a dome 
osteotomy through the CORA location results in a translational deformity. 


TREATMENT BY DEFORMITY TYPE 
Length 


Acute distraction or compression methods obtain immediate correction of limb length by acute lengthening with bone grafting or acute shortening, 
respectively. The extent of acute lengthening or shortening that is possible is limited by the soft tissues (soft tissue compliance, surgical and open wounds, 
and neurovascular structures). 

Acute distraction treatment methods involve distracting the bone ends to the appropriate length, placing a bone graft in the resulting space between the 


bone segments, and stabilizing the construct to allow incorporation of the graft. Options for treating length deformities include the use of: (1) autogenous 
cancellous or cortical bone grafts; (2) vascularized autografts; (3) bulk or strut cortical allografts; (4) mesh cage—bone graft constructs; and (5) synostosis 
techniques. A variety of internal and external fixation treatment methods may be used to stabilize the construct during graft incorporation. 14 
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Figure 31-20. Dome osteotomies. The CORA and correction axis are mutually located with the osteotomy distal to that location in all of these examples. A: Opening 
dome osteotomy. The CORA and correction axis lie on the cortex on the convex side of the deformity. An opening dome osteotomy increases final bone length. B: 
Neutral dome osteotomy. The CORA and correction axis lie in the middle of the bone. A neutral dome osteotomy has no effect on final bone length. C: Closing dome 
osteotomy. The CORA and correction axis lie on the concave cortex of the deformity. A closing dome osteotomy decreases final bone length and can result in 
significant overhang of bone that may require resection. 


The amount of shortening deformity that requires lengthening correction is uncertain.3>6! In the upper extremity, up to 3 to 4 cm of shortening is 
generally well tolerated, and restoring length when shortening exceeds this value has been reported to improve function. +2%5494 In the lower extremity, up 
to 2 cm of shortening may be treated with a shoe lift; tolerance for a 2- to 4-cm shoe lift is poor for most patients, and most patients with shortening of 
greater than 4 cm will benefit from restoration of bone length.7:8:27:59:105 

Acute compression methods are used to correct overdistraction deformities by first resecting the appropriate length of bone, approximating the bone 
ends, and then stabilizing the approximated bone ends under compression. For the paired bones of the forearm and leg, the unaffected bone requires partial 
excision to allow shortening and compression of the affected bone. For example, partial excision of the intact fibula is necessary to allow shortening and 
compression of the tibia. 
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Figure 31-21. A: AP and lateral radiographs of a patient with a diaphyseal tibia malunion and combined deformities. B: Intraoperative fluoroscopic images 
E A Ei a clamshell osteotomy to correct the tibia anatomic axis alignment. Immediate postoperative (C) and 4-month follow-up (D) AP and lateral radiographs 
after corrective osteotomy. 


Gradual correction techniques for length deformities typically use tensioned-wire (Ilizarov) external fixation, ™*°49:>4^>>>/ although gradual lengthening 
techniques using conventional monolateral external fixation or a special IM nail that provides a continuous lengthening force have been 
described.”>®-33,99,39,31,38 The most common form of gradual correction is gradual distraction to correct limb shortening. Gradual correction methods for 
length deformities can also be used to correct associated angular, translational, or rotational deformities simultaneously while restoring length. 

Gradual distraction involves the creation of a corticotomy (usually metaphyseal) and distraction of the bone segments at a rate of 1 mm per day using a 
rhythm of 0.25 mm of distraction repeated four times per day. The bone formed at the distraction site is formed through the process of distraction 
osteogenesis, as discussed below in the Ilizarov Techniques section. 


Correction of angulation deformities involves making an osteotomy, realigning the bone segments, and securing fixation during healing. The correction may 
be made acutely and then stabilized using a number of internal or external fixation methods.*°’’ Alternatively, the correction may be made gradually using 
external fixation to first restore alignment and then stabilize the site during healing.~’ Gradual correction of angular deformities is useful when 
neurovascular structures or tenuous soft tissues are on the concavity of the angular deformity. 

Angulation deformities in the diaphysis are most amenable to correction using a wedge osteotomy at the same level as the correction axis and the 
CORA. For juxta-articular (metaphyseal or epiphyseal) angulation deformities, however, the correction axis and the CORA may be located too close to the 
respective joint to permit a wedge osteotomy. Thus, juxta-articular angulation deformities may require a dome osteotomy with location of the osteotomy 
proximal or distal to the level of the correction axis and the CORA. 


Correction of a rotational deformity requires an osteotomy and rotational realignment followed by stabilization. Stabilization may be accomplished using 
internal or external fixation following acute correction, or external fixation may be used to gradually correct the deformity. The appropriate level for the 
osteotomy, however, can be difficult to determine. While the level of the deformity is obvious in the case of an angulated malunion, the level of deformity 
in rotational limb deformities is often difficult to determine. Consequently, other factors, including muscle and tendon line of pull, and the location of 


neurovascular structures and soft tissues, are usually considered to determine the level of deformity and level of osteotomy for correction of a rotational 
deformity.28°1%.75 Most commonly, isolated rotational deformities (i.e., without associated angulation or translation deformity) are corrected using a 
transverse osteotomy to produce simple rotation. 


Translation 


Translational deformities may be corrected in one of three ways. First, a single transverse osteotomy may be made to restore alignment through pure 
translation without angulation; the transverse osteotomy does not have to be made at the level of the deformity (Fig. 31-22). Second, a single oblique 
osteotomy may be made at the level of the deformity to restore alignment and gain length. Third, a translational deformity can be represented as two 
angulations with identical magnitudes but opposite directions. Therefore, two wedge osteotomies at the level of the respective CORAs and angular 
corrections of equal magnitudes in opposite directions may be used to correct a translational deformity. It should be noted that the osteotomy types used in 
this third method (opening, closing, or neutral) will affect final bone length. Internal or external fixation may be used to provide stabilization following 
acute correction of translational deformities, or gradual correction may be carried out using external fixation. 


Combined Deformities 


Combined deformities are characterized by the presence of two or more types of deformity in a single bone.*)** Treatment planning begins with identifying 
and characterizing each deformity independently from the other deformities. Once all deformities have been characterized, they are assessed as a group to 
determine which requires correction to restore function. Correction of all of the deformities may be unnecessary. For example, small translational 
deformities or angulation deformities in the sagittal plane may not interfere with limb function and may remain untreated. Once those deformities requiring 
correction are identified, a treatment plan outlining the order and method of correction for each deformity can be developed. 
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Figure 31-22. A: A single transverse osteotomy to restore alignment through pure translation without angulation. B: A single oblique osteotomy at the level of the 
deformity to restore alignment and gain length. C: A translational deformity represented as two angulations with identical magnitudes but opposite directions causing 
malalignment of the mechanical axis of the lower extremity. In this case, two wedge osteotomies of equal magnitudes in opposite directions at the levels of the 
respective CORAs may be used to correct a translational deformity and restore alignment of the mechanical axis of the lower extremity. 
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Figure 31-23. A single osteotomy to correct an angulation-translational deformity. A: A single osteotomy is made to allow correction of both deformities. Correction 
of the translational deformity (B), followed by correction of the angulation deformity, resulting in realignment (C). 


In many instances, a single osteotomy can be used to correct two deformities.®.°? For example, a combined angulation—translational deformity can be 
corrected using a single osteotomy at the level of the apex of the angulation deformity. This method restores alignment and congruency of the medullary 
canals and cortices of the respective bone segments (Fig. 31-23). The deformities are then reduced one at a time—reducing translation and then angulation, 
for instance. Stabilization can be achieved using an IM nail (Fig. 31-24) or other internal fixation and external fixation methods. 

Combined angulation-translational deformities can also be treated as multiapical angulation deformities with an osteotomy through either or both 
CORAs in the frontal and sagittal planes. While this method restores alignment of the bone’s mechanical axis, it can also result in incomplete bone-to-bone 
contact and incongruence of the medullary canals of the bone segments and cortices. As a result, stabilization cannot be achieved using an IM nail, and 
other internal fixation and external fixation methods are required to stabilize the bone segments. 


C 


4. A: AP radiograph of a 50-year-old woman with a femur fracture sustained in a motor vehicle accident 28 years ago. The left femur has a 12-degree 
varus deformity with 23 mm of lateral translation. B: AP radiograph showing acute correction using a single osteotomy and statically locked intramedullary nail 
fixation. C: AP radiograph showing final deformity correction and solid union 8 months after surgery. Nail dynamization was performed 5 months after the corrective 
osteotomy. 
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Figure 31-25. A: Combined angulation—rotational deformity with a 20-degree (0.35 radians) angulation deformity and a 30-degree (0.52 radians) rotational 
deformity. Calculations of the correction axis show an inclination of 56 degrees (tan~'[0.52/0.35] = 0.97 radians = 56 degrees), which corresponds to an osteotomy 
inclination plane of 34 degrees (90 - 56 = 34 degrees). B: The 34-degree osteotomy is made such that it passes through the CORA of the angulation deformity. C: 
Rotation of 36 degrees about the correction axis in the plane of the osteotomy results in realignment by simultaneous correction of both deformities. 


A combined angulation—rotational deformity can be corrected by a single rotation of the distal segment around an oblique axis that represents the 
resolutions of both the component angulation axis and the rotation axis (Fig. 31-25).°! The direction and magnitude of the combined angulation-rotational 
deformity are both characterized in this oblique axis. The angle of the oblique correction axis, which is perpendicular to the plane of the necessary 
osteotomy, can be approximated using trigonometry (axis angle in radians = tan |[rotation/angulation]; orientation of plane of osteotomy in degrees = 90 - 
[axis angle in radians x 57.3]. 

This single osteotomy is made at a location such that it passes through the level of the CORA of the angulation deformity (i.e., the bisector of the axes of 
the proximal and distal segments). Rotation of the distal segment about this CORA in the plane of the osteotomy results in realignment; opening and closing 
wedge corrections can also be achieved by using the CORA located on the respective cortex. Rotation of the distal segment in the plane of the osteotomy 
but not about a CORA will lead to a secondary translational deformity. This secondary deformity can be corrected by reducing the translation after rotation 
is completed. Locating the level of the osteotomy distal to the level of the CORA and correcting the secondary translational deformity can be done to correct 
a combined deformity if locating the osteotomy at the level of the CORA is impractical, such as the conditions in which the osteotomy would violate a 
growth plate or place soft tissues or neurovascular structures at risk. 

The increasing availability of three-dimensional (3D) reconstructions from CT images has proven useful for planning and treating malunions, especially 
those with combined deformities. The 3D images can be used to generate models to assist with visualization of the deformities as well as planning of 
different osteotomy types and fixation methods to optimize deformity correction. Patient-specific instrumentation can be created with the potential for more 
accurate osteotomies. !9.2964,99,103 


TREATMENT BY DEFORMITY LOCATION 


The bone involved and the specific bone region or regions (e.g., epiphysis, metaphysis, diaphysis) define the anatomic location. While a bone-by-bone 
discussion is beyond the scope of this chapter, we will address the influence of the anatomic regions of long bones on the treatment of malunions in general 
terms. 


TABLE 31-2. Diaphyseal Versus Metaphyseal/Epiphyseal Malunions 


Malunion Location Diaphysis Metaphysis or Epiphysis 


CORA method Anatomic axes Mechanical axes 
e Joint orientation angle 
e Compare to population normal values 
e Compare to contralateral (healthy) limb 
e Extend mechanical axis of neighboring bone 


Osteotomy type Wedge Dome 


Deformity characterization Mechanical axis deviation (MAD) Difficult to characterize 
May include joint malreduction and compensatory deformities 


Preferred fixation 


Acute correction Intramedullary nail Plates and screws 

Plates and screws External fixation for small distal fragments 
Gradual correction or complex Intramedullary lengthening nail (for shortening Ilizarov/Taylor Spatial Frame 
deformity deformity) 


Ilizarov/Taylor Spatial Frame 


Shaft (Diaphyseal Malunions) 


Diaphyseal deformities involve primarily cortical bone in the central section of long bones. Characterizing deformities is straightforward, as angulation and 
translational deformities are usually obvious on plain radiographs and anatomic axes may be used to identify CORAs (Table 31-2). In addition, the use of 
wedge osteotomies through the CORA for deformity correction is generally achievable, thus allowing reduction of the deformity without concerns about 
inducing secondary translational deformities. By virtue of their relatively homogeneous morphology, diaphyseal deformities are amenable to a wide array of 
fixation methods following correction. IM nail fixation is preferable when practical (Fig. 31-26). 
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Figure 31-26. A, B: AP and lateral radiographs on presentation of a 37-year-old man initially definitively treated in traction in Africa for a femoral shaft fracture. C, 
D: AP and lateral radiographs following deformity correction with closed antegrade femoral nailing. 


A, B 
Figure 31-27. A: Presenting AP radiograph of a 45-year-old woman with a malunited distal tibial fracture. This pure frontal plane deformity measured 21 degrees of 
varus with a CORA located 21 mm proximal to the distal tibial joint orientation line. B: AP radiograph following transverse osteotomy and during gradual deformity 
correction (differential lengthening) using a Taylor Spatial Frame. C: Final AP radiograph following deformity correction and bony consolidation. 


Periarticular (Metaphyseal and Epiphyseal Malunions) 


Periarticular deformities located in the metaphysis and epiphysis are more difficult to identify, characterize, and treat. In addition to the juxta-articular 
deformities of length, angulation, rotation, and translation and the presence of joint malorientation, there may also be malreduction of articular surfaces and 
compensatory joint deformities, such as soft tissue contractures and fixed joint subluxation or dislocation. The CORAs may be identified using joint 
orientation angles to create the mechanical axes (see Table 31-2). Identification, characterization, and prioritization of each component are critical to 
forming a successful treatment plan. 

Acute correction of periarticular deformities is most often accomplished using plate and screw fixation or external fixation.” Gradual correction may 
also be accomplished using external fixation particularly for small periarticular bone segments (Fig. 31-27). 


TREATMENT BY METHOD 


Plate and Screw Fixation 


The advantages of plate and screw fixation include rigidity of fixation; versatility for various anatomic locations and situations (e.g., periarticular 
deformities); correction of deformities under direct visualization; and safety following failed or temporary external fixation. Disadvantages of the method 
include extensive soft tissue dissection; limitation of early weight-bearing and function; and inability to correct significant shortening deformity. A variety 
of plate types and techniques are available, and these are presented in the chapters covering specific fracture types. However, in cases of deformity 
correction with poor bone-to-bone contact following reduction, other methods of skeletal stabilization should be considered. 

Locking plates have screws with threads that lock into threaded holes on the corresponding plate. This locking effect creates a fixed-angle device, or 
“single-beam” construct, because no motion occurs between the screws and the plate. 17436 In contrast to traditional plate-and-screw constructs, the locked 
screws resist bending moments and the construct distributes axial load across all of the screw—bone interfaces.2*3° As compared to compression plating 
where healing is by direct osteonal bridging, plating performed without compression results in healing via callus formation.?47293.106 Because of the 
inherent axial and rotational stability with locked devices, obtaining contact between the plate and the bone is unnecessary; the construct can be thought of 
as functioning similarly to an external fixator but being located within the body. Consequently, periosteal damage and microvascular compromise can be 
minimal. Locking plates are considerably more expensive than traditional plates and should be used primarily in deformity cases that are not amenable to 
traditional plate-and-screw fixation.!7 

Along with patient-specific instrumentation generated from cross-sectional imaging, patient-specific implants for complex deformities can be created 
with 3D printing. These types of implants may be useful in periarticular malunions to increase fixation when other means of fixation would be limited due 


to the anatomic restraints and resultant abnormal bone contours.®4 


Intramedullary Nail 

IM nail fixation is particularly useful in the lower extremity because of the strength and load-sharing characteristics of IM nails. This method of fixation is 
ideal for cases where diaphyseal deformities are being corrected (Figs. 31-28 and 31-29; see Fig. 31-21). The method may also be useful for deformities at 
the metaphyseal—diaphyseal junction. Intramedullary implants are excellent for osteopenic bone where screw purchase may be poor. 

Intramedullary Lengthening Nail 


IM lengthening nails may be used for the correction of shortening deformities (Fig. 31-30).%16:38.39.66,98 IM lengthening nails avoid some of the potential 


complications of external fixation, including pin site infection, tethering of neuromuscular tissues as pins traverse the limb, and pain associated with pin 
tension across soft tissues. Lengthening nails also have the advantage of providing a very stable fixation method with high resistance to bending and rotation 
moments. The principles of distraction osteogenesis are used in the treatment plan: low-energy corticotomy, monitoring progression of lengthening to 
ensure new bone formation and avoid early consolidation, and allowing a period of consolidation following length restoration (see also Ilizarov Techniques 
section below). When lengthening the femur, pure lengthening may lead to lateral MAD in an approximate ratio of 1 mm of lateral MAD for every 1 cm of 
lengthening, which should be accounted for in treatment planning.!> This effect occurs because an IM nail lengthens in line with the anatomic axis of the 
femur rather than the mechanical axis of the limb. 

In a matched-pair comparison study, 15 patients with femoral shortening deformities treated with a motorized IM nail (Fitbone, Wittenstein Group, 
Igersheim, Germany) achieved a mean lengthening of 35 mm and realignment of the anatomic axis with slightly more rapid consolidation, better knee range 
of motion, and fewer complications relative to 15 matched patients undergoing lengthening of similar magnitude (38 mm) via Taylor Spatial Frame (Smith 
and Nephew, Memphis, TN).*! Another retrospective investigation reported that 20 femurs (in 15 patients) that underwent lengthening with the PRECICE 
nail (Ellipse Technologies, Irvine, CA) achieved length restoration with a shorter healing time, more rapid return to full weight-bearing, and fewer 
complications relative to 13 bones (in 7 patients) that underwent lengthening using the LRS external fixator (Orthofix Inc., Lewisville, TX).°° 


—" 


A, B C, D 
Figure 31-28. AP (A) and lateral (B) 51-inch alignment radiographs of a 52-year-old woman with a painful total knee arthroplasty. This patient had severe 
arthrofibrosis, severe pain, and had failed revision total knee arthroplasty. She was referred in for a knee fusion but was noted to have an oblique plane angular 
malunion of her proximal femur from a prior fracture, as indicated by the white lines superimposed on the femur. It was felt that without correction of this femoral 
malunion, passage of the knee fusion nail through the angled femoral diaphysis would have been difficult and the final clinical and functional results would likely have 
been suboptimal due to malalignment of the mechanical axis of the lower extremity. C, D: Follow-up radiographs 5 months after operative treatment with resection of 
her total knee arthroplasty, percutaneous corticotomy of her proximal femur to correct her deformity, and percutaneous antegrade femoral nailing to stabilize the 
corticotomy site and stabilize her knee fusion site. 
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Figure 31-29. A: This 37-year-old woman sustained a gunshot wound to the left femur while living in the Democratic Republic of the Congo. She presented 18 years 
later with severe hip and knee pain and foreshortening of the left lower extremity. AP and lateral radiographs show a large femoral varus deformity and the lateral 
radiograph shows a combination of translation and angulation. Also, note substantial medial mechanical axis (dashed line) deviation. B: Re-establishment of the 
medullary canal of the proximal femur involves percutaneous threaded wire placement followed by reaming using a cannulated stiff reamer. C: The distal femur 
medullary canal is reamed via placement of a retrograde wire followed by reaming using a cannulated stiff reamer. D: Percutaneous corticotomy is accomplished via 
multiple drill holes with intermittent drilling under constant irrigation through a 5-mm incision followed by completion with a 14-inch osteotome. E: The deformity is 
acutely corrected and a beaded-tip retrograde guide wire is placed followed by standard reaming and retrograde nailing technique. F: Final follow-up AP and lateral 
radiographs show restoration of the mechanical axis (dashed line) with solid healing and complete deformity correction. 


D, E 


Figure 31-30. A: AP and lateral radiographs of a 49-year-old woman 33 years after fracture of the femur in a motor vehicle accident. She was experiencing back pain 
that the referring physician thought might have been due to limb length discrepancy. Her oblique plane angular deformity had 17 degrees AP varus, 19 degrees anterior 
angulation, and 40 mm of total limb length discrepancy. B: Serial postoperative AP radiographs following percutaneous corticotomy and acute correction of the 
angular deformity and implantation of a PRECICE intramedullary lengthening nail showing progression of distraction over 5 weeks to final length. C: Serial 
postoperative AP radiographs showing progressive consolidation over 3 months following lengthening. D: Final AP and lateral radiograph 19 months after nail 
implantation and 2 months following nail removal. The patient was experiencing no back pain at the time of final follow-up. 


IM lengthening nails have been associated with a number of complications. A review of 19 patients with shortening deformities of the femur or tibia (or 
both) undergoing 35 lengthening procedures using the Intramedullary Skeletal Kinetic Distractor (ISKD) (Orthofix Inc., Lewisville, TX) reported that 10 
patients (53%) had complications, including decreased ankle range of motion, delayed bone healing, and device failure.°* The PRECICE nail was reported 
by Kirane et al. to have high accuracy and precision in restoration of an average of 35 mm of femur or tibia length in a retrospective review of 24 patients, 
although 30% of patients required a return to the operating room for complications including device failure, premature consolidation, delayed healing, and 
acquired deformity of the foot or ankle.°* Hammouda et al. reported a complication rate of 18% (3 out of 17) during restoration of an average 38 mm of 
length in femurs treated using the PRECICE nail.” A retrospective review by Tiefenboeck et al. of 10 patients with shortening deformities of the lower limb 
treated with the PRECICE nail reported that lengthening goals averaging 47 mm were achieved, but 7 (70%) patients experienced complications including 
device failure, compartment syndrome, and nonunion. 100 


Ilizarov Techniques 


Ilizarov techniques*®-!0-12,33,45-49,56,67,80,81 haye many advantages, including that they (1) are primarily percutaneous, minimally invasive, and typically 
require only minimal soft tissue dissection; (2) can promote the generation of osseous tissue; (3) are versatile; (4) can be used in the presence of acute or 
chronic infection; (5) allow for stabilization of small intra-articular or periarticular bone fragments; (6) allow simultaneous deformity correction and 
enhancement of bone healing*-®!%:14,49.50, (7) allow immediate weight-bearing and early joint function; (8) allow augmentation or modification of the 
treatment as needed through frame adjustment; and (9) resist shear and rotational forces while the tensioned wires allow the “trampoline effect” (axial 
loading—unloading) during weight-bearing activities. 

The Ilizarov external fixator can be used to reduce and stabilize virtually any type of deformity, including complex combined deformities (Fig. 31-31), 
and restore limb length in cases of limb shortening. A variety of treatment modes can be employed using the Ilizarov external fixator, including distraction 
lengthening, and multiple sites in a single bone can be treated simultaneously. Monofocal lengthening involves a single site undergoing distraction. Bifocal 
lengthening denotes that two lengthening sites exist (Fig. 31-32). 


Distraction Lengthening 


The bone formed at the corticotomy site during distraction lengthening Ilizarov treatment is by distraction osteogenesis (Fig. 31-33).%4% Distraction 
produces a tension-stress effect that causes neovascularity and cellular proliferation in many tissues, including bone regeneration primarily through 
intramembranous bone formation. Corticotomy and distraction osteogenesis result in profound biologic stimulation. For example, Aronson et al.* reported a 
nearly 10-fold increase in blood flow following corticotomy and lengthening at the proximal tibia distraction site relative to the control limb in dogs, as well 
as increased blood flow in the distal tibia. 

A variety of mechanical and biologic factors affect distraction osteogenesis. First, the corticotomy or osteotomy must be performed using a low-energy 
technique (i.e., multiple drill holes with intermittent drilling under constant irrigation connected by osteotome, or Gigli saw osteotomy) to minimize 
necrosis. Second, distraction of the metaphyseal or metaphyseal—diaphyseal regions has superior potential for regenerate bone formation relative to 
diaphyseal sites. Third, the external fixator construct must be very stable. Fourth, a latency period of 7 to 14 days following the corticotomy and before 
beginning distraction is recommended. Fifth, since the formation of the bony regenerate is slower in some patients, the treating physician should monitor the 
progression of the regenerate on plain radiographs and adjust the rate and rhythm of distraction accordingly. Sixth, a consolidation phase in which external 
fixation continues in a static mode following restoration of length that generally lasts two to three times as long as the distraction phase is required to allow 
maturation and hypertrophy of the regenerate. 


Complex Combined Deformities 


All bone deformities can be characterized by describing the position of one bone segment relative to another in terms of angular rotations in each of three 
planes and linear displacements along each of three axes. Complex deformities can be characterized using magnitudes for each of these six parameters. 
Directions of the rotations or displacements are defined as positive and negative relative to the anatomic position. Positive rotations are defined by the right- 
hand rule: With the thumb pointed in the positive direction along the respective axis (defined identically to the displacement descriptions), the curled fingers 
indicate the direction of positive rotation (Fig. 31-34). For example, angulation in the frontal plane is rotation about an anterior—posterior axis. With anterior 
defined as the positive direction for this axis, counterclockwise rotation (to an examiner who is face-to-face with the patient) is positive, and clockwise 
rotation is negative. Anterior, right, and superior displacements are defined as positive values. 

Complex combined deformities often require gradual correction to allow adaptation of not only the bone but also the surrounding soft tissues and 
neurovascular structures. The modern Ilizarov hardware system uses different components (hinges, threaded rods, rotation—translation boxes) to achieve 
correction of multiple deformity types in a single bone. Alternatively, the Taylor Spatial Frame (Fig. 31-35), which uses six telescopic struts, can be used to 
correct complex combined deformities.2-4743.57,58.79-83,92,95,97,102,104,107,108 Ą computer program is used in treatment planning to determine strut lengths to 
connect the rings for the original frame construction around the deformity. The rings of the external fixator frame are attached perpendicular to the 
respective bone segments and the struts are gradually adjusted to attain neutral frame height (i.e., rings in parallel; Figs. 31-36 and 31-37). Any residual 
deformity is then corrected by further adjusting the struts. 


D, E 

gu . AP (A) and lateral (B) radiographs of a 25-year-old man 2 years after fracture of humerus while arm wrestling. This oblique plane deformity has 30 
degrees AP > varus, 21 degrees lateral posterior apex, and 5 mm of axial shortening, using the contralateral humerus as a reference. C: Ilizarov gradual deformity 
correction in progress. AP (D) and lateral (E) radiograph showing final deformity correction and solid bony union of the osteotomy site. 
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Figure 31-32. Bifocal lengthening. A: Tibia with length deformity showing two corticotomy sites. B: Tibia following distraction osteogenesis at both corticotomy 
sites showing restoration of length. 


3. Regenerate bone (arrows) at the corticotomy site is formed via distraction osteogenesis. A: Monofocal lengthening of the tibia. B: Bifocal lengthening 
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Figure 31-34. Definitions used to characterize complex deformities using three angular rotations and three linear displacements. 


Correction can be simultaneous, in which all deformities are corrected at the same time, or sequential, in which some deformities (e.g., angulation— 
rotation) are corrected before others (e.g., translations). The rate at which correction occurs must be determined on a patient-by-patient basis and depends on 
the type and magnitude of deformity, the potential effects on the soft tissues, the health and healing potential of the patient, and the balance between 
premature consolidation and inadequate regenerate formation. 


A B 
Figure 31-35. A: Taylor Spatial Frame with rings placed obliquely to one another and in parallel with the position of the tibial angular—translation deformity. B: 
Taylor Spatial Frame following correction of the deformity by adjusting the six struts to attain neutral frame height (i.e., rings in parallel). 


Figure 31-36. A: A 54-year-old woman following a closed femur fracture sustained from a bean bag gun used by police to subdue her during an attempted suicide. 
After a lengthy detainment in a psychiatric unit, she presented 6 years later with severe pain, AP and lateral radiographs showing a profound femoral deformity, and a 
CT scan (not shown) confirming nonunion. B: AP and lateral radiographs 3 weeks following surgery with a corticotomy across her nonunion site. Deformity correction 
is in process. C: The initial plan was to correct all deformities, including length, but because the patient was unable to tolerate the Ilizarov frame, she was treated with 
compression for rapid healing. AP and lateral radiographs show deformity correction and early bridging, which was confirmed by CT scan. The patient later underwent 


femoral lengthening with a PRECICE nail. 


A,B 


Figure 31-37. A: A 61-year-old man began treatment for congenital pseudarthrosis of the tibia when he was 8 years old. Following multiple surgeries throughout his 
life, he presented with a healed tibia with a severe oblique plan angular deformity and overlying poor soft tissues. B: Patient was treated with removal of the proximal 
portion of his nail, percutaneous corticotomy, and Ilizarov deformity correction. C: His regeneration was extremely slow to mature and his Ilizarov frame was removed 


14 months later with complete deformity correction and solid bony union. 
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INTRODUCTION TO ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT INJURIES 


Injuries to the shoulder girdle can happen at multiple places along the length of the clavicle. In a basic anatomic concept, the clavicle facilitates shoulder 
function by suspending it away from the axial skeleton optimizing motion, muscle action vectors, and position. Thus, injuries to either the acromioclavicular 
(AC) or sternoclavicular (SC) joints can result in a wide range of shoulder dysfunction. Excluding clavicle fractures, both the AC and SC joints can be 
injured by similar mechanisms, present with overlapping clinical complaints, and in some cases result in injury to both locations. AC injures are the more 
common, often occur in male patients less than 30 years of age, and are associated with contact sports or athletic activity in which a direct blow to the lateral 
aspect of the shoulder occurs. SC joint injuries are less common and usually relatively benign injuries. However, the more severe posterior injury patterns 
can represent true medical emergencies and require the orthopaedic surgeon to be knowledgeable regarding the proper steps in diagnosis and treatment. 
Computed tomography (CT) remains the imaging modality of choice for diagnosing SC joint position and injury. Early and prompt reduction is indicated 
for posterior dislocations and posterior physeal injuries. 

AC injures are more common and often occur in young, male patients during contact sports or athletic activity. A direct blow to the lateral aspect of the 
shoulder can occur in a contact or collision athlete, resulting in an AC separation. The optimal management of these injuries has been debated for decades. 
However, there remains a lack of clear consensus regarding when operative management is essential, particularly prognostic signs that indicate poor 
outcome with nonoperative treatment, and which procedure produces the best functional outcome with the least morbidity.?4 123,167,174 

The surgical treatment of AC joint injuries has evolved with our understanding of the local anatomy and the biomechanics of the joint, and demonstrates 
a clear historical progression. Samuel Cooper is given credit for the initial report of the surgical management of a displaced, painful AC joint dislocation in 
1861.156 In 1917, Cadenat described transfer of the coracoacromial ligament,** a procedure later popularized by Weaver and Dunn.?°* Advancements in 
orthopaedic implants and techniques have since dramatically changed how these injuries are surgically managed. Open reconstruction techniques aim to 
reduce the AC joint to an anatomic position with the goal of optimizing function of the shoulder girdle. This can be accomplished using traditional methods 
that provide a stable construct or a more flexible anatomic approach, in which the goal is to provide a reconstruction that addresses the three-dimensional 
function of the AC joint complex. 

This chapter will focus on the traumatic aspects of AC disorders through an in-depth review of the local anatomy and applied biomechanics of the joint. 
A classification based on the spectrum of injury is presented in addition to nonsurgical and surgical treatment options. However, there remains a lack of 
high-quality comparative studies from which treatment guidelines can be derived and therefore an overview of approaches is presented. 


ASSESSMENT OF ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT INJURIES 


MECHANISMS OF INJURY FOR ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT 
INJURIES 


There are numerous ways in which trauma to the shoulder girdle can result in either an injury to the AC or SC joint, and in some instances both. As with any 
traumatic injury the direction and magnitude of the force vector dictates the resultant injury pattern. Falling on an outstretched arm, locked in extension at 
the elbow, can drive the humeral head superior into the acromion typically resulting in low-grade AC joint injuries (Fig. 32-1). A medially directed force to 
the lateral shoulder that drives the acromion into and underneath the distal clavicle, as occurs, for example, when getting checked into the boards during a 
hockey game, can result in higher degrees of injury and subsequently more displacement.!°° One of the more commonly described patterns involves falling 
or being tackled onto the lateral aspect of the shoulder with the arm in an adducted position which produces a compressive (medial) and shear (vertical) 
force across the joint. This typically produces a higher degree of displacement because the force is enough to tear both the AC and coracoclavicular (CC) 
ligaments. 


A . B 
Figure 32-1. A: Most common position of injury; adducted arm with axial load to superior AC joint. B: Illustration of force directions that can cause displacement of 
the glenohumeral complex away from or into the AC suspensory complex causing injury to the ligaments; superior, inferior, and medial. Arrows denote the direction of 
force or injury pattern seen with AC dislocation. 


One common misconception is the clavicle “elevates” superior to the acromion. In actuality, the shoulder girdle is suspended from the axial skeleton by 
the AC joint complex (the specific anatomy of which will be discussed in the next section) and typically displaces inferiorly. The injury force which drives 
the acromion medially and downward produces a progressive injury pattern; first disruption of the AC ligaments, followed by disruption of the CC 
ligaments, and finally disruption of the fascia overlying the clavicle that connects the deltoid and trapezius muscle attachments.!*° At this point, the upper 
extremity has lost its suspensory support from the clavicle and the scapula along with the associated glenohumeral articulation displaces inferiorly 
secondary to forces of gravity. The characteristic clinical deformity is actually caused by inferior displacement of the shoulder and arm. Because the weight 
of the arm is no longer suspended from the clavicle, there may be a slight upward pull by the trapezius muscle on the clavicle. However, the major 
deformity seen in high-grade AC joint injuries is due to downward displacement of the shoulder (Fig. 32-2). Inferior dislocation of the clavicle under the 
coracoid is very rare and thought to be most likely associated with a severe distraction force with recoil of the shoulder, as in a scapulothoracic dissociation. 
This type of AC joint dislocation is exceedingly rare and neurovascular integrity should always be evaluated. 

In SC joint injuries, while the mechanisms may overlap significantly, the supporting ligamentous structures are very strong, and structurally designed 
such that it is actually one of the least commonly dislocated joints. The incidence of SC dislocation, based on the series of 1,603 injuries of the shoulder 
girdle reported by Cave et al.*! is 3% (specific incidences in the study were glenohumeral dislocations, 85%; AC injuries, 12%; and SC injuries, 3%). A 
traumatic dislocation of the SC joint usually occurs only after tremendous distraction/compression forces have been applied to the shoulder or a direct 
trauma to the joint proper (seat belt). When a force is applied directly to the anteromedial aspect of the clavicle, the clavicle is pushed posteriorly behind the 
sternum and into the mediastinum. This may occur in a variety of ways: an athlete lying on their back is jumped on and the knee of the jumper lands directly 
on the medial end of the clavicle; a kick is delivered to the front of the medial clavicle; a person lying supine is run over by a vehicle; or a person is pinned 
between a vehicle and a wall (Fig. 32-3). A recent study by Gun et al. found that male sex was also associated with higher risk of SC joint dislocation.®° 


Figure 32-2. Radiograph example of Zanca view with bilateral AC joints visualized. Note the displaced AC joint on the right. This view allows for measurement and 
comparison of CC distance from injured to uninjured side, note the CC distance measured on the left (uninjured side). 


Figure 32-3. Computed tomography (CT) scan of a posterior sternoclavicular joint dislocation on the left that occurred when the driver’s chest impacted the steering 
wheel during a motor vehicle accident. 


A distraction force across the clavicle typically leads to an indirect injury to the SC joint. Mehta et al.!?° reported that three of four cases of posterior SC 
dislocations resulted from indirect force, and Heinig®? reported that indirect force was responsible for eight of nine cases of posterior SC dislocations. If the 
shoulder is compressed and rolled forward, an ipsilateral posterior SC dislocation results; if the shoulder is compressed and rolled backward, an ipsilateral 
anterior SC dislocation results (Fig. 32-4). The most common cause of dislocation of the SC joint is vehicular accidents, followed by an injury sustained 
during participation in sports.!°*!9 Most SC dislocations are anterior. The largest published series from a single institution was reported by Nettles and 
Linscheid!*° who studied 60 patients with SC dislocations (57 anterior and 3 posterior). Fery and Sommelet™ reported an incidence of 40 anterior to 8 
posterior dislocations. Similar proportions have also been confirmed in the pediatric population. !°° 

Injuries to both joints probably results when one joint has a significant injury absorbing most of the trauma and the second joint has a low-grade injury 
with minimal displacement. However, bilateral displaced joint injuries can occur and are referred to as bilateral dislocations, bipolar injuries, “a floating 
clavicle” or panclavicular dislocation injury. The reported cases of these injuries describe anterior dislocation at the SC joint combined with a posterior 
dislocation of the AC joint.!64166 Dieme et al.5© reported three cases of “floating clavicle.” In 1990, Sanders et al.!®* reported six patients who had a 
dislocation of both ends of the clavicle; two patients with lower demands did well following nonoperative management with only minor symptoms. The 
other four patients had persistent symptoms that were localized to the AC joint. Each of these patients had a reconstruction of the AC joint, which resulted 
in a painless, full range of motion, and a return to normal activity. AC joint dislocation can also accompany medial clavicle physeal fracture/dislocation.”4 
Wade et al.2" reported an irreducible posteroinferior AC dislocation associated with a medial epiphyseal fracture that required open reduction of the AC 
joint and exploration of the SC injury with a good result. These bipolar injury patterns typically occur with high-energy trauma and may be associated with 
neurologic symptoms. Conservative management is described with success in older or lower-demand patients. 164 Techniques used to surgically treat these 


bipolar injuries have been varied. Bilateral (Balser) hook plates have recently been used with good success,'®° but more traditional methods of open 
164 


reduction with capsular repair and in some cases augmentation with internal fixation has also been reported with success. 


A ap B 
Figure 32-4. Mechanisms that produce anterior or posterior dislocation of the sternoclavicular joint. A: If the patient is lying on the ground and a compression force is 
applied to the posterolateral aspect of the shoulder, the medial end of the clavicle will be displaced posteriorly. B: When the lateral compression force is directed from 
the anterior position, the medial end of the clavicle is dislocated anteriorly. 


INJURIES ASSOCIATED WITH ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT 
INJURIES 


Associated injuries with both SC and AC are commonly reported and we will briefly review to remind the examiner of possible associated pathology. The 
SC will be discussed first as traumatic posterior dislocations can lead to life-threatening complications. 

SC injury can be accompanied by significant trauma to the critical surrounding structures in the neck and thorax and/or by other musculoskeletal 
injuries. Significant concomitant injuries of the mediastinum must be considered to avoid catastrophic outcomes. These injuries almost always occur in the 
setting of posterior SC fractures and dislocations and include the following: 


e Tracheal compression: From the initial case report of Rodrigues!5? to multiple recent case reports, the trachea can be displaced by the posteriorly 
displaced medial aspect of the clavicle. Acute airway compromise and subacute dyspnea are key symptoms.!!6136 

e Pneumothorax: Pleural violation by the clavicle has been noted with SC dislocation and should be especially considered in high-energy direct 
trauma. 145 

e Laceration/compression of the great vessels: The great vessels of the mediastinum can be directly transected or compressed, with two recent reviews 
estimating the incidence at under 2%.5*!!3 Multiple case reports of both arterial and venous injuries exist,478®.2!0 including the pulmonary artery,?!° 
brachiocephalic vein,*” superior vena cava,!*° and innominate artery.''® Compression of any of the great vessels without frank laceration can also 
occur!!! and may present as a thrombosis, which may include stroke-like symptoms from emboliation.*° 

e Esophageal perforation/rupture: Cases of esophageal rupture are often described in relation to local sequelae. Wasylenko and Busse”? reported on a 
fatal tracheoesophageal fistula. 

e Plexus injury/compression: A high index of suspicion should be maintained for brachial plexus injury which may occur concomitantly with the overall 
injury pattern or from the static posterior position of the clavicle after dislocation.”° Careful evaluation of associated cervical spine injury should be 
completed as it cannot be assumed that neurologic injury is located in the brachial plexus.!'4 


Glenohumeral Intra-Articular Pathology 


The associated intra-articular glenohumeral joint pathology is commonly referenced but only two studies have reported on the incidence, documented with 
arthroscopy during the treatment of high-grade AC joint dislocations. In a series of 77 patients with grade III to V injuries, arthroscopic evaluation 
determined 18.2% had a superior labral anterior to posterior (SLAP) lesion, one patient had a complete tear of the supraspinatus and two patients had partial 
articular-sided cuff tears.'®” Pauly et al.146 noted a 15% (6/40) incidence of intra-articular pathology, including SLAP tears and partial-thickness rotator cuff 
tears, in their series of 40 consecutive patients undergoing arthroscopic-assisted reconstruction of grade III to V AC joint dislocations. At the present time, it 
is not clear if intervention for associated glenohumeral pathology improves clinical outcomes. Currently, no data support obtaining a preoperative MRI 
arthrogram to aid in the diagnosis of a concomitant injury or surgical intervention to treat the pathology unless a significant rotator cuff tear is suspected 
based on clinical examination or if the patient presents with persistent shoulder symptoms despite adequate recovery of their AC joint injury. 


Fractures 


Typically during higher levels of trauma, one can see a patient with a fracture that disrupts the CC ligaments and AC joint capsule/ligaments and disrupts 
the suspension of the upper limb in the same manner as a grade III or greater AC separation. The most common fracture pattern is the distal or lateral 
clavicle fracture. Similarly, the base or neck of the coracoid process can be fractured leaving the CC ligaments attached to the fracture fragment but 
presenting as a high-grade AC separation.!°? Another uncommon combination is fracture of the clavicle shaft in conjunction with an AC joint separation. 
Wurtz et al.?" reported on four patients with a fracture of the middle third of the clavicle and dislocation of the AC joint. In three cases with grade IV AC 
separations the AC joint was treated with either a CC screw or Steinmann pins across the AC joint, and the clavicle fracture was treated nonoperatively. The 
final case was treated nonoperatively. Patients were followed from 1 to 3 years and excellent motion and function was reported. In a patient less than 30 
years of age, concomitant injury to the medial clavicular epiphysis has been reported that required open reduction at the epiphyseal fracture to facilitate 


reduction of a posterior AC joint dislocation.2 Fracture of the midshaft of the clavicle with either anterior or posterior subluxation/dislocation of the SC 
joint has been noted. It is important to assess the AC joint and the SC joint in the face of the more obvious midshaft clavicle fracture to avoid a delay in 
diagnosis and improve outcome. Anterior dislocation of the SC joint and simultaneous fracture of the midclavicle have been reported,!®° as have skeletally 
immature patients with ipsilateral clavicle fractures and posterior physeal injuries of the SC joint.2-!37:89 Pearsall and Russell!4” reported a patient who had 
an ipsilateral clavicle fracture, an anterior SC joint subluxation, and a long thoracic nerve injury. 


Brachial Plexus Abnormalities 


Brachial plexus injuries associated with AC separations are not common. Sturm and Perry,'®° in a review of 59 patients with brachial plexus injuries, 
identified two patients with AC separations. 


Coracoclavicular Ossification 


CC ossification has been referred to as both ossification and calcification. It is secondary to the intrinsic healing response within this area following injury to 
the CC ligaments. This has been observed and described since the 1940s and has never been associated with increased pain or dysfunction.'°° However, it is 
commonly observed radiographically in cases of chronic AC separations and often in cases with higher degrees of injury. The calcification can be formed 
heterotopically around the area of injury, or it can form a bridge between the coracoid and the clavicle. Usually, it has no effect on the functional outcome 
but if present may require removal to facilitate full reduction of the AC joint and CC distance at the time of operative intervention. 


Osteolysis of the Distal Clavicle 


Osteolysis of the distal clavicle is a radiographic finding that may or may not be associated with significant symptoms of pain at the AC joint with cross-arm 
adduction and overhead lifting. Traumatic distal clavicle osteolysis can be associated with low-grade AC separations in which an extended inflammatory 
response or repeated injury occurs, leading to the osteolysis observed on radiographs. Madsen"! reported on seven patients with the complication known as 
posttraumatic osteolysis of the distal clavicle. He identified eight cases in the literature and seven of his own, all of which had some level of AC joint 
separation or repeated microtrauma to the area (i.e., pneumatic tool worker). 

Histologic analysis of the subchondral bone has noted intense osteoblastic activity in these osteolytic patients.!68 These observations confirmed the 
hypothesis that repeated microtrauma with a recurrent inflammatory process was part of the etiology. 

Radiographic changes usually occur only in the injured shoulder. If changes are noted in both shoulders, other conditions should be considered, such as 
rheumatoid arthritis, hyperparathyroidism, and scleroderma. The differential diagnosis of a lesion in one shoulder should include Gorham’s massive 
osteolysis, gout, and a neoplasm such as multiple myeloma. 


Other Conditions 


It is important to consider other pathologies particular to the SC joint during the diagnostic process. Atraumatic SC dislocation is described with patients 
typically having a chronic sensation of SC subluxation. !?? Infection may mimic trauma and should especially be considered in patients with a history of 
intravenous drug abuse, immunocompromise, or indwelling subclavian catheters. SC hyperostosis is an inflammatory condition of the SC joint and medial 
ribs which results in new bone formation and even ankylosis of the SC joint. This condition is associated with Japanese ethnicity and dermatologic lesions 
in the palms and plantar regions. Three conditions which predominate in women are condensing osteitis, Friedrich disease, and osteoarthritis. Condensing 
osteitis of the medial clavicle typically occurs in women of late childbearing age and presents as a painful joint with sclerosis on radiographs, similar to 
condensing osteitis of the ilium and pubis seen in the same demographic group. Friedrich disease is osteonecrosis of the medial clavicle. Osteoarthritis 
typically manifests in the postmenopausal years and can appear as a pseudosubluxation anteriorly.?9 


Physeal Injuries 


Injury to the epiphysis of the medial clavicle is not uncommon and should be considered. Although the clavicle is the first long bone of the body to ossify 
(5th intrauterine week), the epiphysis at the medial end of the clavicle is the last of the long bones in the body to appear and the last epiphysis to close (Fig. 
32-5). The medial clavicular epiphysis does not ossify until the 18th to 20th year, and it fuses with the shaft of the clavicle around the 23rd to 25th year.80-81 
Webb and Suchey,7°° in an extensive study of the physis of the medial clavicle in 605 males and 254 females at autopsy, reported that complete union may 
not be present until 31 years of age. This knowledge of the epiphysis is important, because many of the SC dislocations in young adults are injuries through 
the physeal plate. Boesmueller et al. found an incidence of up to 16% of medial physeal involvement in SC dislocation.” 


-5. CT scan demonstrating the thin, wafer-like disc of the epiphysis of the medial clavicle (arrow). 


Scapulothoracic dissociation is a very rare but potentially devastating injury, especially if missed, that can occur through an AC or SC separation. 
Scapulothoracic dissociations are characterized by lateral displacement of the scapula resulting in a traction injury to the neurovascular structures of the 
shoulder. In more significant lateral displacement the patient can present with a severe vascular injury and brachial plexus injury. Disruption of the shoulder 
girdle occurs through either a high-grade AC separation, a displaced clavicle fracture, or a SC disruption. Scapulothoracic dissociations are often clinically 
subtle injuries in a patient with a distraction injury to the shoulder. A head injury may mask the acute determination of neurovascular injury. Therefore, it is 
important to consider this injury in the “unexaminable” (i.e., unconscious, head injured) patient with significant trauma and a high-grade AC separation, 
especially if there is lateral, and not just superior, displacement. In the examinable patient a complaint of chest pain or pain in the periscapular and 
perithoracic region should elicit a chest radiograph as part of the workup. Clinical examination demonstrates the AC deformity as well as marked tenderness 
in the periscapular and perithoracic region. An anteroposterior (AP) chest radiograph demonstrates an increased distance between the medial scapular 
border and the midline on the affected side compared with the unaffected side, as well as other signs of thoracic trauma such as a pleural effusion. Magnetic 
resonance imaging (MRI) of the thorax demonstrates increased signal in the periscapular and perithoracic muscles in addition to intrathoracic pathology. A 
recent review reported mortality rates of up to 10% and a 21% amputation risk.** Zelle et al. found that complete brachial plexopathy was predictive of 
worse functional outcomes. 


SIGNS AND SYMPTOMS OF STERNOCLAVICULAR AND ACROMIOCLAVICULAR JOINT INJURIES 


As injury to the SC joint can be most critical, but less common, it will be discussed first. Elucidating the mechanism of injury can alert the initial treating 
physician to associated injuries and to the direction of dislocation, that is, distraction versus compression. The patient with a posterior dislocation usually 
has more pain than a patient with an anterior dislocation. In some anterior dislocations, a prominent medial end of the clavicle is palpable and in a posterior 
dislocation the normal anterior fullness of the chest is less prominent when compared with the unaffected side.’’ The corner of the sternum is easily 
palpated as compared with the normal SC joint. In extreme cases with posterior dislocation or swelling associated with anterior dislocation, venous 
congestion may be present in the neck or in the upper extremity. Symptoms may also include a dry irritating cough and hoarseness. Breathing difficulties, 
shortness of breath, or a choking sensation may be noted. Circulation to the ipsilateral arm may be decreased although the presence of pulses does not 
exclude vessel injury. The patient may complain of difficulty in swallowing, have a tight feeling in the throat or dysphonia, may be in shock, or possibly 
have a pneumothorax. The distal neurologic examination may reveal diminished sensation or weakness secondary to brachial plexus compression. It can be 
difficult to determine the direction of displacement in this area, and the surgeon cannot always rely on clinical findings to differentiate between anterior and 
posterior dislocations. Confirmation with CT scanning is recommended in most cases. 

AC joint injury most commonly presents with a clinical deformity, focal tenderness and swelling of the affected upper extremity. The subcutaneous 
position of the joint makes observation of the deformity quite apparent and after the pain resolves it is one of the most common clinical complaints. The 
degree of deformity, swelling and ecchymosis often correlates with the severity of the injury. Patients with higher-grade injuries may present with the upper 
extremity held adducted close to the body and supported in an elevated position to relieve the pain in the AC joint. The characteristic shoulder droop sign 
may be present (F ) and the clavicle may be prominent enough to tent the skin. Moderate pain is the rule, and any motion of the arm, particularly 


abduction, increases the pain. Commonly the patient describes pain originating from the anterosuperior aspect of the shoulder, but it may be challenging to 
localize to a specific structure as the source. It should be noted that the lateral pectoral nerve, which also provides sensation to the anterior aspect of the 
shoulder and glenohumeral joint, provides the innervation of the AC joint capsule (Fig. 32-7). Gerber et al.”° evaluated patterns of pain and found that 
irritation to the AC joint produced pain over the AC joint, the anterolateral neck, and in the region of the anterolateral deltoid. 


Figure 32-6. Clinical photo of a patient with a chronic type III (based on Zanca views) localizing his pain with activity to the deformity. 


Physical Examination 


As with any shoulder examination, the patient should be completely exposed to allow for comparison with the uninjured shoulder. 

The entire length of the clavicular shaft should be palpated to detect an associated clavicle shaft fracture. Tenderness is noted at the AC joint, the CC 
interspace, and along the superior aspect of the lateral clavicle. After acute injury, AC joint instability in both the horizontal and vertical planes can be 
appreciated (Fig. 32-8). One maneuver to differentiate a type III injury from a type V injury is that the AC joint can be reduced with upward pressure under 
the elbow, or by having the patient actively shrug and reduce the joint; this is known as the “shrug test.” A type III or reducible injury is thus differentiated 
from a type IV or V injury, which cannot be reduced if the deltotrapezial fascia is interposed. In addition, examination of the seated patient from above 
reveals that the outline of the displaced clavicle is translated posteriorly compared with the uninjured shoulder. The clavicle usually is displaced so severely 
posteriorly that it becomes “buttonholed” through the trapezius muscle and tents the posterior skin. Oftentimes in this injury pattern, the AC joint cannot be 
reduced manually. 
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Figure 32-7. Illustration representing the overlapping innervation to the AC joint and glenohumeral joint via the anterolateral pectoral nerve and the posterior 
suprascapular nerve. Artist rendition view from superior looking down onto the AC joint with scapula below. 


Figure 32-8. Clinical photo of a patient with type III AC joint dislocation with symptomatic instability with cross-arm adduction. Looking from lateral, examiner is 


grabbing the acromion with right hand and clavicle with the left, which is easily translated anterior and posterior approximately 3 to 5 cm. 


Point tenderness at the AC joint and pain exacerbation with cross-arm adduction can usually confirm injury to the AC joint. The cross-arm adduction 
test is performed with the arm elevated to 90 degrees and then adducted across the chest with the elbow bent at approximately 90 degrees. A positive test 
produces pain specifically at the AC joint. The reason that the cross-arm adduction test causes pain at the AC joint specifically is because of the 
compression across the AC joint with that motion. O’Brien et al.!42 recommended the active compression test for diagnosis of AC joint abnormalities and 
labral pathology. They reported 88% (55/62) of patients who had pain in the AC joint with the active compression test demonstrated abnormalities in the 
joint at the time of operative treatment, or had radiographic evidence of AC injury. Ultrasound-guided injections can be helpful for pain localization, 
especially when attempting to differentiate an intra-articular process from a painful AC joint. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR ACROMIOCLAVICULAR AND 
STERNOCLAVICULAR JOINT INJURIES 


Imaging for Acromioclavicular Joint Injuries 


Good-quality radiographs of the AC joint require one-third to one-half the beam penetration required to image the glenohumeral joint. Radiographs of the 
AC joint taken using routine shoulder technique will be overpenetrated (i.e., dark), and small fractures may be overlooked. Therefore, the radiographic 
technician must be specifically requested to take radiographs of the “AC joint” rather than the “shoulder.” Traditionally, a weighted-stress view of the AC 
joint was performed in an attempt to create maximal distraction between the CC space and the AC joint. It is postulated that this maneuver allows indirect 
determination of the deltopectoral fascia integrity, therefore differentiating a type III injury from a type V injury. This has not been validated to correlate 
with intraoperative findings in any study using this technique. It is our opinion that weighted-stress views do not increase the sensitivity of diagnosis, 
change the “grade” or classification of the AC joint injury, or affect treatment. More importantly, it is a very painful maneuver for the patient in an acute 
injury. Therefore, we do not recommend its routine use as a radiographic evaluation tool. 


Anteroposterior Views 


Routine AP views should be obtained with the patient standing or sitting and their back against the radiographic cassette, the arms hanging unsupported at 
the side. 

The difficulty in evaluating AC joint injuries lies in the fact that with this projection, the distal clavicle and acromion are superimposed on the spine of 
the scapula. Subtle fractures of the distal clavicle are easily missed. Zanca?!? noted this during a review of 1,000 radiographs of patients with shoulder pain. 
Therefore, he recommended a 10- to 15-degree cephalic tilt view to project an unobscured image of the joint (Fig. 32-9). This cephalic tilt not only allows 
for better exposure but also standardizes the distance between clavicle and coracoid, which increases with a more AP view secondary to radiographic 
parallax and bone contour. This view is now routinely used in the evaluation of AC joint injuries and is particularly useful when there is suspicion of a small 
fracture or loose body on routine views (Fig. 32-10). 


Axillary Lateral View 


As with any musculoskeletal injury, a radiograph in one plane is not sufficient to classify an AC joint injury. An axillary lateral view should be taken of the 
injured shoulder when an AC dislocation is suspected. The cassette should be placed on the superior aspect of the shoulder and medial enough to expose as 
much of the lateral third of the clavicle as possible. This will reveal any posterior displacement of the clavicle as well as any small fractures that may have 
been missed on the AP view within the coracoid (Fig. 32-11). 


Stryker Notch View 


A variant of an AC joint injury involves a fracture of the coracoid process. This injury should be suspected when there is an AC joint dislocation on the AP 
projection, but the CC distance is normal, or equal to that on the contralateral side. A Stryker notch view taken appropriately puts the coracoid in profile and 
is the best view for evaluating this injury. This is performed with the patient supine and the arm elevated over the head with the palm placed behind the 
head. The humerus must be parallel to the longitudinal axis of the body, with the elbow pointed straight toward the ceiling (Fig. 32-12). This can be a 
difficult view to obtain in the acutely injured shoulder. Other modalities have been described—including ultrasound, MRI, and CT scanning—for the 
diagnosis, evaluation, and classification of AC joint injuries, but in reality and clinical practice, plain radiography continues to be the most readily available, 
cost-effective method for routine investigation of injuries to the AC joint (Table 32-1). 


Imaging of Sternoclavicular Joint Injuries 

Radiography 

Occasionally, the routine chest radiograph or SC joint radiographic will demonstrate, sometimes subtle, finding that suggests an abnormality with one of the 
clavicles, because it appears to be displaced as compared with the normal side. McCulloch et al.!2” reported that on nonrotated frontal radiographs, a 
difference in the relative craniocaudal positions of the medial clavicles of greater than 50% of the width of the heads of the clavicles suggests dislocation. 
Lateral x-rays of the chest are at right angles to the AP plane, but they cannot be interpreted because of the density of the chest and the overlap of the medial 


clavicles with the first rib and the sternum. Regardless of a clinical impression that suggests an anterior or posterior dislocation, a CT scan has become the 
imaging modality of choice for the SC joint, and should be obtained. 
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Figure 32-9. A: Illustration of the Zanca view, which is shot with the x-ray beam placed 10-degree cephalad to the perpendicular plane. B: Radiograph of shoulder 


perpendicular to floor. C: Radiograph done with Zanca view—10-degree cephalad tilt to demonstrate the effect of the view on the AC joint alignment and visualization 
of the CC distance. 


There have been numerous special x-ray projections recommended for the SC joint. ”®*? While the serendipity view is frequently obtained as a front-line 
image for evaluation of the SC joint, the Heinig and Hobbs views are rarely obtained if CT is available. However, the Hobbs and Heinig views can be useful 
when suspicion is high on clinical examination and confirmation is needed before obtaining a CT, especially in the outpatient setting when delayed 
presentation often leads to misdiagnosis. 


Figure 32-10. A: Radiographic quantification of AC joint displacement with Zanca view with bilateral AC joints on one cassette for direct comparison, note the AC 


joint injury on the left side. B: Same Zanca radiograph with the two areas measured for quantifying the amount of displacement, coracoclavicular (CC) distance, and 
percentage displacement of distal clavicle above acromion. 


& 
S 


A 
Q 
T 


"A 


’ 


Distal clavicle 


32-11. Axillary radiograph of a patient with a type IV AC joint injury. Note the posterior displacement of the clavicle. 


Figure 


Fig 12. A: Illustration of positioning for the Stryker notch view. B: Stryker notch view radiograph of a patient. Note the view of the coracoid base where a 
fracture could be visualized (arrow). 


TABLE 32-1. Summary of Clinical Presentation and Diagnostic Workup of Acromioclavicular Injuries 


Mechanism of Injury 


Direct Trauma 
e Force to lateral shoulder/acromion with adducted arm 
e Medial and inferior force resulting in progression of injury 
e AC joint ligaments 
e CC ligaments 
e Deltotrapezial fascia 
e Landing on outstretched arm or flexed elbow forcing humeral head into acromion 
e Usually results in AC joint/ligament injury 
e Can result in instability at AC joint (anteroposterior direction) without CC ligament complex injury (minimal dislocation) 
Nontraumatic or Chronic Overuse 
e AC joint arthrosis—weight lifting, laborer (pneumatic jackhammer), repetitive overhead activity 
e Repetitive low-grade AC joint injuries 
e Medical cause: rheumatoid arthritis, hyperparathyroidism, scleroderma, and rarely Gorham osteolysis 
Physical Examination 
Diffuse shoulder pain—anterolateral neck, AC joint, anterolateral deltoid 
e Point tender at AC joint + deformity (prominence) 


© Positive cross-arm adduction test (arm flexed 90 degrees, adducted across chest) produces compression pain localized to AC joint 
e O’Brien’s active compression test with localized pain over AC joint 


Radiographic Findings 
Zanca view: Beam placed 10-15 degrees cephalad and using 50% of the AP penetration strength to determine displacement with comparison to contralateral AC joint and CC distance 


e Axillary view: Determine anteroposterior position of distal clavicle in relation to acromion 
e Cross-arm stress view—Basmania view: AP with arm adducted 


A a e B 
Figure 32-13. Heinig view. A: Positioning of the patient for x-ray evaluation of the sternoclavicular joint, as described by Heinig.°* B: Heinig view demonstrating a 
normal relationship between the medial end of the clavicle (C) and the manubrium (M). 


With the patient in a supine position, the x-ray tube is placed approximately 30 inches from the involved SC joint and the central ray beam is directed 
tangential to the joint and parallel to the opposite clavicle. The cassette is placed against the opposite shoulder and centered on the manubrium (Fig. 32-13). 

In the Hobbs view, the patient is seated at the x-ray table, high enough to lean forward over the table. The cassette is placed on the table, and the lower 
anterior rib cage is against the cassette (Fig. 32-14). The patient leans forward so that the nape of his flexed neck is almost parallel to the table. The flexed 
elbows straddle the cassette and support the head and neck. The x-ray source is above the nape of the neck, and the beam passes through the cervical spine 
to project the SC joints onto the cassette. 


Figure 32-14. Hobbs view. Positioning of the patient for x-ray evaluation of the sternoclavicular joint, as recommended by Hobbs.” 


The “serendipity view” is the next best thing to having a true cephalocaudal lateral view of the SC joint. The patient is positioned supine squarely and in 
the center of the x-ray table. The tube is tilted at a 40-degree angle of the vertical and is centered directly on the sternum (Figs. 32-15 and 32-16). 


Computed Tomography 


Without question, CT scanning has become the gold standard to image the SC joint (Fig. 32-17). CT clearly distinguishes injuries of the joint from fractures 
of the medial clavicle and defines minor subluxations of the joint. Numerous authors have reported on the value of using a CT scan as the method of choice 
for radiographic evaluation of the SC joint.4®.57!!5 While plain films may be suggestive of the nature of the injury, CT scanning has superior specificity and 
sensitivity in the diagnosis of SC joint pathology. When obtaining a CT of the SC joint, it is important to include both sides with the patient in a supine, 
neutral position. There can be considerable variability in SC joint anatomy, and the inclusion of the “normal” side for comparison is invaluable. Tuscano et 
al.!93 obtained CT scans from 104 healthy subjects free from SC joint pathology and demonstrated that greater than 10% of patients show substantial 
asymmetry in the SC joints (i.e., SC joint space and distance between the manubrium and anterior margin of clavicular head), which may be interpreted as 
pathologic. These authors suggest exercising caution in attributing a disease state to asymmetry because of the frequency of this finding in the asymptomatic 
population. These findings become clinically useful in the setting of chronic subluxation or dislocation of the SC joint. 


Magnetic Resonance Imaging 


Brossman et al.*! correlated MRI scans with anatomic sections in 14 SC joints from elderly cadavers. They concluded that MRI did depict the anatomy of 
the SC joint and surrounding soft tissues (Fig. 32-18). T2-weighed images were superior to T1-weighted images in depicting the intra-articular disc. 
Magnetic resonance arthrography allowed the delineation of perforations of the intra-articular disc. In children and young adults when there are questions of 
diagnosis between SC joint dislocation and physeal injury, the MRI scan can be used to determine whether the epiphysis has displaced with the clavicle or is 
still adjacent to the manubrium.’”8? Some have also advocated the use of MRI in young children to avoid radiation exposure in this age group.!!? Benitez et 
al.!* evaluated 41 patients with SC trauma at an average of 9 months postinjury and found an 80% incidence of articular disc injury and a 59% incidence of 
subluxation. MRI may be useful in this clinical scenario to better understand the in vivo mechanisms of injury of the SC joint and to elucidate causes of pain 
well after the traumatic event. Finally, MRI can aid in the determination of chronicity of the injury if the clinical timeline is unclear. 


Figure 32-15. Serendipity view. Positioning of the patient to take the “serendipity” view of sternoclavicular joints. The x-ray tube is tilted 40 degrees from the vertical 
position and aimed directly at the manubrium. The nongrid cassette should be large enough to receive the projected images of the medial halves of both clavicles. In 
children the tube distance from the patient should be 114.3 cm (45 inches); in thicker-chested adults the distance should be 152.4 cm (60 inches). 


B Anterior dislocation m right clavicle 


C Posterior dislocation of right clavicle 


Figure 32-16. Interpretation of the cephalic tilt (serendipity view) x-ray films of the sternoclavicular joints. A: In the normal person, both clavicles appear on the 
same imaginary line drawn horizontally across the film. B: In a patient with an anterior dislocation of the right sternoclavicular joint, the medial half of the right 
clavicle is projected above the imaginary line drawn through the level of the normal left clavicle. C: If the patient has a posterior dislocation of the right 
sternoclavicular joint, the medial half of the right clavicle is displaced below the imaginary line drawn through the normal left clavicle. 


Figure ’. A: Routine anteroposterior (AP) x-ray of posteriorly dislocated right sternoclavicular joint. B: The AP view is suggestive of a posterior dislocation. 
However, the CT scan clearly demonstrates the posteriorly displaced right medial clavicle. Note the displacement of the trachea. 


Figure 32-18. Magnetic resonance imaging (MRI) of the sternoclavicular joint. The epiphysis on both medial clavicles is clearly visible. 


Ultrasound can be used to observe abnormal contour in the joint, hematoma, and occlusion of vessels. Pollock et al.!°° and more recently Blakeley et al.!8 
reported on the use of ultrasound in the diagnosis of posterior dislocation of the SC joint. An additional application of ultrasound may be the use of 
intraoperative sonography to confirm whether a closed reduction has been successful or not.'+!72 The ability of ultrasound to obtain the diagnosis of 
posterior SC dislocation has shown promise but does require knowledge of ultrasound technology for the accurate and reliable diagnosis of SC joint 
pathology. Therefore, CT scan remains the gold standard and must be obtained to confirm the diagnosis of an SC joint dislocation and to assess the quality 
of closed reduction. Duplex ultrasonography can be obtained for the diagnosis of thrombosis and vessel occlusion in cases where vascular insult is 
suspected.*°.885 However, CT angiography remains the gold standard vascular study to define the location and extent of vessel injury. 


The role for advanced vascular imaging cannot be understated and should be performed if vascular injury is present or suspected acutely, and for all chronic 


or late presentations. Multiple reports have shown the value of CT angiography in diagnosing vascular injury before taking the patient to the operating 


room. /3:99,88,94,118,131 


CLASSIFICATION OF ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT INJURIES 


Classification of Acromioclavicular Joint Injuries 


Acromioclavicular Joint Injuries: 
TOSSY—ROCKWOOD CLASSIFICATION 


Type Description 


I A mild force to the point of the shoulder produces a minor strain to the fibers of the AC ligaments 
The ligaments remain intact, and the AC joint remains stable 


I A moderate force to the point of the shoulder is severe enough to rupture the ligaments of the AC joint 


The distal end of the clavicle is unstable in the horizontal plane (i.e., anteroposterior), but vertical (i.e., superoinferior) stability is preserved by virtue of the (damaged 
but) intact coracoclavicular ligament 


The scapula may rotate medially, producing a widening of the AC joint 
There may be a slight, relative upward displacement of the distal end of the clavicle secondary to stretching of the coracoclavicular ligaments 


Il A severe force is applied to the point of the shoulder, which tears the AC and coracoclavicular ligaments resulting in a complete AC dislocation 
The distal clavicle appears to be displaced superiorly as the scapula and shoulder complex droop inferomedially 
Radiographic findings include a 25—100% increase in the coracoclavicular space in comparison to the normal shoulder 


IV Posterior dislocation of the distal end of the clavicle, or a type IV AC dislocation, is relatively rare 
The clavicle is posteriorly displaced into or through the trapezius muscle as the force applied to the acromion drives the scapula anteriorly and inferiorly 
Posterior clavicular displacement may be so severe that the skin on the posterior aspect of the shoulder becomes tented 


V Type V AC dislocation is a markedly more severe version of the type II injury 
The distal clavicle has been stripped of all its soft tissue attachments (i.e., AC ligaments, coracoclavicular ligament, and the deltotrapezial muscle attachments) and 
lies subcutaneously 
When combined with superior displacement of the clavicle owing to unopposed pull of the sternocleidomastoid muscle, the severe downward droop of the extremity 
produces a marked disfiguration of the shoulder 


Radiographically, the coracoclavicular space is increased greater than 100% in comparison to the opposite, normal shoulder 


VI Inferior dislocation of the distal clavicle, or type VI AC dislocation, is an exceedingly rare injury that is often the result of severe trauma and frequently accompanied 
by multiple injuries 
The mechanism of dislocation is thought to be severe hyperabduction and external rotation of the arm, combined with retraction of the scapula 
The distal clavicle occupies either a subacromial or a subcoracoid location 


AC joint injuries are best classified according to the extent of damage inflicted by a given force. However, unlike other joints, the differential diagnosis of 
sprains of the AC joint is based on the severity of injury sustained by the capsular (AC ligaments) and extracapsular ligaments (CC ligaments), as well as 
the supporting musculature (deltoid and trapezius muscles). Therefore, injuries to the AC joint are graded according to the amount of injury to the AC and 
CC ligaments. The strength of any classification system depends on its ability to guide treatment and predict prognosis. Rockwood et al.?°° developed the 
most widely accepted classification system, based on the original work of Tossy et al.!%° in 1963. It is an expanded, accurate classification system based on 
the anatomic severity of the injury. The modified classification is described below, summarized above, and illustrated in Figure 32-19. 


Normal Joints 


The width and configuration of the AC joint in the coronal plane may vary significantly from individual to individual. This should be remembered so that a 
normal variant is not mistaken as an injury. 

The normal width of the AC joint in the coronal plane is 1 to 3 mm. Petersson and Redlund-Johnell'*? measured AC joint width radiographically in 151 
normal individuals and drew several conclusions: the AC joint space normally diminishes with increasing age, a joint space of 0.5 mm in a patient older 
than 60 years is conceivably normal, and a joint space of greater than 7 mm in men and 6 mm in women is pathologic. 

The CC interspace also exhibits significant individual variations. The average distance between the clavicle and the coracoid process ranges from 1.1 to 
1.3 cm.° An increase in the CC distance of 50% over the normal side signifies a complete AC dislocation.° Complete dislocation has been seen with as little 
as a 25% increase in the CC distance. 
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Figure 32-19. Schematic drawings of the classification of ligamentous injuries to the AC joint. A: In the type I injury, a mild force applied to the point of the shoulder 
does not disrupt either the AC or the coracoclavicular ligaments. B: A moderate to heavy force applied to the point of the shoulder will disrupt the AC ligaments, but 
the coracoclavicular ligaments remain intact (type II). C: When a severe force is applied to the point of the shoulder both the AC and the coracoclavicular ligaments are 
disrupted (type III). D: In a type IV injury, not only are the ligaments disrupted, but the distal end of the clavicle is also displaced posteriorly into or through the 
trapezius muscle. E: A larger enough force applied to the point of the shoulder not only ruptures the AC and coracoclavicular ligaments but also disrupts the muscle 
attachments and creates a major separation between the clavicle and the acromion (type V). F: This is an inferior dislocation of the distal clavicle in which the clavicle 
is inferior to the coracoid process and posterior to the biceps and coracobrachialis tendons. The AC and coracoclavicular ligaments are also disrupted (type VI). 


Considerable controversy surrounds the gradation by radiography and thus it is important to use bilateral, or Zanca, views of the AC joints without 
weights. This allows for the measurements to be used for classification: (1) the amount of displacement of distal clavicle above the acromion, which has 
been measured in percentage of clavicle width or as a direct measurement in millimeter from superior clavicle to superior acromion; and (2) the distance 
from undersurface of clavicle to superior cortex of the coracoid process (see Fig. 32-10). 


Type I Injury 
In a type I injury, the radiographs of the AC joint are normal, except for mild soft tissue swelling, as compared with the uninjured shoulder. There is no 
radiographic widening, no separation, and no deformity. 


Type II Injury 

In a type II injury, radiographic evidence is subtle and demonstrates partial (<50% clavicle width) superior clavicle subluxation at the AC joint when 
compared to the contralateral side on a bilateral Zanca AC joint view. The AC joint, when compared with the normal side, may also appear to be widened. 
The widening probably results from a slight medial rotation of the scapula and slight posterior displacement of the clavicle due to trapezius muscle 
contraction. The CC space of the injured shoulder is the same as that of the normal shoulder (Fig. 32-20). 


Type Ill Injury 

In type III AC dislocations, the joint is totally displaced. The lateral end of the clavicle is displaced completely above the superior border of the acromion 
and the CC interspace is significantly (25—100%) greater than in the normal shoulder (Fig. 32-21). Fractures may be noted involving the distal clavicle or 
the acromion process. 

Rarely, complete AC dislocation will be accompanied by a fracture of the coracoid process rather than by disruption of the CC ligaments. Although the 
fracture of the coracoid process is difficult to visualize on routine radiographs, its presence should be suspected because of the presence of a complete AC 
separation and a normal CC distance, as compared with the uninjured shoulder. The ideal radiograph for visualizing the coracoid fracture is the Stryker 
notch view (as described) (Fig. 32-22). Most often, complete separation of the articular surfaces of the distal clavicle and acromion is accompanied by 
complete disruption of the AC and CC ligaments. 
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Figure 32-21. A: Acute type III AC joint injury treated with hook plate fixation. B, C: There is contouring of the hook to match the undersurface of the acromion and 
anatomic reduction of the AC joint with comparison to the contralateral (normal) side. 
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gure 32-22. Radiographs of a patient with a type III variant injury involving the AC joint and a fracture of both the base and the tip of the coracoid. A: An 
anteroposterior radiograph of the injured right side. The coracoid injury is not visualized. B: A radiograph of the uninjured left side demonstrating that the 
coracoclavicular distance is equal on the injured and unaffected sides. C: An axillary view shows the tip fracture, but the fracture at the base is not easily detected. D: 
The West Point view clearly shows the fracture at the tip of the coracoid process. E: The Stryker notch view clearly shows the fracture at the base of the coracoid. 
Nonoperative treatment in this case led to an excellent result. 


A variation of the type III injury involves complete separation of the AC articular surface combined with a fracture of the coracoid process.?^+99 This is 
an extremely uncommon injury. In most cases the CC ligaments have remained intact and attached to the displaced coracoid process fracture, which most 
often occurs through the base (Fig. 32-23). 


Both operative and nonoperative methods of treatment have been described for combined AC dislocation and coracoid process fracture with intact CC 
ligaments. Results seem to be similar in both groups. Therefore, most authors recommend nonoperative treatment. Most often, the coracoid process fracture 
is extra-articular. However, we have encountered instances in which the coracoid fragment contains a significant portion of the glenoid fossa. The conjoined 
tendon rotates the coracoid process and glenoid inferolaterally and can result in substantial articular displacement. In this situation, open reduction and 


internal fixation may be necessary and is predicated on the amount of displacement of the articular fragment (Fig. 32-24). 


Type IV Injury 

Type IV injuries are seen best on the axillary radiograph. It reveals the distal clavicle posterior to the glenoid and displaced posterior to the end of the 
acromion (Fig. 32-25; see Fig. 32-11). These injuries can also include an increase in the CC interspace. In patients with heavy, thick shoulders or in patients 
with multiple injuries in whom an axillary lateral view of the shoulder or a scapular lateral radiographic view cannot be taken, a CT scan (of both shoulders) 
may be of great value in helping to confirm clinical suspicions of a posteriorly dislocated AC joint. 


Type V Injury 

The characteristic radiographic feature of type V injuries is a marked increase (100—300%) in the CC distance. The clavicle appears to be grossly displaced 
superiorly away from the acromion (Figs. 32-26 and 32-27). However, radiographs reveal that the clavicle on the injured side is actually at approximately 
the same level as the clavicle on the normal side, and the scapula is displaced inferiorly. There is often an injury to the enveloping deltotrapezial fascia, such 
that the distal clavicle “buttonholes” through it and is irreducible. 
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Figure 32-23. A: In children and adolescents, the distal clavicular physis lies medial to the AC capsular reflection. Injuries in this age group are often type II Salter- 
Harris fractures involving the physis rather than AC dislocations. B: The coracoclavicular ligaments remain attached to the intact periosteal sleeve whereas the medial 
clavicular fragment displaces through a dorsal periosteal rent. 


Type VI Injury 
Type VI injuries are very rare. There are two types of inferior AC dislocation: subacromial and subcoracoid. In the subacromial type, radiographs reveal a 
decreased CC distance (i.e., less than the normal side), and the distal clavicle is in a subacromial location. The subcoracoid dislocation is characterized by a 
reversed CC distance, with the clavicle displaced inferior to the coracoid process (Fig. 32-28). Because this injury usually is the result of severe trauma, it is 
often accompanied by other multiple other fractures of the clavicle and ribs and the treating surgeon should be alert to intrathoracic injuries. 

The AC ligaments are disrupted in either a subacromial or subcoracoid dislocation. The CC ligament, however, is intact in a subacromial dislocation and 
completely disrupted in a subcoracoid dislocation. 


Classification of Sternoclavicular Joint Injuries 


Two methods can be used to classify SC joint subluxations and dislocations: first, the anatomic position of the injury, and second, the etiology of the 
problem. The OTA classification is based on the direction of the dislocation and not on etiology. 
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Figure 32-24. Coracoid fracture with intra-articular extension. A: Anteroposterior radiograph showing the fracture through the coracoid. B: A CT scan showing the 
glenoid displacement necessitating open reduction and internal fixation of the glenoid. 


Anatomic Classification 


Anterior dislocations are the most common. The medial end of the clavicle is displaced anteriorly or anterosuperiorly to the anterior margin of the sternum. 
Posterior SC dislocations are uncommon. The medial end of the clavicle is displaced posteriorly or posterosuperiorly with respect to the posterior 
margin of the sternum. 


Atraumatic Problems 

Spontaneous subluxation or dislocation typically occurs in women during the late teens or young adult life and usually occurs in patients who have 
generalized ligament laxity of other joints. While both SC joints can be affected,” usually one joint is more of a problem than the other. In middle-aged 
women, spontaneous anterior or anterosuperior subluxation can occur and may be in association with condensing osteitis of the clavicle.!9” In some patients, 
the atraumatic anterior dislocation of the SC joint is painful and is associated with a snap or pop as the arm is forward elevated or abducted. Atraumatic 
posterior dislocation!?! and subluxation have also been reported.!2* This condition is usually self-limited, with decreasing symptoms over time, and 
operative treatment is not indicated. 
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Figure 32-25. Type IV posterior dislocation of the AC joint. A: Axillary lateral radiograph of the right shoulder. B: Axillary view with the distal clavicle and 
acromion outlined. 


Type V, anterior view Type V, posterior view 


Figure 32-26. Clinical images of a football player with type V (radiographic) separation, picture taken from facing front and posterior to demonstrate skin tenting 
secondary to displacement through the deltotrapezial fascia. 


. Type V AC joint injury (A) that was referred on a delayed basis and treated with hook plate fixation and anatomic coracoclavicular ligament 
reconstruction with autograft semitendinosus (B). C: Note the AC joint reduction is anatomically reduced when compared to the contralateral (normal) side. 


3. Type VI AC dislocation. The distal end of the left clavicle is in the subcoracoid position. The high-energy trauma causing this injury is evidenced by 
ihe bilateral chest tubes in this patient. (Courtesy of R.C. Erickson and D. Massillion.) 


Traumatic Injuries 


In the situation of a mild or even moderate sprain the ligaments remain intact, the joint is stable but there may be radiographic subluxation of the SC joint. 
The capsular, intra-articular disc, and costoclavicular ligaments may be partially disrupted, but otherwise intact. Radiographically, the subluxation position 
is usually anterior but posterior subluxation or translation on exam is often present. 

However, in a dislocated SC joint, the capsular and intra-articular ligaments are ruptured. 

If the initial acute traumatic dislocation does not heal, mild to moderate forces may produce recurrent dislocations; this is rare. 


Physeal Injury 


The medial clavicular physis is the last physis to close and typically fuses around the ages of 23 to 25 years. As such, most SC separations in childhood and 
adolescence are actually physeal fractures with displacement of the clavicle, not dislocation of the joint. The injury can be anterior or posterior. Like SC 
dislocations, physeal fractures of the SC joint are at risk for being missed on initial presentation and unfortunately a delayed presentation is common. 
Subacute and chronic dislocation is not specifically defined by any absolute time from injury, but as a general rule injuries that present 7 to 10 days after 
initial injury are categorized as subacute. This is because closed reduction is not likely to be an option and indeed successful closed reduction after 48 hours 
is rarely reported in the literature. After 7 to 10 days, scarring and adhesions increase the risk of vascular injury with attempted reduction and place the 
injury in a separate category of management as described later in this chapter. 


OUTCOME MEASURES FOR ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT INJURIES 


The treatment of AC and SC joint injures is an area of much controversy. The definition of injury pattern in AC joint injury is based on the amount of 
separation or displacement observed on radiographs and classified by Rockwood.!®” Most injuries to the SC joint can be successfully managed by 
noninvasive measures (observation or closed reduction). This includes most of the acute and chronic anterior subluxations and dislocations, the acute 
traumatic posterior subluxations and dislocations, and the acute traumatic anterior and posterior physeal injuries of the medial clavicle. A recent validated 
patient-reported outcome score (Nottingham clavicle score) has been developed to help quantify the residual dysfunction follow SC and AC joint injury. 
Traditional treatment of all injury patterns involves an early period of rest, ice, and immobilization with a sling. The time to return to contact sport 
participation is variable, but recent reports suggest 10 to 15 days for low-grade AC, type I or II, injuries may be considered. It should be understood that a 
return to pain-free play may take longer and that there is often a request for anesthetic injections to play, a situation not evaluated in these reports. Among 
Australian Rules football and rugby players the use of local anesthetic injections for painful AC joint dislocations has been very successful with very limited 
side effects.!° In this population, the mean number of games using an injection to play was stratified among the various injuries treated: AC joint 
dislocations had the highest need, an average of 5.7 games.!> Clinical practice demonstrates that these competitive athletes will return to play despite a 
painful joint, but if given the option of local treatment to help symptoms will readily accept it. 

In contrast, chronic posterior dislocations and acute irreducible posterior dislocations require an open surgical procedure. This is an area of consensus as 
it is critical to avoid the sequelae of the posterior intrusion of the clavicle on the mediastinum. Some authors also recommend open reduction and internal 
fixation of acute and chronic anterior dislocations; however, this remains controversial and is reserved for special circumstances. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO ACROMIOCLAVICULAR AND 


STERNOCLAVICULAR JOINT INJURIES 


ANATOMY OF THE ACROMIOCLAVICULAR JOINT 


The AC joint, a diarthrodial joint, is located between the medial margin of the acromion and lateral end of the clavicle. Within the AC joint, there is a 
fibrocartilaginous disc of varying size and shape. In viewing the AC joint from the AP direction, the inclination of the joint may be almost vertical, or it may 
be inclined downward and medially, with the clavicle overriding the acromion by an angle as much as 50 degrees (Fig. 32-29).!°? There may be an 
underriding type of inclination, with the clavicular facet under the acromion process. Approximately 50% of the time, the articular surface of the clavicle 
overrides the articular surface of the acromion resulting in incongruent articular surfaces. 
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Figure 32-29. A-C: Represent examples of variations of the inclination of the joints found at the AC and the sternoclavicular joints. 


There are two types of fibrocartilaginous intra-articular discs—complete and partial (meniscoid). The disc varies greatly in size and shape,”* and with 
age the meniscus undergoes degeneration until it is essentially no longer functional beyond the fourth decade.5*!°! The nerve supply to the AC joint is from 
branches of the axillary, suprascapular, and lateral pectoral nerves (see Fig. 32-7). 


Acromioclavicular Ligaments 

The AC ligaments, consisting of anterior, posterior, superior, and inferior ligaments, surround the AC joint (Fig. 32-30). The fibers of the superior AC 
ligament, which are the strongest of the capsular ligaments, blend with the fibers of the deltoid and trapezius muscles, which are attached to the superior 
aspect of the clavicle and the acromion process. These muscle attachments are important in adding stability to the AC joint. The AC ligaments stabilize the 
joint in an AP direction (the horizontal plane).'°! The distance from the lateral clavicle to the insertion of the superior AC ligament/capsule ranges from 5.2 
to 7 mm in women and approximately 8 mm in men.”° An AC resection that extends medial to the capsular insertion leads to instability in the horizontal 
plane.!° 


Coracoclavicular Ligament 

The CC ligament is a very strong, heavy ligament whose fibers run from the outer, inferior surface of the clavicle to the base of the coracoid process of the 
scapula. The CC ligament has two components—the conoid and the trapezoid ligaments (see Fig. 32-30). The trapezoid ligament measures from 0.8 to 2.5 
cm in length and from 0.8 to 2.5 cm in width. The conoid ligament varies from 0.7 to 2.5 cm in length and from 0.4 to 0.95 cm in width.!*! The distance 
from the lateral clavicle to the most lateral fibers of the trapezoid ligament may measure as little as 10 mm.” 
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Figure 32-30. Normal anatomy of the AC joint. 


The conoid ligament, the more medial of the two ligaments, is cone shaped, with the apex of the cone attaching on the posteromedial side of the base of 
the coracoid process. The base of the cone attaches onto the conoid tubercle on the posterior undersurface of the clavicle. The conoid tubercle is located at 
the apex of the posterior clavicular curve, which is at the junction of the lateral third of the flattened clavicle with the medial two-thirds of the triangular 
shaft. 

The trapezoid ligament arises from the coracoid process, anterior and lateral to the attachment of the conoid ligament. This is just posterior to the 
attachment of the pectoralis minor tendon. The trapezoid ligament extends superiorly to a rough line on the undersurface of the clavicle. 


Biomechanics 


The biomechanics of the AC joint involve static stability, dynamic stability, and AC joint motion. The only connection between the upper extremity and the 
axial skeleton is through the clavicular articulations at the AC and SC joints. The CC ligament is the prime suspensory ligament of the upper extremity. 
Anatomic dissections of the SC ligaments have demonstrated how these ligaments prevent downward displacement of the distal end of the clavicle. AC joint 
stability is maintained predominantly by the surrounding ligamentous structures, specifically the CC ligaments (conoid and trapezoid) and the AC capsule 
and ligaments. Following excision of the AC joint capsule, Urist!°° demonstrated that the distal clavicle could be completely dislocated anteriorly and 
posteriorly away from the acromion process. Studies have demonstrated that the trapezoid ligament has a greater role in resistance to posterior displacement 
of the clavicle and the conoid has a greater role in anterior displacement of the clavicle.!'! Fukuda et al. performed load displacement tests with a fixed 
displacement after sequential ligament sectioning to determine individual contributions of the various ligaments to AC stability. The contribution of the AC, 
trapezoid, and conoid ligaments was determined at small and large displacements. At small displacements, the AC ligaments were the primary restraint to 
both posterior (89%) and superior (68%) translation of the clavicle—the most common failure patterns seen clinically. At large displacements, the conoid 
ligament provided the primary restraint (62%) to superior translation, whereas the AC ligaments remained the primary restraint (90%) to posterior 
translation. At both large and small displacements, the trapezoid ligament served as the primary restraint to AC joint compression. 

The role of the AC joint capsule and ligaments has been studied extensively with respect to distal clavicle resection.!° Posterior abutment of the clavicle 
against the acromion is avoided with only 5 mm of bone removal. This preserves the capsule and ligaments, maintaining AP stability of the AC joint. Larger 
resections have been shown to result in excessive posterior translation.!° Together, these experiments have led to the following conclusions regarding the 
AC joint: 

e The horizontal stability is controlled primarily by the AC ligament and capsule. 
e The vertical stability is controlled primarily by the CC ligaments. 


The CC ligament helps to couple glenohumeral abduction/flexion to scapular rotation on the thorax. As the clavicle rotates upward, it dictates 
scapulothoracic rotation by virtue of its attachment to the scapula through the conoid and trapezoid ligaments. 


Motion 


Motion of the AC joint has been a subject of debate. The clavicle rotates superiorly 40 to 50 degrees with elevation of the shoulder. Rockwood et al.!5° 
showed that there was only 5 to 8 degrees of rotation of the clavicle relative to the acromion. Although the clavicle rotates 40 to 50 degrees during full 
overhead elevation, this rotation is combined with simultaneous scapular rotation rather than with pure AC joint motion. This “synchronous 
scapuloclavicular” motion may have some impact on the amount of motion seen at the AC joint.®° In general, there is a dynamic process that happens with 
shoulder range of motion along the entire length of the clavicle with rotation and motion occurring at both the SC and AC joints: when one of these is 
limited the other may increase range of motion. 


ANATOMY OF THE STERNOCLAVICULAR JOINT 


A surgeon who is planning an operative procedure on or near the SC joint should be knowledgeable about the array of anatomic structures immediately 
posterior to the SC joint. In most cases these procedures are done in conjunction with a cardiothoracic surgeon available for urgency. There is a “curtain” of 
muscles (the sternohyoid, sternothyroid, and scaleni) posterior to the SC joint and the inner-third of the clavicle, and this curtain blocks the view of the vital 
structures; the innominate artery, innominate vein, vagus nerve, phrenic nerve, internal jugular vein, trachea, and esophagus (Fig. 32-31). It is important to 
remember that the arch of the aorta, the superior vena cava, and the right pulmonary artery are also very close to the SC joint. 

The SC joint is a diarthrodial joint and is the only true articulation between the upper extremity and the axial skeleton. The articular surface of the 
clavicle is much larger than that of the sternum, and both are covered with hyaline cartilage. The enlarged bulbous medial end of the clavicle is concave 
front to back and convex vertically, and therefore creates a saddle-type joint with the clavicular notch of the sternum.!!5® The clavicular notch of the 
sternum is curved, and the joint surfaces are not congruent. Cave? demonstrated that in 2.5% of patients there is a small facet on the inferior aspect of the 
medial clavicle, which articulates with the superior aspect of the first rib at its synchondral junction with the sternum. 

There is significant joint incongruity such that the integrity of the SC joint comes largely from its surrounding ligaments: the intra-articular disc 
ligament, the extra-articular costoclavicular ligament (rhomboid ligament), the capsular ligament, and the interclavicular ligament. 


Intra-Articular Disc Ligament 


The intra-articular disc ligament is a very dense, fibrous structure that arises from the synchondral junction of the first rib and the sternum and passes 
through the SC joint. It divides the joint into two separate spaces.®!,!5® The upper attachment is on the superior and posterior aspects of the medial clavicle. 
DePalma™ showed that the disc is perforated only rarely; the perforation allows a free communication between the two joint compartments. Anteriorly and 
posteriorly, the disc blends into the fibers of the capsular ligament. The disc acts as a checkrein against medial displacement of the inner clavicle. Histologic 
observations! have demonstrated that the sternal side of the disc is composed of fibrocartilage and dense connective tissue, whereas the clavicular side of 
the disc is composed of only fibrocartilage. Therefore, it is the clavicular side of the articular disc that has the function of resisting the compressive load to 
the clavicular surface. 


Costoclavicular Ligament 


The costoclavicular ligament, also called the rhomboid ligament, is short and strong and consists of an anterior and a posterior fasciculus. 103981 Cave%9 
reported that the average length is 1.3 cm, the maximum width is 1.9 cm, and the average thickness is 1.3 cm. Bearn! has shown that there is always a 
bursa between the two components of the ligament and that it has a “twisted” appearance as the two different parts of the ligament expand.®! The 
costoclavicular ligament attaches below to the upper surface of the first rib adjacent to the portion comprising the synchondral junction with the sternum. It 
attaches above to the margins of the impression on the inferior surface of the medial end of the clavicle, sometimes known as the rhomboid fossa.®!)!5° In a 
study of 153 clavicles, Cave showed that the attachment point of the costoclavicular ligament to the clavicle can be one of the three types: depressed (the 
rhomboid fossa; 30%); flat (60%); or elevated (10%). 
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Figure 32-31. Applied anatomy of the vital structures posterior to the sternoclavicular joint. Sagittal (A) and transverse (B) views in cross section demonstrating the 
structures posterior to the sternoclavicular joint. C: A diagram demonstrating the close proximity of the major vessels posterior to the sternoclavicular joint. D: 
Aortogram showing the relationship of the medial end of the clavicle to the major vessels in the mediastinum. 


The fibers of the anterior fasciculus arise from the anteromedial surface of the first rib and are directed upward and laterally. The fibers of the posterior 
fasciculus are shorter and arise lateral to the anterior fibers on the rib and are directed upward and medially. The fibers of the anterior and posterior 
components cross and allow for stability of the joint during rotation and elevation of the clavicle. The two-part costoclavicular ligament is in many ways 
similar to the two-part configuration of the CC ligament on the outer end of the clavicle. 

Bearn!’ has shown experimentally that the anterior fibers resist excessive upward rotation of the clavicle and that the posterior fibers resist excessive 
downward rotation. Specifically, the anterior fibers also resist lateral displacement, and the posterior fibers resist medial displacement. 


Interclavicular Ligament 


The interclavicular ligament connects the superomedial aspects of each clavicle with the capsular ligaments and the upper sternum. According to Grant,®° 
this band may be comparable to the wishbone of birds. This ligament helps the capsular ligaments to produce “shoulder poise,” that is, to hold up the 
shoulder. This can be tested by putting a finger in the superior sternal notch; with elevation of the arm, the ligament is quite lax, but as soon as both arms 
hang at the sides, the ligament becomes tight. Spencer et al.!”° have shown experimentally that the costoclavicular and interclavicular ligaments have little 
effect on anterior or posterior translation of the SC joint. In an anatomic study Tubbs et al.!°! found that the interclavicular ligament prevented superior 
displacement of the clavicle with shoulder adduction and depression and the tensile force necessary for failure was greater than 53.7 N/cm2. 


Capsular Ligament 


The capsular ligament covers the anterosuperior and posterior aspects of the joint and represents thickenings of the joint capsule. According to the original 
work of Bearn,!° this may be the strongest ligament of the SC joint, and it is the first line of defense against the upward displacement of the inner clavicle 
caused by a downward force on its distal end. Cadaveric dissections have shown that the clavicular attachment of the ligament is primarily onto the 
epiphysis of the medial clavicle, with some secondary blending of the fibers into the metaphysis. Although some authors report that the intra-articular disc 
ligament greatly assists the costoclavicular ligament in preventing upward displacement of the medial clavicle, Bearn has shown that the capsular ligament 
is the most important structure in preventing upward displacement of the medial clavicle.!° In experimental postmortem studies, he determined, after cutting 
the costoclavicular, intra-articular disc, and interclavicular ligaments, that they had no effect on clavicle poise. However, the division of the capsular 
ligament alone resulted in a downward depression on the distal end of the clavicle. Bearn’s findings have many clinical implications for the mechanisms of 
injury of the SC joint. 

Through a cadaver study Spencer et al.!”© measured anterior and posterior translation of the SC joint. Anterior and posterior translation was measured in 
intact specimens and following transection of randomly chosen ligaments about the SC joint. Cutting the posterior capsule resulted in significant increases 
in anterior and posterior translation. Cutting the anterior capsule produced significant increases in anterior translation. This study demonstrated that the 
posterior SC joint capsule is the most important structure for preventing both anterior and posterior translation of the SC joint, with the anterior capsule 
acting as an important secondary stabilizer. 


Range of Motion 


The SC joint is freely movable and functions almost like a ball-and-socket joint with motion in almost all planes, including rotation.** In normal shoulder 
motion the clavicle, via motion through the SC joint, is capable of 30 to 35 degrees of upward elevation, 35 degrees of combined forward and backward 
movement, and 45 to 50 degrees of rotation around its long axis. 


TREATMENT OPTIONS FOR ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT 


INJURIES 


NONOPERATIVE TREATMENT OF ACROMIOCLAVICULAR JOINT INJURIES 


Indications 


Nonoperative Treatment of Acromioclavicular Joint Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Type I AC joint injury 
e Type II AC joint injury 
e Type III AC joint injury 


Relative Contraindications 


e Chronic symptomatic injury 
e Failed nonoperative management, athlete, polytrauma, heavy laborers 


There is a general consensus supporting nonoperative treatment of Rockwood type I and type II AC joint injuries.°°!9 Both type I and type II AC joint 
injuries are treated in the acute setting with an initial period of immobilization. Although both type I and type II AC injuries are on the lower end of the 
injury severity spectrum, both types may remain symptomatic several years following injury.!? These lower-grade AC joint injuries may remain 
symptomatic for a variety of reasons, such as posttraumatic arthritis, posttraumatic osteolysis of the distal clavicle, recurrent AP subluxation, torn capsular 
ligaments trapped within the joint, loose pieces of articular cartilage, detached intra-articular meniscus or associated intra-articular fracture fragment. In a 
study by Mouhsine et al.,!°3 52% of patients with type I and type II injuries were found to be symptomatic at an average of 6 years from injury. Operative 
treatment of the persistently symptomatic type I and type II AC joint injuries is tailored toward addressing the mechanism behind the symptoms and will be 
discussed in more detail in the following operative section. In comparison to type I and type II AC joint injuries, greater controversy exists regarding the 
optimal treatment of type III AC joint injuries. 

Part of the controversy in managing type III AC joint injuries is due to the difficulty in differentiating type III from type IV and V injuries. Type V AC 
joint injuries usually have, in addition to complete tears of the AC and CC ligaments, stripping of deltotrapezial fascia that results in greater than 100% 
superior displacement compared to the contralateral shoulder. 

Preferences for treatment of these injuries have oscillated over time. During the 1930s to 1940s, conservative treatment of type II AC joint injuries was 
predominant. During the 1950s to 1970s, with advances in surgical technique, operative repair became the mainstay for managing these dislocated AC 
injuries. In a poll study by Powers and Bach!*! in 1974, most residency programs across the United States treated type III AC joint injuries with open 
reduction with 60% using temporary AC fixation and 35% using CC fixation. By the 1990s, the pendulum had swung again in favor of nonoperative 


treatment! and this has persisted into the 2000s.!“° This trend was the result of a number of prospective randomized control trials (RCTs) carried out during 
this time period which showed limited benefit of open reduction and internal fixation and faster rehabilitation with nonoperative treatment. These trials 
compared surgical treatment with CC screw fixation or K-wire fixation combined with suture fixation of the AC/CC ligaments to nonoperative 
treatment.®-!!° Since then, there have been additional RCTs that feature updated treatment techniques and fixation strategies. In a prospective randomized 
study of complete AC joint injuries (types III, IV, V) performed by the Canadian Orthopaedic Trauma Society,** patients were treated operatively with an 
anatomic reduction of the AC joint and fixation with a hook plate or nonoperatively with the use of a sling and shoulder support for 4 weeks followed by a 
standard physiotherapy regimen. Both groups were able to begin resistance exercises at 6 weeks post intervention. The hook plate was removed after a mean 
period of 8.2 months. Patients had superior outcomes scores at 6 weeks, 3 months, and 6 months in the nonoperative group and returned to work earlier, 
demonstrating the value of nonoperative care in those with complete AC joint dislocation. Similar results were found in a subsequent RCT by Murray et 
al.!35 in which open reduction and tunneled suspension devices (Tightrope; Arthrex) for fixation was compared to sling use for 3 weeks, followed by 
identical rehabilitation protocols. Patients treated nonoperatively had significantly better outcome scores at 6 weeks, with no functional outcome difference 
at 1-year follow-up. However, a small but persistent percentage of patients with acute type III, IV, and V AC joint dislocations treated nonoperatively will 
be unhappy and present for later reconstruction. 

Polytrauma patients with AC joint injuries are given greater consideration toward operative management. Gallay et al.°° reported that AC joint injuries 
in polytrauma patients had worse outcomes with regard to shoulder function as assessed by both disease-specific and general health outcomes. The type IV, 
V, and VI AC joint injuries are generally treated operatively in this setting and discussion of these treatments will be discussed in the next section on 
operative treatment. 

The nonoperative treatment of AC injuries consists of an immobilization device including slings, adhesive tape strappings, braces, harnesses, traction 
techniques, and plaster casts.!°¢157 Among these immobilization devices, a simple sling has been the more recently acknowledged and applied method of 
conservative treatment. In particular, the principle behind the immobilization device is to support the weight of the upper extremity with the intention of 
reducing the stress placed upon the ligaments of the joint.” Briefly, during the first week of treatment, the immobilization device, together with ice and 
analgesics, help reduce the pain and inflammation as a result of the AC joint injury. Similarly, to expedite the healing process, the patient is encouraged to 
use the injured upper extremity as tolerated. The goal of acute phase management is pain control. Following the initial period of immobilization (1-2 weeks 
depending on the grade of dislocation), strengthening exercises are commenced with particular focus on periscapular muscles that are important to shoulder 
biomechanics.!*? However, both heavy lifting and contact sports are avoided during the second phase of treatment with strengthening exercises.!*? Athletes 
who desire an earlier return to sports should be encouraged to use protective padding over the AC joint. 


Technique 


Our current treatment approach to low-grade injuries of the AC joint (all type I and II and most type III injuries) involves nonoperative management with 
close observation. Higher-grade injuries (select type III and most type IV and V injuries) are commonly treated surgically in young, active patients. For 
nonoperative treatment, initial management is with a sling placed to fully support and elevate the arm and to take tension off the injured ligaments. In lower- 
grade injuries, shoulder range of motion can be initiated at 1 week and is typically pain free by 2 to 3 weeks. In higher-grade injuries, formal physical 
therapy to address shoulder muscle weakness and periscapular strengthening is started at 2 weeks. Heavy stresses, lifting, and contact sports should be 
delayed until there is a full range of motion and no pain to joint palpation. This process can take up to 2 to 4 weeks and is dependent upon AC joint 
separation grade, preinjury condition, and pain tolerance. Patients are given a trial of 6 weeks of nonoperative care until surgical intervention is considered 
unless neurologic or skin issues dictate earlier intervention. Contact sports can resume at 4 to 6 weeks and is dictated by the absence of pain with activity. 
To date no study has demonstrated a progression of AC separation with early return to sport but pain with collision sports is certainly a limitation. 


Outcomes 


Successful nonoperative treatment of type I to V AC joint injuries has been reported in the literature. Verstift et al.!9° showed that patients with type I and II 
AC joint injuries, at 7 years following injury, had no clinical difference in outcome scores when compared to their noninjured shoulder. While there was no 
difference in degenerative changes between injured and noninjured shoulders, other radiographic changes consisting of deformity, osteolysis, and 
ossification of the ligaments were significantly higher in the injured group, however this does not appear to impact outcomes at this period of follow-up. 
Even among type III AC injuries, several studies have demonstrated good outcomes with conservative measures. For instance, type III AC joint dislocations 
treated nonoperatively were evaluated in a study by Wojtys and Nelson,2° with a mean follow-up of 2.6 years. In this study, patients returned to work on 
average 2.1 weeks from injury and the strength and endurance levels of the injured shoulder were comparable to the contralateral uninjured shoulder. In a 
study by Dias et al.,°° 44 patients with type III AC injury were followed for 5 years after injury. These patients were treated with a broad arm sling for 3 to 5 
weeks followed by shoulder mobilization. Subjectively, most patients reported only mild discomfort and no patients had discomfort that subsequently led to 
a change in occupation. In a follow-up study by Rawes and Dias,'®* 30 patients of the previously reported cohort (who were treated conservatively by a 
sling) maintained good outcomes at 12.5 years from the injury despite persistent dislocation of the AC joint. Similar long-term results at 18 to 20 years are 
available from Joukainen et al.,9° who reported preservation of shoulder function and no significant difference in degenerative changes in comparison to 
operatively treated patients. 


NONOPERATIVE TREATMENT OF STERNOCLAVICULAR JOINT INJURIES 


Many injuries to the SC joint can be successfully managed by noninvasive measures (observation or closed reduction). This includes most acute and chronic 
anterior subluxations and dislocations, acute traumatic posterior subluxations and some dislocations, and, remembering that the physis of the medial clavicle 
does not close until the 23rd to 25th year, acute traumatic anterior and posterior physeal injuries of the medial clavicle. The treatment of sprain or 
subluxation is nonoperative. Application of ice is recommended for the first 12 hours, followed by heat for the next 24 to 48 hours. The joint may be 
subluxated anteriorly or posteriorly, which may be reduced by drawing the shoulders backward as if reducing and holding a fracture of the clavicle. A sling 
and swathe can also be used to support the shoulder and to prevent motion of the arm. The patient should be protected from further injury for 4 to 6 weeks 
before released back to contact sports play or heavy activity. 

Although there previously existed some controversy regarding the treatment of acute anterior dislocation of the SC joint, there is now consensus 
surrounding initial management. A large series of SC injuries was published in 1988 that included 40 anterior dislocations, 8 posterior dislocations, and 1 
unstable SC joint. Fifteen injuries were managed closed, 17 patients were managed operatively, and 17 patients were not treated. They had good and 


excellent results with both closed and operative treatment, but recommended that closed reduction should be initially undertaken. In 1990, de Jong and 
Sukul’’ reported the long-term results in 10 patients with traumatic anterior SC dislocations. All patients were treated nonoperatively with analgesics and 
immobilization. The results of treatment were good in seven patients, fair in two patients, and poor in one patient at an average follow-up of 5 years. Two 
recent review articles advocate for attempted closed reduction in all cases of posterior and anterior SC dislocations.!4*!©° They further recommended open 
reduction in the setting of failed closed reduction in acute traumatic dislocations. 

Many so-called dislocations of the SC joint in adolescents and young adults (<25 years) are not dislocations but physeal injuries. Most of these injuries 
will heal without surgical intervention. In time, the remodeling process may decrease bony deformity or displacement. If an anterior physeal injury is 
recognized, closed reduction, can be performed. Healing is prompt, and remodeling will occur at the site of the deformity. 

Chronic or unreduced anterior dislocations can be reconstructed, but do not generally require such procedures. Most patients with an unreduced and 
permanent anterior dislocation of the SC joint have few symptoms, have nearly full range of motion, and can work and even perform manual labor with few 
limitations. Surgical treatment is often considered if the patient has persistent instability symptoms or pain related to posttraumatic arthritis. Occasionally, 
following conservative treatment of a subluxation of the SC joint, the pain lingers and the symptoms of popping and grating persist. Many authors have 
included chronic or unreduced anterior dislocations with posterior dislocations in their series of operative results clouding the ability to fully understand the 
true benefits of surgery in this situation. However, complications reported include recurrent instability,” limitations of activity,” and pain,°~ and therefore it 
is recommended to undergo surgery only in extreme situations ( 32-32). 

Panzica et al.’“* recently reported the long-term operative results of 11 patients with anterior SC joint instability who were managed with either 
resection arthroplasty (6 patients) or ligament reconstruction (5 patients). Treatment was implemented an average of 19.1 months after injury or diagnosis in 
the resection group and within 2 weeks of injury in the reconstruction group. The results of treatment were evaluated at a mean of 9.9 years using the ASES, 
DASH, and Constant—Murley outcome scores. The outcome evaluation and postoperative pain scores did not differ significantly between the two operative 
groups; however, overall results were worse in the reconstruction group when the SC joint reconstruction was not performed soon after injury and in the 
resection arthroplasty group if the costoclavicular ligament was not preserved or reconstructed. 

In 2012, Van Tongel et al.*’° conducted a survey regarding treatment options in acute and chronic symptomatic anterior SC dislocation among three 
groups of orthopaedic surgeons (from a general orthopaedic society and from two societies with special interest in shoulder and elbow surgery). There were 
a total of 212 respondents (212/753, or 28%). Most surgeons would not perform an open reduction in an acute situation if a closed reduction failed or 
redislocation occurred. Concerning the treatment for chronic symptomatic anterior SC dislocation, 60% of all respondents chose conservative treatment. 
However, the majority of surgeons (34/48, or 71%) from the American Shoulder and Elbow Society indicated they would perform open treatment (i.e., 
ligamentous reconstruction or medial claviculectomy) for a chronic symptomatic anterior SC dislocation. 


Figure 2. Posterior dislocation of the left sternoclavicular joint. A 23-year-old man sustained a posterior dislocation of the left medial clavicle. He noted the 
progressive difficulty in swallowing and mild hoarseness in his voice. A: patient is positioned in the supine position with the entire arm prepped and a towel clamp is 
placed percutaneously. B: Placement of the clamp is confirmed under fluoroscopy. This is done prior to applying traction to protect against errant clamp placement and 
soft tissue injury. C: Fluoroscopy is adjusted to visualize the SC joint and the dislocation. At this point, the closed reduction is performed with direct traction and 


counter pressure on the anterior sternum. When the reduction is successful a palpable clunk is felt (and sometimes even heard). D: Fluoroscopic confirmation of the 
reduction with restoration of the SC joint (gray line). Stability of the SC joint should be evaluated and gross instability with recurrent posterior dislocation should be 
addressed with additional procedures. 


Acute posterior SC dislocation is considered a true orthopaedic emergency as it can be a life-threatening injury if severely displaced or evolving 
hematoma affects breathing. As a general rule, whenever a posterior dislocation of the SC joint is suspected, the physician must perform a very careful 
examination of the patient to rule out injury to the adjacent posterior structures such as the trachea, esophagus, brachial plexus, great vessels, and lungs. A 
careful physical examination, special radiographs, and CT scan of both medial clavicles are pertinent for proper diagnosis. Whenever vascular injuries are 
suspected, the CT scan will need to be combined with an arteriogram of the great vessels. 

From a review of the earlier literature, it would appear that the treatment of choice for posterior SC dislocation was operative. However, since the 1950s, 
the treatment of choice has been closed reduction.°7 


Closed Reduction of Sternoclavicular Joint Dislocation 


Most posterior SC dislocations are successfully reduced closed if attempted within 48 hours of injury. Closed reduction after 48 hours is rarely reported but 
has been noted even at 10 days after injury.’ Most closed reductions are stable when performed acutely. The most common techniques for closed 
reduction are described below. 


Techniques 
Abduction Traction Technique 


For the abduction traction technique,!°!!!9 the patient is placed supine with the injured shoulder near the edge of the table. A 3- to 4-inch thick sandbag is 
placed between the shoulders (Fig. 32-33). Lateral traction is applied to the abducted arm, which is then gradually brought back into extension. This may be 
all that is necessary to accomplish the reduction. A countertraction may be applied to the chest wall if necessary.’”! The clavicle usually reduces with an 
audible pop or snap and can be noted visibly and by palpation and is usually stable. Too much extension can bind the anterior surface of the dislocated 
medial clavicle on the back of the manubrium. Occasionally, it may be necessary to grasp the medial clavicle with one’s fingers to dislodge it from behind 
the sternum. If this fails, the skin is prepared, and a sterile towel clip is used to grasp the medial clavicle to apply lateral and anterior traction to it as 
described later in this section. 
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Figure 32-33. Technique for closed reduction of a posterior dislocation of the sternoclavicular joint. A: The patient is positioned supine with a sandbag placed 
between the two shoulders. Traction is then applied to the arm against countertraction in an abducted and slightly extended position. In anterior dislocations, direct 
pressure over the medial end of the clavicle may reduce the joint. B: In addition to the traction, it may be necessary to manipulate the medial end of the clavicle with 
the fingers to dislodge it from behind the manubrium. C: In stubborn posterior dislocations, it may be necessary to sterilely prepare the medial end of the clavicle and 
use a towel clip to grasp around the medial clavicle to lift it back into position. 


Figure 32-34. In the Buckerfield—Castle technique for reducing posterior dislocation of the sternoclavicular joint, the patient lies on the table with a bolster between 
the shoulders. Traction is applied to the arm in adduction while a downward force is applied on the shoulder. 


Adduction Traction Technique (Buckerfield—Castle Technique) 


In this technique,*? the patient is supine on the table with a 3- to 4-inch bolster between the shoulders. Traction is then applied to the arm in adduction, 
while a downward pressure is exerted on the shoulder (Fig. 32-34). The clavicle is levered over the first rib into its normal position. Buckerfield and 
Castle? reported that this technique was successful in seven patients when the abduction traction technique had failed. 


Direct Reduction With Towel Clip 


If the traction techniques described above are not successful, an assistant grasps or pushes down on the clavicle in an effort to dislodge it from behind the 
sternum. Occasionally, in a stubborn case, especially in a thick-chested person or a patient with extensive swelling, it is impossible to obtain a secure grasp 
on the clavicle with the fingers alone. The skin should then be surgically prepared and a sterile towel clip used to gain purchase on the medial clavicle 
percutaneously (see Fig. 32-33). The towel clip should encircle the shaft of the clavicle as the dense cortical bone prevents the purchase of the towel clip 
into the clavicle (see Fig. 32-32). Then the combined traction through the arm plus the anterior lifting force on the towel clip will usually reduce the 
dislocation. A more recent technique has been described using a percutaneous Schanz pin or screw into the medial clavicle to allow for more forceful 
manipulation.®” Reduction is typically audible and can be confirmed on fluoroscopy Following the reduction, the SC joint is usually stable, and the patient 
is treated with a sling for approximately 2 to 4 weeks. 


Chronic SC Dislocations 


Chronic posterior SC dislocation can be divided into late presentation (>48 hours) and late chronic (months to years after injury). As mentioned previously, 
after 48 hours closed reduction becomes less likely to succeed and open reduction is usually necessary. Importantly, it is around 1 to 2 weeks postinjury 
when the surrounding tissues scar to the posterior clavicle increasing the risk of vascular injury during the reduction maneuver.!!® In these cases, it is 
especially critical to obtain a CT angiogram preoperatively to assess the vascular status prior to surgery and be prepared for vascular and bypass surgical 
team presence in the operating room. 

Late chronic posterior dislocations can present with consequences not initially present in the acute or subacute phase of the injury. Stankler’’’ reported 
on two cases of nonoperative management of posterior dislocation, with one patient having mild symptoms of vascular congestion with activity, while the 
other developed an actual subclavian vein thrombosis 4.5 years later. Mehta et al.!?° presented a case report of a delayed subclavian artery occlusion 6 
months postinjury. Ege et al.5° reported a case of bilateral chronic posterior dislocations which presented 2 years postinjury and resulted in vascular 
compression on CT angiography. These symptoms resolved with resection of both clavicular heads. In addition to vascular consequences, multiple other 
sequelae from chronic unreduced retrosternal dislocations are noted in the later section on complications.!28 As such, operative treatment is strongly 
recommended for skeletally mature patients with posterior SC dislocations. 
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Acute Posterior Physeal Injuries of the Medial Clavicle 


Posterior physeal injuries, like posterior SC dislocations, should be reduced when they present acutely. The techniques for closed reduction are identical to 
those described for SC dislocations. If a stable reduction is achieved, the SC joint is protected with the shoulders held back in a figure-of-eight dressing or 
strap. Immobilization should continue for 3 to 4 weeks. A review recently found that incidence of these injuries may be more common than expected and 
more commonly occur in the male population.” 


Closed reduction maneuvers have been reported with varied success.2739.52,83,95,96, 108,203,207 New strategies can be employed to confirm reduction 
intraoperatively,!®! but in some cases redislocation may occur unexpectedly, even when the surgeon is confident of the intraoperative stability. Cases of late 
recurrence even after 1 week have been noted.!°8 As such, it is important to note that confirmed intraoperative reduction may still require further imaging 
when clinical suspicion warrants. 

The singular difference in treatment between posterior physeal separations and posterior SC dislocations occurs when a posterior physeal dislocation 
cannot be reduced by closed means and the patient is having no significant symptoms. In this scenario the displacement can, in theory, be observed as the 
fracture usually unites and some remodeling occurs.”/° In general, this situation occurs when an attempted closed reduction is performed and the 
postreduction CT shows residual posterior displacement or when a patient presents after 48 hours with no symptoms but with a confirmed posterior fracture 
separation on imaging. The patient may then be counseled regarding open treatment options (Fig. 32-35). Indeed, as with other physeal injuries, the 
potential for remodeling is significant and may extend until the 23rd to 25th years of age. 

If the posterior displacement is symptomatic and cannot be reduced by closed means, the displacement must be reduced surgically and reconstructed as 
is required for posterior SC dislocations in adults. Waters et al.?°° reported successful operative treatment of 13 traumatic posterior SC fracture-dislocations 
in children and adolescents and other authors have also reported the successful open treatment of similar injuries in adolescents.2°-959%2!3 In 2010, 
Lafosse!° reported a large multicenter series of 30 patients with posterior dislocations and posterior physeal separations. The success rate of closed 
reduction with posterior dislocation was 50% (5/10) and 0% with posterior physeal separations (0/4). These authors recommended open reduction for 
posterior physeal separations and suggested that closed reduction is hampered by the metaphyseal spike of the type II Salter—Harris fracture line. 
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Figure 32-35. A: CT scan of a 19-year-old patient who was involved in a motor vehicle accident and presented with complaints of chest pain and a “choking 
sensation” that was exacerbated by lying supine. Note the physeal injury of the right medial clavicle and compression of the trachea. B: CT scan of a 25-year-old 
patient with left SC joint dislocation presenting asymmetric upper extremity vascular exam and a “cold” arm. Note the proximity and displacement of the great vessels. 


In addition to local mechanical symptoms, complications accompanying unreduced posterior dislocations include late thoracic outlet syndrome, late and 
significant vascular problems, respiratory compromise, and dyspnea on exertion.°°-’° We have treated patients with a medial clavicle resection and 
reconstruction who have had complaints of swelling and arm discoloration, in addition to signs and symptoms of effort thrombosis and dysphagia secondary 
to a posteriorly displaced medial clavicle. In the pediatric patient, surgical management can provide good clinical and functional outcomes with over 70% 
being able to return to same level of sport. 18? 


Chronic Posterior Physeal Injuries of the Medial Clavicle 


In cases of late presentation or chronic posterior physeal injury with symptoms or with evidence of vascular compression on imaging, treatment is identical 
to chronic posterior SC dislocations in adults. Open reduction is performed and the emphasis on preoperative vascular and/or cardiothoracic surgical 
collaboration is again paramount. However, controversy persists in young adults and adolescents who have no symptoms and present with chronic posterior 
physeal dislocations. In this situation, the physician can wait to see if the physeal plate remodeling process removes the posteriorly displaced bone.!°° 
Zaslav et al.?!5 reported on a 13-year-old boy with a late presentation of a posterior physeal injury. At 6 months postinjury, the patient was asymptomatic 
and had complete remodeling on CT. In contrast, Emms et al.6 reported on a subclavian thrombosis that occurred 2 years after an initial injury which was 
treated nonoperatively for what was originally diagnosed as a posterior subluxation. The patient had a new injury at 2 years, which precipitated vascular 
symptoms 3 weeks later and on CT had evidence of a remodeled old medial physeal injury. The patient required a first rib resection to decompress the 
subclavian vein. It is clear that venous obstruction after abnormal remodeling of a medial physeal fracture, can occur and a second injury may precipitate 
occlusion. As such, close observation for the first 2 years, with serial vascular studies and/or serial CT scans, appears to be an important element of 


nonoperative care in the skeletally immature patient as most case reports of delayed complications occur in this time frame.°9°.128 


OPERATIVE TREATMENT OF ACROMIOCLAVICULAR JOINT INJURIES 


Indications/Contraindications 


The treatment goals for AC joint dislocations include a pain-free shoulder movement in a range-of-motion arc approaching normal. Various opinions exist 
regarding the optimal surgical treatment for these injuries. Operative intervention should be clearly discussed, as expectations and objectives differ 
considerably for each patient. While initial nonoperative treatment is favored for most type III injuries, a proportion of these conservatively treated patients 
will have persistent pain and an inability to return to their sport or job. Subsequent surgical stabilization, albeit delayed, has allowed return to sport or work 
in such cases. It is important to note that to date no high-quality prospective study has demonstrated surgical benefit for the treatment for type III injuries.‘ 
Patients with acute type I, II, and III injuries can be safely managed with a 6-week course of supervised rehabilitation and still have excellent results with 
delayed surgical reconstruction if this fails.°° In light of a clear lack of evidence supporting acute surgical management of grade III AC separations as well 


as evidence that supports quicker recovery with nonoperative treatment, we recommend initial treatment with 3 to 6 months of nonoperative management 
for most patients. In a subgroup of young, active patients who participate in overhead activities, acute fixation can be considered to avoid potentially altered 
shoulder biomechanics.®° Overall, operative treatment is generally the accepted method for active healthy patients with complete AC joint injuries (types 
IV, V, and VI) because of the significant morbidity associated with the injury pattern that can lead to a persistently dislocated, unstable AC joint, with 
altered scapular kinematics, and shoulder dysfunction.* If operative treatment is preferred acutely, the authors recommend open reduction and fixation with 
the use of a hook plate. This technique is supported by several retrospective studies, a biomechanical study and the operative results of an RCT.2734126.192 


Type III/V Variants 


AC injuries associated with fractures of the coracoid process are treated nonoperatively in most cases. The fractures usually occur at the tip or the base of 
the coracoid. As long as the deltotrapezial fascia is not disrupted to a large extent, and there is no severe coracoid displacement, they are treated in the same 
manner as a type III injury. If the fracture of the coracoid extends intra-articularly into the glenoid, we consider surgical repair. This depends largely on the 
amount of intra-articular displacement. We use 5 mm or more of glenoid displacement as our criterion for surgical treatment. A CT scan is performed to 
evaluate this fracture as the glenoid fracture extension is readily appreciated with this study. 


Historical and Classic Techniques 


The surgical treatment for AC joint dislocations has a clear historical progression. Transarticular fixation of the AC joint with pins or wires was one of the 
first techniques to be described. Fixation was meant to enhance temporary reduction allowing the native soft tissue an opportunity to heal with the AC joint 
in a reduced position. However, reports of fixation failure, loss of reduction, and disastrous migration of hardware led to abandonment of this technique. 
Similarly, the Bosworth “screw suspension” technique was introduced in 1941 as an extra-articular transient fixation device for acute, reducible AC joint 
dislocations (Fig. 32-36).*” It was meant to provide enough stability to allow CC ligament healing or scar formation to occur. For several reasons, including 
the contrast between the rigid fixation provided by the screw and the intrinsic motion between the clavicle and (coracoid) scapula, hardware failure, 
migration, and coracoid fractures were reported with this construct. Alternative “CC suspension” techniques subsequently appeared in the literature; Dacron 
grafts, wires, and various types of sutures.!°° The concept was to allow for motion, with a less rigid construct, but provide enough fixation to hold the CC 
distance reduced and allow for AC and CC ligament healing. In 1972, Weaver and Dunn? published their technique of distal clavicle resection and transfer 
of the CA ligament to the distal clavicle to restore and reconstruct the CC ligaments and treat acute and chronic AC joint instability. Over the years, 
numerous modifications to this technique have been described.!°° This technique represents an open procedure, which uses the detached CA ligament as a 
retaining structure for the distal clavicle. The modification of this nonanatomic technique involves an additional suture construct for increased primary 
stability (Fig. 32-37).?°* This approach, along with various technical modifications, is still widely utilized to reconstruct the CC ligaments, although it is 
inferior biomechanically compared to the other techniques.!** Historically, although good to excellent results of this procedure have been reported (75%), !5° 
the ultimate load to failure of the modified Weaver—Dunn was found to be 39% less than in controls.'8* A rate of up to 30% of recurrent instability has been 
reported with this technique, typically in the AP direction at the AC joint.!*4 


Figure 32-36. Postoperative anteroposterior radiograph of the shoulder with a Bosworth screw in place. Note that the AC joint has been reduced and the coarse lag 
threads of the screw are well-seated into the coracoid process. 


Superior clavicle plates with lateral hooks or “AC hook plates” have been reported in the literature since the 1980s with good to excellent results. 1” 


There have been modifications to the plate over time to lower its profile, contour it anatomically and add additional fixation, but the concept remains the 
same. This type of fixation holds the clavicle in a reduced position by “hooking” under the acromion and elevating the glenohumeral joint (Fig. 32-38). 
Complications of this technique are inherent to utilizing this design of plate and include acromial fracture or erosion and hardware irritation (see 
complications section). These can be mitigated by removal of the plate at a scheduled interval (6 months for acute fixation and 9-12 months when used for 
chronic reconstruction) and avoiding overreduction of the AC joint. Patients should be aware that the utilization of this technique will usually require two 
operations. For select acute type III and most type IV and V injuries this is the authors’ preferred technique (see Figs. 32-21 and 32-27). 


Arthroscopic Treatment 


The first report of arthroscopy for acute AC joint injuries by Wolf and Pennington??? described an all-arthroscopic technique of AC joint reconstruction. 
The coracoid was visualized through the subcoracoid recess in the anterior aspect of the joint. An anterior cruciate ligament guide is used to drill a hole 
through the clavicle and coracoid, and a cable was used for fixation. They reported a series of four patients with no recurrence of deformity. Lafosse et al. 109 
published an all-arthroscopic technique for CC ligament reconstruction, which releases the coracoacromial ligament from the undersurface of the acromion 
and transfers it to the inferior clavicle. Proponents of arthroscopic reconstruction claim the benefits of a more minimally invasive technique including 
minimal violation of the deltotrapezial fascia, faster postoperative recovery, less pain, and fewer complications. 
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Figure 32-37. Transfer of the acromial attachment of the coracoacromial ligament. A: A small portion of the anterior deltoid is reflected from the anterior acromion to 
expose the coracoacromial ligament. B: The ligament is released from the acromion and sutures are placed in the end. C: Two unicortical drill holes are placed in the 
posterosuperior surface of the distal clavicle, exiting through the medullary canal. D: The coracoacromial ligament is transferred to the medullary canal. The sutures are 
placed through the drill holes and tied over the top of the clavicle. 


Arthroscopic-assisted techniques to reconstruct the anatomic position of the CC ligaments have gained popularity in the last several years after initial 
reported successes. !34163,188 These techniques are being applied to reconstruction of type III and V AC joint dislocations acutely, and in chronic cases after 
failed conservative treatment. The use of suture-containing devices with cortical buttons is applied for CC fixation. If necessary this can be augmented with 
soft tissue graft and a separate AC joint capsule repair procedure. When done acutely (<1 week), this technique allows for indirect reduction and scarring of 
the injured AC joint ligaments in a reduced position. These arthroscopic techniques allow for minimal soft tissue dissection, smaller incisions, and “safer” 
graft passage around the coracoid process as it is done under direct visualization. In a systematic review and meta-analysis, there was no difference between 
open versus arthroscopic reconstruction with respect to complications, loss of reduction and revisions.’? 


Figure 32-38. A: Radiograph of a high-grade AC joint dislocation. Note the sloped undersurface of the acromion. B: Following hook plate fixation, anatomical 
alignment is restored. Newer versions of the hook plate are less bulky than their predecessors, and the hook is precontoured to match the undersurface of the acromion 
more accurately. (From Huddleston JI. Instructional Course Lectures, Volume 68. AAOS; 2019.) 


Chronic Acromioclavicular Injuries 


Patients with type I and II AC joint injuries may develop late degenerative changes, although this rate does not appear any different than nonaffected 
shoulder.'°9 As with other degenerative joints, chronic pain can be treated with mild analgesics such as nonsteroidal anti-inflammatory medication, 
avoidance of painful activity or positions, and intra-articular injection with corticosteroid preparations. Most will resolve with this conservative treatment. 

Patients who do not respond to conservative care may require operative excision of the distal clavicle to provide relief of pain. This can be performed 
using an open or an arthroscopic technique. The important aspect of either technique is preservation or repair of the AC joint capsule to maintain AP 
stability of the joint.” Resections should be limited to less than 10 mm of distal clavicle as to limit the disruption of the superior and posterior 
capsular/ligament structures. Violation of these structures can lead to residual AP clavicle instability and pain. There is a higher risk of this occurrence with 
distal clavicle excision following type II AC injuries. Chronic pain and instability after complete AC dislocations (types III, IV, and V) should not be treated 
with isolated distal clavicle excision. This merely shortens the clavicle without stabilizing it and is often associated with persistent or worsening 
postoperative symptoms. Therefore, distal clavicle excision should be combined with stabilization in chronic, symptomatic, and complete AC joint injuries. 

Traditionally there are three main categories of reconstructive techniques available. These include the use of a ligament transfer (modified Weaver- 
Dunn), historically one of the most popular, which moves the acromial attachment of the coracoacromial ligament to the resected surface of the distal 
clavicle. A variation of this technique includes an anterior acromioplasty in which the anterior acromial fragment and attached coracoacromial ligament are 
transferred to a prepared surface of the distal anterior clavicle, allowing bone to bone healing. Concurrent CC stabilization greatly increases the strength of 
this construct.*9-89 The second group consists of nonbiologic fixation with the use of a nonbiologic graft or suture loop. The last technique uses a biologic 
autograft or allograft tendon to reconstruct the CC ligaments. These techniques can all be augmented with additional fixation and can be performed in an 
anatomic or nonanatomic fashion. A systematic review comparing these three techniques revealed no significant difference in complications between 
groups, however superior functional scores were found with the use of a biologic graft when reconstructing the AC joint.” 

The anatomic coracoclavicular ligament reconstruction (ACCR) technique with the addition of a hook plate described here is the authors’ preferred 
technique for the treatment of chronic, symptomatic AC joint injuries (Fig. 32-39).9%124 


Anatomic Coracoclavicular Ligament Reconstruction 


Anatomic reconstruction of the native CC ligaments and AC ligaments represents an improved understanding of the biomechanics in this area with the 
attempt to improve surgical outcomes. The rationale of this technique is to reconstruct both CC ligaments by anatomically fixing a tendon graft in two 
clavicle tunnels placed in the anatomic insertion site of the conoid and trapezoid ligaments. In addition, the AC ligaments are reconstructed with the 
remaining limb of the graft. This technique has been previously reported during various stages of its development,*°!*4 and this description represents the 
version used by the authors. The main difference as described here is the use of adjunctive hook plate fixation to provide additional stability while the 
reconstruction heals and the graft has time to fully mature. The hook plate is then removed, if symptomatic, 9 to 12 months postoperatively. 


Preoperative Planning 


Anatomic Coracoclavicular Ligament Reconstruction With Hook Plate Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Arm holder of padded Mayo stand 
Position/positioning aids LJ Beach-chair position with the hip flexed to 60-70 degrees; towel bump 
Equipment LJ Hook plate set, locking and nonlocking screws, flat braided high-tensile nonabsorbable suture (if not using hook plate fixation), Hewson 


suture passer, tendon harvester 


Positioning and Surgical Approach 


The procedure is performed in the beach-chair position with the hip flexed to 60 to 70 degrees, and the patient positioned far lateral on the operating table to 
allow the arm to fall into extension. This facilitates exposure and mobilization of the shoulder for scapula reduction to the clavicle. A small towel bump can 
be placed along the medial border of the scapula to prevent protraction of the scapula. In addition, this elevates the torso away from the table thereby 
improving access to the clavicle for drilling the bone tunnels. Gently rotating the patient’s head away from the operative field with some extension aids in 
exposure (Fig. 32-40). It is important to be aware of tension created across the brachial plexus during the procedure, too much neck rotation or traction 
across the arm can result in postoperative palsy. The patient is secured with a safety belt and 3-inch cloth tape around the chest. It is important to drape a 
wide operative field; from the SC joint, to the nipple line, up the neck to the base of the ear, and to several inches behind the posterior aspect of the clavicle. 


Figure 32-39. Chronic and symptomatic type III AC joint injury (A) treated with hook plate fixation and anatomic coracoclavicular ligament reconstruction with 
autograft semitendinosus (B and C). The clinical photograph depicts the saber cut incision and the autograft semitendinosus passed around the coracoid (B). 
Postoperative radiograph 3 months post hook plate removal demonstrating maintained anatomic reduction of the AC joint (D). 


The anatomic landmarks are marked out on the skin over the AC joint and clavicle. An oblique, “saber cut” incision is made over the lateral aspect of 
the clavicle, extending toward the coracoid. 


Anatomic Coracoclavicular Ligament Reconstruction With Hook Plate Fixation: 


KEY SURGICAL STEPS 


Wide exposure, expose from midclavicle to AC joint 

Expose coracoid through a deltoid split, pass graft around coracoid with large Lauer and Hewson suture passer 

Clear the medial and lateral margins of the coracoid to assist passage of suture and graft under it 

Use a Lauer clamp with or without a Hewson suture passes to pass the shuttle suture under the coracoid from medial to lateral 
Drill tunnels in clavicle 

Reduce AC joint and trial appropriate depth of hook plate 

Pass graft around coracoid and through clavicle tunnels 

Place interference screws with graft tensioned and AC joint reduced 

Contour and place hook plate 

Layered closure—trap/pec fascia separate and complete coverage over clavicle 


The incision should be long enough to accommodate AC joint visualization with a Gelpi retractor. Needle-tip electrocautery is used to obtain hemostasis 
and carry the dissection down to the deltotrapezial fascia. Generous skin flaps are raised directly above the fascia to improve visualization. This is well 
tolerated about the shoulder because of the vascularity of the region. The deltotrapezial fascia is then elevated from the distal clavicle as full-thickness flaps 
(Fig. 32-41B). The fascia is incised in line with the natural demarcation between the trapezius insertion to the posterior aspect of the clavicle and the deltoid 
origin on the anterior clavicle. Dissection of the fascia should extend far enough medially to expose the conoid ligament insertion, approximately 46 mm + 5 
mm from the distal end of the clavicle.1?4155.156 Skeletonizing the clavicle can be done sharply with an elevator or electrocautery, but maintaining full- 
thickness flaps is critical to obtaining a good closure. Tagging stitches are placed in the flaps to aid in retraction and then facilitate accurate reapproximation 
at closure. It is important to note that the deltoid has some insertion on the undersurface of the clavicle and care should be given to ensure that the deltoid is 
not violated. This is done by carefully and slowly peeling the deltoid and trapezius off the clavicle with the periosteum, understanding the clavicle is a 
tubular structure, and to follow the curve with the elevator inferior and not to transect the deltoid from the anterior edge. Gelpi retractors are used to retract 
the flaps parallel and perpendicular to the incision with alternating pressure to facilitate exposure of the AC joint or coracoid base. The coracoid is exposed 
by splitting the deltoid vertically and then carefully exposing the medial and lateral aspects of the coracoid with dissection directly on bone. At this point a 
shuttling suture is passed around the coracoid with the aid of a Lauer clamp with or without a Hewson suture passer. This is a critical step in the technique 
as great care must be taken to stay directly on bone and to avoid entrapment or injury to the adjacent neurovascular structures (brachial plexus and axillary 


vessels). 


Figure 32-40. ACCR technique: patient positioning. Note the far lateral position with shoulder free to extend, small scapula bump along medial scapula border, and 
head position extended and rotated away from operative side. (Reprinted with permission from Iannotti JP, et al. Disorders of the Shoulder: Sports Injuries. Lippincott 
Williams & Wilkins; 2013.) 


The lateral portion of the clavicle is exposed to allow for reduction and placement of the eventual hook plate. Reduction of the AC joint is accomplished 
by elevating the scapulohumeral complex to the clavicle by supporting the elbow and scapula. Visual inspection is usually adequate for assessing reduction. 
In chronic AC dislocations, there can be significant scar tissue and or ossified CC ligament remnants inferior to the AC joint which needs to be removed to 
allow adequate reduction. Once reduction is achieved, trialing is performed to select a hook plate of appropriate depth (too shallow of a hook plate depth 
will result in overreduction) and length (the authors’ preference is to select a length of plate that will bypass the bone tunnels in the clavicle (see Fig. 32-39). 
Some of the commercially available hook plates require contouring of the hook with bending irons to match the natural slope of the undersurface of the 
acromion and to avoid point loading on the acromion. In addition, when performing this technique, it is important to account for the thickness of the graft 
that will ultimately sit beneath the plate in the final construct. Therefore, the authors recommend selecting a slightly larger depth (+2 mm) of hook to 
accommodate for this. 
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Figure 32-41. A: The vertical incision is made along Langer lines, centered on the clavicle approximately 3.5-cm medial to the AC joint, in a curvilinear fashion 
starting from the posterior clavicle to just medial of the coracoid process. B: Right shoulder taken from lateral looking medial. Skeletonizing of the clavicle is started 
with electrocautery, then thick subperiosteal flaps are raised sharply with elevator to ensure the trapezius and deltoid attachments are elevated off in a sleeve, superior 


and inferior. Tagging stitches can be placed to aid in tight closure of this layer as a critical step during closure. (Reprinted with permission from Iannotti JP, et al. 
Disorders of the Shoulder: Sports Injuries. Lippincott Williams & Wilkins; 2013.) 


Conoid tunnel minimum 45 mm from distal clavicle 


Medial i : 
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Figure 32-42. A: Right shoulder, picture taken from posterior, medial is left. Tunnel positions are measured and marked: conoid (at least 45 mm from distal clavicle), 
using conoid tunnel mark as reference the trapezoid tunnel position is marked to ensure at least 25 mm of bone bridge between tunnels and at least 4 mm from the 
clavicle edge toward the midline (20-25 mm from distal clavicle). B: Threaded guide pins for a 5.5-mm cannulated drill are placed corresponding to anatomic position. 
Care is taken to prevent fracture or cortical blowout by ensuring at least 3-mm from cortical edge. (Reprinted with permission from Iannotti JP, et al. Disorders of the 
Shoulder: Sports Injuries. Lippincott Williams & Wilkins; 2013.) 


A distal clavicle excision can be performed by removing the most lateral 8 to 10 mm of bone in a perpendicular fashion, using an oscillating saw. The 
posterior third of the distal clavicle is then beveled with the saw or rasp to avoid potential contact with the spine of the scapula. The decision to remove the 
distal end of the clavicle is based on the age of the patient, chronicity of the injury, and status of the bony anatomy of the AC joint. The authors rarely find 
that significant resection of the distal clavicle is required, unless it obstructs reduction. 

Placement of clavicle bone tunnels for graft reconstruction of the CC ligaments is designed to reproduce their anatomic positions in relation to the distal 
clavicle. Smooth guide pins for the 5-mm cannulated reamer are placed at the anatomic location corresponding to the conoid and trapezoid ligaments, with a 
Cobb elevator or retractor inferior to the clavicle for protection of underlying structures. The guide pin for the conoid ligament tunnel is placed 45 mm 
medial to the distal clavicle and posterior to the midline of the clavicle in the coronal plane (Fig. 32-42). The surgeon should err on being slightly more 
medial to take advantage of improved bone density in this location. 

A second pin is placed lateral to the conoid pin by 15 mm and just anterior to the clavicle midline again in the coronal plane. This corresponds to the 
trapezoid ligament tunnel and should not be less than 25 mm from the end of the clavicle. Bone tunnels must also be placed at least 3 mm from the edge of 
the clavicle toward the midline to avoid tunnel blowout during interference screw placement. 

For tunnel preparation, power reaming is used to create the tunnel with a “ream-in, pull-out” technique, to ensure the tunnel is not made eccentrically, 
optimizing fixation of the graft. The reamer is advanced in under power with care not to pass through the far cortex; the drill is stopped and then 
disconnected while it is pulled out. 

A secure fit between the graft and tunnel is a critical aspect of the procedure. Interference fixation is obtained with implantable polyetheretherketone 
(PEEK) polymer screws (an inert, MRI-compatible material). These screws have a higher pull-out strength than bioabsorbable screws, but do not cut or rip 
the tissue as can occur with metal screws. The bone tunnels must be tapped prior to placement of the PEEK screws. This allows easier screw placement, 
minimizing graft “creep” with interference screw tightening, and decreases the torque needed to seat the screw, lowering stress on the bone tunnel. In the 
event of cortical fracture that does not allow PEEK screw fixation, the graft limbs can be passed over the clavicle and then sutured together on top of the 
clavicle. 

Depending on surgeon preference (semitendinosus, anterior tibialis), allograft or autograft can be used for this procedure. Anterior tibialis allograft must 
be trimmed significantly because it is often quite thick. Semitendinosus autograft is our preferred graft but requires experience with tendon harvest and 
some additional set up. Allograft offers the advantage of simple patient positioning, no donor site morbidity and decreased operative time. Semitendinosus 
allograft typically comes in diameters of 5 mm and larger and minimum lengths of 230 mm, which is sufficient for this reconstructive technique. The 
minimal length needed to ensure graft available for AC ligament reconstruction is approximately 110 mm, with an ideal width of at least 5 mm. The graft is 


prepared with a continuous running locked stitch of high-tensile nonabsorbable suture. These sutures are then pulled tightly to help tubularize the flat end of 
the tendon while compressing the looped end, so that the tendon is of uniform diameter after preparation (Fig. 32-43A). Frayed graft ends are excised to 
allow easy passage. The graft is passed beneath the coracoid using the previously placed shuttling suture. If not using hook plate fixation a flat braided high- 
tensile nonabsorbable suture (e.g., FiberTape, Arthrex) can be passed along with the graft. This suture can be shuttled through the cannulation of the 
interference screws and when tied provides additional fixation during healing of the graft. 
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Figure 32-43. ACCR technique. A: Cadaver right shoulder looking from anterior at construct around coracoid base figure-of-eight pattern. B: Artist rendering of 
ACCR construct, magnification of medial construct. C: Right shoulder from above. Fixation of the graft into the bone tunnels. Bone tunnels are tapped prior to graft 
passage. D: Graft limbs are kept under tension while the PEEK screw is inserted. (Reprinted with permission from Iannotti JP, et al. Disorders of the Shoulder: Sports 
Injuries. Lippincott Williams & Wilkins; 2013.) 


After passing the graft with or without FiberTape suture beneath the coracoid, the limbs of the graft are crossed in figure-of-eight fashion before being 
shuttled through the bone tunnels from inferior to superior direction (see Fig. 32-43B,C). A commercial suture passer or suture loop is used to assist in graft 
placement through the bone tunnels, beginning with the conoid (posteromedial) tunnel. The graft is then cyclically loaded by pulling up on both ends to 
remove any slack, and seesawed back and forth to allow for easy passage. The graft is arranged so that a shorter limb of approximately 2 cm exits the 
conoid tunnel. The remaining length of the graft exits the trapezoid tunnel. This longer limb will be used later to reinforce the AC joint and recreate the 
superior and anterior AC ligaments. 

Reduction of the AC joint is accomplished by elevating the scapulohumeral complex to the clavicle by having an assistant push on the elbow. The 
quality of reduction can be assessed under direct visualization. An anatomical reduction of the AC joint is critical. While an assistant maintains the 
reduction, the grafts are secured with interference screws. Interference fixation of the grafts within the bone tunnels is done with a 5.5- x 8-mm PEEK screw 
placed in the anterior aspect of the tunnel while tension is maintained on the graft (see Fig. 32-43D). One limb of the FiberTape suture is passed with the 
graft beneath the coracoid and through the respective tunnels. It is then passed through the first interference screw used to fix the conoid portion of the 
reconstruction. Fixation of the posteromedial graft, corresponding to the conoid ligament tunnel, is done first. After interference screw placement, the other 
limb of the graft exiting the AP bone tunnel, representing the trapezoid ligament, is cyclically tensioned to remove any residual slack and held under 
maximal tension while the second interference screw is placed in the anterior aspect of the tunnel (Fig 32-44A). Prior to secure fixation and placement of 
the interference screw the other limb of the FiberTape suture is brought through the cannulation hole of the PEEK screw (see Fig. 32-44B). After fixation of 
the graft in both tunnels, both limbs of the fiberwire suture are tied on the superior aspect of the clavicle. Secondary graft fixation is accomplished by 
suturing the shorter limb of graft exiting the posterior medial tunnel to the base of the long graft limb exiting anterolateral tunnel to create a closed figure- 
of-eight loop with additional high strength suture. The remnants of the AC joint capsule/ligaments are identified and repaired with figure-of-eight stitches 
using absorbable suture. 


5.5-mm PEEK interference screw 
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Figure 32-44. A, B: Fixation at CC ligament reconstruction. A: After graft is wrapped around the coracoid elbow in crossing fashion the two ends are brought up 
through there corresponding tunnels such that the conoid tunnel graft is shorter than the trapezoid tunnel graft. Length of the conoid tunnel graft should be sufficient to 
span the bone bridge between tunnels and an additional 20 to 30 mm to suture to the base of the trapezoid tunnel graft for fixation. The remaining graft length should 
be exiting from the trapezoid tunnel and sufficient to span the 30 mm to the AC joint and augment the AC capsule/ligament repair superiorly. B: No. 2 high-strength 
nonabsorbable end suture is brought through the cannulation hole of the PEEK screw and tied over the clavicle. C, D: AC ligament reconstruction and fascia repair. 
Right shoulder viewed from anterior. Integration of the graft at the AC capsule/ligament reconstruction. C: The long limb of the graft is taken lateral and posterior and 
used to augment posterior capsule repair. It is also incorporated into the trapezium fascia. The remnant is carried superior and used to augment the superior AC capsule 
repair. This is with nonabsorbable high-strength suture. D: Using “pants-over-vest” suture repair technique, the deltoid—trapezium fascia is repaired securely over the 
length of the clavicle. Note the repair is a critical part of the procedure and good tension and approximation of the fascia closure is vital. (Reprinted with permission 
from Iannotti JP, et al. Disorders of the Shoulder: Sports Injuries. Lippincott Williams & Wilkins; 2013.) 


The previously selected hook plate is then applied. Care must be taken to ensure the hook is fully seated underneath the acromion. The plate is then 
secured overtop of the graft and on to the clavicle with multiple screws, including screws that are placed medial to the clavicular bone tunnels (see Fig. 32- 
39). 

The deltotrapezial fascia closure is an important step; the large fascia flaps are closed tightly with interrupted high-strength nonabsorbable sutures. 
Approximation of the attachments of the anterior deltoid fascia and the trapezius fascia are brought together with inverted interrupted stitches so that the 
knots are tied on the inferior side of the flap (see Fig. 32-44D), to minimize skin irritation. The deep dermal layer is closed with buried 3.0 Vicryl sutures, 
and a running subcuticular stitch is used for skin closure. Final postoperative radiographs are obtained in the recovery room to quantify AC joint reduction, 
bone tunnel and hook plate position. 


During the first 4 to 6 weeks, patients wear a prefabricated sling or abduction brace. The brace can be removed for hygiene and early gentle range of motion 
with pendulum exercises. Physiotherapy can progress during this period from supine to upright range-of-motion exercises. Between 6 and 12 weeks, if there 
is a pain-free normal range of motion, strengthening exercises are begun. These should target the scapular stabilizers that help retract the scapula and 
thereby decrease loads across the AC joint. Weight training may begin at 3 months postoperatively. Full-contact athletics are allowed at 6 months, but 
generally it requires 9 months to a year for patients to regain peak strength, particularly with pressing activities, or lifting from the floor as in a dead lift. The 
hook plate should be removed at 9 to 12 months postoperatively to decrease the risk of acromial osteolysis and hardware-related pain. Following hook plate 
removal, the patient should refrain from athletic/contact activity for 6 to 8 weeks to allow the screw holes to consolidate. 


Patients undergoing anatomic CC ligament reconstruction have excellent postoperative functional outcomes at 2-year follow-up, but with a reported 
complication rate of 13% to 27%.?>130 There has thus been significant interest in modifying current techniques of the anatomic reconstruction. Dyrna et al. 
have demonstrated the benefits a combined reconstruction of the AC and CC ligaments, with the addition of the AC reconstruction providing the highest 
resistance torque in a cadaver study.°® Others have been using new-generation cortical buttons in place of the biologic tendon. Advocates of this technique 
have cited the advantages of flexible fixation and the potential for minimally invasive insertion. Although early reports of this technique demonstrated high 
rates of reduction loss (33%), complications (27-44%), and reoperation rates (24%),!2°!7° more recent studies have demonstrated excellent functional 
outcomes with similar complication rates when compared to biologic graft reconstruction.'’”!”9 The addition of arthroscopy to these techniques has 


provided no significant benefit at this point in time.”9!® 


Potential Pitfalls and Preventive Measures 


Acromioclavicular Joint Injuries: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Anatomic CC Ligament Reconstruction 


Bunching of graft tissue preventing complete Do not cross the graft around the neck of the coracoid; leave as a single loop 
reduction 
Clavicle fracture or bone tunnel widening Avoid drilling tunnels >5.5 mm 


Tap the clavicle tunnels before interference screw insertion 
Ensure there is an adequate bridge of bone between tunnels 


Loss of reduction Ensure patient compliant with postoperative rehabilitation, use of hook plate generally prevents this 
Not contouring the hook plate Contour the hook to the undersurface of the acromion 

Overreduction of the AC joint Trial the various depths of hook plates before choosing definitive size 

Leaving the hook plate in too long Plan a scheduled hardware removal at 9-12 months 


A thorough understanding of CC and AC anatomy is essential to the safe and effective treatment of AC joint injuries. One of the most common mistakes in 
the operating room is to not expose the AC joint adequately and to fail to remove calcified tissue or scar within the CC space to allow for anatomic 
reduction. Clavicle fracture is a real intraoperative complication and bone tunnels must be smaller than 5.5 mm, with adequate bone between the hole and 
the posteroanterior cortex to avoid fracture secondary to stress raiser.!9* Wound complications can occur, so close monitoring in the first few weeks is 
important. Closure of the deltotrapezial fascia is essential to add strength and blood supply to the reconstruction. Being comfortable with your hook plate set 
and taking time to trial the available sizes to find the best fit is essential to maintaining an anatomic reduction. Contouring the blade of the hook plate to the 
undersurface of the acromion similarly helps to prevent point loading and impingement (depending on the brand of hook plate you use). Careful 
postoperative monitoring will help ensure the hook plate will be removed at the appropriate time interval before significant acromial osteolysis occurs. 


Author’s Preferred Treatment for Acromioclavicular Joint Injuries ( 


Acromioclavicular joint 
dislocation 
Type | Type Il Type Ill Type IV Type V Type VI 


© Sling for 1 to 2 e Sling typically e Immediate e If treating an © Operative + Rare and 
weeks or until needed for 2 to sling overhead treatment with maybe related 
patient 3 weeks, but immobilization athlete, manual acute hook to shoulder 
comfortable; may remove as e Icing, NWB overhead plate fixation distraction 
icing and WBAT soon as for 2 to 3 laborer, if patient is injury; check 
Consider PT comfortable; weeks; PT for polytrauma young and neurovascular 
for assistance icing, WBAT gentle ROM patient or if a active status 
with e Consider PT strong patient May be best 
periscapular for assistance preference for treated with 
reactivation with operative surgical 
exercises periscapular Continue treatment then reduction and 
Return to reactivation nonoperative consider acute AC complex 
contact sports exercises, RC treatment for 3 to 6 hook plate repair/ 
in 1 to 3 weeks strength training months; if fixation reconstruction 


persistent 
symptoms exist 
consider MRI to 
assess for 
glenohumeral 
pathology 

If persistent 
symptoms and no 
glenohumeral 
pathology at 

9 to 12 months 
then consider a 
chronic 
reconstruction 


Algorithm 32-1 Author’s preferred treatment for of acromioclavicular (AC) joint dislocations. WBAT, weight bearing as tolerated; NWB, nonweight bearing; 
PT, physical therapy; RC, rotator cuff; ROM, range of motion. 


OPERATIVE TREATMENT OF STERNOCLAVICULAR JOINT INJURIES 


Several procedures to maintain the medial end of the clavicle in its normal articulation with the sternum have been described (Table 32-2). In general, these 
techniques can be used to surgically reconstruct the SC joint in the setting of either anterior or posterior instability. This is because the fundamental 
objective of the operation is stabilization of the medial end of the clavicle to an adjacent structure, regardless of the initial direction of displacement. Given 
the rarity of the injury, there are few reported large patient series with any one of the techniques. Regardless of the chosen operative procedure, care should 
be to minimize disrupting the anterior ligament structures as much as possible. Resection of the medial clavicle is rarely recommended as this tends to 
exacerbate instability. 16 

Once faced with the need for reconstruction, the surgeon has to decide on the procedure, and there are two things to consider—tissue and stabilization. 
Tissue options include local ligaments and capsule, tendon transfers (subclavius or sternocleidomastoid), and grafts. Stabilization options include 
stabilization to the first rib, stabilization to the manubrium, and stabilization to the first rib and manubrium. Fixation is generally provided by soft tissue 
tensioning and suture, although augments with pins, plates, or screws have all been proposed. A recent review of 108 cases by Kendal et al.!°° found that 
five specific procedures were most commonly found to be performed. This included ligament reconstruction using autograft or allograft tendon (figure-of- 
eight or other orientation), local soft tissue repair or augmentation or ligament reconstruction with synthetic materials, medial clavicular resection with or 
without ligament transfer (i.e., intra-articular disc ligament and anterior capsular ligament) into the medullary canal of the medial clavicle, open reduction 
and internal fixation, and tendon transfer techniques. 


TABLE 32-2. Surgical Techniques for Sternoclavicular Reconstruction 


Procedure Technique 

Open excision with intramedullary ligament repair Use intra-articular disc ligament as a transfer into medial clavicle, reinforced with local tissue repair!°® 

Soft tissue graft used for figure-of-eight Reconstitute capsular ligaments with graft. Technique described using either semitendinosus*?!°? or plantaris tendon graft? 
reconstruction 

Subclavius tenodesis: technique of burrows Use a slip of subclavius to reconstruct the costoclavicular ligament. Modification is to use graft (fascia lata) to recreate 


costoclavicular ligament 


Sternocleidomastoid reconstruction to first rib and Use a partial slip of sternocleidomastoid through first rib and clavicle to recreate costoclavicular ligament?* 


clavicle 
Sternocleidomastoid to clavicle and manubrium Use a partial slip of sternocleidomastoid to recreate capsular ligaments, no exposure of first rib* 


Plate stabilization Balser plate: inserted behind or into manubrium, repair of local capsule, plate removal required®” 


Ledge plate: Standard 3.5-mm LC/DCP 6-hole plate placed anteriorly with medial two holes over manubrium?! 


Locking plate: 2-, 3.5-mm precontoured locking plates placed 90 degrees to each other!”! 


Spencer et al.!’° through a biomechanical analysis evaluated three different reconstruction techniques in a cadaver model. The intramedullary 
ligament,!°® the subclavius tendon transfer, and a semitendinosus graft placed in a figure-of-eight fashion through drill holes in the clavicle and manubrium 
were used to reconstruct the SC joint. Each of the three reconstruction methods was subjected to anterior or posterior translation to failure, and the changes 
in stiffness compared with the intact state were analyzed statistically. The figure-of-eight semitendinosus reconstruction showed superior initial mechanical 
properties to the other two techniques. Acutely, this technique has also been described using braided suture tape? or an internal brace!% with good results. 
For chronic reconstruction, use of allograft has been described with success.%38:!52.153,201 A recent large case series with 19 patients showed excellent 
outcomes with 86% return to sport and 96% survivorship of the construct at average follow-up of 94.5 months.!9° Kusnezov et al. reported worse outcomes 
with this technique in a military population, with 35.7% complications and 14.3% recurrent instability. 107 

A plethora of other techniques are found in the literature. Some of the literature from the 1960s and 1970s recommended stabilization of the SC joint 
with K-wires or Steinmann pins. These techniques are largely historical due to their high complication rate, especially pin migration. A recent review! has 
even stated this to be absolutely contraindicated. Other authors have recommended the use of various types of suture wires across the joint, reconstruction 
using local tendons,®?4 or the use of a special plate.9!+!48.160.171 Screw fixation across the joint, osteotomy of the medial clavicle, and resection of the medial 
end of the clavicle have also been advocated.”8!,158 

Thomas et al.!®° reported a safe surgical technique for stabilization of the SC joint with the use of suture material. Their technique involved tying the 
suture material on the superficial aspects of the medial clavicle and manubrium. This avoids the exposure of the first rib and avoids drilling through the 
inner cortex of the clavicle and manubrium. Abiddin et al.! have described a similar technique with the use of suture anchors in the manubrium and drill 
holes in the clavicle. In 2010, Rotini et al.!®° described using a hybrid fixation technique using suture anchors and transosseous sutures for a traumatic 
anterior SC joint dislocation. 

While smooth pin and wire fixation is not recommended, fixation of the SC joint with other metal implants is still considered a valid option, although 
the implants usually require removal. Franck et al.°” reported a strategy for traumatic SC instability using a plate for stabilization. A hook plate was 
contoured to match the shape of the clavicle and the hook of the plate was used for sternal fixation. A retrosternal hook position was used for seven anterior 
dislocations and an intrasternal position was used for three posterior dislocations. All plates were removed by 3 months. At 1-year follow-up, 9 of 10 
patients had excellent results with no cases of redislocation. One patient developed a postoperative seroma that required surgical drainage, and one patient 
developed arthrosis. Using a similar technique, Hecox and Wood?! described the use of a “ledge plate” using a standard 3.5-mm LC/DCP fixed to the 
medial clavicle in a position that allows two holes of the plate to serve as a “ledge” over the manubrium. A more recent study?!” presented 16 cases treated 
with a retrosternal hook plate showing good functional results with a low complication rate. A recent review of the Balser plate (hook) technique found 
good to excellent results in 88% with 12% complication rate. 

Other plate techniques have been described for acute SC joint injuries. Shuler and Pappas”! used two 3.5-mm locking reconstruction plates placed at 90 
degrees across the SC joint for an unstable posterior dislocation. Pensey and Eglseder!“® described the use of combined suture anchor fixation and a long 
pelvic reconstruction plate that was contoured to the ipsilateral clavicle, manubrium, and contralateral clavicle for a posterior SC joint fracture—dislocation. 
No screws were placed in the manubrium, and fixation was achieved with three screws each in the right and left clavicle. Gerich et al. described using a 
precontoured clavicle plate to serve as an anterior buttress.”° 

Two recent systematic reviews of the available literature have been performed in 2011 to determine the ideal reconstruction technique for symptomatic, 
chronic anterior, and irreducible or recurrent posterior SCJ dislocations.’”'®° The only available articles in the literature were level IV retrospective case 
series and two biomechanical studies. In cases of failed closed reduction, the option for open reduction is always available, and the data have shown that its 
effectiveness is not negatively affected by the failed reduction attempt. If an open reduction is necessary there is evidence that repair of the joint capsule is 
sufficient surgical treatment; however, a tenodesis or ORIF is also effective and recommended treatment. In cases of chronic instability (anterior and 
posterior), reconstruction with tendon tissue woven in a figure-of-eight pattern through drill holes in the manubrium and clavicle is stronger than 
reconstruction with local tissue and is supported not only in biomechanical, but also clinical studies. Perhaps one of the most important factors that affect 
the success of treatment is the duration of time elapsed after the injury. The functional outcomes for patients with acute dislocations are significantly better 
than for those with chronic dislocations; therefore, accurate diagnosis and prompt treatment as close to the time of injury is optimal. 


Resection of the Medial End of the Clavicle 


Excision of the medial clavicle has long been recommended when degenerative changes are noted in the joint. If the medial end of the clavicle is to be 
removed because of degenerative changes, the surgeon should be careful not to damage the costoclavicular ligament, limit resection to 10 mm or less and 
repair the joint capsule following resection! (Fig. 32-45). 

Using the results of an anatomic study of 86 cadavers, Bisson et al.!” recommended a safe resection length that would result in no or minimal disruption 
of the costoclavicular ligament of 1 cm in men, and 0.9 cm in women. Resection alone (without stabilization of the residual clavicle) should rarely be 
performed in the setting of acute instability. 


ee. 


Figure 32-45. Resection of the right medial clavicle, retaining the costoclavicular ligament. White structure within the depth of the wound represents hyaline cartilage 
covering the clavicular notch of the manubrium (patient’s head at top of image). 


Preoperative Planning 


Surgical Repair of the Sternoclavicular Joint: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operative table, reversed 


Position/positioning aids LJ Supine (consider draping the entire chest when dealing with posterior dislocations in the rare event of vascular injury 


requiring sternotomy) 
Fluoroscopy location LJ Head of table or contralateral 


Equipment Allograft (hamstring), suture tape, Hewson suture passer, high-speed burr, drill, reduction/towel clamps, stout 


nonabsorbable braided suture 


Technique 


Acute Repair of Posterior Dislocation of the Sternoclavicular Joint: 


KEY SURGICAL STEPS 


LJ Prep and drape of entire chest and arm 

LJ Wide exposure of SC joint 

LJ Reduction of clavicle 

LJ Assess for SC joint stability and absence of any vascular injury 


LJ Fixation with construct of choice 


If all methods of closed reduction fail, an open reduction should be performed. The patient is positioned supine on a radiolucent operating table. The chest 
and abdomen along with the involved ipsilateral limb are prepped and draped free. A curvilinear incision is made over the SC joint with the horizontal limb 
in line with the clavicle and the vertical limb along the manubrium. Skin flaps are elevated and the periosteum is incised in a horizontal fashion. Care is 
taken to preserve the capsule for later repair and closure (Fig. 32-46A). The posteriorly displaced clavicle is reduced with traction, towel clip elevation, 


and/or by gently leveraging the clavicle from posterior to anterior with a blunt retractor (see Fig. 32-46B). The posterior capsule along with the intra- 
articular disc ligament is then incorporated into a running locking suture using no. 2 Ethibond (Johnson & Johnson) (see Fig. 32-46C). Drill holes are then 
passed through the clavicle from anterior to posterior taking care to protect the neurovascular structures. A Hewson suture passer is used to shuttle sutures 
through the posterior cortex of the clavicle (see Fig. 32-46D). The defect in the posterior capsule is then repaired with interrupted permanent suture (see Fig. 
32-46E). After the capsular defect is closed, the previously passed transosseous sutures are secured along the anterior cortex (see Fig. 32-46F). The 
remaining capsular sleeve is closed with absorbable sutures to complte the repair. 


> 
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Figure 32-46. Clinical example of right posterior SC joint dislocation. A: Initial elevation of periosteum and capsule (held in forceps) and exposure of the medial 
clavicle (patient’s head at left of image). B: Elevation and open reduction of the medial clavicle with clamp viewed superiorly. C: Grasping suture in the posterior 
capsule and intra-articular disc ligament. D: Drill holes through clavicle for the purpose of transosseous repair. E: Repair of the posterior capsule defect with 
interrupted suture. F: Completed repair after transosseous sutures secured. 


The medial clavicle may need to be acutely resected in certain scenarios,!® including severely damaged medial articulations, the need to decompress the 
posterior structures, and the necessity to provide improved access for the thoracic surgeon to the mediastinum. When operating on the SC joint, care must be 
taken to evaluate the residual stability of the medial clavicle. It is the same analogy as used when resecting the distal clavicle for an old AC joint problem. If 
the CC ligaments are intact, an excision of the distal clavicle is indicated. In this case if the CC ligaments are attenuated, then, in addition to excision of the 
distal clavicle, one must reconstruct the CC ligaments. With an SC joint injury, if the costoclavicular ligaments are intact, the clavicle medial to the 
ligaments should be resected and beveled smooth. If the ligaments are torn, the clavicle must be stabilized to the first rib. If too much clavicle is resected, or 
if the clavicle is not stabilized to the first rib, residual joint instability and patient symptoms can result. 

The patient is positioned supine on the table, with three or four towels or a sandbag placed between the scapulae. The upper extremity should be draped 
out free so that lateral traction can be applied during the open reduction. In addition, a folded sheet around the patient’s thorax should be left in place so that 


it can be used for countertraction when traction is applied to the involved extremity. 


Figure 32-47. The proposed skin incision used for open reduction of a posterior sternoclavicular dislocation. 


An anterior incision is used that parallels the superior border of the medial 7 to 10 cm of the clavicle and then extends downward over the sternum just 
medial to the involved SC joint (Fig. 32-47). During exposure of the SC joint, it is crucial to leave the anterior capsular ligament intact. The reduction can 
usually be accomplished with traction and countertraction while lifting up anteriorly on a clamp placed around the medial clavicle. Along with the traction 
and countertraction, it may be necessary to use an elevator to pry the clavicle back to its articulation with the manubrium. 

When the reduction has been obtained, and with the shoulders held back, the reduction will be stable if the anterior capsule has been left intact. If the 
anterior capsule is damaged or is insufficient to prevent anterior displacement of the medial end of the clavicle, we recommend excision of the medial 2.5 to 
3.5 cm of the clavicle and securing the residual clavicle anatomically to the first rib with 1-mm Dacron tape. The medial clavicle is exposed by careful 
subperiosteal dissection. When possible, any remnant of the capsular or intra-articular disc ligaments should be identified and preserved as these structures 
can be used to help stabilize the medial clavicle. The capsular ligament covers the anterosuperior and posterior aspects of the joint and represents 
thickenings of the joint capsule. This ligament is primarily attached to the epiphysis of the medial clavicle and is usually avulsed from this structure with 
posterior SC dislocations. The intra-articular disc ligament is a very dense, fibrous structure and may be intact. It arises from the synchondral junction of the 
first rib and sternum and is usually avulsed from its attachment site on the medial clavicle. If the sternal attachment sites of the intra-articular and/or 
capsular ligaments are intact, a nonabsorbable no. 1 cottony Dacron suture is woven back and forth through the ligament so that the ends of the suture exit 
through the avulsed free end of the tissue. The medial 2.5 to 3.5 cm end of the clavicle is resected, being careful to protect the underlying vascular 
structures, and being careful not to damage any of the residual costoclavicular (rhomboid) ligament. The vital vascular structures are protected by passing a 
curved Crego elevator or ribbon retractor around the posterior aspect of the medial clavicle to isolate them from the operative field during the bony 
resection. Excision of the medial clavicle is facilitated by creating drill holes through both cortices of the clavicle at the intended site of clavicular 
osteotomy. Following this step, an air drill with a side-cutting burr is used to complete the osteotomy. The anterior and superior corners of the clavicle are 
beveled smooth with an air burr for cosmetic purposes. 

The medullary canal of the medial clavicle is drilled and curetted to receive the transferred intra-articular disc ligament. Two small drill holes are then 
placed in the superior cortex of the medial clavicle, approximately 1 cm lateral to the site of resection. These holes communicate with the medullary canal 
and will be used to secure the suture in the transferred ligament. The free ends of the suture are passed into the medullary canal of the medial clavicle and 
out the two small drill holes in the superior cortex of the clavicle. While the clavicle is held in a reduced AP position in relation to the first rib and sternum, 
the sutures are used to pull the ligament tightly into the medullary canal of the clavicle. The suture is tied over the cortical bone bridge of the superior 
clavicle, thus securing the transferred ligament into the clavicle. 

The stabilization procedure is completed by passing multiple (five or six) 1-mm cottony Dacron sutures around the reflected periosteal tube, the clavicle, 
and any of the residual underlying costoclavicular ligament and periosteum on the dorsal surface of the first rib. The intent of the sutures passed around the 
periosteal tube and clavicle and through the costoclavicular ligament and periosteum of the first rib is to anatomically restore the normal space between the 
clavicle and the rib. To place sutures around the clavicle and the first rib and pull them tight would decrease the space and could lead to pain. We usually 
detach the clavicular head of the sternocleidomastoid, which temporarily eliminates the superior pull of the muscle on the medial clavicle. Postoperatively, 
the shoulders should be held back in a figure-of-eight dressing for 4 to 6 weeks to allow for healing of the soft tissues. 


Reconstruction With Figure-of-Eight Tendon Graft 


KEY SURGICAL STEPS 


/ | Reconstruction With Figure-of-Eight Tendon Graft: 


Expose SC joint 

Drill holes through clavicle and manubrium 
Weave graft through the tunnels and tension 
Tie tendon ends and secure with suture 


In cases in which acute repair is not possible due to late presentation or poor tissue quality, the author’s preferred technique for reconstruction of the SC 
joint is the figure-of-eight tendon graft described by Spencer and Kuhn.!”° We expose the SC joint as above for acute repair with careful preservation of the 
periosteal sleeve for later closure. Drill holes are created in both the clavicle and the manubrium. The graft of choice is semitendinosus allograft or 
autograft, which is prepared with a running locking permanent suture to reinforce the tendon and prevent graft fraying. A Hewston suture passer is used to 
facilitate graft passage and the tendon is tensioned to itself and secured with multiple no. 2 Ethibond sutures (Ethicon, Johnson & Johnson) (Figs. 32-48 and 
32-49). 


Figure 32-48. Semitendinosus figure-of-eight reconstruction.!”° A: Drill holes are passed from anterior to posterior through the medial part of the clavicle and the 
manubrium. B: A free semitendinosus tendon graft is woven through the drill holes such that the tendon strands are parallel to each other posterior to the joint and 
cross each other anterior to the joint. C: The tendon ends are tied in a square knot and secured with suture. 


tunnels with suture passer. C: Tensioning of the graft. D: Completed figure-of-eight construct. (Courtesy Charles E. Rosipal, MD, and T. Kevin O’Malley, MD.) 


Postoperative Care 


If open reduction is required, a sling is used for 6 weeks. During this time, the patient is instructed to avoid using the arm for pushing, pulling, or lifting. 
They can use the involved arm to care for bodily needs, that is, eating, drinking, dressing, and toilet care. After 12 weeks, the patient is allowed to gradually 
use the arm for usual daily living activities, including over the head activities. 


Pitfalls and Preventions 


Sternoclavicular Joint Injuries: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Neurovascular or cardiopulmonary events; thorax perforation— e Always get a chest x-ray after surgical treatment 


pneumo- or hemothorax possible 


e Medial clavicle anatomy difficult for plate positioning; minifragment plates may work better, bone 


Hardware issues; prominent hardware needing removal 
fixation maybe less than lateral bone 


Author’s Preferred Treatment for Sternoclavicular Joint Injuries ( 


Traumatic posterior 


sternoclavicular dislocation 


Skeletally immature 
(S23 years of age) 


Skeletally mature Skeletally immature 
(>23 years of age) and mature (all ages) 


Acute (<48) 
- Asymptomatic 


Chronic (>7 to 10 days) 
- Asymptomatic 


Acute and chronic Chronic 
- Asymptomatic - Symptomatic 


Nonoperative management 
- CT follow-up and 
surveillance required 


Preoperative CT to assess compression of vital mediastinal structures/CT angio or duplex ultrasound if concern of vascular injury 
- Vascular and/or cardiothoracic surgeon notified 


Successful closed reduction 
- CT follow-up required 


Surgery: Attempted closed reduction 
- Intraoperative imaging to assess adequacy of reduction 


Failed closed reduction Failed closed reduction 
- Skeletally immature (asymptomatic) - Skeletally immature (symptomatic) 
- Skeletally mature (asymptomatic and symptomatic) 


Open reduction not mandatory Open reduction + stabilization of the 
- CT follow-up and surveillance required sternoclavicular joint 


Algorithm 32-2 Author’s preferred treatment for traumatic posterior sternoclavicular dislocation. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO ACROMIOCLAVICULAR AND STERNOCLAVICULAR JOINT INJURIES 


Acromioclavicular and Sternoclavicular Joint Injuries: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Loss of reduction, small visual deformity on x-rays 

Clavicle fracture at bone tunnels 

Infection or soft tissue envelope healing 

AC arthritis or AC joint pain with residual instability posterior 
Hardware or implant pain requiring removal 

Cosmetic bumps or late degenerative changes 


Complications Related to Acromioclavicular Joint Injuries 


Several complications can result from the operative treatment of AC dislocations. Besides general complications such as wound infection and osteomyelitis 
that might develop from any operative procedure, several other specific complications may occur. These include a loss of reduction, clavicle or coracoid 
fracture, graft resorption/rupture, hardware failure, soft tissue repair failure, and hardware prominence. 


Loss of Reduction 


The incidence of loss of reduction is significant and has been reported to range from 10-30%. This varies across the literature in large part due to 
inconsistent grading of radiographic measurements.”>*~79 In the setting of high grade AC joint dislocation, the weight of the entire upper extremity is 
supported through a relatively limited area available for fixation, resulting in complex loading of the reconstruction. Prudent postoperative follow-up and 
compliance with rehabilitation protocols is essential in both identifying and preventing this common complication. In the authors’ experience, the use of 
well-executed hook plate fixation is the most reliable method to avoid this complication. 


Hardware Failure 


The limited use of K-wires, pins, and Bosworth screws should considerably reduce the risk of hardware complications and pin migration. However, it 
remains possible for newer generations of suture buttons (Fig. 32-50), tightropes, and hook plates to fail. The hook plate is a powerful implant to effect 
reduction of the AC joint, however there a several technical errors that must be carefully avoided. These include overreduction of the AC joint by selecting 
too shallow of a hook (it is often helpful to measure the thickness of the distal clavicle on preoperative x-rays to guide selection of the appropriate depth of 
hook), inadequate contouring of the hook resulting in point loading of the acromion, and inadequate medial screw fixation leading to plate pull-off (Figs. 
32-51 and 32-52). With careful attention to surgical technique, all of these errors can be avoided. It is important to note that failure of modern day implants 
is concerning for infection and should be investigated as such. 


Hardware Prominence and Discomfort 


Hook plates require removal in most patients due to the significant risk of acromial osteolysis and erosion over time. These plates can also be prominent and 
cause soft tissue discomfort. 


Failure of Soft Tissue Repairs 


In the treatment of a ligamentous injury to the AC joint, simple repair of the CC and AC ligaments without the additional support of CC sutures, screws, or 
internal fixation, will likely fail. This is particularly true in chronic injury of the AC joint as there is often significant displacement between the clavicle and 
the coracoid. Transfer of the acromial attachment of the coracoacromial ligament onto or into the medullary canal of the distal clavicle (the Weaver—Dunn 
technique) alone is not strong enough in general. It must be supplemented with additional fixation as recommended in the treatment section. Failure of soft 
tissue repairs can also result from suture breakage, suture anchor pullout, or screw breakage. If failure is noticed early in the postoperative period, 
reoperation to correct the problem is usually indicated. If failure occurs weeks to months after surgery, infection should be suspected and ruled out. 


Figure 32-50. A young male patient who was referred for revision surgery after acute failure of cortical button suspensory fixation of an acute type III AC joint 
injury. His radiograph shows loss of reduction (A) and the axial CT scan cut shows fracture through the base of the coracoid (B), which was the mode of failure of the 
construct. 
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Figure 32-51. Acute type V AC joint injury (A) treated with hook plate fixation (B). Comparison to the contralateral (normal) side (C) shows the AC joint is 
significantly overreduced due to use of the incorrect depth of hook and inadequate contouring of the hook. This leads erosion of the hook through the acromion (D). 
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Figure 32-52. Acute type III AC joint injury in a 54-year-old man (A) treated with hook plate fixation (B). The AC joint was likely overreduced and inadequate 
medial fixation was obtained, leading to failure of the construct (C). 


CC fixation using grafts or synthetic material has been associated with various complications. Neault et al.'’° reported three cases in which nonabsorbable 
tape or suture was directly related to a postoperative infection. Two infections occurred within a year, but one occurred 5 years after repair of a type III 


injury. 
Acromioclavicular Arthritis 


Symptomatic arthritis of the AC joint may occur after surgical fixation. The distal 8 to 10 mm of the clavicle can be excised if this is a concern. Weaver and 
Dunn and Cook and Heiner‘! recommended distal clavicle excision as part of the acute surgical management of patients with AC separation. Conversely, 
most series reporting the results of surgical management of AC separations do not advocate primary excision of the distal clavicle. Therefore, there is no 
consensus regarding primary distal clavicle excision and coracoacromial ligament transfer for acute AC injuries. It is our practice to preserve the AC joint 
articulation whenever possible. However, the scar formed within the dislocation space including the meniscus homolog needs to be removed to allow for 
reduction. If any distal clavicle is removed, we attempt to remove it from the posterior edge of the clavicle as that is typically the location of abutment or 
impingement with the posterior edge of the acromion that may produce pain. 


About the only nonoperative complications that occur with anterior dislocation of the SC joint are cosmetic bumps or late degenerative changes, although 
some patients complain of pain and discomfort. The serious complications that occur at the time of dislocation of the SC joint are primarily limited to the 
posterior injuries (F 53). Many complications have been reported secondary to the retrosternal dislocation: right pulmonary artery laceration“*’; 
transected internal mammary artery and lacerated brachiocephalic vein”; pneumothorax and laceration of the superior vena cava'*°; tracheal stenosis and 
respiratory distress~’°; venous congestion in the neck; rupture of the esophagus with abscess and osteomyelitis of the clavicle“°; pressure on the subclavian 
artery in an untreated patient***’’°; late occlusion of the subclavian artery in an untreated patient’’*; obstruction of the subclavian vein caused by an 
unreduced type II Salter—Harris injury of the medial clavicular physis**; compression and thrombosis of the brachiocephalic vein’*’; myocardial conduction 
abnormalities; compression of the right common carotid artery by a fracture-dislocation of the SC joint; pseudoaneurysm of the right subclavian artery, 
brachial plexus compression; hoarseness of the voice, onset of snoring, and voice changes from normal to falsetto with movement of the arm*®; fatal 
tracheoesophageal fistula?°*; mediastinal compression”; and severe thoracic outlet syndrome with swelling and cyanosis of the upper extremity.”°%” 


Figure 


structures. 


3. CT scan revealing a posterior fracture—dislocation of the sternoclavicular joint with significant soft tissue swelling and compromise of the hilar 


Worman and Leagus,*!” in their excellent review of the complications associated with posterior dislocations of the SC joint, reported that 16 of 60 
(26.7%) patients reviewed from the literature had suffered complications of the trachea, esophagus, or great vessels. 

Overall complication rate following surgical management of SC dislocation has been reported at 15.6%.'°" Recurrence is rare, described in 4% of 
cases'¥Y and can be treated with revision reconstruction with additional suture supplementation.’’!°° Removal of implants is reported in up to 80% of 
revision cases, without significant impact on outcomes.'’” Failure to return to sport has also been described in 25% of patients, usually due to mobility 
restrictions. 
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Annotation 


Large series with median follow-up of 11 years. Overall good to excellent outcome in up 
to 93%. Patients with chronic injury had slightly worse outcomes while pediatric injuries 
had nearly universal excellent outcomes. 


Randomized control trial of nonoperative sling treatment vs. hook plate fixation for acute 
type I-V AC joint injuries in 83 patients. Although hook plate fixation resulted in 
superior radiographic alignment, it was not clinically superior to nonoperative treatment. 
The nonoperative group had better early functional outcomes, although both groups 
improved from a significant level of initial disability to a good or excellent result at 2 
years. 


Level of Evidence: I 


Important biomechanical study of the AC joint which describes key anatomic distances of 
the ligaments as well as their effect on stability when sectioned. Commonly tested on 
examinations. 


The most up-to-date systematic review and meta-analysis of modern operative techniques 
for AC joint injuries. Reports significant complication profiles exist in most techniques. 
There is no difference between open and arthroscopic techniques on the incidence of these 
complications. 


Longest follow-up of type III and V AC joint injuries in the literature. Results at 18-20 
years of both operative (transarticular wires and suture) and nonoperative patients (splint). 
There was no significant difference in functional outcomes between groups, although the 
nonoperative treatment group had more prominent and wider AC joints. 

Level of Evidence: III 


Level IV systematic review looking at outcomes for posterior sternoclavicular dislocation. 
Overall outcomes are good with a low (16%) complication rate. Recommendations from 
this article include: closed reduction should be attempted within 48 hours of injury, 
reduction should be confirmed on axial (CT) imaging. Unsuccessful closed reduction 
should prompt open reduction, most open reduction strategies have equivalent results. 


Level III study using national healthcare database showing 0% incidence of vascular 
injuries with posterior SC dislocations. This challenges the dogma of having vascular or 
thoracic surgery backup when taking these patients to the operating room. 


Randomized control trial of nonoperative sling vs. tightrope tunneled suspensory device 
fixation of 60 patients with acute AC joint dislocations (grades II-IV). Similar to the 
COTS trial the nonoperative group recovered faster and there was no benefit of surgery at 
1 year. Five patients failed nonoperative treatment and crossed over to the surgical cohort. 


Level of Evidence: I 


Level IV systematic review of 92 patients. Conclusions of this study suggest that closed 
reduction should be attempted in all traumatic dislocations. If unsuccessful, open reduction 
should be performed rather than leaving the joint dislocated, which lead to poor outcomes 
in up to 42% of patients. 


Prospective cohort study comparing Modified Weaver Dunn to biologic semitendinosus 
autograft reconstruction for chronic ac joint dislocations. Superior clinical and radiologic 
outcomes in the semitendinosus group demonstrating the improved biomechanical strength 
of the graft. Small study of 24 patients. 


Level of Evidence: II 


Longest follow-up of nonoperative treated type I and II injuries in the literature. Results at 
8-10 years report no significant functional impairment or arthritis in comparison to the 
normal contralateral side. 


Level of Evidence: III 


Landmark paper from Rockwood describing the classification of AC joint injuries. One of 
the few classification systems that helps guide treatment. 
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INTRODUCTION TO SCAPULAR FRACTURES 


Scapular fractures occur relatively infrequently. According to various statistical studies they account for 0.4% to 0.9% of all fractures and for about 3% to 
5% of all fractures of the shoulder girdle.!5!%183,232 The reason for such low incidences is that the scapula is well protected against injury by a robust 
muscular envelope, together with its mobility and location on the elastic chest wall. Scapular fractures are often found in polytrauma patients. They are, as a 


rule, unilateral; bilateral, or open, fractures are rare,!%!6100,210,223 Scapular fractures occur predominantly in men between the ages of 20 and 50 
years, 16212232 


APPLIED ANATOMY RELATING TO SCAPULAR FRACTURES 


The scapula, together with the clavicle, constitutes the shoulder girdle. The scapula is attached to the axial skeleton via the clavicle, or, more specifically, 
via the acromioclavicular (AC) and sternoclavicular (SC) joints. It serves for the attachment of a number of muscles that originate from the axial skeleton, 
and which control its motion. The scapula, which is enveloped in multiple layers of muscles, is separated from the chest wall by thin gliding fibrofatty 
tissue, allowing its smooth excursion over the chest wall. Thanks to its relatively free connection with the axial skeleton, the scapula is mobile, but, at the 
same time, provides efficient support to the humeral head. As a result, compressive forces are optimally transmitted from the upper limb to the shoulder 
girdle, without compromising the stability or the mobility of the glenohumeral joint. 


SCAPULAR ARCHITECTURE 


The basic part of the scapula is the body, which is triangular when viewed anteroposteriorly, with its base situated superiorly and its apex inferiorly. The 
triangle is bounded by its three borders (superior, medial, and lateral) and three angles (superior, inferior, and lateral). While the bone at the first two angles 
is relatively thin, the lateral angle gets gradually thicker to form an articular process, the glenoid, bearing an articular surface—the glenoid fossa. The 


glenoid is connected with the flat body of the scapula by the scapular neck, which is not exactly defined anatomically. The hook-shaped coracoid process 
curves forward from the superior surface of the scapular neck. On the posterior surface of the scapular body there arises a prominent plate of bone, the 
scapular spine, ending in a flattened bony process, the acromion, which curves forward. 


CoGN 


css 


A,B 
Figure 33-1. Anatomy and internal architecture of the right scapula. A: Posterior aspect of the scapula after resection of the scapular spine. B: The same translucent 
specimen. C: Posteroinferior aspect of translucent scapula. SMA, spinomedial angle; CSS, the thinner center of scapular spine; CoGN, coracoglenoidal notch; SP, 
spinal pillar; LP, lateral pillar. 
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The distribution of the bony mass of the scapula is highly uneven, with areas of thick bone contrasting with other areas that are almost 
translucent.*°.2°°.220 When held up to the light, the scapula shows the highest concentration of bony mass in the glenoid, the scapular neck (including the 
base of the coracoid process), and the lateral border of the scapular body. A knowledge of thick and thin bone areas is important both in terms of the courses 
of fracture lines and the fixation of implants (Fig. 33-1). 

Extending between the glenoid and the scapular body are two bony pillars that transmit compressive forces from the glenoid fossa.!*° The lateral pillar, 
part of which is the lateral border, connects the inferior border of the glenoid with the inferior angle. The spinal pillar arises from the central part of the 
glenoid and continues medially to become part of the base of the scapular spine. Its course can be seen better by viewing the scapula from the front against a 
light. From the posterior view, it is evident that the two pillars, connected by a markedly thinner medial border of the scapular body, form the basic load- 
bearing structure of the scapular body. This triangle constitutes the biomechanical body of the scapula, as the superior angle and the adjacent part of the 
supraspinous fossa form merely an appendage, which serves as a surface for the insertion, or origin, of muscles, but does not transmit compressive forces 
from the glenoid. Therefore, it is necessary to distinguish between the anatomical and biomechanical bodies of the scapula.7°9 

The weakest bone, only a few millimeters thick, is located primarily in the central part of the biomechanical body, that is, in the infraspinous fossa. The 
weakest area of the circumference of the biomechanical body of the scapula is its connection of the scapular spine to the medial border of the scapula, the 
spinomedial angle." In most scapular body fractures one of the main fracture lines passes through this region. Another area of weak bone is in the central 
part of the scapular spine where fracture lines can also be seen quite frequently, as shown by analysis of the courses of fracture lines (see Fig. 33-1).!5709 


SUPERIOR SHOULDER SUSPENSORY COMPLEX 


The superior shoulder suspensory complex (SSSC) was defined by Goss.®°-8” The SSSC is a bony and soft-tissue ring composed of the glenoid process, the 
coracoid process, the coracoclavicular (CC) and coracoacromial (CA) ligaments, the lateral clavicle, the AC joint, and the acromion (Fig. 33-2). This ring is 
connected by two bony struts. The superior strut consists of the middle third of the clavicle, while the inferior strut is the junction of the lateral part of the 
scapular body and the scapular spine. Goss®°-8” subdivided the whole complex into three units: the claviculoacromioclavicular joint-acromial strut; the 
junction of the glenoid, the coracoid, and the acromion with the scapular body; and the claviculocoracoclavicular ligamentous-coracoid linkage. He 
explained that “the complex as a whole maintains a normal stable relationship between the scapula and upper extremity and the axial skeleton, allows 
limited motion to occur through the AC joint and the CC ligament, and provides a firm point of attachment for several soft-tissue structures.” 


MUSCLES OF THE SCAPULA 


In total, 18 muscles are attached to the scapula. Only three of them, namely the subscapularis, supraspinatus, and infraspinatus, originate from the broad 
surface of the scapula in their respective fossae. Other muscles insert into, or originate from, the borders of the scapula, or its processes. 
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Figure 33-2. Superior shoulder suspensory complex (SSSC), anterior aspect of the right scapula. A, acromion; AC, acromioclavicular joint; Ca, articular capsule of 
the glenohumeral joint; Cla, clavicle; Co, coracoid process; CoA, coracoacromial ligament; CoH, coracohumeral ligament; CC, coracoclavicular ligament; LB, lateral 
border of the scapular body; ScN, scapular neck; Sub, insertion of the subscapularis tendon into the lesser tuberosity. 


The muscles of the scapula may be divided into two systems.!° The first, the scapuloaxial system, connects the scapula with the axial skeleton, 
particularly the vertebral column and the chest wall. This system controls movement of the scapula over the chest wall. At the same time, these muscles, the 
trapezius in particular, maintain a constant relationship of the scapula with the spine, both horizontally and vertically, that is, between T1 and T9 vertebral 
levels. 

The second, the scapulobrachial system, is formed by the muscles originating from the scapula and attaching to the bones of arm, that is, the humerus, 
proximal radius, and proximal ulna. Its task is to control the glenohumeral joint, that is, movements between the scapula and arm. 

The scapula, thereby, integrates the activity of the two groups of muscles and provides optimal support for the humeral head during motion. 


BLOOD VESSELS AND NERVES OF THE SCAPULA 


A number of blood vessels and nerves pass in the region of the scapula. However, only the suprascapular nerve and vessels, and the scapular circumflex 
artery are intimately related to it (Fig. 33-3). 

The suprascapular nerve arises from the supraclavicular trunk of the brachial plexus. Together with the suprascapular vessels, it travels posteriorly 
through the scapular notch and then along the bottom of the supraspinous fossa, covered by the supraspinatus muscle belly. At the bottom of the fossa, the 
trunk sends two motor branches medially to the supraspinatus, and fibers to the upper portion of the infraspinatus. The main suprascapular nerve then 
descends around the base of the lateral border of the scapular spine into the infraspinous fossa, passing under the spinoglenoid ligament. Then it runs 
medially and splits into several motor branches to supply the distal portion of the infraspinatus. 


Figure 33-3. Course of the suprascapular neurovascular bundle on the posterior aspect of the right scapula. AXN, axillary nerve; CSA, circumflex scapular artery; 
LHT, long head of triceps; SSN, suprascapular nerve accompanied by suprascapular artery. 


The scapular circumflex artery curves around the lateral border of the scapular body to the posterior surface of the scapula, about 3 cm distal to the 
inferior border of the glenoid.**!%” It passes through the teres minor and usually splits into two branches, one entering the anterior surface of the 
infraspinatus and the other anastomosing in the spinoglenoid notch with the suprascapular artery. 


ASSESSMENT OF SCAPULAR FRACTURES 


A knowledge of injury mechanisms, and careful clinical and radiologic examinations are essential to determine the proper diagnosis. 


MECHANISMS OF INJURY FOR SCAPULAR FRACTURES 


Scapular fractures are caused by different mechanisms of varying violence. Scapular fractures are often associated with other injuries involving not only the 
ipsilateral extremity but also other parts of the body. 


Basic Mechanisms 


Scapular fractures result from several basic injury mechanisms, exogenous or endogenous, that may be combined.!4~!646 The scapula may directly hit, or be 
hit by an object. Another mechanism is a direct impact of the humeral head onto the glenoid, or onto surrounding processes, that is, the acromion and the 
coracoid. The third cause is dislocation of the humeral head, and the fourth possibility, relatively rare, is a violent muscular contracture. In addition to 
injuries to a “healthy” scapula, fractures can also affect scapulae weakened by certain pathology. 

Direct blow to the scapula: A direct blow to the scapula, during a traffic accident, a fall from height, or the fall of a heavy object onto the shoulder, are 
frequent causes of a scapular fracture. The fracture pattern depends on the size and shape of the object hitting the scapula, the angle and the energy of the 
blow, and on the involved part of the scapula, with the scapular body, and the upper part of the scapula (acromion, scapular spine) being affected most 
frequently. 

Impact of the humeral head on a part of the scapula: In this mechanism, external violence acts primarily on the humerus (e.g., a blow on the elbow) 
and concentrates in the humeral head, which impacts the adjacent parts of the scapula, that is, glenoid, acromion, lateral spine, or coracoid. The fracture 
pattern largely depends on the force vector and the position of the arm in relation to the scapula at the time of injury.!51623-25,123 

Dislocation of the humeral head: Glenohumeral dislocation may be associated with fracture of a rim of the glenoid fossa. Anterior dislocation of the 


humeral head may result in separation of the anteroinferior rim of the glenoid. This injury is quite common. Rarely, posterior dislocation may cause a 
fracture of the posterior rim of the glenoid fossa. 

Muscular contracture: Avulsion injuries caused by traction of ligaments are often overemphasized in the literature.?4+90-105.114,115,169,225 Ą detailed 
analysis has shown that most such so-called avulsion injuries, particularly coracoid fractures, could not be caused by this mechanism. 

A violent muscular contracture causing a scapular fracture occurs mostly as result of electrical injury, or epileptic seizure; less frequently as a result of 
an uncoordinated movement.!° Typical of this mechanism are compression fractures of the scapular body, fractures of the glenoid, or avulsion of a part of 
the bone bearing a muscle insertion. 

Other injury mechanisms: Scapular fractures rarely result from penetrating injuries (gunshot, or stabbings), or fractures of pathologically altered bone 
(bone cyst, osteodystrophy, tumor metastasis). Stress fractures of the coracoid have been described in athletes; stress fractures of the acromion and of the 
scapular spine have been reported in cases of insufficiency of the rotator cuff, with subsequent proximal displacement of the humeral head.!®42,93.194 


Intensity of Trauma Energy 


Thanks to its robust muscular envelope, its mobility, and its location on the elastic chest wall, the scapula is well protected against injury. According to 
reports in the literature, scapular fractures result mostly from high-energy trauma.°~*5-89 This, however, is not entirely true. Three groups of patients may be 
identified in terms of the intensity of trauma energy.!>»!6 

The first group comprises injuries caused by high-energy trauma, most often during a traffic accident, a fall from height, or by the fall of a heavy object 
onto the patient. In a great majority, these are true polytrauma patients with a correspondingly wide range of associated injuries to individual organ systems. 

The second group includes medium-energy injuries caused usually by a fall from a bicycle, or motorcycle, travelling at slow speed. Injuries to the 
scapula and the shoulder girdle are usually dominant, sometimes associated with cerebral concussion, or another concomitant injury (clavicle, ribs, etc.). 

The third group includes primarily older patients with scapular fractures resulting from a simple fall onto flat ground, or downstairs, sometimes merely 
from a direct fall of a smaller object onto the scapula. In a majority of these patients, it is an isolated injury to the shoulder girdle. 


INJURIES ASSOCIATED WITH SCAPULAR FRACTURES 


The injuries associated with scapular fractures are of different severities and affect both the shoulder girdle and other parts of the body. Some of them occur 
commonly with scapular fractures, for example, rib fractures, while others are rare, such as a fracture of the scapular body penetrating through the chest 
wall. !98 

Isolated scapular fractures, that is, single fractures, without any associated severe injury, are less frequent. In the relevant literature, their incidence 
ranges between 14% and 33% of all scapular fractures, !0-14-136,152,200 although Thompson2"” recorded only 1.8% of such single injuries in a group of 56 
patients. 

Fractures of the ribs are the most frequent injuries associated with scapular fractures, which are to be expected in view of their location on the rib 
cage, 1014,73,97,211,219 Th groups of patients reported by different authors, their frequency ranged from 27%! up to 65%.7!! 

Injuries to the thoracic cavity and lungs, such as pneumothorax, hemothorax, emphysema, and lung contusion, have an incidence according to various 
studies of between 16% and 67%.°7:153,202,219 

Associated injuries to the shoulder girdle, that is, to the clavicle, proximal humerus, and AC joint, range between 8% and 47%. 


Head injuries, that is, cerebral contusion, intracerebral hemorrhage, and fractures of the skull are associated injuries in 10% up to 42% of all cases of 
14,16,200,211 


16,136,198,211 


scapular fracture. 

Other injuries occur in groups of patients described by individual authors at a variable rate. Certain groups show a higher share of pelvic injuries, 
sometimes up to 20%.*°? Thompson?” described injuries to major blood vessels in the shoulder region (brachial, subclavian, and axillary arteries) in 10% 
of cases. In addition to blood vessels, injuries may also involve the brachial plexus. Additionally, to be taken into account must be any potential injury to the 
kidneys or rupture of the aorta. Scapular fractures may also be associated with other injuries to the musculoskeletal system, including fractures of the lumbar 
vertebrae, femoral shaft, etc. 

Mortality in scapular fractures varies and ranges between 2% and 11%, !048.202,219,223 typically due to severe intrathoracic injuries, or organ failure due 
to polytrauma. 


SIGNS AND SYMPTOMS OF SCAPULAR FRACTURES 


Clinical examination of patients with scapular injuries depends on the patient’s general condition. In polytrauma patients, where the priority is to save life, 
the treatment of a scapular fracture, even if identified during primary examination, may be postponed until a later time. An exception is an open scapular 
fracture. In a number of polytrauma patients, scapular fractures are often found coincidentally, for example, on a radiograph, or CT scan of the chest.2°! 

Patients in a less severe general condition, who are able to communicate, may undergo standard clinical examination. As scapular fractures are often 
associated with other injuries, it is essential first to make a thorough comprehensive examination of the patient and only then to focus on the shoulder. 
Where one fracture of a shoulder girdle is found, for example, that of the clavicle, it is necessary to exclude other potential injuries. 

Patient’s medical history: Knowledge of the exact mechanism of the injury and the patient’s subjective complaints is essential to a successful 
diagnosis. Older patients are asked to specify any previous problems with their shoulder (rotator cuff lesion, osteoarthritis) as well as other systemic 
diseases (tumors, rheumatoid arthritis, metabolic disorders). 

Visual assessment: Careful examination is performed of the shoulder and the entire chest, including the axilla. The shoulder may be deformed by a 
clavicular fracture, AC dislocation, humeral head dislocation, a markedly displaced scapular fracture, or significant swelling. Of great importance is the 
examination of the skin. A skin abrasion may indicate the site of impact. 

Palpation: A large part of the skeleton of the shoulder girdle may be examined by palpation, that is, the clavicle, SC joint, AC joint, the acromion and 
the scapular spine, the tip of the coracoid, and the humeral head; in less muscular individuals the inferior angle and medial border of the scapula are also 
readily palpable. Palpation may reveal tenderness, crepitus, or pathologic mobility. It is also important to palpate the axilla and the adjacent chest wall and 
to identify the pulse of the axillary artery. As the fracture may be combined with a lesion of the brachial plexus, skin sensation in the region of the shoulder 
has to be examined because deficit of skin sensitivity may indicate an injury to the brachial plexus, especially of the axillary nerve. 

Range of motion: Examination of the range of motion, mainly of active motion, in scapular fractures is limited by pain. If possible, passive motion of 


the glenohumeral joint is carefully examined. 
Periphery: Of great importance is a thorough assessment of other parts of the ipsilateral extremity to exclude associated injuries and examination of its 
peripheral innervation and vascularity. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR SCAPULAR FRACTURES 


Radiologic examination is essential for the diagnosis of scapular fractures, for the determination of the fracture pattern, and for planning the treatment 
regimen (Fig. 33-4). Other imaging methods may include MRI and ultrasound scanning, although they are indicated only exceptionally, mainly for soft- 
tissue lesions, and their contributions are limited.!®!5°-!5! The radiodiagnostic algorithm described below has to be adjusted to the patient’s general 
condition. 
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Figure 33-4. Radiologic diagnosis of scapular fractures. 


Radiology 


Anteroposterior radiograph of the entire shoulder girdle, covering the whole scapula, the whole clavicle, AC and SC joints, and the proximal humerus, is 
part of the basic examination in any suspected scapular fracture. It provides general information about the whole shoulder girdle. This projection is usually 
not sufficient to determine the fracture pattern and displacement of fragments. Therefore, in cases of a suspected scapular fracture, it should be combined 
with both Neer projections!®7: 


e Neer I projection, the true anteroposterior radiograph of the scapula, is used to assess the glenohumeral joint space, displacement of the glenoid in 
relation to the lateral border of the scapula, and to measure the glenopolar angle (GPA). 

e Neer II projection, also called the scapular Y-view, is a true lateral scapula projection. This projection allows assessment of scapular body fractures in 
terms of translation, angulation, and overlap of fragments, particularly of the lateral border. 


General radiograph of the chest, indicated to examine the lungs, heart, and chest wall, is often the first clue leading to a diagnosis of a scapular fracture 
in polytrauma patients. It is important mostly for the assessment of the relationships of the scapula to the spine (scapulothoracic dissociation [STD]). 

Other special projections, axillary in particular, are recommended by some authors as complementary views, to diagnose fractures of the glenoid, 
acromion, and coracoid.>”®>!!9 However, they should not be a substitute for computed tomographic (CT) examination. 


Computed Tomography 


CT examination has fundamentally changed the radiodiagnostics of scapular fractures. It has become the standard imaging study for scapular fractures, and 


is always indicated when radiographic examination cannot reveal the exact fracture pattern, involvement of the articular surface, or displacements of 
fragments, 1840,44,59,150,199 

CT transverse sections are very useful in the assessment of the condition of the glenoid fossa. They also help to reveal undisplaced fractures of the 
scapular processes, especially those of the coracoid and the acromion. 

Two-dimensional CT reconstructions (2D CT), mainly in the coronal plane, are used to assess the glenoid articular surface, especially in fractures of the 
base of the coracoid process involving the glenoid fossa. 

Three-dimensional CT reconstructions (3D CT) provide a reliable determination of the fracture pattern, particularly in fractures of the scapular body and 
neck, although they do not show fine fracture lines, especially in minimally displaced fragments. Reconstructions should be made in several basic views, 
preferably with subtraction of ribs, clavicle, and proximal humerus (Fig. 33-5). The posterior view allows assessment of the course of fracture lines with 
regard to the scapular spine. It is important that it covers the entire infraspinous fossa and also part of the supraspinous fossa. The anterior view is important 
in fractures of the scapular neck. This latter view helps to identify the different courses of fracture lines in injuries of the anatomical and surgical necks of 
the scapula. Glenoid fractures require a lateral view, always with subtraction of the humeral head. This provides exact information about the number of 
fragments and the course of fracture lines involving the glenoid. In fractures of the supraspinous part of the scapula, particularly its superior angle and 
superior border, an additional view down the supraspinous fossa may be beneficial. Fractures of the surgical neck may require subtraction of the acromion 
and the lateral scapular spine for clear visualization.? 4 


A,B c 
Figure 33-5. Three standardized views of scapula with comminuted body fracture in 3D CT reconstructions. A: Anterior aspect. B: Posterior aspect. C: Lateral 
aspect. 


A, B i man C 
Figure 33-6. Measurement of displacement of fractures of scapular body, or scapular neck. A: mediolateral displacement. B: Angular displacement. C: Translational 
displacement. 


Measurements of Angulation, Translation, Medialization, and Glenopolar Angle 


Decisions about the method of treatment of scapular neck or body fractures are based primarily on the assessment of the degree of displacement of 
fragments of the lateral border of the scapula and the relationship of the glenoid to the scapular body. Four basic assessment criteria, that is, angulation, 


translation, mediolateral displacement, and the GPA, quantify the degree of displacement.*”°*® Measurements may be made using both the Neer 
projections and 3D CT reconstructions, the advantage of which is a higher accuracy of measurement.*!%.2!8 

Mediolateral displacement of the main fragments of the lateral border of the scapula, sometimes called medialization of the glenoid,?°° is measured in 
the Neer I projection, or on the anterior view in 3D CT reconstructions (Fig. 33-6A). The term medialization is not quite correct.+!7%.2!5 In most cases there 
occurs an opposite, that is, lateral displacement of the infraglenoid part of the scapular body as a result of the pull of muscles, particularly the subscapularis, 
the infraspinatus and the teres major, while the intact clavicle maintains a constant distance between the glenoid and the sternum. The glenoid provides a 
stable support to the head of the humerus, to which the above-mentioned muscles attach and pull the inferior fragment of the scapular body laterally. 

Angulation of the main fragments of the lateral border of the scapula may be determined in the Neer II projection, or in the lateral view based on 3D CT 
reconstructions (Fig. 33-6B). 

Translation of the main fragments of the lateral border of the scapula anteroposteriorly is measured by means of the same views that are used to measure 
angulation (Fig. 33-6C). 

The GPA is defined as an acute angle between the line connecting the superior and inferior poles of glenoid and the line connecting the superior pole of 
glenoid with the inferior angle of scapula (Fig. 33-7).°? According to Tuček et al.,2!° the standard GPA value in the Neer I view is 41 degrees (range 35-51 
degrees). GPA measurement is indicated primarily in infraspinous fractures of the scapular body and fractures of the scapular neck (all types). 

Careful analysis of various studies, however, has shown that GPA measurement and its normal, or critical, values have not been standardized. The 
critical value of GPA supporting operative intervention, which is usually considered to be a value of 20 degrees or less, has not been universally supported 
in the literature.” Also, in fractures of the anatomical neck of the scapula the GPA value may actually increase up to 70 degrees. !®?2 


Figure 33-7. Glenopolar angle (GPA). GPA is defined as the angle between the line connecting the superior and inferior poles of the glenoid and the line connecting 
superior pole of the glenoid and the center of the inferior angle of scapula. 


CLASSIFICATION OF SCAPULAR FRACTURES 


Since the time of Petit,!”!®° classification of scapular fractures has experienced a long historical development.5®7°108.203,224 Two types of classifications 
can be found in the recent literature. The first type deals with the whole complex of scapular fractures, !69.70.172-174 while the other type analyzes only 
certain types of injury to the scapula, particularly glenoid fractures,8®112-113,149 scapular neck fractures,®>*® and fractures of the processes.” !90)131,164,167,168 
Despite all the progress achieved as a result of modern diagnostic procedures, there is still no generally accepted comprehensive classification of scapular 
fractures. 


Overview of the Most Frequently Used Classifications 


Ada and Miller,! in 1991, published an anatomic, alphanumeric classification based on an analysis of conventional radiographs of 113 scapular fractures 
(Fig. 33-8). 

Ideberg-Goss classification is intended for glenoid fractures. Ideberg,!!>!!3 published a classification of glenoid fractures, based on analysis of 
conventional anterior-posterior (AP) and lateral radiographs of 338 scapular fractures. He recognized five types. Goss®® modified the Ideberg classification, 
without specifying the radiographic examination technique, or the number of analyzed cases. Goss described the injury mechanism in each type, more 
specifically the position of the humeral head at the time of injury. He recognized two main groups of fractures, that is, glenoid rim fractures, or type I, and 


central fractures of the glenoid fossa, types II to VI (Fig. 33-9). 
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Figure 33-8. Ada—Miller classification of scapular fractures is as follows: IA, acromion fractures; IB, scapular spine fractures; IC, coracoid process fractures; IIA, 
“fractures of the surgical neck”; IIB, “trans-spinous fractures of the neck”; IIC, “fractures of the neck inferior to the scapular spine”; II, fractures of the glenoid; and 
IV, fractures of the body. (Modified with permission after Ada JR, Miller ME. Scapula fractures: analysis of 113 cases. Clin Orthop Rel Res. 1991;269:174—180.) 


Each fracture pattern is specified in terms of the injury mechanism, treatment options, optimal surgical approach, and technique of internal fixation. This 
classification reflects best the real aspects of glenoid fractures and, over the years, it has become the most frequently used classification of intra-articular 
fractures of the scapula. 

OTA (Orthopaedic Trauma Association) classification, developed in 1996 to 2018,!”*-!”4 presented an alphanumeric classification that grouped 
fractures of individual anatomical parts of the scapula according to the principles of the Arbeitsgemeinschaft fiir Osteosynthesefragen/Association of the 
Study of Internal Fixation (AO/ASIF) classification. As the new version of the OTA classification has not proved sufficiently useful, a common 
classification began to evolve in cooperation with AO/ASIF. Its principles were gradually presented in a series of articles published between 2012 and 
2016. 12,98,118,134,158,206 A comprehensive version of this classification was published in 2018.174 The authors divided the scapula into three basic parts—the 
articular segment (F), the body (B), and the processes (acromion, coracoid) (A). 


e Type 14A: process fractures; includes: coracoid fractures (type 14A1), acromion fractures (type 14A2), and scapular spine fractures (type 14A3). 
e Type 14B: scapular body fractures; divided, based on disruption of the circumference of the scapular body, into: fractures that exit the body at two or 
fewer points (type 14B1), and fractures that exit the body at three or more points (type 14B2). 


e Type 14F: glenoid fossa fractures; has three subtypes: 
e Extra-articular fractures through the extra-articular subchondral bone of the glenoid fossa (glenoid neck fracture) (type 14F0) 
e Simple fractures of the glenoid fossa (type 14F1), divided into fractures of the anterior rim (group 14F1.1), posterior rim (group 14F1.2), and 
transverse or short oblique fractures (group 14F1.3.) 
e Multifragmentary fractures (three or more fracture lines), including glenoid fossa fractures (group 14F2.1) and central fracture-dislocations (group 
14F2.2) 


Controversies of Current Classifications 


The above-mentioned classifications!®979-86.88,112,113,172-174 have a number of more or less common deficiencies. 


Development on the Basis of Radiographs 

Except for the OTA/AO classification,!”* all the described classifications -®-7°86.88.112,113 were based on radiographs and the number of operatively treated 
patients was minimal. As a result, in a majority of cases, it was not possible to compare radiologic and intraoperative findings, to verify the actual fracture 
pattern and, when appropriate, reflect the need for operative treatment in the classification. Recent studies have shown that radiographic examination alone 
is inadequate to assess properly the fracture anatomy and pointed out the importance of CT examination.*!®-!60 
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Figure 33-9. Goss classification of glenoid fractures. Type Ia is a fracture of the anterior rim, and type Ib a fracture of the posterior rim. Type II is separation of the 
inferior glenoid with a transverse fracture line. Type III includes a glenoid fracture extending as far as the superior border of the scapular body, the fragment always 
bears the upper half of the glenoid and the coracoid. Type IV is similar to type III, only the separated glenoid fragment is smaller and involves the superior border of 
the scapular body. Type Va is a combination of types II and IV, type Vb is a combination of types III and IV, and type Vc is a combination of types II, III, and V. Type 
VI is comminuted glenoid fractures. (Modified with permission after Goss TP. Fractures of the glenoid cavity. J Bone Joint Surg Am. 1992;74-A:299-305.) 


Terminologic Confusion 

A majority of classifications do not present a basic, clear definition of a scapular neck fracture. In the literature, we may find a general term “scapular” or 
“slenoidal” neck fracture, without specifying the type of the fracture of the neck.)9179.!192 The situation is further complicated by the Ada—Miller 
classification.! It has introduced a new type of a scapular neck fracture (type IIC). In fact, this is a two-part transverse fracture of the infraspinous part of the 
scapular body (see Fig. 33-8). Goss®°-88 named this type “a fracture of neck inferior to scapula spine.” Some authors have used the term extra-articular 
fractures of the scapular neck.'79-!%2 The problem is that the subglenoid part of the lateral pillar (border) of the scapular body is called the scapular neck by 
certain authors.%°788 However, the subglenoid part of the lateral border of the scapula is only the inferior part of, and not the whole, neck. Therefore, not all 
fracture lines passing through this part of the border can be classified as scapular neck fractures. 


Specific Problems of the OTA/AO Classification 


The OTA/AO classification has spread worldwide as a universal classification system and its general principles applied mainly to long bones have 
contributed to improvement of treatment, evaluation of its outcomes, and communication in the specialized literature. Nevertheless, this classification 
system cannot be automatically, or without compromise, used in the evaluation of anatomically complex bones, such as the scapula. The OTA/AO 
classification of the scapula is therefore debatable.2”?!® The four basic types of fractures generally accepted in the literature (body, neck, glenoid, 
processes), were reduced to three, by exclusion of the scapular neck fractures as a separate group. Fractures of the anatomical neck were added to glenoid 
fossa fractures and fractures of the surgical neck eliminated. Also, the main criterion in the classification of glenoid fractures is questionable, that is, the 
course of the fracture line. Rather than the assessment of fractures of the anterior or posterior rim, of greater importance is the size of the avulsed fragment 
and its degree of displacement. This is even more evident in classification of “central fractures of the glenoid fossa,” which was based on the course of a 
straight, or slightly oblique, fracture line relative to the equator of the glenoid fossa. The course alone says nothing about the shape of the fragment. The 
same fracture line, passing above or below the equator, may separate either the superior segment of the glenoid carrying the coracoid, or the inferior part of 
the glenoid with the adjacent lateral border of the scapular body. 

The concept of a central glenoid fracture without damage to articular rims (group 14F2.2, central fracture dislocation) (Fig. 33-10) is not supported by 
the literature. The authors!!® state that “multifragmentary fractures with central fracture-dislocation were rare; this type of fracture pattern was not found in 
any of 120 cases.” Yet this type has been included in the classification. It is unlikely that an almost flat articular surface could be cracked by a much larger 
humeral head, and that its periphery would remain intact. 


Anatomic 3D CT Classification 


This classification is based on a detailed analysis of 519 scapular fractures treated by the author (Table 33-1). CT examination, including 3D CT 
reconstructions, was performed in 383 of them and 153 cases were treated operatively.!8-2:27:29:30214 The categorization into five basic groups, that is, 
fractures of the glenoid, of the scapular neck, of the scapular body, of the processes or angles, and complex scapular fractures, respected the anatomical 
structure of the scapula. A specific group of injuries comprises STDs. 


Glenoid Fractures 


Fractures of the glenoid fossa are defined as intra-articular fractures of the lateral angle of the scapula, accounting for 25% of all scapular fractures in the 
author’s series,!° with five different fracture patterns of varying severity identified (Fig. 33-11). 

Fractures of the superior glenoid are intra-articular fractures of the coracoid base (Fig. 33-11B). In the author’s series, they accounted for 17% of 
glenoid fossa fractures. Even if they are referred to as superior glenoid fractures, the fragment may bear up to the proximal two-thirds of the articular 
surface, although, in the majority of cases, it bears only its proximal third. In rare cases, a third fragment may be separated from the anterior, or posterior 
rim, of the fossa. A horizontal, or slightly oblique, fracture line may extend from the glenoid fossa, superiorly to the scapular spine, as far as the superior 
angle. Therefore, part of the glenoid fragment may be a portion of, or the entire, superior border of the scapula or superior angle, variable in size. A typical 
slight varus and anteversion displacement (rotation of the coracoid forward and medially) is caused primarily by the pull of muscles attached to the 
coracoid. Superior glenoid fractures are often associated with injury of the acromion and the lateral scapular spine. 


Figure 33-10. OTA/AO classification for central fracture-dislocations (group 14F2.2): scapula, glenoid fossa, multifragmentary (three or more articular fragments 
with rim exits). (Modified with permission after Orthopaedic Trauma Association. Fracture and dislocation classification compendium: Scapula. J Orthop Trauma. 
2018;32(Suppl):S104.) 


Fractures of the anterior (anteroinferior) rim of the glenoid are injuries associated with anterior dislocation of the glenohumeral joint, which in the 
author’s series accounted for 32% of glenoid fossa fractures (Fig. 33-11C). Fragment size varied. Three types of these fractures, that is, peripheral rim, 
anteroinferior overhang, and vertical split fractures, were identified. 16:25 

Fractures of the posterior rim of the glenoid are very rare, accounting for only 4% of fractures of the glenoid fossa, in the author’s series (Fig. 33-11D). 
As a rule, they were associated with posterior subluxation, or dislocation, of the glenohumeral joint. In the case of a right glenoid fossa, and using the clock- 
face analogy, the fracture involves the circumference between 6 o’clock and 10 o’clock. The avulsed fragment may be solitary or split into smaller pieces. 


TABLE 33-1. Overview of Scapular Fracture Types 


Fracture Type Fracture, n Average Age, years Male/Female, n Surgery, n Clavicle Fracture, n 


Glenoid 128 (25%) 48 99/29 (77%/23%) 59 (46%) 15 (12%) 
Superior 22 43 6 3 
Anterior 41 zP) 13 2 
Posterior 5 48 0 0 
Inferior 50 48 34 10 

Total 10 45 6 0 

Neck 26 (5%) 40 19/7 (73%/27%) 14 (58%) 6 (23%) 
Anatomical 6 44 4 0 
Surgical 13 39 6 1 
Trans-spinous 7 38 4 J 

Body 243 (47%) 46 213/30 (88%/12%) 61 (25%) 64 (26%) 
Spinous pillar 14 55 0 3 

Lateral pillar 189 45 52 55 

Both pillars 40 45 9 6 
Processes and Borders 102 (20%) 46 79/23 (78%/22%) 12 (12%) 9 (9%) 
Coracoid 39 43 2 5 
Acromion/spinal 35 48 10 2 
Superior angle 6 40 0 0 
Inferior angle 22 53 0 1 
Scapulothoracic 2 (0%) 11 1/1 (50%/50%) 1 1 (50%) 
Dissociation 

Total 519 (100%) 46 298/77 (79%/21%) 153 (29%) 60 (16%) 


Fractures of the inferior glenoid affect the distal one- to two-thirds of the glenoid fossa (the circular area), together with a part of the lateral border of 
the scapula, of variable length (Fig. 33-11E). In most of these fractures, however, there are also additional fracture lines involving the scapular body, mainly 
its infraspinous part. These fractures were the most common in the author’s series of fractures of the glenoid fossa (32%). They are caused by a direct 
impact of the abducted humeral head on the lower half of the glenoid and typically occur in cyclists, or motorcyclists. These fractures may be further 
classified according to the size of the separated articular surface and the extent of involvement of the scapular body. In any case, they are a very severe type 
of scapular fracture. 

Fractures of the entire glenoid are the most severe fractures of the glenoid fossa, when all parts of the articular surface are separated from the scapular 
body between the lines of the anatomical and surgical necks (Fig. 33-11F). In the author’s series, these fractures accounted for 16% of fractures of glenoid 
fossa. The articular surface was split into two, or three, large fragments. 


Neck Fractures 


Fractures of the scapular neck are extra-articular fractures of the lateral angle of the scapula separating the glenoid from the scapular body. These fractures 
are rare, accounting in the author’s series for only 6% of all scapular fractures. The following three basic fractures of the scapular neck can be distinguished 
according to the course of the fracture line and the shape of the glenoid fragment (Fig. 33-12). 

Fracture of the anatomical neck is very rare. Only seven cases were found in the literature,!>9°118.19.127,158 and another six were recorded in the 
author’s series.!°*? The separated glenoid fragment is formed by the glenoid fossa and a spike of the lateral border. The fracture line starts in the 
coracoglenoid notch! and runs through the spinoglenoid notch to the lateral border of the scapular body, as a rule, 3 to 4 cm distal to the inferior rim of the 
glenoid. The fragment bears only attachments of the long head of the biceps and the long head of triceps tendons, and displaces distally and into valgus, 
with the superior pole of the glenoid rotated slightly anteriorly. The subacromial space is widened and the GPA value increases. 


Figure 33-11. Types of glenoid fractures in 3D CT reconstruction, right scapula. A: Normal glenoid fossa. B: Fracture of the superior glenoid. C: Fracture of the 
anterior glenoid rim. D: Fracture of posterior glenoid rim. E: Fracture of inferior glenoid. F: Total glenoid fracture. 
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Figure 33-12. Fractures of the scapular neck in 3D CT reconstruction, anterior aspect. A: Fracture of the anatomical neck, fracture line passing through the 
coracoglenoid notch, lateral to the coracoid base. B: Fracture of the surgical neck, fracture line passing through the suprascapular notch medial to the coracoid process, 
the glenoid fragment bears the coracoid process. C: Trans-spinous neck fracture, fracture line passing medial to the suprascapular notch, the glenoid fragment bears the 
coracoid process, acromion, and lateral scapular spine. 
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Figure 33-13. Fractures of surgical neck. A: Stable fracture, both coracoid ligaments are intact; B: Rotationally unstable fracture, the coracoacromial ligament was 
ruptured; C: Totally (ligamentous) unstable fracture, both coracoid ligaments were torn; D: Totally (osseous) unstable fracture with separation of coracoid process, 
both coracoid ligaments are intact. G, glenoid; Co, coracoid process; yellow strip, coracoacromial ligament; green strip, coracoclavicular ligament. 


Fracture of the surgical neck is the most frequent of all three types of scapular neck fractures.*” The fracture line extends from the scapular notch, distal 
to the spinoglenoid notch, as far as the lateral border of the scapular body, usually 3 to 7 cm distal to the inferior rim of the glenoid. The glenoid fragment is 
formed by the fossa and the coracoid. Surgical neck fractures are divided into three subtypes, depending on the injury to the coracoid and the ligaments 
attached to it (Fig. 33-13). 

A stable fracture, with the CC and CA ligaments left intact, is usually displaced only minimally (Fig. 33-13A). The CC and CA distances are normal. 

A rotationally unstable fracture is associated with an injury to the CA ligament.??-114144 The CC distance is normal, the CA distance is widened; and the 
coracoid apex is rotated distally and medially by the pull of the attached muscles (Fig. 33-13B). 

A completely unstable fracture results from rupture of both the CC and CA ligaments, or fracture of coracoid base.?”!44 In cases of rupture of CC and 
CA ligaments both distances are widened, the CC distance in particular. The rotated glenoid fragment is displaced distally and medially by muscle traction 
(Fig. 33-13C). A fracture with a separated coracoid base is a specific type of completely unstable fracture.?!4 The coracoid is separated from the superior 
surface of the scapular neck. The CA and CC ligaments are intact and, as a result, the two distances are normal. Similarly, as in fractures of the anatomical 
neck, the glenoid fragment displaces distally and into valgus, as it is not pulled by the muscles attached to the coracoid (Fig. 33-13D). 

Trans-spinous fracture of the scapular neck is rare and little known. *?>??3 The large glenoid fragment carries the glenoid fossa, the scapular neck, 
including the spinoglenoid and suprascapular notches, the coracoid process, the acromion, and the lateral scapular spine. The fracture line starts superiorly 
medial to the scapular notch and passes through the center of the scapular spine to exit at the lateral border about 4 to 6 cm below the glenoid. The fracture 


displaces into varus, which is more marked in the region of the lateral border than in the region of the scapular spine. Trans-spinous fractures of the scapular 
neck are often associated with a clavicular shaft fracture. 


Body Fractures 


Fractures of the scapular body accounted for 47% of all scapular fractures in the author’s series. The main fracture line(s) ran through one (spinal, or 
lateral), or both pillars of the scapula (Fig. 33-14). Therefore, they did not include isolated fractures of the superior border of the body or the superior or 
inferior angle of the scapula. 

Spinal pillar fractures involved both posterior spinous fossae and they accounted for 6% of all scapular body fractures. The fracture line ran through the 
center of the scapular spine (spinal pillar) to the medial border of the infraspinous fossa (Fig. 33-14A). Less frequently, the base of the scapular spine was 
separated from the scapular body. The lateral pillar always remained intact and displacement of fragments was, in most cases, minimal. 

Lateral pillar fractures were the most frequent fractures of the scapular body (78%), as well as among all scapular fractures as a whole (36%). They 
involved only the infraspinous part of the scapula and were divided according to the number of circumferential fragments into two-part, three-part, and 
comminuted fractures (Fig. 33-14B). The most frequent were two-part fractures with the fracture line passing transversally from the upper half of the lateral 
border to the spinomedial angle, sometimes incorrectly referred to as infraglenoid fractures of the scapular neck.+88 Approximately 32% of two-part 
fractures were associated with a clavicular fracture. 16 

Fractures of both pillars are caused mostly by high-energy trauma and are often comminuted (Fig. 33-14C). In the author’s series, they accounted for 
16% of all scapular body fractures. These fractures had two patterns. In the first group, the fracture line ran through the spinal pillar, close to the 
spinomedial angle, to the superior angle of the scapula. In the second group, the main fracture line passed through the central weakened part of the scapular 
spine. Spinal pillar fractures were, as a rule, less frequently displaced than lateral pillar fractures. 


Fractures of Processes or Angles 


Fractures of the processes or angles accounted for 20% of all scapular fractures. They are often misinterpreted as avulsion fractures, but most of them result 
from a direct impact. Fractures of the acromion, the lateral scapular spine, and the coracoid were often associated with AC dislocation, less frequently with a 
fracture of the lateral clavicle. Associated midshaft clavicular fractures were extremely rare. Most fractures of processes compromised the integrity of the 
SSSC. Their displacement depended on the degree of compromise of the integrity of the SSSC. 


A, B 
Figure 33-14. Fractures of scapular body. A: Fracture of spinal pillar. B: Fracture of lateral pillar; C: Fracture of both pillars; comminuted fracture of anatomical 
body. 
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Figure 33-15. Classification of coracoid process fractures: type I, fracture of apex; type II, fractures of the beak; type III, fractures of the base; and type IV, 
comminuted fractures. (Modified after Bartonicek J, et al. Fractures of the coracoid process pathoanatomy and classification: Based on 39 cases with 3D CT 
reconstructions. Int Orthop. 2021;45:1009-1015, Springer Nature with permission.) 


Coracoid fractures can be divided into fractures of the coracoid tip, fractures of the coracoid beak (distal to the insertion of the CC ligament), extra- 
articular fractures of the coracoid base, and comminuted fractures of the entire process”? (Fig. 33-15). Fractures of the coracoid base that extended as far as 
the superior border, or the superior angle, of the scapula, typically with varus angulation, were sometimes combined with medial displacement. 

Fractures of the acromion and the lateral scapular spine should be classified together as they are two parts of one anatomical structure, and are 
continuous with each other, with the conventional border being the acromial angle.!®!®” Therefore, fractures of the lateral scapular spine are sometimes 
classified as fractures of the acromion. It is important in this respect to distinguish between the two parts of the spine. Fractures of the scapular spine are as a 
rule included in the literature in fractures of the processes.! This, however, applies only to the lateral part of the scapular spine, which is not directly 


connected with the scapular body. The medial part of the scapular spine arises from the scapular body and the junction of these two structures forms the 
spinal pillar. Therefore, in the author’s classification, fractures of the medial scapular spine are included in fractures of the scapular body. 

Based on the course of the fracture line, fractures of the acromion and the lateral scapular spine can be divided into three groups (Figs. 33-16 and 33- 
17)'6:167; 

Fractures of the acromion involve various peripheral parts of the acromion, including separation of small fragments from the apical part of the 
acromion, of a larger fragment of the lateral border, or of the entire anterior half of the acromion, with the fracture line passing transversally and mostly 
posterior to the acromial articular facet of the AC joint. 
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Figure 33-16. Modified Ogawa classification of fractures of the acromion and lateral scapular spine. (Modified after Ogawa K, Naniwa T. Fractures of the acromion 
and the lateral scapular spine. J Shoulder Elbow Surg. 1997;6:544—-548.) 
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Figure 33-17. Fractures of the acromion and lateral scapular spine in 3D CT reconstructions. Ac, acromial fracture; AA, acromial angle fracture; LS, lateral spine 
fracture. 


Fractures of the acromial angle form a transitional group between fractures of the lateral scapular spine and of the acromion. They are characterized by 
a transverse-oblique fracture line passing closely lateral or medial to the acromial angle. Sometimes there may be a small intermediate fragment. The 
fracture line separates a large fragment bearing the entire acromion. 

Fractures of the lateral scapular spine have a variable course of the fracture line. At one extreme, it passes laterally and rather horizontally, and 
separates only less than half of the scapular spine adjacent to the acromion. In the other extreme, a more vertically oriented fracture line passes along the 
base of the lateral arm of the scapular spine, or extends almost as far as the central weaker part, thereby separating almost the whole lateral spine. Typical of 
most lateral spine fractures is varus angulation of the fragment. The thick cortex, a narrow fracture surface, and the pull of muscles are the causes of 
relatively frequent nonunions. 

Fractures of the superior angle are either isolated, or, together with a fracture of the superior border, accompany fractures of the coracoid base or 
superior glenoid. There were no instances noted of an isolated fracture of the superior border of the scapula. Isolated fractures of the superior angle were 
rare and mostly insignificantly displaced. 16:29 

Fractures of the inferior angle involved only the apex or the entire inferior angle, sometimes with a small part of the adjacent medial border. Rarely was 
the fragment completely separated from the scapular body. In most cases, continuity with the medial border of the scapular body was maintained. The 
fragment was typically angulated anteriorly.?” 


Complex Fractures of the Scapula 


Complex fractures of the scapula are caused by high-energy trauma, with fracture lines passing through the various anatomical elements of the scapula. 
They occur primarily in younger patients with good bone quality. They typically affect the scapular body and neck, and are associated with separation of 
one of the processes (coracoid, lateral scapular spine), or the glenoid. The fact that certain comminuted fractures involve several parts of the scapula, that is, 
the body, neck, and glenoid, was pointed out as early as 1975 by Tscherne and Christ,” who classified them as a separate injury pattern. The existence of 
this separate group of fractures is justified, as it may include a majority of injuries that, due to their extent, do not fall under any of the five above-mentioned 
groups. Division of complex fractures into extra-articular and intra-articular ones reflects the degree of their severity and therapeutic challenge (Fig. 33- 
18)!6; 


Figure 33-18. Complex scapular fractures. A: Extra-articular fracture. B: Intra-articular fracture. 


Extra-articular complex fractures are similar to two-pillar fractures of the scapular body. However, as opposed to them, these fractures are often 
associated with separation of one of the processes (the lateral scapular spine, the acromion, or the coracoid) from the glenoid fragment, which in cases of 
two-pillar fractures, bears also these processes (Fig. 33-18A). 

Intra-articular complex fractures are the most severe injuries to the scapula. The fracture lines propagate from the glenoid to the scapular body and 
neck. Typically, they involve both pillars. The glenoid is usually split horizontally into only two parts, the lower and the upper ones (Fig. 33-18B). The 
lower fragment is part of a large fragment bearing almost the entire lateral pillar of the scapular body. The upper fragment usually bears the coracoid, while 
the lateral scapular spine, or the acromion, is separated. Only rarely is the fossa split into three or more fragments. 


OUTCOME MEASUREMENTS FOR SCAPULAR FRACTURES 


We are unaware of a scapula-specific outcome score. Different shoulder scoring systems are in use to evaluate functional outcomes: American Shoulder and 
Elbow Surgeons (ASES) score,!®* Constant-Murley score,°* DASH score,!!! Herscovici score,!° Neer score,!5” Rowe score,!8’ Oxford questionnaire,°® 
Short Form 36 score,22! Simple Shoulder Test,!*? or subjective scores based on the surgeon’s assessment.°° The most frequently used systems include 
Constant—Murley score (joint-specific score), DASH score (a patient-oriented upper extremity score), and Short Form 36 score (general health status score). 


TREATMENT OPTIONS FOR SCAPULAR FRACTURES 


The aim of treatment of scapular fractures is to restore the normal function of the shoulder girdle, that is, a full, pain-free range of motion, and to prevent the 
development of late complications. Specifically, it implies restoration of the congruence and stability of the glenohumeral joint in glenoid fractures; 
restoration of the anatomical shape and alignment of the scapular body and the glenoid in fractures of the scapular neck and body; and prevention of painful 
nonunion, or impingement of the humeral head, resulting from malunion of fractures of the acromion, lateral spine, or coracoid processes. 

There is a general consensus that all undisplaced fractures of the scapula should be treated nonoperatively. Until recently, nonoperative treatment had 
also been used in most displaced extra-articular fractures of the scapular neck and body, based historically on repeated reports of good outcomes of this 
treatment. !4>?30 The main and sole indication for operation was displaced glenoid fractures. Recently, that situation has changed, mainly in view of a 
number of studies showing unsatisfactory long-term results of nonoperatively treated, displaced scapular neck and body fractures (pain, disability, limited 
range of motion, and damage to the rotator cuff),!!-7592,160.177 Although it remains controversial, a number of authors prefer operative treatment for 
displaced extra-articular scapular fractures, mainly those of the body and neck.2225152 Analysis of retrospective studies was made by two groups of 
authors, 136235 


Zlowodski et al.” analyzed 520 scapular fractures in 22 groups and found that: 
e 80% of the glenoid fractures were treated operatively with excellent to good results in 82% of them; 


e 80% of isolated fractures of the scapular body were treated nonoperatively and excellent or good results were achieved in 86% of them; 
e 83% of all nonarticular fractures of the scapular neck were treated nonoperatively with excellent to good results in 77% of them. 


Lantry et al.!°° reviewed the results of 243 scapular fractures treated operatively in 17 groups and found that: 


e 48% of patients sustained a fracture of the glenoid fossa, 7% a fracture of the glenoid rim, 26% a fracture of the scapular neck, and 8% a process 
fracture. Ipsilateral fractures of the clavicle, or an AC dislocation, were seen in 26% of patients. 
e The indication for osteosynthesis of glenoid fractures was displacement of 4 to 10 mm, most often 5 mm. 


e 4.2% of patients developed postoperative infective complications, 2.4% sustained suprascapular nerve injury, and 7.1% of cases required removal of 
the hardware for local irritation, or breakage of the implant. 

e 163 patients were evaluated in terms of their functional outcomes, using different scoring systems, with excellent to good results achieved in 83% of 
cases, and fair or poor results in 17% of patients, with an average follow-up of 50 months. 


The authors of both reviews stated that there were significant differences between individual studies and that the validity of the presented data was often 
questionable. 


NONOPERATIVE TREATMENT OF SCAPULAR FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Scapula Fractures: 


INDICATIONS 


Undisplaced or minimally displaced fractures 


Displaced fractures in patients with poor local soft tissue or general condition 


Nonoperative treatment is indicated in all undisplaced fractures. It is also recommended in intra- or extra-articular displaced fractures when the patient’s 
general health condition, or local soft-tissue status, does not allow operation. 

Nonoperative care consists of pain relief and 2 weeks of sling immobilization. It is then possible to start with passive range-of-motion exercises with the 
aim of achieving a full passive range of motion within 1 month of the injury.*® Full active range of motion should be restored during second month. 
Beginning from third month, strengthening of the rotator cuff muscles and parascapular muscles may be started and during fourth month all restrictions can 
be lifted. Exceptions are fracture-dislocations of the glenoid, where immobilization should be longer, 5 to 6 weeks, in certain cases. The same applies to 
fractures of the scapular spine and the coracoid, with a higher risk of nonunion. 


Recent Results 


Over the past 20 years, a number of studies appeared, evaluating outcomes of nonoperative treatment of scapular fractures by means of the different scoring 
systems mentioned above. 


e Romero et al.!®° evaluated the results of nonoperative treatment of scapular neck fractures in 19 patients. The authors found functional problems in 
patients with a final GPA of less than 20 degrees. 

e Bozkurt et al.” presented outcomes of nonoperative treatment of scapular neck fractures in 18 patients. They found a positive correlation between the 
Constant—Murley score and the GPA. 

e Van Nort et al.!°9 evaluated outcomes of nonoperative treatment of scapular neck fractures in 13 patients. The GPA was more than 20 degrees in all 
patients, and the Constant—Murley score indicated good or excellent results in all the patients. 

e Gosens et al.®* analyzed a total of 22 patients with a scapular body fracture treated conservatively. The authors found worse results in polytrauma 
patients. 

e Schofer et al.!9! described good results of nonoperative treatment in 50 patients. Fractures of the scapular neck and body accounted for 82%, glenoid 
fractures for 10%, and fractures of processes for 8%. Regardless of the fracture type, very good results were recorded in 23%, good results in 51%, fair 
results in 20%, and poor results in 6% of cases. 

e Dimitroulias et al.6° evaluated 32 patients with a displaced fracture of the scapular body. Satisfactory outcomes were negatively influenced by a higher 
ISS and the presence of rib fractures. 

e Kénigshausen et al.!2° reported on 24 patients treated nonoperatively for a displaced glenoid fracture (Goss types II to V). Better results were achieved 
with fragment displacement of less than 3 mm and worse results with a displacement of more than 5 mm. 


These studies make it clear that although most factures of the scapula do well with nonoperative treatment, there are specific subgroups (displaced 
fractures, associated injuries) that have significant functional deficits without operative correction. 


OPERATIVE TREATMENT OF SCAPULAR FRACTURES 


Operative treatment of scapular fractures is currently the subject of intense debate; nevertheless, the number of its advocates is 
increasing 3450.52,53,68,104,136,235 


Indications/Contraindications 


In displaced intra-articular fractures, the goal is restoration of the congruence and stability of the joint. The indication for their operative treatment is 
currently considered to be a step-off or gap of at least 4 or 5 mm and involvement of at least 25% to 30% of the articular surface with persisting subluxation 
of the humeral head. The most important for congruence and stability of the joint is the so-called circular area, particularly its anteroinferior quadrant. By 
contrast, the superior pole fragment of the glenoid bearing about 20% of the articular surface is not as critical.'©“8 
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Figure 33-19. Relative radiologic indication criteria for operative treatment of scapular fractures. *Angulation of lateral pillar fragments in Y-view. +Mediolateral 
translation of lateral pillar fragments at the level of the scapular body in the region of upper part of infraspinous fossa. 


In displaced fractures of the processes, the aim is to achieve healing in an anatomical position, as malunion, or nonunion, may cause impingement 
syndrome and compromise the rotator cuff. Nonunion of processes of the scapula is often painful due to muscle pull. In this respect, indications vary; 
Anavian et al.* consider displacement of fragments of more than 1 cm as an indication for operative treatment in fractures of the acromion, or the coracoid. 

In displaced extra-articular fractures of the scapular body and neck, the aim is restoration of the original alignment of the glenoid with the scapular 
body (i.e., restoring the GPA). This will recreate the normal humeroscapular rhythm as well as the normal courses of muscles, particularly those of the 
rotator cuff. For normal mobility of the scapula, it is also important to restore the congruence between its anterior surface and the chest wall. 

Current indications for operative treatment of displaced scapular fractures!®*8 are displayed in Figure 33-19. 

These criteria are not absolute. It is necessary to take into account all other injuries, the patient’s age, physical condition, and skin and soft-tissue 
integrity of the shoulder. 


Preoperative Planning 


Preoperative Planning Checklist 


OR table LJ Radiolucent table helpful for imaging 

Position/positioning aids LJ Bean bag lateral or bolsters (posterior approaches) or semisitting (anterior) 
Fluoroscopy location LJ Ipsilateral side, or “over the top” 

Equipment LJ Small/mini fragment plates/screws 

Tourniquet LJ Not applicable 

[Other] LJ Model of scapula in OR for reference 


Surgical Approach 


Most scapular fractures are exposed from the Judet posterior, or the anterior deltopectoral, approach. Some authors recommend the Dupont—Evrard 
posterolateral, or the superior approach of Goss. 


Judet Posterior Approach 


The Judet approach!” provides excellent exposure of the entire infraspinous fossa, lateral and medial borders of the scapula, the scapular spine, the 
anatomical and surgical necks, and the posterior and inferior rims of the glenoid (Fig. 33-20). This approach is currently used in various 
modifications, !76.52,96,110,117,120,161,162 Tt ig indicated as a universal exposure in fractures of the scapular body, scapular neck, inferior glenoid, and in 
combinations of these fractures. 


7 " ae. D 
Figure 33-20. Judet approach, anatomical dissection. A: Posterior aspect of the right scapula, fascia of the infraspinatus continues into fascia of deltoid. B: The 
spinous portion of deltoid is released from the scapular spine and reflected laterally; the dotted line indicates incision of infraspinatus fascia. C: Identification of the 
interval between the infraspinatus and the teres minor. D: The released infraspinatus is reflected superiorly, care must be taken not to overdistract the suprascapular 
neurovascular bundle. D, deltoid; IS, infraspinatus and its fascia; SS, scapular spine; T, trapezius; Tmin, teres minor; Tmaj, teres major; LHT, long head of triceps; 
AXN, axillary nerve; SSN, suprascapular nerve; CSA, circumflex scapular artery; Ca, articular capsule of glenohumeral joint. 


Patient Positioning 


The patient is placed in a semiprone position on the intact side, with supports in the region of the lumbar spine, anterior pelvis, and chest. Reference 
structures are marked on the skin, that is, contours of the scapular body, the scapular spine, and the acromion. 

The skin of the whole forequarter is carefully disinfected, including the ipsilateral clavicle, the lower part of the neck, and the entire upper extremity on 
the injured side. The extremity must be draped free to allow for its manipulation during surgery. 


Incision and Dissection 


Judet typically retracted the skin flap together with the spinal portion of the deltoid. In the author’s modification, the Judet approach has three phases. 16:26 
The first phase consists of a boomerang skin incision along the scapular spine and the medial border of the scapula, raising of a skin flap, and identification 
of the posterior border of the deltoid. In the next phase, the posterior deltoid is detached from the scapular spine and turned back laterodistally. Finally, the 
infraspinatus is mobilized and reflected proximally. 

The skin incision is made from the posterior border of the acromion along the scapular spine to the spinomedial angle, where it curves distally, 
following the medial border of the scapula to the inferior angle of the scapula. Subcutaneous fibrofatty tissue is incised down to, but not through, the 
common fascia of the deltoid and infraspinatus. A skin flap is raised, reflected laterodistally, and held in this position by two sutures. 

A prerequisite for careful mobilization of the deltoid is identification of its posterior edge, which is not always simple. The spinal portion of the deltoid 
and the medial portion of the infraspinatus are covered by a common fascia passing from the medial part of the infraspinatus to the posterior edge of the 
deltoid (see Fig. 33-20A). After identification of the posterior border of the deltoid, the common fascia is split by a T-shaped incision, with one limb of the 
incision following the posterior edge of the deltoid and the other, running perpendicular to it, incising the fascia of the infraspinatus. This T-shaped incision 
exposes adequately both the posterior edge of the deltoid and the medial half of the infraspinatus (see Fig. 33-20B). Subsequently, the spinal portion of the 
deltoid is carefully released from the scapular spine as far as the posterior rim of the acromion and reflected laterodistally. This will display the entire 
posterior surface of the infraspinatus. 

Prior to releasing the infraspinatus, it is necessary to identify the interval between its lateral border and the teres minor, exposing the scapular circumflex 
vessels perforating the teres minor, some 3 to 4 cm distal to the lower rim of the glenoid, and passing round the lateral border of the scapula to its posterior 
surface (see Fig. 33-20C). These blood vessels must be ligated and divided. Only then can the infraspinatus be detached from the scapular spine, the medial 
border, the lateral border, the inferior angle, and from the infraspinous fossa. When reflecting the infraspinatus proximally, care should be taken to avoid 


injury to the neurovascular bundle of the muscle, which can be seen in the spinoglenoid notch, after proximal retraction of the infraspinatus (see Fig. 33- 
20D). 


Limited Judet Approaches 


The current trend is to reduce dissection as much as possible. According to the author’s experience, release of the spinal portion of the deltoid is well 
tolerated. Full mobilization of the infraspinatus is more problematic, as it is usually associated with greater postoperative pain and longer rehabilitation. For 
this reason, a modified Judet approach may be used in three options, depending on the fracture pattern and injury—operation interval (Fig. 33-21): 


In the first option, after raising of a skin flap, only a T-shaped incision is made in the infraspinatus fascia and subsequently a lateral intermuscular window is 
opened in the interval between the infraspinatus and the teres minor. In this way, the lateral border of the scapular body is exposed without the necessity 
to release the deltoid. 

The second option requires a partial, or complete, release of the spinal portion of the deltoid. Then it is possible to “open” only lateral and, if need be, 
medial windows, without mobilizing the whole infraspinatus. On the lateral side, it is sufficient to detach the infraspinatus from the lateral border of the 
scapula only in the required field; on the medial side, it is typically released in the spinomedial angle. 

The third, complete option requires release of the infraspinatus. In certain cases, it is useful to release only the lower portion of the muscle attached to the 
inferior angle, allowing sufficient retraction of the muscle and adequate exposure of the posterior surface of the glenoid fossa and the scapular neck. 


Figure 33-21. Limited approaches to the lateral pillar and to the spinomedial angle. (Modified after Goss TP. Fractures of the glenoid neck. J Shoulder Elbow Surg. 
1994;3:42-52.) 


Reinsertion of Muscles and Wound Closure 


After completion of the internal fixation, the infraspinatus is carefully reinserted into the inferior angle of the scapula, using preferably the infraspinatus 
fascia. In the next step, the spinal portion of the deltoid is carefully reattached, and the subcutaneous tissues and skin are closed. 


Posterosuperior Approaches 


These approaches are indicated in isolated fractures of the posterior rim of the glenoid fossa, the scapular spine, or the acromion.!®9228 The incision 
extends along the posterior border of the acromion and the lateral scapular spine. After detachment of the spinal, and partially of the acromial, portions of 
the deltoid from the scapula, the muscle can be retracted distally, allowing exposure of a more deeply located tendon of the infraspinatus. A transverse 
dissection of the tendon close to the shoulder joint capsule and its careful reflection medially will expose the posterior surface of the glenoid and the 
scapular neck. This approach may be combined with osteotomy of either the acromion or the lateral spine.??8 


Dupont-Evrard Posterolateral Approach 


The original Dupont—Evrard approach,®! or one of its modifications,!?®160 provides a direct exposure of the lateral border of the scapula in the interval 


between the infraspinatus and the teres minor. Its main disadvantage is that it exposes only the lateral border of the scapula and cannot be extended, if 
necessary. 


Deltopectoral Approach 


This classic approach is indicated in fractures of the anteroinferior rim of the glenoid and of the coracoid process. It is well known and described in detail in 
Chapter 36. 


Limited Approaches 


Gauder et al.”8 described a combination of two limited posterior approaches from two separate skin incisions. In fact, it is a combination of the Dupont- 
Evrard lateral approach and a direct approach to the spinomedial angle of the scapular body. This approach can be applied only in certain types of fractures 
of the scapular body and should be used only by highly experienced scapular surgeons.78 


Technique 


The operative technique of fixation of scapular fractures, including surgical approaches as well as the choice of implants, has developed gradually and is 
fracture-pattern specific, 1631,52.53,67,68,89,95,101,104,106,107 


Implants 


In general, it is recommended to fix scapular fractures with small- and mini-implants, specifically with 3.5-mm implants (cortex screws and T-, L-, or 
semitubular plates) and 2.7-mm implants (screws and T-, L-, or reconstruction plates). The author currently prefers 2.7-mm implants. Some authors 
recommend anatomically shaped plates, based on the circumference of the biomechanical body,*” others prefer locking plates.” Cannulated screws are 
useful in internal fixation of fractures of the coracoid process, and miniscrews (2.4 and 2.0 mm) in fixation of small fragments of the glenoid fossa, or 
intermediate fragments of the lateral border of the scapula. 


Reduction and Fixation 


The method of reduction and fixation depends primarily on the fracture pattern. The scapula heals very well, with rapid callus formation. As most scapular 
fractures are operated on after a delay of several days, it is necessary to clear the fracture site of hematoma, or early callus, prior to reduction. 

Image intensifier is not always required and should not be relied on in place of a properly performed approach and adequate exposure of the surgical 
site. However, image intensification is beneficial in cases of comminuted fractures in the area of the lateral angle and the scapular neck, particularly to 
ensure that there are no intra-articular screws and that the humeral head is normally located. The image intensifier can be brought in from the same side as 
the surgeon and used in the usual anteroposterior plane for an anterior approach, or in a “rainbow” fashion over a patient positioned semiprone, or lateral, 
during a posterior approach. 

In fractures of the scapular body, it is essential to restore the integrity of the affected pillars, primarily the lateral border of the scapula as the key 
structure in terms of the operation. Therefore, fractures of the lateral border should be adequately fixed as the first step. 

In a majority of fractures of the body, contracture of the scapular muscles causes overlap of the two main fragments and shortening of the lateral border 
of the scapula. Reduction is performed using two bone hooks. For better manipulation, it is helpful to pull on 3.5- or 2.7-mm cortical screws inserted into 
the opposing fragments. The chosen locations of the holes should allow their subsequent use for attachment of the plate. 

In unstable oblique fractures of the lateral border of the body, reduction may be maintained by the technique of the “lost K-wire” inserted as an 
intramedullary peg in a hole made by a 2.5-mm drill bit into each of the main fragments (Fig. 33-22).19 If larger intermediate fragments are separated from 
the lateral border of the scapula, they must be refixed, as a rule with miniscrews, to restore the integrity of the lateral border. 

Final fixation may be completed with a 2.7- or 3.5-mm reconstruction plate. In simple fractures of the lateral border, it is sufficient to use 2 + 2 plate 
fixation, that is, two screws into each of the two fragments. In fractures of the lateral border with intermediate fragments, a 3 + 3 fixation is preferred. 

Fractures in the spinomedial angle are destabilized by mobilization of the infraspinatus. Therefore, in case of displacement of fragments of less than 5 
mm and a stable internal fixation of the lateral pillar, it is better to tolerate minimal motion of fragments in this area. With a more marked instability, or 
inadequate fixation of the lateral pillar, thereby compromising the general stability of the scapular body, it is necessary also to fix the fracture of the 
spinomedial angle. This may be achieved by different methods, depending on the quality of the bone stock, preferably with a 2.7-mm reconstruction plate, 
or alternatively by locking screws, or even by a simple wire loop. 

Certain multifragmentary fractures of the infraspinous part of the scapular body require augmentation of the stability of internal fixation using a 
transversally placed plate connecting the lateral and medial borders of the scapula. 

Significantly displaced fragments of the inferior angle of the scapula must also be reduced and fixed, preferably with a 2.7-mm reconstruction plate, or a 
2.7- to 3.5-mm T-plate, depending on the shapes of the fragments. 

In fractures of both pillars, reduction and internal fixation of the lateral pillar is performed initially; this, as a rule, also improves the position of the 
spinal pillar fragment. Fractures of the spinal pillar (Scapular spine) rarely pose a problem, as their displacement is usually less frequent than in fractures of 
the lateral pillar. 


Figure 33-22. Technique of a lost K-wire. A: Complex intra-articular fracture. B: Mirrored postoperative radiograph. C: Postoperative 3D CT reconstruction. D: 
Functional result 2.5 years after surgery. Red arrow shows the K-wire inserted as an intramedullary peg. 


Scapular neck fractures, in most cases (surgical neck), are fixed using a combination of implants, such as two plates, or a plate and screws, that is, a 2.7- 
or 3.5-mm reconstruction plate, or a 3.5-mm T-plate. When inserting screws into a glenoid fragment, care should be taken to avoid intra-articular 
penetration. Fixation of the lateral border must be complemented with a plate placed on the posterior surface of the neck, or with 3.5-mm cortex screws 
inserted into the glenoid fragment from the scapular spine. Caution should be used to avoid injury to the neurovascular structures in the spinoglenoid notch. 
Fractures of the anatomical neck are fixed similarly to those of the surgical neck, although fixation is more difficult due to the smaller size of the glenoid 
fragment. 

Trans-spinous fractures of the scapular neck almost always require internal fixation of both pillars, that is, the lateral border of the scapular body and the 
scapular spine. Exceptionally, plate fixation of the lateral pillar only is adequate. 

Glenoid fossa fractures are treated according to the type of the injury. A separated fragment of the anterior rim of the glenoid is fixed depending on its 
size, by lag screws, or with a small plate. Similar procedures may be applied in fractures of the posterior rim. Reduction and fixation of the superior pole, 
that is, intra-articular fractures of the coracoid base, may be difficult due to pull of the muscles attached to the coracoid. These fractures may be fixed using 
lag (cannulated) screws, inserted through the coracoid into the glenoid, or the scapular neck. 

Fractures of the inferior glenoid are usually associated with fractures of the scapular body. If the joint capsule and labrum are not ruptured, incision of 
the capsule should run parallel to the posterior rim of the glenoid and labrum. This allows both palpation and a visual check of the glenoid fossa reduction. 
Reduction and fixation depend on the shape and size of the inferior joint fragment. This variable fragment may carry either a small, or a large, part of the 
lateral border. In both instances, it is necessary to clean the fracture surfaces carefully to allow anatomic reduction. 

Reduction and fixation of a short fragment is usually easier. A long fragment may be well reduced by means of two “joystick” screws inserted into the 
scapular neck close to the fracture line. These screws are then drawn together using a small bone-reduction forceps. Reduction of a long fragment must be 
accurate, along the whole length of the fracture line: this is important for anatomical reduction of the joint surface (Fig. 33-23). If there is another separate, 
usually smaller, fragment, it must be reduced anatomically and fixed with 2.0- or 2.4-mm lag screws. Depending on the circumstances, fixation of such a 
small fragment may be the first, or the last, step of reduction. The two main fragments may be fixed using various techniques, most often a combination of 
different plates (T-shaped, reconstruction, or L-shaped plates), or with lag screws. Reconstruction of the articular surface of the glenoid often also leads to 
restoration of the integrity of the lateral border of the scapula. In the opposite sense, the lateral border is reconstructed in the next step. 


A, B 
Figure 33-23. Reduction and fixation of a fracture of the inferior glenoid and the infraspinous part of scapular body. A: AP radiograph of the injured right scapula. B: 
3D CT reconstruction, anterior aspect. C: 3D CT reconstruction, posterior aspect, showing anatomical reduction and fixation with four 3.5-mm plates. 


Reconstruction of a totally fractured glenoid is highly demanding, mainly in cases of three-part and multifragmentary fractures.*° In any case, the 
glenoid fossa must be reconstructed as a whole assembly, and then fixed by plates to the scapular neck or body. If there is another, usually smaller, 
fragment, it must be anatomically reduced and fixed using 2.0- or 2.4-mm lag screws. Fixation of this small fragment may be either the first, or the last, step 
of the reduction, depending on each individual case. 

Fractures of the acromion and the scapular spine may be fixed, depending on the fracture pattern, by a cerclage wiring, lag screws, or a reconstruction 
plate.!®83,233 Multifragmentary fractures may be fixed by a 2.7-mm locking mesh plate. Displaced small fragments of the acromial border, or the coracoid 
tip, are preferably excised, with reattachment of the conjoined tendon in the latter case. 

Coracoid fracture fixation depends on the part of the process that is involved.!® Fractures of the base are preferably treated with the technique after Hill 
et al.,!°7 using 3.5-mm lag screws. Fractures of the coracoid beak are usually stabilized by (cannulated) lag screws with washers. Displaced fragments of the 
apex are preferably excised. 

Clavicular fractures may be repaired before, or after, scapular/glenoid fixation. In the past, in cases of combined clavicular and glenoid neck/scapular 
body fractures, it was thought that reduction and fixation of the clavicular fracture may contribute to reduction of fragments of glenoid neck/scapular body. 
In general, this has not proven to be a successful strategy. The author prefers clavicular fracture fixation after reduction and stabilization of fractures of the 
scapular body, or neck.!®°.2? In diaphyseal fractures, a separate oblique (necklace) approach is used, which is more cosmetically acceptable and spares the 
supraclavicular nerves. The reduced fracture is stabilized with a 3.5-mm reconstruction plate, or a preshaped plate placed anterolaterally. 


Arthroscopically Assisted Operations 


Certain fractures may be reduced and fixed under arthroscopic control.32.40-79.109.181,188 This concerns mainly fractures of the glenoid fossa, most often those 
of the anterior or posterior rim, less frequently fractures of the superior glenoid. Fractures of the inferior glenoid, usually propagating to the scapular body, 
are not suitable for this technique. Some authors also treat acromion fractures arthroscopically. 


Postoperative Care 


Postoperatively, the arm is immobilized in a sling. Drains, if used, are removed by 48 hours after operation. Radiographs of the shoulder are obtained using 
the Neer I and II views. After discharge, the patient is checked for the first time 2 weeks after operation (wound healing, suture removal). Radiographs are 
taken at 6 weeks, 3 months, 6 months, and 1 year after operation. Scapular fractures typically heal in 6 to 8 weeks, and nonunion is extremely rare. 

Of great importance for the final outcome is appropriate rehabilitation. Passive range-of-motion exercises of the shoulder begin on the first postoperative 
day and continue for about 6 weeks. A continuous passive motion (CPM) machine may be useful in selected cases. Active range-of-motion exercises start at 
approximately 4 to 5 weeks postoperatively, depending on the extent of the surgical approach and the presence of other injuries (clavicular fracture, AC 
dislocation). The range of motion is assessed at 6 weeks and, if unsatisfactory, the shoulder is examined under general anesthesia and careful manipulation 
performed, as necessary. Active resistance exercises may be started approximately 8 weeks after operation. All restrictions on the shoulder range of motion 
are lifted, as a rule, 3 months postoperatively. 


Outcomes 


There are many studies in the literature that evaluate outcomes of the operative treatment of scapular fractures. 


e Jones et al.'?! evaluated 37 patients operated on for fractures of the scapular body and neck. The results were judged according to the range of motion, 


and that averaged 158 degrees (range 90-180 degrees). 

e Tatro et al.2° analyzed a group of 66 patients treated operatively for a scapular fracture (37 extra-articular and 29 intra-articular). Excellent results 
were achieved in most patients, with almost no difference between extra- and intra-articular fractures. 

e Bartoníček et al.” evaluated 22 patients treated surgically for fracture of the scapular body. In 21 patients, the clinical results were assessed as 
excellent, or very good. 

e Cole et al.*” reported on 84 fractures of the scapular body, or neck, with, or without, articular involvement, operated on by a single surgeon via the 
Judet approach. All fractures healed, but with three malunions. The complication rate was low, and neither infection nor wound dehiscence, was 
reported. 

e Schroeder et al.!%? published the results of a group of 49 patients treated surgically for extra-articular fractures of the glenoid neck and scapular body. 
Very good results were achieved in 73%. 

e Bartoníček et al.2* published a series of 17 patients with scapular neck fracture; operative treatment was used in 11 patients with 3 fractures of the 
anatomical neck, 5 fractures of the surgical neck, and 3 trans-spinous fractures of the neck. There was an excellent, or a very good, result in nine 


patients and a poor result in two patients. 

e Leung et al.!°” evaluated 14 glenoid fractures of Ideberg types II through V. The results were excellent in 3 and good in 11 patients. 

e Mayo et al.!“9 evaluated the results of 27 surgically treated glenoid fractures. Excellent results were achieved in 22%, good in 60%, and fair in 11% of 
cases; 7% of results were poor. 

e Schandelmaier et al.!®° evaluated 22 cases of operatively repaired glenoid fractures of Ideberg types II through V, with a follow-up of 5 to 23 years. 
The Constant score median was 94% of the opposite (intact) shoulder. 

e Anavian et al.° reported 33 patients after operative management of complex and displaced intra-articular glenoid fractures, with extra-articular scapular 
involvement in 24 cases. Suprascapular nerve injuries at the level of the spinoglenoid notch were detected during the approach in 8 cases. All fractures 
healed and anatomical restoration of the articular surface was achieved in 91%; 87% of patients were pain-free. 

e Lewis et al.’ operated on 15 glenoid fractures of Goss types I to V, with the highest representation of type V in 9 cases. All fractures healed 
uneventfully, although one patient developed superficial infection. 

e Bartoníček et al.” operated on 32 patients with inferior glenoid fossa fractures; 3 patients were lost to follow-up. Full and pain-free range of motion 
was restored in 18 patients; in 8 patients, it was limited by 20 degrees, and in 3 patients by more than 40 degrees. 

e Bartoniéek et al.” described the results of treatment of 13 total (so-called comminuted) glenoid fractures in 12 patients. Five patients (six fractures) 
were treated nonoperatively, and seven patients operatively, with good, or very good, results in six of these seven operated-on patients. 

e Anavian et al., analyzed a group of 27 fractures of scapular processes treated operatively. The series included 14 coracoid fractures and 13 acromial 
fractures. All fractures healed and a full and pain-free range of motion was restored in all patients. 

e Ogawa et al.'®° evaluated the results of operative treatment in 36 patients with a coracoid fracture of Ogawa type I. In 12 patients, the fracture line 
involved the superior glenoid fossa. A double injury to the ipsilateral SSSC was sustained by 24 patients, and a triple lesion to the SSSC by 10 patients. 
Internal fixation of the coracoid was performed in 28 patients. The coracoid fractures healed in all cases. 

e Hill et al.!°’ evaluated 19 patients operated on for a coracoid fracture, including 20 cases of Ogawa type I and II cases of Ogawa type II. The study 
group comprised 12 intra-articular coracoid base fractures of Eyres type V. The average DASH score was 12.3 points; 16 patients resumed their 
original occupations, and a full range of motion was restored in all 19 patients. 

e Van Doesburg et al.*!> analyzed 110 coracoid fractures reported in the literature. Ogawa type I was found in 78% and type II in 13% of the cases; in 
9% the type was not specified. In type I, 76% of fractures were associated with multiple injuries to the SSSC, and operative treatment was used in 75 
(87%). Most patients who had surgery were satisfied with the result. In type II, injury to the SSSC was identified in only 14%, and operative treatment 
was used in only 5 (86%) of these patients. A total of five of nine patients with nonoperative treatment developed an asymptomatic nonunion. 

e Hill et al.!°° analyzed the results of operative treatment of an isolated fracture of the acromion in a group of 13 patients. All of them healed with very 
good function. 

Zhu et al.” treated nine patients with a fracture of the lateral spine. Eight patients healed; but in one case the fixation failed. 

e Cole et al.*° described the results of operative treatment of scapular fractures in patients aged 65 years and older. All patients returned to their preinjury 

activities. 


Author’s Preferred Treatment for Scapular Fractures ( ) 


Scapular fracture 


Nondisplaced Displaced fracture 
or minimally 


displaced fracture 


Polytraumatized 
patient or poor 
local condition 


Sick or elderly 
patient 


Patient in good 
condition 


Wait for 
improvement of 
general or local 

conditions. 
If improved, 
reevaluate patient. 


Nonoperative Operative 
treatment treatment 


Relative operative indications for 
displaced fractures 


Intra-articular fractures 
Gap/step-off 4 mm 


Angulation of lateral border fragments 
40 degrees 


Mediolateral displacement of lateral border fragments 
15-20 mm 


Glenopolar angle 
<20 degrees 
>60 degrees 


Algorithm 33-1 Author’s preferred treatment of scapular fractures. 


The choice of the treatment method depends on several factors, primarily the fracture pattern and displacement, bone quality, local soft tissue condition, 
the patient’s age, general condition, and functional demands. The experience and skills of the treating surgeon must also come into consideration. 


Glenoid Fractures 

Undisplaced fractures, minimally displaced fractures, or displaced fractures of the glenoid rim with a small fragment can be treated 
nonoperatively.!%°-!54 The indication for operation of glenoid fractures is currently considered to be a displacement of more than 4 or 5 mm, with a 
simultaneous minimal involvement of 25% to 30% of the articular surface.?:>»!9.40.79,145,149,156,161,175,181,189,190,205 Tn the author’s series of 128 glenoid 
fossa fractures, 59 (46%) were treated operatively. 16:23:24 


Fractures of the Superior Glenoid 


A slightly more marked incongruence may be tolerated in fractures of the superior glenoid than in those of the lower two-thirds of the glenoid fossa, the 
so-called circular area, which is the main contact surface for the humeral head. Indication for operation is displacement of the articular surface of more 
than 4 mm, or a risk of coracoid impingement. In the author’s series, 6 (27%) of 22 such patients were operated on.!° 


Fractures of the Anteroinferior Rim 

Opinions on their treatment vary. Peripheral fractures are treated nonoperatively, although, in younger patients, arthroscopic treatment may be 
considered. Displaced anteroinferior overhang fractures (large anteroinferior fragment), especially if associated with instability of the glenohumeral 
joint, are preferably fixed. Vertical split fractures of the entire anterior half of the glenoid fossa require open reduction and internal fixation. In the 
author’s series, 13 (32%) of 41 anterior glenoid fractures were operated on.!® 


Fractures of the Posterior Rim 


Reduction and fixation, if indicated, may be performed by open procedure, via the posterosuperior approach, or arthroscopically. In the author’s series, 
all five fractures were treated nonoperatively.!® 


Fractures of the Inferior Glenoid 
It is necessary to treat both the displaced fracture of the glenoid fossa and the displaced fracture of the scapular body (see Fig. 33-22). Both procedures 
may be performed via the Judet approach. In the author’s series, 34 (79%) of 50 such patients were treated operatively. 16:24 


Fractures of the Entire Glenoid 


They are the most severe fractures of the glenoid fossa. Six (60%) of the author’s 10 patients were treated operatively, all via the Judet posterior 
approach, with very good results!®*° (Fig. 33-24). 


Fractures of the Scapular Neck 

Reduction and fixation of displaced unstable scapular neck fractures largely depend on the size of the glenoid fragment. The most difficult in this 
respect is fixation of a fracture of the anatomical neck (Fig. 33-25). A serious problem, in terms of reduction, can occur in totally unstable fractures of 
the surgical neck due to pull of the muscles attached to the coracoid. In fractures of the surgical neck, the risk of entrapment of the suprascapular nerve 
in the fracture line must be taken into account: the author encountered it in three cases. Fractures of the coracoid in association with surgical neck 
fractures were typically left untreated as its displacement was minimal after reduction of the glenoid fragment, and the coracoid fracture always healed. 
The author treated operatively a total of 14 (54%) of 26 scapular neck fractures, including 4 fractures of the anatomical neck, 6 fractures of the surgical 
neck, and 4 trans-spinous neck fractures, all via the Judet posterior approach. +62 


Fractures of the Scapular Body 

Operative treatment is indicated only in markedly displaced fractures, observing the above criteria, and also taking into account the patient’s general and 
local conditions, age, and functional demands. The author prefers the Judet approach, but with minimal mobilization of the infraspinatus. By contrast, 
mobilization of the infraspinatus is required in certain fractures of both pillars, or in multifragmentary fractures of the infraspinous part of the body.2° 
Details of reduction and internal fixation technique, and of the postoperative care have already been described above. The author operated on 61 (25%) 
of 243 fractures of the scapular body, namely 52 fractures of the lateral pillar and 9 fractures of both pillars, predominantly in younger and active 
patients. All isolated fractures of the spinal pillar were treated nonoperatively.!®70 


Process Fractures and Fractures of the Borders of the Scapular Body 


There is no consensus about the treatment of fractures of processes. A literature review has shown that individual authors treat the same injuries in 
different ways and achieve the same, in their view, very good results.®:7!82,90,106,107,148,163-168,222,234 Exact criteria have been presented only by 
Anavian et al. and Hill et al.,!°%!°7 who recommend operation in case of displacement of fragments of more than 1 cm alone, or in combination with 
an SSSC double lesion. Nevertheless, the situation is rather more complicated. When deciding about the method of treatment of fractures of individual 
processes, it is necessary also to assess, besides displacement, injuries to other structures of the shoulder girdle, primarily AC dislocation. These injuries 
are often the main reason for operative treatment, rather than fractures of processes that, if isolated, could be managed nonoperatively. 

The author treated 39 patients with coracoid fractures, of these 13 (33%) operatively. The coracoid fracture was, however, treated directly only in 2 
cases; in the remaining 11 cases, AC dislocation was treated six times, fracture of the acromial angle twice, surgical neck fracture twice, and anterior 
glenoid fracture once. In all patients with AC dislocation, its reduction and internal fixation resulted in indirect reduction and later healing of the 
coracoid fracture.!® 

Nonoperative treatment of displaced fractures of the acromion and the lateral scapular spine may result in a painful nonunion.2°!°6 Therefore, it is 
recommended to treat displaced fractures operatively. In the author’s series of 39 fractures acromion or lateral spine, 10 (26%) were treated 
operatively.'® Fractures of the anterior, or lateral, edge of the acromion were treated in two cases with a pair of lag screws, in three fractures of the 
acromial angle, and in four fractures of the lateral spine various types of 2.7- and 3.5-mm reconstruction, or T-plates were used. A locking plate, shaped 
for the lateral clavicle, was chosen in one case, namely for a fracture of the acromial angle combined with a fracture of the coracoid base. Although the 
latter fracture was not fixed, both fractures healed without complications. 

All 6 fractures of the superior angle and 22 fractures of the inferior angle were, in the author’s series, managed successfully nonoperatively.!©2” 
Chang“? recommends operative treatment of displaced fractures of inferior angle because of the risk of a painful nonunion. 


Complex Scapular Fractures 

Undisplaced, or minimally displaced, complex scapular fractures suitable for nonoperative treatment are rare. Nonoperative treatment is recommended 
in all displaced fractures where the patient’s general condition and prognosis, or the condition of soft tissues, exclude operative treatment. Operation is 
indicated in displaced fractures, especially the intra-articular ones, a prerequisite being a physically active patient in whom cooperation and an adequate 
functional result may be expected. In a polytrauma setting, all more severe injuries must be addressed as a first step. Scapular fractures are commonly 
treated on the second, or third, week following the injury. In any case, it has to be taken into account that the operation may last 3 to 4 hours and the 


patient is all the time in a semiprone, or prone, position. 


In the author’s series of 519 scapular fractures, 18 (3%) complex fractures were identified, including 6 extra-articular and 12 intra-articular ones. 
ye 


Nine fractures were treated nonoperatively and 9 were operated on (see Fig. 33-22 


| 
Figure 33-24. Total glenoid fracture and fracture of the acromion. A: 3D CT reconstructions of a total glenoid fracture separated in line of surgical neck. B: 
Intraoperative view. C: Postoperative semitransparent 3D CT reconstruction. D: Functional result 3 years postoperatively. 


3D CT reconstruction. C, D: Postoperative radiographs. 


ASSOCIATED INJURY PATTERNS 


FLOATING SHOULDER 


Floating shoulder is a much-debated issue in the scapular fracture literature. 
was defined as an ipsilateral fracture of the scapular neck and the clavicle; currently it is referred to as failure of the SSSC complex and its multiple 


disruptions and strut fractures. A detailed analysis of the literature, however, shows that floating shoulder is associated with a number of unclear issues 
28 


28,65,66,74,76,80,99, 102,116, 128,133, 138,141,171,176,178,182,185,216,217,226,229 In the past it 
3 


related to terminology, diagnostics, anatomy, and treatment of this injury, requiring a more detailed discussion. 


History of the Floating Shoulder Concept 


The first to describe such an injury were Ganz and Noesberger,”® who specified it as “a fracture of the collum scapulae combined with a clavicle fracture 


and rupture of the coracoclavicular and coracoacromial ligaments.” Subsequently, Herscovici et al.'°* introduced the term floating shoulder, which they 
defined as “ipsilateral midshaft clavicle fractures and scapular-neck fractures.” This means that the clavicle was fractured medially to the insertion of the CC 
ligament. 

Gradually, floating shoulder was reported by other authors, with varying opinions and outcomes.°5-%-74,80,99.116,128,133,138,141,171,176,178,182,185,216,217,227 
A detailed analysis of their studies revealed many problems. Definition of floating shoulder was reduced to ipsilateral fractures of the scapular neck and of 
the clavicle, without considering the condition of the CC and CA ligaments. As a result, some authors currently consider almost every fracture of the 
scapular body and neck combined with a clavicular fracture to be a floating shoulder. 

A new concept of floating shoulder was introduced by Goss,®” who for the first time used the term superior shoulder suspensory complex (SSSC) and 
defined it as an osseofibrous ring formed by the glenoid, coracoid, CC ligament, lateral clavicle, AC joint, AC ligament, and acromion. Disruption of this 
osseofibrous ring at two sites, or at one site in combination with a fracture of one or both struts, potentially results in an unstable anatomical situation that 
may cause delayed union, nonunion, or malunion. Goss?” further stated that a combination of the glenoid neck fracture with another SSSC disruption (e.g., 
an associated fracture of the middle third of the clavicle) produces an unstable situation, that is, floating shoulder. Some authors,!** referring to Goss, list all 
potential theoretical combinations of injuries to the SSSC, without reflecting the clinical reality. 


Diagnostics of Floating Shoulder 


In most studies, floating shoulder was diagnosed on the basis of plain radiographs. An exact description of the technique of radiographic examination, 
however, was not specified in these retrospective reviews, and the featured radiographs of the scapula were not standardized. Only Gilde et al.°° mention 
that 3D CT reconstructions were used. None of the authors stated what radiologic criteria were used for evaluation of injuries to the CC ligament. A detailed 
analysis of the published radiographs has shown a normal distance between the coracoid and the clavicle, indicating an intact CC ligament complex. 

Diagnosing fractures of the scapular neck, particularly those of the surgical neck, based on plain radiographs is difficult, or even impossible. Most of the 
fractures of the scapular neck presented in studies on floating shoulder (FS) were, in the author’s view, actually transverse two-part infraspinous fractures of 
the scapular body (Fig. 33-26). Both Ada and Miller,' and Goss®® classified these fractures as infraglenoid neck fractures, but this may be incorrect (see 
above). DeFranco and Owens® therefore recommend 3D CT reconstructions to specify these fracture patterns in greater detail. 

With regard to terminology, most authors use the term scapular, or glenoid neck, fractures. It is not clear, however, which type of scapular neck fracture 
they have described. Only Labler et al.!9° and Izadpanah et al.!!6 specify the type of the neck fracture as Ada and Miller type IIA, which is a fracture of the 
surgical neck. The same fracture pattern was also analyzed by Hashiguchi.°° By contrast, the radiologic documentation (3D CT) presented by Gilde et al.®° 
shows that they also considered a floating shoulder trans-spinous fractures of the scapular neck and infraspinous fractures of the scapular body. 


Anatomical Basis of Floating Shoulder 


In the initial studies, floating shoulder was defined as an unstable injury to the scapula, characterized by loss of the osseoligamentous connection of the 
glenoid fossa with the other parts of the scapula and the axial skeleton. Later, it was used for any fracture of the scapular neck associated with a clavicular 
fracture, and the importance of CC and AC ligaments to stability of the injury was minimized. Clearly, when there is a fracture of the clavicle the scapula 
and glenoid lose their direct connection to the axial skeleton. Williams et al.,?*° however, pointed out that a midshaft clavicular fracture and fracture of the 
surgical neck alone cannot produce a floating shoulder. As a result, a floating shoulder may develop only after disruption of the CC and CA ligaments. 

Isolated midshaft clavicular fractures, SC dislocations, or AC dislocations disrupt the osseoligamentous connection of the scapula with the axial 
skeleton. This may change the distance between the acromion and the sternum, although the position of the scapular body in relation to the spine (horizontal 
level) and the ribs (vertical level) may not alter as much. This position is controlled by the scapuloaxial muscles, primarily the trapezius with its large 
insertion into the scapular spine, the acromion, and the lateral clavicle. This is well documented by 3D CT reconstructions of the scapular fractures 
accompanied by midshaft clavicular fractures, also capturing ribs and spine. Even if there occurs an infraspinous fracture of the body, considered by Ada 
and Miller! and Goss®° to be a scapular neck fracture, this fracture has no impact on stability of the glenoid in relation to the scapular body as the fracture 
line passes across it, below the level of the glenoid. 


Figure 33-26. A common mistake in interpretation of shoulder radiograph. A: AP radiograph of the injured right shoulder is often interpreted as a fracture of scapular 
neck, however, coracoclavicular distance is normal. B: Posterior aspect of scapula on 3D CT reconstruction of the same patient demonstrates the actual type of 
fracture, that is, a two-part fracture of scapular body. Seeming medial displacement of the glenoid fragment is actually lateral displacement of the infraspinous part of 
the scapular body by pull of intact muscles of the rotator cuff. 


The glenoid fossa can be separated from the scapular body only by a fracture of the anatomical, or the surgical, neck. Displaced fractures of the 
anatomical neck are primarily unstable. The most frequent is distal and valgus displacement, sometimes also with a slight rotation of the fragment. 
Therefore, Arts and Louette!! correctly consider a fracture of the anatomical neck to be a variant of floating shoulder, even without a fracture of the clavicle 
or injury to the upper SSSC. 

Stability of fractures of the surgical neck depends on integrity of CC and AC ligaments and may be compromised by their rupture, or an extra- or intra- 
articular (superior glenoid) fracture of the base of the coracoid. These two lesions, however, are not equivalent. In case of rupture of both ligaments, the 
glenoid fragment is pulled by the muscles attached to the coracoid and rotated distally and medially. As a result, the distance between the coracoid and the 
lateral clavicle significantly increases (see Fig. 33-13C). In case of separation of the coracoid, the glenoid fragment is not pulled by muscles and is displaced 
in the same direction as a fracture of the anatomical neck.?”!* In both cases, the glenoid fragment is displaced without a clavicular fracture, or AC 
dislocation. Where the ligaments are not injured, displacement of the fracture of the surgical neck is minimal and has little impact on fracture healing. 


Epidemiology of Floating Shoulder 


Clinically important is the frequency of scapular neck fractures. In the author’s series of 519 scapular fractures, only 6 fractures of the anatomical neck and 
13 fractures of the surgical neck (2.5% of all scapular fractures) were recorded.!® A midshaft clavicular fracture was associated only once with a surgical 
neck fracture and there was no AC dislocation. In only one case was a fracture of the surgical neck assessed as totally unstable, that is, with rupture of CC 
and CA ligaments, and with a typical displacement (see Fig. 33-13C). By contrast, in the same series, midshaft clavicular fractures were recorded in 16% of 
cases. In all the scapular body fractures (187) midshaft clavicular fractures were seen in 24%, and in two-part infraspinous fractures of the scapular body 
(the so-called infraglenoid neck fractures), clavicular shaft fractures occurred in 32% of cases (see Table 33-1). These facts explain the seemingly high 
number of “floating shoulder” cases reported in the literature. 


Treatment of Floating Shoulder 


Some authors cited above treated both injuries nonoperatively,°>!8* while others operated only on the clavicle,®°9:!® or both fractures.!°8 The cohorts of 
some authors are heterogeneous in terms of treatment, with some of the patients treated nonoperatively and some operated on, either only for the clavicular 
fracture, !03:216,229 or for both the clavicular and scapular fractures. 141,170,178 But for a few exceptions, the outcomes did not significantly differ. 


A ‘ _ © re d Ay ¢~ B 
Figure 33-27. Scapulothoracic dissociation on the right side in 3D CT reconstructions. A: Anterior aspect shows the fracture of the coracoid process and the acromion 
accompanied by fracture of inferior angle. B: Posterior aspect. Arrow indicates enlarged thoracoscapular space. 


Some authors advocate internal fixation of the clavicle alone, which should both address the fracture and reduce displacement of the fracture of the neck, 
or even of the body of scapula. The authors??? document it by GPA measurement before and after operation. Evaluation of GPA on radiographs does not 
allow identification of a three-dimensional displacement of the fracture of the scapular neck, or body. In the author’s experience, even open reduction of 
scapular neck fractures is difficult due to rapid callus formation, especially if performed several days postinjury.2* The author noted a persisting malposition 
of fragments of the scapular body following isolated reduction and fixation of the clavicle performed in other departments, which is confirmed also by data 
in the literature. Oh et al.!7! reported two cases of failure of isolated plate fixation of the clavicle in the treatment of ipsilateral clavicular and glenoid neck 
fractures. 

Very good results after a simultaneous internal fixation of the clavicle and the scapula were achieved by Labler et al.!° and by Leung et al.1°8 If some 
authors report better results after isolated internal fixation of the clavicle, it should be taken into account that stabilization of the clavicle allows earlier 
intensive rehabilitation of the shoulder girdle than in nonoperative treatment. This fact may be then reflected in the final evaluation of the outcome. 


Author’s Concept of Floating Shoulder and SSSC Injuries 


Based on analysis of the author’s cases and cases reported in the literature, FS may be defined as an injury in which the glenoid fossa has lost any 
osseoligamentous connection with the other parts of the scapula and with the axial skeleton. This criterion is met by displaced fractures of the anatomical 
neck, !!:16,22,57 or totally unstable fractures of the surgical neck of the scapula. Midshaft clavicular fracture is irrelevant in terms of displacement, or stability, 
of the glenoid fragment. Its reduction and internal fixation have little impact on the position of the glenoid fragment. In displaced fractures of the 
anatomical, or surgical, neck of the scapula, open reduction, and internal fixation via the Judet approach were performed. 

Injury to the SSSC complex without a fracture of the anatomical, or surgical, neck is a separate issue from that of the floating 
shoulder.*1-!29.152,140,155,170 Two- or multilevel SSSC injury influences stability and displacement of fractures of the acromion, lateral scapular spine, intra- 
or extra-articular fractures of the coracoid base and AC dislocation. If isolated, these injuries are mostly stable and their displacement is minimal. Double, or 


triple, lesions of the SSSC produce a potentially unstable anatomical situation with all its clinical implications. Operative treatment is indicated in these 
cases, following the above-mentioned principles. 


SCAPULOTHORACIC DISSOCIATION 


STD is a rare, severe, high-energy injury characterized by disconnection of the osseoligamentous system of the scapula from the axial skeleton at various 
levels (Fig. 33-27), separation of muscles of the scapuloaxial system, and injuries to major blood vessels of the upper extremity, the brachial plexus, and the 
soft tissues in the region of the chest and the shoulder joint, while the skin is usually intact.2-!45-81,135.231 Some authors describe this injury as an internal 
forequarter amputation. The mortality is reported to be 11% due to associated intrathoracic injury.?*! 


Mechanism and Classification of Scapulothoracic Dissociation 


STD is caused by a violent lateral distraction, or rotational displacement, of the shoulder girdle when the upper extremity is caught on a fixed object while 
the body is moving at high speed. Alternatively, the arm can be avulsed in a similar fashion if caught in heavy machinery. Zelle et al.2*! proposed a system 
for classifying the severity of STD. 


Scapulothoracic Dissociation: 
CLASSIFICATION 


1: Musculoskeletal injury alone 

2A: Musculoskeletal injury with vascular injury 

2: Musculoskeletal injury with incomplete neurologic impairment of the upper extremity 

3: Musculoskeletal injury with incomplete neurologic impairment of the upper extremity and vascular injury 
4: Musculoskeletal injury with complete brachial plexus avulsion 


Treatment of Scapulothoracic Dissociation 


Treatment should focus on the neurovascular injury.!%22! Surgical repair should be performed, if necessary. However, there is an extensive collateral 
network around the shoulder that may substitute for the injured major blood vessel. Vascular repair in patients with a complete brachial plexus palsy is 
somewhat questionable. Neurologic repair is also controversial. Zelle et al.?”’t demonstrated that the extent of the brachial plexus injury is most important 
for prediction of the functional outcome. Patients with partial plexus injuries had a better prognosis, while all patients with a complete brachial plexus injury 
had either an amputation, or poor upper extremity function. Zelle et al.2?! recommended an immediate above-elbow amputation if upper extremity function 
is not restorable. This solution seemed to result in better functional outcomes and lower rates of complications. 


Author’s Own Series on Scapulothoracic Dissociation 


In the author’s series of 519 scapular fractures, 2 cases of STD (0.4%) were recorded and recently one additional case was traced outside the analyzed 
cohort. The patients were two men and one woman. One of the patients died and two remaining patients showed a very poor result. 16 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO SCAPULAR FRACTURES 


Scapular Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Nonoperative Complications 


e Malunion, delayed union, and nonunion 
e Suprascapular nerve injury 
e Rib nonunion 


Operative Complications 


Hematoma 

Infection 

Fixation failure 

Nonunion 

Incongruity 

Implant prominence 

Posttraumatic degenerative joint disease 


Both conservative and operative treatments of scapular fractures have a number of early and late complications, leading ultimately to pain, limitation of the 
range of motion, reduction of muscle strength, or instability of the shoulder.®1625.36,55,64,72,77,91,94,124,146,147,154,166,195 


NONOPERATIVE COMPLICATIONS OF SCAPULAR FRACTURES 


Malunion is the most common complication of nonoperative treatment of scapular fractures. Healing of extra-articular fractures in a 
nonanatomical position changes the relationship between the glenoid and the scapular body, and, consequently, the course of muscles of the rotator cuff. 
Prominence of a bone fragment healed in displacement may be painful. An uneven anterior surface of the scapular body limits its smooth movement over 


16,51,94,147 


the chest wall. Fractures of the glenoid that have healed in displacement result in incongruity, instability, or both, and subsequently in degenerative 
glenohumeral joint disease. 

Nonunions reported in the literature involve different parts of the scapula, that is, the body, neck, the lateral scapular spine, acromion, coracoid process, 
and glenoid.!®3672,77,91,154.166 Nonunions are to be seen largely after nonoperative treatment, and only exceptionally after operation. Nonunions of the 
lateral scapular spine are relatively common. Angulated nonunions of the lateral spine may compromise the subacromial space and cause impingement 
syndrome. Nonunions of the acromion are less frequent. They should be distinguished from the os acromiale. Nonunions of the coracoid involve primarily 
its distal beak, and less often its base.!®° Nonunions of the scapular body and neck have been reported by a number of authors. !®72,91,124,154 They commonly 
involved the infraspinous part of the scapular body. Nonunion of the glenoid fossa after separation of large fragments was described by K6nigshausen et 
al.!9° and follow-up revealed development of degenerative joint disease in all three reported cases. 

Injury to the suprascapular nerve. In fractures of the scapular neck, the suprascapular nerve may become entrapped in the fracture line.35:64195,214 This 
injury is manifested by atrophy of the infraspinatus. 

Rib nonunion may be a rare cause of chronic pain after a scapular fracture. In the four reported cases, the situation was successfully treated by internal 
fixation.® 


OPERATIVE COMPLICATIONS OF SCAPULAR FRACTURES 


Intraoperative complications include injuries to the suprascapular nerve, malreduction, and intra-articular perforation by screws. In an analysis of 212 cases, 
Lantry et al.!36 found injury to the suprascapular nerve in 2.4%, manifested postoperatively by atrophy of the infraspinatus. It is difficult to distinguish 
whether the injury was caused by the original trauma, or during operation. !®?? An infrequent complication is penetration of screws into the joint cavity.2%>! 
This can be minimized to some extent through the liberal use of intraoperative fluoroscopy, especially at the conclusion of the case. 

Early postoperative complications include, first of all, hematoma and infection, either superficial or deep.!®95:!89 The infectious complication rate is 
quite high, 4.2%.!°® Hematoma has to be evacuated; most cases of superficial infection may be treated with antibiotics and local care. Deep infection 
requires debridement of the surgical wound and, where necessary, removal of the implant. A relatively common complication is a limited range of motion of 
the shoulder, requiring manipulation if it persists for more than 6 weeks after surgery.22:7499-189 

Late complications are reported quite frequently. Failure of internal fixation required reoperation in several cases, as did nonunion after other internal 
fixations. 1695 

Residual incongruity, as a result of nonanatomical intra-articular reduction, was described by Mayo et al.14° Hardegger et al.°° had to reoperate for joint 
instability. Two cases of heterotopic ossification have been described, !?®136 in one of which there occurred compression of the axillary nerve requiring 
surgical release. Prominence of implants, requiring their removal, is a problem mainly in fractures of the acromion, scapular spine, or associated clavicular 
fractures.®”>136 One report also describes late infection 11 months after operation, requiring hardware removal.'®° Posttraumatic degenerative joint disease 
after scapular fractures is reported in 1.9%.1%9.136 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS IN SCAPULAR FRACTURES 


Significant progress has been made in the diagnosis and treatment of scapular fractures. It has been clearly shown that an exact determination of a fracture 
pattern requires standardized 3D CT reconstructions with subtraction of the surrounding bones. A major problem persists in the field of classification of 
scapular fractures. A highly controversial and overestimated issue is the so-called floating shoulder, or injury to the SSSC, associated with a number of 
unclear aspects, and controversies, requiring fundamental revision of the current concept. A limiting factor of additional progress in the treatment of 
scapular fractures is lack of experience of individual surgeons in diagnosis, classification, and operative treatment of scapular fractures and its outcomes. 
Scapular fractures require a comprehensive approach and experience gained in a large number of cases, which may be ensured only by concentrating these 
fractures into specialized centers. 


Annotated References 


Reference Annotation 

Anavian J, Conflicitti JM, Khanna G, et al. A reliable radiographic measurement The study suggests that three-dimensional CT is more reliable than plain radiography in 
technique for extra-articular scapular fractures. Clin Orthop Rel Res. 2011;469:3371- the assessment of scapula fracture displacement. 

3378. 

Bartoniéek J, Colton C, Tuček M, et al. Scapular Fractures. Maxdorf; 2022. A comprehensive textbook on scapular fractures based on analyses of 557 cases and 153 


operations in 21 chapters, starting with the history and covering a wide range of aspects of 
the treatment, supplemented with an extensive atlas of cases. 


Bartoniéek J, Tuček M, Klika D, Chochola A. Pathoanatomy and computed tomography The study presents the pathoanatomy and a new classification of glenoid fractures 


classification of glenoid fossa fractures based on 90 patients. Int Orthop. 2016;40:2383- developed on the basis of analysis of 3D computed tomography (CT) examinations and 
2392. intraoperative findings in 90 cases. 

Choo AN, Schottel PC, Burgess AR. Scapulothoracic dissociation: evaluation and The article presents recent detailed information concerning scapula-thoracic dissociation, 
management. J Am Acad Orthop Surg. 2017;25:339-347. including the high incidence of neurovascular injury. 


Cole PA, Gauger EM, Schroder LK. Management of scapular fractures. J Am Acad Orthop This overview from a leading expert in the field has summarized modern knowledge about 


Surg. 2012;20:130-141. treatment of scapular fractures and substantially changed the approach to this issue. 

Cole PA, Marek DJ. Shoulder girdle injuries. In: Standard JP, Schmidt AH, Gregor PJ, This chapter describes in detail the operative technique in treatment of scapular fractures, 
eds. Surgical Treatment of Orthopaedic Trauma. Thieme; 2007:207-237. primarily using the Judet approach. 

Hardegger F, Simpson LA, Weber BG. The operative treatment of scapular fractures. J The study, based on 37 cases, has substantially contributed to development of operative 


Bone Joint Surg Br. 1984;66:725—-731. treatment of scapular fractures. 


Hersovici D, Roberts CS. Scapula fractures: to fix or not to fix? J Orthop Trauma. 
2006;20:227-229. 


Lantry JM, Roberts CS, Giannoudis PV. Operative treatment of scapular fractures: a 
systematic review. Injury. 2008;39:271—283. 


Tatro JM, Gilbertson JA, Schroder LK, Cole PA. Five to ten-year outcomes of operatively 
treated scapular fractures. J Bone Joint Surg Am. 2018;100:871-878. 


Zlowodski M, Bhandari M, Zelle BA, et al. Treatment of scapula fractures: systematic 
review of 520 fractures in 22 case series. J Orthop Trauma. 2006;20:230-233. 


The study analyzes in detail arguments for and against operative treatment of scapular 
fractures. 


The study reviewed the published evidence regarding the operative treatment of scapular 
fractures. Seventeen investigations encompassing 243 cases were analyzed. 


The study presents 5-10 years results of operative treatment of extra- and intra-articular 
scapular fracture in 66 patients with excellent functional outcomes. 


The article analyzes outcomes of both nonoperative and operative treatment of 520 
scapular fractures. 


REFERENCES 


[ep] vu Ae UWNe 


NrRPOWUAN 


RW 


. Ada JR, Miller ME. Scapula fractures: analysis of 113 cases. Clin Orthop Rel Res. 1991;269:174—180. 

. Adam F. Surgical treatment of displaced fractures of the glenoid cavity. Int Orthop. 2002;26:150-153. 

. Althausen PL, Lee MA, Finkemeier CG. Scapulothoracic dissociation: diagnosis and treatment. Clin Orthop Relat Res. 2003;416:237-244. 

. Anavian J, Conflitti JM, Khanna G, et al. A reliable radiographic measurement technique for extra-articular scapular fractures. Clin Orthop Rel Res. 2011;469:3371-3378. 

. Anavian J, Gauger EM, Schroder LK, et al. Surgical and functional outcomes after operative management of complex and displaced intra-articular glenoid fractures. J Bone Joint 


Surg Am. 2012;94:645-653. 


. Anavian J, Guthrie ST, Cole PA. Surgical management of multiple painful rib nonunions in patient with a history of severe shoulder girdle trauma: a case report and literature 


review. J Orthop Trauma. 2009;23:600-604. 


. Anavian J, Khanna G, Plocher EK, et al. Progressive displacement of scapula fractures. J Trauma. 2010;69:156-161. 

. Anavian J, Wijdicks CA, Schroder LK, et al. Surgery for scapula process fractures. Acta Orthop. 2009;80:344—350. 

. Armitage BM, Wijdicks CA, Tarkin IS, et al. Mapping of scapular fractures with three-dimensional computed tomography. J Bone Joint Surg Am. 2009;91-A:2222-2228. 

. Armstrong CP, Van Der Spuy J. The fractured scapula: importance and management based on a series of 62 patients. Injury. 1984;15:324-329. 

. Arts V, Louette L. Scapular neck fractures; an update of the concept of floating shoulder. Injury. 1999;30:146-148. 

. Audigé L, Kellam JF, Lambert S, et al. The AO Foundation and Orthopaedic Trauma Association (AO/OTA) scapula fracture classification system focused on body involvement. J 


Shoulder Elbow Surg. 2014;23:189-196. 


. Aulicino PL, Reinert C, Kornberg M, Williamson S. Displaced intra-articular glenoid fractures treated by open reduction and internal fixation. J Trauma. 1986;26:1137-1141. 
. Baldwin KD, Ohman-Strickland P, Mehta S, Hume E. Scapular fractures: a marker for concomitant injury? A retrospective review of data in the national trauma database. J 


Trauma. 2008;65:430-435. 


. Bartoniéek J. Scapular fractures. In: Tornetta P, Ricci WM, Ostrum RF, et al., eds. Rockwood and Green’s Fractures in Adults. 9th ed. Wolters Kluwer; 2020:976-1008. 
. Bartoniéek J, Colton C, Tuček M, et al. Scapular Fractures. Praha, Maxdorf; 2022. 

. Bartoniéek J, Cronier P. History of the treatment of scapular fractures. Arch Orthop Trauma Surg. 2010;130:83-92. 

. Bartoniéek J, Frič V, Tuček M. Radiographic evaluation of scapula fractures. Rozhl Chir. 2009;88:84—-88. 

. Bartoniéek J, Frič V, Tuček M. Intra-operative reduction of the scapular body: a technical trick. J Orthop Trauma. 2009;23:294-298. 

. Bartoniéek J, Frič V. Scapular body fractures: results of the operative treatment. Inter Orthop. 2011;35:747-753. 

. Bartoniéek J, Klika D, Tuček M. Classification of scapular body fractures. Rozhl Chir. 2018;97:67—76. 

. Bartoniéek J, Tuček M, Frič V, Obruba P. Fractures of the scapular neck: diagnosis, classification, treatment. Int Orthop. 2014;38:2163-2173. 

. Bartoniéek J, Tuček M, Klika D, Obruba P. Total glenoid fractures. Rozhl Chir. 2016;95:386-393. 

. Bartoniéek J, Tuček M, Klika D. Inferior glenoid fossa fractures: patho-anatomy and results of operative treatment. Int Orthop. 2017;41:1741-1747. 

. Bartoniéek J, Tuček M, Klika D, Chochola A. Pathoanatomy and computed tomography classification of glenoid fossa fractures based on 90 patients. Int Orthop. 2016;40:2383— 


2392. 


. Bartoniéek J, Tuček M, Luňáček L. Judet posterior approach to the scapula. Acta Chir Orthop Traumatol Cech. 2008;75:429-435. 

. Bartoniéek J, Tuček M, Malik J. Anatomy of fractures of the inferior scapular angle. Rozhl Chir. 2018;97:77-81. 

. Bartoniéek J, Tuček M, Naňka O. Floating shoulder — myths or reality? JBJS Rev. 2018;6/10:e5(1-10). 

. Bartoniéek J, Tuček M, Strnad T, Naňka O. Fractures of the coracoid process—pathoanatomy and classification: based on thirty nine cases with three dimensional computerised 


tomography reconstructions. Int Orthop. 2021;45:1009-1015. 


. Bartoniéek J, Tuček M. Infraglenoid fracture of the scapular neck—fact or myth? Rozhl Chir. 2019;98:273-276. 
. Bauer G, Fleischmann W, Dussler E. Displaced scapular fractures: indication and long-term results of open reduction and internal fixation. Arch Orthop Trauma Surg. 


1995;114:215-219. 


. Bauer T, Abadie O, Hardy P. Arthroscopic treatment of glenoid fractures. Arthroscopy. 2006;22:569.e1—e6. 

. Bestard EA, Schvene HR, Bestard EH. Glenoplasty in the management of recurrent shoulder dislocation. Contemp Orthop. 1986;12:47-55. 

. Binazzi R, Assiso J, Vaccari V, Felli L. Avulsion fractures of the scapula: report of eight cases. J Trauma. 1992;33:785—789. 

. Boerger TO, Limb D. Suprascapular nerve injury at the spinoglenoid notch after glenoid neck fracture. J Shoulder Elbow Surg. 2000;9:236—237. 

. Böhm P. Pseudarthrosis of the spine of the scapula: case report of a minimally invasive osteosynthesis technique. Acta Orthop Scand. 1998;69:645-647. 

. Bozkurt M, Can F, Kirdemir V, et al. Conservative treatment of scapular neck fracture: the effect of stability and glenopolar angle on clinical outcome. Injury. 2005;36:1176-1181. 
. Braun C, Wirbel R, Mutschler W. The two-portal approach for internal fixation of scapular fractures. J Eur Trauma. 2005;31:186-193. 

. Burke CS, Roberts CS, Nyland JA, et al. Scapular thickness: implications for fracture fixation. J Shoulder Elbow Surg. 2006;15:645-648. 

. Cameron SE. Arthroscopic reduction and internal fixation of an anterior glenoid fracture. Arthroscopy. 1998;14:743-746. 

. Carr AJ, Broughton NS. Acromioclavicular dislocation associated with fracture of the coracoid process. J Trauma. 1989;29:125—-126. 

. Chan C-M, Chung C-T, Lan HH-C. Scapular fracture complicating suprascapular neuropathy: the role of computed tomography with 3D reconstruction. J Chin Med Assoc. 


2009;72:340-342. 


. Chang AC, Phadnis J, Eardley-Harris N, et al. Inferior angle of scapula fractures: a review of literature and evidence-based treatment guidelines. J Shoulder Elbow Surg. 


2016;25:1170-1174. 


. Chochola A, Tuček M, Bartoniéek J, Klika D. CT-diagnostic of scapular fractures. Rozhl Chir. 2013,92:385-388. 
. Choo AM, Schottel PC, Burgess AR. Scapulothoracic dissociation: evaluation and management. J Am Acad Orthop Surg. 2017;25:339-347. 
. Coimbra R, Conroy C, Tominaga GT, et al. Causes of scapular fractures differ from other shoulder injuries in occupants seriously injured during motor vehicle crashes. Injury. 


2010;41:151-155. 


. Cole PA, Gauger EM, Herrera DA, et al. Radiographic follow-up of 84 operatively treated scapula neck and body fractures. Injury. 2012;43:327-333. 

. Cole PA, Gauger EM, Schroder LK. Management of scapular fractures. J Am Acad Orthop Surg. 2012;20:130-141. 

. Cole PA, Gilbertson JA, Cole PA. Functional outcomes of operative management of scapula fractures in a geriatric cohort. J Orthop Trauma. 2017;31:e1-e8. 

. Cole PA, Marek DJ. Shoulder girdle injuries. In: Standard JP, Schmidt AH, Gregor PJ, eds. Surgical Treatment of Orthopaedic Trauma. Thieme; 2007:207-237. 

. Cole PA, Talbot M, Schroder LK, Anavian J. Extra-articular malunions of the scapula: a comparison of functional outcome before and after reconstruction. J Orthop Trauma. 


PRP RRR 
nun fkWN 


2011;25:649-656. 


. Cole PA. Scapula fractures. Orthop Clin North Am. 2002;33:1-18. 

. Cole PA. Scapula fractures: open reduction internal fixation. In: Wiss DA, ed. Master Techniques in Orthopaedic Surgery. Lippincott Williams & Wilkins; 2006:15-36. 

. Constant CR, Murley AH. A clinical method of functional assessment of the shoulder. Clin Orthop Rel Res. 1987;214:160—164. 

. Curtis C, Sharma V, Micheli L. Delayed union of a scapular fracture: an unusual cause of persistent shoulder pain. Med Sci Sport Exerc. 2007;12:2095—2098. 

. Dawson J, Fitzpatrick R, Carr A. Questionnaire on the perceptions of patients about shoulder surgery. J Bone Joint Surg Br. 1996;78:593-600. 

. De Beer JF, Berghs BM, Van Rooyen KS, Du Toit DF. Displaced scapular neck fracture: a case report. J Shoulder Elbow Surg. 2004;13:123-125. 

. Decoulx P, Minet P, Lemerle. Fractures de l’omoplate. Lille Chir. 1956;11:217-227. 

. Defranco MJ, Patterson BM. The floating shoulder. J Am Acad Orthop Surg. 2006;14:499-509. 

. Dimitroulias A, Molinero KG, Krenk DE, et al. Outcomes of nonoperatively treated displaced scapular body fractures. Clin Orthop Rel Res. 2011;469:1459-1465. 

. Dupont R, Evrard H. Sur une voie d'accès postérieure de l’omoplate. J Chir (Paris). 1932;39:528-534. 

. Ebraheim NA, Mekhail AO, Padanilum TG, Yeasting RA. Anatomic considerations for a modified posterior approach to the scapula. Clin Orthop Rel Res. 1997;344:136-143. 
. Ebraheim NA, Ramineni SK, Alla SR, et al. Anatomical basis of the vascular risk related to the circumflex scapular artery during posterior approach to the scapula. Surg Radiol 


Anat. 2010;32:51-54. 


. Edeland HG, Zachrisson BE. Fracture of the scapular notch associated with lesion of the suprascapular nerve. Acta Orthop Scand. 1975;46:758. 

. Edwards SG, Whittle AP, Wood GW. Nonoperative treatment of ipsilateral fractures of the scapula and clavicle. J Bone Joint Surg Am. 2000;82:774—780. 

. Egol KA, Connor PM, Karunakar MA, et al. The floating shoulder: clinical and functional results. J Bone Joint Surg Am. 2001;83:1188-1194. 

. Esenkaya I, Unay K. Anatomical frame plate osteosynthesis in Ada-Miller type 2 or 4 scapular fractures. Acta Chir Orthop Traumatol Turc. 2011;45:156-161. 
. Esenkaya I. Surgical treatment of scapular fractures. Acta Orthop Traumatol Turc. 2003;37:33—40. 

. Euler E, Habermeyer P, Kohler W, et al. Skapulafrakturen: klassifikation und differentialtherapie. Orthopäde. 1992;21:158-162. 

. Euler E, Riiedi T. Skapulafraktur. In: Habermeyer P, Schweiberer L, eds. Schulterchirurgie. Urban und Schwarzenberg; 1996. 

. Eyres Ks, Brooks A, Stanley D. Fractures of the coracoid process. J Bone Joint Surg Br. 1995;77:425—428. 

. Ferraz ÍC, Papadimitriou NG, Sotereanos DG. Scapular body nonunion: a case report. J Shoulder Elbow Surg. 2002;11:98-100. 

. Findlay RT. Fractures of the scapula and ribs. J Am Surg. 1937;38:489-494. 

. Friederichs J, Morgenstern M, Bühren V. Scapula fractures in complex shoulder injuries and floating shoulders: a classification based on displacement and instability. J Trauma 


Manag Outcomes. 2014;8:16—22. 


. Gagey O, Curey JP, Mazas F. Les fractures récentes de l’omoplate : a propos de 43 cases. Rev Chir Orthop Reparatrice Appar Mo. 1984;70:443-447. 

. Ganz R, Noesberger B. Die Behandlung der Scapula-frakturen. Hefte Unfallheilkd. 1975;126:59-62. 

. Garcia-Elias M, Salo JM. Nonunion of a fractured coracoid process after dislocation of the shoulder. A case report. J Bone Joint Surg Br. 1985;67:722-723. 

. Gauger EM, Cole PA. Surgical technique: a minimally invasive approach to scapula neck and body fractures. Clin Orthop Rel Res. 2011;469:3390-3399. 

. Gigante A, Marinelli M, Verdenelli A, et al. Arthroscopy-assisted reduction and percutaneous fixation of a multiple glenoid fracture. Knee Surg Sports Traumatol Arthrosc. 


2003;11:112-115. 


. Gilde AK, Hoffmann MF, Sietsema DL, Jones CB. Functional outcomes of operative fixation of clavicle fractures in patients with floating shoulder girdle injuries. J Orthop 


Traumatol. 2015;16:221—227. 


. Goldstein LJ, Watson JM. Traumatic scapulothoracic dissociation: case report and literature review. J Trauma. 2000;48:533-535. 
. Goodrich JA, Crosland E, Pye J. Acromion fractures associated with posterior shoulder dislocation. J Orthop Trauma. 1998;12:521-522. 
. Gorczyca JT, Davis RT, Hartford JM, Brindle TJ. Open reduction and internal fixation after displacement of a previously nondisplaced acromial fracture in a multiply injured 


patient: case report and review of literature. J Orthop Trauma. 2001;15:369-373. 


. Gosens T, Speigner B, Minekus J. Fracture of the scapular body: functional outcome after conservative treatment. J Shoulder Elbow Surg. 2009;18:443—448. 

. Goss TP, Walcott ME. Fractures of the scapula. In: Rockwood CA, Matsen FA, Wirth MA, et al., eds. The Shoulder. 5th ed. Elsevier; 2017:243-288. 

. Goss TP. Fractures of the glenoid cavity. J Bone Joint Surg Am. 1992;74:299-305. 

. Goss TP. Double disruption of the superior shoulder suspensory complex. J Orthop Trauma. 1993;7:99-106. 

. Goss TP. Fractures of the glenoid neck. J Shoulder Elbow Surg. 1994;3:42-52. 

. Goss TP. Scapula fractures and dislocations: diagnosis and treatment. J Am Acad Orthop Surg. 1995;3:22-33. 

. Goss TP. The scapula: coracoid, acromial and avulsion fractures. Am J Orthop (Belle Mead NJ). 1996;25:106-115. 

. Gupta R, Sher J, Williams GR, Iannotti JP. Non-union of the scapular body. A case report. J Bone Joint Surg Am. 1998;80:428—430. 

. Guttentag IJ, Rechtine GR. Fractures of the scapula: a review of the literature. Orthop Rev. 1988;17:147-158. 

. Hall RJ, Calvert PT. Stress fracture of the acromion: an unusual mechanism and review of the literature. J Bone Joint Surg Br. 1995;77:153-154. 

. Haraguchi N, Toga H, Sekiguchi Y, Kato F. Corrective osteotomy for malunited fracture of the glenoid cavity: a case report. Clin Orthop Rel Res. 2002;404:269-274. 

. Hardegger FH, Simpson LA, Weber BG. The operative treatment of scapular fractures. J Bone Joint Surg Br. 1984;66:725—731. 

. Harmer LS, Phelps KD, Crickard CV, et al. A comparison of exposure between the classic and modified Judet approaches to the scapula. J Orthop Trauma. 2016;30:235-239. 
. Harris RD, Harris JH. The prevalence and significance of missed scapular fractures in blunt chest trauma. AJR Am J Roentgenol. 1988;151:747—750. 

. Harvey E, Audigé L, Herscovici D, et al. Development and validation of the new international classification for scapula fractures. J Orthop Trauma. 2012;26:364-369. 

. Hashiguchi H, Ito H. Clinical outcome of the treatment of floating shoulder by osteosynthesis for clavicular fracture alone. J Shoulder Elbow Surg. 2003;12:589-591. 

. Heatly MD, Breck LW, Higinbotham NL. Bilateral fracture of the scapula. Am J Surg. 1946;71:256-259. 

. Herrera DA, Anavian J, Tarkin IS, et al. Delayed operative management of fractures of the scapula. J Bone Joint Surg Br. 2009;91:619-626. 

. Herscovici D, Fiennes Ag, Allgower M, Ruedi TP. The floating shoulder: ipsilateral clavicle and scapular neck fractures. J Bone Joint Surg Br. 1992;74:362-364. 

. Herscovici D. Open reduction and internal fixation of ipsilateral fractures of the scapular neck and clavicle. J Bone Joint Surg Am. 1994;76:1112-1113. 

. Herscovici D, Roberts CS. Scapula fractures: to fix or not to fix? J Orthop Trauma. 2006;20:227-229. 

. Heyse-Moore GH, Stoker DJ. Avulsion fractures of the scapula. Skeletal Radiol. 1982;9:27—32. 

. Hill BW, Anavian J, Jacobson AR, Cole PA. Surgical management of isolated acromion fractures: technical tricks and clinical experience. J Orthop Trauma. 2014;28:e107-e113. 
. Hill BW, Jacobson AR, Anavian J, Cole PA. Surgical management of coracoid fractures: technical tricks and clinical experience. J Orthop Trauma. 2014;28:e114—e122. 

. Hitzrot JM, Bolling RW. Fractures of the neck of the scapula. Ann Surg. 1916;63:215—236. 

. Hsu JE, Soo Lee C. Arthroscopic reduction and internal fixation of a displaced fracture of the acromion: case report and arthroscopic technique. Curr Orthop Pract. 2011;22:564— 


566. 


. HuC, Zhang W, Qin H, et al. Open reduction and internal fixation of Ideberg IV and V glenoid intra-articular fractures through a Judet approach: a retrospective analysis of 11 


cases. Arch Orthop Trauma Surg. 2015;135:193-199. 


. Hudak PL, Amadio PC, Bombardier C. Development of an upper extremity outcome measure: the DASH (disabilities of arm, shoulder and hand): the upper extremity collaborative 


group (UECG). Am J Ind Med. 1996;29:602-608. 


12. Ideberg R, Grevsten S, Larsson S. Epidemiology of scapular fractures. Acta Orthop Scand. 1995;66:395-397. 

13. Ideberg R. Fractures of the scapula involving glenoid fossa. In: Bateman JE, Welsh RP, eds. Surgery of the Shoulder. BC Decker; 1984:63. 

14. Imatani RJ. Fractures of the scapula: a review of 53 cases. J Trauma. 1975;15:473-478. 

15. Ishizuki M, Yamaura I, Isobe Y, et al. Avulsion fracture of the superior border of the scapula. J Bone Joint Surg Am. 1981;63:820-822. 

16. Izadpanah K, Jaeger M, Maier D, et al. The floating shoulder: clinical and radiological results after intramedullary stabilization of the clavicle in cases with minor displacement of 


the scapular neck. J Trauma Acute Care Surg. 2012;72:E8-E13. 


17. Izadpanah M. Osteosynthese bei den Scapulafrakturen. Arch Orthop-Unfall Chir. 1975;83:153-164. 
. Jaeger M, Lambert S, Siidkamp NP, et al. The AO Foundation and Orthopaedic Trauma Association (AO/OTA) scapular fracture classification system: focus on glenoid fossa 


119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 


130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 


142. 
143. 


144. 
145. 


146. 


147. 
148. 


149. 
150. 


151. 
152. 
153. 
154. 
155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 
163. 
164. 
165. 
166. 
167. 
168. 
169. 
170. 
T71; 
172. 
173. 
174. 
175. 
176. 
177. 
178. 
179. 


180. 
181. 
182. 
183. 


184. 
185. 


involvement. J Shoulder Elbow Surg. 2013;22:512-520. 

Jeong GK, Zuckerman JD. Scapula fractures. In: Zuckerman JD, Koval KJ, eds. Shoulder Fractures. Thieme; 2005:199-222. 

Jones CB, Cornelius JP, Sietsema DL, et al. Modified Judet approach and minifragment fixation of scapular body and glenoid neck fractures. J Orthop Trauma. 2009;23:558-564. 
Jones CB, Sietsema DL. Analysis of operative versus nonoperative treatment of displaced scapular fractures. Clin Orthop Rel Res. 2011;469:3379-3389. 

Judet R. Traitement chirurgical des fractures de l‘omoplate. Acta Orthop Belg. 1964;30:673-678. 

Kalicke T, Andereya S, Gekle J, et al. Coracoid pseudarthrosis caused by anterior shoulder dislocation with concomitant coracoid fracture. Unfallchirurg. 2002;105:843-844. 
Kaminsky SB, Pierce VD. Nonunion of a scapula body fracture in a high school football player. Am J Orthop (Belle Mead NJ). 2002;31:456-457. 

Karelse A, Kegels L, De Wilde L. The pillars of the scapula. Clin Anat. 2007;20:392-399. 

Kavanagh BF, Bradway JK, Cofield RH. Open reduction and internal fixation of displaced intra-articular fractures of the glenoid fossa. J Bone Joint Surg Am. 1993;75:479-484. 
Kelly DP, Roberts ZV. Case report of an isolated fracture of the anatomic neck of the scapula. Case Stud Surg. 2016;2:23-26. 

Kim KC, Rhee KJ, Shin HD, Yang JY. Can the glenopolar angle be used to predict outcome and treatment of the floating shoulder? J Trauma. 2008;64:174—178. 

Kim KC, Rhee KJ, Shin HD, et al. Displaced fracture of the coracoid process associated with acromioclavicular dislocation: a two-bird-one-stone-solution. J Trauma. 
2009;67:403—405. 

K6nigshausen M, Coulibaly MO, Nicolas V, et al. Results of non-operative treatment of fractures of the glenoid fossa. Bone Joint J. 2016;98-B:1074—1079. 

Kuhn JE, Blasier RB, Carpenter JE. Fractures of the acromion process: a proposed classification system. J Orthop Trauma. 1994;8:6-13. 

Kurdy NM, Shah SV. Fracture of the acromion associated with acromioclavicular dislocation. Injury. 1995;26:636-637. 

Labler L, Platz A, Weishaupt D, Trentz O. Clinical and functional results after floating shoulder injuries. J Trauma. 2004;57:595-602. 

Lambert S, Kellam JF, Jaeger M, et al. Focussed classification of scapula fractures: failure of the lateral scapula suspension system. Injury. 2013;44:1507-1513. 

Lange RH, Noel SH. Traumatic lateral scapular displacement: an expanded spectrum of associated neurovascular injury. J Orthop Trauma. 1993;7:361-366. 

Lantry JM, Roberts CS, Giannoudis PV. Operative treatment of scapular fractures: a systematic review. Injury. 2008;39:271-283. 

Leung KS, Lam TP, Poon KM. Operative treatment of displaced intra-articular glenoid fractures. Injury. 1993;24:324—328. 

Leung KS, Lam TP. Open reduction and internal fixation of ipsilateral fractures of the scapular neck and clavicle. J Bone Joint Surg Am. 1993;75:1015—1018. 

Lewis S, Argintar E, Jahn R, et al. Intra-articular scapular fractures: outcomes after internal fixation. J Orthop. 2013;10:188-192. 

Lim K-E, Wang C-R, Chin K-C, et al. Concomitant fracture of the coracoid and acromion after direct shoulder trauma. J Orthop Trauma. 1996;10:437—439. 

Lin T-L, Li Y-F, Hsu C-J, et al. Clinical outcome and radiographic change of ipsilateral scapular neck and clavicular shaft fracture: comparison of operation and conservative 
treatment. J Orthop Surg Res. 2015;10:9. 

Lindholm A, Leven H. Prognosis in fractures of the body and neck of the scapula: a follow-up study. Acta Chir Scand. 1974;140:33-36. 

Lipitt SB, Harryman DT, Matsen FA. A practical tool for evaluating function: the simple shoulder test. In: Matsen FA, Fu FH, Hawkins RJ, eds. The Shoulder: A Balance of 
Mobility and Stability. American Academy of Orthopaedic Surgeons; 1993:501-518. 

Magerl F. Osteosynthesen im Bereich der Schulter. Helv Chir Acta. 1974;41:225-232. 

Maquieira GJ, Espinosa N, Gerber C, Eid K. Non-operative treatment of large anterior glenoid rim fractures after traumatic anterior dislocation of the shoulder. J Bone Joint Surg 
Br. 2007;89:1347-1351. 

Marek DJ, Sechriest FV, Swiontkowski MF, Cole PA. Case report: reconstruction of a recalcitrant scapular neck nonunion and literature review. Clin Orthop Rel Res. 
2009;467:1370-1376. 

Martin SD, Weiland AJ. Missed scapular fracture after trauma: a case report and a 23-year follow-up report. Clin Orthop Rel Res. 1994;299:259-262. 

Martin-Herrero T, Rodriguez-Merchan C, Munuera-Martinez L. Fractures of the coracoid process: presentation of seven cases and review of the literature. J Trauma. 
1990;30:1597-1599. 

Mayo KA, Benirschke SK, Mast JW. Displaced fractures of the glenoid fossa. Clin Orthop Rel Res. 1998;346:122-130. 

Mcadams TR, Blevins FT, Martin TP, Decoster TA. The role of plain films and computed tomography in the evaluation of scapular neck fractures. J Orthop Trauma. 2002;16:7— 
11. 

McCrady BM, Schaefer MP. Sonographic visualization of a scapular body fracture: a case report. J Clin Ultrasound. 2011;39:466—468. 

McGinnis M, Denton JR. Fractures of scapula: a retrospective study of 40 fractured scapulas. J Trauma. 1989;29:1488-1493. 

McLennan JG, Ungersma J. Pneumothorax complicating fractures of the scapula. J Bone Joint Surg Am. 1982;64;598-599. 

Michael D, Fazal MA, Cohen B. Nonunion of a fracture of the body of the scapula: case report and literature review. J Shoulder Elbow Surg. 2001;10:385—386. 

Mulawka B, Jacobson AR, Schroder LK, Cole PA. Triple and quadruple disruptions of the superior shoulder suspensory complex. J Orthop Trauma. 2015;29:264—270. 

Mulder FJ, Van Suchtelen M, Menendez ME, et al. A comparison of actual and theoretical treatments of glenoid fractures. Injury. 2015;46:699-702. 

Neer CS. Displaced proximal humeral fractures. Part I. Classification and evaluation. J Bone Joint Surg Am. 1970;52:1077-1089. 

Neuhaus V, Bot AGJ, Guitton TG, et al. Scapula fractures: interobserver reliability of classification and treatment. J Orthop Trauma. 2014;28:124—-129. 

Noort AV, Kampen AV. Fractures of the scapula surgical neck: outcome after conservative treatment in 13 cases. Arch Orthop Trauma Surg. 2005;125:696-700. 

Nordqvist A, Petersson C. Fractures of the body, neck, or spine of the scapula. A long-term follow-up study. Clin Orthop Rel Res. 1992;283:139-144. 

Nork SE, Barei DP, Gardner MJ, et al. Surgical exposure and fixation of displaced type IV, V, and VI glenoid fractures. J Orthop Trauma. 2008;22:487—493. 

Obremskey WT, Lyman JR. A modified Judet approach to the scapula. J Orthop Trauma. 2004;18:696-699. 

Ogawa K, Ikegami H, Takeda T, Watanabe A. Defining impairment and treatment of subacute and chronic fractures of the coracoid process. J Trauma. 2009;67:1040—1045. 
Ogawa K, Inokuchi S, Matsui K. Fracture of the coracoid process. Acta Orthop Scand. 1990;61:7-8. 

Ogawa K, Matsumura N, Ikegami H. Coracoid fractures: therapeutic strategy and surgical outcomes. J Trauma Acute Care Surg. 2012;72:E20-E26. 

Ogawa K, Matsumura N, Yoshida A. Nonunion of the coracoid process: a systematic review. Arch Orthop Trauma Surg. 2021;141:1877-1888. 

Ogawa K, Naniwa T. Fractures of the acromion and the lateral scapular spine. J Shoulder Elbow Surg. 1997;6:544-548. 

Ogawa K, Yoshida A, Takahashi M, et al. Fractures of the coracoid process. J Bone Joint Surg Br. 1996;78-B:17-19. 

Ogawa K, Yoshida A. Fractures of the superior border of the scapula. Int Orthop. 1997;21:371-373. 

Oh C, Jeon In, Kyung H, et al. The treatment of double disruption of the superior shoulder suspensory complex. Int Orthop. 2002;26:145-149. 

Oh CW, Kyung HS, Kim PT, Ihn JC. Failure of internal fixation of the clavicle in the treatment of ipsilateral clavicle and glenoid neck fractures. J Orthop Sci. 2001;6:601-603. 
Orthop Trauma Association. Fracture and dislocation compendium: scapular fractures. J Orthop Trauma. 1996;10(Suppl 1):S81-84. 

Orthopaedic Trauma Association. Fracture and dislocation compendium: scapular fractures. J Orthop Trauma. 2007;21(Suppl 1):S68-S71. 

Orthopaedic Trauma Association. Fracture and dislocation classification compendium: scapula. J Orthop Trauma. 2018;32(Suppl):S101. 

Osti M, Gohm A, Benedetto KP. Results of open reconstruction of anterior glenoid rim fractures following shoulder dislocation. Arch Orthop Trauma Surg. 2009;129:1245-1249. 
Owens BD, Goss TP. The floating shoulder. J Bone Joint Surg Br. 2006;88:1419-1424. 

Pace AM, Stuart R, Brownlow H. Outcome of glenoid neck fractures. J Shoulder Elbow Surg. 2005;14:585-590. 

Pailhes RG, Bonnevialle N, Laffosse J, et al. Floating shoulders: clinical and radiographic analysis at a mean follow-up of 11 years. Int J Shoulder Surg. 2013;7:59-64. 

Patterson JMM, Galatz L, Streubel PN, et al. CT evaluation of extra-articular glenoid neck fractures: does the glenoid medialize or does the scapula lateralize? J Orthop Trauma. 
2012;26:360-363. 

Petit JL. Traité des Maladies des Os: Tome Second. Charles-Etienne Hocherau; 1723:122-138. 

Qu F, Yuan B, Qi W, et al. Arthroscopic fixation of comminuted glenoid fractures using cannulated screw and suture anchors. Medicine (Baltimore). 2015;94:e1923. 

Ramos L, Mencia R, Alonso A, Ferrandez L. Conservative treatment of ipsilateral fractures of the scapula and clavicle. J Trauma. 1997;42:239-242. 

Reggio AW. Fractures of the shoulder girdle. In: Wilson PD, ed. Experience in the Management of Fractures and Dislocations: Based on an Analysis of 4390 Cases. JB 
Lippincott; 1938:370-374. 

Richards RR, An KN, Bigliani LU, et al. A standardized method for assessment of shoulder function. J Shoulder Elbow Surg. 1994;3:347-352. 

Rikli D, Regazzoni P, Renner N. The unstable shoulder girdle: early functional treatment utilizing open reduction and internal fixation. J Orthop Trauma. 1995;9:93-97. 


186. 


187. 
188. 
189. 
190. 
191. 
192. 


193. 
194. 


195. 
196. 
197. 


198. 
199. 


200. 
201. 


202. 
203. 
204. 
205. 
206. 


207. 
208. 
209. 
10. Tuček M, Bartoniéek J, Novotny P, Voldřich M. Bilateral scapular fractures in adults. Int Orthop. 2013;37:659-665. 

11. Tuček M, Bartoniéek J. Associated injuries of scapula fractures. Rozhl Chir. 2010;89:288-292. 

12. Tuček M, Chochola A, Klika D, Bartoniéek J. Epidemiology of scapular fractures. Acta Orthop Belg. 2017;83/1:8-15. 

13. Tuček M, Naňka O, Malik J, Bartoniéek J. The scapular glenopolar angle: standard values and side differences. Skeletal Radiol. 2014;43:1583-1587. 

14. Tuček M, Strnad T, Obruba P, Bartoniéek J. Fractures of the surgical neck of the scapula with separation of the coracoid base. Rozhl Chir. 2020;99:368-372. 

15. Van Doesburg PG, El Saddy S, Alta TD, et al. Treatment of coracoid process fractures: a systematic review. Arch Orthop Trauma Surg. 2021;141:1091-1100. 

16. Van Noort A, Te Slaa RL, Marti RK, Van Der Werken C. The floating shoulder: a multicentre study. J Bone Joint Surg Br. 2001;83:795-798. 

17. Van Noort A, Van Der Werken C. The floating shoulder. Injury. 2006;37:218-227. 

18. van Oostveen DP, Temmerman OP, Verberne SJ, et al. Inter- and intraobserver reliability in the assessment of glenoid fracture classifications. Acta Orthop Belg. 2017;83:605-611. 
19. Veysi VT, Mittal R, Agarwal S, et al. Multiple trauma and scapula fractures: so what? J Trauma. 2003;55:1145-1147 

. Von Schroeder HP, Kuiper SD, Botte MJ. Osseous anatomy of the scapula. Clin Orthop Relat Res. 2001;383:131-139. 

221. 
. Weber D, Sadri H, Hoffmeyer P. Isolated fracture of the posterior angle of the acromion: a case report. J Shoulder Elbow Surg. 2000;9:534—-535. 
223. 
224. 
225. 
226. 
227. 
228. 
229. 


N NNNNNNNNN 
WO ANDUOKWNrF CO 


N 
N 
Oo 


N 
N 
N 


230. 
231. 
232. 
233. 
234. 
235. 
236. 


Romero J, Schai P, Imhoff AB. Scapular neck fracture: the influence of permanent malalignment of the glenoid neck on clinical outcome. Arch Orthop Trauma Surg. 
2001;121:313-316. 

Rowe CR. Evaluation of the shoulder. In: The Shoulder. Churchill Livingstone; 1988:631-637. 

Russo R, Lombardi LV, Giudice G, Ciccarelli M. Arthroscopic treatment of isolated fracture of the posterolateral angle of the acromion. Arthroscopy. 2007;23:798. 

Schandelmaier P, Blauth M, Schneider C, Krettek C. Fractures of the glenoid treated by operation. A 5- to 23-year follow-up of 22 cases. J Bone Joint Surg Br. 2002;84:173-177. 
Scheibel M, Magosch P, Lichtenberg S, Habermeyer P. Open reconstruction of anterior glenoid rim fractures. Knee Surg Traumatol Arthrosc. 2004;12:568-573. 

Schofer MD, Sehrt AC, Timmesfeld N, et al. Fractures of the scapula: long-term results after conservative treatment. Arch Orthop Trauma Surg. 2009;129:1511-1519. 

Schroder LK, Gauger EM, Gilbertson JA, Cole PA. Functional outcomes after operative management of extra-articular glenoid neck and scapular body fractures. J Bone Joint Surg 
Am. 2016;98:1623-1630. 

Schwartzbach CC, Seoudi H, Ross AE, et al. Fracture of the scapula with intrathoracic penetration in a skeletally mature patient: a case report. J Bone Joint Surg Am. 
2006;88:2735-2738. 

Shindle MK, Wanich T, Pearle AD, Warren RF. Atraumatic scapular fractures in the setting of chronic rotator cuff tear arthropathy: a report of two cases. J Shoulder Elbow Surg. 
2008;17:e4—e8. 

Solheim LF, Roaas A. Compression of the scapular nerve after fracture of the scapular notch. Acta Orthop Scand. 1978;49:338-340. 

Strnad T, Bartoniéek J, Naňka O, Tuček M. The coracoglenoid notch: anatomy and clinical significance. Surg Radiol Anat. 2021;43:11-17. 

Strnad T, Bartoniéek J, Tuček M, Naňka O. Circumflex arterial sulcus of the scapula (sulcus arteriae circumflexae scapulae): its anatomy and clinical relevance. Surg Radiol Anat. 
2022;44:1111-1119. 

Strnad T, Bartoniéek J, Tuček M. Acromioclavicular dislocation associated with scapular fractures—pathoanatomy of the injury. Rozhl Chir. 2022;101(6): 273-277. 

Suter T, Henninger HB, Zhang Y, et al. Comparison of measurements of the glenopolar angle in 3D CT reconstructions of the scapula and 2D plain radiographic views. Bone Joint 
J. 2016;98-B:1510-1516. 

Tadros AMA, Lunsjo K, Czechowski J, et al. Usefulness of different imaging modalities in the assessment of scapular fractures caused by blunt trauma. Acta Radiol. 2007;48:71- 
75. 

Tadros AMA, Lunsjo K, Czechowski J, et al. Multiple-region scapular fractures had more severe chest injury than single-region fractures: a prospective study of 107 blunt trauma 
patients. J Trauma. 2007;63:889-893. 

Tadros AMA, Lunsjo K, Czechowski J, Abu-Zidan FM. Causes of delayed diagnosis of scapular fractures. Injury. 2008;39:314-318. 

Tanton J. Fractures en General—Fractures des Membres—Member Supérieur. JB Bailiere; 1915:785-819. 

Tatro JM, Gilbertson JA, Schroder LK, Cole PA. Five to ten-year outcomes of operatively treated scapular fractures. J Bone Joint Surg Am. 2018;100-A:871-878. 

Tauber M, Moursy M, Eppel M, et al. Arthroscopic screw fixation of large anterior glenoid fractures. Knee Surg Sports Traumatol Arthrosc. 2008;16:326-332. 

Ter Meulen DP, Janssen SJ, Hageman MGJS, Ring DC. Quantitative three-dimensional computed tomography analysis of glenoid fracture patterns according to the AO/OTA 
classification. J Shoulder Elbow Surg. 2016;25:269-275. 

Thompson DA, Flynn TC, Miller PW, Fischer RP. The significance of scapular fractures. J Trauma. 1985;25:974-977. 

Tscherne H, Christ M. Konservative und operative Therapie der Schulterblattbriiche. Hefte Unfallheilkunde. 1975;126:52-57. 

Tuček M, Bartoniéek J, Frič V. Osseous anatomy of scapula: its importance for classification of scapular body. Ortopedie. 2011;5:104—109. 


Ware JE, Kosinski M, Keller SD. SF-36 Physical and Mental Health Summary Scales: A User’s Manual. New England Medical Center, Health Assessment Lab; 1994. 


Weening B, Walton C, Cole PA, et al. Lower mortality in patients with scapular fractures. J Trauma. 2005;59:1477-1481. 

Wiedemann E. Frakturen der Scapula. Unfallchirurg. 2004;107:1124-1133. 

Wilber MC, Evans EB. Fractures of the scapula: an analysis of forty cases and review of the literature. J Bone Joint Surg Am. 1977;59-A:358-362. 

Williams GR, Naranja J, Klimkiewicz J, et al. The floating shoulder: a biomechanical basis for classification and management. J Bone Joint Surg Am. 2001;83-A:1182-1187. 
Williamson DM, Wilson-Macdonald J. Bilateral avulsion fractures of the cranial margin of the scapula. J Trauma. 1988;28:713-714. 

Wu J, Fu X-J, Sha M, et al. Treating eyres type IV and V coracoid fracture using the acromion osteotomy approach. Int Orthop. 2016;40:377-384. 

Yadav V, Khare GN, Singh S, et al. A prospective study comparing conservative with operative treatment in patients with a “floating shoulder” including assessment of the 
prognostic value of the glenopolar angle. Bone Joint J. 2013;95:815-819. 

Zdravkovic D, Damholt VV. Comminuted and severely displaced fractures of the scapula. Acta Arthop Scand. 1974;45:60-65. 

Zelle BA, Pape H-C, Gerich TG, et al. Functional outcome following scapulothoracic dissociation. J Bone Joint Surg Am. 2004;86:2-8. 

Zhang Y. Scapular fractures. In: Clinical Epidemiology of Orthopaedic Trauma. Thieme; 2012:580-617. 

Zhu J, Pan Z, Zheng R, Lan S. Perpendicular double-plate fixation with locking system for acromion pedicle fracture. Acta Orthop Bras. 2016;24:107—-110. 

Zilberman Z, Rejovitzky R. Fracture of the coracoid process of the scapula. Injury. 1981;13:203-206. 

Zlowodzki M, Bhandari M, Zelle BA, et al. Treatment of scapula fractures: systematic review of 520 fractures in 22 case series. J Orthop Trauma. 2006;20:230-233. 
Zuckerman SL, Song Y, Obremskey WT. Understanding the concept of medialization in scapula fractures. J Orthop Trauma. 2012;26:350-357. 


34 


Clavicle Fractures 


Sarah Woltz and Michael D. McKee 


INTRODUCTION TO CLAVICLE FRACTURES 


ASSESSMENT OF CLAVICLE FRACTURES 

Mechanisms of Injury for Clavicle Fractures 

Injuries Associated With Clavicle Fractures 

Signs and Symptoms of Clavicle Fractures 

Imaging and Other Diagnostic Studies for Clavicle Fractures 
Classification of Clavicle Fractures 

Outcome Measures for Clavicle Fractures 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO CLAVICLE FRACTURES 
Bony Anatomy of the Clavicle 

Ligamentous Anatomy of the Clavicle 

Muscular Anatomy of the Clavicle 

Neurovascular Anatomy of the Clavicle 


TREATMENT OPTIONS FOR MIDSHAFT CLAVICLE FRACTURES 
Nonoperative Treatment of Midshaft Clavicle Fractures 
Operative Treatment of Midshaft Clavicle Fractures 


AUTHOR’S PREFERRED TREATMENT FOR MIDSHAFT CLAVICLE FRACTURES 


TREATMENT OPTIONS FOR LATERAL CLAVICLE FRACTURES 
Nonoperative Treatment of Lateral Clavicle Fractures 
Operative Treatment of Lateral Clavicle Fractures 


TREATMENT OPTIONS FOR OTHER CLAVICLE INJURIES 
Treatment of Medial Clavicle Fractures 

“Floating Shoulder” 

Treatment of Associated Rib Fractures 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO CLAVICLE 
FRACTURES 

Infection 

Nonunion 

Malunion 

Glenohumeral Arthritis 

Neurovascular Injury 

Hardware Failure 

Hardware Prominence 

Refracture 

Scapular Winging 

SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO CLAVICLE FRACTURES 
Patient Selection for Operative Intervention 

Method of Fixation 

Timing of Surgical Intervention 

Summary 


INTRODUCTION TO CLAVICLE FRACTURES 


Clavicle fractures are common injuries in young, active individuals, especially those who participate in activities or sports where high-speed falls (bicycling, 
motorcycles) or violent collisions (football, hockey) are frequent, and they account for approximately 2.6% to 4% of all fractures. !48:156,162,180 Males are 
more frequently affected in all age categories up to around 60 years, with a peak incidence in younger individuals under 25.!9! More recent epidemiologic 
studies also describe a second, smaller, peak in middle aged males (Fig. 34-1).”2972!4 The incidence in females is more constant, with modest peaks seen in 
the teenagers (sports, motor vehicle accidents) and the elderly (osteoporotic fractures from simple falls). The annual incidence of clavicle fractures is 
estimated between 29 and 64 per 100,000 persons.97:156,162,191 

Most clavicular fractures (80-85%) occur in the midshaft of the bone, where the bone is thinnest and curved, and lacks the muscular and ligamentous 
protection that both ends have. Combined with the typical compressive forces applied to the shoulder, bony failure results most often in the middle 
third.20-22,141, 191,199,224 Distal third fractures are the next most common type (15-20%), and although they can result from the same mechanisms of injury as 
that seen with midshaft fractures, they tend to occur in more elderly individuals from simple falls.6192-195,196,245 Medial third fractures are the rarest (0- 


5%), perhaps partly due to the difficulty in accurately identifying them on plain radiographs.’ Since medial clavicle fractures often result from high-energy 
trauma, concomitant injuries have been described to occur in up to 80%, as well as associated mortality of 20% due to head and chest injuries. To accurately 


diagnose these fractures and possible associated injuries, CT scanning is advised.” 1? 
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Figure 34-1. The epidemiology of clavicle fractures in Sweden. (Reproduced from Kihlström C, et al. Clavicle fractures: epidemiology, classification and treatment of 
2422 fractures in the Swedish Fracture Register; an observational study. BMC Musculoskelet Disord. 2017;18(1):82. Licensed under Creative Commons Attribution 4.0 
International Public License, https://creativecommons.org/licenses/by/4.0/legalcode) 


Older studies suggested that a fracture of the shaft of the clavicle, even when significantly displaced, had an inherently good prognosis when treated 
nonoperatively.!4®149 As early as 400 BC, Hippocrates proposed in his The Articulations that clavicular fractures need but benign neglect from the 
physician!: 

“A fractured clavicle, like all other spongy bones, gets speedily united; for all such bones form callus in a short time. When, then, a fracture has 
recently taken place, the patients attach much importance to it, as supposing the mischief greater than it really is, and the physicians bestow great pains in 
order that it may be properly bandaged; but in a little time the patients, having no pain, nor finding any impediment to their walking or eating, become 
negligent; and the physicians finding they cannot make the parts look well, take themselves off, and are not sorry at the neglect of the patients, and in the 
meantime the callus is quickly formed.” 

This statement marked a long history of nonoperative treatment for clavicular fractures, supported by two landmark studies in the 1960s by Neer!“° and 
Rowe,!°? reporting excellent results and virtually nonexistent nonunion rates in patients with middle third fractures of the clavicle treated by a sling or a 
figure-of-eight bandage. Thus, what was felt to be the most serious complication following clavicular fracture, nonunion, appeared to be extremely rare. 
Also, malunion of the clavicle (which occurred radiographically on a predictable basis in displaced fractures), was described as being of radiographic 
interest only, with little or no functional consequences. 

It was not until the turn of the century that more evidence became available showing that the outcome of the nonoperatively treated (especially displaced 
or shortened) clavicle fracture is not as optimal as was once thought.§>107,130,133,158-159 True nonunion rates were found to be exponentially higher than 
previously described, around 10% to 15%, and long-term sequelae such as pain were common after nonoperative treatment. !6-157:161,192,266 Also, malunion 
of the clavicle has been shown to be a distinct clinical entity with characteristic signs and symptoms.22-47106.133 

Potential explanations for the increased complication rate seen following the nonoperative care of these fractures may be due to changing injury patterns 
(especially from “extreme” sports such as mountain bicycling, snowboarding, and all-terrain vehicle riding), increased expectations of the modern patient, 
comprehensive follow-up (including patient-oriented outcome measures), excluding nondisplaced fractures and focusing on adults (eliminating children 
with their inherently good prognosis and remodeling potential).®%94128,132,181,247,261 

In 2007, the Canadian Orthopaedic Trauma Society published the first randomized controlled trial (RCT) comparing nonoperative treatment with plate 
fixation for displaced midshaft fractures, showing a significant decrease in nonunion rates and a better arm function after plate fixation.!® Since then, there 
has been a steady increase in large-scale randomized trials and meta-analyses on the subject, clearly documenting the benefits of primary operative fixation 
of displaced midshaft clavicle fractures compared to nonoperative treatment, including a lower nonunion rate, a lower symptomatic malunion rate, and a 
quicker return of upper extremity function.?)18-127-134,137,139,193,254,256 ~ variety of techniques for primary fixation of clavicle fractures has been shown to be 
safe and effective.18:28.77,104,151L179 

These studies have caused an increasing interest in, and enthusiasm for, primary fixation of clavicle fractures and have led to a dramatic paradigm shift 
during the first decade of this century, with many surgeons leaning toward routine fixation of all clavicle fractures.°°-'4° However, while the body of 
evidence on the subject grows, it becomes clear that operative treatment for clavicle fractures is an operation with a relatively narrow risk—benefit ratio: 
complications are common, shoulder function is often similar to that seen after nonoperative treatment, and cost-effectiveness of routine fixation is 
questionable. !!°52,153 Tt is therefore vital to remember that the majority of these fractures can, and should be treated nonoperatively. 

Clinical and basic science research in this field adds objective information to this topic and is essential to guide treatment choices. Treatment should be 
individualized based on the evidence-based facts now available, not only taking specific patient characteristics and fracture morphology into account when 
interpreting the data, but also incorporating the specific function and expectations of the patient. Ideally, the decision to proceed with surgery should be 


accomplished using shared decision making, in which the patient expresses his or her priorities and goals and the surgeon and patient together select the 
treatment that best matches these preferences. 187226 


ASSESSMENT OF CLAVICLE FRACTURES 


MECHANISMS OF INJURY FOR CLAVICLE FRACTURES 


The most commonly reported mechanism of injury that produces a fracture of the clavicle is a direct blow on the point of the shoulder, followed by a fall on 
the outstretched hand (Fig. 34-2).7397:191,214,224 a direct blow can occur in a number of ways, including being thrown from a vehicle or bicycle, during a 
sports event, from the intrusion of objects or vehicle structure during a motor vehicle accident, or falling from a height. The mechanisms most commonly 
involved are motor vehicle/motorcycle accidents, sports injuries, and falls.!8?14 The classic mechanism of injury is a bicycle accident, and in countries 
where cycling is popular both as a means of transport and as a sports activity, it is the predominant cause of clavicle fractures in the mature age groups (25— 
65 years) (Fig. 34-3).”397 

As the shoulder girdle is subjected to compression force directed from laterally, the main strut maintaining position is the clavicle and its articulations 
(Fig. 34-4). As the force exceeds the capacity of this structure to withstand it, failure can occur in one of the three ways: the acromioclavicular (AC) 
articulation may fail, the clavicle may break, or the sternoclavicular (SC) joint may dislocate. SC injuries are rare and typically associated with more 
posteriorly directed blows against the medial clavicle (posterior dislocations) or posteriorly directed blows to the distal shoulder girdle (levering the 
proximal clavicle into an anterior dislocation).''!®22! Presumably there are subtle nuances in the direction and magnitude of applied forces and local 
anatomy that dictate whether the failure occurs in the AC joint, or in the clavicle, and the magnitude of displacement that occurs. Most (80-85%) clavicle 
fractures occur in the midshaft of the bone where, as can be seen in a cross-section, the bone is narrowest, and enveloping soft tissue structures (which may 
help dissipate injury force) are most scarce.?t33-191 It is typical to see an abrasion or contusion on the posterior aspect of the shoulder in patients with 
displaced midshaft clavicular fractures, especially those who fall from bicycles, motorcycles, or other vehicles. This force vector may also contribute to the 
location of the injury: midshaft fracture, distal fracture, or AC joint injury. The direction of the initial deforming force, and both gravitational and muscular 
forces on the clavicle are significant and result in the typical deformity seen after fracture, with the distal fragment being translated inferiorly, anteriorly, and 
medially (shortened), and rotated anteriorly (Fig. 34-5).!9° 

Simple falls from a standing height are unlikely to produce a displaced fracture in a healthy young person, but can result in injury in elderly, 
osteoporotic individuals: These fractures are typically seen in the distal third of the clavicle. Medial clavicle fractures usually occur from higher-impact 
mechanisms, and should prompt a high index of suspicion for associated injuries, warranting careful physical examination and possibly additional CT 
scanning. If the mechanism of injury is trivial and does not seem commensurate with the fracture depicted, then a careful investigation for a pathologic 
fracture should be performed (Fig. 34-6).°%:270 


Figure 34-2. Mechanism of injury. Clavicle fractures are most commonly produced by a fall directly on the involved shoulder (A) and less often by a fall on the 
outstretched hand (B). C: The middle three-fifths of the clavicle is involved in about 80% of fractures, and in this group, fractures occur most often at the junction of 
the middle and lateral thirds. Lateral fractures are less common, and fractures of the middle one-fifth even less so. D: Typical posterior skin abrasion often seen in 
clavicle fractures. 
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Figure 34-3. Trauma mechanism in relation to age in 677 patients who sustained a clavicle fracture between 2004 and 2014 in Belgium. MBA, motor bicycle 


accident; MVA, motor vehicle accident. (Adapted with permission from Herteleer M, et al. Epidemiology of clavicle fractures in a level 1 trauma center in Belgium. 
Eur J Trauma Emerg Surg. 2018;44(5):717—726, Springer Nature.) 


Figure 34-4. The strut function of the clavicle, the only bony articulation between the axial skeleton and the upper limb. 
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Figure 34-5. Muscular and gravitational forces acting on the fractured clavicle with resultant deformity. The distal fragment is translated anteriorly, medially, and 
inferiorly, and rotated anteriorly. This results in the scapula being protracted. 


fracture through a lytic lesion of the clavicle. This was the presentation of what subsequent investigation revealed to be a widely disseminated metastatic 
adenocarcinoma of unknown source. 


INJURIES ASSOCIATED WITH CLAVICLE FRACTURES 


Associated injuries are increasingly common in patients with fractures of the clavicle, compared to the incidence reported in older traditional 
studies.*!,192,228,263 There may be several reasons for this, including more liberal use of improved diagnostic techniques (i.e., CT scanning), the greater 
speed and violence of many modern sports (such as motocross and snowboarding), and the improved survivorship of patients with significant chest trauma 
who would have succumbed prior to the institution of comprehensive treatment of the trauma patient. 

Several studies from Level 1 trauma centers have examined the characteristics of polytrauma patients (ISS >16) with clavicle fractures, and have noted 
high prevalence of associated injuries (80%) and a high mortality rate (20-34%) from associated chest and head traumas.'°*72°.236 Interestingly, in 
polytrauma patients, midshaft fractures account for approximately 55% to 65% of clavicle fractures, whereas this is about 80% to 85% in the general 
fracture population. This difference is presumably caused by a difference in trauma mechanism, with the shoulder being subjected to more general forces in 
polytrauma patients, in contrast to the direct blow to the point of the shoulder in isolated clavicle fractures.” 

In polytrauma patients, associated injuries are most likely to the head and neck, and to the thoracic cage, including ipsilateral rib fractures, scapular 
and/or glenoid fractures, proximal humeral fractures, and hemo/pneumothoraces (Fig. 34-7).1°%2.236 A recent systematic review reported that 60% of 
polytrauma patients with a clavicle fracture had associated rib fractures, versus only 29% of patients without a clavicle fracture. Thus, a clavicle fracture, 
which is often easily identified on chest x-ray during primary survey, should prompt a high index of suspicion for other injuries in polytrauma patients.?7 

Identification of these associated injuries is important for multiple reasons. Patients may require urgent treatment directed specifically at the associated 
injury (i.e., tube thoracostomy for pneumothorax), or their presence may influence the treatment of the clavicle fracture. For instance, multiple ipsilateral rib 
fractures and the resultant deformity and instability of the chest and shoulder girdle may be a reason for clavicle fixation, as well as an associated displaced 
glenoid neck fracture, the so-called floating shoulder (see below) ( ). 

Some authors have suggested that associated injuries negatively affect outcomes for the clavicle fracture (higher nonunion and malunion rates), but 
others have described no difference in outcomes in polytrauma patients compared to isolated clavicle fractures.°*7° 

Local associated injuries include damage to the underlying neurovascular structures, such as disruption or thrombosis of the subclavian artery or vein or 
even of the axillary artery, or injury to the brachial plexus. Despite the proximity of these structures to the clavicle, these injuries are surprisingly rare (<1%) 
and warrant further investigation by CT angiography or MRI scan.102:19°!49,201,235 For treatment of those injuries, see section on neurovascular injury. 
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Figure 34-7. Anteroposterior radiograph of the clavicle of a 42-year-old man involved in a motor vehicle collision. Associated injuries include multiple ipsilateral 
upper rib fractures, an ipsilateral pneumothorax (arrows outlining collapsed lung), and multiple lower extremity fractures. This patient has four relative indications for 
operative fixation: (1) the severe displacement of the clavicle fracture; (2) the multiple upper rib fractures, which tend to destabilize the shoulder girdle; (3) the 
associated lower extremity fractures and the resultant need for immediate upper extremity use; and (4) the pneumothorax, which is indicative of the degree of trauma 
applied to the shoulder. 
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Figure 34-8. A “floating shoulder” injury. This patient was injured in a motor vehicle accident. A: An anteroposterior radiograph demonstrates a displaced, shortened 
left clavicle fracture. B: A CT scan of the shoulder reveals a comminuted glenoid neck fracture. C: There is significant clinical deformity. Intraoperatively, the fracture 
is reduced with the aid of reduction clamps (D), and an anterior fixation plate is applied (E, F). Symmetry of the shoulder was restored by clavicle fixation alone, and it 
was not necessary to repair the glenoid fracture. G: There was an excellent clinical result with full restoration of motion and a Constant score of 95. 


SIGNS AND SYMPTOMS OF CLAVICLE FRACTURES 
History 


The history should delineate a number of aspects to optimize the patient’s care. In addition to the standard demographic data, the details of the mechanism 
of injury are important. A clavicle fracture caused by a simple low-energy fall is unlikely to be associated with other fractures or intrathoracic injuries, while 
a fracture that occurs as a result of severe vehicular trauma or a fall from a height should prompt a search for other injuries. 

The physical mechanism of injury is important: While most fractures will result from a blow to the shoulder, failure of the bone can also occur from a 
traction-type injury. This usually occurs in an industrial or dockyard injury in which the involved arm is forcefully pulled away from the body as it is caught 
in machinery. It can also occur in vehicular trauma when the arm is pinned against or strikes a fixed object as the torso continues past it. This can lead to 
scapulothoracic dissociation, as the shoulder girdle fails in tension at the SC joint, the clavicle, or the AC joint. This is evident on the radiographs when a 
completely displaced, distracted fracture site is seen (as opposed to the typical overlapping fracture fragments) (Fig. 34-9). Although this is a rare injury, 
given their severity, the high incidence of neurologic and vascular traction injuries seen in this setting mandates careful assessment and further investigation 


(i.e., angiography), because it can be limb-threatening .22:41,145.171,263 

If the clavicular fracture has occurred with minimal trauma, one must be alert to the possibility of a pathologic fracture (see Fig. 34-6), metabolic 
processes that weaken bone (i.e., renal disease, hyperparathyroidism), benign or malignant tumors (i.e., myeloma, metastases), or preexisting lesions (i.e., 
congenital pseudarthrosis of the clavicle) can result in pathologic fracture. In this setting, nonoperative treatment of the clavicle fracture is recommended 
initially, while intervention is directed toward diagnosis and treatment of the underlying condition. Once the primary diagnosis has been made and treatment 
initiated, the clavicle fracture is treated based on its individual aspects. Also, repetitive or unusual loads may induce a stress fracture of the clavicle, 
typically in bodybuilders or weightlifters. 168-198 


Figure 34-9. Emergency angiogram of a patient with a scapulothoracic dissociation and wide distraction of a very distal clavicle fracture. There is an associated 
axillary artery avulsion, a complete brachial plexus injury, and multiple ipsilateral upper extremity fractures. 


Since current literature emphasizes careful patient selection instead of routine operative fixation of clavicle fractures, additional information gleaned 
from the history contributes significantly to the risk/benefit analysis regarding possible surgery. Compliant patients who have active recreational lifestyles 
and/or physically demanding occupations (especially those that require throwing, repetitive overhead work, or recurrent lifting) are candidates for primary 
operative repair if they are medically fit and have completely displaced fractures with good bone quality. !®-!10.240,254,266 Th addition, there is some evidence 
that fixation of severely displaced clavicle fractures in adolescents may be beneficial.!’° Factors associated with noncompliance and a high rate of fixation 
failure, such as drug and alcohol abuse, untreated psychiatric conditions, homelessness, or uncontrolled seizure disorders are contraindications for primary 
operative repair of clavicle fractures. Most patients, however, will not fall into one of these more extreme patient categories for whom it is immediately 
clear which treatment is most appropriate. Therefore, apart from objective patient and fracture characteristics, knowledge about patient preferences and 
details about daily life (i.e., office work or self-employed) must be pursued to enable an informed conversation and a shared treatment decision. 


Physical Examination 


There are a number of findings that are important in surgical decision making. There is usually swelling, bruising, and ecchymosis at the fracture site, as 
well as deformity with displaced fractures. Although rare, it is important to recognize at an early stage if the skin is compromised by displaced fracture 
fragments, warranting prompt operative reduction and fixation of the fracture to prevent the development of a secondary open fracture. 

Visible deformity of the shoulder girdle, best seen when the patient is standing, is also an important feature to recognize. The usual position seen with a 
completely displaced midshaft fracture of the clavicle has been described as shoulder “ptosis,” with a droopy, medially driven, and shortened shoulder (Fig. 
34-10).9>171 In addition, the shoulder translates and rotates forward: due to this malposition of the shoulder girdle, inspection of the patient from behind 
may reveal a subtle prominence of the inferior aspect of the scapula from scapular protraction as it moves with the distal fragment. Shortening of the 
clavicle can be measured clinically with a tape measure. A mark is made in the midline of the suprasternal notch and another is made at the palpable ridge of 
the AC joint: Measuring this length gives the difference between the involved and normal shoulder girdle.”!” The degree of shortening at the fracture site is 
very important in the decision making of operative versus nonoperative care. Although controversial, it has been reported in multiple studies to be of 
prognostic significance (greater shortening, especially more than 1.5 to 2 cm, is associated with a worse prognosis).!4° Radiographs, especially of long 
oblique fractures, tend to overestimate the degree of shortening which emphasizes the importance of a proper clinical examination. However, it is important 
to realize when using a tape measure to assess shortening, that it is well established that a considerable asymmetry of both clavicles exists in about 30% of 
individuals.*+ 


A as B 
Figure 34-10. The typical clinical deformity following a displaced midshaft clavicle fracture. A: Blanching of the skin over the medial fragment (arrow). B: Short, 
droopy, “ptotic” shoulder. 


A careful neurologic and vascular examination of the involved limb is mandatory, especially if surgical intervention is contemplated. If a deficit is not 
noted preoperatively, then it may be incorrectly attributed to the surgery which has prognostic, medical—legal, and treatment implications.*!~° 


Open Fractures 


Surprisingly, given its subcutaneous nature and exposed position, open fractures of the clavicle are relatively rare. Most open fractures are associated with 
high-energy vehicular trauma, and recognition is important for a number of reasons: The fracture itself will require irrigation, debridement, and fixation, and 
there is a high incidence of associated injuries. Two large series focused on open fractures of the clavicle. Taitsman et al.228 described 20 patients with this 
injury; 15 had pulmonary injuries, 13 had head injuries, 8 had scapular fractures, 11 had facial trauma, and there was a variety of other injuries. In the 
largest published series to date, Gottschalk et al.®° identified 53 open clavicle fractures from an active Level 1 trauma center over a 16-year period (roughly 
three cases per year, illustrating the rarity of this condition). They also reported many associated serious injuries, with the 26 patients with penetrating 
injuries having a high incidence of great vessel injury, while the 21 patients with blunt trauma had a 52% rate of serious head injury. They stated that an 
open clavicle fracture should immediately raise suspicion for a serious concomitant injury, and that a prompt and thorough evaluation should be initiated. 
Prophylactic antibiotics should be administered, and in general the instability associated with such a fracture will warrant operative stabilization with 
standard techniques as promptly as the patient’s general condition permits. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR CLAVICLE FRACTURES 


Midshaft Fractures 


Although simple anteroposterior (AP) radiographs are usually sufficient to establish the diagnosis of a clavicle fracture, focused clavicle radiographs are 
paramount to accurately assess displacement. Radiographs should be taken in the upright position (where gravity will demonstrate maximal deformity). 
Ideally, radiographs are taken in two directions: a standard AP view, and a tilted view, in which the radiographic beam for the AP radiograph of the clavicle 
is angled 15 to 40 degrees superiorly.?!~3°:166,208 (Fig, 34-11). If only one radiograph is made, a tilted view is preferred above a standard AP view. To assess 
shortening, a chest radiograph can be made in order to compare the injured to the uninjured side: shortening of 2 cm or more represents a relative indication 
for primary fixation. Physiologic asymmetry (mean 5 mm difference) between both clavicles in about 30% of patients should be taken into account, as noted 
previously. 

CT scanning of midshaft clavicular fractures is not routinely performed, although this imaging modality can demonstrate the complex three-dimensional 
deformity that affects the shoulder girdle with these injuries, including significant scapular angulation and protraction. It is also useful for evaluating 
fractures of the medial third of the clavicle and the remainder of the shoulder girdle, such as the glenoid neck in cases of a “floating shoulder.” 

Progressive fracture displacement in the early postinjury period has been described, due to ongoing muscle traction on the fracture fragments. 
Although the incidence of clinically relevant progression of displacement is unknown, it is important to be aware of this phenomenon and to consider 
repeating clavicle radiographs after one week, to reevaluate treatment options. 
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Figure 34-11. Clavicle radiographs in two directions illustrate the added value of the tilted view. A: Standard AP radiograph. B: Same fracture in 30-degree cephalad 
tilted view. 


Polytrauma Patient 


In polytrauma patients, the diagnosis is often made from a single AP chest radiograph, which is usually the only available film in an urgent trauma setting. 


The chest radiograph can be used to make a first evaluation of the deformity of the involved clavicle relative to the normal side, and to look for associated 
skeletal injuries such as rib, glenoid, and scapular fractures. However, there have been a number of recent publications that have described progressive 
displacement of clavicle fractures in the polytrauma setting. Typically, these fractures are usually identified on the “trauma chest radiograph,” an AP taken 
of the chest with the patient supine on a backboard. While these fractures may seem to be minimally or undisplaced initially, progressive displacement has 
been noted in a high percentage of patients. The authors of these studies have postulated that this is probably due in at least in part to radiographic 
technique: a proper upright clavicle radiograph with a cephalad tilt as described before, without other objects obscuring the film, is far more likely to reveal 
displacement. Backus et al. examined supine and upright radiographs in a series of 46 trauma patients and found an 89% increase in displacement in the 
upright films. They noted that, using conventional decision making, this increase in displacement was enough to change recommendation for nonoperative 
treatment to operative treatment in a significant number of patients.'° In polytrauma patients with a clavicle fracture that is initially treated nonoperatively, it 
is therefore important to repeat proper clavicle radiographs in upright position in two directions as soon as the condition of the patient allows, to reevaluate 
the treatment decision. 


Other Clavicle Fractures 


Lateral clavicle fractures can be well visualized with tilted AP radiographs. Centering the radiograph on the AC joint and angling the beam in a cephalic tilt 
of approximately 15 degrees (the Zanca view) helps delineate the fracture well, by removing the overlap of the upper portion of the thoracic cage???? (Fig. 
34-11). To accurately delineate the degree of fracture displacement, these radiographs should be taken with the patient standing and the arm unsupported by 
slings, braces, or the uninjured arm. Plain radiographs can, however, underestimate posterior displacement of the medial fragment, and clinical correlation is 
important as relevant posterior displacement can often be identified clinically.?9 

On occasion, it may be useful to obtain a stress view to determine the integrity of the coracoclavicular (CC) ligaments (as this can influence the choice 
of fixation): A 2.26- to 4.53-kg (5- to 10-pound) weight is suspended from the wrist of the affected arm and then radiographs are taken. CT scanning of 
lateral clavicle fractures is rarely required clinically; but can be useful in selected cases to determine intra-articular extension or displacement. 

Fractures of the medial clavicle, especially those involving the SC joint, are notoriously difficult to accurately assess with plain radiographs. CT 
scanning is the radiographic procedure of choice when the anatomy of the fracture is unclear. This investigation can help distinguish between a medial 
epiphyseal fracture (common in individuals up to 25 years of age) and true SC dislocations (Fig. 34-12).37:26 


CLASSIFICATION OF CLAVICLE FRACTURES 


A number of classification schemes have been proposed for fractures of the clavicle. These have traditionally been based on the position of the fracture, 
with the groups originally divided by Allman into middle (Group J), distal (Group II), and proximal (Group IID third fractures. This general grouping has 
the advantage of corresponding to the clinical approach to these fractures of most orthopaedic surgeons.** Recognizing that this basic scheme does not take 
into effect factors that influence treatment and outcome, such as fracture pattern, displacement, comminution, and shortening, various authorities have 
refined the classification to include other variables. 

Ideally, a classification scheme should be reproducible with a low rate of inter- and intraobserver variability, should help direct treatment, can be used to 
predict outcome, should be useful in both the clinical and research realms, and should be simple enough to be practically useful yet robust enough to include 
all fracture patterns. While at the present time there is no classification scheme that has been rigorously tested to meet all these objectives, modern schemes 
based on prospective, comprehensive population-based studies are available. Nordqvist et al.!5° examined over 2,035 fractures of the clavicle over a 10-year 
period and essentially expanded on Allman’s original scheme by adding subtypes based on fracture displacement, including a comminuted category for 
midshaft fractures. In a similar population-based study in Edinburgh, Robinsont’! developed a classification scheme based on prognostic variables from the 
analysis of over 1,000 patients (Fig. 34-13). It continues the traditional scheme of dividing the clavicle into thirds, and adds variables that are of proven 
diagnostic value (intra-articular extension, displacement, and comminution). However, a feature of this scheme is that it alters the traditional numbering 
scheme, describing medial fractures as Type I, middle third fractures as Type II, and distal third fractures as Type III. Since distal third fractures are firmly 
entrenched in the orthopaedic lexicon as “Type II” fractures, this can lead to significant confusion. Despite this drawback, the Robinson classification is 
based on an extensive database that includes prospectively gathered, objective clinical data. For this reason, it is the classification we prefer to use clinically 
as it can help predict outcome and hence guide treatment, including the decision to operate and the fixation methods chosen. 


D = + 
Figure 34-12. Fractures of the medial end of the clavicle are difficult to visualize with conventional radiography. This 32-year-old female equestrian sustained a 
medial clavicle fracture following a riding accident when her horse fell on her. A: The anteroposterior radiograph reveals some asymmetry of the clavicles, but it is 
difficult to define the exact nature of the injury due to the overlap of bony axial structures and the spinal column. CT scans clearly demonstrate the medial fracture with 
a small residual medial fragment (B, small arrow) and posterior displacement of the shaft (B, large arrow), impinging on the mediastinal structures (C). D: Plate 
fixation was performed, with extension of the plate onto the sternum due to the small size of the medial fragment. Once bony union has occurred (between 3 and 6 
months), such a plate should be removed. (Case courtesy of Dr. Jeremy A. Hall.) 
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Figure 34-13. Robinson classification scheme of clavicle fractures. 
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Clavicle, diaphyseal, simple fracture Clavicle, diaphyseal, wedge fracture Clavide, diaphyseal, multifragmentary 
15.2A 15.28 fracture 

15.2C 


Location: Clavicle, distal (lateral) end segment 15.3 


Clavicle, distal (lateral) end segment, Clavicle, distal (lateral) end segment, Clavicle, distal (lateral) end segment, 


extraarticular fracture partial articular fracture complete articular fracture 
15.3A* 15.38* Sno 


*Qualifications: 

@ CC ligament complex intact 

b CC ligament complex, partial disruption 

c CC ligament complex, complete disruption 


Figure 34-14. OTA/AO classification scheme of clavicle fractures. (Reproduced from Meinberg EG, et al. Fracture and dislocation classification compendium—2018 
International Comprehensive Classification of Fractures and Dislocations Committee: Clavicle. J Orthop Trauma. 2018;32(suppl):S105.) 


Because of their high rate of delayed union and nonunion, Neer divided distal clavicle fractures into three subgroups, based on their ligamentous 
attachments and degree of displacement (type II was subsequently modified by Rockwood)**: 


Type I: Distal clavicle fracture with the CC ligaments intact. 

Type II: CC ligaments detached from the medial fragment, with the trapezoidal ligament attached to the distal fragment. 
IIA (Rockwood): Both conoid and trapezoid attached to the distal fragment. 

IIB (Rockwood): Conoid detached from the medial fragment. 

Type III: Distal clavicle fracture with extension into the AC joint. 


The Orthopaedic Trauma Association/Arbeidsgemeinschaft fiir Osteosynthesefragen (OTA/AO) and Dislocation Classification Compendium was 
updated in 2018 to include recent developments including a unified numbering scheme and measures to improve observer reliability (Fig. 34-14). The 
clavicle is designated as segment 15, and is divided into the standard medial metaphyseal (15.1), diaphyseal (15.2), and lateral metaphyseal (15.3) 
fractures.!°° An important difference is that the metaphyseal fractures in this scheme are not one-third of the length of the bone but are shorter segments, 
according to the AO “rule of squares.” For the all-important diaphysis, there are simple (15.2-B1), wedge (15.2-B2), and complex (15.2-B3) subtypes. 


OUTCOME MEASURES FOR CLAVICLE FRACTURES 


It has become apparent that outcome measures previously used for fractures in general, and clavicle fractures in particular, have not reliably demonstrated 
significant residual deficits following injury.'*2!99 Gauging success or failure based on the isolated finding of the presence or absence of union on a 
postinjury radiograph was shown to be inadequate by Gossard.®° They used patient-based questionnaires that revealed that 15% of patients were dissatisfied 
despite radiographic union in nonoperatively treated clavicle fractures. Woltz et al.?°? demonstrated that despite fracture union and excellent functional 


scores, half of patients described a perception of incomplete recovery many years after both operative and nonoperative treatment. McKee et al.!2° used 
machine-based objective strength measurements on patients with clavicular malunion to demonstrate strength deficits of up to 30% that were not apparent 
on the traditional manual strength testing. 

Similar findings in other areas have prompted extensive research into the evaluation of outcome. A number of modern, validated, responsive, consistent 
outcome measures are now available for the evaluation following shoulder girdle injuries, and the use of patient-reported outcome measures (PROMs) has 
significantly increased in the last decades.®° Most clinical research studies examining patient outcome in this anatomic area use a comprehensive set of 
outcome measures including a patient-oriented general health status measurement such as the SF-36 or muscoskeletal functional assessment (MFA), a 
patient-oriented limb-specific outcome measure such as the Disabilities of the Arm, Shoulder, and Hand (DASH) or the American Shoulder and Elbow 
Surgeons (ASES) Standardized Shoulder Assessment Form, a surgeon-based outcome score such as the Constant shoulder score or University of California, 
Los Angeles (UCLA) shoulder score, and a radiographic measure. With regard to the radiographic measurements, there is increasing focus on standardizing 
techniques so as to obtain consistent results. There are now data available from multiple studies on the effect of a clavicle fracture on these outcome 
measures that help the attending surgeon with treatment and prognostication (see below).!8!07-193.18119! a problem with many often used shoulder scores 
such as the DASH and Constant scores in the assessment of patients with clavicle fractures, is the potential “ceiling” of the scale. The typical clavicle 
fracture population is generally young with excellent general physical function, who might if possible score higher than the maximum score preinjury. After 
recovery shoulder scores are usually in the upper regions of the scale, satisfying the treating surgeon but with insufficient sensitivity to pick up on minor 
residual symptoms or limitations. These minor changes in function might, however, be relevant to the patient. 

Another previously unanswered yet important question regarding outcome following clavicle fracture was the length of follow-up required to determine 
the time of maximal recovery, or when a patient “plateaued” following injury. While most scientific journals require a minimum follow-up of 2 years for 
outcome studies, this can be extremely difficult to obtain in the trauma population, which tends to be predominantly young, male, and transient. A study by 
Schemitsch et al.2°° demonstrated that outcome measures such as the DASH or Constant score do not change appreciably after 1 year in patients with 
midshaft clavicle fractures. This finding has important implications. Clinically, following either operative or nonoperative treatment, patients can be told 
that their functional outcome is unlikely to change significantly from their status at 1 year postinjury. Researchers can plan for a single year of follow-up 
postintervention, with the knowledge that the expense and effort of longer monitoring is unnecessary as changes in outcome measures past this point are 
minimal. In addition, economists can use the 1-year data from such studies for definitive calculations of the long-term cost-effectiveness of various 
treatment methods.!7° 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO CLAVICLE FRACTURES 


BONY ANATOMY OF THE CLAVICLE 


The clavicle is the only true connection between the torso and the arm. It is the first bone to ossify after 5 to 6 weeks of gestation, and the last to reach 
complete ossification at about 27 years. 17105 

The clavicle is a relatively thin bone, widest at its medial and lateral expansions where it articulates with the sternum and acromion, respectively (Fig. 
34-15). It has two distinct curves: The larger, obvious curve is in the coronal plane giving the bone its characteristic S shape (medial end convex anterior 
and lateral end concave anterior).!*! In smaller clavicles, this curve is found to be more profound, whereas larger individuals are shown to have longer, less 
curved clavicles.°> There is also a more subtle superior curve delineated in a cadaver study by Huang et al.8t This milder superior bow had its apex laterally 
a mean of 37 mm from the acromial articulation, with a mean magnitude of 5 mm. The medial superior surface of the clavicle was found to be flat. This 
article also described the fit of a precontoured clavicular plate to 100 pairs of cadaver clavicles. The authors found that there were significant sex and racial 
differences in the fit of the plate from best (Black male clavicles) to worst (White female clavicles).°! Another study used statistical shape models to show 
that 10 modes of variation are necessary to explain 95% of the variation in clavicle shape between individuals, but also within individuals.*°” These articles 
help explain why intraoperatively it often is necessary to adjust or contour even “anatomic” plates for the clavicle to achieve an optimal fit. 
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Figure 34-15. The cross-sectional and topographic anatomy of the clavicle. The clavicle is narrowest in its midportion, explaining the high incidence of fractures in 
this area. 


LIGAMENTOUS ANATOMY OF THE CLAVICLE 


Medial Ligaments 


There is relatively little motion at the SC joint, and the supporting soft tissue structures are correspondingly thick. Medially the clavicle is secured to the 
sternum by the SC capsule, and although there are not easily demonstrable “ligaments,” the thickening of the posterior capsule has been determined to be 
the single most important soft tissue constraint to anterior or posterior translation of the medial clavicle. There is also an interclavicular ligament that runs 
from the medial end of one clavicle, gains purchase from the superior aspect of the sternum at the sternal notch, and attaches to the medial end of the 
contralateral clavicle. Acting as a tension wire at the base of the clavicle, this ligament helps prevent inferior angulation or translation of the clavicle. In 
addition, there are extremely stout ligaments that originate on the first rib and insert on the undersurface or the inferior aspect of the clavicle.2° A small 
fossa inferomedially, the rhomboid fossa, has been described as an attachment point for these ligaments, which primarily resist translation of the medial 
clavicle. 


Lateral Ligaments 


The CC ligaments are the trapezoid (more lateral) and conoid (more medial) which are stout ligaments that arise from the base of the coracoid and insert 
into the small osseous ridge of the inferior clavicle (trapezoid) and the clavicular conoid tubercle (conoid) (Fig. 34-16). These ligaments are very strong and 
provide the primary resistance to superior displacement of the lateral clavicle. Their integrity, or lack thereof, plays an important role in the decision making 
and fixation selection in the treatment of displaced lateral third clavicle fractures. Clavicle fractures in this location will often have an avulsed inferior 
fragment to which these ligaments are attached, especially in younger individuals. Inclusion of these fragments in surgical fixation selection enhances the 
stability of the operative repair. The capsule of the AC joint is thickened superiorly and is primarily responsible for resisting AP displacement of the joint. It 
is important to repair this structure, which is usually reflected surgically as part of the deep myofascial layer, when operating on the lateral end of the 
clavicle. If one is inserting a hook plate for fixation of a very distal fracture, a small defect can be made in the posterolateral aspect of the capsule for 
insertion of the hook portion into the posterior subacromial space.7°7*° 
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Figure 34-16. The ligaments of the lateral clavicle. The conoid and trapezoid ligaments together form the coracoclavicular ligaments. 
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Figure 34-17. Applied anatomy of the clavicle. Anterosuperiorly, the pectoralis major muscle and fascia envelope the medial 60% of the clavicle while the lateral 
40% is covered by the deltoid muscle and its fascia. Posterosuperiorly, the trapezius muscle attaches to the clavicle. 


MUSCULAR ANATOMY OF THE CLAVICLE 


The clavicle is not as important as the scapula in terms of muscle origin, but still serves as the attachment site of several large muscles. Medially, the 
pectoralis major muscle originates from the clavicular shaft anteroinferiorly, and the sternocleidomastoid originates superiorly (Fig. 34-17). The pectoralis 
origin merges with the origin of the anterior deltoid laterally, while the trapezius insertion blends superiorly with the deltoid origin at the lateral margin. 
Muscle attachment plays a significant role in the deformity that results after fracture: The medial clavicular fragment is elevated by the unopposed pull of 
the sternocleidomastoid muscle, while the distal fragment is held inferiorly by the deltoid and medially by the pectoralis major (see Fig. 34-5). The 
undersurface of the clavicle is the insertion site of the subclavius muscle, which is of little significance functionally but serves as a soft tissue buffer in the 
subclavicular space superior to the brachial plexus and subclavian vessels. The platysma or “shaving muscle” is variable in terms of thickness and extent, 
but usually envelopes the anterior and superior aspects of the clavicle and runs in the subcutaneous tissues, extending superiorly to the mandible and the 
deeper facial muscles. It is divided during the surgical approach, and is typically included in the closure of the superficial, or skin/subcutaneous layer. 


NEUROVASCULAR ANATOMY OF THE CLAVICLE 


The supraclavicular nerves originate from cervical roots C3 and C4 and exit from a common trunk behind the posterior border of the sternocleidomastoid 
muscle. There are typically three major branches (anterior, middle, and posterior) that cross the clavicle superficially from medial to lateral, and are at risk 
during surgical approaches. If they are divided, an area of numbness is typically felt inferior to the surgical incision, although this tends to improve with 
time. A vertical incision or a nerve-sparing technique reduces the risk of damaging these nerves. Although many patients do not complain of numbness 
unless specifically asked and its presence is not unequivocally found to affect satisfaction or function, it is prudent to warn patients that they may experience 
some chest wall numbness in the area below their incision following clavicle plate fixation.”’:109.118,243 4 more difficult problem can be the development of 
a painful neuroma in the scar which, although rare, can negatively affect an otherwise good surgical outcome.°2:4 

More vital neurovascular structures lie inferior to the clavicle. The subclavian vein runs directly below the subclavius muscle and above the first rib, 
where it is readily accessible (for central venous access) and vulnerable (to inadvertent injury). More posteriorly lie the subclavian artery and the brachial 


plexus, separated from the vein and clavicle by the additional layer of the scalenus anterior muscle medially. The plexus is closest to the clavicle in its 
midportion, where the greatest care needs to be taken in not violating the subclavicular space with drills, screws, or instruments. Several authors have 
described the relationship between the vascular structures and the clavicle in order to gain precise knowledge of safe and risky areas for drilling and screw 
placement. !94215,225 The subclavian vessels are closest to the clavicle at the medial end, with the vein usually within less than 1 cm of the posterior cortex of 
the entire medial half of the clavicle. In the middle third, the artery and vein were found to lie within 2 cm posteroinferiorly of the clavicle (Fig. 34-18). 
Moving laterally the distances become greater, with the artery and vein at least 45 mm away from the clavicle. A surgeon should be aware of the anatomy 
and the corresponding risks. Especially when manipulating medial clavicular fracture fragments, extreme caution must be taken. For midshaft clavicle 
fractures, anterior plating could theoretically be safer than superior plating, although this has not been clearly demonstrated in clinical studies.? Despite the 
proximity of these vital structures, iatrogenic injury is surprisingly rare in clavicle fracture fixation. 
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Figure 34-18. The relationship of the subclavian artery (SA) and vein (SV) to the midshaft of the clavicle, 50 and 70 degrees posteroinferiorly form the clavicle, 
respectively. (Reproduced with permission of British Editorial Society of Bone and Joint Surgery, from Sinha A, et al. A radiological study to define safe zones for 
drilling during plating of clavicle fractures. J Bone Joint Surg Br. 2011;93B:1247—1252. Permission conveyed through Copyright Clearance Center Inc.) 


TREATMENT OPTIONS FOR MIDSHAFT CLAVICLE FRACTURES 


In the last two decades, an impressive number of randomized trials comparing nonoperative and operative fixation have been published, closely followed by 


an ever-increasing amount of systematic reviews and meta-analyses.?:18.92,137,139,147,193,218,229,241,256 The majority of these articles clearly demonstrate some 
advantages to primary fixation, including a decreased delayed- and nonunion rate, a lower symptomatic malunion rate, and earlier return to function when 
compared to nonoperative treatment. However, fixation also has drawbacks such as the risk of infection and implant-related complications, and the inability 
to improve long-term shoulder function. There is mounting evidence that the incidence of clavicle fracture repair is increasing worldwide. A study of the 
Swedish Hospital Discharge Register®°.!®? demonstrated both an increase in the overall incidence of clavicle fractures (a 67% increase between 2001 and 
2012, from 36 to 59 per 100,000 person-years), and in the rate of surgical fixation over the same time period (705% increase from 2001 to 2012) (Fig. 34- 
19). 


NONOPERATIVE TREATMENT OF MIDSHAFT CLAVICLE FRACTURES 


The earliest reported attempt at closed reduction of a displaced midshaft fracture of the clavicle was recorded in the “Edwin Smith” papyrus dating from the 
30th century BC. Hippocrates described the typical deformity resulting from this injury, and emphasized the importance of trying to correct it, but also 
admitted that physicians “cannot make the parts look well” (see also Introduction).! It is usually possible to obtain an improvement in position of the 
fracture fragments by placing the patient supine, with a roll or sandbag behind the shoulder blades to let the anterior displacement and rotation of the distal 
fragment correct with gravity, followed by superior translation and support of the affected arm. Unfortunately, it is difficult or impossible to maintain the 
reduction achieved. For this reason, over the millennia that followed the first description of treatment of this fracture, there have been hundreds of 
descriptions of different devices designed to maintain the reduction, including splints, body jackets, casts, braces, slings, swathes, and wraps. 1631.129 At the 
present time, there is no convincing evidence that any of these devices reliably maintains the fracture reduction or improves clinical, radiographic, or 
functional outcomes. For many years the standard of care in North America was the “figure-of-eight” bandage: There are a number of authors that have 
examined its utility in prospective clinical trials comparing it to a simple sling, but no functional or radiographic difference was found.®177 In general, the 


patients seem to prefer the sling. One study described more dissatisfaction with the figure-of-eight bandage,® another randomized trial reported more pain in 
the figure-of-eight group during the first day after treatment (visual analogue scale [VAS] 6.8 vs. 5.6, p = .034).4” Compared to a sling a figure-of-eight 
bandage is more difficult to apply, with a risk of overtightening which can result in temporary lower trunk brachial plexus palsy. For this reason, if 
nonoperative care is selected, the advice is to apply a simple, conventional sling with a padded neckpiece without an attempt at fracture reduction. 
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Figure 34-19. Graph demonstrating the incidence of clavicle fracture repair for specific age groups in Sweden for the years 2001 to 2012, demonstrating a significant 
increase, especially in younger age groups. (Reprinted from Nowak J, et al. The aetiology and epidemiology of clavicular fractures: a prospective study during a two- 
year period in Uppsala, Sweden. Injury. 2000;35(5):353-358. Copyright © 2000 Elsevier, with permission from Elsevier.) 
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In general, nonoperative treatment consists of a sling for comfort for a week or two, starting with pendulum exercises followed by more active 
nonweight-bearing motion exercises up to the horizontal plane. Radiographs are taken after 6 weeks. Bony union is usually late to show on x-rays, and at 6 
weeks usually, only some callous formation is seen at best. After 6 weeks, strengthening exercises can be started as pain allows, under supervision of a 
physiotherapist if appropriate. If after 6 weeks delayed union is evident from an absence of callous formation and movement at the fracture site, then more 
aggressive activities are avoided. 


Outcomes 


To date, a significant number of well-conducted clinical trials on clavicle fractures have been published. Traditionally, clavicle fractures have been treated 
nonoperatively but almost all recent studies unequivocally show that the nonunion rate for displaced midshaft fractures of the clavicle is much higher than 
previously thought. In a prospective series of 868 patients with clavicle fractures treated nonoperatively, Robinson et al. reported a substantial nonunion rate 
(21%) in displaced comminuted midshaft fractures. Several reviews and meta-analyses have been published, revealing that displaced midshaft clavicle 
fractures treated nonoperatively have a nonunion rate of between 14% and 24%,.193.254,266 A recent large meta-analysis analyzing 24 randomized trials on 
clavicle fractures, reported a nonunion rate of 13.8% after nonoperative treatment (78/567 patients).?!° 

Residual symptoms after nonoperative treatment appear to be quite common. Nowak et al.161162 examined the late sequelae in 208 adult patients with 
clavicle fractures at 10 years postinjury. Interestingly, 96 (46%) still had symptoms despite the fact that only 15 (7%) had an established nonunion. McKee 
et al.!5° reported on a series of patients who had nonoperative treatment of a displaced midshaft clavicle fracture a mean of over 4 years earlier. Objective 
muscle strength testing revealed significant strength deficits, especially of shoulder abduction and flexion which help explain some of the patient 
dissatisfaction seen despite bony union. In another study by Woltz et al.,2°? 41% of patients with a nonoperatively treated clavicle fracture 4 years earlier, 
reported residual symptoms, mostly pain and shoulder weakness, and 54% described a perception of incomplete recovery. 

Despite the fact that some residual complaints are not uncommon after nonoperative treatment, overall shoulder function scores are usually good. Most 
studies find DASH and Constant scores at 1 year after nonoperative treatment to be somewhere in the range of 2 to 12 (DASH) and 80 to 98 (Constant).”:7!° 
Functional results after nonoperative treatment are found to be somewhat lower than after different operative treatments, but most studies describe the 
difference to be smaller than the minimal clinically important difference, thus questioning the actual relevance for the patient. Also, it is important to realize 
that many trials include patients with a nonunion who are yet to receive secondary surgery in the functional analysis at 1 year. Since these patients usually 
have poorer functional results and nonunion is more frequent after nonoperative treatment, this obscures the results. When analyzing united fractures only, 
functional results after nonoperative treatment are as good as after surgery. !%2 

Although it is not typically an orthopaedic priority, cosmesis is important to patients, and an unsightly scar has been a traditional deterrent to operative 
treatment of clavicle fractures. !4°:150.164 However, to a body image-conscious patient (predominantly young, male population), a droopy shoulder is also of 
significant cosmetic concern. In addition, many patients complain about the bump caused by the fracture fragments in displaced fractures that usually 
persists after fracture union. Overall, literature shows that patients tend to be less satisfied with the cosmetic result after nonoperative than after operative 
treatment. An RCT comparing operative and nonoperative treatments for instance found that despite the incidence of hardware prominence and incisional 
complications (numbness, sensitivity) in the operative group, more patients in this group were satisfied with the appearance of the shoulder than in the 
nonoperative group (52/62 vs. 26/49, p = .001).'® In another study comparing nonoperative treatment with plate fixation, satisfaction with both shoulder 
function and the overall received treatment did not differ, but satisfaction with the cosmetic result was significantly lower after nonoperative treatment (6.8 


vs. 8.2 on a scale of 0-10, p = .002).?5 Counseling of patient expectations is paramount: in my experience, most patients realize that an operation will leave 
a scar, but many assume that fracture fragments will realign when healing, and thus that asymmetry and a bump will disappear over time. Managing these 
expectations in an early stage can sometimes prevent dissatisfaction to a certain degree. 


OPERATIVE TREATMENT OF MIDSHAFT CLAVICLE FRACTURES 


Indications/Contraindications 


Operative Treatment of Midshaft Clavicle Fractures: 
ABSOLUTE AND RELATIVE INDICATIONS 


Fracture-Specific 


Displacement >2 cm 

Shortening >2 cm 

Increasing comminution (>3 fragments) 
Segmental fractures 

Open fractures* 


Impending open fractures with soft tissue compromise* 
Obvious clinical deformity (usually associated with 1 and 2 above) 
Scapular malposition and winging on initial examination 


Associated Injuries 


e Vascular injury requiring repair 

© Progressive neurologic deficit* 

e Ipsilateral upper extremity injuries/fractures 
e Multiple ipsilateral upper rib fractures 

e 

e 


“Floating shoulder”* 


Bilateral clavicle fractures 


Patient Factors 


e Polytrauma with requirement for early upper extremity weight-bearing/arm use 
e Patient motivation for rapid return of function (e.g., elite sports or the self-employed professional) 
e High functional demand patient (e.g., overhead work) 


*More absolute indications. The other indications are considered relative for fixation. 


Numerous large series describe relatively good results following nonoperative treatment of clavicle fractures, and it is my opinion that most clavicle 
fractures can, and should, be treated in this fashion.®.4®-!49:199 However, evidence from prospective series and RCTs has suggested that there is a subset of 
individuals who benefit from primary operative care.?-!8.92,110,134,218,241,251,254 Operative repair should generally be reserved for medically well, physically 
active patients who stand to benefit the most from a rapid restoration of normal anatomy and stable fixation. Also, the presence of multiple risk factors for 
failure of nonoperative treatment, such as female sex and unfavorable fracture characteristics, could tip the scale toward operative treatment. Overall, the 
risks and benefits of each treatment should be taken into account and a decision should be made in a shared fashion (Fig. 34-20). 

It is unclear if adolescent patients, in general, would benefit from operative repair to a similar degree as adult patients. Most modern prospective studies 
examining the potential benefits of primary clavicle fracture fixation have been in adult patients, with 16 years of age the typical (arbitrary) lowest age of 
inclusion. A recent prospective study of 416 adolescents showed no additional benefits of operative treatment in terms of function, union, and 
complications.“ It is clear that some adolescent patients with significantly displaced or shortened midshaft clavicle fractures have suboptimal results 
following closed treatment, and that plate fixation is a safe and reliable fixation method.!”° However, nonunion after nonoperative treatment remains rare as 
one would expect. At present, the consensus is that operative intervention should be reserved for older, larger adolescents with severely displaced or 
shortened fractures.19-74172.173,238 
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Figure 34-20. Probability of nonunion at various time points following a midshaft clavicle fracture. The PI (prognostic index) becomes more negative with each of 
the following factors: Increasing age, increasing comminution, increasing displacement, and female sex. (Reprinted with permission from McKee MD, et al. Midshaft 
malunions of the clavicle. J Bone Joint Surg Am. 2003;85(5):790-797.) 


Timing of Surgery 


In general, operative treatment is preferably and most easily performed within 2 to 3 weeks. A study by Das et al.2° compared 68 patients with early (<3 
weeks from time of injury) plate fixation and 29 with delayed (3-12 weeks from the time of injury). The authors reported that there were no clinically 
relevant or statistically significant differences between the two groups with regard to soft tissue complications, union rates, hardware removal rates, or 
clinical outcome measures. They suggested their results supported a pragmatic “wait and see” approach for initial treatment: this would result in only those 
patients whose symptoms failed to improve over the first month or so receiving operative treatment, with no diminution of results. While this is reasonable, 
there are a number of potential problems with this approach. One is that it negates the more rapid return to function for all patients, a major benefit of early 
fixation. In addition, a study by Jeyaseelan et al.8” reported 21 cases of iatrogenic brachial plexus injury collected by a specialized central unit over an 11- 
year period. They emphasized that a common feature of these cases was a delayed time (mean 3 weeks) to fixation of the clavicle fracture. These patients 
required a brachial plexus exploration and decompression, and the authors found that tethering of the brachial plexus, especially the upper trunk and C5/C6 
nerve roots, to the undersurface of the clavicle was encountered in all cases. This rare but potentially devastating complication or brachial plexus injury 
following delayed fixation tempers enthusiasm for this technique. If performed, attention should be paid to a careful dissection of any adherent soft tissues 
from the inferior surface of the clavicle during reduction and fixation of the fracture (Fig. 34-21). 


Figure 34-21. A: A 57-year-old man sustained a displaced clavicle fracture after a scooter accident, and was initially treated nonoperatively. B: After 6weeks, 


radiographs showed minimal callous formation, there was movement at the fracture site clinically and the patient still had pain. C: Secondary plate fixation was 
performed with a lag screw and a precontoured 2.7-mm clavicle plate. Special care was taken when cleaning the fracture fragments. D: Four months later, uneventful 
healing occurred. Note that even with a precontoured plate, there is some protrusion at the medial and lateral ends showing a not completely ideal fit. 


In intramedullary (IM) nailing, closed reduction is usually only achievable within the first week or so, and thus to have full advantage of this technique, 
planning an early surgery is important. Unfortunately, this is not logistically feasible in all institutions, rendering open reduction in IM nailing often 
necessary. 


External Fixation 


There are reports in the literature of various techniques of external fixation for clavicle fractures.29.2°%2 This method takes advantage of the intrinsic 
healing ability of the clavicle and allows restoration of length and translation without the scarring or morbidity of a surgical approach. In addition, there is 
no retained hardware at the conclusion of treatment. Several small case series reported high union rates with acceptable shoulder function scores. It is clear 
that this technique is technically possible to perform, and may be useful in certain specific situations, such as severely compromised soft tissue. 
Unfortunately, the practical difficulties associated with the position and prominence of the fixation pins, coupled with a lack of patient acceptance in the 
First World population, has resulted in minimal use of this technique. 


Intramedullary Pinning 


IM pinning of fractures of the shaft of the clavicle has several advantages. These are similar to the benefits seen with IM fixation of long bone fractures in 
other areas, although this technique had not been as consistently successful in the clavicle as series in the femur or tibia have reported.9!!40 Advantages 
include a smaller, more cosmetic skin incision, less soft tissue stripping at the fracture site and distortion of the fracture hematoma, decreased hardware 
prominence following fixation, technically straightforward hardware removal, and a possibly lower incidence of refracture or fracture at the end of the 
implant. Simple smooth elastic nails (elastic stable intramedullary nailing [ESIN] or titanium elastic nail [TEN]) can be used in an antegrade or retrograde 
fashion. They are generally cheap and widely available, but have no option for locking and complications include those common to all unlocked IM devices, 
namely failure to control axial length and rotation, especially with increasing fracture comminution and decreasing intrinsic fracture stability. Migration and 
breakage of smooth wires is a common problem, and although some favorable results have been described, in general, they are not the implant of 
choice.1!3-121,144,155 Later, devices were developed specifically for the nailing of clavicle fractures, such as the (modified) Hagie or Rockwood pins. They 
have a threaded medial end and a compression nut on the lateral end.!*° This provides more stability than a smooth elastic nail, but still allows for rotation 
and maintaining length can be a challenge. A biomechanical study of clavicular osteotomies by Golish et al.°* comparing 3.5-mm compression plates to 3.8- 
or 4.5-mm IM pins showed that the plated constructs were superior in resisting displacement in a number of different testing modes (maximal load, cyclical 
stress) compared to both IM pin constructs. Therefore, based on clinical and biomechanical evidence, at the present time this technique is, in general, 
reserved for simple fracture patterns (transverse and short oblique fractures). 


Preoperative Planning 


Intramedullary Pinning of Clavicle Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ A radiolucent or shoulder table 
Position LJ Semisitting with small pad between scapulae—this aids in reduction of the fracture 
Fluoroscopy location LJ The C-arm is usually placed contralaterally and enters from the side. It can also be placed ipsilaterally or cranially, at the 
surgeon’s preference. 
Equipment LJ Intramedullary pin and specific accompanying equipment if available, drill or awl, reduction clamps if necessary. 
Special considerations Closed reduction is more difficult in older fractures, open reduction should be anticipated. 
If a nonlocking device is used, some fracture configurations are less suitable, e.g., comminuted fractures. 


Positioning 

The technique includes positioning the patient in a semisitting position on a radiolucent table or a shoulder table with a removable part that facilitates 
fluoroscopy, with an image intensifier on the contralateral side or at the head. By rotating the image 45 degrees caudal and 45 degrees cephalad orthogonal 
views of the clavicle can be obtained. A small pad is placed between the scapulae to allow the shoulder to “fall back,” aiding in reduction, as the typical 
clavicle fracture deformity results in protraction of the shoulder girdle. The arm may be free-draped if a difficult reduction is anticipated (i.e., as with 
significant shortening), but in general, this is not necessary. The head is turned to the opposite side and taped in place. 


Technique 


KEY SURGICAL STEPS 


,/ | Intramedullary Fixation of Clavicle Fractures: 


Ensure complete radiographic visualization of the clavicle prior to preparing and draping 

Preoperative planning should include selection of an intramedullary (IM) device consistent with the canal size 

A small incision is made posterolaterally (for retrograde insertion) or anteromedially (for antegrade insertion) to access the entry site 
An entry portal is made with a drill or awl 

The IM device is then passed through the near-fragment 


Depending on the size of IM device selected, reaming of the IM canal may then be required 

The fracture is reduced either percutaneously or through a small open incision 

Under radiographic control, the IM device is passed across the fracture site and seated in the far fragment 

The fracture is checked clinically and radiographically to ensure correct alignment, length, and rotation 

If an unlocked device is chosen, then the IM device is cut flush with the insertion site surface and the incisions closed 
If a locking IM device has been chosen, locking is then performed and the incisions closed 


Figure 34-22. Intramedullary fixation with a headed, distally threaded pin (modified Hagie pin). Retrograde drilling of the distal fragment (A), reduction and fixation 
of the fracture (B), and (in secondary fixation in case of nonunion) addition of bone graft or bone graft substitute (C). 


A small incision is made over the posterolateral corner of the clavicle 2 to 3 cm medial to the AC joint (Fig. 34-22). The posterior clavicle at this point is 
identified and the canal breached with a drill consistent with the planned fixation device. A reduction of the fracture is then performed, either through a 
small open incision or, as experience increases, in a completely closed fashion using a percutaneous reduction clamp on the medial fragment and a 
“joystick” in the distal fragment. Care must be taken when using the IM device as a joystick, to prevent it from bending or breaking. Alternatively, the 
fixation device can be inserted using an “inside-out” technique where it is passed out from the fracture site through the lateral fragment. The fracture is then 
reduced and the IM device is inserted into the medial fragment under direct vision. It is important to accurately reduce length and rotation, although the 
latter can be quite difficult if done closed and no visual clues from the fracture configuration are available. A small incision may be necessary to reduce 
vertically oriented comminuted fragments and “tease” them back into alignment. Following this, depending on the device used, the canal is drilled to the 
appropriate size to accept the planned IM device, or the IM device is directly advanced into the medial fragment. It is important not to distract the fracture 
site with the fixation device, which can occur as the pin is inserted into the unyielding opposite cortex as the S-shaped clavicle comes into contact with the 
end of the straight pin. If this occurs, the pin must be withdrawn slightly or a shorter pin is used. The head of the pin or screw can be left prominent to 
facilitate early removal through a small posterior incision, or can be left flush with the bone to decrease soft tissue irritation (Fig. 34-23). 


Postoperative Care 


Some authors advocate leaving the pin in a prominent position subcutaneously for easy access in the clinic at the time of early (7-8 weeks postoperative) 
hardware removal. This step depends on the type of fixation device used and the philosophy of the treating surgeon. The incisions are closed in a fashion 
similar to that used for plate fixation, although they are typically smaller. Immediately postoperatively, a simple sling is advised. If the surgeon is confident 
with the stability of the repair, early motion is instituted similar to that performed following plate fixation. At 2 weeks, the patient is seen at the outpatient 
clinic where the wound is checked. At 6 weeks, radiographs are taken and, if satisfactory, more active and strengthening exercises are started. 
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Figure 34-23. A: A comminuted, displaced, midshaft fracture of the clavicle. B: Photograph showing the operative set-up with the image intensifier in place. C: A 
small incision is made and the fracture is reduced in an open fashion followed by retrograde insertion of the pin. D: Postoperative radiograph revealing reduction of the 
fracture. E: Skin irritation over prominent pin. F: Radiograph demonstrating bony union. G: Follow-up radiograph following uneventful union and pin removal. 
(Copyright Dr. David Ring.) 


Intramedullary Pinning of Clavicle Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Inadequate radiographic visualization e Ensure proper visualization of entire clavicle with image intensifier prior to prepping and draping 


e Inability to pass intramedullary (IM) pin e Careful patient selection: ensure the IM canal is of sufficient size to accommodate the planned IM pin 
e Iatrogenic comminution of the fracture e Ensure the canal is of appropriate size and maintain reduction while passing the pin across the fracture 
site 
© Do not use the IM device as joystick 


e Neurovascular injury e Avoid extraosseous posterior/inferior passage of the IM instruments/devices 


e  Peri-incisional numbness e Warn patients preoperatively, preserve branches of the supraclavicular nerves if possible if performing 
an open reduction 


e Early hardware failure e Ensure the IM device chosen is commensurate with the size, fracture type, and anticipated compliance 
of the patient 


e Malunion, shortening e Patient selection: Avoid IM fixation in comminuted fractures 
e High hardware removal rates e Select a locked device, which has lower removal rates than unlocked IM devices 
Outcomes 


Despite many theoretical advantages to IM fixation, the poor results during the time when only smooth pins were used, and the fact that plate fixation is a 
straightforward procedure that every orthopaedic trauma surgeon is familiar with, have diminished enthusiasm for IM pinning for clavicle fractures. This is 
particularly true for thin, smooth pins that are known for migration and hardware prominence, and many need to be removed.°?9*!13:12! Tt is important to 
realize that unlocked pins have poor rotational or axial control, and are not suitable for unstable or comminuted fractures. Newer devices are now available 
that have the potential to improve on traditional IM implants with locking capability (Fig. 34-24). 

A number of randomized trials have compared small-diameter unlocked TENs to plate fixation for acute, displaced midshaft fractures of the clavicle. 
Van der Meijden et al. randomized 120 patients to compression plate (n = 58) or TEN (n = 62) fixation. They found that although both groups had excellent 
results at 1 year (mean Constant scores 95-96), the plate group had less disability than the nail group early (up to 6 months postoperatively).7*° In addition, 
removal of the TEN (often under local anesthetic) was recommended for all patients whereas only one patient in the plate group requested removal. On the 
contrary, a recent meta-analysis by Hoogervorst et al.” assessing outcomes of different IM devices, reported a much lower overall removal rates of 20% for 
TENs and 22% for Rockwood and Hagie pins. Overall, recent studies report outcomes after IM nailing that are similar to plate fixation in terms of low 
nonunion rates and excellent functional scores, with the possible added benefit of a shorter operation time, less blood loss, and better cosmetic 
results.40,90,103,112,127,210 Ty a randomized trial comparing ESIN with plate fixation, Fuglesang found in a subgroup analysis that functional recovery after 
ESIN was significantly slower in patients with a comminuted fracture compared with a noncomminuted fracture.°° 

It would appear from these studies that for simple pattern fractures, with an accommodating IM canal, elastic titanium nailing is a reasonable option, 
with the expectation that hardware removal will be required once healing ensues. A difficulty remains that many meta-analyses do not differentiate between 
nonlocking and locking IM devices. For instance, a recent meta-analysis of a total of 895 patients reported better functional outcomes after IM nailing than 
after plate fixation, but sensitivity analysis showed that this difference was solely attributed to locking IM nails.?°° With locking IM pins, besides reducing 
the risk of migration and the need for removal, length could be maintained rendering the device suitable for more comminuted or butterfly fracture 
configurations, instead of simple fractures only. This provides a promising alternative that possibly could cause nailing to finally become a serious 
competitor for plate fixation. 
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Figure 34-24. A: A completely displaced transverse fracture of the midshaft of the clavicle treated with a lockable, large-diameter intramedullary nail. B: While this 


device represents an advance in the treatment of these injuries, more outcome data are required prior to implementation in unstable fracture patterns. (Case courtesy of 
Dr. Aaron Nauth.) 


Open Reduction and Plate Fixation 
Preoperative Planning 


Open Reduction and Plate Fixation of Clavicle Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ A regular or radiolucent table may be used at the surgeon’s discretion 
Position LJ Semisitting with small pad between scapulae; this aids in reduction of the fracture 
Fluoroscopy location LJ Fluoroscopy is not mandatory, and is used at the discretion of the surgeon if a difficult reduction is anticipated. If used, the 


C arm can be placed either ipsilaterally or contralaterally, or even cranially 


Equipment LJ Precontoured plates, small-fragment fixation set, drill 


Special considerations LJ Most fractures are amenable to plate fixation, and this procedure is within the skill set of most orthopaedic surgeons 


The skin in this area is typically bruised, with extensive swelling, following a displaced midshaft fracture. Since the difficulty of reduction and fixation does 
not increase until approximately 2 weeks following injury, it may be prudent to delay operative intervention (as one would in other areas) until the soft 
tissue in the vicinity of the planned surgical approach is more robust. The surgeon should observe the severity of the displacement, the number of fracture 
fragments, and the location of the main fracture line. There is often a vertically oriented anterosuperior fragment, which may benefit from lag screw fixation 
and minifragment screws can be used if available as this fragment may be quite narrow. Also, the number of screws that potentially can be placed into the 
distal fragment can be determined preoperatively, so that the appropriate size of plate can be available, or a lateral plate can be chosen that has more fixation 
options in the lateral fragment. Older series describing fixation of clavicle fractures have described poor results when inadequate fixation such as cerclage 
wires alone or plates of inadequate size, strength, or length is used (Figs. 34-25 and 34-26).!49-!99 A fixation set that includes plates which are precontoured, 
or “anatomic,” to fit the S shape of the clavicle is ideal. Although these plates may require some intraoperative adjustments, they typically save significant 
time associated with the extensive contouring required to make a straight plate fit the bone, and reduce the subsequent requirement for hardware removal. 
They help to decrease the soft tissue irritation that occurs when the end of a straight plate protrudes past the end of the bone as the clavicle curves away. 
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Figure 34-25. Cerclage wiring in isolation is inadequate to control the deforming forces at the site of a displaced clavicle fracture. It results in all of the risks of 
surgical intervention with few of the benefits, and is to be avoided. 


Positioning 

The patient is positioned in the beach-chair semisitting position on a regular operating room (OR) table, or alternatively on a shoulder table in beach chair 
position. The head is placed on a round support and, if general anesthesia is to be used, the endotracheal tube is taped to the opposite side. The arm does not 
need to be free-draped for isolated injuries and is usually padded and strapped to the patients’ side. It is helpful to place a small pad behind the involved 
shoulder to elevate it and then check to ensure that the anticipated superior drill trajectory is free from obstruction. This is less of a concern if an 
anteroinferior plate application is chosen. 


Figure 34-26. Anteroposterior radiograph of a 35-year-old man who weighed more than 200 pounds, whose clavicle nonunion was fixed with a 3.5-mm pelvic 
reconstruction plate. Early mechanical failure occurred through deformation of the plate. This type of plate may be suitable for smaller, low-demand individuals but has 
a higher failure rate when used in larger, more physically active patients, especially given the current availability of stronger, precontoured plates. 


Surgical Approach 


Currently, there are two common surgical approaches, or plate positions, applicable to the fixation of clavicle fractures, each with its own advantages and 
disadvantages. 


Anteroinferior Approach 


Several groups have published large series on the advantages of anteroinferior plating of acute clavicle fractures. 08:209 Advantages of this technique include 
an easier screw trajectory with less likelihood of serious neurovascular injury with inadvertent overpenetration of the drill (although the incidence of 
iatrogenic nerve injury is very low), and the ability to insert longer screws in the wider AP dimension of the clavicle, and decreased hardware prominence. It 
is also technically easier to contour a small-fragment compression plate along the anterior border as opposed to the superior surface. However, the advent of 
precontoured plates has largely negated this particular advantage. Potential disadvantages of this technique include the lack of general familiarity with the 
approach, and that the plate tends to obscure the fracture site radiographically. 

Biomechanical studies show controversial results.°°-8°174124 A systematic review of biomechanical studies showed that in transverse fractures, superior 
plating seemed to provide greater stiffness and strength during bending loads than anteroinferior plating. Cortical alignment greatly influences fixation 
stability, and the absence thereof in comminuted or wedged fractures diminishes stability regardless of plate position.®* However, a possible greater 
biomechanical stability does not seem to translate to better clinical results. All clinical studies comparing anteroinferior and superior plating agree that 
results are similar in terms of union, plate failure, and functional scores, !831,61,83,88,104,216,264 Overall, a large meta-analysis showed a tendency toward less 
plate prominence and irritation after anteroinferior plating, and lower plate removal rates (5% vs. 11%, p = .008) than superior plating. 16° 

A 2017 study reported the results of dual minifragment plating for displaced midshaft fractures of the clavicle.2° They showed high union rates and low 
implant removal rates (2/81), but they pointed out that the operative time was probably longer and soft tissue dissection greater than that required for a 
single plate. A recent meta-analysis of studies by Rompen et al.!9” comparing low-profile dual mini-plating with single 3.5-mm plating, showed that dual 
plating is a safe procedure with similar union rates. In addition, they found a lower overall complication and reintervention rate, mainly due to less implant- 
related irritations and removals. However, they emphasized that more high-quality comparative studies are needed before routine implementation of this 
technique can be recommended. In addition, some of the newer generation precontoured plates are 2.7 mm, which may be sufficient in a single plating 
fashion, disputing the need for dual plating. 


Anterosuperior Approach 


Anterosuperior plating can reasonably be considered the most popular operative method for fixation of the clavicle.!®?” Its advantages include a general 


familiarity with this approach in most surgeons’ hands, the ability to extend it simply to both the medial and lateral ends of the clavicle, and the benefit of 
clear radiographic views of the clavicle postoperatively. Its disadvantages include the trajectory of screw placement (from superior to inferior) that can be 
difficult, and inadvertent “plunging” with the drill can place the underlying lung and neurovascular structures at risk. Also, the clavicle is fairly narrow in its 
superoinferior dimension, and typically the length of screws inserted range from 14 to 16 mm in females to 16 to 18 mm in males. 


Technique 


Open Reduction and Plate Fixation of Clavicle Fractures: 


WA KEY SURGICAL STEPS 


LJ Preoperative planning should include selection of a few most likely to-be-used plates consistent with fracture morphology 
Create a skin/subcutaneous layer and a separate fascial/muscle layer 
Preserve branches of supraclavicular nerves if possible 
Identify and mobilize fracture fragments, maintaining soft tissue attachments 
Lag screw fixation of larger fragments with small/mini-fragment screws 
Reduce main proximal and distal fragments and provisionally fix with K-wires or reduction clamp 
Apply precontoured plate to superior or anterior surface 
If fracture pattern permits, apply plate in compression mode 
Intraoperative radiographs to confirm reduction and plate position if deemed necessary 
If radiographs are favorable, finalize fixation 
Nonlocking screws are typically sufficient, locking screws can be used in lower-quality bone 
Two-layer closure with absorbable suture for deep muscle/fascia layer, and sutures for skin 


An oblique skin incision is typically made centered superiorly over the fracture site. Alternatively, a vertical incision can be used. The subcutaneous tissue 
and platysma muscle are kept together as one layer and extensively mobilized, especially proximally and distally. As experience with the technique 
increases, a smaller incision using “minimally invasive” principles can be employed. If possible, isolate and protect any visible, larger branches of the 
supraclavicular nerves; smaller ones may need to be divided. It is usually wise to warn patients that they may experience some numbness inferior to the 
incision that will typically improve with time. The myofascial layer over the clavicle is incised and elevated in one continuous layer. Therefore, at the 
conclusion of the procedure, fracture site and plate coverage are enhanced by having two soft tissue layers (skin/subcutaneous tissue, myofascial layer) to 
close. Care is taken to preserve the soft tissue attachments to any major fragments, especially the vertically oriented butterfly fragment of the anterosuperior 
clavicle that is often seen. It is not necessary to completely denude these fragments in order to reduce them, and this should be avoided (Fig. 34-27). 

The main fracture line and major fragments are clearly identified and cleaned of debris and hematoma, and a fixation strategy is formulated. If there is a 
free fragment of sufficient size to be structurally important (one-third of the clavicle circumference or greater), it can be reduced to the proximal or distal 
clavicle that it arose from and fixed with a lag screw, simplifying the fracture to a simple pattern (Fig. 34-28). The proximal and distal fragments are then 
reduced with the aid of reduction forceps; they can be held temporarily with a K-wire or, ideally, with a second lag screw. A precontoured plate of sufficient 
length is then applied to the superior or anteroinferior surface. If a lag screw has been placed, it is usually sufficient to secure the fracture with three 
bicortical screws (six cortices) both proximally and distally (Fig. 34-29). If it is not possible to place a lag screw, then four screws should be inserted both 
proximally and distally, or a locking plate should be used. If the main fracture line is of a stable configuration, compression holes can be used to apply 
compression. If the fracture is comminuted or of an unstable pattern, then the plate should be applied in a “neutral” mode. Care must be taken not to violate 
the subclavicular space and the vital structures therein. If there is any concern intraoperatively about violation of the pleural space, a Valsalva maneuver 
should be performed to identify any leakage of air. 
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Figure 34-27. A: Anteroposterior radiograph of a displaced midshaft clavicle fracture. Note the difference in diameter of the proximal and distal fragments at the 


fracture site, suggesting that a significant degree of rotation has occurred. B, C: Intraoperative photographs of a displaced fracture, which was reduced anatomically 


with small-fragment reduction forceps. D: Postoperative radiograph after open reduction and internal fixation with an anterior to posterior lag screw followed by 
fixation with an anatomic plate. 


In general, surgical intervention is selected for young patients with high-quality bone, and for this reason screw purchase is usually excellent, especially 
in the cortical area. For individuals with poorer bone quality, locking screws can be used. Also, locking screws aim to reduce stress on the bone and thus 
diminish compromise of the periosteal blood supply. Celestre et al.?! reported that a superiorly placed locking plate was biomechanically superior to a 
conventional compression plate, although there is little clinical information regarding locking plate use at the present time. In practice, most precontoured 
clavicle plates have both locking and dynamic holes, enabling a combination of the two as the surgeon sees fit. Newer generation precontoured plates even 
provide variable-angle locking holes, which can be useful if the plate is not positioned completely central on the clavicle in all areas. Following fixation, it 
is important to close both soft tissue layers separately with absorbable sutures, absorbable sutures. 


3. A: Radiograph of a 47-year-old woman with a midshaft clavicular fracture with a large anterior wedge fragment. B: With care taken to preserve the 
anteroinferior soft tissue attachment, the wedge fragment is fixed to the distal fragment with a countersunk 2.7-mm lag screw C: The distal assembly is then reduced to 
the proximal fragment. The wedge fragment is too small to accommodate a second lag screw, and an appropriate length precontoured 2.7-mm plate is positioned. D: 
Stable fixation with spanning of the fracture with the plate, including four bicortical screws on either side of the fracture. 


Postoperative Care 


The surgery can typically be done on an outpatient basis. Postoperatively, the arm is placed in a standard sling for comfort and gentle pendulum exercises 
are allowed, and the patient is usually seen in the fracture clinic at 10 to 14 days postoperatively, where the wound is checked. The sling is discontinued as 
pain allows, and unrestricted range-of-motion exercises are allowed, but no strengthening, resisted exercises, or sporting activities are allowed. At 6 weeks 
postoperatively, radiographs are taken to ensure the absence of complications. Bony union is usually difficult to see on early radiographs, especially if 
absolute stability with a lag screw was attained. In case of a bridging plate, usually some callous formation can be seen after 6 weeks. If they are acceptable, 
the patient is allowed to begin resisted and strengthening activities. It is generally advised that contact (football, hockey) and/or unpredictable (mountain 
biking, snowboarding) sports be avoided for 12 weeks postoperatively. However, compliance in this predominately young, male population is variable and 
many individuals return to such activities earlier than recommended. Also, although this advice may be wise, it somewhat undermines the advantage of 
earlier return to sports after plate fixation. Routine implant removal after fracture union is not recommended. 


e 34-29. A: Anteroposterior radiograph with 20-degree cephalad tilt demonstrating a completely displaced midshaft clavicle fracture with shortening. There are 
often iy oriented fracture fragments that arise from the anterosuperior surface of the clavicle at the site of displaced midshaft fractures, giving many fractures a 
Z pattern. If possible, they should be gently teased back into place and fixed with small or minifragment screws, followed by plate fixation. It is important not to 
denude the fragment when attempting to fix it. Reduction is performed by reducing the vertical intercalated fragment to the distal fragment and securing it with a 2.7- 
mm lag screw. The distal assembly is then reduced to the proximal fragment with the aid of two towel clip reduction forceps, followed by plate fixation with a 
precontoured plate. B: Postoperative radiograph revealing restoration of length and anatomic reduction. 


Outcomes 


Older reports described a high rate of complications and hardware failure with primary plate fixation of the clavicle. However, with the development of 
improved implants, prophylactic antibiotics, and better soft tissue handling and techniques plate fixation has become a reliable and reproducible technique 
that can reasonably be considered the gold standard at the present time.**°*"/* 

Recent studies on the primary plate fixation of acute midshaft clavicle fractures have reported consistently high union rates, ranging from 94% to 100%, 


and low rates of infection and surgical complications. A meta-analysis of plate fixation for 460 displaced fractures revealed a nonunion rate of only 2.2%, 
another recent meta-analysis described 1.3% nonunion in 899 patients.?!° 

Many high-quality randomized trials have been published in the last decade comparing plate fixation with nonoperative treatment. The Clavicle Trial, 
for instance, reported by Ahrens et al. randomized over 300 patients to either plate fixation or sling treatment for acute, displaced clavicle fractures. 
Consistent with other similar trials, they found higher rates of nonunion in the nonoperative group (11% sling vs. 1% plate at 9 months), and better early 
functional outcome in the plate group.” In patients making a worker’s compensation claim following a clavicle fracture, Melean et al.!” confirmed a more 
rapid return to work with plate fixation when compared to nonoperative treatment. Woltz et al.7°° randomized 160 patients in a similar fashion and they 
found that the nonunion rate was significantly higher in the nonoperative group (23%) compared to the plate group (2%), and most nonunions were 
symptomatic enough to warrant surgical fixation (9/16). However, there was a significant rate of reintervention (mostly for plate removal) in the operative 
group and functional scores were similar. A follow-up of this study a mean of 4.3 years later, showed that 55% of patients after plate fixation experienced 
some residual symptoms, mainly pain and stiffness of the shoulder, and that 53% of patients reported a sense of incomplete recovery. Patients should be told 
in advance that even after an operation, sequelae can occur.?°2 

Overall, it is unequivocally shown that plate fixation dramatically reduces the risk of nonunion compared with nonoperative treatment. In terms of 
shoulder function, outcomes after plate fixation seem to be a little better after 1 year, but most studies fail to show a difference that exceeds the minimal 
clinical important difference of 8 points (Constant Score) and 10 points (DASH score). The advantage in shoulder function scores after plate fixation is 
usually seen after 6 weeks only.!?”*!° Reoperation rates for adverse events (excluding hardware removal) range from about 2% to 7%.°23:”7294 Consensus 
at the present time is that treatment should be individualized. These studies provide objective information that can be used in a discussion with the patient to 
determine the optimal treatment in a shared decision-making approach to a displaced clavicle fracture. What is apparent is that plate fixation, for a selected 
subgroup of individuals with completely displaced fractures of the midshaft clavicle, is a safe, reproducible, and reliable technique with a union rate of 95% 
and a low complication rate. 


Potential Pitfalls and Preventive Measures 


Open Reduction and Plate Fixation of Clavicle Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Poor patient selection e Active patients with displaced fractures who aim for a quick return to work benefit from primary fixation: Poor bone 
quality, medical comorbidities, and noncompliance negatively affect outcome. Carefully select patients based on fracture 
and patient characteristics, and patient preferences in a shared decisional fashion. 


Damage to underlying structures e Take care not to “plunge” with drills or taps. 


Deep wound infection with exposed hardware e A two-layer closure, consisting of a deep myofascial layer and a superficial skin/subcutaneous tissue layer, will help 
decrease this potential complication 


Plate breakage e Use a strong plate consistent with the size, demands, and compliance of the patient. Most precontoured plates approach 
the biomechanical strength of a compression plate. Avoid 3.5-mm reconstruction-type plates, especially in larger 
individuals 

Hardware irritation e Use a precontoured plate, especially in an individual of smaller stature 

Loss of reduction and plate loosening e Obtain lag screw fixation if possible, and a minimum of six cortices on either side of the fracture site. Use locking screws 


in poorer bone quality 


Nonunion after operative fixation e Avoid excessive soft tissue stripping at the fracture site. Small comminuted fragments should be teased into the best 
position possible and secured with screws or suture. Soft tissue attachments are preserved 


Patient selection is critical. Operative intervention is reserved for healthy, physically active patients with good bone quality and completely displaced 
fractures (typically with visible deformity) who stand to benefit most from operative fixation with an intrinsically low complication rate. Noncompliance 
and substance abuse (be it alcohol, illicit drugs, or prescription narcotics) are contraindications to surgical intervention. No clavicular fixation is strong 
enough to withstand an unprotected fall down stairs or a physical altercation in the immediate postoperative period.*®!”9 The rates of hardware failure, 
nonunion, and reoperation are significantly higher in such individuals. 

While typically, it is not necessary to dissect the subclavicular space to place protective retractors, it is very important not to “plunge” into this area with 
drills or taps. If a lung injury is suspected intraoperatively, the wound is filled with saline and the anesthetist performs a Valsalva maneuver. The presence 
of air escape indicates pleural injury and should prompt a chest radiograph and consultation for pleural drainage (catheter or chest tube). 

Reduce the risk of refracture by avoiding routine plate removal: if required, waiting a minimum of 1 year following fracture union before performing 
hardware removal helps reduce refracture risk. 


Author’s Preferred Treatment for Midshaft Clavicle Fractures ( 


Midshaft clavicle fracture 


Undisplaced or minimally 


Displaced* displaced 


High-demand patient Low-demand pene 
e <60 years old? e >60 years old 


* >16 years old e <16 years old 
e Active, healthy e Medical comorbidities 


e Substance abuse 


Nonoperative treatment 


Shared decision making? e Sling, ROM when 
comfortable 


Operative fixation 
¢ Precontoured plate or 
intramedullary pinë 


Algorithm 34-1 Authors’ preferred treatment for midshaft clavicle fractures. *Displaced: more than one shaft width dislocation, more than 1.5 to 2 cm 
shortening, and associated rotational deformity/scapular winging. tMost studies include adults up to 60 years of age. If a patient is older than 60 and healthy and 
active, operative fixation should be considered. +The treatment decision for patients who are medically eligible for operative fixation should be made in a shared 
fashion, taking into account patient preferences. Choice of implant is based on fracture characteristics and surgeon’s preference. ROM, range of motion. 


TREATMENT OPTIONS FOR LATERAL CLAVICLE FRACTURES 


Compared with midshaft fractures, the literature on distal third clavicle fractures is much less abundant and the preferred treatment therefore more 
controversial. A 2020 paper by Vannabouathong et al. illustrates this: they performed a systematic review of treatment options, and included 28 randomized 
trials on midshaft fractures and only 3 RCTs on distal fractures.729 Whereas many studies on displaced midshaft fractures compare nonoperative with 
operative treatment, the emphasis on distal clavicle fractures lies on different operative techniques for displaced fractures, and high-quality comparative 
evidence regarding nonoperative and operative treatment is scarce. The reason for this, besides the lower incidence of distal fractures, is possibly that distal 
clavicle fractures are traditionally regarded as notorious for their high risk of nonunion, and operative treatment for displaced fractures is usually advised. 


NONOPERATIVE TREATMENT OF LATERAL CLAVICLE FRACTURES 


Nonoperative treatment for distal clavicle fractures is essentially the same as for midshaft fractures. Patients are instructed to wear a sling for 2 weeks, start 
pendulum exercises and nonweight-bearing motion exercises up until the horizontal plane. After 6 weeks, radiographs are made and the patient can expand 
range of motion and strengthening exercises as pain allows. 


Outcomes 


There are a number of studies that define the outcome of nonoperatively treated fractures of the distal clavicle. 157:188.192,196.234 Raval et al.!8° described in 
an epidemiologic study the management of all distal clavicle fracture patients in 18 hospitals throughout the United Kingdom. Of the 275 patients with a 
Neer Type II fracture (displaced fracture), 72% were treated nonoperatively and 33% of these developed a nonunion. However, only 4 of 43 (9%) of the 
patients with a nonunion had sufficient complaints to undergo secondary surgery. In a recent retrospective study, Srinivasan et al.?*? also reported that only 
22% of patients with a nonunion underwent secondary fixation. The largest case series to date evaluating shoulder function is a 2022 cross-sectional study 
by van der Linde et al.,2°* who evaluated outcomes in 619 patients a mean of 7 years after a distal clavicle fracture. In patients with a displaced fracture who 


were treated nonoperatively (n = 84, 55, 3%), a nonunion rate of 20% was observed. However, only half of these (47%) underwent secondary surgery. After 
nonoperative treatment, reported results were generally excellent: DASH scores were low (7.8 + 12). Overall satisfaction and satisfaction with the cosmetic 
result were found to be high and 97% of patients had returned to work. All these outcomes were comparable with operative treatment. 

These studies show that although displaced distal clavicle fractures are recognized for their high nonunion rates and operative treatment is traditionally 
advised, the majority of patients can still be treated nonoperatively with satisfactory results. Undisplaced distal fractures can also take an excessive time to 
heal or develop a fibrous union, but often give little complaints that warrant surgical intervention. 

The only randomized trial comparing nonoperative and operative treatment is a 2021 study by Hall et al.6ê They randomized 57 patients and reported a 
nonunion rate of 36% after nonoperative treatment, but failed to show any difference in arm function between the groups. In the nonoperative group, 20% 
underwent secondary surgery, and return to activities took longer. 

It is clear from these studies that although the nonunion rate is relatively high following the nonoperative treatment of displaced distal third clavicle 
fractures, functional deficit (especially in middle-aged and elderly patients) is minimal, and conservative care should, at present, be considered acceptable in 
most cases. 


OPERATIVE TREATMENT OF LATERAL CLAVICLE FRACTURES 


There is a wide variety of techniques and implants available for the fixation of lateral clavicle fractures, such as precontoured locking plate fixation, hook 
plate fixation, CC fixation (using a suture button device, suture anchor, or screw), tension band wiring, transacromial K-wire fixation, and arthroscopically 
assisted techniques. Although there is no gold standard, precontoured plate fixation is probably the technique most popular nowadays, with different options 
if purchase in the distal fragment is not sufficient. 


Plate Fixation of Displaced Fractures of the Lateral Clavicle 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Plate Fixation of Displaced Fractures of the Lateral Clavicle: 


OR table LJ Radiolucent table or shoulder table with removable shoulder part 

Position LJ Semisitting with pad under the shoulder to facilitate reduction 

Fluoroscopy location LJ Usually from cranial or contralateral side according to surgeons preference 

Equipment LJ Precontoured distal plates and backup in case of limited purchase in distal fragment (e.g., hook plate or CC fixation) 
Special considerations Have an option available if there is inadequate distal fixation with a conventional plate such as conversion to a hook plate 


or addition of a suture button device 


The major technical challenges in these injuries are purchase in the distal fragment and resisting the primary displacing forces, which draw the proximal 
fragment superiorly and the distal fragment (secured by the AC and CC ligaments to the coracoid and scapula) inferiorly.!>?595 In addition, the cancellous 
bone of the distal fragment is often inferior in quality to that of the shaft, and there may be unrecognized comminution. There are a number of precontoured 
“anatomic” plates available for this purpose with a lateral extension for multiple locking 2.7-mm screws. If it is anticipated that there will be insufficient 
distal purchase then alternative fixation strategies need to be available. These can include augmenting the construct with fixation into the coracoid process 
with a suture button device, or achieving purchase to or under the acromion with a hook plate (a precontoured plate with a projection or “hook” that is 
inserted posteriorly in the subacromial space).° 


Patient Positioning 


Patients are positioned in the beach chair or semisitting position, similar to the position used for midshaft fractures. A small pad or bump is placed behind 
the involved shoulder to elevate it into the surgical field. A radiolucent table or shoulder table with a removable shoulder piece is used, because unlike 
midshaft fractures, intraoperative radiographs are essential to ascertain adequate position of the distal screws outside the AC joint. It is not usually necessary 
to free-drape the involved arm, although this can be done if there is any difficulty anticipated with the reduction (i.e., if the fracture is severely displaced or 
more than 2-3 weeks old). 


Surgical Approach 


The surgical approach is similar to that used for superior plating of the clavicle. A skin incision placed directly superiorly over the distal clavicle, extending 
approximately 1 cm past the AC joint is made. The skin and subcutaneous layer are developed, and the deltotrapezial myofascial layer is incised directly 
over the distal clavicle and reflected anteriorly and posteriorly. The AC joint is identified. This can be done by inserting an 18-gauge needle into the joint 
from the superior aspect, and an arthrotomy can be avoided. It is possible to use an anteroinferior approach for plate fixation of distal clavicle fractures 
although this involves a significant amount of detachment of the deltoid and it is less easy to convert to CC suture button augmentation or hook plate 
fixation. 


Technique 


KEY SURGICAL STEPS 


/ | Plate Fixation of Displaced Fractures of the Lateral Clavicle: 


LJ Exposure of the fracture site 


Reduction of the fracture with forceps and manipulation of distal fragment 

Provisional K-wire stabilization of the fracture 

Application of precontoured lateral plate to superior surface 

Use of locking screws in distal fragment 

Assessment of stability 

If inadequate due to bone quality or comminution, conversion to hook plate fixation or CC augmentation according to surgeons preference 
Final radiograph prior to closure to ensure reduction and plate position 


The fracture site is identified and cleaned of debris and hematoma. The fracture is reduced and it may be held with either a K-wire or, ideally although 
rarely possible, a lag screw. Elevating the distal fragment to meet the proximal fragment may aid in reduction. Once the fracture is reduced and 
provisionally stabilized, the optimal type of plate is chosen. Anatomic plates that fit the distal clavicle are available, with a lateral extension to fit multiple 
2.7-mm locking or variable angle locking screws (Fig. 34-30). Following fixation, the surgeon must judge whether the number and quality of distal 
fragment screws are sufficient to provide stability until union occurs. If fixation is judged to be inadequate, there are several options at this point. Since the 
primary deforming force at the fracture site is superior displacement of the proximal fragment, it is possible to augment fixation by securing the proximal 
fragment to the coracoid. Traditionally, a long cortex screw was used that was inserted through one of the plate holes into the coracoid process. However, 
due to the intrinsic motion between the clavicle and the coracoid and scapula, this screw either loosens or breaks with time and this option is no longer 
advised. A more physiologic option is a suture button device, which can be inserted through a plate hole into the coracoid under fluoroscopy. First the image 
intensifier is carefully positioned so that the coracoid process is seen as a circle, usually by making an AP view and then tilting the intensifier about 15 
degrees ipsilaterally. With use of a K-wire and a cannulated drill, the device is carefully inserted into the middle part of the base of the coracoid process. 
Direct vision of the coracoid by splitting the deltoid muscle, as some authors advise when describing the endobutton technique, is not usually necessary. 
During preoperative planning, it may be readily apparent that lateral plate fixation alone will not suffice, in that case, the suture button device can also be 
used to aid reduction, as shown in Figure 34-31. A lateral plate is then first secured to the proximal fragment, after which the suture button is placed. 
Tightening the device will reduce the fracture. Finally, locking screws are placed to keep the distal fragment in position. However, if it is only realized after 
fixation that a lateral plate is inadequate on its own, the advantage of a suture button device is that it can be added to the construct, instead of having to 
convert to a hook plate. 


TT 


Figure 34-30. A: Anteroposterior radiograph of a displaced distal clavicle fracture in a physician following a fall off a mountain bike at high speed. Although the 
fracture was closed, there was significant bruising and swelling over the shoulder. The degree of displacement of this fracture suggests a high likelihood that of delayed 
union or nonunion would result in nonoperative treatment. B: After the soft tissue swelling had subsided 10 days after injury, operative fixation was performed with a 
plate specifically designed for the distal clavicle, allowing for the placement of four screws in the small distal fragment. The fracture healed uneventfully and the 
patient was able to return to work within a week of the surgery (although this is not advised in case of heavy or repetitive work). C: A final follow-up radiograph 
following hardware removal for local soft tissue irritation, a common problem in this area, shows solid union. 


Alternatively, a hook plate can be used with fixation under the acromion to prevent superior migration of the proximal fragment. To place a hook 
plate, the AC joint is identified, and the posterior edge of the distal clavicle is dissected free. An entrance into the subacromial space is then made with a 
pair of heavy curved scissors that will create the path of the “hook” extension of the plate. It is important that this space is made posteriorly, so that there 
will be no impingement of the rotator cuff in the critically tight anterior subacromial space. Once this path has been created, the hook is placed in it and the 
plate is reduced to the shaft of the clavicle. Several different hook depths and lengths are currently available for this plate, and trial reductions can be 
performed to determine the optimal plate type. Alternatively, the plate can be “walked down” onto the clavicular shaft by sequential placement of the screws 
from distal to proximal. On occasion, it may be necessary to contour the shaft of the plate to prevent over-reduction of the fracture; however, if excessive 
contouring appears to be required, a more likely explanation is that the fracture is not reduced and that there is residual superior angulation. Intraoperative 
radiographs can confirm adequate reduction (and especially the absence of overreduction). Following fixation, the wound is thoroughly irrigated and a two- 
layer closure similar to that for midshaft fractures is performed. 
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Figure 34-31. Technique of reduction with aid of a suture button device when limited purchase in the distal fragment is anticipated A: After securing the 
precontoured distal plate on the proximal fragment, the K-wire is positioned carefully in the middle of the base of the coracoid process. B: A cannulated drill is used to 
drill the trajectory. C: After removal of drill and K-wire, the device is advanced through the plate and the coracoid. The fracture is still unreduced. D: By tightening the 
suture button device, the fracture is reduced. E: The plate is finalized with an additional cortex screw in the clavicle shaft and locking screws in the distal fragment. 


Postoperative Care 


The arm is placed in a sling and the patient is allowed early active motion in the form of pendulum exercises. At 10 to 14 days postoperatively the wound is 
checked. The sling is then discarded and full range-of-motion exercises are instituted; sling protection can be extended if the quality of fixation is 
questionable. At 6 to 8 weeks, if radiographs are favorable, resistance and strengthening exercises are instituted. Return to full contact or unpredictable 
sports (i.e., mountain biking) is usually discouraged until 12 weeks postoperatively. While hardware removal is typically optional for those with 
conventional plates, it can be anticipated that a high percentage of individuals with hook plate fixation will require plate removal to regain terminal shoulder 
flexion and abduction, which is a major drawback of hook plates (see Hardware Removal). This is usually performed at a minimum of 6 months 
postoperatively. 


Potential Pitfalls and Preventive Measures 


Plate Fixation of Displaced Fractures of the Lateral Clavicle: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Loss of distal fixation e Precontoured plate with lateral extension and multiple locking screw pattern 
e Conversion to hook plate if distal bone inadequate or augmentation with a suture button device 


e Over-reduction in case of hook plate e Ensure proper depth and angle of hook 
e Confirm with intraoperative radiograph or image 


e Intra-articular AC joint screws e Careful visual and radiographic inspection prior to closure 

e Deep infection e Two-layer closure, consisting of a deep myofascial layer and a superficial skin/subcutaneous tissue layer 

e Delayed union or nonunion e Avoid excessive soft tissue stripping of the fracture 

e Hardware irritation e Precontoured distal plate, suture button device instead of hook plate, or newer design hook plate (less bulky, hook 


contoured to acromion) 


The technical challenge faced during operative treatment of distal clavicle fractures is the fixation of the distal fragment (Fig. 34-32); the surgeon should be 
prepared to deal with unexpected comminution or poor screw purchase in the distal fragment using CC fixation or hook plates. 


There are many techniques available for the fixation of distal clavicle fractures, and comparison of different surgical options is complicated by the rapidly 
evolving implants that are available: tension band and K-wire fixation are mostly replaced by hook plates and precontoured plates, and the technique for CC 
stabilization has greatly improved from a single rigid CC screw to suture button and suture anchor techniques. Nowadays newer generation hook plates and 
better-designed precontoured plates are available, both claiming less hardware irritation, changes of which one should be aware when interpreting results of 
older studies. Overall, union rates after different operative treatments for unstable distal fractures are excellent, around 96% to 100%.*8:96!23.169 A number 
of studies have compared a hook plate with a locking plate with or without CC reconstruction. In a recent meta-analysis analyzing 523 patients, Elrih et al. 
described a similar functional result and a lower complication and reoperation rate after locking plate fixation, despite a better radiologic result after hook 
plate fixation. Most studies analyzing hook plates describe removal rates between 60% and 83% due to irritation or impingement, or even routine removal to 
prevent subacromial osteolysis. !57®68213.234.244 The high incidence of hardware-related complications is a major drawback of at least the first-generation 
hook plates and the reason to advise against their routine use,.!!7-123.213,239,242,244 

Few studies have compared locking plate fixation + CC reconstruction with plate fixation alone. Although CC fixation provides improved 
biomechanical stability!?>188 results of clinical studies are unequivocal. It is clear that locking plate fixation alone can give excellent results, but in some 
cases they can fail without a CC stabilizing adjunct.*9*°%58 Some authors also describe satisfactory results after CC fixation alone, and despite a somewhat 
higher rate of nonunion, revision rates are much lower than after plate or hook plate fixation.45496:98.213 A cost-effectiveness analysis by Fox et al., 
identified the suture button as the most cost-effective technique for distal fractures compared with locking plate or hook plate fixation, mainly due to the low 
revision rates.°” 

Overall, our personal preference is a precontoured locking plate, with augmentation using a suture button if necessary. Since there are complications 
described specific for suture button fixation (such as a fracture of the coracoid process), this should only be used if purchase in the distal fragment is deemed 
inadequate rather than routinely. It is, however, important to realize that operative intervention is reserved for the fully displaced, unstable fractures in high- 
demand patients, or for failures of nonoperative care. In these cases, a variety of methods (e.g., locking plate fixation, hook plate repair, CC fixation) can 
have a high degree of success. 
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Figure 34-32. A: Radiograph of a lateral clavicle fracture with dislocation. B: A precontoured lateral plate was placed. Note the coracoclavicular fragment that is not 
fixed with any screws. C: After a few weeks, the patient came back because of a sudden increase in pain and more swelling. Radiographs showed loosening of the 


screws from the distal fragment and loss of reduction. On this radiograph the extent of comminution is more evident than earlier x-rays suggested. D: A reoperation 
was performed, the lateral plate was revised, and an augmentation with a suture button device was performed. Uneventful healing followed. 


TREATMENT OPTIONS FOR OTHER CLAVICLE INJURIES 


TREATMENT OF MEDIAL CLAVICLE FRACTURES 


Medial clavicle fractures are rare, and adequate diagnosis can be difficult and often warrants CT scanning. In younger individuals, medial fractures often 
represent a physeal injury. The medial clavicular epiphysis is the last long bone epiphysis to fuse in the body, and may persist in patients until 25 to 30 years 
of age. Therefore, medial clavicular fractures are often epiphyseal fracture-subluxations or fracture-dislocations.?!! This can be defined by a CT scan. 

Since this injury is so rare, there is little in the way of evidence-based medicine to dictate treatment, with the majority of information on this entity 
contained in small retrospective case series. The majority of medial fractures are undisplaced (60-80%) and can be treated nonoperatively, with reported 
nonunion rates of 0% to 4.6%.”:2°9 Fractures that are significantly displaced may warrant operative repair, especially if there is posterior displacement of the 
shaft fragment. The primary technical difficulty with these injuries is the fixation in the medial fragment, which is sometimes small and/or comminuted, and 
the metaphyseal bone is usually of lesser quality than the strong cortex of the diaphysis. The surgical approach is similar to that made to the shaft. It is 
important to remember that the subclavian vessels are in close proximity to the bone medially. Following identification, debridement, and reduction of the 
fracture, it can be temporarily held reduced with K-wires. Definitive plate fixation can then be performed in a variety of ways. If the medial fragment is 
large enough, then standard plate and screw fixation can be performed either on the anterior or on the superior surface of the clavicle (Fig. 34-33). There is a 
significant expansion of the medial clavicle (see Fig. 34-15) and this allows for placement of longer screws, often 25 to 30 mm in length. Alternatively, a 


precontoured locking plate with an expanded end section (as in an inverted distal clavicle plate) may augment multiple screw purchase. Several case series 
describe excellent results after fixation with different kinds of plates,°8*1!!31 
best results for medial fractures compared to other techniques such as tension band wiring or K-wire fixation, although implant irritation can occur. 

If there is insufficient purchase in the medial fragment, the plate can be extended across the joint onto the sternum. This construct will eventually loosen 
due to motion at the SC joint, but will typically stabilize the fracture long enough (3 months) for union to occur, at which point the plate should be 
removed.!!® Rarely, fixation with a hook plate intrasternally or retrosternally may be required. This is a highly specialized technique and cardiovascular 
support should be available in the event of inadvertent injury to the vascular structures found retrosternally.°! Fixation of the fracture using smooth wires or 
pins alone is contraindicated, due to the potential for migration and visceral injury. 


and a review by Vannabouathong concluded that plate fixation provides the 
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“FLOATING SHOULDER” 


The combination of ipsilateral fractures of the clavicle and scapular neck has traditionally been called the “floating shoulder,” which has been considered to 
be an unstable injury that may require operative fixation (see Chapter 33).427°5° Combined scapular (or glenoid neck) and clavicle fractures are the most 
common types of double disruptions of the superior shoulder suspensory complex, and there remains considerable controversy over optimal treatment, 
especially whether fixation of the clavicle fracture alone is sufficient. Several studies describe excellent results after clavicle fixation in patients with a 
floating shoulder, supporting the concept, in selected cases, of clavicular fracture reduction and fixation alone.’**°9 It is postulated that reduction of the 
clavicle helps to reduce and stabilize the glenoid fracture, eliminating the requirement for operative fixation of the glenoid. This is an important point since 
open reduction and internal fixation of the glenoid can be a difficult and complex procedure with a high complication rate, especially if the surgeon lacks 
experience in this anatomic area. 
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Figure 34-33. A: A displaced medial clavicle shaft fracture in a 24-year-old man is present but can be difficult to visualize on the plain radiograph. B: A CT scan 
with 3-D reconstruction clearly demonstrates the fracture, its displacement, and minor associated comminution. C: Plate fixation resulted in rapid union and uneventful 
recovery. (Case courtesy of Dr. Mathew Rogell.) 


If operative intervention is chosen, then anatomic reduction and internal fixation of the clavicle is typically performed first, and the shoulder is then 
reimaged. If there is indirect reduction of the glenoid such that its alignment is within acceptable parameters, then no further intervention is required apart 
from close follow-up. If the glenoid remains in an “unacceptable” position, then fixation of the glenoid neck, typically performed through a posterior 
approach, is indicated (see Fractures of the Scapula, Chapter 33). Also, Oh et al. reported the failure of isolated clavicle fixation in two cases of floating 
shoulder. If this method is chosen in this setting, the clavicle may experience greater loads than with isolated fractures, and the size and length of the 
fixation device selected should be commensurate with these anticipated loads.!® 


TREATMENT OF ASSOCIATED RIB FRACTURES 


The negative effect of multiple displaced rib fractures is being increasingly recognized in the orthopaedic literature. Given the similar mechanism of injury 
and the close anatomic relationship, it is common to have concomitant displaced rib and clavicle fractures, and studies have been published exploring the 
relationship between the two. Stahl et al.??3 reviewed the effect of multiple ipsilateral rib fractures on the displacement and outcome of ipsilateral clavicle 
fractures. They found that the presence of ipsilateral rib fractures, especially in the upper third of the chest, was associated with a significant increase in the 
amount of displacement of the ipsilateral clavicle fracture. They postulated that this represented an unstable injury in which the clavicle fracture was much 


more likely to displace with time to the point where conventional indications for fixation (>100% displaced) were met. Onizuka et al.!®” also identified 
ipsilateral rib fractures as a risk factor for progressive displacement of a clavicle fracture in the first to third week after trauma (Fig. 34-34). Close follow-up 
of these patients is warranted. 
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Trauma 


A È B 
Figure 34-34. A: This chest radiograph of a polytrauma patient reveals severe bilateral flail chest segmental injuries with a displaced left clavicle shaft fracture. In 
this setting, the severe chest injury and the associated instability represent a relative indication for fixation of the clavicle. B: Fixation of both the rib fractures and the 
clavicle fracture was performed. (Reproduced with permission of Springer International Publishing from McKee MD, Schemitsch EH, eds. Injuries to the Chest Wall: 
Diagnosis and Management. Springer; 2015, permission conveyed through Copyright Clearance Center Inc.) 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO CLAVICLE FRACTURES 


Clavicle Fractures: 
MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


Common Complication Prevention Treatment 


e Infection e Careful technique, short operative times, prophylactic antibiotics e Deep infection: Irrigation and debridement, intravenous 
antibiotics, maintain fixation if stable, remove if loose 
e Superficial infection: oral antibiotics 


e Nonunion e Primary fixation reduces nonunion rate in selected cases e Debridement and vitalizing of fracture fragments and plate 
fixation with lag screw if possible; add iliac crest bone graft or 
osteoinductive bone substitute if atrophic 


e Malunion e Primary fixation reduces symptomatic malunion rate in selected e Corrective osteotomy and plate fixation 
cases 
e Neurovascular injury e Careful technique to avoid iatrogenic injury (see text) e Treatment of established injury difficult, and usually expectant. 


Prevention is the key (see text) 


e Hardware failure e Use a plate strong enough for size, activity level, and compliance e If fracture site is not severely displaced, it may heal with 
of patient. Precontoured plates ideal, 3.5-mm reconstruction plates observation. If not, revision surgery with stronger plate 
should be avoided e Late hardware failure is indicative of delayed or nonunion 
e Hardware prominence e Use a precontoured plate, especially in smaller individuals e Hardware removal, minimum 1-2 years postimplantation 
e Refracture e Avoid plate removal, if indicated, for 1-2 years after fixation e If minimally displaced, may heal with nonoperative treatment. If 
displaced or unstable, repeat open reduction and internal fixation 
indicated 
e Scapular winging e Due to residual clavicular malposition (malunion, nonunion). e Corrective clavicular surgery with plate or IM pin may be 
Primary fixation lessens incidence indicated if symptoms severe 


Infection has traditionally been one of the most feared complications following fixation of displaced clavicular fractures, and earlier series described an 
unacceptably high rate of deep infection.?!)!49 However, significant improvements have been made in a number of areas that are well recognized to decrease 
infection, including perioperative antibiotics, selective operative timing with regard to soft tissue conditions, better soft tissue handling, two-layer soft tissue 
closure, and fixation which is superior biomechanically.'®!79 Reported deep infection rates vary around 2% to 4%, and superficial infections appear to be 
somewhat more common.®!10,182,252,266 Superficial infection can usually be treated with local wound care and oral antibiotics alone. When deep infection 


does occur, provided that the implant is stable, it is advised to operatively collect multiple deep culture samples (at least four), thoroughly debride and 
irrigate, retain the implant, and close the wound (according to the DAIR principle: debridement, antibiotics, and implant retention). It is important to 
withhold preoperative antibiotics and start systemic antibiotic therapy postoperatively, and adjust according to the sample results. In some cases, antibiotics 
have to be continued until fracture union occurs, after which plate removal is performed. Sometimes it is possible to avoid the first reoperation by 
temporizing with local wound care and systemic antibiotics until fracture union has occurred, after which plate removal, debridement, and thorough 
irrigation are necessary to eradicate the infection. 

Deep infection with unstable implanted hardware is a more complex problem. If it appears that there is progressive bone formation, then temporizing 
until union occurs followed by hardware removal and debridement may be successful. If there is no obvious progress toward union, then operative 
intervention is indicated. Hardware removal followed by radical debridement of infected bone and dead or devitalized tissue and subsequent irrigation is 
performed. At this point, there are several options. If the patient is healthy without comorbidities (as is usually the case) and the infecting organism is a 
sensitive one, then immediate reconstruction with plating, bone grafting, and local antibiotics (such as powdered vancomycin) may be warranted. 
Alternatively, especially with polymicrobial infections or resistant organisms (i.e., methicillin-resistant Staphylococcus aureus), local antibiotic- 
impregnated polymethylmethacrylate cement beads, or an antibiotic-impregnated bone substitute is implanted into any residual dead space following 
debridement, and systemic antibiotics are administered until clinical and hematologic markers indicate the infection has been eradicated. Delayed 
reconstruction can then be performed. If there is a significant soft tissue deficiency, then the assistance of a plastic surgeon who can perform soft tissue 
coverage, typically with a rotational pectoralis major flap, is ideal.2°9249 


NONUNION 


Nonunion is defined as the lack of radiographic healing at 6 to 9 months postinjury (Fig. 34-35). Traditionally, the rate of nonunion has been described as 
being less than 1% of all clavicle fractures. This was based on 2 sentinel studies, 1 by Neer in 1960 that described 3 nonunions in 2,235 patients, and 1 by 
Rowe in 1968 in which only 4 of 566 patients developed nonunion after a fracture of the clavicle.!*9:!99 Since the turn of the century, however, midshaft 
clavicle fractures have been extensively investigated, revealing that the nonunion rate following closed treatment of completely displaced fractures is 
exponentially higher, in the 15% to 24% range.”!8:193,210,254,266 The reason for this difference is unclear but probably includes more complete follow-up in 
recent studies, the exclusion of children (with their inherently good natural history), changing mechanisms of injury (mountain biking, all-terrain vehicles, 
parachuting), and the modern patients’ intolerance of prolonged immobilization. 


Figure 34-35. An atrophic nonunion of the clavicle. The degree of bone loss demonstrated in this case suggests that an intercalary graft may be required to restore 
length and obtain union. 


In addition, several prospective population-based studies have been helpful in elucidating factors associated with the development of 
nonunion?”89114,248 (for summary see Table 34-1). A systematic review by Jørgensen et al. identified displacement as a risk factor for nonunion, and 
smoking, fracture comminution, increasing age, female gender, and fracture shortening as possible risk factors.8? Clement et al. used a large prospectively 
gathered fracture database to determine risk factors for symptomatic nonunion following closed treatment. They found that smoking and a DASH score of 
35 or more at 6 weeks (a higher score indicates greater disability) were positively associated with nonunion. Patients with no risk factors had a 2% chance of 
developing a symptomatic nonunion, while those with both had a 44% risk of nonunion.*° Another study found that patients who experienced no or minimal 
improvement in pain scores between 2 and 4 weeks after trauma, were twice as likely to develop symptomatic nonunion.'®° Leroux et al. analyzed 1,350 
patients after primary operative treatment and identified female sex and a high comorbidity score as risk factors for nonunion (OR 2.2 and 2.8, 
respectively).!‘* Lateral third fractures are found to have higher nonunion rates as patient age and fracture displacement increase. 19? 


TABLE 34-1. Possible Risk Factors for Nonunion After Closed Treatment of Midshaft Clavicle Fractures 


Fracture Related Risk Factor Patient-related Risk Factor 

Complete fracture displacement* Female gender 

Older age Smoking 

Comminution DASH >35 at 6 weeks 

Shortening >2 cm Minimal pain decrease between 2—4 weeks postinjury 


Identified by most studies as a risk factor. 

Data from Jorgensen A, et al. Predictors associated with nonunion and symptomatic malunion following non-operative treatment of displaced midshaft clavicle fractures—a systematic 
review of the literature. Int Orthop. 2014;38:2543-2549; Clement ND, et al. Smoking status and the disabilities of the arm shoulder and hand score are early predictors of symptomatic 
nonunion of displaced midshaft fractures of the clavicle. Bone Joint J. 2016;98-B:125-130; and Qvist AH, et al. Minimal pain decrease between 2 and 4 weeks after nonoperative 
management of a displaced midshaft clavicle fracture is associated with a high risk of symptomatic nonunion. Clin Orthop Relat Res. 2021;479(1):129-138. 


Treatment Options for Nonunion 


While a significant percentage of distal nonunions may be asymptomatic, especially in the elderly,!°° the majority of midshaft nonunions in young active 


individuals will be symptomatic enough to require treatment.!!51 Overall, it is described that in about two thirds of patients with a nonunion, symptoms 
are severe enough to warrant a secondary operation, although there is a discrepancy between studies in how authors handle their nonunions (secondary 
intervention in 0-100% of patients).?°4 

A variety of methods have been described for the treatment of an established clavicular nonunion.*232-37.93 Described methods range from noninvasive 
techniques such as electrical stimulation and low-intensity ultrasound to minimally invasive techniques (isolated bone grafting, screw fixation) to formal 
open reduction and internal fixation with iliac crest bone grafting. Apart from isolated case reports, or cases described in larger series of standard treatments, 
there is very little objective evidence to support the use of electrical stimulation or ultrasound in this area.3>33 In rare cases where there is minimal 
deformity or shortening, a stable hypertrophic nonunion with good soft tissue coverage and no infection, and a biologically favorable host (i.e., no smoking 
or diabetes), such techniques may occasionally be successful in promoting union. However, the majority will require mechanical stabilization and biologic 
stimulation. 

Traditionally, the gold standard treatment is open reduction and internal fixation with a compression plate and (iliac crest) bone grafting. Reported 
success rates with this technique are high if appropriate size and length plates are used.?*:!”° It is important to note that the forces generated by deformity 
correction and the longer healing time will mean that the operative construct for a nonunion will require greater stability for a longer period of time than that 
for an acute fracture. Even more than for acute fractures, short four-hole plates, weak one-third tubular plates, or even 3.5-mm pelvic reconstruction plates 
are inadequate for this type of fixation, and have higher failure rates (see Fig. 34-26). A small-fragment compression plate, a precontoured “anatomic” plate, 
or their equivalent with a minimum of three bicortical screws in each fragment is recommended, as for primary fixation.3?33:37,93 

However, an increasing amount of authors advocate that bone grafting is not always necessary, particularly in hypertrophic nonunions. Autologous bone 
grafting has considerable disadvantages, such as increased operative time and blood loss, and donor-site morbidity. If the defect does not exceed 1.5 to 2 cm 
(which it usually doesn’t), excellent results have been described with plating alone without bone graft.!!:27:45.126 Huang et al. retrospectively compared 60 
patients with an atrophic nonunion who were treated with locking plate fixation with or without bone grafting. They found no difference in healing time or 
shoulder function scores, but did describe a longer operation time and longer hospital stay in the patients with bone grafting, as well as considerable pain at 
the donor site.®° In our opinion, bone grafting is usually not required if compression at the fracture site with a lag screw or compression plate can be 
achieved after thorough debridement. In addition, any excess callus that is removed in the debridement or deformity correction can be saved, morcellized, 
and inserted into the fracture site at the conclusion of the procedure, rendering a distant site bone graft usually unnecessary. 

Another option is IM pinning with open bone grafting for the treatment of clavicular nonunions, which has the same theoretical advantages as for acute 
fractures: A smaller incision with better cosmesis, less soft tissue stripping, decreased hardware irritation, and easier hardware removal (often under a local 
anesthetic). There are several reports describing good results after IM pinning of nonunions. However, in addition to IM fixation being weaker 
biomechanically and not controlling length and rotation as well as a plate, others have reported difficulty with pin migration and breakage using this 
technique, !01,121,144,155 

Severe bone loss and/or poor bone quality, typically associated with multiple failed operative procedures and infection, can complicate the 
reconstruction of recalcitrant clavicular nonunions. The final treatment option in such circumstances is clavicular excision, or claviculectomy (either partial 
or total).3>33-257 Considering the important strut effect of the clavicle for upper extremity function, and the availability of modern treatment options, this 
must be considered a salvage procedure. While reasonable results with retention of a full range of motion and relief of pain have been described in selected 
cases with severe preoperative pathology, a significant decrease in strength (especially overhead) and a loss of shoulder girdle stability typically result. 

Our preferred surgical treatment for a midshaft nonunion of the clavicle is open reduction and internal fixation with a precontoured anatomic clavicular 
plate, usually without the addition of an iliac crest bone graft or an osteoinductive bone graft substitute. Operative procedure is similar to that used for the 
fixation of acute midshaft fractures, with a few exceptions. If the use of bone graft is anticipated, an iliac crest bone graft site should be prepared. During the 
procedure, the ends of the nonunion are identified, and judicious soft tissue dissection is performed around them to allow correction of deformity. This 
usually involves bringing the distal fragment out to length and translating it superiorly and posteriorly. The distal fragment is often rotated anteriorly, and 
derotating it brings the flat superior surface directly superiorly, facilitating plate placement on the superior surface. The sclerotic ends of the proximal and 
distal fragments are identified and a rongeur is used to clear them back to bleeding bone. It is rarely necessary to resect excessive bone to do this. The 
medullary canals are then reestablished with a drill to allow the free egress of osteoprogenitor cells to the nonunion site. Any excess callus removed in the 
approach, debridement, or deformity correction can be saved, morcellized, and inserted into the fracture site at the conclusion of the procedure. The 
nonunion is then fixed with a lag screw if possible (Fig. 34-36). The chance of success of this helpful step can be increased by recognizing the orientation of 
the nonunion line during the approach and debridement. A plate of adequate length is selected, providing for at least three bicortical screws both proximal 
and distal, which is the absolute minimum. If the nonunion is transverse in nature the first screws on each side are inserted in a compression mode. If plate 
fixation alone is deemed insufficient, then either morcellized autograft from the iliac crest or an osteoinductive bone substitute, such as a bone morphogenic 
protein, is packed in and around the nonunion site. Bone substitutes with little osteoinductive capability, such as calcium phosphates or sulfates, allograft, or 
demineralized bone, are to be avoided. A structural or intercalary graft may be required in certain cases where there has been excessive loss of length or 
failed previous surgery. Shortening can often be determined preoperatively by comparing the length of the clavicle radiographically to the measured clinical 
length. If there appears to be significant bone loss then an intercalary graft, as per the technique of Jupiter and Ring,** can be employed. Postoperative care 
is similar to that following acute fracture fixation. 
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Figure 34-36. A: An atrophic nonunion 14 months following nonoperative care of a completely displaced fracture of the clavicle. B: Successful repair with correction 
of deformity, plate fixation, and addition of bone morphogenetic protein to the nonunion site. The oblique nature of the nonunion in the coronal plane facilitated initial 
fixation with two anterior-to-posterior lag screws. 


The development of nonunion after plate fixation of the clavicle is rare, but does occur in a few percent of patients. It is important to realize the role of 
underlying infection in these cases. Gausden et al.6? reported positive cultures taken during revision surgery in 15 of 18 patients, without clear clinical signs 
of infection. Cutibacterium acnes was the predominant organism (14/15). Another recent study described positive cultures in 11 of 21 patients (52%), again 
with C. acnes being the most prevalent (in 7 patients).”! Both authors emphasize that surgeons revising failed fixation should have a high index of suspicion 
for underlying infection. 


Outcomes 


Outcomes after nonunion surgery for midshaft fractures are controversial. Although some authors describe excellent outcomes after delayed fixation 
comparable with primary plate fixation, it appears that while time after injury increases, the risk of complications also increases.2®!35154.181 Das et al. for 
instance, described no clinical or radiographic differences in outcomes between early (<3 weeks) and delayed (3-12 weeks) fixation.3® After 3 months, 
however, Nicholson et al. identified increasing time after injury as an independent predictor for complications. After the “safe window” of 96 days, they 
reported an increase in infections (OR [odds ratio] 7.7), fixation failure (OR 3.8), and revision surgery (OR 4.8).'54 In another large series comparing 
fixation of acute fractures versus nonunions in a total of 1,215 patients, McKnight et al. described nonunion surgery to have an increased risk of any 
complication (OR 2.29).!°5 

Shoulder function scores are known to dramatically improve after secondary fixation for nonunion. However, some authors have described that 
improved function scores after revision remain less than after successful nonoperative treatment or primary fixation.” For instance, Potter et al.18t 
examined 15 patients who had undergone late reconstruction with plate fixation for nonunion or malunion at a mean of 63 months postinjury and compared 
them to a similar cohort of 15 patients after primary plate fixation. They found that there were subtle but significant differences between the two groups 
with regard to shoulder scores (Constant score 89 vs. 95, p = .02, respectively), and the late reconstruction group demonstrated inferior endurance strength 
in the involved shoulder. In a similar fashion, Fox et al. reviewed 60 patients a mean of 4 years after secondary fixation for delayed (>3 months) or 
nonunion (>6 months) and reported inferior QuickDASH scores and satisfaction compared with a matched cohort of nonoperatively treated patients 
(QuickDASH 16.5 vs. 5.5, respectively). Despite this, the intervention was found to be cost-effective.>© 


MALUNION 


Traditionally, it was believed that malunion of the clavicle was of radiographic interest only, and success in the clinical setting was defined as fracture 
union. A certain degree of malunion is unavoidable in any healed nonoperatively treated, displaced fracture, which renders diagnosis of (symptomatic) 
malunion difficult. Despite this, there appears to be a fairly consistent pattern of patient symptomatology (with orthopaedic, neurologic, “functional,” and 
cosmetic features) following malunion of displaced midshaft fractures of the clavicle.22:!®-!53 While all of the factors that contribute to the development of 
this condition are unclear; it is typically diagnosed in young, active patients with significant degrees of shortening at the malunion site (Fig. 34-37). As 
could be reasonably anticipated, shortening of the shoulder girdle (with the typical inferior displacement and anterior rotation of the distal fragment) can 
result in a variety of biomechanical and anatomic abnormalities that translate directly into patient complaints. Orthopaedically, shortening of the muscle— 
tendon units that traverse the malunion site results in a sense of weakness and rapid fatigability, with a loss of endurance strength. It has been previously 
shown that there are significant, objective, deficits in maximal strength and endurance (especially of abduction) following the healing of displaced midshaft 
fractures of the clavicle treated nonoperatively (Fig. 34-38).!°°*!” Narrowing and displacement of the thoracic outlet (the superior border of which is the 
clavicle) can result in numbness and paraesthesias, usually in the C8 to T1 nerve root distribution, exacerbated by provocative overhead activities. Due to 
their deformity, patients complain of the appearance of their shoulder and difficulty with backpacks, military gear, and shoulder straps sliding off their 
shoulder: This has been termed a deficit in “functional cosmesis.” Patients with this condition also complain of upper back pain and periscapular aching, 
especially with repetitive activity. There is objective evidence that the displacement of the distal fragment (to which the scapula is attached) results in 
malalignment of the scapulothoracic joint and a form of scapular winging; this produces periscapular muscle spasm and fatigue pain.!®° 
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Figure 34-37. Typical clinical features of clavicle malunion (A) with corresponding radiograph (B). Note the shoulder asymmetry and the difference in the position of 
the AC joints (arrows). 
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Figure 34-38. Objectively measured shoulder strength following nonoperative treatment of a displaced midshaft fracture of the clavicle (maximal, endurance) 
compared to the normal contralateral side. Patients were a minimum of 14 months postinjury, with a mean of 54 months. ER, eternal rotation; IR, internal rotation. 
(Redrawn with permission from McKee MD, et al. Deficits following nonoperative treatment of displaced midshaft clavicular fractures. J Bone Joint Surg Am. 
2006;88(1):35—40.) 


It would appear that the predominant risk factor for the development of this condition is shortening at the malunion site.!°° Although biomechanic 
studies are clear on the effects of shortening on shoulder kinematics, a clinical correlation remains unclear.>7°-99-107.159.170 Tn a retrospective study, Eskola et 
al. reported on 83 patients with displaced fractures and found that shortening of 1.2 cm or more was associated with increased pain at final follow-up. A 
systematic review by Woltz et al.7°° of six studies analyzing 379 patients, failed to demonstrate a correlation between shortening and impaired shoulder 
function scores or arm strength. It is probable that length is just one component of a complex three-dimensional deformity that, combined with the intrinsic 
variability of human response to skeletal injury, explains why some individuals with a malunion function well and others determinedly seek operative 
correction. For patients with a symptomatic malunion who have failed a course of physiotherapy for muscle strengthening, the options are to accept the 
disability or have a corrective osteotomy. 

Operative intervention is reserved for patients with signs and symptoms of malunion that are specific to the condition and sufficiently severe to warrant 
surgery. Radiographic malunion alone is common and, in and of itself, not an indication for surgery unless it is accompanied by correlative symptoms. 
Patients selected for surgery are typically young, active, and healthy with good bone stock. The primary goal of surgery is to correct the deformity, and 
preoperative planning is important (Fig. 34-39). Careful measurement both clinically and radiographically defines the degree of length to be restored. A 
posteroanterior thorax or chest radiograph that includes both clavicles has been shown to be a reliable way of comparing length to the opposite (normal) 
clavicle, although one should be aware of some physiologic asymmetry in 30% of patients.?!” 
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Figure 34-39. A: Anteroposterior radiograph of a symptomatic clavicle malunion with 2.5 cm of shortening. B: The corresponding clinical photograph showing the 
measurement of clavicular length from the sternal notch to the acromioclavicular joint. C: An intraoperative photograph of the malunion site demonstrating the typical 
displacement of the distal fragment with medial, inferior, and anterior translation. This also demonstrates the abundant local bone that is usually present at the malunion 
site. While it is difficult to appreciate, there is anterior rotation of the distal fragment as well. D: An intraoperative photograph following osteotomy of the malunion, 
recreating the original fracture line and rongeuring of excess callus (which will be used to graft the osteotomy site), and distracting the fragments to their correct length 
and position. It is typically not necessary to perform an intercalary bone graft, as there is rarely absolute bone loss, and the original proximal and distal fragments can 
be reestablished using a combination of a microsagittal saw and osteotomes. E: An intraoperative photograph following reduction and plate fixation using an anatomic 
precontoured plate. F: An anteroposterior radiograph following union. The patient’s preoperative symptoms resolved fully. 


Patient positioning and the surgical approach are similar to those used for acute fracture fixation. In certain cases, however, it is prudent to have an iliac 
crest bone graft site prepared. In general, it has not been routinely necessary to insert an intercalary graft to restore length. It is usually possible to identify 
the position of the proximal and distal fragments. The malunion site is cleared, and a mark is made in the bone proximally and distally and the length is 
measured. This enables the surgeon to calculate how much length has been gained by remeasuring the distance between the two marks at the conclusion of 
the osteotomy. Next, the osteotomy to recreate the original fracture and proximal and distal fragments is made with a combination of a microsagittal saw 
and osteotomes. Care is taken not to violate the subclavicular space. Following the osteotomy, the proximal and distal fragments are grasped with a 
reduction forceps and gently distracted to the desired position. It is not routinely necessary to free-drape the arm for traction. For difficult cases, a 
minidistractor can be used to correct length and maintain position while fixation is applied. Care must be taken not to overdistract the fragments as 
neurologic injury may result. For this reason, in very short malunions that have been present for a long time, the choice can be made not to fully correct 
shortening to prevent postoperative neurologic symptoms.!®9 Depending on the configuration of the bone ends, after the osteotomy is performed it is often 
possible to fashion an interdigitating or step-cut contour to improve intrinsic stability and increase the bony surface area for healing. The medullary canals 


are reestablished with a drill, and the osteotomy is temporarily secured with a K-wire. It is then measured for correction of deformity and length. On 
occasion, an absolute bone deficit may be encountered, such that reduction of the fragments does not restore length. Options at this point include accepting 
some shortening or using an intercalary graft. This situation can be anticipated preoperatively when the measured clinical shortening is significantly greater 
than the degree of shortening seen on the radiograph of the involved clavicle. Once deformity correction is confirmed, definitive fixation is performed. 
Additional local bone can be morcellized and added to the osteotomy site. 

More recently, various computer-assisted planning techniques with 3D-printed surgical guides have been described with good radiologic and clinical 
results.2*°7,242 However, if clinical results are superior after these more novel techniques remains unclear. 

Outcomes after malunion treatment are generally satisfactory. A review of the scarce literature of mostly retrospective case series including a total of 
103 patients, reported a low complication rate of 6% and improved shoulder function scores.”!? 


GLENOHUMERAL ARTHRITIS 


The long-term effect of clavicular injury, especially with resultant deformity from nonunion or malunion, on glenohumeral joint mechanics or contact 
pressures is a largely unexplored area. Presumably, there may be some alteration of force across the joint. Interestingly, a recent anatomical study of a large 
number of preserved skeletons found a statistical association between evidence of a prior clavicle fracture and features of glenohumeral arthritis.246 
Evidence of a clavicle fracture was found in 103 of 2,899 specimens (3.9%), and this correlated with the presence of glenohumeral arthritis (p < .001), along 
with increasing age and male gender. Whether this is a “cause and effect” relationship (i.e., altered biomechanics from the clavicle fracture induced 
degenerative change) or simply an association (i.e., a traumatic events] that fractured the clavicle also injured the glenohumeral joint) is unclear, but further 
research is warranted in this area. 


NEUROVASCULAR INJURY 


Despite the proximity of the brachial plexus and subclavian vessels, neurovascular injury is surprisingly rare, given the number of severely displaced 
clavicular shaft fractures seen in practice. !438,60,78,189,200,233 Ty general, neurovascular injuries associated with clavicle fractures can be divided into three 
groups: acute injuries, delayed injuries, and iatrogenic injuries. 


Acute Injuries 


A careful vascular and neurologic examination is critical with any clavicular injury, especially those associated with high-energy trauma. If the signs of 
vascular injury are present, an angiogram is indicated. In addition to being diagnostic, with the refinement of interventional techniques such as embolization 
and stenting, the procedure can also be therapeutic (Fig. 34-40). While direct impalement of bony fragments can occur, most neurovascular injuries occur 
from excessive traction, which in its most severe form is termed scapulothoracic dissociation (see Fig. 34-9). The unique feature of these injuries is that the 
associated clavicular fracture is typically distracted, rather than shortened. This can be a limb or life-threatening injury. A study by Ebraheim et al. reported 
3 deaths in 15 patients, and Zelle et al. described 3 deaths and 6 amputations in 22 patients in their series from a major European trauma center.*!,2° If limb 
salvage is to be performed, shoulder girdle stabilization (typically plate fixation of the clavicle fracture) is indicated to create an optimal healing 
environment for the soft tissue structures. 

There have also been case reports of direct neurologic injury from clavicular fracture fragments, but this is extremely rare. Although successful 
nonoperative treatment has been described, there are no comparative studies, and, generally, operative decompression of the brachial plexus by reduction 
and fixation of the clavicle fracture is advised.!438.102,200 


Delayed Injuries 


Delayed injuries tend to occur due to encroachment upon the thoracic outlet, either from displacement of the fracture fragments or from inferior clavicular 
callus formation (Fig. 34-41). In the case reports describing this entity, debridement of local callus with realignment and fixation of the clavicle injury is 
indicated.*®-!°2 The timing of this intervention is controversial, but in general it should be performed as promptly as symptoms appear and the patient’s 
general condition allows. The commonest reason for brachial plexus irritation following clavicular fracture is the chronic thoracic outlet syndrome (TOS) 
that results from clavicular malunion. In this setting, operative treatment should be directed toward reestablishing the preinjury dimensions of the thoracic 
outlet through a corrective clavicular osteotomy.?2:!33 Simply removing the “bump” around the fracture site, or conventional treatments for TOS such as 
first rib resection have a high failure rate. This is due to the fact that the fundamental anatomical problem is the change in position, orientation, and contour 
of the thoracic outlet from the displacement of the distal clavicular segment, rather than from local impingement of callus or normal structures (i.e., the first 
rib). Connolly and Ganjianpour reported the case of a patient with TOS following a clavicular malunion that was treated with first rib resection to no avail, 
while corrective clavicular osteotomy resulted in prompt resolution of symptoms. McKee et al. reported resolution of TOS symptoms in 16 patients who 
underwent corrective clavicular osteotomy to treat a malunion. Chronic encroachment upon the thoracic outlet leading to TOS is probably the most common 
form of neurovascular “injury” following displaced clavicular fractures. 
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Figure 34-40. A: Anteroposterior radiograph of a morbidly obese 57-year-old nurse who sustained a severely displaced midshaft fracture of the clavicle in a fall from 
a standing height. B: She also had a partial brachial plexus injury and a partial laceration of the subclavian artery with pseudoaneurysm formation (arrow), 
demonstrated on the preoperative angiogram. C: The patient was treated with immediate stenting of the resultant pseudoaneurysm, followed by plate fixation of the 
fracture with a 3.5-mm limited contact dynamic compression plate. D: The indications for fixation included reducing the severe displacement and creating an optimal 
environment for neurologic and vascular healing. Uneventful bony and soft tissue healing ensued. 


Despite the proximity of the brachial plexus, catastrophic injury from intraoperative penetration by drills or taps is very rare. Cases of subclavian 
pseudoaneurysm formation with distal embolization from screw penetration after plate fixation of a clavicular nonunion have been described.?°” Ring and 
Holovacs**’ described three cases of brachial plexus palsy after IM fixation of clavicle fractures. They postulated that the distraction of the fracture site (a 
prerequisite for reduction and pin insertion) and the delayed presentation (patients were diagnosed several weeks after their injury) led to a traction injury of 
the brachial plexus. Fortunately, all three palsies recovered completely with nonoperative care. It would appear that distraction of a shortened clavicular 
fracture, especially one that presents or is treated some weeks or months following initial injury, creates a risk for a traction-type injury to the adjacent 
brachial plexus. As noted previously, this problem can specifically occur after secondary intervention for short mal- or nonunions. With the information 
presently available, these injuries are usually transient in nature and a full recovery with time can usually be expected ( ). 
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Figure 34-41. A: The initial anteroposterior radiograph of a 46-year-old polytrauma patient with a head injury demonstrates a displaced clavicle fracture. B: The 
anteroposterior radiograph at 6 weeks postinjury reveals abundant callus formation around the fracture. The patient had increasing neuralgic pain in the associated 
upper extremity with progressive objective muscle weakness in the hand. C: The involved hand (arrow) had signs of venous obstruction with swelling, loss of skin 
wrinkle definition, and violaceous discoloration. D: A CT scan confirmed obstruction of the thoracic outlet due to a combination of severe shortening and displacement 
of the fracture site and exuberant callus formation. The patient was treated with operative corrective of the deformity, complete resection of the supraclavicular callus, 
and judicious resection of infraclavicular callus followed by plate fixation. E: A prompt resolution of symptoms, complete neurologic recovery, and uncomplicated 
fracture union ensued. 


Fortunately, iatrogenic vascular injury of the subclavian vessels is rare, and typically occurs during the fixation of malunion or nonunion, not acute 
fractures. If it occurs, however, mandatory standard measures include alerting the operative team to the complication, manual packing, and compression of 
the injury site, calling for vascular surgery assistance, and fluid and/or blood resuscitation. Although alarming, most bleeding from punctures of these 
vessels can be locally controlled. One danger in this setting is the potential for air embolism if there is a defect or puncture of the subclavian vein. If 
prolonged efforts to see and repair the vein occur with the patient in the upright position while becoming progressively hypovolemic, air can enter the 
venous system with devastating results. Every effort should be made to avoid this by keeping any defect of the vein covered and/or sealed, and repositioning 
the patient flat while fluids and/or blood are administered. 
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Figure 34-42. A: Radiograph of a 59-year-old postal office employee who sustained a displaced, shortened clavicle fracture. Initially, this was nonoperatively 
managed. B: Shortening was clinically apparent from the droopy shoulder, with a 3 cm shorter clavicle. After a few months, delayed union was radiographically 
apparent and problems with the shoulder straps of the postal bag were anticipated. C: Secondary plate fixation was performed. Postoperatively, there were mild 
neurologic symptoms, probably arising from the traction on the nerves due to the late correction of shortening. The symptoms slowly resolved within a few months. 


HARDWARE FAILURE 


This complication occurs when the stress placed upon the implant exceeds its biomechanical strength, typically due to early overuse from noncompliance, 
implant/patient size mismatch, or delayed union or nonunion. This complication can be prevented by clear postoperative instructions (no heavy weight 
bearing in the first 6, preferably 12 weeks), proper surgical technique (i.e., avoiding extensive soft tissue stripping, stable fixation), and the use of implants 
commensurate with the patient’s size and compliance (i.e., avoiding the use of 3.5-mm pelvic reconstruction plates or short four hole plates). These 
technical details are described in Plate Fixation (above). 


HARDWARE PROMINENCE 


The clavicle has relatively poor soft tissue coverage, and local irritation from hardware prominence following plate fixation is a clinical concern. The 
incidence of hardware removal ranges from less than 5% to essentially 100% in some series (i.e., where pin removal is a planned second stage of the 
procedure). Previously, prior to the advent of plates specifically designed for the clavicle, it was often necessary to contour a straight compression plate to 
fit the bone by twisting it on its long axis so that it faced the bone as the underlying clavicle curved away from it.!3t142 In addition to making screw 
placement difficult, this led to undue prominence of the ends of the plate and a high incidence of subsequent plate removal. With the current availability of 
stronger, curved, low-profile “anatomic” plates, symptomatic prominence of the plates is much lower and routine plate removal is not required. Some 
studies clearly demonstrate this benefit of precontoured plates.!®* For instance, Schemitsch et al.2°* reviewed over 220 clavicle platings and found that using 
a precontoured plate significantly reduced the risk of plate removal compared to straight plates. 

In addition, plate position might make a difference. A large meta-analysis showed a tendency toward less plate prominence and irritation after 
anteroinferior plating, and lower plate removal rates (5% vs. 11%, p = .008) than after superior plating, but more prospective comparative evidence is 
needed to confirm this suggestion. 160 

With regard to plate fixation in general, it is clear that routine plate removal is not recommended or desirable in the majority of cases. Asymptomatic 
plates can and should be left in situ with a low rate of long-term complications, similar to retained plates in other areas of the upper extremity. Plates that 
provoke local irritation sufficient to warrant operative intervention should be removed only after 1 to 2 years have elapsed since the primary fixation to 
minimize the risk of refracture. In general, small-diameter or unlocked IM devices are removed because of the high degree of backing out and prominence 
as the fracture consolidates. This can be performed earlier than plate removal due to the intrinsic differences in healing patterns between these implants 
(secondary bone healing with callous formation). Modern lockable IM devices do not need routine removal, which is one of the major advantages compared 
to unlocked nails. 
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Figure 34-43. A 40-year-old professional motorcycle racer had plate fixation of a midshaft clavicle nonunion that developed following a displaced midshaft fracture. 
A: The nonunion healed uneventfully, but 2 years later, following another high-velocity crash, he sustained a fracture at the lateral end of the plate. B: This fracture 
also developed into a nonunion, and required repeat fixation with a longer plate. This is a potential risk for individuals with plate fixation of the clavicle who continue 
to participate in high-risk activities. 


REFRACTURE 


True refracture after healing of a fracture of a clavicle is surprisingly rare. It has been our experience that many individuals who have claimed to have 
sustained multiple fractures of the clavicle have in fact a nonunion of their initial fracture that has never healed completely. Recurrent episodes of trauma 
prompt medical attention, and new radiographs are misinterpreted as showing a “refracture.” The few cases that are reported describe a higher nonunion rate 
following “refracture.” Regardless of the exact etiology, patients with this condition should be counseled about the high rate of unsatisfactory outcome and 
that they may benefit from fixation. 183233 

Given the increasing popularity of operative fixation of displaced clavicle fractures, and the patient population involved, it is not surprising that fractures 
at the end of a plate used for fixation of a prior clavicle fracture are being encountered. This typically happens from recurrent high-energy trauma. Large 
prospective series are not available and recommendations are based on only a few cases. In general, a fracture in the upper extremity that occurs at the end 
of a stable implanted diaphyseal plate has a poor natural history and a high chance of delayed union or nonunion. These fractures, if displaced, generally 
require repeat fixation. Attempts should be made to fix the fracture and span the area of bone previously repaired (Figs. 34-43 and 34-44). If the fracture is 
minimally displaced, a trial of nonoperative care with the arm at rest in a sling is reasonable. 


SCAPULAR WINGING 


Scapular winging has a variety of etiologies, and there are a number of case reports describing this condition following the nonoperative treatment of 
displaced midshaft fractures of the clavicle.!®° Ristevski et al.!9° examined 18 patients with symptomatic clavicular malunion and evidence of scapular 
winging clinically (Fig. 34-45). They performed CT scanning of all patients and were the first to describe and quantify a consistent pattern of scapular 
malalignment. The patients had a mean clavicular shortening of 2.1 cm, and the acromion was found to translate with the distal clavicular fragment 
medially, inferiorly, and anteriorly. The average acromial translation was 2.4 cm. The posterior aspects of the scapula were found to translate less (superior 
angle, 1 cm; inferior angle, 0.6 cm). In addition, Kim et al.!°° postulated that since the clavicle has a unique three-dimensional S-shape, one should look 
further than only shortening in the coronal plane. They evaluated 3D-CT scans of 67 patients with a displaced clavicular fracture and found that shortening 
of the clavicle in the AP (sagittal)-plane (as opposed to the mediolateral and superoinferior planes) was the only one negatively correlated with scapular 
angular orientation with anterior tilting, internal rotation and upward rotation of the scapula. This gives the typical clinical appearance of a shortened, 
protracted shoulder seen in clavicle malunion or nonunion (Fig. 34-46). 


UPRIGHT 


Fig 34-44. A: A 48-year-old male patient had prior fixation of a midshaft clavicle fracture. Following a high-speed motorcycle crash, he sustained a displaced 
fracture at the medial end of the plate. B: Revision fixation with a longer plate that spanned both the original fracture and the new fracture resulted in solid bony union. 
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Figure 34-45. Artist’s rendition of typical deformity and resulting scapular malposition following clavicular malunion or nonunion. It is this malposition that results 
in clinical evidence of scapular winging and resultant symptoms. A: Anterior view of inferior scapular translation. B: Side view demonstrating scapular protraction. C: 
Superior view showing anterior translation. D: Posterior view demonstrating inferior scapular translation. (Reprinted from Ristevski B, et al. The radiographic 
quantification of scapular malalignment after malunion of displaced clavicular shaft fractures. J Shoulder Elbow Surg. 2013;22(2):240-246. Copyright © 2023 with 
permission from Elsevier Inc.) 


The main function of the clavicle is as a strut to position the scapula in its correct location. Since the scapula is the base upon which the arm and hand 
function, a malunion or nonunion of the clavicle alters the position of the scapula such that the mechanical advantage of the associated muscles is affected. 
The negative mechanical effects of this shoulder position are well documented, with a mean decrease in rotational strength ranging from 13% to 24% in one 
study.*!9 While it is difficult to prove a direct link between scapular malalignment and poor outcome following nonoperative treatment of displaced 
fractures of the clavicle, it is hypothesized that the early fatigability, weakness, spasm, and pain from the shoulder girdle musculature may be related to 
scapular malposition. 

While the relationship between scapular malalignment and outcome may be unclear at present it may help explain some of the variability in outcome 
seen with clavicle fractures. While we use the measurement of clavicular shortening (in the medial to lateral plane) as a surrogate for overall displacement, it 
is clear that significant degrees of scapular malposition (and inherent symptomatology) can result from translation and rotation of the distal clavicular 
fragment and scapula with minimal “shortening” seen on standard radiographs. 


Figure 34-46. A clinical photograph of scapular winging of the left shoulder associated with a midshaft clavicle malunion with 3-cm shortening. There is a 
characteristic protrusion of the inferior angle of the scapula, produced as the scapula rotates and translates anteriorly with the distal clavicular fragment. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO CLAVICLE 


FRACTURES 


PATIENT SELECTION FOR OPERATIVE INTERVENTION 


Recent studies have made it clear that there is a subset of patients, especially those with shortened, displaced fractures who would benefit from primary 
operative repair of clavicular injuries.!® However, these early interventions are not without risk and consume significant health care resources. In addition, 
there are patients who would seem to have prognostic factors for a poor outcome following a clavicle fracture (e.g., displacement of more than two shaft 
widths) and yet heal promptly (albeit in a “displaced” position) with minimal symptomatology and full function of the involved shoulder. While some of the 
explanation for this is undoubtedly due to the inherent variability of patient response to musculoskeletal injury, there may be other factors that are not 
clearly defined or understood at present. As mentioned previously, the clavicle has a complex three-dimensional S-shape that curves in all planes, meaning 
that the linear measurement of shortening on radiographs is a dramatic simplification of the actual situation and influence on scapular position. 

Risk factors for nonunion have been increasingly delineated in the last years, and although this is a dramatic advance in facilitating our ability to predict 
outcome, the question remains how this can aid optimally in selecting patients who benefit from primary fixation. Despite the fact that increasing age, 
smoking, and female gender have been identified as risk factors for failure of nonoperative treatment by multiple authors, these particular patients (older, 
smoking females) are typically not the ones selected for fixation. On the contrary, in terms of patient (not fracture) characteristics, young, healthy males that 
typically constitute the majority of the operatively treated group, are probably the ones that would heal uneventfully with nonoperative treatment in case of 
relatively mild fracture characteristics. We do not suggest to refrain from operating on this particular patient group, but the discrepancy is important to 
realize when making the treatment decision. Overall, it is paramount to involve the patient in the treatment decision by not only discussing risks and benefits 
of both options, but also by uncovering their needs and preferences (e.g., profession, sports, etc.) and to reach a shared treatment decision. 


METHOD OF FIXATION 


Considering midshaft fractures, the two main methods of fixation—plate fixation and IM pinning—are both found to have satisfactory results, albeit with 
their specific benefits and complications. Since neither is found to be superior to date, the choice is mainly driven by surgeons’ preferences. In both areas, 
there is constant improvement in the design of the implants reducing hardware prominence and failure. For instance, the introduction of precontoured plates 
has successfully reduced implant irritation and thus reoperation rates. In addition, every new generation plate aims to have an improved fit and lower profile 
on the clavicle, hopefully reducing removal rates further in the future. In case of IM pinning, the development of locking devices has decreased hardware 
complications, and new devices are constantly being developed. 

In lateral fractures, even more techniques are available. With the introduction of suture button devices as an adjunct for precontoured lateral plate 
fixation, the use of hook plate fixation with subsequent subacromial complications and high removal rates should decrease. However, newer generation 
hook plates partly overcome this problem. It is clear that all fixation techniques for lateral clavicle fractures can attain favorable results and have their own 
specific complication pattern. 

Overall, many patients with clavicle fractures can be treated nonoperatively with satisfactory results. Further improvement of operation techniques and 
implant design and thus minimizing complications after fixation could possibly tip the scale in the future. 


TIMING OF SURGICAL INTERVENTION 


Conventional thinking has been that nonoperative treatment is appropriate for most if not all fractures of the clavicle, even severely displaced injuries, with 
the assumption that the reconstructive repair of those that developed nonunion or symptomatic malunion would produce results similar to that of primary 
operative repair of the original fracture. Since these injuries are nonarticular, and the reported “success” rate of reconstruction is high, this approach seems 
to have inherent merit. However, there is evidence that while operative reconstruction of malunion or nonunion is a reliable procedure, with increasing 
refinement of outcome measures and objective muscle strength testing it is apparent that there are residual deficits compared to what primary operative 
repair can provide. With time, substantial adaptive changes (muscle atrophy, soft tissue contracture, bone loss) occur in the shoulder girdle of individuals 
with clavicular malunion or nonunion that will compromise the outcome of late reconstructive surgery to some degree when compared to the results of 
primary fixation. In addition, postoperative (wound-related) complications are found to be higher with the repair of a nonunion as compared to an acute 
fracture. This is useful, objective information to use when evaluating the risk/benefit ratio of early operative intervention. 


SUMMARY 


There are now available many high-quality, prospective, and randomized studies that define the role of primary operative intervention for fractures of the 
clavicle. While most will heal with nonoperative care (a simple sling is probably best) and a prompt return of near-normal shoulder function can be 
expected, there is a subset of fractures that benefit from operative intervention. Poor prognostic signs that have been defined include increasing fracture 
displacement and shortening, fracture comminution, and associated fractures (including ribs and scapula), especially in older patients. Studies comparing 
operative versus nonoperative treatment for displaced midshaft fractures of the clavicle have revealed some consistent findings: Plate fixation is a reliable 
technique with a low nonunion rate, nonoperative treatment results in a nonunion rate of 15% to 20%, malunion remains a problem in nonoperatively 
treated patients, and primary fixation results in modest although doubtfully clinically relevant functional improvement, in general. Anteroinferior plate 
placement may have some advantages over superior plate positioning with respect to soft tissue irritation, although randomized trials comparing these two 
approaches are required. IM fixation is a good alternative with satisfactory results, especially if locked devices are used. Although the difference is small, 
primary plate fixation provides significantly improved results in terms of strength and shoulder scores, and a decreased acute complication rate compared to 
delayed reconstruction. Malunion of the clavicle is a definite clinical entity that benefits from corrective osteotomy. Scapular winging from scapular 
malposition is a consistent and definable finding in case of nonunion or symptomatic malunion, and it can lead to significant patient symptomatology. 
Future studies that are randomized, prospective, and comparative are needed to refine the indications for primary operative repair, investigate the role that 
scapular malposition plays, and determine the ideal method of fixation. At present, patient selection should be carefully weighed and the treatment decision 
is preferably made in a shared fashion. 
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INTRODUCTION TO GLENOHUMERAL INSTABILITY 


Glenohumeral instability is a common problem in the young, athletic patient population, with anterior instability being more common than posterior or 
multidirectional instability (MDI).®*72:2!4 The incidence of anterior glenohumeral instability in the US population is 0.08 per 1,000 person-years. 158-244 
There are certain at-risk populations that have been identified such as collision athletes (football and rugby players)!®.24 and military personnel.!®8 Young 
males participating in sports develop anterior glenohumeral instability at rates as high as 3% per year.!®.244 The incidence of anterior glenohumeral 
instability in military personnel, which is estimated as 1.69 per 1,000 person-years, is even higher than contact athletes.'®8 Less information is available on 
the incidence of posterior instability and MDI as these forms of instability are comparatively less common. As with anterior instability, posterior instability 
is more commonly found in the active-duty military population.2©!°72!° The incidence of posterior instability among the active-duty military population is 
estimated to be 0.096 per 1,000 person-years, which is much lower than anterior glenohumeral instability.7° 


ASSESSMENT OF GLENOHUMERAL INSTABILITY 


Evaluation of a patient with suspected shoulder instability should always begin with a thorough history of the index injury as well as antecedent shoulder 
function. Furthermore, arm dominance along with the level and type of sporting competition should be documented. The mechanism of injury can also 
provide useful information on the extent of injury and the potential direction of instability to direct subsequent workup and strategies for management. It is 
also important to document patient age at the time of the first instability event, number of dislocation and/or subluxation events, requirement for manual 
reduction and/or sedation in an emergency room setting, position of the arm during the instability event, and any prior nonoperative or surgical 
intervention.!'! Instability events that occur while at rest or while in positions not typically associated with risk of dislocation (i.e., with the shoulder in an 
adducted position) are particularly worrisome and can serve as a harbinger of more complex cases of instability. 


Figure 35-1. A: Fall onto a forward flexed and externally rotated arm will result in anterior shoulder subluxation or dislocation. B: Tackling an opponent with the arm 
straight and extended may result in anterior shoulder instability, especially if a posteriorly directed force occurs. C: A fall onto a forward flexed and internally rotated 
arm can also result in a posteriorly directed force which creates a posterior force vector of the humeral head relative to the glenoid resulting in posterior shoulder 
instability. 


Physical examination should consist of inspection, palpation, and range of motion (ROM) assessment (passive and active) with comparison to the 
contralateral shoulder.!*° Increased external rotation may imply anterior hyperlaxity, and asymmetric hyperabduction greater than 15 degrees difference 
from the contralateral shoulder (Gagey test) with scapular stabilization may indicate incompetency of the inferior glenohumeral ligament complex 
(IGHLC).®’ Neurovascular examination is also necessary to exclude the presence of associated injuries, in particular the axillary nerve due to its tethered 
position and close proximity to the axilla. Resting scapular position and dynamic scapular motion throughout an overhead arc of shoulder motion should 
also be documented, as the presence of scapular dyskinesia or winging may contribute to the feeling of instability and may affect the timing of any operative 
treatment. Undiagnosed scapular winging may also lead to symptoms of glenohumeral instability.2“! There are a multitude of provocative special tests for 
glenohumeral instability that are usually considered to be the most critical portion of the physical examination. These examinations are discussed in the 
Signs and Symptoms section (see below). 


MECHANISMS OF INJURY FOR GLENOHUMERAL INSTABILITY 


Glenohumeral instability is typically related to a traumatic event that can occur at any age as a result of injury during athletic competitions and falls. While 
externally applied forces are the most common mechanism, noncontact or muscular imbalance events such as missed punches or seizures can also result in 
dislocation events. Individuals with generalized laxity or genetic collagen disorders may experience instability as the result of attritional injury to the joint 
capsule or via a low-energy mechanism or muscular imbalance. In general, traumatic dislocations are classified by the direction of the humeral head 
displacement, which can be anterior, posterior, or inferior. Depending on the patient factors (age, collagen laxity, and muscle strength) and degree of force 
imparted to the injured shoulder, a shoulder dislocation will result in varying degrees of damage during a primary or repeat dislocation. Contact sport 
participation, and in particular tackling or collision sports, represents the most common mechanism of injury for dislocation. 141169 

Anterior shoulder dislocations can result from either falling onto a forward flexed arm in external rotation (Fig. 35-1A) or tackling in collision sports, 
where the arm is extended and experiences a posteriorly directed force (Fig. 35-1B). Posterior shoulder dislocations can result from athletic injuries and 
falls, but seizures and electrocution also represent common mechanisms. Seizures and electrocution may also result in a locked posterior dislocation due to 
the relatively increased combined muscular mass of anterior internal rotator muscles (subscapularis, anterior deltoid, and pectoralis major) which overcome 
the posterior external rotator muscles (infraspinatus, teres minor, posterior deltoid, and latissimus) acting on an internally rotated and adducted limb. 
Similarly, a fall onto a forward flexed and internally rotated arm can also result in a posteriorly directed force, which creates a posterior force vector of the 
humeral head relative to the glenoid (Fig. 35-1C). Luxatio erecta, or inferior shoulder dislocation, occurs with forced hyperabduction of the arm and a 
levering of the humeral head against the acromion, which is a relatively uncommon form of dislocation. It is associated with a high rate of neurovascular 
injury (Fig. 35-2).258 
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Figure 2. An anteroposterior radiograph of the shoulder in a 68-year-old man who fell from a roof, demonstrating an inferior glenohumeral fracture dislocation 
(luxatio creci]. Note the associated greater tuberosity and surgical neck fractures, and the abducted position of the arm. 


INJURIES ASSOCIATED WITH GLENOHUMERAL INSTABILITY 


Glenohumeral instability typically results in an injury to the capsule and labrum. Bankart originally identified the labral tear as the essential lesion creating 
shoulder instability ( ), but, in reality, a spectrum of injuries occurs with instability events.*4 Depending on the direction and degree of force 
applied to the limb, a variety of injuries can occur to the capsule, ligaments, labrum, articular cartilage, rotator cuff, neurologic structures, and bone. Bony 
injuries include fractures to the glenoid and humeral head known as bony Bankart ( ) or Hill—-Sachs lesions ( ), respectively. A Hill- 
Sachs lesion represents an impaction fracture of the posterior humeral head against the firmer glenoid rim. Less frequently, coracoid fractures, greater 
tuberosity fractures, and lesser tuberosity fractures are seen with higher energy mechanisms.**’ Capsular and ligamentous injuries include stretching and 
rupture along with avulsion from the humeral side known as humeral avulsion of the glenohumeral ligaments (HAGL lesions) and are also associated with 
anterior shoulder instability ( 3D). 

Posterior dislocations can result in similar “reversed” lesions of the glenoid (reverse Bankart fracture) and humerus (reverse Hill—Sachs lesion), and it 
can also cause tears to the capsule and posterior labrum ( ). Recurrent instability events can result in attritional or additive lesions over time ( 

).14° Rotator cuff tears as a result of instability occur more frequently in female and older patients with the incidence increasing for patients aged 40 

years and older. °>- Neurologic lesions following shoulder instability injuries typically involve the axillary nerve and can occur with shoulder dislocation, 
including a 13.5% incidence with anterior shoulder dislocations. 


SIGNS AND SYMPTOMS OF GLENOHUMERAL INSTABILITY 


Acute dislocations are painful events that typically result in patients seeking emergency care. Patients presenting with a shoulder dislocation may 
demonstrate a deformed shoulder depending on the body habitus and direction of dislocation. An anterior dislocation may reveal a posterior sulcus while a 
posterior dislocation may conversely reveal an anterior sulcus. Bruising and ecchymosis can be present in a subacute presentation of a dislocation event. 
Contributing to pain is muscle spasm which results from an attempt to provide stabilization of the dislocated joint. Restricted active and passive motions 
(especially rotation) are typical findings. The position of the arm is in slight abduction for an anterior dislocation. Posterior dislocation can be missed given 
that the arm is held in internal rotation and adduction. The examination is characterized by a lack of external rotation and forward flexion. The lack of a 
visible deformity and “sling position” of the arm can result in missed or delayed diagnosis of posterior shoulder dislocations ( 5-5). Inferior 
dislocations or luxatio erecta has a characteristic presentation where the affected arm is locked in hyperabduction due to the humeral head locked 
underneath the glenoid. In addition to testing the axillary nerve, appropriate radiographic evaluation is essential for diagnosis of shoulder dislocations and is 
covered in the section on imaging and other diagnostic studies for glenohumeral instability. 
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A: Axial T2-weighted magnetic resonance image with arthrogram (MRA) demonstrates anteroinferior labral tear or “Bankart” lesion (arrow). B: CT 
image with 3D reconstruction of the glenoid shows “bony Bankart” lesion on the anteroinferior glenoid (arrow). C: Axial T1-weighted MRA image shows “Hill- 
Sachs” lesion on the posterior humeral head. D: Coronal T2 MRA image shows humeral avulsion of glenohumeral ligament (HAGL) lesion. 


For individuals presenting with a history of shoulder subluxations or dislocation events, a variety of tests can be performed to assist in diagnosis and 
identifying associated lesions. Initial examination should include a complete neurovascular examination to document any neurologic or vascular deficits. 
Brachial plexus lesions and vascular lesions are rare but can present with high-energy traumatic events. Specifically, testing of the axillary nerve is 
performed by assessing light touch over the lateral deltoid and by palpating the deltoid muscle for contraction while having the patient abduct the arm 
against resistance at the elbow. 


Figu . A: Axial T1 MRA image shows posterior labral tear (arrow). Using arthrogram will increase both sensitivity and specificity in the diagnosis for labral 
tears. B: Recurrent anterior dislocation can lead to attritional changes to the anteroinferior glenoid resulting in bone loss (arrow). 
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_ A: The left shoulder after trauma appears to be centered and located on the Grashey view. B: Axillary view shows the humeral head is posteriorly 
dislocated and locked onto the glenoid with a large reverse Hill—Sachs lesion (arrow). These images are of the same patient who presented to the emergency room after 
trauma to the left shoulder. 


Documentation of active and passive ROM of the shoulder for internal and external rotation as well as forward flexion and abduction is important (F 

5-6 and 35-7). Marked loss of motion is seen with persistent dislocations and rotator cuff lesions. The evaluation of the shoulder with a recent dislocation 
event can be challenging due to pain, but substantial motion loss mandates orthogonal radiographic imaging. Rotator cuff testing is also an essential part of 
the shoulder instability examination particularly in patients over the age of 40 years as the incidence of rotator cuff lesions increases. Testing of the rotator 
cuff within the patient’s range of comfort is essential and can identify subtle rotator cuff findings in the acutely painful patient. The belly press or bear hug 
test is the most effective test to evaluate the function of the subscapularis in the acutely injured patient (Fig. 35-8). Testing of resisted shoulder abduction in 
the first 30 degrees of shoulder flexion with the arm internally rotated is effective for evaluating the supraspinatus ( A). Jobe test or the empty can 
test are similar tests but performed traditionally with greater degrees of shoulder abduction which may be too painful for a patient who presents with an 
acute shoulder dislocation ( B). Evaluation of the infraspinatus is performed by applying resisted external rotation with the elbow flexed to 90 
degrees and, again, is performed within the patient’s comfortable ROM ( 5-9C). 
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Figure 35-6. A: Both passive and active forward flexion in the plane of the scapula is measured with the patient sitting. B: Abduction is measured with the scapula 
stabilized. C, D: External rotation is measured with the arm at the side and in 90 degrees of abduction. 


Occasionally, patients will describe a history of a dislocation event and have subsequent specific complaints of instability or subluxation. Besides a 
description of instability or recurrent dislocations, the most common complaint of shoulder instability is pain coupled with restricted shoulder motion. 
Patients with anterior shoulder instability will experience symptoms of apprehension with shoulder abduction and external rotation (ABER), and they also 
can experience symptoms of pain and instability with placement of the arm in an overhead position. It is important for the clinician to look for these signs 
when evaluating patients with suspected shoulder instability and shoulder pain. 


Figure 35-7. Internal rotation measurement is done with the arm in 90 degrees of abduction with the scapula stabilized (A) and also with the arm at the side (B). With 
the arm at the side, the lumbar or thoracic vertebral level that is reached by the thumb is documented. 
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Figure 35-8. A: Belly press test is done with the elbow bent in 90 degrees and the elbow forward. The patient is asked to hold the hand on the belly while resistive 
force is applied. Either weakness or pain is a positive test. B: Bear hug test is done with the hand on the contralateral shoulder. Resistance is applied and a positive test 
is either weakness or pain. Both tests are designed to evaluate for subscapularis rupture. 


Specific tests for anterior instability include the anterior apprehension sign in which the arm is placed into an abducted (90 degrees) and maximally 
externally rotated (ABER) position with the patient in the supine position resulting in a feeling of pain, discomfort, and potential instability (Fig. 35-10A). 
From this position of ABER, the relocation test can conveniently be performed in which a posteriorly applied force to the proximal humerus will elicit a 
feeling of reduced apprehension or pain from the patient (Fig. 35-10B). Furthermore, an anterior release test (surprise test) can also be performed by 


removing the posteriorly directed force abruptly when the patient’s arm is in the 90 degrees of abduction, 90 degrees of elbow flexion, and maximal external 
rotation position (Fig. 35-10C). A feeling of pain or apprehension is a positive result. Caution should be taken not to dislocate the patient’s shoulder with 
this anterior release testing. 

Lo et al. evaluated the validity of these three provocative tests on anterior shoulder instability and found that in patients with the feeling of apprehension 
on all three tests, the mean positive and negative predictive values were 93.6% and 71.9%, respectively.!*”'°° The anterior release or surprise test was the 
single most accurate test for diagnosing anterior instability (sensitivity 63.9% and specificity 98.9%) compared to the other two tests. Furthermore, feeling 
of apprehension was more accurate than pain as a criterion for diagnosing instability. Since the essential lesion for anterior shoulder instability is damage to 
the anterior capsule—labral—ligamentous structures, the position of ABER places these structures under tension or challenges their function which results in 
both apprehension and pain. Other provocative described tests for glenohumeral instability include the load and shift test (Fig. 35-11A) and anterior or 
posterior drawer testing (Fig. 35-11B). Bushnell et al. proposed the “bony apprehension test” for shoulder instability in which the feeling of apprehension is 
experienced at or below 45 degrees of abduction and 45 degrees of external rotation as a means of screening for significant bony lesions (Fig. 35-11C).°9 
The authors found the sensitivity and specificity as 100% and 86%, respectively, in predicting bony lesions in patients after anterior instability with this 
special testing. 
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Figure 35-9. A: In the acute injury setting, testing of resisted shoulder abduction in the first 30 degrees of shoulder flexing with the arm internally rotated is effective 
for evaluating the supraspinatus. B: Jobe test or the empty can test are similar tests but performed traditionally with greater degrees of shoulder abduction which may 
be too painful for a patient who presents with a recent shoulder dislocation. C: Evaluation of the infraspinatus is performed by applying resisted external rotation with 
the elbow flexed to 90 degrees. 
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A, B 
Figure 35-10. A: Anterior apprehension sign is done with the patient in the supine position in which the arm is placed into 90 degrees of abducted and maximally 
externally rotated (ABER) position resulting in a feeling of pain, discomfort, and potential instability. B: From this position of ABER, the relocation test can be 
conveniently performed in which a posteriorly applied force to the proximal humerus will elicit a feeling of reduced apprehension or pain from the patient. C: An 
anterior release test (surprise test) can also be performed by removing the posteriorly directed force (arrow) when the patient’s arm is in the 90 degrees of abduction, 
90 degrees of elbow flexion, and maximal external rotation. 


Evaluation of the patient with subacute posterior instability is more subtle and difficult to diagnose. The predominant symptom of patients with posterior 
shoulder instability is pain. Provocative testing includes the jerk test which is done in the sitting position with an axial force applied to the arm in 90 degrees 
of abduction and internal rotation. The arm is then horizontally adducted while the axial load is maintained (Fig. 35-12A,B). A feeling of a clunk or jerk 
elicited with or without pain is considered a positive test (Fig. 35-12C). Kim et al.!!5 evaluated the painful jerk test as a predictor of success in nonoperative 
treatment of posteroinferior shoulder instability. In the subgroup of patients with both pain and a clunk, they found a significantly higher failure rate after 
conservative management than the group that did not have pain. Overall, in the painless jerk group, 93% of the patients responded to an intense 
rehabilitation program after a mean of 4 months compared to 16% of patients in the painful jerk group that responded to the same program.!!° 


A,B 
Figure 35-11. A: Load and shift examination is performed with the patient in the supine position. With the arm abducted 90 degrees and the elbow bent, both 
anterior- and posterior-directed force is applied to the humeral head with slight axial compression. Grading of translation: 1+ (the humeral head to the glenoid rim and 
back), 2+ (the humeral head translates past the glenoid rim and back), and 3+ (the humeral head is locked out past the glenoid rim and does not translate back to the 
center of the glenoid). B: Anterior or posterior drawer test is done in the sitting position. The humeral head is translated both anteriorly and posteriorly. C: Bony 
apprehension test is done with the arm below 45 degrees of abduction and 45 degrees of external rotation. If the patient has feelings of apprehension or pain with this 
arm position, either a bony Bankart lesion or moderate-to-severe anterior glenoid bone loss should be suspected. 
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Figure 35-12. A: The posterior jerk test is done in the sitting position with an axial force applied to the arm in 90 degrees of abduction and maximal internal rotation. 
B: The arm is then horizontally adducted with the scapula stabilized while the axial load is maintained. C: A feeling of a clunk or jerk elicited with or without pain is 
considered a positive test. This patient’s humeral head dislocated posteriorly with the above maneuver and then self-reduced with the arm back in the neutral position. 


Occasionally, patients will demonstrate an active jerk test. Similarly, another apprehension-inducing provocative test involves placing the arm in the 
position of internal rotation, forward flexion, and adduction which will create a condition in which the dynamic stabilizers (posterior rotator cuff muscles) 
are turned off, and the force vector of the proximal humerus directs posterior to the glenoid, resulting in loading of the static posterior stabilizing structures 
of the glenoid (labrum, capsule, and ligaments). The addition of a downward force to the arm potentiates the feeling of apprehension and pain. Comparing 
the pain and response of the patient to the alternative position of the arm in an external rotation and abduction in the plane of the scapula should diminish 
the symptoms of apprehension and pain by allowing the dynamic posterior shoulder stabilizers of the posterior deltoid and rotator cuff to be active and the 
force vector to point at the glenoid. Pain and discomfort are still likely to be present but at a reduced amount compared with the previous position. Posterior 
load and shift examination and posterior drawer testing are also useful adjuncts for testing posterior instability. 

Assessment of patients with possible MDI starts with inspection, palpation, and ROM assessment, with comparison to the contralateral shoulder.!?° 
Assessment of motion should begin with observing active ROM. Patients will frequently have a supraphysiologic ROM in all planes about the shoulder. 
Scapulothoracic motion along with possible winging should also be evaluated. The physician should therefore have an unobstructed view of the patient’s 
shoulder girdle, while still respecting patient’s modesty. Using a disposable paper short that has been modified to allow female patients to wear it in the 
style of a tube top, allows the clinician to observe shoulder and scapular motion unimpeded. Joint laxity can have a significant effect on decision making 
when dealing with shoulder instability. The Beighton hypermobility score should be assessed on every patient with suspected MDI, consisting of 
examination of passive dorsiflexion of the small finger metacarpophalangeal joint (MCPJ) greater than 90 degrees, passive dorsiflexion of the bilateral 
thumbs to the volar forearms (Fig. 35-13A), hyperextension of the bilateral elbows greater than 10 degrees (Fig. 35-13B), hyperextension of the bilateral 
knees greater than 10 degrees, and the ability for the patient to rest the palms flat on the floor with forward flexion of the trunk and knees fully extended 
(Table 35-1).!” 
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Figure 35-13. A: This patient presents with symptoms of shoulder pain and diagnosis of multidirectional instability. The Beighton hypermobility score was measured. 
Passive dorsiflexion of the bilateral thumbs touched his forearm. B: Hyperextension of the elbow was also observed with more than 10 degrees of hyperextension. 


TABLE 35-1. Beighton Score for Hyperlaxity 


Joint Positive Finding 


Small finger metacarpophalangeal joint (bilateral) Passive dorsiflexion >90 degrees 
(Left = 1 point and right = 1 point) 


Thumb (bilateral) Passive dorsiflexion to the volar forearm 
(Left = 1 point and right = 1 point) 


Elbow (bilateral) Hyperextension >10 degrees 
(Left = 1 point and right = 1 point) 


Knee (bilateral) Hyperextension >10 degrees 
(Left = 1 point and right = 1 point) 

Trunk Forward flexion with knees fully extended results in palms resting flat on the floor 
(Positive finding is 1 point) 


Total score 9 Points 


One point is given to each side for a positive finding. The maximal total score is 9. Any adult patient with >5 of 9 positive findings is considered hypermobile and any children with >6 of 
9 fits the definition of hypermobile. 


Increased external rotation may imply anterior hyperlaxity (Fig. 35-14A), and asymmetric hyperabduction greater than 15 degrees of difference from the 
contralateral shoulder (Gagey test) with scapular stabilization may indicate incompetency of the IGHLC (Fig. 35-14B). Additional special tests include the 
sulcus sign for inferior instability, and the anterior and posterior load and shift. The sulcus test assesses inferior instability and is tested by applying inferior 
traction with the arm at the side.®° A positive test results in inferior translation of at least 1 to 2 cm. This can cause the appearance of a skin dimpling 
inferior to the lateral aspect of the acromion. A positive sulcus sign is also noted, then with the arm taken into external rotation. A sulcus sign that persists 
with the arm past 45 degrees external rotation is thought to represent an increased spectrum of inferior instability related to a widened or incompetent rotator 
interval.!”© Apprehension and Jobe relocation tests are considered the most diagnostic for identifying anterior shoulder instability, with a positive predictive 
value of 96%.!?3 The Jerk test, Kim test, and push-pull examination maneuvers will help exclude posterior instability and, in combination with the above- 
described testing, the diagnosis of MDI may be elicited. Furthermore, pathology of the biceps—superior labral complex (SLAP) may also be assessed with 
the O’Brien test, Crank test, dynamic labral shear test, and Yergason test. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR GLENOHUMERAL INSTABILITY 


Radiography 

Patients presenting with shoulder instability and dislocations are initially imaged with standard radiographs. Radiographs provide an overview of the bony 
anatomy, orientation of the humeral head in relation to the glenoid, and initial assessment for both bony Bankart and Hill—Sachs lesions among other 
associated pathologies. Given the orientation of the glenohumeral joint, radiographs can be obtained relative to the body or aligned to the scapula. 
Anteroposterior (AP), Grashey (true AP view), Y, and axillary views are typically obtained (Fig. 35-15). The AP view is aligned with the body (Fig. 35- 
16A) while the Grashey view (true AP view) is oriented to the scapula with the radiographic beam centered onto the glenohumeral joint line (Fig. 35-16B). 
In patients who are able to abduct the arm, an axillary view must be obtained in order to evaluate for anterior or posterior humeral head subluxation or 
dislocation (Fig. 35-16C). This view is centered on the epicenter of the humeral head and the glenoid and provides an unambiguous view of AP 
glenohumeral alignment. Clinical concerns of anterior or posterior glenohumeral subluxation/dislocation and osseous Bankart lesions can best be evaluated 
with the axillary view. Alternatively, if the patient is unable to abduct their arm due to the acuity of injury, a scapular Y view must be obtained to evaluate 
the relationship of the humeral head to the glenoid (Figs. 35-16C and 35-17A). In a systematic review of posterior shoulder dislocations, Xu et al.?56 


reported a missed initial diagnosis in 73% of 150 patients due to the lack of an axillary view, Y view, or computed tomography (CT) imaging. Of these 150 
patients, almost all (147/150 or 98%) had only AP or lateral views of the shoulder. When the axillary or Y-view radiographs were made subsequently, the 
diagnosis of posterior dislocation was confirmed in 100% of patients. 
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Figure 35-14. A: Patient with MDI and hyperlaxity with increased external rotation of more than 90 degrees with the arm at the side. B: Hyperabduction of 130 
degrees and more than 20 degrees more than the contralateral side is a positive Gagey sign. 


Figure 35-15. A: Anteroposterior radiographic view of the shoulder. B: Grashey true view. C: Scapular Y view. D: Axillary view, which is considered the standard 
view for the evaluation of the relationship of the humeral head to the glenoid. 
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Figure 35-16. A: Anteroposterior radiographic view is performed with the beam aligned to the body. B: Grashey view is done with the beam centered with the 
glenohumeral joint line. C: Axillary view is done with the arm in abduction and the plate is placed behind the patient’s shoulder in the supine position. The 
radiographic beam is aimed 45 degrees to the axilla. 


Figure 35-17. A: Scapular Y view. B: Velpeau view is done with the patient sitting down and the plate is positioned behind the patient. The radiographic beam is 
aimed down toward the plate at about 60 degrees. 


In the subset of patients who present acutely with guarding and are unable to abduct the shoulder to obtain the axillary view, the scapular Y view (Figs. 
35-16C and 35-17A) or a Velpeau view must be obtained to evaluate for subluxation or dislocation (Fig. 35-17B). Silfverskiold et al.2°* compared the 
axillary and scapular Y view in 75 consecutive patients with suspected shoulder dislocations and found that in 69 patients (92%), both views resulted in the 
same diagnosis. However, 81% of patients preferred the scapular Y view because of less pain, and the radiology technician also preferred the Y view due to 
the ease of obtaining the image compared to the axillary view. In addition, a Velpeau view can also be obtained in these patients who are guarding. This is 
done with the patient in the sling and the radiographic plate positioned posteriorly and under the shoulder (Fig. 35-17B) with the patient leaning back and 
the beam directed down to the plate. 

Alternatively, a modified axillary view has been proposed by positioning the patient sitting on the radiographic table with the hand of the affected side 
on the table and the arm abducted 60 degrees.!9° The x-ray beam is pointed down to the glenohumeral joint, perpendicular to the table, in a superior to 
inferior direction. The radiographic plate is directly positioned on the table under the shadow formed by the shoulder contour with the anterior border 
behind the greater tuberosity. The body should lean slightly (~10 degrees) toward the plate and tilted slightly backward (Fig. 35-18A). Another modified 
axillary view is obtained with the patient leaning slightly forward. The plate is positioned behind the patient with the radiographic beam aiming down about 
45 degrees toward the plate (Fig. 35-18B). This position provides greater comfort for the patient, especially in the setting of acute traumatic dislocation. 

Other special radiographic views that can assist in identifying pathology related to shoulder instability include the Stryker notch, West Point, and the 
Bernageau profile views. The Stryker notch and West Point views increase the detection of Hill-Sachs and Bankart lesions, respectively. For the Stryker 
notch view, the patient can be standing or supine. The arm is extended vertically with the hand placed behind the head, making the humerus parallel to the 


table. In the standing position, the elbow points straight in front of the patient’s face, and in the supine position, it points toward the ceiling. The beam is 
angled about 10 degrees cephalad to the shoulder and plate (Fig. 35-19A). For a West Point view, the patient is prone with the head turned away from the 
cassette. The forearm can hang off the table or with the elbow extended and the arm abducted 90 degrees from the long axis of the body, resulting in the 
humerus parallel to the tabletop. With the cassette on the superior aspect of the shoulder, the x-ray beam is centered on the axilla and aimed at 25 degrees 
downward from the horizon and 25 degrees medial (Fig. 35-19B,C). With this view, the radiographic beam is tangential to the anteroinferior rim of the 
glenoid to allow excellent visualization and detection of bony Bankart lesions. 

The Bernageau profile view originated in France and can be used to evaluate anterior glenoid bone loss (Fig. 35-20A).2° Ahmed et al. described using 
this view to calculate the distance between the anterior and posterior glenoid rims and to compare these measurements between the left and right shoulders 
(Fig. 35-20B).* The Bernageau view has been shown to have similar accuracy and reproducibility as CT in detecting and measuring the degree of glenoid 
erosion.’ There is also the added benefit that radiographs are less costly, easier to perform, and available to a broader population. 
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Figure 35-18. A: Modified Velpeau view is done with positioning the patient sitting on the radiographic table with the hand of the affected side on the table and the 
arm abducted 60 degrees. The x-ray beam is pointed down to the glenohumeral joint, perpendicular to the table, superior to inferior in direction. The radiographic plate 
is directly positioned on the table under the shadow formed by the shoulder contour with the anterior border behind the greater trochanter. The body should lean 
slightly 10 degrees toward the plate and slightly tilted backward. B: Boston Medical Center modified Velpeau view is done with the patient leaning slightly forward. 
The plate is positioned behind the patient with the radiographic beam aiming down 45 degrees toward the plate. This position provides comfort for the patient 
especially in the setting of acute traumatic dislocation. 


Magnetic Resonance Imaging and Arthrography 


Traditional magnetic resonance imaging (MRI) is a diagnostic tool to complement both physical examination and standard radiographs in the management 
of patients with anterior shoulder instability. It is utilized for evaluation of soft tissues, which can be performed with high contrast and spatial resolution. 
Magnetic resonance (MR) accuracy in identifying labral and rotator cuff tears in the literature ranges from 70% to 100%.!°°29 The acquired multiplanar 
imaging allows for the detailed evaluation of the glenoid, labrum, joint capsule, and rotator cuff in different planes. MR arthrography (MRA) refers to MRI 
of a joint that has been injected with an intra-articular contrast agent such as diluted gadolinium or saline solution. The contrast material is injected prior to 
MRI by fluoroscopic or ultrasound guidance under strict aseptic technique. By distending the joint capsule, the cartilage, ligaments, and labrum are outlined 
with contrast, increasing the sensitivity for detecting tears and other lesions. It should be noted that in the acute dislocation setting, a joint effusion with 
distension of the joint may outline these structures similarly, making the arthrogram unnecessary. This form of MRI has proven utility by increasing both 
sensitivity and specificity in detecting injuries to the capsulolabral—ligamentous complex as compared to traditional MRI. In a meta-analysis of the 
diagnostic test accuracy of MRA compared to MRI for the detection of glenoid labral injuries, Smith et al.2°° evaluated six studies including 4,667 
shoulders. They found greater diagnostic test accuracy for MRA over MRI in the detection of glenoid labral lesions (MRA sensitivity 88% and specificity 
93% vs. MRI sensitivity 76% and specificity 87%). 


A,B E > c 
Figure 35-19. A: Stryker notch view done in the standing position, the elbow points straight in front of the patient’s face. The beam is angled about 10 degrees 
cephalad to the shoulder and plate. B: West Point view is done with the patient in the prone position and the forearm hanging off the table with the head turned away 
from the plate. With the cassette on the superior aspect of the shoulder, the x-ray beam is centered on the axilla and aimed at 25 degrees downward from the horizon 
(B) and 25 degrees medial to the plate (C). With this view, the radiographic beam is tangential to the anteroinferior rim of the glenoid to allow excellent visualization 
and detection of bony Bankart lesions. 
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Figure 35-20. A: Bernageau view is done with the patient’s arm flexed and the radiographic beam positioned in line with the scapula spine. The angle of the beam is 
coming down toward the plate at about 30 to 40 degrees in line with the glenoid. This view provides a glenoid profile view. B: The anterior rim of the glenoid is 
perfectly visualized. In this patient, there was no anterior glenoid bone loss. 


With standard MRI or MRA, the shoulder is routinely positioned in neutral or partial external rotation, but other alternative positions can be used to 
increase the sensitivity for detecting labroligamentous injuries. ABER of the arm is an alternative position that is utilized to increase the sensitivity and 
specificity for detecting anteroinferior labroligamentous injury.?!? However, limited ROM or pain may prohibit patients from performing this provocative 
maneuver. Schreinemachers et al.!9” retrospectively compared the accuracy of MRA and MRA in the ABER position for the detection and characterization 
of anteroinferior labroligamentous lesions with arthroscopic evaluation as the standard. The authors found that full routine MRI or MRA examination had 
similar accuracy as the ABER sequence in evaluating the anteroinferior labral—ligamentous complex. Conversely, Tian et al.7!° performed a similar study 
evaluating the added value of the ABER position and found that the sensitivity of MRA with the ABER position for detecting anteroinferior labral lesions 
was significantly higher than that of the MRA in neutral position and more effective in identifying Perthes lesions. 

MRAs can also demonstrate a patulous capsule on the coronal, sagittal, and axial imaging in patients with MDI (Fig. 35-21). MRAs can be helpful in 
evaluating lesions of the rotator interval and other associated findings as well that may ultimately affect the eventual surgical plan.!”© The presence of 
glenoid dysplasia, increased capsular cross-sectional area, and increased glenoid retroversion has all been found to be associated with posterior labral tears 
and symptomatic instability.5®69 Parada et al. also demonstrated that glenoid retroversion was significantly increased in patients with symptomatic posterior 
labral tears but there was no significant association between instability and increased humeral head subluxation.!74 Often, patients with MDI will present to 
the orthopaedic surgeon already having had an MRI or MRA and so these studies should be reviewed. Clinicians should keep in mind, however, that the 


diagnosis of MDI is a clinical one, and as such, the need for expensive and/or invasive imaging should be weighed against the information that will be 
gained from these studies. 


Computed Tomography 


CT has traditionally been the main diagnostic imaging modality for evaluating bone loss related to anterior shoulder instability.2!° CT scans are readily 


available, rapidly acquired, and provide excellent fine bony detail. Anterior shoulder dislocations often lead to glenoid bone rim fractures (bony Bankart 
lesion), and repeated subluxations or dislocations can remodel the anteroinferior glenoid.*!> Such pathology is well delineated by CT, as the imaging can 
detect the smallest osseous fragments and glenoid asymmetry. When acquired with high resolution and thin slices, 3D volume-rendered reformats can also 
be created with the humeral head digitally subtracted, providing further visualization of the glenoid fossa for preoperative planning and measurement or 
calculation of the amount of bone loss. 
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Figure 35-21. A: Coronal T2-weighted MRA image shows patulous inferior capsule (arrow) in a patient with MDI. B: Sagittal oblique T2 MRA also confirms the 
enlarged capsule (arrow). C: Axial T2 MRA image demonstrates increased posterior capsule volume (arrow) without any evidence of posterior labral tear in this 
patient with MDI. 


In the evaluation of the posterolateral humeral head Hill—Sachs lesion, CT scans with 3D reconstruction images provide a similar diagnostic accuracy to 
arthroscopy.!”2 However, a purely cartilaginous defect of the posterior superior humeral head was difficult to diagnose with CT imaging. The prevalence 
and size of the Hill-Sachs lesions was also directly related to the number of subluxations or dislocations.!”* While isolated Hill-Sachs lesions or those 
associated with small Bankart lesions may be less clinically significant, bipolar lesions (Hill—Sachs and Bankart lesions occurring together) may require the 
surgeon to address both-sided pathology with arthroscopic Bankart repair (ABR) and humeral head remplissage to maintain stability and minimize 
failure.'“4 Nakagawa et al.!8 found that the prevalence of bipolar lesions was 33% in shoulder with primary instability and 62% in shoulders with recurrent 
instability. The size of the Hill-Sachs lesion was directly correlated with the size of the glenoid lesion. Postoperative recurrence of instability or failure of 
surgery was 29% in patients with bipolar lesions. Thus, if such bipolar lesions are suspected, CT scan with 3D reconstruction is critical for the identification 
and sizing of these lesions to direct surgical management and improve outcome in patients with shoulder instability (Fig. 35-22). 


Evaluation of Glenoid Bone Loss 


The amount of glenoid bone loss significantly impacts the outcome and recurrence rate after ABR. Burkhart et al.°° reported a high recurrence rate of 67% 
after ABR in patients with more than 25% preoperative glenoid bone loss. However, in patients without significant bone loss, the recurrence rate was 4%. 
Biomechanical studies have also confirmed the above findings and showed that an osseous defect that is greater than 21% of the glenoid length caused 
instability and limitation of shoulder ROM after Bankart repair.'°* Thus, it is critical to evaluate the exact amount of glenoid bone loss preoperatively to 
indicate patients for either arthroscopic repair or bone procedure. Once a critical threshold is met for bone loss, there is a higher failure rate of ABR; other 
repair options, such as a Latarjet, should be considered for surgical management. 

Various methods, including calculating the glenoid width, length, and surface area, have been developed to measure the amount of bone loss in a 
standardized fashion. Burkhart et al. proposed a unique method of quantifying glenoid bone loss arthroscopically using the center of the glenoid or the bare 
spot. Using a probe of 3 mm, the distance from both the anterior (Da) and the posterior margin to the bare spot (Dp) is measured. Amount of glenoid bone 
loss is defined as (Dp - Da)/2 x Dp x 100. However, the bare spot was not consistently located at the center of the glenoid. Miyatake et al.!°? evaluated the 
accuracy of using the bare spot arthroscopically and found that in 29% of patients (10 shoulders), there was a greater than 5% difference from the standard 
3D CT measurements. 

Several authors have described different methods of using either unilateral 2D CT images or 3D CT utilizing an assumed inferior circle of the glenoid on 
the affected side comparing it to the contralateral normal side to calculate the amount of glenoid bone loss based on the assumption that there are no side-to- 
side differences.!®2:29! Most of these techniques use the ratio of the width of the missing bone anteriorly to the AP diameter of the uninjured glenoid or the 
diameter of the best fit circle on the affected glenoid.!®+2!5 The “circle method” is the most widely used method for estimating glenoid bone loss and 
provides useful presurgical planning information. This utilizes surface area measurements that can be performed accurately on the sagittal view of a 2D or 
3D volume-rendered CT reformat or 2D sagittal MR image of the glenoid fossa (Fig. 35-23A). En face, the normal inferior glenoid contour can be 
approximated to a true fit circle. Thus, the size of a Bankart lesion or glenoid bone loss can be calculated by comparing the surface area of the bone defect 
with the expected normal surface area of the glenoid fossa as measured by the best-fit circle (Fig. 35-23B). Sugaya*!> proposed an en-face 3D CT view of 
the glenoid and quantifying the amount of glenoid bone loss as a percentage defect of the glenoid based on a ratio of the missing anterior glenoid width 
against the diameter of the assumed inferior circle of the entire glenoid (Fig. 35-23C). This method has been shown to be both very reproducible and 
accurate in calculating the amount of glenoid bone loss. 
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j . Bipolar lesion with CT to show both glenoid bone loss and humeral head bone loss or Hill—Sachs lesion. A: Axial CT image shows the large Hill- 
Sachs lesion on the posterior humeral head (arrow). B: Axial CT image shows the large anterior bony Bankart lesion with glenoid bone loss. C: CT with 3D 
reconstruction shows the Hills—Sachs lesions (stars). D: CT with 3D reconstruction shows the anterior bone Bankart lesions (arrow) and glenoid bone loss. 


Gyftopoulos et al.’” recently evaluated the diagnostic accuracy of using the circle method on MRI in calculating glenoid bone loss compared to the 
standard 3D CT imaging. They found MRI accuracy was only 1.3% different overall compared with the CT imaging and concluded that using the circle 
method with MRI can be an accurate alternative to 3D CT. Owens et al.‘°° proposed an equation for predicting the normal glenoid width in both males and 
females for calculating glenoid bone loss. They evaluated 1,264 MR images and found that glenoid width was correlated to the glenoid height 
measurements and that males and females were different in their respective measurements. The formula for normal glenoid width in males is (1/3 height + 
15 mm) and in females is (1/3 height + 13 mm). With this standardized formula, it is possible to make accurate calculations of the amount of glenoid bone 
loss with only a digital ruler and an MRI of the injured shoulder. 


The size of the glenoid bone defect is a major risk factor for failure after ABR due to altered mechanics and its effect on the stability of the shoulder.*’’ The 
prevalence of glenoid rim lesions has been reported as high as 90%, including 50% of bony Bankart lesions and 40% erosion of the anterior glenoid in 
patients with recurrent shoulder instability.~'° Recurrence rate after arthroscopic stabilization is unacceptable in patients with significant bone loss or an 
inverted pear glenoid morphology.”* Lo et al.” demonstrated in a cadaver study that the inverted pear glenoid is associated with a 25% to 27% loss to the 
anteroinferior glenoid width. It is essential for surgeons to be able to evaluate and accurately calculate the amount of anterior glenoid bone loss in order to 
properly identify patients in need of bony glenoid augmentation procedures (Latarjet, bone grafting, etc.). 
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Figure 35-23. A: CT image with 3D reconstruction of the glenoid and en-face view of the glenoid fossa. A large bony Bankart lesion is seen anteriorly with critical 
bone loss. B: Perfect circle is drawn to match the inferior 2/3 of the glenoid. Using the surface area method, the size of the glenoid defect is calculated by dividing the 
surface area of the bone defect (red) with the normal surface area of the entire glenoid fossa (circle). C: Another method of measuring glenoid bone loss is calculating 
the percentage defect of the glenoid based on a ratio of the missing anterior glenoid width (A) against the diameter of the assumed inferior circle of the entire glenoid 
(B). The percentage bone loss is A/B x 100. 


Historically, 20% to 25% of anterior glenoid bone loss has been defined as the “critical” cutoff that needs to be addressed with a bone procedure at the 
primary operation.3*° This threshold, however, has been challenged with recent studies. The idea of “Subcritical” bone loss was introduced by Shaha et 
al.2°9 in a study that reported significantly worse outcomes in patients with as little as 13.5% glenoid bone loss after ABR. A total of 75 anterior instability 
patients in the active military underwent ABRs. The cohort was divided into quartiles based on the amount of glenoid bone loss. In patients who failed the 
Bankart repair due to recurrent instability, the authors reported the amount of glenoid bone loss was significantly higher in the failure group than the group 
that did not fail (25% vs. 13%). However, the authors also found that bone loss greater than 13.5% also led to clinically significantly worse Western Ontario 
Shoulder Instability (WOSI) scores consistent with unacceptable patient-reported outcome (PRO) even in the subset of patients who did not sustain a 
recurrent dislocation. The authors therefore recommended addressing patients with subcritical bone loss with either Latarjet or an additional combined 
procedure in order to improve the stability of the shoulder and decrease the risk of failure after Bankart repair. Shin et al.,?°? in a similar study, reported 
17.3% bone loss as the “critical” value that led to surgical failure and recurrence of instability after arthroscopic repair. In the patient group with less than 
17.3% bone loss, the failure rate was 3.7% compared with a 42.9% failure rate in the group with over 17.3% bone loss. Biomechanically, a recent study also 
reported glenoid defects of over 15% or more of the largest AP glenoid width as the “critical” bone loss amount in which a soft tissue repair cannot restore 
normal glenohumeral translation. This restricts rotational ROM and leads to abnormal humeral head translation.2°° 


Evaluation of the Hill-Sachs Lesion 


In addition to better understanding of the importance of glenoid bone loss, there is a growing body of literature with regard to the size and location of the 
Hill-Sachs lesion. The glenoid track concept classifies Hill—Sachs lesions as engaging (“on-track”) or nonengaging (“off-track”) Hill-Sachs lesions.2°” A 
Hill-Sachs lesion is considered to stay on the glenoid track (“on-track” lesion) if there is no risk of engagement. If the Hill—Sachs lesion is out of the 
glenoid track (“off-track” lesion), there is a risk of Hill-Sachs engagement and dislocation. An engaging Hill—Sachs lesion would therefore potentially 
reduce the amount of tolerable glenoid bone loss, which leads to a complex interplay between both glenoid and humeral bone loss in terms of predicting 
individuals at risk with planned Bankart repairs. The evaluation of the Hill-Sachs lesion can be done both arthroscopically and radiographically.*! The 
traditional radiographic method of measuring the Hill—Sachs lesion is typically done with a CT of both the affected and unaffected glenoid, although MRI 
methods have been described.**8 One first measures the width of the intact glenoid and calculates 83% of the glenoid width (0.83D), which corresponds to 
the medial margin of the glenoid track. Then, this 83% value (0.83D) based on the unaffected glenoid is applied to the involved glenoid en face view (Fig. 
35-24A, green line). If there is a bony defect of the glenoid, the defect width (d) is then subtracted from the 83% value (0.83D) to obtain the true width of 
the glenoid track (0.83D — d; Fig. 35-24A, yellow line). This true width (0.83D — d) is then placed on the posterior view of the humeral head where the Hill- 
Sachs interval (HSI) is demarcated by the medial margin of the Hill-Sachs defect and the lateral rotator cuff attachment (Fig. 35-24B, red line). If the 
medial margin of the HSI stays within (less than) the glenoid track (HSI <0.83D — d), there is no risk that the defect engages with the anterior rim of the 
glenoid. If the HIS extends more medially over the medial margin of the glenoid track, there is a risk of engagement. An off-track Hill-Sachs lesion may 
necessitate either a procedure to obviate the Hill—Sachs lesion (i.e., remplissage or humeral head bone graft) versus a bony augmentation procedure to the 
glenoid to extend the glenoid track (i.e., Latarjet or other bone graft) in order to reduce the risk of failure after a Bankart repair. 
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FIGURE 35-24. A: A CT of both the affected and unaffected glenoid is performed to calculate 83% of the glenoid width (0.83D), which corresponds to the medial 
margin of the glenoid track. This value (0.83D, green line) based on the unaffected glenoid is then applied to the involved glenoid en-face view. If there is a bony 
defect of the glenoid, the defect width (d) is then subtracted from the 83% value (0.83D) to obtain the true width of the glenoid track (0.83D — d, yellow line). B: The 
true glenoid width (0.83D — d) is then applied to the posterior view of the humeral head where the Hill—Sachs interval (HSI, red line) is demarcated. If the medial 
margin of the Hill-Sachs lesion stays within the glenoid track (HSI <0.83D — d), there is no risk that the Hill-Sachs lesion engages (on-track). If the Hill-Sachs lesion 
extends more medially over the medial margin of the glenoid track, as is this case, there is a risk of engagement (off-track lesion). 


CLASSIFICATION OF GLENOHUMERAL INSTABILITY 


The spectrum of shoulder instability ranges from subluxation to locked dislocation. Subluxation is defined as the translation of the humeral head against the 
glenoid without complete separation of the articular surfaces. Spontaneous reduction occurs once the abnormal force is removed and the humeral head 
reduces back to the normal anatomic position. A subluxation can occur in one of three types of directions: anterior, posterior, or inferior. The other end of 
the spectrum is dislocation where excessive translation of the humeral head results in complete separation of the articular surfaces. In these instances, the 
humeral head may not self-reduce when the abnormal force is removed. These patients often require manual reduction maneuvers with either conscious 
sedation or muscle paralysis (usually in the operating room) to the humeral head to the anatomic position. Owens et al.!”! prospectively evaluated shoulder 
instability in 38 patients who sustained a first-time anterior glenohumeral subluxation event and proposed a new spectrum of injury termed “transient 
luxation.” Transient luxation is between a subluxation and a dislocation as these patients experience a subluxation event that momentarily causes a 
separation of the articular surfaces but self-reduces. Furthermore, these patients will often present with either a Bankart lesion on the anterior glenoid or a 
Hill-Sachs lesion on the posterior superior humeral head. 

A variety of classification systems for glenohumeral instability have been proposed by various authors throughout the years. However, there is currently 
no universally accepted classification system for glenohumeral instability. It is difficult to develop a comprehensive classification system for shoulder 
instability that can define the relevant etiology, mechanism, and pathology in every patient. Furthermore, none of these proposed classifications has 
undergone validation or reliability testing. In addition, trying to define the appropriate treatment for each group within a classification has proven to be 
difficult. 

A well-defined classification system for glenohumeral instability should help identify the pathology by the direction of instability, subluxation or 
dislocation, whether it is traumatic or atraumatic, primary or recurrent, the anatomic structures that are involved, the presence or absence of generalized joint 
laxity, voluntary or involuntary dislocations, and any underlying collagen or neuromuscular disorder. Furthermore, the classification should provide 
information regarding the natural history and prognosis as it relates to the instability event and offer recommendations regarding the treatment. 


Glenohumeral Instability: 
FEDS SYSTEM CLASSIFICATION 


FREQUENCY: Patient is asked, “How many episodes have you had in the last year?” 


a. Solitary: “1 episode” 
b. Occasional: “2 to 5 episodes” 
c. Frequent: “>5 episodes” 


ETIOLOGY: The patient is asked, “Did you have an injury to cause this?” 


a. Traumatic: “Yes” 
b. Atraumatic: “No” 


DIRECTION: The patient is asked, “What direction does the shoulder go out most of the time?” 


a. Anterior: Out the front” 
b. Inferior: “Out the bottom” 


c. Posterior: “Out the back” 


SEVERITY: The patient is asked, “Have you ever needed help getting the shoulder back in joint?” 


a. Subluxation: “No” 
b. Dislocation: “Yes” 


The FEDS (Frequency, Etiology, Dislocation, Severity) classification system for shoulder instability was developed by Kuhn.!2! The FEDS 
classification is the only classification developed from a systemic review of the literature to determine which features of instability were used most 
commonly by the other proposed classifications in the literature for shoulder instability. Of all the criteria, four features were seen in more than 50% of the 
proposed classification systems: frequency, etiology, direction, and severity. Interestingly, these four features also reflected the results from a survey of the 
American Shoulder and Elbow Surgeons (ASES). Furthermore, the FEDS classification has been shown to have substantial to excellent agreement with an 
intraobserver agreement ranging from 84% to 97% (k 0.69-0.87) and interobserver agreement of 82% to 90% (k 0.40.76). !22 


Glenohumeral Instability: 
OTA CLASSIFICATION 


Glenohumeral joint (10-A) 


1 
2 
3 
4 
5 


. Anterior dislocation (10-A1) 
. Posterior dislocation (10-A2) 
. Lateral (theoretical) dislocation (10-A3) 
. Medial (theoretical) dislocation (10-A4) 
. Other (inferior—luxatio erecta) (10-A5) 


The Orthopaedic Trauma Association (OTA) classification is based on the direction of instability (Fig. 35-25). The glenohumeral joint is designation 10- 
A. Anterior dislocation is classified as 1, and thus the OTA classification is 10-A1. For posterior dislocation, it is 2, or 10-A2. Both medial and lateral 
dislocations are theoretical classifications and not typically seen in clinical dislocations. Inferior dislocation, or Iuxatio erecta, is rare and classified as 10- 
AS. 


Glenohumeral Instability: 
MATSEN AND THOMAS CLASSIFICATION 


TUBS 


a. Trauma 
b. Unidirectional 
c. Bankart lesion 
d. Surgery 


AMBRII 


. Atraumatic 

. Multidirectional 

. Bilateral laxity 

. Rehabilitation 

. If surgery is necessary, then need to tighten 
1. Inferior Capsule 
2. Rotator Interval 


Arn fer gy 


Matsen et al.!° described a simple classification of shoulder instability with two groups of patients with shoulder instability. In their retrospective 
review of open anterior Bankart repairs, 97% of their patients had a classic Bankart lesion from a traumatic event. The first group of patients was 
characterized by a history of traumatic events leading to unidirectional shoulder instability. These shoulders were often found to have a tear in the 
anteroinferior glenohumeral ligament. In high-risk patients, including male, younger age, or those participating in contact sports, surgical stabilization was 
recommended after primary dislocation to help minimize recurrent instability and additional damage to the intrinsic intra-articular structures of the shoulder. 
As a result of the study, the acronym “TUBS” was coined to characterize this first group, which represents traumatic unidirectional Bankart lesion and 
Surgery. In the second group of patients, this group of patients was characterized by shoulder instability without a history of trauma. These patients were 
associated with MDI. The first line of treatment in these patients was rehabilitation with the focus on rotator cuff and deltoid strengthening. If surgery was 
needed, the capsular laxity was managed with an arthroscopic or open capsulorrhaphy. Both the inferior capsule and the rotator interval were closed during 
surgery to minimize recurrence of instability in this group of patients. Thus, the acronym “AMBRI” was developed to describe this second group of patients 
where their glenohumeral instability was often Atraumatic in terms of onset, Multidirectional in terms of instability, Bilateral (frequently), and treated with 
Rehabilitation (often responds to) or Inferior capsular shift (if it did not respond to rehabilitation). 


Anterior dislocations (10-A1) Posterior dislocations (10-A2) 


Other dislocations (inferior-luxatio erecta) (10-A5) 


E F 
Figure 35-25. OTA classification is based on the direction of instability. The glenohumeral joint is designation 10-A. Anterior dislocation is classified as 1, and thus 
the OTA classification is 10-A1. For posterior dislocation, it is 2, or 10-A2. Both medial and lateral dislocations are theoretical classifications and not typically seen in 
clinical dislocations. Inferior dislocation is rare, also termed luxatio erecta and classified as 10-A5. Anterior glenohumeral dislocation seen in AP view (A) and 
scapular Y view (B). Posterior glenohumeral dislocation seen in AP view (C) and scapular Y view (D). Inferior glenohumeral dislocation seen in AP view (E) and 
scapular Y view (F). 


Glenohumeral Instability: 
STANMORE CLASSIFICATION 


Polar type 1—Traumatic and structural 


a. Acute 
b. Persistent 
c. Recurrent 


Polar type 2—Atraumatic and structural 


a. Recurrent 


Polar type 3—Muscle patterning and nonstructural 


a. Recurrent 
b. Persistent 


In the Stanmore classification system (Fig. 35-26), the diagnosis of instability is made based on clinical history, examination, and arthroscopic 
findings." In addition, if muscle dysfunction is suspected, electromyography (EMG) testing should be obtained. The authors presented this model of 
instability with a triangle diagram that highlights the interplay between the three polar groups. Polar group 1 includes patients who present with a significant 
traumatic event that is unidirectional and results in a Bankart lesion in the anteroinferior glenoid. Polar group 2 includes patients who experience no history 
of shoulder trauma with capsular dysfunction and structural damage to either the labrum or the cartilage. Both polar groups 1 and 2 do not have any 
abnormal muscle patterning on clinical examination or EMG testing. In polar group 3, the patients have no history of trauma and no structural damage to the 
labrum or glenoid cartilage. They will often have capsular dysfunction with bilateral shoulder presentations. There can be overlap between the three polar 
groups. 


Polar type | 
Traumatic 
structural 


Less 
muscle 
patterning 


Polar type Il 
Atraumatic 
structural 


Polar type III 
Muscle patterning 
non-structural 


Less trauma 
Figure 35-26. Stanmore classification system of shoulder instability; the diagnosis is made on the basis of clinical history, examination, and arthroscopic findings. 
Polar group 1 contains patients with traumatic events that are unidirectional resulting in a lesion on the MRI images. Polar group 2 patients experience no trauma but 
present with capsular dysfunction and structural damage to the labrum or cartilage. Group 3 polar patients have no history of trauma or structural damage within the 
shoulder joint. They typically will present with abnormal muscle patterning on clinical examination or EMG testing. 


Glenohumeral Instability: 
POSTERIOR INSTABILITY ABC CLASSIFICATION 


A (First time) 


A1. Subluxation 
A2. Dislocation 


B (Dynamic) 


B1. Functional 
B2. Structural 


C (Static) 


C1. Constitutional 
C2. Acquired 


The ABC classification of posterior shoulder instability was proposed by Moroder and Scheibel.!5° This system offers a simple yet comprehensive 
classification of posterior shoulder instability based on the underlying pathophysiology along with proposed treatment methods (Table 35-2). The three 
main groups—A, B, and C—are based on the type of instability: first time, dynamic, or static. Group A or first-time traumatic posterior dislocation is further 
subdivided into subluxation (A1) or dislocation with temporary engagement (A2). In the case of no significant bony or soft tissue defects, conservative 
management is indicated. Critical humeral head or glenoid defects in patients with locked posterior dislocation (A2) would require either closed or open 
reduction with possible reconstruction based on the size of the defect. Group B comprises all patients with recurrent dynamic posterior instability that occurs 
during motion in the form of either functional (B1) or structural (B2) instability. In the functional group, pathologic activation of the rotator cuff muscles 
and the periscapular musculature results in abnormal posterior-directed forces in addition to underlying hyperlaxity, posterior capsule redundancy, or 
dysplasia. Conservative management with physical therapy is the recommended treatment method. In the B2 group, patients have dynamic instability with 
related structural damage including posterior Bankart lesions, glenoid bone loss, or reverse Hill—Sachs lesions. In these patients who have persistent pain 
after a trial of physical therapy, surgical management addressing the structural defect can provide a good to excellent outcome. Group C patients have 
chronic static instability by either constitutional structural deficiencies (C1) or acquired structural defects (C2). Surgical options include posterior 
capsulorrhaphy, bone grafting, glenoid osteotomy, or arthroplasty in the subset of patients with arthritis. These patients are difficult to manage with 
technically demanding procedures and unpredictable outcomes. 


TABLE 35-2. ABC Classification of Posterior Dislocation 


Type A First Time B Dynamic C Static 


1 Subluxation Functional Constitutional 


2 Dislocation Structural Acquired 


OUTCOME MEASURES FOR GLENOHUMERAL INSTABILITY 


Western Ontario Shoulder Instability Index 


The WOSI is a validated PRO tool that was developed in 1998 by Kirkley et al.!!® for the evaluation of the disease-specific quality of life in patients with 
shoulder instability. Items in the WOSI were generated from the World Health Organization definition of health, expert reviews, and literature review as 
well as patient interviews. It has proven to be a useful outcome measure in several major clinical studies and has been translated and validated in Italian, 
German, Swedish, and Japanese.!9? The WOSI questionnaire consists of 21 items with each one scored on a 100 mm of Visual Analogue Scale (VAS).22” 
There are four total domains to the WOSI with each item falling into physical function (10 items), sports/recreation/work (4 items), lifestyle (4 items), and 
emotional well-being (3 items). Every question is scored between 0 and 100 points based on the VAS. The final score can range from 0 (best possible score 
—normal shoulder) to 2,100 (worse score—signifies extreme distress in shoulder-related quality of life). The test and retest reliability of the WOSI was 0.95 
in the English language version and 0.94 in the Swedish language version.!®® The WOSI is widely used in clinical research in patients with shoulder 
instability and it is more responsive to the treatment of instability than both the ASES and DASH scores.!17118 


Oxford Instability Shoulder Score (OISS) or Oxford Shoulder Instability Questionnaire (OSIQ) 


The OISS or OSIQ was developed by Dawson et al.°* in 1999 to assess PROs after shoulder instability. Several names and abbreviations have been used 
synonymously (OISS or OSIQ). The score in the test was generated by patient interviews. The questionnaire is composed of 12 items, each of which has a 
total of five response categories ranked from the least to the most difficult. The items cover episodes of instability, daily activities, pain, work, social life, 
sports/hobbies, attention to shoulder problems, lifting, and lying positions with a total possible score ranging from 12 (best function) to 60 (worst function). 


Melbourne Instability Shoulder Scale (MISS) 


The MISS was developed by Watson et al.?4 in 2005 as a new instability-specific, self-administered questionnaire for shoulder instability. All of the items 
were generated from surgeon discussions, literature review, and patient interviews. These were further ranked based on importance by patients and 
surgeons, and a 22-item questionnaire was created with four total domains: pain (4 items), instability (5 items), function (8 items), and occupation/sports (5 
items). Each item was scored using a 5-point Likert scale with 0 (worse score) to 100 points (best score). Watson et al.?*> reported the test-retest reliability 
of the MISS was 0.98 and had a greater range to detect changes in shoulder instability than the global Shoulder Rating Questionnaire (SRQ). 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO GLENOHUMERAL INSTABILITY 


Anatomically, the shoulder joint is uniquely arranged such that the lack of articular bony contact provides the joint with six degrees of freedom and ROM, 
which makes it more susceptible to dislocation and injury. The shoulder joint relies on both static and dynamic structures that collectively maintain stability 
through the mid and end ranges of motion. Important static stabilizers include the articular anatomy of the joint with matched concavity and convexity of the 
ball-in-socket, as well as the glenoid labrum, which broadens and deepens the socket depth (Fig. 35-27). The vacuum seal of the closed joint capsule results 
in a negative intra-articular pressure that enhances the stabilizing effect of the capsuloligamentous structures. The balance between the static and dynamic 
stabilizers determines the stability of the shoulder joint. An imbalance among these stabilizing factors may result in instability in the anterior, posterior, or 
inferior direction or it may be multidirectional in nature.°°-!27:'“° In addition to the above dynamic and static factors, proprioception also plays a significant 
role in the pathoetiology of shoulder instability.2°9 Proprioception is the perception of motion of the joint, and it is an important mechanism by which the 
muscles receive a message to contract and guard against instability. A failure of proprioceptive feedback may contribute to instability. 


Anterior view Posterior view 


Long head of 
biceps tendon 


SGHL 


Supraspinatus 
tendon 


Rotator Interval 


Capsule — 
Infraspinatus Wt Subscapularis 
tendon N 
; MGHL 
Teres minor 
tendon 
Posterior band Anterior band 
of IGHL of IGHL 
Posterior axillary 
pouch of IGHL Anterior axillary pouch 
of IGHL 
Long head of 


triceps tendon 


Figure 35-27. The shoulder joint relies on both static and dynamic structures to maintain stability. The anatomy and structures of the glenohumeral joint are illustrated 
in this image. 


Biomechanically, Warner et al.?°” showed that the primary restraint to inferior translation of the adducted shoulder is the superior glenohumeral 
ligament (SGHL). With progressive abduction of the arm, the anterior and posteroinferior GHL become the main static stabilizers in resisting inferior 
translation. Furthermore, the anterior portion of the inferior GHL was the primary restraint with the arm in 45 degrees of abduction and the posterior portion 
was the primary restraint with the arm in 90 degrees of abduction. In addition, Warner et al.?°” also showed that venting of the shoulder capsule resulted in 
significant inferior translation of the humeral head via the loss of the inferior restraint and the vacuum effect. Thus, the so-called “sulcus sign” is believed to 
be the result of the loss of the intra-articular vacuum effect and capsular laxity. 

Patients with MDI also have reduced proprioception compared with normal controls,!*° further confirming that proprioception may play a role in 
stability. The rotator cuff musculature specifically provides compression of the humeral head against the glenoid.!?! As the glenoid socket is a lateral fossa 
within the scapula, the ability of the scapulothoracic musculature to position the scapula can either optimize or impair glenohumeral stability. For this 
reason, scapulothoracic dyskinesia should always be evaluated in patients who present with MDI as these patients can frequently exhibit scapulothoracic 
dyskinesia.'3! The pathoanatomy of MDI differs from both anterior and posterior instability as it typically involves a large, patulous inferior capsule in both 
the anterior and posterior directions. This significantly increases the volume of the capsule. The extent of involvement of the rotator interval in MDI is a 
topic of debate. Biomechanical studies on cadavers have demonstrated that the inferior capsule and the rotator interval are the primary restraints to inferior 
glenohumeral translation.®*:23” The inferior capsule is responsible for resisting inferior translation primarily with arm abduction to 90 degrees, while the 
rotator interval resists inferior translation with the arm at the side. 


STATIC STABILIZERS 


Articular Geometry and Concavity 


The glenohumeral joint is composed of a large spherical humeral head that articulates with the smaller glenoid surface. The articular geometry contributes 


minimally to the overall stability of the glenohumeral joint due to the small area of the glenoid surface relative to the large humeral head and the relative 
mismatch of the bony curvature of the glenoid to the humeral head.°° The shape of the glenoid is smaller superiorly and larger inferiorly, much like a “pear” 
configuration and produces a significant surface area and radius of curvature mismatch between the joint surfaces of the glenoid and the humeral head. 
Furthermore, unlike the hip joint, the glenoid does not constrain the humeral head as only up to 25% to 30% of the humeral head is in contact with the 
glenoid at various shoulder ROM. Although the subchondral bone on the glenoid side is flatter than the humeral head, recent studies have demonstrated that 
the articular surface of the glenoid is highly congruent to the articular surface of the humeral head. Kelkar et al.!!° reported the average radii of curvature of 
the humeral head and glenoid articular surfaces were 25.5 + 1.5 mm and 27.2 + 1.6 mm, respectively. Thus, the mismatch in the articular cartilage in the 
glenoid and humeral head increases the conformity of the overall glenohumeral joint to within 3 mm. Furthermore, the glenoid concavity is deepened by the 
labrum that is attached circumferentially around the glenoid on the outer rim. Biomechanical studies have demonstrated that joint conformity contributes 
more in controlling translation during active motions, whereas capsular constraints become more important during passive motions.!° In terms of humeral 
version, there is minimal evidence that abnormal version contributes significantly to glenohumeral instability.” 


Glenoid Labrum 


The labrum is a fibrocartilaginous bumper that forms a circumferential ring around the glenoid and serves as an anchoring point for the capsuloligamentous 
structures (see Fig. 35-27). Attachment to the articular cartilage occurs via a narrow fibrocartilaginous transition zone, but it is otherwise fibrous throughout 
the entire structure. It is loosely attached superiorly above the equator and significant individual anatomic variability exists in this particular region.°? In 
contrast, the anteroinferior labrum is intimately attached to the glenoid rim and any detachment indicates an abnormality.!2” The essential contribution of 
the labrum to glenohumeral stability is by deepening the anterior-to-posterior depth of the glenoid socket from 2.5 to 5.0 mm and increasing the glenoid 
concavity to 9 mm in the superior-to-inferior plane. A loss of the labrum will decrease the overall depth of the socket by up to 50% in all directions. 
Furthermore, the glenoid labrum increases the surface area for humeral head articulation and increases the excursion distance required for glenohumeral 
instability.131150 

Biomechanical studies have shown that the concavity-compression effect of the labrum is the most effective stabilizing mechanism in resisting 
tangential forces. With the labrum intact, the humeral head will resist tangential forces of up to 60% of the compressive load. The degree of compression 
stabilization also varies according to the circumferential location of the glenoid, where the greatest magnitude was observed both superiorly and inferiorly. 
This effect may be attributed to the greater glenoid-labrum depths in those two particular areas.!3t The average contribution of the labrum to glenohumeral 
stability through the concavity-compression is around 10%. This contribution also varies according to both arm position and direction of force with 
increased stability seen in the adducted position and inferior direction, respectively.®2:295 

Another stabilizing effect of the labrum is its contribution to the intra-articular negative pressure of the shoulder. Habermeyer et al.®° have compared the 
glenohumeral joint to a piston surrounded by a valve. The labrum works as a valve block that seals the joint from atmospheric pressure. Distraction of a 
stable shoulder with an intact labrum results in negative pressure that correlates with the magnitude of the forces exerted. In contrast, in the unstable 
shoulder the anteroinferior labrum is detached, the above phenomenon does not exist, and thus the piston and valve model is not valid. Absence of negative 
joint pressure will disturb both joint mechanics and the proprioception receptors that control motor feedback that stabilizes the shoulder dynamically from 
dislocating forces. 


Capsule and Glenohumeral Ligaments 


The shoulder capsule has about twice the surface area of the humeral head and allows for freedom of shoulder ROM.!° The anterior capsule is thicker than 
the posterior capsule. Ciccone et al.*® found that the anterior shoulder capsule averaged 2.42 mm in thickness, whereas the inferior and posterior capsule 
averaged 2.8 and 2.2 mm in thickness, respectively. These distinct thickenings in the anterior capsule are called glenohumeral ligaments (GHLs) and play an 
important role in shoulder stability. Early cadaver studies evaluated the role and function of these ligaments, comprising the SGHL, the middle 
glenohumeral ligament (MGHL), and the inferior glenohumeral ligament (IGHL). Each of these is further separated into anterior and posterior components. 
With rotation of the arm, specific GHLs tighten while others loosen. In the midranges of motion (everyday activities), the capsule and GHLs are in a lax 
state, and therefore do not contribute significantly to shoulder stability. However, at the extremes of ROM, different GHLs will tighten according to the 
specific position of the arm and control humeral head translation to provide stability.!*74° The following subsections will discuss the contributions of each 
GHL to shoulder stability. 


Rotator Interval and Superior Glenohumeral Ligament 


The “rotator interval” is a region that is between the superior border of the subscapularis tendon and the anterior border of the supraspinatus tendon. The 
two ligaments found within the rotator interval are the SGHL and the coracohumeral ligament (CHL). The CHL is a dense fibrous structure that extends 
from the lateral aspect of the coracoid to the greater and lesser tuberosity of the humerus just adjacent to the bicipital groove.!°° The CHL has been 
described as both a thin capsular fold without any ligamentous form and as representing an accessory insertion of the pectoralis minor tendon. 

The SGHL originates from the supraglenoid tubercle anteroinferior to the origin of the long head of the biceps tendon and inserts onto the humerus on 
the proximal tip of the lesser tuberosity. Significant variations in the size and shape of the SGHL exist between individuals. The CHL and SGHL run 
parallel to each other in the rotator interval to limit inferior translation and external rotation in the adducted arm position or posterior translation with the 
arm in flexion, adduction, and internal rotation.!*”1“° Furthermore, deficiency or injury to the rotator interval may result in MDI, while contracture in this 
region may limit external rotation and forward flexion, which is seen in conditions such as adhesive capsulitis or post-traumatic stiffness.9”:98 


Humeral Head 


Figure 35-28. A: Arthroscopic view of the shoulder shows the superior glenohumeral ligament (SGHL), middle glenohumeral ligament (MGHL) anterior labrum, and 
the subscapularis tendon. B: Alternative arthroscopic view showing the MGHL, anterior inferior band of the IGHL (AIGHL), and subscapularis muscle. C: Close 
arthroscopic view of the AIGHL and anterior labrum. D: Posterior view of the posterior labrum and posterior inferior glenohumeral ligament (PIGHL). 


Middle Glenohumeral Ligament 


The MGHL has the greatest variation among individuals and is absent in up to 30% of cases and is poorly defined in another 10%.?36:?37 It originates from 
the superior glenoid just inferior to the SGHL between the 1 and 3 o’clock position and blends in with the subscapularis tendon as its insertion 
approximately 2 cm medial to the lesser tuberosity (Fig. 35-28A).%° There are two variations to the MGHL that include a sheet-like structure that is 
confluent with the anterior band of the IGHL or a cord-like structure with a foraminal separation from the IGHL called a “Buford” complex.27°75? The 
MGHL primarily limits anterior humeral head translation with the arm abducted to 45 degrees and externally rotated. When the arm is in the adducted 
position, the MGHL functions to limit external rotation and inferior translation. 146 


Inferior Glenohumeral Ligament Complex 


The IGHL complex is a hammock-like structure that originates from the anteroinferior glenoid rim and labrum to insert below the MGHL on the inferior 
margin of the humeral articular surface and anatomic neck (see Fig. 35-28B). The IGHL complex is divided into three main components: a thick anterior 
band (see Fig. 35-28B, star), a thinner posterior band, and the interposed axillary pouch between the two bands.*°° The IGHL functions to support the 
humeral head and prevent translation when the arm is in the abducted position. Global stability requires the function of all three components of the IGHL 
complex. With ABER of the arm, the entire complex becomes taut and moves beneath the humeral head to prevent anterior translation. However, with 
internal rotation and abduction, the IGHL complex functions to limit posterior translation. !?”:146 Given its importance in glenohumeral stability, the IGHL 
complex is often implicated in shoulder instability conditions. 


DYNAMIC STABILIZERS 


Rotator Cuff Musculature and Biceps Tendon 


The rotator cuff musculature comprises the supraspinatus, infraspinatus, teres minor, and subscapularis muscles. Contribution of the rotator cuff muscle 
group to glenohumeral stability occurs through three distinct mechanisms: (1) joint compression, (2) coordinated contraction of the rotator cuff muscle to 
guide the humeral head onto the center of the glenoid, and (3) dynamization of the glenohumeral ligament with shoulder ROM through the rotator cuff 
attachments.7!®.23°.255 Lippitt et al.!°! first described the effect of “concavity-compression” where compression of the humeral head into the glenoid cavity 
stabilizes it against translating forces (Fig. 35-29). Stability was greater in the hanging arm position compared with arm abduction—external rotation under 
the concavity-compression mechanism.®* This indicates that the effect of concavity-compression may be an important stabilizer of the glenohumeral joint in 
the midranges of motion when the capsuloligamentous structures are lax. When the arm is in the extremes of motion, the capsuloligamentous structures are 


stretched to enhance their contribution to stability. Warner et al.?4° further demonstrated that rotator cuff muscle strength differs in patients with shoulder 
instability compared to normal. McMahon et al.!4” have also shown significantly reduced EMG activity in the supraspinatus muscle from 30 to 60 degrees 
of abduction in patients with anterior shoulder instability. In a dynamic shoulder model, 50% reduction in the rotator cuff forces resulted in increased 
anterior displacement by 46% and posterior displacement by 31%.75> 


Stabilizing Effect of 
Joint Compression 


Figure 35-29. The rotator cuff muscle is responsible for the “concavity compression” in which activation of the rotator cuff results in compression of the humeral 
head into the glenoid cavity and stabilizing it against translational forces. 


Many investigators have studied the contribution of the biceps tendon to glenohumeral stability. The origin of the long head of the biceps tendon arises 
directly from both the supraglenoid tubercle and the superior glenoid labrum. Most of the attachment on the labrum is posterior in orientation. Itoi et al.!°! 
evaluated the stabilizing effect of the biceps tendon in a cadaver model and found that both the long and short heads of the biceps have similar roles in 
preventing anterior shoulder instability with the arm in ABER. Their role is further increased as the intrinsic shoulder stability decreases (capsule tear or 
Bankart lesion). Furthermore, the biceps tendon becomes more important than the subscapularis in anterior stability as the stability from the 
capsuloligamentous structures decreases. 103 


DELTOID MUSCULATURE 


The deltoid muscle is a large triangular, bulky muscle that contributes to approximately 20% of all shoulder muscles and comprises three portions—anterior, 
middle, and posterior.!© Morrey et al.!5” proposed the four essential muscle dynamic stabilizing effects contributing to shoulder stability. This includes 
passive tension from the muscle bulk, muscle contraction that results in compression of the humeral head on the articular surface, joint motion that tightens 
the passive ligaments of the shoulder, and the barrier effect of the contracted muscle. Using a dynamic stability index, Lee and Ant?” demonstrated that the 
middle and posterior deltoid provided more stability by generating greater compressive forces and lower shear forces than the anterior deltoid. Furthermore, 
the deltoid muscle produces more compressive force when the arm is elevated compared to the neutral position. With the arm in external rotation, the 
insertion of the deltoid moves more posteriorly in relation to the glenohumeral joint, and thus contraction at this position will produce a posteriorly directed 
compressive force and tensioning to reduce anterior instability. Kido et al.!!* also showed that with the capsule intact, anterior displacement is significantly 
reduced by application of load to the middle deltoid. However, with a simulated Bankart lesion, loading of each muscle portion significantly reduced 
anterior displacement. Thus, the stabilizing function of the deltoid becomes more essential as the shoulder becomes unstable. 


PROPRIOCEPTION 


Placement of the upper extremity and hand in space for daily function is dependent on the perception of the shoulder joint position in space and during 


motion. Capsule and ligaments function in joint stabilization by providing neurologic feedback that directly mediates joint position sensibility and muscle 
reflex stabilization. This sensory modality is called proprioception and is mediated by receptors in the muscular and cutaneous structures of the shoulder 
joint. Specialized nerve endings and proprioceptive mechanoreceptors (Pacinian corpuscles, Ruffini endings, Golgi tendon endings, etc.) have been shown 
to exist in the capsule and ligaments.®!° Stimulation of these mechanoreceptors results in muscle contraction around the joint that in turn results in 
compressional forces which function as an adaptive control for joint stabilization to counteract sudden movements in acceleration or deceleration.”° It has 
been hypothesized that the receptors in the joint capsule respond to extremes in ROM or deep pressure that may occur because of glenohumeral 
translation.’” 

Both Warner et al.” and Lephart et al.!2° have shown that the proprioception of the shoulder joint is disrupted in patients with glenohumeral instability 
compared to the asymptomatic shoulders. Zuckerman et al.*°” reported that patients after open anterior stabilization procedure had 50% improvement in 
proprioceptive ability at 6 months after surgery. This improved to 100% or similar to the contralateral shoulder at the 1-year mark. Overall, the literature 
suggests that patients with recurrent shoulder instability will have a perceivable deficit in glenohumeral proprioception, which can be restored to normal 
after surgical repair or reconstruction. Capsuloligamentous structures may provide additional contributions to shoulder stability by providing the afferent 
feedback to reflexive muscle contraction of the rotator cuff, biceps, or deltoid. 


TREATMENT OPTIONS FOR GLENOHUMERAL INSTABILITY 


Treatment of shoulder instability requires a thorough understanding of the natural history. Most of the available literature documenting the natural history of 
shoulder instability focuses on anterior instability. Operative treatment as well as nonoperative treatment of anterior shoulder instability has been well 
studied, especially in young athletic populations. Controversy remains over the initial treatment of a patient who experiences a first-time anterior shoulder 
dislocation with surgical treatment often recommended for young, athletic patients to reduce risk of recurrent instability and further damage to the intra- 
articular structures.®.29,56,250 

The initial treatment for posterior instability can be more complex as patients often do not present with classic instability signs and symptoms. Initial 
treatment in this population depends on the severity of injury and the extent of symptoms. Patients who are experiencing posterior pain without true 
instability are often managed nonoperatively initially, with surgical intervention being reserved for those who fail conservative therapy or present with frank 
posterior instability or recurrence of symptoms. Patients who present with MDI are initially treated nonoperatively with a focus on intense physical therapy 
to strengthen the rotator cuff, deltoid, and periscapular musculature. Surgical intervention in these patients should only be considered if they fail to improve 
after a lengthy course of glenohumeral and scapular stabilization therapy. 


NONOPERATIVE TREATMENT OF GLENOHUMERAL INSTABILITY 


The outcomes of nonoperative treatment of anterior shoulder instability are variable and they are dependent on patient-specific factors including age, sex, 
and activity level. Hovelius et al.°° published a landmark article in which they described long-term follow-up in 257 first-time anterior shoulder dislocations 
in patients less than 40 years old. They found that approximately two-thirds of patients had shoulder arthritis at a mean of 25 years’ follow-up. In addition, 
almost half of patients less than 25 years old required eventual surgical stabilization. Robinson et al.!®° prospectively followed 252 patients under 35 years 
old who sustained an anterior glenohumeral dislocation and were treated with sling immobilization, followed by a physical therapy program. Recurrent 
instability developed in 55.7% of the shoulders within the first 2 years and increased to 66.8% at 5-year follow-up. They found younger male patients to be 
at greatest risk for recurrent anterior instability. Simonet et al. tracked the natural history of nonoperatively treated anterior instability in 116 patients at a 
mean of 4.6 years’ follow-up, and they documented an overall 33% rate of recurrent instability. When further stratified by age, they found that patients less 
than 20 years old had a 66% rate of recurrence. They also discovered that 82% of athletes sustained a recurrent dislocation versus 30% among patients not 
involved in athletics.2°°°” Henry et al. studied the natural history of 121 young athletes, mean age 19 years old, treated nonoperatively for an acute, first- 
time traumatic anterior shoulder dislocation. One hundred and six patients (88%) sustained a recurrent dislocation, and all repeat injuries occurred prior to 
18 months after the initial instability event.2° A recent meta-analysis pooled the results of 15 level I and II studies to determine the natural history of 
nonoperatively treated traumatic anterior shoulder instability. In this study, the authors identified an overall 21% recurrence rate, with a rate approaching 
80% for males less than 20 years old.?4 

The literature on nonsurgical treatment of patients with either posterior instability or MDI is not as extensive as anterior glenohumeral instability. 
Posterior glenohumeral instability can present with patients complaining of posterior subluxation or dislocation due to a high-energy injury or, more 
commonly, vague posterior pain without symptoms of overt instability.!®° Arriving at the correct diagnosis in these cases can be difficult and delayed or 
even missed.'’” As with most injuries, the treatment is focused on reducing pain and symptoms while improving function. Unlike anterior glenohumeral 
instability, the natural history of a first-time posterior instability event is not well understood and risk factors for recurrent instability have not been well 
defined. Nonoperative management begins with immobilization until the patients have enough pain resolution to begin a physical therapy program. 
Activities that cause posterior pain or the sensation of instability should be avoided, and rotator cuff strengthening should be initiated once patients are able 
to tolerate this activity. Rehabilitation protocols should also focus on proprioception training as well as strengthening of the rotator cuff and scapulothoracic 
musculature. Large series of patients demonstrating successful nonoperative treatment of posterior instability are lacking. 

Although there are no strict criteria to define MDI, it was first described as anterior and posterior instability associated with involuntary instability 
events! or instability in more than one direction.> 101° Although this can occur with a large, traumatic labral tear, this terminology is generally used to 
describe instability that occurs after repetitive microtrauma. As MDI represents a spectrum of repetitive microtrauma superimposed on a continuum of 
laxity, the clinical presentation can vary widely. The goal of treatment in these patients is to restore stability of the joint and decrease pain. For most 
patients, this is accomplished through nonoperative means with physical therapy, patient education, and avoidance of aggravating activities. 

There are certain patient factors that may predict success with nonoperative management of anterior shoulder instability. The biggest predictor for a 
likely recurrent instability event following an anterior glenohumeral dislocation is patient age. Competitive contact or collision sport athletics is another 
patient factor that carries a high risk of recurrent instability. Therefore, older,'®° nonathletic?°®°” patients are identified as the group who have the highest 
success rate with nonoperative treatment after the primary subluxation or dislocation event. Increasing age as a positive prognostic factor is not indefinite, as 
older patients have a higher risk of having a concomitant glenoid rim fracture (bony Bankart) or a rotator cuff tear that may also require surgical 
intervention. Although the high end of the age group that may fare well without surgery is difficult to define, age greater than 25 to 35 appears to be the low 


end of this age range.88.89,185 

Conversely, there are patient-specific factors that lead to a high rate of recurrent instability even following surgery. These factors were originally 
described by Balg and Boileau! and consist of patient age below 20 years, glenoid bone loss, humeral bone loss, frequent or advanced sports participation, 
collision sport participation, and the presence of shoulder hyperlaxity. The classification system is termed the Instability Severity Index Score (ISIS). Each 
of the above criteria is worth 2 points if present with the exception of type of sport and presence of shoulder hyperlaxity which are each worth 1 for a total 
of 10 points (Table 35-3). The authors found that patients with ISIS scores above 6 had a 70% chance of recurrent dislocation after a soft tissue repair. The 
authors favored a bony stability surgery in these individuals. With the ISIS scoring system, Phadnis et al.!’° found in their series that a score of 4 or higher 
was associated with a 70% risk of failure. These studies also demonstrate high rates of recurrent instability even following surgery in young, competitive 
athletes who have glenoid or humeral bone loss; thus, these patients should not be routinely treated with conservative management. 

Along with determining which patients are best served with nonoperative treatment, it is also important for clinicians to recognize situations where 
nonoperative treatment should not be recommended as a primary treatment option in patients presenting with glenohumeral instability, including age below 
30 years, contact sports, recurrent instability, inability to adequately and safely perform job duties, or sport, and significant humeral or glenoid bone loss 
where further instability is imminent and/or progressive loss is inevitable.°” 


TABLE 35-3. Instability Severity Index Score 


Prognostic Factors Points 
Age at Surgery 

<20 years 2 
>20 years 0 
Degree of Sports Participation (Preoperatively) 

Competitive 2 
Recreational or none 0 
Type of Sports (Preoperatively) 

Contact or overhead 1 
Other 0 
Shoulder Hyperlaxity 

Hyperlaxity (ER >90) anterior or inferior 1 
Normal 0 
Hill-Sachs on AP Radiograph 

Visible on external rotation 2 
Not visible on external rotation 0 


Glenoid Loss of Contour on True AP Radiograph 


Loss of contour or glenoid bone loss 2 
No glenoid bone loss 0 
Total Points 10 


Indications/Contraindications 


Nonoperative Treatment of Glenohumeral Instability: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e First-time subluxation or dislocation (anterior or posterior) without significant glenoid or humeral bone defect 
e Patients greater than 30 years of age and low demand 

e Patients who do not engage in athletics 

e Patients with MDI 

e Voluntary dislocation 


Relative Contraindications 


e Demonstrated recurrent instability (subluxation or dislocation) 

e Instability with glenoid bone loss 

e Instability with engaging humeral bony defect 

e Primary dislocation in patients who are young (<30), male, and play high-demand or contact sports 
e Bony Bankart lesions 

e Instability with sleep or lower levels of shoulder ROM 


Outcomes 


Multiple reports with Level I-IV evidence have reported the results of nonoperative treatment in anterior glenohumeral instability. Henry and Genung®° 
reported on the outcome of nonoperative treatment in 120 athletes with shoulder instability who averaged 19 years of age. Patients were divided into an 
immobilization group consisting of a sling and swathe for 3 to 6 weeks or to a nonimmobilization group. There was an exceedingly high failure rate in both 


groups. After 18 months of follow-up, there was a 90% recurrence in the immobilized patients and an 85% recurrence in the nonimmobilized group. The 
length of immobilization did not affect the recurrence rate and 79 of 120 (66%) patients ultimately received surgery for a recurrent dislocation in their study. 
This was one of the first reports that concluded that young athletes should receive special consideration for surgical intervention after a first-time dislocation 
given the subsequent high recurrence rate. 

While the use of sling immobilization likely does not seem to impact the risk of future shoulder instability after anterior shoulder dislocations, there 
have been some studies that suggest position of the arm during immobilization may impact the recurrence risk. Itoi et al.!°* popularized the idea of external 
rotation, bracing for the management of patients with acute anterior shoulder dislocation. In an MRI study, Itoi et al.!°* reported that immobilization of the 
arm in external rotation better approximates the Bankart lesion to the glenoid neck than does the conventional position of internal rotation. A subsequent 
prospective clinical study of 40 patients with acute shoulder dislocations immobilized in either internal or external rotation showed a significant difference 
in the rate of recurrence in patients under the age of 30 years. In the external rotation group, the recurrence rate was 0% compared to the internal rotation 
group of 45% with a mean follow-up of 15.5 months.!©° However, several recent trials have shown no difference in the recurrence rates based on the type of 
immobilization. In a meta-analysis of randomized controlled trials evaluating immobilization in external rotation versus internal rotation after primary 
anterior shoulder instability in 632 patients, the authors found no significant difference in the recurrence rate, rate of compliance, and in the patient’s own 
perceptions of their health-related quality of life.?°1 

Since the early study by Henry and Cheung, multiple studies have demonstrated that certain patient populations are at greater risk for further instability 
events after anterior shoulder dislocation if treated without surgery. Simonet et al. reported on the natural history of nonoperatively treated anterior 
glenohumeral instability in 116 patients at a mean of 4.6 years follow-up. They documented an overall 33% rate of recurrent instability. Patients less than 20 
years old had a 66% rate of recurrence. Athletes had a higher rate of sustaining a recurrent dislocation (82%) versus nonathletes (30%).2°%2°7 Wheeler et al. 
evaluated military cadets who were treated with either arthroscopic repair (9 patients) or nonoperative treatment (38 patients) at an average of 14 months.?°° 
They found a recurrence rate of 92% in the nonoperatively treated group compared with a 22% recurrence rate in the patients who had stabilization surgery. 
Military cadets were further evaluated by Arciero et al. with either arthroscopic repair and rehabilitation (21 patients) or 1 month of immobilization 
followed by rehabilitation with a goal of returning to full activity by 4 months. They also found a substantial difference between the two groups with an 
80% recurrence rate in the nonoperative group and a 14% recurrence rate in the operative group at an average follow-up of almost 3 years. 

Several randomized controlled studies have also been performed to determine the efficacy of nonoperative management versus surgical repair in 
reducing additional instability after anterior shoulder dislocations. Bottoni et al.2° performed a randomized controlled trial comparing nonoperative sling 
management versus early ABR for young athletes with first-time anterior shoulder dislocations. At an average 36-month follow-up, 75% of patients treated 
nonoperatively had recurrent instability versus 11.1% in the arthroscopic stabilization group. Robinson et al.!®° prospectively followed 252 patients less 
than 35 years old, who sustained an anterior glenohumeral dislocation. Patients were treated with sling immobilization followed by a physical therapy 
program. Recurrent instability occurred in 55.7% of the shoulders within the first 2 years and increased to 66.8% at 5-year follow-up. Younger male patients 
were most at risk of recurrent anterior instability. Jakobsen et al.!°° evaluated patients, although not specifically athletes, aged 15 to 39 years after a first- 
time anterior shoulder dislocation. Patients underwent arthroscopy to characterize the labral damage and then were randomized to nonoperative treatment 
versus open Bankart repair. Patients then went through an identical rehabilitation program after the procedure. After 8 years of follow-up, 74% of patients 
who were treated without surgical repair had unsatisfactory results, whereas 72% of surgically repaired patients had good or excellent results. A similar 
long-term randomized controlled study in patients with first-time dislocations (average follow-up of 14.2 years) has also demonstrated a similar 
significantly greater risk of recurrent dislocation after an arthroscopic washout (AWO) alone without repair versus undergoing Bankart repair (47% vs. 
12%, respectively).7°° 

Outcomes of nonoperative treatment in patients with MDI have been reported by several authors. Burkhead and Rockwood initially reported a specific 
physical therapy program for patients with MDI.°° Of the 66 patients diagnosed with MDI after an atraumatic subluxation, 53 (80%) had successful 
nonoperative treatment. Misamore et al. evaluated the long-term outcomes of patients with MDI treated with a nonoperative physical therapy regimen.!°* 
The mean age at presentation was 18.6 years and almost all of the patients participated in athletics. Of the initial 59 patients, 20 underwent surgery by the 2- 
year mark. Of the remaining 39 patients, 19 continued to complain of significant pain and 18 continued to experience significant instability. Patients were 
followed until the 7- to 10-year mark, at which 17 of the original 59 had a satisfactory outcome. They concluded a poor response to nonoperative treatment 
of MDI in this young, athletic population. Ide et al.°° reported on 46 patients, mean age of 20 years old, with MDI who were treated with an 8-week 
shoulder-strengthening exercise program as well as an orthosis for scapular stabilization. They found improved outcome scores and improved mean peak 
torque of internal and external rotations. After a mean follow-up of 7 years, only 3 of 46 patients (6%) underwent surgical treatment. 

Randomized controlled studies are difficult to perform in the MDI patient population as it is universally accepted that nonoperative methods should be 
the initial treatment in all MDI patients. Certain studies have looked at the outcome of surgically treated patients versus those who have solely undergone 
physical therapy!!°; however, there are inherent biases in these studies, and it is difficult to ascertain how the information can be applied to current practice. 


OPERATIVE TREATMENT OF GLENOHUMERAL INSTABILITY 


Early surgical stabilization after traumatic anterior shoulder instability injuries has been shown to reduce the frequency of recurrent instability and improve 
functional outcome in young individuals engaged in physical activities.''3-!!8.260 The overall goal of surgical treatment for anterior shoulder instability is to 
restore glenohumeral stability through either repair of the capsuloligamentous complex and/or enhanced stability through bony augmentation in cases of 
significant anterior glenoid deficiency. 

Open Bankart repair was previously considered the gold standard for treatment of traumatic anterior shoulder instability with recurrence rates of 
typically less than 10%.4>87:162 The advantages of open surgery include a more secure repair, a greater ability to reduce capsular redundancy, and achieving 
adequate tension of the capsuloligamentous complex, which may be challenging in chronic instability cases.4* The known disadvantages of open Bankart 
repair include restriction of glenohumeral motion following surgery, particularly external rotation, which may lead to secondary arthritis and muscle 
weakness.42:87:184,231 

As a result of the potential morbidity involved in open Bankart repair and improvement in implant and instrumentation, ABR has supplanted open repair 
as the treatment of choice for most common anterior instability injuries.!7°?6° Arthroscopic Bankart repairs are increasingly performed. An assessment of 
the 2008 to 2012 MarketScan database showed that ABRs accounted for 90.5% of shoulder stabilization surgeries versus 9.5% open repairs including bone 


block procedures.2” Arthroscopic Bankart repair can minimize the morbidities associated with open surgery including subscapularis injury and 


arthrofibrosis. Modern techniques utilizing suture anchors and capsular plications have achieved recurrence rates similar to open repairs.*? In addition to 
paying attention to the technical aspects of the arthroscopic repair, patient selection, including careful consideration of patient and injury characteristics (i.e., 
chronicity, number of dislocations, capsular insufficiency, and bony deficiencies), is paramount to achieving success with arthroscopic 
surgery. >73:124,173,200,242 Tt is important to remember that while ABR is suitable for most patients with anterior instability, there are certain factors that 
should prompt consideration of an open or bony procedure. 


ANTERIOR GLENOHUMERAL INSTABILITY 


Indications/Contraindications 


Operative Treatment of Anterior Glenohumeral Instability: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Patients who have more than one shoulder subluxation or dislocation with anterior labral detachment (Bankart lesion) 

Recurrent anterior shoulder instability despite adequate conservative treatment including physical therapy 

Anterior locked dislocation with failed closed reduction under anesthesia will require open reduction 

High-risk athletes (i.e., contact or overhead athletes) who sustain a traumatic first-time dislocation with document Bankart lesion on MRI (relative indication) 


Relative Contraindications 


Uncooperative or medically unstable patient including active seizure disorder 

Presence of capsular deficiency or history of thermal capsulorrhaphy 

Patients with primary collagen disorders (Ehlers—Danlos or Marfan syndrome) 

Patients who have atraumatic shoulder instability and have evidence of ligamentous laxity on examination or patients who can voluntarily dislocate the shoulder 
Patient with neurologic injury resulting in paralysis of the axillary or suprascapular nerve 

Patients with recurrent instability in the setting of active infection or several posttraumatic arthritis 


The importance of recognition and quantification of Hill-Sachs lesions and glenoid bone loss in treatment consideration for traumatic anterior shoulder 
instability and failed instability surgery is growing.'°+20° As a result, there is a resurgence of bony augmentation procedures such as coracoid transfer 
(Latarjet, Bristow) and autogenous or allogenic bone block procedures for treatment of anterior shoulder instability. In the following sections, we will 
discuss the operative treatment decision algorithm, operative approach and techniques, and outcomes of open and ABR and bony augmentation for 
treatment of traumatic anterior instability. 

There are many studies on the management of anterior shoulder instability in the adult patient population. However, a paucity of literature exists 
regarding shoulder dislocations in skeletally immature patients. The recent literature shows lower rate of recurrent instability after the primary dislocation 
compared with older literature.!°* Conservative management in this subset of patients after primary dislocation may be appropriate if it is a primary 
dislocation and there is an absence of significant bony defect on the glenoid or humeral head. Surgery should be indicated with recurrence of instability. 13° 


Arthroscopic Anterior Labral (Bankart) Repair 


Preoperative Planning 


Arthroscopic Anterior Labral (Bankart) Repair: 


PREOPERATIVE PLANNING CHECKLIST 


OR table Regular OR table with rails that allows placement of the arm traction apparatus 
Beach chair table with arm holder 

Position/positioning aids LJ Lateral decubitus or beach chair 

Equipment 30 and 70 degrees arthroscope 


6- and 8-mm threaded cannulas 

Labral elevator and CoVator 

Curved passer (Mitek Ideal 45 degrees with Chia) 
Anchors loaded with sutures and labral tape 

Drill and drill guide (2.9-mm drill bit) 

Ring grasper and regular grasper 


Both radiographs and advanced imaging should be obtained prior to surgery. MRA is both more sensitive and specific than MRI for the detection of 
anteroinferior labral tears. The amount of glenoid bone loss must be assessed prior to indication for ABR. The critical bone loss that changes the indication 
from ABR to a bone procedure is between 13.5% and 17.3% according to the literature. In the subset of patients who are at higher risk for recurrent 
instability (male, young, contact sports, etc.), a bone-based procedure at the primary surgery should be considered at the lower range of the critical defect 
size (13.5%), whereas in low-demand patients, 17.3% critical bone loss is the critical threshold between an arthroscopic procedure and an open bone 
procedure. 


Positioning 


The patient is set up either in the lateral decubitus or beach chair position depending on the surgeon’s training and preference. In the lateral decubitus 
position, the patient is intubated and placed laterally on a bean bag. A pillow is placed under the leg to protect the common peroneal nerve. The operative 
extremity is prepped and placed in an arm holder with Coban to allow for traction. A balanced traction with 5 to 10 lb of weight is used with traction and 


lateral distraction (Fig. 35-30A). In addition, a small bump can be placed underneath the axilla to help further distract the glenohumeral joint to allow for 
improved visualization. The beach chair set up starts with the patient intubated and a head holder is placed. A bump is placed underneath the body and the 
patient is sat up to approximately 70 to 80 degrees of flexion. The affected arm is placed in a spider arm holder, which allows for positioning throughout the 
case. As with the lateral decubitus position, a small bump can be placed underneath the axilla to help further distract the glenohumeral joint to allow for 
better visualization. The authors prefer the lateral decubitus position over the beach chair position for arthroscopic labral repair. 


Surgical Approach 


A posterior portal is placed approximately 2 cm below and 1 cm over from the posterolateral edge of the acromion (see Fig. 35-30B, arrow). The trocar is 
inserted toward the coracoid and in between the glenohumeral joint. A 30-degree scope is used to start the diagnostic arthroscopy. Complete evaluation of 
the glenohumeral joint is needed to identify any pathology to the labrum, cartilage, rotator cuff, humeral head, and other intra-articular structures within the 
glenohumeral joint. Two portals are established anteriorly, with one as the working portal and the other as the drilling portal (see Fig. 35-30C). The 
anterolateral portal is established with the assistance of a spinal needle and located within 1 cm of the anterolateral edge of the acromion (see Fig. 35-30C, 
circle). This portal is right next to the anterior leading edge of the supraspinatus tendon over the biceps tendon. The anteroinferior or the 5:30 portal is also 
established with the assistance of a spinal needle placed right over the tendon of the subscapularis muscle and slightly above the glenoid fossa to allow for 
drilling and suture passing across the labrum (see Fig. 35-30C, arrow). This portal must have a diameter with a large enough cannula (8 mm) to 
accommodate the curved suture passer. We prefer to use the metal passer that is 45 degrees which requires an 8-mm cannula. A right-curved passer is used 
when the affected side is the right shoulder and vice versa. In the setting of associated posterior labral tear, the viewing is switched to the anterior portal and 
the working portal is posterior. It is essential that the accessory posterolateral portal used for drilling and insertion of the anchor is in line with the spine of 
the scapula (see Fig. 35-30B, circle). Otherwise, the anchor may penetrate the glenoid fossa. 


A,B 
Figure 35-30. A: Lateral decubitus position for arthroscopic Bankart repair. Balance traction of the glenohumeral joint is obtained with both distraction and traction. 
In addition, a small bump is placed under the axilla to help further distract the joint (arrow). B: Posterior viewing portal (arrow) and posterolateral accessory portal 
(circle) used for drilling and placement of anchors for posterior labral repair. This portal must be in line or parallel with the spine of the scapula. C: Anteroinferior 
portal (arrow) used for suture passage and also drilling and anchor placement. Anterior superolateral accessory portal (circle) used for suture management and 
shuttling. This portal must be placed slightly under the lateral edge of the acromion so that it is spaced away from the anteroinferior portal. 


Technique 


Arthroscopic Anterior Labral (Bankart) Repair: 


KEY SURGICAL STEPS 


Lateral decubitus or beach chair position 
Examination under anesthesia 

Establish posterior viewing portal 

Diagnostic arthroscopy 

Establish anterolateral and anteroinferior portals 


Mobilize the anteroinferior capsulolabral complex off the glenoid rim 

Penetrate the capsule using a curved passer to allow shifting and mobilization of the capsulolabral complex 

Position first anchor low on the glenoid face and pass labral tape 

Cut the passed labral tape down to the rim of the glenoid 

The same steps are repeated with two to three additional passages of the passer, labral tape, and fixation of the Bankart lesion to the anterior glenoid 
rim 

Create a bumper at the end of the case that shows excellent shift of the anteroinferior capsulolabral complex 

Insert scope into the anterolateral portal to evaluate the repair 

Place patient in a sling with abduction pillow 

Follow standard postoperative protocol 


The lateral decubitus (see Fig. 35-30A) or beach chair position is used. (The authors prefer lateral decubitus positioning due to the balanced traction placed 
on the affected extremity that allows better visualization of the anteroinferior labrum for repair.) Small bump underneath the axilla will help with 
visualization by joint distraction. Load and shift examination under anesthesia is performed to document humeral head translation (1+ is to the rim and 
back, 2+ past the rim and back, and 3+ is locked out past the rim). ROM in forward flexion, abduction, and external rotation is documented. Sulcus sign 


with the arm in neutral and external rotations is also recorded. 

The posterior viewing portal is established with a no. 11 blade in the soft spot (usually ~2 cm down and ~1 cm over from the posterolateral edge of the 
acromion; see Fig. 35-30B). Diagnostic arthroscopy is performed to evaluate for labral tears, rotator cuff, biceps, cartilage, glenoid bone loss, Bankart 
lesions, and Hill—Sachs lesion. A 30-degree scope is used for the procedure. However, if visualization is difficult, a 70-degree scope can be used in the 
posterior portal to better visualize the labrum for repair. Another option is to put the 30-degree scope into the anterolateral portal. The anterolateral portal is 
established with assistance of an 18-gauge spinal needle (~1 cm down from the anterolateral acromion). A posteriorly directed force on the humeral head 
can help with placement of this portal by posteriorly translating the humeral head and opening up the space anteriorly. A threaded cannula (6 mm) is 
inserted via a switching stick. This is the working portal (see Fig. 35-30C, circle). 

An anteroinferior portal is established with the assistance of an 18-gauge spinal needle just above the subscapularis muscle belly and slightly above the 
surface of the glenoid fossa (see Fig. 35-30C, arrow). Alternatively, this portal position can be established with an inside-out technique. Another threaded 
cannula (8 mm) is inserted via a switching stick. An 8-mm cannula is used to allow for the passage of the curved passer. This is the suture passing and 
drilling portal for all anchors. A labral elevator or CoVator (Fig. 35-31A, star) is inserted into the anterolateral portal to mobilize the anteroinferior 
capsulolabral complex (see Fig. 35-31A, arrow) off the glenoid rim. It is critical that the labrum is mobilized off the glenoid so that the subscapularis 
muscle belly (see Fig. 35-31B, star) is visualized below. This step will allow adequate shifting of the capsulolabral complex and reduce the anteroinferior 
capsular volume to stabilize the shoulder joint. 

A curved suture passer is used from the anteroinferior cannula to penetrate the capsule approximately 1 cm distal and 1 cm away from the glenoid rim 
(see Fig. 35-31C, arrow) to allow shifting and mobilization of the capsulolabral complex. For the right shoulder, the right curve is used and vice versa. The 
authors prefer a metal-tipped passer to allow ease of passage through the soft tissue. Either knotless or knotted fixation repair of the Bankart lesion can be 
used. The authors prefer a knotless fixation using Labral Tape and Arthrex 2.9-mm PushLock anchors (Arthrex, Naples, FL). The first anchor position must 
be low on the glenoid face (see Fig. 35-31D). The labral tape is shuttled across the labrum and both limbs are passed into the anteroinferior portal. They are 
loaded up onto a 2.9-mm PushLock anchor (Fig. 35-32A). Using the drill guide and a 2.9-mm drill, the first fixation is placed at the 5:30 position (right 
shoulder) or 6:30 position (left shoulder). It is essential that the first anchor position is low on the anterior glenoid face (see Figs. 35-31D and 35-32B). A 
labral tape cutter is used to cut the tape down to the rim of the glenoid (see Fig. 35-32C). The same steps are repeated with two to three additional passages 
of the passer, labral tape, and fixation to the anterior glenoid rim. The anchors are placed sequentially at the 4:30, 3:30, and 2:30 position or 7:30, 8:30, and 
9:30 position as needed depending on the right or left shoulder, respectively. The authors prefer at least three anchors for ABR. A soft tissue bumper is 
created at the chondrolabral junction at the end of the case, which is indicative of an excellent shift of the anteronferior capsulolabral complex (Fig. 35- 
32D). 


Figure 35-31. A: Anteroinferior labral tear is identified (arrow) and the CoVator is used to mobilize the anteroinferior labrum off the glenoid neck. B: The 
subscapularis muscle belly must be visualized (star) to confirm adequate shift of the capsulolabral complex will be obtained. C: A curved passer with a metal-tipped 
suture shuttle (arrow) is used to shift the capsulolabral complex. D: The first anchor must be low on the anteroinferior glenoid rim. 


In anterior instability cases where an off-track Hill—Sachs lesion needs to be addressed (Fig. 35-33A,B), arthroscopic remplissage where the tendon of 
the infraspinatus is used to fill the Hill-Sachs defect can be highly effective. The suture anchors and sutures for the remplissage are ideally placed and 
passed prior to fixing the anterior labrum. This is because as the anterior labrum is tensioned, the posterolateral joint space between the Hill—Sachs and the 
joint capsule is diminished, which would make the remplissage procedure more challenging if it is done after tensioning the anterior labrum. The authors 
would typically prepare and place the suture anchors into the Hill—Sachs lesion after the anterior labrum is prepared for repair. The viewing portal for the 
remplissage procedure is typically the anterolateral portal. The preparation of the Hill-Sachs lesion can be done via the posterior portal (see Fig. 35-33C). 
One tip that can help with the remplissage procedure is to perform a subacromial bursectomy prior to placement of the anchors. This would require a lateral 
subacromial portal for the bursectomy. By removing the bursa at this step of the case, this makes finding and tensioning the remplissage sutures in the 
subacromial space easier after the sutures are shuttled from the intra-articular joint into the subacromial space. Typically, two suture anchors are used and 
placed at the superior and inferior margins of the Hill-Sachs lesion after the bone bed of the Hill—Sachs lesion is prepared (see Fig. 35-33C). The 
infraspinatus and the joint capsule can be tenodesed into the Hill—Sachs lesion either with knotted (4.75-mm Biocorkscrews; Arthrex, Naples, FL) or 
knotless (3.9-mm knotless corkscrew; Arthrex) suture configurations. The use of knotless suture configurations has the distinct advantage of not having to 
tie arthroscopic knots at the end of the anterior labral repair. With a two-anchor knotless configuration,*° suture anchors can be placed through accessory 
posterolateral portals that are located at the bottom then the top of the Hill—Sachs lesion, just off the articular margin. These accessory portals are often 1 to 
2 cm lateral to the standard posterior portal. We typically place the inferior anchors first then the superior anchor. If the superior Hill—Sachs anchor is placed 
first, it would obstruct the view of the inferior anchor placement. For knotless repair configurations, we place the arthroscope in the lateral subacromial 
portal to identify the repair sutures of each respective knotless anchor in the subacromial space after the anchors are placed in the Hill-Sachs defect. The 
repair suture of one knotless anchor is then retrieved along with the other knotless anchor’s shuttle suture. When loaded and tensioned in this manner, this 
then creates a wide horizontal mattress to compress the infraspinatus into the bed of the Hill—Sachs lesion. We provisionally load and partially tension the 
knotless mattress. We then go back into the intra-articular joint and complete the anterior Bankart repair as detailed above. After the Bankart repair is 
complete, the final tension of the remplissage is achieved by fully tensioning the large horizontal mattress created between the two knotless anchors placed 


in the Hill-Sachs defect. The excess sutures from the repair limbs of the knotless or knotted anchors are then trimmed to appropriate length completing the 
remplissage procedure. The final repair along with the remplissage can be viewed from the anterolateral portal (see Fig. 35-33D). Postoperatively, the 
patients are typically placed in a sling with an abduction pillow. A standard postoperative protocol is followed. 
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Figure 35-32. A: Labral tape (star) is shuttled across the labrum and loaded up onto a 2.9-mm PushLock anchor (arrow). B: The anchor is impacted into the drill 
hole. C: A labral tape cutter is used to cut the suture flush to the glenoid rim. D: At least three anchors are used for the Bankart repair. In this patient, knotless 
technique is done with labral tape (star) and 2.9-mm PushLock anchors (Arthrex, Naples, FL). A bumper is created at the end of the repair. 


Accessory Posterior 
Portals 
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Figure 35-33. A: Arthroscopic evaluation of a Hill-Sachs lesion from the anterolateral portal. B: The Hill-Sachs lesion engages with the anterior rim of the glenoid. 
C: Once the subacromial bursa has been cleared, an inferior and superior suture anchor is placed along the inferior and superior aspect of the Hill—Sachs lesion. The 
respective sutures are then passed into the subacromial space. D: Final tensioning of the remplissage results in a capsulotenodesis of the infraspinatus and prevents the 
Hill-Sachs defect from engaging with the anterior glenoid. 


Open Anterior Labral (Bankart) Repair 


Open Anterior Labral (Bankart) Repair: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Beach chair with arm holder 


Equipment Open shoulder set 
Links shoulder retractor, anterior Bankart retractor 
Anchors with preloaded sutures 
Drill bits and drill guide specific to the anchors used 
Suture passer 


4.5- to 5.5-mm anchor for the repair of the subscapularis tendon depending on either a tenotomy or a peel was performed 


Preoperative planning is the same as for arthroscopic anterior labral (Bankart) repair, described above. 


The patient is positioned upright in the beach chair position. An arm holder is placed to allow for different positioning and rotation of the shoulder 
throughout the case. 


Either an anterior deltopectoral or midaxillary crease approach is performed. With the anterior deltopectoral approach, a 5- to 6-cm incision is centered over 
the coracoid and extended down to the deltoid. For the midaxillary crease approach (green line), the incision is centered over the coracoid to the axilla (Fig. 
35-34A). 


Figure 35-34. A: Anterior approach to the shoulder with the incision centered over the coracoid and down to the axilla (green line). B: Deltopectoral approach 
performed with the cephalic vein retracted either medially or laterally. Retractors are placed between the deltoid and the conjoint tendon. The coracoid (purple star), 
conjoint tendon (orange arrow), lesser tuberosity (yellow star), and biceps tendon (blue arrow) are identified. C: The rotator interval is split to help identify the top of 
the subscapularis tendon. Subscapularis tenotomy is performed 1 cm from the bicipital groove to leave a cuff of tissue for repair (red line). D: The subscapularis 
muscle belly (yellow arrow) is separated from the capsule (gray arrow). 


Open Anterior Labral (Bankart) Repair: 


KEY SURGICAL STEPS 


Beach chair position with arm holder 

Examination under anesthesia 

Deltopectoral or midaxillary crease approach 

Open the deltopectoral interval 

Superior half to two-thirds subscapularis tenotomy 
Separate the capsule from the subscapularis muscle belly 
T capsulotomy 

Expose and elevate the Bankart lesion off the glenoid rim 
Abraded the anterior glenoid rim with a burr 

Place 3-mm anchors on the anterior glenoid rim and suture 
Shift and repair capsule with the arm in 30 degrees of flexion and 30 degrees of external rotation 
Repair subscapularis tenotomy 


Close deltopectoral interval and skin 
Place patient in a sling and abduction pillow 


The patient is placed in the beach chair position with an arm holder to allow different arm positions throughout the case. An examination under anesthesia is 
performed to document humeral head translation with load and shift. ROM and the sulcus sign are also recorded. A deltopectoral or midaxillary crease 
approach is used. 

For either surgical approach, the soft tissue is dissected down to identify the cephalic vein, which lies between the pectoralis major medially and deltoid 
laterally. The authors prefer retracting the vein laterally with the deltoid musculature. A linked shoulder retractor (Kolbel self-retractor) is placed to split the 
deltopectoral interval (see Fig. 35-34B). The clavipectoral fascia is incised to expose the coracoid (see Fig. 35-34B, purple star) and conjoint tendon (see 
Fig. 35-34B, orange arrow). The linked retractor is repositioned between the conjoint tendon and the deltoid. Now, the biceps tendon is identified in the 
bicipital groove (see Fig. 35-34B, blue arrow). The lesser tuberosity is medial to the groove (see Fig. 35-34B, yellow star) and the greater tuberosity is 
lateral to the groove. 

The authors prefer a superior half or two-thirds subscapularis tenotomy that is made 1 cm medial to the lesser tuberosity (see Fig. 35-34C, red line) to 
allow for repair and separation of the capsule from the undersurface of the subscapularis muscle belly. The medial subscapularis tendon is tagged with no. 2 
sutures. The rotator interval is also split to help identify the top of the subscapularis tendon (see Fig. 35-34C, blue arrow). External rotation of the arm will 
help expose the subscapularis tendon. With traction on the no. 2 sutures, using both Metzenbaum scissors and an elevator, the capsule (see Fig 35-34D, gray 
arrow) is separated from the subscapularis (see Fig 35-34D, yellow arrow) muscle belly. A lateral-based T capsulotomy is made 1 cm medial to the lesser 
tuberosity to allow for further shifting of the capsule after the Bankart repair. The medial and lateral leaflet of the capsule is tagged with sutures to facilitate 
exposure to the glenohumeral joint. An anterior glenoid neck retractor is placed to expose the Bankart lesion, and a humeral head retractor is placed in the 
glenohumeral joint to gently push the humeral head back to allow for better exposure. The Bankart lesion is elevated off the glenoid rim with a soft tissue 
elevator. The anterior glenoid rim is superficially abraded with a burr. Anchors (3 mm) are placed on the anterior glenoid rim (Fig. 35-35A) at the 5:30 
position (6:30 in left shoulder). Depending on the size of the tear, a minimum of three anchors should be used for the repair. The anterior glenoid neck 
retractor is removed, and a suture passer is used to shuttle the no. 2 sutures from the anchor on the glenoid rim through the capsulolabral tissue (see Fig. 35- 
35B) with horizontal mattress sutures (see Fig. 35-35C). The same technique is repeated for the other anchors. 
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Figure 35-35. A: The anterior glenoid rim is elevated with an elevator to help mobilize the capsulolabral tissue. Subscapularis tendon (red star) and capsule (blue 
star) are tagged with no. 2 sutures. B: Anchors are placed on the anterior glenoid rim. C: Using a 90-degree suture passer (yellow arrow), horizontal mattress sutures 
are created with the sutures from the anchors. D: The sutures are tied down on the capsule anteriorly. At least three anchors are used for the open Bankart repair. 


All the sutures are tied starting with the most inferior anchor. The capsule is shifted (arrow) and repaired using no. 0 sutures in interrupted fashion with 
the arm in 30 degrees of flexion and 30 degrees of external rotation (Fig. 35-36A). Subscapularis tenotomy is repaired back with no. 2 braided sutures in 
interrupted fashion (see Fig. 35-36B). Deltopectoral interval is closed with running no. 2 sutures and skin is closed with 3-0 Monocryl and Dermabond. The 
patient is placed in a sling and abduction pillow. 
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Figure 35-36. A: The anterior capsule and rotator interval are shifted up to decrease the capsule volume. B: The subscapularis tenotomy and the rotator interval are 
closed with no. 2 sutures in an interrupted fashion. 


Open Latarjet Procedure 
Preoperative Planning 


Open Latarjet Procedure: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Beach chair 
Position/positioning aids LJ Spider (Tenet Medical Engineering) 
Equipment Kolbel linked retractor blades, anterior glenoid neck retractors, and humeral head retractor 


Steinmann pins 
Small frag set with 3.5- or 4.0-mm fully or partially threaded screws (we prefer the 5.0-mm partially threaded osteopenia 


screws for larger patients) 
90-degree oscillating saw blade 


Large pineapple burr 


Curved osteotomes 


A CT scan with 3D reconstruction must be obtained to evaluate anterior glenoid bone loss. In high-demand or contact sports patients, a critical bone loss of 
greater than 13.5% resulted in unacceptable outcome and higher failure rates after ABR in some studies.?° Shin et al.,2°* in a similar study of both contact 
and noncontact athletes, reported 17.3% bone loss as the “critical” value that led to surgical failure and recurrence of instability after arthroscopic repair. In 
the patient group with less than 17.3% bone loss, the failure rate was 3.7% compared with a 42.9% failure rate in the group with over 17.3% bone loss. A 
critical bone loss greater than 13.5% to 17.3% is an indication for open Latarjet; however, the patient’s activity level, type of sporting (contact vs. 
noncontact) events, and expectations also factors into the decision making between arthroscopic repair and open bony reconstruction. 


Positioning 
The patient is positioned upright in the beach chair position. An arm holder is placed to allow for different positioning and rotation of the shoulder 
throughout the case. 


Surgical Approach 


A midaxillary crease approach is used. 


Technique 


/ | Open Latarjet Procedure: 

KEY SURGICAL STEPS 

Beach chair position with arm holder 
Examination under anesthesia 
Midaxillary crease approach 

Expose the coracoid and conjoint tendon 


Horizontal split of the subscapularis at the midaspect of the muscle belly and tendon 
Peel the subscapularis muscle off the anterior capsule 


COLO 


Retract the humeral head posteriorly 
Expose the labral tear and glenoid bone loss 
Protect the axillary nerve 
Release the pectoralis minor muscle from the medial coracoid and the conjoint tendon from the fascia 
Resect the coracoacromial (CA) ligament from the acromion and preserve the entire length 

Cut the coracoid at the base from a medial-to-lateral direction 

Expose and flatten the inferior surface of the coracoid in preparation to transfer to the anterior glenoid rim 

Drill two holes into the coracoid 

Expose the anterior glenoid neck 

Latten the anteroinferior glenoid in preparation of the coracoid transfer 

Drill the first hole (2.7-mm drill bit) into the neck of the glenoid about 5 to 6 mm medial to the glenoid surface 

Fix the coracoid transfer with either a partially or a fully threaded screw to the first hole that was drilled into the neck of the glenoid 

Drill a second superior hole from the coracoid to the back of the glenoid rim and place another partially or fully threaded screw to complete the 

final fixation of the coracoid to the anterior glenoid rim 

Repair the CA ligament to the capsule 

Repair the subscapularis split 

Close the deltopectoral interval and keep the skin closed 

Place the patient in a sling and abduction pillow 

Follow standard postoperative protocol 

The incision is centered over the coracoid to the axilla (Fig. 35-37A). Soft tissue is dissected down to identify the cephalic vein which lies between the 
pectoralis major medially and deltoid laterally. The authors prefer retracting the vein laterally with the deltoid musculature. A linked shoulder retractor 
(Kolbel self-retractor) is placed to retract the deltopectoral interval. The clavipectoral fascia is incised to expose the coracoid (circle) and conjoint (arrow) 
tendon (see Fig. 35-37B). The biceps tendon is identified in the bicipital groove. The lesser tuberosity is medial to the groove and the greater tuberosity is 
lateral to the groove. External rotation of the arm will help better expose the subscapularis tendon. The authors prefer a horizontal split of the subscapularis 
at the midaspect of the muscle belly and tendon. A Cobb elevator is used to peel off the muscle from the anterior capsule. A curved cobra retractor is placed 
inferiorly into the split to retract the subscapularis and a regular retractor is placed superiorly to further expose the anterior capsule. Posterior-directed force 
on the humerus will help subluxate the humeral head and better identify the joint line. A vertical capsulotomy is made at the glenohumeral joint with a no. 
10 blade. A humeral head retractor is inserted into the glenohumeral joint through the capsulotomy to retract the humeral head posteriorly. Anterior glenoid 
neck retractor is used to expose the labral tear and glenoid bone loss. A curved cobra retractor is placed inferiorly to the glenoid rim to protect the axillary 
nerve. A Steinman pin is used superiorly to retract the subscapularis muscle. 
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Figure 35-37. A: Standard approach to the shoulder is done with a midaxillary crease incision centered over the coracoid. B: Deltopectoral approach is performed 
and the coracoid (circle) along with the conjoint tendon (arrow) is identified. The pectoralis minor is released from the medial aspect of the coracoid and the medial 
along with the lateral edge of the conjoint tendon is freed up. C: A 90-degree sagittal saw blade is used to harvest the coracoid at the base from the medial-to-lateral 
direction. At least 1.5 cm of the coracoid must be harvested for the procedure. D: The undersurface of the coracoid is flattened with a saw, and two holes are predrilled 
into the coracoid. The authors use 2.7-mm drill bits for the 5-mm partially threaded osteopenia screws (Smith and Nephew, Memphis, TN). 


The pectoralis minor muscle is released from the medial coracoid and the conjoint tendon is freed from the fascia. The CA ligament is resected from the 
acromion to preserve the entire length of the ligament. A 90-degree oscillating saw is used to cut the coracoid at the base from a medial-to-lateral direction 
(see Fig. 35-37C, blue arrow). At least 1.5 to 2 cm of the coracoid must be harvested for the procedure. The soft tissues are dissected off the coracoid and 
the conjoint tendon is also freed. Using a three-prong sharp grasper, the inferior surface of the coracoid is exposed. Using the same oscillating saw, the 
undersurface is flattened in preparation to transfer it to the anterior glenoid rim. Two evenly spaced holes are drilled into the coracoid with a 2.7-mm drill 
bit (see Fig. 35-37D). 

A humeral head retractor is placed in the glenohumeral joint to retract the humeral head. Curved cobra retractor is used inferiorly under the glenoid rim 
to retract the axillary nerve and subscapularis muscle. The anterior glenoid neck retractor is placed medial on the glenoid neck. A Steinmann pin is malleted 
into the glenoid fossa superiorly to retract the superior subscapularis muscle. 

A large pineapple burr or curved osteotome is used to flatten the anteroinferior glenoid for preparation of the coracoid transfer. It is crucial that this 
surface is flat to allow for full contact between the undersurface of the coracoid and the anterior glenoid rim. The first hole (2.7-mm drill bit) is drilled into 
the neck of the glenoid about 5 to 6 mm medial to the glenoid surface. The authors like to use a metal tap into the base of the coracoid to help externally 
rotate or retract the scapula (Fig. 35-38A). This maneuver will allow the drill hole to be parallel to the glenoid fossa. A 30-mm partially threaded 5-mm 
osteopenia screw is placed into the inferior hole in the coracoid, and using a screwdriver, the graft is placed on the anterior glenoid rim and the screw is used 
to hold the graft (see Fig. 35-38B). Using the 2.7-mm drill bit, the second hole is drilled from the coracoid to the back of the glenoid rim. A depth gauge is 
used to measure the exact size of the screw length. Another partially threaded 5-mm screw is placed to complete the final fixation of the coracoid to the 
anterior glenoid rim (see Fig. 35-38C). Alternatively, if the coracoid is small, two 3.5 fully threaded screws put in with lag-by technique can also be used for 
fixation. 


Figure 35-38. A: After the horizontal split of the subscapularis muscle fibers and the glenohumeral joint is exposed. A threaded screw tap (blue arrow) is inserted 
into the coracoid base to help retract the scapula and allow better angle to drill the two holes into the anterior glenoid neck. B: The first inferior hole is predrilled into 
the glenoid neck about 5 to 6 mm off the rim. A 5-mm partially threaded screw is put into the coracoid and using the screwdriver (yellow arrow), it is fixed down to the 
glenoid. The second hole is subsequently drilled, and the second screw inserted. C: Both screws are tightened over the coracoid and the glenoid fossa is flush to the 


surface of the coracoid. 


The capsule to the CA ligament is repaired with 0 Vicryl sutures. The subscapularis split is also repaired with 0 Vicryl sutures in an interrupted fashion. 
Deltopectoral interval is closed with running no. 2 sutures and skin is closed with 3-0 Monocryl and Dermabond. The patient is placed in a sling and 


abduction pillow. Standard postoperative protocol is used. 


Authors’ Preferred Treatment for Anterior Glenohumeral Instability ( 


Anterior shoulder instability 
(primary) 
High demand 
contact athlete 
MR arthrogram +ABER view 


Age <14 (open physis) 


Low demand 
nonathlete 


Physical therapy 
conservative management 


Recurrent dislocation 


Arthroscopic or 
open Bankart 


Concern for glenoid bone loss 
Grashey (true AP) radiograph 


(loss of sclerotic line) repair 


Glenoid bone loss (CT with 
3D reconstruction) 


<13.5% to 17.3% 17.4% to 30% 
Nonengaging Engaging Hill-Sachs 
Hill-Sachs (on track) (off track) 


Glenoid bone grafting 
(autograft or allograft) 
Arthroscopic or 


open Bankart 


Arthroscopic or 
open Bankart 


repair repair + remplissage 


Algorithm 35-1 Authors’ preferred treatment for primary anterior shoulder instability. 


Anterior shoulder instability 
(recurrent) 


MR arthrogram (+ABER view) 
and CT with 3D reconstruction 


Glenoid bone loss 
(%) 


<13.5% to 17.3% 17.4% to 30% >30% 


Engaging Hill-Sachs 
(off track) 


Nonengaging Hill-Sachs 
(on track) 


Glenoid bone 
grafting 


Arthroscopic or 


open Bankart haa 


Arthroscopic or 
open Bankart 


repair 


(autograft or 
allograft) 


repair + 
remplissage 


Algorithm 35-2 Authors’ preferred treatment for recurrent anterior shoulder instability. 


For patients with anterior shoulder instability, the decision between conservative or surgical management is dependent on age, number of 
subluxations/dislocations, amount of glenoid bone loss, type of sports (contact vs. noncontact), and the patient’s own expectations. Primary dislocation 
in patients under the age of 14 years is managed with physical therapy and rotator cuff and deltoid strengthening exercises. In patients aged 14 to 30 
years who are active and play high-demand or contact sports, MRA is recommended after the primary subluxation or dislocation event. If a Bankart 
lesion is detected on MRA, surgery is recommended to stabilize the shoulder and prevent recurrent instability that would result in damage to the intra- 
articular structures. If there is no Bankart lesion on the MRA, a trial of physical therapy and strengthening program is recommended. For patients in this 
age group who are of low demand and not athletes, the authors recommend a trial of conservative management with physical therapy. Furthermore, for 
primary instability in low-demand patients over the age of 30 years, physical therapy is also the treatment of choice. 

Surgery should be indicated for any patients who have recurrence of instability after a trial of physical therapy. A CT scan with 3D reconstruction is 
critical to assess for anterior glenoid bone loss, the size of the Hill-Sachs lesion, and whether the shoulder is “on-” or “off-” track. A review of recent 
literature suggests that the subcritical to critical bone loss is between 13.5% and 17.3% glenoid bone loss.2".2" The decision to use 13.5% or 17.3% as 
the cutoff value between arthroscopic stabilization versus open Latarjet should be based on the patient’s activity level, type of sports (collision vs. 
noncontact), and expectations. The best option for treatment is based on informing the patient both the risk and benefits of arthroscopic versus open 
bone procedure and a shared decision-making model. Thus, the authors suggest that in patients with less than 13.5% to 17.3% anterior glenoid bone loss 
and nonengaging Hill—Sachs (on-track) lesions, arthroscopic or open Bankart repair is indicated. In patients with less than 13.5% to 17.3% bone loss 
with an engaging Hill—Sachs (off-track) lesion, a remplissage procedure should be considered in addition to the arthroscopic or open Bankart repair. A 
Latarjet procedure can also be used in this setting to stabilize the shoulder. In patients with greater than 17.3% but less than 30% bone loss, an open 
Latarjet procedure is recommended. An anterior glenoid bone grafting with either autograft (iliac crest) or allograft (distal tibia allograft) is indicated 
when the patient has more than 30% glenoid bone loss or has failed open Latarjet procedure. Both autograft and allograft have similar reported 
outcomes in the literature. 


Postoperative Care 


After arthroscopic or open Bankart repair or Latarjet procedure, the patient is placed in a sling with an abduction pillow for the first 4 to 6 weeks to protect 
the repair or reconstruction. Formal physical therapy is started 2 weeks after surgery. In phase I of the recovery, passive ROM in forward flexion is done 
with the patient in the supine position where the goal is flexion to 90 degrees and external rotation to 25 degrees. Elbow and wrist active and passive ROM 
are encouraged with modalities as needed for both pain and edema control. In phase II, between weeks 4 and 8, the patient will start to wean from their 
sling. Passive ROM is transitioned to active assisted ROM with a goal of 120 degrees in flexion. In phase III of the postoperative therapy, between weeks 8 
and 14, the main goal is to restore full ROM in flexion and external rotation. Mild strengthening exercises are initiated around week 8 for the rotator cuff, 
deltoid, and scapula stabilizers. The patient should transition into active ROM with isokinetic training during this phase. In the final phase of the recovery 
process between weeks 14 and 18, the goal is to restore normal neuromuscular function with full ROM and strength. Sports-specific exercises are also 
incorporated into this phase. Full return to sports or high-demand job activities may begin around 5 to 6 months, and the patient must have similar ROM and 


strength compared with the contralateral shoulder. 


Potential Pitfalls and Preventive Measures 


Anterior Glenohumeral Instability: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall 


Arthroscopic Bankart Repair 


The lowest anchor position too high on the glenoid face is a risk factor 
for failure (needs to be 5:00 to 5:30 on the right shoulder and 6:00 to 
6:30 on the left shoulder) 


Glenoid rim anchor position on the glenoid neck or below the rim 


Loss of fixation with the anchor or glenoid rim fracture 


Inadequate capsulolabral shift resulting in persistent instability 


Difficulty passing the anterior and lowest suture passers across the 
capsulolabral tissue 


Instrument crowding within the glenohumeral joint 


Difficulty with visualization of the anterior inferior labrum for 
mobilization and shifting/repair 


Open Bankart Repair 


Difficulty with visualization of the anteroinferior Bankart tear 


Overtightening of the capsule resulting in stiffness and loss of external 
rotation 


Humeral head cartilage damage from retraction 


Open Latarjet Procedure 


Axillary nerve injury 


Lack of exposure 


Coracoid too short 


Screw too long 


Difficulty with the glenoid drill angle and placement of the screws 


parallel to the glenoid face 


Subscapularis tendon rupture 


Prevention 


Place the anteroinferior portal right above the subscapularis tendon in the low 5:30 position 

If the portal is high, a curved all-suture anchor with a curved guide can be used to get low on the 
glenoid rim. Alternatively, a trans-subscapularis percutaneous portal can be established for placement 
of the anchor at the most inferior position on the anterior glenoid 


The glenoid drill holes and anchor fixation need to be on the rim or slightly on the glenoid face to allow 
for optimal shifting of the anteroinferior capsulolabral tissue 


Use a bigger anchor in the same hole or alternatively; drill a separate hole in a different location on the 
glenoid rim to avoid the perforated region 


The capsulolabral tissue must be mobilized off the glenoid rim with either a CoVator or arthroscopic 
elevator to visualize the muscle belly of the subscapularis 


Use a tissue grasper in the anterolateral portal to help manipulate and shift the capsulolabral tissue to 
assist in the passing of the low inferior passer and suture. Alternatively, passage from the posterior 
portal using a suture lasso facing the opposite direction (i.e., left lasso for right shoulder) may facilitate 
passage at the most inferior position of the anterior labrum 


The anteroinferior portal is right over the subscapularis tendon and the anterosuperior lateral portal is 
right underneath the anterolateral edge of the acromion. Two threaded cannulas are inserted into the 
joint to allow suture passage 


Use a 70-degree scope in the posterior portal instead of the 30-degree scope to help visualization. 
Alternatively, the 30-degree scope can be switched over to the anterosuperior lateral portal to view and 
work through the anteroinferior portal to mobilize. This is especially important for anterior labral 
periosteal sleeve avulsion (ALPSA) lesions where the labrum is scarred medially on the glenoid neck 


Either subscapularis peel or tenotomy can be used for the open Bankart procedure. The capsule must be 
separated away from the subscapularis tendon to allow for shift and repair of the Bankart lesion. Using 
an anterior Bankart retractor will help with the visualization 


After the Bankart repair, if anterior capsular shift is desired, it must be done with the arm in 30 degrees 
of forward flexion and 30 degrees of external rotation to avoid overtightening and loss of motion 


Use retractors that are smooth or place sterile lap sponge around the retractor to minimize damage to 
the humeral head during this procedure 


Place a curved smooth cobra retractor under the inferior glenoid rim to retract the axillary nerve away 
from the surgical site and avoid injury 


Medially place an anterior Bankart retractor, inferiorly place a smooth curved cobra retractor, 
superiorly use a 3-mm smooth pin to retract the subscapularis muscle belly, and a humeral head 
retractor in the glenohumeral joint 


Use 90-degree saw blade, cut from medial to lateral at the coracoid base to maximize the length, and 
complete the osteotomy with a curved osteotome 


Both fully threaded or partially threaded screws can be used for fixation. Typically, in most patients, a 
30- to 32-mm screw will be the optimal length. If you are concerned that the screw length is too long, 
then after the graft is fixed down with the first screw, use a depth gauge to measure the second hole for 
the correct length 


Place a threaded Steinman pin or arthroscopic threaded tap into the coracoid base harvest site. Use the 
pin or tap to retract the scapula body posterior to allow better angle to drill the glenoid so that the 
screws are in optimal position 


Use a horizontal subscapularis split in the middle and then a vertical capsulotomy to get exposure. The 
subscapularis split will decrease the risk of subscapularis rupture or weakness compared with a 
tenotomy 


Outcomes 
Open and Arthroscopic Bankart Repair 


Arthroscopic Bankart repair is the current treatment of choice for most uncomplicated traumatic anterior instability injuries without other associated 
structural lesions such as significant humeral or glenoid bone loss or capsular injury (Table 35-4).!”°.263 A large number of studies have looked at 
recurrence of shoulder instability after ABR with varying degrees of instability. Recent reviews of the literature reported recurrence shoulder instability risk 
to be approximately 10.7% to 13.1% after ABRs.°”®” Notable risk factors for recurrent instability after arthroscopic stabilization include young age, a 
higher number of preoperative dislocations, significant bone loss from either the humeral head or glenoid, and inferior capsule 
hyperlaxity.2.23,73124,173,200,242 

A decrease in postoperative ROM can be expected following ABR, particularly in external rotation both with the arm down at the side and in 90 degrees 
of abduction. A recent meta-analysis reported this to be 3 to 9 degrees with the arm at the side and 3.5 to 6 degrees with the arm in 90 degrees of 
abduction.*? There is less effect on forward flexion after arthroscopic Bankart surgery (1-3 degrees).*? Postoperative ROM after arthroscopic surgery is 
typically superior to that after open surgery, including open Bankart repairs.?*42,87.23! This is an important factor to consider, particularly for overhead- 
throwing athletes. 

Functional outcomes following arthroscopic anterior Bankart repair have been typically favorable (see Table 35-4). The ASES and the Rowe shoulder 
scores are frequently used for reporting outcomes following Bankart repair. While the ASES score focuses on pain level and functional ability both at work 
and leisure activity, the Rowe score is focused on shoulder stability, motion, and function. A long-term retrospective study of 180 patients 13 years after 
ABR reported minimal shoulder pain (VAS 0.0 + 1.7) and high Rowe (90.0 + 20.5) and ASES (92.0 + 17.0) scores after stabilization with an overall patient 
satisfaction of 92.3%.! A recent prospective longitudinal study demonstrated that significant improvements in patient satisfaction, functional outcomes, and 
quality of life can be expected up to 2 years after surgery. 19? 

Similar to ABRs, outcomes after open Bankart repair have been favorable for treatment of traumatic anterior shoulder instability (Table 35-5). Neviaser 
et al.!© report on their series of 127 patients who underwent open Bankart repair. The authors reported a 1.6% recurrent dislocation/subluxation rate in their 
series at a mean follow-up of 17.1 years. Compared with the normal opposite shoulder, the operative shoulders had statistically significant loss of external 
rotation and internal rotation at final follow-up; however, the mean differences were small (4 degrees and 0.57 vertebral level, respectively).!®* The average 
final outcome scores were as follows: ASES, 93.5; Rowe 91.4; Western Ontario Shoulder Instability Index, 327.7.!°* Systematic reviews and meta-analyses 
of open Bankart versus ABRs have typically favored open Bankart repair in terms of recurrence risk after surgical stabilization for anterior 
instability.4»87:231 These recent literature syntheses, however, demonstrate that postoperative ROM after open repairs is typically inferior compared with 
arthroscopic repairs.42-87,251 


TABLE 35-4. Comparative Studies on Arthroscopic and Open Bankart Repairs 


Mean Rowe Constant UCLA ASES Recurrence 
Follow-Up 

Author Year (mo) Arthroscopic Open Arthroscopic Open Arthroscopic Open Arthroscopic Open Arthroscopic Open 
Cole et al.” 2000 54 83 82 87 88 6 (16%) 2 (9%) 
Karlsson et al.!°* 2001 28 93 89 9 (15%) 5 (10%) 
Sperber et al.?™ 2001 24 100 98 100 95 7 (23%) 3 (12%) 
Kim and Ha!” 2002 39 92.7 90.4 33.1 30.6 2 (3.4%) 2 (6.7%) 
Fabbriciani et al.“ 2004 24 91 86.5 89.5 86.7 0 (0%) 0 (0%) 
Hubbell et al.* 2004 60 9 (30%) 0 (0%) 
Sperling et al.?? 2005 aT 87 98 0 (0%) 0 (0%) 
Wang et al.2° 2005 24 90 86 1 (5.6%) 4 (23.5%) 
Bottoni et al.?* 2006 32 91.6 86 94.4 90 1 (3.1%) 2 (6.9%) 
Rhee et al. 2006 72 87.4 88.7 86.5 86.8 4 (25%) 4 (12.5%) 
Tjoumakaris et al.” 2006 42 90 90.3 1 (2%) 1 (4%) 
Lützner et al.” 2009 31 9 (15%) 15 (8%) 
Mahirogullari et a4 2010 26.1 91.6+ 133 90.2 + 11.4 2 (5.9%) 1 (3.3%) 
Zaffagnini et al.?® 2012 164.4 85 + 22.6 83.2 +24.2 8634167 874 +14.1 26.4 + 4.8 26.9 + 4.2 6 (12.5%) 3 (9%) 
Archetti Netto et al.” 2012 37.5 94.1 92 2 (11.8%) 0 (0%) 
Mohtadi et al.!* 2014 24 88.2 914 20 (23%) 9 (11%) 
Uchiyama et al.?** 2017 62 88.3 + 18.2 94.0 + 9.2 33.8 + 2.1 33.3+2.8 4 (27%) 0 (0%) 


ASES, American Shoulder and Elbow Surgeon Self-Assessment Score; UCLA, University of Califonia Los Angeles Shoulder Rating Scale. 


TABLE 35-5. Clinical Outcomes After Open Bristow-Latarjet and Bone Block Augmentation With Autograft and Allograft 


Author 


Open Bristow-Latarjet or Modified Latarjet 


Hovelius et al.” 2004 113 Bristow-Latarjet 15.2 (14.3-20.8) Rowe: 89.4 20/118 (17%) 
years Excellent: 79 
Good: 16 
Fair: 12 
Poor: 4 
Burkhart et al.” 2007 102 Modified Latarjet 59 (32-108) Constant: Postop: 94.4 5/102 (4.9%) Hematoma: 4.3% 
months Walch: Postop: 91.7 Loose screw: 4.3% 
Fibrous nonunion: 
2.1% 
de Beer and Roberts 2010 55 Latarjet 59 months Constant: Postop: 94.4 5/55 (9%) 
Walch: 91.7 
Neyton et al.’ 2012 34 Latarjet 144 (68-237) Rowe: Postop: 93 0/34 (0%) Hematoma: 2.7% 
months Walch: Postop: 86 Fracture of bone 
block: (8.9%) 
Yang et al.” 2016 52 Modified Latarjet 3.5 years SANE: Postop: 83.6 8/52 (15.4%) 13/52 (25%) 


Year 


No. 
Patients 


Open Glenoid Bone Block Augmentation 


Type of 
Procedure 


Mean Follow-Up 


Outcomes 


WOSI: Postop: 384 
Patient satisfaction: 
86.6% 


Recurrence 
Rate 


Complication 


Rahme et al.!” 2003 87 Iliac crest 29 (22-37) years Constant: Postop: 85 18/87 (21.8%) 
autograft 

Warner et al.?* 2006 11 Iliac crest 33 (24-60) Rowe: Preop: 28 
autograft months Postop: 94 

Scheibel et al.!° 2008 10 Iliac crest 37.9 (24-49) Constant: Postop: 88.3 0/10 (0%) None 
autograft months Walch: 83.5 

Weng et al.?* 2009 9 Femoral head 4.5 years Rowe: Preop: 24 2/9 (22.2%) 
allograft Postop: 84 

Steffen and Hertel??? 2013 48 Iliac crest 9.2 (5-19) years Constant: Postop: 85 1/48 (2%) 
autograft 

Mascarenhas et al.'# 2014 10 Iliac crest 48 months ASES: Preop: 64.3 0/10 (10%) 


allograft 


Postop: 97.8 


SST: Preop: 66.7 
Postop: 100 
WOSI: Postop: 93.8 


ASES, American Shoulder and Elbow Surgeon Self-Assessment Score; SST, Simple Shoulder Test; SANE, Single Assessment Numeric Evaluation; WOSI, Western Ontario Shoulder 
Instability Index. 


Given most patients treated for traumatic anterior shoulder instability are young active patients, return to sport after either arthroscopic or open surgical 
stabilization is an outcome of interest. The rates vary greatly for both arthroscopic and open Bankart repairs. Synthesizing the research in this area is 
challenging given the varying, and often lacking, data that stratify not just whether an individual was able to get back to playing a particular sport, but at 
what frequency and competition level before and after surgery. Talenti et al.°° performed a systematic review and meta-analysis on return to sport after open 
and ABRs. The authors found a higher consistent rate of return to “same level” of sport following ABR (71%) versus open repair (66%). The authors 
reported that the numbers increase to 90.5% and 89%, respectively, if one considers returning to sport to be defined as returning to “any level” of sport. 


Bony Glenoid Augmentation (Latarjet Coracoid Transfers and Bone Block Procedures) 


The importance of glenoid bone loss as well as the contribution of Hill-Sachs lesions in the outcomes of soft tissue Bankart repairs is increasingly being 
recognized. !242 Resurgence of bony reconstructive procedures such as coracoid transfers (Bristow-Latarjet) and bone block augmentation with autograft 
(Eden-Hybinette) or allograft is evident, to optimize outcomes in traumatic anterior shoulder instability, particularly in failed instability surgery scenarios. 
The redislocation rate after Latarjet procedure is typically lower than those reported for arthroscopic and open Bankart repairs (see Table 35-5).°2%187,266 
An et al. performed a meta-analysis of available studies on the rate of redislocation between Bankart repairs and Latarjet repairs and found a higher 
redislocation rate of 9.5% in Bankart repair versus 5.0% after Latarjet coracoid transfers. Longo et al.!2° reported a 9.8% recurrent instability rate (luxation 
or subluxation) in their systematic review of the literature. In addition to a lower redislocation rate, the Latarjet procedure may also be a more durable 
procedure for traumatic anterior instability. Zimmerman et al.7°° reported their experience on 360 patients who underwent ABRs versus Latarjet coracoid 
transfers. While the Latarjet procedure resulted in lower redislocation compared with an ABR (13% vs. 1%), the authors also noted that the ABR continued 
to fail at a low but appreciable rate over the 6-year study period. This phenomenon was not seen in the Latarjet group, which led the authors to conclude that 
the Latarjet procedure may be a more reliable long-term surgery for anterior shoulder instability. 


TABLE 35-6. Outcome Analysis: Arthroscopic Bankart, Open Bankart, and Latarjet 


Dislocation (%) Instability (%) Rowe Score Complication 
Arthroscopic 15.1 (9.9-20.3)* 20.2 (11.7-28.7) 85.5 (80.1-90.8) 0.0 (-4.6—4.6)* 
Open Bankart 7.7 (4.2-11.1) 20.8 (14.6—27.1) 87.1 (83.9-90.3) 4.3 (0.0-8.6) 
Latarjet 2.7 (-0.3-5.8) 14.8 (8.6-20.9) 87.9 (84.7-91.2) 10.6 (6.6-14.7)* 


‘Statistical significant (p < .05). 
From Rollick NC, et al. Long-term outcomes of the Bankart and Latarjet repairs: a systematic review. Originally published by, and used with permission from Dove Medical Press 
Ltd. Open Access ] Sports Med. 2017;8:97-105, adapted with permission. 


Functional outcomes following Latarjet have compared favorably to arthroscopic and open Bankart repairs (Table 35-6). Systematic reviews of Bankart 
repairs and Latarjet have demonstrated a range of Rowe scores from 79.3 to 87.9 versus 85.4 to 87.1, respectively. In terms of return to sport following 
Latarjet, the data is conflicting in terms of how it compares relative to Bankart repairs. Blonna et al.” evaluated a matching cohort of 60 patients who 
underwent arthroscopic Bankart versus Latarjet procedures. At mean follow-up of 5.3 years, the authors reported better return to sport (SPORTS score: 8 vs. 
6; p = .02), ROM in the throwing position (86 degrees vs. 79 degrees; p = .01), and better subjective perception of the shoulder (subjective shoulder value 
[SSV]: 86% vs. 75%; p = .02) in favor of the Bankart repair. A recent meta-analysis evaluating the available data on return to sport concluded that Latarjet 
and ABRs had a similar return to sport at the same level following surgery (73% vs. 71%, respectively).°° The data, however, did not stratify with respect to 
types of sports/athletes involved in the analyses (i.e., overhead versus nonoverhead sports). This may explain the underlying discrepancy on return to sport 
after Latarjet. 


Management of Expected Adverse Outcomes and Unexpected Complications Related to Anterior Glenohumeral Instability 


Anterior Glenohumeral Instability: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Recurrent anterior instability 

Postoperative stiffness 

Bone graft failure (Latarjet or bone block augmentation): graft fracture, lysis, and nonunion 
Neurologic injury (musculocutaneous and axillary nerve) 

Glenohumeral arthrosis 


The overall complication rate for arthroscopic Bankart surgery is low. Data from the American Board of Orthopaedic Surgery has shown that perioperative 
morbidity such as infection (0.2%) and neurologic injury (0.3%) is exceedingly low.!”° Comparatively, open procedures such as open Bankart and Latarjet 
procedures are associated with higher complication rates (open Bankart: 4.3%; open Latarjet: 10.6% to 15%; bone block: 17.6%).2>!9®!87 Recurrent 
anterior instability after ABR surgery is likely the most common adverse outcome after repair. Careful physical examination and assessment of imaging for 
underappreciated bone loss from either the glenoid or the humeral head is paramount for success in revision surgery. For scenarios where there is no critical 
bone loss, revision surgery with arthroscopic or open Bankart repair can be successful.!444:!6! Neviaser et al.!®! reported their experience of 30 patients who 
had failed prior arthroscopic repair for anterior instability and underwent an open repair. None of the patients had bone loss on the glenoid or humeral side 
that was clinically significant. At an average of 10.2 years of follow-up, no patients had apprehension, pain, or instability. Of the 23 patients who played 
sports, 22 resumed sports after surgery. Outcomes scores were as follows: ASES, 89.44 (90% good/excellent); Rowe, 86.67 (93.3% good/excellent); and 
Western Ontario Shoulder Instability Index, 476.26 (80% good/excellent). In cases where significant glenoid bone loss is present, revision with either 
Latarjet or bone block augmentation would be the treatment of choice. Schmid et al.'°° evaluated their group of 49 patients who had failed one or more 
instability repairs with associated glenoid rim deficiencies and underwent the Latarjet procedure. The authors reported no further dislocation in their series, 
and two patients with subluxation did not require further intervention. Forty-three shoulders (88%) were subjectively graded as excellent or good, three as 
fair, and three as poor. The mean SSV increased from 53% preoperatively to 79% at the time of follow-up (p < .001), and the Constant—Murley score 
remained high (80% preoperatively and 85% at the time of follow-up; p = .061). 

Recurrent subluxation and dislocation after Latarjet occur at a less frequent basis compared with Bankart repair.?”87,26 Recurrent subluxation and 
dislocation after Latarjet is estimated to be approximately 5.8% and 2.9%, respectively.” In rare cases of frank dislocation, closed reduction and 
conservative management has yielded satisfactory outcomes.”°° Clinical scenarios of recurrent anterior shoulder instability after Latarjet or bone block 
augmentation are challenging. Positioning of the coracoid or bone block graft should be carefully evaluated as malposition has been associated with 
recurrent instability after these procedures.’!:9! Revision reconstruction with autograft or allograft bone block has been described and successful in this 
challenging subset of patients who failed a prior Latarjet procedure.” !137:194,223 

Appropriate loss of ROM after Bankart repairs and open bone block procedures, including Latarjet procedures, is expected. A decrease in postoperative 
ROM can be expected following ABR, particularly in external rotation both with the arm down at the side and in 90 degrees of abduction. A recent meta- 
analysis reported this to be 3 to 9 degrees with the arm at the side and 3.5 to 6 degrees with the arm in 90 degrees of abduction. In terms of Latarjet 
procedures, An et al.° reported a mean loss of 11.5 degrees of external rotation in their systematic review of eight comparative studies. These ROM deficits 
are typically not to the extent that require further surgical intervention and can be successfully managed with therapy and corticosteroid injections into the 
glenohumeral joint. In extreme cases, arthroscopic lysis of adhesions can be performed if conservative approaches have been exhausted. Incidence of 
secondary surgery for capsular release after Bankart surgery (0.5%) or open bony augmentation procedures is rare (0.7%).°!9 

Bone graft complications with bone augmentation procedures can occur intra- and postoperatively. Stable nonunion of a coracoid graft or bone block is 
a recognized complication of the bony glenoid augmentation procedures. The patients can have good functional results with an incidental finding of stable 


fibrous nonunion and may not require a reoperation.!%’8 In a recent systematic review by Griesser et al.”° that included an analysis of 45 studies (1,904 
shoulders) demonstrated 174 cases of nonunion or fibrous union, an overall nonunion rate of 9.1%. Mizuno et al.!54 in their cohort of 68 patients with a 
mean follow-up of 20 years reported a fibrous nonunion rate of 1.5% with no recurrence of instability. Dumont et al.® in their 5-year review of 62 patients 
reported that 1 patient (1.7%) required a reoperation due to graft nonunion. A study of failed Latarjet procedures reported that use of a single screw for graft 
fixation was associated with clinical failure.”! Careful preparation of the coracoid graft and the anterior glenoid is therefore paramount, along with careful 
placement of two screws parallel to the glenoid face to minimize the risk of graft nonunion. 

Graft osteolysis can occur after coracoid transfers and bone block procedures for anterior instability. A large systematic review of 45 studies on Latarjet 
procedures reported graft osteolysis to be approximately 3.2%.’° In a CT analysis study of 26 patients, Di Giacomo et al.°° found a higher mean of 59.5% 
osteolysis of the coracoid graft. However, this extensive osteolysis was not found to be of any great clinical significance in terms of recurrence of instability. 
The osteolysis was most seen in the superficial part of the proximal coracoid, while the deep portion of the distal region of the graft was the least involved in 
osteolysis and exhibited the best rates of bone healing.’® If the osteolysis results in implant problems such as the screws becoming prominent, this can be 
managed with removal of the screws. In the rare case where coracoid graft osteolysis results in recurrence of instability, this can be managed with revision 
to an autograft or allograft bone block reconstruction.” 1137:194,223 

Incidence of neurologic injury after anterior instability repair varies depending on the surgical technique. Arthroscopic approaches have an exceedingly 
low rate of neurologic injury (0.2%) versus open procedures such as Latarjet (1.8%) with the musculocutaneous and axillary nerve at the greatest risk.”°!70 
Fortunately, most of the neurologic injuries reported were transient in nature with the majority of patients recovering without further sequelae.5®:76 One 
suggested treatment protocol if a neurologic injury is recognized in follow-up includes a CT scan of the shoulder to evaluate for correct screw placement 
and graft positioning in bone augmentation procedures.’ If there is no radiologic abnormality noted, the patient is followed at 6 weeks and 3 months. If no 
improvement is noted at the 3 months’ follow-up, an EMG is obtained to evaluate the extent of the injury. At 6 months’ follow-up, if no recovery is noted, 
the patient is referred to a specialist in brachial plexus injuries. Consultation of a brachial plexus injury specialist should also occur earlier in the 
postoperative care to help manage these challenging cases. 

Postsurgical osteoarthritis after arthroscopic or open Bankart repairs has not been studied extensively. A recent systematic review noted that 
radiographic evident osteoarthritis was seen in 45.9% (range 24.4-67.4) and 45.1% (29.8-58.4) of patients after arthroscopic or open Bankart repairs, 
respectively. Arthrosis after bone augmentation procedures, such as Latarjet, has been estimated to be 42.0% (29.3-54.8). The development of osteoarthritis 
after instability surgery, however, is likely at least partly due to the recurrent instability events itself. Hovelius et al. reported an 11% rate of mild 
osteoarthritis and a 9% rate of moderate osteoarthritis 10 years after primary shoulder dislocation. At 25-year follow-up, Hovelius et al.°° reported that the 
prevalence of severe arthritis in their cohort of patients was similar between those who had been treated without surgery and those who were surgically 
stabilized. In the case of Latarjet and bone block augmentation procedures, aberrant graft positioning, especially with intra-articular hardware, has been 
implicated as a cause of postsurgical arthrosis.49%109.154 Accurate intraoperative graft placement to ensure that the graft is congruent with the joint articular 
surface and to avoid lateralization of the graft minimizes this potential complication. 


POSTERIOR GLENOHUMERAL INSTABILITY 


Indications/Contraindications 


Persistent pain and instability refractory to conservative management consisting of activity modification and a rotator cuff strengthening protocol are the 
primary indications for the treatment of posterior shoulder instability. Locked posterior shoulder fracture dislocations require surgical treatment. 
Contraindications include an inability to be compliant with postoperative restrictions, an uncontrolled seizure disorder, an inability to participate in 
postoperative rehabilitation, or medical comorbidities preventing safe surgical treatment. 


Arthroscopic Posterior Labral (Bankart) Repair 
Preoperative Planning 


Arthroscopic Posterior Labral (Bankart) Repair: 


PREOPERATIVE PLANNING CHECKLIST 


OR table Regular OR table with rails that allows placement of the arm traction apparatus 
Beach chair table with arm holder 

Position/positioning aids Lateral decubitus or beach chair 
Bean bag or peg board to stabilize the patient 


Equipment 30-degree arthroscope 
6- to 8-mm diameter threaded cannulas 
Labral elevator or CoVator 
Disposable and nondisposable curved and straight labral suture passers 
Suture anchors (knotless or knotted) with percutaneous insertion instruments 
Drill and drill guide (2.9-mm drill bit) 


Arthroscopic suture and tissue graspers 


Plain radiographs including an axillary radiograph should be obtained. Advanced imaging including a CT scan with 3D reconstruction is useful for 
evaluating bone loss, dysplasia, and fractures. Bone loss from attritional, chronic instability may require consideration for a bone augmentation procedure. 
While there are no established parameters for determining when a soft tissue versus a bony reconstructive procedure should be used, one can draw upon 
similar guidelines established for anterior glenoid bone loss. Greater than 20% to 25% bone loss from the posterior glenoid is an indication of a glenoid 
reconstructive procedure with bone, either autograft iliac crest or distal tibial osteoarticular allograft. Ten percent to 20% bone loss may also require 


consideration for bone grafting of the glenoid depending on other factors such as soft tissue labral and capsular deficiency, decentering of the humeral head, 
and prior failed instability surgery. MRA evaluation is necessary for preoperative planning as it is more sensitive and specific for identification of subtle 
labral and capsular pathology than MRI. 


Positioning 

The surgery can be performed in either the lateral decubitus or beach chair position, depending on the surgeon’s training and comfort. In the lateral 
decubitus position, the patient is intubated and positioned laterally on a bean bag or peg board. Care must be taken to ensure there is no pressure over the 
fibular head to avoid pressure injury to the common peroneal nerve. The operative arm is prepped and secured in a mechanical arm holder. A variety of 
distraction devices/arm holders are available. A device that allows for a combination of longitudinal and lateral distraction is helpful for optimizing 
visualization and working space in the posterior shoulder. In addition, a small sterile bump can be placed in the axilla of the operative arm to further distract 
the glenohumeral joint to allow for improved visualization. 

For the beach chair setup (Fig. 35-39A), the hips and knee are flexed to 60 degrees and the head is secured neutrally in a padded head holder. Similarly, 
the operative arm is secured in an arm holder which enables stable arm positioning, and a small bump is fashioned for axillary placement and distraction of 
the glenohumeral joint. In this position, external rotation of the arm to 30 degrees will help open the posterior capsule, which will facilitate suture passage 
and anchor fixation of the labrum (see Fig. 35-39B). 


Technique 


WA EE Posterior Labral (Bankart) Repair: 


KEY SURGICAL STEPS 


vE decubitus or beach chair 

Examination under anesthesia 

Establish standard posterior viewing portal 

Diagnostic arthroscopy 

Establish anterolateral superior and anteroinferior portals 

Either knotted anchor of knotless anchors with labral tape can be used 

Place two to four anchors to repair the labrum back on the glenoid labrum 

Patient is placed in a sling with external rotation pillow. Standard postoperative protocol is followed 


The lateral decubitus or beach chair position is used. A sterile bump composed of several sterile towels rolled up and wrapped with a Coban is placed 
underneath the axilla and will help with visualization by joint distraction. (This can be done in both positions.) Load and shift test under anesthesia verifies 
the direction of instability. Establish a standard posterior viewing portal approximately 1 cm inferior and 2 cm medial to the posterolateral acromion. Do not 
change this portal placement to improve angle for anchor insertion. A poorly placed portal will impair visualization and suture passage. Instead, use 
percutaneous anchor insertion techniques through another accessory posterolateral portal that is in line with the scapular spine. 

The trocar and arthroscopic sheath are directed toward the coracoid process in line with the glenohumeral joint (see Fig. 35-39A,B). Diagnostic 
arthroscopy is performed to evaluate for labral tears, rotator cuff, biceps, cartilage, glenoid bone loss, bony Bankart lesions, and humeral head lesions 
(reverse Hill-Sachs lesion). A 30-degree arthroscope is used for visualization. Rarely, a 70-degree arthroscope can be used in the posterior portal to better 
visualize the labrum for repair. Another option is to put the 30-degree scope into the anterolateral portal. Two anterior rotator interval portals—anterolateral 
and anteroinferior —are then established using an 18-gauge spinal needle for localization. Disposable threaded plastic cannulas are placed, and a 6-mm 
superior viewing portal and an 8-mm anterior and inferior working portal are used. Care must be taken to separate the cannulas so there is a bridge of tissue 
between the two cannulas that allows room to maneuver instruments. Also, the incisions must not be so large as to allow the cannulas to inadvertently pull 
out while passing instruments through them during surgery. 


Figure 35-39. A: Arthroscopic posterior labral repair in the beach chair position. Anterior portal (blue star) is used for viewing with the arthroscope, anterolateral 
portal (red star) is the working portal for elevator and CoVator to facilitate elevation of the posterior labrum off the glenoid so that adequate capsulolabral shift is 
performed. Posterior working portal (blue circle) is used for suture shuttling devices. Typically, an 8-mm threaded cannula is used here to allow passing for these 
devices. Posterolateral portal (arrow) is used for drilling and placement of anchors. This portal must be in line with the scapular spine so that the anchor does not 
penetrate the glenoid fossa. B: Arm is externally rotated 30 degrees to open up the posterior recess or space to allow suture passage and anchor placement. 
Arthroscopic drill guide is inserted into the posterolateral accessory portal (yellow arrow). The camera is inserted into the anterior portal for viewing. C: Arthroscopic 
CoVator (red star) is inserted into the anterolateral portal to help elevate the posterior labral tear (blue arrow) off the glenoid rim (blue star). D: The posterior labrum 
(yellow star) is elevated off the glenoid rim. 


Figure 35-40. A, B: Viewing from the anterior portal, a curved suture shuttle device (blue arrow) is inserted into the posterior 8-mm cannula to help in passing the 
labral tape into the capsulolabral tissue and posterior labral tear. C: Drill guide (red star) is inserted into the posterolateral accessory portal. D: PushLock anchor with 
labral tape (green star) is used to repair and shift the posterior capsulolabral complex back onto the glenoid rim. Blue star, glenoid; yellow star, labrum. 


Once the two portals are established in the rotator interval, the viewing arthroscope is inserted in the 6-mm anterior portal while the working portal for 
the elevator is the anterior superolateral portal and a third cannula (8 mm) is placed into location of the previously established posterior viewing portal (see 
Fig. 35-39B). A diagnostic arthroscopy is performed, and the extent of the posterior labral tear is evaluated. The previously established posterior viewing 
portal is parallel to the glenoid and is optimal for passing capsulolabral sutures and curved passers but may not allow for accurate placement of suture 
anchors at an appropriate insertion location and angle into the glenoid. Therefore, a percutaneous posterolateral accessory portal for anchor placement is 
necessary, especially for 5- to 7-o’clock posterior inferior anchors (Fig. 35-40). It is essential that this portal is in line with the spine of the scapula. 
Otherwise, there is a risk of the anchor penetrating the glenoid fossa. 

Double-loaded suture anchors should be used, as they are biomechanically superior to single-loaded anchors. Knotless anchors with labral tape can also 
be used but are limited to one labral tape per anchor (Fig. 35-41). Depending on the pathology encountered, a capsular shift may be a desirable goal. The 
capsular shift/tightening is performed by passing the suture through a fold of tissue that includes the stretched or damaged posteroinferior glenohumeral 
ligament and the adjacent torn posterior labrum. If a double-loaded suture anchor is used, either two simple stitches can be used, or a combination mattress 
and simple suture configuration can be performed. The anchors should be placed on the face of the glenoid 1 to 2 mm from the edge of the intact glenoid 
which allows for restoration of the bumper effect of the labrum and ensures the anchors have a circumferential drill hole for stable fixation (see Fig. 35- 
41C). Depending on the style of knotless anchor, the suture or labral tape may need to be passed first through the posterior capsulolabral complex followed 
by the insertion of the anchor, while traditional knotted anchors require placement of the anchor first followed by passage of sutures and knot tying. 


c 2i D 
Figure 35-41. A: Arthroscope is inserted into the anterior portal for viewing with subsequent passing of the labral tape across the posterior labral tear and drill guide 
(blue star) is inserted up to repair the tear up the glenoid rim. B: Arthroscopic-inserted 2.9-mm PushLock anchors with labral tape (Arthrex, Naples, FL) are used to 
repair the tear (blue arrow). C: PushLock anchor inserted with knotless fixation and labral tape (green star). D: Final repair construct with a total of four anchors in the 
posterior glenoid rim (blue star) with labral tape knotless fixation of the posterior labral tear (yellow star). 


Suture passage is achieved by either a shuttling technique or via direct passage with a penetrating suture passer such as a bird beak or curvilinear or 
corkscrew-style passer (see Fig. 35-40). The authors prefer a metal-tipped passer to ease the penetration through the soft tissue. For the right shoulder, 
posterior labral repair would require a left curved passer and vice versa. Positioning in the lateral position and use of a shuttling technique with the 
anteroinferior cannula is less technically demanding; however, the penetrating suture passers are effective in the beach chair position and can eliminate the 
need for any cannulas during surgery as well as the requirement for suture shuttling. The use of penetrating graspers without cannulas is more technically 
demanding but simplifies the equipment requirements and can enhance visualization. Knotted anchors require effective suture tying, and a variety of sliding 
locking knots with adequate loop security are available. Regardless of the style of knot used, three alternating half hitches should be tied to ensure adequate 
knot security is achieved. The post limb should always come from the labral/capsular side and not from the glenoid side so as to ensure the tied knots do not 
sit on the glenoid and create a nidus for humeral articular-sided wear and damage. Alternatively, using a knotless labral tape with PushLock anchors 
alleviates any risk of having knots on the glenoid surface (see Fig. 35-41). Depending on the severity and extent of the lesion, two to four anchors should be 
placed to allow for restoration of the labrum back to its anatomical position on the glenoid labrum. The patient is placed in a sling with an external rotation 
pillow. Standard postoperative protocol is followed. 


Open Posterior Labral (Bankart) Repair or Capsular Shift 


Open Posterior Labral (Bankart) Repair or Capsular Shift: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Lateral decubitus with arm holder or beach chair. The surgical area that is prepped must be medial enough to allow for the 
open posterior incision at the joint line. A bump can be placed under the scapula to help bump the posterior joint line up and 


allow for the open approach 


Position/positioning aids Peg board or bean bag with axillary roll 


Beach chair position with spider arm holder (Tenet Medical) 


Equipment Open shoulder set 
Linked Kolbel shoulder retractor, anterior Bankart retractor 


Anchors with preloaded sutures 

Drill bits and drill guide specific to the anchors used 

Curved and straight suture passers 

4.5- to 5.5-mm double-loaded anchor for the repair of the infraspinatus tendon 


2.9- or 3.0-mm double-loaded suture anchors for capsulolabral repair 


The preoperative planning process for open posterior Bankart repair is similar to that for arthroscopic posterior labral repair. 


Positioning 
The patient is positioned in the lateral decubitus and an adjustable arm holder is used to allow adjustment of arm positioning during the case. Alternatively, 
the patient can also be positioned in the beach chair position with a bump underneath the spine with the medial border of the scapula draped (Fig. 35-42A). 


Technique 


KEY SURGICAL STEPS 


,/ | Open Posterior Labral (Bankart) Repair: 


Lateral decubitus position with arm holder or beach chair position with spider arm holder 
Posterior longitudinal incision centered over the posterior joint line and deltoid split 

Open the interval between the infraspinatus and teres minor 

Separate the capsule from the infraspinatus and teres minor muscles 

Horizontal capsulotomy or T capsulotomy 

Tag both leaflets with sutures 

Elevate the labral lesion off the glenoid rim and abrade the posterior glenoid rim superficially with a burr 
Place double-loaded suture anchors on the posterior glenoid rim along the extent of the tear 
Shuttle the sutures from the anchor on the glenoid rim through the capsulolabral tissue 
Shift the capsule and repair it using interrupted sutures 

Repair the infraspinatus teres minor 

Close the deltoid split and skin 

Place the patient in an external rotation sling 


The patient is placed in the lateral decubitus position with the arm holder to allow different arm positions throughout the case or beach chair position with 
spider arm holder. A longitudinal incision over the posterior shoulder extending from the posterolateral acromion to the level of the posterior axillary fold is 
performed (see Fig. 35-42A, green line). The deltoid is split in line with its fibers to the level of the posterior axillary fold (see Fig. 35-42B). The incision 
must be lateral enough to access the insertion of the infraspinatus and teres minor (see Fig. 35-42B, star). Two to three centimeters of the deltoid can be 
elevated off the acromion to assist in exposure. A shoulder-linked retractor (Kolbel self-retractor) is placed to hold open the deltoid split. The axillary nerve 
and posterior circumflex artery are identified in the quadrangular space and protected (see Fig. 35-42C). The interval between the infraspinatus and teres 
minor is opened and these tendons are partially elevated from their insertions laterally (see Fig. 35-42D). The infraspinatus can be detached or partially 
elevated as can the teres minor to enhance exposure. Separation of the underlying capsule from the rotator cuff is important. 

Scissors and a Cobb elevator are used to separate the capsule from the infraspinatus and teres minor muscles in a medial-to-lateral direction. A 
horizontal capsulotomy or T capsulotomy is performed from 1 cm lateral to the glenoid rim to the greater tuberosity to facilitate the capsular shift (Fig. 35- 
43A). Tagged sutures should be placed on each layer to aid in retraction and exposure (see Fig. 35-43B). Homan retractors are placed over the superior and 
inferior glenoid rim and a humeral head retractor is placed in the glenohumeral joint to gently push the humeral head back to allow for optimal exposure 
(Fig. 35-43C). 
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Figure 35-42. A: Open posterior Bankart or capsular shift procedure can be performed either in the lateral decubitus or in the beach chair position. This figure 
demonstrates the procedure in the beach chair position. The posterior open incision is centered over the posterior joint line. The surgical prep area must be medial so 
that the posterior glenohumeral joint is exposed. B: The deltoid fibers are split in line to expose the posterior rotator cuff musculature (star). C: The deltoid is tagged 
with no. 2 braided sutures with the spinal needle pointing to the posterior axillary nerve. D: The infraspinatus musculature (blue arrow) is split horizontally in line with 
the teres minor muscle (yellow arrow) to expose the posterior capsule and joint line. 


The labral lesion is elevated off the glenoid rim with a soft tissue elevator. (A curved glenoid neck retractor can be placed, but great care must be taken 
not to damage or compress the suprascapular nerve as it passes through the spinoglenoid notch.) The posterior glenoid rim is superficially abraded with a 
burr. A 3-mm double-loaded suture anchor is placed on the posterior glenoid rim along the extent of the tear. Depending on the size of the tear, two to four 
suture anchors should be used for the repair. Either a free needle or a curve or straight suture passer is used to shuttle the sutures from the anchor on the 
glenoid rim through the capsulolabral tissue starting at the most inferior portion of the tear and continuing superiorly until the labral lesion is repaired. 
Following the labral repair, a repair of the capsular split is performed. A capsular shift can be performed as well by completing a “pants-over-vest” repair if 
capsular laxity or redundancy is part of the pathologic problem (see Fig. 35-43C). A single 4.5- or 5.5-mm anchor is placed at the footprint of the 
infraspinatus/teres minor and is used to repair these tendons back to their anatomic insertions (see Fig. 35-43D). The deltoid split is closed with running no. 
2 sutures and skin is closed with 3-0 Monocryl and Dermabond. The patient is placed in an external rotation sling. 


inserted over the glenoid neck to expose the posterior labral tear for repair. B: Posterior capsulotomy is tagged with no. 2 braided sutures. C: Posterior capsular shift is 
performed, and the capsule is sutured together in a pants-over-vest fashion. D: Final posterior capsular shift is seen here after suture repair. 


Posterior shoulder instability 
+ trauma 


Symptoms 
<6 months 


High demand 
patient/athlete 


Symptoms 
>6 months 


Physical therapy Recurrent MR 
conservative posterior 


management instability or pain + arthrogram 


No posterior labral tear Posterior labral tear + increased axial 
(posterior axial capsular volume >300 mm) capsular volume >300 mm 


No concern for posterior Concern for posterior glenoid bone loss 
glenoid bone loss (CT with 3D reconstruction) 


>20 degrees <20 degrees 


Posterior glenoid bone grafting Arthroscopic or open repair 
+ arthroscopic or open repair + glenoid osteotomy or bone grafting 


Arthroscopic or open 
posterior repair 


Algorithm 35-3 Authors’ preferred treatment for anterior shoulder instability with or without trauma. 


Patients who present with symptoms of posterior shoulder instability should be grouped into either low-demand/nonathletes or high-demand/athletes. It 
is important for the physician to differentiate between symptoms of posterior apprehension, instability, or pain as these can help guide treatment 
options. In the low-demand group, symptoms less than 6 months should be addressed with conservative management with physical therapy focusing on 
ROM exercises and rotator cuff and deltoid musculature strengthening. For patients who present with longer than 6 months of duration of symptoms, 
advanced imaging should be obtained to evaluate for intra-articular injuries. If no posterior labral tear is detected on the MRI (with or without 
arthrogram), then physical therapy and conservative management is initiated. If there is no posterior labral tear but the posterior axial capsular volume is 
greater than 300 mm, or in patients with discrete posterior labral tear, surgery should be recommended. 

In patients who present with glenoid retroversion or bone loss on CT images, the decision between arthroscopic repair and posterior bone block 
procedure is based on the amount of retroversion and bone loss. Arthroscopic or open repair is recommended with less than 20 degrees of glenoid 
retroversion and under 20% of glenoid bone loss. In patients with more than 20 degrees of retroversion and over 20% of bone loss, a posterior bone 
block procedure in addition to posterior labral repair is recommended, which can be done arthroscopically or open. In the subset of patients with greater 


than 20 degrees of retroversion and less than 20% of glenoid bone loss, both arthroscopic or open repair with and without block procedure should be 
considered based on the patient’s activity level, presenting symptoms, and expectations. There is paucity of high-quality literature available to direct 
management of posterior shoulder instability, especially when deciding between arthroscopic and bone block procedures. The authors do prefer the 
arthroscopic technique over the open technique for posterior stabilization in the subset of patients with under 20 degrees of retroversion and less than 
20% of bone loss. In the patients with over 20% of glenoid bone loss and more than 20 degrees of retroversion, the authors prefer open posterior glenoid 
bone grafting with iliac crest autograft and capsular labral repair with either arthroscopic technique or open technique depending on the patient, 
anatomy, and exposure. 


Postoperative Care 


The patient is placed in an external rotator immobilizer to protect the posterior repair for 6 weeks. Forward flexion with the arm adducted across the midline 
is avoided in the acute phase after surgery. In phase I between 2 and 6 weeks, the patient stays in the ER immobilizer with elbow and wrist ROM and 
pendulums. In phase II between weeks 6 and 12, the patient will start passive ROM and progress to active ROM. The authors recommend starting the 
passive ROM in the supine position without pain. Limit internal rotation and adduction of the arm. A mild strengthening program is started around 10 to 12 
weeks after surgery. In phase III (1-18 weeks), the patient progresses to full ROM and isokinetic strengthening. An activity-specific plyometrics program is 
also started along with sport-specific related programs. Returning to sports or high-demand labor jobs typically takes 6 to 9 months after surgery. 


Potential Pitfalls and Preventive Measures 


Posterior Glenohumeral Instability: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Aberrant portal placement e Use a standard posterolateral accessory arthroscopic portal established parallel to glenoid articular surface. The drill guide 
should be parallel to the spine of the scapula 


Poor angle for anchor insertion e Use percutaneous technique and independent posterolateral portal 

Inability to visualize posteroinferior labrum and e Use lateral position with axillary roll/bump 

capsule in beach chair position e External rotation of the arm will help open the posterior capsule to allow space to work in the back to repair the labrum 
Difficulty with passing the suture e If the posterior working portal is above the labral tear, use the curved guide that is opposite of the operative extremity 


(right curve for left shoulder and vice versa). If the posterior working portal is at the level of the labral tear, then use the 
90-degree passer to assist in the shuttling of the sutures 


Outcomes 


Historically, posterior shoulder instability was treated with open repair, but with the advent of improved arthroscopic techniques, implants, and 
instrumentation, arthroscopic posterior capsulolabral repairs are increasingly common. The difficulty and added surgical morbidity of open repairs further 
diminish its popularity in favor of arthroscopic techniques. A meta-analysis comparison of open versus arthroscopic posterior labral repairs found a 19% 
recurrence rate of posterior instability while the arthroscopic repair recurrence rate was 8%.°° The largest series published includes 200 arthroscopic 
posterior labral repairs on athletes who experienced a 90% return to play.** While glenoid dysplasia and increased glenoid retroversion have been identified 
as risk factors for the development of posterior shoulder instability,°°!°” the effect of increased retroversion and glenoid dysplasia does not appear to have 
an effect on outcomes.?! 

Kim et al.!!4 evaluated the outcome after arthroscopic labral repair and posterior capsular shift in 27 patients with traumatic unidirectional recurrent 
posterior subluxation and reported that all patients were able to return to preinjury sport activities with little or no limitations. Shoulder function was graded 
as over 90% of the preinjury level in 24 of 27 (89%) patients. The average pain score decreased from 4.5 points to 0.2 points postoperatively with no 
operative complications. Williams et al.?°° reported similar outcomes in 27 patients after arthroscopic posterior repair in patients with traumatic posterior 
shoulder instability. At a mean follow-up of 5.1 years, no patients demonstrated a ROM deficit. Symptoms of pain and instability were eliminated in 24 of 
27 patients (89%) with 2 patients (8%) requiring additional surgery for recurrence of symptoms. In the athletic patient population, Bradley et al.*! reported 
89% of their patients were able to return to sports after arthroscopic posterior labral repair while only 67% of the patients were able to return to their 
preinjury sport levels. Despite the overall excellent functional outcomes and low failure rates reported in the literature, Radkowski et al.1”° found that 
throwing athletes were less likely to return to their preinjury level of sport (55%) compared with nonthrowing athletes (71%). DeLong et al.” in a 
systematic review and meta-analysis of clinical outcomes of posterior shoulder instability found that arthroscopic repair is shown to be an effective and 
reliable treatment for unidirectional posterior shoulder instability with respect to the outcome scores, patient satisfaction, and return to play. Furthermore, 
arthroscopic stabilization with suture anchors results in fewer recurrences and revisions than anchorless repair in high-demand athletes. 

In the subset of patients who present with chronic posterior glenohumeral instability and critical bone loss of greater than 20% or failed arthroscopic or 
open posterior stabilization procedure, posterior bone-blocking procedure is considered the treatment of choice. This can be done with either allograft or 
autograft. Most of the studies in the literature are of Level IV evidence consisting of small case series. Barbier et al. reported on the outcome of eight 
patients after iliac crest bone block procedure and found satisfactory results in 80% of their cases; however, three of eight patients required revision surgery 
and several patients experienced limitation in external rotation of more than 20 degrees postoperatively. Sirveaux et al.2°° compared the outcome between 
iliac crest bone block and an acromial pediculated bone block in 18 patients and reported both procedures were effective in stabilizing the shoulder from 
recurrences in long-term follow-up. Less posttraumatic glenohumeral arthritis was noted when compared to bone block procedures for anterior shoulder 
instability. However, the authors recommended additional capsulorrhaphy when inferior laxity is associated with posterior instability. In the largest 
multicenter series of 66 patients with posterior shoulder instability and bone block procedures, the authors reported significant improvement in the Constant 
scores and Rowe scores after surgery. In addition, pain scores were reduced and 85% of the patients were satisfied or very satisfied with the outcome.*? 
Recently, several authors have reported on the outcome of arthroscopic posterior bone block procedure for posterior instability and found similar results 
compared with the open technique.”*” However, arthroscopic techniques are still evolving, and long-term outcomes are not available at this time. 


Management of Expected Adverse Outcomes and Unexpected Complications Related to Posterior Glenohumeral Instability 


Posterior Glenohumeral Instability: 


COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Recurrence of instability 
Persistent pain after surgery 
Posttraumatic arthritis 
Nerve injury (axillary) 
Stiffness or loss of motion 
Hardware irritation 


The most common adverse outcome after posterior shoulder instability surgery is recurrent instability. A variety of factors must be evaluated for 
determining the cause of failure. Bone loss from the posterior glenoid, rotator cuff tears or insufficiency, arthritic changes, glenoid dysplasia, soft tissue 
deficiency, technical errors in surgical technique, postoperative secondary adhesive capsulitis, and neurologic injury are all known complications that can 
result from surgery to treat posterior glenohumeral instability. 

Suspected bone loss should be evaluated with a 3D CT scan to determine the degree and severity of the defect. Treatment of bone loss with bony 
augmentation procedures can be considered. Rotator cuff insufficiency/tears can be identified on physical examination and are confirmed with MRI. 
Clinically relevant rotator cuff tears must be addressed with surgical repair. Technical errors resulting in failed surgery are numerous and include failure of 
anchor fixation resulting in recurrent labral tears and loose bodies, inadequate number of suture anchors, and errors in rehabilitation. Persistent pain from 
cartilage loss and arthritic changes are particularly challenging especially in the young patient, and salvage procedures such as glenohumeral arthrodesis or 
shoulder arthroplasty are possible but associated with unpredictable long-term outcomes. Glenoid dysplasia treatment includes consideration for glenoid 
osteotomy or a posterior glenoid bone grafting procedure. Secondary adhesive capsulitis can be managed in a variety of ways depending on severity, 
duration of symptoms, and pain. Treatment options include glenohumeral cortisone injections, physical therapy with stretching exercises, and arthroscopic 
capsular release. Neurologic injuries, while rare, unfortunately have little potential for improvement but may be treated with nerve or muscle transfers.4!,198 


MULTIDIRECTIONAL GLENOHUMERAL INSTABILITY 


Indications/Contraindications 


Indications for operative management of multidirectional glenohumeral instability include patients with symptomatic recurrent instability who have 
undergone nonoperative strengthening for a period of 6 to 12 months. Patients who can voluntarily dislocate the shoulder or those with serious 
psychological or secondary gain issues are contraindicated. Operative treatment should only be discussed after the patient has demonstrated a failure to 
improve with a lengthy duration of nonoperative treatment to include either physical therapy or home-based exercises. While no specific duration exists that 
is evidence based, however, most clinicians feel that 6 months to a year is needed prior to offering surgical intervention. 

Common surgical techniques include either an open inferior capsular shift or arthroscopic capsular plication.2?4 Thermal capsulorrhaphy is no longer 
recommended as it was found to be associated with a high rate of subsequent failure and linked to chondrolysis.*-!>! Surgical management by any means 
must be thoroughly discussed with the patient. A recent systematic review revealed, with only low-quality evidence, that surgery was superior to 
nonoperative management for only impairment-based outcome measures while nonoperative treatment was favored for most patient-based outcome 
measures.?39 

The inferior capsular shift was described by Neer and Foster in 1980 as a procedure that could be performed through either an anterior or posterior 
approach.!®° It has been further described with slight modifications,°? but the basic tenets of the surgery remain the same. The surgery typically is 
performed through an anterior approach, accessing the shoulder capsule through a subscapularis tenotomy. The capsule can then be split and advanced in a 
pants-over-vest technique with subsequent fixation to decrease intra-articular volume. As arthroscopic equipment has improved throughout the years, so 
have the arthroscopic techniques to address glenohumeral joint stability. As such, arthroscopic management of MDI has become increasingly 


popular 18,47,86,217 


Arthroscopic Capsular Plication 


Preoperative Planning 


Arthroscopic Capsular Plication: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Regular table is used for lateral decubitus position 


Position/positioning aids Bean bag is used to obtain lateral decubitus position 
Pneumatic arm holder to provide longitudinal traction and allow internal/external rotation of the shoulder 


Separate abduction paddle 


Equipment 30- or 70-degree arthroscope 
6- or 8-mm threaded cannulas 
Switching sticks 
Percutaneous insertion kit and double-loaded 2.4-mm suture anchors for use in anteroinferior and posteronferior margin of 


glenoid. Alternatively, labral tape and knotless fixation with PushLock anchors can be used as well. 
If the labrum is intact, use alternate no. 1 absorbable polydioxanone (PDS) suture with suture anchors 


Knotless suture anchors (2.9-mm anchor with no. 2 high—tensile strength suture, or looped suture, or suture tape) 


Arthroscopic rasp and liberator, CoVator 
Arthroscopic shaver 


Other LJ Suture passer with multiple angles usually needs at least a curve to the right, a curve to the left, and a straight passer for 
pan-capsular plication 


Positioning 


The patient is positioned in the lateral decubitus position with the operative extremity facing superiorly. Pillows are used between the knees, and the 
contralateral arm is positioned in forward flexion at the shoulder with the elbow flexed into a comfortable position. The neck is positioned neutrally. A bean 
bag, peg board, or commercially available positioning system is then used to secure the patient in the lateral position and then secure the patient to the table 
(Fig. 35-44A). A pneumatic arm holder or traction system is secured to either the anterior or posterior aspect of the bed, according to surgeon preference, 
and provides in-line traction. A separate paddle or abduction cable is placed about the operative arm to provide abduction. When this is completed, then the 
shoulder is prepped and draped to allow circumferential access. 

Beach chair position and set up can also be used for this procedure. The patient is sat up to 60 to 70 degrees with all prominences well padded. An arm 
holder is used to assist in the arm positioning. A small bump can also be used to help distract the glenohumeral joint. An advantage of the beach chair 
position is that the arm can be positioned to help better expose the joint. Internal rotation will help open up the anterior capsule while external rotation will 
help open up the posterior capsule. 


Surgical Approach 


Surface anatomy—including the lateral clavicle, the acromion and spine of the scapula, and the coracoid—is marked out on the skin prior to the start of the 
case. Standard arthroscopy portals are created which include a posterior initial viewing portal, an anteroinferior portal just above the upper border of the 
subscapularis, and then a superolateral viewing portal. The camera is switched to the superolateral portal for most of the cases, and 8-mm cannulas are 
placed in the anterior and posterior portals. Typically, percutaneous portals are used to place the anteroinferior and posteroinferior anchors without the need 
for standard cannulas. The anteroinferior and posterior working portal typically need an 8-mm threaded cannula for ease of passing the suture shuttling 
device. Depending on the company, some curved passers will go through a 6-mm cannula and others need 8-mm cannulas. 
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Figure 35-44, A: Lateral decubitus position for arthroscopic capsular plication or shift in a patient with multidirectional instability. B: Diagnostic arthroscopy 
indicates a positive “drive-through” sign (blue arrow) with capsular laxity and joint mobility. 


Technique 


Arthroscopic Capsular Plication: 


KEY SURGICAL STEPS 


LJ Although lateral and beach chair positioning is possible, lateral position allows for greater distraction and traction of the glenohumeral joint and 
improved access to the inferior capsule 
Examination under anesthesia 
Ensure the location of neurovascular structures when placing percutaneous portals 
Both 6- and 8-mm threaded cannulas are used for this procedure 
Preparation of capsule with abrasion prior to placing sutures 
Glenoid rim preparation with a rasp or shaver prior to inserting suture anchors 
Place the inferior anchor low on the glenoid face 
For right shoulder, a “right” curved passer is used for anterior capsular shift and a “left” curved passer is used for the posterior capsular shift, and 
vice versa for the left shoulder 
LJ Patient is placed in a sling with abduction pillow. Standard postoperative protocol is followed 


The first step is to complete a diagnostic arthroscopy and evaluate all intra-articular structures, looking for sources of pathology that correlate with the 
history, physical examination, and imaging. The patulous inferior capsule can be noted as the joint is easily distracted (see Fig. 35-44B, patulous inferior 
capsule with positive “drive through” sign). After documenting this, a curved rasp is used to abrade the inferior capsule in preparation for the plication until 
punctate bleeding is noted when the arthroscopy flow is temporarily stopped. If the inferior labrum is intact, then a liberator is used to prepare the edge of 
the glenoid for suture anchor insertion. If there is a labral tear, then the liberator or CoVator is used to completely free up the labral tissue until the 
musculature of the underlying rotator cuff can be visualized. Double-loaded anchors are placed at the 5 and 7 o’clock positions on the glenoid to grasp both 
bands of the IGHL. 

Percutaneous drilling will allow the surgeon to place the anchor down to the very inferior position of the glenoid or 6 o’clock position (Fig. 35-45A). A 
suture passer is used to penetrate the capsule approximately 10 mm off of the labrum (see Fig. 35-45B) and then again under the labrum for the second 
suture to advance the capsular tissue (see Fig. 35-45C). Sutures are tied, ensuring that the knot stack remains off of the cartilage surface (see Fig. 35-45D). 
Final arthroscopic capsular shift can be seen in Figure 35-45D. The patulous capsule is shifted to decrease the capsular volume. Working superiorly, more 
anchors are placed in a similar fashion, although if the labrum is intact, sutures can be used without the need for anchors (PDS plication). Sutures can be of a 
permanent or absorbable material. 


Open Anteroinferior Capsular Shift 


Preoperative Planning 


Open Anteroinferior Capsular Shift: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Modified beach chair with 45 degrees of hip flexion 
Position/positioning aids LJ Pneumatic arm holder can be utilized, but is not necessary, padded Mayo stand can be used to hold arm as well 
Equipment Open shoulder retractors, including humeral head retractor, Koebel linked shoulder retractor 


Rasps/curettes to prepare site for suture anchor placement 
Suture anchors (double-loaded, high-tensile strength sutures) 
No. 2 nonabsorbable high-tensile strength sutures 

No. 1 absorbable PDS suture 


Positioning 
The patient is positioned in a modified beach chair position with approximately 45 degrees of hip flexion (Fig. 35-46). The head and neck are well secured, 
and the contralateral arm is positioned comfortably on a support. An arm holder may be used, although it is not necessary. A padded Mayo stand can also be 


used to support the arm. The shoulder is prepped with surgical prep from the neck to the midline of the sternum to the nipple inferiorly, and the entire arm is 
prepped as well. 


Surgical Approach 


Relevant surface anatomy includes the lateral clavicle, the acromion, and spine of the scapula and the coracoid are marked out on the skin prior to the start 
of the case. A 6-cm vertical incision beginning from the coracoid and extending to the axilla is used. Alternatively, a more traditional deltopectoral, oblique 
incision can also be used for this procedure (see Fig. 35-46A). 


Technique 


/ | Open Anteroinferior Capsular Shift: 

KEY SURGICAL STEPS 

Beach chair position with arm holder 

Examination under anesthesia 

Vertical skin incision or standard deltopectoral approach 

Subscapularis tenotomy 

Close down anterior capsular redundancy using inside-out vertical mattress suture 
Alternatively, insert suture anchors on the humeral head to close the patulous capsule 
Ensure the arm is in adequate abduction (20-30 degrees) and external rotation (20—30 degrees) when repairing the inferior and superior limbs of the 
capsule so the joint is not overconstrained 

Close subscapularis tenotomy with interrupted sutures 

Patient is placed in a sling with abduction pillow 

Follow standard postoperative protocol 


COW CELCCCCO 


Figure 35-45. A: First anchor is placed percutaneously at the 6 o’clock position (arrow). B: Capsular plication is performed with the curved passer penetrating the 
redundant capsule to assist in the shuttling of the first suture from the anchor. C: The second pass is through the labrum and the second suture from the anchor is 
shuttled across. These sutures are tied using surgeon’s knots. D: Final arthroscopic capsular plication/shift with three anchors. The patulous capsule is shifted (star) to 
decrease the capsular volume. 


The deltopectoral interval is identified and opened with the cephalic vein taken laterally. The pectoralis major tendon can be tenotomized at the upper 1 cm 
to ease visibility if needed and then repaired at the conclusion of the case. The clavipectoral fascia is incised just lateral to the muscle fibers of the conjoint 
tendon. The conjoint tendon is then retracted medially, taking care to not place undue strain on the underlying musculocutaneous nerve. Superior exposure 
can be improved by identifying and debriding the anterolateral aspect of the CA ligament. The bursa covering the subscapularis is then resected for better 
visualization. The upper and lower borders of the subscapularis are identified. The anterior humeral circumflex artery and two veins that accompany it (the 
three sisters) are identified. 

The subscapularis can then be tenotomized approximately 1 cm medial to its insertion (star), leaving an adequate cuff of tissue for later repair (see Fig. 
35-46A). The biceps tendon (see Fig. 35-46A, arrow) is an excellent landmark to help identify the location of the subscapularis tendon. The subscapularis 
(see Fig. 35-46B, yellow arrow) must then be dissected from the underlying capsule (see Fig. 35-46B, blue arrow). This is most easily accomplished 
inferiorly, where there is more distinction between the two layers (see Fig. 35-46B). Proximally, these structures can be blended into one layer. The 
subscapularis is then released completely and reflected medially, exposing the capsule. 

The capsule is incised approximately 5 mm medial to the stump of the subscapularis, leaving enough tissue for eventual repair. Alternatively, the 
capsule can also be incised at the humeral insertion with a shift done later with suture anchors (see Fig. 35-46C). The capsular incision begins superiorly and 
extends inferiorly. Tagging stitches are placed in the lateral edge to gain control of the tissue. Working inferiorly on the humeral neck, the arm is placed in 
progressive external rotation as the capsule is sharply released. At this point, the surgeon must judge the amount of inferior capsule to be released. Some 
advocate placing tension on the tagging suture with the surgeon’s finger in the pouch to see if the pouch becomes obliterated with this motion. If so, the 
capsule has been adequately released.’ 
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Figure 35-46. A: Deltopectoral approach for open capsular shift. Bicipital groove is identified (arrow) and subscapularis tenotomy is performed 1 cm medial (star) to 
the tendon insertion to allow for repair at the end of the case. B: The capsule (blue arrow) is separated from the subscapularis muscle belly (yellow arrow) and tagged 
with sutures. Shoulder link retractors are used for the exposure. A Fakuda is inserted into the glenohumeral joint to help retract the humeral head posteriorly. A T 
capsulotomy is performed with either a small residual tissue from the humeral insertion or directly off the humeral insertion. C: Suture anchors with no. 2 braided 
sutures are inserted into the humeral head at the original insertion of the capsule to perform the shift. D: The sutures are passed into the capsule with 90-degree passers 
with the arm in abduction (20-30 degrees) and external rotation (20-30 degrees). It is essential to keep the arm in this position when tying down the sutures so that the 
shoulder is not constrained and to prevent stiffness. 


A humeral head retractor should be placed into the glenohumeral joint to retract the humerus posteriorly and inspect for an anterior labral tear. If a labral 
tear is present, it should be repaired with suture anchor fixation after preparing the anterior glenoid rim with a curette or rasp. The sutures from these 
anchors should be passed from inside the labrum to outside and then tied on the capsular side (see Open Bankart Repair Technique). Crimping mattress 
stitches can be used to reduce anterior capsular redundancy by passing the sutures from outside the capsule to inside the joint in a vertical mattress fashion 
and then tying on the capsular side as well. The arm is then positioned into 20 to 30 degrees of abduction and 20 to 30 degrees of external rotation. A 
horizontal split is made in the capsule so that the final capsulotomy resembles a T. Prior to performing the horizontal split, tagging stitches should be placed 
in both the superior and inferior limbs. The inferior limb is brought superiorly first and repaired back to the residual capsule or with suture anchors (see Fig. 
35-46C,D) and then the superior limb is repaired in a pants-over-vest fashion to the inferior capsule. If the patient exhibited a positive sulcus sign that 
persists in external rotation, then the rotator interval is also routinely closed with no. 2 braided suture fixation. The subscapularis is repaired with 
nonabsorbable no. 2 braided sutures, and the skin is closed in layers. 

Rehabilitation is usually similar regardless of open and arthroscopic techniques and consists of sling immobilization for 6 to 8 weeks to protect the 


repair. Pendulum exercises are typically allowed after 7 to 10 days. Gentle passive ROM can begin after 2 weeks and are allowed to progress throughout the 
6- to 8-week period. No aggressive stretching is allowed in the early period of rehabilitation, and strengthening against resistance is delayed until the 3- to 4- 
month mark. Many clinicians follow an even more conservative approach and delay the initiation of therapy until the 6- to 8-week mark, allowing only 
pendulums during that time. 


Authors’ Preferred Treatment for Multidirectional Glenohumeral Instability ( 


Multidirectional shoulder 
instability 


Physical therapy 
rehabilitation 


Failed >1 year of formal PT 
and rehabilitation and home 
exercises 


Anterior, posterior 


Anterior and inferior Posterior and inferior P a 
and inferior 


Arthroscopic vs open 
anterior and posterior 
inferior capsular shift 


Arthroscopic vs open Arthroscopic vs open 
anterior inferior posterior inferior 
capsular shift capsular shift 
trotator interval trotator interval 
closure closure 


trotator interval 
closure 


Algorithm 35-4 Authors’ preferred treatment for multidirectional shoulder instability. 


All patients are treated initially with a strengthening program designed to strengthen the rotator cuff musculature as well as improve scapular 
stabilization. Patients who continue to experience unacceptable instability are met with several times and counseled extensively on the inconsistent 
results of surgical treatment. They are counseled that some patients experience worsened pain after surgery and encouraged to weigh all alternatives 
seriously, including activity modification or even occupation modification. Patients who wish to undergo surgical intervention, and who do not 
voluntarily dislocate and do not exhibit significant psychological or secondary gain issues, are indicated for surgery if they have failed despite 1 year of 
nonoperative treatment. 

For patients with anteroinferior instability, an arthroscopic or open anteroinferior capsular shift with a rotator interval closure can be performed if 
they have a sulcus that persists in external rotation. For patients with posteroinferior instability, operative treatment consists of an arthroscopic or open 
posteroinferior capsular shift with a rotator interval closure for a sulcus that persists in external rotation. Finally, for patients with instability in all 
directions (anterior, posterior, and inferior), surgical treatment consists of an arthroscopic or open anterior/posterior with an inferior capsular shift with a 
rotator interval closure for a sulcus that persists in external rotation. Despite the known increased reduction in capsular volume with an open procedure 
over an arthroscopic one for MDI,°° we prefer an arthroscopic approach as it offers a less severe complication profile as it is not necessary for the 
subscapularis to be taken down, repaired, and then heal. 

We prefer an arthroscopic capsular plication performed in the lateral decubitus position as it offers unparalleled access to the inferior capsule 
compared with the beach chair position. 

Patients have an examination performed while they are in the supine position after the induction of anesthesia so that both shoulders can be 
examined, and the results recorded. 

Once the bean bag has been inflated around the patient, the patient and bean bag are moved until the head is as close to the posterosuperior corner of 
the table as possible. This prevents the surgeon from having to extend their arms while operating and makes the operation more ergonomic to perform. 
Two sets of seatbelts are used to secure the patient to the table and the ipsilateral leg is padded at the knee so the pneumatic arm holder cannot cause any 
inadvertent iatrogenic injury (see Fig. 35-44A). A pneumatic arm holder is secured to either the anterior or posterior aspect of the bed according to 
surgeon preference and provides in-line traction. A separate paddle is placed slightly inferior to the operative arm to provide abduction (see Fig. 35- 
44A). Care must be used to ensure that this is not placed too superiorly, which would limit access of instruments through the anteroinferior portal during 


surgery. The paddle must also be placed at a height that allows it to provide a vector of force that is predominantly abduction; if this is placed too low, 
then it will inadvertently provide more anterior translation than abduction. Once this is completed, the shoulder is prepped with surgical prep from the 
neck to the midline of the sternum to the nipple inferiorly and the entire arm is prepped as well; no predrapes are utilized. A pneumatic arm holder is 
utilized to perform in-line traction and a separate abduction paddle is also used. The arm holder that we use can be covered with a sterile covering and 
can allow internal and external rotations of the shoulder. 

Along with marking out all surface anatomy of the exposed shoulder girdle, we also recommend measuring an area of 5 to 7 cm lateral to the lateral 
edge of the acromion and marking out the likely site of the axillary nerve to prevent any cannulas being placed in this zone. We typically utilize a 
superolateral viewing portal, an anteroinferior portal, and a posterior working portal, and percutaneous portals that are not cannulated. We also 
commonly place an accessory posterolateral portal which is approximately 2 cm inferior and 1 cm lateral to the posterolateral acromion.’ The capsule 
is prepared with abrasion with either a rasp or lightly debriding with the shaver. A liberator is used to prepare the site of insertion and then a shaver is 
utilized to further prepare the edge of the glenoid. Suture anchors are then placed at the anteroinferior and posteroinferior margins of the glenoid (see 
Fig. 35-45A). A pinch of capsular tissue approximately 10 mm off the margin of the labrum is taken with a suture passer then passed under the labrum 
(see Fig. 35-45B), and knots are tied securing the capsule to the labrum (see Fig. 35-45C). We then prefer to work first posteriorly and then anteriorly, 
while viewing through a superolateral portal. If the labrum is intact, then a PDS suture is used to secure the capsule to the intact labrum directly superior 
to the anteroinferior and posteroinferior anchors and then alternated with suture anchor fixation working superiorly. This can be performed as an intact 
labrum provides similar fixation strength to a suture anchor.!”® We feel that this decreases the anchor burden as well as the nonabsorbable suture burden 
in the glenohumeral joint, and also complications such as abrasion to the cartilaginous surface. When working posteriorly, the arm is positioned in slight 
internal rotation, and when working anteriorly, the arm is repositioned in slight external rotation, so excessive tightening of the capsule is avoided. 


Postoperative Care 


Patients are placed in a standard shoulder immobilizer. In the first 6 weeks, there is limited physical therapy and the patients are allowed to come out of the 
immobilizer for elbow, wrist, and hand motion. No active motion of the shoulder is allowed. Pendulum exercises are permitted, and passive forward flexion 
and external rotation to neutral are allowed to begin after 4 weeks within a painless ROM. Active ROM may begin at the 6-week mark, and then patients 
can progress to a strengthening program at around 3 months. Aggressive passive stretching is avoided throughout the first 6 months. Return to athletics is 
permitted when patients have achieved painless ROM and have attained necessary rotator cuff strength and scapular stability. This is typically at the 6- to 8- 
month mark, depending on the activities to which the patients wish to return. 


Potential Pitfalls and Preventive Measures 


Multidirectional Glenohumeral Instability: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Overly constraining the joint e Limit capsular tissue penetration with suture passer to 1 cm, place shoulder in slight external rotation 
when securing sutures anteriorly and slight internal rotation when securing sutures posteriorly 


Suture abrasion to cartilage e Limit the number of nonabsorbable sutures by using plication stitches with PDS or similar absorbable 
suture between anchors 


Iatrogenic damage to cartilage from instruments e Use of longitudinal traction and abduction should create a large intra-articular volume due to patulous 
capsule. Also, a small bump can be used under the axilla to help with joint distraction 


Inability to obtain insertion anchor below the 5 or 7 o’clock position for e Use of percutaneous portals will allow access to inferior glenoid for instrumentation, and care should 
the anchors be taken to avoid neurovascular structures 
Outcomes 


Arthroscopic Procedures 


Duncan and Savoie® reported one of the initial outcomes of an arthroscopic modification of the open inferior capsular shift.> They performed this 
procedure on 10 patients with MDI and had 1- to 3-year follow-up. All patients reported satisfactory outcomes. Two patients had a subsequent additional 
surgery to remove symptomatic sutures. The senior author (FHS) later reported on a series of 25 patients with MDI also treated with arthroscopic capsular 
shift after an average of 5 years. They found that 21 (88%) of patients met the criteria for satisfactory results and concluded that results of arthroscopic 
management of MDI could be considered comparable to open treatment even after 5 years.??? 

Results of 50 patients with MDI who had failed nonoperative methods and treated with arthroscopic capsular plication were reviewed at an average of 2 
years.2°4 They found that of the 43 patients available to report outcome scores, 41 had good or excellent results. Patients with a higher Beighton score 
demonstrated less improvement and two patients demonstrated recurrent instability. Gartsman et al. reported on their series of 47 patients at an average age 
of 30 years and almost 3 years of follow-up after arthroscopic treatment of MDI.”° Multiple outcome scores were compared preoperatively and 
postoperatively. No patients were rated as good to excellent preoperatively; however, 44 of 47 (94%) were rated as such postoperatively. One patient 
underwent a revision procedure. 


Open Procedures 


Bigliani et al.” reported on the outcomes of 68 shoulders in 63 athletic patients treated with an open anteroinferior capsular shift procedure. Good to 
excellent results were achieved in 94% of the patients and 75% were able to return to their previous level of athletic competition. Postoperative dislocation 
occurred in only two patients. Adolescents with Ehlers—Danlos syndrome presenting with MDI were assessed after undergoing an open inferior capsular 
shift after a follow-up of 7.5 years.?2° Out of 15 patients with 18 procedures, 13 (87%) reported improvements in pain and stability and were satisfied with 
the procedure with 9 (64%) patients able to return to sport. 


Management of Expected Adverse Outcomes and Unexpected Complications Related to Multidirectional Glenohumeral Instability 


Multidirectional Glenohumeral Instability: 


COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Tightness due to overconstrained joint or postoperative stiffness 
Recurrent instability 

Pain 

Chondrolysis 


The most frequent complication associated with surgery for MDI is incomplete resolution of pain and/or instability. Multiple previous studies reported in 
this chapter have demonstrated that a certain percentage of patients have always failed treatment, regardless of which treatment was chosen. Revision 
surgery remains a possibility for these patients,2* but reports on outcomes are scarce and it is difficult to counsel the patient on expectations following a 
revision surgery. 

When thermal capsulorrhaphy was performed routinely, along with poor operative results, 
including postoperative chondrolysis°*!9!26" as well as injury to the axillary nerve.”®?46 


55,151 there were multiple significant complications reported, 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO GLENOHUMERAL 


INSTABILITY 


ANTERIOR GLENOHUMERAL INSTABILITY 


Advances with new repair and reconstruction techniques and understanding the importance and interaction of bipolar bone loss (humeral head and glenoid), 
along with adjuvant procedures (i.e., remplissage or infraspinatus capsulotenodesis), will help improve outcomes when managing shoulder instability. In 
areas of arthroscopic surgery, advances in surgical techniques have allowed bony augmentation procedures, such as Latarjet and bone block augmentation, 
to be performed more reliably and safely via arthroscopic techniques.’*!47764,26 Similar to Bankart repairs, arthroscopic bony augmentation procedures 
may offer decreased perioperative morbidity, particularly as instrumentation allows the surgery to be performed efficiently. 

The definition of acceptable glenoid bone loss (subcritical or critical) has changed in the literature in recent years. This concept is essential for the 
decision between arthroscopic repair versus an open bone block procedure. While glenoid bone loss has received the vast majority of attention over the past 
5 years, more studies are needed that focus on the interaction between Hill—Sachs size and glenoid bone loss in order to identify at-risk individuals who may 
fail after standard Bankart repairs. The glenoid track concept (on-track vs. off-track) continues to evolve and is further refined. An emerging concept is the 
distance to dislocation (DTD). Studies have shown that an on-track Hill—Sachs lesion with a small DTD (8-10 mm; or “near-track” lesion) may be at higher 
risk for failure after Bankart repairs.!°-!29 In these cases, arthroscopic adjuvants such as remplissage may decrease the risk of recurrent instability after ABR. 
Early clinical studies on remplissage have been favorable in terms reduction of recurrence of anterior instability relative to standard Bankart 
repairs.45.46.120,149 A recent randomized controlled trial demonstrated a significant reduction of recurrent instability after ABR with a remplissage (4%) 
versus without (18%).!°9 Other arthroscopic approaches to addressing the Hill—Sachs lesion and augmenting a standard Bankart repair have also been 
described.'®1.249 It remains to be seen if these arthroscopic adjuvant procedures will decrease the recurrence risk in the long term. Future prospective studies 
should focus on the true critical bone loss value that will help predict outcome and guide the decision between arthroscopic or bone block procedures in 
patients with anterior glenohumeral instability and glenoid bone loss. 


POSTERIOR GLENOHUMERAL INSTABILITY 


Recognition of symptomatic posterior shoulder instability is increasing with the advent of improved imaging protocols and clarification of imaging and 
physical examination characteristics. Arthroscopic techniques continue to evolve with the advent of percutaneous and knotless anchors. Future investigation 
focused on the optimal treatment for patients with failed posterior instability surgery and those with primary symptomatic posterior shoulder instability in 
the setting of glenoid dysplasia is needed. Controversy regarding surgical treatment for glenoid dysplasia includes use of glenoid osteotomy versus primary 
arthroscopic repair versus bone blocks versus congruent bone augmentation techniques. Additional controversy regarding choice of graft including allograft 
distal tibia and autograft iliac crest is also unresolved. In addition, current recommendations for management of posterior glenoid bone loss treatment are 
based on anterior shoulder instability protocols, but with deficient clinical evidence. 


MULTIDIRECTIONAL INSTABILITY 


MDI is a very complex problem that, despite many advances over the last few decades, is still not well understood. While the mainstay of initial treatment is 
a nonoperative strengthening program, much controversy exists over when to offer surgical treatment and what type of surgical treatment to perform. 
Multiple surgical techniques exist, both open and arthroscopic; however, none are deemed to be superior to the others and each has a specific complication 
profile that must be considered when determining the proper treatment for an individual patient. Although all surgeons agree that the rotator interval is a key 
anatomic structure involved in the pathology of MDI, there remains controversy on when to address the rotator interval with surgical closure.!® When 
surgical treatment is performed, most surgeons agree that patients require 6 to 8 weeks of postoperative immobilization. 
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effect on clinical outcome. Redislocation rate was significantly affected by the patient’s 
age and duration of postoperative rehabilitation. The redislocation rate tended to be higher 
if the patient had more than one dislocation preoperatively. Significant dislocation 
arthropathy was observed in 12% of patients in this series, and degenerative changes were 
correlated with the number of preoperative dislocations, patient age, and number of 
anchors used for the repair. The overall patient satisfaction rate was 92% and return to the 
preinjury sport level was 50%. 


This was one of the original clinical prospective studies comparing the outcome of 
arthroscopic Bankart repair with nonoperative treatment for the acute, initial anterior 
shoulder dislocation in an active military population. A total of 36 athletes were included 
and separated into two groups; group 1 was immobilized for 1 month followed by 
rehabilitation; group 2 had arthroscopic Bankart repair. There was an 80% recurrence rate 
in group 1 and 7 of the 12 patients had surgery for shoulder stabilization. In group 2, the 
recurrence rate was 14%. The authors concluded that arthroscopic Bankart repair 
significantly reduced the recurrence rate in young athletes who sustained an acute, initial 
anterior dislocation of the shoulder. 


There are few reports of outcomes after arthroscopic treatment for multidirectional 
shoulder instability in athletes. This is one of the larger studies reporting the 2- and 5-year 
outcomes in 43 shoulders with MDI and arthroscopic fixation. The mean postoperative 
ASES score was 91 out of 100, the mean Western Ontario Shoulder Instability percentage 
was 91 out of 100, and 86% were able to return to their sports with little or no limitation. 
The authors concluded that arthroscopic treatment could provide an effective method for 
symptomatic MDI in an athletic patient population. 


This study is one of the largest prospective study on the outcome after arthroscopic 
posterior labral repair for posterior instability. The authors followed 200 shoulders 
prospectively with a mean of 36 months of follow-up. They found the ASES scores 
increased from 45.9 to 85.1 and significant improvements in stability, pain, and function. 
There was no difference in the outcome comparing contact athletes with noncontact 
athletes. Patients who had repair with anchors did significantly better than the patients 
who had anchorless fixation. The authors concluded that arthroscopic capsulolabral 
reconstruction is an effective, reliable treatment for symptomatic unidirectional recurrent 
posterior glenohumeral instability in an athletic population. 


This review article discusses the pathophysiology, diagnosis, and management of posterior 
shoulder instability in the setting of glenoid dysplasia. A comprehensive literature review 
on the outcomes of arthroscopic, open, and posterior bone block procedure is reported in 
the article. Evidence-based indications for arthroscopic versus open procedure are also 
discussed. 


The study identified the prevalence and severity of associated radiographic parameters 
found on magnetic resonance arthrograms in patients with arthroscopically confirmed 
isolated posterior labral tears and symptomatic recurrent posterior shoulder instability 
compared with an age-matched cohort of patients without posterior instability. The authors 
found that the presence of glenoid retroversion, glenoid dysplasia, and increased axial 
posterior capsular cross-sectional area were significantly associated with patients with 
posterior labral tears and symptomatic posterior instability. 


This cadaveric study validated the glenoid track concept in a cadaveric bipolar bone loss 
model. The study tested whether “on-track” and “off-track” lesions can be stabilized with 
Bankart repair (BR) with or without Hill-Sachs remplissage (HSR). The authors found 
that, for on-track lesions, engagement occurred with translation testing in one shoulder 
(12.5%) at end-range rotation. After BR, engagement was prevented for this shoulder. For 
off-track lesions, engagement with translation testing occurred in eight shoulders (100%) 
at end-range rotation and in six (75%) at midrange rotation. After BR alone, engagement 
was only prevented in four of six off-track shoulders (67%) at midrange rotation but was 
prevented in zero of eight (0%) at end-range rotation. Adding remplissage prevented 
engagement in all 14 engaging shoulders with off-track lesions (100%). 

The authors concluded that this biomechanical study provided biomechanical evidence 
to support the addition of remplissage in cases of “off-track” Hill-Sachs lesions in 
glenoids with subcritical (15%) anterior bone loss. 


This was a prospective study on 247 primary anterior dislocations of the shoulder followed 
for 10 years in a multicenter study. At the 10-year follow-up evaluation, 52% had no 
additional dislocation. Recurrent dislocation necessitating operative treatment occurred in 
23% of the shoulders. Radiographs that demonstrated an evident Hill—Sachs lesion was 
associated with a significantly worse prognosis with regard to recurrence than was no 
evident lesion (p < .04). At 10-year follow-up, 11% had mild and 9% had moderate or 
severe arthropathy after dislocation. 


This was a prospective multicenter study that included 257 shoulders in 255 patients (age, 
12-40 years) with a first-time anterior shoulder dislocation. After 25 years, radiographic 
imaging was performed on 223 shoulders (97%). Only 44% of shoulders were normal 
radiographically at 25 years after a primary shoulder dislocation. Arthropathy was mild in 
29%, moderate in 9%, and severe in 17% of the shoulders. Of the shoulders without a 
recurrence, 18% had moderate/severe arthropathy. Other factors that correlated with 
moderate/severe arthropathy were age greater than 25 years at primary dislocation and 
primary dislocation caused by high-energy sports activity. Shoulders that had not recurred 
had less arthropathy than shoulders classified as recurrent or stabilized over time. Sixty- 
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INTRODUCTION TO PROXIMAL HUMERAL FRACTURES 


Fractures of the proximal end of the humerus oftentimes represent a management dilemma. Understanding the personality of each particular fracture may 
range from a very straightforward to a quite complicated process. !2%325-342,362 Since many of these fractures occur in elderly individuals, it is tempting to 
argue in favor of a minimalistic approach: osteopenia is frequently encountered (which complicates surgical management), and these low-demand patients 
may adapt to the potential functional restrictions of nonoperative treatment. However, Charles Court-Brown and his co-authors stated, “Proximal humerus 
fractures often occur in the fit elderly independent patient who is still a net contributor to society but who might well be converted to a degree of social 
dependency by the fracture.”®! As noted below, proximal humerus fractures (PHFs) are common, and most are treated by community surgeons, which 
further complicate the evaluation of outcomes. 

A number of advances have had a major impact in the management of PHFs. Computed tomography (CT) with three-dimensional (3D) reconstruction 
has served to better understand fracture patterns, refine treatment indications, and anticipate reduction maneuvers when fixation is attempted.!?? The 
introduction of periarticular plates with locking screws was perceived as a game changer in PHF fixation.*° However, the reported complication rates using 
this fixation strategy were unexpectedly high,!®8 leading to technical refinements that have led to improved outcomes.!°° These failure rates have also 
prompted a renewed interest in alternative fixation techniques, in particular intramedullary (IM) nailing.!28 On the replacement side, hemiarthroplasty, 
introduced decades ago,?”° has been limited by tuberosity failures, especially in elderly patients.®328 Reverse shoulder arthroplasty has become more and 
more popular for the management of displaced fractures in the elderly, and its role continues to expand as new evidence supports its use,!*° even though 
improved outcomes have not always been easy to establish.24* At the same time, many fractures do reasonably well with nonoperative treatment.!?? This 
chapter will outline treatment strategies for the management of PHFs, and surgical techniques. 


EPIDEMIOLOGY OF PROXIMAL HUMERAL FRACTURES 


Proximal humerus fractures, defined as fractures occurring at or proximal to the surgical neck (SN) of the humerus, are very common. Prevalence varies 
from 4% to 10% of all fractures according to several studies performed in different countries and populations.!66305 An estimated 706,000 proximal 
humeral fractures occurred worldwide in 2000.18 In the same year, an incidence of 63 proximal humeral fractures per 100,000 adults was reported by the 
Edinburgh Royal Infirmary.’® From 2000 to 2010, there was a significant increase in the incidence of proximal humeral fractures in adults greater than 65 
years from 106 to 139 per 100.000 adults in males and from 316 to 355 per 100.000 adults in females.®° 

Proximal humeral fractures have been estimated to lead to 185,000 emergency department visits in the United States alone.7°? These fractures are the 
second most frequent injury of the shoulder girdle in adults, and comprise 4% of all fractures and approximately one-half of all humerus fractures.*°? In 
patients above the age of 65 years, PHFs are the second most frequent upper extremity fracture, and the third most common nonvertebral osteoporotic 
fracture after proximal femur and distal radius fractures, accounting for 10% of fractures in this patient population.°°°°76 

In the adult population, PHFs have a unimodal distribution, peaking at 84 years of age for both males and females.®! The yearly incidence of PHFs 
fluctuates from 4 per 100,000 in females between the age of 20 and 29 to 439 in females between the age of 80 and 89 years.®! In males, the rates range 
from 6 to 112 for the same age groups. The incidence increases exponentially at a rate of over 40% every 5 years at age 40 in females and at age 60 in 
males.”°3 Females are therefore more frequently affected, with only 15% to 30% of fractures occurring in males.?? The calculated annual incidence is 36 per 
100,000 for males and 78 per 100,000 for females.” The average age of patients with PHFs is 63 years,?*° with affected men being on average 8 years 
older than affected women (66 vs. 74 years).?°! The average age of patients with displaced two-part SN fractures is 72 years, and the vast majority of 
patients are 50 years or older.®* 

PHFs have become progressively more frequent over the past decades. Among Finnish women 80 years of age or older, the frequency of PHFs has 
increased from 32 fractures in 1970 to 478 in 2007, with a rate increase from 88 fractures per 100,000 in 1970 to 300 per 100,000 in 2007.!%° In 2019, the 
incidence for Finnish patients aged 80 or older was 407.1 per 100.000 person-years.”7° Mclean et al.?°° in a 10-year study period, reported that the incidence 
of PHFs increased significantly from 28.5 per 100.000 person-years in 2008 to 45.7 per 100.000 person-years in 2017. The incidence of PHF was greatest in 
women older than 85 years, with 711.8 per 100.000 person-years in 2017. In the United States, the yearly number of PHFs was expected to reach 275,000 
by 2030.7°3 However, newer data showed a flat incidence and subsequent projections are tempered.8®348 Health improvement in older females has been 
faster than in males and our results suggest that the incidence of all of the fragility fractures in females is stabilizing.®° 

The vast majority of PHFs are treated nonoperatively.2%2°? However, surgical treatment is becoming more frequent,*4® with fracture reconstruction 
increasing at a higher rate than prosthetic replacement.2”28 There is a high regional variation in fracture incidence, ranging from 0.57 to 4.97 per 1,000 
Medicare enrollees across the United States, with an overall higher incidence in the East Coast compared with the rest of the country.” The rate of 
surgically treated fractures shows similar variability, ranging from less than 10% to 40% or more. Interestingly, in regions with a lower incidence of 
fractures, surgical treatment is more likely.’ 

White females are at the highest risk to suffer a PHF.®° As for other osteoporosis-related fractures, additional risk factors for PHFs include low bone 
mass and increased risk for fall.2* Furthermore, patients with poor vision, use of hearing aid, diabetes mellitus, depression, alcohol consumption, use of 
anticonvulsive medication, and maternal history of hip fracture have been identified as being at increased risk for PHFs.°%-226 A personal history of spinal or 
upper or lower extremity fracture has also been found to be more prevalent in patients with PHFs than in controls.”9! Fractures are more frequent during 
winter months, possibly due to increased fall risk both outside and at home, where most fractures occur. Hormonal replacement therapy and calcium intake 
have been found to be protective factors.°9 

While most studies support good outcomes with nonoperative treatment of nondisplaced fractures, recent prospective studies suggest that marked 
functional impairment may occur, with over two-thirds of patients reporting chronic pain.°° This is of relevance taking into account that elderly patients 
with PHFs are generally considered healthy, with over 90% living at home, taking care of their own dressing and personal hygiene.8? The impact of lost 
quality of life in this patient population may therefore be considerable. 

Overall, patients with proximal humerus are more fit than patients suffering proximal femur fractures, but less fit than those with distal radius 
fractures. However, more complex fractures are found in frail and older patients. As a consequence, up to one-third of patients with PHFs may require 
hospital admission, despite nonoperative treatment.®° 

PHFs pose an increased risk for subsequent distal radius and proximal femur fractures.°° Patients with PHFs have a five times higher risk to suffer a hip 
fracture within 1 year than matched pairs without PHFs.”°*°! An increased risk for hip fracture continues over the ensuing years, with a lifetime risk of 
suffering a hip fracture after a proximal humeral fracture of 16%, which is identical to that after distal radius fractures and 1.5 times higher than that of 
nonfractured patients. Patients with PHFs carry a 2.5-fold risk of a subsequent spinal fracture, a 2.8-fold risk of a subsequent upper extremity fractures, and 
a 2-fold risk of a subsequent lower extremity fractures.79! 

When analyzing individuals 45 years or older, patients with PHFs have a higher mortality rate than age-matched controls.?° In fact, at 1-year postinjury, 
there is a 10% mortality rate for PHF regardless of treatment.?’! This risk has been found higher in subjects at the younger extreme of this group and is 
likely related to increased comorbidity as a possible underlying cause for fracture.2*! Indeed, a patient’s health status, and more specifically, concomitant 
comorbidities influence the complications and mortality rate after PHF.278 Several comorbidities index have been described, and the Charlson comorbidity 
index (CCI) is one of the most used.** The CCI is a method of predicting mortality by classifying 19 comorbid conditions assigned with a score from 1 to 6, 
based on the adjusted risk of mortality associated with the comorbid condition® (Table 36-1). Each patient has a comorbidity index that is the sum of the 
scores of all their comorbidities. Moreover, age has been shown to be a significant predicting factor for survival and has been incorporated in the CCI in 
such a way that one point is added for every additional 10 years to the initial score. Recent studies!!+!!5 have shown that CCI is a suitable predictor of 
mortality and complications in patients suffering from isolated PHF regardless of the treatment performed (surgical or conservative treatment). Fernandez- 
Cortiñas et al.!!5 reported that patients with PHF and CCI above 5 had a 4.6 higher mortality rate compared to those with CCI below 5. In addition, patients 
with CCI above 5 treated surgically demonstrated a statistically significant increase in mortality (HR = 6.9) compared to patients with the same comorbidity 
index treated with conservative treatment.!!4 


TABLE 36-1. Assigned Weight for Diseases in Charlson Comorbidity Index 


Assigned Weight for Diseases Conditions 


1 Myocardial infarct 


Congestive heart failure 
Peripheral vascular disease 
Cerebrovascular disease 
Dementia 

Chronic pulmonary disease 
Connective tissue disease 
Ulcer disease 

Mild liver disease 
Diabetes 


2 Hemiplegia 
Moderate or several renal disease 
Diabetes with end organ damage 
Any tumor 
Leukemia 
Lymphoma 


3 Moderate or severe liver disease 


6 Metastatic solid tumor 
AIDS 


Data from Charlson ME, et al. A new method of classifying prognostic comorbidity in longitudinal studies: development and validation. J Chronic Dis. 1987;40(5):373-383. 


The cost associated with proximal humeral fractures has not been analyzed as extensively as for other osteoporosis-related injuries such as hip fractures. 
However, the studies published to date seem to indicate that costs of proximal humeral fractures are substantial, and rising. One study reporting data 
collected from 1989 to 1991 on residents of Olmsted County, MN, USA, reported a 0.21 cost ratio of treating a humeral fracture compared with a hip 
fracture in the first year.2°° A second retrospective study of fracture-related direct medical costs in 2000 found that the cost per fracture per year for a 
humeral fracture was 21% of the cost of a hip fracture (US $5,567 vs. $26,856 at 2003 Medicare fee schedule payment levels).78” Interesting cost data have 
been generated in the Netherlands as well: a report providing direct health care costs of injuries to the shoulder, arm, and wrist in the Netherlands, adjusted 
to 2007 prices, reported that upper arm fractures were the most expensive injuries per case (€ 4,440), and that their overall annual cost was approximately € 
40M out of an estimated € 290M cost for upper extremity injuries. Taking into account the continued increase in surgical management for proximal humeral 
fractures,2? it is likely that these relative costs have continued to increase. 


ASSESSMENT OF PROXIMAL HUMERAL FRACTURES 


Careful assessment of patients presenting with a proximal humeral fracture is essential for proper management. History, physical examination findings, and 
high-quality radiographic projections are complemented by the use of CT with 3D reconstruction. An effort is made to understand the pattern of fracture, 
measure displacement, and suggest treatment recommendations taking into account the patient’s age and comorbidities. Agreement in fracture classification 
and treatment recommendations remains imperfect. 


MECHANISMS OF INJURY FOR PROXIMAL HUMERAL FRACTURES 


Approximately half of all proximal humeral fractures occur at home, with the majority occurring as a consequence of falls from level ground.7°? In 
individuals 60 years or older, over 90% of proximal humeral fractures result from a fall from a standing height.®? In younger individuals, proximal humeral 
fractures are more commonly the result of higher-energy trauma, such as a fall from a height, motor vehicle collisions, sports, or assaults.°!*° However, the 
enthusiasm of older males for motor bikes has been documented?° as has the increasing frequency of high-energy fractures in older patients. It has also 
been shown that in older patients fractures of the clavicle, foot joints, proximal humerus, sacroiliac joints, and distal ulna are associated with increasing 
mortality. It therefore seems likely that, particularly in older males, there will be a change in the fractures that surgeons have to treat and more research into 
the management of fractures in this particular population is required. 

Proximal humeral fractures seem to occur as a consequence of three main loading modes: compressive loads of the humeral head on the glenoid, 
bending forces at the SN level, and tension forces applied by the rotator cuff at the greater and lesser tuberosities. When the humeral head impacts on the 
glenoid during a fall in individuals with normal bone, the proximal humeral epiphysis appears to be able to resist local compressive loads. The energy is 
then transferred further distally, where the weaker metaphyseal bone may yield, resulting in an SN fracture. In individuals with osteoporotic bone, the 
weaker epiphyseal bone may yield simultaneously with bone along the SN, thereby leading to more complex multifragmentary fractures. In isolated greater 
tuberosity fractures, and in the exceptionally rare isolated lesser tuberosity fracture, fractures most commonly occur in the setting of a dislocation or seizure, 
with tension failure of the fragment secondary to pull of the rotator cuff. Tensional forces may also play a role in multifragmentary fractures, where 
tuberosity fractures likely result from a combination of compression of the humeral head into the surrounding tuberosities. Once the fracture has occurred, 
these tensional forces play a further role in fracture displacement. 

Apart from bone quality, the fracture pattern will be influenced by the amount of kinetic energy conveyed to the shoulder, and by the position of the 
upper limb during injury. High-energy injuries in normal bone result in marked comminution of the SN area with extension into the proximal humeral shaft, 
most frequently preserving the integrity of the proximal humeral epiphysis. When falling onto the outstretched hand with the shoulder in flexion, abduction, 
and internal rotation, the humeral head is forced into valgus, hinging around the inferomedial aspect of the stronger calcar bone.!°! In the event that the 
patient falls directly onto the shoulder, the deforming forces on the humeral head will create a varus deformity, which due to the natural retroversion of the 
humeral head will create a posterior rotational deformity of the head segment. 


INJURIES ASSOCIATED WITH PROXIMAL HUMERAL FRACTURES 


Most proximal humeral fractures occur as isolated injuries.!:”4 However, associated injuries may happen. In one of the largest series of proximal humeral 
fractures in patients between the ages of 10 and 99 years, Court-Brown et al. found that 90% of fractures were isolated injuries. Ninety-seven of 1,015 
patients (10%) did suffer other musculoskeletal injuries, including distal radius fractures in 3% and proximal femur fractures in 2% of cases. One-third of 
concomitant distal radius fractures were ipsilateral to the proximal humeral fracture. Contralateral proximal humeral fractures occurred in less than 1% of 
the patients, and only 0.3% were considered to have major trauma as determined by an Injury Severity Score of 15 points or more.®! A subsequent study 
from the same institution reported a 16% rate of associated injuries in patients with proximal humeral fracture.” 

In polytrauma patients, PHFs frequently exhibit marked comminution extending into the humeral shaft. 108-186 Furthermore, in the presence of fracture- 
dislocations, fractures of the coracoid or the glenoid rim or neck fractures may also occur.!® Gunshot injuries to the shoulder may result in PHFs; these 
injuries may range from isolated simple SN fractures to severely comminuted fractures with neurovascular injury and soft tissue loss. 

Contrary to polytrauma in the younger patient population, falls from a standing height account for the mechanism of injury of 80% of associated 
fractures in patients 65 years or older.’* Sixteen percent of elderly patients with proximal humeral fractures present with an additional fracture. Seven 
percent of proximal humeral fractures in this patient group occur concomitantly with proximal femur fractures. Distal radius and pelvic fractures occur in 
2% each, while scapula and finger fractures occur in 1% each.”4 In high-energy fractures, associated glenoid rim and coracoid fractures may also occur in 
elderly patients (Fig. 36-1). Extraskeletal injuries (subarachnoid hemorrhage, craniofacial fractures, hemothorax, and closed liver injuries) have also been 
reported.!39 

Arterial injuries in the setting of proximal humeral fractures are rare and reported in the literature as isolated case reports. Vascular injury mainly affects 
the axillary artery and can occur either as a traumatic dissection due to kinking or as direct trauma by the medially displaced shaft (Fig. 36-2), or as an 
avulsion of one of the circumflex arteries.'*° Fracture displacement, age older than 50 years, and brachial plexus injury have been reported as risk factors for 
vascular injury.*°° Early recognition is important, as upper extremity amputation has been ultimately reported in up to 21% of cases.?°8 

Electromyographic evidence of neurologic injuries can be present in as many as two-thirds of proximal humeral fractures. The most frequently affected 
nerves are the axillary nerve (58%) and the suprascapular nerve (48%), with combined neurologic lesions being frequent.*°* While neurologic injuries most 
frequently occur in displaced proximal humeral fractures caused by high-energy trauma, up to one-third may occur as a consequence of a ground-level 
fall.4°* As with vascular injuries, the axillary nerve can be injured either by a stretch, contusion, or laceration secondary to medial displacement of the 
humeral shaft segment. Combined nerve injuries as a consequence of traction injuries of the brachial plexus can also occur, ranging from neurapraxia to 
complete nerve transections. 

The prevalence of rotator cuff tears in the setting of proximal humeral fractures has been found to correlate with age.4?° Based on the presence of rotator 
cuff muscle atrophy in advanced imaging studies, a high proportion of tears have likely occurred before injury and are diagnosed incidentally during 
fracture assessment. Some studies have reported rotator cuff tearing in as many as 50% of proximal humeral fractures, and 61% in patients 60 years or 
older. !11,133,226,273,419 Tt remains unclear whether rotator cuff integrity may play a role in fracture displacement and whether it affects the outcome?”? 
although a recent study suggested worse functional outcomes in PHFs with associated rotator cuff tears treated conservatively? Tears are believed to be a 
consequence of acute trauma, possibly an “acute-on-chronic” phenomenon, which most frequently occurs along the rotator cuff interval, between the 
supraspinatus and the subscapularis. 


SIGNS AND SYMPTOMS OF PROXIMAL HUMERAL FRACTURES 


The most common presenting complaints of patients with proximal humeral fractures include pain in the shoulder region and difficulties with active motion 
of the affected upper extremity. In polytraumatized patients, proximal humeral fractures may be initially missed as attention is directed toward life- 
threatening and other injuries. Furthermore, due to the bulk of the deltoid, fracture deformity is not readily identifiable as in other anatomic locations. 
Proximal humeral fractures in this setting are usually detected during the secondary survey following advanced trauma life support (ATLS) guidelines. 
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Figure 36-1. An 87-year-old patient with a complex proximal humerus fracture. A: AP view of the right shoulder showing four-part valgus-impacted proximal 


humerus fracture. B: Axial CT images. An avulsion fracture of the coracoid and anterior rim fracture of the glenoid can be seen. 
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Figure 36-2. A 68-year-old female patient with a proximal humerus fracture and absent distal pulses. A: AP view of the left shoulder showing marked medial 
displacement of the humeral shaft. B: Axillary view of the left shoulder shows anterior displacement of the humeral shaft segment. C: CT angiography. Axial cuts 
show interruption of flow of the axillary artery at the level of the proximal medial spike of the displaced humeral shaft. D: 3D reconstruction showing interrupted flow 
distal to occlusion of the axillary artery by the humeral shaft spike. E: Intraoperative image showing axillary artery contusion and thrombosis. 


Upon inspection, soft tissue swelling and fluctuation of the shoulder should raise the suspicion of a proximal humeral fracture. In most instances, a large 
ecchymosis is readily apparent, especially in elderly patients. Loss of the normal convex contour of the shoulder can be seen in more severe fracture patterns 
and in fracture-dislocations. In the acute setting, especially in elderly patients, local soft tissue signs may be absent. While it is rare, an open fracture should 
be ruled out by confirming the integrity of the skin. The skin on the medial aspect of the proximal arm adjacent to the axilla is at the highest risk of wound 
breakdown, due to the medial and anterior displacement of the proximal aspect of the fractured shaft. Any blood in the axillary region should prompt a 
search for an open wound in this area. 

Neurovascular injuries must be ruled out through a detailed examination. Hypoesthesia over the lateral aspect of the proximal arm suggests an axillary 
nerve injury. Motor function of the axillary nerve is assessed by palpating the deltoid as the patient isometrically contracts the deltoid by trying to actively 
extend, abduct, and flex the shoulder. A thorough examination of the brachial plexus and its branches is performed to identify additional neurologic deficit. 
Musculotendinous reflexes of the biceps, brachioradialis, and triceps may be examined as well. Distal radial pulse and capillary refill of the fingers should 
be assessed and compared with the contralateral side. Due to the rich collateral circulation of the upper extremity, only minor clinical findings may occur 
after vascular injury. Therefore, a weak and asymmetric pulse should prompt further investigation, even in minimally displaced fractures. 

One of the key factors to determine whether nonoperative treatment is adequate is fracture stability. The examiner tries to determine whether the fracture 
moves as a unit by feeling for motion of the humeral head while the arm is rotated using the forearm. Pain and crepitation at the fracture site will suggest at 
least some degree of contact between fracture fragments. In the absence of crepitation and lack of synchronous motion of the distal and proximal segments, 
fracture displacement and instability can be expected. In patients treated nonoperatively, a sudden reduction of pain can occasionally be observed during 
follow-up, which may indicate late complete fracture displacement. 
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Figure 36-3. Radiographic trauma series. A: AP Grashey view of the left shoulder. Note the tangential view of the glenoid articular surface. B: Neer lateral (Y) view 
of the left shoulder. C: Axillary view. Note how the humeral head is centered on the glenoid in the transverse plane. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PROXIMAL HUMERAL FRACTURES 


Radiographs 

Suboptimal radiographs are one of the leading reasons for poor understanding of PHFs and in particular for missing associated dislocation of the humeral 
head relative to the glenoid. For these reasons, all proximal humeral fractures should be evaluated using a standard series of trauma radiographs consisting 
of four views: anteroposterior (AP) view of the shoulder, AP view of the scapula (Grashey view), lateral scapular Y view (Neer view), and axillary view 
(Fig. 36-3). 

The AP view of the shoulder is taken perpendicular to the coronal plane of the patient. The AP view of the scapula (Grashey view) is obtained with the 
torso rotated 30 degrees, bringing the side opposite to the injured shoulder forward (Fig. 36-4). The x-ray beam is thereby aimed perpendicular to the plane 
of the scapula, imaging the glenoid in profile and avoiding overlap between the glenoid and the humeral head. Ideally, these two radiographic projections 
should be obtained with the affected upper extremity in neutral or external rotation. The lateral scapular Y view (Neer view) is obtained with the patient 
facing toward the cassette and the source located posteriorly (Fig. 36-5). With the affected shoulder located against the cassette, the patient’s torso is rotated 
60 degrees bringing the side opposite to the injured shoulder toward the source. The scapula is thereby imaged perpendicular to the Grashey view. 

The axillary view is taken with the arm in neutral rotation and abducted as much as possible, with the patient supine and the x-ray beam projected from 
the axilla onto the cassette located on top of the shoulder (Fig. 36-6). Ideally, both the glenoid and the coracoid process should be visible. Frequently, pain 
does not allow sufficient abduction to obtain a useful axillary view. Alternatively, a modified Velpeau axillary view may be performed (Fig. 36-7). This 
view is obtained with the x-ray beam being projected down perpendicularly onto a cassette. The patient is asked to lean back, in order to place the shoulder 
between the x-ray source and the cassette. This can be done with the upper extremity in a sling. A variation of the axillary view that we have found to be 
well tolerated by patients with acute proximal humeral fractures is termed the Codman axillary view (Fig. 36-8). The patient leans forward as described for 
a Codman exercise, allowing separation of the arm from the trunk by gravity; the forearm rests on the x-ray source, providing some support and comfort, 
while the x-ray beam is deployed entering from the axilla with the patient holding the cassette over the shoulder with the opposite hand. 


Figure 36-4. AP Grashey view of the shoulder. The patient’s torso is rotated 30 degrees bringing the side opposite to the injured shoulder forward. The x-ray beam is 
thereby aimed perpendicular to the plane of the scapula, imaging the glenoid in profile and avoiding overlap between the glenoid and the humeral head. 
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Figure 36-5. Neer view (lateral Y) of the shoulder. With the affected shoulder located against the cassette, the patient’s torso is rotated 60 degrees bringing the side 
opposite to the injured shoulder toward the source. This gives a view that is perpendicular to Grashey view. 


The Grashey and Neer views offer a perpendicular depiction of the fracture; it is therefore important to maintain the arm in the same rotation during both 
views. By taking Grashey and Neer views with the arm hanging, gravity will provide traction, aiding in understanding fracture geometry. A formal traction 
view taken while the distal arm is actively pulled may be helpful in the setting of fracture comminution, especially at the metadiaphyseal junction. The 
axillary view is paramount to assess the relationship between the humeral head and the glenoid, and also to assess tuberosity displacement. 
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Figure 36-6. Axillary view of the shoulder. The arm is abducted as much as possible, with the patient supine and the x-ray beam projected from the axilla onto the 
cassette located on top of the shoulder. 


Figure 36-7. Velpeau axillary view of the shoulder. The x-ray beam is projected down perpendicularly onto a cassette. The patient is asked to lean back, to place the 
shoulder between the x-ray source and the cassette. This can be done with the upper extremity in a sling. 
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Figure 36-9. Computed tomography is extremely useful for the evaluation of displaced proximal humerus fractures. A: Axial cut. B: Coronal cut. C: Parasagittal cut. 


Computed Tomography 


CT of proximal humeral fractures is extremely helpful for providing further understanding of the fracture pattern (Fig. 36-9).!° It also allows a more detailed 
understanding of the level of osteopenia, presence and location of bone impaction, and fracture comminution. Modern spiral multidetector CT scanners 
obtain axial images with 2 mm of thickness in 0.6 mm increments. Coronal and sagittal reformatted images are usually performed at 2 mm increments, and 
therefore offer a lower resolution than natively acquired axial images. As with Grashey and Neer views of standard radiographs, coronal and sagittal CT 
reconstructions are performed perpendicular and parallel to the glenoid, respectively. 

Axial images allow accurate measurement of displacement of the lesser and greater tuberosity fragments in the transverse plane, while confirming the 
spatial relationship between the humeral head and the glenoid. Coronal reconstruction images offer further detail on alignment of the humeral head and 
allow assessing comminution at the level of the humeral calcar, integrity of the inferomedial hinge, and size of metaphyseal fracture extension. Sagittal 
reconstructions help in determining flexion or extension deformity of the proximal humerus with regard to the shaft. Furthermore, in this plane, using a soft 
tissue window, fatty atrophy of the rotator cuff muscles may be analyzed, which may be of value in patients with questionable preinjury rotator cuff 
pathology. Head-splitting (HS) fractures can also be analyzed in further detail combining several of these sequences. 

3D reconstruction images can be of great value to complete the understanding of various fracture patterns (Fig. 36-10). Axial images and sagittal and 
coronal reconstructions may intersect the fracture fragments in an oblique fashion, depending on the amount of arm rotation and fracture geometry, thereby 
limiting image interpretability. Ideally, 3D reconstructions should be performed with and without scapular subtraction. Once the scapula is subtracted, the 
proximal humerus can be analyzed from every angle. One has to keep in mind that 3D reconstructions offer a surface view of the fracture; they do not allow 
assessment of impaction and bony deficiencies occurring within the fractured proximal humerus. Furthermore, 3D reconstruction images are obtained by 
averaging images between slices. Quality of 3D reconstructions is therefore dependent on slice thickness of axial CT scan images. Recent studies suggest 
that the use of 3D imaging of PHFs significantly increases the number of surgical indications when compared to radiographs alone or together with CT 


scan.29” 


Magnetic Resonance Imaging 


Magnetic resonance imaging (MRI) plays only a marginal role in the diagnosis of proximal humeral fractures. MRI may be helpful in confirming a 
nondisplaced fracture in a patient with shoulder trauma, normal radiographic findings, and suspicious clinical symptoms. Nondisplaced fractures reveal 
increased intraosseous signal in the T2 sequences. Furthermore, in fracture-dislocations, MRI will allow assessment of the glenoid labrum and rotator cuff, 
and may identify occult nondisplaced glenoid rim fractures. Some authors have suggested MRI to be useful in assessing the integrity of the medial 
periosteal hinge as an indicator for vascular integrity of the humeral head in multipart fractures.4°° Basic science studies have also analyzed the utility of 
gadolinium-enhanced MRI for the direct assessment of humeral head perfusion, but this has not been shown to be useful clinically at the present time.!74 
Finally, MRI plays an important role in fractures suspected to be of pathologic origin. 


A, B 
Figure 36-10. Three-dimensional reconstruction of the fracture seen in Figure 36.9. A: Anterior view. B: Lateral view. C: Posterior view. 


Other Imaging Techniques 


Vascular imaging should be considered when a vascular injury is suspected. Several imaging methods are available. While biplanar angiography was 
considered the gold standard for the assessment of vascular injuries in the past, CT angiography has become the diagnostic modality of choice, as it allows 
rapid evaluation of the vascular system, while simultaneously providing images for assessment of the bony and soft tissues.7°! 

Ultrasound has been investigated for the diagnosis of occult PHFs.*“° It can also be considered to identify associated rotator cuff tears; however, this 
modality is dependent on skilled operators. Additionally, the various degrees of humeral rotation required to perform rotator cuff ultrasound may not be 
feasible due to the pain factor observed in this clinical setting. Vascular Doppler ultrasound can be useful in the early assessment of a suspected vascular 
injury. 

Bone mineral densitometry with dual-energy x-ray absorptiometry (DXA) may be appropriate in elderly patients with proximal humeral fractures or 
those with other risk factors for osteoporosis. As discussed earlier, fragility proximal humeral fractures increase the risk of subsequent osteoporotic 


fractures. Bone density scanning should be the first step toward enrolling osteoporotic patients in a fracture prevention program. 


CLASSIFICATION OF PROXIMAL HUMERAL FRACTURES 


Brief Historical Perspective 


Development of a useful classification system for proximal humeral fractures has remained elusive. It is fair to say that the classification proposed by Neer 
remains the most widely accepted system, despite the fact that multiple studies have failed to demonstrate high levels of agreement or prognostic value. 
Neer applied Codman’s fragment concepts to his growing experience in the management of fractures on the second part of last century and published his 
seminal publications in the 1970s. Stimulated by research studies on the agreement of his classification, Neer wrote a review article in 2002 that includes a 
very insightful paragraph on the development of displacement criteria of 1 cm and 45 degrees of angulation: 

Brown, the editor of the original article on the four-segment classification, pointed out the importance of establishing displacement criteria. It was 
agreed, and the limits of 1-cm displacement or 45-degree angulation were arbitrarily set. This is important for defining the minimal displacement (one-part) 
category as well as the patterns of all displacements for decision making and for future outcome studies. However, it is not intended to dictate treatment. As 
displacement is a continuum, there will always be some borderline lesions.*°* 

The full meaning of this paragraph is very important to grasp: the values of 1 cm and 45 degrees of angulation were not derived from an in-depth 
statistical analysis correlating displacement with function. In addition, Dr. Neer never intended to equate displacement with surgery: displacement was not 
intended to dictate treatment. Further attempts to develop alternative classifications have focused on being systematic and all-inclusive, but few studies have 
been successful in correlating fracture pattern, fracture displacement, and outcome. In this chapter, in addition to detailing established systems, we propose a 
new classification system derived from attempts to correlate pattern, displacement, and outcome. 

The most common classification systems for PHFs are as follows and are discussed below: 


Neer 

OTA/AO 

Hertel’s Lego 

Mayo/Fundacion Jimenez Diaz (Mayo/FJD) 


Codman and Neer Classifications 


In 1934, Codman described that fracture lines of the proximal humerus reproducibly occur between four major fragments: the humeral head, the greater 
tuberosity, the lesser tuberosity, and the humeral shaft, just proximal to the insertion of the pectoralis major tendon (Fig. 36-11). His seminal work 
considered a total of 16 different fracture combinations. Codman’s concepts set the foundation for modern understanding of proximal humeral fractures. 

In 1970, Neer introduced the concept of fracture segments instead of fragments. By doing so, it was emphasized that proximal humeral fractures can 
reproducibly yield up to four anatomic segments, with or without additional fracture lines, rather than single fragments. As mentioned before, displaced 
fractures were arbitrarily defined as those in which a segment was translated by at least 1 cm or angulated by a minimum of 45 degrees. The resulting four- 
segment classification offers a descriptive system of proximal humeral fractures, with the main purpose of conceptualizing the pathoanatomy of these 
fractures and the terminology to identify each category?” (Fig. 36-12). 


Figure 36-11. Depiction of the classic cleavage plane between the four “parts” of the proximal humerus (greater tuberosity, humeral head, lesser tuberosity, and 
shaft). 
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Figure 36-12. Neer proximal humerus fracture classification. 


Fractures of less than 1 cm of displacement and less than 45 degrees of angulation, independently of number of fragments affected, are considered 
nondisplaced and are commonly called one-part fractures. The terminology for displaced fractures takes into account the number of displaced segments 
(two-, three-, four-part) and the key segment that displaces. Specifically, two-part fractures are named after the site of displacement as two-part greater 
tuberosity, two-part lesser tuberosity, two-part SN, and two-part anatomic neck fractures. Isolated greater tuberosity fractures displace posteromedially 
through the unopposed pull of the posterosuperior rotator cuff. Lesser tuberosity fractures displace medially through the pull of the subscapularis tendon. 
Two-part SN fractures frequently exhibit anteromedial displacement of the proximal humeral shaft secondary to the pull of the pectoralis major. 

While, theoretically, five different types of three-part PHFs could exist, Neer reported that three-part fractures invariably occurred with a fracture 
through the SN, with a concomitant fracture of either the greater or lesser tuberosity. The intact tuberosity and the pulling forces of its attached rotator cuff 
tendons determine three-part fracture displacement. In three-part greater tuberosity fractures, the head segment is internally rotated by the action of the 
subscapularis muscle. In three-part lesser tuberosity fractures, the head segment is externally rotated and abducted by the action of the posterosuperior 
rotator cuff. 

Four-part fractures exhibit displacement of all segments. As in two-part fractures, the greater tuberosity is displaced posteromedially and the lesser 
tuberosity anteromedially. The humeral head exhibits valgus or varus tilt with or without displacement. Fractures combined with a glenohumeral dislocation 
are classified as fracture-dislocations. In true fracture-dislocations, the humeral head segment is displaced out of contact with the glenoid either anterior or 
posterior to the glenoid rim, with disruption of the articular capsule. Fractures involving the articular segment, such as HS and impaction fractures, represent 
separate categories.2”°.277 

Siebenrock and Gerber assessed the reliability of the Neer classification among shoulder surgeons.*°”? The mean kappa coefficient for inter- and 
intraobserver reliability was 0.40 and 0.60, respectively. Similar results with poor-to-fair reliability have been found by other authors.!*!246 Some studies 
suggest that reliability increases with surgeon experience and the use of CT imaging and 3D image rendering.°!!*! However, other studies have failed to 
demonstrate increased reliability with the addition of CT scan.!2!746 Shrader et al. investigated further the reasons for poor agreement of the Neer 
classification and described frequent fragment overlapping, changes of the radiographic projection of fractures with arm position, lack of clarity regarding 


shortening as displacement, and lack of consistent frames of reference to measure displacement.?° 

A number of studies have tried to clarify the relative frequency of proximal humeral fractures using the Neer classification. In 2001, Court-Brown et al. 
published a comprehensive study on the distribution of proximal humeral fracture types.®! Court-Brown classified a total of 1,027 consecutive proximal 
humeral fractures collected over a 5-year period. Non- or minimally displaced one-part fractures comprised half (49%) of all fractures. Two-part fractures 
occurred in 37% of cases. SN fractures represented three-quarters of these, and 28% of the whole group. Two-part greater tuberosity fractures occurred in 
almost 10% of cases with one-half (4%) happening in the absence and the other half (5%) in association of an anterior glenohumeral dislocation. Two-part 
anatomic neck fractures were exceedingly rare, and occurred in only 0.3% of proximal humeral fractures. Lesser tuberosity fractures were only found in 
association with a posterior fracture-dislocation, comprising only 0.2% of fractures. The vast majority of three-part fractures were greater tuberosity 
fractures, comprising 9% of all fractures. Lesser tuberosity three-part fractures and three-part fracture-dislocations occurred in 0.3% and 0.2%, respectively. 
Four-part fractures comprised only 3% of fractures, of which one-third were true fracture-dislocations. Fractures involving the articular surface (i.e., true 
HS) occurred in 0.7% of cases. 

According to the information provided by this study, when applying Neer criteria, PHFs seem to be distributed in the following manner: half are 
nondisplaced, one-quarter are two-part SN fractures, one-tenth are three-part greater tuberosity fractures, one-tenth are two-part greater tuberosity fractures 
or fracture-dislocations, and every 30th PHF will be a four-part fracture. The remaining fractures can be considered to be exceedingly rare. This 
information is supported by data from the Swedish registry, showing similar distribution of fractures using the AO classification described below.?° 


Orthopaedic Trauma Association/AO Foundation (OTAI/AO) Classification 


The OTA/AO classification is based on fracture location and the presence of impaction, angulation, translation, or comminution of the fracture, as well as 
the possible association of a dislocation. By affecting the proximal segment of the humerus, these fractures are classified as belonging to the 11-bone 
segment (1 for humerus, 1 for proximal segment). Fractures are further classified into types, groups, and subgroups. Finally, each subgroup fracture is 
assigned a level of severity. 

Type A fractures are extra-articular unifocal fractures (i.e., one single fracture line), type B are extra-articular bifocal fractures (i.e., two fracture lines) 
and type C are articular fractures (i.e., involving the humeral head or anatomic neck). Type A fractures include the following groups: greater tuberosity 
fractures (A1), SN fractures with metaphyseal impaction (A2), and SN fractures without metaphyseal impaction (A3). Type B fractures are divided into SN 
fractures with metaphyseal impaction and a displaced fracture of either the greater or lesser tuberosity (B1), nonimpacted SN fractures with a displaced 
fracture of either the greater or lesser tuberosity (B2), and SN fractures with a displaced fracture of either the greater or lesser tuberosity and glenohumeral 
dislocation (B3). Type C fractures are divided into anatomic neck fractures with slight displacement (C1), anatomic neck fractures with marked 
displacement (C2), and anatomic neck fractures with glenohumeral dislocation (C3). Each fracture type is further subgrouped according to displacement, 
valgus or varus angulation, comminution, and the presence and direction of glenohumeral joint dislocation. Fractures can thereby be classified as any of 52 
different fracture types. 

While this classification system theoretically provides a comprehensive system to describe proximal humeral fractures, it is complex, thereby reducing 
its usefulness. Siebenrock and Gerber assessed the reliability of the AO classification among shoulder surgeons. The mean kappa coefficient for 
interobserver reliability was 0.53 when fractures were classified into one of three types (i.e., A through C) and 0.42 when fractures were classified into one 
of nine groups (i.e., A1 through C3). The mean kappa coefficient for intraobserver reliability was 0.58 for types and 0.48 for groups.°°” Similar results have 
been shown by other authors.*“° The addition of CT scan did not improve the agreement values.7“° 

The 2018 OTA/AO classification aimed to simplify the coding process and improve the reproducibility of the previous version. It integrates the Neer 
classification and fracture description resulting in 13 fracture groups. Modifiers and qualifications add information regarding morphology, displacement, 
and associated injuries. Type A fractures are extra-articular, unifocal, two-part fractures. A1 are tuberosity fractures (A1.1 greater tuberosity, A1.2 lesser 
tuberosity). A2 are SN fractures (A2.1 simple fractures, A2.2 wedge fractures, A2.3 multifragmentary fractures). A3 are extra-articular vertical fractures. 
Type B are extra-articular, bifocal, three-part fractures. B1.1 are three-part fractures including fractures planes at the SN and the greater tuberosity. B1.2 are 
three-part fractures including fractures planes at the SN and the lesser tuberosity. Type C are articular or four-part fractures. C1.1 are valgus-impacted 
fractures with the following qualifications: n greater tuberosity, o lesser tuberosity, p both tuberosities. C1.2. are varus impacted fractures. C2.1 are valgus- 
impacted fractures with marked displacement. C2.2. are varus impacted fractures with marked displacement. C2.3 transcephalic and trabecular, with varus 
malalignment. C1.3 are isolated anatomic neck fractures. C3.1 multifragmentary metaphyseal segment with intact articular surface. C3.2 multifragmentary 
metaphyseal segment with articular fracture. C3.3 multifragmentary metaphyseal segment with diaphyseal extension and articular fracture. 178 

Reproducibility of this new OTA/AO 2018 classification system improved compared to the old 2007 version in one study, showing a mean inter- and 
intraobserver kappa coefficient of 0.67 and 0.75, respectively, similar to that obtained by the Neer system.?°! However, another study showed a fair 
interrater agreement (kappa coefficient 0.24), and slight intrarater consistency (kappa coefficient 0.11) of this system, limiting the utility of this system both 
for research and the clinical practice purposes.7°° 


Additional Contributions From Other Classification Systems 


Additional efforts to understand and classify proximal humeral fractures have resulted in several interesting contributions.°%!01.183,270,384,386 Jakob et al.!8° 
reported a better prognosis for valgus-impacted fractures compared with other subtypes of four-part fractures and fracture-dislocations described by Neer. 
Duparc?’ established three groups of fractures based on the location of the fracture lines, the vascularity, and the presence or absence of dislocation. Tamai 
et al.386 also published about the risk of avascular necrosis (AVN) in displaced fractures according to Neer, and described specific fracture patterns 
involving the tuberosities, in which theoretically the head would be at risk of ischemia. Edelson et al. focused on displaced fractures assuming Neer criteria, 
and analyzed tridimensional CT scans and anatomic specimens from museums, and his main contribution was the description of the “shield fracture” as a 
bony fragment including the lesser tuberosity, the bicipital groove, and the greater tuberosity; however, the author could not establish a prognostic value to 
his classification. 10? 

Hertel et al.!”? proposed the “Lego” classification system, describing 12 possible fractures at the location of fracture planes between the tuberosities, the 
head and the greater tuberosity, the head and the lesser tuberosity, and the greater or lesser tuberosity and the shaft. Additional classification criteria 
included the length of the medial metaphyseal head extension, the integrity of the medial hinge, and the presence of head-split components, again focusing 
in predicting AVN based on correlation between these morphologic findings, and intraoperative ischemia. However, the reproducibility of the Hertel 
classification system has not been shown to be better than that of Neer’s.!8! Further analysis failed to prove a correlation between intraoperative ischemia 


and the development of AVN.!8 


The Mayo/Fundacion Jimenez Diaz (Mayo/FJD) Classification 


The authors of this chapter have developed a classification system derived from a research project in which a consecutive number of proximal humeral 
fractures treated nonoperatively were carefully analyzed in terms of identifying fracture pattern first and then apply displacement criteria to each pattern, 
separating fracture pattern from fracture displacement. Imaging studies at the time of presentation as well as the overall morphology of the healed fracture at 
1 year correlated with pain, motion, and overall outcome.!?* Interestingly, the planes through which the humeral fractures happen are very consistent, but 
not exactly as described by Codman and Neer. 


Fracture Planes 
Careful analysis of the location of fracture planes using both plain radiographs and multiplanar CT with 3D reconstruction show that the most common 
fractures planes are as follows: 


Surgical Neck Fracture Plane 

This fracture plane separates the head and both tuberosities from the diaphysis, and it is the only fracture plane in isolated fractures of the SN. It may exhibit 
various degrees of translation or comminution. 

Greater Tuberosity Fracture Plane 


This fracture plane separates the greater tuberosity, but the location of the plane is not exactly at the anatomic boundaries of the tuberosity: posteriorly, 
oftentimes contains a small portion (approximately 10%) of the head articular cartilage; anteriorly, it exits lateral to the bicipital grove, leaving a small 
portion of the greater tuberosity attached to the bone in the groove. 


Lesser Tuberosity Fracture Plane 


This fracture plane contains the lesser tuberosity and can laterally exit either medial to the bicipital groove (isolated lesser tuberosity fractures), or more 
frequently, lateral to the bicipital groove, separating a fractured portion including the lesser tuberosity, the bicipital groove, and a variable portion of the 
anterior greater tuberosity as one structural unit.” 


Anatomic Neck Fracture Plane 

This fracture plane separates the humeral head from the diaphysis and either one or both tuberosities. Medially, the plane may exit at various levels (either 
flush with the articular cartilage edge or involving various lengths of the calcar region). Laterally, this plane continues into the greater tuberosity fracture 
plane, the lesser tuberosity fracture plane, or both. 

Fracture Patterns 


The six main fracture categories included in the Mayo/FJD classification are derived from trying to understand fracture pattern and displacement along the 
concepts proposed by Neer and Codman?’>?’6 in light of detailed information on pattern,??? displacement, and outcome as assessed by CT!? (Table 36-2; 
Figs. 36-13 and 36-14). 


Surgical Neck (SN) Fractures 


In these fractures, the plane that separates the diaphysis from the rest of the proximal humerus is at the level of the SN (metaphysiodiaphyseal junction) 
(Fig. 36-15). In most of these fractures, the tuberosities are not fractured, although occasionally they can be fractured as well. Articular surface orientation 
in relation to the diaphysis and the glenoid is usually preserved. The main potential adverse outcome with nonoperative treatment of these fractures is 
nonunion at the SN, which is more likely to happen in the presence of substantial fracture displacement, fracture instability, or severely compromised 
healing potential (pathologic fractures, severe malnutrition, smoking). In the presence of tuberosity fracture, complications related to tuberosity 
displacement must be taken into account (Fig. 36-16). 


TABLE 36-2. Main Categories Included in Mayo/FJD Classification 


Surgical Neck (SN) Isolated (SN) 
With fractured tuberosities (SN-GT, SN-LT, SN-GT-LT) 
Tuberosity fractures 
Greater tuberosity Isolated (GT) 
In the setting of anterior dislocation (GT-Dl) 
Lesser tuberosity Isolated (LT) 
In the setting of posterior dislocation (LT-Dl) 
Varus posteromedial Intact tuberosities (VPM) 
Fractured tuberosities (VPM-GT, VPM-LT, VPM-GT-LT) 
Valgus Intact tuberosities (VL) 
Fractured tuberosities (VL-GT, VL-LT, VL-GT-LT) 
Disengaged neck fractures Isolated (DN) 
Fractured tuberosities (DN-GT, DN-LT, DN-GT-LT) 
Head fracture or dislocation Head splitting (HS) 


Head impaction (HI) 


Head dislocation (HD) 


Isolated Tuberosity Fractures (GT or LT) 


These fractures are bony equivalents of a rotator cuff tear. The isolated fracture of the greater tuberosity can be the result of an avulsion in the setting of an 
anterior dislocation, or occurs as an isolated injury (Fig. 36-17). If it occurs in the setting of an anterior dislocation, residual displacement should be judged 
after reduction of the dislocation. Poor outcomes may result secondary to impingement and weakness if the fracture heals with substantial displacement. The 
isolated fracture of the lesser tuberosity may occur as an avulsion of the subscapularis through bone, with or without an associated posterior dislocation. 
Displacement should be measured after reduction of the posterior dislocation. The main potential adverse outcome with nonoperative treatment with these 
fractures is impingement of the tuberosities on the glenoid rim, or subacromial space. Sometimes, minimally displaced fractures of the tuberosities are 
difficult to visualize on radiographs, but can be identified on CT or MRI (see Fig. 36-14). 


Varus Posteromedial (VPM) Impaction Fractures 

VPM impaction fractures are very frequent. The plane separating the humeral head is located at the anatomic level and there is substantial comminution at 
the posteromedial neck—head junction. As a result, the humeral head articular cartilage faces posteriorly and inferiorly, and the shaft is in extension (Fig. 36- 
18). The more comminution at the posteromedial level, the more unstable the fracture will be after surgical reduction. Treated nonoperatively, the amount of 
displacement correlates with outcome.!?* These fractures may have an associated fracture of the greater tuberosity, the lesser tuberosity, or both (Fig. 36- 
19). The main potential adverse outcome with nonoperative treatment of these fractures is malunion resulting in decreased range of motion and loss of 
function. 


HS HD HI 


Figure 36-13. Mayo/FJD proximal humerus fracture classification. In red, patterns to consider surgical management. In green patterns in which displacement needs to 
be assessed for treatment decision making. (Reproduced from Foruria AM, et al. Classification of proximal humerus fractures according to pattern recognition is 
associated with high intraobserver and interobserver agreement. JSES Int. 2022;6(4):563-568, with permission © 2022 Elsevier.) 


Figure 36-14. Minimally displaced fracture of the greater tuberosity is difficult to identify on plain radiographs (A) but can be seen on MRI (B). 
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Figure 36-15. Displaced unstable surgical neck fracture. A, B: and axillary views of the right shoulder. Note comminution at the metadiaphyseal junction. 


Alignment and bone contact at the fracture site are preserved. C, D: AP and axillary views obtained 2 weeks after initiation of nonoperative treatment; the patient had 
noted dramatic decrease in pain 2 days prior to this radiographs being obtained. Note displacement and instability with lack of bone contact. 
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Figure 36-16. A: Lateral view showing the shaft located anteriorly to the head segment without bone contact at the fracture site, and the greater tuberosity located 
posterior to the head and inferior to the scapular spine. B: AP view showing the shaft located medially to head, and the greater tuberosity located superior and posterior 
to the head. 
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Figure 36-17. Schematic representation of an isolated fracture of the greater tuberosity. 
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Figure 36-18. Schematic representation of the varus posteromedial fracture (VPM) with (A) or without (B) tuberosity fracture. 


Valgus-Impacted (VI) Fractures 


In these fractures, the plane separating the humeral head is located at the anatomic level as well, but the humeral head is displaced in valgus: comminution is 
on the lateral side, and the articular surface is oriented in excessive valgus (Fig. 36-20). Most of the time, the humeral head is facing superiorly or 
superolaterally, and the greater tuberosity is fractured and displaced medially and posteriorly. There can also be an associated fracture of the lesser 
tuberosity. Because of the valgus angulation, the tuberosity can be located above the articular surface, resulting in malunion and impingement. Depending 
on the severity of the disruption at the anatomic neck, the head might remain unstable and result in nonunion. AVN is also seen more frequently in this 
fracture pattern compared with the VPM fracture or SN patterns, developing in more than 10% of cases treated conservatively!?? or after open reduction and 
internal fixation (ORIF)!*° (Fig. 36-21). 


A,B | Å. c,D 
Figure 36-19. Two examples of VPM fracture without tuberosity fracture (A, B) and with an important head retroversion (the head is oriented laterally because of the 
internal rotation of the shoulder and the scapula with respect to the x-ray beam) and fracture of both tuberosities (C, D). 


Disengaged Neck (DN) Fractures 

This pattern was recently included in this classification system, with the aim of both increasing interobserver reproducibility and adding prognostic 
information valuable for treating decision making.!** These fractures are characterized by an absolute loss of contact between the head segment and the 
diaphysis. This pattern represents an extremely displaced fracture in which it might be difficult for the observer to determine whether the fracture pattern 
initiated as VPM, VL, or SN because any of these three displacement patterns may lead to complete loss of contact between the head and shaft in their more 
extreme displacement cases; with such severe displacement, nonunion becomes more likely and is the main complication of this pattern. 


Fracture-Dislocations, Head-Splitting, and Head Impaction Fractures 


In these fractures, the humeral head itself is either fractured or it is dislocated outside the confines of the glenohumeral joint capsule. The fracture may be 
divided in two or more separated segments (HS), it may have a depression fracture anteriorly or posteriorly (head impaction or HI), it may be fully 
dislocated (head dislocation [HD]), and there may be associated fracture planes separating the tuberosities and the shaft. The head features of these fractures 
take priority over other fracture categories (Fig. 36-22). 

Foruria et al. were able to correlate fracture pattern and fracture displacement with outcome when fractures are treated nonoperatively.!?* By doing so, it 
provides a frame of reference to determine whether surgery would translate into a functional improvement as compared with what would be expected to 
happen if a given fracture were to be treated nonoperatively (Fig. 36-23). Available information on the outcome of each of these fracture types when treated 
nonoperatively is reviewed in the section on nonoperative treatment of PHFs. The agreement of the Mayo/FJD classification system was recently 
investigated,!2* with adequate intra- and interobserver agreement using both x-ray and CT scans. Interobserver agreement was best when fractures were 
classified using CT scans. The average intraobserver agreement was 0.9 (almost perfect) for x-ray and 0.9 (almost perfect) for CT scans. The average 
interobserver agreement was 0.69 (substantial) for x-ray and 0.81 (almost perfect) for CT scans in a first round, and 0.66 (substantial) for x-ray and 0.75 
(substantial) for CT scans in a second round. 
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Figure 36-20. Schematic representation of the valgus fracture with associated fracture of the greater tuberosity (V1-GT; A) or both tuberosities (V1-GT-LT; B). 
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Figure 36-21. Two radiographic projections after a valgus impacted fracture with fracture of both tuberosities. 


Figure 36-22. A, B: Two examples of a head-splitting (HS) fracture. C: Axillary radiographs show a head impaction (HI) fracture. D, E: Grashey and Y views show 
an anterior fracture-dislocation (HD). 


OUTCOME MEASURES FOR PROXIMAL HUMERAL FRACTURES 


Patient-reported outcome tools developed for assessment of shoulder function are typically used to assess the outcome of proximal humeral fractures.” 

Pain should be assessed on a visual analog scale (VAS), which is easily convertible to categorical variables commonly included in rating systems. Reporting 
active range of motion in various planes (elevation, flexion, abduction, external rotation, and internal rotation) is important for outcome assessment as well. 
The Subjective Shoulder Value!*! (“What is the overall percent value of your shoulder if a completely normal shoulder represents 100%?”) and the Single 
Assessment Numeric Evaluation (SANE; “How would you rate your shoulder today as a percentage of normal?”)°’’* provide an easy-to-understand snapshot 
of shoulder function. 

Most studies on the outcome of proximal humeral fractures use one or more of the following rating systems and outcome tools: Neer rating, modified 
Neer rating, American Shoulder and Elbow Surgeons (ASES) shoulder score, Simple Shoulder Test, Constant score, adjusted Constant score, Oxford 
Shoulder Score, and DASH (Disabilities of the Arm, Shoulder, and Hand) score.”’»’’* The Constant score and adjusted Constant score are more commonly 
utilized in Europe, whereas Neer ratings, the ASES score, and the Simple Shoulder Test are used in North America. Since dysfunction of the 
posterosuperior cuff secondary to complications related to the greater tuberosity represents a major failure mode for proximal humeral fractures, 
consideration may be given to incorporating the ADLER (Activities of Daily Living that require External Rotation) score in selected research studies.” 
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Figure 36-23. A chart summarizing the Mayo/FJD classification of proximal humerus fractures with subtypes and potential adverse outcomes. The main questions are 
as follows: (1) Is the head involved (fractured or dislocated)? (2) Is there a lack of fragment contact or severe instability at the neck (nonunion is likely to occur)? (3) If 
it heals, will it result in an unacceptable malunion? GT, greater tuberosity; LT, lower tuberosity. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO PROXIMAL HUMERAL FRACTURES 


Sound knowledge of the shoulder anatomy is paramount for the successful management of proximal humeral fractures. Bone morphology and vascularity 
are key to understand fracture patterns, areas of stronger bone density for fracture fixation, ideal size and shape for replacement implants, and risk factors 
for nonunion and osteonecrosis. The deforming forces and functional importance of muscle—tendon units attaching to the proximal humerus is key as well. 
Finally, several neurovascular structures are at risk with injuries as well as during surgical exposure for fracture management. 


PROXIMAL HUMERUS 


From both an anatomical and a fracture perspective, the proximal humerus is conceptualized as consisting of the humeral head, the greater and lesser 
tuberosities, and the upper portion of the humeral shaft. The region of transition between the articular cartilage and surrounding bone is defined as the 
anatomic neck, while the region immediately inferior to the tuberosities is termed the SN. 

Several studies have quantified a number of anatomic parameters and have shown a relatively high variability among individuals. The mean radius of 
curvature of the humeral head is 25 mm, ranging from 23 to 29 mm. The humeral head height, defined as the perpendicular distance measured from the 
plane of the anatomic neck to the surface of the humeral head, consistently constitutes approximately three-fourths of the radius of curvature of the humeral 
head.°°° Similarly, while head size does vary, the surface area covered by hyaline cartilage comprises an arc of approximately 160 degrees.°°° In the coronal 
plane, the angle between the anatomic neck and the humeral shaft is on average 41 degrees, ranging between 30 and 50 degrees.306:324 In the axial plane, the 
anatomic neck of the humerus is angled on average 17 degrees posteriorly (retroversion) with regard to the transepicondylar axis at the elbow, ranging from 
5 degrees of anteversion to 50 degrees of retroversion.*° In the coronal plane, the geometric center of the humeral head is located 4 to 14 mm medial to the 
axis of the humeral shaft. In the sagittal plane, the center of the humeral head can be located from 4 mm anterior to 14 mm posterior to the axis of the 
humeral shaft. The humeral canal size is on average 12 mm in diameter (range 10-14 mm).3°° 

The greater tuberosity is located laterally on the proximal humerus and serves as insertion point for the supraspinatus tendon superiorly, the 
infraspinatus tendon posterosuperiorly, and the teres minor tendon posteriorly.**’ The greater tuberosity is positioned on average 9 mm below to the most 
proximal aspect of the humeral head (range 6-10 mm). This head-to-tuberosity distance is extremely important to allow adequate rotator cuff function. If 
the greater tuberosity heals excessively proximally, it may lead to insufficient rotator cuff tension and subacromial impingement. On the other hand, if the 
greater tuberosity is placed too low at the time of either internal fixation or arthroplasty, cuff strain and failure may occur. Inability to reconstitute the 
anatomic head-tuberosity distance can lead to less-than-optimal results in both fracture management and arthroplasty. 

The lesser tuberosity, on the anterior aspect of the proximal humerus, serves as the insertion site of the subscapularis. Subscapularis integrity is critical 
for strength in internal rotation and stability against anterior translation. The lesser and greater tuberosities are separated by the bicipital groove, which 
serves as the track for the tendon of the long head of the biceps to travel from its supraglenoid insertion inside the glenohumeral joint to the anterior aspect 
of the arm. The bicipital groove has a spiral trajectory from superior and laterally toward the midline inferiorly. Proximally, the bicipital groove consistently 
lies 7 mm anterior to the IM axis of the humerus; some studies have suggested that the bicipital groove may be used as a reliable reference point to establish 
humeral head retroversion.’ The bicipital groove is covered by the transverse ligament and the insertion of the coracohumeral ligament. The bone 


surrounding the bicipital groove is particularly strong cortical bone, and is therefore fractured only in cases of high-energy trauma or severe osteopenia. As 
described below, most fracture planes involving the greater tuberosity are lateral to the bicipital groove. 


VASCULARITY 


Perfusion of the upper extremity originates mainly from the axillary artery and its branches. Perfusion to the proximal humerus arises from the third portion 
of the axillary artery, between the pectoralis minor and teres major muscles. At this level, the axillary artery gives off the humeral circumflex arteries (Fig. 
36-24). The anterior circumflex humeral artery (ACHA) runs horizontally behind the conjoined tendon over the anterior aspect of the SN of the humerus to 
anastomose laterally with the posterior circumflex humeral artery (PCHA). At the level of the biceps tendon, the ACHA gives off a branch that ascends 
behind the long head of the biceps on the surface of the bicipital groove proximally (Fig. 36-25). At 5 mm of the articular surface, this ascending branch of 
the ACHA penetrates the cortical bone, ending inside the humeral head as the arcuate artery. The arcuate artery may provide most of the humeral head 
perfusion. 

The PHCA arises as a larger branch at the same level as the ACHA, at the lower margin of the subscapularis muscle. It travels posteriorly with the 
axillary nerve, giving off several branches that pierce the posteromedial aspect of the proximal humeral metaphysis to contribute to the perfusion of the 
humeral head. The PHCA finally crosses the quadrilateral space, winding around the SN and anastomosing anteriorly with the ACHA. As mentioned, some 
authors have found the arcuate artery from the anterolateral ascending branch of the ACHA to be the main arterial supply to the humeral head.!“° However, 
other studies seem to indicate that branches from the PCHA (Fig. 36-26) to the posteromedial head are equally important.”® 
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Figure 36-24. Vascular supply of the humeral head. The anterior circumflex humeral artery (ACHA) and posterior circumflex humeral artery (PCHA) branch of the 
axillary artery. The ramus ascendens of the ACHA ends as the arcuate artery in the superolateral aspect of the proximal humerus. The PCHA provides multiple 


metaphyseal branches to the posteromedial aspect of the proximal humerus. 


AVN and nonunion are two well-known complications of PHFs. Involvement of the ACHA and the PHCA in various fractures patterns has been 
investigated in order to predict the risk of these complications, mainly AVN. Coudane et al.”” showed with arteriography that in patients with complex 
PHFs, the PCHA was preserved in 85% of cases, as opposed to only 20% of the ACHA. 

Several morphologic fracture features have been proposed to estimate the possibility of the disruption of this blood supply and hence predict the risk of 
AVN. These features include varus displacement of the head,?”6 size of metaphyseal extension of the humeral head, and medial displacement of the humeral 
shaft in relation to the humeral head.!” Hertel et al. studied 100 intracapsular PHFs (i.e., those in which at least one component of the fracture was proximal 
to the anatomic neck) undergoing operative treatment. Several fracture characteristics as possible predictors for humeral head ischemia were studied and 
correlated with intraoperative assessment of humeral head perfusion. Distal metaphyseal extension of the head fragment of 8 mm or less, disruption of the 
medial “hinge” between the humeral head and the shaft at the level of the calcar, and fractures through the anatomic neck were independent predictors for 
humeral head ischemia.!72 
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Figure 36-25. Vascularity of the proximal humerus, anterior view. Note the proximity of the ramus ascendens (anterolateral branch) of the ACHA and the biceps 
tendon. 
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Figure 36-26. Vascularity of the proximal humerus. Anteromedial aspect of the proximal humerus. Note the increased size of the PCHA in comparison with the 
ACHA. 


While this study has been widely used to help in the decision making between fixation and replacement of PHFs that require operative repair, a follow- 
up study from the same authors found a poor correlation between intraoperative ischemia and development of AVN, postulating the possibility of 
neovascularization of head ischemic segments.!® This discrepancy is further supported by a study of Crosby et al., in which tetracycline was administered to 
19 patients with three- and four-part fractures of the proximal humerus during 5 days preceding operative treatment. Humeral head biopsies were obtained 
from hemiarthroplasty surgery and analyzed using fluoroscopic microscopy. Fluorescence was observed in all specimens suggesting that vascular supply 
was not disrupted in any of the fracture patterns.°° 

The cephalic vein is another important vascular structure in the shoulder region, mainly as a marker when performing a deltopectoral approach (see 
below). The cephalic vein collects blood from the upper extremity and drains into the axillary vein. In the deltopectoral region, the cephalic vein presents a 
larger number of tributaries from the deltoid than from the pectoralis major.*!° Exposure through the deltopectoral interval requires mobilizing the vein 
either medially with the pectoralis or laterally with the deltoid, or ligating this vein. We prefer not to ligate the cephalic vein in order to minimize hand 
swelling, which can be substantial after surgery for shoulder fractures. Mobilizing the vein laterally requires coagulating fewer tributaries and preserves the 
deltoid venous drainage. However, the vein will cross the surgical field proximally, which may limit proximal exposure without violating the cephalic vein, 
and can become a challenge particularly when contemplating joint replacement surgery. Our preference is to mobilize the cephalic vein medially with the 
pectoralis, which avoids vein damage with retractors or instruments and allows for slight medial translocation of the vein at the time of closure, which will 
make identification of the vein and the deltopectoral interval easier if revision surgery through the deltopectoral approach became necessary. 


MUSCLES 


Several muscles are particularly important in the management of proximal humeral fractures, both because they may act as deforming/displacing forces and 
also because restoration of their function is paramount for the final outcome of the fracture. The rotator cuff muscles contribute to some extent to tuberosity 
displacement and head rotation. The pectoralis major displaces the proximal aspect of the humeral shaft medially. The deltoid is the main muscle covering 
the shoulder region, and thus it needs to be mobilized laterally or split in order to obtain exposure to the fracture when surgery is performed. The tendon of 
the long head of the biceps is intimately related to the rotator cuff. 


The subscapularis, supraspinatus, infraspinatus, and teres minor are collectively referred to as the shoulder rotator cuff. The subscapularis is the largest 
of the rotator cuff muscles. It originates from the subscapularis fossa on the anterior surface of the scapular body and inserts into the lesser tuberosity. The 
supraspinatus and infraspinatus muscles originate from the posterior surface of the scapular body above and below the scapular spine, respectively. The 
teres minor muscle originates from the lateral border of the scapular body. These three muscles insert onto the greater tuberosity of the proximal humerus: 
the supraspinatus superiorly, the infraspinatus posterosuperiorly, and the teres minor posteriorly.7°” These muscles play a key role in shoulder function, and 
are essential to preserve a rotational fulcrum during activation of the deltoid. 

The subscapularis muscle is innervated by the upper and lower subscapular nerves, which originate from the posterior cord of the brachial plexus. It 
derives its perfusion from the subscapular artery, which is the largest branch of the axillary artery. The supraspinatus and infraspinatus muscles are 
innervated by the suprascapular nerve, which originates from the upper trunk of the brachial plexus. Blood supply is provided by the suprascapular artery, 
which branches off the thyrocervical trunk, in turn originating from the first portion of the subclavian artery. The teres minor is innervated by the axillary 
nerve and perfused by the posterior humeral circumflex and the circumflex scapular arteries, which originate off the subscapular artery. 

Although on the humeral side the tendons of the rotator cuff are extremely close and interconnected, more medially, the space between the anterior edge 
of the supraspinatus and the superior edge of the subscapularis separates in the rotator cuff interval region. This trapezoidal space can be conceived to be 
delineated by the coracoid medially, the bicipital groove laterally, the supraspinatus superiorly, and the subscapularis inferiorly. The connective tissue layers 
in the superficial and deep portions of the interval are the coracohumeral ligament and the superior glenohumeral ligament, respectively, with the long head 
of the biceps in-between. This interval is particularly important when arthroplasty is performed for PHFs, since separation of the lesser and greater 
tuberosity fragments may be safely performed through the rotator interval without additional damage to the rotator cuff. 

The tendon of the long head of the biceps originates at the supraglenoid tubercle, traveling over the humeral head across the rotator interval into the 
intertubercular groove. During its course through the intertubercular groove, this tendon is covered by the transverse humeral ligament. Muscle fibers of the 
long head join those of the short head at the level of the mid-third of the humerus. Due to its location, the tendon of the long head of the biceps can serve as 
a useful landmark; it can be identified in the proximal third of the arm and traced proximally to locate the intertubercular groove and tuberosities. 

The deltoid originates on the anterior aspect of the lateral third of the clavicle, the acromion, and lateral third of the scapular spine. It is commonly 
described as consisting of three segmental units—anterior, middle, and posterior—contributing to shoulder flexion, abduction, and extension, respectively. 
The anterior deltoid inserts onto the clavicle and anterior aspect of the acromion.2 A fibrous raphe extending from the anterolateral corner of the acromion 
distally separates the anterior from the middle deltoid. All deltoid fibers converge laterally, inserting onto the deltoid tuberosity of the humerus in a 
trapezoidal fashion. The insertion measures 5 to 7 cm in length, with a width of 22 mm proximally and 13 mm distally.2°*3% Distally, interconnections of 
the deltoid and its fascia with the distal intermuscular septum and the brachialis muscle allow for partial release of the deltoid during surgical approach 
without the need for formal repair.°2* The deltoid muscle is innervated by the axillary nerve, which courses almost inside the deep fascia of the muscle at a 
distance of approximately 5 cm from the anterolateral acromial margin. Blood supply to the deltoid is provided by the PHCA. 

Like the biceps, the pectoralis major muscle has two heads: clavicular and sternal (sternocostal). The sternal or sternocostal head originates at the 
anterior surface of the sternum, the upper six ribs, and the fascia of the external oblique muscle, and inserts deeper on the lateral aspect of the bicipital 
groove. The clavicular head originates on the anterior surface of the clavicle, medial to the deltoid insertion and converges with the tendon of the sternal 
head, inserting also on the lateral aspect of the bicipital groove but more superficially. The pectoralis major is innervated by the lateral and medial pectoral 
nerves, which originate from the lateral and medial cords of the brachial plexus, respectively. Blood supply is derived from the pectoral branch of the 
thoracoacromial trunk, originating from the axillary artery. 


NERVES 


The brachial plexus and two of its branches, the axillary and musculocutaneous nerves, are particularly relevant for the management of proximal humeral 
fractures. The displacement that happens at the time of fracture and the final position of the fractured fragments, particularly a dislocated humeral head, may 
result stretching or tearing of the brachial plexus or the axillary nerve at the time of injury. In addition, these structures are at risk for iatrogenic damage at 
the time of surgery. 

The axillary nerve is one of the two terminal branches of the posterior cord of the brachial plexus. Its motor fibers innervate the teres minor and deltoid 
muscles; the sensory component innervates the skin patch overlying the lateral aspect of the proximal arm. At the level of the proximal humerus, the axillary 
nerve courses from anterior to posterior accompanied by the PHCA, inferior to the anatomic neck through the quadrilateral space surrounded by the teres 
major superiorly, the long head of the triceps medially, teres major inferiorly, and the humeral shaft laterally. After giving off the branch to the teres minor, 
it travels again anteriorly on the undersurface of the deltoid at a distance ranging from 2 to 7 cm distal to the acromion.!°®!9? This distance has been found 
to be inversely proportional to the length of the deltoid.2!3 The axillary nerve crosses the anterior deltoid raphe between the anterior and middle deltoid in 
the form of a single terminal branch, allowing for preservation of the innervation of the anterior deltoid when the nerve is isolated during the deltoid- 
splitting approach. 136-137 The axillary nerve is particularly at risk at the time of percutaneous fixation, deltoid mobilization, deltoid splitting, and dissection 
inferior to the glenoid when reverse arthroplasty for fracture is performed. 

The musculocutaneous nerve originates off the lateral cord of the brachial plexus. The most proximal motor branch to the coracobrachialis muscle is 
located on average 3 to 7 cm distal to the tip of the coracoid; this distance in less than 5 cm in 75% of cases.’2 The musculocutaneous nerve then pierces the 
substance of the coracobrachialis at a mean distance of 5.6 cm inferior to the coracoid process.’*:4?8 Farther distally, it pierces the biceps at an average 10 
cm distal to the coracoid. It then travels between the biceps and underlying brachialis muscle, innervating both muscles. It ends as the lateral antebrachial 
cutaneous nerve, providing sensation to the lateral aspect of the forearm. The musculocutaneous nerve is particularly at risk with excessive medial 
retraction of the conjoined tendon. Both the musculocutaneous nerve and the brachial plexus are at risk when extracting an anteriorly dislocated humeral 
head underneath the conjoined tendon. 


TREATMENT OPTIONS FOR PROXIMAL HUMERAL FRACTURES 


NONOPERATIVE TREATMENT OF PROXIMAL HUMERAL FRACTURES 


Nonoperative treatment continues to be the main treatment modality for many PHFs. Nondisplaced fractures represent at least 50% of the fractures; in 
addition, several displaced fracture patterns may be treated nonoperatively as well, provided the magnitude of displacement and risk of nonunion, 


symptomatic malunion, or AVN are low.200389 


Indications/Contraindications 


Nonoperative Treatment of Proximal Humeral Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Surgical neck fractures with contact and no gross instability 
e Greater and lesser tuberosity fractures 
e Displacement <1 cm 
e Overlap with the head <20% 
e Varus posteromedial fractures 
e Varus <45 degrees 
e Minor tuberosity displacement 
e Valgus fractures 
e Head not pointing superior or lateral 
e Minor tuberosity displacement 
e Frail, elderly patient with contraindications for anesthesia, Charlson comorbidity index > 5 


Relative Contraindications 


Open fracture 

Associated vascular injury 

Polytrauma 

Associated disruption of suspensory complex shoulder 
Pathologic fracture 

Head dislocation 

Severe HI or HS 

Excessive tuberosity displacement 

Excessive varus or valgus displacement 


Deciding when to offer a given patient with a proximal humeral fracture surgery or nonoperative treatment can be a very straightforward decision in the two 
ends of the spectrum of severity: fracture patterns not involving the head and without significant displacement are treated nonoperatively, whereas an 
anterior dislocation with a divided humeral head with both tuberosities fractured in a young patient requires surgery. The problem is that there are many 
fractures with different patterns that are somewhat displaced, but not severely displaced. The key question to answer in these very common borderline 
fractures is whether the pattern and the amount of displacement will be acceptable taking into account the anticipated demands of the patient for the 
fractured shoulder. 

The problem is that answering this question is not always easy, and obviously depends not only on fracture pattern and displacement, but also on patient 
factors, including age comorbidities, and physical demands. Finally, undoubtedly, the training and skill level of the orthopaedic surgeon responsible for a 
particular patient will also have an impact in the decision making. General orthopaedic surgeons are more likely to select nonoperative treatment, trauma 
surgeons will be more inclined to consider internal fixation, and shoulder surgeons with a strong training in arthroplasty are more likely to favor reverse 
replacement. 


Fracture Pattern 


According to Mayo FJD Classification, in most individuals without absolute contraindications for surgery, surgical treatment should be favored for fracture- 
dislocations, HS fractures, head depression fractures involving over 20% of the humeral head surface and DN fractures, characterized by a complete 
displacement on all radiographic projections, with lack of contact between the humeral shaft and the proximal humerus. Thus, these fracture patterns are 
contraindications for nonoperative treatment in healthy, active patients. Operative treatment is also recommended for other rare situations, including open 
fractures, associated vascular injury, pathologic fractures, and severe ipsilateral injuries to the shoulder girdle, most commonly the “floating shoulder” 
produced by a scapular fracture. For SN, tuberosity fractures, VPM fractures, and valgus fractures, surgery should be based on stability and displacement. 


Fracture Displacement and Stability 


For the rest of the fracture patterns, once the fracture pattern is identified and thus the general risk of a poor outcome is known, tuberosity involvement, 
fracture stability, and displacement need to be evaluated. 


Surgical Neck Fractures 

Fracture instability is the main driving factor to consider surgery in this fracture pattern. For fractures that have some contact in at least one radiographic 
projection, fracture stability should be assessed clinically as described before. If the whole humerus moves as a unit in rotation, most would agree on 
nonoperative treatment. A certain degree of crepitation can be palpated and suggests ongoing bony contact. The exceptions would be the polytrauma patient 
who may benefit from earlier mobilization if surgical management of all fractures is performed. Occasionally, fractures at the SN will have associated 
tuberosity fractures; in those circumstances, excessive tuberosity displacement (over 1 cm) would favor surgical treatment. 


Greater Tuberosity Fractures 

When the greater tuberosity is the only portion fractured, displacement may be minimal or the greater tuberosity may be displaced posteriorly, superiorly, or 
both. If the fracture heals with more than 1 cm of displacement on either direction, it can create impingement in external rotation, elevation, or both; it can 
also lead to weakness. For these reasons, nonoperative treatment is indicated when there is no displacement or displacement under 1 cm. In those fractures 
that occur in the setting of a dislocation, residual displacement should be measured after closed reduction and placement of the shoulder in some external 
rotation. 


Lesser Tuberosity Fractures 


The subscapularis muscle—tendon unit is very important for shoulder function. Isolated fractures of the lesser tuberosity are bone equivalents of an acute 


subscapularis tear, the main difference being that a fractured lesser tuberosity will heal in a displaced position most of the time, whereas retracted 
subscapularis tears tend not to heal without surgery. Displacement over 1 cm will lead to impingement in internal rotation as well as weakness with 
subscapularis testing. Nondisplaced fractures and those displaced less than 1 cm are treated nonoperatively. As with greater tuberosity fractures, when lesser 
tuberosity fractures are associated with a posterior dislocation, the residual displacement should be measured after reduction of the dislocation. 


Varus Posteromedial Fractures 


As a group, when treated nonoperatively, VPM fractures have a better outcome than valgus-impacted fractures. As detailed below, displacement of this 
fracture pattern correlates with outcome. More displacement correlates with worse pain, motion, and function as measured using the DASH score. The 
distance between the acromion and the humeral head provides a reliable measure of displacement: the more displaced the head is into varus secondary to 
posteromedial comminution, the wider the distance between the acromion and the outline of the humeral head. Based on our studies, we consider 
nonoperative treatment when the acromiohumeral distance is increased by no more than 20 mm compared to the opposite side.!!3 The distance between the 
greater tuberosity and the humeral head is, on the contrary, decreased: as the head tilts into varus, the tuberosity projects at a higher position than the 
humeral head. We do not consider surgery unless the tuberosity is over the humeral head by at least 10 to 15 mm. Obviously, if the greater tuberosity is 
fractured, it will displace even further, and displacements of the fractured tuberosity over 1 cm may also be considered indications for surgery. However, 
selecting the indication of nonoperative or surgical treatment based on displacement must take into account anticipated functional needs: a low-demand 
elderly patient may accommodate to losing some elevation and external rotation, and even to mild pain, as long as the fracture heals. 


Valgus Fractures 


As a group, valgus fractures have a worse prognosis than VPM fractures when treated nonoperatively. Marked valgus displacement leads to a higher chance 
of disruption of the vascularity of the humeral head and more displacement of the tuberosity. In general, we select nonoperative treatment unless the 
articular segment is facing directly superior or laterally, and as long as the fractured tuberosities are not displaced more than 1 cm or overlapping 20% of the 
humeral head. As with VPM fractures, use of displacement parameters to select nonoperative or operative treatment needs to take into account patient 
factors. 


Patient Factors 


As mentioned, patient age, anticipated demands, and comorbidities play a major role in the decision-making process regarding treatment for PHFs. The vast 
majority of proximal humeral fractures occur in elderly women with comorbidities, and in this population, understanding the individual functional 
necessities are paramount to choose the best treatment option for a given patient. The level of independence for basic activities, if they care for themselves 
and live alone, the necessity of attending other individuals (niece, mates), the use of walking aids, or if they just go from the bed to the chair and are at the 
end of their life, are important pieces of information that need to be sought and be included in the treatment decision making. Identifying specific functional 
goals, as opposed to aiming to return to every kind of activities as we would in a young active person, is important in elderly patients, and treatment should 
be directed to accomplish what our patient really needs. For example, 25 degrees of excessive varus will lead to loss of active elevation that may be very 
relevant to a younger patient practicing overhead sports and not very relevant to an elderly patient who performs most of the activities under shoulder level. 
On the other hand, it is unwise to negate surgical treatment to elderly patients when the fracture pattern will universally lead to poor results if treated 
nonoperatively (e.g., fracture-dislocations, DN fractures). Finally, socioeconomic status might play a significant role in outcome; considering oneself 
socially active, without economic problems, and self-sufficient were associated with a higher Constant score in one study.2®4 


Nonoperative Treatment Protocol 


Several immobilization techniques have been described for nonoperative treatment of proximal humeral fractures. Immobilization of the arm to the chest 
using a simple collar and cuff sling, commercially available shoulder immobilizers, or a Gilchrist or Velpeau type of bandage are all well tolerated by 
patients in general.!°” 

In our opinion, proximal humeral fractures should be immobilized in some external rotation. This is particularly important for fractures of the SN and 
for any fracture that includes a greater tuberosity fragment. For fractures of the humeral neck, if the shoulder is immobilized with the arm resting on the 
patient’s belly, the fracture will heal with an internal rotation malunion, and patients may have difficulty regaining enough external rotation once their 
fracture is healed. Regarding fractures involving the greater tuberosity, since the posterosuperior rotator cuff is under more tension with internal rotation, 
placing the shoulder in some external rotation will decrease displacement of the greater tuberosity. For fractures of the SN, to counteract the pull of the 
pectoralis major on the proximal aspect of the diaphysis, consideration may be given to placing a small bump or pillow in the axilla. 

Regardless of the style of immobilization selected, a close follow-up is required to detect any possible secondary displacements that would potentially 
change the indication of treatment from nonoperative to surgical. The older the patient and the more the initial displacement, the more the chances of 
progression of displacement.!?° SN fractures with potential for instability should be evaluated with radiographs on a weekly basis for the first 3 to 4 weeks, 
since they have the highest likelihood of displacement leading to nonunion. For the rest of the fractures treated nonoperatively, our preference is to obtain 
radiographs at weeks 3, 6, and 12 after the injury. Additional imaging studies will be required for fractures without firm clinical and radiographic evidence 
of healing at 3 months. 

Shoulder immobilization is typically maintained for 4 to 6 weeks, depending on the intrinsic fracture stability. In minimally displaced!”> and impacted 
fractures,22” early mobilization (1 week postinjury) has been shown to lead to a faster and better outcome, with less pain and no major redisplacement or 
other complications.'”° Hodgson et al. studied the timing of physical therapy for two-part proximal humeral fractures. The authors found that at 16 weeks 
after injury, patients who started physical therapy within 1 week achieved greater function and reported less pain than those immobilized for a period of 3 
weeks. While functional differences at 52 weeks were not statistically significant, residual shoulder disability was slower to resolve, even after 2 years after 
injury, in patients with prolonged immobilization. 175-236 

From the beginning, patients are instructed to perform active range-of-motion exercises of the wrist and hand. Pain usually subsides within 2 weeks after 
injury to the point to allow passive range-of-motion exercises of the shoulder. These should be performed four to six times per day with the help of an 
assistant. Patients receiving instructions to perform the physical therapy at home without supervision obtain satisfactory results, but an initial session with a 
physical therapist can aid in instructing the patient and their assistant on how to perform the exercises. During the first 2 to 3 weeks, passive range-of- 
motion exercises are best tolerated in the supine position. As the patient better adapts to these exercises, they can be continued in the sitting or standing 
position. Additionally, Codman pendulum exercises can be performed for passive range-of-motion exercises of the shoulder. The patient is instructed to lean 


forward while standing. The upper extremity is then allowed to freely dangle from the shoulder assisted by gravity. As much as 90 degrees of forward 
shoulder elevation can thereby be achieved. As bony union progresses, active-assisted range-of-motion exercises may be added at 6 weeks, with 
strengthening starting 3 months after the injury. 


Outcomes 


Most of the studies on the outcome of proximal humeral fractures treated nonoperatively have been reported using the Neer classification as a frame of 
reference. We will also summarize the outcome of nonoperative treatment when applying the principles, pattern, and displacement categories of the 
Mayo/FJD classification. 


Outcomes According to the Neer Classification 


Most patients sustaining minimally displaced fractures achieve good results in a high percentage of shoulders, but not all. Good or excellent results can be 
expected in 80% to 90% of patients.!29-89 Spross et al.3”9 reported 97% of satisfactory results in 89 PHF treated conservatively according to an evidence- 
based algorithm. Fractures selected for conservative treatment included one-part fractures with <5 mm of GT displacement (74%), two-part valgus-/varus- 
impacted fractures (25%), and only one three-part fracture (1%). Only three patients (3%) needed unplanned surgery after conservative treatment due to 
secondary displacement with pain. 

Patients with displaced fractures obtain worse results compared to those with undisplaced ones when treated conservatively.!**.24259° Motion is usually 
limited, with values ranging between 90 and 120 degrees of elevation, and low Constant scores.7*? Torrens et al.°°° prospectively analyzed functional and 
radiologic outcomes of 70 PHF in patients with a mean age of 72 years treated nonoperatively. According to Neer classification, there were 20% one-part 
fractures, 21% two-part GT, 25% two-part SN, 14% three-part GT, 9% four-part, and 9% two-part GT fracture-dislocations. One-part fractures achieved 
better outcomes in terms of pain, ADL, forward elevation, abduction, internal rotation, strength, and total Constant score, with most patients pain-free and 
mean anterior elevation of almost 120 degrees. When analyzing displaced fractures, four-part fractures obtained the worst functional results (Constant score 
34) followed by three-part fractures (Constant score 55) and two-part fractures (Constant score 66). Mean active anterior elevation was 90 degrees for three- 
part fracture and between 60 and 90 degrees for four-part fractures with limited internal and external rotation in both groups. However, despite limited 
functional outcomes obtained in displaced PHF fractures, no significant differences were observed in subjective perception of quality of life between 
displaced and nondisplaced fractures. They suggested that this was probably because the older the population selected, the less the range of motion 
influenced the patient’s quality of life. 

Some studies have reported on the outcome of nonoperative treatment for specific subgroups of the Neer classification. Court-Brown et al., in a study,®? 
reported on 131 two-part SN fractures in patients with a mean age of 73 years for females and 69 for males. At 1 year of follow-up, patients under the age of 
50 consistently achieved higher functional scores and regained the ability to return to shopping and housework. Nonoperative treatment yielded results 
similar to those of surgical treatment, even in fractures with translation of 66% or more.8? Court-Brown et al. also reported on the outcome of nonoperative 
treatment for 99 varus-impacted fractures followed prospectively. Seventy-nine (80%) had satisfactory results, independent of the angulation of the fracture; 
the only factor associated with outcome in this study was patient age.84 Court-Brown et al. have also reported on nonoperative treatment of four-part valgus- 
impacted fractures in elderly patients. Good or excellent results were achieved in 81% of patients according to Neer criteria. Interestingly, patients 
subjectively rated their results above the objective evaluation of the physician. No difference was found in patients with and without greater tuberosity 
displacement. Function only decreased in the setting of combined SN and greater tuberosity displacement, and was mainly related to loss of flexion and 
abduction power.”9 

However, some studies have suggested that nonoperative treatment appears to provide outcomes that are comparable to those of either operative fixation 
or arthroplasty, even in the setting of displaced three- and four-part fractures.4°.8%1!7,160,289.344 Fialestad et al., reported no differences in functional 
outcomes as measured by Constant score when randomizing patients to either nonoperative treatment or locking plate fixation of three- and four-part 
proximal humeral fractures.'!” Another randomized controlled trial could not establish significant differences in Constant and Simple Shoulder Test scores 
in patients undergoing either nonoperative treatment of hemiarthroplasty for four-part fractures. While the surgically treated group had better pain scores at 
3 months after surgery, no differences were seen at 1 year.*° Sanders et al. compared the results of three-part fractures treated with locking plate fixation 
with a matched nonsurgical control group.2“* Better range of motion was found after nonoperative treatment, while no differences were found for patient 
satisfaction and the ASES self-assessment score. Over half of operatively managed patients required additional treatment compared with only 11% in the 
nonoperative group. Similar results were found by Olerud et al. in a prospective randomized study comparing locked plate fixation with nonoperative 
treatment of three-part fractures.2®9 Complications in the operative group included screw perforation of the articular surface in 17%. Reoperation was 
required in 30% of patients. Malunion was however observed in 86% of patients treated nonoperatively (Fig. 36-27). Finally, Lopiz et al.24? did not found 
any sound benefit of treating patients over 80 years old and sustaining Neer three- and four-part fractures with reverse arthroplasty as opposed to 
conservative treatment. In this prospective randomized controlled trial, at 1-year of follow-up only slight nonsignificant differences were found in Constant, 
DASH, or VAS score favoring reverse arthroplasty was found. The main advantage of reverse shoulder arthroplasty (RSA) was less pain perception. 


Outcomes According to the Mayo/FJD Classification 


Only one study has analyzed in detail the outcome achieved with nonoperative treatment using the Mayo/FJD classification system. 


Relationship Between Fracture Pattern and Outcome 


Various fracture patterns seem to be associated with different outcomes. When comparing the functional status of the patient before the fracture and after 1 
year of conservative treatment, outcome is different depending on the fracture pattern, with a larger percentage of unsatisfactory results in valgus-impacted 
fractures followed by VPM fractures, and third isolated fractures of the greater tuberosity. Worse disability scores by 10 points or more using the DASH 
score?”! and/or an unsatisfactory Neer result (<90 degrees of elevation, 20 degrees of external rotation, unsatisfied with the result, and/or substantial pain) 
can be expected in 55% of valgus-impacted fractures, 30% of VPM impaction (regardless of tuberosity involvement), and 15% of isolated greater tuberosity 
fractures (p = .01). Valgus-impacted fractures were three times more likely to result in a 10-point or more worsening in the DASH score when compared 
with VPM fractures (odds ratio 3.6, 95% CI 1.01—12.8, p = .048). Furthermore, valgus-impacted fractures have a higher rate of nonunion and AVN. VPM 
impaction fractures have worse results when there is an associated fracture of the greater tuberosities or of both tuberosities. The differences among 
different fracture patterns were also statistically significant for elevation (p < .001), internal rotation (p = .04), and the Neer modified rating system (p < 


.001) (Table 36-3). 


k 
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Figure 36-27. Nonoperative treatment of proximal humerus fractures. A-E: A 78-year-old female with two-part surgical neck fracture. A and B: AP and axillary 
views of the left shoulder. Note the impaction of the shaft into the proximal humerus. The axillary view shows the apex anterior angulation at the fracture site with 
partial anterior displacement of the shaft fragment. Complete displacement is however prevented by impaction and interdigitation of the fracture fragments. G and H: 
AP and axillary views at 3 months after nonoperative treatment. Note the residual posterior displacement of the greater tuberosity. I: Forward elevation at 3 months 
after injury. J: Internal rotation at 3 months after injury. K: External rotation at 3 months after injury. 


Segment Displacement and Outcome 
Final outcome is also influenced by displacement, in addition to pattern. Multivariate predictive models indicate that injuries with less displacement will 
result in better outcome compared with those with more displaced fractures. Table 36-4 summarizes the effect of displacement on functional scores and 


range of motion. 


In VPM fractures, the articular surface rotates inferiorly in extension, posteriorly in retroversion, and into varus; the increase in the distance between the 
articular surface and the acromion reflects this combined displacement: as the humerus shortens at the posteromedial head—neck junction, this distance is 
increased. Head-to-acromion distance correlates with motion, function (DASH and ASES scores), and pain in all predictive models (e.g., for each 10 mm of 
increase in this distance, an increase of 2.6 points in the pain visual analogic scale is observed; p < .001). Pain is also related to the height of the greater 
tuberosity compared with the height of the articular surface (for each 10 mm of superior location of the greater tuberosity related to the articular surface, an 
increase of 0.8 points in the pain VAS is observed; p = .05); this last displacement parameter is also related specifically to a varus tilt of the head, in which 
the articular surface moves away from the acromion and locates inferiorly to the greater tuberosity, even when the tuberosity is not fractured, as the varus 


rotation translates it superiorly (Table 36-5). 


TABLE 36-3. Percentages of Unsatisfactory Results Depending on Fracture Patterns According to the DASH Score and Modified 


Neer Grading System 


Fracture Pattern 


Valgus fracture 
VPM 


Greater tuberosity 


210 Point Loss in DASH (%) 


Unsatisfactory Neer Score (%) 


210 Point Loss in DASH or 
Unsatisfactory* (%) 


55 


30 
15 


“Unsatisfactory = <90 degrees of elevation, <20 degrees of external rotation, unsatisfied with the result, and/or moderate or severe pain, or >10 points loss in DASH score. 


VPM, varus posteromedial impaction fracture independent of tuberosity involvement. 


TABLE 36-4. Clinical Value and Statistical Significance of Correlations Between Measurements on Computed Tomography and 


Outcome Variables in 93 Patients Treated Conservatively 


Linear Regression: Clinical Relevance/p-Value 


Elevation External Rotation Internal Rotation 
Measurement ASES (Points) DASH (Points) (Degrees) (Degrees) (Spinal Levels) 
Axial CT 
% GT-AS superposition 20% = 1 10 20% =T8 20% = 110 20% = 4 13 p= .06 
p<.001 p < .001 p<.0l p<.001 
Intertuberosity distance 10 mm = J 4.3 10 mm = T 4 10 mm= J 10 10 mm = | 4 10mm= 1 
p<.0l p= .001 p < .03 p<.0l p<.0l 
GT medial displacement 10 mm=49 10mm=f6 10 mm= 17 10 mm = | 10 p= .09 
p < .001 p<.0l p < .0001 p < -0001 
%6LT-AS superposition p=.65 p=.22 p=.47 p=.39 20% = 16 
p<.001 
AS-Gle angle < 45-degree 415 T9 115 115 42 
retroversion* p< .0l p=.05 p<.0l p<.05 p=.05 
Coronal TAC 
Increased AS-AC distance 10 mm = 4 30 10 mm = T 20 10 mm = 4 25 10 mm = | 22 10mm = 43 
p < .0001 p < .0001 p < .0001 p<.001 p<.01 
GT-AS distance (GT above AS) 10 mm = 4 10 10mm=T8 10 mm= 415 10 mm=49 10mm=11.5 
p < .001 p<.0l p < .0001 p= .02 p= .02 
Medial impaction 10 mm = 4 p=.09 10 mm= 48 p=.l p= .94 
p<.05 p < .0001 
AS-shaft angle p = .32 p=.81 20°=15 p=5 p= .84 
p<.0Ol 
Sagittal TAC 
Extension surgical neck p=.l 20° = T 4 20° = 16 p=.13 p=.44 
p<.05 p<.0l 
Posterior neck impaction p= .07 p= .07 10 mm= 19 10 mm = | 6 p=.5 
p < .001 p=.02 


Loss of motion or worsening in functional scores was calculated as a function of the change in the value comparing prior to fracture/contralateral side versus 1 year of follow-up. 


“Angle between the articular surface and the perpendicular line to the glenoid face, less than 45 degrees. 


AS, articular surface; Gle, glenoid; GT, greater tuberosity; LT, lesser tuberosity; AC, acromion. 


Regarding motion loss, medial displacement of the greater and lesser tuberosities impairs external and internal rotation, respectively, due to 


impingement on the glenoid rim. The orientation of the articular surface translates in less elevation with worse varus, but an increase of retroversion has a 
protective effect on external rotation. Posterior impaction at the SN of the humerus leads to an extension malunion of the humeral head, which translates in 
less flexion. In SN fractures, the diaphysis is usually translated anterior and medially by the pull of the pectoralis, but the angular orientation of the head is 
usually preserved unless there is an associated tuberosity fracture. As a consequence, outcome will depend on fracture healing rather than the resulting 
deformity, so if consolidation is achieved, a good outcome should be expected. 


TABLE 36-5. Predictive Multivariate Models for Varus Posteromedial Fractures 


Outcome Measurement Image Test Change in Outcome p-Value R? 


Varus Posteromedial (VPM) Fracture (n = 50) 


ASES (points) AS-AC distance (mm) Coronal CT T 10 mm = | 32 p< .001 0.40 

DASH (points) AS-AC distance (mm) Coronal CT T 10 mm =T 26 p < .0001 0.34 

Elevation (degrees) AS-AC distance (mm) Coronal CT T 10 mm= 422 p < .0001 0.48 
AS-diaphysis angle Lat. x-ray 500-degree post. ang. p < .0001 

=110 

External rotation (degrees) GT medial displ. (mm) Axial CT T1l0mm=115 p < .0001 0.46 
LT-Glen distance (mm) Axial CT T 10 mm = | 20 p< .0001 

Internal rotation (spinal levels) LT-AS % superposition Axial CT 10% = 14.3 p < .01 0.22 
AS-AC distance (mm) Coronal CT Ti0mm= 42.5 p<.05 

Pain (points) AS-AC distance (mm) Coronal CT T 10 mm =T 2.9 p< .001 0.23 


Varus Posteromedial With Fracture of the Greater Tuberosity (VPM-GT) (n = 32) 


DASH (points) AS-AC distance (mm) Coronal CT T10 mm =T 15 p<.0l 0.57 
LT-Glen distance (mm) Axial CT TlOmm=T8 p=.01 
Neck extension angle Sagittal CT 20 degrees = 1 6 p<.0l 


For a given outcome variable, prediction of change of that variable compared with control situation (previous to injury for DASH or ASES, or contralateral side motion) will be 
the result of imputing the measurements involved. Worsening in DASH score after a posteromedial impaction and greater tuberosity fracture with an increase of 5 mm of the 
AS-AC distance, a decrease of 5 mm of the LE-Glen distance, and an extension of the neck of 40 degrees will be 7.5 - 4 + 12 = 15.5 points. 

AS, articular surface; AC, acromion; GT, greater tuberosity; LT, lesser tuberosity; Glen, glenoid; Lat, lateral. 


Patient-Related Factors Influencing Outcome 


Patient characteristics influence fracture pattern, displacement, and outcome after conservative treatment. Age is related to displacement; displaced fractures 
according to Neer criteria occur in individuals a mean of 7 years older compared to those with undisplaced fractures.®! Furthermore, older patients had more 
often fracture patterns with worse results, such as valgus-impacted fractures. When the final outcome of conservative treatment is evaluated without 
consideration of the patient’s prefracture status, older patients seem to have a worse outcome, !?9:200 but this finding is highly determined by their initial 
status. 

In our study population, comorbidity did not correlate with age, but it was associated with sustaining a displaced fracture (odds ratio 4.0). Those 
comorbidities included diabetes, cardiac, lung, kidney, or digestive diseases, and neoplasm. Furthermore, patients with severe diseases had a worse 
recovery, with compromised strength and motion resulting in functional loss. Other authors have reported that patients without comorbidities have had 
fewer complications and tend to use less pain medications. Patients with associated severe illness are also at risk for higher mortality. However, in this 
particular study, comorbidities did not lead to significant differences in pain, motion, or Constant-Murley scores.*°* 

Rotator cuff integrity at the moment of sustaining a proximal humeral fracture does not seem to be a predictor of shoulder function after nonoperative 
treatment of proximal humeral fractures; therefore, routine imaging of the rotator cuff in patients for whom conservative management is the preferred 
treatment option does not seem to be warranted in general.?”3 


OPERATIVE TREATMENT OF PROXIMAL HUMERAL FRACTURES 


Indications/Contraindications 


The indications and contraindications of surgical treatment for proximal humeral fractures are complimentary, with the indications and contraindications for 
nonoperative treatment. As such, surgery is considered for fracture-dislocations, HS fractures, head depression fractures involving more than 20% to 25% of 
the articular surface, DN fractures, unstable SN fractures, fractures with tuberosity displacement over 1 cm, and severe varus or valgus displacement of the 
humeral head, open fractures, fractures associated with disruption of the suspensory complex of the shoulder, fractures associated with vascular injuries, and 
pathologic fractures. 

However, for a large proportion of displaced fractures, it has been difficult to prove scientifically that surgery provides a better outcome than 
nonoperative treatment, not because nonoperative treatment leads to universally good results, but because surgical management has been associated with a 
relatively high rate of complications and unsatisfactory outcomes. A number of original articles and systematic reviews have shown a lack of evidence to 
support surgical treatment in these injuries, reporting similar outcomes for nonoperative and surgical treatment with more complications and cost when 
surgery was performed.*°-76159.161,289,319,409 Only if the complication rates of surgical treatment decrease and the overall outcomes improve, will we witness 
scientific proof of the superiority of surgery for certain displaced proximal humeral fractures. 

One particular study has received a lot of attention in this regard. This study, named the PROximal Fracture of the Humerus Evaluation by 


Randomisation (PROFHER) study, was designed as a pragmatic, multicenter randomized controlled trial, funded by the United Kingdom National Institute 
for Health Research (NIHR), that compared operative and nonoperative treatments in 250 adults with a displaced fracture of the proximal humerus 
involving the SN. It is extremely important to understand that the range of fractures included in this study does not represent the whole universe of proximal 
humeral fractures: fracture-dislocations, isolated tuberosity fractures, and fractures that were clearly considered by the treating surgeon as requiring surgery 
were excluded (in fact, over 1,000 fractures were initially considered for the study and only 250 fractures were eventually included). In addition, surgical 
methods were very heterogeneous, with very few cases of hemiarthroplasty or reverse for fracture. The conclusion of the PROFHER study was that there 
were no Clinically relevant or statistically significant differences between nonsurgical or surgical treatment at 2 and 5 years of follow-up.!®!3!9 
Additionally, it is to be recognized that there were 30 participating centers enrolling patients over 4 years of the study: this equates to one operative patient 
entered per site per year. Thus, it could be argued these results are not representative of all patients seen at these centers. 

Along the same lines, the most recent Cochrane Review reported little evidence to support ORIF versus other treatment modalities for the treatment of 
displaced proximal humeral fractures, including conservative treatment: “There is high- or moderate-certainty evidence that, compared with non-surgical 
treatment, surgery does not result in a better outcome at one and two years after injury for people with displaced proximal humeral fractures. It may increase 
the need for subsequent surgery. The evidence is absent or insufficient for people aged under 60 years, high-energy trauma, two-part tuberosity fractures or 
less common fractures, such as fracture dislocations and articular surface fractures. There is insufficient evidence from randomised trials to inform the 
choices between different non-surgical, surgical or rehabilitation interventions for these fractures”.!°9 The same kind of biases and confounding factors 
described for the PROFHER study apply here. 

In our opinion, the lack of evidence supporting surgical treatment is the result of a combination of factors: exclusion from comparative studies of the 
most severe fracture patterns, poor quality of the surgical procedures performed, lack of subgroup analyses, and high variability in preinjury functional 
status, fracture patterns, surgical techniques, implants used for surgery, intraoperative errors, rehabilitation protocols, and individual response to injury. 
There is no question that nonoperative treatment leads to a poor outcome in certain patterns of displaced proximal humeral fractures. Our challenge is to 
develop surgical techniques that will not lead to poor outcomes secondary to surgical errors and complications. 

Once surgery is selected, the next question is whether to proceed with internal fixation or arthroplasty. Most surgeons favor arthroplasty for HS 
fractures, head depression fractures involving over 40% to 50% of the articular surface, fracture-dislocations with separation of the head from the shaft and 
one or both tuberosities, and valgus-impacted fractures with fracture and displacement of both tuberosities. The remaining fracture patterns considered for 
surgery (unstable SN fractures, isolated fractures of the tuberosities, VPM fractures, and less complex valgus fractures) might be treated with internal 
fixation, with the exception of the very old patient with osteopenia and severe comminution of the greater tuberosity, where reverse arthroplasty is typically 
selected. 


Surgical Approaches 
Deltopectoral Approach 


The deltopectoral approach is the most common surgical exposure used for both internal fixation and arthroplasty worldwide. Our preference is to perform 
the exposure through a somewhat lateral skin incision that facilitates lateral placement of plates when internal fixation using plates is selected, as well as 
management of the greater tuberosity, and exposure of the glenoid when reverse arthroplasty is selected (Fig. 36-28). 

The skin incision is placed lateral to the tip of the coracoid. The distance between the tip of the coracoid and the posterolateral corner of the acromion is 
divided in thirds, and the skin incision is placed proximally at the junction between the medial third and the lateral two-thirds of this distance. The 
deltopectoral interval is not always readily apparent, especially in patients with well-developed muscles, large hematomas, or previous surgery. Our 
preference is to identify the deltopectoral interval and the cephalic vein proximally. At this level, a fat triangle is invariably found with its base at the 
clavicle. The cephalic vein can be readily identified traveling from this triangle distally. Most textbooks recommend dissecting the interval by retracting the 
cephalic vein laterally, based on the fact that lateral tributary veins are more frequent than their medial counterparts. However, mobilizing the cephalic vein 
medially allows for improved exposure by avoiding proximal tethering of the cephalic vein when lateral retraction of the deltoid is required. 


A,B ee f a 
Figure 36-28. The deltopectoral approach A: Skin incision. B: Proximal aspect of the interval. C: Interval developed. 


The space underneath the deltoid is then developed. This may be difficult secondary to fracture deformity and displacement, and the presence of 
hematoma. We find it useful to place a pointed retractor over the coracoid and a second pointed retractor around the humeral shaft. The arm is then placed in 


abduction to relax the deltoid, and the subdeltoid space is released with a combination of blunt and sharp dissection. Care must be taken not to further 
compromise the integrity of a fractured greater tuberosity when developing this space. When plate fixation is selected as the surgical modality of choice, the 
anterior distal deltoid insertion is gently elevated off the lateral side of the humerus in continuity with the lateral arm soft tissue sleeve with the aid of a 
periosteal elevator, just enough to allow the correct lateral plate placement22; this maneuver also increases the ability to retract the deltoid posteriorly for 
improved visualization. 

Next, the clavipectoral fascia is opened and the space between the conjoined tendon and the subscapularis and lesser tuberosity is developed as well. At 
this point—depending on the time elapsed since injury—fracture hematoma, fibrous scar tissue, or early callus formation may be encountered. Careful soft 
tissue management is required to avoid devascularization of the fractured fragments. Of particular importance is identification of the long head of the biceps 
on the anterior aspect of the proximal shaft, as this will facilitate understanding the fracture pattern and aid with fracture reduction and plate placement. The 
biceps tendon is easily identified by digital palpation just medial to the insertion of the pectoralis major tendon. Due to the proximity to the ascending 
branch of the ACHA, dissection around and behind the tendon of the long head of the biceps should be avoided whenever possible. However, the biceps 
tendon may have been injured with the fracture, and biceps tenodesis is commonly performed. Leaving the biceps tendon intact may make fracture 
reduction more difficult, especially in subacute injuries with substantial humeral shortening. In this case, or if there is any preinjury or fracture-related 
damage, a tenodesis is performed. 


Superior Deltoid-Splitting Approach 


A superior approach to the fracture by splitting the deltoid is particularly useful for insertion of an IM nail using a relatively small, percutaneous, insertion 
technique. As detailed in the section on IM nailing, the entry point for different nails varies, and the exposure for nail insertion may vary slightly to 
accommodate nail features. The deltoid is typically split in line with the acromion at the junction between the anterior and the middle thirds. The rotator cuff 
is split in line with its fibers to access the insertion point, and repaired at the end of the procedure. 

A more extensive deltoid-splitting approach is used for plate fixation, IM fixation of more complex fractures that require tuberosity management, and 
reverse shoulder arthroplasty. Those surgeons who favor a deltoid-splitting approach for internal fixation or arthroplasty cite a number of potential benefits, 
including better access to the greater tuberosity, better access to the lateral humeral shaft for plate fixation, and less disruption of the fracture 
vascularity.!°+!35 However, this approach carries a higher risk of iatrogenic axillary nerve injury; the axillary nerve must be identified and protected from 
inadvertent damage if the deltoid is split more than 5 cm. For plate fixation, it is actually necessary to formally dissect the axillary nerve and slide the plate 
underneath, inserting screws through two windows proximal and distal to the horizontal course of the axillary nerve. This approach is not very useful for 
anteroinferior fracture-dislocations, where access to the dislocated head for removal underneath the conjoined tendon is more safely achieved working 
through the deltopectoral interval. A prospective randomized study showed better functional outcome in patients undergoing a deltopectoral approach for 
proximal humeral fractures locking plate fixation, as opposed to a deltoid-splitting approach.*?” However, a systematic review and meta-analysis found less 
AVN incidence and lower operation time with the deltoid-splitting approach, without differences in functional outcome or complications.42# 

To perform this approach, a longitudinal incision or a shoulder strap incision is performed and the raphe between the anterior and middle deltoid 
identified.°?” This interval is divided using a vertical 4-cm incision starting at the anterolateral corner of the acromion.!*°373 The axillary nerve can be 
identified by digital palpation on the undersurface of the deltoid traveling from posterior to anterior at an average of 5 cm distal to the acromion. A stay 
suture is placed at the inferior aspect of the split to avoid inadvertent propagation, distally thereby protecting the axillary nerve (Fig. 36-29). Since the nerve 
crosses the anterior raphe as a single branch, innervation of the anterior deltoid can be preserved by protecting it during dissection. 34135-327 Once identified, 
the raphe may be further split distal to the nerve to allow access to the lateral shaft for plate placement. Alternatively, the distal screws may be placed 
percutaneously once the axillary nerve has been identified and protected. 


and subsequent damage to the anterior branch of the axillary nerve. Sutures exiting the split can be seen. These provide additional fixation between the rotator cuff 
tendons and the implanted locking plate. 


Internal Fixation Using Locking Plates 


ORIF using periarticular precontoured locking plates represents the workhorse for surgical management of proximal humeral fractures for the majority of 
general orthopaedic surgeons, trauma surgeons, and shoulder surgeons.” Direct exposure of the fracture site allows direct fragment manipulation as well as 
visualization of reduction and implant positioning. However, extensive surgical dissection may jeopardize fracture biology, thereby potentially interfering 
with healing and increasing the risk of AVN of the humeral head. Careful soft tissue management and judicious debridement should therefore be observed. 
Despite the advantage of direct visualization and access to the fracture site, plate fixation requires a clear understanding of fracture geometry and deforming 
forces to aid in fracture manipulation in a manner similar to that of closed reduction techniques. Furthermore, plate fixation is best performed with the 
assistance of fluoroscopy to verify fracture reduction and confirm hardware position, and prevent intra-articular screw placement. 

Multiple methods of ORIF have been developed since the advent of operative treatment of PHFs. The most widely used methods have historically been 
tension band wiring and plate and screw fixation.?:7®30.162,214,284,351,382 Tension band wiring relies on incorporating the rotator cuff to neutralize deforming 
forces. Wire or suture fixation through the entheses of the rotator cuff has the advantage of not relying on weak osteoporotic bone frequently seen in this 
scenario but rather on stronger tendinous tissue.!3 Compression plate and screw fixation has over the last half a century become the standard of care for 
treatment of several diaphyseal fractures as well as fractures of the distal humerus and proximal ulna. Healing rates and functional outcomes have been 
satisfactory after conventional plate and screw fixation of PHFs, especially in younger patient populations.*!” Favorable outcomes have been reported even 
with minimal hardware using a combination of nonlocking third tubular plate fixation and suture tension band fixation for three- and four-part fractures.!”! 
Other studies have however reported high complication rates of infection, humeral head necrosis, and subacromial impingement.*!° Furthermore, high rates 
of postoperative displacement and varus collapse have been reported, especially in elderly patients and three- and four-part fractures. The inability of 


conventional plates and screws to resist varus deforming forces of the proximal humerus, especially in the presence of poor bone stock, has led to adopting 
locking screw fixation in this setting. Contrary to conventional screws and plates, locking plate technology allows for angular stability between the screws 
and plate. Biomechanical data have shown that constructs using locking plates are significantly stronger and more resilient than those without nonlocking 
screws, blade plates, and IM nails.!02.26355,369 Several clinical studies have shown high rates of healing and excellent functional recovery with proximal 
humeral locking plates.630112,214,221,253,302,310,358 This has led to the introduction of multiple precontoured proximal humeral plates to the market. Plate 
designs vary based on the number of proximal screws and their arrangement, as well as the ability to place screws at variable angulations with respect to the 
plate.7830,109,211,329,406 Moreover, plates based on tuberosity fixation have been developed to secure fixation of the tuberosities.*45*!* These designs of 
plates are standard proximal humerus locking plates with additional anterior, posterior, and superior flanges. These flanges allow for direct fixation and 
buttressing of the proximal fragments (Fig. 36-30). According to recent biomechanical studies, tuberosity-based plates?*°,+!? seem to have higher load to 
failure and significantly lower mean fracture displacement compared to standard locking plate. 


0. Intraoperative anteroposterior and lateral radiographs demonstrating tuberosity fixation with a flanged plate (tuberosity-based fixation). 


Locking plates have been used already for more than a decade, and are currently the most frequent implants used for fixation.*’’ However, a number of 
studies have reported an unacceptable high rate of hopa eters (in up to 50% of the cases), including screw back-out, screw cut-out, plate failure, 
malreduction, malunion, and nonunion. 169199479199 9199 159 74,977,989 1,985,994,97 These complications are more common in the older population, and commonly 
require reoperation.°~¥7.-¥" Several factors have been associated to loss of reduction with locking plates, including advanced age, osteoporosis, smoking, 
preoperative varus deformity, varus malreduction, medial comminution and inadequate medial support, and failure to incorporate the rotator cuff to the 
construct with tension bands. ®-99141,419,449,434,499,279,439,440,233,399,3/ 9, 

Intra-articular screw penetration is the most frequent complication reported, and can be the result of intraoperative insertion of excessively long screws 
by mistake (primary screw penetration) or fracture collapse with loss of reduction leading to late screw penetration, partly due to the fact that locked screws 
cannot back out (secondary screw penetration). Interestingly, in some studies, primary screw penetration has been the most frequent modality, occurring in 
around 14% of the cases,’°* whereas reported rates of secondary screw penetration have ranged between 6% and 11%, with rates up to 43% in patients over 


60 years old,*°? accounting for an overall 36% of radiographic complications rate?! and 20% of reoperations. On this regard, a recent study published by 
Mayo Clinic reported a 44% complication rate, 34% failure rate and a reoperation rate of 11% in 173 patients over 60 years undergoing locking plate 
fixation between 2005 and 2015; however, during the time period of this study, “the role of reverse total shoulder arthroplasty for PHF was limited to 
fractures deemed unfixable or with associated dislocations. Therefore, the vast majority of displaced fractures were treated with ORIF.” Hopefully, 
implant-related complications can be decreased by patient selection (older patients with severe osteopenia may be better treated with arthroplasty) and 
improvements in surgical technique.!°° A nearly anatomic reduction, correct positioning of the plate in reference to the head segment, drilling only the 
lateral cortex, use or relatively short screws and avoidance of primary penetration, restoration of the calcar region, calcar support, neutralizing rotator cuff 
forces with sutures,©* and reinforcement of the reconstruction with structural bone graft, osteoconductive cements, or acrylic cement are all strategies 
aimed to decrease complication rates. !95195,256.279,399 Tt is probable that improvements in implant design may also improve fixation stability and reduce 
complication rates. We recently published our experience with locking plates and cement augmentation. A total of 168 patients undergoing surgery for acute 
proximal humerus fracture were retrospectively reviewed: 90 patients locking plate fixation and 78 patients locking plate fixation.!2° All surgeries were 
performed by a single surgeon devoted to all the principles described below in the surgical technique. Overall, 79% of patients were free of complications. 
Implant failure rate was the most common complication (5.4%) but was significantly lower in the cement group compared to the conventional locking plate 
(1.3 vs. 9%, p < .05). 

After reduction of impacted fractures, voids are generated. In older patients with osteopenia, fracture fixation with a locking plate relies on metal screws 
holding frail cancellous bone.?30:394.395 In this context, efforts have been made to strengthen the fixation of locking plates and make the reconstructions 
more resilient to avoid fracture collapse and secondary screw penetration. Structural bone grafting and cementing techniques have demonstrated an increase 
in the strength of fixation and decrease the rates of loss of reduction, collapse, and screw penetration. Five studies including a total of 105 patients found no 
instances of collapse or cut-out when fibular structural allograft (four studies)®°?°°79-388 or cancellous bone autograft (one study)??? was implemented to 
augment locking plate fixation. A recent meta-analysis including 802 elderly patients concluded that 95% of patients treated with locking plate and fibular 
allograft will have improved radiographic outcome, improved ASES score decreased odds of a major complication when compared to locking plate alone.°° 
Augmentation of screw fixation with acrylic cement has demonstrated significantly higher endurance in biomechanical testing, achieving properties similar 
to humeri with normal bone mineral density??? and leading to less motion at the hardware—bone interface under cyclic loads.!°>349 Clinical studies have 
also shown that calcium phosphate cement supplementation significantly decreased the rates of loss of reduction, collapse and screw penetration from 24% 
to 0%. 195239 However, there are few comparative or prospective studies in this area. Acrylic cement augmentation of locking plate fixation has also been 
tested clinically in several studies demonstrating lower failure rate compared to locking plate alone. !25-170,365 

In our practice, we favor locking plate fixation over arthroplasty whenever fixation is deemed possible, even in older patients, according to specific 
criteria summarized.*°! One of the authors routinely augments screw fixation with acrylic cement in every patient older than 70 years, and also in women 
over the age of 50 who have sustained a fragility fracture or have been formally diagnosed with osteoporosis. Some studies have reported higher rates of 
transfusion with arthroplasty compared with internal fixation.®° Plate fixation implants also seems to be associated with lower costs compared with 
arthroplasty (although one study showed no differences in cost-effectiveness between both approaches).2%°! Salvage of failed plate fixation with 
arthroplasty seems to be more straightforward than revision of a failed arthroplasty for fracture. In the prospective multicenter randomized controlled trial 
(Delphi trial), reverse shoulder arthroplasty showed better Constant score at 2 years for patients sustaining C2 injuries (mean difference 19 points, 95% CI 
9-28; p < .001); however, differences were no significant for less complex B2 fractures. Another study compared reverse shoulder arthroplasty versus 
locking plating, matching 60 patients by age, sex, and CCI; plating showed significantly better Oxford Shoulder and DASH scores, and a tendency in favor 
of plating for range of motion, ASES and Constant values. Complications (30% vs. 10%) and revision rate (20% vs. 3%) were significantly higher in the 
plating group.?°9 More high-quality comparative studies comparing plate fixation and arthroplasty are needed to help refine the relative indications of plate 
fixation and arthroplasty. 


Preoperative Planning 


Locking Plating: 


PREOPERATIVE PLANNING CHECKLIST 


Preoperative plan Good-quality radiographs (trauma series) 
Consider obtaining radiographs of the contralateral side 


CT with three-dimensional reconstruction 


OR table Allows beach chair position (table attachments) 


Radiolucent versus features to fold or partially remove back support to allow fluoroscopy 


Position/positioning aids Beach chair position 
Table attachments (head support, circumferential shoulder exposure) 


Arm holder, Mayo stand, or both 


Small C-arm: from fracture side 


Equipment Plate and screws instrumentation and implants 
Dedicated shoulder retractor set 

Sutures for traction 

Sutures for tuberosity fixation 

Bone graft (optional) 

Intravenous iodinate contrast (optional) 


Polymethylmethacrylate (optional) 


Fluoroscopy location = Regular C-arm: from top or contralateral side 


As with other fractures, careful analysis of plain radiographs and CT should be completed prior to surgery. It is helpful to obtain an AP radiograph or the 
opposite shoulder in the scapular plane (Grashey view) with the arm in external rotation to compare with the reduction visualized fluoroscopically during 
surgery. Plates with extended lengths should be available. Sutures for traction and fixation, bone graft, cement for augmentation when planned, and a 
shoulder arthroplasty system with fracture features for both anatomic and reverse arthroplasty should all be readily available. 


Proximal humeral plating is best performed in the so-called beach chair position. Our preference is to have the trunk of the patient almost vertical 
(approximately 70 degrees in reference to the horizontal), and we call this position “barber chair” position. This facilitates access to the lateral and posterior 
aspects of the humerus. The trunk is also positioned laterally on the table, so that part of the shoulder region and the whole arm are accessible for reduction 
maneuvers and to obtain adequate fluoroscopic visualization. Only the hand on the fractured side is supported by the lap of the patient or a dedicated holder 
(Fig. 36-31); alternatively, leaving the elbow unsupported assists with fracture reduction by gravity-assisted restoration of length. 

Fluoroscopy is used throughout the procedure to assist with fracture reduction and fixation. It is important to confirm that adequate AP and axial 
projections of the proximal humerus can be obtained before prepping and draping. The fluoroscopy equipment may be positioned in the operating room 
multiple ways. One of the authors favors use of a regular C-arm position at the head of the table and parallel with it. AP and axial views may be obtained by 
a combination of rotation of the arc of the C-arm and changes in position of the arm. Regular C-arms may also be brought from the opposite side across the 
body. The senior author prefers the use of a small C-arm with a sterile cover brought in from the surgical side for easy manipulation of the equipment by 
members of the surgical team (Fig. 36-32). 
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Figure 36-31. Beach chair position for deltoid-splitting approach. The use of an arm holder can aid in intraoperative positioning. 


Our preference is to perform plate fixation of proximal humeral fractures through a modified deltopectoral approach as described before. Reasons for using 
the deltopectoral approach include familiarity, easier reduction of the head segment in VPM fractures, extensibility of the exposure to the humeral shaft, less 
risk of injury to the axillary nerve, and ease of revision surgery using the same exposure in case hardware removal or reoperation for other reasons becomes 
necessary. However, management and reduction of the greater tuberosity is easier through a deltoid-splitting approach, favored by many surgeons.3339 
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Figure 36-32. Positioning of the patient in the beach chair A: Access for exposure and adequate fluoroscopic imaging should be confirmed prior to draping. B: Use of 
a mini C-arm intraoperatively. 


Technique 
Surgical technique principles are as follows: 


1. Anatomic reduction and provisional fixation. The articular segment should be anatomically reduced to the head and provisionally fixed with threaded 
wires. Tuberosities are the reduced and fixed with osteosutures. 

Plate axial placement with reference to the humeral head, to achieve the next goal 

Maximize the number of screws engaging the articular segment, to increase the strength of the fixation 

Short screws configuration, to avoid screw penetration, even if there is settling of the articular segment 

Selective acrylic cement of graft augmentation in patients over 65 or women over 50 sustaining a low-energy trauma resulting in fracture 


Locking Plating: 
KEY SURGICAL STEPS 


Tuberosity identification and control with traction sutures 
Head to shaft reduction and provisional wire fixation + bone grafting 


IPN 


Tuberosity reduction and suture fixation 
Provisional plate positioning 

Plate fixation into the diaphysis 

Plate fixation into the humeral head 

Suture fixation of the tuberosities to the plate 
Selective cement augmentation 


Tuberosity Identification and Control With Traction Sutures 


The bursa covering the tuberosities and the rotator cuff is resected. The fracture planes are identified and cleaned of hematoma, interposed soft tissue, and 
small fragments of bone. The rotator cuff and tuberosities are then evaluated for cuff tears and to assess the size and bone quality of the fractured fragments. 
Traction sutures are then placed through the rotator cuff (Fig. 36-33). Our preference is to place sutures perpendicular to the fiber orientation of the rotator 
cuff and close to the cuff attachment. We typically place one or two sutures in the subscapularis, one in the supraspinatus and one in the infraspinatus. 
Placement of traction sutures in the posterosuperior cuff may be difficult when the greater tuberosity is substantially displaced. This may be facilitated by 
placing the arm in abduction to relax the deltoid, use of atraumatic clamps, applying traction on sutures on the supraspinatus in order to reach the 
infraspinatus, and use of a periosteal elevator under the greater tuberosity to lever the tuberosity anteriorly. 


Head Reduction With/Without Graft Augmentation and Provisional Wire Fixation 


The maneuvers to reduce the head fragment properly depend on the pattern of fracture being fixed. Once the head is reduced, it is provisionally fixed to the 
shaft with threaded 1.6 to 1.8 mm wires introduced from the anterolateral aspect of the head (at the level of the anterior rotator interval) to the posterolateral 
diaphysis, and/or from the anterior diaphysis to the head as needed, so they do not interfere with plate positioning. The quality of the reduction is then 
assessed with fluoroscopy, and any additional reduction maneuvers are performed as necessary. Structural or cancellous bone grafting should be added at 
this point, before reduction of the tuberosities impedes access to areas of bone void. 
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Figure 36-33. The first step in plate fixation of proximal humeral fractures involves placement of traction sutures at the cuff—tuberosity junction. 


Surgical Neck Fractures 

In most cases, the shaft can be properly aligned with the proximal humerus with traction, extension, and rotation; occasionally, part of the pectoralis tendon 
needs to be released. In some cases, the humeral shaft is severely displaced just anterior to the proximal humerus; the biceps tendon is usually either 
ruptured or dislocated, and a tenotomy performed below the fracture level (trying to preserve head vascularization) is helpful in allowing restoration of 
humeral length; then, the diaphysis is forward flexed and its proximal part pulled down to bring the fracture surfaces of the shaft and the proximal humerus 
in line. Alternatively, a flat and blunt periosteal elevator is introduced between the head and the shaft, and the diaphysis is brought back into extension at the 
same time that the head is levered anteriorly and superiorly on top of the diaphysis and the tag sutures are pulled. 


Varus Posteromedial Fractures 

Posteromedial comminution is associated with 3D rotation of the head into varus and excessive retroversion. The humeral head may be brought to a more 
anatomic position by use of a wide periosteal elevator under the head to lever it into valgus, anteversion, and flexion. If one or both tuberosities are attached 
to the head, traction sutures may aid as well. Another useful maneuver consists in inserting two K-wires into the head from anterolateral at a very steep 
angle to use them as joysticks (Fig. 36-34). Once adequate reduction is confirmed, the head is fixed with wires to the shaft. VPM fractures tend to collapse 
into varus and retroversion very easily, and in some shoulders, the only way to prevent this collapse is by supporting the reduction with structural or 
particulate bone graft. The reduction may be more difficult if the deltoid is forcefully retracted, which will tend to shorten the humerus through the fracture 
site. 


Valgus-Impacted Fractures 


In this fracture pattern, comminution is lateral (as opposed to posteromedial) and the head must be elevated out of excessive valgus using a tamp, impactor, 
or laminar spreader. Care must be taken not to overdistract the head from the shaft medially, which would make the fracture more unstable and potentially 
compromise vascularity. For these reasons, we prefer to elevate the head with the impactor under fluoroscopic visualization (Fig. 36-35). The impactor is 
introduced through the fracture site lateral to the bicipital groove. Once the head is in a more anatomic position, it will tend to collapse into valgus unless 
supported by bone graft or the greater tuberosity if fractured. Once the head is in the desired position and any voids have been filled with bone graft, sutures 
around the lateral aspect of the proximal humerus from subscapularis to infraspinatus will help maintain the reduction if one or both tuberosities had been 
fractured. 
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Figure 36-34. In varus posteromedial fractures, reduction may be achieved by inserting k-wires into the humeral head at a steep angle to use them at joysticks. 


36-35. In valgus fractures, reduction can achieved by using an elevator inserted at the fracture site (A) under fluoroscopic visualization (B). 


Head Impaction, Head Splitting, and Fracture-Dislocations 

Most of these fractures are treated with arthroplasty. However, relatively small HI fractures as well as splits of the head in only two segments and fracture- 
dislocations in the very young patients may be considered for plate fixation. If the lesser tuberosity is fractured as well, medial mobilization of the lesser and 
the subscapularis will provide access to the head segment. Otherwise, the head may be accessed and manipulated through fracture planes or by opening the 
interval region. In fracture-dislocations, the head is first reduced into the glenoid cavity and provisional fixation is performed as described before. Small HIs 
may be reduced by elevating the subchondral bone and grafting underneath, whereas larger impactions may require use of an osteoarticular allograft (or 
intraoperative conversion to arthroplasty). Head splits can be temporarily fixed with wires once an anatomic reduction of the fracture has been achieved, and 
cancellous partially threaded compression screws are typically introduced from anterior to posterior to fix this element of the fracture prior to tuberosity 
reduction and plate application. 


In most fractures with involvement of the greater tuberosity, the locking plate will need to be positioned over the tuberosity, which requires reduction and 
fixation of the greater tuberosity at this stage ( ). The goal is to place the tuberosities under the head to capture and support it. The traction sutures 
that were initially inserted through the cuff can be used for both reduction and fixation. The sutures through the subscapularis may be tied to the sutures 
through the infraspinatus, creating the shape of a cross. Although not typically necessary, vertical sutures for tuberosity fixation may also be placed through 
cortical perforations in the shaft and through the rotator cuff. Sutures can be passed also through holes created in the diaphysis to secure the fixation. 


Figure 36-36. After placing sutures at the cuff—tuberosity junction (A), provisional reduction of the tuberosities is achieved with sutures, whereas the head is 
stabilized to the shaft with wires (B); the plate is then applied over a properly reduced and stabilized fracture (C). 


Initial Plate Positioning and Plate Fixation to the Shaft 


The plate is placed flat on the lateral side of the humerus over the greater tuberosity, and axially oriented so the screws can get purchase of the head in 
multiple points. The plate should be placed low enough, so that its superior border is at least 5 mm below the superior edge of the greater tuberosity, but 
high enough so that the lower locking screws will support the calcar region, which has been shown to decrease loss of reduction in VPM fractures.!** This 
can be challenging in short-stature patients with short humeri, and when this happens, our preference is to avoid placing the plate too high and augment 
calcar fixation with alternative techniques. Many plate systems now have multiple sites for calcar screws. Provisional plate fixation using a nonlocking 
screw inserted through an oblong hole allows fine-tuning of plate positioning under fluoroscopy. Once the height of the plate is optimal, at least two 
additional locking screws are used to secure the plate to the diaphysis. Longer plates with additional screws are selected for patients with severe osteopenia 
or fractures with substantial extension into the shaft. 


Head Fixation 


This step is best performed under fluoroscopy and following specific tips to avoid primary intra-articular penetration with the screws.7998? Only locking 
screws are used at this level. Multiple locking screws in various planes provide the best possible support to the head segment. The drill guide is used to 
register the direction of the screw, and only the outer cortex is perforated with the drill. Then, a depth gauge in introduced bluntly through the cancellous 
bone inside the head until subchondral bone is felt. We subtract 4 mm from the measured screw length (and 6 mm if cement augmentation will be 
performed). The screw is then inserted and locked to the plate. The same process is repeated for each screw to be inserted. If no bone is felt with the depth 
gauge, no screw is introduced in that particular hole. Once all fixation is completed, fluoroscopy in multiple planes is performed to confirm lack of screw 
penetration. Since proximal humeral fractures may settle during healing, using relatively short screws decreases the chances of secondary penetration (Fig. 
36-37) 230,489 


Selective Cement Augmentation 


As mentioned before, one of the authors routinely uses cement augmentation in all patients over 70 years of age and in women over 65 years of age with a 
low-energy fracture or a formal diagnosis of osteoporosis. We use a commercially available system with a low viscosity, low temperature, and slow-curing 
acrylic cement that is introduced through cannulated locking screws (Fig. 36-38). We typically augment with cement three screws, especially those located 
at the center aspect of the head. The cannulation of the screw locked to the plate is cleaned from debris introducing the blunt end of a small wire on it. The 
wire may be gently tapped inside the screw with a small mallet if needed to completely clear the exit of the screw cannulation. Two to three cubic 
centimeters of iodinated intravenous contrast are then introduced through the selected screws and fluoroscopy is used to confirm no intra-articular leaking of 
the contrast. Cement is then introduced in the screw with a syringe under fluoroscopic control. The increase of pressure inside the humeral head as cement is 


injected typically causes IM fluid leakage through other cannulated screws not augmented yet. About 5 cc of cement is introduced through each screw. 
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37. Intraoperative fluoroscopy shows adequate head support with relatively short screws. 
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Figure 36-39. Hybrid fixation using multiple augmentation sutures through the rotator cuff and small holes in the plate. 


Suture Augmentation Through the Plate 


Fracture fixation may also be augmented by adding multiple sutures through the rotator cuff and into small holes in the plate (Fig. 36-39). Depending on the 
design of the plate and on how apposed the plate is to bone, it may be difficult to pass the sutures through the small holes of the plate; for these reasons, 
some surgeons pass these sutures through the plate prior to plate application. There is controversy about the type of suture to be used. Our preference has 
been to use #1 absorbable braided suture. Typically, we use 6 to 10 sutures in each case, depending on the size of the patient and the fracture pattern. 


Postoperative Care 


After surgery, patients are recommended use of a shoulder immobilizer for 6 weeks. As mentioned before, it is best to immobilize the shoulder in some 
external rotation. Active range-of-motion exercises of the elbow, wrist, and hand are encouraged immediately. For fractures with stable fixation, Codman 
forward flexion exercises are started the day after the surgery. Patients are seen at 2 weeks, 6 weeks, and 3 months after surgery. Passive-assisted exercises 
in elevation and internal rotation are implemented at week 2. Internal rotation exercises can be included at week 2 in SN fractures, but in cases in which the 
greater tuberosity was repaired, additional protection until week 6 is considered. If healing has adequately progressed both clinically and radiographically at 
6 weeks, active-assisted range of motion is started with progressive stretching. In some instances, strengthening exercises can start at week 12 in active 
patients as required (Fig. 36-40). 


Figure 36-40. A: Displaced valgus proximal humerus fracture with excessive tuberosity displacement. B and C: Radiographs 2 years after locking plate hybrid 


internal fixation. Range of motion in elevation (D), external rotation (E), and internal rotation (F). 


Potential Pitfalls and Preventive Measures 


Locking Plating: 
POTENTIAL PITFALLS AND PREVENTIVE MEASURES 


Pitfall Prevention 


e Inadequate reduction e Obtain adequate exposure 
e Obtain adequate fluoroscopic visualization 
e Consider comparison with contralateral side radiographs 
e Reduction maneuvers 
e Sutures through rotator cuff and around tuberosities 
e Elevators and tamps 
e K-wires to be used as joysticks 
e Maintain provisional fixation with K-wires and sutures 
e Support head against varus or valgus with bone graft if needed 


e Poor plating position e Obtain adequate exposure 
e Understand ideal plate placement 
e Lateral enough 
e In line with the humeral shaft 
e Correct height (too high: impingement; too low: poor screw trajectory) 
e Provisional plate fixation through oblong hole for fine-tuning 
e Screw penetration Confirm ideal plate position 
Drill only the lateral cortex 
Subtract 5-10 mm of length from depth gauge measurement 
Confirm lack of primary penetration with fluoroscopy in multiple planes 


e Loss of reduction Obtain adequate reduction 
Hybrid fixation 
e Locking plate 
e Sutures through the cuff and plate 
Use of calcar screws 
Use of bone graft to support the head when needed 
Immobilize in external rotation whenever the greater tuberosity is involved 
Taylor physical therapy to fracture pattern, reduction, fixation, bone quality 


Despite their many theoretical advantages, several studies have shown that locking plates can be associated with a substantial rate of complications, 
including screw back-out, screw cut-out, plate failure, malunion, and nonunion,’*!04299,333,372,377,382,391 frequently requiring reoperation.®”!°9 Several 
factors have been associated with loss of reduction, including advanced age, osteoporosis, smoking, preoperative varus deformity, posteromedial 
metaphyseal extensions less than 8 mm, head-shaft displacements greater than 4 mm, multifragmentary greater tuberosities, varus malreduction, inadequate 
medial (calcar) support and failure to incorporate the rotator cuff to the construct with suture augmentation. *12810.216,225,231,263,295,296,298,299,358,376,377 

Sudkamp et al. found that over half of complications found with proximal humeral locking plate fixation occurred intraoperatively. Primary screw 
perforation of the humeral head was the most common complication. Training and a meticulous and stepwise surgical technique including a short screw 
configuration are the mainstays to avoid intraoperative complications. The frequency of screw penetration was further increased in cases of fracture collapse 
and secondary penetration.’ Careful selection of screw length is therefore advised. Furthermore, inadvertent head penetration while drilling should be 
avoided, as this creates a path for easier head perforation.” 

Loss of reduction during fixation is a devastating intraoperative complication that can lead to fixation failure or the need to switch intraoperatively to a 
shoulder arthroplasty. In our experience, there are two situations on which loss of reduction is more likely to occur: at the time of removal of wires used for 
provisional fixation and when trying to simultaneously change the reduction and perform fixation. The threaded wires securing the head provisionally to the 
diaphysis should be removed once fixation of the head has been completed; if they interfere with plate application, they should be replaced, not simply 
removed. In addition, the fracture should be perfectly reduced and provisionally fixed with wires (head) and sutures (tuberosities) before starting locking 
plate osteosynthesis. The only instance in which we use the plate for reduction purposes is to obtain a slight lateral reduction of the diaphysis against the 
humeral head (bringing the diaphysis to the plate) during provisional plate positioning with the cortical screw. 

Gardner et al. demonstrated the impact that the absence of medial support has on subsequent reduction loss, increased rate of screw perforation, and 
overall loss of height in a critical retrospective review of radiographs of PHFs treated with locking plating.'°* The importance of the medial support was 
also confirmed in a study by Yang et al. who showed that in a prospective observational study of 64 consecutive patients treated with a locking proximal 
humeral plate, those with an intact medial support had significantly better functional outcomes at 1 year (Constant score of 81 [medial support] vs. 65 [no 
medial support], p = .002).476 

Fixation augmentation with structural grafts,2°°779-388 surgical cement, or bone substitutes can also decrease the rate of hardware failure!239 (Fig. 36- 
41). However, in cases of revision surgery in which a locking plate fixation with IM structural graft has been used, preparing the canal to accommodate the 
prosthetic stem can be challenging. The cement augmentation technique we described should be cautiously used, since there is little information published 
about the outcome and complications of this technique (Fig. 36-42). In our experience, there are two specific complications associated to cement 
augmentation: one partial AVN, observed in 4% of our cases, and only around the most proximal screws and, two intra-articular cement leaking, which 
occurred more frequently in cases when cement was used in the calcar screws.!*°.294 Both situations have drastically diminished by selecting the central 
head screws for augmentation. This last configuration did not see to decrease the stability of the fixation in a biomechanical study we performed.*°* Other 
strategy to avoid intra-articular leaking is the use of contrast and fluoroscopy. Although contrast is more fluid than cement, and it could overestimate this 
risk, we believe it should be used and in case of doubt, cement avoided. If cement reaches the intra-articular space, options include removal through the 
rotator cuff interval if located superiorly, and arthroscopic removal if located inferiorly. Other specific concerns are cement removal if infection were to 
occur, and possible difficulties if hardware removal is considered. Clearing the cement from the head of the screw with a wire is routinely done after 
finalizing fixation and before the cement is cured, and as a consequence, removing cemented screws has never been an issue, as the cement—implant 


interface can be easily fractured when unscrewing the screws. Although global AVN represents another theoretical concern, its incidence has not increased 
125,254 


in our experience with the use of cement augmentation. 
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Figure 36-41. A-C: A 32-year-old male patient with a high-energy two-part surgical neck fracture of the proximal humerus. D, E: Posteromedial comminution is 


present, raising concern about possible delayed displacement after fixation. F, G: Intraoperative fluoroscopy views showing reduction and fixation using a combination 
of and intramedullary cortical strut and plate and screw fixation. H, I: Radiographic follow-up 6 months after surgery. 
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Figure 36-42. A, B: Proximal humeral fracture with valgus impaction pattern and with both tuberosities fractured and displaced. C: Postoperative x-ray showing 
anatomic reduction, locking plate osteosynthesis with a short screw configuration and acrylic cement augmentation through central cannulated screws. 


IM fixation is an attractive alternative for the treatment of proximal humeral fractures given its theoretical biomechanical advantages in osteoporotic bone 
and the possibility of performing the procedure through a less invasive exposure.’®17 

Several IM devices have been used over time to treat proximal humeral fractures. First-generation nailing included the use of multiple solid, small- 
diameter nails, such as Enders nails or Evans staples, used for IM fixation in an anterograde fashion with an insertion point through the humeral head.?” 
Similarly, bent long K-wires have also been used with a retrograde insertion from the lateral cortex into the proximal humeral head.**’’*? These implants 
allow for gross alignment of displaced SN fractures and may be used in conjunction with cerclage fixation of additional tuberosity fractures.” However, 
first-generation implants were unable to secure unstable fragments and provide rotational stability.”* 

Second-generation proximal humeral nailing is performed with the use of antegrade locking nails that vary between 8 and 12 mm in proximal diameter. 
These nails incorporate features derived from those used in the lower extremity to allow for greater construct rigidity and strength. The different models 
included spiral arrays of proximal locking screws, targeting guides, cannulation to implant the rod percutaneously over a guide wire, and proximal bending 
to allow a more lateral and easier entry point. The major disadvantage of these rods was inadequate security of the proximal interlocking screws, that did not 
allow angular stable constructs, with common loss of fixation and screw back-out.’* Moreover, due to their curved design, they are forces to enter more 
lateral in the humerus and penetrated the supraspinatus insertion on the greater tuberosity leading to iatrogenic supraspinatus tears.~° 

Most modern implants, the so-called third-generation proximal humeral IM nails, provided technologic advantages allowing for proximal angular stable 


constructs. Nylon or polyethylene bushings or threaded holes to secure interlocking screws, locking spiral blades to increase the bone—implant interface, 
screw-in-screw technologies, blunt screw tips to avoid intra-articular penetration, more divergent screws for tuberosity fixation, holes for suture fixation, 
countersunk screwheads to reduce acromial contact, or a straight design for a more medial insertion through the articular surface for improved fixation 
through interference between the subchondral bone at the entry point and the proximal end of the nail and minimize damage to the rotator cuff footprint? 
are all facilities implemented in these latest generation implants.“ 

The main indications for proximal humerus interlocking IM nailing are displaced SN fractures without tuberosity involvement, especially those with 
extension into the humeral diaphysis, and pathologic fractures.7°° Fractures with greater tuberosity involvement may also be amenable to fixation with IM 
nailing, !27/148.197,237,266 While IM nailing of fractures with involvement of both tuberosities has been reported, poorer outcomes can be expected in this 
patient group!“ and most studies do not recommend its use in these cases.**! However, a comparative study recently published failed to find differences 
between IM nailing and plate osteosynthesis in four-part fractures.!*° IM nailing is not recommended in VPM fractures with both tuberosities fractured or in 
HS fractures.7°° 


Intramedullary Nailing: 


PREOPERATIVE PLANNING CHECKLIST 


Preoperative plan Good-quality radiographs (trauma series) 
Consider obtaining radiographs of the contralateral side 


T with three-dimensional reconstruction 


OR table For beach chair: head holder/shoulder positioner 


For supine: lateral Plexiglas extension 


Arm holder, Mayo stand, or both 


Fluoroscopy location Regular C-arm: from top or contralateral side 


Small C-arm: from fracture side 


Equipment Intramedullary nail implants and instruments 
Sutures for tuberosity fixation if needed 
K-wires, Steinmann pins, or Schantz pins 


Position/positioning aids Beach chair or supine position 
Table attachments (head support, circumferential shoulder exposure, Plexiglas extension) 


Plate and screws instrumentation and implants as backup plan 


While IM nailing might be the treatment of choice in two-part SN fractures with marked comminution or distal diaphyseal extension, caution should be 
exercised in the latter, especially in the presence of preoperative nerve palsy. Nerve entrapment at the fracture site may lead to catastrophic neurologic 
injury during reaming and nail placement. 


Preoperative Planning 


Preoperative planning for IM nailing of proximal humeral fractures follows the same guidelines as for other treatment modalities. Imaging of the 
contralateral uninjured shoulder is recommended for preoperative templating of fracture fixation. Placing the nail template over the uninjured humerus will 
help in determining the starting point and predict the ideal diameter of the nail to be used. Availability of other fixation or reconstruction methods is 
recommended in case optimal fixation cannot be achieved with IM nailing. Intraoperative fluoroscopy is recommended. 


Positioning 

Careful patient positioning is required to facilitate fracture reduction, fluoroscopic visualization, and implant placement. Unlike plate fixation of proximal 
humeral fractures, IM nailing limits the ability to place the shoulder in abduction once the starting point has been created. Obtaining an intraoperative 
axillary view is thus more difficult, and a Neer lateral Y view and a Grashey AP view of the shoulder may be obtained instead by rotating the C-arm while 
keeping the shoulder adducted. 

As with the other surgical techniques, positioning can be done in either the beach chair or supine position; we prefer the beach chair position. Slight 
extension of the shoulder is required to obtain adequate clearance of the humeral entry site from the anterolateral acromion. This may be somewhat easier to 
achieve in the beach chair position. In the beach chair position, the C-arm enters the surgical field from the head of the patient, parallel to the patient’s body. 
AP and lateral views are obtained by rotating the C-arm around the long axis of the humerus. Alternatively, a small C-arm may enter from the fracture site. 
In the supine position, the patient is placed on a radiolucent table with a Plexiglas board placed as a lateral extension as described for ORIF. The C-arm 
enters perpendicular to the long axis of the table from the side of the uninjured extremity. A bump is placed under the scapula of the injured side to roll the 
patient’s torso 30 degrees toward the uninjured side. A Grashey view is thereby obtained by rolling the C-arm back 50 degrees, whereas a Y-lateral view is 
obtained by rolling the C-arm forward 40 degrees. Adequate imaging should be confirmed before draping. 


Surgical Approach 


The key to IM nailing of the proximal humerus is to gain optimal access into the humeral head in a location that allows maintenance of reduction once final 
seating of the nail has been achieved. The exact entry point will vary depending on nail design and patient anatomy. Nails with a proximal lateral bend will 
have an entry point closer to the footprint of the rotator cuff and theoretically will damage less articular surface. Straight nails, on the other hand, will enter 
the humeral head via a split in the musculotendinous junction of the rotator cuff into articular surface of the humeral head. Straight nails will avoid 
compromising the footprint of the rotator cuff, by splitting the supraspinatus musculotendinous junction more medially, but will damage a greater area of 
articular cartilage. 


For nails with a proximal lateral bend, a 3-cm incision is performed from the anterolateral corner of the acromion distally. For straight nails, a more 
medial incision, in line with the acromioclavicular (AC) joint, is preferable. A proximal deltoid split is performed in line with the muscle fibers. Once the 
subdeltoid bursa has been incised and resected, the underlying rotator cuff is exposed. In more complex fractures, a formal deltoid-splitting approach may 
be used as described before, paying close attention to avoid injury to the axillary nerve. Alternatively, the middle deltoid may be detached subperiosteally 
off the acromion as a full-thickness flap of fascia and muscle. The anterior branch of the axillary nerve should be identified with digital palpation along the 
undersurface of the deltoid to confirm safe placement of pins for temporary stabilization as well as proximal interlocking. 

After partial resection of the subacromial bursa, the underlying supraspinatus tendon will be exposed. The biceps tendon is identified as a key landmark 
to assist in fracture reduction and establishing the proximal entry site. Once adequate fracture reduction has been obtained (see below), the supraspinatus 
tendon is split in line with its fibers 1 to 1.5 cm posterior to the biceps tendon. Depending on the type of nail, the tendon will be split either close to the 
footprint of the rotator cuff or at the level of the musculotendinous junction. Tendon edges are tagged with nonabsorbable suture for subsequent retraction 
and should be carefully protected during surgery. 


Technique 


WA cer suncica Nailing: 


KEY SURGICAL STEPS 


v i adequate fluoroscopic visualization of fracture and humeral shaft 
Expose subdeltoid space through deltoid split 
Identify biceps tendon and further understand fracture pattern 
Reduce fracture using a combination of: 
e Arm manipulation 
e Traction sutures in rotator cuff, 
e Steinmann or Schantz pins or Kirschner wires 
e Elevator introduced percutaneously if needed 
Confirm reduction fluoroscopically in two views 
Prepare nail as required per implant-specific technique (sizing, width, entry point, intramedullary canal preparation) 
Introduce nail and verify position under fluoroscopy 
Proximal fixation 
Distal fixation 
Incorporate tuberosity sutures into construct 

Confirm adequate screw length with live fluoroscopy 


For SN fractures without tuberosity fracture, a percutaneous approach can be used either anterior to the AC joint or through the Neviaser portal. It can also 
be approached using a deltoid-splitting approach. A Schantz pin, or two 2.5-mm K-wires directed from the lateral cortex into the head segment outside of 
the planned path of the nail may aid in fracture manipulation (Fig. 36-43). Alignment of the distal segment is corrected with traction, rotation, and a 
posteriorly directed force onto the proximal humeral shaft. Once adequate reduction has been obtained and confirmed fluoroscopically, the starting point is 
selected using the C-arm. In the lateral Y view, the entry point should be approximately 1 to 1.5 cm posterior to the anterior margin of the greater tuberosity. 
The AP view should show the starting point in a position that will not affect fracture reduction once final seating has been obtained.*268 For valgus 
fractures, the nail must be inserted more lateral. In SN fractures without head deformity, the entry point locates anterior to the acromion, whereas in varus- 
impacted fractures, the optimal entry point is more medial, typically anterior or posterior to the AC joint. A lateral entry point in fractures with varus head 
deformity has been reported to increase the risk of loss of reduction and varus malunion.?43:268 

The trajectory of the guide pin should be from the starting point toward the center of the medullary canal at the level of the calcar. The entry hole is then 
created with an awl or a starting drill, using a soft tissue sleeve to protect the surrounding rotator cuff. Depending on the type of implant, the nail may then 
be inserted either directly or over a guidewire, with or without prior reaming. Due to the width of the proximal humeral canal and the need for a short nail in 
most instances, no cortical chatter will be obtained during reaming. Some mismatch between the shaft and nail can be expected. 

For fractures with involvement of one or both tuberosities, reduction of the head and tuberosities is required before nail insertion. Temporary fixation is 
achieved with K-wires outside of the predicted nail path. The placement of heavy nonabsorbable sutures around the bone tendon junction is useful to 
manipulate displaced tuberosities, obtain temporary stabilization, and provide structural reinforcement to the final construct when tied to interlocking 
screws. It is important to keep in mind that fracture reduction, especially between the head and shaft, has to be achieved before nail preparation and seating, 
since this will determine the spatial relationship between these two segments. During preparation of the starting point in fractures with tuberosity 
involvement, the fracture between the greater tuberosity and the head segment has to be kept reduced as instrumentation will tend to separate the fragments, 
leading to inadvertent loss of fracture reduction during final nail seating and poor outcomes.! 

The nail is inserted by hand, until it lies at least 5 to 10 mm deep to the articular surface. Fracture alignment, nail depth, and rotation should be 
reassessed fluoroscopically. Depending on the type of nail selected, proximal interlocking implants are directed either toward the head or in a manner that 
ensures that the tuberosities are captured. While it is frequently stated that screws placed into the humeral should be just short of the subchondral bone, it is 
safer to select screws that are 5 mm shorter than measured to avoid delayed screw penetration, as described with plate fixation. As with plate fixation, 
measurement of screw length should be performed by drilling the lateral cortex only, and then advancing the depth gauge to the level of subchondral bone. 
This will avoid head penetration with the drill, thereby reducing the risk of late screw protrusion. In fractures with associated tuberosity fracture, nail 
insertion depth should not exceed 3 mm, as this will likely lead to inadequate fixation of the tuberosities by the proximal locking screws. While 
incorporation of rotator cuff traction sutures into the final construct is advisable whenever possible, it is definitely required if there is tuberosity 
comminution, as bony fixation with screws will be unreliable. 


E ci \/ AN 5 +4 Nu F 
J ) A: Displaced unstable fractures of the surgical neck are great indications for intramedullary nailing. B: A minimally invasive superior exposure allows 
fracture stabilization. C: Proximal guidewire. D: Proximal interlocking. E: Distal interlocking. F: Postoperative radiographs show adequate reduction and fixation. 


After proximal locking has been performed, the proximal humerus should be reassessed fluoroscopically to see if there is a fracture gap that may be 
corrected by impacting the distal segment proximally with gentle blows against the elbow. The distal segment is then interlocked with one screw in the 
dynamic hole. This allows further collapse at the SN to facilitate union. Attention must be paid to the rotation of the arm prior to distal interlocking to avoid 
malreduction in excessive internal or external rotation. 

Because of the risk of iatrogenic injury to the nerve during nailing, it is important to determine the relationship of the locking holes and the axillary and 
radial nerves. Modern implants are designed so that proximal and distal locking holes are in safe windows away from these nerves. In smaller patients or in 
the presence of abnormal anatomy, however, these windows may not be safe. 

The cuff split is closed with nonabsorbable sutures. The deltoid split is closed with absorbable suture. If the deltoid was detached, osseous tunnels are 
drilled into the acromion for reattachment with heavy absorbable or nonabsorbable sutures. 


Postoperative Care 


Patients are placed into a postoperative sling and pendulum exercises are started on the first postoperative day. Active range-of-motion exercises of the 
elbow, wrist, and hand are encouraged. Passive forward elevation and external rotation are allowed depending on the fracture stability that has been 
achieved and the bone quality. It is recommended to err toward slow progression of motion to reduce the risk of secondary fracture displacement. Most 
frequently, passive range-of-motion exercises are continued until the sixth postoperative week. Active-assisted range of motion is then started, with 
transition to strengthening exercises occurring at 3 months. 


Potential Pitfall and Preventive Measures 


Intramedullary Nailing: 


POTENTIAL PITFALLS AND PREVENTIONS 


Primary intraoperative fracture displacement e Obtain fracture reduction before preparing nail entry site 
e Determine correct starting point based on preoperative template and nail features 


Postoperative shoulder pain e Careful fluoroscopic confirmation of fracture reduction and adequate entry site in AP and Y-lateral views 
e Careful sharp incision of rotator cuff, perpendicular to footprint; adequate cuff closure 
e Judicious soft tissue retraction during reaming and nail insertion 


Screw penetration e Avoid impingement by adequately seating the nail at least 10 mm below the articular surface 
e Select final head screw length 5 mm shorter than measured when directed toward articular surface 


Regardless of the type of implant used, IM nailing violates the rotator cuff, and this may lead to secondary symptoms.”©° Proximal humerus nails with a 
lateral bend may increase the risk of damage to the footprint of the rotator cuff, which may lead to postoperative shoulder pain. Straight nails, entering more 
medially at the muscle—-tendinous juncture, have demonstrated less complications and reoperations compared with curvilinear ones, as rotator cuff pain and 
dysfunction can be minimized (at the expense of some articular cartilage damage).?“? 

Correct entry point placement is crucial to avoid displacement of a well-reduced fracture during nail seating. Fluoroscopic confirmation in both the 
coronal and sagittal planes of the starting pin should precede entry portal establishment. Understanding of implant geometry and preoperative templating 
using the unaffected contralateral extremity helps in avoiding intraoperative fracture displacement and also improves biomechanical stability by optimizing 
implant position. Nail insertion depth and rotation should be checked before interlocking to allow for optimal implant placement. 


Closed Reduction and Internal Fixation With Percutaneous Pins/External Fixation 


Closed reduction with percutaneous fixation of PHFs has the theoretical advantage of minimizing soft tissue trauma, thereby promoting faster healing and 
reducing the risk of AVN of the humeral head. Fractures of the SN and varus-impacted fractures can be treated with closed reduction and percutaneous 
fixation (CRPF). Surgeons should have a thorough understanding of the expected radiographic morphology of the proximal humerus, as assessment of 
facture reduction will rely entirely on fluoroscopic imaging. In valgus-impacted fractures, a mini-open is usually recommended to reduce the head. A 2 to 3 
cm deltoid split can be performed using an anterolateral approach. Furthermore, a detailed understanding of the structures at risk for iatrogenic injury is 
required. These include the cephalic vein and long head of the biceps anteriorly and the axillary nerve along the medial, posterior, lateral, and anterior 
aspects of the humeral SN.°28 Rowles and McGrory showed in a cadaver study, that using a standard pin placement technique, the biceps tendon and 
cephalic vein may be pierced in 30% and 10% of cases, respectively. Furthermore, pins are located at an average of 3 mm from the anterior branch of the 
axillary nerve.?® Similar findings have been confirmed by other authors.'9 Pin placement along established safe windows is therefore required to minimize 
the risk of iatrogenic neurovascular injury. 

Bone quality plays an important role in achieving adequate fixation with CRPF and to avoid pin migration and construct failure. Several authors have 
observed a correlation between pin migration and construct failure with increased age.!!*-!9 In two-part SN fractures with comminution of the calcar, pin 
fixation may be insufficient to withstand varus deforming forces and should therefore be avoided. Size of tuberosity fractures and absence of comminution 
should be such that percutaneous manipulation can be reliably performed and adequate fixation with pins and screws achieved. Four-part valgus-impacted 
fractures can be managed with CRPF due to the special morphologic characteristics of this fracture: the head has been pushed into valgus, thereby breaking 
the tuberosities into the periphery, with a medial hinge between the humeral head and calcar remaining intact. Furthermore, the tuberosities are in periosteal 
continuity with the humeral shaft. Integrity of these structures, medial hinge, and periosteal continuity, in the absence of gross tuberosity migration, are 
important for CRPF to be successful. 

Concerns over pin migration led to the addition of mechanism that allows linkage between pins, such as external fixator, in the past few decades. 
The use of external fixator in the field of PHF has overcome the traditional indication of external fixator for critically ill patients in a life-saving attempt, 
damage control and open fracture, to become to all effects a valid alternative method to plate and fixation nail.*! It is a temporary fixation because it is 
removed after 5 to 6 weeks of treatment in outpatient regime. Compared to traditional pin fixation, the modern treatment of PHFs with external fixator is 
based on the use of external fixators dedicated to PHF, with better biomechanical features, solid scientific background, and reproducible technique. 
Indication for reduction and fixation with external fixator are displaced fractures with or without tuberosity involvement, regardless of the quality of bone 
and age. 


31,32,57 


Preoperative Planning 


Closed Reduction and Percutaneous Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard (beach chair) or radiolucent table (supine) 


Position/positioning aids Beach chair: head holder/shoulder positioner, hip positioner at thigh. Waist flexed 45 degrees, knees bent 30 degrees. 
Supine: bump under ipsilateral scapula, rotating the trunk 30 degrees toward opposite side 


Shoulders draped free to the level of medial scapular border 


Fluoroscopy location LJ Beach chair: at the head of patient in line with long axis of the bed. Alternatively, a C-arm can be used from the 


contralateral side perpendicular to the long axis of the bed, tilted 20° in line with the glenoid. 
Supine: entering perpendicular to table from opposite to operative extremity 


Equipment Radiation reduction gloves 
Power wire driver and drill 
2.5 mm terminally threaded Kirschner wires. In the case of external fixator, 2.5 mm pins with 7 cm of thread are used. 
3.5 cannulated screw set (fully threaded) 
Small drill or wire sleeve 
Small bone hook 
Blunt narrow periosteal elevator, bone tamp 
Mallet 


Planning for CRPF requires understanding of fracture configuration and determining whether the surgeon has the experience and skill to achieve adequate 
reduction and fixation. Anteroposterior, axillary, and lateral Y scapula views are essential for initial understanding of the fracture pattern. CT images with 
3D reconstructions are valuable to clearly establish the amount of fragment involvement, displacement, and comminution. Depending on the fracture 
pattern, the surgeon should decide whether they feel that the best possible result can be offered with CRPF. Patients should be counseled about the risks 
associated with this specific technique, including axillary nerve injury, pin tract infection, and pin migration. A clear understanding of these risks and the 
required close follow-up for radiographic monitoring are essential for optimal patient compliance. Finally, patient age and risk factors for poor bone stock 
should be taken into account as they will preclude pin stability and may require either the use of adjuvant stabilization or the use of a different surgical 
technique. 


Positioning 

CRPF can be performed in the beach chair position or supine on a radiolucent table. The beach chair position is best obtained with a special shoulder or 
head holder. The shoulder should be accessible to the level of the medial border of the scapula posteriorly and the angle of the jaw superiorly. The bed is 
flexed 45 degrees at the waist and the knees bent 30 degrees. Final position of the patient is fine-tuned by adjusting Trendelenburg and tilting in the frontal 
plane. For the supine position, the torso is tilted 30 degrees toward the opposite side using a bump or wedge, allowing access to the medial border of the 
scapula and extension of the arm for fracture reduction. Adequate patient positioning will allow unhindered fracture reduction, fluoroscopic visualization, 
and implant placement. For the beach chair position, the C-arm is positioned at the head of the patient, while it is placed perpendicular to the table coming 
in from the opposite side for the supine position. Fluoroscopic AP, axillary, and Y-lateral views are performed before draping in order to confirm adequate 
visualization and accurately identify anatomic landmarks and fracture fragments. Alternatively, a small C-arm may be used from the same side. For the 
supine position, the C-arm may be brought across the table from the contralateral side. It is furthermore recommended that closed reduction maneuvers are 
trialed before draping to confirm adequate patient positioning. 


Surgical Approach 


In two-part SN fractures, the procedure may be performed entirely with closed reduction techniques. More complex fractures require strategically placed 
percutaneous instruments to achieve fragment reduction. An anterior reduction portal is obtained with a 1- to 2-cm skin incision just lateral to the biceps 
tendon; this portal can be reliably positioned under fluoroscopic guidance on the lateral third of the humerus at the level of the SN. After the skin and 
deltoid fascia have been incised, the underlying deltoid is bluntly dissected in line with its fibers. Digital palpation can aid in identifying the long head of the 
biceps. Just lateral to the bicipital groove, in four-part fractures, the humeral head can be accessed through the split between the greater and lesser 
tuberosities. The tuberosities may also be manipulated with small bone tamp introduced through this incision. A lateral incision just distal to the acromion 
will aid in introducing a small bone hook to aid in reducing a medially and posteriorly displaced greater tuberosity. Further reduction may be improved with 
the use of a ball spike pusher. Through either incision, the axillary nerve may be palpated on the undersurface of the deltoid, aiding in safe placement of 
instruments and implants. 


Technique 


Closed Reduction and Percutaneous Fixation: 


KEY SURGICAL STEPS 


Obtain AP external rotation and axillary fluoroscopic views of unaffected shoulder for intraoperative referencing 
Confirm adequate visualization of the fracture in AP, axillary, and Neer views prior to draping 

Perform reduction maneuvers before draping, confirming adequate positioning. Care must be taken when draping the field because the fracture 
can be displaced. 

After draping, identify and draw major landmarks on skin, including expected location of the axillary nerve 
Perform close reduction of surgical neck fracture component 

Establish anterior reduction portal if required 

Create distal entry portals for retrograde pins and dissect bluntly onto bone 

Fix surgical neck fracture with two lateral pins and one anterior if required 

Fluoroscopically confirm adequate reduction and fixation 

Reduce tuberosities and fix with pins 

Confirm reduction and fixation 

Replace pins for cannulated screws if planned 

Cut pins short to leave subcutaneously 


Close reduction portal 
Immobilize in sling 


While the technique for closed reduction and percutaneous pinning follows an established pattern to correct predictable displacement modes, several 
variations of percutaneous fixation have been described in the literature.!°”!35° In the following paragraphs, we will describe the most widely published 
technique involving fixation using terminally threaded 2.5-mm Kirschner wires placed in several planes. Because of concerns with pin migration and 
insufficient construct stiffness with pin fixation, the addition of a mechanism that allows linkage between pins has been studied.?%3%97 This technique has 
some specific considerations. The purpose is to anchor pins to avoid migration and provide angular stability to improve implant stiffness. Furthermore, pin 
guidance through predetermined trajectories has been suggested to improve pin positioning within the strongest bone inside the humeral head ( 

).33.52,98,184 As for plate and nail fixation, the external fixator must be applied once the fracture is reduced, and it can be achieved either by percutaneous 
maneuvers or by standard open approaches. Hence the fracture is reduced, six 2.5-mm pins with a 7-cm long thread are commonly used, also in fractures 
with tuberosity involvement. 


Figure 36-44. Typical pin configuration for closed reduction and percutaneous fixation. (From Rowles DJ, McGrory JE. Percutaneous pinning of the proximal part of 
the humerus. An anatomic study. J Bone Joint Surg Am. 2001;83-A(11):1695—1699, with permission.) 


Pin placement is as follows: 


e Two pins are inserted from distal to proximal crossing the fracture in line with the deltopectoral approach to avoid axillary nerve damage. 

e These two pins are usually enough to guarantee some stability allowing the surgeon to rotate the shoulder in internal and external rotations to check the 
correct position of the pins. The long thread of the pins is designed to grip the subchondral bone in the proximal humeral head and in the lateral cortex. 

e Other two pins are then placed proximally crossing the greater tuberosity and reaching the subchondral area of the humeral head and other two distal to 

the fracture line in the humeral shaft. The pins do not keep in place the lesser tuberosity but, when is very displaced, typically it has been previously 

reduced by open approach and fixed by sutures. 

The six pins are linked to each other using the external fixator. 


e 


e If the fracture is highly unstable due to metaphyseal comminution, other pins can be added.!54163 
The key surgical point of the fixation with these pins is that every pin should reach the distal cortex or the subchondral area. 


Surgical Neck Fractures and Varus Impaction Fractures 


SN fractures are reduced by manipulating the distal segment into 80 to 90 degrees of abduction to match the deformity of the proximal segment. 
Manipulation of the distal part requires longitudinal traction to oppose the fracture surfaces, and posterior pressure to correct apex anterior angulation. 
Figure 36-45 shows closed maneuvers for reduction of varus and extension deformities. 


y 


Figure 36-45. Closed maneuvers for reduction of a posteromedial varus impaction fracture. A, B: Varus deformity is eliminated applying pressure inferiorly over the 
shoulder girdle while the shoulder is moved in abduction while traction is applied. C, D: Extension deformity is eliminated with the shoulder at 90 degrees of 
abduction and internally rotated, applying pressure posteriorly over the proximal diaphysis, while traction is applied to the forearm anteriorly. 


Correction of rotation follows under fluoroscopic guidance. Rotation is judged by obtaining a perfect profile view of the proximal humerus. With the 
elbow bent 90 degrees, the distal segment is then aligned with the forearm in 30 degrees of external rotation with regard to the imaging plane. Manipulation 
of the proximal segment may be performed with the use of percutaneously placed 2.5-mm Kirschner wires or 4.0-mm Schantz pins. Inability to achieve 
reduction by closed means may suggest interposition of the long head of the biceps at the fracture site. An anterior percutaneous portal as described above 
allows palpation of the biceps tendon and release from the fracture site if necessary. Furthermore, a periosteal elevator may be used to shoehorn the 
proximal segment over the shaft. This maneuver should be done with great care to avoid comminution at the fracture site. 

Once adequate reduction has been achieved, fracture fixation is obtained with the use of 2.5-mm terminally threaded Kirschner wires. The SN 
component is usually transfixed with a minimum of three K-wires directed from distal to proximal, placed in two planes at different angulations. Three pins 
are routinely used; one from anterior to posterior and two from lateral to medial. Anterior pins increase torsional stiffness of the construct and should be 
added if two lateral pins are deemed to offer insufficient stability. However, anterior pins are at risk of piercing the long head of the biceps or cephalic vein 
and should therefore be used judiciously.3?8 

Based on biomechanical data, two pins from the tuberosities into the medial proximal humeral cortex can increase construct rigidity compared with 
retrograde lateral pins alone.!°° To avoid injury to the axillary nerve, lateral pins should enter the humeral cortex at a point at least twice the distance from 
the upper aspect of the head to the inferior head margin with the wire angulated approximately 45 degrees off the cortical surface. After blunt dissection, to 
further reduce the risk of neurologic injury, pins should be placed over a sleeve into the humeral head, accounting for 30 degrees of humeral head 
retroversion. To maximize stability, pins should diverge both at the fracture site and inside the humeral head and should be advanced to the level of the 
subchondral bone, avoiding penetration of the articular surface!®*28 (see images from Rowles and McGrory).?8 If a pin is overdrilled through the 
subchondral bone, it should be removed and a new pin inserted at a separate site to prevent pin migration into the joint. 

Pin placement should be carefully checked under live fluoroscopic imaging, in both the AP and axillary views with maximum internal and external 
rotations. Pins directed into the posterior aspect of the humeral tuberosity are at the greatest risk of penetrating the articular surface without being detected 
on fluoroscopy. AP image with the shoulder in 60 degrees of external rotation has been shown to reliably rule this out.2°° Figure 36-46 shows a varus 
impaction proximal humeral fracture treated with external fixation. 


Surgical Neck Fractures With Greater Tuberosity Involvement 


Since the great majority of these fractures are VPM impaction fractures, the head is internally rotated. The humeral shaft and head are therefore aligned at 
the SN by placing the arm into adduction and internal rotation. Apex anterior deformity is corrected with a posterior force and K-wires placed as for SN 
fractures. The arm is then placed into neutral rotation and abduction. A percutaneously placed bone hook is used to secure the greater tuberosity and to 
reduce it onto the correct position. Engagement of the fragment at the rotator cuff insertion site is recommended to reduce the risk of fragmentation. 
Fixation is achieved with two K-wires placed from the tuberosity directed into the medial cortex of the proximal humerus. To avoid injury of the axillary 
nerve at that level, the tip of the K-wire should exit the medial cortex at least 2 cm distal to the most distal aspect of the humeral head.?8 If desired, 
definitive fixation may be completed by either cutting the wires subcutaneously or by replacing them with cannulated screws. Since interfragmentary 
compression is not absolutely necessary for fixation, and may increase the risk for secondary fragmentation, fully threaded screws are recommended. The 
tuberosity fragment is thereby not only engaged by the screwhead but also throughout the whole length of the screw. 


Valgus-Impacted Fractures 


Reduction of valgus-impacted fractures begins with correcting the lateral tilt of the humeral head. With the shoulder in adduction, a blunt elevator is 
introduced through the anterior reduction portal. Access to the head is gained through the split between the greater and lesser tuberosities, invariably behind 
the bicipital groove. Once coronal alignment of the head has been corrected, the head is fixed with two pins from the distal lateral humeral cortex into the 
humeral head. By reducing the humeral head, the greater tuberosity will usually regain its anatomic position, tethered by the bridging periosteum distally 
and the rotator cuff proximally. The greater tuberosity is then fixed either with K-wires or cannulated screws. These should be directed into the head 
proximally and into the shaft distally. The arm is then brought into 70 degrees of abduction and internal rotation to obtain an axillary view of the shoulder to 
visualize the profile of the anterior proximal humerus. The lesser tuberosity is then controlled with a bone hook and reduced under fluoroscopic guidance 
into its anatomic position. Provisional fixation with a K-wire followed by fixation with an AP screw is obtained. The arm is then moved under fluoroscopy 
to confirm stability, and the lateral pins are cut subcutaneously. 


Postoperative Care 


Patients are followed weekly both clinically and radiographically to monitor fracture healing and detect any possible pin migration or skin problems. 
Patients are immobilized for 4 to 6 weeks in a sling, while active range-of-motion exercises of the elbow, wrist, and hand are encouraged. Passive range of 
motion is started thereafter with forward elevation, external rotation, and pendulum exercises. If healing has adequately progressed at 6 weeks, pins are 
removed under local anesthesia and active range of motion is started. 


Potential Pitfalls and Preventive Measures 


Closed Reduction and Percutaneous Pinning: 


SURGICAL PITFALLS AND PREVENTION 


Axillary nerve injury e Mark anticipated location of axillary nerve on skin referencing measurements performed 
fluoroscopically 
e Confirm axillary nerve position with digital palpation through reduction portal if placed 
e Use blunt dissection and sleeve for pin placement 
e Place pins according to recommended guidelines (see text) 


Avoid this fixation technique in elderly patients and those with poor bone quality 

Use terminally threaded pins 

Avoid this fixation technique for fractures with tuberosity or calcar comminution 

Place pins in a divergent manner spreading their distance both at the fracture site and inside the humeral 
head 


Construct failure (pin migration) 


Humeral head pin penetration e Establish three-dimensional direction of pins 
e Verify pin placement under live fluoroscopic visualization 


Pin site infection e Cut pins short for tip to be located 5 mm subcutaneously 
e Avoid active shoulder range of motion while pins in place 


Elderly patients and those with osteoporosis may not yield satisfactory purchase of the pins, placing the construct at risk for failure. Comminution of the 
greater tuberosity is a contraindication to CRPF, as it will not allow for reliable stability with pin or screw fixation alone. A limited open approach with 
suture fixation may be appropriate in this setting. Calcar comminution in SN fractures may place the construct at risk for varus collapse. IM nailing or 
locked plate fixation may be preferable in this circumstance. In the setting of vascular injury requiring surgical fixation, open reduction and fixation should 
be performed. Patients in whom close postoperative follow-up is unlikely to occur, weekly radiographs are required. Careful pin placement is required to 
avoid iatrogenic injury to the axillary nerve, biceps tendon, humeral articular cartilage, and cephalic vein. 


Figure 36-46. Successful treatment of a posteromedial varus impaction fracture treated with external fixation. A: Preoperative AP radiograph. B: Surgical planning. 
C: Wire insertion after reduction maneuver. D: Postoperative AP view showing reduction of deformity. E: Image showing the configuration of the external fixator. F: 
Final result after fixator removal and fracture healing. (Courtesy of Dr. Davide Blonna.) 


Tension Band Fixation (Osteosuture) 


Tension band fixation using sutures or wires has been used in the treatment of PHFs for several decades.””° Several techniques of tension band fixation have 
been described in the literature using steel wire or either absorbable monofilament or nonabsorbable braided suture.9®!71,284.304 While tension band fixation 
is most frequently used as an adjunct to plate and screws fixation, IM nailing, and arthroplasty, !*:!7!2!7,303,407 satisfactory clinical outcomes can be obtained 
in selected fractures when used as the sole fixation method.9®!71,284,304 

The main goal behind tension band fixation is the neutralization of tensional forces generated by the rotator cuff at the level of the tuberosities and 
bending at the level of the SN. Based on the load-sharing properties of tension band fixation, neutralization of tension forces on the surface of the proximal 
humerus will generate compression between fragments during motion, thereby promoting healing and allowing early rehabilitation. As described by Hertel, 
the humeral head can be conceptualized as a thin shell of subchondral bone with negligible bony structure inside its volume. Stabilization of this fragment in 
multipart proximal humeral fractures thereby relies mainly on peripheral loading of the rim of the head onto the surrounding tuberosities.!’! In most 
instances in which the anatomic neck of the proximal humerus is affected, the tuberosities are separated, and the purpose of tension band fixation is to create 
a cohesive framework by linking the tuberosities against each other thereby allowing support to the humeral head. 

The main challenge is to place the sutures or wires of the tension band through tissue that will resist loading of the proximal humerus during early 
rehabilitation. While some authors have described transosseous placement of wires or sutures, this may fail, especially in elderly, osteoporotic patients. 
Placement of sutures into the stronger rotator cuff tendons should provide more secure fixation. 

The main advantage of tension band fixation is the minimal amount of hardware required. This can potentially reduce the risk of implant-related 
subacromial impingement. Furthermore, if used as the sole method of fixation, no risk of penetration into the humeral head exists. However, compared with 
percutaneous techniques, tension band fixation requires open fracture exposure, thereby theoretically increasing the risk for biologic disruption of fracture 
healing. 

We use tension band suture fixation as the sole fixation method for isolated greater tuberosity fractures. We have also used it for selected valgus- 
impacted fractures when the medial periosteal hinge is preserved (cortical continuity is observed from the inferior aspect of the articular surface to the 
medial metaphyseal bone). 


Preoperative Planning 


Tension Band Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard (beach chair) or radiolucent table (supine) 


Position/positioning aids Beach chair: head holder/shoulder positioner, hip positioner at thigh. Waist flexed 45 degrees, knees bent 30 degrees. 
Supine: bump under ipsilateral scapula, rotating the trunk 30 degrees toward opposite side 


Shoulders draped free to the level of medial scapular border 


Supine: entering perpendicular to table from opposite to operative extremity 


Power drill 


Equipment 
Heavy suture/wire: 


Fluoroscopy location = Beach chair: at the head of patient coming in line with long axis of the bed 


e Nonabsorbable (#5 polyester, #2 polyethylene; 20 gauge steel wire), absorbable (#2 polydioxanone [PDS]) 
Large pointed reduction clamps 


14-gauge spinal needle 
Blunt narrow periosteal elevator, bone tamp 
Mallet 


Preoperative planning for tension band fixation requires a clear understanding of the fragmentation of tuberosities and humeral shaft to determine the ideal 
placement of sutures/wires. Since tension band fixation results in a load-sharing construct, this technique is best suited for fractures with minimal 
comminution. However, some have suggested that in valgus-impacted fractures, the head segment can be left unreduced, while the tuberosities are fixed 
onto the humeral shaft. Comminution of the SN may be managed with impacting the shaft into the humeral head followed by tension band fixation. 
Positioning 


Positioning for tension band wire fixation follows the same principles described in the section regarding locking plate fixation. 


Surgical Approach 


Most authors recommend a deltoid-splitting approach for the fixation of fractures of the greater tuberosity, whereas either a deltopectoral or a deltoid- 
splitting approach may be used for all other fracture patterns, depending on the surgeon’s preference. 


Technique 


Several techniques have been described in the literature. Hawkins et al. described tension band wiring for the management of three-part fractures using a 
deltopectoral approach. After reduction and temporary clamp fixation of the displaced tuberosity fragment onto the head, a 14-gauge needle is used to pass 
two subsequent and parallel 20-gauge stainless steel wires through the subscapularis tendon and lesser tuberosity toward the medial aspect of the greater 


tuberosity posteriorly. The needle thereby penetrates the lateral aspect of the head segment. Each wire is then passed in a figure-of-eight pattern through a 
separate humeral shaft cortical hole and tied. 

Ochsner and Ilchman described a tension band technique using heavy absorbable PDS sutures instead of stainless steel, which theoretically has the 
advantage of not requiring hardware removal later.°* According to their technique, the greater and lesser tuberosities are tagged with separate sutures 
through their respective rotator cuff tendons and fixed distally through separate cortical holes in the proximal shaft. 

Flatow et al.!!9 described the use of heavy nonabsorbable suture fixation of the greater tuberosity in isolated greater tuberosity fractures. Using a 
deltoid-splitting approach, the greater tuberosity fragment is identified and mobilized. Multiple traction sutures are placed through the rotator cuff for 
fragment manipulation. The frequently associated rotator cuff tear is repaired and traction sutures placed through cortical bone tunnels at the fracture bed in 
the proximal shaft, thereby reducing the fracture. A similar technique may be used for three-part greater tuberosity fractures, in which, using a deltopectoral 
approach, the head segment is reduced onto the shaft and fixed with heavy nonabsorbable multifilament suture (polyester or polyethylene) through the 
subscapularis and lesser tuberosity proximally and separate cortical holes medial to the biceps tendon distally. The greater tuberosity is then reduced and 
fixed as described before (Fig. 36-47).2% 


Postoperative Care 


Rehabilitation after tension band fixation requires shoulder immobilization for 6 weeks, with only occasional Codman flexion exercises. Active-assisted 
range of motion is started thereafter and transitioned to strengthening at 3 months, if clinical and radiographic healing has been established. 


Potential Pitfalls and Preventive Measures 


Tension Band Fixation: 


POTENTIAL PITFALLS AND PREVENTION 


èe Construct failure e Obtain adequate reduction 
e Multiple suture placement 
e Use of braided heavy nonabsorbable suture or wire 


e Axillary nerve injury e If deltoid split is used, carefully identify the axillary nerve and protect it throughout the procedure 
e Usea stay suture to avoid inadvertent distal splitting of the deltoid split into the nerve 


e Painful hardware e Use of suture instead of wire 


Complications after tension band fixation include pain caused by steel wire, AVN of the humeral head, infection, and transient axillary neurapraxia. In the 
largest series on tension band fixation published to date, Dimakopoulos et al. found an AVN rate of 7%. Nonunion occurred in 2% of cases, while 
malunions were seen in 5%.°° Miquel et al.?® recently published their experience with transosseus suture fixation in isolated fractures of the greater 
tuberosity (10 cases) Neer three-part (22 cases) and four-part (14 cases) including varus and valgus fractures. At final follow-up, mean Constant scores were 
76, 67, and 51, respectively. They reported AVN in 20% cases with a mean Constant score of 35 in those patients. Six cases with AVN declined further 
surgery, which was interpreted in the context of the absence of hardware that could otherwise jeopardize the glenoid integrity. Other authors have found no 
AVN when treating two- or three-part fractures.2°4 
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i 17. Displaced valgus impacted fracture with a displaced fracture of the greater tuberosity but an intact medial hinge treated successfully with open 
reduction and tension band fixation. 


Reverse shoulder arthroplasty currently is the replacement procedure of choice when arthroplasty is considered for proximal humeral fractures. Several 
studies have shown the increasing rate of utilization of reverse shoulder arthroplasty for proximal humeral fractures, while the use of hemiarthroplasty has 
decreased.444.334,341,349,348 Reports on the utilization of RSA for PHFs show an increase in the past decade ranging from 26% in 2011 to 67.4% in 
2015,25-158, 166,318,347 Reverse shoulder arthroplasty was developed for the surgical management of cuff tear arthropathy. The semiconstrained nature of the 
prosthesis provides a stable fulcrum that allows the deltoid to elevate the shoulder even in the absence of a functional rotator cuff.’*° Since tuberosity/rotator 
cuff-related complications are the main reason for a poor functional outcome when a humeral head replacement is implanted for management of a proximal 
humeral fracture,° expanding the indications of reverse arthroplasty to proximal humeral fractures seemed reasonable. The main advantage of the reverse 
shoulder arthroplasty (RSA) over hemiarthroplasty (HA) when treating acute displaced PHFs in the elderly is that, even in the absence of tuberosity healing, 
the patient remains able to elevate or abduct the arm, or both. 

The first reverse design, the so-called medialized or “Grammont style” prosthesis, has a number of specific features that other designs have modified 
over time.**? In the Grammont reverse prosthesis, the articulating portion of the glenoid component has the shape of a third of a sphere. As a consequence, 
the center of rotation of the arthroplasty is medial to the glenoid component—bone interface, the intention being to decrease shear stress and provide 
compressive stress in an effort to decrease the chances of glenoid loosening. The humeral component is inset (rests almost completely inside the proximal 
humerus metaphysis) and the opening angle of the polyethylene is relatively horizontal (155 degrees) compared with conventional arthroplasty. Once the 
implants are articulated, the humerus is more medial and more distal than preoperatively, which provides a mechanical advantage to the deltoid for active 
elevation in the absence of a rotator cuff. A more horizontal opening angle was selected to decrease the chances of dislocation. The humeral component was 
recommended to be implanted in more anteversion (0—10 degrees of retroversion) than conventional arthroplasty. 

Subsequent designs modified one or more of these features, including a reverse design with a larger portion of a sphere, placing the center of rotation 
more lateral than Grammont prosthesis. In addition, the opening angle of the humeral component of the prosthesis was 135 degrees.*!' Later designs 
introduced humeral components with an onlay humeral bearing, which lateralized the position of the humerus without changing the center of rotation of the 
arthroplasty, and selected a 145-degree opening angle for the bearing.'’’ Currently, there are many available reverse designs; the surgeon performing 
reverse for fracture needs to understand the basic biomechanical properties of the design selected?6:343-411; however, there is very little published on reverse 
arthroplasty biomechanics in the setting of a proximal humeral fracture. 

Since reverse arthroplasty can restore active elevation in cuff tear arthropathy in the absence of a rotator cuff, initially some surgeons elected to implant 


a reverse arthroplasty in proximal humeral fractures without repair (sometimes with excision) of the greater tuberosity and/or lesser tuberosity. Although 
controversy remains regarding the impact of tuberosity healing on the outcome of reverse for fracture,’”°°° many believe that healing of at least the greater 
tuberosity in good position provides a higher chance of restoration of active external rotation, very important for the overall functional outcome.?4151,321,370 
In the treatment of proximal humeral nonunion, not performing a tuberosity repair at the time of reverse arthroplasty has been correlated with a higher rate 
of dislocation.*!” Provided the treating orthopaedic surgeon believes that tuberosity healing is important, the technical principles of implantation of a reverse 
arthroplasty for cuff tear arthropathy may need to be modified to enhance tuberosity healing, which may translate into avoiding translating the humeral shaft 
too lateral or too distal so that the tuberosities can actually overlap a few millimeters with the shaft. Use of a stem with fracture-dedicated features (proximal 
ingrowth surface, small cross section, holes for suture fixation) may be beneficial. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Reverse Shoulder Arthroplasty for Fracture: 


Preoperative plan Determine anticipated height of stem implantation preoperatively 
Assess glenoid morphology on CT for glenoid component implantation 
OR table LJ Standard 
Position/positioning aids Beach chair position (barber chair position) 
Mayo stand versus mechanical arm holder 
Fluoroscopy location LJ Most surgeons do not use fluoroscopy for this procedure 
Equipment Reverse arthroplasty instrumentation and implants 


High-tensile nonabsorbable suture or tape (looped sutures preferred if Nice knots will be used) 
Free needles 

Poly(methy! methacrylate) 

Cement restrictor set 

Antibiotic powder for cement/closure (optional) 


Methylene blue to color poly(methy! methacrylate) (optional) 


Careful assessment of the preoperative radiographs and CT with 3D reconstruction is extremely useful in preparation for surgery. The main goals include 
understanding the fracture pattern, and anticipating the ideal height of stem implantation. Radiographs of both humeri (affected and unaffected) with 
magnifier markers may be used to understand where the stem should be positioned in reference to the fracture line on the humeral shaft. The glenoid should 
also be assessed in radiographs and CT to plan for component positioning, version, inclination, and rotation, as well as anticipated screw length. Rarely, 
there may be associated fractures of the rim of the glenoid in anterior or posterior fracture-dislocations; most of the times, the size of the fractured glenoid 
rim is small enough not to interfere with secure baseplate placement; if the size is large enough to interfere with the stability of the glenoid baseplate, 
fixation with small fragment screws may be performed. 


Positioning 


Reverse shoulder arthroplasty is best performed in the so-called beach chair position. Our preference is to have the trunk of the patient pretty high 
(approximately 70 degrees in reference to the horizontal), and we call this position “barber chair” position. This facilitates access to and preparation of the 
glenoid. 


Surgical Approach 


Our preference is to perform reverse arthroplasty for fracture through a deltopectoral approach. Reasons include familiarity, easier placement of the glenoid 
component low and with an inferior tilt, and extensibility of the exposure to the humeral shaft if needed. However, management and reduction of the greater 
tuberosity is easier from a superior deltoid-splitting approach, and many favor this exposure. 


Technique 


KEY SURGICAL STEPS 


,/ | Reverse Shoulder Arthroplasty for Fracture: 


LJ Tendon of the long head of the biceps used to identify the main fracture plane between the head and the tuberosities lateral to the bicipital grove; 
biceps tenotomy (and tenodesis) 
Mobilization and control of the lesser tuberosity with sutures around the tuberosity and through the subscapularis 
Remove the fractured humeral head and save it for bone grafting 
Mobilization and control of the greater tuberosity and pass four sutures around the tuberosity and through the posterior rotator cuff for later 
tuberosity reconstruction 
Glenoid baseplate and glenosphere implantation 
Humeral trialing to select version and height 
Placement of a cement restrictor just distal to the tip of the humeral component 
Placement of sutures through the shaft for vertical tuberosity fixation 


Placement of two of the posterior cuff/tuberosity sutures through holes in the humeral component 

Passage of the other two posterior cuff/tuberosity sutures around the lesser tuberosity and through the subscapularis 
Retrograde filling of the canal with poly(methyl methacrylate), packing the top 1-1.5 cm of the canal with autograft chips 
Insertion of the humeral component at the planned height and version 

Joint relocation once poly(methyl methacrylate) is hard 

Autograft bone chips packed under the tuberosities 

Horizontal sutures around the greater tuberosity stem are tied 

Posterior vertical suture is passed and tied 

Horizontal sutures around both tuberosities are tied 

Anterior vertical suture is passed and tied 

Long head of the biceps tendon is sutured to the conjoined tendon 


The surgical technique for reverse arthroplasty in PHFs presents a number of nuances and is paramount for the success of the procedure. The top priority is 
to achieve the right balance between adequate deltoid tension and satisfactory reconstruction of the tuberosities, which is a complicated goal to achieve. 

Once the deltopectoral approach has been performed, the tendon of the long head of the biceps is identified in the bicipital groove (Fig. 36-48). The 
biceps tendon is unroofed and followed to the interval region, and the interval between the subscapularis and supraspinatus is opened to the glenoid rim, 
unless already disrupted. We perform a biceps tenotomy and tenodesis in all reverses for fracture. Our preference is to divide the biceps tendon at the level 
of the groove, remove the proximal portion of the tendon flush with the labrum, and tenodese the remaining tendon stump by suturing it to the short head of 
the biceps. Most of the times, the fracture line between the tuberosities needs to be found lateral to the bicipital groove. If the lesser tuberosity is not 
fractured off the head, a microsagittal saw may be used to “create” a lesser tuberosity fragment. 


Head Removal and Tuberosity Control 


Once the lesser tuberosity is identified and isolated, temporary traction sutures may be placed around the tuberosity and through the subscapularis tendon. A 
common mistake is to try to gain access to the greater tuberosity prior to removing the humeral head. We prefer to remove the humeral head first and save it 
for bone graft. Once the humeral head is removed, it creates a working space and the greater tuberosity fragments may be easily isolated. Placing the arm in 
abduction to relax the deltoid also facilitates access to the greater tuberosity. Regular or looped nonabsorbable high-tensile sutures are then placed around 
the greater tuberosity fragments. Our preference is to place two at the superior aspect of the infraspinatus and two at the infraspinarus/teres minor junction. 
These sutures are saved for later use during tuberosity reconstruction. 


Glenoid Preparation and Implantation 


Glenoid exposure in proximal humeral fractures is relatively straightforward, since the fractured proximal humerus is out of the way. Most surgeons agree 
on placing the glenoid with slight inferior tilt (approximately 10 degrees), and low on the glenoid face so that the inferior part of the baseplate is flush with 
the inferior glenoid rim. This is particularly important to avoid notching when a component with a horizontal polyethylene opening angle (155 or 145 
degrees) is selected. However, in smaller patients, placing the baseplate low may lead to relative lengthening of the joint line space so that the tuberosity-to- 
shaft contact becomes compromised. For this reason, if the humeral component has a 135-degree polyethylene opening angle, it may be better to place the 
baseplate slightly more centered in an inferior-to-superior direction. 

Reaming must be done carefully, since these patients will have softer glenoid bone stock, mainly due to the lack of subchondral sclerosis, compared to 
shoulders with osteoarthritis or cuff tear arthropathy. Care must be taken to achieve adequate contact and primary stability in order to facilitate ingrowth and 
permanent fixation. Care must also be taken when reaming not to inadvertently damage the sutures already placed around the greater tuberosity. 

Glenosphere size selection depends on surgeon’s preference and the other biomechanical features of the implant selected. Excessive lateralization of the 
humeral shaft may again compromise tuberosity healing. Since our preferred humeral component lateralizes on the humeral side, we prefer to use the more 
medialized glenosphere option and the intermediate size (36 mm of diameter with 2 mm of lateral offset). We also try to avoid inferior eccentricity, again in 
an effort to avoid excessive joint lengthening. Consideration may be given to using an eccentric glenosphere with the eccentricity posteriorly, in order to 
decrease tension on the greater tuberosity even further (the humerus will be slightly more posterior in reference to the glenoid and rotator cuff origin). 


Humeral Component Preparation and Implantation 

Placement of the humeral component at the right version and height is very important. Currently, many surgeons implant the humeral component of a 
reverse prosthesis in all indications in approximately 30 degrees of retroversion, although some continue to favor neutral to 10 degrees. In fracture 
applications, decreasing humeral version leaves more space posterior to the proximal body of the prosthesis for the greater tuberosity to fit and heal. This 
has been shown to be beneficial in hemiarthroplasty for fracture.°%*3 For this reason, we decrease version to 20 degrees for fractures and nonunions to 
facilitate tuberosity healing. 
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Figure 36-48. Reverse arthroplasty for proximal humerus fracture. A: Exposure. B: Identification of the tendon of the long head of the biceps and tenodesis. C: 


Lesser tuberosity. D: Head removal. E: Sutures around the greater tuberosity. F: Glenoid component implantation. G: Humeral component implantation. H: Tuberosity 
fixation. 


Placing the humeral component too deep can lead to insufficient deltoid tension, which may translate into limited power for active elevation and/or a 
higher dislocation rate. Placing the humeral component too proud will impair tuberosity healing, and if extreme, it can lead to painful overstretching of the 
deltoid or a brachial plexopathy. However, getting the height of the humeral component correct is problematic and difficult to achieve for a number of 
reasons. First, the usual references for height are lost with the fracture. Second, the canal is typically large in the osteoporotic shoulders, and trial 
components are typically loose, making trialing difficult. Third, soft tissue tension is harder to assess with the tuberosities fractured, and the risk of 
overlengthening is real, since the posterior cuff offers no constraint during trialing. Our preference is to place the trial humeral component a few millimeters 
deeper to the predicted location of the SN in reference to the uppermost portion of the fractured shaft, and then trial to assess for deltoid tension, and 
confirm that the tuberosities will reach the shaft with slight overlap. We typically trial with the thinnest humeral bearing available to minimize humeral 
lateralization in a fracture application. Some systems provide instrumentation that facilitates trialing by achieving reliable temporary fixation of the trial 
broach in diaphyseal bone. 

The design of the humeral component is also important for tuberosity healing. Humeral components with a bulky proximal body should be avoided, 
since they leave no room for the tuberosities. We favor use of a component with “fracture-specific features”: small proximal body, proximal ingrowth 
surface, holes for suture fixation, laser marks to replicate height, and convertibility between anatomic and reverse components. 

Cemented fixation is considered standard in arthroplasty for proximal humeral fractures. This allows placement of the humeral component at the exactly 
desired height and version. It is particularly relevant taking into account that currently most of the stems available only present ingrowth coating on the 
upper portion of the prosthesis, leaving minimal to no area of contact between the coated portion of the stem and the intact shaft. 

Our preference is to leave no cement between the tip of the prosthesis and the cement restrictor, so that if stem removal became necessary, there will be 
no cement beyond the tip of the prosthesis. Two additional sutures for vertical tuberosity fixation are placed through cortical perforations after insertion of 
the cement restrictor. The medial ends of all four sutures initially placed around the greater tuberosity are placed around the medial aspect of the stem. The 
two sutures that will be used for fixation of the greater tuberosity to the stem may be passed through the medial hole before implantation of the humeral 
component, whereas the other two horizontal sutures are passed around the lesser tuberosity. When cementing, we favor the “black and tan” technique!” in 
which the cement fills the canal from the restrictor to approximately 1 to 2 cm distal to the humeral shaft fracture line, the top of the canal is filled with 
packed autograft chips obtained from the removed humeral head, and the stem is driven into the canal and cement through this layer of bone autograft. As a 
result, cement is pressurized further and the upper portion of the stem is surrounded by bone that will aid in healing of the tuberosities. The addition of 
antibiotic or methylene blue to the cement is optional. 


Tuberosity Reconstruction 


Once the cement has set and the sutures have been passed as described before, the arthroplasty is articulated. This is best done with the arm in abduction on 
a Mayo stand and the greater tuberosity advanced laterally and anteriorly so that it does not get trapped behind the humeral component. 

Fixation of the greater tuberosity to the stem is achieved first. Bone graft from the humeral head is packed under the tuberosity. The arm is kept in 
abduction and external rotation, and the two sutures that pass around the greater tuberosity and through holes in the stem are tied securely. Use of a sliding 
double-suture racking hitch knot such as the Nice knot may be useful. One of two sutures through the shaft may then be passed through the posterior cuff 
and tied to provide vertical fixation of the greater tuberosity. Next, the two horizontal sutures around both tuberosities are tied as well using Nice knots, and 
the last suture through the shaft is passed through the subscapularis and tied for vertical fixation of the lesser tuberosity. The tuberosity repair may be 
reinforced with additional sutures if needed. 


Closure 


Our preference is to tenodese the biceps at the end of the procedure by securing it to the short head of the biceps with several interrupted sutures. We have 
adopted sprinkling the surgical wound with 1 g of vancomycin powder just prior to closure in hopes to decrease infection rates.!®” The deltopectoral interval 
is approximated with a few interrupted absorbable sutures. Our preference is to leave no drain and to close the skin with a running subcuticular 3-0 
monofilament suture. The arm is then placed in a shoulder immobilizer that will maintain the shoulder in some abduction and external rotation. 


Potential Pitfalls and Preventive Measures 


Reverse Shoulder Arthroplasty for Fracture: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
e Glenoid notching e Adequate inferior exposure of the glenoid to allow inferior glenoid baseplate and glenosphere 
placement 


e Use of a lateralized glenosphere 


e Wound hematoma e Careful hemostasis 
e Drain placement 
e Avoid anticoagulation 


e Instability e Obtain adequate soft-tissue tension 
e Use of large glenosphere 


The main potential pitfalls of reverse shoulder arthroplasty for fracture include poor placement of the glenoid or the humeral component, and poor 
tuberosity reduction or fixation. Care must be taken to avoid excessive reaming, since the glenoid bone will not have the hard subchondral sclerosis present 
when reverse is performed for arthritis. Regarding the humeral component, placement too high, too low, or in poor version can lead to poor soft tissue 
tension and affects tuberosity healing in a negative way. Reduction of the greater tuberosity over the shoulder of the prosthesis can be particularly 
problematic, and it is easy to leave the greater tuberosity too posterior. Care must also be taken to avoid cement in the fracture planes, which may impede 
tuberosity healing. Prevention of all these potential pitfalls is achieved by meticulous adherence to the surgical technique outlined above (Fig. 36-49). 


Hemiarthroplasty 


Many of the overall principles and technical tips described regarding reverse arthroplasty for fracture apply to humeral head replacement and tuberosity 
reconstruction for fracture. Accurate positioning of the stem in the right height and version and sound reconstruction of both tuberosities are even more 


critical than when reverse arthroplasty is performed, since the stability of the reconstruction and the function of the shoulder are completely dependent on 
the integrity of the rotator cuff attachments to the proximal humerus. The design and sizing of the prosthetic humeral head is also important in order to 
obtain the best possible outcome. 


Preoperative Planning 


Hemiarthroplasty (Humeral Head Replacement) for Fracture: 


PREOPERATIVE PLANNING CHECKLIST 


Preoperative plan Determine anticipated height of stem implantation preoperatively 
Assess glenoid to detect possible associated glenoid rim fractures 
OR table LJ Standard 
Position/positioning aids Beach chair position (barber chair position) 
Mayo stand versus mechanical arm holder 
Fluoroscopy location LJ Most surgeons do not use fluoroscopy for this procedure 
Equipment Shoulder hemiarthroplasty instrumentation and implants 


Reverse instrumentation and implants if intraoperative conversion is contemplated 
High-tensile nonabsorbable suture or tape (looped sutures preferred if Nice knots will be used) 
Free needles 

Poly(methy! methacrylate) bone cement 

Cement restrictor set 

Antibiotic powder for cement/closure (optional) 

Methylene blue to color poly(methy! methacrylate) (optional) 


Figure 36-49. Preoperative (A) and most recent (B) radiographs after reverse for fracture. Range of motion in elevation (C), and external rotation (D). 


As discussed for reverse arthroplasty, careful analysis of preoperative radiographs and CT with 3D rendering is very useful in order to understand the 
fracture pattern, and, importantly, to determine the ideal implant height. Preoperative templating using radiographs of the opposite shoulder is even more 
accurate than for reverse arthroplasty, since the goal is to restore the overall geometry of the proximal humerus close to normal. The humeral component 
can be implanted a few millimeters deep in order to decrease tension on the tuberosities. The size of the humeral head may also be selected based on 
templating; in case of in-between sizes, a slightly smaller humeral head diameter may also help decrease tension on the rotator cuff while the tuberosities are 
healing. The glenoid side of the joint should also be carefully assessed on CT, since rarely these fractures may be associated with a glenoid rim fracture that 
might also require fixation. 

In some circumstances, the decision to proceed with a hemiarthroplasty or a reverse arthroplasty needs to be taken intraoperatively. In addition, poor 
tuberosity healing after hemiarthroplasty may require revision to a reverse arthroplasty later on. For these reasons, we use a platform system, where the 
same humeral stem can be used with an anatomic humeral head or a reverse humeral bearing. The following table summarizes other equipment that should 
be available for the procedure. 


Positioning 


The position is identical to that used for reverse shoulder arthroplasty: beach chair position with the trunk of the patient pretty high (approximately 70 
degrees in reference to the horizontal), the “barber chair” position. 


Surgical Approach 


Our preference is to perform hemiarthroplasty for fracture through a long deltopectoral approach. Although the superior approach has gained popularity 
when performing reverse for fracture in order to facilitate management of the greater tuberosity, obtaining an adequate tuberosity reduction from a 
deltopectoral approach is easier with a hemiarthroplasty in comparison to a reverse arthroplasty, since the shoulder is not lengthened. 


Technique 


Hemiarthroplasty (Humeral Head Replacement) for Fracture: 
KEY SURGICAL STEPS 


LJ Tendon of the long head of the biceps used to identify the main fracture plane between the head and the tuberosities lateral to the bicipital grove; 
biceps tenotomy (and tenodesis) 
Mobilization and control of the lesser tuberosity with sutures around the tuberosity and through the subscapularis 
Remove the fractured humeral head and save it for bone grafting 
Mobilization and control of the greater tuberosity and pass four sutures around the tuberosity and through the posterior rotator cuff for later 
tuberosity reconstruction 
Humeral trialing to select version and height 
Placement of a cement restrictor just distal to the tip of the humeral component 
Placement of sutures through the shaft for vertical tuberosity fixation 
Placement of two of the posterior cuff/tuberosity sutures through holes in the humeral component 
Passage of the other two posterior cuff/tuberosity sutures around the lesser tuberosity and through the subscapularis 
Retrograde filling of the canal with poly(methyl methacrylate), packing the top 1-1.5 cm of the canal with autograft chips 
Insertion of the humeral component at the planned height and version 


Joint relocation once poly(methyl methacrylate) is hard 
Autograft bone chips packed under the tuberosities 

Horizontal sutures around the greater tuberosity stem are tied 
Posterior vertical suture is passed and tied 

Horizontal sutures around both tuberosities are tied 

Anterior vertical suture is passed and tied 

Long head of the biceps tendon is sutured to the conjoined tendon 


The surgical technique to perform a hemiarthroplasty for fracture is very similar to the technique described above for reverse arthroplasty, especially as it 
relates to stem positioning and tuberosity reconstruction (Fig. 36-50). Since reverse arthroplasty changes the center of rotation of the shoulder joint and 
places the humeral shaft more distal (and in many cases, lateral), avoiding excessive tension on the tuberosities is more challenging than for 
hemiarthroplasty, where the center of rotation of the humeral head can be anatomically restored. 


Greater 
tuberosity 


Figure 36-50. Hemiarthroplasty. Posterior four-part fracture-dislocation in a 47-year-old man. A-I: Intraoperative images showing tag sutures to control the greater 
tuberosity and allow subsequent fixation around the final implant. J-L: Final implant placement and bone grafting. N-P: Radiographic follow-up at 1 year after 
surgery. 


Once the long head of the biceps tendon is unroofed from the diaphysis to the interval, the tendon is divided at the level of the groove, the proximal 
portion is removed, and the distal stump is tagged for latter tenodesis to the conjoined tendon. The main fracture plane between the tuberosities is typically 
found lateral to the groove. 


Head Removal and Tuberosity Control 

Once the lesser tuberosity is identified and isolated, temporary traction sutures may be placed around the tuberosity. The fractured humeral head is removed 
and saved for bone graft. Removal of the head provides ample working space to get control of the greater tuberosity fragments. Placing the arm in abduction 
will relax the deltoid and further facilitate access to the greater tuberosity. Four sutures are then placed around the greater tuberosity, two more proximal and 
two more distal, as shown in the section on reverse arthroplasty. These sutures will be used for tuberosity repair after stem implantation. 


Humeral Component Preparation and Implantation 


Placement of the humeral component at the right version and height is very important. Implanting the humeral component in less retroversion will leave 
more space posteriorly for the greater tuberosity.29 Regarding depth of insertion, placing the component too deep will lead to insufficient deltoid tension, 


but placing it too proud will impair tuberosity healing.3? Multiple anatomic landmarks have been studied and recommended to get the height of the humeral 
component right at the time of hemiarthroplasty for fracture.42-1!0.177.241,312,328 Our preference is to use a combination of preoperative planning and 
templating on radiographs and CT, intraoperative landmarks, and intraoperative trialing. 

The proximal end of the pectoralis major attachment to the humeral shaft has been recommended as a reliable intraoperative landmark. On average, the 
superior aspect of the humeral head is located 60 mm proximal to the pectoralis major tendon in men, and 55 mm in women. This distance changes with the 
overall height of the patient: for every 10 mm of increase in patient height over 1.70 m, the pectoralis major-humeral head distance increases 1.7 mm.°!* 
Our preference is to place the trial humeral component at the height planned preoperatively, use the pectoralis major tendon as a confirmatory reference, and 
then trial to confirm that the prosthetic humeral head faces directly across the glenoid and that the tuberosities may be reduced with a few millimeters of 
overlap. Some systems provide instrumentation that facilitates trialing by achieving reliable temporary fixation of the trial broach in diaphyseal bone. 

As mentioned on the section on reverse arthroplasty, the design of the humeral component is also very important for tuberosity healing. We favor use of 
a component with “fracture-specific features”: small proximal body, proximal ingrowth surface, holes for suture fixation, laser marks to replicate height, 
and convertibility between anatomic and reverse components. The design of the prosthetic humeral head is important too: well-designed heads better 
replicate the biomechanics of the shoulder joint.'®° In order to avoid joint overstuffing and facilitate tuberosity-to-shaft contact, when the humeral head 
diameter is in-between sizes, the smaller humeral head diameter is typically favored. 

Cemented fixation is considered standard in arthroplasty for proximal humeral fractures. This allows for a precise placement of the humeral component 
at the desired height and version. We add 1 g of vancomycin and 1 mL of methylene blue to one pack of polymethylmethacrylate. Our cementing technique 
is similar to that described for reverse arthroplasty. Two additional sutures for vertical tuberosity fixation are placed through cortical perforations after 
insertion of the cement restrictor. The medial ends of all four sutures initially placed around the greater tuberosity are placed around the medial aspect of the 
stem. The two sutures that will be used for fixation of the greater tuberosity to the stem may be passed through the medial hole before implantation of the 
humeral component, whereas the other two horizontal sutures are passed around the lesser tuberosity. 


Tuberosity Reconstruction 


The technique for tuberosity fixation that we use in hemiarthroplasty for fracture is identical to the one described for reverse for fracture: two horizontal 
sutures or tapes are used to fix the greater tuberosity to the humeral stem, two additional horizontal sutures or tapes are used to fix both tuberosities around 
the proximal body of the prosthesis in a cerclage fashion, and the two sutures placed in the diaphysis are used for vertical fixation anteriorly and posteriorly. 
Bone graft from the humeral head is packed underneath the tuberosities prior to fixation. Fixation of the greater tuberosity is facilitated by placing the arm 
in abduction (to relax the deltoid) and external rotation. 


Closure 


The tendon of the long head of the biceps is tenodesed to the conjoined tendon, 1 g of vancomycin powder is sprinkled to the surgical wound, and the 
deltopectoral interval is approximated with a few interrupted absorbable sutures. Our preference is to leave no drain and to close the skin with a running 
subcuticular 3-0 monofilament suture. The arm is then placed in a shoulder immobilizer that will maintain the shoulder in some abduction and external 
rotation. 


Potential Pitfalls and Preventive Measures 


Hemiarthroplasty: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 


Tuberosity malunion e Establish correct stem insertion depth 
e Adequate tendon release 
e Stable suture fixation from tendon insertion around humeral stem 
e Avoid overtightening of sutures 

Tuberosity nonunion e Stable suture fixation from tendon insertion around humeral stem 


e Bone grafting 
e Conservative progression of physical therapy 


Instability e Stable suture fixation of lesser tuberosity 
e Establish adequate stem retroversion 


Overstuffing e Establish correct stem insertion depth 
e Select appropriate head size 


The main pitfalls of hemiarthroplasty for fracture include poor placement of the humeral component and poor reduction or fixation of the tuberosities. 
Placement of the component too high, too low, or in poor retroversion can easily lead to dislocation of the prosthesis and will also interfere with tuberosity 
healing. Reduction of the tuberosities around the hemiarthroplasty is typically easier than when performing a reverse prosthesis, but poor reduction and 
fixation may still occur. While reverse arthroplasty is more forgiving regarding the need for sound fixation of the lesser tuberosity, lack of lesser tuberosity 
healing after hemiarthroplasty can easily facilitate anterior instability. All these pitfalls may be prevented by careful attention to the surgical technique 
detailed above. 


Authors’ Preferred Treatment for Proximal Humeral Fractures ( 


Isolated 
tuberosity 
fractures 


Tuberosity displacement: 
+ >1 cm displacement 
+ >20% head overlap 


+ Frail patient 
e Contraindications 
for anesthesia 


Fracture of the articular 
surface or dislocation of the 
humeral head 


Closed 
reduction 


Proximal humerus fracture 


+ Open fracture 

Vascular injury 

 Polytrauma 

Pathologic fracture 

+ Suspensory complex instability 


Varus 
posteromedial 
impaction 


Valgus 
impaction 
fracture 


Dislocation 
+ tuberosity 
fracture 


<20% -LT 
transfer 
(anterior) or 
remplissage 
(posterior) 


Favors reverse 

+ Older 

+ Female 

+ Osteopenia 

+ Small tuberosity 


Head 
impaction 


Complex 
dislocation 


e Ultrayoung 
Simple split 
LT or GT intact 


20%-50% — 

elevation + 

grafting vs 
osteoarticular 


ORIF with 
screws +/— 
locking plate 


Arthroplasty and 
tuberosity 
reconstruction 


Favors hemiarthroplasty 

+ Intact tuberosity or 
large tuberosity 
fragments 

+ Younger 


+ Varus > 45° 

+ GT over head 

+ Tuberosity 
displacement 


+ Head pointing 
up or laterally 

GT over head 

+ Tuberosity 
displacement 


Surgical treatment 

+ Good bone quality 

+ One of both tuberositles 
intact 

+ Head relatively stable 


Valgus 
impaction 
fracture 


+ Unstable 

Lack of contact 

e Angulation > 45° 

 Tuberosity 
displacement 


Surgical treatment 

+ Severe comminution 

Radial nerve dysfunction 

Displaced tuberosity 
fracture 


Varus 
posteromedial 
impaction 


fragments + Male 
ORIF 
tension 
band 


Algorithm 36-1 Authors’ preferred treatment for proximal humerus fractures. 


Our preferred treatment protocol considers factors related to both the fracture pattern and displacement as well as patient features including age, 
comorbidities, and specific functional aims. Frail patients with absolute contraindications to surgery will undergo nonoperative treatment regardless of 
the fracture pattern and displacement. As mentioned previously, other circumstances (open fracture, vascular injury, pathologic fracture, polytrauma, 
associated unstable scapulothoracic injuries) may dictate surgery regardless of the fracture pattern and displacement. These are not represented in 
Algorithm 36-1, which is summarized. Our evaluation of imaging studies for each particular fracture aims to answer three questions: 


e Is the head involved: in other words, is the articular segment dislocated outside of the glenoid, split or severely impacted? If the answer is yes, 
surgery is necessary in most of the shoulders, and the fact that the articular segment is affected is a priority over other features of the fracture. 

e Is the head close enough to the shaft to heal? When there is a fracture at the surgical neck and displacement is so severe that there is gross 
instability and absolute loss of contact, the fracture is considered a disengaged neck fracture, and the chance of nonunion with conservative 
treatment is high; for that reason, surgery is the treatment of choice. 

e For all other fractures (isolated tuberosity fractures, varus posteromedial fractures, and valgus fractures), it is all about pattern (isolated tuberosity 
fractures, varus posteromedial fractures, surgical neck fractures, and valgus fractures) and displacement: for a given pattern, is the displacement 
present severe enough to lead to substantial disability for that particular patient? If the answer is no, nonoperative treatment is recommended; if the 
answer is yes, surgery is recommended when the expected outcome after surgery is going to preserve key functional aims that would be lost 
otherwise. 


Fractures With Impaction, Splitting, or Dislocation of the Humeral Head 
Most of these fractures are considered surgical, except for the dislocations with fracture of only one tuberosity, as detailed below: 


e Dislocations with fracture of one tuberosity. These injuries are treated with closed reduction. After reduction, the indication for surgery depends on 
residual displacement of the tuberosities: when it is more than 1 cm or there is more than 20% of the articular surface overlapped by the tuberosity, 


open reduction and internal fixation or arthroscopically assisted internal fixation are considered (see below, isolated fractures of the greater or the 
lesser tuberosity). 

e Complex fracture-dislocations. When the head is dislocated and fractured from the shaft, typically with a fracture or one of more tuberosities, 
surgery is indicated. The majority of these injuries are treated with arthroplasty. However, open reduction and internal fixation is considered in 
younger patients when surgery takes place without major delays.°°8 Locking plate fixation is our preference in these fractures. A recent publication 
showed a 35% failure rate (including varus collapse, AVN, and nonunion) of open reduction and internal fixation of proximal humerus fracture- 
dislocations in patients from 30 to 66 years old.300 

e HS fractures. These are a classic indication for arthroplasty. However, in the young patient with a single split, internal fixation may be considered. 
Screw fixation of the split with locking plate fixation of other elements of the fracture is preferred. 

e HI fractures. Small HI fractures in the context of a dislocation may be ignored unless they contribute to recurrent dislocation. Impaction fractures 
involving up to 20% of the humeral head may be addressed with transfer of the lesser tuberosity (anterior) or remplissage (posterior). Impaction 
fractures involving 20-50% of the humeral head may be addressed with elevation of the fractured head segment and bone grafting or with an 
osteoarticular allograft. Impaction fractures involving more than 50% are typically addressed with a hemiarthroplasty if the fracture is treated 
acutely, or with a reverse arthroplasty if the fracture presents in the context of a missed, locked, chronic dislocation. 


Disengaged Neck Fractures 

In these cases, there is by definition gross instability at the surgical neck level with an absolute loss of contact between the head and the shaft. Surgery is 
indicated in these cases, choosing the technique depending on bone quality, tuberosity involvement, and comminution. When the fracture is located only 
at the surgical neck with tuberosities preserved, fixation is recommended, and nails or plates can be used depending on the surgeon’s experience. Those 
cases with poor bone quality and severe comminution, especially if both tuberosities are involved, are better treated with arthroplasty. The injuries in 
between these extremes, implant selection depends on surgeon’s experience, but recent publications favor the use of reverse arthroplasty, especially in 
patients over 60 years old. 


Isolated Fractures of the Greater or Lesser Tuberosity 


Displacement over 1 cm or tuberosity head overlapping over 20% represents our indications for internal fixation in the majority of these fractures. 
Suture fixation is usually best, and it can be performed with arthroscopic assistance. Elderly individuals may tolerate up to 2 cm of displacement and 
40% of overlap, as long as the anticipated loss in motion and function is considered acceptable. 


Surgical Neck Fractures 

When the fracture is at the surgical neck level, the indication for surgery is based on displacement and instability. The majority of these fractures are 
treated nonoperatively. Surgery is recommended when there is gross instability on physical examination which may be monitored during 3—4 weeks 
until final decision. Our preference in surgical neck fractures considered for surgery is to favor IM nailing unless there is severe comminution, radial 
nerve dysfunction, or associated displaced tuberosity fractures, in which case we would favor plate fixation. 


Varus Posteromedial Fractures 


This fracture pattern is extremely common, and it presents the most difficulties deciding when to proceed with nonoperative or surgical treatment. Our 
data indicate that as a group, when treated nonoperatively, 25% of the shoulders were rated as unsatisfactory using Neer criteria, and 40% will either be 
rated unsatisfactory or lose 10 or more points using the DASH score. Outcomes are worse when the tuberosities are also fractured. Our criteria to 
recommend surgery include (1) varus displacement over 45 degrees (the articular surface is oriented 90 degrees or less in reference to the humeral 
shaft), (2) displacement of either tuberosity over 1 cm, or (3) higher position of the greater tuberosity more than 0.5 mm than the outline of the 
subchondral bone of the head. A small proportion of fractures will have a varus fracture but with head anteversion and shaft flexion; this pattern has a 
better prognosis regarding forward elevation, and this factor should be taken into account when deciding treatment. Less displacement is tolerated in 
younger patients interested in regaining normal motion and function, and more displacement is accepted in elderly individuals, especially those with 
comorbidities. 

For those fractures treated surgically, locking plate internal fixation is selected for patients with good bone quality, especially if both tuberosities (or 
at least one) are not fractured. Arthroplasty is selected for patients with both tuberosities fractured and displaced in the presence of poor bone quality. 
Arthroplasty is more likely to be selected for elderly females. Most fractures requiring arthroplasty occur in elderly patients and present with substantial 
comminution of the greater tuberosity, which makes reverse arthroplasty more appealing. The exception would be the younger, active patient with a 
displaced fracture that is not amenable to fixation but presents a large tuberosity fragment; and this would be our main indication for hemiarthroplasty. 


Valgus Fractures 

This fracture pattern is relatively less common but carries a worse prognosis as a whole. According to our data, when treated nonoperatively, 60% of the 
fractures will either be rated as unsatisfactory according to Neer criteria or will lose 10 or more points in the DASH score. In our study, 55% of these 
fractures did not reach 90 degrees of elevation, 20 degrees of external rotation, will be unsatisfied, and/or will have unacceptable pain with conservative 
treatment. Our indications for surgery include (1) valgus displacement over 45 degrees (the articular surface is facing straight superiorly or laterally), (2) 
displacement of either tuberosity more than 1 cm, or (3) higher position of the greater tuberosity than the humeral head subchondral outline by at least 5 
mm. 

When surgery is recommended, internal fixation is the treatment of choice for those valgus fractures with both tuberosities intact or a fracture of the 
greater tuberosity only; although these fractures may be stabilized with tension band sutures or wires, we have a low threshold to use locking plates; IM 
nails are also attractive for these fractures. However, it should be taken into account in treatment decision making that 10-15% of the patients might 
develop global AVN, which would be especially problematic if open reduction and internal fixation with a locking plate has been performed.!2°°°° 
Arthroplasty is favored for valgus fractures with associated fractures of both tuberosities in older patients with poor bone quality, especially when the 
head segment is unstable (medial periosteal hinge is disrupted); in terms of selecting a hemiarthroplasty or a reverse shoulder arthroplasty, the same 
considerations outlined for varus posteromedial fractures apply. 


Outcomes of Surgical Treatment 


Multiple studies have reported on the outcome of PHFs treated surgically. These studies can be difficult to analyze and compare, since the fracture types 
included and techniques reported in various studies have varied substantially. Some studies have reported the outcomes of specific surgical techniques, 
whereas others have compared nonoperative and operative treatments, or the outcome of different surgical techniques. 


Internal Fixation Using Plates 


When locking plate fixation was introduced, it was expected to provide an improved solution for internal fixation of PHFs. Unfortunately, complications 
with plate and screw fixation have continued to be high. Nonlocking plates were associated with varus collapse and hardware loosening; locking plates have 
also been associated with screw penetration and cut-out.2!-782.383 Although a number of studies have reported reasonable numbers of good to excellent 
results after locking plate fixation of PHFs,!41!7,212,382,406,429 radiographic complications have been likely underreported.!9* Other studies have reported 
only fair results,29° and others have shown that locking plates can be associated with a substantial rate of complications, including screw back out, screw 
cut-out, plate failure, malunion and nonunion frequently requiring reoperation.®*!©9 However, internal fixation continues to be used at a relatively constant 
rate, in contrast with hemiarthroplasty which has declined after the introduction of reverse shoulder arthroplasty.?°7 

We do believe that after careful patient selection and performing a precise technique including the principles and surgical steps described in this chapter, 
locking plate fixation (with cement of graft augmentation when required), continue to be a good treatment option with reasonably good outcome and safety 
profile.!25-300 One of the authors (A.M.F.) published his experience with locking plates using the principles of fixation and surgical steps described in this 
chapter, comparing cases with and without acrylic cement augmentation in 168 patients, all older than 65.!253 Fractures included 44% VPM, 25% valgus, 
27% SN, and 4% HDs (the investigation was performed before including the DN fractures in the classification system, and these last cases were distributed 
in the mentioned patterns). Mean age was 76, and about 80% of patients were female, without differences between cohorts of treatment. Age-adjusted 
Constant score was 89, with mean elevation, external rotation, and internal rotation of 125, 44, and T12-L2, respectively, with 10 more degrees of external 
rotation and 7 points more in the Constant score in the cement augmented group. Complication and revision rates remained low compared with other 
articles, with 25% and 9% in noncemented cases, and 15% and 9% in cemented cases, respectively. Interestingly, failure rate at our institution with patients 
with similar characteristics was 35% (and 55% complication rate) when the surgery was done by a variety of trauma and shoulder surgeons using a “free 
surgical technique,” but when performed by a single surgeon following the principles and steps of fixation, failure rate went down to 8%, and with the use 
of cement augmentation, to 1%, emphasizing the importance of surgical technique, cement augmentation, and surgeon’s experience. Siebenbiirger compared 
two cohorts of patients, locking plate alone versus locking plate with cement augmentation in 94 patients over 65, and found no differences in outcome at 2 
years of follow-up; however, implant loss of fixation was less frequent in the augmented group (11% vs. 5%). After plate fixation, most studies report 
average elevation, external and internal rotations of approximately 125 degrees, 40 degrees, and T11, across several ages?144351 (Table 36-6). 


TABLE 36-6. Reported Outcomes Since 2010 Using Locking Plate Fixation for Proximal Humeral Fractures 


Complications 


No. Fracture Type Average Age, Follow-Up Outcome 
Study? Patients (2-/3-/4-Part) Years (Range) (Range) Assessment Results ON RS Other 
Olerud (2010)?” 50 50/0/0 75 (55-93) 2 years Constan/DASH Fair (mean) 0 8 (16%) Penetration intraop 6 (12%), later 8, MF 5 
(19%), DI 1, FAI 1 
Yang (2011)#° 64 8/32/24 62 (NA) 18 months Constant 48% 2 (3%) 8 (13%) Perforation 5 (8%), DI 2 (3%), SA12 
(14-38) (3%), ST 2 (3%), MF 3 (5%) 
Zhu (2011) 26 2600 51 (NA) 3 years Constan ASES Excellent (mean) 0 (0) 5 (19%) HO 2 (8%), penetration 5 (19%) 
Röderer (2011)! 107 NA 66 (18-91) 10 months (6-12) IADL NA 6 (5%) 35 (33%) NU 3 (3%), penetration 19 (19%), MF 
10 (9%) 
Olerud (2011) 27 0/27/0 72 (56-92) Minimum 24 ConstanvDASH/ Fair (mean) 3 (10%) 9 (30%) MF 10 (39%), penetration intraop 5 (17%), 
months EG-5D later 3 (12%), DI 2 (7%), NU 1 (4%) 
Voigt (2011)* 56 0/48/8 74 (60-87) 86% 1-year follow- Constanv/SST/ Good (mean) 5 (10%) 10 (21%) Secondary perforation with MF 13 (27%), 
up DASH MU 8 (17%) 
Konrad (2012)? 153 153 65 + 15.6 86% 1-year follow- Constan/Neer Excellent (mean) 2 (1.3%) 0 (0%) Primary screw perforation 23 (15%); MF 
up 10 (7%); NI 2 (1%); S 2 (1%), DI 2 (1%); 
RS 25 (16%) 
Fjalestad (2012)'" 25 0/13/12 72 (60-86) 12 months Constan ASES Good (mean) 2 (8%) 4 (16%) Penetration 7 (28%), HWF 1 (4%), 
axillary nerve injury 3 (12%) 
Chen (20157 30 0/30 68 (51-73) 24 months ConstanvA DL/ Excellent (mean) 1 (3%) 1 (3%) Loss of reduction (3%), screw perforation 
DASH (3%) 
Bahrs (2015) 77 28/38/11 62 (26-90) 95 months Constan/UCLA/ Excellent 22% 40% 5.2% infection, 25% impingement, 13% 
(74-133) DASH (median) (grades I screw perforation, 14% elective hardware 
and II) removal 
Gracitelli (2016)'" 36 16/17/0 66+8 12 months Constan’/DA SH Good (mean) 0 1 (3%) Primary penetration (3%), refracture 
(3%), loss of reduction (3%) 
Shon (2017)7”7 90 40/44/11 62+13 14 months Constan/U CLA Good (mean) il - 5% screw penetration, 3% screw loosening, 
6% plate impingement, 5% loss of reduction, 
4% greater tuberosity migration 
Siebenbuarger 94 36/37/21 774-10 24 months Age-gender adjusted Good (mean) 6% 
(2019 constan/DASH 
Barlow (2020)!” 131 47/45/8 73(60-95) 73 months VAS pain - 18% 
Foruria (2021)!” 168 25/74/45 76 (65-94) 33 months Age/gender 89 7% 
Other 24 corrected 


constant 


*Only prospective English-language studies, or studies with an English-language translation, that appeared in peer-reviewed journals since 2010 are shown. 
BT, biceps tendonitis; DI, deep infection; FD, fracture-dislocation; FR, fracture; HO, heterotopic ossification; HSS, hospital for special surgery; HWF, hardware malfunction; IADL, instrumental activities of daily living; MF move- 
ment of fixation; MU, malunion; NI, neurologic injury, NU, nonunion, OA, osteoarthritis; ON, osteonecrosis; RS, revision surgery; SAI, subacromial impingement; SI, superficial infection; SST, simple shoulder test; ST, stiffness. 


Comparative studies have provided contradictory evidence. Some studies have shown no advantage of locked plate fixation over nonoperative treatment 
of displaced PHFs with regard to range of motion and functional scores.???»223,289,344,387 Similar outcomes have also been reported comparing locking plates 
and IM nail fixation,!7*1° while one study has shown significantly better ASES scores, pain scores, and strength after locked plate fixation, although with 
higher complication rates.*° In a prospective randomized controlled trial conducted to compare locking plates and nails for two- and three-part fractures, 
similar outcomes were found but the nails had a higher incidence of complications and reoperations!*’ (34% vs. 21% and 19% vs. 3%, respectively); 
however, the opposite was found in another prospective randomized controlled trial, in which nails obtained less pain, better Constant and ASES scores, and 
lower complication rates.*° Helfen!® compared the outcome of the locking plates with screw-tip cement augmentation (Philos Augmentation, Synthes), 
versus a third-generation IM nail (MultiLoc, Synthes) in a prospective randomized controlled trial including patients over 60 years old who had sustained 
two-part SN fractures, and did not find differences obtaining good outcome (Constant and ASES scores >70) a low complication rates with both implants, 
with equal revision surgery rates (7%). Another prospective randomized controlled study found similar outcome between nail and locking plate, but with 
higher complications in the plating group.°°9 

Comparative studies with hemiarthroplasty have also provided conflicting evidence. One study reported similar results as long as adequate reduction and 
stable fixation were achieved with internal fixation.!? However, two other studies reported significantly higher Constant scores after locked plate fixation 
than after hemiarthroplasty.°”°”7 A prospective randomized controlled trial found better Constant and DASH scores, activities of the daily living, 
satisfaction, and range of motion with locking compression plates with IM fibular allograft compared with hemiarthroplasty in patients with osteoporotic 
four-part fractures.°” 

Several recent articles have compared locking plates and reverse shoulder arthroplasty in elderly patients. Fraser et al. published a prospective 
multicenter randomized controlled trial (Delphi trial) including 124 elderly patients sustaining the most complex proximal humeral fractures OTA/AO 2007 
B2 and C2.!76 Reverse shoulder arthroplasty showed better Constant score at 2 years for patients sustaining C2 injuries (mean difference 19 points, 95% CI 
9-28; p < .001); however, differences were no significant for less complex B2 fractures.??? Lanzetti performed a clinical trial with patients over 70 
sustaining a three-part or a four-part proximal humeral fractures, allocating them to reverse shoulder arthroplasty when having supraspinatus 
Goutallier/Fuchs Grade 3 or 4 atrophy or ORIF if they had supraspinatus Goutallier/Fuchs grade 1 or 2 atrophy; after at least 2 years of follow-up, patients 
with reverse shoulder arthroplasties had better Constant, DASH, and ASES scores, and better range of motion, but complication and reoperation rates did 
not show significant differences. Siebenbiirger retrospectively compared matched elderly (>65) patients by age, gender, fracture pattern, and follow-up 
undergoing locking plate fixation with screw-tip cement augmentation versus reverse shoulder arthroplasty, showing no differences in Constant score (both 
techniques obtained a score of 81% of the contralateral side), but with higher incidence of complications in the locking plate group (32% vs. 5%). Klug et 


al. compared reverse shoulder arthroplasty versus locking plating, matching 60 patients by age (all >65 years), sex, and CCI; plating showed significantly 
better Oxford Shoulder and DASH scores, and a tendency in favor of plating for range of motion, ASES, and Constant values. Complications (30% vs. 
10%) and revision rate (20% vs. 3%) were significantly higher in the plating group.??9 

Major areas of controversy remain in regard to internal fixation for proximal humeral fractures, including the relative indications of internal fixation and 
nonoperative treatment,?!!61519.409 the relative indications of internal fixation and reverse arthroplasty,”” and the relative effectiveness of nonoperative 
treatment, internal fixation, and reverse arthroplasty in patients with very advanced age.°%-97,118.144,285 The more common use of reverse arthroplasty for 
very complex fractures that were treated previously with internal fixation will likely translate to lower failure rates with locking plate fixation. Other factors 
that may lead to improved outcomes include improvements in surgical technique,!°° anatomic reduction, !416351 stable fixation,!°°°" and more liberal use 


of grafts,©°70,239.256,388 hone substitutes, or acrylic cement. 105239 


Internal Fixation Using Nails 


Table 36-7 summarizes outcome after IM nailing to treat proximal humeral fractures. Antegrade nailing of displaced proximal humeral fractures is attractive 
due to its minimally invasive nature. However, when analyzing existing exiting literature on the treatment of PHFs with IM nails, it is difficult to draw 
conclusions because studies include different nail designs, different fracture patterns and heterogenicity in patient age. 

Various rates of complications have been reported, approaching 40% in some studies. These have included secondary loss of reduction (10%), screw 
migration with joint perforation (9%), and malunion (10%). Other complications include nail impingement, stiffness, osteonecrosis of the humeral head, 
glenohumeral screw protrusion, nonunion, and tuberosity displacement.!*877378 Backing out of proximal screws has also been widely reported.®®148.197,238 
In one large case series of 115 patients treated with the Targon proximal humerus nail, the most frequent complication after a mean follow-up of 8.7 months 
was backing out of one or more screws. This occurred in almost one-quarter of patients and required surgical removal of the screws.!“® The rate of revision 
surgery identified by Wong’s review was 16%. However, with the use of modern nail designs with locking screws, complications related to screw back-out 
are less common.’ One of the other concerns with antegrade IM nailing is the potential for complications related to insertion of the nail through the rotator 
cuff with subsequent shoulder pain.?8%4?9 Lopiz et al. published a prospective randomized clinical trial? comparing 26 fractures stabilized with a straight 
humeral nail inserted through the articular surface in line with the axis of the medullary canal (MultiLoc proximal humeral nail) and 26 fractures stabilized 
using a curvilinear one inserted at the articular surface—greater tuberosity junction (Polarus humeral nail) for proximal humeral fractures treatment. Use of a 
straight nail was associated with less common varus malunion (11.5% vs. 20%) and subacromial impingement (8% vs. 19%), and no screw back-out 
compared to a 26% screw back-out rate in the curvilinear rod. The proportion of good or excellent results was also higher with the straight nail (65%) 
compared with the curvilinear nail (46%). Although range of motion was similar for both groups, there was a trend for better Constant scores in the straight 
nail group (83 vs. 72). Radiographic evidence of subacromial impingement was more frequent with curvilinear nails (73% vs. 35%). However, revision 
surgery (mainly for hardware removal) was more frequent in the straight nail (42% vs. 26%). In the last years, most of the nails used for PHFs are straight to 
avoid complications previously reported.?4245268,336 Nonetheless, even with the use of modern designs, outcomes seem to be better for more simple 
fractures, while the rate of complications increases with the complexity of the fracture. In SN fractures without tuberosities involvement, rates of fracture 
healing ranges from 90% to 99% being loss of reduction and varus malunion the most common complications. Most cases of loss of reduction in SN 
fractures have been associated to malreduction or insufficient reduction at time of the surgery, especially in varus-impacted fractures. Boileau et al.,** in a 
series of 41 two-part displaced SN fractures, reported good clinical outcomes and low complications rate using third-generation nail (Aequalis, Tornier) and 
percutaneous approach. At final follow-up, all fractures healed satisfactorily, with mean forward elevation of 146 degrees, mean ER of 50 degrees, and 
mean Constant score of 71. They observed 1 partial AVN and 2 (5%) cases of malunion due to malreduction at the time of the surgery and lateral entry 
point. There were no cases of screw loosening or intra-articular screw penetration. Two patients (5%) underwent revision surgery due to impingement and 
stiffness. Muccioli et al.7°° in a group of 40 humeral fractures (17 shaft fractures, 17 two-part SN fractures and 6 three-part fractures) treated with the same 
design of intramedullary nail (IMN), reported 95% of healing rate with 2 cases of nonunited shaft fractures. There was one tuberosity malunion and six 
cases showed persistent varus (three cases due to insufficient fracture reduction and three cases presented secondary loss of reduction due to lateral entry 
point). After ultrasound analysis of rotator cuff integrity, they observed 12.5% of asymptomatic supraspinatus lesion. The rate of revision surgery was 7.5% 
with no cases of revision due to supraspinatus lesion. Recently, Lopiz et al.7“° in a study of 32 PHF with mean age of 82 years (80 years or older) presenting 
mostly two-part (81%) and few three-part (19%) fractures treated with third-generation nail (MultiLoc) reported 15.6% of patients with less than 125 
degrees and 18.8% of revision surgery (five subacromial impingement mostly due to inadequate technique and one loss of reduction). In this elderly cohort 
of patients, Constant score was satisfactory or excellent in all patients (mean Constant score 70) and good perceived quality of life was reported (mean EQ- 
VAS 64) despite limited ROM. They did not report any case of nonunion, AVN, or screw loosening. 


TABLE 36-7. Reported Outcomes Using Intramedullary Nailing for Proximal Humeral Fractures 


Complications 


Fracture Type Average Age Follow-Up Overall Outcome ee 
Stud n (2/3-/4-Part) (range) (years) (range) (months) Type of Nail Assessment Score % Complication RS 
y ge) ty g yp p 
Boileau 41 41-0-0- 57 (17-84) 26 (12-53) Straight 3rd CS:71 7.3% 2MU 5% 
(2019)** generation SSV: 80 10N 
(Aequalis) 
Rotman 25 22/0/0 66 (17-93) 20 (6-40) Straight 3rd CS: 54 20% 2 MU 25% 
(2019) 2 DE generation DASH: 31 1SI 
(MultiLoc) es f 
SSV: 78 4SAI 
Kloub 35 0/0/35 62 (35-81) 25.8 (6-77) Straight Bu CS: 57.7 57% 6 ON 34% 
(2019)?" generation VAS: 3.3 3 PON 
(MultiLoc) 
4LR 
5 GTR 
1 DI 
Muccioli 40 17-6-0 60 (0-89) 8 (6-18) Straight 3rd ACS: 93 25% 2NU 7.5% 
(2020)? 17 DF generation (6 SSV: 77 8 TLHB 
MultiLoc and 
34 Aequalis) 
Greenberg 60 0/37/23 72 (65-85) 29 (12-82) (Targon) ASES: 77.9 12% 3 MU 5% 
(2021)'* VAS: 1.06 ILR 
SST: 8.07 3 ON 
Lopiz 32 26/6/0 82.1 (80-90) 45.6 (16-53) Straight 3rd IRCS: 67.7 19% 5 SAI 18.6% 
COIDA generation VAS: 3.2 1LR 
(MultiLoc) R 
SST: 8.1 
EQ-5D: 0.4 


On the contrary, in more complex fractures presenting displaced tuberosities fracture, fracture malreduction has been associated with poor functional 
outcomes and high complication rate. Wong et al.42° compiled available evidence about IM nail fixation in a meta-analysis that included two-, three-, and 
four-part fractures. Their reported results including a 99% healing rate, frequency-weighted mean VAS of 0.8, with most patients reporting no or mild pain, 
mean elevation of 140 degrees, mean external rotation of 40 degrees, frequency-weighted mean of 73, 80 and 90 for Constant score, relative Constant score, 
and modified Constant score, respectively, and 84 points for ASES Score. Nonetheless, the Constant score for two-part and three-part fractures was 
significantly higher compared to two-part fractures. The rate of complications was 42%, including loss of reduction (10%), intra-articular screw penetration 
(9%), malunion (9%), AVN (4%) and subacromial impingement (4%). Moreover, the rate of complications increased with the complexity of the fracture: 
for two-part and three-part fractures the rate of complications was 33.6%, 57.8%, respectively, being fracture displacement/malunion the most common 
complications. The rate of revision surgery for two-part, three-part, and four-part fractures was 13.6%, 17.4%, and 63.2%, respectively. Kloub et al.,2°7 in 
prospective study of 35 four-part fractures treated with IM nailing (MultiLoc, Depuy), reported 57% of complication rate. The most common complication 
was AVN reported in 26% of cases (17% complete AVN, 9% partial AVN), followed by GT resorption (14%) and loss of reduction (11%). The rate of 
revision procedure was 30%, being AVN the most common cause (42%), followed by resorption of GT (25%) and loss of reduction (17%). Those cases 
with complete AVN presented worse outcomes and higher rates of revision surgery. The main problem with three- and four-part fractures is that reduction is 
difficult and challenging, especially in patients with osteoporotic bone, in which tuberosities are usually comminuted.!7°-!49 Fixation of a PHF with 
malreduction of the tuberosities increases the risk of loss of fixation, AVN and secondary intra-articular screw penetration.!2®°° In fact, the influence of 
fracture reduction in final results has been widely described in the literature and most studies report worse outcomes in the presence of fracture malreduction 
or malunion,'*97° independent of the type of fracture or type of fixation.!!78° Kloub et al.?°° analyzed 137 patients with three-part and four-part PHFs 
treated with nail fixation (Targon), and demonstrated satisfactory results if adequate fracture reduction is achieved. The relative Constant score deteriorated 
from 88% when reduction was excellent, to 70% and 52% when fracture reduction was moderate and poor, respectively. Moreover, the rate of AVN raised 
up from 2% in those with anatomical reduction, to 28% and 60% in those with moderate and poor quality of fracture reduction, respectively. However, even 
in four-part fractures, satisfactory results can be expected with IMN if fracture is anatomical reduced. 

Comparative studies have failed to demonstrate the superiority of nails versus plates,’ even in the more severe cases.!2” Gadea et al.!°8 performed a 
retrospective, comparative and multicenter study of 107 four-part PHF (54 cases of IMN and 53 cases of plate fixation). Several different IM nails were 
used. In the nail group, they reported 17% of AVN, 11% of intra-articular screw penetration and 18% of revision surgery. Anatomical reduction of the 
humeral head was achieved in 57% of cases treated with IMN and in 58% of cases treated with locking plates. The rate of tuberosity healing in anatomical 
position was 72% in nail group and 70% in plate group. No differences were found between nail and plate fixation regarding functional outcomes and rate 
of complications although higher revision rate was observed in patients treated with locking plates (30% vs. 18%). Poor functional outcomes were observed 
in both groups in those cases in which head was reduced in varus, malreduction of the tuberosities and AVN. 


Closed Reduction and Percutaneous Pinning/External Fixation 


Table 36-8 summarizes the outcomes in the published literature. While overall satisfactory outcomes have been reported, malunion and AVN rates of up to 


28% and 26%, respectively, have been reported. Furthermore, the need for premature pin removal due to migration has been reported to be required in up to 
40% of cases.°? Outcomes have been related to both patient age and the underlying fractures pattern, with four-part valgus-impacted fractures having lower 
functional outcomes scores than three- and two-part fractures.?>164 The use of external pin-linking mechanism seems to decrease the rate of pin migration, 
even in patients of advanced age.3>57 Brunner et al. reported on the use of the “Humerusblock” device for distal lateral linking of the pins. While pin 
migration was eliminated, pin perforation into the humeral head occurred in 22% of cases.°! Blonna et al.2! reported outcomes in 188 patients with a mean 
age of 64 years (range 62-65 years) treated with close or open reduction and fixation with pins stabilized by an external fixator specifically designed for 
PHFs. At an average follow-up of approximately 5 years, mean Constant score was 72.5 and mean SSV was 85.5. The rate of complications was 27% and 
only 3% required revision surgery, being pin-track infection the most common complication. While some studies support the use of CRPF in elderly 
patients in conjunction with linking implants,°*°” our recommendation would be to use of this technique in younger patients with adequate bone stock. 
Close radiographic follow-up should be obtained for early detection of pin perforation. 


Internal Fixation Using Tension Band 


In a series of 165 patients with two-, three-, and four-part PHFs, Dimakopoulos et al. observed a mean Constant score of 91 at 5 years after braided 
nonabsorbable suture tension band fixation. This represented 94% of the function of the contralateral shoulder.°° They found an AVN rate of 7%. Nonunion 
occurred in 2% of cases, while malunions were seen in 5%. Miquel et al.265 reported AVN in 20% cases with a Constant score of 35, whereas the rest of the 
cases Constant score rated a mean of 70. Six cases with AVN declined further surgery, which was interpreted in the context of the absence of hardware that 
could otherwise jeopardize the glenoid integrity. Other authors have found no AVN when treating two- or three-part fractures.?04 


TABLE 36-8. Reported Outcomes Since 2010 Using Closed Reduction and Percutaneous Pinning for Proximal Humeral Fractures 


Average Age of Overall Outcome Complications 
No. Fracture Type Patients, Years Follow-Up, Assessment 
Study’ Fractures (2-/3-/4-Part) (Range) Technique Months (Range) Scores MU AVN Other 
Blonna (2010)? 42 30/9/3 62 (27-83) CRPP 25 (12-45) DASH: 21 7 (17) 1 (2%) MF 8 (19%), RS 8 (19%), SI 2 (5%), 
Constant DI 2 (5%), NU 1 (2%), BVT 1 (2%), 
(mean): 70 CRPS 1 (2%) 
Blonna (2010)? 49 24/18/7 67 (37-91) Hybrid 25 (12-40) DASH: 6 1 (2) 1 (2%) MF 1 (2%), RS 2 (4%), SI 2 (4%), DI 
Constant (mean): 1 (2%), NU 1 (2%) 
78 
Brunner (2010)® 58 25/22/11 70 (32-95) Humerusblock 15 (12-28) Constant: 77% 0 2 (4%) NU 1 (2%), pin perforation 13 (22%); 
excellent or good RS 5 (9%); secondary displacement 
5 (9%); unplanned or premature 
surgical intervention 23 (40%) 
Joeckel (2010)"** 17 84/5 69 (16-89) Button Fix 18 (12-20) Constant: 76% 0 1 (6%) MF 1 (6%), RS 1 (6%) 


of contralateral 
shoulder (range 


30-100%) 
Yu (2010)*” 64 43/19/2 62 (25-81) CRPP 16 (12-48) ASES: 73% 2 (3%) 2 (3%) MF 24 (38%), ST 3 (5%), OA9 
excellent or good (14%) 
Eid (2011) 27 17/10/0 61 (51-77) CRPP 18 (12-36) Constant: 96% 0 0 SI 13 (48%), MF 5 (19%) 
excellent or good 
Carbone (2012)*" 26 015/11 78 (68-89) CRPP 24 Constant: 51.5 0 2 (8%) MF 7 (27%), SI 4 (15), DI 1 (4%) 
(40-65) 
Carbone (2012)7 28 0/17/11 81 (76-85) MIROS 24 Constant: 60 0 2 (7%) MF 1 (4%), SI 1 (4%) 
(39-70) 
Harrison (2012)'* 27 5/12/10 (4PV) 59 (42-67) CRPP 84 (37-128) ASES (mean): 82 N/A 7 (26%) = N/A 
Seyhan (2012)? 36 36/0/0 52 (41-86) CRPP + antegrade 38 (30-60) Constant: 83% 0 0 SI 2 (6%) 
IM K-wires excellent or good 
Blonna (2019)? 235 188/60/47 64 (62-65) External Fixator 67 (24-143) OSS: 42.6 0 8 (4%) SI 19 (8%), PBO 11 (4.7%), ST 4 
120 CRPP SSV: 85.5 (2%), AN 1 (0.4%), BVT 1 (0.4%), 
i i LCF 4 (1.7%) 
60 open VAS: 1 


reduction Constant: 72.5 


Only English-language studies, or studies with an English-language translation, appearing in peer-reviewed journals since 2010 are shown. 

4PV, four-part valgus impacted; AN, axillary nerve palsy; AVN, avascular necrosis; BVT, brachial or basilic vein thrombosis, CRPS, complex regional pain syndrome; DI, deep infection; FD, fracture-dislocation, HO, heterotopic ossi- 
fication; HS, headsplit; IM, intramedullary; LCE lateral cortex fracture; ME movement of fixation; MU, malunion; N/A, not available; NI, neurologic injury; NU, nonunion; OA, osteoarthritis; PBO, pins backing out; RS, revision 
surgery; SAI, subacromial impingement; SI, superficial infection; ST, stiffness. 


Reverse Shoulder Arthroplasty 


Several studies have reported on the outcome of reverse shoulder arthroplasty for fracture (Table 36-9). As in many other fields of orthopaedic surgery, 
published results are conflicting due to problems with study design in terms of selection bias, different fracture classifications and interobserver differences 
in the assessment of the Constant score. However, what is evident is the increasing use of RSA since it became available*!® because its functional outcomes 
appear to be more reproducible and less dependent on the healing of the tuberosities compared to hemiarthroplasty. 13-353 

Early reports on reverse for fracture assessed the viability of the operation. Bufquin et al. reported on 42 reverse arthroplasties followed just under 2 
years on average.°? Mean elevation and external rotation were 97 and 30 degrees, with a mean modified Constant score of 66%. However, the rate of 
tuberosity displacement was 53%, and the rate of notching 25%. Cazeneuve and Cristofari reported worrisome rates of glenoid loosening and notching on 


36 reverses for fracture followed 6 years on average.°? Later studies have reported better outcomes and, in particular, lower complication 
rates,70:120,151,230,233,244,334,400,420 Grubhofer et al. reported on 52 shoulders followed an average of almost 3 years.!>! Reported rates of modified Constant 
scores, subjective shoulder value, and subjective satisfaction were 86%, 83%, and 92%, respectively. 

Most studies that have analyzed the outcome of reverse for fracture as a function of tuberosity healing seem to indicate better outcomes with anatomic 
healing of the greater tuberosity,°+70.120.151,321,370,422,400 directly related to restoration of active external rotation. However, the repercussions of tuberosity 
healing on functional outcomes after RSA are still controversial. The absence of well-designed prospective, randomized clinical studies in relation to 
tuberosity fixation makes this procedure still to be clarified.!®* The rates of tuberosity healing vary from 40% to 84% in this elderly population.?4324,370 
Simovitch?”° determined that patients with tuberosity union recovered an average of 40 degrees of active external rotation compared with 28 degrees with 
tuberosity absence (nonunion/not repaired). Chun et al.” in a series of 38 patients with healed tuberosities did not yield better functional outcomes or ROM, 
with the exception of external rotation with the arm at the side. Patients with healed tuberosities and patients with unhealed tuberosities yielded satisfactory 
outcomes in shoulder function and in forward flexion. The rate of healing was 37% (lower than previous studies). The ranges in tuberosity union rate may 
be attributed to tuberosity fixation methods and characteristics of the prosthesis used.!2° Formani et al.!2° suggested a hybrid cementation-impaction method 
with a cancellous bone graft to enhance tuberosity healing and reported an 88% tuberosity healing rate. They replaced the proximal cement mantle with 
autogenous cancellous bone at the proximal portion of the stem to increase the tuberosity healing rate and to avoid thermal injury caused by cement. Most 
published data regarding RTSA in the trauma setting reflect outcomes using cemented components and show relatively good clinical outcomes.®!!31,334 
However, newer RTSA use uncemented implants that rely on bone ingrowth for fixation. Nonetheless, recent studies failed to find differences between 
cemented and uncemented stems.740:245.335,422 Schoch et al.?5? in a comparative study reported similar pain relief, range of motion and tuberosity healing 
with cemented and uncemented stems, but cemented stems had significantly better ASES scores and SSV. This study has important limitations, however, 
because they used four different implants with medialized and lateralized humeral designs. 

Outcomes of RSA for fractures are not only influenced by tuberosity healing and type of stem fixation but also by patient age, with poorer results 
being obtained for those older than 80 years compared with those achieved in younger patients. When comparing the results of conservative treatment 
versus RSA in this elderly population the outcomes are variable. Roberson et al. failed to find any differences between the outcomes of reverse for fracture 
and nonoperative treatment in a cohort of 39 displaced PHFs.°*? However, apart from being a retrospective study, it has a major selection bias because all 
the patients were offered treatment with a RSA and only those who refuse it became part of the conservative group. Chivot et al., recently published a 
multicenter retrospective and comparative study in patients older than 70 years. They found no significant differences in the mean QuickDASH score, 
activities of daily living, and VAS for pain in either group at the last assessment, and they found a relatively small clinical difference in the Constant score 
(56.5 points vs. 50.5 points, p = .03). They concluded that RSA must be proposed only to patients with significant functional demands. Lopiz et al.,24 in a 
recent prospective study of elderly patients (80 years or older) with three- and four-part PHFs compared outcomes between conservative treatment (30 
patients) and reverse shoulder arthroplasty (29 patients). No differences were found between both groups for any patient-reported outcomes at 12 months of 
follow-up except the VAS pain score. The Constant scores were 55.7 in the nonoperative group and 61.7 in the RSA group (p = .071) and DASH score were 
29 and 21, respectively (p = .075). Regarding the range of motion, in the group of 30 PHFs treated nonoperatively (15% three-part and 83% four-part) mean 
elevation ranged between 61 and 90 degrees in 45% of cases while 76% of patients treated with RSA had a forward elevation between 90 and 180 degrees. 
They reported 100% of malunion, 59% of AVN, and 3.4% of nonunion. Despite these limited functional results, 93% of the patients treated with 
conservative treatment would undergo the same treatment again. They emphasized that this population presented a high comorbidity index (CCI of 6.1) with 
a mean age of 85 years, and that might influence results of perceived quality of life. This means, that, in particularly elderly patients with limited functional 
expectations, nonoperative treatment could be considered appropriate for any type of fracture because good pain relief is to be expected although with 


limited functions. However, in active patients, even if they are older, RSA for fractures has demonstrated a survival rate of 94% at 1 year and 73% at 5 
257 
S. 


68,244 


year 

Most of the studies that have compared hemiarthroplasty and reverse shoulder arthroplasty have reported better functional outcomes and lower revision 
rate with the use of reverse arthroplasty.4448.85.87,353,424 Jonsson et al.,!®” in a multicenter randomized control trial comparing 43 HA versus 41 reverse total 
shoulder arthroplasty (RTSA) for the treatment of three- and four-part PHFs in patients older than 70 years found that, RTSA provides better shoulder 
function that HA as measured with the Constant score. Moreover, mean shoulder satisfaction, abduction and flexion were significantly higher in those 
treated with RSTA, although the rate of complications was similar in both groups. Patients older than 80 years benefit less from RTSA than patients aged 70 
to 79 years. These results are consistent with the findings of other recent comparative studies*!° and meta-analysis or systematic reviews comparing RTSA 
and HA. !*:132,308,362,413 Tn addition, model-based cost-effectiveness analysis has shown that RSA was associated with lower cost and better effectiveness 
compared to hemiarthroplasty in PHFs.?6° Nwachukwu et al.??3 and Osterhoff et al.2°” reported favorable cost-effective analysis for reverse arthroplasty for 
fractures, with reverse arthroplasty being more cost-effective than hemiarthroplasty, especially from a payer’s perspective.*°? However, some studies have 
failed to prove clinically relevant or statistically significant differences.“ 


TABLE 36-9. Reported Outcomes of Reverse for Proximal Humeral Fractures 


Mean Age, Follow-Up, Months Elevation, Degrees External Rotation, 
Study n Years (Range) (Range) (Range) Degrees (Range) Overall Outcome Scores (Range) Complications 
Cazeneuve 36 75 (58-92) 72 (1-44) - - Constant (mean): 53 (20-80) 4 dislocations 
(2010) Modified constant: 69.3 (61-83) 1 infection with Acinetobacter 
19 scapular notching 
1 aseptic loosening of base plate 
Levy (2011)? 7 86 (78-91) 14 (12-23) 117 (95-150) 19 (0-30) ASES (mean): 39.2 (31-50) 1 nonunion, acromion fracture 
SSV: 86% excellent or good 1 heterotopic ossification 
Lenarz (2011)”° 30 77 (65-90) 23 (12-36) 139 (90-180) 27 (0-45) ASES (mean): 78 (36-98) 1 CRPS, DVT, and tuberosity 
resorption 
1 tuberosity malunion 
1 scapular notching 
Iacobellis 33 76.6 (54-85) 42.3 (10-121) - - DASH (mean): 49.7 (32-90) 8 scapular notching 
(2014) Constant (mean): 56.4 (23-80) 4 diaphyseal fractures (intraop) 
1 dislocation 
Kaisidis 29 81 (78-85) 26 (10-36) 95 (82-150) 30 (23-82) Constant (mean): 73.3% (58-92) 1 acromion fracture (intraop) 
(2014) Satisfaction: 76.6% excellent, good, 4 heterotopic ossification 
or satisfactory 1 dislocation (due to wrong 
retroversion of glenoid comp) 
6 scapular notching 
Bufquin (2014)” 41 78 (65-97) 22 (6-58) 97 (35-60) 8 (neutral) 30 Constant (mean): 44 (16-69) 1 glenoid fracture 
(abducted) Modified constant (mean): 66% 5 neurologic complications 
(25-97) 1 acromial stress fracture 
ASES (mean, scale 0-24): 9 (0-19) 3 RSD 
DASH (mean): 44 (0-92) ldwelocation 
1 deltoid dehiscence 
14 tuberosity nonunions 
5 tuberosity malunions 
10 scapular notching 
Formaini 25 77 (63-88) 17 117 + 23 29418 ASES (mean): 71 + 22 3 nonunion/resorption 
(2015)!” 


SST (mean): 7 +3 
SANE (mean): 76 + 17 
Satisfaction: 84% excellent or good 


Ross (2015)*+* 29 79 (67-90) 54.8 (25-107) 130 (90-150) 30 (0-70) ASES (mean): 89 + 14 (44-100) 1 axillary nerve palsy 
QuickDASH (mean): 13 + 18 25 inferior scapular notching grade 0 
(0-66) 
Constant (mean): 71 + 10 (54-84) 


4 inferior scapular notching grade 1 


7 scapular spur 
Constant normalized for age/gender 


4 heterotopic ossification 
(mean): 88 + 11 (67-103) 


10 partial lysis of greater tuberosity 


5 partial lysis of lesser tuberosity 


Grubhofer 52 77 (58-89) 35 (12-90) 118 (40-165) 18 (0-65) Constant (mean): 62 (21-83) 33 scapular notching 
(2016)! Relative constant (mean): 86% 4 secondary tuberosity displacement 
(30-100) 
SSV (mean): 83% (30-100) 
Satisfaction: 92% excellent or good 
Lopiz (2016)** 42 81.7 (76-88) 32.6 +47.6 <80 years old: 126 <80 years old: 22 Constant (median): 47.1 + 20.2 1 dislocation, revision surgery 
(85-170) (0-30) Relative constant (median): 1 fracture 
280 years old: 110 280 years old: 20 68% + 29% DFE na tonne 
CREPE), (Edy) DASH (median): 29.5 + 9.2 Dreier terete eee 
4 no healing 
8 malunion 
5 superiorly displaced 
2 inferiorly displaced 
5 scapular notching 
Chun (2017)"° 
Healed 14 81.1448 36.5 + 8.6 125+ 18 29+8 ASES (mean): 74 + 11 4 scapular notching 
Constant (mean): 68 + 12 
Unhealed 24 79.6 + 5.0 37.3493 127 + 14 10+9 ASES (mean): 71 +7 5 scapular notching 


Constant (mean): 64 + 8 


Uzer (2017) 
APC fixation 18 75 (65-82) 16.7 (12-24) 125 + 23 49 + 23 % tuberosity union: 78% l infection 
ASES (mean): 69.6 + 13 (43-83) 
DASH (mean): 31.9 + 24 (4-88) 
Constant (mean): 44 + 20.8 


(12-78) 
No fixation 15 71 (65-82) 16.8 (12-25) 99+31 34 +27 % tuberosity union: 40% l infection (MRSA) 
ASES (mean): 51 + 20 (11.6-85) 1 scapular notching 
DASH (mean): 31.9 + 24 (4-88) 1 periprosthetic fracture humeral 
Constant (mean): 34.5 + 16.8 = 
(12-60) 1 aseptic humeral stem loosening 
Wolfensperger 33 80+6 12 - - Constant (mean): 71 + 12 3 iatrogenic fracture (intraop) 
(2017)*” (46-94) 


2 secondary displacement greater 
Relative constant (mean): 106% + tuberosity 
16% (72-139) 


DASH (mean): 30 + 21 (1-68) 


2 displacement lesser tuberosity 


19 partial/total resorption greater 
Subjective outcome: 22 excellent, tuberosity 


10 good 11 partial/total resorption lesser 
tuberosity 


12 scapular notching 
CRPS, complex regional pain syndrome; DVT, deep vein thrombosis; MRSA, methicillin-resistant Staphylococcus aureus; RSD, reflex sympathetic dystrophy; SSV, subjective shoulder value; SST, simple shoulder test. 


Finally, when comparing internal fixation with reverse arthroplasty, some studies favored reverse,°!!2° whereas other studies favored internal 


fixation.7°9793 Fraser et al.!*° in a randomized controlled trial comparing RTSA versus ORIF for displaced PHF in patients older than 65 years, at 2 years 
follow-up reported better Constant scores in those patients treated with RTSA, lower rate of complications (11% vs. 18%) and lower revision rate (6.25% 
vs. 13%). On the contrary, Klug et al.?°° reported better functional outcomes with ORIF although RSA was associated to lower complication and revision 
rates. There are also a number of meta-analyses and systematic reviews on reverse for fracture.4®116,155,255,272,363,414 A gain, the results are conflicting. 

A question often raised when analyzing the outcome of reverse arthroplasty relates to the potential effect of prior treatment, in particular internal 
fixation, on reverse arthroplasty performed as a salvage procedure versus the primary index operation. The majority of these studies seem to indicate that 
reverse arthroplasty provides good outcomes in patients with a prior failed internal fixation, albeit with a higher complication rate.71-93,152,179,354,359,402 
Special issues have been reported for failed locking plate fixation when salvage with reverse arthroplasty is not performed prior to major glenoid erosion 
secondary to intra-articular screw penetration. !52 

Finally, a few studies have reported on the cost of reverse arthroplasty for fracture. Both studies seem to indicate that reverse shoulder arthroplasty 
provides reliable pain relief and restoration of motion and function, with good subjective shoulder values and overall satisfaction. However, a review of 
reported motion indicates that active elevation is less than when reverse arthroplasty is performed for other indications, such as cuff tear arthropathy. In 
addition, most but not all studies have reported better outcomes with reverse compared with hemiarthroplasty, internal fixation, or nonoperative treatment. 
Greater tuberosity healing seems to correlate with better outcomes. Reverse for failed internal fixation does provide similar or slightly inferior results 
compared with reverse for an acute fracture, but at the expense of a higher complication rate. Cost studies seem to indicate reasonable cost-effectiveness. 


Hemiarthroplasty 


The outcome of hemiarthroplasty for proximal humeral fractures has been documented in multiple studies (Table 36-10). Overall, the outcome of this 
procedure seems to be directly related to tuberosity healing: anatomic tuberosity healing leads to a very good outcome in terms of pain relief, motion, 
strength, and function, whereas poor tuberosity healing leads almost universally to limited function (often with “pseudoparalysis”). In the last years, the use 
of hemiarthroplasty has dramatically decreased in favor of RSA. McLean el al.’ in a 10-year study period reported that the use of HA decreased 
significantly from 19.3% in 2008 to 3% in 2017 (p < .001) compared to RSA that significantly increased from 4.1% in 2008 to 24.5% in 2017 (p < .001). 

Neer introduced the concept of humeral head replacement and reported satisfactory overall results in a small cohort of patients.2”° Multiple studies were 
published over the following three decades. Reported results are inconsistent, especially when the procedure is performed in elderly patients.°9 Additional 
studies published over the last 15 years have provided more detailed information about the outcome of this procedure. !!0.142,199,282,328,401 

Robinson et al. reported on 138 hemiarthroplasties performed for PHF and followed for 6.3 years.??8 Of note, shoulders were immobilized in internal 
rotation, passive motion was initiated immediately, and active-assisted motion added at 2 weeks. Reoperations included tuberosity reattachment in three 
shoulders, revision for dislocation (three), deep infection (one), loosening (one), or periprosthetic fracture (three). The overall median modified Constant 
score at 1 year was 64 points (range 48-78 points). Pain relief was reliable, but function, motion, and power were poor. Radiographically, at 6 weeks, 27% 
of the shoulders had substantial proximal humeral head migration, and tuberosity displacement was noted in 38% of the shoulders. Poor prognostic factors 
included age, preoperative nerve injury, alcohol or tobacco use, tuberosity displacement, or humeral head migration. 

Antuña et al. reported on 57 hemiarthroplasties performed for PHFs and followed for an average of 10 years (range 5-22 years). Of note, tuberosity 
fixation was only horizontal (i.e., not to the shaft) in 19 shoulders, and passive range-of-motion exercises were initiated immediately. The humeral 
component was not cemented in 8 shoulders. Reoperations included tuberosity reattachment (one), tuberosity osteotomy (one), and revision for loosening 
(one). Pain relief was adequate in 84% of the shoulders. However, only 60% of the shoulders had active elevation over 90 degrees (averages for elevation 
and external rotation were 100 and 30 degrees, respectively). Adequate tuberosity healing was achieved in approximately 60% of the shoulders with 
adequate radiographic follow-up. The overall results were unsatisfactory in half of the shoulders. Patients younger than 70 years of age achieved better 
elevation. All shoulders with poor tuberosity healing had an unsatisfactory result. Results similar to the ones reported by Robinson and Antuña have been 
published by other authors,!1-142,199.282,401 


TABLE 36-10. Reported Outcomes of Hemiarthroplasty for Proximal Humeral Fractures 


Age, Years Follow-Up, Elevation, External Rotation, 
Study n (Range) Months (Range) Degrees (Range) Degrees (Range) Overall Outcome Scores Complications 


Robinson 138 66 (30-90) 76 (0-156) - - Modified constant (median): 64 8 revisions: 
(2003)? (interquartile range 48-78) 3 periprosthetic fracture 
3 dislocation 

1 deep infection 

1 loosening 

9 superficial infections 
1 infection 

1 hematoma 


3 displacement/subluxation 


Demirhan 32 58 (37-83) 35 (8-80) 113 (30-180) - Outcome: 75% 6 tuberosity problems 


7 92 q 
(2003) Constant (mean): excellent or good 2 resorption 


68 (19-98) 3 displacement of greater tuberosity 

1 inaccurate reduction of tuberosity 

2 superior placement of the humeral head 
2 rotator cuff lesion 


1 reflex sympathetic dystrophy 


l iatrogenic axillary nerve injury/deltoid 
atrophy 


Antuña (2008)® 57 66 (23-89) 124 (60-264) 100 (20-180) 30 (0-90) Neer: 47% excellent or good 3 revisions: 
Pain: 84% zero to mild pain 1 posterior dislocation 
Satisfaction: 77% excellent or good 1 severely limited ROM 
1 loosening 


26 with some degree of glenohumeral 
subluxation 


1 nonunion 
3 malunion 


9 resorption 


Esen (2009)!!° 42 69 (59-81) 79 (48-118) 121 (30-170) 30 (0-80) Neer: 86% excellent or good 2 revisions for superior migration 


Constant (average): 74 + 17.95 3 resorption 
(25-94) 


Pain: 81% zero to mild pain 


2 nerve injury 
1 reflex sympathetic dystrophy 


1 hematoma 


Noyes (2011)** 47 61 (31-79) 49 (5-100) - - Constant (mean): 50 + 28 13 revised to reverse total shoulder 
UCLA (mean): 22 + 10 arthroplasty 
SST (mean): 6 + 4 7 reabsorption 
ASES (mean): 59 + 30 3 rotator cuff failure 
Pain (mean); 3 +3 2 glenoid arthrosis 
1 infection 
Pijls (2011)*” 30 72 (55-91) 37 (13-62) Constant (average): 68 1 infection 
Pain (VAS) (average): 3.7 1 component failure 
Radiographic: 
6 malunion 
1 nonunion 
14 resorption 
Olerud (2011)78 
Hemiarthro- 27 76 (58-90) 24 - - Constant (mean): 48 + 16.4 3 resorption (1 complete, 2 partial) 
plasty DASH (mean): 30 + 18 3 additional surgeries 
EQ-5D (mean): 0.81 + 0.12 1 screw penetration 
1 subscapular impingement 
1 redisplacement 
NO 28 78 (60-92) Constant (mean): 50 + 21 1 complete displacement, received HA 
DASH (mean): 37 +21 l nonunion 
EQ-5D (mean): 0.65 + 0.27 3 AVN 
5 posttraumatic osteoarthritis 
Boons (2012)* 
Hemiarthro- 25 76+6 12 98 (45-165) 17 (10-25) Constant (mean): 65 + 16 1 revision (due to head-stem separation) 
plasty SST (median): 25 (8-100) 4 malposition 
5 superior migration (2 of 5 had partial 
resorption) 
1 proximal migration 
2 nonunion 
NO 25 80 +8 94 (45-165) 19 (15-25) Constant (mean): 60 + 18 2 osteonecrosis of the humeral head 
SST (median): 23 (0-92) 3 nonunion 
1 HA 
Greiwe (2013)5® 30 67+12 52+32 122 + 53 = ASES (mean): 67 + 28 3 revisions to reverse total shoulder 
Satisfaction: 22 excellent or arthroplasty 
satisfactory 1 proximal humeral migration/resorption 
1 brachial plexopathy/loosening 
1 wound breakdown 
2 nerve injury 
4 rotator cuff failures 
4 tuberosity resorptions 
1 superficial infection 
1 retroversion 60 degrees 
1 proximal humeral migration/partial 
resorption 
3 malunion 
3 nonunion/resorption 
Giovale (2014)? 27 72 (46-88) 86 (60-117.6) 115.8 + 50 20.6 + 13.3 Constant (mean): 52 5 revisions: 
DASH (mean): 27 1 subcutaneous hematoma 
SST-12 (mean): 7 1 postoperative stiffness 
Pain: 63% zero to mild pain 2 severe functional impairment due to 
Satisfaction: 71% satisfactory tuberosity-related complications 
1 deep infection 
Radiographic: 
7 resorption 
2 malposition 
9 reduction in AHD w/ superior 
subluxation of prosthetic head 
11 HO 
8 glenoid arthritis 
Hashiguchi 35 75 (64-92) 46 (13-114) - - Constant (mean): 76 (53-96) 10 subacromial spur 
(2015)"® 7 resorption of greater tuberosity 
Valenti 51 71 (32-91) 18 (12-60) 98 (40-170) 22 (0-60) Constant (mean): 50 (17-91) 4 revisions 
(2017)*" 


Satisfaction: 35 excellent or good 


11 resorption 


2 nonunion 


Some recent studies have reported improved outcome with the use of fracture-specific humeral components*!® or components with porous titanium 


proximal coating.”*° It is difficult to understand if the improvements reported in these studies are solely the result of using a different humeral component, 
or also through improved tuberosity management and the absence of postoperative motion for the first 6 weeks. In the study by Krishnan et al.,7!8 170 
hemiarthroplasties for fracture were reviewed to compare the outcome obtained implanting conventional stems (58 shoulders) or fracture-specific stems 
(112 shoulders). In the fracture-specific group, shoulders obtained better ASES scores (average 72 points), active elevation (average 130 degrees), and 
active external rotation (average 40 degrees); however, there was a 20% rate of tuberosity dehiscence and over 30% of the shoulders were considered to 
have not achieved functional active elevation (over 120 degrees). 

A few studies have compared hemiarthroplasty with conservative treatment, internal fixation, or reverse arthroplasty (Tables 36-11 and 36-12). When 
compared with nonoperative treatment, hemiarthroplasty seems to provide better pain relief but no functional gains.788 Regarding comparisons between 
hemiarthroplasty and internal fixation, some studies have favored internal fixation,2°! whereas others have reported a much higher complication and 
reoperation rate with locking plate fixation compared with hemiarthroplasty,2°° or better quality of life scores with hemiarthroplasty.°> Comparative studies, 
systematic reviews, and meta-analysis between hemiarthroplasty and reverse arthroplasty have been discussed in the section on reverse arthroplasty. 

In summary, hemiarthroplasty for PHFs has the potential of providing good pain relief and reasonable function. However, tuberosity nonunion, 
malunion, and resorption are common, and when they occur, a poor outcome is to be expected in terms of motion and strength. Risk factors for a poor 
outcome include older age, female gender, alcohol or tobacco abuse, obesity, and poor surgical technique.®*9-378416 Historically, the reported reoperation 
rate has been low.®3?8 However, the number of “failed” hemiarthroplasties is clearly increasing now that there is a possibility of revision to reverse 
arthroplasty to improve functional outcomes.*22 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO PROXIMAL HUMERAL FRACTURES 


Proximal Humeral Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


AVN 

Nonunion 

Malunion 
Posttraumatic stiffness 
Infection 
Posttraumatic arthritis 
Nerve injuries 


Proximal humeral fractures can lead to a number of complications. Malunion may occur after nonoperative treatment or internal fixation, but even though it 
may be relatively common, it is also well tolerated by many patients, not requiring further treatment. On the other hand, nonunion, AVN, and posttraumatic 
osteoarthritis can lead to severe symptoms requiring additional surgery. Infection is relatively uncommon but can be devastating. Some implant-specific 
complications have been described previously. Complications of hemiarthroplasty and reverse shoulder arthroplasty, such as deep periprosthetic infection, 
complications related to tuberosity healing, loosening, notching, and other modes of mechanical failure exceed the scope of this chapter. 

Boileau et al. retrospectively analyzed 203 patients who presented with sequelae of proximal humeral fractures and were subsequently treated with an 
unconstrained modular prosthesis.°° They identified 137 (67.5%) cases of humeral head collapse or necrosis, 25 (12.3%) cases of irreducible dislocations or 
fracture-dislocations, 22 (10.8%) cases of nonunion, and 19 (9.4%) cases of severe tuberosity malunions. The study did not include all complications of 
proximal humeral fractures but it does highlight the problems associated with osteonecrosis of the humeral head, nonunion, and tuberosity malunion in 
particular. These three complications are considered in detail together with an overview of other complications and their treatment. 


OSTEONECROSIS 


Humeral Head Osteonecrosis 


Osteonecrosis or AVN of the humeral head occurs as a consequence of impaired blood supply of the articular surface and subchondral bone, which undergo 
involutional changes, leading to articular collapse and fibrosis. This condition is variably symptomatic, and the head may collapse completely, or there may 
be partial involvement with or without articular collapse.!®!’* In some fracture patterns, AVN is very frequent; this is particularly likely in fracture patterns 
that isolate the humeral head, such as complex fracture-dislocations or those involving the head and both tuberosities. Sustaining a Valgus impaction 
fracture pattern is also a risk factor of AVN after ORIF with a locking plate; it occurred in 12% of these cases, being six times more frequent than on other 
fracture patterns (2% in SN and varus-impacted patterns, p = .02). It may also occur as a consequence of operative treatment, secondary to excessive 
fracture manipulation and stripping of soft tissues, which may interrupt the residual vascularity to the articular segment. In addition, some individuals may 
also be predisposed to this complication, either because of their poor physiologic state secondary to medical comorbidities, drug treatment, smoking, alcohol 
abuse, or malnutrition. The pathophysiology of this condition is incompletely understood at present and other unknown factors may also be important. It 
does not invariably develop even if the head is completely denuded of blood supply.!®17? Surgical timing might play a role in the development of AVN 
after a fracture-dislocation of the proximal humerus,?®366 but it does not seem to affect the rate of this complication after ORIF of fractures without an 
associate dislocation.10781 


TABLE 36-11. Reported Outcomes of Hemiarthroplasty Versus Internal Fixation for Proximal Humeral Fractures 


Follow-Up, External 


Age, Years Months Elevation, Rotation, 
Study n (Range) (Range) Degrees Degrees Overall Outcome Scores Complications 
Bastian and Hertel (2009)! 
ORIF 51 66 (38-87) 60 (40-88) = = Constant (median): 77 (37-98) 10 stiffness 
SSV (median): 92 (40-100) 1 hematoma 
l revision 
1 fatigue fracture of the 
plate 
5 loosening/migrated 
screws 
6 collapsed heads 
Hemiarthroplasty 49 Constant (median): 70 (39-84) 6 stiffness 
SSV (median): 90 (40-100) 1 hematoma 
3 revisions 
Spross (2012)° 
Hemiarthroplasty 22 76 (55-92) 36 (12-83) - - Constant (mean): 54 (38-86) l revision to RTSA 
SF-36 (mean): 56 (25-91) 6 malreduction 
7 complete resorption 
1HO 
ORIF 22 75 (42-93) 21 (12-60) Constant (mean): 65 (41-100) 12 AVN 
SF-36 (mean): 59 (30-96) 8 secondary perforation 
of head screws into 
glenohumeral joint 
2 secondary collapse of 
fracture due to screw 
cut-out 
10 revisions (5 revised 
to arthroplasty ) 
Cai (2012)°? 
Hemiarthroplasty 19 71.9 (67-86) 24.3 + 0.08 120 Constant (mean) 72.9 1 dislocation 
DASH (mean): 9.2 1 infection 
EQ-5D (mean): 0.816 + 0.17 1 prosthetic loosening 
ORIF 13 117 - Constant (mean): 60.7 1 nonunion 
DASH (mean): 15.3 2 fixation failure 
EQ-5D (mean): 0.746 + 0.26 
Chalmers (2014)" 
RTSA 9 >65 14.4+6 133+ 20 41+19 
Hemiarthroplasty 9 58.8 + 14.4 106 + 29 28+19 ASES (mean): 66 + 31 1 arthrofibrosis 
SST (mean): 7 + 4 1 ulnar neuritis 
ORIF 9 36+ 18 108 + 40 46421 ASES (mean): 75 + 15 1 arthrofibrosis and 
SST (mean): 8 + 4 avascular necrosis 
Thorsness (2017)? 
ORIF LS 59 60 (14-135) -= - Constant (mean): 72 + 15 5 malunion 
DASH (mean): 13 + 17 3 osteonecrosis 
ASES (mean): 87 + 13 l screw cut-out 
SF-36 (mean): 50+ 11 
Hemiarthroplasty 15 13 Constant (mean): 54 + 19 5 nonunions 
DASH (mean): 29 + 18 3 complete resorption 
ASES (mean): 66 + 22 
SF-36 (mean): 40 + 11 5 partial resorption 


TABLE 36-12. Reported Outcomes of Hemiarthroplasty Versus Reverse Arthroplasty for Proximal Humeral Fractures 


Study n 


Gallinet (2009)?! 
Hemiarthroplasty 17 


RTSA 16 
Boyle (2013)* 

Hemiarthroplasty 313 

RTSA 55 


Baudi (2014) 
Hemiarthroplasty 28 


RTSA 25 


Sebastia-Forcada (2014)? 
Hemiarthroplasty 31 


RTSA 31 


Follow-Up, 
Age, Years Months 
(Range) (Range) 
74 (49-95) 17 (6-55) 
74 (58-84) 12.4 (6-18) 


71.0 (27-96) 60 


79.6 (57-90) 


71.4 27.5 (12-64) 


77.3 


73.3 (70-83) 28.4 (24-49) 


74.7 (70-85) 


Elevation, 


Degrees External 
(Mean, Rotation, 
Range) Degrees 
335 13:3 
(30-100) (0-30) 
97.5 9 (0-80) 
(20-150) 

89 + 44 23:15. 
131 +36 15411 
79.8 - 
(20-180) 

120.3 

(40-180) 


Overall Outcome Scores 


Constant (mean): 39 (19-61) 
DASH (mean): 41 (18-61) 


Constant (mean): 53 (34-76) 
DASH (mean): 37 (12-65) 


OSS (mean): 32.3 


Revision rate: 1.7 per 100 
component-years 


OSS (mean): 41.5 


Revision rate: 1.1 per 100 
component-years 


Constant (mean): 42 + 17 


Modified constant (mean): 
58 + 23 


ASES (mean): 51 + 25 
DASH (mean): 46 + 28 
Constant (mean): 56+ 15 


Modified constant (mean): 
82422 


ASES (mean): 69 + 15 
DASH (mean): 40 + 25 


UCLA (mean): 21.1 (6.34) 
Constant (mean:) 40 (8-74) 
DASH (mean): 24.4 (13-41) 


UCLA (mean): 29.1 (16-34) 


Constant (mean): 56.1 
(24-80) 


DASH (mean): 17.5 (12-30) 


Complications 


1 transitory axillary palsy 
2 reflex sympathetic dystrophy 
1 superficial infection 
Radiographic: 

2 migrations 

1 malunion 
1 deep infection 
1 superficial infection 
1 reflex sympathetic dystrophy 
Radiographic: 

15 glenoid notching 


5 humeral radiolucency, 
no loosening 


2 septic mobilization of stem 
1 pulmonary embolism 
3 severe rigidity 


18 resorption or dislocation 


1 transitory axillary palsy 


4 resorption or dislocation 


4 malunion 

9 resorption 

6 revision to RTSA 
6HO 

1 humeral fracture (intraop) 
1 superficial infection 
1 stiffness 

1 scapular notching 

6 malunion 

5 resorption 

5 HO 

1 hematoma 


1 deep infection (S. aureus), 
result in revision 


Bonnevialle (2016)** 


Hemiarthroplasty 57 67 (38-87) 39 (24-63) 12 Z Constant (mean): 54 (19-89) 10 stiffness 
Modified constant (mean): 73 1 HO with secondary 
(24-111) stiffness 
SSV (mean): 66 (20-100) l infection 
QuickDASH (mean): 30 1 brachial plexus nerve 
(0-68) injury 
RTSA 41 78 (60-88) 130 28 Constant (mean): 57 (23-90) 9 scapular notching 
Modified constant (mean): 83 1 hematoma 
(36-120) 1 brachial plexus injury 
SSV (mean): 75 (35-100) 2HO 
QuickDASH (mean): 28 
(0-59) 
Boyer (2017)* 
Hemiarthroplasty 69 67 (38-87) 39 (20-63) 99.5 28.3 Constant (mean): 72 5 capsulitis 
(25-160) (35-160) (11-120) iay ple 
QuickDASH (mean): 31 1 diaphyseal fracture 
GEN 1 lysis of great tuberosity 
2 problem with locking 
3 secondary cuff rupture 
1 lymphedema 
RTSA 65 78 (60-88) 39 (25-63) 108.7 20.9 Constant (mean): 77.6 3 capsulitis 
(30-160) (-10-150) (29-119) 2 phlebitis of upper limb 
QuickDASH (mean): 36.2 1 axillary palsy 
eee 2 diaphyseal fracture 
1 infection 
4 lysis of great tuberosity 
5 scapular notching 
5 problem with locking 
Laas (2021) 
Hemiarthroplasty 14 75 (68-85) 12 90° 30 (20-40) Constant (mean): 32 (25-57) 3 tuberosity resorption 
DASH (mean): 37 (15-50) 2 HO 
RTSA 17 74.8 (65-92) 115 30 (13-40) Constant (mean): 51 (45-68) 5 tuberosity resorption, 
DASH (mean): 24 (15-40) malunion or nonunion 
8 HO 
Jonsson (2021)'*” 
Hemiarthroplasty 43 79.5 24 90 27 Constant: 47.7 3 periprosthetic fracture 
WOOS index: 74.5 1 proximal migration of the 
EQ-5D: 0.83 humeral head 
SSV: 63 
RTSA 41 125 18 Constant: 58.7 1 infection 


WOOS index: 77.3 
EQ-5D: 0.84 
SSV: 79 


1 periprosthetic fracture 


1 complex regional pain 
syndrome 


The presentation is usually with pain, stiffness, and loss of function, typically after a latent period where function has been satisfactory. Radiologically, 
the changes vary from patchy humeral head sclerosis, to complete humeral head resorption and collapse. The differential diagnosis includes posttraumatic 
osteoarthrosis, in which the degree of collapse is usually less severe, and joint sepsis, which, if clinically suspected, should be excluded by a joint aspirate. 
CT and MRI are useful in the evaluation of the extent and severity of head involvement, but their diagnostic yield may be limited in the presence of 
hardware. In some individuals, osteonecrosis is not associated with severe symptoms, and no treatment is required other than periodic follow-up 
evaluations. Core decompression may occasionally be considered for patients who have early radiologic changes, but most patients have advanced collapse 
and have enough symptoms to justify further treatment, essentially conversion to shoulder arthroplasty. 

For patients with isolated humeral head AVN and no other fracture-related issues (no tuberosity complications, nonunion, or malunion), 
hemiarthroplasty is the procedure of choice.*! However, if there is glenoid cartilage wear, anatomic total shoulder arthroplasty may be considered. Reverse 
arthroplasty is considered for patients who are relatively older and present with the combination of AVN and tuberosity nonunion, malunion, or 


resorption.*°~-*/° For patients who develop AVN after internal fixation with locking plates, the locked screws can easily create major bone erosion on the 
glenoid, and revision to an arthroplasty should not be delayed ( ). 


Osteonecrosis may also occur in one or both tuberosities after fracture, regardless of the viability of the humeral head. Resorption, sclerosis, and collapse 
may be seen after fracture of the greater tuberosity (the “disappearing tuberosity”) and may also occur in the lesser tuberosity. It may occur after any 
fracture involving the tuberosities, and may follow nonoperative treatment, internal fixation, or arthroplasty. This complication is predictable, because until 
a fractured tuberosity unites, it only receives blood supply through residual periosteal attachments and its cuff attachments, which are often relatively 
avascular in elderly patients. The patient usually has debilitating loss of function, with clinical signs of rotator cuff weakness and dysfunction. Subclinical 
forms probably occur frequently, and the precise pathology has not yet been fully elucidated. Once the attachment of the posterosuperior rotator cuff is lost, 
the only salvage is a reverse arthroplasty for loss of active elevation, a lower trapezius transfer for loss of external rotation, or a combined reverse 
arthroplasty/latissimus dorsi transfer for combined loss of elevation and external rotation. 


NONUNION 


Proximal humerus nonunion is a relatively uncommon but debilitating complication.°’ Most proximal humeral fractures are healed within 6 to 8 weeks. We 
consider the diagnosis of nonunion when the fracture site is still mobile 16 weeks postinjury, although a period of 6 months has been used in some studies. 
The rate of nonunion in PHFs treated conservatively has been reported between 1% and 10.4%.®° 

Although nonunion may occur for no obvious reason, in most instances, there are identifiable patient-, fracture-, or treatment-related risk factors. 
Common patient-related factors include osteoporosis, poor physiologic state, medical comorbidities and drug treatment, heavy smoking, and alcohol 
abuse.*”° Inflammatory or degenerative shoulder conditions associated with preinjury shoulder stiffness may also predispose to nonunion. At-risk fractures 
are those where there is minimal residual cortical contact between the humeral shaft and the rest of the proximal humerus (head-shaft translation >50%), as 
well as those where there is marked metaphyseal comminution.°**° Complete disruption of the periosteal sleeve leads to mechanical instability, and soft 
tissue interposition of periosteum, muscle, and the tendinous portion of the long head of biceps may also inhibit callus formation.’’’-’° It has been 
suggested that nonoperative treatment with hanging casts, which distract the fracture, and overzealous shoulder mobilization may predispose to 
nonunion.?” Poor surgical techniques with extensive soft tissue stripping and mechanically unstable fracture fixation may also cause nonunion. 


Q 

51. A-I: A 36-year-old malè patient with four-part valgus-impacted fracture-dislocation of the right proximal humerus managed with open reduction and 
eos plate fixation. J-M: At 8 months, head collapse leads to secondary screw penetration. N-Q: After removal of hardware, progressive head collapse occurs with 
severe humeral head necrosis. 


In clinical practice, the diagnosis of a nonunion is straightforward. Pain, stiffness, and loss of function are the most common complaints. Pain tends to be 
severe and debilitating and is aggravated by use of the arm and shoulder, because most movement occurs at the site of the nonunion. Proximal humerus 
nonunions are not amenable to splinting, and the use of a sling further compromises shoulder function. On examination, the patient often presents with 
“pseudoparalysis” and a flail shoulder. Radiologically, there is resorption and widening at the fracture site, inferior subluxation of the humeral head, and 
bone resorption at the fracture site ( i ). 

Most proximal humerus nonunions are further assessed with CT to confirm the nonunion and assess the state of the humeral head articular cartilage, the 
degree of separation, the condition of any associated tuberosity fractures, and the feasibility of reduction and fixation. If surgical reconstruction has been 
previously performed, infection should be excluded at the site of the nonunion by culture of an aspirate performed under ultrasound control. 

Operative intervention is the only reliable treatment method for symptomatic proximal humeral nonunions. Unfortunately, many patients with 
established nonunions are too elderly, frail, or medically unfit to undergo this type of surgery and the prolonged shoulder rehabilitation program thereafter. 
Pain management and activity modification are all that can be offered to these patients. 


A J | 
Figure 36-52. AP (A) and lateral (B) radiographs showing a proximal humerus nonunion. 


All medically fit patients should be offered a surgical reconstruction. Surgery is technically challenging, because of capsular contractures and scarring 
from previous surgery, bone loss, distorted anatomy, and osteopenia of the humeral head.!°° Attempts have been made to classify proximal humerus 
nonunions based on their anatomic location and the degree of bone loss. In practice, the principal decision is whether the nonunion is amenable to internal 
fixation or whether arthroplasty is required. The decision as to which form of treatment is most appropriate is individualized, but absence of infection, 
adequate humeral head bone stock, lack of severe tuberosity malunion, and absence of degenerative changes or collapse of the articular surface are 
mandatory if internal fixation is to be undertaken. 


Open Reduction and Internal Fixation 


Most surgeons favor exposure through the deltopectoral interval. The nonunion site is exposed and prepared by excision of the fibrous union and 
pseudocapsule and removal of any devitalized bone fragments. However, care must be taken to avoid devitalization by excessive soft tissue stripping to 
expose the nonunion. It is essential to ensure that the bone ends are bleeding and the medullary canal is clear of fibrous debris. If the glenohumeral joint is 
stiff, arthrolysis and release of adhesions in the subacromial space are recommended to aid in subsequent rehabilitation and limit force transmission at the 
nonunion site. 

If there is minimal bone loss, the bone ends may be reduced in a relatively anatomic fashion. This is unusual, and more commonly there is extensive 
metaphyseal bone loss secondary to the “windscreen-wiper” effect of the shaft at the site of the mobile nonunion. Satisfactory viable bone contact can 
occasionally be achieved by impaling the relatively narrow bayonet of the shaft into the sheath of the wide humeral head metaphysis. The nonunion site is 
then typically grafted with either corticocancellous strips of iliac crest bone graft, structural iliac crest blocks, an IM bone plug, or an allograft fibular strut 
graft. Some shortening may be considered, and if not extreme, it is relatively well tolerated. Provisional fixation is achieved with K-wires and definitive 
plate fixation is then performed. A locking proximal humeral plate is the ideal implant in this situation, given the relatively poor proximal humeral bone 
stock (Fig. 36-53). Suture augmentation through the cuff and plate is added as detailed in the section on internal fixation. Postoperative rehabilitation 
follows the guidelines given for internal fixation of fractures. 

Tuberosity management will depend on whether the tuberosities were fractured, if they healed, and if there is residual displacement. Ununited fragments 
may be amenable to reduction and stabilization using sutures through the cuff, whereas healed, minimally displaced tuberosity fragments do not require 
additional treatment. Tuberosity osteotomy may occasionally be considered if there is a severe malunion, but it should be avoided if at all possible because 
of the risk of subsequent nonunion of the osteotomized fragment. 

Most series that have reported on internal fixation of established proximal humerus nonunions have reported a high success rate in achieving union, 
often with a reasonable outcome.>®-3!4 However, the functional recovery time is usually prolonged, and a high rate of postoperative complications is to be 
expected, which may require further surgery. !°° 


Reverse Shoulder Arthroplasty and Hemiarthroplasty 


Shoulder arthroplasty is considered for proximal humeral nonunion in the presence of severe cavitation and bone loss at the humeral head and metaphysis or 
collapse and degenerative change of the humeral articular surface. Severe tuberosity malunion in the sitting of a proximal humeral nonunion is also more 
reliably compensated for with reverse arthroplasty than with osteotomy and internal fixation. 

Currently, hemiarthroplasty is less commonly considered than reverse arthroplasty. The functional outcome of hemiarthroplasty for nonunion is 
particularly concerning when tuberosity osteotomies need to be added.***9 Most studies that have reported on the use of hemiarthroplasty to treat nonunion 
suggest that the procedure may be effective in reducing or eliminating pain but there is a high rate of complications that often require further surgery and are 
associated with a disappointing functional recovery.?*° It has been suggested that reverse shoulder arthroplasty may improve the shoulder function in 
patients with nonunions associated with severe tuberosity malunions.*° However, RSA in proximal humerus nonunion is complex and complications are not 
infrequent. 168 Hattrup et al.!68 in a series of 26 posttraumatic sequelae treated with RSA, in a series of 26 postraumatic sequeale treated with RSA, reported 
50% of unsatisfactory results according to Neer score in the 6 patients with type 3 sequelae according to Boileau’s classification. It remains to be seen in 
future clinical studies whether the use of reverse shoulder arthroplasty will improve the outcomes compared to those obtained with anatomic 
hemiarthroplasty.*7 


là D 
Fi 3. A: Proximal humerus nonunion with substantial bone loss. B: The magnitude of bone loss is appreciated at the time of the reduction under fluoroscopic 
control. Open reduction and plate fixation with structural iliac crest bone graft led (C) to successful healing and restoration of the proximal humerus geometry (D). 


MALUNION 


Some degree of malunion is inevitable in displaced proximal humeral fractures that are treated nonoperatively ( 54). Malunion may also occur after 
surgery due to either poor intraoperative reduction or inadequate fixation leading to secondary displacement. Malunion between the head and the shaft, the 
head and the tuberosities, or both may occur. Humeral head malunion resulting in shortening, translation, rotation, or angulation is usually well tolerated. 
Malunion of one of both tuberosities is also common, and it can be well tolerated in older patients with limited functional expectations. However, in 
physiologically younger patients, the altered shoulder mechanics secondary to tuberosity malunion (impingement and weakness) may result in an 
unacceptable degree of pain and poor function. Where the two conditions coexist, malunited tuberosities are more commonly the reason for symptoms. 

A symptomatic malunion will typically present with shoulder pain, usually localized over the anterior deltoid. The pain is usually aggravated by use of 
the arm and particularly by forward flexion, abduction, and internal rotation. This frequently results in impairment of the patient’s ability to perform normal 
daily activities and leisure pursuits. It is important to try to distinguish the cause of symptoms on physical examination, because rotator cuff impingement 
and tears, posttraumatic shoulder stiffness, AC joint dysfunction, biceps tendinopathy, and complex region pain syndromes may all contribute. In addition to 
specific clinical testing of these structures, a good response to subacromial local anesthetic tends to localize symptoms to the subacromial space. If infection 
is suspected, appropriate hematologic studies and bacteriologic examination of a joint aspirate are warranted. 


4. A radiograph showing a proximal humerus malunion. 


The complex anatomy of most malunions is best appreciated using CT with 3D reconstructions. MRI may be useful in evaluating the state of the rotator 
cuff and capsule, but interpretation of images is frequently hampered by the distorted anatomy and/or implanted hardware. It may be useful in detecting 
radiologically occult early osteonecrosis. As with nonunion, attempts have been made to classify this complication?? but most often treatment is 
individualized on the basis of the patient’s physiologic status and level of symptoms, the morphology of the injury, and the likelihood of success from a 
surgical reconstructive procedure. 

The results of corrective osteotomies are unpredictable, and for older patients, a trial of nonoperative treatment is advisable. A shoulder rehabilitation 
program, pain management, and activity modification may reduce the symptoms to acceptable levels and improve function. Patients who remain 
symptomatic should be carefully counseled about the likely limited gains from surgery, as well as the significant risk of complications. The technical details 
of the operative treatment according to the anatomic pattern of malunion are discussed below. 


Isolated malunions and nonunions of the greater tuberosity are relatively common but are usually debilitating only in younger, physically active patients. 
The deforming forces of the attached cuff muscles cause the tuberosity to retract posterosuperomedially but the articular surface is unaffected. The posterior 
and medial displacement may produce a bony block to external rotation, while the less common superior displacement may block abduction and lead to 
subacromial impingement. Tuberosity malposition can also facilitate cuff dysfunction, attrition, and tears. Arthroscopic assessment may provide useful 
information, and the condition may occasionally be amenable to arthroscopic mobilization and fixation if there is a relatively mobile nonunion. 

Surgical reconstruction is usually performed using a deltoid-splitting approach to gain access to the displaced tuberosity, which is usually fixed and 
immobile. The fragment is mobilized by excision of the fibrous nonunion or osteotomy of a malunion. An extensive posterior capsular release or excision 


and a rotator interval dissection are often required to mobilize the fragment sufficient for it to be reduced to its decorticated native bed. It is important to 
maintain the integrity of the rotator cuff attachment to the fragment. Fixation is achieved using either sutures or screws, as for an acute fracture. It is 
important to test the repair by fully internally rotating the arm, to ensure the repair is not unduly tight. An acromioplasty and subacromial decompression 
may be performed if the subacromial space is narrowed, to reduce the risk of later impingement. If the repair is tight, the arm is immobilized for 6 weeks in 
slight external rotation, to reduce the risk of failure of the repair. The postoperative treatment protocol is otherwise identical to the treatment of an acute 
fracture. There are a few reports of the results of treatment of greater tuberosity malunions, with substantial pain relief and functional improvement but with 
prolonged recovery times. In cases of symptomatic cuff insufficiency or bony blocks restricting motion due to malunion or nonunion of the greater 
tuberosity reverse shoulder arthroplasty can be considered, especially in elderly patients with osteoporotic bone. 


Lesser Tuberosity Malunion or Displaced Nonunion 


Isolated lesser tuberosity fractures are frequently diagnosed late or missed at initial presentation.” The displaced fragment may block internal rotation or 
cause subscapularis weakness and anterior glenoid impingement, and occasionally this may be amenable to arthroscopic treatment. Additionally, it may 
contribute to anterior instability of the shoulder. The fragment is exposed through a deltopectoral approach and mobilized with capsular releases, as for 
malunion of the greater tuberosity. Reduction and fixation may be performed with sutures or screws, dependent on the size of the fragment, taking care to 
protect the integrity of the subscapularis attachment. 


Head-Shaft Malunion 


SN fractures malunion is seldom a cause of disability. On the contrary, malunion after VPM or valgus fractures may cause secondary cuff impingement or 
dysfunction.?*38 The deformity is characteristically a complex angulatory and rotational malunion.?68 Operative treatment is seldom indicated except in 
younger patients who are still symptomatic after a prolonged shoulder rehabilitation program. If clinically indicated, osteotomy to correct the deformity and 
locking plate fixation are performed.?° The osteotomy is usually bone grafted. Open capsular release and lysis of subacromial adhesions are performed 
when there is substantial posttraumatic stiffness. Satisfactory results have been reported in some series.?2 


Combined Malunion of the Head, Shaft, and Tuberosities 


In a minority of cases with no osteonecrosis and less severe deformities, soft tissue release and an osteotomy of the fracture fragments, followed by internal 
fixation, may be attempted. A successful outcome can only be achieved if there is a good correction of both osseous and soft tissue abnormalities. However, 
most symptomatic malunions are complex deformities that are treated by prosthetic replacement. Age, the status of the articular cartilage, and the severity of 
tuberosity malunion determine whether humeral hemiarthroplasty, anatomic arthroplasty, or reverse total shoulder arthroplasty should be performed. The 
chief indication is pain relief and the functional gains are often unpredictable unless a reverse shoulder arthroplasty is performed. 

Extensive capsular excision is usually required, and any associated rotator cuff tears should be repaired. Tuberosity osteotomies are avoided whenever 
possible, but if needed, reverse shoulder arthroplasty is considered for definitive treatment.°° In some cases of tuberosity malposition, a greater tuberosity 
osteotomy can be avoided by using a small stem that is shifted in the medullary canal to compensate for the tuberosity malposition or by the use of an 
eccentric modular anatomic humeral head. If the normal relationship between the tuberosities and the humeral head cannot be achieved, either a tuberosity 
osteotomy and conventional arthroplasty or a reverse shoulder arthroplasty should be performed. There may also be a role for the use of a resurfacing 
humeral hemiarthroplasty in selected cases, as this does not require the use of an IM stem for fixation. Three-quarters of the humeral head must remain after 
reaming, to allow secure fixation and prosthetic bone ingrowth. 

Studies on the treatment of complex multipart malunions are scarce, but the results of anatomic arthroplasty are inferior to those of prosthetic treatment 
of acute fractures. In particular, the requirement for tuberosity osteotomy is associated with a poor prognosis.*° Pain relief is usually achieved, but shoulder 
range of motion and strength are often limited.°°°4° The results of the use of reverse shoulder arthroplasty for the treatment of severe malunion after 
nonoperative treatment are still largely unknown in the longer term, although there is evidence of its utility improving motion and function,?48316 and this is 
a promising technique with good early and midterm outcomes as a rescue for failed internal fixation. 19359 


OTHER COMPLICATIONS 


Posttraumatic Shoulder Stiffness 


Shoulder stiffness after fracture is often multifactorial. Although capsular contracture is usually the main cause of refractory stiffness, other factors may also 
contribute to impaired motion, including malunion, complex regional pain syndrome, thoracic outlet syndrome, mechanical impingement of implants, and 
rotator cuff dysfunction from impingement or tears. 

The most characteristic finding is of restriction of movement in a “capsular pattern,” with generalized stiffness but selectively greater loss of shoulder 
abduction and external rotation. The initial treatment is nonoperative with shoulder rehabilitation to attempt to regain movement by use of stretching 
exercises. Most patients improve to some degree, and recovery of motion is often protracted over the first year after injury. A plateau in recovery is usually 
heralded by the presence of a firm “woody” feel on terminal stretching exercises, suggesting a mechanical block to movement. Distension arthrography may 
be useful in stretching and rupturing the capsule in idiopathic adhesive capsulitis, but this procedure seems to be less effective in the posttraumatic shoulder. 

In malunited fractures, it is important to distinguish whether the stiffness is secondary to soft tissue contracture or the malunion itself. An examination 
under anesthesia and fluoroscopy followed by an arthroscopic evaluation of the shoulder is often required to distinguish these conditions. If the malunion is 
considered to be the cause of the stiffness, it is unlikely that a soft tissue release will be effective, and consideration must be given to corrective osteotomy 
or arthroplasty as described previously. 

In patients with refractory posttraumatic stiffness without malunion, a manipulation under anesthesia may be performed. This procedure is 
contraindicated in patients with uncertain fracture healing and in patients with severe osteoporosis, where there is a substantial risk of humeral shaft fracture 
during manipulation. If manipulation is unsuccessful in regaining sufficient movement, it should be followed by arthroscopic release of capsular tissue from 
the rotator interval, circumferential intra-articular capsular releases, subacromial decompression, and removal of impinging hardware.°*!7%294 It is 
important to check for restoration of movement at each stage of the release and to measure the final on-table range of movement at the end of the procedure. 
The use of a continuous passive movement machine with regional anesthesia may be useful in retaining movement in the early postoperative period. 
Prolonged physiotherapy is often required thereafter to maintain an improved range of motion. Finally, low-grade infections should be always suspected in 


stiff shoulder after PHF treated surgically.” 


Infection 


Infection is relatively rare in the shoulder even after surgical repair using open methods. This is because of the rich vascularity of the region and the good 
soft tissue envelope. The prevalence of this complication is difficult to determine, since most reported case series of operative treatment are retrospective. It 
has been reported to range between 1.8% and 8%**” depending on the techniques and criteria to define infection. Staphylococcus aureus (MSSA) has been 
the most frequently implicated microorganism,'!*” although is estimated that 10% of the cultures are negative.!*? Nonetheless, in cases of low-grade 
infection, the most common microorganism has been Cutibacterium acnes,° with a rate of 50% of unexpected positive cultures in presumed aseptic revision 
of stiff shoulders after proximal humerus osteosynthesis. Although infection is usually a postsurgical complication, it may occasionally develop after 
nonoperative treatment. This is more likely in thin, debilitated patients, either from infection of the fracture hematoma, or in those with displaced SN 
fractures from pressure on the anterior soft tissues. 

Most infections are encountered after surgery and the risk is likely to be increased in thin and debilitated patients, in those patients with a more severe 
soft tissue injury, a more severe grade of fracture, or if there is prolonged surgical time, poor surgical technique, or operator inexperience. It is important to 
distinguish superficial from deep infections. Superficial infections are common, confined to the skin and subcutaneous layer, and do not form a purulent 
collection. Superficial pin track infections are a particularly common complication of percutaneous pinning of fractures.*!. In contrast, deep infections often 
form a sinus with a deep purulent collection that extends to the implant and bone. These fail to resolve without further surgical treatment. Ultrasound and 
MRI may be useful in assessing for the presence of a deep collection. 

Superficial infections with a bacteriologically proven growth of pathogenic organisms typically resolve with antibiotic therapy. It is often difficult to 
distinguish between a superficial infection and a wound hematoma, especially if cultures are equivocal. Broad-spectrum antibiotic therapy and topical 
dressings are frequently given empirically following discharge from hospital, and most superficial infections resolve on this regimen. More severe 
superficial infections should be treated with parenteral antibiotics, guided by cultures. An ultrasound-guided aspirate is useful in distinguishing a deep 
purulent infection from a sterile wound hematoma. Large sterile wound hematomas require surgical drainage, as wound dehiscence may otherwise occur, 
with the risk of subsequent bacterial colonization and deep infection. 

Deep infections may occur either early or as a delayed complication, as with any implant-related infection. There is a high incidence of infection 
reported in the shoulder with Cutibacterium acnes bacteria, which is often of low virulence and can be difficult to culture and identify. Early sepsis with a 
stable implant should be treated with a protocol of repeated surgical irrigation and debridement and with prolonged parenteral and then oral antibiotic 
therapy. The sepsis may be refractory to this treatment protocol, and in these circumstances, a radical debridement with implant removal may be required to 
eradicate the infection, thereby allowing later revision surgery. Late deep infection may occur several years after arthroplasty. It may follow a transient 
bacteremia, and the organism may be of low virulence or be antibiotic resistant.*°+ Debridement, implant resection, spacer insertion, and antibiotic therapy 
may help to suppress or eradicate infection. Delayed reimplantation may be possible if the infection can be eradicated.?*4 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PROXIMAL HUMERAL 


FRACTURES 


Proximal humeral fractures are common and challenging and can be expected to increase in the future. The wide variability in fracture patterns and severity 
of displacement has translated to difficulties with classification and treatment recommendations. When all different patterns of proximal humeral fractures 
are assessed as a single group, the value of operative treatment has remained difficult to prove. However, it is very clear in the literature that a number of 
proximal humeral fractures will do poorly when treated nonoperatively. Then, the challenge is not only to predict which fractures those are, but also to 
improve surgical techniques for fracture management, since otherwise the complications and poor outcomes associated with a suboptimal surgical technique 
will lead to the same overall outcome as that of a nonoperative treatment. 

Patient-specific software has been developed with great success for shoulder arthroplasty. Application of the similar software packages for PHFs may 
allow better prediction of outcomes and assist with treatment recommendations. Locking plates for proximal humeral fracture fixation were developed 
decades ago; no major advances in internal fixation have been introduced to the field ever since, and even though the complication rates of locking plate 
fixation have decreased recently, poor reduction and fixation still occur. Shoulder arthroplasty for fracture has been revolutionized with the introduction of 
reverse arthroplasty. Like proximal humeral fracture fixation with locking plates, early users of reverse for fracture expected too much of the implant, and a 
refocus on tuberosity management has translated into better outcomes when reverse for fracture is considered. There is the need for high-quality 
comparative studies applying various management strategies to different facture subcategories. Otherwise, we will continue to experience difficulties in 
understanding when surgery is required for management of these injuries. 
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Antuña SA, Sperling JW, Cofield RH. Shoulder hemiarthroplasty for acute fractures of the 
proximal humerus: a minimum five-year follow-up. J Shoulder Elbow Surg. 
2008;17(2):202-209. 


This is the best published study on the outcome of hemiarthroplasty for proximal humerus 
fractures: 57 shoulders, a mean follow-up of 10 years, 85% pain relief, but poor outcomes 
in over 50% of the shoulders. 
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new concepts in the understanding and classification of proximal humeral fractures. 


This article shows good results for 168 selected patients over 65 years old with complex 
proximal humeral fractures treated with locking plates, when an experienced surgeon uses 
a dedicated surgical technique. Implant failure rate decreased from 8% to 1% when 
cement augmentation was implemented. 


A prospective controlled randomized study comparing outcome of reverse shoulder 
arthroplasty vs. locking plate fixation in 124 patients from 65 to 85 years old. OTA/AO C2 
fractures obtained better constant score, but differences were not significant in B2 injuries. 


This article identified risk factors for failure when performing locking plate fixation for 
proximal humeral fractures and brought to the attention of the orthopaedic community the 
need for medial support with use of calcar screws. 


One of the best papers on the outcome of reverse shoulder arthroplasty for acute proximal 
humerus fractures including a total of 52 shoulders, with a satisfaction rate of 82% and 
revision surgery in 4 shoulders. 


One of many good articles emphasizing the very high complication rate when locking 
plate fixation is performed for proximal humerus fractures, mostly due to poor reduction 
or poor fixation techniques. 


An excellent review article on the evaluation and management of proximal humerus 
fractures, evidence-based and comprehensive. 


This article written by Dr. Neer is an outstanding review of his concepts on fracture 
classification and management as a review of his own publications in the 1970s, clarifying 
many concepts that readers misinterpreted on his original publications. 


Another great study on the outcome of hemiarthroplasty for proximal humerus fractures: 
163 shoulders followed for a mean of 6 years. Good pain relief but varied outcomes. Poor 
outcomes in older patients, those with neurologic injuries and those with complications 
requiring reoperation or tuberosity displacement. 


This article went beyond showing poor agreement on the Neer classification and identified 
reasons why surgeons disagree, proving that surgeon education translates into better 
agreement. 
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INTRODUCTION TO HUMERAL SHAFT FRACTURES 


Although diaphyseal humeral fractures are relative common fractures in the upper extremity, the epidemiology and other social parameters related to this 
pathology have not been extensively studied compared to fractures occurring in other parts of the human skeleton such as the proximal femur or the distal 
radius. Nevertheless, the available literature reports that the general incidence of humeral shaft fractures constitutes 1% to 2% of all fractures occurring in 
the human body?2“0- and 13% to 14% of all fractures of the humerus.°°-!89 

The first description of a diaphyseal humeral fracture dates to ancient Egypt and has been recorded on the Edwin Smith Papyrus, the world’s oldest 
surviving surgical text that was written in Egyptian hieratic script around the 17th century bc.?®9 The papyrus was discovered by Edwin Smith in the 1860s 
and it was recently decoded by James P. Allen of the Metropolitan Museum of Art in New York. The author of the papyrus described the fracture of the 
humerus and proposed conservative treatment: “Thou shouldst place him prostrate on his back, with something folded between his two shoulder-blades; 
thou shouldst spread out his shoulders, in order to stretch apart his upper arm until that break falls into its place. Thou shouldst make for him two splints of 
linen, (and) thou shouldst apply one of them to the inside of his arm, (and) the other of them to the underside of his arm. Thou shouldst bind it with cloth, 
(and) treat afterward with honey every day until he recovers.” 

It is obvious that little has changed in the nonoperative treatment of diaphyseal humeral fractures since ancient times, as humeral fractures may heal 
within a relatively short time. During the treatment, patients are immobilized and the shoulder and elbow joints can compensate for residual malalignment 
(Fig. 37-1). However, patients in modern times demand faster union rates and earlier return to preinjury activities while preserving functionality and motion 
of nearby joints. Therefore, over the last few decades, there have been significant advances in the field of surgical management of diaphyseal humeral 
fractures. 


jure 37-1. Two cases of conservatively treated humeral shaft fractures with functional brace. A, B: A 59-year-old woman with left diaphyseal fracture treated with 
functional brace. C, D: Good healing of the fracture is seen. E, F: Fracture of the right humerus in a 53-year-old man treated with functional brace. G, H: Bone healing 
is good. 


EPIDEMIOLOGY OF HUMERAL SHAFT FRACTURES 


Humeral shaft fractures have a bimodal age distribution, affecting young patients secondary to high-energy trauma and old patients secondary to a fall, with 
a reported annual incidence between 10 and 20 per 100,000 population. 

When considering the gender distribution of these injuries, recent studies have shown a bimodal peak incidence of humeral diaphyseal fractures in men 
(11.8/100,000 in the third decade, 23.8/100,000 in the tenth decade) and unimodal in females (34.9/100,000 in the ninth decade), demonstrating a type G 
distribution.°”’~ 

After the age of 60, fractures of the humeral shaft are more likely to occur in female patients, after a fall from standing height’?)t?¥}*°° ( 37-2). The 
review by Pidhorz et al. reported that 15% to 25% of the fractures of the humeral diaphysis are located at the proximal third (usually oblique), 49% to 64% 
at the middle third (usually transverse), and 11% to 35% at the distal third (often accompanied with radial nerve injury), while their morphology is usually 


simple (56-63% of cases).2°” A recent study of 800 fractures shows us that the majority of fractures occurred in the middle third (47.6%), followed by the 
proximal (30.5%) and distal thirds (21.9%) of the humeral shaft.??3 

The most common reason for a humeral shaft fracture is a fall, followed by a motor vehicle accident.20-79-130,156,298 Other causes that account for less 
than 10% of humeral shaft fractures include sporting activities, working accidents, fall from a height, violence, and bone pathology. Pathologic and open 
fractures of the humeral shaft are uncommon (1.3-8% and 1.2-5% of all diaphyseal humeral fractures, respectively).°79!9° Kim et al. studied the annual 
incidence of humeral fractures in the United States on the basis of the Nationwide Emergency Department Sample and they estimated that the number of 
humeral fractures is increasing over the years and in 2030 will almost double compared with 2008.158 The epidemiology of fractures in general is discussed 
more specifically in Chapter 6. 
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Figure 37-2. Age and gender distribution of fractures of the humeral shaft in 249 patients from Edinburgh. (Redrawn with permission of British Editorial Society of 
Bone & Joint Surgery, from Tytherleigh-Strong G, et al. The epidemiology of humeral shaft fractures. J Bone Joint Surg Br. 1998;80B(12):249-253, permission 
conveyed through Copyright Clearance Center Inc.) 


ASSESSMENT OF HUMERAL SHAFT FRACTURES 


MECHANISMS OF INJURY FOR HUMERAL SHAFT FRACTURES 


The mechanisms of injury for the occurrence of diaphyseal humeral fractures vary and mainly depend on geographical and social parameters. While most 
studies agree that a ground-level fall is the commonest cause, followed by a road traffic accident (RTA), socioeconomical and geographical conditions 
influence the prevalence of humeral shaft fractures.20-79:190,156,298 

According to Kim et al., the ratio of a simple fall to an RTA is 9:1 in the United States,!°® while Tytherleigh-Strong et al. reported that the same ratio is 
3.5:1 in the United Kingdom.°°! While Kim et al. found that simple falls and RTAs account for more than 90% of all diaphyseal humeral fractures in the 
United States, in other countries, falls from a height or sporting activities play an important role in the pathogenesis of the injury. Falls from a height and 
sports injuries account for 8% of humeral shaft fractures in Sweden and 5% to 7% in the United Kingdom, and it is reported that patients with fractures 
caused by low-energy trauma tended to be older women while those with high-energy fractures were younger men.°?! 


INJURIES ASSOCIATED WITH HUMERAL SHAFT FRACTURES 


Severe injuries of the humeral diaphysis and neighboring anatomical structures threaten the function of the upper limb and require an individualized 
approach for a satisfactory outcome. Not infrequently, these injuries result in restrictions in the range of motion (ROM) of the upper limb joints or 
neurologic symptoms. Disability from associated injuries may be substantial. 


Nerve Injury 


A common associated injury to a closed diaphyseal humeral fracture is an injury of the radial nerve (10-12% of all closed humeral shaft 
fractures).”9,!61,217,264,274 The clinical manifestation is the inability to dorsiflex the wrist and digits with numbness on the dorsoradial aspect of the hand and 
the dorsal aspect of the radial 3.5 digits (Fig. 37-3). 

There is controversy regarding the need for immediate exploration of the nerve when there are clinical symptoms of radial nerve palsy. Shao et al. 
reviewed all papers between 1964 and 2004 in both English and German that included at least 10 patients with the combination of humeral shaft fracture 
and radial nerve palsy.*”* They concluded that a policy of initial expectant treatment is preferred to early nerve exploration. They also proposed that the 


overall waiting time for the nerve to recover should not be longer than 6 months. More recently, Liu et al. performed also a systematic review of the 
literature and identified nine articles that compared the outcomes after initial nonoperative and operative management for radial nerve palsy associated with 
acute humeral shaft fracture.!®° The meta-analyses that followed revealed that operative management showed no improved recovery from radial nerve palsy 
compared with nonoperative management and that nonoperative management was associated with a decreased risk of complaints relative to operative 
management. The authors concluded that recovery from radial nerve palsy associated with acute humeral shaft fractures is not influenced by the initial 
management approach. In general, the prognosis is good for radial nerve recovery with expectant management in this setting. 
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Figure 37-3. The clinical picture of a radial nerve palsy. 


However, Pailhé et al. proposed early internal fixation of a humeral shaft fracture with symptoms of radial nerve palsy, even without exploration of the 
nerve if it is not entrapped in the fracture, in order to offer better conditions that will facilitate the recovery of the nerve.??8 Generally accepted indications 
for early exploration of the radial nerve include concomitant vascular injury, gunshot wounds, open fractures or severe soft tissue injury, and sharp or 
penetrating injury.®2,245.274 Also, Venouziou et al. stressed that in cases of high-energy trauma, the radial nerve usually has sustained neurotmesis or severe 
contusion and therefore patients should be informed about the poor prognosis and the high probability of tendon transfers.?°° In 1963, Holstein and Lewis 
associated a special type of fracture of the distal humerus, a simple displaced spiral fracture, with the distal end deviating toward the radial side occurring in 
about 7% of all humeral shaft fractures, with an increased rate of radial nerve palsy (Fig. 37-4).!%! They reported a high incidence of entrapment of the 
nerve within this type of fracture and recommended radial nerve exploration in the presence of clinical symptoms. Subsequent studies confirmed an 
increased risk of radial nerve injury with this type of fracture but supported nonoperative treatment even in the presence of clinical symptoms, as their 
findings indicated that the radial nerve usually recovers spontaneously regardless of the pattern and location of the humeral shaft fracture.®°74 

Erra et al. used ultrasonography to investigate the integrity of the posterior interosseous nerve in 35 patients who had suffered injury to the radial nerve 
after a fracture of the humeral diaphysis.°* 

They reported that 18 of the 35 patients had evidence of injury to the posterior interosseous nerve and proposed that the clinical and prognostic 
relevance of this finding should be explored as it could play a role in the decision about the best therapeutic approach. Injuries of ulnar and median nerves 
associated with humeral shaft fractures are not as frequent as injuries of the radial nerve, and relevant information is limited. Noble et al. found that the 
ulnar and median nerves had been injured in 2.4% and 1.3%, respectively, in a population of 444 patients with diaphyseal humeral fractures.?!” Omer 
studied nerve injuries of the upper extremity from any cause (high-velocity gunshot injuries, fracture dislocations, lacerations, etc.) and reported high rates 


of spontaneous recovery, similar to all nerves, especially in closed injuries.??4 In the absence of more information, a similar policy to that for radial nerve 
injury should be adopted in cases of ulnar or median nerve injury associated with humeral shaft fracture. 

In the presence of a radial nerve injury, the indication for fracture fixation is still guided by bone displacement and potential bone healing. If a surgical 
treatment is chosen, we recommend nerve exploration, if possible, in collaboration with a peripheral nerve surgeon. If the nerve is in continuity, it should 
remain in its anatomical position and the surgeon should note where the nerve is in relation to the hardware. If the nerve is transected, primary repair and 
grafting should be considered after fracture fixation.'®” With conservative management, a multidisciplinary approach should be taken. In the absence of 
recovery, a neurologic evaluation and an electromyography (EMG) should be completed at approximately 3 months. A hand therapist should be promptly 
involved to maintain hand motion and propose a functional splint of the wrist. At 6 months, if there is no recovery, nerve grafting with or without tendon 
transfer should be considered.!®” Moreover, to optimize patients’ healing capacity, stopping tobacco use and improving glycemia in diabetic patients is 
recommended. Finally, neurologic pain should be treated with the appropriate medication, such as pregabalin or other medication, in collaboration with a 
pain specialist. 
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Figure 37-4. The Holstein—Lewis fracture. 


Concomitant Fracture of the Ipsilateral Humeral Head 


Although the prevalence of combined diaphyseal and humeral head fractures is not known, such combinations are infrequent. However, Keller et al. 
revealed that concomitant fractures of the humeral head and shaft has been significantly associated with high mortality.!5? Most traumatologists would agree 
that combined fractures of the humeral head and shaft should be treated operatively, as their extent and complexity could lead to noticeable deformity and 
subsequent disability as a result of the humeral head malunion with prolonged immobilization of the arm. In a study presenting the particularities of 
extended/combined fractures that involve the proximal third of the humerus and the humeral head, Stedtfeld and Biber proposed that these fractures should 
be treated with specifically designed implants.”8” Garnavos and Lasanianos treated 21 patients who had sustained combined/extended fractures of the 
humeral head and shaft with intramedullary nailing (IMN) and concluded that although the technique is technically challenging, their results were 
satisfactory, bearing in mind the complexity of these injuries. 

Rigid fixation of both fractures is important to recover mobility as soon as possible. As a preferred treatment, we suggest the anterolateral extended 
approach. All fragments should be reduced, and special care taken with the humeral head is mandatory as it could be dislocated. Interfragmentary screws for 
diaphyseal fragments are used as well as sutures and K-wires in the proximal humerus to achieve anatomic reduction. A long anatomical periarticular 
neutralizing plate is then applied with locking screws in the humeral head and cortical screws in the diaphysis. Attention should be made to prevent the cut 
out of the screws in humeral head by choosing screws at least 5 mm shorter than the joint surface.!”° Multidirectional fluoroscopy is done at the end of the 


cases to confirmed humeral head screw placement. 


Concomitant Dislocation of the Ipsilateral Shoulder 


Fracture of the humeral diaphysis and a concomitant dislocation of the ipsilateral shoulder is an infrequent combination that has been reported in the 
literature in 13 case reports since 1990. Sasashige et al. described two cases of such a combination, one with anterior and the other with posterior shoulder 
dislocation, and stressed the high index of suspicion that is required, especially in the case of a posterior dislocation, in order not to miss shoulder injury.?°° 
It has been generally accepted that the shoulder dislocation should be reduced immediately under anesthetic, while the management of the diaphyseal 


humeral fracture remains a matter of controversy. Both nonoperative and operative management have been proposed, all with good outcomes (Fig. 37- 
5),27.86 


Other Soft Tissue Injuries of the Ipsilateral Shoulder 


Other soft tissue injuries of the ipsilateral shoulder in patients with diaphyseal humeral fractures may not be detected. However, these injuries can cause 
problems with the patient’s rehabilitation and outcome and also could influence the effectiveness of the humeral fracture treatment, especially in cases 
treated with antegrade IMN. O’Donnell et al. investigated the ipsilateral shoulder after humeral shaft fracture with MRI scans and found that 63.6% had 
evidence of abnormality such as bursitis of the subacromial space, partial or complete tear of the rotator cuff, inflammatory changes in the 
acromioclavicular joint, and fracture of the coracoid process.?!® The authors concluded that these injuries may contribute to pain and dysfunction of the 
shoulder following treatment, and antegrade nailing could be only partly responsible for these symptoms postoperatively. 


Floating Elbow 


A combination of injuries that involve both the humeral diaphysis and the middle to proximal parts of the radius and ulna with or without significant 
concomitant injury of the soft tissues around the elbow joint is often the result of high-energy trauma, creating an unstable intermediate articulation, the so- 
called “floating elbow.” Although this injury is more common in the pediatric population, it has been studied in adults as well. Since 1980, there have been 
five retrospective case series (9-21 patients each) that presented their management and results of floating elbow injury.’®!4628! Although the term “floating 
elbow” refers to concomitant ipsilateral humeral and forearm shaft fractures, the studies also included injuries with intra-articular involvement. The 
management of the injuries varied, but as a general rule, patients underwent surgical treatment of all fractured components, apart from patients in the oldest 
study who had sustained nondisplaced fractures that were treated with a cast. The results revealed many significant complications such as elbow joint 
stiffness, humeral and radial nonunions, deep infections, myositis ossificans, severe neurovascular problems with incomplete recovery in most cases, failure 
of fixation, and the need for elbow arthroplasty and amputation. All studies stressed the necessity for operative management of all fractures and reported 
that patients with closed injuries did better than those with open injuries. It was also noted that the presence of nerve injury and intra-articular involvement 
predispose to worse clinical outcomes. However, Yokoyama et al. studied a series of 14 patients who had sustained floating elbow injury and concluded that 
their functional outcome was irrelevant to the existence of open fractures or neurovascular injuries.*!9 The common denominator of all reports is that a 
floating elbow is a severe injury that warrants surgical management and rapid postoperative rehabilitation. Despite this, there is a high complication rate 
and, not infrequently, suboptimal results (Fig. 37-6). 


Head Injury 


Recent studies report a high incidence of mild traumatic brain injury (MTBJ) in humerus fracture. Up to 30% of humerus fracture cases also presented with 
MTBI. Considering its close anatomical proximity to the head, the energy necessary to break the humerus could also be sufficient to cause MTBI through 
direct impact or deceleration. 


Figt 37-5. A: A case of fracture of the proximal humeral diaphysis with associated anterior dislocation of the ipsilateral shoulder. There is a fracture of the greater 
ee as well. B: Immediate reduction of the dislocated shoulder under sedation. C: Definitive management with intramedullary nailing 2 days later. 


Typically, the patient will then report higher pain levels and longer time away from work. 
association and should investigate four clinical signs to identify potential cases: 


e Headache 
Loss of consciousness 
Vomiting 
Amnesia surrounding the event. 


The orthopaedic surgeon should be aware of this 


If an MTBI is suspected, the patient needs to be referred to the local specialist: neurosurgeon, neurologist, neuropsychologist, or sports medicine doctor. 
Identification of the pathology and proper preventive behavioral treatment and physical therapy are efficient to decrease long-term sequela. 


Compartment syndrome is a rare complication of humeral shaft fracture but can be seen in patients with coagulation impairment from hematologic 
pathology or medication. A local hematoma can become compressive on nerves and pain can become disproportionately strong.’’? Compartment pressure 
of the anterior and posterior compartments should be taken if there is a clinical suspicion of compartment syndrome. An anterior surgical approach, 
hematoma release and anterior fasciotomy usually relieve both compartments.°* 


D 
gui j. A: “Floating” elbow injury. Fractures of the ipsilateral humeral, radial, and ulnar diaphysis. B, C: Immediate open reduction and internal fixation of all 
fractures resulted in anatomical restoration and good outcome. D: In this case, the fractures of the humerus, radius, and ulna occurred closer to the elbow joint. 
Immediate open reduction and internal fixation of all fractures did not prevent the formation of myositis ossificans and the significant stiffness of the elbow joint. The 
patient declined further surgical assistance. 


SIGNS AND SYMPTOMS OF HUMERAL SHAFT FRACTURES 


The alert patient can provide a detailed description of the accident that can characterize the injury as being of high or low velocity and define specific 
elements that require either immediate care or additional investigations. The majority of humeral shaft fractures occur as a result of ground-level falls or 
minor twisting injuries in older osteoporotic patients while the precipitating cause in younger individuals is often higher-energy injury including RTAs, 
industrial accidents, falls from a height, sports, and throwing injuries.8+160:264 The possibility of a fracture through pathologic bone should be also borne in 
mind in cases with a history of minimal trauma, and thorough investigation of the patient’s past medical history is of paramount importance. Additional 
information should be sought about comorbidities, medications, previous surgery, and habits that could interfere with anesthetic, fracture healing, or 
rehabilitation, such as smoking, alcoholism, or drug abuse. 

In patients with isolated fractures, the most striking clinical symptom is the pain at the fracture site. The patient’s upper arm appears swollen and often 
deformed. The patient supports the injured arm with the opposite hand and tries to avoid any manipulation or movement of the ipsilateral shoulder and 
elbow joints. While the patient is reluctant to allow any examination of the injured arm by the physician, an effort should be made to exclude injury in other 
areas of the upper limb, or anywhere else in the body, such as head, neck, chest, or abdominal injury. The arm and axilla must be thoroughly inspected in 
the case of a wound that allows communication of the bone with the environment. Attention is then paid to the neurovascular status of the arm. Radial and 
ulna arteries are palpated at the wrist and the hand is assessed for vascularity. Attention should be paid to the radial nerve due to the high frequency of 
injury. Dorsiflexion of the wrist and the metacarpal joints of the thumb and fingers are impaired with a radial nerve injury. A sensory examination of the 
dorsum of the hand can reveal numbness in the dorsoradial aspect of the hand and the first three fingers. The ipsilateral elbow, forearm, wrist, and hand are 
palpated for sensitivity and inspected for pathologic signs such as edema, bruises, wounds, or discoloration. 

In cases of polytraumatized patients, it may be difficult or impossible to obtain any information from the patient. Therefore, the physician must collect 
data about the accident and the patient’s preinjury status from witnesses, paramedics, or relatives. Usually, the injury of the arm has low priority in relation 
to other injuries and the patient should be managed according to Advanced Trauma Life Support (ATLS) guidelines. Upon stabilization of the patient and 
after exclusion of life- or limb-threatening pathology, attention is directed to the injured arm. If the patient is cooperative, the clinical examination will 
proceed as described above. With an unconscious or distressed patient, the examination can be difficult and important parameters such as assessment of 
neurologic status of the arm may be impossible. It is important that if the nerve cannot be adequately examined, that this is made clear in the medical record 
and that blanket entries such as “neurovascular intact” be avoided unless supported by examination findings. The rest of the clinical examination must be 
meticulous; thorough circumferential inspection should reveal the existence of wound(s) and raise the possibility of an open fracture, whereas discoloration 
of the arm can indicate a vascular problem, and deformities pinpoint other sites of injury. The examining physician must be alert that in polytraumatized 
patients, there is an increased incidence of injuries in other areas of the arm (floating elbow) or around the shoulder joint (shoulder dislocation, coexisting 
fracture of the proximal humerus), and that patients with closed fractures that occurred in high-velocity injuries may develop acute compartment syndrome. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR HUMERAL SHAFT FRACTURES 


Any patient with a suspected humeral shaft fracture should undergo radiographic investigation in two planes at 90 degrees to each other. The ipsilateral 
shoulder and elbow joints must be included in the images, in order to exclude either fracture extension or an associated injury to the joint. The majority of 
humeral diaphyseal fractures will not require further imaging and two good-quality plain radiographs will be adequate for fracture assessment and treatment 
planning. In the event of doubts about fracture morphology or the existence of associated injuries in the vicinity of the humerus or elsewhere, further 
radiographs centered on the shoulder, elbow, forearm, or the wrist and hand may be ordered. If radiographs reveal or raise a suspicion of a possible proximal 
or distal intra-articular fracture, more detailed investigation with a computed tomography (CT) scan may be necessary. 

Clinical signs of vascular injury can be initially investigated with a pulse oximeter or a Doppler and in cases of severe injuries with angiogram (Fig. 37- 
7). If, following the stabilization of a humeral shaft fracture, there are clinical signs of nerve injury, ultrasonography can be useful in the detection of the 
injury and its extent.2°” Nerve conduction studies and EMG can be used for the assessment of the functional status of a nerve and its recovery rate and are 
used mostly after radial nerve palsy. The timing of the nerve conduction study is debatable. Since the majority of radial nerve injuries will recover, the 
recommendation is to perform an EMG at as early as 6 weeks if the symptoms are still present.!°” 


CLASSIFICATION OF HUMERAL SHAFT FRACTURES 


Bone Injury 


Classification systems have been introduced in orthopaedic practice as valuable tools that provide information about the severity of the injury, indicate 
treatment options, and predict outcomes. Categorization of fracture patterns with classification systems contributes toward better organization of research 
projects and more comprehensive analysis of their results. 


| í 


-7. Angiogram showing traumatic rupture of subclavian artery. Complete sternoclavicular separation can also be seen. 
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Figur -8. OTA/AO classification of diaphyseal humeral fractures. (Reproduced with permission from Meinberg EG, et al. Fracture and Dislocation Classification 
Compendium-2018. J Orthop Trauma. 2018;32(Suppl 1):S1-S170.) 


In 2007, the Orthopaedic Trauma Association improved and expanded the classification for long-bone fractures, which was initially introduced by 
Müller and the AO group (see ).+2/ The comprehensive classification of diaphyseal humeral fractures according to Fracture and Dislocation 
Classification Compendium 2007 is presented in re 37-8. The system designates the humerus as a bone (1), divided into three parts: proximal (11), 


diaphyseal (12), and distal (13). The diaphyseal segment is further divided into three types: simple fractures (12-A) consisting of two main fragments— 
proximal and distal, wedge fractures (12-B) where there are one or more intermediate fragments with contact between the main fragments after reduction, 
and complex fractures (12-C) where there is more comminution and no contact of the main proximal and distal fragments after reduction. The types are 
further divided into three groups depending on the morphology, from “benign” (1) to “difficult” (3), and each group into three subgroups, based on the 
location of the fracture, that define the proximal, middle, or distal zone of the diaphysis. Since its original publication, it has been generally accepted that the 
OTA/AO classification system is a useful tool for research and academic communication, although it has received criticism for being complicated, with low 
inter- and intraobserver variation agreement and reliability.29!2!4 The authors concluded that the classification has a moderate interobserver and substantial 
intraobserver agreement for fracture types and groups. 


Soft Tissue Injury 


The severity of soft tissue injury is of paramount importance for treatment selection and outcome of a diaphyseal humeral fracture. Open fractures have 
been classified since 1976 by Gustilo and Anderson, updated and expanded a few years later.!!®-!19 A grade I injury is an inside-out puncture wound to the 
skin caused by the fracture as a result of a low-energy injury. A grade II injury is caused by higher velocity and the wound is greater than 1 cm without 
extensive soft tissue damage, flaps, or avulsions. A grade III injury is a severe injury with extensive soft tissue damage that is further divided into three 
subgroups: (A) with adequate soft tissue coverage, (B) with significant soft tissue loss with periosteal stripping and bone exposure that will require flap 
coverage, and (C) with vascular injury that will require repair for limb viability. 

The Open Fracture Study Group of the OTA recently proposed a new classification system for open fractures.*”° This proposal was further revised after 
being tested through a process of clinical data collection. The proposed new classification of open fractures (Table 37-1) was validated by Agel et al. with 
favorable consistency. 

Tscherne and Gotzen classified the soft tissue damage in closed fractures, as it can play an important role in the course of treatment and the outcome of 
the injury (Table 37-2).?%° 


OUTCOME MEASURES FOR HUMERAL SHAFT FRACTURES 


Outcome assessment following the management of diaphyseal humeral fractures must consider parameters related to bone and soft tissue healing as well as 
the restoration of function of the ipsilateral shoulder and elbow joints. Functional assessment of the nearby joints is even more important in cases of 
complications such as nonunion or neurologic injury. 

The process of bone healing is typically assessed with plain radiographs and clinical examination at regular intervals until fracture union. When treating 
humeral shaft fractures nonsurgically, more frequenty radiographs may be required to evaluate fracture displacement. Widely accepted radiologic signs for 
union of a long-bone fracture are the identification of bridging callus on two orthogonal views or in three of the four cortices.*!* More specifically, for 
fractures of the humeral diaphysis, Sarmiento et al. defined fracture union as the osseous bridging between the main fragments, observed on at least one 
radiograph with no pain at the fracture site.2°* CT can offer more detailed information and confirm delayed union or nonunion but should be reserved for 
patients whose fracture healing is not progressing, as assessed by standard imaging and physical examination.7* Functional recovery of shoulder and elbow 
joints can be affected either by the initial injury or by the treatment and is assessed with scoring systems. 


TABLE 37-1. OTA/JOFS Group Classification of Open Fractures 


Skin 
1. Can be approximated 
2. Cannot be approximated 
3. Extensive degloving 


Muscle 


1. No muscle in area, no appreciable muscle necrosis, some muscle injury with intact muscle function 

2. Loss of muscle but the muscle remains functional, some localized necrosis in the zone of injury that requires excision, intact muscle—tendon unit 

3. Dead muscle, loss of muscle function, partial or complete compartment excision, complete disruption of a muscle—tendon unit, muscle defect does not 
approximate 


Arterial 
1. No injury 
2. Artery injury without ischemia 
3. Artery injury with distal ischemia 


Contamination 


1. None or minimal contamination 
2. Surface contamination (easily removed, not embedded in bone or deep soft tissues) 


a. Embedded in bone or deep soft tissues 
b. High-risk environmental conditions (barnyard, fecal, dirty water, etc.) 


Bone Loss 
1. None 
2. Bone missing or devascularized but still some contact between proximal and distal fragments 
3. Segmental bone loss 


Reproduced with permission from Orthopaedic Trauma Association: Open Fracture Study Group. A new classification scheme for open fractures. J Orthop Trauma. 2010;24(8):457—-464. 


TABLE 37-2. Tscherne and Gotzen Classification of Soft Tissue Damage in Closed Fractures 


Grade Description 
0 Minimal soft tissue damage, indirect violence, simple fracture pattern 
I Superficial abrasion of contusion caused by pressure from within, mild-to-moderate fracture pattern 


I Deep contaminated abrasions associated with localized skin or muscle contusion, impending compartment syndrome, severe fracture 


Il Extensive skin contusion or crush, underlying severe muscle, decompensated compartment syndrome, associated major vascular injury, severe 
fracture 
Reproduced with permission of Springer Nature BV from Tscherne H, Gotzen L. Fractures with Soft Tissue Injuries. B Springer-Verlag; 1984, copyright conveyed by Copyright 
Clearance Center Inc. 


The DASH Score 

An excellent scoring system that assesses the symptoms and functional status of the whole injured arm is the Disabilities of the Arm, Shoulder and Hand 
(DASH) system (joint initiative of the American Academy of Orthopaedic Surgeons [AAOS], the Council of Musculoskeletal Specialty Societies 
[COMSS], and the Institute for Work & Health [Toronto, Ontario]).!*° The DASH is a 30-item questionnaire with a 5-item response option for each item. 
The test has a maximum score of 100, where higher scores reflect greater disability. The DASH index is a valid and reliable tool for assessing recovery after 
multiple injuries of the upper extremity. The QuickDASH is a shortened version of the DASH scoring system. It consists of 11 items to measure physical 
function and symptoms in people with any or multiple musculoskeletal disorders of the upper limb. Similar to the DASH, each item has five response 
options. The final score ranges between 0 (no disability) and 100 (the greatest possible disability). Only one missing item can be tolerated, and, if two or 
more items are missing, the score cannot be calculated. The DASH and Constant—Murley scores were assessed by Mahabier et al. for reliability, validity, 
and responsiveness.!9! Both systems were characterized as valid instruments for evaluating outcome in patients with a humeral shaft fracture. However, the 
DASH system was found superior, as it showed better reliability. 

Other popular shoulder scores used for assessing the efficacy of treatment after injury are the following: 


The Constant-—Murley Score 

The most widely used scoring system to assess posttraumatic shoulder recovery was published by Constant and Murley in 1987.5” The Constant—Murley 
score is a 100-point functional shoulder assessment tool in which higher scores reflect improved function. It includes pain score (15 points), functional 
assessment (20 points), ROM (40 points), and strength measures (25 points) (Table 37-3). A weakness of this system is that it requires a large amount of 
data collection by the clinician, which may affect interobserver reliability. 


TABLE 37-3. The Constant-—Murley Score for Assessing the Recovery of the Shoulder Joint Following Trauma 


Pain Severe pain 
15/100 points Moderate pain 
Minimal pain 


No pain 
Motion Forward Flexion: 10 Points Max Abduction: 10 Points Max 
40/100 points 0-30 0 0-30 0 
31-60 2 31-60 2 
61-90 4 61-90 4 
91-120 6 91-120 6 
121-150 8 121-150 8 
151-180 10 151-180 10 
External Rotation: 10 Points Max (Hand Not Internal Rotation: 10 Points Max 


Allowed to Touch the Head) 


Not reaching the head 0 End of the thumb to lateral thigh 
Hand behind head with elbow forward 2 End of the thumb to buttock 2 
Hand behind head with elbow back 2 End of the thumb to lumbosacral junction 4 
Hand on top of head with elbow forward 2 
Hand on top of head with elbow back 2 End of the thumb to L3 (waist) 6 
Full elevation from top of the head 2 
End of the thumb to T12 8 
End of the thumb to T7 (interscapular) 10 
Strength Strength of abduction against resistance at the level of the scapula with the forearm pronated. The score is allocated on a sliding 


25/100 points scale up to 25 points 


Function Ability to work 0 to 4 points 
20/100 points Recreational activities 0 to 4 points 
Ability to sleep 0 to 2 points 
Ability to work at the 
level: 
Of the waist 2 points 
Of the xiphoid 4 points 
Of the neck 6 points 
Of the head 8 points 
Above the head 10 points 


American Shoulder and Elbow Surgeons Self-Report Form for the Shoulder (ASES-s) 


This is a 100-point standardized shoulder assessment form, 50 points of which are provided from a patient self-report in the form of Visual Analog Scales 
(VASs) for pain and instability and a questionnaire about the ability to perform daily living activities.!°° The physician assessment section includes an area 
to collect demographic information and assesses ROM, specific physical signs, strength, and stability. 


Mayo Elbow Performance Index (MEPI) 


This is probably the most popular scoring system for assessment of the recovery of the elbow joint following trauma. This system assesses motion in terms 
of flexion and extension. Neither strength nor deformity is included in the content of the scale. Function and motion are weighted less heavily than pain 
(Table 37-4). 


American Shoulder and Elbow Surgeons Self-Report Form for the Elbow (ASES-e) 


This scoring system was developed by the American Shoulder and Elbow Research Committee.!°® The patient self-evaluation section contains VASs for 
pain and a series of questions relating to function of the extremity. The physician assessment section has four parts: motion, stability, strength, and physical 
findings. Higher scores indicate worse function. 

As self-evaluating scoring systems are frequently used for the assessment of functional recovery after injury, Shields et al. investigated if there are 
patient factors that independently can influence the outcome scores specifically in patients who had sustained fracture of the humeral diaphysis.?”° The 
study concluded that patient age, history of psychiatric illness, insurance type, fracture location, and Charlson comorbidity index scores had a statistically 
significant effect on patient-reported functional outcomes following treatment of humeral shaft fractures, regardless of treatment modality, injury 
mechanism, and associated fractures. 


TABLE 37-4. The Mayo Elbow Performance Index (MEPI) for Assessing the Recovery of the Elbow Joint Following Trauma 


Pain (45 points max) 
None 45 


Mild 30 
Moderate 15 
Severe 0 


Motion (20 points max) 


Arc of motion >100 degrees 20 
Arc of motion >50 and <100 degrees 15 
Arc of motion <50 degrees 5 


Stability (10 points max) 
Stable 10 
Moderate stability 5 

Grossly unstable 


© 


Function (25 points max) 
Can comb hair 

Can eat 

Can perform hygiene 

Can put on shirt 

Can put on shoe 


unww G 


Reproduced from Morrey BF, et al. Functional evaluation of the elbow. In: The Elbow and Its Disorders. 2nd ed. WB Saunders; 1993, 86-89, with permission from Elsevier. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO HUMERAL SHAFT FRACTURES 


The humeral diaphysis extends from the surgical neck of the humerus, just below the greater and lesser tuberosities to the supracondylar ridge at the 
elbow.°®°8 A cross section of the humeral shaft is round proximally and changes gradually to be triangular distally, with the medullary canal becoming 
narrower at the distal part. For descriptive reasons, the bone can be divided into three equal parts in length: the proximal, middle, and distal thirds. The 
surface of the humerus can also be divided into three longitudinal parts: anterolateral, anteromedial, and posterior. Each area is defined by bony ridges that 
extend from the tuberosities to the supracondylar region. Knowledge of the cross section and the surface anatomy of the humeral diaphysis can facilitate 
internal fixation as plates fit better on flat surfaces while introduction of a retrograde nail can be troublesome given the narrower triangular shape of the 
distal humerus. Important osseous landmarks of the humeral diaphysis are the deltoid tuberosity (point of insertion of the deltoid muscle) on the 
anterolateral surface at the junction of the proximal and middle thirds of the diaphysis and the spiral groove in the middle/posterior aspect that contains the 
radial nerve and the profunda brachii artery. 

The humerus is covered by a thick envelope of soft tissues that include strong muscles and a rather complicated arrangement of neurovascular structures 
(Fig. 37-9). Muscles that surround the humerus from proximal to distal include the deltoid, pectoralis major, teres major, latissimus dorsi, coracobrachialis, 
brachialis, brachioradialis, and the triceps brachii. Knowledge of the course and the site of insertion of each muscle can explain the displacement that occurs 
in diaphyseal fractures and also facilitates surgical approach and fixation technique. A typical example is the displacement in abduction of the proximal 
humeral fragment in cases of fractures occurring proximal to the insertion of pectoralis major due of the pull of the deltoid muscle. The muscles surrounding 
the humeral diaphysis form two compartments, the anterior and posterior that are separated by fascial membranes (septa). The anterior compartment 
contains the flexors of the elbow (biceps, brachialis, and coracobrachialis) and the posterior contains the triceps brachialis with its three heads (long, lateral, 
and medial). The radial nerve enters the posterior compartment and runs between the long and lateral heads of the triceps, enters the spiral groove (which is 
posterior to the deltoid tuberosity), and runs its course posterolaterally adjacent to the bone before it exits the spiral groove on the lateral aspect of the 
humerus approximately 10 to 15 cm proximal to the lateral epicondyle.'"” It is important to note when planning surgical procedures at the distal humerus 
that as the radial nerve exits the spiral groove and becomes anterior, the distance from the articular surface of the distal humerus is never less than 7.5 cm.°0? 
The median nerve and the brachial artery have a common course on the medial aspect of the anterior compartment and at the level of the elbow lie between 
the pronator teres and the biceps tendon. The musculocutaneous nerve also lies within the anterior compartment and crosses the distal humerus 
longitudinally, lateral to the median nerve and brachial artery. It can be endangered during anteroposterior (AP) distal interlocking in antegrade nailing or in 
the distal window of Minimally Invasive Plate Osteosynthesis (MIPO). The proximal part of the ulnar nerve runs in proximity to the median nerve within 
the anterior compartment, but at the arcade of Struthers, approximately 8 cm from the medial epicondyle, it enters into the posterior compartment and runs 
medially toward the cubital tunnel.?°9 

Although the proximal humerus is dealt with in Chapter 37, knowledge of its surgical anatomy is necessary for the management of humeral shaft 
fractures. The preferred surgical approach for proximal humerus fracture is still the deltopectoral approach.”°! Mini-incisions and deltoid split variations are 
falling out of favor with some surgeons due to worst functional scores and reduction challenges in inexperienced hands.?°! In the nailing procedures, 
penetration of the rotator cuff is the standard approach for antegrade nailing, while proximal locking screws penetrate the deltoid and/or the subscapularis. 
Surgeons must be aware that the supraspinatus tendon is relatively avascular near its insertion into the greater tuberosity and, therefore, it is recommended 
that the entry portal for antegrade nailing should be created toward its musculotendinous area in a longitudinal split.!2° The axillary nerve runs around the 
proximal humerus, circumferentially, from posterior to anterior at a distance of 4 to 7 cm from the tip of the acromion and it can be injured either from an 
extended lateral approach to the proximal diaphysis or from the drill bit and the screws used for proximal interlocking of an IMN.?® Likewise, the anterior 
and posterior circumflex arteries of the humeral head could be injured from the drill or the proximal locking screws of an antegrade nail. 
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Figure 37-9. The neurovascular anatomy of the upper arm. 


TREATMENT OPTIONS FOR HUMERAL SHAFT FRACTURE 


NONOPERATIVE TREATMENT OF HUMERAL SHAFT FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Diaphyseal Humeral Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Strong Indication 


e Acute, closed, isolated fracture in a cooperative and ambulatory patient with acceptable displacement* 


Relative Indications 


e Type A fracture (AO classification) 

e Proximal third, long oblique fracture 

e Segmental fracture 

e Initially displaced fracture that may improve in functional brace 


Relative Contraindications 


Multiple injuries 

Additional injuries to the ipsilateral arm 

Persisting or increasing nerve dysfunction 

Bilateral fractures 

Periprosthetic fractures 

Need for rapid mobilization and weight bearing 

Soft tissues injury that precludes the use of functional bracing 


Contraindications 


Open fracture without neurovascular injury 
Significant vascular injury 

Pathologic fracture 

Nonunited fracture 


“Angulation of 20 degrees or less, malrotation of 30 degrees or less, shortening of 3 cm or less and some bone contact between fragments. All these numbers are highly debatable and 
patient selection could be more important: dominance, work, comorbidities, functional level, etc. 


It is generally accepted that acute, closed, uncomplicated fractures of the humeral diaphysis that occur in ambulatory, cooperative patients have high rates of 
union with good functional results, when treated nonoperatively.”°°%29 However, as for any treatment, the indications and contraindications for applying 
nonoperative treatment in fractures of the humeral diaphysis are subject to change, as surgical techniques are improving and socioeconomic conditions favor 
treatment options that can offer a faster recovery and earlier return to normal activities. 

A review of studies on the nonoperative treatment of diaphyseal fractures of the humerus published from 2000 to 2010 was performed to define modern 
indications and contraindications for nonoperative treatment. Closed, acute, and isolated fractures were the primary indications for nonoperative treatment in 
all studies. Sarmiento et al. reviewed 620 patients who had sustained humeral shaft fractures and were treated with functional bracing.?°* Fractures that were 
open (155, 25%), segmental (6, 1%), associated with dislocation of the ipsilateral shoulder (12, 2%), or primary radial nerve palsy (67, 11%) were also 
included. Patients who had suffered a nerve injury because of penetrating trauma or a high-velocity gunshot wound were excluded. Koch et al. reported that 
they treated patients with multiple injuries, open fractures, and cases with associated radial nerve palsy nonoperatively, but did not recommend nonoperative 
treatment for patients with additional fractures of the ipsilateral arm.!6° Toivanen et al. excluded multiply injured patients or pathologic fractures from 
nonoperative treatment. They noted that there was a high rate of nonunion after conservative treatment when the fracture was located at the proximal third 
of the diaphysis (54%) and in AO type A fractures (23%).2° Similarly, Ekholm et al. treated 78 patients who had sustained an acute, isolated, 
nonpathologic humeral shaft fracture, but excluded patients with multiple fractures, pathologic fractures, periprosthetic fractures, and previous fractures of 
the same humerus.®! In the study period, there were nine patients (10%) with primary radial nerve palsy but only five of them were treated nonoperatively. 
Although the authors reported good results overall with nonoperative care, they recognized that there was a trend toward an increased number of nonunions 
in patients with AO type A fractures if compared with type B and C fractures. This finding was confirmed in a review of 18 studies of humeral shaft 
fractures treated with functional bracing.?*° The authors found an overall union rate of 94.5%, but noted an average nonunion rate of 15.4% in type A 
fractures, in the five articles that reported the prevalence of nonunion with regard to AO classification. This finding was confirmed by other studies that also 
indicated that fractures occurring at the proximal third of the humeral diaphysis, increased gap between the fracture fragments, and the lack of bridging 
callus 6 weeks after the injury are risk factors for nonunion.*-°77!3 It should be noted that primary radial nerve injury in closed fracture is not, in isolation, 
an indication for surgery.®!!60264 While most studies regard additional injury to the ipsilateral arm as a contraindication for nonoperative 
treatment,®!160.233,258,264,295 One study proposed that fractures with concomitant shoulder dislocation can be treated nonoperatively as long as the shoulder 
was reducible.? Finally, regarding behavioral and morphologic characteristics, noncompliant patients may not be suitable for nonoperative treatment of a 
humeral shaft fracture.*3*-25° Additionally, none of the recent studies supported the finding of obesity or women with large breasts as contraindications for 
nonoperative treatment. Bearing in mind all available data, the indications and contraindications for nonoperative management of humeral shaft fractures 
has been updated. 


Techniques 


Nonoperative treatment of diaphyseal humeral fractures can be accomplished with various techniques such as skeletal traction, Velpeau bandage, a sling and 
body bandage, abduction cast or splint, coaptation splint or U-slab, hanging arm cast, and functional bracing. Of these, skeletal traction and the abduction 
cast have been abandoned as their application is troublesome and cannot be easily tolerated by patients. Velpeau bandage, a sling and body bandage, U- 
slabs, and hanging casts are still in use, but over the last 2 to 3 decades, functional bracing, as described by Sarmiento et al., has dominated the nonoperative 
management of humeral shaft fractures.7°? However, functional braces may not be immediately available and temporary immobilization of the arm is 
usually necessary. Therefore, a basic knowledge of alternative splinting techniques is required. 


B 
Figure 37-10. A: Velpeau’s bandage. B: U-slab. C: Hanging cast. D: Functional brace. 


Sling/Swathe and Velpeau Bandage 


A sling and swathe is an easy, inexpensive technique that can offer rapid immobilization of the arm. A sling supports the weight of the arm while a swathe 
immobilizes the arm against the chest. Padding should be placed in the axilla to provide some comfort to the patient. A Velpeau bandage is a similar 
technique, except that the bandaging around the arm and the patient’s torso is more restrictive, the patient’s elbow is flexed, and the forearm lies against the 
chest (Fig. 37-10A). Both techniques are difficult for the patient to tolerate for more than a few days and should be replaced by functional bracing as soon as 
possible. 


U-Slab/Coaptation Splint 


A U-slab is commonly used for temporary immobilization of humeral shaft fractures, especially if they are located in the middle or distal humerus (Fig. 37- 
10B). The arm is covered with a stockinette and wool bandage and a strip of plaster is applied from the axilla to the medial side of the arm, around the 
olecranon, and turned upward on the lateral side of the arm up to the level of the acromion. It is secured in this position with an elastic bandage. The 
disadvantage of this splint is that it loosens easily and slips downward requiring frequent adjustment or replacement. As with the Velpeau bandage 
technique, the U-slab should be replaced by functional bracing as soon as possible. Initially, a sling should also be used to prevent elbow movement and 
decrease pain. 


Hanging Cast 


Hanging casts have been used for many decades for the management of humeral shaft fractures, especially in cases with shortening and displacement (Fig. 
37-10C). Most frequently these are simple, oblique, or spiral fractures in the middle third of the humerus. In cases of transverse fractures with shortening, a 
hanging cast can be applied to reduce the humerus to the proper length and alignment. However, this technique requires close supervision because if 
neglected it can distract the fracture and contribute to healing problems. The hanging cast technique requires a full arm cast, with the plaster extending from 
above the fracture to the wrist, with the elbow flexed to 90 degrees, and the forearm in the neutral position. The patient should be instructed to keep the arm 
in a “hanging” position for as long as possible to allow gravity to restore humeral length and alignment. Some surgeons are still using hanging casts 
routinely for 7 to 10 days to achieve fracture reduction and then transition to functional bracing. 


Functional Bracing 


Since it was first described in 1977 by Sarmiento et al., functional bracing has been the most popular definitive technique for the nonoperative management 
of humeral shaft fractures.7°? Immediately after the accident, the arm may be temporarily immobilized with one of the techniques described above. The 
duration of this temporary immobilization should not exceed 7 to 10 days. At that time, the patient is examined in the outpatient department and, if the acute 
symptoms and edema have subsided, is provided with a prefabricated brace that consists of two plastic sleeves that fit on opposite sides of the arm, either 
medial and lateral or anterior and posterior. They are held together with adjustable Velcro straps (Figs. 37-10D and 37-11). Tightening of the straps creates a 
“custom-made” well-fitted splint that applies pressure to the muscle belly surrounding the humerus and immobilizes the fracture. Patients are provided with 
a collar-and-cuff sling but they are instructed to move their elbow every day to avoid stiffness of the joint. They are also taught how to adjust the plastic 
sleeves and tighten the Velcro straps in the case of loosening or loss of position of the brace. Pendulum movements of the arm are encouraged from the 
beginning. Patients are instructed to avoid abduction and active elevation exercises or resting the injured arm on the arm of a chair, a table, or their lap, 
because leaning on the elbow of a fractured extremity during the early stages of healing may cause varus angulation. After application of the brace, regular 
review is required for examination and radiographic evaluation of the healing progress. The patient is advised to increase shoulder and elbow exercises 
during the recovery period. The patient should also be asked to inspect and clean the skin regularly to prevent irritation or fungal skin infection. With the 
patient standing and bending forward 30 degrees, opening the axillary area, a caregiver can be helpful to make sure the skin is cleaned and dried completely 
before putting back the splint. A cotton tissue tube can also be worn under the functional brace. 


Figure 37-11. A, B: Patient wearing a functional brace with low-intensity pulsed ultrasound (LIPUS) device. C: Initial x-ray. D, E: X-ray of patient wearing the 
brace. 


Outcomes 


Functional bracing, as described by Sarmiento et al., is widely used by orthopaedic practitioners for the management of acute diaphyseal humeral 
fractures.*®*.24 Sarmiento et al. have also presented the largest series of 620 patients treated with functional bracing with adequate follow-up.2°* Apart from 
closed, uncomplicated fractures, open fractures (155) and closed fractures associated with radial nerve palsy (67) were included. Open fractures with 
concomitant nerve injury and polytrauma patients were not treated by functional bracing in this study. The authors reported a low (2.6%) nonunion rate 
(1.5% in closed fractures and 5.8% in open fractures). The healing time was on average 9.5 weeks for closed fractures and 14 weeks for open fractures. 
There were no significant differences regarding healing times for fractures located in any of the proximal, middle, or distal parts of the humerus or for 
fractures with differing patterns (transverse, oblique, comminuted, or segmental). Bearing in mind that up to 20 degrees anterior or posterior angular 
deformity and 15 degrees of varus can be tolerated well by the arm, the authors reported an average of 9 degrees of varus angulation in transverse fractures, 
4 degrees in oblique fractures, and 8 degrees in comminuted fractures. The occurrence of valgus deformity was insignificant, while more than 80% of the 
patients had less than 15 degrees of anterior or posterior angulation. Regarding functional recovery, 88.6% of the patients lost less than 10 degrees of motion 
of the shoulder joint, while 92% of the patients lost less than 10 degrees of motion of the elbow as compared with the opposite side. Over the last 3 decades, 
there have been several studies with substantial number of patients which confirm and validate the effectiveness of functional bracing in the management of 


diaphyseal humeral fractures.°1,99-140.160.233,258,320 The average healing time in all these studies was 93.5% (77.4-100%) while time to union was reported 
from 6.5 to 22 weeks (average 10.7 weeks). 

Recently, there have been further valuable observations. Fjalestad et al.’” reported that of 67 diaphyseal humeral fractures that were treated with 
functional bracing, 61 (91%) united, but a detailed functional assessment revealed that 21 patients (38%) experienced significant loss of external rotation of 
the ipsilateral shoulder joint. To explain this finding, the authors performed CT in a selected group of patients and found that rotational malunion may be 
responsible for functional deficiency after nonoperative treatment and they proposed early application of the functional brace to avoid this problem. 
Sarmiento et al. had previously reported that in a series of 72 patients, 26 (45%) had lost 5 to 45 degrees of external rotation of the shoulder and suggested 
that this happened because of contracture of the shoulder capsule. At the time, this clinical parameter was not considered significant.” Loss of shoulder 
joint motion with the use of functional bracing for the treatment of humeral shaft fractures has also been reported by others. Koch et al. found that only 28 
out of 48 patients (58.3%) regained symmetrical and normal range of shoulder motion.!® Pehlivan followed up 21 patients and reported that when the brace 
was removed, restriction of movement occurred in the shoulder that improved with use of the extremity.?°? Rosenberg and Soudry reported that 9 of the 15 
consecutive patients who had sustained diaphyseal humeral fractures and were treated with functional bracing were unable to return to their previous 
activities because of shoulder impairment.” Furthermore, 13 of the 15 patients experienced noticeable shoulder pain (6 of them admitted VAS values 
higher than 5). 

Functional bracing has been considered particularly useful for fractures located at the distal third of the humeral diaphysis.!4°739:26? Sarmiento et al. 
were able to review 65 patients who had sustained 54 closed and 11 open fractures of the distal humeral diaphysis.7°? Twelve patients with associated radial 
nerve palsy had recovered partially or completely at the latest follow-up. Union rate was 96% (with only one nonunion in the group of open fractures) while 
angular deformities were recorded as 4 degrees of maximum median angulation in 80% of the patients, 3 to 22 degrees of posterior angulation in 39% of the 
patients, and 1 to 30 degrees of anterior angulation in 41% of the patients. The authors also recorded 2 to 15 mm of shortening in 36% of the patients. 
Twenty-six patients (45%) lost 5 to 45 degrees of external rotation of the shoulder joint while abduction and forward flexion were also impaired from 10 to 
60 degrees and 5 to 20 degrees in 9 (15.5%) and 8 (13%) patients, respectively. Elbow joint motion was affected in 15 patients (26%) who experienced 5 to 
25 degrees of reduced flexion while 14 patients (24%) had 5 to 25 degrees of limited extension. Pehlivan presented similar results after treating a small 
group of patients who sustained a fracture of the distal humeral diaphysis with functional bracing.?2° The author raised concerns about difficulties with 
fracture reduction and the risk of axial deviation at the fracture site, as 8 out of 21 patients (38%) experienced significant varus angulation. 

Although the overall effectiveness of functional bracing is not disputed, more recent studies have raised questions about specific issues. In a review 
study, Papasoulis et al. reported an average nonunion rate of 15.4% in type A fractures in the five articles that reported the prevalence of nonunion with 
respect to AO classification.**? This finding was confirmed by other studies that, apart from type A fractures (AO classification), identified also as risk 
factors associated with failure of nonoperative treatment, fractures occurring at the proximal third of the humeral diaphysis, the magnitude of the gap 
between the fracture fragments, and the lack of a bridging callus 6 weeks after the injury.*°”7!3 However, it should be noted that other studies did not find 
fracture location as a key predictor of fracture union.21.9%25° 

Over the last years, there have been concerns about the limits of acceptable malunion of diaphyseal humeral fractures, since they are based on Level V 
evidence at best (expert opinion). Crespo et al. created a midshaft transverse osteotomy of the humerus to simulate fracture in a cadaveric model. The 
osteotomy was fixed in varying degrees of coronal and sagittal malalignment in order to assess the hand’s ability to reach six different bony landmarks, as a 
surrogate measure of function. The authors then created a computerized three-dimensional model of a humerus that was “virtually” osteotomized at the 
middle shaft. The osteotomy was angulated in various degrees of coronal and sagittal malalignment, and the hand’s ability to reach the same six bony 
landmarks was assessed. It was concluded that the direction and magnitude of posttraumatic humeral shaft malalignment independently affect the ability to 
position the hand in space and that upper extremity function may be more sensitive to posttraumatic humeral shaft malalignment than previously reported.°? 
Devers et al. reported that noticeable malunion of a diaphyseal humeral fracture that was treated nonoperatively may be more common than previously 
thought and patients should be counseled about the high likelihood of cosmetic deformity, which they may find bothersome.” 

When no signs of callus are seen at 6 weeks, despite adequate alignment, adjuncts may be tried to optimize bone healing such as low-intensity pulsed 
ultrasound (LIPUS) and vitamin D supplementation (Table 37-5; see Fig. 37-11),2339-141,272,285 
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OPERATIVE TREATMENT OF HUMERAL SHAFT FRACTURES 


Indications/Contraindications 


Operative Treatment of Diaphyseal Humeral Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Inability to maintain satisfactory reduction by closed means* 
Multiple injuries 

Bilateral fractures 

Floating elbow 

Intra-articular fracture extension 

Progressive nerve palsy or nerve palsy after closed manipulation 
Significant vascular injury 

Neurologic deficit after penetrating injury 
Nonunion/infected nonunion 

Pathologic fractures 

Open fractures 


Relative Indications 


Segmental fractures 

Noncompliant patients 

Obesity or large-breasted patients (precludes the use of a functional brace) 
Periprosthetic fractures 

Type A fracture in the middle third of the humerus (especially if distracted) 

Long oblique fracture of the proximal humerus (especially with varus angulation) 


e Need for rapid mobilization and weight bearing in the elderly patient or young active patient. 


“Angulation of 20 degrees or more, malrotation of 30 degrees or more, shortening of 3 cm or more, and complete absence of bone contact between fragments. All these criteria are 
arbitrary and patient’s condition and life circumstances should be considered.°°37° 


Although nonoperative management of diaphyseal humeral fractures produces satisfactory results, the progress made with internal fixation devices and the 
pressure from patients who ask for rapid return to everyday activities have led to increased use of surgical treatment.!°°297 Bandi was the first to define the 
indications for operative reduction and fixation of diaphyseal humeral fractures and included diaphyseal fractures in an unacceptable position after 
conservative treatment, open fractures, transverse fractures, comminuted fractures with radial nerve palsy, and pseudoarthrosis.2° By 1996, indications 
expanded to include segmental fractures, pathologic fractures, bilateral fractures, floating elbow, polytrauma cases, neurologic loss after penetrating injury, 
associated vascular injury, and intra-articular fracture extension. Inability to maintain satisfactory reduction by closed means is one of the main indications 
for surgical treatment. With nonoperative treatment, angular deformity of more than 15 to 20 degrees in any direction and rotational malalignment of more 
than 30 degrees should not be accepted unless the patient is willing to accept visible deformity. The maximum humeral shortening that can be accepted is 
not precisely known. Although it has been reported that humeral shortening up to 5 cm may be acceptable, for most active patients, acceptable shortening 
should be no more than 2 to 3 cm.°°370 


TABLE 37-5. Form for Delayed Union Investigation 


Parameter Normal? Results 

Vitamin D J Yes No 

Prealbumin D Yes J No 

C-reactive protein J Yes D No 

Thyroid-stimulating hormone D Yes J No 

Hemoglobin A1C J Yes No 

Urea D Yes J No 

Calcium J Yes D No 

Potassium D Yes J No 

Chloride J Yes No 

Magnesium D Yes LJ No 

Phosphorus J Yes D No 

Follicle-stimulating hormone 1 Yes No GB: 
HB: 

Zinc J Yes No 

Parathyroid hormone D Yes J No 

Creatinine J Yes No 


Patients with multiple injuries benefit from surgery, as these patients lie recumbent for many days or weeks and are prone to malunion.!”8 These patients 
are likely to undergo surgery for other injuries and, therefore, and this can be taken advantage of by performing humeral fixation in the same setting. 
Furthermore, nursing care, cleanliness, and comfort are facilitated with surgical treatment. 

Bilateral humeral fractures or fractures associated with other injuries of the ipsilateral arm (floating elbow, combined fracture-dislocations of the 
proximal humerus and humeral shaft) constitute indications for operative management of all injuries to allow early mobilization of joints and rapid recovery 
of independence and comfort. Furthermore, if the joints ipsilateral to the humeral shaft fracture are injured, surgical treatment will permit earlier initiation of 
physiotherapy and avoidance of joint stiffness.°°8° Segmental fractures of the humeral diaphysis with minimal displacement may be managed 
nonoperatively but this can be difficult if the middle fragment is displaced.°°-!®° Progressive neurologic deficit, or significant nerve or vessel laceration after 
penetrating trauma, will require exploration and repair of the injured structures.4>56.256.311 Stabilization of the fracture is then mandatory to protect the 
repair and allow frequent wound inspections and changing of dressings without disturbing the surgical site or risking damage from mobile bone fragments. 
Likewise, humeral shaft fractures associated with brachial plexus injury should be stabilized operatively to allow rapid mobilization of the entire arm and 
prevent nonunion, as the arm loses a part of its muscular support because of neurologic deficit, and delayed union and nonunion are common. Pathologic 
fractures should be stabilized operatively for palliative care if the patient’s life expectancy is more than 3 months and their general condition allows 
operative treatment. !9.154,220 

Open fractures are heterogeneous injuries. Depending on the severity, as classified by Gustilo and Anderson (Chapter 10), open humeral fractures can be 
treated with different treatment methods.!!® For example, grade I fractures can be managed well with functional bracing, grade II injuries are usually treated 
operatively depending on the wound contamination, and grade III fractures should be treated operatively.°%:209.296264271 

An open fracture needs to be washed and debrided in the operating room resulting in lost healing potential from the acute fracture hematoma. These are 
usually fixed acutely to minimize nonunion and facilitate wound care. The use of external fixation is also indicated during the damage control approach in 
multiple injured patients, and may be helpful in the treatment of infected nonunions.7°*79” Relative indications for the use of external fixation devices 
include fractures of the distal humerus, bilateral humeral fractures, the posttraumatic paralysis of the radial nerve, fractures associated with vascular injuries, 
burns, and fractures with soft tissue interposition.*°° In general, the use of external fixation in the management of recent diaphyseal humeral fractures should 
be reserved for the provisional stabilization of complicated fractures and converted to either plating or nailing techniques as soon as feasible.°° 

External fixators cannot be installed percutaneously in the upper limb. In acute fractures, anatomy is disturbed, and percutaneous pin placement may 


injure the ulnar, radial, median or musculocutaneous nerves.!°” Depending on fracture localization, nonspanning external fixators are preferred. Ideally, 
proximal pins are placed laterally just proximal to the distal insertion of the deltoid. The axillary nerve runs proximal and must be monitored. Distally, a 
lateral incision is done 5 cm proximal to the epicondyle. Again, the radial nerve should be more proximal but dissection under direct vision is recommended 
to assure it is not lower than expected. Finally, with lateral distal pins, care must be taken not to injure the ulnar nerve medially. 

Noncooperative and indigent patients constitute another relative indication for operative treatment. Sarmiento et al. mentioned that indigent patients 
were frequently lost to follow-up and proposed that these patients should not be treated with functional bracing.?°* However, indigent and noncompliant 
patients may not follow the rehabilitation program after operative fixation of their fractures and, therefore, may be at equal risk of suffering postoperative 
complications. Obese patients and women with large breasts may benefit from the operative stabilization of their humeral shaft fracture as, because of their 
body mass, they have greater risk of malunion or nonunion.!!>!4? However, it could be argued that angular deformity is less visible within a substantive soft 
tissue envelope and that these patients may be at greater risk for complications from anesthesia or soft tissue issues. Patients with increased body mass 
should be treated individually bearing in mind their comorbidities, after thorough discussion with the anesthetist and the patient. 

Periprosthetic fracture is a relative indication for immediate operative management; however, if the prosthesis is stable, conservative management can 
be attempted. In cases with a loose prosthesis or failure of conservative management, operative treatment is necessary with revision of the prosthesis to a 
cemented longer stem, plating, and strut grafts.°%-59 

Over the last 20 years, surgeons have paid attention to the details and secondary characteristics of fracture patterns, and although the basic list of 
indications for operative treatment has not changed, more “relative” indications have been added. Transverse or oblique midshaft fractures or long-oblique 
proximal shaft fractures should be included in the list of relative indications for surgical management, as it has been reported that these fractures have high 
risk of delayed union and nonunion if treated conservatively.*!22946 Furthermore, the generally accepted assumption that the humeral deformity following 
a diaphyseal fracture is generally acceptable has been disputed over recent years and, therefore, the indications for the surgical management of diaphyseal 
humeral fractures may expand in the near future.®* Old age and osteoporosis are not included in the list of indications or relative indications for operative 
management of humeral shaft fractures because there is no strong evidence that osteoporosis significantly influences the healing process. However, older 
people often cannot tolerate bracing and can be noncompliant. Therefore, the decision about the best treatment option for osteoporotic people with fractures 
of the humeral diaphysis must be based on careful assessment of the fracture characteristics and the patient’s comorbidities and personality. 


Plate Osteosynthesis 


Open Reduction and Internal Fixation (ORIF) 


Preoperative Planning 


Open Reduction and Internal Fixation of Diaphyseal Humeral Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Regular orthopaedic table with radiolucent arm support and forearm extension 

Position/positioning aids LJ Supine, beach chair, prone, or lateral (right or left side up) depending on the fracture location and/or the preferred approach 
Fluoroscopy location LJ On the injured or opposite side depending on fracture location and the preferred approach 

Equipment LJ Battery drill, bone graft instruments, large bone reduction tools, bipolar cautery 

Implants LJ Large and small fragments locking and standard sets, K-wires 


Preoperative planning is a mandatory step that has to precede any surgical procedure to minimize intraoperative problems and maximize the possibility of a 
successful outcome. The patient should be fully informed about the procedure and the postoperative rehabilitation course. Consultation with the anesthetist 
should take place concentrating on the patient’s comorbidities and technical issues that could interfere with anesthesia (such as patient positioning or 
placement of the endotracheal tube away from the injured side). 

At least two radiographs of the entire humerus should be available, one neutral AP and one oblique-lateral. The length of the humerus should be 
measured from the available x-rays, taking into account the magnification, and depending on fracture extension and location, the surgeon should estimate 
the length of the plate that will be required for the fixation of the fracture. If the fracture is close to the proximal or the distal metaphysis, there should be 
consideration of the adequacy of the implant to fix the shorter segment, and in doubtful situations, there should be alternative fixation options readily 
available. Whenever fracture lines extend toward the shoulder or elbow joints, further radiographs, centered on the joint, must be obtained. If there are still 
doubts about the integrity of the joints, a CT scan should be performed. 

The surgeon must be certain that the appropriate operating room with a suitable orthopaedic table that can accommodate the planned procedure is 
available. The practice of accurate preoperative drawing of the fracture and the fixation technique now appears old-fashioned in the digital era and 
radiographic films are replaced by computer images. Relevant software programs that allow digital picture modification, measurement, and drawing are 
available allowing preoperative planning to move from paper to screen.°”!*3 In any case, the surgeon must decide in advance how the fracture will be 
approached, must be familiar with the anatomy, and able to predict difficulties (such as structures at risk) that could be met during the operation. 
Preoperative drawings of fracture reduction and fixation can be a good approximation of the type and size of implant that will be needed and the tools that 
will be required (such as reduction forceps), so the surgeon should be able to check suitability, compatibility, and availability of the necessary tools and 
implants. A complete preoperative planning of plate fixation should also consider the type and order of screw insertion.°° 

Finally, the surgeon should make certain that the image intensifier will be on the site and working as there may be the need for intraoperative imaging. 
In a large patient, the image intensifier may be on the ipsilateral side and advance as needed as it may not reach the fracture site on the contralateral side. 
The development of a checklist that can be provided in advance to the operating room personnel leads to better organization of the operating procedure and 
the immediate availability of the necessary equipment. 


Positioning 


Patient positioning depends on the surgical approach. More specifically, plating fractures of the middle and proximal humeral diaphysis is usually 


performed via an anterolateral approach with the patient in the Beach chair or supine position with an arm older. The arm is abducted with the injured arm 
protruding from the operating table and the forearm positioned on a forearm support. The inclined position makes proximal extension of the approach 
easier. If the operating table is not too broad and the arm of the image intensifier is sufficiently curved, the image intensifier can be positioned on the 
opposite side of the table and be readily available at any time without interfering with the operating field. 


Surgical Approaches for Open Reduction and Internal Fixation 


The most frequently used approaches are the anterolateral (for middle and proximal diaphyseal fractures) and the posterior (for middle and distal diaphyseal 
humeral fractures or for exploration of the radial nerve). However, a direct lateral approach has also been described (mostly used for the exploration of the 
radial nerve) and a medial approach for the exploration of the neurovascular structures on the medial side. 186.324 


Anterolateral Approach 

The skin incision starts at the tip of the coracoid process and runs distally in line with the deltopectoral groove to the lateral aspect of the humerus at the 
deltoid insertion (Fig. 37-12A). From there, the incision continues distally following the lateral border of the biceps until about 5 cm proximal to the flexion 
crease of the elbow joint. 

The anterolateral approach can be very extensive but because it is intermuscular and between nerve territories you can achieve good functional outcomes 
(Fig. 37-13). 

At the proximal part of the approach, division of the superficial fascia will reveal the cephalic vein, which runs within the deltopectoral groove. The 
humerus is approached by retraction of the deltoid laterally and the pectoralis major medially (see Fig. 37-12B). Care must be taken not to apply excessive 
retraction to the deltoid as this may cause compression injury to the axillary nerve and paralyze the anterior half of the muscle. The periosteum lateral to the 
tendon of the long head of biceps is then incised and part of the insertion of the pectoralis major may be detached from the lateral aspect of the bicipital 
groove. The anterior circumflex artery will be encountered during the deep dissection and should be kept intact if possible. 

In the middle third, the deep fascia is incised in line with the skin incision and the biceps is mobilized medially to expose the brachialis muscle that 
covers the anterior humerus. The brachialis is split longitudinally in the midline to expose the anterior humeral diaphysis. A midline incision in brachialis 
protects the innervation of the muscle provided by the radial nerve laterally and musculocutaneous nerve medially (see Fig. 37-12C). Exposure can be 
facilitated by flexion of the elbow. The lateral half of the brachialis muscle protects the radial nerve. Knowing this, the bracialis muscle must be split 
carefully because a significant neurologic branch may be seen and preserved. Closer to the elbow, the radial nerve on the lateral aspect and the 
musculocutaneous nerve medially should be protected as the approach continues between the brachialis medially and the brachioradialis laterally.4*-72? The 
risk of injuring the radial nerve has recently generated modifications of the anterolateral approach, which should be validated for their efficacy to expose 
adequately the fracture site.°7164173 


Long head 


Long and short 
9 of biceps 


head of biceps 


Deltold Deltoid 


Pectoralis 


Humeral head major tendon 


Cephalic vein 


Deltoid 


Pectoralis Brachialis 
major 


Brachialis 


Biceps Biceps 


Musculocutaneous 
nerve 


A, B c 
Figure 37-12. Anterolateral approach to the right humerus. A: Incision. B: Retraction of the deltoid laterally and the long head of biceps medially will reveal the 
tendon of pectoralis major proximally and brachialis more distal. C: Partial detachment of the tendon of pectoralis major and split of brachialis will expose the 
anterolateral humeral shaft. 
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Figure 37-13. A: Initial x-ray of the left shoulder. B: Extensive anterolateral approach. C: Right shoulder conservatively treated proximal humerus fracture. D, E: 
Postoperatively x-ray of left diaphysis fracture. F, G: Functional outcome 6 months postoperative. 
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Figure 37-14. Posterior approach to the distal humerus. A: Skin incision. B: Development of the interval between the long and lateral heads of triceps will reveal the 
radial nerve as it emerges within the spiral groove. C: Longitudinal midline dissection of the medial head of triceps will reveal the periosteum of the posterior humeral 
shaft. 


Posterior Approach 

The direct posterior approach exposes the distal two-thirds of the posterior humeral shaft from the olecranon fossa to the junction of the proximal and 
middle thirds of the humerus. The patient is positioned in the prone or lateral position with the arm abducted 90 degrees on a radiolucent support. The 
incision is longitudinal in the midline of the posterior aspect of the arm from the tip of the olecranon to about 5 to 10 cm distal to the acromion (Fig. 37- 
14A). The dissection begins at the proximal end of the incision where the interval between the long and lateral heads of the triceps is identified and 
developed by blunt dissection. The common tendon of the triceps muscle should be incised sharply in the midline, as it runs distally and inserts into the 
olecranon. Retraction of the lateral head of triceps laterally and the long head medially, at the proximal part of the incision, will reveal the radial nerve and 
the profunda brachii artery as they run together in the spiral groove (Fig. 37-14B). The medial head of the triceps is deep to the lateral and long heads and 
originates just distal to the spiral groove. Longitudinal midline dissection will reveal the periosteum of the posterior humeral shaft. Incision of the 
periosteum and its retraction will give access to the distal humerus and also will protect the radial, ulnar, and the lateral brachial cutaneous nerves (Fig. 37- 
14C). A variation of the standard posterior approach is the “triceps-sparing” or “paratricipital” approach that provides good exposure to the distal humerus 


posteriorly, avoids injury to the triceps muscle with less risk of denervating a portion of the triceps or the anconeus, and may improve postoperative elbow 
function. Although most commonly used at the elbow, proximal extension of this exposure is possible, particularly on the lateral side, by mobilizing the 
radial nerve and elevating the triceps off the humerus.!°° In a cadaveric study, the location of the radial nerve was defined during the posterior approach to 
the humerus.?” The posterior anatomic location of the radial nerve was found to be 39 + 2.1 mm from the point of confluence between the long and lateral 
heads of the triceps and the triceps aponeurosis. This information should assist surgeons in identifying the radial nerve especially if they are not familiar 
with the specific anatomic area. The lateral septum can also be used, the first branch that will be identified is the lateral sensitive branch of the radial nerve 
as it exits the lateral septum area. This branch can be followed proximally to find the radial nerve.!8” 


Lateral Approach 

The lateral approach extends from the deltoid insertion along the humeral diaphysis to the lateral epicondyle and can be extended proximally either 
anteriorly along the anterior border of the deltoid or posteriorly in a triceps-splitting exposure. The patient is positioned supine or lateral decubitus, and the 
humerus is approached through the interval between the lateral intermuscular septum and the triceps. The radial nerve can be found within the fat 
immediately adjacent to the triceps as it emerges from behind the humerus and can be followed between the brachialis and brachioradialis in the anterior 
compartment of the arm (Fig. 37-15). It can be mobilized by releasing the lateral intermuscular septum and its retraction will expose the distal two-thirds of 
the humerus. A comparison of the lateral and posterior approaches in the management of distal diaphyseal humeral fractures revealed that both approaches 
had satisfactory results, but there were fewer complications with the use of the lateral approach.?!8 


Anteromedial Approach 

This approach is rarely chosen for routine fracture fixation but provides access to the brachial artery and median and ulnar nerves and is mainly used in 
cases of concomitant injury to these important neurovascular structures.!°° The surgical incision runs along the medial margin of the biceps and is directed 
to the medial epicondyle. The subcutaneous tissue is incised in line with the skin incision. The ulnar nerve is identified underneath the superficial fascia and 
is retracted posteromedially. The median nerve and brachial artery are identified and retracted anterolaterally. Within the surgical field, there are many small 
branches of the artery that require ligation. The medial intermuscular septum can be partially resected to improve bone exposure and facilitate plate 
application. The triceps is stripped from the shaft and reflected posteriorly as required, and the coracobrachialis is reflected anteriorly (Fig. 37-16). Apart 
from the excellent exposure of the medially located neurovascular structures, this approach is good cosmetically as the scar is well hidden on the medial side 
of the arm. However, because there are so many neurovascular structures that have to be identified and protected and proximal extension is difficult, the 
approach is rarely used. 


Brachialis / 


K, Doudousais 2012 


Deltoid Medial (deep) 


Radial nerve head of triceps 


Lateral head of triceps 


Figure 37-15. The lateral approach to the humeral diaphysis. 
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Figure 37-16. The anteromedial approach to the humeral diaphysis. 


Technique 


ORIF of Diaphyseal Humeral Fractures: 
KEY SURGICAL STEPS 


Expose the humeral fracture through the selected approach 
Identify and protect neurovascular structures that are nearby or crossing the surgical field 
Avoid excessive soft tissue or periosteal stripping 
Reduce the fracture manually by gentle traction 
Reduce the fracture and provisionally stabilize with reduction forceps, interfragmentary compression screws or K-wires. A plate may be used as 
indirect reduction tool. 
Avoid iatrogenic damage to the nerves and vessels with the reduction forceps 
= Traditional implant of choice is the 4.5-mm narrow dynamic compression plate (DCP) or the 4.5-mm low-contact plate. Orthogonal dual-plating 
using 3.5-mm or mini-locking plates are less bulky and offer better rotation stiffness. Periarticular 3.5-mm locking plates may be chosen if the 
fracture is adjacent to a joint. 
LJ Secure the plate provisionally with one or two screws in each main fragment, check reduction and alignment, then proceed to insert the remainder 
of the screws 
Avoid screws in areas of comminution 
= Number and types of screws vary according to fracture pattern and bone quality. Eight cortices proximal and distal to the fracture is the classic 
method. Biomechanical studies support the addition of 1 or 2 locking screws on each side of the fracture in osteopenic bone or high comminution. 
LJ Confirm fracture reduction and plate/screw length with image intensifier prior to wound closure 


Regardless of fracture location and surgical approach, ORIF of a diaphyseal humeral fracture follows the guidelines set by Albeitgemeinshaft fur 
Osteosynthenfragen/Association for the Study of Internal Fixation (AO/ASIF). It is of paramount importance that, during dissection, care should be taken 
not to devitalize any bony fragments by avoiding excessive soft tissue or periosteal stripping. Reduction of fracture fragments to their anatomical position is 
preferred if possible but not obligatory if this could cause devascularization that could lead to necrosis and bone-healing problems. Therefore, accurate 
reduction that requires direct manipulation of the fracture fragments should be done with minimal soft tissue stripping. Other fracture fragments should be 
reduced indirectly which can be accomplished with the use of either manual traction or an external fixator or distractor. Reduction of the fracture, once 
obtained, can be temporarily maintained with reduction forceps, an interfragmentary screw(s), or K-wires. If the temporary reduction is maintained with the 
use of reduction forceps, if possible, the plate should be applied to the bone first and used as an indirect reduction tool because it may not be possible to 
apply it to the bone with reduction forceps in situ. Alternatively, if K-wires are used for maintaining a temporary reduction, care should be taken to insert 
the wires so that they do not interfere with the placement of the plate. 


For diaphyseal humeral fractures, the traditional 4.5-mm narrow DCP or a limited contact DCP (LC-DCP) is used. There should be a minimum of three 
to four holes proximal and distal to the fracture ( ). In simple fractures, an 8- to 10-hole plate should be sufficient, while in comminuted fractures, 
it is recommended that the plate should span the area of comminution (bridging plate) requiring longer plates. In the past, the broad 4.5-mm DCP was used 
in the humerus, as its configuration permitted insertion of staggered screws. However, for patients with a narrow humerus, the 4.5-mm narrow DCP is 
preferred, as its screws can be inserted divergently and achieve a similar effect. LC-DCP plates can also be used as they are easier to contour and offer the 
additional advantages of decreased stress shielding and preservation of blood supply of the periosteum because of the limited plate-bone contact. 
Kosmopoulos et al. used finite element analysis to compare the simulated mechanical performance of five different dual small-fragment locking plate 
construct configurations for humeral middle-diaphyseal fracture fixation in terms of stiffness, stress shielding of bone, hardware stresses, and 
interfragmentary strain.*®4 They concluded that in a fracture of the humeral diaphysis managed with two 3.5-mm plates (e.g., in the case of a narrow 
humeral diaphysis), orthogonally positioned plates (nine-hole plate anteriorly and seven-hole plate laterally) provided the best fixation ( ). 
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Figure 37-17. A: Transverse fracture of the mid-distal humeral diaphysis. B, C: Fixation with traditional plating technique through a posterior approach. A 2.4-mm 
plate was used for butterfly fragment. 
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jure 37-18. Two-plate fixation for combined diaphysis and articular fractures. 


Unlike lower-extremity bones, the humerus receives a lot of rotation stress during internal and external rotation of the shoulder. Most daily activities 
require some sort of rotation of the humerus. Dual plating has been shown to be superior in rotation stiffness (torque resistance). 

Another advantage of dual plating is the use of thinner, low-profile plates that seems to be better tolerated in thin patients. 

Depending on the fracture site, the plate may need to be precontoured, which is easiest with the use of special flexible templates that most manufacturers 
provide. If reduction has not been achieved prior to plate application, the plate is applied to the bone on one side of the fracture and the other side is aligned 
with its longitudinal axis. It is then provisionally secured to the bone with reduction clamps and fixed in this position with one screw. The next step is to 
reduce the fracture by aligning the bone on the other side of the fracture with the plate. If the alignment is satisfactory, the unsecured end of the plate is 
clamped to the bone. Care should be taken with the use of reduction clamps not to injure any of the neurovascular structures, which in the humerus may be 
close to the bone. Alignment is confirmed, either visually or with the image intensifier, and the remainder of the screws can be inserted. In cases with a 


simple fracture pattern, the plate should be applied in compression, with the use of either self-compressing holes in a compression plate or lag screws. The 
final reduction and the plate and screw lengths are confirmed with the image intensifier in multiple angles prior to wound closure. If the fixation involved 
the exploration of a nerve that was nearby or crossing the plate (for instance, the radial nerve during the posterior approach), the exact relationship of the 
nerve to the plate must be confirmed and recorded to avoid inadvertent placement of the plate on the nerve and reduce the risk of accidental nerve damage 
during plate removal at any time in the future. 

The number of screws required on either side of the fracture remains controversial and, among other parameters, depends on the fracture pattern and 
location, the length of the plate, and the bone quality. Although there have not been substantive studies to investigate this issue, most surgeons would agree 
that, without a lag screw, at least four screws (eight cortices) proximally and distally to the fracture are required while the presence of a solid lag screw 
could reduce the number of screws to three (six cortices) proximally and three (six cortices) distally. Fracture comminution, poor screw purchase, poor bone 
quality, or other negative factors should prompt longer plate application with more screws. Locking compression plates (LCPs), in which screws with 
threaded heads can be screwed into the plate holes to create a fixed-angle implant, are available; however, an initial biomechanical study did not 
demonstrate any obvious biomechanical benefit in comparison with nonlocking plates despite much higher cost.?7° Subsequent biomechanical studies 
reported that locking plates provide improved mechanical performance over nonlocking plates in osteoporotic cadaveric fracture models.®!*? They also 
suggested that only two locking screws for each main bony segment provided sufficient stability.°°!** The clinical studies by Ring et al.*“® and Spitzer et 
al.?84 confirmed the usefulness of locking plates in the management of difficult fractures and nonunions of the humeral diaphysis. 
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Figure 37-19. A: Fracture of the distal humeral diaphysis, open fracture gunshot wound. B, C: Fixation with a posterolateral plate that allows screw fixation of the 
lateral column. 


Fractures of the distal humeral diaphysis, close to the metaphyseal area, have received special attention because of the “difficult” anatomy of the elbow 
and the many nearby neurovascular structures (Fig. 37-19). Levy et al. recognized that traditional centrally located posterior plates often encroach on the 
olecranon fossa, limiting distal osseous fixation. 

Spitzer et al. tried a “hybrid” plate containing 3.5-mm locking holes on one end and 4.5-mm locking holes on the other end in metadiaphyseal fractures 
of the proximal and distal humerus.?84 They applied the side of the plate with the smaller diameter screws toward the metaphysis to obtain more screws 
within the short bone segment, and they reported excellent results. Kumar et al. proposed that in the management of extra-articular diaphyseal fractures of 
the distal third of the humerus, the use of a single 4.5-mm LCP with two-screw purchase in the distal fragment can offer adequate stability.!°° They 
concluded that their proposal obviates the need for the use of customized or modified distal humeral implants and produces excellent results. 


Postoperatively, patients treated by open reduction and internal fixation (ORIF) should have their arm placed in a sling. Those with stable internal fixation 
can begin physiotherapy 2 to 3 days after the operation with shoulder and elbow movements, as tolerated. While most surgeons do not allow other than 
simple ROM exercises for 3 to 4 weeks, Tingstad et al. reported no significant differences in malunion and union rates between patients who progressed 
with immediate weight bearing of the arm and those who did not, following plating of a diaphyseal humeral fracture.?9* 


Open Reduction and Internal Fixation of Diaphyseal Humeral Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Excessive soft tissue and periosteal stripping e Familiarity with the anatomy of the arm 
Careful dissection 


e Unacceptable fracture reduction Adequate surgical exposure 

Use the image intensifier 

Up to 2-3 cm of shortening can be accepted in the humerus 
Bone graft for larger gaps 


Fixing the plate to one end of the fracture to help reduction and clamp placement 


e Unstable fixation e 4.5-mm DCP 


Minimum 3, ideal 4 screws in each main fragment 

Locking screws for rotation unstable fractures 

Use lag screws, if feasible 

Double plating with 3.5-mm plates 

Incorporate the condyles in the fixation or double plating in distal humeral fractures 


e Iatrogenic neurovascular injury Familiarity with the anatomy of the arm 

Careful dissection 

Rigorous hemostasis 

Identify and protect nearby nerves/vessels 

Avoid excessive retraction 

Avoid cerclage wiring 

Be careful with drills and screws from the opposite cortex 


One of the major issues that can negatively affect treatment outcome with ORIF of a diaphyseal humeral fracture is the stripping and devitalization of bone 
fragments during the surgical approach. It is imperative that the bone fragments, especially free large bony segments, should be protected during dissection, 
and unnecessary bone stripping must be avoided. Another pitfall that can delay or inhibit bone healing is the inadequate reduction of the fracture. Although 
fracture reduction does not have to be anatomical in the humerus, lack of bone contact or a gap at the fracture site has a poor prognosis for union. Bone 
defects up to 2 to 3 cm should be dealt with shortening, as the arm can accommodate small discrepancies without functional consequences. Larger bone 
defects should be bridged with bone grafting, preferably autologous. The fixation technique must provide adequate stability with the plate being strong (4.5- 
mm DCP) and long enough to allow at least four holes and, in general, three to four screws in each main fragment although not every screw hole has to be 
filled. Additional screws (e.g., lag screws or locking screw) that enhance stability can be used. As a general principle, the chosen plate for the fixation 
should be positioned symmetrically to allow an equal number of screws on both sides of the fracture. Distal diaphyseal humeral fractures can require screw 
placement in one or both condyles, the use of periarticular locking plates or a second buttressing plate. Iatrogenic neurovascular injury must be avoided by 
identifying and protecting the neurovascular structures during any approach. The radial nerve is at greatest risk for iatrogenic injury that can occur during 
dissection, cerclage wiring, or drilling from the opposite cortex. The Masquelet technique can also be used with good outcome. Large defects, especially in 
open fractures, can initially be filled with bone cement. A second-stage procedure can be done after 6 to 8 weeks, with careful bone graft packing of the 
induced membrane. Given the proximity of neurovascular structures, irrigation is performed while the cement cures to avoid thermal injury.” 


Outcomes 


A review of studies regarding the treatment of diaphyseal humeral fractures with ORIF revealed that the reported outcomes can be categorized in two 
groups: 


e Principal outcomes that are provided by all studies and offer the basis for evaluation, comparison, and conclusions. These include fracture union rate, 
time to union, and complications. Restoration of joint motion and functional results fall within an intermediate area with some studies providing 
adequate information and others not. 

e Nonprincipal outcomes, such as duration of the operation, blood loss, timing of initiation, and duration of physiotherapy, hospitalization, return to 
previous activities, and patient-related outcomes, are not provided by many studies. However, these outcomes can offer substantial information that 
could significantly influence the overall opinion regarding the quality and efficacy of a treatment method and should be reported in modern studies. 


ORIF has been regarded by many as the surgical treatment of choice for diaphyseal humeral fractures. It is associated with a high union rate, minimal 
shoulder or elbow morbidity, and rapid return to previous activities. It can be used in periarticular fractures and has been successfully used in open 
fractures.°%768.305 The union rate of ORIF of humeral shaft fractures exceeds 95% in most clinical studies over the past few decades.3°° Complications were 
infrequent and included radial nerve palsy (2-5%, usually neurapraxia) and infection (1-2% for closed fractures, 2—5% for open fractures). Paris et al. 
tempered the enthusiasm for the technique when they reported a large series of 156 patients (21 with polytrauma) who were treated with ORIF.72° The 
union rate was 87% with 8 postoperative transient radial nerve palsies, 2 deep infections, and 10 implant-related revisions. While 88% of the patients were 
satisfied with their outcome, only 54% obtained complete anatomical and functional recovery. Niall et al. reported better results after ORIF of 49 diaphyseal 
humeral fractures (15 in polytrauma patients), 96% of which united in an average of 9 weeks.*!° There were no major complications and all patients without 
significant comorbidities regained a full range of shoulder and elbow movements and returned to previous activities. Idoine et al. found a 94.7% union rate 
at an average of 16.9 weeks in a large series of 96 polytrauma patients with humeral shaft fractures.!38 The authors used an anterior approach, but in two- 
thirds of the patients, the plate was applied on the medial side of the humerus by retracting the biceps laterally. Small fragment 3.5-mm plates were used in 
most cases because the authors stated that there was not enough biomechanical evidence to justify the use of larger, stiffer plates. However, they 
experienced four implant failures within 3 months of surgery along with two infections and two incidences of iatrogenic injury to the lateral antebrachial 
cutaneous nerve. Bearing in mind that the patients were polytraumatized, the functional results can be considered satisfactory, as 80.2% regained, within 10 
degrees, the full range of shoulder motion barring shoulder flexion where only 60.5% regained an almost full range. All patients regained elbow ROM to 
within 10 degrees compared with the contralateral elbow while the median DASH score was 23.8 (0-79). Levy et al. used a modified 4.5-mm tibial head 
buttress plate to successfully treat 12 patients with distal third diaphyseal humeral fractures.!”° They proposed that such a plate design accommodates the 
anatomy of the distal humerus better and provides more stable fixation. Prasarn et al. described the addition of a 2.7/3.5-mm pelvic reconstruction plate 
laterally that can serve as a reduction tool prior to the insertion of a precontoured extra-articular distal humeral locking plate with a “hockey stick” distal 
configuration, similar to that described previously by Levy et al.175:?41 A further study exploited the potential advantages provided by modern implants and 
tried a “hybrid” locking plate, that could provide 4- to 5-mm screws for the longer fragment segment and 3.5-mm screws for the shorter one, in a cohort of 
24 patients with proximal and distal metaphyseal recent fractures and nonunions.*** All recent fractures 14 united in an average of 19.5 weeks (13-26) with 
one iatrogenic transient radial nerve palsy as the sole complication. The patients managed a mean of 145 degrees of forward elevation of the shoulder and 
138 degrees of total elbow ROM. An underreported outcome of plating diaphyseal humeral fractures is the ability of patients to immediately bear weight on 
their injured arm. Tingstad et al. investigated this parameter by studying 83 humeral diaphyseal fractures (70 in polytrauma patients) which were treated in a 
10-year period with ORIF, 86% with 4.5-mm DC plates.*% In the presence of a lower extremity injury that required restricted weight bearing, patients were 
allowed full use of their affected arm for crutches, walkers, etc. Apart from a high union rate (94%) and low complication rate, the main outcome from this 
study was that ORIF of a diaphyseal humeral fracture followed by immediate weight bearing through the involved humerus is a safe procedure. 


Minimally Invasive Plate Osteosynthesis (MIPO) 


MIPO procedures gained popularity in the last two decades as trauma surgeons tried to find ways to quickly stabilize long bone with minimal fracture 
exposition. This technique is falling out of favor since intramedullary implants are becoming more available around the world. For the upper extremity, 
MIPO procedures still require careful dissection because of the vicinity of neurovascular structures. It may make sense to perform two 5-cm incisions on a 
40-cm femur, but the advantage of two 10-cm incisions on a 25-cm humerus is debatable. Studies have also failed to show superiority of this technique over 
conventional ORIF. For this reason, the authors of the present chapter do not recommend MIPO procedure for humeral shaft fracture unless the surgeon is 
experienced with this technique. 


Preoperative Planning 

Whenever a MIPO procedure is contemplated, the surgeon should pay extra attention to ensure that fracture lines do not extend to the metaphyseal areas of 
the humerus. In doubtful situations, a CT scan should be performed and alternative fixation options should be readily available. In any case, the surgeon 
must decide in advance how the fracture will be approached, must be familiar with the anatomy, and able to predict difficulties (such as structures at risk) 
that could be met during the operation. It is recommended that this procedure be performed by experienced surgeons. 


Positioning 


Patient positioning is similar to ORIF and depends on how the surgeon has planned to approach the humeral diaphysis. 


Surgical Approaches for Minimally Invasive Plate Osteosynthesis (MIPO) 


Percutaneous plate fixation of humeral shaft fractures using two or three small incisions has been reported, similar to the technique described for lower limb 
long-bone fractures. 14282 


Anterior Approach 

This technique is the most popular and was described for fractures located at the middle portion of the humerus with two anterior incisions, one proximal 
and one distal. The proximal incision is 3 to 5 cm in length and lies between the lateral border of the proximal part of the biceps and the medial border of the 
deltoid. The distal incision is also 3 to 5 cm in length and is made along the lateral border of the biceps 5 cm proximal to the elbow crease. The interval 
between biceps and brachialis is identified and care is taken to avoid injury to the musculocutaneous nerve (Fig. 37-20A). The brachialis is split 
longitudinally in the midline. The musculocutaneous nerve is retracted with the medial half of the brachialis while the lateral half of the brachialis protects 
the radial nerve. A cadaveric study by Apivatthakakul et al. confirmed previous data that the musculocutaneous nerve is at risk by a “small” distal approach 
and the authors advise full supination of the forearm and an open approach to identify and protect the nerve.” 
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Figure 37-20. The anterior approach for minimal invasive plating osteosynthesis. A: The proximal and distal windows. B: Insertion of the plate is facilitated with the 
use of a tunneling instrument. 


Lateral Approach 
Subsequent studies reported placement of the plate laterally with two or three incisions. The proximal incision is made 3 to 5 cm below the acromion and 


the distal 2 to 3 cm between the brachioradialis and brachialis muscles at the distal humerus. A middle window has been proposed at the level of the middle 
segment of the humerus to facilitate the passage of the plate between the biceps and triceps muscles. Leaving a thin layer of muscle beneath the plate is 
recommended to avoid direct contact between the radial nerve and the plate. 144282 


Posterior Approach 

A posterior approach has been also described for the application of MIPO in the humerus with two windows.22°° The proximal window is opened via a 5- 
cm incision distal to the posterior aspect of the acromion and on the posterior border of the deltoid. Deep dissection is carried out through the triceps muscle 
followed by careful exploration and protection of the radial nerve. The distal incision is made about 5 cm in length over the posterolateral aspect of the arm 
2 cm proximal to the lateral humeral condyle. 


Technique 


Minimally Invasive Plate Osteosynthesis of Diaphyseal Humeral Fracture: 


KEY SURGICAL STEPS 


Expose the “windows” of the approach (anterolateral or posterior) 
Identify and protect neurovascular structures that are nearby or crossing the surgical field (musculocutaneous nerve anteriorly, radial nerve laterally 
or posteriorly) 


Create an extraperiosteal tunnel alongside the surface of the humerus 
Use the tunneling instrument to align and position the plate on the humerus 
e Avoid iatrogenic damage to the nerves and vessels with the tunneling instrument or the plate 
Implant of choice is the 4.5-mm narrow DCP or the 4.5-mm low-contact plate 
Secure the plate provisionally with one screw in one main fragment, reduce fracture, and secure the plate with a screw to the other main fragment. 
Check reduction and alignment, then proceed to insertion of the remainder of the screws 
Check screw insertion and screw length with the image intensifier regularly 
Avoid screws in areas of comminution 


Reduce the fracture manually by traction 
If necessary, apply external fixator or distractor across the fracture to maintain reduction 
q Confirm fracture reduction and plate/screw lengths with image intensifier prior to wound closure 


After the soft tissue preparation is completed in all “windows,” an extraperiosteal tunnel is opened along the surface of the humerus to prepare the insertion 
of the plate. Apivatthakakul et al. proposed that after the exit of the tunneling instrument from the near window, the selected plate should be tied with a 
suture to a hole at the tip of the tunneling instrument.!6 Withdrawal of the tunneling instrument will pull the plate toward the far window, along the track 
that it has created (Fig. 37-20B). Final reduction and plate and screw lengths are confirmed with image intensifier prior to wound closure (Fig. 37-21).7”6 
Use of a lateral or posterior placement of the plate with the MIPO technique follows the same basic steps of the anterior approach. Extra care should be 
taken to protect the radial nerve, which is vulnerable with these approaches. !**°* This is not a surgical technique commonly used by the authors because of 
the surgical risk. 


Postoperative Care 


Postoperative care is similar to conventional ORIF.'® One of the main objectives of the surgical treatment is rapid mobilization. The surgeon choosing a 
MIPO approach should not compromise on the stability of the construct and ensure enough fixation to allow rapid ROM. 


Potential Pitfalls and Preventive Measures 


MIPO shares many of the pitfalls described for the open plating technique, such as problems from inadequate reduction, fixation, and intraoperative 
neurovascular injury. Although reduction of a transverse fracture is a straightforward step during open plating, it can be difficult with the closed technique. 
Transverse fractures must be brought out to length, otherwise they will unite with an angular deformity. The musculocutaneous nerve must be identified and 
protected in the distal anterior window before splitting the brachialis. The most concerning risk of MIPO for humeral shaft fractures is neurologic damage 
from the plate and screws. Livani and Belangero used ultrasound to investigate the relationship between the radial nerve and the implants.'®° In a group of 
19 patients who had undergone MIPO fixation of humeral shaft fractures, it was found that regardless of the location of the fracture (middle or distal thirds 
of the humeral diaphysis), the radial nerve is close to the implants (plate or screws). This distance was measured between 1.6 and 19.6 mm (mean 9.3 mm) 
for midshaft fractures and between 1 and 8.1 mm (mean 4 mm) for distal fractures. In a cadaveric study, the danger zone for locking screw placement in 
MIPO of humeral shaft fractures was examined, and the authors concluded that for the musculocutaneous and radial nerves, this could be determined as a 
percentage of the humeral length.!° The danger zone for the musculocutaneous nerve averaged 18% to 43% of the humeral length from the lateral 
epicondyle. The danger zone for the radial nerve averaged 36% to 59% of the humeral length, and the most dangerous screws that penetrated or touched the 
radial nerve lay 47% to 53% of the humeral length from the lateral epicondyle. An AP locking screw placed percutaneously endangered both the 
musculocutaneous and radial nerves. 

Both studies revealed that despite clinical evidence that the MIPO technique is safe in the treatment of diaphyseal humeral fractures, the risk for injury 
to radial and musculocutaneous nerves is substantial and should not be underestimated. MIPO should not be used for fractures associated with radial nerve 
palsy preoperatively because the risk of further injury to the nerve is substantial. Pointed retractors must not be used because the tips can injure the radial 
nerve either on the medial side of the proximal incision or on the lateral side of the distal incision. AP drilling and bicortical screw insertion should be 
avoided in the middle third of the humerus because of the risk of radial nerve injury. 


D,E F 
Figure 37-21. A: X-rays of a 21-year-old woman who sustained a fracture of the left humeral shaft (OTA/AO 12-A3 after a fall). B: The fracture was treated by 
MIPO. C: The reduction was verified under the image intensifier. D: Postoperative radiographs showed an acceptable alignment. E, F: The fracture healed with callus 
formation 4 months after surgery, with small incision scar and satisfactory function. (Reproduced with permission from Kim JW, et al. A prospective randomized study 
of operative treatment for noncomminuted humeral shaft fractures: conventional open plating versus minimal invasive plate osteosynthesis. J Orthop Trauma. 
2015;29(4):189-194.) 


Outcomes 


Livani and Belangero published one of the first studies that presented the MIPO technique for the management of 15 patients with humeral shaft fractures, 8 
of which were polytraumatized.!®° They used 4.5-mm DC plates with two screws in each main fragment and they experienced only one screw loosening. 
They also encountered one superficial infection and one nonunion. Subsequent case series that included substantive numbers of patients (20 or more) 
reported good outcomes with few complications.!®!44145.192,276 These studies described the management of 127 humeral shaft fractures with an anterior 
minimally invasive technique. They all used 4.5-mm DCP or LCP plates. Union rate was 97.6% (124/127) at an average of 13.34 weeks (4-17.5). As one of 
the theoretical advantages of MIPO in the humerus is the reduced operating time in comparison with ORIF, this parameter was provided by four of studies 
that reported average operating times from 48 to 127.6 minutes. !44!45.192.276 Concha et al. presented a large series of 35 patients, 15 of which were 
polytraumatized.°> They used MIPO with two screws on each side of the fracture. Union rate was 91.5% (32/35) at an average of 12 weeks (8-16). The 
authors reported some complications that included two infections and three cases of varus malunion of more than 15 degrees. They also reported that only 


20 out of 32 patients had full extension of the elbow and 20 out of 32 patients obtained 130 degrees of flexion. They concluded that MIPO was a safe and 
efficient procedure for humeral shaft fracture treatment, with a high union rate and low complication rate. However, it was noted that residual elbow flexion 
contracture could be a problem and might indicate the need for a formal elbow rehabilitation protocol. Ji et al. used the MIPO technique to treat distal 
humeral shaft fractures via a lateral approach as they considered the anterior approach unsuitable due to anatomical restrictions of the anterior surface of the 
distal humerus.!** They initially tried the approach in 14 cadaveric arms and subsequently treated 23 humeral shaft fractures with 4.5-mm LCPs. In all 
cases, the radial nerve was identified and protected but one patient developed a postoperative radial nerve palsy. Spagnolo et al. had similarly good 
outcomes with the use of MIPO (4.5-mm LCP) in 16 patients with humeral shaft fractures and the lateral approach. 144-282 

Balam and Zahrany”? and Gallucci et al.” reported the implementation of minimally invasive plating osteosynthesis via a posterior approach in a total 
of 58 patients who had sustained middle and distal diaphyseal humeral fractures. They used two posterior “windows” and the radial nerve was identified and 
protected in all cases. Their results were similar to the ones described above for the anterior approach. 


Intramedullary Nailing 


IMN of diaphyseal fractures of the humerus can be performed either via the humeral head (antegrade nailing) or via the supracondylar area of the distal 
humerus (retrograde nailing). 


Antegrade Nailing 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Antegrade IMN of Diaphyseal Humeral Fractures: 


OR table LJ Regular orthopaedic table with radiolucent shoulder and arm support and forearm extension 
Position LJ Supine/beach chair 

Fluoroscopy location LJ On the injured or opposite side depending on the surgeon’s preference 

Equipment LJ Battery drill, guidewires of the same length, humeral reamers, distal targeting device (optional) 
Implants LJ Humeral intramedullary nails and sets, K-wires, locking screws 


Preoperative planning for antegrade IMN of a diaphyseal humeral fracture is no different from what was described previously for plating. However, it 
should be reiterated that the patient must be fully informed about the nature, expected outcomes, and potential complications of the operation while the 
anesthetist should be fully involved in the whole process of preoperative assessment and planning, because each surgical technique (e.g., antegrade or 
retrograde nailing) requires different positioning. 

Preoperative planning starts with two radiographs of the whole humerus, one AP and one lateral. In most cases, no further imaging studies should be 
required. Preoperative measurement of the humeral length and the width of the narrowest part of the intact humeral canal (taking into account the 
magnification on the radiograph) will help to determine the desired nail length and diameter. Whenever fracture lines extend toward the shoulder or elbow 
joints, further views, centered in the suspected area, may be needed. If there are still doubts about the integrity of the joints, a CT scan should be performed. 
As with ORIF, a checklist will allow better organization of the operating procedure and ensure immediate availability of the necessary equipment. 


Positioning 

The patient can be positioned supine or in the “beach chair” position with a padded support under the shoulder and the arm supported by a forearm support. 
While the patient’s torso is on the operating table, the injured arm overhangs the main table. The elbow, the humerus, and the shoulder are within the sterile 
field. The location of the image intensifier depends not only on personal preference but also on the width of the operating table and the concavity of the C- 
arm. The anesthetist must be familiar with the procedure because the uninjured arm must be positioned next to the patient’s torso on the operating table and 
is not easily accessible for administration of anesthetic drugs. This problem can be solved with line extensions that allow drug administration from a 
distance. If it is anticipated that the image intensifier will be on the opposite side, the compatibility of the C-arm curvature with the width of the operating 
table must be checked in advance to confirm that imaging of the overhanging injured arm is feasible (Fig. 37-22). Care should also be taken to assemble the 
operating table in advance, so obstacles such as the leg of the table will not obstruct the use of the image intensifier. 


Figure 37-22. The supine position with the image intensifier on the opposite side for antegrade intramedullary nailing. 


Surgical Approach 


A 2- to 3-cm incision is made from the anterolateral edge of the acromion obliquely forward and the deltoid muscle is split longitudinally along its fibers to 
reveal the subacromial bursa and the rotator cuff (Fig. 37-23). The exact localization of the incision can vary following translation of the humeral head 
and/or angulation of the proximal fragment. Multiplanar fluoroscopy can determine the ideal entry point and skin incision which is recommended to be in 
line with the humeral canal on both AP and lateral views and the nail should penetrate the cuff in its musculotendinous portion?’ (Fig. 37-24). This location 
ideally should be on the sulcus or toward its medial border. The rotator cuff is then incised in the direction of the supraspinatus fibers. Direct visualization 
of the humeral head is not necessary and should be avoided. The long head of biceps tendon can be palpated and protected. In most cases, the correct entry 
portal will bring the awl in direct contact with the acromion. The direction of the awl should be slightly oblique aiming toward the medial cortex of the 
humerus. In the infrequent case of a broad acromion, the arm can be placed in a “downward hanging” position to access the humeral head anterior to the 
acromion or with the use of a small bone hook or lever the humeral head can be pulled laterally. Adduction of the arm to facilitate the access to the humeral 
head is usually unsuccessful, as the thorax does not allow sufficient adduction in the neutral position while it is likely that the proximal humerus will remain 
abducted because of the act of the deltoid. 
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Figure 37-23. The approach for the antegrade nailing. A: Skin incision. B: Exposure of the rotator cuff. 


These technical difficulties along with concerns about damage to the rotator cuff generated proposals for alternative approaches to the humeral head or 
“sophisticated” nail designs that aimed to bypass these problems. Stannard et al. described a lateral entry point just distal to the insertion of the rotator cuff 
and used an articulated nail that could accommodate such an eccentric introduction.?86 Dimakopoulos et al. proposed a similar entry portal and used a rigid 
nail to treat a series of 29 patients with diaphyseal humeral fractures without any major complications regarding the approach.’* Others approached the 
humeral head through the rotator cuff interval with a rather extensive exposure of the proximal humerus.?3!,297 

Fang et al. performed an anatomical study of 46 shoulders in 23 cadavers to compare the damage caused to internal shoulder structures between the open 
and percutaneous techniques. Percutaneous insertion of IMNs using a cannulated awl appears to produce similar soft tissue and bone entry site morphology 
compared to the conventional open technique.®> 

Another approach described in literature is via the Neviaser portal. A 3-cm incision is made on the Neviaser portal (extended Neviaser approach) just off 
the medial border of the acromion and directly posterior to the acromioclavicular joint. Muscle fibers of the trapezius and the supraspinatus are then 
dissected. A guide pin is inserted perpendicularly into the humeral head from the top, and the placement of the guide pin is confirmed with 
fluoroscopy.’*!09 


Technique 


KEY SURGICAL STEPS 


/ | Antegrade IMN of Diaphyseal Humeral Fracture: 


Determine entry point by manual palpation of the humeral head and orthogonal fluoroscopy 
Expose the subacromial bursa and the rotator cuff 
1-cm stab incision to the rotator cuff as medial as possible at the apex of the humeral head 
Open the entry portal of the nail with a hand awl 
Reduce the fracture under image intensifier control 
Pass the guidewire through the fracture to the distal fragment 
Ream the canal, if necessary 
e Start reaming when the reamer is within the humeral head 
e Avoid injury to the radial nerve with the reamer whenever the fracture is located at the middle/distal humeral diaphysis by stopping the 
reaming and manually pushing the reamer across the fracture when the reamer tip is crossing the fracture. 
e On withdrawal, stop reaming while the reamer tip is still within the humeral head 
e Meticulous washing out the reaming debris from underneath the rotator cuff at the end of the reaming procedure 
LJ Introduce the selected nail to its final position 
e Maintain fracture reduction during the insertion of the nail 
e Do not allow distraction at the fracture site 
e Do not allow protrusion of the nail from the humeral head 
LJ Lock the nail proximally with the use of a targeting device and distally according to the nail design 
e Long targeting devices for the distal locking screws are not reliable 
e Never leave a nail unlocked 
e Avoid neurologic injury with the use of proximal or distal locking screws 
e Always perform open rather than percutaneous distal locking 


Figure 37-24. Verification of the entry portal of the nail with a blunt instrument prior to incising the rotator cuff. 


One dose of broad-spectrum antibiotic on induction should be enough for uncomplicated, isolated, closed fractures. The entry portal for standard antegrade 
nailing is opened with the hand awl (Fig. 37-25A). More medial location of the entry portal would facilitate nail insertion but it is usually not feasible 
because of the presence of the acromion.!° The hand awl or entry reamer must penetrate the humeral head for at least 4 to 5 cm to facilitate the insertion of 
the guidewire and/or the nail. Most humeral nails are cannulated, and a guidewire is used to facilitate the passage of the nail through the fracture site by 
closed means (Fig. 37-25B). The correct alignment of the arm is obtained by gentle traction, supination of the forearm, and 90 degrees of elbow flexion 
applied and maintained by the assistant (Fig. 37-25C). A lateral view at the fracture site cannot be easily obtained in the humerus, so the passage of the 
guidewire to the distal fragment can be verified with a standard AP view and a second view with the image intensifier at the same position with the arm 
internally then externally rotated by 45 degrees offering a “lateral” view at the fracture site. Careful reaming of the humeral canal follows when required. 
Each nail manufacturer provides instructions for the selection of the most suitable nail size although it is prudent to ream to 0.5 to 1 mm more than the width 
of the selected nail distally and 1 to 1.5 mm more proximally. After the insertion of the nail to its final position, it should be certain that the nail is 
completely buried within the humeral head. Proximal locking of the nail is usually straightforward with reliable targeting devices, provided by most nail 
manufacturers. For distal locking, one screw usually suffices for most fracture patterns, inserted with a mini-open “freehand” technique. Locking will 
provide adequate stability to the fracture site and will allow initiation of mobilization (Fig. 37-25D-G). It is of paramount importance that the nail should 
not protrude out of the humeral head, as this will affect adversely the outcome (Fig. 37-26). 


G 


J 5. Antegrade nailing of a proximal diaphyseal humeral fracture. A: Opening the entry portal with the hand awl. B: Passage of the alas to the distal 
fragment. C: Reduction of the fracture before the passage of the rod. D: Nail passage into the distal fracture. E. Proximal interlocking. F, G: Freehand distal 
interlocking. 


While proximal interlocking for an antegrade nail is uniformly a straightforward procedure with the insertion of the locking bolts through reliable 
targeting devices, distal interlocking is usually performed with locking bolts inserted with the “freehand” technique (see 37-: 3). However, the 
locking technique is considered difficult and requires significant experience with the technique of IMN, and therefore some nailing systems provide 
targeting devices aiming to facilitate the distal locking. However, the success of targeting with the use of such devices has not been consistent, possibly 
because of their long length, the narrow screw holes of humeral nails, and the round/slippery surface at the distal humerus. ”” 

The author’s preferred technique for distal locking is via an open approach. One assistant should hold the arm in place while the image intensifier is 
positioned to show a perfectly round view of the screw hole. Skin incision is performed in line with the screw hole and careful dissection is carried down to 
bone. Drilling and screw insertion is done under direct view. 

At the end of the procedure, the rotator cuff should be repaired. The deltoid muscle is sutured with one or two absorbable stitches and the superficial 
layers are closed as usual. 


c 


37-26. Antegrade nailing of a roximńal diaphyseal humeral fracture. A: The nail looks well inside the humeral head. B: Similar impression in another oblique 
view. è: The CT scan reveals that the nail is protruding. 


Postoperative Care 


Thromboprophylaxis should not be necessary for uncomplicated, isolated, fractures. Postoperatively, patients should have their arm in a sling. ROM 
exercises of the shoulder and elbow joints can commence on the second postoperative day. The physiotherapy program should depend on the severity of the 
injury, the quality of fracture fixation, and the patient’s personality. Nevertheless, the “as pain allows” rule is a general guide for the intensity of the 
physiotherapy program.!°°.249 

Polytrauma patients who have sustained injuries to the lower limbs as well, and have undergone nailing for diaphyseal humeral fracture, should have an 
individualized physiotherapy program to accommodate their general condition and accompanying comorbidities. As a general guidance, such patients who 
were managed with nailing should be allowed to use axillary crutches within 2 weeks from surgery.!©269 In all cases, the aim is to mobilize the shoulder 
and elbow joints as early as possible following the nailing procedure. Routine follow-up consists of radiographic and clinical assessment in the outpatient 
clinic at 4- to 6-week intervals until fracture healing. Thereafter, the follow-up visits must continue at 2- to 3-month intervals until the completion of 
functional recovery of the arm. 


Potential Pitfalls and Preventive Measures 


Antegrade IMN of Diaphyseal Humeral Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Problems with the image intensifier e Image intensifier is positioned and images are taken after positioning and before skin aseptic 
preparation. 
e Position the patient in such a way that metal items from operating table and supports will not obstruct 
viewing 


e Ifthe image intensifier remains on the opposite side of the injured arm, take care that it can pass 
underneath the operating table without obstacles (such as the leg of the operating table) 


Leaving the nail unlocked distally e If this technique is chosen, some alternative form of distal fixation (i.e., expandable nail) is 
recommended 
Rotational malalignment e Rotation should be checked carefully before locking the nail especially for transverse fractures. 


Matching fracture edges (key of reduction) or cortices thickness can guide rotation. 


Injury of the rotator cuff e Select carefully the correct entry point for the nail. Do not incise the rotator cuff more than 1-1.5 cm 
“Blind” insertion of locking screws nearby important neurovascular e Open approach for locking screws close to vulnerable soft tissues 
structures 


IMN requires unobstructed imaging of the operating field with the image intensifier; so the location of the image intensifier in relation to the patient, the 
surgeon, the assistant, and the scrub nurse is of paramount importance. The patient’s positioning should allow viewing without any metal items obscuring 
the image. If the image intensifier is located on the opposite side of the injured arm, it should provide images of the whole humerus without obstacles (e.g., 
the leg of the operating table). 

A frequent pitfall with the antegrade nailing is the unnecessary damage to the rotator cuff. This can be avoided by selecting carefully the entry point of 
the nail with the use of the image intensifier. Such careful selection should require 1- to 1.5-cm incision to the rotator cuff that will cause minimal 
postoperative shoulder pain and will result in better restoration of the ROM. Verdano et al. studied the clinical and sonographic impact on the rotator cuff 
from the use of the anterolateral approach in 48 patients who had sustained fracture of the humeral diaphysis and were treated with antegrade nailing. 
Although they concluded that the antegrade humeral nailing ensures a good functional result with no significant clinical or sonographic impact on the 
rotator cuff, insertion site morbidity remains an issue with some patients. 

Rotational malalignment may happen during closed nailing of humeral fractures, especially for transverse fractures. Lin et al. suggest that arm position 
may significantly affect humeral rotational alignment and ROM during closed nailing. They recommend that closed nailing of humeral shaft fractures 
should be performed with the patient’s upper arm in the resting position. !®! 

Locking screws should be carefully used in humeral nailing to avoid iatrogenic injury of important soft tissue structures. If the design of the nail allows 
the choice of “safe” screws, these screws should be preferred; screws that are close to vulnerable soft tissues should be inserted with adequate incisions that 
will allow direct visualization of structures in danger. A nail wedged tightly within the distal humeral canal, in an effort to avoid locking screws, increases 
the risk of iatrogenic fracture at the tip of the nail (Fig. 37-27). 


New fracture at the tip of a “fixed” nail that was inserted too tightly to avoid distal locking with screws. 


The use of flexible intramedullary rods for the treatment of diaphyseal humeral fractures was popular in the last two decades of the previous century, with 
diverging results. There were reports of high fracture union rate, low complication rate, and good functional outcomes,*’’’° while others reported high 
complication rates and problems with functional recovery of shoulder and elbow joints.*** Although the use of flexible rods continued,*”-’* it is generally 
accepted that operative management of fractures should, in general, provide adequate stability to the fracture site. A stable environment promotes fracture 
union and allows early mobilization and return to activities without the need for adjuvant stabilization (i.e., brace). This has resulted in ongoing 
investigation with many studies indicating the need to modify the nailing technique and the nail design to accommodate the unique anatomical and 
biomechanical characteristics of the humerus. ”®9/+79,199,41>, 

Interlocked humeral nails appeared since the beginning of 1990s and remain in use for the management of diaphyseal humeral fractures, as the reported 
outcomes are satisfactory and complication rates have been declining with time. Blum et al. presented satisfactory outcomes from using an unreamed, 
locked humeral nail with both antegrade and retrograde techniques in 84 diaphyseal humeral fractures.” Operating time was less than 90 minutes in 85% of 
the cases and union rate was 91.2% in an average of 13 weeks. A number of complications occurred and included the need for open reduction, fissuring, or 
additional fracture during retrograde nailing, difficult distal interlocking, transient secondary radial nerve palsy, and the need for additional hardware to 
enhance fracture stability. While most patients regained shoulder motion and functionality, 3.7% had poor shoulder function after antegrade nailing and 
1.8% had poor elbow function after retrograde nailing. Subsequent studies had similar good outcomes.°”°?-*"»*°" Miickley et al. reported good outcomes 
with the use of an interlocked humeral nail that was cannulated and also offers an option for compressing the fracture site.“ The series consisted of 36 
fractures treated with both the antegrade and retrograde techniques. Only one fracture did not unite, and complications included fracture during nail 
insertion in 2 of the 14 retrograde cases and one breakage of a locking screw because of overbending when using the compression mechanism. Functional 
recovery was satisfactory with an average Constant score of 88 for the shoulders and an average MEPI score of 97 for the elbows. There were no significant 
differences in the functional outcomes of the shoulder and the elbow between antegrade and retrograde techniques. Metsemakers et al. organized a study to 
evaluate critically the results regarding the nailing of 125 diaphyseal humeral fractures during a 13-year period, 107 of which were treated with the 
antegrade technique.“’’ Without differentiating the results depending on the antegrade or retrograde technique, the failure analysis showed that 6 (4.8%) 
patients developed nonunion, 1 (0.8%) patient was diagnosed with a deep infection, and 5 (5%) patients underwent surgical revision due to early technical 
failures. The authors concluded that this was a valid therapeutic option for humeral shaft fractures. Nevertheless, Baltov et al. reported high complication 
and failure rate in a series of 111 patients, of whom 105 were managed with antegrade “fixed” nailing with the use of several interlocking nails.“* The 
intraoperative complications included fracture distraction, long proximal locking screws, long nail, additional diaphyseal fracture, and significant settling of 
the nail. Postoperatively, 32.5% of the patients suffered chronic shoulder pain. Secondary displacement with proximal protrusion and telescoping of the nail 
occurred in 4 patients, breakage of interlocking screws occurred in 3 and nonunion in 2 cases (1.8%). Shoulder function was graded excellent and very good 
in 93 (83.8%) of patients, according to Constant—Murley score. The authors recommended that there should be strict adherence to proven indications and 
good surgical technique in order to allow interlocking nailing to bridge the gap between functional bracing and the plating. Because of inconsistent results, 
the use of nails with alternative distal locking mechanisms is declining.” >=} 


Retrograde Nailing 


PREOPERATIVE PLANNING CHECKLIST 


/ | Retrograde IMN of Diaphyseal Humeral Fractures: 


OR table LJ Regular orthopaedic table with radiolucent shoulder and arm support 

Position LJ Prone/lateral 

Fluoroscopy location LJ On the injured side 

Equipment LJ Battery drill, guidewires of same length, hand and power reamers, distal targeting device (optional) 
Implants LJ Humeral intramedullary nails and sets, K-wires, locking screws 


Preoperative planning for retrograde IMN of a diaphyseal humeral fracture is no different from what was described previously for the antegrade nailing. 


Positioning 

The patient can be positioned either prone or in the lateral decubitus position. Prone positioning is generally preferred as it facilitates better the viewing of 
the whole humerus. The image intensifier remains on the same side as the injured arm. The arm is positioned on a radiolucent support that must allow at 
least 100- to 110-degree elbow flexion, to facilitate insertion of the nail (Fig. 37-28). Correct rotational alignment is achieved in this position without further 
manipulation of the arm. If the general condition of the patient or any other reason does not allow prone positioning, it is possible to perform retrograde 
nailing of the humerus on the lateral decubitus position. It is of paramount importance to ensure preoperatively that good images of the humerus, shoulder, 
and elbow can be obtained. 


Figure 37-28. Patient positioning for retrograde nailing. 


Surgical Approach 


With the patient prone, as previously described, the skin incision is 4 to 5 cm, longitudinal from the tip of the olecranon, extending in a proximal direction 
(Fig. 37-29). The fascia over the triceps tendon is incised longitudinally and the underlying tendon and muscle are split with blunt dissection in line with the 
skin incision until the olecranon fossa can be seen. As there are no vulnerable structures in the area, there are no variations of this approach. 
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Figure 37-29. Skin incision for retrograde nailing. 


Technique 


KEY SURGICAL STEPS 


/ Retrograde IMN of Diaphyseal Humeral Fracture: 


Expose the posterior supracondylar humeral cortex 
Open a 1 x 2 cm entry portal by connecting multiple drill holes with an osteotome 
Reduce the fracture under image intensifier control (usually with manual traction) 
Pass the guidewire through the fracture to the proximal fragment 
Ream the distal humeral canal to reduce the risk of iatrogenic fracture during the insertion of the nail 
e Take care not to create a fracture at the supracondylar area with the reamers. Hand reaming is preferred 
e Avoid injuring the radial nerve with the reamer whenever the fracture is located at the middle/distal humeral diaphysis 
Introduce the selected nail to its final position 
e Take care not to create a fracture at the supracondylar area 
e Maintain fracture reduction during the insertion of the nail 
e Do not allow distraction at the fracture site 
LJ Lock the nail distally with the use of a targeting device and proximally in a freehand fashion 
e Long targeting devices are not reliable 
e Never leave a nail unlocked 
e Avoid neurologic injury from the use of locking screws. Percutaneous locking should be avoided 


The entry portal for retrograde nailing must accommodate the eccentric insertion of the nail into a narrow canal. It is usually formed by multiple drill holes 


that are connected with an osteotome and its dimensions should be at least 10 mm by 20 to 25 mm (Fig. 37-30A). It is important to smooth the edges of the 
entry hole and de-roof the bone at its proximal end with a burr to facilitate the insertion of the nail. Reduction of the fracture is then performed either with 
gentle manipulation or with the use of a reduction rod (joystick) under image intensifier control. If the nail is cannulated, a guidewire is inserted and passed 
through the fracture site to the proximal fragment. As with antegrade nailing, reaming of the humeral canal is a controversial issue. However, as there are 
not any vulnerable structures in the posterior distal humerus, gentle reaming of the narrow distal humeral canal should be performed to facilitate the 
insertion of the nail. Care should be taken not to create an iatrogenic fracture at the supracondylar area either with aggressive reaming or with careless 
introduction of the IMN. The appropriate size nail is introduced and advanced to the proximal humerus (Fig. 37-30B,C). The proximal and distal 
interlocking procedures are similar to those described previously for the antegrade nailing (Fig. 37-30D—F). The fascia of the triceps tendon is repaired and 
approximation of the subcutaneous tissue and the skin is performed as usual. Suction drainage is optional. 


Postoperative Care 


Thromboprophylaxis should not be necessary for uncomplicated, isolated, fractures. Postoperatively, patients should have their arm on a collar and cuff 
support and therapy is as described after antegrade nailing. The physiotherapy program should be modified in patients with multiple injuries to 
accommodate the patient’s general condition and accompanying comorbidities.! In all cases, the aim is to mobilize the shoulder and elbow joints as early 
as possible following the nailing procedure. Routine follow-up consists of radiographic and clinical assessment in the outpatient clinic at 4- to 6-week 


intervals until fracture healing. Thereafter, the follow-up visits must continue at 2- to 3-month intervals until the completion of functional recovery of the 
100,249,269 
arm. oe 
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Figure 37-30. Retrograde nailing of a mid-distal diaphyseal humeral fracture. A: The entry portal for the nail. B: Nail insertion. C: Nail passage to the proximal 
fragment. D: Final position and distal interlock under direct vision. E: Proximal interlock with freehand technique distal to the surgical neck for avoidance of iatrogenic 
injury to the axillary nerve. F: Final anteroposterior x-ray. 


Potential Pitfalls and Preventive Measures 


Retrograde IMN of Diaphyseal Humeral Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Problems with the image intensifier e Position the patient in such a way that metal items will not obstruct the viewing 
e The positions of the image intensifier, the assistant, and scrub nurse should be allocated precisely in 
order to avoid contamination of the operating field 


Rotational malalignment e Rotation should be checked carefully before locking the nail especially for transverse fractures. 
Not locking the nail proximally e The proximal humeral canal is wider than the distal. Therefore, locking proximally is mandatory 
Underestimate the danger for supracondylar iatrogenic fracture e Open a sizable entry portal 


Enlarge the distal humeral canal with careful hand reaming 
e Flex the elbow >100 degrees during nail insertion 


IMN requires unobstructed imaging of the operating field with the image intensifier; so, the location of the image intensifier in relation to the patient, the 
surgeon, the assistant, and the scrub nurse is of paramount importance. The patient’s positioning should allow viewing without any metal items obscuring 
the image. 

Locking screws should be inserted carefully in order to avoid iatrogenic soft tissue damage. Those inserted at the shoulder area should be inserted with 
small but adequate incisions that will allow direct visualization of the area and identification of neurovascular structures, especially the axillary nerve. The 
most important pitfall during retrograde nailing is creation of a fracture at the supracondylar area either during the reaming or during the insertion of the 
nail. The reasons for this devastating complication include the narrow distal humeral canal, the hardness of the bone in the area, and the eccentric 
introduction of the nail within the humeral canal because of the presence of the olecranon. Preventative measures include the opening of an adequate entry 
portal, use of hand reamers to enlarge the distal humeral canal, and flexion of the elbow during nail insertion as much as possible (>100 degrees) to 
minimize the olecranon interference. 


Outcomes 


Flexible intramedullary rods used with the retrograde technique in the past had high complication rates and significant problems with the functional 
recovery of the arm.*8!4 

Hackethal was perhaps the first who described a dedicated retrograde “bio” nailing technique with multiple, stacked, flexible intramedullary rods, for the 
management of diaphyseal humeral fractures.!”° The first reports in the English literature regarding the use of Hackethal nailing technique in the humerus 
did not appear until 2 decades later. Afterward, the technique was widely used??” until the end of the 20th century, when the more sophisticated, retrograde 
Marchetti-Vincezni humeral nail attracted a lot of attention.!°*793 Despite the initial encouraging results, the popularity of the Marchetti-Vincezni nail 
declined, as the literature could not support its use in preference of other better validated forms of treatment.2°4777 

Similarly to the antegrade nailing, it became generally accepted that the fracture site required a stable environment for the promotion of fracture healing, 
while the patient should be allowed to mobilize the shoulder and elbow joints and return to everyday activities early without the need for close medical 
supervision.°”-!83 This has resulted in the making of “fixed” humeral nails, some of which could be inserted with both the antegrade and retrograde 
techniques.2+®°.710.260 Blum et al. presented satisfactory outcomes from using the unreamed humeral nail (UHN, Synthes) in 84 patients with diaphyseal 
humeral fractures, 57 of which underwent retrograde nailing.** Despite the high union rate (91.2% in an average of 13 weeks), a number of complications 
occurred, mainly in the retrograde nailing group, and included the need for open reduction, fissuring, or additional fracture, difficult distal interlocking, 
transient secondary radial nerve palsy, and the need for additional hardware to enhance fracture stability. While most patients regained shoulder motion and 
functionality, 1.8% had poor elbow function after retrograde nailing. Subsequent studies with the UHN had similar outcomes.89:249.260 Although the UHN 
offers a mechanism that enables compression of specific fracture types (OTA/AO A2 or A3), most authors do not describe the use of this mechanism, 
suggesting that compression may not be considered necessary. Miickley et al. reported good outcomes with the use of another “fixed” humeral nail (T2, 
Stryker), which is cannulated and also allows compression at the fracture site.”!° The series included 14 fractures treated with the retrograde technique. One 
fracture did not unite, and in another case, a fracture occurred during nail insertion. Functional recovery was satisfactory with an average Morrey score of 97 
for the elbows. 


External Fixation 


Preoperative Planning 


External Fixation of Diaphyseal Humeral Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Regular orthopaedic table with radiolucent arm support and forearm extension 

Position/positioning aids LJ Supine, beach chair, with aids 

Fluoroscopy location LJ On the injured side or opposite side 

Equipment LJ Battery drill, large bone reduction tools, tools for the removal of existing implants, tools for bone graft harvesting, allograft 
Implants LJ Monolateral external fixation, hybrid external fixation, “Sarmiento” rings, humeral external fixation pins, large and small 


fragment standard sets, K-wires 


In the acute setting, external fixation is an emergency procedure used to save either the limb or the patient’s life (Fig. 37-31). Under these circumstances, 
there may be insufficient time for planning, especially if it is expected that definitive fixation of the fracture will follow. However, especially in some cases 
of multiple injured patients, it may not be feasible to return to the operating room for definitive fixation and the external fixator may be the definitive 
treatment. For this reason, even in the acute setting of a damage control situation, surgeons must try to apply the external fixation efficiently, bearing in 
mind that there may not be another opportunity to correct problems related to fracture reduction and limb alignment. Preoperative preparation must include 
adequate imaging of the fractured humerus, as the surgeon must be aware of the integrity of the proximal and distal parts of the bone where the pins of the 


external fixator will be inserted. 

Complete and detailed preoperative planning is needed in cases where the external fixation is performed as an elective procedure; for example, for 
treatment of a nonunion of a humeral fracture. The planning must include the removal of previously inserted implants with provision of suitable instruments 
for removal, organization of the necessary equipment, and tools for the surgical debridement, decortication, and harvesting of bone graft. Availability of 
allograft or bone substitutes should also be ensured. Finally, there should always be an alternative plan in case of unexpected problems. 


Technique and Postoperative Care 


The patient is positioned supine with the arm on a radiolucent support. In the acute setting, two or three pins are inserted above and below the fracture under 
image intensifier control for confirmation of fracture alignment and correct placement of the pins (see Fig. 37-31B). Open placement of pins is always 
recommended due to the vicinity of neurovascular structures. Adherence to proper surgical technique and regular review of the fracture healing process will 
allow adjustments of the fixator to improve alignment or provide compression whenever indicated. As pin track infection is one of the anticipated problems 
postoperatively, daily pin track care should be undertaken. 


Outcomes 


On reviewing outcomes of the management of humeral shaft fractures with external fixation, it should be borne in mind that in most studies, external 
fixation is used for the management of complex cases (e.g., open fractures or multitrauma patients) that are prone to complications and adverse outcomes. 
Marsh et al.!°° and Mostafavi and Toretta?°° evaluated 15 and 18 such patients, respectively. Almost half of the patients in both studies suffered pin track 
infections, while there were two refractures after the removal of the fixator, four nonunions, and three malunions. Mostafavi and Tornetta reported good to 
excellent function in only 12 of the 18 patients.2°° Nonunion occurred in four out of seven diaphyseal humeral fractures that were treated with external 
fixation by Choong and Griffiths.” Somewhat better results were reported by Ruland in a mixed group of 16 closed and open fractures of the humeral shaft 
that were treated with external fixation.” Even better outcomes have been reported when the external fixation has been used in cases with less complicated 
humeral shaft fractures. Catagni et al. undertook a retrospective review of 84 acute diaphyseal humeral fractures, treated with external fixation.4* Only four 
were open injuries. There was an average operative time of 30 minutes (18-50 minutes) and the hospital stay for the isolated humeral fractures was 3.5 
days. All fractures healed by 6 months from the accident while 80% of the patients achieved excellent or good shoulder functional outcome based on the 
Constant score and 93% obtained excellent or good elbow functional outcome. The only complication recorded was superficial pin track infections in 12% 
of patients. de Azevedo et al. and Scaglione et al.?66 treated 58 and 85 acute diaphyseal humeral fractures, respectively, with external fixation, and 
reported similarly good results. 

Despite the favorite results from these studies, modern plating and nailing techniques are dominating while nonoperative treatment is still considered an 
excellent option for the treatment of uncomplicated diaphyseal humeral fractures. Nevertheless, external fixation has a key role in the management of open 
fractures and in the damage control procedure regarding patients with multiple trauma. However, most surgeons would plan to replace the external fixation 
with another form of fixation when circumstances allow. Suzuki et al. tried to verify the safety, efficacy, and best timing for the removal of the “temporary” 
external fixator and insertion of a definitive implant.°° They revised the unilateral external fixation to plating within 2 weeks of injury in 17 patients who 
had sustained multiple trauma and severe open fractures. Two infected nonunions occurred while the other fractures healed at an average time of 11.1 
weeks. They concluded that immediate external fixation with planned conversion to plate fixation within 2 weeks is a safe and effective approach for the 
management of humeral shaft fractures in selected patients with multiple injuries or severe soft tissue injuries that preclude early definitive treatment. 
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Figure 37-31. A: Open fracture (IIIb according to Gustilo and Anderson classification) of the distal humeral diaphysis and the olecranon. B: Immediate plating of the 
olecranon and external fixation to the humerus. C: Conversion to “fixed” intramedullary nailing and autologous grafting 4 weeks later. D, E: Clinical picture at 2 
months postnailing. The final ROM was 20 to 115 degrees. 
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Comparison Studies 


Since 2000, antegrade “fixed” IMN has been compared with ORIF in seven well-organized randomized studies.49:4447,84,165,202,243 

The studies produced diverging results. Chapman et al.*” and Kulkarni et al.!® treated randomly 84 and 56 diaphyseal humeral fractures, respectively, 
with either ORIF or nailing. They found equivalence in fracture healing rates and similar problems related to pain and stiffness of the shoulder and elbow 
joints, with similar complication rates. The studies concluded that IMN and compression plating techniques provide predictable methods for achieving 
fracture stabilization and ultimate healing. However, simultaneously with Chapman et al., McCormack et al. published a prospective randomized study of 
44 fractures treated randomly with either plating or nailing.*°? They reported that IMN had a higher rate of complications including shoulder impingement. 
The authors suggested that plating remained the best treatment for unstable fractures of the humeral shaft because IMN was technically more demanding 
and had a higher rate of complications. Similar results were reported by Denies et al. who compared interlocked humeral nailing with open plate fixation in 
a substantive group of 91 patients who had sustained humeral shaft fractures.’! The authors proposed that plating should be the method of choice for the 
operative management of humeral shaft fractures while nails should be used in pathologic fractures, in morbidly obese and osteopenic patients, and large 
segmental fractures of the humerus. In a recent study on 63 humeral shaft fractures, Akalin et al. reported similar outcomes concerning union time, 
nonunion rate, iatrogenic radial nerve palsy, and reoperations but the plate and screws group had a significantly better shoulder function and less pain.* 

In contrast, Changulani et al. and Fan et al. found a higher rate of complications with plating while they observed decreased intraoperative blood loss, 
shorter operative times, hospital stays, and union times with nailing. Both studies concluded that nailing is a better surgical option for the management of 
diaphyseal fractures of the humerus.“*°* Further evidence was provided by Heineman et al. when they updated their own synchronous meta-analysis 
examining the dilemma of plating or nailing for humeral shaft fractures.!*°!2” While in the initial meta-analysis the authors concluded that pooling of the 
data failed to provide a firm conclusion because of the heterogeneity of implant types and fracture patterns, the addition of 34 patients from a study by Putti 
et al. changed the conclusions in favor of plating.” A systematic review that was published in 2011 by Kurup et al. reviewed the available studies and 
concluded that IMN is associated with an increased risk of shoulder impingement, with an increase in restriction of shoulder movement and also increased 
need for removal of hardware while there was insufficient evidence to determine if there were any differences including functional outcome.!® Dai et al. 
organized a meta-analysis of all available randomized control trials (RCTs) and nonrandomized studies.* The conclusion was that nailing may cause more 
method-related complications and shoulder impairment than plating, although it may lead to a lower risk of infection and postoperative nerve palsy and they 


recommended more RCTs in the future. 

In 2013, Chen et al. reviewed a social insurance program to identify patients who had sustained a humeral shaft fracture between 1993 and 2007 and 
were treated with ORIF or nailing.*9 They identified 451 patients (172 with plates and 279 with nails) who had complete 1-year follow-up data. Analysis of 
the findings regarding operating time, reoperation rate, and 1-year mortality revealed that nailing has a shorter mean operative time and the two surgical 
techniques had no significant differences in terms of risk of secondary procedures and 1-year mortality. Shoulder joint impairment was the main problem 
with antegrade nailing. In a study designed to compare the functional outcomes of the shoulder joint in 73 patients, 44 patients underwent antegrade nailing 
and 29 ORIF with a DCP.°! There was no statistically significant difference in shoulder pain, functional scores, or isometric strength parameters between 
the two groups. Shoulder joint motion and strength did not recover to normal after humeral shaft fracture and the authors concluded that antegrade nailing, if 
performed properly, should not be considered responsible for shoulder joint impairment. However, these findings were disputed by Li et al. who showed 
that patients who underwent antegrade IMN, apart from having lower shoulder functional scores and a decreased range of shoulder motion, also had a 
greater degree of malrotation of the humeral fracture than patients who underwent plating. 176 

In a recent meta-analysis published in 2022, the authors studied acute, closed, diaphyseal humeral shaft fractures in adult patients without prior radial 
nerve palsy. They found that the relative risk of nonunion was not significantly different between plating and nailing, but the study findings suggest there is 
a higher relative risk of iatrogenic radial nerve palsy and a longer time to union with plating compared to nailing.° 

It appears that the available data regarding the comparison of plating with IMN for the humeral shaft fractures have not produced definitive conclusive 
results possibly because of the small number of acute fractures that are treated operatively, the ongoing development of new implants and techniques, and 
the long learning curve required for these techniques. However, following a search in the records (3.430 cases) of American Board of Orthopaedic Surgery 
Part II database from 2004 to 2013, Gottschalk et al. showed that currently the majority of surgeons prefer plating for acute humeral shaft fractures (in 2013, 
79% of cases were plated).!!* Paradoxically, the study did not reveal any significant difference in the rate of nonunion while the nailing cohort had lower 
complication rates, such as infections and nerve palsies. The authors concluded that possible reasons for this shift in treatment to plating include the 
potential impact of recent publications highlighting complications of IMN and increased surgeon attention to cost containment. 


Antegrade or Retrograde Humeral Nailing? 


There have been several reports about the use of both antegrade and retrograde nailing techniques in the management of humeral shaft fractures. However, 
comparison studies of the two techniques are scarce with small number of patients and therefore the scientific evidence regarding the superiority of one over 
the other is weak. In 2008, Cheng and Lin published a prospective, randomized study of patients who had sustained fracture of the middle part of the 
humeral diaphysis and were treated with the same nail.°! Forty-four patients underwent antegrade nailing while 45 underwent retrograde nailing. The only 
statistically significant difference perioperatively was a longer operating time for retrograde nailing. Fracture union rate was similar (95% and 93%, 
respectively) and time to healing did not differ significantly (10.8 and 12 weeks, respectively). Although the average Neer score was similar in both groups, 
the antegrade group needed a significantly longer time for shoulder functional recovery. Similarly, for elbow joints, the average postoperative MEPI score 
(96.3 vs. 94.8) did not differ significantly between the two approaches, but the retrograde approach needed a significantly longer time for elbow functional 
recovery. However, all patients, except those with associated injuries, resumed their pretrauma occupations or activities. Bearing in mind differences in the 
two treatment groups, the authors recommended that retrograde nailing should be used in patients with a wide medullary canal or preexisting shoulder 
problems and antegrade nailing should be used in patients with young age or a small medullary canal. In another study, Miickley et al. treated 36 diaphyseal 
humeral fractures with both the antegrade and retrograde techniques with the same nail.?!° Only one fracture did not unite and complications included 
fracture during nail insertion in 2 of the 14 retrograde cases and 1 breakage of a locking screw because of overbending when using the compression 
mechanism. Comparison of the two techniques regarding the functional recovery of the shoulder and elbow joints did not reveal any significant difference. 

Conversely, a recent meta-analysis of 7 studies including 384 patients (200 antegrade, 184 retrograde) reported a significantly lower complication rate 
with retrograde nails (OR 1.77, p = 004, 95% CI 1.02,3.06; p = .04). Antegrade nails were associated with shorter operative time (MD —13.69, p > .00001). 
There was no significant difference in time to union and intraoperative blood loss between the two techniques.!®7 

The surgeon’s experience with the different devices and the location of the fracture are the primary considerations when choosing either implant. 


ORIF or MIPO? 


MIPO has been introduced in the management of humeral shaft fractures as an advancement of the open plating technique (ORIF). It aims to lower the risk 
of infection and nonunion caused by extensive approach and soft tissue stripping, and, finally, to produce a better cosmetic result. However, MIPO also 
challenges IMN, as it combines the limited invasiveness and preservation of the fracture hematoma with the avoidance of the violation of the rotator cuff 
and the risk for iatrogenic fracture at the supracondylar area of the humerus. It was therefore inevitable that, following the description of the technique and 
the initial case series studies, orthopaedic traumatologists would organize comparison studies in order to validate the new proposal for the operative 
management of diaphyseal humeral fractures. An et al. were of the first to compare ORIF with MIPO in a retrospective study, published in 2010. The 
comparison of 16 mid-distal diaphyseal humeral fractures that were treated with ORIF with 17 similar fractures that were treated with MIPO concluded that 
MIPO offers advantages in terms of reduced incidence of iatrogenic radial nerve palsies, accelerated fracture union, and a similar functional outcome with 
respect to shoulder and elbow function.!° A subsequent semiprospective study by Oh et al. treated equally distributed simple and more complex fractures of 
the humeral diaphysis with ORIF (30 cases) and MIPO (29 cases).22! They concluded that MIPO may achieve comparable results with the ORIF in simple 
as well as complex fractures of humeral shaft and that, despite the radiation hazard, it may reduce the perioperative complications with a shortened 
operation time. Similar conclusions were drawn from a prospective study by Kim et al. who treated 32 diaphyseal humeral fractures with ORIF and 36 with 
MIPO who stressed that the surgeon should be experienced with the less invasive techniques.!°° The accumulated enthusiasm was tempered by Wang et al. 
who compared the ORIF and MIPO techniques with regard to the incident of postoperative deformity (resulting from malreduction of the fracture) and the 
functional results.*!* Although fracture union rates were similar in the two treatment groups, the MIPO technique did not improve postoperative function 
and strength restoration results more than the open technique. Moreover, MIPO was associated with greater postoperative malrotation, which was 
considered to correlate with subsequent long-term shoulder degeneration. MIPO has also been compared to IMN in a number of studies. Lian et al. 
prospectively compared 24 MIPO with 23 IMN procedures for the management of similar mid- to distal third fractures of the humeral shaft.'”” The study 
resulted in similar outcomes in both treatment groups. However, it was indicated by the authors that MIPO might have shorter time to fracture union, lower 
incidence of iatrogenic radial nerve palsy, and better functional outcomes compared to IMN. The authors proposed that MIPO is a good option for complex 
fractures and IMN is a good option for relatively simple fractures. Benegas et al.?8 prospectively studied the effect on shoulder function after treating 


displaced fractures of the humeral shaft with either antegrade IMN or MIPO. At 1 year postoperatively, no significant difference was found with regard to 
shoulder or elbow function between the MIPO and locking IMN. Complications, such as infection, symptomatic shoulder stiffness, and neurapraxia of the 
lateral cutaneous nerve of the forearm, were similar between the two groups and only one fracture in the IMN group did not unite. It was concluded that, 
despite the limited power of the study, there did not appear to be any significant differences in shoulder function between antegrade IMN and MIPO for the 
treatment of displaced humeral shaft fractures. Kulkarni et al. studied retrospectively 112 patients who underwent surgery for diaphyseal humeral fractures 
with three different techniques: 44 had antegrade, reamed, IMN, 34 open reduction and plate fixation, and 34 MIPO.!®° The time to heal was shorter in the 
nailing group. However, 10 patients in the nailed group and 5 patients in the open plating group developed nonunion while this complication did not happen 
in any of the patients in the minimally invasive plating group. Furthermore, the patients in the minimally invasive plating group had better ROM 
postoperatively than the other two groups. Based on these observations, the authors concluded that the MIPO performed better that antegrade nailing or 
open plating osteosynthesis with respect to nonunion, functional outcome, and complication rate. 

Several meta-analyses have tried to clarify the evidence regarding the management of diaphyseal humeral fractures by reviewing and statistically testing 
all relevant comparison studies between the MIPO and ORIF or MIPO and IMN techniques, and suggested that MIPO has better clinical outcomes with 
lower rate of complications. 1?™>134 However, the authors indicate that there may be poor reporting of randomization protocols, attrition bias, or reporting 
bias of the primary studies and they recommended more high-quality randomized trials for the verification of the initial impression. 

Finally, Matsunaga et al. organized a prospective randomized trial to compare the MIPO (58 fractures) with functional bracing (52 fractures) for the 
management of diaphyseal humeral fractures.°! The study demonstrated that MIPO was statistically better in the self-reported outcome (DASH score) at 6 
months, the nonunion rate, and the residual deformity in the coronal plane as seen on radiographs after the surgery. 


Author’s Preferred Treatment for Humeral Shaft Fractures 


Simple, uncomplicated diaphyseal humeral fractures can be treated with functional bracing. If the patient has not sustained any other injuries that may 
require admission to the hospital, a U-slab cast is applied in the emergency department and follow-up in the outpatient clinic is arranged in a week’s 
time. At that time, the cast is replaced with a functional brace, as recommended by Sarmiento et al.,2°* and AP and oblique radiographs of the humerus 
confirm that the alignment and overall position of the fractured humerus can be accepted. If this will be the case, the patient returns in 2 weeks for 
another radiographic assessment. Sometimes, the brace can be modified and angled to correct deformity. The functional bracing will continue until 
satisfactory bridging callus will be shown on the radiologic examination, something that is usually happening at about 10-12 weeks from injury. At this 
stage, the patient is referred for physiotherapy and is advised to return gradually to everyday activities but to retain from physical, strenuous for the 
injured arm, actions for at least another 6-8 weeks. Patients are routinely advised to take vitamin D supplements, to stop smoking and monitor closely 
their blood sugar levels for diabetics patients. In any case, a full clinical and radiologic examination of the fractured upper limb happens prior to 
discharge from the outpatient clinic. 

Young and active patients are often offered surgery if they wish early return of function and return to work. Fracture fixation allows early range of 
motion and is less cumbersome than functional bracing for active, working-age adults. Similarly, elderly patients that need to mobilize quickly or need 
to use a walker may benefit from surgical fixation. Whenever surgical treatment is indicated, our preferred method is open reduction and plate fixation 
(Algorithm 37-1). This technique is relatively easy, allows for safe visualization of neurovascular structures and is indicated for experienced and less 
experienced surgeons. 

However, our treatment of choice for pathologic fractures is locked IMN, which offers a reliable, quick, and atraumatic solution that serves as 
palliative treatment, and facilitates radiation at the fracture site. 100-102 


Humeral shaft fracture 
Nonoperative management for uncomplicated Surgical treatment for fractures with surgical 
fractures that can be well-aligned in a functional brace indication 


Acute Delayed union Nonunion Pathological 
(up to 2-4 weeks) (3-6 months) (>6 months) a readin 


Following nonop treatment: Debridement, 
“Fixed” nailing and percutaneous stem cells autologous bone 


Following well-performed ORIF: grafting, and 

Wait 1-3 months, then treat as nonunion compression “Fixed” 
Following suboptimal ORIF: plating Sustilo 1 custto n Gusti mi 
Redo and BG 


Following IM nailing: 
Augmentation plating and BG 


“bio” 
nailing nailing 


Nailing asin} | Casting and External fixation 
closed conversion and conversion to 
fractures to nailing nailing or plating 


Algorithm 37-1 Author’s preferred treatment for humeral shaft fractures. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
HUMERAL SHAFT FRACTURES 


Humeral Shaft Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


General 


e Nonunion 
e Infection 
e Secondary neurologic injury 


Implant-specific 


Plating 

Loss of fixation 

Nailing 

Injury to vulnerable soft tissues by the locking screws 

Nail protrusion and impingement (antegrade nailing) 
Shoulder dysfunction (antegrade nailing) 

“Backing out” of proximal locking screws (antegrade nailing) 
Fracture at the supracondylar area during insertion (retrograde nailing) 
Complications attributed to specific nail design 

External fixation 

Pin track infection 

Refracture after removal of the fixator 


Adverse outcomes and complications after diaphyseal humeral fractures can be separated into two categories, those that occur with all treatment methods 
and those that are related to specific surgical or nonsurgical techniques. 


GENERAL ADVERSE OUTCOMES AND COMPLICATIONS 


Nonunion 
Incidence 


The prevalence of nonunion for diaphyseal humeral fractures has been reported as 1% to 10% after nonsurgical and 10% to 15% after surgical 
management. !28.258,264 

The increased incidence of nonunion after surgery may reflect a selection bias, as simple fractures are managed conservatively and more “difficult” 
fractures are treated operatively. Fractures that are open, segmental, transverse, highly comminuted, with significant displacement, bone loss, or in patients 
with multiple injuries are usually not amenable to conservative management and, by definition, have higher risk for nonunion.'? Factors like smoking, 
diabetes, medications (such as nonsteroidal anti-inflammatory drugs), malnutrition, and noncompliance with physicians’ instructions may contribute to 
healing problems. Other conditions that inhibit fracture healing are preexisting shoulder or elbow stiffness and local infection. 134 

Nonunion following operative treatment is often the result of technical error (such as inadequate fixation or fracture site distraction) or mechanical 
failure.9>96 Therefore, the incidence of nonunion can be reduced with appropriate evaluation and assessment of the risk factors, careful selection of patients 
who would benefit from a specific treatment method, attention to the surgical technique, and proper implant selection. 


Treatment Options 


The management of nonunion of a diaphyseal humeral fracture is based on providing mechanical stability while stimulating biology at the nonunion site, 
because most humeral shaft nonunions are atrophic.??7:208,227,232,247 The most popular management for a humeral shaft nonunion has been ORIF with 
autologous bone grafting, }319%193,179,198,207,208,240,247 Patients with atrophic nonunion should be warned about the need for using autograft, allograft, bone 
morphogenetic proteins (BMPs), or the necessity for shortening if there is a bone defect.°®101111,207,208,240,304 

The traditional technique starts with wide exposure of the nonunion site and removal of previously inserted implants (Fig. 37-32A—C). Surgical 
debridement with removal of all dead bony fragments and fibrous tissue must be performed until healthy bleeding bone appears on both sides of the 
nonunion. The plate must be strong (4.5-mm DCP broad or narrow) with at least four screws above and four below the nonunion site (Fig. 37-32D). With 
the insertion of one or more lag screws, it is possible to reduce the number of the screws to three on each side of the plate.91-9%207,208,212,248,284 Fi erholzer et 
al. compared autologous iliac crest bone graft with demineralized bone matrix (DBM) in two groups of patients who had developed atrophic humeral 
nonunions and were treated with ORIF.!?8 Having achieved 100% and 97% union rates, respectively, the authors concluded that DBM can be used for 
standard graft augmentation in the treatment of humeral nonunions and delayed unions to avoid harvesting iliac bone graft (with its associated donor site 
morbidity).!”7° Extramedullary or intramedullary allografts have also been used successfully in the management of diaphyseal humeral nonunions with 
compression plating.!9°204:316 In the particularly difficult situation when a diaphyseal humeral nonunion occurs in an osteoporotic patient, Murena et al. 
recommended the use of BMPs and stem cells in addition to plating and structural allografting.*!! 

A relatively recent therapeutic approach for the management of aseptic nonunion of a diaphyseal long-bone fracture that was initially managed with 
IMN is to retain the nail in situ and apply compression plating at the nonunited site with or without bone grafting (augmentation plating).97:2!.252 This 
approach uses the load-sharing capacity of the nail with good axial and bending strength, while the plate provides additional rotational control, as it is 
believed that instability, mainly rotational, is the principle cause for the aseptic nonunion of a nailed diaphyseal long-bone fracture. Augmentation plating 
has been applied in aseptic humeral shaft nonunions as well as in femoral and tibial diaphyseal nonunions with favorable results. 108-110 The method can be 
used in conjunction with dynamization of the existing nail prior to the application of the plate and/or application of bone graft or other biologic stimuli at the 


nonunion site and thus enhance the osseous healing rates. Bearing in mind the best available evidence, augmentation plating seems to provide a good 
treatment option for the management of aseptic humeral shaft nonunion that happens after IMN. However, more high-quality studies are required for the 
verification of such an assumption. 
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Figure 37-32. A: Nonunited fracture in a polytrauma patient who was treated with intramedullary nailing 4 months after the accident and the nailing operation. B: 
Intraoperative picture (posterior approach) showing the nail removed, the radial nerve identified, and the nonunion debrided. C: The plate and bone graft has been 
applied and all screws tightened. D: Six months later, there was sound union of the fracture. 


Complications that can occur after plating and grafting a diaphyseal humeral nonunion site include persistence of the nonunion (up to 20%),°.207,208 
infection (0—10%),!133:179.195,207,316 and postoperative transient radial nerve palsy (0-18.5%).}6:193.179 Kakazu et al. reported that the incidence of 
postoperative radial nerve palsy following surgery for nonunited humeral shaft fracture may be more frequent than reported.!>! In their retrospective study 
of 54 operative repairs of nonunited diaphyseal humeral fractures, they documented an incidence of 18.5% (10 cases) of postoperative radial nerve palsy, 
three times higher compared with the average incident of operative intervention for an acute fracture. The authors suggested that this may be happening 
primarily because of callus or fibrous tissue formation at the site of nonunion that make the surgical intervention more difficult and “prone” for damaging 
the nerve. They also assumed that this complication might be more common than previously reported, as it is probably underdiagnosed in other studies that 
focus mostly on the union of the nonunited fracture. 

Functional outcomes following the management of diaphyseal humeral nonunions with plating osteosynthesis vary from good or excellent!*?-!°° to 
poor.'*> This dissimilarity possibly reflects the many factors involved, such as the duration of nonunion, the number and invasiveness of previous 
operations, the surgical expertise, and the quality of the rehabilitation program. Rubel et al. compared single to dual plating in 18 and 19 patients, 
respectively, who had humeral shaft nonunions.*°? There was a total 92% union rate and the authors concluded that although the dual plating construct is 
mechanically stiffer, there does not seem to be any detectable benefit from its use. 

IMN has been also used for the management of humeral shaft nonunions that have been initially treated with other methods. While there have been 
reports with favorable results from the use of interlocked nailing with or without bone grafting, !®3182:184 other studies did not show favorable 
outcomes.°”3°7 Disappointed with their results from the use of nailing for the management of nonunited fractures of the humeral diaphysis, Dujardin et al. 
stated that “rather than abandoning the technique, it would be advisable to conduct further research to determine what factors are determinants in its 
failures.”’® Toward this direction, supplementary implants, grafts, or technical improvements have been proposed in order to enhance the role of nailing in 
the management of humeral shaft nonunions. Alongside with the nail, Lin and Lin used allograft and interfragmentary wiring for the management of 58 
diaphyseal humeral nonunions and reported 96.9% overall union rate, minimal complications, and good functional outcomes.!** Fenton et al. used an IMN 
with a compression mechanism to achieve healing in 12 patients with humeral shaft nonunion,®® while Apard et al. used the compression feature provided 
by the nail that had been inserted during the initial operation.!* However, not all diaphyseal humeral nonunions can be compressed and not all humeral nails 
provide a compression mechanism. Furthermore, the option of reaming the medullary canal is controversial in the humerus and dynamization of the nail 
cannot be applied effectively in the upper limb.!°° An example of failed nonunion treatment is presented in Figure 37-33. In an effort to compare plating 
with nailing for the management of humeral shaft nonunions, Martinez et al. studied the records of 50 patients who had suffered aseptic/atrophic humeral 
shaft nonunion.!°? Twenty-four patients were treated with interlocking humeral nailing while 26 were treated with plating. Autologous bone graft was added 
in all cases. While they achieved 100% union rate and had minimal complications with both techniques, they concluded that nailing achieves earlier union 
with fewer complications. Some years later, Singh et al. conducted a prospective randomized study to compare interlocking nailing with LCP, with 20 
patients in each treatment group.” All nonunions treated with plating and iliac crest bone graft progressed to union while this occurred with 19 of the 20 
nonunions treated with antegrade IMN and iliac crest bone grafting. There was no significant difference in both the complication rate and in the time to 
union between the two groups. At the 2-year follow-up visit, there was no significant difference regarding the ROM of shoulder and elbow joints and the 
final functional outcomes between the two groups. The authors concluded that both implants offer reliable solution for the management of aseptic humeral 
diaphyseal nonunions. 
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Figure 37-33. A: Acute mid-shaft transverse right humerus fracture. B. Nonuniting diaphyseal humeral fracture that was treated with 3.5 plate at 12 months. C: 
Postoperative results of antegrade nailing with graft. D: Seven-year follow-up with nonunion and nail fracture. 


External fixators are not popular in the treatment of humeral nonunions because of the complex humeral anatomy, fear of pin track infection, iatrogenic 
radial nerve injury, or patients’ adverse comments about the fixator. Nevertheless, Lavini et al. treated 20 atrophic diaphyseal humeral nonunions with 
unilateral external fixation, decortication, and bone grafting while seven patients with hypertrophic nonunion were treated with unilateral external fixation 
only.!”2 All nonunions healed at an average time of 4.9 months with only six superficial pin track infections. Mariconda et al. also had good results with the 
use of unilateral external fixation in the management of 12 patients with nonunion of the humeral shaft but failed to show any benefit from the 
supplementary use of platelet gel.!% Ilizarov external fixation has been used more frequently than unilateral fixators for the management of all nonunion 
types (atrophic, hypertrophic, and infected) with good results and few complications (Fig. 37-34).!5%,23,296 Atalar et al. presented the results of a 
retrospective comparison of compression plating (21 cases), circular external fixation (36 cases), and unilateral external fixation (24 cases) used for the 
treatment of aseptic and atrophic humeral shaft nonunions.!® There was one case of persistent nonunion in each group and between three and five neurologic 
complications from the radial and ulnar nerves in each group of which 11 recovered spontaneously. The total complication rate was 24% for the plating 
group, 31% for the circular fixation group, and 25% for the unilateral fixation group. These differences were not considered statistically significant. There 
were no Statistical differences in union times or the DASH score between the three groups. The conclusion highlighted that, if performed properly, external 
fixation and plating can produce good results in the management of humeral shaft nonunions. 


F 
7 A: A transverse fracture of the middle third of the humeral diaphysis, treated with functional bracing, as appeared on the follow-up 3 months after an 
accident. B: Open reduction and internal fixation with a six-hole plate. C: Three months later, the fixation became painful, and the arm was swollen and warm. The x- 
ray showed loss of reduction and nonunion. D: The bone scan confirmed the clinical diagnosis of infected nonunion. E: The plate was removed, the nonunion site was 
debrided thoroughly, IV antibiotics were administered, and Ilizarov-type external fixator was applied. F: Six months later, the infection was eradicated and the fracture 
healed. 
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The use of an intramedullary fibular graft has been proposed as a reliable option for “difficult” diaphyseal humeral nonunions.°”’*” Vascular bone 
grafts, in general, have been used sporadically for the management of persistent nonunions with some success. However, the technique is only 
recommended in selective cases of recalcitrant nonunion by experienced plastic and/or orthopaedic surgeons, because of the extensive dissection and the 
small number of cases that require such management.*’* Padhye et al. conducted a retrospective study in an effort to verify the effectiveness of three 
different treatment modalities for the management of septic and aseptic diaphyseal humeral nonunions.**’ Eight infected nonunions were managed with 
temporary circular external fixation, followed by plating. Noninfected, nonosteoporotic nonunions were managed with one-stage plating and cancellous 
bone grafting, while four nonunions that had occurred in osteoporotic bones (four cases) were managed with one-stage nonvascularized fibular strut graft. 
Apart from one infected case, all nonunions healed. Healing times were similar for infected and nonosteoporotic infected cases, while for osteoporotic 
nonunions, healing time was significantly longer (average 10 months). Osteoporotic patients also had poorer functional outcome. The authors concluded 
that compression plating achieved the best results; however, it should be borne in mind that the other techniques were used in “difficult” cases. Peters et al. 
conducted a systematic review in order to summarize and analyze union rates and complications after operative treatment for humeral shaft nonunion. Their 


research revealed that plate fixation with autologous bone graft should be considered the best treatment option for humeral shaft nonunion, since the union 
rate is highest and the complication rate is relatively low.?°4 

The use of electrical stimulators for the management of nonunited long-bone fractures remains controversial. However, such stimulators should not be 
used when the nonunion is unstable, infected, or has unacceptable deformity.”!!% 


Infection 


Infection is a devastating complication that usually develops either after open fractures or after operative treatment, and is related to the size of the wound, 
soft tissue stripping, devitalization of bony fragments, and duration of surgery. The prevalence of infection is low in the humerus because of the excellent 
blood supply and adequate soft tissue coverage. When deep infection develops after surgical intervention, the general principles of treatment of infection 
must be followed by establishing the diagnosis, defining the responsible microorganism with cultures, administration of intravenous antibiotics, and surgical 
debridement of the infected wound. Augmenting standard techniques with the addition of an antibiotic-impregnated osteoconductive bone substitute can 
provide a very high local concentration of antibiotics at the infection site. Eradication of infection in 23 of 25 cases of infected humeral diaphyseal 
infections was reported using this method.?° If there has been previous surgical intervention and the fixation is stable, the implant could be left in situ; 
otherwise, it should be removed and replaced by external fixation that can be used either as temporary or as definitive treatment (see Fig. 37-34). High rates 
of eradication of the infection and osseous healing of the nonunion have been reported with the combined use of external fixators, thorough wound 
debridement, and antibiotics.7°*° However, complications encountered in the management of infected humeral nonunions are not infrequent and include 
further infections of the pin tracks and cases of persistently infected nonunion. Other complications include neurologic injury, fractures after the removal of 
the fixator, and suboptimal functional results.*°!2! 

Despite the challenges and complications of surgical management, deep humeral infections should not be treated conservatively. The management of 
infected fractures is dealt with in more detail in Chapter 29. 


Secondary Neurologic Injury 


Secondary nerve injury can occur because of medical intervention that can be anything from a simple manipulation to a more invasive surgical procedure. 
Unfortunately, information in the literature about this complication is limited as it is not frequent and may be underreported. Shao et al. reviewed 30 articles 
dealing with the management of radial nerve injury and were unable to find sufficient data to justify recommendations about the management of secondary 
radial nerve palsy.2”* However, Böstman et al. treated 16 cases of secondary radial nerve palsy that developed after closed manipulation of a humeral shaft 
fracture and proposed expectant treatment as the principal initial policy.*® Gregory also recommended observation,!!° while Schatzker advocated immediate 
exploration because of the possibility of the nerve being trapped within the fracture when a later exploration would be more difficult in the presence of new 
bone formation.7°7 

Secondary nerve palsy that develops after surgery is usually transient, although it has been reported that it can be permanent in 2% to 3% of 
patients.?°°,780 To avoid this complication, surgeons must be familiar with the anatomy of the radial nerve, and during surgical procedures, it should be 
identified and protected if in the vicinity of the surgical field. Care should be taken to avoid excessive tension on the soft tissues during retraction. Although 
there have been reports regarding the danger of neurologic injury from the locking screws of IMN*°-87-183 or external fixator pins,°* the prevalence of such 
injury is unknown. Expectant treatment of secondary nerve palsy remains the preferred choice unless there is an obvious technical mistake.*!° If the nerve 
does not recover by 4 to 6 months, there should be consideration of exploration of the nerve and repair or tendon transfers. Although controversial, it has 
been reported that tendon transfer provides better and earlier functional recovery in comparison to nerve repair. 16? 


IMPLANT-SPECIFIC ADVERSE OUTCOMES AND COMPLICATIONS 


Since the advent of interlocked humeral nails, several implant-specific complications have been reported.7*8”-!27183 Heineman et al. found that nailing 
increases the risk of revision surgery by up to 74% and the likelihood of shoulder impingement by nearly 90%.!*” They also demonstrated that nailed 
fractures have a higher revision rate in comparison to those treated with plates (18% vs. 6%) and more complaints regarding the shoulder functionality (21% 
vs. 1%). Furthermore, delayed healing and nonunion were more frequent complications in the nailing group (8/73, 11%), compared with the plating group 
(5/83, 6%). Other complications that can be attributed specifically to modern IMNs have been reported by Baltov et al. and include fracture of the humeral 
diaphysis, supracondylar fracture, failure of locking, nail protrusion and impingement at the shoulder, long interlocking screws, migration of the proximal 
screws, avascular necrosis of the humeral head, and breakage of the nail.24 

Dysfunction and pain at the shoulder has been regarded as the most common problem of antegrade IMN of diaphyseal humeral fractures.?”487 However, 
many authors believe that nailing alone may not be responsible for this problem.®!9!:105.250 Nevertheless, iatrogenic injury to the rotator cuff can be avoided 
with the implementation of the retrograde technique or use of approaches that spare the rotator cuff.”*2! Regarding the protrusion of the antegrade nails 
and impingement at the acromion, it is now recognized that antegrade nails must be embedded within the humeral head and protrusion and impingement 
should be regarded more as technical error rather than implant-specific complication.*:2487/137,238 

Another underreported problem of antegrade nailing is backing out of the proximal screws, because of the poor purchase within the cancellous bone of 
the head, especially in osteoporotic patients.5%183 To overcome this problem, some nails provide either locking proximal screws or a polyethylene 
augmentation that covers the proximal screw holes and prevents backing of the screws. Other studies have shown that loss of fixation happens more 
frequently with plating than with nailing or external fixation.'°*°° Suboptimal surgical technique, weak implants, and poor bony purchase mainly because 
of osteoporosis have been recognized as the main reasons for this problem. !?? 

Other complications that originate from the use of locking screws include neurologic damage and other soft tissue complications such as injury to 
arteries, muscles, and tendons.*° Injury to the long head of the biceps and the axillary nerve can be reduced by avoiding the proximal AP locking screw that 
many antegrade nails provide. Retrograde fixed nails reduce but do not abolish the incidence of injury to vulnerable soft tissues around the shoulder 
girdle. 188 

Specific to retrograde humeral nailing is the complication of iatrogenic fracture at the supracondylar area during the insertion of the nail.24°487.89.183 
This problem can be reduced by flexing the elbow beyond 100 degrees during nail insertion, opening a wide entry portal, de-roofing of the entry portal, 
reaming the distal humeral canal, and the use of a nonrigid nail.!°° 

Sporadic complications of fixed nails include heat-induced segmental necrosis of the diaphysis and heterotopic ossification of the deltoid, both attributed 


to the reaming process*“+”° and fracture at the tip of the nail (see Fig. 37-27).242 
Specific problems that complicate external fixation in the management of diaphyseal humeral fractures are pin track infection and refracture after the 
removal of the fixator.4719°209.256 Meticulous pin track care and care after removal of the fixator can reduce the incidence of these complications. 


SPECIAL CONSIDERATIONS FOR HUMERAL SHAFT FRACTURES 


OPEN FRACTURES 


Despite reports that open humeral fractures are not amenable to treatment with functional bracing,??3-246,258,295 there have been historic studies that present 
good results with nonoperative management of fractures associated with grade I or II soft tissue lesions.°!-1.3 Sarmiento et al. in 2 studies treated 11 and 
155 open fractures, respectively, with functional bracing.*®**®* The authors reported excellent healing rates (10/11 and 146/155, respectively) with no 
infections. Zagorski et al. treated 43 open diaphyseal humeral fractures with functional bracing, 35 of which were gunshot injuries.**° The patients 
underwent operative exploration, debridement, intravenous antibiotics, and provisional immobilization with a plaster splint. All wounds were left open to 
heal by secondary intention. Bracing was initiated at the time of the first change of dressings at 2 to 3 days after injury. Following this protocol, only one 
nonunion developed in this substantive series of open fractures. 

For most physicians, the modern treatment regime for open humeral shaft fracture depends on the severity of the injury, as has been classified by Gustilo 
and Anderson (see Chapter 2).!'8 Grade I and II fractures are treated surgically with irrigation and debridement of the fracture, followed by fracture 
reduction and fixation. Grade III fractures should be treated operatively.°&209264.271,303 For severely open humeral shaft fractures, the preferred method of 
treatment is fracture stabilization with plate and screws or IMN followed by primary wound closure or early wound coverage by the plastics team. Another 
option is external fixation either as definitive treatment or as temporary stabilization, converted to plating or nailing as soon as the condition of the soft 
tissues allows (see Fig. 37-30),.77:256.290 

Immediate plating has been used in the management of open humeral shaft fractures.5%13®.230 Connolly et al. published one of the largest series 
regarding the immediate use of traditional plating techniques in 46 patients with open humeral fractures.5° Apart from six cases of delayed union, all other 
fractures healed uneventfully at a mean time of 18.4 weeks (12-26) and there were few infections. Idoine et al. reported equally good results after treating 
20 open humeral shaft fractures (within a cohort of 46 multitrauma patients with diaphyseal humeral fractures) with immediate plating.!°° However, the 
overall evidence about the efficacy of immediate fixation of open humeral shaft fractures with plating techniques is not sufficient, as the majority of 
published data refer to sporadic open cases, mixed with closed fractures.7°° 

Immediate IMN has also been used for the treatment of open humeral fractures with encouraging outcomes.?*??’! However, similarly to plating, the 
literature lacks adequate evidence regarding the efficacy of the technique in the management of open humeral fractures. 


OSTEOPOROTIC FRACTURES 


Although it was generally believed that osteoporosis alone does not influence the healing process of a fractured bone, more recent data challenged this 
assumption and introduced doubts that could influence the management of fragility fractures in the future.°9?!6292 

The choice of implant and technique for the management of osteoporotic humeral shaft fractures when surgical treatment is indicated is always difficult. 
The main reason is the weak bone and potential loss of screw purchase resulting in fixation failure.°® IMN, as a load-sharing device, is considered a reliable 
option for the management of humeral fractures and nonunions in the elderly.92-101.235.249 

Likewise, locking plates that create a fixed-angle implant seem to be advantageous in the management of osteoporotic fractures and nonunions in 
general and more specifically in the humerus.°>!27,726,248,284 For revision surgery of internal fixation of osteoporotic bone, a longer plate with graft could be 
used and a functional brace (Sarmiento) can be worn postoperatively (Fig. 37-35). 


PATHOLOGIC LESIONS AND FRACTURES 


Indications for surgery are not always clear with pathologic lesions, such as myeloma, lymphoma, or a solitary metastatic lesion, that have not caused a 
fracture. Important parameters as the expected survival of the patient, location and extend of the lesion, tumor origin, and comorbidities should be taken 
under account for the decision making about the management of the specific case. However, most surgeons agree that most extensive pathologic lesions, 
impending fractures, and pathologic fractures should be treated operatively, aiming to stabilize the bone for the remaining lifetime of the patient in order to 
preserve quality of life while minimizing the risk of complications originating from an unstable, painful long bone. For the management of pathologic 
lesions and fractures of the humeral diaphysis, there is consensus among the orthopaedic surgeons that IMN is considered the treatment of choice, because it 
offers protection of the whole humerus (Fig. 37-36).!%19%.236,242,283 Nevertheless, Sarahrudi et al. proposed that patients in the advanced stage of metastatic 
disease are better treated with IMN, while plate osteosynthesis should be kept for metaphyseal fractures and for those patients with a solitary metastasis in 
the humerus or those with a better prognosis.7°! As in general, fracture healing is not expected, nail augmentation and filling of the areas of bone loss with 
cement or other substances have been proposed.!97:171,242,255 


A,B 
Figure 37-35. A: A 77-year-old female patient with a diaphyseal humeral fracture at the top of a plate that was used for the fixation of a proximal humeral fracture 8 
months earlier. B: Revision surgery included plate removal autograft and allograft open reduction internal fixation with a longer plate. After skin healing a functional 
brace was used for 3 months until fracture union. C: 7-year postoperatively x-ray showed good healing outcome. 
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Figure 37 . A pathologic fracture at the proximal humerus (A) was treated with antegrade nailing (B). Since this fracture was stabilized in a closed fashion 
Hate radiation can be applied to the metastatic lesion without fear of surgical wound breakdown. (C) Intraoperative fluoroscopic view of distal locking and (D) 
followup radiograph showing adequate alignment and stabilization. 


Taking advantage of the minimal invasiveness of the MIPO technique and the extensive coverage of the humeral shaft that such a plate provides, Choo 
et al. described the management of a metastatic lesion of the distal humerus with MIPO plating, creating a new indication for this technique. 

To investigate the risk of complications that occur after the operative intervention for the management of pathologic lesions and fractures, Janssen et al. 
studied retrospectively 295 patients who underwent surgery for metastatic humeral lesions.'’’ They reported that 8.5% of the patients underwent 
reoperations (due to deep infection, nonunion, compartment syndrome, peri-implant fracture, tumor recurrence, hardware loosening, and/or breakage) and 


5.8% suffered systemic complications such as pneumonia, pulmonary embolism, sepsis, and fat embolism. Logistic regression analysis demonstrated that 
poor cancer status was an independent predictor of postoperative systemic complications, and provides valuable information for the anticipated 
postoperative problems. 


PERIPROSTHETIC FRACTURES 


Periprosthetic fractures of the humeral diaphysis are becoming more frequent with time, as the number of shoulder and elbow arthroplasties increases and 
people live longer.7°*125°.288 Fractures around a humeral prosthesis can occur perioperatively or postoperatively (see also Chapter 38). Common risk 
factors include perioperative technical errors during primary or revision arthroplasty, over-reaming the humeral canal, and other general factors such as 
rheumatoid arthritis, osteoporosis, revision surgery, and osteolysis or loosening of the prosthesis.7”° 

Wright and Cofield classified periprosthetic humeral fractures.*!” Type A are those that start at the tip of the prosthesis and extend proximally; type B 
are around the tip of the prosthesis; and type C are located distal to the tip of the prosthesis. Likewise, O’Driscoll and Morrey classified periprosthetic 
humeral and ulna fractures that occur after elbow joint arthroplasty.2!° Type I are periarticular/metaphyseal fractures at the level of the condyles/olecranon, 
type II are fractures at the level of the stem of the prosthesis, and type III beyond the tip of the prosthesis in the diaphysis (Mayo classification). 

Treatment options for periprosthetic diaphyseal humeral fractures depend on the stability of the prosthesis, the location of the fracture, and the bone 
quality.68 In general, nonoperative treatment can be attempted for undisplaced or displaced fracture in the presence of a stable prosthesis. Surgery is 
indicated for failures of conservative treatment, which is more frequent with types B and C periprosthetic fractures after a shoulder arthroplasty and type III 
for elbow arthroplasty. If the prosthesis is loose or unstable, it must be removed and replaced by a longer one, cemented or not. The new stem must bypass 
the fracture by at least two cortical diameters, and if cemented, care should be taken not to allow the cement to protrude at the fracture site and prevent bone 
healing. Augmentation of the revision prosthesis with a side plate and/or cerclage wire(s) is usually necessary for stabilization of the fracture. Complications 
(up to 39%) that can occur during or after these procedures include infection, neurologic problems, loss of fixation, hardware failure, and delayed union or 
nonunion of the fracture.!+?!*!9 Wagner et al. reported that of 230 revision operations after reverse shoulder arthroplasties, there were 36 intraoperative 
fractures (16%).2!° They recommended that these fractures should be approached in a systematic way to achieve anatomic reduction and stable fixation, and 
that if properly stabilized, these fractures appear not to substantially influence overall the final outcome. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO HUMERAL SHAFT 


FRACTURES 


Nonoperative treatment, mainly in the form of functional bracing, remains a valuable treatment option for acute diaphyseal humeral fractures despite the 
advancements of surgical techniques because of the following: 


e The simplicity of nonoperative management (simple splinting, ambulatory patient, no hospitalization) 
e The complex anatomy and unique biomechanical characteristics of the arm that increase the risk of surgical intervention 
e The lack of consensus about: 


e Indications for and timing of surgical intervention 
e Nailing issues, such as the indications for antegrade or retrograde, reamed or unreamed, static or dynamic, “fixed” or “bio” techniques 
e The efficacy of the minimally invasive plating osteosynthesis, which does not cover all the fractures of the humeral diaphysis 


While surgical techniques and implants are emerging and improving (locking plates, MIPO, new nail designs, and less traumatic approaches), there 
remains a debate among the supporters of each treatment method. +? 

Research is ongoing and future directions are unclear but, in general, the trend is toward early mobilization, enhanced shoulder and elbow joint 
functional recovery, and prompt return to everyday activities. Trauma surgeons are moving away from MIPO procedures when they do not offer a clear 
benefit. Sometimes, a well-performed open procedure is quicker and much safer than percutaneous or minimally invasive procedures. 

Future research may reveal that the choice of treatment for diaphyseal humeral fractures depends more on fracture characteristics (pattern, location, 
timing of injury) and patient’s details (age, comorbidities, occupation, etc.) rather than the surgeon’s preference. 
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Fractures about an anatomic total shoulder arthroplasty (TSA) and hemiarthroplasty occur with intermediate frequency relative to other periprosthetic 
fractures. The overall rate is approximately 0.4% to 3%27:74146,171,203,231,253,287,289,290 and represents the most common complication, accounting for 
approximately 11% to 20% of TSA complications.??7:32 The vast majority occur about the humeral anatomic TSA component. In a large series including 
2,588 TSAs, Singh et al. reported a 2.1% rate of periprosthetic humeral fracture compared with 0.4% rate of glenoid fracture.?° 

Glenoid aseptic loosening is the weak link in anatomic TSA but periprosthetic fracture is exceedingly rare. Periprosthetic fracture is feared at this 
location due to the scarcity of bone in this crucial location.” Most glenoid fractures occur intraoperatively which may be related to retraction, preoperative 
deformity, poor bone stock, or glenoid component implantation errors. 

Like the glenoid side, humeral-sided periprosthetic fractures occur more commonly intraoperatively than postoperatively. Singh et al. reported a 1.2% 
intraoperative humeral fracture rate compared with 0.9% postoperatively.2°? Two other studies corroborate this finding that intraoperative periprosthetic 
fracture is about twice as common as those occurring later.23»100 

Periprosthetic humerus fracture is most common intraoperative complication in TSA, occurring in approximately 0.9% to 1.5% of cases.!449:74,253 
Further, the incidence of intraoperative fracture is likely substantially underreported by most surgeons as they can often be undetected and, when they are, 
can be managed conservatively or with simple cerclage fixation with predictably good outcomes.*° 

Many risk factors for fracture have been postulated including female gender, older age, TSA (compared with hemiarthroplasty), revision arthroplasty, 
press-fit humeral stem, proximal stress shielding, osteopenia, rheumatoid arthritis (RA), posttraumatic osteoarthritis (OA),'* severe joint stiffness,” 
manipulation under anesthesia (MUA), avascular necrosis,?*”"?’2 malunion or deformity. 

It is logical that the combination of a biomechanical stress riser and physiologically compromised bone density place patients at a particularly high risk 
of fracture after even minor trauma. In general, periprosthetic humeral fracture is associated with increasing frailty including older age and female 
gender.!’! Many studies have identified age and gender as risk factors, but most lack rigor as they are published without an understanding of the true 
incidence between groups.'“°!7! For instance, Krakauer and Cofield found that 85% of fractures in their series were in female.'*° When such data are 
available, age does not appear to be substantially different in those with and without fracture. The average age of all 3,091 patients who had undergone 
shoulder arthroplasty at the Mayo Clinic between 1976 and 2001 was 63 years and the age of those who sustained a fracture was also 63 years old.!4° Age 
may be less of a factor than originally thought. However, the female-to-male ratio was slightly higher in those with fracture (63%) compared with the entire 
group (56%). Athwal et al. showed a relative risk (RR) = 3.3 for intraoperative fracture in females (1.7% vs. 0.5%; p = .006), which is consistent with other 
fractures in the upper extremity.!4 

While bone quality, technical errors and loosening can increase the risk of periprosthetic fractures of the shoulder, low-level trauma is the most common 
propagating event. Sridharan et al. performed a retrospective review that evaluated the incidence of falls within 90 days of shoulder arthroplasty. Overall, 
11.1% (22/198) of patients sustained a fall within 90 days (1% inpatient, 10% outpatient). Of these, 52% occurred within 6 weeks where a subscapularis 
repair is most vulnerable. This led to 23.8% (5/21) emergency room visits, 19% (4/21) readmissions, 23.8% (5/21) unplanned clinic visits, and 19% (4/21) 
injury to an additional site. While inpatient risk factors were not found, several risk factors were identified for outpatient falls, including female sex (odds 
ratio [OR] 4.79; 95% CI: 1.32, 17.4; p = .007), increased length of hospital stay (OR 1.23; 95% CI: 1.04, 1.45; p = .02), and history of a movement disorder 
(OR 7.20; 95% CI: 1.22, 42.6; p = .03). Interestingly, 16% of females had falls whereas only 3.4% of males did, and 50% of movement disorder patients 
had a fall. These injuries tend to occur in older females who are already at risk for fracture and can result in risk to the operative or other extremities, and 
additional medical costs.?°° 

RA has been implicated as a significant risk factor. Patients with RA make up 56% to 100% of some small series and are an independent risk factor in 
several series.?”:140.290 In Boyd’s series of seven postoperative fractures, five patients had RA. The incidence of fracture in RA patients (1.8%) was only 
slightly higher than for those treated for other diagnoses (1.5%).?” Studies from the Mayo Clinic, where a large proportion of patients had a primary 
diagnosis of RA, have shown higher incidences of fracture among patients with RA. Wright and Cofield reported on nine postoperative fractures from a 
cohort of 499 patients, 144 of whom had RA. The incidence of fracture was 3.4% among those with RA and 1.1% among the rest.*°° A later study from the 
same group included a larger cohort of patients in which a relatively low overall incidence of postoperative fracture of 0.6% (19/3,091) was found.!“° The 
proportion of fractures that occurred in patients with RA was high (31%) but the relative numbers of patients in the entire cohort who had RA were not 
reported, so evaluation of RA as a risk factor is not possible. 

Osteopenia or severe cortical thinning has been cited as a risk factor for periprosthetic humeral fracture, especially among patients with revision 
arthroplasty stems.°° It should be noted, however, that such statements have been made with indirect data regarding the degree of osteopenia in some 
series.?>100 Campbell et al. quantified the degree of osteopenia as the ratio of the combined width of the mid-diaphyseal cortices to the diameter of the 
diaphysis. Normal bone was considered to have a ratio of greater than 50%, mild osteopenia had a ratio of between 25% and 50%, and severe osteopenia 


less than 25%. Although the validity of these criteria and definitions is unsubstantiated, they found 25% of 20 patients with a fracture had normal bone, 45% 
mild osteopenia, and 30% severe osteopenia. It is useful to note that their 75% prevalence of osteopenia in this cohort is very high; however, without data on 
the bone quality of those without fracture, the risk remains statistically unproven.*? Kumar et al. also utilized this system to grade bone quality and found all 
of their patients with fracture had osteopenia (44% severe). It is understood that patients undergoing shoulder arthroplasty are often more fragile and those 
with preexisting diagnosis of osteoporosis should be counseled of the risk of these complications.?%!2! Osteoporosis and fall risk are major factors 
contributing to periprosthetic fractures. While the incidence of osteoporosis has been well documented in patients undergoing lower extremity arthroplasty, 
this was less understood in shoulder reconstruction. Using a large volume of patients from a national database, Casp et al. performed a cohort study that 
found a 14.3% prevalence of osteoporosis in patients undergoing primary anatomic TSA and 26.2% in patients undergoing reverse shoulder arthroplasty 
(RSA). Patients with osteoporosis who underwent anatomic TSA had a significantly higher rate of periprosthetic fractures (OR 1.49; p = .017) and revision 
shoulder arthroplasty (OR 1.21; p = .009) within 2 years compared to matched, nonosteoporotic controls. For RSA as well, osteoporosis resulted in a higher 
rate of periprosthetic fracture (OR 1.86; p = .001) and revision arthroplasty (OR 1.42; p = .005).°° Smith et al. found that even low vitamin D levels predict 
revision shoulder arthroplasty.?°* 

Due to the risks associated with bone fragility, prevention of these complications start preoperatively. It is our practice to refer patients over age 60, 
especially females, for bone health workup and treatment prior to elective arthroplasty. While anabolic treatment may not be able to be started prior to 
surgery, all patients at risk for osteoporosis are initiated on calcium and vitamin D supplementation at a minimum.”° 

Similarly, these fractures are increasingly likely with more complexity arthroplasties. The additional dissection and retraction necessary to resurface the 
glenoid is likely responsive for a higher incidence of this complication in TSA versus hemiarthroplasty.°” 

Revision shoulder arthroplasty carries double the risk of intraoperative complications.'*° A registry study of 1,445 revision shoulder arthroplasties 
reported 3.5% intraoperative fractures, which is higher than any other series not focusing specifically on revision.!*° Athawal et al. found an intraoperative 
humeral fracture rate of 1.7% in primary arthroplasty compared with a 3.3% rate during revision arthroplasty.'* This can be related to a number of factors 
including the additional complexity, exposure, scar, stiffness, proximal humerus stress shielding, and cement extraction. 

As in most trauma topics, prevention is the best treatment. But rarely is it more paramount, or within the surgeons control than in the case of 
periprosthetic fractures. Patient selection is critical. Certain host factors like RA and osteoporosis are not modifiable and often, in fact, the underlying 
indication for reconstruction. However, the surgeon should be cautiously judicious where the risk profile is higher, including those with dementia, 
movement disorders, neuropathic arthropathy, substance abuse, or history of falls. In such patients, more conservative options such as medical management, 
therapy, injections, and arthroscopy should be exhausted and arthroplasty be avoided if at all possible. 

A number of technical issues may relate to intraoperative fracture. Most of these relate to manipulations of the humerus during surgical exposure or to 
preparation of the canal with reamers or an oversized broach.?3100.201 Several technical factors can limit these future complications and are within the 
surgeon’s control during both primary and revision arthroplasty. Preoperative templating, particularly stem diameter, should be completed on good quality 
radiographs. Careful and complete soft tissue dissection including establishing soft tissue planes, subdeltoid release, subacromial release, and capsulotomy 
should be completed with neuromuscular paralysis as needed. Retraction should be diligent as exposure is usually a function of soft tissue releases and 
overexuberant retraction has been known to cause fracture. Excessive external rotation required to provide exposure in patients with large muscles or 
scaring was causative for half of all intraoperative fractures in one series.*° In half of these cases, Campbell et al. implicated overreaming of the diaphysis 
and notching of the endosteum as the source of a stress riser for spiral fracture formation during subsequent external rotation.°2 

Interprosthetic fractures are associated with profound treatment challenges and morbidity. Measures can be taken to avoid this complication in patients 
likely to have ipsilateral total elbow arthroplasty (TEA) and TSA (particularly those with inflammatory arthropathy). Short stemmed or stemless, press-fit 
TSA humeral components can help avoid a stress riser by preserving native intervening humeral bone stock allowing bending and torsional stresses to be 
dissipated over a broader area in the setting of trauma.'!® In the event that a long-stem prosthesis exists, some authors recommend connecting the cement 
mantels to provide prophylactic fixation and decrease stress concentration; however, this can present challenges for any future revisions.?!° An alternative 
plan would be less aggressive cementation and applying a prophylactic spanning plate if concern is high. 

Humeral shaft or metaphyseal fractures typically occur during or secondary to overzealous reaming of the humeral canal, during impaction of an over- 
sided broach or press-fit implant, or during dislocation or retraction in a difficult glenoid exposure. Reaming should cease at the first hint of cortical 
chatter. The humeral canal is not truly circular and aggressive reaming will notch at the anterior or posterior endosteal bone and contribute to a stress 
riser./°! As more and more implants are being designed for proximal metaphyseal fit, this further obviates the need for aggressive reaming and these steps 
are more so used to sound the canal and provide intramedullary trajectory. With these newer metaphyseal fitting implants, aggressive broach or implant 
impaction is rarely required, which would limit the hoop stress uncured by the bone. 

The key to glenoid exposure is a thorough humeral release. If exposure is inadequate, the release should be repeated with complete neuromuscular 
paralysis. It can be helpful to protect the humerus during glenoid exposure by leaving the humeral broach (when associated with a female taper) in place. 
Glenoid preparation should be meticulous with conservative reaming to preserve bone stock and maintain the subchondral plate. Care should be taken to 
position the guide pin down the center of the vault exiting just anterior to the body of the scapula. The reamer must be started before engaging the glenoid 
face and should be concentric along the axis of the pin to avoid shearing forces to the glenoid which have been known to cause intraoperative fracture. 
Similarly, the final glenoid implant should be impacted along this same collinear axis. 

Cementation of the glenoid component in primary TSA is the gold standard and is required by the FDA for all polyethylene components. Fixation of the 
humeral component, on the other hand, is debated. Some data support lower loosening and marginally higher function with cemented humeral 
components, 5154.284 while other studies show no clinical differences.?”° Practically speaking, shoulder and elbow surgeons are recognizing the rarity of 
intraoperative fracture and humeral loosening as well as the difficulty and morbidity associated with revision of well-cemented humeral components, 
including fracture.*°.2®° For this reason, there is growing enthusiasm for humeral press-fit techniques whenever possible, including impaction grafting when 
necessary.!°®159 While this does simplify future potential interventions, it carries an inherently higher risk of intraoperative fracture during humeral 
preparation and implantation. One study found a significantly higher risk of intraoperative humeral fracture in press-fit compared with cemented stems 
(1.7% vs. 0.6%; RR = 2.0; p = .046). They projected 88 press-fit stems would need to be placed for each additional intraoperative fracture to result.!4 While 
this risk is statistically significant, it is left to the treating surgeon to weight these risks and benefits in the context of their personal skill level with each 
technique. Similarly, King et al. showed a trend toward higher intraoperative fracture in press-fit RSA humeral stems versus cemented (6.02% vs. 1.2%).!°° 
Cement was used routinely for RSA early on in the evolution, but this has evolved as well. A systematic review including 41 studies and 1,784 patients 
showed a better complication profile in uncemented humeral components including lower infection, nerve injury, and thromboembolism. There was no 


difference in stem loosening, revision or functional outcome; however, uncemented stems did have a significantly higher rate (RR = 18) of early stem 
migration.*!! 

In the revision setting, fracture may be intentional in the form of an osteotomy performed to ease humeral component extraction*** or may unintentional 
during humeral extraction or glenoid exposure. A study by Gauci et al. studied the ease of extraction of humeral stems and found that cemented stems and 
uncemented proximally coated stems were the most difficult to remove.®® 

Press-fit stems are attractive to many surgeons who face the morbidity-associated revision of a well-cemented humeral component. Stem revision has 
been associated with high complication rates and up to 40% may require humeral osteotomy.'9°.29°.25° There are other options to help minimize the 
morbidity of future humeral-sided revision. Platform systems provide an attractive option which may eliminate the need for humeral stem exchange in many 
simple revisions, saving morbidity. In such systems, the humeral stem is modular and interchangeable between anatomic and reverse models. This allows 
exchange of an anatomic humeral head component for a humerosocket RSA component as long as the humeral platform stem is well fixed. This option may 
be of particular interest to the trauma surgeon in the setting of hemiarthroplasty where a future revision to RSA is possible. Crosby et al. reported on 102 
consecutive revisions of TSA to RSA where the 28.5% (29/102) that were able to be revised with stem retention had decreased operative time (130 vs. 195 
minutes; p < .001), lower estimated blood loss (EBL) (292 vs. 429 mL; p = .034), fewer intraoperative complications (0% vs. 15%; p = .027), better 
postoperative external rotation (26 vs. 11 degrees; p = .006), and better active forward elevation (112 vs. 96 degrees; p = .055).°° In a similar but less robust 
retrospective cohort study consisting of 26 patients, Dilisio et al. showed statistically significant decrease in operating room (OR) time (178.9 vs. 237 
minutes, p = .02) when a convertible stem was able to be utilized for revision to RSA. They reported a clinically relevant 0% intraoperative fracture rate for 
convertible stems compared with 21.4% fracture and 21.4% osteotomy rates in those requiring stem revision.*®! In another retrospective cohort comparative 
study, Wieser et al. compared 56 patients with hemiarthroplasty or TSA revised to RSA. They found significantly lower EBL (485 mL vs. 831 mL; p = 
.001), operative time (118 minutes vs. 176 minutes; p = .0001), an OR of 5.2 times lower chance of intraoperative fracture, and an OR 1.0 times lower 
reintervention rate with modular component exchange versus humeral stem revision.2°° Many surgeons utilize such universal systems for this reason in 
practice. In properly selected patients at high risk for revision (young patients, rotator cuff tendonopathy, hemiarthroplasty for fracture), we suggest 
consideration of platform humeral stems. 

Press-fit “stemless” or “canal sparing” anatomic or even reverse arthroplasty humeral components promise to preserve humeral bone stock, avoid 
diaphyseal stress risers, and decrease proximal stress shielding that can plague revision of well-fixed longer stem arthroplasties. Furthermore, these implants 
may provide the additional benefits of decreased operative time and decreased morbidity of future revisions.!°%'43 Many surgeons have transitioned to 


stemless anatomic humeral components for the majority of primary cases with good proximal bone stock and report similar medium-term 
160,273,285 
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outcomes. 

Joint stiffness secondary to advanced arthritis complicates the approach and increases the amount of retraction necessary. While it is not traditionally 
performed, in the event that manipulation of anesthesia is required postoperatively, periprosthetic fracture has been reported.?? Where there is suspicion of 
an intraoperative fracture event, there should be a low threshold for fluoroscopic radiographs for characterization. A split that propagates distally may 
require additional treatment to stabilize the fracture and maintain stem fixation. Most intraoperative fractures can be managed with simple cerclage wire for 
a longitudinal split or by converting to a long stem to pass transverse fractures by two cortical diameters (Fig. 38-1). These misadventures are not trivial and 
can increase OR time, blood loss, and implant exchange (cost), and can contribute morbidity in the form of increased dissection and bone graft harvest. 
Additionally, postoperative rehabilitation is often modified in these cases where delayed effects including stiffness and slower return to function are seen. If 
an intraoperative humeral shaft fracture is not recognized, it can result in postoperative displacement, subsidence, nonunion, and dysfunction. 

The incidence of postoperative periprosthetic humeral fractures about a TSA has been remarkably consistent at between 0.6% and 
2.3%.27:74,146,253,289,290 They tend to occur remote from the time of injury, and do not heal as predictably as intraoperative fractures.146:?47 Risk factors for 
postoperative periprosthetic fractures include: smoking, osteoporosis, stress shielding, and loss of calcar at the time of initial surgery. Hatta et al. examined 
the effect of smoking on complications in TSA and RSA and found a hazard ratio = 6.99 for smokers compared with nonsmokers.!!° In a large database 
study, Casp et al. found that 14.3% of TSA and 26.2% of RSA patients had a diagnosis of osteoporosis at the time of surgery. Casp et al. also demonstrated 
TSA and RSA patients with osteoporosis and experienced significantly higher rates of periprosthetic fracture (OR = 1.49 and OR = 1.86, respectively) and 
revision (OR = 1.21 and OR = 1.42, respectively).°° 
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Figure 38-1. A patient with chronic rotator cuff insufficiency and a dysfunctional TSA with a long, cemented humeral stem component (A) underwent revision to a 
long press-fit stem. They experienced an intraoperative greater tuberosity fracture and an intraoperative distal calcar split. The greater tuberosity was repaired with 
suture and the calcar was treated with cerclage wires placed prior to placement of the press-fit stem to prevent fracture propagation (B). 


The humeral component is more susceptible than the glenoid due to its long lever arm and rotational moment it experiences especially with trauma. This 
phenomenon is magnified in the setting of a poor functioning, stiff, glenohumeral joint where forces are not as easily dissipated through the soft tissues. 
There is a tendency to propagate through transition zones between relatively rigid stems and native bone.!*” These fractures are more likely in poor 
functioning arthroplasties and may be a natural progression of aseptic humeral loosening in select patients. Andersen et al. noted 50% (17/34) of 
postoperative humeral fractures had evidence of chronic loosening on injury or preinjury radiographs.® This highlights the importance of thorough 
preoperative workup, thorough preoperative preparation, and intraoperative flexibility. 


ASSESSMENT OF PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 


ARTHROPLASTY 


MECHANISMS OF INJURY FOR PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Intraoperative humeral and glenoid fracture is more common than postoperative fracture in a 2:1 ratio. Postoperatively, most periprosthetic fractures occur 
after low-energy trauma, typically a ground-level fall. This is consistent with the age and function of most arthroplasty patients. 


INJURIES ASSOCIATED WITH PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Given that most injuries are a result of low-energy trauma, associated injuries are rare. However, all patients should have a thorough survey. Higher-energy 
injuries require a tertiary survey. 


SIGNS AND SYMPTOMS OF PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Workup should begin with a thorough history including review of the operative note, and underlying diagnosis. The most recent operative report should be 
obtained. Any red flags concern for periprosthetic infection should be ruled out and a clear understanding of preinjury shoulder function should be elicited. 
If preinjury function was impaired, this should be further characterized and correlated with the clinical situation. Since many of these fractures occur in 
poorly functioning shoulders, this represents an opportunity to potentially improve on the patient’s premorbid function. 

History should identify risk factors for nonunion such as smoking that has not only been correlated with nonunion but also with periprosthetic infection, 
higher overall complications, and periprosthetic fracture.'!° Bone fragility workup and treatment is mandatory in all low-energy fractures and females over 
age 60. This includes laboratory work (complete blood count [CBC], parathyroid hormone, thyroid-stimulating hormone, calcium, vitamin D, phosphate) 


initiation of calcium and vitamin D supplement as well as training on fall prevention.2>*?”! Underlying causes for future falls should be identified and 
treated including cardiac disease, syncope, visual impairment, gait imbalance, and living independence. Engagement of medical management and a social 
worker can be immensely helpful. Either the primary care or a bone-health expert should continue outpatient management with a DEXA scan and initiation 
of antiresorptive drugs. 

Following a traditional trauma survey, the focused physical examination starts with inspection. Open fractures, pallor, and deformity should be noted, as 
well as muscle wasting (supraspinatus fossa, infraspinatus fossa, and deltoid flattening). Previous incisions are documented. Anterosuperior escape of a 
previous TSA or hemiarthroplasty can often be identified clinically in thin individuals. 

Neurovascular examination includes assessment of the peripheral nerves and radial pulse. Radial nerve status should be well documented. Specific 
attention should be paid to the axillary nerve, since many of these patients may require conversion to an RSA which is dependent on a functional deltoid 
neuromuscular unit.!° This can be confirmed with symmetric sensation over the lateral shoulder and the ability to set the deltoid. In the acutely injured 
patient, the lateral muscle belly can be tested by placing one hand over the lateral epicondyle of the elbow and another hand over the lateral deltoid. The 
patient is asked to push the elbow gently into the examiners hand while the examiner notes contractility of the deltoid. This can be repeated for the posterior 
belly by asking the patient to gently push the elbow back into the bed which is often more tolerable. Most acute traumatic axillary nerve palsies are 
neuropraxias and have a good natural history. However, when injury is suspected and the surgeon is considering revision to an RSA, an electromyogram 
(EMG) may better elicit the status of the nerve and prognosticate recovery prior to proceeding. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PERIPROSTHETIC HUMERAL FRACTURES 
ABOUT SHOULDER ARTHROPLASTY 


If clinical suspicion warrants, workup for infection should include CBC, erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP). However, ESR 
and CRP are unreliable in the shoulder with sensitivities of 16% and 42%, respectively.7!37”° The same is true of intraoperative frozen sections.!°! More 
recently, alpha-defensin has been shown to be reliable in the diagnosis of shoulder periprosthetic infection.”>-”° Cultures remain the gold standard diagnostic 
test for periprosthetic joint infection in the shoulder and the cultures should be incubated for 2 weeks to rule out Cutibacterium acnes. This can be in the 
form of a joint aspiration, arthroscopic cultures, or intraoperative tissue cultures. 

New imaging should include AP, true AP, scapular Y, and axial view (i.e., Axillary, Valpeau, or Bernageau views). The axial view is crucial to assess 
joint reduction and glenoid component position and bone stock. Full-length humerus films and AP, lateral, and oblique views of the elbow should be 
obtained to fully understand the distal extent of the fracture. A transhumeral lateral can provide an orthogonal view when pain precludes a traditional lateral 
image of the humerus. 

In the setting of suboptimal shoulder imaging or concern for rotator cuff dysfunction or glenoid deformity, three-dimensional (3D) imaging may 
facilitate especially if a revision is being considered. CT scan with metal subtraction is best for identifying bone loss and component fixation and can 
provide information about the rotator cuff especially tuberosity healing, muscle bulk, and quality. The addition of intra-articular contrast can identify rotator 
cuff tendon tears when two-dimensional (2D) imaging is inconclusive. 

Magnetic resonance imaging is the standard for 3D imaging of soft tissue pathology around the shoulder but can be of low yield secondary to metal 
artifact to an existing arthroplasty. However, it may still add information in select cases. Ultrasound may be a better option when specifically looking at the 
rotator cuff, but it is technologist-dependent and varies in reliability regionally. 

If at all possible, preinjury radiographs should be obtained for comparison. Changes in stem height, change in angulation greater than 20 degrees, 
progressive radiolucency, or more than 2 mm of radiolucent lines on three or more views suggest new humeral component loosening.”2975%297 Change in 
position on the lateral radiograph can be particularly helpful.?*° Fracture characteristics, especially long oblique fracture proximal to the tip of the stem, 
should raise suspicion for humeral component loosening. 

New imaging should identify any malposition of previous implants: this may be in the form of an oversized or proud humeral head, inappropriate 
component version, or glenoid component failure. A high-riding humeral head or anterosuperior glenohumeral escape is consistent with rotator cuff 
insufficiency and is associated with poor clinical function. 


CLASSIFICATION OF PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 
WRIGHT AND COFIELD CLASSIFICATION 


Type Description 

A Centered at the tip of the stem and extending proximally more than one-third the length of the stem 

B Centered at the tip of the stem and have less proximal extension 

€ Involve the humeral shaft distal to the tip of the prosthesis and extend into the distal humeral metaphysis 


Several classification schemes have been reported for periprosthetic humeral shaft fractures about shoulder arthroplasty stems. Most distinguish fractures by 
their location relative to the tip of the stem.?3:!0.290 A smaller subset of classifications account for fractures of the tuberosities or the stability of the stem.7®° 
None is universally accepted. 

Regardless of the classification system used to describe the fracture, it is paramount in clinical decision making to determine if the stem is loose or well 
fixed. As discussed in the imaging section of this chapter, radiographic evidence of humeral component loosening may include lucent lines at the bone— 
prosthesis interface, cortical breaches, osteolysis, subsidence, or shift in alignment over time.®7°9.256 

The classification by Wright and Cofield is the most preferred reference (Fig. 38-2).7°° The authors described three fracture patterns occurring in their 
series: type A centered at the tip of the stem and extending proximally more than one-third the length of the stem, type B also centered at the tip of the stem 
and have less proximal extension, and type C fractures involve the humeral shaft distal to the tip of the prosthesis and extend into the distal humeral 


metaphysis. Studies have validated this classification and found low interobserver reliability (k = 0.37, 0.58, 0.04) but high intraobserver reliability (k = 
0.69, 0.70, 0.44).8:15.145 


Figure 38-2. The Wright and Cofield classification??? of periprosthetic humeral fractures about total shoulder arthroplasties. Type A fractures are centered at the tip 
of the stem and extend proximally more than one-third the length of the stem, type B fractures are also centered at the tip of the stem and have less proximal extension, 
and type C fractures involve the humeral shaft distal to the tip of the prosthesis and extend into the distal humeral metaphysis. 


Campbell et al. categorized fractures into one of four regions. Region 1 included the greater or lesser tuberosities, region 2 the proximal metaphysis, 


region 3 the proximal humeral diaphysis, and region 4 the mid- and distal diaphysis. They classified their 21 fractures based on the distal most fracture 
extent. In the same article, they published an osteoporosis scale using the ratio of cortical widths compared to the mid-humeral diameter. They classified a 
ratio of 25% to 50% as mild osteopenia and less than 25% as severe osteopenia but this classification has not been validated against accepted bone density 
osteoporotic measures.°4 

Groh et al., like Wright and Cofield, classified fractures of the shaft into three types. Type I fractures occur proximal to the tip of the prosthesis, type II 
fractures originate proximal to the tip and extend distal to it, and type III fractures originate below the tip.!°? Worland et al. considered fracture location, 
fracture obliquity, and implant stability. They also made treatment recommendations based on the fracture classification. Types A, B, and C were designated 
by the location of the fracture: type A occur about the tuberosities, type B occur around the stem, and type occur C well distal to the stem. Type B fractures 
were subdivided: B1 fractures were spiral with a stable stem; B2 were transverse or short oblique with a stable stem; and B3 were any fracture associated 
with a loose stem. Their recommended treatment was very general, with conservative management or open reduction and internal fixation (ORIF) 
recommended for all but B2 and B3 types where long-stem revision was recommended.7®9 

Auran et al. studied 76 cases of humeral periprosthetic fracture and found that although surgeons generally agreed on factors such as the stability of the 
stem or evidence of prefracture loosening, there was only moderate agreement on classification.!° There is no perfect classification system for these 
fractures. Investigation and treatment should be based on type of implant, location of fracture, implant stability, and bone stock.!°” 


OUTCOME MEASURES FOR PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Patient-reported outcomes are increasingly used in orthopaedic surgery to quantify subjective results and justify treatment. They are ideally completed by 
the patient, without the bias of a physician reporting or observer recording. There are joint-specific scores which measure quality of life in multiple domains 
including function, strength, and pain. When validated, these provide reliable data on patient outcomes.??8 Several shoulder-specific outcomes scores exist. 
Neer’s functional outcome score was the first such score, introduced by Neer in his description and classification of proximal humerus fractures in 1970.191 
The score includes sections on pain (35 points), function (30 points), range of motion (ROM) (25 points), and anatomy (10 points). The score is out of 100 
points, where 100 denotes perfect function. This score is used in several studies in this chapter but has not been validated and is rarely used in modern 
shoulder literature. 

The American Shoulder and Elbow Surgeon (ASES) score, Constant score (CS), and UCLA Rating Scale are the most heavily reported outcomes in the 
domain of periprosthetic fractures about shoulder. Schmidt et al. performed a systematic review of 11 shoulder scoring instruments according to the 
“Evaluating Measures of Patient-Reported Outcomes” which ranks validity and reliability on a scale from 0 to 100. They found the ASES score (77.4), 
Simple Shoulder Test (SST; 72.6), and Oxford Shoulder Scores (OSS; 69.7) were all valid, reliable, and responsive with low administrative burden, and are 
the first options for patient-reported outcomes in the shoulder.?4 

The CS was introduced by Constant and Murley in 1987 and was the first shoulder-specific outcome score.*® It includes a patient-reported subjective 
section (variables: pain 15 points, activities of daily living [ADLs] 20 points), and clinician-acquired objective section (variables: ROM 40 points, strength 
25 points). The maximum score is 100 points and represents no disability. Its use in TSA was validated by Angst et al. who found high agreement in 
measuring OA disability with the DASH, ASES, and CS.° Conboy et al. found low interobserver and intraobserver errors, and high confidence levels with 
this assessment.*” The objective strength component was validated by Johansson and Adolfsson.!24 

The UCLA Rating Scale was developed specifically to evaluate TSA in 1981 but it is used infrequently today.° Domains include pain, function, active 
forward elevation, strength of forward elevation, and patient satisfaction. All five sections are clinician reported, which is the downfall of this measure. Each 
question is worth one point. The outcomes score is less intuitive than others, with a max score of 35, which can be broken down into categorical outcome 
(34-35, excellent; 29-33, good; <28, unsatisfactory). Richards et al. validated the test against the SST and CS and found a Spearman coefficient of 0.76 and 
066, respectively.1© 

The ASES score was initially introduced in 1994 by Richards et al. and includes a patient-reported section and a clinician form. The clinician component 
includes objective categories which are not incorporated into the numerical outcome score. The patient-reported variables include pain, instability, and 
ADLs.?“4 It is used for many conditions about the shoulder including rotator cuff disease, instability, OA, and TSA. The score ranges from 0 to 100, where 
100 represents no disability. Kocher et al. found acceptable psychometric properties (reliability, validity, and responsiveness) for the ASES score in 
shoulder instability, rotator cuff disease, and glenohumeral OA among 1,066 patients with an internal consistency of 0.85.!°9 Due to its low administrative 
burden, ease in patient use, and high validity and reliability, the ASES score is the standard outcomes score for shoulder arthroplasty in North America. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO PERIPROSTHETIC HUMERAL 


FRACTURES ABOUT SHOULDER ARTHROPLASTY 


The superolateral approach has been adopted by some surgeons for primary arthroplasty providing improved glenoid exposure but requires disruption of the 
deltoid origin and is not extensile or “utilitarian.”©? For similar reasons, the anterolateral deltoid splitting approach and its extensile modification have 
gained popularity for fracture work.®*® It uses the natural raphe between the anterior and lateral heads of the deltoid. The axillary nerve must be protected 
and can be found approximately 63 mm from the anterolateral tip of the acromion.®° Axillary nerve injury is rare with this later approach, but given its 
importance to the functioning of a RSA, every precaution should be taken to minimize the risk of iatrogenic injury. For these reasons, we recommend 
avoiding the anterolateral approach for arthroplasty, or for fracture work where RSA may be required in the future. 

As these unique approaches become more common, revision arthroplasty surgeons will increasingly be presented with suboptimal existing dissection 
planes. While we are unaware of a general rule regarding skin bridges, or outcomes in the face of dual incisions, it is our practice to perform revision 
shoulder arthroplasty through a deltopectoral approach regardless of previous incisions. The deltopectoral approach is the gold standard for primary and 
revision shoulder arthroplasty. It is internervous, extensile, and is often an existing plane of dissection used for previous fracture work or arthroplasty. When 
the fracture is more distal, this incision can be extended distally toward the lateral epicondyle of the elbow using the anterior exposure to the humerus. The 
biceps mobilized medially and the brachialis split along the anterior humeral shaft between its radial and musculocutaneous innervations. This allows access 
to the majority of the length of the humerus. However, if access to the distal metadiaphysis is required, additional or alternative incisions may be necessary 
for optimal fixation. Variations on the posterior approach can provide better access to the distal humerus?” but provide little access to existing arthroplasty 


components. Therefore, posterior approaches are best reserved for situations where the humeral component is well fixed and revision is not necessary, or 
rarely when a revision is combined with the need for very distal periarticular fixation. 

Regardless of approach, a clear understanding of neurovascular anatomy is paramount in treating these injuries. A complete neurovascular examination 
should be documented preoperatively as discussed. The radial nerve is the most conspicuous. It is vulnerable as it runs in the spiral groove intimate with the 
humeral cortex, and distally where it is bound by the lateral intermuscular septum. It originates off of the posterior cord of the brachial plexus, travels 
through the triangular space, the boundaries of which include the teres minor, humeral shaft, and long head of the triceps. It then travels distally and 
trifurcates along the medial boarder of the humerus giving off a large branch to the medial head of the triceps (and later the anconeus) and the posterior 
antebrachial cutaneous branch.** The nerve is increasingly vulnerable as it courses distally along the middle one-third of the humeral shaft from 21 cm 
proximal to the medial epicondyle to 14 cm proximal to the lateral epicondyle where it pierces the lateral intermuscular septum. The radial nerve proper 
then diverges from the posterior antebrachial cutaneous branch and enters the interval between the brachialis and brachioradialis.°! Since most 
periprosthetic fractures will be managed anteriorly when revision is indicated, this location is particularly useful for identifying the radial nerve. As the 
biceps is mobilized medially, the radial nerve can be identified in the distal third of the arm within the interval between the brachialis and brachioradialis. 
The nerve should be traced proximally and released at the intermuscular septum and around the spiral groove where it is most vulnerable.** Once the radial 
nerve is identified and protected, the brachialis can be split safely. 

Plate fixation or strut grafts often require cerclage fixation about a humeral stem placing the radial nerve at risk.414?283,146 Tn a cadaver study, Fu et al. 
measured the radial nerve to be an average of 13 cm distal to the coracoid, 10 cm from the inferior boarder of the subscapularis insertion onto the lesser 
tuberosity, and 8 cm from the superior insertion, and 4 cm from the inferior insertion of the latissimus.”? They noted the radial nerve was distal to the 
inferior boarder of the latissimus in all eight cadavers and recommended cerclage fixation should be kept proximal to this location to reduce risk of radial 
nerve injury especially when passed blindly. In practice, more distal cerclage is often required and should only occur after identification and protection of 
the radial nerve. Recently, the use of extension plates has been suggested as an alternative to cerclage wires.24° 

Several authors have proposed an opportunistic anterior transposition of the radial nerve through an existing fracture of the humerus as a method of 
easing visualization, decreasing tension, and the risk of injury in subsequent revision. !®-187:292 Since most TSA periprosthetics are approached from anterior, 
and anterior approach has a lower risk to the radial nerve injury, anterior radial nerve transposition has no place in our practice for these fractures.*® 
Theoretically, this may be more useful in the setting of TEA where dissection is typically posterior, revisions are more likely, and future scarring is 
concerning.!8” When utilized, the transposition should be listed clearly as a procedure on the operative report and patient should be educated in the event of 
future procedures. 

Neurologic injury associated with periprosthetic fracture is reported in a number of series and is particularly likely in fixation of humeral fractures. The 
neurovascular structures are at risk due to the proximity of the radial and ulnar nerves to the fracture which make the use of cerclage cables particularly 
risky especially when used blindly. Prevention is the best strategy for dealing with neurologic injury. Regardless of approach, we routinely expose the radial 
nerve, which can then be protected throughout the procedure. Gentle soft tissue handling is also important with avoidance of forceful or prolonged retraction 
on the nerve or surrounding soft tissue. There is no substitute for direct knowledge of nerve location and direct protection during passage of cables. 


TREATMENT OPTIONS FOR PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 


ARTHROPLASTY 


NONOPERATIVE TREATMENT OF PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


Indications/Contraindications 


Nonoperative Treatment of Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Nondisplaced or minimally displaced fractures about a stable humeral implant 
e Medically unwell, unable to tolerate anesthesia 


Relative Contraindications 


Open fracture 

Polytrauma 

Periprosthetic infection 

Humeral component loosening 

Failure of conservative management 

Upper extremity weight bearing 

Premorbid shoulder arthroplasty dysfunction 


Regardless of treatment, the goal for periprosthetic fractures about the upper extremity is to achieve stem stability and bony union with preservation of 
motion and restoration of function.!”> Host, fracture, and implant factors, as well as premorbid function, heavily dictate treatment. In general, nondisplaced 
fractures associated with a stable implant warrant a trial of nonoperative care of approximately 3 months if alignment can be maintained. 

Greater tuberosity fractures are generally associated with stable implants and can be managed nonoperatively if minimally displaced. Although 
indications for surgical intervention are not elucidated in the literature for this niche fracture, we know the rotator cuff function is integral to function of 
hemiarthroplasty and anatomic TSA. Therefore, we use the cutoff of 0.5 cm displacement, the accepted standard for greater tuberosity fractures in the native 
shoulder.*!4215 

When greater tuberosity fractures are noted intraoperatively, it is optimal to secure fixation at the time to prevent postoperative displacement (Fig. 38-3). 
Fracture about the stem (Wright and Cofield types A and B) are suspicious for humeral loosening and should be interrogated clinically and radiographically. 
If stable, a trial of nonoperative treatment may be warranted but is plagued with a high risk of nonunion, or missed implant loosening (Fig. 38-4). For this 


reason, these fractures should be watched closely up to 3 months. 

Fractures well distal to the humeral component, with stable implants, can be managed similar to fractures of the native humeral diaphysis with goals of 
less than 20 degrees flexion/extension, less than 30 degrees varus or valgus, and less than 20 degrees rotational malalignment. However, nonoperative 
management requires shoulder immobilization which can result in prolonged shoulder stiffness. Treatment outcome is dependent on following the principles 
outlined by Sarmiento et al.“** The hydrostatic effect requires an upright patient with active elbow flexion, compliance with brace fitting, appropriate body 
habitus for fracture bracing, and neurologically intact with protective sensation. Risks for failure of conservative treatment include lack of any of the above, 
obesity/pendulous breasts, fracture about a cement mantle, and transverse or short oblique diaphyseal fractures (especially if distracted). Nonoperative 
management is contraindicated when there is humeral component loosening, in a polytrauma patient, in open fractures, or in patients who require upper 
extremity weight bearing. 


2 . A 79-year-old man presented with progressive pain, weakness 17 years after TSA. He was found to have glenoid loosening and cuff insufficiency (A) 
aid underwent revision to an RSA (B). An intraoperative greater tuberosity fracture was repaired with suture passed around the stem. 
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ire 38-4. A: A 67-year-old man sustained a transverse Mayo type C humerus fracture distal to a well-fixed, well-functioning TSA. B: The patient was managed 
e in a fracture brace for 1 year, which resulted in an atrophic nonunion, arthrofibrosis of the shoulder and elbow, and ultimately a radial nerve palsy 
occurring 1 week prior to planned intervention. The patient underwent radial nerve neurolysis, shoulder and elbow manipulation under anesthesia, and ORIF with plate, 
bicortical nonlocking screws, unicortical locking screws, and cerclage wire supplemented with local autograft and iliac crest bone marrow aspirate. AP (C) and lateral 
views (D) of the humerus show stable alignment and early fracture healing at 4 months after surgery. 


AB 


In our practice, most periprosthetic fractures are treated operatively. The shoulder is particularly sensitive to immobilization, especially status 
postarthroplasty. Nonoperative management in most cases requires a period of shoulder immobilization which can lead to a decrease in glenohumeral 
function. The second scenario is an active patient with a periprosthetic humeral fracture with a previously poor functioning arthroplasty. Adjacent joint 
stiffness results in higher transfer of motion and energy through the fracture site, increasing the risk for nonunion. In such patients, these fractures can 
present an opportunity to improve their baseline function if a revision arthroplasty, typically to an RSA, is indicated. 


Fractures of the tuberosities meeting nonoperative guidelines of less than 0.5 cm displacement can be managed with a sling with early functional motion. 
Given the propensity to displace secondary to the forces of the rotator cuff, the patient is placed into the sling with immediate finger, wrist elbow ROM, and 
instructed on pendulum hangs. Serial weekly radiographs are obtained for the first 3 weeks. If the position is stable, we then begin passive ROM (including 
pulleys and wall climbs) and periscapular isometric exercises. Active-assistive ROM is initiated at 6 weeks. Rotator cuff and periscapular strengthening is 
begun at the time of fracture healing or 12 weeks, whichever comes first. 


Patients with diaphyseal fractures and those extending distal to the implant meeting nonoperative requirements are managed with a well-padded coaptation 
splint initially in many practices. After acute swelling has subsided and the patient is able to be upright, they are traditionally transitioned to a fracture brace; 
in our practice, it is to apply a fracture brace acutely if possible.“*’ The patient is instructed twice daily on brace tensioning and active elbow flexion to 
apply hydrostatic and compressive forces at the fracture site. Finger, wrist, and elbow ROM are initiated as soon as possible. Weekly skin checks and 
radiographs in the brace are obtained for the three consecutive weeks. Repeat images are obtained at 2 and 6 weeks from injury. Shoulder motion is initiated 
at the first sign of fracture callus (F ). At 6 weeks, the fracture is examined for gross motion, and if present, consideration is given to intervention as 
union is less likely (82% sensitive, 99% specific for predicting nonunion). If nonunion is present at 3 months, we recommend fracture fixation in operative 
candidates (see ). 


Obtaining union while minimizing glenohumeral stiffness and maximizing function is the primary goal. Union has been reported with all fracture types, but 
in general, nonunion is more common and less predictable than fractures about the native humerus. A systematic review of 40 studies found a 50% rate of 
nonunion in 60 patients treated nonoperatively.°* Wright and Cofield type B fractures are particularly prone to delayed union and nonunion with 
conservative treatment. In this type, Wright reported a 71% nonunion rate, and Boyd et al. reported an 86% nonunion rate.*”“'”"" Worland et al. reported 
five fractures centered around the tip where all five were either treated with immediate ORIF or required delayed ORIF for nonunion. 

Wright and Cofield type C fractures behave closer to traditional fractures, but still with less predictable union. Campbell et al. reported union in four of 
five (80%) of those managed nonoperatively.’? Kumar et al. reported 66% union with conservative treatment. “4° This phenomenon is likely multifactorial 
with biologic risk factors including suboptimal systemic hosts, previous soft tissue and periosteal disruption, local disruption of bone marrow contents, and 
endosteal blood supply.*’ Mechanical factors consist of adjacent joint stiffness and increased rigidity around the implant and cement mantle transferring 
more motion and energy through the fracture site. 


A B 


j. A: Mayo type C fracture distal to a well-fixed, well-functioning implant in a healthy host with good bone stock. B: It was treated in a fracture brace to 
successful union. 


For these same reasons, interprosthetic fractures are the most difficult to obtain union when treated nonoperatively.”“ Sewell et al. reported union in 
neither of two patients.~*° In the largest series, Inglis and Inglis reported one nonunion, one union at 4.5 months, and a third patient lost to follow-up. 
A major concern in managing these patients is shoulder stiffness. 4°47} Conservative management requires glenohumeral immobilization which can 


result in permanent shoulder stiffness. Boyd et al. reported stiffness as a complication in five of six unions managed nonoperatively.~’ These patients 
generally report pain in the shoulder regions coupled with their stiffness. Worsening of an already imperfect joint compromises outcomes and leads to a 
decrease in function regardless of fracture union. 

The results of treating periprosthetic humeral shaft fractures distal to the humeral component are mixed.?799-100,192,146,171,289,290 Kumar et al. treated 11 
postoperative periprosthetic humeral shaft fractures nonoperatively.'*° Six healed uneventfully but five required eventual operative intervention, three had 
ORIF with bone grafting, and two underwent revision arthroplasty with a long stem for associated loosening. Failure of nonoperative management in this 
series may be related to the presence of loose implants. Immediate ORIF was performed in only two patients with stable prostheses; both had uneventful 
union. Similarly, marginal results were reported by Boyd et al. in a small series where nonunion occurred in five of seven patients treated nonoperatively 
and radial nerve palsy occurred in the remaining two.*’ To the contrary, Groh et al. reported union in all five postoperative fractures treated 
nonoperatively.'°° Nonunion after nonoperative treatment is typically managed with a combination of bone grafting and ORIF (see F ), a revision to 
a long-stemmed arthroplasty in the setting of implant loosening or dysfunction ( 6).'4°:-99 While functional bracing is the standard nonoperative 
treatment for humeral diaphyseal fractures, studies specifically reporting this treatment in the periprosthetic setting are scarce.“°’ Kim et al. reported two 
cases of fractures extending proximally from the tip of the prosthesis treated with fracture bracing. One healed at 16 weeks and the second “showed clear 
evidence of healing and no change in fracture position” at 1 year.'¥' These series are small and of low quality but suggest that union is obtainable but less 
likely than similar fractures about the native humerus. 


OPERATIVE TREATMENT OF PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER 
ARTHROPLASTY 


The goal for operative management is to provide stable fixation to allow early physiologic motion to minimize stiffness and maximize function. Indications 
for operative care include open fractures, intraoperative fractures, greater tuberosity fractures displaced more than 0.5 cm, fractures associated with unstable 
humeral components, nonunion, when alignment is not able to be maintained conservatively, or in patients presenting with a chronically poor functioning 
prosthesis where revision would be beneficial. Fractures associated with loose components are associated with pain, dysfunction, and nonunion, and are best 
treated with revision arthroplasty with or without additional fixation. Due to increased risk of nonunion, acute Wright and Cofield type B fractures, type C 
fractures that fail conservative management, and interprosthetic fractures are relative indications that warrant an informed discussion with the patient. 
Discussions should weight the risks of intervention against the benefits of early fracture fixation and rehabilitation. 


Figure 38-6. Mayo type B fracture nonunion adjacent to a poorly functioning hemiarthroplasty after conservative treatment. A: Radiograph shows obvious humeral 


component loosening with moderate bone loss. B: Revision hemiarthroplasty was performed with a long-stem press-fit humeral stem, local autograft, and a derotation 
plate. 


Contraindications to operative fixation or revision include active infection. In such cases, eradication of infection with serial debridement, antibiotic 
spacers, and a course of antibiotics is the standard. Intervention may be contraindicated in patients unable to tolerate surgery or the infirm. The surgeon may 
lean toward conservative treatment in those unable to comply with postoperative restrictions but these same patients may be at higher risk for failure of 
conservative management as well, including nonunion and wound complications from immobilization. 


Open Reduction and Internal Fixation 


Intraoperative fractures about the humeral component need to be interrogated under direct inspection, manipulation, and with intraoperative fluoroscopy. 
The deltopectoral incision should be extended into an anterior approach to the humerus as distal as is necessary. The fracture should be visualized directly. 
Stability of the humeral component can be assessed per routine by applying a gentle rotational moment. If the tip of the prosthesis is visible through the 
fracture, the stem can be interrogated for fixation by manipulation distally. Often, intraoperative fractures can occur longitudinally adjacent to the bicipital 
groove. In such cases, we recommend extracting the loose humeral component slightly, reducing the fracture with a clamp and applying a simple cerclage 
with high-tensile suture using a ratcheting half-hitch stitch or cerclage wire.2“222 This is typically sufficient enough to allow completion of the case in 
routine fashion and routine postoperative protocol with a well-fixed stem. Nondisplaced to minimally displaced intraoperative fractures in the setting of 
RSA have shown to have favorable outcomes without additional fixation.!9* When intraoperative fractures occur distal to the tip of the stem or stability is 
not obtained with cerclage fixation, treatment is dependent on humeral implant stability. If stable, the treatment choices are nonoperative management or 
ORIF with or without strut graft. If the stem is loose, we convert to a long-stem prosthesis with fracture fixation. Failure to recognize these fractures can 
result in implant failure. 

Fractures of the greater tuberosity should be addressed intraoperatively or when displaced more than 0.5 cm. Fixation can include suture or anchor 
repair. The biomechanical differences between these treatments for rotator cuff repair are outside the scope of this chapter, and there is no data comparing 
their use in this specific situation. Most stems have ingrowth/ongrowth potential and suture opportunities for tuberosity fixation in a manner similar to 
hemiarthroplasty for fracture and fracture stems have additional suture holes but are not mandatory for tuberosity healing. Anatomic TSA and 
hemiarthroplasty are dependent on anatomic rotator continuity and function. If this is in question, the patient may best be served with a revision to RSA, 
which is less dependent on rotator cuff integrity. Even in reverse implant design, appropriate tuberosity position is important for external rotation strength 
and stability of the implant. Therefore, it is always our preference to treat these fractures with suture fixation to the implant with or without bone grafting at 
the conclusion of the procedure when recognized (Fig. 38-7). These fractures are common at the time of revision arthroplasty, especially where the humerus 
is revised. 

ORIF of fractures distal to the metaphysis requires an intrinsically well-fixed humeral component (Fig. 38-8). Adequate fixation requires six cortices 
(three bicortical screws) proximal and distal to the fracture. Fixation should span two cortical diameters past the fracture for ORIF or long-stem revision. A 
canal-filling humeral component obstructs typical plate-screw constructs so a combination of cerclage wires, unicortical locking screws, and bicortical 
nonlocking screws around the stem can be useful. Cerclage wires resist shear and torsion. Care should be taken to identify the radial nerve and pass this 
combination of wires, plates and screws deep to the nerve to avoid devastating neurologic injury. Unicortical locking screws provide axial stability. Locking 
or transcortical screws can be placed eccentrically around press-fit implants, and the cement mantle may also provide some screw fixation proximally.!4” 
Distally, cortical screws are the standard but a hybrid fixation construct with cortical screws followed by locking screws may be useful in osteoporotic bone 
or in short segments. 
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Figure 38-7. A 70-year-old man with a history of chronic kidney disease, congestive heart failure, pulmonary hypertension, and cane use sustained a fall and 
presented with acute left shoulder pain. A: He had undergone RSA 18 months prior for rotator cuff arthropathy, and the injury radiograph demonstrates a Mayo type B 
periprosthetic humeral fracture about a well-fixed implant. He underwent a long-stem revision RSA with an extended deltopectoral approach. B: Sutures were placed 
in the rotator cuff tendons to gain control of the greater tuberosity and facilitate later repair to the implant to optimize function and implant stability. C: Sutures were 
placed around the tuberosity for later cerclage to the implant after removal with osteotomes. Sutures were then placed around the pectoralis major fracture for later 
incorporation to the implant. D: The radial nerve was bluntly dissected off of the posterior humeral shaft fragment only enough to place a prophylactic cerclage suture. 
E, F: A ratcheting half-hitch knot is tied along the proximal diaphysis to prophylactically limit distal fracture propagation upon stem insertion. The humeral implant 
chosen allows for greater than two stem diameters of distal shaft fixation. G: Tuberosity reconstruction sutures were placed in the humeral implant proximal holes for 
tuberosity incorporation. H: Intraoperative fluoroscopy was used to confirm tuberosity alignment. I: The pectoralis major cerclage sutures and then greater tuberosity 
cerclage sutures were passed around the implant and tied. J: Postoperative AP radiograph demonstrated a well-placed tuberosity and adequate distal press fit. 


Cortical strut allografts add early fixation stability and long-term bone stock when they successfully incorporate (Fig. 38-9). The downside is the 
additional compromise to the periosteal blood supply and healing potential secondary to cerclage fixation distally and proximally. We have used humeral 
and femoral strut allografts successfully when long-stem revision or plate fixation alone is inadequate to allow early return to function or when bone stock 
supplementation is required. Cortical strut or an oversized circumferential allograft sleeve can be particularly useful for interprosthetic fractures which are 
fraught with poor biomechanics and bone loss.35:51;239 
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Figure 38-8. A: A 72-year-old woman 3 months after successful RSA for rotator cuff tear arthropathy was involved in a motor vehicle collision, sustaining multiple 


injuries including rib fractures, facial fractures, a left talus fracture, and right Mayo type B humeral periprosthetic fracture about a well-fixed RSA. The patient 
underwent ORIF with plate, lag screws, transcortical screws, and cerclage wire fixation, as seen on AP (B) and lateral views (C). 


Right 


Figure 38-9. A: A 79-year-old woman sustained a ground-level fall that resulted in a periprosthetic humerus fracture with an avulsion of the deltoid tuberosity below 


her well-fixed, well-functioning RSA. B: During ORIF of her periprosthetic humerus fracture, the radial nerve was found in the fracture site. The deltoid tuberosity is 
also seen posterior to the forceps. The deltoid butterfly fragment was provisionally held with mini frag plating and small lag screws. After provisional reduction, a 4.5- 
mm locking compression plate (LCP) was compressed to bone with a proximal screw placed through the cement mantle and another screw distally. Proximal and distal 
cables were then incorporated through and around an anteromedially placed allograft femoral strut which was compressed to bone as an augment. C: A plate extender 
was also used proximally for additional fixation as well as locking screws that were placed distally. The final fixation construct is seen on postoperative AP (D) and 
lateral (E) views. 


Preoperative Planning 


Open Reduction and Internal Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


Surgical history LJ Previous operative reports, types of implants used, appropriate revision equipment available 
Preoperative imaging LJ Orthogonal views of the shoulder, humerus, and elbow, and CT scan of the shoulder 

Anesthesia LJ Regional and general 

OR table LJ Shoulder-specific beach chair adaptor with radiolucent back 

Position/positioning aids LJ Beach chair, arm positioner 

Fluoroscopy location LJ At the head of the bed 

Equipment LJ Shoulder retractors (double-pronged Gelpi retractors, Brown retractor, Fukuda retractor, Bankart 


retractor, Hohmann retractors), extraction materials (microsagittal saw, thin flexible osteotomes, vice grip, 
backslap, curettes), revision arthroplasty implants, PMMA cement, 3.5- and 4.5-mm LCP plates, tabletop 
bender, cerclage cables, no. 2 high-tensile nonabsorbable suture, structural allograft 


PMMA, polymethylmethacrylate. 


The surgeon should prepare the possibility of intraoperative conversion from ORIF to revision. This includes a knowledge of the existing implant, 
understanding of the glenoid bone stock, which may require a CT scan, and an understanding of rotator cuff continuity as discussed earlier. Full-length 
humeral films should be obtained. Osteosynthesis typically requires 3.5- or 4.5-mm limited contact dynamic compression plate (LC-DCP) plates or site- 
specific periprosthetic plates with cerclage cables and structural freeze-dried allograft available. Large nonabsorbable suture with a large, tapered needle 
should be available for repair of the rotator cuff, tuberosity fracture, or lesser tuberosity osteotomy. 


Positioning 

General anesthesia is preferred and can be supplemented with a regional brachial plexus nerve block (supraclavicular or interscalene) which minimizes 
intraoperative narcotic use and improves postoperative experience.! Neuromuscular blockade is at the surgeon’s discretion but is generally only needed 
during reduction of an RSA and can mask signs of dissection in close proximity to the axillary nerve. A large fluoroscopy unit is positioned at the head of 
the bed. The arm is prepped and draped completely with split drapes from the base of the neck distally and a stockinet is placed over the hand and mid- 
forearm keeping the elbow well exposed. A universal arm positioner is recommended for convenience. Beach chair position with ability to adduct and 
extend the shoulder is mandatory if there is any possibility of revision arthroplasty. However, a posterior approach is necessary when fixation is required in 
the distal humeral articular block. This can be done in the lateral or prone position when relative certainty exists as to humeral component fixation. In rare 
instances, both a revision of a loose implant and distal fixation may be necessary. In such cases, it is possible to perform the revision anteriorly in the beach 
chair position, followed by a posterior approach by then bringing the arm over the chest or by then repositioning in the prone or lateral position. 


Surgical Approach 


As mentioned, the deltopectoral incision is the standard for revision shoulder arthroplasty and fixation and can easily be extended into an anterior incision 
for fracture work. The anterior head of the deltoid originates from the clavicle and runs about 1 cm medial to the coracoid tip. An incision is made from the 
coracoid tip to just past the axillary fold toward the lateral epicondyle, then curves distally along the anterolateral aspect of the arm. Proximally, the interval 
is identified by the fat surrounding the cephalic vein. Also, the surgeon can use the converging striations of the pectoralis major and deltoid as another cue. 
We mobilize the vein laterally as there are less medial tributaries. Next, the subacromial space is cleared and a brown retractor placed. Laterally one should 
dissect on bone from the distal aspect of the rotator cuff insertion to the deltoid insertion. Here the axillary nerve should be identified approximately 63 mm 
distal to the anterolateral acromion where it runs on the deep surface of the deltoid, intimate with the humerus.®° Next, the clavipectoral fascia is incised up 
to but not through the coracoacromial ligament as this can prevent anterosuperior escape in poor functioning arthroplasties. Next, the plane above and below 
the conjoint tendon is recreated with care to stay clear of the musculocutaneous and axillary nerves. In the revision situation, we then identify the 
transepicondylar axis and dissect straight to bone with electrocautery at the location of the bicipital groove. Dissection is carried distally between the 
pectoralis insertion and the deltoid. Elevation of the deltoid should be conservative especially when RSA may be employed. In such cases, medial dissection 
of the pectoralis major insertion is preferred with less consequence. Here the latissimus can usually be spared. The fascia over the biceps muscle belly is 
opened distally and the biceps is bluntly mobilized medially protecting the neurovascular structures. The radial nerve is identified distally between the 
brachialis and brachioradialis and traced proximally to the level of the spiral groove. Next, the brachialis is split along its midline to expose the diaphysis. 
This exposure is useful distally to the coronoid fossa. 


Technique 


ORIF of Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 


KEY SURGICAL STEPS 


Expose the humerus via an extended deltopectoral approach 
Define and prepare the fracture edges 
Identify and protect the radial and axillary nerves 
Assess the humeral component for loosening 
Fracture reduction and stabilization with a pointed reduction clamp 
e Place 2.7- or 3.5-mm lag screws for simple oblique or spiral fractures 
Contour a 3.5- or 4.5-mm LCP plate 
Stabilize plate at the proximal and distal margins with K-wires 
Proximal and distal fixation 
e Cortical screws, unicortical locking screws, cerclage wires 
e Consider cortical strut allograft if fixation subopitmal 


LJ Closure 


The fracture is exposed at least two cortical diameters distal to the fracture. The humeral stem is assessed for stability. Proximally, the rotator interval can be 
opened without violating the rotator cuff and the implant can be examined for stability. Distally, if the stem of the implant can be seen through the fracture 
site, the surgeon can attempt to piston the fracture or check for rotational stability. A loose implant requires revision with or without osteosynthesis. 

The fracture is then exposed. Any nonunion is taken down and callus saved to be used as local autograft. The fracture edges are defined and the 
periosteum otherwise is spared as much as possible. A 4.5-mm broad LCP (narrow for smaller patients) is selected, long enough to span at least two cortical 
diameters distal to the fracture. The fracture is reduced with a pointed reduction clamp. Simple spiral fractures are fixed with 2.7- or 3.5-mm lag screws and 
transverse fractures are fixed with compression through the plate with or without an articulated tensioner in the setting of nonunion. A tabletop bender is 
used to accommodate the flair of the greater tuberosity. A slight rotation of the plate may be needed to navigate the deltoid insertion approximately half way 
down the humerus. Cortical screws are used at the extremes of the plate to reduce the plate to bone and provisional alignment is visualized on fluoroscopy. 
A combination of locking and nonlocking screws can be then employed based on the quality of bone. If the stem is press-fit and adequate passage exists, 
eccentric locking or nonlocking screws can be placed bicortically adjacent to the stem. When the stem is cemented or proximal bone is scarce, we alternate 
unicortical locking screws and cerclage wires. Blind passage of cerclage wires is ill-advised but if necessary should be placed no lower than the inferior 
border of the latissimus and placed directly on bone from medial to lateral. Anywhere distal to this requires identification and protection of the radial nerve. 
If good fixation is obtained, we perform a gentle MUA in select cases where recent motion has been lost. The wound is irrigated and the morcellized callus 
is impacted at the fracture site. Final intraoperative imaging is taken. Closure includes repair of the elevated deltoid and pectoralis major insertion to each 
other followed by routine closure, sterile dressing, and simple sling application. 


Revision Shoulder Arthroplasty 


Revision shoulder arthroplasty is required for periprosthetic fracture in the setting of humeral loosening or a previously poor functioning arthroplasty. 
Rarely, it is possible to revise to another hemiarthroplasty or anatomic TSA (Fig. 38-10) as the rotator cuff and/or tuberosities are often compromised. Each 
additional subscapularis osteotomy or tenotomy compromises its function and subsequent repair and, hence, functional outcome. Glenoid-sided failure, bone 
loss, and deformity are possible and may contraindicate an anatomic glenoid component. Finally, these cases can often be associated with proximal humeral 
bone loss and osteolysis.!44173 The RSA has been used with increasing frequency as a solution in these challenging situations. The metal glenoid baseplates 
allow more secure bony or metal augmentation and fixation options on the glenoid side, and the humeral side is not dependent on an intact rotator cuff or 
tuberosity healing for successful function. While early reports are reassuring, enthusiasm for this implant in younger and more active patients needs to be 
tempered as long-term outcomes are not yet available. This remains a very good option especially in the low-demand and elderly population in the setting of 
complex primary and revision shoulder arthroplasty. 
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Figure 38-10. Treatment of a periprosthetic humeral shaft fracture associated with a loose prosthesis (A) with a long-stem revision, allograft, and a cerclage cable (B). 


Preoperative Planning 


Revision Shoulder Arthroplasty: 


PREOPERATIVE PLANNING CHECKLIST 


Surgical history LJ Previous operative reports, types of implants used, appropriate revision equipment available 
Preoperative imaging LJ Orthogonal views of the shoulder, humerus, and elbow, and CT scan of the shoulder 

OR table LJ Radiolucent, shoulder-specific beach chair adaptor 

Position/positioning aids LJ Beach chair, arm positioner 

Fluoroscopy location LJ Head of the bed 

Equipment LJ Shoulder retractors (double-pronged Gelpi retractors, Brown retractor, Fakuddah retractor, Bankart 


retractor, Hohmann retractors), extraction materials (microsagittal saw, thin flexible osteotomes, vice grip, 
backslap, curettes), revision arthroplasty implants, PMMA cement, 3.5- and 4.5-mm LCP plates, tabletop 
bender, cerclage cables, no. 2 high-tensile nonabsorbable suture, structural allograft 


As with any revision arthroplasty consideration, a thorough workup is necessary. The surgeon must understand the patient’s activity level, hand dominance, 
and surgical history (including previous operative reports, implants, and any infectious history). Orthogonal radiographs of the shoulder, humerus, and 
elbow are obtained. If there is any likelihood of work on the glenoid side, including RSA, a CT scan of the shoulder is necessary to evaluate the glenoid 
bone stock, deformity, and orientation. 

Inflammatory labs (ESR, CRP), alpha-defensin, and synovial fluid cultures are sent in elective situations.” Cytokine analysis may become more 
common in the future.”° In the acute setting including fracture (especially when open), or with an associated fixed dislocation, cultures are taken at the time 
of acute revision. If suspicion for underlying infection is high, an initial irrigation and debridement and long antibiotic spacer can provide high local 
antibiotic levels and provisional stability while cultures are pending. If the clinical scenario and laboratory workup are reassuring, revision arthroplasty can 
be undertaken with or without antibiotics until cultures are negative. Our goal is good press-fit fixation throughout the construct. If this is not obtainable, a 
hybrid technique can be used to obtain good distal press-fit fixation and conservative proximal cementation or vice versa. If absolutely necessary, as may be 
the case in very poor bone with an extensive fracture, cementation of the entire construct may be necessary. All of these constructs may be augmented with 
strut grafting, cerclage fixation, and/or plate fixation to neutralize bending and rotational forces and to protect the remaining bone. 

Positioning, imaging, and implants required are similar to those used in ORIF. Anatomic replacements necessitate a functioning rotator cuff and 
anatomic tuberosity position. When glenoid implants are planned, the surgeon should understand the degree of glenoid bone loss and deformity and create a 
preoperative plan to address this. Options include augmented implants, corticocancellous bone graft, or accepting small amounts of retroversion. This can be 
facilitated with computer-assisted planning. 


Positioning 


Beach chair positioning is identical to that described for ORIF. 


Surgical Approach 


Tranexamic acid is given prior to incision when not contraindicated as it has been shown to decrease bloodless with minimal complications.°>*° The initial 
deltopectoral approach is identical to that described for ORIF. Particular attention is paid to redefining the natural planes of the shoulder starting with the 
subdeltoid and subacromial space. This is best done with the shoulder in abduction to detention the deltoid. A brown retractor should be able to be easily 
placed once this space is recreated. Next the coracoid is identified by palpation. In complex revision, this bony process is a dependable orientation 
landmark. Next, we define the plane anterior and lateral to the conjoint tendon. This helps with exposure and with surgeon orientation. The proximal 
humerus is exposed subperiosteally along the intertubercular groove which is orthogonal to the transepicondylar axis. The rotator interval is opened 
exposing the joint. At this point, cultures of the synovium and synovial fluid are sent. If a revision anatomic TSA or hemiarthroplasty is considered, 
subscapularis tenotomy, peal, and lesser tuberosity osteotomy are described. This debate is outside the scope of this chapter, but all are used in 
contemporary practice with various risks and benefits. We perform a wafer osteotomy in primary TSA and hemiarthroplasty as this is associated with more 
predictable healing and easier to monitor radiographically in the clinic on the axillary radiograph. In the revision setting, especially when converting to 
RSA, we perform a subscapularis peel. With a blunt Hohmann retractor in the rotator interval, the assistant or arm positioner can bring the arm into 
progressive forward flexion and external rotation allowing the surgeon to dissect around the medial neck with electrocautery directly on bone at all times. In 
the setting of a loose implant or more proximal fracture where there is discontinuity between the elbow and the proximal humerus, a reduction clamp around 
the humeral neck can be used to provide rotation during proximal exposure. A Hohmann retractor directly on bone can aid in exposure. If possible, we spare 
the latissimus and teres major insertion as these may be the main internal rotators in the setting of subscapularis insufficiency or RSA. Straying off bone in 
this location risks injury to the axillary nerve which can be found just below the inferior boarder of the subscapularis as it wraps around the humerus 
through the quadrilateral space. Avoidance of muscle paralysis and use of electrocautery can help warn the operating surgeon when in close proximity. The 
subscapularis is tagged with a heavy suture for retraction and possible later repair. Slow gentle adduction, extension, and external rotation dislocate the 
humeral head. If dislocation is not easy, the above steps should be repeated sequentially. 


Technique 


KEY SURGICAL STEPS 


/ | ORIF of Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 


Expose the humerus via an extended deltopectoral approach 
Identify and protect the radial and axillary nerves 
Recreate natural tissue planes 
Expose and dislocate the proximal humerus 
Extract humeral component 
Send deep cultures 
Expose and prepare glenoid if necessary 
Prepare humerus 

e Provisional fracture reduction 

e +Supplementary ORIF or cortical strut allograft and cerclage 

e +Impaction grafting 

e +Cement 
Final component insertion 
Soft tissue balancing 
Closure 
After the humerus is dislocated and the humeral head is presented, the humeral component is extracted. When loose, this step is relatively strait forward. 
When well fixed, several tricks are necessary. The humeral head morse-taper can be broken with a “tuning fork.” When not available, a single strike with an 
inline instrument on the neck can break the taper but care must be taken to avoid fracture proximally. A well-fixed press-fit stem is worth an attempted 
disimpaction. For this, we use a slotted impactor/disimpactor which can be affixed by threading into the humeral stem or with a vice grip plyer. Implants 
with minimal ingrowth/ongrowth coating are often extracted with a single forward slap and sequential backslaps. Extensive ingrowth may require 
circumferential use of flexible osteotomes to be used along the implant surface in order to preserve bone stock. In the event of an extremely well-fixed 
cemented implant, two further options exist. Care should be taken to remove bone from the lateral flange to protect the greater tuberosity from avulsion with 
extraction. It can also be helpful to release the supraspinatus from the greater tuberosity for protection when revising to a reverse construct. A vertical 
humeral osteotomy can be created just lateral to the bicipital groove with a microsagittal saw. The blade is directed all the way down to the implant for the 
entire length of the stem. The split is slowly spread with osteotomes to free the implant from the cement mantle. Alternatively, a 1-cm-wide humeral 
window can be created using an oscillating saw from 3 cm distal to the humeral neck extending just distal to the tip of the implant. This allows access to the 
anterior, medial, and lateral cement mantle for extraction with osteotomes. Both can be repaired with nonabsorbable sutures or cables.234 

After humeral component extraction, the glenoid is inspected. Deep cultures are taken including the glenohumeral synovium and humeral canal. The 
arm is brought to slight abduction and external rotation, the brown retractor is removed, and a Fukuda retractor is placed posterior to the glenoid to expose 
the glenoid surface by carefully retracting the proximal humerus. Anteriorly, a Bankart retractor is placed directly on the glenoid neck deep to the 
subscapularis. Hohmann retractors can be placed carefully superiorly or inferiorly along the glenoid rim as necessary. The glenoid is exposed if an anatomic 
TSA component or more likely RSA baseplate is being utilized. This includes anterior capsulectomy between the subscapularis and anterior and 
anteroinferior glenoid rim, and capsulotomy along the inferior glenoid with strict attention to avoid injury to the axillary nerve. Redundant synovium and 
malunited tuberosities are excised as these are nonfunctional and can provide a shoehorn effect levering out the humeral component and resulting in 
postoperative instability. Glenoid component implantation is completed. 
Attention is then moved to humeral reconstruction. Deep cultures from the fracture site are sent. Depending on the system employed, steps may vary but 


the primary goal in our hands is to press-fit humeral fixation, especially distal to the fracture. After exposing the distal fracture and the radial nerve, a 
prophylactic cerclage wire can prevent propagation of unrecognized fracture planes in the distal segment especially when bone quality is poor. Reaming and 
trialing is completed according to the manufacturer recommendations. The goal is to recreate the height of the humeral calcar component at the level of the 
native calcar. When bony landmarks are disrupted, similar clues can be used, as in primary hemiarthroplasty. The top of the head should be 56 mm proximal 
to the upper boarder of the pectoralis major tendon insertion.'®° Also, the relationship between the greater tuberosity and head heights must be restored: the 
top of the head should be 7 to 8 mm proximal to the top of the greater tuberosity.!!5!1” Anatomic components should be placed in approximately 30 to 40 
degrees of retroversion.*° For TSA and hemiarthroplasty implants, anatomic restoration of head height and size cannot be overemphasized. In the setting of 
RSA, soft tissue tension typically dictates final implant tensioning which is modulated with various humeral tray and polyethylene inserts as well as 
glenosphere offset, size, and position. 103 

When the fracture extends proximally or an osteotomy has been employed, the final implant can be impacted distally followed by proximal cerclage 
fixation with or without cement. We use cement only when necessary: in the face of proximal bone loss and when previous cement mantle is unable to be 
safely extracted (“cement-within-cement” technique).2”? When proximal osteolysis is less substantial and when an adequate cortical conduit can be 
maintained, impaction grafting is a method of improving proximal fixation, ingrowth potential, and contributing to overall bone stock. In cases of severe 
proximal bone loss, an endoprosthesis or allograft prosthetic composite (APC) may be necessary. !“4 

Simple fractures associated with good proximal and distal bone may best be treated with provisional fracture reduction followed by fixation. Options for 
fracture fixation include intramedullary stabilization alone when humeral component fixation is good. This can be augmented with ORIF using plates, screw 
and cerclage cables, and/or cortical allograft strut secured with cerclage cables as needed.!%° It may be beneficial to place additional fixation prior to 
humeral component trial and implantation as a method of provisional fixation. The fracture should be bypassed by the stem by two or three cortical 
diameters.??-146.193 The humeral component fixation is tested with gentle rotation and a gently pulling up on the implant. Any motion represents inadequate 
stability. If humeral component fixation is questionable, it is risky to use an oversized diameter implant for fear of further fracture. In this case, a 
combination of cement fixation and or impaction grafting is employed. When a preexisting cement mantle is present and extraction would risk the integrity 
of the cortical bone, a cement-within-cement technique can be employed.?”9 If cement is required, it is critical to keep cement out of the fracture site as this 
will cause nonunion and risk future implant failure. Trial humeral head or humeral inlay (in the setting of RSA) is completed and modified for appropriate 
soft tissue tensioning. The final implants are placed and the shoulder reduced. Where implant distal fixation is less than ideal particularly in rotation, or 
there is desire to protect the construct from future trauma, a 3.5-mm LCP plate can be used to bridge the constructs with 3.5-mm cortical or locking screws 
distally and cables proximally. If the tuberosity was avulsed or is at risk, cerclage to the humeral stem is performed as the final step. The wound is soaked in 
a dilute betadine solution for 5 minutes and then copiously irrigated to minimize infection.*° In the setting of RSA, the subscapularis is typically not 
repaired unless tension-free repair is possible. Robust anatomic repair with high-tensile nonabsorbable suture is required for hemiarthroplasty or anatomic 
TSA. Prior to closure, 1 g of vancomycin powder is divided between each of the layers. Additionally, tranexamic acid can be injected locally (which can be 
beneficial for those patients in which intravenous tranexamic acid is contraindicated), as no difference in blood loss or complications has been found 
between intravenous and topical administration in primary shoulder arthroplasty.*°° For RSA, we close the deltopectoral interval to provide a biologic layer 
between the components and the skin. Distally, the brachialis is gently approximated followed by subcutaneous tissue and skin closure. The patient is placed 
into a simple sling. 


Authors’ Preferred Treatment for Periprosthetic Humeral Fractures About Shoulder Arthroplasty ( 


Stable implant Unstable implant 


Non or minimally Displaced or 
displaced nonunion 


Revision arthroplasty 
+/- ORIF 
+/- allograft cortical 
strut 


Non-operative 
management 


Algorithm 38-1 Authors’ preferred treatment for periprosthetic total shoulder arthroplasty humeral fracture. 


Periprosthetic humeral fractures about TSA or RSA can be grossly categorized as occurring about stable or unstable humeral stems. When the humeral 
component is convincingly well fixed, and the fracture is nondisplaced, conservative treatment is a possibility. TSA and hemiarthroplasty require 
anatomic rotator cuff and tuberosity positioning. They can be managed nonoperatively when displaced less than 0.5 cm and without progression on 
serial radiographs. Fractures about the humeral stem that are well aligned can be managed nonoperatively in a sling if they are associated with a well- 


fixed humeral component. Fractures distal to the tip of the prosthesis warrant a trial of nonoperative management in a fracture brace but our threshold 
for conversion to surgical treatment is low. Unacceptable alignment, inability to tolerate conservative management, delayed union or nonunion, 
preexisting arthroplasty dysfunction (including component loosening, rotator cuff failure, infection, and instability) are all relative indications for 
surgery, even in well-fixed implants. We perform isolated ORIF with plate, screw, and cerclage wires for type C fractures that fail conservative 
treatment. Tuberosity fractures can be treated with suture, anchor, or plate fixation depending on the bone quality and nature of the fracture. With the 
rise in reliability of RSA, we are more commonly converting to RSA for periprosthetic tuberosity fractures when anatomic healing is unlikely. Isolated 
fracture care with sutures and/or anchors is advisable in young patients with good physiologic healing capacity, and in whom RSA should be avoided if 
at all possible. 

Periprosthetic fractures about a loose humeral component are reflexively treated with revision arthroplasty if the patient is able to tolerate surgery. 
Fractures about the component are revised to a long-stem press-fit prosthesis. We use cement fixation only when necessary. When fracture stability is at 
all questionable, supplemental fixation is performed either with cortical allograft struts and cables, or with osteosynthesis. We have become more 
aggressive in treating even minimally displaced type C fractures surgically in moderate high-demand patients. This allows a quicker return to 
physiologic function maximizing ghenohumeral motion and return to activities. Intraoperative fractures may be converted to a longer stem anatomic 
component, but in our practice, postoperative fractures about loose or failed TSAs requiring revision are more predictably managed with conversion to 
RSA. 


Postoperative Care 


One of the goals of surgery is to avoid iatrogenic deconditioning of the upper extremity. Patients are placed into a simple sling for 2 weeks with a focus on 
pendulum motion as well as elbow, forearm, wrist, and finger motion. As long as the tuberosities or subscapularis do not need to be protected, early ROM 
and return to function is the goal. At 2 weeks, the patient begins a home-based physical therapy program focused on shoulder ROM and strengthening 
without restrictions. As the literature in native humeral shaft fracture management supports, we allow weight bearing as tolerated unless the fixation is 
deemed particularly precarious.7°” 

In the setting of revision, the restrictions depend on the rotator cuff or tuberosity repair status. For anatomic or hemiarthroplasty, the subscapularis repair 
is protected with 6 weeks. At 2 weeks, we allow gentle active external rotation to neutral and gravity-eliminated forward elevation to 140 degrees. At 6 
weeks, or when axillary radiographs show bony union of the lesser tuberosity, restrictions are liberalized to allow active and active assistive ROM in all 
planes. Strengthening and passive ROM begin at 12 weeks postoperatively. 

For RSA, restrictions depend on tuberosity status. In the rare setting of greater or lesser tuberosity repair, these must be protected until there are signs of 
healing. When revising to an RSA for tuberosity fracture, no restrictions are provided if the tuberosities are nonreconstructable. Early unrestricted weight 
bearing, ROM, and strengthening begin at 2 weeks postoperatively. When minimally displaced and anatomic fracture repair to the RSA prosthesis is 
possible, we do protect the repair for 6 weeks. 

Multimodal analgesia can minimize narcotic consumption and improve pain control. This includes a preoperative regional block, antineuroleptics, a 
brief course of Ketoralac, scheduled acetaminophen, and judicious use of narcotics. All patients receive 24 hours of routine IV antibiotics. Culture-positive 
patients receive a peripherally inserted central catheter (PICC) line and 6 weeks of IV antibiotics tailored to intraoperative cultures. When there is any 
concern for infection, the patient is continued on 2 weeks of oral antibiotics to cover gram-positive bacteria as well as C. acnes. Intraoperative cultures are 
incubated for at least 2 weeks and reviewed at the 2-week wound check. Positive cultures are treated with 6 weeks of tailored antibiotics. 

Serial radiographs are obtained at the 6 weeks, 12 weeks, and annually thereafter. Motion gain is critical early and may warrant an early MUA of the 
shoulder or elbow. Removal of hardware is avoided at all costs to minimize occurrence of recurrent periprosthetic fracture and infection. 


Potential Pitfalls and Preventive Measures 


Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 
ORIF 
Neurologic injury e Identify and protect the radial nerve at all times 
e Keep any blind cerclage wires above the lower boarder of the latissimus insertion 
Unrecognized humeral loosening e Interrogate humeral component fixation intraoperatively 
e Prepare for revision arthroplasty including RSA 
Inadequate distal fixation e Posterior approach 
e Cortical allograft strut augmentation 
Postoperative stiffness e Timely surgery 


e Sufficient fixation to allow immediate rehabilitation 
Revision Shoulder Arthroplasty 


Inadequate exposure e Methodical stepwise exposure defining all major tissue planes 
e Chemical muscle paralysis 


Iatrogenic bone loss during humeral extraction e Small flexible osteotomes, controlled humeral osteotomy 


TSA and hemiarthroplasty imbalance e Verification of anatomy under fluoroscopy 
e Top of head 7-8 mm proximal to top of greater tuberosity 
e Top of head 56 mm proximal to superior edge of pectoralis major tendon insertion 


Undiagnosed chronic periprosthetic infection e Preoperative workup and intraoperative cultures held for 2 weeks 


Greater tuberosity avulsion e Clear bone from the lateral humeral flange prior to extraction 
e Release the supraspinatus prior to stem extraction when revising to a reverse design. 


e Robust suture fixation of the greater tuberosity to the final implant when disruption is noted 
intraoperatively. 


Outcomes 
ORIF for Periprosthetic Humeral Fracture About Shoulder Arthroplasty Outcomes 


There are few large series demonstrating the outcomes for the operative management of periprosthetic humeral shaft fractures about TSA. Multiple small 
case series show relatively consistent results: high union rates with little effect on functional outcome in the absence of complications, specifically stiffness 
and nerve injury. Wutzler et al. reported on six patients with periprosthetic humeral shaft fractures, all with well-fixed stems and all treated with plate 
fixation.*°! Screws were used distally with screw and/or cerclage fixation proximally. Union was achieved in 83% (5/6). The one poor result occurred after 
a nonunion developed requiring multiple surgeries and eventual revision to a long-stemmed prosthesis, bone grafting, and bone morphogenic protein to 
achieve union. This patient also had a persistent radial nerve palsy related to the initial periprosthetic fracture. Mineo reported a series of six postoperative 
periprosthetic fractures managed with locked plate and proximal cerclage fixation in hemiarthroplasty, TSA, and RSAs. They found 100% union at an 
average of 5.1 months, and average forward flexion of 120 degrees with full preoperative motion achieved in all patients except one who had a radial nerve 
injury associated with the injury. There were no iatrogenic radial nerve palsies.” Worland et al. also achieved union in 100% (6/6) of postoperative 
periprosthetic humeral fractures; 83% (5/6) required surgery (4 revisions, 1 ORIF for nonunion) and one was managed nonoperatively.*°° They reported a 
UCLA score decreasing slightly from 26.1 preinjury to 25.8 postoperatively with “restoration of angle of motion” in all patients (forward flexion decreased 
slightly from 70 to 64 degrees, external rotation decreased slightly from 38 to 35 degrees). Recently, Kurowicki et al. presented their technique for ORIF in 
five patients with stable implants.'4” They utilized a combination of proximal unicortical locking screws, cerclage fixation, and bicortical off axis 
nonlocking 3.5-mm “skive screws.” They reported 100% (5/5) union at an average of 19 weeks, forward flexion 86 degrees, external rotation 18 degrees, 
VAS 0.5, and an ASES functional score of 75 at average 29 months postoperatively. These smaller studies support the general goal with these fractures: 
obtain fracture union while avoiding stiffness and nerve injury. 

Wright and Cofield published one of the larger early series. They reported 1.8% (9/499) postoperative fractures at an average 40 months after the index 
surgery.7°° Patients averaged 70 years old and were evenly split between RA and posttraumatic etiology. Of those managed nonoperatively, 80% (4/5) 
healed. The remainder underwent ORIF with plate, screws, and cerclage cables. Overall, 88.9% (8/9) healed at an average of 4 to 6 months and one required 
revision for nonunion at 43 months. According to the Neer score, three did satisfactory and six unsatisfactory (again mostly due to loss of motion). They 
recommended nonoperative treatment for long oblique fractures with stable implants. Surgery with autograft supplementation should be considered for short 
oblique fractures especially at the level of the distal tip of the implant, when associated with a loose prosthesis. 

In a large series reported by Kumar et al., postoperative periprosthetic fractures constituted 0.6% (19/3,091).!4 They included 16 fractures (6 Wright 
and Cofield type A, 6 type B, 3 type C, and 1 proximal metadiaphyseal fracture associated with osteolysis) treated either nonoperatively, with delayed ORIF 
for nonunion, or with immediate ORIF. Fracture union was achieved in 100% (16/16) of cases but by different treatments. While 6 healed nonoperatively at 
an average of 160 days, 5 required surgery for nonunion at an average of 123 days (4 type B, 1 type A) for a nonoperative union rate of 54.5% (6/11). The 
remaining 5 underwent immediate operative treatment and healed at an average of 278 days, one of which required multiple procedures. Functional 
outcomes according to the Neer Score included: 3 excellent, 4 satisfactory, 9 unsatisfactory results. The number one reason for dissatisfaction was loss of 
prefracture motion. They recommended nonoperative treatment for type A fractures in the rare instance the component is well fixed; a trial of nonoperative 
treatment for type B with well-fixed implants but change to ORIF when progress toward union is not evident by 3 months. Type C should undergo a 
nonoperative trial. It is interesting to note that in their study the conservatively managed fractures healed sooner, a finding which may be due to selection 
bias. However, this does underscore the tenuous biologic healing potential in these clinical situations. Many have recommended supplementation with 
autogenous bone graft at the time of ORIF for this reason.?%° 

In the largest series to date, Andersen et al. reported 36 fractures including 18 RSAs.® Indications for surgery included: unstable fractures, fracture 
around a loose stem, or patients unable to tolerate nonoperative management. They reported 100% (17/17; 8 RSAs and 9 TSAs) union at an average of 6.8 
months in those undergoing ORIF, 8 of which were supplemented with allograft struts. Postoperative ASES score averaged 45. Of those with preexisting 
scores, 83% (5/6) returned to their preinjury function. Among all 36 surgeries, there was a 39% (14/36) complication rate. 

Several other studies have supported the use of supplemental allograft cortical struts in addition to plate fixation.!68229,263,277 Martinez et al. 
recommended allograft strut to improve fixation based on union of 100% (6/6) patients at an average of 5.4 months in their series using this technique.! 
Just as in the femur, plate fixation for humeral periprosthetic fractures in the presence of a stable prosthesis with or without the addition of strut allografts is 
associated with good results. While not the traditional practice of the authors, cortical allograft alone has shown efficacy. Thés et al. published a case series 
including five RSAs and one hemiarthroplasty for periprosthetic fracture with stable stems treated with allograft strut stabilization only.7° In all cases, the 
nerve was identified and two semicircular tibial allograft struts were used and two cerclage wires placed. The struts were as long as possible. They reported 
100% fracture union without resorption, VAS 4.2, CS 25, ASES score of 46.5, and one temporary radial nerve palsy. While this is an unconventional 
technique, it does highlight the biomechanical benefit to adding such fixation. Rollo et al. determined operative treatment of periprosthetic humeral fractures 
in the setting of good bone stock and a stable implant includes plate with or without the addition of a cortical allograft strut.??° The advantages of the strut 
include additional orthogonal fixation and the opportunity to bridge the fracture and increase the local bone stock. Perhaps the most concerning risk is 
infection in the setting of a large allograft strut. Rollo et al. performed a cohort study between several sites comparing 15 periprosthetic fractures treated 
with plate fixation alone to 15 plate plus allograft strut constructs. There was no statistical difference in surgical time, time to union, postoperative 
complications, or motion. All fractures healed, all patients returned to similar function and ADLS with similar outcome scores and complication rates.??9 
Revision to RSA for periprosthetic fracture appears to be safe utilizing plating both with and without allograft strut support. 

Patients can expect a small drop in function following ORIF of periprosthetic TEA fractures. Comparison studies between ORIF and nonoperative care 
are lacking and are unlikely to be published in the future. There is no high-quality evidence to drive patient care decisions for these fractures but union and 
return to function appear to be more predictable with ORIF. 


Revision for Periprosthetic Humeral Fracture About Shoulder Arthroplasty Outcomes 


Long humeral stemmed revision shoulder arthroplasty is indicated for fractures associated with loose humeral components or intraoperative fracture and 
should be considered in previously poor functioning implants associated with a fracture. In our practice, this is most often a revision to RSA for cuff 
insufficiency, glenohumeral instability, tuberosity malunion or nonunion, or glenoid failure with bone loss. In rare instances, there may be a fracture in the 


setting of a malpositioned humeral component, or a loose component with otherwise intact anatomy and bone stock, or in a hemiarthroplasty in which 
revision to another anatomic TSA would be indicated. Owens retrospectively reviewed 80 long-stem revision prostheses in revision arthroplasty for various 
reasons (14 for nonunion, 7 for acute intraoperative fracture, 5 for postoperative periprosthetic fracture).?°! Most complications occurred acutely including 5 
fractures removing the previous stem and 6 cortical perforations. This highlights the vulnerability of the humerus, especially with long-stem prostheses. 
There was one late component loosening. They concluded that a long-stem humeral component is useful to obtain secure distal fixation when there is 
proximal humerus bone loss, diaphyseal fracture, or implant malposition. 

Kumar et al. treated five periprosthetic humeral fractures or nonunions after nonoperative treatment with revision arthroplasty (three with adjuvant 
allograft).'4° One of the patients with nonunion had persistent nonunion after revision arthroplasty and ultimately required a free fibular transfer. 

Revision arthroplasty is an attractive option as an opportunistic treatment for patients with an acute periprosthetic fracture adjacent to a poorly 
functioning prosthesis. Andersen et al. also reported on 19 revision arthroplasties for periprosthetic fractures associated with loose stems or bone loss.® The 
fractures occurred adjacent to 9 RSAs and 10 TSAs. Adjunctive allograft struts were used in 89.5% (17/19) of cases and union occurred in 95% (18/19) at 
an average of 7.7 months. The ASES scores actually improved from 32 prefractures to 54 postfractures, indicating a degree of chronic dysfunction of their 
shoulder before fracture. 

Conversion to a long-stem prosthesis with or without cerclage wires may be useful to span across intraoperative fracture lines. Groh et al. reported the 
treatment of 15 fractures (10 intraoperative, 5 postoperative).!°° Two-thirds (10/15) were treated with a long-stem prosthesis and cerclage wires. There were 
three type I fractures proximal to the tip (two treated nonoperatively), seven type II fractures extending distal from the tip (three treated nonoperatively), and 
five type III fractures well distal to the tip. Fracture union occurred in 100% (15/15) of cases by 11 weeks postoperatively with an average forward flexion 
of 124 degrees. In such instances, it is imperative to span across the fracture and to obtain mechanical stability to allow ingrowth proximally and distally.!° 
Campbell et al. published a retrospective review of 21 periprosthetic fractures managed with nonoperative care (n = 5), standard stem spanning less than 3 
cortical diameters past the fracture (n = 8), or long-stem revision spanning greater than 3 cortical diameters distal to the fracture with cerclage wires (n = 
8).°3 Intraoperative fractures accounted for 76% (16/21) of revisions. By mechanism, five of these were unavoidable or intentionally performed for stem 
extraction, three occurred secondary to use of an over-sized broach or implant, and eight occurred during aggressive external rotation (half of which were 
felt to propagate from a endosteal stress riser caused by excessive reaming). Union occurred at an average of 3.5 months for nonoperative management, 8.7 
months for standard stems, and 2.3 months for long stems. Of those with standard stems spanning less than 3 cortical diameters, rehab was often limited due 
to fracture instability, and over half had complications. Overall, there was a 43% complication rate. They concluded that a long-stem revision plus cerclage 
wires lead to improved union, improved rehabilitation, and lower complications. 

Sewell et al. published a series of 22 fractures (average age 75 years old) managed with revision for humeral component loosening and/or bone loss.*“ 
According to the Wright and Cofield classification, there were 11 type A, 6 type B, and 4 type C. Union was achieved in 100% (12/12) at average 27 weeks 
in those treated with long-stem revision alone. Proximal humerus resection and endoprosthesis was used in eight patients. Two patients underwent a 
clamshell prosthesis for interprosthetic fractures. This involves cementing the two prostheses together within a conduit. At an average of 42 months follow- 
up, the OSS increased from 33 preinjury to 35. Among those with available OSS, 12 patients were very satisfied, 3 satisfied, and 1 was dissatisfied. Survival 
(no further surgery) was 91% at 1 year and 60% at 5 years. 

This section of humeral periprosthetic fractures is mainly in the context of anatomic TSA. It should be noted that the incidence and treatment algorithm 
is identical for humeral periprosthetic fractures in RSA. Zumstein et al. noted a 3.45% rate of humeral periprosthetic fractures in 782 RSAs (2% 
intraoperative, 1.4% postoperative).°°° Garcia-Fernandez et al. performed a retrospective review and found a 3.4% (7/203) incidence of periprosthetic 
humeral fractures in RSAs.®° They were evenly split between 1.47% (3/203) occurring intraoperative and 1.97% (4/203) occurring postoperatively. All 
patients (7/7) were women with an average age of 75 years, fractures and occurred from a ground-level fall (7/7). All intraoperative fractures were treated 
with cerclage wire with or without long humeral stem. Three-fourths (3/4) of postoperative fractures were Wright and Cofield type B associated with stable 
implants and were treated with ORIF. Union occurred at an average of 18 weeks in all postoperative fractures. The authors recommend paying strict 
attention to bone quality when press-fit implants are used. 

Again, high-level data are lacking. Personal experience, case series, and revision arthroplasty principles guide care. With sound application of these 
principles, return to function and union is likely but complications and decrease in functional scores are common. 
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MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO PERIPROSTHETIC HUMERAL FRACTURES ABOUT SHOULDER ARTHROPLASTY 


Periprosthetic Humeral Fractures About Shoulder Arthroplasty: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Neurologic complications 
Infection 

Stiffness 

Nonunion 


ORIF is implemented in isolation for fractures about a well-functioning shoulder prosthesis. Adverse outcomes include stiffness, infection, neurologic 
injury, and nonunion. Stiffness is combated with early aggressive ROM training and reassurance to the patient that fixation can allow early return to 
function. When rehabilitation fails, surgical management may be indicated. Up to 3 months from surgery, MUA can provide gains in motion if forward 
flexion is less than 90 degrees. This is performed under general anesthetic or heavy sedation with an adjunctive regional block and indwelling catheter. 
Physical therapy is scheduled the day of surgery. Effective pain control, coupled with hands on passive ROM, is useful and improves patient compliance. 
Outside of 3 months from surgery, a concomitant arthroscopic lysis of adhesions and taking of synovial cultures is prudent. 

Nonunion requires investigation to rule out reversible causes including mechanical and biologic factors. Patients are counseled on smoking cessation 
and a nutrition consultation rules out malnutrition. Nutritional supplements for protein, calcium, and vitamin D are initiated. Infection must be ruled out. 
Any further intervention must address these factors and may include compression plating and strong consideration of iliac crest bone graft and/or allograft 


strut grafting 188 


Postoperative periprosthetic infection is not particularly likely in these fractures but can occur concomitantly. Acute postoperative infection is managed 
with an irrigation and debridement (I&D) and polyethylene exchange if possible. Subacute and chronic infection is typically managed with cultures, one- or 
two-stage revision, and a 6-week course of tailored antibiotics. Given the complexity of these reconstructions and the limited bony and biologic reserve in 
the shoulder, it is often advisable to retain hardware and suppress infection until fracture union or possibly even lifelong to avoid another sequential revision 
which could have catastrophic consequences. 

Iatrogenic neurologic injury is possible in both ORIF and revision arthroplasty. Axillary nerve injury is rare but catastrophic in RSA. Unless there is 
concern for intraoperative laceration, neuropraxia is more likely and conservative management is usually the best option. The radial nerve is particularly 
vulnerable especially in more distal fractures. In a study which excluded periprosthetic fractures, iatrogenic radial nerve injury occurred in approximately 
7% of humeral shaft fractures treated surgically. Intraoperative radial nerve injury was associated with the approach used (22% lateral approach, 11% 
posterior approach, 4% anterior approach). Palsy of any etiology occurred in 26% of fractures and was associated with open fracture, location, and high- 
energy trauma.*° 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PERIPROSTHETIC 


HUMERAL FRACTURES ABOUT SHOULDER ARTHROPLASTY 


Periprosthetic humeral fractures about TSA and RSA stems are managed similarly. High-level data on this type of fractures is nonexistent and is mostly 
case series or cohort studies. Well-fixed and well-functioning implants are treated on the merits of the fracture conservatively or with ORIF. There is a 
contemporary trend toward early surgical intervention to maintain function and due to higher risk of nonunion compared with fractures about the native 
humerus. Fractures about loose components or dysfunctional shoulder prostheses require revision (usually to RSA) with or without supplemental fixation in 
those able to tolerate surgery. The risk of complications managing these injuries is high and most patients lose some degree of function, but operative 
treatment is almost always justified. 


Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty 


INTRODUCTION TO PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE SHOULDER 


ARTHROPLASTY 


The RSA has been used in Europe for several decades with good results. Its use in North America has skyrocketed since being cleared by the FDA in 
2004.!33 It is now used in over 30% of shoulder arthroplasties.2*2 The RSA was originally designed for low-demand elderly patients with painful 
pseudoparalysis and irreparable rotator cuff tears (cuff-tear arthropathy). Anatomic TSAs and hemiarthroplasties are dependent on the rotator cuff to center 
the head in the glenoid and to optimize larger periscapular muscle function.*®* Without this centering force, the deltoid pulls the humerus proximally, 
shearing along the glenoid and resulting in eccentric glenoid ware, acetabularization of the acromion, and pseudoparalysis.’®:!®° Prior to the availability to 
the RSA, treatment of rotator cuff deficient shoulders with anatomic arthroplasties had moderate success at best.!®°:23 The RSA does not require the rotator 
cuff for function but is dependent on an intact deltoid neuromuscular unit. Grammont et al. described the principles of RSA as a solution to this common 
and complex problem: (1) The prosthesis must be inherently stable (perfectly concentric), (2) the weight bearing part must be convex and supported part 
concave (reversed), (3) the center of the sphere must be at or within the glenoid neck (medialized), (4) the center of rotation must be medialized and 
distalized.°° The traditional Grammont style decreases the shear forces seen by the glenoid and lowers baseplate failure by medializing the center of rotation 
but at the risk of inferior scapular notching in adduction, which is associated with poorer results.°!*°* Distalization doubles the lever arm of the deltoid and 
optimizes the length-tension curve of its sarcomeres, and thereby increasing its efficiency by 30% at the cost of rotational strength.*®° The lateralized 
glenosphere and, more recently, the lateralized humerus have gained popularity, designed to improve the rotational profile, deltoid function, implant 
stability, and decrease impingement (scapular notching). Early designs had a high failure rate due to the profound lever arm on the glenoid and baseplate 
bone.”” Recent designs have a better track record but increased forces are seen by the scapula and acromion.™* For instance, first-generation convertible 
implants had an only design where the anatomic or reverse component can be placed “on top” of the stem. This resulted in excessive tension on the deltoid 
and rotator cuff when used in the reverse configuration, when compared to an “inlay” design, where the implant is subset into the humeral metaphysis.!2-!49 

Secondary to the profound success of the RSA in cuff-tear arthropathy, its indications have expanded to other diagnoses including proximal humerus 
fracture, chronic shoulder dislocations in the elderly, OA with severe glenoid deformity, and failed primary TSA or hemiarthroplasty. Surgeons have also 
liberalized the patient indications and good early results have been shown in younger, more active patients.”%235.282 When appropriately indicated, the RSA 
has resulted in more predictable functional outcomes in these complex situations with greater than 90% 10-year survival, but with complication rates around 
20% to 30% even in the hands of highly experienced surgeons.!”!74 Because of its dependability and ability to deal with both rotator cuff and glenoid 
deficiencies, the reverse design has become the standard revision implant. 

Despite the clinical success of the RSA, early complication rates were higher than in traditional TSA implants.!” While currently the overall major 
complication rates are more similar between TSA and RSA (around 25%), the complication profiles are different.2-12613°.203,231,300 Complications in RSA 
include scapular notching, instability, infection, prosthetic dislocation and periprosthetic fracture.*? Specific RSA designs have also been found to have 
higher rates of periprosthetic fracture.!°**!” Periprosthetic humeral fractures may occur at rates higher than that seen in anatomic TSA and are treated 
similarly.!}+83 Postoperative periprosthetic scapular fracture, however, is a challenge that is unique to RSA and occurs more commonly than humeral 
fractures. 

Postoperative periprosthetic scapular fractures have been increasingly recognized following RSA, with rates of 0.9% to 11.2% reported in the 
literature .1037,43.54,65,77,106,129,135,141,142,152,164,259,261,280,283 This unique complication is an effect of the nonphysiologic forces transferred from the implant 
to the scapula, often in a suboptimal host. Both surgical technique and host factors have been implicated.!”° Many host risk factors have been postulated, 
including iatrogenic or pathologic acromial thinning, osteoporosis, female gender, and older age. The relative rarity of this clinical situation limits the data 
available to support these implications. 


Female gender has been implicated as a risk factor with females, accounting for up to 100% of some series.!°°!97 These fractures typically occur in 
patients 70 to 80 years old.!29 In fact, one study looking specifically at patients under age 65 undergoing RSA showed a 0% (0/67) postoperative 
periprosthetic scapular fracture rate implying that this is generally a problem in elderly patients.2°4 Kennon et al. performed a retrospective cohort study of 
318 RSAs where patients with postoperative acromial fracture were found to be significantly older than those without fracture.!*9 Marigi et al. reviewed 
2,172 primary RSAs and found that most fractures involved the acromion compared to the scapular spine, and were associated with female gender, and a 
prior acromioplasty.!°* Moverman et al. analyzed 1,479 patients who underwent primary or revision RSA and found 54 patients with acromial fractures. 185 
Factors associated with these fractures were female gender, osteoporosis, RA, rotator cuff tear, and fracture malunion. Mahendraraj et al. conducted a 
multicenter retrospective study 6,755 RSAs and identified 264 scapular stress fractures.!°! They performed a subgroup analysis stratifying risk factors for 
acromial stress fractures and scapular spine stress fractures. Risk factors more highly associated with acromial stress fractures included chronic dislocation, 
massive rotator cuff tear, rotator cuff arthropathy while scapular stress fractures were also found to be associated with rotator cuff arthropathy and 
osteoporosis. 

Many case series have implicated osteoporosis as a risk factor for postoperative periprosthetic scapular fracture.*?-!85.259 Hamid et al. noted 75% (6/8) of 
acromial fractures occurred in osteoporotic hosts.!°° Otto et al. compared a cohort of 53 postoperative scapular spine fractures with 212 matched control 
subjects to evaluate the risk factors including acromial thickness, acromial tilt, glenoid—tuberosity distance, and acromial—tuberosity distance (lengthening). 
They identified osteoporosis as a significant risk factor (30.8% fracture patients vs. 18.4% controls; OR 1.97; p < .05). While smoking status and prolonged 
steroid use were nearly double in the fracture group, these were not statistically significant. Endocrine disease, autoimmune disease, and alcohol abuse 
intuitively play some role but were not statistically found to be risk factors.?°° 

Fatigue fracture has been found to occur through already weakened acromions or those with preexisting lesions.!®9 Acromial thinning (and eventual 
fragmentation) occurs at the final stages of rotator cuff-tear arthropathy as the humeral head acetabularizes the acromion and superior glenoid. This has been 
postulated as a risk factor for periprosthetic scapular fracture following deltoid tensioning in RSA.'°%189.200 Hamid et al. reported 87.5% (7/8) of their 
periprosthetic scapular fractures occurred in patients with CTA with thinned acromions.!°° Additionally, many patients who undergo RSA have had 
previous rotator cuff repair surgery and subacromial decompressions. Overaggressive subacromial decompressions can severely thin the anterior acromion 
risking post-RSA fracture.®” For these reasons, we recommend conservative bony decompressions during rotator cuff surgery, especially in older patients 
and those with higher likelihood of rotator cuff failure and subsequent RSA. 

Acromioclavicular (AC) joint arthritis has been implicated as a risk factor for postoperative acromial process fractures. Crosby et al. suggested their type 
II acromial fractures may have been predisposed by AC OA but Dubrow et al. found no difference in AC arthrosis incidence when comparing fracture 
patients with controls.5265 

Interestingly, preoperative os acromiale or fragmentation does not result in decreased functional outcomes or risk of fracture. Mottier et al. performed a 
retrospective cohort study comparing 240 patients with (10 os acromiale, 10 fracture-fragmentation, 1 nonunion scapular spine) and without preoperative 
acromial pathology. While 87.5% of preoperative lesions displaced, both groups had similar final CS.!83? Walch et al. reported a similar degree of 
displacement in 62.5% of preoperative lesions, also without functional consequences following RSA. Preoperative acromial pathology is better tolerated 
than postoperative fracture. This may be due to the fact that the patient has already reached physiologic equilibrium for these chronic changes, and the 
deltoid is physiologically tensioned appropriately to compensate for this pathology at the time of surgery. When acromial discontinuity occurs 
postoperatively, however, the physiologic balance and balance equilibrium are lost and RSA dysfunction can ensue. This tension cannot be adequately 
restored again without ORIF or a revision RSA.39166 

Recently, acromial inherent acromial morphology has been implicated in the periprosthetic fracture patterns and the achievement of minimal clinically 
important difference (MCID).!°° Haidamous et al. evaluated differences in acromial morphology between patients with Levy type I and Levy type II 
fracture patterns. They found the Levy type I group had a higher acromial slope than the Levy type II group (127 vs. 117 degrees, p < .001). Fracture pattern 
also varied with a transverse pattern in the coronal plane being associated with the Levy type I group, and an oblique pattern in the sagittal plane for the 
Levy type II group (p < .001). Only 55% of patients met the MCID at follow-up and those that did not meet MCID had more displaced fractures (p = .007). 

As discussed, RSA function is dependent on a degree of deltoid tensioning achieved by humeral lengthening.!9:9%99 This places supraphysiologic stress 
on the origin of the deltoid from the scapular spine (posterior head), acromion (lateral and anterior head), and distal clavicle (anterior head). An average of 
2.5 cm of humeral lengthening is achieved.”! Although an absolute value of lengthening has not been shown to risk fracture, increased deltoid length has 
been shown to be associated with an increased risk of acromial fracture.*? Dubrow et al. found no difference in the amount of lengthening between those 
with fracture (27.5 mm) and those without fracture (26.3 mm).® Rather, the risk is likely multifactorial and unique to each host.!06 129,200,248 Tt stands to 
reason that some patients may be better served with less deltoid tensioning as instability in such patients is already low, and risk of acromial fracture is high. 
Conversely, younger, more active patients are more dependent on optimal postoperative function and are at lower risk for postoperative acromial fracture. 
Such a patient may have a better risk/benefit profile for more aggressive deltoid tensioning or a lateralized glenospheres.”°° Some studies have shown 
improved rotation and decreased impingement with lateralized glenospheres, but at the cost of increased lever arm through the glenoid. Notably, Levy et al. 
reported a 10.2% rate of periprosthetic scapular fracture using lateralized glenosphere; this is among the highest in the literature.!°? It stands to reason that 
lateralized glenosphere may be a risk factor for this complication. Paszicsnyek et al. conducted a systematic review of biomechanical studies evaluating 
factors that influence scapular spine and acromial strain after RSA. They found that glenoid lateralization consistently correlated with increases in strain, 
however inferiorization decreased strain.2°* Phadnis et al. performed a systematic review comparing humeral cementation with press-fit humeral 
components in RSA. They showed a higher risk of postoperative scapular fractures in the cemented group (2.2% vs. 0%, RR 14.3; p = .004). The authors 
linked this phenomenon to the higher use of lateralized glenospheres in the cemented group (used in 19/31 of the fracture cases) which was the 
recommended fixation option for the first lateralized implant on the market.?!" 

Recently there has been an increased focus on humeral stem design and its effects on tissue tension and periprosthetic scapular fractures.!041!3,217 
Haidamous et al. performed a retrospective cohort study comparing humeral prosthesis design (onlay type vs. inlay type) and the effect on the rate of 
scapular spine fracture. They found that lateralization had no effect on fracture rate, but distalization did with the onlay type being associated with a higher 
fracture incidence compared to the inlay type (11.9% vs. 4.7%, p = .043).!° Polisetty et al. also compared onlay- and inlay-designed humeral stems and 
found that there was no difference in rates of acromial fracture, but that onlay-designed humeral stems were associated with more stress shielding.?!” For 
these reasons, the primary author has switched to an inlay design for most primary reverse arthroplasties.'*!4° Deltoid tension is a balance between 
obtaining function and stability which requires tensioning versus complications such as brachial plexopathies and acromial fracture seen with 
overtensioning. 


Scapular spine fractures after RSA are becoming more recognized, and these have a profound effect on outcomes. Neyton et al. conducted a 
retrospective review of 953 RSAs with a minimum of 5-year follow-up. They reported a 1.3% (26/954) incidence specifically using a Gammont-style 
implant. Half of these occurred at the acromion and the other half at the scapular spine. Of these, 44% had a relationship between the fracture and the tip of 
the superior baseplate screw. Most occurred within the first 6 months. At a minimum of 5 years of follow-up, patients averaged 109 degrees (50-170 
degrees) forward elevation and a CS of 47. While both of these improved from preoperative score with statistical significance, these results are poor 
compared to the reported outcomes in the literature for RSA without fracture. 19? 

Scapular spine fractures have been theorized to occur due to changes in biomechanical forces, namely the increased tensioning of the deltoid, and 
perhaps originating at the tip of the superior baseplate fixation screw. Modern adaptions of the Grammont design include onlay humerus implants. This style 
of humeral implant allows modularity between anatomic and reverse as well as humeral lateralization which may improve function through increased 
recruitment of the deltoid. Onlay humeral designs can create increased deltoid tension compared to inlay designs (true Grammont style). A retrospective 
series found a 4.3% (21/485) rate of scapular spine fractures which is up to four times higher than studies focused on traditional “inlay” Grammont 
prosthesis. These fractures occurred at an average of 8.6 months postoperatively, and 75% occurred within 6 months. The fractures were associated with the 
tip of the superior screw in 57.1% (12/21) of fractures. Both groups significantly improved compared to preoperative CS and forward flexion, but the 
control group was significantly better than the fracture group.!? 

These very forces require robust bony fixation into the glenoid with longer, locking screws. However, this can be detrimental. Otto et al. were the first to 
implicate the superior and posterior baseplate screws as risk factors for postoperative periprosthetic scapular fractures. They noted 68.5% (11/16) of 
postoperative scapular spine fractures originated from the tip of the superior or posterior screws.22° Kennon et al.!*9 hypothesized that scapular spine 
fractures actually propagate from these screws. They performed a retrospective cohort study comparing 206 baseplates with screws above and below the 
equator with 112 cases without screws above the equator. They found a statistically decreased risk of fracture when superior screws were omitted (4.4% vs. 
0%; p < .05). In the same article, a matched cadaver study supported this with biomechanical evidence. They compared inferior only screws to inferior + 1 
superior screw in 17 matched cadavers and found load to failure was significantly lower when a superior screw was added (1,077 N vs. 1,970 N). The 
authors recommend never using superior screws and found this did not result clinically in increased baseplate loosening. Notably, they used an implant with 
more than usual screw fixation options.!2° While they did use a superior screw, James et al. showed no difference in peak displacement of the baseplate with 
two versus four screws (p = .338).!22 Routman et al. demonstrated an increased number of baseplate screws to be associated with scapula fractures.7°° 
Further, Chebli et al. showed the inferior screw is biomechanically the most crucial.*° Longer superior and posterior screws risk causing a stress riser as 
well as threaten the suprascapular nerve. Therefore, surgeons may consider avoiding aggressive superior screws if solid fixation can be obtained without it. 


ASSESSMENT OF PERIPROSTHETIC SCAPULAR FRACTURES 


MECHANISMS OF INJURY FOR PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


Causes of periprosthetic scapular fractures are multifactorial. Some degree of bony incompetence and RSA-related technical factors predispose to this 
complication. This complication can occur insidiously as a stress reaction and can result in spontaneous fracture as the increased tension by the deltoid 
surpasses the physiologic breaking point of the scapula.!!!'41 Commonly, this propagates from the site of the posterior or superior screw at the base of the 
acromion or scapular spine approximately 2 to 48 months postoperatively.!5~!70200.280 More anterior fractures, along the acromial process, have been 
postulated to occur in the setting of AC OA or acromial bony insufficiency. The remainder of fractures is associated with ground-level falls, often where the 
patient tries to catch themselves. 111129 


INJURIES ASSOCIATED WITH PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


Unlike periprosthetic humeral fractures, scapular fractures are universally associated with stable glenoid implants. This is logical as the weak point in this 
injury is the scapular bone. Fracture would be unlikely in the face of dislocation, with glenosphere dissociation or baseplate pullout at the bone—baseplate 
interface. This injury has been noted, rarely, to result in new glenohumeral instability due to the change of the orientation of the glenosphere and loss of 
deltoid tension (Fig. 38-11). 


SIGNS AND SYMPTOMS OF PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


Diagnosis of periprosthetic fractures is often subtle and requires a high index of suspicion. Workup should begin with a complete history and examination. 
The past medical history should elucidate the underlying diagnosis for the index surgery and subsequent surgeries. Any complications including infection 
should be accounted for. The examiner should understand the patient’s shoulder function and level of disability before surgery, after surgery, and at present, 
as well as the time course of these changes. In the case of a stress reaction, new pain at the base of the acromion may be the only finding and should raise 
suspicion and spark further imaging or a period of rest. Often these stress fractures can actually be more painful than after it propagates into a displaced 
fracture.*°° Typically, patients will present around their 8th decade of life after a sudden increase in pain or loss of function in an otherwise smooth 
postoperative course.!07!11,261 This is generally within 1 year but up to 2 years from surgery.!®3161,170,298 Interestingly, patients who go on to have 
periprosthetic scapular fractures initially outperform those who don’t.® Pain can occur incidentally or after subtle trauma. 


D, E 
Figure 38-11. A 66-year-old man sustained a ground-level fall 8 months after successful RSA for rotator cuff tear arthropathy. He had substantial pain relief and 
function in the recovery period but sustained a profound loss of function after the fall. A: AP view of the shoulder in the emergency department shows a laterally 
dislocated RSA, which was reduced under sedation. On postreduction imaging, the AP view (B) shows a reduced humerosocket with subtle irregularity along the 
inferior scapular neck, and the lateral view (C) shows a posteriorly translated, minimally displaced scapular fracture. CT scanning confirmed a scapular fracture 
uniquely separate from the Crosby classification. The axial view (D) shows a posteriorly displaced scapular neck fracture involving the glenoid baseplate, and the 
coronal view (E) shows a well-fixed, reduced implant with a minimally displaced scapular body fracture. F: Three-dimensional CT reconstruction shows a minimally 
displaced scapular neck and body fracture. 


Past medical history must identify risk factors including a history of steroid use, osteoporosis, subacromial decompression, or rotator cuff tear 
arthropathy. Previous operative reports, clinic notes, and imaging can help provide a thorough understanding of any previous surgeries on the shoulder or 
history of radiation. 

The physical examination starts with inspection. Deformity is concerning for dislocation, hematoma, or displaced fracture. Erythema or incisional 
dehiscence is concerning for infection. Tenderness along the acromion or scapular spine raises suspicion for fracture which should be confirmed with 
imaging. Pain on direct palpation along the acromion and scapular spine is a very reliable finding of a periprosthetic acromion fracture in the patient with 
new pain and worsening function after an RSA. A complete neurovascular examination is performed as well as assessment of active and passive motion. 
Fracture can result in motion limited by pain, new weakness, or loss of function. Infection should be investigated with laboratory tests. A sudden loss of 
function or increase in pain is consistent with both scapular fracture and infection and should trigger further workup. 


IMAGING AND OTHER DIAGNOSTIC STUDIES ON PERIPROSTHETIC SCAPULAR FRACTURES 
ABOUT REVERSE SHOULDER ARTHROPLASTY 


Radiographic identification can be subtle. Plane radiographs should include AP, scapular Y, and axillary views. They should be compared with preoperative 
and initial postoperative images to identify subtle changes. Preoperative images can identify a missed os acromiale or insufficiency fracture which can 
displace after deltoid tensioning in RSA.® Implant dissociation or loosening would present with change in implant position on serial radiographs. 
Progressive downsloping of the acromion relative to the scapular spine, or narrowing of the acromial—tuberosity interval, indicates a displaced acromial 
fracture. The scapular Y view will identify displaced scapular spine or body fractures. The axillary view is helpful for identifying the location of the 
fracture, especially at the acromial base. These images are routine, affordable, and sensitive, but can miss more subtle fractures. Levy et al. found that plain 
radiographs were unreliable at detecting fracture (k = 0.05) or fracture union (K = 0.05).!5? In Otto’s series,” 32.1% (17/53) of fractures presented with 
pain and negative plain films. Independent reviewers were able to accurately diagnose 78.8% of periprosthetic scapular fractures and 97.4% of controls with 
good interrater reliability (x = 0.782) and excellent intrarater reliability (k = 0.862). Those with fractures had greater changes in acromial—tuberosity 
distance (p < .001) and acromial tilt (p < .001) from initial postoperative radiographs to final images. They recommended routinely evaluating these 
parameters to improve detection of these fractures. 

New pain along the scapula in the setting of normal radiographs should trigger a CT scan. In a series by Levy et al., 39% (7/18) of fractures were 
associated with negative plain films and required a CT scan to diagnose nondisplaced fractures.'°* A negative CT scan may occur in the setting of a stress 
reaction which may be better elicited on a bone scan. If present, activity modification can prevent propagation to a fracture. 


CLASSIFICATION OF PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE SHOULDER 


ARTHROPLASTY 


Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty: 
CROSBY CLASSIFICATION 


Type Description 

I Anterior aspect of the acromion 

II Acromion posterior to the AC joint and anterior to the spine of scapula 
Ill Scapular spine 


Several classification schemes for periprosthetic scapular fractures have been proposed and all are categorized by anterior, middle, and posterior locations. 
All classifications are based on stable well-fixed implants. The most referenced and intuitive classification is that proposed by Crosby et al. (Fig. 38-12). 
They performed a retrospective review of 400 RSAs and evaluated the 5.5% (22/400) that went onto periprosthetic scapular fracture. They classified the 
fractures based on location. Type I fractures (2%, 8/400) involve the anterior acromion and are postulated to occur at the time of surgery likely as the 
increased tension of the deltoid avulses a thin anterior acromion weakened by a previous acromioplasty. These were noted on the initial postoperative 
radiographs and all improved with nonoperative care. Type II fractures (2.5%, 10/400) occur along the acromion posterior to the AC joint and anterior to the 
spine of scapula at an average of 10.9 months postoperatively. The authors reasoned that these may be related to preexisting AC joint OA which was present 
in varying degrees in all type II fractures. Surgery was performed in 70% (7/10) of cases with good results. This consisted of a distal clavicle excision for 
stable fractures and ORIF for unstable fractures. Type III fractures involve the scapular spine. All resulted from impact or an attempt to catch themselves on 
a stationary object during a fall at an average of 10 months postoperatively. The superior screw was implicated as a stress riser in 75% (3/4) of cases. Union 
was achieved in 100% (4/4) of cases with surgery.52 Otto et al. used a cohort of 53 fractures and 212 controls to evaluate the reliability of the Crosby 
classification. They found moderate interrater reliability (k = 0.422) and good intrarater reliability (x = 0.7921; p < .001).2°° 


Acromion 


Clavicle 


Scapular spine 


Figure 38-12. The Crosby classification of periprosthetic scapular fractures about reverse total shoulder arthroplasty. Type I fractures occur along the anterior 
aspect of the acromion, type II fractures occur along the acromion posterior to the AC joint and anterior to the spine of scapula, type III fractures occur along the 
scapular spine. 


Several other newer classification schemes represent variations of this theme and are sporadically referenced. Levy et al. classified three scapular 
fractures based on deltoid origin. Type I fractures occur at the origin of the anterior and middle heads of the deltoid analogous to the location of pre- and 
meso-acromium, Type II fractures involve at least the entire middle deltoid with a portion but not all of the posterior deltoid head. Type III fractures involve 


the entire middle and posterior deltoid origin. They reported excellent interobserver reliability with an interclass coefficient of 0.96 and absolute agreement 
85% of the time. 15? 

Rouleau and Gaudelli performed a review of the available literature at the time of publication (57 cases) and developed a classification. Type I are “tip 
fractures” involving the most lateral and anterior aspect of the acromion. Type II are body fractures occurring medial to the tip but lateral to the scapular 
base. Type III are scapular base fractures occurring at the base of the acromion or more medially along the spine. They noted poorer function in type III 
fractures.23! Wahlquist et al. wrote specifically about this base of acromion variant.”®° A single case of a distal clavicle insufficiency fracture has been 
reported with a similar mechanism due to the pull of the leading edge of the anterior deltoid origin.® 


OUTCOME MEASURES FOR PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


Outcome measures for periprosthetic scapular fractures are the same as those referenced for periprosthetic humeral fractures about TSA. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO PERIPROSTHETIC SCAPULAR 


FRACTURES ABOUT REVERSE SHOULDER ARTHROPLASTY 


The glenoid is suspended from the body of the scapula by the neck and fixed to the clavicle by the AC and coracoclavicular ligaments. As the face of the 
glenoid transitions into the neck, the glenoid vault narrows. The need for biomechanical fixation in RSA is paramount, but bonestock is limited. This has 
lead surgeons and industry to push the envelope in the pursuit of fixation. The goal is to implant the central peg or screw of the implant within the glenoid 
vault in the axis of the body of the scapula without perforation. This can be aided with visual cues, preoperative imaging, and custom 3D jigs. Peripheral 
locking screws have enhanced the ability to obtain implant stability long enough for bony ingrowth. Several studies have attempted to provide surgeons the 
optimal bony corridors for the peripheral screws. They all guide the surgeon into obtaining fixation within the lateral pillar of the scapula (inferior and 
posterior screws), the base of the coracoid (superior screw), and scapular spine (anterior screw).52:1!6 

The scapular spine is subcutaneous posteriorly and widens gradually as it transitions into the base of the acromion laterally. The acromion curves 
anteriorly and meets the clavicle at the AC joint and the coracoid via the coracoacromial ligament which originates under the anterior margin of the 
acromion. Fixation of periprosthetic scapular fractures is typically performed through direct subcutaneous approaches along the spine of scapula, or an 
extension of the deltopectoral approach, the so-called saber incision. 

The suprascapular nerve arises from the C4—C5 nerve roots off of the supraclavicular brachial plexus at Erb’s point. It runs just medial to the base of the 
coracoid, under the transverse scapular ligament within the suprascapular notch and then gives off branches to the supraspinatus within 1 cm of the notch.?! 
It then continues through the supraspinatus fossa heading laterally and distally on the under surface of the supraspinatus. It runs under the ill-defined 
spinoglenoid ligament around the lateral base of the scapula within spinoglenoid notch before terminating in posterior capsular sensory branches heading 
laterally and infraspinatus motor branch heading medially within 1 cm of the lateral margin of the scapular spine. Cadaver studies have shown the 
suprascapular nerve (and limit to the glenoid vault) is present 29 mm (23-35 mm) from the superior rim of the glenoid at the suprascapular notch and 18 
mm (14-24 mm) from the posterior rim at the spinoglenoid notch.2°! Injury to the suprascapular nerve can cause pain and denervation of the supraspinatus 
and infraspinatus. Given the risk for nerve injury and postoperative scapular fracture, we recommend limiting superior screw length to no more than 25 mm 
and posterior screws to no more than 15 mm when possible. It is also common for this nerve to be injured by the fracture itself or to become encased in 
callus. 148 


TREATMENT OPTIONS FOR PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 


SHOULDER ARTHROPLASTY 


NONOPERATIVE TREATMENT OF PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


In most of the literature, treatment decision for nonoperative management of periprosthetic scapular fractures is based mostly on Level V Evidence. 
Comparative data are not available due to the relative rarity of these cases. Avoidance remains the best treatment for periprosthetic scapular fractures. As 
discussed above, these fractures are caused by some combination of patient vulnerability and technical variables. Osteoporotic patients should receive bone 
health workup and treatment to avoid insufficiency fractures. Where fall risk exists, gait training should be undertaken and all patients initiated on 
supplemental calcium and vitamin D preoperatovely. Superior and posterior baseplate screws should be used judiciously and limited in length to <25 mm 
superiorly and <15 mm posteriorly. Inlay humeral designs and an inferior tilt to the glenosphere may decrease stresses.!~!13:204217 Careful postoperative 
history and examination can identify stress reactions. In such cases, activity modifications and rest can avert an impending fracture. 


Indications/Contraindications 


Nonoperative Treatment of Periprosthetic Scapular Fractures About RSA: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Impending fractures (stress reactions) 
Crosby types I and II fractures 
Stable, functioning prosthesis 
Clinical improvement 


Relative Contraindications 


e Crosby type III fractures 


Patient surgical preference 

Fractures causing prosthesis gross dysfunction or instability 
Loose implants 

Progressive displacement and deformity 


Nonoperative Treatment Protocol 


Patients with stress reaction or scapular fractures amenable to conservative treatment are placed into a sling with an abduction pillow to detention the 
deltoid. Formal physical therapy is put on hold and the patient is limited to no active forward elevation or abduction for 6 weeks (see Fig. 38-11).170:280 
Some authors recommend a bone stimulator but we are unaware of evidence to support this.© Activities are advanced after 6 weeks if there is evidence of 
fracture healing and no interval displacement on serial images. Patients undergo bone health workup and optimization. 


Outcomes 


In general, nonoperative treatment of periprosthetic scapular fractures in RSA is associated with high malunion and nonunion rates, and decreased 
functional outcomes but mild pain at mid-term follow-up.82106.111,153,207,261 These usually present in the first postoperative year but have been reported with 
some frequency up to 2 years after the index surgery.2°7:259 Medialization decreases the force seen on the glenoid and distalization tensions the deltoid for 
improved recruitment and lever arm in abduction and forward elevation.”8° The arm is typically lengthened 2.5 cm.7! Insufficient tensioning can 
compromise function or result in instability. Overtensioning risks neurologic injury, deltoid tears/dehiscence, and acromial fractures.!”°20° All of these 
principles hinge on a functional, well-tensioned deltoid neuromuscular unit. Instances of axillary nerve palsy, deltoid dehiscence, and deltoid tears, or in this 
case acromial or scapular spine fracture, disrupt the deltoid’s ability to function in RSA and compromise patient outcomes. This accounts for the consistent 
reports of decreased function in the setting of postoperative periprosthetic scapular fracture. +152 

Hamid et al. surveyed ASES members and reported that 53% felt these fractures resulted in reduced function but with little persistent pain, which is 
supported in the literature. Most surgeons surveyed (74%) treat these complications nonoperatively. In their case series from the same article, they reported 
a postoperative periprosthetic scapular fracture incidence of 4.9% (8/162), all of which were managed nonoperatively in an abduction sling with gradual 
return to activities. All 8 of 8 were females, of which 75% (6/8) had a diagnosis of osteoporosis. Two (25%) were traumatic and 75% (6/8) presented with 
spontaneous loss of function. Regarding location, 50% (4/8) of fractures occurred at the base of the acromion, 37.5% (3/8) at the mid acromion, and 12.5% 
(1/8) at the tip. They reported poor function at final follow-up: forward flexion 71 degrees, ASES score of 70. Despite poor function, pain was minimal: 
50% (4/8) had no pain, 25% (2/8) mild pain, 12.5% (1/8) moderate pain, and 12.5% (1/8) had severe pain. Healing was problematic with 75% (6/8) 
nonunion and the remaining 25% (2/8) going onto malunion.!°° Walch et al. reported on four fractures, which all presented in the first postoperative year 
with an incidence of 0.8% (4/457). Three occurred spontaneously and were treated nonoperatively, and the one traumatic fracture was treated with a tension 
band which clinically failed. Most patients (3/4) were disappointed with the outcome. Those with postoperative fractures had significantly worse forward 
elevation (81 degrees, p = .007) and CS (35; p = .02) even when compared to those with preoperative acromial pathology (p = .04). In a case series or 
nonoperatively treated periprosthetic scapular fractures published by Levy et al., they found an incidence of 10.6% (16/157), with an average age of 77 
years. Patients tended to first noted pain along the acromion at 3 months postoperatively. Objectively, patients had forward flexion of 77 degrees, abduction 
64 degrees, external rotation 25 degrees, VAS score 5, ASES score 44, SST 4, and a SANE score of 58 at final follow-up. Subjective outcomes were fair, 
including 25% (4/16) excellent, 18.8% (3/16) good, 25% (4/16) satisfactory, and 31% (5/16) unsatisfactory.!°? The vast majority of the literature reiterates 
the findings of these case series: nonoperative treatment of periprosthetic scapular fractures yields high nonunion and malunion rates, mild pain, and 
moderate functional loss from the prefracture state. 

Patient outcomes after periprosthetic scapular fractures are still improved compared with preoperative function, but worse than RSAs without this 
complication.®? This is shown in several retrospective cohort comparisons. To identify the effect of postoperative scapular fractures on patient outcomes, 
Teusink et al. performed a retrospective cohort study comparing 25 patients (average age 72.2 years) with nonoperatively treated periprosthetic scapular 
fractures to 100 matched controls with a minimum of 2 years follow-up. In their series, they found an incidence of 3.1% (32/1,018) which occurred at an 
average of 16 months (1-94 months) postoperatively. Management was in a sling for 6 weeks followed by advancing to activities as tolerated. Fracture 
patients had a 21 points improvement in their ASES functional score compared with preoperatively. However, this final functional outcome score was worse 
in comparison with patients without fracture (ASES 58 vs. 74.2; p = .001). Fracture was associated with lower overall patient satisfaction (6.6 vs. 8.7; p = 
.001) and higher revision (8% vs. 2%; p = .18).?°! These findings are repeated in several other studies. Hattrup performed a similar retrospective cohort 
comparison. The author identified an incidence of 7.2% (9/145), all of which were managed nonoperatively and compared with 67 control patients without 
fracture. Most patients presented with a period of early improvement followed by an abrupt decline associated with the fracture event. Five fractures 
occurred after a fall and the remaining four were fatigue failures. Six occurred at the scapular spine and three along the acromion. Fracture patients had an 
improvement in function from preoperatively (VAS 4, forward elevation 89.3, abduction 90, ASES 47.9, SST 5.6), but lagged behind the control patients 
(VAS 0.7, forward elevation 152.2, abduction 151, ASES 87.7, SST 10.2; p < .001). They estimated that patients with periprosthetic scapular fractures 
achieve 50% the anticipated pain relief and forward elevation and 60% of the predicted outcome scores compared with those without this complication. ++ 

Dubrow et al. identified an incidence of 11.4% (14/125) for postoperative scapular fractures occurring at an average of 5.1 months (1-16). Patients 
averaged 71.7 years old and were 86% (12/14) female. All were managed nonoperatively in a sling for 4 weeks, with a bone stimulator. “Clinical union” 
occurred in 100% of patients meaning “radiographically, there was no evidence of further displacement at the fracture site.”®° It is possible that a portion of 
these “clinical unions” were in fact minimally symptomatic fibrous nonunions.!06170,231259,261 Very little improvement in forward elevation was gained 
from before fracture (114.5 degrees) to final follow-up (116.6 degrees). Final ROM lagged well behind controls (116.6 vs. 143.5 degrees; p = .02) but ASES 
functional scores were similar (67.5 vs. 66.9; p = .07).5° 

Nonunion approximates 50%!7°59 and ranges from 45% to 89% in well-reported studies.!0%232,21 In Teusink et al.’s retrospective cohort study, 
fracture union only occurred in 55% (10/18) of periprosthetic scapular fractures at 1-year follow-up. While not statistically significant, those with nonunion 
lagged functionally behind those who healed in respect to pain (VAS 2.7 vs. 0.9; p = .18) and gain in forward flexion (20.8 vs. 26.4 degrees; p = .70). The 
authors noted slightly lower fracture union rates with scapular spine versus acromial fractures (57% vs. 50%).7°! 

There is a growing body of evidence to suggest that more medial fracture variants, including the scapular spine and base of acromion fractures, are more 
disabling,7®106111,158,232,280 Boltuch et al. evaluated 44 patients with acromion and scapular spine fractures that were matched to a control group of 108 
patients based on age, gender, and preoperative function.?® Patients were all treated nonoperatively with an abduction-pillow immobilization and followed 
for an average of 37 months. Medial fractures (Levy types II and III) demonstrated inferior outcomes compared to controls (SST = 3 vs. 8, SANE 50 vs. 85, 


VAS pain = 4 vs. 0, VAS function = 5 vs. 8, forward elevation = 75 vs. 130 degrees) while lateral fractures showed no difference. Wahlquist et al. identified 
a series of 5 patients with fractures specifically at the acromial base where the acromion transitions into the scapular spine. Most (4/5) occurred 
atraumatically and were noted on plain radiographs (4/5). Two were successfully treated conservatively in an abduction sling for 3 months with no ROM, 
and one patient failed conservative treatment. Three were treated operatively overall (one dual-plate ORIF, one single-plate ORIF, one lag screw and 
tension band). One ORIF required revision. They concluded that this variant is highly disabling and were unable to recommend a treatment due to the 
inconsistent results among the small groups.*°° Rouleau et al. presented a case report of a base of acromion fracture which occurred 5 months 
postoperatively managed successfully with dual plating with good final outcome at 18 months (forward elevation 160 degrees, QuickDash 29.5, CS 69). 
These same authors performed a review of the literature and proposed a classification scheme. They found poorer function in base of acromion fractures but 
did not quantify this. They analyzed 30 cases that occurred at the base of the acromion or scapular spine. Of the 21 managed nonoperatively 66% (14/21) 
went onto nonunion, 19% (4/21) malunion, and 2 were unclear. Of the 7 managed operatively, 14% (1/7) went onto nonunion, 28.5% (2/7) required revision 
ORIF, and 1 required removal of hardware. A revision arthroplasty was performed in one patient.?°? Teusink et al. found a trend toward lower ASES scores 
(53.8 vs. 59.9) and less improvement in forward elevation (19 vs. 29 degrees; p = .66) in scapular spine fractures compared with the more lateral acromial 
fractures.*°! Hamid et al. noted this as well, with only 66 degrees of forward elevation achieved in patients with scapular spine fractures managed 
nonoperatively.1°° The reason for poor outcomes in these medial variants has not been fully elucidated. It is likely related to the length of the effective lever 
arm and the amount of deltoid affected, and the propensity for nonunion in these variants in the native shoulder. These mechanical and biologic 
consequence as well as the poor functional outcomes have led authors to recommend surgery (as Level IV—V Evidence) in these variants; however, there is 
a paucity of comparative data to support operative or nonoperative treatment. It is the lead author’s clinical practice to offer 6 to 12 weeks of nonoperative 
trial for those with more lateral and nondisplaced fractures as some will have improvement over that period of time. 


OPERATIVE TREATMENT OF PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE 
SHOULDER ARTHROPLASTY 


Indications/Contraindications 


Fractures at the base of the acromion and scapular spine are associated with the greatest morbidity. Early ORIF should be considered for any acromial base 
and scapular spine fracture, displaced lateral fractures, or persistent symptomatic fractures at any location after a 6- to 12-week nonoperative trial. In the 
setting of implant loosening or instability, this may need to be combined with a revision RSA to address these complications. Prophylactic ORIF of the 
scapular spine can also be a beneficial treatment for stress reactions without displaced fractures in certain instances (see Fig. 38-14L). 

Contraindications to ORIF include those able to obtain acceptable function and pain relief with nonoperative measures, low-demand patients, those with 
very poor-quality bone not amenable to stable fixation, concomitant infection, or other major cause of arthroplasty dysfunction taking precedent. 


ORIF of Periprosthetic Scapular Fractures About RSA 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | ORIF of Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty: 


Surgical history LJ Previous operative reports, types of implants used, appropriate revision equipment available 
OR table LJ Regular table 
Position/positioning aids 4 Lateral with a bean bag 
Beach chair draped to the thoracic spine 
Fluoroscopy location LJ From ipsilateral shoulder 
Equipment LJ Reduction clamps, 2.4- and 2.7-mm LCP plates (mini locking set) 


Preoperative planning starts with a complete physical examination, imaging, and laboratory work. We have a low threshold for CT scan with 3D 
reformatting to fully understand the fracture and any implant involvement. It has been the lead author’s practice to use clinical exam as the main diagnostic 
criteria and use CT scan for research purposes only. While surgical treatment of these fractures is becoming more common by subspecialists, they remain 
rare in most practices and there is no standardized pattern or treatment; referral to a subspecialist with experience in this area should be considered. 

Revision arthroplasty implants should be available if there is any possibility of revision arthroplasty. Standard fracture reduction instruments including 
pointed reduction clamps and plate benders are required. Both 2.4- and 2.7-mm (mini-fragment) plates and screws are required for fixation. Small fragment 
(3.5-mm) periarticular plates including olecranon and distal clavicle plates have been popularized but the small clusters of locking screws and modularity of 
mini-fragment sets are very appealing in these cases where the distal bone fragments can be quite small. We have also found that fashioning the end of the 
plate into a “hook” to capture the anterior and/or lateral acromion can aid in fixation stability. 


Positioning 


Both beach chair and lateral positioning can be utilized when performing an isolated ORIF of an acromial base fracture or scapular spine fracture as long as 
draping allows direct access to the entire scapula posteriorly and laterally and is ergonomically comfortable to the surgeon (Fig. 38-13). However, beach 
chair should be used when there is consideration of revision of the RSA. In this case, the arm is prepped and draped over a padded Mayo stand to allow 
manipulation. The fluoroscopy unit is brought in from the front or back of the patient depending on the table. 


Surgical Approaches 


Fortunately, most of these fractures are along the subcutaneous boarder of the scapular spine or acromion process. Scapular spine fractures are approached 


with an incision directly over the scapular spine. Dissection is carried out in the interval between the trapezius superiorly and the origin of the deltoid 
inferiorly. In general, these muscular origins and insertions can be respected and maintained. 

More lateral fractures can be approached with subcutaneous approaches appropriate for the fracture morphology. This can be an independent incision 
orthogonal to the fracture plane or an extension of previous incisions, the so-called saber cut incision. The saber cut incision can be extended into the 
deltopectoral approach anteriorly and the posterior approach posteriorly. This is an incision that runs from the anterior AC joint to the posterolateral corner 
of the acromion. The skin can be easily mobilized in this region after raising flaps above the deltotrapezial fascia. The fracture is exposed by elevating the 
deltoid and trapezius muscular origins only as needed. These must be thoroughly repaired at closure with heavy suture.” 


Figure 38-13. For access to the scapular spine, the patient is positioned in the lateral decubitus position on a bean bag with the operative extremity draped over a 
padded stand to allow adequate intraoperative view. 


There are rare instances where ORIF of intra-articular glenoid fractures is required in the setting of primary or revision arthroplasty such as in the case 
of intraoperative glenoid fracture incurred while exposing or reaming the glenoid. In such cases, positioning may limit exposure but the Judet approach or 
more limited posterior approach may be used.!38-194 In either case, the deltoid can be retracted upward or reflected from its origin on the scapular spine. The 
interval between the infraspinatus and teres minor provides access to the posterior rim of the glenoid. 


ORIF of Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty: 


KEY SURGICAL STEPS 


Expose the fracture site 

Place the arm in abduction 

Use pilot holes and compress fracture with pointed reduction clamps 
Contour 2.4- or 2.7-mm LC-DCP plate(s) to be applied dorsally 
Apply lag screw technique or compress through the plate 

Complete fixation with cortical screws followed by locking screws 
Carefully reapproximate deltoid and trapezius muscular origins 


Fractures along the scapular spine and acromion are conducive to tension-sided plating using standard principles. The arm is placed into abduction to relax 
the distracting force of the deltoid. Once exposed, a 2.5-mm unicortical pilot hole is made on either end of the fracture and the fracture is reduced and 
compressed with one or two reduction clamps. More anteriorly, a K-wire can be used as a joystick to fine-tune the reduction. A 2.7-mm lag screw is placed 
if the fracture plane is oblique. Typically, we use one or two 2.7-mm contoured DCP plates placed orthogonal to the fracture. Laterally, we contour the plate 
into a hook, which is wrapped around the acromion through a small linear split in the deltoid (Figs. 38-14E-I and 38-15C,D). This then supports the 
acromion from distal forces and allows a “homerun” screw from the lateral boarder of the acromion, through the plate and across the fracture in lag 
fashion.76° After compressing with a lag screw or through the plate, cortical screws are placed when good quality bone is obtainable (especially medially 
along the spine of scapula) and finally locking screws are placed where bone quality is poor (especially laterally in the thin and often porotic acromial 


process). When bone quality is especially poor and with very short segments, various periarticular plates can be repurposed (olecranon, distal clavicle, 


medial malleolar). Levy type I and II fractures are amenable to a mini-frag plate with a hook on both the anterior and posterior margins of the acromion 
which also allows two lag screws across the fracture plane (see 


). Biplanar plate fixation may also be of benefit if bone quality or screw 
purchase is poor. The fracture is assessed for quality of fixation which dictates the postoperative protocol. The wound is closed in layers focusing on the 
repair of any muscular origins through bone tunnels when possible. 
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Figure 38-14. A 78-year-old woman with a history of lupus and osteopenia and a BMI of 22 presented with a SANE score of 65 after a previous rotator cuff repair 11 
years ago and was diagnosed with rotator cuff arthropathy. A: She underwent RSA and distal clavicle excision and reported a SANE score of 85 at 3 months 
postoperatively. B: At 4 months postoperatively, she experienced an acute increase in pain, a snap, and dramatic loss of motion while lifting an object. She was 
originally managed with a trial of nonoperative treatment in a sling that was unsuccessful. She underwent ORIF of the acromion with orthogonal plating.2°° C: An 
subcutaneous incision about the scapular spine is demonstrated. A Crosby type II fracture was identified and prepared (D), and ORIF was performed with two 
contoured plates were contoured to hook along the acromion orthogonal to the fracture plane (E-I). First, the fracture was anatomically clamped and compressed. Next, 
a short plate was contoured with small benders and plyers (E, F) to hook around both the anterior and posterior acromion and lag screws were placed from anterior to 
posterior and posterior to anterior through the plate (G). H, I: Then a longer plate was contoured to hook around the lateral acromion and compressed, and cortical 
screws were placed medially in the scapular spine. J, K: Postoperative radiographs. L: Six weeks later, she underwent contralateral RSA and requested prophylactic 
ORIF of the scapular spine. A plate was contoured to hook around the acromion; medially, it spanned the medal boarder of the scapular spine, where it was pinned. A 
lag screw was then placed down the medullary canal and both locking and nonlocking screws were placed medially. 


CASIA 


D z m c E 
Figure 38-15. A 75-year-old male was injured in an altercation with a tiger and sustained a fracture of his scapula resulting in ORIF of his scapula. A: The acromial 
plate broke and the fracture went on to nonunion. The patient had persistent deficits in flexion and external rotation due to a deficient rotator cuff. Revision ORIF was 
performed 2 years after the original injury with the removal of the previous hardware (B) and the placement of two acromial plates (C). The revision resulted in 
successful healing of the acromion (D), and 6 months later the patient underwent RSA (E). 


Authors’ Preferred Treatment for Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty ( 


Acromial or scapular fracture about 
reverse shoulder arthroplasty 


Type I or Il Type III 


Acute displaced, progressive 
displacement, symptomatic Adjacent to dysfunctional 
nonunion, patient preference prosthesis 

for early intervention 


Symptomatic 


2 Minimally displaced 
nonunion 


ORIF, distal clavicle 
excision, or 
fragment excision 


Nonoperative trial ORIF + concomitant 
(6-12 weeks) revision arthroplasty 


Nonoperative trial 


Algorithm 38-2 Authors’ preferred treatment for acromial or scapular fracture about reverse shoulder arthroplasty. 


In general, pain and function will improve with nonoperative treatment of these fractures. The risk/benefit ratio favors a trial of conservative treatment 
for type I and II fractures of the acromion especially when nondisplaced. If symptoms of nonunion or RSA dysfunction persist for over 6-12 weeks, or 
if displacement occurs, surgical fixation is considered if bone quality is good. In those with poor bone or suboptimal hosts, fragment excision may be a 
more reliable option for symptomatic pain control. 

Nondisplaced type III fractures can be treated nonoperatively in a sling and serial radiographs are obtained. Progressive displacement or persistent 
pain after 6-12 weeks of conservative management warrants ORIF. For acute displaced fractures at the base of the acromion or along the spine of 
scapula, we perform early ORIF to decrease dysfunction and the risk of nonunion. Fractures adjacent to a dysfunctional prosthesis may require 
concomitant revision arthroplasty depending on the underlying cause. Over the past several years we have become more aggressive and routinely 
discuss early fracture fixation with all medically acceptable candidates. We have found early intervention to be successful and less frustrating for 
patients but have noted several cases requiring removal of symptomatic hardware. 


Postoperative Care 


Patients are placed into a sling and allowed gradual return to ADLs and rehabilitation starting at 2 weeks postoperatively. They are limited to 1 pound lifting 
until 6 weeks postoperatively unless they are upper extremity dependent. All restrictions are removed at 6 weeks postoperatively and the patient is evaluated 
annually thereafter. 


Potential Pitfalls and Preventive Measures 


Periprosthetic Scapular Fractures About RSA: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 


ORIF 


e Failure of fixation e Careful patient selection 
e Avoid tension band wire construct 
e Adequate fixation 
e Postoperative restrictions 
e Symptomatic hardware e Careful anatomic plate contouring 
Outcomes 


Outcomes for ORIF in periprosthetic scapular fractures are heterogeneous due to their rarity in clinical practice and variety of fixation techniques and host 
factors.73”,268,280 While there is a breadth of techniques reported in the literature, it is with relative scarcity. This makes data-driven recommendations 
difficult, if not impossible. The surgeon is left to apply principled decision making and fracture care. 

As discussed above, displaced base of acromion and scapular spine fractures are particularly prone to nonunion, malunion, and dysfunction and many 
authors recommend consideration of ORIF in select patients.7>*78° Rouleau and Gaudelli reported a case of an acromial base fracture treated with ORIF via 
dual plating utilizing a distal clavicle locking plate and recon plate. They obtained good results at final follow-up (forward flexion 160 degrees, QuickDash 
29.5, and CS of 69). Their review of the literature consisted of 7 fractures at the base of the acromion or scapular spine treated with ORIF resulting in 85.7% 
(6/7) union but requiring 28.6% (2/7) revision and 14.2% (1/7) removal of hardware.2°2 Wahlquist et al. ultimately performed ORIF in 3 of 5 base of 
acromion fractures with unsatisfactory results. In their cohort of operative and nonoperative cases, forward flexion improved from 43 degrees after fracture 
to a modest 84 degrees at final follow-up and a final Neer score of 62 of 100. Pain, however, did resolve, decreasing from a VAS of 6.8 at the time of 
fracture to 0.8 at final follow-up. Crosby et al. reported 100% (4/4) union in these type III fractures treated with ORIF. In addition, they treated 70% (7/10) 
type II fractures surgically with ORIF or distal clavicle excision and noted improvement in these patients.78° 

Scapular spine fractures represent an area of more optimism for surgical success compared to acromial fractures. Toft et al. reported a 1.7% (25/1,475) 
incidence of postoperative periprosthetic scapula fracture of which 0.9% were acromion fractures and 0.8% were fractures of the scapular spine. Of the 12 
scapular spine fractures, 5 were treated with dual plating. At 1 year of follow-up, the CS, Shoulder Pain and Disability Index, and Simple Shoulder Value 
were similar to prefracture outcomes. The complication rate was 40% (2/5). An iatrogenic pneumothorax was attributed to surgical technique and required a 
thoracostomy and drainage 3 days after surgery. Another patient experienced early screw loosening followed by delayed union.?®8 

Ting et al. evaluated four methods of ORIF of Levy type II fractures in a cadaveric study.7°° Twenty-four scapulae were randomized dictated by the 
medial plate location (subcutaneous border of the scapular spine vs. supraspinatus fossa) and the use of a lateral acromial hook. Plates were biomechanically 
tested and construct failure was found to be more associated with fossa plating compared to subcutaneous plating (p = .012). The presence of the acromial 
hook was also found to be advantageous regarding prevention of lateral acromial failure (p = .016).° Additionally, double plating of the scapular spine has 
also been suggested to improve fixation, especially in osteoporotic bone.!®:!27,206 Overall, data on operative treatment are lacking in the literature; there is a 
need for trials comparing operative and nonoperative treatment. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO PERIPROSTHETIC SCAPULAR FRACTURES ABOUT REVERSE SHOULDER 
ARTHROPLASTY 


Periprosthetic Scapular Fractures About Reverse Shoulder Arthroplasty: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Decrease in shoulder function 
Mild increase in pain 

Loss of fixation 

New shoulder instability 


Intervention around the shoulder girdle is generally well tolerated and is not fraught with a high likelihood of wound complications. Surgeons should be 
aware of the propensity of osteoporosis in these patients and the risk of fixation failure which is exacerbated by the distraction force of an already 
overtensioned deltoid. Such cases require very careful patient selection, optimal fixation, and deliberate postoperative restrictions. Tension band techniques 
should be avoided due to high failure and nonunion rates with this application.?°*78° Periarticular plates are helpful as they tend to cluster locking screws 
about a small area and can be applied to the thin acromial process. Given the displacing forces seen by these fractures, we recommend conservative activity 
and lifting restrictions with both operative and nonoperative care. 

The suprascapular nerve and artery are main neurovascular structures at risk. The suprascapular nerve innervates the supraspinatus and infraspinatus 
muscles, which are less essential for RSA than for TSA. Injury should be avoided by careful dissection along the lateral boarder of the scapular spine where 
it moves distal from the suprascapular notch on the undersurface of the supraspinatus and wraps around the spine of scapula within the spinoglenoid notch. 
While nerve function is not essential, the infraspinatus does contribute to active external rotation, and injury to the nerve has been known to result in painful 
neuromas. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS OF PERIPROSTHETIC SCAPULAR 


FRACTURES ABOUT REVERSE SHOULDER ARTHROPLASTY 


Postoperative periprosthetic scapular fractures are a relatively new entity unique to RSA. They occur due to the changes in forces experienced by the 
scapula after RSA. Types I and II can usually be managed conservatively with later ORIF if symptomatic nonunion persists. Type III fractures benefit from 
ORIF when displacement, loss of function, or nonunion develops. Fixation is challenging due to poor bone quality and quantity, and supraphysiologic 


forces created by deltoid tensioning. Patients and physicians can expect these fractures to result in a drop in function compared with those without fracture, 
and a mild increase in pain. Future directions involve avoiding such fractures with modified glenoid fixation strategies and optimizing deltoid tensioning to 
each patient. As these fractures become even more common, higher-quality data will be required to support patient treatment decisions. 


Periprosthetic Fractures About Total Elbow Arthroplasty 


INTRODUCTION TO PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW ARTHROPLASTY 


TEA was initially introduced as a treatment for end-stage inflammatory arthropathy. These low-demand hosts are ideal candidates with respect to their 
functional demands but can present biologic challenges due to poor immune response, bone quality, and vulnerable soft tissue envelopes. Initial “fixed- 
hinge” designs were plagued with failure. The hinges were fully constrained, allowing less than 1 degree of varus—valgus laxity.!2* These models failed to 
restore physiologic mechanics to the elbow and transferred profound forces through the bone—implant interface. Coupled with primitive cementation 
techniques, fully constrained implants were plagued with high loosening rates.!5> Unlinked implants were introduced to better restore normal elbow 
mechanics. They rely on intact capsuloligamentous restraints for stability and function. Unconstrained models promise to dissipate forces through the 
ligaments and capsule, shielding the cement—bone interface, aiming to lower aseptic loosening. While theoretically advantageous, these implants are less 
forgiving when placed in malalignment or with poor soft tissue stability and have a higher risk of instability compared with constrained options.22>.276 

The semiconstrained TEA was developed in the 1970s to provide inherent stability and the reproducibility of a hinged prosthesis with a “sloppy hinge” 


to help shield the bone—implant interface and lower aseptic loosening.” The loose coupling of the humeral and ulnar components allows 7 degrees of 
195 


varus—valgus and 7 degrees of axial rotation enabling forces to be dissipated through the capsule and ligaments, but not so much as to allow instability. 
Clinical success and technical simplicity have led to the popularity of this design.!!>155 Finally, convertible models allow simpler conversion from 
unconstrained to semiconstrained implants. 

Most comparative clinical data come from systematic reviews (made up of mostly heterogeneous Level IV studies). Little et al., performed a systematic 
review in 2005 including 86 articles showing 78% good-—excellent results for TEA, which were more common for semiconstrained implants (82%) versus 
unlinked (78%) versus fixed hinge (73%). At that time, the literature described a 33% complication rate and a 13% revision rate.!°° Voloshin et al. 
performed a similar study in 2011, suggesting progress with an overall 24.3% complication rate which was slightly lower for linked (25.9%) versus 
unlinked (27.2%) prostheses. Surprisingly, linked implants did not have higher clinical loosening (5.2%) compared with unlinked (5.2%). Clinical 
instability was lower in linked (1.4%) versus unlinked (4.9%) implants.2”® The most recent review surprisingly showed decreased aseptic loosening of 
linked compared with unlinked (p < .005) prostheses. In addition, revision was lower for linked (13.8%) versus unlinked (16.3%; p = .015).?!8 These results 
conflict with conventional thinking, but further support the use of semiconstrained implants especially in low-demand elderly patients. 

Advances in technique and implant design spawned good results in appropriately selected patients, namely low-demand elderly patients with severe pain 
secondary to inflammatory arthropathy.9*:!!9 Sanchez-Sotelo and colleagues published their results of 461 TEAs done for RA, in which 80% were female, 
with an average age of 64 years and a BMI of 25 (only 15% had a BMI >30). This niche patient population had an 11% (71/461) revision rate with revision- 
free implant survivorship of 92% at 10 years, 83% at 15 years, and 68% at 20 years.”?” Davey et al. performed a systematic review of 23 studies with 1,429 
elbows and a minimum follow-up of 10 years.°” The average follow-up was 11.4 years, and the mean Quick DASH score was 39.2 (3-93) with 63.3% 
reporting no pain. The overall complication rate was 16.3% and the revision rate was 14.6%. Aseptic loosening was the most common complication with an 
incidence of 12.9% while nerve injury was the least common with an incidence of 2.1%. Age has historically been used in other surgical procedures to 
dictate treatment. Gupta et al. looked at age and its effects on patient 30-day morbidity and mortality in the setting of TEA.!°? They compared patients aged 
65 to 79 to patients aged 80 to 89. They found no differences in mortality (p = .402), readmission (p = .341), and reoperation (p = 0.174) and suggested 
being younger than a certain age should not be used as a requirement for surgery. These successes have led to the expansion of indications to include acute 
trauma and posttraumatic sequelae.“47%.207,716275,.296 Dehghan et al. reported mid-term (mean 9 years) follow-up of a prior cohort of elderly patients (mean 
age 78 years) from an RCT examining the use of TEA for acute distal humeral fracture.°° They found only 1 patient of 25 had a revision, and that 15 
patients had subsequently died with no further elbow procedures, supporting the use this procedure. Gay et al. performed an analysis of the New York State 
registry showing a significant increase in the use of TEAs from 93 in 1997 to 134 in 2006 (p < .01). Most notable was the shift in indications which evolved 
from 43% traumatic and 48% inflammatory arthropathy in 1997 to 69% traumatic and 19% inflammatory arthropathy in 2006 (p < .01).%° Additionally, 
TEA has been shown to be slightly more cost effective than ORIF for intra-articular distal humerus fractures in the elderly ($2,375.76/quality-adjusted life- 
year vs. $2,677.26/quality-adjusted life-year).’”* However, higher-demand, male gender, trauma-related, and young age have consistently been linked to 
poorer outcomes and higher risk of revision following TEA.**237,24296 With the expansion of indications and use of TEA, the burden of revision 
arthroplasty grows. Day et al. showed a 248% increase in primary TEAs performed from 1993 to 2007 and a 500% increase in revision TEAs over that time 
which is expected to continue at 12.8% per year.°8 

Revision is most commonly performed for aseptic loosening, deep infection, and periprosthetic fracture in decreasing order.°:42)59-128,182,218,244,278 
Regardless of the situation, one should always be suspicious of infection especially when evaluating a painful TEA. Other complications include bushing 
ware (1.3%),'5° component fracture (1.85%),'° triceps insufficiency (2-3%),°>78 instability (1.4% linked, 4.9% unlinked),*”° acute wound complications 
(up to 5.5%), !?3 and permanent nerve injury (2-5%).!5>278 


ASSESSMENT OF PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW ARTHROPLASTY 


Periprosthetic fractures occur in 5.4% of TEAs. They are the third most common reason for failure accounting for 12% (147/1,253) revisions, !8%218,221,278 
Risk factors contributing to periprosthetic elbow fracture include aseptic loosening, trauma, osteoporosis, stress shielding, poor technique, and poor patient 
compliance with regard to activity restrictions. 


MECHANISMS OF INJURY FOR PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Periprosthetic elbow fractures occur by three general mechanisms including: technique-related intraoperative fractures, postoperative acute traumatic 
fractures, and postoperative insufficiency fractures in the setting of component loosening. Intraoperative fractures (3%) occur slightly more commonly than 
postoperative fractures (2.4%).?”8 Intraoperative diaphyseal fractures are likely to occur during exposure and positioning resulting in a torsional fracture of 
the humerus, or during aggressive reaming or broaching. Humeral condylar fractures are the most common intraoperative fractures.!°° This is more likely in 
smaller patients where the metaphyseal preparation leaves only a thin cortical column supporting the epicondyles and its attachments. This frail portion can 
easily be fractured at any juncture of the case, especially during humeral exposure and preparation. 1? 

Postoperative fracture incidence, diagnosis, and treatment are better described in the literature as it represents a high portion of revision TEAs.*!® They 
may occur secondary to acute trauma in well-fixed implants, or after trivial trauma in the setting of chronic loosening. The vast majority of postoperative 
periprosthetic fractures occur in the setting of preexisting component loosening where the host response to particulate debris leads to osteolysis, endosteal 
cortical erosion, and implant perforation. This sets the stage for fracture completion incidentally or after trivial trauma.“+!25238 In fact, periprosthetic 
fracture adjacent to a well-fixed implant is exceedingly rare.”>?94 Astute clinical judgment will distinguish between the above situations and guide workup 
and management. 


INJURIES ASSOCIATED WITH PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Since most periprosthetic humeral fractures either occur intraoperatively or with trivial trauma, concomitant injuries are rare but associated pathology 
including infection, instability, component loosening, and bearing wear should be ruled out. A detailed history of that elbow should be obtained. The 
diagnosis of infection is more likely in the face of previous surgeries (p < .01), previous infection (p < .03), poorly controlled RA (p < .04), drainage after 
surgery (p < .01), and reoperation for any reason (p < .01).7®8 


SIGNS AND SYMPTOMS OF PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Intraoperatively, periprosthetic fractures can be noted with an audible crack or visual fracture line. A broch or implant that suddenly advances after difficult 
progression raises concern. When suspicion exists, the incision should be extended or intraoperative fluoroscopy employed. Postoperative fractures can 
present after a known trauma (usually a ground-level fall) associated with new pain and a decline in function. In the more likely setting of chronic 
component loosening, the fracture event may be trivial or even unrecognized associated with progressive decline in function. Patients may endorse new 
pain, instability, or deformity. Neurovascular injury and open fracture are rare on presentation but must be ruled out. 

Examination should include close observation and documentation of previous incisions which can be quite obscure in atrophic skin. These will dictate 
the approach in future surgeries. Skin should be inspected for signs of chronic infection. A careful neurovascular examination is obtained noting the 
location, subluxation, and irritability of the ulnar nerve in addition to distal sensorimotor function. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PERIPROSTHETIC FRACTURES ABOUT 
TOTAL ELBOW ARTHROPLASTY 


While most periprosthetic fractures can be strikingly obvious, keen attention should be paid toward identifying underlying causes or concurrent pathology. 
Orthogonal radiographs of the forearm, elbow, and humerus are almost always sufficient for diagnosis, fracture classification, and treatment planning. 
Component loosening can be noted by change in position on sequential views or progressive peri-implant lucency. It is helpful in preoperative planning to 
understand if bone voids are contained or uncontained. 

Fracture in the setting of aseptic loosening is the norm. While unlikely, suspicions of periprosthetic infections should be worked up. Even in typical 
scenarios, this can be difficult as fever, radiolucency, leukocytosis, and swelling are not reliable.?5> Inflammatory markers are unreliable, and aspiration 
parameters are undefined.!7°.288:293 Practically speaking, in the setting of fracture, clinical suspicion (history of warmth, erythema, night pain, progressive 
loss of function, and unexplained loosening) should trigger intraoperative deep cultures which are still the gold standard. 


CLASSIFICATION OF PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW ARTHROPLASTY 


Periprosthetic Fractures About Total Elbow Arthroplasty: 
O'DRISCOLL CLASSIFICATION 


Type Description 

I Periarticular 

Il Diaphyseal about the stem 

TIA Well-fixed implant 

IIB Loose implant with acceptable bone stock 
IIC Loose implant with severe bone loss 

Il Diaphyseal outside the margins of the stem 


Periprosthetic elbow fractures can be classified by mechanism and location. They can occur intraoperatively or postoperatively. Ulnar fracture is more 
common than humeral.’? Further classification is based on location related to the prosthetic stem, stem fixation, and bone stock. O’Driscoll published the 
most commonly referenced classification which is analogous to the Vancouver Classification used in hip reconstruction (Fig. 38-16).6%195 Type I fractures 


occur about the condyles or metaphysis and represent 80% of fractures. They occur intraoperatively during metaphyseal preparation and broaching, or 
postoperatively due to the pull of muscular origins in the setting of osteolysis as they lie within the effective joint space. On the ulnar side, this includes 
olecranon fractures which present particular concern and difficulty.!®” Type II fractures occur about the stem and are further classified: IIA are well fixed 
and rare, IIB have a loose implant with acceptable bone stock, IIC have a loose implant with severe bone loss and are the most common type II fracture. 
Type III fractures are rare, occurring along the diaphysis outside the margins of the stem and are usually postoperative and associated with a traumatic 
event. This classification scheme is the standard communication tool when evaluating and treating these fractures. 


OUTCOME MEASURES FOR PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Most elbow scores incorporate subjective variables (like pain, motion, strength, and stability) and can include observer-collected objective measurements. 
Pain is usually heavily weighted. Ideal scores are patient-derived, eliminating the bias of an observer or even the physician. The ASES Elbow Score was 
introduced by the American Shoulder and Elbow Society based on expert consensus. It was not validated on its initial presentation, and is not heavily used 
in the articles presented in this chapter.!°* The Oxford Elbow Score is also not used in these articles but has been found to be the only elbow-specific rating 
system which is validated with high-quality methodology.?® Turchin et al. validated five elbow scoring systems commonly used at the time, using VAS 
(pain and function), physician- and patient-derived impairment, and functional questionnaires as the benchmark. They found that the raw aggregate scores 
produced by the systems showed good agreement but the categorical results (i.e., Excellent—-Fair) showed moderate correlation.?”? Such categorical 
groupings are determined arbitrarily, are heterogeneous between studies, and are not a recommended method of reporting outcomes. 

The Mayo Elbow Performance Score (MEPS) is uniformly used as the functional outcome measure referenced studies for this chapter. It was introduced 
by Morrey in 1993 as a modification of a scoring system described by Broberg in 1987.°9177 Variables include pain, arc of motion, stability, and patient 
rating of daily function. It can be completely patient-administered, which avoids the bias of observers but does discount objective variables like strength and 
deformity. Outcome score range is 0 to 100 where a higher score suggests better functional outcome. Cusick et al. compared the MEPS and ASES Elbow 
Scores among patients treated nonoperatively for elbow pathology. They found strong reliability of the MEPS between two sequential scorings. They also 
found the MEPS to be a reliable outcome when reporting nonsurgical treatment.°© 


Figure 38-16. The Mayo classification of periprosthetic fractures about a total elbow arthroplasty.!°° Type I fractures are metaphyseal, type II fractures involve bone 
occupied by the implant, and type III fractures extend beyond the stem. Type II fractures are subdivided: IIA, well-fixed implant; IIB, loose implant with acceptable 
bone stock; IIC, loose implant with severe bone loss. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO PERIPROSTHETIC FRACTURES 


ABOUT TOTAL ELBOW ARTHROPLASTY 


The anatomy about the elbow is complex and 3D appreciation is required for complex revision surgery in this location. Unlinked prosthesis requires 
retention of the condyles and collateral ligaments similar to fracture about the native elbow. Revision TEA and fracture care rarely involve revision to an 
unlinked component though, due to the level of difficulty and clinical unpredictability. Maintenance or repair of extensor mechanism is paramount as will 
be discussed in the surgical approach section. Surgical management of these injuries requires a good appreciation of normal and pathologic neuroanatomy. 
The native ulnar nerve runs along the medial triceps, around the medial epicondyle within the cubital tunnel, and then beneath the flexor carpi ulnaris (FCA) 
fascia but may have been scarred in or transposed anteriorly during previous surgeries. Every attempt should be made to understand the ulnar nerve location 
by interrogating operative reports, physical examination, and by ultrasound if needed. If left in situ, the ulnar nerve needs to be identified and protected 
throughout the case. If previously transposed, it is our practice to leave it within its bed requiring less dissection and lowering the risk of devascularization 


and injury. If not transposed originally, we prefer to perform a subcutaneous transposition at the conclusion of the case to lower the risk of neuropathy and 
simplify future approaches. 

The radial nerve runs from medial to lateral along the posterior aspect of the humeral cortex in the middle third of the diaphysis for a 6-cm segmen 
As it moves distally, it crosses the lateral intermuscular septum from posterior to anterior approximately 14 cm proximal to the lateral epicondyle.°! It is 
highly vulnerable in revision arthroplasty and fracture care in this region due to decreased surgeon familiarity and the intimate relationship with the humeral 
shaft. It is at risk during reaming in the case of a cortical breech or during cementing as cement extrusion onto the nerve can cause thermal necrosis. 
Necrosis has also been documented during ultrasonic cement removal. This risk is best mitigated with routine careful exposure, identification, and 
protection of the nerve throughout the case. In the revision setting, the nerve has even been found intraosseous, highlighting the importance of identification 
and protection.?% If ultrasonic cement removal is employed, the nerve should be gently elevated off bone and irrigation used to cool the surface due to the 
high heat produced.°® Throckmorton et al. reported a 2.7% (7/258) incidence of radial nerve palsy in humeral component revision. Of those, 43% (3/7) 
regained function. They cited thermal necrosis from extruded PMMA (0/2 regained function), neuropraxia, and tourniquet palsy as the causes. They 
recommend routine formal exposure of the radial nerve during surgery as it enhanced recovery in their series.2°° 
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TREATMENT OPTIONS FOR PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 


ARTHROPLASTY 


NONOPERATIVE TREATMENT OF PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Indications/Contraindications 


Nonoperative Treatment of Periprosthetic Fractures About Total Elbow Arthroplasty: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Fractures about stable, functional implants 

Humeral condylar fractures 

Minimally displaced olecranon fractures 

Minimally displaced diaphyseal ulnar fractures distal to the implant 
Humeral shaft fractures proximal to the implant 

Medically unwell patients unfit for the risks of anesthesia 


Relative Contraindications 


Fractures about loose implants 

Fractures about dysfunctional implants 

Failure of conservative management 

Displaced olecranon fractures or extensor mechanism discontinuity 
Open fractures 

Neurovascular compromise 


Since most periprosthetic elbow fractures occur intraoperatively or along a loose prosthesis, conservative treatment is rarely indicated. In general, 
nonoperative management may be attempted in fractures around stable, functional implants. This is often the case in humeral, type I fractures (condylar) 
which are usually associated with a stable prosthesis and warrant a trial of nonoperative management when semiconstrained implants are utilized as they are 
not required for function or stability.!”* Unconstrained implants, however, are dependent on collateral ligament function and anatomic humeral healing 
which is unlikely with nonoperative management. Similar to native condylar fractures, nonoperative care is contraindicated in this situation. 

Olecranon fractures around a stable implant can be treated nonoperatively if the extensor mechanism remains intact and displacement is minimal. Loss 
of extensor mechanism and fractures around a loose implant are contraindications to nonoperative care in functional patients amenable to the risk of 
anesthesia. 

Although rare, type III fractures occurring distal to a stable implant can be treated similar to native diaphyseal fractures. 


Nonoperative Treatment Protocol 
Periprosthetic Humeral Fractures About Total Elbow Arthroplasty 


Postoperative humeral condylar fractures around a stable implant are managed with a brief 2- to 3-week period of immobilization followed by functional 
motion. Resisted activity is limited until there are clinical and radiographic signs of bony healing or clinical indications of fibrous union. Diaphyseal 
humeral fractures above a stable implant warrant a trial of nonoperative management. Acutely they are placed into a coaptation splint if painful or acutely 
swollen. If patients are amenable, we do prefer to place a fracture brace at the time of initial presentation. The patient is instructed on skin care, daily fitting, 
and active elbow flexion with serial radiographs to monitor healing and alignment. We check for gross fracture motion at 6 weeks which is predictive of 
nonunion or delayed union, and would be a relative contraindication to continued nonoperative care in functional patients.°* 


Periprosthetic Ulnar Fractures About Total Elbow Arthroplasty 


Olecranon fractures about a well-fixed implant warrant a trial of nonoperative management when minimally displaced and in frail patients where fixation 
opportunities and outcomes are suspect.°**” Patients are immobilized in a sling or cast for 4 to 6 weeks until there are signs of early bony or fibrous union 
and early functional motion is initiated. Active, resisted extension is avoided until 2 to 3 months when healing is confirmed clinically and radiographically. 
Olecranon fractures that are displaced, those occurring in physically young, active patients, and those associated with implant loosening are 
contraindications to nonoperative management. Diaphyseal, type C ulnar fractures are managed similar to native fractures as long as the implants remain 
well fixed. Minimally displaced, isolated ulnar shaft fractures warrant a nonoperative trial with a short arm cast or fracture brace. Displaced fractures and 


complete interosseous membrane disruptions (DRUJ disruption, associated radial shaft fracture) are contraindications to nonoperative care. 


Outcomes 


Nonoperative care for periprosthetic elbow fractures is rare and there is scant literature on the outcomes. In the setting of osteolysis or trauma, humeral 
condylar fractures may occur due to muscle forces on a thin remaining ridge of bone at the supracondylar region. With a brief period of immobilization, 
these humeral condylar fractures often go onto fibrous union and can become asymptomatic and can be without consequence in semiconstrained 
implants.'°* Some go onto symptomatic nonunion and may warrant excision. McKee et al. have shown that the condyles are not necessary for good TEA 
outcomes. They performed a retrospective cohort study comparing 16 TEAs with intact humeral condyles with 16 TEAs which underwent condylar 
excision. Excision was associated with no difference in pronation/supination, wrist strength, MEPS, and a trend toward improved strength (elbow flexion p 
= .07; elbow extension p = .09) and elbow flexion/extension ROM.!72 

Marra et al. reported on 25 TEAs performed in the setting of olecranon fracture or nonunion. Patients, fractures, and treatment were heterogeneous but 3 
stable fibrous unions were left alone and 44.4% (8/18) of those treated surgically at the time of TEA went onto fibrous union. Functional outcomes were 
similar between those with bony union (MEPS 88) and those with fibrous union (MEPS 81). While this study did not address conservative treatment of 
postoperative fractures, it does support reasonable function in the setting of olecranon fibrous union about TEAs which is the goal in this subset of 
fractures.!°” Nonoperative management of displaced olecranon fractures in low-demand elderly has been supported in native elbow fractures, and is worth 
considering in postoperative fractures for similar reasons.°°°” 


OPERATIVE TREATMENT OF PERIPROSTHETIC FRACTURES ABOUT TOTAL ELBOW 
ARTHROPLASTY 


Indications/Contraindications 


Most periprosthetic fractures about TEA occur intraoperatively or postoperatively with an associated loose stem.” The natural history of implant loosening 
especially in the face of fracture is poor, and therefore these entities benefit from revision arthroplasty. Other indications for revision include periarticular 
symptomatic nonunions which can benefit from humeral condylar excision in semiconstrained implants or ORIF for nonconstrained implants. Displaced 
olecranon fractures or those that fail conservative management benefit from ORIF or excision and triceps advancement.®*!” Fractures beyond the stem of a 
well-fixed implant that fail nonoperative treatment due to displacement or nonunion warrant consideration of ORIF to optimize healing and function. 

Contraindications to revision include active infection, inadequate soft tissue coverage, patients with poor rehabilitation potential, and medically infirm 
patients unable to tolerate the risks of anesthesia. 


Revision Arthroplasty for Periprosthetic Fractures About Total Elbow Arthroplasty 


Revision TEA for periprosthetic fractures about the elbow is often employed with or without supplemental cerclage cables, allograft struts, or plate fixation 
(Figs. 38-17 and 38-18). The amount of bone loss and loosening can be profound and the surgeon should be familiar with several options of concomitant 
bone augmentation for initial implant stability and future bone stock restoration. 


Preoperative Planning 


Revision Arthroplasty for Periprosthetic Fractures About Total Elbow Arthroplasty: 


PREOPERATIVE PLANNING CHECKLIST 


Surgical history LJ Previous operative reports, types of implants used, appropriate revision equipment available 
Anesthesia LJ Long-acting regional block + general endotracheal anesthesia 

OR table LJ Regular or radiolucent table 

Position/positioning aids LJ Lateral with a bean bag with the operative arm over a radiolucent arm holder 

Fluoroscopy location LJ Large fluoroscopy from the head of the bed 

Equipment LJ Revision instruments (vice-grip plyers with backslap, thin flexible osteotomes, high-speed burr, schanz 


pins, reverse curettes, microsagittal saw) 
Implant-specific sets (including extraction devices, bushing decoupling instruments, revision implants), 
linked implant system 
3.5- and 4.5-mm locking compression plates, periarticular plates, cables 
Allograft available (cancellous chips for impaction grafting, cortical segments for strut fixation, bulk 
allograft for APC) 
LJ Antibiotic cement with methylene blue dye, thin injection nozzle 


Tourniquet LJ Sterile 
Other Intraoperative cultures 
Postoperative posterior splint 


Workup and treatment of these injuries require close scrutiny of the trajectory of the elbow in question. History and physical examination should focus on 
the underlying diagnosis and implant function with a keen attention on red flags for signs of infection, implant failure, or chronic loosening. Every attempt 
should be made to identify the location of the ulnar nerve with a plan for intraoperative management. In general, we prefer to perform anterior subcutaneous 


transposition at the conclusion of revision TEA to simplify and improve the safety of future approaches. Serial radiographs are obtained to elicit signs of 
implant failure such as bushing ware, signs of loosening including shifting of the implant or progressive peri-implant osteolysis, and preoperative planning. 
The most recent operative note should be obtained. The TEA model and year need to be identified to prepare for extraction and/or revision. Usually, implant 
loosening is isolated to either the humerus or more commonly the ulna. When a semiconstrained TEA is in place, it is likely only the pathologic side that 
will require attention. Revision of an unlinked prosthesis to another unlinked prosthesis is unpredictable and is generally not performed. In general, unlinked 
implants should be converted to semiconstrained implants. This is simplified when the model is convertible, but for nonconvertible models, this requires the 
exchange of both the humeral and ulnar implants, even when one is well fixed. Coordination is required to ensure both the implant and explant sets are 
available at the time of surgery. Implant size should be templated to extend two cortical diameters past the fracture.2*! The length of the anterior flange 
should be chosen to allow contact with native anterior cortex. Allograft struts and/or bulk allograft, cables and plates, and antibiotic cement should be 
available. A plan for antibiotic spacer should be premeditated depending on the level of suspicion. 


E 


D 
= A, B: A 75-year-old woman experienced a Mayo type IIA periprosthetic humeral fracture about a well-fixed TEA. C: It was ORIF using cerclage 
wires sand allograft struts along the spiral oblique humeral fracture. D, E: Longstem revision with allograft struts was successful. 


Figure 38-18. A periprosthetic humerus fracture about the humeral component of a TEA (A) treated with ORIF (B). 


Positioning 

Revision TEA can successfully be completed supine with the arm over the chest, prone, or lateral decubitus. Lateral positioning has gained popularity and is 
preferred, when possible (Fig. 38-19). The patient is positioned in the lateral decubitus position. The peroneal nerve is padded and the knees are bent to 
provide intrinsic stability and a pillow is placed between the legs. A bean bag or total hip positioner can be utilized. The bean bag is quick and familiar to 
most surgeons. The total hip positioners (placed at the sacrum and anterior superior iliac spine) minimize bulk around the chest that interferes with surgery 
especially in short, obese patients or those with large breasts. A bolster can be placed behind the upper back to keep the torso forward over the operative 
field. The nonoperative arm is flexed forward and externally rotated to allow the arm to be tucked on a radiolucent Plexiglas board just anterior to the head. 
Contralateral shoulder and elbow pathology may require the arm to be positioned straight ahead. The down arm is appropriately padded and secured with 
tape. The operative arm is placed over a radiolucent positioner or a simple paint roller (similar to that used to position the heal in total knee arthroplasty). 
The arm is prepped and draped up to the coracoid. A sterile impervious stockinet is placed over the hand. A sterile tourniquet is placed to minimize blood 
loss and optimize cement fixation. The medial and lateral aspects of the elbow are marked to remind the surgeon of the location of the ulnar nerve. Any 
previous incisions are identified. Iodine-impregnated skin coverings are optional. A large fluoroscopy unit is positioned at the head of the bed parallel to the 
long axis of the body. 


Figure 38-19. TEA periprosthetic fractures can be typically performed in the lateral decubitus position using a bean bag and a radiolucent arm holder. 


Surgical Approaches 


TEA is best approached from the posterior side of the elbow. If possible, previous skin incisions should be used. If multiple incisions have been used, the 
most posterior midline option is usually ideal. When possible, the incision should be posterior, just off midline to avoid sensitivity at the tip of the olecranon 
and maximize flap thickness. Dissection should be straight down to extensor fascia. Any flaps should be full thickness and minimized to decrease the 
chance of seroma or hematoma formation. If the ulnar nerve was left in situ, or its location is in question, identification and protection are mandatory. The 
ulnar nerve is freed and mobilized from the arcade of Struthers through the FCA fascia. A Penrose drain is placed around the nerve to maintain 
intraoperative awareness and allow gentle mobilization. The nerve should be transposed when preoperative ulnar neuritis is identified, and is always 
transposed in primary and revision TEA in our practice. Since the risk of future revision is likely, routine transposition has been recommended by several 
authors.!2-1!9.180 Tf there is certainty that the ulnar nerve has been safely transposed, we do not routinely re-dissect it but use caution. Radial nerve exposure 
and protection are not mandatory when the revision is focused on the ulna or humeral work is isolated to the metaphysis. However, humeral-sided fractures, 
and extensive humeral revisions, require identification and protection of the radial nerve which can be found crossing the lateral intermuscular septum 14 
cm proximal to the lateral epicondyle and traced safely proximally and distally. Proximal exposure of the humeral shaft can be triceps splitting or 
paratricipital depending on the exposure utilized for revision TEA. If a triceps split is employed, the nerve can predictably be found at the midportion of the 
humeral shaft or two fingerbreadths proximal to the confluence of fascia of the long and lateral heads of the triceps.5°46 The benefit of the triceps split is 
surgeon familiarity and the ability to minimize skin flaps, but proximal dissection is limited. When a paratricipital exposure is employed distally or when 
very proximal dissection is required, we prefer the lateral paratricipital exposure described by Gerwin et al.°! Laterally, dissection just below the triceps 
fascia is carried to the lateral intermuscular septum where the lower lateral brachial cutaneous nerve is identified and traced proximally to the radial nerve 
proper where safe blunt dissection is carried out. The medial and lateral heads of the triceps can be elevated from lateral to medial exposing the humerus 
from the axillary nerve distally. Distal exposure of the ulna is in the interval between extensor carpi ulnaris and FCA. The proximal deviation of this 
approach depends on the management of the extensor mechanism. 

Careful management of the extensor mechanism is critical as it dictates technical ease and can have profound effect on outcomes. The quality of revision 
arthroplasty technique and integrity of the extensor mechanism healing are directly correlated with function and strength. The triceps can be managed in 
several ways including paratricipital, midline triceps split, triceps periosteal peel, tongue tenotomy, and repair. 

The paratricipital “triceps sparing” approach uses medial and lateral windows. It is the preferred approach when possible as it keeps the extensor 
mechanism fully intact. This exposure is ideal for distal humerus fracture evaluation and fixation when the possibility of conversion to TEA exists.*”° 
However, exposure can be more difficult than other options in TEA. Visualization is facilitated in situations where the distal humerus is absent such as 
distal humerus fracture or revision TEA.!®° For this technique, dissection is carried out below the posterior fascia to identify the medial and lateral margins 
of the triceps along the intermuscular fascia. After the ulnar nerve is identified and mobilized, the medial window is created elevating the triceps posteriorly 
and proceeding distally to expose the posterior medial joint line. About 20% of the flexor pronator mass and medial triceps insertion can be subperiosteally 
elevated to facilitate exposure. The ulnar collateral ligament (UCL) is released from the ulna.!®° Hyperpronation exposes the ulna through this window. The 
lateral window is created. When proximal dissection is needed, we continue in this plane proximally which requires identification of the radial nerve. 
Distally, the incision is extended in the plane between the anconeus and extensor carpi ulnaris. The lateral UCL and distal portion of the extensor mass can 
be subperiosteally elevated from the lateral epicondyle. The humerus can be delivered through this window by hypersupinating the forearm but care must be 
taken to protect the ulnar nerve. Following the procedure, the anconeus extensor carpi ulnaris (ECU) interval is closed and the forearm extensors are sutured 
to the triceps. On the medial side, the UCL and FCU are sewn to the ulna and forearm fascia and the flexor-pronator mass is sewn to the triceps. Pierce and 


Herrtdon performed a retrospective cohort comparing 10 paratricipital with 13 triceps-reflecting approaches for TEA. Strength was considered good in 90% 
(9/0), poor in 10% (1/10), and there were 0% triceps discontinuities in the paratricipital compared with 31% (4/13) good, 23% (3/13) fair, 15.4% (2/13) 
poor, and 30.8% (4/13) complete loss of triceps due to avulsion in the triceps-reflecting approach. All patients with complete loss of triceps function had 
RA. It was theorized that these patients may be ideal candidates for a triceps on approach for this reason.?!? This is our recommended approach whenever 
possible for TEA. The benefits of this approach are that it allows adequate exposure; avoids triceps weakness, allowing early unprotected motion; and keeps 
the thick triceps mechanism intact as an uninterrupted biologic layer between the skin and implant. 

The triceps splitting technique is perhaps the technically simplest option and one of the oldest.!!* It is indicated when tissue quality is poor. If the ulnar 
nerve is known to be previously transposed, this technique allows direct dissection to bone from the humerus to the ulnar subcutaneous boarder without 
raising skin flaps. The triceps mechanism is then peeled subperiosteally from the olecranon along with the ulnar insertions of the collateral ligaments. This 
preserves vascularity to the skin edge and minimizes potential space for seroma or hematoma formation. The tradeoff is the increased risk of triceps 
disruption. Functional outcome demands good triceps repair, protection, and healing at the conclusion of the case. Repair involves cruciate drill holes and 
nonabsorbable suture which incorporates the triceps tendon. The patient is protected postoperatively in a splint for less than 1 week. Resisted extension is 
limited for 6 weeks postoperatively. 

The triceps turndown is a tenotomy and repair technique originally described by Van Gorder using a V-shaped tenotomy proximal to the insertion. This 
allowed lengthening at the end of the case which is useful in contractures.°” A variation on this technique was recently described, which Marinello et al. 
coined the “triceps facial tongue.” They note minimal trauma to the extensor mechanism and use this technique routinely for distal humerus fractures with 
the benefit of simple and safe conversion to TEA which is perhaps its best indication. Their technique involves a 2- to 3-cm wide by 10-cm-long triceps 
tongue based at the olecranon. The fascia is swept off the deep muscle. The deep muscle is then split, and the collateral ligaments are released off the ulna. 
The fascial incisions can be continued distally on either side of the triceps. The capsule is released and the elbow dislocated ulnarly. They recommend 
closure with a no. 2 nonabsorbable stitch at the corners followed by absorbable sutures for the remainder, all performed in 60 degrees of flexion. They allow 
active flexion and passive extension at 2 weeks postoperatively, reporting 0% (0/30) extensor failures using this technique. 165 

The triceps-reflecting (Mayo or Bryan—Morrey) approach allows mobilization of the extensor mechanism while maintaining continuity between the 
triceps, the anconeus, and the forearm fascia. Bryan and Morrey originally presented this technique in 1982 in a retrospective cohort study. They reported 
0% triceps weakness using the triceps-reflecting approach compared with 11% significant weakness with a triceps turndown and 20% significant weakness 
with a reflection of the triceps with a bone chip off of the olecranon.*! For this approach, once the ulnar nerve is identified and mobilized, dissection begins 
medially along the medial intermuscular septum moving from proximal to distal. The triceps is reflected from medial to lateral off of the olecranon and 
proximal ulnar shaft with care to keep the triceps in continuity with the forearm fascia. If exposure of the radial head is needed, this reflection can be 
continued laterally by elevating the anconeus from the radial head as described by Boyd et al.?® It is no longer recommended to take a wafer of olecranon 
with the triceps as nonunion is routine.!®° The extensor mechanism can then be reflected over the lateral epicondyle. Release of the collateral ligaments 
from the ulna provides great visualization and the elbow can be dislocated and presented. At the conclusion of the case, meticulous repair of the triceps is 
mandatory. The authors of the approach recommend cruciate drill holes using nonabsorbable suture locked into the triceps followed by a transverse suture 
through drill holes that act as a double-row equivalent construct to compress the tendon to bone and prevent synovial fluid interposition. Absorbable suture 
is used to repair the forearm fascia to the periosteum. Postoperative restrictions are similar to the triceps split: splint for less than 1 week followed by active 
flexion and passive extension for 6 weeks before full function is allowed. Morrey reported 20% more extensor strength compared with other techniques. 178 

Performing TEA in patients with olecranon fractures or nonunion is atypical but in these rare settings, or after intraoperative conversion from distal 
humerus ORIF to TEA, the arthroplasty can be performed through the olecranon fracture or osteotomy.!®” Concerns include risk of nonunion, delayed 
union, malunion, or symptomatic hardware. 


ORIF 


Operative indications for isolated fracture care about periprosthetic TEA fractures are rare. Humeral condylar fractures may be resected when symptomatic 
if the implant is semiconstrained and well fixed; McKee et al. have demonstrated good outcomes for humeral condylar excision compared with retention. If 
recognized intraoperatively, subperiosteal condylar excision is performed for intraoperative fractures. This avoids the risk of symptomatic nonunion, 
malunion, and delayed union, and this simplifies the exposure and procedure.!”* The flexor and extensor musculotendinous origins are then sewn to the 
triceps at the conclusion of the case. In the setting of unconstrained TEA or hemiarthroplasty, the condyles, and particularly their associated collateral 
ligaments, are crucial and require fixation and healing for function. This can be completed with buttress plating or K-wires with a tension band construct. 

Preoperative or intraoperative olecranon fractures benefit from fixation unless there is a stable fibrous union.!®? TEA can be completed through a 
traditional approach or through the fracture site. Depending on bone stock, a locking plate may be utilized. Tension band constructs are associated with 
higher failure and symptomatic hardware and are therefore avoided in TEAs. 

When diaphyseal fractures occur away from a well-fixed stem, isolated fracture care may be required. Similar to the techniques used to the humerus in 
diaphyseal fractures distal to a TSA stem, a combination of locking compression plates, cables, and allograft struts may be employed. Fixation should span 
two cortical diameters past the fracture and the stem of the prosthesis. Ideally, six cortices of screw fixation are obtained on either side of the fracture 
utilizing a combination of cortical screws, unicortical locking screws, and cerclage cables. 


Revision Total Elbow Arthroplasty 


KEY SURGICAL STEPS 


,/ | Revision Arthroplasty for Periprosthetic Fractures About Total Elbow Arthroplasty: 


Posterior approach 
Identify and protect ulnar and radial nerves 
Deep cultures 
Assess implant stability 
Uncouple implants 
Remove implants that require revision 
e Preserve cortex if possible 


CELEC 


e Vertical osteotomy or cortical window if necessary 
Prepare fracture site and canal 
Provisional or definitive fracture stabilization 
e Cortical struts with cerclage wires 
e Locking compression plate using hybrid fixation 
LJ Trial revision semiconstrained implants 
e Goal of at least two cortical diameters past the fracture 
e Verify on fluoroscopy 
LJ Supplemental bone grafting 
e Cortical allograft struts 
e Impaction grafting 
e APC 
Cement and couple final implants 
Extensor mechanism repair 
Closure 
Splint application 


Revision TEA presents unique challenges compared with lower extremity arthroplasty. Bone stock is less plentiful, previous implants are usually cemented, 
and there is higher risk to surrounding neurovascular structures (see Fig. 38-18). In addition, the biomechanical stresses the implant will endure are more 
challenging to maintain fixation. Where the hip and knee face compressive forces, the elbow is subject to varus and rotational torque. For these reasons, 
revision TEA should be performed by those with experience with these unique challenges. 

Once the elbow is exposed, the fracture and prosthesis are examined. Stability of the implant is assessed. Chronic loosening is suggested if there is an 
endosteal pseudomembrane or cortical perforation. If there is any clinical or intraoperative concern for chronic loosening or frank sepsis, infection workup 
is obligators and consideration should be given to a two-stage revision.?”>?69 Five deep cultures are sent and at least one sample is sent to pathology for 
histologic analysis to rule out tumor or other pathologic processes.2”© When suspicion for infection is low, a revision implant with antibiotic cement and 
fracture stabilization is performed. The patient is placed on antibiotics pending deep cultures. Arthroscopic synovial cultures are useful in chronic workups, 
but rarely indicated in the setting of periprosthetic fracture. The most common and most difficult to irradiate infectious organism is Staphlyococcus 
epidermidis. If this is isolated, one should consider a two-staged implant revision and fracture stabilization.2!°293 The next most common infectious 
organism is Staphylococcus aureus, which affects 25% of infected TEAs.*! 

The prosthesis is then disarticulated. The surgeon should have an understanding of the nuances of the coupling for each particular implant. Typically, 
there is a device on the manufacturer’s set that facilitates safe unlinking. The prosthesis is again tested for implant stability. Loose implants can usually be 
removed with ease. When working on the humeral side, the radial nerve should be visualized and protected during these steps as described in the approach 
section. Cement and the pseudomembrane should be removed from the canal with osteotomes, curettes, pituitary rongeurs, and pulse lavage irrigation with 
normal saline. The cement pedestal and restrictor beyond the tip of the prosthesis need to be removed. This can be done by drilling into its center and 
threading a Steinman pin. A T-handle chuck is placed followed by a gentle backslap. An ultrasonic removal device can be used to melt and extract cement 
but extreme caution must be executed in order to avoid tissue necrosis by using continuous irrigation and gently elevating the radial nerve off of bone during 
these steps. Remaining well-fixed cement only needs to be removed if it prevents anatomic seating of the broaches and final implant. For this, a guidewire 
can be placed past the cement mantle on fluoroscopy followed by careful cannulated reaming of the cement mantle. Well-fixed cement mantles that do not 
interfere with revision stem implantation can be safely left in place when the cement-within-cement technique is employed.!® Revision of a well-fixed 
implant on the other side of the joint may be required when converting to a different implant model. Initially, this is facilitated with flexible osteotomes by 
working circumferentially along the cement—implant interface. 

If osteotomes alone are inadequate to extract a well-fixed implant, a cortical window or longitudinal osteotomy is the next step.!? The posterior humeral 
window technique is popular. The length of the window should allow access to the cement mantle and tip of prosthesis and may incorporate areas of bone 
loss. A 2.5-mm drill is used to mark all four corners which are connected with a microsagittal saw angling obliquely to prevent the cortex from falling into 
the humerus at the conclusion of the case. The final implant should bypass this window by at least two cortical diameters. At the conclusion of the case, the 
bone is replaced and held with sutures through drill holes.°9 Peach et al. reported 100% (15/15) safe extractions with this technique and bony healing of 
14/15 windows.2°9 Prophylactic cerclage wires or sutures may be worthwhile when bone quality is poor and fracture propagation is likely. 

After the components are safely removed, the canals are prepared for revision arthroplasty. Provisional fixation of the periprosthetic fracture may 
simplify trialing and implantation. This can be performed with a provisional plate or cerclage cables or heavy nonabsorbable cerclage sutures. Broaching 
and trialing of components is completed. The axis of rotation of the ulnar component must be centered at the greater sigmoid notch. When bone loss is 
profound on the humeral side, up to 2 cm shortening is tolerable without compromising the triceps function.!!9?°° Up to 8 cm of humeral bone loss can be 
managed with an extended anterior flange before requiring an APC or custom implant.2!7°° Stems should obtain fixation at least two cortical diameters 
past the fracture site. Intraoperative fluoroscopy and direct visualization should be utilized during broaching and reaming to ensure implants are 
intramedullary and not taking a false path which would be inadequate fixation and risk surrounding neurovascular structures. 

Bony supplementation is necessary when bone loss is profound. Lesser degrees of bone loss and isolated cortical defects benefit from cortical strut 
allograft application. If the defect is contained, impaction grafting can improve implant stability and build intramedullary bone stock. For this technique, 
cancellous graft is obtained from the bone bank. It can be packed adjacent to the trial implant followed by cementation of the final implant within this canal 
with good results.**? Loebenberg et al. described two additional techniques. The “double tube technique” involves impaction of graft around a femoral 
cement nozzle within the canal followed by cementation as both the femoral and smaller TEA nozzle are withdrawn simultaneously. We prefer their 
described “neomedullary technique.” For this, any cortical defect is augmented with an extramedullary strut, and cancellous chips are placed into the canal. 
Tamps, punches, and the trial implant are used to impact the graft until a solid fit is obtained and the final implant is cemented. These authors reported 66% 
(8/12) survival at an average of 72 months follow-up with this technique.!°? Massive bone loss (>8 cm) requires a custom implant, an APC, or 
endoprosthesis. In an APC, the final prosthesis is implanted into a metadiaphyseal bulk allograft and native diaphysis. Healing is aided by an interdigitating 
step cut, supplementary cortical allograft or plate fixation, and/or iliac crest autograft at the allograft—host junction. Alternatively, an endoprosthesis potted 


into the ulnar or humeral diaphysis can address such defects. This last technique is more commonly employed in tumor cases and is fraught with a high 
complication rate. 

If intramedullary cement is not easily and safely removable, bone stock is adequate, and the final implant is able to be seated anatomically, a “cement- 
within-cement” technique can be employed. The benefits are reduced OR time, less technical demand, lower early complications, less need for longer 
implants, and preserved bone stock. The existing cement mantle is carefully widened, freshened and roughened with drills, cannulated reamers, and high- 
speed burrs, and cleared of debris. Any osteolysis or fracture should be bypassed by two cortical diameters. Traditional meticulous cementing technique is 
utilized. Malone et al. reported 79% (42/53) survival of revisions at an average of 94.5 months using this technique. 16? 

The ulna and humerus should be cemented with separate sequential batches of cement in most revision cases. Several authors have noted improved 
infection rates since the standardization of antibiotic-impregnated cement.!5>!’6 This can be prefabricated or alternatively 1 g of vancomycin can be added 
to each 40-g packet of polymethylmethacrylate.!*! The addition of a small amount of Methylene Blue can facilitate visual identification of cement in future 
revisions. 

Fracture fixation is usually supplemented with one or two cortical struts or a plate, screw, and cerclage cable construct using similar principles outlined 
in the TSA section of this chapter. The radial and ulnar nerves should be visualized at all times, and fixation always placed beneath these structures. On the 
humeral side, fibular unicortical struts or humeral or femoral diaphyseal bulk allograft can be used for more robust support. This can be done by sectioning 
the graft into semi-cylinders and placing them on either side of the humerus. In either case, at least two cerclage cables should be placed on either side of the 
fracture. Alternatively, a plate and screw construct can be utilized. Either a 4.5-mm locking compression plate or dual distal humerus precontoured 
periarticular plates can be utilized. Proximal to the fracture, cortical nonlocking screws are employed. Around the implant, a combination of unicortical 
locking screws, cortical eccentric screws, and cerclage cables is utilized. The operative report should clearly state at which hole the radial nerve crosses over 
the plate to simplify future approaches. Plate and/or allograft strut fixation can be placed before or after cementation. Ulnar fracture fixation is completed 
with the same principles. One or two unicortical fibular struts can be used with cerclage fixation. Alternatively, a long olecranon periarticular plate or 3.5- 
mm locking compression plate can be used with similar principles as the humeral side. 

The trial implant is used to impact a cancellous bone plug distal to the implant to serve as a cement restrictor. The canal is irrigated and dried. The 
tourniquet is inflated if it is not already. Antibiotic cement is then injected with a thin nozzle cut to the appropriate length with standard technique and 
pressurized. Care must be taken to prevent cement from extruding into the fracture site. To help avoid this, the implant may be potted and cemented into the 
diaphyseal side of the fracture, at tip of the stem prior to cementing the metaphyseal portion. Corticocancellous autograft (or allograft if not possible) is 
placed between the anterior flange and the humeral cortex for bony support and rotational support. If available, autograft is beneficial at the fracture site as 
well. The implant is impacted into position. While the cement is curing, the elbow is reduced, coupled, and held at 90 degrees of flexion. This allows some 
natural rotational and height correction to optimize the balance of the elbow. The wound is soaked in a 2:1 dilute betadine solution while the cement cures. 
Final radiographs verify implant positioning and fracture fixation. The tourniquet is deflated, hemostasis obtained, and the wound is copiously irrigated. We 
do not routinely place a deep drain as we have not found support for this in the literature. 

If the triceps is reflected or split, it is repaired to bone. A 2.5-mm drill is used to create two crossing drill holes and one transverse drill hole through the 
dorsal olecranon. A no. 2 nonabsorbable stitch is passed with a suture passer from proximal to distal, locked into the triceps tendon with a free tapered 
needle, and then passed from the other side of the ulna distal to proximal using the other oblique crossing drill hole with the assistance of suture passer. The 
arm is brought into extension and the triceps repair is tied securely with the knot away from the subcutaneous boarder of the ulnar. Another suture is placed 
through the transverse drill hole to bolster the mid-portion of the triceps insertion down. The distal and proximal fascia is closed with interrupted no. 1 
dissolvable suture. The ulnar nerve is subcutaneously transposed if it has not been already. The elbow is ranged to confirm tensionless transposition. This is 
theorized to decrease ulnar nerve complications and makes future approaches safer and easier.!!?119 One gram of vancomycin powder is divided between 
the deep and superficial layers. Superficial closure includes 2-0 dissolvable suture for the dermal layer and 3-0 nylon or staples for skin. The elbow is placed 
into a well-padded splint in 90 degrees of flexion. When soft tissue coverage is inadequate, flap coverage may be needed. 


Authors’ Preferred Treatment for Periprosthetic Fractures About Total Elbow Arthroplasty ( 
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Algorithm 38-3 Authors’ preferred treatment for periprosthetic fractures about total elbow arthroplasty. 


Treatment for periprosthetic fractures about TEA are based on implant stability and further classified based on location and bone stock. Regardless of 
location, fractures about a loose implant require revision to a long-stem implant with or without supplemental fracture fixation with plates and screws or 
with a cortical strut allograft (Figs. 38-20 and 38-21). In the setting of bone loss, we supplement bone stock. For contained bone loss, impaction grafting 
is used. Cortical defects benefit from allograft struts. Extensive bone loss may require an APC, endoprosthesis, or custom long-stem prosthesis. 

When the stem is well fixed, nonoperative management is attempted. Isolated ORIF or excision is indicated for persistently symptomatic humeral 
condyle nonunion, malunion, or delayed union. ORIF is indicated for humeral or ulnar diaphyseal fractures that are unable to maintain alignment or go 
onto delayed union or nonunion. Displaced olecranon fractures or failure to unite is an indication for ORIF or triceps advancement (Fig. 38-22). 


). A, B: Periprosthetic ulnar fracture 12 months after TEA. C, D: Revision with long-stem components was successful. 


The elbow is splinted in 90 degrees of flexion and a sling placed to protect the wound and allow early uninterrupted healing. All patients receive 24 hours of 
routine postoperative prophylactic antibiotics. When suspicion for periprosthetic infection is high, prophylactic antibiotics are continued until cultures are 
final. Long-acting regional blocks decrease narcotic consumption during surgery and in the immediate postoperative period and can improve patient 
experience. We recommend a similar multimodal analgesia regimen as described for TEA, including scheduled acetaminophen, gabapentin, ketorolac, 
ondansetron, and judicious use of narcotics. The patient is instructed on strict elevation of the elbow above the heart for 23 hours per day at least for the first 
week. This improves pain and swelling allowing earlier return of finger, wrist, and elbow motion. Occupational therapy facilitates training on finger wrist 
and shoulder ROM and training on ADLs. 

The splint is removed in clinic within a week from surgery and the sutures removed between weeks 2 and 3. Depending on the extensor mechanism 
repair, activity is advanced. When a triceps on (paratricipital) technique is used, the patient is advanced to activities and motion as tolerated with routine 
lifelong lifting restrictions of less than 2 kg repetitively and less than 5 kg in low repetition. When the repair requires protection (triceps peel, triceps split, 
triceps turndown, olecranon osteotomy), we allow active flexion and passive extension until 6 weeks postoperatively where activity is advanced. Routine 
examination and radiographs are obtained at the 6-week, 3-month, and 6-month intervals and then on the anniversary of surgery thereafter. 


E \ F 

Figure 38-21. A 60-year-old female smoker with a history of rheumatoid arthritis underwent a prior staged TEA for infected nonunion distal humerus fracture. She 
experienced new pain after a fall onto the arm and a humeral periprosthetic fracture with loosening was found on AP (A) and lateral (B) radiographs. C, D: She 
underwent revision TEA to a long, cemented stem with humerus ORIF using a 3.5-mm LCP plate and cerclage cables. E, F: An extended posterolateral paratricipital 
approach was used. 


Figure 38-22. Olecranon nonunion in the setting of posttraumatic arthritis in the elderly patient was managed with concomitant elbow arthroplasty, and olecranon 
excision and triceps advancement. 


Potential Pitfalls and Preventive Measures 


Periprosthetic Fractures About Total Elbow Arthroplasty: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 
ORIF 
e Missed implant loosening e Critically assess implant fixation intraoperatively 
e Inadequate bony fixation e 6 cortices of fixation on either side of the fracture 
Revision TEA 
© Missed deep infection e Deep tissue cultures 
e Jatrogenic nerve injury e Preoperative identification of ulnar nerve location 
e Intraoperative radial and ulnar nerve identification and protection 
e Subcutaneous ulnar nerve transposition 
e Triceps insufficiency e Utilize a paratricipital approach when possible 
e Avoid complete release of the triceps from the olecranon 
e Thorough repair of elevated triceps to the olecranon through drill holes 
e Iatrogenic fracture or bone loss e Controlled longitudinal osteotomy or cortical window 


e Component loosening e Thorough canal preparation 

e Well-balanced TEA 

e Strict attention to cementation principles 

e Bone grafting 

e Bypass fracture by at least two cortical diameters 
e 


Place bone graft between the cortex and anterior humeral flange 


e Fracture nonunion e Avoid cement in the fracture site 
e Supplement fixation with a cortical strut or plate fixation 
e Supplement biology with autograft at the fracture site 
e Wound complications and infection Minimize skin flaps 
Antibiotic cement 
Consultation for flap coverage if needed 
Meticulous hemostasis prior to closure 
Deep antibiotic powder 
Postoperative elevation 
Immobilization up to 1 week from surgery 


Outcomes 


Triceps discontinuity was thought to be a contraindication to TEA. While far from ideal, it is possible to obtain reasonable results in the setting of olecranon 
fracture.'°” Marra et al. published a series of 25 TEAs performed in the setting of olecranon fracture or nonunion. Stable fibrous unions (n = 3) were 
managed conservatively, 18 underwent ORIF, and 4 underwent fragment excision and triceps advancement. Functionally, 12 had excellent, 9 good, 3 fair, 
and 1 patient had poor results and the MEPS score improved from 42 to 86 (p < .001) at final follow-up. While functional arc or motion was usually 
obtained, 71.4% (15/21) could not actively extend their arm overhead due to triceps insufficiency. In this low-demand population, this may be well tolerated 
as gravity assists with elbow extension with the arm at the side. While triceps discontinuity is still considered, a relative contraindication to primary TEA, 
when otherwise well indicated in an appropriate host, good durability, and acceptable function can be obtained with a semiconstrained prosthesis.!°” The 
choice between olecranon ORIF versus fragment excision and triceps advancement should be based on available bone stock, bone quality, and patient 
demand. Especially in low-demand individuals, fibrous union of minimally displaced fractures, as well as fragment excision and triceps advancement, has 
led to reasonable results and can be considered. 

Because of the rarity, outcomes for isolated ORIF of periprosthetic fractures about TEA are nearly nonexistent. One study that focused specifically on 
isolated ORIF for periprosthetic TEA fractures in the literature utilized a clamp-on-plate without screws, which is an outdated technique.!°” The only other 
study to mention this variant noted healing with nonoperative care in 2 of 2 fractures distal to a well-fixed ulnar component but without further 
explanation.”* Outcomes in these rare entities are optimized by adhering to the principles of periprosthetic fracture care. 

Outcomes for revision TEA for periprosthetic fracture are more plentiful but generally low in quality (Level IV case series) and heterogeneous in 
technique. Ulnar-sided revision for periprosthetic fractures is more common than humeral. Foruria et al. reported a series of ulnar-sided periprosthetic 
fractures of which 6% (31/550) of TEAs required revision by their group. Most (57%) did not recall when the fracture occurred and 20% stated it occurred 
during normal activities. The authors briefly mentioned successful nonoperative management of 2 periprosthetic fractures distal to a well-fixed ulnar 
component. Of the 30 treated operatively, 100% (30/30) were associated with loose ulnar implants, and all underwent revision: 2 were treated with an 
isolated long-stem revision and 20 utilized strut graft augmentation. Of those treated with strut grafting, 8 also underwent impaction grafting. Three 
underwent impaction grafting with a long-stem revision. APC was utilized in 5 cases (2 bulk ulna allograft, 3 bulk fibula allograft). The APC was docked to 
the native bone using a telescoping technique in 2, step cut and plate in 1, and with cortical strut fixation in 2. Follow-up was available on 21 patients. Of 
these, 18 were female. Union was achieved in 100% (21/21) at 5 years follow-up. Pain was noted to be “none—mild” in 85.7% (18/21), and moderate in 
14.2% (3/21). RM averaged a 112-degree arc (26-134 degrees). Functionally, the average MEPS score was 82: 15 good to excellent results and 6 fair to 
poor results. Serious complications included 3 deep infections, 1 superficial infection, 1 ulnar loosening, 1 transient median and radial neuropathy. The 
authors concluded that ulnar periprosthetic fractures are usually associated with implant loosening and severe bone loss but outcomes of revision are 
satisfactory.”? Kamineni and Morrey wrote up a series of ulnar TEA component revisions with allograft strut fixation for aseptic loosening. Of the cases, 
42.9% (9/21) were periprosthetic fractures, including 1 adjacent to a well-fixed ulnar component and 8 fractures along the ulnar stem with loosening. Two 
of these were treated with proximal ulnar structural graft APC. Bulk proximal ulna allograft allows tendinous triceps attachment, increased triceps lever 


arm, and decreased impingement. Two ulnar revisions were required for concomitant periprosthetic humerus fractures. Functionally, the MEPS improved 
from 34 preoperatively to 79 at 4 years postoperatively, including 7 excellent, 5 good, 3 fair, and 3 poor results. Greater than 50% of the strut was 
incorporated radiographically in 86% (18/21) of cases. Complications occurred in 36% (8/22) of patients including 4 soft tissue and 4 osseous 
complications. The strut was palpable in 38.1% (8/21) of patients.!*° Overall, the clinical results for ulnar-sided revision are acceptable. Complications are 
common but function is improved substantially after intervention. 

Revision of the humeral component is less common. Sanchez-Sotelo et al. reported on a series of 11 periprosthetic humeral fractures managed with 
revision arthroplasty and strut allograft,2?° with 8/11 females. Mechanism of injury included 1 intraoperative fracture, 5 acute traumatic injuries, and 5 
spontaneous fractures without trauma. Based on the classification presented by O’Driscoll and Morrey, 6 were type IIB, 4 were type IIC, and 1 was type 
TI.!9 Most patients had profound bone loss and the humeral component was generally loose. The ulnar side required revision in 54.5% (6/11) cases. The 
complication rate was high with 54.5% (6/11) of patients having at least 1 complication, including 1 nonunion, 1 aseptic loosening, 1 recurrent humeral 
fracture, 1 olecranon fracture, 1 permanent ulnar nerve injury, and 1 triceps insufficiency. Union was achieved in 90.9% (10/11) cases at 3 years follow-up 
with an average ROM 16 to 131 degrees. Subjective results included 4 excellent, 4 good, and 3 poor outcomes.?78 

APC is a solution to severe bone loss with greater than 8 cm of humeral bone loss. In these situations, the options are few and expectations should be 
tempered. Mansat et al. reported in 13 failed TEAs with massive bone loss averaging 10.5 cm on the humeral side and 4.5 cm on the ulnar side which 
exceeded the length of standard components in all cases. Revision of the humeral component required 15 to 20 cm stems and 11 cm stems on the ulnar 
cases. These were cemented into the bulk allograft, and then cemented into the host with care to keep cement out of the allograft—host junction. They used a 
strut or plate for additional stabilization and iliac crest autograft around the host—allograft junction. At an average of 42 months, MEPS functional outcomes 
included 4 excellent, 3 good, 1 fair, and 5 poor results. Complete incorporation of graft occurred in 69.2% (9/13) and there were 15.4% (2/13) frank 
nonunions. Pain was absent or minimal in 69.2% (9/13). Arc of motion averaged 97 degrees (28-125 degrees). Complications occurred in 53.8% (7/13) of 
patients, including 38% (5/13) further revisions, 30.8% (4/13) deep infections (3 requiring explant), and 15.4% (2/13) allograft—host interface nonunions. 
Due to the high infection and revision rates, the authors recommended other options like a strut grafting whenever possible. In fact, they ceased all APC 
reconstructions for several years until technology and technique advanced.!6 The same senior author published a later series of 25 APCs performed with 
improved techniques and results.'®! Indications included 11 aseptic loosenings associated with a cortical breach or fracture. APCs were performed in 6 
humeri (using humeral bulk allografts) and 18 ulnas (using 15 fibular and 4 ulnar bulk allografts). One patient required APCs of the humerus and ulna. The 
MEPS improved from 30 preoperatively to 84 postoperatively, including 6 excellent, 10 good, 2 fair, and 1 poor. ROM arc averaged 101 degrees (18-117 
degrees). Overall, 92% (23/25) were happy they had surgery. Graft incorporation was documented in 92% (23/25) of cases and 84% (21/25) had a 
functional elbow at final follow-up. Complications included six revisions (three for infection), three fractures, one nonunion, one malunion, one skin 
necrosis, two triceps weakness/insufficiency, and one ulnar paresthesia.!8! They recognized the increased graft—host interface as the reason for improved 
incorporation (92% vs. 85%) in this technique compared with their previous report. They noted decreased infection rate (12% vs. 31%) as several cases 
were staged in the later series, and they documented improved surgical efficiency with decreased OR time (2.9 hours vs. 4.7 hours). 163-181 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO TIBIAL PLATEAU FRACTURES 


Periprosthetic Fractures About Total Elbow Arthroplasty: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Neurologic complications 

Aseptic loosening 

Intraoperative fracture or bone loss 
Fracture nonunion 

Wound infection 

Deep periprosthetic infection 


Neurologic injury is a risk in revision elbow arthroplasty.®*:%* When operating in this area, the ulnar and radial nerves should be identified and protected 
throughout the case. If this principle is adhered to, one can be relatively confident that any postoperative neurologic change is related to neuropraxia which 
can be managed conservatively. If not recovery of function has occurred by 6 to 12 weeks, an EMG is obtained to evaluate for signs of reinnervation. If no 
signs of recovery are evident by 4 to 6 months, exploration is indicated. Tendon transfer may be necessary if recovery does not occur thereafter.2“9 

Both primary and revision TEA outcomes depend highly not only on appropriate indications but on surgeon intraoperative technique. Proper implant 
selection, positioning, cementation, and fixation technique are all imperative for a good outcome. Failure to abide by these principles can increase the risks 
of infection, impingement, and aseptic loosening which would require further workup and treatment. Inadequate fixation or violation of the revision 
principles outlined above increases the risk of nonunion or recurrent fracture, which also would require revision, likely with even longer fixation and the 
associated physiologic disruption. 

Intraoperative fracture risk can be minimized with appropriate indications and techniques, but is always possible. Risk of intraoperative fracture can be 
decreased with careful explant technique and the use of controlled longitudinal osteotomies or cortical windows. Missed intraoperative fractures can be 
associated with early clinical failure due to malunion, nonunion, instability, or implant loosening. Intraoperative imaging should rule out fracture and ensure 
appropriate implant positioning at the conclusion of the case. If fracture has occurred, the principles outlined above should be employed. 

Fracture nonunion can be avoided with careful execution of revision arthroplasty and fracture care principles. Allograft and autograft supplementation is 
encouraged. Nonunion should be treated similar to other settings. Reversible causes must be identified and corrected including infection, malnutrition, 
nicotine use, poorly controlled diabetes, and endocrinopathies. A bone stimulator can be considered. If asymptomatic and associated with a well-fixed 
implant in a low-demand host, this can be managed conservatively. If symptomatic and/or there are signs of component loosening, revision arthroplasty or 
nonunion surgery may be indicated. 

Soft tissue complications include superficial and deep wound complications, both of which predict deep periprosthetic implant infection. The 
implications of this complication are profound. Acutely, irrigation and debridement with implant retention and a 6- to 12-week course of antibiotics is the 


standard.?°” In more chronic settings, single-stage revision results in 66% success or eradication and two-stage revision results in 72% to 88% cure.4!94,208 
Given the extensive nature of these revisions with long-stem prostheses, bone grafting, and extensive fixation, it is often advisable to attempt implant 
retention even in chronic cases. Due to the potential morbidity of further revisions, consideration should be given to irrigation and debridement with lifelong 
suppressive antibiotics. In settings of extreme bone loss, recurrent infection, persistent nonunion, or poor chances of success in a frail host, resection 
arthroplasty may provide improved pain at the expense of elbow function. As with any procedure, the key is to avoid complications by minimizing risk. 
When they do occur, they have a profound effect on the patient and health care system. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PERIPROSTHETIC 


FRACTURES ABOUT TOTAL ELBOW ARTHROPLASTY 


Periprosthetic fractures about TEA present unique challenges. While rare indications exist for nonoperative care and isolated fracture treatment, these 
injuries are usually associated with component loosening and require revision TEA. For a surgeon experienced in TEA, sound periprosthetic treatment 
principles and avoidance of complications result in reasonable outcomes. Future directions include improved implant—host fixation such as press-fit models, 
which would decrease aseptic loosening, bone loss, and risk of postoperative fracture. 


Annotated References 


Reference 


Dehghan N, Furey M, Schemitsch L, et al. Long-term outcomes of total elbow arthroplasty 
for distal humeral fracture: results from a prior randomized clinical trial. J Shoulder Elbow 
Surg. 2019;28(11):2198-2204. 


Foruria AM, Sanchez-Sotelo J, Oh LS, et al. The surgical treatment of periprosthetic 
elbow fractures around the ulnar stem following semiconstrained total elbow arthroplasty. 
J Bone Joint Surg Am. 2011;93(15):1399-1407. 


Gauci MO, Diaz MA, Christmas KN, et al. Do preoperative factors and implant design 
features influence humeral stem extraction efforts? J Shoulder Elbow Surg. 
2022;31(7):1515-1523. 


Hamid N, Connor PM, Fleischli JF, et al. Acromial fracture after reverse shoulder 
arthroplasty. Am J Orthop (Belle Mead NJ). 2011;40(7):E125-E129. 


Kennon JC, Lu C, McGee-Lawrence ME, et al. Scapula fracture incidence in reverse total 
shoulder arthroplasty using screws above or below metaglene central cage: clinical and 
biomechanical outcomes. J Shoulder Elbow Surg. 2017;26(6):1023-1030. 


Otto RJ, Virani NA, Levy JC, et al. Scapular fractures after reverse shoulder arthroplasty: 
evaluation of risk factors and the reliability of a proposed classification. J Shoulder Elbow 
Surg. 2013;22(11):1514-1521. 


Routman H, Simovitch R, Wright T, et al. Acromial and scapular fractures after reverse 
total shoulder arthroplasty with a medialized glenoid and lateralized humeral implant: an 
analysis of outcomes and risk factors. J Bone Joint Surg Am. 2020;102:1724-1733. 


Sanchez-Sotelo J, O’Driscoll S, Morrey BF. Periprosthetic humeral fractures after total 
elbow arthroplasty: treatment with implant revision and strut allograft augmentation. J 
Bone Joint Surg Am. 2002;84-A(9):1642-1650. 


Singh JA, Sperling J, Schleck C, et al. Periprosthetic fractures associated with primary 
total shoulder arthroplasty and primary humeral head replacement: a thirty-three-year 
study. J Bone Joint Surg Am. 2012;94(19):1777-1785. 


Annotation 


Dehghan et al. evaluated long-term results of 40 patients from a previously randomized 
controlled trial that compared TEA to ORIF. They had a mean follow-up period of 12.5 
years for surviving patients and 7.7 for deceased patients. Reoperation rate was 12% for 
TEA and 27% for ORIF although not statistically significant. Only one of the 25 TEA 
patients required early revision arthroplasty. They concluded that TEA has reliable long- 
term survivability and that TEA may be the last elbow surgery patients undergo. 


Foruria et al. reported 31 TEA revisions for periprosthetic ulnar fractures using long stems 
and strut cortical allograft. All were associated with loose ulnar components and more 
than half had severe bone loss. Outcomes were satisfactory, and the most common 
complication was infection. 


Gauci et al. analyzed 58 patients who underwent revision of a hemiarthroplasty or TSA 
with stem extraction. They separated the patients into an “easy group” and a “difficult 
group,” and found the average stem removal time was 18 minutes for the difficult group 
and 4 minutes for the easy group. They also found that cemented stem removal was 5 
times more likely to be difficult compared to uncemented stems, and that proximal coating 
doubles the chance of a difficult stem extraction compared to no coating. 


Hamid et al. evaluated 8 post-RSA periprosthetic scapular fractures treated 
nonoperatively. All 8 of 8 were female and 75% (6/8) had osteoporosis. They found poor 
forward flexion (71 degrees) and ASES scores (70) but most (6/8) had none—mild pain. 
They noted post-RSA scapular fracture does compromise function but usually is 
associated with little pain. On the whole, those with fracture are still improved compared 
with preoperatively. 


Kennon et al. supported Otto’s finding when they retrospectively compared 206 baseplates 
with screws above and below the equator to 112 cases without screws above the equator. 
They found a statistically decreased risk of fracture when superior screws were omitted 
(4.4% vs. 0%; p < .05). In a cadaver biomechanical study, they found load to failure was 
significantly lower when a superior screw was added (1,077 N vs. 1,970 N). They 
recommend omitting the superior screw when possible. 


Otto et al. compared a cohort of 53 periprosthetic scapular fractures following RSA with 
212 RSA controls. They were the first to implicate the superior baseplate screw as a cause 
of scapular spine fracture which was confirmed on CT in 68.5% (11/16) of cases. They 
found the diagnosis of osteoporosis to be more common in fracture patients (30.8% vs. 
18.4%; p < .05). 


Routman et al. evaluated the risk factors and outcomes of patients with and without 
scapular fractures in RSA patients with a medialized glenoid and lateralized humeral 
component. They found the rate of acromial and scapular fractures to be 1.8% after 2 years 
minimum follow-up. Patients were more frequently female (84.0% vs. 64.5%; p = .004), 
diagnosed with rheumatoid arthritis (9.8% vs. 3.3%; p = .010), rotator cuff tear 
arthropathy (54.1% vs. 37.8%; p = .005), and more baseplate screws (4.1 vs. 3.8; p = 
0.017) compared to nonfracture patients. They also found patients with fracture had worse 
outcomes. 


Sanchez-Sotelo et al. reported 11 TSA revisions for periprosthetic humeral fractures using 
a semiconstrained implant and strut cortical allograft. All humeral components were loose. 
Complications were common: 6 of 11 had at least 1 complication. Union was obtained in 
10 of 11 cases with 8 of 11 good—excellent subjective results. 


Singh et al. published the largest series to date on 72 periprosthetic fractures about TSAs. 
The overall rate of humeral periprosthetic fractures was 2.1%. Intraoperative fractures 
were slightly more common than postoperative (1.2% vs. 0.9%). Glenoid fracture was rare 
at 0.4%. Risk factors included: female gender, posttraumatic diagnosis, high Charleston 


Comorbidity Index. Most intraoperative fractures did not require special treatment. 


Teusink MJ, Otto RJ, Cottrell BJ, et al. What is the effect of postoperative scapular Teusink et al. retrospectively compared 25 conservatively treated post-RSA periprosthetic 
fracture on outcomes of reverse shoulder arthroplasty? J Shoulder Elbow Surg. scapular fractures with 100 matched controls. Fracture patients were more likely to require 
2014;23(6):782-790. revision (8% vs. 2%; p = .18). Union occurred in 55% (10/18). Fracture patients lacked 50 


degrees forward flexion (p = .001) and 16 points on the ASES score (58 vs. 74.2; p < .001) 
and had lower satisfaction (6.6 vs. 8.7; p = .002). 
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INTRODUCTION TO DISTAL HUMERUS FRACTURES 


Distal humerus fractures remain some of the most challenging injuries to manage. They are commonly multifragmented, occur in osteopenic bone, and have 
complex anatomy with limited options for internal fixation. Treatment outcomes are often associated with elbow stiffness, weakness, and pain. A painless, 
stable, and mobile elbow joint is desired as it allows the hand to conduct the activities of daily living, most notably personal hygiene and feeding. Therefore, 
starting with a highly traumatized distal humerus and finishing with a stable, mobile, and pain-free joint requires a systematic approach. Thought is required 
in determining the operative indications, managing the soft tissues, selecting a surgical approach, obtaining an anatomic articular reduction, and creating a 
fixation construct that is rigid enough to tolerate early range of motion. 

In 1913, Albin Lambotte challenged the leading opinions of conservative management for distal humerus fractures and advocated an aggressive 
approach, which consisted of open reduction and internal fixation (ORIF).!*° He described the principles of osteosynthesis and believed anatomic 
restoration was correlated with a better return to function. Unfortunately, surgical outcomes in that era were plagued with a high risk of infection and 
hardware failure. In 1937, Eastwood described the technique of closed reduction under a general anesthetic and brief immobilization in a collar and cuff.® 
He reviewed 14 patients treated with this technique and reported that 12 returned to their original occupation. He stated “a perfect anatomical reduction is 
not necessary in order to obtain a good result.” Evans, in 1953, termed this mode of treatment “bag of bones” and believed that although it may be 
appropriate for the elderly patient, it was not ideal for the young active patient.”? The conflict between operative and nonoperative management continued 
for decades to follow. Riseborough and Radin, in 1969, reported that operative treatment was unpredictable and often associated with poor outcomes, and 
therefore, they recommended nonsurgical management.?!3 Similarly, Brown and Morgan in 1971 reported satisfactory results with nonoperative 
management of 10 patients with distal humerus fractures.*° Their patients were managed with early active motion and at final follow-up had an average arc 
of motion of 98 degrees. 

In the last quarter century, improved outcomes have been reported with surgery for distal humerus fractures. The principles set out by the 
Arbeitsgemeinschaft fiir Osteosynthesefragen—Association for the Study of Internal Fixation (AO-ASIF) group, including anatomic articular reduction and 
rigid internal fixation, allow for healing and early postoperative motion.®*-124150.155,186,216,223 The Jast decade has seen advances in the understanding of 
elbow anatomy, improvements in surgical approaches, new innovative fixation devices, and an evolution of postoperative rehabilitation protocols. 

In younger patients, ORIF of distal humerus fractures using modern fixation principles is considered the standard treatment. In elderly patients, 
restoration of the anatomy and obtaining rigid internal fixation may be difficult due to poor bone quality and comminution of the articular surface and 
metaphysis. In cases where rigid internal fixation cannot be achieved to allow early range of motion, resultant prolonged immobilization often leads to poor 
outcomes. Other complications associated with potentially poor outcomes include malunion, nonunion, contracture, avascular necrosis, heterotopic 


ossification (HO), hardware failure, and symptomatic prominent hardware. In the elderly patient, the prolonged rehabilitation, propensity for stiffness, and 
increased reoperation rate associated with ORIF may convert a previously independent individual into a role of dependence.*!” 

Primary total elbow arthroplasty (TEA) has evolved to become a viable treatment option for elderly patients with articular fragmentation, comminution, 
and osteopenia. !433.77,79,80.115,116,128,154,156,167 Most recently, there has been a renewed interest in distal humerus hemiarthroplasty for the treatment of distal 
humerus fractures)*5-17.93,34,101,174,191 including fractures of the capitellum and trochlea. 

Partial articular fractures of the distal humerus are a distinct group of fractures that are different from distal humerus fractures. These fractures typically 
involve the capitellum and/or trochlea with variable involvement of other periarticular structures, such as, the epicondyles, the radial head, the medial 
collateral ligament (MCL), or the lateral collateral ligament (LCL) complex. These injuries are distal and do not extend proximal to the olecranon fossa to 
involve either column. Isolated fractures of the capitellum are rare°”?!7:26! and isolated fractures of the trochlea are even more rare.°”"”° 


EPIDEMIOLOGY OF DISTAL HUMERUS FRACTURES 


Extra-Articular and Complete Articular Fractures 


Approximately 7% of all adult fractures involve the elbow; of these, approximately one-third involve the distal humerus.!%!87 Distal humerus fractures, 
therefore, comprise approximately 2% of all fractures. They have a bimodal age distribution, !8”!88.216217 with peak incidences occurring between the ages 
of 12 and 19 years, usually in males, and those aged 80 years and older, characteristically in females (Fig. 39-1). In young adults, the fractures are typically 
caused by high-energy injuries, such as motor vehicular collisions, falls from height, sports, industrial accidents, and firearms. In contrast, greater than 60% 
of distal humerus fractures in the elderly occur from low-energy injuries, such as a fall from a standing height. 188216 

Robinson et al.?!6 reviewed a consecutive series of 320 patients with distal humerus fractures over a 10-year period. They calculated an overall 
incidence in adults of 5.7 cases per 100,000 in the population per year with a nearly equivalent male-to-female ratio. The most common mechanism of 
injury was a simple fall from a standing height (Table 39-1) and the most common fracture pattern was an extra-articular fracture accounting for just under 
40% of all fractures. Bicolumn or complete intra-articular fractures were the second most common, accounting for 37%. 

The overall incidence of distal humerus fractures is increasing, mimicking the increasing incidence in hip, proximal humerus, and wrist 
fractures. 108-118,119 Palvanen et al.!8” studied the trends in osteoporotic distal humerus fractures in Finish women. They reported a twofold increase in the 
age-adjusted incidence of distal humerus fractures from 1970 (12 per 100,000) to 1995 (28 per 100,000), and predicted an additional threefold increase by 
2030. An aging population with increasing life expectancy combined with the fact that most of these fractures require surgical treatment is likely to result in 
increased health care expenditures. The identification and implementation of preventative strategies may help offset some of the economic impact of this 
injury. The mainstay of current fracture prevention strategy is to screen for osteopenia and osteoporosis with bone mineral density measurements and then to 
treat with medication therapy.!°° Other authors argue that a more important prevention strategy is to decrease the risk of falling. Falling is the greatest single 
risk factor for fracture!!®-!!9 and can be predicted based on clinical risk factors, such as age, weight, smoking, previous fracture, and mother’s hip fracture.7® 
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Figure 39-1. The age- and gender-related incidence of distal humerus fractures. (Data from Robinson CM, et al. Adult distal humerus metaphyseal fractures: 
epidemiology and results of treatment. J Orthop Trauma. 2003;17(1):38-47.) 


TABLE 39-1. Mechanism of Injury in 320 Distal Humeral Fractures 


Number of Fractures/ Average Age, 


Mechanism of Injury Number Open Years (Range) Males Females M:F Ratio 
Simple fall 219/12 57.0 (12-99) 86 133 0.6:1 
Fall from a height 5/2 27.0 (14-41) 3 2 15-1 
RTA 42/7 33.2 (14-77) 27 15 1.8:1 
Sport 41/2 22.9 (13-44) 34 re 4.9:1 
Other 13/0 39.2 (14-92) 9 4 ye | 
Total 320/23 48.4 (12-99) 159 161 1.0:1 


RTA, road traffic accident. 
Data from Robinson CM, et al. Adult distal humeral metaphyseal fractures: epidemiology and results of treatment. J Orthop 
Trauma. 2003;17(1):38-47. 


Partial Articular Fractures 


The reported annual incidence of partial articular fractures of the distal humerus is 1.5 per 100,000 population with a marked female predominance.2°! 


ASSESSMENT OF DISTAL HUMERUS FRACTURES 


MECHANISMS OF INJURY AND INJURIES ASSOCIATED WITH DISTAL HUMERUS FRACTURES 


Extra-Articular and Complete Articular Fractures 


Most distal humerus fractures occur in one of two ways—low-energy falls or high-energy trauma.*!© The most common cause is a simple fall in the forward 
direction.!88 In general, 70% of patients that sustain an elbow fracture fall directly on to the elbow because they are unable to break their fall with an 
outstretched arm.!®8 High-energy injuries are the cause of most distal humerus fractures in younger adults. Motor vehicle collisions, sports, falls from 
height, and industrial accidents predominate. These mechanisms are also associated with a higher likelihood of accompanying injuries, such as, open 
fractures, soft tissue injuries, other fractures in 16% of cases, and polytrauma (Table 39-2).*1® 


Partial Articular Fractures 


Fractures of the capitellum and trochlea are typically caused by coronal shear forces. The capitellum is thought to be particularly susceptible to shear forces 
because its center of rotation is more anterior in reference to the humeral shaft. The most common mechanism of injury is a simple fall on the outstretched 
hand from a standing height. In women, there is a bimodal distribution with peaks under the age of 19 and above 80 years. The increased prevalence of this 
injury in women over the age of 60 years is believed to be due to the increased elbow carrying angle in women and osteoporosis.*°! In men, there is a 
unimodal distribution with a peak incidence under the age of 19 with the mechanism of injury typically being high energy, such as motor vehicle collisions 
or falls from height. Other associated injuries, such as ligament tears and radial head fractures, occur in up to 20% of cases.°7:2!0217,261 


TABLE 39-2. The Relationship Between Injury Mechanism and Soft Tissue Injury 


Gustilo Grade 
Mechanism of 


Injury Closed Open (%) | Il llla  Illb 


Simple fall 207 12 (5%) 4 4 4 0 
Fall from height 3 2 (40%) 0 0 2 0 
MVC 35 7 (17%) 2 4 0 1 
Sport 39 2 (5%) 0 2 0 0 
Other 13 0 0 0 0 0 
Total 297 23 (7%) 6 10 6 1 


MVC, motor vehicle collision. 
Data from Robinson CM, et al. Adult distal humeral metaphyseal fractures: epidemi- 
ology and results of treatment. J Orthop Trauma. 2003;17(1):38-47. 


SIGNS AND SYMPTOMS OF DISTAL HUMERUS FRACTURES 


The history should determine the mechanism of injury, the energy level, and the time since injury. In patients with high-energy injuries, vigilance is required 
in identifying systemic injuries and associated fractures. The pain from polytrauma and other concurrent issues such as inebriation and drug uses may make 
identification of all injuries difficult; patients and their families should be preemptively counseled on the possibility of delayed identification of occult 
injuries. 

Elderly patients, who constitute most patients with distal humerus fractures, should be evaluated for the precipitants of the characteristic fall as they may 
have undiagnosed cardiac arrhythmias, cerebrovascular disease, polypharmacy, or alcohol dependence. Special attention is directed toward identifying 
comorbidities and reversible illnesses that may impact upon the treatment recommendations and perioperative risk. Mental status, the ability to cooperate 
with rehabilitation, ambulatory status, and the requirement of walking aides should be assessed. Additionally, the preinjury functional abilities, demands, 
any limitations related to the upper extremities as well as the patient handedness may each affect treatment decision-making. 

A thorough physical examination should be conducted in all cases, particularly with high-energy trauma to identify systemic injuries and associated 
fractures. The injured extremity should be circumferentially examined for abrasions, bruising, swelling, fracture blisters, skin tenting, and open wounds. 
Open distal humerus fractures are common!®>161,216 and should be treated with a standard open fracture protocol involving removal of gross contamination, 
covering of the wound with a sterile dressing, splinting, antibiotics, tetanus, possible wound culture, and early surgical irrigation and debridement. 

A neurologic exam must be performed and accurately documented preoperatively and postoperatively. Gofton et al. reported that 26% of patients with 
distal humerus fractures had an associated incomplete ulnar neuropathy at the time of presentation.®? Vascular injuries, although rare in distal humerus 
fractures, should be assessed by examining the distal pulses, skin turgor, capillary refill, and color. Pulse diminution or other positive findings should trigger 
further examination with a brachial—brachial Doppler pressure index, which has been shown to be as specific and sensitive as arteriography in detecting 
brachial artery injuries.°”!° The normal brachial-brachial Doppler pressure index is approximately 0.95 and it rarely falls below 0.85.°719815 Patients 
with abnormal studies should be referred for vascular surgery consultation. Patients with excessive pain after high-energy trauma should be examined for 
compartment syndrome of the forearm. Compartment pressures should be conducted when the clinical examination is inconclusive.” If compartment 
syndrome is diagnosed clinically or by pressure measurement, urgent surgical fasciotomies are required.!°” 

Specific to elderly patients, when considering elbow arthroplasty, the contraindications must be addressed. Absolute contraindications to elbow 
arthroplasty include active infection and inadequate soft tissue coverage. The patient history requires probing questions to rule out common infections, such 
as urinary tract infections and active diabetic ulcers. Open wounds in low-energy distal humerus fractures are not an absolute contraindication to elbow 
arthroplasty, as they are typically small and clean. Such wounds, therefore, may undergo irrigation and debridement followed by staged elbow arthroplasty. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DISTAL HUMERUS FRACTURES 


Standard anteroposterior and lateral radiographs of the elbow are usually sufficient for diagnosis, classification, and surgical templating. However, initial 
radiographs obtained in plaster or a splint may obscure the fracture pattern and should be repeated. In some cases where fracture shortening, rotation, and 
angulation distort the images, gentle traction views with appropriate analgesia or conscious sedation may improve the yield of the radiographs. 

Computed tomography (CT) with three-dimensional (3D) reconstructions substantially improves the identification and visualization of fracture 
patterns.” While CT is not required for all cases, it is recommended for certain situations. In patients where a less invasive approach for ORIF is 
contemplated, such as a paratricipital approach rather than an olecranon osteotomy, a CT scan can assist with decision-making and in identifying the 
locations of fracture fragments intraoperatively. In elderly patients with highly comminuted fractures, a CT scan may be useful in deciding whether an 
attempt should be made at ORIF versus proceeding directly to arthroplasty. When considering hemiarthroplasty for distal humerus fractures, a CT will 


confirm the articular fragmentation and the characteristics of the condylar fractures. 


CLASSIFICATION OF DISTAL HUMERUS FRACTURES 


Extra-Articular and Complete Articular Fractures 

Early classification schemes for fractures of the distal humerus were based on the anatomic location of the fracture and its appearance, using terms such as 
supracondylar, intracondylar, epicondylar, Y-type, and T-type. In 1990, Muller defined the anatomic boundaries of a distal humerus fracture as one with an 
epicenter that occurs within a square whose base is the distance between the medial and lateral epicondyles on an anteroposterior radiograph (Fig. 39-2).!72 
The AO group devised the first comprehensive classification of distal humerus fractures which was then adopted by the Orthopaedic Trauma Association 
(OTA) in 1996.76 In 2007, the AO Classification Supervisory Committee and the OTA Classification, Database and Outcomes Committee updated the 
compendium to its present form. 145 


Figure 39-2. A distal humerus fracture is defined as a fracture with an epicenter that is located within a square whose base is the distance between the epicondyles on 
an anteroposterior radiograph. 


The OTA/AO classification is an alphanumeric system that assigns the first two digits of 13 to distal humerus fractures and classifies them based on 
location and degree of articular involvement (Fig. 39-3). The system then further subclassifies fractures based on fracture-line orientation, displacement 
direction, and degree of fragmentation.'*° Type A fractures are extra-articular and may involve the epicondyles or occur at the distal humerus metaphyseal 
level. Although these fractures receive less attention in the literature than the more complex intra-articular type C fractures, they do account for one-quarter 
of all distal humerus fractures.*!® 


Bone: Humerus (1) Location: Distal segment (13) 


y 
Types: 
A. Extra-articular fracture (13-A) B. Partial articular fracture (13-B) C. Complete articular fracture (13-C) 
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simple (13-A2) fragmentary (13-B2) metaphyseal physeal multi- multifragmen- 
(13-A3) simple (13-C1) fragmentary tary (13-C3) 


(13-C2) 


Subgroups and qualifications: 
Humerus, distal, extra-articular apophyseal avulsion (13-A1) 


1. Lateral epicondyle (13-A1.1) 2. Medial epicondyle, nonincarcerated 3. Medial epicondyle, incarcerated 
(13-A1.2) (13-A1.3) 
(1) nondisplaced 
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Humerus, distal, extra-articular metaphyseal simple (13-A2) 
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Humerus, distal, extra-articular metaphyseal multifragmentary (13-A3) 


1. With intact wedge (13-A3.1) 2. With fragmented wedge (13-A3.2) 3. Complex (13-A3.3) 
(1) lateral (1) lateral 
(2) medial (2) medial 


Humerus, distal, partial articular, lateral sagittal (13-B1) 


1. Capitellum (13-B1.1) 2. Transtrochlear simple (13-B1.2) 3. Transtrochlear 
(1) through the capitellum (Milch 1) (1) medial collateral ligament intact multifragmentary (13-B1.3) 
(2) between capitellum and trochlea (2) medial collateral ligament ruptured (1) epiphysio-metaphyseal 
(3) metaphyseal simple (classic Milch II) (2) epiphysio-metaphysio-diaphyseal 


lateral condyle 
(4) metaphyseal wedge 
(5) metaphysio-diaphyseal 
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Humerus, distal, partial articular, medial sagittal (13-B2) 
1. Transtrochlear simple, through 2. Transtrochlear simple, through 3. Transtrochlear multifragmentary 
medial side (Milch 1) (13-B2.1) the groove (13-B2.2) (13-B2.3) 

(1) epiphysio-metaphyseal 

(2) epiphysio-metaphysio-diaphyseal 
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Humerus, distal, partial articular, frontal (13-B3) 


1. Capitellum (13-B3.1) 2. Trochlea (13-B3.2) 3. Capitellum and trochlea (McKee) (13-B3.3) 
(1) incomplete (Kocher-Lorenz) (1) simple 
(2) complete (Hahn-Steinthal 1) (2) fragmented 


(3) with trochlear component 
(Hahn-Steinthal 2) 
(4) fragmented 
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Humerus, distal complete, articular simple, metaphyseal simple (13-C1) 


1. With slight displacement (13-C1.1) 2. With marked displacement 3. T-shaped epiphyseal (13-C 1.3) 
(1) Y-shaped (13-C1.2) 
(2) T-shaped (1) Y-shaped 
(3) V-shaped (2) T-shaped 
(3) V-shaped 
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Humerus, distal, complete articular simple metaphyseal multifragmentary (13-C2) 


1. With intact wedge (13-C2.1) 2. With a fragmented wedge (13-C2.2) 3. Complex (13-C2.3) 
(1) metaphyseal lateral (1) metaphyseal lateral 

(2) metaphyseal medial (2) metaphyseal medial 

(3) metaphysio-diaphyseal lateral (3) metaphysio-diaphyseal lateral 

(4) metaphysio-diaphyseal medial (4) metaphysio-diaphyseal medial 
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Humerus, distal, complete multifragmentary (13-C3) 


1. Metaphyseal simple (13-C3.1) 2. Metaphyseal wedge (13-C3.2) 3. Metaphyseal complex (13-C3.3) 
(1) intact (1) localized 
(2) fragmented (2) extending into diaphysis 
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Figure 39-3. The OTA/AO classification of distal humerus fractures. (Reprinted with permission from Marsh JL, et al. Fracture and dislocation classification 
compendium—2007: Orthopaedic Trauma Association classification, database and outcomes committee. J Orthop Trauma. 2007;21(10 Suppl):S1—S133.) 
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Type B fractures are termed partial articular because there remains some continuity between the humeral shaft and the articular segment. Type B 
fractures include unicondylar fractures and sagittal plane or shear fractures of the articular surface involving the capitellum, trochlea, or both. Single-column 
fractures involve either the medial or lateral column, are intra-articular, and account for approximately 15% of all distal humerus fractures. 123-216 These 
fractures may also be classified by the Milch system,!® which is based on whether the lateral portion of the trochlea remains attached to the humeral shaft. 
In a Milch type I fracture, the medial or lateral column can be fractured but the lateral eminence of the trochlea remains attached to the humeral shaft. In a 
Milch type II fracture, the lateral eminence of the trochlea is a part of the column fracture. 

A “divergent” single-column fracture has also been described, which occurs predominantly in younger patients who are predisposed to this injury 
because of a septal aperture (fenestration) in the olecranon fossa.!2° This fracture pattern is theorized to occur after an axial load is applied to the olecranon, 
which is then driven into the trochlea. A fracture occurs that splits the trochlea and propagates proximally between the columns to eventually exit either 
medially or laterally creating a “high” single-column fracture. 

Type C fractures are termed complete articular, meaning there is no continuity between the articular segments and the humeral shaft. Type C fractures 


have historically been called intracondylar fractures and the OTA/AO system further subclassifies them into simple (C1), simple articular with metaphyseal 
fragmentation (C2), and fragmentation of the articular surface and metaphyseal zone (C3). This system is widely used in the literature and trauma databases, 
and helps to standardize research protocols and treatment outcomes. Unfortunately, the classification system does have weaknesses as it does not account 
for factors such as the distal fragment height and amount of displacement, both of which may influence treatment.°*!! The classification also does little to 
assist with the decision-making process between ORIF and arthroplasty, and finally, it has been criticized as being overly complex. 

The Mehne and Matta classification of distal humerus fractures is also popular (Fig. 39-4).5>111 It is based on Jupiter’s model,''! in which the distal 
humerus is composed of two divergent columns that support an intercalary articular segment (Fig. 39-5), which is similar to the AO concept of condyles. 
The classification has three main categories: intra-articular, extra-articular intracapsular, and extracapsular. The intra-articular group is further subdivided 
into bicolumn, single-column, and articular fractures. The extra-articular intracapsular group consists of high and low transcolumn fractures and the 
extracapsular group has medial and lateral epicondyle fractures (see Fig. 39-4). This classification system has the same criticisms as the OTA/AO system 
with high complexity and moderate intra- and interrater reliability. The classification also does not consider the specific types of articular fracture and the 
degree of fragment displacement. It is the authors’ opinion that the OTA/AO classification is preferred because it is more intuitive, ubiquitous, and is the 
official classification of the OTA. 


l. Intra-articular fractures 
A. Single column 


AAAAA 


High medial column Low medial column High lateral column Low lateral column Divergent single 
fracture (Milch type ll) fracture (Milch type 1) fracture (Milch type |!) fracture (Milch type 1) column fracture 
B. Bicolumn 
Bicolumn Bicolumn Bicolumn Bicolumn Bicolumn medial Bicolumn lateral 
high T-fracture low T-fracture Y-fracture H-fracture lambda fracture lambda fracture 


C. Articular surface fractures (capitellum, trochlea, or both) 
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Figure 39-4. The Mehne and Matta classification of distal humerus fractures. (Reproduced with permission of Elsevier Science & Technology Journals from Jupiter 
JB, Mehne DK. Fracture of the distal humerus. In: Browner BD, et al., eds. Skeletal Trauma. Vol 2. W.B. Saunders; 1992, 1146-1176, permission conveyed through 


Copyright Clearance Center, Inc.) 


Figure 39-5. The medial and lateral columns support the articular segment. The distalmost part of the lateral column is the capitellum and the distal most part of the 
medial column is the nonarticular medial epicondyle. The trochlea is the medial part of the articular segment and is intermediate in position between the capitellum and 
medial epicondyle. The articular segment functions architecturally as a tie arch. 


Partial Articular (Type B3) Fractures 


In 1853, Hahn described an isolated capitellar fracture, which now bears his name along with Steinthal’s,*“° who described the injury in 1898. The Hahn- 
Steinthal or conventional type I fracture? involves the capitellar articular surface along with the subchondral bone (Fig. 39-6). The Kocher—Lorenz,!°” or 
conventional type II fracture,°* is rare and consists of the capitellar articular surface along with a thin shell of subchondral bone. Bryan and Morrey?? 
modified this classification and added type III fractures which are comminuted capitellar fractures. A fourth fracture pattern was added by McKee et al.148 
which consisted of a type I fracture with medial extension to include the lateral half of the trochlea. 

The OTA/AO comprehensive classification of fractures’ '*> classifies articular distal humerus fractures as type B3 (see Fig. 39-3). Type B3 fractures 
are then further subclassified into capitellar, trochlear, and combined fractures. 

Ring et al.*!° further examined articular shear fractures of the distal humerus and described them as a spectrum of injury. They observed that apparent 
isolated capitellar fractures on plain radiographs may turn out to be much more complex injuries when further imaged with CT. The authors identified five 
unique fracture patterns that progress in complexity (Fig. 39-7). 
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Figure 39-6. A: The Hahn-Steinthal (type I) fracture of the capitellum involves the articular surface and a large portion of the subchondral bone. B: The Kocher— 
Lorenz (type II) fracture involves the articular surface of the capitellum with a thin layer of subchondral bone. 


In 2006, Dubberley et al.” reported another classification for capitellar and trochlear fractures, which was correlated to clinical outcome. The Dubberley 
et al.°” classification has three types, with a modifier for distal posterolateral column comminution. A type I fracture involves primarily the capitellum with 
or without the lateral trochlea ridge. A type II fracture involves the capitellum and most of the trochlea as one piece, while in the type III fracture, the 
capitellum and trochlea are separate pieces. The authors found that as the complexity of the articular fractures increased, the outcomes worsened. 


Figure 39-7. The Ring et al??? classification of distal humerus articular fractures has five patterns. A type I fracture involves the capitellum and the lateral portion of 
the trochlea. This fracture pattern has previously been described as a conventional type IV fracture. A type II fracture is described as a type I fracture that may be 
comminuted but includes a fracture of the lateral epicondyle. A type III fracture is a type II fracture that has comminution behind the capitellum with impaction of bone 
posteriorly. A type IV fracture is a type III fracture with an additional fracture of the posterior trochlea. A type V fracture is a type IV fracture that includes fracture of 
the medial epicondyle. 


OUTCOME MEASURES FOR DISTAL HUMERUS FRACTURES 


The outcome measurement tools for distal humerus fractures include scoring systems, range of motion, strength, rate of secondary surgeries, and 
complications." Elbow-specific scoring systems that are typically used are the Mayo Elbow Performance Score (MEPS) and the Patient-Rated Elbow 
Evaluation (PREE). Rarely, the American Shoulder and Elbow Surgeons Elbow Form (ASES-e) is utilized, which has a section for patient responses and a 
section for physician assessment of elbow function. The Disabilities of the Arm, Shoulder and Hand (DASH) score is frequently used and provides a global 
rating of upper extremity function. The outcomes data related to the various treatment options for distal humerus fractures are presented in the technique- 
specific sections below. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO DISTAL HUMERUS FRACTURES 


The elbow is anatomically a trocho-ginglymoid joint, meaning that it has trochoid (rotatory) motion through the radiocapitellar and proximal radioulnar 
joints and ginglymoid (hinge-like) motion through the ulnohumeral joint. An understanding of the complex bony anatomy of the elbow, the soft tissue 
stabilizers, and the adjacent neurovascular structures is imperative when surgically treating distal humerus fractures. 

The distal humeral shaft is triangular shaped in cross section with its apex directed anteriorly. As the shaft approaches the distal humerus, it bifurcates 
into two divergent cortical columns, termed the medial and lateral columns. The medial column diverges approximately 45 degrees from the humeral shaft 
in the coronal plane and terminates as the medial epicondyle. The lateral column, in the coronal plane, diverges at approximately 20 degrees from the shaft. 
As the lateral column extends distally, it curves anteriorly creating a 35 to 40 degrees angle with the shaft in the sagittal plane (Fig. 39-8). In the coronal 
plane, the trochlea is more distal than the capitellum resulting in a valgus alignment of 4 to 8 degrees. Overall, when including the ulna, the elbow has a 
valgus angle in extension of 10 to 17 degrees, termed the carrying angle. Axially, the distal humerus articular surface is internally rotated 3 to 8 degrees; 
therefore, as the elbow flexes, it also internally rotates resulting in slight varus alignment. 

The posterior aspect of the lateral column is relatively flat and wide, well suited for application of a posterolateral plate. The lateral column terminates in 
the capitellum anteriorly. The articular surface of the capitellum starts at the most distal aspect of the lateral column and encompasses an arc of 
approximately 180 degrees in the sagittal plane. Posterior fixation can be applied distally on the lateral column due to the absence of cartilage; however, 
lengths of screws directed anteriorly into the capitellum must be carefully scrutinized to prevent perforation into the radiocapitellar joint. 


Figure 39-8. A: The distal humerus articular surface is aligned in 4 degrees to 8 degrees of valgus relative to the shaft and is angulated 35 to 40 degrees anteriorly in 
the sagittal plane. The medial epicondyle is the termination of the medial column and remains on the axis of the shaft in the sagittal view (B), while the lateral 
epicondyle follows the capitellum into flexion (C). D: Axially, the entire distal humerus articular surface is internally rotated 3 to 8 degrees. 


The trochlea, which is Greek for pulley, is the intervening segment of bone between the terminal ends of the medial and lateral columns that articulates 
with the greater sigmoid notch of the ulna. It is covered by articular cartilage anteriorly, inferiorly, and posteriorly, creating an arc of almost 270 degrees. 
The trochlea is shaped like a spool with a central sulcus which articulates with the central ridge of the greater sigmoid notch of the proximal ulna. 
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Figure 39-9. Fracture heat map created from all fracture lines in 102 patients with distal humerus fractures. (Reproduced from Wang C, et al. Three-dimensional 
mapping of distal humerus fracture. J Orthop Surg Res. 2021;16(1):545. Licensed under a Creative Commons Attribution 4.0 International License.) 


Superior to the trochlea and between the medial and lateral columns lie the olecranon fossa posteriorly and the coronoid fossa anteriorly. These fossae 
lie adjacent to each other and are separated by a thin bony septum. Occasionally, this septum is absent and a septal aperture exists. The olecranon fossa is 
matched to the olecranon and accepts it during extension; similarly, the coronoid fossa is matched to the coronoid and accepts it during flexion. The 
tolerances of the fossae to accommodate their respective bony processes are narrow; therefore, screw placement through the fossae should be avoided as it 
may lead to impingement and decreased elbow range of motion. In distal humerus fractures with excessive metaphyseal comminution requiring 
supracondylar shortening, recreation of the fossae with a burr will improve range of motion. 

Tn a recent study, Wang et al. mapped?°? out the morphologic features of 102 distal humerus fractures using CT mapping technology to fit a standard 3D 
model. On the heat map, the “hot zones” for fractures were concentrated around the radial fossa, coronoid fossa, olecranon fossa, lateral capitellum, and 
trochlear. On the other hand, the medial condyle, medial trochlear and the anterolateral area on the supracondylar ridge were considered “cold zones” for 
fractures (Fig. 39-9). The authors further subdivided the fractures according to the OTA/AO classification with corresponding heat maps. For OTA/AO type 
A fractures, the fracture lines mainly concentrated in the transepicondylar region and less in the supracondylar region. For OTA/AO type B fractures, the 
fracture lines were concentrated around the capitellum and intra-articular fractures were mostly vertically oriented between the capitellum and trochlear. The 
medial epicondyle is typically spared. Finally, for OTA/AO type C fractures, the fractures around the medial column had higher linear density compared 
with the lateral column (Fig. 39-10). 

In addition to the bony structures, there are several important soft tissue structures that require consideration when treating distal humerus fractures. The 
LCL complex consists of the radial collateral ligament, the lateral ulnar collateral ligament (LUCL), and the annular ligament. The annular ligament 
attaches to the anterior and posterior margins of the lesser sigmoid notch while the radial collateral ligament originates from an isometric point on the lateral 
epicondyle and fans out to attach to the annular ligament (Fig. 39-11). The LUCL also arises from the isometric point on the lateral epicondyle and attaches 
to the crista supinatoris of the proximal ulna. The LCL complex functions as an important restraint to varus and posterolateral rotatory instability.°!)!° The 
LCL complex is vulnerable to injury during application of a direct lateral plate; therefore, exposure of the lateral aspect of the distal lateral column should 
not extend past the equator of the capitellum. 

The MCL consists of an anterior bundle, posterior bundle, and transverse ligament. The anterior bundle is of prime importance in elbow stability (Fig. 
39-12). It originates from the anteroinferior aspect of the medial epicondyle, inferior to the axis of rotation, and inserts on the sublime tubercle of the 
coronoid. The MCL functions as an important restraint to valgus and posteromedial rotatory instability.!>!77 It is susceptible to injury at its origin during 
placement of a medial plate that curves around the medial epicondyle to lie on the ulnar aspect of the trochlea. 

The ulnar, radial, and median nerves cross the elbow and knowledge of their precise locations is required to safely manage distal humerus fractures (Fig. 
39-13). The ulnar nerve pierces the medial intermuscular septum in the middle third of the arm to travel alongside the medial head of triceps. The arcade of 
Struthers, a musculofascial band present in 70% of the population,**? is a potential area of nerve compression located approximately 8 cm proximal to the 
medial epicondyle. As the nerve approaches the elbow, it travels behind the medial epicondyle to enter the cubital tunnel, a fibro-osseous groove bordered 
by the medial epicondyle superiorly, olecranon laterally, and Osborne ligament medially. When the nerve exits the cubital tunnel, it travels between the two 
heads of the flexor carpi ulnaris (FCU) muscle. 

The radial nerve circles around the posterior aspect of the mid-humeral shaft in the spiral groove. On average, the nerve enters the spiral groove 20 cm 


proximal to the medial epicondyle (74% of the length of the humerus) and exits approximately 14 cm proximal to the lateral epicondyle (51% of the length 
of the humerus).®! Along the lateral aspect of the humerus, two branches come off the nerve (nerve to the medial head of triceps and anconeus, and the 
lateral brachial cutaneous nerve) before it pierces the lateral intermuscular septum approximately 10 cm (36% of the length of the humerus) proximal to the 
lateral epicondyle.®! The nerve then lies between brachialis and brachioradialis where it bifurcates into the posterior interosseous nerve and the radial 
sensory nerve. The radial nerve is vulnerable to injury during exposure of distal humerus fractures with proximal shaft extension and during application of 
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Figure 39-10. Fracture maps according to the Orthopaedic Trauma Association/AO Foundation (OTA/AO): type A (a-e); type B (f-j); type C (k-o). Red color 


represents higher frequency of fracture line density. (Reproduced from Wang C, et al. Three-dimensional mapping of distal humerus fracture. J Orthop Surg Res. 
2021;16(1):545. Licensed under a Creative Commons Attribution 4.0 International License.) 
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Figure 39-11. The lateral collateral ligament complex is an important restraint to varus and posterolateral rotatory instability and consists of the radial collateral 
ligament, the lateral ulnar collateral ligament, and the annular ligament. The annular ligament attaches to the anterior and posterior margins of the lesser sigmoid notch 
while the radial collateral ligament originates from an isometric point on the lateral epicondyle and fans out to attach to the annular ligament. The lateral ulnar 
collateral ligament also arises from the isometric point on the lateral epicondyle and attaches to the crista supinatoris of the proximal ulna. 
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Figure 39-12. The medial collateral ligament functions as an important restraint to valgus and posteromedial rotatory instability. It consists of an anterior bundle, 
posterior bundle, and transverse ligament. The anterior bundle is of prime importance in elbow stability and it originates from the anteroinferior aspect of the medial 
epicondyle, and inserts on the sublime tubercle of the coronoid. 


The median nerve travels with the brachial artery between the biceps and brachialis muscles in the anteromedial aspect of the arm. The nerve passes 
under the bicipital aponeurosis to enter the medial antecubital fossa, medial to the biceps tendon and brachial artery. The nerve then passes between the 
heads of pronator teres. During fixation of distal humerus fractures, the median nerve is relatively protected from direct injury by the robust brachialis 
muscle. 

There is a consistent blood supply to the adult elbow which can be organized into three vascular arcades: medial, lateral, and posterior.?®? The lateral 
arcade is formed by the interosseous recurrent, radial recurrent, and radial collateral arteries and supplies the capitellum, radial head, lateral epicondyle, and 


lateral aspect of the trochlea. The medial arcade is formed by the superior and inferior ulnar collaterals and the anterior and posterior ulnar recurrent arteries 
and supplies the medial epicondyle and the medial aspect of the trochlea. The posterior arcade is formed by the medial collateral artery and contributions 
from the medial and lateral arcades and supplies the olecranon fossa and supracondylar area. 


TREATMENT OPTIONS FOR DISTAL HUMERUS FRACTURES 


NONOPERATIVE TREATMENT OF EXTRA-ARTICULAR AND COMPLETE ARTICULAR DISTAL 
HUMERUS FRACTURES 


Indications and Contraindications for Nonoperative Treatment 


Nonoperative management of distal humerus fractures in young patients is rarely recommended and it is generally reserved for patients deemed medically 
unfit to undergo surgery (Fig. 39-14).>! Patients with nondisplaced fractures may also be managed with a trial of nonoperative management. These patients 
should be followed for the first 3 to 4 weeks with weekly serial radiographs to ensure displacement or angulation does not occur. Surgical fixation of these 
fractures, however, enhances stability, allows immediate motion, and obviously decreases the risk of delayed fracture displacement. Other circumstances are 
elderly patients with unrepairable distal humerus fractures where arthroplasty is the most reasonable option, however, is contraindicated due to soft tissue 
compromise, such as skin loss. Once the soft tissue issues have been dealt with, delayed arthroplasty can be done if patients are sufficiently symptomatic. 
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Figure 39-13. Three peripheral nerves, the median, ulnar, and radial, cross the elbow joint along with a robust collateral blood supply. 
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Figure 39-14. A, B: Radiographs of an 88-year-old man with a transcolumn fracture (OTA/AO type A2) deemed medically unfit for surgery due to severe congestive 


heart failure and inoperable coronary artery disease. The patient was treated with a collar and cuff and early range of motion. C, D: Radiographs at 1-year follow-up. 
E, F: The patient had no pain and a functional range of motion. 


Techniques for Closed Management 


Nonoperative management techniques include above-elbow casting, olecranon traction, and collar and cuff treatment, the so-called bag of bones method. 
The traction method involves the placement of a transolecranon traction pin that is attached to weights through a pulley system. Traction is applied for 3 to 4 
weeks, until there is sufficient early callous to allow cast bracing. The major disadvantages of this method are the complications associated with prolonged 
bed rest. Patients who are typically treated nonoperatively, the frail elderly, have significant medical comorbidities that put them at high risk of bed rest- 
related complications, such as deep venous thrombosis, pulmonary embolism, and decubitus ulcers. The technique is largely of historical significance and 
has little use in modern distal humerus fracture care. 

Collar and cuff treatment had been used for centuries before it was first reported in modern medical literature in 1937 by Eastwood.°? He described a 
closed reduction followed by application of a collar and cuff with the elbow between 90 degrees and 120 degrees of flexion. The elbow is hung freely to 
allow gravity-assisted reduction via a ligamentotaxis-type effect. Shoulder motion and active elbow flexion are initiated at 2 weeks and progressed. 


Outcomes of Nonoperative Treatment 


In 1969, Riseborough and Radin?!? compared operative to nonoperative management in 29 patients with intra-articular distal humerus fractures. They 
reported better range of motion and less pain with nonoperative management, consisting of skeletal traction or manipulation and casting. The surgically 
treated group was plagued with early fracture displacement due to hardware failure from nonrigid fixation constructs. Brown and Morgan?’ in 1971 reported 
their results with nonoperative management of intra-articular distal humerus fractures in 10 patients at a mean follow-up of 2.5 years (range 9 months to 4 
years). At follow-up, the mean flexion was 128 degrees, the mean extension was 30 degrees, and the mean arc of motion was 100 degrees. Seven patients 
described no symptoms while three complained of elbow aches in cold and damp weather. 

Recently, Desloges et al. reported satisfactory outcomes with nonoperative management of selected distal humeral fractures in low-demand, medically 
unwell, older patients (>65 years).°! At a mean of 27 + 14 months of follow-up, 68% of patients reported good to excellent subjective outcomes. Outcomes 
in two patients were classified as poor, one of whom underwent TEA as a result. When the injured was compared with the uninjured side, extension (22 + 
11 vs. 8 + 12; p = .025) and flexion (128 + 16 vs. 142 + 7; p = .002) were significantly worse in the injured elbows. The fracture union rate was 81% (22 of 
27) at a mean radiographic follow-up of 12 months. In the present day, nonoperative management in active patients has been abandoned due to improved 
surgical techniques that have led to better outcomes. 


NONOPERATIVE TREATMENT OF PARTIAL ARTICULAR DISTAL HUMERUS (TYPE B3) 
FRACTURES 


Closed reduction and casting is a described method for the treatment of displaced capitellar fractures.!7>2°* The reduction maneuver involves placing the 
elbow into full extension and forearm supination, which usually results in the capitellum spontaneously reducing. If still displaced, manual pressure over the 
capitellum and a slight varus force to the elbow may assist with the reduction. If successful, the elbow is flexed so the radial head captures the capitellar 
fragment and then fluoroscopy is used to confirm the reduction. The elbow is immobilized in an above-elbow plaster for 3 weeks with weekly radiographs 
to confirm maintenance of the reduction. If this technique is used, the authors recommend postoperative CT imaging to confirm an anatomic reduction. 


OPERATIVE TREATMENT OF DISTAL HUMERUS FRACTURES 


Distal humerus fractures are generally complex injuries with associated fragmentation, bony instability, osteopenia, and soft tissue injury. The risk of 
functional impairment is relatively high when these injuries are managed nonoperatively. Contemporary literature would support improved patient outcomes 
and lower complications rates when these injuries are managed with surgery. ORIF of these injuries is considered gold standard. However, ORIF may not 
be attainable in elderly patients with osteopenia, comminution, and articular fragmentation or in patients with preexisting conditions of the elbow such as 
rheumatoid arthritis (RA). In such cases where rigid internal fixation cannot be achieved to allow early range of motion, elbow arthroplasty has been shown 
to be a reliable treatment option with good patient outcomes. 


Timing of Surgery 

Surgical fixation of distal humerus fractures requires preoperative planning, specialized implants, instruments, and surgical expertise. Medically fit and 
stabilized patients with noncompromised soft tissues may be best managed with early surgery within 48 to 72 hours.!°* Early surgery may lead to decreases 
complications such as HO and stiffness. Polytrauma patients who are unstable or those with identified modifiable risk factors should be medically optimized 
preoperatively. In cases with injured soft tissues, such as excessive swelling, bruising, fracture blisters, or abrasions, delay of surgery may be most 
appropriate. Generally, patients admitted to the intensive care unit can be managed with a well-padded splint that is checked daily and removed every 2 to 3 
days to examine the soft tissues for compromise and pressure points. In some cases, prolonged secondary surgical procedures may be contraindicated for 
several weeks due to medical issues. In these patients, static external fixation may be of benefit to stabilize the extremity for pain control, transfers, hygiene, 
and wound care. Ideally, external fixator pins should be placed as far away as possible from planned internal fixation implants to decrease the likelihood of 
infection. Although no literature exists to define a suitable delay, surgery should be conducted within 2 or 3 weeks. Delay beyond this time interval is 
possible; however, ORIF is made more difficult with increased surgical time, difficult fracture reductions due to partial healing, and callous, increased 
bleeding, and the increased risk of HO. 


Open Reduction and Internal Fixation of Distal Humerus Fractures 


Indications and Contraindications 


ORIF of Distal Humerus Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Displaced intra-articular distal humerus fractures (OTA/AO types B and C) 
e Displaced or angulated extra-articular fractures (transcolumn) of the distal humerus (OTA/AO types A2 and A3) 


e Transcolumn fractures (OTA/AO types A2 and A3) 


Contraindications 


e Medically unfit patients 
e Elderly patients with osteopenia, comminution, and articular fragmentation 


Anatomic reduction and rigid internal fixation is considered the gold standard for most displaced intra-articular distal humerus fractures (OTA/AO types B 
and C). Rigid internal fixation allows fracture healing to occur anatomically while permitting early range of motion to maximize functional recovery. The 
traumatized elbow is particularly prone to stiffness, and therefore, early motion is vital, but not at the expense of fracture displacement. In cases where 
sufficient fracture stability cannot be obtained to allow early motion, anatomic reconstruction of the articular surface and overall elbow alignment take 
precedence. An anatomically aligned stiff elbow with a healed articular surface can be subsequently managed with contracture release, but a fracture with 
hardware failure and articular nonunion or fragmentation may be difficult to manage with revision surgery. 

Surgical treatment is also recommended for displaced or angulated extra-articular fractures (transcolumn) of the distal humerus (OTA/AO types A2 and 
A3). Closed reduction and percutaneous Kirschner wire (K-wire) fixation has been described for treatment of these injuries in adults.!!° The technique in 
adults is similar to the technique used in pediatric supracondylar fractures with crossing K-wires inserted medially and laterally. In adults, this technique 
may be modified to exchange the K-wires for 3.5- or 4.5-mm cannulated screws. Closed reduction and percutaneous fixation has several disadvantages 
when used in adults. The fixation is semirigid and therefore requires supplementary splinting for up to 6 weeks, which may lead to elbow stiffness. The K- 
wires are also inadequate for elderly patients with osteopenic bone. In general, the crossing K-wire or cannulated screw technique is not recommended for 
adult patients with OTA/AO types A2 or A3 fractures. 

ORIF is the preferred fixation technique for transcolumn fractures (OTA/AO types A2 and A3). These fractures can be exposed through a paratricipital 
approach or a limited triceps split. Exposure of the articular surface, as obtained from an olecranon osteotomy, is not required for these extra-articular 
fractures. Bicolumnar fixation is recommended with orthogonal or parallel plating techniques. 

When the transcolumn fracture line is just proximal to the articular segment, the pattern can be referred to as a “low” transcolumn fracture. Low 
transcolumn fractures have limited bone available for distal fixation; therefore, bicolumn plating is necessary with plates applied as distal as possible with as 
many screws as possible in the distal fragment. Commercially available precontoured plates have extra screw holes distally to allow high-density screw 
insertion into the articular segment. A recent study presented the outcomes of true low transcondylar fractures in 14 patients treated by ORIF with an 
average follow-up of 11 months (6-16 months).”** These patients had transverse extra-articular fracture lines through or below the lateral epicondyle and at 
the level of or just above the medial epicondyle. Most patients (11 of 14) were over age 60 years and had low-energy mechanism of injury. This study 
demonstrated that although ORIF was challenging, 86% of the fractures healed with good to excellent outcome scores as per the MEPS and with minimal to 
no pain at final follow-up. Despite the good overall outcome, the rate of delayed or nonunion was 29% with a reoperation rate of 29%. The alternative 
treatment of elbow arthroplasty should be considered in a primary setting for cases with marked osteopenia or severe comminution in which stable fixation 
may not be achievable. Elbow arthroplasty is discussed later in this chapter. 

The commonly used classification systems do not account for fracture displacement, fracture angulation, or the severity of the soft tissue injury. These 
factors should be considered when deciding upon surgical management. In general, medically fit patients with distal humerus fractures with displacement or 
angulation meet the indications for surgical intervention. 


Preoperative Planning 


ORIF of Distal Humerus Fractures: 


PREOPERATIVE PLANNING 


Imaging e Plain anteroposterior and lateral radiographs in simple fracture patterns 
e Traction radiographs may assist with fracture characterization, however, can be painful for the patient 
e CT scan with 3D reconstructions in complex fracture patterns 


Soft tissues e Well-padded elbow splint 
e Reexamination of soft tissue envelope and neurologic status on day of surgery 


Anesthesia e Upper extremity regional block 
e General anesthetic 
e Preoperative intravenous (IV) antibiotics 


Positioning e Supine with a bolster placed under the ipsilateral scapula and the elbow is supported by another bolster made of wrapped 
sterile sheet on the patient’s chest. 

If no surgical assistant available, a commercially available articulated arm positioner is used. 

Lateral decubitus fashion on a bean bag with a small axillary bolster. 

Sterile tourniquet 

Portable (mini) fluoroscopy is used for all cases and is positioned on the operative side. 


The goals in surgical treatment of distal humerus fractures are similar to those used for any peri-articular fracture. The objectives are to obtain anatomic 
restoration of the articular surface and recreation of joint alignment with rigid internal fixation, stable enough to allow early range of motion. 

Anteroposterior and lateral radiographs of the elbow out of plaster are usually sufficient to determine the fracture pattern. If the radiographs are difficult 
to interpret or poorly demonstrate the articular fracture, a CT scan is preferred, with 3D reconstructions, over traction radiographs requiring patient sedation. 
A CT scan can identify difficult fracture patterns, such as coronal fractures of the capitellum or trochlea, “low” fracture types, and segmental articular 
fractures (e.g., a fracture between the medial trochlea and the medial epicondyle, producing a free medial trochlear fragment). Three-dimensional images 
can also be manipulated to subtract the radius and ulna to allow unobstructed visualization of articular comminution. In elderly patients with comminuted 
fractures where ORIF may not be possible and elbow arthroplasty is considered, a CT scan may assist with the preoperative decision-making. 

While awaiting surgery, patients are placed in a well-padded elbow splint and are encouraged to elevate the arm, ice the elbow, and to maintain hand 
and finger range of motion. On the day of surgery, the skin and soft tissues are reexamined and the neurologic status is redocumented. Patients generally 
receive a general anesthetic with an upper extremity regional block for postoperative pain control and therapy. Preoperatively, prophylactic antibiotics are 
administered intravenously. 


The patient is positioned supine with a bolster placed under the ipsilateral scapula and the elbow is supported by another bolster made of wrapped sterile 
sheet on the patient’s chest (Fig. 39-15A,B). The surgeon and assistant stand on the side of the injury while the scrub nurse and instruments are on the 
contralateral side, allowing the nurse to assist with arm positioning as required. A sterile tourniquet is used and the iliac crest is prepped and draped if bone 
grafting is anticipated. Portable (mini) fluoroscopy is used for all cases and is positioned on the operative side. 

When there is no surgical assistant available, a commercially available articulated arm positioner is preferred (Fig. 39-15C). The patient can also be 
positioned in the lateral decubitus fashion on a bean bag with a small axillary bolster. The elbow is then flexed over an elbow arthroscopy positioner and the 
scrub nurse and instrumentation are positioned on the same side. In the rare circumstance of bilateral fractures, when a second surgical team is available, the 
patient may be positioned prone with the elbows flexed over a positioner to allow simultaneous surgery. 


The principles of internal fixation start with the selection of an appropriate surgical approach. The chosen approach should be accommodating to 
intraoperative findings, which may alter the surgical procedure. For example, a paratricipital approach may be used to initially access a noncomminuted 
intra-articular fracture (OTA/AO type C1 or C2); however, if the fracture proves difficult to reduce or if more comminution is present than expected, the 
approach can be converted to an olecranon osteotomy. Similarly, an olecranon osteotomy should not be the index approach for an elderly patient with a 
highly comminuted distal humerus fracture, which may be intraoperatively deemed unrepairable, necessitating TEA. OTA/AO type B1 (lateral column) 
fractures can be surgically approached by Kocher interval with proximal extension to expose the lateral column. OTA/AO type B2 (medial column) 
fractures can be approached via a Hotchkiss approach with proximal extension to expose the medial column. Single-column fractures (medial and lateral) 
may also be exposed by the paratricipital approach, which allows visualization of the posterior aspects of both columns and the posterior aspect of the 
articular surface. In cases where there is extensive articular comminution (OTA/AO types B1.3 and B2.3), an olecranon osteotomy may be required for 
improved visualization of the fracture and improved access for fixation (Fig. 39-16). 

There are several surgical approaches described for exposure and fixation of distal humerus fractures. They can be classified based on direction, 
posterior, lateral, medial, and anterior, and then further subclassified based on their specific anatomic intervals (Table 39-3). The ideal approach to a specific 
fracture pattern should provide sufficient exposure to allow anatomic reconstruction of the fracture and the application of the required internal fixation with 
minimal soft tissue or bony disruption to allow early mobilization. The selection of a surgical approach depends on multiple factors, including, fracture 
pattern, extent of articular involvement, associated soft tissue injury, rehabilitation protocols, and surgeon preference.!°” 


Figure 39-15. The patient can be positioned supine with a bolster placed under the ipsilateral scapula (A) or lateral decubitus on a bean bag with the elbow flexed 
over an arthroscopy positioner (B). C: When there is no surgical assistant available, a commercially available articulated arm positioner can also be used. 


A,B } 
Figure 39-16. A 73-year-old woman with a comminuted intra-articular fracture of the medial column (OTA/AO type B1.3) treated with ORIF via an olecranon 
osteotomy. 


TABLE 39-3. Surgical Approaches to the Distal Humerus 


Direction Surgical Approach Indications Contraindications Advantages Disadvantages 
Posterior Olecranon ORIF distal humerus and Avoid if possibili Best visualization of Nonunion and hardware 
P 
osteotomy**9738°8 articular fractures (OTA/ of TEA the articular surface for prominence related to 
AO types B and C) reduction and fixation osteotomy 
Limited visualization of 
anterior articular surfaces 
Paratricipital®?”” ORIF extra-articular and Comminuted intra- Avoids disruption of the Limited visualization of 
simple intra-articular (OTA/ articular fractures extensor mechanism, no the articular surfaces 
AO Cl and C2) fractures postoperative restrictions 
TEA related to approach required 
Lateral ORIF extra-articular and Comminuted intra- Avoids disruption of the Better visualization of the 
paraolecranon*? simple intra-articular (OTA/ articular fractures extensor mechanism, no articular surfaces than the 
AO Cl and C2) fractures postoperative restrictions paratricipital approach 
TEA related to approach required 
Triceps splitting®*® ORIF extra-articular and Anterior coronal Avoids complications Limited visualization of 
intra-articular fractures shear fractures associated with olecranon anterior articular surfaces 
TEA of capitellum or osteotomy Risk of triceps 
trochlea insufficiency 
Prior olecranon 
osteotomy approach 
Triceps reflecting’ TEA ORIF intra-articular Anterior coronal Avoids complications Limited visualization of 
fractures shear fractures associated with olecranon anterior articular surfaces 
of capitellum or osteotomy Risk of triceps 
trochlea insufficiency 
Prior olecranon 
osteotomy approach 
Traumatic triceps 
tendon tear 
TRAP™ ORIF intra-articular Anterior coronal Avoids complications Limited visualization of 
fractures shear fractures associated with olecranon anterior articular surfaces 
TEA of capitellum or osteotomy Risk of triceps 
trochlea Preserves nerve supply to insufficiency 
Prior olecranon anconeus 
osteotomy approach 
Traumatic triceps 
tendon tear 
Van Gorder”? ORIF intra-articular Anterior coronal Avoids complications Limited visualization of 
fractures shear fractures associated with olecranon anterior articular surfaces 
TEA of capitellum or osteotomy Risk of triceps 
trochlea insufficiency 
Prior olecranon 
osteotomy approach 
Lateral Kocher™! Lateral column fractures Medial articular Good access to capitellum, No access to medial 
Lateral epicondyle fractures fractures (trochlea) and lateral column structures column 
Capitellum + lateral Improved access to medial 
trochlear ridge fractures joint by releasing LCL 
Fixation of associated radial Good Basm hopga au and 
head and neck fractures insertion of LCL 
EDC split Lateral column fractures Medial articular Good access to capitellum No access to medial 


Lateral epicondyle fractures 


Capitellum + lateral 
trochlear ridge fractures 


Fixation of associated 
radial head fractures 


fractures (trochlea) 


and lateral column 
structures 


Improved access to medial 
joint by releasing LCL 


column 


Kaplan?” 


Capitellum + lateral 
trochlear ridge fractures 


Fixation of associated 
radial head fractures 


Medial articular 
fractures (trochlea) 


Lateral collateral 
ligament injuries 


Avoids disrupting extensor 
origin on lateral epicondyle 


LCL is safe 


No access to medial 
column 

Difficult access to lateral 
epicondyle for ORIF 
fracture or LCL repair 


Limited access to radial 
neck for fixation 


Medial Hotchkiss over-the- Medial epicondyle and Associated MCL Good access to medial Difficult access to MCL 
top” medial column fractures tears requiring column and anteromedial for repair 
Trochlear fractures EPE joint capsule 
Complex medial 
and lateral articular 
fractures 
Taylor and Scham Medial epicondyle and Complex medial Good visualization of Reflection of flexors of 
medial column fractures and lateral articular trochlea medial ulna and medial 
Trochlear fractures fractures Good access to MCL for epicondyle 
MCL tears and coronoid repair and coronoid for 
fractures ORIF 
Anterior Henry Vascular injury Requirement for Good access to brachial Limited access to medial 


Anterior limited 
approach to the 
elbow (ALAE)” 


Median nerve laceration 


ORIF of Capitellum and 
Trochlea Fractures 


plate fixation of 
columns or fixation 
of articular surface 


Posterior 
comminution of 
distal humerus 


artery and median nerve 


Direct approach to the 
Capitellum and Trochlear 
Avoids complications 
associated with olecranon 


osteoto my 


and lateral columns 


Limited visualization of 
condyles 


OTA/AO, Orthopaedic Trauma Association/Arbeitsgemeinschaft für Osteosynthesefragen; EDC, extensor digitorum communis; LCL, lateral collateral ligament; MCL, medial collat- 
eral ligament; ORIF open reduction and internal fixation; TEA, total elbow arthroplasty; TRAP triceps-reflecting anconeus pedicle. 


Skin incisions about the elbow may be placed posterior, lateral, medial, or anterior depending on the surgical approach selected. Most posterior 
approaches benefit from a posterior longitudinal skin incision which involves the elevation of full-thickness fasciocutaneous medial and lateral flaps.°° The 
posterior skin incision can be straight or curve around the olecranon, medially or laterally, depending on surgeon preference. It is the author preference to 
conduct a relatively straight posterior skin incision that curves gentle around the medial aspect of the olecranon (Fig. 39-17). The lateral approaches can be 
accessed via a direct lateral skin incision or by a posterior longitudinal skin incision with elevation of a lateral fasciocutaneous flap. Similarly, the medial 
approaches can be accessed via a direct medial skin incision or by a posterior longitudinal skin incision with elevation of a medial fasciocutaneous flap. 
There are several advantages to a direct midline posterior longitudinal skin incision, including access to both medial and lateral deep approaches and a 
decreased risk of cutaneous nerve injury.” The disadvantage of selecting a posterior longitudinal skin incision for isolated medial or lateral approaches is 
the increased risk of flap complications such as seromas and rarely necrosis. 


Posterior Approaches to the Distal Humerus 


There are several posterior approaches and they can be broadly classified into three general types: olecranon osteotomy, paratricipital (triceps-on), and 
triceps-off type approaches (such as the triceps splitting, triceps reflecting, and the triceps tongue approaches). The selection of a particular type of posterior 
approach depends on several factors including the degree of articular visualization required for anatomic reduction and internal fixation; the appropriateness 
of primary arthroplasty; patient factors (elderly, low demand); fracture characteristics (articular comminution); and any associated injuries (i.e., triceps 
laceration or olecranon fracture) that may make one approach more favorable. 


ire 7. A: An olecranon osteotomy is approached via a longitudinal posterior skin incision. B: The ulnar nerve is exposed and may be prepared for anterior 
subcutaneous transposition. The subcutaneous border of the proximal ulna is exposed and the nonarticular portion of the greater sigmoid notch (the bare area) between 
the olecranon articular facet and the coronoid articular facet is clearly identified. This is accomplished by dissection along the medial and lateral sides of the olecranon 
to enter into the ulnohumeral joint. Medial and lateral retractors are then placed into the ulnohumeral joint and an apex distal chevron osteotomy entering into the bare 
area is marked on the subcutaneous border of the ulna. A microsagittal saw is used to complete two-thirds of the osteotomy (C) and two osteotomes, placed into each 
arm of the chevron, apply controlled leverage to fracture the remaining third (D). E: Once conducted, the olecranon fragment along with the triceps tendon and 
musculature can be bluntly dissected off the posterior aspect of the distal humerus. At the completion of the case, provisional fixation of the olecranon fragment is done 


with crossing K-wires (F) followed by definitive compression plating (G). 


Olecranon Osteotomy 

The olecranon osteotomy was first described by MacAusland*’’ and has undergone several modifications.’°-"° When compared with other posterior 
approaches, osteotomy of the olecranon provides the best visualization of the distal humerus articular surface,“°* which is its main advantage. The main 
disadvantages of the approach are the complications associated with an osteotomy, including, nonunion, malunion, and hardware irritation. Olecranon 
osteotomies are most commonly used for OTA/AO type C fractures, which require superior visualization of the articular fragments for anatomic reduction 
and internal fixation. An osteotomy can also be used for partial articular fractures (OTA/AO type B), especially if they are comminuted. Additionally, if 
patients have an associated olecranon fracture, it can be used as an osteotomy for exposure ( ). Relative contraindications to an osteotomy are very 
anterior articular fractures (OTA/AO B3), which can be difficult to visualize through an osteotomy and if a TEA is planned as it may lead to problems with 


implant stability and osteotomy healing and fixation. 


Figure 39-18. A distal humerus fracture (A) associated with a comminuted olecranon fracture that was used for visualization and ORIF of the articular segment (B). 


As for all posterior approaches, the ulnar nerve requires identification and protection to avoid iatrogenic nerve injury during fracture manipulation and 
fixation (see F ). Wiggers et al. demonstrated that the occurrence of postoperative ulnar neuropathy was independent of whether or not the ulnar 
nerve was transposed at the time of fracture fixation.“°’ Conversely, Chen et al.” reported a four times increase in the rate of postoperative ulnar neuropathy 
after transposition. 

The only level 1 study comparing the outcomes of ulna nerve in situ decompression versus anterior transposition following distal humerus fracture 
bicolumnar plating showed equivalent outcomes between the two groups. The authors concluded that either strategy for managing the ulnar nerve is 
acceptable and can be used at the discretion of the treating surgeon.” It is our preference to conduct a formal anterior subcutaneous ulnar nerve 
transposition at the conclusion of the procedure. A number of interesting findings were reported in this landmark study. First, 24% of patients reported 
sensory changes in the ulnar nerve distribution preoperatively. The high rate of preoperative ulnar nerve symptoms underscores the importance of thorough 
clinical examination and meticulous documentation of the patients’ symptoms in the preoperative setting. Secondly, 62% of patients had evidence of ulnar 
neuropathy at 6 weeks on nerve conduction studies and the rate of ulnar neuropathy did not differ between the patients who had ulna nerve transposition 
compared with those who had in situ placement. Reassuringly, there was significant improvement in neurologic and functional outcomes over time. Using 
the study’s primary outcome measure, the Gabel and Amadio ulnar nerve entrapment scale improved in all patients at 1 year postoperatively (Table 39-4). A 
significant improvement in two-point discrimination was also observed at 1 year, with no differences between the two groups at any time point. 

Once the subcutaneous border of the proximal ulna is exposed, the nonarticular portion of the greater sigmoid notch (the “bare area”) between the 
olecranon articular facet and the coronoid articular facet should be clearly identified. This is done by subperiosteally dissecting along the medial and lateral 
sides of the olecranon to enter into the ulnohumeral joint. Dissection should not proceed distally as it places the collateral ligament insertions at risk. Medial 
and lateral retractors are then placed into the ulnohumeral joint to protect the soft tissues and to allow direct visualization of the “bare area.” An apex distal 
chevron osteotomy entering into the bare area is then marked on the subcutaneous border of the ulna (see ). A microsagittal saw is used to 
complete two-thirds of the osteotomy. To avoid unpredictable propagation of the osteotomy, multiple perforations are carefully created through the 
remaining third using a K-wire. Two osteotomes, placed into each arm of the chevron, apply controlled leverage to the olecranon fragment causing fracture 
of the remaining third (see F ). The fractured surface of the olecranon improves fragment interdigitation and facilitates anatomic reduction and 
stability during the repair. A chevron-shaped osteotomy provides rotation stability, increased surface area for healing, and protects the collateral ligament 


insertions.!°* A transverse olecranon osteotomy is also an option as it is technically simpler and can be performed more rapidly.’®-°8 In a recent cadaveric 
study, Ting et al. showed that a transverse olecranon osteotomy aiming at the visible bare area on the medial and lateral sides of the greater sigmoid notch 
may reduce the chance of violating the proximal ulna articular cartilage?’ compared to a chevron osteotomy. Following the osteotomy, the olecranon 
fragment along with the triceps tendon and musculature can be bluntly dissected off the posterior aspect of the distal humerus (see Fig. 39-17E). Typically, 
the anconeus muscle must be divided in order to reflect the triceps posteriorly which causes its denervation.'8° Anconeus muscle denervation can be 
avoided by reflecting the anconeus muscle posteriorly along with the olecranon fragment and triceps.*° Once the osteotomy (see Fig. 39-17F,G) is 
conducted, flexion of the elbow is used to maximize visualization of distal humerus articular surface. 


TABLE 39-4. Gabel and Amadio Rating Scale for Ulnar Neuropathy at the Elbow 


Score (Points) Pain Sensory Motor 
0 Needs narcotics regularly 2-point discrimination >10 mm, anesthesia Intrinsic paralysis with claw deformity 
il Intermittent medications, constant pain 2-point discrimination >6 mm, constant Obvious trophy 
numbness 
2 Intermittent pain 2-point discrimination normal, intermittent Weaker than opposite side 
paresthesia 
3 No pain No numbness No weakness 
Result Rating Scale 
Excellent Score of 9 points 
Good Score of at least 2 in each category, with increase in total score of 1 or more points, or an increase in total score of at least 4 points 
Fair Score below 2 in any category, but an increase in total score of 1-3 points 
Poor No change, or a decrease in total score 


Reproduced from Gabel GT, Amadio PC. Reoperation for failed decompression of the ulnar nerve in the region of the elbow. J Bone Joint Surg. 1990;72(2):213-219. 


Fixation of the olecranon osteotomy can be achieved with tension band wiring,!“® screw/tension band constructs, or with compression plating.83 The 
authors’ preferred method of fixation is compression plating.9° When using this method, the plate is prefixed to the olecranon and then removed before 
conducting the osteotomy. This facilitates osteotomy reduction at the completion of the operative procedure. A 6.5- or 7.3-mm intramedullary compression 
screw may also be used for osteotomy fixation; however, care should be taken during screw insertion as malreduction is possible when the distal screw 
threads deflect into the normal varus bow of the ulna.84 


Paratricipital Approach (Triceps-On) 

The paratricipital (bilaterotricipital, triceps sparing, or triceps-on) approach was first reported by Alonso-Llames in 1972 for the management of pediatric 
supracondylar fractures.? The approach involves the creation of surgical windows along the medial and lateral sides of the triceps muscle and tendon 
without disrupting its insertion on the olecranon.?27 

The approach starts with an extensile posterior skin incision and mobilization of the ulnar nerve. Along the medial side of the triceps, the interval 
between the triceps muscle and the medial intermuscular septum is developed (Fig. 39-19A) and the triceps muscle is elevated off the posterior aspect of the 
humerus (see Fig. 39-19B). Laterally, the triceps is elevated off the lateral intermuscular septum and the posterior humerus in conjunction with the anconeus 
(see Fig 39-19C).°?*” Distally, the paratricipital approach allows visualization of the medial and lateral columns, the olecranon fossa, and the posterior 
aspect of the trochlea. A modification of the paratricipital approach involves the creation of a third surgical window in Boyd interval between the anconeus 
and lateral olecranon.!” The third surgical window allows improved visualization of the distal humerus articular surface. 

The paratricipital approach has several advantages, including, avoidance of an olecranon osteotomy, therefore the risks of nonunion and symptomatic 
olecranon hardware are avoided. Additionally, the triceps tendon insertion is not disrupted, allowing early active range of motion. This approach also 
preserves the innervation and blood supply of the anconeus muscle,?2” which provides dynamic posterolateral stability to the elbow. Finally, if further 
articular exposure is required, the paratricipital approach can be converted into an olecranon osteotomy. If further proximal exposure is required for 
associated fractures of the humeral shaft, the lateral side of the paratricipital approach can be converted into the Gerwin et al.8t approach. This approach 
involves reflection of the triceps muscle unit from lateral to medial to expose 95% of the posterior humeral shaft and the radial nerve. 

The disadvantage of the paratricipital approach is the limited visualization of the articular surface of the distal humerus; therefore, the approach is 
usually inadequate for fixation of type C3 fractures. The several advantages of this approach certainly indicate its use for OTA/AO types A2, A3, B1, B2, 
and possibly C1 and C2 fractures.146197.227 
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Figure 39-19. The paratricipital approach is done through a longitudinal posterior skin incision. A: Medially, the ulnar nerve is identified (arrow). B: The medial 
intermuscular septum (forceps) is excised, and the triceps muscle is elevated off the posterior aspect of the distal humerus. C: Laterally, the triceps muscle (T) is 
elevated off the posterolateral aspect of the distal humerus allowing exposure of the lateral column (L), olecranon fossa, and posterior aspect of the trochlea. 


In distal humerus fractures deemed unrepairable, where the intent is to proceed directly to TEA, the paratricipital approach is preferred because it avoids 
the problems associated with osteotomies and extensor mechanism healing in triceps detaching approaches. The approach is also useful in cases where an 
initial attempt at ORIF is planned and there is a possibility of an intraoperative conversion to TEA, should fixation be deemed unsuccessful. 


Lateral Paraolecranon Approach 


The lateral paraolecranon approach was described by Studer et al.249 This approach is a modification of the paratricipital approach and its main advantage is 


that it maintains the majority of the triceps insertion while also allowing better articular visualization than the paratricipital. A longitudinal posterior skin 
incision is used (Fig. 39-20A). Medial and lateral soft tissue flaps are raised and the ulnar nerve is exposed and prepared for transposition. The 
intermuscular septum is excised and a medial arthrotomy is conducted similar to the paratricipital approach (see Fig. 39-20B). On the lateral side, at the 
level of the proximal ulna, the approach utilizes Boyd interval between the subcutaneous border of the ulna and the fascia of anconeus. The fascia of 
anconeus is split longitudinally about 3 to 5 mm lateral to the ulna, which maintains a ribbon of anconeus fascia attached to the ulna that facilitates fascia-to- 
fascia closure. The anconeus is the elevated off the ulna and distal humerus, exposing the posterior aspect of the radiocapitellar joint. At the level of the 
olecranon tip, the triceps expanse is then split proximally between the lateral cubital retinaculum (lateral) and the triceps tendon proper (medial) which 
attaches on to the olecranon tip (see Fig. 39-20C). In cases where this approach is used for TEA, the medial and LCLs can be released to allow dislocation 
of the joint for implant insertion. 


Anconeus 
fascia split 


Ulnar nerve 


c 


Figure 39-20. The lateral paraolecranon approach described by Studer et al.24° involves a posterior midline skin incision centered just medial to the tip of the 
olecranon. A: Medial and lateral soft tissue flaps are raised and the ulnar nerve is exposed and prepared for transposition. B: The intermuscular septum is excised and a 
medial arthrotomy is conducted similar to the paratricipital approach. The fascia of anconeus is split longitudinally about 3 to 5 mm lateral to the ulna, which maintains 
a ribbon of anconeus fascia attached to the ulna that facilitates fascia-to-fascia closure. C: The anconeus is then elevated off the ulna and distal humerus, exposing the 
posterior aspect of the radiocapitellar joint. At the level of the olecranon tip, the triceps expanse is then split proximally between the lateral cubital retinaculum (lateral) 
and the triceps tendon proper (medial), which attaches on to the olecranon tip. (Redrawn with permission from Studer A, et al. The lateral para-olecranon approach for 
total elbow arthroplasty. J Hand Surg Am. 2013;38(11): 2219-2226. Copyright Elsevier 2013.) 


The lateral paraolecranon approach has all the advantages of the paratricipital approach above and the additional benefit of better visualization of the 
articular surface. By utilizing Boyd interval distally, the anconeus muscle is retracted laterally, thereby, providing an unobstructed view of the posterior 
radiocapitellar joint and the posterolateral aspect of the ulnohumeral joint. This approach has the same disadvantages as the paratricipital approach described 
above. Finally, as this approach is a modification of the paratricipital, it has the same indications and contraindications. 
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Figure 39-21. A: The triceps-splitting approach described by Campbell involves a midline split through the triceps tendon and medial head. B, C: The approach can 
be extended distally by splitting the triceps insertion on the olecranon and raising medial and lateral full-thickness fasciotendinous flaps. To gain further exposure of 
the posterior trochlea, the elbow is flexed and the olecranon tip may be excised. For ORIF, the medial and lateral collateral ligaments are preserved (asterisk). 
However, to obtain further exposure for TEA, they may be released (D). O, olecranon; U, ulnar nerve; T, triceps. (Reprinted with permission from Studer A, et al. The 
lateral para-olecranon approach for total elbow arthroplasty. J Hand Surg Am. 2013;38(11): 2219-2226. Copyright Elsevier 2013.) 


Triceps-Splitting Approach 
The triceps-splitting approach described by Campbell involves a midline split through the triceps tendon.*° The medial and lateral columns are exposed with 
subperiosteal dissection starting from the midline and moving outward (Fig. 39-21). Visualization of the articular surface of the distal humerus is 
challenging and can be improved by partial excision of the olecranon tip and flexion of the elbow. This approach can be extended proximally to the level of 
the radial nerve as it crosses the humeral shaft in the spiral groove. To expand the approach distally, the split can be extended through the triceps insertion to 
the subcutaneous border of the ulna. The triceps insertion on the olecranon is split midline, with release of Sharpey fibers creating medial and lateral 
fasciotendinous sleeves. At the conclusion of the procedure, the triceps tendon is repaired to the olecranon via transosseous nonabsorbable braided sutures. 
The advantages of the triceps-splitting approach are its relative technical ease and the ability to convert from ORIF to TEA with few consequences. The 
disadvantages of the approach include limited visibility of the articular surface, and the requirement of postoperative protection of the triceps repair to 


decrease the risk of extensor mechanism disruption. In order to improve triceps healing, Gschwend et al.°° modified the approach to incorporate a flake of 
olecranon bone. McKee et al.!°° compared the extensor mechanism strength of patients treated with an olecranon osteotomy versus a triceps-splitting 
approach and found no statistical significant difference, concluding that both approaches are effective. 


Triceps-Reflecting Anconeus Pedicle Approach 

The triceps-reflecting anconeus pedicle (TRAP) approach involves completely detaching the triceps from the proximal ulna with the anconeus muscle.!®° 
The approach is done through a longitudinal posterior skin incision after identification of the ulnar nerve. Kocher interval is used to elevate the anconeus 
muscle and develop the distal lateral portion of the flap (Fig. 39-22A). The medial portion of the flap is created by subperiosteal dissection from the 
subcutaneous border of the ulna. The anconeus flap is then reflected proximally to expose the triceps insertion which is also sharply released (see Fig. 39- 
22B). The entire triceps—anconeus flap is then reflected proximally releasing the triceps muscle from the posterior aspect of the distal humerus (see Fig. 39- 
22C). This approach provides good exposure to the posterior elbow joint while protecting the neurovascular supply to the anconeus muscle. The TRAP 
approach also avoids the complications of an olecranon osteotomy and allows the use of the trochlear sulcus as a template to assist with articular reduction 
of the distal humerus. The major disadvantage of this approach is that the triceps is completely released from its insertion, and therefore, there is a risk of 
triceps dehiscence and extensor weakness. 


Van Gorder Approach (Triceps Tongue) 


The Van Gorder approach involves division of the triceps tendon at its musculotendinous junction.2°” The approach is most commonly used for TEA and 
rarely for ORIF of distal humerus fractures. Transection of the triceps is done in the shape of a V so that a V to Y plasty can be done if lengthening of the 
extensor mechanism is required. As the triceps is completely divided in this approach, it has the same risks as the TRAP approach. This approach is 
indicated for ORIF of distal humerus fractures when there is an associated complete or high-grade partial triceps tendon laceration. In a cadaveric study, 
Winek et al. compared?® the percent articular exposure of the distal humerus with a triceps tongue approach to an olecranon osteotomy. The authors 
showed that the triceps tongue approach allowed for visualization of approximately one third of the joint compared with 58% of the joint with an olecranon 
osteotomy. Clinically, Weber et al.?°* compared the outcomes of triceps tongue approach to olecranon osteotomy for exposure of intra-articular distal 
humeral fractures. A total of 28 patients were retrospectively identified and their outcomes compared. The triceps tongue group had less blood loss and 
achieved a greater flexion-extension arc (108 degrees vs. 93 degrees) than the olecranon osteotomy group. There were no differences in the DASH scores, 
procedure times or union rate. The complication profile favored the triceps tongue group. The rate of ulnar nerve neuritis was 33% for the olecranon 
osteotomy group and 0% for the triceps tongue group. In the olecranon osteotomy group, 27% of patients reported complications directly related to the 
osteotomy. Another advantage of the triceps tongue approach is that it can be easier to convert to a TEA if needed. 


Lateral Approaches to the Distal Humerus 


Lateral approaches to the elbow can be accessed via a direct lateral skin incision or by a posterior longitudinal skin incision with elevation of a lateral 
fasciocutaneous flap. The approaches that will be discussed are the Kocher, Kaplan, and extensor digitorum communis (EDC) split. Access to the 
radiocapitellar joint can also be obtained through a lateral epicondylar osteotomy!”? or via a concurrent fracture of the lateral epicondyle. 

The Kocher, Kaplan, and EDC split approaches are used to treat capitellar and radial head fractures. Proximal extension of these approaches can be used 
to access the lateral column, to treat partial articular lateral column fractures and some transcolumn fractures. 

The Kocher approach involves identification of the interval between extensor carpi ulnaris (ECU) and anconeus.!*! This interval can be identified by a 
thin fat stripe or by the perforating branches of the recurrent posterior interosseous artery (Fig. 39-23A). The interval is developed by bluntly undermining 
the anconeus muscle which will allow identification of the elbow joint capsule and the capsular thickening, that is, the LUCL (see Fig. 39-23B,C). Some of 
the common extensor tendon origin will have to be elevated off the LUCL to allow an arthrotomy to be made anterior to the ligament (see Fig. 39-23D). 
The forearm is pronated during the approach, which moves the posterior interosseous nerve more anterior and distal. The radial neck is exposed by incising 
the annular ligament. This approach can be extended proximally by releasing the extensor carpi radialis longus (ECRL) and the brachioradialis off the 
anterolateral supracondylar ridge. To expose the posterolateral elbow joint and posterior aspect of the lateral column, another arthrotomy is made posterior 
to the LUCL and the triceps is elevated off the posterior lateral column. 

An easier, and some believe safer, approach to the radiocapitellar joint is the EDC split. This approach involves creation of a lateral elbow arthrotomy at 
the equator of the radiocapitellar joint (Fig. 39-24). The site of the arthrotomy is chosen by palpating the capitellum and radial head to determine the mid- 
equator. The structures below the equator include the LUCL and the posterolateral joint capsule which should not be incised as they are important elbow 
stabilizers. The arthrotomy, therefore, is made in-line with the tendon fibers of EDC at the equator of the radiocapitellar joint and may be extended 
proximally along the anterolateral aspect of the lateral column. Dissection below the mid-equator is avoided as it may disrupt the LUCL. 


Figure 39-22. The triceps-reflecting anconeus pedicle (TRAP) approach is done through a longitudinal posterior skin incision after identification of the ulnar nerve. 
The interval between anconeus and extensor carpi ulnaris is used to elevate the anconeus muscle and develop the distal lateral portion of the flap. The medial portion of 
the flap is created by subperiosteal dissection from the subcutaneous border of the ulna. The anconeus flap is then reflected proximally (A) to expose the triceps 
insertion, which is also sharply released (B). C: The entire triceps—anconeus flap is then reflected proximally releasing the triceps muscle from the posterior aspect of 
the distal humerus. O, olecranon; FCU, flexor carpi ulnaris; ECU, extensor carpi ulnaris; LCL, lateral collateral ligament; A, anconeus. 


The Kaplan approach uses the interval between ECRL and EDC to access the radiocapitellar joint.!2° The approach provides good exposure of the radial 


head and capitellum and remains anterior to the LCL insertion. The forearm should be pronated during distal extension of the approach to maximize the 
distance to the posterior interosseous nerve.®? 


Medial Approaches to the Distal Humerus 

Medial approaches to the elbow can be accessed by a direct medial skin incision or by a posterior longitudinal skin incision with elevation of a medial 
fasciocutaneous flap. When using a direct medial skin incision, care should be taken in identifying and protecting the branches of the medial antebrachial 
cutaneous nerve. The medial approaches can be used to treat isolated partial articular medial column fractures, trochlear fractures, coronoid fractures, and 
fractures of the medial epicondyle. 


Figure 39-23. Kocher approach to the anterolateral elbow joint uses the interval between extensor carpi ulnaris (ECU) and anconeus. A: This interval can be 
identified by a thin fat stripe (arrow). B, C: The interval is developed by bluntly undermining the anconeus muscle which will allow identification of the elbow joint 


capsule and the capsular thickening, that is, the lateral ulnar collateral ligament (LUCL). D: The posterior portion of the common extensor tendon origin will have to be 
elevated off the LUCL to allow an arthrotomy to be made anterior to the ligament. RH, radial head. 
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Figure 39-24. The extensor digitorum communis (EDC) split approach. The EDC tendon is split anterior to the mid-equator of the radiocapitellar joint to avoid injury 
to the lateral ulnar collateral ligament. 


Hotchkiss described the medial “over-the-top” approach, which starts with identification and transposition of the ulnar nerve.9%!9* The medial 
supracondylar ridge is identified and the flexor-pronator origin is released off the ridge to the level of the medial epicondyle. At the medial epicondyle, the 
flexor origin is split distally in-line with its fibers. Dissection directly inferior to the medial epicondyle is avoided as it may disrupt the anterior bundle of the 
MCL. 

The medial coronoid, the anterior bundle of the MCL, and the posteromedial ulnohumeral joint can be accessed through an approach that starts at the 
floor of the cubital tunnel. The humeral head of the FCU, palmaris longus, flexor carpi radialis, and pronator teres are bluntly elevated off the anterior 
bundle of the MCL and joint capsule in a posterior-to-anterior direction. Once exposed, an arthrotomy is made anterior to the anterior bundle of the MCL to 
enter the anterior aspect of the ulnohumeral joint. The posteromedial aspect of the ulnohumeral joint is accessed by dividing the posterior and transverse 
bundles of the MCL. Taylor and Scham described a similar approach with the only difference being that the ulnar head of FCU is elevated anteriorly with 
the other flexors. 


Anterior Approach to the Distal Humerus 


The anterior limited approach to the elbow (ALAE) is a direct approach to the distal humerus which has advantages in treating coronal fractures of the 
capitellum and the trochlea with anterior to posteriorly directed screws. Whilst technically demanding, the ALAE utilizes soft tissue windows in the anterior 
aspect of the distal humerus, bypassing the major neurologic and vascular structures and allowing direct access to the capitellum, trochlea, radial head, and 
coronoid process (Fig. 39-25). Ballesteros-Betancourt et al.?? reported a series of eight patients with capitellar and trochlear fractures treated with the ALAE 
approach. At a median of 33 months, all patients demonstrated radiologic fracture union without signs of osteonecrosis. The average flexion and extension 
arc was 10 to 138 degrees. One patient developed complex regional pain syndrome which resolved by 4 months. No other complications were reported. 


Figure 39-25. A: The anterior limited approach to the elbow is performed through a transverse skin incision in the anterior aspect of the elbow. The capitellum is 
exposed and reduced anatomically. B: Kirschner wires are passed perpendicular to the fracture line from anterior to posterior. Anteroposterior (C) and lateral (D) 
radiographs to ensure correct Kirschner wire position and length. (Reproduced from Ballesteros-Betancourt JR, et al. The anterior limited approach of the elbow for the 
treatment of capitellum and trochlea fractures: Surgical technique and clinical experience in eight cases. Injury. 2020;51(Suppl 1):S103-S111, with permission from 
Elsevier.) 


ORIF of Extra-Articular and Complete Articular Fractures (OTA/AO Types A and C Fractures) 


ORIF of Extra-Articular and Complete Articular Distal Humerus Fractures (OTA/AO Types A and C Fractures): 


KEY SURGICAL STEPS 


Posterior skin incision 
Elevation of full-thickness medial and lateral fasciocutaneous flaps 
Prepare the ulnar nerve for anterior subcutaneous transposition 
Chevron-shaped olecranon osteotomy in patients with comminuted intra-articular OTA/AO type C3 fractures 
Paratricipital approach in patients with simple articular fractures (OTA/AO type C1 and C2) and extra-articular fractures (OTA/AO type A2 and 
A3) 
The origins of the common flexor and extensor tendons are preserved on the epicondyles as are the collateral ligament origins. 
Fracture hematoma is evacuated and the raw fracture surfaces are cleaned of loose debris. 
Utilized K-wires for manipulation and provisional reduction of fracture fragments. 
Achieve provisional fixation of the articular segment with K-wires. 
Definitive fixation of the articular segment can be done with one or two centrally placed screws along the capitellar—trochlear axis or by screws 
placed through plates that are applied in a parallel fashion. 
Longitudinal K-wires are used to temporarily fix the reconstructed articular segment to the shaft to allow columnar plate application. 
The articular segment is then attachment to the medial and lateral columns or distal humerus shaft via orthogonal, parallel, or triple plating. 
Many well-positioned screws are inserted through the plates into the articular segment. 
e Ideally, the screws should be as long as possible and engage as many articular fragments as possible. 
LJ The plates are then fixated to the humeral shaft with the first diaphyseal screws inserted in an eccentric fashion to provide supracondylar fracture 
compression. 
e Ideally, the plates should end at different levels on the humeral shaft to minimize the stress riser effect. 
LJ The elbow is placed through a range of motion to ensure there is no impingement or instability. 


An extensile posterior skin incision is used with elevation of full-thickness medial and lateral fasciocutaneous flaps. The ulnar nerve is exposed, tagged, and 


prepared for anterior subcutaneous transposition, which will be done at the completion of the procedure. 

In patients with comminuted intra-articular OTA/AO type C3 fractures, we prefer a chevron-shaped osteotomy through the bare area, which is then 
fixated with a precontoured olecranon plate (see section on Olecranon Osteotomy). The plate is preapplied to the olecranon before the osteotomy; this 
facilitates olecranon reduction and plate application at the end of the operative procedure. For simple articular fractures (OTA/AO type C1 and C2) and 
extra-articular fractures (OTA/AO types A2 and A3), we prefer the paratricipital (see Fig. 39-19) or lateral paraolecranon approach (see Fig. 39-20). This 
allows bicolumn exposure and plating with preservation of the triceps mechanism. Simple intra-articular fractures can be reduced indirectly by anatomic 
reduction of the supracondylar-level fracture. The articular reduction can be assessed with elbow flexion and direct visualization of the posterior aspect of 
the trochlea or with fluoroscopy. The articular reduction may also be visualized directly by creation of a third surgical window in Boyd interval, between the 
anconeus muscle and lateral olecranon.!” 

The lateral paraolecranon approach is preferred for cases where the reparability of the fracture will be determined intraoperatively. If the fracture is 
deemed fixable, it may be carried out through this approach or it can be converted to an olecranon osteotomy. In cases where the fracture is deemed 
irreparable, a TEA may be done via the lateral paraolecranon approach. 

For OTA/AO type C fractures, once the distal humerus articular surface is adequately exposed, the fracture hematoma is evacuated and the raw fracture 
surfaces are cleaned of loose debris. The origins of the common flexor and extensor tendons are preserved on the epicondyles as are the collateral ligament 
origins. The fracture fragments can be manipulated manually or with small-diameter K-wires used as joysticks. We typically prefer K-wires for 
manipulation and provisional reduction of fracture fragments (Fig. 39-26). Usually, we place one K-wire through the fractured surface of the medial 
trochlea, aiming toward the medial epicondyle, running along the trochlear axis. This K-wire is then pulled out through the medial epicondyle until its tip 
lies flush and perpendicular to the fracture surface of the medial trochlea. A similar K-wire is placed through the lateral articular fragment. These wires are 
then used to individually manipulate the fracture fragments, to reduce and interdigitate them. A large pointed reduction tenaculum is used to hold the 
reduction and to provide compression until the medial K-wire can be drilled into the lateral fragment and the lateral K-wire drilled into the medial fragment. 
This provides provisional fixation of the articular segment. 

Definitive fixation of the articular segment can be done with one or two centrally placed screws along the capitellar—trochlear axis (Fig. 39-27) or by 
screws placed through plates that are applied in a parallel fashion (Fig. 39-28). Ideally, intrafragmentary compression is best, however, not at the expense of 
shortening the trochlea in the medial—lateral plane. The trochlea is particularly susceptible to shortening when central comminution exists and lag screw 
fixation is used. In these instances, fully threaded (nonoverdrilled) position screws rather than lag screws should be used to stabilize the articular segment. 
Once the provisional articular reduction is obtained with transfixing K-wires, we typically place a single fully threaded standard screw (2.7, 3.0, or 3.5 mm) 
along the axis of the articular segment to maintain the reduction (see Fig. 39-24E). This screw is usually inserted medial to lateral with its starting point 
located in the center of the trochlea. A small diameter axis screw is used to minimize its effect on other screws that will eventually be used to fixate the 
articular segment through plates to the diaphysis. When using small-diameter screws, our preference is not to use titanium as the resistance encountered 
during screw insertion in good-quality bone has been known to shear off the screw heads. 
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Figure 39-26. A: Open reduction and internal fixation of an intra-articular distal humerus fracture via an olecranon osteotomy. B: K-wires are used as joysticks to 
manipulate the fracture fragments into an anatomic reduction. A large tenaculum is used to stabilize the reduction (C) while the K-wires are drilled into the opposite 
articular fragment (D) to provisionally fixate the segment. E: A small-diameter screw is then inserted from medial to lateral. F: After the articular segment is fixated, it 
is reduced to the shaft and provisionally stabilized with long bicortical K-wires inserted up on each column. G-I: Definitive articular segment to shaft fixation is 
obtained with bicolumnar plating in a parallel or orthogonal fashion. Ideally, as many screws as possible are inserted through the plates into the articular segment, the 
screws should be as long as possible and they should engage as many articular fragments as possible. Screws should not be placed through the olecranon fossa as they 
may lead to impingement and decreased range of motion in extension. 


Small articular fracture segments that cannot be incorporated into the greater fixation construct should be independently fixated. These small articular 
fractures may be located anteriorly and can be exposed by internally rotating the appropriate column fragment. Supplementary implants should be available 
to address these small osteochondral fragments, such as, mini-fragment plates, headless compression screws, countersunk small-diameter screws, threaded 
K-wires, and/or bioabsorbable pins. These supplementary implants require strategic placement such that they do not interfere with trochlear fixation and 
bicolumnar plate application that will link the articular segment to the diaphysis. 

The articular segment (OTA/AO type A fractures and OTA/AO type C fractures after articular fixation) requires rigid attachment to the medial and 
lateral columns or distal humerus shaft. This can be accomplished by orthogonal,°*4! parallel,22!,2”2 or triple plating.®°:!46 No clinical superiority of either 
method has been reported when comparing orthogonal to parallel plating techniques. Surgeons should be familiar with all plating techniques, including 
parallel, orthogonal, and triple plating, as some fractures will lend themselves to one technique over another. Generally, we prefer the technique of parallel 


plating; however, it does have its disadvantages. Thin and active patients may complain of hardware irritation from a prominent lateral plate. Therefore, in 
cases with a “high” lateral supracondylar-level fracture, a posterolateral plate may be preferable (Fig. 39-29). 


Figure 39-27. A, B: Anteroposterior and lateral radiographs of a comminuted intra-articular distal humerus fracture (OTA/AO type C3) in an active 85-year-old 
woman. C, D: The articular fragments were first fixated with two (arrow) centrally placed screws along the capitellar—trochlear axis. The reduced articular segment 
was then fixated to the shaft with triple plating. E, F: At 12-months follow-up, the fractures have healed and the patient has functional range of motion. 


39-28. A, B: A bicolumn (OTA/AO type C1) fracture treated with ORIF via an olecranon osteotomy. C, D: The distal humerus articular segment is fixated 
with three medial and three lateral screws placed through parallel plates. 


Orthogonal plating involves the placement of plates on both columns at approximately 90-degree angles (see 28). Usually, the lateral plate is 
placed as distal as possible along the posterior aspect of the lateral column. The lateral plate should be contoured with a bend that matches the posterior 
curvature of the lateral column. To achieve maximum distal fixation, the end of the plate should lie just proximal to the posterior articular surface of the 
capitellum. Placement of the plate further distal may lead to impingement of the radial head against the plate in extension, resulting in pain and limited 
range of motion. Ideally, the lateral plate should be a 3.5-mm dynamic compression plate or equivalent. The medial plate is usually applied on the medial 
supracondylar ridge with contouring to curve around the medial epicondyle. The plate is typically a 3.5-mm reconstruction plate to allow easier bending; 
however, a 3.5-mm dynamic compression plate or a newer fracture-specific precontoured plate may be preferred. 


A, B c 
Figure ). A: An AP injury radiograph demonstrating a displaced intra-articular distal humerus fracture in association with an ipsilateral humeral shaft fracture. 
The fractures were exposed via a paratricipital approach extended proximally into a Gerwin et al. approach. B, C: The patient’s distal humerus fracture was fixated 
with orthogonal 3.5-mm dynamic compression plates that were intraoperatively contoured. This technique has been popularized by the AO group and involves the 
placement of plates at 90-degree angles to each other. Usually, the lateral plate is placed as distal as possible along the posterior aspect of the lateral column. The 
medial plate is placed over the medial supracondylar ridge and curved around the medial epicondyle. 


Parallel plating also uses two plates, but the plates are placed relatively parallel to each other on their respective supracondylar ridges ( 9-30). 
Screws into the articular segment are preferentially placed through the plates to link the articular segment to the humeral shaft. Ideally, the longest possible 
screws should be inserted through the plate, to capture as many articular fragments as possible, and to engage fragments that are secured to the opposite 
column.*?*°**" This technique may be difficult to achieve and not always possible to perform. For example, longer screws can deflect and bend as they 
pass one another, causing displacement of tenuously stabilized osteochondral fragments. 

Our preference is that longitudinal K-wires are used to temporarily fix the reconstructed articular segment to the shaft to allow columnar plate 
application (see k ). Precontoured plates are then provisionally applied to the medial and lateral columns with K-wires placed distally and serrated 
bone reduction clamps proximally. Then, as many screws as possible are inserted through the plates into the articular segment (see ; 5G); ideally, the 
screws should be as long as possible and engage as many articular fragments as possible. Screws should not be placed through the olecranon fossa as they 
may lead to impingement. The plates are then fixated to the humeral shaft with the first diaphyseal screws inserted in an eccentric fashion to provide 
supracondylar fracture compression. Ideally, the plates should end at different levels on the humeral shaft to minimize the stress riser effect (see 

and I). Once ORIF of the distal humerus fracture is complete, the elbow is placed through a range of motion to ensure there is no impingement or 
instability. 

Metaphyseal bone loss may be present in high-energy comminuted distal humerus fractures. This bone loss can be addressed with supracondylar 
shortening or bridge plating with autologous bone graft or allograft. Supracondylar shortening involves removing the comminuted fragments of metaphyseal 
bone and compressing the reconstructed articular segment to the distal humeral shaft. Typically, the distal end of the shaft will require reshaping to increase 
the contact area between it and the articular segment.*’° If absolute rigid fixation cannot be achieved to allow early range of motion, triple plating should be 
considered, as recommended by Gofton et al.°’ and Jupiter.‘"" Triple plating can also be useful for fixation of coronal plane fractures (see 9-27). 
Another technique for management of critical-sized bone loss is using the two-stage, membrane inducing “Masquelet” technique. In a recent systematic 
review by O’Connor et al.,*’° the authors reported on 14 cases of humeral bone defects treated with the Masquelet technique. Three complications occurred, 
including one case of infected nonunion, one case of plate fracture requiring revision ORIF and one case of superficial infection. 


30. A, B: A 21-year-old man sustained an intra-articular distal humerus fracture associated with a coronal shear fracture of the capitellum. The capitellar 
fracture was fixated with a mini-fragment plate applied posteriorly and a headless compression screw. C, D: The articular segment was then rigidly linked to the 
humeral shaft with a parallel plating technique. C, capitellum. 


Several precontoured plating systems are available for fixation of distal humerus fractures. Although these plates are marketed as precontoured, they 
generally still require some contouring to match distal humeral anatomy. Newer precontoured locking plates are also available and are of two types, fixed 
angle locking and variable angle locking. These plates may offer enhanced fixation in osteopenic bone; however, this has not yet been shown to be clinically 
superior. The disadvantage of the fixed angle locking plates is that the screws have predetermined trajectories, which may not accommodate all fracture 
patterns in all patients. In some plate designs, the predetermined screw trajectory aims toward the articular surface, which may predispose to joint 
penetration if screws are placed too long. 


A al B 
Figure 39-31. Fracture of the capitellum and the lateral ridge of the trochlea. A: The double arc sign is evident on the lateral radiograph (arrow). One arc represents 
the subchondral bone of the capitellum and the other arc represents the lateral ridge of the trochlea. (Reprinted with permission from McKee MD, et al. Coronal shear 
fractures of the distal end of the humerus. J Bone Joint Surg Am. 1996;78(1):49-54.) B: A different patient underwent open reduction and internal fixation with three 
headless compression screws inserted anterior to posterior. 


Surgical Technique for OTA/AO Types B1 and B2 Fractures 


In general, the fixation principles and techniques used for OTA/AO type C (bicolumn) fractures are applicable to types B1 and B2 (single-column) 
fractures. These fractures may be fixed with multiple screws or with single-column plating.'!* Single-column plating has the advantage of providing an 
antiglide construct at the proximal fracture line between the column and humeral shaft. In certain highly comminuted partial articular fractures in elderly 
patients with osteopenia, TEA may also be an appropriate treatment option. Elbow arthroplasty will be discussed later in this chapter. 


Surgical Technique of Partial Articular Fractures 

Surgical Technique for Capitellum Fractures With or Without Lateral Trochlear Ridge (OTA/AO Type B3.1) 

Fractures of the capitellum with or without involvement of the lateral ridge of the trochlea can be approached through an extensile posterior skin incision or 
a direct lateral skin incision. The advantages of a posterior longitudinal skin incision are that it allows access both medially and laterally and it decreases the 
risk of cutaneous nerve injury. The deep lateral approach is via Kocher interval'*! between anconeus and ECU. The arthrotomy is made anterior to the 
LUCL and is extended proximally along the anterior aspect of the lateral supracondylar ridge, which then allows access to the fractured capitellum. The 
fragment is typically anteriorly displaced and is reduced by elbow extension, forearm supination, and by application of a gentle varus force. Once an 
anatomic reduction is obtained, the fragment is provisionally fixated with smooth small-diameter K-wires. Permanent rigid internal fixation is obtained by 
countersunk screws!59.235 placed anterior to posterior through the articular surface (Fig. 39-31), or by screws placed into the capitellum in a retrograde 
fashion from the posterior aspect of the lateral column or by a combined method (Fig. 39-32). The placement of posterior-to-anterior screws has been shown 
to be biomechanically more stable and has the added clinical benefit of not violating the articular surface.®° In cases where rigid internal fixation is obtained, 
early active range of motion can be initiated. 

When there is comminution or impaction of the posterior aspect of the lateral column (Ring et al.?!° type II] and Dubberley et al.°” type B), it may 
prevent anatomic reduction of the anterior capitellar fracture. These impaction fractures may require disimpaction and possibly bone grafting to fill the bony 
defects. In cases with severe posterior comminution that may compromise anterior articular fixation, supplemental posterior lateral column plating may be 
required. Capitellar fractures that involve the lateral epicondyle (Ring et al.?!° type II) may be exposed by using the lateral epicondylar fracture as an 
osteotomy, reflecting the epicondylar fragment with the origin of the LCL distally (Fig. 39-33). After fixation of the capitellum, the lateral epicondyle 
fracture may be fixated with screws or a plate, if large enough. If the fragment is too small to fixate, it is treated as a lateral ligament tear with repair through 
bone tunnels. 

Rigid internal fixation of the Kocher—Lorenz!%’ or conventional type II osteochondral fractures is difficult as the fragments are thin and may be 
comminuted. Treatment options for these fractures include attempted fixation with bioabsorbable pins, excision of the fragment, osteochondral grafts, and 
capitellar arthroplasty. 


Surgical Technique for Capitellum and Trochlea Fractures (OTA/AO Type B3.3) 

Capitellar fractures that involve a large portion of the trochlea also require anatomic reduction and rigid internal fixation. Generally, these fractures require 
improved exposure of the medial trochlea, and several surgical approach options exist. The LCL origin on the lateral epicondyle can be released to allow the 
elbow to be hinged open laterally. By releasing the anterior and posterior joint capsules, the distal humerus articular surface is hinged open on the intact 
MCL. A similar approach utilizes a lateral epicondylar fracture, which may be reflected distally to hinge-open the elbow joint. Additionally, medial joint 
exposure can be obtained by a separate medial approach, such as the flexor-pronator split or the Hotchkiss medial “over-the-top” approach. A direct anterior 
approach can”? be utilized to gain access to the capitellar fracture and optimize screw trajectory from anterior to posterior.?* Finally, an olecranon 
osteotomy can be used to obtain optimum distal humerus articular exposure. 


Figure 39-32. A, B: Fracture of the capitellum and lateral ridge of trochlea associated with a radial head fracture. C-E: Through a posterior longitudinal skin 
incision, Kocher interval was used to approach the fractures for open reduction and internal fixation. C, capitellum; RH, radial head. 


Figure 39-33. A-C: Posterolateral dislocation of the elbow associated with a capitellar fracture, lateral epicondyle fracture, and comminution and impaction of the 
posterior aspect of the lateral column. D: The lateral epicondyle fracture with the lateral collateral ligament (forceps) was reflected distally, allowing access to the free 
capitellar fragment (inset). E: Because of the posterior comminution, a posterolateral plate was required to support the articular segment. 


Once exposed, these fractures are rigidly secured with small-diameter headless compression or standard countersunk screws inserted antegrade, or with 
standard screws inserted retrograde. Fractures that are comminuted or have epicondylar involvement may benefit from additional plate application. Bone 
grafting may also be required for fractures that are comminuted or impacted. 

Isolated trochlear fractures (OTA/AO type B3.2) are rare and should be treated with ORIF. Fixation may be done antegrade through the cartilage or 
retrograde from posterior through a medial deep approach. 


Surgical Technique for Arthroscopic Reduction and Percutaneous Fixation 


Arthroscopic reduction and percutaneous cannulated screw fixation is a described technique for treatment of isolated fractures of the capitellum.'*° The 
indications are narrow and include an acute, noncomminuted, simple, isolated fracture of the capitellum. Relative contraindications are associated 
comminution, posterolateral impaction, delayed presentation, and associated instability. 


The technique is demanding and a prerequisite is experience with elbow arthroscopy. Generally, the setup involves arthroscopic equipment and 
instruments, intraoperative fluoroscopy, and cannulated screw instrumentation. The patient is positioned lateral decubitus with the affected elbow flexed 
over an arthroscopic elbow positioner. A sterile tourniquet is used and a C-arm fluoroscopy unit is positioned such that appropriate intraoperative images 
can be obtained during arthroscopy. The standard arthroscopy portals are marked and the elbow joint is entered anteriorly. The hemarthrosis is evacuated 
and the displaced capitellar fracture visualized. It is the authors’ preference to now switch the camera to view the radiocapitellar joint from posterior. 
Through the posterolateral radiocapitellar portal, the radial head will be visible and the fracture bed of the capitellum. A closed reduction is now conducted 
as outlined in the previous section on closed reduction and casting. The articular reduction, once obtained, will be visible from the posterolateral portal (Fig. 
39-34) and can also be confirmed by viewing from anterior. Following an anatomic reduction, percutaneous cannulated screws can be placed posterior to 
anterior into the capitellum, using fluoroscopic assistance. 

The outcome studies on arthroscopic reduction and percutaneous screw fixation are few. Kuriyama et al.!*° described a case report of two patients and 
Hardy et al.®° of one patient, all with good outcomes and healing at short-term follow-ups. 


Implant Biomechanics for ORIF 


Controversy exists on which implant designs and plate configurations confer the greatest amount of stability when treating distal humerus fractures. 
Jacobson et al.!°” tested five different distal humerus plating constructs in cadaveric specimens. They reported that a medially applied 3.5-mm 
reconstruction plate along with an orthogonally applied posterolateral 3.5-mm dynamic compression plate provided the greatest sagittal plane stiffness, and 
equivalent frontal plane and torsion stiffness, compared with other constructs which included parallel and triple plating. Helfet and Hotchkiss’? also found 
that orthogonal plating provided greater rigidity and fatigue resistance compared with a single Y plate or crossed screws. 

In contrast, Schemitsch et al.?2° found that parallel plating with a medial 3.5-mm reconstruction plate and a lateral J plate had the greatest construct 
rigidity compared with four other plate configurations, including orthogonal plating with 3.5-mm reconstruction plates. Self et al.2°! found that parallel 
plating trended toward having greater rigidity and load to failure than orthogonal plating; however, the differences did not reach statistical significance. 
Arnander et al.,!° however, found that two 3.5-mm reconstruction plates applied in a parallel fashion did have statistically significant increased stiffness and 
strength in the sagittal plane compared with two 3.5-mm reconstruction plates applied orthogonally. 

Locking plates have several theoretical advantages, especially when used in patients with severe osteopenia. Schuster et al.22° demonstrated that locking 
3.5-mm reconstruction plates applied orthogonally had superior cyclic failure properties compared with conventional nonlocked plates applied in a similar 
fashion in cadavers with low bone mineral density. Stoffel et al.2*” compared the mechanical stability of two different commercially available precontoured 
locking distal humeral plating systems. They reported significantly higher stability in compression, external rotation, and a greater ability to resist axial 
plastic deformation in the parallel plate system versus the orthogonal plate system. 

A more recent cadaveric biomechanical study by Caravaggi et al. investigated the fixation of distal humerus fractures, both with conventional and 
locked plating in both parallel and orthogonal orientations.*° Twenty-eight upper extremities from 14 cadavers were prepared to create four implant testing 
constructs: Synthes locking plates (medial and posterolateral with lateral flange), Acumed parallel locking plates, Smith & Nephew orthogonal locking 
plates, and Synthes orthogonal 3.5-reconstruction plating (1 posterolateral and 1 medial). A 5-mm supracondylar osteotomy was made to simulate the 
fracture. Stiffness in axial and sagittal plane loading, fatigue properties (over 5,000 cycles), and ultimate strength were determined for each construct by 
biomechanical testing. The parallel locking plate configuration showed significantly higher stiffness to axial load and ultimate failure strength (p < .05) 
compared with orthogonal locked and nonlocked plating (Fig. 39-35). Locked plating configurations performed significantly better than nonlocked plating 
configurations, regardless of orientation. 

It should be noted, that no clinical difference has yet been demonstrated between parallel and orthogonal plating, and more likely than not, both are 
acceptable as long as the principles of rigid internal fixation are met. On the contrary, there is no debate in the use of one-third tubular plates, which have 
been shown to have insufficient strength and are susceptible to breakage.°*!81,18.254 These plates should not be used in the primary two-plate construct; 
however, they may be used as a supplementary third plate. 


Postoperative Care 


Patients are placed in a well-padded plaster extension splint applied anteriorly and are encouraged to keep the arm elevated to minimize swelling. Active 
hand range of motion is started immediately. Elbow range of motion is started between days 2 and 7 postoperatively, depending on the status of the incision. 
Generally, active-assisted and active range of motion are encouraged (flexion, extension, pronation, and supination) for patients with a paratricipital 
approach, paraolecranon approach, or an olecranon osteotomy fixated with a plate. Passive extension is reserved for patients who underwent an extensor 
mechanism disrupting approach. Typically, a night extension splint is used for the first 6 weeks. At 6 weeks postoperative, passive stretching and static 
progressive splinting are used if required. Strengthening may begin at 12 weeks providing there is evidence of radiographic union. 
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Figure 39-34. Radiograph (A) and three-dimensional CT (B) of a simple displaced fracture of the capitellum and lateral trochlea. An arthroscopic reduction with 
percutaneous cannulated screw fixation was done. C: Viewing from the posterolateral portal, the radial head, proximal radioulnar joint, and the fracture bed of the 
capitellum are visible. After a reduction maneuver, the fracture reduction is assessed arthroscopically (D) and fluoroscopically (E). F, G: At 1-year follow-up after 
screw fixation, radiographs demonstrate anatomic healing. 


Distal Humerus Fracture: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Missed skin tenting, excessive swelling, fracture blisters e Application of a well-padded splint while awaiting surgery 
e Recheck skin, soft tissues, and neurovascular status immediately before surgery 
Unrecognized coronal shear fractures and articular comminution e CT scan for complex fracture patterns (preferred) or traction radiographs 
(fracture line between medial trochlea and medial epicondyle) e Appropriate surgical approach for visualization 
e Have supplementary fixation available (headless compression screws, threaded K-wires, and/or 
bioabsorbable pins) 
Failure to recognize bone loss in open fractures e CT scan for complex fracture patterns 


e Be prepared for bone grafting by adding it to the consent form and prep and draping iliac crest 
e Understand technique of supracondylar shortening 


e Understand induced membrane “Masquelet” technique 


e Critically examine fracture pattern and choose an approach that balances required visualization for 
ORIF versus complications 
e Understand extensile options 


Ineffective surgical exposure 


Irreparable distal humerus fracture with comminution and osteopenia in © Be prepared for TEA, add to consent, and have the system available 
an elderly patient e Conduct a surgical approach that is conducive for elbow arthroplasty 


Radial nerve injury with placement of a long lateral plate e Understand radial nerve anatomy 
e Radial nerve identification and protection for “high” lateral column fractures 


Inadequate fixation of “low” transcolumn fractures e Place as many screws as possible into the distal articular segment 
e Use fracture-specific plates that allow high-density distal screw placement 


Screws placed across the olecranon fossa causing impingement e Use fluoroscopy to ensure all hardware is extra-articular and of appropriate length 
e Check elbow range of motion to ensure there is no impingement 
e Visually confirm the absence of intra-articular or impinging screws 


e Compress the articular segment to the shaft with plate-compression technique 
e Be prepared to bone graft or conduct supracondylar shortening in cases with bone loss 
e Be prepared to use the membrane-inducing “Masquelet” technique 


Supracondylar nonunion 


Ulnar neuropathy e Identify and protect ulnar nerve during surgical approach and ORIF 
e Preoperative neurologic examination to document preexisting nerve injuries 


Surgical reconstruction of a comminuted intra-articular distal humerus fracture requires a systematic approach, starting with the appropriate exposure and 
concluding with stable fixation in order to initiate early motion. Potential pitfalls include an ineffective exposure, such as using a paratricipital approach to 
visualize and conduct ORIF on a highly comminuted distal humerus articular segment. Advanced approaches, such as an olecranon osteotomy or another 
extensor mechanism releasing approach, should be considered for effective visualization. The choice of plates with insufficient strength, such as semitubular 
plates, has been shown to increase the rate of implant failure, nonunion, and malunion. This is no longer an issue with commercially available fracture- 
specific contoured plating systems, which tend to have plates of sufficient strength. Other potential pitfalls include intra-articular screws, screws placed into 
the olecranon fossa resulting in impingement, decreasing the width of a comminuted trochlea fracture with lag screws, and radial nerve injury with 
placement of a long lateral plate. The abovementioned complications are preventable with awareness and sound surgical techniques. 


Outcomes 
Outcomes of ORIF of Extra-Articular and Complete Articular Fractures 


When the principles of anatomic restoration of the joint surface, bicolumn plating, and rigid internal fixation to allow early range of motion are employed, 


good outcomes can be expected for patients with intra-articular distal humerus 


fractures 8,16,18,43,55,58,64,68,73,77,83,85,87,100,131,133,170,173,184—186,203,216,221,225,232,241,267,270 
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Figure 39-35. Experimental setup (A) and results (B) of biomechanical analysis comparing parallel with orthogonal plate fixation. 


When averaging the outcomes of studies published between 2002 and 2022 (Table 39-5), 86% of patients experienced good to excellent outcomes at a 
mean follow-up of 46 months. Doornberg et al.” have shown that the rate of good to excellent outcomes is durable in the long term (12-30 years). Patients 
who sustain isolated intra-articular fractures of the distal humerus can expect some loss of elbow range of motion, although functional range of motion (3- 
130 degrees) is usually attained. As would be expected, patients who sustain distal humerus fractures in association with polytrauma or severe soft tissue 
injuries can anticipate worse outcomes.*! 

Gofton et al. reported the patient-rated outcomes and physical impairments after orthogonal plating of OTA/AO type C distal humerus fractures in 23 
patients. The SF-36 scores of patients at final follow-up compared with age- and sex-matched controls showed no significant differences. Patients rated their 
overall satisfaction at 93% and functional assessment indicated a 10% subjective loss of function when comparing the affected limb with unaffected limb. 
The mean score on the DASH questionnaire was 12, which is very close to the overall normative score of 10.1.10? The isometric strength of the affected 
elbow was significantly reduced in all ranges, although grip and pinch strength were not statistically different between affected and unaffected limbs. 
McKee et al.!5° also found decreased strength in the affected elbows and rated it at approximately 75% of normal. The mean DASH score was 20 points, 
indicating a mild residual impairment. Two of the eight parameters of the SF-36, physical function and role-physical, demonstrated small but significant 
differences between age-matched controls. 


Outcomes of ORIF of Partial Articular Fractures 


The outcomes after ORIF of capitellar fractures with or without involvement of the lateral trochlear ridge have been shown to be predictably 
good.“457,62,72,105,140,159,199,210,224,236,260 More complex fracture patterns with involvement of the anterior trochlea also have a relatively good 
prognosis®”-148,210,244; however, Dubberley et al.°” and Durakbasa et al.®* have shown that the outcomes do deteriorate with increasing fracture complexity. 
Furthermore, in a series of 45 consecutive patients with capitellar and trochlear fractures, the authors showed the presence of posterior comminution (type B 
fractures according to Dubberley classification) resulted in worse outcomes with and higher complication rates compared with type A fractures.!“° 


TEA for Distal Humerus Fractures 


Indications and Contraindications 


TEA for Distal Humerus Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Elderly patients with osteopenia, comminution, and articular fragmentation 
e Patients with preexisting conditions of the elbow such as RA 


Contraindications 


e Young active high-demand patients 
e Active infection 
e Insufficient soft tissue coverage 


Nonoperative treatment of distal humerus fractures, although appropriate for some elderly patients, often leads to loss of motion and unsatisfactory 
functional outcomes. Open reduction and rigid internal fixation is considered the gold standard, however, may not be attainable in elderly patients with 
osteopenia, comminution, and articular fragmentation or in patients with preexisting conditions of the elbow such as RA (Fig. 39-36). In cases where rigid 
internal fixation cannot be achieved to allow early range of motion, resultant prolonged immobilization often leads to poor outcomes.? TEA for such 
fractures is a reliable treatment option with good outcomes. ”!!14,23,39,59,77,80,82,91, 114-116, 128,142,154,167,171,200,201 


TABLE 39-5. Summary of Outcomes of OTA/AO Type C (Intra-Articular) Distal Humerus Fractures 


Percentage Percentage 
Average With With 
Number Age of Percentage Average Outcome Excellent Satisfactory 
of Patients of Open Surgical Follow-Up, Assessment or Good or Poor 
Author Year Fractures (Range) Fractures Approach mo (Range) Used Outcomes Outcomes 
Pajarinen and 2002 18 44 (16-81) 28 OO* 25 (10-41) OTA 56% 44% 
Bjorkenheim'* 
Ozdemir et al."** 2002 34 38 (20-78) 15 (070) 82 Jupiter 62% 38% 
(24-141) 
Gupta and 2002 55 39 (18-65) ll 1300 48 Aitken 93% 7% 
Khanchandani” 42 TS (24-108) 
Robinson et al.?7!° 2003 119 53 (13-99) 15 (ele) 19 (5-32) N/A N/A N/A 
Gofton et al. 2003 23 45 (14-89) 30 OO* 45 (14-89) DASH, 93% 7% 
PRUNE, 
ASES-e, SF-36 
Yang et al.?”° 2003 17 41 (16-69) 29 OO 17 (13-38) MEPS 88% 12% 
Frankle et al.” 2003 12 74 (65-86) 0 1000;2TS 57 (24-78) MEPS 67% 33% 
Allende et al.* 2004 40 42 (16-77) 25 3100;9TR 47 (13-94) Jupiter, OTA 85% 15% 
Aslam and 2004 26 56 (18-82) 12 (070) 35 (24-48) Broberg/ 70% 30% 
Willett’ Morrey 
Soon et al." 2004 12 43 (21-80) 0 500;7 TS 11 (2-21) MESP 92% 8% 
Huang et al.!°° 2005 19 72 (65-79) 5 00 97 Cassebaum, 100% 0% 
(60-174) MEPS 
Ozer et al. 2005 ll 58 (16-70) 27 TRAP 26 (14-40) OTA 91% 9% 
Sanchez-Sotelo 2007 34 58 (16-99) 41 17 TRAP 24 (12-60) MEPS 84% 16% 
et al.”! 500 
8 PT 
2BM 
2 IT 
Doornberg et al.” 2007 30 35 (13-64) 30 2000 19 years DASH 87% 13% 
(12-30 ASES-e 
ete MEPS 
Ek et al.“ 2008 7 41 (12-73) 14 BM 35 (6-78) MEPS, SF-36 100% 0% 
DASH 
Greiner et al.® 2008 12 55 (21-83) 42 OO* 10 (6-14) MEPS 100% 0% 
DASH 
Athwal et al.!® 2009 32 56 (19-88) 31 18 00 27 (12-54) MEPS 69% 31% 
12 TRAP DASH 
LPT 
Pe ely 
Liu et al” 2009 32 69 (62-79) N/A (010) 24.5 MEPS 100% 0% 
(14-60) 
Lietal.™! 2011 56 50 (18-70) 23 OO 30 (6-70) ROM N/A N/A 
Puchwein et al.2% 2011 22 43 (15-88) 27 19 OO? 69+ Cassebaum 82% 18% 
(36-102) Jupiter 


Quick-DASH 


Erpelding et al.°* 2012 17° 47 (18-85) 21 FF 27 (5-82) MEPS 92% 8% 


DASH 
Ducrot et al.** 2012 25 80 (66-97) 18 OO* 25 (10-64) MEPS 85% 15% 
PE 
BM 
Saragaglia et al.??° 2013 35 46 (16-95) Lil TAOOTR 115 MEPS 97% 3% 
(24-227) Quick-DASH 
Xie et al.?°” 2013 19 44 (18-79) 5 PT 16 (7-43) MEPS 100% 0% 
Clavert et al.” 2013 181 77 (65-98) 20 OOTA 35 (6-142) MEPS 75% 25% 
Muzaffar et al.!? 2014 25° 39 (22-70) 12 OO* 12 MEPS 88% 12% 
Flinkkilä et al.” 2014 47> 60 (18-98) 17 OO" 47 (19-95) MEPS 81% 19% 
PT DASH 
SF-36 
Shannon et al.” 2018 21 78 (70-84) 13 OO 48 (12-96) MEPS 100% 0% 
TA Quick-DASH 
Moursy et al. "7° 2022 30° 78 (70-90) 17 (070) 45 MEPS 85% 15% 
PT (12-108) 
TA 
Total/mean 1,011 54 19 46 86% 14% 


*Olecranon osteotomy performed in most cases. 

’Most fractures are type C. 

BM, Bryan—Morrey; N/A, not applicable; OO, olecranon osteotomy; PT, paratricipital; ROM, range of motion; TA, triceps split; TR, triceps reflecting; TRAP triceps reflecting anco- 
neus pedicle; TT, triceps tongue. 


Absolute contraindications to TEA for distal humerus fractures include active infection and insufficient soft tissue coverage. The most important relative 
contraindication to elbow replacement for trauma is the younger active patient who is more appropriate for ORIF. Elderly patients with low-energy Gustilo 
and Anderson grade I open fractures are not an absolute contraindication to elbow arthroplasty. Generally, the wounds are punctures that are small and 
clean. However, if there has been a time delay until open fracture management or the cleanliness of a wound is questioned, a staged procedure with initial 
irrigation and debridement followed by splinting and antibiotics until definitive surgery is deemed appropriate. 

Distal humerus hemiarthroplasty is another surgical option for unreconstructible partial articular fractures (Fig. 39-37). In cases with severe articular 
destruction with preserved columns and collateral ligaments, hemiarthroplasty presents an attractive option that resurfaces the damaged articulation. The 
theoretical advantage of a hemiarthroplasty is the absence of polyethylene wear debris and the associated osteolysis. The indications and contraindications 
for hemiarthroplasty will be discussed later in this chapter. 


C D 


Figure 39-36. AP and lateral radiographs of a 79-year-old woman with rheumatoid arthritis and a displaced intra-articular medial column fracture (A, B) managed 
with a linked total elbow arthroplasty via a paratricipital approach (C, D). 


Figure 39-37. Fractures of the capitellum, trochlea, and lateral epicondyle (A) with associated osteochondral fragmentation (B) in an active 78-year-old woman. C, 
D: As the fracture was deemed unrepairable intraoperatively, hemiarthroplasty was done via an approach that hinged open the elbow on the intact medial collateral 
ligament. E, F: The lateral epicondyle fracture was fixated with sutures through the axis of the implant (arrow) and with a precontoured unicortical plate. 


Preoperative Planning 


TEA for Distal Humerus Fractures: 


PREOPERATIVE PLANNING 


Surgical expertise e Technically demanding procedure that should be done by an experienced upper limb or trauma surgeon 


Imaging e Anteroposterior and lateral radiographs 
e CT scan with 3D reconstructions in complex fracture patterns 


Templating e Elbow radiographs should be templated to ensure implants of the appropriate size and lengths are available 
e Associated fractures or unique fracture patterns that may complicate elbow arthroplasty must be identified 
e Proximal ulnar shaft fractures, olecranon fractures, and proximal fracture extension into the humeral diaphysis 


Soft tissues e Well-padded elbow splint 
e Reexamination of soft tissue envelope and neurologic status on day of surgery 


Anesthesia e Upper extremity regional block 
e General anesthetic 
e Preoperative IV antibiotics 


Positioning e Supine with a bolster placed under the ipsilateral scapula and the elbow is supported by another bolster made of wrapped 
sterile sheet on the patient’s chest. 
e The surgeon and assistant stand on the side of the injury 
e The scrub nurse and arthroplasty instruments are on the contralateral side, allowing the nurse to assist with arm 
positioning as required. 
e Sterile tourniquet 
e IV antibiotics prior to inflation 


TEA is a technically demanding procedure and should be done by an experienced upper limb or trauma surgeon. As with ORIF, anteroposterior and lateral 
radiographs of the elbow out of plaster are usually sufficient to determine the fracture pattern. If the feasibility of ORIF is questioned in an elderly patient, a 
CT scan may assist with the preoperative decision-making. 

Preoperatively, elbow radiographs should be templated to ensure implants of the appropriate size and lengths are available. Associated fractures or 
unique fracture patterns that may complicate elbow arthroplasty must be examined for, including proximal ulnar shaft fractures, olecranon fractures, and 
proximal fracture extension into the humeral diaphysis. While awaiting surgery, patients are placed in a well-padded elbow splint and are encouraged to 
elevate the arm, ice the elbow, and to maintain hand and finger range of motion. On the day of surgery, the skin and soft tissues are reexamined and the 
neurologic status is redocumented. 


Positioning 

Patients generally receive a general anesthetic with an upper extremity regional block for postoperative pain control and therapy. The patient is positioned 
supine with a bolster placed under the ipsilateral scapula and the elbow is supported by another bolster made of wrapped sterile sheet on the patient’s chest 
(see Fig. 39-15A). The surgeon and assistant stand on the side of the injury while the scrub nurse and arthroplasty instruments are on the contralateral side, 
allowing the nurse to assist with arm positioning as required. A sterile tourniquet is used. Prior to starting the operative procedure and inflating the 
tourniquet, prophylactic antibiotics are administered intravenously. 


Surgical Approaches 


In general, posterior approaches are preferred in the exposure of distal humerus fractures in preparation for elbow arthroplasty. Although all posterior 
approaches may be used for arthroplasty, some have advantages over others. The paratricipital approach has the advantage of maintaining complete integrity 
of the extensor mechanisms while its disadvantage is that it increases the complexity of the procedure because it provides less visualization of the proximal 
ulna. The lateral paraolecranon approach is similar to the paratricipital approach, with the advantage of greater articular visualization by utilizing Boyd 
interval distally.2*° The triceps-splitting, triceps-reflecting, and triceps-dividing approaches all provide good visualization of the elbow joint; however, they 
all disrupt the triceps insertion in one way or another, and therefore require postoperative protection. Conducting a TEA through an olecranon osteotomy is 
possible, however, not encouraged. Ulnar component fixation may be compromised with certain implant designs. There are also concerns with osteotomy 
healing after disruption of the intramedullary blood supply by ulnar component cementation. 

Our preferred approach for fractures deemed unrepairable preoperatively, where the surgical plan to proceed directly to TEA is the lateral paraolecranon 
approach.*9 This is also our preferred approach if an attempt at ORIF is planned for less comminuted articular fractures. In circumstances with high 
articular comminution in the elderly, where a complete attempt at ORIF is planned, with the intraoperative bail-out being a TEA, we prefer the triceps- 
splitting approach. The triceps-splitting approach affords the best visualization of the joint for a complete attempt at ORIF, while still leaving the option 
open for a TEA if rigid internal fixation cannot be achieved. 

Another approach commonly used for TEA is the Bryan—Morrey approach.*! The approach has been termed triceps-sparing, which has led to confusion. 
The approach does not “spare” the triceps, but rather detaches the triceps tendon in continuity with the ulnar periosteum and anconeus creating a large 
reflection or sleeve. The ulnar nerve is first identified and protected, and then the triceps insertion and the ulnar periosteum are sharply reflected off the 
proximal ulna in a medial-to-lateral direction (Fig. 39-38). The sleeve of tissue created incorporates the anconeus muscle. As with the triceps-splitting 
approach, careful and solid repair of the triceps tendon is required via transosseous sutures. It is our preference not to use approaches that detach the 
extensor mechanism during arthroplasty for fracture; however, the Bryan—Morrey approach does allow better visualization of the joint, specifically the 
proximal ulna for ulnar component preparation and insertion. 
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Figure 39-38. The Bryan—Morrey approach is commonly used for total elbow arthroplasty. A posterior longitudinal skin incision is used and the ulnar nerve is 
identified and protected. The ulnar periosteum, triceps insertion, and anconeus muscle are sharply reflected off the proximal ulna in a medial (A) to lateral (B) 
direction. To access the articular surfaces for arthroplasty, the collateral ligaments are released. (Redrawn from Bryan RS, Morrey BF. Extensive posterior exposure of 
the elbow: a triceps-sparing approach. Clin Orthop Relat Res. 1982;(166):188-192.) 


Surgical Technique 


Linked TEA for Distal Humerus Fractures: 


KEY SURGICAL STEPS 


Posterior skin incision 
Elevation of full-thickness medial and lateral fasciocutaneous flaps 
Prepare the ulnar nerve for anterior subcutaneous transposition 
Paratricipital approach or lateral paraolecranon 
The MCL is released and the medial fracture fragments are excised 
The LCL complex is released and the lateral fracture fragments are excised 
Deliver the distal humeral shaft with the remaining metaphyseal under the triceps and ulna 
Humeral preparation as per implant manual 
e Usually, the metaphyseal cutting blocks are not required, as the fractured condyles have already been excised 
e Ensure correct humeral component rotation—the posterior humeral cortex is typically externally rotated about 14 degrees relative to the elbow 
flexion—extension axis, and therefore, the humeral component should be internally rotated 14 degrees 
e The length of the humerus and the level of the joint line must also be recreated by placing the resected condyles onto the remaining humeral 
shaft to measure the location of the joint line 
Deliver the proximal ulna medial to the humeral shaft to avoid excessive tension on the ulnar nerve. 
e The forearm is then rotated 90 degrees, the elbow is flexed, and a rake retractor is used to draw back the triceps insertion to allow exposure of 
the greater sigmoid notch 
LJ Ulna preparation as per implant manual 
e Ensure correct ulnar component rotation—the axis of rotation bisects the radial head and is parallel to the flat surface on the proximal dorsal 
ulna 
LJ Cementation 
e Antibiotic-laden bone cement be used and cement restrictors for the humeral and ulnar canals 
e The humeral and ulnar components can be cemented together as described or separately 
e Cement is inserted into the humerus first with a small-diameter nozzle and then into the ulna 
e The ulnar cement is manually pressurized and the component is inserted followed by pressurization of the humeral cement and humeral 
component insertion 
e Excess bone cement is removed and the components are held still until the cement has cured 


e A wedge of bone graft fashioned from the resected articular segment is placed underneath the anterior flange of the humeral component 
LJ The components are then linked and the elbow is taken through a range of motion to ensure there is no impingement 


Generally, a linked design of TEA should be used in the setting of distal humerus fracture. Unlinked designs may also be used; however, great care must be 
taken in anatomically reducing and rigidly fixing the medial and lateral columns. Anatomic fixation of the columns allows appropriate tensioning of the 
MCL and LCL, which are required for unlinked implant stability. 

The key steps for insertion of a linked elbow arthroplasty are discussed via a lateral paraolecranon approach. McKee et al.!5? have shown that condylar 
resection during TEA does not affect the strength or functional outcome; therefore, through the medial arthrotomy while protecting the ulnar nerve, the 
MCL is released and the medial fracture fragments are excised. Similarly, through the lateral arthrotomy, the LCL complex is released and the lateral 
fracture fragments are excised. The distal humeral shaft with the remaining metaphyseal bone can now be delivered from under the triceps and ulna. The 
humerus is then prepared following the steps outlined in the technical manual of the implant being used. Usually, the metaphyseal cutting blocks are not 
required, as the fractured condyles have already been excised. The keys to judging correct humeral component rotation are to examine the trefoil shape of 
the distal humerus shaft, as the posterior cortex is typically externally rotated about 14 degrees relative to the elbow flexion—extension axis,?”° and therefore, 
the humeral component should be internally rotated 14 degrees. Reaming and broaching of the humeral canal is done as described in the technical manual 
and the canal is sized for a cement restrictor. The length of the humerus and the level of the joint line must also be recreated. This is done by placing the 
resected condyles onto the remaining humeral shaft to measure the location of the joint line. The tension in the soft tissues can also be used to judge 
appropriate humeral component length, once trial components are in place. Most humeral components are designed with an anterior flange that accepts a 
bone graft, which can be prepared from resected bone fragments. 

Preparation of the ulna with the paraolecranon approach requires strategic retractor and arm positioning. The proximal ulna is delivered medial to the 
humeral shaft to avoid excessive tension on the ulnar nerve. The forearm is then rotated 90 degrees, the elbow is flexed, and a rake retractor is used to draw 
back the triceps insertion to allow exposure of the greater sigmoid notch. The tip of the olecranon may be excised to improve visualization of the greater 
sigmoid notch. The ulna is prepared as per the manufacturer’s recommendations. As with the humerus, particular attention should be taken to ensure correct 
ulnar component placement. The correct rotation of the ulnar component can be determined by ensuring the axis of rotation bisects the radial head and by 
ensuring the axis is parallel to the flat surface on the proximal dorsal ulna.° 

It is recommended that antibiotic-laden bone cement be used and cement restrictors for the humeral and ulnar canals.’! Cement is inserted into the 
humerus first with a small-diameter nozzle and then into the ulna. The ulnar cement is manually pressurized and the component is inserted followed by 
pressurization of the humeral cement and humeral component insertion. Excess bone cement is removed and the components are held still until the cement 
has cured. In cases with extremely small ulnar canals, an extra small cement injection nozzle may be required. The humeral and ulnar components can be 
cemented together as described or separately. Once cured, a wedge of bone graft fashioned from the resected articular segment is placed underneath the 
anterior flange of the humeral component. The components are then linked and the elbow is taken through a range of motion to ensure there is no 
impingement. Conversely, the implants can be linked just after insertion and the elbow placed into extension until the cement cures. 


Postoperative Care 


After the surgical procedure, the elbow is splinted in extension with an anteriorly applied slab of plaster. The arm is elevated for 24 hours and active hand 
range of motion is started immediately. Elbow range of motion is started between days 7 and 10 postoperatively, depending on the status of the incision and 
soft tissues. Generally, unrestricted active range of motion is encouraged (flexion, extension, pronation, and supination) for patients with a paratricipital or 
lateral paraolecranon approach, while patient’s with a triceps-splitting approach are restricted to gravity-assisted extension for 6 weeks to protect the triceps 
repair. 


Potential Pitfalls and Preventive Measures 


TEA for Distal Humerus Fracture: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Missed skin tenting, excessive swelling, fracture blisters e Application of a well-padded splint while awaiting surgery 
e Recheck skin, soft tissues, and neurovascular status immediately before surgery 


Ineffective surgical exposure e Choose an approach that balances required visualization for arthroplasty versus complications; 
recommend leaving triceps attached to olecranon 
e Understand extensile options 


Inadequate exposure of ulna e Resect tip of olecranon to improve access to ulna 

Incorrect humeral component height (recreation of joint line/axial e Loosely reapproximate resected epicondylar fragments to the humeral shaft to judge the location of the 
position of the flexion—extension axis) elbow flexion—extension axis 

Incorrect humeral component rotation e The humeral component should typically be 14 degrees internally rotated as compared to the flat 


posterior humeral cortex 


Malposition ulnar component e The rotational axis of the ulnar component should bisect the radial head, and should be parallel to the 
ulnar flatspot 


Osseous impingement e The elbow should be placed through a range of motion to ensure there is no bony impingement with the 
implant. The tip of the olecranon or coronoid may require resection 


Ulnar neuropathy e Identify and protect ulnar nerve during surgical approach and during arthoplasty 
e Preoperative neurologic examination to document preexisting nerve injuries 


TEA for fracture should be conducted by an experienced trauma or upper extremity surgeon. The operative procedure requires a systematic approach, 


starting with the correct indications, the appropriate surgical approach, and adherence to the technical steps to ensure correct implantation and alignment. 
Potential pitfalls include an ineffective exposure, such as using an olecranon osteotomy to approach an unreconstructible distal humerus fracture in an 
elderly patient. Typically, for distal humerus fractures undergoing arthroplasty, a triceps-on approach is preferred. Other potential pitfalls are incorrect 
implant selection and alignment. In general, a linked TEA is preferred for the management of distal humerus fractures. Although unlinked designs may be 
used, they are technically challenging as anatomic fixation of the epicondylar fractures and repair of the ligaments would be required to ensure implant 
stability. Misalignment of the implants must also be prevented. Sabo et al.?”° identified that in cases of distal humeral bone loss, where anatomic landmarks 
for alignment are absent, the flat posterior humeral cortical line can be used to reference correct humeral component rotation. Typically, the anatomic elbow 
flexion—extension axis is rotated 14 degrees internally relative to the posterior humeral cortex. The abovementioned pitfalls are preventable with awareness 
and good surgical techniques. 


Outcomes of Total Elbow Arthroplasty 


The outcomes of TEA for distal humerus fractures at short-term, mid-term, and in recent long-term follow-up studies have been reproducibly good (Table 
39-6),711,14,21,23,37,39,47,49,59,77,80,82,91,114-116,128,135,142,154,167,171,200,201,248 Most studies have used the Coonrad—Morrey implant (Zimmer, Warsaw, IN), 
which is linked and described as semiconstrained due to its “sloppy” hinge. 

In a retrospective study, Frankle et al.”” compared ORIF with TEA in women over the age of 65 years with OTA/AO type C distal humerus fractures. 
They reported improved outcomes in the TEA group at short-term follow-up. The small sample size and selection bias, however, confound the interpretation 
of the results as eight patients in the arthroplasty group had RA and none had RA in the ORIF group. Baik et al.2! compared the clinical and functional 
outcomes of ORIF (n = 28) with those of TEA (n = 43) for distal humerus fractures in patients older than 65 years. At a mean of 2.5 years follow-up, the 
ORIF group had significantly higher MEPS and DASH scores compared with the TEA group. There was no significant difference in the complication rate 
between the two groups. On the contrary, Lopiz et al.!°° cautioned the usage of TEA over ORIF in elderly patients with distal humerus fractures due to high 
rates of complications beyond 5 years postoperatively. In this retrospective study, the authors compared the mid-term outcomes in intra-articular distal 
humerus fractures (OTA/AO type C) treated with either ORIF or TEA in patients over the age of 75 years. The study included 24 patients (11 TEA vs. 13 
ORIF) with a mean age of 82 years. There was no difference in the MEPS and quick-DASH scores at a minimum follow-up of 5 years. One hundred percent 
of the patients in the ORIF group went on to union and none required conversion to TEA. However, 60% of the patients in the TEA group underwent 
reoperation at an average of 72 months. The reasons for reoperations include periprosthetic fracture (n = 3) and implant loosening (n = 4). 

McKee et al.!°* conducted the only randomized prospective study comparing ORIF with TEA in elderly patients with comminuted distal humerus 
fractures. Outcomes were assessed with the MEPS and DASH score. Twenty-one patients were initially randomized to each treatment group; however, five 
patients randomized to ORIF were intraoperatively converted to arthroplasty. At 2 years follow-up, the MEPS was significantly better in the TEA group; 
however, the DASH scores were not significantly different between groups. The reoperation rate between the arthroplasty and the ORIF groups was also not 
significantly different, although this have been a beta type error (TEA reoperation rate 12% vs. ORIF 27) where a larger sample size may have reached 
statistical significance. 

Dehghan et al.*9 recently published a long-term follow-up study investigating the outcomes of patients included in the original randomized controlled 
trial by McKee et al.154 In this long-term follow-up study, the authors obtained data for 40 out of the 42 original patients at a mean follow-up of 12.5 years 
for surviving patients and 7.7 years for deceased patients. 15 patients were treated with ORIF and 25 patients were treated with TEA. There was no 
difference in the reoperation rate. In the TEA group, 7 patients were living with their original arthroplasty and 15 patients died with a well-functioning 
implant. One patient required revision arthroplasty for deep infection at 11 months postoperatively. Three patients were lost to follow-up. The authors 
concluded that TEA is a reliable procedure for treatment of elderly patients with comminuted distal humerus fractures. 

In addition to the study by Dehghan et al.*? Three other studies have reported on long-term outcomes of distal humerus treated with TEA with follow-up 
of more than 10 years. Celli et al.2” reported on the outcomes of 13 consecutive patients with distal humerus fractures treated with TEA. The authors 
showed that a mean follow-up of 12 years, the MEPS score was 88 and patient satisfaction was 85%. The authors in this study divided the patients in two 
groups. In group 1, the patients had medial and lateral condylar bone fragment resections (n = 7). In group 2, the patients had the condyles stabilized to the 
diaphysis using plates or K-wires (n = 6). At final follow-up, the implant retention rate was 70% and all the revision cases involved the group managed by 
condyle resection. The authors showed that condyle fixation with plates or K-wires afford longer implant survival. It is our preference and recommendation 
to fix the condyles when possible, particularly in younger patients with higher functional demands. In another study with a minimum of 10 year follow-up, 
Barco et al.2° reported that TEA provided good pain relief and motion. The mean flexion was 123 degrees, and the mean loss of extension was 24 degrees 
(mean arc of 99 degrees). The mean MEPS was 90.5 points, with three patients scoring fewer than 75 points. Twenty-three complications (52%) were 
observed in 44 patients, 8 (18%) being medical in nature, without differences between groups. Five elbows (11%) developed deep infection, and were 
treated surgically with component retention (three acute) or resection (two chronic). Implant revision or resection was performed in eight elbows (18%): 
three for infections (one reimplantation and two resections), three for ulnar loosening (associated with periprosthetic fracture in one), and two for ulnar 
component fractures. Additional periprosthetic fractures were observed in five elbows. The survival rates for elbows with RA were 85% at 5 years and 76% 
at 10 years, and the survival rates for elbows without RA were 92% at both 5 and 10 years. The most relevant risk factor for revision was male sex. Prasad 
et al. reported on the 10-year outcomes of TEA for fractures in nonrheumatoid patients.2°° Survivorship was 89.5% at 10 years in those patients followed 
for a minimum of 10 years. Male patients also showed higher incidence of loosening and wear in this study. This study showed that only 53% of 
nonrheumatoid patients who undergo TEA for a fracture of the distal humerus survive to the 10th anniversary of their index procedure. For those who 
survive, TEA provides acceptable outcomes in terms of function and implant survival. 


TABLE 39-6. Summary of Outcomes of Total Elbow Arthroplasty for the Management of Distal Humerus Fractures 


Average Percentage 
Age of Average With 
Patients, Follow- Range of Outcome Excellent 
Years Surgical Up, Motion Assessment or Good 
Author Year N (Range) Approach Months (Degrees) Used Outcomes Complications 
Gambirasio 2001 10 85 (57-95) | Bryan—Morrey 18 101 MEPS 100% 1 HO, 1 CRPS 
et al.” 
Garcia et al.®° 2002 16 73 (61-95) Triceps split 36 101 MEPS, 100% 1 UN, 1 HO 
DASH 
Frankle et al.” 2003 12 72 (65-88) | Bryan-Morrey 45 113 MEPS 100% 2 UN, 1 UR 1H,1Ds 
Kamineni and 2004 43 69 (34-92) Bryan—Morrey 84 107 MEPS 93% 7 HO, 4 BW, 3 UIR 1 
Morrey!? HIE 5H,1Ds 
Lee et al. 2006 7 73 (55-85) Bryan-Morrey 25 89 MEPS 100% — 
Kalogrianitis 2008 9 73 (45-86) Triceps split 42 118 MEPS, LES 88% TSS 
etal 5 
Prasad and 2008 15 78 (61-89) Triceps tongue 56 93 MEPS 85% 1 CRPS, 1 ASU 
Dent?! 
McKee et al. 2009 25 78 (N/A) Triceps split 24 107 MEPS 84% 3 reoperations (1 Cont, 
Triceps on DASH 1 UN/HO, 1DS), 4 H, 
1 Cont, 1 UN 
Chalidis et al2° 2009 11 79 (75-86) Bryan-Morrey 33 107 MEPS 100% 1 UN, 1 PF 
Ali et al.’ 2010 20 72 (62-92) Triceps split 64 98 MEPS 100% 1 SS, 2 HO, 1 radial 
nerve neuropathy 
Antuna et al.” 2012 16 76 (57-89) Paratricipital 57 90 DASH, VAS, 69% 8 UN, 3 DS 
(14) patient 
Olecranon subjective 
osteotomy (2) assessment 
Mansat et al.‘ 2013 87 79 (65-93) Bryan-Morrey 37.5 97 MEPS, 86% SH, LS5,2CRPS, 
(58) Quick- 7 UN, 1 PE 1 DS, UIF 
Geschwend (20) DASH, Katz 2 AS-U, 2 Cont 
Ducrot et al. 2013 15 80 (65-93) Bryan-Morrey 43 97 MEPS 73% 2 UN, 6 HO, 1 AS-H 
olecranon 
osteotomy 
Giannicola 2014 10 78 (66-89) Bryan-Morrey 33 122.5 MEPS 100% 2 HO, 1 AS-H, 1 PF 
et al.® paratricipital ASES 
Quick-DASH 
Prasad et al. 2016 13 66.5 (40-81) Triceps split Minimum 85 MEPS 92% 1 BW, 2 AS-H, 
10 years 2 symptomatic 
HO, 2 radial nerve 
neuropraxia 
Barco et al.” 2017 44 71 (38-93) Bryan-Morrey Minimum 99 MEPS 93% 5 DS, 3 AS-U, 5 PF 8 
paratricipital 10 years revisions or resections 
Logli et al. 2020 22 75 (50-93) Triceps on (13) 52 95 MEPS 75% 4 PE 2 AS, 2 DS, 1H, 


Triceps 
reflecting (5) 
Olecranon 
osteotomy (3) 


Triceps tongue 
(1) 


1 TE 


Cottias et al.” 2020 18 80 (50-96) — Olecranon 30 89 MEPS 83% 4 UN 


osteotomy 

Baik et al.” 2020 43 79 (65-91) Triceps split 34 101 MEPS 53% 7 HO, 2 AS-H, 2 UN, 
Triceps sparing DASH LH Wa be 

Celli et al.” 2021 13 67 (61-67) Bryan-Morrey 153 111 MEPS 92% 4 UN, 3 BW, 6 HO, 
(9) 4 Revisions, 1 TF 
Triceps on (4) 

Strezlow et al. 2021 40 79 (70-88) Paratricipital 48 lll MEPS 93% 4 UN, 2 PE 2 DS, 1 SS, 
Lateral PREE 1 HO 
paraolecranon Quick-DASH 

Total/mean 489 75 52 102 89% 


MEPS, Mayo Elbow Performance Score; AS-H, aseptic loosening—humeral; AS-U, aseptic loosening—ulna; BW, bushing wear; Cont, contracture release; CRPS, complex regional 
pain syndrome; DS, deep infection; H, wound hematoma or dehiscence; HIF, humeral implant fracture; HO, heterotopic ossification, LES, Liverpool Elbow Score; PF, peripros- 
thetic fracture; SS, superficial infection; TF triceps failure; UIF ulnar implant fracture; UN, ulnar nerve palsy; UP, uncoupled prosthesis. 


Hemiarthroplasty for Distal Humerus Fractures 


Hemiarthroplasty is another surgical option for unreconstructible distal humerus fractures. This procedure has been described in the past??? and has 
experienced a renewed interest. !:2:9»12,34,97,101,174,191,193,229,233,237,238 At present, only one commercially available elbow arthroplasty system has a humeral 
implant that replicates the distal humeral articular surface (Latitude, Wright Medical, Bloomington, MN), and therefore can be used for hemiarthroplasty 
(Fig. 39-39). The added benefit of the Latitude hemiarthroplasty is that it can be converted to a linked or unlinked TEA. This is beneficial if intraoperative 
hemiarthroplasty stability cannot be achieved necessitating conversion to TEA. Other systems that have nonanatomic humeral components, such as the 
Kudo! (Biomet Inc., Warsaw, IN), have also been used for hemiarthroplasty. The use of nonanatomic components, however, is not recommended. 


Indications and Contraindications 


The indications for distal humerus hemiarthroplasty are virtually identical to TEA. The theoretical advantage of a hemiarthroplasty is the absence of 
polyethylene wear debris and the associated osteolysis and aseptic loosening which are common modes of failure with total elbow arthroplasties. 
Hemiarthroplasty, therefore, may function as an “in between” in those patients with unreconstructible distal humerus fractures who are deemed too young or 
too active for TEA. 


Figure 39-39. The Sorbie-Questor (Wright Medical Technology, Arlington, TN) (A) and the Latitude (Tornier, Stafford, TX) total elbow systems (B) are two 


commercially available arthroplasty systems that have humeral implants that replicate the distal humeral articular anatomy, and therefore can be used for 
hemiarthroplasty. 


A 


Figure 39-40. Distal humerus fracture (A) treated with hemiarthroplasty and plate fixation of the medial column and suture fixation of the lateral epicondyle (B). 


Hemiarthroplasty of the distal humerus resurfaces the articular segments of the trochlea and capitellum. For it to function optimally to allow elbow 
stability and range of motion, it relies on the integrity of the primary and secondary elbow stabilizers.!°!!79 Therefore, when considering hemiarthroplasty, 
the medial and lateral columns must be reconstructible (Fig. 39-40), the radial head and coronoid must be intact, and the medial and LCLs must be 
repairable or intact on their respective condyles. 17:101 

The contraindications to distal humerus hemiarthroplasty are similar to those for TEA. Additional contraindications include deficient medial or lateral 
column bone, deficient medial or LCLs, or fractures of the radial head or coronoid that cannot be rigidly stabilized. Chondral damage to the greater sigmoid 
notch or radial head is also a relative contraindication as patients may experience postoperative arthritic pain and limited motion. In the above circumstances 
with deficient bone or soft tissue, linked TEA should be considered. 


As with TEA, hemiarthroplasty is a technically demanding procedure and should be conducted only by surgeons experienced in upper limb arthroplasty or 
complex trauma. Standard elbow radiographs are usually sufficient for assessing the fracture pattern and for implant templating. CT will confirm the 
articular fragmentation, will identify occult fractures (such as fractures of the coronoid and radial head), and may assist with ORIF of the columns. 


Patients can be positioned supine or in the lateral decubitus fashion. A sterile tourniquet is used and the approach starts with a longitudinal posterior skin 
incision. The ulnar nerve is identified, released, and prepared for anterior subcutaneous transposition. The options available for exposure of the elbow for 
hemiarthroplasty include: olecranon osteotomy, paratricipital approach, lateral paraolecranon approach, triceps split, triceps reflection, and triceps dividing 
approaches (see section on Surgical Approaches). The most commonly used approaches for hemiarthroplasty are the olecranon osteotomy, the paratricipital, 
and the lateral paraolecranon approaches. The olecranon osteotomy allows the best visualization of the joint; however, it has a higher rate of complications 
if intraoperative conversion to a TEA is required. The paratricipital and lateral paraolecranon approaches maintain integrity of the extensor mechanism; 
however, they afford less visualization of the articular surfaces. For hemiarthroplasty, the paratricipital and lateral paraolecranon approaches can be 
modified by maintaining the collateral ligament attachments on the epicondyles and working through the fracture interval. 


Once the fracture is visualized, it should be carefully inspected to ensure ORIF is not possible. If hemiarthroplasty is deemed appropriate, sizing of the 
implant should be done next. The determination of correct humeral component size can be done three ways, preoperatively templating of contralateral elbow 
radiographs, piecing together the fractured trochlea and capitellum and comparing with the available trial implants, and by placing trial implants into the 
greater sigmoid notch to select which one best aligns with the coronoid and radial head. The humeral canal is then entered by resecting the superior aspect 
of the olecranon fossa. The canal is reamed and broached to accept the chosen trial implant. The trial implant must be inserted to the correct depth to 
recreate the joint line. Local landmarks, such as the collateral ligament origins and the condyles, are used to gauge correct implant length. Provisional 
fixation of one or both of the fractured columns with K-wires may also assist with determination of the correct implant length. Conservative bone cuts are 
then made using the available cutting blocks. If use of the cutting blocks is not feasible, conservative free-hand cuts are made and revised as necessary. The 
trial implant is then inserted into the humerus and the elbow is reduced and taken through a range of motion to ensure there is no restriction or impingement. 


Once the appropriate orientation, length, and size of trial implant have been determined, the next step involves cementation of the true prosthesis and 
definitive fixation of the columnar fractures. This step can be done in one of several different orders: (1) the fractured columns can be definitively fixated in 
anatomic position with contoured plates/screws, or with K-wires/tension bands augmented with sutures (Fig. 39-41) and then the implant cemented; (2) the 
implant can be cemented first in anatomic position followed by columnar fracture fixation; (3) the less comminuted column is definitively fixated first to 
allow easier fracture reduction and to assist with correct implant orientation and length. The implant is inserted and once the cement has hardened, the other 
column undergoes ORIF to the humeral shaft and stable implant. When conducting this procedure through an olecranon osteotomy, all the above methods 
are feasible; however, if using a paratricipital or lateral paraolecranon approach, only the latter two are possible. 


( 


Figure 39-41. Medial and lateral column fixation in hemiarthroplasty for distal humerus fractures may be accomplished by plates and screws, sutures, and tension 
band constructs. 


Prior to definitive implant insertion, a humeral cement restrictor is inserted and the canal is lavaged and dried. Antibiotic cement is inserted via a thin- 
nozzled pressurization gun. All excess cement is removed, especially around the medial and lateral column fracture surfaces. Once the implant has been 
cemented and columnar ORIF is complete, the elbow is placed through a range of motion and stability is checked. Postoperatively, the elbow is splinted for 
2 to 3 days and then early active assisted range of motion is initiated. 


Pitfalls 


Hemiarthroplasty for distal humerus fractures is a technically challenging procedure. It is recommended that only experienced surgeons undertake this 


procedure. Potential pitfalls include nonanatomic epicondylar reduction with poor collateral ligament tension, nonrigid fixation of condyles, humeral 
component malrotation, incorrect humeral component length relationship, and incorrect articular sizing. All of the aforementioned pitfalls are technique 
dependent and will likely adversely affect patient outcomes. 


Outcomes 


Piggott et al.'°° published a recent systematic review investigating the outcomes following hemiarthroplasty for distal humerus fractures. The study 
included 13 studies with a total of 207 patients. The average age ranged from 44 to 79. Eleven out of 13 studies achieved a mean functional range of motion 
of 100 degrees or more. All studies reported good to excellent mean outcome scores. The most common complications were HO, ulnar cartilage wear, 
stiffness, and ulnar neuropathy. The reoperation and revision rates were 17% and 3%, respectively. Despite the promising short to medium term results, only 
one study report results beyond 10 years.?2® Due to the paucity of high-quality studies with long-term follow-up, further level 1 studies are required to 
elucidate the therapeutic benefit of hemiarthroplasty and to define indications for the use of hemiarthroplasty in the treatment of distal humerus fractures. In 
an attempt to address this question, a prospective, randomized controlled trial is currently recruiting patients to compare the outcomes of hemiarthroplasty 
versus ORIF in patients older than 50 years.* A list of all of the studies on the outcomes of hemiarthroplasties following distal humerus fractures are 
summarized in Table 39-7,1-2.5:12,34,97,101,174,191,193,195,207,218,228,229,233,237,238,246 

In the largest series in the literature to date, Nestorson et al.'”* reported the outcomes of 42 patients with distal humerus fracture treated with Latitude 
Elbow Hemiarthroplasty (Stryker Tornier, Montbonnot-Saint-Martin, France). The mean MEPS was 90 (50-100) and a mean DASH score was 20 (0-63) at 
a mean follow-up of 34 months (range 24—61), with 85% of the patients obtaining an excellent or good result. The mean extension deficit was 24 degrees 
(0-60 degrees) and mean flexion was 127 degrees (90-145 degrees) giving a mean arc of 106 degrees (60-145 degrees). Four patients had additional 
surgery for limited range of movement secondary to heterotrophic ossification and one for partial instability. One elbow was revised to a TEA for loosening, 
two patients had sensory ulnar nerve symptoms, and radiographic signs of mild olecranon wear were noted in five patients. Nineteen patients had 
heterotrophic ossification, one patient had radioulnar synostosis, and two patients had radiographic nonunion of the epicondyle. 


TABLE 39-7. Summary of Outcomes of Elbow Hemiarthroplasty for the Management of Distal Humerus Fractures 


Average Percentage 
Age of Average With 
Patients, Follow- Range of Outcome Excellent 
Years Up, Motion Assessment or Good 
Author Year WN (Range) Surgical Approach Months (Degrees) Used Outcomes Complications 
Burkhart et al2* 2011 10 75 (62-88) Triceps on 12 107 MEPS 90% 1 Triceps weakness, 
DASH 1 UN, 1 SS, 2 HO, 1 
RW, and UW 
Argintar etal.” 2012 10 73 (56-77) Olecranon 12 102 MEPS 50% 1 MW, 1 UN, 1 PF 
osteotomy DASH 
Adolfsson and 2012 8 79 (71-89) Triceps split 54 95 MEPS 100% 1 PF, 3 UW 
Nestorson? Olecranon 
osteotomy 
Smith and 2013 14 59 (29-81) Olecranon 78 116 MEPS 58% 4 revisions to TEA 
Hughes”® osteotomy ASES excluded from study 
Triceps on Quick-DASH (2 PF and 2 AS), 4 U, 
1H, 1 Cont, 1 UW, 1 
HO, 10 MW 
Hohman etal.” 2014 7 64 (33-75) Olecranon 36 96 MEPS 60% 1 Intraoperative 
osteotomy ASES humeral shaft fracture, 
Triceps on DASH 3 MW, 1 UN, 5 UW, 
5 RW 
Nestorson 2015 42 72 (56-84) Triceps split 34 105 MEPS 85% 1 SS, 4 excision of HO, 
et alee Olecranon DASH 1 LCL reconstruction, 
osteotomy 2 UN, 1 revision to 
TEA, 1 radioulnar 
synostosis, 2 nonunion 
of epicondyle, 5 UW, 
19 HO 
Phadnis et al. 2015 18 79 (60-90) Triceps split 35 116 MEPS 100% l transient UN, 10 UW 
Quick-DASH and RW, 6 HO 
Oxford Elbow 
Score 
Smith et al. 2016 6 44 (29-52) Olecranon 8l 103 MEPS 83% 2 revised to TEA for 
osteotomy SEV AS and excluded from 
Quick-DASH study, 4 
ASES MW, 1 Cont 
UCLA Activity 
Schultzel et al.2 2017 10 72 (56-81)  Olecranon 73.2 102 MEPS 90% 1 intraoperative 
osteotomy DASH fracture of olecranon, 
ASES UMW 
SANE 
Al-Hamdani 2018 24 65 (47-80) Triceps split 20 110 MEPS 88% 3 UN, 3 stiffness, 1 
et al? Oxford Elbow ulnar component wear 
Genre and HO 
Rotini et al.?!* 2020 27 64 (45-78) Triceps split 12 96 MEPS 89% 5 UN, 7 Stiffness, 
Kocher extensile Oxford Elbow 
approach Score 
Paratricipital 
TRAP 
Through 


olecranon fracture 


Stephens et al.2* 2020 9 71 (55-92) Olecranon +4 Not MEPS 33% l revision to TEA, 1 H 


osteotomy reported 
Ricó-Recarey 2021 5 74 (66-83) Triceps on 48 100 MEPS 100% 1 MW, 1 SS 
et al.” Paratricipital 
Olecranon 
osteotomy 
Through 
olecranon fracture 
Schultzel et al.?® 2022 10 72 (56-81) Olecranon 115 84 MEPS 100% 1 intraoperative 
osteotomy DASH fracture of olecranon, 
ASES 1 MW 
SANE 
Total/mean 200 69 47 102 80% 


AS, aseptic loosening; ASES, American Shoulder and Elbow Surgeons Score; Cont, contracture release; H, wound hematoma or dehiscence; HO, heterotopic ossification; MEPS, 
Mayo Elbow Performance Score; MW, removal of metalware; PF, periprosthetic fracture; RW, radial wear; SANE, Single Assessment Numeric Evaluation; SEV, Subjective Elbow 


Value; SS, superficial infection; UN, ulnar nerve palsy; UW, ulnar wear. 


Schultzel et al.2?8 published the only study with long-term results following hemiarthroplasty for distal humerus fractures. This was a retrospective 
review and long-term follow-up of a series of 10 patients with previously reported short and midterm outcomes after hemiarthroplasty for distal humerus 
fracture over a 4-year period (2008-2012). At the long-term follow-up, four patients were deceased and one was lost to follow-up. The mean follow-up in 
this study was 115 months (range 96-144 months). At the time of final follow-up, the patients had maintained improvements in MEPS and DASH scores in 
comparison to results at either 1 year or after midterm follow-up of 73.2 months. Complications remained unchanged compare to earlier reports and 
included one case of intraoperative olecranon fracture and one case of prominent olecranon hardware. 


Evidence for Hemiarthroplasty Versus Total Elbow Arthroplasty 


Burden et al.?’ reported in a recent systematic review and meta-analysis on the outcomes of hemiarthroplasty versus TEA for treatment of unreconstructable 
distal humeral fractures in patients aged over 65 years. The authors identified 29 studies and the PROMs and ROM mostly favored hemiarthroplasty over 
TEA. Specifically, the mean DASH score was 19.6 (SD 7.5) and 38 (SD 11.9) for hemiarthroplasty and TEA, respectively. The mean abbreviated version of 
DASH was 17.2 (SD 13.2) and 24.9 (SD 4.8) for hemiarthroplasty and TEA, respectively. The MEPS was 87 (SD 5.3) and 88.3 (SD 5) for hemiarthroplasty 
and TEA, respectively. The complication rates were similar between the groups (22% for hemiarthroplasty and 21% for TEA). Despite the apparent 
advantage of hemiarthroplasty over TEA for treatment of unreconstructable distal humeral fractures in patients aged over 65 years of age, the strength of the 
evidence was low due to the sample size and heterogeneity between the studies. The authors of this systematic review and meta-analysis advocated for 
further level 1 studies to be conducted. 


Authors’ Preferred Treatment for Distal Humerus Fractures ( 


Our preferred surgical approach for ORIF of A2, A3, B1, B2, C1, and C2 fractures is the lateral paraolecranon approach which is a modification of the 
paratricipital approach. For C1 and C2 fractures, and all C3 fractures, which are deemed fixable, and cannot be addressed via this less invasive 
approach, we prefer the olecranon osteotomy. 

The lateral paraolecranon approach is also preferred for cases where the repairability of the fracture will be determined intraoperatively. If the 
fracture is deemed fixable, it may be conducted via the lateral paraolecranon approach or the approach can be converted to an olecranon osteotomy. In 
cases where the fracture is deemed irreparable, a TEA may be done via the original paraolecranon approach. 
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Nonoperative 
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paratricipital approach 
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or lateral para-olecranon 
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or olecranon 
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Algorithm 39-1 Authors’ preferred treatment algorithm for distal humerus fractures. 


For ORIF, surgeons should be familiar with all plating techniques, including parallel, orthogonal, and triple plating, as some fractures will lend 
themselves to one technique over another. Generally, we prefer the technique of parallel plating. The fixation principles and techniques used for 
OTA/AO type C (bicolumn) fractures are applicable to types A2 and A3 fractures. B1 and B2 (single column) fractures may be fixed with multiple 
screws; however, our preference is to use an ipsilateral single-column plate. 

Irreparable distal humerus fractures in an age-appropriate patient may be managed with a linked TEA. Our preference is to resect the condyles and 
to conduct the replacement through a lateral paraolecranon approach. Our indications for hemiarthroplasty for distal humerus fractures are narrow; 
typically, the fractures have a high degree of articular comminution with relatively simple noncomminuted columnar fracture in a more active elderly 
patient. 


MANAGEMENT OF SPECIAL SITUATIONS, EXPECTED ADVERSE OUTCOMES, AND 
UNEXPECTED COMPLICATIONS RELATED TO DISTAL HUMERUS FRACTURES 


Common Adverse Outcomes and Complications 


ORIF of Distal Humerus Fractures 


Superficial wound complications 

Deep infection 

Delayed or nonunion 

Postoperative stiffness and heterotrophic ossification 
Ulnar neuropathy 

Complications of olecranon osteotomy 


TEA 


Superficial wound complications 

Deep infection 

Postoperative stiffness and heterotrophic ossification 
Ulnar neuropathy 


Triceps insufficiency 
Instability 

Osteolysis and loosening 
Mechanical failure 
Periprosthetic fracture 


OPEN DISTAL HUMERUS FRACTURES 


Approximately 7% of distal humerus fractures are open?!® and they are classified according to the system of Gustilo and Anderson.®® The principles of open 
fracture treatment have remained unchanged for the past 3 decades. The priorities are wound irrigation and debridement, IV antibiotics, tetanus coverage, 
fracture stabilization, and appropriate soft tissue management.®®.!83 The common complications associated with open fractures include infection, nonunion, 
hardware failure, and wound problems. 

The grade of open fracture varies with the mechanism of injury. Most blunt mechanisms of injury lead to grade I punctures while blasts or gunshots lead 
to grade III wounds.*!° Typically, most grade I puncture wounds are located posteriorly or posterolaterally on the elbow and are commonly associated with 
lacerations of the triceps tendon or muscle.!>~.7!6 In cases of an intra-articular fracture with a triceps tendon laceration, the Van Gorder (triceps tongue) and 
triceps-splitting approaches are preferred as they prevent a second disruption of the extensor mechanism with an olecranon osteotomy (Fig. 39-42). 

Typically, in open injuries, contaminated or devascularized bone and soft tissues are excised. This rule, however, does not hold absolutely true when 
dealing with large segments of articular surface. The risk of infection with retaining the fragments must be weighed against the risk of posttraumatic arthritis 
and potential need for secondary bone grafting or allograft reconstruction if the fragments are removed. Generally, an attempt should be made to preserve all 
articular segments with thorough cleansing and meticulous removal of all foreign material and contamination. 

McKee et al.!5? reviewed 26 patients who underwent ORIF of open distal humerus fractures. According to the system of Gustilo and Anderson, 50% 
were grade I, 35% were grade II, and 15% were grade III. At follow-up, 15 patients (57%) had good to excellent outcomes based on the MEPS and the 
mean DASH score was 24 indicating minimal to moderate disability. The mean elbow arc of flexion-extension motion was 97 degrees (range 55-140 
degrees). The overall infection rate was 11% (3 patients) with only one patient sustaining a deep infection requiring operative debridement. Four patients 
(15%) were diagnosed with delayed union (>16 weeks) with 2 patients going on to require bone grafting. Min et al.'°! in a case-control study, compared 
closed with open OTA/AO type C fractures in 28 patients. At final follow-up, patients with open fractures were found to have significantly worse functional 
outcomes. 

In a recent study, Leung et al.!?9 reported on 17 patients who had elbow arthroplasty (9 TEAs and 8 hemiarthroplasties) for management of open 
comminuted distal humerus fractures. At a mean follow-up of 46 months (1-138), the overall mean MEPS was 83 (30-100) with a mean flexion—extension 
arc of 96 degrees. The patients who had a single-stage procedure (debridement and implantation of the joint replacement) outperformed the patients who 
had a staged arthroplasty in terms of mean flexion arc (116 degrees vs. 89 degrees). There was no difference between the groups in terms of MEPS. The 
complications reported include ulna component loosening (n = 1), instability (n = 1), and symptomatic HO (n = 3). There was no infections reported in this 
cohort of patients. 


COMPLEX DISTAL HUMERAL FRACTURES WITH ARTICULAR BONE LOSS 


As a salvage procedure, osteochondral allograft has been described for management of complex distal humeral fractures with articular bone loss. The 
indications for this procedure is limited and mainly include young, active patients with highly comminuted OTA/AO type C distal humerus fractures with 
articular bone loss who are not candidates for elbow arthroplasty and who refuse an arthrodesis.*8-25>25° Recently, Russo et al.7!9 reported favorable short- 
term outcomes in four patients treated with osteochondral allograft transplantation using 3D CT reconstructed models for preoperative planning and 
intraoperative execution. The authors in this study used reformatted 3D CT of the fractured side as a template to select the appropriate allograft to match the 
patient’s anatomy. Preoperatively, the osteotomy lines were templated using the 3D CT reconstructions and custom cutting jigs can be manufactured to 
assist with precise bony cuts. 


NONUNION OF DISTAL HUMERUS FRACTURES 


Nonunions occur in approximately 6% (range 0%-25%) of distal humerus fractures treated by modern double plating 
techniques.®:16.64,77,83,85,87,100,122,152,185,186,217,221,241,254 Nonunions typically occur at the supracondylar level, are rarely intra-articular, and are usually 
related to inadequate fixation (Fig. 39-43).693.147.189.209,239,240 Other risk factors for nonunion include “low” fracture types with limited distal bone for 
screw purchase, extensive comminution, and severe osteopenia. Patients typically present with pain, stiffness, and functional limitation. If there is associated 
failure of fixation, patient may also present with abnormal motion due to a mobile nonunion. 


G 
Figure 39-42. A, B: Anteroposterior and lateral radiographs of an open distal humerus fracture. C: Intraoperative visualization demonstrates foreign debris on the 
sharp distal humerus shaft fragment (arrow). Open reduction and internal fixation is accomplished via a triceps-splitting approach (D, E) with parallel plates (F, G). 


C 


Fig . A, B: Anteroposterior and lateral radiographs of a distal humerus fracture managed with inadequate fixation using a medial one-third tubular plate and 
a lateral 3.5-mm reconstruction plate with limited supracondylar to articular segment fixation. C, D: Revision fixation accomplished with parallel plating utilizing 
anatomic precontoured plates with higher-density screw fixation into the articular segment. 


In patients presenting with nonunion after ORIF of distal humerus fractures, it is important to establish the cause of the nonunion. All patients should 
undergo infection screening blood work (complete blood count with differential, erythrocyte sedimentation rate, and C-reactive protein levels). Injury and 
postoperative radiographs should be examined critically to determine the initial fracture pattern and the adequacy of initial ORIF. Examining postoperative 
radiographs in a serial fashion may reveal the cause of failure. 

Treatment options for distal humerus nonunions include splinting, revision ORIF, and elbow arthroplasty. Splinting with externally applied bone 
stimulators, such as ultrasound, may be effective if fixation failure has not occurred. If surgical treatment is deemed necessary, a CT scan may be beneficial 
in examining the quality and quantity of the remaining distal humerus bone. 

Revision ORIF should be the procedure of choice in healthy active patients. Revision procedures are technically demanding due to the altered anatomy, 
presence of failed hardware, excessive scarring, and generally poor bone quality. Due to these issues, an olecranon osteotomy is the preferred approach to 
allow the best access to the joint.693-147:209 The goals of surgery are to obtain an anatomic articular reduction, rigid bicolumn fixation, and to stimulate bone 
healing with autologous bone graft. Additional procedures that are usually required with revision ORIF of distal humerus fractures are anterior and posterior 
capsulectomy to address elbow stiffness and ulnar nerve neurolysis and transposition. !477°9 The outcomes of revision ORIF are generally 
satisfactory®*8-93.147,209 with bony union occurring in greater than 90% of patients. 

In some nonunions, revision ORIF is not feasible, whether it is due to extensive bone loss or posttraumatic arthrosis. In these cases, TEA is a reliable 
treatment option.®9-151-162.163,196 Patients who have a healed prior olecranon osteotomy can be approached via a paratricipital approach, Bryan—Morrey 
(triceps reflecting) approach, or by a triceps split. Patients with a nonunion of an olecranon osteotomy are approached through the osteotomy site. After 
elbow arthroplasty, the olecranon is fixated with a K-wire/tension band construct, plate/screws, or with excision of the fragment and triceps advancement. 144 

Other treatment options for distal humerus nonunions include arthrodesis,”°° resection arthroplasty, allograft distal humerus replacement,*®,2°5.296 
vascularized bone grafting,*>!7.27! Ilizarov methods,*®- and the induced membrane “Masquelet” technique for infected nonunions. 13176 


POSTOPERATIVE ELBOW STIFFNESS AND HETEROTOPIC OSSIFICATION 


Patients typically achieve functional range of motion after ORIF of distal humerus fractures. Risk factors for elbow stiffness and HO are head injury, 
polytrauma, severe soft tissue injury, delay to surgical intervention, prolonged postoperative immobilization, and open fractures,”4104113.146,190,211,212,221 Ty 
a recent study, the development of HO was also associated with the method of fracture fixation (perpendicular plating > parallel plating) and the use of bone 
graft or substitute.’* 

The reported incidence of HO after surgical treatment of distal humerus fractures varies from 0% to 49%. 
retrospectively reviewed 89 consecutive patients with a mean age of 58 years who had undergone ORIF after sustaining a unilateral fracture of the distal 
humerus.’* HO was identified in 37 elbows (42%), mostly around the humerus and along the course of the MCL. HO was hazy immature in 5 elbows 
(13.5%), mature discrete in 20 (54%), extensive mature in 10 (27%), and complete bone bridges were present in 2 elbows (5.5%). Mild functional 
impairment occurred in 8 patients, moderate in 27, and severe in 2. HO was associated with less extension (p = .032) and less overall flexion-to-extension 
movement (p = .022). Seven elbows required surgery to excise the HO. 

Most patients with HO do not experience any significant functional deficits; therefore, resection is not always necessary. HO about the elbow can be 
classified by the system of Hastings and Graham (Table 39-8).°° The incidence of elbow stiffness and contracture is difficult to determine as most of the 
patients who undergo ORIF have some limitation in motion. The distinction between an elbow contracture and a normal postoperative outcome is dependent 
on several variables, including patient’s expectations, activity level, age, and occupation. Morrey, in an effort to identify the etiology of elbow contractures, 
has classified them as intrinsic, extrinsic, and combined.'®*!®8.!69 Intrinsic causes involve the articular surface while extrinsic causes include capsular 
contracture and HO. 


8,16,64,74,85,87,185,221,241 Foruria et al 


TABLE 39-8. The Hastings Classification of Heterotopic Ossification 


Class Subtype Description 
I Radiographic heterotopic ossification without functional limitation 
I A Limitation of flexion/extension 
B Limitation of forearm pronation/supination 
C Limitation in both planes 
Ill Bony ankylosis of either the elbow or forearm 


Primary prevention should be used by all surgeons to limit posttraumatic elbow contracture. For patients at high risk of HO, such as those with head 
injuries, postoperative indomethacin and/or radiation is recommended. For the treatment of elbow contractures, initial management should be nonoperative 
with physiotherapy, splints, and braces. Static progressive splinting under the direction of a physiotherapist has been reported as an effective method of 
regaining elbow range of motion.®4 

When splints and braces fail to obtain functional range of motion, the elbow may be treated surgically using either open or arthroscopic techniques. 
Generally, arthroscopy has a limited role in the treatment of contractures after distal humerus ORIF due to the often extensive internal fixation hardware that 
requires open removal. Open contracture releases may be done via a medial “over-the-top” exposure, a lateral column procedure, or a combined 
approach. !66,168,169,251 The preoperative assessment of patients includes identification of prior surgical incisions, examination of the ulnar nerve, and clear 
localization of the pathology to determine the most appropriate surgical approach. The procedure typically involves ulnar nerve release, capsulectomy, 
debridement of the olecranon, coronoid and radial fossae, excision of symptomatic HO, and, finally, removal of internal fixation hardware. Postoperatively, 
patients are managed with continuous passive motion devices and static progressive splints. The routine use of indomethacin for HO prophylaxis after 
contracture release remains controversial. 

The surgical excision of symptomatic HO should be delayed until its growth has ceased and it has become corticated. Preoperative or early postoperative 
single-dose radiation treatment has been recommended to decrease HO recurrence; however, there is little literature to support its use. The excision of HO is 
associated with significantly better gains in range of motion than release of soft tissue only contractures. 190 


WOUND COMPLICATIONS AND INFECTION 


Superficial wound infections are relatively common after ORIF of distal humerus fractures. Elbows should be examined to ensure there are no deep fluid 
collections which may indicate infected hematomas or seromas. The management of superficial infections consists of oral antibiotics, dressing changes, and 
close observation. 

Deep infections after ORIF of distal humerus fractures have a reported rate between 0% and 10%.8:16.64,77,83,85,87,100,122,124,152,155,185,186,211,221,241,254 
Management consists of surgical debridement and organism-specific IV antibiotics. Intraoperatively, fracture fixation is assessed to ensure it is stable. If 
stable, the patient is managed with serial surgical debridements as required and IV antibiotics until healing. If fracture stability is lost, staged revision ORIF 
is required along with IV antibiotics until healing. 

Wound necrosis is also a complication that can occur after ORIF of distal humerus fractures. This is managed with surgical debridement to viable tissue. 
The remaining soft tissue defect is assessed to determine whether primary closure is possible or if coverage is required. Coverage options depend on several 
variables, including size, and depth of the defect, exposed hardware or vital structures, patient comorbidities, and potential donor site morbidity.47!09 
Consultation with a plastic or soft tissue reconstructive surgeon is recommended. 


ULNAR NEUROPATHY 


The ulnar nerve is the most commonly affected nerve in patients with distal humerus fractures. Injury can occur at the time of fracture, intraoperatively or 
postoperatively. At the time of fracture, the nerve may be injured by a direct impact or indirectly by traction due to wide displacement of the fracture 
fragments. Intraoperatively, injury may occur by traction, manipulation of the nerve, or by injury to its blood supply causing ischemia. Postoperatively, 
neuritis may occur by nerve “kinking” in flexion or extension, exuberant scarring, or by irritation against fixation hardware. 

Patients with preoperative neuropathy should undergo ulnar nerve exploration during the surgical procedure. The nerve should be decompressed and 
examined with loop magnification to ensure it is intact. If partially or completely lacerated, the nerve should undergo immediate microsurgical repair. If the 
nerve is intact, a complete neurolysis should be done. The decision whether or not to transpose the nerve remains controversial. As mentioned previously, 
the only randomized controlled trial on this topic showed equivalent outcomes between ulnar nerve in situ decompression versus anterior transposition 
following ORIF of distal humerus fractures.*° In a retrospective study of 107 patients to determine the incidence and predisposing factors for the onset of 
postoperative ulnar neuropathy, Wiggers et al.?®? identified neuropathy in 17 (16%) patients with the only risk factor being the type of fracture. The authors 
found that columnar fractures had a greater risk of postoperative ulnar neuropathy than capitellar or trochlear fractures, and this effect was independent of 
whether or not the nerve was transposed at the time of surgery. Chen et al.,° in a multicenter retrospective study, compared the rate of ulnar neuropathy in 
patients with and without ulnar nerve transposition during ORIF of distal humerus fractures. The authors found that patients who underwent intraoperative 
ulnar nerve transposition had an almost four times the incidence of postoperative ulnar neuropathy. The authors, therefore, recommended against ulnar 
nerve transposition. 

Ulnar neuropathy that presents postoperatively, in a transposed nerve, can be managed with initial observation. The management of postoperative 
neuropathy in a nerve left in situ remains controversial; anecdotally, some recommend observation while others recommend acute decompression with 
anterior transposition. It is the author’s practice to conduct a complete release and anterior subcutaneous transposition in all surgically treated distal humerus 
fractures. 

The outcome of ulnar neuropathy with an intact nerve is good, patients have a high rate of satisfaction, good return of intrinsic muscle strength, and a 
return of hand functionality.!49 Although the prognosis is generally good after ulnar neuropathy, patients do not return to completely normal.2*-!49 


OLECRANON OSTEOTOMY COMPLICATIONS 


An olecranon osteotomy affords the best visualization of the articular surface of the distal humerus, and therefore is a valuable approach for comminuted 
articular fractures. An olecranon osteotomy should be conducted in a systematic way to avoid complications, such as inadvertent fracture propagation, 
incorrect osteotomy location, and malreduction. Complications associated with olecranon osteotomies have been reported to occur in 0% to 31% of 
cases, 8:16,46,77,83,87,95,208,241,270 

Nonunion or delayed union of olecranon osteotomies have been reported in up to 10% of cases.®:16.46.77,83,95,208,217,241,270 Ty many cases, the olecranon 
osteotomy requires more time to heal than the distal humerus fracture,’® perhaps due to the ulna’s unique blood supply.2°° The theorized risk factors for 
nonunion include use of a tension band technique, a transverse osteotomy, and single screw fixation, although the literature does not support this. Three 
recent studies*®95,208 on the outcomes of olecranon osteotomy looked at a total of 129 patients. All patients underwent an apex distal chevron osteotomy, 
although the types of fixation varied (plates, single medullary screws, and tension band constructs). There were no nonunions, 1 delayed union, 3 patients 
had early hardware failure require revision ORIF, and 18 patients (14%) had hardware removal specifically for irritation. 

The management of olecranon nonunions includes ruling out infective causes and then revision plate ORIF with autologous bone grafting. In some cases 
when revision ORIF is not feasible due to the small size of the fragment or associated poor bone quality, the fragment may be excised with advancement of 
the triceps insertion. 14458 Delayed unions of the olecranon are managed expectantly with consideration given to external bone stimulation devices. 

Prominent symptomatic hardware is common after fixation of olecranon osteotomies. Patients may experience local pain, tenderness, or an inability to 
rest the elbow on hard surfaces. These symptoms can be addressed by hardware removal after the olecranon is completely healed. 


COMPLICATIONS OF TOTAL ELBOW ARTHROPLASTY 


Complications of TEA include infection and wound healing, neuropathies, triceps insufficiency, instability, osteolysis and loosening, mechanical failure, 
periprosthetic fracture, and stiffness. 

The rate of deep infection in TEA ranges from 2% to 5%. The rate has been declining over time. 
infection can be minimized by meticulous surgical technique, use of perioperative antibiotics, sterile tourniquets, and antibiotic-laden cement. The 
consequences of deep infection can be devastating. The treatment will often include organism-specific IV antibiotics, and surgical debridements with 
possible staged reconstruction. Organisms such as Staphylococcus epidermidis are particularly difficult to eradicate, and resection arthroplasty may be the 
consequence. 

Ulnar neuropathy is common in traumatic conditions of the elbow. The probability of persistent ulnar neuropathy after TEA for trauma is high and is 


1,14,45,79,80,86,91,115,122,128,165,171,198,206,268 The rate of 


reported to occur in up to 28% of patients, with permanent dysfunction in up to 10%.1419,45,79,91,114,115,201,206,214,243,250 Ulnar nerve exposure, complete 
neurolysis, and anterior transposition are recommended, although transposition also has risks, such as devascularization. The surgical approach used for 
elbow arthroplasty is also influential as the extended Kocher approach has a higher risk of postoperative ulnar nerve palsy.9!34 

Triceps insufficiency is a common problem after TEA performed via an extensor mechanism disrupting approach, and is reported in up to 11% of 
patients, '6+,19402,206 Surgical exposures that utilize a triceps-on approach such as the lateral paraolecranon and the paratricipital, although more technically 
challenging, may avoid this complication. When using a triceps-disrupting approach, this complication can be minimized by solid anatomic repair of the 
triceps insertion and postoperative protection of the repair by avoiding active extension for 6 weeks. Many patients, such as those who use ambulatory aids 
or self-propelled wheelchairs, require a strong intact triceps mechanism. These patients may be best suited for the lateral paraolecranon and paratricipital 
approaches. Patients who develop extensor mechanism insufficiency and who rely on active extension may benefit from extensor mechanism revision repair 
or reconstruction with autograft or allograft. 

Instability after TEA is a problem associated with unlinked designs. These designs rely on correct implant positioning, preserved bony architecture, and 
intact soft tissue stabilizers. Typically, unlinked designs are not used for distal humerus fracture due to disrupted bony and soft tissue stabilizers; however, 
they may be used if these structures are anatomically repaired. Newer unlinked designs have several advantages: they have greater contact surface area in 
the ulnohumeral articulation providing increased constraint, some have the option of a radial head arthroplasty which provides additional stability, and 
others have the ability to convert to a linked implant. If intraoperative instability exists in an unlinked arthroplasty after repair of the bony structures and soft 
tissues, then conversion to a linked prosthesis should be performed. 

Bearing wear in a TEA is inevitable. Many implants allow for change of the bearing surface without revision of the components. Accelerated wear rates 
have been found in younger patients, in patients with posttraumatic conditions, and in cases with persistent postoperative malalignment or 
deformity.!°?:!27,141,162 The problem with polyethylene wear is the host reaction that causes osteolysis, which can lead to aseptic loosening and loss of bone 
stock. 

TEA implants can also undergo fatigue fracture.!9 Metal fatigue most commonly affects titanium implants due to their notch sensitivity. Implants at risk 
are those with insufficient bony support of their metaphyseal segments due to fractured or resected condyles or osteolysis. These at-risk implants experience 
high cantilever bending forces at the junction of the poorly supported metaphyseal segment and the well-fixed diaphyseal segment. 

Periprosthetic fractures can occur intraoperatively and postoperatively. Risk factors for intraoperative fractures include osteopenic bone, excessive 
diaphyseal bowing with use of long-stem implants, overly aggressive reaming, and revision cases. Fixation of condylar fractures when using a linked system 
is not required; however, shaft fractures require reduction and stabilization with some combination of long-stem components with cerclage wires, allograft 
struts or plate, and screw fixation. Postoperative periprosthetic fractures can occur secondary to trauma or through pathologic bone weakened by osteolysis. 
Periprosthetic fractures with unstable components will likely require revision arthroplasty in the medically fit patient. Periprosthetic fractures with stable 
components may be managed with immobilization or ORIF. Allograft strut grafts are useful adjuncts in these situations especially in those with bone loss. 


CONTROVERSIES/FUTURE DIRECTIONS RELATED TO DISTAL HUMERUS FRACTURES 


Several implant-related advancements have been made over the last few years. The use of precontoured and locking plates has become ubiquitous; however, 
no clinical advantages have been reported. Further study is required to determine if their additional cost leads to improved patient outcomes, especially in 
today’s fiscally responsible health care environment. 

TEA has certainly demonstrated predictably good outcomes; however, as with all total joints, the survivorship decreases over time. The role of 
hemiarthroplasty, therefore, requires further investigation to determine if it effectively functions as an intermediate to total joint replacement. In an attempt 
to address this clinical question, Al-Hamdani et al.* are currently conducting a prospective randomized controlled study investigating the outcomes 
following elbow hemiarthroplasty versus ORIF for distal humerus fractures in patients aged 50 years or above. 

In addition to advances in implant design and improved surgical technique, the focus in orthopaedic arthroplasty in general has shifted to precise 
placement of implants using technologies such as augmented reality (AR) and 3D printing. Tanji et al.2°* reported greater accuracy in total elbow implant 
placement with the use of AR compared with conventional surgical techniques in a cadaveric study. Clearly, further studies are required to validate these 
findings and ultimately, whether the improved precision translates to improvement in clinical outcomes. 
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Simple Elbow Dislocation 


INTRODUCTION TO SIMPLE ELBOW DISLOCATION 


A simple elbow dislocation is one in which there are no associated fractures. The elbow is the second most commonly dislocated joint in the adult 
population with a reported rate of 5.2 per 100,000 person-years in the US population.!*? Nearly half of simple dislocations are the result of sports with 
males at the highest risk during football and females during gymnastics and skating. Adolescent males are the highest-risk group. The elbow is typically 
stable after a closed manipulative reduction in this injury; however, older patients or those with high-energy mechanisms may be at risk for residual 
instability that requires operative intervention.” A good functional outcome is typically reported by these patients, but some patients report residual 
subjective stiffness and pain. Less than 10% of patients report residual instability.” In those elbows with recurrent dislocation, extensive soft tissue injuries 
to both medial collateral and lateral collateral ligaments (LCLs) as well as muscle origins have been demonstrated.” 


ASSESSMENT OF SIMPLE ELBOW DISLOCATION 


MECHANISMS OF INJURY FOR SIMPLE ELBOW DISLOCATION 


Simple elbow dislocations are typically the result of a fall on an outstretched hand. O’Driscoll et al. described a valgus, axial, and posterolateral force that 
results in the typical posterolateral dislocation of the elbow joint (Fig. 40-1).!°° The soft tissue injury is thought to begin on the lateral side of the elbow 
with disruption of the LCL and then proceeds through the capsule to the medial side with the medial collateral ligament (MCL) being injured last. The MCL 
may remain intact in some injuries. Less commonly, simple dislocation may be the result of a varus, axial, and posteromedial force where the injury 
proceeds from medial to lateral, but this mechanism typically results in a small anteromedial coronoid fracture, and this injury is discussed later in the 
chapter.°**” More recently, magnetic resonance imaging (MRI) and video studies have shown that complete ligamentous tears are more common on the 
medial side of the elbow with the lateral ligaments being preserved in some cases. These studies suggest that the sequence of failure may begin on the 
medial side of the elbow with acute valgus instability in an extended elbow and may explain why some elbows are very stable after reduction since the LCL 


complex is sometimes preserved. 135-136 
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Figure 40-1. Elbow dislocations are thought to occur with a progression from lateral to medial. Complete dislocation is usually associated with disruption of the 
medial and lateral collateral ligaments and anterior capsule. 


INJURIES ASSOCIATED WITH SIMPLE ELBOW DISLOCATION 


By definition, simple elbow dislocations are not associated with fractures. However, they typically are accompanied by significant disruption of the 
collateral ligaments, elbow capsule, and forearm flexor and extensor muscle origins.”* Although rare, injury to the brachial artery has been described in 
closed simple dislocations and nerve palsies are possible. The ulnar nerve is the most commonly injured nerve following elbow dislocation, but entrapment 
of the median nerve in the joint after reduction has been described. 


SIGNS AND SYMPTOMS OF SIMPLE ELBOW DISLOCATION 


Patients typically present with an obvious deformity and pain about the affected elbow. Some patients may self-reduce or spontaneously reduce and will 
present with pain, swelling, and ecchymosis but no deformity. With the elbow flexed to 90 degrees, the medial and lateral epicondyles and the olecranon 
process should form an isosceles triangle; and if they do not, the elbow is likely dislocated or subluxated, with the elbow “jumping a runner” in the medial 
or lateral direction. The elbow should be evaluated for open wounds. A complete peripheral neurologic examination should be performed for both motor 
and sensory functions. Radial and ulnar pulses should be compared with the opposite side. If they are decreased, arm—arm indices are useful to help 
determine if there is a vascular injury. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR SIMPLE ELBOW DISLOCATION 


Anteroposterior, lateral, and oblique radiographs are used to diagnose elbow dislocation and help to rule out associated fractures. Computed tomographic 
(CT) scanning is rarely needed but can be useful if there is a questionable associated fracture. MRI is not needed unless there is concern for ulnar nerve 
entrapment in the joint since the pathology of the soft tissue injury associated with elbow dislocations has been well established. 


CLASSIFICATION OF SIMPLE ELBOW DISLOCATION 


Simple elbow dislocations are often described based on the direction of dislocation. The majority of dislocations are posterior or posterolateral. However, 
anterior, medial, lateral, and divergent dislocations are possible. They can also be classified as acute, subacute (<6 weeks), or chronic. 


OUTCOME MEASURES FOR SIMPLE ELBOW DISLOCATION 


Several scoring systems have been used to evaluate the outcomes of simple elbow dislocation. Most recent publications have evaluated outcomes using the 
Disabilities of the Arm, Shoulder and Hand Questionnaire (DASH) and the Oxford Elbow Questionnaire. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO SIMPLE ELBOW DISLOCATION 


Elbow stability is provided equally by the soft tissue structures surrounding the joint and by the bony articulations of the joint itself. The soft tissue 
restraints can be divided into static and dynamic stabilizers. The static stabilizers include the joint capsule and the LCLs and MCLs. The normal joint 
capsule is thin but does contribute to stability with the elbow in full extension and flexion. The LCL has three components, the radial collateral ligament, 
annular ligament, and the lateral ulnar collateral ligament. It is the primary varus and posterolateral rotational stabilizer of the elbow. The radial head is 
surrounded by the annular ligament which attaches to the anterior and posterior margins of the radial notch of the proximal ulna. The radial collateral 
ligament arises from the lateral epicondyle and blends with the annular ligament. The lateral ulnar collateral ligament is posterior to the radial collateral 
ligament and attaches to the crista supinatoris of the proximal ulna, just distal to the annular ligament. The MCL consists of the anterior and posterior 
bundles. The anterior bundle is the key valgus stabilizer of the elbow, arising from the anteroinferior aspect of the medial epicondyle to insert on the 
sublime tubercle of the proximal ulna. The posterior bundle provides a secondary restraint to valgus load and also resists ulnar rotation. 

The dynamic restraints include the biceps, brachialis, and triceps which provide compressive stability to the elbow due to their joint reactive forces and 
are particularly important when the static stabilizers have been injured. The common extensor muscles provide varus stability and the common flexor 
muscles provide valgus stability. Pronation will stabilize the LCL-deficient elbow while supination decreases stability in this setting.’ 

Patients with simple elbow dislocations routinely have disruption of both the MCL and LCL and the elbow capsule.!°° The muscular origins may be 
disrupted as well; typically, the injury to the lateral common extensor origin is more extensive than the medial common flexor origin. Although the MCL 
was once thought to be the most important stabilizer of the elbow joint, this is only true in patients who routinely load their elbow in valgus such as 
throwing athletes. Since most activities of daily living exert a varus force on the elbow than a valgus force, residual instability is usually due to 
incompetence of the LCL in most patients. Some patients exhibit a drop sign after surgical management of elbow dislocations but this may be due to a delay 
in return of muscle tone and it typically resolves spontaneously.!2° When the elbow dislocates, the radial head may cause an impression fracture of the 
posterior capitellum which can contribute to recurrent instability. 


TREATMENT OPTIONS FOR SIMPLE ELBOW DISLOCATION 


NONOPERATIVE TREATMENT OF SIMPLE ELBOW DISLOCATION 


Most simple elbow dislocations can be treated nonoperatively with closed manipulative reduction, evaluation of stability, and an early rehabilitation 
program (Fig. 40-2). 


Indications/Contraindications 


Nonoperative Treatment of Simple Elbow Dislocation: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Closed dislocation 


Relative Contraindications 


e Open dislocation 
e Vascular injury 
e Instability after closed reduction 


Techniques 


A closed manipulative reduction of the elbow is usually performed in the emergency room or the operating room. Adequate conscious sedation with 
appropriate relaxation and monitoring of vital signs is important. The medial and lateral epicondyles are palpated and their relationship to the olecranon is 
determined to first correct the medial/lateral displacement in the coronal plane. The elbow is typically flexed to approximately 30 degrees, and traction is 
placed through the forearm while stabilizing the humerus. Direct pressure over the olecranon may help to guide it over the distal humerus and into joint. 
Supination of the forearm may be helpful to gain the reduction. The reduction maneuver should employ a steady slow force to avoid iatrogenic fracture of 
the distal humerus or proximal forearm. 


D,E 
Figure 40-2. A, B: A healthy 22-year-old man fell, sustaining a simple elbow dislocation. C, D: A closed reduction was performed under conscious sedation in the 
emergency room and postreduction examination revealed a stable elbow through a full arc of motion. E, F: Follow-up at 3 months demonstrated some ossification of 
the lateral ligament complex with a concentric elbow joint and full range of motion. 


After reduction, the elbow is taken through an arc of flexion—extension in pronation, neutral, and supination in order to evaluate for residual instability. 
Since the lateral-sided soft tissue injuries are typically more severe, pronation of the forearm often improves stability. If the elbow redislocates at more than 
30 degrees of flexion, operative treatment should be considered. However, in the majority of cases, the elbow will be stable after closed reduction, 
particularly after muscle tone returns in the arm. Most patients will have varus—valgus instability given the pathoanatomy of elbow dislocation, but this 
plane of instability alone is not an indication for operative treatment. The elbow is then immobilized in a light plaster splint with the forearm in pronation, 
neutral, or supination (depending on the position of maximal stability) and the elbow at 90 degrees of flexion. Radiographs are performed to ensure a 
congruous reduction has been achieved and to evaluate for the presence of fractures not visualized on the prereduction radiographs. Isometric exercises 
should be encouraged while immobilized in the splint to promote muscle activation and improved dynamic stability. The patient is seen within a week to 
ensure maintenance of the reduction and to begin active range of motion of the elbow. 

After 1 week, the splint is removed. The patient is examined for stability again and asked to actively extend and flex the elbow. Patients will typically 
move only within their stable arc and are unlikely to redislocate if they had a stable reduction and examination initially. If the patient feels significant 
apprehension as they actively extend between 90 and 30 degrees while awake, it may indicate instability and imaging in that position looking for 
ulnohumeral sag can be performed to determine whether repair is required. Otherwise, a rehabilitation program is initiated encouraging active and active- 
assisted motion. An overhead motion protocol is advantageous to allow for early motion in a protected position.'** A static splint for comfort between 
exercises may be used for patients who feel they need extra protection for their arm but they must be encouraged to remove it regularly to work on their 
elbow motion. Range of motion from 30 degrees to full flexion with pronation and supination at 90 degrees of flexion or greater is encouraged. The patient 
is then seen weekly for the first 3 weeks to decrease the extension block by 10 degrees per week. Radiographs are performed to confirm concentric 


reduction at each visit. The patient is then seen again at 6 weeks and may resume most normal activities and start a light strengthening program, avoiding 
varus or valgus loading until 12 weeks. Immobilization greater than 3 weeks should be avoided as this has been demonstrated to cause an increased 
incidence of stiffness and poorer functional outcomes. 

Some patients may have subtle residual mild posterolateral subluxation following a closed reduction. Coonrad et al.°° described the “drop sign,” an 
increase in the static unohumeral distance in unstressed postreduction lateral radiographs of dislocated elbows. In those patients, an active motion protocol 
should be employed. It involves avoiding varus stress at all times by exercising with the elbow at the side while sitting or standing. Active motion is 
performed with the forearm pronated through the full range of motion. Supination is performed with the forearm flexed to 90 degrees or greater. This 
protocol takes advantage of the effects of the dynamic elbow stabilizers (flexor—pronator mass, common extensors). Wolff and Hotchkiss!*4 also describe 
performing the exercises with an overhead protocol which allows the effects of gravity to improve stability. 


Outcomes 


Several studies have reported good to excellent outcomes in most patients after simple elbow dislocation. However, these injuries are not entirely benign. 
Josefsson et al.” reported on a series of 52 patients followed for an average of 24 years. More than half of the patients had mild residual symptoms. 
Nineteen patients reported loss of motion but the majority of patients did not have late arthritis. Anakwe et al.” reported outcomes of 110 patients with 
simple elbow dislocation at an average of 7.3 years after injury. The mean DASH score was 6.7 points (the DASH is a disability score where a higher score 
is worse, 0 = a perfect arm, and 100 = completely disabled) and the mean Oxford Elbow score was 90.3 points (0 = poor, 100 = good). Fifty-six percent of 
patients reported residual subjective stiffness, and 62% of patients reported residual pain. Eight percent of patients reported residual instability although no 
patient required operative intervention for their instability. Reduced elbow flexion and female sex were predictors of a lower outcome score. Eygendaal et 
al.°! evaluated 50 patients with closed simple dislocations with a mean follow-up of 9 years. Twenty-four patients had medial instability on stress 
radiographs and 21 had degenerative changes. Medial instability was correlated with radiographic degeneration and a worse overall clinical result. Mehlhoff 
et al.°° evaluated 50 patients at an average of 34.4 months. Sixty percent of patients reported residual symptoms including flexion contracture in 15%, 
residual pain in 45%, and pain on valgus stress in 35%. Prolonged immobilization after injury was associated with a worse result with increasing duration of 
immobilization leading to increased flexion contracture and more severe residual pain: In general, prolonged immobilization is to be avoided in this setting. 
Symptomatic heterotopic ossification is not common with simple dislocations. The presence of a concomitant head injury significantly increases the 
likelihood of heterotopic ossification, most commonly seen in the collateral ligaments or their insertions.°” 


OPERATIVE TREATMENT OF SIMPLE ELBOW DISLOCATIONS 


Indications/Contraindications 


High-quality studies of surgical repair for simple dislocations have not shown improvement in long-term outcome in those elbows with stability after closed 
reduction. The main indication for operative management of simple elbow dislocations is an inability to maintain a concentric elbow joint after closed 
reduction or a recurrent dislocation. Elbows which are so unstable that prolonged immobilization will be required benefit from early surgical management to 
avoid excessive stiffness. Open dislocations, vascular disruption (Fig. 40-3), and irreducible dislocations are also indications for operative treatment, but 
these are rare injuries. Throwing athletes may benefit from direct repair of the MCL. 

Chronic or missed elbow dislocations are an uncommon but important indication for surgery. Chronic dislocations are more commonly seen in the 
developing world. Historically, surgeons recommended a posterior approach with a lengthening of the triceps, however more recent experience suggests the 
triceps should be preserved; both to improve motion and to provide stability postoperatively.°* Anderson et al. reported on the outcomes of operative 
management of 32 patients with missed dislocations, both adult and children treated in Ethiopia. The authors used a combined medial and lateral approach 
without violating the extensor mechanism. The ulnar nerve was mobilized and the flexor and extensor origins and collateral ligaments detached from the 
distal humerus as a sleeve to gain exposure. Scar tissue and any heterotopic ossification were removed from the joint. After reduction the medial and lateral 
soft tissue sleeves were repaired to the distal humerus using transosseous sutures. Early motion was commenced using a sling to limit extension, no 
supplemental fixation was used. The authors reported 97% of their patients achieved a good or excellent functional outcome.® 


R 
X-TBL 
PORT 
Inter-OP 


G 
Figure 40-3. A 15-year-old male sustained a simple elbow dislocation while skiing. He self-reduced on the hill but presented with elbow subluxation and a decreased 
radial pulse. A, B: Note the increased ulnotrochlear space. C: CT angiogram demonstrated transection of his brachial artery. After vascular bypass and forearm 
fasciotomy, the elbow was placed into an external fixator to protect the vascular repair. The fixator was removed after 3 weeks. D, E: No ligament repair was done as 
the elbow was relatively stable following reduction and the open wound was anterior. F, G: Follow-up at 3 months demonstrated some ossification of his collateral 
ligaments with a full range of motion, stable elbow, and intact vascular repair. 


yen Reduction and Internal Fixé 


Preoperative Planning 


Open Reduction and Internal Fixation (ORIF) of Simple Elbow Dislocation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent 


Position/positioning aids LJ Supine with arm table 
Fluoroscopy location LJ From head 


Equipment LJ Suture anchors, large external fixator, large fragment locking set with screws, heavy nonabsorbable 


suture, internal joint stabilizer 


Tourniquet LJ None or sterile preferred 


Operative treatment may include open reduction with direct repair of ligaments, capsule, and muscle origins. Augmentation of the LCL with suture may be 
beneficial for those patients with poor soft tissue quality.*? Application of a static external fixation may occasionally be required to protect a tenuous soft 
tissue repair or augmentation with an internal joint stabilizer may be considered.!!9 Cross pinning of the joint can be considered in patients who have 
difficulty with compliance, have multiple comorbidities, cannot tolerate an external fixator, or when an internal fixator is unavailable. Temporary bridge 
plating of the elbow can also be considered to manage residual instability when application of an external fixator may be contraindicated such as in 
noncompliant or morbidly obese patients. In general, for dislocations presenting at less than 2 weeks from injury, primary ligament repair is typically 
sufficient to restore stability. 


Positioning 

The patient is placed supine on the operating table with a radiolucent arm table on the affected side. Since both medial and lateral deep surgical approaches 
may be necessary, a preoperative examination of the shoulder should be performed to be sure that there is adequate external rotation of the shoulder in order 
to approach the medial side of the elbow. In the setting of significant shoulder stiffness, an alternative choice is to position the arm across the chest or use a 
lateral decubitus position. The C-arm is brought in from the head of the patient for both anteroposterior and lateral fluoroscopy. A sterile tourniquet should 
be available, but its use is optional. 


Surgical Approach 


A posterior midline incision is employed and a full-thickness lateral flap is elevated on the deep fascia. In some dislocations, there is visible disruption of 
the lateral fascia and muscular origins from the injury itself. However, if there is not, then a fascial incision is made through the Kocher interval between the 
anconeus and extensor carpi ulnaris (ECU) for exposure of the LCL. If the medial structures require repair, full-thickness elevation of the medial flap is 
performed and the ulnar nerve is identified and protected but not transposed. The MCL may be approached through the traumatic muscle disruption. The 
flexor—pronator mass can be further elevated off the ulna to aid exposure as required. An alternative approach is to make paired medial and lateral skin 
incisions in the setting where the quality of the posterior skin is not suitable. Of note, some open elbow dislocations with or without vascular disruption 
present with anteromedial or medial skin disruption. It is important to avoid repairing only the visible medial side in this circumstance but to also assess and 
repair the LCL, often through a separate incision. Repair of the medial structures only with significant lateral-sided disruption may result in significant 
posterolateral instability or redislocation once an intact medial “hinge point” is re-established. 


Technique 


ORIF of Simple Elbow Dislocation: 


KEY SURGICAL STEPS 


VE midline incision 

Approach lateral side first 

Inspect and clean joint 

Repair LCL and extensor muscle origin to the lateral epicondyle of the humerus and repair fascia 

Test for stability using gravity extension in supination to assess LCL repair and pronation to assess for posteromedial instability 
If still unstable, repair MCL and flexor—pronator origin 

If still unstable, apply a static external fixator or an internal joint stabilizer 

Consider cross-pin or cross-screw as a salvage 

Temporary bridge plating can also be employed 


Soft Tissue Repair 


Disruption of the LCL and extensor origins off of the posterolateral aspect of the distal humerus with capsular disruption is typically encountered.°® The 
joint is inspected for chondral debris and injury and thoroughly irrigated. 

The LCL can be repaired using transosseous bone tunnels or suture anchors°® (Fig. 40-4). A single drill hole is placed at the center of the flexion- 
extension axis located at the center of the arc of curvature of the capitellum. Two drill holes are then placed on the posterior column of the lateral 
supracondylar ridge in patients with good bone or one drill hole placed anteriorly and one posteriorly to the supracondylar ridge in patients with poorer- 
quality bone. Shuttle sutures are placed through these drill holes. Locking Krackow stitches are placed in the LCL while a second suture is placed in the 
extensor fascia. The lateral structures are repaired with anchors and sutures tied with the forearm in pronation, positioned at 90 degrees of flexion and 
axially loaded such that there is not any gapping medially. Overtensioning of the lateral ligaments is possible if the MCL is deficient®® which could worsen 
posteromedial instability. The elbow is examined on the lateral view to assess for adequacy of repair by supinating and extending. The elbow is then 
examined in pronation and extension evaluating for ulnohumeral incongruity due to posteromedial instability and MCL insufficiency. If there is subluxation 
in this position, then medial repair should be undertaken. Care should be taken not to “hold” the elbow in joint during this examination so that residual 
instability can be recognized. 
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Figure 40-4. Repair of the LCL is performed using transosseous bone tunnels placed at the center of the capitellum and exiting anterior and posterior to the lateral 
epicondyle. Locking Krackow sutures are placed in the LCL, and then the common extensor origin is also repaired. Suture retrievers are used to pass the sutures 
through the bone tunnels, which are then tensioned and tied across the bone bridge. In young patients with good-quality bone, both tunnels can be placed posterior to 
the epicondyle to simplify the procedure. 


If the elbow remains unstable despite repair of the lateral structures, the medial side of the elbow is approached with care taken to protect the ulnar 
nerve, particularly as the flap is elevated with the shoulder in external rotation and elbow flexion as it will be very close to the skin. Repair of the MCL is 
performed using drill holes located at the anteroinferior aspect of the medial epicondyle and two holes more proximally. The flexor—pronator muscles are 
also repaired if they have been avulsed, as is often the case in this setting. Alternatively, suture anchors can also be employed. The MCL may also be 
avulsed from its ulnar insertion, and repair with a suture anchor into the sublime tubercle may be required. 

If the elbow is still unstable, then a static external fixator or an internal joint stabilizer should be placed or, as a last resort, the elbow should be 
transfixed with a large fragment screw or robust Steinman pin and the elbow casted. In the setting of a noncompliant patient, head-injured patient, or morbid 
obesity, a locking large fragment bridge plate can be used to temporarily fix the elbow using a triceps-splitting approach.!°* Adjuncts to primary fixation in 
acute dislocations are not typically required with an appropriate anatomic surgical repair and are not considered routine. 

The wound should be irrigated and closed in layers. Because an early motion protocol is desirable, suture rather than staple closure of skin is preferred 
for wound edge security. 


External Fixation 


There are many external fixation systems available and familiarity with the system on hand is important. Static fixators are preferred and hinged external 
fixators are no longer used by the authors for this indication. The frame is left in place for approximately 4 to 6 weeks, depending on a number of factors 
including the stability of the elbow, associated pin tract problems, etc. 

The elbow is placed at 90 degrees of flexion with the joint concentrically reduced. Two pins are placed in the humeral shaft laterally and two pins are 
placed in the ulnar shaft laterally in a position that allows for forearm rotation. Open pin placement is recommended to avoid injury to the radial nerve. 
Imaging is employed to ensure the pins are not placed too deep to avoid injury to the ulnar nerve. Bars between these two sets of pins are connected to 
complete the construct. The external fixator is left in place for approximately 4 weeks and then a range-of-motion protocol is initiated as outlined above for 
closed treatment. 


Articulated Internal Fixator 


An articulated internal fixator, the internal joint stabilizer (skeletal dynamics), may be applied in conjunction with suture repair of the ligaments when 
stability is not adequately restored. In this case it is important to be sure any suture anchors placed are not in the way of the lateral axis pin that placed at the 
center of rotation. This device has a small plate which attaches to the proximal ulna and an adjustable arm which attaches to the axis pin. It should be 
implanted following the manufacturer’s guidelines and is typically removed between 3 and 6 months after repair.!°° 


Cross Pins or Screw Fixation 


In patients with residual instability where an external fixator is not available or in patients who are not candidates for an external fixator, a cross-screw 
technique may be employed. It should be emphasized that this technique is rarely required and should be reserved for use only as a salvage procedure. The 
elbow is concentrically reduced and a screw or pin is placed from the posterior aspect of the ulna, across the joint, exiting on the posterior border of the 
humerus. The screw or pin size should be consistent with the patent’s size and compliance so that breakage does not occur (Fig. 40-5). Several screw 
threads should protrude from the posterior humeral border for the ease of extraction should the screw break. A 4.5-mm cortical screw or shaft screw is 
appropriate. The elbow is placed into a cast for 3 to 4 weeks, and the screw is then removed, and a motion protocol is started as above. Alternatively, a 
robust Steinmann pin can be used driven from the subcutaneous border of the ulna and out the posterior humerus. 


Bridge Plating 

In patients with residual instability who are not candidates for an external fixator, a temporary bridge plate may be employed. Indications are conditions 
where maintenance of reduction is challenging such as morbid obesity and patients with neurologic injuries such as spasticity or flaccid paralysis. After 
repair of the collateral ligaments as previously described, a narrow 4.5-mm large fragment locking plate is bent to 90 degrees. A triceps-splitting approach is 
employed proximally to identify and protect the radial nerve. The triceps should be left attached to the olecranon. Three to four locking screws are placed in 
the ulna and the distal humerus avoiding the articulation and fossae. The plate is removed at 4 to 8 weeks. A posterior capsulectomy and an elbow 
manipulation can be performed at the time of plate removal to increase the recovery of motion. 


Postoperative Care 


The patient is placed into a well-padded light splint with the elbow at 90 degrees of flexion and the forearm in pronation. Antibiotics are given for 24 hours. 
Ideally, the dressing will be removed and motion begun 48 hours after surgery unless static joint fixation has been required. The incision is covered, and 
sutures are not removed before 14 days. Motion is begun at approximately 1 week postoperatively and the elbow should not be immobilized for longer than 
2 weeks to avoid excessive stiffness. 


G,H l 
Figure 40-5. A, B: A 75-year-old man sustained an open elbow dislocation treated with irrigation and debridement of the medial wound and medial ligament repair. 
C, D: He was presented to clinic 4 weeks later with increased pain, and radiographs demonstrated a redislocation likely due to the lack of repair of the lateral ligament 
resulting in posterolateral rotatory subluxation. E, F: The patient was a poor candidate for extensive surgery due to multiple medical comorbidities. He was treated 
with a closed reduction and transarticular placement of a 4.5-mm screw. G: A cast was applied until screw removal 6 weeks later. H, I: Final follow-up revealed 
restricted range of motion with fixed varus alignment but a functional extremity. 


The precise rehabilitation protocol will depend on the integrity of the ligaments or any ligament repairs and the intraoperative evaluation for residual 
elbow instability. A safe arc of motion should be defined fluoroscopically under anesthesia so this can be taken into account when performing early motion. 
Active motion is preferred over passive motion as this tends to stabilize the elbow. If the MCL is intact and the LCL requires protection, then the forearm 
should be rehabilitated with the forearm in pronation with prosupination only performed at 90 degrees or greater of flexion.'*? Varus positioning of the arm 
should be avoided in patients with LCL injuries and repairs.*” Less commonly, if the MCL has been injured but not repaired and the LCL is competent, then 
flexion—extension of the elbow should be performed with the forearm maintained in supination.** If both the MCL and LCL have been injured, active range 
of motion should be initiated with the forearm in neutral position. Extension is allowed only to the extent that allows congruent tracking intraoperatively. As 


muscle tone and stability improves, further extension is permitted. 

Passive stretching of the elbow is not performed until ligament healing is progressing, typically beginning 6 weeks postoperatively. Static progressive 
splints are not routinely applied but can be employed to improve the range of motion as can turnbuckle splinting if motion goals are not being achieved. 
Light strengthening may be started 6 weeks postoperatively with a formal strengthening program initiated at 3 months. 


Potential Pitfalls and Preventive Measures 


Simple Elbow Dislocation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Residual instability e Anatomic repair of ligaments with the elbow concentrically reduced while repairs are tightened 
e Active motion protocol avoiding varus stress at all times 


Elbow stiffness e Early range of motion 
e Secure repair 


Nerve palsy e Direct visualization of bone during pin placement 
e Gentle retraction 


Symptomatic instability is uncommon after simple elbow dislocations treated operatively. However, inadequate or failed repair, particularly of the lateral 
structures may lead to persistent subluxation. Mild subluxation may be treated with an active motion or overhead rehabilitation protocol as previously 
described but frank dislocation may require repeat operative fixation or salvage procedures. Early recognition of this problem is important as late treatment 
of a stiff subluxated elbow is very difficult and may require extensive reconstruction including elbow release and LCL and MCL reconstruction. 

Early postoperative motion is mandatory to prevent stiffness. Some patients may require elbow release or excision of heterotopic bone to restore motion. 
The use of indomethacin continues to be controversial and has not been proven to prevent heterotopic ossification around the elbow. Given the low 
incidence of heterotopic ossification with simple elbow dislocations and the lack of proven efficacy, indomethacin is not recommended by the authors. In 
the presence of concomitant head injuries the incidence of heterotopic ossification is much more common, however these patients are typically not 
candidates for anti-inflammatory therapy and/or the use of prophylactic radiation. 

Nerve palsies are uncommon but the ulnar and radial nerves are at risk with placement of an external fixator, with medial ligament repair or with 
extensive retraction of soft tissue structures. Direct visualization of the bone to ensure the nerve is not damaged by placement of the pin is recommended. 


Outcomes 


Open treatment of unstable elbow dislocations is not commonly required. However, when necessary, the outcomes are generally satisfactory. In one group 
of 17 patients with persistent dislocation, 15 underwent open reduction and ligament repair and 2 had a closed reduction with cross-pinning of the joint.*” 
Three patients had a hinged external fixator applied. There was one redislocation treated with the addition of a hinge, and four patients had residual 
subluxation treated with active motion and bracing. All patients eventually achieved a concentric stable reduction. These techniques may be successful as 
much as 30 weeks from injury without need for ligament reconstruction although early recognition is preferable.” 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
SIMPLE ELBOW DISLOCATIONS 


Simple Elbow Dislocation: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Problem Solution 

Elbow stiffness and heterotopic ossification e Initiate early motion 

Redislocation e Careful follow-up, recognize, and treat surgically 

Residual subluxation e Active motion protocol, proceed with operative treatment if persists 


Authors’ Preferred Treatment for Simple Elbow Dislocation ( 


Closed reduction 


Simple elbow 
dislocation 


Rehabilitation Lateral approach 
within 1 week repair LCL 


Rehabilitation Medial approach 
within 1 week repair MCL 


Rehabilitation Apply external 
within 1 week fixator 


Algorithm 40-1 Authors’ preferred treatment for simple elbow dislocation. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO SIMPLE ELBOW 


DISLOCATIONS 


Simple elbow dislocations are common injuries that generally do well with closed manipulative reduction and early motion. Although thought to be 
relatively benign injuries, a large percentage of patients may have persistent subjective stiffness and mild residual pain; early discussion with the patient 
about outcomes is important. Throwing athletes may benefit from direct repair of an acute MCL injury. Similarly, high-energy injuries or those in the 
elderly may be more unstable and careful follow-up is mandatory to recognize and promptly treat persistent instability. 


Radial Head Fractures 


INTRODUCTION TO RADIAL HEAD FRACTURES 


Radial head fractures are the most common fractures of the elbow with an estimated incidence of 2.5 to 2.9 per 10,000 people per year.? Radial head 
fractures are more common in women than in men and most frequently occur between the ages of 20 and 60 years.** Undisplaced and minimally displaced 
radial head fractures typically occur as isolated injuries while more displaced and comminuted fractures commonly have associated injuries to the collateral 
ligaments and may have associated fractures of the coronoid, capitellum, or proximal ulna. In high-energy trauma, dislocations of the elbow and/or forearm 
can also occur. Disruption of the interosseous membrane and distal radial ulnar joint ligaments may result in axial instability of the forearm, termed the 
Essex—Lopresti lesion.°° The majority of radial head and neck fractures are minimally displaced and are isolated injuries. These fractures typically have a 
good functional outcome with nonsurgical treatment. The optimal management of displaced radial head fractures has not been established. 


ASSESSMENT OF RADIAL HEAD FRACTURES 


MECHANISMS OF INJURY FOR RADIAL HEAD FRACTURES 


Most radial head fractures occur as the result of low-energy mechanisms such as a trip and fall on an outstretched hand. Sporting activities as well as motor 
vehicle collisions cause higher-energy fractures typically with greater displacement and a higher incidence of concomitant injuries. Mechanisms of fracture 
vary but include three common patterns: (1) A valgus load causes impaction of the radial head into the capitellum, commonly with rupture of the MCL. (2) 
Posterolateral rotatory subluxation of the radial head with respect to the capitellum causes a partial articular shear fracture of the anterior portion of the 
radial head often with rupture of the LCL. (3) An axial forearm load causes impaction of the radial head into the capitellum with more severe trauma 
producing a fracture of the coronoid or rupture of the interosseous membrane and distal radioulnar joint ligaments; the so-called Essex—Lopresti injury. 


INJURIES ASSOCIATED WITH RADIAL HEAD FRACTURES 


Tears of the LCLs and/or MCLs are most commonly associated with radial head fractures. Dislocations of the elbow and fractures of the coronoid, 
capitellum, olecranon, and proximal ulna are also frequent. Rupture of the interosseous membrane while uncommon is best diagnosed and treated early as 
late reconstruction is challenging and often unsatisfactory.°° 


SIGNS AND SYMPTOMS OF RADIAL HEAD FRACTURES 


Patients present with complaints of pain, swelling, and stiffness of the elbow and forearm. Ecchymosis may develop several days later. Tenderness laterally 
over the radial head is expected; however, tenderness over the lateral epicondyle may indicate the presence of an associated LCL injury while similar 
tenderness over the medial epicondyle or sublime tubercle may suggest MCL disruption. The alignment of the elbow is assessed to rule out an associated 
dislocation or Monteggia fracture-dislocation. A careful examination of range of motion is performed since loss of forearm rotation is one of the primary 
indications for surgical intervention in the setting of displaced fractures. If pain precludes a proper evaluation of forearm rotation, the surgeon can aspirate 
the hemarthrosis and inject local anesthetic or reevaluate the patient several days later when they are more comfortable. A loss of terminal extension is 
expected as a consequence of the hemarthrosis which accompanies all radial head fractures. The presence of clicking or crepitus with forearm rotation 
should be noted. The shoulder and wrist are examined for associated injuries. In particular, the distal radial ulnar joint should be palpated and balloted for 
both tenderness and instability. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR RADIAL HEAD FRACTURES 


Anteroposterior and lateral radiographs are typically sufficient to diagnose most displaced radial head fractures. Undisplaced fractures may initially be 
difficult to confirm with plain radiographs; they may only be suspected by the presence of an anterior and posterior fat pad sign from the concomitant 
hemarthrosis. A radiocapitellar view which places the radial head in profile can be a helpful adjunct to standard radiographs. Bilateral wrist radiographs 
should be performed in patients with wrist pain to evaluate for the presence of associated axial instability. CT can be helpful to better characterize the size, 
location, and displacement of radial head fractures. It is also useful to assess concomitant injuries of the coronoid and capitellum and to look for the 
presence of associated osteochondral fragments. While MRI may be useful to define the presence of associated collateral ligament injuries, it is not 
commonly required for the management of acute radial head fractures.®° 


CLASSIFICATION OF RADIAL HEAD FRACTURES 


Numerous classifications have been developed for fractures of the radial head. Mason described a type I fracture as a fissure or marginal sector fracture 
without displacement; type II as a marginal sector fracture with displacement; and a type III as a comminuted fracture involving the whole head.°° A type 
IV injury was subsequently described which includes any radial head fracture associated with an elbow dislocation. Broberg and Morrey modified the 
original Mason classification to consider fragment size and displacement.” A type I fracture is undisplaced or displaced less than 2 mm and involves less 
than 30% of the articular surface. A type II fracture is displaced greater than 2 mm and involves greater than 30% of the articular surface. A type III fracture 
is comminuted. 


OUTCOME MEASURES FOR RADIAL HEAD FRACTURES 


Several scoring systems are commonly used to evaluate the outcomes of radial head fractures: The Broberg and Morrey Elbow score, the American 
Shoulder and Elbow Surgeons elbow assessment system, the Mayo Elbow Performance Index, the Patient-rated Elbow Evaluation, the SF-36, and the 
DASH scoring system. For a detailed description of these outcome measures please see Chapter 37. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO RADIAL HEAD FRACTURES 


The radial head consists of a concave dish which articulates with the capitellum and a flattened articular margin which articulates with the lesser sigmoid 
(radial) notch of the ulna. The nonarticular margin comprises about one-third of the diameter and is more rounded and often devoid of cartilage. A “safe 
zone” for placement of a plate on the nonarticular margin of the proximal radius has been defined, best identified during surgery by positioning the forearm 
in neutral rotation and placing the plate 10-degree anterior to the mid-axial line (Fig. 40-6).?®140 The radial head is not circular but is variably elliptical in 
shape. Furthermore, the radiocapitellar dish is also elliptical and typically offset from the neck of the radius.*? An understanding of the complex geometric 
shape of the radial head is required when repairing more comminuted fractures and when performing radial head replacement. The vascular supply of the 
radial head is supplied by branches of the radial recurrent artery and a branch of the ulnar artery which form a pericervical arterial ring. A branch of the 
interosseous artery supports the neck and the nutrient artery provides intraosseous blood supply.®* 
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Figure 40-6. The nonarticular portion of the radial head is the area where plates can be applied without interfering with forearm rotation. Smith and Hotchkiss defined 
it based on lines bisecting the radial head in full supination, full pronation, and neutral. Implants can be placed as far as halfway between the middle and posterior lines 
and the anterior and middle lines. Caputo et al. recommended using the radial styloid and Lister’s tubercle as guides. Alternatively, the plate can be placed just anterior 
to the mid-axial line with the forearm in neutral rotation. 


TREATMENT OPTIONS FOR RADIAL HEAD FRACTURE 


NONOPERATIVE TREATMENT OF RADIAL HEAD FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Radial Head Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Undisplaced fracture 
e Displaced fracture without motion impairment 


Relative Contraindications 


e Block to forearm rotation 
e Incarcerated intra-articular fragment 
e Concomitant injuries requiring surgical management 


Patients with undisplaced or minimally displaced radial head fractures without a block to forearm rotation should be treated nonsurgically. In the setting 
where there is a block to forearm rotation in a patient with radiographically undisplaced or minimally displaced fracture, the patient should be reevaluated 
several days after injury when the elbow is less painful. Alternatively, aspiration of the hemarthrosis and injection of local anesthetic can be used to check 
for the presence of a mechanical block to rotation. A chondral flap of capitellar cartilage can be the cause of limited rotation and may not be detected on 
imaging but is typically noted at surgery.” It is unclear as to how large and how displaced a radial head fracture can be and still have a good outcome with 
nonsurgical management. While it has been suggested that partial articular fractures of the radial head which are displaced more than 2 mm and involve 
more than 30% of the articulation should be considered for ORIF, a recent randomized clinical trial by Mulders and coworkers did not show improved 
outcome for displaced partial articular fractures treated with ORIF relative to nonsurgical management.!°?'5” Displaced radial head fractures that have 
crepitus with forearm rotation should be considered a relative indication for surgery. 


Techniques 


Radial head fractures treated nonoperatively are immobilized for 2 or 3 days for comfort and then active motion is encouraged with the use of a sling or 
collar and cuff between exercises. Aspiration of the hemarthrosis can be considered for initial pain relief; however, it has not been shown to improve 
outcome, so is not routinely indicated.® Careful radiographic and clinical follow-up is required to monitor for fracture displacement and recovery of 
motion. 


Outcomes 


Undisplaced or minimally displaced radial head fractures can be managed nonoperatively with good long-term results in most patients. The outcome of 
nonoperative management for displaced fractures of the radial head is variable in the literature with some series reporting mainly good outcomes and others 
reporting mixed results (Fig. 40-7). Mason reported that 9 of 15 patients had some pain following nonoperative treatment for fractures involving greater 
than 25% of the joint surface at an average of 11-year follow-up. He advocated excision of the radial head for displaced radial head fractures. Radin and 
Riseborough reported better motion in patients with displaced radial head fractures managed with radial head excision than that achieved with nonoperative 
treatment.!!® Akesson et al.? reported on the outcome of 49 patients with moderately displaced Mason II fractures. At 19-year follow-up, the incidence of 
osteoarthritis was high at 82%; however, only six patients had an unsatisfactory result requiring a subsequent radial head excision and only 9 of the 49 
patients had subjective complaints. Duckworth et al. reviewed 100 patients 10 years after the nonoperative management of patients with undisplaced and 
displaced stable radial head fractures.*8 While the overall outcomes were good, there was a correlation between greater fracture displacement and a poorer 
functional outcome; 92% of the cohort was satisfied, 14% complained of some stiffness, and 24% had pain, typically mild. Only two patients required 
subsequent surgery, one had ORIF for a persistent block to motion, and one had a radial head excision for symptomatic clicking. Mulders et al. performed a 
prospective randomized trial of 45 patients with isolated displaced partial articular radial head fractures comparing ORIF versus early motion.!°? The early 
functional outcomes were good and the complications low in both groups; there were no differences between the two treatments. At 1 year, the Mayo Elbow 
Score was 96% in the operative group and 91% in the nonoperative group. This minor difference was neither statistically significant nor clinically relevant. 
The long-term outcome of this study documenting the development of arthritis and late symptoms would be of interest. Collectively the current literature 
supports the nonoperative treatment of undisplaced and displaced partial articular radial head fractures without a mechanical block to motion, unless 
associated osseous or ligament injuries require surgical management. 


D, E 
Figure 40-7. A-C: Anteroposterior, lateral, and oblique radiographs of a 53-year-old woman who sustained a slip and fall. D: CT scan shows an undisplaced 
coronoid fracture and a minimally displaced radial head fracture. E, F: One year after nonsurgical treatment, the patient had minimal pain and a near full range of 
motion in spite of radiographic malunion. 


OPERATIVE TREATMENT OF RADIAL HEAD FRACTURES 

Indications/Contraindications 

Patients with displaced radial head fractures with a block to motion, those who have concomitant injuries which require surgical intervention such as 
unstable fracture-dislocations, or those with retained intra-articular loose bodies are best treated surgically. Treatment options include radial head fragment 
excision, radial head excision, ORIF, and radial head arthroplasty. 

Fragment excision is indicated in patients with a block to forearm motion by a small (<25% of the articular diameter) nonreconstructible displaced 
articular fracture of the radial head. The excision of large fragments of the radial head can cause painful clicking and contribute to instability in the setting 
of concomitant bony and ligament injuries because of loss of concavity-compression stability of the radiocapitellar joint. 14 

Radial head excision may be considered for isolated displaced fractures of the radial head that are not amenable to internal fixation. Given the 
documented high incidence of concomitant soft tissue injuries in patients with comminuted radial head fractures, primary excision of the radial head is 
infrequently performed. If excision is planned, a careful examination under anesthesia is mandatory to evaluate for the presence of elbow (collateral 
ligament injury) or forearm (interosseous membrane rupture) instability. Even in the presence of intact collateral ligaments, radial head excision has been 
documented to alter load transfer and kinematics across the elbow; however, the benefit of routine replacement of the radial head versus radial head excision 
has not been evaluated in randomized clinical trials. 

The indications for ORIF remain controversial.8! Clear indications include displaced, noncomminuted fractures of the radial head that limit forearm 
rotation, or radial head fractures fixed as a component of the surgical repair of an elbow fracture-dislocation. It has been suggested that fractures displaced 
greater than 2 mm and involving greater than 30% of the articular surface (a type II fracture in the modified Mason classification) might be best treated with 
surgery; however, this remains unproven. In one nonrandomized comparative study, the complication rates were higher in patients managed with ORIF 
relative to nonoperative treatment, while the clinical outcome was better in the patients treated nonoperatively.!°’ A recently reported randomized clinical 
trial comparing ORIF versus early motion of isolated displaced partial articular fractures found no difference in outcome between the two groups.!°? The 
best candidates for internal fixation are younger patients with good-quality bone with three or fewer fragments." The management of partial articular 
fractures tends to be more successful than complete fractures of the radial head and neck likely due to improved stability with partial articular fractures and 
compromised vascularity with complete fractures of the radial neck. Low-profile tripod screw fixation has been shown to provide improved results relative 
to plate fixation; however, screw fixation alone is only indicated for radial neck fractures without comminution.'38 


Radial head arthroplasty is preferred in the setting of unreconstructible comminuted radial head fractures due to the high incidence of associated 
ligamentous and bony injuries. Radial head arthroplasty should not be performed in the setting of gross wound contamination, if the proximal radius cannot 
be reconstructed to accept an implant, or if the capitellum has preexisting arthritic change, is deficient, or is missing from an associated injury. 


Arthroscopic Excision of Radial Head Fragments 


Displaced fragments can be removed either arthroscopically or using standard open surgical techniques. A decision between an arthroscopic or open 
surgical approach is based on surgeon experience and the presence of concomitant injuries requiring treatment. Fragment excision is most commonly 
performed when fixation is planned but cannot be executed due to comminution, small fragment size, or osteopenia. The open surgical approaches for 
fragment excision will usually be the same as those chosen for ORIF. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Arthroscopic Excision of Radial Head Fragments: 


OR table LJ Standard 

Position/positioning aids LJ Lateral decubitus, prone, or supine 

Fluoroscopy location LJ Operative side 

Equipment LJ 4.5-mm arthroscope, shavers, electrocautery, pituitary rongeurs 
Tourniquet LJ Sterile 

Instruments LJ Pituitary rongeurs/graspers 


Arthroscopic fragment removal requires surgeon experience with arthroscopy of the elbow. Supine, prone, or lateral decubitus arthroscopy can be 
performed depending on the surgeon’s preference. Standard 4.5-mm arthroscope, motorized shavers, electrocautery devices, and pituitary rongeurs are 
required. Arthroscopic portals vary depending on the location of the fragments. 

Positioning 


Lateral decubitus on bean bag with arm positioner is preferred by Graham King. 


Surgical Approach 


Begin with an evaluation of joint stability using fluoroscopy. Insufflate the articulation with 20 cm? of normal saline to make instrument insertion safer. Use 
proximal anterolateral, mid-anterolateral, and proximal anteromedial portals for anterior arthroscopy, posterocentral and mid-posterolateral portals for 
posterior arthroscopy, and a distal posterolateral portal for lateral arthroscopy. After the skin incision, use blunt dissection to enter the joint and safely insert 
the arthroscope and instruments. 


Technique 


KEY SURGICAL STEPS 


,/ | Arthroscopic Excision of Radial Head Fragments: 


Evaluate elbow stability 

Insufflate joint 

Insert arthroscope 

Localize and remove radial head fragments 


Improve visualization by using shaver and electrocautery devices to remove debris and synovitis. Localize loose radial head fragments and remove using a 
pituitary rongeur or grasper. Repair of concomitant injuries such as coronoid fractures or LCL injuries can be performed by surgeons with advanced 
technical expertise. Suture the portal sites to avoid synovial fistula. 

Postoperative Care 

Immediate active motion in a soft dressing is permitted if there are no associated injuries. Concomitant ligament injuries or surgical procedures will direct 


the rehabilitation plan as outlined in the section on operative treatment of elbow dislocations. 


Potential Pitfalls and Preventive Measures 


Arthroscopic Excision of Radial Head Fragments: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Excision of large radial head fragment leading to instability or clicking e Measure fragment size on CT preoperatively and at arthroscopy 


Poor visualization at arthroscopy e Wait 5 days before arthroscopy 
e Use tourniquet 


Check location and stability of ulnar nerve 
Careful portal placement 

Joint distention 

Elbow arthroscopic experience 


Neurovascular injury 


Failure to remove loose fragments e CT imaging preoperatively to localize fragments 
e Full arthroscopic evaluation of the elbow 


Avoid excision of larger radial head fragments, particularly in the setting of concomitant instability. The procedure should be abandoned, and an open 
surgical approach performed if articular visualization is not adequate. Wait 5 days postinjury to reduce intraoperative bleeding and improve visualization. 
Carefully examine for the location of the ulnar nerve preoperatively to avoid injury to a congenitally subluxating ulnar nerve. If an arthroscopic pump is 
used, keep the pressure low and ensure good fluid outflow to avoid excessive joint swelling. 


Outcomes 


The outcome of patients undergoing open fragment excision of the radial head is variable in the limited available literature. There are no series reporting the 
outcome of arthroscopic fragment removal. Some authors have reported up to 80% good or excellent results in patients treated with open fragment 
excision.!°* However, Carstam reported that only half of their patients managed with fragment excision had good or excellent results.2? Avoid fragment 
excision in the setting of associated ligament and osseous injuries as the radial head is an important secondary stabilizer in this situation. 

Open Radial Head Excision 


Preoperative Planning 


Open Radial Head Excision: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard 

Position/positioning aids LJ Arm across chest or on arm table 

Fluoroscopy location LJ Operative side 

Equipment LJ Microsagittal saw, radial head arthroplasty system 
Tourniquet LJ Sterile 


Excision of unreconstructible radial head fractures is not commonly performed in the setting of acute trauma due to a high incidence of associated injuries. 
The radial head may be removed for the treatment of malunion and nonunion. If radial head excision is contemplated, a careful inspection of the 
preoperative imaging is required to rule out associated fractures. The stability of the elbow and forearm should be evaluated fluoroscopically under 
anesthesia with varus, valgus, rotational, and axial stress tests before and after radial head excision. A radial head arthroplasty should be available for use if 
the elbow is determined to be unstable in any of these planes. The radial head can be removed using standard open surgical approaches as well as 
arthroscopically using the techniques described in the previous section for radial head fragment excision. 


Positioning 


The radial head can be excised with the arm placed across the chest with the surgeon standing or using an arm table with the surgeon sitting. 


Surgical Approach 


A direct lateral or a posterior skin incision is utilized. A posterior incision is longer but is more cosmetic, avoids cutaneous nerves, and allows for an 
extensile approach to repair other structures if required. A Kocher approach between the ECU and anconeus is used when the LCL is ruptured and a 
common extensor tendon-splitting approach is preferred when the lateral ulnar collateral ligament is intact (Fig. 40-8). 


Technique 


/ | Open Radial Head Excision: 

KEY SURGICAL STEPS 

Evaluate elbow and forearm stability using fluoroscopy 
Lateral or posterior skin incision 

Common extensor tendon-splitting approach 

Excise radial head at head—neck junction 

Remove all fragments of radial head 


Reevaluate elbow and forearm stability using fluoroscopy 
Repair annular ligament and extensor split 


CECCECC 


Brachioradialis 


ECU 


Anconeus 
Triceps 


Figure 40-8. A Kocher approach between the anconeus and the extensor carpi ulnaris is preferred if the lateral collateral ligament is disrupted to facilitate ligament 
repair. A more anterior approach splitting the common extensor tendon at the mid-portion of the radial head is preferred when the ligaments are intact. 


Perform a fluoroscopic examination to rule out concomitant ligament injuries using varus, valgus, rotational, and axial stress tests. Use a common extensor- 
splitting approach when the LCL is intact, which is typical in the setting of a planned radial head excision. Divide the common extensor tendon and annular 
ligament at the mid-portion of the radial head. Iatrogenic lateral instability is avoided if dissection is maintained anterior to the mid-axis of the radial head. 
Maintain the forearm in pronation while approaching the radial head and neck to protect the posterior interosseous nerve.?” Further exposure can be 
achieved if needed by detaching the anterior portion of the radial collateral ligament off the lateral epicondyle and the extensor carpi radialis longus and 
brevis off the lateral supracondylar ridge. Do not dissect distal to the biceps tuberosity without visualizing the posterior interosseous nerve. Section the 
radial head perpendicular to the neck at the junction of the radial head and neck. Ensure that the stump of the proximal radius does not impinge with the 
lesser sigmoid notch of ulna during forearm rotation. Reconstruct the excised fragments of radial head to ensure all fragments are accounted for. Perform a 
fluoroscopic evaluation of the elbow to look for retained fragments and to reevaluate elbow and forearm stability. Repair the annular ligament and extensor 
split. 


Postoperative Care 


Immediate active motion in a soft dressing is permitted if there are no associated injuries. Concomitant ligament injuries will direct the rehabilitation plan as 
outlined in the section on operative treatment of elbow dislocations. 


Potential Pitfalls and Preventive Measures 


Open Radial Head Excision: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Elbow or forearm instability e Fluoroscopic evaluation before and after radial head excision 
e Replace radial head where possible 
e Avoid radial head excision if concomitant ligamentous or osseous injuries 


Posterior interosseous nerve injury e Maintain forearm in pronation during surgical approach 
e Do not place retractors anterior to radial neck 
e Do not dissect distal to biceps tuberosity 


Retained fragments of radial head e Reassemble radial head to check if all fragments are removed 
e Fluoroscopic evaluation of elbow 


Do not excise the radial head without replacement in the setting of associated collateral ligament injuries, concomitant elbow dislocation, interosseous 
membrane disruption, or coronoid fractures due to the high incidence of persistent instability. Perform a careful fluoroscopic examination intraoperatively. 


Convert to a radial head arthroplasty if there is significant instability after radial head excision. Maintain the forearm in pronation and retract gently to 
protect the posterior interosseous nerve during the surgical approach. Avoid placing retractors around the anterior radial neck due to the risk of posterior 
interosseous nerve compression. 


Outcomes 


Given the high incidence of associated ligamentous injuries with more complex radial head fractures, our understanding of the key role of the radial head as 
a stabilizer in ligament-deficient elbows, and its importance in load transfer across the elbow, primary excision of unreconstructible radial head fractures is 
not commonly performed. Long-term outcome studies have shown a high incidence of radiographic arthritis, an increase in the carrying angle, radial 
shortening with ulnar impaction syndrome and proximal radial migration; however, the functional outcome of radial head excision for isolated fractures has 
been good in most patients. 070-133 One recent study of 15 patients reported similar outcomes with early or late arthroscopic radial head excision.!5? Since 
the outcome of late radial head excision is generally good, early radial head excision should probably be avoided.?* Radial head excision should be avoided 
in patients with fracture-dislocations of the elbow. 


Open Reduction and Internal Fixation 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | ORIF of Radial Head and Neck Fractures: 


OR table LJ Standard 

Position/positioning aids LJ Supine, arm across chest or on arm table; lateral decubitus an alternative 

Fluoroscopy location LJ Operative side 

Equipment LJ 0.035, 0.045 Kirschner-wires (K-wires), 1.5- and 2-mm screws, 2.5-mm cannulated screws, periarticular 


locking plates, radial head arthroplasty system 


Tourniquet LJ Sterile 


Early surgery is preferred when managing radial head fractures operatively; however, urgent fixation is not required unless there is persistent subluxation 
following a closed reduction, a progressive neurologic deficit, or an open injury. Small-diameter (1.5- or 2-mm) screws should be available. Some surgeons 
prefer differential pitch bone screws. Cannulated (2.5- or 3-mm) screws are helpful when performing internal fixation of fractures of the radial neck. Small 
plates or radial head-specific precontoured periarticular locking plates should be available when treating complete articular fractures of the radial head and 
neck. Some radial head fractures that appear amenable to internal fixation will in fact have greater comminution than demonstrated by plain radiographs or 
CT. The surgeon should be prepared to proceed with arthroplasty if unexpected comminution or damage is found. The availability of a radial head implant 
in the operating room and consent for placement are advisable whenever ORIF is planned. 


Positioning 


The radial head can be fixed with the arm placed across the chest with the surgeon standing or using an arm table with the surgeon sitting. When treating 
concomitant proximal ulna and olecranon fractures, the lateral decubitus position may be preferred. 


Surgical Approach 


Same as for radial head excision. 


Technique 


Periosteal attachments of the fragments should be preserved to maintain any residual blood supply and stability. The fractures are manipulated and 
provisionally reduced using small K-wires. For partial articular fractures, 1.5- or 2-mm countersunk screws are placed from the displaced fragments into the 
intact column of the radius typically using the same tracts as the provisional K-wire fixation (Fig. 40-9). In the setting of noncomminuted fractures of the 
radial neck, cross-cannulated screw fixation is performed using 2.5-mm screws. Cannulated fixation techniques are preferred as standard screws tend to 
deflect off the cortex of the radial neck when placed at an oblique angle of approach (Fig. 40-10). Low-profile nonlocking plates or periarticular fixed-angle 
locking plates may be used in younger patients with more comminuted radial head and neck fractures; however, secondary plate removal is often required to 
treat rotational stiffness. Plates should be placed on the nonarticular portion of the radial head, which presents itself laterally with the forearm in neutral 
rotation (see Fig. 40-6). In some circumstances where there are no periosteal attachments to the fragments, the radial head can be assembled on the back 
table, fixed to the plate, and then the plate is attached to the radial neck. A careful fluoroscopic evaluation is performed to check the congruity of the 
reduction and to ensure optimal placement of internal fixation. 

A side-to-side repair of the annular ligament and anterior portion of the radial collateral ligament with the overlying common extensor tendon is 
performed if an extensor tendon splitting approach is used. In the setting where the LCL is detached to facilitate exposure or is avulsed from the lateral 
epicondyle by the injury, transosseous sutures are preferred over suture anchors as this technique allows the tissues to be drawn toward the epicondyle for 
optimal tensioning (see Fig. 40-4). 


Postoperative Care 


Immediate active motion in a soft dressing is permitted if there are no associated injuries. Concomitant ligament injuries will direct the rehabilitation plan as 
outlined in the section on operative treatment of elbow dislocations. Strengthening is performed after fracture healing is secure, typically at 6 to 8 weeks 
postoperatively. 


Some surgeons employ indomethacin 25 mg three times daily for a 3-week period in an effort to prevent heterotopic ossification. The effectiveness of 
this approach, however, has not been proven scientifically and complications such as delayed union and/or nonunion, gastrointestinal side effects, and 
allergies can occur with these medications. Radiation should be avoided as it has been demonstrated to increase the incidence of nonunions when employed 
for acute distal humeral fractures.®° 


Radial Head and Neck Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Avoid fixation of small osteoporotic fractures 

Use locking plates 

Place screws through tracts of K-wires to avoid fragmentation of small fractures 

Ensure stable ligament repairs to avoid elbow subluxation which leads to fixation failure 
Use radial head arthroplasty if fixation is tenuous 


Fixation failure 


Stiffness e Early motion 
e Avoid plate fixation 


Posterior interosseous nerve injury e Avoid dissection distal to biceps tuberosity 
è Do not place retractors anterior to radial neck 
e Maintain forearm in pronation during surgical approach 


Avascular necrosis e Preserve periosteal attachments of fragments 
e Rigid internal fixation to allow for fragment union and revascularization 


Figure 40-9. A, B: Anteroposterior and lateral radiographs of a 33-year-old woman who fell snowboarding and had a block to supination. C: CT scan shows a 
displaced radial head fracture. D, E: Six months after open reduction and internal fixation, the patient had no pain and a full range of motion. 


A,B f Si : c 
Figure 40-10. A: Anteroposterior radiograph of a 30-year-old man with a displaced radial head fracture and a block to rotation. B: CT scan shows pattern of fracture. 
C: Six months after ORIF with cannulated “tripod” screws, the patient had minimal pain and a full forearm rotation. 


The surgeon should not accept tenuous fixation of radial head fractures as clinical failure is common in such circumstances. If an anatomic reduction with 
stable internal fixation cannot be achieved, a radial head replacement should be considered. Maintain the forearm in pronation to protect the posterior 
interosseous nerve during the surgical approach. Avoid overzealous retraction anterior to the radial neck due to the risk of posterior interosseous nerve 
compression. 


Outcomes 


Open reduction and stable internal fixation of displaced radial head fractures yields good results in most patients.89103.111,125 Partial articular fractures have 
better results than complete articular fractures. More comminuted fractures, especially those with more than three fragments or concomitant elbow 
instability, have poorer outcomes; radial head arthroplasty should be strongly considered.**!*° Patients treated with radial head excision have been reported 
to have poorer outcomes and a higher rate of osteoarthritis than those treated with ORIF.?>7188 At an average of 17 years postoperatively, Lindenhovius et 
al. reported a lower severity of arthritis and a reduced incidence of elbow dislocations in patients who had ORIF compared with those who had a radial head 
excision. A recent series of complex radial head and neck fractures treated using low-profile locking plates have reported improved outcomes with a lower 
incidence of implant removal.®? Countersunk screws have a lower incidence of stiffness than ORIF with plates for patients with fractures of the radial 
neck.!38 A recent network meta-analysis of randomized clinical trials comparing ORIF and radial head arthroplasty reported better outcomes and a lower 
complication rate for patients treated with radial head arthroplasty compared to both metallic and bioabsorbable implants.'4” While the management of 
isolated partial articular fractures with internal fixation is reliable, these data reflect the challenges of achieving reliable fixation and healing of more 
complex fractures with concomitant osseous and ligament injuries. Nonunion, avascular necrosis, hardware migration, and stiffness are common indications 
for revision surgery. 


Radial Head Arthroplasty 


Preoperative Planning 


Radial Head Arthroplasty: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard 

Position/positioning aids LJ Supine, arm across chest, or on arm table; lateral decubitus an alternative 

Fluoroscopy location LJ Operative side 

Equipment LJ Modular metallic radial head implant system, cerclage wires, and long-stem implants in setting of concomitant neck 
fractures 

Tourniquet LJ Sterile 


A modular metallic radial head arthroplasty system should always be available when operating on displaced radial head fractures because comminution is 
often more severe than predicted by plain radiographs or CT. In the setting of neck comminution, small plates or cerclage wires should be available to allow 
for neck reconstruction and the use of a standard prosthesis. Alternatively, long-stem prostheses should be available in the uncommon situation where 
reconstruction of the radial neck to accept a standard prosthesis is not possible. 

Positioning 

The radial head can be replaced with the arm placed across the chest with the surgeon standing or using an arm table with the surgeon sitting. When treating 
concomitant proximal ulna and olecranon fractures, the lateral decubitus position may be preferred. 

Surgical Approach 


Same as for radial head excision as outlined previously. 


Technique 


Radial Head Arthroplasty: 


KEY SURGICAL STEPS 


VE radial head and neck 
Use oscillating saw to section radial neck at the head—neck junction or at the level of the fracture 
Reassemble excised radial head fragments to measure diameter and thickness 
Use Hohmann retractor placed posterior to the radial neck to gently lever the proximal radius laterally to allow access to radial neck 
Rasp radial neck and select stem size 1 mm smaller than the rasp if using a smooth stemmed implant, the same size stem if using a press-fit device 
Trial reduction 
e Check sizing of implant; both diameter and radial length 
e Ensure congruent tracking of radial head on capitellum visually and with fluoroscopy 
Insert radial head prosthesis 
= Repair annular ligament and any concomitant osseous and ligament injuries 


The annular ligament must be sectioned to adequately expose the radial head and neck and to facilitate the prosthesis insertion. The exact replacement 
technique will depend on the prosthesis system to be employed. After removing any loose fragments, section the radial neck at the junction of the radial 
head and neck or at the level of the fracture using an oscillating saw. Some systems use a cutting jig to excise more of the radial neck. Most radial head 
systems are modular to improve size matching with the native radial head and neck. Reassemble the excised fragments of radial head on the back table to 
ensure all fragments are removed from the elbow and to determine the optimal diameter and thickness of the radial head prosthesis to be employed. The 
native radial head is somewhat elliptical and is offset relative to the radial neck. Most commercially available implants are axisymmetric and nonanatomic; 
some employ a bipolar articulation. The size of the articular dish of the implant should approximate the articular dish of the native radial head. The optimal 
axisymmetric implant diameter is typically the minor diameter of the elliptical native radial head, most commonly 2 mm smaller than the maximum 
diameter (i.e., the narrower dimension of the ellipse). If an elliptical radial head is used ensure the size is similar to the excised fragments using the sizing 
template. An implant whose diameter is too large may cause an erosion of the lateral trochlea, prevent optimal closure of the annular ligament, and may 
contribute to residual instability. When in-between sizes, a smaller prosthesis is chosen both in diameter as well as thickness. 

Measurement of radial head thickness should be performed using the excised fragments of the radial head where available. Overlengthening 
(overstuffing) with the placement of a radial head prosthesis that is too thick has been associated with the development of pain, stiffness, and capitellar 
wear.”* Overlengthening of the radial head is the commonest technical cause of failed radial head arthroplasty. !°! 

Place a Hohmann retractor around the posterior aspect of the radial neck and lever it against the ulna to translate the proximal radius laterally to prepare 
the radial canal and to insert the assembled modular prosthesis. If a smooth stem prosthesis is used, choose a stem 1 mm smaller than the maximum-sized 
diameter neck rasp. This allows the stem to move slightly in the neck such that the articular surface of the implant tracks optimally with the capitellum 
throughout motion. Loose smooth stem implant movement or a bipolar implant compensates for the difference in shape between the circular implant and the 
elliptical native radial head as guided by the annular ligament and concavity compression of the radiocapitellar joint. If a press-fit stem is used ensure a tight 
canal fit as symptomatic stem loosening is the commonest indication for revision or removal of a radial head implant.'>! A stem with a roughened surface 
designed for ingrowth that becomes loose can cause severe proximal radial osteolysis. 

After placing the trial implants, the radial head should articulate at the level of the proximal radial ulnar joint which is typically 2 mm distal to the tip of 
the coronoid.*° A careful evaluation for congruent tracking of the radial head implant on the capitellum both visually and fluoroscopically is required. 
Radial head implant maltracking causes premature capitellar cartilage wear, pain, limited rotation, and may contribute to loosening of fixed stem prostheses. 
If the radial head implant is not tracking optimally with the capitellum during forearm rotation, downsize the stem diameter of a smooth stem implant or 
reposition the stem of a fixed stem implant to correct this. Radiographic parameters are not very useful to detect overlengthening of the radial head. 155-129 
The lateral ulnohumeral joint is often wider in normal patients. The medial ulnohumeral joint space should be parallel; overlengthening causes the medial 
ulnohumeral joint to open laterally. However, this may not be evident until there is 6- to 8-mm overlengthening of the radial head implant. Following 
insertion of the definitive radial head prosthesis, careful repair of the annular ligament and any concomitant osseous and ligament injuries are required to 
maintain elbow stability. 


Postoperative Care 


Immediate active motion in a soft dressing is permitted if there are no associated injuries. Concomitant ligament and/or osseous injuries will direct the 
rehabilitation plan as outlined in the section on operative treatment of elbow dislocations. 


Potential Pitfalls and Preventive Measures 


Radial Head Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Incorrect implant size e Choose minor diameter of elliptical radial head and replicate thickness of excised fragments 
e Evaluate the relationship of the implant with respect to proximal radioulnar joint and coronoid 
e Fluoroscopic evaluation to check ulnohumeral joint alignment and implant tracking during motion 


Radial head implant maltracking e Downsize stem of a smooth stem implant by 1 mm 
e Correct positioning of a fixed stem implant 
e Secure anatomic repair of annular and lateral ligaments 


Radial neck fracture e Gentle retraction of radial neck 
e Avoid use of press-fit stem that is too large 


Stiffness e Early motion 


Posterior interosseous nerve palsy e Maintain forearm in pronation during surgical approach 
e Avoid dissection distal to biceps tuberosity 
e Do not use Hohmann retractors anterior to radial neck 


Prosthesis failure e Ensure modular implant is securely coupled 
e Avoid use of bipolar implants in younger, more active patients where polyethylene wear may be more of a concern 
e Ensure secure press-fit of uncemented ingrowth stems 


Incorrect implant sizing is a common problem following radial head arthroplasty. Unfortunately, radiographic parameters are unreliable intraoperatively 
making the use of the excised radial head and the relationship of the radial head to the proximal ulna the most useful sizing tools. Do not use the distance 
between the capitellum and radial neck cut to size the implant as partial and complete LCL tears are common resulting in lateral gapping of the joint. 
Contralateral radiographs can be helpful to make the diagnosis of radial head overlengthening postoperatively and to assist in planning preoperatively if the 
radial head has previously been removed. A measurement technique has been developed based on contralateral radiographs which can accurately quantify 
radial head implant length within 1 mm.!? 

Radial neck fractures can occur with overzealous retraction, reaming, and prosthesis insertion. Meticulous surgical technique should prevent this 
complication in most circumstances. Repair of the radial neck with cerclage wires usually allows successful prosthesis insertion, if not a long-stem implant 
should be used. 

Stiffness is prevented by encouraging early active motion. Indomethacin can be used in an effort to prevent heterotopic ossification in patients without 
contraindications; however, its effectiveness remains unproven. 

Posterior interosseous nerve injuries can be avoided by maintaining the forearm in pronation during the surgical approach, exposing the nerve if 
dissection distal to the radial tuberosity is needed and avoiding the use of Hohmann retractors placed anterior to the radial neck. 

Capitellar wear or erosions can occur, particularly with overlengthening of a radial head prosthesis or maltracking of the implant.** Management can 
include revision or removal of the implant if the elbow is stable. Mechanical failure of the prosthesis can arise from failure to link the modular implant 
correctly, or a failure of the coupling mechanism such as a screw or polyethylene in the setting of a bipolar device. Revision should be corrective. 
Polyethylene wear with secondary osteolysis and implant loosening can occur with a bipolar implant and is more problematic; prosthesis removal or 
revision should be considered as appropriate.2®!!4 Nonprogressive radiolucent lines around smooth-stemmed implants are common and are not usually 
associated with the presence of residual symptoms (Fig. 40-11).5>94 Progressive lucency around a smooth-stemmed implant should raise the possibility of 
infection or residual instability which should be confirmed and managed. Implants with ingrowth stems may develop stress shielding with neck resorption 


or symptomatic loosening requiring revision or removal.°*®5 


Outcomes 


The outcome of metallic radial head replacements in the medium term is good with a variety of implant designs.?®:61;85.94.132 Radiolucent lines around the 
stems of uncemented smooth stem components are commonly seen but do not correlate with patient symptoms.°? The mid-term outcome of smooth stem 
radial head arthroplasty is favorable with sustained outcomes beyond 5 years of follow-up.°* Radiolucent lines around rough ingrowth stems may indicate 
loosening and may be associated with pain and osteolysis, a common reason for reoperation.°*!49 Proximal radius stress shielding has been noted when 
using fully grit blasted uncemented stems. Problems with fixation of press-fit stem designs have resulted in some implants being withdrawn from the market 
due to adverse reports to the FDA.!4! An uncemented smooth stem bipolar radial head replacement has shown good early results with no evidence of 
polyethylene wear.'°° Progressive osteolysis due to polyethylene wear debris has been reported at longer follow-up with cemented long-stem bipolar radial 
head replacements.!!4 Pyrocarbon implants have reported a low incidence of revision in some series but a high incidence of stress shielding of the proximal 
radius and progressive wear of the capitellum and secondary ulnohumeral arthritis.” Some series have reported catastrophic failures of these devices at the 
head-neck junction.!°* The optimal radial head implant design remains unclear as there are no randomized clinical trials comparing devices. A systematic 
review by Viveen and coworkers compared the reported outcomes of RHA.!°! The most frequent reason for revision surgery after RHA were (aseptic) 
loosening (30%), elbow stiffness (20%), and/or persisting pain (17%). Failure most commonly occurred early at a median of 14 months. Press-fit RHA 
failed at a higher ratio because of symptomatic loosening when compared to intentionally loose-fit implants and RHA that were fixed with an expandable 
stem. 


A,B 
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Figure 40-11. A, B: Anteroposterior and lateral radiographs of a 50-year-old woman who fell from a height. C, D: CT scans show a comminuted, displaced radial 
head fracture and undisplaced coronoid fracture. E, F: Two years after ORIF coronoid, radial head replacement, and LCL repair, the patient had no pain and a near full 
range of motion. The lucent lines around the smooth uncemented stem did not progress after 1 year. 


Management of Expected Adverse Outcomes and Unexpected Complications in Radial Head 
Fractures 


Radial Head Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Posttraumatic arthritis 

Stiffness 

Symptomatic nonunion, malunion, or avascular necrosis 
Elbow and/or forearm instability 


Osteoarthritis is common following fractures of the radial head. Even minimally displaced fractures have a high incidence of arthritis at long-term follow- 
up, likely as a consequence of traumatic articular damage at the time of injury as well as residual articular incongruity with altered load transfer. Radial head 
replacement can be considered if the capitellar cartilage is relatively well preserved; however, radial head excision is preferred in the setting where the 
capitellar cartilage or bone has advanced disease. If there is posttraumatic arthritis of the radiocapitellar joint associated with residual elbow instability, 
radial head excision is contraindicated. A unicompartmental radiocapitellar arthroplasty should be considered; however, the availability of these implants is 
limited and their longer-term outcome remains unknown.6®:142 A unicompartmental allograft interposition can also be considered based on a biomechanical 
study, however the clinical outcome of this procedure has not yet been reported.!!” Total elbow arthroplasty may be required to manage advanced 
posttraumatic arthritis that involves the ulnohumeral joint. 

Stiffness is common following radial head fractures. It can be isolated to a loss of flexion—extension or forearm rotation; it can also be combined. The 
most common cause is capsular contracture; however, mechanical causes such as prominent hardware or retained cartilaginous or osseous fragments can 
also be responsible. The development of posttraumatic heterotopic ossification should also be considered. In the setting of capsular contracture, passive 
stretching under the supervision of a therapist as well as the use of static progressive splinting is often successful. Turnbuckle splinting can also be 
employed. Patients with persistent stiffness following radial head fractures can be treated with standard techniques of open or arthroscopic debridement and 
capsular release. 


Malunions are common with nonsurgical management of displaced radial head fractures; however, in most cases, patients have minimal, if any, 
symptoms. In some cases, patients present restricted rotation, pain, clicking, or crepitus. Secondary degenerative changes of the capitellum and radial head 
can occur. Management options can include an intra- or extra-articular osteotomy of the radial head in younger patients without secondary degenerative 
changes of the capitellum.!?” Most patients presenting with symptomatic malunions have significant chondral damage to the radial head and/or capitellum 
and are therefore best treated by radial head excision or radial head arthroplasty.2*!°”7 Nonunion of radial neck fractures can occur with nonsurgical 
management; however, it may be asymptomatic.!** Nonunion following internal fixation is typically due to compromised vascularity and often does not 
respond to revision ORIF and grafting. Radial head excision or replacement is recommended in most circumstances. 

Chronic valgus or axial instability is most common in patients who have had a radial head excision without replacement. This problem can typically be 
prevented by fixation or replacement of the radial head. Management of late valgus instability includes replacement of the radial head as well as an MCL 
reconstruction. Chronic varus and posterolateral rotatory instability (PLRI) can also occur in patients with radial head fractures due to deficient healing of 
the LCL. The absence of a radial head to provide concavity compression of the lateral column to properly tension the lateral ligaments exacerbates 
underlying instability. Reconstruction of the LCL using a tendon graft is preferred in the presence of a native radial head or prosthesis to help tension the 
graft and improve stability. 

Early recognition of axial forearm instability by routinely examining the wrist in patients with radial head fractures and testing for longitudinal 
instability during surgery is critical. Radial head repair or replacement combined with temporary radioulnar pinning with or without interosseous membrane 
reconstruction and/or triangular fibrocartilage repair should be considered. Unfortunately, most patients present late following radial head excision.’ While 
2 to 3 mm of proximal migration of the radial head is expected after radial head excision with intact ligaments of the distal radial ulnar joint and 
interosseous membrane, marked proximal migration can occur with disruption of these stabilizing structures* (Fig. 40-12). The optimal management for 
acute and chronic Essex—Lopresti injuries is unknown. Treatment options for chronic Essex—Lopresti injuries include a one-bone forearm, replacement of 
the radial head with an immediate or staged ulnar shortening, interosseous membrane reconstruction combined with a radial head prosthesis. !:67:93:96.110 
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Figure 40-12. A, B: Anteroposterior and lateral radiographs of a 42-year-old man who fell out of a tree. C, D: Posteroanterior wrist radiographs of the injured and 
uninjured wrist demonstrated radial shortening and diastasis of the distal radioulnar joint. E: CT scan demonstrates comminuted radial head fracture with anterolateral 
coronoid fracture. Push (F) and pull (G) wrist radiographs demonstrate axial instability at surgery. H-J: Postoperative radiographs after radial head replacement, 
lateral collateral ligament repair, and cross-pinning of the distal radioulnar joint. K, L: One year later, radiographs demonstrate mild recurrent ulnar shortening. M, N: 
The clinical outcome was good, with mild stiffness and minimal discomfort at both the elbow and wrist. 


Authors’ Preferred Treatment for Radial Head Fractures ( ) 


Radial head 
fracture 


Undisplaced Displaced 


No block Block to motion, 

to motion crepitus or 
concomitant injury 
requiring treatment 


Small unrepairable Repairable Large unrepairable 
fragment(s) fragment(s) fragment(s) 


Ligaments Ligament(s) 
intact ruptured 


Fragment excision 


Radial head Radial head 
excision arthroplasty 


Algorithm 40-2 Authors’ preferred treatment for radial head fractures. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO RADIAL HEAD 


FRACTURES 


Radial head fractures are common; however, the majority are minimally displaced or undisplaced and can be treated successfully nonoperatively. Advances 
in imaging, fixation devices, and newer prosthetic designs have improved the outcome of displaced fractures; however, the indications for surgery remain 
unclear. A recent randomized clinical trial supports the nonoperative treatment of mild to moderately displaced partial articular fractures, likely less than 4 
mm.*° Long-term results are needed to determine which patients might benefit from ORIF in an effort to reduce the incidence of posttraumatic arthritis. 
Radial head excision is uncommonly performed for acute radial head fractures due to the frequent presence of concomitant ligament injuries and the advent 
of more reliable prosthetic arthroplasty. Further advances in the materials, design and implantation techniques of radial head prostheses are likely in the 
future. Prospective, comparative, preferably randomized clinical trials are needed to compare the outcome of different prosthesis designs. 


Coronoid Fractures 


INTRODUCTION TO CORONOID FRACTURES 


Isolated fractures of the coronoid are uncommon with most having associated fractures of the radial head or proximal ulna, collateral ligament injuries, or 
concomitant dislocations. Fractures of the coronoid occur in 2% to 15% of patients with ulnohumeral dislocations.!°> The pattern and size of the coronoid 
fracture and the extent of concomitant osseous and ligament injuries dictate the optimal treatment strategy. 


CLASSIFICATION OF CORONOID FRACTURES 


Coronoid fractures have traditionally been classified using the Regan—Morrey classification system.!'® This classification system focuses on the height of 
the fracture in the coronal plane. Type I fractures are small coronoid tip fractures, originally described as an avulsion, but now known to be the result of an 
elbow subluxation or dislocation with shearing off of the coronoid. Type II fractures involve less than 50% of the total coronoid height and type III fractures 
involve greater than 50%. The classification is modified based on the presence or absence of an associated fracture-dislocation, with type A defining an 
isolated fracture and type B defining an associated dislocation. 

O’Driscoll et al.! introduced a more comprehensive classification system that included fracture size, anatomic location, and mechanism of injury. This 
system is divided into three types. Type I fractures involve the coronoid tip and are divided into two subtypes based on size. Subtype I are tip fractures less 
than 2 mm, while subtype II are larger than 2 mm, but less than 50% of the coronoid height. Type II fractures involve the anteromedial facet (AMF) and are 
divided into three subtypes. Subtype I involves the rim only, subtype II involves the rim and tip, and subtype III involves the rim, and sublime tubercle, with 
or without involvement of the tip. Type III fractures include the coronoid base and consist of two subtypes. Subtype I comprises body and basal fractures 
while subtype II includes the former in addition to a transolecranon fracture (Fig. 40-13). 


Figure 40-13. The O’Driscoll classification of coronoid fractures includes the following: type I, fractures of the tip; type II, fractures involving the anteromedial facet; 
and type III, basal fractures. Type I fractures are most commonly associated with terrible triad fracture-dislocations, type II fractures are associated with varus 
posteromedial rotatory instability, and type III fractures are associated with olecranon and proximal ulna fracture-dislocations. 


O’Driscoll type I coronoid tip fractures are usually associated with fractures of the radial head and a concomitant elbow dislocation, the “terrible triad” 
injury of the elbow. These injuries typically occur with a PLRI mechanism, shearing off the anterolateral radial head and coronoid tip while dislocating. 
Type II anteromedial coronoid fractures are seen with posteromedial rotatory instability (PMRI) and are almost always have a concomitant avulsion of the 
LCL. Type III basal coronoid fractures are most commonly associated with fractures of the olecranon and proximal ulna and have a more direct posterior 
injury mechanism. They typically have larger fractures of the radial head and less ligamentous injuries. The management of coronoid fractures is best 
understood by considering the patterns of injury rather than focusing on the isolated treatment of the coronoid. 


Terrible Triad Injuries of the Elbow 


INTRODUCTION TO TERRIBLE TRIAD INJURIES OF THE ELBOW 


Terrible triad injuries consist of a fracture of the radial head and coronoid and an elbow dislocation. These injuries may be challenging to treat and 
suboptimal clinical outcomes have been commonly described in the past. Advances in our knowledge of elbow biomechanics and improvements in implants 
have resulted in improved patient outcomes. 


ASSESSMENT OF TERRIBLE TRIAD INJURIES 


MECHANISMS OF INJURY FOR TERRIBLE TRIAD INJURIES 


Terrible triad injuries are thought to occur by posterolateral rotatory displacement of the ulna, resulting in elbow subluxation or dislocation!®® (see Fig. 40- 
1). The proposed mechanism is a fall onto an outstretched arm, with supination, valgus, and axial-directed force. The trochlea causes a shear fracture of the 
coronoid and is accompanied by an LCL injury and/or radial head fracture. 


INJURIES ASSOCIATED WITH TERRIBLE TRIAD INJURIES 


Ipsilateral upper extremity injuries have been reported in 10% to 20% of patients with fracture-dislocations of the elbow with the majority involving 
fractures of the wrist.*!:’5 Associated injuries of the head, chest, abdomen, pelvis, or lower extremities are seen in patients with high-energy trauma. 
Neurovascular injuries are uncommon. 


SIGNS AND SYMPTOMS OF TERRIBLE TRIAD INJURIES 


A detailed neurovascular examination must be performed before and after reduction of a dislocated elbow. Soft tissue status and the condition of the skin 
should be carefully assessed. The elbow should be palpated for signs of tenderness over the collateral ligament insertions. The shoulder, wrist, and distal 
radioulnar joint should be examined. Radiographic signs of these fractures are often subtle stressing the importance of detailed physical examination. 


IMAGING AND OTHER DIAGNOSTIC STUDIES OF TERRIBLE TRIAD INJURIES 


Once the initial evaluation is complete, standard radiographs (AP and lateral views) are required to determine the direction of the dislocation and to identify 
associated fractures. Radiographs of the shoulder, forearm, and wrist are ordered as clinically indicated. Radiographs are repeated following a gentle closed 
reduction of the elbow dislocation under conscious sedation. The radiocapitellar joint can be widened with LCL disruption and the radial head can be 
subluxated posteriorly. CT may help to better evaluate radial head fracture patterns and demonstrate osteochondral fragments within the joint. Three- 
dimensional CT reconstructions have been shown to improve interobserver agreement on the classification and treatment of coronoid fractures relative to 
two-dimensional CT.®” CT can also assist with selecting the surgical approach and type of internal fixation required. 


CLASSIFICATION OF TERRIBLE TRIAD INJURIES 


Terrible triad injuries are subclassified by the pattern of radial head and coronoid fractures. The most common coronoid fractures seen in terrible triad 
injuries are Regan and Morrey types I and II.!!® The radial head fracture classifications were outlined in the previous section. 


OUTCOME MEASURES FOR TERRIBLE TRIAD INJURIES 


Several scoring systems have been used to evaluate the outcomes of terrible triad injuries including the DASH Questionnaire, the Mayo Elbow Performance 
Score, and the Patient-rated Elbow Evaluation. For a detailed description of these outcome measures please see Chapter 37. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO TERRIBLE TRIAD INJURIES 


The primary stabilizers of the elbow joint are the coronoid, MCL, and LCL. The secondary constraints are the capsule, the radiocapitellar articulation, and 
the common extensor and flexor origins.!°! The radial head is a secondary valgus stabilizer while the coronoid is primary stabilizer to varus stress and an 
important stabilizer to axial, posteromedial, and posterolateral rotatory forces.!5-102:113 

Biomechanical studies of a terrible triad model demonstrate that ligament repair and radial head arthroplasty can restore near-normal elbow kinematics 
and stability if the coronoid fracture is small (type I). However, larger coronoid fractures, such as Regan and Morrey types II and III, resulted in vertical and 
coronal plane instability, even in the setting of ligament repair and radial head repair or replacement.!® 


TREATMENT OPTIONS FOR TERRIBLE TRIAD INJURIES 


NONOPERATIVE TREATMENT OF TERRIBLE TRIAD INJURIES 


Indications/Contraindications 


Nonoperative Treatment of Terrible Triad Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Concentric elbow following closed reduction of dislocation 
e Undisplaced radial head fracture or displaced radial head fracture without a block to rotation 
e Regan Morrey subtype I coronoid fracture, undisplaced subtypes II and III coronoid fractures 


Relative Co dications 


e Nonconcentric elbow reduction 
e Displaced radial head fracture interfering with forearm rotation 
e Displaced Regan Morrey subtypes II and III coronoid fractures. Fracture fragment interposed in articulation 


Terrible triad injuries of the elbow are usually treated surgically due to residual instability precluding a congruous reduction and early motion. Terrible triad 
injuries can successfully be treated nonoperatively if the following criteria are met??: (1) the radial head fracture does not cause a mechanical block to 
motion; (2) the coronoid fracture is small (Regan Morrey type I or II); (3) the elbow joint is congruent following a closed reduction; and (4) there is a stable 
arc of motion to 30 degrees of flexion. Fracture fragments which are interposed within the articulation and the presence of residual instability are indications 
to operative treatment. Radial head fractures which are displaced and causing a block to forearm rotation are indications for surgical management. 


Techniques 


A closed reduction of the elbow is usually performed in the emergency room or the operating room. After reduction, the elbow is taken through an arc of 
flexion—extension in pronation, neutral, and supination to evaluate for residual instability. Since the lateral-sided soft tissue injuries are typically more 
severe in terrible triad injuries, pronation of the forearm often improves stability. If the elbow redislocates at angles greater than 30 degrees of flexion, 
operative treatment should be considered. Terrible triad injuries treated nonoperatively are immobilized in a light splint at 90 degrees of flexion for 7 to 10 
days for comfort and to allow muscle tone to return to the elbow. Prolonged treatment in excessive flexion to maintain joint reduction should be avoided. 
Isometric contraction of the elbow muscles is encouraged while in the postreduction splint. After splint removal, the patient is reexamined for stability and 
asked to actively extend and flex the elbow. Patients will typically move only within their stable arc and are unlikely to redislocate if they had a stable 
reduction and examination initially. Abduction of the arm and elbow from the chest and passive range-of-motion exercises are avoided as these produce a 
varus stress on their elbow. A 90-degree resting splint is used between exercises; typically, the forearm is pronated which is usually the most stable position 
in the setting of more extensive lateral- than medial-sided soft tissue injury. Rehabilitation with the arm in the overhead position can be helpful to allow 
early motion while minimizing the tendency for residual instability.!°* Full extension in supination is not typically permitted for 4 weeks to limit the 
potential for elbow subluxation. Weekly radiographic and clinical follow-up is required to monitor for fracture displacement and recovery of motion. 
Persistent joint subluxation or redislocation is an indication for surgical management. At 6 weeks, the resting splint is discontinued, and gentle stretching 
may be initiated to manage residual stiffness. Varus or valgus loading as well as strengthening is avoided until 12 weeks. Static progressive splinting can be 
used to improve elbow motion. 


Outcomes 


There is little information regarding the nonoperative treatment of terrible triad injuries of the elbow. Nonoperative treatment has been associated with less 
desirable outcomes including stiffness, late instability, and arthrosis.!2° More recently, Chan et al. reported on 12 patients with terrible triad injuries treated 
nonoperatively. The authors concluded that nonsurgical treatment could be considered for patients with specific inclusion criteria: The radial head fracture 
does not cause a mechanical block to motion, the coronoid fractures are small (Regan Morrey type I or II), the elbow joint is congruently reduced, and there 
is a stable arc of motion to 30 degrees of flexion.?? Other authors have reported similar results.° 


OPERATIVE TREATMENT OF TERRIBLE TRIAD INJURIES 


Indications/Contraindications 


Most patients with terrible triad injuries require surgical management to achieve a stable congruous reduction of the elbow allowing early motion. Residual 
subluxation of the elbow following a closed reduction or residual instability precluding early motion is an indication for surgery. Displaced radial head 
fractures blocking motion or incarcerated fracture fragments in the articulation are also indications for surgery. Surgery may occasionally be contraindicated 
in patients whose medical comorbidities place them at an unacceptable risk as well as in patients with nonfunctional upper extremities due to neurologic or 
other impairments. 


Open Reduction and Internal Fixation 


A systematic approach is important to address the critical components of this injury. This includes fixation or replacement of the radial head, fixation of the 
coronoid fragment, and repair of the LCL. The elbow is then evaluated intraoperatively for residual instability to determine if MCL repair is required or 
rarely if an external fixator, internal fixator or bridge plate is needed. 


Preoperative Planning 


ORIF of Terrible Triad Injuries: 


a7 PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent arm table 

Position/positioning aids LJ Supine with arm across chest or on arm table 

Fluoroscopy location LJ Operative side 

Equipment LJ Suture anchors, 0.035- and 0.045-inch K-wires, 1.5- and 2-mm screws, 2.5-mm cannulated screws, 


periarticular locking plates, radial head arthroplasty system, large external fixator, hinged external fixator, 
large fragment locking set with screws, internal fixator 


Positioning 
Terrible triad injuries can be repaired with the patient supine and the arm placed across the chest with the surgeon standing or using an arm table with the 


surgeon sitting. The use of a rolled-up sheet placed underneath the elbow can be helpful to approach the medial elbow when the arm is placed across the 
chest. 


Surgical Approach 


A posterior midline elbow skin incision is typically employed when managing terrible triad injuries of the elbow as it allows lateral, medial, and posterior 
access to the elbow. Alternatively, separate lateral, medial, and posterior skin incisions can be employed as needed. A Kocher approach is preferred to allow 
repair of the LCL which typically is avulsed off the lateral epicondyle in terrible triad injuries.°8 

The optimal surgical approach to repair the coronoid has not been determined with various lateral, anterior, and medial options reported. In many cases, 
the coronoid can be accessed and repaired from a lateral surgical exposure, particularly if a radial head replacement is required. A flexor—pronator split can 
be used for Regan and Morrey types I and II coronoid fractures (Fig. 40-14).!°° A Taylor and Scham approach may be preferred for the type III basal 
fractures and when a medial plate is required.!“° This approach involves detaching the flexor—pronator mass from the medial epicondyle and supracondylar 
ridge and provides excellent exposure to the entire coronoid and MCL. Our preferred surgical approach is to use the interval between the two heads of the 
flexor carpi ulnaris (FCU).!°° This also provides adequate access to the sublime tubercle and MCL. Meticulous release and mobilization of motor branches 
of the ulnar nerve can help improve distal exposure. Proximal articular branches may need to be sacrificed to obtain adequate exposure. Elevating the 
flexor—pronator muscles from distal to proximal helps isolate the sublime tubercle and identify and protect the anterior bundle of the MCL when it is intact. 
The authors routinely perform an in situ release of the ulnar nerve; transposition of the ulnar nerve should be considered if there are preoperative ulnar nerve 
symptoms or if further mobilization is needed to allow coronoid fixation. In experienced hands, arthroscopy-assisted coronoid fixation can be helpful for 
these injuries.!°” Oh et al. reported a retrospective (level 4) study comparing open surgery to arthroscopy-assisted ORIF of the coronoid, in patients with 
complex elbow fracture-dislocations. The found similar union rates and clinical outcomes with decreased complications, in the arthroscopy-assisted group 
comparable to open fixation alone. 


Pronator teres 
Flexor carpi radialis Biceps 
Palmaris longus _ Brachialis Zo 


Humeral head 
and ulnar head of 
flexor carpi ulnaris | Coronoid process 


Medial epicondyle 


Ulnar nerve 


Figure 40-14. There are three medial approaches to fix the coronoid. A flexor—pronator split, using the floor of the ulnar nerve which splits the two heads of the flexor 
carpi ulnaris, and elevation of the entire flexor carpi ulnaris of the ulna. 


Technique 


ORIF of Terrible Triad Injuries: 
KEY SURGICAL STEPS 


Fluoroscopic examination of elbow under anesthesia 

Lateral surgical approach to elbow through posterior midline or lateral skin incision 

Deep Kocher approach 

Fix coronoid from lateral surgical approach if possible using posterior-to-anterior screws if larger fragment or suture fixation of anterior capsule if 
smaller fragment(s) 

Fix or replace radial head 

Repair LCL and common extensor muscles using transosseous sutures or suture anchors 

Reevaluate elbow stability using fluoroscopy 

Perform medial surgical approach if unable to fix coronoid fracture from lateral surgical approach or if residual instability is present following 
repair of coronoid, radial head, and LCL 

Use floor of ulnar nerve approach to access coronoid and MCL 

Perform in situ release or transpose ulnar nerve 

Fix coronoid with posterior-to-anterior screws or buttress plate 

Repair MCL and common flexor muscles using transosseous sutures or suture anchors 

Reevaluate elbow stability using fluoroscopy 

If the elbow is still unstable, apply external fixator, internal fixator or temporary bridge plate 


COCO COCO 


A fluoroscopic assessment of the elbow under anesthesia is important to determine the extent of collateral ligament injury and the magnitude of elbow 
instability. After performing a lateral or posterior elbow skin incision, an extended Kocher approach elevating the extensor carpi radialis longus and brevis 
off the lateral supracondylar ridge is used to provide a more complete exposure of the elbow and facilitate repair of the LCL. When extending the exposure, 
a cuff of fascia should be left attached to the supracondylar ridge to assist with closure. In order to protect the posterior interosseous nerve, the forearm 
should be pronated and the distal extent of the exposure should not exceed 2 cm from the radiocapitellar joint.?”!4° The coronoid can be accessed through 
the radial head fracture or by hinging the elbow open through the lateral ligament injury. Coronoid fractures too small or comminuted to be amenable to 
screw fixation can be repaired using sutures passed around the coronoid process and anterior capsule through transosseous tunnels on the dorsal ulna.5897 
Small tip fractures of the coronoid, less than 10%, may be left unrepaired if a secure repair of the concomitant injuries is achieved.'® If the radial head is 


nonreconstructible, resection will improve exposure of the coronoid. An anatomic reduction of the coronoid fracture fragments is performed and tentatively 
held with K-wires from a cannulated screw system. Once the coronoid is reduced, the K-wires are systematically replaced with cannulated screws.”’ Use of 
an anterior cruciate ligament or similar targeting device can assist with accurate screw placement. 

Coronoid fixation is followed by ORIF or replacement of the radial head. Partial or complete excision of the radial head is not recommended in the 
setting of terrible triad injuries as it has been shown to result in instability and arthrosis. The decision between repair and replacement of the radial head has 
been described previously, understanding that secure fixation is needed in the setting of these more complex injuries especially with concomitant elbow 
instability. 

The LCL is usually ruptured at the origin on the lateral epicondyle. An isometric, anatomic repair of the LCL is essential to restore stability (see F 

). The isometric point corresponds to the center of the capitellum when viewing from the lateral side. Transosseous sutures or suture anchors are used to 
complete the repair. 

If the coronoid cannot be accessed from the lateral surgical approach, a medial surgical approach is performed, as described above, to repair the 
coronoid and MCL (see ). Reduction and fixation is performed with transosseous sutures, posterior-to-anterior cannulated screws, or a buttress 
plate (F ). Rarely, reconstruction of the coronoid is not possible due to bone loss or severe comminution. Various options have been described, 
including iliac crest,®* resected radial head,'*® allografts,*! a fragment of the ipsilateral proximal olecranon,*!°° and a coronoid prosthesis.*7°- 

The elbow should be examined under fluoroscopy for evidence of residual instability with the forearm in pronation, neutral, and supination after repair 
of the coronoid, radial head, and LCL. If the elbow is still unstable, the MCL should be repaired. Static external fixation, an internal fixator or bridge plate 
fixation can be used to protect comminuted osteoporotic fractures of the coronoid when stable fixation is not achieved and in the uncommon circumstance in 
patients who demonstrate residual instability in spite of repair of the radial head, coronoid, and both collateral ligaments.°” Supplemental static external 
fixation, an internal fixator, temporary cross-screw or bridge plate fixation of the elbow can also be considered as described previously.1°*!9° With 
appropriate experience, arthroscopy-assisted reduction and fixation using K-wires and cannulated screws has been shown to be a safe and effective adjunct 
for treating these injuries. This is an evolving technique that requires advances skill with elbow arthroscopy and an intricate understanding of the three- 
dimensional anatomy around the elbow. 


D,E 
Figure 5. A 59-year-old woman fell from two stairs onto her right outstretched arm. Radiographs following a closed reduction of an elbow dislocation 
demonstrate a displaced coronoid and radial head fracture with residual elbow subluxation. A, B: The 3D CT demonstrates significant comminution of both the 
coronoid and radial head fracture. C, D: Six months following radial head arthroplasty, transosseous LCL repair, and ORIF of the coronoid with cancellous bone graft 
taken from the radial head. Radiographs demonstrate a congruous elbow with mild heterotopic ossification. E, F: The patient achieved a functional range of motion. 


Postoperative Care 

The integrity of the osseous and ligament repairs and the examination under anesthesia for stability at the conclusion of the operation will direct the 
rehabilitation plan as outlined in the section on operative treatment of elbow dislocations. An overhead rehabilitation protocol beginning 10 to 14 days 
postoperatively can assist in achieving early motion while avoiding residual instability.“‘~+°* In general, a stiff stable elbow is preferred over a loose 
incongruous one. 


Potential Pitfalls and Preventive Measures 


Terrible Triad Injuries: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Residual instability e Repair or replacement of the radial head, fixation of larger coronoid fractures, and secure anatomic 
repair of collateral ligaments 
e Active motion protocol avoiding varus stress at all times, overhead rehabilitation protocol 
e Employ external fixation or temporary bridge plate fixation if there are concerns about residual 


instability 
Elbow stiffness e Early range of motion 
Nerve palsy e Protect ulnar nerve during medial surgical approaches 


e Direct visualization of bone during external fixator pin placement 
e Gentle nerve and soft tissue handling 


Symptomatic instability is uncommon after operative repair of terrible triad injuries. However, inadequate or failed repair of the lateral structures can lead to 
persistent subluxation. Mild subluxation may be treated with an active motion or overhead rehabilitation protocol, as previously described, but frank 
dislocation may require repeat operative fixation or salvage procedures. Early recognition of this problem is critical as late treatment of a stiff subluxated 
elbow may require extensive surgical management including elbow release and LCL and MCL reconstruction. Failure of radial head or coronoid fixation 
may also cause residual instability. The judicious use of static external fixation, an internal fixator or temporary bridge plate fixation should be considered in 
the setting of tenuous bony or soft tissue repairs, in patients with morbid obesity and those who are unable to be compliant with postoperative care such as 
patients in an intensive care unit. 

Early postoperative motion is preferable to prevent stiffness; however, occasionally delayed mobilization is required due to poor soft tissues or tenuous 
fixation. Some patients may require elbow release or excision of heterotopic bone to restore motion. The use of indomethacin continues to be controversial 
and has not been proven to prevent heterotopic ossification around the elbow. 

Ulnar nerve symptoms are common with medial surgical approaches to the coronoid and the radial nerve is at risk with plate fixation of the radial neck 
and with placement of an external fixator or bridge plate. 


Outcomes 


Doornberg et al. retrospectively studied 26 terrible triad injuries of the elbow.? They reported good to excellent outcomes when stable fixation of the 
coronoid was achieved and unsatisfactory outcomes when stable fixation was not achieved. Pugh et al. reviewed 36 terrible triad injuries that were treated 
with ORIF of the coronoid fracture and/or repair of the anterior capsule, repair or replacement of the radial head, and repair of the lateral ligament.!!5 In 
addition, repair of the MCL and/or application of a hinged external fixator were used for patients who demonstrated residual instability. They achieved 78% 
good to excellent results with a mean flexion—extension arc of 112 degrees and forearm rotation of 136 degrees. Ring et al. reported poor results due to 
instability, arthrosis, and stiffness in 7 of 11 patients with terrible triad injuries who did not have the internal fixation of the coronoid.!*? Papatheodorou et 
al. reviewed 14 consecutive patients with terrible triad injuries with types I and II coronoid fractures.!°? All patients underwent radial head fixation or 
replacement and LCL repair. The coronoid fractures and MCL were not repaired. Elbow stability was confirmed with intraoperative fluoroscopy. The 
authors reported good outcomes with a mean Broberg/Morrey score and DASH score of 90 and 14, respectively. None of the patients were found to have 
residual instability and only one patient developed arthrosis. Zhang et al. reported on 13 patients with terrible triad injuries.'°° All coronoids were repaired 
apart from small type I fractures. Good to excellent outcomes were obtained in 80% of patients. However, two patients developed recurrent instability and 
one patient developed heterotopic ossification and a synostosis. Chen et al. completed a randomized control trial in 45 patients comparing arthroplasty and 
ORIF for comminuted radial head fractures in the setting of complex elbow fracture-dislocations.** Overall patient satisfaction was 91% in the radial head 
arthroplasty group and only 65% in the ORIF group. Complication rates were lower in the arthroplasty group (14%) compared with the ORIF group (48%). 
Yan et al. completed a similar randomized trial in 39 patients with terrible triad injuries and Mason III radial fractures comparing arthroplasty versus ORIF. 
They reported significantly better outcome scores, elbow and forearm motion, decreased operative time, and lower complications in the radial head 
arthroplasty group.’”!5° Jung et al. found 19.7% of 76 patients developed recurrent elbow instability following surgical for terrible triad injuries. Recurrent 
instability was associated with high-energy trauma, Mason type III radial head fractures, MCL injury, time between injury and operation and no repair of 
the coronoid. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
TERRIBLE TRIAD INJURIES 


Terrible Triad Injuries: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Problem Solution 

Elbow stiffness and heterotopic ossification e Initiate early motion 

Redislocation e Careful follow-up and recognize and treat surgically 

Residual subluxation e Active motion protocol, proceed with operative treatment if persists 


Authors’ Preferred Treatment for Terrible Triad Injuries ( 


Terrible triad injury 


Fluoroscopic 
examination 


Lateral approach excise 
or retract radial head 


Able to fix coronoid Unable to fix coronoid 


Fix or replace radial Fix or replace radial 
head and repair LCL head and repair LCL 


Elbow stable Elbow unstable Medial approach fix 
coronoid and repair MCL 


Medial approach 
repair MCL 


Elbow stable Elbow unstable Elbow unstable Elbow stable 


Apply external 
fixator 


Apply external 
fixator 


Algorithm 40-3 Authors’ preferred treatment for terrible triad injuries. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO TERRIBLE TRIAD 


INJURIES 


While the outcome of terrible triad injuries has improved, a reliably good outcome continues to be difficult to achieve. Current challenges with the 
management of terrible triad injuries are the ability to achieve stable internal fixation of both coronoid and radial head fractures. While there are good radial 
head implants available for the management of unreconstructible radial head fractures, there is currently no commercially available coronoid implant which 
makes the management of the comminuted coronoid difficult. The optimal surgical approach to the coronoid remains unknown as does the management of 
the ulnar nerve. The role of suture fixation of small coronoid fragments and repair of the MCL remains controversial. While some authors prefer articulated 
external fixation in the setting of residual instability, these devices are difficult to apply to precisely replicate the axis of motion and our experience has been 
mixed. We now prefer static external fixation or an internal bridge plate. An internal articulated fixator may prove useful in the management of these 
injuries. This device has a lateral axis pin placed in the distal humerus at the center of rotation of the elbow. A small plate is secured to the proximal ulna 
and connected to the axis pin stabilizing the elbow while permitting motion. Removal of this device is recommended. Further studies are needed to better 
clarify the indications and outcome of this device!°8 (Fig. 40-16). Future studies are needed to determine the role of indomethacin in preventing heterotopic 
ossification in patients with terrible triad injuries. 
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Figure 40-16. Lateral (A) and anteroposterior (B) radiographs demonstrating a terrible triad injury in a 50-year-old woman with a cycling injury. Intraoperative 
images demonstrating coronoid fracture (C), placement of the IJS guide wire along the ulnohumeral axis of rotation (D), and fixation of the coronoid with headless 
compression screws (E). The lateral collateral ligament was repaired using a single bone anchor. A splint was applied to immobilize the elbow for 5 days, after which 
the patient began range of motion. Lateral (F) and anteroposterior (G) radiographs at one month demonstrating fixation of the coronoid with headless compression 
screws, replacement of the radial head, and temporary internal joint stabilizer. Range of motion at 1 month demonstrating elbow extension (H) and flexion (I) of the 
operative arm. Lateral (J) and anteroposterior (K) radiographs at 3 months following removal of the internal joint stabilizer. (Courtesy of Jorge L. Orbay, MD.) 


Posteromedial Rotatory Instability of the Elbow 


INTRODUCTION TO POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


Anteromedial fractures of the coronoid (AMC) and varus PMRI were first described by O’Driscoll et al. in 2003.105 While these fractures are uncommon 
relative to coronoid fractures associated with terrible triad injuries, they are often subtle and may be missed, often leading to suboptimal outcomes due to a 


poor “natural history.”°942 Advances in our understanding of the mechanism of this injury and the biomechanics of treatment should lead to improved 
outcomes. 


ASSESSMENT OF POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


MECHANISMS OF INJURY FOR POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


The anteromedial coronoid fracture has been postulated to occur by pronation, varus, and axially directed forces. It is commonly accompanied by avulsion 
injuries to the LCL and posterior bundle of the MCL, resulting in PMRI. Injury to the anterior bundle of the MCL can also occur with AMC fractures. 105 


INJURIES ASSOCIATED WITH POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


Given the limited reports available on anteromedial coronoid fractures, the incidence of associated injuries is not known. While partial or complete injuries 
of the LCL are common, the incidence of injury to the posterior bundle of the MCL is unclear. Unlike terrible triad injuries, the radial head is usually not 
fractured in patients with anteromedial coronoid fractures and this is a key to its recognition (Fig. 40-17). An anteromedial coronoid fracture should be 
suspected in any patient who appears to have a coronoid fracture when a radial head fracture is not present. While some patients present with a frank 
dislocation, most do not. In such individuals, a history of dislocation, “clunking,” or instability with spontaneous reduction can often be elicited. 


SIGNS AND SYMPTOMS OF POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


A detailed neurovascular examination must be performed before and after reduction of a dislocated elbow if present. Soft tissue status and the condition of 
the skin should be carefully assessed. The elbow should be carefully palpated for signs of tenderness, particularly over the LCL. A patient may complain of 
crepitus with elbow motion with the arm abducted from the side (which produces a varus stress). This symptom is secondary to maltracking due to varus 
PMRI. Patients who are reluctant to actively move their elbow in this orientation due to pain or apprehension have been observed to have more severe LCL 
injuries during examination while under anesthesia. 


IMAGING AND OTHER DIAGNOSTIC STUDIES OF POSTEROMEDIAL ROTATORY INSTABILITY OF 
THE ELBOW 

Standard radiographs (AP and lateral views) of the elbow are performed. Radiographs of the shoulder, forearm, and wrist are ordered as clinically indicated. 
Radiographs are repeated following the reduction of an associated elbow dislocation. Findings can be subtle, such as loss of a parallel medial ulnohumeral 
joint line, or varus malalignment of the elbow.!3° The radiocapitellar joint may be widened with LCL disruption and a “flake” fragment from the lateral 
condyle may be visible. CT scans with three-dimensional reconstruction improve the recognition and understanding of the pattern of anteromedial coronoid 
fractures and are recommended routinely in the evaluation of these injuries.®’ Static subluxation of the elbow on CT imaging is a strong indication for 
surgery. 


CLASSIFICATION OF ANTEROMEDIAL CORONOID FRACTURES 


O’Driscoll et al.!°° described three anteromedial coronoid fracture subtypes. Subtype I involves the anteromedial rim only, subtype II involves the rim and 
tip, and subtype III involves the rim and sublime tubercle, with or without involvement of the tip. 


OUTCOME MEASURES FOR POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


Several scoring systems have been used to evaluate the outcomes of anteromedial coronoid fractures including the DASH Questionnaire and the Mayo 
Elbow Performance Index. For a detailed description of these outcome measures please see Chapter 37. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO POSTEROMEDIAL ROTATORY 


INSTABILITY OF THE ELBOW 


A biomechanical study focusing on anteromedial coronoid fractures demonstrated that the size of the AMF fracture and the presence of a concomitant LCL 
injury appear to be important determinants of the need for ORIF. The LCL and the anteromedial coronoid are key varus stabilizers of the elbow. The authors 
reported that even small anteromedial coronoid fractures affect elbow kinematics, particularly with varus stress. LCL repair alone was not able to restore 
stability with anteromedial coronoid facet fractures 5 mm or greater in height.!!? Involvement of the sublime tubercle (subtype III) results in concomitant 
valgus instability due to disruption of the ulnar insertion of the MCL. 


Figure 40-17. A 39-year-old woman fell on ice. A, B: The AP and lateral views demonstrate a subtle coronoid fracture without a radial head fracture. The patient had 
crepitus and pain with attempted motion with the arm abducted from the side. C: 3D CT provides further detail of the subtype II anteromedial coronoid fracture. D, E: 
AP and lateral radiographs 1 year following transosseous LCL repair and buttress plate fixation of the anteromedial facet. 


TREATMENT OPTIONS FOR POSTEROMEDIAL ROTATORY INSTABILITY 


NONOPERATIVE TREATMENT OF POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


Indications/Contraindications 


Nonoperative Treatment of PMRI Treatment: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Concentric elbow 
e Small undisplaced anteromedial coronoid fracture 


e Nonconcentric elbow 


e Displaced anteromedial coronoid fracture 
e Fracture fragment interposed in articulation 


The role of nonoperative treatment of PMRI of the elbow is unclear (Figs. 40-18 and 40-19). If the anteromedial coronoid fracture is small or undisplaced, 
and the elbow is congruously reduced, nonoperative treatment should be considered. Patients that can comfortably range their elbow under varus gravity 
stress with the shoulder abducted are good candidates for nonsurgical treatment in the authors’ experience. A fluoroscopic examination with stress views 
can be helpful to guide treatment if the patient is able to tolerate this without anesthesia; gross instability should be managed with surgery. CT with 3D 
reconstructions should be performed to confirm the fracture pattern, size, and joint congruity. Fracture fragments that are interposed within the articulation 
and the presence of articular subluxation are indications for operative treatment. 


Techniques 


Treated nonoperatively, anteromedial coronoid fractures are immobilized at 90 degrees of flexion for 7 to 10 days for comfort and to allow muscle tone to 
return to the elbow. Isometric contraction of the elbow muscles is encouraged while in the splint. After splint removal, the patient is asked to actively extend 
and flex the elbow. Patients will typically move only within their stable arc. Crepitus during elbow flexion and extension with the arm at the side or 
abducted suggests incongruity of the ulnohumeral joint and the need for examination under anesthesia and probable surgical repair. Abduction of the elbow 
away from the chest causes a varus moment on the articulation and should be avoided during rehabilitation. A 90-degree resting splint with the forearm in 
neutral rotation is used between exercises. While pronation stabilizes the LCL-deficient elbow, supination stabilizes the coronoid-deficient elbow; hence, 
neutral rotation is selected for flexion and extension exercises and for immobilization. An overhead rehabilitation protocol may be helpful in the 
management of these injuries.!24 Weekly radiographic and clinical follow-up is required to monitor for fracture displacement and recovery of motion. Joint 
subluxation or dislocation is an indication for surgical management. At 6 weeks, the resting splint is discontinued, and gentle stretching may be initiated to 
manage residual stiffness. Varus or valgus loading, as well as strengthening, is avoided until 12 weeks. Static progressive splinting can be used to improve 
elbow motion. 


An 18-year-old man fell snowboarding. A, B: The AP and lateral views demonstrate a fracture-dislocation of the elbow. C, D: Postreduction 


radiographs demonstrate residual incongruity. E-G: 3D CT following a closed reduction demonstrates a comminuted subtype II anteromedial coronoid fracture with 
residual joint subluxation and a retained intra-articular fragment. H, I: AP and lateral radiographs 1 year following transosseous LCL repair and screw fixation of the 
coronoid fracture through the floor of the ulnar nerve. J, K: The patient achieved a functional arc of motion and had no pain or instability. 
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Figure 40-19. A 58-year-old man tripped over a curb. A and B: The AP and lateral radiographs demonstrate an elbow effusion and a minimally displaced coronoid 
fracture. C and D: CT scans demonstrate an anteromedial coronoid fracture subtype II without joint subluxation. E-H: The patient had no pain and a full range of 
motion 6 months following nonsurgical management. 


Outcomes 


There is little information regarding outcome of nonoperative management of PMRI of the elbow. Doornberg and Ring reported on 18 patients with AMF 
fractures with an average follow-up of 26 months. Of these, three patients had nonoperative treatment, and two had an excellent outcome and one fair.*? 
Fragment malunion leads to persistent subluxation and secondary osteoarthritis for which there is currently no good reconstructive option. Chan et al. 
reported good functional and radiographic outcomes in 10 patients with selected anteromedial coronoid fractures treated nonoperatively.2! The authors 
concluded that patients with small, minimally displaced fractures, a congruent elbow joint, and stable ROM to a minimum of 30 degrees of extension can 
achieve excellent function and avoid arthrosis. 


OPERATIVE TREATMENT OF POSTEROMEDIAL ROTATORY INSTABILITY OF THE ELBOW 


Indications/Contraindications 


Most patients with PMRI require surgical management to achieve a stable elbow allowing early motion. Residual subluxation or crepitus with motion 
suggests dynamic incongruity and are indications for surgery. 


Open Reduction and Internal Fixation 


Restoration of varus posteromedial rotatory stability is achieved by internal fixation of the coronoid and repair of the LCL.!*! The sublime tubercle is fixed 
or the MCL is repaired if injured. An external fixator or bridge plate is used to manage residual instability or to protect tenuous internal fixation. 


Preoperative Planning 


ORIF of PMRI of the Elbow: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent arm table 

Position/positioning aids LJ Supine with arm across chest or on arm table 

Fluoroscopy location LJ Operative side 

Equipment LJ Suture anchors, 0.035- and 0.045-inch K-wires, 1.5- and 2-mm screws, 2.5-mm cannulated screws, small 


periarticular locking plates, large external fixator, hinged external fixator, large fragment locking set with 
screws 


Positioning 

PMRI injuries of the elbow are best approached using an arm table with the patient supine and the surgeon sitting. A prerequisite for this positioning is 
sufficient external rotation of the shoulder to allow a medial surgical approach. Alternatively, the injury can be repaired with the arm placed across the chest 
with the surgeon standing. A rolled-up sheet placed underneath the elbow can be helpful for medial exposure. Abducting and externally rotating the 
shoulder and placing the arm on a padded Mayo stand can be useful to gain medial access in patients with reduced shoulder motion. 


Surgical Approach 


A posterior midline elbow skin incision is typically used because it allows lateral and medial access to the elbow as required. Alternatively, separate lateral 
and medial skin incisions can be employed. The optimal surgical approach to repair the anteromedial coronoid has not been determined as outlined in the 
previous section on terrible triad injuries. Jung et al.”° recently compared the over the top approach to the FCU split approach in 32 patients with 
anteromedial coronoid fractures. They found no difference between the groups in MEPS, ROM, or postoperative pain. However, there was a decreased 
incidence of ulnar neuropathy with the over-the-top approach compared to the FCU-splitting approach (5.9% vs. 46%; p = .013). Our preferred surgical 
approach for anteromedial coronoid fractures is to use the interval between the two heads of the FCU.!°° This approach also provides adequate access to the 
sublime tubercle and MCL. Meticulous release and mobilization of motor branches of the ulnar nerve help improve distal exposure. The flexor—pronator 
muscles are elevated from distal to proximal to isolate the sublime tubercle and identify and protect the anterior bundle of the MCL. The authors routinely 
perform an in situ release of the ulnar nerve—transposing the nerve if there are preoperative ulnar nerve symptoms or if further mobilization is needed to 
allow coronoid fixation. 

Deep lateral surgical approaches to the radial head and LCL have been described previously. In the setting of PMRI, a Kocher approach is preferred to 
allow repair of the LCL which typically is avulsed off the lateral epicondyle. Although technically demanding, arthroscopy-assisted reduction and fixation 
of AMF coronoid fractures has been shown to be safe and effective when performed by surgeons with advanced arthroscopic skills.?° 


Technique 


ORIF of PMRI of the Elbow: 
KEY SURGICAL STEPS 


Fluoroscopic examination of elbow under anesthesia 

Medial surgical approach to elbow through posterior midline or medial skin incision 

Split FCU and perform an in situ release of ulnar nerve; transpose if needed 

Use floor of ulnar nerve approach to coronoid 

Elevate flexor—pronator muscles off ulna from distal to proximal, preserving the MCL insertion on the sublime tubercle 
Fix anteromedial coronoid fracture with a buttress plate 

Use small screws or threaded K-wires for fixation of smaller fragment(s) 

Repair MCL if injured and reattach flexor—pronator mass 

Reevaluate elbow stability using fluoroscopy 

Perform lateral Kocher approach and repair LCL if required using transosseous sutures or suture anchors 
Reevaluate elbow stability using fluoroscopy 

If elbow still unstable or coronoid fixation is tenuous, apply external fixator or temporary bridge plate 


An initial fluoroscopic assessment of the elbow under anesthesia is important to determine the extent of collateral ligament injury and magnitude of elbow 
instability. The anteromedial coronoid fracture is fixed first. After performing a medial or posterior elbow skin incision, the ulnar nerve is released and 
protected for the remainder of the case. A transposition is performed if the nerve is tethered or interferes with coronoid exposure. After splitting the FCU, 


the anterior portion is elevated off the ulna from distal to proximal protecting the insertion of the MCL on the sublime tubercle when it remains intact. To 
visualize the tip of the coronoid (a subtype II fracture), the flexor—pronator muscles are detached from the medial epicondyle and medial supracondylar 
ridge leaving a small cuff of fascia for later repair. After reduction and preliminary fixation with K-wires, buttress plate fixation is used for definitive repair. 
Suture fixation of coronoid tip fragments is not recommended because the anteromedial rim requires stable internal fixation to prevent varus collapse. 
Posterior-to-anterior cannulated screws, small anterior-to-posterior screws, or threaded K-wires can be used for the fixation of smaller or comminuted 
fragments. If secure, coronoid fixation is achieved; a repeat fluoroscopic examination is performed and the elbow gently stressed in varus to determine if the 
LCL needs to be addressed. If only mild varus laxity is present, the LCL may be left untreated and a ligament-specific rehabilitation protocol is employed as 
described earlier. If the coronoid fixation is tenuous or the patient has residual varus instability, a lateral surgical approach to the elbow is performed using a 
posterior incision or a separate lateral incision, and the LCL is repaired. LCL repair is typically necessary in most patients with PMRI due to the often less 
than robust fixation of the anteromedial coronoid and the significant instability imparted by the LCL injury. 

Static external fixation or bridge plate fixation can be used to protect complex osteoporotic fractures of the coronoid when stable fixation is not achieved 
and in patients who demonstrate residual instability despite repair of the coronoid and collateral ligaments.” In less complex fractures, arthroscopy-assisted 
reduction and fixation can circumvent the need for deep medial and lateral surgical approaches. Generally, reduction of the fracture is performed 
arthroscopically, K-wires are used to stabilize the fracture fragments and cannulated screws are used for definitive fixation. This is an advanced technique 
that requires extensive experience with elbow arthroscopy and expert knowledge of the three-dimensional anatomy around the elbow.°° Colozza et al. 
performed a retrospective (level 4) study on the short-term follow-up of 32 patients with AMF fractures treated with arthroscopy-assisted reduction and 
fixation. At the final follow-up (mean 24 months), the Oxford Elbow Score was 47.3 + 1.4 and the MEPS was 98.4 + 2.7. There was no evidence of 
nonunion on radiographic assessment and no surgical complications. 


Postoperative Care 


The elbow is placed into a well-padded light posterior splint with the elbow at 90 degrees of flexion and the forearm in neutral rotation. Ideally, the dressing 
is removed and motion begun 48 hours after surgery unless static joint fixation has been required. The elbow can be immobilized for up to 14 days if there is 
concern about the quality of the soft tissues or the stability of the fractures, quality of the ligament repairs, or stability of the elbow achieved at the end of 
the surgical procedure. An active motion protocol is then begun as outlined above for nonoperative treatment of anteromedial coronoid fractures including 
active and active-assisted exercises with the arm at the side avoiding varus stress at all times. The patients may actively flex and extend the elbow in the 
position of forearm rotation where they were most stable during the examination under anesthesia at the conclusion of the operative repair, most commonly 
neutral rotation. They may perform forearm rotation exercises at 90 degrees of flexion or greater. Passive stretching may be started 6 weeks postoperatively 
with a formal strengthening program initiated at 3 months. 


Potential Pitfalls and Preventive Measures 


PMRI of the Elbow: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Residual instability e Secure repair of larger anteromedial coronoid fractures and collateral ligament(s) 
e Active motion protocol avoiding varus stress at all times 
e Employ external fixation or temporary bridge plate fixation if there are concerns about residual instability 


Elbow stiffness e Early range of motion 
Nerve palsy e Protect ulnar nerve during medial surgical approaches 


Direct visualization of bone during external fixator pin placement 
e Gentle nerve and soft tissue retraction 


Symptomatic instability is uncommon after operative repair of PMRI of the elbow. However, inadequate or failed repair of the lateral structures or collapse 
of the coronoid fixation may lead to persistent subluxation. Early recognition and treatment of this problem is crucial to salvage a good outcome. The 
judicious use of static external fixation or temporary bridge plate fixation should be considered, particularly if fixation of the anteromedial coronoid is 
tenuous due to comminution or osteopenia. 

Early postoperative motion is preferable to prevent stiffness; however, sometimes, delayed mobilization is required due to tenuous fixation with a plan 
for a subsequent contracture release to restore functional motion. Ulnar nerve symptoms are common with medial surgical approaches to the coronoid and 
prophylactic in situ release or transposition should be considered. 


Outcomes 


Reports on the outcome of operative treatment of anteromedial coronoid fractures are limited. In 2022,8 Lanzerath et al. published a systematic review on 
the treatment of anteromedial coronoid fractures. The analysis included 10 retrospective studies and 128 patients. 14 patients were treated nonoperatively 
and 114 were treated surgically. The average MEPS was 91.4 for nonoperative patients and 91.5 for surgically treated patients. Only 10 patients (7.8%) 
required reoperation. The authors concluded that ORIF of AMF fractures leads to good or excellent functional outcomes in most patients. Nonoperative 
treatment can be considered under specific conditions (undisplaced subtypes I and II). Doornberg and Ring completed a retrospective review of 67 fracture- 
dislocations of the elbow.*! Eleven of those patients demonstrated varus posteromedial instability, all of which had AMF fractures of the coronoid. In a 
separate study, Doornberg and Ring reported on 18 patients with AMF fractures with an average follow-up of 26 months.*? Of these, 6 patients had 
malalignment of the AMF, and all developed varus subluxation, arthrosis of the elbow, and a fair or poor functional result. The remaining 12 patients, with 
secure anatomical fixation of the anteromedial coronoid fracture, had good or excellent elbow function. Based on this limited information, repair of the LCL 
and ORIF of most anteromedial coronoid fractures are recommended.?!}:42113,131 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 


POSTEROMEDIAL ROTATORY INSTABILITY 


PMRI of the Elbow: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Problem Solution 


Elbow stiffness and heterotopic ossification e Initiate early motion 


e Achieve stable fixation of the anteromedial coronoid and LCL. Use external fixator or bridge plate to protect repairs if 


Elbow subluxation or dislocation 
tenuous. Careful follow-up to recognize instability and treat surgically 


Elbow arthritis e Achieve an anatomic reduction of the coronoid fracture and avoid residual instability 


Authors’ Preferred Treatment for Posteromedial Rotatory Instability ( 


Anteromedial coronoid 
fracture 


Fluoroscopic 
examination 


Medial approach 
fix coronoid MCL 


Lateral approach 
repair LCL 


Apply external 


fixator 


Algorithm 40-4 Authors’ preferred treatment for posteromedial rotatory instability. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO POSTEROMEDIAL 


ROTATORY INSTABILITY 


The optimal management of PMRI remains unclear. This entity can easily be missed because, relative to many elbow injuries, the history, physical 
examination, and radiographic findings can be subtle. Unfortunately, if this instability pattern is not identified and the elbow remains subluxated, the 
outcome is often poor. Current challenges with the management of anteromedial coronoid fractures are the ability to achieve stable internal fixation and the 
lack of available coronoid prostheses to reconstruct the coronoid when it is deficient. The optimal surgical approach and technique of internal fixation of the 
coronoid remain unknown as does the management of the ulnar nerve. Furthermore, the role of nonoperative treatment of these injuries needs to be better 
defined. 


Proximal Ulna Fractures 


INTRODUCTION TO PROXIMAL ULNA FRACTURES 


Proximal ulna fractures are common adult injuries that account for approximately 10% of fractures around the elbow. Proximal ulna fractures comprise a 
broad spectrum of injuries that include not only olecranon fractures but also transolecranon fracture-dislocations and the posterior Monteggia lesion.’®-1?7 
As such, there is no single treatment or technique that is best suited for all injuries. However, these injury patterns are all intra-articular fractures of the 
proximal ulna that, in most cases, require anatomic alignment and secure fixation to allow for early elbow motion and to optimize functional outcome. 


ASSESSMENT OF PROXIMAL ULNA FRACTURES 


MECHANISMS OF INJURY FOR POSTERIOR ULNA FRACTURES 


Proximal ulna fractures may result from either direct or indirect elbow trauma. Olecranon fractures typically result from a direct blow to the olecranon. 
More complex fracture-dislocation patterns may be the result of a more indirect injury such as a fall onto the outstretched hand. Transolecranon fracture- 
dislocations are typically the result of high-energy trauma such as a fall from a height, assaults, or motor vehicle collisions. Although posterior Monteggia 
lesions may also result from high-energy trauma, they are typically low-energy injuries that occur in more osteopenic bone and result from a ground-level 
fall. 


INJURIES ASSOCIATED WITH PROXIMAL ULNA FRACTURES 


Given the subcutaneous location of the olecranon, open fractures are not uncommon and have a reported rate of 2% to 30% of fractures. Transolecranon 
fracture-dislocations may be associated with injuries to the coronoid process or segmental fractures of the ulna and, less commonly than in posterior 
Monteggia lesions, ligament injury as well.®* Posterior Monteggia lesions may be associated with coronoid process fractures (26%), radial head fractures 
(68%), ipsilateral upper extremity injuries (24%), and injuries to the collateral ligaments. !” 


SIGNS AND SYMPTOMS OF PROXIMAL ULNA FRACTURES 


Although typically isolated upper extremity injuries, 20% of proximal ulna fractures are associated with polytrauma, and a complete examination of the 
patient for systemic injuries is important.!°> The affected extremity should be evaluated for shoulder, forearm, wrist, or hand injuries. The arm should be 
examined for open wounds and abrasions that typically occur over the dorsal surface of the proximal ulna. There is typically swelling about the elbow with 
fluid accumulation in the olecranon bursa. The elbow may have obvious deformity in the case of a fracture-dislocation. Examination of distal neurologic 
status with close attention to ulnar, median, and posterior interosseous nerve function is performed. Evaluation of vascular status and forearm compartments 
is necessary. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PROXIMAL ULNA FRACTURES 


Anteroposterior, lateral, and radiocapitellar radiographs of the elbow are performed. In the case of a fracture-dislocation, radiographs should be performed 
after a closed reduction in order to better delineate the fracture components. A traction view is useful in these cases, especially if the elbow is unstable after 
closed reduction. The fracture components can be further evaluated in the operating room under general anesthesia using traction prior to fixation. CT may 
be useful to evaluate the pattern of associated coronoid or radial head fracture to aid with preoperative planning; however, it is not commonly required. 


CLASSIFICATION OF PROXIMAL ULNA FRACTURES 


Olecranon Fractures 


The Mayo classification divides olecranon fractures into three groups based on fracture displacement and elbow stability (Fig. 40-20). These groups include 
type I (undisplaced), type II (displaced but stable), and type III (unstable). Each group is then subdivided into comminuted (A) or noncomminuted (B) 
fractures. This classification helps direct treatment with type I generally being amenable to nonoperative management while type II and III fractures 
generally require operative treatment. Type B fractures are more suitably treated with plate fixation while type A fractures may be treated with tension band 


constructs if preferred. 


Olecranon Fracture-Dislocations 


Anterior fracture-dislocations of the olecranon have been termed “transolecranon fracture-dislocations.”!*? These fractures are also represented by the Mayo 
type III classification. An important feature of these injuries is that the proximal radioulnar joint is relatively preserved. The forearm is the “unstable 
segment,” unlike in a simple olecranon fracture where the olecranon process itself is the unstable fragment. Also, while fractures of the coronoid are not 
uncommon, the radial head and collateral ligaments are usually intact with this pattern, although not always.® Although they may be multifragmentary, the 
coronoid fractures are typically single large anterior fragments or a fragment with a single longitudinal split. 

Posterior fracture-dislocations are typically posterior Monteggia lesions (Bado type II). Jupiter et al. have classified these injuries into type IIA 
(fracture at the level of the coronoid process with the coronoid as a separate fragment), IIB (fracture distal to the coronoid), IIC (fracture through the 
diaphysis), and IID (complex fracture extending from the olecranon to the diaphysis). Type IIA and IID fractures involve the proximal ulna and joint surface 
of the greater sigmoid notch. These fractures encompass a unique set of injuries including posterior angulation of the proximal ulna, a radial head fracture, a 
coronoid fracture, and collateral ligament injuries.!””8 When this pattern is recognized, careful evaluation of radiographs should be carried out to define 
associated injuries. Traction films, fluoroscopy, and/or CT scanning are often useful. The coronoid fracture pattern is variable and may include a large 
anterior fragment, a small tip fragment, or both. Posterior Monteggia injuries may also be associated with ulnohumeral dislocation, representing a more 


severe injury with expected poorer outcomes.!“4 


Type | Undisplaced 


EE a 


Type II Displaced, stable 


A - Noncomminuted 


B - Comminuted 


Figure 40-20. The Mayo classification of olecranon fractures is based on the displacement of the fracture, subluxation of the articulation, and the presence of 
comminution. 


OUTCOME MEASURES FOR PROXIMAL ULNA FRACTURES 


Several studies evaluated the clinical and radiographic outcomes of proximal ulna fractures. The Broberg and Morrey Elbow Score, the American Shoulder 
and Elbow Surgeons elbow assessment system, the Mayo Elbow Performance Index, the SF-36, and the DASH scoring system have been used. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO PROXIMAL ULNA FRACTURES 


The proximal ulna contributes to two articulations: The ulnohumeral joint and the proximal radioulnar joint. Both of these articulations may be involved 
with fractures and fracture-dislocations in this area. The greater sigmoid notch is covered with articular cartilage and comprises the ulnar articulation of the 
ulnohumeral joint. Radially, there is a small area of cartilage that articulates with the radial head at the proximal radioulnar joint. The greater sigmoid notch 
has a bare area that corresponds with the base of the coronoid. It is important during fixation of proximal ulna fractures to restore appropriate alignment to 
these articulations. In particular, avoidance of overcompression of the greater sigmoid notch in comminuted fractures is essential to prevent joint 
incongruity and the rapid progression of posttraumatic osteoarthritis. 

The olecranon process prevents anterior subluxation of the ulna. Bell et al. demonstrated that valgus—varus angulation and ulnohumeral rotation 
progressively increase with sequential excision of up to 75% of the olecranon, with gross instability occurring at greater than 87.5% of the olecranon.!9 The 
coronoid contributes to elbow stability, and injury to it has complex effects on elbow stability depending on the direction of loading and the location and 
size of fracture. In general, increasing coronoid fracture size leads to decreased stability of the elbow.!® 

The triceps tendon has a broad insertion onto the proximal ulna near the subcutaneous border. The medial head of the triceps has a tendon that is deep to 
the common tendon of the long and lateral heads, but the insertion of the tendons is confluent. In addition to the ulnar attachment of the tendon proper, there 
is a triceps expansion that inserts onto the ECU fascia, the anconeus insertion, and the antebrachial fascia.°! 


TREATMENT OPTIONS FOR PROXIMAL ULNA FRACTURE 


NONOPERATIVE TREATMENT OF PROXIMAL ULNA FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Proximal Ulna Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Nondisplaced fracture 
e Poor surgical candidate 
e Displaced fracture in elderly patient with medical comorbidities 


Relative Contraindications 


e Displaced fracture in young active patients 
e Elbow instability 
e Associated fractures (radial head, coronoid) 


Since these injuries involve an articular surface, the majority of proximal ulna fractures are treated operatively. However, a nondisplaced fracture or a 
minimally displaced fracture that remains reduced with the elbow flexed may be treated nonoperatively. Patients who are poor surgical candidates with 
significant medical comorbidities may be treated nonoperatively even with displaced fractures as long as there is no skin compromise or elbow instability. 
Displaced olecranon fractures involving 75% or less of the greater sigmoid notch in the elderly are the most common fractures which fulfill these criteria. 
This treatment may result in a fibrous union or a nonunion with some discomfort and limitation in both terminal extension and extensor strength. These 
limitations can be problematic for patients arising from a chair and ambulating with a walker. 


Techniques 

Typically, the elbow is splinted for 2 to 3 weeks and then gentle active-assisted flexion is started avoiding active extension against gravity or resistance for 
the first 6 weeks after injury. At 6 weeks, the patient can begin active motion against gravity with resistive exercises started at 3 months. 

Outcomes 


There is currently limited literature on the outcomes of nonoperatively managed olecranon fractures.**+° However, in our experience, in appropriately 
selected elderly, low-demand patients, this treatment method leads to acceptable results and a functional range of motion. 


OPERATIVE TREATMENT OF PROXIMAL ULNA FRACTURES 


Indications/Contraindications 


Most proximal ulna fractures are treated surgically. Most fractures with displacement and those associated with dislocations or elbow instability as well as 
open fractures should be managed operatively. 

Simple olecranon fractures without comminution or instability may be managed with tension band wiring, plating, or an intramedullary rod. 
Comminuted fractures or those associated with elbow instability should be managed with plate fixation. In osteoporotic bone with significant comminution 


that precludes stable internal fixation, excision with triceps advancement may be used if the excised fragment comprises less than 75% of the olecranon, but 
this technique should be reserved for elderly, low-demand patients if possible. 


Olecranon Excision and Triceps Advancement 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Olecranon Excision and ORIF for Proximal Ulna Fractures: 


OR table LJ Radiolucent 
Position/positioning aids LJ Lateral, prone, or supine with arm over chest 
Fluoroscopy location LJ From head 
Equipment LJ No. 2 FiberWire or No. 2 Ticron suture, 2-mm drill 
Tourniquet LJ Sterile preferred 

Positioning 


The patient is placed supine on a radiolucent table. The arm is placed over the chest on a chest roll or on a radiolucent arm table. A sterile tourniquet should 
be available and used at the discretion of the surgeon. 


Surgical Approach 


A posterior midline incision is made and full-thickness medial and lateral fasciocutaneous flaps are raised. The skin incision is placed just radial to the tip of 
the olecranon. The ulnar nerve should be identified so that it can be protected during the case, but it is not necessary to dissect it free of the cubital tunnel. 
The interval between the ECU and FCU is developed and the subcutaneous border of the ulna is exposed. On the ulnar side, the FCU is elevated from the 
olecranon to visualize the joint. On the radial side, the anconeus fascia is incised and the muscle can be elevated from the olecranon fragment for further 
visualization if needed. 


Technique 


KEY SURGICAL STEPS 


/ | Olecranon Excision and Triceps Advancement for Proximal Ulna Fractures: 


Olecranon fragments excised 

No. 2 nonabsorbable suture (FiberWire, Ticron) placed in triceps tendon 
2-mm drill holes placed in proximal ulna adjacent to the dorsal surface 
Suture placed through drill holes and tied avoiding dorsal prominence 


The fracture is exposed and the fragments of the olecranon are identified and excised. Drill holes are then made in the ulna using a 2-mm drill bit starting 
adjacent to the dorsal surface and exiting on the shaft, just off the dorsal surface. Dorsal placement provides for improved extension strength relative to 
placement adjacent to the articular surface without sacrificing stability.” Care should be taken to protect the ulnar nerve. A running-locking nonabsorbable 
suture is then placed in the triceps over a broad area and passed through the drill holes and tied, avoiding dorsal placement of a prominent knot. 


Postoperative Care 


The patient is placed into a long-arm splint in a semi-extended position to protect the skin incision. Sutures are removed in 2 weeks and active and active- 
assisted flexion and gravity-assisted extension are initiated. Active extension begins at 6 weeks and strengthening at 3 months postoperatively. 


Potential Pitfalls and Preventive Measures 


Olecranon Excision in Proximal Ulna Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Elbow instability e Be sure fracture involves less than 75% of the articular surface 
e Be sure there is no associated instability or other injuries preoperatively 


Careful attention to soft tissue dissection and incision placement is important. Elbow stability can be affected if more than 75% of the olecranon is excised 
and therefore this technique should only be used in carefully selected patients. 


Outcomes 


Excision should be reserved for low-demand patients with poor bone quality. Attaching the triceps tendon directly adjacent to the joint will allow for a more 
congruent surface for motion. However, it may result in triceps weakness. Ferreira et al. demonstrated a 30% decrease in triceps strength with a more 
anterior repair compared with a 24% decrease in triceps strength with a more anterior repair.°? However, clinically, it is unclear if this affects functional 


outcomes. Gartsman et al. found no differences in strength between patients treated with internal fixation and those treated with excision.5? However, this 
trial was not randomized and selection bias may have contributed to this result. Excision should be reserved for those cases in which ORIF is likely to fail, 
or for intraoperative failure of osseous repair. 

Olecranon Tension Band Wiring 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | ORIF and Tension Band Wiring of Olecranon Fractures: 


OR table LJ Radiolucent 

Position/positioning aids LJ Lateral position, supine or prone, chest rolls, radiolucent arm board 
Fluoroscopy location LJ From head 

Equipment LJ 0.062-inch K-wires, 20-gauge stainless steel wire, pointed reduction clamps 
Tourniquet LJ Sterile available 


Radiographs are carefully examined to determine the fracture morphology. Tension band technique is appropriate for stable elbows with noncomminuted 
fractures that are proximal to the coronoid. 


Positioning 


The patient is placed lateral or prone on a radiolucent table. A radiolucent arm positioner is placed under the arm so that the elbow joint can be flexed and 
extended. The C-arm is brought in from the head of the table. The lateral and prone positions allow for easier access to fluoroscopy while hardware is being 
applied. The lateral position decreases risks, such as eye injury, associated with prone positioning, particularly in cases where operative time is prolonged. 
However, prone positioning gives the best exposure for fluoroscopy and may be useful in patients who have spine injuries. If the patient cannot tolerate 
lateral or prone positioning or a regional anesthetic is to be employed, a supine position with a bump may be used and the arm is placed over the chest. It 
may be more difficult to visualize and reduce more comminuted articular fractures in this position and imaging may be more difficult. Also, an assistant is 
usually required to hold the arm across the chest. In this case, the C-arm is brought in from the side of the table. Before draping, test images should be 
obtained to be sure high-quality images can be obtained during the procedure. A sterile tourniquet should be available and used at the discretion of the 
surgeon. 


Surgical Approach 


A posterior midline incision is made and full-thickness medial and lateral fasciocutaneous flaps are raised. The skin incision is placed just radial to the tip of 
the olecranon for better coverage of hardware. The ulnar nerve should be identified so that it can be protected during the case, but it is not necessary to 
dissect it free of the cubital tunnel. The interval between the ECU and FCU is developed, and the subcutaneous border of the ulna is exposed. On the ulnar 
side, the FCU is elevated from the olecranon to visualize the joint. On the radial side, the anconeus fascia is incised and the muscle can be elevated from the 
olecranon fragment for further visualization if needed. 


Technique 


KEY SURGICAL STEPS 


/ | ORIF and Tension Band Wiring of Olecranon Fractures: 


Fracture edges cleaned and joint inspected 

Fracture reduced and held with pointed reduction clamps 

Two 0.062-inch K-wires placed from tip of olecranon exiting the anteromedial ulnar cortex 
Drill hole placed in dorsal cortex distal to coronoid 

20-gauge wire placed in a figure-of-eight fashion through drill hole and around wires 
Figure-of-eight wire tightened simultaneously radially and ulnarly 

K-wires impacted into tip of olecranon underneath triceps tendon 


The fracture edges are exposed, cleaned, and the joint is inspected for damage to the trochlea or loose bodies. The fracture is reduced by extending the 
elbow. A drill hole is placed on the ulnar shaft both radially and ulnarly so that a pointed reduction clamp can be used to hold the reduction and apply 
compression on both sides with one tine in the drill hole and the other tine at the tip of the olecranon. A shoulder hook or dental pick can be used to hold the 
reduction of smaller fragments. Two 0.062-inch K-wires are placed from the superior aspect of the olecranon exiting the anteromedial cortex and then are 
backed out a small amount to accommodate future impaction of the wires (Fig. 40-21). Avoid lateral placement as the K-wires can irritate the radial 
tuberosity and predispose to rotational stiffness and synostosis. Excessive length of the medial K-wire can injure the ulnar or median nerve. A drill hole is 
placed in the dorsal side of the ulna distal to the coronoid. Using an Angiocath catheter, a 20-gauge wire is used to create one or two figure-of-eight tension 
band(s) around the proximal end of the K-wires deep to the triceps and exiting through the distal drill hole. The wire is tensioned on both the ulnar and 
radial sides simultaneously to create equal compression across the joint. The tips of the K-wires are bent and the wires are impacted into the olecranon tip 
through small incisions in the triceps. Alternatively, an intramedullary 4.5- or 6.5-mm screw may be used instead of the K-wires, but care must be taken not 
to induce a deformity in the proximal segment secondary to a mismatch between the sigmoid shape of the ulna and the straight screw. The elbow is then 


taken through a full range of motion to be sure the fixation is secure, particularly in full flexion. The wound should be closed in a layered fashion, so early 
range of motion can begin while the sutures are still in place. 


Figure 40-21. A: The fracture is reduced and secured with two 0.62-inch K-wires drilled so as to engage the anteromedial cortex of the ulna. B: One or two 20-gauge 
stainless steel wires are placed underneath the triceps and through transverse drill holes placed distal to the fracture. The figure-of-eight wires are then tensioned 
evenly. C: The K-wires are bent 180 degrees and impacted underneath the triceps into the olecranon. 


Postoperative Care 


The patient is placed into a semi-extended position in a long-arm splint. The splint and postoperative dressings are taken down 48 hours after surgery and 
the patient begins range-of-motion exercises, including active and active-assisted flexion and gravity-assisted extension. Active exercises against gravity are 
started at 6 weeks with very gentle resistance progressing to full resistive exercises at 3 months or when the fracture has united. 


Potential Pitfalls and Preventive Measures 


ORIF and Tension Band Wiring of Olecranon Fractures: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 


Loss of fixation e Anatomic reduction 
e Use only for simple fractures 


Prominent hardware e Bury K-wire tips 
e Bury cerclage wire knots 


Biceps tuberosity impingement and synostosis e Avoid lateral placement of wires 


Ulnar/median nerve injury e Avoid excessive length of the K-wires through the anteromedial cortex 


Tension band wiring can be successful in properly selected patients. To avoid loss of fixation, an anatomic reduction is necessary and this technique should 
be used only in simple fracture patterns. Hardware prominence requiring removal is common. To decrease the incidence of symptomatic hardware, the K- 
wires should be buried under the triceps and the cerclage wire knots should be buried as well. If the wires are left too prominent on the anteromedial aspect 
of the ulna, median and ulnar nerve injury is possible. Avoid wires that exit laterally in the region of the biceps tuberosity to prevent impingement or 
heterotopic ossification and subsequent synostosis. 


Outcomes 


Outcomes of tension band wiring for simple fractures are generally favorable. The most frequently reported problem with tension band technique is 
hardware prominence that requires removal. Villanueva et al. reported on 37 consecutive olecranon fractures treated with tension band wiring.'° Mean 
elbow extension was 7 degrees and flexion was 131 degrees with the majority reporting no or mild pain at 4-year follow-up. Mayo Elbow Performance 
Sores were rated as good or excellent in 86% of patients and patients had an average DASH score of 18. Almost one-third of patients developed arthritic 
changes, and these were more commonly seen with associated fractures and/or elbow instability and at longer follow-up. More than half of the patients 
required hardware removal due to prominent or migrating K-wires which has been the most significant problem with this procedure. A more recent 
prospective randomized clinical trial comparing plate fixation with tension band wiring reported similar clinical outcomes with a lower incidence of 
hardware removal for those treated with plate fixation.*® 


Olecranon Plating 


Preoperative Planning 


Plating of Proximal Ulna Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent 

Position/positioning aids LJ Lateral, prone, or supine position, chest rolls, radiolucent arm board 

Fluoroscopy location LJ From head 

Equipment LJ Small fragment set, precontoured proximal ulna plates, 3.5-mm reconstruction plates, 2.7-mm 


reconstruction plates 


Tourniquet LJ Sterile available 


Plating of the olecranon is appropriate for fractures that are comminuted, associated with elbow instability such as transolecranon fracture-dislocations, or 
fractures that have extension down the shaft of the ulna such as posterior Monteggia injuries (addressed in a later section). Some surgeons routinely fix all 
olecranon fractures with a plate to avoid the high incidence of hardware complications from tension band wiring (Fig. 40-22). Fractures proximal to the 
coronoid may be secured with periarticular nonlocking or locking precontoured plates or 2.7- or 3.5-mm reconstruction plates contoured around the tip of 
the olecranon. If the fracture extends distal to the coronoid, a reconstruction plate may not be strong enough, and a 3.5-mm low contact dynamic 
compression plate or an equivalent strength precontoured plate should be used (Fig. 40-23). 


Positioning and Surgical Approach 


See previous section. 


Technique 


Plating of Proximal Ulna Fracture: 

KEY SURGICAL STEPS 
Fracture reduced and held with pointed reduction clamp and K-wires 
Triceps split and plate placed onto bone 
Screw at tip of plate to bring plate to bone 


Apply fixation including a lag screw for noncomminuted fractures 
Protect tenuous fixation with suture through triceps for short proximal segments 


CECCO 


The fracture is reduced and clamped as above and held with provisional K-wires. A split is created in the triceps attachment to accommodate the proximal 
end of the plate. The plate should be held over the reduced fracture before making the split so it is made centrally over the olecranon tip. A precontoured 
plate or a plate contoured by the surgeon is placed around the tip of the olecranon extending distally along the ulnar border between the ECU and FCU. Due 
to the variable shape of the olecranon, some contouring of the proximal aspect of the plate is often required to ensure it is positioned against the bone. 
Fluoroscopy is recommended to check the position and contouring of the plate prior to placement of the screws. A short screw may be placed at the tip of 
the plate away from the lag hole to bring the plate to bone before applying the long subcortical screw. For noncomminuted fractures, a lag screw is placed 
from the tip of the plate exiting the anteromedial aspect of the ulna. For comminuted fractures, this screw should be placed in a nonlag fashion so the greater 
sigmoid notch is not overcompressed. Keeping the screw adjacent to the subchondral bone and placing it in a bicortical fashion will provide support to any 
comminution. The screw is directed medially so that there will be no impingement with the proximal radius. The shaft is secured with three screws. A final 
screw is placed into the tip of the olecranon for rotational control or to neutralize small proximal fragments. For fractures that are very proximal, care must 
be taken to capture the fragment in its entirety. If there is concern that the proximal fragment is comminuted or small, a “back-up” triceps suture can be 
placed to help secure the fragment and it can be tied to the proximal end of the plate or placed through a drill hole.’ It should be noted that transolecranon 
fracture-dislocations involve instability of the forearm. Therefore, adequate ulnar shaft fixation is imperative, and care should be taken when utilizing 
locking implants in which the locking screws have a thicker core diameter than the non-locking screws since they have lower pull-out strength. Since the 
forearm is the unstable segment, stability of the elbow relies on the pull-out strength of the screws into the shaft of the ulna. In general, locking constructs 
that utilize screws with a thick core diameter fail as a unit given their lower screw pull-out strength, and they should be reserved for patients in which 
adequate fixation with non-locking screws into the shaft cannot be achieved in this fracture pattern. The elbow is examined clinically and fluoroscopically to 
be sure that there is no hardware in the proximal radioulnar joint or impinging on the biceps tuberosity and therefore it must be verified that the patient has 
full forearm rotation clinically prior to closure. The wound is closed in layers to obtain as much deep coverage over the plate as possible. 


Figure 40-22. A, B: A 25-year-old woman fell and sustained a simple olecranon fracture without dislocation. C, D: The fracture was treated with open reduction and 
plate fixation. At final follow-up, she had a healed fracture with asymptomatic hardware and a full range of motion. 


Figure 40-23. An 18-year-old woman sustained a transolecranon fracture-dislocation in a motor vehicle accident. A, B: Plain radiographs demonstrate an anterior 
fracture-dislocation with an intact proximal radioulnar joint. C, D: She underwent operative fixation, which included anatomic restoration of the comminuted joint, 
bone grafting the impacted central area, and plate fixation with a subchondral screw to support the elevated joint. Restoration of the sigmoid notch restored elbow 
stability. Final follow-up at 3 months demonstrated a stable elbow with a healed fracture and a well-aligned joint. 


Postoperative Care 


The rehabilitation protocol is the same as for tension band wiring. 


Potential Pitfalls and Preventive Measures 


Plating of Proximal Ulna Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Failure of fixation with small proximal fragments e Be sure plate is as proximal as possible 
e “Back-up” triceps suture to plate 
e Capture with screws into the tip of the fragment 


Hardware in proximal radioulnar joint e Direct long tip screw ulnarly 
e Careful examination radiographically and clinically prior to wound closure 


Although plating of olecranon fractures has generally good outcomes, attention to detail is important to avoid complications. Placement of the incision just 
radial to the tip of the olecranon, and not directly over it, will help to decrease wound complications. Skin flaps should be developed only as much as 
needed for adequate fracture reduction and hardware placement. The plate should be buried under the triceps proximally and, if possible, fascia should be 
closed over the plate distally to decrease hardware prominence. 

Fixation of a small proximal fragment can fail if the implants do not adequately capture the fragment. The plate should be placed as proximal as possible 
and retrograde screws into the tip of the fragment can be placed for extra purchase. If needed, a “back-up” suture into the triceps can be placed and sewn to 
the proximal ulna through drill holes or attached to the plate.” 

The joint range of motion should be carefully examined at the conclusion of the case. Any crepitus in flexion and extension could indicate hardware in 
the ulnohumeral joint or impinging against the biceps tuberosity. Similarly, restrictions in rotation indicate potential hardware placement in the proximal 
radioulnar joint. By directing the long screw from the tip of the plate in an ulnar direction, this joint can be avoided while leaving room for further screws 
into the coronoid region to be placed safely. 


Outcomes 


Plate fixation of olecranon fractures generally has good outcomes. Bailey et al. demonstrated good outcomes with few complications and a relatively low 
incidence of hardware removal.!° Anderson et al. demonstrated a high rate of union, low incidence of complications, and 92% of patients in their series had 
good or excellent outcomes as measured by MEPI and DASH scores.’ Three of 32 patients had symptomatic hardware requiring removal. Duckworth et al. 
performed a prospective randomized clinical trial in 67 patients comparing plate fixation with tension band wiring. Similar clinical outcomes were observed 
between the two cohorts with a lower incidence of hardware removal and a trend for greater infections in patients treated with plate fixation.*° 


Open Reduction and Internal Fixation of Posterior Monteggia Fractures 


Posterior Monteggia lesions in adults are a spectrum of injuries involving the olecranon, coronoid, collateral ligaments, and radial head (Fig. 40-24). This 


section pertains to Jupiter type IIA and IID Monteggia injuries that involve the elbow joint. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | ORIF of Posterior Monteggia Fractures: 


OR table LJ Radiolucent 
Position/positioning aids LJ Lateral, or prone position 
Fluoroscopy location LJ From head 
Equipment LJ Precontoured proximal ulna plates, LCDC plates, 2 minifragment straight plates and T-plates, 2- and 2.4- 
mm screws, radial head arthroplasty system, no. 2 nonabsorbable suture, suture anchors 
Tourniquet LJ Sterile preferred 
Positioning 


See previous section. The lateral decubitus position is preferred. 


Surgical Approach 


A posterior midline incision is made and full-thickness medial and lateral fasciocutaneous flaps are raised. The skin incision is curved radially around the tip 
of the olecranon for better coverage of hardware. The ulnar nerve should be identified so that it can be protected but it is not necessary to completely 
mobilize it. It is necessary to follow it into the forearm between the heads of FCU when medial exposure and plating of the coronoid is required to protect it 
during drilling and screw insertion. The interval between the ECU and FCU is developed for exposure of the ulnar shaft. The trochlea, capitellum, and radial 
head are exposed by retracting the olecranon fragment proximally. If the fracture is distal to the coronoid, a Boyd approach on the lateral side may facilitate 
visualization.!26 The region of the lateral ligament complex origin on the lateral epicondyle of the humerus is palpated with a blunt instrument under the 
fascia, which is typically intact. If the epicondyle is devoid of soft tissue attachments, the fascia is incised so that a repair can be performed. The ECU and 
anconeus are elevated radially as required to expose the joint and shaft on the radial side and the FCU may be elevated to expose the joint and shaft on the 
ulnar side. 


Technique 


KEY SURGICAL STEPS 


/ | ORIF of Posterior Monteggia Fractures: 


Repair or replacement of the radial head 

Repair of the ulnar shaft with minifragment plates or lag screws 

Repair of the coronoid fracture with minifragment plates, screws, or suture 

Olecranon fragment reduced and plate spanning olecranon and shaft components are placed 
MCL evaluated and repaired as needed 

LCL evaluated and repaired as needed 


The radial head is inspected to determine whether or not it can be repaired. If it is repairable, the fracture is fixed with small screws with or without plate 
supplementation depending on the fracture pattern. If the radial head is not repairable, the remaining head is resected and sized for a radial head 
arthroplasty. In order to determine appropriate height of the radial head implant, the coronoid, ulnar shaft, and olecranon components are temporarily 
reduced and held with clamps, hooks, and K-wires to be sure the correct height of implant is used. The height is checked with the trial implant using direct 
visualization as well as fluoroscopy to ascertain the relationship to the base of the coronoid. The olecranon and coronoid temporary fixation is then removed 
and the definitive radial implant is placed. 

The fractured ulnar shaft is then reduced. Lag screws or small plates are used to provisionally hold the reduction. An anterior or anteromedial oblique 
fragment is often present which aligns with the coronoid more proximally and accurate reduction of this fragment is important. Restoring accurate length 
and alignment of the ulnar shaft is mandatory for maintenance of elbow stability. Due to the variable apex dorsal angulation of the proximal ulna, 
application of straight uncontoured plates may contribute to malreduction of the radiocapitellar joint. 

The coronoid is then repaired with small plates, screws, or sutures depending on the fragment size. Small fragments are repaired using no. 2 
nonabsorbable sutures placed in the anterior capsule and through drill holes in the coronoid. These sutures are passed through drill holes and tied on the 
dorsal surface of the ulna. These sutures may be placed before reduction of the other components of the ulnar fracture for ease of access. Suture fixation of 
smaller coronoid fragments may also be used in conjunction with plate fixation of larger fragments. These sutures are not tied until the remaining hardware 
has been placed to minimize the chance of suture laceration by screws or wires. 


A 


Figt |. A 55-year-old man fell and sustained a posterior Monteggia fracture-dislocation. A, B: Radiographs demonstrated a proximal ulna fracture including a 
coronoid fracture, a radial head fracture, and disruption of the proximal radioulnar joint. C: Intraoperatively, the proximal ulna was provisionally reduced so that the 
radial head component could be properly sized. D: The definitive radial head prosthesis was then implanted, and the coronoid fracture was then reduced and held with 
small screws. The olecranon and shaft were then neutralized with a long proximal ulna plate. Suture anchors were used to repair the collateral ligaments, and the elbow 
was stable after repair. E, F: The final construct demonstrated excellent alignment with a concentrically reduced elbow joint. 


The olecranon fragment is then reduced. A stout plate of 3.5 LCDC thickness is applied to the dorsal aspect of the ulna to hold the reduction of the 
olecranon and shaft components. Reconstruction or tubular plates are not sufficient for fixation. Periarticular precontoured plates are useful to reduce 
surgical time and assist in ulnar alignment. A screw from the tip of the olecranon is placed exiting the anteromedial ulnar cortex if possible. Screws from 
this plate into the coronoid fragment, if it is large enough, also augment stability and should be placed if possible. If there is significant comminution of the 
coronoid that has been held with suture fixation and there is no adequate docking site for a screw, a locked plate may be helpful to gain proximal fixation 
with shorter screws avoiding screws in the region of the sutures coronoid. If coronoid sutures have been placed, they are then tied over the dorsal aspect of 
the plate. 

There is often a small fragment of bone ulnarly that includes the sublime tubercle with the insertion of the MCL. If it is large enough, it may be repaired 
with a small plate. If not, suture anchors are used. The LCL may be avulsed off the lateral epicondyle; however, the overlying fascia may be intact. The 
lateral ligament and extensor muscle origins are repaired with suture anchors or transosseous bone tunnels into the lateral epicondyle. 

The elbow is then taken through a full range of motion to evaluate for stability. 


Postoperative Care 


The elbow is splinted at 90 degrees of flexion with the forearm in neutral rotation for 5 to 7 days. The splint is then removed and the patient is started on 
range-of-motion exercises. These exercises include active and active-assisted flexion and extension. Concomitant ligament injuries will direct the 
rehabilitation plan as outlined in the section on operative treatment of elbow dislocations. Active extension and extension against gravity begins at 6 weeks. 
Static progressive splinting may be used if the patient has stiffness and the fracture has healed. At 3 months, a strengthening regimen is instituted. 


Potential Pitfalls and Preventive Measures 


Posterior Monteggia Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Instability e Accurate restoration of ulnar length, dorsal angulation, and serpentine shape 
e Repair of lateral ligament complex 
Loss of fixation and nonunion e Appropriate choice of implant for fracture pattern with avoidance of tension band constructs 
Elbow stiffness e Secure fixation to allow for early range of motion 


Recognition of the fracture pattern and associated injuries is the first step in restoring stability. Nonunion is not common; however, it is important that 
surgeon technique does not contribute to this problem. Appropriate choice of fixation is essential and adherence to basic fracture principles is essential. 
Plates for Monteggia injuries should be of sufficient strength to support the proximal shaft of the ulna and tubular and reconstruction plates are to be 
avoided when the fracture extends distal to the coronoid. Tension band wiring is not appropriate in these cases. 

Recurrent instability may occur if restoration of the ulnar anatomy is not achieved. The ulna has a serpentine shape with a variable apex dorsal 
angulation and application of straight uncontoured plates may contribute to malreduction.!*8 Precontoured plates may help with restoration of alignment, 
particularly in comminuted fractures. Alternatively, radiographs of the opposite extremity can help determine the correct shape and length of the ulna to 
allow for more accurate contouring of implants if precontoured plates are not available. Also, since the fascia overlying the lateral ligament is often intact, 
an extensive LCL injury can be missed. Therefore, it is imperative that the surgeon assesses for ligament injuries and repairs them when found. 

Elbow stiffness and heterotopic ossification are possible. Sufficient fixation stability is mandatory to allow for early range of motion. The use of 
prophylaxis for heterotopic ossification remains controversial. Radiation has been shown to lead to an increased nonunion rate in the setting of distal 
humeral fractures and is not recommended.® 


Outcomes 


Posterior Monteggia fractures are complex injuries to manage. Complications may include nonunion, heterotopic ossification, recurrent subluxation, elbow 
stiffness, and posttraumatic arthritis. Konrad et al. followed patients for an average of 9 years and satisfactory results were found in 34 of 47 patients.®° 
Factors predicting a poor outcome included fractures involving the radial head, coronoid, and complications requiring further surgery with 26% of patients 
requiring a secondary surgery within 12 months of the initial procedure. Strauss et al. reported that patients with posterior Monteggia fractures who had a 
concomitant ulnohumeral dislocation had worse outcome.!“* Beingessner et al. evaluated a series of 16 patients with type IID Monteggia fractures.!’ All 
fractures united and there were no patients with recurrent instability. Three patients developed elbow stiffness with associated heterotopic ossification, one 
patient had prominent hardware, one had loss of radial head fixation but no subluxation, and one developed pronator syndrome. However, the majority of 
patients had good results with anatomic repair of all injured structures. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
PROXIMAL ULNA FRACTURES 


Proximal Ulna Fracture: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Problem Solution 
Prominent and symptomatic hardware e Careful technique of implant placement, hardware removal as needed 
Heterotopic ossification and elbow stiffness e Secure fixation to allow for early range of motion 


Nonunion and malunion e Adherence to proper fracture principles and techniques 


Failure of fixation and elbow instability e Understand the fracture pattern and address each component 


Authors’ Preferred Treatment for Proximal Ulna Fractures ( 


Olecranon 
fracture 
Nondisplaced Displaced 


Nonoperative Comminuted 
management fracture 


Plate or tension Repairable Unrepairable Elderly patient 
band fixation fracture fracture with comorbidities 


Plate Fragment excision Nonoperative 
fixation and triceps repair management 


Posterior Monteggia fracture 


Fix or replace radial head 


Fix coronoid 
Fix olecranon 


Repair collateral ligaments 


Algorithm 40-5 Authors’ preferred treatment for proximal ulna fractures. A: Olecranon fractures. B: Posterior Monteggia fractures. 


We prefer to treat both simple and complex olecranon fractures with plate fixation since it is reliable, and with improved implant designs, hardware is 
typically not sufficiently symptomatic to require removal. In patients with significant osteopenia and poor bone quality, triceps advancement is used; 
however, this technique is rarely needed and significantly debilitated patients or those with very low functional demands can do well with nonoperative 
treatment as long as there is no associated elbow instability. We prefer a fragment-specific approach to Monteggia fractures including repair of all 
injured structures as outlined above. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PROXIMAL ULNA 


FRACTURES 


Proximal ulna fractures include a spectrum of fractures from simple olecranon fractures to complex fracture-dislocations. An accurate understanding of the 
injury pattern will lead to appropriate fixation choices for these injuries. The development of periarticular implants and the judicious use of fragment 
fixation with small plates have led to an improved outcome for these often difficult fractures. 
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Annotation 


Seven years after simple elbow dislocation, 56% of patients reported residual stiffness and 
8% instability. Sixty-two percent reported residual pain. Although most patients report a 
generally favorable long-term outcome, there may be residual pain and stiffness after these 
injuries. 


The authors reported the outcomes of operative management of 32 patients with missed 
dislocations. Using a combined medial and lateral approach the flexor and extensor origins 
and collateral ligaments were detached from the distal humerus as a sleeve. The ulnar 
nerve was mobilized and protected while the triceps was preserved. Scar tissue and any 
heterotopic ossification were removed from the joint. After reduction the medial and 
lateral soft tissue sleeves were repaired to the distal humerus using transosseous sutures. 
Early motion was commenced using a sling to limit extension, no supplemental fixation 
was used. The authors reported 97% of their patients achieved a good or excellent 
functional outcome. 


The efficacy of plate treatment for olecranon fractures, both comminuted and 
noncommunited, was demonstrated. Twenty percent of patients required hardware 
removal. 


Recognition and treatment of the key components of the type IID Monteggia injury 
include the coronoid fracture, anterior cortical fracture, radial head injury, and ligamentous 
disruption that are imperative to direct treatment. 


Delayed excision of the radial head improved patient function after unsuccessful initial 
closed management. While elbow arthritis and radial shortening were common at long- 
term follow-up, elbow and wrist pain were not. 


The authors concluded that patients with small, minimally displaced fractures, a congruent 
elbow joint, and stable ROM to a minimum of 30 degrees of extension can achieve 
excellent function, ROM, and patient satisfaction, and avoid arthrosis. 


The authors concluded that nonsurgical treatment could be considered for patients when 
the radial head fracture does not cause a mechanical block to motion, the coronoid fracture 
is small (Regan Morrey type I or II), the elbow joint is congruently reduced, and there is a 
stable arc of motion to 30 degrees of flexion. 


With complete disruption of the lateral ligament in a cadaveric model, the elbows were 
most stable with the forearm in pronation. These findings are important for understanding 
instability patterns intraoperatively, reduction maneuvers, and postoperative rehabilitation 
after dislocation. 


Metallic radial head arthroplasty was a safe and reliable treatment option for comminuted 
fractures of the radial head with a mean of 8 years of follow-up. 


Original Mason classification system of radial head fractures. Radial head excision was 
recommended for comminuted displaced fractures. 45 patients were randomized, 23 
patients to open reduction and screw fixation and 22 patients to nonoperative treatment 
with a pressure bandage. At 3, 6, and 12 months, patients treated operatively had similar 
functional outcomes compared to patients treated nonoperatively. Complication rates were 
low for both groups. 


A randomized clinical trial in 45 patients comparing ORIF versus early motion of isolated 
displaced partial articular fractures found no difference in outcome between the two 
groups. 


This cadaveric study suggested that dislocation is the final of three stages of elbow 
instability that results from posterolateral rotation with soft tissue disruption progressing 
from the lateral to medial. 


Good outcomes were achieved with terrible triad injuries treated with ORIF of the 
coronoid and/or repair of the anterior capsule, repair or replacement of the radial head, and 
repair of the lateral ligament. Repair of the MCL and/or application of a hinged external 
fixator were only required for a few patients who demonstrated residual instability. 


Fixation of radial head fractures with more than three fragments had a high incidence of 
failure. 


This systematic review included 34 papers with 152 failed RHA. The most frequent 
reasons for revision surgery were (aseptic) loosening (30%), elbow stiffness (20%), and/or 
persisting pain (17%). Failure occurred early at a median of 14 months. Press-fit RHA 
failed at a higher ratio because of symptomatic loosening than intentionally loose-fit 


implants and RHA that were fixed with an expandable stem (p < .01). 
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Radial Head and Neck Fractures 


INTRODUCTION TO RADIAL HEAD AND NECK FRACTURES 


Radial head fractures are the most commonly encountered fractures about the elbow. Radial head fractures occur at a mean age of 40 years and are seen ina 
similar ratio between men and women; however, once the age rises above 50, the number of female patients with radial head fractures is significantly 
larger.?6:4273.74 Given an increase in the overall geriatric population, a recent epidemiologic review demonstrated over a 20% increase over the last 
decade.”? These fractures account for 4% of all fractures and greater than 30% of all fractures involving the elbow.2%4! Most radial head fractures are 
minimally or nondisplaced without any ligamentous injury, concomitant bony fractures, or elbow instability; however, more complex radial head fractures 
can have associated collateral ligament damage, coronoid fractures, proximal ulna fractures, or capitellum impaction fractures.*!}”*:’4 Higher-energy 
mechanisms can lead to associated elbow dislocations or disruption of the interosseous membrane into the distal radioulnar joint (DRUJ; Essex-Lopresti 
injury). Radial neck fractures are less commonly encountered and are associated with less complex injury patterns in an older population.?6:41:74 


ASSESSMENT OF RADIAL HEAD AND NECK FRACTURES 


MECHANISMS OF INJURY FOR RADIAL HEAD AND NECK FRACTURES 


Radial head and neck fractures typically occur from low-energy mechanisms such as a trip and fall on an outstretched hand resulting in a nondisplaced or 
minimally displaced fracture. However, higher-energy mechanisms such as athletic injuries, motor vehicle accidents, pedestrian struck, falls from a height, 
and motorcycle injuries can lead to significantly more comminuted and displaced fractures. In these clinical scenarios, there is an increased risk of 
concomitant injuries. 


INJURIES ASSOCIATED WITH RADIAL HEAD AND NECK FRACTURES 


The incidence of injuries associated with radial head and neck fractures range from 11% to 90%; however, not all these injuries are clinically relevan 
Increasing patient age, loss of cortical contact, and comminution are related to a higher incidence of associated injuries.°!'°5 Magnetic resonance imaging 
(MRI) can detect 60% to 80% of associated ligamentous injuries in radial head fractures; however, persistent symptoms in lateral collateral ligament (LCL) 
injuries are seen in 11% of patients and medial collateral ligament (MCL) injuries in 1.5% of the patients.”*!°° Posterolateral dislocation of the elbow is 
seen in 3% to 14% of radial head fractures, leading to the “terrible triad of the elbow”; this is discussed in another chapter,” %155 Ulnar fractures occur in 
1.2% to 12% of patients with radial head fractures; however, this includes Monteggia fracture-dislocations, which is a radial head dislocation in 
combination with an associated fracture of the ulna.72!4°-!5° Capitellar osteochondral damage can occur from radial head impaction and is seen on MRI 
39% to 96% of the time; however, many of these findings may not have clinical significance.°”’”* Capitellum fractures rarely occur in tandem with radial 
head fractures with an incidence of 2%.!5° When radioulnar dislocation from an interosseous ligament injury is suspected, bilateral posteroanterior in 
neutral rotation and true lateral radiographs of the both wrists should be obtained to rule out injury to the DRUJ.*!!% The degree of radial shortening from 
this injury that is clinically significant ranges from 2 mm to 1 cm in the reported literature.4”°” It is generally accepted that shortening greater than 4 mm is 
clinically significant and a lesser degree of shortening can be treated conservatively.*” 


,67,81 


SIGNS AND SYMPTOMS OF RADIAL HEAD AND NECK FRACTURES 


Patients often present with swelling and pain located mainly on the lateral aspect of the elbow. Tenderness and ecchymosis along the lateral epicondyle or 
the medial epicondyle may suggest an LCL or MCL tear. There will often be decreased range of motion (ROM) in flexion-extension as well as 
pronation/supination. Gross deformity and malalignment can indicate an underlying fracture-dislocation of the elbow. A careful assessment of ROM and 
varus/valgus stability at the elbow must be performed to rule out a bony block or instability, respectively. Often, patients are unable to tolerate this 
examination due to pain; aspiration of the hemarthrosis with injection of a local anesthetic will allow a more pain-free and accurate examination. A loss of 
terminal extension is expected in this injury; however, presence of a bony block to motion is an indication for intervention. Finally, the shoulder and wrist 
should be examined to rule out any other injuries, particularly the distal radial ulnar joint. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR RADIAL HEAD AND NECK FRACTURES 


Anteroposterior (AP) and lateral radiographs are typically sufficient to diagnose most radial head and neck fractures. Nondisplaced or occult fractures may 
be difficult to visualize on initial radiographs; however, the presence of an elbow effusion can indicate bony pathology. Utilization of the radiocapitellar or 
Greenspan view allows visualization of the radial head in a more favorable profile to assess nondisplaced fractures as well as to better delineate the 
radiographic pattern of the fracture lines.!°° If there is any suspicion of wrist pathology, bilateral wrist radiographs should be obtained to rule out axial 


instability in the DRUJ. If radiographs are unable to provide sufficient information on fracture morphology, computed tomography (CT) can be helpful to 
better characterize the size, location, and displacement of the radial head fracture. CT scans have been utilized with mapping technology to identify common 
fracture line patterns and associated injuries.! In partial articular fractures of the radial head, most fractures involve the anterolateral quadrant of the radial 
head with the forearm in neutral while the posteromedial quarter is infrequently involved.!°° CT is also helpful for diagnosis of associated coronoid 
fractures, capitellar fractures, or osteochondral fragments. While the use of MRIs can demonstrate collateral ligament injury, it is often not clinically 
relevant unless the injury is associated with a dislocation.’2 


CLASSIFICATION OF RADIAL HEAD AND NECK FRACTURES 


Numerous classifications exist for describing radial head fractures. The Mason classification was described in 1954 from observing fracture patterns in 100 
radial head fractures.’ Mason type I fractures include most radial head fractures without displacement, type II fractures have a marginal sector fracture with 
displacement, and type III fractures are comminuted fractures.®! Johnston further modified this classification in 1962 with the addition of a type IV fracture, 
which was associated with an elbow dislocation. The most popular classification used is the Broberg and Morrey classification, which is a modification of 
the original Mason classification. The classification suggests that a type II fracture has to constitute 30% of the articular surface and must be displaced by 
more than 2 mm. This classification has the best intra/extraobserver reliability of all classifications; however, even this is moderate at best.3%96 


Radial Head Fractures: 
MASON CLASSIFICATION 


Type Description 

I Nondisplaced fracture 

Il Displaced partial head fracture 
Il Displaced entire head fracture 
ry? Fracture with elbow dislocation 


aJohnston modification of original classification. 


Radial Head Fractures: 
BROBERG AND MORREY CLASSIFICATION 


Type Description 

I Less than 2 mm of displacement 

II More than 2 mm of displacement and more than 30% articular surface involvement 
Il Comminuted fracture 


OUTCOME MEASURES FOR RADIAL HEAD AND NECK FRACTURES 


Several scoring systems are used to evaluate the outcomes of radial head fractures: the Broberg and Morrey Elbow Score, the American Shoulder and 
Elbow Surgeons (ASES) elbow assessment, the Mayo Elbow Performance Index (MEPI), the SF-36, and the Disabilities of the Arm, Shoulder, and Hand 
(DASH) scoring system. In using outcome measures, the treating surgeon must take into account the injured body part and the utility of the data collected 
while minimizing responder burden.!°° 

Of all the outcome scores, the DASH score is considered the most popular as it correlates to both health measures such as the SF-36 and joint-specific 
measures. The DASH has a minimal clinically important difference of 17 in the distal extremity including the elbow; furthermore, it can be substituted with 
the QuickDASH to minimize responder burden.!°!83 The ASES elbow outcome score was designed to be joint specific for the elbow and is both reliable 
and valid; however, it is important to consider that pain has the highest influence on variability of the score and there is no minimal clinically important 
difference yet reported.” Originally developed to determine outcomes after total elbow arthroplasty, the MEPI score takes into account ROM, pain, 
stability, and patient rating of daily function.°° While the score is validated for general elbow disorders, pain has the highest influencer and the minimal 
clinically difference is based on patients with rheumatoid arthritis after arthroplasty or synovectomy. More recently, the Patient-Reported Outcomes 
Measurement Information System (PROMIS) physical function (PF) computer adaptive test (CAT) and the PROMIS upper extremity (UE) CAT have been 
utilized in UE injuries.!2! This outcome score in particular has been found to reduce responder burden and can be correlated to various other UE outcome 
scores! such as the Quick DASH (Tyser). 

Understanding the differences in various UE outcome scores, responder burden, as well as minimal clinically important difference will help determine 
which measures are used in studying the treatment of UE injuries. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO RADIAL HEAD AND NECK 


FRACTURES 


The radial head plays a key role in elbow stability by acting as a secondary stabilizer for valgus, posterior, and posterolateral rotatory forces.!* 


Anatomically, the radial head is a concave elliptical dish that articulates with the capitellum, with a flattened articular margin, which articulates with the 
lesser sigmoid notch of the ulna. It is obliquely oriented from the radial shaft by 15 degrees. Understanding which portion of the radial head is nonarticular 


versus articular is instrumental in hardware placement, since prominent hardware can impinge in the proximal radioulnar joint (PRUJ).'!° Both Hotchkiss 
and Caputo have described the safe zone for the radial head in anatomic studies. The Hotchkiss method describes a safe zone of 110 degrees, by creating 
reference marks that bisect the radial head in the AP diameter with the forearm in neutral, full supination, and pronation. This defines a zone where implants 
can be placed as far as halfway between the middle and posterior lines and two-thirds of the anterior and middle lines. Caputo et al. described a safe zone 
that was essentially between the radial styloid and Lister tubercle.!° The clinical implications of this will be discussed later in this chapter. 


TREATMENT OPTIONS FOR RADIAL HEAD AND NECK FRACTURES 


Defining fracture stability determines whether a fracture can be treated nonoperatively versus operatively. Unstable fractures are often associated with other 
ligamentous and bony pathology; the disruption can lead to displacement and subsequent valgus instability due to absence of radiocapitellar contact. 
Displaced and/or comminuted fractures are more likely to have axial or valgus instability compared to minimally displaced fractures (Mason I).°>!22 


NONOPERATIVE TREATMENT OF RADIAL HEAD AND NECK FRACTURES 


Most radial head fractures are considered stable injuries and can be treated nonsurgically. Patients with nondisplaced or minimally displaced fractures 
without any block to forearm rotation should be treated in this manner. If the patient is unable to tolerate a ROM examination, aspiration of a hematoma 
with or without a local anesthetic can provide immediate pain relief and improve the quality of the physical examination.” It is unclear, however, whether 
patients with full rotation and palpable crepitus over the radial head have any functional impairment in the future. 


Indications/Contraindications 


Nonoperative Treatment of Radial Head and Neck Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Less than 2 mm of displacement 
e No block to forearm rotation 
e Involvement of less than 30% of the articular surface 


Relative Contraindications 


e Incarcerated intra-articular fragment 
e Block to forearm rotation 
e Fractures with concomitant injuries (associated with elbow instability or disruption of interosseous membrane) 


Technique 


Patients with radial head fractures can be initially immobilized based on symptoms for comfort for a short period of time (a week or less). Active motion is 
then encouraged with the use of a sling as needed. Careful radiographic and clinical follow-up should be carried out to monitor for fracture displacement 
and for restoration of ROM. 


Outcomes 


Most patients with nonoperative management for nondisplaced or minimally displaced radial head fractures have good to excellent forearm ROM and no 
signs of posttraumatic arthritis in long-term follow-up.”©*%5! The most encountered adverse outcome in nonoperatively treated Mason I radial head 
fractures is elbow stiffness, due to elbow capsular contracture.*° Whether the elbow is immobilized temporarily does not appear to make a clinical 
difference; however, it should be noted that in a randomized trial, immobilization greater than 2 weeks resulted in loss of extension. 1? 

Treatment of Mason type II fractures remains controversial. Akesson et al. reported on 49 patients with moderately displaced Mason type II fractures in 
a 19-year follow-up; 82% of the patients had no pain, but 12% underwent radial head excision for unsatisfactory results.* Khalfayan et al. had a series of 26 
patients with Mason II radial head fractures treated with either open reduction and internal fixation (ORIF) or nonoperative modalities. The operatively 
treated group had 90% good to excellent results compared to the nonoperative group, which had 44% of good to excellent results. Radiographic analysis 
also showed a higher amount of articular depression, displacement, and arthritis in the nonoperatively treated group.’” Other studies have reported a high 
complication rate but acceptable function in operatively treated Mason II fractures. Lindenhovius et al. noted that at a mean of 22 years of follow-up, 
operatively treated Mason II fractures had a complication rate of 31% with excellent or good MEPI scores in 81% of the patients.®® The authors concluded 
that operative treatment of stable Mason II radial head fractures did not provide any appreciable long-term benefit compared to nonoperative management in 
this historical cohort. The RAMBO” (a randomized controlled trial of nonoperative treatment vs. ORIF for stable, displaced, partial articular fractures of 
the radial head) trial has recently been published. Patients were included if they had an isolated Mason II fracture with greater than 2 mm of step-off and at 
least 30% of articular involvement and no signs of elbow instability. Forty-five patients were randomized in an unblinded fashion in a 1:1 ratio of surgery to 
nonsurgical management with pressure dressing and motion within 72 hours of injury or surgical fixation with headless compression or cannulated screws. 
It should be noted that the power analysis demonstrated that the study required a total of 78 patients to account for loss of follow-up. Furthermore, a total of 
five patients from the randomized group were switched to the nonoperative group due to no complaints preoperatively. At 3 months, 6 months, and 12 
months, there was no statistical difference in DASH scores between the two groups. Due to the DASH being equivocal or better in the nonoperative group at 
12 months, decision was made by the funding group to terminate the study prior to closure. Furthermore, the overall arc of motion remained overall the 
same as well as pain at 12 months’ follow-up.!°> Despite slow recruitment and high cross-over, this study demonstrates that nonoperative management is 
noninferior to operative fixation and likely more cost-effective. 


OPERATIVE TREATMENT OF RADIAL HEAD AND NECK FRACTURES 


Indications/Contraindications 


Patients with displaced radial head fractures with a block to motion, comminuted fragments, associated elbow instability, or retained intra-articular 
fragments may benefit from operative intervention. Patients with a high-energy injury mechanism merit careful evaluation for more complex injury patterns 
that could potentially be missed.39 A recent survey by the ASES Elbow Fracture-Dislocation Multicenter Study Group investigated surgeon consensus on 
surgical versus nonsurgical management of these injuries utilizing the Delphi methodology. The involved factors include age, patient demographics, activity 
level, energy mechanism, physical examination, and radiographic findings. The study demonstrated that the following factors led surgeons!“* in partial 
articular injuries to operate: displacement greater than 2 mm without complete loss of radiocapitellar contact, over 30% of involvement of the radial head 
with a block to motion after aspiration, crepitation if the patient is less than 80 years old. Patients who are greater than 80 years old without a block to 
motion, no crepitation, not tenderness in the forearm or wrist were indicated for nonoperative management regardless of the size of the fracture. These 
findings, while not absolute indications for treatment, demonstrate the evolution of the treatment of this injury. A variety of treatment options exist: 
arthroscopic fragment excision, open fragment excision, radial head resection, ORIF, and radial head arthroplasty. 

Fragment excision can be used in patients with a block to forearm motion and a small displaced articular fracture of the radial head (<25% of the 
articular diameter). Complete radial head excision can be considered for isolated displaced multifragmentary radial head fractures that are not amenable to 
internal fixation. The radial head should not be excised in the presence of concomitant ligamentous or bony injury, as doing so will lead to loss of 
radiocapitellar contact forces and precipitate instability.®!!,76 If excision is to be performed, the push-pull test intraoperatively should have no more than 2 
to 4 mm of movement of the radius, and a careful fluoroscopic examination should be performed to rule out any signs of instability. However, even in the 
presence of intact collateral ligaments, excision alone has been shown to alter elbow kinematics and thus is infrequently performed. !* 

ORIF with either low-profile plates or screws allows a stable anatomic reduction while preserving soft tissue attachments to fragments. Clear indications 
include displaced, noncomminuted fractures of the radial head that impede rotation or those associated with dislocation. Fractures with greater than 2 mm of 
displacement and greater than 30% of the articular surface (Mason II fractures) are indications for operative fixation; however, this remains controversial.*° 
The best candidates for ORIF are young patients with three or fewer fragments and good articular cartilage.!*” Plates and screw fixation is predominantly 
used; however, plates placed out of the safe zone can impede motion by impinging on the proximal radioulnar joint.!®>! Attempted fixation when there are 
more than three fragments can be fraught with fragment nonunion, osteonecrosis, failure of fixation, and unpredictable forearm motion requiring subsequent 
hardware removal.!°° In young patients, the risks of ORIF need to be weighed against the long-term effects of radial head arthroplasty. With surgical 
dissection, care should be taken to preserve all soft tissue attachments if possible. Reduction can be provisionally held with Kirschner wires and articular 
impaction and voids can be addressed with bone grafting if needed. After reduction, plates (either precontoured or mini-fragment plates) should be applied 
to the anatomic safe zone; however, due to high variability of patient anatomy, even precontoured plates need to be adjusted.®? Plate fixations require more 
proximal dissection and may place the posterior interosseous nerve (PIN) at risk. The advent of lower-profile precontoured plates allow for increased 
number of locking screws into the radial head to maximize fixation. The authors recommend always provisionally placing fewer screws and checking elbow 
motion to ensure the plate does not impinge prior to placing all screws. 

Alternatively, headless 1.5- to 3.0-mm screws or countersunk headed screws can be inserted in a tripod configuration, which has been shown to have 
less stiffness and less need for implant removal relative to plates; however, screw fixation may be unstable in the presence of comminution. 107-138 This 
technique is indicated in Mason type II fractures without considerable comminution or in radial head/neck junction fractures. The advantage of this is that 
the screws can be placed out of the safe zone as long as the heads are countersunk under direct visualization. Furthermore, distal dissection for hardware 
placement is not required and thus decreases the risk of PIN injury. 

Reports of widely displaced fractures devoid of soft tissue attachments reconstructed on the back table and then secured to the remaining head and neck 
has been described.!3! 

In the setting of an irreconstructable radial head and neck fracture, radial head arthroplasty is an excellent option in restoring radiocapitellar contact and 
elbow stability.3°!2” Prosthetic head and stems have a wide variety of height, size, and offset to best replicate native radial heads. Replicating the native size 
and height of the radial head as best as possible is important as lengthening can cause increased radiocapitellar contact pressures by decreasing the tension 
of the interosseous membrane; however, if the height is too short, loads can possibly transfer to the ulnohumeral joint.8>!54 In general, it is better to 
undersize rather than oversize the radial head replacement. 


Open Surgical Excision of Radial Head Fragment or Radial Head Excision 


Preoperative Planning 


Displaced irreconstructable fragments that constitute less than 25% of the articular surface and produce a block to motion can be treated with excision. 
Fixation is preferable for larger fragments as excision under such circumstances can lead to symptomatic clicking or instability.!2 Removal can be done 
either arthroscopically or through an open surgical approach and is often determined by the surgeon’s experience and the presence of concomitant injuries. 
The senior author prefers an open surgical approach. 


Open Surgical Excision of Radial Head Fragment or Radial Head Excision: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 

Position/positioning aids LJ Hand table extension, supine with sterile bump under elbow 
Fluoroscopy location LJ Operative side 

Equipment LJ Basic orthopaedic set, mini-fragment set on backup 
Tourniquet LJ Sterile 


Positioning 


The senior author prefers supine position with sterile tourniquet. A small sterile bump can be placed under the elbow to facilitate delivery of the radial head. 


Surgical Approach 


The same surgical approach is used to expose the radial head for excision, fixation, and arthroplasty. The laterally based incision is centered over the 
radiocapitellar joint and extends from the anterior aspect of the lateral column of the distal humerus and bisects the radial head/neck. Through this incision, 
several deep approaches can be used: Kocher interval, Kaplan interval, and the extensor digitorum communis split. Any traumatic rent in the fascia is 
utilized for deep exposure. The extensor digitorum communis split approach can be done if the LCL is intact as surgical dissection is anterior to the origin of 
the LCL and provides exposure to the radial head. The Kaplan interval is anterior to the extensor splitting interval and utilizes a plane between extensor 
carpi radialis longus and extensor digitorum communis. The senior author prefers the use of the Kocher interval, which lies more posterior and utilizes the 
plane between anconeus and extensor carpi ulnaris (ECU). Use of the Kocher interval is preferentially used when there is injury to the LCL. Precaution 
should be exercised to not iatrogenically injure the LCL during surgical exposure and also to protect the PIN by pronation of the forearm. The integrity of 
the PIN is ensured by avoiding excessive medial and anterior retraction adjacent to the radial head and neck. Alternatively, a posterior-based incision can be 
used with thick skin flaps to access both medial and lateral aspects of the elbow; however, the patient must be positioned in the lateral decubitus position 
with either a beanbag or lateral positioner. This last approach may be used when associated proximal ulna fractures need a more extensile exposure. 


Technique 


KEY SURGICAL STEPS 


/ | Open Surgical Excision of Radial Head Fragment or Radial Head Excision: 


Perform elbow and forearm stability examination with fluoroscopy 

Lateral skin incision 

Exposure through either the extensor splitting, Kaplan, or Kocher intervals 

Removal of fragments of the radial head 

Reevaluate elbow and forearm stability with fluoroscopy (axial, valgus, posterolateral stability) 
Repair the annular ligament or LCL if needed 


Open Reduction and Internal Fixation 


Periosteal or soft tissue attachments should be preserved as much as possible during approach and fixation. The forearm should also be held in pronation to 
prevent injury to the PIN. The fractures can be provisionally reduced with a small, pointed clamp and held provisionally with K-wires. For simple articular 
fragments, the fractures can be fixed with the following implants: 1.5- to 2.0-mm headless compression screws or 2.0- to 2.7-mm headed screws. These 
should be placed orthogonal to the fracture and countersunk to avoid impingement. If the screw threads are too long, this may interfere with forearm 
pronation and supination. 

Alternatively, the tripod technique can be used in the presence of a radial head/neck junctional injury (Fig. 41-1). Using the aforementioned approach, 
screws are placed along the lateral aspect of the radial head into the distal aspect of the cortex.®9:!°! These screws can be placed in any zone as care should 
be taken to ensure that they are countersunk. Three screws will provide axial stability in the setting of head/neck junctional injuries. Headless screws are 
preferred to standard screws as standard screws deflect off the cortex of the radial neck when placed in oblique angles. Care should be taken to ensure that 
the distal ends of the screws within the metaphysis are not too long as this can cause impingement in the PRUJ. It should be noted that on fluoroscopy, the 
screws may appear to be prominent; however, this should not be a concern postoperatively as these are placed under direct visualization. 
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Figure 41-1. AP (A) and lateral (B) radiographs of a 44-year-old woman after a fall off a bike demonstrate a displaced left two-part radial head fracture. C, D. 
Intraoperative fluoroscopic images demonstrate interval reduction and placement of headless compression screws in a tripod format that provides axial stability to the 
fracture. 


Low-profile plates and precontoured anatomic plates can be used; however, they may need to be removed in the future due to symptomatic stiffness. The 
plate should be placed in the safe zone, as described in previous sections. Typically this is the lateral aspect of the radial neck with the forearm in neutral. 
After fixation, a fluoroscopic examination should be performed to not only check reduction but to also ensure that the hardware is in appropriate position. 
Provisional fixation prior to filling in all screws and testing motion can be done to ensure the plate is appropriately placed. The LCL, if injured, typically is 
avulsed from the lateral epicondyle, and may be repaired with sutures through drill holes in bone or with suture anchors (F ). 
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Figure 41-2. AP (A), lateral (B), and radiocapitellar (C) views of a 55-year-old man who fell while biking and had a block to forearm rotation. D, E: Six months after 
open reduction and internal fixation, the patient had full range of motion with no limitation in activities. 


Open Reduction and Internal Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 
oo ————— Mr 
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precontoured radial neck locking plate 


Tourniquet LJ Sterile 


Other Cancellous bone chips or tricalcium phosphate for bony void defects 
Sterile Mayo bag should be placed if in lateral position to prevent any pieces from falling onto the floor 
and to place the hand in the same to avoid contamination 


The radial head can be accessed with the arm across the patient’s body or with the arm extended on a radiolucent hand table. 


Same as described earlier for open surgical fragment excision or radial head excision. This approach is described in this page for radial head excision; this 
should apply to all subsequent pages referring to surgical approach. 


Open Reduction and Internal Fixation: 


E7 KEY SURGICAL STEPS 


LJ Lateral or posterior incision 


Expose radial head/neck with preservation of periosteal attachment 
Divide the annular ligament 


Provisionally reduce with K-wires 

Address articular impaction if needed 

Fixation with headless/countersunk screws or with plate as needed 

Address any ligamentous injury if needed with primary repair or suture anchor repair 


Radial Head Arthroplasty 
Preoperative Planning 


Radial Head Arthroplasty: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 
Position/positioning aids LJ Supine with arm across chest or radiolucent hand table, lateral decubitus as alternative position 
Fluoroscopy location LJ Operative side 
Equipment LJ Modular metallic radial head implant, microsagittal saw, periarticular-locking plate or mini-fragment 
locking plate in case of concomitant neck fractures 
Tourniquet LJ Sterile 
Other LJ Suture anchor in setting of concomitant ligamentous injury 
Positioning 


The radial head can be accessed with the arm across the patient’s body or with the arm extended on a radiolucent hand table (preferred by authors). 


Surgical Approach 


Same as described above for open surgical fragment excision and radial head excision. 


Technique 


The proximal third of the annular ligament should be isolated and sharply cut to expose the radial head. All fragments should be removed and then 
assembled on the back table for sizing. A fresh saw cut at the junction of the head/neck or at the level of the fracture is made to create a stable, straight base. 
Thorough irrigation is recommended to remove all bony debris to minimize risk of heterotopic ossification (HO). It should be noted that the native radial 
head is elliptical in nature and has offset relative to the radial neck. While implants try to mimic these as much as possible, they are often not anatomic. The 
author prefers to use a metallic, modular, monopolar smooth-stemmed implant. Given no clinical difference in use of monopolar and bipolar metallic 
arthroplasty systems, a monopolar implant provides a good clinical outcome with the benefit of being cost-effective.°° 

While the relationship of the native head size relative to the implant size is not known, in the senior author’s experience, the implant should usually be 
downsized slightly. Sizing is done by removing all pieces of the fracture radial head and reassembling them on the back table (Fig. 41-3). Once the pieces 
are reassembled, each manufacturer will provide a sizing guide that will determine the size of the native radial head. As stated, the implant head width is 
typically downsized one size from the native radial head. To assess the height of the implant, measure the distance from the cut surface of the neck to the 
proximal edge of the lesser sigmoid notch with manufacturer-specific spacers to measure the length of the resected head. After sizing, the radial neck can be 
delivered with a bump under the elbow or with a carefully placed baby Hohmann retractor. The canal can be prepared with a canal finder and subsequent 
rasps (as per the manufacturer guidelines). 
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Figure 41-3. A. Intraoperative clinical image showing a comminuted radial head fracture that is to undergo radial head arthroplasty. B. The fragments are reduced on 
the back table and reduced with buried wires. C. The head is then able to be sized appropriately. 


After placing trial implants, check that the radial head articulates with the capitellum and that the proximal edge of the prosthesis should sit no more 
than 1 mm proximal to the corner of the lesser sigmoid notch of the coronoid. Any distraction or angulation at the lateral ulnohumeral joint indicates 
significant overstuffing (Fig. 41-4). An ROM test should also be performed as well as a stability test with manual varus and valgus stress at the elbow in 
extension. Following implantation of the final prosthesis, the annular ligament and any concomitant ligamentous injuries should be addressed (Fig. 41-5). 


Radial Head Arthroplasty: 
KEY SURGICAL STEPS 


Lateral or posterior-based incision 
Expose radial head and neck with sectioning of the annular ligament 
Use microsagittal saw at the head and neck junction or at level of fracture 
Reassemble the radial head to measure diameter and thickness 
Typically use an implant one size smaller than measured diameter and thickness 
Deliver radial neck with assistance of bump under elbow and also with gentle retraction with Hohmann retractors 
Rasp the radial canal and trial stem implant that is one size smaller than the tightly fitting rasp 
Trial reduction with implant 
Check the following under fluoroscopy: size of the implant, radial head congruency with capitellum during range of motion, medial-sided gapping, 
radial length 
Insert final prosthesis 
= Repair annular ligament and any concomitant ligament injury 


Authors’ Preferred Treatment for Radial Head and Neck Fractures ( 


Radial head fracture 
Displaced Nondisplaced 


Mechanical 
block 
to motion 


No block to Early range of 
motion motion 


s Fragment 
2 repairable <25% of Early range of 


fragments iädialhead motion 


Ligamentously Ligamentously Small fragment 
unstable stable fixation 


Radial head 
arthroplasty 
with LCL repair 


Radial had Repair LCL if 
arthroplasty needed 


Algorithm 41-1 Authors’ preferred treatment for radial head/neck fractures. 
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Figure 41-4. AP (A) and lateral (B) intraoperative fluoroscopic images demonstrate an oversized radial head implant trial by 2 mm in a 70-year-old woman. The 
radial head is protruding from the lateral edge of the capitellum, and there is mild gapping of the ulnar edge of the ulnohumeral joint. B. The lateral image demonstrates 
that the radial head is proximal to the coronoid tip. 


Figure 41-5. AP (A), lateral (B), and radiocapitellar (C) views of a 65-year-old woman after a fall downstairs with comminuted radial fracture with intra-articular 
loose fragments. D, E: Intraoperative fluoroscopy shows a radial head replacement with appropriate sizing. F, G: One year after surgery, the patient had a range of 
motion of 10 to 130 degrees without any pain. 


Postoperative Care 


The patient is placed in a long arm splint for 7 to 10 days for comfort and thereafter active and active-assisted ROM can be initiated if there are no 
associated injuries. Concomitant injuries require modification of the rehabilitation protocol. If there is a lateral-sided injury, the forearm can be immobilized 
in pronation and in supination in the presence of a medial-sided injury.°*® In the presence of a lateral-sided ligamentous injury, shoulder abduction and 
varus stress at the elbow should be avoided. The use of a hinged elbow brace can provide extra ligamentous protection. Strengthening is started at typically 
6 weeks postoperatively once there are signs of clinical and radiographic healing. 


Potential Pitfalls and Preventive Measures 


Radial Head and Neck Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Fragment/Radial Head Resection 


Retained fragments e Resemble radial head on back table 
e Thorough irrigation of the joint 
e Fluoroscopic confirmation of removal of fragments 


Elbow/forearm instability e Avoid resection alone in presence of concomitant ligamentous and osseous injury 
e Have radial head replacement available 
e Perform fluoroscopic examination before and after fragment/radial head excision 
e Repair LCL and coronoid fractures if present 

Posterior interosseous nerve injury e Maintain forearm in pronation during approach 


e Avoid anterior and medial aggressive retraction 
e Do not dissect distal to biceps tuberosity 


ORIF 


Avoid fixation when greater than three fragments if possible 

Avoid fixation in severely comminuted fractures and in osteoporotic bone 

Stable fixation with low-profile plates and/or screws angling into the neck 

Address all other bony and ligamentous pathology if present to avoid any postoperative elbow 
instability 

e Have a low threshold to use radial head arthroplasty especially in the setting of associated elbow 
instability 


Fixation failure/nonunion 


Stiffness e Early motion 
e Avoid plate fixation, and only use is “safe zone” of radial head/neck 
e Removal of hardware can help to increase motion 


Avascular necrosis e Avoid stripping of articular fragments 
e Maintain periosteal attachment 


Posterior interosseous nerve injury e Maintain forearm in pronation during approach 
e Avoid anterior and medial aggressive retraction 
© Do not dissect distal to biceps tuberosity 

Radial Head Arthroplasty 


Radial neck fracture e Deliver radial neck atraumatically 
e Avoid forced retractor placement behind the neck 


Implant size mismatch/overstuffing e Measure size of radial head diameter and thickness and downsize from measured size 
e Evaluate radiographically the relationship of the implant to the PRUJ and the coronoid 
e Fluoroscopic evaluation of the ulnohumeral joint to avoid gapping 
e Stability examination should be performed with trial as well as final implant 

Posterior interosseous nerve palsy e Maintain forearm in pronation during approach 


e Avoid anterior and medial aggressive retraction 
e Do not dissect distal to biceps tuberosity 


Stiffness e Early motion 
e Avoiding overstuffing of the joint 


Outcomes 
Fragment Removal or Radial Head Excision 


There is limited literature on the outcomes of fragment removal for radial head fractures. The largest series to date shows good to excellent outcomes in 17 
of 33 patients; however, it must be noted that some of these patients had excision of fragments that were greater than 30% of the articular surface. 3 

Radial head excision has limited indication and is very rarely used in current practice. Early excision of radial head fractures in stable Mason III has 
been shown to have good outcome; however, excision of the head alone is not recommended when there is any injury to the coronoid, collateral ligaments, 
or interosseous membrane.™ In a review of 26 patients with Mason type II and type III younger than the age of 40, primary radial head excision showed 
good long-term results for 24 patients.* However, it must be noted that 22 of these patients had radial shortening with 3 patients who had chronic wrist pain, 
4 with increased valgus laxity, and 2 with moderate posterolateral rotatory instability. When compared to internal fixation, radial head resection is 
associated with lower functional outcome scores and higher prevalence of arthritis.°°” 


Open Reduction and Internal Fixation 


Using the right indications, ORIF can lead to good to excellent results. Khalfayan et al. showed that compared to nonoperative treatment of Mason II 
fractures, ORIF led to a significantly improved clinical outcomes.”” Similar findings were seen in 19 patients after ORIF of displaced partial articular 
fractures.!'> Ring et al. showed that comminution and greater than three simple fragments led to unsatisfactory outcomes with ORIF.!*” Yoon et al. 
compared nonoperative to operative treatment of radial head fractures displaced between 2 and 5 mm.!® The authors found no clinically significant 
improvement of ROM or strength between each group; however, the operative group was fraught with more complications including HO and failure of 
hardware. In a systematic review of Mason type II fractures, Kaas et al. could not determine if ORIF leads to superior outcomes compared to nonoperative 
treatment.’ An RCT by Mulders et al. did not demonstrate any difference in outcomes or complication of screw fixation versus nonoperative treatment of 
Mason type II fractures. Thus, ORIF is not superior to nonoperative management based on this study.1°° While radial head arthroplasty is preferred in 
comminuted fractures, it should be noted that current prosthetics do not always match the variability in radial head anatomy.®* Surgeons must take into 
consideration the long-term effects for RHA versus ORIF to preserve native anatomy. Newer precontoured plates can allow for low-profile application with 
several locking options along the articular surface. While plating is typically reserved for patients with fewer than three parts, a retrospective study by 
Gruszka et al. analyzed 34 radial head fractures treated with plate fixation the majority of type III and IV fractures. They noted that 93% of patients had 
excellent to good functional outcome scores. The overall complication rate was noted to be 34% and 32% of patients had subsequent plate removal.” With 
regard to tripod fixation, a series by Model et al. demonstrated that in a small series of 13 patients, they were able to achieve good DASH scores without any 
reoperations, healing of fractures at 3 months postoperatively, and a mean arc of motion greater than 130 degrees. Ultimately, surgical fixation can be 
successful if the fracture pattern is amenable.!°! 


Radial Head Arthroplasty 


Earlier radial head implants made of silicone were fraught with complications such as fragmentation and destructive synovitis leading to more modern 
implants made of metal or pryocarbon. Pyrocarbon has been shown to have a closer modulus of elasticity to cartilage and thus has a lower risk of cartilage 
wear.*! The choice of implants can be vast with regard to stem options, head options, as well as modularity. Stems can be either intentionally loose, press 
fit, or cemented. The head can be made out of cobalt chrome, vitallium, titanium, or pyrocarbon. Finally, the implants can be monopolar or bipolar head 
designs that have a mobile articulation at the neck with a rigid stem.*° 

Harrington et al. reported results of a smooth-stemmed, monoblock titanium radial head replacement at a mean of 12 years with generally good 
outcomes.°® Grewal et al. reported 2-year outcomes of radial head fractures treated with a modular metallic prosthesis; patients reported high satisfaction at 
2 years despite slight discrepancies in ROM and strength.°* There were findings of mild osteoarthritis in 19% of the patients, but these were not associated 
with any clinical symptoms. At 8 years of follow-up, these same patients had MEPI scores of 91 points that had actually improved from the 2-year follow- 
up. Despite rates of 45% stem lucencies, 38% ulnohumeral arthritis, and 36% of HO, only two patients underwent secondary surgery.°* Shore et al. found a 
similar survivorship in smooth-stemmed metallic implant despite evidence of stem lucency in half of the patients.!°° Only recently has longer follow-up 
been reported on radial head arthroplasty. Schentzke et al. analyzed 78 patients who were at least 6 years from a monopolar arthroplasty for irreconstructible 
radial head fractures. The median clinical follow-up was 9.5 years and demonstrated a median MEPS of 80 and an implant survival rate of 75% at 18 years. 
It should be noted that there was a high rate of complications (37.2%) and revision surgery rate (25.6%), which was noted within the first 2 years of 
implantation.!** Cristofaro et al. demonstrated a similar MEPS for 119 patients who underwent radial head arthroplasty with a minimum of 8 years. The 
implant survival rate was 73% at 5 years and 71% at 10 years; however, the revision rate was noted to be about 39%. The reasons for revision were due to 
symptomatic loosening or stiffness with the majority of revisions within the first year of implantation.’ It should be noted that despite the overall good 
outcomes and long-term survivorship of radial head arthroplasty, patients who are active and play recreational sports have about a 50% return to sport and 
those that return to sport may need to change to a less demanding sports activity. A pooled meta-analysis by Heijink et al. of all radial head arthroplasty 
demonstrated that the majority of implanted radial heads are made of cobalt chrome with either a press fit or intentionally loose fit implant.°? Regardless of 
implant choice, there appears to be no benefit of one implant choice over the other with regard to failure rates, revisions rates, and MEPS scores.”® 

Capitellar erosion and arthritis from metal radial heads do not appear to routinely cause clinical symptomatology.°>°* However, clinical 
symptomatology, most notably pain in the proximal forearm, should be a cause for concern for symptomatic mechanical loosening. In a small case series of 
14 patients that underwent revision arthroplasty/removal of the radial head implant, 12 patients had significant radiographic evidence of loosening while 2 
only had forearm pain. Intraoperatively, these two patients had loose prostheses.'1! 

Presence of pain in the forearm away from the joint line after the period of being pain free after surgery can be a diagnostic feature of loose radial head 
replacement. While cemented stems are an option, studies have shown progressive symptomatic osteolysis at the cement—bone interface that eventually 
became symptomatic.!!® Stem osteolysis and lucency remains the most common reason for revision surgery for radial head arthroplasty. In a large study of 
a 114 radial head arthroplasty of cemented, press fit, and loose fit stems with a minimum of 2 years of follow-up, stress shielding was noted in implants that 
were press fit, while implant tilt was seen in a loose fit design; however, these findings were not associated with increased pain or worse MEPS.!*! The 
authors conclude that in a press fit design, the stem should be reamed sufficiently to obtain a tight fit. With regard to a loose fit design, a biomechanical 
study demonstrated that overreaming by 1 to 2 mm could be ideal with regard to optimizing radiocapitellar forces (Figs. 41-6 and 41-7).!46 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO RADIAL HEAD AND NECK FRACTURES 


Radial Head and Neck Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Elbow stiffness 
Heterotopic ossification 
Overstuffing of the joint 
Elbow instability 
Posttraumatic arthritis 


Elbow/forearm stiffness is a complication after radial head fractures and is typically caused by capsular contracture. Evidence has shown that despite 
applying plates to the nonarticular safe zone, they are associated with increased stiffness and need for implant removal compared to countersunk screws. >° 
Physical examination and radiographs can be used to assess postoperative stiffness; in the presence of a soft-end point, passive stretching and splinting can 
be initiated to improve ROM.'*° However, physical barriers to motion such as HO and impingement of implants will require more invasive procedures. 
Stiffness can also occur after ORIF due to adhesions, nonunion, and osteonecrosis. 


Figur 


1-6. AP radiograph of a 19 year old with a terrible triad fracture dislocation treated with an implanted smooth stem radial head fracture. At 1-year follow-up, 
there was tilt and lucencies visible around the radial head, but the patient had no symptoms. 


HO incidence ranges from 3% to 50%; however, the clinical implications of HO after radial head replacement remain to be elucidated.” A more recent 
clinical series noted that HO decreased the ROM and increased the risk of reoperation; however, other studies have refuted this. *°9°%°%°°* Indomethacin 
or radiation can be used to prevent HO formation; however, its use in the elbow is not validated and has conflicting evidence. In addition, it may delay bony 
healing in cases of fixation. 

One of the most significant complications that should be avoided during radial head arthroplasty is overstuffing of the joint. Undersizing of the 
prosthesis can lead to instability, pain, and arthrosis; however, oversizing can lead to decreased ROM and pain.’°* Intraoperatively, the implant should 
articulate at the level of the PRUJ 1- to 2-mm distal to the tip of the coronoid.** There should be no lateral-sided ulnohumeral joint space widening; 
however, this may not be apparent unless there is significant overlengthening.°” Intraoperative ROM and stability examination should be performed after 
insertion of the trial implant. 

Elbow instability is less common given that radial head excision in isolation is not commonly practiced. This problem can be addressed with fixation or 
replacement of the radial head as absence of a radial head prevents concavity compression of the lateral column. Chronic conditions can be treated with 


LCL reconstruction with or without MCL reconstruction. In the presence of a chronic Essex-Lopresti lesion, the optimal management includes replacement 
of the radial head with a staged or immediate ulnar shortening or an interosseous membrane reconstruction.” 
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Figure 41-7. A. Lateral radiograph of a 40-year-old woman with a terrible triad fracture dislocation treated a radial head replacement with a press fit stem. B. At 1 
year postoperatively, there was osteolysis and resorption of the proximal aspect of the radial neck. However, the stem was well fixed and the patient had no symptoms. 


Posttraumatic arthritis and implant-related osteolysis are relatively common; however, their clinical implications remain unknown. Patients with 
symptomatic malunions often present with pain and stiffness and are best treated with radial head arthroplasty.!°® Nonunions can occur with nonoperative 
treatment but are typically asymptomatic.!?? Nonunions after ORIF are typically due to compromised circulation and should be treated with radial head 
arthroplasty. It should be noted that delayed radial head arthroplasty after ORIF or fracture nonunion/malunion results in worsened outcomes, increased rate 
of radiographic loosening, and higher revision rates. !° 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO RADIAL HEAD AND 


NECK FRACTURES 


Radial head and neck fractures are the most commonly encountered elbow fractures and the majority are minimally displaced, best managed with 
nonoperative treatment and early ROM. There continues to be a debate about whether ORIF or nonoperative care is the optimal treatment of Mason II 
fractures. ORIF should be reserved for young patients or those with less than three fracture fragments to minimize possible fixation failure.'*” In a 
retrospective study of 26 patients under the age of 30 who underwent RHR, patients can develop severe ulnohumeral arthritis as well as severe lucency (up 
to 30%). The long-term outcomes in this cohort are yet to be elucidated.'°” For complex fractures and associated elbow instability, evidence suggests that 
restoration of the radiocapitellar contact is essential, be it with arthroplasty or ORIF. It must be noted that most of these fractures are typically unstable and 
comminuted and the author favors arthroplasty in this setting (a metallic, modular prosthesis should be utilized). However, even with modern implants, the 
radial head has a complex anatomy that is difficult to restore with ORIF or replicate with prosthesis.!2° Prosthetic replacement has uncertain long-term 
consequences that have yet to be elucidated. 

Most of the evidence to date is retrospective in nature and given the heterogeneity of fractures, it is difficult to design a randomized prospective trial 
comparing one treatment option over the other. 


Proximal Ulna Fractures: Olecranon Fractures 


INTRODUCTION TO OLECRANON FRACTURES 


Proximal ulna fractures are commonly encountered and comprise 10% of all upper limb fractures.!'” Most proximal ulna fractures are treated operatively 
with favorable outcomes as nonoperative treatment even in low-demand patients is rare.** Proximal ulna fractures comprise a wide range from olecranon 
fractures to Monteggia fracture-dislocations and transolecranon fracture-dislocations. Monteggia fractures involve a proximal ulna fracture with disruption 
of the proximal radiolunar joint; while transolecranon fracture-dislocation involve a proximal ulna fracture at the greater sigmoid notch with anterior 
dislocation in the absence of PRUJ pathology.!°° Given the variety of proximal ulnar injury, there are a variety of treatment options: in general, anatomic 
restoration of the proximal ulna and stable ulnotrochlear, radiocapitellar, and PRUJs are required to restore ROM and function. To address all aspects of 
proximal ulna fractures, the chapter will be split between olecranon and Monteggia/transolecranon fractures-dislocations. 


ASSESSMENT OF OLECRANON FRACTURES 


MECHANISMS OF INJURY FOR OLECRANON FRACTURES 


Olecranon fractures typically occur as low-energy falls from standing in older or high-energy injury mechanisms in younger patients.'°* The bone typically 
fails from a direct blow to the elbow or as a tensile force from the pull of the triceps tendon. Regardless of the mechanism of injury, the triceps acts as the 
main deforming mechanism pulling the fractured fragment proximally, creating a gap at the articular surface, and an incompetent extensor mechanism. 


INJURIES ASSOCIATED WITH OLECRANON FRACTURES 


Olecranon fractures typically occur in isolation; however, given the subcutaneous location of the injury, there is a risk to soft tissues as well as risk of the 
fracture being open. In an epidemiologic study of olecranon fractures, 22% of patients had injuries to the ipsilateral limb and 6.4% of fractures were open.*° 
As the incidence of geriatric fractures continues to rise, it should be noted that a large portion of patients with olecranon fractures have associated articular 
impaction that can often be seen on advanced imaging.!® The clinical significance of these findings remains unclear. In general, if the trochlear notch can 
be restored through accurate reduction of the coronoid and olecranon processes, some intervening marginal impaction is usually well tolerated. 


SIGNS AND SYMPTOMS OF OLECRANON FRACTURES 


As mentioned, while olecranon fractures typically occur in isolation, there is a significant incidence of associated ipsilateral injuries. The affected extremity 
from shoulder to hand should be thoroughly examined. The arm should be examined for any soft tissue compromise, and one should have a low suspicion 
for open fractures, given the subcutaneous nature of the olecranon. The elbow will often present with large fluid collection subcutaneously over the 
olecranon. Examination of the extensor mechanism both with and without gravity eliminated should be performed to assess competency. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR OLECRANON FRACTURES 


AP and lateral radiographs of the elbow are required for olecranon fractures. If there is concern for a radial head fracture, a radiocapitellar view of the elbow 
can be obtained.'°° In the setting of an elbow dislocation, postreduction radiographs should be obtained. CT can be used for preoperative planning for 
comminuted fractures of the olecranon if there is an associated radial head or coronoid fracture; however, this is not routinely utilized.!26 


CLASSIFICATION OF OLECRANON FRACTURES 


Olecranon Fractures: 
MAYO CLASSIFICATION 


Type Description 

IA Nondisplaced, noncomminuted 
IB Nondisplaced, comminuted 
IIA Displaced, noncomminuted 
IIB Displaced, comminuted 

IIA Unstable, noncomminuted 
IIB Unstable, comminuted 


The most common classification used for olecranon fractures is the Mayo classification. It is based on the amount of fracture displacement, the presence of 
comminution, and stability of the ulnohumeral joint. Type I fractures are nondisplaced, type II fractures are displaced, and type III fractures have an 
unstable ulnohumeral joint. The modifier A (simple) and B (comminuted) indicate the presence of comminution. This classification is simple to use, can 
help guide fracture management, and has good interobserver reliability. To further define trends in fracture lines, Lubberts et al. used CT scans to define 
fracture patterns to create fracture heat maps. Displaced olecranon fracture lines entered along the medial side of the trochlear notch and exited at the base of 
the coronoid, while minimally displaced fractures entered and exited the trochlear notch at the base of the coronoid.°? The Schatzker and Colton 
classification attempted to classify olecranon fractures based on different fracture pattern morphology; however, its application was limited. 


OUTCOME MEASURES FOR OLECRANON FRACTURES 


Several studies evaluated the clinical and radiographic outcomes of olecranon fractures. The Broberg Morrey Elbow Score, the ASES elbow assessment, the 
MEPI, the SF-36, DASH scoring system, and more recently the PROMIS UE CAT. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO OLECRANON FRACTURES 


The proximal ulna has two main articulations, the ulnohumeral joint and the PRUJ, both of which contribute to elbow stability and can be involved in 
fractures of the proximal ulna. The sigmoid notch of the ulna, which includes the coronoid process, is key in providing primary bony restraint to posterior 
dislocation. The center of the sigmoid notch contains the “bare area,” which is devoid of cartilage and used for osteotomies.!8:!6? The coronoid process 
prevents posterior dislocation by providing an anterior buttress and is crucial in providing stability to the sigmoid notch.!°* The coronoid contains multiple 
facets: the anterior facet, the anteromedial facet, and the base. A line drawn from the tip of the coronoid to the olecranon processes forms a 30-degree angle 
with the axis of the ulna. 

The olecranon process prevents anterior subluxation of the ulna. Bell et al. showed that valgus angulation and ulnohumeral rotation increase with 
sequential excision of up to 75% of the olecranon with gross instability occurring at greater than 87% of the olecranon.“ The triceps tendon has a broad 
insertion on the proximal ulna near the subcutaneous border. The triceps tendon also has an expansion that inserts onto ECU fascia, anconeus insertion, and 
antebrachial fascia.°* 

The soft tissue and ligamentous structures of the elbow play a crucial role in elbow stability. The anterior bundle of the MCL originates on the inferior 
surface of the medial epicondyle and inserts onto the sublime tubercle on the anteromedial aspect of the ulna and is the main restraint to valgus stress. The 


other two remnants of the MCL (posterior bundle and transverse bands) are considered capsular thickening and play a less crucial role in elbow stability. On 
the radial aspect of the elbow, the lateral ligamentous complex consists of the lateral ulnar collateral ligament, lateral radial collateral ligament, and the 
annular ligament. The annular ligament and the remnants of the LCLs serve to prevent posterolateral rotatory instability and maintain the relationship of the 
capitellum and radial head. 


TREATMENT OPTIONS FOR OLECRANON FRACTURES 


NONOPERATIVE TREATMENT OF OLECRANON FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Olecranon Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 
e Minimally displaced fractures e Displaced fracture in otherwise active patient 
e Intact extensor mechanism e Elbow instability 
e Displaced fractures in elderly low-demand patient with multiple medical e Associated fractures of the elbow 
comorbidities 


e Unable to tolerate surgical procedure 


Nonoperative treatment for olecranon fractures are reserved for non- or minimally displaced fractures with an intact extensor mechanism. These patients can 
be placed in a splint for 7 to 10 days and then given a functional brace for 4 to 6 weeks. They need weekly radiographic follow-up for the first 4 weeks to 
ensure that the triceps does not displace the fragment. Following this, patients will require active-assisted mobilization to regain elbow ROM.1!”-!% Another 
cohort of patients who could benefit from nonoperative management is low-demand elderly patients with multiple medical comorbidities.”° Consideration 
for nonoperative management include patients who are typically greater than 70 years old, soft tissue that is not amenable to incision, patients who are 
medically frail, and patients who reside in a nursing home or have dementia. Patients who are independent and active should be counseled that nonoperative 
management may have a higher incidence loss of extension and slightly worse outcome scores with the MEPS.”° 


Technique 


The elbow is splinted initially for 7 to 10 days and then placed in a functional brace for 4 weeks. Gentle active and active-assisted flexion is started, 
avoiding active extension against gravity or resistance for the first 6 weeks. At 6 weeks, the patient can begin active motion against gravity with resistance 
exercises started. 


Outcomes 


Duckworth reported on low-demand geriatric patients with displaced olecranon patients treated with nonoperative management with 72% with excellent or 
good outcomes and a mean Broberg Morrey score of 82. At a mean of 6 years of follow-up, the mean DASH score was 2.9 points and 91% of patients were 
satisfied with results of nonoperative management.*° Aibdiner et al. reported on a series of 28 geriatric patients with multiple medical comorbidities treated 
nonoperatively. The patients were immobilized for a period of 5 to 6 weeks with a plaster cast, sling, or a thermoplastic splint. While the rate of nonunion 
was about 82%, most patients had mild to no pain with only 7% cutaneous complication rate.! In a study of nonoperative treatment for displaced olecranon 
fractures in 23 young patients with comminuted fractures, as well as concomitant bony injuries, 91% of patients managed with active early motion in the 
first 2 weeks had good to fair outcomes.!!* Veras Del Monte had similar short-term outcomes of low-demand geriatric patients with displaced olecranon 
fractures treated with casting in 90 degrees, with excellent satisfaction in 11 out of 12 patients.'°° Operative fixation in this geriatric cohort can be fraught 
with complications such as anesthesia problems, wound breakdown, loss of fixation, and requirement for implant removal. A recent meta-analysis of 
operative and nonoperative management of olecranon fractures in the elderly demonstrated higher risk of reoperation regardless of osteosynthesis method. 
While nonoperative modalities led to a higher rate of nonunion, low-demand geriatric patients can tolerate a functional nonunion.** 


OPERATIVE TREATMENT OF OLECRANON FRACTURES 


Indications/Contraindications 


Operative indications for olecranon fractures include loss of extension, articular incongruity, soft tissue compromise, and/or open fractures. The key to 
surgical intervention is an anatomic reduction of the articular surface and early ROM to reduce the risk of arthrosis and prevent stiffness. Based on the 
etiology of the fracture as well as the patient’s functional demands, the following options exist for operative fixation: tension band wiring (TBW), 
intramedullary (IM) fixation, plating, and fragment excision with triceps advancement.!°8 TBW is typically reserved for simple, transverse fractures and is 
one of the most common techniques used. It involves converting tensile forces into compressive forces at the joint surface. Despite the theory, this has yet to 
be proven in loading and biomechanical studies; nonetheless, it is a simple and low-cost technique with a proven clinical record for intra-articular simple 
transverse fractures.®*)!0163 When factoring in hardware removal in overall costs, TBW remains a cost-effective choice compared to plating. 14? 

IM fixation using a large-diameter (6.5-mm) screw can be used as a low-profile construct for stable fractures and provides less gapping at the fracture 
site than TBW in cadaveric studies.!!° IM fixations can be used in nondisplaced fractures to allow for immediate mobilization.° Despite its use, there is 
sparse clinical data regarding IM fixation. In a case series by Raju et al, 25 patients with cancellous IM fixation supplemented with a wired tension band 
demonstrated no failures of fixation. In this cohort, 63% of patients reported good to excellent functional outcomes post-operatively.!2° Meals et al. reported 
on the largest series of olecranon fractures treated with an IM screw. In a total of 556 patients, 191 were treated with an IM screw whereas the remainder 
were treated with either a TBW or plate osteosynthesis. IM fixation was associated with a decreased risk of reoperation by about 54%, particularly with 


regard to wound dehiscence.°9 

Olecranon plating can also be used in stable fractures, although its use is more reserved for comminuted and unstable fractures. Fixed-angle 
precontoured plates are biomechanically superior to TBW for compression at the fracture site.!? Displaced, comminuted fractures or those with associated 
elbow instability are not suitable for TBW due to their propensity to develop ulnohumeral incongruence; hence, posterior plating is more amenable to this 
fracture type. Plating prior to development of precontoured fixed-angle plates, one-third tubular plates (with or without a hook in the plate), 3.5-mm 
compression plates, or reconstruction plates had to be contoured intraoperatively. It should be noted that reconstruction plates or contoured one-third tubular 
plates may not provide optimal strength in the presence of significant comminution, proximal shaft fracture extension, or large individuals.°* Precontoured 
plates potentially have the advantage of locking screws to enhance fixation in small or osteoporotic fragments and decrease intraoperative contouring times. 
Plates can be supplemented with a tension band to provide greater control of smaller proximal fragments that do not have adequate fixation; alternatively, 
sutures through the triceps can also be used.>*!6! Addition of medial or lateral plates for supplemental fixation can also be done to provide another plane of 
fixation for comminuted fractures. 

More recently, the use of lower-profile mini-fragment plates has been popularized to mitigate hardware prominence and to offer multiple points of 
fixation in a short segment of bone. These plates are often 2.4 and 2.7 mm in size compared to standard 3.5-mm precontoured plating systems. 
Biomechanical studies have demonstrated no superiority of these implants and can be considered an option where standard plating may not provide optimal 
fixation of the olecranon.'©° With regard to this type of plating, a plate is contoured and applied dorsally with a supplemental plate along either the radial or 
ulnar border of the olecranon based on the fracture pattern. 

Proximal fragment excision and advancement of the triceps tendon should be considered a salvage procedure, primarily in the elderly with osteopenic 
bone and extensive comminution that is unable to accommodate fixation. However, the fragment should constitute less than 75% of the olecranon to prevent 
destabilization of the elbow.'4 


Positioning 

The patient is placed in the lateral decubitus position with a bean bag. A radiolucent-padded elbow positioner that is well padded should be used so that the 
elbow can be flexed and extended. The C-arm is brought in from the head of the table and is draped into the field for ease of obtaining both AP and lateral 
fluoroscopy. If the patient has multiple injuries that preclude lateral positioning, the supine position can be used with a bump and arm placed across the 
chest. This position makes the approach and reduction more difficult to visualize and typically requires an assistant on the far side of the table to hold the 
arm in place. The arm can be extended for fluoroscopy. Prior to draping, it is imperative to obtain appropriate radiographs after positioning. 


Surgical Approach 


A posterior midline approach is made centered over the tip of the olecranon process and extended distally over the subcutaneous border of the ulna. Full 
thickness medial and lateral fasciocutaneous flaps are made. The ulnar nerve should be identified medially; however, it does not need to be isolated. The 
intramuscular interval is between ECU and flexor capri ulnaris (FCU) and should be raised in thick flaps. On the ulnar side, raising the FCU gives 
visualization of the joint while elevating the anconeus fascia can help with further visualization. 


Tension Band Wiring of Olecranon Fractures 
Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Tension Band Wiring of Olecranon Fractures: 


OR table LJ Standard table 

Position/positioning aids LJ Lateral position with bean bag, radiolucent-padded elbow positioner 

Fluoroscopy location LJ From the head of the table 

Equipment LJ 0.062-inch K-wires (1.6 mm), 18- or 20-gauge stainless steel wire, pointed reduction clamps, 2.5-mm 

drill for pilot hole 

Tourniquet LJ Nonsterile can be used 

Other LJ Sterile Mayo bag should be placed under the elbow to make sure no bony fragments fall onto the floor 
Technique 


KEY SURGICAL STEPS 


/ | Tension Band Wiring of Olecranon Fractures: 


Clean edges and reduce fracture with pointed reduction clamp 

Two 1.6-mm or 0.062-inch K-wires are placed from the olecranon tip and exiting the anteromedial cortex of ulna distal to the fracture 
Back wires out approximately 1 cm 

Place drill hole from medial to lateral on dorsal cortex of ulna distal to coronoid and fracture 

Thread 18- or 20-gauge wires through drill hole and under the triceps tendon and create a figure-of-eight pattern 

Tighten figure-of-eight construct simultaneously and then cut and bend wires 

Bend K-wires and bury deep into the triceps tendon; making sure they capture the figure-of-eight wires 


COLOC LOU 


After exposing the fracture site, the edges are cleaned and the joint is inspected for any chondral damage. A pilot hole may be drilled with a 2.0-mm drill bit 
in the ulna distal to the fracture and a pointed reduction clamp is used with elbow extension to reduce the fracture site. Care should be taken to avoid 
aggressive clamping, as bone in this area can be prone to iatrogenic comminution. A dental pick can be used to fine-tune the reduction. Two 1.6-mm K- 
wires are then inserted from the proximal tip of the olecranon and directed to exit the anteromedial cortex distal to the fracture. Once the K-wires are 
appropriately placed, they are backed out by about 1 cm to accommodate for future impaction. The K-wires should not penetrate the anterior cortex by more 
than 10 mm and should be directed at least 15 mm away from the tip of the coronoid to avoid neurovascular injury (Fig. 41-8).!!8 If the wires are placed 
entirely IM, the construct is not as strong and they have a higher risk of backing out and causing symptomatic hardware.!°? Avoid radial direction of the K- 
wires as they can impinge on the PRUJ. A 2.0-mm drill bit is used to create a path from medial to lateral on the dorsal cortex of the ulna 2 cm distal to the 
fracture site and an 18- or 20-gauge wire is passed through. A separate 18- or 20-gauge wire is passed deep to the triceps tendon on the proximal ulna. The 
two wires are crossed over to make a figure of eight and twisted together simultaneously and evenly at the proximal end to tighten the construct. The wires 
are cut, bent, and impacted into the soft tissue. The K-wires are then bent 180 degrees and are impacted into the olecranon tip to ensure that bent tips are 
over and securing the figure-of-eight wire construct. The triceps tendon may be longitudinally split to create a pocket for impacting the K-wires under the 
tendon and then repaired. 


D,E 
Figure 41-8. AP (A) and lateral (B) radiographs of a 47-year-old woman after a fall with a simple transverse olecranon fracture. C, D: Intraoperative fluoroscopy 
shows a tension band construct with K-wires without penetration of the anterior cortex. E, F: At 6 months, the patient had full range of motion. 


ORIF of Olecranon Fractures 


Preoperative Planning 


ORIF of Olecranon Fractures: 


af PREOPERATIVE PLANNING CHECKLIST 
B 


OR table [_J Standard table 

Position/positioning aids LJ Lateral position with bean bag, radiolucent-padded elbow positioner (Fig. 41-9) 
Fluoroscopy location LJ From head of the table 

Equipment LJ Small fragment set, precontoured proximal ulna plates, mini-fragment plating system 
Tourniquet LJ Nonsterile 


Other LJ Sterile Mayo bag should be placed under the elbow to make sure no bony fragments fall onto the floor 


Figure 41-9. Intraoperative picture shows preferred positioning as the lateral decubitus for posterior approach to the ulna. Note the sterile Mayo cover under the 
elbow that prevents intra-articular fragments or instruments from falling onto the floor. 


ORIF of Olecranon Fractures: 
KEY SURGICAL STEPS 


VE fracture with pointed reduction clamp and provisionally hold with K-wires 

Split triceps tendon at insertion to approximate proximal portion of plate to bone 

Home run screw and distal screw should be sequentially tightened for compression as needed 
Home run screw should be under subchondral bone to support comminution 

Aim screws medially and avoid the PRUJ 

Can supplement with tension band, triceps suture, or with additional plates if needed 


After surgical approach, the fracture is reduced with pointed reduction clamps and fixation is held with provisional K-wires as described above. A 
longitudinal split should be created in the triceps tendon to allow the plate to be as flush to a bone as possible. The senior author prefers the use of a 
precontoured proximal ulna plate; however, if this is not available, a one-third tubular plate or a reconstruction plate can be used and contoured 
intraoperatively. The plate is provisionally secured with K-wires and plate position should be checked on fluoroscopy. The plate is fixed distally to the bone 
with a cortical screw in an oblong hole if possible, and then a “home run” screw (placed from the proximal portion of the plate down the IM canal) can be 
placed in lag mode for simple fractures or in a nonlag fashion for comminuted fractures and sequentially tightened with the distal screw. Screws should be 
directed medially to avoid impingement with the PRUJ (Fig. 41-10). Locking screws can be placed in the proximal segment in the presence of osteopenic 
bone. The distal aspect of the plate should be secured with two or three cortical screws. If there is a very small proximal fragment or significant 
comminution, an interlocking (Krackow) stitch can be placed through the triceps tendon and tied to the plate or through a drill hole.!®! 


When using a mini-fragment plating system, the authors prefer to use a 2.7-mm reconstruction plate applied dorsally. The benefit of using this is that the 
plate can be curved to the tip of the olecranon to optimize fixation in comminuted or short segments. A 2.4- or 2.7-mm dynamic compression (DC) or 
reconstruction plate can be applied either radially or laterally as 90/90 plating for additional fixation if needed. 

The elbow should be examined for ROM and fluoroscopic radiographs should be taken to ensure no hardware is in the PRUJ or the elbow joint. If there 
is significant medial or lateral cortical comminution, a mini-fragment plate can be used as additional buttress or support. 


~ 
Figure 41-10. AP (A) and lateral (B) radiographs of a 29-year-old man with right elbow pain after direct blow to the elbow. Patient was unable to extend against 
gravity and there was intra-articular impaction in the ulnohumeral joint. C, D: At 1 year after plate fixation, the patient had full range of motion without any 
complaints. 


Intramedullary Fixation of Olecranon Fractures 


Intramedullary Fixation of Olecranon Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard OR table 

Position/positioning aids LJ Lateral position with bean bag, radiolucent-padded elbow positioner 

Fluoroscopy location LJ From the head of the table 

Equipment LJ 3.2 drill bit, 4.5 drill bit, 6.5-mm partially threaded screw, washer, small fragment set, 18- or 20-gauge wire or suture 
Tourniquet LJ Nonsterile 


Intramedullary Fixation of Olecranon Fractures: 


E7 KEY SURGICAL STEPS 


LJ Reduce fracture with pointed reduction clamp and provisionally hold with K-wires 
AP starting point in center of olecranon 
Lateral starting point in the sagittal plane 
3.2 drill bit followed by 4.5 drill bit for 6.5 screw 
Tension band as described above 


Sequentially tension the tension band and advance screw with washer 
Bury screwhead under split of triceps tendon 


After provisional reduction, the starting point for the screw is identified as the center of the olecranon in the AP plane. In the sagittal plane, the starting point 
is lateral to the midline of the olecranon to account for the apex ulnar bow of the ulna. After identifying the starting point, a 3.2-mm drill bit is placed IM 
followed by a 4.5-mm drill bit for the proximal fragment. If the starting point is made too medial, the drill will engage the cortex and can cause 
malreduction of the fracture site. The 6.5-mm screw with a washer is now placed and confirmed on fluoroscopy. In the setting of a comminuted fracture, a 
mini-fragment plate can be applied to maintain length for both provisional fixation or to serve as additional support for a bridge construct. A tension band 
with a wire or with suture is passed at this time through the cortex distal to the fracture and through the triceps tendon deep to the washer. As the screw is 
tightened, the wire should be consequently tensioned as well to distribute forces equally along the fracture line. The screw and washer should be buried 
under the triceps tendon to decrease hardware prominence. 


Fragment Excision and Triceps Advancement 


Preoperative Planning 


Fragment Excision and Triceps Advancement: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 
Position/positioning aids LJ Lateral position with bean bag and radiolucent-padded elbow positioner or supine with arm across body 
with sterile bump 
Fluoroscopy location LJ From head of table 
Equipment LJ No. 2 FiberWire, 2-mm drill bit 
Tourniquet LJ Nonsterile 
Technique 


KEY SURGICAL STEPS 


/ | Fragment Excision and Triceps Advancement: 


Excise all olecranon fragments 

Krackow no. 2 FiberWire into the triceps tendon 

2-mm drill holes in the proximal ulna adjacent to dorsal surface 
Tie sutures away from dorsal surface 


After exposure of the fracture, the fragments of the olecranon are excised. An interlocking (Krackow) stitch is placed in the triceps tendon and a 2.0-mm 
drill bit is started adjacent to the dorsal surface exiting the shaft on the dorsal surface. After passing the sutures, care should be taken to tie the knots away 
from the dorsal surface to reduce prominence. Dorsal placement of the suture is more favorable biomechanically than if placed adjacent to the articular 
surface.*9 


Authors’ Preferred Treatment for Olecranon Fractures ( 


Olecranon 
fracture 


Displaced 
fracture 


Nondisplaced 
fracture 


Nonoperative 
management 


Comminuted 
fracture 


Simple 


fracture pattern 


Irrepariable 
fracture salvage 
option 


Elderly patient 
with significant 
comorbidities 


Tension band 
figuration 


Repairable 
fracture 


Intramedullary 
screw 


Plate fixation 


Excision 
and triceps 
advancement 


Nonoperative 


treatment Plate fixation 


Algorithm 41-2 Authors’ preferred treatment for olecranon fractures. 


Postoperative Care 


For patients treated with TBW, plate fixation, or IM fixation, a splint is applied in 90 degrees of flexion for 7 to 10 days postoperatively for comfort. After 
splint removal, active, active-assisted, and passive gentle ROM can be initiated. Active motion against resistance and strengthening should be avoided until 
6 to 8 weeks when there are signs of union. 

After excision and triceps advancement, the patient is placed in a long arm splint in a semiextended position for 7 to 10 days. After splint removal, 
active flexion, active-assisted flexion, and gravity-assisted extension are initiated. Active extension can begin at 6 weeks and strengthening at 3 months to 
protect the extensor mechanism. 


Potential Pitfalls and Preventive Measures 


Olecranon Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Prevention 


Pitfall 


Tension Band Wiring 


e Loss of fixation 


e Prominent hardware 


e Decreased forearm rotation 


e Ulnar/median nerve injury 
Olecranon Plating 
e Narrowing of trochlear notch 


e Failure of fixation of small proximal fragments 


e Hardware in the PRUJ 


Intramedullary Fixation 


e Malreduction 


Anatomic reduction 
Indicated for simple transverse fractures only 


Bury cerclage wires and K-wire ends 


Avoid lateral placement of wires 
Check to see if wires are in the PRUJ 


Avoid excessive penetration of the K-wires through anteromedial cortex 


Avoid overcompression through comminution 


Place plate as proximal as possible 
Supplement with tension band or with triceps suture 
Capture fragment with screws 


Direct screws ulnarly 
Careful clinical and radiographic examination of PRUJ prior to wound closure 


Obtain appropriate starting point on AP and sagittal planes 
Use tension band sequentially while tightening screw to distribute forces equally 


Understanding fracture morphology and stability will help determine the appropriate surgical technique, thus preventing surgical pitfalls. The tension band 
technique should be reserved for simple fracture patterns. Hardware prominence is an issue given the subcutaneous nature of the olecranon; however, 
burying K-wire tips and cerclage wires into soft tissue can help ameliorate this problem. K-wires should also not penetrate the anteromedial cortex 
significantly to prevent damage to the ulnar/median nerve or anterolateral cortex to prevent impingement of the PRUJ. Plating can be used for both simple 
and comminuted fractures, but care should be taken to not compress through significant comminution (narrowing the trochlear notch) and to obtain an 
anatomic reduction of the joint. Maintaining full-thickness flaps will help provide improved soft tissue coverage and minimize hardware prominence. 
Screws should aim away from the PRUJ to avoid impingement. Finally, for proximal and comminuted fractures, the fixation may be supplemented with 
tension band or triceps interlocking (Krackow) stitches to improve construct stability. IM fixation relies on obtaining the appropriate starting point and 
tensioning the tension band along with the screw simultaneously to distribute forces along the fracture site. 


Outcomes 


TBW is an established technique for fixation of olecranon fractures with a high percentage of good to excellent outcomes. Villanueva reported on 37 
olecranon fractures with TBW with MEPS described as good and excellent in 86% of patients, with an average DASH of 18 with no pain at 4-year follow- 
up. It should be noted, however, that more than half the patients required hardware removal due to prominent or migrating K-wires.!5” 

Tejwani et al. noted increased biomechanical stability with posterior plating compared to TBW.1“9 Olecranon plating has demonstrated good outcomes 
in several small studies; however, the largest study to date looking at outcomes of olecranon plating was performed by De Giacomo et al.7° In 182 
consecutive patients, the average DASH score was 10.5 for patients who could reach full extension compared to 12.3 for those who lacked 10 degrees short 
of full extension. The rate of hardware removal was 15% and was noted in patients who had a screw placed in the corner of the plate (the corner is where the 
plate bends around the olecranon). The most common complaint was a 10-degree lack of full extension, in 37% of patients. Several studies comparing the 
outcomes of tension band and plate fixation for displaced olecranon fractures have shown near-equivalent outcomes. Delsole et al. compared TBW to one- 
third tubular hook plating for Mayo I to III fracture types with both groups showing equivalent outcomes; however, the hook plate group had a statistically 
increased time to union.?9 Schliemann et al. compared clinical and radiographic outcomes in TBW versus plate fixation with similar outcomes; however, the 
TBW group had a higher rate of hardware removal.!°* Tarallo et al. compared TBW and locked precontoured plating for Mayo IIA and B olecranon 
fractures and found similar outcomes but a significantly higher hardware removal rate in the TBW group.!*’ In a recent randomized controlled trial between 
TBW and olecranon plating, the 1-year DASH was 12.8 in the TBW group compared to 8.5 in the plate group, a difference that did not reach statistical 
significance (nor clinical relevance).*? Despite the outcomes, the hardware removal rate was significantly higher (50% vs. 22%) in the TBW group. The 
plate group had more infections and revisions requiring surgery; however, this was not statistically significant. It should be noted that the revision surgeries 
were salvaged to a tension band construct. Another study suggested that from a cost perspective (implant, index procedural costs, and re-opearation costs) 
TBW was significantly cheaper than plating.? The Northwest Olecranon Fracture Study Group pooled all olecranon fractures treated with plating and TBW 
in the United Kingdom and demonstrated no difference in functional outcomes, reoperation rates, or hardware removal in either group. Ultimately, either 
modality of fixation can be utilized and should be left to the discretion of the surgeon treating the injury.!!* 

Wadhwa et al. demonstrated that mini-fragment plating of olecranon fractures demonstrated no changes in healing, postoperative complications, or 
reoperations compared to precontoured plates. There was a significant difference in symptomatic implants (44.9% vs. 21.9%) and implant removal (36.7% 
vs. 18.8%) favoring mini-fragment fixation. While the cost related to mini-fragment plating compared to fixation strategies has not been studied, it remains 
a viable option.!°9 

IM screw fixation has been associated with good results. Johnson et al. reported on 24 patients treated with a 6.5-mm partially threaded screw and found 
that two-thirds of patients had motion within 15 degrees of normal. Wadsworth et al. noted 100% union rate in patients treated with IM screw in displaced 
olecranon fractures. 

When excision and triceps advancement is considered, An et al. showed that resection of more than 50% of the articular surface may lead to instability; 
however, McKeever and Buck noted that up to 80% of the trochlear notch could be excised when the procedure was first described.’ Inhofe and Howard 
noted good or excellent results in patients with excision of up to 70% of the articular surface.°° Attaching the tendon to a posterior position rather than 
anterior optimizes triceps strength.°° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO OLECRANON FRACTURES 


Olecranon Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Prominent hardware requiring hardware removal 
Heterotopic ossification and elbow stiffness 
Nonunion and malunion 

Failure of fixation 

Iatrogenic neurovascular injury 


Rates of hardware removal range from 15% to 85%.*? Understanding the subcutaneous nature of the olecranon and attempting to cover potential 
symptomatic implants can help decrease the rate of hardware removal. In plating, the corner screw is most likely associated with implant removal.” Elbow 
stiffness is common and most likely leads to loss of extension by 10 to 15 degrees; though for most patients, this does not significantly impact elbow 
function. Nonetheless, early ROM should be encouraged. Nonunion is very rare and is reported in 1% of cases. With olecranon nonunion, management 
options include fragment excision, compression plating, and elbow arthroplasty. Failure of fixation can be treated with salvage procedures such as tension 
band or fragment excision; however, primarily obtaining adequate fixation in proximal fractures and use of supplementation triceps suture or tension band 
can decrease the chance of failure. Loss of reduction can often be attributed to a few key risk factors: a significantly smaller proximal fragment, malreduced 
articular step-off greater than 2 mm, or a large distance between the most proximal screw and the olecranon tip.” Iatrogenic injury to the anterior 


neurovascular structures may occur with prominent K-wires penetrating the anteromedial cortex. Catalano et al. identified a safe zone that is 0 to 10 degrees 
on the AP view and 20 to 30 degrees on the lateral view.2° 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO OLECRANON 


FRACTURES 


Olecranon fractures are commonly encountered injuries with multiple surgical options available for treatment. Despite a high union rate, there still remains a 
level of disability that patients encounter after surgical treatment. It is clear that nonoperative treatment can be successful even with displaced fractures in 
elderly, low-demand patients, especially if they have medical comorbidities. Hardware removal or irritation is common, most notably with TBW, and 
patients should be counseled both pre- and postoperatively regarding this. More recent multicenter studies with a higher level of evidence have highlighted 
the pros and cons of TBW and plate fixation compared to smaller prior retrospective studies. The use of mini-fragment plating has helped address some of 
the prior issues of hardware irritation; although some patients elect to have their hardware removed even with this implant choice. The key to the injury is to 
obtain an anatomic reduction of the articular surface with the appropriate implant based on injury pattern to decrease the rate of stiffness and posttraumatic 
arthrosis. 


Proximal Ulna Fractures: Monteggia Fracture-Dislocations and Transolecranon Fracture- 
Dislocations 


INTRODUCTION TO MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 


FRACTURE-DISLOCATIONS 


Monteggia fracture-dislocations and transolecranon fracture-dislocations comprise a separate entity of proximal ulna fractures that are associated with elbow 
instability. The proximal ulna and radius are intimately connected; thus, fractures of the proximal ulna can lead to a disruption of the PRUJ or 
radiocapitellar joint. Monteggia fractures involve a proximal ulna fracture with disruption of the PRUJ. Transolecranon fracture-dislocations involve a 
proximal ulna fracture at the greater sigmoid notch and anterior dislocation of the elbow without disruption of the PRUJ. It is important to understand that 
these injuries typically occur as a result of higher-energy mechanisms with associated soft tissue damage. 


ASSESSMENT OF MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 


FRACTURE-DISLOCATIONS 


MECHANISMS OF INJURY FOR MONTEGGIA FRACTURE-DISLOCATIONS AND 
TRANSOLECRANON FRACTURE-DISLOCATIONS 

Understanding the difference between Monteggia fracture-dislocations and transolecranon fracture-dislocations is important to understanding the 
components of the injury. Transolecranon fracture-dislocations can be thought of as anterior dislocation of the elbow with an intact PRUJ. Biga and 
Thomine described the injury thus: as the elbow is in a flexed position, the trochlea is driven through the greater sigmoid notch, fracturing it, and leading to 
anterior translation of the forearm relative to the elbow with an intact PRUJ relationship.!5 This is primarily a bony injury and often does not have 
associated ligamentous injury. Anterior dislocations of the PRUJ occur in Monteggia fractures and are a result of high-energy mechanisms with potentially 
associated open fractures and neurovascular damage.®2-!26 Posterior Monteggia injuries or posterior dislocations can result from high-energy or more low- 


energy injuries in patients with osteoporosis. !7° These injuries are often associated with radial head and coronoid fractures as well as disruption to the lateral 
ligamentous complex in up to two-thirds of patients. 


INJURIES ASSOCIATED WITH MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 
FRACTURE-DISLOCATIONS 


Anterior dislocations can be associated with polytrauma, open fractures, neurovascular complications, or ipsilateral humeral shaft fractures (resulting in a 
type of “floating elbow”).!*° Posterior dislocations are associated with radial head fractures in 35% to 100% of cases, as well as coronoid fractures in a 
significant number of cases.” These bony injuries add increased surgical complexity and are known as Monteggia-like lesions. While the lateral 
ligamentous complex may be injured as well, it may not always need to be addressed surgically. 


SIGNS AND SYMPTOMS OF MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 
FRACTURE-DISLOCATIONS 


See earlier section on olecranon fractures (page 1544). 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR MONTEGGIA FRACTURE-DISLOCATIONS AND 
TRANSOLECRANON FRACTURE-DISLOCATIONS 


As with olecranon fractures, dedicated AP and lateral radiographs of the elbow should be obtained; however, forearm films should also be obtained to better 
assess potential distal injuries. CT can be used to better delineate radial head and coronoid fractures. 


CLASSIFICATION OF MONTEGGIA FRACTURES 


BADO CLASSIFICATION 


Bado Type Radial Head Dislocation Ulnar Fracture Radial Fracture 
I Anterior Diaphysis with anterior angulation — 

H Posterior or posterolateral Diaphysis with posterior angulation — 

MI Lateral or anterolateral Metaphysis — 

IV Anterior Same level as radial fracture Proximal one-third 


JUPITER MODIFICATION OF BADO TYPE II 


Modification Location of Ulnar Fracture 

HA Distal aspect of olecranon and coronoid process 

IIB Metadiaphyseal fracture not involving coronoid 

TIC Diaphyseal fractures 

IID Proximal one-third of ulna involving coronoid and olecranon with dislocation 


Monteggia originally described the fracture as involving the proximal one-third of the ulna with a dislocation of the radial epiphysis. Bado classified 
Monteggia injuries according to the direction of radial head displacement.® Jupiter further classified Bado type II injuries into four separate categories 
according to the location and nature of the ulnar fracture.”° Transolecranon fracture-dislocations are described as type I (simple) or type II (complex). Type 
II fractures often present with significant comminution involving the trochlear notch as well as the coronoid process.!° 


OUTCOME MEASURES FOR MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 
FRACTURE-DISLOCATIONS 


See section on outcome measures for olecranon fractures (page 1544). 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO MONTEGGIA FRACTURE- 


DISLOCATIONS AND TRANSOLECRANON FRACTURE-DISLOCATIONS 


See section on pathoanatomy and applied anatomy for olecranon fractures (pages 1544-1545). 


TREATMENT OPTIONS FOR MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON 


FRACTURE-DISLOCATIONS 


These injuries usually require operative intervention in adults, similar to femoral neck fractures, and should only be treated nonoperatively in a patient who 
is too frail or has too much medical comorbidity to be able to tolerate a surgical procedure. The occasional low-demand patient with a minimally displaced 
fracture and little or no radial head subluxation may also be treated nonoperatively. 


NONOPERATIVE TREATMENT OF MONTEGGIA FRACTURE-DISLOCATIONS AND 
TRANSOLECRANON FRACTURE-DISLOCATIONS 


Nonoperative Treatment of Monteggia Fracture-Dislocations and Transolecranon Fracture-Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indication 


e Patient is unable to tolerate a surgical procedure 


Relative Contraindication 


e Any displaced Monteggia fracture or transolecranon fracture-dislocation 


There is no relevant literature regarding nonoperative treatment of these injuries. 


OPERATIVE TREATMENT OF MONTEGGIA FRACTURE-DISLOCATIONS 
Mont 


The goal of treatment for a Monteggia fracture-dislocation is to have a stable, reduced elbow and PRUJ, and the ability to initiate early ROM. 


Preoperative Planning 


ORIF for Monteggia Fracture-Dislocation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 

Position/positioning aids LJ Lateral position 

Fluoroscopy location LJ From head of table 

Equipment Precontoured proximal ulna plates, limited contact dynamic compression (LCDC) plates, mini-fragment 


plates and T-plates, small fragment set, radial head arthroplasty, suture anchors 


Tourniquet LJ Can be nonsterile 


Positioning 


See earlier section on positioning for ORIF of olecranon fractures (page 1548). The senior author prefers the lateral decubitus position. 


Surgical Approach 


A posterior midline incision is used, and full thickness skin flaps are created. The interval between ECU and FCU is developed to expose the ulnar shaft. 
Retracting the proximal fragment allows for access to the trochlea, capitellum, and radial head. If further exposure is needed, a separate lateral/medial 
incision can be made or can be developed subcutaneously through the posterior approach by elevating skin flaps. The ECU and anconeus are usually 
elevated radially to improve exposure of the joint on the lateral side, while the FCU can be elevated laterally to expose the joint and shaft on the ulnar side. 


Technique 


ORIF for Monteggia Fracture-Dislocation: 


KEY SURGICAL STEPS 


VE approach with thick subcutaneous flaps 

Interval between ECU and FCU 

Repair or replace the radial head if a radial head fracture is present 

Repair the ulnar shaft with provisional fixation of mini-fragment plates or screws 
Repair the coronoid fracture (if present) with mini-fragment plates, screws, or sutures 
Plate fixation of the proximal ulna 

Evaluate the LCL and repair as needed 


The surgical treatment of Monteggia fracture-dislocations includes anatomic reduction of the ulna and the PRUJ. The fracture with its associated injuries 
needs to be addressed in a systemic manner.!*-!!9 

The ulnar fracture is first anatomically reduced. If the fracture involves the proximal ulna and olecranon, a precontoured locking plate is preferred by the 
senior author. Restoration of length, alignment, and rotation of the proximal ulna fracture is critical to success, and the reduction of the PRUJ hinges on this. 
Due to the apex dorsal and lateral orientation of the proximal ulna, a straight plate may need to be precontoured to prevent malalignment. It is important to 
obtain anatomic ulna reduction, as lack of such will cause persistent malreduction of the PRUJ. 

If present, a coronoid fracture can be addressed with a variety of techniques depending on fracture morphology. At times, a screw can be placed 
retrograde through the plate to capture the coronoid fragment. 

The radial head should be assessed if fractured to see if it is first repairable or needs replacement (Fig. 41-11). This can be done through a separate 
laterally based incision, through the fracture, or through large subcutaneous flaps allowing access to the lateral musculature. If repairable, the fracture 
should be fixed with 1.5- to 2-mm countersunk screws or with a plate. If the radial head is not salvageable, an arthroplasty should be performed (Fig. 41- 
12). Last, the LCL is inspected and can be repaired with suture anchor fixation if it is avulsed off the lateral epicondyle. The most common reason for 
persistent radial head subluxation is typically due to malreduction of the ulna; however, if the ulnar reduction is anatomic, the annular ligament or other soft 
tissue structure (LCL, capsule, biceps, or brachialis muscle/tendon) may be entrapped and removed to allow for reduction of the radial head.°° There are a 
few methods to assess whether the ulnar reduction is accurate before definitive fixation. Contralateral radiographs can be used to gain further understanding 
of the patient’s native bow (Fig. 41-13). If fracture patterns are simple (i.e., transverse or short oblique), cortical keys are often reliable to ensure that the 
ulna reduction in anatomic. In the setting of comminution or poor bone quality, reduction can be provisionally achieved with a mini-fragment plate and 
confirmed on fluoroscopy prior to placement of definitive fixation. 


D E 
Figure 41-11. AP (A) and lateral (B) radiographs of a 59-year-old woman after a fall onto outstretched hand with a Bado type II Monteggia fracture-dislocation. 
There is no associated radial head fracture. C-E: After anatomic fixation of the ulna, the radial head was reduced, and at 6 months after open reduction and internal 
fixation, the patient was back to yoga and full range of motion. 


Another marker of olecranon reduction is the use of the proximal ulnar dorsal angulation (PUDA). This angle is calculated on a lateral radiograph of the 
uninjured elbow by measuring the intersection angle between tangent lines placed on the dorsal aspect of the olecranon and the dorsal ridge of the ulnar 
shaft, which is typically around 5 to 6 degrees. +4? Incidence of malreduction of the PUDA can be as high as 30% and can lead to a decrease in the elbow 
ROM. Using the PUDA of an uninjured elbow can help understand the sagittal morphology of the ulna that needs to be replicated in Monteggia fractures. 


The operative treatment of transolecranon fracture-dislocations focuses on restoring anatomic ulnar length, alignment, and rotation with particular attention 
to the greater sigmoid notch. Typically, an area of comminution and articular damage separates the olecranon and the coronoid process.!°° Often failure 
occurs when the coronoid fracture is not recognized or anatomic alignment of the ulna is not achieved.**!75 


® 
i 
’ 
1 
(] 
$ 
" 
š 
ys 


F 


Figure 41-12. AP (A) and lateral (B) radiographs of an 81-year-old man after a fall from ground level with a displaced olecranon fracture. C, D: Intraoperative 


fluoroscopic images demonstrate use of mini-fragment fixation of the fracture. E, F: At 3 months of follow-up, the patient has a healed fracture without any pain and 
no hardware prominence. 
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Figure 41-13. Intraoperative fluoroscopy of a 50-year-old man after a fall with a right Monteggia fracture-dislocation. AP (A) and lateral (B) images demonstrate a 
reduced radial head on the lateral; however, due to excessive bow on the AP view, the radial head is subluxed laterally. C: Revision fixation was performed and the 
bow was corrected. Note that the radial head is now reduced on the AP view. 


Preoperative Planning 


ORIF for Transolecranon Fracture-Dislocations: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 

Position/positioning aids LJ Lateral position 

Fluoroscopy location LJ From head of table 

Equipment LJ Precontoured proximal ulna plates, LCDC plates, mini-fragment plates and T-plates, small fragment set 
Tourniquet LJ Can be nonsterile 


Other 


LJ Sterile Mayo cover under arm to prevent the fragments from falling onto the floor 


Positioning 


See earlier section on positioning for ORIF of Monteggia fracture-dislocations (page 1548). 


Surgical Approach 


See earlier section on surgical approaches for ORIF of Monteggia fracture—dislocations (page 1554). 


Technique 


ORIF for Transolecranon Fracture-Dislocation: 
KEY SURGICAL STEPS 


Posterior approach with thick subcutaneous flaps 

Interval between ECU and FCU 

Temporary fixation with K-wires, mini fragment plates, or lag screws 
Visualize articular surface with each step of reduction 

Apply a posterior precontoured proximal ulna locking plate 


After posterior-based incision and identifying the fracture site, the injury can be addressed in a proximal to distal or vice versa pattern.!3:!5 Using the 
trochlea as a template, the proximal fragment can be reduced and temporarily fixed with 1.6-mm K-wires and then the trochlear notch can be reduced to the 
remaining distal ulna. When there is significant trochlear comminution, fixation can proceed from distal to proximal with the use of lag screws and mini- 
fragment plates as provisional fixation.” Addressing the olecranon fragment last allows visualization of the articular surface to ensure that reduction of the 
distal fragment is anatomic. Residual articular incongruity in comminuted fractures is less important than trochlear notch alignment, which allows for early 
ROM.!? Prior to application of any definitive fixation, it is imperative to check the trochlear alignment with either K-wires or mini-fragment plates. After 
doing so, fluoroscopic examination of the trochlear notch relationship to the coronoid and the distal humerus should be performed. Once there is satisfactory 
alignment, a bridging construct can be used for fixation in the face of comminution (Fig. 41-14). 


Authors’ Preferred Treatment for Monteggia Fracture-Dislocations and Transolecranon Fracture-Dislocations ( 


Monteggia/transolecranon 
fracture—dislocation 


Anatomic reduction 
of ulnar shaft 


Fix coronoid if 
applicable 


Repair or replace radial 
head if applicable 


Repair collateral 
ligaments 


Algorithm 41-3 Authors’ preferred treatment for Monteggia fracture-dislocations and transolecranon fracture-dislocations. 


Postoperative Care 


Patients are placed in a well-padded posterior splint for 7 to 10 days postoperatively. The splint is removed and the patient is started on ROM exercises 
consisting of active and active-assisted flexion and extension. A hinged elbow brace may be used postoperatively for extra support if ligamentous repair has 
been performed. Concomitant ligament injury will modify the postoperative protocol and is highlighted in the elbow instability chapter. 


Potential Pitfalls and Preventive Measures 


Monteggia Fracture-Dislocations and Transolecranon Fracture-Dislocations: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Instability e Anatomic restoration of ulnar length and dorsal angulation 
e Restoration of the anatomy of the greater sigmoid notch 
e Repair of ligament complex 
e Addressing coronoid fracture 

Loss of fixation and nonunion © Appropriate choice of implant 


Elbow stiffness e Encourage early ROM 


D 

i |. AP (A) and lateral (B) radiographs of a 70-year-old woman after a mechanical fall onto outstretched hand with a Bado type II Monteggia fracture- 

Tees a a radial head fracture. After anatomic reduction of the ulna was performed, the radial head was replaced. C, D: At 1 year after surgical fixation, the 
patient had a healed fracture with full range of motion with asymptomatic heterotopic ossification about the elbow. 


The key to avoiding pitfalls is to recognize the various aspects of the injury and to approach them in a systematic fashion. LCDC plates and precontoured 
locked olecranon plates are the implants of choice, as tension bands and one-third tubular plates are associated with high rates of failure.‘’?'° Proximal 
fractures should have precontoured plates that not only have screws in orthogonal planes but also extend distally into the diaphysis past the fracture.'*> 
The coronoid fracture should be addressed if present to prevent late or postoperative instability. A thorough examination both clinically and fluoroscopically 
should be performed to assess for ligamentous injury in every case prior to closure. If the radial head does not reduce, the ulna reduction should be checked 
to confirm that it is anatomic. In the vast majority of cases, ulnar fracture malreduction is the cause of persistent radial head subluxation. If the ulnar fracture 
is anatomically reduced, then it is possible that there is interposition of a torn annular ligament, common extensor origin, unrecognized osteochondral 
fragment, or other structures causing the subluxation. In this setting, an elbow arthrotomy and exploration should be performed. Elbow stiffness and HO 
formation is possible. However, the routine use of radiation has been associated with nonunion, and it should be reserved for patients with high risk (i.e., 
associated head injury or burns). 


Outcomes 


Monteggia fracture-dislocations and transolecranon fracture-dislocations were historically associated with poor outcomes; however, newer implants as well 
as a comprehensive understanding of the injury have led to a systemic way of treating this injury leading to improved outcomes. Ring et al. reported on 48 
patients with a majority of Bado type II fractures and described excellent outcomes in 40 patients at 10 years postinjury. They noted that an associated radial 
head fracture was a prognostic indicator for a poor outcome.!*® A similar study done by Konrad et al. noted a 73% excellent or good outcome in 47 
fractures at a mean follow-up of 8.4 years.8? Fractures of the radial head and coronoid were prognostic indicators for a poor outcome. Strauss et al. showed 
that posterior Monteggia fractures with a concomitant ulnohumeral dislocation portended worse outcomes.'*? Beingessner et al. noted good to excellent 
functional outcomes in Jupiter type IID fractures when there was an anatomic reduction achieved, with an average ROM from 18 to 119 degrees.!5 Klug et 
al. demonstrated that Monteggia-like lesions with radial head fractures (Mason II and Mason III) had poorer outcomes with associated coronoid fractures 
and radial head arthroplasty.°° 

Ring et al. in a series of 17 patients with transolecranon fracture-dislocations had good to excellent outcomes in 15 of the 17 patients in a 2-year follow- 
up.” Mouhsine et al. also noted excellent outcomes in 10 of 14 patients with transolecranon injury at an average of 3.6-year follow-up.!°* Mortazavi et al. 
had an average ASES score of 89 points with no instability and an arc of motion of 115 degrees of flexion and 158 of forearm rotation.!°? Luengo-Alonso et 
al. at an average of 1 year postoperatively demonstrated a mean arc of motion of 123 degrees with DASH scores of 36 and a VAS of 0.46." Haller et al. 
have published on the largest series to date of 35 patients with transolecranon fracture-dislocations with a mean follow-up of more than 2 years. Patients 
with isolated transolecranon dislocations had a significantly better QuickDash score than patients with transolecraon fracture dislocations with associated 
coronoid fractures, radial head fractures, or distal humerus fractures.°° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO MONTEGGIA FRACTURE-DISLOCATIONS AND TRANSOLECRANON FRACTURE- 
DISLOCATIONS 


Monteggia Fracture-Dislocations and Transolecranon Fracture-Dislocations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Stiffness and heterotopic ossification 
e Loss of fixation 
e Instability 


Most complications are related to the severity of the injury and the quality of the reduction. The radial head and ulnohumeral joint will not reduce without 
an anatomic reduction of the ulna and greater sigmoid notch. Implants such as tension bands and one-third tubular or recon plates should be avoided in this 
injury as they are not biomechanically strong enough. As with radial head fractures and olecranon fractures, screws should be countersunk and plates should 
be placed in the safe zone: there should be no hardware articulating in the PRUJ. While motion can be expected to decrease most notably in fracture- 
dislocations, ROM should be started as soon as possible in a safe manner. Heterotopic bone ossification does occur; however, there is no consensus on 
prophylaxis. Early excision of HO can lead to improved ROM if it develops.?” Instability is often due to inadequate fracture reduction, fixation or associated 
coronoid and radial head fractures, or ligamentous insufficiency.!2*!8 If these issues are unable to be addressed, a hinged external fixator or ligament 
reconstruction can be considered. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO MONTEGGIA 


FRACTURE-DISLOCATIONS AND TRANSOLECRANON FRACTURE-DISLOCATIONS 


Monteggia fracture-dislocations and transolecranon fracture-dislocations are part of a spectrum of complex injuries. A greater understanding of these injury 
patterns has led to a systematic approach to address these challenging fractures. While outcomes have improved, the patients still have disability compared 
to their contralateral extremity and should be counseled regarding this. It should be noted that the infrequency of these injuries results in small retrospective 
series that guides for treatment: there are few high-quality prospective or comparative studies. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO DIAPHYSEAL FRACTURES OF THE RADIUS AND 
ULNA 


INTRODUCTION TO DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


The forearm plays an important role in positioning of the hand in space by flexion and extension of the elbow and wrist as well as pronation and supination 
through the proximal radioulnar joint (PRUJ) and distal radioulnar joint (DRUJ). Fractures of the ulnar and radial shaft can therefore result in significant 
dysfunction if treated inadequately. 

This chapter will address fractures of the ulnar and radial shaft. Galeazzi and Monteggia fracture dislocations while mentioned, will be addressed in 
depth in Chapters 42 and 43, respectively. Radial shaft fractures are defined as those occurring between the radial neck proximally and the junction of the 
metaphysis and diaphysis distally, approximately 3 cm proximal to the distal articular surface. Ulnar shaft fractures are defined as those occurring between 
the distal aspect of the coronoid proximally and the ulnar neck distally. 


EPIDEMIOLOGY OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Data gathered from the 1998 National Hospital Ambulatory Medical Care Survey (NHAMCS) estimated an annual occurrence of 1,465,874 forearm/hand 
fractures, accounting for 1.5% of all emergency department visits that year. Radius and ulna fractures constituted 44% of these fractures. However, it was 
not specified what percentage of fractures involved the shaft.!° Distal radius fractures are the most frequent fractures of the upper extremity and hence 
account for the most fractures occurring in the forearm. +19 It is estimated that 1 diaphyseal forearm fracture occurs for every 10 distal radius fractures. 

The incidence of forearm shaft fractures has remained stable over time.'! The average yearly incidence in adults has been reported to be 1.35 per 10,000 
population, ranging from 0 to 4 per 10,000 population depending on age and gender. This incidence is relatively infrequent compared with that of humerus 
shaft (0-10), femur (0-37), and tibia (0-21).'°° Four-fifths of forearm shaft fractures occur in children. Above the age of 20, the yearly incidence of forearm 
shaft fractures remains below 2 per 10,000 people, predominating in males throughout all age groups.!! 


Clinical studies on forearm fractures, without exception, show that forearm fractures predominantly occur in male patients. The proportion of males 
ranges from 63% to 91%,°-1836.46.81,82 The mean age ranges from 24 to 37 years, and most forearm fractures occur during the first four decades of 
life.9-18.22,36,37,46,50,81,82,90,106,128 Over half of all forearm shaft fractures occur in males within the ages of 15 and 39 years. Like femoral and tibial shaft 
fractures, forearm shaft fractures have the highest incidence in males aged 15 to 40 years. In females, a lower incidence of forearm shaft fractures is 
observed throughout life. A peak incidence has been reported in the seventh decade of life.!°-!°5 The distribution of forearm fractures is type B (see Chapter 
6). 

Among U.S. high school athletes, the incidence of forearm fractures is 4 per 10,000 athlete exposures, defined as one athlete participating in one 
practice or competition. The incidence is highest in male football and female soccer players at 6 per 10,000 athlete exposures and lowest for volleyball 
players at 1 per 10,000 athlete exposures. 140 

Motor vehicle accidents account for a significant proportion of forearm shaft fractures. It is estimated that 4% of restrained front seat passengers 
involved in a motor vehicle collision suffer a fracture of the upper extremity. In this setting, forearm fractures account for one-quarter of upper extremity 
fractures, a fraction that is equal to that of wrist and hand fractures. 115 

Monteggia fractures account for 13% and Galeazzi fractures for 23% of forearm fractures.!® 


ASSESSMENT OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


MECHANISM OF INJURY OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Most forearm shaft fractures occur in young males with good bone quality. Injuries therefore most frequently occur in the setting of high-energy trauma 
such as motor vehicle accidents, fall from height, or sports injuries, !527997882,91,113 

The force generated by trauma can be applied either directly or indirectly to the diaphysis of the radius and/or ulna. Direct injury frequently results from 
gunshot injuries or from blunt injury to the forearm. In both instances, injury to the soft tissues can be substantial (Figs. 42-1 and 42-2). Isolated ulnar shaft 
fractures almost invariably occur as a consequence of direct injury to the ulnar shaft as the arm is raised to protect the body from a blow,!*! hence the 
descriptive term “night stick fractures” (Fig. 42-3). In this instance, given the subcutaneous location of the ulnar shaft, fractures may occur with only minor 
energy and exhibit less significant soft tissue injury. However, the thinner overlying soft tissue envelope makes these fractures more prone to being open, 
especially when severely displaced. 

Indirect trauma, on the other hand, occurs either from bending or torsional forces. Bending forces can result in both-bone forearm fractures that are 
located at similar segments along the diaphysis of the ulna and radius (Fig. 42-4). In addition, bending forces can result in a Monteggia fracture dislocation, 
in which the proximal ulna is fractured and the radius dislocates from the radiocapitellar joint and PRUJ in the direction of the apex of the ulnar deformity 
(Fig. 42-5). Torsional forces with axial loading, such as those occurring during a fall with a hyperpronated forearm and wrist extension, can lead to both- 
bone forearm fractures at different levels or to Galeazzi fracture dislocations (Figs. 42-6 and 42-7). With this mechanism, a fracture is generated through the 
radial shaft and progresses distally rupturing the interosseous membrane, distal radioulnar ligaments, and finally injuring the triangular fibrocartilage 
complex (TFCC), thereby rendering the DRUJ unstable.>**.9! While hyperpronation of the wrist is considered to generate Galleazzi fractures with anterior 
dislocation of the ulnar head, Galleazzi fractures with a posterior ulnar head dislocation are believed to occur as a consequence of a hypersupination injury 
and a fall onto the outstretched hand.** 


SIGNS AND SYMPTOMS OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


With a fracture of the forearm, there will be a history of a lower energy injury such as a fall on to the outstretched hand, a direct blow, or a higher energy 
injury such as a fall from a height or a road traffic accident. The patient will complain of pain and swelling in the forearm and where there is displacement 
may also complain of a visible deformity. Neurologic injury should be suspected if there are neurologic symptoms. A history of distant pain suggests an 
associated injury in the ipsilateral limb or elsewhere. 

On examination, there will be swelling in the forearm and deformity in case of fracture angulation or displacement. The skin should be inspected to rule 
out any open wounds, which most commonly occur on the ulnar side. In the absence of neurologic injury, tenderness at the area of the fracture is invariable 
in the conscious patient and is useful in raising clinical suspicion in the undisplaced fracture without deformity. A thorough neurologic examination should 
be performed to exclude peripheral nerve injury. The examiner should remember to look for the symptoms and signs of acute compartment syndrome (see 
Chapter 18). 
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Figure 42-1. A, B: Segmental open both-bone forearm fracture. C, D: Intraoperative fluoroscopic images. Initial fixation of the radius was performed after irrigation 
and debridement. Reduction was obtained with butterfly fragment reduction followed by provisional fixation using mini fragment implants on the radial border, 
butterfly fragment was subsequently removed as it was devitalized. Neutralization was performed with small fragment plate. Fixation of ulna was obtained using a 
combination of lag screw placement and provisional stabilization with mini fragment plates. Construction was neutralized with small fragment plate. Plate was used as 
neutralization construct for proximal fracture and in compression for distal fracture. E, F: Follow-up images 3 months after surgery. 
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Figure 42-2. A, B: Gunshot comminuted fracture of the radius and ulna. C, D: Postoperative radiographs 6 months after fracture fixation with a 3.5-mm bridging 


plate for the ulna and lag screw with neutralization plate fixation for the radius. 
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Figure 42-3. A, B: Nightstick fracture. Minimally displaced isolated ulna shaft fracture. Treatment consisted of a short arm brace for 6 weeks leading to uneventful 
healing. 


ASSOCIATED INJURIES WITH DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Approximately one-third of forearm shaft fractures treated surgically occur as isolated injuries.‘’ The remaining fractures occur in the presence of at least 
one additional injury. Associated injuries can be grouped into those occurring adjacent to the forearm shaft fracture, those occurring in other sites of the 
musculoskeletal system, and those affecting other organ systems. Injuries occurring locally surrounding the diaphyses of the radius and ulna range from 
minor contusions of the soft tissue sleeve in isolated minimally displaced ulna (nightstick) fractures to marked soft tissue injury in both-bone fractures and 
fracture dislocations. With increasing energy, a greater extent of fracture comminution and displacement is seen, which in turn increases the risk of injury to 
the surrounding muscles. Direct trauma to the forearm causes blunt injury to the soft tissue sleeve, while fracture displacement will lead to laceration of the 
soft tissues by the sharp edges of the fracture and may injure the interosseous membrane, muscles, neurovascular structures, and skin. Rupture of the 
interosseous membrane occurs along the path connecting both shaft fractures in both-bone forearm fractures or the fracture and associated radioulnar joint 
disruption in fracture dislocations, which may be proximal or distal. 

Monteggia fractures exhibit disruption of the interosseous membrane from the fracture site at the proximal half of the ulnar shaft to the PRUJ. The radial 
head dislocates in the direction of the deformity of the apex of the ulnar fracture, thereby disrupting the annular ligament. Occasionally, the radial head may 
buttonhole through the joint capsule, displacing but leaving the annular ligament intact. 
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Figure 42-4. A, B: Both-bone forearm fracture. Note that both displaced fractures occurred at the same level of the ulna and radius. A nondisplaced fracture of the 


distal ulnar shaft is present. C, D: Postoperative radiographs after open reduction and internal fixation. Compression at the fracture site was achieved with dynamic 
plating. 


Figure j. A: Monteggia fracture dislocation. Note an apex anterior deformity of the ulnar shaft with anterior dislocation of the radial head. B: This patient had a 
concomitant humerus shaft fracture. C, D: Postoperative radiographs after open reduction internal fixation of both the ulna and humerus. Reduction of the 
radiocapitellar and proximal radioulnar joint was achieved with reduction of the ulnar fracture. 


Isolated radial shaft fractures, typically at the distal third, with associated disruption of the DRUJ are known as Galeazzi fracture dislocations. Other 
eponyms for this injury include “fracture of necessity,” Piedmont fracture, and reverse Monteggia fracture.*’ These injuries represent 7% to 25% of isolated 
radial shaft fractures.?°*-? Ring et al.+4° established that in the setting of isolated radial shaft fractures, an associated DRUJ injury was present in 10 out of 
36 cases. According to Rettig and Raskin, isolated radial shaft fractures located within 7.5 cm of the lunate facet of the distal radius are at increased risk for 
DRUJ disruption.!'* In addition, Moore et al. in a cadaveric model noted 5 mm of radial shortening on a standard posteroanterior (PA) wrist radiograph 
correlated with a higher incidence of DRUJ injury.”” However, a recent study by Tsismenakis and Tornetta found the values reported by Rettig and Raskin 
and by Moore et al. to have poor reliability in predicting DRUJ disruption. The authors instead recommended an intraoperative examination to determine 
DRUJ instability. Albeit rare, disruption of the DRUJ may also occur in the presence of both-bone forearm fractures and isolated ulna 
fractures. 2449 
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Figure 42-6. A, B: Both-bone forearm fracture. The mechanism of injury of this fracture was likely torsional in nature, leading to fracture of the shafts of both the 
ulna and radius at different levels. A concomitant radial styloid fracture is present. C-E: Intraoperative fluoroscopic images. Fixation of the radius and ulna was 
achieved with 3.5-mm plates and screws. Alternatively, a lag screw could have been placed through the oblique fracture of the radius. The radial styloid was fixed with 
a headless compression screw. F, G: Postoperative radiographs. 
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-7. A-D: Galeazzi fracture dislocation. Note a displaced fracture of the distal radial shaft with pronounced shortening of the radius and an avulsion fracture 
of the ulnar styloid. E-H: Intraoperative fluoroscopic images showing fracture reduction onto the plate held by lobster clamps. Fixation is achieved with dynamic plate 
compression and a total of six cortices being engaged by screws on each side of the fracture. I-L: Postoperative radiographs 2 weeks after surgery. M, N: Radiographs 
at 3 months after surgery showing a healed fracture. 


Although the exact incidence of elbow dislocations in the setting of both-bone forearm fractures is not known, this constellation has been reported in 


several case reports (F ).£ 90/99 Similarly, radial head fractures may be associated with diaphyseal forearm fractures.: 

Associated injuries most frequently affect either the upper or lower extremities. Upper extremity injuries occur in up to 26% of forearm fractures and 
include humeral shaft fractures, proximal humerus fractures, elbow dislocation, wrist injuries (see 6),27»78:120 glenoid fractures,*° and contralateral 
forearm fractures.'?~:'>! Soft tissue injuries including distal biceps ruptures have been reported” as well as traumatic rotator cuff tears. 

Concomitant lower extremity fractures may occur, often affecting the tibial plateau, fibula, patella, femur,*>^> tibia and ankle,’° pelvis, and 
acetabulum. 

The frequency of open fractures ranges from less than 10% in isolated radial shaft fractures to 43% of both-bone forearm fractures. !5-18.27,39.51,78.82 Open 


fractures most frequently are type I according to the Gustilo and Anderson classification.*’ They most frequently occur as a skin disruption from within, in 
which the sharp fracture edges pierce through the skin in an inside-out fashion. Displaced ulnar shaft fractures are at particular risk of being open, given the 
subcutaneous location of this bone. Crush injuries and high-velocity gunshot wounds account for type III open fractures and are frequently accompanied by 
marked contamination, severe disruption of the muscular envelope, and injury to the neurovascular structures.°”” 


The forearm is the second most frequent location of acute traumatic compartment syndrome.*°** Compartment syndrome of the forearm occurs in 3% of 
forearm fractures and most frequently occurs in males under 35 years of age with potentially devastating consequences if not surgically released, 
including muscle necrosis, neurologic deficits, contractures, and chronic pain.?®68.88 A high level of suspicion should be present for this complication, even 
in fractures caused by seemingly minor trauma. Patients most frequently present with palpable swelling of the forearm. Pain out of proportion with passive 
extension of the digits is the most sensitive test to clinically diagnose compartment syndrome. Intracompartmental pressure measurement is recommended 
with an inconclusive physical examination or in the nonresponsive patient. Compartmental pressures within 30 mm Hg of the patient’s diastolic blood 
pressure are diagnostic for compartment syndrome. Once the diagnosis of compartment syndrome has been established (see ), emergent 
compartment release is required. Release of all four compartments is generally recommended: volar deep, volar superficial, dorsal, and mobile wad (see 
anatomy section in this chapter). The volar compartments are released through an incision proximally starting lateral to the distal biceps tendon and 
extending distally in a medial curve over the midforearm and toward the midline at the level of the wrist. The lacertus fibrosus is released proximally to 
decompress flexor carpi ulnaris (FCU). The deep compartment fascia is released between FCU ulnarly and flexor digitorum superficialis (FDS) radially. A 
release of the carpal tunnel is routinely recommended in this setting and can be performed by extending the incision distally across the wrist crease. In many 
instances, release of the volar compartments alone is sufficient to decompress the forearm. However, if there is any doubt for further involvement, the dorsal 
and mobile wad compartments should also be released. This release is done through a straight dorsal incision extending from 2 cm distal to the lateral 
epicondyle toward Lister tubercle. The fascia overlying the mobile wad and dorsal compartment is next released. The wounds are usually left open and 
covered with the forearm splinted for 48 hours. Closure can at this point be attempted even though partial thickness skin grafting is required in two-thirds of 
patients.“”°° Even with prompt treatment, complications occur in 42% of forearm compartment syndromes, with neurologic deficit being the most frequent. 
A detailed discussion of acute compartment syndrome is provided in (C 


While some regional variation is reported in the literature, about half of forearm shaft fractures occur in the setting of multisystem trauma. >°=°* The most 
frequent nonskeletal injuries are closed head injury and peripheral neurologic injuries.*?»**’°"-" In one series, closed head injuries occurred in one-quarter 
of patients with forearm fractures.-° Forearm fractures can occur in the presence of injuries to the brachial plexus and radial, posterior interosseous, ulnar, 
and median nerves.*»:’*""” Radial nerve injuries may occur either as a transection of the nerve from the forearm shaft fracture or as a consequence of an 
ipsilateral humerus shaft fracture.*’ Neurologic injury has been reported in 38% of forearm fractures caused by low-velocity gunshot wounds. Of these, 43% 
resulted in permanent nerve palsy. A concomitant ulnar artery disruption has been reported in only 3% of such cases. 


Figure 42-8. A-D: Both-bone forearm fracture with associated posterior elbow dislocation. E-H: After initial closed reduction of the elbow, open reduction internal 
fixation was performed. At 3 months after surgery, fracture healing was observed. Ossification of the medial collateral ligament of the elbow could be seen 
radiographically, without limiting the patient’s range of motion. 


Forearm fracture may occur in patients with abdominal and pelvic trauma with associated aortic transection, kidney laceration, and pelvic fractures.*” 
In a series of 23 forearm fractures, Goldfarb et al. reported one patient who had suffered an aortic dissection and kidney laceration after a motor vehicle 
accident.” 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DIAPHYSEAL FRACTURES OF THE RADIUS 
AND ULNA 


Forearm fractures are routinely diagnosed with anteroposterior (AP) and lateral radiographs of the forearm. These images should show the forearm from the 
elbow to the wrist. A standard AP view of the forearm is taken with the elbow extended and the forearm in full supination. A standard lateral radiograph is 
taken with the shoulder abducted to 90 degrees, elbow flexed to 90 degrees, and the forearm in full supination (Fig. 42-9). This allows for two views to be 
orthogonal to each other. In some instances, additional oblique views may be helpful. 
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Figure 42-9. A, B: AP of forearm performed with elbow extended and forearm supinated. C, D: La 
forearm supinated. 


Historically, determining the position of the bicipital tuberosity had been used to allow for rotational correction of displaced fracture of the radial shaft 
treated nonoperatively. The position of the bicipital tuberosity of the proximal radius can aid in assessing the amount of pronation or supination of the 
proximal fragment. The tuberosity view is taken with the elbow bent 90 degrees, the lateral and medial epicondyles equidistant from the plate, and the 
radiographic tube angulated 20 degrees posteriorly from the normal AP trajectory. Depending on the morphology of the biceps tuberosity on this view, the 
amount of pronation or supination of the proximal radius can be determined with the help of a reference image, so that distal segment rotational alignment 
can be adjusted. Given that the vast majority of displaced radial shaft fractures are treated operatively, this view has lost utility. 

Dedicated radiographs of the elbow and wrist are also recommended to rule out associated injuries to these joints (see Figs. 42-7C,D and 42-8C,D).!4° 
This is of special importance in isolated fractures of the ulna or radius to rule out Monteggia and Galeazzi fracture dislocations, respectively. However, even 
in both-bone forearm fractures, dislocation of the DRUJ, PRUJ, and elbow may occur. Unrecognized fractures of the proximal and distal ends of the ulna 
and radius, as well as injuries to the carpus and distal humerus, may also be identified. AP and lateral elbow radiographs are required to demonstrate 
alignment of the axis of the radial neck with the capitellum, which, in the presence of a reduced ulnohumeral joint, will confirm reduction of the PRUJ. PA 
and lateral wrist radiographs should show the ulnar head located within the sigmoid notch of the radius. Ulnar variance (see Chapter 43) should be 
quantified for objective assessment of the DRUJ. Dorsal displacement of the distal ulna and a change in ulnar variance of more than 5 mm suggest an injury 
to the DRUJ.9°!29 Due to the variability of ulnar variance, contralateral wrist radiographs can be useful to determine the patient’s normal anatomy. 
Additional radiographic signs for disruption of the DRUJ are fracture of the base of the styloid, widening of the DRUJ on the PA view, and dislocation of 
the ulna seen on the lateral view (see Fig. 42-7).42.°8 

Computed tomography (CT) and magnetic resonance imaging are rarely required for the assessment of acute forearm fractures. CT is useful in 
confirming the radiographic and clinical suspicion of a nonunion. Furthermore, 3D CT reconstruction images can be useful in the presence of rotational 
fracture malunions and instability at the DRUJ (Fig. 42-10).!° Magnetic resonance imaging can be used to diagnose injuries to the DRUJ and associated 
TFCC as well as to delineate disruption of the interosseous membrane.!*? Ultrasound has been described to assess the integrity of the interosseous 
membrane.?>»!49 


CLASSIFICATION OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


As in most extremities, fractures of the forearm are described according to their location, pattern, displacement, and associated soft tissue disruption. From a 
therapeutic perspective, the following are answered when assessing a fracture of the forearm: 


Figure 42-10. Computed axial tomogram showing volar subluxation of the right distal radioulnar joint (arrow) and volar translation of the distal ulna in relation to the 
radius because of incomplete reduction of a fracture of the distal radial diaphysis. There is little contact remaining between the dorsal articular surface of the distal ulna 
and the volar lip of the distal radial articular surface. 


What bone(s) is (are) fractured? 

In what location is the fracture (proximal, middle, distal third)? 

What is the fracture pattern (simple transverse, simple oblique, comminuted)? 
Is there instability at the distal or PRUJ? 

Is the fracture open or closed? 

Is a vascular injury present? Does it threaten limb viability? 

Is a previous implant present? 

Is a previous deformity present? 

Is the bone stock normal? 


No single classification takes into account all the above variables. In most instances, forearm shaft fractures are classified according to location 
(proximal, middle, and distal third) or fracture comminution.!®8° Open fractures are classified according to Gustilo’s classification and the OTA open 
fracture classification,2*”“8 whereas Monteggia and Galeazzi fractures have their own subclassifications.”*!! 

The OTA/AO classification is the most widely used fracture classification of fractures of the forearm. Since forearm fractures affect the diaphysis of the 
forearm, they are identified by the number 22 (2 for forearm, 2 for shaft).°° Type A fractures are simple fractures, type B are wedge fractures, and type C 
are complex (highly comminuted or segmental) fractures. Type A and B fractures involve either the ulna (types A1, B1), the radius (types A2, B2), or both 
bones (types A3, B3). Type C fractures involve both bones, with a simple fracture of the radius and segmental comminution of the ulna in type C1, a simple 
fracture of the ulna and segmental comminution of the radius in type C2, and segmental comminution of both bones in type C3. Monteggia fractures are 
classified as types A1.3 and B1.3, depending on whether the ulnar fracture is simple (A1.3) or wedged (B1.3). Furthermore, Monteggia fracture dislocations 
in which both the radius and ulna are fractured are classified as type A3.2 or B3.2. Conversely, Galeazzi fracture dislocations are classified as types A2.3 
and B2.3 depending on whether the radial fracture is simple (A2.3) or wedged (B2.3). Galeazzi fracture dislocations in which both the radius and ulna are 
fractured are classified as type A3.3 or B3.3.°° Although the OTA/AO system has been widely adopted as the universal classification system for fractures, 
its utility in the management of forearm fractures is restricted mainly to research purposes because of the complexity of its nomenclature and low reliability 
(Fig. 42-11).68 

Isolated ulna fractures are classified as stable or unstable. Stable fractures are those with less than 50% of displacement and less than 10 degrees of 
angulation.?! This simple classification method has been widely accepted for decision making between operative and nonoperative management of these 
isolated fractures, 130,131,158 


Monteggia Fracture Dislocation 


Monteggia fracture dislocations (or lesions) consist of a proximal radial dislocation and a fracture of the ulna. They are classified according to Bado based 
on the direction of the apex of the ulnar fracture and the direction of the proximal radial dislocation (Fig. 42-12)’: 


Type I: Anterior dislocation of the radial head, fracture of the ulnar diaphysis at any level with anterior angulation. 

Type II: Posterior or posterolateral dislocation of the radial head, fracture of the ulnar diaphysis with apex posterior angulation. 

Type III: Lateral or anterolateral dislocation of the radial head, fracture of the ulnar metaphysis. This occurs almost exclusively in children, but isolated 
cases in adults have been described. 

Type IV: Anterior dislocation of the radial head with a fracture of the proximal third of the ulna and fracture of the radius at the same level. These occur 
exclusively in adult patients.” 


Several fracture “equivalents” have been described in the literature, affecting either the proximal ulna or the radius at the elbow, and are hence beyond 
the scope of this chapter.” 

Understanding the deformity of the ulna and the direction of dislocation of the radial head is important for fracture reduction. In most instances, 
reduction of the ulnar fracture leads to reduction of the radial head. While type I fractures are considered the most frequent type in children,!*! type II 
fractures account for up to 80% of Monteggia fracture dislocations in adults.!!® Importantly, type II Monteggia fractures are frequently associated with 
radial head or coronoid fractures, therefore representing a more complex injury, potentially affecting elbow stability.!!® Jupiter et al.66 noted that although 


the most frequent site of ulnar fracture in type II Monteggia fractures is at the proximal shaft, it may occur at the proximal epiphysis or metaphysis. Type II 
Monteggia fractures were therefore further subclassified into four different patterns: 
ITA: Very proximal ulna fracture through the coronoid 

IIB: Fracture at the junction of the proximal metaphysis and diaphysis of the ulna 
IIC: Diaphyseal ulnar fracture 

IID: Complex fracture involving the ulna from the olecranon into the diaphysis 


Galeazzi Fractures 


Galeazzi fractures consist of a fracture of the radial shaft with dislocation of the DRUJ. They are subclassified according to the distance of the radial fracture 
from the articular surface. Type I fractures occur within 7.5 cm of the articular surface of the distal radius, and type II more proximally. The relevance of 
this classification lies in that type I is associated with a significantly higher rate of instability of the DRUJ, frequently requiring open repair of this joint. +t? 
DRUJ dislocations associated with Galeazzi fractures can additionally be classified as simple or complex. Simple dislocations readily reduce after radial 
alignment has been restored, whereas complex dislocations are those in which the DRUJ is irreducible after anatomic reduction of the radial shaft fracture." 
Interposition of the extensor carpi ulnaris (ECU) or extensor digiti minimi (EDM) between the distal radius and ulna have been described as causes for 
DRUJ irreducibility.197112.13° 


Bone: Radius/ulna Location: Diaphyseal (22) 


Types: 
A. Simple (22-A) B. Wedge (22-B) C. Complex (22-C) 
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Groups: 
Radius/ulna, diaphyseal, simple (22-A) Radius/ulna, diaphyseal, wedge fracture (22-B) Radius/ulna, diaphyseal, complex (22-C) 
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Subgroups and qualifications: 

Radius/ulna, diaphyseal, simple fracture of ulna (22-A1) 

1. Oblique (22-A1.1) 2. Transverse (22-A1.2) 3. With dislocation of radial head 
(Monteggla) (22-A1.3) 


Al 


Radius/ulna, diaphyseal, simple fracture of radius (22-A2) 
1. Oblique (22-A2.1) 2. Transverse (22-A2.2) 3. With dislocation of distal radio- 
ulnar Joint (Galeazzi) (22-A2.3) 


A2 


Radius/ulna, diaphyseal, simple fracture of both bones (22-A3) 

(1) without dislocation 

(2) with dislocation of radial head (Monteggia) 

(3) with dislocation of distal radioulnar joint (Galeazzi) 

(based on level of radial fracture) 

1. Radius, proximal zone (22-A3.1) 2. Radius, middle zone (22-A3.2) 3. Radius, distal zone (22-A3.3) 


A3 


Radius/ulna, diaphyseal, wedge fracture of ulna (22-B1) 


1. Intact wedge (22-B1.1) 2. Fragmented wedge (22-B1.2) 3. With dislocation of radial head 
(Monteggia) (22-B1.3) 


B1 


Radius/ulna, diaphyseal, wedge fracture of radius (22-B2) 


1. Intact wedge (22-B2.1) 2. Fragmented wedge (22-B2.2) 3. With dislocation of distal radio- 
ulnar joint (Galeazzi) (22-B2.3) 


B2 


Radius/ulna, diaphyseal, wedge of 1, simple or wedge of other (22-B3) 


(1) Without dislocation 
(2) Without dislocation of radial head (Monteggia) 
(3) With dislocation of distal radioulnar joint (Galeazzi) 


1. UIna wedge, simple fracture radius 2. Radial wedge, simple fracture of 3. Radial and ulnar wedge (22-B3.3) 
(22-B3.1) ulna (22-B3.2) 


B3 


Radius/ulna, diaphyseal, complex fracture of ulna (22-C1) 


1. Bifocal, radius intact (22-C1.1) 2. Bifocal, with radial fracture (22-C1.2) 3. Irregular of ulna (22-C1.3) 
(1) Without dislocation (1) Radius simple (1) Radius intact 

(2) With radial head dislocated (2) Radius wedge (2) Radius simple 

(Montegia) (3) Radius wedge 


Radius/ulna, diaphyseal, complex fracture of radius (22-C2) 


1. Bifocal, ulna intact (22-C2.1) 2. Bifocal, ulna fracture (22-C2.2) 3. Irregular (22-C2.3) 
(1) Without dislocation (1) Simple ukna (1) Ulna intact 

(2) With dislocation of distal radioulnar (2) Wedge ulna (2) Ulna simple 

joint (Galeazzi) (3) Ulna wedge 


Radius/ulna, diaphyseal, complex of both bones (22-C3) 
1. Bifocal (22-C3.1) 2. Bifocal of 1, irregular of other (22-C3.2) 3. Irregular (22-C3.3) 


(1) Bifocal radius, irregular ulna 
(2) Bifocal ulna, irregular radius 


Figure 42-11. Shaft fractures of the forearm according to the unified OTA/AO classification. Forearm shaft fractures are identified by the number 22 (2 for forearm, 2 


for shaft). Type A fractures are simple fractures, type B are wedge fractures, and type C are complex (highly comminuted or segmental) fractures. See text for further 
detail. (Reprinted with permission from Marsh JL, et al. Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association classification, 
database and outcomes committee. J Orthop Trauma. 2007;21(10 Suppl):S1—S133.) 


Open Fractures 


Open forearm fractures are classified according to the Gustilo and Anderson classification and the OTA open fracture classification.”4”“* Refer to Chapter 
16 for a full review of these classification systems. 


OUTCOME MEASURES FOR DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Results after forearm fractures are assessed mainly based on complications, pain, range of motion, grip and pinch strength, radiographic alignment, and 
evidence of healing.5-8:15:18.22,27,43,50,53,132 

Fracture healing is determined as fracture bridging seen on at least three out of four cortices on AP and lateral radiographs. Anderson et al.? classified 
fractures healing within 6 months of surgery as unions, those healing after 6 months without additional intervention as delayed unions, and those that failed 
to heal after 6 months or required additional unplanned surgical intervention to achieve healing as nonunions. 

Infection is frequently subdivided into superficial, deep, and osteomyelitis. Superficial infections involve the skin and subcutaneous tissue, whereas deep 
infections are present below the fascia involving the fracture site and the implant.!® Infection is most frequently defined based on clinical signs of local 
infection, including erythema, hyperthermia, edema, and drainage. Furthermore, laboratory values including elevated erythrocyte sedimentation rate (ESR), 
C-reactive protein (CRP), leukocytosis, and positive cultures are used to confirm the clinical suspicion. Osteomyelitis is defined as infections that yield 
positive bone cultures after surgical intervention. !® 

Forearm rotation from 50 degrees of pronation to 50 degrees of supination has been considered the minimum arc of motion to perform most activities of 
daily living.!°° This has served as a goal for motion after forearm fracture fixation. However, recently, more sophisticated technology has been used to 
determine that a larger arc of motion is required to perform occupation- and hygiene-related activities.!2” In addition, Matthews showed that a loss of greater 
than 20 degrees of pronosupination results in a significant functional deficit as well as an undesirable aesthetic deformity.®” Deficits of pronation can be 
more easily overcome by abduction at the shoulder. 

Anderson et al. devised an outcome scale by which results were based on final range of motion. An excellent rating was given to patients with less than 
10 degrees loss of wrist flexion—extension and less than 25% loss of pronosupination. Patients with a satisfactory result achieved union with less than 20 
degrees loss of flexion—extension and less than 50% loss of pronosupination. Unsatisfactory results were those with union with more than 30 degrees loss of 
flexion—extension and greater than 50% loss of pronosupination. A failure of treatment is determined by nonunion with or without loss of motion.*!° Grace 
and Eversmann devised a similar outcomes tool in which an excellent result was given to a healed fracture with at least 90% of normal rotation determined 
by the uninjured contralateral side. A good result is defined as a healed fracture with 80% to 89% of normal rotation. An acceptable result is a healed 
fracture and 60% to 79% of normal rotation. Finally, an unacceptable result is defined as nonunion or fractures with less than 60% of normal forearm 
rotation. In the absence of an uninjured and normal contralateral side, normal pronosupination is considered to be 80 degrees.*° 

More recently, clinical studies on forearm fractures have included the use of a patient-specific outcomes measure, the Disability of the Arm, Shoulder 
and Hand (DASH) questionnaire. !®:?7:39.151 While this scale has not been validated specifically for forearm fractures, it has been widely validated for several 
conditions of the upper extremity and has been formally translated and validated in several languages. The DASH is a standardized questionnaire that 
assesses upper extremity function based on pain symptoms and physical, emotional, and social domains. It contains 30 questions, including 21 on physical 
function, 6 on symptoms, and 3 evaluating social function. Each question is answered with one of five possible multiple-choice answers. A high DASH 
score indicates more severe disability.°° 


Figure 42-12. Bado’s classification of Monteggia fractures. Type I: An anterior dislocation of the radial head with associated anteriorly angulated fracture of the ulna 
shaft. Type II: Posterior dislocation of the radial head with a posteriorly angulated fracture of the ulna. Type III: A lateral or anterolateral dislocation of the radial head 
with a fracture of the ulnar metaphysis. Type IV: Anterior dislocation of the radial head with a fracture of the radius and ulna. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO DIAPHYSEAL FRACTURES OF THE 


RADIUS AND ULNA 


The anatomy of the forearm is complex and requires a detailed understanding to avoid neurovascular injury during surgical treatment. 


OSSEOUS PLANE 


The osseous component of the forearm separates the anterior from the posterior aspect and is composed of the radius, ulna, and interosseous membrane (Fig. 
42-13). The evolution of forearm fracture treatment has led to a better understanding of the functional relationship between the radius and ulna during 
forearm rotation. Residual malalignment correlates directly to loss of motion and function.8”-!*9-!32.!42 In addition, malunion can result in a decrease in grip 
and pinch strength. 13? 


RADIUS 


The adult radius measures on average 25 cm in length (range 21-29 cm). At the junction of the proximal and middle third, the radius measures on average 
13 mm in the AP dimension and 16 mm in the mediolateral dimension. At the junction of the middle and distal thirds, the diameter of the radius is 12 mm in 
the AP dimension and 15 mm in the mediolateral dimension. The proximal radius comprises the radial head, neck, and biceps tuberosity. The radial head 
articulates with the radial notch (lesser sigmoid notch) of the proximal ulna medially and the capitellum (and marginally the trochlea) proximally. The shaft 
of the radius extends distal to the biceps tuberosity. It is located on the lateral aspect of the forearm in supination and anteriorly in pronation. It has a 
prismatic triangular shape that broadens from proximal to distal. It has two curvatures, one medial, the major radial bow, and one lesser anterior curvature. 
Distally, the radius broadens to articulate with the carpus. Medially, the distal radius articulates with the ulnar head through the sigmoid notch. 


Figure 42-13. Diagram showing the soft tissue connections of the radius and the ulna to each other. The proximal radioulnar joint is stabilized by the annular 
ligament. The distal radioulnar joint is stabilized by the dorsal and volar radioulnar ligaments and the triangular fibrocartilage complex. 


The major radial bow extends from the bicipital tuberosity to the ulnar aspect of the articular surface of the distal radius. Schemitsch and Richards 
studied the importance of restoring the major radial bow after operative fixation of forearm fractures. The maximum radial bow on the uninjured side was 
found to be located on average at 60% of the distance between the biceps tuberosity and ulnar side of the distal articular surface. At this point, the maximum 
distance from the line connecting the biceps tuberosity and the ulnar aspect of the distal articular surface to the medial aspect of the radial shaft was on an 
average 15.3 mm. Deviation from this distance after operative fixation correlated with a reduction in the normal range of rotation (Fig. 42-14).!°? 


Y 


Figure 42-14. Line drawing demonstrating technique to measure location and magnitude of radial bow.'*? A line is drawn for the biceps tuberosity to the ulna-most 
aspect at the distal radius articular surface, Y. Location of maximum radial bow is measured from the biceps tuberosity, X. An orthogonal line is then drawn at the 
point of the maximum bow, A. 


The nutrient artery to the radius enters the shaft on the volar aspect at an average of 9 cm distal to the radial head (range 6-12 cm). Proximal and distal 
cancellous bone in the metaphyses of the radius extends on an average 4 cm distal to the proximal articular surface and 5 cm proximal to the distal articular 
surface, respectively. The isthmus of the radial intramedullary (IM) canal is located at the midpoint of the radius in over 90% of cases. 1?3 


ULNA 


The ulna acts as the axis around which the radius rotates during pronosupination (Fig. 42-15).8° Effectively, the axis of rotation of the radius is located on 
the line connecting the center of the radial head and the head of the ulna. The proximal ulna comprises the olecranon and coronoid that form the trochlear 
notch (greater sigmoid notch) that articulates with the trochlea of the distal humerus. The radial notch (lesser sigmoid notch) is located on the lateral aspect 
of the proximal ulna, just distal to the trochlear notch. This concavity serves as the articulating surface for the radial head and as the insertion both anteriorly 
and posteriorly for the annular ligament. 


Figure 42-15. During pronosupination, the radius rotates about the ulna (arrow). The complex curvature of the radius and ulna allows approximately 150 degrees of 
rotation. 


The ulnar shaft is located on the medial aspect of the forearm, with a minimal anterior concavity. It has a broader prismatic shape proximally, becoming 
rounded and thinner distally. Posteriorly, the ulna has a clearly defined ridge proximally that separates the insertion of the FCU medially and anteriorly and 
the ECU laterally and posteriorly. Before reaching the wrist, the ulnar shaft broadens again to form the head and styloid process. Distally and laterally, the 
ulnar head articulates with the sigmoid notch of the radius. Distally, the base of the ulnar styloid serves as an insertion point for the TFCC. 


INTEROSSEOUS SPACE 


The ulna and radius create a space between their proximal and distal articulations that is somewhat oval. The greatest distance between the two bones is 
seen in full supination. This space is mainly occupied by the interosseous membrane and establishes a distinct separation between the anterior and posterior 
compartments. The interosseous membrane has a marked thickening with fibers running obliquely from proximal radial to distal ulnar known as the 
interosseous ligament or central band of the interosseous membrane. This structure is 3.5 cm wide and its fibers are oriented in an oblique fashion, 
approximately 20 degrees to the axis of the forearm.! In the presence of a proximal radius fracture, it acts as a constraint against radial shortening.!°? 
Hotchkiss et al.°” determined that the central band is responsible for 71% of the longitudinal stiffness of the interosseous membrane after radial head 
resection (Fig. 42-16). It furthermore appears to play a role in load transfer between the radius and ulna. 


TRIANGULAR FIBROCARTILAGE COMPLEX 


The TFCC serves as the medial continuation of the distal articular surface of the radius as well as a static stabilizer of the DRUJ. It consists of an articular 
disc, the dorsal radioulnar ligament (DRUL) and palmar radioulnar ligament (PRUL), the meniscus homologue, the ulnar collateral ligament, and the sheath 
of the ECU.!° The articular disc extends from the distal rim of the sigmoid notch to the ulnar edge of the lunate facet, blending in the periphery with the 
PRUL and DRUL. The PRUL and DRUL are the primary stabilizers of the DRUJ. They originate from the dorsal and palmar aspect of the sigmoid notch 
and converge in a triangular fashion toward the base of the ulnar styloid.°® 


PROXIMAL RADIOULNAR JOINT 


The radial head articulates with the radial notch of the proximal ulna. This joint is stabilized by the annular ligament, which originates from the anterior and 
posterior limits of the radial notch (lesser sigmoid notch) of the proximal ulna. It blends with fibers from the lateral collateral ligament of the elbow 
inserting dorsally onto the crista supinatoris. 


Figure 42-16. Backlit photograph of a forearm specimen. The central band of the interosseous membrane is indicated by arrows. (Reprinted from Hotchkiss RN, et al. 
An anatomic and mechanical study of the interosseous membrane of the forearm: pathomechanics of proximal migration of the radius. J Hand Surg Am. 
1989; 14(2):256-261. Copyright © 1989 Elsevier. With permission.) 


MUSCLES 


The muscular plane of the forearm can be grossly divided into anterior and posterior muscles. 


Anterior Muscles 


The anterior muscle group can be divided into three layers: superficial, intermediate, and deep. From lateral to medial, muscles from the superficial layer 
comprise the pronator teres (PT), flexor carpi radialis (FCR), palmaris longus, and the FCU. The intermediate layer is composed of the FDS. Three muscles 
form the deep layer: flexor pollicis longus (FPL) laterally, flexor digitorum profundus (FDP) medially, and pronator quadratus (PQ) distally. 

The FCU and medial half of the FDP are innervated by the ulnar nerve. All remaining muscles of the anterior compartment are innervated by the median 
nerve or its branch, the anterior interosseous nerve (AIN). Specifically, the AIN innervates the FPL, lateral half of the FDP, and PQ (Fig. 42-17). 


Posterior Muscles 


The posterior muscle group can be divided into two layers: superficial and deep. From lateral to medial, the superficial muscles are brachioradialis, extensor 
carpi radialis longus (ECRL), extensor carpi radialis brevis (ECRB), extensor digitorum (ED), EDM, ECU, and anconeus. Proximally, the deep layer is 
composed of the supinator muscle and distally from lateral to medial by the abductor pollicis longus (APL), extensor pollicis brevis (EPB), extensor pollicis 
longus (EPL), and extensor indicis proprius (EIP). All posterior muscles are innervated by the radial nerve or its branch, the posterior interosseous nerve 
(PIN; Fig. 42-18). 

Forearm muscles are encased in four compartments: superficial volar, deep volar, dorsal, and mobile wad. The superficial volar compartment comprises 
FCU, FDS, FCR, and PT. The deep volar compartment is made up of FPL, FDP, and PQ. The dorsal compartment includes supinator, ECU, ED, EDM, 
APL, EPL, EPB, and EIP. The mobile wad comprises brachioradialis, ECRL, and ECRB. 


Deforming Forces 


In the intact forearm, rotational muscle forces acting on the radius are balanced in a position of forearm pronation. Depending on the fracture location, the 
net deforming forces will tend to either pronate or supinate the proximal or distal radial segments. The main supinating forces are the supinator and biceps 
muscles. The main pronating forces are the PT and PQ. Besides exerting rotational forces on the radius, the supinator and both pronator muscles decrease 
the distance between the radius and ulna thereby shortening the interosseous space. The greatest rotational deformity of the radius can be expected in 
fractures that are distal to the supinating forces and proximal to the pronating forces. A radius fracture distal to the insertion of the supinator muscle and 
proximal to the PT will therefore lead to unopposed supination of the proximal segment and pronation of the distal segment, with a resultant severe 
rotational deformity. Fractures distal to the PT insertion will exhibit a less severe deformity, as the PT will counteract some of the supination forces of 
biceps and supinator. 


NERVES 


Median Nerve 


The median nerve reaches the antecubital fossa of the anterior proximal forearm together with the brachial artery medial to the biceps tendon. The 
antecubital fossa is represented by a line between the epicondyles proximally and the biceps tendon and brachioradialis laterally. The floor of the antecubital 
fossa is the brachialis muscle, and the roof is the bicipital aponeurosis. Together with its branch, the AIN, the median nerve passes first between the two 
heads of the PT and then between the two heads of the FDS underneath the sublimis bridge. The AIN travels between FPL laterally and FDP medially, 
innervating these muscles and continuing distally on the anterior surface of the interosseous membrane. The AIN then innervates the PQ and ends in the 
capsule of the wrist joint. The main trunk of the median nerve travels distally deep to the FDS. At the level of the wrist, it wraps around the lateral margin of 
the FDS and assumes a position that is superficial to the tendon of the FDS and medial to the tendon of the FCR, entering in this position into the carpal 
tunnel. Six centimeters proximal to the wrist, it gives off the palmar cutaneous branch, which travels deep and slightly radial to the palmaris longus tendon. 
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Figure 42-17. Anatomy of the anterior aspect of the forearm. A: Superficial layer of muscles. Note the outcropper muscles (abductor pollicis longus and extensor 
pollicis brevis) emerging distally between extensor carpi radialis brevis and extensor digitorum communis). B: The radial nerve branches into superficial and deep 
branches at the level of the elbow. Note the superficial branch traveling distally deep to brachioradialis. The deep branch passes through the arcade of Frohse becoming 
the posterior interosseous nerve after emerging from the supinator muscle. C: Deep layer. Note the course of the deep branch of the radial nerve through supinator and 
the branching pattern of the posterior interosseous nerve. D: Osteoligamentous plane. Muscle origins and insertions are depicted. 


Ulnar styloid 


Ulnar Nerve 


The ulnar nerve enters the forearm through the cubital tunnel underneath Osborne ligament between the olecranon and the medial epicondyle. It passes 
underneath the two heads of the FCU traveling on the deep aspect of this muscle together with the ulnar artery until it reaches the wrist on the radial aspect 


of its tendon. In the forearm, it innervates the FCU and ulnar half of the FDP. 
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Figure 42-18. Anatomy of the posterior aspect of the forearm. A: Superficial layer of muscles. Note the outcropper muscles (abductor pollicis longus and extensor 
pollicis brevis) emerging distally between extensor carpi radialis brevis and extensor digitorum communis). B: The radial nerve branches into superficial and deep 
branches at the level of the elbow. Note the superficial branch traveling distally deep to brachioradialis. The deep branch passes through the arcade of Frohse becoming 
the posterior interosseous nerve after emerging from the supinator muscle. C: Deep layer. Note the course of the deep branch of the radial nerve through supinator and 
the branching pattern of the posterior interosseous nerve. 


Medial 
epicondyle 


Radial Nerve 


The radial nerve enters the forearm between the brachioradialis and brachialis muscles, innervating these two muscles and ECRL. At the level of the elbow, 
it branches into the superficial branch, which continues deep to the brachioradialis distally to reach the skin of the lateral dorsum of the hand. The deep 
branch innervates ECRB and supinator muscle passing through the latter into the posterior compartment of the forearm. At this level or distally, the deep 
branch continues as the PIN traveling on the posterior surface of the interosseous membrane innervating ED, EDM, ECU, EPB, EPL, APL, and EIP. It 
terminates by innervating the dorsum of the wrist joint. 


ARTERIES 


The brachial artery reaches the forearm between the median nerve medially and the biceps tendon laterally. It branches into radial and ulnar and common 
interosseous arteries at the level of the antecubital fossa. The first branch of the radial artery is the radial recurrent artery (part of the recurrent leash of 
Henry). This artery travels laterally and proximally, superficial to the supinator muscle to anastomose with the terminal branch of the profunda brachii 
artery between the brachialis and brachioradialis muscles. The radial artery continues distally along the proximal border of the PT onto the undersurface of 
the brachioradialis muscle. Proximal to the wrist, it assumes a position between the FCR medially and brachioradialis laterally. It reaches the wrist deep to 
the APL tendon toward the floor of the anatomic snuffbox. 

The ulnar artery passes deep to FDS to join the ulnar nerve on the deep surface of the FCU. The common interosseous artery branches off the ulnar 
artery distal to the biceps tuberosity of the radius and travels straight posterior toward the proximal border of the interosseous membrane where it divides 
into an anterior and a posterior interosseous artery. Each interosseous artery travels along the anterior and posterior surface of the interosseous membrane, 
hence their name. 


TREATMENT OPTIONS FOR DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


The main goal of treatment of fractures of the shaft of the ulna and radius is to recover full and painless function of the forearm and upper extremity. Pain- 
free function is dependent on fracture healing; full range of motion of the elbow, forearm, and wrist; and avoidance of complications. Fracture healing 
depends on patient characteristics, the type of injury, and surgeon-controlled variables. Patient factors such as smoking and diabetes may decrease the 
likelihood of fracture union. Injuries with extensive soft tissue loss and contamination are at a higher risk for delayed union and nonunion. Finally, selection 
of the appropriate treatment modality and its correct execution will provide the optimal environment for the fracture to heal. Given the close interplay 
between the radius and ulna during forearm pronosupination, there is little room for residual deformity. Furthermore, significant comminution, extensive 
soft tissue dissection, and prolonged immobilization will increase the probability of posttraumatic stiffness. Complications such as infection and 
unrecognized compartment syndrome with secondary contracture will negatively influence the outcome. 
As for most fractures, treatment of forearm fractures should follow these four key principles: 


1. Obtain adequate reduction. 
2. Achieve and maintain fracture reduction. 


3. Preserve biology. 
4. Institute early range of motion. 


Although the basic tenet of diaphyseal fracture reduction is restoration of length, alignment, and rotation without the absolute necessity of anatomic 
reduction, this does not hold true for all shaft fractures of the forearm. The geometric relationship of the ulna and radius allows for the unique motion of 
pronation and supination, rendering the forearm a functional joint.!'* Anatomic reduction of the ulna and radius is therefore desirable whenever achievable 
to adequately restore the spatial relationship between these bones. Once adequate reduction has been achieved, stability is required to maintain reduction 
and allow early range of motion and allow healing to occur. Given the importance of reduction, stability, and early range of motion, nonoperative treatment 
of forearm fractures in adults is limited only to stable ulna fractures. In essentially all other instances, including both-bone fractures and fracture dislocations 
(Galeazzi and Monteggia), operative intervention is warranted. 


NONOPERATIVE TREATMENT OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Indications/Contraindications 


Nonoperative Treatment of Forearm Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


Both-bone fracture 

Fracture dislocation (Galeazzi, Monteggia) 
Displaced isolated radial shaft fracture 
Unstable isolated ulna fracture 

Isolated proximal third ulna shaft fracture 


e Stable isolated distal two-thirds ulna fracture 
e <50% displacement 
e <10 degrees of angulation 


Nonoperative treatment of fractures involving the forearm in adults is limited mainly to isolated fractures affecting the distal two-thirds of the ulna with less 
than 50% of displacement and less than 10 degrees of angulation. ®t Cadaver studies have shown that ulnar shaft fractures with displacement of greater than 
50% have concomitant interosseous membrane disruption leading to fracture instability.2! When treated nonoperatively, displaced isolated ulna fractures 
affecting the proximal third of the shaft have been shown to lead to higher rates of loss of forearm rotation, higher rates of nonunion, and poorer 
outcomes.'!°° Furthermore, isolated displaced fractures of the proximal ulna shaft frequently occur in association with a PRUJ dislocation (Monteggia 
fracture). Anatomic reduction and stable fixation is mandated in this setting to promote reduction of the PRUJ. Finally, up to 10 degrees of angulation can 
be tolerated without leading to a significant reduction in forearm rotation, provided the radial heads is reduced.®” 

Nonoperative treatment of displaced isolated radius shaft fractures and both-bone forearm shaft fractures has shown to lead to high rates of 
unsatisfactory results.”! Furthermore, prolonged healing time can be expected with nonoperative treatment of isolated radius shaft fractures.!°° Due to the 
deforming forces acting on the radius and ulna and the importance of restoring the normal anatomy of the ulna and radius, operative treatment is considered 
the indicated treatment modality for unstable fractures of the forearm, including displaced isolated ulna fractures, displaced isolated radius fractures, both- 
bone forearm fractures, and fracture dislocations (Monteggia and Galeazzi). In this setting, nonoperative treatment should only be pursued when operative 
fixation is contraindicated. 130 

For stable isolated ulna shaft fractures, below-elbow immobilization is considered the treatment of choice since it compares favorably to long arm 
casting and to ace bandaging.®*! Immobilization may be obtained either with a short arm cast or with a below-elbow brace.?? 


Techniques 


Initial immobilization for 3 weeks in a molded long arm cast has been recommended to control swelling and acute pain.!>® The cast is applied on the day of 
injury in longitudinal gravity traction using finger traps. A well-molded cast is then applied with the elbow bent to 90 degrees and the forearm in neutral 
rotation. The cast is checked 48 hours after application and changed to a prefabricated ulnar fracture brace within 3 weeks of injury. The brace consists of 
two low-density polyethylene shells with a molded interosseous groove that theoretically provides increased fracture stability through compressive 
hydrostatic pressure along the interosseous membrane. The brace extends from the antecubital fossa to just proximal to the wrist crease. A layer of 
stockinette is applied directly onto skin and each shell is applied onto the volar and dorsal aspect of the forearm, snapped into place, and tightened with two 
Velcro straps. As swelling subsides, straps are adjusted to maintain adequate tightness at the fracture site (Fig. 42-19). Early range of motion of fingers, 
wrist, elbow, and shoulder is encouraged. Radiographic and clinical assessment is performed 1 week after initial brace application to confirm adequate 
alignment and brace tolerance by the patient. Monthly radiographic and clinical evaluation then follows until healing has occurred.!°8 

Alternatively, below-the-elbow bracing or splinting may be performed in the acute setting as well. Close serial radiographic follow-up in weekly 
intervals during the first 3 weeks after injury should however occur to allow early identification of secondary displacement: if this occurs, operative 
intervention may be warranted.31.41,108 


Outcomes 


High rates of healing can be expected with nonoperative treatment of isolated ulnar shaft fractures.°? In the largest study on functional bracing of isolated 
ulnar shaft fractures, Sarmiento et al. reported 96.5% of good and excellent results and a healing rate of 99%. However, 35% of patients were lost during 
follow-up.!°° Similar results have been reported by other authors.®?34 De Boeck et al. reported a healing rate of 93% after short arm casting. Conversion to 
operative fixation because of complete fracture displacement was required in only one fracture.”? In a randomized controlled trial, Atkin et al. found optimal 
outcomes with 8 weeks of immobilization of isolated ulnar shaft fractures in a short arm cast. Elastic bandage immobilization achieved unsatisfactory rates 
of pain control and was associated with high rates of fracture displacement. Long arm cast immobilization, on the other hand, led to high rates of elbow 
stiffness. Similar results were found by Gebuhr et al.*' who observed significantly higher satisfaction and wrist range of motion after immobilization of 
isolated ulnar shaft fractures in a prefabricated functional brace, compared with long arm casting. Pollock et al., on the other hand, observed a shorter time 
to fracture healing in 59 isolated ulna shaft fractures treated either with no immobilization or for a period of immobilization of less than 2 weeks compared 
with 12 fractures that were treated with a long arm plaster cast. Nonunion occurred in 8% of fractures treated with long arm immobilization compared with 
none in the group with minimal immobilization.!°° In a small case series of 10 patients, de Jong and de Jong also achieved healing in all fractures and 
negligible loss of forearm rotation after treatment without immobilization and early exercises. 


Figure 42-19. A functional brace fabricated for a nondisplaced ulnar shaft fracture. This allows motion at the wrist and elbow while stabilizing the fracture site. 


OPERATIVE TREATMENT OF DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 

Ind Í ntrai cations 

Operative intervention is standard for the treatment of both-bone forearm shaft fractures in adults. Indications for operative treatment of forearm shaft 
fractures are essentially all fractures except occasional nondisplaced radius or both-bone fractures, or isolated stable ulna shaft fractures. Nonoperative 
treatment may also be indicated in very low—demand patients with extensive comorbidities, especially severe dementia. The purpose of operative treatment 
is to achieve anatomic reduction and obtain stable fixation to allow early range of motion while healing occurs. Careful soft tissue management is important 
to minimize disruption of bone viability and optimize the chances for healing to occur. 

Open reduction and internal fixation (ORIF) with plates and screws is the most widely used method of treatment for unstable forearm fractures. Fracture 
reduction is achieved with direct visualization of the fracture, allowing removal of interposed soft tissues and manipulation of the fracture. Historically, IM 
nailing of the forearm has been performed with the use of solid nails. Good outcomes are reported for pediatric forearm fractures. Less favorable results 
have been shown for adult forearm fractures, since adequate reduction is difficult to achieve in a closed fashion and only marginal rotational stability is 
provided. IM nailing using interlocking nails has been proposed for several years and has recently gained new interest, since it allows fracture fixation with 
only minimal soft tissue disruption. 


ORIF with plates and screws is considered the gold standard of operative treatment of forearm fractures.!°' Open reduction allows removal of soft tissue 
interposed at the fracture site and anatomic reduction of the fracture, thereby allowing restoration of the radial bow and the normal spatial arrangement of 
the ulna and radius. In Galeazzi and Monteggia fracture dislocations, anatomic reduction of the radius and ulna respectively will in most instances lead to 
stable reduction of the associated dislocated radioulnar joints. Finally, if required, bone grafting can be performed. Plate and screw fixation provides 
immediate fracture stability, obviating the need for postoperative immobilization and allowing early range of motion.?91822,3637.46,50,80-82,90,106,143 


Preoperative Planning 


Open Reduction With Plate and Screw Fixation of Forearm Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table with radiolucent arm board 
Position/positioning aids LJ Patient supine, forearm placed on radiolucent arm board 
Fluoroscopy location LJ Mini C-arm or standard C-arm coming in from the side 


Equipment LJ 2.7- or 3.5-mm plates and screws for most fractures; 2- and 2.4~-mm screws and plates for complex fractures can aid in temporary fixation 


Tourniquet LJ In most instances, nonsterile tourniquet on the arm, inflated to 250 mm Hg. Tourniquet time should be kept below 2 hours to reduce 


postoperative pain. Fractures may be treated without a tourniquet. A sterile tourniquet is recommended when associated fractures are treated 
during the same operative procedure, e.g., humeral shaft fracture 


Anesthesia LJ General anesthesia. Avoid regional block to allow clinical monitoring of potential postoperative compartment syndrome 


The goal of operative treatment of any fracture is to achieve bony healing while avoiding complications and to allow return to a preinjury level of function. 
Preoperative planning plays a key role in optimizing conditions for fracture management. This includes defining surgical timing, patient positioning, the 
type of anesthesia, the surgical approach, a stepwise sequence of fracture reduction and fixation, postoperative wound management, and rehabilitation. 

Preoperative planning relies on a detailed understanding of the fracture and associated injuries. Associated injuries requiring prioritized management 
will affect the timing of treatment of forearm fractures. While isolated fractures in fit patients are usually treated within 72 hours of injury, in the 
polytraumatized patient, operative fixation may be delayed for several days to weeks. Historically, open fractures are treated in a more urgent manner, with 
debridement within 24 hours of injury. The decision on the timing of definitive fixation and the need for a staged procedure will depend on the amount of 
contamination and soft tissue loss, patient comorbidities, and hemodynamic status. 

Planning of definitive fracture fixation requires AP and lateral views of the forearm, wrist, and elbow to achieve a thorough understanding of the 
fracture and the presence of instability of either the DRUJ or PRUJ. Due to the overlap of the radius and ulna on the lateral view, oblique radiographs may 
aid in defining whether the fracture pattern is simple or if comminution is present. This will determine the type of reduction and stabilization that will be 
used and the sequence in which fracture fixation will be performed. In most instances, the bone with the more simple fracture pattern will be reduced and 
fixed first as this will aid in reduction of the other fractured bone, especially when comminution is present. The large majority of forearm fractures will be 
managed with either 2.7- or 3.5-mm compression plates, depending on patient and bone size. Simple fractures are fixed using compression to achieve 
primary bone healing. Oblique fractures frequently can be fixed with a lag screw and neutralization plate. Transverse fractures are stabilized with dynamic 
compression by eccentric drilling and screw fixation through dynamic compression plate holes. Butterfly fragments may be fixed using smaller 2-, 2.4-, or 
2.7-mm lag screws in addition to a neutralization plate (Fig. 42-20), while significantly comminuted fractures may be fixed with a bridge plate (Fig. 42- 
21).15° Long, precontoured distal radius plates may be useful for the treatment of fractures that involve the distal radius, while precontoured proximal ulnar 
plates may aid in fixation of fractures involving the olecranon and proximal ulna (Fig. 42-22). Specific “Y” or “T” 2.7-mm locking plates may be used to 
obtain stable fixation in distal short segment ulna fractures (Fig 42-23). Segmental fractures may benefit from fixation using smaller plates and screws 
including mini fragment plates to allow for tentative fixation prior to neutralization with small fragment plates (see Fig. 42-1). In addition, the use of mini 
fragment plates has been shown to not impede additional compression obtained with small fragment plates.!°* Foreseeing the need for special implants 
during preoperative planning will ensure intraoperative availability of these implants. 

ORIF of forearm shaft fractures may be performed without tourniquet. This may lead to an increase in surgical time during the initial exposure, as 
hemostasis has to be achieved in this part of the procedure. Higher blood loss may also be expected, although in most cases this is only marginal. Benefits 
include less postoperative pain and decreased risk of hematoma formation. Intraoperatively, the radial artery may be more easily identified as its pulsations 
are easily palpable. However, most surgeons recommend the use of a tourniquet. This allows a bloodless field with improved visualization of the soft tissue 
planes and reduced blood loss. Increased tourniquet time may however significantly increase postoperative pain. Tourniquet time management should be 
planned based on the complexity of the fractures. Often, better visualization is required for ORIF of the radius while ORIF of the ulna may not require a 
bloodless field. 


Figure 42-20. A segmentally comminuted ulnar fracture stabilized with two plates. A smaller plate was used for distal ulnar shaft fracture as it permitted fixation with 
more screws and offered a lower profile plate fit. Lag screws have been used for the butterfly fragments. (Reprinted with permission from Wright RD. Forearm 
fractures. In: Gardner MJ, Henley MB, eds. Harborview Illustrated Tips and Tricks in Fracture Surgery. Lippincott Williams & Wilkins; 2010:98-106.) 


After undergoing general anesthesia, patients are positioned supine and the operative arm is placed on a radiolucent arm board. A nonsterile tourniquet is 
applied at the arm and the field prepped to the level of the mid-upper arm, past the elbow to allow free forearm rotation. In the event of concomitant injuries 
being present at the operative upper extremity, alternative positioning may be indicated. Concomitant proximal or shaft humeral fractures approached 


through a deltopectoral or anterolateral approach can be placed in the beach chair position and the forearm placed on a padded Mayo stand, with the use of a 
sterile tourniquet if desired. 


Given the subcutaneous location of the ulna, the direct posterior (between ECU and FCU) approach is universally used. The length of the radius can be 


approached from either the volar-based approach described by Henry or by a dorsal-based incision described by Thompson.!“* Depending on the fracture 
type and location, each approach has its advantages and disadvantages. 


Figu 21. A, B: Distal radius shaft fracture. This likely represents a Galeazzi fracture. Marginal radial shortening and the presence of an avulsion fracture of the 
sina styloid suggest possible disruption of the TFCC. C, D: Postoperative radiographs. Fixation was achieved with a long distal radius plate that allowed angle stable 
fixation from the distal radial epiphysis to the middle third of the radial shaft. 


C, D 
. A-C: Comminuted gunshot fracture to the proximal ulna with marked comminution and posterior dislocation of the radial head (Monteggia). D: Open 
reduction and internal plate and screw fixation was achieved in a bridging mode, restoring alignment of the proximal radius and capitellum by regaining ulnar length 
and alignment. A proximal ulna plate was used to facilitate plate apposition and screw placement into the proximal ulna. 


The dorsomedial ridge of the ulna can be palpated along the medial aspect of the forearm, even in the presence of significant soft tissue swelling. With the 
patient in the supine position, the incision may be performed with the elbow flexed on a hand table, thereby holding the forearm in a vertical position. The 
skin incision is centered over the fracture site and over the subcutaneous ulna. Once the skin is incised, the ulnar ridge is again palpated and identified. As 
the incision is extended distally, the surgeon should be aware that the dorsal branch of the ulnar nerve emerges on the posterior medial border of FCU 5 cm 
proximal to the proximal edge of the pisiform.-° The underlying fascia is then incised and the interval between ECU and FCU developed. Anterior exposure 
of the ulna should be done keeping in mind the location of the ulnar nerve and artery beneath FCU. The ulnar approach is a true internervous plane, since 
the ECU is innervated by the PIN and the FCU by the ulnar nerve. Plates are placed either onto the dorsal aspect of the ulna underneath ECU or the volar 


aspect under FCU. Plate placement on the subcutaneous border of the ulna should be avoided as it will become symptomatic and place soft tissue healing at 
risk ( 24). 


Volar Approach of Henry 


Exposure of the radius from the bicipital tuberosity to the distal articular surface of the radius can be achieved using the anterior approach (F ). 
However, exposure of the proximal end of the radius is limited by the distal biceps tendon as it wraps around the bicipital tuberosity. The volar approach is 
ideal for fixation of fractures involving the distal four-fifths of the radius. 
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Figure 42-24. Surgical approach to the ulna. A: With the patient supine, the forearm can be placed across the patient’s chest. Alternatively, a hand table can be used, 
having the elbow flexed and the finger pointed toward the ceiling, especially when planning additional fixation of the radius. B: The ulna is exposed through the 
interval between extensor carpi ulnaris dorsally and flexor carpi ulnaris anteriorly. C: Location of the ulnar and radial nerve in the proximal aspect of the forearm. 


Superficial Dissection 

The skin incision is performed on a line connecting the lateral aspect of the biceps tendon proximally with the radial styloid distally. This places the incision 
on the ulnar border of the brachioradialis muscle. Dissection proceeds between brachioradialis and the PT proximally and brachioradialis and FCR distally. 
The approach proceeds through a true internervous interval since the brachioradialis is innervated by the radial nerve and both PT and FCR are innervated 
by the median nerve. In the proximal and middle third of the forearm, the radial artery and its two venae comitantes run underneath the brachioradialis 
muscle, assuming a position between the FCR and brachioradialis in the distal third. To allow ulnar retraction of the radial artery and veins along with the 
FCR, several vascular branches to the brachioradialis have to be identified and either cauterized or ligated. The superficial sensory branch of the radial 
nerve, on the other hand, is retracted laterally along with brachioradialis as it runs under this muscle lateral to the radial vascular bundle. 
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Figure 42-25. Anterior (Henry) approach to the radius. A: The patient is positioned in the supine position with the forearm supinated on a hand table. B, C: An 
incision is performed along a line from the lateral aspect of the distal biceps tendon proximally to the radial styloid distally. D, E: The interval between brachioradialis 
and flexor carpi radialis is identified in the midshaft. Distally, the interval between radial artery and brachioradialis is used. F, G: The interval between radial artery 
and brachioradialis is developed proximally by ligating branches from the radial artery to brachioradialis. The superficial branch of the radial nerve will be located on 
the undersurface of brachioradialis. H, l: From distal to proximal, the radial shaft is covered by pronator quadratus, flexor digitorum superficialis, pronator teres, and 
supinator. Note that to gain proximal access to the radius, the recurrent radial artery has to be ligated. J, K: Alternating between forearm pronation and supination will 
improve visualization of muscular insertions to allow bony exposure. 


Deep Dissection 

Access to the proximal third of the radial shaft is gained by releasing the supinator muscle from the radius. To protect the PIN, the forearm is fully 
supinated, thereby rotating the PIN into a posterior position. The supinator muscle is then released from its radial origin. If access to proximal end of the 
radius is required, the bicipital bursa is incised lateral to the distal biceps tendon. This will avoid injury to the brachial artery and its bifurcation located 
medial to this tendon. Ligation of the radial recurrent artery may be required to allow medial retraction of the proximal aspect of the radial artery. Retraction 
around the radial neck should be avoided to prevent injury to the PIN. The middle third of the radial shaft is accessed by pronating the forearm and incising 
the radial origins of the PT and FDS distal to the supinator muscle. Complete detachment of the PT and FDS should be avoided if possible. The distal third 
of the radius is accessed by sweeping the FPL ulnarly and exposing the underlying PQ muscle. By supinating the forearm, the PQ can be released from its 
radial origin and reflected ulnarly. To allow complete elevation of the PQ, its distal border is sharply incised along the watershed line of the distal radius, 
just proximal to the volar wrist capsule. The distal radius may be better approached through a window medial to the radial artery through the floor of the 


FCR tendon sheath. 


Posterolateral Approach to the Radius (Thompson) 

The posterolateral approach to the radius is the distal prolongation of Kaplan interval at the elbow. It therefore allows for optimal exposure of the radial 
head and neck. Furthermore, it provides a direct approach to the middle third of the radius, which, at this level, is located subcutaneously. In general, the 
dorsal approach is avoided in distal third fractures as it carries a higher risk of tendon irritation from hardware. In addition, the risk of PIN injury is higher 
with the dorsal approach. 

The incision is performed on a line from the lateral epicondyle toward Lister tubercle. Proximally, the approach gains access to the radius between 
ECRB laterally and EDC medially. Distally, at the level of Lister tubercle, access is gained between ECRB and EPL. This does not represent a true 
internervous plane, since ECRB is innervated by the deep branch of the radial nerve and EDC and EPL by the PIN, which branches off the radial nerve. The 
interval between ECRB and EDC is clearly identifiable distally as APL and EPB emerge through this interval from deep to superficial and ulnar to radial. 
To complete the interval between ECRB and EDC, the approach is therefore best completed in a distal-to-proximal fashion. Isolating the APL and EPB 
tendons with vascular loops or a Penrose drain can help assuring adequate orientation of the interval between ECRB and EDC. More proximally, the 
interval between the origin of ECRB and EDC cannot be clearly identified. Furthermore, the origin of ECRB is covered by the origin of ECRL. Careful 
elevation of the ECRL origin is required to gain access to ECRB origin.”° After splitting the interval between ECRB and EDC, the supinator muscle can be 
identified wrapping around the proximal radius with its fibers running almost perpendicular to the extensor split. The PIN can be identified with careful 
palpation. If access to the radial head and neck is not desired, the supinator muscle may be elevated off its radial origin with the forearm in maximal 
supination. If, on the other hand, access to the radial head and neck is required, the PIN should be directly visualized. This is best achieved by incising the 
fascia of the supinator in line with the skin incision. This is followed by careful blunt dissection of the muscle fibers of the supinator using scissors. A fat 
stripe is frequently present around the nerve, aiding in its identification, running from proximal ulnar to distal radial. The annular ligament is then incised in 
line with the axis of the radius. Distal to the crossing of EPB and APL, exposure proceeds between ECRB radially and EPL ulnarly. This approach gives 
direct access to the entire radius except where APL and EPB cross the bone. At this level, retraction of these muscles and submuscular sliding of plates are 
required to gain full access to the radial shaft. Because of the risk of tendon irritation at this level, distal third radius fractures are best approached through 
an anterior approach (Fig. 42-26). 


Technique 


KEY SURGICAL STEPS 


/ | Open Reduction With Plate and Screw Fixation of Forearm Fractures: 


Exsanguinate upper extremity 

Insufflate tourniquet 

Approach less comminuted fracture first 

Debridement, reduction, and fixation of the less comminuted fracture with minimal soft tissue disruption 
Determine fixation method: compression plate, lag screw with neutralization, or bridge plating 
Apply plate(s) 

Obtain orthogonal x-ray to check alignment 

Irrigation 

Release of tourniquet, control of hemostasis 

Closure subcutaneous and cutaneous tissue 

Application of soft dressing 


In both-bone forearm fractures, the sequence of fixation is usually determined by the amount of fracture comminution. If both fractures are simple, either 
fracture may be fixed first. However, because of the straight geometry of the ulna, it is frequently fixed initially, thereby facilitating radial shaft reduction 
and fixation. During surgical exposure, normal anatomy may be severely distorted because of displaced fracture fragments injuring the surrounding soft 
tissue planes. Furthermore, marked swelling may be present, often distorting the normal dissection planes. When using the Henry approach, the FCR tendon 
is easily identified distally. If a tourniquet is not used, the radial artery can be palpated just radial to the tendon. The artery is then followed proximally, 
thereby identifying the branches into the brachioradialis muscle. Once these branches are ligated or coagulated, the plane between brachioradialis and 
FCR/radial artery can be easily identified. The radius at this level is covered by the supinator muscle proximally, the PT (laterally), and FDS (medially) in 
the middle third, and FPL and PQ in the distal third. Deep muscles are then elevated off the radius in a subperiosteal fashion to allow adequate fracture 
exposure and implant positioning. Supinator is elevated from medial to lateral with the forearm in a supinated position, while PT and FDS are elevated from 
lateral to medial with the forearm pronated. Similarly, during the dorsal Thompson approach, the interval between ECRB and EDC is best identified distally 
at the outcropping of APL and EPB. The interval is then followed proximally and the fracture site identified by palpation. Elevation of the supinator or its 
splitting after identification of PIN is performed according to fracture location. 

Ulnar exposure follows the ulnar approach as described earlier. Plate positioning will require either dorsal or volar subperiosteal dissection of the ECU 
or FCU, respectively. This should be decided before fracture exposure to avoid stripping of both surfaces of the bone. Frequently, exposure of both bones 
before fixation will grant easier access to the fracture site to remove interposed tissues. This is of special relevance in simple fracture patterns. Once the 
fracture has been debrided, the least comminuted fracture is reduced and fixed. 
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Figure 42-26. Posterior (Thompson) approach to the radius. A: The patient is positioned in the supine position with the forearm pronated either across the chest or on 
a hand table. B, C: An incision is performed along a line from the lateral epicondyle of the humerus proximally toward Lister tubercle distally. D, E: The interval 
between extensor carpi radialis brevis and extensor digitorum communis is easiest identified distally as it is split by the passage of the outcroppers (abductor pollicis 
longus and extensor pollicis brevis). F, G: The interval is completed proximally by incising the common extensor origin. The supinator is identified deep to the 
extensor origin. The posterior interosseous nerve can be identified emerging from the distal edge of supinator. H, I: To fully expose the deep branch of the radial nerve, 
the supinator muscle is split. This may be required to gain access to very proximal fractures of the radius. J, K: Alternatively, in fractures that are located distal to the 
neck of the radius, the supinator is elevated from the radius without unroofing the deep branch of the radial nerve. This is best achieved by supinating the forearm. Note 
that distally, the dorsal aspect of the radius can be exposed between the extensor carpi radialis brevis and extensor pollicis longus. The dorsal aspect of the second to 
most distal fifth of the radius remains covered by the outcropper muscles. 


It is generally recommended that screws should engage at least six cortices on each side of the fracture. Over the last decade, several authors have 
studied the effect of number of screws at each side of the fracture. Biomechanical data have shown that similar construct stability can be obtained by using 
longer plates and fewer screws.!*°!45 Use of fewer screws does however reduce the torsional and bending stiffness of the construct.** Clinically, Crow et al. 
reported on 78 forearm fractures that were managed with plate and screw fixation using screw fixation engaging less than six cortices. Despite a nonunion 
rate of 9%, no hardware failures were reported.?* Similarly, Lindvall and Sagi reported no hardware complications when using two screws with fixation into 
four cortices on each side of 75 diaphyseal shaft fractures. One radius and one ulna nonunion occurred. The authors concluded that fixation of forearm 
fractures with standard-length compression plates (typically seven or eight holes) and four cortices of screw fixation can yield a stable construct for 
management of these fractures. Most importantly, however, the use of only two screws on each side of the fracture requires excellent purchase of every 
screw, since loosening on only one screw will lead to rotational instability of the construct and likely catastrophic failure which is a particular risk in 
osteoporotic bone in the older patient. It is therefore advisable to obtain fixation with three screws on each side of the fracture into an intact shaft 
segment.!!6 Recently Marchand et al. proposed eight-cortex fixation to allow for immediate weight bearing in polytrauma patients demonstrating low risk of 
complications. 85 


Transverse Fractures 


Reduction of simple transverse fractures is performed by using a lobster claw or pointed reduction forceps placed on each of the proximal and distal fracture 
segments. Application of force is thereby optimized and accurate fragment manipulation and reduction facilitated. In most instances, the distal and proximal 
fracture segment can be accurately keyed in, thereby anatomically reducing the fracture. Forearm supination or pronation can aid in achieving reduction. As 
mentioned, plate length should allow for placement of three screws on each side of the fracture. In most instances, either a six- or seven-hole plate will 
achieve this goal in simple transverse fractures. When using a six-hole plate, attention has to be paid to plate positioning to avoid screw placement into the 
fracture site. Prebending the plate to a slight concavity facing the bone surface, with the apex in line with the fracture site, will provide compression along 
the near and far cortices of transverse fractures. While the fracture is held reduced, the selected plate is laid over the fracture site and the planned position 
visualized. By removing the clamps for plate positioning, reduction is frequently lost. Fixation of the plate to one of the fragments at the visualized position 
will greatly aid in proceeding with reduction and definitive fixation. Alternatively, the plate may be held in position with two clamps while reducing the 
fracture (see F ,). This technique, however, may be cumbersome and difficult to hold while screws are placed. Once the plate has been fixed to the 
shaft on one side and the fracture reduced, a single clamp will hold the opposite shaft fragment reduced. At this time, fluoroscopy may be used to confirm 
adequate fracture reduction and plate placement. The opposite shaft fragment is then fixed to the plate with a screw going through an eccentrically drilled 
hole, thereby achieving interfragmentary compression. The remaining screws on the side of the initially stabilized shaft segment are then placed in a neutral 
position, whereas an additional compression screw hole may be drilled in the opposite shaft segment. Prior to final screw seating, the initial screw will have 
to be loosened and the second compression screw tightened, thereby providing further compression at the fracture site. The first screw is then retightened 
and a third neutral screw placed. Alternatively, a tension device may be used to achieve compression at the fracture site. Once one shaft segment has been 
fixed to the plate, the tension device exerts compression at the fracture site by pulling the end of the plate on the opposite shaft segment while using an 
independent screw as a post. All remaining screws are then placed in a neutral position. Similar to dynamic compression plating, prebending of the plate is 
required when using a tension device to provide compression across the near and far cortices. 


, cC, D 
i 7. A, B: Isolated ulna midshaft fracture with a large butterfly fragment. C, D: Fixation was obtained with three interfragmentary lag screws and a 
neutralization plate. 


In simple oblique fractures, fixation may be achieved using either compression plating as described above or by using lag screws and a neutralization plate. 
If compression plating is used, the plate should be first fixed to the shaft segment that will create an acute angle between the plate and the obliquity of the 
fracture. This will force the opposite shaft segment to be wedged into this acute angle when compression is applied. Application follows the same sequence 
as for transverse fractures. Plate prebending is not required. 

Oblique fractures can be reduced using pointed reduction clamps. A lag screw is then placed in an orientation perpendicular to the obliquity of the 
fracture ( 7). The near-cortical hole is drilled to the size of the outer diameter of the threads of the planned screw size, whereas the far cortex is 
drilled to the size of the core of the screw threads. The near-cortical hole is then countersunk and the screw length measured. Fixation at this point will allow 
removal of clamps and application of a precontoured neutralization plate that will allow placement of three screws on each side of the fracture to capture a 
total of six cortices on each shaft segment. Screws are applied in a neutral position, as no further compression can be obtained once a lag screw has been 
placed. Alternatively, the lag screw may be applied through a plate hole. To achieve this, a plate of appropriate length is selected. The plate is fixed to one 
of the shaft segments in a position that will allow adequate lag screw placement and again achieve fixation into six cortices on each shaft segment. The 
opposite shaft segment is then reduced to the plate with a lobster claw forceps and a lag screw placed through the appropriate screw hole, perpendicular to 
the fracture site. The remaining screws are then placed in a neutral position. 


Comminuted and segmental fractures of the forearm require accurate anatomic restoration to preserve function. Preoperative contralateral images are 
indispensable to determine length, alignment, and rotation. Restoration of adequate length can be judged by the alignment and absence of excessive gapping 
between comminuted fracture fragments. Contralateral images can be measured preoperatively and an intraoperative ruler can be used to estimate length. 
Rotation of the ulna is restored by aligning the profile of the olecranon at the elbow with the profile of the ulnar styloid at the wrist as seen on a PA 
radiographic view of the forearm (Fig. 42-27D). Rotation for the radius can be determined by on-profile imaging of the bicipital tuberosity and the radial 
styloid. As described by Weinberg et al., the radial styloid is on average 158 degrees supinated relative to the bicipital tuberosity. Therefore, restoration of 
radial rotation can be determined by obtaining a profile view of the bicipital tuberosity proximally, and then rotating the distal segment until a profile view 
of the radial styloid is obtained. The distal segment is then pronated 20 degrees, thereby achieving optimal alignment.!°? Restoration of the major bow of 
the radius can be determined using contralateral images as described by Schemitsch and Richards. A line is drawn from the bicipital tuberosity to the ulnar 
aspect of the distal radius. The maximal radial bow should be located at 60% of this proximal to distal distance and have an average magnitude of 15.3 
mm.!31 

Comminuted fractures may be fixed with multiple lag screws if the fragments are sufficiently large. For smaller fragments, 2- or 2.4-mm screws may be 
used. Fracture fragments are anatomically reduced and fixed to the neighboring shaft segment with a lag screw technique. Careful fragment manipulation is 
required to preserve soft tissue attachments and maintain fragment viability. If fragment manipulation risks excessive soft tissue stripping, or the fragments 
are too multiple/small for anatomic fixation, the fracture site may be bridged with a plate that is fixed to the proximal and distal shaft segments. In this 
setting, it is especially useful to obtain anatomic reduction of the other forearm bone to allow secondary reduction of the comminuted segment. When both 
the ulna and radius are comminuted, the ulna is approached first. A plate length is selected that will allow bridging of the fracture site, while providing 
screw fixation with three bicortical screws in each shaft segment. Temporary fixation of the bridging plate to the proximal and distal shaft segments should 
be followed with fluoroscopic assessment of reduction. It should be kept in mind that with a single screw on each shaft segment, only angulation will be 
correctable. Change in rotation and length will require change of one of the two screws. Once adequate alignment, rotation, and length are verified, the 
remainder of the screws is inserted. Once ulnar fixation has been achieved, the radius is similarly fixed. Restitution of the radial bow may be difficult to 
achieve in comminuted fractures. When using a volar approach, one has to keep in mind that the ends of the plate will sit on the concave aspect of the radial 
bow, whereas the central plate segment overlying the fracture will lie on the convexity of the radius. Contouring of the plate may aid in restoring the normal 
concavity of the radius. Similar to the ulna, temporary screw fixation should be followed by fluoroscopic verification of alignment, rotation, and length. 
Clinically, full pronation and supination confirm that adequate fracture reduction has been achieved. 


Segmental Fractures 


Segmental fractures may present as two simple fractures along the ulna and/or the radius. Similar to single simple fractures, oblique fractures may be 
managed with lag screw fixation, whereas transverse fractures will require compression plate fixation. The latter may add a significant challenge if 
compression of more than one fracture is to be achieved through a single plate. The use of short small fragment plates and screws to fix each transverse 
fracture independently followed by reinforcement of the construct with a long 3.5-mm plate may provide adequate stability and fixation for healing to occur 
(see Fig. 42-1). 

Once fracture fixation has been completed, the wounds are irrigated and, if used, the tourniquet is released to obtain hemostasis. This will reduce the risk 
of subsequent hematoma. The fascia is left open and is not repaired. The skin is then closed with interrupted nonabsorbable monofilament suture. In most 
instances, wound closure can be obtained without undue skin tension. If excessive tension prevents closure of both skin incisions, the ulnar incision is 
closed first to provide coverage of the more subcutaneously located ulna and plate. The radial incision may be covered with a nonadhesive dressing or 
negative pressure wound therapy. Final wound coverage may be achieved 5 to 7 days later, either with primary closure, but may require partial thickness 
skin grafting. A soft dressing is applied to encourage early range of motion of the elbow and wrist, and a splint is typically not required if adequate fixation 
has been achieved. 

Bone grafting continues to be a topic of debate. While some surgeons advocate routine grafting of comminuted fractures, including open fractures, 
others have shown reproducible healing rates in the absence of grafting.9-223637,50.80-82,90, 106,152,156 


3,18,46 


Postoperative Care 


Patients undergoing operative fixation of both-bone forearm fractures are routinely admitted overnight for clinical monitoring of compartment syndrome. In 
the obtunded patient, intracompartmental pressure monitoring should be used if clinical suspicion of compartment syndrome is present. If adequate pain 
control is achieved during the first postoperative day, patients are discharged home and instructed to report back if they experience a progressive increase in 
pain. Elevation of the operative extremity is recommended over the first 72 hours after surgery to reduce swelling and improve pain. Early range of motion 
of the elbow, wrist, and fingers is encouraged as well as active pronation and supination. Early range of motion after plate and screw fixation of forearm 
fractures leads to significantly better functional outcomes than prolonged postoperative immobilization. This effect is most marked in both-bone forearm 
fractures and open fractures.*6 

Sutures are removed at 2 weeks. Lifting with the affected extremity is limited to 2.27 kg (5 pounds) until radiographic healing of the fracture is visible. 
This occurs on an average between 8 and 24 weeks after fixation, with open fractures taking a significantly longer time to unite. 18-80.82,106 

Patients are informed before surgery that hardware removal is not routinely recommended. Except for plates placed subcutaneously on the ulna, 
hardware is rarely symptomatic. Furthermore, removal of hardware may lead to nerve injury, infection, wound hematoma, and refracture. On average, 


hardware removal may lead to 3.4 weeks of time off work and may lead to an increase in the surgical scar.29-18.54,77,98, 113,152 


Potential Pitfalls and Preventive Measures 


Open Reduction With Plate and Screw Fixation of Forearm Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Malreduction e Start with the more simple fracture by “keying” in fragments under direct visualization to help restore length and 
alignment 


e Contralateral images can aid with estimating length and restoring radial bow 
e Incomminuted fractures, confirm correct alignment clinically by rotating the forearm and radiographically by checking 
radial bow and rotational alignment of proximal and distal radial segments 


e Check plate contour: plate contour and anatomic mismatch can cause malreduction requiring recontouring of the plate or 
using locking screws to create an internal—external fixation construct 


Postoperative gapping at simple fracture site e Slightly overcontour compression plates for transverse fractures 
e If using dynamic plate compression for oblique fractures, apply the plate first onto the shaft segment that will create an 
acute angle between the plate and the fracture line 
e Careful lag screw technique. Place independent lag screws orthogonal to the plane between the fracture line and the 
cortical surface 
e Follow correct sequence of screw placement. Do not lag the fracture after plate fixation on both sides of the fractures. Do 
not apply dynamic plate compression after lag screw placement 


The most important part of treating forearm shaft fractures is restoring function by restoring normal anatomical relationships and form of the forearm by 
means of re-establishing length, alignment, rotation, and radial bow. 

Restoration of the radial bow is related to functional outcome, especially in regaining pronation and supination.!?? Intraoperative assessment of 
unhindered pronation and supination and careful radiographic assessment of reduction and fixation either with fluoroscopy or full-length x-rays should be 
performed. Comparative radiographs of the opposite uninjured side can help in further clarifying any remaining doubt of the reduction, especially in 
complex forearm fractures. 

At the end of each case, especially in single-bone forearm fractures, examination of the stability of PRUJ and DRUJ is important to rule out occult 
instability of these joints. 

Careful surgical technique is paramount to reduce excessive soft tissue trauma and achieve adequate fixation. Residual gapping at the fracture site can 
occur if implants are inadequately selected and placed in an incorrect sequence. 


Outcomes 


A summary of outcomes after open plate and screw fixation of forearm shaft fractures is presented in Table 42-1. 

Excellent healing rates for open reduction with plate and screw fixation have been reported by most clinical studies. 
1965, Sargent and Teipner reported on 29 forearm shaft fractures that were treated with double plating using third tubular plates. Bone graft was not used 
and no postoperative immobilization was required. A 100% healing rate was achieved.'*° In a subsequent study, Teipner and Mast showed a 100% healing 
rate using single compression plates in 48 patients, compared with 98% in 55 patients treated with double third tubular plates. The authors concluded that 
single compression plating offers equal healing rates, whereas reducing fracture stripping and reducing surgical time.'4? Anderson et al.? reported a healing 
rate of 98% for radius shaft fractures and 96% for ulna shaft fractures using compression plating in a total of 330 diaphyseal forearm fractures. Chapman et 
al. achieved fracture healing in 98% of 129 forearm shaft fractures treated with either 3.5- or 4.5-mm compression plates and screws.!® Multiple subsequent 
studies have consistently shown healing rates above 90%.°:22:36.37,46,50,80-82,90, 106 

Compression plating is therefore established as the standard method of fixation of forearm shaft fractures. Early studies on compression plating used 
4.5-mm plates and screws.?4° Subsequently, 3.5-mm plates were introduced with equally high healing rates, lower refracture rates following plate removal, 
and less periprosthetic fractures.%-!8:80,106,143 Introduction of locking plate constructs has aimed at improving the biologic environment for fracture healing; 
this has, however, not been translated into a discrete clinical benefit compared with standard compression plates. !23637,50,80 


3,9,18,22,36,37,46,50,80,82,90,106,143 Jy 


Intramedullary Nailing 


IM nailing of forearm shaft fractures has been described for over a century. Early implants were solid small-diameter nails including Kirschner wires, 
Steinmann and Rush pins, and larger V and U rods. Because of the wide variability of medullary canal sizes at the radius and ulna, implantation of only 
small-diameter nails was possible, thereby requiring adjuvant cast immobilization to maintain reduction. U and V rods introduced by Kiintscher had the 
advantage of allowing interference fit because of the compressibility of the slotted nail design. In the forearm, however, this frequently led to nail 
entrapment and fracture distraction. 13 Improved results were obtained with the use of square and triangular nails that improved rotational stability at the 
fracture site while allowing restitution of the radial bow.!°3-138 In 1986, Street reintroduced the concept that Schöne had described, in 1913, of introducing a 
square nail into an IM canal that had been reamed to a round cross-area slightly smaller than the maximum diameter of the nail. Rotational stability was 
thereby obtained by interference of the comers of the nail into the round IM canal. Street observed that with this implant, the nonunion rate decreased to 
only 3% compared to 17% with Kirschner wire fixation and 11% with Rush nailing.!9 More recently, hybrid fixation, using IM nailing for the ulna and 
ORIF of the radius for both-bone forearm fractures, has been reported with similar outcomes as ORIF of both.’ 


TABLE 42-1. Summary of Outcomes of Plate and Screw Fixation of Forearm Fractures 


Mean Open Nerve 
First Patients Age Fractures Fractures Healed Injury Synostosis Functional 
Author (n) (years) (n) (n, %) Implant (%) Infection (%) (%) Measure Result 
Sargent 21 32 29 19 Double-third 100 5 No 
(14-78) tubular plate 
Dodge 65 24 93 17 4.5-mmDCP 98 3% No 
(13-59) 
Anderson 244 330 15 4.5-mm DCP 97 3% 2 1 Anderson E or S: 85% 
Grace 64 24 25 AO and 97 3% 5 No 
(15-66) slotted plate 
Teipner 55 84 Double plate 97 4% No 
Teipner 48 70 Compression 100 0% No 
plate 
Hadden 108 24 3.5-mm DCP 97 6% 7 6 No 
Chapman 88 33 129 35 Mainly 97 2% 1 1 Anderson E or S: 91% 
(13-79) 3.5-mm DCP 
Hertel 131 38 206 22 3.5-mmDCP 96 1% 0 1 No 
(16-63) 
Fernandez 71 SE 104 23 PC-Fix 100 1% No 
(14-69) 
Haas 272 34 387 21 PC-Fix 96 2% 1 No 
(11-94) 
Hertel 52 37 83 17 PC-Fix 95 1% No 
(11-87) 
Leung 47 66 19 3.5-mm 100 2% 3 Anderson E or S: 100% 
LC-DCP Pain No pain: 98% 
45 59 17 PC-Fix 100 2% Anderson E or S: 100% 
Pain No pain: 86% 
Leung 32 35 45 3 3.5-mmLCP 100 3% Anderson E or S: 100% 
(12-70) Pain No pain: 94% 
Lindvall 53 33 75 30 3.5-mm 97 0% No 
(13-82) LC-DCP 
Ozkaya 22 32 9 3.5-mm DCP 100 0 deep 0 Grace and E or G: 82%; A: 
(18-69) Eversmann 18% 
DASH: mean 15 (4-30) 
(range) 
20 33 5 Locked IM 100 0 deep 0 Grace and E or G: 90%; A: 
(18-70) nail Eversmann 10% 
DASH: mean 13 (3-25) 
(range) 
Henle 53 84 3.5-mm LCP 92 DASH 14.9 
(mean) 
Behnke 27 32 54 22 3.5-mmDCP 96 0% ll 4 Grace and E: 67%, G: 7%, 
(12-70) Eversmann A: 19%, UA: 
3% 
29 32 58 14 Hybrid 96 0% 4 Grace and E: 59%, G: 
(15- (DCP Eversmann 17%, A: 21%, 
62) radius, UA: 3% 
locked IM 
nail ulna) 


A, acceptable; DASH, Disabilities of the Arm, Shoulder, and Hand questionnaire; DCP, dynamic compression plate; E, excellent; G, good; IM, intramedullary; LC-DCP, limited 
contact dynamic compression plate; LCP, locking compression plate; PC-Fix, point contact fixator; S, satisfactory; UA, unacceptable. 


Currently available implants for IM nailing of forearm shaft fracture include elastic titanium nails and IM rods. Elastic nails rely entirely on interference 
fit based on the principle of three-point fixation. With this technique, a bowed nail is in contact with the proximal and distal metaphysis at its tips and with 
the IM canal at the point of maximal bow. Maximization of stability is obtained with placement of two nails, providing resistance to bending forces and 
axial loads in simple fractures. However, rotational stability is not provided, so additional cast immobilization is required. Elastic nailing is recommended 
for pediatric fracture fixation where immobilization is better tolerated.'*° In the adult population, elastic nailing is not considered a favorable method of 
treatment. 

Two types of IM rods are currently available for the management of adult forearm shaft fractures. Both allow locking of the nail to the bone segment 
adjacent to the entry portal. They differ in the method by which rotational stability is provided at the tip of the nail. One design has a paddle-shaped blade 
tip that achieves an interference fit at the proximal aspect of the radius and distal segment of the ulna. The other design allows interlocking with screws 
distal to the entry site. Despite the advantage of theoretically allowing improved rotational stability of forearm shaft fractures, even with modern 
interlocking nails, some type of immobilization is required until early callus formation is seen radiographically.*! The benefits of a minimally invasive 
technique using IM fixation should therefore be carefully weighed against the detriment of limb immobilization and the high success rate of plate fixation 
reported in the literature. More recent interlocking nail designs have shown favorable results without requiring postoperative immobilization. Rotational 
stability is obtained in the radius nail through a bend at the trailing end and a radial bow that matches that of the native radius. The addition of a parabolic 
shape with a distal locking screw allows for three points of fixation, thereby controlling length, rotation, and alignment. The ulna nail resembles typical IM 
nails with choice of both static and dynamic holes that allow locking distally and proximally.’*:!24 


Indications/Contraindications 


Rigid IM nailing of forearm fractures is indicated for unstable forearm fractures. Interference fit nailing can be achieved in fractures with at least 5 cm of 
intact proximal or distal bone. For interlocking nails, at least 2.5 cm of intact distal or proximal ulna and 2.5 cm of proximal and 4 cm of distal radius are 
recommended.! 

Although plate and screw fixation is considered the gold standard for treatment of forearm shaft fractures, IM nailing may be considered in some 
fracture types. Indications include segmental fractures, open fractures, and those with a poor soft tissue envelope, polytrauma, and osteopenic bone. 

Contraindications include open physis, IM diameter less than 3 mm, active infection, concomitant fractures of the radial head and neck, and ulna and 
radial metaphyseal fractures which do not permit proper locking. 

In smaller medullary canals, more aggressive reaming will be required to allow placement of a nail of 3 mm diameter, potentially jeopardizing bone 
viability and risking thermal necrosis and iatrogenic fracture. In addition, small-diameter medullary canals place the fracture at risk of additional 
comminution during reaming and may lead to nail incarceration if insufficient reaming is performed. 


Preoperative Planning 


IM Nailing of Forearm Shaft Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table with radiolucent side table 

Position/positioning aids LJ Supine 

Fluoroscopy location LJ Standard C-arm entering from the side 

Tourniquet LJ Tourniquet at the arm may be used 

Nails LJ Measure nail length and diameter from preoperative radiographs 


Scaled preoperative AP and lateral forearm radiographs of both the injured and the noninjured contralateral sides should be available for preoperative 
planning. Preoperative selection of nail length is estimated by measuring the distance from the olecranon to the ulnar styloid on a radiograph of the 
uninjured side. The ulnar nail should be 1 cm shorter than this distance, whereas the radial nail should be 3 cm shorter. This will vary depending on the 
chosen implant. A further option to determine nail length is the use of implant-specific radiographic templates. Intraoperatively, the nail may be overlaid on 
the fractured forearm, while traction is applied to re-establish normal length and implant size is assessed under fluoroscopic vision. Finally, if the ulnar nail 
length has been selected with the use of the IM reamer, the radial nail is chosen 2 cm shorter.?! Nail diameter is determined by measuring the isthmus, 
which ranges from 2 to 7 mm. Depending on the type of implant used, nail diameters come in several sizes, usually ranging from 3 to 5 mm. The final nail 
diameter should be 0.5 to 1 mm smaller than the diameter of the isthmus after reaming. Reaming is therefore required in medullary canals that measure 3.5 
mm or less. 


Positioning 

The patient is placed supine with a radiolucent arm board at the side and a pneumatic tourniquet at the level of the arm. An image intensifier is required for 
the procedure. 

Surgical Approach 

A closed reduction may be possible, but if open reduction is required, a mini surgical incision is generally made over the fracture site as described in the 


previous surgical approaches section under “Open Reduction with Plate and Screw Fixation of Forearm Fractures.” 


Technique 


IM Nailing of Forearm Fractures: 
KEY SURGICAL STEPS 


If closed reduction is planned, start with obtaining starting point for the ulna and radius 
If open reduction is planned, the fracture is exposed first and reduction obtained, followed by reaming and obtaining starting points 
The starting point is created proximally for the ulna and distally for the radius 
The surgical approach to the radius is dorsal for proximal half and volar for distal half. The ulna is approached with an ulnar approach 
Shaft segments are reamed to 0.5 to 1 mm above final nail diameter 
Nail advancement is performed for the more simple fracture first to allow secondary alignment of the other fracture 
Ensure adequate apposition of the fracture surfaces, avoiding fracture gapping 
Perform near interlocking using aiming jig followed by far interlocking if required using perfect circle technique 
Confirm full pronosupination of the forearm and flexion—extension of the elbow and wrist 
Confirm adequate reduction and implant placement under fluoroscopic vision 
Wound irrigation, closure, and immobilization in a long-arm splint 


For the radius, a longitudinal incision just lateral to Lister tubercle is performed. Careful blunt dissection should proceed after skin incision to avoid injuring 
the sensory branch of the radial nerve. A low ridge between ECRB and ECRL is identified. This starting point is selected to reduce irritation and the 
subsequent risk of rupture of the EPL. An entry hole is created by drilling at 45 degrees to the distal radial articular surface and in line with the medullary 
canal!” (Fig. 42-28A). As a depth of 1 to 1.5 cm is reached, the drill is further aligned with the axis of the diaphysis and further advanced to a final depth of 
2 to 4 cm.!°8 For the ulna, a 1-cm longitudinal incision over the tip of the olecranon is performed. The triceps insertion is split and a starting point on the 
proximal ulna is created 5 to 8 mm from the dorsal cortex and 5 mm from the lateral cortex. This allows insertion of a straight nail despite the lateral bow of 
the ulna, while avoiding the articular surface of the greater sigmoid notch. The use of a drill guide during establishment of the starting points both at the 
distal radius and proximal ulna is recommended to avoid injury to the soft tissues. The ulnar nerve is at special risk during creation of the proximal ulna 
starting point. If an open reduction is performed, the medullary canal is reamed through the fracture site both proximally and distally (Fig. 42-28B). 
Reaming of the whole length of the medullary canal is recommended especially in the distal segment of the ulna, as cancellous bone present at this level 
may interfere with nail advancement and lead to fracture distraction.!*8 In the setting of both-bone forearm fractures, the radius and ulna are reamed before 
fixation is started to allow easier access to the medullary canal. 

Before stabilizing the radius, the nail geometry should be adjusted to mimic the lateral bow of the diaphysis. This step is important not only when using 
straight nails but also when using prebent nails, as the bow may not adequately align with the patient’s anatomy. The use of a nail bender is very helpful in 
allowing adjustments to the nail’s geometry during surgery (Fig. 42-28C). 

Final seating is usually started with the ulnar nail. However, the less comminuted fracture should be nailed first as it will allow a more accurate 
reduction of the fracture and will guide subsequent assessment of fracture alignment of the other bone. With currently available implants, interlocking of the 
near end of the nail is performed with the aiming jig, whereas the far end of the nail is locked using a perfect circles technique under fluoroscopic vision 
(Fig. 42-28D). Interlocking of the nail at the proximal end of the radius should keep in mind the potential risk of injury to the PIN. 


Postoperative Care 


Depending on the implant chosen, additional immobilization of forearm fractures managed with IM nails is maintained with a long-arm splint or cast until 
early radiographic healing can be observed. This may take approximately 6 weeks.”! Thereafter, patients are allowed to use the affected extremity without 
weight bearing until solid radiographic healing has been achieved. Newer locking implants do allow for immediate mobilization without the risk of loss of 
reduction; however, immobilization may be used for the first few days for pain control and soft tissue healing. 7:14 


Potential Pitfalls and Preventive Measures 


IM Nailing of Forearm Fractures: 
SURGICAL PITFALLS AND PREVENTION 


Pitfall Prevention 
e Fracture gapping e Confirm adequate fracture apposition before far interlocking if performed 
e Nail incarceration e Appropriate sizing of the nail with canal overreaming of at least 0.5 mm 
e Inadequate reduction e Ensure adequate nail contouring prior to final seating 
e PIN injury e Lateral entry for proximal interlocking of the radius at less than 3 cm from the radial head 
e EPL rupture e Careful dissection and retraction during reaming entry portal. Entry site should be radial to EPL on a low ridge between 
ECRB and ECRL 


The main challenge with IM nailing of forearm fractures is obtaining an anatomic fracture reduction. Careful bending of the nail will allow accurate 
restoration of the radial bow (Fig. 42-29). Careful canal preparation is required to avoid fracture gapping and nail incarceration. One of the most severe 
intraoperative complications is injury to the PIN during interlocking at the proximal end of the radius. To reduce this risk, a straight lateral entry at less than 
3 cm from the radial head with the forearm in neutral rotation should be chosen for proximal radial interlocking. If in doubt, a small open incision may be 
made to ensure the nerve is not injured. 14 


G ET ake Bee ie D 
Figure 42-28. A: The entry point is just lateral to Lister tubercle, protecting EPL. To enlarge the entry portal, the surgeon introduces a 6-mm cannulated reamer over 
the 2-mm trocar wire. Note the 45-degree angle to the articular surface of the distal radius. B: To prepare the canal at the fracture site, the surgeon uses a power reamer 
during open nailing. C: A nail bender is used to contour the radial nail. D: A 1.5-cm incision is made to insert the driving-end interlocking screw. Drill and screw 
guides must be placed onto the bone to avoid injury to the radial nerve. (Reprinted with permission from Zinar DM. Forearm fractures: intramedullary nailing. In: Wiss 
DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. 2nd ed. Lippincott Williams & Wilkins; 2006:157-168.) 


Gao et al. reported on 32 fractures of the forearm in 18 patients managed with an interlocking IM nail. Healing was achieved in all fractures. Mean time to 
union was 10 weeks in patients managed with closed nailing, whereas those that required fracture exposure before nailing healed on average after 15 weeks. 
Mean forearm rotation was from 62 degrees of pronation to 80 degrees of supination. Functional outcome was rated as excellent or good in 13 patients, 
acceptable in 3, and unacceptable in 2. Complications included radioulnar synostosis in one patient and two patients with painful distal ulnar interlocking 
screws. Four superficial infections occurred, all in the patients requiring open reduction.*° Lee et al. reported on 38 forearm fractures treated in 27 adult 
patients with interlocking nails. Healing was achieved in all except one fracture at a mean of 14 weeks. No infections or radioulnar synostoses were 
observed and the functional outcome was graded as excellent or good in 92% of patients.”8 Visna et al. achieved healing in all 78 patients with 118 forearm 
fractures treated with an interlocking IM nail system. Average time to union was 14 weeks. Delayed healing occurred in four cases. Complications included 
one superficial infection, three incomplete radioulnar synostoses, and one compartment syndrome.!“8 Similar healing rates of 94% and 93% have been 
reported by Moerman et al.°° and Street.!38 Weckbach et al. prospectively studied 32 patients treated with interlocking IM nailing for 40 forearm shaft 
fractures. Healing was achieved in all except one patient. Additional complications included one nonunion and two radioulnar synostoses. No infections 
occurred. 15t 

Behnke et al. compared the treatment of both-bone forearm fractures in 27 patients who underwent plate and screw fixation in both ulna and radius with 
29 patients who underwent IM nailing of the ulna and plate and screw fixation of the radius. All except one radius in each group healed and there were no 
differences with regard to final range of motion and time to union.? Ozkaya et al. compared both-bone fractures in 22 patients treated with only plate and 
screw fixation and 20 patients who underwent IM nailing only. All fractures healed. No differences were recorded with regard to operative time, the Grace 
and Eversmann score, or the DASH score. Since all fractures treated with IM nailing were reduced closed, blood loss was reported as none, compared with a 
mean 60 cm? (range 20-240 cm?) after open reduction and plate fixation, a difference that was found to be statistically significant. Furthermore, fractures 
treated with IM nailing healed on average in 10 weeks, a time frame that was significantly shorter than the average 14 weeks of healing reported after plate 
fixation. The major disadvantage of IM nailing was the need for postoperative immobilization that ranged from splinting for 2 to 3 weeks to long-arm cast 
immobilization until radiographic healing could be visualized.!°© 


F 
gure 42-29. Preoperative AP (A) and lateral (B) radiographs of a both-bone forearm fracture. AP (C) and lateral (D) radiographs after closed reduction. 
Postonerative AP (E) and lateral (F) radiographs after closed nailing. (Reprinted with permission from Zinar DM. Forearm fractures: intramedullary nailing. In: Wiss 
DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. 2nd ed. Lippincott Williams & Wilkins; 2006:157-168.) 


Köse et al. retrospectively compared 42 patients treated with ORIF using plate and screw fixation and 48 patients treated with a new IM locking nail that 
obviates the need for postoperative immobilization. They demonstrated a statistical significant in time to union, amount of bleeding, and operating time 
favoring IMN fixation. No statistical significant difference was determined regarding radiographic and function activity using DASH, Grace and Eversmann 
score, ROM, pinch and grip strength, maximal radial incline, and maximum radial incline localization. The authors concluded IMN fixation using the 
newest generation implant is a good alternative to ORIF that allows for early mobilization with good functional and union outcomes.’ 


Monteggia fracture dislocations represent approximately 1% to 2% of forearm fractures.*** Simple Monteggia fracture dislocations affecting the proximal 
ulnar shaft with isolated radial head dislocation can be addressed with ORIF using plate and screws, usually yielding satisfactory outcomes ( ). 

In this setting, reduction and fixation of the ulnar shaft follows the same principles as discussed for both-bone forearm fractures. However, because of the 
frequent proximal location of the ulnar shaft fractures, precontoured proximal ulna plates may be helpful. The surgical procedure may be performed with the 


patient supine and the forearm placed across the patient’s chest or with the patient in the lateral decubitus position and the arm placed over a bolster.3? The 
ulna is then exposed through a posterior approach and the plate placed onto the posterior surface of the proximal ulna to counter bending forces.3?66,118 
Since the TFCC and the interosseous membrane distal to the ulnar fracture remain intact, once reduction of the ulna has been achieved, the PRUJ is 
generally reduced spontaneously into a stable configuration.?”!'!! Residual subluxation of the proximal radius may remain if the anatomy of the ulna is not 
accurately restored. The ulna usually exhibits a 6-degree apex dorsal angulation located at 5 cm distal to the tip of the olecranon. Rouleau et al. termed this 
the proximal ulna dorsal angulation (PUDA). The location of the PUDA ranges from 34 to 78 mm from the tip of the olecranon and its magnitude ranges 
from 0 to 14 degrees. Restoring this angulation will aid in accurately re-establishing the normal alignment of the radiocapitellar joint and PRUJ.!?? 

If accurate reduction of the radial head does not occur after reduction of the ulna, then the adequacy of the ulnar reduction, especially of the PUDA, 
should be checked radiographically and clinically. If this reduction is anatomic, then buttonholing of the proximal radius through the annular ligament or the 
anconeus muscle should be suspected.!!! Where there is an irreducible radial head or an associated proximal radius fracture, including proximal radial shaft 
and neck or head, an independent radial approach should be performed. In the past, a single approach to the proximal ulna and radius was recommended, but 
this approach places the elbow at unnecessary risk of a radioulnar synostosis. 118 

Monteggia fracture dislocations may yield a high rate of unsatisfactory results and complications, even after optimal surgical treatment, when more 
complex injuries are present.41484 Korner et al.”* and Egol et al.33 observed that Monteggia lesions with associated proximal radius or coronoid fractures 
were associated with poorer outcomes. Reynders et al. reported 46% fair or poor results in 76 Monteggia lesions in adults. According to the Bado 
classification, good or excellent results were the norm in type I and type III Monteggia lesions. Fair or poor results were most frequently seen in type II and 
type IV fractures. Involvement of the olecranon process was found to lead to poorer outcomes and persistent radial head dislocation was present in seven 
cases (9%).1!3 Similarly, Reckling found his best results in Bado type I fractures, with fair results as the rule for types II, III, and IV fractures.!!! Givon et 
al., on the contrary, found Bado type I fractures to be at higher risk for poor outcomes, especially in type I equivalents with fracture of the proximal radius. 
In their study, involvement of the olecranon did not affect outcomes.** Jupiter et al. reported 45% fair or poor results after operative treatment of Bado type 
II Monteggia fracture dislocations. Of note, 10 of the 13 included cases had an associated radial head fracture, and the proximal ulna, including the 
coronoid, was frequently involved. Of the radial head fractures, seven underwent radial head excision, one was replaced with a silicone implant, and three 
managed with ORIF.® In a subsequent study, Ring et al. reported the results of 48 adult patients treated for a Monteggia fracture over a 10-year period. 
Fractures were classified as Bado type I in 7, type II in 38, type III in 1, and type IV in 2 cases. A radial head fracture was present in 68% of type II lesions, 
one-third of which had an associated coronoid fracture. Nine patients required a reoperation, all of whom had a Bado type II lesion. Indications for 
reoperation included loosening of ulnar fixation, radial head resection, and painful hardware. Additional complications included radioulnar synostosis in 
three patients, posterolateral rotatory instability in one patient, and DRUJ instability in one patient. Overall, final results were graded as excellent or good in 
40 patients (83%). Poor and fair results were found in four patients with a Bado type II lesion, one patient with a Bado type I injury, and one patient with a 
Bado type IV fracture. Poor outcomes occurred in the presence of coronoid or ulnar malreduction, radial head fracture, or radioulnar synostosis. 

In the setting of complex Monteggia fracture dislocations, careful reconstruction of the proximal ulna including the olecranon and coronoid is required. 
Furthermore, fractures of the proximal radius will increase the likelihood of poor outcomes. A detailed discussion of Monteggia lesions affecting the 
proximal ulna and radius is provided in Chapter 41. 


Repair of Galeazzi Fracture Dislocations 


The principles of management of Galeazzi fractures follow those of both-bone forearm fractures. In adults, poor results can be universally expected with 
nonoperative treatment of these injuries because of inadequate control of deforming forces of the PQ, brachioradialis, and thumb abductors and 
extensors.4*-52 Anatomic reduction and stable fixation is required to restore the normal relationship between the radius and ulna to allow unrestricted 
forearm rotation and to avoid delayed arthritic changes in the DRUJ.°! 


Figure 42-30. A-D: Monteggia fracture dislocation. E, F: Fixation was performed using two lag screws through the oblique fracture of the ulna and a neutralization 
plate. Secondary reduction of the radiocapitellar and proximal radioulnar joint was achieved. 


Plate and screw fixation is the preferred mode of fracture stabilization (see Fig. 42-7). Operative treatment is performed with the patient supine and the 
forearm placed on a radiolucent side table. The radial shaft is approached either via a volar or a dorsal approach. In most instances, the fracture will be 
located in the distal half of the radius, making the volar the most frequently used approach. However, some authors have reported a higher use of the dorsal 
Thompson approach to reduce a theoretical risk of reduced pronation associated with the volar approach.°® Reduction and fixation is obtained according to 
the fracture geometry. In most instances, anatomic reduction of the radial shaft will lead to stable reduction of the DRUJ.!39 When adequate reduction of the 
DRUJ is obtained after fixation of the radial shaft, the DRUJ should be assessed for stability. A stable DRUJ will remain reduced when anteroposterior 
translation is applied with terminal pronation/supination and in neutral forearm rotation. Comparing laxity to the contralateral extremity can be helpful. An 
unstable DRUJ will dislocate, even with the forearm in supination. Stable injuries are routinely immobilized for 3 to 6 weeks in a long-arm splint or 
cast.42°8 However, Gwinn et al. reported on an early motion protocol for selected Galeazzi fractures. When the DRUJ was found to be clinically and 
radiographically stable after radial shaft fixation, patients could safely be allowed to start immediate elbow motion, followed by progressive forearm 
rotation starting 2 weeks after surgery.*? An unstable DRUJ caused by a soft tissue injury at this level may be treated with reduction and pinning of the 
DRUJ using Kirschner wires with or without open repair of the TFCC.!° No study has demonstrated superiority between the two methods.° Pinning of the 
DRUJ is best performed with two 2-mm Kirschner wires placed 1 cm apart, with the distal most wire just proximal to the sigmoid notch: the size of the 
wires and subsequent immobilization should be consistent with the size and expected compliance level of the patient.’* Inadvertent rotation of the forearm 
may lead to pin breakage at the DRUJ.°? An unstable DRUJ with an associated fracture of the base of the ulnar styloid is best addressed with ORIF of this 
fragment.°? 

If DRUJ reduction is not achieved after ORIF of the radius, usually inadequate fracture reduction is the cause, and the radial reduction should be 
carefully checked clinically and radiographically. If the radius is well reduced, then interposition of soft tissue or bony fragments may be present at the 
DRUJ. Interfering structures may include ECU, EDC, and EDQ tendons, periosteum, or an avulsed foveal fragment.”°-!°7 In this instance, an open reduction 
of the DRUJ will be required. This is best performed through a dorsal approach using a chevron-type incision directly over the DRUJ and identifying the 
EDQ tendon; the DRUJ is located directly underneath. There is typically extensive soft-tissue disruption in this situation and the surgeon should be prepared 
to work through any defects and repair same upon closure. Stabilization of the DRUJ with primary repair of the TFCC may be performed. Postoperatively, 
immobilization for 3 to 6 weeks in a long-arm cast is recommended. Galeazzi fractures with dorsal dislocation (more common) are immobilized in 
supination, whereas those with volar dislocation are immobilized in pronation. +!0-17:4398 Some authors advocate immobilization in neutral after repair.’ 
Intraoperative assessment of the position in forearm rotation that provides the most stable DRUJ is selected for immobilization. 

If anatomic reduction of the radius and DRUJ is obtained, satisfactory results can be expected in 80% to 92% of the cases.”®89:97 Excellent results have 
been reported with primary repair of associated DRUJ instability in 95% of patients.°* However, inadequate reduction of the radius and persistent 
incongruity of the DRUJ can lead to significant morbidity.*2:°! 


Repair of Open Fractures 


The frequency of open fractures ranges from 10% in isolated forearm shaft fractures to 43% of both-bone forearm fractures, }-!827.39.78,82,120 Only 10% or 
so of open forearm shaft fractures are type IIIB or C according to the Gustilo classification, and the majority are type I.2°47° Types I and II account for 
almost 80% of open forearm fractures.°° 

Satisfactory results have been reported with irrigation and debridement and definitive fixation within 24 hours of injury in 90% of types I, II, and IIIA 
open fractures.°° Poorer results can be expected with more severe soft tissue injuries such as seen in grade IIIB and C fractures.*°° Jones studied a group of 
18 patients with high-energy open forearm fractures. Seven patients had a type IIIA, eight a type IIIB, and three a type IIIC open fracture. All patients 
underwent irrigation and debridement and immediate plate and screw fixation followed by repeat debridement at 24- to 48-hour intervals as required. Bone 
grafting was performed in five patients at 8 to 10 weeks after the initial injury. Delayed reconstructive procedures including tendon transfer, arthrodesis, 
scar revision, and nerve reconstruction were required in eight patients. Minor wound complications occurred in three patients. One patient had a deep 
infection requiring repeat surgical intervention, one patient with a type IIIC fracture and prolonged warm ischemia required eventual amputation, and one 
patient required a second grafting procedure. Good or excellent results were obtained in 12 patients (66%).°* Moed et al. studied 50 patients with 20 type I, 
19 type II, and 11 type IHI open forearm fractures. All fractures were treated with irrigation and debridement and immediate ORIF. Complications included 
two deep infections and six nonunions. Excellent or good results were obtained in 85% of cases. Due to the relatively high rate of delayed union and 
nonunion, the authors recommended bone grafting in comminuted fractures in which interfragmentary compression could not be obtained, or when 
radiographs reveal a lack of progressive bony healing.®° 

Low-velocity gunshot injuries frequently cause isolated open fractures of the ulna or radius. As in their closed counterparts, non- or minimally displaced 
isolated ulna and radius fractures may be treated with immobilization, while displaced both-bone forearm fractures are best treated with immediate irrigation 
and debridement and ORIF (see Figs. 42-2 and 42-22). Lenihan et al. studied 37 patients with such injuries. Only six (16%) affected both the ulna and 
radius. Fourteen were isolated ulna and 17 isolated radius fractures. Twenty-three fractures were non- or minimally displaced. Almost 40% of patients had a 
nerve palsy before treatment. All except one nondisplaced and six displaced fractures were treated with casting, whereas the remainder underwent ORIF. 
All fractures healed, no infections occurred, and two patients developed a compartment syndrome. Sixty percent of nerve injuries resolved spontaneously 
(i.e., neuropraxic injuries caused by the concussive effect of the bullet with structural integrity). Poor results were observed in six patients, five of which had 
been in both-bone fractures treated with cast immobilization.”? 

Most open forearm fractures can be treated with irrigation and debridement and immediate ORIF using plates and screws. The optimal type and duration 
of antibiotic management is controversial. Commonly accepted regimens include immediate intravenous gram-positive coverage for all open fractures. 
Concomitant gram-negative coverage is recommended for type III fractures. Additional anaerobic coverage with penicillin or clindamycin has been advised 
for combat injuries and those occurring with contamination in the farm environment. Types I, II, and IIIA open fractures can be adequately managed with a 
single washout and immediate ORIF and closure, provided there is no doubt about tissue viability or contamination. While immediate fixation may be 
performed in IIB fractures, repeat irrigation and debridement may be required at 72-hour intervals until a definitive soft tissue coverage can be obtained, 
usually with some type of tissue transfer (Fig. 42-31). Type IIIC fractures are managed with fixation followed by vascular repair in most instances. 

In selected cases in which massive soft tissue disruption with marked contamination is present, thereby precluding definitive plate and screw 


implantation, external fixation may be used. As is the case for ORIF, understanding of the anatomy of the forearm is key for accurate and safe placement of 
external fixator pins.*° Pins should be placed in a location that will not interfere with definitive plate and screw placement because of potential 
contamination of the surgical field by pin tracks. With the patient supine, using a radiolucent side table, two 3-mm Schantz pins are placed into each main 
shaft segment with the help of an image intensifier. Ulnar pins are placed by palpation of the subcutaneous border of this bone. Pins are then introduced 
through stab incisions in the interval between ECU and FCU. Because of radial shift of the muscles during pronation, this position is chosen during pin 
placement to reduce overlying soft tissues. Radial pins are inserted using a mini-open technique from dorsal to palmar along the interval described for 
Thompson dorsal approach. For the proximal half of the radius, pins are placed between the ECRB and EDC. For pin placement into the surroundings of the 
biceps tuberosity, direct visualization of the PIN is required. At the midshaft, pins are placed in the interval between ECRB and EPL. Blunt spreading of the 
soft tissue after skin incision and the use of a soft tissue sleeve will aid in protecting the superficial branch of the radial nerve. At the distal radius, a distal 
dorsal pin can be placed proximal to Lister tubercle. This is easily palpated in most instances. A longitudinal skin incision followed by spreading of the soft 
tissues and pin insertion with a soft tissue sleeve will help protect the surrounding tendons. Associated soft tissue injuries may be covered with wet-to-dry 
dressings or managed with negative pressure wound therapy. Careful pin site care is required to avoid pin track infection and secondary loosening and 
possible osteomyelitis. Pins are covered with saline-soaked gauze. Any remaining tension between the pins and skin should be relieved with a skin cut 
perpendicular to the tension lines. After initial pin placement, pins may remain covered by the sterile dressing for 5 days, followed by twice-daily pin site 
care.°8 


A, B, C E 
Figure 42-31. A, B: Type IIIB open segmental fracture of the ulna and radius. Severe stripping of the intermediate fracture segment of the ulna was resected. C, D: A 
soft tissue flap was required to obtain adequate coverage and allow initial fixation. E: A vascularized fibula graft was used to bridge the fracture defect. 


Schuind et al. reported on 93 patients with acute fractures of the diaphysis of the forearm treated by a Hoffmann external fixator in a half-frame 
configuration. After a mean time of 13 weeks of external fixation, a healing rate of 91.5% was observed. One refracture occurred after frame removal. 134 
Smith and Cooney reported on the use of external fixation in complex upper extremity injuries in 40 patients, 32 of which were forearm fractures with both 
bones fractured in 27, the ulna in 4, and the radius in 1. All were open fractures: 29 Gustilo type III, 2 Gustilo type II, and 1 Gustilo type I. Associated 
vascular injuries were present in 13 and neurologic injuries in 11 cases. External fixation was maintained for 13 weeks on average but immobilization for a 
mean of 32 weeks. Sixteen of the 32 fractures were treated by ORIF with plates 3 to 5 days after frame removal. The authors reported the outcome of 28 of 
the 32 forearm fractures with excellent results in 14%, good in 57%, fair in 21%, and poor in 7%. Nonunion developed in 16% of cases and they were 
treated by ORIF with plates and bone grafting. Combining delayed union and nonunion requiring later treatment, 52% of patients required a second 
intervention. 136 


Authors’ Preferred Treatment for Diaphyseal Fractures of the Radius and Ulna ( ) 
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Algorithm 42-1 Authors’ preferred treatment of diaphyseal fractures of the radius and ulna. 


Algorithm 42-1 demonstrates our preferred schema for the treatment of diaphyseal radius and ulna fractures. In general, isolated distal two-third ulna 
fractures with less than 50% displacement and less than 10 degrees of angulation are treated nonoperatively. Proximal third ulna fractures are typically 
treated operatively. After ulnar fixation, the PRUJ is checked for stability and congruency between the radial head and capitellum. With the exception of 
completely nondisplaced radius fractures, isolated radius fractures undergo ORIF. We typically use a volar incision for the proximal and distal third 
fractures and reserve the dorsal approach for middle-third fractures or proximal fracture involving the radial head. DRUJ stability is assessed at the end 
of the case. If the DRUJ is found to be unstable, we generally use a K-wire fixation technique and supplement with a long-arm splint. 

When both radius and ulna are fractured, we generally approach the less comminuted bone first. If both fracture lines are simple, we typically begin 
with the ulna. If both fractures are comminuted, we generally perform ORIF of the ulna first, then the radius. Tourniquet time is generally reserved 
preferentially for ORIF of the radius especially when a large degree of comminution is present. Patients are typically placed in soft dressings and are 
allowed to begin gentle range of motion immediately postoperatively. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS OF 


DIAPHYSEAL FRACTURES OF THE RADIUS AND ULNA 


Forearm Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Infection 

Malunion 

Nonunion 

Radioulnar synostosis 
Refracture 
Compartment syndrome 


INFECTION 


Infection has been reported to occur in between 0% and 3% of forearm fractures. Anderson et al. reported an infection rate of 3% in 330 fractures of the 
forearm treated with plate and screw fixation. Of the seven infections, three cleared with antibiotic treatment alone and achieved a good result. One patient 
required antibiotic treatment and hardware removal after fracture healing with resection of sequestra and suction/irrigation. Out of a total of nine nonunions 
in the whole series, three additional patients developed a septic nonunion that required subsequent surgery. Interestingly, all infections occurred in closed 
fractures, with Staphylococcus aureus being the most frequent infecting organism.* Several studies have reported no infection after ORIF of forearm shaft 
fractures.°82106 The highest infection rate was reported by Hadden et al.°! with 6% of 108 patients having a deep infection after ORIF of forearm shaft 
fractures. 


In most instances, infection is characterized by erythema, increased temperature, and swelling. While these signs are usually seen during the early 
uneventful postoperative period, increasing pain and malaise should prompt investigation. Additional factors include fever and purulent drainage, which 
confirm the diagnosis of infection. Superficial infections can in most instances be treated with a 10-day course of oral antibiotic. In uncomplicated fractures, 
Gram-positive coverage with a first-generation cephalosporin or penicillinase-resistant B-lactam such as oxacillin leads to uneventful resolution.39-50.81,148 In 
contrast, deep infections require repeat interventions for irrigation and debridement. Careful debridement of devitalized or infected soft tissue and bone 
should be performed. Hardware should be retained if stable until fracture healing has been achieved. Intraoperative cultures should be obtained and broad- 
spectrum intravenous antibiotic coverage started. Antibiotics are adjusted according to culture growth and frequently continued for at least 6 weeks. In the 
presence of segmental bone loss or defects, placement of antibiotic-loaded cement beads or spacers can be useful in achieving high local antibiotic 
concentrations. Resolution of infection can be monitored with laboratory markers such as ESR and CRP to assist in the timing of definitive reintervention 
for bone grafting and fixation. 


MALUNION 


The incidence of malunion in the adult population for both-bone forearm fractures is not well known. Historical data have shown poor outcomes after 
nonoperative treatment of unstable forearm fractures in adults due to poor control of deforming forces and subsequent healing in suboptimal alignment.°” 
Tarr et al. showed that 15-degree malunions of the radius and ulna result in a clinically significant deficit of 27% loss of rotation. Middle-third deformities 
more significantly limit supination, while pure rotation deformities result in a loss of function equal to the magnitude of the deformity. 

More recently, Matthews et al. in a cadaveric model of middle-third both-bone forearm fractures showed that a residual deformity of 10 degrees resulted 
in an acceptable functional deficit. However, a residual deformity of 20 degrees resulted in a 30% deficit in pronosupination which was determined to be 
functionally significant.’ Sarmiento et al. noted that the location of angulation along the forearm plays a larger role than the direction of deformity. The 
author noted that rotation was maximally affected when the deformity was located at the midshaft of the ulna and demonstrated that the deformity was 
usually multiplanar.**” Focusing on the radius shaft, Schemitsch and Richards demonstrated that the maximum radial bow in the coronal plane occurs at 
60% + 0.7% of the proximal-to-distal distance of a line drawn from the biceps tuberosity to the most ulnar border at the wrist, with a magnitude of 15.3 + 
0.3 mm. Restoration of location within 4.3% + 0.7% of the original location and within 1.5 + 0.2 mm of the original magnitude resulted in 80% or greater 
normal rotation. 

Deformity correction of the forearm is a very challenging surgical problem, especially when affecting both the radius and ulna. Deformities often 
include shortening as well as angulation in planes that are oblique to the coronal and sagittal reference planes. Furthermore, when both the radius and ulna 
are affected, different planes may be affected in each bone. Preoperative planning requires a clear understanding of the limitations in the arc of motion as 
well as the presence of other complaints such as wrist pain and aesthetic problems. Orthogonal AP and lateral radiographs of the forearm, wrist, and elbow 
should be obtained of the affected and the contralateral sides for comparison. Contralateral radiographs are used to determine location and magnitude of 
maximum radial bow as well as ulnar variance.**“ Assessment of the contour of the bicipital groove and distal articular surface on the radius and of the ulnar 
styloid and olecranon on the ulna help in determining the presence of a possible rotational deformity. “4 CT and magnetic resonance imaging can be helpful 
in further assessing torsional and angular deformities.*?-”"“"*° Accurate reconstruction is, however, challenging using two-dimensional images, given the 
multiplanar nature of the deformity in most cases (F ). CT-based three-dimensional modeling has been recently developed to help aid the surgeon 
with preoperative planning and execution of the procedure.”>** This technology allows for three-dimensional printing of the affected bones to achieve a full 
understanding of the deformity and required correction. Furthermore, patient-specific cutting guides are designed to allow for accurate restoration of the 
anatomy using standard fixation implants (Materialise, Plymouth, MI; F 3) 


A, B c, D 


2-32. A, B: Malunited both-bone diaphyseal forearm fracture treated nonoperatively in a long arm cast with severe pronosupination limitations. C, D: 
Postoperative follow- -up images after multiplanar osteotomies and fixation with 3.5-mm plates. Patient regained full pronation and lacked terminal 10 degrees of 


supination. 


Timing of surgery has been shown to have significant effects on the outcomes. Trousdale et al. demonstrated that there is a significant improvement in 
range of motion and decrease in complication if the correction was performed within a year of the initial injury.'“° The surgical approach is selected 
according to the location of the malunion. Both-bone malunions require osteotomy of both bones prior to fixation. Release of soft tissue contractures, 
including the interosseous membrane, is often required to achieve the desired correction. However, an overly aggressive release of the interosseous 
membrane should be avoided as it may affect DRUJ stability. Fixation is achieved with standard 2.7- or 3.5-mm plates depending on patient size. Bone 
grafting may be required if poor bone apposition or diastasis results after osteotomy.®? Postoperatively, early range of motion is encouraged. Resisted 
activity and strengthening is begun at 6 to 8 weeks postoperatively depending on radiographic signs of healing. Corrective osteotomies for forearm fracture 
malunions have reassuring outcomes with significant gain in function and decrease in pain. They are however technically challenging and as such have 
higher complication rates than primary fracture fixation. 102146 


NONUNION 


Nonunion rates after screw and plate fixation range between 0% and 10%.%-918:22,36,37,46,50,51,80,82,90,106,128,143 Nonunions lead to a significant delay in 
functional recovery and are frequently associated with poor final outcomes.? 

Nonunions are generally secondary to inadequate biomechanics, inadequate biology, or both. Errors in achieving the adequate biomechanical 
environment for fractures to heal can be multiple. Fracture gapping after 3.5-mm screw and plate application because of inadequately followed principles of 
fixation will prevent primary bone healing and increase the risk of nonunion.*° Selection of an implant that does not provide sufficient stability, such as one- 
third tubular or pelvic reconstruction plates, may lead to excessive motion at the fracture site, which in simple fractures may lead to nonunion. Too much 
rigidity in a construct may lead to inadequate healing when bridge plating is performed. Factors affecting the biomechanics of fracture healing include 
selection of a plate of inadequate length, inadequate plate placement, and screw insertion too close to the fracture site when using compression plating 
only. A second reason increasing the nonunion rate is inadequate biology. High-energy injuries with open fractures, severe comminution, and excessive 
soft tissue stripping increase the risk of poor vascularity at the fracture site inhibiting healing. Furthermore, around one-third of nonunions occur in the 
presence of a deep surgical site infection: this should always be suspected in a forearm fracture that fails to progress to nonunion.* 

In general, the “natural history” of most plated forearm fractures is to heal. When treating suspected nonunions of the forearm, the surgeon should wait 
for 6 months to adequately monitor the fracture and ensure that there is no radiographic progress to healing. In our experience, absence of healing in three 
subsequent radiographs taken at monthly intervals after 3 months of injury reliably predict that healing will not occur without repeat intervention. If the 
patient is asymptomatic, further watchful waiting may be advised but the patient should be informed that the hardware is at risk of fatigue failure. In most 
instances, a failure in the initial fixation mode can be observed and established as the likely cause for nonunion.!!” A careful assessment of forearm rotation 
and elbow and wrist range of motion is necessary to determine whether any malreduction is present. Comparative radiographs of the contralateral uninjured 
arm may provide additional useful information on the normal anatomy. Standard preparation of the forearm as well as the ipsilateral iliac crest should be 
performed in case autologous bone graft is required. Alternatively, the distal femur may be prepared for grafting from the lateral femoral condyle. Careful 
nonunion exposure should be performed under a bloodless field to reduce profuse bleeding frequently seen from scar tissue. Careful dissection is required to 
avoid iatrogenic injury to neurovascular structures. Once the fracture site is identified, hardware is removed and the underlying membrane tissue sent for 
culture. Soft tissue stripping should be kept to a minimum. The nonunion site is carefully debrided down to viable bone. In most instances, bone grafting is 
not required and fixation may proceed following the standard principles for reduction and plate and screw application. In the presence of bone loss, 
autologous iliac crest or lateral femoral condyle bone graft is harvested. Infected nonunions require excision of nonviable bone as described for deep 
infections. Intravenous antibiotic treatment and local antibiotic therapy may be used to achieve control of the infection. If soft tissue coverage is poor, soft 
tissue transfer may be indicated, followed by staged refixation and bone grafting. 


D E 
Figure 42-33. A: Instrumentation and patient-specific cutting guides for malunion correction. B: X-ray images of a malunited distal radial shaft fracture. C: Initial 
cutting guide is placed after exposure of the radius. K-wire remains in place and subsequent guides are exchanged over the K-wire to ensure precision. D: Final fixation 
of the radius after osteotomies. E: Six-month follow-up images. (Reprinted with permission from Storelli DA, et al. The use of computer-aided design and 3- 
dimensional models in the treatment of forearm malunions in children. Tech Hand Up Extrem Surg. 2015;19(1):23-26.) 


Healing rates after surgical treatment of forearm nonunions have been reported to be as high as 100%. Kloen et al. reported on 47 patients with 51 
forearm nonunions that were treated with ORIF alone in 30 cases, grafting alone in 7 cases, and a combination of ORIF and autologous bone grafting in 20 
cases. All healed after a median of 7 months. Functional results were graded as excellent in 62%, satisfactory in 17%, and unsatisfactory in 21% of 
patients.’! In a similar study, dos Reis et al. reported on compression plating and autologous bone grafting of 31 patients with forearm nonunions. All 
except one patient achieved bony healing at a mean of 3.5 months after surgery. Good functional outcome was reported in 26 patients (84%).”° Ring et al., 
on the other hand, reported on the use of ORIF and nonstructural autograft of nonunions with segmental defects. All of the 35 patients achieved bony union 
within 6 months of surgery. Functional outcomes were rated excellent in 5 patients, satisfactory in 18, unsatisfactory in 11, and poor in 1.'!” Less favorable 
outcomes have been reported for open IM nailing of forearm nonunions. Hong et al.” reported almost 50% of unsatisfactory or failed results using this 
technique on 26 forearm nonunions. 

Prasarn et al. reported on 15 patients operated over a 16-year period for infected nonunions of the forearm using a standard approach of debridement, 
definitive fixation after 7 to 14 days, tricortical iliac crest bone grafting for segmental defects, leaving wounds open to heal by secondary intention, 6 weeks 
of cultures, specific antibiotics, and early active range of motion exercises. All patients achieved bony healing in the absence of infection at a mean of 13 


weeks, 129 


RADIOULNAR SYNOSTOSIS 


Complete radioulnar synostosis with a solid bony bridge occurs in 1% to 6% of forearm fractures (Fig. 42-34).>5t Hadden et al. reported 6 patients with 
synostosis in a series of 108 patients with forearm fractures. All synostoses occurred in patients with a closed head injury.°! Chapman et al. reported a single 
case of synostosis developing after operative treatment of forearm fractures in 88 patients. The affected patient had an associated closed head injury and had 
been treated with a 4.5-mm DCP plate for a Monteggia fracture.!® Haas et al. reported 2 patients who developed radioulnar synostosis out of 272 patients 
with forearm fractures treated using a minimal contact internal fixator. Both synostoses occurred in patients with high-energy fractures and required surgical 
excision and soft-tissue release.” 


Fractures affecting the radius and ulna at the same location in the forearm, along with significant comminution, have been found to be associated with 
this complication.’ To minimize the risk of synostosis, the surgeon should avoid leaving any bone graft, bone fragments, or metal/screws compromising the 


interosseous space. 
According to Jupiter and Ring, proximal radioulnar synostosis can be classified as follows: 


A: Distal to the bicipital groove 
B: Involving the radial head on PRUJ 
C: Extending to the distal aspect of the humerus 


G 
Figure 42-34. A, B: Comminuted distal ulna shaft fracture from GSW after fixation. C-F: Postoperative images demonstrate synostosis. G: Intraoperative 
fluoroscopic image after resection of synostosis. 


After simple excision of radioulnar synostosis in 18 patients, using an interposition fat graft in 8, the synostosis recurred in only 1 patient who had a 
closed head injury during the initial accident. Complications included one ulnar fracture, a broken pin from a hinged external fixator, and dislodgement of a 
fat graft. Final postoperative forearm rotation was on average 139 degrees in the 16 patients who did not have a recurrence.°’ After resection of a forearm 
synostosis, the surgeon should consider the use of adjuvant measures such as indomethacin or radiation therapy. 


NERVE PALSY 


The most frequently injured nerve during operative treatment of forearm fractures is the radial nerve or its terminal motor branch, the PIN. Anderson et al. 
reported on five PIN palsies, all of which occurred after proximal radius fixation through a posterior Thompson approach. Four palsies recovered within 4 
weeks, whereas one required 6 months to fully recover.’ Treatment of permanent nerve injury includes direct nerve repair and tendon transfers. 

Occasionally, loss of FPL function can be noted after plating of the radius through the anterior approach. This is likely due to traction neurapraxia of the 


AIN, which commonly resolves with observation.® 


IMPLANT REMOVAL AND REFRACTURE 


Less than 10% of plates require removal after ORIF of forearm fractures. Ulnar plates are at the highest risk for ongoing symptoms because of the 
subcutaneous location of this bone (Fig. 42-35). Plates should therefore be placed either on the dorsal or volar aspect of this bone to allow some muscle 
coverage. Some patients describe recurrent deep pain at the surgical site, especially related to changes in the weather and temperature, associating this pain 
to the presence of surgical hardware. Removal of hardware should, however, not be performed without taking into account the several risks involved with 
this procedure. Refracture rates have been reported to be as high as 18%, with fractures occurring either through the original fracture site or through one of 
the empty screw holes. Refracture through the original fracture site may be avoided by delaying hardware removal by 12 to 18 months and providing 
external protection in the form of a splint or prefabricated brace for 4 to 6 weeks.? Fractures through screw holes usually occur after a more severe injury 
and may occur several months after hardware removal.°* Forearm fractures managed with 4.5-mm plates and screws are at higher risk for developing 
fractures through the screw holes. Early series using these implants reported refracture rates of 22% after removal, whereas some later series have shown no 
fracture after removal of 3.5-mm compression plates and screws.!® Finally, refractures may occur even in the presence of the original plate and screws. 
These refractures usually occur through the most distal or most proximal screw hole after significant trauma.’” 


A, B 


Figure 42-35. A: Peri-implant both-bone forearm fracture after a high-energy fall. Open reduction and internal fixation with plates and screws had been performed 3 
years earlier. B, C: Long plates were used for both the radius and ulna to stabilize the fracture and splint the potential weak point of screw holes from the previous 
construct. 


Several series have reported numerous complications that may occur after hardware removal. These include infection and nerve injury in up to 21% of 


cases. Additional costs should also be considered, as the hospital stay may range from 3 to 168 hours with associated absence from work averaging 3.4 
weeks,2:18,54,77,98,132 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO DIAPHYSEAL 


FRACTURES OF THE RADIUS AND ULNA 


ORIF with standard compression plate and screw fixation of forearm shaft fractures achieves a high rate of union and satisfactory functional outcomes. 
Although other treatment modalities, including locking plate fixation and IM nailing, have been extensively studied, no advantage has been shown over 
conventional screws and plates. External fixation is required in only rare exceptional circumstances. 

Outcomes after forearm shaft fractures depend on adequate restoration of the relationship between the ulna and radius to allow unrestricted forearm 
rotation and elbow and wrist flexion—extension. While bony geometry is a key aspect to restoring forearm function, identification and appropriate 
management of instability of the PRUJ and DRUJ is essential to achieve good outcomes. High-energy fractures with associated injuries to the proximal ulna 
and radius and disruption of the soft tissue sleeve continue to pose a challenge, as they are related to higher rates of complications and poorer outcomes. 
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Annotation 


Established gold standard for open reduction internal fixation of both-bone forearm 
fractures using plate and screw fixation. Use of 4.5-mm plates with early hardware 
removal resulted in higher refracture rate. 


Established 3.5-mm plates as standard of care with less refracture rate than 4.5-mm plates 
and similar outcomes. Earliest study to demonstrate safety regarding early fixation of open 
fractures. 


Recommended operative stabilization of proximal third ulna fractures because of their 
propensity to displace, lead to PRUJ instability, and have decreased union rates. 


Demonstrated poor outcomes with immediate fixation of Gustilo Anderson Type IIIB and 
TIC as compared with types I, II, IA 


Described early forearm rotational deformities with nonoperative treatment. First 
description of biceps tuberosity and its relationship to distal rotation deformity. 


Early mobilization of both-bone forearm fractures stabilized with plate and screw fixation 
demonstrated equal union rates and better motion than if external immobilization was used 
such as cast. 


Demonstrated no benefit with use of locking plate and screw construct compared with 
gold standard compression plate technique. 


Residual 10-degree angular deformity at middle third forearm fractures did not result in 
significant functional deficit. Residual 20 degrees of angular deformity resulted in 
significant functional in forearm rotation. 


Demonstrated safety with immediate stable plate fixation for Gustilo Anderson types I, II, 
and III open fractures. 


Described location and magnitude of maximal radial bow. Demonstrated good functional 
outcomes (80% of forearm rotation) if location and magnitude of radial bow can be 
restored. 


PIN palsy was lower with the volar approach to the radius. 


Residual 15 degrees of angular deformity at middle and distal third of the forearm resulted 
in a significant functional deficit in forearm rotation. 


Routine bone grafting of comminuted forearm fractures is not necessary and did not 
improve union rates. 
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INTRODUCTION TO FRACTURES OF THE DISTAL RADIUS AND ULNA 


Fractures of the distal radius and ulna are the most common fracture of the upper extremity. The fracture accounts for at least one-sixth of fractures 
encountered in the emergency department.?®:143 

While this injury has likely been common since humans first walked the earth, it was Petit, Pouteau, and Colles who first postulated that the injury may 
be due to a fracture rather than a dislocation.*° 


EPIDEMIOLOGY OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


The annual prevalence of distal radius fractures in the United States is greater than 600,000, with more than 640,000 cases reported in 2001 alone. 
These fractures have a bimodal distribution with high-energy fractures most commonly occurring in young men and low-energy fractures occurring in 
elderly women. Distal radius fractures are the second most common fracture in the elderly and the incidence in females is higher than males by a factor of 
two to three.!® A 2001 study found that hand and wrist fractures accounted for 1.5% of all emergency visits in the United States, and of those, 44% were 
due to radius and ulna fractures. Furthermore, several studies have found that the incidence of distal radius fractures worldwide has been increasing. The 
reasons for this are unclear at this stage in time. 14 


38,143 


RISK FACTORS OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


The risk factors for distal radius fractures are the same as those for other osteoporotic fractures, with the main risk factor being low bone mineral density, 
which is also a predictor of future fractures. !4®148 Falls in patients with low bone mineral density often result in fracture, although some patients who have 
sustained distal radius fractures are in the fitter group of older patients.!®° Studies have shown that these fitter patients have more preserved reflexes, which 


allow them to outstretch their hand to break their fall, compared with patients who sustain elbow or proximal humerus fractures.!°! Despite being fitter than 
other patients with osteoporotic fractures, there is evidence that older adults who sustain distal radius fractures have impaired postural stability compared 
with similar-aged individuals who have not sustained fractures.!2° As for other fragility fractures, clinical risk factors such as a history of prior fracture, 
endocrine disease, and certain medications also place patients at a higher risk of fracture.® Most significantly, the presence of the fracture can be sentinel 
events or “first fractures” and strategies can be implemented to mitigate against further fragility fractures. !22 


COSTS OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


With the high frequency of distal radius fractures, it is not surprising that the associated costs of treatment are very high. In 2007 alone, Medicare payments 
in the United States related to distal radius fractures totaled more than $170M and some have estimated the total cost to be greater than $500M.!49:182 
Several studies have looked at the costs of volar locked plating compared to Kirschner-wires (K-wires) and found that surgery is more expensive due to 
increased operative time and implant cost, concluding that volar plating may not be cost-effective.°!!® A recent study comparing volar plating to closed 
reduction and percutaneous pinning found that although open reduction and internal fixation (ORIF) is initially more expensive, costs equalize over time. 
The authors concluded that volar plating may thus be justified in patients requiring a faster return to function.'4° Even more recently, The VIPAR study 
group compared cost of palmar plates to cast treatment and concluded that the total number of quality-adjusted life years gained at 12 months was 
significantly higher for the operative group. The group concluded that operative treatment was slightly more expensive but provided better functional 
outcomes and better quality of life.18! 


CONTROVERSIES IN MANAGEMENT OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


As expected, innumerable studies have been performed analyzing all aspects of the management of distal radius fractures. However, despite the large 
volume of research, their treatment remains controversial. The most recent Clinical Practice Guideline (CPG) on the treatment of distal radius fractures from 
the American Academy of Orthopaedic Surgeons (AAOS) examines 29 different aspects of their treatment yet is unable to make any strong 
recommendations. In fact, nearly two-thirds of categories are “inconclusive” or “limited” after review of the evidence.” Similarly, the most recent 
Cochrane review concludes “there remains insufficient evidence from randomized controlled trials to determine which methods of treatment are the most 
appropriate for the more common types of distal radius fractures in adults” and further reviews are ongoing.” 

Comparative analysis of operative to nonoperative modalities and even techniques of operative fixation present conflicting data. The DRAFT 
prospective randomized trial compared casting to closed reduction and pinning failed to demonstrate significantly improved PRWE scores at 1 year.°° In 
contrast, a second prospective randomized trial demonstrated earlier recovery of function and grip but this effect was not seen at 1-year follow-up.°° A 
subsequent prospective randomized trial examining patient-related outcomes demonstrated no difference between pinning and plate fixation at 5 years 
postinjury.?” In stark contrast, a prospective randomized trial performed 2 years later demonstrated that at all follow-up points ORIF provided superior 
functional outcomes in extra-articular distal radius fractures in adults. 135 

In the elderly patient population, there is also conflicting evidence. In a prospective randomized trial of 300 patients treated with operative versus 
nonoperative measures, there was no definite superiority of one treatment at 12 or 24 months.!!* A conflicting prospective randomized trial of volar plating 
versus casting in 122 elderly patients demonstrated improved patient-related outcome scores and physical function in the operatively managed group at both 
3 months and 1 year of follow-up.!”° 

With the many disparities seen in level 1 studies, it has become clear that further work needs to be done. Specific questions that must be addressed 
before there can be consensus on treatment include specification of fracture fragments and displacement, differences in patient-related outcomes, and the 
definition of “elderly.” 


ASSESSMENT OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


MECHANISMS OF INJURY FOR FRACTURES OF THE DISTAL RADIUS AND ULNA 


Most distal radius fractures result from a fall onto an outstretched hand from standing height. Higher energy injuries occur in falls from height, motor 
vehicle accidents, and industrial injuries, among others, but these remain a small proportion of distal radius fractures. 

A dorsally displaced fracture of the distal radius usually occurs when the hand is outstretched with the wrist between 40 and 90 degrees of 
dorsiflexion.” Volar shearing fractures and volarly displaced fractures of the distal radius occur with the wrist in volar flexion.>* In addition to the 
mechanism of injury, increased fracture severity has been shown to be associated with poor bone quality. There is a linear correlation between dual-energy 
x-ray absorptiometry (DXA) T-scores and early instability and malunion.?! 


INJURIES ASSOCIATED WITH FRACTURES OF THE DISTAL RADIUS AND ULNA 


Several injuries are associated with distal radius fractures, the most common being injuries to the interosseous ligaments and the triangular fibrocartilage 
complex (TFCC). Other associated injuries include chondral injuries, fractures of the carpus, neurovascular injuries, and injuries to the soft tissues, 
particularly with open fractures. 


Interosseous Ligament Injury 


Interosseous ligament injuries primarily involve the scapholunate and lunotriquetral ligaments, which are graded arthroscopically by Geissler grade 1 to 4, 
with 1 being the least severe with only attenuation and hemorrhage and 4 being the most severe with gross instability. Rates of scapholunate injury 
following distal radius fracture range between 4.7% and 46%, based on arthroscopic studies performed in younger populations. The true rate of 
scapholunate injury is likely low.1!8-160.183.194 Rates of lunotriquetral injury in distal radius fractures range from 12% to 34%,118-160.183 

Despite their reported frequency, these injuries are difficult to diagnose in the setting of distal radius fractures. Kwon et al. reviewed the modified carpal 
stretch test as a screening tool and found a 78% sensitivity and a 72% specificity in this setting. The test involves applying traction to the wrist to accentuate 


Gilula lines, which the authors concluded is useful for ruling out grade 3 or 4 tears associated with distal radius fractures. Even when diagnosed, their 
impact on outcomes remains unclear. Forward et al.°! found no difference in Patient-Reported Outcome Measures (PROMs) between grades 0/2 and 3/4, 
but Tang et al.!94 found worse function in a series of 20 patients who had clear scapholunate instability radiographically. Klifto et al. examined outcomes of 
patients that had radiographic evidence of scapholunate (SL) instability following operative management of and intra-articular fracture and found no 
correlation with SL angle and outcomes.?” 

The management of concomitant interosseous ligament injuries thus remains controversial and is left to surgeon discretion. 


Triangular Fibrocartilage Complex Injury 


Concurrent injury to the TFCC is more common than interosseous ligament injury, ranging from 39% to 82%.!18-!60.183 However, most are peripheral 
avulsions associated with ulnar styloid fractures,!!® which may not be clinically significant. A long-term review of patients with TFCC tears managed 
nonoperatively with 13- to 15-year follow-up found Disabilities of the Hand, Arm, and Shoulder (DASH) scores averaged 14 and grip strength was 83% of 
the contralateral side.'** While patients who undergo surgical repair generally have good results, these parallel the natural history of untreated TFCC 
injuries. One study found DASH scores of 13 and grip strength of 78% of the contralateral side at 2-year follow-up, which is likely not clinically different 
than the natural history.'”! The indications for surgical management of TFCC tears thus remain unclear. 


Other Injuries 


The most urgent injury associated with distal radius fractures is acute carpal tunnel syndrome. Among upper extremity fractures, distal radius fractures put 
patients at the highest risk for developing both acute and chronic carpal tunnel syndrome, with higher energy fractures being higher risk for acute carpal 
tunnel syndrome. While acute carpal tunnel syndrome must be addressed urgently, median nerve contusions are also frequent and can be monitored for 
resolution.?*-47:82:!77 The treating surgeon must thus distinguish between progressive and worsening symptoms seen in acute carpal tunnel syndrome and the 
more constant numbness present with a contusion. 

Chondral injuries occur in up to 32% of distal radius fractures and likely contribute to posttraumatic arthritis, but their significance is ultimately 
unknown.!!® Scaphoid and other carpal fractures can also occur concurrently and should be managed in the same manner as if they occurred separately. 


SIGNS AND SYMPTOMS OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


Obtaining the patient history for distal radius fractures is usually uncomplicated and involves a fall onto an outstretched hand, with some being higher 
energy injuries. Patients will have associated pain, swelling, and often visible deformity at the wrist. Additional details of the history should focus on other 
areas of pain in the ipsilateral limb to rule out concomitant injury and patients should be asked about numbness or paresthesias to look for median or ulnar 
nerve injury. 

Physical examination usually focuses on a thorough inspection of the skin to evaluate for open wounds—which most commonly occur on the volar ulnar 
side—as well as a thorough neurologic examination to rule out acute carpal tunnel syndrome, both of which may require more urgent treatment. Swelling is 
usually visible around the wrist and deformity can be seen in displaced fractures. The most typical pattern of deformity is dorsal angulation at the distal 
radius accompanied by compensatory flexion of the carpus, resulting in a so-called dinner fork deformity. When there is no obvious deformity, but clinical 
suspicion remains high, point tenderness or pain with percussion at the distal radius can aid in diagnosis. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR FRACTURES OF THE DISTAL RADIUS AND 


ULNA 

Radiography 

Multiple x-ray views of the distal radius have been described and are used in diagnosis and management, but the standard series is the posteroanterior (PA), 
lateral, and oblique. Other views may be used for evaluation, but most commonly they are obtained in the operating room for evaluation of reduction and 
hardware position. The most common of these views are the dorsal tangential view and radial incline joint view, which are generally used to assess for 
screw penetration. The dorsal tangential view is easily obtained by flexing the wrist and getting a view with the forearm tangential to the beam of C-arm.!°° 
This method has been shown in a study to be a reliable method for detecting dorsal cortical screw penetration in volar plating of distal radius fractures (Fig. 


43-1).!° The radial incline view is taken on the lateral view with the C-arm adjusted to match the radial inclination and provides a good view of the articular 
surface of the radius. 


15 
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Figure 43-1. The dorsal tangential view is performed with the wrist in maximal flexion and the dorsal cortex of the radius at a 15-degree incline to the beam of the C- 
arm (A) that allows visualization of the tip of the screws in relation to the dorsal cortex of the radius (B). (Reprinted from Brunner A, et al. The dorsal tangential X-ray 
view to determine dorsal screw penetration during volar plating of distal radius fractures. J Hand Surg Am. 2015;40(1):27—33. Copyright © 2015 American Society for 
Surgery of the Hand. With permission.) 


When obtaining and evaluating x-rays of the distal radius and ulna, it is important to keep in mind that their positions vary with forearm rotation. An 
image taken in pronation can reduce apparent radial length up to 0.5 mm compared with a neutral rotation view as the radius crosses over the ulna and the 
two bones converge proximally. This also results in a relative decrease in radial inclination, radial height, and volar tilt with a 5-degree rotational change 
resulting in a 1.6-degree change in volar tilt on the lateral view.84?13 All measurements should therefore be taken on a true lateral view with the radius and 
ulna superimposed. 

Several radiographic measurements are commonly used for evaluation of distal radius fracture, are often referred to in discussions regarding treatment, 
and have been shown to be reliable methods of determining degree of displacement (Fig. 43-2).!9* 

Dorsal/volar tilt of the radius is measured on true lateral view and is the angle between a line perpendicular to the radial shaft and a line connecting the 
volar and dorsal rims of the distal radius. The average value is between 11 and 12 degrees of volar tilt. 

Radial height is measured on the PA view and is the distance in millimeters between two parallel lines drawn perpendicular to the shaft of the radius, 
one at the distal end of the ulnar head and the other at the radial styloid. The average radial height is between 11 and 12 mm. 

Radial inclination is measured on PA view and is the angle between a line perpendicular to the radial shaft and a line connecting the distal end of the 
distal radioulnar joint (DRUJ) to the radial styloid. The average radial inclination is between 22 and 23 degrees. 

Ulnar variance is the vertical distance between two lines drawn perpendicular to the long axis of the radius, one parallel to the medial corner of the 
articular surface of the radius and the other parallel to the most distal aspect of the articular surface of the ulnar head. This is a measure of radial shortening 
and should not be confused with radial height above. 

Carpal malalignment is assessed by drawing a line down the long axis of the capitate and a separate line down the long axis of the radius. In normal 
carpal alignment, the two lines should overlap or intersect within the carpus. If the carpus is malaligned, the lines will not intersect or will intersect outside 
the carpus. In the setting of distal radius fractures, this is most commonly caused by compensatory tilt of the carpus in response to the deformity of the distal 
radius. It can also be caused by disruption of the carpal ligaments, but this is less common. 


E 
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Figure 43-2. A: The average radial height (X) is 11 to 12 mm from the distal radioulnar joint (normal range 8-18 mm). B: The average radial inclination (X) is 22 to 


23 degrees (normal range 12-30 degrees). C: The average volar tilt (X) is 11 to 22 degrees (normal range 0-28 degrees). (From Patel SP, Rozental TR. Distal radius 
fractures—biomechanics and classification. Hand Surgery Update VI. © 2016 American Society for Surgery of the Hand.) 


Teardrop angle is measured on the lateral view and is the angle between the radial shaft and the central axis of the teardrop, which is the U-shaped 
outline of the volar lip of the distal radius. The teardrop angle averages 70 degrees in normal radii. One study of teardrop angle found good intra- and 
interobserver reliability for evaluating articular congruity of the lunate facet and was associated with articular gap and step-off on computed tomography 
(CT) when it was less than 45 degrees (Fig. 43-3).°*!°? 

Anteroposterior (AP) distance is measured on the lateral view and is the distance between the apices of the dorsal and volar rims of the lunate facet. It is 
also a measure of articular incongruity and the normal distance averages 19 mm.!°* 

In addition to the teardrop angle and the AP distance, careful evaluation of the dorsal rim on PA views can also identify incongruity. The dorsal rim is 
normally seen 3 to 5 mm distal to the line of the cortex of the volar edge on PA imaging.°° 

Multiple studies have shown that small changes in volar tilt, radial height, and radial inclination can lead to changes in wrist motion and load bearing 
and affect patient outcomes. Perhaps the best-known example of this is in patients with distal radius fractures with dorsal tilt greater than 10 degrees, which 
has been shown to result in altered kinematics of the radiocarpal joint, ulnocarpal joint, and DRUJ.2°!461!47,172 Others have shown that changes to the 
articular cavity depth after fracture results in significant changes to range of motion and joint contact pressures, which may result in posttraumatic 
degenerative changes.*+*> However, the relationship between radiographic changes and clinical outcomes remains controversial, with some studies 
demonstrating excellent outcomes despite significant radiographic deformity.!%° 


Computed Tomography 


CT may be useful for preoperative planning to assess joint extension, comminution, and depression, especially lunate die-punch style injuries or when there 
is suspicion of extension into the DRUJ.157:!69 While studies have shown that CT allows more accurate visualization of intra-articular fracture lines than x- 
ray,®° no studies have shown better functional outcomes in patients who underwent CT prior to surgery.°9 Similarly, 3D CT scans have gained in popularity 
for assessing intra-articular fragments and led to an increase in the perceived need for operative management, but no effect on functional outcomes in these 
patients has been shown.”4 

Although evidence is lacking for improved functional outcomes in patients who undergo preoperative CT for distal radius fractures, recent studies have 
shown that measurement of Hounsfield units on CT accurately reflects bone mineral density measured using the gold standard DXA scan, including in the 


wrist and carpus. This may present an opportunity for rapid osteoporosis screening and an increased utility for CT scan in the setting of distal radius 
fractures.83:178.179,202 


Figure 43-3. To measure the teardrop angle (TDA) using the arc method, draw a circle matching the arc of the articular surface of the volar lunate facet fragment, 
draw a line tangent to the circle at the volar margin of the subchondral bone, and draw a line down the central axis of the radius. The TDA is the angle between the two 
lines. (Reprinted from Fujitani R, et al. Reliability and clinical importance of teardrop angle measurement in intra-articular distal radius fracture. J Hand Surg Am. 
2012;37(3):454—459. Copyright © 2012 American Society for Surgery of the Hand, with permission from Elsevier.) 


Magnetic resonance imaging (MRI) may be used to evaluate concomitant soft tissue injury, but sensitivity and specificity may be low. One study found a 
sensitivity of 63% and a specificity of 86% for diagnosing concomitant scapholunate ligament tears.!’° Since MRI is not necessary for accurate 
characterization of distal radius fractures and can be difficult to obtain acutely, its use in this setting remains low. 


CLASSIFICATION OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


Multiple eponyms have been used and classification systems developed to describe distal radius fractures over the years. Most are based on radiographic 
evaluation. While many attempts and iterations have been made, none have yet been developed which add significant practical value for treatment. 


Many eponyms are commonly used to describe distal radius fractures. While they are useful for giving surgeons a general idea of the fracture pattern, they 
provide little in terms of determining treatment or prognosis. 

The most commonly used eponym is that of Colles, who first described the pattern of a dorsally angulated, apex volar metaphyseal distal radius fracture 
in 1814. It is meant to refer to extra-articular fractures but is frequently used as general descriptor of dorsally displaced fractures. It is the opposite of the 
Smith fracture, which described a volarly angulated, apex dorsal metaphyseal distal radius fracture. 

The Barton fracture refers to an intra-articular distal radius fracture extending through the dorsal cortex of the radius, often with dorsal subluxation or 
dislocation of the radiocarpal joint. A volar or reverse Barton describes a fracture that extends out the volar aspect of the distal radius and there may be 
subluxation or dislocation in that direction. 


A Chauffeur’s fracture is an isolated intra-articular fracture of the radial styloid, so named because it was caused by the engine backfiring while 
chauffeurs were starting the earliest generation of automobiles with a hand crank on the front. 


Historical Classification Systems 


Several classification systems have been described for distal radius fractures. While many of these systems are rarely used today, they are commonly 
referenced in the literature and thus deserve brief mention. Of these, the most commonly cited are the Gartland and Werley, Frykman, and Melone. 

Gartland and Werley first described their system in 1951, which was made of three groups of Colles fractures that were separated based on articular 
involvement, comminution, and displacement. Group 1 was a simple extra-articular Colles fracture, group 2 was a comminuted Colles with nondisplaced 
intra-articular involvement, and group 3 was a comminuted and displaced intra-articular Colles fracture.°° 

Frykman classified distal radius fractures based on intra-articular involvement and association with ulna fractures but did not include variations for 
comminution, shortening, or overall displacement.°? 

Melone highlighted the importance of lunate facet impaction and what he termed the “medial complex.”!3° He broke the distal radius into four parts: the 
radial styloid, the radial diaphysis, the dorsomedial, and palmar medial fragments. The medial complex is made of the dorsomedial and palmar medial 
fragments. He posited that the medial complex has strong ligamentous attachments to the carpus and ulnar styloid, and so in injuries where there is 
disruption of this complex, there may be a benefit to surgical fixation.!°° 


Current Classification Systems 


The AO classification, originally described in 1990,'°° was adopted by the Orthopaedic Trauma Association to become the OTA/AO classification in 2007. 
It remains the mostly widely used classification system and is the primary system referred to in current research studies.'*”? The OTA/AO classification has 
three main fracture groups that are further divided to describe fracture location and morphology. There are 27 possible patterns in total, making it the most 
inclusive of the existing classifications. Fractures are initially grouped based on the OTA/AO A (extra-articular), B (partial articular), and C (complete 
articular) classification. Within each of these, there are three groups, each divided into three further subtypes based on comminution and direction of 
displacement (Fig. 43-4). 
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Figure 43-4. OTA/AO classification of fractures of the distal radius and ulna. 


Two other more recent classification systems, the Mayo and Fernandez systems, were designed to be simple systems with the aim of specific elements 
that should guide treatment. The Mayo system classifies by location and complexity with complexity determined by involvement of radioscaphoid joint, 
radiolunate joint, or both.?4 The Fernandez classification groups fractures based on mechanism of injury and considers associated ligamentous injuries.86 


Classification of Associated Ulnar Injury 


The OTA/AO classification also accounts for associated ulnar injury by adding a qualifier (Q) to the classification of distal radius fractures. There are six 
modifiers: 


Q1—DRUJ dislocation/base of styloid process fracture 
Q2—Simple neck fracture 

Q3—Comminuted neck fracture 

Q4—UlInar head fracture 

Q5—UlInar head and neck fracture 

Q6—Ulnar fracture proximal to neck 


The Fernandez classification also accounts for associated ulnar injuries with a focus on the stability of the DRUJ following reduction of the distal 
radius. 12” 


Reliability of Classification Systems 


While multiple classification systems have been developed, multiple studies have shown wide variations in reliability and their ability to guide treatment 
and predict outcomes. 

Andersen et al. performed a study of inter- and intraobserver reliability of the Frykman, Melone, Mayo, and OTA/AO classifications and found that only 
the OTA/AO classification showed inter- and intraobserver reliability and only when looking at the three main types (A, B, or C).° There was no reliability 
for subtypes. Similar results have been shown in multiple other studies.4®104106,141,188,200 

Some authors have posited that the reliability may improve with the use of 2D CT. However, studies that have evaluated the inter- and intraobserver 
reliability of the OTA/AO classification using both plain radiographs and 2D CT have found only modest improvements in reliability and have concluded 
that 2D CT does not improve overall inter- or intraobserver reliability.22°” Furthermore, as mentioned previously, a study by Harness et al. looking at 3D 
CT found improved reliability of radiographic characterization, which resulted in more open treatment, but no change in outcomes.’* Other authors have 
developed classifications based on 3D CT as well, but these have not been evaluated further. 138 

Although there are several systems for classifying distal radius fractures, none have demonstrated reliability or the ability to provide prognostic 
information or a treatment algorithm that helps decide management and therefore do not have practical value for treatment. As a result, while they may be 
helpful as general descriptors and for research studies, none are useful for routine use in practice and further refinement and unification is needed. In the 
interim, the OTA/AO classification is most commonly used in the research and clinical arena. 


OUTCOME MEASURES FOR FRACTURES OF THE DISTAL RADIUS AND ULNA 


Historically, outcome measures have focused on objective measures obtained by the treating physician, such as range of motion, grip strength, and 
radiographic measurements. These were sometimes combined with subjective measures of pain and ability to perform activities of daily living (ADLs), but 
more recent systems have become more focused on disability, function, and quality of life. 


Physician-Based Outcome Measures 


The earliest outcome measures for distal radius fractures made attempts to objectively measure outcomes following treatment. These included the Gartland 
and Werley score, Mayo wrist score, and the Green and O’Brien score. However, none of these measures have been studied with respect to their reliability 
or validity. 

Gartland and Werley first described their score in 1951 for use in evaluating outcomes following closed treatment of Colles fractures and relied mostly 
on surgeon evaluation of deformity, range of motion, and function, with patient-reported pain and disability.5° 

Green and O’Brien originally developed their score for use in carpal dislocations. It uses five measures that are each broken down into categories. The 
measures include pain, occupation, range of motion, grip strength, and radiology. 

The Mayo wrist score was originally developed to assess perilunate fracture dislocations and uses four measures, each worth 25 points: pain intensity, 
functional status (work ability), range of motion, and grip strength. The scoring is based on the scale developed by Green and O’Brien, but without a 
radiographic assessment.*4 

Each of these was once widely used in practice but has largely been replaced by PROMs and other instruments such as the Patient-Reported Outcomes 
Measurement Information System (PROMIS). 


Patient-Reported Outcome Measures 


The DASH score was among the first PROMs developed specifically for upper extremity pathology. It was developed in 1996 by the AAOS, the Council of 
Musculoskeletal Specialty Societies, and Institute for Work and Health in Toronto and was validated for assessing function of the whole upper extremity.®! 
It comprised a 30-item disability and symptom score that ranges from 0 (no disability) to 100 (severe disability), with normal being less than 15. Questions 
involve the degree of difficulty with performing tasks as well as the problem’s effect on social activities, sleep, work, and self-image, in addition to severity 
of symptoms including pain, weakness, stiffness, or tingling. Multiple studies have shown the DASH to be valid and reliable for assessing upper limb 
disorders,?>3%65 including for distal radius fractures.!23 

While it was found to be highly reliable, some felt that the 30-item DASH was too cumbersome for patients to complete and a shortened version of the 
DASH, termed the QuickDASH, was developed in 2006. It consists of 11 instead of 30 questions and has since been validated for looking at the whole 
upper extremity, but is less precise than the DASH. A study by Tsang et al. showed good validity and responsiveness of the QuickDASH compared with 
the DASH for distal radius fractures, but the authors noted the existence of a systematic bias of higher scores on the QuickDASH which should be 
considered by the user.!°” 

The Patient-Rated Wrist Evaluation (PRWE) was developed in 1996 and is a 15-item validated questionnaire that examines symptoms and function. 
Unlike the DASH, which was developed for the whole upper extremity, the PRWE was specifically developed for patients with distal radius fractures. !2+ 
Gupta et al. looked at PRWE and DASH and found a strong correlation that was reproducible. However, they posited that since DASH involves the whole 
upper extremity, it may be better to use PRWE to assess functional outcomes in distal radius fractures to avoid possible confounding and to standardize the 
literature. 

The Michigan Hand Questionnaire was developed using psychometric principles to develop an outcomes questionnaire that can evaluate factors that are 
important to patients with hand disorders. The domains they evaluate are overall hand function, ADLs, pain, work performance, aesthetics, and patient 
satisfaction with their hand function. It has been found to perform well in reliability and validity tests and is commonly used despite its more cumbersome 
nature.78 

With multiple PORMs in use, it is difficult to compare outcomes across patients and research studies. In an effort to standardize evaluations, in 2014, the 
Distal Radius Working Group of the International Society for Fracture Repair (ISFR) and the International Osteoporosis Foundation (IOF) identified seven 
core recommendations for outcome measurement in clinical practice and research”: 


1. Pain and function are the primary domains. 


Very brief measures are needed for routine administration in clinical practice. 
These brief measures can be augmented by additional measures providing more detail or addressing additional domains for clinical research. 
Measures of both intensity and frequency should be core attributes in the measurement of pain. 


A numeric pain scale (e.g., visual analog scale or visual numeric scale) and the pain subscale of the PRWE questionnaires are reliable, valid, and 
feasible measures for these concepts. 
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For function, either the QuickDASH questionnaire, or the PRWE-function subscale are reliable, valid, and feasible measures. 
7. A measure of participation and treatment complications should be considered core outcomes for both clinical practice and research. 


To further standardize outcomes assessment for distal radius fractures, Waljee et al. proposed a unified approach to outcomes assessment that utilizes a 
checklist for the minimum outcomes to be assessed after distal radius fractures.2°* The authors suggest five domains that should be the focus: performance, 
patient-reported outcomes, pain, complications, and radiographs. By utilizing a standard approach that encompasses all aspects of distal radius treatment and 
outcomes, surgeons will be able to more accurately compare treatment options. 

In an effort to standardize outcomes of intervention across multiple arenas of heath care, there is a trend to use PROMIS outcome tool in orthopaedics 
and specifically in evaluation of outcomes of distal radius fractures. While its clinical relevance has not been evaluated, the MCID for distal radius fractures 
managed nonoperatively and operatively has been shown to be 3.6 to 4.6 and 5.2, respectively.°°.174 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO FRACTURES OF THE DISTAL RADIUS 


AND ULNA 


The distal end of the radius and ulna function as a unit at the wrist joint to properly position the hand in space and allow normal hand function. Proper 
healing of injuries to the distal radius and ulna is therefore important for patients’ ability to maintain hand and wrist function. 

The distal end of the radius is generally defined as the metaphysis to the radial styloid. The dorsal surface is convex and contains multiple grooves, 
housing the extensor tendons. Lister tubercle is the most prominent area and forms a pulley around which the extensor pollicis longus (EPL) tendon passes. 
The volar surface of the distal radius is concave and smooth compared with the dorsal surface, thus providing an easy surface for plate application. The 
volar carpal ligaments attach to this smooth surface and the surface is covered by the pronator quadratus (PQ), which attaches on the radial border. The 
brachioradialis, the only tendinous insertion on the distal radius, also inserts onto the radial aspect and can be a deforming force in distal radius fractures. 
The ulnar border of the distal radius forms the sigmoid notch, which articulates with the ulna. 

Viewed from the distal end, the articular surface of the distal radius forms a broad triangle with the base at the sigmoid notch and the apex at the radial 
styloid. There are two concave facets, which accommodate the lunate ulnarly and the scaphoid radially. The lunate facet projects approximately 3 mm 
volarly and its orientation makes it prone to shear forces and makes it difficult to repair.” The DRUJ is formed by the articulation of the ulna with the 
sigmoid notch of the radius. A stable osseous relationship exists between the radius and the ulna in which the radius rotates about a relatively stationary 
ulna. The DRUJ is reinforced by soft tissue stabilizers, the most important of which is the TFCC. 


PREDICTING INSTABILITY AND FUNCTION 
Predicting Instability 


Multiple factors have been identified in the literature as contributors to instability including patient age, baseline function (homebound, independent, 
normal, high demand), initial fracture displacement, comminution, and fracture pattern. To better identify patients who would benefit from surgery, many 
authors have attempted to quantify the risk of displacement after closed reduction. 

Lafontaine reviewed 112 distal radius fractures managed conservatively and found that the presence of three or more of their radiographic criteria on 
presentation was strongly correlated with secondary displacement despite correct initial reduction.'°? The following criteria were used and based on 
radiographic study at presentation: 


Dorsal angulation more than 20 degrees 
Dorsal comminution 

Intra-articular radiocarpal fracture 
Associated ulna fracture 

Age over 60 


However, Nesbitt et al. performed a study to validate Lafontaine criteria and found that age was the only statistically significant predictor of secondary 
displacement and instability and that the risk of displacement increased as age increased. 144 

MacKenney et al. performed the largest study to date to identify risk factors for displacement. They prospectively reviewed approximately 4,000 distal 
radius fractures over 5.5 years and found that the predictors of early and late instability and malunion were dependent on the initial displacement of the 
fracture at presentation. The most consistent predictors were patient age, ulnar variance, and metaphyseal comminution. Dorsal angulation, however, was 
not found to be a significant predictor of instability. They constructed formulas to predict instability based on these factors, which they termed Wristcalc, 
and a calculator can be found online. !?5 

LaMartina et al. performed a prospective review of 168 distal radius fractures that met their inclusion criteria and independently validated the McQueen 
equation and LaFontaine criteria for predicting final radial height, inclination, and ulnar variance in conservatively managed distal radius fractures. They 
found that neither method predicted final dorsal tilt. They also hypothesized that restoring the volar cortical integrity, which they termed volar hook, was 
important for instability and showed that this was the best predictor of final volar tilt and carpal malalignment at the time of union.!!° This has yet to be 
validated in other studies. 

Walenkamp et al. performed a systematic review and meta-analysis of predictors of instability in distal radius fractures. Their study included 27 studies 
and pooled analysis showed increased risk of secondary displacement when dorsal comminution was present and when patients were women or over the age 
of 60. They found that associated ulna fractures or intra-articular fractures did not predict secondary displacement.2°? 

Despite multiple studies and efforts to classify distal radius fractures, the criteria for instability remain controversial. Age appears to be a consistent 
predictor, but older patients do not always require perfect restoration of anatomy to continue their baseline function. Therefore, close follow-up is warranted 


in patients with fractures which may be at high risk for displacement. 


Predicting Function 


Both patient and fracture factors’ effects on distal radius fracture outcomes have been studied extensively and there remains little consensus in either 
category. 

Age remains a significant factor, but more important is the functional demands of the patient and what they require of their wrist. A study by Synn et al. 
found that in patients over 55 years old, there was no effect of angulation, articular gap or step-off, or radial shortening on subjective or objective outcome 
assessments. Fractures treated surgically had less residual dorsal angulation, but this did not predict functional outcome. Comminution and patient gender 
also had no effect on outcome.!*? However, there may be a cohort of older patients with higher demands in whom malunion leads to a decrease in function. 

Multiple studies have been performed to analyze functional outcomes that result from changes in sagittal alignment following distal radius fractures. 
Increased dorsal tilt has been shown in cadaveric studies to change the pressure distribution and decrease congruence of the distal articular surfaces, 
including the DRUJ and can also lead to midcarpal instability.!8* Several studies have also examined the relationship between radiographic position and 
outcomes. Plant et al. studied 50 patients with a mean age of 57 years who underwent surgical fixation and found poor correlation of PORMs with 
postoperative palmar tilt and ulnar variance at 6 weeks and 12 months postoperatively.!°° While there have been debates regarding how much tilt matters, 
the consensus is that dorsal tilt greater than 10 degrees is associated with functional limitations and worse DASH scores 1 year after fracture. 1856 

While dorsal tilt has been an area of focus, other radiographic measures have also been extensively studied. Older studies on radial height showed that 
shortening of the radius, especially more than 4 mm, is associated with wrist pain even after 1 year.‘ Furthermore, loss of radial height in fractures leads to 
increased ulnar variance, which has been shown to alter the kinematics of the DRUJ and result in diminished grip strengths, ulnar-sided wrist pain, and 
worse DASH scores.18131,214 Radial inclination is closely associated with radial height, and ulnar variance and changes have similar effects, leading to a 
loss of grip strength and higher DASH scores.2%° 

Carpal malalignment most often results from compensatory flexion or extension of the carpus in response to residual dorsal or volar tilt of the distal 
radius, which can be improved with corrective osteotomy.!!9 

In addition to changes in radiographic appearance and carpal alignment, there is continued debate about the extent to which residual articular 
incongruity and cartilage insult at the time of injury contribute to degenerative changes over time.!2° This is likely the result of many factors, including the 
difficulty in accurately measuring articular step-off, especially on plain radiographs. Multiple studies have examined the effects of articular incongruity and 
malunion on outcome without clear results. However, one study by Forward et al. reviewed 106 patients with a mean follow-up of 38 years and found that 
while 68% of patients with prior articular fracture had evidence of posttraumatic arthritis, their DASH scores were not different from population norms.°° 


TREATMENT OPTIONS FOR FRACTURES OF THE DISTAL RADIUS AND ULNA 


Multiple options exist for treating distal radius fractures including nonoperative management, external fixation, and internal fixation. Internal fixation 
options include closed reduction and percutaneous pinning, ORIF through a volar approach with a volar plate, ORIF through a dorsal approach with a dorsal 
plate, fragment-specific fixation, or dorsal spanning plate. 

The overall goal of treatment should be to maintain a patient’s functional status and therefore depends greatly on the individual demands that patients 
have for their wrist. Regardless of treatment chosen, the focus should be on restoring normal anatomy. However, not all patients will require restored 
anatomy to continue functioning at their baseline. Those patients who place low demands on their wrist may tolerate some degree of malunion while still 
maintaining their function. 


TREATMENT CONTROVERSIES RELATED TO FRACTURES OF THE DISTAL RADIUS AND ULNA 


Despite numerous studies on distal radius fractures and their management, several controversies remain. These controversies begin with initial management 
on presentation in the emergency department. While most patients with displaced fractures undergo closed reduction, the efficacy of closed reduction 
remains questionable!>!3!,!42 and the type of anesthesia and immobilization is also debated. Among local hematoma block, intravenous (IV) conscious 
sedation, regional anesthesia, or general anesthesia, no difference has been shown between type of anesthesia and the success of the reduction. Despite this, 
there are some suggestions that hematoma block provides poorer analgesia than regional anesthesia and can compromise fracture reduction.’ The type of 
immobilization and forearm position is controversial and no method has been shown to be superior to another.!"” 

Multiple controversies exist with respect to operative management as well. With the introduction of volar locked plating in 2000, rates of nonoperative 
management have declined from approximately 82% to 70%, with an increase in ORIF from 3% to 16%.*° This large increase in ORIF has been questioned 
by several groups and surgeons, given that there remains a lack of clear evidence for superior outcomes from volar locked plating.!°°*!! While some studies 
show that volar plate fixation offers minimal benefit over K-wire fixation and is not cost-effective,’ others demonstrate benefit of volar locked plating in 
the subset of patients who require a faster return to preinjury function. 168 

Still, AAOS CPGs for the treatment of distal radius fractures have no strong conclusions and are unable to recommend for or against any specific 
operative method for those fractures that undergo operative repair.!!” 


NONOPERATIVE TREATMENT OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


Nonoperative management remains the most common means of treating distal radius fractures. Rates of nonoperative treatment in the United States vary 
between 60% and 96% based on geographic location, patient age, and comorbidities. African American men are also more likely to be treated without 
surgery.7?30-49 Recent studies have shown that older physicians are more likely to choose nonoperative management than those under age 40. In addition, 
members of the American Society for Surgery of the Hand are more likely to choose operative management.2°° 


Indications/Contraindications 


Nonoperative Treatment of Fractures of the Distal Radius and Ulna: 


INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Nondisplaced fractures 
e Displaced fractures that remain stable following reduction 
e Displaced and unstable fractures in low-demand patients who are not surgical candidates 


Relative Contraindications 


e Displaced fractures that remain unstable following reduction 


Stable nondisplaced fractures and displaced fractures that are stable after closed reduction should be treated nonoperatively. As previously discussed, 
Mackenney et al. have developed a predictive algorithm for assessing the likelihood of displacement following closed reduction to determine the probability 
of success prior to performing a manipulative reduction.!*° In general, most displaced fractures should be reduced at the time of presentation to improve 
overall alignment. The treating surgeon and patient can then discuss the risks and benefits of each mode of treatment in order to determine the most 
appropriate mode of treatment through a shared decision-making process. 

Minimally displaced injuries are treated in a short arm cast for a total immobilization period of 4 to 6 weeks. Fractures that undergo reduction and are 
subsequently stable are maintained in the initial below-elbow splint and followed weekly for 2 to 3 weeks, at which stage they can transition to a short arm 
cast for 3 additional weeks. Patients with fractures that demonstrate instability through a change in radiographic parameters are offered surgery depending 
on the age, functional status, and comorbidities of the patient. Patients are engaged in a shared decision-making model, allowing them to clearly express 
their preferences. 


Closed Reduction 

Patients should be adequately anesthetized prior to reduction and the choice of anesthesia depends on treatment setting and physician and patient preference. 
Options for anesthesia include hematoma block, IV conscious sedation, and regional or general anesthesia. Regional anesthesia with a Bier block provides 
the best pain relief without increased complications.2* However, likely due to resource availability, a hematoma block remains the most commonly 
employed anesthetic in emergency departments. 19t 


<— Traction 


— Traction 


<— Traction 


Figure 43-5. A: To apply the Agee maneuver, traction is first applied either manually or with finger traps. B: A volar translation force (F) is applied to the distal 
fragment of the radius. C: The lunate translates on the distal radius, causing the distal fragment to tilt in a volar direction. (Reprinted with permission from Court- 
Brown C. Orthopaedic Surgery Essentials: Trauma. Lippincott Williams & Wilkins; 2006.) 


To perform the reduction, longitudinal traction is applied across the fracture with countertraction applied to the brachium, which serves to disengage the 
fracture fragments. If the fragments remain immobile with traction alone, exaggerating the deformity may help disengage the fragments for reduction. 
Direct pressure is then applied in the desired direction (dorsal pressure for dorsally displaced fractures, volar pressure for volarly displaced). The wrist may 
also be flexed to aid in reduction, but this increases carpal tunnel pressures, so patients should not be immobilized in this position.” Alternatively, volar 
translation of the palm utilizing ligamentotaxis can effectively reduce the fracture (Fig. 43-5).! Finger traps can be used for traction in more muscular 
patients or when an assistant is not available, but no difference has been shown in the quality of the reduction performed with the use of finger traps versus 
those without.*! 

Once reduced, there are multiple options for immobilization, including plaster splints with one or two separate slabs, sugartong, reverse sugartong, or a 
fiberglass cast. While no specific method has been shown to be superior, rigid immobilization in a cast has been shown to be superior to removable splints 
for displaced fractures that have undergone reduction!®*® and no benefit has been shown for immobilization above the elbow for distal radius fractures.°* 
Removable splints remain an option for minimally displaced fractures or for patients unable to tolerate casting.!9 Regardless of the type of immobilization 
chosen, the metacarpophalangeal joints should be left free to prevent digit stiffness and patients should perform digit motion exercises throughout 
immobilization. 

Following reduction and immobilization, active patients who required reduction or in whom stability is in question should be evaluated with plain x-rays 
weekly for 3 consecutive weeks after injury.''” Those patients with unacceptable alignment at follow-up should be treated like a displaced fracture and, if 
they previously underwent reduction, should be considered for surgical management. Low-demand patients in whom surgery is not a reasonable option may 
be splinted or casted for 3 to 4 weeks. For truly nondisplaced fractures, a study by Roth et al. found that in a group of 82 nondisplaced fractures, none 
displaced or required operative fixation.!** Therefore, a cast and single follow-up to confirm union are likely sufficient for truly nondisplaced distal radius 
fractures. 


Outcomes 


Several randomized controlled trials (RCTs) have compared nonoperative management with percutaneous pinning and with external fixation. When 
compared with percutaneous pinning, there seems to be minimal, if any, radiographic difference and no functional difference in outcomes, !®?09 with the 
exception of one study on patients younger than age 65.163 When compared with external fixation, multiple studies have shown better radiographic 
alignment in patients who underwent external fixation, but most have shown no difference in functional outcomes and lower complication rates for 
nonoperative management.*:!01,131 


OPERATIVE TREATMENT OF FRACTURES OF THE DISTAL RADIUS AND ULNA 


Fractures of the Distal Radius 


There are multiple options for operative treatment of distal radius fractures including percutaneous pinning, bridging and nonbridging external fixation, 
various forms of ORIF, and combinations of each. Fixation with a volar plate is the most commonly performed type of ORIF. However, the most recent 
CPG on the treatment of distal radius fractures from the AAOS does not recommend for or against any one specific method of operative fixation of distal 
radius fractures.!!” Here, we will discuss the most common methods of fixation and the types of fractures that may be best managed with each. 


Indications/Contraindications 


The newest AAOS CPG on the treatment of distal radius fractures recognizes the potential benefits of ORIF over closed management in select patient 
populations.!!” For example, the AAOS 2020 CPG suggests that it is appropriate to treat an isolated, low-energy type A AO/OTA distal radius fracture in a 
high-functioning, healthy patient with ORIF.* 


Closed Reduction and Percutaneous Pinning 


Preoperative Planning 


PREOPERATIVE CHECKLIST 


/ | Closed Reduction and Percutaneous Pinning: 


OR table LJ Regular OR table or stretcher 

Position/positioning aids LJ Supine, hand table, towel bump 

Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 
Equipment LJ K-wires (0.062 inch/1.6 mm) 

Tourniquet LJ Placed on upper arm 


Closed reduction and percutaneous pinning of distal radius fractures has been performed for nearly a century and remains a good option for surgical 
management of these fractures. The technique requires little equipment and is minimally invasive. It is most effective when used to treat unstable extra- 
articular or minimally articular distal radius fractures, but becomes more challenging when treating comminuted fractures. We reserve this technique for 
skeletally immature patients and those without significant comminution or intra-articular involvement. A large intra-articular radial styloid fracture can be 
managed well with percutaneous wires but we avoid them in other more complicated fractures. 

Many studies have been performed on percutaneous pinning of distal radius fractures, but no difference has been shown between techniques or number 
of pins. Similarly, no difference has been shown between intra- or extrafocal pinning. ° 


Positioning 
Percutaneous pinning of distal radius fractures is best performed under sterile conditions with the patient in a supine position with the arm abducted on an 
arm board or hand table. 

We prefer to perform this under regional blockade. Reduction may be performed and checked on fluoroscopy to confirm that reduction is possible prior 
to proceeding. If complete reduction is not possible, intrafocal pins can be used to complete the reduction. 


Technique 


KEY SURGICAL STEPS 


/ | Closed Reduction and Percutaneous Pinning: 


Reduce fracture 

Small stab incision over radial styloid, spread to protect radial sensory nerve 

Insert pin in tip of styloid in midsagittal plane of radius toward ulnar cortex proximal to the fracture and place bicortical. Place second pin slightly 
more proximal in the same sagittal plane and diverging coronally 
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Figure 43-6. Posteroanterior (A), lateral (B), and oblique (C) radiographs of an intra-articular distal radius fracture treated with closed reduction and percutaneous 
pinning using two radial styloid pins and a single dorsal ulnar pin. 


Once reduction is performed and confirmed on fluoroscopy, it should be held by an assistant or finger traps. For dorsally displaced fractures, it is often 
helpful to flex the wrist over a padded bump to help hold the reduction. 

Pins may be placed in many different configurations so long as penetration of the articular surface is avoided. The most common configuration of pins is 
across the fracture, from radius to ulna, or intrafocal. A combination of types may be used and starting points may include the radial aspect of the fragment 
from the styloid to the fracture or the dorsal aspect of the radius. Intrafocal pins are started in the fracture site and used as reduction tools—the Kapandji 
technique—before being driven into the radial shaft proximal to the fracture site. 

Regardless of the entry point chosen, care should be taken to avoid the radial sensory nerve as it courses over the radial styloid as well as the extensor 
tendons.”° For radial styloid pins, this is best accomplished by identifying the radial styloid at the bony prominence just proximal to the anatomic snuffbox 
at the level of the wrist, making a small incision over the styloid, and bluntly dissecting down to bone to protect the radial sensory nerve. Blunt dissection 
can also be used to protect tendons dorsally at the desired wire entry point. 

It is widely accepted that at least two pins should be used and many surgeons use three or more pins, but no studies have been performed specifically 
comparing the number of pins used. One study looked at various pin constructs and found that two radial styloid and one dorsal ulnar pin is the strongest 
biomechanically (Fig. 43-6), but this has not been studied clinically.!°” Regardless of construct, at least 1.6-mm (0.062-inch) K-wires should be used. 

While many variations in wire positioning are possible, we usually choose to place a radial styloid pin first. The pin starts in the lateral aspect of the 
radius distal to the fracture site and within approximately 1 cm of the tip of the styloid. It is then directed proximally and ulnarly until it pierces the ulnar- 
sided cortex of the radius. It should be centered within the radius in the sagittal plane. A second radial styloid pin is often placed in the same fashion, 
diverging from the first. 

For intrafocal pinning, Kapandji described a technique using pins in the fracture site to aid in reduction. He recommended three wires placed in a 
specific fashion where they are inserted perpendicular to the fracture and then raised to reduce and buttress the cortex of the fracture before being driven 
into the opposite cortex of the radius. The first pin is a lateral pin inserted in the plane between the wrist extensor tendons and the tendons of the extensor 
pollicis brevis (EPB) and the abductor pollicis longus (APL). A posterolateral pin is then placed between the EPL tendon and the tendons of APL and EPB. 
The final posteromedial pin is placed in the fourth extensor compartment. We have found that with intrafocal pinning, 0.062-inch K-wires are often too 
rigid, and slightly smaller 0.054- or 0.045-inch K-wires provide better flexibility to enter the fracture site but bend down the intraosseous canal, providing 
an effective internal three-point mold. 

Many surgeons leave pins protruding from the skin for ease of removal in the office later. Pins may also be buried under the skin, which requires a 
repeat procedure to remove, but has been shown in one RCT to have lower rates of pin tract infection. 
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Figure 43-7. PA (A) and lateral (B) radiographs of a volar rim plate used for fixation of distal radius fracture with small distal fracture fragment. 


While Kapandji originally advocated against the use of plaster immobilization following percutaneous pinning, most surgeons immobilize patients in a 
plaster splint until the pins are removed. 

Our preference is to use three 0.062-inch K-wires, with the pins cut deep to the skin. Patients are placed in a plaster splint until pins are removed in the 
office at 6 weeks. Patients are then placed in a removable splint and encouraged to begin a range of motion and strengthening program. 


The most common complications of percutaneous pinning are pin tract infection and damage to the superficial radial nerve. Pin tract infections have been 
reported in rates varying from 1.7% to 70%.!!>163 Most of these infections are minor superficial infections and do not require early pin removal or surgical 
debridement. Major pin tract infections requiring these interventions appear to be rare. 

Injury to the superficial branch of the radial nerve is also relatively common and may occur in as much as 15% of cases. It has been reported to occur 
both during pin placement and removal in the case of buried pins.2*!!5 For this reason, surgeons should always take care to bluntly dissect down to bone to 
insert and remove pins under direct visualization to ensure protection of the nerve. 


Open Reduction and Internal Fixation Through a Volar Approach 


ORIF of distal radius fractures through a volar approach with the use of a volar locked plate has risen rapidly in popularity in recent years.3%100 While there 
is no conclusive evidence in support of this method over others, it is frequently used for operative fixation of distal radius fractures. This method can be 
used to effectively treat multiple types of fractures including unstable extra-articular Colles fractures, volar shear patterns, and some complete articular 
fractures. With most available plates having variable angle locking mechanisms, they can also be used to treat more complex intra-articular fractures 
including those involving the lunate facet. The technique can also be used for corrective osteotomy in cases of distal radius malunion. To treat fractures 
successfully with volar plating, there must be sufficient bone in the distal fragment for placement of screws or pins and therefore surgeons must consider 
their options carefully in cases with very small distal fragments. For these cases, specialized plates designed to fit the volar rim of the distal radius are 
becoming more available (Fig. 43-7), and while early studies show very high rates of tendon irritation, long-term outcomes studies and RCTs have not been 
performed.®° 

For patients with a concurrent scaphoid fracture, an extensile volar approach allows for management of both fractures through a single incision. For 
patients with concurrent carpal tunnel syndrome, it is possible to manage all injuries through a single incision.!>!95 This avoids extension of the skin 
incision across the wrist crease where the palmar cutaneous branch of the median nerve is at risk. It requires mobilization of the flexor carpi radialis (FCR) 
tendon and division of the superficial and deep portions of the transverse carpal ligament at its radial attachment. Alternatively, fixation of the distal radius 
and carpal tunnel release can be performed through separate incisions, thus avoiding crossing the wrist crease. 


ORIF Through a Volar Approach: 


PREOPERATIVE CHECKLIST 


OR table LJ Regular OR table, stretcher 


Position/positioning aids LJ Supine, hand table, towel bump 

Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 

Equipment LJ Volar locking distal radius plate of choice 

Tourniquet LJ Placed on upper arm 

Other LJ K-wires (0.045 inch/1.14 mm) and 16-gauge hypodermic needle for provisional fixation if needed 
Positioning 


For operative fixation through a volar approach, the patient is positioned in the same manner as for percutaneous pinning. The patient is placed supine with 
the shoulder abducted and the arm on a hand table. A tourniquet is placed on the upper arm near the axilla to leave ample space for manipulation of the arm. 
The C-arm is positioned parallel to the long axis of the operative arm to allow both the surgeon and assistant adequate access to the hand table. This position 
allows the forearm to be supinated for the approach, but manipulated easily for imaging. 


Technique 


ORIF Through a Volar Approach: 
KEY SURGICAL STEPS 


Incision along the flexor carpi radialis (FCR) tendon 

Develop plane between radial artery and FCR, retracting FCR ulnarly 

Lift PQ off the volar surface of the radius 

Obtain a sigmoid notch view of the distal radius and maintain that view for plate positioning and evaluation 
Position plate along the radial shaft proximally 

Distally, position the plate as distal as it needs to be to capture subchondral bone and as ulnar as it can be to capture the lunate facet 
Avoid placing the plate distal to watershed line 

Place a screw in the radial shaft, ideally through an oblong hole to allow adjustments as needed 

Place initial distal locking screw and confirm reduction fluoroscopically 

Fill-in remaining screw holes and confirm extra-articular positioning 

If desired, repair PQ over distal edge of the plate 


The workhorse approach for fixation of most distal radius fractures is the modified Henry approach, also known as the trans-FCR or simply the FCR 
approach, which utilizes an interval between the radial artery and the FCR tendon. An extended approach is generally not necessary and fixation can be 
achieved through a relatively small incision. A longitudinal incision is centered over the FCR tendon and carried down to expose the tendon in its sheath. 
The FCR sheath is incised and the tendon is mobilized ulnarly before the floor of the FCR sheath is incised. The floor of the sheath is preferentially incised 
toward its radial side in order to maximize the potential distance of the deep dissection from the palmar cutaneous branch of the median nerve, which may 
be visualized on the ulnar aspect of the exposure. Once the floor of the FCR sheath is opened, the flexor pollicis longus (FPL) is bluntly mobilized and 
swept ulnarly to be retracted with the FCR tendon. This will expose Parona’s space between the digital flexors and the PQ muscle, whose fibers will be 
running in a transverse direction. The PQ is elevated via an L-shaped incision longitudinally along the radial aspect of the radius and transversely through 
the distal junction of the muscle and the volar extrinsic ligaments. We prefer to use electrocautery along the radial edge to simultaneously coagulate the 
vascular perforators from the radial artery to the PQ. A cuff of PQ can be left for later repair, but repair is frequently difficult given swelling and tissue 
quality. Furthermore, no benefit has been shown in patients in whom a repair was performed versus no repair.’”? At this point, the fracture site is easily 
visualized volarly and reduction can be performed. The brachioradialis tendon can be released if needed to mobilize the radial styloid for reduction. 

By nature of the interval used, this approach tends to result in better exposure of the radial aspect of the distal radius with a limited view of the ulnar 
aspect. Fractures involving the ulnar aspect of the distal radius can still be managed with this approach, but the surgeon should take special care in plate and 
screw placement to be sure the ulnar-sided fragments are reduced and captured with the fixation. Sharp self-retaining retractors should be avoided in the 
deep dissection as they risk iatrogenic injury to the median nerve and radial artery. 

A serrated bone-holding clamp can be placed on the radial shaft at the proximal aspect of the incision. (Fig. 43-8). This will help to retract soft tissues, to 
guide the proximal portion of the volar plate longitudinally along the radial shaft, and to provide direct contact with bone to aid in reduction maneuvers and 
intraoperative imaging. 


Figure 43-8. A serrated bone-holding clamp (arrow) is used to manipulate the radial shaft, retract the soft tissues, and centralize the proximal aspect of the volar plate. 
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Figure 43-9. A 16-gauge needle is used as a soft tissue protector and wire guide for a 0.045-inch K-wire. 


The distal radius fracture should be provisionally reduced and evaluated with fluoroscopic imaging. If provisional fixation with K-wires is selected, we 
recommend using a 16-gauge hypodermic needle as a guide and soft tissue protector for a 0.045-inch (1.14-mm) K-wire (Fig. 43-9). This is the largest K- 
wire that will fit through the 16-gauge needle. The needle can be placed percutaneously to achieve purchase at the tip of the radial styloid. K-wires can be 
placed obliquely across the fracture through the ulnar cortex of the proximal radius shaft. In addition, K-wires can be placed transversely as a rafting pin to 
support articular segments or to provisionally stabilize intra-articular fragments. The use of the 16-gauge needle will protect the superficial radial nerve and 
radial artery from the revolutions of the K-wire during insertion. 

A sigmoid notch view of the distal radius should be obtained to confirm that a true AP view is used to judge fracture reduction and plate positioning 
(Fig. 43-10).88 On the sigmoid notch view, the plate position should be optimized in the coronal plane. The oblong screw hole in the shaft of the plate is 
placed first, allowing for minor adjustments proximally and distally if needed. An inclined lateral view is then obtained to confirm proper plate positioning 
relative to the distal segment. On this view, the distal screw trajectory can be anticipated to confirm capture of the articular fragments and avoidance of joint 
penetration. Care should be taken to identify fractures of the volar lunate facet and confirm that these fragments are captured to avoid later loss of fixation 
(Fig. 43-11).’° The plate should be placed proximal to the watershed line to avoid potential tendon-related complications (Fig. 43-12). 

Patients are most often immobilized temporarily following volar plating. The metacarpophlangeal (MCP) joints are left free and patients are encouraged 
to mobilize their fingers immediately. Immobilization is generally discontinued between 2 weeks after surgery with the use of removable splints. Gentle 
wrist motion should be encouraged at that point. If the DRUJ was found to be unstable or bony fixation is questionable due to a high degree of comminution 


or poor bone stock, patients can be immobilized for 6 weeks in a cast without compromising final range of motion and function. t? 


The complication rate for volar locked plating has been reported to be as high as 48%,°° but most studies have relatively small numbers of patients, so a true 


complication rate is difficult to determine. The most common complication reported in all series is soft tissue irritation both from the plate on the volar side 
and from screw penetration on the dorsal side with symptoms resolving with hardware removal. Rupture of the EPL tendon has been reported in several 
series as well and was managed with hardware removal and EPL reconstruction, generally with tendon transfer. Flexor tendon rupture has also been 
reported and most commonly affects the FPL tendon. To minimize the risk of rupture, some authors have argued for removal of plates that cause symptoms 
in patients with prominent plates or those that are within 3 mm of the volar rim.°° Others have reported late loss of reduction in up to 30% of cases, but this 
was not seen in all studies. Carpal tunnel syndrome and complex regional pain syndrome (CRPS) are also reported, but these appear to be less 
common, 114261167 


Figure 43-10. The sigmoid notch view demonstrates a true AP of the distal radius and is confirmed by overlap of the subchondral bone of the volar and dorsal lips of 
the sigmoid notch into a single “sigmoid stripe” (arrow). 
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Figure 43-11. PA (A) and lateral (B) radiographs of volar plate fixation demonstrating loss of reduction of the lunate facet following inadequate fixation. 
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Figure 43-12. PA (A) and lateral (B) radiographs of a variable-angle volar locking plate used for fixation of a distal radius fracture. 


Open Reduction and Internal Fixation Through a Dorsal Approach 


Dorsal plating of distal radius fractures was a common method of fixation for dorsally displaced distal radius fracture prior to the advent of volar locked 


plating. With currently available fixed-angle volar plating systems able to maintain reduction of most dorsally displaced fractures, dorsal plating has fallen 
out of favor for most fracture types. This is largely due to prominence of the plate and the resultant tendon irritation that results from placement. However, 
while not as widely used as in the past, dorsal plating remains an option for treating extra-articular dorsally displaced distal radius fractures. Dorsal plating 
is most commonly used for dorsal shearing fractures, die-punch fractures, and severely comminuted articular fractures.®®:!°5 The dorsal approach is also 
used most commonly with concomitant scapholunate ligament injuries and proximal scaphoid fractures. 


Preoperative Planning 


ORIF Through a Dorsal Approach: 
PREOPERATIVE CHECKLIST 


OR table LJ Regular OR table or stretcher 
Position/positioning aids LJ Supine, hand table, towel bump 
Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 
Equipment LJ Dorsal plate of choice 
Tourniquet LJ Placed on upper arm 
Other LJ Bone graft, tamp 
Positioning 


For dorsal plating of distal radius fractures, patients are positioned in the same manner as for volar plating, but with the arm pronated on a hand table. The 
wrist may also be flexed over a bump of towels to aid in exposure. 


Technique 


,/ | ORIF Through a Dorsal Approach: 

KEY SURGICAL STEPS 
Incision between third and fourth extensor compartments 
Incision extensor retinaculum for easy repair 
Elevate compartments subperiosteally and leave intact 
Mobilize EPL for transposition at closing 
Excise posterior interosseous nerve (PIN) for later pain relief and take down Lister tubercle for plate placement 
Place plate centrally and distal enough to capture subchondral bone 
Place screws in the radial shaft 
Place initial distal screw and confirm reduction fluoroscopically 
Finish screw placement and confirm extra-articular screw position 


Dorsal plating of the distal radius is performed with a dorsal approach to the wrist that uses the interval between the third and fourth extensor compartments. 
A longitudinal incision is made over the distal radius between these compartments and carried down to the extensor retinaculum. The retinaculum is incised 
to allow easy repair. Dissection is then continued down to bone through the floor of the third compartment, taking care not to violate the fourth dorsal 
compartment as it is elevated in a subperiosteal fashion. The EPL tendon is mobilized to allow transposition dorsal to the extensor retinaculum at the time of 
closure. We perform this transposition to avoid tendon irritation by the plate. The PIN, which lies on the radial aspect of the floor of the fourth 
compartment, is generally excised and Lister tubercle may need to be removed to complete the exposure. The fracture is then easily visualized and reduction 
and fixation can be performed (Fig. 43-13). In cases of die-punch fractures, the disrupted dorsal cortex allows for easy access to the impacted articular 
surface. We use this to reduce the die-punch component and typically use bone graft for structural support of the articular segment. 


Complications 


The soft tissue envelope available for coverage of dorsal plates is less than on the volar side of the wrist. Subsequently, extensor tendon irritation was a 
common complication of early-generation dorsal plates. However, two separate studies showed good functional outcomes in all patients who underwent 
dorsal plating for comminuted, dorsally displaced distal radius fracture regardless of the type of plate used. When a low-profile dorsal plating system was 
used though, there were no cases of extensor tendon irritation. 16187 


Fragment-Specific Fixation of the Distal Radius 


In patients with highly comminuted or unusual fracture patterns where typical plate fixation methods will not suffice and closed reduction is not possible, 
fragment-specific fixation may be utilized. In this method, fractures are repaired in much the same manner as other periarticular fractures where a 
combination of screws, wires, and various plates may be used. Several plates exist that are designed for specific areas, such as the radial styloid, but often 
small or mini-fragment plates are used and contoured as needed. Plates are often placed in more prominent locations than is typical with other fixation 
methods such as the radial column, which leads to high rates of hardware removal.®° 
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Figure 43-13. Preoperative PA and lateral radiographs (A) and axial and sagittal CT scans (B) of a dorsal shear distal radius fracture. C: Postoperative PA and lateral 
radiographs of a dorsal shear distal radius fracture treated with a dorsal plate. D: Clinical image of the dorsal plate and retinacular closure to minimize extensor tendon 
irritation. 


Fragment-Specific Fixation of the Distal Radius: 


PREOPERATIVE CHECKLIST 


OR table LJ Regular OR table or stretcher 

Position/positioning aids LJ Supine, hand table, towel bump 

Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 
Equipment LJ Mini-fragment set or fragment-specific variable angle distal radius plates 
Tourniquet LJ Placed on upper arm 


As with other fixation methods for distal radius fractures, patients are supine on the operating table with the shoulder abducted and the arm on a hand table. 
A tourniquet may be used on the upper arm. The C-arm is brought in parallel to the long axis of the arm, allowing access to the arm by both the surgeon and 
the assistant. 


Fragment-Specific Fixation of the Distal Radius: 


KEY SURGICAL STEPS 


Plan incisions carefully for best access to fracture fragments 
Most common: first extensor compartment for radial fragments, fourth extensor compartment for dorsal fragments, volar for ulnar fragments 
Choose hardware carefully for best fixation and least prominence 


The surgical approach used for fragment-specific fixation is variable depending on the fracture pattern and the specific fragments to be fixed. In general, for 
fractures of the radial column, an incision is made directly over the first dorsal extensor compartment, and the radial sensory nerve is protected while 
dissection is carried down to the radial aspect of the distal radius and radial styloid. The tendons of the first dorsal compartment must be carefully protected 
and the brachioradialis often needs to be released from the radial styloid to allow direct reduction of the fragment and stabilization with a plate. For dorsal 
fragments, the fourth dorsal extensor compartment may be opened and a dorsal buttress plate or pin applied. For volar lunate facet fragments, a volar ulnar 


approach is used.!3196 A longitudinal incision is made between the palmaris longus tendon and the flexor carpi ulnaris (FCU) tendon. The fascia is opened, 
and deep dissection continues in the interval between the digital flexors and the ulnar neurovascular bundle. The transverse muscle fibers of the PQ are 
visualized. Palpation reveals the DRUJ and the ulnar border of the radius. The PQ is incised longitudinally and elevated subperiosteally to expose the volar 
ulnar corner of the distal radius. This approach is extensile and can be extended distally to perform a carpal tunnel release. 


Complications 


One study comparing volar locked plating to fragment-specific fixation of distal radius fractures found a higher complication rate in the fragment-specific 
group. Transient radial neuropraxia was the most common complication, but patients also experienced carpal tunnel syndrome, and one patient suffered EPL 
rupture requiring transfer.!!" 


External Fixation of the Distal Radius 


External fixation of distal radius fractures was first described in 1944 by Anderson and O’ Neill’ but did not become a popular method of fixation until Vidal 
et al. coined the term “ligamentary taxis” in 1977 and described the method we now know as ligamentotaxis—utilizing tension on the ligaments and capsule 
to aid in reduction of the fracture.”°! External fixation was frequently used for operative fixation of distal radius fractures in the following two decades and 
only began to decrease with the popularization of volar locked plating. 

Historically, external fixation was frequently used for unstable dorsally displaced extra-articular or minimally involved articular fractures. However, 
with most of these cases now being treated with volar locked plating, external fixation is most frequently used for distal radius fractures with soft-tissue 
compromise or those not amenable to ORIF. 

External fixation can be either radiocarpal joint spanning (or bridging) or nonspanning (nonbridging). As the name implies, spanning external fixation 
crosses the radiocarpal and midcarpal joints and the construct consists of pins in the radial shaft proximal to the fracture and pins in the second metacarpal. 
Nonspanning external fixation crosses only the fracture and not any of the wrist joints. This method utilizes pins proximal to the fracture and in the distal 
fracture fragment, allowing direct fracture reduction and maintaining motion of the wrist and carpus. 


Preoperative Planning 


External Fixation of the Distal Radius: 
PREOPERATIVE CHECKLIST 


OR table LJ Regular OR table or stretcher 

Position/positioning aids LJ Supine, hand table, towel bump 

Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 

Equipment LJ External fixator of choice 

Tourniquet LJ Placed on upper arm 

Other LJ K-wires (0.045 inch/1.14 mm) and 16-gauge hypodermic needle for provisional fixation if needed 
Positioning 


As with other fixation methods for distal radius fractures, patients are supine on the operating table with the shoulder abducted and the arm placed on a hand 
table. A tourniquet may be used on the upper arm. The C-arm is brought in parallel to the long axis of the arm allowing access to the arm by both the 
surgeon and the assistant. 


Technique 


KEY SURGICAL STEPS 


/ | Bridging External Fixation of the Distal Radius: 


Longitudinal incision over the radial aspect of the distal radial diaphysis 

Blunt dissection to bone, protecting the superficial radial nerve and the lateral antebrachial cutaneous nerve (LABC) 
Two bicortical pins placed in midlateral radius proximal to fracture 

Incision over second metacarpal between first dorsal interosseous (DI) and index digital extensors 

Two pins placed across second metacarpal and into one cortex of the third metacarpal for tricortical fixation 
Construct external fixator with clamps and bars 

Reduce fracture and check reduction under fluoroscopy 

Tighten external fixator and confirm maintenance of reduction 


The external fixator can be constructed prior to reduction and then adjusted and tightened in place once the surgeon is satisfied with the reduction. To place 
the radial shaft pins, a longitudinal incision is made over the “bare area” at the distal third of the radial diaphysis. This bare area is the interval between 
brachioradialis and the extensor carpi radialis longus (ECRL) tendons. The radial shaft can be palpated in this area approximately 8 cm proximal to the wrist 
joint. The dissection is bluntly carried down to bone, identifying and protecting the sensory nerves in this area. The LABC lies superficial to the fascia and 
typically courses with the cephalic vein. The superficial radial nerve exits from deep to the brachioradialis tendon in the bare area approximately 8 cm 
proximal to the wrist joint. Two bicortical pins are then placed in the midlateral aspect of the radius at this level. Typically, 4-mm pins are used in the radial 


shaft. The orientation of the pins is midway between true posterior to anterior and true lateral. This is easiest to achieve by placing the wrist and forearm in a 
true lateral position, then pronating both 45 degrees. With the forearm held in this position, the pins are then drilled perpendicular to the hand table which 
places them at 45 degrees. 

Placement of the metacarpal pins can be performed through one or two incisions. The incision is made longitudinally along the radial aspect of the 
second metacarpal in the space between the first DI muscle and the extensor tendon and carried down to bone. In general, a single incision is used, but pins 
may be placed through two separate incisions depending on surgeon preference. The hand is positioned similarly to the forearm so that pins are colinear, 
which will assist with reduction. A true lateral of the hand is obtained and then pronated 45 degrees. The pins are then drilled bicortically perpendicular to 
the hand table. Typically, 3-mm pins are used in the metacarpals. The first pin is placed just distal to the carpometacarpal joint in the radial aspect of the 
metacarpal aiming toward the third metacarpal. The second pin is placed in the same manner in the distal aspect of the metacarpal (Fig. 43-14). 
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Figure 43-14. A: PA and lateral views of a comminuted intra-articular distal radius fracture treated with bridging external fixator augmented with K-wires. B: The 
external fixator and K-wires were removed after 6 weeks and PA and lateral views at final follow-up demonstrate maintenance of reduction. 


Once all four pins are in place, clamps are tightly attached to each pin and bars are connected to clamps, but left loose for reduction. Reduction can then 
be performed and confirmed with fluoroscopy before the external fixator is tightened by an assistant. The surgeon should be careful to avoid overdistraction 
or excessive wrist flexion. If reduction is not held stable by external fixation alone or there is concern about reduction of particular fragments, supplemental 
K-wires, plates, or screws may be used for augmentation. 

For fractures with a large distal fragment—generally larger than 1 cn—a nonspanning external fixation may also be used. The proximal pins are placed 
in a similar manner as for a spanning external fixator, but in a more dorsal position than midlateral. Dissection is performed in the same fashion as for dorsal 
plating and two pins are placed, one radial and one ulnar to Lister tubercle. The distal pins are placed from dorsal to volar, using fluoroscopic guidance to be 
sure not to penetrate the radiocarpal joint or to penetrate too far volarly. Once all pins are placed, construction of the external fixator and reduction are 
carried out as with a spanning external fixator. 

Postoperatively, a dry dressing is used around the pin sites and they are cleaned regularly with sterile saline. We generally begin pin site care on 
postoperative day 2 and perform daily pin site care thereafter. Patients are encouraged to mobilize their hand and digits in addition to regular shoulder and 
elbow motion. The external fixator is usually left in place for 6 weeks prior to being removed in the office without an anesthetic. 


Complications 


Pin tract infection is the most common complication of external fixation. Most of these are minor and can be treated with local wound care and oral 
antibiotics and they have been reported at rates exceeding 30%. Deep pin tract infection that requires removal of the external fixator or another procedure is 
much less common, occurring in less than 2% of cases.4%76 

As with percutaneous pinning, superficial radial nerve injury is also a relatively common complication, occurring in 1% of cases in a large series.”° For 
this reason, it is important to place pins in this region under direct visualization after blunt dissection down to bone, rather than percutaneously. 

Another complication unique to external fixation is the possibility of overdistraction of the radiocarpal joint. Some authors have shown that increased 
distraction leads to increased digit stiffness and the possibility of CRPS.!5? However, others have shown a benefit to some distraction without any adverse 
effects. It is likely that some level of distraction aids in obtaining and maintaining reduction with tightening of the carpal ligaments and ligamentotaxis, 
but too much distraction decreases the ability of the digits to flex and likely contributes to stiffness. 15? 


Dorsal Spanning Fixation of the Distal Radius 


Another option for treating severely comminuted distal radius fractures that has recently gained popularity is the dorsal spanning or dorsal distraction plate, 
which has been described as an “internal fixator.” Like an external fixator, this method relies on ligamentotaxis to obtain and maintain reduction. Originally 
described for use in polytrauma patients and patients with high-energy injuries, it has more recently been studied in patients with extensive articular 
comminution, especially in patients with osteoporotic bone with good results.5®-!!2,159 


Preoperative Planning 


Dorsal Spanning Fixation of the Distal Radius: 


PREOPERATIVE CHECKLIST 


OR table LJ Regular OR table or stretcher 
Position/positioning aids LJ Supine, hand table, towel bump 
Fluoroscopy location LJ Mini C-arm or large C-arm from end of hand table to move easily in and out 
Equipment LJ Dorsal spanning plate of choice 
Tourniquet LJ Placed on upper arm 
Positioning 


As with other fixation methods for distal radius fractures, patients are supine on the operating table with the shoulder abducted and the arm on a hand table. 
At the surgeon’s discretion, a well-padded tourniquet may be used on the upper arm. The C-arm is brought in parallel to the long axis of the arm allowing 
access to the arm by both the surgeon and the assistant. 


Technique 


KEY SURGICAL STEPS 


,/ | Dorsal Spanning Fixation of the Distal Radius: 


Incision over the “bare area” of the radius between BR and ECRL 
Second incision over the dorsum of the second or third metacarpal 
If the spanning plate is to be applied to the third metacarpal, an additional incision is made just ulnar to Lister tubercle to facilitate passage of the 
plate below the third and fourth compartment tendons 
Use a key elevator to tunnel between the incisions in preparation for plate passage 
Place the plate from distal to proximal, confirming that the plate is deep to the extensor tendons 
Affix the plate to the metacarpal first utilizing a single cortical screw. Provisionally secure the plate to the radius using a serrated bone-holding 
clamp and confirm reduction with fluoroscopy. 
LJ Complete fixation using at least three screws in both radius and metacarpal 


The plate is applied via a minimally invasive approach that does not require visualizing the fracture or bone. The plate can be applied to either the second 
metacarpal or the third metacarpal, depending upon fracture pattern and surgeon preference. Spanning to the second metacarpal is simpler and theoretically 
is better at restoring radial inclination. Spanning to the third metacarpal requires a third incision but provides a stronger construct and allows for direct 
reduction of the fracture and periarticular fixation. Distally, an incision is made over the dorsal aspect of the second or third metacarpal and carried down 
to the metacarpal. A proximal incision is made over the bare area of the radius between the BR and ECRL tendons. The dissection is bluntly carried down to 
bone, identifying and protecting the sensory nerves in this area. The LABC lies superficial to the fascia and typically courses with the cephalic vein. The 
superficial radial nerve exits from deep to the brachioradialis tendon in the bare area approximately 8 cm proximal to the wrist joint. The radius may be 
exposed either between the BR and ECRL tendons or more dorsally between ECRL and ECRB. If the spanning plate is to be fixed to the third metacarpal, 
an incision is made just ulnar to Lister tubercle. The third compartment is entered and the EPL tendon is transposed radially out of its compartment. The 
fourth extensor compartment is then elevated subperiosteally in an ulnar direction to create room for the spanning plate. Using a key elevator slightly wider 
than the selected plate, a tunnel is created deep to the soft tissues between all planned incisions. 

A provisional reduction is performed and confirmed with C-arm fluoroscopy. Unlike an external fixator, not all aspects of the reduction can be 
manipulated once the plate is applied. When the reduction is satisfactory, the plate is passed from distal to proximal, taking care to avoid entrapment of the 
extensor tendons. 

The plate is affixed to the metacarpal first, selecting one of the middle holes of the cluster for the first cortical screw. This allows for some adjustment in 
the coronal plane while minimizing the risk that other screws in the distal cluster will miss bone. Once the plate is affixed distally, a reduction maneuver is 
performed. With elbow flexion and countertraction on the brachium, longitudinal traction and supination is applied to the wrist and forearm (Fig. 43-15). 
The plate is provisionally secured to the radius at the proximal incision with a serrated bone-holding clamp and the reduction is evaluated with orthogonal 
fluoroscopic views. To confirm that overdistraction is not present, passive flexion of the digits should be easily demonstrated (Fig. 43-16). If there is limited 
passive flexion or immediate and rapid rebounding to digit extension, release some length on the construct through the serrated bone-holding clamp and re- 
evaluate. Once the reduction is deemed acceptable, the remainder of the screws are placed. 


Figure 43-15. With the spanning plate secured to the metacarpal by a single screw and provisionally clamped to the radius, a reduction maneuver is performed 
utilizing elbow flexion, longitudinal traction, and supination. 


Figure 43-16. Effortless passive flexion of the digits is used to confirm that the spanning plate construct is not overdistracted. 


We prefer a minimum of three screws at the radius and metacarpal. To maximize the strength of the construct, we typically place locking screws in the 
positions immediately adjacent to the spanned segment—that is, the distal screw of the proximal cluster and the proximal screw of the distal cluster. If the 
plate was secured to the third metacarpal, screws may be placed in the periarticular distal radius if warranted. 

Postoperatively, a removable splint is used for comfort and lifting is limited to 5 lbs. Weight-bearing is allowed through the forearm for polytrauma 
patients who require the upper extremities for ambulation assistance.!°8 Immediate digital range of motion is encouraged. As many of the commercially 
available spanning plates have some wrist extension incorporated, it is common for patients to achieve full range of motion with the plate in place. Once 
radiographic evidence of union occurs, the spanning plate can be removed in order to allow for radiocarpal motion. This typically occurs around 3 months 
postoperatively (Fig. 43-17). 


The most common complications from dorsal spanning fixation are extensor tendon irritation and digit stiffness. However, both the rates of each of these 
complications are low. In a study of 33 patients by Richard et al., only 1 patient required extensor tenolysis and 1 patient had digit stiffness.!°° In another 
series by Lauder et al., there were no cases of tendonitis, infection, or tendon rupture, but they were only able to obtain follow-up from 18 out of 100 
patients who underwent bridge plating in the period studied.1!? 


Comparison of Outcomes and Complications for Different Fixation Methods of Fractures of the Distal Radius 


Many studies have compared outcomes between the various fixation methods and no specific method has been shown to be significantly better than any 
other. While many retrospective and prospective studies have been conducted, we will focus on RCTs. 


Two studies compared spanning external fixation with percutaneous pinning and found no significant difference in radiologic outcome, complications, or 
function as measured with the Gartland and Werley score in one study and the DASH in another, despite the later study showing a better reduction of the 
articular surface in the external fixation group.” 


Rozental et al. compared percutaneous pinning with volar locked plating in a prospective randomized study and found better DASH scores in the volar 
plating group at 6, 9, and 12 weeks, but no significant difference at 1 year. While there appears to be no long-term difference, patients requiring a faster 
return to function after surgery may benefit from ORIF with a volar plate. 168 


One study of 60 patients with extra-articular or minimal articular unstable distal radius fractures performed by McQueen showed better functional and 
radiographic results in patients who underwent nonbridging external fixation compared with bridging external fixation, even at 1-year follow-up.!°° 
Krishnan et al. compared bridging and nonbridging external fixation for the treatment of “severe comminuted intra-articular fractures of the distal radius” 
and found no statistically significant difference in clinical or radiographic outcomes. 13 


An RCT conducted by Egol et al. comparing bridging external fixation with supplementary K-wire fixation to volar locked plating showed a statistically 
significant improvement in early range of motion in the volar locked plating group. However, this improvement was not clinically relevant and diminished 
over time. At 1 year, each group had similar function and the overall complication rates were similar.*? 


A,B 
Figure 43-17. Clinical image of the surgical incisions (A) and PA (B) and lateral (C) views of a distal radius fracture treated with dorsal spanning plate. 


One RCT by Kreder et al. compared treatment of isolated intra-articular distal radius fractures with percutaneous indirect reduction and external fixation 
versus ORIF via the operating surgeon’s choice of the best approach and fixation method. At the end of 2 years, they found no difference in radiographic 
outcomes or range of motion.!°* A similar study by Leung et al. found that plate fixation was better, but this was based on the largely radiographic 
physician-based Gartland and Werley classification, rather than more recent functional outcomes like the DASH. As the authors note, at the time of the 
study, the DASH was not translated into Chinese. However, like the study by Kreder et al., the fixation methods in both groups were also heterogeneous, 
making it difficult to draw conclusions regarding specific fixation methods. 16 


Landgren et al. compared volar locked plating with fragment-specific fixation and found no difference in outcomes, but they found a higher complication 
rate in fragment-specific fixation. 


Other Comparisons 


In caring for the specific needs of the individual patient, it is necessary to consider the convalescence time associated with the treatment selected. Younger 
and more active patients may desire a shorter duration of limited function and an earlier return to activities. With shared decision making, this may result in 
patients choosing operative fixation to minimize the duration of convalescence for fractures that would be expected to heal with a good outcome by 
nonoperative treatment. In patients over 60 years old, it has been demonstrated in a randomized clinical trial that there is no difference in pain or function at 
12 months after injury between plate fixation and closed management.!!* However, in a cost-effective analysis of adults with a displaced extra-articular 
distal radius fracture, other authors have demonstrated a benefit with faster return to function, better functional outcomes, and cost savings when volar plate 
fixation is employed over cast management. 35 


Choosing a Fixation Method 


Despite multiple fixation options and many studies examining the outcomes of each, the best fixation method remains unclear. While there may be an early 
benefit to volar locked plating, there does not appear to be a long-term difference. 


Authors’ Preferred Treatment for Fractures of the Distal Radius ( 


Distal radius 


fracture 


Displaced Nondisplaced 


Reduce under Cast for 6 weeks 


anesthesia of choice 


Weekly follow up for Consider surgical 


3 weeks in splint fixation 


Transition to short Consider surgical 


arm cast for 3 weeks fixation 


Algorithm 43-1 Authors’ preferred treatment for fractures of the distal radius. 


When treating fractures operatively, the authors prefer volar locked plate fixation except in specific instances where other fixation methods allow better 
control of fracture fragments or fractures are too highly comminuted for volar plating (Table 43-1). 

Dorsal shearing injuries or fractures with significant articular comminution are addressed dorsally to allow better visualization of articular surfaces, 
elevation of depressed articular fragments, and bone grafting when required. When using dorsal plating, care is taken to repair the extensor retinaculum 
over the plate leaving the EPL transposed. 

In our hands, due to postoperative stiffness from multiple incisions, we reserve fragment-specific fixation for rare cases that cannot be addressed 
with volar or dorsal approaches alone. 

Highly comminuted and unstable injuries or those not amenable to internal fixation alone are often treated with a dorsal spanning plate with or 


without supplemental fixation. In our practice, external fixation is reserved for infection or for those cases with soft tissue involvement where hardware 
would be exposed. Most importantly, the surgeon should be well versed in all techniques as they are all commonly used in the management of distal 
radius fractures. Given the lack of data supporting one method over another, surgeons should consider each case individually and choose the method 
that is likely to result in the best outcome in their hands. 


FRACTURES OF THE DISTAL ULNA 


Fixation of the Distal Ulna 


Displaced fractures of the distal ulna frequently accompany distal radius fractures and are often paid little attention, clinically and in research. As a result, 
there is scarce literature regarding their management. Fractures of the distal ulna involve four major segments: the ulnar styloid, the dorsal articular surface, 
the palmar articular surface, and the subchondral metadiaphysis.!7 

In general, they tend to reduce with fixation of the distal radius and fixation of the ulna can often be avoided as long as the radius is stable. However, 
when the ulna fails to reduce or the construct is unstable, fixation may be considered utilizing a variety of methods including plate fixation or intramedullary 
K-wires or the use of intramedullary nails. 


TABLE 43-1. Displaced Fractures of the Distal Radius and Ulna: Choosing Fixation Method 


Fracture Pattern Preferred Treatment Method 

Volar comminution Volar plate 

Dorsal shear Dorsal plate 

Dorsal comminution Dorsal plate, consider bone graft for support 
Die punch Dorsal plate, consider bone graft for support 
Distal articular shear Dorsal spanning plate or external fixator 
Isolated radial styloid Lag screws if large enough or buttress plate 
Lunate facet involvement Volar plate with ulnar buttress 


For both intra- and extra-articular fractures of the distal ulna, methods ranging from nonoperative treatment to surgical fixation have been described with 
similar results.2!529.199.161 Cha et al. performed a comparison of patients aged over 65 years with concurrent distal radius and extra-articular distal ulna 
fracture. They prospectively reviewed 61 patients; the first 29 were treated operatively with one-third tubular plates and the next 32 were treated 
nonoperatively. While the groups were not randomized, they did not find any differences with respect to demographics or fracture patterns and functional 
outcomes were similar at 2-year follow-up.?! 

The management of the ulna styloid fracture associated with a distal radius fracture has undergone tremendous evolution. Early reports of ulna styloid 
fractures that extended into the foveal region were proposed to cause instability of the DRUJ. This literature was associated with management of the distal 
radius fracture with cast or external fixation. 18212 

The increased use of palmar locked plating has seen a significant shift in the management of these styloid fractures. Two well-powered prospective 
randomized trials have demonstrated in the face of palmar locked plating of the radius that “an unrepaired ulnar styloid fracture, regardless of fracture level 
or amount of displacement, does not affect wrist function or stability of the distal radioulnar joint.”9°!°° 

While most young patients are likely to do well with nonoperative management, special attention should be paid to the stability of the DRUJ, especially 
in ulnar styloid fractures at the TFCC attachment. Stability of the DRUJ should be tested after stabilization of the distal radius and compared with the 
opposite wrist if possible. If the DRUJ remains unstable in the presence of an ulnar styloid fracture, ORIF should be considered. 


Technique 


The distal ulna is approached with a longitudinal incision between the extensor carpi ulnaris (ECU) and FCU tendons. If the styloid is to be fixed, the 
incision should be closer to the ECU and sensory branches of the ulnar nerve should be identified and protected. Depending on fragment size, the ulnar 
styloid can be repaired with a cannulated screw or tension band. For fractures of the distal metaphysis, there are many acceptable methods, but we prefer to 
use mini-fragment T-plates for fixation (Fig. 43-18). It is important to note that the ulnar styloid base fracture associated with the head—neck fracture may 
require both plate fixation and adjunctive suture or tension band of the styloid separately. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO FRACTURES OF THE DISTAL RADIUS AND ULNA 


Complications in the treatment of distal radius fractures have been reported in frequencies ranging from 6% to 80%.'*? Even with second-generation 
locking plates, the complication rate (primarily hardware removal) has been reported to be as high as 13%.'°* The overall rate is likely somewhere in- 
between. Complications related to the specific surgical approach and hardware choice are previously discussed in this chapter. Common complications 
related to fracture healing and soft tissue management are discussed below. 


Fractures of the Distal Radius and Ulna: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Nerve injury 
e Tendon injury 
e Malunion 


NERVE INJURY 


Carpal tunnel syndrome is one of the most common complications of distal radius fractures and can be acute, subacute, or delayed as much as 25 years.*7-® 
Carpal tunnel syndrome in the setting of distal radius fractures is addressed in the section on injuries associated with fracture of the distal radius and ulna 
above. Acute carpal tunnel syndrome is characterized by progressive pain and neurologic symptoms in the median nerve distribution and necessitates urgent 
surgical release. By contrast, median nerve contusion is not progressive and improves over time. Ulnar nerve injury is much less common and is most often 
a neuropraxia that resolves spontaneously. However, in the setting of open injuries or complete ulnar palsy, exploration may be warranted. 


TENDON INJURIES 


Tendon injury is also a relatively common complication associated with distal radius fracture and can occur in fractures treated both operatively and 
nonoperatively. Tendonitis or subjective feelings of irritation most commonly occur following operative treatment. The EPL tendon is the most commonly 
ruptured tendon in patients treated nonoperatively and operatively. Transfer of the extensor indicis proprius (EIP) tendon is our preferred treatment method 
for patients desiring reconstruction. Flexor tendon injuries particularly to the FPL have been reported. This is particularly problematic when the plate is 
locked distally prior to ascertaining that the radius is reduced to the plate. Flexor tendon ruptures that occur from plate irritation can be managed with 
hardware removal and primary repair, tendon grafts, or transfers.*°° Ensuring plate placement proximal to the radial watershed line and avoiding prominent 
screws dorsally are paramount in avoiding these complications. 


MALUNION 


Malunion occurs commonly in distal radius fractures, particularly in elderly patients managed nonoperatively. While the definition of malunion and its 
effect on functional outcome is debatable, most surgeons agree that treatment of malunion should focus on the symptomatic patient and not on radiographic 
appearance. However, some authors have argued that in cases of intra-articular malunion, early treatment may be warranted before there is evidence of 
degeneration. 16 

Unlike distal radius fractures, no formal classification system for distal radius malunion exists. This is likely due to a lack of consensus regarding the 
definition of a distal radius malunion. A recent article°’ incorporating the existing literature and the author’s expert opinion defines a malunion of the distal 
radius as follows: 


e Radial inclination less than 10 degrees 


Volar tilt greater than 20 degrees or dorsal tilt greater than 20 degrees 
Radial height less than 10 mm 

Ulnar variance greater than 2+ mm 

Intra-articular incongruity or diastasis greater than 2 mm 


In general, distal radius malunions are described by their morphologic characteristics. For simplicity of discussion, they can be viewed as dorsally 
displaced, volarly displaced, or intra-articular, with certain fractures having characteristics of more than one type. 

Operative indications for the correction of distal radius malunion are based on the patient’s symptomatology. This is particularly true in the elderly 
population where radiographic outcomes have not been shown to consistently correlate with functional or subjective outcome metrics.!°:!9° However, many 
studies have demonstrated that malunion can result in decreased grip strength, limitations in range of motion, pain, and cosmetic deformity which is 
unacceptable to patients.!5° In this scenario, corrective osteotomy designed to restore normal radiocarpal and distal radioulnar relationships is indicated. 
This is particularly true in dorsally angulated distal radius fractures where type IV carpal instability nondissociative has been described.?!° In the setting of 
what is clinically determined to be a symptomatic malunion, the timing of operative intervention remains controversial. Insufficient evidence exists to make 
rigorous comparison between those patients who underwent “early” (i.e., before the fracture had fully healed and consolidated) versus “late” (following 
fracture healing and consolidation) corrective osteotomy. However, more recent data do support intervention as early as 6 weeks resulting in a technically 
less challenging case for the surgeon and a shorter overall period of patient disability.°” 

While specific discussion regarding the various methods used to affect a corrective osteotomy is beyond the scope of this text, there are several guiding 
principles that one should consider prior to performing the procedure. The most common type of symptomatic malunion encountered is that of the dorsally 
displaced distal radius malunion. As discussed above, these are often significantly dorsally angulated as well as shortened with respect to the radial shaft. As 
a result, the DRUJ is often incongruous. Any technique designed to address this malunion should focus on achieving a congruent DRUJ. Initially, these 
malunions were approached dorsally with an opening wedge osteotomy and bone grafting. With the advent of volar locked plating, correction of dorsally 
displaced distal radius malunions became possible via a volar approach as well, often without the need for large corticocancellous graft.%* In the setting of 
marked radial shortening, it is often impossible to restore length. As a result, in severe malunions, corrective osteotomy can be performed to correct the 
sagittal plane deformity while an ulnar shortening osteotomy is performed to achieve congruency of the DRUJ.!“9 In cases of volarly displaced distal radius 
malunions or those with intra-articular incongruity, no specific technique has demonstrated superiority. As with all corrective osteotomies of the distal 
radius, the goal is to restore radiocarpal as well as distal radioulnar congruency. Novel techniques such as intraoperative arthroscopy have been described 
for improving the accuracy of intra-articular distal radius malunion correction.” 

It is important for both the surgeon and the patient to understand that surgical procedures designed to correct malunions of the distal radius rarely result 
in a normal wrist. While radiographic parameters and functional outcome metrics such as the Michigan Hand Outcomes Questionnaire and the DASH score 
do demonstrate improvements, in comparison to the contralateral limb, deficits are often still appreciated, particularly with respect to range of motion and 
grip strength, which rarely exceeds 70% of the contralateral limb.94173-199 


CONTROVERSIES AND FUTURE DIRECTIONS RELATED TO FRACTURES OF THE DISTAL 


RADIUS AND ULNA 


In addition to controversies surrounding various operative techniques previously discussed, there are several other debates regarding the management and 
care of these patients. 


OPEN FRACTURES 


The timing of debridement of open fractures is a subject of ongoing research and continued debate. Historically, definitive fixation was delayed until after 
initial debridement, given concerns for infection. However, recent studies have shown that the infection rates for Gustilo types I and II fractures are similar 
to closed injuries!°7!6© and internal fixation at the time of initial debridement leads to similar outcomes to their closed counterparts.°? Cohort studies 
suggest that open grade 1 fractures can be treated within 72 hours without increased risk of infection.2”78 

We recommend initiating antibiotics at presentation and proceeding with irrigation and debridement within 24 hours, along with definitive fixation for 
types I and H injuries. Type III injuries have higher complication rates and significantly worse functional outcomes. These injuries should be addressed with 
early irrigation and debridement and delayed definitive fixation depending on the degree of soft tissue injury.!®° 


ROLE OF ARTHROSCOPY IN OPERATIVE MANAGEMENT 


Arthroscopy has been used in the treatment of distal radius fractures for several purposes. We previously discussed its use in diagnosis and treatment of 
concurrent TFCC or ligament injuries. It is also commonly used to assist in intra-articular fracture reduction. While some authors have shown that 
concurrent arthroscopy improved intra-articular reduction,?”“° there are no high-quality studies with long-term results demonstrating a clinical advantage. 
Potential downsides to concurrent arthroscopy include increased case length, cost, and added degree of difficulty for inexperienced surgeons. A prospective 
randomized study of ORIF with or without debridement showed no improvement with associated arthroscopy.'®° Further studies are needed to define 
clinical outcomes and appropriate use criteria for arthroscopic-assisted reduction. 


BONE GRAFTING 


Nonunion in distal radius fractures are exceedingly rare and usually occur in patients with multiple comorbidities. Osteoinductive grafts are thus rarely 
necessary. Bone grafting in distal radius fracture fixation is primarily used in cases of structural defects resulting from impaction. There are a variety of 
bone graft materials available but those with osteoconductive properties are usually sufficient.!® 


REHABILITATION IN DISTAL RADIUS FRACTURES 


Several studies have been conducted by surgeons and occupational therapists to investigate the effect of formal occupational therapy on patient outcomes 


following distal radius fracture treatment. An RCT by Souer et al. found that patients who performed independent exercises had better motion and strength 
than patients who underwent formal occupational therapy, with no difference in DASH scores.!89 The 2015 Cochrane review on rehabilitation for distal 
radius fractures concludes that there is insufficient evidence to support one therapeutic intervention over another.” Further randomized trials are therefore 
needed to definitively establish whether formal therapy is warranted in these patients. 


COMPLEX REGIONAL PAIN SYNDROME 


Several studies have reported CRPS resulting from distal radius fractures and vitamin C has been studied as a possible preventive measure. The 2009 AAOS 
CPG made a moderate recommendation for the use of vitamin C in patients with distal radius fractures to prevent disproportionate pain.*!>?!® A more 
recent RCT revealed no difference in outcomes or rates of CRPS in patients treated with vitamin C versus those who were not.*? A meta-analysis of the 
three RCTs concluded that vitamin C fails to demonstrate a significant benefit, but the overall quality of evidence is low and the problem is difficult to study 
given its subjective nature.“ While the evidence remains conflicted and vitamin C treatment is not routine in our practice, some surgeons argue that there is 
little downside to prescribing vitamin C for all patients with distal radius fractures. The decision is thus left to the discretion of the treating physician. CRPS 
is discussed in more detail in Chapter 27. 
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Figure 43-19. Distal radius fractures tend to occur in higher volume at a younger age and are a predictor of future osteoporotic fractures in other areas. (Adapted by 
permission from Springer Nature: Johnell O, Kanis JA. An estimate of the worldwide prevalence and disability associated with osteoporotic fractures. Osteoporos Int. 
2006;17(12):1726-1733. Copyright © 2006 International Osteoporosis Foundation and National Osteoporosis Foundation.) 


OSTEOPOROSIS ASSESSMENT AND FRACTURE PREVENTION 


While distal radius fractures do not result in as many hospitalizations as other fragility fractures, they carry a two- to fourfold increased risk of future 
fractures and are a useful marker of skeletal fragility.!!° Despite this increased risk, few men and women undergo an appropriate workup for osteoporosis at 
the time of fracture treatment. This can be significantly improved upon with simple interventions ranging from patient education and prompt DXA 
evaluation to fracture liaison services.”°!”° There is currently no consensus on who is responsible for performing the osteoporosis workup, leading to large 
gaps in care. As the treating physicians for the most common and earliest of fragility fractures (Fig. 43-19), orthopaedic surgeons should ensure that 
patients are appropriately followed up for their underlying metabolic bone disease. 
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INTRODUCTION TO CARPAL FRACTURES AND DISLOCATIONS 


Carpal injuries most frequently occur in young active patients and are not very common overall. We talk about them and study them disproportionately 
more than their frequency because they can be difficult to manage. For instance, fractures of the scaphoid are notorious for nonunion and can be difficult to 
diagnose in the acute setting. In the acute setting, nondisplaced scaphoid fractures may not be seen on radiographs and despite advances in imaging, there 
remains high false-positives and false-negatives. Furthermore, displaced fractures have a high tendency for nonunion given their tenuous retrograde blood 
supply and high biomechanical load on the scaphoid. Therefore, treatment is dictated based on location of the fractures, with immobilization used for 
nondisplaced distal pole and some waist fractures, while nondisplaced proximal pole and most displaced fractures being treated with surgical fixation. 
Although not as common, similar considerations are present for the other carpal fractures. 

Controversy exists for the management of carpal ligament injuries. For example, occult scapholunate (SL) ligament injuries are traditionally hard to 
diagnose and one needs to maintain a high degree of vigilance for their detection. Furthermore, the preferred treatment remains controversial, depending on 
many factors, such as chronicity, degree of injury to the SL ligament itself and the extrinsic stabilizers, as well as other associated injuries. Perilunate 
dislocations and fracture-dislocations are serious injuries which can lead to long-term morbidity for this wrist. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO CARPAL FRACTURES AND 


DISLOCATIONS 


An understanding of the anatomy and kinematics of the eight carpal bones is essential for the diagnosis and management of carpal injuries. Advanced 
imaging techniques have increased our knowledge of the three-dimensional (3D) movements of the carpus, including their individual and combined 
contributions to wrist motion and stability. 


BONY ANATOMY OF CARPAL FRACTURES AND DISLOCATIONS 


The carpus encompasses two rows of bones (Fig. 44-1) that serve as a bridge between the forearm and the hand, providing movement at the wrist joint, 
while also retaining a notable degree of stability. The proximal carpal row from radial to ulnar includes the scaphoid, lunate, and the triquetrum. It is 
referred to as the key intercalated segment between the forearm and the distal row of the carpus, which is relatively fixed to the metacarpals distally, 
because there are no direct tendon attachments to the proximal row and their movement results from their shape, their interaction with other carpal bones, 
and the ligament attachments.!>->! Through these articulations, the proximal carpal row provides wrist joint movement and congruency, as well as force 
transmission between the forearm and hand.°! To enable this to occur, the position and orientation of the scaphoid, lunate, and triquetrum is dynamic 
through the various ligamentous attachments. !®33 The pisiform is a sesamoid bone within the flexi carpi ulnaris tendon and forms an articulation with the 
triquetrum at the pisotriquetral joint.!5:47 

The distal carpal row from radial to ulnar includes the trapezium, trapezoid, capitate, and the hamate. The distal row articulates with the proximal carpal 
row, and distally with the five metacarpals of the hand by forming a transverse arch on which they are supported. The trapezium articulates with the first 
metacarpal, the trapezoid with the second, the capitate with the third, and the hamate articulates with the fourth and fifth. The capitate and trapezoid are 
tightly connected to the metacarpals, whereas there is 30 to 40 degrees of flexion—extension and rotation at the metacarpotrapezial joint.!”:!28 Motion at the 
distal carpal row is controlled by the extrinsic wrist flexors and extensors. 


Figure 44-1. The wrist is composed of two rows of bones that provide motion and transfer forces. C, capitate; H, hamate; L, lunate; S, scaphoid; T, triquetrum; P, 


pisiform; Td, trapezoid; Tm, trapezium. 


TABLE 44-1. Extrinsic Ligaments of the Carpus 


Ligament Origin Insertion(s) Comments 
Transverse carpal Volar scaphoid tuberosity and Hook of hamate and pisiform Extra-articular ligament 
trapezial ridge Supports proximal carpal arch 
Contains flexor tendons 
Midportion of flexor retinaculum 
Radioscaphocapitate Radial styloid at the level of the Volar capitate No scaphoid attachment 


scaphoid fossa 


Radioscapholunate Distal radius ridge between Proximal scaphoid and lunate 
scaphoid and lunate fossae 


Long/short radiolunate Radial styloid volar rim Lunate (palmar horn) and 
triquetrum 


Crosses scaphoid (part of arcuate ligament) allowing rotation 
Secondary stabilizer of scapholunate joint 

Separate radioscaphoid ligament debated 

Reinforces radial joint capsule 

Pedicle derived from anterior interosseous artery, radial artery, and 
anterior interosseous nerve 

Neurovascular supply to scapholunate IOM Weak ligament, some 
consider not a true extrinsic ligament 

Lies parallel to the radioscaphocapitate ligament 


Passes anterior to proximal pole of scaphoid 


Radial collateral 


Dorsal radiocarpal 


Dorsal intercarpal 


Ulnotriquetral 


Ulnolunate 


Ulnocapitate 


Radial styloid dorsal/volar rim 


Distal radius, Lister tubercle 


Dorsoradial triquetrum 


Palmar edge TFCC 


Palmar edge TFCC 


Ulnar head, fovea region 


Scaphoid waist 


Lunate, lunotriquetral ligament, 
triquetrum (dorsal tubercle) 


Dorsoradial groove of scaphoid 
Proximal/ulnar surfaces of the 


triquetrum 


Palmar cortex of the lunate 


Capitate 


Many question existence of collateral ligaments 


Some consider it part of the RSC ligament 


Origin debated 
Possible insertion scaphoid (dorsal radioscaphoid ligament) 


Role in scapholunate stability 


Multiple other insertions suggested (trapezium, trapezoid, lunate, 
capitate) 

Proximally, minimal distinction with ulnolunate ligament 

May have fibers attached to ulnar styloid 

Orifice provides communication between radiocarpal and pisotriquetral 
joint 

Continuous with short radiolunate ligament 

May act as ulnar anchor for the carpus 10% insertion on capitate, 
remainder arcuate ligament 


Reinforces palmar region of the LT interosseous ligament 


LIGAMENTOUS ANATOMY OF CARPAL FRACTURES AND DISLOCATIONS 


The ligaments of the wrist are predominantly contained within the joint capsule. The inherent stability of the carpal rows, combined with the degree of 
movement achieved at the wrist joint, is predominantly due to the support of the extrinsic (Table 44-1) and intrinsic (Table 44-2) ligaments that reinforce the 


capsule of the carpus.!®33:37 Buijze et al. reviewed 58 anatomical studies and found that apart from the scaphocapitate ligament, the carpal ligaments are not 


described consistently.°” 


Extrinsic Ligaments 


The extrinsic ligaments of the carpus (Fig. 44-2) connect the carpal bones to the forearm bones (proximally) and the metacarpals (distally) (see Table 44-1). 


They are often difficult to distinguish from the fibrous capsule of the wrist on dissection. However, the extrinsic ligaments overlie the articulations of the 


joint and are frequently divided according to their anatomic position as palmar, dorsal, and collateral ligaments. 


TABLE 44-2. Intrinsic Ligaments of the Carpus, Excluding the Distal Interosseous Ligaments 


Ligament 


Scaphotrapezium-trapezoid 


Scaphocapitate 
Triquetrocapitate 


Triquetrohamate 


Scapholunate 


Dorsal 


Palmar 


Proximal or membranous 


Lunotriquetral 
Dorsal 


Palmar 


Proximal or membranous 


Origin 


Distal pole of scaphoid 


Distal pole of scaphoid 
Distal/radial corner of triquetrum 


Distal palmar cortex of the 
triquetrum 


Dorsal lateral horn lunate 


Dorsal lateral horn lunate 


Dorsal lateral horn lunate 


Lunate 


Lunate 


Lunate 


Insertion(s) 


Proximal palmar aspect of 
trapezium/trapezoid 


Radial volar body of the capitate 
Ulnar body of the capitate 


Palmar aspect body of the hamate 


Ulnar-—dorsal aspect proximal pole 
scaphoid 


Ulnar—dorsal aspect proximal pole 
scaphoid 


Ulnar-dorsal aspect proximal pole 
scaphoid 


Triquetrum 


Triquetrum 


Triquetrum 


Comments 


Insertion on trapezoid is controversial 
Secondary stabilizer scapholunate joint 
Prevents extreme scaphoid flexion 


Origin large surface area distal scaphoid 
Continuation of ulnotriquetral ligament 


Continuation of ulnotriquetral ligament 


Transverse strong thick (2-4 mm) fibers 
Merges with dorsal intercarpal distally 


Histologically comparable to dorsal portion but oblique fibers, thinner 
(1-2 mm), and less stiff 


Fibrocartilaginous membrane 
Merges with adjacent articular cartilage 
Widest, thinnest (1 mm), weakest section 


Transverse fibers but thinner and less stiff than palmar bundle 


Transverse strong thick bundle of fibers 
Interdigitates with ulnocapitate ligament 


Fibrocartilaginous membrane similar to scapholunate proximal portion 


Wilf: 7 | Ulnotriquetral 
Radial WAH = | | ligament 
collateral 3 | 
ligament 


Dorsal 
radiocarpal 
ligament 


Ulnolunate 


ligament Dorsal 
intercarpal 
ligament 


Radioscapho- 


capitate 
ligament 


Long radiolunate 
ligament Short radiolunate 
ligament 


A B 
Figure 44-2. A: The extrinsic palmar ligaments of the carpus. B: The extrinsic dorsal ligaments of the carpus. 


The extrinsic palmar radiocarpal ligaments (see Fig. 44-2A) include the radioscaphocapitate (RSC), radioscapholunate (ligament of Testut; RSL), radial 
collateral, long radiolunate (radiolunotriquetral; RLT), and the short radiolunate ligaments.!®3%37 The extrinsic ulnocarpal ligaments include the 
ulnotriquetral, ulnolunate, and ulnocapitate ligaments. !®33:37:266 These palmar ligaments predominantly originate from a lateral position on the radial- 
palmar facet of the radial styloid and head in a distal ulnar direction, where they assemble with the palmar ulnocarpal ligaments originating medially from 
the distal ulna and triangular fibrocartilage complex (TFCC). The strong oblique extrinsic palmar radial ligaments prevent the carpus from translating 
ulnarly on the angulated slope of the distal radius through two V-shaped ligamentous bands.!”” One is proximal (long radiolunate, RSL, ulnolunate, 
ulnotriquetral) and connects the forearm to the proximal carpal row and one is distal (RSC, ulnocapitate) and connects the forearm to the distal carpal row. 
Between the radial and ulnar palmar ligaments there is a V-shaped interligamentous sulcus over the capitolunate articulation, which is an interval of 
capsular weakness known as the space of Poirier. Maximal space is seen when the wrist is dorsiflexed, with the space almost disappearing in palmar flexion. 
This is of clinical relevance during dorsal dislocations as it is through this area of weakness that the lunate may displace into the carpal canal. The arcuate 
ligament is found in the central third of the palmar joint capsule and is thought to be formed from the interdigitation of transverse fibers of the RSC, 
ulnocapitate, triquetrocapitate, and volar scaphotriquetral ligaments.!’72°° This ligament forms a support sling for the midcarpal region, in particular the 
head of the capitate, which is thought to improve the midcarpal movement while also delivering carpal stability. Alternative names for the arcuate ligament 
include the deltoid ligament, palmar distal V ligament, or the Weitbrecht oblique ligament. Controversy exists regarding the existence of individual forms of 
some of the ligaments that make up the arcuate ligament, in particular the volar scaphotriquetral ligament.2°37-1”7 

The extrinsic dorsal carpal ligaments (see Fig. 44-2B) include the dorsal radiocarpal (DRC) ligament, which may also be known as the dorsal 
radiotriquetral ligament, and the dorsal intercarpal (DIC) ligament, which form a V-shaped configuration.3®37:266 Dorsal carpal ligaments may also play an 
important role in scapholunate stability. 187 


Intrinsic Ligaments 

The intrinsic ligaments of the wrist connect the individual carpal bones to one another (Fig. 44-3; see Table 44-2). The ligaments are intra-articular short 
fibers that connect and hold the carpal bones of both the proximal or distal rows to each other. There is a contiguous merging of the interosseous ligaments 
with the joint articular cartilage. The intrinsic ligaments include the palmar midcarpal ligaments (scaphotrapeziotrapezoid, scaphocapitate, triquetrocapitate, 
triquetrohamate), the proximal interosseous ligaments (scapholunate, lunotriquetral), and the distal interosseous ligaments (trapeziotrapezoid, 
trapeziocapitate, capitohamate).!>33 Ligaments associated with the pisiform include the pisotriquetral ligament that bridges the pisotriquetral joint, and the 
pisohamate ligament, which is an extension of flexor carpi ulnaris.!>47 


A B 
Figure 44-3. A: The palmar intrinsic ligaments: scaphotrapeziotrapezoid ligament (STT), scaphocapitate ligament (SC), triquetrocapitate ligament (TC), and 
triquetrohamate ligament (TH). B: The dorsal intrinsic ligaments: capitohamate ligament (CH), capitotrapezoid ligament (CT), lunotriquetral ligament (LT), 
scapholunate ligament (SL), trapeziotrapezoid ligament (TT). The dorsal intercarpal ligament is not shown. (Reprinted with permission from Berger RA, Weiss AP. 
Hand Surgery. Lippincott Williams & Wilkins; 2003.) 


On the radial side of the wrist the V-shaped scaphotrapezium-—trapezoid ligament is found, providing stability to the scaphoid—trapezium—trapezoid 
articulation as well as the scaphoid itself.°” The V shape is from the scaphotrapezial component of the ligament. Although insertion on the trapezoid bone is 
contested, recent studies have suggested the existence of two distinct ligaments: the scaphotrapezoid and scaphotrapezium ligaments, with the former 
thinner and less robust.®” Adjacent to the scaphotrapezium-—trapezoid ligament is the scaphocapitate, which is a large robust ligament that provides 
midcarpal stability with fibers running parallel to the RSC ligament.*** One study analyzed eight fresh-frozen cadavers using 3D computed tomography 
(CT) and cryomicrotome imaging to better define the osseous and ligamentous anatomy of the scaphoid °° They concluded that the scaphocapitate ligament 
was the thickest ligament of all those that attached to the scaphoid, with a mean thickness of 2.2 mm. On the ulnar side of the wrist, the remaining palmar 
midcarpal ligaments are the triquetrocapitate and triquetrohamate ligaments.7° 

The proximal interosseous scapholunate and lunotriquetral ligaments are considered the two most important intrinsic ligaments as they are critical to 
carpal stability.!°”!° The scapholunate interosseous ligament (SLIOL) is a strong, C-shaped ligament that plays a vital role in carpal stability, with the 
thick and strong dorsal portion containing transversely oriented collagen fascicles key to the stability of the scapholunate joint.!67!77216217 The 
palmar/volar and proximal/central portions act as secondary stabilizers, contributing primarily to rotational stability of the joint. Studies have demonstrated 
that the SLIOL is the primary stabilizer of the scapholunate joint, with the scaphotrapezium—trapezoid ligament and the RSC ligament being secondary 
stabilizers,2!©!7 and the dorsal carpal ligaments likely having a tertiary role.!®” The lunotriquetral ligament interdigitates with three extrinsic ligaments: the 
ulnotriquetral, wnolunate, and radiolunate ligaments.!”” The thickest and strongest zone of the lunotriquetral ligament is found palmarly.!’”249 The 
scaphotriquetral ligament is a distal extension of the scapholunate and lunotriquetral ligaments.” The dorsal capsule-scapholunate septum (DCSS) 
represents a confluence of the dorsal capsule, DIC ligament and SL ligament, which has been shown to play an important part in the stability of the SL 
articulation. 183 

The distal interosseous ligaments have a comparable structure to the proximal interosseous ligaments, with both palmar and dorsal fibers. The 
trapeziotrapezoid and trapeziocapitate ligaments similarly span their respective articulations, but with the latter having a deep ligament that bridges the joint. 
The capitohamate ligament spans only the distal part of the capitohamate joint articulation and again is reinforced by a large deep ligament that has 
extensions to the middle and ring finger metacarpals. 


Radial 
artery 


Ulnar 
artery 
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Figure 44-4. Schematic drawing of the arterial supply of the palmar aspect of the carpus. Circulation of the wrist is obtained through the radial, ulnar, and anterior 
interosseous arteries and the deep palmar arch. 1, Palmar radiocarpal arch; 2, palmar branch of anterior interosseous artery; 3, palmar intercarpal arch; 4, deep palmar 
arch; 5, recurrent artery. 


NEUROVASCULAR ANATOMY OF CARPAL FRACTURES AND DISLOCATIONS 


The neurovascular supply to the carpus is through the regional vasculature and nerves.’”84,!37,182 Innervation is via the anterior interosseous and the 
posterior interosseous nerves (PIN). Circulation to the carpus is comprised of an extraosseous and intraosseous vasculature via both dorsal and palmar 
vascular systems, which are branches of the radial, ulnar, anterior interosseous, and deep palmar arch arteries (Fig. 44-4).77:84138,244 The extraosseous 
arterial supply is formed by an anastomotic network of dorsal and palmar transverse arches connected longitudinally from their medial and lateral borders 
by the radial, ulnar, and anterior interosseous arteries. ”7:84137,174,182,244 The three dorsal transverse arches of the carpus include the radiocarpal, the 
intercarpal, and the basal metacarpal arches.’” The three palmar transverse arches of the carpus include the radiocarpal, the intercarpal, and the deep palmar 
arches.” 

The incidence of avascular necrosis (AVN) following injury to the carpal bones is related to their complex intraosseous blood supply 
(Table 44-3). Three general patterns of intraosseous vascularization have been described which help with identifying the carpal bones at risk of 
osteonecrosis: 


77,84,174,182,244 


Scaphoid, capitate, lunate (20% incidence): Increased risk of AVN due to vascular supply by a single vessel. The scaphoid and capitate also have a 
retrograde blood supply, increasing the risk of AVM of the proximal poles. 


TABLE 44-3. Vascular Supply to the Carpal Bones 


Carpal Bone Vascular Supply Comments 
Scaphoid Scaphoid branches of the radial artery: No perforators at waist, cartilage, or SL ligament 
e Dorsal branch supplies 70-80% proximally All surgical approaches potentially endanger some of the arterial 


e Volar branch supplies 20-30% distally branches 


Lunate ~80% receive vessels from palmar and dorsal surfaces Large articulating surface with nonperforators 
e Dorsal originate from radiocarpal arch, intercarpal arch, and rarely Proximal pole has marginally less vascularity 


dorsal branch of anterior interosseous z 
Three intraosseous patterns: 


~20% receive vessels from palmar surface only e Y (59%; dorsal or palmar) 
e Palmar originate from radiocarpal arch, intercarpal arch, branches e 1(30%; a dorsal, one palmar) 
of anterior interosseous, and ulnar recurrent arteries e X (10%; two dorsal, two palmar) 
Triquetrum Branches of ulnar artery, dorsal intercarpal arch, palmar intercarpal arch Vessels enter through two (dorsal ridge/palmar oval facet) 
e Dorsal vessels supply 60% nonarticulating surfaces 
e Palmar vessels supply 40% Dorsal—palmar anastomoses found in 86% 
Pisiform Branches of ulnar artery Two entry points for vessels: 


e Proximal pole inferior to triquetral facet 
e Distal pole inferior to articular facets 
Proximal—distal anastomoses found 


Trapezium Branches of radial artery Vessels enter through three (dorsal/lateral/palmar tubercle) 
e Dorsal supply predominates nonarticulating surfaces 
Dorsal—lateral—palmar anastomoses found 


Trapezoid Branches from the dorsal arch, the intercarpal arch, the basal metacarpal Vessels enter through two (dorsal/palmar) nonarticulating surfaces 
arch, and the radial recurrent artery 
e Dorsal vessels supply 70% 
e Palmar vessels supply 30% 


Capitate Branches of the dorsal intercarpal arch, dorsal basal metacarpal arch, Vessels enter through two (dorsal/palmar) nonarticulating surfaces 
palmar intercarpal arch, and ulnar recurrent artery In 1/3 the supply to the capitate head is solely from the palmar side 


Dorsal—palmar anastomoses found in 30% 


Hamate Branches of the dorsal intercarpal arch, the ulnar recurrent artery, and Vessels enter through three (dorsal/palmar/medial) nonarticulating 
the ulnar artery surfaces 
e Dorsal vessels supply dorsal 30-40% Dorsal—palmar anastomoses found in 50%, but no anastomoses with 


medial vessels 


Trapezium, triquetrum, pisiform, lunate (80% incidence): Lower risk of AVN due to nutrient arteries through at least two nonarticular surfaces with 
consistent intraosseous anastomoses. 
Trapezoid, hamates (50% incidence): Increased risk due to lack of an intraosseous anastomosis. 


KINEMATICS OF CARPAL FRACTURES AND DISLOCATIONS 


The biomechanics of the wrist joint need to allow for load transmission from the hand to the forearm and a wide range of motion, while maintaining stability 
throughout. Two predominant articulations are found at the wrist joint and include the proximal carpal bones (scaphoid, lunate, triquetrum) with the distal 
radius and ulna, which is considered as the key intercalated segment and provides principally extension and ulnar deviation at the wrist.°!-9%.234,259.266 The 
second articulation is between the proximal and distal carpal rows and provides predominantly flexion and radial deviation. Motion primarily occurs in two 
planes, with flexion—extension at approximately 70 degrees in both directions, and radioulnar deviation at approximately 20 and 40 degrees, 
respectively.>!)!27.128 The adjacent radioulnar joint provides a substantial rotatory arc of approximately 140 degrees around the longitudinal axis of the 
forearm.* 

Although many theories have been described, there are two predominant theories used to explain carpal kinematics, which are known as the columnar 
and oval ring or row theories.”*!27:!78 The columnar theory describes three longitudinal columns (Fig. 44-5): 

e A mobile lateral (radial) column consisting of the scaphoid, trapezium, and trapezoid 


e A central flexion—extension column consisting of the lunate, capitate, and hamate 
e A rotational medial (ulnar) column consisting of the triquetrum and pisiform 


~ 


Figure 44-5. The columnar theory of carpal kinematics. C, capitate; H, hamate; L, lunate; P, pisiform; S, scaphoid; T, triquetrum; Td, trapezoid; Tm, trapezium. 


This theory goes some way to explaining the load transmission of the wrist but not synchronous motion. Taleisnik put forward a modification of this 
theory by including the trapezium and trapezoid into the central column, as well as removing the pisiform from the medial column.”4?33 With this theory, 
flexion and extension occur through the central column, but he suggested that the scaphoid was an essential stabilizer for the midcarpal joint (radial 
column), the triquetrum (triquetrohamate joint) was the pivot point for rotation of the carpus, and that radial and ulnar deviation was facilitated through 
rotation of the scaphoid laterally and the triquetrum medially. 

Key concepts of the oval ring theory (Fig. 44-6)”4 include the proximal intercalated segment, variable geometry, as well as the synchronous and 
reciprocating motion of the carpal rows. What is important to providing versatility to the wrist joint, combined with the ability to remain stable throughout, 
is the proximal intercalated segment (proximal carpal row). The primary axis for the combined motion of the carpus has been found to be within the 
head/neck of the capitate, which is not a singular point, but rather an oblique screw axis. The scaphoid is found on an axis 45 degrees to the longitudinal axis 
that passes through the lunate and capitate, and provides stability to the midcarpal joint while also stabilizing the central column. By virtue of its obliquity, 
the scaphoid will flex when under compression and exerts a similar force on the lunate. The lunate, however, is also under the influence of the triquetrum, 
which inherently prefers to extend. For this reason, the lunate may be thought of being in a state of dynamic balance between two antagonists, tending to lie 
in the position of least mechanical potential energy. 

The movement of the individual components of the proximal carpal row allows the length and contour of the proximal carpal row to be dynamic, 
providing extreme movements of the wrist while also maintaining stability around the longitudinal axis.’*!°7*® This concept is known as the variable 
geometry of the proximal carpal row. To provide such a degree of motion, the individual carpal bones are multirotational, moving not only up and down and 
back and forth, but also spinning and rolling about their own axes. 

During flexion and extension of the wrist, each carpal bone angulates in the same direction with nearly equal amplitude and in a synchronous fashion, a 
concept known as synchronous angulation (Fig. 44-7).74128:142,210 However, the amplitude of movement is different for the bones of each column. Recent 
studies using 3D noninvasive imaging have reexamined previous work analyzing the radiocarpal and midcarpal contributions to wrist flexion and 
extension.’“!4? Sarrafian et al. documented that 40% of wrist flexion is at the radiocarpal joint, with about 60% at the midcarpal joint, and that for wrist 
extension 66.5% is at the radiocarpal joint with 33.5% at the midcarpal joint.2!° More recent studies have documented that in flexion, 62% to 75% of wrist 
motion occurred at the radioscaphoid joint, with 31% to 50% at the radiolunate joint.’”*!7° In extension, 87% to 99% of wrist motion occurs at the 
radioscaphoid joint, with 52% to 68% at the radiolunate joint. 


Figure 44-6. The oval (A) and row (B) theories of carpal kinematics. C, capitate; H, hamate; L, lunate; P, pisiform; S, scaphoid; T, triquetrum; Td, trapezoid; Tm, 
trapezium. 
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Figure 44-7. Conjunct rotation of the entire proximal intercalated row occurs in flexion during radial deviation (upper left). The axes of the radius and carpal rows 
are collinear in neutral (middle left), and the proximal row extends with ulnar deviation (lower left). Angulatory excursions of the proximal and distal rows are 
essentially equal in amplitude and direction during extension (upper right) and flexion (lower right). This has been described as synchronous angulation. 


During radioulnar deviation, the proximal row exhibits a secondary out-of-plane angulation (sagittal plane) in conjunction to the synchronous motion 
occurring in the coronal plane.”*1?7 In radial deviation, the proximal carpal row flexes and the capitate extends (reciprocal motion). Flexion of the obliquely 
orientated scaphoid, as the trapezium and trapezoid approach the radius, is transmitted through the dorsal scapholunate ligament and onto the lunate and 
triquetrum, when flexion is at 10 to 20 degrees. With ulnar deviation of the wrist, the proximal carpal row extends as the unique helicoid shape of the 
triquetrohamate joint forces the distal carpal row to translate dorsally, the hamate migrates proximally and the triquetrum tilts into extension.!*” The 
inherent linkage of the triquetrum to the surrounding proximal carpal row brings the lunate with it, leading to an extension moment through the proximal 
row. The converse occurs during radial deviation. Other studies have demonstrated that associated pronation (radial deviation) and supination (ulnar 
deviation) of the proximal carpal row is minimal.* These studies have also demonstrated that radial and ulnar deviation occurred primarily at the midcarpal 
joint, accounting for about 60% and 85% of the movement, respectively. Finally, the stable central carpal column theory suggests that the carpus functions 
as a stable central column (lunate-capitate-hamate-trapezoid-trapezium), with a single supporting lateral column involving the scaphoid.2°° The triquetrum 
is the ulnar translation restraint, controlling lunate flexion, while the trapezoid places the trapezium anterior to the transverse plane of the radius and ulna, 
rotating the principal axis of the central column to achieve the dart thrower’s motion. 


PATHOANATOMY OF CARPAL FRACTURES AND DISLOCATIONS 


An injury to the carpus commonly occurs following a mechanism in which an axial compression force is applied to the wrist, commonly leading to 
hyperextension where the palmar ligaments undergo tension and the dorsal articulations are subject to shear stress.!3>184 The type of injury and extent of 
bony and ligament injury is dependent on the energy of force applied and the position of the wrist at impact. Higher-energy injuries often involve injury to 
either one or more of the carpal bones and/or extrinsic/intrinsic ligaments. 13184 

The degree of force and position of the wrist at the time of injury are the likely determinants for the type and severity of the scaphoid fracture. Herbert 
suggested that wrist deviation may predict the location of the fracture as the line of the midcarpal joint crosses the proximal pole in radial deviation and the 
distal pole in ulnar deviation.'®? Fractures of the waist are usually the result of shear forces across the scaphoid, while tubercle fractures appear to be caused 
by either compression or avulsion.!2° The size of a proximal pole fracture may be dependent on the level of the proximal extent of the joint facet with the 


capitate, which is the most variable aspect of scaphoid anatomy.®° Smaller proximal pole fractures can also be caused by an avulsion of the attachment of 
the scapholunate ligament. 

With an unstable displaced scaphoid fracture, the kinematics of the wrist is altered. Joint compressive forces, trapezium—scaphoid shear stress and 
capitolunate rotation moments all act upon the scaphoid, leading to a dissociation of the proximal and distal carpal rows that permits the natural tendency of 
the two carpal rows to fail by collapsing, assuming a lunate-extended posture. The scaphoid will assume an anteverted position, the lunate and triquetrum 
may subluxate forward and rotate dorsally, and the capitate and hamate subluxate dorsally and proximally, producing the dorsal intercalated segment 
instability (DISI) deformity (see section on carpal ligament injuries). This is demonstrated clinically by the collapse pattern seen with chronic scaphoid 
nonunion, a condition known as scaphoid nonunion advanced collapse (SNAC) appearing as a DISI deformity. The proximal and distal fracture fragments 
can collapse giving a characteristic flexed or “humpback” position on radiographs with an intrascaphoid angle of greater than approximately 30 degrees. 


Fracture of the Capitate 


Representing 1% to 2% of all carpal fractures, when capitate fractures do occur they are commonly associated with perilunate injuries.'!” It has been 
suggested that fracture of the capitate occurs through one of three potential mechanisms: 


Scaphocapitate syndrome“: A high-energy force directed through the radial styloid is transmitted first through the scaphoid and then the capitate, leading 
to a capitate neck fracture. This mechanism can cause the proximal articular surface to be rotated 90 to 180 degrees and given its retrograde blood supply, 
susceptible to AVN.“6 However, it should be noted that the scaphoid does not always concomitantly fracture. 

Anvil mechanism": An axial load through a dorsiflexed wrist forces the dorsal capitate to impinge on the dorsal rim of the radius, leading to an extended 
capitate waist fracture. 


Direct blow or crush injury!” 


Fracture of the Lunate 


Lunate fractures are often associated with wrist hyperextension injuries, particularly those in the sagittal plane. When the wrist is extended, the lunate is 
displaced volarly and rotated dorsally.*2:!!°218 An external force will then be transmitted through the midcarpal joint, driving the capitate through the lunate 
fossa. This leads to ulnar displacement of the lunate, counteracted by the radially directed force of the RSL ligament. This lunate is potentially even more 
vulnerable in ulnar minus wrist and when the forearm is pronated, negating the support of the TFCC and ulnar head and increasing the force transmitted 
across the ulnar aspect of the radial articular surface.4®?18 This mechanism would also allow for proximal displacement of the triquetrum, placing further 
tensile stress through the lunotriquetral ligament. Ultimately, these various diverging forces result in a transverse fracture of the lunate in the sagittal 
plane.43:218 

Avulsions of the lunate are usually associated with ligamentous injury. For example, dorsal pole fractures are associated with tension from the 
scapholunate ligament during scapholunate dissociation (SLD). Volar pole fractures are from tension through the lunotriquetral ligament such as within 
perilunate dislocations (see below). 

These same mechanisms associated with lunate fractures can also impair internal vascularity, leading to the development of Kienbock disease. Thus, 
ulnar variance, prior trauma, or certain vascular patterns have been correlated with Kienbock disease. 143,244 


Fracture of the Hamate 


Hamate fractures, representing 5% of carpal fractures, usually result from direct compression.!8? These fractures occur in two locations, the body!8%182,256 
and hook®>:!82,222 of the hamate. The most common location represents the hook of the hamate, either from direct compression against a handheld 
object,”™ 182,222 or avulsion of the pisohamate ligament.!®° Hamate body fractures tend to be high-energy injuries and can be associated with concomitant 
injuries at the fourth and fifth CMC joints. 18 


Fracture of the Pisiform 
Pisiform fractures occur from one of three mechanisms: avulsion variants with flexor carpi ulnaris tendon contraction, triquetral—pisiform impaction, or 
from a direct blow.4”:!®* Diagnosis can be difficult and careful evaluation of radiographs or advanced imaging is required.*1-47,182 


Fracture of the Trapezoid 


Trapezoid fractures are rare, typically seen in combination with associated carpal injuries or carpometacarpal dislocations.”>!® this is because the position 
of the trapezoid offers a degree of protection within the distal carpal row. Injury mechanisms are typically high-energy-involving direct trauma, axial 
loading, and/or forced extension/flexion.?°:!19.168,196 


Fracture of the Trapezium 


Trapezium fractures, representing 1% to 5% of carpal fractures, result from either axial loading, traction, or avulsion-type mechanisms.”°*7°” These 
mechanisms can lead to fractures of the body of the trapezium, trapezial ridge, and fracture-dislocation patterns.!”+252,257 Trapezium fractures also can be 
associated with hamate and scaphoid fractures. 


Fracture of the Triquetrum 


Isolated triquetrum fractures are the second most common carpal fracture.!*°9 The different types of fractures include volar or dorsal cortex or triquetral 
body. The dorsal cortex fractures are thought to either occur as the result of avulsions of the radiotriquetral and DIC ligaments or as a result of a 
compression mechanism against the hamate or ulnar styloid.!*°° Additional fracture patterns may result from an ulnar-deviated wrist forced into 
dorsiflexion.59-157-172,238 


ASSESSMENT OF CARPAL FRACTURES AND DISLOCATIONS 


EPIDEMIOLOGY OF CARPAL FRACTURES AND DISLOCATIONS 


When compared to fractures of the distal radius and hand, fractures of the carpus are uncommon, particularly those injuries not involving the scaphoid. 
Carpal fractures constitute about 2% to 3% of all fractures. !95,226245 

The mean age at the time of injury for all carpal fractures ranges from 35 to 40 years with a male predominance.2”!5.182,226,245 Overall, fractures of the 
carpus have a bimodal distribution involving younger males and older females. A fall from standing height accounts for almost two-thirds of all injuries, 
with other modes of injury including sports, direct blow, assault, and motor vehicle collisions (MVCs). 

It is consistently documented that scaphoid fractures and fractures of the triquetrum account for over 90% of all carpal fractures, with injuries to the 
hamate, pisiform, lunate, capitate, trapezium, and trapezoid being rare.?”105:229 Fractures of the scaphoid, hamate, pisiform, and trapezium appear to occur 
predominantly in younger males, with the mean age ranging from 29 to 43 years and a male predominance ranging from 66% to 100% (Fig. 44-8). 
Triquetral fractures appear to be a different fracture to other fractures of the carpus, occurring at a mean age of 51 years with an approximately equal gender 
distribution. One study analyzed the epidemiology of scaphoid fractures against that of the other carpal fractures and found youth and males to be associated 
with a fracture of the scaphoid.?’ 
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Figure 44-8. A type B fracture distribution curve for fractures of the scaphoid as seen in Edinburgh from 2007 to 2008. (Reprinted with permission from Duckworth 
AD, et al. Scaphoid fracture epidemiology. J Trauma Acute Care Surg. 2012;72(2):E41—-E45.) 


MECHANISMS OF INJURY FOR CARPAL FRACTURES AND DISLOCATIONS 


An injury to the carpus commonly occurs following a mechanism in which an axial compression force is applied to the wrist, commonly leading to 
hyperextension where the palmar ligaments undergo tension and the dorsal articulations are subject to shear stresses.”“!92 Given this, the most common 
mode of injury is a fall on the outstretched hand when an individual straightens the arm for protection and the body mass and external forces are placed 
across the wrist joint. Less common mechanisms occur when a force is applied across the wrist when it is in palmar flexion. Most carpal instabilities, in 
particular perilunate dislocations, occur as a consequence of a high-energy injury, such as a fall from a height on the outstretched hand or a motor vehicle 
accident. 


SIGNS AND SYMPTOMS OF CARPAL FRACTURES AND DISLOCATIONS 


Patients with an injury to the carpus will commonly have wrist pain as their primary presenting complaint. Clinical examination uses a combination of 
clinical signs along with special tests to help determine the diagnosis; however, pain, swelling, and ecchymosis around the region of the carpus may be 
present in the acute phase. A full examination of the contralateral wrist can often be helpful, particularly when assessing for instability. The most constant 
and dependable sign of carpal injury is well-localized tenderness!**: 


e Anatomical snuffbox (ASB): scaphoid injury 
e Distal to Lister tubercle: scapholunate and lunate injury 
e Dorsal margin, fingerbreadth distal to the ulnar head: triquetral, lunotriquetral ligament, and triquetrohamate ligament injury 


Changes in alignment of the hand, wrist, and forearm may be clinically evident on inspection of the extremity. Swelling over the proximal carpal row is 
suggestive of a ligament avulsion with or without an associated fracture. With carpal instability or dislocation, a gross deformity may be apparent, such as a 
marked prominence of the entire carpus dorsally which is suggestive of a perilunate dislocation. Compressive stresses applied actively or passively may 
produce pain at the site of damage and cause a palpable and audible snap, click, shift, catch, or clunk, which may also be appreciated with movement of the 
wrist. Stress loading the wrist with compression and motion from radial to ulnar deviation may simulate midcarpal instability (MCI) and produce a “catch- 


up clunk” as the proximal row of carpal bones snap from flexion to extension. It should be noted that tendon displacements with audible snaps are easily 
produced by some patients but are seldom symptomatic. Despite poor diagnostic performance characteristics due to the rarity of these injuries, the following 
special tests are proposed as aids to the diagnosis of carpal ligament injury: 


e Scaphoid shift test (Fig. 44-9) 


e Pressure applied over the scaphoid tubercle from palmar to dorsal with the wrist moving from ulnar to radial deviation 
e Positive if there is a “clunk” as the scaphoid subluxates dorsally out of the scaphoid fossa (up to 30% of normal wrists have positive result) 
e Diagnostic of scapholunate disruption 
e Midcarpal shift test 
e Pressure applied over dorsum of the capitate, wrist moving from radial to ulnar deviation 
e Positive if there is a “clunk” as the lunate reduces from the palmarflexed to a more extended position 
e Diagnostic of MCI 
e Lunotriquetral ballottement 
e Lunate fixed with the thumb and index finger of one hand while the triquetrum is displaced palmarly and dorsally with the thumb of the other hand 
e Positive if painful 
e Diagnostic of lunotriquetral instability or arthritis 
e Lunotriquetral shear test 
e Dorsally directed pressure to the pisiform (directly palmar to the triquetrum) and a palmarly directed pressure to the lunate (just distal to the 
palpable dorsoulnar corner of the distal radius) 


e Positive if results in reproducing the patient’s pain along with palpable crepitation or clicking 
e Diagnostic of lunotriquetral instability 


e Fovea sign for ulnotriquetral ligament pain?*°: pressing the examiner’s thumb distally into the interval between the ulnar styloid process and flexor 
carpi ulnaris tendon, between the volar surface of the ulnar head and the pisiform 


Figure 44-9. The scaphoid shift test: pressure is applied to the palmar aspect of the scaphoid tubercle while moving the wrist from an ulnar to radial deviation. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR CARPAL FRACTURES AND DISLOCATIONS 
Radiographs 

The four standard views commonly employed in the assessment of scaphoid fractures can be used to detect most injuries to the carpus. These include neutral 
posteroanterior (PA) and lateral radiographs, along with a 45-degree radial oblique (supinated anteroposterior (AP) and a 45-degree ulnar oblique (pronated 
AP) views (Fig. 44-10). Additional extension and flexion views can detect intercarpal ligament injuries, along with a clenched-fist, pencil grip, and other 
stress views. It is also reasonable to obtain contralateral wrist views because of the wide range of normal alignment. The standard neutral PA and lateral 
radiographs are useful for determining the presence of fractures and assessing carpal alignment, but are often poor for scaphoid fracture detection due to the 
tubercle overhang on the PA and the overlap on the lateral.?° The 45-degree radial oblique, 45-degree ulnar oblique, ulnar-deviated AP, Ziter (Fig. 44-11), 
and carpal tunnel views are purported to improve the ability to diagnose a fracture, particularly of the scaphoid. The VISI and DISI patterns of carpal 
malalignment are commonly detected using standard neutral lateral radiographs, with additional views in maximal radial and ulnar deviation if the diagnosis 
is in doubt. 

For the normal carpus with the wrist and hand in a neutral position, in the coronal (PA) plane a line drawn through the axis of rotation parallel with the 
anatomic axis of the forearm will pass through the head and base of the third metacarpal, the capitate, the radial aspect of the lunate, and the center of the 
lunate fossa of the radius. In the sagittal (lateral) plane with the wrist and hand in a neutral position, a line will pass through the longitudinal axis of the 
index finger metacarpal, capitate, lunate, and the radius, with the scaphoid lying on an axis at a 45-degree angle to this line. Standard radiographs should 
demonstrate a constant space between the scaphoid, lunate, and triquetrum, throughout the range of wrist motion. Knowledge of these facts can aid in the 
diagnosis of carpal fracture displacement, instability, and collapse: 


. The four scaphoid views (PA, true lateral, radial oblique, ulnar oblique) detect most carpal fractures. 
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Figure 44-11. Ziter view is an additional image that can aid in the diagnosis of scaphoid fractures. 


» Intercarpal, carpometacarpal, and radiocarpal joint spaces (neutral PA view) 


e Assessment of joint space between the individual carpal bones, carpal bones, and metacarpals, and the carpal bones and radius 
e Space is normally less than or equal to 2 mm, with ligament disruption suspected at greater than 3 mm and often diagnostic at >5 mm 


Clenched-fist views can accentuate the gap if equivocal 

Gilula lines (Fi ) (neutral PA view) 

Arc 1 runs along the proximal articular surface of the proximal carpal row 
» Arc 2 runs along the distal articular surface of the proximal carpal row 


e Arc 3 runs along the proximal cortical margins of the capitate and hamate 


» Three carpal arcs that produce smooth curves when drawn, with a broken arc diagnostic of a fracture and/or instability, particularly perilunate fracture- 
dislocations 


e With lunotriquetral dissociation (LTD), an intercarpal gap may not be seen but a break in the normal carpal arc of the proximal carpal row is evident 


Carpal height ratio = carpal height/length of third metacarpal (neutral PA view) ( 

One method of measuring the carpal height is to measure the distance between the base of the third metacarpal to the subchondral sclerotic line of the 
articular surface of the distal radius. The line should bisect the middle of the radius and metacarpal. 

Used to quantify carpal collapse with the normal ratio 50% (45-60%) and less than 45% indicative of carpal collapse 

» One study has suggested gender-specific normal values.~”’ Limited diagnostic value for carpal instability 

Alternative method uses height of the capitate instead of the third metacarpal 


Intercarpal and intracarpal angles (neutral lateral view) ( ) 
ə Scapholunate angle (normal 45 degrees; range 30—60 degrees) 
» Angle created by the longitudinal axes of the scaphoid and the lunate ( ) 


» Long axis of the scaphoid is a line tangential to the palmar convex surfaces of the proximal and distal poles of the scaphoid 


ə Long axis of the lunate is a line perpendicular to the line connecting the dorsal and palmar lips of the lunate 
ə DISI pattern greater than 60 degrees, VISI pattern when less than 30 degrees; greater than 80 degrees is diagnostic of carpal (scapholunate) instability 


» +Capitolunate angle (normal <15 degrees): greater than 15 to 20 degrees is suggestive of carpal instability (F. 5) 
Radiolunate angle (normal <15 degrees): greater than 15 to 20 degrees is suggestive of carpal instability 


ure 44-12. Gilula lines. A: AP views show three smooth Gilula arcs in a normal wrist. These arcs outline proximal and distal surfaces of the proximal carpal row 
and the proximal cortical margins of capitate and hamate. B: Arc I is broken, which indicates an abnormal lunotriquetral joint due to a perilunate dislocation. 
Additional findings are the cortical ring sign produced by the cortical outline of the distal pole of the scaphoid and a trapezoidal shape of the lunate. 


4-13. Carpal-height ratio, which is calculated by L2/L1. 


Secondary imaging modalities are predominantly used in the assessment of scaphoid and other carpal fractures and the diagnosis of intercarpal ligament 


injury and any associated instability (Table 44-5). 


TABLE 44-4. Classifications of Carpal Instability 


Classification Description Examples 

Dorsal intercalated segment instability (DISI) Lunate extends, dorsal displacement of the capitate Scapholunate dissociation 
Scapholunate angle >60 degrees Displaced scaphoid fracture 
Capitolunate angle >15 degrees Scaphoid pseudarthrosis 


Radiolunate angle >10—15 degrees in dorsal direction 


Volar intercalated segment instability (VISI) Lunate flexes, volar displacement of the capitate Lunotriquetral dissociation 
Scapholunate angle <30 degrees Multiple complex carpal instability 
Capitolunate angle >30 degrees 
Radiolunate angle >10-15 degrees in volar direction 


Dissociative Instability due to injury within carpal row (intrinsic Scaphoid fracture 
ligament injury) Scapholunate dissociation 


Perilunate dislocation 


Nondissociative Instability due to injury between the carpal rows (extrinsic | Radiocarpal instability 
ligament injury) Midcarpal instability 
Barton fracture-dislocations 


Die-punch fracture dislocations 


Combined Combination of dissociative and nondissociative 


Static instability Standard (PA and lateral) nonstress views demonstrate 
carpal malalignment/instability 


Dynamic instability Standard nonstress views demonstrate no carpal 
malalignment/instability, but positive with stress views 


Scaphoid 


Figure 44-14. The scapholunate angle is created by the long axis of the scaphoid and a line perpendicular to the capitolunate joint. 
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Figure 44-15. Schematic drawing of carpal instability. A: Normal longitudinal alignment of the carpal bones with the scaphoid axis at an approximately 45-degree 
angle to the axes of the capitate, lunate, and radius. B: DISI deformity (scapholunate angle >60 degrees). C: VISI deformity (scapholunate angle <30 degrees). 


TABLE 44-5. Secondary Imaging Modalities for Carpal Injuries 


Modality Use 
USS Suspected carpal fractures, ligament injuries 
CT (2D/3D) Suspected carpal fractures, fracture displacement, malunion, nonunion, and bone loss 


3D imaging is useful in reconstructive procedures for malunions and nonunions 
Dynamic CT is used by some for ligament injuries 


Bone scintigraphy Suspected carpal fractures, avulsion injuries 

Arthrography + videofluoroscopy Ligament injuries 

MRI Suspected carpal fractures, AVN of carpal bones, ligament injuries, cartilage status 
Wrist arthroscopy Suspected carpal fractures, fracture displacement, ligament injuries 


The following are measures of scaphoid fracture displacement, primarily assessed on CT and/or MR imaging*®°1114159, 


Lateral intrascaphoid angle (normal 30 degrees +5 degrees; sagittal view) 

Angle created by lines drawn perpendicular to the proximal and distal articular surfaces/poles of the scaphoid (Fig. 44-16A) 
An angle greater than 35 degrees is used as a cutoff for displacement 

AP intrascaphoid angle (normal 40 degrees + 5 degrees; coronal views) 

Angle created by lines drawn perpendicular to the proximal and distal articular surfaces 

Dorsal cortical angle (normal 140 degrees, abnormal >160 degrees; sagittal view) 

Angle created by tangential lines drawn along the dorsal cortices of the proximal and distal scaphoid fragments (Fig. 44-16B) 
Scaphoid height-to-length ratio (normal 0.60, abnormal >0.65; sagittal view) 

Ratio of the lines measuring the height and length of the scaphoid 

The length is determined by a palmar line drawn from the most proximal to the most distal edge of the scaphoid (Fig. 44-16C) 
The height is the maximal point with a line perpendicular to the length line 


Bain et al. determined the intra- and interobserver reliability of the lateral intrascaphoid angle to be poor and poor to moderate, respectively, the dorsal 
cortical angle to be moderate to excellent for both, and the height-to-length ratio was excellent and moderate to excellent, respectively.’ 

A high index of suspicion is critical for these injuries as they can be missed in up to 25% of cases.’° Additional cost-effective tools to help in the 
diagnosis of these injuries can be performed with live/video fluoroscopic evaluation of the wrist, which can provide diagnostic clarity for dynamic 
instability.'8°228 Sensitivities for this technique are reported between 86% and 95%, with similar specificity between 80% and 97% for diagnosing 
scapholunate ligament injury.!8%228 Importantly, this technique provides an improved detection for low-grade injuries compared to static radiographs and 
has good reliability between and within observers. 


A,B 
Figure 44-16. A: Lateral intrascaphoid angle measurement. B: Dorsal cortical angle measurement. C: Scaphoid height-to-length ratio measurement. 


Ultrasound (US) scanning also provides an additional tool for the detection of these injuries.” Boutry et al.°° and Lacelli et al.!34 demonstrated the 
reproducibility and utility of US in the detection and visualization of the carpal ligaments. The technique is also operator dependent and has yet to be 
universally adopted because of this. 


Carpal Injuries: 
PEARLS AND PITFALLS 


Standard scaphoid radiographic views detect most carpal injuries. 

DISI pattern is most commonly associated with displaced scaphoid fractures and SLD. 

Perilunate dislocations can be missed. 

Assessment of Gilula lines can aid in the diagnosis of perilunate dislocations. 

CT is useful in the diagnosis of suspected carpal fractures and assessment of union. 

MRI is useful in detecting suspected fractures and AVN of the carpus. 

Wrist arthroscopy can be used as an aid to the diagnosis of ligament injuries and fracture displacement. 


Scaphoid Fractures 


INTRODUCTION TO SCAPHOID FRACTURES 


The name scaphoid comes from the Greek word skaphos meaning boat, a reference to the shape of the bone. As the largest carpal bone, it provides a critical 
role in the complex kinematics of the wrist. Acute scaphoid fractures were first described by Cousin and Destot in 1889, with subsequent descriptions by 
Mouchet and Jeanne in 1919.°° Its unique location on the radial side of the wrist as a proximal extension of the thumb ray, as well as its extensive 
ligamentous stabilizers, make it vulnerable to injury.°° 

Acute scaphoid fractures account for 2% to 3% of all fractures, approximately 10% of all hand fractures and between 60% and 80% of all carpal 
fractures.2780.116,229 Although the incidence reported in the literature varies, most country-wide database studies suggest an annual incidence between 26 
and 29 fractures per 100,000 persons per year.?”-8%!16.229 The mean age in the literature ranges from 25 to 35 years and a 2.5:1 male to female ratio, with 
males younger at the time of injury compared to females (see Fig. 44-8). 

The scaphoid’s location, shape, and the surrounding anatomy make the determination of an acute scaphoid fracture in a patient with acute wrist pain 
challenging. In the setting of an acute injury, radiographs may be initially negative in nondisplaced fractures. As such, physical examination findings play 
an important role in the physician’s suspicion for an acute fracture. In a series of 260 patients with acute wrist patient but negative wrist radiographs, 28% of 
scaphoid injuries were diagnosed at repeat evaluation 2 weeks later.°° If four of the following independent predictors were positive, there was a 91% chance 
the patients had a fracture: male gender, sports injury, anatomical snuff box pain on ulnar deviation of the wrist at 72 hours, and scaphoid tubercle 
tenderness at 2 weeks. For those patients where the physical examination and radiographic evaluation is unclear, advanced imaging may be warranted. 

MRI is helpful in the early diagnosis of nondisplaced fractures. !4!9-94,185,200 CT in the plane of the scaphoid is helpful in determining the degree of 
deformity, specific fracture pattern and location, and any carpal malalignment. +88 This is particularly relevant for proximal pole fractures given the inherent 
difficulty in their early diagnosis. The most recent US-based cost-effective analysis study suggested early MRI provides early diagnosis with a lower overall 


system cost compared to CT and repeat 2-week clinic assessment.*!! 

Displaced, comminuted, or unstable fractures of the scaphoid are routinely managed with surgical intervention. There remains controversy on the 
management of nondisplaced fractures. The advantages of cast immobilization for 6 to 12 weeks are avoiding the need for surgery and its inherent risks. 
However, this length of immobilization leads to a loss of time and productivity in a predominantly young and active population.®®94126 Advocates for early 
operative intervention claim that screw fixation not only limits the need for a cast but also may allow earlier return to sports and work.°%9*176 In a UK 
multicenter Scaphoid Waist Internal Fixation for Fractures Trial (SWIFFT), this study showed minimal differences between the two treatments at 1 year, 
suggesting that those with less than 2 mm of displacement should be treated with a cast, with any suspected nonunions treated with surgery.°! 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO SCAPHOID FRACTURES 


The scaphoid bone is located in the proximal carpal row on the radial aspect of the wrist and is a small, irregular S-shaped tubular bone. It lies entirely 
within the wrist joint and is orientated at a 45-degree plane to the longitudinal and horizontal axis of the wrist. Articulations are with the trapezium/trapezoid 
(distal surface), radius (proximal/lateral surface), capitate (medial surface), and lunate (medial surface).!°®” The proximal articular surface is convex and 
articulates with the radius. The capitate head articulates with a sulcus on the scaphoid located across the ulnar articular surface and thus providing a socket- 
like fit for the capitate. The scaphoid gently pronates and flexes distally such that the distal pole sits ulnarly angulated relative to the proximal pole. At the 
distal articular surface, two distinct articular facets for the trapezium and trapezoid are present forming the STT joint. With over 80% of the bone’s surface 
covered with articular cartilage, the scaphoid has a reduced capacity for periosteal healing leading to an increased tendency for delayed union and nonunion. 

The scaphoid has a ridge across its nonarticular dorsoradial surface, containing the critical dorsal ridge vessels. The ridge is the insertion point for both 
the dorsal component of the scapholunate and intercarpal ligaments (see Table 44-2). 

The ligamentous attachments of the scaphoid are predominantly found on the nonarticular dorsoradial surface.!>®” The short intrinsic ligaments provide 
stability to the scaphoid through attachments to the other carpal bones, in particular the lunate, and merge with the extrinsic ligaments and capsule of the 
wrist.8:15.51,57,266 The RSC ligament does not attach to the bone itself but crosses the waist, acting as a sling around which it rotates.®-!591,67,266 There are no 
tendon attachments to the scaphoid. Through these articulations and soft tissue attachments, the scaphoid acts as a midcarpal “bridge” linking and 
synchronizing the motions of the proximal and distal carpal rows as part of the key intercalated segment.!>5!67 Motion of the scaphoid includes rotation 
proximally and gliding distally, while providing stability to the midcarpal joint. 

The potential for nonunion of the scaphoid is often ascribed to the largely retrograde blood supply (see Table 44-3), through soft tissue attachments via 
two vascular pedicles originating from the scaphoid branches off the radial artery (Fig. 44-17)!”4: 


Dorsal branch: Enters via the small foramina along the spiral groove and dorsal ridge of the scaphoid and supplies 70% to 80% of the scaphoid proximally, 
including the proximal pole. 
Volar branch: Enters via the scaphoid tubercle and supplies the remaining 20% to 30% of distal scaphoid. 


Radial artery, 
volar branch 


Radial artery, 
dorsal branch 


Figure 44-17. The vascular supply of the scaphoid is provided by two vascular pedicles. 


It should be noted that the waist of the scaphoid has been shown to have minimal or no perforating vasculature. !”4 Furthermore, no vessels perforate the 
proximal dorsal cartilaginous area or through the scapholunate ligament. Proximal fractures are thus associated with at least temporary disruption of the 
interosseous blood supply to the proximal pole. 


ASSESSMENT OF SCAPHOID FRACTURES 


MECHANISMS OF INJURY OF SCAPHOID FRACTURES 


Scaphoid fractures usually occur after a fall on to the outstretched hand. One study has documented that a low-energy fall from standing height has been 
shown to occur more frequently in females, with males more likely to sustain their fracture after a high-energy injury such as sports or an MVC. Sports 
noted to cause increased risk include football, basketball, cycling, skateboarding, as well as assaults depending on the study origin.?7-80.116,229 

Scaphoid fractures occur from shear strain through the midcarpal joint to the scaphoid when the wrist is in maximum dorsiflexion and radial deviation 
(>10 degrees).!27:!28173 In this position, the proximal pole of the scaphoid is held firmly between the radius, capitate, RSC ligament, and the volar capsule 
(Fig. 44-18). When axial loading and/or dorsal compression of the scaphoid occurs in this position, the scaphoid will fracture, most frequently through the 
waist as it is subject to the maximal bending movement between the distal and proximal poles and has a characteristically lower trabecular volume. 

The different types of scaphoid fractures are likely primarily associated with the energy imparted and position of the wrist at the time of injury. For 
example, Herbert suggested that since the line of the midcarpal joint crosses the proximal pole in radial deviation and the distal pole in ulnar deviation, it is 
associated with the different fracture locations.’ Furthermore, shear forces are associated with scaphoid waist fractures, while tubercle fractures are caused 
by compression or avulsion mechanisms.‘”? The scaphoid anatomic variants may also play a role, as the size of a proximal pole fracture is dependent on the 
level of the proximal extent of the joint facet with the capitate; the most variable aspect of scaphoid anatomy.** 


INJURIES ASSOCIATED WITH SCAPHOID FRACTURES 


Associated injuries occur in approximately 10% of all scaphoid fractures, with the most common being proximal radial neck or head fractures.8%116.229 Jy 
high-energy injuries, distal radius fractures, perilunate dislocations, and transscaphoid perilunate fracture-dislocations can also occur.’®104172 A 
concomitant fracture of the distal radius or other carpal bones is indicative of more serious ligamentous disruption and carpal instability.‘ Given the 
difficulty in assessing associated injuries, some propose the use of arthroscopy, with up to 63% demonstrating other carpal ligamentous or bony 


pathology.84:2!4 


Wrist kinematics is altered in unstable, displaced scaphoid fractures due to the many external forces acting upon the scaphoid. The trapezium produces a 
shear stress on the distal pole, while the capitolunate articulation produces a rotational moment. Therefore, in an unstable scaphoid waist nonunion, the 
distal aspect of the scaphoid flexes and the proximal pole extends. This gives a characteristic flexed or “humpback” position on radiographs with an 
intrascaphoid angle of greater than approximately 30 degrees.'”? The impact on the other carpal bones leads to extension of the lunate and triquetrum, 
creating the DISI deformity (see section Carpal Ligament Injuries). The associated derangement of carpal anatomy leads to a classic pattern of progressive 
carpal degeneration, known as SNAC appearing as a DISI deformity.'5! 
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Figure 44-18. Schematic demonstrating the progression to fracture of the scaphoid during a hyperextension injury to the wrist. The proximal pole of the scaphoid is 
trapped between the radius and tense palmar extrinsic ligaments, with the force concentrated at the scaphoid waist leading to fracture. 


SIGNS AND SYMPTOMS OF SCAPHOID FRACTURES 


The diagnosis of a scaphoid fracture is made by a combination of clinical history, examination, and radiographic assessment. Patients typically present with 
wrist pain following a fall onto the outstretched hand. Clinical examination uses a combination of clinical signs (Table 44-6). Generally, pain, swelling, 
ecchymosis, and tenderness around the region of the scaphoid may be present in the acute phase. Standard four-view radiographs are subsequently used to 
confirm the diagnosis. 


Despite this, up to 30% to 40% of scaphoid fractures are not identified on initial assessment.?°-40:75.!84 Therefore, many patients are subsequently found 
to have a fracture on repeated radiologic assessment 10 to 14 days after injury. This often creates a challenge of deciding a treatment algorithm in these 
patients with undiagnosed or untreated scaphoid fractures. It is critical to determine a history of previous trauma to the wrist to help distinguish an acute 
fracture from a nonunion. 184 

On physical examination, patients may have snuffbox (ASB) and scaphoid tubercle tenderness, with increased pain on radial deviation. No single 
physical sign has been found to be adequately sensitive or specific to diagnose this injury (see Table 44-6).184264 When breaking down the specific 
examination findings, both ASB and scaphoid tubercle tenderness can be used to rule out, but not necessarily rule in scaphoid fractures. For example, one 
study demonstrated ASB tenderness was found to have a sensitivity of 90% and a specificity of 40%, while scaphoid tubercle tenderness had a sensitivity of 
87% and a specificity of 57%.?43264 Furthermore, combination examination maneuvers are even more sensitive and specific, as ASB tenderness, scaphoid 
tubercle tenderness, and pain with scaphoid compression test within 24 hours of injury had a sensitivity of 100% and a specificity of 74%.!84 


TABLE 44-6. Sensitivity and Specificity of Clinical Signs of Scaphoid Fractures 


Clinical Sign Studies (n) Patients (n) Sensitivity (%) Specificity (%) 
Anatomical snuffbox tenderness 8 1,164 87—100 3-98 
Axial compression of the thumb 8 961 48-100 22-97 
Scaphoid tubercle tenderness 4 879 82-100 17-57 
Pain on ulnar deviation 4 394 67-100 17-60 
Pain on radial deviation 3 316 67-90 31-42 
Reduced range of movement of 2 412 65-66 38-59 


the thumb 


Thumb-index finger pinch 2 264 75-79 44-76 


Adapted from Mallee WH, et al. Clinical diagnostic evaluation for scaphoid fractures: a systematic review and meta-analysis. ] Hand 
Surg Am. 2014;39(9):1683-1691. Copyright © 2014 American Society for Surgery of the Hand, with permission from Elsevier. 


Other more specific examination maneuvers have been recently studied, including pain with thumb-—index pinch, ASB tenderness in pronation, pain with 
ulnar deviation, and longitudinal compression tests. One study found no pain in the ASB on ulnar deviation with a pronated wrist to have a negative 
predictive value (NPV) of 100%, thus ruling out the presence of a scaphoid fracture.'** In an analysis of 10 clinical examination maneuvers, pain on thumb- 
index finger pinch and ASB pain on pronation of the forearm were most suggestive of a true scaphoid fracture.2*? Duckworth et al. determined that the best 
predictors of fracture within 72 hours of injury were the absence of pain on ulnar deviation of the wrist and pain on thumb-index finger pinch, while 
scaphoid tubercle tenderness most predictive at 2 weeks. Bergh et al. determined that a clinical scaphoid score (CSS) of 4 or more required obtaining an 
MRI; tenderness in the ASB with the wrist in ulnar deviation (3 points), tenderness over the scaphoid tubercle (2 points), and pain upon longitudinal 
compression of the thumb (1 point).!8 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR SCAPHOID FRACTURES 
Imaging 
Radiography 


Standard four-view scaphoid radiographs do not identify up to 30% to 40% of scaphoid fractures, with poor inter- and intraobserver reliability.2°40.75-84 In 
one series, the NPV of radiographs was 27%.'84 Even repeated radiologic assessment has been documented to have low sensitivity, as low as 50%. Barton 
suggested three possible reasons why standard scaphoid radiographs are often misinterpreted!!: 


e A dark line may be formed by the dorsal lip of the radius overlapping the scaphoid 
e The presence of a white line formed by the proximal end of the scaphoid tuberosity 
e The dorsal ridge of the scaphoid may appear bent on the semisupinated view 


Scaphoid-specific views are demonstrated in Table 44-7. One particular view that is helpful is the Ziter view, or “banana view,” an AP view in ulnar 
deviation with 20-degree tube angulation to the elbow (see Fig. 44-11). Other signs have been investigated with varying success, such as the scaphoid fat 
pad sign (distortion or loss of adjacent fat stripes over the radial aspect of the scaphoid on the PA view with the wrist in ulnar deviation) and the pronator fat 
pad/stripe sign (a prominent pronator quadratus fat pad over the volar aspect of the wrist on the lateral view). 

Given the difficulty with confidently diagnosing a scaphoid fracture on standard radiographs, if the clinical suspicion is high, immobilization of the wrist 
with repeat examination and radiographs performed within 10 to 14 days of injury is an option. 


TABLE 44-7. Additional Radiographic Views Used in the Assessment of Scaphoid Fractures 


Radiologic View Advantages 

Ulnar-deviated Detection of proximal pole fractures 

45-degree ulnar oblique (semipronated) Detection of oblique sulcal, waist (in particular displacement), and tubercle fractures 

45-degree radial oblique (semisupinated) Detection of proximal pole fractures, humpback deformities, and avulsion fractures 

Ziter view Detection of waist fractures as beam at right angles to long axis 
Ultrasonography 


US has promise as a noninvasive and relatively inexpensive technique for diagnosing scaphoid fractures. However, it is highly operator dependent, with 
variability in reported sensitivities and specificities.°°7!° One possible solution involves high-spatial-resolution sonography for detecting the suspected 
scaphoid fracture, with the sensitivity and specificity rising up to above 90%.’8°9 However, US remains an area of needed investigation to truly define its 
role in the scaphoid fracture diagnostic algorithm. 


Bone Scintigraphy 


Bone scintigraphy has mixed outcomes when compared to CT and MRI.!*:!*75 Beeres et al. found bone scintigraphy had a sensitivity of 100% and a 
specificity of 90% in an analysis of 100 scaphoid fractures, with little advantage over MRI or CT.'* However, a meta-analysis demonstrated scintigraphy to 
be just as sensitive at MRI in excluding scaphoid fractures, but not as specific.” These variable reports maybe due to the timing of bone scintigraphy, as the 
time from injury increases the sensitivity of the scan, with a reported 100% sensitivity at 96 hours.!>1475 The somewhat invasive nature of the investigation 
further reduces the practicality of this modality. 


Computed Tomography 


CT has been shown to be a reasonable option for diagnosing scaphoid fractures, !:3544:88.92 with up to 94.4% sensitivity and 100% specificity and an NPV of 
96.8% and a PPV of 100%. Furthermore, CT has also been shown to be useful in detecting other injuries around the wrist, with a positive identification of 
pathologies in the distal radius or other carpal bones in up to 32% of patients.!”9 Stevenson et al. performed a retrospective analysis of 84 patients with 
suspected scaphoid fractures who underwent CT within 14 days of injury. A total of 54 scans were normal. Of the 30 abnormal scans the authors found that 
7% were occult scaphoid fractures, 18% were occult carpal fractures (triquetrum, capitate, lunate), and 5% were distal radius fractures.224 The use of CT is 
enhanced when the long axis of the scaphoid is positioned parallel to the scout beam from the CT gantry (Fig. 44-19). 


4-19. Sagittal CT slice demonstrating an undisplaced fracture of the scaphoid waist, although this could be mistaken for a vascular channel. 


Regardless, CT in the plane of the scaphoid is helpful in determining the degree of deformity, specific fracture pattern and location, and any carpal 
malalignment.°® This is particularly relevant for proximal pole fractures given their inherent difficulty. 


Magnetic Resonance Imaging 


For the diagnosis of acute scaphoid fractures, MRI is likely the gold standard, with very high sensitivities and specificities. However, there remains 
controversy regarding the cost efficiency of MRI. +775104103249% Early on, studies found no difference in total direct or indirect medical costs, with 
conflicting outcomes of patient satisfaction, number of sick days and time in immobilization. *®*”* Other studies have proposed an up to 12% false-positive 
rate due to benign abnormalities being mistaken for fractures.’” Ring et al. utilized a Bayesian formula to suggest approximately 12% of patients with 
scaphoid fracture demonstrated on MRI demonstrates may not actually have that injury (Tal ). However, in a prospective blinded study, the 
sensitivity and specificity of MRI were 100%, with potential savings of $7,200 per 100,000 of the population through avoiding unnecessary immobilization 
and review.’” Furthermore, in an attempt to determine a diagnostic algorithm, a cost-effective analysis demonstrated early immediate MRI to be superior to 
CT followed by 2-week clinical assessment.**° In recent years, multiple studies support the use of early MRI as a cost-effective strategy to minimize 
mobilization, loss of work, and maximize early recovery.” 

A prospective cohort study that again used 6-week radiographs as the reference standard demonstrated that CT and MRI had comparable diagnostic 
performance characteristics for detecting true fractures among suspected scaphoid fractures, with the PPV for CT being 76% compared to 54% for MRI. 
This study also questioned whether or not bone edema on MRI and small unicortical lines on CT are diagnostic of a true scaphoid fracture. The rate of 
scaphoid bone bruising ( ) on MRI leading to occult fracture is also an important consideration. In a comparison study, a prospective study showed 
MRI diagnosed scaphoid fractures 16% of the time when CT scans were negative within the first 2 weeks after injury, suggesting it is the gold standard for 
early diagnosis. 


Despite many advocates, the optimal imaging modality is still debated. A couple meta-analyses have shown MRI to have a sensitivity of 88%, a specificity 


of 100% (T 9), >>? with bone scintigraphy having a similar sensitivity but lower specificity than MRI. 

Nonetheless, the recent SMaRT trial involved a prospective randomized controlled trial comparing patients who underwent immediate MRIs compared 
to those who did not in the setting of a suspected scaphoid fracture.“"* Ultimately, the MRI group had almost a 50% cost reduction and 10% increase in 
accuracy of diagnosis of scaphoid or other wrist fractures. Another showed it is able to diagnose scaphoid fractures when CT scans or plain x-rays are 
negative.“’” Therefore, we prefer to use MRI early on to help diagnose scaphoid fractures when the clinical examination and history are consistent with the 
fracture risk, including scaphoid tubercle tenderness, snuffbox tenderness, and history of fall on outstretched hand. 


TABLE 44-8. Sensitivity, Specificity, Accuracy, and Average Prevalence-Adjusted Positive Predictive Value (PPV) and Negative 


Predictive Value (NPV) for Various Imaging Modalities for Suspected Fractures of the Scaphoid 


Imaging Modality (Number 


of Studies Assessed) Sensitivity (%) Specificity (%) Accuracy (%) PPV NPV 
Ultrasound (n = 4) 93 89 92 0.38 0.99 
Bone scintigraphy (n = 18) 96 89 93 0.39 0.99 
CT (n= 8) 94 96 98 0.75 0.99 
MRI (n = 22) 98 99 96 0.88 1.00 


Used with permission from British Editorial Society of Bone & Joint Surgery from Duckworth AD, et al. Assessment of the 
suspected fracture of the scaphoid. J Bone Joint Surg Br. 2011;93(6):7 13-719. Permission conveyed through Copyright 
Clearance Center Inc. 


44-20. MRI demonstrating scaphoid bone bruising but no fracture. 


CLASSIFICATION OF SCAPHOID FRACTURES 


There are several classification systems available for fractures of the scaphoid, including: 


Russe classification2®*: Predicts instability according to the inclination of the fracture line (e.g., vertical oblique fracture) 
OTA/AO classification: Classifies the fracture according to anatomic location (distal pole, waist, proximal pole) and comminution 


TABLE 44-9. Sensitivity and Specificity for Various Imaging Modalities as Determined by Mallee et al. for Suspected Fractures 


of the Scaphoid 


Imaging Modality (Number of Studies Assessed) Sensitivity (%) Specificity (%) 
Bone scintigraphy (n = 6) 99 86 

CT (n=4) 72 99 

MRI (n= 5) 88 100 


Used with permission of Taylor and Francis Group, LLC, from Duckworth AD. In: Court-Brown CM, et al., eds. Musculoskeletal Trauma in the Elderly. 1st ed.: CRC Press; 2016. 
Copyright © 2016 Taylor and Francis Group, LLC. Permission conveyed through Copyright Clearance Center Inc. Adapted with permission of John Wiley & Sons, from Mallee WH, 
et al. Computed tomography versus magnetic resonance imaging versus bone scintigraphy for clinically suspected scaphoid fractures in patients with negative plain radiographs. 
Cochrane Database Syst Rev. 2015, Issue 6. Art. No.: CD010023. 


TABLE 44-10. Prevalence of Herbert and Fisher Types of Acute Scaphoid Fractures 


Classification Prevalence (%) 
Type A: Stable acute fractures 31.1 

A1 (tuberosity) 14.6 

A2 (unicortical waist) 16.5 
Type B: Unstable acute fractures 68.9 

B1 (distal oblique/pole) 21.2 

B2 (complete waist) 36.4 

B3 (proximal pole) 6 

B4 (transscaphoid perilunate fracture dislocation) 2 

B5 (comminuted) 3.3 


Herbert and Fisher classification®?: Classifies according to stable (type A), unstable (type B), high risk of delayed or nonunion (types C and D) 
Mayo classification*®: Classifies instability based on a variety of factors 


Of all the classifications, the Herbert and Fisher system is often used in the literature and most applicable for decision on operative fixation (Table 44- 
10; Fig. 44-21).98 Type A stable fractures are incomplete (unicortical) and associated with high union rates. Type B unstable fractures include any acute 
bicortical fracture and are thought to need surgical fixation due to their displacement and subsequent risk of delayed union. The Herbert B2 fractures 
account for over a third of all fractures. Type C and D fractures are associated with delayed and nonunion, respectively. Characteristics of type C delayed 
union are defined as widening of the fracture line, development of cysts adjacent to the fracture, and relative density of the proximal fragment. 

Another useful classification for predicting instability in the setting of displacement is the Mayo classification.“ The criteria for instability are: 


>1 mm of fracture displacement 

A lateral intrascaphoid angle >35 degrees (see below) 
Bone loss or comminution 

Fracture malalignment 

Proximal pole fractures 

DISI deformity 

Perilunate fracture-dislocation 


A criticism of all these classifications is that they do not clearly consider the extent of associated soft tissue injuries. 


Diagnosis of Displacement and Instability 


In the surgical decision-making algorithm, the diagnosis of displacement and subsequent instability is essential given the higher rates of nonunion with 
nonoperative management. In general, all displaced fractures and a small percentage of nondisplaced fractures are unstable (fracture fragments move easily 
with probing or external pressure on the distal pole of the scaphoid during wrist arthroscopy). There are various methods for determining scaphoid fracture 
displacement (Table 44-11). 
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Figure 44-21. Schematic drawing of Herbert and Fisher classification of scaphoid fractures. 
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Standard scaphoid radiographs can be used to determine displacement in terms of translation, step-off, gap, rotation, and angulation (Fig. 44-22).103 
However, with only moderate interobserver reliability and an inability to reliably demonstrate 1 mm of displacement,2”7° some prefer wrist motion views 
by comparing radial and ulnar deviation views. In this methodology, any difference in length of the scaphoid in these two views is indicative of a scaphoid 
deformity from either a fracture and/or ligament injury. When displacement and instability is suspected, careful assessment of the lateral radiograph for the 
position of the lunate (see Fig. 44-14) and intrascaphoid angulation (see Fig. 44-16) is essential. 

Alternative methods of assessing displacement involve CT scans, which are superior to plain radiographs at diagnosing scaphoid fracture 
displacement?®88.146,153,206, 

e Step greater than or equal to 1 mm at dorsal or radial cortices 
e Gap greater than or equal to 1 mm (sagittal or coronal views) 

There are many factors that impact the reliability of CT scans when assessing scaphoid fracture displacement. Lozano-Calderon et al. suggested that CT 
had less than 80% accuracy at assessing true displacement.!“© Others have shown low intra- and interobserver reliability, being influenced by the image 
plane and the thickness of the slices used.?>242 


TABLE 44-11. Sensitivity, Specificity, Accuracy, Positive Predictive Value (PPV), and Negative Predictive Value (NPV) for Various 


Imaging Modalities Used in the Assessment of Scaphoid Fracture Displacement 


Imaging Modality Sensitivity (%) Specificity (%) Accuracy (%) PPV NPV 


Radiographs 75 72 64 10 97 
EF 72 80 80 13 98 
Radiographs and CT 80 73 T3 16 99 


Reproduced (and modified) with permission and copyright © of The British Editorial Society of Bone & Joint Surgery [From 
Dias JJ, Singh HP. Displaced fracture of the waist of the scaphoid. 2011;93:1433-1439]. 


Figure 44-22. A displaced and comminuted fracture through the waist of the right scaphoid. 


Alternative methods of determining fracture displacement include US, MRI, and wrist arthroscopy.’?*° Although very user dependent, US has been 
shown to have up to a high specificity for diagnosis of displacement.” 
Using arthroscopy as the reference standard (Fig 23), one study has found that radiographs and CT cannot be relied on to accurately diagnose 


scaphoid fracture displacement and/or instability.’? This study was novel in making a clear distinction between displacement and instability, noting a few 
radiologically well-aligned fractures that were unstable on arthroscopic visualization. 


Figure 44-23. Arthroscopic diagnosis of scaphoid fracture displacement. 


TREATMENT OPTIONS FOR SCAPHOID FRACTURES 


NONOPERATIVE TREATMENT OF SCAPHOID FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Scaphoid Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Scaphoid tubercle fractures 

e Nondisplaced or minimally displaced acute scaphoid waist fractures 

e Displaced waist fracture in select patients who are poor surgical candidates 
e Pediatric scaphoid fractures 


Relative Contraindications 


e Displaced acute scaphoid waist fractures 
e Proximal pole fractures 
e Scaphoid fractures associated with carpal instability 


Techniques 


Early diagnosis of distal pole, tubercle, or nondisplaced scaphoid waist fractures via advanced imaging is critical to allow for early immobilization. 
Nonoperative treatment involves below-elbow splint or cast with or without thumb immobilization until scaphoid union. Although a systematic review 
suggested immobilization for 12 to 14 weeks is required, more recent studies have suggested obtaining a CT scan at 6 weeks to confirm better than 50% 
healing in order to allow earlier mobilization.“+°° Ultimately, if the CT scan shows more than 50% healing, immobilization can be discontinued, while if 
there are persistent signs of the fracture line, further immobilization for 2 to 4 weeks maybe required. 


Scaphoid tubercle fractures are a generally benign avulsion injury. Nonoperative management is routinely employed for scaphoid tubercle fractures (Herbert 
A1).*858 Although some authors suggest that splinting is adequate, others prefer cast immobilization for 4 weeks. Tubercle fractures managed with casting 
can have radiographs that show persistent displacement and fibrous union causing no disability, although these findings are more commonly seen in 
fractures treated without immobilization.“ 


Nondisplaced or Minimally Displaced Scaphoid Fractures 


Displacement can be measured on radiographs, CT scans, or MRI. There are many definitions of “nondisplaced” fractures used, including fracture gap less 
than 2 mm, scapholunate angle greater than 60 degrees, or radiolunate angle greater than 15 degrees.*8911!4159 However, it should be noted displacement 
on static imaging like CT scans are not necessarily correlated with stability via arthroscopy.*° For nondisplaced, minimally displaced, or selected displaced 
fractures in poor surgical candidates, a below-elbow cast is applied for 2 weeks. At the 2-week follow-up radiographs are obtained to assess for any 
displacement, thus indicating surgical intervention. If the fracture remains undisplaced, a cast can be reapplied until fracture union is confirmed clinically 
and radiographically in around 6 to 8 weeks. Recent literature utilizing CT-based techniques has suggested that shorter immobilization periods of 4 to 10 
weeks may result in union rates between 90% and 99.4%.449 

One of the important questions regarding the nonoperative management of scaphoid fractures is the type of cast to be applied—an above-elbow cast, a 
Colles’ cast (below elbow without thumb immobilization), or a thumb spica cast. Multiple comparison studies have demonstrated equivalent outcomes 
between below-elbow casts and either thumb spica splints or above-elbow casts.?*®° Furthermore, a recent biomechanics study suggested the main motions 
needed to prevent scaphoid stresses included wrist extension and ulnar deviation, supporting the use of a short arm cast.!29 Regarding immobilization in 
flexion or extension, Hambidge et al. randomized acute scaphoid fractures in a Colles’ cast with the wrist immobilized in either 20 degrees flexion (n = 58) 
or 20 degrees extension (n = 63).°* They found no difference in union rates, but a decrease in wrist extension if the wrist was immobilized in flexion 
between groups in terms of union rates, wrist flexion, or grip strength but did find that the wrists which had been immobilized in flexion had a greater 
reduction in wrist extension. Other prospective randomized trials comparing a below-elbow and scaphoid cast for an acute fracture of the scaphoid, with 
both having demonstrated no advantage to either method.**° For this reason, the use of below-elbow or forearm casts, rather than scaphoid casts, is 
advocated. 


OPERATIVE TREATMENT OF SCAPHOID FRACTURES 


Indications 
Nondisplaced or Minimally Displaced Scaphoid Fractures 


Controversy exists regarding the management techniques for nondisplaced or minimally displaced waist fractures (Herbert A2, B1, and B2). Nondisplaced 
scaphoid fractures are considered stable and achieve union rates over 90% when managed nonoperatively.*? Therefore, some of the authors suggest that cast 
immobilization is the treatment of choice for undisplaced or minimally displaced scaphoid fractures.4* However, it is important to follow the patients as 
variable rates of subsequent displacement in a cast ranging from 3% to 20% have been reported.*891.114,159 

Despite extensive comparison series between operative and nonoperative treatment of nondisplaced or minimally displaced fractures, there remains 
controversy regarding the optimal management. Multiple randomized trials and meta-analyses have shown no overall differences in outcomes between 
operative and nonoperative treatments, with higher rates of complications and subsequent arthritis in the surgical groups.!®45!!2 Clementson et al. reported 
an increased rate of union evaluated by CT scan in scaphoid waist fractures treated with cast immobilization (90%) as compared with arthroscopy-assisted 
screw fixation (82%).*° However recently, multiple other prospective randomized comparison trials have suggested that surgery enables an earlier return to 
work compared to nonoperative treatment.?®.45-!59 Others have supported a shorter time to union and faster improvement in functional testing in operatively 
treated patients.>!!72°5 Saeden et al. performed a long-term prospective randomized 12-year follow-up study comparing open reduction and internal 
fixation (ORIF) and nonoperative management and found an earlier return to function in the operative group, recommending surgery be offered to young 
and active patients despite a higher rate of asymptomatic scaphotrapezial joint arthritis.2°° In another long-term prospective trial, Dias et al. randomized 88 
patients (44 ORIF, 44 cast) and followed them for 1 year after injury.°? They reported superior earlier results in the operative group, with a 23% nonunion 
rate for the nonoperative group compared to 0% in the operative group. However, there was a 30% rate of minor complications in the operative group, most 
related to the scar tenderness of open fixation. 

However, these comparison studies are difficult to interpret for a variety of reasons. Time to scaphoid union is difficult to evaluate given that 
radiographs are known to be unreliable. Furthermore, patient factors such as their occupation is an important factor in evaluating return to work, as manual 
laborers may benefit to earlier return to work after surgical fixation as compared to nonmanual laborers. This remains controversial and patient dependent in 
most cases (Table 44-12). 

There are also many recent studies evaluating the cost-effectiveness of surgical versus nonoperative management of scaphoid fractures. In the 
randomized controlled trial by McQueen et al., there was a significantly decreased time to union with a more rapid return of function, sports, and full-time 
work in the surgical group when compared with those managed conservatively.!°9 Low complication rates were also reported with the surgical technique. 
Arora et al. found similar results in their prospective study of percutaneous fixation demonstrating surgical treatment to be cost-effective,’ and Davis et al. 
reported cost savings of almost $6,000 in favor of surgical fixation.” 

Systematic reviews with meta-analysis have concluded that on current evidence neither method is clearly superior. Surgical management is associated 
with improved functional outcome, a more rapid return to function, sports and work, and superior union rates, but also with a significantly higher rate of 
complications.>!!*,!44205 However, these reviews included “minimally displaced” fractures and combined ORIF and percutaneous fixation under one 
umbrella for surgical management, with ORIF more commonly associated with complications. 

The results of the UK multicenter SWIFFT enrolled 408 patients comparing surgical fixation to immobilization across 31 centers.>°!!°” This study 
showed minimal differences between the two treatments at 1 year, suggesting that those with less than 2 mm of displacement should be treated with a cast, 


with any suspected nonunions treated with surgery.°? This was thought to be cost-effective to health care system.!°” 


TABLE 44-12. Details of Current Prospective Randomized Controlled Trials (PRCTs) Comparing Operative and Nonoperative 


Management for Undisplaced or Minimally Displaced Fractures of the Scaphoid 


Study (Follow-Up) 


Adolfsson et al.? 
(min 16 weeks) 


Arora et al.’ 
(min 24 weeks) 


Bond et al.* 


(mean 25 months) 


Clementson et al.” 
(median 6 years) 


Dias et al.°? 
(min 1 year) 


McQueen et al. 
(min 1 year) 


Saeden et al.7°? 
(min 12 years) 


Mean Age 
(Years) 


31 


33 


24 


31 


30 


Male/Female 
(%) 


74/26 


73/27 


88/12 


82/18 


90/10 


83/17 


79/21 


Treatment (n) 


Conservative 


28 


24 


14 


24 


30 


30 


Operative 


23 


23 


ll 


l4 


44 


30 


31 


Fracture Type 
(Displaced) 


Herbert B1, B2 
(none) 


Herbert B2 (none) 


Herbert A2, B2 
(none) 


Herbert A2, B2 
(unclear) 


Herbert A2, B2, 
B5 (11 minimally 
displaced) 


Herbert B1, B2 
(7 minimally 
displaced) 


OTA/AO C2, C3 
(none) 


Key Findings and Recommendations 


e No significant difference for rate of 
union or time to union 

e Operative group had significantly 
better range of motion at 16 weeks, 
grip strength no difference 


e No significant difference in the range 
of wrist motion or grip strength 

e Operative group had a better mean 
DASH score, faster time to union, and 
faster return to work 


e No significant difference in the range 
of wrist motion or grip strength 

e Operative group had significantly 
faster average time to union and 
average time to return to work 

Patient satisfaction high in both 
groups 


e Operative group had inferior range of 
motion at 6 months 

e Long-term follow-up found a higher 
rate of radioscaphoid osteoarthritis in 
the operative group 


e Operative group had significantly 
better range of motion, patient 
evaluation measure, and grip strength 
at 8 weeks, with significantly better 
grip strength at 12 weeks 

e No significant difference between 
groups with respect to any other 
outcome measure at any other time 

e Return to work same in both groups 

e Rate of nonunion was higher 
in conservative group, rate of 
complications (predominantly scar 
sensitivity) higher in operative group 


e Operative group had significantly 
faster time to union 

e Trend toward higher rate of nonunion 
in the nonoperative group 

e Operative group had significantly 
more rapid return of function, sport 
and work 


e Return to work faster in operative 
group for blue collar occupations 

e No differences with respect to 
function, union or carpal arthritis 

e Operative group had a higher rate 
of scaphotrapezial joint arthritis but 
this did not correlate with subjective 
symptoms 


Vinnars et al.” 31 78/22 42 41 Herbert A2, B1, B2, e Operative group had a significant 
(mean 10 years) B3 (none) increase in rate of scaphotrapezial 
joint arthritis 
e No differences in limb-specific 
outcome scores were found 
e Range of motion and grip strength 
were greater (not significant) in the 
conservative group 
SWIFFT Study®? 33 363/66 220 219 Scaphoid waist e Adult patients with scaphoid waist 


fractures displaced by <2 mm should 
have initial cast immobilization, and 
any suspected nonunions should be 
confirmed and immediately fixed 
with surgery. 


Unstable or Displaced Scaphoid Fractures 


Surgical treatment is routinely employed for displaced scaphoid fractures (Herbert B1, B2), comminuted fractures (Herbert B5), and fractures associated 
with carpal instability and/or a dislocation (Herbert B4).°° Unstable or displaced fractures of the scaphoid, as well as proximal pole fractures, have an 
increased rate of redisplacement,°*”° delayed union,”°! and nonunion”®?30 when managed with cast immobilization alone. For example, a systematic 
review of displaced scaphoid fractures found a four times greater risk of nonunion when compared to nondisplaced fractures following conservative 
management.?20 

Given displacement is the strongest evidence-based risk factor for scaphoid nonunion, displaced fractures should be strongly considered for either open 
or arthroscopy-assisted reduction and internal fixation. 


Percutaneous Fixation of Nondisplaced or Minimally Displaced Scaphoid Fractures 


For nondisplaced or minimally displaced fractures, percutaneous fixation may provide high union rates, faster functional recovery, and reduced surgical 
morbidity (e.g., scar tenderness, complex regional pain syndrome).!°9.2®> Percutaneous fixation can be performed through either a volar or dorsal approach, 
with equivalent outcomes through either approach.®®86,98,159,161,194 


Surgical Approach 
Dorsal Approach 
The advantages of the dorsal approach involve an easier ability to place a screw down the central access of the scaphoid, less rates of STT arthritis, and 
improved ability to obtain proximal bone purchase in proximal pole fractures. The disadvantages involve risk to dorsal structures if performing a 
percutaneous approach, harder to obtain reduction of humpback fractures and the need to keep the wrist flexed, potentially malreducing unstable fractures. 
The dorsal approach can be performed with a mini-open dorsal incision to identify the dorsal sensory nerves and the second to fourth extensor tendons 
or via a percutaneous approach with or without arthroscopic assistance. Our preferred approach is the use of arthroscopy for reduction and screw fixation 
through a mini dorsal. In the arthroscopic-assisted approach, the wrist is placed in a traction tower and mini C-arm is placed laterally in line with the 
scaphoid. Alternatively, if one is not familiar with arthroscopy, the wrist can be placed over a bolster on a hand table with the mini C-arm vertical. The wrist 
can be flexed 30 to 45 degrees to enable placement of the guidewire. The starting point is adjacent to the SL ligament, identified by arthroscopy and/or 
fluoroscopy. We prefer to use a 14-gauge needle to find the starting point, pushing it into the subchondral bone once satisfied. The guidewire is advanced, 
aiming toward the thumb’s tip to get the ideal central axis of the scaphoid. The image intensifier should be perpendicular to the scaphoid and not distal 
radius. Multiple views of the scaphoid should be obtained to ensure the wire is centrally placed, including an AP, lateral, as well as 30- to 45-degree oblique 
in pronation and supination. With the guidewire placed in the subchondral bone of the scaphoid tubercle, the length of the screw is measured and 4 mm 
subtracted from the measurement. In our experience, adult males often require screws around 20 to 22 mm in length, while females often have screws from 
18 to 20 mm in length. The wire can then be advanced out volarly to allow the wrist to be straightened. The wrist is next placed in an arthroscopic tower and 
standard radiocarpal and midcarpal portals are established. Typically for most fractures, the reduction is confirmed through the midcarpal portals, as 
fluoroscopy can miss malrotation. If the reduction is satisfactory, the wrist can be taken out of the traction tower and the guidewire is then advanced all the 
way out the volar skin and clamped with a mosquito. The wire is advanced back out the dorsal skin proximally and clamped. We prefer to use a second 
antirotation wire if the fracture is unstable. Predrilling is used depending on the type of screw and then the drill is passed to the subchondral bone on the 
opposite cortex. Even if a self-drilling screw is used, we recommend drilling given the risk for fracture distraction. If distraction occurs, the screw is 
removed, and the track drilled again. If there is a bend in the K-wire and resistance is met while drilling, the wire can usually be further advanced so that the 
drill passes over a nonbent part of the wire. After drilling, the screw is advanced under image intensification. It is important to judge the screw length prior 
to fully seating the screw. The wire is then removed, and central positioning of the screw without joint penetration at the radiocarpal joint or prominence at 
the scaphotrapezial joint should be confirmed with AP, lateral, supinated, and pronated views of the wrist, and on arthroscopy viewing from either the 
midcarpal ulnar (MCU) or midcarpal radial (MCR) portals (Fig. 44-24). 
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Figure 44-24. Scaphoid fracture CRPP. The patient was a collegiate athlete who presented with a minimally displaced scaphoid waist fracture (A), treated with closed 
reduction percutaneous pinning through a dorsal approach (B and C). (Copyright Eric Wagner, MD.) 


c 


Volar Approach 


The theoretical advantages of the volar approach include an easier ability to obtain images during guidewire placement, not having to flex the wrist, 
enabling wrist extension and ulnar deviation to help reduce the fracture, and minimal risk to any superficial structures with a percutaneous approach. 
Disadvantages of the volar approach include more difficulty placing a screw down the central access and a possible risk of long-term 
scaphotrapeziotrapezoidal (STT) osteoarthrosis. However, this occurs less than 3% of the time and is very rarely symptomatic. 194 

With the volar approach (Fig. 44-25), the wrist can either be placed on a hand table with the wrist extended over a bump or the thumb can be hung in a 
traction tower. Hanging the thumb in a traction tower creates a natural wrist extension and ulnar deviation, helping to reduce the fracture and move the 
trapezium ulnar on the scaphoid to expose the ideal starting point. Prior to the procedure, the scaphoid axis is marked on the skin in the lateral and PA 
views, helping to guide both the starting point and direction of the screw. It helps to remember that the scaphoid lies in a 45-degree plane to both the 
longitudinal and horizontal axes of the wrist. The start point on the scaphoid tubercle is as dorsal as the trapezium allows on the sagittal plane, and in line 
with the radial third of the scaphoid on the coronal plane. This can be palpated as being 2 mm dorsal and just radial to the apex of the scaphoid tubercle, 
pushing up against the trapezium. We prefer to use a 14-gauge needle to get starting point through which the guidewire can be advanced. A small incision is 
made after obtaining the ideal starting point. In rare cases with an excessively overhanging trapezium, it may be necessary to insert the guidewire through 
the trapezium, which does not seem to result in added morbidity.86:161.194 The guidewire is then advanced at a 45-degree angle in both planes in line with an 
abducted thumb metacarpal. It is critical to obtain multiple views when advancing this guidewire, including AP, lateral, as well as 30- to 45-degree oblique 
in pronation and supination. 

With the guidewire placed in the subchondral bone of the proximal pole, the length of the screw is measured and 4 mm subtracted from the 
measurement. In our experience, adult males often require screws around 20 to 22 mm in length, while females often need screws 18 to 20 mm in length. 
The guidewire is then advanced out the skin proximally and clamped. We prefer to use a second antirotation wire if the fracture is unstable. Predrilling is 
used depending on the type of screw and then the drill is passed to the subchondral bone on the opposite cortex. Drilling is especially important to clear a 
hole in the trapezium if the guidewire was placed through it. Even if a self-drilling screw is used, we recommend drilling given the risk for fracture 
distraction. After drilling the screw is advanced under image intensification or while viewing arthroscopically from either the MCU or MCR portals. It is 
important to judge the screw length prior to fully seating the screw. The wire is then removed, and central positioning of the screw is confirmed with AP, 
lateral, supinated, and pronated views of the wrist, and on arthroscopy viewing from either the MCU or MCR portals (Fig. 44-26). 


Figure 44-25. Percutaneous stabilization of scaphoid fracture. A: A fracture through the waist of the scaphoid. B: The wrist should be dorsiflexed prior to insertion of 
the K-wire and a 4- to 5-mm incision is made in the skin crease, sufficient for the insertion of the screw. C: The K-wire is inserted at a 45-degree angle in both planes 
and the position is checked using fluoroscopy. D, E: A second K-wire can be used if the position of the first wire is not quite adequate, or if there is concern regarding 
potential rotation of the fracture fragments. F: Insertion of the self-drilling, self-tapping, variable-pitch scaphoid screw using fluoroscopy to avoid rotation of fracture 
fragments. G: Postoperative views demonstrate good compression of the fragments and satisfactory position of the screw on all views. 
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Figure 44-26. Arthroscopic scaphoid fixation. A: Thumb traction in an arthroscopic traction tower leads to wrist ulnar deviation and wrist extension, allowing the 
scaphoid to be uncovered by the trapezium. Visualizing through the MCU portal (B), the displaced scaphoid fracture (C) can be seen and the reduction after screw 
placement can be visualized (D). (Copyright Eric Wagner, MD.) 


Percutaneous Fixation of Nondisplaced or Minimally Displaced Scaphoid Fractures: 
KEY SURGICAL STEPS 


Volar Approach 


4 Place wrist extended/ulnarly deviated over a bump or in a thumb traction tower. 


Radiographically localize the starting point: 2 mm dorsal to scaphoid tubercle up against trapezium in sagittal place and in the radial third of the scaphoid tubercle in the coronal 
plane. 
Using a 14-gauge needle, push subchondral at the starting point, advance the guidewire toward the proximal pole along the central axis of the scaphoid. 


Use a small incision once happy with the guidewire position to enable drilling and placement of the screw. 
Multiple radiographic views should be obtained to confirm the position of the guidewire: AP, lateral, 30—-45-degree supinated and pronated oblique views. 


The K-wire should be located along the central axis of the scaphoid, ending at the cortex of the proximal pole. 


Stop the K-wire just short of the subchondral bone in the proximal pole. 

Measure the length of the guidewire and subtract 4 mm off the measure length (adult males are often 20-22 mm in length). 
Advance the K-wire through the subchondral cortex and out dorsally and secure with a mosquito clamp for the drilling. 
Place an antirotation K-wire if any concern for stability of the fracture. 

Overdrill or ream over the K-wire in preparation for screw placement. 


Place the screw, viewing the compression using the MCU or MCR portals if using arthroscopic assistance. 


Dorsal Approach 


Flex the wrist 30—45 degrees to access the starting point. The starting point is adjacent to the SL ligament, at the midportion of the proximal pole. 
A mini-open incision can be performed to avoid injury to the soft tissues including the sensory nerves and the second to fourth extensor compartment tendons. 
After obtaining the starting point with a 14-gauge needle, advance the K-wire/guidewire antegrade along the central axis of the scaphoid aiming down toward the thumb tip. 


Use AP, lateral, and pronated/supinated oblique radiograph views to confirm guidewire placement in the central axis of the scaphoid or perpendicular to the fracture. 


Measure the length of the guidewire that stopped in the subchondral bone, subtracting 4 mm to obtain the ideal length. 
If the wrist is stayed flexed, advance the guidewire into the palm volarly and clamp with a mosquito for the drilling. 

If the wrist is to be extended, advanced the guidewire volarly until it clears the radiocarpal joint. 

Extend the wrist and then advance back retrograde out dorsally to enable it to be clamped when drilling. 


Place the screw over the top of the guidewire ensuring frequent radiographic evidence of screw depth. 


There are a number of screws available which vary in size and pitch variation and can be partially, fully, or tip threaded, and with or without ancillary 
techniques for achieving compression (e.g., special screwdrivers or even mobile parts of the screw). The only biomechanical evidence supporting one type 
of screw or another is that larger screws are stronger and cannulated screws improve the placement in the central axis.!5%158 Regarding other technical 
considerations, placement in the central axis has been shown biomechanically to have greater stiffness and load to failure,!°® while placement of the screw 
perpendicular to the fracture has been shown to improve fracture stability.‘49 There have been no biomechanical or clinical differences between the volar or 
dorsal approach in acute scaphoid waist fractures. 194223 


Open Reduction and Internal Fixation of Unstable or Displaced Scaphoid Fractures 


Open Reduction and Internal Fixation of Unstable or Displaced Scaphoid Fractures: 


KEY SURGICAL STEPS 


A dorsal or volar approach, and/or arthroscopic assistance, may be used depending on the fracture location, displacement, and surgeon familiarity. 
Wrist extension and ulnar deviation helps to use ligamentotaxis to reduce the proximal and distal aspects of the fracture to each other. 
Temporary joystick K-wires are placed into the fragments to facilitate reduction, as well as a scaphocapitate K-wire. 
Reduction is held with the K-wires, and can be viewed arthroscopically using the MCR or MCU portal. 
Additional arthroscopically assisted reduction maneuvers, including using a dental pick, probe, K-wire, or elevator through the MCR portal 
manipulating the proximal while viewing through the MCU portal. 

LJ A centrally placed compression screw may be placed as described for percutaneous fixation or stabilization with multiple K-wires. 


Positive results have been reported in many studies of primary ORIF for fractures of the scaphoid.66-86,98,159,161,194 Displaced fractures are treated with 
either open reduction or arthroscopy-assisted reduction and percutaneous fixation. In displaced fractures, there must be direct visualization of fracture 
reduction as the shape of the scaphoid and complex carpal anatomy make image intensification inadequate. Ulnar deviation, supination, and wrist extension 
are helpful in reducing displaced fractures. However, sometimes additional manipulation of the proximal fragment is required to reduce it to the distal pole. 
Both the dorsal and volar approaches are appropriate if using an open approach, with each having its own unique advantage. The volar approach limits the 
potential damage to the vascular supply, while the dorsal approach provides improved access to proximal fractures. Once the fracture is reduced, screw 
placement is as described for percutaneous fixation (see above). 

If reducing using an open approach, we prefer the volar approach for most fractures. An incision is used across the transverse wrist creases in line with 
the flexor carpi radialis (FCR) tendon. The incision starts distal to the distal pole of the scaphoid and is about 5 cm in length. The FCR tendon sheath is 
opened and the tendon is retracted in an ulnar direction. The superficial radial artery is either retracted distally or ligated. The wrist capsule is isolated and 
divided in line with the scaphoid, starting at the distal pole and ending as soon as the fracture is visualized, preserving as much of the RSC ligament as 
possible. The fracture is aligned and provisionally secured with a wire. 


Arthroscopy-Assisted Reduction and Fixation of Unstable and/or Displaced Scaphoid Fractures 


We prefer the use of arthroscopy-assisted reduction and fixation for displaced scaphoid fractures. This approach has the advantage of high reported union 
rates reported by limiting soft tissue stripping and damage of the blood supply, direct visualization of the fracture fragments during reduction and screw 
placement, and the ability to assess for the presence of associated ligament injuries.36?14:219 However, potential disadvantages are similar to that with the 
open technique, and include a steep learning curve, extensor tendon or nerve injury, and scaphotrapezial or radioscaphoid joint damage. 

When performing arthroscopically assisted scaphoid reduction, we prefer the “dry” technique that limits fluid extravasation in the soft tissues.!*! The 
radiocarpal joint is first assessed using a 3—4 viewing portal and a 6R working portal. After assessing the TFCC and volar ligaments, the proximal pole of 
the scaphoid is assessed. Most fractures are not able to be visualized in the radiocarpal portals, with the exception of very proximal pole fractures. Next, the 
MCU portal is created to be the primary visualization portal. The LT and SL ligaments are viewed, followed by the scaphoid fracture. The MCR portal is 
then created under direct visualization adjacent or just ulnar to the fracture. To reduce the fracture fragments, the hand can be taken out of traction and a 
reduction maneuver of wrist extension, supination, and ulnar deviation can be used.”°! Alternatively, traction can be placed on the thumb to create a similar 
reduction moment. If this is insufficient to reduce the fracture fragments, percutaneous K-wires can be placed in the distal and proximal fragments from the 
dorsal side to act as joysticks. Furthermore, instruments such as a probe, dental pick or elevator can be used through the MCR portal to help reduce the 
proximal pole to the distal pole. If using arthroscopic assistance, we prefer to use the volar percutaneous approach as described above to place the guidewire 
and eventually the screw or multiple K-wires once the fracture has been reduced. 


Open Reduction and Internal Fixation of Proximal Pole Scaphoid Fractures 


Proximal pole fractures present a unique challenge given their retrograde scaphoid blood supply, limited bone available for screw purchase, and 
disadvantageous associated biomechanics. When managed nonoperatively, one meta-analysis suggested up to a 7.5 times risk of nonunions (Fig. 44-27),”° 
while other studies have suggested similar union rates but longer healing times for proximal pole fractures.’ Temporary interruption of the blood supply 


to the proximal fragment is virtually certain with proximal pole fractures but, if stabilized, the proximal pole has the capacity to revascularize and 
heal,.91:194.251 


Figure 44-27. A: A fracture through the proximal pole of the scaphoid confirmed on MRI. B: Screw fixation of the proximal pole fracture. 


Most proximal pole scaphoid fractures are treated with operative management using a mini-open dorsal approach.*.7°°>! The incision is centered over 
the dorsal aspect of the wrist at the SL junction, exposing the second and third compartment extensor tendons and moving them out of the way. A limited 
inverted T-capsulotomy is used to expose the proximal pole fracture. Arthroscopically assisted fixation is similar to above, viewing from either the 6R or 
MCU portals and working through the 3—4 or MCR portals. Once the fracture is reduced, K-wires are used to stabilize the fracture fragments and the 
guidewire is introduced. Smaller screw sizes are often used owing to the small diameter as the proximal pole is approached and the higher risk for 
fragmentation. There is some biomechanical evidence that larger proximal scaphoid fractures may still be able to be fixed in a retrograde fashion, however, 
for those with small fragments a dorsal open approach will be warranted.*”> 


Authors’ Preferred Treatment for Scaphoid Fractures ( 


Suspected Scaphoid Fractures 


Patients with a suspected occult scaphoid fracture are reevaluated after 7-10 days after their initial presentation and immobilization in a wrist cast or 
splint. A detailed examination is performed once the wrist has become less painful and new radiographs are obtained. If there still is suspicion for a 
fracture based on physical examination (scaphoid tubercle TTP, snuffbox TTP, and/or positive scaphoid compression test), advanced imaging (MRI or 
CT) is obtained. The higher the pretest odds of a fracture, the more likely an imaging diagnosis of a fracture will correlate with a true fracture. The 
lower the pretest odds (i.e., “rule out” rather than “confirm”), the less likely that a radiologic diagnosis of a fracture will correspond with a true fracture. 
Patients with more pressing needs to diagnose a fracture (e.g., high-level athletes) should obtain advanced imaging at or just after the first visit. 


Scaphoid Tubercle Fractures 


For isolated scaphoid tubercle fractures, we immobilize the patient’s wrists for 4-6 weeks, followed by active mobilization and eventual return to all 
activities and healing confirmed radiographically. 


Nondisplaced Scaphoid Fractures 


For nondisplaced scaphoid waist fractures, we participate in a shared decision-making process with the patients. If there is any question of displacement 
on the plain radiographs, a CT scan is obtained. If truly nondisplaced, we offer the patients nonoperative or percutaneous/mini-open operative options. 
The nonoperative option involves immobilization for 6 weeks in a short arm cast (with or without thumb spica with interphalangeal joint free), with a 
CT scan obtained to evaluate healing. If there is less than 50% healing on the CT, another 2—4 weeks of immobilization is performed. If there is better 
than 50% healing, the patient is transitioned out of immobilization and active motion is begun. The patients are followed with CT confirmation of union 
at approximately 3 months, noting that sometimes this takes longer. Return to sport and the use of the hand with force is delayed until there is clear 
radiographic evidence of union, usually after between 4 and 6 months. 

The operative option for patients with nondisplaced fractures involves percutaneous or mini-open screw fixation. The patient understands this likely 
shortens their healing time and returns to work or other activities, but exposes them to the risk of surgery and does not impact their ultimate outcomes. 
Two of us prefer the dorsal approach, while the other prefers the volar approach for these scaphoid waist fractures. Advantages with the volar approach 
include the scaphoid tubercle is very superficial, the wrist can be maintained in extension or neutral, enabling the fracture to be reduced if at all 
unstable, easier imaging when inserting the guidewire, no need to open the radiocarpal joint and no risk to the extensor tendons. Tips for this approach 
are highlighted above, but include using a starting point up against the trapezium dorsally in the sagittal plane, in the radial third on the coronal plane, 
using a 14-gauge needle to obtain the starting point and trajectory, and obtaining at least 4 views before accepting the position of the guidewire. 
Advantages of the dorsal approach include no need to drill against or through the trapezium, easier to get central placement of the screw within the 
scaphoid, easier access to the proximal fragment, and easy access to the ideal starting point. Tips for this approach are highlighted above, but include 


flexing the wrist 30—45 degrees, starting at the midportion of the SL ligament, aiming toward the tip of the thumb, placing the mini C-arm perpendicular 
to the scaphoid and not distal radius, and advancing the K-wire out the volar skin. 
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Postoperatively, we place a forearm-based thumb spica splint for 2 weeks, then transition into a removable wrist splint to allow immediate active 
mobilization. If there is any question about the stability of the fixation or patient compliance, the patient is placed into a short arm thumb spica cast for 
an additional 4 weeks. 


Algorithm 44-1 Authors’ preferred treatment for scaphoid fractures. 


Unstable or Displaced Scaphoid Fractures 
For unstable, displaced scaphoid fractures, we prefer arthroscopy-assisted fixation or ORIF. Our view is that all displaced fractures are by definition 
unstable even if well aligned, and thus should be managed operatively.2° We prefer dry arthroscopy using the MCU portal for visualization and working 
through the MCR portal to assist in the reduction and fixation of the displaced fractures. Reduction is facilitated by the use of K-wires used as joysticks 
in each fragment, as well as K-wires, dental pick, probes or elevators through the MCR portal. Bone grafting from the distal radius, proximal tibia or 
iliac crest is considered in the face of comminution. See details above for tips on open and arthroscopic-assisted reduction and internal fixation. 

Given the nature of these fractures, we typically transition from the operative splint to a short arm thumb spica cast at 2 weeks and will maintain this 
until a CT scan confirms at least greater than 50% healing at about 6-8 weeks after surgery. We will only consider return to manual work or sports once 
this degree of bridging is noted. 


Proximal Pole Scaphoid Fractures 

For proximal pole fractures we recommend operative treatment using either a small open dorsal approach or arthroscopically assisted approach to check 
alignment in case the fracture is unstable.23°84,219.250,251 For the open approach, we use a straight 3-cm incision centered over the dorsal aspect of the 
wrist after checking the level of the scapholunate junction with the fluoroscope. The tips for this approach are highlighted above, but briefly, after 
incising the dorsal capsule, care is taken to avoid injury to the dorsal ridge when reducing the displaced fracture. A compression screw is applied over a 
guidewire, using a second wire to control rotation if the fragment is unstable. Our postoperative protocol is the same for unstable/displaced fractures. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO SCAPHOID FRACTURES 


Scaphoid Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Malunion 


Nonunion 


MALUNION 


Displaced scaphoid fractures can progress onto a malunion, usually with a humpback deformity (Fig. 4 ). Pronation or ulnar translation of the distal 
fragment is less commonly seen.’’ The effect of this malalignment on symptoms and wrist function is debatable. One cadaveric study has suggested that 
scaphoid malunion results in a notable reduction in wrist motion,*? and osteotomy for scaphoid malunion have reported to improve motion and function 
with decreased symptoms.”! The need to correct the malalignment is controversial, with various studies suggesting treating nonunions without correcting 
alignment did not impact outcomes or rates or arthrosis and that uncorrected malunion resulted in higher dysfunction secondary to resultant DISI 
deformity.*° 

Patients with scaphoid malunion are believed to be at risk of wrist pain, reduced wrist extension, and diminished grip strength.'’’°? One study has 
demonstrated that the loss of wrist extension is proportional to the angular deformity,’’ while another has suggested that the degree of resultant DISI 
deformity from the scaphoid malunion humpback deformity correlates with symptom severity.‘°’ CT scans are critical to understand the scaphoid 
malunions and resultant carpal malalignment: 
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A ; B 
Figure 44-28. Scaphoid humpback deformity. Radiograph (A) and CT scan (B) show a scaphoid nonunion associated with a humpback deformity. (Copyright Eric 
Wagner, MD.) 
Lateral intrascaphoid angle (see ): An angle greater than 35 degrees is associated with fracture displacement; noted to have poor interobserver 
reproducibility on both advanced imaging.” 
Height-to-length ratio (see '): Found to have the best reproducibility for assessing angulation.” 
Alternative measurements found to be of limited use include the dorsal cortical angle (see ) and the AP intrascaphoid angle. It should be 


noted that both short- and longer-term retrospective studies have demonstrated no correlation between any outcome measure and the degree of radiologic 
deformity.”” 

The clinical consequences of malunion are unknown. Some studies have suggested no correlation between the presence or degree of scaphoid malunion 
and any outcome measure (e.g., range of motion, grip strength, patient-reported outcome measures [PROMs]).’”!°” An osteotomy is considered when there 
is a limitation in motion, such as wrist extension, directly related to the scaphoid malalignment.*~’'1°° Lynch and Linscheid reported a technique of 
corrective osteotomy that corrects the intrascaphoid angles, restores palmar length to the scaphoid, and reduces DISI deformity of the carpus.!°° However, a 
long-term evaluation of 17 patients for a mean 21 years demonstrated no difference in wrist outcomes and disability scores between malunions treated 
operatively and nonoperatively.®’ 


NONUNION 


When a scaphoid fracture goes onto a nonunion, it can lead to altered carpal kinematics and malalignment. Incidence rates of scaphoid nonunions are 
reported to be up to 10%, with much lower rates in nondisplaced or properly immobilized fractures.2°°°°?,*'“"°” Displaced fractures have up to a 50% 
nonunion rate, with an increased rate also seen with proximal pole fractures or those with a delayed diagnosis and treatment ( 
g) one 

Fisk described the triplane angulation and subsequent humpback deformity of the scaphoid that results from established nonunion where the proximal 
scaphoid rotates dorsally into extension and the distal fragment flexes.’’ Impingement between the palmar-flexed scaphoid distal pole and the radial styloid 
process leads to the development of radiocarpal osteoarthritis. At the same time, the unsupported carpus collapses into a DISI deformity with increasing 
subluxation and secondary arthritis of the midcarpal joint ( ). The articulation of the proximal pole with the radius and the radiolunate joint is 
relatively spared. 


, 


TABLE 44-13. Rates of Scaphoid Fracture Nonunion Based on Fracture Type and Management Used 


Management 
Fracture Type Nonoperative (%) Operative (%) 
Undisplaced/minimally displaced 1-5 0-2 
Displaced 10-50 0-7 


An established scaphoid proximal pole fracture nonunion found on MRI. 


Scaphoid nonunion leads to a specific type of posttraumatic wrist arthrosis-labeled scaphoid nonunion advance collapse (SNAC). SNAC wrist 
progression follows a similar pattern to that associated with SL injuries, as illustrated by Mack et al.*~* and Vender et al.**’ Of note, both scapholunate 
advanced collapse (SLAC) and SNAC often spare the lunate facet, in part due to its congruency whether in dorsal or volar flexion. The development of 
SNAC ( ) is extremely variable in terms of the rapidity of progression and the association with pain, stiffness, disability, or union. Some authors 
predict the arthritis to progressively worsen over several decades, with over 97% likelihood after 5 years from the injury to develop the first signs of 
arthritis.“ One rationale for operative treatment to gain union of the scaphoid is to delay or prevent arthritis, but it is unclear if achieving union can achieve 
these goals, particularly if the nonunion is more than a year old. 

Some scaphoid nonunions have none to minimal deformity, with a firm fibrous union between the fracture fragments, and the progression to symptoms 
and ultimate necessity for treatment is unclear.°”-’’ According to the Herbert and Fisher classification (see F ), type D1 fractures are scaphoid 
fibrous nonunions that commonly occur in stable fractures following cast immobilization. 

Type D2 fractures are an established sclerotic scaphoid nonunion. These injuries are usually unstable with a progressive deformity that leads to the 
development of SNAC arthritis.°°'°* Two patterns of nonunion displacement have been described, dorsal or volar, with the location of the fracture line 
relative to the dorsal apex of the scaphoid ridge predictive of the pattern. Distal scaphoid waist fractures, with large triangular bone defects, are associated 


with the volar pattern, with the development of a humpback and/or DISI deformity. Proximal scaphoid waist fractures, with much smaller, flat, crescent- 
shaped bone defects, are associated with the dorsal pattern. 


. An established scaphoid nonunion with associated DISI deformity. 


Diagnosis of scaphoid nonunions is based on clinical examination and advanced imaging modalities.”*"*" Patients may experience radial-sided wrist 
pain, loss of wrist motion and weakness of grip and pinch strength. Radiographs may demonstrate widening of the fracture gap, cystic changes, and fracture- 
line sclerosis. Radiographs can be compared with images of the opposite unaffected wrist, particularly for preoperative planning or for comparing inherent 
carpal alignment. Ultimately, advanced imaging modality is critical in the diagnosis and evaluation of nonunions, including CT, MRI, or dynamic US. 
Dynamic imaging has been shown to be able to accurately diagnose fracture-site instability of the scaphoid waist when correlated with operative findings, 
but is not accurate for proximal pole nonunions. CT scans are useful for assessing scaphoid fracture, alignment, and for comparison of findings before and 
after nonunion surgery.”*"***°" Sagittal images in the plane of scaphoid are necessary to best evaluate the scaphoid nonunion and its impact on scaphoid 
alignment. The lateral intrascaphoid angle and the height-to-length ratio of the bone help determine angulation and collapse of the scaphoid. 


Figure 44-31. Scaphoid nonunion advanced collapse (SNAC) of the left wrist. 


One of the most difficult things to evaluate is proximal pole AVN. Scaphoid proximal pole sclerosis on preoperative CT has been correlated with AVN 
and subsequent fracture union, with a specificity of 100%, but a sensitivity of 60% and an accuracy of 74%.7!*.22! However, the gold standard for 
diagnosing AVN is determined by a lack of punctate bleeding from the proximal pole when the tourniquet is released intraoperatively. MRI can be useful 
for assessing the status of the cartilage and also any associated ligamentous injuries. 


Management of Scaphoid Nonunion 


The goals of scaphoid nonunion surgery are to relieve symptoms, correct the carpal deformity, achieve union, and potentially delay the onset of wrist 
arthrosis. 
We aim to follow these principles: 


Preoperatively, to understand both the scaphoid and associated carpal alignment as well as primary pain generator. 

Perform a complete resection of the nonunion back to bleeding bone on each side. 

Correct the scaphoid malalignment and restore its natural length. 

Correct the carpal malalignment and other associated carpal pathologies. 

Preserve the blood supply to the scaphoid’s distal and proximal poles. 

Achieve bone apposition with a graft that fills the associated defect. 

Achieve stability through various methods such as screw fixation with or without K-wire supplemental fixation or plate application. 


TABLE 44-14. Wrist Salvage Procedures for Scaphoid Nonunion 


Fracture Type Comments 
Partial or complete scaphoidectomy Excision of larger fragments (>8 mm) lead to wrist weakness and poor outcome 
Scaphoid replacement Controversial 


Silicone implants abandoned due to progressive silicone arthritis in many cases and long-term results mixed 
Other methods of replacement such as cadaveric bones and titanium implants are in clinical trials 


Unless the midcarpal joint is stable and painless, replacement should be combined with a fusion across the 
midcarpal joint to prevent carpal subluxation 


Young and active patients are likely to complain of continued pain after this procedure and wrist arthrodesis is 
therefore preferable in these patients 


Wrist denervation Good pain relief, but may be temporary 


Proximal row carpectomy (PRC) Mixed results reported. 


Recent systematic review compared PRC with four corner fusion 


Both procedures give improvements in pain and subjective outcome measures 
PRC gives marginally superior motion and reduced complications 


Risk of subsequent osteoarthritis is significantly higher in PRC 


Wrist arthrodesis Indicated for radiocarpal and midcarpal osteoarthritis associated with severe pain, weakness, and reduced 
wrist motion 


Good results, in particular pain relief and improved strength, reported in young patients with high functional 
demands 


Scaphoid nonunion treatment options include (Table 44-14): 


Approach: Open or arthroscopic 

Fixation: Cannulated screw(s), K-wires, or plate 

Graft: Nonvascularized corticocancellous, nonvascularized structural, vascularized structural 

Salvage: Proximal row carpectomy (PRC), scaphoidectomy and three/four corner arthrodesis, or selective neurectomy with or without radial styloidectomy 


Treatment options include fixation without bone grafting, fixation with either a vascularized or nonvascularized graft, and finally wrist salvage 
procedures (see Table 44-14). There is a paucity of data on the ability of current techniques to either reduce symptoms or limit the onset of wrist arthrosis, 
as well as when salvage procedures should be used primarily guiding these treatment options. Poor prognostic indicators are a prolonged nonunion time, 
prior failed surgery requiring revision, proximal pole nonunions, and the absence of punctate bleeding at the proximal pole during surgery.9°.24024! When 
the proximal pole is completely avascular, the likelihood of successful healing with a graft may be substantially diminished.9°.240,241 


Operative Technique 
Nonunion: Bone Graft 


The type of graft is an important consideration in scaphoid nonunions, based on an assessment of the need for either additional structural or regenerative 
augmentation to the nonunion site. The options for the types of nonvascular grafts include structural, or purely cancellous grafts. Alternatively, vascularized 
grafts are generally structural in nature, and can be either local rotational flaps or free flaps. In general, structural grafts increased rigid stability for the 
scaphoid, while cancellous grafts have more potential for regenerative capacity. Therefore, structural grafts are preferred in the setting of mechanical 
malalignment, while corticocancellous grafts are preferred in the setting of stable nonunions with reduced regenerative capacity. The debate of using 
nonvascularized versus vascularized grafts continues, but in general, vascularized grafts are considered for those with reduced vascularity, such as proximal 
pole nonunions or those associated with AVN. 

CT and radiographs of the opposite side can help determine the optimal size and shape of the bone graft required. The standard palmar approach (see 
above) with the advantage of avoiding damage to the blood supply can be used for most reconstructions of unstable scaphoid nonunions with or without a 
humpback deformity, except in fractures involving a small proximal pole fragment. The goal of the bone graft should be determined preoperatively, whether 
to help correct malalignment or length, provide a regenerative capacity, or promote vascularity. Failure to correct malalignment such as a humpback 
deformity or diminished regenerative capacity may result in poor outcomes. 

Although corticocancellous or cancellous autologous grafts contribute less to the structural stability of the scaphoid, their improved regenerative 
capabilities make them ideal in situations with humpback deformities, such as stable waist nonunions or proximal pole nonunions. This principle is 
demonstrated in the promising outcomes, including 100% union rate, achieved in a series of 11 patients with proximal pole nonunions, including 2 with 
AVN, treated with corticocancellous iliac crest grafts and screw fixation.!°° Furthermore, one can choose either corticocancellous or purely cancellous 
grafts. In a systematic review of all scaphoid nonunions treated with nonvascularized bone grafts, cancellous-only grafts had a shorter time to union (11 
weeks vs. 16 weeks) while corticocancellous grafts had a better correction of carpal alignment.?!! 

There are many techniques of structural bone grafting, without any evidence to definitively support one over the other. Two techniques of structural 
nonvascularized bone grafts, include the Matti-Russe and Fisk—Fernandez techniques. The Matti—Russe technique2"4 uses a volar cortical strut bone graft 
either alone or in combination with K-wires. The Fisk—-Fernandez technique”? involves a volar distal radius graft designed to wedge a customized graft to 
correct any malalignment of the scaphoid and carpus. Although some series suggest excellent results with these grafts,!!! others have shown poor results in 
the setting of AVN.°° 

Vascularized bone grafting can be used as both a structural and vascular augment in the setting of mechanical malalignment, as well as a pure 
regenerative augment in the setting of more proximal nonunions. These indications and use are controversial, but most are used in the setting of scaphoid 
waist nonunions with suspected AVN or proximal pole nonunions with compromised healing capacity. The options involve volar or dorsal rotational grafts 
from the distal radius (radial artery), distal ulna (ulnar artery), and based on the pronator quadratus have been described, as well as free grafts from the 
medial femoral condyle or iliac crest. 

Union rates following distal radial pedicle grafts range from 27% to 100%, with poor rates seen when used for AVN.*71!5175,237,250,251 The medial 
femoral condyle has potentially superior union rates compared to a vascularized graft from the distal radius in recent series.2°0.2> 

Common options for bone graft include ipsilateral distal radius, iliac crest, olecranon, or proximal tibia. The distal radius is convenient in proximity, 
while the iliac crest potentially is the optimal source for mesenchymal stem cells.5’ There have been multiple reports of the treatment of proximal pole 
nonunions associated with AVN with nonvascularized bone grafts from the iliac crest, >131.140.155,261 distal radius, 1417191 or olecranon. !9! 


Nonunion: Fixation Technique 

Prior to the introduction of modern fixation methods, the Matti—Russe inlay graft was used in the treatment of scaphoid nonunions (Fig. 44-32). Anterior 
wedge-grafting procedures, with initial reduction of the lunate and temporary radiolunate pin fixation, are now commonly used to correct humpback 
deformities.!3%193 The standard fixation technique for the treatment of scaphoid nonunions involves a cannulated compression screw.?®113 This technique is 
performed via a dorsal approach for proximal pole nonunions, or via a volar approach if the carpal alignment also needs to be corrected. This has been 
associated with very good outcomes if the proximal fixation is adequate for both stability and to assist with compression of the graft. 147-155-163 However, in 
certain circumstances in which proximal fixation via a screw is not feasible, either requiring K-wires ! or plate fixation.'°!!%? In a systematic review of 
unstable scaphoid nonunions, screw fixation was associated with a higher union rate than K-wires (94% vs. 77%). 154 


Nonunion: Arthroscopy 


Arthroscopic-assisted fixation is an emerging technique in the treatment of scaphoid nonunions. This technique can be combined with nonvascularized 
corticocancellous or cancellous bone grafting with promising outcomes. 1?®.131,140,220,261 The advantages of this technique include improved visualization 
and debridement of the nonunion site, minimal disruption of the blood supply to the scaphoid, visualization of the reduction and compression after screw 
insertion, and visualization of the graft containment in the defect after the procedure. 


Stable Nonunion: Cartilage Cap 


The stable scaphoid nonunion is characterized by a firm, fibrous nonunion and intact cartilage that prevents deformity. For stable nonunions with intact 
cartilage caps, the goal is to achieve union without the need to correct alignment, thus, both open and percutaneous techniques with or without grafts 
produce reliably good results.4%26! 

For a stable scaphoid nonunion with an intact cartilage cap, we prefer either an open or an arthroscopically assisted approach. The open approach can be 
either volar or dorsal, depending on the location of the fractures. For volar approach, the incision is based over the FCR from the scaphoid tubercle to the 
distal radius. The FCR is retracted ulnarly, exposing the volar capsule overlying the scaphoid tubercle and waist. This capsule is then incised longitudinally. 
If the exposure needs to be extended for improved exposure, the superficial palmar branch of the radial artery should be ligated at the distal aspect of the 
incision or retracted out of harms way. Localization of the nonunion site with an intact cartilage cap can be performed via fluoroscopy. If the cartilage cap is 
intact, we prefer to proceed with the internal fixation and do not take down the nonunion site. The guidewire is placed either via the volar or dorsal 
percutaneous approach as described above. The screw is then drilled and measured. Prior to placing the screw, bone graft is harvested from the distal radius 
and packed down the screw track. The screw is then placed in a percutaneous fashion (Fig. 44-33). 
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Figure 44-32. Standard Russe bone graft. His technique relied on packing a corticocancellous bone graft into a trough curetted through the volar cortex of both 
fragments. Because the volar cortex is often foreshortened by erosion of the fragments, loss of length is difficult to correct without introducing a cortical graft. 
Modified Russe winged graft can be impacted into a volar trough to lengthen the scaphoid. 


If the cartilage cap is not intact, then we take down the nonunion site with a combination of curettes and sharp elevators. We prefer to leave the dorsal 
cartilage in place. This provides a hinge and facilitates assessment of the scaphoid length. In most cases of stable nonunion, cancellous bone graft from the 
distal radius usually provides sufficient volume as structural support is not required. The screw is then placed. 

Alternative to the open approach, the arthroscopic-assisted approach improves fracture visualization and reduction. Using dry arthroscopy, the 3—4 
portal is used to evaluate for any proximal extent of the fracture, as well as to evaluate for early signs of SNAC along the radial styloid. If there is arthritic 
changes along the radial styloid, we perform an arthroscopic radial styloidectomy and AP interosseous neurectomy, in addition to the treating the scaphoid 
nonunion. After the radiocarpal evaluation, the MCU portal is used for visualization and the MCR portal is used to probe the scaphoid nonunion. If the 
cartilage cap is intact, we proceed as above with packing graft through the percutaneously placed drill hole. See the above section on arthroscopic-assisted 
percutaneous screw placement. If the cartilage cap is not intact, using the MCU viewing portal and MCR working portal, the fibrous nonunion is taken 
down with curettes, as well as a 3.0-mm arthroscopic shaver and burr. Bone graft is harvested from the bare area of the distal radius between the first and 
second dorsal compartments, proximal tibia or iliac crest. The graft is packed into the defect and the screw is placed via percutaneous fashion. 
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gui Scaphoid nonunion intact cartilage cap. Preoperative radiographs (A) and sagittal CT scans showing scaphoid nonunion (B) and associated DISI (C). 
The arthroscopy showed an intact cartilage cap (D), so the patient was treated with arthroscopic-assisted percutaneous bone grafting down the drilled screw hole and 
screw fixation. E, F: The patient healed the nonunion on 3-month radiographs with improved wrist function and pain. (Copyright Eric Wagner, MD.) 


Stable scaphoid nonunions are protected until CT evidence of bony healing of greater than 50% which may range from 6 to 10 weeks after surgery. 


For an unstable nonunion associated with mechanical malalignment, we treat this with either a volar open approach or via an arthroscopic-assisted 
technique. For the open technique, the volar approach allows correction of the humpback deformity with a structural graft. Using an incision centered 
around the FCR, just proximal to the scaphoid tubercle, the capsule is incised and nonunion site exposed. The nonunion gap is then debrided, and the 
fracture fragments are mobilized. It is best to leave a cartilage hinge posteriorly to provide a fulcrum around which the fragments may be hinged open if 
possible. Releasing this hinge can lead to difficulty controlling the two fragments, as well as creating potentially too large a gap to revascularize the 
proximal pole. The wrist is extended, supinated, and ulnarly deviated to assist with fracture reduction, while the two fragments are gently distracted with 
small spreaders. The fracture surfaces are debrided with a small osteotome, burr, or curette. For a structural graft, we either utilize a volar-pedicled 
vascularized graft®? or a corticocancellous wedge graft from the iliac crest. We wedge the graft as an interposition between the fracture fragments, 
correcting their malalignment. With the wedge graft in place and the scaphoid reduced and held with a K-wire, a compression screw is inserted. We feel in 
this setting internal fixation with K-wires alone is usually not enough as compression is required to achieve union. However, if the graft shows a tendency to 
rotate, supplementary fixation with a K-wire may be required. If there is a severe or longstanding DISI deformity, additional pinning of the lunate to radius 
for 6 to 8 weeks is considered.**’ Finally, we will perform a radial styloidectomy if there are arthritic changes along the radial styloid, while also performing 
a selective neurectomy of the posterior and anterior interosseous nerve. 

An alternative to the open volar approach involves an arthroscopic-assisted technique. This involves a similar initial technique to the stable nonunions 
described above. However, when debriding the scaphoid nonunion through the MCR while viewing through the MCU, the debridement should involve most 
of the nonunion site to enable both ends to be mobile from each other. Once the debridement is completed back to bleeding bone, with the tourniquet 
deflated, and the fragments are freely mobile, the scaphoid ends are reduced on each other using wrist extension, supination, and ulnar deviation. A volar 
guidewire is then placed along with a second antirotational pin. Prior to this step, the wrist is flexed to reduce the lunate out of DISI and a radiolunate K- 
wire is placed to hold the lunate stable. Once satisfied with the reduction and alignment of the scaphoid and carpus, the arthroscope is inserted through the 
MCU and corticocancellous graft from the distal radius, iliac crest or proximal tibia (depending on the desired volume) is packed into the defect through the 
MCR portal. Once the defect is completely filled, a screw or multiple additional K-wires are placed. We often will leave additional K-wires to help maintain 
the alignment, including one in the scaphocapitate K-wire, scapholunate and even leaving the radiolunate K-wire for 6 to 8 weeks cut underneath the skin. 

In unstable scaphoid nonunions, we prefer to immobilize until greater than 50% bony bridging is seen on a CT scan from 6 to 10 weeks postoperatively 


( ). 


Additional Nonunion Considerations: Avascular Necrosis 

AVN of the scaphoid can occur as a late complication of scaphoid fractures, especially those involving the proximal waist or proximal pole. This is difficult 
to diagnose preoperatively. The value of MRI to diagnose AVN in the routine management of scaphoid nonunions is controversial. Current best evidence 
has not demonstrated that MRI can reliably or accurately diagnose AVN, with MRI findings not prognostic. Currently, it is determined by a lack of punctate 
bleeding from the proximal pole when the tourniquet is released intraoperatively. The natural history of scaphoid AVN is not known and it is not known if 
operative treatment can alter the natural course of the disease. Some authors suggest it can be reversed by vascularized bone grafts.”!95?37 Arora et al. 
reported the use of free vascularized iliac bone graft for the management of 21 patients with AVN and nonunion of the scaphoid for which conventional 
bone grafting had failed, achieving union and good symptom relief in 16 patients.” The medial femoral condyle has also been shown to have high healing 
rates in the setting of scaphoid AVN.?:!9%186.190 No conclusive superiority of any one graft has been demonstrated but a trend to improved outcomes with 
femoral grafting was recently reported in a large meta-analysis.!®° Conflict remains regarding the necessity of vascularized grafts for nonunions with AVN, 
as there is mounting evidence that even in cases with MRI-suggested AVN and intraoperative findings of impaired vascularity, !30193-195,237 scaphoid union 
can be achieved with and without vascularized grafting. Furthermore, while some systematic reviews suggest similar healing rates,!88 another systematic 
review suggested improved union rates compared to nonvascularized grafts.!6 Furthermore, the use of arthroscopy to treat nonunions associated with AVN 
is promising, as it maintains the scaphoid vascularity, with early promising outcomes.*®!25:140,261 


Outcomes After Scaphoid Nonunion Treatment 


The quoted union rates following treatment for scaphoid fracture nonunion range widely, with a systematic review concluding an 80% union rate for bone 
grafting without fixation and an 84% rate for grafting with internal fixation.!”° The controversy regarding their treatment is in part due to the diversity of 
these fracture types, fracture nonunion characteristics, or the acknowledged difficulty in defining union. Two studies have implicated smoking as a reason 
for failure of nonunion surgery.®*!“4 In stable fractures, percutaneous screw fixation alone is associated with good results.4”7!9 Additional study is needed 
to determine which nonunions are amenable to this approach. Regarding bone grafting, there remains controversy regarding the type (structural vs. 
corticocancellous, nonvascularized vs. vascularized). A randomized controlled trial compared vascularized (distal radius) with nonvascularized (iliac crest) 
bone grafting for scaphoid nonunion and found a 100% union rate in the nonvascularized group, with a rate of 85% in the vascularized group (p > .05).2! No 
significant differences were found in time to union or function. Recent meta-analyses evaluating the utility of vascularized versus nonvascularized grafts 
have found similar union rates between these techniques. 164175,188 
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Figure 44-34. Scaphoid nonunion with humpback deformity. The patient presented with a scaphoid nonunion and humpback deformity on plain radiographs (A) and 
CT scan (B-D). The patient has gapping on arthroscopy (E) with a fibrous union, which was debrided out (F and G). Distal radius bone graft (H) was packed in place 
to fill the gap and screw fixation stabilized the nonunion after correcting the humpback deformity. (Copyright Eric Wagner, MD.) 


FUTURE DIRECTIONS RELATED TO SCAPHOID FRACTURES 


Over the past decade, there have been tremendous advancements in the treatment of scaphoid fractures. However, there remains significant controversy 
regarding the diagnostic and therapeutic algorithms of acute scaphoid fractures and scaphoid nonunions. Regarding the diagnosis of suspected scaphoid 
fractures, instead of relying on a single imaging modality, a combined algorithmic approach should be utilized, combining physical examination, patient 
characteristics, and imaging findings. The goal would be to calculate an optimal NPV and PPV with the goal of using pretest odds of a fracture (or the 
prevalence of true fractures among suspected fractures) to develop accepted clinical prediction rules. Regarding the decision between operative or 
nonoperative treatment of nondisplaced/minimally displaced fractures, the high number of prospective studies provides us with excellent evidence for each 
method of treatment. This now should be individualized to the patients. However, the following areas are still not addressed: duration of cast, use of 
removable casts, patient and societal cost-effectiveness analyses, true definition or minimally displaced or “stable” fractures, correlation with arthroscopic 
stability, and acceptable return to high-level activity timetables. Regarding scaphoid nonunions, the focus will be to directly compare the various 


considerations for unstable nonunions or those with compromised vascularity. It will be critical to establish a gold standard definition for proximal pole 
AVN, as well as assess the role of arthroscopic interventions. 


Scaphoid Fractures: 
PEARLS AND PITFALLS 


Male gender and sports injuries are risk factors for an acute fracture of the scaphoid. 

Clinical prediction rules might aid in the assessment of the suspected fracture. 

Displacement of scaphoid fractures may be difficult to diagnose and CT or arthroscopy can be helpful. 

The criteria for displacement, in particular minimal displacement, need to be further investigated and better defined. 

Nonoperative management is routinely employed for suspected scaphoid fractures and tubercle fractures. 

Percutaneous fixation for undisplaced or minimally displaced waist fractures may reduce the time in cast, increase the rate of return to function, and 
increase the rate of union. 

e Surgical management is recommended for displaced scaphoid fractures, proximal pole fractures, comminuted fractures, and fractures that are part 
of a greater perilunate injury. 


Other Carpal Fractures 


Although each nonscaphoid carpal bone has its own unique considerations, generalized principles can be applied when deciding optimal treatments for 
fractures: 


e Nondisplaced, nonscaphoid carpal fractures of the body or tuberosities are usually able to be treated in a forearm-based wrist splint or cast for 4 to 6 
weeks. 
e Displaced, nonscaphoid carpal fractures or unstable carpometacarpal fractures usually require either closed reduction percutaneous fixation or ORIF. 


TRIQUETRAL FRACTURES 


INTRODUCTION TO TRIQUETRAL FRACTURES 


Triquetral fractures are the second most common fracture of the carpus, with dorsal cortical avulsion fractures (representing in essence a benign “wrist 
sprain” from a capsular avulsion) accounting for over 90% of all triquetral injuries.'22?° Less common patterns of fracture include: 


Transverse body fracture of the triquetrum as part of a perilunate dislocation. 157-172 

Volar avulsion fractures are representative of LT injuries. !97 

Impingement shear fracture type.!7°9 

Ulnar impaction: Ulnar styloid against the dorsal triquetrum, which occurs with the wrist in extension, supination, and ulnar deviation, particularly 
when a long ulnar styloid is present. 

e Triquetrohamate impaction: Hamate against the posteroradial projection of the triquetrum, occurs through compression of the wrist in forced dorsal and 
ulnar extension while the forearm is pronated. 


ASSESSMENT OF TRIQUETRAL FRACTURES 


Patients present with pain and tenderness localized over the region of the triquetrum. Standard scaphoid views will detect most triquetral fractures, with 
dorsal avulsion fractures of the triquetrum often found on the oblique or lateral views.” PA radiographs of the wrist are useful in identifying transverse 
body fractures; however, they will often not detect avulsion fractures of the triquetrum due to the normal superimposition of the dorsal lip on the lunate. 
Additional views that can aid the diagnosis include an oblique pronated lateral radiograph that will project the triquetrum even more dorsal to the lunate.°? 
CT scans are useful when transverse body fractures are suspected to evaluate the extent of injuries in these high-energy mechanisms.‘’? Occult triquetral 
fractures can be identified when CT and MRI are used in the detection of occult scaphoid fractures. !* 


TREATMENT OF TRIQUETRAL FRACTURES 


Triquetral dorsal cortical avulsions are managed with a splint for 2 weeks and active self-assisted stretches as comfort allows to limit stiffness.°° Most 
patients recover without any sequelae but in those patients with persistent pain, underlying dorsal capsular avulsions or LT injury should be suspected and 
may require surgical intervention. Triquetral body fractures associated with carpal disruption often require internal fixation.!°”:!”* Volar avulsion fractures 
should be treated like LT injuries, with 6 weeks of immobilization for acute injuries. !°7 


LUNATE FRACTURES 


INTRODUCTION TO LUNATE FRACTURES 


Lunate fractures account for less than 1% of all carpal fractures and most occur as part of a perilunate injury??® or as a part of SL or LT avulsion injuries.?!® 


Clinical Anatomy 


The lunate is the keystone of the proximal carpal row, anchored on either side through interosseous ligaments that connect to the scaphoid via the SL 
ligament and triquetrum via the LT ligament.!®?3-37 Distally, the convex capitate head fits into the concavity of the lunate, while the concave proximal 


lunate sits in the lunate fossa. The joint reaction forces from the capitate and radius move the lunate ulnarly. The proximal pole of the hamate has a variable 
articular facet on the distal ulnar surface of the lunate, with higher degrees of contact in ulnar deviation. 

The vascular supply of the lunate is primarily through the proximal carpal arcade, with the current literature suggesting that approximately 80% of 
lunates receive vessels from both the dorsal and palmar surface, with the remaining 20% from the palmar surface only (see Table 44-3).7784174,182,244 
Although it has been postulated that this limited blood supply renders the lunate vulnerable to AVN, this has yet to be established as AVN is almost unheard 
of after lunate or perilunate dislocations, potentially due to the dislocation through the space of Poirier keeping the volar radiocarpal arch intact. 


Kienböck Disease 


Kienbéck disease involves idiopathic avascular osteonecrosis of the lunate.!? It usually has an insidious onset without a history of injury, but can cause 
lunate fractures to occur in low-energy mechanisms. Osteonecrosis may be the result of interruption of the vascular supply to the lunate, which shows no 
radiographic evidence of injury until sclerosis and osteochondral collapse. The condition is more common in patients with an ulnar minus variant. 

Some believe that unrecognized and untreated fractures of the lunate lead to Kienbéck disease, predominantly due to the cadaveric work of Verdan who 
applied strong forces to cadaver bones and observed that the resulting fractures were not visible on standard radiographs but only on histology.!42 However, 
others have questioned these findings, suggesting that early venous congestion, not fracture, of the lunate was responsible for the pathogenesis of Kienbock 
disease. The lunate necrosis after perilunate dislocation is probably due to impairment of the arterial vasculature.!°” 


ASSESSMENT OF LUNATE FRACTURES 


Most patients with fractures of the lunate have a history of a hyperextension injury such as a fall on the outstretched hand.”°° Patients present with pain and 
tenderness localized over the region of the lunate and triquetrum. Standard AP, lateral, and oblique wrist radiographs are the initial primary investigation for 
suspected lunate fractures. Some injuries may be difficult to visualize early, as a nondisplaced fracture can be obscured by superimposed structures: 

e The volar cortical line of the radial styloid is aligned with the division between the dorsal and volar thirds of the lunate where a transverse fracture 

often occurs. 
e The AP view of this is in a plane almost perpendicular to the fracture, which is overlapped by the rims of the distal radius and is therefore not apparent. 
e The volar horn of the lunate may also be hidden by the pisiform and scaphoid shadows. 
Therefore, CT scans are critical to evaluate suspected lunate fractures, as well as any osteonecrotic changes that may need to be differentiated from a 

primary fracture or secondary fracture associated with fragmentation. Arthroscopic examination permits a direct assessment, including that of the articular 
surfaces and the intrinsic ligaments, given the high propensity for associated SL or LT injuries.7!8 


Classification 


Acute fractures of the lunate were classified into five groups by Teisen and Hjarbaek?*°: 


Frontal fractures of the palmar pole with involvement of the palmar nutrient arteries 

Osteochondral fractures of the proximal articular surface without substantial damage to the nutrient vessels 
Frontal fractures of the dorsal pole 

Transverse fractures of the body 


Og PWNP 


Transarticular frontal fractures of the body 


Fresh fractures of the lunate include dorsal and palmar horn avulsion fractures that occur more often in the radial corner than in the ulnar corner. 
Fractures of the body are usually transverse in the coronal plane. The more common of these is between the middle and palmar thirds of the body. 


TREATMENT OF LUNATE FRACTURES 


Nonoperative management in cast for approximately 6 weeks may be considered for nondisplaced isolated lunate fractures,*°° with nonunion rarely 
reported. 

Indications for surgical fixation include displacement and/or associated carpal instability.?!®.7°° If there is evidence of separation of the lunate fragments 
by the capitate, union will not occur and the risk of AVN is markedly increased.?!8 This can be performed arthroscopically with reduction and bone 
grafting, if needed, via the midcarpal joint followed by cannulated screw fixation. To offload the lunocapitate joint during healing, distraction with an 
external fixator or bridge plate may be used. If there is an associated SL or LT injury, reduction of the fragment and fixation back to the bone is critical. 

Nonunion of a lunate body fracture is rare, as most will progress to Kienbéck disease. If this occurs, the treatment includes radial shortening, radial 
wedge osteotomy, or ulnar lengthening in the early stages, with carpal arthrodesis if the condition is advanced. 1*3 


UNCOMMON CARPAL FRACTURES 


Carpal fractures other than those of the scaphoid, lunate, and triquetrum are rare. The known facts about these are summarized in Table 44-15. Displaced or 
volar ridge fractures of the trapezium can be treated with excision.*°* Nondisplaced capitate waist or neck fractures should be treated in a forearm-based 
cast for 8 to 10 weeks,!!” while transverse capitate waist fractures should raise the suspicion of a perilunate injury from scaphocapitate syndrome. For 
hamate fractures, the hook can be treated with excision if displaced or associated with compression of the carpal tunnel or Guyon canal.°>*?* Transverse 
hamate fractures should raise suspicion of perilunate injuries. Displaced or symptomatic pisiform injuries can be treated with excision.*! Trapezoid fractures 
are often associated with CMC joint instability, and should be treated with a CMC stabilization procedure.!%° 

For most isolated, undisplaced, or minimally displaced carpal fractures we prefer nonoperative management. We routinely use a standard short arm cast, 
depending on the requirements of the patient, for a period of approximately 6 weeks followed by routine mobilization after confirmation of union. For 
simple avulsion fractures, a temporary splint is used for a few weeks for pain relief followed by motion. For displaced fractures, which are routinely 
associated with other osseous or soft tissue injuries of the carpus, we prefer closed or open reduction, with internal fixation. 


TABLE 44-15. Epidemiology, Etiology, Diagnosis, and Management of Trapezium, Trapezoid, Capitate, Hamate, and Pisiform 


Fractures 


Fracture Epidemiology and Etiology Clinical Assessment and Diagnosis Management and Complications 
Trapezium Rare, <5% of all carpal fractures Localized pain and tenderness Undisplaced: scaphoid cast 
Body (vertical), tuberosity or avulsion fracture types Standard scaphoid views for primary investigation Displaced/dislocation: CRIF or ORIF 
Ridge avulsion occur following forceful deviation, Carpal tunnel views for tuberosity fractures Recent report of the use of arthroscopy 
become rotation on capsular ligaments or flexor Associated scaphoid fractures reported 60% reported to have an unsatisfactory 
retinaculum 
Secondary imaging modalities for associated complex CUtcome 
Tuberosity fractures associated with fractures of the injuries ee i E Nonunion (ridge fractures): excision 
hook of the hamate, or with dislocation of the hamate, J Í 
due to the attachments of the flexor retinaculum 
Articular surface fractures can be associated with 
dislocation or fracture-dislocation of the first 
carpometacarpal joint 
Trapezoid Least common carpal fracture (<1%) Localized pain and tenderness, e.g., base of second Undisplaced (<2 mm): vast majority, 
Fracture patterns include sagittal, coronal, or crush metacarpal scaphoid cast 
Vast majority undisplaced Symptoms and signs can be minimal and imitate a Excellent results often achieved even with 
scaphoid fracture delayed treatment 
Dislocations can occur in both directions ae n : aes 3 b g , 
Standard scaphoid views primary investigation Displaced + dislocation or delayed union: 
Associated fract in a third of isi 
Seria E T Oblique views can aid diagnosis ORTH ONExCision 
Strong ligamentous attachments mean high-energy 5 ETEA 
injuries required for injury (e.g., RTA, crush, sports), Overlap of carpals can make diagnosis difficult 
with axial loading, forced flexion, forced extension, Coronal fractures rarely detected on radiographs 
emal age wlaw gill casera CT/MRI for diagnosis in over 80% of cases 
Capitate Controversy regarding frequency, <1% carpal Localized pain and tenderness Undisplaced: heals without immobilization, 
fractures Standard scaphoid views primary investigation scaphoid cast 
Lona injury anes ee ie ieee Lateral views useful for determining displacement Displaced + dislocation: ORIF 
scap ocapitate SYNAU Or ENVIE mECNaARSI and rotation of the head Nonunion rare when undisplaced 
theory of injury (see Pathoanatomy) 
Dynamic studies for displacement AVN possible with displaced fractures 
Direct blow or crush injuries are often associated with 1 ya 7 PPSS p 
injury to the other carpal bones and/or the metacarpals CT/MRI for occult fractures 
Hamate Rare, <5% of all carpal fractures, third most common Localized pain and tenderness, though often minimal Undisplaced: cast with mixed results 
Hook (most common), body, or dorsoulnar flake Ulnar nerve lesion (deep branch of ulnar nerve passes reported and dependent on fracture location, 
f with union rates reported at only 50% in 
racture types around hook of hamate) z 
some series 
Hook fracture is commonly a sport (racket sports and Tendon rupture with chronic presentations : ; : i 
olf)-related injury. v ; : IRR Displaced + dislocation + nerve lesion: 
8 ; Standard scaphoid views primary investigation excision or ORIF + decompression of Guyon 
Body or coronal fractures are commonly seen 1D Loss of bone contour is suspicious of dislocation canal 
young men following a punch injury. Associated With excisi ih d b 
fracture or fracture-dislocation of metacarpals 3 signs indicative of a hook fracture: e Sema EE yocatepone 
frequent e Absence of the hook grafting to preserve the pulley effect on the 
kik itni m Be ee e Sclerosis of the hook flexor tendons 
ake or avulsion fractures usually occur following a i i 
1 ; y 8 e Lack of cortical density One study determined a concomitant soft 
ow-energy fall or direct blow k ; : p 4 y ae 
Oblique and carpal tunnel views improving chance of tissue lesion was predictive of a poorer 
diagnosing hook fractures outcome 
Important to distinguish from os hamulus proprium Nonunion (more common with hook 
Alternate view with maximal radial deviation of the fr actures) can lead io chr oniepam and little 
; : 4 finger flexor tendon injury. Manage with 
wrist and maximal abduction of the thumb oan i 
excision or ORIF + bone grafting 
CT/MRI for suspected fractures 
Pisiform Rare, <5% of all carpal fractures Localized pain and tenderness Cast treatment usually sufficient 


Predominantly body fractures 
Dislocation is rare 


Commonly sports-related fractures and often missed 


Other Carpal Fractures: 
PEARLS AND PITFALLS 


Ulnar nerve lesion (terminal branch division at 
pisiform) 


Standard scaphoid views primary investigation 


Lateral in 20-45 degrees of supination and carpal 
tunnel views aid diagnosis 


Subluxation of pisotriquetral joint diagnosed with >1 
of: 
e Joint space <4 mm width 
e Loss of parallelism >20 degrees 
e Proximal or distal override of pisiform <15% 
width of joint surfaces 


Excision through a volar approach for 
painful nonunion (rare) 


Complications of excision may include 
reduction of grip strength/wrist flexion, 
hammer syndrome, ulnar nerve neuropathy, 
but some studies have disputed the loss in 
wrist function 


e Nondisplaced, nonscaphoid carpal fractures of the body or tuberosities are usually able to be treated in a short arm cast for 6 weeks. 
e Displaced, nonscaphoid carpal fractures or unstable carpometacarpal fractures usually require either closed reduction percutaneous fixation or open 
reduction internal fixation. 


e Triquetral fractures are the second most common carpal fracture following a fracture of the scaphoid. 
e Routine wrist radiographs detect most carpal injuries. 
e A thorough assessment for other osseous and ligamentous injuries of the carpus is necessary. 


Carpal Ligament Injuries 


Carpal ligamentous injuries can have a detrimental impact upon carpal kinematics, potentially leading to pain and loss of function. Typically, they occur 
after a high-energy injury and Mayfield noted that the wrist was in a position of hyperextension, ulnar deviation, and supination.!°%15” More recently, 
Murray et al. described the reverse perilunar injury with the wrist in hyperextension and radial deviation.!”° 


CLASSIFICATION OF CARPAL LIGAMENT INJURIES 


A number of classification systems have been devised describe ligamentous injuries about the carpus.°10-103.133,156,176,183,211 Unfortunately, there is no 
consensus on which system should be routinely used. In 1972, Linscheid and Dobyns used a series of radiographs over a 2-year period to describe various 
patterns of dorsal and palmar instability. This landmark article would lay the foundation of several of the current angular measurements still in use today. 
Although this article has helped describe carpal kinematics for years, there has been a large increase in the dissemination of knowledge and thus our current 
understanding of variations of injuries about the wrist. As such, Larsen et al. have categorized the description of the scheme of carpal injuries/instability into 
six categories encompassing prior classifications: chronicity, constancy, etiology, location, direction, and pattern!?®135 (Table 44-16). Other classification 
systems that have evolved include those using diagnostic criteria at the time of surgery such as the Geisler, EWAS, and Garcia-Elias schema (Table 44- 
17).81165 Recently, Wolfe and Kakar described the SCARCE acronym of factors that should be considered in the treatment of carpal instability including 
the status of the Secondary or critical stabilizers of the carpus, the Chronicity of the injury, the Alignment of the carpus, its Reducibility, the quality of the 
Cartilage (arthritic or not), and the Extent of the injury (dorsal, volar, or complete). 

Understanding the kinematics associated with wrist motion and the subsequent loss of ligamentous or bony support is complex®!°” (Fig. 44-15). When 
the dynamic kinematic relationship between the scaphoid, lunate, and triquetrum is disrupted by either a fracture and/or ligamentous injury, instability of the 
wrist ensues with loss of synchronous motion and intercarpal contact patterns. Here we will discuss the various schemes as reanalyzed by Larsen et al. (see 
Table 44-16). 

When the instability pattern is described as “direction,” the most common are volar intercalated segment instability (VISI), DISI, ulnar, and radial. As 
previously mentioned, Linschied and Dobyns in 1972 used a series of radiographs to describe various patterns of dorsal and palmar instability (e.g., DISI 
and VISI, respectively). In VISI, the lunate will flex with loss of ulnar support from the triquetrum and stay in a fixed position of flexion of greater than 15 
degrees when patients have a type I lunate. When the opposite occurs and the lunate falls into fixed extension of more than 10 degrees, DISI has occurred. 
The fixed malpositioning of the lunate, even in radial and ulnar deviation of the wrist, affects the functioning of the proximal intercalated segment and thus 
the kinematics of the wrist. With persistent instability, degenerative changes may ensue as a consequence of increased shear forces and abnormal contact 
between the individual carpal bones. 


TABLE 44-16. Analysis of Carpal Instability as Described by Larsen and Colleagues 


Category | Category Il Category Ill Category IV Category V Category VI 
Chronicity Constancy Etiology Location Direction Pattern 
Acute <1 week (ie., maximum primary Static Congenital Radiocarpal VISI Carpal instability 
healing potential) dissociative (CID) 
Subacute 1-6 weeks (i.e., some primary Dynamic Traumatic Intercarpal DISI Carpal instability 
healing potential) nondissociative (CIND) 
Chronic >6 weeks (i.e., little primary Inflammatory Midcarpal Ulnar Combinations (CIC) 
healing potential; surgical repair or Arthritis Carpometacarpal Radial Carpal instability adaptive 
reconstruction needed) i s (CIA) 
Neoplastic Specific bone(s) Ventral 
latrogenic Specific ligament(s) Dorsal 
Miscellaneous Proximal 
Combinations Distal 
Rotatory 
Combinations 


Data from Hodge JC, et al. Analysis of carpal instability: II. Clinical applications. J Hand Surg Am. 1995;20(5):765-777 and Larsen C, et al. Analysis of carpal instability: 1. 
Description of the scheme. J Hand Surg Br. 1995;20(5):757-7 64. 


Although “direction” is often used to describe carpal instability, a broader description of “pattern” has been used as well which encompasses the other 
five categories as proposed by Larsen. These “patterns” include carpal instability dissociative (CID), carpal instability nondissociative (CIND), carpal 
instability complex (CIC), and carpal instability adaptive (CIA). CID or dissociative instabilities of the carpus are the most common type of these 
instabilities and involve an isolated ligament disruption between two connected carpal bones (injury to major intrinsic ligament; e.g., SL or LT), with or 


without an associated bony disruption such as a fracture of the scaphoid. CIND, or nondissociative instabilities of the carpus, maintain the connections 
between the carpal bones of the same row but include subluxations or incomplete dislocations of the entire carpus. This would include MCI, radiocarpal 
instability (e.g., subluxation or dislocation), and may involve either purely ligamentous injuries or concomitant bony fractures such as an avulsion from the 
distal radius. These dislocations are frequently a palmar or dorsal Barton fracture-dislocation, or a radial styloid fracture-dislocation (e.g., a chauffeur’s 
fracture). DISI and VISI instabilities may be either dissociative or nondissociative depending on the degree of damage to the ligamentous connections of the 
proximal carpal row. CIC involves disruption between and within two carpal rows such as perilunate injuries. Finally, the term carpal instability adaptive 
relates to the development of carpal instability due to a cause unrelated to the carpus, for example, carpal malalignment following a distal radius malunion 
or with Kienbock disease. 

In addition to “direction” and “pattern,” “constancy” has also been used to classify carpal instability. The terms “static” and “dynamic” have been used 
to describe the locations of the scaphoid and lunate relative to one another on standard PA and lateral radiographs of the wrist. If the scapholunate interval 
demonstrates widening on a standard PA, the injury is often called a static deformity. Alternatively, if the carpal alignment looks normal on standard 
radiographs and the interval only widens with stress views, then the term dynamic instability is used. When there is no widening on stress views but a partial 
injury to the SL is involved, the term predynamic may be used. In addition to these terms, the ability to reduce the deformity and the force required may be 
taken into account when determining or deciding treatment. 
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TABLE 44-17. Andersson and Garcia-Elias Staging Classification of Scapholunate Instability 


Criterion Stage | Stage Il Stage III Stage IV Stage V Stage VI Stage VII 
Is the dorsal SL ligament intact? Yes No No No No No No 
If repaired, has it good chances of healing? Yes Yes No No No No No 
Is the radioscaphoid angle normal? Yes Yes Yes No No No No 
Is the lunate uncovering index normal? Yes Yes Yes Yes No No No 
Is the misalignment easily reducible? Yes Yes Yes Yes Yes No No 
Are the joint cartilages normal? Yes Yes Yes Yes Yes Yes No 


Reproduced with permission from Andersson JK, Garcia-Elias M. Dorsal scapholunate ligament injury: a classification of clinical forms. J Hand Surg Eur. 2013;38(2):165-169. 


PERILUNATE DISLOCATION AND FRACTURE-DISLOCATION 


When the patterns of instability do not fall into CID or CIND, the term carpal instability complex is used. This broad term encompasses one of the more 
common forms of instability and includes perilunate injuries, and fracture-dislocations of the carpus. As previously mentioned, these injuries result from 
high-energy trauma with the wrist positioned such that a standard pattern of injury ensues.!°°!57!76 A standard perilunate arc of injury occurs when the 
wrist is hyperextended, supinated, and ulnarly deviated. A reverse perilunar injury occurs when the wrist is pronated, hyperextended, and radial deviated. As 
these descriptions were based on biomechanical studies, it is possible that other combination of positions may place the complex 3D morphology of the 
wrist also at risk of injury. 

The classification of perilunate injuries is often subdivided into two groups: 


Lesser-arc injuries: Purely ligamentous injuries where the force is circumferential about the lunate starting radially, distally, ulnarly, and then proximally. 
Greater-arc injuries: Combination of ligamentous injuries with associated fractures of the carpus which may include the radial styloid, ulnar styloid, 
scaphoid, lunate, capitate, triquetrum, or combination of the above. 


The classic perilunate description was described by Mayfield, who demonstrated a carpal instability pattern that occurred predominantly in relation to 
the lunate, which is the carpal keystone (Fig. 44-35). 
The classification is broken up in to the following stages: 


Stage I: Scaphoid fracture, SLD, or both. As the distal carpal row is violently extended, supinated, and ulnarly deviated, the scaphotrapezium—trapezoid 
and scaphocapitate ligaments are tightened causing the scaphoid to extend. As the scaphoid extends, the scapholunate ligament transmits the force to the 
lunate, which cannot rotate as much as the scaphoid because it is constrained by the palmarly located radiolunate and ulnolunate ligaments. As a 
consequence, a progressive elongation and tearing of the scapholunate and palmar RSC ligaments may occur, potentially leading to complete SLD. For 
greater-arc injuries, the force is transmitted through the radial styloid or scaphoid itself often sparring the scapholunate ligament. However, it is possible 
to have a scaphoid fracture and a scapholunate ligament tear, albeit it is less common. 

Stage II: Lunocapitate dislocation. If the extension—supination force on the wrist persists once the scapholunate interval has been dissociated, the 
transmission of the force distally to the capitate may lead to displacement and eventual dislocation dorsally through the space of Poirier. It is followed by 
the rest of the distal carpal row and the radial-most portion of the dislocated proximal carpal row. This may be the complete scaphoid or just its distal 
fragment based on where the transmission of force was highest. In the classic perilunate setting, the lunate remains seated in the lunate fossa of the radius 
and the scaphoid and distal carpal row subluxates or dislocates around it as discussed in stage III. 
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Figure 44-35. The Mayfield stages of progressive perilunate instability. Stage I results in SL instability. Stages II to IV result in progressively worse perilunate 
instability. 


Stage III: Lunotriquetral disruption. If the extension—supination force to the wrist persists, once the capitate is displaced dorsally lunotriquetral (most 
common), ulnotriquetral, and/or triquetrum—hamate-—capitate ligament disruptions may occur. Stage III is complete when the palmar lunotriquetral 
ligament, including the medial expansions of the long radiolunate ligament (LRL), is completely disrupted and the joint has been displaced. This results 
in a midcarpal dislocation as the most common end result. 

Stage IV: Lunate dislocation. If the extension-supination force to the wrist persists and the dorsally displaced capitate is pulled proximally, pressure is 
applied onto the dorsal aspect of the lunate, forcing it to dislocate in a palmar direction due to injury to the DRC ligament. As the palmar ligaments are 
much stronger than the dorsal capsule, such a dislocation seldom involves a pure palmar displacement of the lunate, but rather a variable degree of palmar 
rotation of the bone into the carpal tunnel using the intact palmar ligaments as a hinge. Typically the short radiolunate ligament remains intact during such 
a dislocation. These have been classified further by Herzberg et al.'°* Stage I includes Mayfield stages I to III. Stage Ila is when the lunate is volarly 
dislocated and rotated less than 90 degrees which is indicative that the short radiolunate is still intact. Stage IIb is when the lunate is dislocated and 
rotated greater than 90 degrees, which is concerning for complete disruption of all soft tissue attachments about the lunate (Fig. 44-36). 
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Figure 44-36. Lunate perilunate dislocation representing a Herzberg IIB type injury. (Copyright Michael Gottschalk, MD.) 


SCAPHOLUNATE DISSOCIATION 


INTRODUCTION TO SCAPHOLUNATE DISSOCIATION 


SLD is the most common form of carpal ligament injury, with dynamic scapholunate instability the most common type in adolescents and young adults. 
Instability can occur in isolation or in association with a fracture of the carpus or distal radius. The most common mechanism of injury involves 
hyperextension of the wrist with associated ulnar deviation and intracarpal supination leading to injury of the scapholunate interosseous and palmar 
ligaments. A previous injury, repetitive strain on the carpus, or the presence of acute or chronic synovitis appears to alter the magnitude of force required to 
cause ligamentous disruption so much so that the presenting event may be following a trivial injury. Although 40% of distal radial fractures may have 
concomitant SL injuries, even minor wrist sprains may be associated with SL injuries in up to 5% of patients. 

SLD describes a spectrum of injuries ranging from ligamentous sprains through to dislocation of the scaphoid. A variety of ligament disruptions can 
occur including one or more of the SLIOL, the RSL ligament, the RSC ligament, the scaphotrapezium-trapezoid ligament, the DRC ligament, and the DIC 
ligament. Disruption of the SLIOL leads to dyskinesia between the scaphoid and lunate, ultimately resulting in progressive widening of the scapholunate 
joint with time. The clinical consequences of the injury depend on the tightness or laxity of the capsuloligamentous system of the wrist, as well as the 
presence of any associated palmar radiocarpal or midcarpal ligament damage. 


ASSESSMENT OF SCAPHOLUNATE DISSOCIATION 


The assessment of patients with presumed scapholunate injury/dissociation begins with a high degree of clinical suspicion based on the patient’s history. 
This includes pain as well as reproducible tenderness over the soft spot of the wrist. History often will include a traumatic injury on to the affected 
wrist/hand. In patients with recent trauma one should look for localized swelling about the wrist. Pain with wrist flexion, extension, and radial/ulnar 
deviation may be present. Unfortunately, lack of pain does not exclude injury especially in the subacute or chronic setting. An audible clunk may be heard 
when moving from radial to ulnar deviation or vice versa owing to the asynchronous kinematics when the proximal row moves from flexion to extension. 

A complete assessment of the entire carpus and distal radius and ulna is necessary as there may be an associated fracture. A clinical deformity at the 
wrist may be apparent and a thorough neurovascular assessment is imperative, as acute carpal tunnel syndrome can occur with associated carpal fractures 
and dislocations. 


Signs and Symptoms of Scapholunate Dissociation 


The clinical findings of patients with SLD include swelling, tenderness about the SL, and pain with movement of the wrist. There are several provocative 
maneuvers which may be performed that can add in diagnosis of carpal instability but unfortunately lack significant sensitivity and specificity. The scaphoid 


shift test which is often referred as the Watson shift test is a maneuver that is performed with the examiners thumb over the scaphoid tubercle. A volar to 
dorsal directed force is applied as the wrist is moved from ulnar to radial deviation. A positive test is indicative of subluxation of the scaphoid dorsally out 
of the radial scaphoid facet. A positive Watson (scaphoid shift) test is highly suggestive of scapholunate instability (see Fig. 44-9), although not absolutely 
specific for SLD as it may reposition the entire proximal carpal row if the row, rather than the individual scaphoid, is unstable. In addition, in individuals 
with ligamentous laxity, there may be false-positive signs of dorsal subluxation of the scaphoid that are not pathologic. As such, the sensitivity and 
specificity of this examination maneuver are quite low and examiners must remain vigilant for a suspected SLD. Other signs and symptoms may include an 
audible clunk or click, a dorsal deformity in the region of the proximal scaphoid, and reduced power with repetitive grip strength testing. These maneuvers 
may be positive in individuals with generalized ligamentous laxity as characterized by high Beighton scores. However, MCI is the most common pattern 
identified in these types of patients as opposed to SLD. 


Imaging of Scapholunate Injuries 


The diagnosis of SL injury can often be made with standard imaging. When there is a high index of suspicion for injury, routine images should be obtained 
which include a bilateral PA, oblique, lateral, and stress views. Many provocative stress views have been described, however the clenched pencil fist view 
has the highest reducibility of producing a “dynamic” gap.!°8 As studied by Lee et al., this view produced the largest reproducible gap on cadaveric- 
sectioned specimens and also allows comparison to the contralateral side.'°8 A scapholunate gap larger than 3 mm is suggestive of instability, with a gap of 
over 5 mm diagnostic of SLD if there is a positive ring sign (Fig. 44-37). It is suggested that the gap should be compared to the uninjured opposite 
extremity, particularly in the absence of a dorsiflexed lunate, which is most likely nontraumatic. 

The following radiographic parameters are indicative of an SL injury: 
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ig 44-37. PA views of the left (A) and right (B) wrists for comparison demonstrating increased SL widening on the right of more than 3 mm, indicative of SL 
dissociation. C: A DISI deformity and an increased scapholunate angle shown on the lateral view. (Copyright Michael Gottschalk, MD.) 


Scaphoid cortical ring sign 

e The distal scaphoid tubercle is seen end-on with a PA view, suggestive that the scaphoid is flexed 

e Increased SL angle greater than 60 degrees 

e Anangle of over 80 degrees is diagnostic of SLD (see 14-37C) 

e A radioscaphoid angle greater than 60 degrees 

e DISI deformity 

e Extension of the lunate with subluxation of the capitate dorsally 

e A normally positioned lunate projects as a quadrilateral shape on the neutral PA radiograph; however, the shape appears triangular when the lunate is 
malrotated and is often associated with a perilunate dislocation 

e A capitolunate or radiolunate angle of more than 15 degrees is suggestive of instability, with an angle more than 20 degrees diagnostic 

e A break in Gilula lines 

e Disruption of the joint lines of the proximal and midcarpal rows may be indicative of carpal instability or perilunate injury (see ) 

e An ulnar positive variance of more than 2 mm in nonosteoporotic patients with an intra-articular fracture of the distal radius has been found to be 
predictive of a severe scapholunate injury (Fig 44-38) 


As with all diagnostic criteria, the sensitivity and specificity of each finding can vary substantially with the quality of the radiographs and the values 
chosen for cutoffs. In some cases, the diagnosis of an SL injury may be difficult. However, the predictive value of the values above include a predictive 
sensitivity of 43% to 81% and corresponding specificity of 80% to 93% when there is a 2.5-mm scapholunate diastasis, a scapholunate angle larger than 60 
degrees, and a radiolunate relationship of greater than 12. 

To improve accuracy of detection of SL injuries, investigators have studied the use of real-time dynamic imaging (e.g., cineradiography).°7.°~ 
Sulkers et al. studied the diagnostic accuracy of cineradiography and demonstrated a specificity of 97% and a sensitivity of 90%.**’ This is substantially 
higher than the reported values for standard radiography. Kakar and colleagues demonstrated the role of 4DCT, 3DCT in real time, to detect SL injury and 
its efficacy in detecting changes in arthrokinematics after SL repair and reconstruction.!*°7°9 Although MRI can be helpful in detecting the full extent of 
ligamentous injury, it also has an unpredictable reliability. The current reference standard is wrist arthroscopy which allows direct evaluation of the 


ligaments, the location of the injury (dorsal, volar, or complete), the reducibility of the carpus and cartilage of the wrist which can be useful in classifying 
these types of injuries. 
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Figure 44-38. Radiographs of the wrist after manipulation for a fracture of the distal radius. An increased scapholunate gap indicative of SLD is seen and was 
confirmed intraoperatively. 


Classification of Scapholunate Injuries 


The classification of scapholunate injuries varies widely. There are several arthroscopic and surgical classification systems in use—including the Geissler 
classification, the EWAS classification, and the Garcia-Elias classification—with no evidence to suggest any system is better than another. Rather, it is 
important to understand each classification to know when it might be useful in determining treatment. 

The original arthroscopic classification system was described by Geissler et al.84 


Scapholunate Injuries: 
CLASSIFICATION OF GEISSLER ET AL. 


Grade Description 

I Attenuation or hemorrhage of the ligament is seen from the midcarpal space but the bones are congruent. Conservative treatment is usually 
sufficient. 

I In congruency between the carpal bones when viewed from the midcarpal space. Arthroscopic reduction and fixation maybe required. 

Ill Carpal malalignment in both carpal spaces with a gap between the carpal bones allowing entry of a 1-mm probe. Arthroscopy with or without open 


reduction with fixation is required. 


IV Carpal malalignment in both carpal spaces with gross instability and a gap between the carpal bones allowing entry of a 2.7-mm arthroscope. Open 
reduction and fixation is needed. 


Although the Geissler classification is good to describe laxity, it may be imperfect in distinguishing normal laxity from pathologic instability. Rimington 
and colleagues!” evaluated over 83 cadaveric wrists and noted substantial ligamentous laxity in “normal” wrists. This led the authors to conclude that the 
Geissler classification is best used to describe intercarpal laxity but not pathologic instability. 

The EWAS classification modified the classic Geissler system to add the location of the injury to the SL (e.g., palmar or dorsal instability testing during 
arthroscopy).!®> 


Scapholunate Injuries: 
CLASSIFICATION BY ARTHROSCOPIC EWAS STAGE 


Stage Description 


I Normal findings in arthroscopy; no passage of a probe in to the SL space from the midcarpal joint with normal radiographic findings. 


Il Arthroscopic lesion of the SLIOL identified which correlates with passage of the tip of the probe in to the SL space although it is stable. Imaging 
demonstrates a lesion of the membranous form of the SLIOL. 


Ha Arthroscopic partial lesion involving the volar SLIOL with volar widening on dynamic testing from the midcarpal joint (anterior laxity). Typically 
advanced imaging may demonstrate an injury of the anterior and proximal aspect of the SLIOL with or without associated injuries of the 
radioscaphocapitate/LRLs. 


Ib In contrast to IIa, for IIb the lesion involves the dorsal SLIOL with dorsal widening on dynamic testing from the midcarpal joint (posterior 
laxity). Typically advanced imaging may demonstrate an injury of the posterior and proximal aspect of the SLIOL with or without an associated 
injury to the DIC. 

Hic Arthroscopy will demonstrate a complete SLIOL tear with a reducible joint. The entire probe will fit in to the widened SL space on dynamic 


testing. The joint will reduce back with removal of the probe. Advanced imaging of the wrist demonstrates a complete tear of the SLIOL including 
the anterior, proximal, and posterior aspect of the ligament. In addition to the SLIOL there may be damage to the DIC, RSC, or LRL. 


IV Arthroscopy will demonstrate a complete SLIOL tear. The entire cannula (e.g., 2.7-mm scope) will fit in to the widened SL space going from 
midcarpal to radiocarpal arthroscopically. There are no static radiographic findings. Advanced imaging of the wrist demonstrates a complete tear of 
the SLIOL including the anterior, proximal, and posterior aspect of the ligament. In addition to the SLIOL there may be damage to the DIC, RSC, 
or LRL. 


V Stage V includes all of Stage IV findings with the exception that radiographic findings are common including a static SL gap and potentially a DISI 
deformity. Because of the static deformity, secondary ligaments of the wrist are also implicated and are likely injured. 


The staging classification of Andersson and Garcia-Elias® (see Table 44-17) is based on yes/no observations during arthroscopy, and the classification 
put forward by Kuo and Wolfe!* can be used to determine treatment (Table 44-18). 

Given all these options, we advocate for the use of the Larsen classification (see Table 44-16) and the SCARCE acronym as described above, as they 
allow for the analysis of multiple factors causing carpal instability that determine the type of repair or reconstruction. 


TABLE 44-18. Alternative Classification for SLD, With an Aim to Guide Treatment, Suggested by Kuo and Wolfe 


Classification Ligaments Radiographs Management 
I: Occult Partial SL ligament Normal Pinning or capsulodesis 
II: Dynamic Incompetent or complete SL ligament; partial volar Abnormal on stress testing Ligament repair with capsulodesis 


extrinsic ligaments 


III: SL dissociation Complete SLIL, volar, or dorsal extrinsic SL gap 23 mm, grossly abnormal on stress Ligament repair with capsulodesis vs. 
testing triligament reconstruction 
IV: DISI Complete SLIL, volar extrinsic, secondary changes in SL angle 260 degrees, SL gap >23 mm, RL Reducible: Tendon reconstructions 
RL, STT, dorsal ligaments angle 215 degrees, CL angle 215 degrees marenae nean 
V: SLAC As stage IV Progressive OA with pancarpal OA final Proximal row carpectomy or fusion 
stage 


CL, capitolunate; DISI, dorsal intercalated segment instability; OA, osteoarthritis; RL, radiolunate; SL, scapholunate; SLAC, scapholunate advanced collapse; SLIL, scapholunate 
interosseous ligament. 


Adapted from Kuo CE, Wolfe SW. Scapholunate instability: current concepts in diagnosis and management. J Hand Surg Am. 2008;33(6):998-1013, with permission from Elsevier. 
Copyright © 2008 American Society for Surgery of the Hand. Published by Elsevier Inc. All rights reserved. 


Outcome Measures for Scapholunate Dissociation 


Like many pathologies of the hand and wrist, there is no one outcome measure that determines the success of a given treatment for patients with SLD. 
Instead, there are a myriad of ways to objectively and subjectively assess a patient’s outcome after a scapholunate injury and subsequent treatment. Clinical 
outcome measures remain a common method and include strength measurements (e.g., grip and pinch) as well as wrist range of motion (e.g., flexion, 
extension, ulnar, and radial deviation). PROMs are also common and include pain scales, single numeric functional scores (e.g., equivalent to SANE of the 
shoulder), disease-specific PROMs such as the quick disability of arm, shoulder, hand or patient reported wrist evaluation (PRWE), and generic life 
assessments (e.g., EQ5D, SF-15). Last, radiographic outcomes including residual gapping, dynamic gapping, or recurrent static instability may also be noted 
or deemed as a failure. In long-term follow-up, the presence or lack of arthritis may also be noted. Because of the immense number of classification 
mechanisms and the lack of a formal outcome system for SL injuries, it is difficult to assess and compare treatments in patients with SL injuries. 


TREATMENT OPTIONS FOR SCAPHOLUNATE DISSOCIATION 


Nonoperative Treatment of Scapholunate Dissociation 


The natural history of SLD treated nonsurgically is not well understood. O’Meeghan et al. studied 11 patients with an arthroscopic-confirmed diagnosis of 
an SLD without radiographic findings who elected no further treatment.!®! At an average of 7 years postoperatively, although all patients had continued 
pain and discomfort, none had demonstrated radiographic findings indicative of a SLAC wrist. Therefore, the role of nonsurgical management in the 
treatment of SL injuries is unknown. In patients with predynamic injuries a trial of splinting and therapy is reasonable given no repair or reconstruction is 
necessary and any delay in treatment will not exclude the patient from the current available surgical treatment options which include arthroscopy, 
capsulodesis/ligamentoplasty, or radiofrequency ablation (RFA)/shrinkage. 


Operative Treatment of Scapholunate Dissociation 


Indications/Contraindications 


Indications 


e SL dissociation with predynamic injury (e.g., okay for arthroscopic debridement as opposed to repair) 
e SL dissociation with dynamic instability with date of injury <6 weeks old 


Relative Contraindications 


Arthritis of the carpus 

Active infections or open wounds precluding surgery over the area 

Age such that a lesser surgery may provide adequate relief during the longevity of the patient’s life 
Complex regional pain syndrome 

Inflammatory arthropathy 

Arthrofibrosis 


If the appropriate surgical treatment is employed, it is possible to avoid potential complications of an SLD injury, including advanced scapholunate collapse 
(e.g., painful arthritis of the wrist). As previously mentioned, there is no single method to classify injuries that is known to predict outcomes based on 
surgical intervention. One option is to cluster treatment options based on the time elapsed since the injury, the extent of ligamentous involvement, and the 
presence of associated carpal instabilities and/or fractures. There is no general consensus in regard to the true cutoffs for these categories but one suggestion 
is as follows: 


e Less than 4 to 6 weeks = acute 
e 4-6 to 24 weeks = subacute 
e More than 6 months = chronic 


Ultimately, it is the quality of the tissue, the degree of injury of the secondary or critical stabilizers, the chronicity of the injury, lunate alignment, carpal 
reducibility, the nature of the cartilage, and the extent of the injury that may determine the success of any treatment. The primary goals of surgical treatment 
are for restoration of carpal alignment and the stabilization of the carpal bones to facilitate wrist synchronous mobility without pain. There is a perception 
that the earlier ligament repair takes place the easier it is to perform a direct repair. 

The treatment options in Table 44-19 were proposed by Garcia-Elias et al.°2 The proposed classification system has been modified to include more 
modern treatment options in addition to those originally proposed by Garcia-Elias. 

Alternatively, an arthroscopy-based treatment algorithm can be used, based on the EWAS classification!®: 


Stage I (unable to insert probe into articulation) 

Stage II (passage of probe, no probe rotation, stable joint): Arthroscopic debridement of any fraying tissue and consideration for an arthroscopic dorsal 
capsulodesis of the DCS 

Stage IIIa (volar widening, rotate probe volarly, intact dorsal): Arthroscopic volar repair and capsulodesis using a supplementary volar radial portal. 

Stage IIIb (dorsal widening, rotate probe dorsally, intact volar): Arthroscopic dorsal repair and capsulodesis of the DCSS.??° 

Stage IIIc (widening dorsal and volar, rotate probe dorsally and volarly, easily or already reduced joint): Arthroscopic dorsal and volar repair and 
capsulodesis, using a supplementary volar radial portal. 

Stage IV (complete SL tear, pass scope through, reducible joint): Either arthroscopic dorsal and volar repair and capsulodesis with supplementary 
percutaneous pinning, or an arthroscopic or open SL reconstruction if difficultly maintaining reduction. 

Stage V (static changes including DISI and scaphoid flexion): Arthroscopic or open SL reconstruction. 


Scapholunate Ligament Repair 


KEY SURGICAL STEPS 


/ | Treatment of Acute Scapholunate Dissociation: 


Typically a dorsal or arthroscopic approach is warranted in the acute repairable SLD. 

= Ligament-sparing approach should be used when possible to protect the secondary stabilizers of the carpus; make windows or longitudinally split 
the DRC and DIC in a triangular flap as described by Berger; arthroscopy using the 3—4, 4-5, and 6R portals. Testing of instability through the 
MCU and MCR portals with a probe is also necessary. 

LJ As there is not a static deformity, it may not be necessary to place K-wires between the SL and SC articulations, however in most instances K-wires 
of at least 0.045-inch diameter should be used to protect the repair while it heals for a given period of time. 

LJ Use of K-wires of similar diameter to the drill for an anchor is of use if joysticks are necessary in the lunate or scaphoid; typically an anatomic 
repair of the SL where it has avulsed is necessary (e.g., lunate or scaphoid). The area should be denuded of cartilage and prepared down to bleeding 
bone where the ligament is to be reattached. 


TABLE 44-19. Treatment Options for Scapholunate Dissociation 


Stage l: Incomplete SLD Injury 
e Consider arthroscopic management with debridement with or without radiofrequency ablation/shrinkage 
Stage ll: Complete, Repairable SLD 


e Open repair of SLD with K-wire stabilization 
e Arthroscopic repair with K-wire stabilization with or without arthroscopic capsulodesis 


Stage Ill: Complete, Irreparable SLD Without Malalignment on Radiographs 


e Dorsal capsulodesis (Blatt) 
e Arthroscopic capsulodesis (dorsal, volar or both) 


Ligamentoplasties 

Mayo Clinic SL ligamentoplasty 
DIC ligamentoplasty 

Szabo ligamentoplasty 
Bone—ligament—bone reconstruction 
Any technique listed under stage IV 


Stage IV: Complete, Irreparable SLD With Malalignment on Radiographs That Is Reducible 


SL reconstruction with graft 

Scapholunate axis method 

All dorsal reconstruction using ECRB or palmaris graft 
Brunelli and Brunelli 

Three ligament tenodesis: Garcia-Elias modification 
Ross and Couzens modification 

Corella modification 

Spiral tenodesis (as described for perilunar injuries) 
Reduction-association of the scapholunate 

360 tenodesis open or arthroscopic 

Anatomic front and back reconstruction 


Stage V: Complete SLD With Radiographic Malalignment But Nonreducible Without Arthritis 


Limited arthrodesis of the carpus 

STT arthrodesis 

SL arthrodesis 

SC arthrodesis 

SLC arthrodesis 

Proximal row carpectomy 

Scaphoid excision and four corner fusion 


Stage VI: Complete SLD With Radiographic Malalignment, Nonreducible and Arthritis (e.g., SLAC Wrist) 


Partial or full wrist denervation 

Radial styloidectomy (open or arthroscopic) and partial wrist denervation 
Scaphoid excision and partial midcarpal fusion 

Proximal row carpectomy 

Total wrist arthroplasty 

Total wrist arthrodesis 


Reproduced with permission from Garcia-Elias M, et al. Three-ligament tenodesis for the treatment of scapholunate dissociation: indications and surgical technique. J Hand Surg Am. 
2006;31(1):125-134, with permission from Elsevier. 


Patients with a recent trauma and an acute SLD are likely to be managed surgically. Arthroscopic evaluation of these patients with a “dry” scope can be very 
helpful in guiding treatment. Whether to reconstruct or repair the ligamentous injuries in SLD remains a contentious issue. Garcia-Elias originally described 
five questions that should be answered in an attempt to direct treatment®®: 


1. Is the dorsal scapholunate ligament intact? 

2. Does the dorsal scapholunate ligament have sufficient tissue to be repaired? 
3. Is the scaphoid position normal? 

4. Is the carpal malalignment reducible? 

5. Are the radiocarpal and/or midcarpal cartilage surfaces normal? 


For acute injuries, most of the answers to these questions is yes and the SL tissue is repairable with a reducible deformity if present without arthritis. As 
discussed, all of this can be assessed with an arthroscopic approach. Given that the range of treatment is vast, it is imperative that the surgeon discuss all 
variable treatment options and the pros and cons of each with the patient prior to the determination of arthroscopic surgical intervention and 
repair/reconstruction. 

In patients with partial tears with instability as diagnosed from the midcarpal portal, a pinning of the SL interval in anatomic alignment (if not aligned) 
done arthroscopically is acceptable with associated debridement of the diseased tissue. This may also include RFA of the SL (Fig. 44-39), using fluid 
instillation to guard against thermal injury. Darlis et al. retrospectively reviewed patients with Geissler type I or II tears as defined by arthroscopic 
evaluation.** This series included 16 patients treated with arthroscopic RFA at an average follow-up at 19 months. Half of the patients were completely pain 
free, while 14 demonstrated substantial pain relief. Average arc of motion was 142 degrees and grip strength as compared to the contralateral side was 78%. 
None of the 16 patients demonstrated radiographic findings of SL instability at final follow-up. 
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Fig 9. Arthroscopic picture of left wrist with the camera in the 3-4 portal and the radiofrequency probe in the 4-5 portal. The scapholunate ligament after RFA 
is Scania is depicted by a yellow asterisk. (Copyright Michael Gottschalk, MD.) 


In patients with partial or complete tears with associated radiographic findings, a reduction of the SL interval is warranted. Furthermore, assessment of 
the DCSS is important, as this is a critical stabilizer of the SL articulation. The DCSS is a confluence of the SL, DIC, and dorsal capsule.'°’ Under 
fluoroscopy or arthroscopic control, percutaneous K-wires can be placed either holding or reducing the SL interval if malalignment is of concern. One K- 
wire is placed from the scaphoid to the lunate and another from the scaphoid to the capitate. A radiolunate K-wire may be needed prior to placement of SL 
and SC wires to ensure the lunate is in neutral alignment on the lateral x-ray. Pins can be placed into the scaphoid and lunate and used as joysticks to reduce 
the scapholunate joint if necessary. An 85% success rate in maintaining SL reduction has been reported in patients with a scapholunate interval that was 
greater than the unaffected wrist by 3 mm or less and in patients where the injury was less than 3 months old. Such injuries, even if not initially associated 
with obvious instability, can progress to scapholunate collapse if left untreated. Arthroscopic repair of the SL ligament with DCSS tightening via a 
capsulodesis has been shown to be successful in the treatment of partial and complete tears. 

For those who prefer an open approach for SL ligament repair, a dorsal incision centered over the carpus just ulnar to extensor pollicis longus. The third 
compartment is identified and opened. The second and fourth compartments may either be opened and replaced back or a subperiosteal dissection may then 
be performed. If the PIN is swollen, suggestive of a traumatic neuroma, a PIN neurectomy is performed. As the wrist capsule has numerous extrinsic 
ligaments with associated capsular reflexions, there are numerous proposed capsulotomies that may be used in an effort to either preserve the extrinsic 
ligaments of the wrist or to allow easy repair later. Berger et al. described the initial “sparing technique” that is commonly used today and longitudinally 
splits the DRC and DIC, respectively, in a triangular flap.*’ The identification of these ligaments can be used by palpating landmarks and fluoroscopy. 
More recently, Loisel et al. performed a randomized trial comparing the aforementioned approach to a “window” approach whereby the ligament fibers 
were not split.*®> The cadaveric study demonstrated worsened radiographic instability with the reference approach as opposed to the new “window” 
approach. However, it should be noted that one should not sacrifice exposure as an anatomic repair is paramount for normal carpal kinematics and that 
repair of the dorsal capsule back to the carpus is a critical component of the repair. Cadaveric studies have demonstrated that reduction of the scapholunate 
articulation is essential to the recovery of normal wrist kinematics after SLD. Soft tissue repair and reconstruction are popular because they attempt to 
restore the normal kinematics of the wrist, with current literature demonstrating superior results of direct ligament repair over ligament reconstruction for 
acute injuries. ”° Historical repair techniques used suture through drill holes to repair the ligament back down to bone. More recent advancements in suture 
anchor technology and suture augmentation have demonstrated the ability to directly repair the ligaments to bone in a much more facile approach. Results of 
primary open ligament repair by a dorsal approach are conflicting with some surgeons advocating a combined dorsal and palmar approach improves 
reduction and outcome. 

However, owing to the difficult nature in classifying injuries and the various outcome measures used to describe success and failure, no consensus has 


been reached, with most studies being case series as opposed to randomized trials. 


Subacute Scapholunate Dissociation 


Subacute SLD refers to a subset of patients who have had a delay in diagnosis and subsequent treatment. The injury pattern may be categorized as advanced 
as stage III as defined by Garcia-Elias. In short, it is possible that the ligament may be irreparable but typically without carpal malalignment on radiographs. 
As such, the addition of local tissue may be necessary if the ligament has retracted or is deficient and this decision is made intraoperatively. In cases where a 
ligament reconstruction is necessary, the injury is likely best described as chronic. 

In addition to open cases, arthroscopy plays an important role in scapholunate instability that is reducible and acute or subacute. As previously 
described, an arthroscopic dorsal repair capsulodesis can be performed using standard radiocarpal and midcarpal portals.?° This same technique can be 
used for patients whose volar ligaments are insufficient, using an accessory volar radial portal. 148 


KEY SURGICAL STEPS 


/ | Treatment of Subacute Scapholunate Dissociation: 


Regardless of approach (e.g., dorsal, volar, combined, or arthroscopic) an anatomic reduction of the scaphoid and lunate must be obtained. 

= Ligament-sparing approach should be used when possible to protect the secondary stabilizers of the carpus; make windows or longitudinally split 
the DRC and DIC in a triangular flap as described by Berger et al.!® 
Passage of SL and SC K-wires are per the surgeon’s discretion, depending on the quality of the repair. 

= Preplan placement of augmented tissue or suture (e.g., when making capsular flaps or performing ligamentoplasty). Use of K-wires of similar 
diameter to the drill for an anchor is of use if joysticks are necessary in the lunate or scaphoid. 


Capsulodesis and Ligamentoplasty (e.g., Blatt, Szabo, and Mayo) 


Many techniques have been described that use the carpal capsule or adjacent ligaments (e.g., capsulodesis or ligamentoplasty, respectively). Blatt technique 
(Fig. 44-40) uses a proximally based dorsal capsular flap that is retracted onto the scapholunate articulation and sutured as tightly as possible to the distal 
pole of the dorsal aspect of the scaphoid to act as a tether.?4?3t This flap can be added to the ligament repair process described earlier by placing 
nonabsorbable sutures from the lunate ligament remnant into the capsular tissue and then out through the scaphoid. One of the noted issues with the 
technique is that the scaphoid is fixed in extension without the ability to dynamically flex with the rest of the carpal articulations. This may present as loss 
of wrist flexion in long-term follow-up. Additionally, the scaphoid may continue to pronate with continued associated SL widening. 


Figure 44-40. Blatt technique of dorsal capsulodesis, with the scaphoid reduced a capsular flap is secured to the distal pole with an anchor. 


There are many other techniques that use adjacent tendons or ligaments. There are two common ligamentoplasties that have been described to help 
augment repair or reconstruction. The DIC ligamentoplasty was described by Szabo et al. in 2002 for chronic SL injuries and involves the transfer of the 
distal aspect of the DIC to the distal pole of the scaphoid.?*? In this prospective study, results demonstrated improvement in SL angle, deformity, and PROs. 
Theoretical advantages over the Blatt included lack of tethering proximally allowing movement of the scaphoid with the proximal row. An additional 
method, which uses the DIC is the Mayo Clinic ligamentoplasty, which is a slight modification using the proximal aspect of the DIC and transferring it to 
the lunate with augmentation of the SL repair.'”' Moran et al. included cases repaired with both Blatt and Mayo techniques, which demonstrated decreased 
range-of-motion postsurgery and inability to correct most patients’ pain.'”! Other studies have had more promising results. Megerle et al.!° recently 
evaluated the long-term results of 59 patients treated with dorsal capsulodesis and reported immediate short-term improvements in SL and radiolunate 
angles, although the capsulodesis was unable to satisfactorily maintain reduction over time, similar to Moran et al.!7! 

In cases in which the tissue is more attenuated and repair not possible with augmentation as above, reconstruction of the ligament may ensue. Although 
authors have recommended capsular tissue repair over the use of tendon for repair/augmentation, in cases with attenuation, adjacent tendon tissue may be 
warranted. Newer methods with synthetic suture may also be used. 

SL ligament reconstruction may also be performed using the SL axis method (SLAM). A centrally compressive force is applied through ligamentoplasty 
using centrally drilled tunnels allowing improved strength to both the volar and dorsal aspects of the joint. This technique has also shown promise for use in 
chronic injuries. In a small series of clinical cases, Lee et al. demonstrated only one failure of recurrent SL gap (7%) with wrist strength reported as 62% of 
the contralateral side and a mean SL angle of 59 degrees. 139 

Internal fixation for a period of 12 weeks is preferred, supplemented with a below-elbow cast. After cast removal, a splint is worn as muscle strength 


and joint motion are restored with the aid of physiotherapy as required. Return to work or sports is best delayed for a minimum of 6 months, with continued 
protection being used during sports activities. 


Bone-Ligament-Bone Reconstruction 

In stage III Garcia-Elias patients, as there is no radiographic malalignment, bone—ligament—bone reconstruction of the dorsal component of the SL may be 
an option.!7®255 There are multiple sources of potential graft including capitohamate, the foot, and iliac crest. More commonly, the capitohamate bone 
ligament bone construct is harvested given the limited donor morbidity with the standard wrist capsulotomy. A trough of the bone ligament bone is 
harvested with width wide enough to allow internal fixation. The scapholunate articulation is secured with K-wires as well as the scaphocapitate 
articulation. A small trough in the dorsal aspect of the scaphoid and lunate is then made to accept the donor bone ligament bone. The construct may be fixed 
with 1.0-mm screws or K-wires. The wrist is immobilized for an extended period of time, often up to 8 to 12 weeks in a cast. A CT scan may be ordered 
earlier to look for incorporation. This technique is excellent for dorsal reconstructions but does not address any palmar injuries. As such, it may be less 
suited for chronic injuries or those with substantial static deformities. 


ECRL Dynadesis Technique 


Similar to those techniques above, a tendon transfer through the distal pole of the scaphoid on to the FCR has been described. Peterson et al.!8” described 
the technique in 2010 as an alternative to those listed above as it allows near immediate recovery at 4 weeks after surgery. 


Chronic SLD Without Arthritis 


A chronic scapholunate dissociation refers to injuries where the injury occurred greater than 6 months ago and the ligament is likely not repairable. These 
injuries will include Garcia-Elias injuries stage III and IV. There are many techniques described to treat chronic scapholunate instability. Current techniques 
for ligament reconstruction include tendon weaves for dorsal and/or volar ligament reconstruction. Typically, this can be done with either allograft, free 
tendon autografts (e.g., palmaris), or an attached tendon graft (e.g., strip of extensor carpi radialis longus/extensor carpi radialis brevis/FCR) or as tendon 
flap. These techniques have been described both open and arthroscopically and can be technically challenging with associated morbidity and complications. 
The goal of each of these reconstructive techniques involves the addition of tissue to provide a collagen framework for future stability. Soft tissue 
reconstructions have several theoretical advantages that make them attractive alternatives to bony procedures. In contrast to arthrodesis, soft tissue 
reconstructions provide a greater range of intercarpal motion (Fig. 44-41). 


KEY SURGICAL STEPS 


,/ | Treatment of Chronic SLD Without Arthritis: 


Regardless of approach (e.g., dorsal, volar, combined, or arthroscopic) an anatomic reduction of the scaphoid and lunate must be obtained. 
Ligament-sparing approach should be utilized when possible to protect the secondary stabilizers of the carpus. 
Use appropriate K-wires as joysticks to help reduce the deformity (e.g., extend the scaphoid and flex the lunate to correct the pattern). 
Cannulated drills allow for ease of making bone tunnels while checking trajectory with a K-wire prior to drilling. Use of drills <3.0 mm is preferred 
because of the risk of fracture and AVN. 

LJ The tendon graft or weave should be about 2 mm wide to allow ease of passage. Stout suture may be added to improve construct stability at time 0. 


SL Axis Method 


SL ligament reconstruction may also be performed using the SLAM. This technique was described with promising early biomechanical, cadaveric, and 
clinical results.!°° A centrally compressive force is applied through ligamentoplasty using centrally drilled tunnels allowing improved strength to both the 
volar and dorsal aspects of the joint. In a small clinical series, Yao et al. demonstrated only one failure of recurrent SL gap (7%) with wrist strength reported 
as 62% of the contralateral side and a mean SL angle of 59 degrees.7®3 


Flexor Carpi Radialis Tendon Weaves (e.g., Brunelli and Modifications) 


Tendon weave procedures and tenodeses (Fig. 44-42) have been attempted with variable success. Wrist extensor or flexor tendon reconstruction procedures 
require placement of drill holes in the bone. 


Brunelli Technique (Original) 

The original FCR tendon weave was described by Brunelli et al.3? Here the FCR is harvested as a strip based distally. A volar to dorsal drill hole down the 
long axis of the scaphoid is performed. Current techniques allow a cannulated drill and K-wire to be used to aid the trajectory. The tendon is then passed 
through the tunnel and tethered on the dorsal aspect of the radius. This initial technique only corrects the scaphoid flexion moment arm and does not allow 
for synchronous motion with the proximal row. As such, modifications have been made to this technique and will be briefly described. Modifications to the 
Brunelli are as follows: 


e The FCR is passed to the lunate, back through the capsule and sutured on to itself as opposed to the dorsum of the radius (Garcia-Elias, three-ligament 
tenodesis®?), thereby not restricting wrist motion by removing the tether to the distal radius. 

e The exit point of the FCR is on the side of the scaphoid that articulates with the lunate. The graft is then passed through the lunate into the triquetrum 
and then back on itself (Ross modification!%). 

e The FCR is passed through a standard tunnel and then routed from dorsal to volar through the lunate and back on the volar structures reconstructing the 
dorsal and volar component of the SL. This can be done either open?” or arthroscopically assisted.*9 


D,E F,G 
Figure 44-41. A: Intraoperative photographs demonstrating clear disruption of the SL ligament with flexion of the scaphoid. B: A joystick K-wire was placed in the 
scaphoid to facilitate reduction. C: Significant force was applied to the joystick to ensure anatomic reduction. D: An FCR tendon graft was taken on the ipsilateral side 
through small transverse incisions E: This was secured to the lunate. F, G: Postoperative radiographs demonstrating the three-ligament tenodesis reconstruction 
technique and illustrating the reduction of the SL gap. A suture anchor was used to secure the FCR graft and a Blatt capsulodesis was performed over this 
reconstruction. 


Reduction and Association of the Scaphoid and Lunate 


In addition to the above techniques, open and arthroscopic means have been used to reduce the scapholunate interval and hold the reduction with a screw. 
These techniques use a cannulated screw along the rotation axis of the scaphoid and lunate. Fluoroscopy is often used in conjunction with open and 
arthroscopic techniques to ensure the screw placement is in the appropriate location. As this method has been described for chronic conditions with 
malalignment, joysticks are often used to help hold the reduction temporarily as the hardware is placed. As the technique does not call for a formal 
arthrodesis, loosening of the hardware and subsequent failure of the technique has been described with progression to 142 collapse arthritis. !*° 


360 Tenodesis (Open or Arthroscopic) 

In many instances, authors have advocated for both a palmar and dorsal reconstruction in patients with chronic SL dissociation to address the volar and 
dorsal insufficiencies.!°°-!!8!23 Ho et al. have described an arthroscopic-assisted technique using palmaris autograft in a 360-degree box-like manner. 108 
The chronic diastased SL is reduced holding the lunate to the radius and to each other with joysticks when necessary, outside of the ligament reconstruction 
area (e.g., distal scaphoid and triquetrum). Then once satisfactory reduction is obtained and confirmed either open or arthroscopically, two parallel K-wires 
are placed at the location of the SL origins from a dorsal to palmar direction. These are then overdrilled using a cannulated drill (either 2.4 or 3.0 mm, 
noting risk of fracture and/or AVN). The palmaris may be harvested through the volar incision and then whipstitched to allow passing of the graft. The graft 
is typically passed from dorsal to volar through the lunate and then volar to dorsal through the scaphoid. As described by Ho et al. the graft is then tied and 
secured outside the capsule. 108 
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Figure 44-42. Tendon weaves and reconstructions proposed by various authors. 


An alternative method described by Kakar et al.1?>1?3 involves putting the limb of the graft through the lunate twice and securing with biotenodesis 
screws. This permits reconstruction of the dorsal and volar SL ligaments as well as reconstructing the LRL, a key secondary stabilizer, when applicable. 
Through dorsal and palmar approaches, the carpus is reduced and a 2.5-mm bone tunnel is created within the proximal scaphoid from dorsal distal to volar 
proximal and a 3.0-mm bone tunnel placed perpendicularly through the long axis of the lunate. The tunnels are made in this way as the graft is passed from 
dorsal to volar through the lunate and volar to dorsal through the scaphoid and back through the lunate to correct any DISI deformity and reconstruct the 
dorsal and volar SL ligaments. Cannulated screws are then placed from dorsal to volar through the scaphoid and lunate, thereby securing the graft and 
enabling the passage of stout suture to be passed through their cannulations and tied palmarly. The volar limb of the graft and suture are then used to 
reconstruct the LRL and the dorsal limb of the graft is tenodesed to the distal pole of the scaphoid, thereby preventing a tether against scaphoid flexion. This 
provides immediate strength to the reconstruction and obviates the need for K-wires, thereby permitting the possibility of earlier range of motion. In a 
multicenter study of reducible SL instability, Logli et al. reported at a mean follow-up of 33.7 months (range 12.0-51.3), there was mean improvement 
regarding clinical, radiologic, and functional outcomes comparing preoperative to final postoperative values for the visual analogue score (VAS) for pain 
scale, QuickDASH, Mayo wrist score, PRWE, and SL gap and SL angle.!** Longer-term follow-up studies are needed. Others have demonstrated similar 
arthroscopic box reconstructions with favorable results.°°!08 


Anatomical Front and Back Reconstruction 
To improve our understanding of what ligaments are injured and need to be repaired with SL instability, Sandow et al. performed 3D computer 
reconstructions of the wrist to understand this process.7°” These include variable injury of the scaphoid trapezium ligaments, the long radiolunate, the dorsal 
scapholunate connection, and the connection of the lunate to the DIC. Reconstructing these ligaments using a combination of an ulnarly based strip of the 
FCR and a stout suture has been termed the anatomic front and back reconstruction (ANAFAB) technique.2°° 

The technique starts with an approach to the volar aspect of the scaphotrapezial joint. Here the FCR is harvested through multiple incisions using half of 
the tendon. In addition, a stout suture is placed in the volar aspect of the trapezium with an anchor. The combination of the suture and tendon is then passed 
down the axis of the scaphoid (similar to a Brunelli). This axis is created with a K-wire and cannulated 2.4-mm drill. Once the tendon is passed through the 
scaphoid, a dorsal to volar central lunate hole is drilled in a similar fashion to the techniques described above. The 1/2 FCR and stout suture are then brought 
through this hole and a reconstruction of the long radiolunate is then performed to the volar lip of the radius. Results are limited with the inventor presenting 
24-month data on 10 patients with an average SL gap of 3 mm and grip strength of 78% compared to contralateral side.7°° 


Partial Wrist Fusions for Chronic SLD 


Partial or complete fusion of the wrist may be required when: 


There is a fixed carpal deformity, for example, the rotational subluxation of the scaphoid or DISI deformity cannot be reduced. 
The degree of ligament disruption and retraction precludes repair. 

There are local degenerative changes of the radiocarpal and midcarpal joints. 

The demands and expectations of the patient include heavy lifting or repetitive loading. 


Of the partial wrist fusions performed for wrist instability, the scaphotrapeziotrapezoidal (STT) fusion is frequently recommended. The purpose of this 
procedure is to stabilize the distal scaphoid and thereby hold the proximal pole more securely within the scaphoid fossa of the distal radius. An SL fusion 
has also been described although limited bone contact and the stress exerted by the capitate onto the fusion site make this option less reliable. 

Clinical studies have shown that STT fusion is reliable and effective, giving pain relief and reasonable functional results. Scaphocapitate fusion may 
have similar results in the short term. However, in the longer term, degenerative changes in adjacent joints may be a problem. In addition, as most wrist 
motion during daily activities utilizes the dart-throwing mechanism, an RSL fusion with distal scaphoidectomy, and triquetral excision may be a promising 
option. This procedure requires a healthy midcarpal joint for success. 

Young, active patients with chronic instability and severe arthritis can be treated with excision of the scaphoid and a four-corner fusion with arthrodesis 
of the capitate, lunate, hamate, and triquetrum. In severe cases, total wrist fusion is a reliable option for pain relief with a predictable loss of wrist motion. 

STT fusion can be performed arthroscopically or through a transverse incision centered over the STT joint or through the universal longitudinal incision. 


Authors’ Preferred Treatment for Scapholunate Dissociation 


Acute Scapholunate Dissociation 

Our preferred technique for acute SLD is based on patients with an acute stage I or II SLD as described by Garcia-Elias (e.g., full repairable tear with no 
carpal malalignment). As not every surgeon is facile with arthroscopy or has arthroscopic equipment we will describe both open and arthroscopic 
techniques for each injury, yet our preference is to perform these arthroscopically. 

For the open technique, a standard dorsal approach to the carpus is undertaken. This includes a longitudinal incision centered over the third 
metacarpal and Lister tubercle. Under loupe magnification, a no. 15 blade is used to make the skin incision. Tenotomy scissors are then used to create 
radial and ulnar flaps down to the extensor retinaculum. It is wise to identify and protect branches of the superficial branch of the radial nerve and the 
dorsal ulnar sensory nerve and leave these within the skin envelope. A self-retainer may then be placed to aid exposure. The third compartment is then 
identified and opened followed by mobilization and retraction of the second to fifth extensor compartments. Once the capsule is exposed, the bony 
landmarks of the DRC and DIC must be palpated and drawn out. Either the window approach or the Berger ligament-sparing approach can be used 
here. If planning on doing a ligamentoplasty for augmentation one must plan their capsulotomy accordingly if performing a Szabo or Mayo 
ligamentoplasty. When performing the capsulotomy care must be taken as there is a capsular reflection of the SL on the capsule itself and it is easy to 
accidentally injure the ligament at this point in the case. Once the capsule has been reflected back the wrist can be flexed and an axial distraction force 
applied to inspect the dorsal, membranous and palmar components of the SL. Most often, the SL ligament is torn off the scaphoid, but still attached to 
the lunate. In rare cases, avulsion from the lunate or an oblique tear will be seen. Reduction of the lunate and scaphoid is performed with K-wire 
joysticks inserted in a dorsal to palmar direction. The rim of the proximal scaphoid is freshened to the subcortical bone with a fine rongeur to facilitate 
ligament healing. Ideally, high-speed burrs should be avoided as thermal necrosis may occur. When the ligament remains attached to the lunate, 
intraosseous anchors are inserted into the proximal aspect of the scaphoid. The anchors are placed in such a position that the suture lies in a slightly 
oblique direction in order to resist the rotational forces between scaphoid and lunate. The sutures attached to the anchors are placed in the SL ligament 
in a palmar to dorsal direction. If anchors are not available, drill holes in the scaphoid are required to allow direct attachment of the ligament onto the 
scaphoid. When the sutures are positioned, the scaphoid and lunate are reduced with joysticks and held in the reduced position with K-wires. One or two 
0.045-inch K-wires are placed from the scaphoid to the lunate and another from the scaphoid to the capitate. These are cut below the skin but palpable 
for easy retrieval in the office. The sutures are tied and the needles are left on at this point in time. The decision to augment the SL repair is then made 
and in most cases a Mayo ligamentoplasty is performed shifting half of the proximal aspect of the DIC to the lunate with a separate anchor. At this point 
in time, nonabsorbable suture is then placed to repair the capsule which is a critical part of the closure. A forearm cast is applied and retained for 8—12 
weeks, at which point the K-wires are removed. 

We prefer to use the arthroscopic approach to the acute and subacute SL injuries. 148225 Using standard 3—4 and 4-5 portals, the radiocarpal joint is 
inspected and any dorsal synovitis debrided out. The ligament of tested is then used to localize the SL ligament, and the integrity is assessed with a 
probe. Next, starting with the midcarpal ulnar (MCU) portal, the scope is introduced and this portal is the primary viewing portal through the procedure. 
The midcarpal radial (MCR) portal is then made directly in line with the SL articulation. The SL is then assessed with a probe, seeing if it can penetrate 
the articulation. If it can rotate volarly or dorsally, or both, this helps to decide the location of the capsulodesis and repair. If the scope can drive through 
the articulation, then a consideration to an arthroscopic reconstruction is performed if there is trouble with the maintenance of the joint reduction. In the 
case of dorsal ligament injury, we use two 22-gauge needles loaded with 2-0 PDS, passing them from the 3—4 portal through the ligament and capsule 
into the midcarpus, each one retrieved out the MCR portal. One is passed radially and one passed ulnarly. Then a 2-0 braided nonabsorbable suture is 
then passed with the radial and then ulnar PDS sutures, enabling a looped suture out radially and the two ends out ulnarly in the 3—4 portal. This is then 
tied with a modified Nice knot to secure the dorsal capsulodesis and SL repair. This same technique is done for volar ligament injuries, using a volar 
radial portal instead of the 3—4 portal. 


Chronic Scapholunate Dissociation 


In patients with a stage III or IV SLD as described by Garcia-Elias, we prefer a 360-degree reconstruction. For the open technique the prior dorsal 
exposure may be used to evaluate the SL ligament. As opposed to the acute section, the SL diastasis must first be fixed by the placement of joysticks in 
the distal aspect of the scaphoid and central aspect of the triquetrum (e.g., avoid the lunate so as to allow placement of the graft). The joysticks should 
allow extension of the scaphoid and flexion of the triquetrum-lunate. The deformity can then be temporarily pinned including the lunate to the radius 
and SL and SC articulations. K-wires utilized typically are 0.045 inch in this instance and are checked under fluoroscopic imaging. Then the parallel 
guidewires are placed from dorsal to volar in the proximal aspect of the scaphoid and lunate. If there is DISI deformity, the scaphoid bone tunnel is 
drilled from dorsal distal to volar proximal. At this point prior to drilling an extended carpal tunnel approach is employed. This uses an ulnar-based 
Bruner incision at the wrist crease to avoid the palmar cutaneous nerve. Dissection is carried down to the palmar fascia and antebrachial fascia which is 
incised while harvesting the palmaris longus (autograft) or use of plantaris allograft. It is critical that at least 15 cm of graft is used and is no more than 


2.5 mm wide. The palmaris is then prepared and whipstitched with looped suture when available. The transverse carpal ligament is then released and the 
carpal contents can be retracted with an army-navy or right-angled retractor. The K-wires can then be advanced from the scaphoid and lunate. The 
appropriate-sized cannulated drill can then be utilized allowing for clearance of the volar soft tissues to aid passage of the graft. It is recommended to 
leave the K-wires to help identify the bone tunnels. The graft is first passed from dorsal to volar through the lunate and then volar to dorsal through the 
scaphoid. A final pass through the lunate is then performed and the graft tensioned. Biotenodesis screws that are cannulated are then placed to hold the 
graft. A stout synthetic suture can be passed from volar to dorsal in a similar fashion and tied volarly. If necessary, this can also be used to help augment 
the LRL. The dorsal limb of the graft is tenodesed to the distal pole of the scaphoid with a suture anchor to prevent scaphoid flexion. Depending on the 
ease of reducibility of the SLD K-wires may be removed (e.g., easily reducible) or retained under the skin for more difficult chronic cases. The patient 
is typically casted for a period of 6 weeks with formal therapy being prescribed after cast removal. 

In an effort to reduce soft tissue stripping and the secondary stabilizers of the wrist, the arthroscopic version of the above procedure may be 
preferred as described by Ho et al.!*” This technique is done using the standard 3—4 and 4-5, as well as MCR and MCU portals for the arthroscopic 
assessment, then combining the 3—4 and 4—5 portals, but keeping the capsule intact. A volar radial portal is created as well. The lunate and scaphoid are 
drilled in parallel from dorsal to volar using a cannulated 2.0-mm and then 2.5-mm drill. A palmaris graft is then shuttled from dorsal to volar through 
each hole, tied together volarly. We modified this technique by also including a suture tape, wrapped dorsally and tied volarly, while also burying the 
limb of the graft going through the lunate to the volar and radial aspect of the distal radius with a suture anchor to re-create the LRL. 


Potential Pitfalls and Preventive Measures 


Scapholunate Dissociation: 
PEARLS AND PITFALLS 


e Using a classification system to address several parameters of SL instability is important, such as Larsen system or SCARCE acronym. 

e Anatomic reduction of the scaphoid and lunate is important; residual flexion of the scaphoid or extension of the lunate will end in progressive 
arthritis. 

e Arthroscopic procedures reduce soft tissue stripping and scar formation. 

e If using bone tunnels, precise placement is critically important. 

e Tendon weaves utilizing bone tunnels greater than 3.0 mm have high risk of carpal fractures and AVN; recommended using as small as possible 
and keeping tendon graft less than 2.5 mm wide. 

e Tethering tendon weaves, ligamentoplasties, or capsulodesis often will reduce carpal arc of motion. 

e Augmentation of repairable tissue may increase repair stiffness and increase chances of healing; those that do not tether the carpus are preferred to 
allow for proximal and distal carpal row synchronous motion. 

e Outcomes after SLD remain guarded owing to the complexity of the injury. 

e Newer arthroscopic methods may reduce damage to secondary stabilizers of the wrist. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO SCAPHOLUNATE DISSOCIATIONS 


To Scapholunate Dissociations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


SLAC wrist 

Chronic regional pain syndrome (CRPS) 
Infection 

Neuroma 

Graft failure 


Complications arising from SLD can significantly alter the patient’s outcome. To date most studies reporting the outcomes and complications following SL 
repair or reconstruction are case series or reports with relatively short follow-up. Montgomery et al. performed a systematic review of 805 chronic SL 
injuries.'”° In their study, the most common complications were weighted and reported as an average. These included progression to SLAC (8.4%), CRPS 
(2.6%), infection (1.9%), neuroma (1.9%), fixation or graft failure (4.3%), and conversion to salvage (5.4%). Complications not reported in this paper 
include procedure-specific complications. For instance, the reduction-association of the scapholunate has demonstrated a high rate of failure and screw 
cutout.!°° Similarly, with most tendon weaves and bone tunnels there is a high risk of AVN of the carpal bones as well as fracture from the large bone 
tunnels. Tunnels less than 3.0 mm are recommended. As demonstrated, SLAC progression remains the highest risk owing to failure of repair. The next 
section will address how to manage the various aspects of a SLAC wrist. 


SLAC Wrist 


The major issues associated with SLD and instability are that in certain cases the ligament is not repairable, any residual carpal malalignment may not be 
reducible, and the joint has subsequently developed arthritis. The progression to arthritis has been well studied and reported on by Watson and Ballet.7°4 
The stages of SLAC wrist include the following: 


Stage I: Arthritis formed between the radial styloid and distal aspect of the scaphoid. Current treatment may include partial wrist denervation and 
styloidectomy (e.g., open or arthroscopically performed). 
Stage II: Arthritis now formed in the entire scaphoid facet of the radius and scaphoid. Treatment options typically include PRC or partial wrist fusions and 


scaphoid excision. 

Stage III: Arthritis has additionally formed along the capitolunate articulation with sparing of the radiolunate articulation. A PRC is no longer a viable 
option without interposition. Scaphoid excision and partial fusions remain a good “salvage” option. 

Stage IV: Pancarpal arthritis has ensued. This stage is controversial and typically the radiolunate articulation is considered spared in SLAC arthritis. 
Pancarpal arthrodesis and a total wrist arthroplasty are the two options. 


FUTURE DIRECTIONS RELATED TO SCAPHOLUNATE DISSOCIATION 


Although much controversy surrounds scapholunate injuries and their treatments, substantial knowledge has been gained since the original description by 
Linscheid and Dobyns. Currently, scientists are working hard to build synthetic ligamentous tissue that may be used in repair/reconstructions in the future. 
Additionally, as our understanding of the ligament injury evolves and with ever improving arthroscopic techniques, we may be able to tailor our treatments 
and target repair or reconstruction of specific ligaments. To date, no one treatment method has demonstrated superiority and it is clear that further research 
will be needed in this area of wrist pathology. 


LUNOTRIQUETRAL DISSOCIATION 


INTRODUCTION TO LUNOTRIQUETRAL DISSOCIATION 


LTD includes sprains, partial, or complete ligament tears, as well as part of the spectrum of perilunate or reverse perilunate dislocation, or in association 
with ulnocarpal impingement, HALT lesions and TFCC injuries.'©° Lunotriquetral ligament injuries are less frequent than scapholunate ligament injuries. 
LTD can lead to potentially devastating changes to carpal kinematics, especially if it advances to the stage of a VISI deformity. Even without this 
progression, the patient may develop chronic ulnar-sided pain and ongoing disability. 

The mechanism of an isolated LTD has been recently described as the first stage of a reverse perilunar type injury.!”® This is typically where the wrist is 
hyperextended, radially deviated, and pronated. However, these injuries in isolation do not present with deformity. This is because the lunotriquetral joint is 
inherently stable, more so than the scapholunate joint, and it seems that associated ligament damage to the dorsal radiotriquetral ligament or palmar 
ulnocarpal ligaments must be present before severe fixed deformities occur. 


ASSESSMENT OF LUNOTRIQUETRAL DISSOCIATION 


Signs and Symptoms of Lunotriquetral Dissociation 


Patients present with a history of injury associated with ulnar-sided wrist pain, worse on activity. Some patients describe a clunking sensation when the 
wrist moves from radial to ulnar deviation. Clinical signs are often diffuse, although tenderness is often present directly over the lunotriquetral joint, and 
ballottement of the unstable triquetrum may be possible. Stress provocation tests of the joint including compression, ballottement, or shear may be present, 
with the most sensitive test to diagnose LTD the lunotriquetral shear test. 


Imaging of Lunotriquetral Dissociation 


Primary assessment uses standard wrist radiographs and stress radiographs; however, one of the major issues with diagnosing LTD is that many patients 
have normal radiographs, with findings often subtle and dynamic, although stress-induced deformity is less frequent than with SLD. 
The following may be found with an LTD: 


e Disruption of Gilula lines on the PA view indicative of an altered intercarpal relationship 
e A static VISI deformity on the lateral view (Fig. 44-43) 
e Associated fractures, for example, a hamate fracture 


Secondary imaging modalities may be required. Wrist arthrography is not a reliable diagnostic tool, but videofluoroscopy can be helpful. Arthroscopy 
has become the most important diagnostic tool for confirming the presence and degree of LTD, with views of the radiocarpal and midcarpal joints allowing 
visualization of the scaphoid—trapezoid—trapezium joint, midcarpal extrinsic ligaments, the capitohamate joint, and the articular surfaces of the carpal bones. 
Arthroscopic staging is applicable to SLD, LTD, and all other ligamentous dissociations. 


TREATMENT OF LUNOTRIQUETRAL DISSOCIATION 


The treatment of LTD remains similarly controversial as SLD. Currently the treatment options for LTD include conservative treatment, arthroscopic 
ablation, direct repair, reconstruction, ulnar shortening osteotomy, and arthrodesis. Some authors have advocated for conservative treatment in acute LTD. 
Injuries with minimal deformity can be treated with a below-elbow cast, however, as with most ligamentous injuries, timing to treatment may be imperative. 
If conservative measures fail, surgical intervention should be considered if the patient is symptomatic. 

Closed reduction and percutaneous internal fixation of the lunate to the triquetrum is indicated when there is displacement. Arthroscopy can be helpful 
in acute injuries to guide closed reduction and percutaneous pinning, with the arthroscope being placed in the radial midcarpal portal for this procedure 
because the alignment of the LT joint is much easier to evaluate from this point of view. Arthroscopic debridement with electrothermal treatment may also 
be beneficial. Ligament repair or reconstruction is also possible with an open repair or via arthroscopy.°° As the ligament is more stout volarly, advocates 
have suggested a dorsal and palmar repair as well. 

Indications for open surgery include failure of closed reduction with or without arthroscopy, when the LTD is associated with an angular deformity, or 
following unsatisfactory results from a previous treatment. An open repair should be attempted only when there are sufficiently strong ligament remnants 
present, when the ligament remnants have a reasonable healing potential, and when the LT relationship is easily reduced. This may be difficult to judge 
prior to surgery and as such a thorough discussion of potential reconstruction should also take place. Good-to-excellent results of open treatment have been 
reported in 50% to 87% of cases, although the literature in this area is sparse.7“9 


. A VISI deformity of the left wrist. Subsequent MRI confirmed LTD. 


Open reduction, repair of lax or damaged ligaments, and temporary internal fixation with percutaneous wires across the triquetrum and lunate left in 
place for 6 to 8 weeks has been described. Additionally, stout suture may also be used to augment repairs. All injured ligaments should be reattached and it 
is mandatory to correct any VISI deformity. The interosseous ligament repair is usually done through a dorsal approach, despite the palmar aspect of the 
ligament being stronger. Care should be taken to avoid injury to the dorsal sensory branch of the ulnar nerve. The fifth extensor compartment is opened and 
an ulnar-based retinacular flap is elevated. The ligament is more likely to be stripped from the triquetrum. Intraosseous bone anchors with attached sutures 
are used for reconstruction. Capsular flaps are useful for reinforcing the dorsal portion of such a repair or augmenting the dorsal radiotriquetral and dorsal 
scaphotriquetral ligaments. For late presentations with complete ligament disruption and no tissue for repair, ligament reconstruction using part of the 
extensor carpi ulnaris tendon is recommended. 

In fact, some authors have demonstrated that LT reconstructions with a strip of the ECU fair better.~'° For this technique the ECU may be harvested 
through two small incisions with a 2-mm graft. A standard dorsal ligament-sparing approach may be undertaken to gain access to the dorsal LT position. 
Here an angled bone tunnel may be drilled from the lunate exiting volarly with a trajectory toward the pisiform. A separate trajectory from the triquetrum 
aimed toward the exit of the lunate may then be drilled using a K-wire guide. These tunnels may be formed with cannulated drills. A volar ulnar incision 
between the neurovascular bundle and the flexors of the wrist may be needed to aid passage of the graft and drilling. A strip of the ECU is then passed deep 
to the capsule and retinaculum through the triquetrum from dorsal to volar. It is then passed volar to dorsal and back on to itself at the area of the triquetrum. 
Any deformity is then corrected, and interference screws are placed to hold the tension. Similarly, a stout suture may be used for augmentation if desired. 

In cases of recurrence and/or when soft tissue repair cannot control recurrent deformity, lunotriquetral joint fusion may be indicated, with or without 
accompanying denervation procedures. This may be done either open or arthroscopic assisted.”’ The joint is approached dorsally through a capsulotomy 
(e.g., Berger sparing approach). The LT articulation is identified, and the ligament is evaluated. If there is a substantial deformity, cartilage loss, or 
inadequate tissue for repair/reconstruction, the arthrodesis is confirmed. The articulation is denuded with a rongeur, curette, and burr. Bone graft from the 
distal radius may be utilized and a cannulated screw is then placed using fluoroscopic guidance. Owing to the small contact area and high stresses placed at 
the joint, nonunion may occur. 

In some instances where repair has failed and there is substantial ulnar positivity of the wrist, an ulnar shortening osteotomy may be considered. -°° This 
procedure can help tighten the extrinsic ligaments of the ulnar aspect including the palmar ulnocarpal ligaments. Additional procedures may be added such 
as arthroscopy, repair, reconstruction, or fusion if warranted. 

Ultimately the outcomes of surgical treatments for LTD have been disappointing. Shin et al. retrospectively reviewed 57 patients with isolated LT 
injuries.“ Patients underwent either direct repair, reconstruction with ECU, or arthrodesis. Although average follow-up was out to 10 years, the authors 
reported 5-year survivability from additional surgery. At 5 years after surgery, 31.4% of patients who had a reconstruction required additional surgery. This 
is in stark contrast to 77% and 78% for repair and arthrodesis, respectively. Despite these vast differences the PROs for each group were not statistically 
different. This is likely owing to the small numbers in each cohort. Substantial patient counseling should occur regardless of the method of treatment owing 
to the relatively high complication rates. 

In patients with LTD, this may be combined with hamate arthrosis. These hamate arthrosis lunotriquetral ligament (HALT) injuries can be associated 
with ulnar-sided wrist pain and are associated with a type II lunate. Treatment may include debridement of the proximal pole of the hamate, LT 
debridement, and pinning or ulnar shortening osteotomy. Many of these patients also require treatment of concomitant pathology such as injuries to the 
TFCC complex or other carpal ligament injuries. 


PERILUNATE DISLOCATION AND FRACTURE-DISLOCATION 


INTRODUCTION TO PERILUNATE DISLOCATION AND FRACTURE-DISLOCATION 


Perilunate dislocations and fracture-dislocations are the most common forms of wrist dislocation and encompass a spectrum of injuries, which can include 
both ligamentous and osseous disruption. These patterns have also been described as lesser and greater-arc injuries. In lesser-arc injuries the force is 
transmitted through the ligaments surrounding the lunate and carpus. In contrast, greater-arc injuries include those where the force is imparted on the bones 
and ligaments. In clinical practice, the prefix trans is commonly used to refer to associated fractures, whereas the prefix peri- is used to describe a 
dislocation.“ Perilunate fracture-dislocations (greater-arc injuries) are more frequently seen than perilunate dislocations (lesser-arc injuries) with the ratio 
reported to be 2 to 1, with displacement in a dorsal direction in 97% of cases. The epidemiology of these fractures shows a higher incidence in young men 
involved in high-energy trauma. Approximately 20% of patients are misdiagnosed at presentation and that delay between injury and treatment worsens the 
prognosis with neglected cases resulting in pain, weakness, stiffness, carpal tunnel syndrome, and posttraumatic osteoarthritis. The delay in diagnosis is 
often secondary to complex anatomy of the wrist and inadequate interpretation of radiographs. Owing to the significant amount of soft tissue disruption and 
deformity, prompt management and reduction is imperative. In cases where the injury is reducible, the patient should be made aware of the need for surgery 
and the potential for acute carpal tunnel syndrome. In those patients whose deformity is not reducible or who present with acute carpal tunnel syndrome, 
emergent surgery is needed. Although expedient management of these injuries improves outcomes as opposed to those that are substantially delayed, all 
patients should be advised regarding the severity of these injuries and the guarded prognosis. Late or missed diagnosis delays treatment, which is difficult 
and frequently less successful. 


ASSESSMENT OF PERILUNATE DISLOCATION AND FRACTURE-DISLOCATION 


Signs and Symptoms of Perilunate Dislocation and Fracture-Dislocation 


Patients are often young males who present secondary to a high-energy trauma (e.g., fall from height, motor-vehicle accident, sports). A high index of 
suspicion is necessary as approximately a quarter of presentations will be associated with a polytrauma, with 1 in 10 sustaining an associated upper limb 
injury and a potential distracting injury. Examination of the wrist will demonstrate tenderness, swelling, and possibly a marked deformity. In approximately 
16% of cases, the clinical presentation includes median nerve symptoms and signs,”’ but an ulnar neuropathy, arterial injury, or tendon disruption may also 
be seen. 

It should be noted that, if the deformity is left unreduced, neurovascular compromise may ensue and as such, patients should be monitored following 
these injuries. However, some perilunate dislocations may be seen several months or years after the initial injury owing to misdiagnosis or a delay in 
diagnosis. The patient is more likely to present because of increasing nerve symptoms or tendon rupture rather than because of the wrist deformity to which 
the patient has often become accustomed. 


Imaging of Perilunate Dislocation and Fracture-Dislocation 
Primary assessment uses standard wrist radiographs with the following appearances suggestive of a perilunate dislocation: 


Disruption of Gilula lines on the PA view is indicative of an altered intercarpal relationship 

“Spilled teapot sign” on the lateral view due to palmar rotation of the lunate and disruption of the lunate—capitate articulation 
Triangular appearance of lunate on PA radiograph secondary to palmar rotation 

Increased ulnocarpal translation 

Neutral PA and radial deviation radiographs recommended 

Defined as greater than 50% of lunate uncovering 

Some suggest this is seen in 80% of perilunate injuries 


Subtle signs of disruption may include loss of carpal height and increased intercarpal spaces. Approximately 16% to 25% of perilunate dislocations are 
missed initially, with lesser-arc injuries commonly overlooked because of the lack of an obvious osseous pathology and inexperience of the initial observer. 
It is essential to assess for associated fractures of the carpus and distal radius. As these fractures are often small avulsion injuries, advanced imaging such as 
a CT scan is necessary. Typically, this is recommended after reduction has been obtained, however in those that are irreducible it may be prudent to have the 
imaging prior to surgical intervention. 


Classification of Perilunate Dislocation and Fracture-Dislocation 


The most frequent systems for describing perilunate injuries include the Mayfield classification (see Fig. 44-35), and the greater- or lesser-arc injury 
patterns. 137 

As described by Mayfield, perilunate dislocations without fractures (e.g., lesser-arc injury) are characterized by a progressive disruption of capsular and 
ligamentous connections of the lunate to the adjacent carpal bones and radius. Ligament disruption typically begins radially and propagates around or 
through the lunate to the ulnar side of the carpus (Fig. 44-44). Classically, the distal row dislocates in a dorsal or dorsoradial direction followed by the entire 
scaphoid and triquetrum in pure perilunate dislocations or just by the distal portion of these bones in perilunate fracture-dislocations. SLD or LTD often 
persists even after relocation, with recurrence of instability common whether the injury involves one or both of the lesser or greater arc. It is important to 
define any associated ligamentous injuries such as lunotriquetral or SLD to prevent late carpal collapse. 

Perilunate fracture-dislocations (greater-arc injury) combine ligament ruptures, osseous avulsions, and various types of fractures (Fig. 44-45). The most 
common pattern of perilunate instability is the transscaphoid perilunate fracture-dislocation. The hand and distal carpal row usually remain intact, but the 
disruption pattern between the distal and proximal carpal rows is quite variable. In the transscaphoid fracture-dislocation, the distal scaphoid dislocates with 
the distal row leaving the proximal scaphoid and lunate in near-normal relationship to the forearm. Typically with these variants, the force is transmitted 
through the waist of the scaphoid and the SL is spared. However, in extreme cases both a scaphoid waist fracture and SL ligament injury maybe present. 
Fractures of the capitate, hamate, lunate, triquetrum, and radial/ulnar styloids can also occur. Fracture-dislocations are twice as common as a pure 
dislocation, with a large portion being dorsal transscaphoid perilunate fracture-dislocations.!°* In cases where the capitate is fractured, the capitate fragment 
is frequently rotated through 180 degrees. Both capitate and scaphoid fragments are devascularized by displacement, and this is known as the scaphocapitate 


syndrome. 
In cases where the perilunate injury is severe enough the lunate may be subluxated or extruded volarly. When this occurs the remaining carpus settles in 
to the radius similar to that of a PRC. In rare instances, the force is so great that even the palmar attachments (e.g., short and LRLs) are avulsed, allowing 


complete extrusion of the lunate. Several subclassification systems have been used to describe these types of occurrences. 
258 


One such classification system was put forward by Witvoet and Allieu. 
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Figure 44-44. Different types of perilunate dislocations and fracture-dislocations. 
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Figure 44-45. A, B: Radiographs of a transradial styloid perilunate dislocation. A fracture of the radial styloid is associated with carpal disruption. C, D: Fixation 
performed with stabilization of the styloid and K-wiring of the carpus in a reduced position. 


Perilunate Fracture-Dislocations: 
CLASSIFICATION OF WITVOET AND ALLIEU 


Grade Description 
I Lunate appears normally aligned 
H Lunate rotated palmarly <90 degrees 


HI Lunate rotated palmarly >90 degrees but still attached to the radius by its palmar ligaments 


IV Lunate totally enucleated without any connection to the radius 


Similarly, Herzberg suggested a three-stage classification. 100 


Perilunate Fracture-Dislocations: 
CLASSIFICATION OF HERZBERG 


Stage Description 

I Dorsal dislocation of capitate, lunate remains in fossa 

IIA Dorsal dislocation of capitate, lunate dislocated from fossa, rotated <90 degrees 
IIB Dorsal dislocation of capitate, lunate dislocated from fossa, rotated >90 degrees 


In stark contrast to the above classifications, Herzberg also described a perilunate injury that is not dislocated (PLIND).!°! In this subtype of injury, a 
perilunate type injury has occurred where there is injury to the SL and LT, but the carpus as a whole has remained reduced. In some cases, there are small 
avulsion injuries of the ligaments. Typically diagnosis and treatment can be performed with arthroscopy. 


TREATMENT OF PERILUNATE DISLOCATION AND FRACTURE-DISLOCATION 


Nonoperative management and delayed intervention of perilunate dislocations and fracture-dislocations have been shown to give poor results. Early 
reduction and operative stabilization are now recommended for most, if not all, cases. However, even when detected early, patients need to be warned 
regarding the severity of this injury, as the prognosis is guarded with a high rate of stiffness and posttraumatic arthritis. Poor prognostic indicators have been 
found to be manual workers, a poor initial reduction, or those patients managed with a combined volar—dorsal surgical approach. 

Prompt reduction reduces swelling, and decreases the potential risk of damage to the median nerve and vasculature of the wrist. Immediate closed 
reduction reduces any potential pressure on the median nerve, with the majority of patients experiencing resolution of their symptoms after closed reduction. 
Immediate median nerve decompression is not usually required but should be performed where there is no resolution of symptoms or when late symptoms 
develop. Severe or increasing median or ulnar neuropathy is always an indication for surgical exploration. 

As with most reductions, the difficulty of the reduction is directly correlated with the time it has remained unreduced. A patient should not leave the 
emergency department with a perilunate that has not been reduced. Complete relaxation under general or regional anesthesia is required. Unlike distal radius 
fractures, there is little to no role for local anesthesia as it is inadequate. The most commonly used method of closed reduction is the Tavernier maneuver. It 
consists of locking the capitate into the distal concavity of the lunate by combined axial traction and flexion of the distal row, followed by reduction of the 
capitate—lunate unit onto the radius by an extension movement, while externally applying a localized, dorsally directed force to the lunate to help reposition 
it. This is typically a two-person reduction and requires manual force in a relaxed patient as opposed to weighted traction. When the injury cannot be 
reduced by closed means, urgent surgical reduction in the operating room is required. When swelling permits, the surgeon will fix the perilunate at the time 
of the reduction, reducing the need for a second trip to the operating room. In these instances, a preoperative CT may be helpful in identifying associated 
fractures. Typically, the CT is not ordered until after the reduction has been performed as it is most useful when the anatomy is close to that of an uninjured 
wrist. 

The goal of surgery is to obtain an anatomic reduction of the carpus and stabilization. This can be done through arthroscopic or open procedures. 
Through an open dorsal approach, this allows good exposure of the proximal carpal row and midcarpal joint (Fig. 44-46). Often in transscaphoid perilunate 
fracture dislocation, there is comminution and bone loss at the scaphoid and bone grafting is often needed when the fracture is reduced and stabilized with a 
headless cannulated screw. If there are neurovascular problems, an additional palmar approach allows access for median nerve decompression or repair, 
vascular repair if required, and repair of the damaged palmar carpal ligaments such as the LT injury. This allows both intra-articular and extra-articular 
damage to be assessed and treated adequately. However, it should be noted that a combined approach can lead to complications (e.g., wound infection, 
flexor tendon adhesions) and possibly inferior functional results; however, most surgeons acknowledge that a combined approach is routinely employed for 
more severe injuries that are associated with a difficult reduction and/or median nerve symptoms. More recently, minimally invasive and arthroscopy- 
assisted techniques have been described, reporting comparable or improved outcomes when compared to traditional open approaches. 10? 


Figure 44-46. A, B: A lunate fracture dislocation on radiographs and CT. C, D: Stabilization was performed with retrograde screw fixation of the scaphoid, with 
reduction and percutaneous pinning performed under direct control. Additional K-wires can be inserted into the scaphoid and lunate to help with the reduction. 


Lesser-arc injuries, which are defined as being purely ligamentous, almost always require surgical intervention. There is currently a very limited role in 
nonoperative management in a cast. When treated closed without surgical intervention, there is an unacceptably high rate of carpal instability. The results of 
closed reduction and cast immobilization are unpredictable; loss of reduction is common, and carpal instability can persist despite extended casting. As 
such, the current recommendation for perilunate injuries is anatomic reduction and stabilization of the carpus owing to the high risk of late deformity. In 
some instances such as PLIND, the use of percutaneous K-wire fixation to stabilize the carpus after closed reduction is recommended and may be assisted 
with arthroscopic guidance.“"* This reduces the incidence of loss of reduction and enhances the healing capability of the intrinsic ligaments. Pin 
configuration for stabilization of the carpus is debatable. The most stable pattern is of a diamond configuration including the SL, SC, LT, and TC. Other 
options include just two pins including the SL and SC articulations. In some instances a pin from the radius to the lunate is also needed owing to the frank 
instability. The pins are usually removed at 8 weeks if left out of the skin, but wrist immobilization in a scaphoid cast should be maintained for a total of 12 


weeks after reduction. 
Most perilunate dislocations fall into the irreducible or unstable group. If reduction is not optimal or reduction cannot be achieved at all, then open 
exploration and repair is indicated. Some surgeons avoid K-wires owing to infection risk and stiffness, and advocate the use of temporary screw fixation. 
The prognosis for these injuries is guarded even with successful reduction and maintenance of intercarpal stability. Studies with longer patient follow-up 
have reported good patient satisfaction, but with high rates of loss of reduction and upward of 50% of posttraumatic arthritis.!* It is imperative to counsel 
patients at the time of surgery about the nature of their injury and the high risk for permanent impairment. 


Greater-Arc Injuries 


Similar to lesser-arc injuries, greater-arc injuries require an attempt at an immediate reduction. For similar reasons, this helps to reduce swelling and 
pressure on the neurovascular structures. Definitive treatment is by arthroscopic or open reduction and internal fixation, with anatomic reduction of the 
fracture fragments and repair of any associated ligamentous injuries. Cannulated screw fixation of the scaphoid is recommended, although there are some 
instances where K-wire fixation alone is possible. Again, stabilization of the lunotriquetral articulation is debated, although it is typically utilized for 
transscaphoid or transtyloid perilunate injuries to take tension off the repair. 

Most series report acceptable radiologic results, although the majority of cases have radiographic arthritis at longer-term review that does not seem to 
correlate with the outcome.!°* The incidence of posttraumatic arthrosis ranges from 7% to 92% with a mean of 38%.!°* Overall patient satisfaction is 
reported to be satisfactory with return to employment, although restoration of function is rarely complete with residual wrist stiffness and weakness of grip 
strength documented. 104 


Chronic Perilunate Dislocations 


Those injuries seen within 3 months are still potentially treatable by open reduction as long as no cartilage degeneration has already occurred, although 
treatment at this stage is often more difficult because of articular changes and capsular contracture, leading to inferior outcomes. Some advocate that ORIF 
should not be attempted beyond 6 weeks from injury. A good clue to the potential success of late reduction is gained by examining radiographs of the 
carpus under traction. An attempt at open reduction (by palmar and dorsal approaches), repair, and internal fixation should be offered if carpal bone 
realignment is feasible, because even in late cases results can be surprising. Kailu et al. reported outcomes in 10 patients treated with ORIF after a delayed 
or chronic presentation.+!8 Patient-rated clinical scores demonstrated good outcomes in most patients. Radiographic measurements remained in the normal 
range at final follow-up (90 months). 

Late problems such as carpal bone ischemia and ligament contracture nearly always require some type of salvage operation, such as a PRC or a total 
wrist arthrodesis. PRC usually provides satisfactory results when the capitate head and lunate fossa are preserved. With that said, when extrinsic ligaments 
have been injured, there is a risk of carpal translocation and as such the capitate may need to be pinned in place for a period of time to allow appropriate 
capsular healing in an anatomic position. 


Authors’ Preferred Treatment for Perilunate Dislocation and Fracture-Dislocations ( 


Perilunate dislocation 


Closed reduction 


Satisfactory reduction Irreducible 


Acute open reduction 


Neurologically intact Carpal tunnel symptoms + carpal tunnel release 


Acute decompression + surgical 


Lesser arc Greater arc management of perilunate injury 


Surgical management when appropriate 
(Arthroscopically assisted/dorsal/volar or combined approaches) 


Algorithm 44-2 Authors’ preferred treatment for perilunate dislocations. 


All patients with an acute perilunate injury should undergo immediate closed reduction. If a successful reduction can be obtained in a closed fashion the 
hand and wrist should be splinted, elevated with edema control measures and finger range-of-motion exercises initiated. If reduction cannot be obtained, 
then arthroscopic or open reduction is required. The goals are for an anatomic reduction and stabilization through either arthroscopic or open means. 

In patients with either a greater- or lesser-arc injury that is easily reducible, we prefer a dorsal midline approach centered over the third metacarpal 
and just ulnar of Lister tubercle. In cases where the reduction cannot be obtained through a dorsal approach or carpal tunnel symptoms are present, we 
then will combine the dorsal approach with a volar-extended carpal tunnel approach. Typically the extended carpal tunnel approach will have an ulnar- 
sided Bruner incision at the wrist crease to prevent contracture and to avoid the palmar cutaneous branch of the median nerve. With the exception of the 
potential need for a volar-extended carpal tunnel incision, the surgery is similar to that for treatment of SLD. When a volar approach is required, the 
palmar capsule should be examined either along its attachments to the radial rim or through the frequently damaged space of Poirier. Here, typically a 
transverse rent can be identified and imbricated for added stability (Fig. 44-47). In regard to the dorsal exposure, the third compartment is opened and 
the second and fourth compartments are normally elevated. Unlike SLD, it is common to identify DRC injuries which require subsequent repair at the 
end of the case secondary to avulsion off the radius. When not injured, the standard Berger ligament—sparing approach is used and the dorsal capsule is 
opened along its origin from the dorsal radial rim all the way to the triquetrum. Care must be taken when elevating the wrist compartments to identify 
the fifth compartment to avoid laceration. Once identified the DIC limb can then be opened creating a radially based triangular type flap. The proximal 
carpal row is examined and the ligamentous and fracture injuries are assessed. 

The lunate is typically the building block for stability and reduction. The lunate should be positioned collinear with the radius and capitate. A 
transarticular wire can be used from the radius to the lunate for stability. Similar to SLD it is useful to use joysticks to help control the proximal carpal 
bones. Typically a K-wire that is similar in size to the drill for an anchor is used in case repair is needed to that specific carpal bone. Reduction in a 
stepwise manner beginning at the lunotriquetral joint is then performed in a reverse Mayfield direction. Percutaneous K-wires are generally placed to 
hold the reduction and are often left in place for an extended period of time. A diamond-type figuration offers stout control over the midcarpus (Fig. 44- 
48). This is accomplished through feel and fluoroscopic guidance. Useful tips include a large bump to allow for various trajectories from the surgeon 
and double ended K-wires to use an inside-out technique (e.g., the K-wire can be placed from the wrist outward and then pinned back in place). 

Next, the capitolunate joint is aligned, confirming that the capitolunate axis remains collinear. The scapholunate joint is reduced. At this point in 
time, the carpus should be stable with the various K-wires implanted. If joysticks were placed first, they can then be removed allowing placement of 
anchors for fixation of ligaments. Once the carpal articular reductions are obtained, ligamentous repair can be performed when possible. Suture anchors 
may then be placed into the various areas required which may include the scaphoid, lunate, triquetrum, and distal radius depending on pattern of where 
the ligaments are torn. At this point, the capsule is then repaired stoutly and the wrist compartments replaced back in the retinaculum, which is then also 
repaired. K-wires are typically cut just below the skin and removed in 8—12 weeks depending on the type of injury. 

One of the best uses of arthroscopy is in the management of perilunate dislocations. Standard 3, 4, 6R and radial and ulnar midcarpal portals are 
made and the radiocarpal and midcarpal joints assessed for the nature of the chondral and soft tissue injuries. After an automatic washout technique, the 
wrist is taken out of the traction tower and hyperflexed over a bump to ensure the lunate is in neutral position. A 0.062-inch K-wire is then placed as a 
radiolunate pin stabilizing the lunate in neutral position under oscillate mode. Next, two 0.045-inch K-wires are each placed in the scaphoid and 
triquetrum aiming to the lunate. Another 0.045-inch K-wire is placed into the scaphoid aiming to the capitate and another within the triquetrum aiming 
at the hamate. The wrist is then suspended with minimal traction and the SL and LT joints reduced with an arthroscopic probe or joystick K-wires. The 
SL and LT are sequentially advanced into the lunate and the reduction and pin placement confirmed under arthroscopic and fluoroscopic control. At the 
same time, if needed, an arthroscopic dorsal?? and volar capsulodesis®®148 can be performed. 

When fractures are present, the order of fixation and technique may vary. For transscaphoid perilunates (greater-arc injury), the reduction can occur 
through the dorsal approach. Typically, the articulation with the capitate is used to help align the fracture. The fracture can then be temporarily 
stabilized with K-wires, and fixed with a cannulated screw either in retrograde fashion for distal fractures, or antegrade fashion for waist and proximal 
fractures. Autogenous cancellous bone graft from the distal radius or iliac crest is needed for comminuted scaphoid fractures. For those patients with an 
associated radial styloid fracture, either indirect fluoroscopy may be used for the reduction or the first and second compartments can be elevated form 
the dorsal approach. Typically, a percutaneous wire can then be placed and a cannulated compression screw used if the fragment is large enough. Other 
fractures should be treated in a similar fashion utilizing headless compress screws when possible to allow for early range of motion and less irritation. 
As there are many patterns, the surgeon must have all possible hardware options so that the injury can be addressed during a single trip to the operating 
room. 

These injuries can also be managed with arthroscopic assistance. As noted earlier, a standard radiocarpal and midcarpal arthroscopy and 
debridement is first performed. While scaphoid fractures can be reduced and stabilized arthroscopically, we typically perform a mini-open approach as 
described above for scaphoid reduction, bone grafting (when applicable), and screw fixation. The remainder of the procedure is performed as described 
in perilunate injuries with reduction and pinning of the carpus. K-wires are typically left buried under the skin for 8—10 weeks before being removed. 
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Figure 44-47. A volar exposure using an extended carpal tunnel release incision for access to the palmar ligaments associated with a perilunate. Notice the transverse 
rent about the space of Poirier. (Copyright Michael Gottschalk, MD.) 


= 


©MichaelGottschalkMDs 


— 


Figure 44-48. PA fluoroscopy demonstrating a “diamond” type of configuration for stout control of the midcarpus. If a single K-wire is used, it should be at least 0.54 
inch. (Copyright Michael Gottschalk, MD.) 


RADIOCARPAL INSTABILITY 


INTRODUCTION TO RADIOCARPAL INSTABILITY 


Radiocarpal dislocations are rare traumatic injuries that are seldom purely ligamentous. More commonly fracture-dislocations of the distal radius and carpus 
occur. These injuries often include palmar and dorsal Barton fracture-dislocations and radial styloid fracture-dislocations (e.g., typically large fragments 
with RSC attached). Less common are the purely ligamentous radiocarpal injuries that may result in a true ulnar, dorsal, or palmar dislocation of the wrist, 
with some missed as they may spontaneously reduce (F 1-49). Ulnar translation is the most frequent radiocarpal instability that is purely ligamentous. 


These injuries occur predominantly in young males and are often severe in nature. 


ASSESSMENT OF RADIOCARPAL INSTABILITY 


Radiocarpal instability may occur acutely, as with severe trauma, or it may develop gradually as a late sequela of a perilunate dislocation. In some instances, 


it may result from autoimmune destruction of the capsuloligamentous structures of the wrist (e.g., rheumatoid arthritis). In the acute setting, patients present 
after high-energy trauma with an obvious deformity to the wrist/hand. They complain frequently of wrist swelling, deformity, and extreme pain. Dorsal 
wrist swelling and tenderness are most noticeable at the radiocarpal level and are aggravated by wrist motion. Deformity may be due to an ulnar, dorsal, or 
palmar translation of the carpus. Most patients sustain an associated injury, such as a disruption to the ipsilateral distal radioulnar joint common. As such, it 
is recommended that a thorough testing of the DRUJ is undertaken at the time of surgical correction. 


Figure 44-49. Radiocarpal dislocation with torn radiocarpal ligaments. This injury requires K-wire stabilization and direct repair of the radiocarpal ligaments. 


Imaging of Radiocarpal Instability 


Primary assessment uses standard radiographs to detect displacement and associated fractures. Provocative stress tests may be required to demonstrate 
dynamic radiocarpal instability. In those patients with ulnar translocation of the carpus, the radiographic appearance is often dramatic with the lunate 
positioned just distal to the ulna and a large space between the radial styloid and the scaphoid (Taleisnik type I). If a perilunate injury is also present the 
lunate and triquetrum slide ulnarly, opening a gap between the scaphoid and lunate (Taleisnik type II). In some cases, the ulnar shift is subtle, and a decrease 
in the ulnocarpal index may provide the only clue to diagnosis. Chronic causes for ulnar translation include rheumatoid arthritis and in developmental 
deformities (e.g., Madelung deformity). 

To better define associated bony injuries, CT is recommended. To determine the extent of ligamentous disruption, MRI may be used but is not necessary 
in severe cases owing to the catastrophic failure of all extrinsic ligaments. 


Classification of Radiocarpal Instability 


Classification systems for radiocarpal instability/dislocations are few but help guide treatment. One by Dumontier et al. uses two categories.°° 


Radiocarpal Instability/Dislocations: 
CLASSIFICATION BY DUMONTIER ET AL. 


Type Description 


I Radiocarpal dislocation with no fracture, or a fracture of the tip of the radial styloid, when it is assumed that the radiocarpal ligaments are avulsed 
from the radius 


I Radiocarpal dislocation with a fracture of the radial styloid involving more than one-third of the scaphoid fossa, when it is assumed that the 
radiocarpal ligaments remain attached to the styloid process 


This system is important as with type I injuries, one must make sure to repair all the ligamentous structures about the wrist in addition to applying 
hardware to stabilize the wrist (e.g., wires, dorsal spanning plate, or external fixator). For type II injuries, it is possible to forego larger neutralization 
fixation for primary ORIF of the radial styloid/distal radius. As one would expect, this has significant implications for rehabilitation and postoperative 
outcome. 

An alternate classification, as described by Moneim et al.,!®° differentiates injuries based on associated intercarpal ligament damage: 


Radiocarpal Instability/Dislocations: 
CLASSIFICATION BY MONEIM ET AL. 


Type Description 
I Intact intercarpal ligaments 
Il A combination of radiocarpal and intercarpal dislocation 


This particular classification demonstrates the need to have a high suspicion for associated perilunate-type injuries that could have a significant effect on 
perioperative outcomes. 


TREATMENT OF RADIOCARPAL INSTABILITY 


Owing to the extreme nature of these injuries and the substantial gross deformity that ensures, dislocations of the radiocarpal joint require immediate 
reduction. If delayed, substantial compromise to the hand may occur from neurovascular compression. These injuries are typically easy to reduce but are 
very difficult to maintain with a splint. As such, surgery is almost always indicated. 

For type I injuries, the volar radiocarpal ligaments should be repaired using suture anchors to prevent secondary ulnar or volar translation. This approach 
may be accomplished through an extended carpal tunnel incision with release of the transverse carpal ligament. This allows access to and repair of the volar 
extrinsic ligaments, typically with suture anchors. In some instances, when there is an associated avulsion fragment from the distal radius, an ORIF is 
required. Specialty plates, pin plates, and devices are available to help capture these distal small fragments. As discussed, in type I injuries, added 
stabilization to neutralize the forces on the radiocarpal joint is recommended. This may be accomplished using percutaneous K-wires, or dorsal spanning 
plates or via external fixation. Concomitant intercarpal ligament injuries should also be repaired. Limitation of wrist movement of 30% to 40% of normal 
should be expected following radiocarpal dislocation. 

The use of a wrist spanning bridge plate offers several advantages over external fixators. First, the device can be maintained for months if needed as 
opposed to weeks like with an external fixator. Additionally, it is much better tolerated and allows for immediate use of the hand in polytrauma patients. 
This technique supports and protects the ligamentous repair and may prove easier with higher patient acceptance (Fig. 44-50). Rubensson et al. recently 
published their results of RSC and LRL tensioning in patients with posttraumatic radiocarpal instability.2°* Long-term outcomes were available in 14 
patients demonstrating markedly improved symptoms in all, with 4 patients symptom-free. The authors hypothesized that tensioning the volar ligaments 
closed the space of Poirier and improved stability. 

For those with a delayed presentation or diagnosis, ligamentous repair does not usually provide a good result. The most certain method of controlling 
possible recurrence of deformity is to carry out a partial or total radiocarpal arthrodesis. Radiolunate fusion is an appropriate technique for this situation, 
although the variation of joint damage may indicate radioscaphoid fusion in some cases and RSL fusion in others. The latter is usually indicated in the 
combination of radiocarpal and perilunate instability. 


c : D 
Figure 44-50. PA and Lateral radiographs depicting a radiocarpal dislocation with associated radial styloid fracture. Operative fixation included a dorsal spanning 
plate and volar ligamentous repair. (Copyright Michael Gottschalk, MD.) 


FUTURE DIRECTIONS RELATED TO CARPAL LIGAMENT INJURIES 


Although our understanding of carpal ligamentous injuries has grown over the last several decades, there is still much that we do not understand. Currently, 
no single treatment method has been determined to produce results that are superior to others. In addition, the inability to standardize classification systems 
and postoperative outcomes has hindered the interpretation of data given its heterogeneous nature. With that said, there continues to be substantial progress 
in the understanding and detection of carpal ligament injuries, owing to the improvement in advanced imaging, especially US and MRI. As the natural 
progression of most injuries remains elusive it is our hope that future investigations will determine those patients at highest risk of developing progressive 


carpal pathology. It is likely that improved surgical methods will be devised to treat these problems. The use of arthroscopically controlled techniques is 
increasing, but whether the results of treatment are improving is still debated. 

It is interesting to speculate whether an increasingly aging society will affect the diagnosis and management of both carpal fractures and instabilities. 
Currently, they mainly occur in younger patients, but with altering patient demographics, this may not continue, and a new set of challenges may emerge. 


Carpal Ligament Injuries: 


PEARLS AND PITFALLS 


e SLD is the most common pattern of carpal instability. 

e Accurate diagnosis of associated ligament injuries including the critical secondary stabilizers needs to be assessed to determine treatment. 

e Many factors need to be considered in the treatment of carpal instability including the other ligament injuries, chronicity, carpal alignment, nature 
of the cartilage, the completeness of injury, and the age and function of the patient in most acute cases. 

e For chronic scapholunate instability, reconstructions and partial or complete wrist fusion may be needed. As results are unpredictable, no one 
method is recommended or preferred. 

e Perilunate dislocation patterns include a considerable spectrum of sprains, fracture-dislocations, and instabilities. These injuries are complex and 
best treated by centers with high referral patterns. 

e Upto a quarter of perilunate dislocations are initially missed. 

e Perilunate dislocation and fracture-dislocations routinely require immediate reduction and operative stabilization. Patients should be monitored for 
acute carpal tunnel syndrome and vascular compromise. 

e LTD may result in disruption of Gilula lines on the radiograph. 

e Open repair of the lunotriquetral ligament is possible if the tissue quality is suitable and determined at the time of surgery. LT reconstruction with a 
slip of the ECU has demonstrated superior results to repair and arthrodesis. 
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INTRODUCTION TO HAND FRACTURES AND DISLOCATIONS 


Injuries to the hand, including fractures and dislocations, are among the most common musculoskeletal injuries to be treated in an emergency room setting. 
Accounting for 1.5% of all US emergency room visits, fractures of the upper extremity constitute a significant proportion of health care expenditures. 


Second only to distal forearm fractures, phalangeal and metacarpal fractures account for 12.5 and 8.4 fractures annually per 10,000 persons, respectively.!°! 


Studies have shown that fractures of the phalanx and metacarpal have a higher incidence in patients with lower socioeconomic standings.'°! In addition, 
patients in their second to fourth decade of life are more prone to hand fractures and have an incidence of 16.1 and 12.5 fractures per 10,000 persons for 
metacarpal and phalangeal fractures, respectively.!°! The incidence of fracture variation by sex is relatively similar, though prior studies have shown that 
males are more likely to sustain metacarpal and phalangeal fractures while females are more prone to distal forearm fractures.*! 

The mechanism of injury for upper extremity fractures can vary widely based on age and the location of the fracture. Sporting injuries have been shown 
to account for most phalangeal fractures in patients in their second and third decades of life. In patients aged between 40 and 69 years, industrial trauma is 
the leading cause of injuries.* Accidental falls are the leading cause in those over the age of 70.42 

Axial mechanisms often occur during sporting activities or after a fall from a height. The mechanism often results in articular fractures with a shearing 
component. Similar mechanisms can also account for interphalangeal joint dislocations, which often require immediate attention. When a rotational force or 
torque is applied to a digit, a spiral-type fracture often ensues which more frequently requires surgical attention owing to the malrotation of the affected 
digit. Crush injuries and industrial trauma have become less frequent with new automated machinery and increasing safety regulations at the workplace. 
Even so, when they do occur these injuries can be devastating. The mechanism of injury is responsible for determining the pattern of injury that ensues. 
Axial load, rotation, bending, and a combination of these forces can cause patterns of fractures requiring special attention. 

Given the multitude of combinations and types of hand fractures and dislocations, this chapter aims to consider each anatomic location separately 
starting from distal to proximal. Each section will cover associated injuries, classification systems, special imaging, outcomes, nonoperative and operative 
treatment algorithms, and surgical techniques. 


Distal Phalanx Fractures 


INTRODUCTION TO DISTAL PHALANX FRACTURES 


The distal phalanx is the most frequently fractured bone in the human body. It plays an important role in stabilizing the pulp of the digits to allow 
prehension and provide tactile feedback. In addition, the phalanx serves as an important foundation for the nail bed, germinal matrix, and nail plate. 


ASSESSMENT OF DISTAL PHALANX FRACTURES 


MECHANISMS OF INJURY FOR DISTAL PHALANX FRACTURES 


Often, distal phalanx fractures involving the tuft and shaft occur as a consequence to a crush injury or penetrating trauma such as saw injuries, frequently 
causing associated soft tissue disruption. Jamming injuries with axial load to the digit while playing ball sports such as football, baseball, softball, and 
basketball are associated with mallet injuries. Avulsion injuries of the flexor digitorum profundus (FDP), with or without volar base fractures, occur due to 
passive extension against an actively flexed distal interphalangeal (DIP) joint. This is often occurs in sports with “jerseys” and is commonly referred to as 
Jersey Finger. 


INJURIES ASSOCIATED WITH DISTAL PHALANX FRACTURES 


Due to the tight anatomic relationship of the distal phalanx and the surrounding soft tissues, disruption of the pulp and nail bed is frequent. Dorsal rim 
fractures of the base of the distal phalanx affect the function of the terminal tendon of the extensor mechanism. Volar rim fractures on the other hand most 
frequently occur as avulsion injuries of the FDP tendon. 


SIGNS AND SYMPTOMS OF DISTAL PHALANX FRACTURES 


Distal phalanx fractures can be exquisitely painful due to the high density of pain receptors in the pulp of the digit. Contained subungual hematomas can be 
especially painful. Distinction of soft tissue contusion and underlying fracture of the distal phalanx can be difficult based on physical examination alone. 
The presence of a subungual hematoma may increase the likelihood of an underlying distal phalanx fracture and this should clue the surgeon in to ordering 
radiographs of the digit. Penetrating injuries, such as saws or lawnmowers, to the tip of the finger frequently show significant deformity and bleeding. Soft 
tissue and bone substance loss is usually present. Extensor lag at the DIP joint is indicative of a mallet finger, while inability to actively flex the DIP joint 
suggests an avulsion of the FDP from the base of the distal phalanx. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DISTAL PHALANX FRACTURES 


Dedicated PA and lateral radiographs of the affected digit should routinely be obtained to confirm the presence of a fracture. Fluoroscopy images of the 
distal phalanx and DIP joint performed in the emergency department or clinic using a mini C-arm can be of great help in determining fracture geometry, 
alignment, and joint stability. 


CLASSIFICATION OF DISTAL PHALANX FRACTURES 


Classification of Distal Phalanx Fractures ( 


e Distal tuft fractures 
e Simple 
e Comminuted (Fig. 45-1C) 
e Central shaft fractures (Fig. 45-1B) 


e Stable (soft tissues provide stability) 
e Unstable (soft tissues disrupted sufficiently for phalanx to lose stability) 
e Proximal articular fractures (Fig. 45-1G) 
e Volar—avulsion of the FDP (Fig. 45-1F) 
e Dorsal—mallet fracture (Fig. 45-1D,E) 
e Type I: no DIP joint subluxation 
e Type II: DIP joint subluxation 
e Type III: epiphyseal injury 


OUTCOME MEASURES FOR DISTAL PHALANX FRACTURES 


Outcome measures for distal phalanx fractures include pain measured on the visual analog scale (VAS), arc of motion, radiographic healing and alignment, 
and complications.”®79 Crawford devised a classification system for mallet fingers with excellent results showing full extension, full flexion, and no pain. 
Good results are defined as less than 10 degrees of extension lag with full flexion and no pain. A fair result has an extension deficit of 10 to 25 degrees, 
some flexion loss, and no pain. Finally a poor result is defined as having persistent pain and an extension lag of more than 25 degrees. Warren and Norris 
rated outcomes of mallet fingers as success which is an extension lag of less than 5 degrees without stiffness and normal flexion, improved with an 
extension lag of 6 to 15 degrees, without stiffness and normal flexion, and failure with an extension lag of more than 15 degrees, stiffness or limited flexion. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO DISTAL PHALANX FRACTURES 


The distal phalanx articulates proximally with the middle phalanx of the digits and the proximal phalanx of the thumb. The DIP joint of the digits and 
interphalangeal joint of the thumb are stabilized on the radial and ulnar aspects by proper and accessory collateral ligaments. Volarly, they are stabilized by 
the volar plate. Distal to the volar plate the flexor pollicis longus (FPL) and FDP insert on the volar proximal third of the distal phalanx of the thumb and 
digits, respectively. The flexor tendon inserts onto the volar aspect of the proximal fifth of the distal phalanx starting 1 mm distal to the articular surface.°” 
The distal phalanx is covered proximally by the terminal extensor tendon and distally by the nail matrix.'* Volarly and distally, the distal phalanx is 
covered by the pulp (Fig. 45-2).!°! The distal phalanx can be divided into three anatomic sections: the tuft, shaft, and base. The tuft comprises the distal 
segment of the phalanx. The base is the proximal aspect of the phalanx that serves as the attachment site for ligaments. The shaft is the intermediate segment 
between tuft and base. 


Figure 45-1. Distal phalanx fracture morphologies. A: Longitudinal split. B: Transverse proximal shaft. C: Tuft (comminuted). D: Dorsal rim avulsion (bony mallet). 
E: Bony mallet with volar instability. F: Bony avulsion of FDP tendon. G: Complete articular base fracture. 


TREATMENT OPTIONS FOR DISTAL PHALANX FRACTURES 


For tuft and shaft fractures that occur as a consequence of crush injury, soft tissue disruption plays a key role in treatment. Furthermore, DIP joint 
subluxation and FDP disruption will determine the need for operative treatment in fractures of the distal phalangeal base. 


Germinal matrix 


Nail plate 
Sterile matrix 


Figure 45-2. Sagittal cross-sectional anatomy of the distal phalanx. The distal phalanx plays a key role in providing support to the nail plate and matrix. Septations of 
the pulp attach onto the volar and distal aspects of the distal phalanx. The FDP tendon attaches on the volar side and the terminal extensor tendon in the dorsal side. 


NONOPERATIVE TREATMENT OF DISTAL PHALANX FRACTURES 


Nonoperative treatment is reserved for closed fractures of the tuft and shaft that show adequate alignment. Furthermore, mallet injuries without volar 
subluxation of the DIP joint are ideally treated nonoperatively except for individuals who are not able to tolerate 6 weeks of splinting. 


Indications/Contraindications 


Nonoperative Treatment of Distal Phalanx Fractures 


Indications Relative Contraindications 
e Closed, stable, and aligned tuft fractures e Open, stable tuft, or shaft fractures 
e Closed, stable, and aligned shaft fractures e Individuals not able to splint continuously (e.g., surgeons) 


e Dorsal base (mallet) fracture without DIP subluxation 


Splinting 
Closed stable tuft and shaft fractures are treated with splinting over a 4- to 6-week period. Preferably, the DIP joint is immobilized in a removable volar 
thermoplastic splint. In the presence of a painful subungual hematoma, the nail plate is perforated with a heated 18-gauge needle, paper clip, or eye 
electrocautery under digital block. Open fractures involving the tuft and shaft of the distal phalanx are acutely irrigated and debrided in the office or 
emergency room under digital block. Rarely, is a formal trip to the operating room needed.”° Soft tissue injuries, including those involving the sterile 
matrix, are repaired with 5-0 or 6-0 absorbable suture on a noncutting tapered needle. The removed nail plate is repositioned to provide additional fracture 
stability and maintain the nail fold permeable. It can be secured beneath the nail fold with 4-0 or 5-0 nonabsorbable sutures. Careful inspection is needed in 
the days after to identify subungual infection or abscess. Sometimes, reduction of the nail plate is impossible due to trauma of the base of the nail plate and 
removal is the only choice. Fracture reduction is assessed on postprocedural radiographs. If satisfactory alignment is observed, the fracture is treated in a 
splint for 4 weeks. 

Mallet fractures are treated in a splint with the DIP joint in full extension over a 6-week period. Multiple splint configurations have been used for this 
purpose with no evidence of superiority of one over the other. Radiographic assessment of the digit is recommended after splinting to confirm adequate 
alignment of the fracture fragments and DIP joint. 


Outcomes 


Little has been published on the outcomes of nonoperatively treated distal phalanx shaft and tuft fractures. Anecdotally, these fractures heal uneventfully. 
Occasionally, nonunions are observed which in most instances are asymptomatic and do not require additional treatment. However, shaft nonunions 
requiring operative treatment have been described using bone graft and fixation.2!2979:108,163 

Nonoperative treatment of mallet fractures with preserved DIP joint alignment has shown consistently favorable outcomes, with invariable healing 
reported.°” Skin irritation is the most frequent complication and is in most instances transient.!”! It is generally accepted that DIP subluxation should prompt 
operative treatment owing to a painful dorsal prominence, lack of range of motion (ROM), and high likelihood for post traumatic arthritis.!°° However, 
Kalainov et al. studied 22 closed mallet fractures involving greater than one-third of the articular surface that were treated nonoperatively. They included 13 
patients with and 9 without subluxation. At an average of 2 years of follow-up, they found no significant differences with regard to residual pain or function. 
However, larger dorsal DIP joint prominences were reported in patients with subluxation and a swan-neck deformity was seen in one-third of patients 
without subluxation and almost two-thirds of patients with subluxation.?” As such, it is the general recommendation to correct subluxation of the joint with 


operative repair. 


OPERATIVE TREATMENT OF DISTAL PHALANX FRACTURES 


Indications/Contraindications 


Operative Treatment of Distal Phalanx Fractures: 


INDICATIONS 


Open tuft and shaft fractures 

Closed, unstable, and displaced shaft fractures 

Dorsal base (mallet) fracture with DIP subluxation 

Volar base FDP avulsion fracture 

Patients unable to tolerate continuous splinting (e.g., surgeons) 


Operative Treatment of Distal Phalanx Fractures 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Operative Treatment of Distal Phalanx Fractures: 


OR table LJ Regular bed with radiolucent hand board 
Position/positioning aids LJ Supine 
Fluoroscopy location LJ Mini C-arm entering from the operative side 
Equipment Suture instrumentation 

Power unit 


Kirschner (K-) wires (0.035 inches) 
Cerclage wire (26 gauge) 
Button 


Tourniquet LJ Digital tourniquet (finger from small size sterile glove) 


Positioning 

All procedures are performed with the patient in the supine position with the affected hand over a radiolucent hand board. In isolated injuries, a digital block 
is performed and a digital tourniquet is applied. Injuries affecting multiple digits are operated under regional block and either digital tourniquets or a 
pneumatic tourniquet is applied to the arm. 


Surgical Approach 


Acute closed tuft, shaft, and mallet fractures are preferentially treated with percutaneous techniques. Fractures with associated soft tissue injuries can 
frequently be visualized and manipulated through the soft tissue defect. When present, nail bed lacerations offer direct access to the fracture site. Exposure 
is optimized by nail plate removal. Volar base fractures routinely require operative fixation through a volar approach. Dorsal base fractures require open 
treatment through a dorsal approach in the setting of delayed treatment. 


Volar Approach for Volar Base Fractures 

Volar base fractures are best approached through a Bruner type incision. The incision is started at the apex of the pulp and directed proximally in a zigzag 
fashion to the level of the midshaft of the proximal phalanx. The neurovascular bundle should be identified and protected throughout the procedure. After 
identifying the flexor sheath, the A5 and C3 pulleys are incised to expose the avulsed fragment of the base of the distal phalanx which is usually retracted to 
the level of the A4 pulley.!*° Attachment of the FDP tendon should be confirmed. Avulsion of the FDP tendon off the bony fragment has been described. 
Tendon retraction to the PIP joint or palm may occur in this setting requiring further exploration proximally. 


Dorsal Approach for Mallet Fractures 


Mallet fractures are approached through a transverse or an H-type incision dorsally. A transverse incision is placed over extension crease of the DIP joint 
over a 10 to 15 mm length. Longitudinal incisions can also be made on each end of the transverse incision over a similar length if more exposure is 
warranted. A skin bridge of 5 mm should remain between the leading edge of the eponychium and the lateral incisions to provide perfusion to the distal flap. 
The extensor tendon should be identified proximally inserting into the base of the distal phalanx. Distally, dissection should be tangential to the plane of the 
extensor tendon to avoid injury to the germinal matrix. 


Technique 
Tuft and Shaft Fractures 


Closed Reduction and Pinning of Tuft and Shaft Fractures: 


KEY SURGICAL STEPS 


Closed reduction 
Pinning with K-wires 
Volar splint fixation 
Pin removal at 4 weeks 


If a fracture of the tuft and shaft involves significant cortical step-off or diastasis operative intervention is required. The fracture is reduced closed and 
pinned using 0.028- or 0.035-inch K-wires or an 18-gauge hypodermic needle (Fig. 45-3)!©? under fluoroscopic guidance. Fixation is protected with a volar 
splint. Pins are removed at 4 weeks. 

More proximal distal (PD) phalanx fractures may require temporary pinning across the DIP joint to maintain stability. Historically, antibiotics have been 
recommended for open distal phalanx fractures to reduce the risk of infection. However, Metcalfe et al. performed a meta-analysis that demonstrated that 
several level I evidence studies have shown that antibiotics do not reduce the risk of infection compared with controls in this subset of fractures. 13? 


Epiphyseal Fractures 


KEY SURGICAL STEPS 


,/ | Surgical Repair of Epiphyseal Fractures: 


Closed reduction when possible 

Dorsal approach if open fracture to remove nail bed from within fracture when interposed (e.g., pediatric Seymour fracture) 
Fracture reduction with wire as joystick 

Percutaneous retrograde pins or cannulated small screw 


Transverse fractures at the base of the distal phalanx most frequently occur in the pediatric population as epiphyseal fractures. They can also occur in a 
similar fashion in adult patients. Frequently, the proximal aspect of the nail plate dislocates superficial to the nail fold and the disrupted nail bed is 
interposed between the fracture fragments. Removal of interposed tissue is required to allow for fracture reduction. Because of the disruption of the nail bed 
and nail plate and the opposing pull of the terminal extensor tendon on the base of the epiphysis and the FDP tendon on the distal phalangeal segment, these 
injuries are intrinsically unstable and usually require K-wire fixation. Once stabilized, the nail bed is repaired and the nail plate reduced under the nail fold. 
Splinting of the digit with a volar gutter splint that includes the DIP joint is recommended until fracture healing, which usually occurs at 4 weeks after 


injury. If used, hardware can also be removed at 4 weeks. 
A, B l C, D 


Figure 45-3. Transverse distal phalanx shaft fracture. A: Injury posteroanterior view. B: Injury lateral view. Significant step-off requires anatomic reduction. C: 
Postoperative PA view. D: Postoperative lateral view. Anatomic reduction has been achieved. Fracture is stabilized with two transarticular Kirschner wires. 


Volar Base Fractures 


Open Reduction and Internal Fixation of Volar Base Fractures: 


KEY SURGICAL STEPS 


Volar approach with Bruner incision 
Fracture site debridement 

Fracture reduction with wire 

Secured with dorsal button 

Additional stabilization for large fragments 


Volar articular fractures occur most often in the setting of an avulsion fracture of the FDP. The ring finger is most frequently affected. Large avulsion 
fragments will remain distal to the flexor tendon sheath, thereby maintaining tendon length. These injuries are treated through open reduction and internal 


fixation (ORIF) through a volar approach using a Bruner incision. After fracture exposure has been obtained, the fracture site is debrided. The fracture is 
then captured with a wire run through the distal segment of the FDP tendon and pulled through the main phalanx segment dorsally and tied over a dorsal 
button (Fig. 45-4). An additional K-wire may be used for stabilization of larger fragments. Alternatively, small bone anchors or screw fixation can be used 
depending on fragment size. On occasion, the FDP tendon avulses with a small bony fragment with retraction of the tendon into the flexor tendon sheath. 
These injuries require urgent surgical treatment, ideally within 2 weeks of injury. 


Dorsal Base Fractures 


KEY SURGICAL STEPS 


,/ | Surgical Fixation of Dorsal Bony Mallet Fractures: 


Dorsal approach for chronic fractures, percutaneous for acute injuries 

Fracture site debridement for chronic injuries 

Correction of joint subluxation with transarticular wire 

Dorsal blocking wire placed in to middle phalanx (larger fragments may warrant a screw or tension band construct) 


In dorsal articular fractures, the terminal tendon is avulsed off the dorsal aspect of the distal phalanx with a fragment of the articular surface (bony mallet 
injury). The injury most frequently occurs when a bending force is applied onto the actively extended distal phalanx. The universal deformity resulting from 
a mallet finger is volar drooping of the DIP joint secondary to unresisted pull of the FDP tendon. In the presence of large dorsal articular fragments, volar 
subluxation of the distal phalanx may occur (Fig. 45-5). While it is commonly accepted that the risk of volar instability increases significantly in fragments 
involving more than one-third of the articular surface, careful radiographic assessment on optimal lateral views is always recommended. The use of 
fluoroscopy can be helpful.®° 

Dorsal base fractures are treated operatively in the setting of volar subluxation. In acute injuries, closed reduction with percutaneous pinning is used. 
Treatment has two key steps: (1) reduce the DIP joint and immobilize in slight extension; and (2) provide a block to proximal migration of the dorsal rim 
fragment. Applying a dorsally directed force onto the distal phalanx and placing a transarticular K-wire through the DIP joint in 5 degrees of extension 
achieves the first step. The second step is completed by placing a second K-wire into the head of the middle phalanx just proximal to the dorsal fragment, 
providing a block to dorsal and proximal migration (Fig. 45-6). Alternatively, the DIP joint can be reduced and immobilized with a pin placed volar to the 
distal phalanx into the middle phalanx. The dorsal fragment is then stabilized with a dorsal-blocking pin into the head of the middle phalanx and a second 
pin from the fracture fragment into the main segment of the distal phalanx (see Fig. 45-6). 
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Figure 45-4. Comminuted small finger distal phalanx fracture with avulsion of the FDP tendon. A: Injury lateral view. Note proximal migration of the volar rim of 
the distal phalanx to the level of the PIP joint. B: Volar approach. FDP tendon has been identified proximal to the A4 pulley. The main fracture has been 
percutaneously stabilized with a transarticular Kirschner wire. C: A grasping stitch has been placed into the distal stump of the FDP tendon and is being passed deep to 
the A4 pulley. D: A Keith needle is passed from volar to dorsal using a power drill. E: Pullout sutures are tied over a dorsal button. F: Postoperative lateral view. 
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Figure 45-5. Unstable mallet fracture, percutaneous reduction and fixation. A: Injury lateral view. Volar translation of the distal phalanx is noted with regard to the 
middle phalanx. B: The patient presented at 3 weeks from injury. A percutaneous Kirschner wire is used to release the fragment prior to reduction and fixation. C: A 
volar-blocking pin has been placed into the middle phalanx head, correcting the volar translation initially present. A second wire has been placed into the mallet 
fragment for subsequent fixation. D, E: The into-the-mallet fragment is advanced into the distal phalanx. A dorsal-blocking wire is placed just proximal to the mallet 
fragment to prevent proximal migration. F: Healed lateral view. 


Cases presenting in a delayed fashion may be reduced with percutaneous release of interposed soft tissues at the fracture site with a K-wire (see Fig. 45- 
5). If reduction is not successful, a formal open reduction through a dorsal approach as described above is performed. Once the fracture site has been 
debrided, the DIP joint is reduced and pinned with a transarticular K-wire. The dorsal fragment is then reduced with K-wires and an additional cerclage wire 
or suture construct (Fig. 45-7).°° Other authors have described the use of small claw plates to maintain reduction of the dorsal articular fragment, with 
results similar to those of extension block pinning. !8+183 However, these plates can be prominent causing deformity to the finger or nail. 


A B 


Figure 45-6. Unstable mallet fracture, percutaneous reduction and fixation. A: Injury lateral view. Mild volar displacement of the distal phalanx is noted. B: The joint 
is reduced and fixed with a transarticular wire. The mallet fragment is held in position with a dorsal-blocking pin placed into the middle phalanx. 
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Figure 45-7. Unstable mallet fracture, open reduction and fixation. A: Injury lateral view. Volar translation of the distal phalanx is noted. B, C: A dorsal approach 
was used to debride the fracture site. The joint is reduced and fixed with a transarticular wire. The mallet fragment is fixed with Kirschner wires and a tension band 


construct. 


Authors’ Preferred Treatment for Distal Phalanx Fractures ( ) 


Distal phalanx 
fractures 


Volar base: reduction 
Tuft and operative 
stabilization 


Dorsal base 
fracture 


Subluxation Joint 
of joint: alignment 
surgical maintained: 


Open: 
debride and 
pin 


Open: 
debride 
stabilization splint 


Dorsal cortex 
step-off: reduce, 
repair nail bed, 

and operative 

stabilization 


Very small 

fragments: Nondisplaced: 
reduce splint 

and splint 


Displaced: 
reduce 
and pin 


Large fragments: 
operative 
stabilization 


Dorsal cortex 


level: splint 


Algorithm 45-1 Authors’ preferred treatment for distal phalanx fractures. 


Postoperative Care 


Tuft, shaft, and dorsal base fractures are protected in a volar splint that immobilizes the DIP joint for 4 weeks or until hardware is removed. If K-wires are 
left prominent through the skin, daily cleaning with a cotton applicator and an antiseptic (e.g., betadine, hydrogen peroxide, and/or mixture with saline) is 
recommended until pin removal in the office. Pins cut deep to the skin are routinely removed under digital block using fluoroscopic imaging in the 
operating room or clinic setting. 

Volar base fractures are protected for 3 weeks in a dorsal-blocking splint. Pullout wire sutures are removed at 4 to 6 weeks,!® followed by progressive 
mobilization. 


Potential Pitfalls and Preventive Measures 


Distal Phalanx Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
e Pin-site infection © Cut pins deep to skin. If left percutaneous, perform daily cleaning with cotton applicator and antiseptic 
solution 
e Nail deformity e Careful dissection around germinal matrix; take care to avoid hardware irritation of the germinal matrix 
or nail bed. 
Outcomes 


Schneider reported satisfactory results in mallet fractures treated nonoperatively even in the setting of volar subluxation.!*! Furthermore, complications 
have been described in over half of operatively treated mallet injuries.!”! However, residual subluxation negatively affects clinical outcomes. Kalainov et al. 
reported on 22 mallet fractures with involvement of at least one-third of the articular surface that was treated with extension pinning. Best results were 
obtained in patients without residual subluxation. Prominence of the displaced dorsal fragment played an important role in patient dissatisfaction.” 
Regardless of method of treatment, both nonoperative and operative intervention provide similar results. A recent study by Yoon et al. analyzed the results 
of patients with greater than a 33% articular fracture and an associated mallet deformity.!°° Patients underwent either surgical extension block pinning or 
closed management in a splint. There was no statistical difference between groups in regard to ROM, residual extension lag, or Visual analog pain. 
Similarly, there was no difference as measured by Crawford’s criteria. Lastly, both nail deformity and dorsal prominence were not different across groups. 
The authors conferred that results are similar by method of treatment as long as there is no joint subluxation. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO DISTAL PHALANX FRACTURES 


Distal Phalanx Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Shaft nonunion 


e Dorsal prominence after mallet fractures 
e Digit hypersensitivity 


Bone grafting and compression screw fixation have been described with high rates of success for the treatment of distal phalanx shaft nonunions.”®108,128 


Similarly, the use of various constructs for repair of unstable fractures has been described.*° A retrospective study of single versus double K-wire fixation 
for unstable distal phalanx fractures evaluated healing rates and time to union. The study demonstrated no statistical difference in union status whether one 
or two K-wires were used, 77.7% versus 84.9%, respectively. However, the time to union was significantly shorter in the dual K-wire group by 3 weeks. A 
multivariate analysis demonstrated that the only predictive facture of nonunion was fracture gapping and not K-wire construct. 

Dorsal prominence after mallet fractures is most frequently seen after nonoperative treatment of injuries with volar subluxation of the DIP joint. While 
this does not affect ability to perform activities of daily living, it does play a role in the cosmetic appearance of the hand.9” More recently, with the use of 
miniature hook plates in the treatment of distal phalanx fractures, there is a higher predilection for nail bed deformity owing to the proximity to the germinal 
matrix with this larger construct. Vester et al. reviewed their case series and noted reasonable results in patient-reported outcomes but a high dissatisfaction 
as it related to nail plate deformities as described above.!®° 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO DISTAL PHALANX 


FRACTURES 


Distal phalanx fractures will continue to contribute significantly to the burden of injury to the hand given their high frequency. While open techniques with 
smaller implants continue to evolve, because of the smaller footprint on adjacent soft tissues, percutaneous techniques remain the primary method of 
management of these injuries. With a low risk of infection and due to the ongoing concern of emerging multiresistant microorganisms, evidence suggests 
that prophylactic antibiotics are not necessary for open distal phalanx fractures. While treatment of volar base fractures is an indication for operative 
treatment, controversy continues to exist with regard to optimal treatment of dorsal base fractures. 


Distal Interphalangeal Joint Dislocations 


INTRODUCTION TO DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Patients with DIP and thumb interphalangeal joint dislocations frequently seek treatment in a delayed fashion due to the seemingly benign appearance of the 
injury. The injuries are defined as chronic at approximately 3 weeks with dorsal dislocations being the most common. 


ASSESSMENT OF DISTAL INTERPHALANGEAL JOINT DISLOCATION 


MECHANISMS OF INJURY FOR DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Dorsal DIP joint injuries most frequently occur during sporting activities involving ball catching. The small finger is most frequently affected, followed by 
the ring and index fingers.*° In contrast, volar dislocations are caused by twisting or crush injuries. Up to 90% of volar dislocations are open, and frequently 
involve a fracture of the dorsal rim of the distal phalanx.?®36 


INJURIES ASSOCIATED WITH DISTAL INTERPHALANGEAL JOINT DISLOCATION 


DIP joint injuries have been described along with dislocations of the proximal interphalangeal joint and the metacarpophalangeal (MCP) joint of the same 
digit.91110,140,144 Additionally, DIP joint dislocations can occur in the setting of polytrauma and are at risk of going unnoticed until after the patient has 
recovered from other injuries.!54 

DIP joint dislocations may cause injury to the base of the distal phalanx and head of the middle phalanx. Furthermore, disruption of the FDP tendon and 
of the terminal tendon of the extensor mechanism can occur. Finally, skin and nail bed disruptions are frequent. 


SIGNS AND SYMPTOMS OF DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Closed injuries present with swelling of the distal digit with limited ROM. In most instances, sensation and perfusion remain intact. Both active and passive 
motion of the DIP joint is limited. Open injuries may present with exposed articular surfaces and tendons. After reduction, active flexion of the DIP joint 
should be checked to confirm integrity of the FDP tendon. Similarly, active extension should be confirmed to rule out disruption of the terminal tendon. 
Stability to varus and valgus stressing is also confirmed. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DISTAL INTERPHALANGEAL JOINT 
DISLOCATION 


Simple PA and lateral radiographs of the affected digit provide reliable assessment of the direction of dislocation and involvement of the bony anatomy. 
Dedicated fluoroscopy images of the DIP joint are helpful in providing additional detail of the injury and obtaining a “true” lateral view. Additional imaging 
is not routinely required. 


CLASSIFICATION OF DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Distal Interphalangeal Joint Dislocations: 
CLASSIFICATION SCHEMES 


e Volar versus dorsal 
e Open versus closed 

e Reducible versus irreducible 

e Simple versus complex (fracture-dislocations) 


OUTCOME MEASURES FOR DISTAL INTERPHALANGEAL JOINT DISLOCATION 


The literature on DIP joint dislocations is limited mainly to review articles and case reports. Outcomes are measured based on ROM and the occurrence of 
complications. 158288,138,193 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO DISTAL INTERPHALANGEAL JOINT 


DISLOCATION 


The DIP joint is a bicondylar hinge joint. Joint stability depends on the congruity of the articular surfaces and the joint reaction forces created by the 
balanced pull of the terminal extensor tendon dorsally and the flexor tendon distally. Proper and accessory collateral ligaments play an important role in 
stability in the coronal plane, while the volar plate resists extension of the joint. 

Most frequently, the DIP joint dislocates dorsally, invariably causing a proximal avulsion of the volar plate.3 Approximately half of dorsal dislocations 
are irreducible due to the interposition of several different structures. These include the flexor tendon, fracture fragments and, in the thumb interphalangeal 
joint, sesamoid bones.!:!5:62:82:88,138 Additionally, buttonholing of the head of the middle phalanx through the capsule has been described, as well as 
interposition of the volar plate.?° Dorsal fracture-dislocations are rare injuries and most frequently involve a bony avulsion of the FDP tendon, which often 
requires surgery.28 

Volar dislocations are more frequently reducible, though interposition of the extensor tendon has been described.®2:2° Disruption of the terminal extensor 
tendon and of the collateral ligaments with residual instability is more frequent than in dorsal dislocations.°° Fracturing of the phalanx base is also more 
frequent in volar dislocations. In this setting, the dorsal rim is fractured as a bony mallet injury. This should be differentiated from volar subluxation that 
may occur in large dorsal rim fractures.28:85 


TREATMENT OPTIONS FOR DISTAL INTERPHALANGEAL JOINT DISLOCATION 


The goal of treatment of DIP joint dislocations is to restore the normal anatomic alignment of the joint and surrounding soft tissues. In most instances, acute 
injuries can be reduced in a closed fashion. Open injuries, nonreducible dislocations, and those with significant bony injury or tendon disruption require 
open operative intervention. Open treatment is also indicated in patients with delayed presentation. In the authors’ experience, dislocations more than 1 
week following injury are less likely to be reducible in a closed fashion. However, successful closed reduction has been described within 3 weeks of 
injury. !®? 


NONOPERATIVE TREATMENT OF DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Dislocations of the DIP joint can be reliably assessed and treated under a digital block. Dedicated fluoroscopic images prior to reduction aid in determining 
the presence of associated fractures. 

An attempted closed reduction should be performed in all closed injuries. Care should be taken to obtain radiographs prior to attempting closed 
reduction. 


Indications/Contraindications 


Nonoperative Treatment of Distal Interphalangeal Joint Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Closed injuries © Delayed presentation (>1-3 weeks from injury) 
e Injuries with superficial skin wounds 


Closed Reduction 


In most instances of simple closed dorsal dislocations, gentle longitudinal traction and volar translation with flexion of the distal phalanx are successful for 
reduction. Simple volar dislocations on the other hand require traction, dorsal translation, and extension of the distal phalanx. If unsuccessful, axial rotation 
during the reduction maneuver may help in reducing interposed structures. Similarly, the digit and wrist can be flexed or extended to help take tension off of 
the offending structure causing the deformity which can aid reduction. Stability of the joint should be examined both in the coronal and the sagittal plane 
after reduction. Active DIP flexion should be assessed to confirm integrity of the FDP tendon. In addition, absence of an extension lag should be confirmed 
to rule out injury to the terminal extensor tendon. Postreduction images are obtained to confirm joint congruity. Stable reductions with intact flexor and 
extensor mechanisms are splinted in a volar gutter splint immobilizing the DIP joint in 20 degrees of flexion for dorsal dislocations and straight for volar 
dislocations for 2 weeks. Active motion is followed with a dorsal extension splint in 20 degrees of flexion for an additional 2 weeks. 


Outcomes 


Approximately half of dislocations are deemed to be unstable after closed reduction, thereby possibly requiring additional K-wire stabilization.” While 
specific data on outcomes after closed reduction are not available in the literature, anecdotally most patients recover functional use of the joint and for 
performing activities of daily living. However, residual stiffness of the DIP joint is common.*° 


OPERATIVE TREATMENT OF DISTAL INTERPHALANGEAL JOINT DISLOCATION 


Indications/Contraindications 


Indications for surgical treatment of DIP joint dislocations include open injuries, irreducible dislocations, fracture-dislocations involving more than 30% of 
the articular surface, and volar flexor tendon avulsion fractures. 


Preoperative Planning 


Surgical Treatment: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard 
Position/positioning aids LJ Supine, radiolucent hand table 
Fluoroscopy location LJ Mini C-arm coming in from the operative side 
Equipment LJ K-wires, power unit 
Tourniquet LJ Digital tourniquet 
Positioning 


As for most injuries affecting the digit, the patient is positioned supine with the arm on a radiolucent hand table. 


Surgical Approach 
Dorsal Approach 


A transverse or an H-type incision is recommended with the horizontal incision located on the extension crease of the DIP joint. Careful elevation of distal 
and proximal skin flaps is performed while preserving the terminal extensor tendon and germinal matrix. The joint is entered on each side of the terminal 
tendon. Interposed scar tissue is excised and interposed structures such as the volar plate or FDP tendon are reduced with the use of a small elevator. 
Following removal of any interposed structures, reduction of the joint should follow. In severe cases that are chronic, collateral ligaments may require wide 
release to aid reduction. 


Volar Approach 


A Bruner-type incision is performed starting at the tip of the pulp of the digit and extending proximally to the PIP joint flexion crease. In the dislocated DIP 
joint, the neurovascular bundles are tented anteriorly and are therefore at greater risk of being injured during exposure. Skin flaps should be elevated 
carefully. After the neurovascular bundles are identified, the A5 pulley is incised (if intact) and the DIP joint visualized. Interposed tissues such as the volar 
plate or FDP tendon are then relocated and the joint is reduced. 


Technique 
Unstable dislocations, open injuries, irreducible dislocations, fracture-dislocations involving more than 30% of the articular surface, and volar flexor tendon 
avulsion fractures require surgical treatment. Open injuries should be irrigated and debrided, followed by joint reduction. Irreducible dislocations can be 
approached via a dorsal or volar approach to allow for removal of the offending structure and reduction of the joint.!° In closed dorsal dislocations, 
interposition of the volar plate has been found to be the most frequent cause for irreducibility. Interposition of the FDP tendon has been found to most 
frequently block reduction in open dorsal dislocations.' Chronic dislocations, those having occurred more than 3 weeks prior to evaluation, will likely 
require wide release of the collateral ligaments to allow for mobilization of the joint prior to achieving reduction. If residual instability after initial reduction 
is unacceptable, placement of a 0.045-inch K-wire for a 3- to 6-week period is recommended. 

Associated fractures involving the base of the distal phalanx are addressed as discussed previously.’*!%? On rare occasions, significant impaction 
fractures of the volar rim may benefit from treatment with palmar plate interposition. 


Authors’ Preferred Treatment for Distal Interphalangeal Joint Dislocation ( 


Closed DIP joint dislocations seen within 1 week of injury are treated with attempted closed reduction. If presenting in a delayed fashion or if closed 
reduction was unsuccessful, DIP joint dislocations are treated operatively through a dorsal approach. After reduction (either closed or open), joint 
stability is assessed. If unacceptable, the joint is immobilized with a transarticular K-wire in neutral extension. If stable, the joint is splinted in neutral 
extension for volar dislocations and slight flexion of approximately 10-20 degrees for dorsal dislocations. 

Open DIP joint dislocations are managed with wound debridement and irrigation. Reduction of the joint is then attempted. If successful and the joint 
is stable after reduction, the digit is immobilized in a DIP joint splint as discussed for stable closed dislocations. If reduction is not successful or 
postreduction stability is unacceptable, surgical treatment is performed as discussed. For irreducible dislocations, a dorsal approach is also preferred, 
unless the volar wound is large enough to allow an approach through it. 


DIP joint 
dislocations 


Open: debride and 
repair tendon as 
needed 


Irreducible: open Unstable: 
reduction, operative 
Reducible: splint splinting Stable: splint stabilization 
or operative (e.g., transarticular 
stabilization pinning) 


Algorithm 45-2 Authors’ preferred treatment for distal interphalangeal joint dislocation. 


Postoperative Care 


Transarticular pinning of the DIP joint is protected in a volar splint leaving the PIP joint free. K-wire removal is performed at 4 weeks and followed by 
active ROM exercises. Injuries that are deemed stable after open reduction are splinted as discussed for closed dislocation. 


Potential Pitfalls and Preventive Measures 


Distal Interphalangeal Joint Dislocation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
e Neurovascular injury e  Preferentially use the dorsal approach 
e Recurrent instability e Examination under fluoroscopic imaging after reduction 
e Dorsal skin necrosis e Routine assessment of dorsal skin inside of splint. Prevent “blanching” of dorsal skin in position of 
immobilization 
Outcomes 


Chen et al. retrospectively studied 30 patients with 20 dorsal and 10 volar dislocations. Ninety percent of volar dislocations were open and 14 of 15 
irreducible dislocations were dorsal. Thirteen joints were unstable after initial reduction and required transarticular pinning. At a mean follow-up of 12 
weeks, the mean active ROM was 16 degrees for dorsal and 6 degrees for volar dislocations.” While motion loss was significant, this represented outcomes 
only 3 months after treatment. Abouzahr and Poblete reported on a patient who required open reduction of an irreducible dislocation. At 2 years of follow- 
up, ROM was 10 degrees of extension to 40 degrees of flexion.! Outcomes in pediatric patients appear to reach full ROM.!>!38 However, overall data on 
outcomes after DIP joint dislocations are limited. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO DISTAL INTERPHALANGEAL JOINT DISLOCATIONS 


Distal Interphalangeal Joint Dislocation: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Pin-site infection 
e Instability 
e Recurrent dislocation 


e Stiffness 


The most common complication after operative treatment of DIP joint dislocations is superficial infection of pin site. Local wound care and oral antibiotics 
usually suffice to control the condition until pin removal at 4 weeks. Even though the reported literature describes stiffness as a common finding after 
treatment of DIP joint dislocations, anecdotally, patients do not perceive significant limitation from it. Additional treatment is therefore not routinely 
needed. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO DISTAL 


INTERPHALANGEAL JOINT DISLOCATION 


DIP joint dislocations are relatively rare injuries that frequently present as open dislocations and in many instances cannot be reduced by closed means. A 
high level of suspicion should be present as injuries may clinically mimic a contusion to the digit. With adequate treatment, functional recovery is expected, 
though a measurable motion deficit is the norm. 


Middle Phalanx Fractures 


INTRODUCTION TO MIDDLE PHALANX FRACTURES 


The middle phalanx is the least frequently fractured phalanx of the hand.!° Shaft fractures are treated in a fashion similar to proximal phalanx fractures. 
However, given a less robust soft tissue coverage, closed treatment is in general preferred. Condylar and base fractures of the middle phalanx can lead to 
significant dysfunction of the proximal interphalangeal joint if treated inappropriately.!° 


ASSESSMENT OF MIDDLE PHALANX FRACTURES 


MECHANISMS OF INJURY FOR MIDDLE PHALANX FRACTURES 


Middle phalanx fractures can occur as a consequence of a multitude of injury mechanisms. These include indirect bending forces as seen during sporting 
activities, as well as direct forces with blunt and sharp trauma. Fractures involving the base of the middle phalanx occur either as avulsion injuries or from a 
combination of shearing and axial loading of the articular surface. Fractures of the dorsal aspect of the base of the middle phalanx typically occur as a bony 
avulsion of the central slip when a flexion force is applied to the PIP joint with the joint in active extension. In contrast, hyperextension injuries leading to 
dorsal dislocation of the PIP joint usually lead to an injury of the volar plate either as a purely ligamentous disruption or as an avulsion fracture of the volar 
lip of the base of the middle phalanx. Fracture fragments in this setting involve a small percentage of the articular surface. With forces more axially directed 
across the joint, larger percentages of the volar lip may be involved and impaction of the articular surface may occur. With significant energy and pure axial 
load, comminution of the entire articular surface ensues and these fractures are referred to as pilon fractures. 


INJURIES ASSOCIATED WITH MIDDLE PHALANX FRACTURES 


Like other phalangeal fractures, associated soft tissue injuries may be present in middle phalanx fractures, especially after direct trauma. Open injuries 
frequently have associated neurovascular injuries. Furthermore, disruption of both flexor and extensor tendons is frequently present in that setting. Dorsal 
rim fractures of the base represent a disruption of the dorsal extensor mechanism, and need to be treated as such. 


SIGNS AND SYMPTOMS OF MIDDLE PHALANX FRACTURES 


Swelling and deformity of the finger are frequently seen with middle phalanx fractures and patients will have limited ROM. Open injuries require careful 
assessment of neurovascular integrity of the digit prior to digital blockade with local anesthetic. Once anesthetized, flexor and extensor tendon function 
should be assessed. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR MIDDLE PHALANX FRACTURES 


Simple radiographic imaging with PA and lateral views suffices in most instances to establish the diagnosis. Fracture location and deformity will aid in 
understanding the deforming forces and later manipulation required for reduction if indicated. Joint congruity and involvement of the articular surface 
should be determined and quantified. Dedicated fluoroscopic imaging can be helpful in obtaining optimal articular images (Fig. 45-8). A fine-cut CT scan 
with sagittal reconstructions can provide valuable information about fragment size, geometry, and degree of impaction in complex base fractures (Fig. 45- 
9). 


CLASSIFICATION OF MIDDLE PHALANX FRACTURES 


Middle phalanx fractures are classified into those involving the head, neck, shaft, and base. Head fractures can occur as partial articular fractures in the 
setting of unicondylar fractures or as complete articular fractures in the form of bicondylar fractures. Neck fractures are transverse extra-articular fractures 
that occur proximal to the condyles. Base fractures are articular fractures of the proximal aspect of the middle phalanx. Partial articular fractures of the 
middle phalanx most frequently occur as dorsal or volar base fractures. Finally, complete articular base fractures are commonly termed pilon fractures. 


Middle Phalanx Fractures: 


CLASSIFICATION 


e Head 
e Unicondylar 
e Bicondylar 


e Neck® 
e Type I: undisplaced 
e Type II: displaced with some bone contact present 
e Type III: displaced without bone contact present 


e Shaft 
e Base 
106 


e Volar 
e Stable (<30% articular surface, stable in extension) 
e Tenuous (30-50% articular surface, stable in <30 degrees of flexion) 
e Unstable (>50% articular surface or stable in >30 degrees of flexion) 
e Dorsal 
e Pilon 


A 


Figure 45-8. Dynamic fluoroscopic images of a dorsal PIP joint fracture-dislocation. A, B: Lateral fluoroscopic images obtained in extension and flexion of the joint. 
Notice the dorsal V sign at the PIP joint. Flexion of the joint occurs as a hinge through the volar defect at the base of the middle phalanx as opposed to gliding seen in 
normal PIP joint kinematics. 


OUTCOME MEASURES FOR MIDDLE PHALANX FRACTURES 


Outcomes for middle phalanx fractures are assessed by ROM at the DIP and PIP joints (e.g., total active motion [TAM]), pain measured on the VAS, and 
grip and pinch strength.*>2749.87,141,142,188 Furthermore, assessment of postoperative complications is frequently reported. These include fracture 
subluxation, posttraumatic arthritis, infection, neurovascular injury, and need for revision surgery. More recently, functional assessment scales such as the 
Disabilities of the Arm, Shoulder and Hand?™?7:34,134,186,187 and Cold Intolerance Symptom Severity questionnaire!** have been used. 


Figure 45-9. Pilon fracture of the base of the middle phalanx. A: Lateral radiograph. B: Axial cut tangential to the joint surface. Comminution at the joint surface 
confirms a complete articular fracture. C: Sagittal CT reconstruction. Articular step-off is confirmed. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO MIDDLE PHALANX FRACTURES 


The middle phalanx articulates proximally with the proximal phalanx and distally with the distal phalanx. The collateral and accessory collateral ligaments 
originate on the lateral aspect of the condyles distally. Dorsally, the middle and distal aspects of the middle phalanx are covered by the convergence of the 
lateral bands and the triangular ligament as they continue distally to attach on the base of the distal phalanx as the terminal tendon. Proximally, the central 
slip of the extensor mechanism attaches on the base of the middle phalanx. Volarly, the flexor digitorum superficialis inserts onto the lateral margins along 
the middle third of the middle phalanx, distal to the insertion of the volar plate of the proximal interphalangeal joint. The volar plate of the DIP joint 
originates just proximal to the condyles. 

In extra-articular fractures, angulation will be determined by location of the fracture with regard to the FDS insertion. Fractures distal to the FDS 
insertion angulate with an apex anterior deformity as the FDS flexes the proximal fragment and the distal fragment is extended by the pull of the terminal 
extensor tendon. Conversely, fractures through the base of the phalanx, proximal to FDS exhibit an apex dorsal deformity as the distal segment is flexed by 
the FDS tendon and the proximal segment is extended by the central slip (Fig. 45-10). Intra-articular fractures, on the other hand, frequently affect stability 
of the proximal interphalangeal joint (Fig. 45-11). 


Figure 45-10. Deforming forces on middle phalanx shaft fractures. Fracture deformity of middle phalanx shaft fractures depends on fracture location with regard to 
the FDS insertion. Fractures proximal to it generate an apex dorsal deformity. Fractures distal to the FDS insertion generate an apex volar deformity. 
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unstable 


40% 
stable 


Figure 45-11. Proximal interphalangeal joint stability. With increasing size of volar base fractures, dorsal stability is lost. Volar rim fragments measuring more than 
40% of the articular surface are at increasing risk of dorsal instability requiring operative treatment. 


TREATMENT OPTIONS FOR MIDDLE PHALANX FRACTURES 


CONDYLAR, NECK, AND SHAFT FRACTURES OF THE MIDDLE PHALANX 


NONOPERATIVE TREATMENT OF CONDYLAR, NECK, AND SHAFT FRACTURES OF THE MIDDLE 
PHALANX 


Indications/Contraindications 


Nonoperative Treatment of Condylar, Neck, and Shaft Fractures of the Middle Phalanx: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Nondisplaced fractures of the neck and shaft e Mild shortening or angulation 
e Reducible and stable fractures of the neck and shaft e Malrotation 


Both nondisplaced neck and shaft fractures can be treated nonoperatively ( ). Even in the presence of comminution, the periosteal sleeve may 
provide sufficient stability to prevent displacement. Furthermore, even displaced fractures may remain stable after successful closed reduction. Dynamic 
examination under fluoroscopy can confirm fracture stability. A dorsal or volar gutter splint is used to immobilize the PIP and DIP joints in extension over a 
period of 4 weeks. Active ROM with buddy tape splinting is allowed thereafter and discontinued at 6 weeks after injury. Care should be taken to ensure 
there is no angulation, shortening, or malrotation as this is one of the most common complications with nonoperative management. The cascade of the 
finger can be checked with gentle flexion of the digits and observation of digital overlap as compared to the contralateral hand can be useful. In addition, the 
plane of the nail plate can also be useful. Correcting deformities of the middle phalanx after nonoperative management can be quite difficult and therefore 
prevention is extremely important. 


ire 45-12. Nonoperative treatment of middle phalanx shaft fracture. A, B: Lateral and PA views of a nondisplaced transverse areal -third shaft fracture. C, D: 
nee at 3 months after nonoperative treatment. 


Little has been published on the outcomes of nonoperative treatment of middle phalanx fractures. Al-Qattan reported on one patient with a nondisplaced 
middle phalanx neck fracture that was treated nonoperatively. Recovery of full finger and hand function was reported.® Anecdotally, nondisplaced fractures 
of the middle phalanx recover uneventfully with gradual return of function after 4 weeks of splinting. 


OPERATIVE TREATMENT OF CONDYLAR, NECK, AND SHAFT FRACTURES OF THE MIDDLE 
PHALANX 


A low threshold for surgery should exist for operative fixation of condylar fractures owing to their articular involvement. Absolute indications for operative 
treatment are displaced condylar fractures and coronal angulation of the digit. Most neck fractures present with angulation and instability requiring 
reduction and fixation. In rare instances, the distal fragment may be rotated 180 degrees, requiring an open approach to allow fracture reduction.° Unstable 
shaft fractures are also best treated with closed reduction and percutaneous pinning (CRPP). 


Condylar Fractures 


In most instances, unicondylar fracture treatment is possible with closed manipulation and percutaneous pin fixation. To prevent fragment rotation, a 
minimum of two K-wires is recommended. Ideally pins are placed perpendicular to the fracture line. In most instances, the most distal extent of the fracture 
is perpendicular to the articular surface. Therefore, placement of a distal pin parallel to the articular surface is optimal. A second more proximal pin is also 
placed perpendicular to the fracture site. Due to the fracture geometry, this will, in most instances, result in a pin that is positioned obliquely from distal to 
proximal (F 5-13). Bicondylar fractures are best treated with a total of three pins adding a second oblique pin on the opposite side of the unicondylar 
fracture as described. Occasionally, significant fracture comminution may require transarticular pinning for increased stability (F 5-14). 


Figure 4: . Unicondylar fracture of the middle phalanx. A, B: Radiographs at the time of injury. C: Coronal CT reconstructions confirming a unicondylar fracture. 
D:A T reduction clamp has been used to achieve anatomic reduction and compression of the fracture fragment. An initial pin is being placed in a trajectory 
perpendicular to the fracture line. E, F: Final fixation achieved with three wires placed perpendicular to the fracture line and with maximal spread to optimize fixation. 
G, H: Wires are removed at 4 weeks with advanced healing noticed on fluoroscopic images. 


A, B 


Figure 45-14. Comminuted open middle phalanx head fracture (table saw injury). A-C: PA, oblique, and lateral injury films. Bone loss is noted. D, E: An oblige 
transarticular pin has been placed, followed by joint reconstruction using three additional wires. Primary extensor tendon repair was performed. 


Alternatively, screw fixation may be used for condylar fractures. Screw placement into the origin of the lateral collateral ligament should be avoided as 
this will lead to significant stiffness. Fixation with a 1.0-, 1.5-, or 2.0-mm screw should therefore be reserved for larger condylar fractures with more 
proximal extension into the shaft. Lag technique with overdrilling of the near fragment is recommended with screws placed perpendicular to the fracture 
plane. If ORIF is selected, the fracture is best approached through a midaxial approach. Care should be taken not to disrupt the collateral ligament attached 
to the fracture for risk of avascular necrosis. 


Neck Fractures 


In most instances, CRPP can achieve successful outcomes. Frequently, the extension deformity of the distal fragment can be corrected by flexing the DIP 
joint. The extensor mechanism thus acts as a tether to excessive flexion, helping with fracture alignment. Fixation in this setting is achieved with placement 
of converging 0.035-inch K-wires placed on each side of the fracture from proximal to distal. Care should be taken to confirm adequate alignment of the 
fracture in both the coronal and sagittal planes. Furthermore, in the setting of significant comminution, the fracture may be axially unstable, requiring rigid 
fixation to maintain length of the phalanx. In this setting, plate fixation is recommended. Like condylar fractures, placement of screws or hardware into the 
origin of the collateral ligament may lead to significant stiffness and should therefore be avoided. 

Open injuries with associated extensor tendon laceration may be treated with K-wire fixation with concurrent pinning of the DIP joint and extensor 
tendon repair.’ Postoperatively, motion at the PIP and MP joints is allowed, with wire removal at approximately 5 weeks. 


Shaft Fractures 


Closed reduction with percutaneous pinning is recommended for most middle phalanx shaft fractures requiring operative treatment. The use of 0.035- or 
0.045-inch K-wires is generally recommended. Pins may be placed perpendicular to the fracture in long oblique or spiral fractures (Fig. 45-15). Transverse 
fractures are best pinned either with crossing pins entering both distal to proximal or from proximal to distal without violating the adjacent joints (Fig. 45- 
16). Alternatively, pins may be started at the tip of the distal phalanx and advanced through the DIP joint into the middle phalanx (Fig. 45-17). This is of 
special use in fractures involving the distal aspect of the shaft. In more proximal fractures, the pin may even be advanced passed the PIP articulation, 
although this may cause stiffness. This technique is particularly helpful during replantation owing to its speed of fixation. The construct however is not as 
rotationally stable. Occasionally, soft tissue interposition may block reduction, requiring open reduction. Percutaneous pin fixation is in general preferred 
over open plate fixation owing to the high rate of adhesions with plates. 


D,E | 


jure 4 5. Oblique middle phalanx shaft fracture. A, B: Injury films showing a long oblique fracture. C, D: Closed reduction and percutaneous fixation has been 
achieved. E, F Advanced fracture healing is noted after pin removal at 5 weeks. 
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Figure 45-16. Transverse middle phalanx shaft fracture. A, B: Injury films showing marked displacement. C, D: Closed reduction with joint sparing wire fixation has 
been done. 


Alternatively, long oblique and spiral fractures may be amenable to percutaneous screw fixation. This is technically challenging with little room for 
error. After obtaining fracture reduction using a pointed reduction clamp, the fracture is stabilized with mini-fragment lag screws placed perpendicular to the 
fracture plane. Screw holes should be placed at a distance of at least one screw size diameter away from the fracture line to avoid fracture propagation. 
Comminuted fractures may require plate fixation. Compared to pin fixation, screw and plate and isolated screw fixations allow for early ROM due to greater 
stability. However, careful soft tissue management is required in order to prevent wound complications. Fracture exposure has been described through both 
a dorsal and a lateral midaxial approach. Preliminary stability may be obtained with 0.035-inch K-wires. Plate fixation is usually sufficient with two 1.5-mm 
screws on each side of the fracture. 


Additional alternatives for fracture fixation include composite wiring (also known as sidewinder fixation) and transosseous wiring. For composite wire 
fixation, the fracture is exposed as for plate and screw fixation. After fracture reduction, 0.035-inch K-wires are placed across the fracture site while 
avoiding placement of either end of the wire in contact with overlying tendons. Next, 24-, 26-, or 28-gauge monofilament stainless wire is passed around the 
ends of the K-wires and over the cortical surface of the phalanx. The wire is then pulled tight to remove any slack and twisted using a small needle holder 
until appropriate tension is achieved. Given its small caliber, it is easy to break the wire during tensioning. Finally, the excess wire is cut and the twist is laid 
flat onto the cortical surface away from the overlying tendon and neurovascular structures. This technique is helpful as a “bail-out” when the initially 
planned fixation was not successful (i.e., stripped screws or iatrogenic comminution). 


C 
Figure 45-17. Transverse, distal-third middle phalanx shaft fracture. A, B: Injury films showing significant apex volar angulation. C, D: After fracture reduction, 
fixation is achieved with transarticular wires. 


Transosseous wiring can be used for transverse phalanx shaft fractures and has been advocated especially in the setting of replant surgery. For this 
technique, fracture fixation is achieved by using two wire loops placed perpendicular to each other across the fracture site ( 5-18). Perpendicular holes 
are made at 4 mm from the fracture site into the distal and proximal aspects of the fracture using a 0.035-inch K-wire. Holes are therefore made both in the 
coronal and sagittal plane. A small-caliber wire (24 or 26 gauge) is then passed. For the holes in the sagittal plane, the wire is passed from dorsal to volar of 
the proximal fracture segment and then from volar to dorsal of the distal segment. Similarly, for holes made in the coronal plane, the wire is passed on the 
proximal segment from radial to ulnar and then in the distal segment from ulnar to radial. Once all wires are passed, slack is removed by hand and the wires 
twisted in an alternating fashion. As for composite wiring, it is easy to break these small-caliber wires by overtightening them. A gentle push of the wires 
with a Freer elevator can aid in determining whether sufficient tension has been generated. Furthermore, wires transition from their metallic shine to slight 
opacity as they approach failure. Once this point has been reached, excessive wire is cut and the twist laid flat onto the surface of the phalanx. 

In rare instances, external fixation may be required in a complex fracture with significant comminution that renders the fracture axially unstable and 
does not allow reliable stabilization with conventional implants. Small-diameter Schantz pins have been developed for this purpose with pin to bar clamps 
similar to those of large-fragment external fixators. Alternatively, external fixation with the use of polymethylmethacrylate to link conventional K-wires, 
both smooth and threaded placed into the distal and proximal fracture segments has been successfully used."°’ Lastly, an inexpensive option includes 
multiple K-wires placed through a small Tb syringe often referred to as a “Tb ex-fix.” For this option a small syringe (e.g., a 1- or 3-cc syringe) can be 


utilized depending on the size of the digit involved. Typically a combination of four K-wires is utilized ranging from a diameter of 0.035 to 0.045 inches. 
Two K-wires are provisionally placed through the syringe to line up the fracture and based on where there is prominent bone. For a phalangeal fracture this 
is typically dorsally or posterolateral on the finger to avoid the extensor mechanism. Two K-wires with one on either side of the fracture are placed first and 
then checked under fluoroscopy. An additional two K-wires are then placed once the syringe ex-fix is deemed adequate. Jurgan pin balls can be placed 
above or below the construct of the syringe to ensure a more stable fixation is secured. 
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Figure 45-18. Radiographs depicting 90-90 transosseous wiring in the setting of replantation. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Surgical Treatment of Condylar, Neck, and Shaft Fractures of the Middle Phalanx: 


OR table [_J Standard 
Position/positioning aids LJ Supine, radiolucent hand table 
Fluoroscopy location LJ Mini C-arm coming in from the operative side 
Equipment K-wires, power unit, 24- and 26-gauge cerclage wires. Mini-fragment fixation set (1- to 1.5-mm screws 
and plates) 
Tourniquet LJ Pneumatic tourniquet at the arm 
Positioning 


As for most injuries affecting the digit, the patient is positioned supine with the arm on a radiolucent hand table. 


Closed Reduction and Percutaneous Fixation 


Technique 


| / Fe Reduction and Percutaneous Fixation: 


KEY SURGICAL STEPS 


VE fracture geometry 
Fracture manipulation 
Percutaneous K-wire placement 
Percutaneous screw placement 
External fixation 

Confirm fracture stability 
Splint 


Confirm fracture geometry under fluoroscopic imaging. Reduce the fracture with direct manual manipulation, or percutaneous use of K-wires or pointed 
reduction clamps. Place K-wires and screws percutaneously according to fracture geometry. Apply external fixation and confirm fracture stability, then 
splint. 


Open Reduction and Internal Fixation 
Surgical Approach 
Either the midaxial or dorsal approach can be used. 


Technique 
Open Reduction and Internal Fixation: 
/ | KEY SURGICAL STEPS 
LJ Surgical approach to the middle phalanx 
e Midaxial 
e Dorsal 
Fracture debridement 
Fracture reduction 
Preliminary K-wire stabilization 
Final stabilization 
K-wires (alone or as composite [sidewinder] construct) 
Screws 


e 
e Plates and screws 
e ‘Transosseous wiring 


Midaxial Approach 

Topographically, the phalanx occupies the posterior half of the digit. A lateral incision along a line connecting the dorsal apices of the flexion creases of the 
PIP and DIP joints is made. Volarly, the neurovascular bundle is identified. For more proximal fractures, the conjoined lateral bands and the transverse 
retinacular ligament are identified dorsally. If needed, the transverse retinacular ligament is incised, allowing access to the proximal half of the middle 
phalanx. The periosteum is then incised at the fracture site to allow removal of interposed tissue and fracture reduction. After fixation is complete, the 
periosteum is closed to isolate the hardware from the overlying soft tissues. If released, the transverse retinacular ligament is repaired prior to skin closure 
(Fig. 45-19). 


Dorsal Approach 

The dorsal approach is achieved by incising the skin along the axis of the digit dorsally. After raising full-thickness skin flaps, dorsal veins are identified. 
Longitudinal veins should be preserved, if at all possible, to reduce the risk of postoperative swelling. Next, the central slip should be identified proximally 
and protected. Distally, the triangular ligament frequently has to be incised to allow for adequate exposure. Finally, the periosteum is elevated at the fracture 
level to allow for fracture reduction and hardware placement (Fig. 45-20). After fracture reduction and fixation, whenever possible, the periosteum is closed 
as a Separate layer over the underlying hardware. This is followed by repair of the triangular ligament and skin closure. 


7 i D 
Figure 45-19. Midaxial approach to the middle phalanx. A: An incision is made along the dorsal half of the digit by connecting the dorsal edges of the flexion creases 
of the PIP and DIP joints. B: After skin incision, the neurovascular bundle is retracted volarly. The lateral band is identified proximally. C: The lateral band is retracted 
dorsally, allowing access to the distal half of the phalanx. D: If more proximal access is required, the lateral band is incised in line with the skin incision. This grants 
access to the base of the middle phalanx and PIP joint. 
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Figure 45-20. Dorsal approach to the middle phalanx. A: A longitudinal incision is made in line with the axis of the digits. Skin flaps are elevated. Longitudinal veins 
should be preserved. The extensor mechanism is identified. B: To gain access to the distal aspect of the phalanx, the triangular ligament is incised. 


MIDDLE PHALANX BASE FRACTURES 


NONOPERATIVE TREATMENT OF MIDDLE PHALANX BASE FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Middle Phalanx Base Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Volar base fractures without dorsal subluxation of the PIP joint in less than 30 degrees of flexion 
e Dorsal base fractures with congruent joint 


Relative Contraindications 


e Pilon fractures 


Fragment size plays a key role in intrinsic stability of the joint. Fractures involving less than 30% of the articular surface are generally considered stable 
(Fig. 45-21). On the other hand, fractures with greater than 50% of articular involvement are most frequently unstable, as the fracture fragment will contain 
the lateral collateral ligament and volar plate, leaving the middle phalanx unstable dorsally. Fractures involving 30% to 50% of the articular surface require 
careful clinical and radiographic assessment to determine whether they are unstable and require surgical treatment.!° In the setting of dislocation, joint 
stability should be assessed after reduction. Clinically, the joint should be brought through full ROM to rule out residual instability. Radiographically, a 
lateral view of the joint should be carefully examined. In the stable joint, the articular surfaces of the dorsal half of the proximal interphalangeal joint should 
be parallel. In the presence of instability, dorsal subluxation of the middle phalanx will lead to divergence of the dorsal aspect of the articular surfaces 
leading to what is commonly called the “V-sign” (Fig. 45-22). Furthermore, in the stable joint, live fluoroscopic imaging should show gliding of the 
articular surfaces, while, in the unstable joint, hinging of the joint at the bony defect would confirm residual instability.’“8”!!* Real-time fluoroscopy 
imaging can confirm the degree of flexion at which dorsal subluxation occurs (see Fig. 45-8). Stable fractures throughout full ROM can, in general, be 
treated nonoperatively with early ROM. 


Figure 45-21. Stable volar rim avulsion fracture of the base of the middle phalanx. A small avulsion fragment is noted (arrow). This represents a bony avulsion of the 
volar plate. Joint stability is minimally affected as the articular surface has been minimally affected. 


Unstable volar rim impaction fracture of the base of the middle phalanx. A fracture involving half of the volar rim with significant comminution is 
obeived, Dorsal subluxation is evident by the dorsal V sign. 


Pilon Fractures 


Pilon fractures are intra-articular fractures of the base of the middle phalanx with articular depression, comminution, and widening of the articular surface of 
the base of the middle phalanx, both in the coronal and sagittal planes.’’“ They most frequently occur secondary to axial load of the digit (F 5-23). 
Nonoperative treatment in general leads to poor results, as residual angular and rotational deformity is usually present. Radiographically, injuries may 
appear more benign than in actuality.*’“ CT scans with coronal and sagittal reconstructions can be useful in determining the extent of the injury and to aid 
surgical intervention. 


Dorsal Base Fractures 


In the absence of fracture displacement and a stable joint that does not exhibit volar subluxation, dorsal base fractures can be treated nonoperatively. They 
can be splinted with the PIP in extension for 4 to 6 weeks, allowing active flexion of the DIP joint. 


Pilon fracture of the base of the middle phalanx. A, B: Lateral radiograph and sagittal CT reconstruction of a severe pilon fracture with significant 
comminution, impaction, and displacement. 


Volar Base Fractures 


Fractures that require less than 30 degrees of flexion to maintain stability can be treated with a dorsal extension-blocking splint. McElfresh et al. 

described the use of a short-arm cast with a dorsal outrigger to block extension at the PIP joint while allowing maximal active flexion. Hand- and digit- 
based extension-blocking splints may also be used in reliable and compliant patients. Weekly radiographic follow-up is recommended to confirm ongoing 
acceptable reduction. Extension at the PIP joint is initially blocked at 30 degrees and increased 10 degrees every week. Splinting is discontinued at 4 weeks. 


With extension block splinting of volar base fractures, one study reported greater than 90 degrees of flexion at final follow-up in 88% of patients with 3 of 
17 patients exhibiting an extension lag.” 


OPERATIVE TREATMENT OF MIDDLE PHALANX BASE FRACTURES 


Operative treatment of middle phalanx base fractures is indicated in dorsal fractures with significant fracture displacement and joint incongruity. Volar base 
fractures involving more than 50% of the articular surface or those requiring more than 30 degrees of flexion to remain reduced also require operative 
treatment. Finally, operative treatment is recommended for pilon fractures as nonoperative treatment consistently achieves suboptimal outcomes. +4 


Dorsal Base Fractures 


Displaced fractures require operative treatment through a dorsal approach. Fracture reduction with fixation using a screw, a dorsal buttress plate, or a 
tension band wire construct is required (F 24). This is achieved through a dorsal approach. Sufficient stability should be achieved to allow for early 
mobilization. 


Volar Base Fractures 


Injuries that require greater than 30 degrees of flexion to maintain reduction, or those that involve more than 50% of the articular surface or show hinging 
rather than gliding motion at the joint are best treated surgically (see 5-8). 

The main goal of treatment is restoring stability of the joint along with smooth motion at the joint. Anatomic restoration of the articular surface is of 
only secondary importance. Multiple options of operative treatment have been described, including extension block pinning, dynamic external fixation and 
traction, !5%!75 ORIF, hemi-hamate reconstruction, and volar plate arthroplasty. 


1. Dorsal base fracture of the middle phalanx. A: A bony boutonnière fragment involving one-third of the articular surface. B: Fixation has been achieved 
with a lag screw. 


An alternative to extension block splinting is extension block pinning. This is achieved by placing a K-wire into the head of the proximal phalanx to provide 
a dorsal block to extension (F 5-25). This technique uses a single 0.045-inch K-wire that is placed through the head of the proximal phalanx into its 
shaft. Pin placement is done while maximally flexing the PIP joint. Once the pin is placed, the middle phalanx takes a resting position of 45 degrees of 
flexion. Dorsal subluxation of the middle phalanx is prevented by the dorsal buttressing effect of the K-wire.®’ Alternatively, a transarticular pin can be 
placed from the base of the middle phalanx into the head of the proximal phalanx with 20 to 40 degrees of PIP joint flexion.**" The pin is removed at 3 to 4 
weeks. Similar results have been published for transarticular pinning and ORIF. 

Multiple techniques have been described to optimize reduction of residual displacement of the volar lip during extension block pinning. Waris and 
Alanen described the addition of percutaneous intramedullary reduction of the articular surface for the treatment of volar rim fractures treated with 
extension block pinning. A K-wire is introduced into the medullary canal from the lateral aspect of the head of the middle phalanx and advanced to the level 
of the impacted articular fragments which are disimpacted under fluoroscopic guidance.’’’ Vitale et al. described the use of direct percutaneous reduction of 
the volar fragment with small pointed reduction clamps followed by pinning of the fragment from volar to dorsal. The volar pin is advanced dorsally until 
the trailing end is flush with the palmar surface of the volar lip fragment. While fragment manipulation and pinning may perforate the flexor tendon, the 
authors report excellent ROM.°*’° Postoperatively, active motion at the DIP joint is allowed, while the PIP joint is immobilized until pin removal at 4 weeks. 
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Figure 45-25. Dorsal-blocking pinning. A: An unstable volar base fracture is seen with dorsal subluxation. B: A dorsal-blocking pin has been placed dorsal to the 
middle phalanx base into the head of the proximal phalanx. The pin is placed while volarly translating the joint and reducing articular alignment. 


Dynamic traction has been described for the management of unstable fractures involving the articular surface of the base of the middle phalanx. While 
external fixation achieves fracture reduction using ligamentotaxis, given the prolonged immobilization of the joint while fracture healing occurs, significant 
stiffness is to be expected. Dynamic distraction has therefore been developed to allow motion of the PIP joint, while traction is applied through the base of 
the middle phalanx. Multiple techniques have been described for this purpose including dynamic traction splinting, !?%16° force couple,*> dynamic 
distraction external fixation, !>156-175 and commercially available devices.*5% 107114 


While satisfactory results have been reported with dynamic traction splinting, these devices are cumbersome and frequently not well tolerated by patients. 
As a result, less bulky traction devices have been developed (Fig. 45-26). 

Traction across the base of the middle phalanx is achieved through a 0.035-inch K-wire that is placed transversely across the shaft of the middle 
phalanx. The pin is connected to a circular splint placed in the sagittal plane and affixed to a forearm-based cast or splint with its center being located at the 
PIP joint in all positions of traction. A dorsal-blocking splint preventing extension past neutral is placed at the MP joint. Passive motion is applied to the 
digit at fixed intervals to maintain motion, while traction is applied continuously to maintain reduction through ligamentotaxis. Alternatively, a second pin 
may be placed through the axis of rotation of the PIP joint at the head of the proximal phalanx.” Traction is maintained over 4 to 6 weeks. 


Force Couple: 


KEY SURGICAL STEPS 


Fluoroscopic confirmation of intact dorsal rim 

Transverse 0.045-inch K-wire into base of middle phalanx, dorsal to fracture, and volar to lateral bands 

Transverse 0.045-inch K-wire at junction of neck and metaphyseal flare of the proximal phalanx 

Threaded 0.062-inch K-wire placed dorsal to volar into proximal third of the middle phalanx, engaging the volar cortex 
Bending of wires (see text) 

Linking of wires (see text) 


LJ Confirm concentric joint and adequate motion at PIP joint under live fluoroscopic imaging 


Figure 45-26. Dynamic traction devices. A multitude of traction devices have been developed for treatment of unstable volar base fractures. A: Hinged distraction 
external fixator (Compass PIP hinge, Smith and Nephew, Memphis, TN). B: Wire spring construct. C: Dynamic traction external fixation. D: Dynamic traction 
external fixation with optional pin through the base of the middle phalanx to resist dorsal subluxation. 


Agee first introduced this technique in 1978. A force couple is created with the placement of three K-wires that are interconnected with rubber bands to 
lever the base of the middle phalanx volarly. This requires an intact dorsal rim to maintain adequate joint alignment and is hence contraindicated in pilon 
fractures. 

The joint is identified radiographically. A smooth 0.045-inch K-wire is placed in the coronal plane perpendicular to the long axis of the middle phalanx 
just distal to the PIP joint and dorsal to the fracture but volar to the lateral bands of the extensor mechanism. A second more proximal smooth 0.045-inch K- 
wire is placed parallel to the initial pin at the junction of the neck with the metaphyseal flare of the proximal phalanx. Next, a threaded 0.062-inch K-wire is 
placed dorsal to volar in the proximal third of the middle phalanx, engaging the volar cortex. The distal 0.045-inch wire is bent on each side of the finger 90 
degrees in the coronal plane toward proximal. A second bend in the sagittal plane is then made toward dorsal 5 mm proximal to the proximal 0.045-inch K- 
wire. This should place the tips of the distal 0.045-inch K-wire 1 to 2 cm proud of the dorsum of the digit. The proximal smooth wire is then bent 90 degrees 
toward palmar in order to embrace the distal wire. This should place the tips of the proximal wire 1 to 2 cm proud of the palm of the digit. The tips of the 
proximal pin are connected with a piece of adhesive tape. The arms of the distal pin are then connected to the threaded pin with a small-gauge rubber 
band(s) thereby completing the force couple (Fig. 45-27). The base of the middle phalanx is hereby levered volarly while pushing the head of the proximal 
phalanx dorsally.2? The device should remain in place approximately 6 to 8 weeks. 


Dynamic Traction and External Fixation 
Dynamic Traction and External Fixation: 
KEY SURGICAL STEPS 
Fluoroscopic assessment of fracture 
Transverse 0.045-inch K-wire through axis of rotation of the PIP joint at the head of the proximal phalanx 
Transverse 0.045-inch K-wire into distal metaphysis of the middle phalanx. The first pin is bent 90 degrees on each side of the finger toward distal 
Bending of wires (see text) 
Linking of wires (see text) 
Optional for dorsal rim fractures: transverse 0.045-inch K-wire into mid-diaphysis of middle phalanx and bent to capture the first pin at the level of 


the midshaft 
LJ Confirm adequate motion and alignment of joint under live fluoroscopic imaging 


First presented by Slade in 1990, dynamic distraction external fixation has gained popularity for the treatment of fracture-dislocations and pilon 
fractures.!5%!75 Continuous traction in line with the axis of the shaft is provided during the complete arc of motion without the need of splints or casts. 


Fracture reduction is thereby achieved by ligamentotaxis and does not require an intact dorsal cortex. It is therefore indicated for both partial and complete 
articular fractures of the base of the middle phalanx. 


L,M N 
Figure 45-27. Force couple for middle phalanx volar base fractures. A, B: Injury radiographs showing dorsal PIP joint subluxation. C, D: A wire is placed just distal 
to the PIP joint and a second wire more proximal into the center of rotation of the proximal phalanx head. E: The distal wire is bent on each side of the finger 90 
degrees in the coronal plane toward proximal. A second bend in the sagittal plane is then made toward dorsal 5 mm proximal to the proximal wire. The proximal 
smooth wire is then bent 90 degrees toward palmar in order to embrace the distal wire. F: A threaded wire is placed dorsal to volar into the proximal third of the middle 
phalanx. G: The dorsal wire is bent for later rubber band engagement. H: The arms of the distal pin are then connected to the threaded pin with a small-gauge rubber 
band, thereby completing the force couple. I, J: Radiographs of completed construct. K, L: Clinical pictures with device in position allowing active extension and 
flexion of the PIP joint. M, N: Radiographs after device removal. A reduced PIP joint is noted. Early joint remodeling is seen. 


Two 0.045-inch smooth K-wires are required for this technique. Both pins should be placed parallel to one another and should be perpendicular to the 
long axis of the phalangeal shaft and parallel to the plane of the nail plate. The first pin (axial traction pin) is placed through the axis of rotation of the PIP 
joint at the head of the proximal phalanx. The second pin (hook pin) is placed into the distal metaphysis of the middle phalanx. The first pin is bent 90 
degrees on each side of the finger toward distal. The tips are bent into hooks to allow retention of the rubber bands. Hooks are also bent into the tips of the 
second pin. About 2.5 cm of distance should be present between the tips of the first and second pins. Dental loop rubber bands are placed on each side of the 
digits between the hooks of the proximal and distal K-wire.!”° For the management of dorsal fracture-dislocations, a third pin is recommended to aid in 
countering the dorsal instability of the middle phalanx. This third pin is placed into the mid-diaphysis of the middle phalanx and bent to capture the first pin 


at the level of the midshaft on both sides of the digit (Figs. 45-28 and 45-29).!5°175 The device should remain in place approximately 6 to 8 weeks. 
Additionally, this device can be used as a neutralization device if other internal hardware is placed while healing ensures (e.g., screws or K-wires). 

Other authors have described distraction devices in the form of springs or modified pins and rubber bands to achieve traction during motion through the 
PIP joint.>-13.86.87 


Open Reduction and Internal Fixation 
Open Reduction and Internal Fixation: 
KEY SURGICAL STEPS 
Volar approach 
Fracture reduction and preliminary fixation 
Confirm joint reduction fluoroscopically 
Complete fixation with screws, plates, or cerclage wires 
Fluoroscopically confirm joint reduction and stability and absence of volar hardware prominence 


Wound closure 
Splinting of PIP joint 


ORIF is indicated in the presence of fracture fragments that are amenable to screw fixation. Ideally, a single fracture fragment should be present as higher 
comminution may lead to less optimal outcomes.®” The joint is approached volarly through a Bruner-type incision. Both neurovascular bundles should be 
identified and protected. The flexor sheath is incised, preserving A2 and A4 pulleys. Fracture hematoma can in most instances be seen at this point. Careful 
retraction of the flexor tendons helps expose the fracture. The volar plate insertion onto the fracture fragments should be preserved as it provides blood 
supply and some inherent fracture stability, especially in the presence of comminution. In order to gain access to the fracture line, the volar plate is incised 
on its radial or ulnar border at the insertion site of the accessory collateral ligaments. The fracture is then reduced and stabilized with screws that usually 
range in size from 1 to 2 mm.6®76 Care should be taken to avoid hardware prominence both volarly and dorsally by countersinking the screw and accurately 
measuring screw length. The use of a volar buttress plate may be of additional value in the management of comminuted fractures.?8 

Cerclage wire fixation should be mentioned as an additional means of achieving fracture fixation, especially in the setting of comminution. It can also 
aid as an intraoperative backup should other methods of ORIF fail. The surgical approach follows that of ORIF through a volar Bruner-type incision. Once 
the flexor tendon sheath has been released between the A2 and A4 pulleys, the tendons are retracted and the volar plate is transected transversely proximal 
to the fracture fragments. With hyperextension and shot-gunning of the joint (when necessary), the base of the middle phalanx can be visualized. After 
fracture reduction, a loop of 24-gauge steel wire is created. The size of the loop should be just larger than the circumference of the base of the middle 
phalanx. Periosteum at the base of the middle phalanx is then circumferentially peeled distally over 1 to 2 mm to allow for the loop to sit appropriately. The 
loop is then placed into position and tightened with the twist sitting at the site of the phalanx to avoid impingement onto the tendons. Stability is then 
confirmed. The volar plate is then repaired. 
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Figure 45-28. Unstable volar base fracture. A: Injury lateral radiograph. B: Joint reduction after placement of a dynamic traction external fixator. 


Figure 45-29. Dynamic traction external fixator. A, B: Pilon fracture of the base of the middle phalanx. C: A pin is placed through the axis of rotation of the PIP joint 
at the head of the proximal phalanx and a second pin is placed into the distal metaphysis of the middle phalanx. The first pin is bent 90 degrees on each side of the 
finger toward distal. The tips are bent into hooks to allow retention of the rubber bands. Hooks are also bent into the tips of the second pin. About 2.5 cm of distance 
should be present between the tips of the first and second pin. The use of a needle driver and small-caliber stainless steel suction tip can be helpful during wire bending. 
D-F: Rubber bands are placed on each side of the digits between the hooks of the proximal and distal Kirschner wire. G, H: Radiographs of completed construct. Note 
reduction of the joint. 1, J: Healed fracture after construct removal. K, L: The range of motion after healing. 


Volar Plate Arthroplasty 
/ | Volar Plate Arthroplasty: 
KEY SURGICAL STEPS 
Volar approach 
Shotgun PIP joint 
Excise volar rim fragments leaving proximal-based volar plate flap 
Suture placement into volar plate distally 
Passage of sutures from volar to dorsal through volar defect at base of middle phalanx 
Joint reduction with flexion confirmed fluoroscopically 
Tying of sutures over dorsal button (anchor may be used alternatively) 


Fluoroscopic confirmation of joint reduction and stability 
Transarticular pinning of PIP joint in 30 degrees of flexion 


Volar plate arthroplasty is indicated in severely comminuted fractures of the volar lip involving more than 50% of the articular surface. The procedure is 
performed through a volar surgical approach. The A2 and A4 pulleys are preserved. The flexor tendons are then retracted to identify the fractured volar rim 
and volar plate. After releasing the collateral ligaments, the PIP joint is hyperextended to allow for “shot gunning” of the joint. This allows direct exposure 
of the articular surfaces of the base of the middle phalanx and head of the proximal phalanx. The fragments of the volar lip are released from the distal edge 
of the volar plate. A 2-0 nonabsorbable monofilament is then placed in a running fashion along the edges of the volar plate. The volar bony defect at the 
base of the middle phalanx is then evened out to allow for symmetric tracking between the radial and ulnar aspects of the articular surface. Two Keith 
needles are then drilled from the junction of the remaining dorsal cartilage and the volar trough to the dorsal cortex. The joint is then reduced and the Keith 
needles are tensioned to reduce the volar plate into the bony defect. The joint is flexed and adequate reduction of the joint is confirmed radiographically. 
Sutures are then tied over a button on the dorsal aspect of the middle phalanx. Full motion without subluxation should be confirmed. The joint is then 
pinned in 30 degrees of flexion for 3 weeks, followed by active flexion with extension block splinting for 1 week.'%“° Alternatively, suture anchors may be 
used instead of pullout monofilament sutures.!° 


Hemi-Hamate Arthroplasty 
/ | Hemi-Hamate Arthroplasty: 
KEY SURGICAL STEPS 
Volar approach to PIP joint 
Shotgun PIP joint 
Excise volar rim fragments leaving proximal-based volar plate flap 
Measure defect of volar base 
Dorsal approach to hamate 
Harvest osteochondral hamate autograft according to measured defect 
Restore articular surface with autograft with preliminary K-wire fixation 
Reduce the joint and confirm reduction and stability fluoroscopically 
Complete fixation with mini-fragment screws 
Repair volar plate to lateral collateral ligament 


Close skin 
Splint PIP joint 


Hemi-hamate arthroplasty was first presented by Hastings in 1999 as an alternative to volar plate arthroplasty, with the goal of restoring the bony articular 
contour of the base of the proximal phalanx in severely comminuted and unstable volar rim fractures.!*° The distal articular surface of the hamate bone and 
the articular surface of the base of the middle phalanx have a close resemblance, specifically due to the presence of a central ridge. This similarity has 
allowed for the use of osteochondral autograft for the reconstruction of unstable comminuted fractures of the volar rim of the base of the middle phalanx.°° 
Indications for hemi-hamate arthroplasty are unstable volar lip fractures that are not amenable to primary fixation. The PIP joint is approached through a 
volar “shotgun” approach as described for volar plate arthroplasty. The volar plate is elevated along with any attached fragments, while keeping its proximal 
origin intact. After exposing the articular surface of the base of the middle phalanx, fracture fragments are directly assessed. If the fracture is deemed to be 
nonreconstructible, the fragments are excised. A small oscillating saw is then used to create a slot into the base of the middle phalanx to later inset the graft 
obtained from the hamate. The defect is measured in the radioulnar, volar—dorsal, and PD dimensions. Next, a longitudinal incision is made centered over 
the sagittal ridge of the hamate between the fourth and fifth carpometacarpal (CMC) joints. Dissection is taken between extensor digitorum communis 
(EDC) of the ring finger radially and EDC to the small finger and extensor digiti minimi ulnarly. A longitudinal arthrotomy is then made sharply, carefully 
elevating flaps radially and ulnarly to allow for later closure. Donor graft size is then measured using the sagittal ridge as reference. Cuts are made with an 
oscillating saw starting on the most radial and ulnar aspects of the resection. Next, a cortical cut is made on the proximal edge of the graft. A triangular 


wedge of bone is resected just proximal to this cut to optimize the proximal to distal cut, allowing for optimal recreation of volar lip inclination. A curved 
osteotome can aid in completing this cut. The graft is then positioned and its size and shape optimized. While keeping the sagittal ridges aligned, the graft is 
pinned into position with two 0.035-inch K-wires at planned screw positions, as this equals the size of the drill bit used for 1.5-mm screws. An additional 
0.028-inch K-wire is placed between the two prior K-wires for rotational control. Screw length is measured by subtracting the prominent K-wire length 
from a free intact K-wire. 0.035-inch K-wires are then replaced with 1.5-mm screws and the 0.028-inch wire is removed. 

Alignment and stability of the PIP joint are confirmed clinically and radiographically. The distal free end of the volar plate is then repaired to the 
proximal stump of the collateral ligaments using a small absorbable suture. Skin is closed with small nonabsorbable monofilament suture and the joint 
immobilized in a volar digit splint in 30 degrees of flexion. The dorsal incision is closed in layers and the wrist immobilized in functional position. 
Postoperatively, a 30-degree dorsal-blocking splint is fashioned 2 days after surgery to allow for active and passive flexion. Splinting is discontinued at 4 
weeks and dynamic splinting started at 6 weeks if required (Fig. 45-30). 


Figure 45-30. Hemi-hamate arthroplasty. A-C: Radiographs showing unstable volar base fracture presenting 5 weeks after injury. D, E: Fluoroscopic images 
showing motion occurring as a hinge through the volar defect at the base of the middle phalanx as opposed to gliding seen in normal PIP joint kinematics. F, G: Volar 
rim reconstruction with hamate autograft. Joint stability has been restored. 


Pilon Fractures 
While multiple surgical treatment options have been described for pilon fractures—including skeletal traction, open reduction, and K-wire fixation— 


excellent results can be difficult to achieve. 

Skeletal traction with dynamic devices (with exception of the force couple construct) has been extensively used for pilon fractures (see Fig. 45-29). 
ORIF of these fractures can be extremely challenging due to the significant comminution that is usually present; furthermore, significant stiffness and soft 
tissue complications can occur with open treatment. Alternatively, CRPP can be successful in pilon fractures with minor displacement and impaction (Fig. 


45-31). 


G, H Se ` I,J 
Figure 45-31. Pilon fracture. A-D: Injury radiographs and CT scan images show a minimally displaced pilon fracture. E, F: Joint congruity is restored with 
percutaneous placement of a pointed reduction clamp. G, H: Fixation is achieved with four small-caliber wires. I], J: Anatomic reduction is confirmed after removal of 


implants. 


Preoperative Planning 


Surgical Treatment of Pilon Fractures: 


E7 PREOPERATIVE PLANNING CHECKLIST 
[_J Standard 


LJ Supine, radiolucent hand table 


OR table 
Position/positioning aids 


Fluoroscopy location LJ Mini C-arm coming in from the operative side 


Equipment K-wires 
Power unit 24- and 26-gauge cerclage wire 
Mini-fragment fixation set (1- to 1.5-mm screws and plates) 
Osteotomes 
Rubber bands 
Tourniquet LJ Pneumatic tourniquet at the arm 
Positioning 


As for most injuries affecting the digit, the patient is positioned supine with the arm on a radiolucent hand table. 


Surgical Approach 

Dorsal Approach 

In fractures of the base of the middle phalanx, this approach is required almost exclusively for dorsal rim fractures, even though it has been described as an 
alternative for pilon fractures. In this setting, this approach is recommended when the main fracture comminution is dorsal.®° A longitudinal incision along 
the axis of the digit is performed centered over the PIP joint. After raising full-thickness skin flaps, the extensor mechanism is exposed. The central slip 
should be identified along with its insertion into the dorsal base of the middle phalanx. The dorsal rim fragment is then fully identified and interposed 
fracture hematoma removed. Radially and ulnarly, the lateral bands should be identified. More distally, the triangular ligament is observed dorsally between 
the two lateral bands. Care should be taken to avoid impingement of hardware onto the distal extensor mechanism, especially when using dorsal plates. If 
needed, the triangular ligament is incised and repaired with small non-absorbable suture. Once fixation has been completed, closure is performed with 
interrupted nonabsorbable monofilament suture. 


Volar Approach 

The volar approach to the PIP joint for fracture management is best approached through a Bruner-type incision. Skin flaps are carefully elevated to protect 
the neurovascular bundles. Once identified, the neurovascular bundles should be protected throughout the procedure. The flexor sheath is incised through 
the A3 pulley. Incision of the C1 and C3 pulleys is frequently required. Preserving A2 and A4 pulleys is important to prevent bowstringing. Fracture 
hematoma can in most instances be seen at this point. Careful retraction of the flexor tendons exposes the fracture. Once fracture treatment is complete, skin 
is closed with interrupted nonabsorbable monofilament sutures. 


Authors’ Preferred Treatment for Middle Phalanx Fractures ( 


Middle phalanx 
fractures 


Pilon fractures: 
ORIF versus dynamic 
distraction 
external fixator 
(DDEF) 


Nondisplaced 
fractures, any 
pattern: splint 


Volar base 
fractures 


Condylar Shaft 
fractures fractures 


Reducible: 
operative 
stabilization 


Irreducible: 
open reduction 
and operative 

stabilization 


<40% single 
fragment and 
stable joint: 
extension 
block splinting 


<40% single 


fragment and 


unstable joint: 


operative 
Stabilization 


>40% single 
fragment 


>40% 


comminuted: 


osteochondral 
reconstruction 
(e.g. hemi- 
hamate 


arthroplasty) vs. 
hinged external 


Stable in flexion fixator 


<35 degrees: 
dorsal extension 
block pin versus 


Irreducible: 
open reduction 
and operative 

stabilization 


Reducible and 
unstable: 
operative 

stabilization 


Reducible and 
stable: splint 


Unstable: ORIF 


splint 


Algorithm 45-3 Authors’ preferred treatment for middle phalanx fractures. 


Condylar fractures require operative treatment in most cases. Nonoperative treatment may be indicated in the truly nondisplaced fracture. Close follow- 
up is required, however. Displaced fractures can in most instances be treated with CRPP. Fractures that cannot be reduced via closed means require 
open reduction. While pin fixation is in general preferred, screw fixation may be used in condylar fractures with significant diaphyseal extension. 

Shaft fractures are assessed for stability. Nondisplaced fractures are, in general, intrinsically stable. A subset of displaced fractures may also be 
stable after closed reduction. These fractures can be safely treated with splinting. Fractures with residual instability after reduction are treated with 
percutaneous fixation. Long oblique and spiral fractures may be amenable to lag screw fixation. Occasionally, a shaft fracture may be irreducible 
thereby requiring open reduction and fixation. Internal fixation is preferred in this setting to allow for early range of motion. 

Pilon fractures are preferentially treated with dynamic traction external fixation. Due to the risk of soft tissue complications, open reduction internal 
fixation is avoided as a general rule. 

Volar base fractures are treated according to joint stability. Fractures maintaining PIP joint stability through the full arc of motion, especially in full 
extension are treated with early range of motion. Fractures which are stable with less than 35 degrees of flexion are treated with dorsal-blocking pinning 
for 4 weeks. Fractures exhibiting instability with more than 35 degrees of flexion are treated based on fracture comminution. Open reduction internal 
fixation with screw or cerclage wire is preferred if minimal comminution is seen. Fractures with significant articular comminution, especially when 
presenting in a delayed fashion are routinely treated with hemi-hamate arthroplasty. Alternatively, if presenting acutely, dynamic traction external 
fixation or force couple reduction may be used. 


Potential Pitfalls and Preventive Measures 


Middle Phalanx Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Closed Reduction and Percutaneous Pinning 
Malreduction e Understand the fracture geometry 
e Apply reduction instruments in the appropriate direction 


e Confirm reduction clinically and radiographically 


Loss of fixation e Place K-wires perpendicular to the fracture in simple fractures. 
e Use transarticular DIP joint pinning in distal extra-articular fractures of the middle phalanx 


Malrotation e Observe cascade of digits and motion of finger following fixation; compare with contralateral side 
Open Reduction and Internal Fixation 
Stiffness e Careful soft tissue management 

e Avoid impingement of implants onto extensor mechanism, flexor tendons, and collateral ligament 


e Achieve fixation that allows early range of motion 


Avascular necrosis/resorption of the condyles e Avoid excessive soft tissue dissection around condyles 
e Avoid release of the collateral ligaments 


Extension Block Splinting 


Loss of reduction e Discussion with patient about importance of compliance 
e Careful splint applications by surgeon or hand therapist 


Percutaneous Fixation (CRPP and External Fixation) 
Pin-site infection e Daily cleaning of K-wires 
Hemi-Hamate Arthroplasty 


Graft resorption (Fig. 45-32) e Adequate sizing of osteochondral graft in the proximal to distal dimension of the defect 
e Achieve adequate compression and fixation 


Subluxation, stiffness, deformity e Adequate sizing and positioning of graft 


A,B 
Figure 45-32. Hemi-hamate arthroplasty: graft resorption. A: Unstable volar rim fracture. B: Joint congruity has been restored and fixation is appropriate. Proximal to 
distal dimension of the graft is, however, undersized. C: Partial collapse of the articular surface with graft resorption is noted on follow-up radiographs. 


Outcomes 
Shaft and Neck Fractures 


In general, satisfactory outcomes can be expected in most instances of middle phalanx shaft and neck fractures.2*” However, significant soft tissue injuries 
have been shown to have a direct effect on digit function. In a series of middle phalanx shaft fractures treated with CRPP, Al-Qattan observed an average 55 
degrees less total active digit motion in patients with significant soft tissue injuries compared to those without.!° The same author showed consistently good 
outcomes in patients with middle phalanx neck fractures. The exception was one patient out of nine with a displaced fracture of the neck which was the only 
neck fracture that required open reduction.® After transarticular pinning of the DIP joint, residual stiffness was frequently reported.” 


Dorsal Base Fractures 


Meyer et al. reported on nine patients with volar fracture-dislocations of the PIP joint with involvement of the dorsal base that were treated operatively. 
After a minimum follow-up of 1 year, average passive and active ROM of the PIP joint were 62 and 54 degrees, respectively. Additional surgery was 
required in four patients and six patients exhibited arthritic changes on radiographs. 134 


Volar Base Fractures 

Dynamic Traction 

Agee reported an average ROM of 83 degrees in 16 patients that underwent force couple splinting for unstable fracture-dislocations of the PIP joint. Less 
favorable outcomes were reported in patients that underwent delayed treatment, while acutely treated patients had an average ROM arc of 95 degrees." 

Most studies on dynamic external traction report an average ROM above 80 degrees.°* Radiographic posttraumatic arthritis is seen in about half of 
patients, with patients, on average, reporting less than 1 out of 10 pain based on the VAS.42-4652.54,96.62,86.94,177 pin-tract infections are commonly reported. 
Local pin care most frequently avoids the occurrence of this complication. Oral antibiotics suffice in most cases for treatment. However, significant 
osteolysis has been described that may affect a large proportion of the head of the proximal phalanx, requiring early hardware removal.*? 


Open Reduction and Internal Fixation 


Hamilton et al. observed that ORIF of dorsal fracture-dislocations of the PIP joint yielded a mean arc of motion of 70 degrees. While only two patients had a 
single fracture fragment, their ROM was 85 degrees compared to 65 degrees in patients with more than one fracture fragment.’° Using 1.2- or 1.3-mm 
plates, Cheah et al. were able to fix volar lip fractures with significant comminution in 6 of 13 cases. The authors were able to achieve fixation of 
comminuted fractures by engaging the volar plate into the construct. This was achieved by cutting the proximal most hole of the plate and creating a claw. 
Patients regained on average a 75-degree arc of motion.*4 

Using cerclage wire fixation, Weiss et al. reported at mean 2 years of follow-up an average ROM of 89 degrees (range 72-109). All fractures healed; no 
infections or prominent hardware were seen. 


Volar Plate Arthroplasty 

ROM of 95 degrees after full recovery has been reported when surgery is performed within 6 weeks of injury. This value drops to 78 degrees for patients 
operated thereafter. While similar results have been seen after an average of 11 years of follow-up,*° results may be less predictable in patients with 
fragments involving more than half of the articular surface, mainly due to recurrent subluxation. This technique has therefore been reserved for smaller 
fracture fragments not amenable to direct repair. 


Hemi-Hamate Arthroplasty 

Williams et al. reported an average arc of PIP joint motion of 60 degrees (range 35-80) in 13 consecutive patients that underwent hemi-hamate autograft 
reconstruction of the volar lip of the base of the middle phalanx. Union was achieved in all cases and recurrent dorsal dislocation was seen in two 
patients.!° In 19 patients that underwent hemi-hamate arthroplasty, Burnier et al. achieved on average 83 degrees of PIP flexion with an average extension 


lag of 17 degrees. Average residual pain was rated as 1.1 on the VAS.*° Similarly, Calfee et al. reported an average 70 degrees of PIP joint flexion and with 
a mean flexion contracture of 19 degrees in 33 patients who underwent hemi-hamate arthroplasty.2” A recent systematic review of 22 articles with 234 
patients who underwent hemi-hamate arthroplasty has demonstrated excellent results with the technique.°” The weighted mean postoperative PIP and DIP 
motion was 74.3 and 57 degrees, respectively. Average mean VAS was 1 and weighted grip strength was 87% as compared to the contralateral side. Despite 
the excellent results, complications included posttraumatic arthritis in 18% of cases, graft collapse in 4.2%, and donor site morbidity in 3%. As this 
technique is often used in salvage situations, these results should be interpreted in a positive light and that the surgery is relatively safe and reproducible. 


Pilon Fractures 


Stern et al. found poor results with nonoperative treatment only. Open treatment with K-wire fixation provided results similar to those of dynamic traction 
but with more frequent soft tissue complications.!’? Morgan et al. reported on 14 patients treated with dynamic traction splinting, 6 of which had pilon 
fractures and the remainder either dorsal or volar fracture-dislocations of the PIP joint. After a mean 2 years of follow-up, the authors observed an average 
ROM arc of 89 degrees (range 58-105). Six patients had drainage from their pin sites, four of which received oral antibiotics.!9” Very similar results have 
been found by Schenck.!®° 

With the advent of mini-fragment locking implants, some authors have shown satisfactory results with open treatment of these complex injuries. Henry 
reported on 40 patients that underwent locking plate fixation of pilon fractures using 1.5-mm implants. Fractures were approached opposite to the site of less 
comminution via a volar, a dorsal, or a midaxial approach. At a mean 13 weeks of follow-up, the author reported no wound complications and an average 
arc of motion of 93 degrees at the PIP joint and 53 degrees at the DIP joint.8° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO MIDDLE PHALANX FRACTURES 


Middle Phalanx Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Infection: In most instances related to percutaneous wires. Antibiotic treatment advised. Osteomyelitis is a rare occurrence. 

Stiffness: Guided hand therapy is paramount to optimize range of motion. 

Malunion: Corrective osteotomies, including in cases of intra-articular involvement at the base of the middle phalanx have been described.“ 

Joint subluxation, instability: Hemi-hamate arthroplasty is indicated in this setting. 

Posttraumatic arthritis: Fusion of either the DIP or PIP joint can be a reasonable salvage operation in those patients that develop arthritis after intra- 
articular fracture of the middle phalanx. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO MIDDLE PHALANX 


FRACTURES 


Fractures of the neck and shaft routinely yield satisfactory outcomes except when significant soft tissue involvement is present. With smaller implants 
becoming more readily available, a shift toward open treatment will likely occur. Given the high risk of soft tissue complications, the authors believe that 
whenever indicated, closed reduction with percutaneous fixation techniques should be favored. 

Satisfactory outcomes of intra-articular fractures, both distally and proximally, can be expected in many instances. Residual loss of motion at the PIP 
joint is however to be expected in unstable volar base fractures and in pilon fractures. Furthermore, residual loss at the DIP joint is frequent after 
transarticular pinning at this level. 

While the published literature on middle phalanx fractures is fairly extensive, very limited studies have been dedicated to the treatment of condylar and 
middle phalanx neck and shaft fractures. Furthermore, the level of evidence for the vast majority of literature on this subject is low. This poses an 
opportunity for better-designed studies to answer the questions over optimum treatment options for these relatively frequent injuries. 


Proximal Interphalangeal Joint Dislocations 


INTRODUCTION TO PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Proximal interphalangeal joint injuries are the most frequent dislocations of the hand and upper extremity. They frequently occur in the setting of athletic 
activities and in the vast majority of cases, occur as dorsal dislocations. Early recognition and understanding of the associated injuries play a key role in 
restoring digit function. 


ASSESSMENT OF PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


MECHANISMS OF INJURY FOR PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Hyperextension and dorsal translational injuries to the middle phalanx are the main cause for simple dorsal dislocations as seen during many sporting 
activities involving ball manipulation such as basketball and volleyball. Similarly, volar dislocations, albeit much less frequent, can occur in this same 
setting and are caused by forced volar translation of the middle phalanx. 


INJURIES ASSOCIATED WITH PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Proximal interphalangeal joint dislocations most frequently occur as an isolated injury. Co-occurrence with dislocations of the DIP and MP joints has been 
described.2!!!0 They may also occur in the setting of polytrauma.!%4 Disruption of the volar plate and collateral ligament is the norm in dorsal dislocations, 
while disruption of the central slip occurs in volar dislocations. 


SIGNS AND SYMPTOMS OF PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Gross deformity may be present with both rotational and angular malalignment notable clinically. However, not infrequently, swelling and stiffness at the 
PIP joint may be the only noticeable findings. As a consequence, treatment is often sought in a delayed fashion. 

In the setting of transient joint subluxation, the patient will present with a reduced joint. In this situation and also after successful reduction of the joint, 
stability and tendon function should be assessed. Testing for active flexion at the DIP and PIP joints to assess FDP and FDS function should be 
accompanied by assessment of the extensor mechanism. Ability to achieve full extension at the PIP and DIP joints should be observed. In addition, Elson’s 
test is important in confirming integrity of the central slip. For this test, the patient’s PIP joint is placed in 90 degrees of flexion over the edge of a table. The 
patient is then asked to actively extend the PIP joint against resistance. The DIP joint is then examined. Active tension through the DIP joint suggests 
rupture of the central slip as the terminal tendon is being recruited to extend the PIP joint. A floppy DIP joint on the other hand suggests integrity of the 
central slip. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PROXIMAL INTERPHALANGEAL JOINT 
DISLOCATIONS 


Dedicated PA and lateral radiographs of the injured digit centered at the PIP joint should be obtained to assess joint displacement and presence of fractures. 
Fluoroscopy may aid in obtaining a perfect lateral of the joint. A reduced joint should present with a lateral view similar to that of the DIP joint. 
Discrepancy of the appearance of these joints is indicative of rotational malalignment of the joint. 


CLASSIFICATION OF PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Proximal Interphalangeal Joint Dislocations: 


CLASSIFICATION 


Volar 
Dorsal 
Pure dorsal 
Rotatory 


OUTCOME MEASURES FOR PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


As for other injuries of the digits, ROM, pain, and complications are the most frequently reported outcomes after PIP joint dislocations. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO PROXIMAL INTERPHALANGEAL 


JOINT DISLOCATIONS 


The proximal interphalangeal joint is a hinge joint composed of a convex head of the proximal phalanx and biconcave articular surface of the middle 
phalanx. Congruency of these articular surfaces provides axial stability to the joint.2° The extensor mechanism is attached onto the dorsal aspect of the base 
of the middle phalanx through the central slip. Radially and ulnarly, the joint is stabilized by the collateral and accessory collateral ligaments. The collateral 
ligaments originate on the lateral aspect of the head of the proximal phalanx and insert onto the lateral and palmar aspects of the middle phalanx, volar to 
the axis of rotation. The lateral collateral ligaments are the primary stabilizers in the coronal plane. The accessory collateral ligaments originate adjacent to 
the collateral ligaments. Distally, the accessory collateral ligament inserts onto the volar plate and A3 pulley of the flexor tendon sheath. Palmar to the joint, 
the volar plate spans the joint from the neck of the proximal phalanx to the base of the middle phalanx. The lateral edges of the volar plate blend with the 
collateral ligaments. Along with two proximal extensions of the volar plate, termed checkrein ligaments, the volar plate provides an important restraint to 
hyperextension. A dorsal plate has also been described. This triangular structure is located deep to the central slip and plays a role in stabilization of the 
central extensor tendon and in PIP stability.!® 


TREATMENT OPTIONS FOR PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


NONOPERATIVE TREATMENT OF PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Indications/Contraindications 


Nonoperative Treatment of Proximal Interphalangeal Joint Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Simple dorsal and volar dislocations e Complex dislocations (with associated fracture) 


Closed Reduction 


Simple dislocations of the PIP joint are routinely treated with closed reduction under a digital block. 


Dorsal Dislocations 


Dorsal dislocations are reduced with extension of the middle phalanx, mild traction, and a volar translation force. After reduction, the joint is brought 
through full ROM to confirm joint stability. Cadaveric studies have shown that after closed reduction, the volar plate and collateral ligaments routinely 
return to their anatomic location once joint reduction has been obtained.!7° Despite disruption of the collateral ligaments, the joint is in most instances 
stable. Because of the high risk of stiffness, treatment of PIP joint dislocations is aimed at immediate motion. Early motion protected with buddy taping is 
recommended over a 4- to 6-week period.!! Alternatively, a figure-of-eight extension-blocking splint may be used. 


Volar Dislocations 


Volar dislocations are significantly less frequent than their dorsal counterpart.!°* They occur secondary to a hyperflexion injury with volar translation. The 
central slip is almost always disrupted either as a purely tendinous avulsion or along with a bony fragment of the dorsal lip of the base of the middle 
phalanx. Volar dislocations are reduced with flexion, mild traction, and a dorsal translation force applied to the middle phalanx. This is followed by 
splinting of the PIP joint for 4 to 6 weeks, while allowing full active motion of the DIP and MCP joints. The main goal of treatment is to allow healing of 
the central slip to avoid delayed development of a boutonniére deformity. 


Central slip 


Lateral band 


Figure 45-33. Rotatory PIP joint dislocation. Closed reduction of the PIP joint can be challenging by closed means due to the head of the proximal phalanx 
buttonholing between the lateral band and lateral slip. 


Rotatory Dislocation 


Rotatory dislocation of the PIP joint can present with less dramatic radiographs than either dorsal or volar dislocation. On lateral radiographs, a discrepancy 
can be seen between the contour of the head of the proximal phalanx and the head of the middle phalanx. A frank dislocation is usually not present, as the 
condyle of the middle phalanx is locked between the lateral band and central slip of the extensor mechanism (Fig. 45-33). These injuries can be difficult to 
reduce in a closed manner. Wrist extension and MCP joint flexion can aid in relaxing flexor and extensor at the level of the PIP joint. Gentle rotation of the 
digit does frequently successfully reduce the joint. If this fails, open reduction is required and is centered over where the condylar head is thought to have 
buttonholed between the lateral band and central slip. 

Outcomes 


Arora et al. compared immediate ROM with cast immobilization for 4 weeks for simple dorsal PIP joint dislocations. Normal ROM was achieved in 23 of 
25 patients treated with immediate ROM compared to only 9 out of 25 treated with immobilization.!! Joyce et al. reported a significantly greater ROM 
when patients with dorsal PIP dislocations were treated in a figure-of-eight splint compared to those treated with a dorsal-blocking splint, buddy strapping, 
or immobilization. On average, an ROM of 90 degrees was achieved with figure-of-eight splinting compared to 60 to 66 degrees in the other treatment 
modalities.’ Based on these studies, splints or buddy taping that allows for immediate ROM are imperative. 


OPERATIVE TREATMENT OF PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Indications/Contraindications 


Operative treatment for PIP joint dislocations is indicated in irreducible injuries and in open dislocations that require irrigation and debridement of the 
wound. 


Open Reduction 


Preoperative Planning 


Open Reduction of PIP Dislocations: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard table 


Position/positioning aids LJ Supine, radiolucent hand table 


Fluoroscopy location LJ Mini C-arm entering from the operative side 


Equipment LJ Standard hand surgery instrumentation 
Tourniquet LJ Nonsterile tourniquet at the arm 
Positioning 


The patient is positioned supine with the arm over a radiolucent hand table. 


Surgical Approach 


The dorsal approach is preferred as it is safer and allows direct access to the joint. Alternatively, a midaxial approach may be used to allow access to both 
the dorsal and volar aspects of the digit. Once the joint has been exposed, removal of interfering structures is indicated. These include osteochondral 
fragments,!°” the lateral band,?3 and flexor tendons.!!5-!29.178 Following reduction, the finger is brought through a full arc of motion to confirm stability. If 
the central slip has been avulsed, it is primarily repaired with the use of a suture anchor. Collateral ligament repair is not necessary. Intraoperative imaging 
is recommended to confirm joint reduction. The wound is then closed. Dorsal dislocations are placed into a soft dressing to allow for early ROM. Volar 
dislocations that require central slip repair are splinted with the PIP joint in extension, allowing for MCP and DIP motion. A transarticular K-wire may be 
placed across the PIP joint in this setting and removed at 4 weeks.!“8 


Technique 


Open Reduction of PIP Dislocations: 
KEY SURGICAL STEPS 


Dorsal approach to PIP joint 

Relocation or removal of interposed structures 
Central slip repair 

Fluoroscopic confirmation of reduction 
Wound coverage 


The PIP joint is exposed by a dorsal approach. Interposed structures are relocated (flexor tendon, lateral band) or removed (osteochondral fragment). If 
avulsed (as in volar dislocations), the central slip is repaired. Reduction is confirmed under fluoroscopic imaging. The wound is covered. For dorsal 
dislocations, a soft dressing is used and early ROM undertaken. For volar dislocations, an extension splint is applied only to the PIP joint. Transarticular 
pinning may be considered. 


Authors’ Preferred Treatment for Proximal Interphalangeal Joint Dislocations ( 


PIP joint 
dislocations 


Open (irrigation 
Closed/reducible and debridement)/ 
irreducible 


Pure volar with Open reduction: 
central slip subsequent 
rupture: extension management by 

splinting dislocation type 


Dorsal/rotatory: 
immediate motion 
with buddy taping 


Algorithm 45-4 Authors’ preferred treatment for proximal interphalangeal joint dislocations. 


Closed reduction is attempted for all dislocations. If stable postreduction, dorsal dislocations are treated with early range of motion and buddy taping. 
Volar dislocations on the other hand are splinted in extension. Open dislocations and irreducible dislocations are treated operatively. The dorsal 
approach is in general preferred for irreducible dislocations. In open dorsal dislocations, skin disruption usually occurs at the volar flexion crease. This 
should be debrided prior to reduction. An additional approach is often not required (Fig. 45-34). Early range of motion is started as for closed dorsal 
dislocations. Open volar dislocations undergo primary repair of the central slip and transarticular pinning of the PIP joint for 4 weeks. 


D ae 
Figure 45-34. Open dorsal interphalangeal joint dislocation. A: Dorsal dislocation of the distal phalanx. No fractures are noted. B: A volar skin defect is noted with 
exposed phalangeal head. C: Limited extension of the wound is required to allow for wound debridement. The interposed flexor tendon is reduced and the joint is 
relocated. D, E: Intraoperative and postoperative radiographs showing maintained joint reduction without the need of soft ligament repair. 


Postoperative Care 


Volar dislocations are splinted until pin removal at 4 weeks. Only the PIP joint is immobilized during this period to allow for active motion of the DIP joint. 
After pin removal, active ROM of the PIP joint is started. Passive motion is started at 6 weeks to maximize range. 

Dorsal dislocations are referred to a certified hand therapist within the first week of surgery. Edema management and supervised active ROM are 
encouraged. Passive flexion is started as tolerated, while passive extension is started during week 4. 


Potential Pitfalls and Preventive Measures 


Proximal Interphalangeal Joint Dislocations: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
e Failed closed reduction e Apply minimal traction and rely on translation and rotational correction of the deformity to reduce the joint. 
e Boutonniére deformity e Recognize that volar dislocations present with disruption of the central slip. Treatment requires PIP joint immobilization 


in full extension for 4 weeks, while allowing active motion at the DIP joint. 


e Missed dislocation e Obtain finger radiographs in all patients with a “jammed” finger. If available, obtain fluoroscopic images if standard 
radiographs are of suboptimal quality. 


e Stiffness e Start early motion in dorsal dislocations. 


e Infection of open dislocations e Perform surgical debridement prior to reduction. 


Outcomes 


Outcomes after PIP dislocations can vary substantially based on the type of dislocation and the necessary surgical treatment to restore functional anatomy. 
When the dislocation is simple without a fracture, isolated case reports have demonstrated evidence of good outcomes.?*-82-107,115,139,178 Th a case series of 
15 patients that underwent open reduction and central slip repair and transarticular pinning of a palmar PIP joint dislocation, Peimer et al. reported an 
average ROM of 72 degrees.!“8 More recently, authors have described the use of a dorsal plate for fixation of the fracture with volar instability.5! Although 
these are uncommon, a case series of five patients demonstrated a normal QDASH with average healing at 6.6 weeks. No complications were reported in 
this small case series. Unlike volar instability, dorsal fracture-dislocations are more common and there are more outcome data available for review. In a 
recent case series of 14 patients, Milner et al. reported on their patients treated with volar plate fixation with or without bone grafting.'°° The patients ROM 
averaged an arc of 81 degrees with a total loss of 12.9 degrees at follow-up of 6 months. Approximately 36% of patients required removal of hardware 
and/or an associated tenolysis. In patients with nonreconstructable fractures of the middle phalanx with an associated instability, the hemi-hamate has 
proven to be an invaluable surgical technique. Recent outcomes, as demonstrated in a case series of 19 patients who underwent hemi-hamate osteochondral 
autograft, demonstrated an average QDASH of 11 postsurgically.*° Additionally, at an average follow-up of 2 years, patients had an 81-degree arc of 
motion with only one patient demonstrating graft resorption. 

Although there are no current level I evidence to guide surgical treatment of PIP dislocations or fracture-dislocations, available data on general trends 
seem to be promising. A recent systematic review of the acute management of unstable fractures of the middle phalanx has demonstrated a good return of 
grip strength with an associated high level of complications across all surgical techniques.”° Stiffness and ongoing pain remain common across all surgical 
treatment options. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO PROXIMAL INTERPHALANGEAL JOINT DISLOCATIONS 


Proximal Interphalangeal Joint Dislocations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Delayed presentation 


Dislocations presenting after more than 3 weeks require open release of both collateral ligaments to allow for joint reduction. Manipulation of the joint 
should be done carefully, as chondral surfaces and subchondral bone may be soft and prone to damage. 


Proximal Phalanx Fractures 


INTRODUCTION TO PROXIMAL PHALANX FRACTURES 


Phalangeal fractures are one of the most common skeletal injuries in the upper extremity.*!!°! Although less common than distal phalanx injuries, proximal 
phalanx injuries account for a significant portion of these fractures and cause more functional problems. The spectrum of injury ranges from sports-related 
injuries to work accidents. Patients in their second and third decades of life are more prone to sports injuries while middle-aged patients are more likely to 
sustain work injuries.*2 Low-energy falls account for most fractures identified in the elderly. Given the high incidence of these fractures among the general 
public, and the propensity for long-term morbidity if not treated acutely, the focus of any physician should be early diagnosis, treatment, and posttreatment 
therapy. 


ASSESSMENT OF PROXIMAL PHALANX FRACTURES 


The history and physical examination continues to be one of the most important facets of the evaluation of the patient and helps guide treatment. Evaluation 
begins with a thorough discussion with the patient about any recent trauma, hand dominance, occupation, prior hand injuries, and the energy of the injury 
(e.g., high vs. low). A standard protocol for assessment of the patient should be performed which should start with the skin. Examining the patient in a 
systematic way with a well-defined protocol will prevent omission of more discreet injuries. Any abrasions, lacerations, or contusions should be noted as 
clues to a potential open fracture. Similarly, the overall condition of the soft tissue envelope is imperative as it often may affect which treatments remain a 
viable possibility. 


Figure 45-35. Clinical malrotation. A, B: Significant malrotation can be assessed and should be corrected surgically. 


A complete neurovascular examination must be conducted using sensation to light touch, two-point discrimination, and Semmes—Weinstein 
monofilament testing when available. The vascular examination of the digit is relatively straightforward with skin color and capillary refill demonstrating 
the viability of the digit. When there is significant concern about overt vascular compromise, a handheld Doppler should be used to assess the integrity of 
the radial and ulnar neurovascular bundles. 

Associated ligamentous and tendon injuries can be common, requiring additional testing of joint stability and tendon function. Tendon function can be 
tested with various methods including isolation of each joint, tenodesis effect of the wrist, and careful attention to the resting cascade of the digits. 
Malrotation should also be tested with meticulous investigation of scissoring upon flexion of the digits. As patients have significant pain at the time of 
injury, identification of malrotation can be difficult owing to patient’s inability to make a complete fist. Methods to assess scissoring include comparing the 
nail profiles on end, rotation both in extension and in flexion, and ensuring each digit faces the scaphoid tubercle (Fig. 45-35). The contralateral side acts as 
an internal reference, and comparison should always be made for assurance. 


MECHANISMS OF INJURY FOR PROXIMAL PHALANX FRACTURES 


Epidemiologic studies have demonstrated that sporting injuries account for the vast majority of proximal phalanx fractures in patients aged between 10 and 
40 years.4>101 The mechanism often involves a rotatory injury with the long and ring fingers being the two most commonly injured digits. In older patients, 
crush accidents at work, as well as falls in the elderly comprise the most common mechanism of injuries. 


INJURIES ASSOCIATED WITH PROXIMAL PHALANX FRACTURES 


Although proximal phalanx fractures are relatively common, associated injuries tend to be less common. However, it is imperative to evaluate for 
concomitant tendinous and ligamentous injuries that may arise in the same digit. Similarly, adjacent digits and osseous structures may also have fractures. 
Lastly, care must be taken to ensure that there is no subluxation or dislocation of the adjacent proximal or distal joint secondary to either articular fracture or 
collateral ligament injury. 


SIGNS AND SYMPTOMS OF PROXIMAL PHALANX FRACTURES 


The most common symptom of proximal phalanx fractures is acute trauma to the specified digit. As with any injury, swelling, bruising, pain, gross 
deformity, and inability to move the finger are often easily identified. Malrotation is another sign of injury but can be difficult to assess secondary to pain 
with ROM. An anesthetic digital block of the finger, followed by patient active motion of the fingers and passive motion of the wrist with observation of 
finger alignment, can help with assessment. When clinical suspicion remains high for an acute fracture, radiographs should be ordered. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PROXIMAL PHALANX FRACTURES 


Adequate radiographic imaging is imperative in the evaluation of proximal phalanx fractures of the hand. Orthogonal views should be ordered of the 
involved digit. An oblique view is also helpful as it often demonstrates the extent of the fracture displacement. When an isolated digit is involved, separate 
radiographs are warranted for the digit, as hand views are often not specific enough for close scrutinizing of the fracture characteristics. A Brewerton view 
can be helpful for assessing proximal phalanx base fractures and is obtained by laying the dorsal aspect of the digits on the cassette with 65 degrees of 
flexion of the MCP joint. The beam is then angled 15 degrees from ulnar to radial in an AP projection. The lateral view of the MCP joint can be difficult to 
obtain secondary to the cascade of the metacarpals, requiring 20 to 30 degrees of pronation and supination for the index and small finger metacarpals, 
respectively. Joint congruency and subtle subluxation should be examined. 

Advanced imaging is seldom needed in proximal phalanx fractures. However, in patients with complex intra-articular fractures that are not easily 
understood, advanced imaging may be helpful in determination of surgical approach or technique. 


CLASSIFICATION OF PROXIMAL PHALANX FRACTURES 


Proximal Phalanx Fractures: 
CLASSIFICATION 


e Unicondylar fracture (further subclassified by Weiss—Hastings classification) 
e Class I (oblique volar) 
e Class II (long sagittal) 
e Class III (dorsal coronal) 
e Class IV (volar coronal) 


Bicondylar fracture 

Neck fracture (subcapital or subcondylar) 

Shaft fracture (transverse, spiral, oblique, comminuted) 
Base fracture (% of base) 

Avulsion fracture (e.g., ligamentous/tendinous avulsion) 


OUTCOME MEASURES FOR PROXIMAL PHALANX FRACTURES 


Functional outcome after proximal phalanx fracture is best measured using total arc of motion/total active motion (TAM) of the MCP, PIP, and DIP joints in 
addition to percentage of TAM when compared to the contralateral side. Recent studies suggest that total functional arc of motion can be used as a predictor 
for activities of daily living and can be vital in determining the overall outcome.'* Bain et al. reviewed the importance of functional ROM with 20 different 
activities.'* They were able to demonstrate that the functional ROM, as defined as the motion needed to perform 90% of the activity, differs across fingers 
and is approximately 48% of the MCP joint, 59% of the PIP joint, and 60% of the DIP joint. This remains relevant when discussing indications and 
outcomes for proximal phalanx fractures. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO PROXIMAL PHALANX FRACTURES 


The proximal phalanx can be divided into several anatomic regions including the base, shaft, neck, and condyles. Each fracture location represents specific 
challenges to treatment. More proximal base injuries result in an apex volar deformity secondary to the pull of the central tendon on the distal fragment and 
the intrinsic tendons on the proximal fragment. As there are few, if any, stabilizing attachments to the shaft of the proximal phalanx, any fractures in this 
area can be inherently unstable. Neck fractures also commonly have an apex volar angulation with a hyperextension deformity being common, necessitating 
flexion of the PIP joint for fixation of the fracture. Understanding the propensity for some fractures to undergo common deformities is imperative, as the 
reduction of these deformities must be accomplished during stabilization of the injury to ensure acceptable outcomes. Condylar fractures often occur from a 
shear mechanism and stabilization of these injuries often involves traction and deviation of the digit. The collateral ligaments attach to the condyles and can 
be a strong deforming force. 

The extensor apparatus including the central tendon, lateral bands, and extensor hood is of key importance for proximal phalanx fractures as most 
fractures are approached through a dorsal or midaxial incision. Surgical approaches that minimize disruption of the extensor apparatus provide more active 
ROM secondary to fewer adhesions but are significantly more difficult to perform. 


TREATMENT OPTIONS FOR PROXIMAL PHALANX FRACTURES 


Currently, there are several available treatment options available for proximal phalanx fractures. One must be familiar with each method’s risks and benefits 
in order to help patients make an educated decision. 

Condylar fractures often require surgical treatment and the current options include open reduction and surgical fixation versus CRPP or screw fixation. 
Open approaches for condyle fractures include the dorsal Chamay approach as well as a midaxial approach. If the midaxial approach is chosen, care must be 
taken to avoid detaching the collateral ligament given its importance in blood supply to the joint and fragment. 

Phalangeal neck fractures similarly often require surgical intervention. However, if they are nondisplaced, it is possible to use splinting or buddy taping 
as a closed method of treatment.'4° A displaced neck fracture may be fixed through a mid-tendon splitting approach. For very distal neck fractures, a 
Chamay approach may be used to gain wide access to the fragment. 

The shaft fracture of the proximal phalanx can be transverse, spiral, oblique, and comminuted. Most phalangeal shaft fractures can be treated in a closed 
fashion (Fig. 45-36). Displaced and unstable fractures have several reasonable options for fixation, ranging from percutaneous pin or screw fixation, to open 
treatment with screws and/or small plates. A recent article has demonstrated that for certain fracture types, multiple interfragmentary screws alone using a 
midaxial incision provide faster return to activity and better outcomes when compared to plate fixation.!© The authors reviewed 43 patients with spiral and 
oblique fractures of the metacarpal and proximal phalanx treated with mini plate and screw versus screw alone and demonstrated improved total ROM and 
QuickDASH. Although a dorsal approach is simpler, a midaxial approach is less likely to disturb the extensor apparatus of the finger. 
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Figure 45-36. Closed reduction and internal fixation of P1 shaft fractures can be accomplished (A) longitudinally through the MP joint but not the metacarpal head, 
(B) or through the metacarpal head, (C) with the wires for either of these options running parallel in the phalanx, or (D) entering at the collateral recess and crossing, or 
(E) passing transversely. 


Lastly, base fractures of the proximal phalanx can be technically challenging to treat. If nondisplaced or reducible, they can be treated with splinting or 


buddy taping. If there is more than 20 to 30 degrees of apex volar angulation, surgery should be considered to prevent pseudoclawing. A myriad of 
techniques are available including open reduction and surgical fixation versus closed reduction and cross pinning. 


NONOPERATIVE TREATMENT OF PROXIMAL PHALANX FRACTURES 


Nonoperative treatment of proximal phalanx fractures is geared toward maximizing mobility while limiting the risk for displacement. Immobilization of the 
digit for an extended period of time can lead to significant stiffness and therefore only those joints that have to be immobilized should be protected. 
Placement of the finger in the intrinsic plus position is essential in order to prevent collateral ligament shortening and MCP joint extension contracture. The 
wrist is held in 30 degrees of extension with the MP joints in at least 70 degrees of flexion. The PIP and DIP joints should be held in extension to prevent 
volar plate contracture. When splinting, the joints above and below the fracture are immobilized (e.g., MCP and PIP). In most cases, nonoperative treatment 
will begin with a continuous splint or cast for a few weeks and then once the fracture shows early healing, a removable splint may be worn with intermittent 
mobilization. Most proximal phalanx fractures can be successfully treated with a splint for 3 to 4 weeks, followed by buddy taping and mobilization. 


Indications/Contraindications 


Nonoperative Treatment of Proximal Phalanx Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Nondisplaced fractures 
e Stable fractures 
e Intact soft tissue envelope 


Malrotation/scissoring 

Intra-articular extension with displacement 
Condylar fracture with radial/ulnar deviation 
Unstable fracture 

Apex volar angulation >20-30 degrees 
Pseudoclawing 

Significant shortening 


Closed Reduction and Splinting Followed by Buddy Taping 


Nondisplaced and minimally displaced stable nonarticular fractures are often best managed by closed means without surgery. Reduction of the fracture 
involves axial traction and flexion of the MCP joint for correction of the apex anterior deformity. Prolonged immobilization without flexing the MCP joints 
has been noted to cause stiffness and potentially permanent extension contractures.°? Immobilization for more than 4 weeks has been shown to be 
detrimental to overall mobility and Strickland has demonstrated that patients regain 70% to 80% of function when mobilization begins before 4 weeks.!”4 If 
mobilization is delayed, only 66% return of function is expected. 

Buddy taping is helpful after partial healing and during early mobilization. By taping the injured digit to the adjacent digit, an inherent splint is formed 
that allows for motion while protecting the fracture. However, taping cannot correct a rotational deformity and should not be used to mask this type of 
deformity. Several prefabricated buddy loops are available and are relatively inexpensive. 


Outcomes 


Outcomes for patients treated nonoperatively with proximal phalanx fractures remain good. As with any fracture, patient selection, fracture characteristics, 
and expectations must be managed appropriately. If recognized early, and a standard protocol followed, excellent outcomes should be expected.!”4 A recent 
prospective observational study evaluating early motion for stable nonoperatively treated proximal phalanx fractures demonstrated a total arc of motion of 
253 degrees at a mean of 7 weeks postinjury.2° To be included in the study, subjects were required to have no evidence of uncorrectable malrotation, 
fracture angulation less than 25 degrees in the sagittal plane, and less than 10 degrees in the coronal plane. This is in agreement with prior works by 
Strickland. Strickland et al. have characterized the factors affecting outcomes of phalangeal fractures.!”* They noted that failure to mobilize patients by 4 
weeks was detrimental to the final outcome. Concomitant injuries to both the flexor and extensor tendons portended a worse outcome with injury to the 
extensor tendons having a more pronounced effect. Lastly, increasing patient age was also deleterious to functional outcome. The most common 
complication is stiffness and misdiagnosed malrotation/malunion. 


OPERATIVE TREATMENT OF PROXIMAL PHALANX FRACTURES 


For those fractures with significant displacement, shortening, involvement of the articular surface or rotational malalignment, surgical fixation is warranted. 
The location and type of fracture dictate which surgical option is best utilized. Closed reduction and percutaneous fixation can often be accomplished with 
simple fractures and those that present within 1 to 2 weeks from injury. ORIF is often required when fractures are more than 1 to 2 weeks from injury, as the 
early callus makes closed reduction impossible. When surgery is performed, there are two main goals. First, an anatomic reduction must be accomplished. 
Second, the fixation must be stable enough to promote healing and allow early mobilization. In order to attain and maintain a reduction, several implant 
options are available which include screws, K-wires, external fixation, cannulated intramedullary screws, and plates. Typical screw and plate size is 1.3 to 
1.5 mm. Newer low-profile plate designs have minimized tendon adhesions and the need for plate removal theoretically. Surgeon preference, patient- 
specific factors (e.g., expected time to return to sport), and the specific type of fracture being treated will determine which technique is used. 


PROXIMAL PHALANX CONDYLAR FRACTURES 


Indications/Contraindications 


Indications for surgery in proximal phalanx fractures include open fractures, concomitant nerve/tendon injuries, malrotation/scissoring, significant intra- 
articular step-off, and angulation greater than 25 degrees in the sagittal plane and greater than 15 degrees in the frontal plane. 

Surgical treatment for displaced condylar fractures, whether unicondylar or bicondylar, remains the gold standard. In rare instances, in which there is no 
displacement, nonoperative treatment may be performed with splinting. However, the patient must be reliable and close follow-up must be maintained with 
weekly radiographs. There are two main surgical techniques that are often employed for condylar fractures. These include ORIF with a plate/lag screw and 
CRPP (Fig. 45-37). Nondisplaced condylar fractures are best treated with K-wires to avoid incisions while more displaced fractures often require an open 
reduction. As previously discussed, care must be taken to preserve the collateral ligament attachment because of its crucial blood supply. 


A, B 


Figure 45-37. Unicondylar fracture. A: Condylar fractures with associated phalangeal neck fractures may require compression of the condylar fragment first and then 
fixation of the neck. B, C: Lag screw fixation. 


There are several approaches that are employed to gain access to the phalangeal head. The first approach is through a midaxial incision where the lateral 
band is elevated dorsally. The technique is often employed for a unicondylar fracture and is relatively straightforward to gain access for placement of a lag 
screw for a minimally displaced/nondisplaced fracture. The collateral ligament should be protected and not be completely stripped from the condyle. Direct 
visualization and reduction of the joint surface are often difficult to assess through a midaxial incision only. 

A second approach uses a dorsal skin incision and then a dorsal-radial or dorsal-ulnar approach in the interval between the central tendon and lateral 
band. On the other side (radial or ulnar) of the tendon, an additional interval volar to the lateral band can be utilized. This allows for easier lateral plate 
fixation to the phalangeal shaft and for better exposure in more complex fracture patterns. The joint surface can be partially visualized through the tendon 
interval. Care should be taken not to avulse the central slip insertion with distal retraction. 

The Chamay approach is a third option that is also achieved through a dorsal approach. Instead of going between the central slip and lateral band, the 
extensor tendon is reflected using a V-shaped distally based flap to gain access to the joint.** This approach preserves the attachment of the central slip. The 
Chamay approach is reserved for bicondylar fractures with significant joint comminution, especially those with coronal split fragments. A common result of 
the Chamay approach is an extensor lag of the digit. 

A final alternative to the Chamay approach is that of splitting the extensor tendon and elevating the central slip radially and ulnarly as initially described 
by Swanson for PIP arthroplasty.!”° It is not routinely recommended for fracture fixation. 


Technique 


f Surgical Fixation of Proximal Phalanx Condylar Fractures With K-Wires: 


KEY SURGICAL STEPS 


Use a large bump to allow ease of angulation of the K-wire 

Smaller K-wires (0.035 or 0.028) are recommended so that multiple K-wires may be used to prevent malrotation 

Bone-reducing forceps/clamps are recommended to provide an initial closed reduction 

Reduce the condyles to each other first (if bicondylar fracture) 

Single intercondylar split—use two K-wires to prevent rotation 

For smaller fragments, start the K-wire on the side of the small fragment and drive the K-wire from small to large (mnemonic: ship to shore) 
For concomitant condylar fractures with a neck fracture, fix the condyles first and then use cross pins for the neck 


Open Reduction and Internal Fixation of Condylar Fractures 


Technique 


ORIF of Proximal Phalanx Condylar Fractures: 
KEY SURGICAL STEPS 


Use a large bump to allow ease of angulation of drill or screwdriver 
Choose the skin incision to allow adequate access to the fracture (e.g., midaxial vs. dorsal-radial or dorsal-ulnar) 
Decide on technique to preserve the extensor mechanism when possible (dorsal retraction of lateral band from midaxial approach or between central 
slip and lateral band) 
Provisional fixation with a bone clamp is advisable first in addition to a temporary K-wire 
= Lag screw should then be applied; two screws should be used when possible 


PROXIMAL PHALANGEAL SHAFT FRACTURES 


Indications/Contraindications 


Shaft fractures of the proximal phalanx can be challenging fractures to treat owing to their location. Various methods have been described for surgical 
fixation, including CRPP and ORIF with screws, plates, intramedullary headless screws, augmented K-wires (e.g., tension band), or a combination of 
methods. As shaft fractures are categorized based on the location of the fracture and the geometry, it is important to realize that not every method is suitable 
for each type of fracture. For instance, a transverse shaft fracture is not amenable to lag screws. However, an oblique or spiral shaft fracture is amenable to 
lag screws, plates, or K-wire fixation. 

CRPP is often employed for proximal phalanx shaft fractures. Almost all types of fracture patterns are amenable to K-wires. However, fractures that are 
transverse, spiral, or short oblique in nature tend to fare better with K-wires.'® Belsky et al. prospectively studied 100 patients with displaced fractures 
treated with closed reduction and K-wires.!8 The authors reported good or excellent results in 90% of patients when treated within 5 days of the injury. The 
benefit of CRPP is the minimization of the required dissection and soft tissue trauma. This also causes less disruption to the vascular supply of the bone and 
thus improves bony healing. In addition, K-wires are only a temporary means of fixation and are typically removed in the office at 4 to 6 weeks. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Surgical Fixation of Proximal Phalanx Fractures: 


OR table LJ Hand table 
Position/positioning aids LJ Hand bump high enough to allow complete flexion of the MCP joint 
Fluoroscopy location LJ End of table or axilla for dorsal approach 
Equipment LJ Hand drill 
Tourniquet LJ Applied but may not be necessary for CRPP 
Other LJ K-wires, plates, and screws should all be available 
Positioning 


Positioning for the fixation of proximal phalanx fractures whether open or closed can be difficult owing to the proximity to the hand. It is often necessary to 
flex the finger. 


Closed Reduction and Percutaneous Pinning of Proximal Phalanx Fractures 
Surgical Approach 


The surgical approach for CRPP of the proximal phalanx is relatively straightforward. There are a few options based on the fracture pattern and location of 
the injury (Fig. 45-38). For more proximal fractures of the shaft that are transverse in nature, there are two main methods for fixation. These two methods 
involve either antegrade pinning or retrograde pinning. For antegrade pinning, there are two main techniques that are employed. The first method is to 
reduce the often apex volar angulation by hyperflexing the digit and then using a cross pin configuration from the phalangeal base (extra-articular). The 
second method involves traversing the MCP joint entirely where the K-wire is driven through the metacarpal head and across the joint into the proximal 
phalanx and across the fracture.'® This technique is reserved for small comminuted proximal fragments where fixation in the fragment alone would be 
inadequate. For midshaft to distal fractures, a retrograde pin configuration is used. In this instance, the K-wires are driven in a retrograde cross pin 
configuration from the condylar recess across the fracture site. At least two pins are required for transverse fractures to prevent malrotation. 


Figure 45-38. Flexing the MP joints fully causes the extensor apparatus to function as a tension band to a transverse fracture in the P1 shaft, helping to reduce the 
deformity and stabilize the fracture when the PIP joint is actively flexed. 


For more oblique and spiral fractures, a closed reduction should be performed using percutaneous bone clamps (Fig. 45-39). Once reduced with the bone 
clamps and longitudinal traction, the K-wires may be placed percutaneously and advanced perpendicular to the fracture line. 


Technique 


Closed Reduction and Percutaneous Pin/Screw Fixation: 
KEY SURGICAL STEPS 


Supine with a large bump under the hand 
Pin or K-wire placement 
Repeat on the contralateral side 
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Figure 45-39. Closed reduction with finger manipulation and bone clamps and Kirschner wiring. 


Place the patient supine on the operating room table with a large bump under the hand. Have several 0.028- or 0.035-inch K-wires available with an 
appropriate size of drill. For proximal transverse fractures, hyperflex the digit/MCP joint and if amenable, do extra-articular antegrade cross pins; if too 
proximal, place the K-wire through the metacarpal head, MCP joint, and then proximal phalanx; two pins are necessary. For oblique or spiral fractures, use 
a pointed reduction bone clamp to reduce the fracture and check alignment; drive the K-wire perpendicular to the fracture plane; multiple K-wires are 
necessary. For more distal transverse shaft fractures, a retrograde cross-pin configuration is useful; place the fingers over a large bump and using the 
adjacent digit as a guide, line up the digits together. Place the pin just proximal to the condylar articular surface in a cross-pin configuration and drive the 
pin in a retrograde fashion. Repeat on the contralateral side. 


Open Reduction and Internal Fixation 


When the fracture is not amenable to closed treatment either in a splint or with percutaneous pins, an ORIF must be performed. Stable ORIF constructs have 
been shown to provide better results than their counterparts owing to the ability to mobilize the finger early.°° Several approaches to the proximal phalanx 
exist with the most common being a dorsal approach, midaxial approach, or percutaneous approach. The internal fixation method also varies and may 
include screw fixation, plate fixation, K-wire fixation, augmented K-wire fixation (e.g., tension band), and intramedullary headless compression screws. 

The dorsal approach entails creating a longitudinal incision over the proximal phalanx. The extensor apparatus is split longitudinally and retracted 
radially and ulnarly. This gives excellent exposure to the fracture site. The largest drawback to this approach is the extensive dissection and tendon 
adhesions that often ensue. As a result, several authors have recommended the midaxial approach. More recently, evidence has suggested the use of 
intramedullary headless screw fixation which can similarly allow early ROM with little risk for adhesions.®® This type of fixation can be used for both 
transverse length stable fractures and proximal shaft fractures amenable to cross screw fixation (Figs. 45-40 and 45-41). This method has also become more 
popular in patients undergoing replantation owing to its ability for immediate rigidity without external wires. 
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Figure 45-40. A, B: Radiographs depicting a closed transverse proximal phalanx fracture. C, D: Retrograde starting point that can help easily reduce the fracture. E- 
H: Flexion of the MCP joint allows for easy advancement of the K-wire for subsequent drilling and screw placement. I, J: Final radiographs depicting near anatomic 
alignment and placement of an intramedullary headless screw. 


Figure 45-41. Radiographic example of cross intramedullary headless screws for complex proximal phalanx fractures. 


ORIF Through a Dorsal Approach 


KEY SURGICAL STEPS 


/ | ORIF of Proximal Phalanx Fractures Through a Dorsal Approach: 


Patient supine with large hand bump 

Surgeon between head and arm 

Longitudinal incision over the dorsum of the finger 

Extensor apparatus split and retracted 

Periosteal layer incised and retracted 

Reduction with bone reduction forceps and manual manipulation 
Choice of internal fixation 


The patient is laid supine on the table, with a large hand bump. The surgeon should sit between head and arm. A longitudinal incision is made over the 
dorsum of the finger. The extensor apparatus is split centrally and retracted radially/ulnarly. The periosteal layer is incised and gently retracted for repair 
later (repair decreases risk of hardware irritation). Reduction is accomplished with bone reduction forceps and manual manipulation. Choice of internal 
fixation is then performed. 


ORIF Through a Midaxial Approach 


KEY SURGICAL STEPS 


/ | ORIF of Proximal Phalanx Fractures Through a Midaxial Approach: 


Patient supine with large hand bump 

Surgeon on the side where midaxial incision is being made 
Incision through the skin down to the lateral band 

Lateral band excised or elevated dorsally 

Reduction with bone reduction forceps and manual manipulation 
Choice of internal fixation 


Patient is laid supine on the table, with a large hand bump. Surgeon should sit on the side the midaxial incision is being made (if excising the lateral band, 
the ulnar aspect is preferred to save the lumbrical insertion). An incision is made through the skin down to the lateral band, which can then be excised or 
elevated dorsally. Reduction is accomplished with bone reduction forceps and manual manipulation. Choice of internal fixation is then performed. 


ORIF of Proximal Phalanx Fractures With Intramedullary Screws Approach: 


KEY SURGICAL STEPS 


VE supine with large hand bump 

Surgeon on the side closest to whichever finger is operated on (e.g., arm pit for index, head of table for small) 
Small incision at site of percutaneous K-wire (e.g., can be at PIP for retrograde and then at MCP for antegrade) 
Reduction with bone reduction forceps and manual manipulation 

Sizing of screw both in diameter in length 

Placement of screw and checking of malrotation 


Patient is laid supine on the table, with a large hand bump. Surgeon may sit either between the head and the arm or in the axilla (whichever is closest to the 
finger needing surgery). A manual reduction is performed closed and a bone clamp may be used percutaneously to help the reduction. An antegrade or 
retrograde K-wire for the cannulated screw can then be placed (e.g., a retrograde K-wire that is advanced all the way through for ease of placement followed 
by an antegrade screw is a time saving maneuver). An incision is made through the skin only with care for the extensor mechanism. A longitudinal split of 
the extensor mechanism may be necessary to help accommodate central screws. Finally, screw size is then chosen both in diameter and length and placed. 
Biplanar fluoroscopy followed by checking for cascade malrotation should then ensue. 


Authors’ Preferred Treatment for Proximal Phalanx Fractures ( 


Proximal phalanx 
fractures 


Lateral base, large 
fragment: 
operative 

stabilization (e.g., 

single lag screw) 


Condylar Shaft 
fractures fractures 


Nondisplaced any 
pattern: splint 


Reducible: 
operative 
stabilization (e.9., 
pins vs. lag screws 
VS. per screws vs. 
splinting) 


Transverse: Comminuted: 
operative Spiral/long/ operative 
stabilization; if oblique: stabilization 
pins, need two or operative (ex-fix, ORIF, 
more for rotatory stabilization lateral or dorsal 
control) plate) 


Irreducible: 
operative 
stabilization, 
possible PIP joint 
pinning 


Algorithm 45-5 Authors’ preferred treatment for proximal phalanx fractures. 


A myriad of options exist for the treatment of proximal phalanx fractures with outcomes being generally less favorable than metacarpal fractures. For 
patients with a nondisplaced fracture pattern regardless of location (e.g., base, shaft, neck, or condyle), we prefer conservative treatment using a splint in 
the intrinsic plus position for 3—4 weeks, followed by buddy taping and range of motion. Patients must be followed closely both prior to the initiation of 


motion and especially after starting range of motion. A guided hand therapy protocol is crucial to ensure patients are adequately exercising their fingers 
safely. One must be extra cautious to evaluate for malrotation as this can be overlooked when patients are unable to make a clenched fist secondary to 
pain. 

Indications for surgical intervention are some open fractures, concomitant nerve/tendon injuries, malrotation/scissoring, significant intra-articular 
step-off, or angulation >25 degrees in the sagittal plane and >15 degrees in the frontal plane. We find that characterization of the fracture by location 
and pattern often helps dictate which surgical fixation methods optimize patient outcomes. 


Proximal Phalanx Condylar Fractures and Phalangeal Neck Fractures 

Condylar fractures of the proximal phalanx can be challenging injuries to treat. Fractures may be unicondylar, bicondylar, and sometimes combined 
with an associated phalangeal neck fracture. Displaced condylar fractures are best treated surgically. In patients with fresh condylar fractures that are 
reducible by closed means (e.g., bone reduction clamp), percutaneous fixation may be effective. K-wires are used to connect the fragment transversely 
to the other condyle and obliquely to the contralateral diaphyseal cortex (Fig. 45-42). An additional wire should be added to have two points of fixation 
into the proximal shaft to prevent displacement and rotation. We prefer 0.035-inch K-wires when possible. In some instances, if the fragment is small, 
0.028-inch K-wires may be necessary to hold the condyles together. If the fracture cannot be reduced by closed means, an open approach is required. A 
dorsal or midaxial incision can be used. Care must be taken not to disrupt the collateral ligament to the fragment as it often contains the blood supply to 
the bone. The lateral approach is fairly easy as the lateral bands and extensor mechanism are reflected dorsally. It should be noted that this approach 
does not allow for visualization of the joint surface. Alternatively, a more dorsal radial/ulnar approach may be used while working between two deep 
windows in the tendon. The first window is between the lateral band and central slip while the second window is volar to the lateral band. The first 
window allows for direct visualization of the joint surface while the second window allows for lateral screw placement. It is always recommended that 
provisional stabilization is achieved with a K-wire prior to drilling for a screw. Ideally, it is best to obtain two points of fixation in the condyles, either 
two screws, or a screw and a wire to provide rotational stability (Fig. 45-43). The sizes of the implants are typically 1.0-, 1.3-, or 1.5-mm screws. 

Bicondylar fractures are treated in a similar fashion with the exception of those with significant comminution or displacement. In complex fractures, 
a Chamay approach is employed. This involves incising the extensor tendon in a distally based V-shaped pattern and reflecting it distally. The approach 
allows for the most unobstructed view of the joint while maintaining the central slip attachment distally at the base of the middle phalanx. We try and 
avoid this approach if possible given the extensor lag that often ensues. For grossly unstable injuries, it may be necessary to pin the PIP joint 
temporarily to provide adequate stability. 

Phalangeal neck fractures demonstrate a unique deformity with an apex volar angulation and a dorsal displacement of the distal aspect of the finger. 
The deformity is often easily corrected with hyperflexion of the PIP joint. Our preferred method is to reduce the finger by hyperflexing the PIP joint and 
then placing a provisional K-wire in a retrograde fashion across the joint. The pin may be continued across the metacarpal joint so that the PIP joint can 
then be extended. This provides initial stabilization while cross K-wires can be placed from distal to proximal across the condyle to the base of the 
proximal phalanx through the dorsal cortex. The wires then can be withdrawn proximally until the distal tips lie just under the subchondral bone of the 
phalangeal head. Two K-wires are always necessary to prevent rotation. Occasionally, the fracture can be held from a proximal to distal K-wire starting 
at the phalangeal base. The benefit of an antegrade wire is the ability to pass the pin more centrally in the phalanx. 


Proximal Phalanx Shaft Fractures 


Phalangeal shaft fractures comprise the vast majority of the injuries of the proximal phalanx. Fracture orientation and characteristics dictate which 
method of fixation is best for optimal stabilization. For transverse fractures, we prefer treatment with antegrade K-wires from the phalangeal base 
angled obliquely across the bone (Fig. 45-44). These K-wires are best placed with the MCP in complete flexion and are often 0.045-inch K-wires or one 
0.045- and one 0.035-inch wire. If the reduction is difficult or the shaft fracture is very proximal, the K-wire may be placed through the metacarpal head 
and then into the proximal fracture fragment. Two K-wires are required to prevent rotational instability. 

Both oblique and spiral fractures may also be treated with K-wire fixation if an anatomic reduction can be achieved by closed means. If treated 
within the first few weeks of the injury, a bone reduction clamp may be used to get provisional fixation while perpendicular K-wires can then be placed 
across the fracture lines. Additional K-wires in an antegrade or retrograde fashion can be added as needed. Two or three K-wires are needed for oblique 
or spiral fractures. The fracture must be long enough to allow for adequate pin purchase. For fractures that have a length more than twice the diameter 
of the bone, percutaneous lag screw fixation may be used (Fig. 45-45). The benefit of lag screw fixation includes immediate range of motion without 
tethering of the soft tissues. If closed reduction cannot be achieved, then an open approach is required. A midaxial or dorsal approach is used, and 
careful dissection should be carried down to the periosteum elevating it off of the phalanx as one single layer. For complex fractures, a dorsal approach 
is more extensile and is preferred. The fracture site must be cleaned with fine curettes and the fracture can often be reduced using small forceps or small 
bone clamps. Once the fracture is reduced, a provisional K-wire may be placed. We recommend using a K-wire that matches the drill diameter should 
the surgeon wish to place a lag screw in that hole at a later time. Prior to insertion of the lag screw, we recommend countersinking to prevent iatrogenic 
propagation of the fracture or prominent screw heads. As the screw diameter is often 1-2 mm, placement of these screws along the drilled axis is 
imperative. We recommend that the depth gauge remain in the hole until the screw trajectory is lined up and the screw is inserted. At least two screws 
must be implanted; we prefer three to improve stability and to allow early range of motion. We find this technique very challenging and recommend that 
if any of the screws fail to gain purchase that the fixation construct be augmented with K-wires or a plate (Figs. 45-46 and 45-47). It should be noted 
that recent studies have demonstrated similar outcomes in the treatment of oblique extra-articular proximal phalanx fractures when treated with K-wires 
or lag screws.®! A total of 34 patients underwent CRPP while 26 had treatment with lag screws. The authors found no statistical difference in DASH 
scores, extensor lag, flexion contracture, total active motion, or union. 

If treatment of the fracture is delayed or there is significant comminution or bone loss, open reduction with plate fixation may be warranted. The two 
approaches that are often employed include a dorsal approach where the tendon is split down the midline, or via a midaxial approach. A dorsal midline 
approach is easier with improved access to the fracture while the midaxial approach has been proven to be more beneficial to prevent adhesions. 
Surgeon comfort level as well as the complexity of the fracture should dictate which approach is used. We prefer the midaxial approach for simple 
fractures while the dorsal approach provides more access for complex injuries. It is preferable to save as much periosteum as possible to try and suture 
this layer over the plate to prevent adhesions. At least four cortices of screw purchase on each side of the fracture should be obtained with careful 
contouring of the plate to the metaphyseal flare. 


Proximal Phalanx Base Fractures 


Partial articular phalangeal base fractures are infrequent injuries with most including some portion of the collateral ligament complex. Because the 
fracture often includes the ligamentous stability of the joint, surgical fixation may be required to regain a stabilized joint. If possible, a closed reduction 
and pin can be inserted to gain stabilization but motion should be delayed for 3—4 weeks to allow for bone healing. Alternatively, if the fragment is large 
enough, we prefer immediate lag screw fixation of the fragment to allow for early motion. 
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Figure 45-42. Closed reduction and percutaneous fixation for condylar neck fractures. A, B: Radiographs depicting a condylar fracture of the proximal phalanx of the 
thumb with extension into the neck. C, D: Closed reduction and percutaneous pin fixation can achieve anatomic reduction when performed within 1 week of the injury. 


Pins should be removed at 4 weeks and motion should begin. E, F: Full activity may resume once the fracture is healed. 
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Unicondylar screw fixation. A: Proximal phalanx condyle fracture with displacement. B, C: Reduction in PA/LAT plane with a single screw with 
eally, an additional point of fixation, even if temporary (e.g., K-wire), should be used to prevent rotational instability. 


A, B 


Figure 45 
compression. 


D \ ee C, D 


|. Antegrade cross pins for phalangeal shaft. A, B: Injury films demonstrating a phalangeal shaft fracture with dorsal angulation. C, D: Antegrade cross 
i from ‘the phalangeal base. 


A, B C, D 
Fig 45-45. Interfragmentary screw fixation for spiral fracture. A: Spiral proximal phalanx fracture with a fracture line longer than the diameter of the bone. B: 
Closed reduction with bone clamps. C, D: Interfragmentary screw compression obtained perpendicular to the fracture line. 


Figure 45-46. Interfragmentary failure. Radiograph demonstrating failure of interfragmentary screw fixation secondary to poor screw placement. 


Figure 45-47. Midaxial plating for phalanx fracture. A, B: Injury radiographs demonstrating displaced spiral fracture. C, D: Midaxial plating of the fracture with 
near-anatomic alignment allows immediate range of motion following surgery. 


Postoperative Care 

The postoperative management of proximal phalanx fractures revolves around providing adequate stabilization while allowing ROM as early as possible. 
Only those joints that are necessary to stabilize the fracture should be immobilized. When necessary, the MCP joint should be mobilized in greater than 70 
degrees of flexion to prevent collateral ligament contracture and thus an extension contracture of the MCP joint.°? If there is significant swelling, the MCP 
joint can be pinned in a flexed position. If stable fixation has been achieved, early active motion within 5 to 7 days is recommended. If stable fixation is not 
achieved, splinting of the MCP in flexion and the IP joints in extension is advised for no more than 4 weeks given the high risk for finger stiffness.!”* Hand 
therapy is recommended in order to prevent finger stiffness and contractures. A custom thermoplastic splint can be made, which is useful for protection 
when the patient is not exercising their hand. 


Potential Pitfalls and Preventive Measures 


Proximal Phalanx Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
e Inadequate fixation e Use more than one screw or K-wire to prevent rotation 
e Detachment of the central slip or collateral e Care must be taken to identify these structures and protect them as injury can result in poor outcomes 
ligament 
e Inadequate reduction e Use longitudinal traction with bone forceps to hold initial reduction 


e Malrotation e Compare to contralateral side, use tenodesis of wrist, potentially do patient under “wide awake, local anesthesia” surgery 


e Finger stiffness/adhesions e Use K-wires when possible and ensure a stable construct; if ORIF necessary, use at least two screws or a plate to provide 
early range of motion 


e Loss of reduction e Fracture length must be more than twice that of the diameter of the bone to allow lag screw fixation for oblique fractures 


Outcomes after phalangeal condylar fractures (head fractures) are often worse than those associated with the shaft because of the nature of the injury (e.g., 
intra-articular) and the inherent risk of joint stiffness. Gupta et al. identified worse outcomes in phalangeal fractures compared to metacarpal fractures, 
demonstrating 94% good to excellent results in metacarpal fractures and only 54% in phalangeal injuries.’“ Reasons for this may include the inability to 
gain stable fixation and/or the proximity of the flexor/extensor tendons to the fixation construct in the phalanges. Stable fixation is imperative to allow for 
early ROM to prevent stiffness and contractures. Articular congruency with maintained alignment is the ultimate determinant of outcome. 

The outcomes associated with proximal phalangeal shaft fractures are very good.” As previously mentioned, Belsky et al. demonstrated good to 
excellent results in 90% of patients when treated with closed reduction and K-wire fixation for proximal phalanx fractures.*° Ip et al. reviewed 1,358 digital 
fractures and demonstrated excellent to good results in 90% of fractured thumbs, and 58.7% to 76.5% excellent to good results in fingers.”“ Those patients 
not requiring surgery fared better while those patients with open, comminuted, or multiple fractures did worse. A recent study has evaluated the efficacy of 
transarticular pinning (e.g., Belsky method) versus cross pinning from the base in a prospective manner.’’’ The study was a prospective trial and enrolled a 
total of 61 patients. Both cohorts demonstrate a significant improvement from 3 to 6 months and there was no statistical difference between the groups in 
ROM or complication. Both transarticular pinning and cross pinning remain viable options for most proximal phalangeal extra-articular fractures. 

K-wire fixation remains one of the most commonly employed techniques yet controversy remains in regard to its efficacy and outcomes. >+ There is 
significant debate in regard to how the pins should be cut and whether they should be buried or left outside the skin. Stahl et al. reviewed 590 K-wire 
procedures on 236 patients and demonstrated a complication rate of 15.2%, which included osteomyelitis, tendon rupture, nerve lesion, pin-tract infection, 
loosening, and pin migration.!°” Furthermore, authors have demonstrated that pins are not as stable as other constructs, which may cause a high failure rate 
when early motion is started.'°* However, when Pun et al. compared their results of unstable fractures treated with plates and screws, they found that there 
was no improvement in the results compared to K-wire fixation, with only 26.9% of patients reported to have good results with improved ROM and 
function.'°’ The authors concluded that an unsatisfactory outcome is likely in many unstable and open fractures regardless of fixation technique. To combat 
K-wire instability, Greene augmented K-wire fixation with cerclage wire, creating a tension band technique.°° In replantation cases, intraosseous wiring has 
proven to be beneficial. 


Figut -48. Comminuted spiral oblique proximal phalanx fracture. A: Comminuted oblique fractures of the proximal phalanx shaft often require more rigid fixation 
to correct malrotation and to allow immediate motion. B, C: Fixation with interfragmentary screws and a neutralization plate. (Reprinted with permission from McKee 
MD, et al. Midshaft malunions of the clavicle. J Bone Joint Surg Am. 2003;85(5):790-797.) 


When ORIF is warranted, many authors prefer more rigid fixation, including screws and plates ( 5-48). The superiority of screws/plates to K-wires 
has been demonstrated. Diwaker et al. compared the results of plates and screws to that of conservative measures for displaced fractures and demonstrated 


improved functional results with fixation. Others have refuted this, demonstrating no superiority of screws to K-wires for oblique/spiral fractures despite 
having better rigidity.8* Specifically, Horton et al. reviewed a series of 32 patients treated with closed reduction and K-wires versus lag screw fixation. They 
reported that at a mean follow-up of 40 months, there was no difference in functional recovery rates, pain scores, or ROM.®4 In some cases, plate fixation 
may be warranted given the fracture pattern. Although plates provide the most rigid of fixation, there is concern over the exposure needed and the higher 
likelihood of adhesions/stiffness (Fig. 45-49). Newer lower-profile plates have been described to combat this; however, their outcomes have demonstrated 
similar complication rates.”! In a retrospective review of 23 patients undergoing low-profile plating for proximal phalanx fractures, the authors 
demonstrated a 52.2% complication rate with seven patients requiring removal of hardware and a tenolysis. Similarly, other studies have reviewed 
complication rates in patients undergoing malrotation correction with plating and demonstrated a need for hardware removal in 69.5% of patients.!!9 In a 
separate series of 143 proximal phalanx fractures treated by a variety of means with over 3-year follow-up, authors demonstrated no difference in functional 
outcome between surgical technique, higher reoperation with plate construct, and improved aesthetics in the K-wire cohort.!'? The authors concluded that 
K-wires should be used when amenable. In unstable fractures, plates may still provide the best outcome as indicated by a study that randomized patients to 
either K-wire fixation versus plate fixation.”? The investigators enrolled 40 patients with transverse, oblique, or spiral morphology. Patient-reported 
outcomes including Quick Disabilities of Arm, Shoulder & Hand (QDASH), strength, and VAS were similar while there was 15% difference in 
complication rates favoring plate fixation. However, other studies have demonstrated relatively poor results when compared to other methods of treatment 
for similar fractures. 192153 


Figure 45-49. Open exposure proximal phalanx fracture. Extensive exposure is required for the use of plates and screws. The extensor tendon has been split to gain 
access to the proximal phalanx in a dorsal exposure. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO PROXIMAL PHALANX FRACTURES 


Proximal Phalanx Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Pin-tract infection 

Apex volar angulation (e.g., pseudoclawing) 
Malrotation 

Lateral angulation 

Shortening 

Stiffness/tendon adhesions 


Complications related to proximal phalanx fracture fixation are relatively few. The most common complications include pin-tract infection, malunion, 
posttraumatic arthritis, tendon adhesions causing finger stiffness, nonunion, infection, and tendon rupture. 

Pin-tract infections can often be treated with oral antibiotics within the first few weeks of surgery in order to allow the pins to remain in place. Some 
surgeons advocate leaving the pins buried underneath the skin, with retrieval in the office at a later date. If the pins are required to stay longer than 6 to 8 


weeks, it is advisable to bury the pins. Otherwise, routine pin care and hygiene are appropriate for standard percutaneous pinning. 

One of the more common complications is malunion. Malunions of the proximal phalanx have been divided into four subtypes including malrotation, 
apex volar angulation, lateral angulation, and shortening.®° Malrotation often occurs after a torque-related force is applied to the finger, causing a spiral or 
oblique fracture. The larger the degree of malrotation, the larger the degree of dysfunction of the digit and hand.?? When a significant malrotation of the 
digit does occur, an osteotomy can be made either at the site of the fracture/malunion or at the metacarpal base.”° There are several benefits to either option 
with most surgeons favoring the fracture given it is the site of the deformity and allows for larger correction if needed. Once the site has been determined, 
the type of osteotomy must be decided. For pure derotational osteotomies, a transverse osteotomy works best. A helpful technique is to place two parallel K- 
wires prior to derotation for rotational reference as well as assisting with control of the proximal/distal segments. 

Apex volar angulation is another type of malunion, which is very common given the deforming forces imparted on proximal phalanx fractures. When 
the degree of malunion is greater than 20 to 30 degrees, pseudoclawing often results. If the degree of deformity is significant, unacceptable dysfunction will 
ensue and it is important to check for fixed PIP contracture.®° Either an opening or closing wedge osteotomy may be performed. Although more difficult, an 
opening wedge osteotomy retains more length, while a closing wedge osteotomy will shorten the digit. Secure internal fixation is advised in order to allow 
for early ROM. 

Lateral angulation and shortening are relatively rare complications following proximal phalanx fractures. Lateral angulation is often easily fixed with an 
opening or closing wedge osteotomy when necessary. Techniques are similar to that as described for apex volar angulation but in the coronal plane instead 
of the sagittal plane. Shortening on the other hand rarely requires a true osteotomy. More frequently, shortening results in a prominent bony spike volarly 
that may reduce PIP flexion.® This typically occurs at the phalangeal neck within the retrocondylar recess. In these instances, the bone may be removed 
from a standard volar approach. 

Stiffness of the affected digit is the most common adverse event encountered after proximal phalanx fractures. Tendon adhesions account for a 
significant portion of these problems, while joint contractures, intra-articular fractures, soft tissue injury, and excessive immobilization make up the rest. 
Combined injuries, with associated flexor and extensor injuries may have the most profound effect on loss of ROM. This is not unexpected given the 
difference in rehabilitation protocols for an injured tendon. Digital stiffness should be addressed with hand therapy as soon as possible, which should 
include edema control, protected mobilization, and static-progressive splinting. When therapy alone has failed, further operative intervention may be 
warranted. Extensor tendon adhesions will block active or passive PIP flexion in addition to active extension. The opposite is true for flexor tendon 
adhesions. As the dorsal approach to the finger is the most common, extensor tendon adhesions can be one of the more commonly encountered issues. 
Complete extensor tenolysis, combined with joint capsulectomies and limited flexor tenolysis may be necessary to regain a functional range of movement. 
This requires formal hand therapy postoperatively. Several techniques have been discussed that may lower the rate of tendon adhesions. One such technique 
is the interposition of fat between the fracture/hardware and the tendon.!4 A retrospective comparative study of patients who underwent adipofascial flaps 
versus no flap interposition following plating of unstable proximal phalanx fractures was performed. The authors demonstrated higher TAM in the 
adipofascial group and decreased rates of adhesions as compared to the nonflap cohort. This evidence may suggest that interposition of graft or flap material 
may reduce adhesions allowing improved motion postsurgery. Other studies have looked at the method of surgical dissection to reduce adhesions. A 
systematic review of patients who underwent tendon splitting versus tendon sparring approaches for plate osteosynthesis of the proximal phalanx included 
three studies.!©° The study demonstrated an average of 8.52 degrees improvement of TAM in those patients that had a tendon sparring approach. Although 
statistically significant, it’s unclear if this is clinically relevant to patients. 

Nonunion is relatively uncommon for phalangeal fractures. However, radiographs often lag behind clinical healing, and it is imperative to allow early 
ROM to prevent finger stiffness. Nonunion secondary to infection is also relatively rare as infections are uncommon even when the injury is open. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PROXIMAL PHALANX 


FRACTURES 


Proximal phalanx fractures are one of the most frequently encountered skeletal injuries. Early diagnosis, treatment, and rehabilitation are necessary to garner 
satisfactory outcomes. Controversy still exists over the preferred approach and fixation method with various options currently available. Despite a myriad of 
options, proximal phalanx fractures remain challenging to treat and results may be diminished by finger stiffness and tendon adhesions. 


Metacarpophalangeal Joint Dislocations and Ligamentous Disruption 


INTRODUCTION TO METACARPOPHALANGEAL JOINT DISLOCATIONS AND LIGAMENTOUS 


DISRUPTION 


The thumb MCP joint is one of the most commonly injured joints in the hand, possibly because of the significant contribution of the thumb to overall hand 
function and its susceptibility to injury in work and sporting activities. The ulnar collateral ligament (UCL) is the most commonly injured structure, owing 
to its important function of resisting radial deviation of the thumb during pinch and grasp. Radial collateral injuries and frank dislocations are less common 
but require immediate attention and relocation. It is imperative to understand the complex anatomy of the thumb to guide treatment principles and to gain 
successful outcomes. 

In contrast to MCP dislocation of the thumb, dislocation of the MCP joint of the finger is an uncommon injury, dating back to a report from Farabeuf 
and a case series by Polaillon and Le Cerc from 1957.!°° The pathology was further elucidated by Emanuel Kaplan, who also demonstrated the rarity of this 
injury and its predominance in the border digits.'°° The index finger is the most commonly injured finger followed by the small finger. The central digits are 
far less commonly involved owing to the inherent stability afforded by the transverse metacarpal ligaments on either side of the MCP joint. Dislocation of 
the central MCP joints is often associated with concomitant border digit dislocations except in rare instances.!* As these injuries are rare, high clinical 
suspicion is necessary in their assessment, diagnosis, and treatment. 

Ligamentous injuries without dislocation are relatively rare in the MCP joints of the fingers, owing to their inherent stability. The radial collateral 
ligaments (RCLs) are often the most commonly injured structures when compared to the UCLs of each MCP joint. There is an especially high propensity 


for injury to the RCL of the index finger.®!!°° As with all ligamentous injuries, prompt recognition, splinting, and rehabilitation are necessary. With 
complete disruption and recurrent instability, surgery is often indicated and provides good outcomes. 


ASSESSMENT OF METACARPOPHALANGEAL JOINT DISLOCATION AND LIGAMENTOUS 


DISRUPTION 


Evaluation of the suspected MCP dislocation requires knowledge of the anatomy of the hand and a high index of suspicion. The hand should be inspected 
both volarly and dorsally and the position of the thumb and fingers relative to the hand, and each other, should be noted. A thorough history and physical 
examination should then ensue to evaluate the sensation, vascular status, and tendon function of each finger. Collateral ligament stability should be tested in 
comparison to the adjacent normal digits, as patients have a wide range of joint laxity. 


MECHANISMS OF INJURY FOR METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


The thumb is unique relative to other digits of the hand secondary to its position of opposition in relation to the hand. As such, the mechanism of injury for 
thumb MCP injuries differs from that of the fingers. The most common injury to the thumb is an abduction/radially driven force during pinch or grip, 
causing disruption to the UCL. This has been most commonly noted in skiers and is often referred to as “skier’s thumb.” Dislocation and RCL injuries can 
occur and are often caused by hyperextension or an ulnar-directed force, respectively. 

Ligamentous disruption of a finger MCP joint without frank dislocation is far more common than complete dislocation. The index finger remains the 
most commonly injured digit, with an ulnar-directed force during flexion being the most frequent cause of injury. The RCL is extremely important for 
key pinch and chuck grip, and the structure that is primarily injured. 

The mechanism of injury for finger MCP dislocation is well understood owing to the anatomic considerations described by Kaplan.!°° Although volar 
dislocations have been described, dorsal dislocations are much more common.!4” The MCP joint is made to resist modest hyperextension but in cases where 
more forceful pressure is applied, the joint will dislocate dorsally. In order for this to happen, the volar plate must rupture which most often occurs at the site 
of the membranous attachment to the metacarpal neck. Once this occurs, the MCP joint can subluxate dorsally. The extent of subluxation and the force 
applied to the finger will differentiate a simple from a complex dislocation. 

For volar dislocations, an injury to the extensor mechanism and capsule in addition to collateral ligamentous injury must occur to produce a dislocation. 
As the structures are inherently stable in flexion, owing to the bony morphology of the metacarpal head, volar dislocations are much less common. If a volar 
dislocation is encountered and irreducible, interposition of the dorsal capsule from the MCP should be suspected. Interposed juncturae tendinum, volar 
plate, and collateral ligament have also been described. 147 


INJURIES ASSOCIATED WITH METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


The most common associated injury with thumb MCP injuries is fracture of the articular surface, especially avulsion and shear fractures. Other injuries 
include capsular disruption, fracture of the sesamoid bones, and rupture of the adjacent tendons. 

Given the rarity of MCP dislocations of the finger, very few associated injuries have been described. As with any dislocation or ligamentous disruption, 
articular fractures can occur including both the proximal phalanx in addition to the metacarpal head. Concomitant fractures or dislocations of the CMC joint 
have also been described but are rare. 


SIGNS AND SYMPTOMS OF METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


Patients with injuries to the MCP joint of the thumb will often complain of pain and weakness during grip and pinch. It is common for patients to diagnose 
their own instability owing to the obvious discomfort and lack of ability to pinch or grasp. Similar to the other digits of the hand, a complete dislocation is 
relatively easy to diagnose given the significant deformity that occurs from the injury. In dorsal dislocations the finger will be hyperextended and dorsally 
displaced. In contrast, subtle ligamentous injuries may be difficult to diagnose, as the presenting symptoms are often only pain and swelling. 

Physical examination of the patient with a complex MCP joint dislocation will demonstrate a hyperextended finger with deviation toward the central 
portion of the hand (ulnar deviation for the index finger and radial deviation for the small finger). The digit will be hyperextended but the PIP and DIP joints 
will be slightly flexed owing to the tension on the flexor tendons. Care should be taken to evaluate the palmar skin, as these injuries can be open with the 
metacarpal head protruding through the palmar skin. If it is a closed injury, the surgeon should look for skin dimpling, which is a sign of tethering of the 
natatory ligament and superficial transverse metacarpal ligament.!° In an incomplete dislocation, the finger will look even more hyperextended than in a 
complete dislocation as the proximal phalanx is still in contact with the metacarpal head. As with any dislocation or subluxation, a complete neurovascular 
examination should be performed, followed by prompt joint reduction. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR METACARPOPHALANGEAL JOINT 
DISLOCATION AND LIGAMENTOUS DISRUPTION 


Standard radiographic views should be obtained to include a posteroanterior, lateral, and oblique view of the joint. For complete MCP dislocations, 
radiographs will often show the proximal phalanx dorsal to the metacarpal. There are several radiographic signs that are indicative of a dislocation which 
include a dorsal-appearing sesamoid bone, overlap of the metacarpal head, and widening of the joint space (Fig. 45-50). If concomitant fractures of the 
metacarpal head are suspected, a Brewerton view may be obtained.!'” This is an AP view with the dorsum of the digits flat against the radiograph cassette 
and the MCP joints flexed to approximately 65 degrees. The beam is then aimed from ulnar to radial by 15 degrees. This view allows for better 
identification of fractures and places the metacarpal recess in profile to detect subtle collateral ligament avulsion injuries. 
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Figure 45-50. Index finger MOP dislocation. A: PA radiograph demonstrating dorsal dislocation of the index finger MCP joint with concomitant proximal metacarpal 
fracture. B: An oblique or lateral view of the hand may demonstrate an interposed sesamoid bone. The finger will be slightly deviated to the midline. C: This means 
they will point in an ulnar direction for index fingers and more radially for small fingers. 


For patients where there is suspicion of ligamentous injury without frank dislocation, advanced imaging may be warranted. Sonography has rapidly 
become an inexpensive and effective way to diagnose injuries of the wrist and hand.!”9 However, the results are very technician-dependent, and false- 
positive or false-negative results have been reported.®? Unlike the CMC joint, stress views of the MCP joint are less helpful. When clinical suspicion 
remains high for improved accuracy and for surgical planning, an MRI is helpful but also more costly.!® More recently, authors have suggested that MRI 
routinely underestimates the extent of the injury and that clinical examination remains the gold standard for decision making.!2° 


CLASSIFICATION OF METACARPOPHALANGEAL JOINT DISLOCATION AND LIGAMENTOUS 
DISRUPTION 


Classically, MCP dislocations have been classified as either complex/complete or simple/incomplete dislocations. In addition, the direction of the 
dislocation, and the presence of an open wound should be documented. An incomplete dislocation, or more appropriately termed MCP subluxation, is often 
easily reduced. A complex dislocation is one where the joint is completely dislocated and cannot be reduced due to interposed anatomic structures. 


Ligamentous Disruption: 
CLASSIFICATION 


e Grade I: Pain and/or tenderness over the ligament but no laxity 
e Grade II: Some laxity but with a firm endpoint, e.g., partial rupture 
e Grade III: Significant laxity with no endpoint, e.g., complete rupture 


MCP Joint Dislocations: 
CLASSIFICATION 


e Complete/complex dislocation: irreducible dislocation secondary to interposed joint tissue with surrounding medial and lateral tethering (index 
finger noose: flexor tendon medially, lumbrical laterally, natatory ligament distally, superficial transverse metacarpal ligament proximally) 

e Incomplete/simple dislocation: subluxation of the MCP joint, which is easily reduced by closed means 

e Dorsal-volar dislocation: describes the direction of the dislocation with the proximal phalanx relative to the metacarpal (Fig. 45-51) 

e Open/closed dislocation: describes whether the skin overlying the injury is open and communicates with the joint and whether the soft tissue 
envelope is intact 


OUTCOME MEASURES FOR METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


Given the rarity of MCP dislocations, there is no specific outcome measure that is available. However, the most commonly reported outcome measure used 
for the hand is the Disabilities of the Arm, Shoulder, and Hand (DASH). The outcome measure is composed of 30 questions scored 1 to 5 with an additional 
optional high-functioning work and music section. The higher the score, the higher is the disability. A shorter version composed of 11 questions is also 
available. Other outcomes that are useful include TAM of the digit, which can be compared to the contralateral side ultimately giving a percentage of total 
function. Grip and pinch strength may also be useful in gauging outcome depending on the digit affected. 
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Figure 45-51. Thumb MCP dislocation. Chronic subluxation/dislocation of the thumb MCP in a volar ulnar direction secondary to radial collateral ligament and 
dorsal capsular injury. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO METACARPOPHALANGEAL JOINT 


DISLOCATION AND LIGAMENTOUS DISRUPTION 


The understanding of the pathoanatomy and applied anatomy of the MCP joint is crucial in treating MCP dislocations and ligamentous injuries. The thumb 
MCP joint is slightly different from the other digits in that although the primary arc is flexion—extension, it also is composed of subtle abduction, adduction, 
pronation, and supination arcs. The MCP joint of the thumb, unlike that of the other digits, has minimal inherent stability and therefore it relies heavily on 
ligamentous and muscular stability. Conversely, the MCP joint of the digits is more broadly based volarly than it is dorsally, creating inherent stability in 
flexion. In both the thumb and the digits, the ligamentous structures originate dorsally on the metacarpal and attach more volarly on the proximal phalanx. 
The volar plate and proper and accessory collateral ligaments provide most of the stability for the thumb and less stability for the other digits. The proper 
ligaments originate dorsally on the metacarpal and attach volarly on the proximal third of the phalanx, creating an oblique large surface area of restraint. 
The proper ligaments are most taut in flexion and loose in extension, which is relevant during ligamentous testing which should be performed with the joint 
in flexion. The accessory collateral ligaments originate more volarly on the metacarpal head and attach onto the volar plate, sesamoids (thumb specifically), 
and proximal phalanx. These structures are more taut in extension. 


A,B 
Figure 45-52. Thumb UCL stress views. Stress of the affected thumb UCL (A) when compared to the unaffected side (B). C: Fluoroscopic images can also confirm 
significant laxity of the joint. 


The thumb MCP joint has more muscular stabilizers than that of the other digits. The adductor aponeurosis which attaches to the extensor hood of the 
thumb provides some stability to the joint and covers the UCL. The Stener lesion occurs when the collateral ligament tears and one end becomes superficial 
to the adductor aponeurosis, preventing reapproximation.'!® Interposition of the aponeurosis is thought to prevent healing regardless of the amount of 
immobilization of the thumb. Determining the interposition clinically is impossible but given the fact that partial ruptures cannot be interposed, it is 
imperative to determine the difference between a partial and complete rupture. Complete ruptures (grade III) are those without an endpoint and with 
significant laxity. Biomechanical studies have shown that the best position to test the joint is between 30 and 40 degrees of flexion owing to the fact that the 
position places the proper collateral ligament on maximum tension.”’ It is imperative to compare the stability to the contralateral side (Fig. 45-52). Fifteen 
degrees of additional laxity in the radial/ulnar plane when compared to the contralateral side is considered significant. A complete ligamentous rupture 
should raise suspicion of a possible Stener lesion and may require further imaging. Either an ultrasound or MRI should be ordered when there is high 
suspicion as surgery is warranted when a Stener lesion is present. 

Emanuel Kaplan explored the common anatomy of the MCP joint as it relates to the irreducible index finger.!°° Our understanding of the clinical entity 
is largely based on his landmark article.!°° Dr. Kaplan noted that the reason for the irreducible index finger is mostly in part to the radial and ulnar 
structures causing a noose around the metacarpal neck. Specifically, the lumbrical is located radially, the flexor tendon ulnarly, natatory ligament distally, 
and superficial transverse metacarpal ligament proximally.!°° The volar plate is positioned dorsally and a sesamoid bone can often be seen within the plate 
itself (Fig. 45-53). As the volar plate is often interposed, dividing the volar plate in half from a dorsal approach may be necessary to allow reduction. 

Knowledge of the anatomy is vital for open reduction of the dislocation. As the lumbrical and flexor tendon are two of the factors causing the 
constriction, an A1 pulley release can allow sufficient laxity of the flexor tendons to relocate the finger from a volar approach. 
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Figure 45-53. Complex dorsal MOP dislocation. Dorsal approach to the index finger MCP with visible sesamoid bone within the volar plate. 


TREATMENT OPTIONS FOR METACARPOPHALANGEAL JOINT DISLOCATION AND 


LIGAMENTOUS DISRUPTION 


For patients with a simple/incomplete dislocation, a closed reduction and dorsal block splinting can often be performed in the emergency department. For 
more complex dislocations, which are irreducible, an open reduction is usually required. 100.147 This being said, closed reduction in a complex dislocation 
should always be attempted. 

Ligamentous injuries without dislocation are often managed based on the grade of the sprain of the ligament, which is often determined by clinical 
examination and if needed, confirmed by advanced imaging. 


NONOPERATIVE TREATMENT OF METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


Indications/Contraindications 


Nonoperative Treatment of Metacarpophalangeal Joint Dislocation or Ligamentous Disruption: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


Complex/complete dislocations 

Stener lesions of the thumb 

Concomitant intra-articular displaced fractures 
Multiple dislocations 

Open dislocation 


Simple/incomplete dislocations 

Simple collateral ligament rupture with congruent joint on x-ray 
Reducible deformity that is stable after reduction 

Closed dislocation 


Nonoperative management of ligamentous injuries without dislocation is guided by the grade of the ligament sprain. Grade I and II sprains are best treated 
without surgery. It is important to check the radiograph to ensure for concentric reduction and exclude displaced fractures. The thumb is splinted for 4 
weeks, followed by an additional period of immobilization with guided therapy. The other digits of the hand are treated with splints that limit movement or 


with buddy taping to an adjacent digit. Treatment of grade III sprains with a congruent articular surface in the fingers remains controversial. Most nonthumb 
injuries can be treated closed, but a certain percentage fails splinting and requires operative treatment. A complete UCL tear in the thumb is typically treated 
surgically because of the risk of a Stener lesion. If a surgeon chooses to treat an UCL tear without surgery, a Stener lesion should be excluded after 
obtaining an ultrasound or MRI. 


Closed Reduction 


Nonoperative management of MCP dislocations with a closed reduction should be attempted for all dislocations and subluxations. The crucial part of the 
reduction maneuver is volar-directed force on the base of the proximal phalanx to engage the dorsal part of the metacarpal head and continued contact with 
the head as the joint is flexed. Either traction or hyperextension must be avoided as either will result in volar plate subluxation dorsally relative to the 
metacarpal head, thus converting a simple dislocation to a complex dislocation. If the reduction is stable, the digit may be placed in a dorsal-blocking splint. 
The patient should be counseled on active ROM with the splint limiting any extension past neutral. As with all dislocations in the hand, recovery takes 
weeks to months with the most common complication being stiffness. Early hand therapy is a must in order to optimize patient outcomes. A dislocation that 
cannot be reduced by closed means requires surgical intervention in order to achieve concentric reduction and prevent severe hand dysfunction. !” 


Outcomes 
Dislocation 


Simple dislocations that are treated without surgery and that are recognized promptly have good to excellent outcomes with near-full recovery of the ROM 
of the joint. Similarly, grade I and II ligamentous sprains often recover full motion without a deficit. Khursheed et al. prospectively studied the results of 10 
children with a thumb MCP dislocation over a 3-year period. Seven of the patients could be reduced closed while three required an open reduction. Nine of 
the patients had excellent results while one patient had ROM from 10 to 40 degrees.!°° 

If a dislocation is missed, the outcomes are often poor. Prompt recognition of the dislocation with reduction and early motion are pivotal in preventing 
poor outcomes such as physeal closure in children, osteonecrosis of the metacarpal head, joint contractures, and posttraumatic arthritis.‘”?!?? Becton and 
Carswell first reported the natural history of a single unreduced index finger MCP joint, which demonstrated the poor results obtained when left untreated.!” 
Later, Light et al. reviewed a case series of four pediatric patients with associated complex index finger dislocations of which all four patients had 
concomitant injuries and complications.!2* Although there is little data on complex dislocations, their prognosis remains poor when compared to their 
simpler counterpart. 


Ligamentous Disruption 


The preferred method of treatment (surgical vs. nonsurgical methods) remains controversial for some ligamentous injuries about the thumb. Dinowitz et 
al.*8 reviewed the results of nine patients treated early with a thumb spica cast for associated UCL avulsion injuries with less than 2 mm of displacement. 
After a minimum of 6 weeks of immobilization, all nine patients continued to have pain and thus underwent operative fixation, which restored pinch 
strength to 89% of the contralateral side. The authors concluded that even minimally displaced UCL avulsion fractures should be repaired owing to the 
rotational instability of the fragment and poor outcomes. More recently, a systematic review by Samora et al., has corroborated these findings.!°® Their 
study demonstrated that closed treatment often failed necessitating surgical repair. After reviewing 14 articles, the authors concluded that for both acutely 
treated injuries and even after failed nonoperative treatment, excellent results could be obtained with repair/reconstruction of the UCL. 

Acute repair of the RCL remains more controversial. Good to excellent results with or without repair have previously been demonstrated. Catalano et al. 
reviewed a series of patients undergoing both acute and chronic RCL repair/reconstruction for grade III injuries.*! The authors reported at a mean follow-up 
of 4.6 and 5.0 years, both the repair and reconstruction groups demonstrated good to excellent results. 


OPERATIVE TREATMENT OF METACARPOPHALANGEAL JOINT DISLOCATION AND 
LIGAMENTOUS DISRUPTION 


Indications/Contraindications 


Operative treatment of MCP joint dislocations is the mainstay of treatment given the irreducibility of most dislocations. Prompt recognition and treatment 
are the key factors to ensuring a good outcome. 

Although most simple ligamentous tears do not require surgery (grades I and II), if there is a complete disruption of the ligament and significant laxity, 
surgery may be warranted. The RCL of the index finger and UCL of the thumb are two of the most common sites of complete ruptures requiring surgery. 
Early surgical intervention often results in improved outcomes in patients with complete ruptures at these sites, owing to the unique nature of their position 
in the hand. 

The clearest indication for surgical management of the MCP dislocation is inability to reduce the joint closed secondary to interposed structures 
blocking the reduction. Any open dislocation should be debrided in the operating room to prevent septic arthritis from occurring. 

A Stener lesion of the thumb is a relative indication for surgery given the significant likelihood of chronic joint instability. 


Open Reduction of the MCP Joint 


Preoperative Planning 


Open Reduction of the MCP Joint: 
PREOPERATIVE PLANNING CHECKLIST 
OR table LJ Hand table 


Position/positioning aids LJ Supine 


Fluoroscopy location LJ Mini C-arm, directly over table is preferred 


Equipment LJ Drill, K-wires, any associated screws/K-wires for concomitant fractures 


Tourniquet LJ High arm tourniquet 


Other LJ Suture anchors may be necessary 


LJ Lead hand 


Positioning 
The patient is placed in the supine position. With a dorsal approach, the hand is rested on a small bump. If a volar approach is used, a lead hand can be 


helpful for keeping the other digits out of the field. The surgeon should position themselves in the axilla if performing a volar approach and by the head if a 
dorsal approach is chosen. Either position allows the mini C-arm to be located at the end of the table. 


Surgical Approach 


Either a volar or dorsal approach may be used, or in some cases both may be required for difficult dislocations. As with any approach, there are inherent 
benefits and risks to each procedure. The dorsal approach is safer as the neurovascular structures are much further away than in the volar approach. 
However, it can be difficult to reduce the dislocation from the dorsal approach and sometimes a concomitant volar approach is needed. The volar approach 
allows for release of the A1 pulley and loosening of the noose but has inherent risks given the close proximity of the radial and ulnar neurovascular bundles. 
Recently, authors retrospectively reviewed a series of 21 patients with 22 dislocations.'** The operative time for the volar approach was 80 minutes for 14 
of the patients as compared to 45 minutes for the 7 patients that underwent the dorsal approach. In those patients that had an initial volar approach, 42% 
required a secondary dorsal approach. 


Technique 


Open Reduction via Volar Approach: 
KEY SURGICAL STEPS 


Oblique incision over the A1 pulley 

Identification of the radial and ulnar neurovascular bundles 

A1 pulley incised 

Flexor tendons and lumbricals retracted 

If stable after reduction, no repair of the volar plate is necessary 
If continued instability, pinning of the MCP joint or repair of the volar plate 
Soft dressing and a dorsal block splint 

Limit motion for 2 weeks 

Guided therapy in a dorsal block splint at 2-6 weeks 

Buddy tape from 6-12 weeks 

Full activity at 12 weeks 


Approach is similar to that of a trigger finger release but a longer, oblique incision over the A1 pulley allows for proximal and distal expansion of the 
incision if needed. The radial and ulnar neurovascular bundles are carefully identified; prior documentation of sensibility is required. The A1 pulley is 
incised to allow retraction and laxity of the flexor tendons. The flexor tendons and lumbricals are gently retracted over the metacarpal head to gain 
reduction. If the joint is stable after reduction, no repair of the volar plate is necessary. If there is continued instability, pinning of the MCP joint or repairing 
of the volar plate can provide stability. A soft dressing and a dorsal block splint are applied. Motion is limited for the first 2 weeks. Guided therapy begins at 
2 to 6 weeks in a dorsal block splint. Buddy taping is done from 6 to 12 weeks, with release to full activity at 12 weeks. 


Open Reduction via Dorsal Approach: 
KEY SURGICAL STEPS 


Curvilinear incision over the MCP joint 

Extensor tendon split for direct visualization of the MCP joint 

The joint capsule is incised 

Volar plate split longitudinally to allow metacarpal head to relocate 
Soft dressing and a dorsal block splint 

Limit motion for 2 weeks 

Guided therapy in a dorsal block splint at 2-6 weeks 

Buddy tape from 6-12 weeks 

Full activity at 12 weeks 


A curvilinear incision is made over the MCP joint. The extensor tendon can be split in half to allow direct visualization to the MCP joint. The joint 
capsule is incised and the volar plate identified interposed in the joint lying over the metacarpal head. The volar plate is split in half longitudinally to allow 
the metacarpal head to relocate. A soft dressing and a dorsal block splint are applied. Motion is limited for the first 2 weeks. Guided therapy begins at 2 to 6 
weeks in a dorsal block splint. Buddy taping is done from 6 to 12 weeks, with release to full activity at 12 weeks. 


Open Repair of the Ulnar or Radial Collateral Ligament of the MCP Joint of the Thumb 


Repair of the UCL of the thumb is one of the most common ligamentous repairs in the hand (Fig. 45-54). Repair techniques vary substantially, with options 
including a pullout suture and button, bone anchors, or a combination of the two with local tissue augmentation or imbrication. A K-wire across the joint 
may be utilized to allow proper ligament tensioning and to maintain joint stability postoperatively. Additionally, suture tape augmentation of the repair may 
be employed which may allow earlier return to activity.84121,146 

Repair of the chronic injury involves evaluating the tissue to see if it is repairable. In the event that the tissue is not repairable, a graft is often used such 
as the palmaris longus tendon. Several fixation options exist, including bone tunnels or bone anchors with configurations of the graft normally taking the 
form of a V or X to provide sufficient stability. 
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Figure 45-54. Standard UCL repair. A: Lazy S incision on the ulnar aspect of the thumb to approach UCL repair. B: The dorsal sensory nerve must be located and 
protected throughout the approach. C: The adductor aponeurosis as depicted by the forceps must be divided to gain access to the collateral ligament and joint capsule. 
D: Once the capsule is incised, the collateral ligament is often easily identified here with the forceps. E: A suture anchor can be placed volarly for direct repair of the 
ligament. F, G: Fluoroscopic images demonstrating anchor and pin placement for repair. 


RCL repair of the thumb is very similar to that of the UCL repair. The major difference is the adductor versus abductor aponeurosis. The radial-based 
abductor cannot create a Stener-type lesion. The repair techniques and rehabilitation are otherwise the same including late reconstruction options. 


Preoperative Planning 


Open Repair of the Ulnar or Radial Collateral Ligament of the MCP Joint of the Thumb: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Hand table 

Position/positioning aids LJ Supine 

Fluoroscopy location LJ Mini C-arm directly over table is preferred 

Equipment LJ Drill, K-wires, any associated screws/K-wires for concomitant fractures 
Tourniquet LJ High arm tourniquet 

Other LJ Suture anchors 


LJ Free graft for chronic ruptures (palmaris vs. FCR strip ECRB/L strip) 


Positioning 


The patient is placed in the supine position with a small bump on which to rest the thumb. The surgeon should position themselves between the shoulder 
and head as it allows easier access to the ulnar aspect of the thumb. If the RCL is being repaired, then the axilla is the preferred surgical position. Either 
position allows the mini C-arm to be located at the end of the table. 


Surgical Approach 


The surgical approach to the UCL and RCL differs because of differences in the adductor and abductor aponeuroses. The exposures require identification of 
the sensory branch of the radial nerve with subsequent retraction. The adductor and abductor aponeuroses must then be incised longitudinally carefully to 
allow repair after the collateral ligament repair. The options for repairing the ligament back down to the bone remain similar for each side, with the RCL 
tolerating more chronic primary repairs than the UCL. 


Technique 


KEY SURGICAL STEPS 


,/ | Open Repair of the Ulnar or Radial Collateral Ligament of the MCP Joint of the Thumb: 


Careful identification of the radial sensory nerve; prior documentation of sensibility is required 

Incise the adductor aponeurosis on the ulnar side or abductor aponeurosis on the radial side 

Identify the torn ligament as distal off the phalanx, midsubstance, or proximal 

Use nonabsorbable suture with pullout button, bone anchors, or figure-of-eight imbrication of midsubstance repair; add suture tape augmentation in 
to anchor if desired starting distally first 

Repair adductor or abductor aponeurosis 

Limit motion for the first 4-6 weeks depending on chronicity of the injury; more chronic injuries are immobilized longer 


Lazy S approach on the ulnar aspect of the thumb for UCL; straight longitudinal or U-shaped incision on the radial aspect of the thumb for the RCL 
J Guided therapy at 6 weeks in a removable splint 


The MOP is approached through a lazy S incision owing to the dorsal origin of the ligament and volar insertion. Dissection is carried through the skin and 
the dorsal sensory branch of the radial nerve is encountered in the surgical field and retracted dorsally. The adductor aponeurosis is then identified and the 
proximal extent evaluated to determine if a Stener lesion is present. It is important to make the incision volar enough to gain access to the most volar distal 
attachment of the ligament. The adductor aponeurosis is then divided in line with the phalanx and is retracted as a separate layer. One should make sure to 
keep enough proximal and distal tissue to reapproximate after the repair. The collateral ligament is then encountered and the site of rupture determined. A 
tear of the distal insertion is most common but intrasubstance tears and tears of the proximal portion can also occur. If suture tape is used, it should be added 
with the anchor distally first as to aid in the reduction of the deformity when setting tension. 


Authors’ Preferred Treatment for Metacarpophalangeal Joint Dislocation and Ligamentous Disruption ( 


MP joint 
dislocations 


Finger other than 


thumb Thumb 


Complex: assist 
reduction with as 
Simple: reduce, limited opening 
splint as possible 
(volar or dorsal 
approach), splint 


Radial collateral 


index, Stener lesion/ 


static instability; 
open ligament 
repair 


Debride, reduce, 
and repair 
ligaments 


Debride, reduce, Joint congruent 


splint 


high-demand 
patient: open 
repair, splint 


(unless stressed); 
splint 


Algorithm 45-6 Authors’ preferred treatment for metacarpophalangeal joint dislocation or ligamentous disruption. 


Complex MCP Dislocations (Other Than Thumb) 


Complex MCP dislocations are those dislocations that cannot be reduced via closed means. This being said, some “complex” injuries can still be 
reduced closed. Thus, an attempt at closed reduction should be performed in the emergency room as well as in the operating room, before proceeding 
with open treatment. The key points in closed reduction are the avoidance of any distraction, and the application of dorsal to volar pressure to engage 
the base of the proximal phalanx on the dorsum of the metacarpal head. The proximal phalanx is then flexed over and along the metacarpal head, 
thereby pushing the impeding soft tissue structures out of the way and reducing the joint. 

The aim of surgery is to reduce the dislocation promptly without damaging any of the surrounding structures. The border digits are most often 
affected, and several approaches can be used to gain access for reduction. In our opinion, the dorsal approach is the safest, allowing those that are not 
familiar with these injuries to gain access to the joint and avoid injury to the digital nerves. A curvilinear incision can be used to prevent contracture 
similar to that used for a single MCP joint arthroplasty. The incision should be generous to adequately visualize the abnormal anatomy. Although often 
not needed, the sagittal band may be released to gain access to the joint capsule and then repaired later. Upon gaining access to the joint, the volar plate 
is almost always identified as the interposing structure and may be longitudinally split to allow the metacarpal head to pass dorsal to the volar plate thus 
reducing the dislocation. Occasionally, the finger may be unstable and a secondary volar incision can be made after the reduction to repair the volar 
plate to the metacarpal neck with a suture anchor. Alternative options include a midaxial incision for the border digits, which can allow both volar and 
dorsal exposure to the injured joint. A volar incision may also be used but great care must be taken to avoid the neurovascular bundles, which can often 
be translated from their normal location. If a volar incision is used, blunt dissection should be carried down to the A1 pulley, which then must be 
sharply released to allow ease of reflection of the flexor tendons. Regardless of approach, flexion of the wrist can aid in reducing the tension of the 
flexor tendons and thus allowing an easier reduction. 


Thumb MCP Ligament Repair 


Thumb ligamentous injuries are the most common MCP injuries hand surgeons will treat. Deciding which ligamentous injuries require surgery can be 
difficult. Careful stress testing of the injured and uninjured side in both extension and flexion can often elucidate those with a significant tear of their 
UCL/RCL. Another key diagnostic finding signifying a complete ligament tear is the absence of a normal “endpoint” with radial stress. For those 
patients with significant guarding, a digital block may be necessary to carry out the stress test. Fluoroscopy can aid the diagnosis to see if the joint 
becomes incongruent and to measure the deviation compared to the contralateral limb. If a hard endpoint is not encountered and there is increased 
deviation (>20 degrees) at the MP joint, surgery is recommended. In those patients where it is difficult to ascertain if there is a Stener lesion based on 
palpation, an ultrasound or MRI can be helpful to gather more information. However, these studies do not have 100% accuracy and their findings 
should only be one component of the decision-making algorithm. In our opinion, patients with a soft endpoint, incongruent joint, or Stener lesion 
require surgical intervention. 

A lazy S incision is centered over the radial aspect of the MCP joint, starting dorsally on the metacarpal and ending volarly on the proximal phalanx. 
The dorsal sensory branch to the thumb arising from the radial nerve is often encountered and should be retracted dorsally in the field. The presence of a 
Stener lesion will be evident at this point. The ligament is typically avulsed distally and it should be identified and protected. The adductor aponeurosis 
is then encountered and this should be incised through its substance to allow for repair later. Enough of a cuff next to the EPL must be left to easily 
identify the tissue for later repair. At this point, often a rent in the capsule may be identified. Alternatively, a capsulotomy may be needed which should 
be made more dorsally on the joint to prevent iatrogenic injury to the part of the ligament that is uninjured. Although the injury is often at the distal 
portion, where it attaches to the proximal volar aspect of the phalanx, midsubstance and metacarpal-based tears can occur. The ligament should be 
released on its uninjured surfaces to allow advancement and appropriate anatomic insertion during repair. Direct repair of the ligament should be 
obtained with the use of one or two bone anchors. We prefer small metallic anchors with stout nonabsorbable suture material. Similarly, suture tape 
augmentation can be added to the anchors and it is recommended that this is done distally first to correct the deforming force when later placed 
proximally. Prior to repair, a K-wire can be used to stabilize the joint to allow for adequate tensioning of the repair. Additional sutures are used to 


augment the repair to the volar plate distally and capsule dorsally. The capsule and adductor aponeurosis should be repaired in separate layers. For 
chronic tears with excessive laxity, the adductor insertion can be advanced to increase dynamic stability. 


Chronic UCL Repairs 

Chronic ruptures of the UCL can be challenging to reconstruct. The operative approach is similar to that previously described. Most often there is 
enough local tissue present to allow for direct repair with the existing native ligament. Careful dissection will often reveal a loose, fibrous attachment of 
the injured portion of the ligament. This end is detached, freshened with sharp dissection, and reinserted into its anatomic position after joint reduction 
and pinning. Graft reconstruction of the UCL can often be accomplished with either an autograft palmaris/plantaris tendon or with an allograft. Newer 
techniques involve the use of 3.0-mm drills, the graft, suture tape, and interference screws (Fig. 45-55). An X or Y type configuration is often needed to 
appropriately reconstruct the surface area of the ligament to prevent recurrent instability. Care must be taken not to fracture the metacarpal or phalanx. 
If a Y construct is used, it is our preference to place the single limb distally and the dual limb proximally to prevent iatrogenic injury. In these cases, the 
capsule may be attenuated and a pants-over-vest closure can reinforce the repair. A K-wire is often recommended to allow adequate healing and also to 
provide sufficient stability to permit early mobilization of the adjacent IP and CMC joints. The pin is typically removed in the office at 6 weeks. 


Postoperative Care 


The initial postoperative care of MCP dislocation, whether treated open or closed, consists of immobilization for 2 weeks in 30 degrees of flexion, followed 
by a dorsal-blocking splint and guided therapy. At 6 weeks, the patient may progress to buddy taping and then at 12 weeks postoperatively, the patient may 
proceed to full activity. 

Patients who undergo surgery for ligamentous disruptions are immobilized for 4 to 6 weeks, depending on the chronicity of the injury. More chronic 
injuries are immobilized longer. After the initial immobilization, a removable splint is then provided and guided therapy is initiated. It should be noted that 
those repaired with suture tape augmentation may be able to start early activity faster.?! 
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Figure 45-55. UCL chronic reconstruction. A: Harvest of the palmaris tendon can be performed through several small transverse incisions. B: Stress of the joint in a 
chronic injury without an endpoint. C: K-wires are used to mark the origin and insertion of the ligament from remnant tissue and a cannulated drill is then used. D: 
New devices can be used to augment the tissue graft, including stout suture combinations. 


Potential Pitfalls and Preventive Measures 


Metacarpophalangeal Joint Dislocation or Ligamentous Disruption: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

e Damage to neurovascular structures e Blunt and careful dissection volarly, use dorsal approach if unfamiliar with anatomy 

e Failure to relocate MCP joint e Use both volar and dorsal approaches to longitudinally split volar plate and release the A1 pulley 

e Failure to recognize intra-articular concomitant e Obtain Brewerton view prior to the procedure; have headless compression screws available 
fracture 

e Failure to tension the ligament repair tight e Use a K-wire to stabilize the joint during the procedure to allow adequate tension 
enough 

e Failure of the repair e Use a K-wire to stabilize the joint; may be removed at 4 weeks postoperatively 

Outcomes 


Outcomes for MCP dislocations of the fingers are relatively good if prompt recognition and treatment are applied. As the clinical entity is somewhat rare, 
outcomes are limited to case series from the literature.!2:!7:100,122,147 Tf the dislocation is delayed, a poor outcome will ensue owing to complications from 
the injury such as arthritis, osteonecrosis of the metacarpal head, and/or physeal closure in children. 

Partial ligamentous disruptions of the fingers and thumb routinely do very well with nonoperative management with a short term of splinting followed 
by early ROM. Grade III ligamentous injuries often require surgery, especially the UCL of the thumb. Studies have shown better results with early surgical 
intervention for grade III sprains of the thumb of both UCL and RCL injuries than initial nonoperative management.?!)48 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO METACARPOPHALANGEAL JOINT DISLOCATION AND LIGAMENTOUS 
DISRUPTION 


MCP Joint Dislocations or Ligamentous Disruption: 
ADVERSE OUTCOMES AND COMPLICATIONS 


Posttraumatic arthritis 

Physeal closure in children 
Osteonecrosis of the metacarpal head 
Neurovascular compromise or injury 
Persistent instability or pain 


As mentioned, management of adverse outcomes for MCP dislocations and ligamentous disruptions is best performed in a preventative fashion by prompt 
recognition and reduction with or without surgical repair of the injury. Osteonecrosis of the metacarpal head and osteoarthritis can be treated with an MCP 
arthroplasty. In some patients, an MCP arthrodesis may be considered, for example, in heavy laborers, and in cases of the MCP of the index finger and 
thumb being injured. Physeal closures are best treated with excision of the physeal bar if incomplete or with osteotomy and lengthening. It is imperative to 
identify and protect the neurovascular structures during a volar approach to the dislocated MCP joint or during repair of the ligamentous structure to the 
thumb, but if injury occurs, it should be promptly repaired at the time of surgery and the patient notified. For this reason, it is important to explain to 
patients the inherent risks of surgery especially in such a complex injury such as MCP dislocation. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO 


METACARPOPHALANGEAL JOINT DISLOCATION AND LIGAMENTOUS DISRUPTION 


MCP dislocations remain an uncommon clinical entity that can be difficult to treat via closed means. Irreducible dislocations are best managed with open 
surgical reduction and prompt recognition of these injuries leads to the most successful outcomes. Open reduction can be obtained either via a dorsal or 
volar approach with each having its own merits. The preferred approach remains controversial. If approaching the dislocation from the volar aspect, care 
must be taken to identify and protect the superficial neurovascular structures. If identified and treated early, outcomes can be quite rewarding with most 
patients regaining full function. 

Ligamentous injuries are far more common than frank dislocations. Grade I and II injuries should be treated nonoperatively and typically have excellent 
outcomes. Grade III injuries of the index finger and thumb often require surgical intervention owing to the unique position of these digits and their crucial 
role in pinch/grasp. Controversy still exists over a trial of nonoperative splinting of UCL and RCL injuries of the thumb with more recent data suggesting 
earlier surgical intervention provides better results.2!4® Newer fixation techniques including suture/graft augmentation remain promising. 


Metacarpal Fractures 


INTRODUCTION TO METACARPAL FRACTURES 


The incidence of metacarpal fractures is third in frequency only to phalangeal fractures and distal radius fractures in the upper limb.!°! Approximately, 70% 
of these fractures occur during the second and fifth decades of life and can be attributed to trauma or sports. The cost of treatment and time lost away from 
work can be significant, secondary to the age of the population at risk for injury and the ensuing impairment of the hand.*!!°! Early diagnosis, treatment, 
and rehabilitation are necessary to mitigate these issues. Fortunately, the vast majority of metacarpal fractures are inherently stable and can be treated via 
closed means with early ROM.!5? Despite good results with closed treatment, certain fractures necessitate operative fixation for improved results. 
Improvement in surgical technique, implants, and hand surgeon availability has led to an increase in operative fixation of metacarpal fractures.!”° 


ASSESSMENT OF METACARPAL FRACTURES 


The history and physical examination, similar to that for phalangeal injuries, is an important part of the assessment of metacarpal fractures and is often the 
most important guide to treatment next to radiographs. The history should contain information about occupation, hand dominance, recent trauma, prior hand 
injuries/surgeries, and the force of the mechanism of injury. A systematic approach to the evaluation of the hand is necessary to provide a complete and 
thorough examination. Skin integrity should be evaluated first and any injury indicating an open fracture should be noted (Fig. 45-56). The remaining 
portion of the evaluation is similar to that of the phalanx and must include neurovascular status, ligamentous evaluation, and tendon function of the hand 
and wrist. Similarly, malrotation should be tested with particular attention toward the border digits. As with phalangeal injuries, malrotation can be difficult 
to assess despite using methods previously discussed. 
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Figure 45-56. Metacarpal fracture with bone and soft tissue loss. A: Large soft tissue defect with associated bony loss. B: Fixation options must be considered when 
soft tissue and bony loss are encountered. 


MECHANISMS OF INJURY FOR METACARPAL FRACTURES 


The most common mechanism of injury for metacarpal fractures remains trauma, with a higher risk while playing sports or while at work.*! Work injuries 
are often crush-type injuries and can result in open fractures. Sporting injuries are more often the result of a rotational torque to the digit causing a spiral or 
oblique fracture pattern. Lastly, boxing or trauma induced with a closed fist results in a high frequency of metacarpal neck fractures. The most common 
metacarpal fracture occurs in the fifth metacarpal neck, which has been referred to as a “boxer’s fracture.” 


INJURIES ASSOCIATED WITH METACARPAL FRACTURES 


Concomitant injuries associated with metacarpal fractures are rare. Periarticular fractures, specifically metacarpal volar base fractures, are often associated 
with dislocations of the CMC joint with more inherent instability at the CMC joints of the thumb, ring, and small fingers. These specific injuries will be 
discussed in the following CMC joint section. Tendon and nerve injuries can occur with a higher incidence in open and penetrating injuries (Fig. 45-57). 
Associated fractures of the digit and carpus must be evaluated with appropriate radiographs. Lastly, the examiner must evaluate for hyperextension of the 
MCP joint which is an associated compensatory deformity that occurs secondary to significant apex dorsal angulation (especially in the small finger) (Fig. 
45-58). This is often referred to as pseudoclawing. This can also be present with significantly displaced proximal phalanx fractures as well. 


SIGNS AND SYMPTOMS OF METACARPAL FRACTURES 


The signs of metacarpal fractures can usually be clearly seen on physical examination. Swelling, ecchymosis, and loss of skin integrity should raise 
suspicion that a fracture is present. Loss of knuckle height, excessive CMC extrusion, or scissoring are also subtle signs of a fracture. If the patient has pain 
with movement or inability to use the hand secondary to pain, radiographs should be ordered to rule out a fracture. Hyperextension of the MCP should also 
be investigated. Although clawing is often the result of a neurologic condition, pseudoclawing is the result of a fracture of the metacarpal or proximal 
phalanx with an associated deformity at the MCP joint. In combination with the history, any signs or symptoms should help confirm or refute the likelihood 
of a fracture, which can then be further confirmed on appropriate radiographs. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR METACARPAL FRACTURES 


Standard views for the evaluation of metacarpal fractures include posteroanterior, lateral, and oblique radiographs. Due to the metacarpal cascade, which 
forms an arch, a 30-degree pronated oblique lateral view (30 degrees relative to neutral) is imperative to evaluate the ring and small finger metacarpals. The 
pronated oblique view is also important as it allows evaluation of the CMC joint of the small and ring fingers, which may be involved, especially when there 
are volar base fractures (e.g., reverse Bennett fracture). A semi-pronated view PA radiograph is also helpful to visualize the ulnar side of the hand. This 
view gives a true PA projection of the ring and small finger metacarpals and the associated CMC joints. In cases where the metacarpal head may be 
fractured, a Brewerton view can be helpful to evaluate small fractures that may be missed on standard radiographs.!!” In the thumb, the Roberts 
anteroposterior view is the equivalent of the Brewerton view. 
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Figure 45-57. Metacarpal fracture with adjacent injuries. A: Clinical photograph of an open metacarpal fracture with associated large tissue defect and adjacent 
tendon injury. B: Radiograph demonstrating associated metacarpal neck fracture. C: Open repair of adjacent tendon injury with debridement and pinning of associated 
adjacent fracture. D: Intraoperative fluoroscopy demonstrating metacarpal recess cross pinning. 


Figure 45-58. Pseudoclawing is an imbalance of compensatory MP joint hyperextension and PIP joint flexion that occurs on attempted digital extension in proportion 
to the degree of apex dorsal angulation at the metacarpal fracture site and represents one indication for surgery. 


CLASSIFICATION OF METACARPAL FRACTURES 


Metacarpal Fractures: 


CLASSIFICATION 


e Based on location of fracture 
e Head fracture 
e Neck fracture 
e Shaft fracture (further subclassified as transverse, oblique, spiral, comminuted) 
e Base fracture (location: volar/dorsal, % of base) 

Open versus closed 

% of bone loss 

Intra- or extra-articular 

Thumb metacarpal—specific fractures 
e Intra-articular base fracture with partial articular volar piece: Bennett fracture 
e Intra-articular base fracture with Y-type split: Rolando fracture 


OUTCOME MEASURES FOR METACARPAL FRACTURES 


Outcome measures used to guide the effectiveness of treatment for metacarpal fractures are identical to those used for phalangeal injuries. DASH and its 
shortened form (QuickDASH) are the most commonly employed. Pain (visual analog pain scale), grip strength, and TAM are often used as subjective and 
objective measures. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO METACARPAL FRACTURES 


The metacarpals of the hand form a unique cascade similar to that of a Roman arch. The index and small fingers form the borders while the middle finger 
forms the keystone. The metacarpals are inherently stable secondary to the origins of the intrinsic muscles of the hand as well as the stout attachments of the 
deep transverse intermetacarpal ligaments. The bony architecture of the metacarpal is made up of a distal and proximal metaphysis, which supports the 
metacarpal head and engages the distal carpal row, respectively. The metaphyseal portion of the bone has a thinner cortex and thus does not provide rigid 
purchase for cortical fixation. The diaphyseal portion provides better purchase with its tubular structure and thick cortices. The middle and ring fingers have 
the most inherent stability secondary to their central location, while the border digits are more prone to shortening, rotation, and angulation. 

Proximally, the metacarpal articulates with the distal carpal row. The CMC joints, moving from radial to ulnar, consist of the second metacarpal (MC) 
base and the trapezoid, the third MC and the capitate, and the fourth and fifth MC bases which articulate with the bicondylar facet of the hamate. The CMC 
joints increase in stability and decrease in dorsal—volar mobility when moving from the small to index finger metacarpal. The implications in this mobility 
are apparent, as the small and ring fingers are far more tolerant to deformity than are the index and middle finger metacarpals. They are also the most prone 
to injury as well. 

Distally, the metacarpal head has a unique bony morphology creating the MCP joint. In the sagittal plane, the metacarpal head has a cam-shaped 
articular surface with a larger volar—dorsal diameter than a proximal—distal diameter. In the transverse plane, the head resembles a trapezoid. The collateral 
ligaments attach on the dorsal aspect of the metacarpal head within the recess and are thus elongated in flexion. The combination of the trapezoidal shape of 
the head, origin, and insertion of the collateral ligaments, and the cam-shaped morphology all contribute to the inherent stability that occurs during MCP 
flexion (e.g., importance of intrinsic plus position for splinting). The metacarpals of the hand and thumb are subcutaneous in position and are thus 
susceptible to penetrating and crush injuries, which may result in open fractures. As the metacarpals have a curvature to their diaphyseal segment and often 
flex during the making of a fist, the metacarpal necks are susceptible to fracture during punching. This is especially true for the fifth metacarpal, which has 
the most anteroposterior arc at the CMC joint. The fracture that ensues is the most common type of metacarpal fracture and is referred to as a “boxers” 
fracture. 


TREATMENT OPTIONS FOR METACARPAL FRACTURES 


Treatment options for metacarpal fractures vary substantially. The location of the fracture, number of digits involved, associated injuries, deformity, and 


patient-specific factors all play a vital role in determining the optimal treatment method. 

Most isolated nondisplaced fractures can be treated via nonoperative intervention. The most common options for nonoperative management include 
splinting, buddy taping, or casting. 

When there is significant displacement, malrotation, multiple MC fractures or open injuries, surgical fixation is often warranted. The characteristics of 
the fracture including location, displacement, and associated injuries often dictate the best surgical intervention. Articular fractures of the metacarpal head 
are often best treated by open reduction and lag screw fixation with headless screws. 

The metacarpal neck can be a common site of injury with the fifth metacarpal neck being the most common. The index finger tolerates the least amount 
of angulation while the small finger can tolerate up to 50 degrees.’*” In isolation, metacarpal neck fractures can be treated without surgery.'?* When 
angulation is greater than the tolerated amount or there is significant shortening or malrotation, surgical fixation is warranted (F 59). CRPP and 
intramedullary screw fixation especially in the ring and small fingers remain valid options when angulation or rotational deformities are too great. Recently, 
intramedullary screw fixation has gained significant traction owing to the immediate inherent stability and ability to begin early active motion. 

Metacarpal shaft fractures have a wide spectrum of treatment options ranging from splinting with buddy taping to external fixation. Isolated fractures are 
often treated without surgery while those with significant shortening, rotation, or adjacent fractures usually undergo operative fixation. K-wires can be used 
for every type of fracture pattern (transverse, oblique, spiral, comminuted) due to their easy availability, percutaneous insertion, and relative ease of use. 
However, they often lack significant rigidity, can migrate, are prone to infection, and may be uncomfortable during rehabilitation. 

Other techniques include intraosseous wires or composite wiring.'°* Intraosseous wiring is most useful for supplemental fixation in the metacarpal. 
Composite wiring or tension band constructs are useful in the metacarpal shaft for all types of fractures. They provide more rigidity than K-wires alone and 
are relatively low profile. However, the technique requires more exposure than K-wires alone and may require secondary removal. 

Intramedullary fixation in the form of screws (retrograde from metacarpal head), pins (bouquet technique or retrograde from metacarpal recess), or nails 
can be utilized for transverse or short oblique fractures.-’* The constructs provide good axial stability with minimal dissection but poor rotational control is 
obtained, limiting their use to simple isolated fractures. Newer conical intramedullary headless screws may theoretically control rotation better than their 
predecessors by filling the canal to a greater degree. 


: . Retrograde cross pins. A: PA radiograph demonstrating significant dorsal angulation of the fifth MC neck with associated flexion deformity. B: 
Oblique Seen often demonstrate the most fracture displacement. C-E: Cross pins from the metacarpal recess can be placed with relative ease while holding the 
Jahss maneuver for reduction. 


Lag screws or interfragmentary screws are a common technique used for articular fractures of the head and base. Additionally, they may be used in long 
oblique or spiral fractures.'° In order to be amenable to screw fixation alone, the fracture must be greater than two times the length of the diameter of the 


bone. Although providing excellent fixation, lag screw fixation can be technically demanding with a low margin of error. Screw sizes for the metacarpal are 
typically 1.5-, 2.0-, or 2.4-mm screws. 

In certain cases, plate fixation is warranted. Plate osteosynthesis has some advantages, which include significant rigidity allowing immediate motion and 
the ability to restore length and bridge gaps. It can be used both as an adjunct (neutralization plate with lag screws) and in isolation as a compression plate 
(Fig. 45-60). Plating does require extensive exposure, which may lead to adhesions or necessitate removal. The method is often more expensive and is best 
utilized for those patients with multiple or unstable fractures, marked bony loss, or those with delayed treatment necessitating an open reduction. 

Metacarpal base fractures are often associated with CMC dislocations. They are best treated with closed reduction and splinting or pinning when treated 
within the first week or so (Fig. 45-61). When closed reduction is not possible or there is a significant joint incongruity, open reduction is necessary with a 
combination of small screws and smooth wires including temporary stabilization to the carpus. 


NONOPERATIVE TREATMENT OF METACARPAL FRACTURES 


Most isolated metacarpal fractures can be managed by nonoperative intervention. The central digits are more protected from deformity secondary to the 
stabilizing effect of the deep transverse intermetacarpal ligaments. Cadaver studies have demonstrated that for every 2 mm of shortening, there is 
approximately 7 degrees of extensor lag.!3°:!73 As most MCP joints hyperextend by about 20 degrees, a total of 5 to 6 mm of shortening can be tolerated to 
get the MCP joint to neutral. Angulation in the sagittal plane (e.g., apex volar/dorsal) has variable tolerability based on each metacarpal bone. The 
tolerability is decreased moving from ulnar to radial with the index and middle metacarpal shaft only able to tolerate about 10 degrees. The ring finger can 
tolerate close to 25 degrees while the small finger can tolerate up to 45 degrees. Although coronal deformities are less common owing to the extensive soft 
tissue attachments of the metacarpal, they often require surgical intervention for correction. Malrotation or scissoring is the least tolerated of the deformities. 
Any deformity greater than 10 degrees, which causes the adjacent finger to impinge or cross over, requires surgical intervention. 


A a B 
Figure 45-60. Neutralization plate. PA (A) and lateral (B) radiographs of a spiral metacarpal shaft fracture fixed with interfragmentary screws and a neutralization 
plate. 


Indications/Contraindications 


Nonoperative Treatment of Metacarpal Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 
e No malrotation e Malrotation >10 degrees or any scissoring 
e Minimal angulation e Apex dorsal angulation of the shaft 
e Minimal shortening (<5-6 mm) e Index: >10 


e Middle finger >10 
e Ring finger >25 
e Small finger >45 


Open fractures 

Multiple fractures 
Associated CMC dislocation 
Intra-articular fracture 
Extensor lag 

Shortening >5-6 mm 


Closed Reduction and Splinting With or Without Buddy Taping 


Nonoperative treatment often involves a splint, which immobilizes the wrist in 30 degrees of extension and the MCP joints in 70 to 90 degrees of flexion 
with the ability to flex the digits to make a composite fist.2* In some cases, a wrist brace and buddy taping may be sufficient. For more ulnar or radial border 
digits, a radial or ulnar gutter splint or cast may provide the best immobilization while allowing some movement at the other digits. Care must be taken not 
to prolong immobilization, as stiffness is a common complication. By 4 weeks, the splint or cast should be removed to start guided therapy. Buddy taping is 
often employed at that time to allow controlled motion using the adjacent digit. 


Outcomes 


Outcomes of nonoperatively treated metacarpal fractures are relatively good. Rettig et al. have shown that most fractures are stable with return to activity as 
early as 2 weeks.!°> Long-term outcomes also remain favorable with most nonoperatively treated metacarpal neck and shaft fractures having excellent 


DASH and aesthetic scores when compared to operatively treated fractures at 2 years,!®° regardless of the immobilization method.®' 


OPERATIVE TREATMENT OF METACARPAL FRACTURES 


Operative treatment of metacarpal fractures has become more popular over the last several decades.!”° The availability of hand surgeons, newer treatment 
methods, and expectations of patients have shown a trend toward more surgical fixation. CRPP with K-wires remains the mainstay of treatment. Fracture 
location and geometry often determines the pin construct with intramedullary K-wires, transverse K-wires, and cross pinning being the most common. 
When necessary, intramedullary headless screws, lag screws or plate constructs can offer superior rigidity, allowing earlier ROM than K-wires or 
nonoperative management. As with any surgical procedure, patient selection remains the key for good outcomes. 


Figure 45-61. Metacarpal base fractures. A: Metacarpal base fracture of the ring finger without CMC dislocation. B: Closed reduction and pinning of the fracture to 
correct malrotation. C: Ring metacarpal base fracture with associated dislocation of the fifth CMC joint. D: Reduction and fixation of the fracture and CMC joint with 


K-wire fixation. 


Indications/Contraindications 

Surgery is indicated for metacarpal fractures to improve function when nonoperative treatment provides poor results. Each metacarpal has a different 
tolerance for deformity that must be understood in order to provide a good functional result. Moving from radial to ulnar, the index finger MC tolerates the 
least amount of deformity while the small finger tolerates the most. Specifically, the index and middle finger MCs can only tolerate 10 degrees of 


volar/dorsal angulation at the shaft, while the ring can tolerate 25 degrees. The small finger MC can accommodate up to 45 degrees of angulation with 
studies demonstrating excellent results below this degree of angulation.!'* Angulation is tolerated less more proximally in the metacarpal. This is because 
the effective angulation and depression at the metacarpal head are increased the more proximal the fracture. Malrotation is not well tolerated by any digit 
and rotational deformity greater than 10 degrees should be corrected. Similarly, extensor lag of the digit can be problematic when more than 6 mm of 
shortening has occurred. This is often most apparent with border digits or when multiple digits are fractured. Gustilo type I and II open stable fractures do 
not always require surgical intervention in a formal operating room. Capo et al. retrospectively reviewed 145 open fractures and demonstrated a 1.4% 
infection rate when treated in the emergency department.*° The patients at highest risk included those with Gustilo grade III injuries or significant soft tissue 
compromise who should undergo more traditional operative intervention. Similarly, a more recent retrospective analysis of the ACS NSQUIP database 
demonstrated no increase in infection rates in open versus closed fractures in the hand.'2° However, smoking did portend a higher rate of infection. As such, 
most open hand fractures do not require emergent management in stark contrast to long bone fractures. 


Closed Reduction and Surgical Fixation 


Closed reduction and internal fixation (CRIF) is the mainstay for most metacarpal fractures that require surgical intervention. K-wire fixation is the most 
commonly employed and remains cheap and effective. Pin configuration and the direction of the K-wire remains dependent on fracture location and 
geometry, in addition to injury-related factors such as abrasions or concomitant injuries. Other implant choices include intramedullary cannulated headless 
screw placement or intramedullary K-wire placement. Various external fixators may be employed with makeshift devices being common (e.g., a spanning 
1-cc syringe with K-wires). 


Surgical Approach 


CRIF can be approached either in an antegrade fashion (percutaneous for border digits or bouquet technique), retrograde fashion through the head or 

metacarpal recess, or transversely. Each approach has its merits but quicker surgical times and fewer complications have been demonstrated with transverse 
inning 192 

pinning. 


Technique 


| / Fe Reduction and Surgical Fixation: 


KEY SURGICAL STEPS 


A VE bump is required to allow ease of direction of the K-wire 

Jahss maneuver may be performed over a bump versus a pointed bone tenaculum 

K-wire trajectory may be drawn on the skin first with fluoroscopy to aid trajectory 

Four cortices should be felt when performing transverse pins; this is a “feel” technique 

Pins may be cut under the skin for removal in the office or surgical suite; they may also be bent and cut outside the skin for easy removal in the 
office 


The hand is placed palm down on a bump to allow flexion of the MCP joints. A Jahss maneuver may be performed when necessary when there is excessive 
angulation. This is performed by flexing the MCP and PIP joints and applying dorsally directed pressure on the metacarpal head through the proximal 
phalanx. A reduction may also be performed with a bone tenaculum and an assistant may be required to hold the reduction. 

For transverse wiring, the K-wires are inserted through the skin and some surgeons advocate the use of a blunt trocar or 18-gauge needle to prevent 
iatrogenic damage to the tendon or nerves. The wires are then driven transversely and parallel to each other through both the injured and the adjacent 
metacarpal, engaging four cortices. The technique is a “feel” technique and it requires a dexterity to gain purchase through several cortices. Usually, at least 
two distal wires and one proximal wire are required. When there are adjacent metacarpal fractures at different levels, reciprocal pinning may be used if there 
is sufficient space between the fracture levels to allow two pins to be inserted distal to one fracture and proximal to the other. This provides sufficient 
stabilization to both metacarpals. 

For the bouquet technique, a small incision is often needed proximally over the metacarpal base.”? Any tendon or neurovascular structure is protected 
and a 0.062 K-wire is used to create a pilot hole in the base of the metacarpal. A 0.054 or 0.045 K-wire is then placed with a slight bend on the tip and 
gently advanced passed the fracture site. This is repeated until two or three K-wires have been placed to ensure rotational control of the fracture. The pins 
can be bent and cut or left outside of the skin depending on the metacarpal being fixed. 

Retrograde intramedullary screw fixation is a similar technique but is performed in a retrograde fashion and is commonly employed for the fourth and 
fifth finger owing to the size of the intramedullary canal. The incision is based over the MCP joint and the extensor tendon can either be split in the middle 
or entered through the sagittal band to gain exposure to the head. A K-wire is then inserted through the dorsal portion of the metacarpal head and passed 
across the fracture site. A cannulated drill is then used and either a 2.4- or 3.0-mm headless cannulated screw is inserted (Fig. 45-62). The placement of the 


screw within the metacarpal head is such that only a small portion of the cartilage is perforated and joint motion is not significantly affected.'°° 


Open Reduction and Internal Fixation 

ORIF is best employed when a closed reduction is not possible, when a fracture is open necessitating operative debridement, or when the injury pattern is 
such that a closed method of treatment is not likely to provide adequate stability. Many implant options exist ranging from lag screws for long oblique 
fractures, headless or headed screws for articular fractures, nonlocking or locking plates, K-wires with tension banding, or a combination of the above. 
Surgical Approach 


The surgical approach remains the same regardless of which implant is chosen for surgical repair. 


> AS : 


Figure 45-62. Intramedullary headless screw fixation. A, B: Radiographs depicting multiple transverse or short oblique fractures of the metacarpal shaft. C: 
Percutaneous bone clamps can be utilized to add reduction while placing the retrograde guidewire for the cannulated screws. D: A screw may be placed over the skin to 
help determine diameter of the intended screw to be used. E: Final radiograph depicting placement of screws and alignment of fractures. 


Technique 


ff Open Reduction and Internal Fixation: 


KEY SURGICAL STEPS 


Large bump with the palm down 

Surgeon usually sits in the neck/shoulder area when working on the dorsum of the hand 

Incision through the epidermis/dermis and identification and protection of the dorsal sensory nerves 
Incision of the juncturae tendinae or sagittal band as necessary to gain access 

Careful elevation of the periosteum to allow closure over the screws or plates 

Provisional reduction with fixation using K-wires or bone tenaculum clamps 

Frequent radiographs to check alignment in addition to composite fist making to ensure no scissoring 
Closure of the periosteum over the plate or screws and repair of the juncturae or sagittal band as necessary 
Early active motion 
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Figure 45-63. ORIF of metacarpal fracture. A: Long oblique fracture of the fifth metacarpal with displacement. B: Intraoperative dissection demonstrating the 
extensive exposure needed to plate the metacarpal. C: Meticulous closure of the periosteum can allow near-complete coverage of the plate to reduce tendon adhesions 
and irritation. D: Healed metacarpal fracture with interfragmentary screws and neutralization plate. 


The proposed line of incision is drawn either centered over the metacarpal dorsally, between two of the metacarpals, or on the mid-lateral aspect of the 
index or small finger. The incision is carried down through the epidermis and dermis and care should be taken to protect the dorsal sensory nerve branches. 
The extensor tendons to the associated digits should be located and retracted appropriately. The juncturae tendinae often need to be incised to allow 
adequate exposure. For more distal fractures, which include the metacarpal head, a portion of the sagittal band may need to be incised to allow adequate 
exposure. If this tendon release is large, it is imperative to repair the sagittal band to prevent extensor tendon subluxation following bony repair. The 
periosteum should then be incised and lifted as a single layer to allow closure over the implant construct (Fig. 45-63). 

All hematoma and debris are removed from the fracture site and the fracture is provisionally reduced with K-wires or bone tenaculum clamps. The 
preferred implant should then be employed consisting of either lag screws or a plate construct. Only the soft tissue necessary for reduction and plate 
placement should be removed, as excessive stripping can devascularize the bone. Care must be taken with each technique not to displace the fracture while 
tightening the screws. Frequent radiographs are often necessary to ensure that the reduction is maintained. Similarly, it is imperative to check rotation after 
final tightening to ensure there is no scissoring. 


Open or Closed Reduction and Surgical Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Hand table 


Position/positioning aids LJ Hand bump in the form of a rolled towel; the palmar aspect of the hand is often on the hand bump to allow easy dorsal 
exposure; the primary surgeon normally sits between the shoulder and head 


Fluoroscopy location T Fluoroscopy can be easily performed at the end of the hand table with either mini C-arm (preferred) or a larger C-arm; 


preference for contralateral side of the primary surgeon is common, however there are some surgeons who operate it 
routinely on the same side 


Equipment LJ Hand tray with small retractors is a must; similarly an appropriate-sized drill is necessary; a lighter drill allows for more 


dexterity when placing K-wires 


Tourniquet LJ Often placed for the procedure but not routinely used for percutaneous pinning; placed in case open surgery is required, in 


which case the hand is exsanguinated 


Other LJ Plates, screws, cannulated screws, and wires cover every option; a variety of screw sizes and types should be available 


ranging from headless screws to cannulated screws; most common sizes are 2.0 to 2.4 mm for the metacarpal shaft. A 1.5- 
mm screw may be needed for provisional lag fixation 


Given the wide spectrum of fracture patterns and potential difficulties encountered with each type, it is recommended to have each fixation modality 


available when performing surgical fixation. The OR table, positioning, and fluoroscopy are similar for almost all types of fixation methods. The differences 
between surgical fixation methods remain the implant sets needed for each various method. 


Positioning the hand for surgical intervention remains relatively similar regardless of what operative intervention is chosen. A hand table is used with the 


arm outstretched on the hand table and the palm facing down. A small bump made out of sterile towels allows the hand to rest in its natural position. The 
bump also allows the surgeon to drop their hand should the K-wire or drill need to be angled more dorsally. Similarly, the bump must be high enough to 
allow flexion of the metacarpals and the fingers for the Jahss reduction maneuver. 

The surgeon often sits between the shoulder and head, although some surgeons prefer the axilla regardless of location of the fracture. A good rule of 
thumb is that the volar aspect of the hand is easier to approach from the axilla while the dorsal aspect is easiest from the shoulder/neck. The fluoroscopy 
machine can either come from the same side as the surgeon, end of the table, or the contralateral side. The size of the machine (mini vs. large), the size of 
the hand table, and surgeon preference determine the location. 


Authors’ Preferred Treatment for Metacarpal Fractures ( 


Metacarpal 
fractures 


Limited 
displacement, 
rotationally 
correct, no 
pseudoclawing 


Lateral base 
Head Shaft fracture, large 
fractures fractures fragment: ORIF, 
lag screws 


Unacceptable Transverse/ 
neck/head displaced 
angulation: neck fractures: 
operative transverse pinning, 
stabilization (e.g., intramedullary 
pinning or screw, retrograde 
headless screws) pinning 


Articular 
displacement: 
operative 
stabilization (e.g., 
ORIF headless 
screws) 


Spiral/long 
oblique 
fractures: ORIF, 
lag screws +/- 
neutralization 
plate 


Removable light 
splint with early 
motion versus 
casting 


Comminuted 
fractures: ORIF, 
plates 


Algorithm 45-7 Authors’ preferred treatment for metacarpal fractures. 


Most central metacarpal fractures can be treated conservatively. The stout ligamentous and muscular attachments of the metacarpals provide inherent 
stability. In fractures with minimal displacement, shortening, and no malrotation, nonoperative management should be employed. We prefer the use of a 
removable wrist splint in addition to buddy taping of the affected digit to an adjacent uninjured digit. At 3 to 4 weeks, the wrist splint may be 
discontinued, and at 6 weeks, the buddy taping may be removed. This treatment can also be used for nondisplaced head and neck fractures that have 
stable fracture patterns. If there is doubt, stability can be checked under fluoroscopy in the clinic. Close follow-up is imperative, as is instructing 
patients in how to effectively exercise their hand to prevent contractures. If more aggressive immobilization is used such as casting, the same principles 
are applied using the intrinsic plus position to prevent contracture. Casting or more rigid splinting is indicated in noncompliant patients or in those with 
associated injuries. 


Metacarpal Head Fractures 

Metacarpal head fractures are less frequently encountered than neck and shaft fractures. Often, closed treatment is sufficient, with the exception of those 
with significant displacement or angulation. For large articular pieces with displacement, we recommend headless screw fixation in multiple planes 
(Fig. 45-64). Screw size typically ranges from 1.5- to 2.4-mm screw diameter, and at times a small locking plate is required as well. Access to the joint 
can be obtained via a dorsal approach either with splitting of the extensor tendon or by gaining access through the sagittal band. In the index and small 
finger, the interval between the two tendons is utilized. Complete flexion of the MP joint is required as there can be small frontal plane fragments that 
need to be stabilized. The divided tendons are best repaired but the dorsal capsule should be excised and left open. In cases where rigid headless screw 
or plate fixation is achieved, early active motion may begin as soon as 1 to 2 weeks postoperatively under the guidance of a hand therapist. This motion 
should be begun in a short arch range, typically limited to 0 to 45 degrees, to avoid overloading the reconstructed head. Motion may be slowly advanced 
over 4 weeks. It is imperative that patients be splinted with the MCP joint in more than 70 degrees of flexion to prevent contracture and arthrofibrosis 
during the initial postoperative phase. In injuries where the head is comminuted and cannot be pieced adequately together by headless screws, an 
external fixator with distraction of the joint can help the joint heal in a reasonable position. 


Metacarpal Neck Fractures 


Metacarpal neck fractures constitute a large number of the injuries seen by hand surgeons. The small finger metacarpal neck fracture, termed the 
“boxer’s fracture,” can often be treated by closed means. In those patients with significant angulation of more than 50 degrees, shortening, or 
malrotation, surgical intervention is warranted. The authors’ preferred method is to use the Jahss maneuver to reduce the fracture and place two K-wires 
in a retrograde fashion through the metacarpal recess. With simple transverse neck fractures, a cannulated intramedullary 2.4-mm headless screw can 
also be used. It is imperative that the rotation of the finger is checked and found to be similar to the contralateral side. There is a wide variation in finger 
alignment among patients, with small degrees of rotation and overlap in some individuals. Metacarpal neck fractures are very well tolerated and often 
are overtreated surgically. 


Metacarpal Shaft Fractures 
For those metacarpal fractures not meeting the criteria for conservative management, surgical fixation can provide excellent outcomes. When fractures 
are treated within the first week or so, closed and mini-open techniques can often achieve an adequate reduction with stable fixation. K-wire fixation 


can be employed in a variety of constructs including transverse pins, metacarpal recess retrograde pins, antegrade bouquet pins, reciprocal pins for 
multiple fractures, or a combination of pins and wiring. 

For the most rigid fixation, and in order to avoid the soft tissue adherence of percutaneous pins, we prefer ORIF with small plates in many cases. 
Rigid fixation can be achieved in a high percentage of situations and mobilization can begin within a few days. If there is careful attention to detail with 
retention and closure of the periosteum, the need for plate removal is minimized. For transverse fractures, a compression plate is used, and for short 
oblique fractures, a combination of a lag screw and neutralization plate is effective. In all plating constructs where compression can be obtained, we 
typically add a single locking screw on either side to create a “hybrid” construct. This provides more balanced fixation along the metacarpal without 
creating major stress risers. If there is a high degree of comminution at the fracture, then a bridge construct is used with several locking screws on each 
side. 

In our opinion, specific surgical technique is based on the fracture characteristics. For transverse shaft fractures, any of the above techniques work 
well. Transverse pinning is relatively easy and is our method of choice for single fractures. Care must be taken not to distract the fracture while gaining 
reduction as this can lead to a nonunion. For multiple fractures at different levels, reciprocal pinning may be used with good results. For multiple 
metacarpal shaft fractures at similar levels, we prefer antegrade bouquet pins, retrograde cross pins, or intramedullary headless screws when amenable. 
K-wire size is often 0.045 in order to be able to pass two K-wires in the intramedullary space. It is important to remember that the ring finger has the 
smallest diameter, so smaller K-wires may be necessary. In addition, the blunt end of the wire should be used to make wire passage easier. At least two 
pins are required to prevent rotational instability. In patients with polytrauma or more than two metacarpal fractures, we recommend either 
intramedullary headless screws or open reduction and plating to allow immediate range of motion (Fig. 45-65). Plate size should accommodate 1.5-, 
2.0-, or 2.4-mm screws. Two metacarpals can be approached through one longitudinal incision, while three metacarpals require two well-spaced 
incisions. 

In patients where there is a partial or complete amputation proximal to the MCP joint, the fractured metacarpal is best treated with rigid fixation. It 
is the authors preference to use intramedullary screw fixation when owing to the ease of use and relative quick duration of the screw placement (e.g., it 
is much faster than plate placement with less soft tissue stripping) (Fig. 45-66). This allows for early range of motion post operatively for these complex 
surgeries. 

Long spiral fractures or long oblique fractures that are shortened with malrotation require surgical fixation. In our practice, these are best treated 
with lag screw fixation if the fracture is more than three times the diameter of the shaft. Screw size varies from 1.3- to 2.0-mm diameter. The technique 
can be challenging and it is imperative to countersink the screws to prevent propagation of a fracture. Additionally, the screws should spiral along the 
fracture plane and not all be in the same direction. 


Metacarpal Base Fractures 

Metacarpal base fractures without associated CMC dislocation are uncommon. However, in those cases where the joint is stable but there are large 
incongruous fragments, surgical stabilization is necessary. In the case where it is a border digit, K-wires may be all that is necessary to stabilize the 
fragment. If it is a large fragment, a lag screw may be better suited to gain compression. Direct visualization of the metacarpal base through an open 
approach is often needed to understand and reduce a fracture-dislocation at the CMC joint. 
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Figure 45-64. ORIF of metacarpal head. A: Injury radiographs of a displaced index finger metacarpal head fracture. B: Intraoperative photograph depicting the 
exposure and reduction of the fragments. C: Postoperative radiograph with headless compression screws and subsequent healing. 


. Multiple metacarpal fractures. Multiple metacarpal fractures (A) should be treated with open reduction and plates and screws (B) to allow early range 
of motion. When there are more than three fractures as seen in the PA (C) and oblique (D) radiographs, the patient should be monitored for associated compartment 
syndrome. E: At the time of surgery, the hand can be assessed and if needed, the compartments are released while plates are placed. F: Final radiographs demonstrate 
complete healing of the shaft and metacarpal head fracture. 
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Figure 45-66. Metacarpals associated with partial amputation secondary to table saw. A: Injury radiograph depicting transverse second and third metacarpal fractures. 
B: Soft tissue envelope injury depicting partial amputation of index and middle fingers with vascular injuries. C: Postprocedure radiograph depicting retrograde 
intramedullary headless screw fixation of the fractures. D, E: Soft tissue envelope check at 2 weeks postoperatively with viable index and middle fingers. 


Postoperative Care 


The postoperative rehabilitation and care of metacarpal fractures are similar to other fractures of the hand. As the aim of treatment is to provide stable 
fixation and early motion, it is imperative that the postoperative plan includes regular treatment with a hand therapist. Usually, regardless of surgical 
technique, the hand is immobilized in a splint for 1 to 2 weeks for soft tissue stabilization. The preferred position is the intrinsic plus position (MCP joints at 
70-90 degrees and interphalangeal joints in full extension) as it reduces the likelihood of an extension contracture of the MCP joints. When there is a single 
fracture, the affected digit may be buddy taped to an adjacent digit to prevent malrotation. When multiple metacarpals are involved, fixation is often 
necessary and buddy taping may not be adequate treatment. 

K-wires are the most commonly used method of surgical stabilization. Rehabilitation often can be difficult secondary to pain or entrapment of the 
intrinsic muscles of the hand when K-wires are used. Despite these drawbacks, it is still possible to start early postoperative motion with the K-wires in 
place especially for the nonaffected joints. After ORIF, there should be 1 week of immobilization after which a standard hand therapy protocol should be 
initiated to prevent contracture. Early mobilization is the key to prevent contractures of the hand, reduce tendon adhesions, and to retain functional mobility. 
The surgeon should test construct stability intraoperatively to ensure that early motion may be initiated safely. 

It is imperative that patients elevate their hand immediately postoperatively and use ice on the area for the first 2 days after surgery. Swelling of the hand 
is very common after surgery and dependent edema can significantly impair ROM. Foam pillows can help with edema control and reinforcement with 
explanation of the proper technique for elevation is important for a good result. 


Potential Pitfalls and Preventive Measures 


Metacarpal Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Malrotation e Check rotation of contralateral side; fingers should point to scaphoid 


e Excessive apex dorsal angulation (especially metacarpal neck fractures) e Jahss maneuver with hand bump 


e Instability of transverse fractures e Use multiple K-wires in various planes to prevent rotation of the transverse fracture 
e Difficulty gaining purchase of K-wire e If open, start K-wire intramedullary and use double-ended K-wire 
e Failure to capture the fracture with intramedullary headless screws (Fig. 45-67) e Use oblique radiographic views of the metacarpal and if needed open reduce the 


fracture to gain placement 


e Translation of the fracture with over compression from intramedullary headless e Consider retention of the screw if minimally displaced, exchange of the screw for 
screw fixation (Fig. 45-68) larger diameter versus conical shaped screw, or alternative fixation method (e.g., 
plate) 
Outcomes 


Outcomes after surgically treated metacarpal fractures are good. There is significant controversy over which method provides superior results with 
conflicting evidence in the literature. 

For closed methods with K-wire fixation, studies have evaluated the efficacy of the bouquet method versus transverse pinning. For most of these studies, 
the fifth metacarpal was the operative site owing to its high incidence of injury. Winter et al. performed a prospective randomized clinical trial comparing 
the bouquet method to transverse K-wires.'°! At 3 months postoperatively, TAM and motion at the MCP joint were improved in the bouquet group. 
Conversely, Wong et al. demonstrated that there was no difference between techniques, although the authors note that transverse pinning is technically 
easier.!°* Either method remains a viable option for closed reduction and percutaneous fixation. 

Open surgical fixation has similar results with most patients garnering near-complete return of function. For extra-articular fractures, Ozer et al. 
compared IM nailing to plate and screw fixation and found no difference in TAM or DASH scores.!** Of note, the IM group had more loss of fixation and a 
higher rate of removal of hardware. A similar study by Facca et al. prospectively reviewed locking plates versus intramedullary K-wire fixation for fifth 
metacarpal fractures. The authors demonstrated increased stiffness in the plate cohort despite being immobilized for a shorter period of time. With the 
exception of motion, all other outcomes such as grip strength, pain, DASH score, and complication rates were similar.°° In a more recent study, authors 
compared medial locked plating with intramedullary K-wires for fifth metacarpal neck fractures.’ The study retrospectively reviewed 54 patients. At 26 
months postoperatively, the K-wire cohort had 2 mm more shortening and 4 degrees of angulation. Additionally, the plate cohort had faster return to work 
and greater cosmetic satisfaction. However, operative time and complications were also higher in this group. There was no difference between cohorts in 
regard to ROM, time to union, grip strength, or QDASH. 
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Figure 7. Pitfalls olen intramedullary headless screw fixation of multiple metacarpals. A: Radiograph depicting failure of reduction of the second and fifth 
metacarpals. B, C: CT scans demonstrating dorsal fracture displacement of the fifth metacarpal and dorsal screw starting point of the second metacarpal. D: Revision 
surgery demonstrating removal of hardware and correction of the deformities. 
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Figure 45-68. A, B: Radiographs depicting over compression of the short oblique fracture with ability to retain the screw owing to reasonable alignment. C: 
Demonstration of the use of larger diameter conical screws which may provide better canal fit and thus reduction of metacarpal fractures. 


Melamed et al. performed a meta-analysis comparing plate fixation versus percutaneous pinning for unstable metacarpal fractures.!°° The authors 
concluded that pin fixation provided improved ROM when compared to plating with an average follow-up of 7.5 months. However, there was no difference 
in functional scores, grip strength, time to union, or complications. The same authors also described biomechanical properties of intramedullary screws 
versus plate fixation for unstable metacarpal fractures.!2? They demonstrated that plate fixation was more rigid for unstable metacarpal fractures. More 
recently, authors have studied the clinical outcomes associated with locked plate constructs for unstable fractures.!°? At an average follow-up of 14 months, 
the study demonstrated that the closer the plate was to the joint the higher the risk for worse motion. In addition, stiffness was the most common 
complication effecting 10 of 34 cases at 1 year. 

Intramedullary screw fixation of metacarpal fractures has gained significant traction in the last several years. A recent series of 173 fractures in 152 
patients who underwent surgical fixation with intramedullary headless screw fixation for both metacarpal and phalanx fractures was performed.!°° TAM 
was 245 and 226 degrees for metacarpal and phalangeal fractures respectively. All fractures healed on average within 35 days with the exception of open 
fractures and replantations. Common complications included malunion, extensor lag, and need for removal secondary to failure to provide adequate stable 
fixation. Ultimately in the correct subset of patients, intramedullary screw fixation can provide excellent results with early motion. 

The results from the above studies demonstrate that as with any surgical procedure, careful operative planning with consideration of patient factors, 
fracture location and geometry, and associated injuries must be taken into account to provide optimal outcomes. It is imperative that a hand therapist be 
involved postoperatively for early motion to prevent stiffness. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO METACARPAL FRACTURES 


Metacarpal Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Malrotation: oblique fractures treated with indirect reduction and fixation 
Pseudoclawing: excessive apex dorsal angulation 

Malunion: often from indirect methods (e.g., K-wires) 

Nonunion: occurs with significant bony loss or distraction of the fracture 
Tendon adhesions: common in open procedures 

Infection 


Complications after operative stabilization of metacarpal fractures remain relatively rare. However, there are some complications that do occur more 
frequently and must be addressed in order to provide satisfactory outcomes. The most common complications include malunion (e.g., malrotation/dorsal 
angulation, malrotation, etc.), nonunion, infection, and tendon adhesions. 

Malunion is the most common adverse event. Several fracture patterns are more prone to malunion and recognition of these patterns can aid in 
prevention. Transverse fractures are most prone to angulation and rotatory forces. Spiral oblique fractures are most prone to rotatory and shortening forces. 
Any of these types of malunions causing significant scissoring, pseudoclawing, or clinical dysfunction can often be treated successfully. Osteotomies for 
angulation and rotation have high success rates with good outcomes when in isolation. 

Correcting malrotation in isolation is relatively simple and can be performed using a transverse osteotomy. Special plates with transverse limbs for 
screw holes and K-wire fixation are available which make the correction relatively simple and allow compression. 

Angulatory deformities are more complex and require either an opening or closing wedge osteotomy. As apex dorsal angulation is more common; a 
closing wedge osteotomy is often the procedure of choice and has demonstrated good results. Opening wedge osteotomies are best used when there is 
significant shortening causing extreme extensor lag. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO METACARPAL 


FRACTURES 


Metacarpal fractures remain one of the most common musculoskeletal-related injuries in the young active patient. Prompt recognition and treatment often 
results in excellent outcomes with few isolated fractures necessitating operative repair. When operative fixation is warranted, there are several methods that 
can achieve excellent rigidity, allowing near-immediate mobilization postoperatively. A fundamental understanding of the most common types of fracture 
patterns allows for straightforward treatment principles garnering early mobilization and return to activity. Controversy still exists over the preferred method 
of fixation with various K-wire configurations, intramedullary headless screws, interfragmentary screws, and plate fixation being the most common 
available methods. With newer locking technology and more advanced plating systems, fractures with significant bone loss are more commonly treated 
operatively. Similarly, more pronounced deformities ensuing after missed or mistreated injuries can now be reconstructed with predictable success. Despite 
a myriad of surgical options, nonoperative management continues to be the mainstay of treatment, and as with any intervention, lack of compliance and 
access to therapy can worsen long-term results. 


Carpometacarpal Joint Dislocations 


INTRODUCTION TO CARPOMETACARPAL JOINT DISLOCATIONS 


CMC dislocations and fracture-dislocations of the CMC joint occur most often in the small and ring fingers, as well as the thumb.*! The lack of bony 
constraints of the CMC joint to the ring and small fingers, in addition to the thumb, add to their propensity for injury. The central digits are more protected 
from deformity secondary to the stabilizing effect of the deep transverse intermetacarpal ligaments and bony constraints imparted at the CMC joint. Thumb 
CMC base fractures account for 80% of all thumb injuries and often require surgical intervention. Purely ligamentous injuries of the CMC joint of the 
thumb are rare. 


ASSESSMENT OF CARPOMETACARPAL JOINT DISLOCATIONS 


The assessment of CMC joint injuries is similar to that of the other dislocations and fractures to the fingers and hand. The patient should be interviewed with 
a full history eliciting any history of trauma with a detailed account of mechanism of injury. Inspection of the hand should look for obvious deformities and 
malrotation of the digits. Loss of knuckle height, excessive CMC extrusion (shelf deformity for the thumb), or scissoring can alert the examiner to a CMC 
joint injury. A methodical examination of the hand is necessary. Evaluation for open injuries is always prudent. Pain with ROM of the hand, tenderness to 
palpation about the CMC joints, or lack of ability to open and close the hand warrants radiographs. The remaining portion of the evaluation is similar to that 
already discussed and must include neurovascular status, ligamentous evaluation, and tendon function of the hand and wrist. The tendons of the thumb 
should be individually examined when the patient presents with a dislocation or base of the thumb fracture. The motor branch of the ulnar nerve must also 
be evaluated given its proximity to the fifth CMC joint. Lastly, multiple CMC dislocations should be identified and compartment syndrome should be 
considered given the significant amount of force involved and resulting hand swelling. 


MECHANISMS OF INJURY FOR CARPOMETACARPAL JOINT DISLOCATIONS 


The most common mechanism for CMC joint dislocations or fracture-dislocations of the fingers is an axial load with a clenched fist (e.g., punching). If the 
force is applied when the metacarpal head is depressed, a dislocation of the fourth and fifth CMC joint will result. In higher-energy injuries, a fracture of the 
base of the small finger metacarpal (reverse Bennett fracture) or of the hamate articular surface may occur. Multiple CMC dislocations can occur and tend to 
be higher-energy injuries. They are rarer than isolated small finger CMC joint injuries but carry a worse prognosis secondary to the energy imparted on the 
hand. 

Metacarpal base fractures of the thumb, with associated CMC dislocations, often occur secondary to a similar mechanism with a flexed position of the 
thumb and an associated axial force. Two main variants have been described for the thumb, the Bennett and Rolando fractures (Fig. 45-69). The Bennett 
fracture is a volar ulnar intra-articular fracture fragment of the metacarpal base with resultant subluxation of the remaining metacarpal shaft, which displaces 
proximally, radially, and dorsally. This occurs secondary to the pull of the abductor pollicis longus and adductor pollicis on the shaft fragment (Fig. 45-70). 
The volar ulnar piece is often held in place by the palmar oblique ligament. Rolando fractures are similar to Bennett fractures but often result from a higher 
amount of energy imparted on the joint resulting in a Y- or T-shaped fracture pattern with more significant intra-articular extension. Purely ligamentous 
injuries to the thumb CMC joint are less common and a dorsal-—radial dislocation may occur. 


Figure 45-69. The most recognized patterns of thumb metacarpal base intra-articular fractures are the partial articular Bennett fracture (A) and the complete articular 
Rolando fracture (B). 


INJURIES ASSOCIATED WITH CARPOMETACARPAL JOINT DISLOCATIONS 


The most commonly associated injuries with CMC joint dislocations or fracture-dislocations include neurovascular compromise of the ulnar nerve 
(especially the ulnar motor branch given its proximity to the small finger CMC joint), carpal fractures (e.g., hamate fracture, trapezium fracture), 
concomitant metacarpal fracture, or multiple CMC dislocations or fracture-dislocations. 


Figure 45-70. Displacement of Bennett fractures is driven primarily by the abductor pollicis longus (proximal migration) and the adductor pollicis (adduction and 
supination). 


SIGNS AND SYMPTOMS OF CARPOMETACARPAL JOINT DISLOCATIONS 


The most common sign of CMC joint injuries is dorsal CMC extrusion. Careful examination of the dorsum of the hand and dorsum of the thumb often 


shows a palpable deformity or step-off where the CMC joint has dislocated dorsally. Significant swelling and ecchymosis are often present with tenderness 
to palpation about the CMC joint itself. Dorsal dislocations of the CMC joints for both the fingers and thumb are significantly more common than volar 
dislocations. Malrotation can occur in addition to shortening of the digit. If suspicion for an injury is high, standard imaging studies should be ordered. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR CARPOMETACARPAL JOINT DISLOCATIONS 


Imaging CMC joint injuries can be difficult owing to the metacarpal cascade and overlap. Similar to metacarpal fractures, the CMC joints of the ring and 
small fingers are best evaluated on a 30-degree pronated oblique lateral view (30 degrees relative to neutral). A semi-pronated PA radiograph is also helpful 
to visualize the ulnar side of the hand. This view gives a true PA projection of the ring and small finger metacarpals and the associated CMC joints. For the 
thumb, standard radiographs are needed with orthogonal views. A Roberts view (an AP of the CMCJ with the hand hyperpronated) can also help when 
evaluating the joint surfaces. 

For concomitant fractures with significant comminution, CT scans of the hand and wrist are often necessary to evaluate the extent and to aid in surgical 
planning (Fig. 45-71). Concomitant carpal fractures can often be missed on plain radiographs. 


CLASSIFICATION OF CARPOMETACARPAL JOINT DISLOCATIONS 


Carpometacarpal Joint Dislocations: 
CLASSIFICATION 


e Volar/dorsal CMC dislocation: direction of the metacarpal relative to the carpus 

e Bennett fracture: thumb fracture eponym that describes a volar ulnar intra-articular fracture. The volar ulnar fragment remains attached to the 
palmar oblique ligament while the metacarpal shaft shifts proximally, radially, and dorsally 

e Rolando fracture: similar to Bennett fracture but with higher intra-articular comminution, which is often Y or T shaped. The entire articular surface 
is not in continuity with the metacarpal shaft 

e Reverse Bennett fracture: a fracture-dislocation of the small finger CMC joint with volar fracture fragment and dorsal proximal migration of the 
metacarpal shaft 


OUTCOME MEASURES FOR CARPOMETACARPAL JOINT DISLOCATIONS 


There are no specific outcome measures used for CMC joint injuries. The DASH and its shortened form (QuickDASH) can be used and is often quoted in 
the literature. Pain (visual analog pain scale) is often used in the setting of CMC joint injuries due to the risk of secondary arthritis. Grip and pinch strength 
are also used for objective measures given the importance of the small and thumb finger CMC joints to grip and pinch strength, respectively. 
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Figure 45-71. CMC fracture-dislocation. A: PA radiograph demonstrating fracture-dislocation of the fourth and fifth CMC joint. B, C: Coronal and sagittal CT scan 
of the head demonstrating subluxation of the CMC joint with associated comminuted hamate fracture. CT scans are useful to reveal injuries otherwise not easily seen 
on plain radiographs. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO CARPOMETACARPAL JOINT 


DISLOCATIONS 


The ring and small finger CMC joints demonstrate a biconcave hamate articular surface with two facets, one for each metacarpal base. A central ridge 
separates the two facet joints of the hamate, with the bony articulation allowing the largest amount of volar to dorsal movement, which aids in grip strength. 
The index, middle, and small metacarpal all have wrist extensors attached dorsally, which can be deforming forces in fracture-dislocations of the CMC 


joints. The CMC joints of the fingers are surrounded by a series of ligaments, which include multiple palmar ligaments and a dorsal ligament. The ring and 
long finger metacarpals also have an additional interosseous ligament. The CMC joints, moving from radial to ulnar, consist of the second MC base and the 
trapezoid, the third MC and the capitate, and the fourth and fifth MC bases which articulate with the bicondylar facet of the hamate. The CMC joints 
increase in stability and decrease in dorsal—volar mobility when moving from the small to index finger metacarpal. The implications of this mobility are 
apparent, as the small and ring fingers are more prone to injury. ROM increases from 5 degrees at the index and long CMC joint to up to 25 to 30 degrees at 
the small finger CMC joint. Important relationships to note are the palmar arch volar to the middle finger CMC joint and the ulnar motor branch volar to the 
small finger CMC joint. 

The pathoanatomy of the thumb is significantly different from that of the other digits. The thumb is oriented in an orthogonal plane to that of the rest of 
the hand. The CMC joint is maintained by a group of ligaments, which are differentiated by their location (Fig. 45-72). The palmar ligaments include the 
anterior intermetacarpal ligament and anterior volar (beak) ligament. The dorsal ligaments include the dorsoradial ligament, the posterior oblique ligament, 
and the posterior intermetacarpal ligament. The abductor pollicis longus is attached at the base of the thumb metacarpal and is the main deforming force in 
Bennett and Rolando fractures. Several other tendons are attached to the thumb metacarpal including the adductor pollicis distally on the shaft and the 
thenar muscles on the volar aspect. Buchler et al. described three articular zones about the base of the thumb that can be important in surgical decision 
making.” Zone I includes the volar surface of the thumb, zone II the central surface that receives the joint-reactive forces, and zone III is the dorsal portion 
of the articular surface. The thumb CMC joint is made up of reciprocal saddle—shaped articulations, which allow for a wide ROM. As for the other CMC 
joints, volar dislocations of the thumb are extremely rare. 

Forces directed dorsal to the ring and small finger CMC joints often overpower the ligamentous restraints causing dorsal dislocations. The CMC joints 
of the fingers are inherently stable with increased stability moving from ulnar to radial. The thumb CMC joint is inherently unstable but provides a wide 
ROM secondary to the need for prehension. 
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Figure 45-72. The primary stabilizing ligaments of the thumb CMC joint include the deep anterior oblique, dorsoradial, posterior oblique, and intermetacarpal 
ligaments. The superficial anterior oblique and ulnar collateral ligaments are not primary stabilizers. 


TREATMENT OPTIONS FOR CARPOMETACARPAL JOINT DISLOCATIONS 


A variety of methods are used to treat CMC joint injuries. The stability of the joint, the number of associated CMC joints injured, and any associated injury 
often dictate the available treatment options. CMC joint dislocations that are either stable after the onset of the injury or stable after reduction may be treated 
by closed means in a splint or cast. It is imperative to follow these patients closely to ensure that there is no subsequent displacement. 

Unstable injuries or multiple CMC joint injuries require surgical intervention. Options range from CRPP to open reduction and surgical stabilization of 
the dislocation or associated fractures. For thumb injuries, this may take the form of direct repair of the ligaments or direct repair of the fragment with ORIF 
with a screw (e.g., Bennett fracture). For more comminuted CMC joint injuries of the thumb or small digit that are not amenable to direct fixation, external 
fixation or distraction and pinning may be necessary. 


NONOPERATIVE TREATMENT OF CARPOMETACARPAL JOINT DISLOCATIONS 


Nonoperative treatment for CMC joint dislocations is indicated when a stable reduction can be obtained and maintained in a splint or cast. It is important to 
critically analyze postreduction radiographs to ensure the CMC joint is reduced and that there is no associated subluxation or articular injury. The ring and 


small fingers are best splinted in an ulnar gutter type splint while the index and middle are best in a radial gutter or dorsal splint. The thumb should be held 
slightly extended in a forearm-based thumb spica. Controlling a dislocated CMC joint can be difficult so any nonoperatively treated CMC joint injury 
should be followed closely to check for subsequent displacement necessitating surgical intervention. 


Indications/Contraindications 


Nonoperative Treatment of Carpometacarpal Joint Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Stable CMC joint after reduction Unstable CMC joint 

Intra-articular fracture with step-off 
Open injury 

Multiple CMC joint dislocations 
Associated metacarpal fracture 


Closed Reduction and Splinting 


In most cases, there is a dorsal dislocation of the CMC joint with or without an associated fracture. To reduce the joint, a hematoma block of the joint or of 
the surrounding tissue should be given. It is imperative to check the neurovascular status of the hand prior to any administration of local anesthesia. Once 
there is adequate analgesia, axial traction should be used with volar pressure directed over the base of the metacarpal. A clunk can often be felt during 
reduction. Occasionally, the reduction is stable and may be splinted in an ulnar or radial gutter with the wrist in 30 degrees of extension and the MCPs in 70 
degrees of flexion depending on the CMC joint injured. Postreduction radiographs should unequivocally show the joint reduced in all radiographic views, 
including the crucial 30-degree pronated view. If there is any concern about subluxation, a CT can be ordered. If the joint is not reducible or is unstable, 
surgical intervention is warranted. 


Outcomes 


Outcomes for nonoperatively treated CMC joint injuries have been favorable. The literature is scant owing to the fact that the majority of these injuries 
require surgical intervention. However, Petrie et al. followed 14 patients with CMC fracture-dislocations with nonsurgical management.!49 The patients 
were allowed immediate ROM. Although most patients had some evidence of shortening, joint incongruity, and joint disparities, only one patient required 
further surgical intervention at average follow-up of 4.5 years. A more recent study followed 10 consecutive patients treated with reduction and splinting of 
ulnar CMC fracture-dislocations.9* Mean outcomes at final follow-up were VAS of 1.6, DASH of 2.27, Grip of 40 kg as compared to 37 contralaterally, and 
an average time of return to work of 10 weeks. Approximately 20% were found to be unstable and re-dislocated at 1 week. This study demonstrates that 
nonoperative management should be considered as an option in postreduction stable CMC fracture-dislocations. 


OPERATIVE TREATMENT OF CARPOMETACARPAL JOINT DISLOCATIONS 


Surgical fixation remains the mainstay for CMC joint injuries as most dislocations are unstable when reduced. Closed reduction and percutaneous fixation is 
the most common procedure performed for CMC joint injuries when treated early without concomitant large intra-articular fractures. For those patients with 
a chronic injury or associated intra-articular fracture, ORIF with lag screws, plates/screws, or K-wires is appropriate. 

For thumb fractures with less than 25% to 30% of the articular surface involved, CRPP is the preferred method.” Rolando and Bennett fractures with 
greater than 25% joint involvement often require ORIF with lag screw fixation (Fig. 45-73). When there is significant comminution of the articular 
fragments inhibiting direct fracture fixation, closed reduction and pinning of the first metacarpal to the second is employed to keep the joint out to length. 


Figure 45-73. Rolando fracture. A, B: AP and lateral of the thumb CMC demonstrating a comminuted Rolando fracture with articular involvement of over 25%. C: 
Open reduction of the fracture with some direct fixation of the larger fragments. D: Distraction neutralization of those pieces with percutaneous K-wire fixation. 


Indications/Contraindications 


The indications for surgical fixation of CMC joint injuries include any unstable or irreducible injury, multiple CMC joint dislocations and, intra-articular 
fracture with step-off, open injuries, and associated fractures of the metacarpal or carpus. Surgical fixation is the gold standard for most CMC joint injuries 
with the exception of those injuries that are stable after reduction. 


Closed Reduction and Percutaneous Pinning 


CRPP can often be accomplished in patients that present with acute injuries. CRPP is the most common treatment for most CMC joint injuries given the 
ease of the procedure in addition to the relative good outcomes that can be accomplished. A variety of pin configurations are available for CMC joint 
injuries of the small or ring finger. The most common configuration involves placement of a 0.045 K-wire from the small finger metacarpal into the hamate 
bone and then an additional K-wire driven into the ring finger metacarpal bases. For combined ring and small finger dislocations, two K-wires should be 
placed from the small finger across the fourth and into the third metacarpal. In addition, K-wires should be placed across each CMC joint into the carpal 
bones. 

As the thumb articulation is anatomically different, the configuration of pins is different. One K-wire is often placed from the first to the second 
metacarpal, which can be difficult to achieve given the orthogonal nature of the thumb relative to the hand. Another K-wire is placed across the metacarpal 
into the trapezium. If there is an associated fracture, it should be incorporated into the construct. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Closed Reduction and Percutaneous Pinning of Carpometacarpal Joint Dislocations: 


OR table LJ Hand table 
Position/positioning aids LJ Hand is positioned palm down over a bump 
Fluoroscopy location LJ Fluoroscopy can come from end of table or axilla (opposite to the surgeon’s position) 
Equipment LJ Lightweight drill, K-wires of various sizes, backup screws or plates 
Tourniquet LJ Placed but often not needed 
Other LJ Large bump is necessary to allow for the trajectory of the pins 
Positioning 


Positioning the hand to perform a CRPP of the fingers involves placing the hand over a large bump that allows for the hand to assume a natural metacarpal 
cascade. If the ring and small fingers are being operated on, the surgeon should sit between the head and the shoulder to gain access to the hand. If the 
thumb or index finger is being repaired, the surgeon should sit in the axilla. A large bump is often necessary secondary to the metacarpal cascade and for the 
need to obtain an appropriate wire trajectory. 


Technique 


KEY SURGICAL STEPS 


,/ | CRPP of Carpometacarpal Dislocation or Fracture-Dislocation: 


First, position the hand on an appropriate-sized bump 

Reduce the CMC joint 

Place a 0.045 K-wire on “oscillate” across the CMC joint 

Place an additional K-wire into the adjacent metacarpal 

If needed, supplementary K-wires may be placed into articular fragments 

Bend and cut the K-wires to the appropriate length, removal should take place at 4—6 weeks to prevent stiffness. Therapy may begin prior to pin 
removal. 

Place a padded splint to immobilize the fingers, an intrinsic plus position should be obtained with an ulnar or radial gutter component pending the 
side of the CMC dislocation or fracture-dislocation 


The surgical technique for a CRPP of the thumb or fingers is relatively straightforward. The hand is positioned on a bump designed either for the ring or 
small finger, or for the thumb. The joint is reduced and held with the nondominant hand. The dominant hand is used to drill the K-wires across the CMC 
joint first and then into the adjacent metacarpal for added stability. The K-wires are then bent and cut appropriately. 


Open Reduction and Surgical Fixation 


Open reduction and surgical fixation is used in patients with a delayed presentation or concurrent intra-articular fracture, or if the joint is irreducible. A 
variety of methods of fixation are used ranging from lag screws for articular fragments to plates and screws for larger fragments. K-wires may still be 
needed when the CMC joint needs to be immobilized to provide time for the articular surface to heal. More often than not, a combination of these methods 
is needed. 


Preoperative Planning 


It is imperative to have all options available when performing a surgery for a CMC joint injury. In addition to a lightweight drill, the proper setup should 
include screws of various sizes (normally 1.0, 1.5, 2.0), cannulated headless screws, plates, and K-wires of various sizes. 


Open Reduction and Surgical Fixation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Hand table 

Position/positioning aids LJ Large bump 

Fluoroscopy location LJ Opposite side to surgeon 

Equipment LJ Lightweight drill, screws of various sizes (headed), headless cannulated screws, plates, K-wires 


Tourniquet LJ Placed on the upper arm 


Positioning 


The positioning is similar regardless of the finger involved, with the exception of the location of the surgeon and fluoroscopy unit. 


Surgical Approach 


The surgical approach to the CMC joints of the index through small finger joints is through a dorsal approach. The approach is made longitudinally over the 
CMC joint unless several joints are involved. Care should be taken to protect the dorsal sensory branch of the ulnar nerve when operating on the small and 
ring fingers. Similarly, the superficial branch of the radial nerve should be identified and protected when operating on the index CMC joint. 


Technique 


Fingers 


| / Ei Reduction Surgical Fixation of CMC Joint of the Fingers: 


KEY SURGICAL STEPS 


vi is positioned with palm down 

Dorsal longitudinal incision based over the CMC joint (single joint), or between CMC joints for multiple joints; protect dorsal cutaneous nerves 
Dissection carried down to wrist extensor tendons (index, middle, and small finger) 

Retraction or partial elevation of the wrist extensors if needed 

Longitudinal capsulotomy of the CMC joint, preserving as much of the ligamentous attachments as possible 

Reduction of the joint and articular fractures with bony tenaculum and/or K-wire 

Placement of screws/plates as needed; K-wires used for supplemental fixation to adjacent metacarpal or to regain length of the joint 


A dorsal longitudinal incision is carried through the epidermis and dermis. Loupe magnification should be used for dissection down to the wrist extensors 
(specifically for the index, middle, and small metacarpals). The capsule or torn dorsal ligaments are then often encountered. If they are torn, the joint is 
easily identified. In some cases, they are attenuated and a capsulotomy must be made. Either a longitudinal or transverse capsulotomy can be made to gain 
access to the joint. Any interposed tissue is removed and the joint can then be easily reduced and held in place with a K-wire. The extensor carpi ulnaris 
tendon attaches on the dorsal ulnar aspect of the fifth metacarpal base and should be protected throughout the operative approach. Any articular fractures 
can be identified and then treated as necessary. 


Thumb 


KEY SURGICAL STEPS 


/ | Open Reduction Surgical Fixation of CMC Joint of the Thumb: 


Wagner approach 

Identify cutaneous branches of superficial branch of radial nerve (SBRN), lateral antebrachial cutaneous nerve (LABCN), and palmar cutaneous 
nerve 

Extraperiosteal elevation of the thenar musculature 

Longitudinal capsulotomy of the CMC joint preserving soft tissue attachments to small articular pieces 

Gentle debridement of the fracture site with a curette 

Reduction of any fragments with a bony tenaculum or temporary K-wire 

Placement of lag screws, plates, or K-wires as needed 


Open reduction for fracture-dislocations of the CMC joint of the thumb is different. Access to the joint is gained using the Wagner approach (Fig. 45-74). 
This is a volar approach that is centered on the radial aspect of the thumb between the glabrous and nonglabrous skin. The incision is curved ulnarly along 
the thenar wrist crease to the level of the FCR. The various cutaneous nerves of the thumb must be identified and protected (e.g., palmar cutaneous, SBRN, 
and LABCN). The thenar musculature is then elevated off the periosteum and the CMC joint capsule is identified. A longitudinal capsulotomy is made to 
expose the joint and any fracture fragments. Reduction is then performed and a K-wire or bony tenaculum is used to secure the fragments. If the fragments 
are large enough, screws may be utilized from the dorsal aspect of the metacarpal to the volar fragment. These screws are typically 1.5 to 2.0 mm in size. If 
the fracture has complete intra-articular comminution (Rolando fracture), a small T-plate should be used. 


Authors’ Preferred Treatment for Carpometacarpal Joint Dislocations ( 


Isolated CMC Dislocation Other Than Thumb Without Associated Carpal Fractures 

In the case of simple CMC dislocations without associated fractures, a closed reduction should be attempted in the emergency department. In patients 
where the reduction is stable and isolated to one or two joints, an ulnar or radial gutter splint should be applied with close outpatient follow-up. Close 
monitoring of PA, lateral, and oblique x-rays is essential. If there is any doubt about alignment and reduction, a CT scan should be obtained. In many 
cases, surgical intervention is warranted as the reduction is often unstable. CRPP can often be successful in these cases but radiographs tangential to the 
joint surface are required to confirm adequate reduction intraoperatively. At least two K-wires (usually 0.045 inches) should be used to stabilize the 
CMC joint directly to the proximal carpal bone and then indirectly to the adjacent uninjured CMC metacarpal (Fig. 45-75). The wires should be kept in 
place for 6 weeks to allow adequate healing. Movement of adjacent joints is allowed but the wrist and CMC joints should be immobilized for 6 weeks 
with the option of further immobilization in a splint following pin removal. If the reduction cannot be confirmed via closed means, an open reduction is 
warranted. 


CMC 
dislocations/ 
fracture- 
dislocations 


Stable post 
reduction: Two or fewer Three or greater 


closed fi j fingers/carpal 
reduction and Pii fractures 
splinting 


Thumb pure Thumb fracture- 
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direct ligament volar fragment: 
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closed reduction surgical 
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Closed 
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Algorithm 45-8 Authors’ preferred treatment for carpometacarpal joint dislocations. 


CMC Dislocation Other Than Thumb With Associated Carpal Fractures 


In patients who sustain a CMC dislocation with an associated carpal fracture (hamate and capitate shear fractures), an attempt at a closed reduction can 
still be made. Frequently, the reduction will be unstable as an avulsion fracture often contains the attachment of the dorsal ligamentous structures and 
the dorsal buttress of the CMC joint has been lost. If the CMC joint can be reduced by closed means, CRPP remains a valid option assuming the 
articular fracture is small. In cases where the CMC cannot be easily reduced or there are large articular fractures, an ORIF is required (Fig. 45-76). 
Incisions should be centered over the injured CMC joint or in multiple injuries between the two injured CMC joints. Longitudinal incisions allow for 
extension of the exposure and are less likely to injure dorsal superficial sensory branches of the radial and ulnar nerves. Care must be taken to avoid and 
retract the extensors of the wrist, which attach to the dorsal aspect of the index, middle, and small metacarpals. The dorsal ulnar cutaneous nerve is at 
particular risk with the approach to the fourth and fifth CMC joints. Where a large articular fracture is combined with a CMC dislocation, reduction and 
pinning of the CMC joint with direct visualization and screw fixation of the articular fragment is often required. Small articular pieces may be excised 
while larger fragments should be fixed with appropriate-sized screws (1.5- or 2.0-mm screws). The K-wires are retained for 6 weeks and the screws 
should be countersunk to avoid tendon irritation. The ECU tendon should be isolated and protected in exposure of the fifth CMC joint. 


Thumb CMC Joint Dislocation Without Fracture 

Isolated thumb CMC joint dislocations are rare. Management of these injuries should include a closed reduction. If stable after reduction, a trial of 
splinting can be performed but is often unsuccessful and rarely recommended in our opinion. Surgical repair of the capsuloligamentous structures of the 
thumb can result in a stable joint. In most cases, the ligaments are avulsed off the metacarpal base with a periosteal sleeve. If the thumb CMC joint is 
stable intraoperatively, a closed reduction and pinning can be adequate. However, perfect reduction of the joint must be ensured radiographically. It is 
helpful to obtain imaging studies of the contralateral thumb, as patients have wide variation in CMC anatomy and radiographic appearance. 

If reduction is deemed inadequate or the joint is highly unstable, then open reduction and ligament repair are indicated. The deep anterior oblique 
(palmar oblique), dorsal radial, and posterior oblique ligamentous structures should be repaired with small anchors when possible. If the ligaments are 
not repairable, a free tendon graft (palmaris) or the flexor carpi radialis is used to reconstruct or stabilize the CMC joint. Prior to repair of any of the 
ligamentous structures, the joint should be reduced and pinned in place with a K-wire for appropriate tensioning. The K-wire is kept in place for 6 
weeks, followed by bracing and hand therapy. As with CMC arthroplasty techniques, pinching is not recommended until approximately 3 months from 
the surgical repair. 


Thumb CMC Joint Dislocation With Fracture 


Thumb metacarpal base fractures with associated subluxation or dislocation of the CMC joint account for nearly 80% of thumb CMC injuries. With the 
exception of nondisplaced fractures without dislocation/subluxation of the CMC joint, these injuries require surgical intervention. For dislocations with 
smaller fracture fragments not amenable to pin or screw fixation directly into the fragment, CRPP works very well. For Bennett fractures, the most 
common pin configuration is stabilizing the metacarpal to the adjacent index metacarpal, pinning the fracture fragment to the metacarpal, and placing an 
additional pin from the intact metacarpal base into the trapezium (Fig. 45-77). K-wire placement into the second metacarpal base can be difficult given 
the orthogonal nature of the thumb and the proximity of all the neurovascular structures. In larger fracture fragments with greater than 20-25% of the 
surface area, an open reduction and lag screw fixation can be accomplished with K-wire supplementation for neutralization of the joint-reactive forces. 
The crucial goal is concentric reduction of joint. 

In those cases with more significant intra-articular comminution, such as Rolando fractures, the treatment may be altered. An indirect reduction with 
longitudinal traction is often needed with neutralization of the forces accomplished with K-wires to the index metacarpal. If the joint cannot be reduced 
with ligamentotaxis, then a small incision can be made and a small elevator used to mold the pieces to the surface of the trapezium and then the 
metaphysis is backfilled with cancellous chips. K-wires into the trapezium itself are often not helpful as the fragments are often too small. In cases 
where the fragments are large enough, either K-wires or an ORIF may be used. The fragments must be large enough to hold 1.0, 1.5-, 1.7-, 2.0-, or 2.3- 
mm screws. 

The Wagner approach can be used for the reduction, as a dorsal approach does not allow access both volarly and dorsally to the joint. The incision is 
started between the glabrous and nonglabrous skin and the thenar musculature is then taken off of the periosteum. The joint capsule can then be 


identified and the capsulotomy is then made with care not to strip the more volar pieces. A dorsal T-plate can then be placed with eccentric drilling used 
to accomplish compression of the fragments. Plates with locking screws are helpful to neutralize the bending forces and to achieve adequate purchase in 
the cancellous bone of the proximal metaphyseal base. If fixation is adequate, early range of motion may be started but pinch is often restricted until 
adequate healing is identified on radiographs. In cases in which screw fixation cannot be accomplished, smaller K-wires (0.035) can be placed into the 
fragments or subchondrally to prevent subsidence. If there is severe comminution, a bridging external fixator is indicated. The fixator pins are engaged 
into the distal diaphysis of the thumb metacarpal and connected to either the trapezium or radius (unilateral construct) or to the index metacarpal 
(triangular or quadrilateral construct). Although posttraumatic arthritis may ensue, clinical results are usually good. If there is subsequent arthrosis and 
pain, CMC arthroplasty provides excellent outcomes if a salvage procedure is needed. 


c 
Figure 45-74. Thumb CMC approach. A: The Wagner incision is centered on the radial border of the thumb between the glabrous and nonglabrous border. B: The 
superficial branch of the radial nerve should be identified and protected. C: The thenar musculature is then elevated off the periosteum in a single layer. 


Figure 45-75. CMC reduction and pinning. Standard pinning of isolated dislocations of the CMC joint of the fourth and fifth digits should include K-wires into the 
adjacent aniijored metacarpal in addition to K-wires across the CMC joint as depicted here. 


J 
Figure 45-76. Multiple CMC fracture-dislocations. PA (A), oblique (B), and lateral (C) radiographs of multiple CMC dislocations with associated carpal fractures as 
seen on axial CT (D). E, F: In cases with multiple CMC fracture-dislocations, a combination of screws and K-wires is needed. G, H: Successful reduction and healing 
can be achieved with the K-wires being removed at 6 weeks. I, J: Good clinical outcomes are possible with anatomic reduction and fixation. 
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Figure 45-77. Bennett fracture fixation. A: PA radiograph demonstrating a Bennett fracture with displacement of the metacarpal shaft. B, C: Standard pin 
configuration should include a K-wire into the fracture fragment in addition to a stabilization pin from the thumb metacarpal to the trapezium. 


For those patients treated by a closed reduction and splinting, the CMC joint injury should be immobilized for 6 weeks. It is imperative to immobilize the 
hand joints in the intrinsic plus position (e.g., 30 degrees wrist extension and 70 degrees MCP flexion) to avoid concomitant contractures. At the 6-week 
mark, patients may be placed in a removable splint and begin guided hand therapy. 

When operative fixation is employed and the CMC joint is reduced and pinned, the patient should be placed in an ulnar gutter splint for 1 to 2 weeks. At 
that time, they may begin gentle ROM of the MCP and IP joints (not the CMC joint), with a hand therapist and should have a removable or custom splint 
made. The pins should be removed at approximately 4 to 6 weeks in the office depending on the stability during the surgery. If there is concern given 
associated fracture comminution or healing, the pins may be maintained for longer but usually not past 8 weeks in order to avoid the risk of infection. 

Similarly for thumb CMC joint injuries, the patient should be immobilized in a thumb spica splint for 6 weeks when a closed reduction is stable. For 
those requiring K-wires, the pins should remain for 4 to 6 weeks depending on the severity of the intra-articular fracture. Thumb MCP and IP motion may 
begin at 2 weeks in addition to mobilization of the other digits. 

In patients who required plate fixation for an intra-articular fracture or who underwent ORIF with lag screws and K-wires, motion may begin sooner 
than described above, assuming stability is restored with the rigid fixation. Whether in the thumb or other digits, a splint is still used for the first week or so 
for soft tissue stabilization and then a removable brace thereafter for an additional 4 to 6 weeks. 


Carpometacarpal Joint Dislocations: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Failure of reduction e Ifa concentric reduction cannot be maintained or it is difficult to ascertain the quality of the reduction, an open incision 
should be employed to confirm concentric reduction with appropriate surgical fixation techniques 


e Loss of reduction e If K-wires are used, patients should be immobilized at the CMC joint for 6 weeks but may move adjacent joints under the 
guidance of hand therapy; movement of the joint itself with the K-wires in place may break the wires 


e Failure to recognize the injury e Loss of a clear joint space on a PA or specialized view raises suspicion. If radiographs cannot be interpreted fully, a CT 
scan should be obtained 


e Instability e Ifthe CMC joint is unstable, the metacarpal may be pinned to the adjacent metacarpal or the associated carpal bone, 
crossing the joint 


e Nerve injury e Place the K-wire through the skin by hand. Use the oscillating function when possible to get the K-wire started and then 
forward/reverse thereafter. An 18-gauge needle can be used as a soft tissue sleeve if desired 


e  Pin-tract infection e If desired, the pins can be cut below the skin; alternatively, allow the patient access to perform regular skin care 


Outcomes 


Outcomes of CMC joint dislocations and fracture-dislocations are reliant on a concentric reduction of the joint in a timely manner.'!® Kjaer-Petersen et al. 
reviewed their results of treatment of 64 fracture-dislocations of the base of the small finger.'!' At a median of 4.3 years, 38% had intermittent pain, 
especially with forceful grip. The authors concluded that regardless of treatment method, restoration of the articular surface and concentric joint reduction 
should be the mainstay of treatment. Kural et al. reported on the midterm results of nine patients with fracture-dislocations of the fourth and fifth CMC 
joint.!!6 At a mean follow-up of 19.4 months, all but three patients did well. Of the three patients, two had a delay in diagnosis while one had a comminuted 
fracture-dislocation. The authors concluded that a delay in treatment or incorrect diagnosis causes significant morbidity with functional detriment. A recent 
systematic review of Bennett fractures evaluated the results of treatment by ORIF versus closed percutaneous fixation.© A total of 10 studies were included 
with over 215 patients. The results demonstrated no improvement with ORIF with a mean operative time of 71.9 versus 30.2 minutes for ORIF and closed 
methods, respectively. In addition, fixation failure was higher with ORIF as compared to CRPP although infection was more likely in the K-wire cohort. 
Pain was common in both cohorts and was present in 32.9% in openly treated patients as compared to 22.3% in closed patients. Although ORIF did not 
provide superior results to closed surgical treatment it is possible that given this is a retrospective pooled analysis that those with more severe fractures were 
treated with open methods. Alternatively, the study does endorse good results with closed surgical treatment options. 

Thumb CMC dislocations are relatively uncommon as compared to ulnar-based CMC dislocations or fracture-dislocations. However, the thumb CMC 
joint is crucial for pinch and treatment algorithms remain controversial. A recent systematic review including 15 studies with 60 thumbs demonstrated a 
nonoperative failure rate of 33%.1°° A total of 20% of thumbs were treated with closed reduction and nonoperative management and of the 12 thumbs 
treated without surgery, 4 ultimately required ligament reconstruction. The most common graft used was the flexor carpi radialis and none of the surgically 
treated repairs/reconstructions in the 60 thumbs had recurrent instability at the time of final follow-up. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO CARPOMETACARPAL JOINT DISLOCATIONS 


CMC Joint Dislocations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Posttraumatic arthritis 
e Recurrent instability 


The most common associated complication following CMC joint injuries is posttraumatic arthritis. This is secondary to either lack of proper reduction 
resulting in uneven joint-reactive forces or due to a large intra-articular step-off from an associated fracture (Fig. 45-78). Other complications may include 
recurrent dislocations or instability. Regardless of the cause of continued pain to the CMC joint, the best treatment often involves a CMC joint arthrodesis 
for the digits of the hand or a CMC joint arthroplasty in the case of the thumb. Results from a CMC joint arthrodesis of the small finger have been good, 
with little to no adverse effect on hand function. An alternative to a CMC joint arthrodesis is a CMC arthroplasty of the small finger joint coined a Dubert 
arthroplasty. This technique resects the proximal portion of the base of the small finger metacarpal and fuses the metaphyseal portion to the adjacent ring 
finger. 1t Yang et al. published their results of six patients undergoing this technique. They demonstrated a significant increase in grip strength and decrease 
in VAS scores at a mean follow-up of 17.6 months. Average fusion time was 6.2 weeks with good maintenance of metacarpal height and ROM.!%4 


A, B 
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Figure 45-78. Chronic Bennett injury. A: Injury film of a missed Bennett fracture with callus formation and large intra-articular step-off. B: Open reduction of the 
malunion through a Wagner approach allows direct visualization of the joint surface. C: A concentric reduction of the joint is necessary to prevent further insult to the 


joint and to reduce the risk of posttraumatic arthritis. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO CARPOMETACARPAL 


JOINT DISLOCATIONS 


CMC joint dislocations and fracture-dislocations are common injuries to the hand. If these injuries are not promptly identified and treated, resulting 
morbidity can be significant with loss of hand function and posttraumatic arthritis. The gold standard is prompt surgical fixation, with the exception of those 
patients who have a stable joint after a closed reduction. For those patients that do go on to develop arthritis, salvage options include CMC joint arthrodesis 
or arthroplasty with good long-term results having been reported in the literature. 
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This prospective series of 54 fractures of the metacarpal demonstrated that despite early 
extensor lag and shortening, patients with spiral/oblique fractures do well nonoperatively. 
Patients ultimately may recover most of their extension and can achieve up to 94% of the 
contralateral grip strength. 


This is the largest series on hemi-hamate arthroplasty with a mean follow-up of 4.5 years. 


Open fractures of the hand are often overtreated with surgical debridement. In this paper, 
the authors retrospectively reviewed open fractures that presented to the ER. For most type 
I and II open fractures, definitive management in the ED with antibiotics is acceptable. 
Type III injuries should receive operative debridement. 


While several case reports have been published on dislocations of the DIP joint, larger 
case series are very rare. Even though a short report letter to the editor, the paper by Chen 
et al. provides significant insight into DIP joint dislocations by analyzing a group of 30 
patients treated for this injury at a large referral center. 


This case series of patients with avulsion fractures of the thumb UCL demonstrates the 
more recent push to earlier surgical fixation of the UCL and its importance in thumb 
function. 


This paper analyzes the outcomes of nonoperative treatment of closed mallet fractures 
even in the setting of joint subluxation. It provides important data to help counsel patients 
on this more frequent injury. 


This article is an excellent review of the current nonoperative treatment algorithms for 
metacarpal fractures. In addition, it also provides more relevant operative algorithms with 
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This meta-analysis pools growing data on the lack of effectiveness of prophylactic 
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Ruland et al. present the outcomes of this technique in one of the largest case series (34 
patients) of unstable fracture-dislocations of the PIP joint with a mean follow-up of 16 
months. 
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K-wires and intramedullary K-wires work well. 
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INTRODUCTION TO CHEST WALL INJURIES 


Injuries to the chest wall are common following blunt thoracic trauma, and can cause injury to the ribcage and intrathoracic structures. Such trauma can 
result in a spectrum of injuries, from minor injuries such as an isolated rib fracture, to extensive injuries with multiple rib fractures/flail segments with 
underlying lung injury. The primary focus of this chapter will be on the assessment and treatment of the chest wall, with an emphasis on flail chest and 
multiple rib fractures. Patient evaluation, treatment, and outcomes differ depending on the severity of injury, as described in the sections below. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO CHEST WALL INJURIES 


ANATOMY OF THE CHEST WALL 


Bony Thorax 


The chest wall is comprised of the bony thorax, cartilage, and muscles. It provides protection for the underlying organs and stability of the upper 
extremities. The chest wall is composed of 12 pairs of ribs. The ribs are connected to the sternum via the hyaline costal cartilage, through the costochondral 
and sternocostal joints. Ribs 1 to 7 are called true ribs and attach directly to the sternum via the sternocostal cartilage. Ribs 8 to 10 are called false ribs, and 
attach to the sternum indirectly, via the costal cartilage of the proximal ribs. Ribs 11 and 12 are called floating ribs, as they do not connect to the sternum. 
Posteriorly, each rib attaches to the corresponding vertebral body via the costovertebral joints (Fig. 46-1). Ribs are composed of a head, neck, shaft, with 
associated costal cartilage for anteroposterior (AP) attachments to the sternum and vertebra. Along the inferior margin is the costal groove, in which courses 
the intercostal neurovascular bundle for each rib (Fig. 46-2). 


Muscles 


Deep muscles of the anterior and posterior chest wall include the internal and external intercostal muscles, which connect each rib to their adjacent ribs 
above and below. Overlying the intercostal muscles laterally is the serratus anterior muscle, which functions to pull the scapula inferiorly and thrust the 
shoulder in pushing. Anteriorly there are the pectoralis major and minor muscles (Fig. 46-3A). 

Posteriorly overlying the intercostal muscles there are the deep erector spinae muscles. The rhomboids are superficial to these, and connect the scapula 
to the spinous processes. The trapezius and latissimus dorsi muscles are the most superficial, covering a broad area of the posterior thorax (Fig. 46-3B). The 
triangular area created by the borders of the latissimus dorsi, trapezius, and medial border of the scapula is called the triangle of auscultation. 


PULMONARY ANATOMY 


The lungs are a pair of air-filled organs on both sides of the thorax. Air enters the lungs via the trachea, which is then further divided into the right and left 
mainstem bronchi, then smaller segmental bronchi, and even smaller bronchioles. The bronchioles end in clusters of microscopic air sacs called the alveoli. 
The alveoli are the basic unit of ventilation; they are surrounded by pulmonary capillaries and are involved in gas exchange (Fig. 46-4A). 

The lungs are covered by the pleural membrane, which is made of two layers: the visceral and parietal pleura. The visceral pleura is the inner membrane 
that covers the surfaces of the lung, while the parietal pleura is the outer membrane, lining the inner chest wall. Between these two layers there is the pleural 
cavity, normally a potential space with lubricating fluid, which allows the two layers to easily slide over each other during respiration (see Fig. 46-4B). 
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Figure 46-1. Anatomy of the chest wall. The cartilaginous component of the chest wall anteriorly connecting the ribs to sternum is shown in blue and consists of the 
sternocostal joints (between costal cartilages and sternum; synovial except for first sternocostal joint), the costochondral joints (normally no movement), and the 
interchondral joints (synovial). Posteriorly, the ribs are connected to the vertebra via the costovertebral joints and costotransverse joints. 
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Figure 46-2. Rib anatomy. Cartilaginous component of the chest wall. Posteriorly, the ribs are connected to the vertebra via the costovertebral joints and 
costotransverse joints. 
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Figure 46-3. Muscle anatomy of the chest wall. A: Anterior chest wall muscles: intercostals, serratus anterior, pectoralis major/minor. B: Posterior chest wall 
muscles: intercostals, rhomboids, erector spinae, trapezius, latissimus dorsi. 
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Figure 46-4. A: Bronchus, bronchioles, alveolar sac, alveoli, pulmonary vein/artery. B: Diaphragm, intercostal muscles, lung, parietal pleura, visceral pleura, pleural 
cavity. 


Inspiratory muscles of the thorax include the diaphragm (primary inspiratory muscle), as well as the external intercostal muscles. The contraction of the 
inspiratory muscles causes increased intrathoracic volume, and hence expansion of the lungs. Lung expansion creates negative intrapleural and 
intrapulmonary pressures, allowing air to rush into the lungs via the upper airway. Expiration is generally a passive phenomenon from the elastic recoil of 


the lungs, however, expiratory muscles may be involved in certain situations (see Fig. 46-4B).*° 


PATHOANATOMY OF RIB FRACTURES 


Ribs are highly elastic, and can bend more than any other bony skeletal structure. The average thorax is able to withstand approximately 20% volume 
compression before a rib fracture occurs.*° Given the anatomy of the rib cage, which is shaped like a bony ring, it is difficult to break this ring from 
compressive forces without fracturing at more than one location (much like the pelvic ring). Compared to the anterior and posterior aspects, ribs are weaker 
along the lateral portion.*° 

Fractures of the first rib are rare, and considerable force is required to cause this injury. Fractures of ribs 1 to 3 usually indicate high-energy trauma, as 
they are generally well-protected by the scapula posteriorly. Fractures of ribs 5 to 9 are more common and can present as uncomplicated isolated fractures or 
flail chest injuries. Fractures of ribs 10 to 12 can be associated with splenic or hepatic injuries.*° 
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Figure 46-5. Flail chest with associated paradoxical motion. 
FLAIL CHEST AND UNSTABLE CHEST WALL 
Flail Chest 


Two definitions of flail chest are generally accepted, based on anatomic or clinical findings. 


Anatomically, a flail chest is defined as the presence of a “flail segment,” which has lost continuity with the remainder of the chest wall. This flail 
segment is generally defined as three or more consecutive rib fractures, which are fractured in two or more locations?” (some authors use the definition of 
two or more, or four or more consecutive rib fractures to describe a flail segment).4%4346 Blunt chest trauma usually causes fracture of the weaker lateral 
portion, and the second fracture occurs either anteriorly or posteriorly, creating an anterolateral or posterolateral flail segment. The resulting flail segment 
leads to a lack of continuity with the remainder of the chest wall. A flail segment can also be caused by dissociation of the sternum from the anterior chest 
wall, via fractures through the costal cartilage or sternum. 

Clinically, a flail segment can present with paradoxical chest wall motion on examination: the clinical definition of a “flail chest.” Paradoxical motion of 
a flail chest leads to discontinuous movement from the remainder of the chest wall: collapse of the flail segment during inspiration and outward movement 
during expiration (Fig. 46-5). However, not all flail segments demonstrate paradoxical chest wall motion. A flail segment with undisplaced fractures, in 
the setting of early muscle splinting, or underlying the scapula, may not have noticeable paradoxical chest wall motion.*° 


Unstable Chest Wall 


An unstable chest wall is a result of multiple rib fractures, creating instability of the bony thorax. This may be the result of a flail chest injury or a flail 
segment. Other causes of unstable chest wall include crush injuries that cause a “caved-in chest,” severe displacement, or overriding of ribs. These can lead 
to chest wall deformity, loss of thoracic volume, and impaling of lung, diaphragm, or other intrathoracic structures by the fractured rib fragments.*° 


ASSESSMENT OF CHEST WALL INJURIES 


MECHANISMS OF INJURY FOR CHEST WALL INJURIES 


Chest wall injuries are generally due to blunt force trauma, and up to 39% of patients with blunt chest trauma are diagnosed with rib fractures.?! These 
injuries are on a continuum, and patients may sustain isolated rib fractures, or severe injuries with multiple rib fractures and a flail segment, depending on 
the severity of trauma. The majority of chest wall injuries are isolated rib fractures (58%), followed by multiple rib fractures in 41%.!° Flail chest injuries 
are rare, and studies show that only about 1.5% of patients with thoracic trauma and rib fractures are diagnosed with a flail chest injury.!>!3 Although 
patients with a flail chest injury represent a small fraction of patients who sustain rib fractures, they are the subgroup with the highest risk of morbidity and 
mortality, and present challenges in terms of treatment and prognosis. 

The most common mechanism of injury for a flail chest injury has been reported to be high-energy trauma, such as motor vehicle collision (79%); 
followed by fall, often from a height (16%), and other blunt injuries (5%).!* Motor vehicle collisions are by far the commonest cause: blunt force from front 
or lateral impact; or sudden deceleration and compressive forces from the steering wheel, airbag deployment, or seatbelt can cause multiple rib fractures and 
a resulting flail chest. 


INJURIES ASSOCIATED WITH CHEST WALL INJURIES 


Patients with multiple rib fractures and flail chest injuries have a high risk of associated injuries to intrathoracic structures and other body systems. Given 
that these are generally polytraumatized patients from high-energy trauma, a high proportion of them sustain other major injuries such as head trauma, 
abdominal trauma, and extremity fractures (Fig. 46-6). 


Intrathoracic Injuries 


Patients with high-energy trauma who sustain multiple rib fractures and/or flail chest have high rate of other associated intrathoracic injuries. These can 
include injury to the lung (pulmonary contusion, hemothorax, pneumothorax, lung laceration), heart (cardiac tamponade, cardiac contusion), mediastinal 
structures (major vessel dissection/tear), or diaphragmatic injuries (Fig. 46-7). 
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Figure 46-6. A 23-year-old polytrauma patient from a motor vehicle collision with right-sided flail chest, multiple left-sided rib fractures, left scapula and clavicle 
fractures (arrows) (A); multiple pelvic fractures (arrows) (B); and open right elbow fracture dislocation (C, D). 
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Figure 46-7. Chest radiograph demonstrating multiple rib fractures, clavicle fracture as well as pneumothorax. (Used with permission of Springer Nature BV from 
Dehghan N. The current treatment of flail chest injuries. In: McKee M, Schemitsch E, eds. Injuries to the Chest Wall—Diagnosis and Management. Springer; 2015:33- 
40, permission conveyed through Copyright Clearance Center, Inc.) 


Pulmonary contusion (or lung contusion) is a result of blunt chest trauma, causing parenchymal lung injury with alveolar and capillary hemorrhage. The 
result is an increase in pulmonary vascular resistance, reduced compliance, increased shunt, and decreased blood flow to the contused lung (Fig. 46-8). 
Studies show that there is also negative sequela to the uninjured lung tissue, with septa thickening and increased edema, causing impaired diffusion.” At 24 
hours after injury, inflammatory proteins, red blood cells, extensive inflammatory cells, and fibrin are found in the air spaces; there is a loss of architecture, 


and considerable edema develops.!° Other than the local effects, pulmonary contusion also causes a systemic inflammatory reaction with increased 
neutrophils, cytokine release, and suppression of cellular immunity, all of which can increase the risk of infection.®? 

The clinical manifestation of pulmonary contusion depends on the extent of injury. The ventilation/perfusion mismatch, elevated pulmonary shunt, and 
loss of lung compliance can result in hypoxemia, hypercarbia, and an increased work of breathing. Findings can be insidious, with respiratory difficulties 
and radiographic evidence not initially noticeable. Symptoms can resolve by 10 days postinjury, unless secondary complications such as pneumonia and 
sepsis develop.“ Patients can go on to develop pneumonia and acute respiratory distress syndrome (ARDS), with long-term respiratory complications.!° 

Pulmonary contusion can be diagnosed on chest radiographs, which can reveal patchy infiltration (Fig. 46-9). However, such findings may be subtle and 
may be obstructed by the presence of a pneumothorax or hemothorax. Also, radiographic evidence of pulmonary contusion can take 6 hours to be evident, 
and may not be present until 48 hours postinjury.!9 The severity of pulmonary contusion can also progress with time and evolve.°? CT scanning is very 
sensitive in identifying pulmonary contusions immediately and is often used in making this diagnosis (Fig. 46-10). However, most contusions that are only 
visible on a CT scan are minor, and may not be clinically relevant, in that they are not large enough to impair gas exchange or affect outcome. More 
invasive modes of diagnosis include fiber endoscopic bronchoscopy and bronchoalveolar lavage (BAL).®2 
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Figure 46-8. Pulmonary contusion. 


9. Chest radiograph demonstrating pulmonary contusion. 


There is a paucity of high-quality studies and a lack of a reproducible and consistent grading system for the classification of pulmonary contusion. 
Wagner and Jamieson in 1989 classified pulmonary contusion based on the percentage of lung volume involved on CT scan, and classified contusions as 
mild (<18%), moderate (18-28%), and severe (>28%).°° Other authors have used the definition of greater than 20% to describe severe pulmonary 
contusion. 

In a study of patients with blunt chest trauma, Tyburski et al.°’ devised the Blunt Pulmonary Contusion 18 score (BPC18) using chest radiographs. In 
this score, each lung was divided into upper, middle, and lower thirds. Each third was then scored based on the extent of contusion: 


<33% opacification = 1 point 
33% to 66% opacification = 2 points 
>66% opacification = 3 points 
The total score is the addition of both lungs, with a maximum score of 18. The authors then classified the pulmonary contusion severity based on the 
BPC18 scores: 


Score of 1 or 2: mild 
Score of 3 to 9: moderate 
Score of 10 to 18: severe 


There is a need for a more modern and reliable classification system based on CT scan images, and more research in this area is warranted. 


Patients who sustain multiple rib fractures are also at a higher risk of other associated injuries of the shoulder girdle, such as fractures of the scapula and 
clavicle (see and ). Recent studies suggest the presence of clavicle fractures is about 20% in patients with a flail chest.*°° The presence of a 
concomitant clavicle fracture has been reported to be associated with other associated injuries to the lung, scapula and spine, and extremities.~ There is also 
evidence that patients with a clavicle fracture and multiple ipsilateral rib fractures are more likely to have progression of displacement of their clavicle 
fracture to over 100%. 

Intra-abdominal injuries are also common. Right-sided rib fractures at the level of 8th rib and lower are associated with underlying liver injury in 19% to 
56% of cases, while left-sided rib fractures are associated with a 22% to 28% chance of splenic injury ( ).°~ The prevalence of head injury is also 
high in patients with flail chest injuries. Severe head injury (defined as Abbreviated Injury Score [AIS] 24) has been reported to be as high as 15% in this 
patient population. 


Right-sided flail chest with fracture of the right 7th rib, which is embedded into the liver parenchyma. 


SIGNS AND SYMPTOMS OF CHEST WALL INJURIES 


Symptoms associated with chest wall injuries depend on the extent of injury, location and number of rib fractures, and other associated injuries. Patients 
with rib fractures will often complain of focal pain over the fractured rib/ribs. The location of fractures will determine the area of maximal tenderness. If the 
rib fracture is anterior or involves the sternum, patients will complain of anterior chest pain. However, if the fractures are posterior or adjacent to the 
vertebra, patients may complain of back pain. Patients may complain of pain with palpation, or direct pressure (such as lying on the involved rib fracture), 
pain with movement, pain with coughing, or deep inspiration/expiration. Patients with multiple rib fractures or flail chest can also experience shortness of 
breath, chest pain, and respiratory distress. 


Given that most patients with chest wall injuries are involved in high-energy trauma, Advanced Trauma Life Support (ATLS) protocols should be followed 
in the assessment and management of such polytrauma patients. This begins with the “ABCs”: assessment of the airway, breathing, and circulation. The 
initial assessment of the chest wall should look for any signs of respiratory distress, including labored breathing, shortness of breath, tachypnea, or poor 
oxygenation. Visual inspection should be performed to assess chest wall motion, and look for any asymmetric or abnormal motion of a flail segment. One 
should also inspect for the presence of open wounds and ecchymosis overlying the thorax. A “seatbelt” sign can be present across the chest in patients 
involved in motor vehicle collisions (from impact and sudden deceleration), and is generally a sign of high-energy trauma. The presence of a seatbelt sign 
should alert the physician to possible flail chest or multiple rib fractures ( ), and the possibility of other intrathoracic injuries. Visual inspection of 
the chest can also reveal the presence of a “flail chest”: an unstable flail segment that moves independently of the remaining chest wall, in a paradoxical 
manner. With inspiration, the flail segment can be seen to move inward while the rest of the chest wall is expanding; and with expiration the flail segment 
will move outward while the remainder of the chest wall is deflating (see -5). The presence of a flail chest on clinical examination should alert the 
physician to the high-energy nature of trauma, and presence of other associated intrathoracic injuries (hemothorax, pneumothorax, cardiac contusion, etc.). 
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Figure 46-12. Seatbelt sign across the chest of a trauma patient with underlying flail chest. 


— 


Palpation of the chest wall should be performed to assess for focal pain, fractured ribs, chest wall instability, as well as subcutaneous emphysema. The 
presence of subcutaneous emphysema in the soft tissues is generally due to barotrauma and pneumothorax. Auscultation should be performed to assess for 
presence and quality of air entry on both sides. Decreased breath sounds may indicate the presence of pneumothorax, hemothorax, or pulmonary 
contusion. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR CHEST WALL INJURIES 


Chest radiographs should be obtained if there are any concerns about the presence of a thoracic or chest wall injury and in all polytrauma cases. Chest 
radiographs are imperative to assess the lung parenchyma, bony thorax, and intrathoracic structures. Radiographs should be assessed for the presence of 
pneumothorax and hemothorax, as well as injury to the mediastinal structures. Upright AP and lateral radiographs provide the best information. However, in 
polytrauma patients generally, a supine portable radiograph is obtained in the trauma bay, for urgent initial assessment. It should be noted that if the patient 
is supine, it may be more difficult to appreciate a small hemothorax, which may be pooled posteriorly along the chest wall. Radiographs should also be 
scrutinized for the presence of rib and sternum fractures. While multiple rib fractures with displacement are easier to identify, it can be difficult to visualize 
rib fractures on chest radiographs, especially if there is minimal displacement ( 6-13). In such cases, dedicated rib radiographs can be obtained to 
assess for the presence of rib fractures. 


Patients with high-energy trauma to the thorax generally undergo CT scan assessment of the chest. A chest CT scan can provide detailed information 
regarding the presence and extent of intrathoracic injuries such as hemothorax, pneumothorax, pulmonary contusion, pulmonary hemorrhage, mediastinal 
injuries (on lung and soft tissue windows); and information about the bony thorax (on bone windows), as well as injury to the spleen, liver, or diaphragm 
(on abdominal scans) ( 6-14). The CT scan should also be scrutinized for the presence of other associated fractures, such as sternum, clavicle fractures, 
and scapula. Rib fractures can be identified in more detail with use of a two-dimensional CT scan, including the location of fractures, number of fractures, 


and the amount of displacement. It is important to review CT images for all views (axial, coronal, sagittal), as fractures may appear minimally displaced on 
one view but in fact, be displaced on other views. Three-dimensional reconstruction (3D CT) is also very helpful in visualizing the exact location and nature 
of fractures and has rapidly become essential in understanding the injury and preoperative planning ( 5). 
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3. Chest x-ray revealing displaced left-sided rib fractures involving ribs 5 to 8 (black arrows), as well as subcutaneous emphysema (white arrows). 


CLASSIFICATION OF CHEST WALL INJURIES 


As previously described, chest wall injuries can be divided into isolated rib fractures (58%), multiple rib fractures without a flail segment (41%), and less 
prevalent, flail chest (1.5%).+? At the present time, there is no consistent classification system for multiple rib fractures or flail chest injuries. Based on the 
anatomic location, flail chest injuries can be categorized into anterolateral flail segments, posterolateral flail segments, as well as central or sternal flail 
segments.*° Further research in this area is warranted to help describe and classify flail chest injuries, and their associated outcomes and prognosis. 


Figure 46-14. Two-dimensional CT of the chest demonstrating subcutaneous air (white arrow), pneumothorax (black arrow), pulmonary contusion (white star), 
pösteriór “displaced rib fracture (black star). A: Bone window. B: Lung window. 
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Figure 46-15. Three-dimensional CT demonstrating multiple left-sided rib fractures. 


OUTCOMES OF CHEST WALL INJURIES 


Unstable chest wall injuries such as those with a flail chest are associated with high rates of short-term morbidity and mortality (Fig. 46-16). Complications 
and morbidity in such injuries can be due to the combination of chest wall instability, injury to the underlying lung parenchyma, chest wall deformity, and 
pain. These factors can have a negative effect on lung volumes and pulmonary function, and may increase the risk of pulmonary compromise and 
respiratory distress. 1213143 The need for long-term mechanical ventilation can lead to high rates of pneumonia, sepsis, tracheostomy, barotrauma, 
prolonged ICU stay, and increased health care costs. !+!5.21,3143,57 

Other than the acute impediments, patients with flail chest injuries also incur many long-term complications, including chronic pain, dyspnea, chest 


tightness, chest wall deformity, abnormal pulmonary function, and low health outcomes scores.°*? In one study only 43% of patients with flail chest injuries 


were reported to return to full-time employment.*2 
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Figure 46-16. Short-term outcomes for patients with flail chest injuries. (Reprinted with permission from Dehghan N, et al. Flail chest injuries: a review of outcomes 
and treatment practices from the National Trauma Data Bank. J Trauma Acute Care Surg. 2014;76(2):462—468.) 


EFFECT ON PULMONARY FUNCTION 


Chest wall instability can cause paradoxical chest wall motion and instability with respiration. This subsequently leads to decreased lung volume and 


reduced pulmonary function, which can cause respiratory distress. Deformity from multiple displaced rib fractures can result in a “caved-in” chest wall, and 
can negatively affect pulmonary mechanics. 

Pain from the fractured ribs also has negative consequences. Patients can experience acute pain with respiration, deep breathing, coughing, or motion. 
Such pain can lead to shallow breathing, and hence decrease lung volume and cause atelectasis. The inability to clear secretion due to pain can also 
negatively affect pulmonary function, and increase the risk of pneumonia. Chronic pain is also an issue in patients with flail chest injuries. Even at 1-year 
postinjury many patients report thoracic cage pain, chest tightness, and dyspnea with effort.°” 

Pulmonary contusion, inflammation, and edema also have a detrimental effect on pulmonary function and oxygenation. Studies have revealed that 
patients with flail chest injuries experience long-term pulmonary dysfunction, as evident on pulmonary function testing. A study by Tanaka et al. reported 
that at 1 to 2 weeks after injury, patients had a deterioration of their forced vital capacity (FVC) by 40% to 50%; and even at 1 year after injury, there was a 
reduction of 20% noted in the FVC.°” 


NEED FOR MECHANICAL VENTILATION 


In patients with respiratory distress, mechanical ventilation may be required to maintain oxygenation and ventilation. This is rare in patients with isolated rib 
fractures (2%) and less common in patients with multiple rib fractures without a flail segment (7%).!? However, the need for mechanical ventilation is high 
in patients with a diagnosis of flail chest. A review of a large health care population database reported that 43% of patients with a flail chest diagnosis 
required mechanical ventilation.!? A review of the National Trauma Databank (NTDB) involving 3,467 flail chest patients in North America reported that 
59% required mechanical ventilation, for a mean duration of 7.2 days.'* Such high rates of mechanical ventilation in this patient population are likely due to 
altered chest wall mechanics, chest wall instability, pain, inflammation, deformity, as well as other associated injuries in a polytrauma patient population. 

While mechanical ventilation can be a lifesaving measure, it is not without associated complications. Long-term mechanical ventilation has been shown 
to have detrimental consequences, such as ventilator-associated pneumonia (VAP), sepsis, barotrauma, prolonged intensive care unit (ICU) stay, and need 
for tracheostomy. The risk of VAP increases after 4 to 5 days of mechanical ventilation. Despite the presence of extrathoracic injuries present in patients 
with flail chest injuries, sepsis and pneumonia remain two of the most common causes of death.*? Tracheotomy is generally recommended in patients who 
require mechanical ventilation beyond 14 days and has harmful physical and psychological consequences for patients. 


MORTALITY 


In patients with a flail chest injury, the rate of mortality has been reported to be as high as 10% to 36%.* This is likely due to the polytraumatic nature of 
injury, and other associated injuries, such as pulmonary contusion and intra-abdominal or intracranial injury.*° 

A recent study reported that patients with a flail chest diagnosis have a 10% rate of mortality in the first 30 days, compared to 3% in patients with 
multiple rib fractures without a flail chest, and 1% in patients with isolated rib fractures. This risk of mortality is not only significant acutely but also in the 
long term. At 1-year postinjury the rate of mortality is 14% in patients with a flail chest, 9% in multiple rib fractures without a flail segment, and 6% in 
those with isolated rib fractures. 13 
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Figure 46-17. Outcomes of patient with flail chest, with and without concurrent severe head injury. (Reprinted with permission from Dehghan N, et al. Flail chest 
injuries: a review of outcomes and treatment practices from the National Trauma Data Bank. J Trauma Acute Care Surg. 2014;76(2):462—468.) 


OUTCOMES FOR PATIENTS WITH CONCURRENT HEAD INJURY 


Severe head injury (defined as AIS 24) has been identified as a poor prognostic factor in patients with flail chest injuries. Patients with flail chest injury and 
concurrent severe head injury have been reported to have significantly higher rates of morbidity and mortality (compared to those without a concurrent head 
injury) (Fig. 46-17). Such patients have higher rate of need for mechanical ventilation (88% vs. 54%, p < .00001), ICU admission (89% vs. 81%, p < 
.00001), a longer time on mechanical ventilation (11.2 vs. 6.5, p < .001), more days in the ICU (13.4 vs. 8.9, p < .001), more days in the hospital (21.4 vs. 
15.8, p < .0005), greater need for tracheotomy (34% vs. 18%, p < .0001), rate of ARDS (17% vs. 13%, p < .016), rate of pneumonia (31% vs. 19%, p < 
.0001), and sepsis (11% vs. 7%, p < .001). These patients may require prolonged mechanical ventilation due to concomitant intracranial injury and are more 
likely to endure ventilator-associated complications. Mortality is also much higher: 40% compared with 11% in patients without concurrent severe head 
injury (p < .0001).!? 


OUTCOMES FOR PATIENTS WITH CONCURRENT PULMONARY CONTUSION 


Pulmonary contusion is an independent risk factor for the development of pneumonia and ARDS, and carries a 10% to 25% risk of mortality, as well as the 
possibility of significant long-term disability.!° A study of the NTDB revealed that 54% of patients with flail chest injury had a diagnosis of pulmonary 
contusions. However, unlike concomitant severe head injury, pulmonary contusion did not significantly affect outcomes (morbidity or mortality) in patients 
with flail chest injuries.'2 However, the study did not take into account the size and extent of pulmonary contusion present. Pulmonary contusion to some 
degree has been reported to be present in over 50% of patients with a flail chest diagnosis.'* However, due to lack of a consistent grading system, it is 
difficult to know what percentage of such patients have severe pulmonary contusions, which would be clinically concerning and affect outcomes. 

Wagner and Jamieson reported that in patients with severe pulmonary contusion (>28% lung volume involvement) almost all required intubation and 
mechanical ventilation, while those with mild contusion (<18%) could be managed with noninvasive ventilation. A study of patients with pulmonary 
contusion reported that patients with greater than 20% pulmonary contusion developed ARDS 82% of the time, compared to only 22% of patients with less 
than 20% contusion. The authors indicated that the risk of ARDS is not linear, and that it escalates sharply at 20%.*! In another study using the BPC18 
score, the authors reported that patients with severe contusions had higher length of stay (28 days) and need for ventilator support (83%), compared to those 
with moderate (10 days and 48%) and mild (6 days, 14%) contusions.°° 

Currently, there is a controversy regarding how much pulmonary contusion is clinically relevant and should be a contraindication to surgery (see 
Controversies section below). Studies suggest that patients with more extensive pulmonary contusions will likely have worse outcomes compared to those 
with minimal contusions, and hence surgery may not provide them with much benefit.®° Further research in this area is warranted to help with diagnosis, 
classification, and prognosis of patients with this entity. 


TREATMENT OPTIONS FOR CHEST WALL INJURIES 


Isolated rib fractures are routinely treated nonoperatively. Treatment involves pain management and activity modification with expectant management. 
However, the treatment of patients with multiple rib fractures and flail chest injuries is more complex. Given the usual polytraumatic nature of injuries in 
such patients, a multidisciplinary team for management of various injuries is required. Treatment is initiated by management of the airway, breathing, and 
circulation, as part of the ATLS protocol. Various medical personnel and services may be required for the management of such patients, such as intensivists, 
trauma surgery, general surgery, orthopaedic surgery, cardiothoracic surgery, neurosurgery, respiratory therapy, physiotherapy, etc. There are several 
controversies surrounding the treatment of flail chest injuries, which are discussed later in this chapter. 


NONOPERATIVE TREATMENT OF CHEST WALL INJURIES 


Historical Treatment Practices 


Historically and until recently, the gold standard treatment for flail chest injuries was nonoperative treatment. There has been a dramatic evolution in the 
treatment of flail chest injuries over the last 100 years.” In the first half of the 20th century, chest wall instability was thought to be the main cause of 
morbidity and mortality (instead of lung parenchymal injury). Therefore treatment was focused on mechanical stabilization of the chest wall by bracing, 
external strapping, or traction, to prevent painful and paradoxical chest wall motion. 18:24 

Later, in the 1970s the concept of “internal pneumatic stabilization” with the use of positive pressure mechanical ventilation became a popular treatment 
strategy for stabilization of flail chest injuries.°* Positive pressure mechanical ventilation was thought to provide internal stabilization of a flail segment. 
Hence, obligatorily prolonged mechanical ventilation (for up to 2-3 weeks) became the standard of care for treatment of patients with flail chest injuries, 
irrespective of respiratory distress or pulmonary function status. However, this practice was abandoned several years later when studies provided evidence 
that such practice was actually detrimental and increased complications.°® A retrospective-matched cohort study by Trinkle et al. in 1975 compared patients 
treated with obligatory mechanical ventilation to patients treated for underlying lung injury by use of diuretics, intercostal nerve blocks, and pulmonary 
toilet.5® The results of this study revealed that patients treated with obligatory mechanical ventilation had a prolonged stay in the hospital (22.6 vs. 9.3 days, 
p < .005), and higher rates of complications (23% vs. 2%, p < .01) and mortality (21% vs. 0%, p < .01). This study and others like it helped provide 
evidence that mechanical ventilation should be used for pulmonary dysfunction and gas exchange abnormalities, rather than the treatment of chest wall 
instability.°8 


Current Nonoperative Treatment Practices 


In recent decades, there has been a substantial improvement in the nonoperative treatment of patients with flail chest injuries. The current modern treatment 
practices include: supportive mechanical ventilation as needed (in patients with respiratory distress); pain management (epidural catheters, intercostal nerve 
blocks, or intravenous narcotic administration); early mobilization; and chest physiotherapy/pulmonary toilet (to clear secretions and prevent 
atelectasis).?83143.53 These are further discussed below. 


Mechanical Ventilation 


Respiratory distress can be a result of pulmonary dysfunction from chest wall instability, or from underlying lung injury such as pulmonary contusion. 
Acute pain can cause shallow breathing, and together with the inability to clear secretions from cough suppression (due to pain), further respiratory 
compromise can occur. As mentioned previously, obligatory mechanical ventilation in the absence of respiratory failure, solely for the purpose of 
overcoming chest wall instability, should be avoided.®? Patients in respiratory distress should receive supportive mechanical ventilation as needed, and be 
weaned off the ventilator at the earliest time possible. Positive end-expiratory pressure (PEEP) and continuous positive airway pressure (CPAP) should be 
included early in the ventilatory regimen.°2 

Invasive mechanical ventilation with endotracheal intubation may be required in patients with flail chest who present with severe respiratory distress, 
hemodynamic instability, inability to protect the airway, severe acidosis, or other reasons to protect the airway.?* Patients who undergo endotracheal 
intubation should receive PEEP to recruit alveoli, raise mean airway pressures, and decrease shunt.?° 

Noninvasive ventilation with use of mask-delivered CPAP can be utilized in patients with impending respiratory failure, who do not meet requirements 
for mechanical ventilation. A trial of mask CPAP should be considered in alert, compliant patients without significant respiratory compromise in 


combination with optimal regional anesthesia.” Such patients should be closely monitored in the ICU, and endotracheal intubation should be performed if 
required. A randomized controlled trial (RCT) was previously conducted, comparing CPAP with facemask to intermittent positive pressure ventilation with 
endotracheal intubation in patients with flail chest injuries. The results of this study revealed that in patients who were candidates for CPAP, the use of 
noninvasive ventilation decreased mortality, nosocomial infection, and ventilator days.?? 


Pain Management 


Effective and optimal pain management is crucial for treatment of patients with flail chest injuries. Acute pain from fractured ribs can affect pulmonary 
function, deep respiration, and cough and clearance of secretions, which can increase morbidity and length of ICU stay.?*° Pain management should 
include multimodal pain management, such as opioids and nonopioid medication (oral or intravenous), patient-controlled analgesia (PCA),5>54 regional 
anesthesia, and other adjuncts such as ketamine or lidocaine infusions. The help of an in-hospital pain management service can be helpful in managing these 
modalities. 


Regional Anesthesia 


Various types of regional anesthesia have been used for treatment of patients with multiple rib fractures, including epidural catheters, intercostal nerve 
blocks, interpleural nerve blocks, paravertebral blocks, or serratus anterior blocks (Fig. 46-18).!*7°2753 Compared to opioid administration, regional 
anesthesia has been shown to be more effective, while reducing the complications associated with long-term narcotic use and dependence. Thoracic epidural 
catheters have been reported to be the most preferred method in patients with flail chest injuries. Compared to other modalities, epidural catheters have been 
shown to improve outcomes and lower complications.”39:35354 RCTs comparing epidural catheters to intrapleural catheters have demonstrated decreased 
pain and improved tidal volume in the epidural group.*° Compared to intravenous narcotics, epidural catheters result in improved pain and pulmonary 
function, and lower rate of pneumonia, ICU stay, time on mechanical ventilation, respiratory depression, somnolence, and gastrointestinal symptoms. ”:53:54 
Epidural catheters are contraindicated in patients with spinal fractures, or coagulopathies. However, in such patients, intercostal nerve blocks can be 
performed as a single shot or with a continuous infusion catheter, with similar effectiveness as epidural anesthesia.°° Another type of regional anesthesia 
that has shown improved outcomes is the serratus anterior plane block, which is done by injecting local anesthetic into the myofascial plane between the 
serratus-intercostal and serratus-latissimus dorsi muscles. This block has been shown to be as effective as thoracic epidural blocks, but with lower risk of 
hypotension.?2 
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Figure 46-18. Types of regional anesthesia used in the treatment of flail chest injuries. 


Cryotherapy 

A recently described procedure used to treat pain in patients with multiple rib fractures is intercostal nerve cryoablation (IC).**!” IC in an intrathoracic 
procedure performed with use of video-assisted thoracoscopic surgery (VATS) (Fig. 46-19), which can be performed in isolation, or after surgical fixation 
of rib fractures if surgery is performed. A cryoprobe is placed on intercostal nerves, 2 to 3 cm from the costovertebral junction. It involves direct application 
of extreme cold (-60°-—-80°C) to the intercostal nerve axons, which destroys the axon, but not the epineural or perineural tissues. Hence it is a reversible 
and targeted analgesia for the intercostal nerves, and has been reported to last for several months. There is some evidence that the use of IC can lower 
postoperative opioid use in patients with multiple rib fractures who undergo rib fracture fixation. Other procedures can also be done with VATS in the 
same setting, including evacuation of retained hemothorax. The use of cryotherapy in the setting of rib fracture fixation increases the operative time and 
costs, and there are concerns about long-term dysesthesia and neuralgia. The procedure is relatively new and still in its infancy. Further studies in this area 
are warranted to assess the benefits of pain relief compared to other modalities, and investigate long-term outcomes and complications. 


Chest Tube Insertion 


Patients with multiple rib fractures have a high prevalence of concurrent pneumothorax and/or hemothorax, and may require the urgent placement of tube 
thoracostomy. Studies have shown that 45% of patients with a flail chest require chest tube placement.!* The size of the chest tube utilized should be large 
enough (32F or larger) to allow for evacuation of air as well as blood. 


Figure 46-19. Intercostal nerve cryotherapy performed with use of video-assisted thoracoscopic surgery (VATS). Rib fractures were first plated externally, then 
VATS cryotherapy was performed. The cryoprob is inserted into the chest cavity and placed on intercostal nerves where cryotherapy is being performed (arrow). (Case 
courtesy of Dr. John C. Mayberry.) 


The decision to place a chest tube depends on the size of the hemothorax/pneumothorax, as well as signs of respiratory distress. Asymptomatic patients 
with a small-sized hemothorax/pneumothorax may not require a chest tube initially. However, their condition should be monitored and if there is any 
progression of hemothorax/pneumothorax, or signs of respiratory distress, the use of tube thoracostomy should be reconsidered.*° Another consideration for 
placement of tube thoracostomy is patients with small-sized pneumothorax who are under positive pressure ventilation. Positive pressure ventilation has the 
potential to turn a relatively benign, small pneumothorax into a large or tension pneumothorax. Hence, such patients should be monitored closely for signs 
of respiratory distress and obstructive shock from tension pneumothorax, and undergo urgent tube thoracostomy if required.*° 


A chest tube is placed into the pleural space to remove air or fluid. A contemporary chest tube collection system has three compartments. The first 
compartment is the collection chamber, which collects fluid drained from the pleural space. The second compartment is the water seal chamber, where the 
air from the pleural cavity passes through, and air leaks can be visualized as air bubbles. A column of water in this chamber acts as a one-way seal between 
the collection chamber and the atmosphere. The third compartment allows for negative pressure to be applied to the chest tube (Fig. 46-20).*°- Traditional 


chest drainage units regulate the amount of suction by the height of a column of water in the suction control chamber. A suction pressure of -20 cm H,O is 
commonly recommended. The suction control chamber is filled to the desired height with sterile fluid, and connected to a suction source, which produces 
bubbling in the suction control chamber. Increasing suction at the suction source will increase airflow through the system, but will not affect the amount of 


suction placed on the chest cavity. 
Once inserted, the chest tube should be secured and set to negative pressure, to assist with lung expansion. Once the lung has re-expanded, there will be 


no air leak (bubbles) in the underwater seal of the collecting system, and the chest tube can be placed to under water seal. Protocols regarding chest tube 
care vary among institutions. While daily chest radiographs are routinely obtained at most institutions, such practice in asymptomatic patients may not be 
warranted.*° Studies suggest that the use of prophylactic antibiotics can reduce the risk of pneumonia, and empyema, and the use of a first-generation 


cephalosporin is recommended. However, the duration of use remains controversial.® 
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Figure 46-20. Chest tube collection system. 


Timing of chest tube removal also varies among institutions. In general, chest tube removal depends on the amount of daily drainage, as well as lung re- 
expansion. The chest tube can be removed once the lung has re-expanded (no more air leak/bubbles), and the daily rate of chest tube output is less than 100 


to 400 cc. If the chest tube is under negative pressure, it should be set to underwater seal for 6 to 8 hours prior to removal. A chest radiograph should also be 


obtained prior to removal to ensure lung expansion and lack of retained hemothorax.*° 


Chest Physiotherapy 
Given the pain and inability to cough or clear secretions, bronchial hygiene is important in prevention of aspiration, hypoxemia, and chest infections. Chest 
physiotherapy includes clearing pulmonary secretions with frequent suctioning, inspiratory spirometry, and deep breathing.°*°! Aggressive chest 


physiotherapy should be practiced to minimize the likelihood of respiratory failure, and decrease the risk of infection. 


Indications/Contraindications 


Nonoperative Treatment of Chest Wall Injuries 


Indications Relative Contraindications 
e Isolated rib fractures © Severe chest wall deformity 
e Undisplaced rib fractures e Flail chest with instability 
e Multiple rib fractures with a stable chest wall e Multiple rib fractures with chest wall instability 
e Flail chest with severe head injury 
e Flail chest with severe pulmonary contusion 


OPERATIVE TREATMENT OF CHEST WALL INJURIES 


Chest wall injuries have been routinely treated nonoperatively, and in the past surgical fixation was rarely practiced. In the 1990s and early 2000s, several 
authors published comparative studies of patients treated with surgery compared to nonoperative treatment.'2!°” Despite the use of outdated fixation 
strategies such as Kirschner wires (K-wires) or Judet struts, the authors reported better outcomes with surgery, compared to nonoperative management. 
These studies prompted an increased interest in surgical intervention and numerous publications on this topic. Given the possibility of improved outcomes 
with operative treatment of flail chest injuries, there has been a recent increase in the number of patients undergoing surgical fixation. A Canadian database 
study of 11 million people revealed that prior to 2010 less than 1% of patients were treated surgically, but the rate increased to 10% after 2010.!>!° Another 
North American study utilizing the National Trauma Data Bank reported a 76% increase in the rate of rib fracture fixation from 2007 to 2014.76 

Currently, operative management of flail chest injuries is considered a valid treatment option to limit chest wall—related morbidity. However, 
indications, complications, and assessment of short- and long-term outcomes are still in the evolutionary stages (see Controversies section below). 

The goal of surgical fixation of unstable chest wall injuries such as a flail chest is to stabilize the chest wall and prevent paradoxical motion, in addition 
to decreasing pulmonary compromise, pain, and disability. One of the primary aims is to decrease the time of mechanical ventilation, and hence lower the 
rate of ventilator-associated complications such as pneumonia, sepsis, and tracheotomy. In this setting, not every rib fracture needs to be fixed to achieve 
chest wall stability. In general, fixation of the displaced fractures can yield adequate stability, without the need for fixation of the undisplaced fractures. 


Indications/Contraindications 
Indications 


Surgical indications for the treatment of rib fractures and flail chest injuries are in evolution. Current indications are based on the available literature, which 
lack high-quality, large level I studies, and are mostly retrospective in nature. 
The current indications used by most authors include:43:5262 


e Flail chest with: 
e Chest wall instability or paradoxical movement 
e Respiratory distress or failure to wean from ventilator 
e Chest wall deformity/defect with: 
e Severely displaced fractures significantly impede lung expansion and cause loss of thoracic volume 
e Tissue defect that may result in permanent deformity, pulmonary hernia, or rib fractures impaling the liver, spleen, lung, or diaphragm 
e Reduction of pain and disability in patients with multiple rib fractures: 
e Painful, movable multiple rib fractures 
e Failure of nonoperative treatment including multimodal pain management and regional anesthesia 
e Thoracotomy for other indications (representing an ideal opportunity to stabilize the rib fractures “on the way out”) 


Contraindications 


As with most procedures, patients medically unfit for surgery with hemodynamic instability, acidosis, coagulopathy, etc. should not undergo chest wall 
fixation until medically optimized and resuscitated. Isolated rib fractures, undisplaced rib fractures, or rib fractures with a stable chest wall do not require 
fixation. Ribs 1 and 2 are generally not treated surgically, given the difficulty with surgical access. Floating ribs (ribs 11 and 12) do not contribute to chest 
wall stability, and in general, do not require fixation. 

Other contraindications include patients who may meet indications for surgical fixation, but require long-term mechanical ventilation for reasons other 
than their chest wall instability, such as: 


e Severe concurrent head injury (injury severity score 24): 
e Such patients require long-term mechanical ventilation due to their head injury, and hence may not profit from the benefits of early weaning from 
the ventilator. They also have significantly higher risk of morbidity and mortality. 
e The presence of severe pulmonary contusion 
e Patients with ARDS, significant radiographic evidence of pulmonary contusion, or severe pulmonary contusion present on CT scan. 
e As mentioned in the pulmonary contusion section previously, some studies report little benefit with chest wall fixation in patients with severe 
pulmonary contusion, °° but this remains controversial among surgeons, and more research in this area is warranted. 


Surgical fixation after a prolonged period from the initial trauma (>5 days) may increase the risk of complications (due to increased risk of pneumonia 
and sepsis), and is not ideal. The maximal benefits of chest wall stabilization are usually most apparent in those patients fixed early, within 4 to 5 days of the 
original injury. This is especially a concern in patients who are mechanically ventilated for a prolonged period of time, and may have sustained the negative 
consequences of prolonged mechanical ventilation. A review of multiple retrospective comparative studies reported that early fixation within 72 hours of 


admission is associated with improved outcomes,*? but more research in this area is needed. 


Surgical Fixation of Rib Fractures 


Surgeons should ensure they have appropriate training and expertise before attempting surgical fixation of chest wall injuries and rib fractures. In case of 
unfamiliarity with the approach or technique, enlist the help of another orthopaedic surgeon with expertise, or general surgeon/thoracic surgeon familiar 
with the local anatomy. If present, other associated injuries (such as diaphragm tear, lung laceration) can be repaired by the appropriate surgical service in 
the same setting. Therefore a collegial team approach between orthopaedic surgeons, trauma surgeons, and cardiothoracic surgeons is recommended in the 
treatment of these injuries. 


Preoperative Planning 


Surgical Fixation of Rib Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table that allows for intraoperative imaging if needed, such as Jackson flat table 
Position/positioning aids LJ Thoracotomy approach: lateral position with use of beanbag or bolsters. Padded sterile stand for placement of the ipsilateral 
arm 


LJ Posterior approach: prone or lateral position 


Draping Drape wide to allow access to the entire chest wall 
Free-drape the ipsilateral arm to allow for mobilization and retraction of the scapula 


Drape the preexisting chest tube into the field 


Fluoroscopy location LJ On the contralateral side 


Equipment LJ Large retractors to retract the scapula and large muscles (latissimus dorsi/trapezius). Small rib spreaders and pool sucker to 


suction the thoracic cavity. Small reduction clamps 
Internal fixation devices are based on surgeon preference, the recommendation is plates and screws, such as precontoured 


rib plates 


Anesthesia considerations Endotracheal intubation is needed 
Use of double-lumen endotracheal tube, or deflation of lung is not typically required 


Other Preoperative antibiotics should be administered 
The previous chest tube should be draped in, and can be removed after access into the pleural cavity is obtained. A new 
sterile chest tube must be placed at the end of the procedure 


Positioning 
The use of a double-lumen endotracheal tube and deflation of the involved lung is not typically required. The procedure can usually be safely performed 
with regular endotracheal tube ventilation. Patient positioning depends on the surgical approach and location of rib fractures. If there is an existing chest 
tube in place, it should be included in the operative field, and draped in (Fig. 46-21). Removal of the chest tube preoperatively can cause a tension 
pneumothorax, especially in the setting of positive pressure ventilation. Once access into the pleural cavity is obtained, this chest tube can be removed. 
Incision placement depends on the location of flail segment and fractures, as per preoperative assessment. Clinically, the ribs should be palpated and 
counted to ensure the incision is placed over the appropriate rib level. The use of 2D and 3D CT scans is helpful for localizing the zone of injury, and 
appropriate position for the incision relative to other anatomic structures. Use of bony landmarks such as the xiphoid, or tip of the scapula, or the existing 
chest tube, can help with identification of the appropriate level (see Fig. 46-21B). 


Surgical Approaches 
Thoracotomy Approach 


The thoracotomy approach is an extensile approach, and the preferred approach for lateral, anterolateral, or posterolateral rib fractures (Fig. 46-22). In 
general, fractures of four to six ribs can be accessed through this approach (two or three superiorly and two or three inferiorly from the incision). If access to 
more ribs is required, the incision can be extended medially/laterally, or rarely, a second incision can be used. 
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Figure 46-21. A: Preoperative chest radiograph of a patient with multiple left-sided rib fractures and pulmonary contusion. B: Preoperative three-dimensional CT 
scan of the chest demonstrating multiple segmental rib fractures involving the posterolateral and posterior ribs, with a flail segment. The chest tube is also noted 
laterally, entering the chest between ribs 3 and 4. C, D: Patient positioned in the lateral decubitus position with use of beanbag, with access to the lateral, posterolateral, 
and posterior chest. The ipsilateral upper extremity is placed over a padded arm holder. E, F: Arm is placed over a padded Mayo stand. Incisions are drawn: 
thoracotomy incision for access to the posterolateral rib fractures, and posterior longitudinal incision for the posterior rib fractures. The chest tube has been draped in 
the field. G: Thoracotomy approach with muscle-splitting window in the serratus anterior exposing anterolateral rib fractures; precontoured rib plates have been 
applied. The scapula and latissimus dorsi are retracted superiorly. H: Posterior approach for access to the posterior fractures. The retractor is pulling up on the scapula, 
the trapezius muscle is visible caudally. 1, J: Postoperative radiographs demonstrating fixation of ribs 4 to 7 posteriorly, and ribs 6 to 9 posterolaterally. Rib 6 was 
fixed posteriorly and posterolaterally with a single long plate, while rib 7 was fixed with two separate plates for each fracture. 


The patient is placed in the lateral decubitus position, with the affected side up, with use of a beanbag or bolsters over a radiolucent table. The ipsilateral 
arm should be free draped, and the arm is placed over a sterile padded stand. This will allow for intraoperative traction of the arm, to help retract the scapula 
away from the underlying ribs (see Fig. 46-21C-—F). 

A standard thoracotomy incision is made, centered over the flail segment. The incision follows the curve of the ribs, which is more cranial posteriorly 
and caudal anteriorly. Dissection is made through subcutaneous tissues and fascia. The latissimus dorsi muscle is identified posteriorly, and serratus anterior 
muscle anteriorly. 

To gain access to the anterolateral ribs, a muscle-splitting window is made in the serratus anterior muscle (in line with the ribs), exposing the fractured 
ribs underneath. In general, two or three can be fixed through this window. If needed, another muscle-splitting window can be created cranially/caudally to 
gain exposure to additional ribs. To gain access to posterolateral ribs, deep dissection is carried out between the latissimus dorsi caudally, trapezius 
superomedially, and border of scapula superolaterally. Muscle-splitting windows can be created in the latissimus dorsi muscle to aid with exposure of more 
posterior rib fractures (see Figs. 46.21G and 46-22). 


PORTABLE 


SEMI-ERECT 


G Se aa 

Figure 46-22. A: Multiple left-sided rib fractures involving displaced fractures posterolaterally ribs 5 to 8, with undisplaced fracture of the 4th rib posterolaterally and 
multiple undisplaced anterolateral fractures. B: Thoracotomy approach laterally, with incision placed between ribs 6 and 7. Note placement of a new sterile chest tube 
at the end of the procedure, through a separate incision, and away from the hardware. C: Creation of muscle-sparing windows caudally and cranially in the serratus 
muscle. D: Cranial muscle-splitting window, giving access to ribs 5 and 6. E: Caudal window giving access to ribs 7 and 8. F: Postoperative radiograph. G: Clinical 
image of healed incision 2 weeks postoperatively. 


The long thoracic nerve should be identified and protected: it is located along the lateral border of serratus anterior. The same care should be applied to 
the thoracodorsal nerve, which is located at the lower border of the latissimus dorsi muscle. 


Posterior Approach 


This approach is best used for multiple posterior rib fractures. A vertical incision is made centered over the fractures, parallel to the spinous processes. The 
incision is not extensile anteriorly or posteriorly, so it is important to place it appropriately centered over the rib fractures, which are generally inline. 

Dissection is carried out through soft tissue and fascia. The interval between latissimus dorsi muscle inferiorly, trapezius superiorly, and border of 
scapula laterally is identified (triangle of auscultation). The erector spinae muscles are identified in the triangle of auscultation, and are reflected laterally, 
exposing the fractured ribs underneath. Muscle-splitting windows can be created to gain exposure to ribs superior or inferiorly as needed (Fig. 46-23).1! 

The long thoracic nerve is located along the lateral border of serratus anterior, and should be protected. Injury to this nerve can cause deinnervation of 
the serratus anterior muscle, leading to scapular winging. 

Traditional teaching on this topic included instruction to carefully strip pleural attachments away from the ribs and to avoid the inferior aspect of the rib 
to prevent injury to the adjacent neurovascular bundle. In actual fact, in the vast majority of these cases there is a significant degree of local tissue stripping 
and destruction caused by the violence of the injury, and such precautions are rarely required. Typically there is wide separation of the pleura from the chest 
wall and the involved neurovascular bundles are disrupted. 
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Figure 46-23. Posterior approach for exposure of posterior rib fractures in a cadaver. A: Dissection through skin and subcutaneous tissues, exposing the trapezius 
muscle superiorly (star), latissimus inferiorly (square), lateral border of scapula laterally (arrow) which are the boundaries for the triangle of auscultation. B: Trapezius 
is retracted superiorly. C: Scapula and latissimus dorsi muscle are also retracted, exposing the triangle of auscultation and erector spinae muscle underneath. D: Erector 


spinae muscles are reflected, exposing the posterior rib fractures. (Used with permission of Elsevier, from Dehghan N. Flail chest injuries. In: McKee MD, Schemitsch 
EH, eds. Operative Techniques: Orthopaedic Trauma Surgery. 2nd ed, permission conveyed through Copyright Clearance Center Inc.) 


Technique 


Surgical Fixation of Rib Fractures: 


KEY SURGICAL STEPS 


Access pleura 

Remove chest tube 

Irrigation and suction of the chest cavity. Expose and provisionally reduce all displaced rib fractures, ensuring proper alignment before proceeding 
to fixation 

Reduce the fractures 

Place plate and screws 

Place new chest tube 

Close wounds 


The current modern technique of rib fracture fixation is performed with the use of plates and screws.3!44 Various types of plates are available, including 
several precontoured rib-specific plates (see Fig. 46-21 G-J and Fig. 46-22 C-F). If these are unavailable, other plates such as curved or straight 3.5 pelvic 
reconstruction plates can be used, which may require contouring (Fig. 46-24).** Bicortical screw fixation should be performed for better fixation. Cortical 
screws can be used in young patients, while cancellous screws can be used in osteoporotic bone. Some plates have locking screw capability, which may be 
beneficial in osteoporotic bone. Appropriate measurement of screw length, measurement of the rib depth, use of calibrated drills, and palpation of the 
undersurface of the rib can be performed to ensure screws are not too long. In general, screws are 8 to 12 mm long, depending on the thickness of plates 
used. 

Intramedullary fixation with smooth pins should be avoided, as surgical fixation with K-wires has a risk of wire migration into adjacent soft tissues and 
vital structures. Newer rib-specific intramedullary devices or splints are available, although experience with their use is limited. There are reports of 
fractures at the rib/splint junction as well as delayed union (only 10% of fractured united at 3 months).°8 

There are also modern intrathoracic plates that have been recently introduced and can be placed inside the chest cavity in a minimally invasive fashion 
with use of VATS? (Fig. 46-25). This procedure is generally performed by trauma, thoracic, or cardiothoracic surgeons, and hence is outside the scope of 
this chapter. There are very limited data regarding the use of these implants, and short- and long-term outcomes and complications remain to be reported. 


Figure 46-24. Pelvic reconstruction plates used for surgical fixation of multiple left-sided anterolateral rib fractures. 


In the setting of flail chest injuries, multiple ribs are typically fractured at two locations. Rarely, there is displacement at both fracture locations: in 
general, fractures are displaced at one location, while the second location has fractures that are “hinged” or undisplaced. Not every rib fracture needs to be 
fixed. The goal of the surgery is to fix as many fractures to obtain a stable chest wall. This usually involves fixing the displaced fractures at one location, 
while the undisplaced fractures at the second location can be treated nonoperatively (see Fig. 46-22). If both fractures are displaced and require fixation, it 
can be performed with a single long plate (if the fractures are reasonably close), or two separate plates, if the fractures are far apart (see Fig. 46-21I,J). 
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Figure 46-25. A 36-year-old man with multiple left-sided rib fractures and clavicle fracture. A: Video-assisted thoracoscopic surgery images of intrathoracic rib 
fracture fixation. B: Postoperative radiograph demonstrating fixation of ribs 4 to 8 as well as clavicle fracture fixation. (Case courtesy of Dr. Silvana Marasco.) 


Figure 46-26. Mini-rib spreaders placed between two ribs. Note the intrathoracic injury and disruption of the pleura, with visible lung tissue. Irrigation and suction of 
the thoracic cavity are performed to evacuate any remaining hemothorax and a retained hemothorax and empyema. 


In general, displaced rib fractures are associated with disruption of the pulmonary pleura and soft tissues from the trauma (Fig. 46-26). Once access to 
the pleural cavity is made, the original chest tube can be removed to decrease the risk of infection (a new sterile chest tube must be placed at the end of the 
procedure). After access to the pleura is obtained, irrigation and suction of the chest cavity should be performed, to evacuate any retained hemothorax from 
the initial trauma. This can be done with the use of mini-rib spreader, and pool suction, and helps lower the risk of infection. A cardiothoracic or trauma 
surgeon is essential if any intrathoracic injury requiring surgery (i.e., lung laceration) is identified. 

It is possible to malreduce rib fractures to the adjacent rib above or below, so it is important to expose and provisionally reduce all displaced rib 
fractures initially, to ensure proper alignment before proceeding to fixation. Reduce the rib fractures through a muscle-splitting window (usually two or 
three ribs per window). Another muscle-splitting window can be created to fix the remaining ribs as needed (see Fig. 46-22). Rib fracture fixation is then 
performed through open reduction and internal fixation with the use of plates and screws (Fig. 46-27). Small reduction clamps can be used to hold the ribs 
on each end of the fracture and distract then reduce ribs anatomically. Place a plate over the rib, and secure the plate to bone with reduction clamps on both 
ends of the plate. Simple fractures can be fixed anatomically with three bicortical screws on either side of fracture. Comminuted fractures may require 
bridge fixation with longer plates. If a rib is fractured at two locations that are both displaced and require fixation, this can be done with a single plate, or 
two separate plates applied to each fracture, depending on the location and proximity of the fractures to each other (see Fig. 46-211,J). In the case of 
costochondral dislocation, instead of plate fixation the dislocated rib can be fixed to the cartilage with use of sutures (Fig. 46-28).!! 

At the end of the procedure, a new sterile large-bore chest tube (minimum size 32F) is placed, under direct visualization, aimed posteriorly toward the 
apex. The chest tube should be placed away from the surgical incision and hardware, through a new sterile incision (see Fig. 46-22). Following plate 
fixation and insertion of the chest tube, closure of the muscle-splitting windows and intervals are performed with interrupted absorbable sutures. Sutures or 
staples are applied to the skin. 
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Figure 46-27. A: Displaced rib fracture exposed. B: Fracture fixed with use of plate and screws. 
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Figure 46-28. Anterior rib fracture associated with costochondral dislocation in a cadaver. The rib fracture has been fixed with plate and screw fixation. A: Instability 
is seen at the costochondral junction. B: Suture fixation of the cartilaginous costochondral junction to gain stability, while still allowing for motion. (Used with 
permission of Elsevier, from Dehghan N. Flail chest injuries. In: McKee MD, Schemitsch EH, eds. Operative Techniques: Orthopaedic Trauma Surgery. 2nd ed, 
permission conveyed through Copyright Clearance Center Inc.) 


CURRENT EVIDENCE FOR SURGICAL FIXATION OF RIB FRACTURES 


There has been increased interest in surgical fixation of chest wall injuries in recent years. Multiple retrospective and nonrandomized comparative studies 
have been published on flail chest injuries, which have demonstrated superior clinical outcomes in patients treated with surgical fixation, compared to 
nonoperative treatment. This includes decreased time on mechanical ventilation,!42°2 decreased time spent in the ICU,!!5 fewer chest infections,! 
decreased chronic pain, !® and decreased long-term respiratory dysfunction.3*-9 

The acute benefits of chest wall stabilization have been reported to include decreased respiratory compromise and time on mechanical ventilation, which 
in turn leads to lower risk of ventilation-associated complications such as pneumonia, sepsis, barotrauma, and number of days spent in the ICU.!!5.21,57 
This, in turn, can help lower rates of morbidity and mortality, and dramatically decrease the health care costs. Decreasing the length of time spent on 
mechanical ventilation and ICU by even a few days can produce dramatic savings in health care costs. 

Four small RCTs have been published to date, comparing surgical fixation to nonoperative treatment of flail chest injuries: Tanaka et al. in 2002 with 37 
patients; Granetzny et al. in 2005 with 40 patients; Marasco et al. in 2013 with 46 patients, and Liu et al. in 2019 with 50 patients.?13437:57 These studies 
have reported improved outcomes in surgically treated patients, such as decreased time on mechanical ventilation, decreased length of time in the ICU and 
hospital, lower rate of morbidity, and lower health care costs. However, some of the results have been mixed. While three studies reported less time on 
mechanical ventilation,”!3*°” Marasco et al. reported no difference in time on mechanical ventilation. These studies have limitations, and have been 
criticized for their small sample size, poor methods of surgical fixation (K-wires,! Judet struts,°” or absorbable plates),°” vague inclusion/exclusion criteria, 
and lack of blinding or allocation concealment. 

There have been multiple meta-analyses and systematic reviews published on this topic, however, they are frequently fraught with limitations, 
specifically due to inclusion of multiple low-quality retrospective and nonrandomized studies with poor-quality data. There is also a heterogeneity of 
patients between studies which may make pooling of results inappropriate (such as inclusion of intubated vs. nonintubated patients, or surgery performed 
acutely vs. after a prolonged delay). 

A recent systematic study of patients with multiple rib fractures and flail chest injuries reported improved outcomes with operative treatment compared 
to nonoperative management, including less time on mechanical ventilation (mean difference [MD]) -1.67 (95% confidence interval [CI] -2.61 to —0.72), 
ICU length of stay (MD —1.29; 95% CI -2.29 to -0.29), mortality (risk ratio [RR] 0.63; 95% CI 0.44—0.92), pneumonia (RR 0.77; 95% CI 0.62-0.97), and 
tracheostomy (RR 0.63; 95% CI 0.40-0.99). There was no difference in hospital length of stay.°! However, the study consisted of primarily retrospective 
studies (35/45 studies included). The authors stated that “treatment effect on outcomes varied significantly between study designs. This is likely due to both 
the increased risk of bias associated with observational studies and lack of available RCTs for comparison.” 


Another published meta-analysis of flail chest injuries included 22 studies with 986 patients.” The study reported that compared to nonoperative 
treatment, patients treated with surgical fixation had decreased rates of mortality (odds ratio [OR] 0.3, p < .001); decreased days on mechanical ventilation 
(weighted mean difference [WMD] -6 days, p < .001); decreased hospital length of stay (WMD -7.63 days, p < .001); decreased ICU length of stay (WMD 
-4.21 days; p = .001); lower incidence of pneumonia (OR 0.24, p < .001); and reduced need for tracheotomy (OR 0.24, p < .001). However, the authors 
reported that the quality of data was very low, with only three prospective randomized trials available. 

A recent RCT on operative versus nonoperative treatment of unstable chest wall injuries was published recently, which is the largest high-quality 
comparative study on this topic to date.!* The study included ventilated and nonventilated patients. The authors randomized 207 patients: 108 randomized to 
operative and 99 to nonoperative treatment. The primary outcome of the study of ventilator-free days (VFD) in the first 28 days postinjury. VFD is a 
composite outcome, taking into account the length of time on mechanical ventilation, as well as mortality, and is commonly used in ARDS studies. A higher 
score is desired: patients with no days on mechanical ventilation have a VFD of 28, while those who die or who are in need of mechanical ventilation for 
more than 28 days have a VFD of 0. Other outcomes included length of time in ICU and hospital, mortality, and complications such as pneumonia, sepsis, 
empyema, and tracheostomy. 

The results revealed no significant difference in VFD between operative and nonoperative groups (MD 2.1 days, p = .09). There was also no difference 
in hospital or ICU length of stay or complications, although, mortality was significantly lower in the operative group (0% vs. 6%, p = .01). 

However, when assessing the subgroup of patients who were on mechanical ventilation at the time of surgery, there was a benefit to surgical treatment 
with improved VFD (MD 2.8 days, 95% CI 0.1-5.5), as well as lower hospital length of stay (hazard ratio 1.4, 95% CI 0.9-2.1). Patients who did not 
require mechanical ventilation did not see a benefit from surgical treatment in any of the outcomes assessed. The study conclusion was that patients on 
mechanical ventilation may benefit from surgical fixation (although the magnitude of improvement was lower than prior studies), however, routine surgical 
management of nonintubated patients was not recommended. 

The results of this study were different than many other lower-quality studies which have reported improvement in various outcomes with surgical 
fixation (such as lower risk of pneumonia, sepsis, tracheostomy, and ICU length of stay). It highlights the importance of conducting randomized clinical 
trials, which decreases the selection and measurement bias that could affect the results in retrospective or nonrandomized studies. Another reason for a 
difference in outcomes compared prior (older) studies may be the improvement of nonoperative care for patients with flail chest injuries in the last few 
decades. The study may have also been underpowered. The inclusion of ventilated and nonventilated patients created a heterogeneous group of patients, and 
hence a larger sample size may have been needed to detect a statistical significance in outcomes that may have been clinically significant overall. The study 
did investigate other outcomes such as pain, function, and long-term outcomes, and the publication of those results is pending. 


Author’s Preferred Treatment for Chest Wall Injuries ( 


Rib 
fracture(s) 


Isolated rib Multiple rib 
fracture fractures 


Clinical flail chest 
with respiratory 
compromise 


Undisplaced/ Multiple 
minimally displaced 
displaced fractures 


Treat 
nonoperatively 


Undisplaced 
fractures 


Displaced 
fractures 


Treat Respiratory No respiratory Consider 
nonoperatively || compromise, || distress, pain surgical 
severe pain well managed fixation 


No respiratory Respiratory 
distress, pain distress or 
managed extreme pain 


Treat 
nonoperatively 


With extensive | |No severe head 
pulmonary injury or 
contusion or massive 


Consider 
surgical 
fixation 


Treat 
nonoperatively 


Treat 
nonoperatively 


severe 
head injury 


pulmonary 
contusion 


Consider Consider 


nonoperative surgical 
treatment fixation 


Algorithm 46-1 Author’s preferred treatment for flail chest. 


The author treats most rib fractures nonoperatively. Surgical fixation is reserved for patients with pain or pulmonary compromise with flail chest, flail 
segment with displacement of consecutive fractures in at least one location, or multiple rib fractures with severe displacement. Patients with concurrent 
severe head injury or severe pulmonary contusion are generally treated nonoperatively. A thoracic/trauma surgeon is contacted preoperatively (to ensure 
availability if needed) in case of identification of unanticipated intrathoracic injury requiring repair. 

Surgical approach, positioning, and technique are as described. Plate fixation is performed with use of rib-specific plates and screws, and if 
unavailable then pelvic reconstruction plates are used. The aim is to stabilize as many of the displaced rib fractures as needed to obtain a stable chest 
wall. Patients are extubated as soon as possible postoperatively, and the chest tube is removed once there is less than 100 cc output per 24 hours. 


Postoperative Care 


Postoperatively patients should receive all treatments discussed in the nonoperative section above, including multimodal pain management (intercostal 
nerve blocks, epidural catheters, PCA), chest physiotherapy (intensive spirometry, suctioning for secretions), and chest tube care. Postoperative antibiotics 
should be administered for at least 24 hours, or until the chest tube is removed, to decrease the risk of postoperative empyema and pneumonia. While 
postoperative antibiotics are recommended, the duration of antibiotic administration while a chest tube is in place remains controversial (24 hours vs. until 
the chest tube is removed).® The chest tube output should be examined daily to assess the type (blood, fluid, pus) and amount of drainage (see section above 
for details regarding chest tube management). 


Potential Pitfalls and Preventive Measures 


Flail Chest Injuries: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Poor surgical access to rib fractures Proper incision placement is important. Use preoperative imaging (2D and 3D CT scans), bony landmarks, or other markers 
(current chest tube, etc.) to appropriately mark the incision at the center of the flail segment 


Use intraoperative imaging if unsure about the location 


Free draping the ipsilateral upper extremity and placing it over a padded Mayo stand can allow retraction of the scapula, and 
improve access to posterolateral fractures that are behind the scapula 


Creating multiple muscle-splitting windows (can access 2-3 rib fractures with each window) 


Unanticipated injury noted to other thoracic Proper assessment of preoperative imaging to look for other associated injuries 


SIU long SSE CSTE Om ten, eie, Multidisciplinary approach with trauma/thoracic/general surgeon available in case of encountering an unexpected intrathoracic 


injury 
Postoperative pneumothorax, hemothorax Insertion of a well-placed and well-secured chest tube at the end of the operative procedure 


Postoperative retained hemothorax, empyema, chest Irrigation and evacuation of the retained hemothorax intraoperatively 


iizaions Exchange the initial chest tube with a sterile chest tube placed intraoperatively, away from the hardware and incision 
Remove the chest tube postoperatively as soon as no longer necessary 
Use of preoperative and postoperative antibiotics 
Consultation with thoracic surgery for potential VATS procedure if concern for persistent retained hemothorax, development of 
empyema, or other intrathoracic complication 

Failure of fixation, nonunion Appropriate use of AO principles for surgical fixation of rib fractures (anatomic reduction/fixation vs. bridge plating 
techniques), with minimum three points of fixation on either side of the fracture 
Use of locking screws in patients with osteoporotic bone 

Winging scapula Protect the long thoracic nerve, located along the lateral border of serratus anterior 

Need for long-term mechanical ventilation Appropriate patient selection is key 

postoperatively 


Aggressive chest physiotherapy, appropriate pain management 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO FLAIL CHEST INJURIES 


Common Adverse Outcomes and Complications 


e Wound infection 
e Pneumonia 

e Empyema 

e Sepsis 

e Retained hemothorax 
e Recurrent pneumothorax 
e Hardware failure/loosening 
e Nonunion/malunion 

e Chronic pain 


As discussed in previous sections, patients with multiple rib fractures or flail chest are at high risk of respiratory complications such as pneumonia, sepsis, 
and need for mechanical ventilation. Patients treated surgically are still at risk of these inherent risks, given the chest wall trauma from the initial injury. 
Surgical fixation of rib fractures can be performed safely with low risk of operative intervention. A recent study reported that the risk of revision surgery 
after rib fracture fixation was 2.9%, most of which (81%) were for hardware removal.*° 


INFECTION 


Infection can present in many forms, such as superficial and deep wound infections, empyema (infection/collection in the pleural cavity), pneumonia 
(infection of the lung tissue), and sepsis. The literature suggests a 2.2% risk of superficial wound infections*’ and up to 3% risk of serious infections such as 
empyema with surgical fixation.'4*°** Superficial wound infections can be treated with oral or systemic antibiotics without the need for surgical 
debridement. Deep infections without empyema may be amendable to antibiotics alone, or may require local irrigation and debridement with hardware 
removal in the setting of chronic infection adjacent to orthopaedic hardware. 

Pneumonia, empyema, and sepsis can occur in patients treated operatively as well as nonoperatively. Pneumonia and sepsis are highly prevalent in 
patients with flail chest injuries, and despite the presence of other comorbidities and trauma, they remain the two most common causes of mortality in such 
patients.*°-*3 The risk of pneumonia and sepsis can be lowered by decreasing the time on mechanical ventilation, and aggressive chest 
physiotherapy/pulmonary toilet. Such infections are generally treated with intravenous antibiotics. 

Empyema is the collection of infection in the pleural cavity, and the risk is higher in the presence of a retained hemothorax, retained chest tubes for an 
extended length of time, chest tubes placed under semisterile conditions in the trauma bay, or deep infection adjacent to orthopaedic implants. Empyema is 
treated with antibiotics, irrigation/debridement, and decortication of the pleural cavity: which can be performed by formal thoracotomy approach, or 
minimally invasive VATS. The risk of empyema in surgically treated patients can be lowered by irrigation and evacuation of the retained hemothorax at the 
time of surgery, and by removing the preoperative chest tube in exchange for a sterile chest tube placed away from the surgical incision and hardware. 


Fi 46-29. Postoperative radiograph of a patient with flail chest treated with open reduction and internal fixation. Loose hardware is noted in the two distal plates, 
with screws backing out, several days after the surgical procedure. 


HARDWARE FAILURE 


While hardware complications in the setting of flail chest surgical fixation are rare, they do occur. A study of 650 operative cases reported 1.2% fixation 
failure, and 1.4% plate removal due to discomfort and chest stiffness.*? A recent systematic review reported 0.1% (1 out of 1,278 patients) risk of 
mechanical failure.*° Plates and screws can become loose or break, and may cause local discomfort in slim individuals, or lead to a nonunion ( ). 

Hardware failure can be avoided by the use of appropriately sized plates and screws, and technical considerations to obtain appropriate balanced fixation 
on both ends of the fracture. The use of locking screws can be of benefit in cases with a small distal fragment, or osteoporotic bone. The use of smooth 
intramedullary wires should be avoided due to the risk of migration into adjacent organs. The use of very small caliber plates should also be avoided due to 
risk of plate breakage. The use of absorbable plates has been associated with foreign body reaction and fluid accumulation, and in general, is not 
recommended. 


NONUNION 


Although rare, nonunions have been reported in patients with rib fractures. A study by Marasco reported a 6% (1/17) nonunion rate at 3 months with 
nonoperative treatment of flail chest injuries.” Symptoms can include pain, clicking, jabbing sensation with inspiration, and shortness of breath.*? A recent 
systematic review reported the risk of nonunion after fracture fixation to be 1.3% (12/911 patients).*° These can be difficult to identify on radiographs, and a 
CT scan is required to confirm the diagnosis. A 3D reconstruction CT scan can be helpful in identifying the exact location of nonunion. Surgical fixation of 


symptomatic nonunions is technically possible with open reduction internal fixation with or without the use of bone graft ( ). While there have 
been reports of surgical fixation of symptomatic nonunions, these are generally small case series with no comparative control group.!°-"°°" Studies report 
that while there may be an improvement in chronic pain and disability, surgical fixation may not alter functional or work status.'® There are also risks 
associated with surgical fixation of rib fracture nonunions; in one series of eight patients, two developed an infection requiring surgery, and one patient 
developed pneumonia.” Further research in this area is warranted to identify risk factors, indications for surgery, and ways to improve outcomes. 


B 
| 0. A: A 74-year-old with flail chest involving ribs 4 to 9, with persistent symptomatic nonunion and deformity of the posterolateral fractures. B: The 
patient was treated with open reduction internal fixation of ribs 6 to 9. (Used with permission from Konstantinov IE, et al. Stabilisation of chronic flail chest: a novel 
approach of surgical fixation and osteogenesis. Thorax. 2009;64(3):265—266, with permission from BMJ Publishing Group Ltd., permission conveyed through 
Copyright Clearance Center, Inc.) 


ire 31. A young patient with a deformity of the posterior chest wall secondary to multiple malunited rib fractures. (Reproduced from Lafferty PM, et al. 
Operative treatment of chest wall injuries: indications, technique, and outcomes. J Bone Joint Surg Am. 2011;93(1):97-110, with permission.) 


MALUNION 


Rib fracture malunion is common, especially with nonoperative treatment of displaced rib fractures (F ). A study of flail chest patients treated 
nonoperatively reported that of the 10 patients with initial overlapping rib fractures, 100% went on to have residual rib fracture overlapping visible on CT 
scan at 3 months postinjury, with no improvement noted. This was much higher than patients treated surgically, of which only 14% still had the same 
amount of deformity as noted preoperatively. 


Rib fracture malunion, especially in the setting of multiple adjacent rib fractures can cause symptoms of restrictive lung disease, chest tightness, and 
chronic pain. The treatment of these injuries is controversial. Malunion takedown and open reduction internal fixation are possible, which have inherent 
risks greater than those associated with fracture fixation due to chronic scarring, pleural adhesions, difficulty with accurate reduction, etc. Further research 
in this area is needed. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO UNSTABLE CHEST 


WALL INJURIES 


Unstable chest wall injuries have high rates of morbidity and mortality. The resulting chest wall instability, paradoxical movement of the flail segment, loss 
of lung volume, inability to clear secretions, and pain can lead to respiratory complications and infections. While the majority of these injuries are treated 
nonoperatively, surgical fixation has become more popular in recent years. Surgical fixation can be performed with open reduction and internal fixation with 
use of plates and screws can be performed safely in patients with severe deformity, or chest wall instability. 


CONTROVERSIES 
Lack of High-Quality Studies 


Given that surgical fixation of chest wall injuries is a relatively new concept that has interested many surgeons around the world, there are many 
controversies and unknowns associated with this procedure. Outcomes of surgery compared to current modern nonoperative treatment modalities are still 
unknown, such as regional anesthesia and cryotherapy. The recent RCT by Dehghan et al.,!* reported that although surgery has some benefits (lower 
mortality and improved VFD by 2.8 days in intubated patients), it may not be as substantial as reported by prior studies (a prior meta-analysis citing 
improved time on mechanical ventilation by 6 days).?® There is a need for further high-quality studies in this area to help guide treatment practices, risk 
factors for poor outcomes, and further clarify indications. 

Without clear indications for operative treatment, it is possible for the pendulum to swing too far toward surgical intervention, resulting in patients 
undergoing unnecessary fixation who may not benefit from the procedure. A Canadian study from a large health care database reported a 1% rate of surgical 
fixation of flail chest injuries prior to 2010: this increased to 10% after 2010, representing a significant increase (p < .0001).!? Despite the previously cited 
indications, some surgeons are pushing the limits, and operating on fractures that do not meet classic indications. Large high-quality multicenter studies in 
this area are warranted to guide patient selection and identify patients who would benefit most from operative fixation. 


Surgical Fixation of Nonflail or Isolated Fractures 


At the present time, surgical fixation of isolated rib fractures is contraindicated and not supported by the literature. 

Surgical fixation of multiple rib fractures without chest wall instability is controversial. There is no high-quality study supporting fixation of rib 
fractures in the absence of chest wall instability or flail chest. A prospective study of 110 patients with more than 3 displaced rib fractures (without a flail 
segment) was conducted. Most patients were followed in an observational nonrandomized manner (by patient preference), and only 23 were randomized; 51 
patients were treated with surgery, and 59 nonoperatively.4” Most were not ventilated, and mean ventilation time was 0 days. At 2 weeks, the surgical group 
had better numeric pain scores out of 10 (2.9 vs. 4.5, p < .01). However, only 65% of patients were followed up at this time, and one could argue the clinical 
significance, as the MD of 1.6 points between the two groups did not reach the minimal clinically important difference [MCID]). The study revealed no 
significant differences in spirometry outcomes at any time point, length of time in the ICU, or time on mechanical ventilation between the operative and 
nonoperative groups. There was also large loss to follow-up (58% at 8 weeks). While there may be some benefit to surgical treatment of these injuries, 
further studies are warranted. 


Surgical Fixation in Patients With Pulmonary Contusion 


A current controversy in this area is surgical fixation of unstable chest wall injuries in patients with pulmonary contusion. The presence of pulmonary 
contusion has been historically cited as a contraindication to surgery, primarily based on a retrospective study published by Voggenreiter et al. in 1998.5 
This study assessed the outcomes of operative versus nonoperative treatment of patients with flail chest injuries, with and without concurrent pulmonary 
contusion. The authors reported that while patients without pulmonary contusion benefited from surgical fixation (6.5 days of mechanical ventilation in 
those treated with surgery, compared to 26.7 days in those treated nonoperatively), those with concurrent pulmonary contusion did not benefit from surgery 
(30.8 days of mechanical ventilation in those treated surgically, compared to 29.3 days in those treated nonoperatively). Surgeons debate the results of this 
study and believe the severity of pulmonary contusion is of importance, and that most patients with pulmonary contusions would still benefit from surgical 
fixation. 

A recent study by Van Wijck et al. helps to resolve this controversy. The study aimed to determine if in patients with flail chest injuries, the severity of 
pulmonary contusions affected outcomes of operative compared to nonoperative treatment. The authors classified the extent of pulmonary contusion into 
mild, moderate, and severe using the BPC18 score. They reported that patients with mild contusions had improved outcomes with surgery compared to 
nonoperative treatment (less time in ICU). Patients with moderate contusions also had benefit with surgical intervention (less time on a ventilator). 
However, patients with severe pulmonary contusions had no benefit from surgical intervention. 

Hence, it appears that the severity of pulmonary contusions is important, and should be considered when assessing if operative treatment may be 
beneficial. Further research in this area is warranted to help classify and identify patients who would most benefit from this operation. 


Surgical Fixation in Nonventilated Patients 


Another controversy is surgical fixation of patients with a flail chest who do not require mechanical ventilation. Many of the initial studies on surgical 
fixation of flail chest injuries focused on ventilated patients only (with a goal of decreasing time on mechanical ventilation), and excluded nonventilated 
patients. 

However, many surgeons operate on nonventilated patients, with the belief that it may help with respiratory compromise and need for mechanical 
ventilation in the future; or help with pain and functional outcomes. At the present time, it is difficult to predict which patients may need respiratory 
support/mechanical ventilation after trauma. 


The data from the recent RCT clearly showed that patients who are not initially ventilated, are a different population than patients who require early 
mechanical ventilation. These patients have significantly better outcomes compared to the ventilated group regardless of their treatment: VAP 1% versus 
47%, sepsis 2% versus 25%, tracheostomy 1% versus 27%, ICU stay 3 days versus 16 days, VFD 27 days versus 15 days. In this nonventilated patient 
population, compared to nonoperative treatment, surgery did not provide a significant improvement in the outcomes that were assessed. 14 

Further research in this area is warranted to identify patients at risk of requiring mechanical ventilation postinjury, and if surgical fixation of 
nonventilated patients is beneficial as it is related to other short- and long-term outcomes. 


Who Should Perform Surgical Fixation of Chest Wall Injuries 


Surgeons from various specialties such as orthopaedic surgeons, general surgeons, trauma surgeons, and cardiothoracic surgeons perform surgical fixation 
of chest wall injuries. This procedure should be conducted by surgeons with understanding and familiarity of the condition. Regardless of their surgical 
subspecialty, surgeons who perform these operations should have a thorough knowledge of the surgical indications, technical expertise in the approach and 
local anatomy, expertise in internal fixation methods, as well as skill in postoperative management. While orthopaedic surgeons are more familiar with 
techniques of fracture fixation, thoracic surgeons are more familiar with the local anatomy, VATS, and treatment of possible pre- or postoperative 
complications in the chest cavity. Therefore, a multidisciplinary approach is ideal to ensure optimal outcomes, and to prevent complications. The author 
recommends collaboration and availability of a team consisting of both thoracic or trauma surgeons and orthopaedic surgeons, in case of unexpected 
intraoperative findings or complications. 
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Annotation 


A study of patients with flail chest injuries from the National Trauma Data Bank, focusing 
on outcomes and current treatment strategies. The study demonstrates high rates of 
morbidity and mortality in patients with a flail chest diagnosis, and significantly worst 
outcomes in patients with concurrent severe head injuries. Less than 1% of patients with a 
flail chest are treated with surgical fixation, and less than 8% receive epidural catheters for 
pain management. 


A database study from Ontario, Canada comparing outcomes of isolated rib fractures, 
multiple rib fractures, and flail chest injuries. The study revealed that flail chest injuries 
have worst outcomes in all domains compared to multiple rib fractures without a flail 
chest. The rates of surgical fixation of flail chest injuries had also increased significantly 
from 1% prior to 2010 to 10% after 2010. 


The largest randomized controlled trial comparing surgical fixation and nonoperative 
treatment of unstable chest wall injuries, including 107 patients treated surgically and 99 
nonoperatively. The results demonstrated lower mortality overall with surgery, and 
improved ventilator-free days and hospital length of stay in the subgroup of patients who 
were on mechanical ventilation. There was no difference in any of the outcomes assessed 
in nonventilated patients. 


A small randomized controlled trial of patients with flail chest: 20 treated with surgical 
fixation, and 20 nonoperatively. Surgical fixation was performed with Kirschner wires. 
Surgically treated patients had a shorter time on mechanical ventilation, time in the ICU, 
and hospital stay. They also had a lower rate of pneumonia, and lower chest wall 
deformity, and improved pulmonary function. 


A good review article, examining the indications for surgical fixation, as well as surgical 
techniques and outcomes. 


A small randomized controlled trial demonstrating improved outcomes with surgery vs. 
nonoperative treatment: shorter duration of mechanical ventilation and ICU stay, and 
decreased rates of pneumonia with operative treatment 


A small randomized controlled trial of 46 patients with flail chest, who were also on 
mechanical ventilation: 23 were treated with chest wall fixation (with absorbable plates) 
and 23 nonoperatively. Surgically treated patients had a shorter time in the ICU and lower 
rate of tracheostomy. 


An excellent textbook on chest wall injuries, focusing on flail chest injuries. There are 
dedicated chapters discussing the pathophysiology of flail chest injuries, as well as current 
treatments, indications for surgical fixation and surgical approaches, outcomes, and 
complications. 


A review article detailing the indications for surgical fixation of rib fractures, as well as 
surgical techniques. 


A prospective study of 110 patients with more than 3 displaced rib fractures (without a 
flail segment). At 2 weeks the surgical group had better numeric pain scores out of 10: 
(2.9 vs. 4.5, p < .01), however, this did not reach MCID. The study revealed no significant 
differences in spirometry outcomes, length of time in the ICU, or time on mechanical 
ventilation between the operative and nonoperative groups. The study was primarily 
nonrandomized (due to patient preference), and there was a large loss to follow-up. 


A small randomized controlled trial of patients with flail chest, who were all on 
mechanical ventilation: 18 were treated with chest wall fixation (with Judet struts) and 19 


patients. J Trauma. 2002;52(4):727-732. nonoperatively. Surgically treated patients had a shorter time of mechanical ventilation; 


shorter time in the ICU; lower rates of pneumonia and tracheostomy; higher percentage 
forced vital capacity; and higher return to full-time employment. 
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INTRODUCTION TO SPINE TRAUMA 


Spine trauma encompasses multiple injuries with a range of symptom severity and dysfunction. Various injury mechanisms, anatomic levels of injury, and 
underlying conditions such as osteoporosis, diffuse idiopathic skeletal hyperostosis (DISH), and ankylosing spondylitis (AS) create a nuanced field of 
practice and study for clinicians and researchers. Any clinician involved in the care of trauma patients will undoubtedly encounter spinal trauma and 
therefore must be adept at recognizing dangerous injury patterns and avoiding the potential catastrophic sequelae of undetected or underestimated spine 
injuries. While subsequent chapters will address specific injuries of the spine, the focus of this chapter is to introduce the principles of diagnosis and initial 
management of the generality of spinal trauma. 


EPIDEMIOLOGY OF SPINE TRAUMA 


UNITED STATES AND WORLDWIDE BURDEN 


The worldwide incidence of spine trauma is challenging to quantify. Most population-level estimates are extrapolations using inpatient or emergency room 
databases, which are constrained by the inclusion criteria of the data set.'°° For example, it is estimated that 10% to 20% of spinal cord injury (SCI) patients 
die before reaching a health care facility and are excluded from any nationwide hospital database.'*°-'48 With these limitations in mind, a recent meta- 
analysis found that the global incidence of traumatic spinal injury was approximately 10.5 cases per 100,000 people, with an estimated 768,473 new cases 
annually worldwide.°” 

Notably, the incidence of spine fractures has been increasing over the past several decades.°!° This is in part due to an aging population with a 
corresponding increase in fragility fractures.®*'5’ In their retrospective study aimed at characterizing the epidemiology of spinal fractures at a level one 
trauma center in the Netherlands between 2007 and 2016, den Ouden and colleagues found a 44% increase in the total number of fractures per year.*! There 
was a significantly larger increase in the incidence of spinal fractures for patients over 65 years of age, *! a finding corroborated by a Finnish 20-year 


retrospective study (1998-2017), which noted a 57% increase in spine fracture hospitalization, a 65% increase in spine fracture surgery, and a 400% 
increase in cervical spine fracture surgery among patients 60 years of age or older.!?2 

The majority of spine fractures occur at the proximal and distal junctions of the rigid thoracic cage.!°! From a biomechanical standpoint, the 
thoracolumbar junction is prone to injury from falls whereas the cervicothoracic junction is more commonly injured in high-speed motor vehicle accidents, 
occupational accidents, and sports injuries.!° Notably, polytrauma patients are significantly more likely to sustain multiple fractures compared with 
nonpolytrauma patients (64% vs. 43%, P < .01).*1 On the other hand, patients with osteoporosis are more likely to sustain isolated cervical spine fractures 
due to falls; these are often compression fractures from an axial load to the vertebral body or spinous process fractures from a hyperextension moment. 
Ground-level falls may also result in thoracolumbar fractures in the elderly in combination with other injuries such as upper extremity fractures.” In 
general, the gender distribution of spine fractures is 3:1 male:female except in compression fractures, where the gender skew equalizes presumably due to 
the higher incidence of osteoporotic fractures in females.'°' The rate of neurologic deficit after a spine fracture ranges from 5% to 39%, depending on 
mechanism of injury, anatomic location, and fracture pattern/spinal stability.471°1 

While global estimates of SCI incidence are confounded by considerable country-level variation, traumatic etiologies are the leading cause, resulting in 
up to 90% of cases.!®° Traumatic SCI incidence rates are increased in the United States relative to the rest of the world, primarily due to the higher volume 
of motor vehicle use and violence.*? In the United States, the average age at the time of SCI is during the fourth decade of life, although there is evidence 
that the average age is increasing.™3478 


FUNCTIONAL BURDEN OF SPINE TRAUMA 


The functional ramifications after SCI can range from asymptomatic to profound and permanent impairment. In addition to pain and dysfunction, there are 
notable physiologic changes to respiratory mechanics after thoracic compression fractures as well as clinically significant decreases in health-related quality 
of life.3%°° Furthermore, certain spinal fractures impart a significant mortality risk. For example, regardless of neurologic deficit, there is a 28% 1-year 
mortality rate for patients aged 65 and older with a cervical spine fracture, which increases to 39% if older than 85 years.®? In this demographic, these rates 
increase several percentage points with associated SCI.!® 

Long-term mortality data are available for patients with SCI based on a 50-year observational study conducted in Australia.!°° This study indicated that 
a 25-year-old with C4 SCI and resulting tetraplegia has a 35% reduction in life expectancy compared to that of a similarly aged patient without SCI. 
Encouragingly, mortality from SCI-related conditions such as urosepsis, pneumonia, pressure ulcers, and deep vein thrombosis has fallen in well health care 
resourced regions.°”!?3 Parent et al. published a systematic review of factors that influence morbidity and mortality and concluded by recommending early 
transfer to specialized SCI care centers to decrease length of stay, complications, and mortality.!!” 


FINANCIAL BURDEN OF SPINE TRAUMA 


The direct costs of complete and incomplete SCIs correlate with injury level and severity. The National Spinal Cord Injury Statistical Center in the United 
States estimated that a tetraplegia injury at age 25 would have a lifetime cost of approximately $4.7 million in 2016, while a paraplegia injury at the same 
age would cost $2.3 million.!!* Direct cost analyses at a global level also demonstrate marked variation!°? in costs. Of note, these estimates do not include 
the indirect costs of SCI, which include loss of productivity from the injured person as well as direct or indirect expenses for a network of caregivers 
moving forward. The direct first-year medical costs of a vertebral column fracture in 2004 were estimated at almost $15,000 for patients between the ages of 
50 and 64 with commercial or employee-based Medicare.!%9 This number decreased to $6,701 for patients equal to or older than 65 years of age. When 
examining the economic burden of osteoporosis-related fractures in the United States, vertebral fractures comprised nearly 27% of total fractures, yet 
accounted for 6% of total costs; this equated to roughly $1 billion.78 


ASSESSMENT OF SPINE TRAUMA 


FIELD ASSESSMENT AND STABILIZATION 


First Responders 


Emergency medical technicians are often the first responders after a traumatic event and are tasked with making critical observations and clinical judgments 
before transfer of care to clinicians at the hospital. The patient’s neurologic status at the time of first evaluation is a critical piece of information that guides 
treatment both in the field and upon arrival at the hospital. If the patient is alert, oriented, and able to communicate, a medical history regarding the 
mechanism of injury and any symptoms such as numbness, weakness, electrical or radiating pain, or neck/back pain can provide crucial information related 
to spine trauma care. Notably, neurologic status may deteriorate quickly for a variety of reasons. If the patient is unresponsive, a spine injury should be 
presumed before undertaking other interventions. 

The Glasgow Coma Scale (GCS) is an efficient and reliable mechanism to concisely relay information about the patient’s alertness, orientation, and 
motor response. Importantly, it provides a reproducible score that can be followed longitudinally throughout a patient’s evaluation and treatment. Although 
the motor response portion of the GCS provides a gross assessment of the corticospinal tract integrity, it does not obviate the need for a complete neurologic 
examination of individual muscle groups, dermatomes, and spinal reflexes if possible. 


Immobilization 


Traditionally, blunt trauma patients were categorically “boarded and collared” prior to transportation to a health care facility. However, uniform use of a 
long backboard has come into question in recent years as prolonged use can cause pain, pressure sores, and impair ventilation. The National Association of 
Emergency Medical Services Physicians (NAEMSP) and the American College of Surgeons Committee on Trauma argue for spinal immobilization with a 
long backboard (as opposed to an EMS stretcher) for patients sustaining blunt trauma with altered consciousness, neck/back tenderness, neurologic 
complaint or gross spinal deformity.!' Conversely, it recommends against the use of a long backboard if the patient has a GCS of 15 and does not have 
spine tenderness, neurologic complaint, distracting injury, or intoxication. Importantly, adjustments to the backboard may also be necessary for particular 
patients, especially pediatric patients with proportionally larger heads and patients with ankylosing or degenerative spinal conditions leading to compensated 


cervicothoracic kyphosis; attempts to lay such patients flat may exacerbate underlying injuries. 

Similarly, there is an ongoing movement to limit the immediate application of cervical spine collars placed in the field.!!5 This originates from a 
recognition of the time it takes to apply these orthoses properly and safely, which can delay definitive care. Furthermore, field collars are associated with 
increased aspiration and delirium risk, which is especially notable in geriatric populations. Sundstrom et al. argue that routine cervical collar application can 
be cumbersome and may exacerbate injuries.'“+ Indeed, biomechanical data from cadavers show that cervical collars do not reduce motion in the most 
unstable cervical spine injury models.”° With these considerations in mind, a Danish national interdisciplinary task force recently published new clinical 
guidelines in which they gave a weak recommendation against the prehospital use of a rigid cervical collar, preferring manual in-line stabilization of the 
head, head blocks, or a vacuum mattress.!°* Thus, although the routine use of cervical collars in blunt trauma is historically rooted in good intention, the 
authors agree that there are significant potential detrimental effects to collars applied without reason or conscious decision. Accordingly, we recommend 
each trauma center develop a protocol for addressing the variance in prehospital spine immobilization upon arrival at the hospital. At our institution, a 
thorough spine evaluation is performed as part of the initial survey and informs the decision to place, remove, or maintain a cervical collar. 


EMERGENCY ROOM EVALUATION AND CARE 


Resuscitation 
Advanced Trauma Life Support 


The Advanced Trauma Life Support (ATLS) protocol provides a standardized approach to rapidly identify life-threatening injuries and initiate treatment for 
trauma patients upon their arrival to the emergency department.® The initial step in the ATLS protocol is the primary survey, which initiates hemodynamic 
resuscitation and injury identification in a systematic manner. First, the airway is assessed. Although spine injuries are rarely implicated in its obstruction, 
there are case reports of unstable cervical spine injuries preventing intubation.!°° An assessment of ventilation and breathing follows. The most commonly 
identified abnormalities after blunt trauma are pneumothorax, tension pneumothorax, and hemothorax. However, an SCI above C5 leading to diaphragm 
paralysis can have a profound effect on spontaneous respiratory efforts. Indeed, SCI at any level can have an effect on the abdominal and thoracic cage 
musculature, which can significantly decrease pulmonary function.'®* This process occurs due to the loss of intercostal muscle contraction and resultant 
decrease in thoracic volume. Furthermore, the loss of abdominal muscle tone creates the paradoxical appearance of the thorax moving cephalad and the 
abdomen moving outward during inspiration, increasing the work of breathing. 


Neurogenic Shock 


If there is no hindrance to oxygen exchange, the next component of the ATLS primary survey is circulation, which evaluates the hemodynamic capability of 
brain and end-organ perfusion. The most common form of shock after blunt trauma is hypovolemic or hemorrhagic shock due to blood loss. Neurogenic 
shock refers to a form of distributive shock that occurs after SCI through autonomic dysregulation. The incidence of neurogenic shock is approximately 20% 
in the setting of SCI at the cervical level and decreases as the level of cord injury moves caudally.*! Complete cord injuries, in which patients lack motor 
and sensory function below the level of injury, have a higher incidence of neurogenic shock in comparison to incomplete cord injuries.'*” The hallmarks of 
neurogenic shock are bradycardia and hypotension (systolic blood pressure less than 90 mm Hg). Hypothermia is commonly present but rarely 
acknowledged due to the other potential explanations for its presence. These symptoms arise from an imbalance between the intact parasympathetic tracts of 
the vagus nerve and the disrupted sympathetic nervous system. Practically, neurogenic shock is distinguished from hypovolemic shock by tachycardia, 
which develops in the latter after a certain percentage of intravascular volume is lost. Acutely, neurogenic shock risks cerebral and end-organ ischemia with 
subsequent increase in morbidity and mortality. In addition, the spinal cord is also at risk for secondary insult via hypoperfusion anoxia. This important 
observation has led to minimum mean arterial pressure (MAP) recommendations following SCI. Casha et al. performed a systematic review of 
cardiopulmonary management after SCI and concluded there is evidence for maintaining a MAP of greater than 85 mm Hg for 1 week after injury.°* A 
more recent meta-analysis comprised of nine retrospective and two prospective studies substantiated these findings, with recommendations for the use of 
norepinephrine for cervical and upper thoracic injuries and phenylephrine or norepinephrine for mid- to lower-thoracic injuries. 18 


SECONDARY SURVEY 


Spine-Focused Physical Examination 


The ATLS secondary survey is performed after completion of the primary survey and initiation of resuscitative measures. With respect to the spine, a 
sufficient number of people should be present to safely perform a logroll maneuver, during which time the backboard is removed if present. In this position, 
the dorsal spine anatomy should be inspected for ecchymosis or obvious asymmetry. Palpation from the occiput to the sacrum should be performed in the 
midline to assess for tenderness, crepitus, step-offs, or gapping between the spinous processes. Finally, if the patient is alert and participatory, perianal 
sensation and voluntary anal contraction of the external sphincter should be assessed. 


INTERNATIONAL STANDARDS FOR NEUROLOGICAL 


CLASSIFICATION OF SPINAL CORD INJURY 


DateTime of Bam 


Rhy Apr os (ISNCSCI) asii 
SENSORY 
RIG H T Range KEY SENSORY POINTS KEY SENSORY POINTS Pa L E FT 
Light Touch (LTR) Pin Prick (PPR) Light Touch (LTL) Pin Prick (PPL) 
c2 C2 
c3 c3 
c4 C4 
Elbow flexors C5 C5 Elbow fiexors 
UER Whist extensors C6 C6 Wist extensors UEL 
(Upper Extremity Right = Elbow extensors C7 C7 Bbowextensors (Upper Extremity Left) 
Finger flexors C8 C8 Finger flexors 
Finger abductors (little finger) T4 T1 Finger abductors (little finger) 
Comments (Nor key Muscle? Reason or NT? Pah? T2 T2 MOTOR 
Non-SCI condiion?): T3 T3 (SCORING ON REVERSE SIDE) 
T4 T4 Te halpaa 
T5 T5 1= Palpable or visible contradion 
2= Active movamant gravèy allmhated 
T6 T6 3= Acte movement, agaist gravèy 
17 TT [5 cAche movement apanst tit sito 
T8 T8 NT= Not tastable 
T9 T9 0°, 1°, 2% 3°, 4°, NT = Non-SC! condtion present 
T10 T10 SENSORY 
T TH (SCORING ON REVERSE SIDE) 
T12 T12 
L1 L1 
Hip flexors L2 L2 Hip flexors 
LER Knee extensors L3 L3 Knee extensors LEL 
(Lower Extremity Right) 47Kle dorsiflexors L4 L4 Ankle dorsiflexors (Lower Extremity Left) 
Long toe extensors L5 L5 Long toe extensors 
Ankie plantar flexors $1 S41 Ankle plantar flexors 
$2 $2 
F $3 $3 
(VAC) Voluntary Anal Contraction _ 1 Deep Anal Pressure 
(Yes/No) $45 S4-5 E he 
RIGHT TOTALS CIL |] LEFT TOTALS 
(MAXIMUM) (50) (56) (50) (MAXIMUM) 
MOTOR SUBSCORES SENSORY SUBSCORES 


veR[___Jevec[__]=vewsrorac[___] wr Jre] = tems ror] 


MAX (25) (25) (50) 


NEUROLOGICAL 
LEVELS 
‘Steps 1- 6 for classification 
as on reverse 


MAX (25) 


4. COMPLETE OR INCOMPLETE? 
Incomplete = Any sansary ar motor function in S4-5 


3. NEUROLOGICAL 


LEVELOF INJURY [___] 


iur ein C Jarron] me Perom] 


(112) MAX (56) ime 
(> Injuries with absant motor OR sans ovy function in S+S oniy) 


5. ASIA IMPAIRMENT SCALE (AIS) L] 


6. ZONE OF PARTIAL SENSORY 
PRESERVATION MOTOR 


Most couch! levals with any innervation 


Page ia ISNCSCI Worksheet © 2019 by ASIA is licensed under CC BY-NC-ND 4.0 (see http://creativecommons.org/licenses/by-nc-nd/4.0/). Evans 
Cite: Rupp et al.: ISNCSCI: Revised 2019.https :/doi.org/10.46292/5ci2702-1 
Figure 47-1. The ASIA Standards Worksheet is a helpful guide that provides a comprehensive physical examination of the spine. (For complete form, please see 
Figure 49-2, page 1990.) (© 2019 American Spinal Injury Association. Reprinted with permission from Rupp R, et al. International Standards for Neurological 
Classification of Spinal Cord Injury: Revised 2019. Top Spinal Cord Inj Rehabil. 2021;27(2):1-22. https://doi.org/10.46292/sci2702-1) 


If the patient is responsive and hemodynamically stable, a more thorough neurologic examination with motor and sensory testing should be performed. 
This is important not only from the perspective of a potential spine injury, but for any appendicular injury. The American Spinal Injury Association (ASIA) 
Standards worksheet (Fig. 47-1) is a helpful tool that guides efficient testing of muscle groups and sensory dermatomes. After each muscle group and 
dermatome has been assessed, the patient is assigned a score on the ASIA Impairment Scale (Table 47-1). The ASIA Standards were influenced by the 
Frankel classification system and scoring provides a reproducible, standardized method for assessing neurologic function that allows clinicians to recognize 
improvements or deterioration in examination. Importantly, the ASIA Standards are not necessarily reliable within 72 hours of injury.5? 


TABLE 47-1. ASIA Impairment Scale, Determined After Resolution of Spinal Shock 


ASIA Grade Type of Injury Description 

A Complete Absence of motor and sensory function 

B Incomplete No motor function below the level of injury, including sacral segments. Intact sensory 
function 

C Incomplete Motor function is preserved below the level of injury, and most muscle groups are less than 
MRC grade 3 

D Incomplete Motor function is preserved below the level of injury, and most muscle groups are more 
than MRC grade 3 

E Intact Normal motor and sensory function 


MRC, Medical Research Council. 


Adapted from the ASIA International Standards for Neurological Classification of Spinal Cord Injury. © 2019 American Spinal Injury Association. Reprinted with permission from Rupp 
R, et al. International Standards for Neurological Classification of Spinal Cord Injury: Revised 2019. Top Spinal Cord Inj Rehabil. 2021;27(2):1-22. https://doi.org/10.46292/sci2702-1 


Determination of Spinal Shock 


The term spinal shock was first used in 1841 and describes the loss of motor, sensory, reflex, and autonomic function caudal to the level of SCI.+!? 
Neurophysiologists maintain that the cause of this phenomenon is the loss of afferent input into the reflex arc.“ Return of spinal reflexes below the level of 


injury signifies the end of spinal shock, which generally occurs between 48 hours and 2 weeks postinjury and is accompanied by increased spasticity if SCI 
is present.“ Ko et al. prospectively observed the return of reflexes in patients with SCI and found that in general, cutaneous, polysynaptic reflexes return 
before deep tendon reflexes. Deep reflexes typically return in the following order: deep plantar response, bulbocavernosus, cremaster, Achilles, Babinski, 
and patellar responses.°° 

Importantly, spinal shock precludes determination of SCI level. In practice, the bulbocavernosus reflex is often used to determine the presence or 
resolution of spinal shock due to caudal location of the reflex arc in the spinal cord. It assesses the integrity of the S2-S4 motor and sensory neurons in the 
conus medullaris. Testing the bulbocavernosus reflex entails evaluating anal sphincter contraction after squeezing the clitoris or glans penis. In the 
catheterized patient, a gentle pull on the catheter will elicit anal sphincter contraction if the bulbocavernosus reflex is intact. Notably, an injury to the nerve 
roots below the spinal cord will not cause spinal shock. For example, if a lumbar burst fracture were to occur caudal to the conus medullaris, the absence of 
anal sphincter function would likely indicate cauda equina syndrome. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR SPINE TRAUMA 
Plain Film Radiography in the Acute Setting 


The decision to proceed with spine films is made only after a comprehensive history and trauma evaluation of the patient is performed. The National 
Emergency X-Radiography Utilization Study (NEXUS) and the Canadian C-spine Rule (CCR) are two instruments developed to ascertain the need for 
cervical spine imaging after blunt trauma.®”!? While plain film radiography was previously the mainstay of screening for spine injuries, the false negative 
rate is roughly 30% for cervical spine injuries, 52% for thoracic spine, and 14% for lumbar spine injuries.®*-!°8 These rates are due in part to the resolution 
of plain films and in part to the inability to fully image the occipitocervical and cervicothoracic junctions due to the overlap of the clavicles, ribs, sternum, 
and manubrium (Fig. 47-2). With these considerations in mind, and given the well-established safety, sensitivity, and efficiency of computed tomography 
(CT) and magnetic resonance imaging (MRI), we do not recommend plain films as a routine screening examination for the evaluation of an acute vertebral 
column injury. 


Figure 47-2. Lateral cervical spine radiograph demonstrating the commonly observed cervicothoracic junction obscuration by soft tissue. In addition, this imaging 
modality does not provide fine detail of the occipitocervical junction. 


Computed Tomography 


The introduction of CT drastically improved the spatial resolution of imaging and allowed for improved characterization of fracture patterns and 
determination of spinal stability.2° Multidetector CT scanners with 1-mm axial collimation and sagittal/coronal reformation yield a 98% sensitivity for 
cervical spine injuries.5 These advancements led the Eastern Association for the Surgery of Trauma (EAST) to recommend CT scanning as the primary 
screening modality for cervical spine imaging.!"® 


Magnetic Resonance Imaging 


MRI provides a detailed evaluation of the spinal cord, nerve roots, ligaments, zygoapophyseal joint capsules, and intervertebral discs without exposing the 
patient to ionizing radiation. However, the osseous morphology is not sharply delineated in MRI, and taken with the cost and time needed to acquire this 
study, MRI is not an ideal screening modality for spinal injury. However, given the superior soft tissue resolution, MRI is helpful in the acute setting when a 
patient’s neurologic examination is discordant with the CT scan or when there is concern for occult spinal injury, epidural hematoma, or cord edema. The 
role of MRI in the clearance of cervical spine precautions in the acute setting is detailed in a later section of the chapter. 


TREATMENT OPTIONS FOR SPINE TRAUMA 


NONOPERATIVE TREATMENT OF SPINAL CORD INJURY 
Methylprednisolone 


The currently accepted model for traumatic SCI involves a primary injury (mechanical trauma) and a secondary injury.? The secondary injury can evolve 
rapidly after the primary insult and progress over the course of days to weeks.®? On a cellular level, the secondary injury cascade proceeds from local edema 
to cellular apoptosis and eventually a disorganized fibrosis within the spinal cord architecture, hindering neuronal signaling mechanisms and axonal 
regrowth. The aim of pharmacologic therapy in SCI is to slow, halt, or reverse the damage done by secondary injury. 

The role of corticosteroids, in particular methylprednisolone (MPSS), in the treatment of SCI has been thoroughly investigated. Indeed, the three 
NASCIS trials, which investigated the safety profile and effect of MPSS on neurologic outcome, represent some of the largest therapeutic studies performed 
in the history of SCI research.22-*4 In brief, NASCIS I compared low-dose (100 mg bolus/day) and high-dose (1,000 mg bolus/day) MPSS therapy and 
found no difference in outcomes. NASCIS II compared 24 hours of high-dose methylprednisolone or naloxone to placebo and found no difference in the 
primary outcome analysis. A post hoc subgroup analysis reported a trend toward better outcomes for patients who received a 24-hour infusion within 8 
hours from the time of injury.2? NASCIS III compared methylprednisolone therapy for 24 hours versus 48 hours duration when initiated within 8 hours after 
SCI and found no difference of the extended therapy during the primary outcome analysis. A similar post hoc subgroup analysis reported a favorable trend 
in neurologic recovery when extended therapy was given within the first 3 to 8 hours of injury. Importantly, both NASCIS II and III showed unacceptable 
rates of pneumonia, sepsis, wound complications, and mortality in the treatment cohort.** Given the significant complication rates, small reported effect size 
for neurologic improvement, and questionable methodology used in the NASCIS trials, many balked at its initial widespread adoption.” 172-130 

In a separate analysis of the data, Hurlbert et al. concluded that the evidence for MPSS in SCI was insufficient to create a new standard of care, and 
using MPSS should be considered experimental at best. 7! However, studies have demonstrated MPSS is still used acutely for SCI, often due to a fear of 
litigation.*>*° Indeed, Bowers et al. conducted a survey of traumatic SCI patients and found that a majority felt that the potential benefits of MPSS 
administration were worth the risk.?! Nearly 60% of patients felt that small neurologic benefits associated with MPSS were “very important” to them and 
had “little concern” for potential side-effects. Less than 2% felt that MPSS should not be given regardless of the degree of injury. 

Despite the existing lay perception of MPSS, clinicians who treat patients with acute traumatic SCI should be aware of the consensus statements arguing 
against the use of it.”2!5° The issuance of guidelines can have a dramatic effect on treatment behaviors.°! In this respect, recent clinical guidelines published 
in affiliation with the AOSpine group provide the following recommendations with respect to MPSS: (1) High-dose, 24-hour infusion should not be offered 
to adult patients who present after 8 hours with acute SCI, but may be offered to patients within 8 hours of acute SCI; (2) There is no role for high-dose, 48- 
hour infusion in adult patients with acute SCI.*8 


Emerging and Experimental Therapies 


A number of other therapies have been postulated to make a difference in acute SCI and are actively being investigated in the search for effective 
treatments. These include pharmacologics such as glyburide, hepatocyte growth factor, and granulocyte colony-—stimulating factor as well as exogenous cell- 
based therapies which employ various cell types, harvested from allogenic sources or reprogrammed from somatic cells, to assist with neuroprotection and 
neural regeneration.!! Riluzole, minocycline, VX-210, fibrin glue—containing acidic fibroblast growth factor, and functional electric stimulation are all 
presently undergoing phase III randomized controlled trials to characterize safety profiles and efficacy in the treatment of acute traumatic SCIs. 
Biomaterials in the form of degradable polymers that not only act as structural scaffolds but also provide directional cues by releasing various growth 
factors represent an emerging field with promising results in animal models. To date, none of these therapies have shown sustained efficacy in comparison 
to placebo.®* While the application of pharmacologic therapies directly onto the spinal cord after injury is ubiquitous in preclinical trials,’ cautious 
optimism surrounds the results of the phase III RCTs currently underway.'+*9 


CERVICAL SPINE CLEARANCE 


The cervical spine should be evaluated in every patient sustaining blunt force trauma. The clinician must assume an unstable cervical spine injury is present 
and, therefore, a spinal cord at risk of injury. The goal of cervical spine clearance is to systematically evaluate and confirm the absence of a clinically 
meaningful injury. The variability of injury mechanisms, patient reliability, and potential comorbidities necessitates an algorithmic approach to cervical 
spine clearance, as a missed unstable injury can have devastating sequelae. Accordingly, it is helpful to categorize patients into one of four categories: alert 
and asymptomatic, short-term cognitive impairment, symptomatic, and long-term cognitive impairment. The mental status of the patient is the cornerstone 
of cervical spine clearance as it determines the reliability of the physical examination. After a physical examination is obtained or the examination is 
deemed unreliable, clearance should proceed systematically through one of the four pathways. 


Authors’ Preferred Treatment for Cervical Spine Clearance ( 
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Algorithm 47-1 Authors’ preferred approach to clearing the cervical spine based on mental status. MRI, magnetic resonance imaging; MD-CT, multidetector 


1-2 weeks 


computed tomography. 


Alert and Asymptomatic 


There is level 1 evidence suggesting patients who are alert and asymptomatic, do not need imaging of the cervical spine. Furthermore, any cervical 
orthosis in place should be removed. The NEXUS criteria include the absence of posterior midline tenderness, focal neurologic deficit, distracting 
injury, or intoxication in an alert individual. Prospective studies have validated its ability to rule out clinically significant injury.°” Notably, the 
determination of intoxication and distracting injury was left to the discretion of the examining clinician in this study to reflect the heterogeneity of 
definitions likely to be used by different health care centers. The CCR was developed through a derivation study that included alert patients (defined as 
a GCS of 15) who were stable (as determined through vital signs) and did not exhibit high-risk factors for injury, while simultaneously possessing low- 
risk factors and the ability to painlessly rotate the neck.'*? A prospective comparative study of NEXUS and CCR concluded a higher sensitivity and 
specificity for cervical spine injury with CCR, but a higher misinterpretation of the CCR criteria, likely due to its relative complexity (Fig. 47-3).!4? 

A meta-analysis of 14 studies and over 60,000 patients showed that the protocols used for cervical spine clearance in alert and asymptomatic 
patients had a 99.8% negative predictive value and 98.1% sensitivity.’ The pooled studies missed 28 occult vertebral column injuries, none of which 
resulted in neurologic injury. 


Short-Term Cognitive Impairment 

The blunt trauma patient who is unable to provide a reliable examination due to a transient or reversible cause should be categorized in the short-term 
cognitive impairment group. The etiologies of this impairment include intoxication, delirium, and distracting injury. Utilizing the GCS, a score less than 
15 should alert the clinician to cognitive impairment. 

Importantly, dementia patients are at increased risk for developing delirium after blunt trauma injuries. This phenomenon is due to a combination of 
the injury, unfamiliar hospital environment, and narcotic analgesia that is often provided in the field and upon arrival to the emergency room.®? While 
dementia alone does not preclude a reliable examination, when exacerbated by acute delirium in the trauma setting, participation may be limited. The 
confusion assessment method (CAM) is a reliable and succinct method of screening for delirium (Fig. 47-4).”° 

The presence of a distracting injury has traditionally been considered a barrier to reliable examination of the cervical spine. However, the definition 
of a distracting injury remains elusive. Some authors have proposed that injuries below the abdomen do not constitute distracting injuries, while others 
argue that anterior thoracic injuries are most likely to distract a patient from a cervical spine injury.6®93 Further still, Rose et al. argue that the term 
“distracting injury” should be abandoned altogether as the reliability of the clinical examination is dictated largely by the mental status of the patient.!7° 
Therefore, it remains the clinician’s responsibility to determine if a distracting injury is present and whether pain is adequately controlled when 
examining a patient’s cervical spine to assess for injury. 

Notably, a classification of short-term cognitive impairment requires continued cervical spine immobilization until the intoxicant is metabolized, 
pain is controlled, or delirium lifts and a reliable examination can be obtained. If the patient’s cognitive impairment is expected to last longer than 48 
hours, or the patient is symptomatic, he or she should be reclassified into the long-term cognitive impairment or symptomatic category, respectively. 

In practice, many patients with distracting injuries will have had a whole-body MD-CT scan obtained as part of their assessment for polytrauma and 
this should be reformatted to include cervical spine views. 


Symptomatic 
Patients with neurologic symptoms, midline cervical spine tenderness, or pain with attempted active neck motion should be classified as symptomatic 
and warrant further imaging. As discussed earlier in the chapter, the screening modality of choice is MD-CT.°” Although the direct cost of MD-CT is 
higher than plain radiographs, cost-effectiveness studies show that MD-CT is superior to plain films both in sensitivity to identify injuries and in time 
required to complete the study.®° Flexion/extension (F/E) plain films in the acute setting are not recommended. F/E studies often do not demonstrate 
sufficient cervical spine movement necessary to detect pathologic motion nor do they reliably visualize the cervicothoracic junction, which may account 
for up to 15% of cervical injuries.°°121 

If no injury is identified on MD-CT, the patient should be re-examined by the clinician. If an acute neurologic deficit or symptom persists, an 
emergent MRI should be obtained to investigate for an unstable soft tissue (ligamentous or discal) injury, spinal cord edema, or epidural hematoma. If a 
patient has a reliable neurologic examination without a deficit and a negatively interpreted MD-CT but demonstrates persistent midline tenderness, the 
clinician is left with two pathways to assess for a clinically significant cervical spine injury. The most expeditious (and expensive) option is to obtain an 
MRI in the acute setting. Due to the current cost and acquisition time of MRI scans, this is not a tenable route for all patients in all health care settings 
with persistent midline cervical spine tenderness. The second option is to continue cervical immobilization and to reexamine the patient in 10 to 14 
days. This option is more cost-effective but is not without risk. Moran et al. demonstrated that prolonged immobilization in the elderly population 
increases the risk of dysphagia, falls, lower respiratory tract infections, delirium, and hospital readmission.’ Resnick et al. followed 830 patients 
prospectively who were awake, alert, and neurologically intact but demonstrated midline tenderness and concluded that MD-CT discovered all 
clinically relevant injuries and complementary MRI provided no additional clinical benefit.'* In contrast, in a similar cohort of 178 patients, Ackland et 
al. found that MRI changed management (defined as continued immobilization or surgery) 22% of the time.! Given the lack of definitive evidence, it is 
the author’s opinion that patients who are neurologically intact with negative MD-CT, but with persistent midline tenderness, be immobilized and re- 
examined in 10 to 14 days. If a patient is at high risk for complication due to continued immobilization over this period, MRI should be used to clear the 
cervical spine. 


Long-Term Cognitive Impairment 
The final category includes patients who have cognitive impairment that is expected to last longer than 48 to 72 hours. This includes patients with 
preinjury conditions such as end-stage dementia or developmental delay; however, most patients in this category are obtunded due to an acute 
associated head injury or the need for intubation and sedation to address the trauma burden. Cervical spine clearance in this population remains a topic 
of research and controversy in the literature. The debate here centers on whether a negative MD-CT alone can clear the cervical spine or if an adjunctive 
MRI is needed. 

Proponents of adding MRI argue that the devastating sequelae of missing an unstable cervical spine injury necessitate its use in obtunded patients. 


James et al. systematically reviewed the data on 1,535 patients and found that 11 patients had unstable injuries identifiable by MRI alone that 
necessitated surgical intervention.’ Schoenfeld et al. used propensity matching techniques to compare 8,060 patients and found the addition of MRI 
revealed new injuries in 8% of patients. However, only a minority of these were clinically significant and the authors argue against the standard addition 
of MRI.!%3 Similarly, EAST published guidelines in 2016 that acknowledged documented cases of neurologic deficit progression after a negative MD- 
CT study and collar removal, but “conditionally” recommended cervical collar removal after a high-quality negative MD-CT.'!8 The Western Trauma 
Association published results of a large multicenter prospective trial that included 10,276 patients who failed the NEXUS low-risk criteria and required 
further imaging.”° In this study, the addition of MRI identified 31 injuries, 29 of which were read as ligamentous edema consistent with a “sprain.” The 
two remaining injuries were treated nonsurgically and no neurologic deficit developed. These findings highlight the complexity of the controversy, as 
MRI may detect a clinically insignificant injury and may result in a decision to continue collar wear for “comfort” in the presence of minor, yet 
symptomatic, soft tissue injury. 

Ultimately, cervical spine clearance in the obtunded patient is wholly dependent on imaging. Accordingly, there is benefit to having more than one 
trained clinician review images. Simon et al. showed a 24% discrepancy rate between spine surgeons and radiologists when reviewing MD-CT for adult 
trauma patients.!4 Another study reported a 5% missed injury rate when a second radiologist reviewed a cervical spine MD-CT and a 3% false positive 
rate.” Given the potential discordance, it is the authors’ opinion that MD-CT alone is sufficient to clear the cervical spine in the obtunded patient if two 
independent reviewers (spine/trauma surgeon or musculoskeletal radiologist) agree on the absence of injury. If the reviewer’s assessments are 
discordant or equivocal, an MRI should be obtained. For the sedated patient awaiting cervical spine clearance, controlled and supervised periods of 
collar removal is an effective strategy for hygiene and avoidance of pressure ulcers. 


For Alert and Stable Trauma Patients 


NEXUS Criteria’ 


Sensitivity: 99.0% 
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'Hoffman JR, et al. Validity of a set of clinical criteria to rule out injury to the cervical spine in patients with blunt trauma. National Emergency 
X-Radiography Utilization Study Group. N Engi J Med 2000;343. 


*Stiell IG, et al. The Canadian C-spine rule for radiography in alert and stable trauma patients. JAMA 2001 ;286:1841. 


Figure 47-3. Comparison of National Emergency X-ray Utilization Study (NEXUS) criteria and Canadian C-spine Rule for avoiding imaging in alert, examinable 
trauma patients. 
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Figure 47-4. The confusion assessment method (CAM) is a validated screening tool for delirium that can be quickly performed in the trauma setting. (Used with 
permission of Ann Intern Med from Inouye SK, et al. Clarifying confusion: the confusion assessment method. A new method for detection of delirium. Ann Intern 
Med. 1990;113(12):941-948, permission conveyed through Copyright Clearance Center, Inc.) 


MULTISYSTEM TRAUMA 


INJURIES ASSOCIATED WITH SPINE TRAUMA 


Thoracoabdominal and Noncontiguous Spine Injuries 


The incidence of cervical spine injury after blunt force trauma is 1% to 3%.!97!25 In the setting of an isolated facial fracture, the incidence increases from 
4.9% to 8.0%.1!! However, isolated facial fractures and closed head injuries are not independent predictors of cervical spine injury.2° Clinically the GCS 
score upon initial evaluation is inversely correlated to the likelihood of a cervical spine injury.** Furthermore, higher-injury severity score, pelvic trauma, 
and motor vehicle collision mechanism are all associated with cervical spine injuries.'®! With respect to thoracic spine trauma, there is an association with 
blunt thoracoabdominal injuries, with one series reporting a 43% incidence of thoracoabdominal injuries in the setting of thoracic spine injuries.!°? This 
association is important when weighing the decision for surgical treatment, as pulmonary complications are the leading cause of death in this group. Some 
argue that acute surgery in thoracic SCI is reserved for partial neurologic injuries with residual compression and with due consideration to the extent of 
pulmonary trauma.!!9 

Importantly, the incidence of noncontiguous spinal fractures is relatively common, with reports varying between 3% and 16%.94159 Noncontiguous 
injuries can be easily missed and have a higher rate of SCI. Accordingly, we recommend screening the entire spine with MD-CT imaging if one vertebral 
column injury is suspected or found. A screening CT of the chest/abdomen/pelvis commonly performed in the blunt trauma workup is sufficiently sensitive 
for thoracolumbar fractures.!° 


Blunt Cerebrovascular Injury 


Blunt cerebrovascular injury (BCVI), which encompasses internal carotid and vertebral arteries, occurs in approximately 1% of patients sustaining blunt 
trauma and can be associated with significant morbidity and mortality. While a small fraction of patients with BCVI become symptomatic with neurologic 
symptoms and stroke, the sequelae can be devastating and often permanent, with mortality rates approaching 40%.*° The evolution of BCVI evaluation and 
management has focused on three issues: indications for screening, optimal screening modality, and optimal treatment. 

With respect to screening for BCVI, Biffl et al. found a much higher incidence of asymptomatic BCVI when patients were screened with cerebral 
arteriography, and the incidence correlated with the injury severity score.!® Cothren et al. found associations between particular injury patterns (upper 
cervical spine fractures, subluxations of the cervical spine, and fractures extending into the foramen transversarium) and BCVI.*° A separate study found 


diffuse axonal injury, maxillary or petrous bone fractures, and GCS score of less than 6 as independent predictors of BCVI.!’ Lebl et al. showed an 
association between vertebral artery injury and basilar skull fractures, occipitocervical dissociation, AS, and DISH.!°° Indeed, as multiple cervical spine 
injuries have been associated with BCVI, some argue that a CTA should be reflexively obtained if a cervical spine injury is identified.” 

The practice of screening asymptomatic blunt polytrauma patients has undoubtedly improved the detection rate of BCVI. However, controversy exists 
regarding the most efficient screening modality. Evaluation of the symptomatic patient is performed with four-vessel biplanar cerebral arteriography (ART) 
and the Denver classification system for BCVI is based on angiography.'© While ART remains the standard diagnostic test, it is not a feasible screening 
technique for asymptomatic patients and carries a known complication risk profile, including access site hematoma, acute kidney injury from dye loads, and 
stroke.83 On the other hand, computed tomographic angiography (CTA) initially showed troubling sensitivity rates when four-slice scanners were used. 18 
However, the advent of 16-channel CTA led to improved sensitivity and specificity and legitimized arguments for the use of CTA as a screening tool. 14131 
Most current CT scanning speeds prevent simultaneous acquisition of the head/neck region with the chest/abdomen/pelvis scan commonly performed in 
blunt trauma scenarios. This hinders screening rates as it requires a second contrast load and a repeat trip to the scanner. However, improvement in CT 
protocols is making simultaneous acquisitions possible and should positively impact screening rates moving forward.°9 

Treatment options for BCVI include antithrombotic therapy (ATT) and repair. Patients with profound neurologic symptoms do not appear to improve 
with either treatment. However, treatment of asymptomatic individuals is predicated on a known risk of stroke in the subacute period. This occurs after the 
initial intimal injury has propagated or caused an intraluminal thrombosis forcing a critical stenosis or occlusion.!%° The initiation of treatment for 
asymptomatic BCVI patients has been shown in retrospective studies to decrease stroke rates.°® To date, there are no definitive data suggesting that 
anticoagulant agents are more efficacious than antiplatelet therapy. Furthermore, appropriate duration of ATT is not known. However, grade I and II injuries 
(Table 47-2) either progress to pseudoaneurysm or resolve within 10 days, and therefore repeat imaging is recommended within 10 days.!9 With regard to 
repair, the role of endovascular stenting is controversial, particularly for grade II and III injuries. When comparing cohorts treated with stenting and ATT 
versus ATT alone, several studies have shown no difference in overall stroke rate.2%*3:!3” Notably, in two of these studies, the use of stents decreased over 
the respective study periods.*?-!9” 


TABLE 47-2. Classification of Blunt Cerebrovascular Injuries Developed by Biffl et al. 


Injury Grade Description 

I Luminal irregularity or dissection with <25% luminal narrowing 

II Dissection or intramural hematoma with >25% luminal narrowing, intraluminal thrombus, or raised intimal flap 
Ill Pseudoaneurysm 

IV Occlusion 

Vv Transection with free extravasation 


Reprinted with permission from Biffl WL, et al. Blunt carotid arterial injuries: implications of a new grading scale. J Trauma. 1999;47(5):845-853. 


To address these controversies, the EAST group recently published practice management guidelines to inform the evaluation and management of 
BCVI,®’ adapted into the authors’ recommendations in Algorithm 47-2, below. With regard to the above considerations, the EAST guidelines state the 
following: 


1. Screening protocols should be used to detect BCVI in blunt polytrauma patients. 

2. CTA is definitively recommended for patients with high-risk cervical spine injuries (upper cervical spine fractures, cervical spine 
subluxation/dislocations, and displaced fractures involving the foramen transversarium), and is conditionally recommended for patients with low-risk 
injuries (any cervical spine injury). 

3. ATT is recommended in patients diagnosed with BCVI. 

4. Endovascular stents should not be routinely used as an adjunct to ATT for patients with grade II or III BCVIs. 


In addition to the EAST guidelines, the authors recommend consideration of repeat imaging of grade I or II injuries in 7 to 10 days to evaluate for injury 
resolution or pseudoaneurysm formation. 


Authors’ Preferred Treatment for Vertebral Artery Injury Screening Following Blunt Trauma ( 


Blunt force trauma in 
adult with cervical spine 


injury 


High-risk spine injuries 
e Upper cervical spine fractures 
(C1-C3) 
è Facet dislocations, subluxations 


e Displaced fractures extending A f her tisk f i 
into the transverse foramen ssess for other risk factors for 


BCVI 
e Craniomaxillofacial trauma Negative 
è Skull fractures with carotid 
canal involvement 
e Head injuries with diffuse 
axonal injury 


Positive 


Operative Injury? If no signs/symptoms of 


posterior circulation stroke, 
forego CTA 


e Assess for contralateral Ason Other irae 
VAI 


e Proceed with surgery en Nogative EEEE 
ider initiati reat spine injury as 
a aepo NT e Consider initiating ATT to Negative indicated nee ms iar and 
depending on injury, reduce stroke/mortality patient factors 


surgery, patient factors 


risk 


Algorithm 47-2 Authors’ preferred approach for vertebral artery injury (VAI) screening following blunt trauma. ATT, antithrombotic therapy; BCVI, blunt 
cerebrovascular injury; CTA, computed tomography angiography. 


MECHANICS OF SPINAL CORD INJURY 


PATHOPHYSIOLOGY OF SPINAL CORD INJURY 


The biomechanics of SCI are complex, and studies of mechanisms often involve multidirectional force vector analyses. This complexity is compounded by 
the finding that both gray and white matter in the spinal cord possess different mechanical properties.” From a clinical standpoint, biomechanical 
considerations are important when evaluating a patient in the acute trauma setting and can yield insight into the stability of an injury. For the cervical spine, 
Allen and Ferguson created a classification system based on six mechanisms of injury and postulated that, taken in context with injury severity, it can help 
predict the probability of neurologic injury and guide treatment.* More recently, the AO Spine group has focused on producing updated classification 
systems and associated scoring rubrics for both subaxial cervical spine and thoracolumbar injuries.3t:84110,152,154 These systems reflect advances in imaging 
modalities and surgical techniques and represent a transition away from simple descriptive characterizations of fracture patterns to schema incorporating 
morphology, spinal stability, and neurologic function. Built upon iterative improvements of past systems, they highlight the value of predictive/prognostic 
capability, reliability, validity, and generalizability. Notably, a global validation study of the AO Spine upper cervical injury classification system recently 
demonstrated substantial interobserver agreement and intraobserver reliability.'°? Despite these developments, one must recognize an important limitation 
of radiographic images as static representations of the vertebral column. As such, they may underestimate the degree of deformation and displacement at the 
time of injury. Furthermore, at this time, clinical imaging represents only the primary mechanical injury sustained by the spinal cord but does not visualize 
the secondary injury that initiates within minutes of the injury. 

The secondary injury cascade is divided into the acute (within 48 hours), subacute (2 days—2 weeks), intermediate (2 weeks—6 months), and chronic 
(more than 6 months) phases.'! Acutely, inflammatory cytokines such as interleukin-6 and tumor necrosis factor and inflammatory cells are detectable at the 
site of SCI.!2° Activation of apoptotic pathways has been detected within 6 hours of injury in both neurons and oligodendrocytes.” These processes can 
propagate the zone of injury in the spinal cord and cause further damage. The subacute phase is marked by cord edema, vascular compromise, and gliosis. 
Macrophage activity removes hematoma and tissue that is marked for cellular degradation, leaving behind cystic cavities in the spinal cord. This process 
leads to disorganized fibrosis, making meaningful axonal sprouting and regrowth difficult within the confines of the damaged spinal cord. Within the 
intermediate and chronic phases, vascular remodeling and reorganization of neural circuits continue as astrocytes proliferate and bind together to wall off 
the lesion. To varying degrees, the plasticity of intact axons spared during partial spinal cord injuries can provide meaningful functional recovery.!7” 

Surgical management of spinal column injuries entails mechanical stabilization of the vertebral column and alleviation of any ongoing compression of 
the spinal cord and nerve roots. Mechanical stabilization aims to permit early mobilization, restore coronal and sagittal balance, minimize the number of 
fused vertebral segments, and decrease the need for bracing. The latter goal is especially important in patients with SCI, as they often are unable to provide 
feedback about potential pressure sores caused by bracing. 

The timing of decompression and stabilization in the setting of SCI has been and continues to be a prevalent area of research. Animal models 
consistently demonstrate that decompression favorably alters the biochemical milieu at the site of secondary injury, potentially lessening the severity of 
secondary injury.'*! The Surgical Timing in Acute Spinal Cord Injury (STASCIS) trial was a large-scale prospective multicenter RCT evaluating the effect 
of surgical decompression timing on functional recovery as measured by the ASIA Impairment Scale.°° This trial concluded that early surgery (<24 hours) 


resulted in a significant improvement in neurologic recovery at 6-month follow-up compared to late surgery (>24 hours) in patients with cervical SCI. 
Subsequent unadjusted analyses demonstrated nonsignificant results with a statistical trend toward benefit with early decompression.!°> Furthermore, the 
heterogeneity of spinal cord injuries included in the STASCIS trial is a concern as central cord injuries skew the results in a positive direction. Notably, a 
subsequent cost analysis using the results from the STASCIS trial illustrated a small reduction in overall care costs when surgical decompression was 
performed early.5? The major barriers to early surgical treatment are the resources and demands required of clinical care facilities. Indeed, these concerns 
have been demonstrated in clinical investigations within North America and Europe, wherein estimates range from 20% to 50% with respect to SCI patients 
who are transferred to a facility and eligible for surgery within 24 hours of their injury.!!°* With these considerations in mind, the authors recognize the 
growing body of literature in support of early decompression for traumatic SCI and our recommendations align with this data if the patient and facility are 
medically prepared. 


SPINE TRAUMA IN THE GERIATRIC PATIENT 


Geriatric patients constitute a substantial fraction of the blunt trauma population. This enlarging population is increasingly being recognized for its distinct 
physiology, medical frailty, injury patterns, and mortality rates compared to nongeriatric adults. While the chronologic definition of a “geriatric” or 
“elderly” patient is typically 65 years of age or older, an age-only distinction does not necessarily correlate with a patient’s physiology. Goodmanson et al. 
reported a cutoff age of 57 years when mortality rates began to increase in trauma patients after controlling for other variables.°° In addition, Kodadek et al. 
found that patients aged over 55 years were often undertriaged to trauma centers, potentially exposing an already vulnerable population to increased 
morbidity and mortality.2! The higher morbidity and mortality rates seen in elderly trauma are attributable to a number of physiologic changes that 
accompany aging, including decreased cardiopulmonary reserve, poor nutritional status, and a propensity for intracranial hemorrhage. 149 

Comanagement models for elderly care have been increasingly recognized as beneficial. In hip fracture care, the involvement of a geriatrician improves 
the clinical outcomes for patients and significantly improves cost.>°:!4° The reasons for this are likely multifactorial and include a reduction in the delay to 
surgery as well as a more complete understanding of the complex relationship between comorbidities, cognitive abilities, and frailty.2! The management of 
perioperative delirium is central to the improvement in outcomes.®° Deliriogenic agents such as antihistamines, antimuscarinics, benzodiazepines, and 
dopaminergic medications can contribute to the onset of delirium. Other contributors to delirium include sensory impairments such as lack of normal 
hearing aids for those with presbycusis or eyeglasses for the myopic patient. Frequent reorientation by staff members, visits from family members, and 
minimizing overnight disturbances can be helpful in preventing delirium. 

With these considerations in mind, the mental status of the elderly trauma patient is a paramount concern. Detection of delirium helps the care team 
divert resources to mitigate the known sequelae of altered sensorium and/or cognitive impairment. The CAM tool assesses delirium by recognizing acute 
onset inattention and either disorganized thinking or an altered level of consciousness.”° If the CAM is positive, cognitive impairment testing should be 
delayed until the delirium resolves. If the CAM is negative, the clinician may proceed to test a patient’s cognitive ability. There are a number of validated 
methods to evaluate cognitive ability; however, the authors recommend the Mini-Cog instrument.?? Heng et al. demonstrated an increased in-hospital 
complication rate for geriatric fracture patients when the Mini-Cog examination was positive for cognitive impairment. Notably, the presence of delirium 
and advanced dementia precludes a reliable physical examination as well as the ability to obtain informed consent from the patient if surgical intervention is 
recommended. 

The incidence of cervical spine injury in the elderly population is more than twofold that of the nongeriatric adult population and the mortality rate can 
be equally disparate.!°° Harris et al. demonstrated a mortality rate of 19% and 28% at 3 months and 1 year, respectively, after elderly cervical spine injuries 
and found that mortality rate increased with age.°”®? The mechanism of injury in the elderly is more commonly ground-level falls in comparison to the 
nongeriatric population. The distribution of elderly cervical spine fractures is also unique with approximately one-third dens fractures (most common 
isolated spine fracture in the elderly), one-third upper cervical spine fractures excluding the dens, and one-third subaxial cervical spine fractures. 
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Figure 47-5. Anderson and D’ Alonzo classification of odontoid process fractures. Type I represents avulsion of alar ligament, type II represents a fracture through the 
waist or base of the dens that is a vascular watershed area, and type III fractures extend into the vertebral body. (Reprinted with permission from Anderson LD, 
D’Alonzo RT. Fractures of the odontoid process of the axis. J Bone Joint Surg Am. 1974;56(8):1663-1674.) 


A significant amount of research has focused on Anderson and D’Alonzo type II (Fig. 47-5) odontoid fractures in the elderly population, particularly 
with regard to the outcomes of surgical versus nonsurgical treatment as well as the significance of nonunion.” Vaccaro et al. published the results of a 
nonrandomized multicenter prospective study concluding that patients who underwent surgical treatment had better functional outcomes at 1-year follow- 
up.!5! The AO Spine North America Geriatric Odontoid Fracture Mortality Study was a multicenter retrospective review that showed operative treatment 
had an improved 30-day mortality but no difference at the 1-year mark. Notably, this study was not able to compare function and neurologic status at 1 
year.°° A subsequent systematic review argued that surgical treatment imparts both short- and long-term mortality benefits in select patients. !°4 

The rationale for operating on type II odontoid fractures is to avoid symptomatic nonunion which may lead to delayed myelopathy, chronic pain, or 
sudden neurologic injury. The rate of nonunion has been reported as high as 32%.°° However, Koech et al. found no difference in functional outcomes when 
comparing fibrous nonunion to osseous union.°? Moreover, the risk of delayed myelopathy has only been reported in rare cases.'!® Furthermore, a selection 
bias present in existing studies makes it difficult to compare the effects of surgical treatment when patients are not stratified by frailty.!92 

In short, adequate data to create an evidence-based guideline for type II odontoid fractures in the elderly population are lacking and the available 
evidence is heterogeneous and oftentimes conflicting.!?? As such, the authors recommend an individual assessment of each patient, consideration of the 
involvement of a geriatrician, and shared decision making with the patient and family regarding treatment. Given the baseline mortality rate for elderly 
patients with this injury regardless of treatment, the authors lean toward conservative treatment with temporary hard collar immobilization. This is based on 


a low likelihood of delayed myelopathy, a higher likelihood of asymptomatic fibrous nonunion, and the ability to perform a posterior fusion surgery at a 
later date if a symptomatic nonunion develops. 

Despite the morbidity associated with cervical spine fractures, the thoracolumbar spine is more commonly injured in the elderly population, most often 
in the form of a compression fracture.'°® Cement augmentation procedures in the form of vertebroplasty and kyphoplasty quickly became accepted 
treatment modalities for osteoporotic compression fractures based on data from observational studies. The utilization of these procedures exponentially 
increased in the early 2000s after recommendation guidelines advocated for their efficacy.” Since then, however, high-quality evidence has shown no long- 
term benefit with regard to pain, disability, and patient-reported outcomes.”7” 

The use of bracing in this population has been addressed by high-quality prospective studies. Kim et al. performed an RCT in patients with osteoporotic 
compression fractures comparing rigid braces, soft braces, and no bracing. The omission of an orthosis did not result in worse Oswestry Disability Index 
and Visual Analog Scale pain scores.®° Similarly, in neurologically intact patients with thoracolumbar burst fractures, Bailey et al. investigated the impact 
of bracing and found equivalent outcomes in the two groups. 1? 


CONTROVERSIES IN SPINE TRAUMA CARE 


For practicing trauma and spine surgeons, unknowns and controversies still exist in several domains of spine trauma care; however, these areas are the focus 
of active clinical and basic science research endeavors. Since the publication of the previous edition of this text, we have an improved understanding of the 
roles of MD-CT and MRI in the cervical spine clearance of the obtunded patient. Furthermore, clinical practice guidelines regarding the evaluation and 
management of BCVI have been published. Increasingly, the importance of timely decompression in the setting of traumatic SCI is being recognized, and 
numerous clinical trials ranging from pharmacologics to cell therapies to biomaterials are underway. In an era of evidence-based medicine and algorithmic 
medical decision making, clinicians must strive to understand the foundational science underlying each guideline and recognize the strengths and 
weaknesses when applying a clinical decision rubric. 


SUMMARY 


The ultimate goals of spine trauma care are the efficient diagnosis and treatment of neurologically or biomechanically unstable spinal column injuries. 
Technologic innovations over the past several decades have drastically improved injury detection rates and afforded an array of surgical treatment strategies. 
Indeed, both past and present research efforts are guiding clinicians on how to more appropriately utilize imaging modalities and surgical techniques. With 
this understanding, we are confident that continued research questions and efforts spanning the spectrum of basic science and clinical practice will drive 
meaningful and substantial improvements in spine trauma care. Importantly, as elderly patients increasingly represent a vulnerable population with respect 
to spine trauma, we must understand the substantial physiologic differences between the frail and the robust patient and recognize the value of 
multidisciplinary care in this unique patient demographic. 


Authors’ Preferred Treatment for Spine Trauma in the Elderly ( 


Positive 


Delirium 
e Search for reversible causes of delirium 
(intoxication, infection, metabolic disarray) 


Persistent Resolves 


Consult geriatrician 


Blunt force trauma in patient >70 years old 


Spine injury revealed during ATLS protocol 


CAM + MiniCog assessment 
for delirium/dementia 


Treat spine injury with goal to 
preserve function and mobility 


Negative 


Treat spine injury with goal to 
preserve function and mobility 


Dementia 

e Avoid prolonged immobilization/orthosis 

e Multimodal analgesia with minimal opioids 
e Engage health care proxy in care decisions 


e Minimize deliriogenic medications 


(benzodiazepines, opioids) 


e Frequent reorient patient to surroundings 


e Minimize lines, catheters unnecessary 
interruptions while sleeping (vital checks 
when stable) 

e Avoid orthosis use “for comfort” 

e Aggressive bowel regimen 


Algorithm 47-3 Authors’ preferred approach to the geriatric spine injury patient. CAM, Confusion Assessment Method, a validated instrument for delirium; 


Mini-Cog, validated instrument to test for cognitive impairment. 
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INTRODUCTION TO CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Fractures and dislocations of the cervical spine are common following trauma. They are reported to occur in 1.5% to 3.5% of major trauma 
patients.1!0-131.204 Population-adjusted incidence rates for injuries were found to increase by 74% from 1997 to 2006 in the United States with the total cost 
of associated health care rising to more than 1 billion dollars.'° Most of the costs associated with cervical spine trauma are borne by US federal health care 
programs while the majority of care (73%) is provided by academic institutions. 

Despite many advances in spinal instrumentation and other technical aspects by which cervical spine injuries are operatively treated, there is significant 
debate in a number of areas specially regarding the precise role of surgery for some injuries, surgical timing, and the ideal manner by which to detect and 
classify injuries. Regardless of persistent controversies, effective treatment is predicated on a comprehensive and systematic evaluation of individual patient 
and injury characteristics in order to apply an evidence-based approach to decision-making and management. 

This chapter seeks to comprehensively review pertinent anatomy, epidemiology, radiographic evaluation, and overall treatment principles of cervical 
spine trauma. Moreover, the breadth of commonly recognized injuries will be discussed in detail. In the upper cervical region (occiput [CO] to the axis 
[C2]), these include occipitocervical (CO-C1) dislocations, occipital condyle fractures, atlas (C1) fractures (e.g., Jefferson-type burst fractures), atlantoaxial 
instability or rotatory dislocations, and C2 fractures (e.g., odontoid or bilateral pars interarticularis fractures). In the subaxial region (C3—C7), commonly 
encountered injuries include burst fractures, facet dislocations, “teardrop” (flexion—compression) fractures, isolated facet fractures, and simple spinous 
process fractures. 


EPIDEMIOLOGY OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Previously, it was difficult to define a population at risk or ensure a catchment area in which all cases of cervical spine trauma could be definitively 
identified. This limited the capacity to describe the epidemiology of these injuries. Historical epidemiologic estimates have varied chiefly due to location 
and setting of the study. For example, the incidence of cervical spine injury in the National Emergency X-Radiography Utilization Study (NEXUS) was 
reported to be 2.4%.94101,192 However, limiting inclusion to those presenting at American trauma centers increases the incidence of cervical spine trauma to 
the 2% to 4% rate which is commonly cited.!3! 

With near-universal catchment and documentation, epidemiologic study of cervical injuries in military populations enables more accurate assessments, 
however mechanisms and exposures differ from a civilian population. In one study, the incidence of cervical spine fractures within the American military 
was 0.29 per 1,000 per year over a decade (2000-2009).!% In a similar study, the same group found the incidence of spinal cord injury to be 429 cases per 
million. These numbers are generally lower than those within civilian populations, in which the incidence of spinal cord injuries is in the range of 40 
cases per million.!0>-131,193 Among casualties, 52% had at least one cervical spine injury. 194 

In the civilian population, recent use of administrative and other large databases has enabled better epidemiologic estimations. Hasler et al., using the 
Trauma Audit and Research Network, found a 3.5% prevalence of cervical spine injury in the United Kingdom among trauma victims.!!° In another study, 
cervical spine fractures occurred annually in 1 of every 2,000 Medicare beneficiaries (i.e., those older than 65 years of age).” Using the Norwegian Patient 
Register, Fredg et al. found the annual incidence of cervical spine fractures to be 15 per 100,000 residents, with 3 per 100,000 residents having serious 
enough fractures to undergo surgery.®” 

Male sex, white race, younger age, and socioeconomic status have been identified as independent risk factors for cervical spine trauma in several 
studies, although analysis of the whole population indicates that cervical fractures have a bimodal distribution affecting both younger and older 
patients.°°-! This pattern simply reflects the incidence of trauma among the general population. Among trauma victims, a low Glasgow Coma Scale (GCS) 
score, low systolic blood pressure, and severe facial fractures are associated with cervical fracture.'!° Head injury, previously believed to be a risk factor, 
may not be a strong predictor of cervical injury. In the US military, Schoenfeld et al. found service members aged 20 to 29 years and those who were 
enlisted (as opposed to officers) to be at greatest risk.!9° 

The upper cervical region is thought to be the most frequent site of fracture.7°° However, associated spinal cord injury is less common as compared with 


subaxial injuries, presumably due to increased spinal canal diameter. Within the subaxial region, approximately 40% of all injuries are localized to C6 or 
C7. This area is also commonly involved in extension-type injuries encountered in the setting of hyperostosis (ankylosing spondylitis [AS] or diffuse 
idiopathic skeletal hyperostosis [DISH]).!9%,2°9 

Acute mortality following cervical spine trauma can vary. In the United States, one study found the overall rate to be about 2.5% and over 10% for those 
with spinal cord involvement.!° In Norway from 2009 to 2012, the 1- and 3-month mortality rates were higher at 4% and 6%, respectively. Some have 
identified cervical fractures as a key event in the elderly, similar to hip fractures, in terms of their influence on morbidity and mortality.'°+1°!9! In a large 
series of patients aged 65 years and older, Harris et al.!°* cited a 3-month mortality rate of 19% following cervical fracture, irrespective of treatment. This 
figure approached 30% 1-year postinjury, and those aged 85 years and older were found to have a mortality risk three times higher than the expected 
population-based death rate for their age cohort.!°* In a more recent work, Cooper et al. found mortality with cervical fractures in the elderly to be higher 
than that for hip fracture.°° 


ASSESSMENT OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 


MECHANISMS OF INJURY FOR CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Cervical spine fractures and dislocations are known to occur in a bimodal distribution. In young patients, the mechanism of injury is typically high energy, 
such as a motor vehicle accident or fall from height, although penetrating injuries are of increasing concern.?8 Among a series of more than 1,000 patients 
with cervical spine injury, motor vehicle accidents were the cause in more than half of all cases.°? Falls were responsible for 23% of injuries, and assault 
occurred in 3%. Motor vehicle accidents and falls were independent risk factors for cervical spine injury. This group also found the concomitant presence of 
pelvic fracture following a fall to have a strong association with the presence of a cervical spine injury.” 

In older individuals, low-energy falls from standing are the most frequent cause of cervical spine fracture. Although the mechanism of injury may be 
ostensibly more benign, resultant tissue damage may be as severe as that encountered in younger individuals after high-energy trauma. This is particularly 
true in older patients with ankylosed or hyperostotic conditions of the spine (such as AS) in which minor degrees of displacement can be associated with 
high degrees of instability. Thus, an index of suspicion must be maintained by the treating practitioner. 


INITIAL CARE OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Prehospital Care 


Initial management of patients with suspected cervical spine trauma begins at the scene of injury. Many patients also have other serious and life-threatening 
(distracting) injuries that require immediate attention. Thus, it is possible to miss cervical fractures or dislocations during initial assessment. The risk of 
neurologic sequelae is known to increase 10-fold if a cervical injury is missed.!° Such unfortunate events illustrate the importance of vigilance and a 
methodologic approach to prehospital assessment and evaluation of the cervical spine in any patient at risk. Any patient with altered mental status, evidence 
of intoxication, distracting injuries, focal neurologic deficits, or spinal pain should be presumed to have a spinal injury until proven otherwise.!®! 

To facilitate initial assessment, advanced trauma life support (ATLS) protocols of the American College of Surgeons (ACS) provide guidelines that seek 
to mitigate the potential for delayed or missed diagnoses of cervical injuries. It is important to note, however, that the ATLS guidelines were never intended 
to ensure complete detection or description of all possible cervical spine injuries. These protocols maintain that the cervical spine should be immobilized 
during the initial trauma evaluation, which includes assessment of the airway, breathing, and circulatory status (the ABCs). 

In the field, manual immobilization should be maintained until a hard cervical collar can be applied. If a hard collar is not available, the head can be 
secured to a stretcher using sandbags and tape. Most hard collars have an anterior window to enable percutaneous access to the airway via tracheostomy or 
emergent cricothyroidotomy. Although clinical differences remain to be demonstrated, the NecLoc cervical orthosis has been found to biomechanically 
allow less neck motion than the Aspen, Miami J, and Philadelphia collars.'4 

Maintenance of hemodynamic parameters and preservation of the airway are vital to preserving life in an injured patient, and may benefit perfusion to 
an injured spinal cord. However, it is important to understand that overly aggressive attempts at tracheal intubation or central line placement with undue 
neck manipulation can displace unstable cervical injuries and cause neurologic decline. To prevent iatrogenic displacement, manual in-line stabilization of 
the head and neck should be maintained. In the event that an unstable cervical injury is suspected and deemed to preclude safe endotracheal intubation, bag- 
mask ventilation can be continued until the patient reaches a hospital setting.!°” If this is not possible, an emergent cricothyroidotomy may be performed in 
some cases. 

Motorcycle and sports helmets should be maintained in position during initial evaluation and en route care. Unless compromising the airway helmets 
can be left in place until radiographic evaluation of the cervical spine is performed at a care facility. Importantly, most modern motorcycle and football or 
hockey helmets allow for independent removal of the face mask or visor to facilitate access to the face and mouth while the helmet itself remains in place. 
This enables airway management as well as facial examination. 


Hospital Care 


Upon arrival in the hospital trauma bay, the patient should again be assessed using the ATLS guidelines, resuscitation should continue. During the 
assessment, the patient’s cervical spine must remain immobilized in a cervical collar with manual in-line stabilization performed during transfers and at any 
time the collar is removed.®? Any patient who is unable to lay flat on the spine board with fixed positive sagittal balance or excessive thoracic kyphosis 
should be presumed to have preexisting spinal deformity and padded in a position of comfort. Although patients often already have rigid cervical orthoses 
placed on their neck by emergency medical services, it should be recognized that during application fracture displacement can occur.!*! Spinal precautions 
and logroll maneuvers should also be utilized. However, it is important to know that these do not always prevent secondary injury, and in many modern 
trauma settings computed tomographic (CT) scanning is undertaken prior to logroll to exclude major spinal injury. Cadaveric studies have shown that 
motion occurs in unstable cervical spine injuries during logroll maneuvers.°° Clinically, there is an association between neurologic deterioration after spinal 
injury and excessive manipulation.!°° Disturbingly, a recent report documented catastrophic neurologic decline following emergent intubation in two 
patients who had already undergone surgical stabilization of their cervical fractures. 

Circulatory support and resuscitation is not only lifesaving but it is critically important for maintenance of spinal cord function. Particularly in a spinal 


cord-injured patient it is recommended that systolic pressure be kept above 100 mm Hg and mean arterial pressure above 85 mm Hg.!%228 An individual 
with spinal cord injury may present to the emergency room in neurogenic shock. Unlike hemorrhagic shock, the patient will be hypotensive and 
bradycardic, the result of disruption of sympathetic pathways, not from a loss of intravascular volume. If a patient in neurogenic shock is erroneously treated 
with fluid replacement, life-threatening pulmonary edema could occur. Management should consist of vasopressors and patient positioning in the 
Trendelenburg position with judicious use of intravenous fluids.!°° 

In the past, it was considered standard of care to initiate high-dose methylprednisolone therapy as administered in the North American Spinal Cord 
Injury Studies (NASCIS) for spinal cord-injured patients who presented within 8 hours of blunt trauma.!°>!5! The original data from these trials published 
in the 1980s and 1990s have undergone thorough review, however, with divergent conclusions. The trial did not show a significant benefit over placebo 
overall when comparing the patient cohorts.'3! With greater understanding of evidence-based medicine, trial design, and data interpretation, contemporary 
practitioners have recognized that the “8-hour” window in which there was a significant difference in neurologic outcomes was a subgroup analysis 
performed post hoc. It was not part of the original study question or the primary outcome measure. 

Many professional medical societies have issued statements and most describe steroids for spinal cord injury as a treatment option; not standard of 
care.!°> There is a substantial risk for medical complications, such as pancreatitis and pneumonia, with high-dose steroid administration, particularly in the 
elderly.!°.""7 In a prospective study of 79 patients with spinal cord injury, Ito et al.!!” found that the rate of neurologic improvement was actually higher in 
those treated without steroids (63%) than those in whom the NASCIS protocol was followed (45%). Those in the steroid group were found to be at a 
significantly higher risk of infection. Importantly, all patients in this study were treated with surgical decompression and stabilization at the earliest clinical 
opportunity, which was another variable not considered in the original NASCIS trials. 


HISTORY AND PHYSICAL EXAMINATION 


After primary assessment and hemodynamic stabilization, the patient with a suspected cervical spine injury should be evaluated with a detailed history and 
physical examination. If the patient is alert and able to communicate, they should be questioned regarding previous injuries, spinal surgical history, events 
surrounding the present injury, location of pain, and any perceived sensory or motor deficits. If the patient is unconscious or has sustained other serious 
injuries such as a long-bone fracture or a thoracic, abdominal, or pelvic injury, they may be unable to completely answer questions or identify other sites of 
injury. Interestingly, one group found that the so-called distracting injuries did not detract from the sensitivity or specificity of clinical examination for 
cervical spine injuries in awake and alert patients, calling for the time to “dispel the myth.” 179 

The mechanism of injury, direction of impact, associated injuries, or clinical symptoms can assist in raising the level of suspicion concerning cervical 
spinal trauma. One study found that the presence of a pelvic fracture increased the risk of cervical spine injury by a factor of 9.5° Respiratory impairment 
may suggest a high cervical injury or a fracture of the third cervical vertebra. 169 

Once an injury is identified in one spinal zone, all other regions must be examined both clinically and radiographically. The oft-quoted statistic of 
noncontiguous spinal fractures in 10% to 15% of trauma patients was recently confirmed in a retrospective 10-year review of cases treated at Yale-New 
Haven Hospital.!°! In a more recent study using the National Trauma Data Bank, an even higher incidence of 20% was found.!°” If penetrating injury has 
occurred to the spine, a distinction should be made between a sharp object or gunshot. If it is a gunshot injury, it should be ascertained whether it was 
caused by high- or low-velocity munition. 


TABLE 48-1. Myotomes (Motor) and Dermatomes (Sensory) Should Be Serially Tested by a Single Examiner in Uniform Fashion 


Motor Sensory Reflex 
cs Deltoid Lateral shoulder/lateral arm Biceps 
C6 Biceps/wrist extension Lateral forearm/thumb and index finger Brachioradialis 
C7 Triceps/wrist flexion Middle finger Triceps 
c8 Hand intrinsics/finger flexors Ring and little finger/medial forearm 
T1 Hand intrinsics/finger abduction Medial arm/axilla 
S5 Rectal tone Perianal Bulbocavernosus 


A standardized, systematic spinal evaluation should then be performed. The examination should begin in the cervical region and proceed distally. If a 
spinal zone is already known to be injured, this region should be examined last. The orientation of the head should be examined, as fixed rotation may 
indicate a unilateral facet dislocation. Areas of ecchymosis or open injury should be noted. Finally, the spinous processes and paraspinal musculature should 
be palpated and areas of pain, crepitation, or deformity recorded. 

A thorough neurologic examination should follow. In the obtunded patient, this may be limited to observation of spontaneous motor function, 
withdrawal from painful stimuli, assessment of rectal tone, and detection of the bulbocavernosus reflex. In an alert patient, the examination can be more 
complete and consists of cranial nerve examination as well as motor, sensory, and reflex examination in all dermatomal and myotomal distributions (Table 
48-1). Cranial nerve impairment, particularly in the lower cranial nerves, can occur in occipital condylar fractures and other upper cervical spine injuries.5? 

Sensation is best assessed on a three-point scale (normal, decreased, or absent) and motor function is graded from 0 to 5 (Table 48-2). Sensory and 
motor deficits are conventionally combined to give a grade and motor score (Table 48-3). The presence of a complete (no sensory or motor function below 
the level of injury) or incomplete (some sensory or motor preservation below the level of injury) spinal cord injury and spinal shock (absence of 
bulbocavernosus reflex) is determined following these evaluations. It should be appreciated that a complete clinical assessment even in an awake, 
cooperative patient has a 79% to 93% sensitivity for the detection of injuries.!° Most unstable spinal injuries will be suspected following a thorough clinical 
examination in an alert patient.!° 


TABLE 48-2. Muscle Group Strength Should Be Graded From 0 (Absent) to 5 (Normal) 


Motor Grade Examination Criteria 


5 Able to resist full force resistance 


4 Examiner able to overcome strength 
3 Can overcome gravity, no resistance 
2 Can move without gravity 

1 Visible contraction 

0 No contraction 


IMAGING OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Injury Detection 


Imaging studies must be systematically examined to minimize the risk of missing injuries or delaying diagnosis. Ideally, radiographic evaluations of the 
cervical spine should be reviewed by a number of different practitioners independently to maximize the detection of occult injury.2°° The assessment of 
cervical spine images should begin at the occipitocervical junction and proceed distally. For determination of occipitocervical dislocation, the Power’s ratio 
(Fig. 48-1) or the “Harris rule of 12” (Fig. 48-2) can be used.** The “Harris rule” involves the measurement of the basion—axis interval (BAI) and the 
basion—dens interval (BDI), each of which should measure less than 12 mm if the occipitocervical articulation is intact.3>178 The “Harris rule” was initially 
described using plain radiograph imaging; however, a reevaluation relying on CT studies recommended that the threshold for the BDI be revised to 8.5 
mm.!’8 A consensus statement from the Spine Trauma Study Group recommended the use of the “Harris rule” over the Power’s ratio because of clinical 
utility.3? The occipital condyles should be well located within the superior articular processes of C1. Asymmetric widening or rotation suggests subluxation 
or dislocation. Fractures of the occipital condyles are difficult to identify on plain radiographs, and CT evaluation, particularly sagittal and coronal 
reformats, is more useful for detection. 


TABLE 48-3. Classification of Spinal Cord Injuries According to Level of Impairment 


Grade Motor Score? Sensory Deficit® 
A 0/5 Complete 

B 0/5 Incomplete 

C <3/5 Incomplete 

D >3/5 Incomplete 

E 5/5 None 


“Caudal to the level of injury. 


Figure 48-1. The Power’s ratio is calculated by dividing the distance between the basion and the posterior C1 arch by the distance between the opisthion and the 
anterior C1 arch. A ratio greater than 1 is suggestive of an atlantooccipital dislocation. 


Posterior 
axial line 


Figure 48-2. Harris measurements, also known as the “rule of 12,” include the BAI (basion—axis interval) and the BDI (basion—dens interval). The BAI is the 
measured distance between the basion and a perpendicular line drawn in relation to the posterior vertebral body tangent line of C2. The BDI is the measured distance 
between the basion and the tip of dens. Both distances should normally be less than 12 mm. 


Figure 48-3. The atlanto—dens interval is measured from the posterior surface of the anterior CI ring to the anterior surface of the odontoid process (dens). The 
posterior atlanto—dens interval is measured from the posterior surface of the odontoid process to the anterior portion of the posterior CI ring. 


In the atlantoaxial region, the atlanto—dens interval (ADI) and posterior atlanto—dens interval (PADI) must be assessed (Fig. 48-3). The normal ADI is 
less than 3 mm in adult patients, and widening of the ADI indicates disruption of the transverse ligament. This is often critical in predicting stability and the 
need for surgical intervention in C1 burst (Jefferson-type) fractures. The PADI, also known as the space available for cord (SAC), is representative of the 
anteroposterior (AP) diameter of the spinal canal at C1. A PADI measuring less than 13 mm is suggestive of significant spinal canal compromise. Plain 
radiographs may assist in the diagnosis of odontoid process fractures or pars interarticularis fractures of C2. Odontoid fractures may be more subtle, 
however, and CT scanning can be helpful in identifying minimally displaced fractures. Attention should be paid to the cortical border of the odontoid and 
any areas of disruption noted. Bono et al.°° reported that the intrarater reliability was high for diagnosing both odontoid and pars interarticularis fractures of 
C2. Among all measurements, the PADI was the most reproducible. For C2 pars fractures, the endplate method of angulation was more reproducible than 
the posterior vertebral body tangent.°° Importantly, some individuals manifest a “scar” in the area of the C1—C2 disc anlage that is obliterated during 
embryologic development to form the odontoid process. This normal variant should not be mistaken for a minimally displaced fracture. 


Plain Radiographs 


In the subacute trauma setting, a complete radiographic series of the cervical spine should include a minimum of AP, lateral, and open-mouth odontoid 
views, with oblique images obtained as necessary. Currently, plain radiographs are reserved for patients with isolated cervical injuries from low-energy 
mechanisms or those who are treated at nontrauma centers. Alternatively, and ideally, CT reformations can replace all of these plain radiographic views. 
Upright radiographs may be obtained to evaluate for the presence of dynamic instability in patients with stable fracture patterns on initial imaging. 

The necessity for plain film imaging may be informed by the NEXUS low-risk criteria (NLC) or the Canadian C-spine rule (CCR).10298:2°9 The NLC 
would recommend against screening plain film images in an awake, alert patient without evidence of intoxication or other injury, no history of cervical 
spine tenderness or any tenderness on examination, and no neurologic signs or symptoms.!.2° The CCR follows an algorithm that includes determination 
of age, mechanism of injury, neurologic signs, patient presentation, physical examination, and range of motion of the cervical spine.??8:?09 In a comparison 
between the NLC and the CCR, Stiell et al.?°° reported that the CCR was more sensitive and specific for injury. A prospective investigation regarding 
implementation of the CCR at 12 trauma centers documented their safety and effectiveness, maintaining that no fractures were missed and no adverse 
outcomes reported.2°8 Moreover, prospective implementation of the CCR resulted in a 13% reduction in cervical spine imaging, diminishing unnecessary 
radiation exposure, and increasing cost effectiveness.?°8 

Replacement of plain radiographs has necessitated adjustment of previously held injury parameters. An example is the evaluation of C1 Jefferson burst 
fractures, where stability, as indicated by the integrity of the transverse ligament, is determined by displacement of the lateral masses of C1 on an open- 
mouth odontoid view. If the combined overhang of the C1 lateral masses relative to those of C2 exceeds 6.9 mm (rule of Spence), a disrupted transverse 
ligament is inferred.3%?06 It has been suggested that taking magnification into account a measurement of 8.1 mm may be more appropriate.!!3 However, 
considering CT is more finely calibrated and avoids magnification, the 6.9-mm (or 7-mm) rule may again be preferred. Interestingly, in a recent 


biomechanical study, Woods et al. found that the “rule of Spence” was not a reliable indicator of transverse ligament disruption.*“* 

At the C2 level, displacement and angulation of odontoid fractures are thought to influence the risk of nonunion and direct the need for surgical 
intervention. The Spine Trauma Study Group recommended that displacement of odontoid fractures be measured between two tangents drawn along the 
anterior cortex of the odontoid and C2 vertebral body, respectively (Fig. 48-4A).°* Angulation is determined by the angle created by the intersection of 
extrapolated lines drawn along the posterior cortex of the odontoid and the C2 vertebral body (Fig. 48-4B).°* For pars interarticularis fractures, the so-called 
hangman’s fractures, angulation may be assessed by the endplate method or posterior tangent technique. The endplate method uses the angle created by 
lines extrapolated from the inferior endplates of C2 and C3 (Fig. 48-5), whereas the posterior tangent technique utilizes lines extrapolated from the C2 and 
C3 posterior vertebral bodies (Fig. 48-6).3? Researchers from the Spine Trauma Study Group found that the endplate method of determining angulation was 
most reproducible.°° 


Figure 48-4. A: Recommended measurement technique of odontoid displacement. B: Recommended measurement technique of odontoid angulation. 


Examination of the subaxial cervical region must include an AP view (or preferably coronal CT reformation) and a lateral view (preferably sagittal CT 
reformation). The AP view should be scrutinized to determine malalignment of the spinous processes and interspinous process distances. If the patient is 
looking straight ahead, all spinous processes should be aligned. Rotation of the spinous processes may be a subtle finding, suggesting unilateral facet 
dislocation, facet fracture, or displaced pedicle fracture. Widening of the interspinous process distances indicates posterior ligamentous disruption. 

A systematic review of the lateral view begins with an assessment of the anatomic lines of the cervical spine: the anterior vertebral body line, the 
posterior vertebral body line, the spinolaminar line, and the interspinous line (Fig. 48-7). The spinolaminar line has been cited as being the most useful, 
given the fact that it is generally unaffected by the presence of degenerative changes and osteophytes. Disruption of the spinolaminar line may indicate facet 
fracture, subluxation, or dislocation, whereas an interrupted interspinous line suggests ligamentous injury. On a true lateral image, the facet joints will 
appear as stacked parallelograms. On sagittal CT reformation, the reviewer should scroll back and forth to individually evaluate each joint. Any alteration of 
this configuration should be noted and further assessment performed to investigate the possibility of facet dislocation or subluxation. 


Figure 48-5. Endplate method of measuring C2—C3 angulation. 


Segmental kyphosis can be determined using an endplate (Cobb) technique or posterior vertebral body tangent similar to that described for hangman’s 
fractures (Figs. 48-8 and 48-9).?93! In this setting as well, the endplate method has been found to be superior to vertebral body tangents.29 Kyphosis 
exceeding 11 degrees using the endplate method may indicate compromise of the posterior ligamentous complex (PLC) and instability.” Subaxial cervical 
translation is assessed by determining the distance between extrapolated lines extending from the posterior vertebral bodies (Fig. 48-10).3! This 
measurement was found to be the most reproducible in the subaxial cervical spine on both plain film and CT scan.29 White and Panjabi?*° advised that 
translation greater than 3.5 mm was suggestive of mechanical instability. Although less frequently encountered, lateral translation may be measured on the 
AP image by drawing vertical lines along the lateral masses at adjacent levels. 


Figure 48-6. Posterior vertebral body tangent line method for C2—C3 angulation measurement. 


k 


Figure 48-7. Radiographic lines, landmarks, and measurements using a lateral cervical spine radiograph. The spinolaminar line (A), posterior vertebral body line (B), 
and the anterior vertebral body line (C) are normally unbroken. On a perfect lateral view, the facet joints should appear as stacked parallelograms (D). The prevertebral 
soft tissue shadow is measured at the level of C2 (E) and C6 (F) vertebral bodies. Greater than 6 mm of soft tissue shadow at C2 and 22 mm at C6 are strongly 


suggestive of an underlying spinal injury. 
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Figure 48-8. The Cobb method of measuring cervical kyphosis. A line is drawn along the superior endplate of the superior adjacent uninjured vertebrae; a second line 
is drawn along the inferior endplate of the inferior adjacent uninjured vertebrae. The angle subtended between the two is then measured. 


Determination of vertebral body height loss is performed by measuring the percentage difference between anterior and posterior vertebral body heights 
at the injured level (Fig. 48-11) compared with an average measurement obtained from adjacent levels above and below.*! Plain radiographic analysis of 
vertebral body height loss has been shown to be moderately reliable.”? 
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Figure 48-9. The posterior vertebral body tangent method of measuring cervical kyphosis. A line is drawn along the posterior aspect of the adjacent vertebral bodies. 
The angle subtended between the two is then measured. 


More occult injuries may be suspected because of swelling seen as an increased prevertebral soft tissue shadow (see Fig. 48-7). If the soft tissue shadow 
thickness anterior to the vertebral bodies measures more than 6 mm at the level of C2 or greater than 22 mm at the level of C6, prevertebral swelling is 
present. It should be emphasized, however, that the sensitivity of this radiographic parameter has been found to be only 65%, while the specificity is very 
high.!14 

While flexion—extension radiographs were utilized extensively in the past, their role has diminished greatly as more advanced imaging techniques have 
become available. A high incidence of false negatives has been noted in awake and alert patients, and obtunded individuals may be at risk of neurologic 
injury.!° Anderson et al.!° recommended against their use in obtunded patients and advocated that they be used only in the subacute setting. That said, Yeo 
et al. recently reported four cases in which flexion—extension views demonstrated instability not appreciable on plain films.74° This group did not report 
whether CT or MRI was also negative. 


Vertebral body translation 


Figure 48-10. Sagittal translation is measured at the level of the inferior aspect of the superior vertebral body. 


Vertebral body height loss 


Figure 48-11. Vertebral body height loss can be expressed as a percentage. This is best assessed by measuring both anterior and posterior height of the injured and 
adjacent uninjured vertebral bodies. 


It may be difficult to visualize the cervicothoracic junction on plain radiographs, and injury cannot be definitively ruled out until this region is 
visualized. Weighted, or manual, traction on a patient’s arms may enhance plain radiographic evaluation of the cervicothoracic junction but such maneuvers 
cannot be employed in every trauma patient, particularly those with upper extremity injuries, shoulder dislocation, or scapulothoracic dissociation. A 
swimmer’s view can enhance the clarity of radiographs involving the cervicothoracic junction by eliminating overlapping shadows of the deltoid and 
glenohumeral joint. However, these views may also be impractical in the trauma setting and with the increased use of CT scans in many settings are now not 
indicated. 


CT scans are more sensitive than plain radiographs in identifying fractures and subtle osseoarticular abnormalities. *%+99-131,14/ Helical multidetector CT 
(MDCT) technology produces images with good anatomic detail and is now the screening modality of choice for cervical trauma at most level I centers with 
patients receiving CT “pan-scans” as part of their primary survey. +439, 

In the past, there was considerable debate concerning the use of plain radiographs versus CT scans to screen for cervical spine injuries. However, the 
presence of helical, MDCT as standard of care in level I trauma centers has enabled quick, high-resolution imaging of the cervical spine during acquisition 
of “pan scans” of the head, neck, chest, abdomen, and pelvis. This has largely obviated the use of radiographs for screening, and in many centers is obtained 
as part of the primary survey prior to log rolling. CT as a screening modality for cervical spine trauma is now considered more cost effective’’’ and 
sensitive when compared with plain radiographs.**’ Plain radiographs often fail to capture the occipitocervical and cervicothoracic junctions“ and 
occipital condylar fractures, ° occipitocervical dislocations, and upper cervical injuries are often underappreciated. In a recent review, Riascos et al. 
underscored the importance of MDCT images with sagittal and coronal reformation for craniocervical injury detection.’ 

Vertebral bodies should be inspected to determine the presence of fracture lines, especially on the axial CT images which have a higher sensitivity for 
detecting sagittal split fractures than on the plain radiographs. If a fracture is present, the degree of comminution and retropulsion into the spinal canal will 
also be apparent. Facet, lamina, and pedicle fractures are notoriously difficult to identify on plain radiographs but may be more easily appreciated on axial 
CT studies. Spinous process fractures will also be easily visualized. 

Vertebral body translation and frank dislocation are also demonstrable on axial CT scans ( ). If a substantial amount of translation is present, as 
in bilateral facet dislocations, a “double-lumen” sign may be present on a single axial image. More subtle findings may be discerned by examining the facet 
joints at each cervical level. In a normal cervical spine, the inferior articular process from the level above lies dorsal to the superior articular process of the 
level below. The absence of opposed articular surfaces may result in an “empty facet sign.” In facet dislocations, the inferior articular process of the level 
above will be visualized anterior to the superior articular process of the caudal vertebrae. 

Coronal and sagittal reconstructions facilitate the more complete visualization of the three-dimensional nature of spinal injuries. Both coronal and 
sagittal reconstructions can be used to evaluate widening across the occipitoatlantal joint and fractures of the occipital condyles. Paramedian sagittal cuts 
through the facet joints may help appreciate dislocations, subluxations, and estimations of fracture fragment size ( ). Retropulsion of fracture 
fragments into the canal, and resultant compromise, can best be estimated on a midsagittal CT scan. 


Figure 4 


. Frank dislocation is usually obvious on axial computed tomographic images, as in this case of a C6—C7 fracture dislocation. More subtle amounts of 
translation, however, can be easily missed using axial computed tomographic images alone. 


Figure 3. Sagittal computed tomographic reconstructions are useful for assessing the facet joints. In this case, a C5-C6 unilateral facet dislocation can be 
appreciated. A small articular process fracture fragment can also be noted (arrow). 


The precise role of MRI in the evaluation of patients with cervical spine trauma, as well as the timing of studies, remains to be conclusively 
defined.10°4,148,190,205 At present, MRI is known to be superior to CT in terms of visualizing cervical soft tissue structures, including the spinal cord, 
cervical nerve roots, intervertebral discs, and PLC.'°? MRI is also useful in detecting subtle compressive injuries, nondisplaced fractures of the vertebral 
bodies (because of the presence of osseous edema), epidural hematomas, and vertebral artery injury. Despite advances in the different types of imaging 
studies (e.g., T1-weighted, T2-weighted, short tau inversion recovery [STIR]), the osseous anatomy is still more clearly depicted on CT, and MRI cannot be 
utilized as a stand-alone imaging modality for the detection of all injuries in spine trauma.!” It should be recognized, however, that MRI has been criticized 


by some as being overly sensitive, with a high incidence of clinically insignificant injury detection that does not alter treatment (e.g., nonspecific fluid signal 
in the posterior soft tissues without evidence of other spinal injury). 10+90;205 

In a meta-analysis performed by Schoenfeld et al.!®° regarding the use of MRI and CT versus CT alone for the evaluation of occult cervical spine 
injuries, MRI was found to identify abnormalities altering treatment in 6% of cases. The pooled sensitivity of MRI for detecting clinically significant 
cervical injury was 100%, with a 94% pooled specificity. In a more recent study, Schoenfeld et al., through a propensity-matched analysis, found CT alone 
missed 8% of injuries. In contrast to their previous findings, however, very few required surgery, speaking “against the standard addition of MRI to CT- 
alone.”!°° Others have had similar findings. Satahoo et al. found that 7% of patients with a negative CT had positive MRIs, but only two required surgery, 
concluding MRI did not significantly affect treatment enough to warrant routine use.!8 Khanna et al., from an analysis of 512 patients, found that no 
change in management resulted from the use of MRI and CT.!?° In a recent analysis of 9,227 patients, Duane et al. found no patient with a normal CT to 
have a cervical spine injury.® Similarly, Foster et al. found that MRI did not change management in alert neurologically intact patient with persistent 
tenderness only following a normal CT examination.®® 

There is therefore a body of evidence that supports CT alone for C-spine clearance. Without completely eliminating a role for MRI, some authors have 
advocated a “rule of three,” requiring that two out of three components (reliable physical examination in a cooperative patient, negative CT, and/or negative 
MRI) be present to definitively declare a patient free of injury.2°° Some authors suggest obtaining MRI to identify spinal fractures in patients with “stiff 
spines” from known or newly diagnosed AS or DISH given noncontiguous vertebral injury rates up to 20% and an 11.4 times increased risk of spinal cord 
injury in the setting of fracture in this patient cohort.!©! 

In the authors’ practice, if there are no contraindications, an MRI scan is obtained in cases of cervical spine trauma when any of the following criteria 
are met: (1) the patient presents with a neurologic deficit, (2) the integrity of the PLC is unclear and injury to this structure would have a direct influence on 
treatment, such as determining the need for surgery, and (3) the patient presents with a facet dislocation where there is concern regarding disc herniation 
into the spinal canal that may prevent safe reduction and cause difficulty in deciding on the correct approach for surgical intervention. 

In terms of evaluation T2-weighted images provide the best initial MRI review of cervical trauma. These studies have a so-called “myelography effect,” 
in that the cerebrospinal fluid (CSF) is bright and the discoligamentous structures are relatively dark or isointense. T2-weighted images may demonstrate 
increased signal within the disc, facet capsules, or posterior interspinous process region, indicative of edema or frank disruption. The anatomical outlines of 
the anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL) or tectorial membrane (as the PLL is renamed at the occipitocervical 
junction), and ligamentum flavum can all be appreciated on T2-weighted MRI (Fig. 48-14). On axial images at the level of C1, the integrity of the 
transverse and alar ligaments may also be assessed (Fig. 48-15). In some individuals, the ALL however is not contiguous throughout the cervical spine.'84 
Therefore, discontinuity in the absence of increased T2 uptake may not necessarily be consistent with acute injury. STIR are one of the more common “fat 
suppression” sequences and can be used as adjunct studies, with an enhanced capacity to detect soft tissue and osseous edema by reducing high signal from 
fat. 


Figure 48-14. Magnetic resonance imaging can be used to assess several important soft tissue structures in the cervical spine. In this sagittal T2-weighted image of a 
patient with a C6 vertebral body fracture, the small arrows are pointing to the posterior longitudinal ligament, which is disrupted along the posteroinferior aspect of the 
fractured level (lower small arrow). The large black arrow indicates the ligamentum flavum at an uninjured level. The large white arrow indicates an area of the 
ligamentum flavum that has been disrupted. 


Magnetic resonance arteriography (MRA) can be employed in the assessment of vertebral artery injury and patency. Such studies may be indicated in 
the setting of severe facet dislocations or fractures that extend into the transverse foramen. There are no firm recommendations or algorithms that highlight 
when MRA is required, and practice differs substantially between centers.-°’ As unilateral occlusions are often asymptomatic, and recanalization may occur 
with time, anticoagulant therapy is not always recommended. However, knowledge of the presence of a compromised vertebral artery may be useful if 
posterior instrumentation is planned as the use of lateral mass screws may put the only patent artery at risk. 


à 
Figure 48-15. Axial T2-weighted magnetic resonance image through the C1 ring, showing an intact transverse ligament (arrowheads) spanning the C1 lateral masses 
over the posterior surface of the odontoid process (O). 


OUTCOME MEASURES FOR CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Currently, no outcome instrument or score exists that is specific for spinal trauma in general and cervical spine injuries in particular.!8° In the absence of a 
singular standardized outcome measure for spinal trauma, Schoenfeld and Bono!® recommended that researchers utilize a combination of scores, including 
a generic health survey (e.g., SF-36), a measure of spine-specific function (e.g., Roland—Morris Disability Questionnaire, Neck Disability Index), a pain 
scale, and a radiographic indicator of successful fusion or fracture healing.'®° Studies investigating health-related quality of life (HRQoL) should employ 
health-related quality of life measures usually SF-6D or EQ-5D.1®9 

A challenge exists, however, in that none of the current instruments were developed for, or validated in, populations presenting with spinal injuries. 
Furthermore, the goals and value of the intervention differ substantially between elective spine surgery and surgical treatment of trauma, and the current 
studies may not be able to account for this.!8° Nonetheless, the American Academy of Orthopaedic Surgeons/North American Spine Society (AAOS/NASS) 
questionnaire”? and Neck Disability Index**> have both been successfully applied, although not validated, in populations with cervical spine trauma. The 
Roland—Morris Questionnaire may be more applicable to the thoracic or lumbar regions,!®9 whereas surveys specific to fracture pattern (e.g., European 
Vertebral Osteoporosis Study [EVOS] or Quality of Life Questionnaire of the European Foundation for Osteoporosis [QUALEFFO] for compression 
fractures) likely cannot be adapted to the cervical spine at all. 

The AO Spine Knowledge Forum Trauma recently developed a new HRQoL questionnaire called the Patient-Reported Outcome Spine Trauma (AO 
Spine PROST). This tool was developed specifically to measure the function and health status in patients after their spine trauma. Studies have 
demonstrated long-term reliability and validity at 94.5 months.*® This tool, however, is not limited to cervical spine trauma. 


PATHOANATOMY AND APPLIED ANATOMY OF CERVICAL SPINE FRACTURES AND 


DISLOCATIONS 


The upper cervical spine consists of the atlas (C1), axis (C2), and the skull base (CO) including the occiput. The anatomy at each level is unique and differs 
from the subaxial cervical region. The subaxial cervical spine includes the C3—C7 vertebral segments, which maintain a relatively uniform anatomical 
configuration analogous to the thoracic and lumbar spine. 


UPPER CERVICAL SPINE (OCCIPUT TO C2) 


Occipitocervical Region 


The occipital bone is the diploic posteroinferior aspect of the cranium that cradles the cerebellum and the brain stem. At its anterior and inferior aspect, it 
forms the posterior part of the foramen magnum, which emits the spinal cord into the spinal canal. The occiput has several bony structures that are useful 
surgical landmarks. At its topographical center, the external occipital protuberance (inion) is a dense uprising that marks the thickest portion of the bone 
(Fig. 48-16). The superior nuchal line is a ridge that extends medial and lateral from the inion. The inferior nuchal line is a similar condensation running 
parallel and below its superior counterpart. Although not a useful surgical landmark, the lambdoidal suture denotes the borders of the occipital bone at its 
fused junctions with the temporal and parietal bones. The occiput curves sharply anterior from the superior nuchal line to the foramen magnum. This feature 
makes accurate contouring of implants to match the skeletal geometry challenging. The occiput interfaces with the cervical spine through bilateral articular 
condyles on either side of the foramen magnum. 


Figure 48-16. Sagittal computed tomographic reconstruction through the occiput of a patient with an odontoid fracture demonstrating that the inion (external occipital 
protuberance) is located at the thickest portion of the bone (double-headed arrow). 


The occipitocervical region is stabilized by numerous ligaments. A pair of durable capsules stabilize the occipitocervical joints, which form the 
articulations between the superior articular facets of the atlas and the occipital condyles. A broadsheet of fibrous tissue extends from the posterior border of 
the foramen magnum to the superior surface of the C1 ring. This is the tectorial membrane, which is analogous to the PLL in the lower cervical spine. A 
loose and flexible sheet of fibrous tissue spans between the lower occiput and the posterior C1 ring. This is called the posterior atlantooccipital membrane 
and is analogous to the ligamentum flavum at other levels. Entering this membrane approximately 1.5 cm from the posterior midline is the vertebral artery 
( ). The artery emerges lateral and posterior to the membrane from the transverse foramen of the atlas. This vessel can be injured with extensive 
exposure of the posterior C1 ring. The ligamentum nuchae is a thick condensation of supraspinous fibrous bands. This structure overlays the spinous 
processes of the cervical vertebrae and extends from the inion to C7. 

There are a few muscles that directly span the occiput and the atlas. The superior obliquus capitis muscle runs from the lateral aspect of the superior 
nuchal line to the transverse process of C1. Medially, the rectus capitis posterior minor attaches to the superior nuchal line and the C1 spinous process. The 
rectus capitis posterior major muscle extends from the superior nuchal line to the spinous process of C2. Spanning from the mastoid process of the skull, the 
longissimus capitis blends with the deep muscles of the upper thoracic paraspinal region. 


The upper cervical vertebrae are unique compared with the subaxial spine ( ). The atlas has large broad-based articular processes to interface with 
the occipital condyles superiorly and the axis inferiorly. An articular surface on the posterior aspect of the anterior arch faces the odontoid process of the 
axis. The posterior ring of C1 is quite thin with no discrete spinous process. The axis articulates with C1 at three points: two broad bilateral superior 
articular surfaces and the odontoid process. Its morphology allows approximately 47 degrees of rotation (50% of axial rotation of the entire cervical spine), 
while limiting flexion—extension to 10 degrees. Virtually no lateral bending is permitted at the atlantoaxial articulation. The axis marks the transition 
between the upper and lower cervical spine. In light of this transition, the inferior articular processes of C2 are offset posteriorly. Because of this offset, the 
pars interarticularis sustains high shear forces with axial loading, predisposing it to the classic hangman’s fracture pattern. Again, a foramen in each 
transverse process transmits the ascending vertebral artery. The cervical nerve roots exit through foramina formed by adjacent superior and inferior pedicle 
walls. The ligamentum flavum proper is first apparent at this level, extending from the inferior ring of C1 to the superior ring of C2. The flavum attaches 
more ventral (deep) on the C1 ring and more dorsal on the C2 ring. This is an important consideration when elevating this membrane from a posterior 
approach to expose the cervical laminae for decompression. 


Figure 48-17. During exposure of the posterior C1 arch, dissection should not extend beyond 1.5 cm in the posterior midline, or 1 cm along the superior border, in 
order to avoid injury to the vertebral artery. 


Several muscles connect the atlas and the axis. As in other spinal regions, small bilateral interspinalis muscles span between spinous processes. The 
inferior obliquus capitis extends from the transverse process of C1 laterally to the spinous process of C2 medially. It is at the inferior border of this muscle 
that the greater occipital nerve exits posteriorly, traveling cranial and medial to lie superficial to the rectus capitis posterior minor and obliquus capitis 
superior muscles. Finally, it exits the trapezius near the midline over the inion and can be injured with lateral dissection at this level. Nerve injury can lead 
to anesthesia of the posterior scalp, which may be bothersome to some patients. 
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Figure 48-18. Diagram of the subaxial cervical spine viewed from the front. The bilateral uprisings, known as the uncinate processes, create a cup-in-saucer 
formation of the intervertebral disc space. 


LOWER CERVICAL SPINE (C3-C7) 


Anterior Elements 


The vertebral body is an oblong structure, with a coronal diameter that is larger than its sagittal diameter. Distinct from the normally flat endplates of the 
thoracic and lumbar vertebrae, cervical endplates have a cup-in-saucer configuration. Viewed from the front (see Fig. 48-18), bilateral projections called the 
“uncinate processes of Luschka” extend from the lateral aspects of the superior endplates. The uncinate processes articulate with rounded inferolateral 
borders of the suprajacent vertebral body. This articulation, called the “uncovertebral joint,” is a useful surgical anatomical landmark that signals proximity 
to the lateral extent of the vertebral body. Mechanically, it is believed to limit posterior translation of the cephalad vertebra.?*° 

The intervertebral disc is interposed between the endplates of adjacent vertebral bodies. The annulus fibrosis is intimately related to the ALL and the 
PLL. The longus colli muscles lie directly over and insert onto the anterolateral aspects of each cervical vertebra. The sympathetic plexus lies on top of the 
lateral longus colli, placing it at risk with overly aggressive dissection or retraction, which can result in Horner syndrome. A series of fascial layers invest 
the anterior cervical structures and separate them from the viscera. The prevertebral fascia separates the cervical spine from the overlying esophagus. The 
pretracheal fascia communicates with the carotid sheath, whereas the deep cervical fascia is an extension of the layer enveloping the sternocleidomastoid 
muscle. 

Transverse processes project from the lateral aspects of the vertebral body. In contrast to their flat, solid analogues in the thoracic and lumbar spine, 
cervical transverse processes have a more complex anatomic shape. This is the result of their distinct embryologic development. The anterior portion (Fig. 
48-19) of the transverse process is actually the remnant of a rudimentary costal process. While the costal processes form ribs in the thoracic spine, in the 
cervical region each costal process fuses with the true transverse process anlage to form the foramen transversarium that transmits the vertebral artery. At 
C6, there is a large accessory process in the area of the transverse foramen. This prominence, alternatively called the “carotid process” or “Chassaignac 
tubercle,” can be palpated directly and is a useful landmark for identifying the C6 level for anterior surgical approaches. The vertebral artery ascends to the 
head through the C6 to C1 foramen transversaria. It enters the C7 transverse foramen in only 5% of the population. Fractures that enter or displace the 
transverse processes suggest possible traumatic injury, or occlusion, of the vertebral artery. 
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Figure 48-19. The transverse process is made of two components. The anterior portion is actually the remnant of a costal process (i.e., rudimentary rib). The posterior 
portion is the true developmental transverse process. Together, they form the transverse foramen, the conduit for the vertebral artery. 


In addition to housing the vertebral artery, the posterior aspect of the transverse process guides the cervical spinal nerves as they exit the spinal canal. 
The spinal nerves lie posterior to the vertebral artery. If the spine is viewed from the side, the spinal nerve appears to be cradled by the half-pipe 
configuration of the transverse process (Fig. 48-20) as it projects in an anteroinferior direction. 


Posterior Elements 


The cervical pedicles project from the vertebral body in an orientation that runs posterolateral to anteromedial. The pedicles form the posteromedial border 
of the transverse foramina and the anterolateral aspect of the spinal canal. The internal morphology of the cervical pedicles, including the medial and lateral 
cortical thickness, can vary substantially on the basis of vertebral level and gender.!® Such characteristics render transpedicular screw insertion technically 
difficult, with a high potential for neurovascular injury. 

The facet joints, also called the “zygapophyseal articulations,” are highly mobile diarthrodial joints formed by the interaction of superior and inferior 
articular processes from adjacent vertebrae. These processes emanate from the posterior aspect of the pedicles and transverse processes (see Fig. 48-20). The 
articular surfaces are angled approximately 45 degrees in relation to the transverse axis of each segment. There is minimal, if any coronal angulation. The 
pillar of bone between the superior and inferior articular processes is commonly referred to as the lateral mass. It is a useful site for posterior screw or wire 
stabilization of the cervical spine. 
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Figure 48-20. Diagram of a side view of the cervical spine. The transverse process forms a half-pipe configuration that cradles the exiting spinal nerve, while the 
overall alignment is normally lordotic. 


The laminae arise from the posteromedial border of the lateral masses. The laminae project posteriorly, and toward the midline, to form bifid spinous 
processes between C2 and C6. An elastic yellow ligament, the ligamentum flavum, spans each interlaminar space, and is noncontiguous in nature. Along 
with the ligamentum flavum, the strong interspinous and supraspinous ligaments (ligamentum nuchae) form the PLC. Disruption of these structures can 
result in mechanical instability. 


SPINAL CANAL AND CANAL COMPROMISE 


The spinal cord lies within the spinal canal. The borders of the canal at the levels of C2—C7 are as follows: 


e Anterior: vertebral body, intervertebral disc, PLL 
e Posterior: laminae, ligamentum flavum 
e Lateral: pedicles (anterolateral), medial aspect of the facet joints (posterolateral) 


The spinal canal can be compromised after traumatic injury in several ways. Fracture fragments, most commonly retropulsed from compressive forces 
applied to the vertebral body, may impinge upon the canal and spinal cord. In the cervical region, the amount of canal compromise directly correlates to the 
risk of neurologic injury. Kang et al.!*? reported that the mean SAC in a series of patients with complete injury was approximately 10.5 mm. In contrast, the 
SAC in patients with spinal injuries but no neurologic deficit was close to 17 mm. Those with incomplete spinal cord injury had a mean SAC of 13 mm.!?4 


Figure 48-21. Spinal canal compromise in the cervical spine most commonly occurs from translational deformity, as depicted in the sagittal computed tomographic 
reconstruction of a patient with a unilateral facet dislocation. The normal anteroposterior dimension of the canal is noted above (A) and below (C) the injury. At the 
level of the translational deformity, the spinal canal is smaller (B). 


One of the most common etiologies of canal compromise following cervical trauma is translational malalignment, as occurs with facet joint dislocations 
( ). In such situations, the osseous structures and neural arch may be intact. Nonetheless, their relative position results in canal compromise. The 
degree of canal compromise in this setting may be underestimated by axial CT scans, and additional information should be sought from sagittal and coronal 
reconstructions. Disc herniations and epidural hematoma can also occupy space within the canal, resulting in spinal cord compression. Patients presenting 
with hematoma-based cord compression should be considered for emergent decompressive surgery due to the rapid and evolving nature. 

At the C1 level, the anterior border of the spinal canal is demarcated by the posterior aspect of the odontoid process, whereas the posterior border is the 
ventral surface of the posterior C1 ring. This is the only level in the spine where the borders of the spinal canal are defined by elements from two different 
vertebrae. 


CERVICAL SPINAL CORD ANATOMY 


Injury to the cervical spinal cord can occur as a result of ischemia, compression, distraction, penetration, or a combination of these mechanisms. Knowledge 
of spinal cord and nerve root anatomy is useful in establishing the level and type of spinal cord injury. 


The externally visible portion of the spinal cord is composed of white matter covered by pia mater. The white color is derived from the myelin that 
sheaths the axons, which transmit signals between the central and peripheral nervous systems. There are several afferent and efferent tracts that are 
embedded within the substance of the white matter (Fig. 48-22). The lateral spinothalamic tract is an afferent (ascending) tract located within the 
anterolateral aspect of the cord that transmits pain and temperature sensation. It is somatotopically arranged, with the axons of more cephalad levels 
localized within the anteromedial aspect and those of the caudal levels localized to the posterolateral region. Nerve fibers transmitting pain and temperature 
decussate at the same level where they enter the spinal cord. Therefore, injury to the lateral spinothalamic tract results in pain and temperature loss on the 
contralateral side of the body. 

The lateral and ventral corticospinal tracts transmit efferent (descending/motor) fibers. They are also somatotopically arranged, with more cephalad 
levels located in the interior, anteromedial substance of the cord. Motor nerve fibers decussate above the level of the foramen magnum so that injuries to 
these tracts within the cord result in ipsilateral loss of function. 

The dorsal columns comprise the fasciculus gracilis and fasciculus cuneatus (see Fig. 48-22). These tracts transmit proprioception, vibratory sense, 
pressure, and tactile discrimination to the brain. The dorsal columns are also arranged somatotopically. However, nerve fibers to the more cephalad levels 
are located within the lateral aspect of the tracts. These nerve fibers also decussate above the foramen magnum, before the spinal cord is formed. Similar to 
the corticospinal tracts, injury to the gracile and cuneate fasciculi results in ipsilateral deficits. 
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Figure 48-22. Cross section through the spinal cord. There are distinct somatotopic patterns of innervation, which help explain the clinical presentation of various 
types of incomplete spinal cord injury. 


Spinal cord gray matter consists of collections of nerve cell bodies. In a cross section of the spinal cord, the central gray matter maintains an H-shaped 
appearance that is divided into dorsal and anterior horns (see Fig. 48-22). The dorsal horns contain sensory nerve cell bodies that transmit pain, temperature, 
and touch. The anterior horns contain motor nerve cell bodies. Gray matter is topographically arranged such that more cephalad innervations are derived 
from its central aspects. This arrangement is the physiologic explanation for the more prominent upper extremity involvement in patients with central cord 
syndrome. 

The blood supply of the cervical spinal cord is dependent on an anterior spinal artery, located in the midline, and two posterior spinal arteries. These 
structures are supplied by segmental arteries that arise from the vertebral arteries and enter the canal through the intervertebral foramina. The most 
consistent segmental vessel is located at the level of C5—C6. Apically, the basilar artery also anastomoses with the anterior spinal artery and can potentially 
supply collateral circulation to the level of C4. Although often depicted as such, the anterior and posterior spinal arteries may not be contiguous structures 
that run the entire length of the spinal cord. Rather, depending on individual variation, the anterior and posterior spinal arterial structures may be short 
longitudinal segments that are highly dependent on their segmental feeder vessels. This can explain why if the vascular supply is compromised by trauma, 
devastating neurologic injury may result even in the absence of severe canal compromise or significant osseoarticular injury. 


TREATMENT OPTIONS FOR CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Treatment is directed by several important goals. The primary goal is maintenance or restoration of neurologic function. This may be facilitated by 
decompression of the neural structures, realignment of motion segments, and restoration of mechanical stability. Motion segments can be rendered unstable 
by the injury itself or iatrogenically following decompression. In most cases, stability is acutely restored via surgical fixation with instrumentation. For 
some injuries, closed methods, such as halo fixation, can be successfully used.?7:109:127 

Secondary goals are intertwined with achieving the primary goal. These include long-term stability through fracture healing or fusion, diminution of 
pain, mitigation of disability, and restoration of function. Even with complete spinal cord injury in which minimal neurologic recovery can be expected, 
surgical treatment is utilized to allow a patient to sit upright in a wheelchair, maintain forward gaze, and minimize long-term issues such as chronic pain or 
Charcot arthropathy of the spine. In patients with mechanically stable injuries in the absence of neurologic impairment, nonoperative treatment with bracing 
or external orthoses can be used to successfully achieve these goals. Nearly 75% of cervical spine fractures are treated nonoperatively with an orthosis and 
outpatient follow-up. Studies have demonstrated that 42% of interfacility transfers for isolated cervical spine injuries are unnecessary. Secondary over-triage 
of isolated cervical spine injuries subjects patients and hospitals to significant financial burden with median hospital charges exceeding $90,000 and patient 
expenditures exceeding $12,000.74? 


NONOPERATIVE TREATMENT OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Nonoperative Treatment of Cervical Spine Fractures and Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Relative Indications Relative Contraindications 


e Stable fracture patterns 
e No neurologic deficits 
e Comorbidities or other injuries that preclude surgery 


Mechanical instability 

Neurologic deficits in the presence of canal compromise 
Progressive neurologic deterioration 

Failure of nonoperative treatment and/or closed reduction 
Late instability (e.g., posttraumatic kyphosis) 
Symptomatic nonunion 

Unamenable to halo ring application (e.g., skull fractures) 


Cervical Orthoses 


Many cervical spine fractures can be managed nonoperatively. If the fracture is stable, treatment usually consists of immobilization in a cervical orthosis. 
Cervical orthoses use three-point pressure to restrict motion, generally making contact with the mandible and the occiput proximally, the clavicle and the 
sternal notch anteroinferiorly, and upper thoracic spinous processes and scapular spines posteriorly. As they lie on soft tissues, cervical orthoses decrease 
but do not eliminate motion.? For many practitioners, a cervical collar may serve only as a reminder to the patients to limit neck motion or restrict activity. 

The least restrictive cervical orthosis is a soft collar. Soft collars can be used for sprains, strains, and benign injuries such as transverse process fractures 
as they provide minimal immobilization. They can also be used as a transitional orthosis following use of a rigid collar. 

Many different rigid cervical collars are currently available with each providing different degrees of immobilization. Some of the more common cervical 
collars are the Miami J, Philadelphia, and Aspen devices. The entirely foam composition of the Philadelphia collar facilitates personal hygiene. The Miami J 
is composed of more rigid plastic but uses removable pads along skin contact points that, although washable, must be changed frequently. Biomechanical 
studies have shown superiority of one collar over another, though clinical superiority has yet to be clearly demonstrated. Askins and Eismont!* maintained 
that the NecLoc device restricted flexion—extension, axial rotation, and lateral bending moments to a greater degree than the Miami J, Philadelphia, Aspen, 
or Stifneck collars. In a cadaver study, Richter et al.!”” found that the Miami J was capable of immobilizing the upper cervical spine as effectively as a 
cervicothoracic orthosis (CTO). Interestingly, Schneider et al.!88 proposed that for stable cervical fractures any cervical orthosis can be safely used. 
Regardless, in light of its relative comfort and demonstrated rigidity compared with other devices, the Miami J collar remains popular in clinical practice. 

Nonoperative treatment is however not completely benign. Several complications can occur with prolonged use of a cervical collar such as pressure 
ulcers in the areas of contact, particularly the occiput, angle of the mandible, and sternum. Incidence of skin complications has been reported to be as high 
as 38% in patients with severe closed head injuries treated with prolonged collar use.*? Collars can make swallowing difficult, increase the risk of 
aspiration, and increase intracranial pressure in patients with head injuries. Considering these issues, ruling out cervical spine injuries such that unnecessary 
immobilization can be avoided is ideal. 


Cervicothoracic Orthoses 


CTOs consist of a cervical immobilization apparatus with a thoracic extension that is intended to restrict motion across the cervicothoracic junction.? CTOs 
are more effective in immobilizing the neck than stand-alone collars in all planes because they achieve better control of the head.*!®8 Commonly available 
CTOs include the sterno-occipito-mandibular immobilizer, the Yale brace, Minerva brace, Lerman noninvasive halo (NIH), and pinless NIH.>!87 In a 
biomechanical study, Sharpe et al.2°* demonstrated that 79% to 87% of sagittal motion, 75% to 77% of axial rotation, and 51% to 61% of lateral bending 
were restricted by the Minerva device. Agabegi et al.? concluded that the Minerva is a viable alternative to conventional halo fixation in compliant patients 
who would not take off or tamper with the device. Advantages of a CTO over halothoracic vests include the elimination of pin fixation with a consequent 
reduction in infection rates and reduced pressure ulcer formation.®!87 Pressure ulcers can still occur with CTOs, particularly in the area of the chin and 
occiput where they can impart high resting pressures. 

Recently, Sawers et al.!8” reviewed their experience with 19 patients treated with an enhanced pinless halo, called the NIH. Advantages of the NIH 
include the ability to be donned in a supine position because of the absence of a posterior vest, an improved occipital pad that reduces pressure over the 
posterior skull, and 40% reduction in cost when compared with a conventional device.!®” This group reported that all patients healed their fractures with no 
additional loss of neurologic function and only one case of fracture subluxation. Furthermore, only one case of pressure ulceration was documented. 


Halothoracic Vest 


In the past, prior to the introduction of modern cervical spine instrumentation, halothoracic vest immobilization was used extensively as a definitive means 
of treatment of many cervical spine injuries.22935.220 Along with improvements in surgical techniques, an increasing number of reports of increased 


complications and failure rates'*° has resulted in diminished popularity of the halo use. Currently, halothoracic immobilization is most frequently used to 
effect reduction and provides temporary stabilization prior to surgical intervention. This has been facilitated by the fact that a halo ring can be connected to 
most Mayfield head positioners, which is particularly helpful in polytrauma patients who must undergo numerous diagnostic and non-spine-related surgical 
procedures prior to definitive spine surgery.''! As the halothoracic vest maintains the ability to control the endpoints of the cervical spine, head, and upper 
thoracic spine, it remains the most effective nonoperative means of resisting rotational, angulation, and translational moments.*:!5° As a result, they are a 
viable option for patients with unstable cervical spine injuries who have contraindications to surgery.79 

Halo fixation has been found to poorly control unstable cervical facet dislocations and is associated with a high failure rate with these injuries. It may 
also be less useful in perched or locked facets and in the treatment of injuries whose presentation is delayed. Furthermore, the halo device does not 
completely eliminate motion in the subaxial cervical region.* Intersegmental motion can still occur, especially with attempted flexion and extension of the 
neck, resulting in translation of the subaxial vertebrae relative to each other, known as “snaking.”>187 The device has also been associated with increased 
mortality rates among the elderly!4°?!3:299 and advanced patient age may be a contraindication.!!®!45.2!3 A recent report identified use of a halo vest in 
older patients to be an independent predictor of mortality.2°! 


Application Technique 


To apply a halo ring and vest, the patient should be lying supine and flat in a hospital bed or operating room table. The vest is donned first. The posterior 
part of the thoracic vest can be placed first by logrolling the patient from side to side while maintaining in-line cervical traction. The anterior part of the vest 
is then applied and secured using the shoulder straps and side buckles. An appropriately fitting vest should extend down to the level of the xiphoid process, 
keeping the abdomen free, and be secure enough to maintain its position while still allowing access to the underlying skin. Proper halo vest application has 
been demonstrated to be the most important factor in maintaining reduction.!°° 

Next, a small roll of towels is placed behind the occiput. Proposed pin sites should be marked by provisionally stabilizing the ring to the patient’s head 
using the temporary, removable suction devices. These sites should be marked with a surgical pen. The hair should be shaved from the posterior pin sites 
prior to sterile preparation. The pin sites are then anesthetized with a local agent and prepped with iodine solution. The ideal position of the anterior pins is 1 
cm above the lateral third of the orbital rim to avoid injury to the supraorbital nerve.? There is more latitude for safe placement of the posterior pins, 
however, it should be ensured that the ring does not make contact with the ear as even mild pressure can lead to skin necrosis over time. 

Opposing pins should be tightened at the same time to avoid displacement of the ring (e.g., the anterior right pin and the posterior left pin are tightened 
simultaneously). Optimal pin fixation is achieved when the pins are placed perpendicular to the bone.”? Tightening should be gradual, alternating between 
the two pairs of opposing pins until the final torque of 8 inch-lb is achieved. The lock nuts are then tightened to prevent pin loosening. Pins should be 
retightened 24 to 48 hours after halo application. If a pin becomes loose, it can be retightened once to 8 inch-lb as long as resistance is met with few turns. If 
there is no resistance, a new pin should be placed at a different site and the loose pin removed. Even with meticulous care, loosening and infection can occur 
at pin sites in 6% to 60% of cases.?9187 

Once the ring has been applied, the longitudinal struts are attached and secured to the vest. Radiographs are then used to assess cervical alignment and 
reduction; careful adjustments can be made to optimize final position. 


Outcomes 


With widespread use of modern posterior cervical instrumentation, use of the halothoracic vest has waned over the past 20 years. It is unfortunately 
becoming a lost art as halo fixation remains a viable treatment option for many cervical injuries with a well-published record of success.?®35-116.230 Bucholz 
and Cheung reported successful outcomes in 85% of 124 patients treated with a halothoracic vest for unstable cervical injuries. Similarly, Bransford et al.,*° 
in an analysis of 342 patients, found 85% of those treated with stand-alone halo immobilization had a successful outcome. Healing rates in the range of 50% 
to 90% have been reported for type II odontoid fractures and they approach 95% when a halo is used for type III fractures.!!® 

Several complications have been associated with the use of halo use. Pin loosening and infection are the most common, reported to occur in 6% to 60% 
of cases.79:35.116,187,230 Van Middendorp et al.?° related the incidence of infection to pin penetration through the outer table of the skull. Patients can 
experience swallowing difficulty,!!® which can be associated with the head and neck being overextended. Returning the neck to a neutral or slightly flexed 
position can relieve this in some instances, although the type of injury may prevent this. Pressure sores can develop in 4% to 20% of patients!®” and are 
frequently associated with improper vest fit or loss of sensation due to spinal cord injury. Loss of reduction or alignment can also occur with halo vest 
immobilization. Van Middendorp et al.?°° associated the risk of fracture displacement in a halo with facet joint involvement or dislocation. 

Some of the more serious complications, such as cardiopulmonary events and death, are most likely to occur in the elderly,!*°.2!3 leading some to advise 
against the use of the halothoracic vest in this population.!!®!49 Majercik et al.'*° reported that the mortality in patients older than 65 years was four times 
that of younger individuals. Similar findings were also documented by Tashjian et al.2!3 who showed a 42% death rate and a complication rate approaching 
70% in elderly patients treated with halothoracic vests. In contrast, those individuals managed without halo fixation were reported to have morbidity and 
mortality rates of 36% and 20%, respectively. It is important to note, however, that other investigations have not encountered increased mortality rates 
among elderly individuals immobilized with halo fixation, and it remains a suitable option in selected individuals.2° 191299 


Skull-Based Traction and Closed Reduction 


Cervical traction is a versatile technique that may be used in a variety of circumstances. Traction can be used to temporarily immobilize unstable cervical 
injuries.2%!°6 This may be particularly advantageous when transferring patients between institutions or for individuals awaiting surgical intervention. 

More often, traction is employed as a means to realign or reduce cervical spine fractures or dislocations. Using this method, progressive application of 
weight through the skull results in distraction at the site of injury and realignment of the fracture fragments or dislocated facets through ligamentotaxis. 
Traction is contraindicated in situations in which occipitocervical dissociation is present or suspected. In addition, traction is contraindicated in the presence 
of type Ila traumatic spondylolisthesis. As ligamentous disruption at the occipitocervical joint may not be recognized at first, initial application of weight 
should be limited to 5 to 10 lb and a lateral radiograph taken to assess for distraction at the occipitocervical or atlantoaxial joints. 

Two of the more common devices used to apply traction to the cervical spine are the Gardner-Wells (G-W) tongs and the halo ring. In general, G-W 
tongs can be applied more quickly and easily than a halo ring. However, G-W tongs are temporary devices that cannot be used as an adjunct to or substitute 
for spinal stabilization. Traction applied with a halo device can be transitioned to definitive treatment with a halo vest, if indicated. Halo traction can be 
used if an MRI is required as it is made of carbon fiber and titanium, both MRI-compatible materials. However, high weight reductions cannot be performed 


via a halo ring as the carbon fiber can deform leading to loosening. 137 


Traction can be used to realign and reduce a variety of injuries. Realignment of an injury can provide some, if not complete, canal decompression, such 
as reduction of bilateral facet dislocations. Fracture fragment retropulsion, such as that seen with burst-type injuries, is often associated with vertebral body 
height loss and comminution. Following the application of cervical traction, ligamentotaxis can potentially reduce fragments and produce a degree of 
indirect canal decompression. However, the success of indirect decompression relies on contiguity of the ligamentous structures and injury severity. 
Traumatic segmental kyphotic angulation may also be improved with traction. 

Many reports document the safety of using weights of up to 140 Ib in reducing facet dislocations in the alert and cooperative patient.°”’ However, the 
surgeon must be cognizant of the potential for overdistraction at the level of injury and associated neurologic compromise. The biomechanical strength of 
the traction device is of particular significance if reduction using heavier weights is used.'3” Steel G-W tongs are stronger than titanium-alloy or carbon- 
fiber tongs, although the latter two are MRI compatible. Some contemporary halo rings that use additional points of fixation are also MRI compatible and 
may be capable of tolerating higher weights than standard devices.!?” Because pullout strength is diminished with repeated usage, it has been suggested that 
steel cranial tongs should be recalibrated after frequent usage. The manufacturers recommend that carbon-fiber tongs should be used only once. 
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Figure 48-23. Application of Gardner-Wells tongs can be useful in reducing fractures and dislocations. Neutral position is just proximal to the external auditory 
meatus, about 1 cm above the ear. By placing the pin slightly anterior, an extension moment can be applied. Similarly, by placing the pin slightly posterior, a flexion 
moment can be applied. 


Application Technique 


G-W tongs are fixed to the skull through two slightly cranially angulated pins. Prior to application of any cranial-based traction, skull fractures should be 
radiographically ruled out. Ideal pin site is about 1 cm, or a fingers breadth, above the helix of the ear. Neutral pin position is aligned with the external 
auditory meatus, which best produces longitudinal traction. By placing the pins slightly anterior or posterior to this point, extension or flexion moments can 
be delivered to help reduce kyphotic or hyperlordotic deformities, respectively (Fig. 48-23). The skin over the proposed pin site should be marked and 
sterilized with iodine prep solution. It is not necessary to shave the area in contrast to halo pin site preparation. The skin and the underlying periosteum are 
then locally anesthetized. 

The tongs are held in position and pins advanced through the skin until they engage the outer cortex of the cranium. Most tongs have an indicator on one 
pin end that signifies when appropriate force has been applied. It is important not to overtighten the pins as they can penetrate the inner table of the skull, 
which may result in intracranial injury. Pins that are insufficiently secured can loosen and pull out leading to soft tissue injury, scalp laceration, or temporal 
artery injury. Brain abscess is a rare infectious complication associated with the use of G-W tongs. In most cases, however, G-W pins are not in place long 
enough to allow loosening or infection. 


Reduction Technique 
For Odontoid Fractures 


G-W tongs are applied as described previously. Importantly, application of a halo ring is more appropriate for odontoid fracture reduction if halo vest 
immobilization will be the definitive treatment. For most acute fractures, longitudinal, in-line traction with a weight of 5 to 30 lb is usually effective at 
correcting angulation deformity. Translational displacement may be more difficult to correct. Rushton et al. 18% described use of “bivector” traction in which 
a second traction line is used to deliver an anterior moment to achieve reduction of posteriorly displaced odontoid fractures. Rolled towels can be placed 
behind the head to help reduce posterior translation. Alternatively, the thorax can be elevated using bolsters or rolls to facilitate reduction of anteriorly 
translated odontoid fractures. 

An initial weight of 5 to 10 lb is applied followed by a lateral radiograph to rule out occult occipitocervical instability or overdistraction across the 
fracture site, both of which should prompt slow and careful release of traction. Weight is added in 5- to 10-lb increments with sufficient time (about 15 
minutes) between applications to enable stress relaxation of the soft tissue structures. During this time, a lateral radiograph can be obtained and the 
neurologic status checked. A thorough neurologic examination should be performed between each incremental increase in weight by the same practitioner. 
A change in neurologic status warrants immediate attention, including a decrease in the amount of traction weight and further imaging studies. 


For Bilateral Facet Dislocations 


A halo ring is usually insufficient for most facet dislocations as definitive treatment will be surgery. Prior to the application of G-W tongs, a rolled towel 
can be placed between the patient’s scapulae to raise the head slightly off the bed. Because facet reduction requires some flexion in addition to distraction, 


the pins should be placed about 1 cm posterior to the external auditory meatus. The location of the skull equator should be noted. If pins are located above, 
or cranial to, the equator, they can slide along the slope of the cranium and dislodge. By positioning the pulley anterior to the patient, traction can be used to 
apply a flexion moment to the cervical spine (see Fig. 48-23). Additional rolled towels can be used as an aid in producing neck flexion if needed to help 
unlock the dislocated articular processes. 

It is important that the traction “setup” permit subsequent adjustments. The traction vector should be changed to neutral or slightly extended once the 
facets have been unlocked. Likewise, the rolled towels behind the head are removed to allow neck extension, which will help hold the facet joints in the 
reduced position. 

As always, an initial weight of 5 to 10 lb should be applied, followed by a lateral radiograph. Serial neurologic examinations should be performed by the 
same practitioner between incremental increases in traction weight until and after reduction is achieved. Traction weight is added in 10-pound increments 
every 10 to 15 minutes, followed by a lateral cervical radiograph. While some have advocated that traction weights be limited to 55 or 60 lb, weights as high 
as 140 lb have been safely used to achieve cervical reduction.®” It is recommended that attempts at reduction using heavy weights be abandoned if the 
weight applied exceeds two-thirds of patient body weight, distraction across the site of injury exceeds 10 mm, or there is a progression of neurologic deficit. 
After the facets are unlocked, the weight is incrementally reduced to 10 to 15 lb, and the traction vector adjusted to produce slight neck extension which will 
further reduce facet subluxation. If an MRI is to be obtained following reduction, and steel G-W tongs were employed in the reduction, the patient should 
first be placed in a rigid cervical collar, and the tongs removed prior to the study. 


For Unilateral Facet Dislocations 


Unilateral facet dislocations generally result from lower-energy injuries than bilateral dislocations. Because of this, they are often stable in the dislocated 
position and can require comparatively greater weight for reduction. While some authors have treated these injuries nonoperatively (provided the patient is 
neurologically intact), most recommend reduction and stabilization. 

Tongs are applied in the same fashion as for bilateral dislocations, with a flexion moment to facilitate unlocking the dislocated joint. In some cases, a 
closed reduction maneuver can be performed to achieve an earlier reduction with a lighter weight. The practitioner should grasp the cervical tongs just 
above the pins sites (in the 4’ and 8’clock positions). Axial compression is applied to the nondislocated side, whereas distraction is applied to the dislocated 
side. This helps unlock the dislocated facet (Fig. 48-24). Final reduction entails reversing the rotational deformity by rotating the head toward the dislocated 
side. A clunk may be heard or felt at the point of reduction. Manual traction is then slowly released and a lateral radiograph obtained. Once reduced, traction 
should be decreased to 10 or 15 lb and the neck slightly extended. Neurologic status must be serially assessed throughout the process, especially during an 
attempt at manipulated reduction, which should only be performed in an awake, cooperative patient. 


Role of Prereduction MRI 


The role of prereduction MRI in facet dislocations remains a topic of debate. The potential exists for acute neurologic decline with facet reduction whether 
this is performed open or closed. The cause of neurologic deterioration is believed to be herniation of an intervertebral disc which is pulled into the spinal 
canal during reduction and impinges further on the spinal cord. Because of this possibility, some suggest an MRI scan be obtained prior to reduction to rule 
out a disc herniation and, if present, proceed with anterior discectomy prior to reduction. 


Figure 48-24. Reduction maneuver for a unilateral right-sided facet dislocation. With the tongs in place and weight applied, distractive force is applied to the 
dislocated side, while compressive force is applied to the nondislocated side. The head is then rotated toward the dislocated side. A satisfying “clunk” signifies that the 
dislocation has been reduced. 


In most centers, obtaining an MRI scan adds a substantial amount of time. This prolongs the amount of time the neck will remain in the dislocated 
position. Moreover, the presence of a herniated disc during the time of closed reduction is probably not as risky as previously purported. In a series of awake 
and alert patients, Vaccaro et al.??* performed reductions of facet dislocations even in the presence of a disc herniation confirmed by MRI. Five of nine 
patients who underwent a successful closed reduction, without neurologic compromise, had a new herniated disc on postreduction MRI that was not present 
before reduction. Some patients also had increased signal within the spinal cord postreduction but no cases of neurologic deterioration were documented. 
Grant et al.%° retrospectively reviewed the results of early closed reduction in a large series of patients with cervical dislocations. Of the 80 individuals who 
underwent a postreduction MRI, 22% demonstrated a frank disc herniation, although this did not alter the extent or progression of any neurologic deficit. 

Based on these data, in the patient who is awake and alert and experiencing spinal cord compromise or a progressive neurologic deficit, the risks of 
delaying reduction for the purpose of obtaining an MRI scan are likely outweighed by the potential benefits of emergent reduction. In a patient who has 
dislocated facets but is neurologically intact, it may be reasonable to obtain an MRI scan first, in light of the inherent risk to the spinal cord if a disc 
herniation is present. Ultimately, the relative advantages and disadvantages of early reduction and anatomical alignment as compared with the increased 
complexity of performing anterior decompression and reduction on a dislocated spine must be weighed on a case-by-case basis. Thus far, no definitive 
approach has been defined. 

Importantly, reduction in an unconscious, head-injured, intoxicated patient, who cannot be adequately examined with an unknown or unmonitorable 
neurologic state, is a different case. A prereduction MRI is advised. 


OPERATIVE TREATMENT OF CERVICAL SPINE FRACTURES AND DISLOCATIONS 
Timing 
The optimal time for surgical intervention, particularly in patients with neurologic deficits, is another topic of ongoing debate. Although numerous basic 
science and clinical reports have been published on this topic, no definitive recommendations have been published because of difficulties regarding the 
definition of early, as opposed to late, surgery as well as limitations in research methodology of available studies. An example of this is seen in the only 
randomized prospective trial comparing outcomes of “early” and “late” surgery where the definition of early surgery was intervention within 72 hours of 
injury and late surgery was beyond 5 days.?*! Advocates of early surgery, which is generally accepted to be within 24 hours of injury,’” maintain that there 
is an increased chance of neurologic recovery, decreased length of hospital stay, decreased ventilator times, and enhanced patient mobility.4-”9:!® There is 
a burden of proof, however, to demonstrate that early surgery is not associated with increased mortality and complications.*# 

Basic science studies have almost uniformly supported the benefit of early decompression following spinal cord injury. In one of the most clinically 
representative spinal cord injury models reported, Dimar et al.®* documented a nearly linear relationship between the degree of neurologic recovery and the 


duration of cord compression in rats. A more recent study by Rabinowitz et al.,!”° performed in dogs, revealed that decompressive surgery performed within 
6 hours of injury resulted in the best neurologic recovery. This study also showed that surgical decompression, with or without steroid administration, was 
more effective at facilitating recovery than the use of steroids alone. It should be recognized, however, that outcomes in basic science studies are influenced 
by an idealized environment that rarely occurs in the clinical setting. An illustrative example of this is the work of Levi et al.,!°° which reported that surgical 
intervention following spinal trauma was possible within 8 hours in only 10% of patients. 

The results of clinical studies have not demonstrated the definitively positive results documented in animal trials. Most older works failed to show 
benefit from early surgical decompression,’?*7! although this may have been due to issues regarding the definition of early surgery.4>7879 While some 
authors suggest that surgery be delayed to allow for optimal medical and surgical stabilization and the resolution of spinal cord edema, others have 
demonstrated that interventions performed within 24 hours of injury are safe and effective.’9.2°6 

One prospective randomized trial demonstrated no difference in patients with acute spinal cord injury operated within 72 hours of injury and those 
receiving treatment after 5 days or more.”?! However, in a review of 91 patients, Papadopoulos et al.'® reported a 59% rate of neurologic improvement for 
those receiving “immediate” decompression. Similarly, in a meta-analysis, La Rosa et al.'°4 documented a 90% improvement among patients with 
incomplete spinal cord injuries who received surgery within 24 hours. In this same study, the rates of neurologic recovery for patients with complete spinal 
cord injury were 42% if surgery was performed within 24 hours and 8% and 58%, respectively, if surgery was delayed for complete and incomplete injuries. 
These authors declared, however, that because of heterogeneity only those findings related to incomplete spinal cord injury were reliable. !34 

In two separate systematic reviews, Fehlings and his coworkers’®”9 recommended surgical decompression within 24 hours of spinal cord injury 
whenever possible. Based on a survey of an international group of spine surgeons, these authors also reported that most surgeons recommend 
decompression of the acutely injured spinal cord within 24 hours, and even earlier intervention is proposed in the event of incomplete injury.”? In a separate 
systematic analysis, Carreon and Dimar* found that early surgical intervention was associated with shorter hospital stay and length of time in the intensive 
care unit, fewer ventilator days, decreased risk of pulmonary complications, and lower hospital costs. However, in this study, early surgical intervention for 
cervical injuries was associated with an increased complication rate (58% for early surgery as compared with 47.5% in late surgery) and risk of mortality 
(4.5% for early surgery vs. 3.3% for late). 

In a randomized clinical trial, the optimal treatment for spinal cord injury associated with cervical canal stenosis (OSCIS) study group evaluated the 
effects of timing of surgery in patients with an incomplete spinal cord injury and preexisting canal stenosis. They found that the early surgery group had 
greater motor scores at 2 weeks, 3 months, and 6 months after injury. Similar motor function was observed at 1 year between the groups (OSCIS).°° 

The largest study of this issue is the Surgical Treatment of Acute Spinal Cord Injury Study (STASCIS).®° With multiple centers involved prospectively 
recruiting 313 patients, facilitated by the Spine Trauma Study Group, a multivariate analysis demonstrated the odds of at least a two-grade ASIA 
Impairment Scale improvement were 2.8 times higher in the early surgery (within 24 hours) group compared with the late surgery (more than 24 hours) 
group. There was no statistical difference in mortality or complications. Importantly and despite the title of the study, this was more accurately a comparison 
of early versus late decompression which was often via closed reduction prior to definitive surgical fixation. A post hoc analysis of these data also 
demonstrated that early decompression was more cost effective than late decompression.”” In this study, a potential saving of US$ 58,368,024.12 per quality 
adjusted life year was gained by early decompression compared to decompression after 24 hours. Additionally, early surgery did not lead to an increased 
frequency of immediate postoperative complications. For these reasons, the authors recommend surgical decompression within 24 hours. 


Preoperative Planning 


Anterior Cervical Approach: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Flat Jackson or regular electric table 


Position/positioning aids Supine 
Bump under shoulders or roll between scapulae to gently extend neck 
Tape and gently pull shoulders caudally to improve fluoroscopic visualization 
Arms tucked at patient’s sides 
Padding of all bony prominences/pressure points 


Bump under and prep iliac crest if harvest planned 


Craniocervical traction LJ Gardner-Wells tongs, ~5—10 lb of traction to maintain reduction 
Fluoroscopy location LJ Perpendicular to the OR table, brought in and out for imaging 
Neuromonitoring LJ SSEPs/MEPs monitoring if reduction maneuver planned 
Equipment Operating microscope or loupe magnification 


Caspar retractors 
Power burr 
Curettes/microcurettes 


Rongeurs: Pituitary, Kerrison, Leksell 


SSEPs/MEPs, somatosensory evoked potentials/motor evoked potentials. 


Anterior Surgical Approaches 
Transoral Approach 


Although rarely needed, particularly for trauma, direct exposure of the anterior atlantoaxial region can be achieved through a transoral approach. Successful 


fusion and instrumentation procedures have been reported. However, this approach is probably best reserved for excisional procedures, like removal of a 
symptomatic displaced odontoid nonunion, because there is a higher risk of infection if bone graft or metallic implants are inserted. Endotracheal intubation 
is preferred, as the tube is more easily positioned out of the operating field. A specially designed, rectangular-shaped self-retaining retractor is used to 
access the oropharyngeal mucosa. Four fascial layers are crossed to access the spine: the pharyngeal mucosa, the pharyngeal constrictor muscles, the 
buccopharyngeal fascia, and the prevertebral fascia. A scalpel is used to incise through the ALL down to vertebral bone. The entire soft tissue layer is then 
stripped subperiosteally using a periosteal elevator. Electrocautery should be avoided as it damages the tissue edges and can make closure difficult. After a 
transoral approach, extubation must be delayed until laryngeal and pharyngeal edema sufficiently resolve. Failure to do so can lead to acute respiratory 
compromise, necessitating emergent reintubation through swollen tissues. 


High Anterior Retropharyngeal Approach 


The prevascular retropharyngeal approach can be used to access the skull base down to C3. While rarely necessary, it can allow anterior access to the C1 
ring, odontoid process, and the C2—C3 disc space while avoiding the inherent contamination problems of the transoral exposure. Procedures that can be 
performed via this approach include anterior cervical discectomy and fusion of C2—C3, odontoidectomy, and osteosynthesis of the anterior C1 ring. It is 
readily extended distally into an expansile anterior cervical approach. 

A submandibular skin incision is used. After the platysma is divided in-line with the incision, the following structures should be identified. The 
submandibular gland is visualized at the posterior angle of the jaw, underneath the mandible, whereas the parotid gland lies on top of the bone. Lying deep 
to the parotid gland is the marginal mandibular branch of the facial nerve. This is a purely motor branch, which innervates the lower lip for puckering and 
depression. The retromandibular vein generally crosses the central aspect of the parotid gland. The common facial vein crosses the anterior aspect of the 
masseter muscle along the inferior angle of the jaw. These two veins should be dissected free and ligated near their junctions with the internal jugular vein, 
allowing the soft tissue flaps to be retracted. Keeping the dissection deep and inferior to these ligated veins helps protect the facial nerve branch from injury. 
Next, the medial border of the sternocleidomastoid is developed and the submandibular gland is resected carefully to protect the facial nerve at all times. 
The salivary duct, which is located deep to the gland, must be identified and ligated to prevent cutaneous fistula formation. The stylohyoid and digastric 
muscles are dissected free, transected near their hyoid insertions, tagged, and reflected superiorly along with the hypoglossal nerve, which runs deep to 
them. At this time, the plane of dissection progresses between the carotid sheath and the esophagus and larynx medially, just as in the lower cervical 
approach, except that numerous anteriorly projecting branches from the carotid and internal jugular vessels must be ligated. Potential complications include 
facial nerve palsy, this being the most common complication, iatrogenic esophageal perforation, vascular injury, or damage to the other exposed nerves such 
as the superior laryngeal, recurrent laryngeal, hypoglossal, and glossopharyngeal nerves. 


Anterior Approach to the Subaxial Cervical Spine 


The standard Smith—Robinson approach can be used to access the subaxial cervical spine (Fig. 48-25). Depending on the size and stature of the patient as 
well as the length of their neck, a standard anterior approach to the cervical spine can safely access the subaxial region from the C3 to T1 vertebral bodies. 
The approach exploits the plane between the sternocleidomastoid laterally and the strap muscles medially. The surgical incision is based on the desired level 
of exposure and palpation of structural landmarks such as the hyoid bone at the level of C3, the thyroid cartilage at the level of C4—C5, and the cricoid 
cartilage or carotid tubercle at C6. If one or two cervical levels are to be exposed, a transverse incision along a skin crease can be employed. Transverse 
incisions result in a more cosmetic scar. If three or more levels are to be exposed, a longitudinal incision parallel to the anterior border of the 
sternocleidomastoid is preferably used. 

Following skin incision, the platysma is divided in-line with its muscle fibers. The deep cervical fascia is then incised along the anterior border of the 
sternocleidomastoid. Palpation is used to identify the carotid sheath and, with blunt retractors protecting the soft tissue structures medially and laterally, the 
pretracheal fascia is separated medial to the carotid sheath. The prevertebral fascia may be swept away using blunt dissection with peanut sponges on a 
Kittner instrument. The longitudinal fibers of the ALL are then visualized spanning the vertebral bodies and intervertebral discs. Disruption of the ALL or 
hemorrhage in the vicinity of a vertebral body or disc space can indicate the injured level. A left-sided approach is the author’s preference due to the 
theoretically reduced risk of injury to the recurrent laryngeal nerve because of its more predictable course on this side. However, in a study of 418 patients 
undergoing anterior cervical approaches, Kilburg et al.!2° found no significant difference in the incidence of recurrent laryngeal nerve injury based on the 
side of exposure. 


Anterior Decompression and Instrumentation 


Technique 


WA E Decompression and Instrumentation of the Cervical Spine: 


KEY SURGICAL STEPS 


| or external landmarks to identify level of injury prior to incision 
Standard Smith—Robinson approach 

Fluoroscopy to confirm level after spine has been exposed 

Adequate decompression with discectomy and/or corpectomy ensured 

Do not extend decompression laterally beyond uncovertebral joints 

Prepare endplates until punctate bleeding seen 

Anterior column reconstruction with interbody strut graft or cage 

Anterior plate fixation 

Final fluoroscopy prior to closure 


Anterior Decompression 
Anterior decompression of the cervical spine can be achieved via discectomy or vertebral body corpectomy. The decision regarding the type of 
decompression should be determined prior to surgery in most instances and is based on the extent of vertebral body fracture, the presence of comminution, 


and the location of compressive pathology within the spinal canal. Vertebral body fractures that involve sizable portions of the endplate, or that are 
substantially comminuted, cannot be used as viable docking points for strut grafts or fixation points for screws. 

A discectomy can be performed if a herniated disc is the only structure compressing the neural elements. In certain instances, the herniation may be 
extruded or displaced behind the adjacent vertebral body in a cephalad or caudal position. This situation may necessitate partial, or complete, corpectomy to 
safely access the disc fragment and ensure its complete removal. 
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Figure 48-25. Anterior approach to the subaxial cervical spine. The superficial interval is between the sternocleidomastoid muscle (lateral) and strap muscles 
(medial). Deep dissection is between the carotid sheath (lateral, which contains the carotid artery, internal jugular, and recurrent laryngeal nerve) and the 
trachea/esophagus. The alar and prevertebral fascia (deepest) are swept away to access the anterior longitudinal ligament, vertebral bodies, and disc spaces. 


In the event that the vertebral body is fractured, loose fragments may be excised piecemeal with a rongeur. If reconstruction is planned using an 
expandable cage or titanium mesh, the bone should be retained for graft. Alternatively, a high-speed burr can be used to remove the damaged vertebral 
body. Preoperative CT or MRI scans must be consulted prior to corpectomy to rule out the presence of an anomalous vertebral artery.°! Before beginning 
the corpectomy, the uncovertebral joints should be identified. These herald the lateral margins of the vertebral body, with the unprotected vertebral artery 
approximately 5 mm lateral to these processes at the level of the disc space. The corpectomy trough should be plotted to be 15 to 16 mm in width and 
should not extend beyond the uncovertebral joints. If a burr is used to perform the corpectomy, all cancellous bones should be removed from within the site 
until the posterior cortical margins are visualized. These can then be elevated with a Woodson elevator and excised using Kerrison rongeurs. If the PLL is 
intact following the trauma, it is likely that it does not need to be removed unless compressive epidural hematoma is beneath it. If the PLL was already 
disrupted during the initial injury, it is frequently removed while attached to pieces of fractured vertebral body. 


Reduction of Dislocated Facets 

If a herniated cervical disc was identified by MRI to be associated with a facet dislocation, an anterior discectomy may need to be performed prior to an 
attempt at reduction. There are several techniques that can be used to reduce the dislocation once a discectomy has been performed. A lamina spreader may 
be placed between the vertebral endplates to distract the injured segments, unlock the dislocated joints, and facilitate reduction (Fig. 48-26). If this technique 
is used, care must be taken to avoid overdistraction, as this can result in spinal cord injury. Another method relies on Caspar pins that are placed into the 
vertebral bodies. The pins are then used to manipulate the vertebral segments, and the cephalad vertebra is levered over the caudal body without substantial 
distraction. Once reduction has been achieved, intraoperative fluoroscopic imaging or a lateral plain film is used for confirmation. Irreducible dislocations 
may require additional posterior surgery to allow reduction. 


Reconstruction 
Following a complete decompression, the superior and inferior endplates of the adjacent vertebral bodies are denuded of cartilage and lightly burred until 
punctate bleeding is present. If overhanging osteophytes are located at the vertebral margins, these should be rongeured such that a flat surface is available 
to accept plate placement. The corpectomy or discectomy site is measured to determine the appropriate size of the interbody graft or strut. A variety of 
implants, as well as autograft and allograft struts, are available to reconstruct the anterior cervical spine. Implants include titanium mesh cages, expandable 
cages, and polyethylene-ether-ketone (PEEK) cages. Structural autograft is obtained from the iliac crest. 

The graft or cage should be fashioned to match the length, width, and height of the postdecompression defect. Additional manual traction on the 
mandible may be performed by a member of the anesthesia team as the graft is gently impacted into place between the vertebral bodies. In the case of 
expandable cages, no distraction is necessary, and the cage should be expanded until there is an intimate fit between the graft and the host bone. Because of 


the fact that many traumatic injuries result in cervical instability that permits overdistraction, axial compression on the head following graft placement can 
help achieve graft—host bone approximation. 

The advantage of using interbody implants, such as titanium mesh or expandable cages, lies in the fact that corpectomy bone can be recycled and packed 
inside. This diminishes the morbidity associated with iliac crest bone graft harvest. A more theoretical advantage is enhanced bone incorporation and fusion 
because the cage is packed with cancellous rather than cortical bone. Inert implants are also not subject to resorption, although cages with minimal 
endplate contact area may be at risk of subsidence in osteopenic bone, or if the endplates are violated. 


Anterior Instrumentation 

Anterior stabilization is performed after the graft is inserted. Anterior plating is used to stabilize discectomy and corpectomy defects. The positioning of the 
screws and cortical purchase are critically important in ensuring stabilization and to encourage fusion. Initially, the plate is centered over the anterior 
vertebral bodies and is held in place with provisional pins. Pilot holes can be drilled, or self-tapping, self-drilling screws may be inserted if they are 
available. Pilot holes should be angled away from the endplate and 10 to 15 degrees toward the midline, to avoid inadvertent penetration of the vertebral 
artery. Screw length should be calculated from preoperative imaging studies and confirmed by direct measurement if necessary. If locking screws are used, 
measurement is necessary only to ensure that the screws are not so long as to penetrate the spinal canal. In a single-level discectomy or corpectomy, four 
screws are inserted, two cranially and two caudally. 


Figure 48-26. Open reduction of dislocated (A) facets using an anterior approach. A laminar spreader (B) can be used to distract and unlock the injured articular 
processes. 


Dynamic plates that allow vertical settling in the postoperative period should not be used as internal fixation devices following cervical spine trauma. 
Thin, low-profile plates may be suboptimal as well, given that they have reduced biomechanical strength as compared with thicker plates. A plate with 
fixed- or semi-fixed-angle screws should be used. While they are rare in trauma, cervical corpectomies that extend beyond two levels should not be 
reconstructed with stand-alone anterior fixation because of a high risk of failure.!®°-275 In these instances, additional posterior fixation is necessary even if 
posterior decompression is not performed. Similarly, multilevel corpectomies that end at T1 should be supplemented with posterior instrumentation that 
spans the cervicothoracic junction.® 


Outcomes 


There are relatively few studies specifically examining results following anterior decompression and instrumentation for cervical trauma. Garvey et al.°* 
reported satisfactory outcomes in 14 patients treated with anterior Caspar plate fixation and fusion for subaxial cervical fractures and dislocations. No cases 
1.,173 which documented 
6-month outcomes for traumatic injuries treated with anterior plate fixation. Goffin et al.° published 5- to 9-year results in 25 patients treated with anterior 
fusion and plating for cervical fractures and dislocations. Fusion was demonstrated in all cases by 1 year, with hardware failure occurring in only one 
instance. Similar to findings in the nontrauma literature, 60% of patients in this series demonstrated evidence of adjacent segment degeneration, although 
this did not correlate with clinical complaints. 


of fixation failure had been observed at an average follow-up of 30 months. Similar results were reported in the series of Randle et a 


Kwon et al.!°° reviewed their results in patients treated with anterior plate fixation in a randomized prospective trial of unilateral facet injuries. This 
study found that anterior plate fixation, as compared with posterior instrumentation, resulted in less postoperative pain, a decreased risk of wound infection, 
increased fusion rates, and better maintenance of sagittal alignment. Brodke et al.?” also compared outcomes between anterior and posterior surgery, with 
unstable cervical burst fractures being the focus of their work. While fusion rates were similar, neurologic recovery was higher with anterior decompression 
and fusion (70% in the anterior group vs. 57% in those who underwent posterior surgery). In a series of 19 patients treated with anterior cervical discectomy 
and fusion for unstable posterior injuries, Woodworth et al.?4 reported an 88% fusion rate with neck disability scores, indicating mild or no disability for all 
patients at final follow-up. Most importantly, no cases of neurologic deterioration following treatment were reported. 


Posterior Approach and Techniques 


Preoperative Planning 


Posterior Cervical Approach: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Jackson spine table 


Position/positioning aids Prone, arms tucked at patient’s sides 
Supporting pads positioned at chest and pelvis, pillows under legs to produce 30 degrees of knee flexion 
Abdomen free 
Padding of all bony prominences/pressure points 


Prep iliac crest if autograft harvest planned 


Craniocervical traction Position head in Prone 
View Helmet 
G-W traction applied if indicated 
Alternatively, Mayfield tongs/frame can be used 


Fluoroscopy location LJ Perpendicular to OR table, moved in and out as needed 
Neuromonitoring LJ SSEPs/MEPs monitoring, if reduction maneuver planned 
Equipment Self-retaining retractors 

Power burr 


Curettes/microcurettes 


Rongeurs: Pituitary, Kerrison, Leksell 
SSEPs/MEPs, somatosensory evoked potentials/motor evoked potentials. 


Posterior Approach 


The posterior approach to the cervical spine is a midline, extensile approach that can be extended from the occipitocervical junction to the lumbosacral 
articulation. The dissection can be relatively bloodless if maintained within the avascular plane of the ligamentum nuchae, which separates the right and left 
paraspinal musculature. Intramuscular hemorrhage and posterior interspinous and supraspinous process ligament damage are often apparent at the level of 
injury. It is important to maintain the integrity of any uninjured ligaments, until the correct surgical level is identified, to avoid unnecessary destabilization 
of adjacent segments. Subperiosteal dissection is started on either side of the bifid spinous process, continued down to the spinolaminar junction, and 
extended laterally over the laminae. Further dissection onto the lateral masses and facet joints should occur only at the levels to be fused. 

Particular care must be taken with exposure of the upper cervical spine. Classically, it is recommended that lateral dissection along the posterior C1 ring 
be restricted to within 1.5 cm from the posterior midline to avoid injury to the vertebral artery (see Fig. 48-17). The artery is located along the superior 
aspect of the C1 ring approximately 1 cm from the midline. More lateral exposure of the ring can be safely performed along the inferior aspect of C1. 
Exposure of this region is often necessary to facilitate the insertion of lateral mass screws into C1.!°? Surgeons should note the presence of a ponticulus 
posticus, or osseous enclosure of the vertebral artery at C1, which may be present in as many as 16% of patients.?“8 The presence of a ponticulus posticus 
may be appreciated on axial or sagittal CT scans. While the osseous enclosure around the vertebral artery can offer some protection during exposure, it 
should not be erroneously interpreted as a starting point for C1 screw insertion. 

Similarly, exposure of the superior aspect of the C2 ring should proceed with caution to avoid inadvertent entry into the spinal canal, which is not 
protected by the ligamentum flavum at this level. Bipolar cautery is recommended for exposure of the C2 pedicle to allow cauterization of the leash of veins 
in this location and limit bleeding. The C2 nerve root can be visualized, as it lies along the posterior surface of the C1-C2 joint. It usually needs to be 
retracted superiorly or inferiorly to expose the posterior aspect of the C1 lateral mass. Alternatively, it can be ligated, although this will result in anesthesia 
in a portion of the posterior scalp. 


Posterior Decompression 


Technique 


Posterior Decompression of the Cervical Spine: 


KEY SURGICAL STEPS 


Fluoroscopy or external landmarks to identify level of injury prior to incision 

Standard posterior midline approach and subperiosteal dissection to expose lateral masses 
Fluoroscopy to confirm level of injury prior to decompression 

Perform pars, lateral mass or pedicle screw fixation (if necessary) 

Adequate decompression with laminectomy with or without facetectomy 

Insert and secure rods to screws (if necessary) 

Final fluoroscopy prior to closure 


In most cases of acute traumatic cervical injury, posterior decompression via laminectomy is not necessary. Canal compromise is most often caused by 
dislocation, translation, or retropulsed vertebral body fragments. In rare cases of anteriorly displaced posterior arch fragments, a laminectomy is indicated to 


directly remove the offending compressive elements. This is not true, however, in cases of acute spinal cord injury associated with multilevel spondylotic 
stenosis, or ossification of the PLL, in which a posterior decompressive procedure can be considered the procedure of choice if cervical lordosis has been 
maintained. 

If a posterior cervical decompression is to be performed, the appropriate levels are identified during exposure, and dissection is carried out over the 
spinous process, laminae, and facet joints. A complete osteotomy is then created using a burr or Kerrison rongeur along the junction of the lamina and 
lateral mass at the desired level. If loose fracture fragments are already present, they can be removed using a small curette and excised with Pituitary 
forceps. The laminectomy is completed by removing the cortical bone and ligamentum flavum en bloc. 


Reduction Maneuvers for the Upper Cervical Spine 

If acceptable alignment is not obtained by closed methods prior to surgery, direct intraoperative reduction maneuvers can be performed. Reduction of an 
anteriorly displaced C1 ring, resulting from C1—C2 ligamentous instability, an odontoid fracture, or a hangman’s fracture can be achieved by pulling an 
intact C1 ring posteriorly under fluoroscopic guidance. While a towel clip may be used, a sublaminar wire or cable inserted underneath the C1 ring is 
equally effective and provides potentially better control (Fig. 48-27). Posterior displacement can be more difficult to reduce. To do this, an anterior force 
should be carefully delivered to the C1 ring, if intact. For bayoneted odontoid fragments, a Penfield elevator can be inserted posterolaterally around the 
spinal cord, into the fracture site, to enable the proximal fragment to be levered over the distal fragment (Fig. 48-28). As a last recourse, reduction can be 
performed using screws inserted into the occiput, C1, or C2. 


WAT 


Figure 48-27. After posterior exposure has been performed, anterior displacement of the C1 ring can be reduced by delivering a posterior force via towel clips. Note 
that the atlanto—dens interval has been reduced in the lower figure. 


Figure 48-28. A: In challenging cases that do not reduce by conventional closed or open methods, a Penfield elevator can be carefully inserted posterolaterally into 
the odontoid fracture site. B: It should be advanced just beyond the anterior aspect of the proximal fragment under lateral fluoroscopy. C: The instrument is then 
levered superiorly to unlock the fracture fragments and restored alignment. 


Reduction Maneuvers for the Subaxial Cervical Spine 

Usually, the primary goal of posterior surgery in subaxial cervical trauma is reduction and/or stabilization. Open reduction of dislocated facet joints can be 
performed through a posterior approach. Cervical traction can facilitate intraoperative maneuvers by providing distraction across the dislocated segments. If 
the spinous processes are intact, they can be grasped with towel clips near their base to flex and distract the injured joint. If the spinous processes are 
fractured, a Penfield 4 elevator, or other small flat instrument, may be placed over the top of the superior articular process of the lower vertebral level. Then, 
angling it caudally, the inferior tip of the inferior articular process from the upper level can be levered up and posteriorly, back into position (Fig. 48-29). If 
these maneuvers fail, then the tip of the superior articular process of the lower vertebra can be resected using a burr or small Kerrison rongeur (Fig. 48-30). 


Figure 48-29. Open reduction of dislocated facets using a posterior approach. A Penfield 4 elevator (or other small, smooth elevator) is inserted over the superior 
articular process. It is walked inferiorly to hook the inferior (dislocated) articular process. The elevator is then levered caudally to reduce the joint. 


Figure 48-30. A Kerrison rongeur can be used to resect the superior aspect of the articular process if open reduction maneuvers are not successful. 


Author’s Preferred Treatment for Cervical Spine Fractures and Dislocations 


Posterior Stabilization and Fusion of the Upper Cervical Spine 


In general, segmental screw and rod instrumentation systems are preferred. The occiput is instrumented using a midline plate fixed just inferior to the 
external occipital protuberance. Contoured rods, or manufactured rods with a hinge, are used to span the occipitocervical junction. These can connect to 
C2 pedicle screws, spanning the C1 ring, and C1 lateral mass screws may be employed if additional fixation is required. Fixation at the atlantoaxial 
articulation is performed using C1 lateral mass screws connected to the C2 isthmus, or pedicle screws, using a variable-angle screw—rod system. Fusion 
is achieved using autogenous bicortical iliac crest bone graft secured with braided cables. 


Posterior Stabilization and Fusion of the Lower Cervical Spine 
The earliest forms of posterior cervical stabilization entailed the use of wire-based constructs, which are still employed today. The simplest form of wire 
stabilization is interspinous process wiring. Using a drill bit or a 2- or 3-mm burr, a hole is created on either side of the superior third of the 
spinolaminar junction of the upper vertebra. Next, the hole is completed from side to side by puncturing the bone with a towel clip or sharp bone clamp. 
One or more wires or ideally a braided cable is passed through the hole and then transferred beneath the spinous process of the lower vertebra. The wire 
or cable is then tensioned. Alternatively, the wire can be passed through a hole in the inferior third of the spinolaminar junction of the lower vertebra. A 
triple-wiring technique has also been described, which incorporates fixation of corticocancellous struts on either side of the spinous processes. The 
advantage of wiring techniques is that they are a relatively inexpensive method of posterior stabilization with nearly equivalent restoration of stability as 
some lateral mass plating systems.'°° The disadvantages are that such a technique cannot be used if a laminectomy has been performed, or in the 
presence of posterior element fractures. Adjuvant external immobilization, such as a halothoracic vest, may also be necessary for periods up to 6 months 
to achieve an optimal result if stand-alone wire constructs are used. 

Facet wiring has been advocated as an alternative to interspinous wiring in that it can be performed in the presence of a laminectomy or posterior 
element fractures. Stability in this technique, however, is still reliant on the structural properties of bone graft. In addition, the inferior wire construct is 


passed across a joint that is not fused or included in the fixation construct. Stability may be enhanced by wiring the facets to a longitudinal rod or Luque 
rectangle.°8 

Lateral mass screw fixation is now considered to be the standard method of posterior fixation of the subaxial cervical spine. These screws can be 
inserted using several different techniques (Fig. 48-31). The Roy-Camille technique orients the lateral mass screws perpendicularly to the long axis of 
the spine, making fixed-angle screw fixation to a rod easier at the expense of shorter screw lengths, reduced pullout strength, and greater risk of injury 
to the vertebral artery. The Mager! method of screw insertion maintains the advantages of greater screw length and enhanced biomechanical properties. 
With the screw tip directed toward the level of the disc space, the exiting nerve root may be at greater risk, whereas there is reduced risk of vertebral 
artery injury. The An technique, in which screws are inserted with a trajectory of 30 degrees lateral and 15 degrees cephalad, parallels the orientation of 
the facets and probably carries the lowest risk of neurovascular compromise.”:!2# 

Variable-angle titanium screws that interface with longitudinal connector rods (Fig. 48-32) have largely supplanted posterior cervical plate fixation 
because of the fact that variable-angle screws can accommodate minor differences in medial—lateral and proximal—distal variations in screw position. 
Polyaxial lateral mass screw-—rod systems also permit optimal screw placement, this being determined by the anatomy of the patient and the nature of 
cervical injury, rather than being restricted to the positions of the holes within the cervical plate. 


Stabilization of the Lower Cervical Spine 

The authors prefer to use variable-angle screw-rod constructs to stabilize the cervical spine after traumatic injuries. The ability to place screws in the 
optimal position, followed by fixation to an appropriately contoured rod, is considered a major advantage. In addition, individual screws and levels can 
be compressed and distracted to achieve maximal correction and reduction. 

The starting point for the lateral mass screw is 1 mm medial and inferior to the hillock of the lateral mass in the coronal plane and midway between 
the surfaces of the superior and inferior articular process (Fig. 48-33). A 2-mm burr is used to start the hole. A hand drill is then inserted into the starting 
hole and angled laterally by about 30 degrees. It is parallel to the facet joint in the sagittal plane. This can be judged clinically by placing a thin, flat 
instrument into the joint to be fused but can also be assessed using intraoperative fluoroscopy. Drilling proceeds carefully up to the second cortex. 
While bicortical fixation has not been demonstrated to be of biomechanical advantage over unicortical screws, it can be necessary in some patients in 
whom the smallest screw is slightly longer than the lateral mass screw path. 166 

A depth gauge is then inserted to determine screw length. In most cases, a 12- or 14-mm screw can be inserted. Screw holes should be tapped as the 
bone of the lateral mass can be quite dense. The 3.5-mm screw is then inserted and two-finger tightened. Attempts to overtighten screws can strip the 
hole, which may necessitate placement of a 4-mm rescue screw. Too cephalad or caudal screw placement can risk violation of the articular surfaces. If 
the starting point is too lateral, the lateral mass can fracture which may preclude adequate fixation at that level. 


Posterior Fusion 


The articular surfaces of the facets should be decorticated using a small microcurette prior to the placement of a connector rod. A 3-mm burr is then 
used to lightly decorticate the lateral masses. If screws have been placed, it is important not to remove too much bone, as this may weaken the region 
surrounding the screw and lead to failure. If the laminae and spinous processes are intact, then their posterior surfaces should also be decorticated to a 
bleeding surface. Cancellous bone harvested from the posterior iliac crest is then packed inside the facet joints. The connector rods are then placed and 
fixed into position with blocking-screw caps. Additional bone graft is laid over the posterior elements and lateral masses. 


Figure 48-31. Magerl and Roy-Camille techniques of inserting lateral mass screws. 
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Figure 48-32. Side (A) and posterior (B) views depicting a variable-angle posterior screw—rod construct for stabilization of lower cervical spine injuries. 
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Figure 48-33. The authors’ preferred technique is a modified An method. A starting hole is created with a 2-mm burr bit. A: Dividing the lateral mass into quadrants, 

it is located at the superolateral aspect of the inferomedial quadrant. B: The screw is then angled laterally about 25 to 30 degrees. C: In the sagittal plane, the screw 

path is kept perpendicular to the plane of the adjacent facet joint. This method allows placement of the screw within the midaspect of the lateral mass. Unicortical 

purchase is preferred. 


Postoperative Care 


The advantage of rigid internal fixation for cervical spinal injuries is that the need for postoperative external immobilization is usually decreased or even 
obviated. However, this should be determined on a case-by-case basis and is usually dictated by the type of fixation and bone quality. While a polyaxial 
screw-rod construct in normal bone may not necessitate external immobilization, this may not be the case in the presence of osteoporosis, or if wire fixation 
was used. In the author’s practice, a rigid cervical collar is used for 6 weeks in awake and alert patients who will be ambulatory following surgery. In 
polytrauma patients who are still ventilator-dependent postoperatively, an orthosis is avoided to facilitate nursing and respiratory care. With rigid internal 
fixation, the patient can be seated to facilitate pulmonary toilet and clearance of secretions. If indicated, postoperative antiembolic chemoprophylaxis can be 
started on postoperative day 4 or 5 so as to avoid an epidural hematoma. Prophylactic antibiotics are continued for 48 hours in these situations. 


Outcomes 


In a series of 162 patients with flexion injuries treated using posterior interspinous process wiring techniques, Lee et al.!°° reported a 100% fusion rate. 
However, residual kyphosis was present in 34% of patients and translational or hyperlordotic deformity was evident in 13% of cases. These findings 
indicate that although a high fusion rate can be achieved with wiring techniques, maintenance of sagittal alignment can be a challenge. 

Roy-Camille et al.!8° used posterolateral mass screws and plates to treat 197 patients with lower cervical spine injuries. Final radiographic follow-up 
demonstrated that initial reduction and alignment was maintained in 85% of cases. Nazarian and Louis!°° used posterior screws and lateral mass plates in 23 
cases of cervical fracture and reported excellent maintenance of alignment and high fusion rates. As part of a prospective randomized controlled trial for 


unilateral facet injuries, Kwon et al.!°° reported no difference in patient-based outcome measures between anterior and posterior fixation. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO CERVICAL SPINE FRACTURES AND DISLOCATIONS 


Cervical Spine Fractures and Dislocations: 
ADVERSE OUTCOMES AND COMPLICATIONS 


Anterior Approach 


e Dysphagia 

Recurrent laryngeal nerve palsy (dysphonia, vocal cord paralysis) 
Superior laryngeal nerve injury (loss of high phonation) 

Horner syndrome 

Durotomy 

Airway obstruction from soft tissue swelling or hematoma 
Vascular injury: vertebral artery, carotid artery 


Posterior Approach 


Wound complications 
Pulmonary complications 
Venous thromboembolic events 
Durotomy 

C5 palsy 

Vertebral artery injury 


COMPLICATIONS ASSOCIATED WITH THE ANTERIOR APPROACH 


The most common complication following anterior cervical surgery is dysphagia or difficulty in swallowing. This can occur in as many as 50% of cases®! 
although it is subclinical in most cases. Recurrent laryngeal nerve palsy, which presents with dysphonia, may occur in 2% to 30% of cases depending on 
whether clinical dysphonia or true vocal cord paralysis is considered the diagnostic measure.®! The risk of recurrent laryngeal nerve injury is increased with 
exposure below the level of C5 as well as with revision procedures. Superior laryngeal nerve injury is a rare occurrence and results in dysphagia and loss of 
high phonation. This structure is at greatest risk with approaches at the level of C3-C4. 

Horner syndrome also may occur, although infrequently, in the anterior cervical approach. The syndrome results from damage to the sympathetic plexus 
and stellate ganglion, which overlay the muscle belly of the longus colli. Injury can occur from retraction or direct damage from cautery if dissection is 
carried out over the longus colli. The condition classically presents with ipsilateral ptosis, miosis, and anhidrosis. The high anterior cervical approaches can 
also potentially injure the hypoglossal, facial, and glossopharyngeal nerves. Peripheral nerve injury and/or radiculopathy are estimated to occur in 1% to 3% 
of cases, although this incidence is largely derived from experience with degenerative cervical conditions. A similar rate has been reported for dural tears 
in association with the anterior approach. However, the dura may already be disrupted as a result of the precipitating injury, rather than being caused during 
surgery. If the durotomy occurred as a result of trauma, it may be difficult to repair primarily using sutures, necessitating adjuncts such as collagen matrices, 
polyethylene glycol hydrogel dural sealant, fat grafting, or myofascial grafting. 

If feasible, the authors prefer to use 5-0 or 6-0 Prolene or Nurolon sutures in a running, locked fashion to achieve watertight closure of a durotomy. The 
patient should be maintained in a seated position for 48 hours after the procedure, and a wound drain should not be placed if possible. An antibiotic that 
crosses the blood-brain barrier, such as ceftriaxone, may be administered prophylactically for 24 to 48 hours or until wound drainage ceases. In the event of 
a persistent spinal fluid leak, the use of a subarachnoid lumbar has been described, however it is generally recommended that reexploration and revision 
repair be performed to limit the risk of meningitis and spinocutaneous fistula formation. 

Life-threatening complications may result from anterior cervical approaches, including damage to the vertebral artery or esophagus. The incidence of 
vertebral artery injury has been reported to be 5 per 1,000 cases.°9 The risk can be minimized by carefully assessing preoperative CT scans to look for an 
anomalous position, or tortuosity, of the artery, maintaining midline orientation while performing a corpectomy, and limiting the extent of decompression 
and exposure to the uncovertebral joints, this is particularly important at the level of the disc space. 

Esophageal perforations present in 0.2% to 0.4% of cases.'©* These injuries, especially if unrecognized, have a high associated mortality rate 
necessitating vigilance and a high index of suspicion among surgeons. A missed esophageal injury carries a 20% risk of mortality and the risk increases to 
50% with the delay in treatment extending beyond 24 hours.!°* The use of indigo carmine dye in an esophageal tube has not been found to be a reliable 
means of detection.*! If there is a high suspicion of esophageal injury, a thoracic surgeon should be consulted intraoperatively and the esophagus evaluated 
directly or endoscopically. Tears must be repaired primarily to diminish the risk of mediastinal infection. Large tears have necessitated the use of rotational 
sternocleidomastoid flaps to achieve coverage. 


COMPLICATIONS ASSOCIATED WITH THE POSTERIOR APPROACH 


Immediate life-threatening complications, such as esophageal injury, are eliminated for the most part with the posterior approach, although the vertebral 
artery may still be indirectly at risk with approaches to the upper cervical spine and placement of lateral mass screws. There are also a few complications 
which are known to have a higher incidence when the posterior cervical approach is used. The risk of postoperative infection; wound problems, such as 
hematoma or dehiscence; pulmonary complications; and venous thromboembolic disease have all been reported to be higher with a posterior approach 
relative to the anterior approach.*° There is also a greater risk of persistent CSF leak following durotomy with the posterior approach, because of the 
potential space created by the exposure as well as the absence of restrictive fascial planes. For this reason, myofascial grafts may be needed to decrease the 
likelihood of persistent fluid leak or formation of spinocutaneous fistula. 

The insertion of lateral mass screws has generally been found to be safe, with a relatively low complication rate. The An technique may be associated 
with fewer neurovascular complications than the Magerl or Roy-Camille methods.!?? In the largest review of consecutive lateral mass screws (1,662 screws 
in 255 patients), Katonis et al.!2 reported less than 1% rate of screw malposition. Lateral mass fracture occurred in 2%, whereas postoperative 
radiculopathy was encountered in 1% of patients. In a similar study involving 143 patients, Sekhon!’ reported that no patients experienced neurovascular 


injuries as a result of screw placement. 


PERIOPERATIVE NEUROLOGIC DEFICIT 


In the immediate postoperative period, the most devastating event that can occur is a deteriorating or new neurologic deficit. If there has been no recognized 
intraoperative event, such as a direct spinal cord injury or posterior graft displacement, a careful and detailed examination should be performed by the same 
practitioner who had been serially examining the patient preoperatively. It should be determined whether the new deficit is above, at, or below the level(s) at 
which surgery was performed, and whether a nerve root or spinal cord injury is present. Plain radiographs of the operated region should be obtained first to 
see whether catastrophic failure of the construct has occurred. If a second, missed, noncontiguous spinal lesion is suspected, a full series of cervical, 
thoracic, and lumbar spine films should be obtained immediately. There should be little hesitation to obtain a postoperative CT or MRI scan. It is for this 
reason that the authors prefer to use titanium instrumentation, which is MRI compatible. Screw, strut, and graft placement should be assessed to detect any 
impingement within the spinal canal, compression of nerve roots, or injury to the vertebral arteries. Hardware that appears to be a likely cause of neurologic 
deficit should be removed and/or repositioned in the operating room on an emergent basis. 

Liebscher et al. demonstrated that adverse perioperative events including insufficient spinal decompression, malpositioned implants, vessel injuries, 
mechanical instability, and wound complications occur in approximately 22% of patients undergoing surgery for an acute traumatic cervical spinal cord 
injury. This rate is significantly higher than that seen in individuals without spinal cord injury. These adverse events were shown to negatively impact 
neurologic recovery, functional outcome, and healthcare costs.'*! To limit adverse events, the authors emphasis that consistent, high-quality management in 
specialized spine centers is required for this patient population. 


EARLY POSTOPERATIVE COMPLICATIONS 


Wound infection is one of the most common early postoperative complications, particularly following a posterior cervical approach.”° Infections following 
anterior surgery are rare and have not been found to exceed 1%.°! It has been proposed that the incidence may be somewhat higher in patients with a 
preexisting tracheostomy; however, in a small case series, Liebscher et al.'*! did not report an increased risk of infection in these patients. Chronic liver 
disease has been identified as an important risk for posttreatment morbidity, including infection, and mortality following cervical spine trauma.”? 

Superficial infections typically occur within the first 10 days after surgery and may be adequately treated with oral antibiotics and local wound care. If 
this is the chosen treatment, the wound should be closely monitored to ensure resolution. If the infection does not appear to be responding to treatment, as 
evidenced by increasing erythema, purulent drainage, or pain, early irrigation and debridement should be performed. Intraoperative cultures are important in 
determining the most appropriate antibiotic regimen, which can include up to 6 weeks of parenteral antibiotics. Well-fixed instrumentation and viable bone 
graft should be retained to maintain stability and promote eventual fusion. Aggressive, early surgical debridement of deep infections can help avoid late- 
onset osteomyelitis, epidural abscess, meningitis, and catastrophic failure of instrumentation. 


LATE POSTOPERATIVE COMPLICATIONS 


Pseudarthrosis and hardware failure are generally the most common late surgical complications. Symptomatic anterior pseudarthrosis can be treated with 
revision anterior surgery, but posterior instrumentation and fusion may be preferable. Early hardware failure can be associated with insufficiently stable 
constructs. Multilevel corpectomies stabilized with anterior fixation alone have a high rate of failure and should be routinely stabilized with posterior 
instrumentation and fusion.!85?23 Anterior graft or plate extrusion can lead to swallowing difficulty, airway compromise, and even death. Late hardware 
failure, such as screw breakage, is often associated with nonunion, which may or may not be symptomatic. In certain instances, an asymptomatic fibrous 
union may not necessitate further treatment or revision surgery. 


Specific Injuries for Cervical Spine Fractures and Dislocations 


OCCIPITOCERVICAL DISLOCATION (C0-C1) 


ASSESSMENT OF OCCIPITOCERVICAL DISLOCATION (C0-C1) 


Mechanisms of Injury 


Occipitocervical dislocations are the result of high-energy distractive forces imparted to the occipitocervical junction. The relatively heavy skull articulates 
tenuously with the mobile upper cervical region without an intervertebral disc. The junction relies on the biomechanical properties of ligaments for 
restraint.!2 Disruption of the ligamentous structures separates the occiput from C1, producing what is in reality a closed or internal decapitation. 
Devastating traction injuries to the medulla oblongata and upper spinal cord often precipitate respiratory compromise and result in immediate death.!15.!92 
Lador et al.!3? documented occipitocervical dissociative injury in 14% to 18% of blunt trauma fatalities. 


Diagnosis and Classification 


Because of the high associated risk of neural compromise and mortality, it is vitally important that occipitocervical dislocations are diagnosed as soon as 
possible in patients who survive the initial trauma.®°-95115.152 Because of their relative rarity, delayed diagnosis of these injuries is not unusual and can lead 
to catastrophic neurologic decline. In a review of 17 consecutive cases over an 8-year period, Bellabarba et al.*! documented that the diagnosis was made on 
the initial trauma plain film in only two patients. Moreover, there was, on average, a 2-day delay in diagnosis that resulted in secondary neurologic decline 
in 29% of the cohort. In a similar review, Govender et al.°° reported that two of four cases were initially missed on screening studies. It should be 
appreciated that plain radiographs were used in most of these studies as screening modality. Today, the risk of missed occipitocervical injury is markedly 
reduced if CT or MRI is used. 

Various means of radiographically evaluating the occipitocervical junction for injury have been proposed; however, the BAI and the BDI (Harris rule of 
12; see Fig. 48-2) appear to be the most useful.2”!!5 Importantly, on radiographic review, some C1 or C2 injuries can functionally behave as an 


occipitocervical dissociation, such as the case reported by Jea et al.,!!8 in which an axially unstable type III odontoid fracture with circumferential 
ligamentous instability occurred in a patient with brain stem dysfunction and quadriparesis. The equivalent of an occipitocervical dissociation can also occur 
through the atlantoaxial joint.23” 

The system of classification proposed by Traynelis et al.?!° remains the most commonly used. However, Bellabarba et al.*! proposed a newer grading 
scale intended to guide treatment that warrants merit. The Traynelis system is simply a descriptive classification, with type I injuries showing anterior 
displacement of the occiput in relation to the C1 arch. Type II dislocations are axial separations of the occipitoatlantal junction, and type III injuries exhibit 
posterior displacement (Fig. 48-34). Of note, a variant of type II injury (classified as type IIb) involves axial distraction through the C1—C2 articulation. 


NONOPERATIVE TREATMENT OF OCCIPITOCERVICAL DISLOCATION (C0-C1) 


Indications/Contraindications 


Most would agree that nonoperative treatment has little, if any, role in the definitive management of occipitocervical dislocations. Halo immobilization is 
most often used only as a temporary means of stabilization or reduction until surgery can be safely performed. Longitudinal traction is contraindicated in 
this setting with the halo simply functioning to immobilize. 


Outcomes 


In the past, successful treatment of patients with distractive atlantoaxial injuries in a halo vest has been reported, but the evidence is anecdotal and is 
unlikely to have any real value. Because of the high risk of neurologic deterioration in these injuries, as well as the high mortality rate, urgent surgical 
stabilization is the treatment of choice unless contraindicated for other reasons. 
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Figure 48-34. Classification of occipitoatlantal dislocations. Type I injuries exhibit anterior displacement of the occiput in relation to the C1 arch; type II have axial 
separation of the occipitoatlantal junction; and type III exhibit posterior displacement. Of note, a variant of type II (classified as type IIb) involves axial distraction 
through the atlantoaxial junction. 


OPERATIVE TREATMENT OF OCCIPITOCERVICAL DISLOCATION (C0-C1) 


Modern techniques of occipitocervical stabilization have improved dramatically the ability to surgically stabilize these injuries. Historically, the only 


fixation method available relied on the structural properties of iliac crest autograft that was fixed to the occiput, C1, and C2 with wires. As it was not rigid 
fixation, halo vest immobilization was routinely employed to confer additional stability. Wiring contoured rods to the vertebrae and occiput provided more 
mechanical stability, but the fixation was insufficient to obviate the need for external immobilization. The introduction of plate and screw fixation was an 
immediate precursor to modern screw-rod systems. The so-called Y plate allowed screws to be inserted directly into the occiput, C1, and C2 and provided 
rigid internal fixation, although fatigue fracture was a common complication due to stresses across the occipitocervical junction. 

The current generation of occipital plates that can be connected to cervical polyaxial screws via rods has been found to result in extremely stable and 
versatile constructs.®©9! Most systems allow independent insertion of an occipital plate and cervical screws, which are then connected using a precontoured, 
or articulated, rod. Modern systems may even enable localized occipital—atlantal fixation via the use of C1 lateral mass screws as distal anchoring points, 
preserving atlantoaxial rotation. Similarly, Feiz-Erfan et al.®! reported success with isolated atlantoaxial fixation in a patient with type IIb occipitocervical 
dislocation to preserve occipitocervical motion. Although good outcomes with these selective fusion techniques have been reported in specific instances, 
they remain technically demanding and require critical evaluation of the stability of the unfused C1—C2 or CO-C1 articulations. The majority of centers still 
therefore offer more extensive fixation for these injuries. 


Indications 


Surgical stabilization of occipitocervical dislocations should be considered the conservative treatment option. These injuries are grossly unstable, primarily 
ligamentous, and have little chance of healing with external immobilization alone. 

No clinical evidence exists that documents the superiority of one method of occipitocervical fixation over another. In vitro biomechanical data 
demonstrate that screw-based constructs are stronger than those that rely on hooks or wires.?! In one study, constructs using C2 pedicle screws, or C1—C2 
transarticular screws, were stronger than those in which sublaminar wires or hooks were used for distal fixation.!° Ultimately, the goal of surgery is to 
achieve solid bony fusion for long-term stability. 

In one of the first clinical studies to report the results of operative treatment of occipitocervical injuries using modern instrumentation, Bellabarba et al.?! 
showed a 100% fusion rate in 17 patients followed for an average of 26 months. Overall, the average American Spinal Injury Association motor score for 
patients in this series improved from 50 to 79. Furthermore, the number of patients with an American Spinal Injury Association D or E grade increased from 
7 preoperatively to 13 postoperatively. Horn et al.!!5 published their findings in a series of 33 patients who survived occipitocervical dislocations. The 
postoperative mortality rate was 22%, with those individuals having associated traumatic brain injuries found to have the highest risk of mortality. 


Occipital Plate and Screw-Rod Construct and Fusion 


Our preferred treatment of occipitocervical dislocation is stabilization with an occipital plate and cervical screw—rod construct and a primary fusion 
achieved with iliac crest bone graft. Contemporary cervical instrumentation systems allow placement of an occipital plate using midline screws inserted into 
the thickest portion of the bone for maximal biomechanical strength.°!1°! Lateral wings on the plate allow connection of an articulated rod from the 
occipital plate to C1 and/or C2 screws. 


Preoperative Planning 


Prior to surgery, careful inspection of preoperative images is important. First, the direction of occipital dislocation should be noted, as this will determine 
the direction of reduction forces if needed. A lateral radiograph of the skull, or ideally a sagittal CT of the head, should be used to measure the thickness of 
the occiput and location of the external occipital protuberance (inion). The inion is an important intraoperative landmark. In addition to having the thickest 
bone, it also demarcates the approximate level of the transverse sinus. Bicortical drilling can risk injury to this intracranial venous sinusoid, which can lead 
to intracranial hemorrhage. If MRI is available, the transverse sinus can be directly visualized and its position relative to the inion noted. As a rule, screws 
should be kept below the inion whenever possible. 

It is the authors’ preference to insert C2 isthmus (i.e., pars) screws as the distal fixation points. Sagittal CT scans are scrutinized to ensure that the C2 
pars is intact and of sufficient size to accept a 3.5-mm screw. The location of the vertebral artery foramen should also be noted as this can affect the screw 
trajectory and varies markedly between patients. In patients with a low-riding vertebral artery foramen, the screw can be inserted parallel to the sagittal 
plane (Fig. 48-35). With a high-riding foramen, the screw must be kept short or angulated medially to avoid vertebral injury to the vertebral artery. This 
decision should be made preoperatively, as intraoperative fluoroscopic images are unlikely to allow adequate visualization of the foramen. 


Positioning 

If not already intubated, an endotracheal tube should be inserted using a fiberoptic scope and with the head stabilized by in-line stabilization to avoid 
unnecessary movement at the injury site.22° In the absence of a complete spinal cord injury, motor- and sensory-evoked potentials are monitored, with 
baseline signals obtained prior to transfer.228 Next, the patient is carefully logrolled into the prone position. A Jackson table-turning method can also be 
employed for transfer, as described by Rechtine.® Although more time-consuming, this technique has been shown to more effectively limit motion in 
unstable upper cervical spine injuries. 

It is the authors’ preference to use a Jackson four-poster table with a transverse chest pad and hip and iliac crest pads. Moving the head and the torso as a 
unit is paramount to avoid further displacement through the injury site. With all pressure points protected, the arms are tucked at the patient’s side and the 
knees flexed about 30 degrees on blankets or pillows. About 20 degrees of reverse Trendelenburg, with the head above the feet, can decrease venous 
congestion, which may reduce intraoperative blood loss. The head is positioned in a ProneView Helmet (Mizuho OSI, Union City, CA). No traction is 
applied. 

A lateral fluoroscopic image should be obtained as soon as possible after prone positioning. Reduction of the occipital condyles within the superior 
articular surfaces of C1 must be confirmed. Gentle reduction maneuvers can be attempted to improve alignment, including an axial load placed on the head 
to reduce distraction. Finally, an AP view is obtained to ensure adequate visualization of the C1—C2 joint and the odontoid process, important landmarks for 
C2 screw insertion. 


Surgical Approach 


After sterile skin preparation and draping, a posterior midline approach is performed to expose a large portion of the occiput, the central 3 cm of the C1 ring, 
and C2 as described previously. Traumatic disruption of the dura may be encountered between the occiput and C1, or C1 and C2. This should be repaired 


with 5-0 Nurolon suture, if possible, or sealed with a synthetic dural patch. Although it should not be violated, the C2—C3 facet joint must be included in the 
exposure as it is an important guide for C2 screw insertion. 
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Figure 48-35. Careful inspection of a paramedian image through C2 reveals the bony corridor through which a screw can be placed (black arrow with dashed line). 
The vertebral artery in this patient is more high riding in its lateral course (right), while the artery is more inferior medially (left). This highlights the importance of 
preoperative imaging evaluation, as the screw trajectory should be medialized. 


Occipitocervical Stabilization: 


KEY SURGICAL STEPS 


Fluoroscopy to ensure adequate visualization of the occiput, C1, and C2 prior to incision 

Standard posterior midline approach from occiput to C2/C3 level 

Place sublaminar cable around C1 for control during reduction 

Insert C2 isthmus screws under fluoroscopic guidance 

Application of occipital plate with unicortical, midline screws 

Insert and provisionally secure articulated rods to C2 screws and occipital plate 

Under fluoroscopy, reduce occipitocervical dislocation by manipulating C1 sublaminar cable or occiput/C2 using towel clip/tonsil clamp 
Final tightening of construct once reduction is achieved 

Decortication and application of tricortical iliac crest bone graft 

Final fluoroscopy prior to closure 


The first step in the authors recommended approach to stabilization is placement of a sublaminar cable around the C1 ring. This enables better control of C1 
during reduction. Following exposure of the posterior aspect of the C1 ring, a small-angled curette is used to subperiosteally dissect around the ventral 
aspect of the posterior C1 ring. After an adequate soft tissue sleeve is created, the leader of a threaded double-looped cable is bent into a curve and passed 
beneath the C1 ring while maintaining contact with the bone. Because the interval between C1 and C2 is usually larger than the interval between the occiput 
and C1, it is the authors’ preference to pass the cable from caudal to cranial. Care must be taken not to inadvertently push the leader into the spinal canal. 
This can be avoided by keeping the cable against the ventral aspect of the posterior C1 ring at all times. Once the leader loop is visualized in the occiput—C1 
interspace, it is retrieved using a small nerve hook. The cables are then pulled through, leaving equal portions above and below the C1 ring. 

Starting holes for C2 isthmus screws are then made using a 2.5-mm high-speed burr. The location of the starting hole is just lateral and superior to the 
lateral aspect of the C2—C3 joint (Fig. 48-36). An AP odontoid view confirms that the starting points are aligned with the midaspect of the C1—C2 joint. 
Next, the C-arm is positioned for a lateral image. The proximal-—distal location of the starting point should be adjusted so that it is centered within the 
midaspect of the C2 pars. A 2.5-mm drill bit (for a 3.5-mm screw) is advanced under manual power into the C2 pars. The tip of the drill bit should be 
directed toward the superior aspect of the pars to avoid the vertebral artery foramen. Provided adequate reduction and alignment can be maintained, a few 


degrees of capital flexion can help achieve the necessary angle. 
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Figure 48-36. The starting point (blue dot) and trajectory (dashed arrow) for a C2 isthmus screw. The starting point lies just superior and lateral to the medial aspect 
of the C2-C3 joint. 


If the patient has amenable anatomy as determined on preoperative CT scan, the drill can be maintained in a perfectly sagittal orientation or slightly 
medialized. Lateral deviation should be avoided as it puts the vertebral artery at risk. Overzealous medial angulation risks violation of the spinal canal. As 
the pars screw is unicortical, tactile feedback and fluoroscopy are important to prevent penetration of the anterior cortex. After the drill bit has been inserted 
to a sufficient depth, the hole is probed, measured, and tapped. The screw is then inserted under lateral fluoroscopic guidance. With both C2 screws in place, 
an AP view should confirm that they are directed toward the midaspect of the C1—C2 joint. 

The next step is application of the occipital plate. The borders of the inion are noted. An appropriately sized plate can be trialed and proper positioning 
confirmed at the prospective location. Ideally, the plate should be placed so that the most proximal screw hole is as close to, but still inferior to, the inion. 
Using a marking pen, the site of the proximal screw is designated. The plate is then removed to allow easier preparation of the initial hole. The 2.5-mm burr 
is used to create a starting hole, followed by drilling with sequentially longer bits. Most systems provide a method to drill in controlled increments of 2 mm, 
starting at a depth of 6 mm. While bicortical screw fixation is strongest, unicortical fixation near the inion is safer and has acceptable biomechanical 
properties.!©! It is the authors’ preference to predetermine the screw length on the basis of preoperative CT measurements. The hole is then tapped to the 
same depth. With the first occipital screw path prepared, the plate is then placed into position and provisionally fixated by screw insertion. The plate must 
be held in the ideal position, as it can rotate with screw tightening. This screw will hold the plate in a secure position while the other screws are inserted 
using a similar technique. 

The authors prefer to use articulated rods to connect the plate to the C2 screws. After it is cut to an appropriate length, the rod is inserted into the tulip 
screw heads. Lock nuts are loosely inserted into the screw heads, while a final reduction is performed. Reduction relies on manipulation of the proximal and 
distal segments. A tonsil clamp can be used to grasp the occipital plate to control the head; a towel clip can be placed on the C2 spinous process for distal 
control. Alternatively, the sublaminar C1 cable can be used to deliver a posterior force. AP translation can be held in a corrected position while an assistant 
fixes the rods to the tulip heads with the lock nuts. A lateral view should confirm acceptable reduction of the condyles within the articular surfaces of C1. In 
a final step, minor adjustments in flexion—extension can be made through the rod articulations before they are tightened. 

A large piece of tricortical iliac crest bone graft is harvested. Alternatively, structural allograft can be used. It is contoured to fit between the occipital 
base and the superior aspect of the C2 laminae and spinous process. Ideally, the bone graft should also contact the C1 ring. After decorticating the contact 
areas on the occiput, C1, and C2, the graft is held in place with the sublaminar cable (Fig. 48-37). 


Postoperative Care 


Even with modern rigid occipitocervical fixation, patients are placed in a cervical collar, more as a reminder to the care team that the patient has had surgery 
for an unstable injury than providing critical immobilization. Wound and drain care is as described previously. AP, lateral, and open-mouth radiographs are 
obtained postoperatively. The patient is mobilized as tolerated. Follow-up radiographs are obtained at 2 weeks, 6 weeks, 3 months, 6 months, and annually 
thereafter to assess the integrity of the construct and fusion. 


Pearls and Pitfalls 


Malreduction of the occipital condyles on C1 can occur if proper precautions are not taken. Although sometimes challenging, the surgeon should be 
confident that they can adequately identify important bony landmarks on the lateral view, including the basion and odontoid tip. The tip of the odontoid 
should be in relatively close proximity to the basion before the final construct is locked into place. It is less reliable to judge AP translation by examining 
the relationship between the C1 ring and the occiput. However, a change in the relative position may be gauged by comparing pre- and intraoperative 
images. 

While bicortical occipital screws are stronger, they also are associated with a greater risk of dural penetration. If CSF is encountered during occipital 
hole preparation, bone wax can be used to control fluid escape. Ultimately, insertion of the screw effectively seals the leak. 

Overtensioning of cables can lead to fracture of the bone graft. In contrast to older techniques, modern spinal instrumentation systems do not rely upon 
the integrity of the bone graft for stability. If graft fracture does occur, the sublaminar cable can be removed and the graft repositioned to span the occiput to 
C1 and C1 to C2. An overlay cable, or heavy suture, can be passed around the rods, posterior to the graft to hold it in position. 


OCCIPITAL CONDYLE FRACTURES 


ASSESSMENT OF OCCIPITAL CONDYLE FRACTURES 


Mechanisms of Injury 


Occipital condyle fractures can occur from a variety of mechanisms. Stable fractures, such as Anderson types I and II and Tuli types I and IIa, probably 
occur from axial impaction of the head onto the cervical spine. Unstable injuries result from ligamentous disruption with associated avulsion fractures of the 
condyle and are probably caused by distraction between the head and the cervical spine. 
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Figure 48-37. A: Magnetic resonance images of a patient with an occipitoatlantal dissociation showing a frankly disrupted tectorial membrane (black lines) and 
resultant spinal cord compression. There was an increased interval noted between the basion (B) and odontoid (O). The patient had previously undergone an anterior 
corpectomy and fusion in the subaxial region. B, C: A posterior occipitocervical fusion was performed. The dotted line and black arrow in B and C outlines the 
external occipital protuberance. 


Occipital condyle fractures can present with or without cranial nerve injuries and also may be associated with fractures in other locations within the cervical 
spine.88:-152 Freeman and Behensky®® reported a case in which hypoglossal nerve palsy developed in the setting of bilateral occipital condyle fractures. 
Likewise, Urculo et al.*!9 treated a patient who developed glossopharyngeal and vagus nerve palsies that were not diagnosed until 4 months after sustaining 
an occipital condyle fracture. Chen et al.*° documented two cases of internal carotid artery dissection after isolated type III occipital condyle fractures. 
Based on these findings, the authors recommended cerebral angiography in all patients with such injuries. 


CT is the imaging modality of choice for detecting these fractures, as plain radiographs can lead to missed injuries. Fracture fragment size, apposition, and 
gapping are best assessed on coronal and sagittal CT reconstructions. Radiographs are unreliable in demonstrating occipital condyle fractures. 
A number of classification systems have been proposed to describe occipital condyle fractures.!!!%2!8 In a classic work, Anderson and Montesano! 


used their experience with six patients, in addition to previously published findings, to develop a classification scheme for condyle fractures. In this 
classification, type I injuries are impaction fractures, type II injuries are basilar skull fractures that extend into the condyle, and type III injuries are 
displaced avulsion fractures (Fig. 48-38). Type I and II fractures are the more stable variants, whereas type III injuries tend to be associated with 
ligamentous disruption and are considered unstable. Accordingly, Anderson and Montesano!! recommended nonoperative treatment of type I and II 
fractures, whereas occipitocervical stabilization and fusion was advocated for type III fractures. 
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Figure 48-38. Classification of occipital condyle fractures. Type I injuries are impaction fractures, type II injuries are basilar skull fractures that involve the condyle, 
and type III injuries are displaced avulsion fractures. 


The Anderson classification scheme most commonly used, although Tuli et al.?!8 also proposed a grading system for occipital condyle fractures on the 
basis of their review of 93 injuries. Stable, nondisplaced injuries were classified as type I, whereas displaced fractures without ligamentous injury were 
categorized as type Ila. Type IIb fractures were displaced and associated with ligamentous disruption. It is essential to note that the Tuli scheme necessitates 
CT and MRI in order to determine whether the injury is stable or unstable. In a recent series, Aulino et al.!5 maintained that it was difficult to distinguish 
between type I and Ia fractures using the Tuli classification. 


NONOPERATIVE TREATMENT OF OCCIPITAL CONDYLE FRACTURES 


Indications/Contraindications 


Most occipital condyle fractures can be treated nonoperatively. A rigid cervical collar worn for 8 to 12 weeks is usually sufficient for Anderson type I and II 
injuries. Because of the potential for instability with type III fractures, halo vest immobilization or operative treatment is indicated. Beyond the distinction 
between injury types in classification systems, the authors rely more heavily on inspection of the integrity of the tectorial membrane on MRI to differentiate 
stable from unstable variants. In the authors’ practice, disruption of the tectorial membrane as indicated by MRI is a usual contraindication for nonoperative 
treatment as it suggests occult occipitocervical dissociation. 


Outcomes 


Capuano et al.*! reported results of nonoperative treatment of occipital condyle fractures. There were five type III, three type II, and two type I fractures. 
Successful healing was documented in all 10 patients.*! 


OPERATIVE TREATMENT OF OCCIPITAL CONDYLE FRACTURES 


Indications 


Operative treatment is indicated for unstable injuries. The authors’ criterion for instability is disruption of the tectorial membrane as assessed on sagittal T2- 
weighted magnetic resonance images. Using available classification systems, Anderson type III and Tuli type IIb fractures are described as unstable, 
although they are not always associated with tectorial membrane disruption. In cases that are functionally craniocervically unstable, occipitocervical 
stabilization and fusion is indicated. 


Authors’ Preferred Treatment for Occipital Condyle Fractures ( ) 


Occipital condyle 
fracture 


Minimally 
displaced/impacted Displaced fracture 
fracture 


Ligamentous No ligamentous Ligamentous No ligamentous 
disruption/tectorial disruption/tectorial disruption/tectorial disruption/tectorial 
membrane injury on membrane injury on membrane injury on membrane injury on 

MRI MRI MRI MRI 


Occipitocervical ia = Occipitocervical Halothoracic 
cervico- 


fusion tiöracic orthösis fusion vest 


Algorithm 48-1 Authors’ preferred treatment for occipital condyle fractures. MRI, magnetic resonance imaging. 


It is the authors’ practice to routinely evaluate occipital condyle fractures for associated ligamentous injury, or disruption of the tectorial membrane, 
using MRI. In the absence of ligamentous injury, stable occipital condyle fractures are immobilized in a rigid cervical collar or CTO for 8-12 weeks. If 
MRI demonstrates ligamentous disruption or injury to the tectorial membrane, occipitocervical stabilization and fusion as described previously is 
performed. Similarly, displaced fractures with ligamentous injury are treated with occipitocervical fusion. If the ligamentous structures are intact, 
displaced fractures can be managed with a halo vest or CTO for 12 weeks. 


Outcomes 


The results of occipitocervical fusion for unstable occipital condyle fractures are similar to those documented for occipitocervical dislocations. In a series of 
patients with occipital condyle fractures, Hanson et al.!°* reported good outcomes following occipitocervical fusion or halo vest immobilization in unstable 
injuries. Caroli et al.4? also maintained that successful healing occurred in five patients who were treated surgically for unstable occipital condyle fractures. 


COMPLICATIONS OF OCCIPITAL CONDYLE FRACTURES 


Isolated occipital condyle fractures can occur in the setting of occipitocervical ligamentous injury without substantial malalignment. Thus, a high index of 
suspicion for occult ligamentous injury must be maintained, regardless of the fracture type, until ligamentous disruption is ruled out by MRI. Caroli et al. 
recognized the potential for occult instability in association with occipital condyle fractures, and other authors*!9 have highlighted the potential for 
concomitant cranial nerve injury. 


ATLAS FRACTURES (C1) 


ASSESSMENT OF ATLAS FRACTURES (C1) 


Mechanisms of Injury 


C1 fractures can occur through a variety of mechanisms. Simple posterior ring fractures are thought to occur from hyperextension, as the C1 ring can be 


impinged between the occiput and C2. The mechanism of injury with Jefferson (burst) fractures is generally presumed to be axial load that results in radial 
expansion forces and secondary failure of the C1 ring. Alternative mechanisms have also been suggested, however. In a biomechanical study on human 
specimens, Beckner et al.!9 found that pure lateral tensile loads can result in similar fracture patterns. Although spinal cord injury is infrequently associated 
with isolated injuries, unstable C1 ring fractures from high-energy mechanisms may carry a greater risk. Vertebral artery occlusion, although rare, has been 
reported in association with Jefferson fractures. !°° 


Diagnosis and Classification 


Various fracture patterns can occur within the C1 vertebra. Importantly, it is not mechanically possible to fracture the C1 ring in only one location. Thus, the 
minimum number of fracture sites is two. Posterior arch fractures are the simplest and most benign pattern, with two fractures in the C1 ring occurring 
posterior to the lateral masses. While these have little mechanical significance regarding spinal stability, their recognition is important if C1 sublaminar 
wiring is planned for treatment of other associated fractures. 

The classic Jefferson fracture pattern is defined as bilateral fractures in the anterior and posterior aspects of the ring. However, unilateral disruption of 
the ring, resulting in dissociation between the left and right sides of the ring may also result in injury C1—C2 facet joints and transverse ligament. The exact 
location of the fractures can vary substantially, with some injuries extending into the lateral masses. 

The distinction between stable and unstable C1 burst fractures is the integrity of the transverse ligament. The transverse ligament is disrupted in tension 
with lateral displacement of the fragments, resulting in C1—C2 instability. An intact ligament, spanning the lateral masses and the odontoid, functions as a 
soft tissue restraint that limits the degree of displacement. Apart from direct inspection on MRI, the integrity of the transverse ligament has traditionally 
been based on the amount of lateral overhang of the C1 lateral masses on C2. As detailed in the section on radiographic injury detection, this measurement 
is made on the open-mouth view. Combined left and right lateral mass overhang on C2 exceeding 7 or 8 mm implies transverse ligament injury. Recent 
cadaveric investigation has questioned the reliability of lateral mass overhang in determining integrity of the transverse ligament. Woods et al.?*4 found that 
the ligament failed at an average of 3.8 mm, lower than previously indicated. Based on their finding, they concluded that lateral mass overhang should be 
used only as an adjunct to MRI assessment. In 18 patients, Radcliff et al. similarly found no correlation between ligament integrity and lateral mass 
displacement.!7! 


NONOPERATIVE TREATMENT OF ATLAS FRACTURES (C1) 


Indications/Contraindications 


Treatment of C1 burst (Jefferson) fractures has varied over time. However, in the absence of more serious cervical injuries, most surgeons advocate 
nonoperative treatment in the majority of cases. Stable burst fractures can be treated nonoperatively in a rigid cervical collar for 8 to 12 weeks. Unstable 
fractures may be reduced in halo traction and definitively treated in a halo vest for 12 weeks. Importantly, flexion—extension views should be obtained after 
the fracture has healed to rule out residual C1—C2 instability. 


Authors’ Preferred Treatment for Atlas Fractures (C1) ( ) 


The authors prefer to treat isolated C1 ring fractures nonoperatively in patients who are neurologically intact. For simple posterior arch fractures, a hard 
collar is worn for 2—4 weeks. Flexion—extension views are then obtained to confirm mechanical stability of the spine. For burst or Jefferson fractures 
without suspicions of transverse ligament disruption, a rigid cervical collar, or CTO, is worn for 12 weeks. Although a confirmative CT scan is not 
routinely obtained, adequate fracture healing is presumed to be present by 12 weeks. Flexion—extension views are then obtained to rule out occult C1— 
C2 instability. 

Burst or Jefferson fractures with transverse ligament disruption are presumed to be unstable. In the authors’ practice, unstable injuries in patients 
without neurologic deficit are treated first with longitudinal traction delivered via a halo ring. An open-mouth view is obtained to confirm adequate 
reduction. Following a short period of sustained traction of 3-5 days, the patient is then placed in a halo vest and mobilized. Importantly, traction is 
maintained until the vest is secured. Before releasing the traction, the wheel nuts on all four of the upright struts are maximally lengthened to pretension 
the unit. 

Once the patient is upright, a repeat open-mouth view is obtained. While some mild displacement due to axial settling is expected, excessive loss of 
reduction is suboptimal. If this occurs, the patient may be a candidate for posterior atlantoaxial instrumented fusion, as detailed in the section on 
treatment of atlantoaxial instability. This may also be necessary if neurologic deficits do not resolve with realignment after halo traction. 


C1 ring fracture 


Posterior arch Burst fracture 


Stable injury/no Unstable/ 
ligamentous ligamentous 
disruption disruption 


Cervical collar 
for 4 weeks 


Cervical collat/ 
cervicothoracic 
orthosis for 
12 weeks 


Halo traction 


Satisfactory Unsatisfactory 
alignment/ alignment/ 
resolution of persistent 

neural deficits neural deficits 


Halothoracic Atlantoaxial 
vest fusion 


Algorithm 48-2 Authors’ preferred treatment for atlas (C1) fractures. 


Outcomes 


Traction can successfully reduce displaced C1 fracture fragments and maintain alignment until the fractures heal. Lee et al.'3° retrospectively reviewed the 
results of nonoperative management with a rigid cervical collar in 16 patients with stable Jefferson fractures. No C1—C2 instability was evident at 1-year 
follow-up, and all individuals appeared to heal their injuries. 


OPERATIVE TREATMENT OF ATLAS FRACTURES (C1) 


Posterior Atlantoaxial Stabilization and Fusion 


Posterior atlantoaxial stabilization and fusion is an effective treatment of residual C1—C2 instability following C1 burst fractures. In the acute setting, 
methods that rely on C1 sublaminar cables or wires, such as Brooks or Gallie techniques, are not technically feasible because the fracture involves the 
posterior arch. If the ring fracture has sufficiently healed, wiring methods can be performed later. Screw fixation has been advocated as a superior method of 
treating acute C1 fractures, as it does not rely on the integrity of the C1 arch. Provided that an adequate fracture reduction can be achieved, transarticular 
C1-C2 screws may be used for stabilization. These constructs have superior control over fracture fragments in all motion planes as compared with wire- 
based techniques. If preferred, or if adequate reduction cannot be obtained, C1 lateral mass!3 and C2 instrumentation can be used, including C2 pedicle 


screws, pars screws, or intralaminar screws. A recent biomechanical study by Dmitriev et al.®° postulated that, for atlantoaxial fixation for fracture, C2 
pedicle screws provided the greatest biomechanical integrity, followed by intralaminar screws and then pars fixation. 


Indications 


Surgical stabilization has a role in selected cases after the failure of nonoperative measures or when the injury includes concomitant disruption of the 
transverse ligament. 


Outcomes 


Hein et al.!!? demonstrated that atlantoaxial stabilization and fusion using transarticular screws was successful for acute, or subacute, Jefferson-type 
fractures. In this series, solid fracture healing was reported in all cases at the time of final follow-up. Dvorak et al.” followed a larger series of patients with 
Jefferson fractures for a period of 75 months. Importantly, in this study, the authors found that even after satisfactory healing, few patients return to their 
preinjury state of health or approximated the mean scores of age-matched controls. Ligamentous disruption and instability were identified as indicators of 
poor outcome regardless of treatment.”? 


Osteosynthesis of the C1 Ring 
Indications 


Although not popular, some have advocated anterior or posterior osteosynthesis of the C1 ring following fracture to try to preserve atlantoaxial rotation. The 
exact indications for this technique are unclear, as it does not directly address transverse ligament disruption. 


Outcomes 


Ruf et al.!®! reported the use of anterior osteosynthesis of the C1 ring to treat Jefferson fractures through a transoral approach. Bednar and Almansoori 
reported a case of successful posterior osteosynthesis with C1 lateral mass screws connected by a transverse rod.7° Although this does not address transverse 
ligament disruption, some clinical data suggest that this approach does not lead to residual instability. 11:203 


COMPLICATIONS OF ATLAS FRACTURES (C1) 


C1-C2 instability is a well-recognized sequela following Jefferson C1 burst fractures and thus should be considered a true complication. Instability results 
from transverse ligament disruption, which, by itself, has been demonstrated to allow a maximum of 5 mm of widening at the ADI. The alar ligaments are 
usually not disrupted with Jefferson fractures, as the odontoid process is not displaced relative to the anterior foramen magnum, where the ligaments insert. 
Once the C1 ring fractures have healed, and assuming that no concomitant cervical fractures are present, the injury should be treated as a case of atlantoaxial 
instability (see later).“* Greater than 5 mm of widening of the ADI implies a more substantial, and potentially dangerous, degree of instability that can place 
the spinal cord at risk. In such cases, a C1—C2 fusion using C1 lateral mass and C2 isthmus screws is performed as described later. 


SAGITTAL ATLANTOAXIAL INSTABILITY WITHOUT FRACTURE (C1-C2) 


ASSESSMENT OF SAGITTAL ATLANTOAXIAL INSTABILITY WITHOUT FRACTURE (C1-C2) 


Mechanisms of Injury 


Sagittal instability of the atlantoaxial junction most likely occurs from an abrupt flexion moment that results in shear forces acting on the C1—C2 
articulation. Instability results from a ligamentous injury that, at minimum, involves the C1—C2 facet capsules and the transverse ligament with or without 
alar ligament disruption. Anatomical studies suggest that transection of the transverse ligament alone allows widening of the ADI to a maximum of 5 mm, 
with the alar ligaments preventing further displacement.”°° Disruption of the alar ligament ultimately allows ADIs that exceed 5 mm. Distraction injuries 
through the atlantoaxial joint and instability following atlas fractures are considered elsewhere in this chapter, as they have distinctly different mechanisms 
of injury and treatment modalities. 


Diagnosis and Classification 


The diagnosis of this injury can typically be made on plain radiographs by measuring the ADI.72° Normally, this interval is no greater than 2 to 3 mm in 
adults. In an awake, cooperative patient who is neurologically intact, flexion—extension images in a controlled setting can be obtained to detect occult 
instability in a patient with a normal ADI. Flexion—extension films may not be necessary in a patient with a grossly widened (>5 mm) ADI, as disruption of 
both the alar and transverse ligaments can be inferred. For those with initial ADIs that are somewhat widened (3-5 mm), or asymmetrical (e.g., angulation 
of the C1 ring on the odontoid peg results in a wide ADI superiorly but normal ADI inferiorly), flexion—extension views can be useful in distinguishing the 
degree of instability. 

As CT scanning is now standard of care in primary trauma survey assessment of the ADI primarily occurs on sagittal and axial images.*? An axial view 
through the C1 ring or a midsagittal reconstruction can be used to measure the ADI. MRI is not useful for ADI measurement, as osseous contours are often 
difficult to discern. However, high-quality axial images can be used to directly inspect the contiguity of the transverse ligament, whereas sagittal and 
coronal images display the alar ligaments. Increased signal within the C1—C2 facet joint or between the atlas and odontoid process may also be suggestive of 


injury. 
NONOPERATIVE TREATMENT OF SAGITTAL ATLANTOAXIAL INSTABILITY WITHOUT FRACTURE 
(C1-C2) 


Indications/Contraindications 


The determination of the optimal treatment modality is case-specific and depends on the magnitude of instability, the presence of neurologic compromise, 


and patient age. Isolated transverse ligament injuries usually do not result in gross instability. In a patient who is neurologically intact, nonoperative 
treatment in a collar or a halo vest can be used, provided the ADI can be held in a reduced position. The transverse ligament can heal if it is attached to a 
small avulsion fracture. Younger patients have a greater chance of healing. Nonoperative management is usually contraindicated in patients with ADIs 
greater than 5 mm, spinal cord injury, or in patients in whom a concomitant injury (e.g., pulmonary injury, cranial fracture) may preclude safe halothoracic 
immobilization. 

As an adjunct to both operative and nonoperative management, traction can be an effective method of reducing sagittal C1—C2 instability. The traction 
force vector should be directed slightly posteriorly so that if cranial tongs are used, the pins must be located just anterior to the external auditory meatus. 
Importantly, care must be taken to rule out axial instability after the initial placement of 5 to 10 lb. Although the only initial radiographic abnormality may 
be a widened ADI, circumferential ligamentous C1—C2 disruption behaves functionally as a craniocervical dissociation that can exhibit substantial, and 
potentially dangerous, axial displacement with even low amounts of traction weight.*° 


Outcomes 


Nonoperative treatment may be effective in selected cases, such as isolated transverse ligament disruption in a neurologically intact, low-demand, elderly 
individual. In general, surgical treatment via C1—C2 stabilization and fusion is advocated. 


OPERATIVE TREATMENT OF SAGITTAL ATLANTOAXIAL INSTABILITY WITHOUT FRACTURE (C1- 
C2) 


Surgical treatment of sagittal C1—C2 instability without fracture usually consists of posterior atlantoaxial stabilization and fusion. A variety of methods have 
proven effective over time, including Gallie or Brooks techniques, transarticular screws, C1 lateral mass and C2 screws, or combinations thereof. 


Indications 


If a patient has an associated spinal cord injury, surgical treatment should be strongly considered regardless of the degree of instability. Patients with ADIs 
greater than 5 mm should also undergo C1—C2 fusion. Symptoms such as occipital headaches, neck pain, or C2 neuralgia in conjunction with late instability 
are also indications for surgical stabilization. 


Posterior Stabilization of Sagittal Atlantoaxial Instability Without Fracture (C1-C2) 


The authors prefer to treat most cases of sagittal atlantoaxial instability surgically with posterior stabilization using C1 lateral mass and C2 isthmus screws, 
followed by fusion with tricortical iliac crest autograft. 


Preoperative Planning 


A CT scan should be examined to note the location of the vertebral artery foramen at C2 and estimate screw trajectory and length. The proximity of the 
internal carotid artery to the anterior aspect of C1 should also be noted on axial MRI sequences, as this structure can be endangered with bicortical C1 
lateral mass screws. 


Positioning 


After fiberoptic intubation and baseline motor- and sensory-evoked potentials have been obtained, the patient is positioned prone on a standard electric 
operating table. Reduction of the C1—C2 joint can be achieved and maintained by neck extension and gentle traction attached to the head of the table. 


Surgical Approach 


A standard midline approach is used to expose the posterior C1 ring along its central 3 cm and the C2 laminae and spinous processes. The C2 isthmic 
screws are placed before exposure of the C1—C2 joints and C1 lateral masses, which may be associated with increased blood loss due to disruption of the 
venous plexus surrounding these structures. Bipolar cautery is used to dissect superiorly along the posterior cortical surface of the C2 pars/pedicle until the 
C2 nerve root is encountered. This is retracted inferiorly, allowing exposure of the C1 lateral mass. At no time should dissection proceed above the C1 ring 
along its lateral aspect because of risk of injury to the vertebral artery. In the authors’ preferred technique, the posterior C1 arch is not used as a landmark 
for screw insertion. 


Technique 


KEY SURGICAL STEPS 


,/ | Posterior Atlantoaxial Stabilization and Fusion: 


Fluoroscopy to ensure adequate visualization of C1 and C2 prior to incision 

Standard posterior midline approach from C1 to C2 level 

Place sublaminar cable around C1 to control during reduction 

Insert C2 isthmus screws under fluoroscopic guidance prior to exposing C1 lateral masses to minimize bleeding 
Insert C1 lateral mass screws under fluoroscopic guidance 

Insert and provisionally secure rods to C1 lateral mass C2 isthmus screws 

Under fluoroscopy, reduce atlantoaxial dislocation by manipulating C1 sublaminar cable 

Final tightening of construct once reduction is achieved 

Decortication and application of tricortical iliac crest bone graft 

Final fluoroscopy prior to closure 


A double-looped cable is passed around the C1 posterior arch. A posterior force on this cable anchor allows excellent control of the ring and complete 


reduction of the ADI. C2 isthmus screws are then inserted under fluoroscopic guidance as described earlier in the section titled Occipitocervical 
Dislocations. Importantly, this is performed prior to exposure of the C1 lateral masses for two reasons. First, the dissection usually involves entry into an 
epidural or epineural venous plexus, where complete hemostasis may be difficult. Since placement of the C2 screw does not require exposure of this region, 
insertion is performed first to minimize total blood loss. Second, a well-placed C2 isthmus screw can be used as a medial—lateral landmark for the C1 screw 
starting point. As mentioned previously, a C2 screw is ideally directed toward the midaspect of the C1—C2 articulation. 

The entry point for the C1 screw is located inferior to the C1 posterior arch, within the midaspect of the lateral mass. Provided adequate exposure of the 
posterior cortical surface has been achieved, a Penfield elevator can be used to retract the C2 nerve root inferiorly. The C1—C2 articular surfaces can usually 
be clearly seen, as the joint capsule has been disrupted by the trauma. A lateral view is used to confirm that the Penfield is resting along the posterior margin 
of the lateral mass. A 2.5-mm burr is then used to create a starting hole, followed by preparation of the screw path with a 2.5-mm drill bit under hand power. 
The bit is angled medially about 10 degrees to access the thicker bone in this region. It is the authors’ preference not to penetrate the far cortex. 

Judging screw length can be challenging, as the majority of the screw shaft will lie outside the bone. A depth gauge is inserted. However, instead of 
measuring the intraosseous path, the depth gauge is best adjusted to be aligned with the desired position of the tulip head of the C2 screw. Most systems 
have long, terminally threaded screws with smooth proximal shanks to avoid irritation of the C2 nerve root. The appropriate-length screw is inserted and its 
position confirmed on AP and lateral fluoroscopic views. Rods are then cut to the appropriate length and loosely affixed to the screw heads on either side. 
To ensure complete reduction, the C1 cable can be used to pull the C1 ring posteriorly while an assistant tightens the locking nuts. A lateral view should 
confirm reduction with traction removed. A tricortical piece of iliac crest autograft is then cabled in place over the decorticated posterior surfaces of C1 and 
C2. 


Postoperative Care 


Although this technique provides rigid internal fixation, it is the authors’ practice to maintain the patient in a hard cervical collar for 8 to 12 weeks. If the 
patient has multiple injuries and will be in the intensive care unit for a prolonged period, the collar can be removed. 


Pearls and Pitfalls 


Incomplete reduction of the ADI is best avoided by achieving a nearly perfect reduction prior to incision. Intraoperatively, reduction is aided by the C1 
sublaminar cable. The surgeon must ensure, however, that the C1 ring is intact and that a nondisplaced odontoid fracture is not present. Aggressive force on 
the C1 cable can lead to displacement of these unrecognized injuries. 

Complications of the surgical technique include wound infection, blood loss from the epidural plexus, dural tear, neurologic deterioration, and 
pseudarthrosis. Complications specific to the surgical treatment of this injury include malreduction and overdistraction of the C1—C2 joint from aggressive 
intraoperative manipulation. 


Outcomes 


Most series investigating the surgical treatment of C1—C2 instability have included patients with a wide variety of injuries. The authors have not found a 
dedicated review detailing outcomes of one or more surgical techniques exclusive to the treatment of pure ligamentous disruption at C1—C2. Overall, fusion 
rates appear to be highest with more stable methods of fixation, such as C1 lateral mass with C2 instrumentation or C1—C2 transarticular screw stabilization. 
The classic wire-based constructs, such as Gallie or Brooks technique, are less effective at providing immediate stability to the injured segments. 


ATLANTOAXIAL ROTATORY DISLOCATION (C1-C2) 


ASSESSMENT OF ATLANTOAXIAL ROTATORY DISLOCATION (C1-C2) 


Mechanisms of Injury 


Isolated, traumatic atlantoaxial rotatory dislocation is rare in adults, with few series reporting the incidence or outcomes of this injury. Lukhele!*? reported 


results of a series of 10 patients with atlantoaxial rotatory dislocation caused by trauma or infection. Traumatic injuries most likely occur from a 
combination of lateral flexion (LF) and forced rotation. Patients who were diagnosed early in this series were effectively treated with traction and external 
immobilization. Surgical treatment, including occipitocervical fusion, was performed in those with delayed presentation. Rotatory dislocation in the setting 
of a displaced odontoid fracture has also been reported.®° 


Associated Injuries 


One group has reported an association between C1 and C2 rotatory instability and clavicle fractures.'®? These authors postulated that the neck injury 
occurred during shoulder impact after a fall. While the clavicle injuries were detected acutely, identification of rotatory instability was delayed, resulting in 
a fixed deformity. Neurologic compromise is uncommon following C1-C2 rotatory injuries, although occipital neuralgia is more likely to be present.®? 


Diagnosis and Classification 


Rotatory dislocations of the C1—C2 joint are a commonly missed injury. Lukhele!*? showed that the delay in diagnosis can range from 4 weeks to 2.5 years. 
Asymmetry of the C1—C2 joints on an initial trauma CT scan is usually attributed to head posture during the examination, although such a finding may be 
indicative of rotatory injury. Barring other injuries that may preclude such an investigation, axial CT scans through C1—C2, obtained with the head 
maximally rotated to the left and right, will definitively demonstrate a fixed rotatory subluxation or dislocation. MRI may be used as an adjunct to identify 
increased edema at the C1—C2 articulation or ligamentous disruption, although such findings can be nonspecific. 

The classification system proposed by Fielding and Hawkins®? described four distinct injury types. Type I is a rotatory deformity without widening 
between the odontoid process and the anterior C1 arch. Type II consists of widening in the range of 3 to 5 mm, implying transverse ligament disruption. 
Type II injuries have widening measuring more than 5 mm, indicative of transverse and alar ligament disruption. A type IV injury has also been described, 
representing posteriorly translated rotatory dislocation. However, this pattern appeared only once in the series of Fielding and Hawkins,® and the patient 
had rheumatoid arthritis that resulted in erosion of the odontoid. Posterior rotatory dislocation of the C1 ring over the odontoid process may functionally be 
more akin to a traumatic occipitocervical dissociation. 


NONOPERATIVE TREATMENT OF ATLANTOAXIAL ROTATORY DISLOCATION (C1-C2) 


Indications/Contraindications 


Atlantoaxial rotatory dislocations that present in the acute period may be successfully managed nonoperatively. Reduction is achieved via traction and is 
usually successful.2? Once reduction is achieved, a decision must be made regarding the method of immobilization, and in practice range from a simple 
cervical orthosis to halothoracic vest. Wetzel and La Rocca? recommended a cervical collar for type I injuries, CTO for type II injuries, and halo vest for 
type III injuries. 


Outcomes 


The few series documenting the results of nonoperative treatment of rotatory instability consist of primarily pediatric patients with postinfection lesions. In 
these reports, nonoperative treatment is generally successful, provided a reduction can be achieved and maintained. The duration of immobilization after 
reduction has varied from 6 weeks to 3 months.®2:238 


OPERATIVE TREATMENT OF ATLANTOAXIAL ROTATORY DISLOCATION (C1-C2) 


Indications 


Surgical treatment is indicated in cases associated with a spinal cord injury, gross dynamic instability (as detected on rotational CT scan), and in those 
patients in whom nonoperative measures have failed. It is unclear whether the results of pediatric patients whose instability occurred after infection can be 
applied to the adult patient with posttraumatic ligamentous injuries. In the setting of traumatic rotatory dislocations, a strong case for instrumented fusion 
can be made, even in the patient who is neurologically intact. 


Closed Reduction and Instrumented Fusion 


The authors’ preferred approach to treatment for these rare injuries is usually closed reduction and instrumented fusion. Regardless of the severity, closed 
reduction with cranial tong traction is attempted. If reduction is successful, posterior C1—C2 instrumented fusion is performed using C1 lateral mass C2 
isthmus screws and iliac crest bone graft. If reduction cannot be achieved, open reduction of C1 and C2 is performed through a posterior approach, followed 
by instrumentation and fusion. 


Outcomes 


Surgical treatment is most often posterior stabilization and fusion. The relative benefits, disadvantages, and results of the various techniques of posterior 
atlantoaxial fusion are described elsewhere in this chapter. 


ODONTOID FRACTURES (C2) 


ASSESSMENT OF ODONTOID FRACTURES (C2) 


Mechanisms of Injury 


The mechanism of injury that produces odontoid fractures is not clearly defined. In a biomechanical study using cadaveric specimens, Doherty et al.°7 
concluded that type II odontoid fractures are likely caused by lateral or oblique forces, whereas type III fractures resulted from extension mechanisms. 
However, a similar biomechanical study by Benca et al.?? indicated that the direction of loading has very little to no effect on stiffness, yield load, and 
ultimate load of odontoid fractures. In this study, they found that bone mineral density was significant correlated with the biomechanical outcomes. Thus, 
odontoid fractures appear to result from of an interaction between the load magnitude and bone quality. While these injuries were previously well 
recognized in young patients injured in high-energy mechanisms, they are also increasingly encountered as isolated injuries in elderly patients following 
low-velocity falls.9°-144191 


Associated Injuries 


There are numerous associated injuries that may occur from the traumatic forces sufficient to cause odontoid fractures. In the elderly, forehead lacerations 
and periocular ecchymosis are commonplace, as the usual mechanism is a frontal impact that causes neck hyperextension. 


Diagnosis and Classification 


The Anderson and D’ Alonzo classification? remains the most accepted method of describing odontoid fractures. In this system, type I fractures are avulsion 
injuries involving the tip of the odontoid. Type II fractures occur at the junction of the odontoid process and the body of C2, and type III fractures involve or 
extend into the vertebral body of C2 (Fig. 48-39). The system is purely descriptive and is incapable of defining treatment or predicting outcomes. 

A clarification of the Anderson scheme has been suggested by Grauer et al.,?” who maintained that the true distinction between type II and III fractures 
lies in extension of the fracture into the superior articular surface of C2. Grauer et al. also subclassified type II injuries on the basis of fracture obliquity, 
displacement, and comminution, factors generally believed to impact treatment decision-making and outcomes. Type Ila fractures are transverse in 
orientation and minimally displaced. Type Ib injuries extend from the anterosuperior cortex in a posterior—inferior direction, and IIc fractures begin 
anteroinferiorly and extend posterosuperiorly. It is felt that type IIb fractures are the ideal pattern for anterior osteosynthesis using odontoid screw fixation, 
and this may be the main use of the subclassification system.!!© While Grauer et al.°” reported reasonable reproducibility among 7 spine surgeons in a series 
of 52 cases, the system has not been clinically validated in an independent setting. 


NONOPERATIVE TREATMENT OF ODONTOID FRACTURES (C2) 


Nonoperative treatment is appropriate for most odontoid fractures.'4+ Nonoperative management of odontoid fractures includes the use of an external 
cervical orthosis, CTO, or a halothoracic vest. Not everyone agrees with this approach, with some justifying more aggressive surgical treatment. Patients 


with fractures and 50% AP subluxation or more have been identified to be at significantly higher risk for nonunion and mortality regardless of treatment 
type.’® In a retrospective study with an unclear denominator, Kepler et al. found a 17% incidence of new neurologic deficit following trauma in the presence 
of an odontoid nonunion, which they justified as a reason to operatively treat the majority of patients. !24 


Type Ill 
Figure 48-39. Anderson and D’Alonzo classification system for odontoid fractures. Type I fractures are small avulsion fractures from the tip of the dens. Type II 
fractures occur through the so-called waist of the odontoid process. Type II fractures occur through the cancellous bone of the C2 vertebral body. 


Indications/Contraindications 


A hard collar should be considered as a method of symptomatic treatment for low-demand, elderly patients with nondisplaced odontoid fractures. A hard 
cervical collar can be used to treat any nondisplaced fracture of the odontoid, regardless of its Anderson type.!44 Some believe that a halo vest is more 
appropriate for nondisplaced type II fractures because of the reported high nonunion rate. Although a halo vest can be used to achieve and maintain a 
reduction in displaced type II and III fractures, healing rates have not been found to be substantially higher than those treated with cervical orthoses.!!6 


Techniques 
Traction and Reduction 


Traction and reduction is an effective means of reducing displaced or angulated odontoid fractures. This method can be used as a prelude to either operative 
or nonoperative management. Traction and reduction can also be employed in patients with, or without, neurologic injury. Contraindications to traction 
include evidence of occipitocervical dislocation or cranial fractures at the proposed pin sites of a halo ring or tongs. 

Traction has been shown to be a safe and effective means of achieving closed reduction and realignment of odontoid fractures. In a retrospective series, 
Rushton et al.!8 described a technique of bivector traction that allowed correction of both angular and translational deformity in posteriorly displaced 
fractures. Care must be taken when using traction in the acutely traumatized spine. In cases of unrecognized, occult occipitocervical dissociations that occur 
concomitantly with noncontiguous cervical fractures, inadvertent overdistraction of the craniocervical junction can occur. 


Halo Vest Immobilization 


Halo vest immobilization was commonly used in the past as the standard treatment of displaced and nondisplaced type II and III odontoid fractures. 
Traction applied via a halo ring may be initially used to reduce the fracture and then subsequently convert to a halothoracic vest. Halo vest immobilization 
may not be ideal in patients with fractures that cannot be reduced, or if a reduction cannot be maintained. 

Several historical works have documented satisfactory outcomes for odontoid fractures immobilized with halothoracic devices. However, none of these 
are high-quality evidence and most are retrospective studies comprising heterogeneous populations. Once again, union rates are higher for type III fractures 
treated with halothoracic immobilization than for type II injuries. Clark and White documented 87% healing for type III odontoid fractures treated with a 
halo, and this figure approached 100% in the work of Greene et al.°° In their series, Clark and White found only a 66% union rate for type II odontoid 
fractures immobilized in a halo, and in the series of Koivikko et al.,!28 healing occurred in less than 50%. 


Presently, there is a general concern that the use of halo vest immobilization in elderly patients can significantly increase the risk of postinjury mortality. 
The use of a halothoracic vest has been shown to increase swallowing difficulty,? with an associated risk of aspiration in elderly patients.?!? Similarly, the 
potential for pneumonia and cardiac arrest also appears to be elevated in geriatric patients following halothoracic immobilization.!*°7!° For example, in the 
work of Tashjian et al.,2!° mortality and complication rates were significantly elevated in elderly patients treated with halo vest as compared with those 
immobilized in a cervical collar or receiving surgery. In this study, within the halothoracic cohort, the mortality and complication rates approached 50% and 
70%, respectively. It is important to recognize, however, that other series focusing on elderly patients with odontoid fractures have not found a significantly 
increased risk of mortality with halo treatment as compared with other modalities.1°9-127-19! 


Outcomes 


Greene et al.°° reviewed the results of 340 patients with C2 injuries, which included both odontoid and hangman’s fractures. Their treatment algorithm 


included nonoperative management in all cases except in those patients in whom fracture alignment could not be maintained by an external orthosis, where 
there was an odontoid fracture associated with a transverse ligament disruption, a type II odontoid fracture with displacement greater than 6 mm, or a high- 
grade hangman’s fracture. In this series, type II odontoid fractures were found to have a nonunion rate that approached 30%. 

Depending on the heterogeneity of the population under study, as well as treatment indications and the types of fractures, disparate studies show varying 
degrees of success with regard to external immobilization of odontoid fractures. Type III fractures typically fare better in external orthoses than do type II 
injuries, unless the type II fractures are nondisplaced.!!® Koech et al.!?” reported that 50% of type II odontoid fractures demonstrated osseous union in 
elderly patients, although radiographic stability was found in 90%. Muller et al.!54 documented 74% union among type II odontoid fractures treated with 
external orthoses. In this series, criteria for external immobilization included fracture displacement less than 5 mm, separation between fracture fragments 
less than 2 mm, and angulation less than 11 degrees. Similarly, in a more recent series, Chaudhary et al. maintained that stability was achieved in all 
elderly patients treated with a cervical collar for type II odontoid fractures. While the union rate was higher in those treated surgically, so was the mortality 
rate and mean postoperative pain score. 


OPERATIVE TREATMENT OF ODONTOID FRACTURES (C2) 


There are several different surgical treatments of odontoid fractures, with no demonstrable superiority of one technique over another. Options include 
osteosynthesis with an anterior odontoid screw, posterior C1—C2 fusion, and anterior C1—C2 fusion. Each technique carries a different set of advantages and 
associated complications. Ideally, should patient and fracture characteristics allow more than one treatment option, outcomes, postinjury expectations, and 
goals should be frankly discussed with patients to facilitate a shared decision-making process. 


Indications 


General indications for surgical treatment of an odontoid fracture in a younger patient include fracture displacement greater than 5 mm, fracture angulation 
greater than 10 degrees, neurologic deficit, substantial comminution, or multisystem trauma where external immobilization may not be well tolerated. The 
indications for operative treatment in elderly patients (older than 65-70 years) are less clear, as it appears that nonoperative management of some displaced 
fractures can yield satisfactory outcome in low-demand individuals, provided there is ample space available for the spinal cord and the patient is 
neurologically intact.!°9:!9! Others propose more aggressive indications, recommending surgery for the majority of odontoid fractures in elderly patients. 


Techniques 
Anterior Odontoid Screw Fixation 


Beyond the general surgical indications outlined earlier, anterior odontoid screw fixation requires additional consideration. With respect to fracture 
morphology, there are some additional considerations. Anterior screw positioning can only achieve direct axial compression for reduction and stabilization. 
Therefore, transverse fractures or oblique fractures in which the fracture line runs from anterosuperior to posteroinferior can be stabilized by an odontoid 
screw. However, odontoid screws are contraindicated in fractures that run from anteroinferior to posterosuperior (Grauer IIc), as compression will increase 
fracture displacement. Near-anatomical reduction is required for odontoid screw insertion. As screw trajectory is a critical factor, screw insertion may not be 
technically feasible in patients with barrel-shaped chests or a pronounced cervical kyphosis. Patel et al.!68 proposed that age greater than 65 years was a 
relative contraindication to odontoid screw fixation due to relative osteopenia and an associated increased risk of screw cutout. Odontoid screws are most 
appropriate for type II fractures. They should not be considered for type I and most type III fractures, although some type III fractures that pass through the 
superior aspect of the C2 vertebral body (closer to the odontoid waist) may be amenable to screw fixation. 

The published outcomes of anterior screw fixation vary. Alfieri* claimed successful stabilization in 9 cases of type II odontoid fractures treated with a 
single anterior screw construct. Bhanot et al.?* found that anterior screw fixation resulted in fracture union with minimal complications in 16 of 17 patients. 
In another retrospective series involving 26 cases of acute type II odontoid fractures treated with single-screw anterior fixation, nearly all patients exhibited 
a solid fusion.2!° In a comprehensive review of the literature, Hsu and Anderson!!° reported overall union rates of type II fractures treated with odontoid 
screw fixation to be 82%. 

Both single-and double-screw techniques can be used to stabilize type II odontoid fractures. In theory, the addition of a second screw enhances stability 
and limits the potential for rotation, although no clinical advantage has definitively been shown. ElSaghir and Bohm’ reported a 100% healing rate in 30 
patients who underwent two-screw fixation. Graziano et al.°8 maintained that single- or double-screw fixation of a simulated odontoid fracture produced 
stability comparable with posterior C1—C2 wiring. In a radiographic and CT study of 92 normal odontoid processes, Nucci et al.!59 concluded that two 3.5- 
mm screws could be safely contained in 95% of cases. McBride et al.!4° advocated that a single 4.5-mm headless Herbert screw was stronger than two 3.5- 
mm AO lag screws for fixation of simulated type II fractures. 

Odontoid screw fixation does have a number of limitations which are almost all related to the mechanics of an axial screw. As indicated previously, 
healing rates with anterior odontoid osteosynthesis rarely exceed 85%.'!© Moreover, in a cadaveric study, Doherty et al.°” found that a single anterior 
odontoid screw provided only half the strength of the intact bone. Aebi et al.? reported a higher nonunion (12%) and major complication (24%) rate than 
previously documented with anterior screw fixation. While effective for stabilization of the fracture, Verheggen and Jansen??? reported hypomobility in 11 
(and frank C2-C3 autoarthrodesis in 2) of 18 patients who underwent anterior screw fixation. In keeping with this finding, Hsu and Anderson!!° proposed 
that the preservation of atlantoaxial rotation in odontoid screw fixation was only a theoretical advantage, with motion at the C1—C2 articulation found to be 


reduced by 50% in most instances. 

Advancements in image guidance have been purported to increase the accuracy of odontoid screw placement. However, Battaglia et al.!® found that 
computer-assisted fluoroscopic navigation produced equivalent accuracy compared with standard fluoroscopy in 22 cadaveric cervical specimens 
undergoing odontoid screw placement. 


Posterior C1-C2 Fusion 


Posterior C1-C2 stabilization and fusion can be performed in any case in which surgery is indicated for an odontoid fracture.!* There are a variety of 
methods by which a surgeon can stabilize and fuse this segment, each of which has unique advantages and risks. Sublaminar wiring techniques, such as the 
Brooks or Gallie methods, carry the lowest risk of complications but necessitate adjunctive halothoracic immobilization and can accentuate posteriorly 
displaced fractures. Transarticular screw fixation requires reasonable reduction of the fracture so that there is sufficient overlap of the C1—C2 lateral masses 
through which to pass the screws. C1 lateral mass C2 instrumentation is the most versatile fixation method, as it does not require anatomical reduction and, 
in fact, can be used to help reduce fractures. However, it has a higher risk of complications and is a technically demanding procedure.!®8 

While they do not provide clinical data, in vitro biomechanical studies are relevant here as they effectively compare the strength of commonly used 
surgical constructs. In the presence of a simulated dens fracture, one study showed that anterior or posterior C1—C2 transarticular screws and C1-C2 lateral 
mass fixation provided comparable stability whereas C1 lateral mass C2 intralaminar screw fixation was less stable.!?3 The addition of posterior sublaminar 
wiring provides additional stability only for posterior C1—C2 transarticular screw constructs. Dmitriev et al.®° reported that C1 lateral mass and C2 pedicle 
screws were associated with the best biomechanical properties in these fractures, whereas C1 lateral mass and C2 intralaminar screws were superior to C1 
lateral mass and C2 pars fixation. 

Both Clark and White and Andersson et al.!° reported healing rates in excess of 90% for type II odontoid fractures treated with posterior fusion. The 
review of Hsu and Anderson!!® showed an overall healing rate of 93% for posterior techniques. Likewise, the comprehensive analysis conducted by Patel et 
al.168 documented a 100% fusion rate and 10.5% complication rate in 19 patients with unstable type II odontoid fractures treated using posterior C1—C2 
instrumentation. Vieweg et al.*°+ maintained that patients treated with fusion constructs that incorporated C1 were at greater risk of developing chronic pain. 


Preoperative Planning 


Preoperative planning for C1 and C2 screw placement has been described elsewhere in this chapter. If the fracture cannot be reduced by closed means, the 
direction of displacement and fracture morphology is noted on CT scans to determine the intraoperative method of open reduction. For example, posteriorly 
displaced fractures with bayonet apposition will require distraction and an anterior force delivered to the C1 lateral mass screws. The converse would apply 
to an anteriorly bayoneted fracture. 


Positioning 

After intubation, the patient is carefully logrolled into the prone position on a Jackson four-poster table. Traction is maintained via an apparatus attached to 
the head of the table. Once the patient is positioned appropriately, a lateral fluoroscopic image is obtained to confirm that reduction has been maintained. If 
not, a gentle closed reduction maneuver can be performed using weights or manual traction. Angulation can be corrected by extending or flexing the head. 
Once reduction on the lateral view is confirmed, an AP image is obtained to ensure adequate visualization of the C1—C2 joints and odontoid process. 


Approach 
A standard posterior midline approach to expose the posterior elements of C1 and C2 is performed, as described earlier. 


Technique 


The techniques for insertion of C1 and C2 screws, as well as C1 sublaminar cables, have been described previously. Once these are in place, the reduction 
of the fracture should be reconfirmed on a lateral image. If reduction was lost intraoperatively, a reduction maneuver can be performed using the 
instrumentation as anchors for manipulation. With the fracture held in an appropriate position, the connecting rods and locking nuts are then placed to 
maintain reduction. 


Postoperative Care 


A hard cervical collar is maintained for 3 months. This may not be as necessary in some patients with excellent fixation in high quality of bone; the collar 
can potentially be removed as early as 4 to 6 weeks. Radiographs are obtained immediately after surgery and at 2 weeks, 6 weeks, 3 months, 6 months, and 
1 year following surgery. 


Pearls and Pitfalls 


While anatomic reduction is easily obtained and maintained in most instances, intraoperative reduction maneuvers may be required in difficult cases. This 
can be performed most readily using the C1—C2 screws. Distraction between the screws can help unlock interdigitated fracture fragments. Anterior forces 
can be delivered to C1 or C2 by using the screw inserter device. Posterior reduction forces are applied through the C1 sublaminar cable. If necessary, a 
number 3 or 4 Penfield elevator can be inserted into the fracture site to aid in reduction. 

Under lateral fluoroscopic guidance, the elevator is advanced along the medial C2 pedicle wall. Carefully holding the elevator’s handle laterally to avoid 
impingement of the spinal cord, the tip of the instrument is angled into the fracture site (see Fig. 48-28). With posteriorly displaced fractures, the Penfield is 
angled superiorly whereas it is angled inferiorly for anteriorly displaced fractures. Once it has engaged the fracture site, it may be necessary to gently tap the 
instrument until the blade has reached the anterior aspect of the displaced fragment. Next, the elevator is levered superiorly or inferiorly as indicated by the 
direction of displacement. This maneuver will apply a direct corrective moment to the fracture fragments. While maintaining the Penfield elevator in place, 
anterior or posterior reduction forces are applied as necessary to finalize the reduction. With the rods already in place, the locking nuts are tightened to 
maintain the alignment. Importantly, a final lateral view should be obtained with the traction weight removed to confirm that the reduction is held 
appropriately by the instrumentation. 


Complications 

There are a variety of approach- and instrumentation-related complications that can occur with this surgical technique. Although C1 lateral mass C2 isthmus 
screw constructs enhance stability at the atlantoaxial joint, instrumentation failure can still occur. Pseudarthrosis can result from insufficient stabilization, 
patient-based factors such as an immunocompromised state or nicotine abuse, and poor bone graft technique. Neurologic decline may be precipitated during 


reduction maneuvers, overzealous dissection around the ventral aspect of the posterior C1 ring, or screw malposition. 


Anterior C1-C2 Fusion 


Although not widely used, some surgeons propose that anterior stabilization and fusion of C1-C2 may be suitable in selected cases. Suggested indications 
include failure of posterior fusion, soft tissue injury over a proposed posterior surgical incision site, or contraindication to prone positioning. 

Reindl et al.!”° performed an anterior C1-C2 fusion for concomitant odontoid and C1 ring fractures in one patient and reported solid fusion at 4 months. 
Vaccaro et al.?7° also documented reasonable success using this technique as a salvage operation for failed posterior C1—C2 fusion. 


Special Circumstances 
Geriatric Odontoid Fractures 


The optimal treatment of odontoid fractures in elderly patients remains unclear because of the varied treatment methods and the inherent limitations of 
studies currently available in the literature. In a retrospective cohort of 29 patients older than 65 years, anterior screw fixation and nonoperative 
management exhibited a high failure rate and inferior outcomes.'? In contrast, the authors found that all patients treated by posterior atlantoaxial fusion 
achieved bony union. 

A number of retrospective studies have published higher mortality rates and increased complication rates among elderly individuals treated with halo 
fixation for odontoid fractures.??®?13 Other studies, however, have not endorsed these findings,!°°-!*71%! indicating that halothoracic immobilization may 
still be an acceptable treatment in certain patients older than 65 years. Nonetheless, Hsu and Anderson!!° recommended against halo immobilization in the 
elderly. They suggested that an external orthosis or CTO be used for type I and III fractures as well as for stable type II injuries.1!© These authors proposed 
C1-C2 posterior fusion for unstable type II odontoid fractures. 

In a systematic review of the published literature regarding surgical intervention for odontoid fracture in patients older than 65 years, White et al.?4! 
reported a 10% mortality rate and a similar risk of nonunion. Major complications following surgery included pneumonia in 10%, respiratory failure in 8%, 
cardiac failure in 7%, and deep venous thrombosis in 3%. Mortality rates were similar between anterior and posterior approaches, although site-specific 
complications and the need for revision were higher in patients treated with anterior fixation. In one of the few comparative series in the literature, 
Chaudhary et al.4° compared treatment in a cervical collar with surgical intervention in a small series of patients older than 70 years with type II odontoid 
fractures. Although complete union was seen only in approximately 70% of the cohort treated with external immobilization, no instances of instability were 
encountered. In addition, mortality was higher in the surgically treated group and, although comparable, objective pain scores were slightly higher among 
those managed operatively. This raises the question if nonunion is an important outcome on its own if it doesn’t give rise to instability. 

In one of the largest studies to assess mortality among elderly patients treated for type II odontoid fractures, Schoenfeld et al.!®! reported a 39% 
mortality rate at 3 years postinjury regardless of intervention. In the short term, mortality was lower among those treated surgically than those in the 
nonoperative group. However, a higher mortality was documented in patients aged 85 years and older who underwent surgical intervention. Operative 
management was found to enhance survival in patients aged 65 to 74 years. This group concluded that, similar to hip fractures, odontoid injuries were a 
significant event in the elderly that were associated with an increased risk of mortality within 1 year of injury.'*! In support, Dhall et al., using the National 
Sample Program of the National Trauma Data Bank, found no reduction in mortality in octogenarian patients who underwent surgery.®* Moreover, surgical 
patients had longer hospitalizations and more medical complications than nonoperative patients. 


Odontoid Nonunion 


The effective management of odontoid nonunions is notoriously difficult. Both anterior and posterior approaches have been advocated in the past, but 
recommendations are limited due to the poor quality of available reports, as well as limited sample sizes. Based on a series of only eight patients with 
odontoid nonunions, Blauth et al.?° developed a classification system intended to aid treatment. Type I nonunions are considered stable and are not 
substantially displaced, type II nonunions are stable but grossly displaced, type III nonunions are unstable, and type IV nonunions are posttraumatic os 
odontoideum. The authors recommended posterior transarticular C1—C2 fixation for unstable fractures (type III or IV) that could be safely reduced.*° 


Authors’ Preferred Treatment for Odontoid Fractures ( ) 


Odontoid 


fracture 


Type | Type Il Type Ill 
Cervical Non- Cervical 
collar for : Displaced collar for 
8 weeks displaced 8 weeks 
Patient >65 Age <65 Age 65-80 Age >80 


Cervical collar/ Cervical collar 
halo vest for CTO for 
12 weeks 12 weeks No neurologic Neurologic No neurologic Neurologic 
deficit deficit deficit deficit 


No 
neurologic 
deficit 


Neurologic Decompression Cervical Posterior 
deficit and C1-2 fusion collar C1-2 fusion 


Reduction and 
application of 
halothoracic vest 


Decompression 
and C1-2 fusion 


Algorithm 48-3 Authors’ preferred treatment for odontoid fractures. 


As there is wide variation in the treatment of odontoid fractures, the authors’ treatment algorithm relies on a variety of treatment techniques. 
Notwithstanding those cases that represent occult craniocervical dissociation, type I fractures are treated in a hard cervical collar for 8 weeks, after 
which flexion—extension views are obtained to confirm stability. It is, however, important to realize that isolated type I fractures are exceedingly rare. 
Most nondisplaced type II fractures in young patients are treated in a halothoracic vest, whereas most nondisplaced type III fractures are treated in an 
external orthosis. Displaced type II and III fractures in young patients are first reduced using halo traction. Once acceptable alignment has been 
achieved, a halo vest is fitted in patients who are neurologically intact and in whom there are no relative contraindications, such as significant 
pulmonary trauma, to wearing a halo vest. Following reduction, it is the authors’ preference to perform a posterior C1—C2 stabilization and fusion in 
those with neurologic deficits. One of the most challenging situations is an irreducible odontoid fracture. In such cases, an open reduction is performed 
through a posterior approach utilizing C1 lateral mass and C2 isthmus screws. An elevator inserted into the fracture site can also be used to aid in 
fracture reduction (see Fig. 48-28). 

For elderly individuals with displaced type II odontoid fractures, surgery is considered for those aged 65-80 years as long as physiology, medical 
comorbidities, and concomitant injuries will allow. If a patient has multiple medical issues and is in low demand in terms of function, a decision may be 
made to defer surgery. Unless their injury is associated with neurologic deficit, those aged 80 years and older will usually be managed with external 
immobilization if at all possible. 


HANGMAN’S FRACTURES (TRAUMATIC SPONDYLOLISTHESIS, C2-C3) 


ASSESSMENT OF HANGMAN’S FRACTURES (TRAUMATIC SPONDYLOLISTHESIS, C2-C3) 


Mechanisms of Injury 


First described by Haughton in the 19th century,”4” the term “hangman’s fracture” as a synonym for traumatic disruption of the C2 pars interarticularis is a 
misnomer. Postmortem examination of corpses following judicial hanging has shown that the characteristic hangman’s fracture was a rare occurrence, with 
most victims exhibiting no fracture at all. The mechanism of injury in hangman’s fractures has been presumed to be a flexion force. However, recent 
biomechanical evidence suggests that the varying fracture patterns are the result of different forces imparted to the C2 pars with the neck in different 


postures.7!4 


Diagnosis and Classification 


The most widely used classification system for hangman’s fractures was proposed by Levine and Edwards.!*9 In this system, a type I fracture is minimally 
displaced with no evidence of translation or angulation and no substantial injury to the C2—C3 disc space. Type II fractures are characterized by both 


angulation and translation and presumably occur because of extension. They are associated with substantial injury to the C2—C3 interspace. In contrast, type 
Ia fractures occur as a result of flexion and are characterized by marked angulation with minimal translational deformity. Type III fractures include any C2 
pars fracture associated with a dislocation of the C2—C3 facet joint (Fig. 48-40). 

Starr and Eismont2°” added to this classification by describing the type Ia fracture, which represents injuries in which a portion of the posterior C2 
vertebral body is in continuity with one of the pars fracture fragments. Noting a high incidence of neurologic deficit in association with this subcategory of 
fracture, Starr and Eismont attributed this to canal compromise resulting from posterior displacement of the posterior arch—posterior vertebral body 
fragment complex as opposed to the usual, canal-expanding, fracture pattern. The most commonly encountered fracture morphology appears to be type I, 
with types II and III being rare.99-!39 


NONOPERATIVE TREATMENT OF HANGMAN’S FRACTURES (TRAUMATIC SPONDYLOLISTHESIS, 
C2-C3) 


Indications/Contraindications 


Most hangman’s fractures without neurologic compromise can be managed nonoperatively. Nearly all type I injuries (unless associated with other cervical 
injury) are effectively treated in a cervical collar. Type Ia fractures have a high healing rate and are also well treated in a cervical orthosis, unless associated 
with spinal cord injury. Type II fractures are inherently less stable and are best treated by traction followed by halo vest immobilization. Type Ia fractures 
should not be placed in traction, as this can accentuate the deformity. Reduction is achieved by extension and compression delivered through a halo 
apparatus. Neurologic deficit, although rarely associated with hangman’s fractures, is a contraindication to conservative management, as are type III injuries 
because of the presence of facet dislocation. 


Outcomes 


Coric et al.°° reported good results using external cervical orthoses to manage patients with hangman’s fractures with less than 6-mm displacement. In a 
recent systematic review of previously published literature, Li et al.!*° concluded that most hangman’s fractures can be adequately treated using 
nonoperative means, with surgical stabilization reserved for cases in which dislocation or substantial instability is present. 

In a retrospective series, Vaccaro et al.?’ reported the results of traction, followed by early halo vest immobilization in 31 patients with type II and Ia 
hangman’s fractures. Acceptable alignment was achieved and maintained in 21 of 27 type II and all type Ila fractures. In the other six cases of type II injury, 
the fracture displaced in the halo vest necessitating the reapplication of traction. In attempting to analyze the injury characteristics of these failures, Vaccaro 
et al.??” found that all had initial fracture angulations exceeding 12 degrees. Despite failure of the initial procedure, reapplication of traction was successful 
in every case. 


Type lla Type Ill 


Figure 48-40. Classification of C2 hangman’s fractures (traumatic spondylolisthesis). 


OPERATIVE TREATMENT OF HANGMAN’S FRACTURES (TRAUMATIC SPONDYLOLISTHESIS, C2- 
C3) 


The ideal surgical technique for hangman’s fractures has is still very much a matter of opinion. There are proponents of anterior fusion, posterior fusion, and 
osteosynthesis without fusion. Posterior fusion typically necessitates a construct incorporating C1, C2, and C3.5! Anterior instrumentation is performed only 
at C2-C3, thus preserving motion at the C1—C2 articulation as compared with the posterior procedure. In an in vitro biomechanical study, Duggal et al.”° 
found that posterior C2—C3 lateral mass fixation was stronger than anterior C2—C3 plating, while the latter was stronger than direct osteosynthesis of the C2 
pars with a screw. In a more relevant biomechanical study, Chittiboina et al.°! reported that anterior C2—C3 instrumentation increased stiffness in flexion 
and extension over intact specimens. Posterior fusion from C1 to C3 was superior to the anterior technique. Unfortunately, the degree of rigid fixation 
necessary for clinical success has not been determined, and it would appear that satisfactory outcomes have been derived using all three methods. There are 
various advantages and limitations associated with each technique, and these may be tailored to the needs of particular patients and fracture patterns. For 
example, posterior fusion may have a decided advantage over anterior fixation in type III fractures because of the associated facet injuries and potential 
need for open reduction. 


Posterior Surgery 


Posterior surgery can be performed for type II, Ia, or III fractures. Reduction, stabilization, and fusion of the C2—C3 facet joint are required for type III 
injuries. Akin to anterior odontoid screw fixation, type II and Ia fractures that can be adequately realigned may be treated via direct osteosynthesis with a 
C2 pedicle screw, provided the patient has amenable anatomy. 

Bristol et al.2° reported on the use of lag screws inserted into the C2 pars in a patient who developed anterior displacement of their C2 pars fractures 
while in a halo vest. Taller et al.?!? also reported the successful use of C2 pedicle screws inserted with guidance to treat 10 patients with hangman’s 
fractures. 

In a small case series, Boullosa et al.’ used posterior fusion for 10 patients with hangman’s fractures in whom a halo vest was contraindicated or 
nonunion had developed. In one of the larger series focused on treatment of hangman’s fractures, Verheggen and Jansen??? documented good radiographic 
and clinical results in patients with type II, Ia, and III fractures using posterior fusion-based techniques. 


Anterior Discectomy and Fusion 


Type II or Ila fractures are most amenable to anterior surgery if nonoperative treatment is contraindicated or unsuccessful. Type III fractures require 
reduction of the C2—C3 joint prior to stabilization and generally necessitate a posterior approach. As the C2 articular processes are not in continuity with the 
C2 body because of the fracture pattern, anterior reduction maneuvers are difficult in type III fractures. 

Tuite et al.2!” found anterior discectomy and fusion to be effective in five patients in whom nonoperative treatment failed. At follow-up ranging from 3 
to 28 months, a 100% fusion rate was reported. In the largest series to examine outcomes following treatment of hangman’s fractures, Ying et al.2*” reported 
satisfactory results in 30 patients with type II, Ia, or III injuries. Mean follow-up was 1 year in this cohort, and a 100% fusion rate was documented by 6 
months. Neurologic status improved in all patients who had presented with preoperative neurologic deficits, and no graft- or plate-related complications 
were reported. 


Authors’ Preferred Treatment for Hangman’s Fractures (TRAUMATIC SPONDYLOLISTHESIS, C2-C3) ( 


Hangman’s 
fracture 


Type I/la Type Il Type lla Type Ill 


Halo 
Halo immobilization in Posterior C1-3 
immobilization compression and fusion 
extension 


Cervical 
collar for 
8 weeks 


Loss of Loss of 


reduction/non- reduction/non- 
union union 


Posterior C1-3 Posterior C1-3 
fusion or C2-3 fusion or C2-3 
ACDF ACDF 


Algorithm 48-4 Authors’ preferred treatment for hangman’s fractures. ACDF, anterior cervical discectomy and fusion. 


It is the authors’ strong preference to treat patients with type I and Ia fractures using a hard cervical collar, provided no neurologic compromise is 
evident. Patients with type II fractures are first reduced in halo-based traction. After reduction has been adequately achieved, a halo vest is also used for 
definitive immobilization. Radiographs should be repeated at regular intervals to ensure that acceptable reduction has been maintained (Fig. 48-41). If 
reduction fails, posterior instrumented fusion using a C1 lateral mass, C2 isthmus screw, and C3 lateral mass screw construct is performed. 

As described by Levine and Edwards,'*° patients with type IIa fractures are immediately placed into a halo vest to allow reduction via compression 
and extension of the neck. Type III fractures are treated with early open reduction and instrumented fusion of C1, C2, and C3. Importantly, the C2—C3 
disc space must be carefully assessed following facet reduction, as persistent deformity in this region can be present. If there is persistent deformity, 
staged anterior C2—C3 instrumented fusion may be required to offset biomechanical strain on the posterior construct and the consequent increased risk 
of failure. 


Figure 48-41. Lateral radiograph (left) and sagittal CT scan (right) of a young man treated in a halo fixator for a type II hangman’s fracture. Although there was 
some loss of reduction, he remained neurologically intact and without neck pain at final follow-up. 


SUBAXIAL CERVICAL FRACTURES AND DISLOCATIONS (C3-C7) 


ASSESSMENT OF SUBAXIAL CERVICAL FRACTURES AND DISLOCATIONS (C3-C7) 


Classification 


Classification of a spinal injury should ideally be based on a system that is comprehensive, clinically prognostic, aids in decision-making, and is user- 
friendly, valid, and reproducible.!!©8 Most classifications for subaxial cervical trauma do not meet the above criteria and many have not been validated, or 
even determined to be reproducible, outside of the centers in which they were developed.!®® While there is a lack of agreement regarding the most useful 
system, the mechanistic classification of Allen et al. is among the best known and its terminology has been influential. 


Allen et al. reviewed 165 cases of subaxial cervical spine fractures and dislocations to develop a classification system on the basis of the mechanism of 
injury. Injuries were categorized into one of the following groups: compressive flexion (CF), vertical compression (VC), distractive flexion (DF), 
compressive extension (CE), distractive extension (DE), and LF. Within each group, injuries were divided into grades of severity. In this retrospectively 
developed system, the likelihood and extent of neurologic injury were related to the group and severity of injury. Allen et al. hypothesized that (a) both 
major and minor forces produce injury, (b) the vectors (or direction) of these forces can be deduced from radiographs, (c) the amount of energy relates to the 
severity of injury, (d) injuries can be organized into groups on the basis of the force vectors, and (e) injuries can be further subdivided on the basis of the 
energy of trauma.° However, the entire concept of the Allen and Ferguson system has not been validated independently since its inception. 


Compressive Flexion 


CF injuries are divided into five progressive stages (Fig. 48-42). The initial injury is postulated to occur through flexion of the spine within the facet joints. 
The anterior column (vertebral body) becomes increasingly compressed and shortened. Subsequently, the posterior ligamentous structures fail, as indicated 
by interspinous gapping and local kyphosis. With increased energy, the facet joints will fail, leading to translational deformity. The distinguishing 
radiographic features of each stage should be understood, and it must be appreciated that the stages follow one another. Thus, stage 3 lesions also 
demonstrate the features described for stages 1 and 2. 


Stage IV 


Figure 48-42. The five stages of compression flexion injuries. 


Stage Il Stage Ill 


Figure 48-43. The three stages of vertical compressive injuries. 


e CF stage 1: Blunting of the anterosuperior vertebral body margin. 

e CF stage 2: Beak appearance of the anterosuperior vertebral body margin; a sagittal vertebral body split may also be present. 

e CF stage 3: Oblique primary fracture line that extends from the anterior vertebral body to the inferior endplate. (This has been subsequently described 
by other authors as a so-called teardrop fracture.)®° 

e CF stage 4: In addition to stage 3 features, posterior translation of the upper vertebra measuring less than 3 mm. 

e CF stage 5: Posterior translation of the upper vertebra measuring 3 mm or more, facet gapping indicating anterior and posterior ligamentous injury. 


Vertical Compression 


VC lesions are thought to arise primarily from axial loads to the subaxial cervical spine.” However, the final stage of the injury may result from flexion or 
extension forces, which ultimately produce either posterior or anterior ligamentous injury depending on the direction of the force (Fig. 48-43). 


e VC stage 1: Central superior or inferior endplate fracture. 

e VC stage 2: Superior and inferior endplate fractures, sometimes with vertebral body fracture lines that give the appearance of a quadrangular fracture 
fragment. 

e VC stage 3: Vertebral body comminution, with or without retropulsion of fragments (this has been referred to as a burst-type cervical fracture by some 
surgeons), with or without kyphotic (late flexion type), or translational (late extension type) deformity. 


Distractive Flexion 


DF injuries are thought to occur primarily from flexion forces that rotate about an axis anterior to the vertebral body. Thus, distraction and failure of the 
posterior ligaments can occur without significant vertebral body fracture. These injuries tend to occur as part of high-speed deceleration in restrained or 
unrestrained blunt trauma victims. In this injury group, an increasingly higher stage of injury does not always correlate with an increased degree of 
instability (Fig. 48-44). 


e DF stage 1: Facet subluxation, gapping of the spinous processes, indicating failure of the PLC, with or without blunting of the anterosuperior vertebral 
body (similar to CF stage 1). 

e DF stage 2: Unilateral facet dislocation, usually PLC is intact, rotational deformity. 

e DF stage 3: Bilateral facet dislocations, 50% translation of the upper vertebral body over the lower vertebral body. 

e DF stage 4: 100% translation of the upper vertebral body over the lower vertebral body (appearance of a so-called floating vertebra). 


Compressive Extension 


CE injuries are divided into five stages (Fig. 48-45). They are postulated to start with compression of the posterior elements without failure of the anterior 
ligaments. Further injury results in failure of the anterior ligamentous structures, followed by the posterior complex. 


e CE stage 1: Posterior arch fracture that may be a facet, pedicle, or lamina fracture, with or without rotation that can result in mild anterior translation. 
These are more commonly referred to as lateral mass fractures. 

e CE stage 2: Bilateral lamina fractures can occur at multiple levels. 

e CE stage 3: Bilateral lamina, facet, and pedicle fractures without vertebral body displacement. This injury is more often described as a floating lateral 
mass fracture. 

e CEstage 4: As for CF stage 3, with partial anterior vertebral body displacement. 

e CE stage 5: As for CF stage 3, with 100% anterior vertebral body displacement. 


Distractive Extension 
DE injuries, like DF injuries, are associated with substantial ligamentous injury. Initial failure occurs through the anterior ligaments (Fig. 48-46). 


Stage Ill Stage 


Figure 48-44. The four stages of distractive flexion injuries. 


e DE stage 1: Abnormal widening of the disc space may be associated with avulsion fractures of the anterior vertebral body margin. No evidence of 
posterior translation. 
e DE stage 2: DF stage 1 with posterior translation. 


Lateral Flexion 


LF injuries occur through compression on one side of the spine. With further energy, the contralateral side can fail under tension. 


G 


o> 
P8099 
o 


DEA 


Stage IV 


Figure 48-45. The five stages of compressive extension injuries. 
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Figure 48-46. The two stages of distractive extension injuries. 


e LF stage 1: Unilateral uncovertebral fracture or asymmetric vertebral body compression. 


e LF stage 2: Vertebral body, or posterior arch fractures, with lateral translation or unilateral facet gapping, coronal angular deformity is noted on an AP 
radiograph or coronal CT scan. 


The classification system of Allen et al.° is the most frequently used for subaxial cervical spine injuries. Despite this, it has not been independently 


validated since its publication in 1982. Intra- and interobserver reliability has not been evaluated, to the authors’ knowledge, and the influence of the injury 
groups on subsequent decision-making has not been defined. 


Subsequent studies have demonstrated that a wide spectrum of injury patterns can result from a single mechanism. Torg et al.2!5 found facet 
dislocations, teardrop vertebral body fractures, and anterior translational injuries at the C3—C4 segment in football players injured through axial loading of 


the head and cervical spine. According to Allen et al.,° these would have occurred from DF, CF, and either CE or VC mechanisms, respectively. The 
disparity between these findings underscores the very complex three-dimensional biomechanical interactions between the cervical spine and even simple, 
unidirectional forces. Postulating the direction or mechanism of injury, although a common academic exercise, may not lead to accurate or useful clinical 
information that leads to improved stability. Perhaps what is more important is the determination of the integrity of the ligamentous complexes, as well as 
the overall stability of the cervical spine.’”2:!68.224 


Subaxial Cervical Injury Scoring Systems 


Two scoring systems for subaxial cervical spine injury were devised within the last decade to try to characterize cervical spine trauma more consistently and 
potentially guide treatment decisions. 7168.224 These include the Cervical Injury Severity Score, described by Anderson et al.,!? and the Subaxial Cervical 
Injury Classification (SLIC) developed by Vaccaro, Dvorak, and the members of the Spine Trauma Study Group.’*'®8?4 In a more recent review of the 
literature, Patel et al.!68 maintained that the SLIC and Cervical Injury Severity Score were the only two available systems that could reliably determine 
treatment. 


Cervical Injury Severity Score 


Anderson et al.!* proposed a numerical scoring system that assigns a value to the injury severity of each of four columns of the subaxial cervical spine: 


anterior, posterior, right lateral, and left lateral. In reviewing 34 different cases, 15 examiners showed high intra- and interobserver agreement. The authors 
proposed that the system may also be able to predict the need for surgery and the presence of neurologic deficit. Specifically, 11 of 14 patients with a score 
of at least 7 had a neurologic deficit, whereas only 3 of 20 with a score less than 7 exhibited neural injury. To date, prospective evaluation of the clinical 
validity of this system has not been reported. Moreover, Patel et al.!©° maintained that its complexity limits its widespread use. 


Subaxial Cervical Injury Classification 


The SLIC system both classifies and scores the severity of subaxial cervical spine injuries.’~??* The system assigns values within three injury categories 
(injury morphology, discoligamentous stability, and neurologic injury). Injury types include compression or burst fractures, distraction injury, and rotational 
or translational injury. The status of the discoligamentous complex is defined as intact, indeterminate, or disrupted. Neurologic status can be scored as 
intact, root injury, complete cord injury, and incomplete cord injury, and there is also a modifier for ongoing cord compression with neurologic deficit that 
adds an additional point. A normal spine has a score of 0. The most severe injury (e.g., translational injury with disruption of the PLC and incomplete cord 
injury with sustained cord compression) yields a score of 10. Injuries that result in scores of 3 or less are usually treated nonoperatively, whereas those with 
scores exceeding 5 are generally treated surgically.’”'®8.224 The treatment of injuries with a score of 4 is usually determined by other factors such as 
concomitant injuries, medical comorbidities, and/or the presence of neurologic deficit. 

Inter- and intraobserver reproducibility have been reported to be high, and the SLIC system represents one of the few classifications capable of 
determining treatment. 168 In addition, Dvorak et al.’? proposed that the system was useful in predicting the type of surgery to be performed. In this analysis, 
the authors found that surgeons agreed with the treatment recommendation proposed by the system’s algorithm in 93% of cases. However, the clinical 
validity of the system has yet to be tested in a prospective fashion. 

Bono et al.” have proposed a Subaxial Cervical Injury Description System that can be used in conjunction with the SLIC. The Subaxial Cervical Injury 
Description System was intended to standardize the nomenclature used in describing cervical spine trauma and is limited to 11 injury types: spinous process 
fracture, isolated lamina fracture, unilateral facet dislocation, bilateral facet dislocation, facet subluxation, flexion teardrop fracture, lateral mass fracture, 
compression fracture, burst fracture, anterior distraction injury, and transverse process fracture. This system has demonstrated only moderate interrater 
agreement but substantial intrarater reliability.29 Nonetheless, only burst fractures, lateral mass fractures, flexion teardrop fractures, and anterior distraction 
injuries were found to have an interrater reliability of more than 50%. 


AOSpine Subaxial Cervical Spine Injury Classification System 


Vaccaro et al. proposed a newer classification system called the AOSpine Subaxial Cervical Spine Injury Classification System.?*° Similar to the SLIC 
scheme, this system uses a morphology-based categorization. Morphology is divided into type A (compression fracture with intact posterior tension band), 
type B (failure of anterior or posterior tension band without misalignment), and type C (injuries with misalignment). Of note, this system enables a facet 
injury to be classified as a type A, B, or C depending on the associated characteristics. Like the SLIC system, neurologic status is graded. Modifiers for PLC 
disruption, disc herniation, arterial injury, osteoporosis, and spinal ankylosis are also included. With use among its developers, it was found to have 
substantial inter- and intraobserver agreement. However, in an external validation study performed by a group other than the developers, Urrutia et al. found 
this system to have adequate inter- and intraobserver agreement.?2° The developing group found the system to predict injury severity and chance of 
neurologic recovery.! In a recent survey study, 189 AO Spine members across all geographic regions and with varying levels of experience graded the 
severity of each variable within the classification system. The results demonstrated that the system is substantially generalizable and provides a consistent 
method of communication among physicians.!°7 


Descriptive Classification of Subaxial Cervical Injuries 


Cervical fractures and dislocations can be described without involving the mechanism of injury. This description is based on identifiable injury 
characteristics that are thought to influence mechanical stability and the method of treatment. Despite disagreement on a unified description system, several 
injury patterns are consistently reported in the literature, including those outlined in the Subaxial Cervical Injury Description System.’ It must be kept in 
mind, however, that these injuries often represent different stages along a continuum and many share similar characteristics. 


Vertebral Body Fractures 


Regardless of the mechanism of injury, vertebral body fractures are readily detected by plain radiographs and CT scans. Fractures may be simple wedge 
types, also known as compression fractures, in which there is anterior height loss and no posterior vertebral involvement. Teardrop fractures, described by 
Allen et al.” as CF stage 3 injuries, demonstrate a characteristic primary fracture that extends obliquely from the anterosuperior vertebral body to the inferior 
endplate. These injuries can involve the endplate to a varying degree, and this can influence the decision to perform a discectomy or corpectomy if surgical 
treatment is planned. Burst fractures, much like their thoracic and lumbar counterparts, demonstrate extensive vertebral body comminution, varying degrees 
of height loss, and, most importantly, posterior vertebral body involvement with fragment retropulsion. One term that engenders confusion is the teardrop 


burst fracture. Teardrop fractures often have a midsagittal split in addition to posterior translation, which is described as characteristic of a burst pattern. 
Quadrangular burst fractures, similar to the VC stage 2 injury described by Allen et al.,° are sometimes distinguished in the literature from other vertebral 
body fractures. The clinical significance of this distinction is unknown and treatment tends to be similar. With any vertebral body fracture, the PLC can be 
disrupted because of translational, flexion, or rotational forces, and this factor plays a major role in determining the approach and manner of surgical 
fixation.’* 


Facet Injuries 


Facet injuries are extremely common. While Allen et al.° have suggested that they occur primarily through DF mechanisms, it is clear that rotational forces, 
axial compressive forces, and various other forces may also be responsible. Facet fractures can be associated with dislocations or other posterior arch 
injuries. Reports of facet fractures in the literature generally refer to isolated, unilateral, minimally displaced fractures of varying size. Facet fractures are 
often thought to be benign, but they may be associated with ligamentous disruption, leading to subluxation and instability. Because of this possibility, 
significant controversy exists regarding their initial treatment. Facet subluxations result from facet capsule and posterior ligament disruption. By definition, 
some portion of the articular surfaces at the involved level is still in opposition. Facet dislocations can be unilateral or bilateral. These are further described 
by a number of qualifiers, including perched or locked. In a dislocation, the articular surfaces are no longer opposed. 

Cadaveric sectioning studies, as well as intraoperative observations, have indicated that unilateral dislocations may occur without complete PLC 
disruption and in many cases may be mechanically stable injuries. There may be some use in distinguishing facet dislocations from facet fracture- 
dislocations, in which the facet joint is dislocated, unilaterally or bilaterally, and fractured. With large facet fracture fragments, reduction can be difficult to 
achieve or maintain through closed techniques. In addition, extensive articular process fractures can preclude lateral mass instrumentation. 


Pedicle and Lamina Fractures 


Isolated, unilateral pedicle fractures usually suggest rotational instability. Pedicle and facet fractures are often referred to in the literature as lateral mass 
fractures. A coexisting lamina fracture and a pedicle fracture effectively negate the contribution of the adjacent facet joint to overall cervical stability. This 
has been categorized as a floating lateral mass fracture. Such fractures are potentially unstable and may require instrumented fusion. 


Anterior Tension Band Disruption 


The ALL and the intervertebral disc can fail in tension (Fig. 48-47). Without speculating about the mechanism behind this injury, widening of the 
intervertebral disc space is highly suggestive of anterior ligamentous disruption and suggests the possibility of spinal instability. Small avulsion injuries of 
the vertebral body can also result in teardrop-shaped fragments and are frequently referred to as extension-type teardrop fractures. The mechanism of injury 
is most likely extension, resulting in an avulsion fracture attached to the anterior ligamentous structures. This fracture is typically more common in elderly 
individuals and represents a stable injury pattern, especially if no kyphotic deformity is present at the level of injury. 
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Figure 48-47. Disruption of the anterior tension bend is evidenced by widening of the disc space at the injured level, as demonstrated in this lateral radiograph. This 
should be considered an unstable injury. 


Mechanisms of Injury 


The biomechanics of cervical spine trauma can be considered in terms of force/load transmission and injury kinetics and position. While injuries arise from 
the interaction and relative proportions of both components, an understanding of the simplest forms of each component is useful when analyzing the 
processes responsible for cervical trauma. 

One can consider an isolated axial compressive load applied to a single cervical vertebra as a fundamentally pure example of load transmission. Force, 
or load, is resisted primarily by the vertebral body. Its trabecular makeup is well designed for dissipating forces. A smaller portion of the force is borne by 
the facet joints. Force can be applied in different directions (e.g., shear, torsion, tension), with subsequent changes in the location and structures that 
experience maximal loads. 

From a theoretical perspective, kinematics refers to the study of bodies in motion, in this case cervical vertebral motion without consideration of the 
forces applied. The cervical spine is a series of three-joint complexes that permit motion through the intervertebral discs and facet joints. Kinematically, the 
remaining soft tissue structures, such as the ALL and the PLC, place limits on and influence the patterns of vertebral motion. Like other joints, motion 
between two vertebrae occurs about instantaneous axes of rotation (IAR). Hinge-type joints, like the elbow, have a relatively fixed IAR that permits motion 
in only one plane. In contrast, motion between two cervical vertebrae and their associated ligamentous structures (referred to as a functional spinal unit) is 
multiplanar and occurs about many IARs. For example, sagittal motion occurs about an IAR within the subjacent vertebral body that changes with flexion 
and extension.“ Motion coupling is a kinematic phenomenon that describes an obligatory amount of axial rotation with LF of the cervical spine. This 
further limits the ability to define an exact IAR for the cervical spine. 

The amount of normal cervical motion at each level has been extensively described.” Knowledge of these figures can be important in assessing spinal 
stability after treatment. Flexion—extension motion is greatest at the C4—C5 and C5-—C6 segments, averaging about 20 degrees. Axial rotation ranges from 2 
to 7 degrees at each of the subaxial motion segments, whereas the majority (~50%) of rotation occurs at the C1—C2 articulation. LF is 10 to 11 degrees per 
level in the upper segments (C2—C5). Lateral motion decreases in the subaxial region, with only 2 degrees observed at the cervicothoracic junction. 


Traumatic injury to the osseous and ligamentous structures alters both load transmission and the kinematics of the cervical spine. Under CF loads, simulated 


unilateral and bilateral facet injuries result in anterior displacement of the sagittal IAR and increased load transmission to the vertebral bodies. Anterior 
translation increases by 33% in the case of sectioned intervertebral disc, ALL, and PLL once flexion moments are applied.'®* The addition of facet resection 
increases translation to 140%, which anatomically corresponds to complete occlusion of the spinal canal.!®4 


Spinal trauma can lead to disruption of bone, ligaments, or both. Bone can fail under compression, tension, or shear loads. In contrast, ligaments fail only in 
tension, this being functionally likened to a rope that snaps. Perhaps the only exception to this rule is the so-called shear failure of the intervertebral disc— 
endplate interaction, although this more accurately reflects tensile failure of the annular collagen fibers at the discovertebral interface. 

Flexion of the cervical spine imparts compressive loads upon the vertebral body and disc and tensile loads upon the PLC, which comprises the 
supraspinous and interspinous ligaments and facet capsules. Trauma causing hyperflexion can lead to compressive failure of the vertebral body and/or 
tensile failure of the PLC. Varying combinations of anterior and posterior failure have been demonstrated experimentally as well as clinically.°8 

Extension of the cervical spine results in tensioning of the ALL and compression across the facet joints. Hyperextension trauma can lead to tensile 
failure of the ALL. However, this may not always happen before posterior element compressive injuries occur. Additional distraction, shear, or rotation 
appears to be necessary before the ALL and the intervertebral disc will fail. 

Cervical teardrop fragments may be created by shear failure of the anteroinferior vertebral body. Although thought to occur most commonly from a 
compressive—flexion moment, as hypothesized by Allen et al., the superior and anterior displacement of the fragment supports the proposed shear injury 
mechanism (Fig. 48-48). Teardrop fractures are also often associated with wedging, or blunting, of the vertebral body, and sometimes there is an associated 
sagittal split. These additional fracture features indicate that the exact manner in which the spinal structures fail is a complex sequence of events that cannot 
be reliably deduced from examination of static imaging studies. Secondary injury mechanisms, resulting from recoil of the head in response to the primary 
force, can result in further ligamentous or osseous disruption. To confuse matters further, similar fracture patterns have been clinically observed as a result 
of axial loading, flexion, and extension injuries.>-©° 


Figure 48-48. The proposed mechanism of failure of the teardrop fragment is shear. With forced flexion (red arrows), parallel, but opposite, forces (black arrows) are 
placed on the anteroinferior aspect of the vertebral body. 


TREATMENT OPTIONS FOR SUBAXIAL CERVICAL FRACTURES AND DISLOCATIONS (C3-C7) 


Compression Fractures 


Radiographs of simple compression fractures of the cervical spine show wedging of the anterior vertebral body without posterior vertebral body 
involvement. They can be considered stable if the facet joints are not subluxed or widened, there is no vertebral body translation, and there is minimal 
gapping of the interspinous processes (Fig. 48-49). There is often some degree of kyphosis, which should be carefully measured on a lateral radiograph 
using the Cobb method.*! Normally, there is between 2 and 4 degrees of lordosis between adjacent vertebrae. A kyphosis exceeding 11 degrees is strongly 
suggestive of PLC disruption. It is important that the kyphosis at the injured segment be considered in relation to the measured “normal” lordosis of the 
adjacent uninjured segments. If the PLC is disrupted, the injury should be considered unstable and operative treatment is recommended. 

Prior to the advent of MRI, implications about the integrity of the PLC were based primarily on proxy measures such as the amount of kyphosis or the 
degree of subluxation. In cases in which the integrity of the PLC is indeterminate on radiographs or CT scans, MRI can be used. While MRI has been 
criticized for being oversensitive, it can demonstrate discontinuity of the ligamentum flavum, interspinous and supraspinous ligaments, and reveal soft tissue 


edema between the spinous processes. As patients with simple compression fractures are usually neurologically intact, determination of injury stability can 
have important implications for operative intervention. 


Figure 19. Lateral cervical radiograph of a stable compression fracture. There is minimal appreciable kyphosis, no translation, no facet joint gapping, and no 
evidence of interspinous process widening. 


Nonoperative Treatment of Compression Fractures 


Patients with cervical compression fractures without posterior ligamentous injury can be treated nonoperatively. In the SLIC treatment algorithm, in the 
absence of PLC disruption or neural injury, compression fractures are treated with external orthoses.’ For C3—C6 injuries, a rigid cervical collar usually 
suffices. For injuries of C7 or T1, a cervicothoracic brace may provide better immobilization. If the injury is stable, the orthosis minimizes motion at the 
fracture site, which can decrease pain and facilitate resolution of muscular spasm. Attempts to correct minor kyphotic deformities are usually fruitless and 
ultimately unnecessary. A lateral radiograph should be obtained with the patient sitting upright or standing, as this may highlight occult instability. 
Compression fractures are usually healed by 3 months, at which time flexion—extension views should be obtained to rule out occult instability, either at the 
level of the injury or at a distant site, such as C1—C2, where an injury may have gone undetected at the time of initial presentation. As yet, there are no series 
reporting the results of nonoperative management for simple compression fractures of the subaxial cervical spine. 


Operative Treatment of Compression Fractures 


Surgical stabilization via an anterior or posterior approach should be considered for patients with evidence of posterior ligamentous injury. Posterior 
ligamentous injury is suggested by a segmental kyphosis greater than 11 degrees or a substantial amount of vertebral body wedging. Threshold values for 
the degree of height loss or PLC injury beyond which surgery is indicated have not been defined. MRI can be used as a means to determine the integrity of 
posterior soft tissue structures in a compression fracture. 

It should be appreciated that a compression fracture with posterior ligamentous injury is essentially a stage 3 CF injury as described by Allen et al. 
without the characteristic teardrop-shaped fragment. The results of surgical treatment are discussed elsewhere in this chapter. 


Authors’ Preferred Treatment for Compression Fractures ( 


No PLC disruption or 
neurologic deficits 


Rigid cervical collar: 
C3-6 CTO: C7 


Upright radiographs in 
orthosis 


Dynamic radiographs at 
3 months follow-up 


Subaxial cervical 
compression fracture 


PLC disruption or 
neurologic deficits 


Cervical traction in 
an awake cooperative 
patient 


MRI to assess for disc 
herniation 


If no disc herniation, 1- 
or 2-level posterior 
instrumented fusion 


If disc herniation and/or 
underlying degenerative 
stenosis, anterior 
corpectomy and cage 
reconstruction 


Algorithm 48-5 Authors’ preferred treatment for compression fractures. PLC, posterior ligamentous complex; CTO, cervicothoracic orthosis; MRI, magnetic 
resonance imaging. 


Surgery is considered only for patients who have a compression fracture in association with a neural deficit or gross posterior ligamentous disruption. 
Prior to surgery, cervical traction, incorporating slight extension, can be used to realign the fracture. This is best performed in an awake, cooperative 
patient. Although described in more detail for patients with facet dislocations, a herniated disc may also need to be ruled out using MRI prior to 
attempts at realignment. If the spinal canal is clear, a one- or two-level posterior fusion with instrumentation can be performed. Longer constructs are 
necessary if the fracture occurs at the cervicothoracic junction. As by definition compression fractures do not have associated retropulsed bone 
fragments, an anterior corpectomy for canal decompression is usually not required. If there is a herniated disc fragment or an underlying degenerative 
stenosis associated with a neurologic deficit, an anterior corpectomy is performed, followed by cage reconstruction and stabilization with a fixed-angle 
plate. 


Burst Fractures 


Cervical burst fractures are usually high-energy injuries. The characteristic radiologic sign is vertebral body comminution that involves the posterior 
vertebral body and is usually associated with retropulsed fragments that result in spinal canal compromise (Fig. 48-50). Spinal cord injury is common. 
Immediate realignment with cranial traction can help clear the canal to some degree, provided the PLL is intact. A magnetic resonance image can be useful 
in detecting spinal cord edema and a CT scan the location of retropulsed vertebral fragments. 


Nonoperative Treatment of Burst Fractures 


Nonoperative treatment might be considered in neurologically intact patients with little vertebral body comminution and only the mildest degree of canal 
compromise. Any kyphotic deformity should measure less than 5 degrees, and there should be no indication of posterior ligamentous injury. Isolated burst 
fractures receive a SLIC score of 2 and, as such, do not warrant surgery.” However, the presentation of an isolated cervical burst fracture without 
ligamentous disruption or neural compromise is rare. 

It is the authors’ preference to use a halo vest or rigid CTO for nonoperative treatment because of the potential for vertebral body collapse. Radiographs 
should be obtained with the patient standing or sitting prior to discharge and rigorous comparisons made with supine films. Any subsidence, focal collapse 
or kyphosis is a strong indication for surgery. Patients should be followed weekly for the first month and immobilization maintained for at least 12 weeks. 

There are few contemporary reports of nonoperative treatment of cervical burst fractures. The work of Bucholz and Cheung is a classic study that 
documents satisfactory results for burst fractures treated with halothoracic immobilization. 


Operative Treatment of Burst Fractures 
Anterior Corpectomy and Stabilization 


Patients with neurologic deficit, regardless of the integrity of the PLC, should be surgically stabilized.” Posteriorly displaced vertebral body fragments are 
most readily removed through a direct anterior approach. A corpectomy of the injured vertebral body should be performed and the spinal canal fully 
decompressed. Intraoperative traction can help realign the spine if significant deformity exists. The anterior column should be reconstructed with a bone 
graft or strut. It is the authors’ preference to insert a rigid titanium mesh cage filled with salvaged bone in addition to cancellous iliac crest autograft. Bone 
should be tightly packed into the cage, which may also enhance the surface area contact with the endplates. An anterior cervical plate is then applied to 
restore anterior stability. If the PLC appears to be disrupted, it is the authors’ preference to perform a posterior instrumented fusion, either during the same 
operation or in a staged fashion. 


Figure 48-50. A: Lateral cervical radiograph of a C4 burst fracture. There is relative kyphosis at the injured segment, in addition to disruption of the posterior 
vertebral body line. B: CT scan confirms the presence of posterior vertebral body fragment retropulsion into the spinal canal. 


There are few reports of anterior corpectomy and plate stabilization for traumatic injuries, let alone cervical burst fractures. In a small series, Cabanela 
and Ebersold*? documented good results in eight patients followed for an average of 3 years treated with an anterior approach for burst fracture variants. In 
a series of mixed injuries, 20 of which were VC fractures with tetraplegia, Barros Filho et al.!” found that, similar to the degenerative cervical spine, the 
addition of anterior instrumentation diminished the potential for graft dislodgement and enhanced patient mobilization. 


Posterior Instrumentation and Fusion 

As decompression is not undertaken, posterior instrumentation and fusion should be reserved only for patients who are neurologically intact and 
demonstrate evidence of posterior ligamentous disruption. If posterior fixation is planned as the only treatment, the vertebral burst fracture should 
demonstrate biomechanical integrity, with no comminution, kyphosis, or posterior retropulsion of fragments. Otherwise, the posterior construct will have a 


high risk of failure. Because of the rarity of isolated posterior fixation, no good data are available regarding the results of this technique for the treatment of 
cervical burst fractures. 


Pearls and Pitfalls 


Burst Fractures: 
PEARLS AND PITFALLS 


Pearls Pitfalls 
e Preoperative traction for realignment and partial decompression (ligamentotaxis) e Avoid axial compression with stand-alone posterior constructs (e.g., lateral mass 
screws) 
e Combined anterior/posterior surgery usually required e Ensure that posterior ligamentous complex is intact if nonoperative care is elected 
© Corpectomized bone can be salvaged for fusion with titanium mesh cage e Stand-alone anterior or posterior constructs may be prone to failure 


Authors’ Preferred Treatment for Burst Fractures ( ) 


Subaxial cervical 
burst fracture 


Nonoperative Operative 

e No neurologic deficits e Neurologic deficits 

e Minimal comminution e Significant comminution 

e Mild canal retropulsion/ e Significant canal retropulsion/ 
compromise compromise 

e Local kyphosis <5 degrees e Local kyphosis >5 degrees 

e No PLC disruption e PLC disruption 


Rigid cervical collar: C3-6 
CTO: C7 No PLC disruption PLC disruption 


i i Anterior corpectomy 
Upright radiographs and cage Anterior corpectomy 


in orthosis reconstruction and cage 
reconstruction 
followed by posterior 
instrumented fusion 


Weekly follow-up with 
radiographs for first month, 
then dynamic radiographs 
at 3 months 


Algorithm 48-6 Authors’ preferred treatment for burst fractures. PLC, posterior ligamentous complex; CTO, cervicothoracic orthosis. 


In the authors’ practice, burst fractures associated with normal alignment, no or minimal retropulsion, no associated neurologic deficit, and no posterior 
ligamentous injury may be treated nonoperatively. A rigid cervical collar is used for fractures of C3—C6, whereas a CTO is preferred for C7 fractures. 

In the authors’ experience, however, most cervical burst fractures require surgery. After the spine is realigned with cervical traction, it is the 
authors’ preference to perform an anterior corpectomy of the fractured vertebra. This approach is used for patients with and without neurologic deficit. 
Anterior corpectomy enables effective decompression of the spinal canal from retropulsed bone fragments. With adequate endplate preparation, a 
titanium mesh cage filled with salvaged autograft is inserted for anterior column reconstruction. Traction is then released and an anterior cervical plate 
with fixed-angle screws is applied. 

Cervical burst fractures may be associated with dural tears that result in chronic CSF leaks or fistulae. In anticipation of finding a dural tear, the 
surgeon may decide to prepare the lateral thigh for a possible fascia lata graft. Alternatively, manufactured collagen-based dural patches can be used. 
Lumbar drains are usually not necessary, as the cervical thecal sac is effectively decompressed by using the reverse Trendelenburg position after 
surgery. Various other complications related to the surgical approach, graft, or instrumentation can also occur, and these are addressed elsewhere in this 
chapter. 


Flexion-Type Teardrop Fractures 


Teardrop fractures are recognized by their characteristic fracture pattern, which has already been described. They often have a sagittal split within the 
posterior vertebral cortex, leading many authors to refer to them as burst fractures. Flexion-type teardrop fractures typically occur in younger patients as a 
result of high-energy trauma. Posterior ligament disruption is suggested by a kyphosis of more than 11 degrees or posterior vertebral body translation (Fig. 
48-51). An MRI can confirm ligamentous injury. Patients often present with a neurologic deficit, and there is a high incidence of complete spinal cord injury 


in association with teardrop fractures.’ 


Nonoperative Treatment of Flexion-Type Teardrop Fractures 


There is a definite role for nonoperative treatment of cervical teardrop fractures. Minimally displaced fractures with little kyphosis and no PLC injury are 
stable. They can be treated in a rigid cervical collar or CTO, depending on the level of injury. Halo treatment can also be used to treat these injuries. The 
apparatus may also be employed as a means of realigning fractures, which can result in canal clearance in patients with spinal cord injury. Importantly, halo 
treatment of unstable teardrop fractures results in inferior radiographic results as compared with anterior surgery, although neurologic and clinical outcome 
scores were comparable in one study.®*4 The halo should be maintained in place for 3 months, provided acceptable alignment has been maintained. After the 
halo has been removed, flexion—extension radiographs are necessary to confirm that stability has been achieved. 

In a nonrandomized comparison of halo vest immobilization and anterior surgery, Fisher et al.84 found equivalent neurologic and clinical outcomes. 
Radiographic outcomes were superior with surgery, as, on average, a greater degree of kyphotic angulation was seen following nonoperative treatment. In 
an earlier study, Johnson and Cannon! reported a low rate of late instability after nonoperative management of flexion teardrop fractures. 


pren 
51. Sagittal computed tomographic scan of a C4 teardrop fracture. This would be considered a stage 4 compressive flexion injury according to the Allen et 


al.“ syen. The classic teardrop fragment can be seen, in addition to posterior translation (retrolisthesis) of the C4 vertebral body on the C5 vertebral body. A 
minimally displaced spinous process fracture is also noted at that level. 


Operative Treatment of Flexion-Type Teardrop Fractures 


In patients with a preexisting neurologic deficit, anterior corpectomy is usually performed to remove the (usually) posteriorly displaced vertebral body. This 
is followed by anterior strut grafting and rigid plate fixation (F ). In some cases, an unstable teardrop fracture can occur in a neurologically intact 
patient. In these cases, anterior surgery entails a nondecompressive corpectomy, with resection of the majority of the vertebral body back to, but not 
through, the posterior wall. This is best reserved for injuries without retrolisthesis. Some surgeons prefer to perform a single-level discectomy or partial 
corpectomy. However, extensive endplate fracture appears to be a risk factor for anterior construct failure. ^“ If the initial injury demonstrated a significant 
degree of translational deformity, exceeding 3 to 3.5 mm, and the facet joints appear to be widened, posterior surgery is recommended as an adjunct to 
provide additional stability. 


D, E F 
Figure 48-52. Most teardrop fractures are treated with anterior surgery. In this case, a young woman presented with no neurologic deficits following a motor vehicle 
accident. A: A C6 vertebral body fracture is noted on plain films, with associated local kyphosis. Paramedian (B, D) and sagittal computed tomographic 
reconstructions (C) demonstrate the retrolisthesis of C6 on C7 as well as the gapping of the facet joints (white arrows). E: A magnetic resonance image demonstrates 
no spinal cord compression. F: An anterior C6 corpectomy, followed by strut fusion with a cage and anterior plate stabilization was performed. 


Fisher et al.°* reported superior maintenance of alignment with anterior corpectomy, fusion, and plate stabilization as compared with halo vest 
immobilization when treating teardrop fractures. Others have also reported good results with anterior surgery for traumatic subaxial fractures, some of 
which included flexion teardrop injuries.~ 


In rare cases, posterior surgery alone can be undertaken. This should be reserved for patients who are neurologically intact, have minimal vertebral body 
height loss, and have less than 30% of inferior endplate involvement. An advantage of this approach is that the fusion can potentially be restricted to a single 
motion segment. 

There are few reports of posterior surgery for flexion-type teardrop fractures. Among series of patients treated for a variety of subaxial cervical injuries, 
posterior stabilization with lateral mass screws has yielded acceptable outcomes.”:!®° 


Pearls and Pitfalls 


Flexion-Type Teardrop Fractures: 
PEARLS AND PITFALLS 


Pearls Pitfalls 


e Anterior corpectomy: most useful surgical treatment e Recognize subtle degrees of retrolisthesis (indicative of posterior ligamentous 
complex disruption) 


e Preoperative reduction with Gardner-Wells tongs/halo ring can be helpful e Avoid single-level anterior fusions in the presence of endplate involvement 


e Stand-alone posterior fixation can save a motion segment (considered in the e Consider supplemental posterior fixation with severe preoperative kyphosis 
neurologically intact patient only) 


Authors’ Preferred Treatment for Flexion-Type Teardrop Fractures ( 


It is the authors’ preference to treat the majority of flexion-type teardrop fractures operatively. This opinion is based on a strict definition of a teardrop 
fracture, defined as stage 3, or greater, CF injuries as described by Allen et al.,° in which disruption of the PLC is implied. Lesser flexion—compression 
injuries, more appropriately defined as cervical compression fractures, are addressed in that section. 

Reduction of the kyphotic deformity is achieved via traction with cranial tongs. A moderate weight of 20—40 lb is generally sufficient. Traction can 
be applied prior to surgery, if a delay is anticipated, or intraoperatively once the patient has been positioned. With the exception of complete spinal cord 
injuries, neurologic monitoring is performed intraoperatively using evoked potentials. While traction is helpful, translational deformities are usually not 
fully reduced through the use of traction alone. 

Apart from in a few selected cases, in which there is minimal deformity and canal compromise in a neurologically intact patient, anterior 
corpectomy, fusion, and stabilization are usually performed. The fractured vertebral body is removed to achieve canal decompression. A titanium mesh 
cage filled with salvaged autograft, supplemented by additional autograft or allograft, is then used to reconstruct the anterior column. An anterior 
cervical plate is applied for stabilization. 

In most cases, anterior surgery is performed alone. The authors feel comfortable with this technique if reasonable lordosis has been restored, 
excellent screw purchase was achieved, and if the facet joints are reasonably well reduced following anterior surgery. Allen et al.° stage 3 and 4 injuries 
are usually adequately treated with an isolated anterior construct. With stage 5 injuries, in which there is marked translational deformity indicating 
substantial circumferential ligamentous injury, additional posterior stabilization and fusion is required. 

Apart from common surgical complications related to the approach, decompression, or stabilization technique, there are few injury-specific 
complications associated with the operative treatment of flexion-type teardrop fractures. Perhaps the most vexing is construct failure following isolated 
anterior surgery. The surgeon must be confident that the fixation method used will provide adequate stability until bony fusion occurs. After isolated 
posterior surgery, kyphotic deformity can result from settling of the fractured vertebral body, particularly with single-level constructs. 


Nonoperative 

e No neurologic deficits 
e Minimal displacement 
e Minimal kyphosis 

e No PLC disruption 


Flexion-type teardrop 
fracture 


Operative 

e Neurologic deficits 

e Significant displacement 
e Significant kyphosis 

e PLC disruption 


Rigid cervical collar: ; , 
C3-6 CTO: C7 Translational Translational 


deformity deformity 
<3 mm, no facet >3 mm, facet 
joint widening joint widening 


Upright radiographs 


in orthosis Anterior corpectomy Anterior corpectomy 


and cage and cage reconstruction 
reconstruction followed by posterior 


instrumented fusion 


Dynamic 
radiographs 
at 3 months 

follow-up 


Algorithm 48-7 Authors’ preferred treatment for flexion-type teardrop fractures. PLC, posterior ligamentous complex; CTO, cervicothoracic orthosis. 


Facet Fractures Without Dislocation 


Wide disagreement remains concerning the management of facet fractures without dislocation. Most fractures initially present as minimally displaced 
fractures (Fig. 48-53) and in the majority of cases nonoperative treatment with a rigid cervical collar is an acceptable treatment. There is evidence that this 
approach does not result in substantial late displacement. However, in some cases, the fracture itself is associated with occult ligamentous disruption. For 
this reason MRI has played an increasingly important role in differentiating the so-called stable and unstable facet fractures and is an important tool in 
decision-making regarding treatment. 


Nonoperative Treatment of Facet Fractures Without Dislocation 


Most facet fractures are minimally displaced and can be considered mechanically stable. Patients with such injuries are treated in a rigid cervical collar for a 
period of 6 to 12 weeks, monitored by frequent radiographic examination. Many surgeons recommend routine MRI examination to rule out significant 
ligamentous damage in the presence of facet injuries. The finding of disruption of the ALL and intervertebral disc is thought to play an important role in late 
displacement, although PLC injury can also occur. Neurologic injury associated with facet fractures is rare and, if present, is usually limited to a mild 
single-root radiculopathy that often resolves without formal decompression. As isolated injuries, facet fractures score low on the SLIC and do not merit 
operative treatment. 


Figure 48-53. Lateral cervical radiograph of a minimally displaced articular process fracture. In the authors’ experience, the majority of these injuries can be treated 
successfully in a hard cervical collar. Frequent follow-up radiographs should be obtained to detect late instability. 


Flexion—extension views should be obtained after the completion of collar immobilization to ensure stability. While late displacement is considered an 
indication of instability by most surgeons, it has been observed that autoarthrodesis may still occur with time. It is unclear what effect the long-term 
consequences of fixed deformity have on overall clinical results. 

In a retrospective review of unilateral facet injuries, most of which were facet fractures without dislocation, Dvorak et al.”! reported that nonoperative 
treatment resulted in inferior outcomes as compared with operative intervention. It is important to realize that there may have been a bias in favor of surgery 
in this study, as the nonoperative group consisted of only 18 patients compared with 72 who had surgical treatment. In contrast, Vedantam et al. found 
nonoperative treatment to be successful in 82.9% of 35 patients with nondisplaced fractures. Of note, this group found no particular type of fracture to be of 
particular risk for failure with nonoperative treatment.??! 


Operative Treatment of Facet Fractures Without Dislocation 

Anterior Surgery 

Because of the inherent potential for ligamentous instability, some surgeons have aggressively recommended operative treatment of nearly all facet 
fractures. Others have focused their indications as a result of the judicious use of flexion—extension views or MRI. A validation study regarding the 


predictive value of MRI with respect to displacement of facet fractures has yet to be performed. Newer upright MRI scanning, although only available in a 
few centers, allows visualization of the spine in a physiologic position and may answer some of these questions. 


Figure 48-54. If surgery is elected to stabilize a facet fracture, it is the authors’ preference to perform an anterior cervical discectomy and fusion. 


Either anterior or posterior surgery can be employed in the treatment of facet fractures. Anterior surgery usually consists of a single-level interbody 
fusion with a plate (Fig. 48-54). The advantages of this approach are that reported fusion rates are consistently high, infection rate is lower than that with 
posterior approaches, !%° and the ability to fuse a single motion segment is preserved. It is important to choose the correct disc space for fusion. This should 
be based on the facet joint involved, as opposed to the level of the articular process that is fractured. 

In the series published by Woodworth et al.,™4 involving anterior fusion for posterior cervical injuries, some of the patients had facet fractures. This 
group reported a high fusion rate for the anterior technique, with mild or no disability based on the Neck Disability Index at the time of final evaluation. 
Similarly, Lifeso and Colucci!** reported superior outcomes for anterior as compared with posterior fusion in a cohort of patients, most of whom had 
unilateral articular process fractures. In this study, nearly 50% of the patients who underwent posterior interventions were found to exhibit late kyphosis or 
residual deformity. 

To the best of our knowledge, the work of Kwon et al.*>* remains the only prospective, randomized controlled trial to compare anterior and posterior 
surgical techniques for the treatment of unilateral facet injuries. These authors reported that anterior fixation was associated with less postoperative pain, 
increased fusion rate, better maintenance of alignment, and a decreased risk of infection. Patient-based outcome measures revealed no significant difference 
between the two approaches. 
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Posterior Surgery 


Posterior surgery entails stabilization and fusion and can be performed in a variety of ways. The most mechanically stable constructs are achieved with the 
use of bilateral lateral mass screws connected by rods. However, bilateral screw placement can be precluded with large articular process fractures, which 
require instrumentation of the next adjacent uninjured lateral mass. While these issues are avoided by using interspinous process wiring, the stability of the 
construct is inferior and contraindicated if lamina fractures are present. A combination construct, using an interspinous process wire and unilateral lateral 
mass instrumentation, is another option. 

As discussed earlier, both Kwon et al.!°° and Lifeso and Colucci!** found posterior surgery to be inferior to anterior fusion for the treatment of facet 
fractures. While it is the authors’ preference to perform anterior surgery for these injuries, it is also accepted that modern posterior lateral mass 
instrumentation techniques can produce comparable radiographic and clinical results. One potential disadvantage of posterior lateral mass fixation is the 
frequent necessity to include an additional motion segment because of the inability to gain adequate screw purchase at the site of the facet fracture. 


Pearls and Pitfalls 


Facet Fractures Without Dislocation: 
PEARLS AND PITFALLS 


Pearls Pitfalls 


e Can usually be treated in a collar e Late displacement, requires frequent radiographic follow-up 


e MRI useful in detecting concomitant ligamentous injuries e Posterior stabilization leads to inferior radiographic results (kyphosis) 


e Recognize as a rotational injury e Unrecognized ligamentous injury can lead to late displacement/dislocation and 
neurologic deterioration 


Authors’ Preferred Treatment for Facet Fractures Without Dislocation ( 


Facet fracture 


Non- 


Displaced displaced 


Anterior cervical 
discectomy 
and fusion 


Disco- No disco- 
ligamentous ligamentous 
injury injury 


Anterior cervical Cervical collar 
discectomy and upright 


and fusion radiographs 


No 
Displacement/ 
translation 


Displacement/ 
translation 


Anterior cervical Cervical 
discectomy collar for 
and fusion 8-12 weeks 


Algorithm 48-8 Authors’ preferred treatment for facet fractures without dislocation. MRI, magnetic resonance imaging. 


The authors prefer to operatively treat isolated facet fractures with evidence of even mild displacement as potential translational injuries. Translation of 
one vertebra on another implies that there is substantial injury to the intervertebral disc and/or ligamentous structures. Because of the risk of late 
subluxation, or frank facet dislocation, an anterior cervical discectomy, fusion, and plate stabilization are the preferred treatment. As the deformities are 
usually minor, reduction is easily achieved intraoperatively through plate application. 

The authors’ treatment of nondisplaced facet fractures is more variable. In these cases, an MRI scan is obtained to determine whether the disc or 
ligamentous structures have been disrupted. If there is strong evidence of disc or ligamentous injury, operative treatment with anterior cervical 
discectomy and fusion is performed. If injury to these structures is not detected, or the MRI findings are equivocal, the awake, neurologically intact, and 
cooperative patient is fitted with a rigid cervical collar, and upright standing films are obtained. If alignment is maintained, integrity of the disc and 
ligaments is inferred. Surgery is performed if upright posture results in subluxation. 


Outcomes 


There is little literature regarding the operative results of unilateral facet fractures. Because they are considered posterior rotational injuries, they are often 
reported in studies that group many posterior injuries together. Dvorak et al.”! reported that, even after surgical fixation, patients with facet injuries do not 
return to normal preinjury levels of bodily pain and function. 


Complications 


Complications are probably most common following nonoperative management of isolated facet fractures. In seemingly benign fractures, it is the integrity 
of the adjacent ligamentous structures that determines their stability. The authors have personally treated patients with late facet dislocations that occurred 
while they were being immobilized in a rigid cervical collar. In addition, late displacement can result in neurologic deterioration. As described earlier, 
posterior surgery cannot correct or maintain sagittal alignment as well as anterior surgery,!2°-!4 although the clinical significance of this fact has not been 
determined. 


Facet Dislocations 


The treatment of facet subluxations and dislocations is not differentiated in the literature, probably because they represent stages of a continuum from facet 
capsule disruption to complete, bilateral facet dislocation. What is inconsistent with this continuum, as highlighted by Allen et al., is that unilateral 
dislocations can occur without catastrophic PLC disruption, whereas bilateral facet subluxations, without frank dislocation, usually present with ligamentous 
disruption. The presence of a facet dislocation, and particularly bilateral injuries, has been identified as a risk factor for less neurologic recovery.” 


Nonoperative Treatment of Facet Dislocations 


The role of nonoperative treatment of facet dislocations is minimal. If nonoperative management is used, it should be reserved for unilateral facet 
dislocations in patients without any signs of neurologic injury or for those who are too sick to undergo surgery. 

Even in cases in which the patient is deemed suitable for nonoperative treatment, cervical orthoses are not usually considered adequate. The inability of 
halo fixation to treat facet dislocations has also been demonstrated in the work of Sears and Fazl,!°° with more than 50% of patients exhibiting persistent 
instability after treatment. 

Frequent radiographic examination is important if nonoperative management is used. Evidence of autofusion of the dislocated facet joint or, less 
frequently across the disc space, is a sign of healing. After a course of 3 months of halo immobilization, the device should be removed and flexion- 
extension views obtained to confirm stability. Surgical fusion should be considered if instability persists. In cases in which stability has been achieved and 
no spinal cord injury is present, there is some risk of persistent or late-onset radiculopathy, with unreduced unilateral facet dislocations. 


Operative Treatment of Facet Dislocations 
Anterior Versus Posterior Surgery 


The optimal means of treatment of unilateral or bilateral facet dislocations remain unclear. Several different approaches can be successful. It is important to 
recognize the limitations, advantages, and disadvantages of each. In certain circumstances, one treatment method may be preferred over another. 

The safety of closed reduction as well as the role of MRI has been discussed previously. In brief, closed reduction appears to be a safe procedure in the 
awake, cooperative patient who can be serially examined. If the patient does not fulfill these criteria, particularly in those with incomplete spinal cord injury, 
prereduction MRI is strongly advised to detect the presence of a disc herniation. 

If closed reduction has been successful prior to surgery, an anterior or posterior fusion may be performed. There is no clear evidence of the superiority 
of one approach over the other. Posterior stabilization addresses the instability caused by ligamentous disruption more directly, but most surgeons are 
uncomfortable performing posterior surgery in the presence of a herniated disc, especially in a neurologically intact patient. Usually, anterior surgery is 
initially undertaken to remove the herniated disc. The authors’ recommendation is that an anterior approach is indicated if the spinal cord is being 
compressed by a disc herniation following reduction. 


Posterior Surgery 


Posterior surgery can be an effective means of surgical stabilization of any facet dislocation. Proponents of this method emphasize that posterior fixation 
most closely addresses the primary injury site, which is the posterior tension band. Care must be taken, however, if herniated disc fragments are present. 
Some surgeons consider this to be a contraindication to posterior surgery, particularly in the presence of a spinal cord injury. Disc herniations can be 
increased because of posterior compression applied through screws or wires. Nonetheless, posterior surgery is the most effective approach for open 
reduction of facet dislocations. The posterior approach is also usually preferred in instances of late, or chronic, dislocation. 


Anterior Surgery 


While most facet dislocations can be treated through either anterior or posterior methods, most surgeons would consider a large herniated disc following a 
closed reduction to be an indication for anterior decompression. In addition, advocates of prereduction MRI feel strongly that anterior surgery should be 


performed initially if a herniated disc fragment is present to facilitate decompression at the time of surgery. Open reduction of a facet dislocation can be 
achieved anteriorly, although this is more difficult than when the posterior approach is used. If an anterior fusion is performed, it is incumbent upon the 
surgeon to make sure that there is no facet widening at the end of the procedure, such that the integrity of the anterior construct will be put at risk. Using a 
trapezoidal graft and contouring the plate into lordosis have been recommended as a means to increase stability when using anterior surgery to treat facet 
dislocations.’ 


Combined Approach 


Combined anterior and posterior surgery may also be performed (Fig. 48-55). This is usually reserved for patients with more severe, or missed, injuries 
associated with fixed deformities. It is the authors’ preference to perform anterior surgery followed by posterior stabilization for patients with highly 
unstable bilateral facet dislocations. If the facets are gapped or kyphosis remains after anterior surgery, posterior instrumentation is performed to avoid 
catastrophic construct failure. Combined AP surgery is rarely necessary for unilateral dislocations. 


Authors’ Preferred Treatment for Facet Dislocations ( 


Facet dislocation 


Closed reduction 
using tongs/ 
halo traction 


Successful Unsuccessful 
reduction reduction 


Postreduction 
MRI 


Disc No disc Disc No disc 
herniation herniation herniation herniation 


Anterior ee Anterior discectomy, 
discectomy reduction and fusion 


Posterior reduction 
posterior fusion and fusion 


and fusion +/- posterior approach 


Algorithm 48-9 Authors’ preferred treatment for facet dislocation. This algorithm is constructed with the assumption that the patient is awake, alert, and can be 
serially examined. MRI, magnetic resonance imaging. 


It is the authors’ preference to attempt a closed reduction using cranial tongs or halo traction as early as possible in patients who are awake, conscious, 
and able to be serially examined. This is executed on an emergent or urgent basis as it influences the need for canal decompression. In the authors’ 
hands, reduction is performed regardless of neurologic status or the presence of a herniated disc fragment. As there is no compelling evidence to suggest 
that closed reduction in an awake, examinable patient can cause neurologic deterioration, it is the authors’ experience that performing surgery, either via 
an anterior or posterior approach, is easier if reduction can be achieved prior to surgery. 

Although the authors have a strong bias toward anterior surgery for facet dislocations, a postreduction MRI scan is obtained if possible. Most would 
agree that the information yielded from a postreduction MRI scan can influence how, and if, posterior surgery will be executed should a herniated disc 
fragment be present. Although the disc is routinely removed during anterior surgery, the postreduction MRI can be helpful in identifying the location of 
the herniated fragments, which may be located behind the vertebral body. In these cases, corpectomy might be elected instead of a single-level 
discectomy to ensure full canal decompression. 

Anterior discectomy and fusion is performed as described earlier. It is the authors’ preference to use a titanium mesh cage filled with autograft or 
allograft. A cage that is 7 or 8 mm in height is usually adequate. After placement of the cage, the head is axially loaded to maximize endplate 


engagement with the cage. This maneuver also helps avoid facet gapping. 

Next, a plate is applied. While some recommend fixed-angle plating, the authors utilize a semirigid plate that allows a small amount of angular 
toggle of the screw heads in the plate holes. Plates with slotted screw holes and axially dynamic plates should be avoided in surgery for traumatic 
instability. 

If a reduction cannot be achieved by closed means, an MRI scan is obtained to assess for disc herniation. If no herniation is present, the patient may 
be taken to the operating room for open reduction and instrumented fusion from a posterior approach. If a disc fragment is present anteriorly, the disc 
should initially be removed through an anterior approach. If reduction still cannot be achieved after disc excision, the patient may have to be turned 
posteriorly and an open reduction and fusion performed. The patient can then be returned to the supine position, and the anterior fusion completed using 
cage and plate fixation. 

Following anterior surgery, high-quality intraoperative fluoroscopic images are obtained to assess the integrity of the facet joints. If the joint 
surfaces appear to be overly distracted, this being particularly common with bilateral facet dislocations and exceedingly uncommon with unilateral 
injuries, single-level posterior lateral mass fixation and fusion is performed as a second stage during the same operation. Postoperatively, patients are 
mobilized as tolerated. A rigid cervical collar is maintained for 6-8 weeks. Regular radiographs are obtained to assess alignment and bone healing. 


Figure 48-55. Paramedian (A, C) and sagittal (B) computed tomographic reconstructions of a patient who sustained a unilateral facet fracture-dislocation with 
contralateral facet subluxation (white arrow). As the patient was awake and examinable, he underwent a closed reduction. A postreduction magnetic resonance image 
demonstrates adequate canal decompression and no evidence of residual herniated disc (D). 


Pearls and Pitfalls 


Facet Dislocations: 
PEARLS AND PITFALLS 


Pearls Pitfalls 
e Prereduction MRI in unexaminable patients e Overcompression of posterior construct (may lead to disc extrusion) 
e Ifa herniated disc is present on postreduction MRI, anterior approach is advised e Anterior stabilization alone prone to failure if endplates are fractured or facet joints 
overdistracted 
e Anterior approach may save motion segments if a facet fracture is present e Avoid overdistraction when placing an anterior interbody graft 
Outcomes 


There are some clinical differences reported between both approaches. Feldborg Nielsen et al.8? reported that anterior fusion resulted in better pain relief 
than posterior wiring without fusion for facet dislocations. These authors attributed this to persistent residual motion in the unfused cases. Razack et al.!74 
performed single-level anterior fusion with a titanium locking plate in 22 patients with bilateral facet fracture dislocations. At an average follow-up of 32 
months, only one case of instrumentation failure was reported, although all patients eventually achieved solid fusion and stability. Vital et al.2°° maintained 
that, in a cohort of 91 bilateral facet dislocations, anterior surgical maneuvers were required to obtain a reduction in 27% of cases. Anterior discectomy and 
plate fixation were performed in all patients as definitive treatment. However, it should be noted that several patients developed new neurologic deficits 
following reduction. 

Shapiro reported outcomes in a series of 24 patients treated for unilateral facet dislocations. Although halo fixation was attempted in 2 patients who had 
undergone successful closed reduction, recurrent dislocations occurred in both cases and surgery was eventually performed. Fusion was successful in 96% 
of the study population. In a follow-up analysis, comparable clinical results were reported with interspinous wiring and lateral mass fixation as compared 
with facet wiring with iliac crest bone graft. Better maintenance of sagittal correction was observed in the group treated with lateral mass instrumentation. In 
a review of their cases, Beyer et al. found that unilateral facet dislocations or fracture-dislocations were better treated operatively, as nonoperative 
management led to an unacceptably high rate of chronic pain and late instability. 


Complications 


There are disadvantages to both anterior and posterior techniques. Anterior discectomy and fusion involves resection of one of the major remaining 
stabilizing structures, the ALL. Because of this, one can easily overdistract the disc space during placement of interbody grafts. This can leave the facet 
joints gapped posteriorly, which may alter posterior column load sharing. Improper fit of the interbody device can also place greater demands on the anterior 
plate and screws, resulting in early hardware failure. 

With posterior instrumentation, and, in particular, the placement of lateral mass screws, injury to the adjacent intact facet joints can occur. While 
posterior compression can aid articular apposition, overcompression can increase intradiscal pressure. This can cause intraoperative disc herniations that can 
cause further neurologic injury. Intraoperative spinal cord monitoring is useful in these situations. 


MISCELLANEOUS INJURIES 


Pedicle and Lamina Fractures 


Unilateral pedicle fractures are usually considered to be rotational injuries. For this reason, their evaluation and treatment are similar to that of unilateral 
facet fractures. Bilateral pedicle fractures may be a sign of higher-energy injury. A high index of suspicion for unstable ligamentous discontinuity should be 
maintained if such a pattern is present. 

Lamina fractures, by themselves, are usually benign. However, they are often associated with other more significant fractures. Multilevel lamina 
fractures can also suggest a hyperextension injury. Careful inspection of the uniformity of the disc spaces and the integrity of the ALL on MRI should be 
used to detect disruption of the anterior tension band. 


Anterior Tension Band Injuries 


Disruption of the ALL can be associated with innocuous vertebral body fractures; these usually being avulsion injuries near the anterior endplate. Abnormal 
widening at the disc space is the clue to diagnosis (Fig. 48-56). Extension injuries that disrupt the ALL can also be associated with posterior fractures or 
circumferential ligamentous disruption, in which case sagittal and coronal malalignment is present. 


igur A: Lateral cervical radiograph. ofa patient with ankylosing spondylitis who was complaining of neck pain after a fall 2 days prior to presentation. Note 
the radiographic hallmarks of marginal bridging osteophytes. Also note that this single lateral radiograph is inadequate, as it does not allow visualization of the 
cervicothoracic unction. B: This is best seen on computed tomographic scan, which demonstrates a fracture through the ossified disc space. C: A magnetic resonance 
image confirms the presence of increased signal in the region. Staged posterior and anterior surgery was performed. D: Note the reverse contouring of the anterior 
plate. 


Anterior tension band injuries should be considered to be unstable. Because of this, nonoperative treatment is rarely considered to be an appropriate 
definitive management. In cases in which the patient is too sick to undergo surgery, a halo device can be applied as a temporizing measure. Provided the 
posterior tension band, including the facet capsule, is intact, a flexion force can reapproximate the vertebral bodies. If reduction can be maintained, 
ankylosis of the disc space can occur with time. Flexion—extension views must be obtained to confirm adequate stability following immobilization. 

Anterior tension band disruption consisting of discontinuity of the ALL and intervertebral disc is necessitates almost always anterior surgery. An 
anterior discectomy and plating with fusion can restore the mechanics of the tension band just as posterior fixation addresses posterior ligamentous 
disruption with facet dislocations. To the authors’ knowledge, there are no series investigating the results of surgical fixation for anterior tension band 
injuries. As the proposed mechanism is similar, extension-type cervical teardrop fractures can also be managed with either anterior or posterior operative 
technique. 


Individuals with diffusely ankylosed spines, regardless of the underlying pathology, have often been considered as a single group when discussing cervical 
trauma, although this may not be entirely appropriate.'’* Although the underlying pathologies differ, AS, DISH, and severe osteoarthritic ankylosis all result 
in a rigid, immobile spine that may be exceedingly prone to fracture and functions more like a long bone if injured. 

Where there is known hyperostotic disease, patients who present with neck pain and/or neurologic deficit after major, or minor, trauma should be 
considered to have a cervical spine injury until proven otherwise. Degenerative spondylotic changes, such as vertebral body osteophytes, fixed subluxations, 
and facet hypertrophy, can make the radiographic diagnosis of fracture difficult. Unless a frank dislocation, or a translational or intervertebral extension 
deformity, is present, plain radiographs may not be helpful in identifying an injury. In patients with hyperostotic disease, CT and MRI are invaluable in 


delineating injuries. MRI also has the additional advantage of demonstrating spinal cord contusion, cord edema, and epidural hematoma. 

When considering treatment options, the ankylosed spine should be considered as a long bone rather than the normal spinal column with individually 
articulating vertebrae. Bridging osteophytes, whether marginal, as in AS (Fig. 48-57), or nonmarginal as in DISH, are the radiographic characteristics of the 
hyperostotic spine. The condition effectively fuses the spine into a solid, continuous piece of bone. The application of bending or twisting forces that are 
generally sustained during trauma result in extensile multilevel injuries that traverse the anterior and posterior elements. !9>?39 Thus, fractures in patients 
with DISH or AS are almost universally unstable and should be treated as such. 

The key to caring for patients with cervical fractures and DISH or AS is early recognition of the injury to avoid catastrophic neurologic decline. 
Diagnosis has been frequently missed in the past, resulting in a very high rate of neurologic deficits in previously normal patients. AS has been 
demonstrated to be a significant risk factor for neurologic decline in all cervical fractures.” A sudden increase in kyphosis and decrease in horizontal 
forward gaze is a common feature with acute fractures in patients with AS. Patients should be immobilized in their normal preinjury position, which may 
include a certain degree of kyphosis in those with AS, as soon as the diagnosis is made. They should then be admitted to the hospital and placed on a strict 
logroll regimen until the definitive approach to treatment has been determined. Patients with AS, particularly following injury, are also predisposed to 
developing neurologic decline from epidural hematomata. 

Few studies are available that provide data of sufficient value to provide treatment recommendations for these injuries. Older studies reported the 
effective use of halo fixation, but the results are suboptimal when compared with modern spinal instrumentation techniques. 7°? Long posterior constructs 
have been advocated as well,?!' with some surgeons proposing combined AP instrumentation as the ideal surgical treatment.’4 

Key principles in management should be applied in every instance, regardless of the surgical approach. As mentioned previously, when placing patients 
in traction, any preexisting kyphotic deformity must be considered. Thus, inline traction, as is effectively used for most other cervical injuries, can lead to 
catastrophic neurologic compromise in the fused kyphotic spine. The awake, cooperative patient should help determine the position of comfort when 
applying traction. In cases of AS, a kyphosis usually necessitates a flexion force being applied. 

This same concept is important when considering operative fixation. Both anterior and posterior implants should be contoured to fit the patients’ specific 
anatomy. Unless an osteotomy is planned during the intervention, internal fixation of the fracture should maintain, or approximate, the preinjury posture of 
the neck. This may require unusual implant contouring. 

Preoperative discussion with patients and their families should take into account the high complication and mortality rates that have been reported in 
association with traumatic injuries to the hyperostotic spine.!9**!!*°9 Acute mortality rates have ranged from 17% to 30%,!9%?!4239 with similar 
percentages of perioperative morbidity being published.7°9 Whang et al.*°° reported a 50% mortality rate for patients with AS at 2 years postinjury. In a 
study that investigated the relationship between mortality and time in patients with AS and DISH, Schoenfeld et al.!°* documented a 38% mortality for 
those with AS at 3 months and 63% by 1 year. In this study, patients with AS demonstrated a statistically increased mortality when compared to age-, sex-, 
and injury-matched controls. This was not seen in patients with DISH, leading the authors to conclude that these diseases should not be considered a 
homogeneous group when evaluating outcomes. 19? 


Spinal Cord Injury Without Instability in the Spondylotic Spine 


A traumatic spinal cord injury, without instability, in the spondylotic or congenitally stenotic spine is most usually central cord syndrome. The 
pathophysiology of this condition has been discussed previously. Classically, the physical manifestations include motor, as well as sensory, deficits, with the 
upper extremities being affected to a greater extent than the lower extremities. However, patients may exhibit varying degrees of compromise of lower 
extremity function as well as bowel or bladder dysfunction. Patients often present with complete, or incomplete, spinal cord injury without radiographic 
signs of a frank injury, fracture, or ligamentous disruption. Underlying cervical stenosis is often present, which can arise from degenerative changes or a 
congenitally narrow canal (see Fig. 48-57). This apparently increases the risk of neural injury with abrupt movements of the neck that otherwise are not 
severe enough to result in a significant fracture or ligament injury. 


Figure 48-57. Magnetic resonance image of a 55-year-old man who presented with weakness that was greater in the upper extremity than in the lower extremity, 


consistent with a central cord syndrome (A). A computed tomographic scan did not demonstrate any bony injuries or misalignment (B). After a period of observation 
during which the patient’s neurologic status had reached a plateau, a posterior laminectomy and fusion was performed in order to hasten his neurologic recovery (C, 
D). 


There are limited data regarding the best treatment or optimal time period for intervention. Nonoperative management can include a period of 
observation, mainly for patients with central cord lesions, because many patients will have virtually complete resolution of their neural deficits.!°® Some 
authors, such as Fehlings and Arvin,’” emphasize that central cord syndrome is an incomplete spinal cord injury, and early decompression may increase the 
chances of complete recovery. If initial management consists of immobilization and patient observation, long-term treatment is influenced by the presence 
of persistent symptoms of myelopathy. Young age, higher level of education, absence of cord signal anomalies, motor function at presentation, and absence 
of spasticity have all been cited as good prognostic indicators of outcome, whereas medical comorbidities, instability, and a high degree of spinal canal 
compromise were identified as predictors of inferior results.!58 

In a retrospective study, Chen et al.*® maintained that early surgery resulted in faster neurologic recovery, with better motor scores at 1 and 6 months 
after surgery. By 2 years, however, there was no statistically significant difference between the operative and nonoperative groups. Guest et al.!°° had 
similar findings, and they proposed that surgery within 24 hours of traumatically induced central cord syndrome was safe and more cost effective than 
delayed procedures. 

More recently, Chen et al.*” reviewed outcomes following surgical intervention for central cord syndrome based on the timing of intervention. They 
designated surgery performed within 4 days of the injury as early surgery. In this investigation, no significant difference in outcome was reported between 
those who received early surgery and delayed surgery. The surgical approach and the underlying cervical pathology, such as traumatic disc herniation, 
fracture, or spondylosis, also did not influence outcome. However, these authors did document that even after surgical intervention, physical function scores 
do not improve to the same extent as motor function and sensation.*” Moreover, almost a third of the cohort was dissatisfied with their final functional 
outcome. Such findings led Fehlings and Arvin” to call for more aggressive intervention for central cord syndrome, pointing out that the definition of early 
surgery in the work of Chen et al.4” did not meet the Spine Trauma Study Group criteria of intervention performed within 24 hours of injury. 

In the authors’ practice, operative treatment is delayed. Following resolution of spinal shock, patients are observed for signs of neurologic recovery over 
a period of 2 to 3 days. If there are no signs of return of function, surgical decompression is performed in the hope of improving the rate of recovery. 
Surgery is postponed if physical examination demonstrates improvement in motor strength. Many patients will have complete motor and sensory recovery 
but demonstrate residual signs and symptoms of myelopathy, such as walking imbalance or diminished finger dexterity. If this occurs, a decompressive 
procedure is performed, electively, in the weeks following injury. This selective intervention approach minimizes the risks of operative complications in this 
difficult to treat population. 


Gunshot Wounds to the Cervical Spine 


There is little information about cervical gunshot wounds.? Important details at the time of presentation include the type of weapon responsible for the 
injury, the trajectory of the gunshot wound, associated visceral injuries, location of the bullet or fragments, and the presence of neurologic injury. Low- 
velocity gunshot wounds, such as those caused by a pistol, cause less soft tissue damage and do not necessarily equate with an open fracture. They are also 
less likely to cause unstable spinal injuries, even if the fracture has occurred in anterior and posterior elements of the cervical spine. The column concept of 
spinal trauma, as devised for high-energy mechanisms, has no place in the consideration of injuries caused by gunshot. 

High-velocity wounds, such as those caused by automatic rifles, explosive blasts, and shrapnel injuries, also cause extensive soft tissue trauma, and the 
treatment should be more aggressive, akin to open injuries. In a series involving penetrating cervical injuries in a military setting, Ramasamy et al.!72 
reported a 0% survival rate for high-velocity penetrating injuries of the cervical region associated with spinal instability. However, cervical spine injuries 
were present only in approximately a quarter of all those sustaining penetrating neck wounds. In a similar series from the United States, Vanderlan et al.??9 
documented that the incidence of neurologic injury following gunshot wound to the cervical region was 17.5%. 

Kupcha et al.!2° reviewed the records of 28 patients who sustained gunshot wounds to the cervical spine. Laminectomy was performed in four patients 
and anterior corpectomy in one, with no difference in neurologic improvement compared with the cases that did not undergo decompression. Neck 
exploration was undertaken for vascular damage in four cases, expanding hematoma in two cases, and airway difficulty in three cases. Long-term 
complications were primarily related to thromboembolic disease, pulmonary congestion, and urinary tract infection. Posttraumatic syrinx developed in two 
patients. Despite a lack of description regarding antibiotic regimen, only one case of meningitis was reported. From these limited data, it seems that the care 
of cervical gunshot wounds should be guided by the principles used in other regions of the body.”8 

Decompression, or bullet removal, is only really indicated in cases of evolving neurologic injury. In cervical spinal cord injury with static neural deficits 
a conservative approach is recommended. Laminectomy can be useful but should be accompanied by appropriate instrumentation and fusion.2® The decision 
to surgically explore neck wounds should be dictated by the severity of extraspinal injuries. 

Extended antibiotic prophylaxis is prudent after pharyngeal, hypopharyngeal, or airway violations. However, the role of antibiotic prophylaxis after 
esophageal and upper airway perforation is not well defined. Pooled secretions in the hypopharynx are thought to increase the risk of infection if the gunshot 
wound involves this area. The decision to explore such wounds is usually based on the size of the lesion, as small wounds can effectively be treated 
nonoperatively. To the authors’ knowledge, there are no controlled studies regarding the impact of antibiotic prophylaxis following gunshot injuries of the 
upper airway. Because of the potential for frank infection or meningitis, it is prudent to extend prophylaxis for at least 48 to 72 hours. Delayed exploration 
for developing neck infections is also recommended, although the role of cervical gunshot wound debridement remains to be clarified. 


Vertebral Artery Injury in Association With Cervical Trauma 


The vertebral artery within the subaxial spine can be injured as a result of penetrating or blunt trauma. The mechanism of injury can be laceration, 
distractive avulsion, or intimal injury resulting in occlusion. Vertebral artery injury can occur with fractures of the transverse processes, through which the 
vertebral artery passes. MRAs are an effective means of noninvasive diagnosis of vertebral artery occlusion, or narrowing, following cervical trauma. 
Formal dye-injection arteriography is another option. 

The incidence of vertebral artery injury following lower cervical spine trauma has been reported to be as high as 25% to 46%.!°1®7 Such injuries have 
occurred with facet dislocations, facet fractures with translation, and transverse foramen fractures.'®? The vast majority of injuries are unilateral, which 
fortunately have a very low rate of clinical sequelae. In most cases, no specific treatment is necessary. However, the detection of the injury can have an 
important influence on overall treatment decision-making. The surgeon must consider the consequences of surgical techniques that might damage the 


remaining intact vertebral artery, such as lateral mass screw placement or C1—C2 transarticular screw insertion. It may be prudent to avoid such procedures 
on the unaffected side, which can potentially lead to bilateral vertebral artery compromise. 

In a series of eight patients with unilateral vertebral artery injury in the setting of subaxial cervical fractures, Sack et al.'®? performed surgical 
interventions, with the majority of patients receiving no specific treatment of the arterial injury. Three patients were treated with aspirin therapy. Posterior 
fusion was performed in seven of the eight patients, although the authors do not detail whether instrumentation was placed on the side of the uninjured 
vertebral artery. No ischemic complications were reported. 

Bilateral vertebral artery injuries can be devastating, resulting in cerebellar infarction. This has been reported in patients with severe dislocations of the 
subaxial cervical spine. Such injuries necessitate emergent recanalization using pharmacologic or angiographic techniques. 


C7 Spinous Process (Clay-Shoveler’s Fractures) 


As a stand-alone injury, lower spinous process fractures are usually benign entities. The so-called clay-shoveler’s fracture is thought to occur from powerful 
contraction of the back muscles that insert onto the spinous process. However, spinous process fractures can also occur in conjunction with lamina fractures, 
facet dislocations, and other more serious injuries. An early report described spinous process fractures that present in association with bilateral lamina 
fractures as an indication of potential neurologic deterioration.'“9 It is thought that the floating posterior arch can displace anteriorly, impinging on the 
spinal canal. 
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Thoracolumbar Spine Fractures and Dislocations 


INTRODUCTION TO THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


More than 150,000 spine injuries occur every year in North America. These injuries constitute 6% of all fractures and affect 5% to 30% of all polytrauma 
patients.!15-151,190 An estimated 65% to 90% of all injuries in patients presenting with spinal fractures involve the thoracic and lumbar spine.!!°26 In 
particular, the thoracolumbar spine (T10—L2) is the most commonly affected region due to inherent anatomic and biomechanical properties, being the 
transitional segment connecting the rigid thoracic and the flexible lumbar region.” Approximately 27% of the patients with thoracolumbar injuries have 
associated neurologic deficits, which results in lifelong disability and loss of economic productivity. 3? 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO THORACOLUMBAR SPINE 


FRACTURES AND DISLOCATIONS 


Progressing caudally throughout the thoracic and lumbar regions, the vertebral bodies gradually increase in size (Fig. 49-1). Similarly, the lumbar pedicles 
gradually increase in size between L1 and L5. Contrastingly, the pedicles in the thoracic spine decrease in size gradually between T1-T4, with T4-T5 
pedicles being commonly the narrowest. The subsequent thoracic pedicles increase in diameter gradually between T5 and T12.!4 The T12 pedicles are 
often wider than those of L1 and L2.5? 

Transitional zones of the spine have higher degree of flexibility and motion, which renders these junctions more prone to injury.2°° The thoracolumbar 
spine may be divided into three different anatomical and functional regions: the thoracic region (T2-T10), typically kyphotic and rigid; the thoracolumbar 
region (T11-L2); and the lumbosacral region (L3-S1), which is lordotic and flexible. The region rostral to T2 is typically considered part of the 
cervicothoracic region. These regions differ with regard to not only their biomechanical environment but also their neurologic anatomy, both of which can 
have a profound impact on the treatment and prognosis of these injuries. The thoracolumbar junction is transitional between the flexible lumbar and the 
rigid thoracic spines. Unlike the upper thoracic spine, with its protective coronally oriented facets and auxiliary costosternal attachments, the junctional 
region (T11-L2) is more flexible, less shielded, and subsequently more vulnerable to degenerative pathologies and high-energy traumatic injuries.28° 

Another important stabilizer of the thoracic and lumbar spine is the posterior ligamentous complex (PLC). This encompasses the facet joints capsules, 
interspinous ligaments, supraspinous ligaments, and ligamentum flavum (see Fig. 49-1). The bony attachments to these ligaments are also part of this 
complex, which is therefore accurately described as a PLC. The PLC serves as a posterior tension band, and its failure under trauma can be associated with 


unstable injuries. 19? 


THORACIC REGION (T2-T10) 


The thoracic spine is typically kyphotic, ranges from 20 to 50 degrees, and is naturally rigid due to its coronally oriented facets (limiting flexion, extension, 
translation, rotation), attachments to the rib cage, and thin intervertebral discs.*”-78° Subsequently, the thoracic region is relatively more resistive to trauma 
and less prone to fractures or dislocations, unless subjected to catastrophic high-energy forces. The human body’s center of gravity is situated anterior to the 
thoracic spinal column, producing a compressive force on the vertebral bodies and a tensile force across the posterior elements. A recognized injury pattern 
is application of a supraphysiologic kyphotic moment across the thoracic spine, which can result in either PLC disruption, anterior column failure, or 
both. 148-220 

The thoracic spinal canal is relatively narrow with little reserve for canal compromise. The major vascular supply to the thoracic cord is the anterior 
spinal artery, and it can be disrupted or occluded following a thoracic injury leading to cord ischemia and resulting neurologic deficit. Therefore, a trauma 
patient may experience neurologic deficits from either direct mechanical thoracic cord compression or vascular compromise with relatively little decrease in 
thoracic spinal canal diameter.?® Despite the lowest overall incidence of thoracic spine injuries compared to the thoracolumbar and lumbar regions, injuries 
to this region can however result in catastrophic thoracic spinal cord injury (SCI). 
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Figure 49-1. Sagittal cross-sectional anatomic diagram depicting the osseous and soft tissue structures of the thoracolumbar spine. 


THORACOLUMBAR REGION (T11-L2) 


The thoracolumbar region is a transitional fulcrum between the rigid thoracic and the flexible lumbar spinal segments. Therefore, it is the most vulnerable 
spinal region to traumatic fractures, dislocations, and injury. Hence, thoracolumbar injuries can be associated with high incidence of neurologic deficits.?86 
In adults, the spinal cord ends at the level of L1, and its caudal distal tapering constitutes the spindle-shaped “conus medullaris” between T11 and L1. 
Fractures and dislocations of the thoracolumbar junction can lead to conus medullaris injury, namely “conus medullaris syndrome” (CMS) which is a 
neurologic emergency that can present with back pain radiating to the legs, with both upper and lower motor neuron features, motor and sensory dysfunction 
of the lower extremities, bladder and/or bowel dysfunction, sexual dysfunction, and saddle anesthesia.*8 41 


LUMBOSACRAL REGION (L3-S1) 


Lumbosacral lordosis typically ranges from 40 to 60 degrees.'®* Due to the sagittal orientation of the lumbar facets, particularly in the more rostral 
vertebrae, this spinal region has a high degree of mobility in flexion and extension. Unlike in the thoracic spine, the weight-bearing axis is situated posterior 
to the lumbar spine, resulting in tensile forces across the vertebral bodies and a compressive force across the facet joints. This helps minimize the kyphotic 
forces across the spine during injuries to this region.!482!%.220 Due to these inherent biomechanical properties, the lumbar spine is more resilient to injury 
and less prone to asymmetries in alignment. This renders these injuries in general more suitable for nonoperative interventions. The lumbosacral region also 
possesses a wider spinal canal through which a bundle of floating nerve roots traverse (aka, cauda equina) but is devoid of central nervous system structures. 
Therefore, the lumbar spine, unlike the thoracic and thoracolumbar regions, furnishes more pliability and tolerance to greater canal compromise with lower 
incidence of catastrophic neural injuries. 


ASSESSMENT OF THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


MECHANISMS OF INJURY FOR THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


In adults, motor vehicle accidents are the most common mechanisms of spinal injuries (36.7% of cases) followed by falls from height (31.7%).!82 

There is a bimodal distribution of ages with an early peak in males under 30 years old who are typically involved in high-energy injuries and a later peak 
in elderly patients with poor bone quality who sustain lower-energy injuries such as ground-level falls.66-127:272 Thoracolumbar injuries are often the result 
of mechanical failure under complex and combined force vectors. These vectors can include any of axial loading (compression), distraction, flexion, 


extension, shear, and rotational forces. The different combination, location, and magnitude of the forces often dictate the resulting injury pattern. Energy 
transferred from an impact at any anatomical level of the spine can result in concentrated stress across the thoracolumbar junction. Mechanical failure of the 
spinal column can lead to direct neural impact and/or vascular compromise to the spinal cord. The pathophysiology of SCI includes an acute compression 
phase followed by a cascade of biochemical changes known as the secondary phase.'! During the secondary phase, microscopic changes occur in the gray 
matter and include ischemia, free radicals’ secretion, vasoconstriction, intracellular influx of calcium ions, lipid peroxidation, and excitotoxins.24° Beside 
the injury patterns and location, the magnitude of the trauma absorbed by the spine and the surrounding tissues can affect the overall outcome. Higher- 
energy traumas, which lead to highly unstable spine injuries, can also lead to life-threatening afflictions to other vital internal organs. Therefore, it is 
important for all involved clinicians, including emergency department physicians, traumatologists, spine surgeons, paramedics, and other associated health 
care professionals, to have a high degree of suspicion when evaluating patients with spinal injuries following high-energy trauma.*°” 


INJURIES ASSOCIATED WITH THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


In a neurologically stable patient, a detailed history helps contextualize the type of mechanism involved in the injury.2°° Multiple studies have shown that 
spine injuries have a high association with thoracic, abdominal, intracranial, and extremity injuries in proximity to the spinal region involved.® 15115” Such 
injuries may be more difficult to ascertain in patients presenting with neurologic deficits or disturbed level of consciousness. A National Trauma Data Bank 
(NTDB) analysis showed that associated bony and internal organ injuries occurred in 79% and 71% of thoracic and lumbar spine fractures respectively. 
Thoracic spine fractures were associated with injuries to the rib cage (47%), lumbar spine (26%), cervical spine (25%), lungs (35%), and intracranial (24%). 
Similarly, lumbar spine fractures were associated with injuries to the rib cage (38%), thoracic spine (22%), pelvic ring (20%), lungs (26%), and intracranial 
(19%). Furthermore, the overall mortality was strongly correlated with increased injury severity. Beside the associated mechanical injuries to the nearby 
organs, patients with SCI were also noted to be at risk of developing multiple organ failures, owed to the autonomic nervous system dysfunction and 
systemic inflammatory responses. These can alter the function of the cardiovascular (orthostatic hypotension, autonomic dysreflexia), pulmonary 
(respiratory failure, pulmonary edema), urinary (neurogenic bladder, kidney failure, infections), musculoskeletal (spasticity, atrophy, disuse osteoporosis, 
heterotopic ossification), and gastrointestinal (GI) (neurogenic bowel dysfunction) systems.” 

In the setting of a traumatic event, especially a high-energy mechanism, it is imperative that full spinal CT imaging (usually reconstructed from CT 
chest-abdomen-pelvis) along with screening CT imaging to the chest, abdomen, and pelvis are performed as soon as the primary survey is completed. A 


delayed or even missed diagnosis of thoracolumbar injury can occur in 5% to 24% of patients and can result in devastating neurologic deficits in unstable 
fractures,53:116,167,267 


PATIENT EVALUATION FOR THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


In a polytrauma patient, following initial acute trauma and life support (ATLS) principles securing respiratory and hemodynamic support, the spine injury 
evaluation encompasses detailed history, clinical examination, and radiographic imaging.?>?06 

This initial evaluation might be obscured by associated distracting injuries or patient’s altered mental status. Therefore, spinal imaging including high- 
resolution CT scan with 3D reconstruction, and magnetic resonance imaging (MRI) in patients with altered neurology, are strongly recommended during the 
initial evaluation. 116286 

Furthermore, trauma patients often present with hypotension, resulting from either hypovolemic or neurogenic shock. While these two sources of 
hypotension often coexist, most multiply injured patients will have at least a component of hypovolemic shock regardless of the presence of neurogenic 
shock. In the event of neurogenic shock, the patient’s hypotension is accompanied by paradoxical bradycardia because of the absent sympathetic response, 
while in hypovolemic shock a compensatory tachycardia is noted.7°° 

Full spinal precautions should be maintained from the point of first contact with the patient in the field until a spinal injury is ruled out. The patient 
should be kept flat on a rigid backboard and the neck placed in a cervical collar.!®?29 Once the patient has been successfully transferred to the treating 
facility, temporized and diagnostics imaging has been completed, the backboard should be carefully removed under appropriate spinal precautions. This is a 
preventative measure against skin compromise or even worse severe decubitus ulcers, which are even more likely in patients who are neurologically 
impaired. 

During the ATLS secondary survey, it is important to perform a thorough examination. The patient should be log rolled onto their side with one person 
stabilizing the cervical spine and at least two other persons stabilizing the torso and lower extremities so that the patient’s entire body is rolled as one unit. 
The patient should be inspected carefully for any visible soft tissue injury. In addition, the patient’s spine should be palpated to identify any areas of 
tenderness, step-offs or defects in the interspinous ligament, or the presence of an internal degloving injury.!® 

A comprehensive neurologic examination is essential in an alert and conscious patient with multiple injuries or when a spine injury is suspected. The 
examination on presentation provides an essential baseline to help determine further treatment and prognosis. The motor examination for any muscle group 
can be graded on a scale of 0 to 5, as follows: 


0: No function of the muscle group being tested 

1: Contraction of the muscle group being tested can be palpated, without visible joint excursion 

2: Unable to perform full joint excursion against gravity, but able to range the joint with the effect of gravity removed 
3: Able to go through a full range of motion against gravity, but otherwise unable to exert resistance 

4: Able to exert partial resistance through a full range of motion 

5: Full resistance through an entire range of motion 


A complete motor and sensory examination is performed with the cooperative patient. It is critical to evaluate the bulbocavernosus reflex to determine if 
the patient is in spinal shock. If hyperactive, it probably represents a complete SCI. A rectal examination is done to assess tone.’ The sensory examination 
should be performed in a dermatomal distribution and consists of evaluation of both pinprick and light touch. This examination should also assess sensation 
along the perianal area, which can be the only sign of sacral sparing and therefore of an incomplete SCI, a positive prognostic factor for neurologic recovery 
and a finding that may affect treatment of the spine injury or its timing. After the motor and sensory examination, a full reflex examination should be 
performed. Hyporeflexia or hyperreflexia may help differentiate between a spinal cord level versus a nerve root level injury, though hyperreflexia is less apt 
to be present in the acute postinjury period, even in the presence of upper motor neuron deficits. For neurologic injuries at the level of the spinal cord, the 


lack of a bulbocavernosus reflex may be an indicator that the patient is still in spinal shock.!®”-?29 There is generally a delay in the bulbocavernosus reflex in 
patients with cauda equina or conus medullaris injuries secondary to the interference of the reflex arc by the neurologic insult. Moreover, priapism, if 
present, can be an ominous sign of acute and complete sensory and motor deficits.2°” 

The international standards for neurologic classification of SCI, commonly referred to as the ASIA (American Spinal Injury Association) impairment 
scale (Fig. 49-2), was developed as a universal classification tool for SCI based on a standardized sensory and motor assessment.”* It is a system used to 
define and describe the extent and severity of a patient’s SCI and determine future rehabilitation and recovery needs.! It is ideally completed within 72 
hours after the initial injury. The patient’s grade is based on how much sensation and movement are detected below the injury level.” The ASIA grading 
is therefore designated as follows: 


A: Complete SCI, without any motor or sensory function below the neurologic level of injury, as defined above 

B: Incomplete SCI, with preserved sensation but no motor function below the neurologic level of injury 

C: Incomplete SCI, with the presence of sensation and motor function below the neurologic level of injury, in which more than half of the key muscle 
groups have a motor grade of 3/5 or lower 

D: Incomplete SCI, with the presence of sensation and motor function below the neurologic level of injury, in which more than half of the key muscle 
groups have a motor grade of 3 or higher 

E: Normal neurologic function 


INTERNATIONAL STANDARDS FOR NEUROLOGICAL Patient Nam Dale/Time of Exam 
CLASSIFICATION OF SPINAL CORD INJURY IS C @S i n 
Sh rg e (ISNCSCI) maasai | Exerninet Nese Signature 
SENSORY SENSORY 
RI G HT gure KEY SENSORY POINTS KEY SENSORY POINTS pores L E FT 
Light Touch (LTR) Pin Prick (PPR) Light Touch (LTL) Pin Prick (PPL) 
C2 C2 
C3 C3 
C4 C4 
Elbow flexors C5 C5 Elbow flexors 
UER Wrist extensors C6 C6 Whist extensors UEL 
(Upper Extremity Right) Elbow extensors C7 C7 Elbowextensors (Upper Extremity Left) 
Finger flexors C8 C8 Finger flexors 
Finger abductors (little finger) T4 T1 Finger abductors (little finger) 
Comments (Non-key Musc ? Reason for NT? Pain? T2 T2 MOTOR 
Nor-SCI condiion?): T3 T3 (SCORING ON REVERSE SIDE) 
T4 T4 0 = Total paralysis 
T5 T5 1 = Palpable or visible contraction 
2 = Adie movement gravity eliminated 
T6 T6 3 = Active movement, against gravity 
ird T7 4= Active movement, against some restance 
5=Active movement, aganst full resistance 
Ls T8 O 1e 2 9 fe NT*= Non-SCI con 
E EAA NS iai 
T9 T9 prosent 
T10 T10 SENSORY 
Tm T1 (SCORING ON REVERSE SIDE) 
T12 T12 
L1 L1 
Hip flexors L2 L2 Hip flexors 
LER Knee extensors L3 L3 Knee extensors LEL 
(Lower Extremity Right) Ankle dorsifiexors L4 L4 Ankle dorsiflexors = (Lower Extremity Left) 
Long toe extensors L5 L5 Long toe extensors 
Ankle plantar flexors $1 $1. Ankle plantar flexors 
$2 $2 
i $3 $3 
(VAC) Voluntary Anal Contraction (DAP) Deep Anal Pressure 
(Yes/No) S4-5 S45 (YesiNo) 
RIGHT TOTALS LEFT TOTALS 
(MAXIMUM) (50) 156) (55) 156) 150) (MAXIMUM) 
MOTOR SUBSCORES SENSORY SUBSCORES 
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(25) (50) 
3. NEUROLOGICAL 


LEVEL OF INJURY [___] 


(56) 


4. COMPLETE OR INCOMPLETE? 
incomplete = Any sensory or motor function in S4-5 


5. ASIA IMPAIRMENT SCALE (AIS) L] 


(11) MAX (56) (56) (12) 


{in injuries with absent motor OR sensory function in $45 only) 


R L 
6. ZONE OF PARTIAL SENSORY 
PRESERVATION MOTOR 


Most caudal levels with any innerva Don 
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Muscle Function Gradin 

0 = Total paralysis 

1 =Palpable or visible contraction 

2 = Active movement, full range of motion (ROM) with gravity eliminated 

3 = Active movement, full ROM against gravity 

4 = Active movement, full ROM against gravity and moderate resistance in a 
muscle specific position 

5 = (Normal) active movement, full ROM against gravity and full resistance in a 
functional muscle position expected from an otherwise unimpaired person 

NT =Not testable (i.e. due to immobilization, severe pain such that the patient 


cannot be graded, amputation of limb, or contracture of > 50% of the normal ROM) 


0*, 1*, 2*, 3*, 4*, NT* = Non-SCI condition present * 


Sensory Grading 


0 =Absent 1 = Altered, either decreased/impaired sensation or hypersensitivity 


2=Normal NT = Not testable 
0*, 1", NT* = Non-SCI condition present * 


aNote: Abnormal motor and sensory scores should be tagged with a *’ to indicate an 
impairment due to a non-SCI condition. The non-SCI condition should be explained 


in the comments box together with information about how the score is rated for 
Classification purposes (at least normal / not normal for classification). 


When to Test Non-Key Muscles: 


In a patient with an apparent AIS B classification, non-key muscle functions 
more than 3 levels below the motor level on each side should be tested to 


most accurately classify the injury (differentiate between AIS B and C). 


Movement Root level 
Shoulder: Flexion, extension, adbuction, adduction, 

internal and external rotation c5 
Elbow: Supination 

Elbow: Pronation c6 
Wrist: Flexion 


Finger: Flexion at proximal joint, extension 
Thumb: Flexion, extension and abduction in plane of thumb c7 


Finger: Flexion at MCP joint 


Thumb: Opposition, adduction and abduction c8 
perpendicular to palm 

Finger: Abduction of the index finger T1 
Hip: Adduction L2 
Hip: External rotation L3 
Hip: Extension, abduction, internal rotation 

Knee: Flexion L4 


Ankle: Inversion and eversion 
Toe: MP and IP extension 


Hallux and Toe: DIP and PIP flexion and abduction L5 
Hallux: Adduction $1 


ASIA Impairment Scale (AIS) 


A= Complete. No sensory or motor function is preserved 
in the sacral segments S4-5. 


B = Sensory Incomplete. Sensory but not motor function 
is preserved below the neurological level and includes the 
sacral segments S4-5 (light touch or pin prick at S4-5 or 
deep anal pressure) AND no motor function is preserved 
more than three levels below the motor level on either side 
of the body. 


C = Motor Incomplete. Motor function is preserved at the 
most caudal sacral segments for voluntary anal contraction 
(VAC) OR the patient meets the criteria for sensory 
incomplete status (sensory function preserved at the most 
caudal sacral segments S4-5 by LT, PP or DAP), and has 
some sparing of motor function more than three levels below 
the ipsilateral motor level on either side of the body. 

(This includes key or non-key muscle functions to determine 
motor incomplete status.) For AIS C - less than half of key 
muscle functions below the single NLI have a muscle 

grade 2 3. 


D = Motor Incomplete. Motor incomplete status as 
defined above, with at least half (half or more) of key muscle 
functions below the single NLI having a musde grade 2 3. 


E = Normal. If sensation and motor function as tested with 
the ISNCSCI are graded as normal in all segments, and the 
patient had prior deficits, then the AIS grade is E. Someone 
without an initial SCI does not receive an AIS grade. 


Using ND: To document the sensory, motor and NLI levels, 
the ASIA Impairment Scale grade, and/or the zone of partial 
preservation (ZPP) when they are unable to be determined 
based on the examination results. 
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Steps in Classification 


The following order is recommended for determining the classification of 
individuals with SCI. 


1. Determine sensory levels for right and left sides. 
The sensory level is the most caudal, intact dermatome for both pin prick 
and light touch sensation. 


2. Determine motor levels for right and left sides. 

Defined by the lowest key muscle function that has a grade of at least 3 (on 
supine testing), providing the key muscie functions represented by segments 
above that level are judged to be intact (graded as a 5). 

Note: in regions where there is no myotome to test the motor level is 
presumed to be the same as the sensory level, if testable motor function 
above that level is also normal. 


3. Determine the neurological level of injury (NLI). 

This refers to the most caudal segment of the cord with intact sensation and 
antigravity (3 or more) muscle function strength, provided that there is normal 
{intact) sensory and motor function rostrally respectively. 

The NLI is the most cephalad of the sensory and motor levels determined in 
steps 1 and 2. 


4, Determine whether the injury is Complete or Incomplete. 
(ie. absence or presence of sacral sparing) 

if voluntary anal contraction = No AND all S4-5 sensory scores = 0 
AND deep anal pressure = No, then injury is Complete. 

Otherwise, injury is Incomplete. 


5. Determine ASIA Impairment Scale (AIS) Grade. 
Is injury Complete? If YES, AIS=A 
mt 
Is injury Motor Complete? If YES, AIS=B 
NO 4 (No=voluntary anal contraction OR motor 
function more than three levels below the motor 


level on a given side, if the patient has sensory 
incomplete classification) 


Are at least half (half or more) of the key muscles below the 


neurological level of injury graded 3 or better? 
NOY YES ¥ 
AIS=C AlS=D 


If sensation and motor function is normal in all segments, AIS=E 
Note: AIS E is used in follow-up testing when an individual with a documented 
SCI has recovered normal function. If at initial testing no deficits are found, the 
individual is neurologically intact and the ASIA Impairment Scale does not apply. 


6. Determine the zone of partial preservation (ZPP). 

The ZPP is used only in injuries with absent motor (no VAC) OR sensory 
function (no DAP, no LT and no PP sensation) in the lowest sacral segments 
S45, and refers to those dermatomes and myotomes caudal to the sensory 
and motor levels that remain partially innervated. With sacral sparing of 
sensory function, the sensory ZPP is not applicable and therefore “NA” is 
recorded in the block of the worksheet. Accordingly, if VAC is present, the 
motor ZPP is not applicable and is noted as “NA”. 


Figure 49-2. International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI), developed by the American Spinal Injury Association (ASIA). 
(© 2019 American Spinal Injury Association. Reprinted with permission from Rupp R, et al. International Standards for Neurological Classification of Spinal Cord 
Injury: Revised 2019. Top Spinal Cord Inj Rehabil. 2021;27(2):1—22. https://doi.org/10.46292/sci2702-1) 


The ASIA motor score is a 100-point scale used to evaluate motor function based on the strength observed in five key muscle groups selected to 
represent the specific roots innervating each of the four extremities and assigning each of these 20 muscle groups with a score out of 5, according to the 
motor grading system described above.!®” 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR THORACOLUMBAR SPINE FRACTURES AND 
DISLOCATIONS 


Appropriate radiologic assessment is critical following a comprehensive history and physical examination of patient presenting with a potential spine injury. 
This radiologic evaluation is even more significant in neurologically impaired patients with extraneous injuries superimposed on presentation. Context must 
be considered in the evaluative imaging as well. For example, since the degree of kyphosis increases with age, normal sagittal plane alignment for a 70- 
year-old may not correspond to what would be acceptable in a 20-year-old.?2 


Plain Radiographs 


Although plain radiographs are easily accessible and available in trauma centers, they are no longer recommended as the initial screening tool for traumatic 
vertebral injuries, a merit claimed by the highly sensitive CT scan. However, numerous valuable information can still be drawn from x-ray imaging. 

Upright radiographs can help guide traumatic vertebral fracture management decisions.!°* Standard radiographic evaluation includes anteroposterior 
(AP) and lateral radiographs. Radiographic evaluation should include spinal alignment in the sagittal and coronal planes, presence of any rotation or 
translation, the integrity of the three spinal columns (anterior, middle, posterior) as described by Denis, loss of vertebral height, and widened interpedicular 
or interspinous distance.” 176-113 

Widening of the interpedicular distance can be indicative of a burst fracture (Fig. 49-3). Increased interspinous distance, can suggest a posterior tension 
band injury (Figs. 49-4 and 49-5). In evaluating the lateral view of the thoracic and lumbar spine, each vertebral body should be inspected for cortical 
discontinuity and proportional size. The loss of a vertebral body height can also be measured as a ratio (%) of the remaining intact posterior or anterior body 
heights (Fig. 49-6).!52 A cortical bony discontinuity can indicate a fracture, while an asymmetric disc widening relative to adjacent levels, may represent a 
discoligamentous disruption involving the anterior longitudinal ligament (ALL) and/or the posterior longitudinal ligament (PLL) and the intervertebral disc 
(Fig. 49-7). While an isolated anterior vertebral body height loss suggests a compression fracture, the additional involvement of the posterior cortex (middle 
column) can be rather indicative of a burst fracture. 10° 
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Figur 3. Failure of posterior-only fixation in a patient with significant anterior column defect, eventually requiring treatment with corrective osteotomy. A 16- 
year-old patient fell approximately 30 feet and presented with an ASIA C conus medullaris injury. AP radiograph (A), lateral radiograph (B), axial CT image (C), and 
sagittal CT image (D) demonstrate a T11-T12 flexion-distraction type injury composed of a complete burst fracture of T12 involving both endplates with posterior 
tension band failure (white arrow) (AO T11-T12 B2; T12 A4; N3 injury). Widening of the interpedicular distance on the AP radiograph (white double-headed arrow) 
to 28 mm compared to 22 mm at the adjacent uninjured level (black double-headed arrow) indicates the presence of a burst fracture. The patient also has asymmetric 
compression of the vertebral body, which results in 16 degrees of focal coronal plane angulation. She was treated with open reduction through a posterior approach, a 
combination of indirect decompression from the spinal realignment and direct decompression by laminectomy and disimpaction of retropulsed bony fragments from 
the spinal canal, repair of a traumatic durotomy caused by her injury, and T10—L1 posterior instrumented arthrodesis. E: Postoperative sagittal CT image shows 
acceptable restoration of alignment and spinal canal decompression. Although an anterior bony defect is present within the T12 vertebral body, because of the patient’s 
young age and good bone quality, it was felt that posterior fixation alone would be sufficient for fracture healing. F: Three months postoperatively, the patient had 
recovered neurologically, and a lateral radiograph showed acceptable spinal alignment. G: Lateral radiograph 18 months postoperatively demonstrates bilateral rod 
fractures and 25 degrees of focal kyphosis. The patient was experiencing postural deformity and new pain in the region of the thoracolumbar junction. Immediate 
postoperative sagittal CT image (H) and lateral radiograph 1 year after T12 pedicle subtraction osteotomy (I) demonstrate a 45-degree correction of the patient’s 
sagittal plane angulation, from 25 degrees of kyphosis to 20 degrees of lordosis. The patient had resolution of her pain and postural complaints. 
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Figure 49-4. Mono-osseous fixation of Chance-type flexion-distraction (AO type B1) injury. An 11-year-old patient was a passenger restrained by a lap belt at the 
time of a motor vehicle collision. Lateral radiograph (A), AP radiograph (B), and sagittal CT image (C) demonstrate the presence of a Chance fracture variant (AO L3 
B1; NO injury), illustrated by fracture lines extending into the inferior aspects of the pedicles bilaterally (white arrows) and increased interspinous distance on the AP 
radiograph (black arrow). Because the fracture involved only the inferior-most aspect of the pedicles, they were still available for screw fixation, allowing the option of 
mono-osseous fixation across the fracture with a screw and hook construct, as seen on AP (D) and lateral (E) radiographs 6 months postoperatively. The patient healed 
uneventfully. 


Another radiographic parameter is the Cobb angle, which is the sum of upper and lower end vertebra tilt angles in the AP and lateral planes (F 9-8). 
The magnitude of the Cobb angle can provide a diagnostic and therapeutic value.?”? Widening of the posterior elements including facet joints, interspinous 
distance, spinous processes or pedicles, as well as translation of the vertebral body are also potential indicators of possible ligamentous injury and 
instability. The combination of vertebral height loss of over 50%, kyphotic angulation greater than 30 degrees, and 2.5 mm of vertebral body translation 
indicates an unstable injury.” Consequently, upright radiographs can help evaluate an injured spine’s mechanical stability and PLC integrity. 
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Unstable, three-column flexion—distraction (AO type B2) injury misinterpreted as a stable burst (AO type A3) fracture. AP (A) and lateral (B) 
radiographs of a 35-year-old patient involved in a high-speed motorcycle collision demonstrate the presence of a T12 incomplete burst fracture with interspinous 
widening at T11-T12 (black arrow) compared to adjacent levels (white arrows) and 30 degrees of focal kyphosis. Although the mechanism and radiographic findings 
raise concerns for the presence of an unstable, three-column T11-T12 flexion-distraction injury (AO T11-T12 B2; T12 A3; NO injury), the patient was informed that 
her pain should gradually resolve over time and was discharged from the emergency department with no specific recommendation for follow-up. Midline (C) and 
paramedian (D) sagittal CT images taken 6 months after injury, because the patient was experiencing increasing pain and postural deformity, confirm the presence of a 
three-column flexion-distraction injury, with disruption of the PLC and increased focal kyphosis to 45 degrees. Postoperative sagittal CT image (E) and lateral 
radiograph (F) 18 months after combined anteroposterior T10—L2 spinal reconstruction show restoration of spinal alignment. The patient had resolution of her pain and 
postural complaints. 
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Figure 6. Flexion—distraction injury with associated vascular and bowel injury. Lateral radiograph (A) and sagittal CT image (B) of flexion-distraction injury 
consisting of superior endplate compression of L2 and posterior tension band injury (AO L1-L2 B2; L2 A1; NO injury) in a 19-year-old restrained driver involved in a 
motor vehicle collision. The patient was identified as having an injury to the jejunum and the aorta adjacent to his spine injury and was treated with bowel repair and 
vascular repair with aortic stent on the day of injury. C: The spine injury was treated with T12-L2 posterior instrumented arthrodesis 5 days later, as demonstrated on a 
lateral radiograph 3 months postoperatively. D: Lateral radiograph 18 years postoperatively shows successful fusion with only slight loss of lordosis. The patient had a 
full recovery of all his injuries. 


Figure 49-7. Open reduction of AO type B3 injury in the nonankylosed spine. A: Lateral radiograph of a patient involved in a high-speed motor vehicle collision, 
demonstrating a T8-T9 injury with hyperextension angulatory deformity manifested as disc space widening (double-headed black arrow) without translation, in a 
nonankylosed spine (AO B3; NO injury). B: Postoperative lateral radiograph shows restoration of thoracic kyphosis after T7-T11 posterior instrumented arthrodesis, 
with reduction of the height of the T8-T9 disc space to normal (single arrow). The reduction technique involves bending the rods into a greater degree of kyphosis than 
the patient’s extension deformity and then approximating the screws to the rod sequentially, starting at each end of the rod and working toward the screws closest to the 
fracture. The patient had an uneventful recovery from his surgery. 


% Anterior Height Loss = A/[(a’ + a”)/2] x 100 
% Posterior Height Loss = P/[(p’ + p”)/2] x 100 


Figure 49-8. Radiographic method for evaluating the deformity associated with a thoracolumbar fracture. The kyphosis may be assessed by determining the Cobb 
angle, defined by the angle between the superior endplate of the vertebra cephalad to the fracture (T12, dashed line) and the inferior endplate of the caudal vertebra 
(L2, dashed line). Similarly, the amount of collapse may be calculated by measuring the heights of both the anterior and posterior margins (A, B) of the fractured body 
and expressing them as percentages of the corresponding values derived from the adjacent, uninjured segments using the listed formulas. 


Computed Tomography 


Due to its high sensitivity (99%) and specificity, the high-resolution computed tomography (CT) scan has become the initial screening study of choice for 
vertebral injuries in high-energy trauma patients (Fig. 49-9).!16123.243 In usual practice, spinal reconstructions of the standard trauma CT are utilized rather 
than specific spinal image acquisition. CT provides more adequate bony injury characterization including fracture propagation (across the vertebral bodies, 
pedicles, laminae, facet joints, spinous processes), degree of fracture comminution, and the extent of central canal compromise (Fig. 49-10),!16283 
Screening the full spine using CT scan is particularly recommended in polytrauma patients, as up to 20% of these patients show noncontiguous vertebral 
fractures.!7? A dedicated high-resolution spine CT consists of 2- to 3-mm wide axial slices of the thoracic and lumbar spine, typically reformatted into 
sagittal and coronal images. Despite the CT scan’s high sensitivity (99%) in detecting spinal bony fractures, its most critical drawback is the failure to 
clearly recognize ligamentous and spinal cord injuries. Despite the tomography’s indirect signs of ligamentous injury, such as spinal translation or widening 
of the facet joints, interspinous distance, and intervertebral disc space (Fig. 49-11), the primary disadvantage of CT imaging in comparison to MRI is its 
inability to provide a clear assessment of the PLC, intervertebral discs, and neural tissues. Finally, in patients with ankylosed spinal conditions (ankylosing 
spondylitis or diffuse idiopathic skeletal hyperostosis), any associated spinal fractures (even nondisplaced) or abnormal widenings should be regarded as 
highly unstable injuries deserving strict spinal precautions and can be confirmed by additional MRI if no contraindications. 


Magnetic Resonance Imaging 


Recognizing the added value of PLC to spinal stability, the MRI has proven valuable as an injury screening tool, of a sensitivity higher than CT scan, in 
assessing the integrity of the PLC, ALL and PLL, the intervertebral discs, and the other surrounding soft tissues. !915%191,261 Because MRI can also assess 
the nerve roots and the spinal cord, it plays an important role after initial evaluation with CT scan, especially when neurologic deficit is suspected.?2! These 
pieces of information are crucial for surgical decision making. Various types of spinal cord injuries can be described by MRI, and these include hemorrhagic 
contusion, nonhemorrhagic contusion, compression by epidural hematoma, compression by a bone fragment or herniated disk material, and complete 
transection of the cord (Figs. 49-10 to 49-13).76° Of the spinal hematomas, those in epidural locations are the most common. Preoperative diagnostic 
localization of the hematoma informs the surgeon of the possible need to decompress the dura or arachnoid space, particularly in cases complicated by the 
coexistence of epidural and subdural hematomas. MR imaging also helps in prognostication.2*:2°> Despite initial optimism around the MRI’s superiority in 
identifying PLC injuries, and its added value to the TLICS algorithm, the relatively low specificity of the magnetic imaging in distinguishing clinically 
relevant intraoperative PLC disruptions from less worrisome injuries highlights the MRI’s tendency to overestimate the degree of instability, and 
subsequently overindicating surgical management.?!®.2°! Therefore, it is recommended that the evaluation of PLC disruption may not be only concluded 
based on MRI criteria, rather by a combined morphologic assessment using plain radiographs, CT scans, and MRI. 

Therefore, MRI use is suggested primarily to complement the CT scan, especially in patients with concerns for neurologic deficit or deterioration, and 
with caution when the integrity of the posterior tension band is unclear.!°®°! Besides, routine MRI evaluation of thoracic and lumbar fractures generates 
unnecessary increased health care costs with negative implications and accessibility compared to CT. 


Figure 49-9. Surgical treatment of thoracolumbar fracture dislocation. Sagittal (A, B) and axial (C) CT images of the thoracolumbar spine demonstrate a fracture 
dislocation at L1-L2 with a highly comminuted, complete L2 burst fracture, resulting in severe compromise of the spinal canal. Surprisingly and undoubtedly made 
possible only because the injury was below the level of the conus medullaris, the patient had well-preserved neurologic function, with only subtle weakness of the 
proximal lower extremity musculature (AO L1-L2 C A4; N2 injury). Sagittal (D) and axial (E) T2 MR images show the extent of neurologic compression, as well as 
likely traumatic durotomy with extradural nerve roots (arrow). Sagittal (F) and axial (G) CT images after posterior open reduction, T12—L4 posterior instrumented 
arthrodesis, and L1—L3 laminectomies for neurologic decompression and repair of an extensive traumatic durotomy that extended across all three levels. Because of the 
extent of vertebral body comminution, to minimize the risk of nonunion and hardware failure, the patient was treated with L2 corpectomy and L1-L3 anterior 
interbody arthrodesis through an anterior approach, as seen on sagittal (H) and axial (I) postoperative CT images. 
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Figure 49-10. Failure of stand-alone anterior approach for thoracolumbar fracture in patient with metabolic bone disease. Sagittal (A) and axial (B) CT images of a 
62-year-old patient with multiple medical comorbidities who presented with several weeks of low back pain, demonstrating an L1 osteoporotic burst fracture (AO L1 
A3; NO) with 15 degrees of kyphosis, which was initially treated nonoperatively. The CT scan helps identify the posterior vertebral cortex fracture with mild 
retropulsion (white arrow), which can be difficult to identify on plain films alone when this subtle, and distinguishes this fracture as a burst rather than compression 
fracture. C: Lateral radiograph 6 weeks later shows worsening of kyphosis to 40 degrees, which was associated with increasing pain and urinary retention. D: Sagittal 
T2 MRI image demonstrates lack of significant neurologic compression. However, supine positioning decreases the deformity to 20 degrees of kyphosis, suggesting 
the likelihood that the increase in kyphosis that occurs with upright positioning may be causing compression of the conus medullaris. E: Intraoperative lateral 
radiograph at the completion of a stand-alone anterior procedure, consisting of corpectomy and T12-L2 anterior interbody arthrodesis, with reduction of kyphosis to 15 
degrees. F: Lateral radiograph 4 days postoperatively shows subsidence of the cage through the osteoporotic endplates, with worsening of kyphosis to 35 degrees. The 
patient required revision surgery, with posterior T11—L3 posterior instrumented arthrodesis. 
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Figure 49-11. Positioning challenges in highly unstable injuries with extension/retrolisthesis deformities. Sagittal (A) and axial (B) CT images demonstrate T10-T11 
fracture dislocation with retrolisthesis and T11 incomplete burst fracture with retropulsed bony fragment intruding into the spinal canal in a patient presenting with 
ASIA D SCI after a motorcycle collision (AO T10-T11 C; T11 A3; N3; M2 injury). Patients with spinal fractures causing extension or retrolisthesis deformities are 
particularly at risk for displacement after prone positioning, which may result in spinal cord compression and neurologic injury. Prepositioning neuromonitoring is 
therefore recommended in such injuries. C: Lateral fluoroscopic image obtained after prone positioning demonstrates considerable worsening of the retrolisthesis at 
T10-T11 (arrow) despite having placed the patient on a kyphosing frame. Baseline motor and sensory-evoked potentials were greatly diminished shortly after 
positioning. Treatment options in this circumstance include repositioning the patient supine and trying to further adjust or bolster the frame to further decrease the risk 
of retrolisthesis before repositioning the patient prone again, which can be an unsuccessful endeavor in highly unstable injuries. Another option is to quickly expose the 
spinous processes at the injury level and grasp them with an instrument in order to realign the fracture and therefore decompress the spinal cord, allowing for safe 
completion of the procedure. Postoperative sagittal CT image (D), axial CT image (E), and lateral radiograph (F) show satisfactory realignment of the spine and 
decompression of the spinal canal after T10-T11 laminectomy, right transpedicular canal decompression, and T8-T12 posterior instrumented arthrodesis. The patient’s 
neurologic examination had improved significantly 1 week postoperatively, after which he was repatriated to his home country at his request and subsequently lost to 
follow-up. 


gure 2. Use of polymethylmethacrylate screw augmentation and adjacent segment vertebroplasty for the treatment of osteoporotic thoracolumbar vertebral 
fracture. A: Sagittal CT image demonstrating the presence of a comminuted L1 osteoporotic burst fracture which has developed avascular necrosis, resulting in 
thoracolumbar focal kyphosis of 25 degrees and canal narrowing with progressive, ASIA C conus medullaris injury manifesting as inability to walk and neurogenic 
bladder (AO L1 A4; N3 injury). B: Sagittal T2 MR image demonstrates severe compression of the conus medullaris. Sagittal (C) and axial (D) CT images after 
posterior-only procedure consisting of laminectomy, vertebral body resection, and T12—L2 anterior interbody reconstruction through a posterolateral approach, T11-L3 
posterior instrumented arthrodesis with screw augmentation and adjacent segment vertebroplasty with polymethylmethacrylate. This construct followed the principles 
of trying to mitigate the risk of fixation failure in osteoporotic bone by providing anterior column support and performing cement augmentation of the posterior screws. 
E: Lateral radiograph 1 year postoperatively shows well-maintained spinal alignment. The patient had full recovery of bowel and bladder function and strength in the 
lower extremities and the ability to ambulate independently without assistive devices. 
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-13. Vertebral column resection for correction of fixed upper thoracic posttraumatic deformity. Sagittal (A) and axial (B) CT images of a patient involved in 
a high-speed motor vehicle collision who sustained a T4-T5 fracture dislocation with ASIA B SCI, categorized according to the AO classification as a T4-T5 C; N3 
injury. The patient was treated nonoperatively at a regional hospital due to severe associated injuries, from which she eventually recovered. Six months after the injury, 
her primary complaints pertained to poor sitting posture and upper thoracic pain. Sagittal postmyelography CT (C) and sagittal MR (D) images show a fixed three- 
dimensional deformity, with elements of sagittal, coronal, and transverse plane rotational deformity, along with spinal cord compression, with fracture consolidation. 
Sagittal (E) and axial (F) CT images show restoration of physiologic spinal alignment and canal decompression following vertebral column resection, consisting of T5 
vertebrectomy through a constotransversectomy approach with interbody allograft reconstruction and T2-T8 posterior instrumented arthrodesis. Lateral (G) and AP 
(H) radiographs 3 months postoperatively show well-maintained spinal alignment. 


CLASSIFICATION OF THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


The injury biomechanics determine how the spine fails under supraphysiologic loads and help in guiding the appropriate treatment principles. As defined by 
White and Panjabi,7°" spinal stability is the ability of the spine under physiologic loads to limit patterns of displacement so as not to damage or irritate the 
spinal cord and nerve roots and, in addition, so as to prevent incapacitating deformity or pain due to structural changes. The concept of instability (acute or 
chronic) refers to excessive displacement of the spine that would result in neurologic deficit, deformity, or pain. Ascertaining spinal fracture stability is the 
most important step in treatment decision making. Classification and scoring systems are designed to augment the characterization of these injuries which 
will then subsequently govern treatment. 


Historical Classification Systems 


As a testament to the challenges involved in the design of a meaningful and practical classification system, an inordinate number of classifications have 
been developed over the past half-century, with varying degrees of acceptance and adoption. Because these classification systems introduced many of the 
guiding principles of the more contemporary systems, a brief discussion of the evolution of thoracolumbar fracture classifications is warranted. Older 
classification systems were primarily based on fracture morphology. Holdsworth expanded on these classifications by assigning a presumed mechanism of 
injury to the specific injury patterns. His mechanistic approach divided the injuries into flexion, flexion and rotation, extension, and compression injuries. 
Furthermore, he introduced the concept of spinal columns to the discussion of biomechanical stability by dividing the spine into the anterior and posterior 
columns. He postulated that the anterior column was responsible for resisting compression forces while the posterior column was responsible for resisting 
tensile forces. According to his model, spinal instability resulted from disruption of the posterior tension band, a concept that is still accepted.!19 

With the increasing availability of CT imaging, it became possible to obtain a more detailed understanding of the different fracture patterns and the 
factors that help determine stability. McAfee et al. were the first to use CT imaging to establish a classification system, which consisted of six injury 
patterns, listed in a manner corresponding to increasing degree of instability: wedge-compression, stable burst, unstable burst, Chance, flexion-distraction, 
and translational injuries. 168 

Denis while acknowledging the Holdsworth classification as a major landmark disagreed with the idea that pure posterior element disruption could 
cause instability without further disruption of the PLL and annulus fibrosis. He proposed the concept of the middle column and stated that only when 
posterior and middle columns were disrupted did acute instability result. He classified major injuries into four categories, based on the mechanism of failure 
—compression, burst, seatbelt type, and fracture dislocation.” According to Denis, the anterior column consists of the ALL and the anterior half of the 
vertebral body and annulus; the middle column is composed of the posterior half of the vertebral body and annulus and the PLL; and the posterior column 
includes the neural arch, facets, and the entire PLC (Fig. 49-14). He divided instability into three degrees: starting with mechanical instability, followed by 
neurologic instability, and ending with both. This classification was the first to use CT scan to classify injuries and also suggest surgery as the treatment of 
choice for burst fractures.”° 
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Figure 49-14. Denis three-column model of spinal stability, which involves anterior (anterior half of vertebra/disc and anterior longitudinal ligament), middle 
(posterior half of vertebra/disc and posterior longitudinal ligament), and posterior (posterior elements including the pedicles and facet joints and the remaining 
ligaments) columns. According to this paradigm, any injury extending into the middle column is largely considered to be unstable. 


While the past classification systems of thoracolumbar fractures concentrated on fracture morphology, Allen and Ferguson expanded on those 
mechanistic classification systems by designating consistently recognized fracture patterns based on their presumed causative force vectors, such as 
compressive-flexion, distractive-flexion, lateral-flexion, translational, torsional-flexion, vertical-compression, and distractive-extension fractures.97°° This 
classification was never widely used, partly because none of the injury categories could provide sufficient responses to treatment algorithms.°” 


Thoracolumbar Injury Classification and Severity Score 


Additional classification systems were developed that accommodated our expanding knowledge of thoracic and lumbar spine fractures, including the 
original, widely used AO thoracolumbar spine fracture classification that divided fractures into broad categories corresponding to compression injuries (type 
A), bending injuries (type B), and rotational injuries (type C) before further subdividing them.'©* The AO classification and others were designed as 
research tools or fracture taxonomies and as such have limited use in regular clinical practice. These classifications have several shortcomings: (1) they fail 
to incorporate important factors that significantly impacted whether patients should be treated operatively or nonoperatively, namely neurologic status; (2) 
they fail to provide a succinct algorithm that could be used to help guide clinical decision making; and (3) inter- and intraobserver reliability have generally 


been suboptimal. 

The Thoracolumbar Injury Classification and Severity Score (TLICS) is a scoring system designed to address this. It assigns a numerical score to any 
given thoracolumbar injury. This score is the sum of numerical values that are assigned for three categories: fracture morphology, neurologic status, and 
integrity of the PLC (Table 49-1). According to the TLICS, a fracture with a cumulative score of 3 or less is deemed stable, and therefore amenable to 
nonoperative treatment. A score of 4 is indeterminate and should be left to the surgeon’s discretion. A score of 5 or more designates an unstable injury that 
should be treated operatively (Fig. 49-15).2°%262 Although considered a useful teaching tool because of the way in which it ranks the relative importance of 
various injury features according to a numerical value, the TLICS has several shortcomings. For example, a reliable neurologic examination, which is a 
critical factor in determining the TLICS score and therefore the need for surgical intervention according to this system, cannot be obtained in a significant 
percentage of multiply injured patients, often rendering this scoring system universally inapplicable. As a classification system, it lacked definite categories 
though it provided an ideal easy-to-use scale to determine stability and treatment protocols. It did not contain the necessary information for the surgeon to 
accurately communicate the “fracture personality.” Furthermore, it was unable to provide guidelines on what the requisite surgery would be.?° A third 
disadvantage is that the TLICS was adapted primarily based on the “North American” approach to fracture treatment, which made it less generalizable from 
global standpoint, particularly in places where surgical treatment of burst fractures without injury to the PLC or neurologic deficit is standard practice. 


TABLE 49-1. Thoracolumbar Injury Classification and Severity Score 


Component Qualifiers Points 


Injury Morphology 


Compression 1 

Burst 1 
Translational/rotational 3 
Distraction 4 


Integrity of Posterior Ligamentous Complex 


Intact 0 
Suspected/indeterminate 2 
Injured 3 


Neurologic Status 
Intact 0 
Nerve root injury 2 


Spinal cord, conus medullaris injury 


Complete 2 
Incomplete 3 
Cauda equina injury 3 


Total points: nonoperative treatment <4 points > operative treatment 


Vaccaro AR, et al. A new classification of thoracolumbar injuries: the importance of injury morphology, the integrity of the posterior ligamentous complex, and neurologic status. Spine. 
2005;30(20):2325-2333. 
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Figure 49-15. Treatment algorithm for thoracolumbar spine injuries, according to TLICS. 
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Figure 49-16. The load-sharing classification system for thoracolumbar fractures identifies injuries that may be appropriately treated with short-segment posterior 
instrumentation constructs by assigning points based on the extent of vertebral body comminution, apposition of the bony fragments, and the degree of focal kyphosis. 
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Taking into consideration the extent of vertebral body fracture, its propagation, bony fragments displacement, and the sagittal balance correction, 
McCormack et al. introduced the concept of “load-sharing” classification to help determine the need for anterior column support (Fig. 49-16). 159 
Despite gaining popularity for being simple and guiding treatment decision making, it overlooked the patient’s neurologic status and the integrity of 


PLC. 169,238 


Revised AOSpine Thoracolumbar Fracture Classification 


To address the need for a widely accepted, comprehensive yet simple classification system with wide inter- and intraobserver reliability, the original AO 
classification for thoracolumbar injuries was recently revised (Fig. 49-17). As with the original AO thoracolumbar fracture classification, the new system 
stratifies injuries into one of three types, in ascending order of instability, which can be designated according to a relatively straightforward algorithm (Fig. 
49-18).133 

Type A fractures consist of compression or axial loading injuries. This group is further divided into five subtypes: AO designates clinically insignificant 
injuries, such as spinous process or transverse process fractures; A1 injuries are wedge compression or impaction fractures involving a single endplate, and 
do not involve the posterior cortex of the vertebral body; A2 injuries involve both endplates but not the posterior vertebral cortex; A3 injuries are 
“incomplete burst fractures” that include a fracture of a single endplate and of the posterior vertebral cortex; and A4 injuries are “complete burst fractures” 
that involve fractures of both endplates and the posterior vertebral cortex. 

Type B injuries consist of bending injuries in which either the anterior or posterior tension band fails, but without translational displacement. This group 
is further divided into three types: B1 injuries are represented solely by the eponymous “Chance” fractures, which consist of a complete osseous failure of a 
single vertebra extending transversely from the posterior tension band, and moving anteriorly through the transverse processes, pedicles, and vertebral body; 
B2 injuries are defined as all other flexion-distraction injuries, and include failure of the posterior tension band, with or without osseous involvement, often 
with an associated type A fracture of the more caudal vertebral body of the involved intervertebral segment. Unlike B1 injuries that involve a single 
vertebra, B2 injuries occur at the intervertebral level, typically affecting posterior ligamentous structures or the disc space between two vertebrae. B3 
injuries consist of hyperextension failure of the anterior tension band and are most commonly seen in patients with an ankylosing spine condition. 

C1 injuries affect the anterior portion of the spinal column through the disc or vertebral body, resulting in a hyperextension deformity. Type C injuries 
are the most unstable injuries and designate a complete three-column failure of soft tissue and bony stabilizers, leading to translation or dislocation. Usually, 
a high-energy trauma is the underlying mechanism of these injuries, which can be associated with life-threatening vascular complications in addition to 
neurologic damage.”!? 
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Figure 49-17. Revised AOSpine thoracolumbar fracture classification. (Vaccaro AR, et al; AOSpine Spinal Cord Injury Trauma Knowledge Forum. AO Spine 
thoracolumbar spine injury classification system: fracture description, neurological status, and key modifiers. Spine (Phila Pa 1976). 2013;38(23):2028-2037. © 
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Figure 49-18. Determining thoracolumbar spine injury type according to the recently revised AOSpine thoracolumbar fracture classification. (© AO Foundation, AO 
Spine, Switzerland. The AO Spine Injury Classification Systems were developed and funded by AO Spine through the AO Spine Knowledge Forum Trauma, a focused 
group of international spine trauma experts. AO Spine is a clinical division of the AO Foundation, which is an independent medically guided not-for-profit 
organization. Study support was provided directly through AO Network Clinical Research and AO ITC, Clinical Evidence. Original articles on the AO Spine TL Injury 
Classification System: Vaccaro AR, et al; AOSpine Spinal Cord Injury Trauma Knowledge Forum. AOSpine thoracolumbar spine injury classification system: fracture 
description, neurological status, and key modifiers. Spine (Phila Pa 1976). 2013;38(23): 2028-2037; Kepler CK, et al. Reliability analysis of the AOSpine 
thoracolumbar spine injury classification system by a worldwide group of naive spinal surgeons. Eur Spine J. 2016;25(4):1082—1086. 
https://www.aofoundation.org/spine/clinical-library-and-tools/aospine-classification-systems.) 


B2 and C type injuries may be associated with type A fractures. Because associated type A fractures could potentially influence treatment by requiring 
anterior column reconstruction, any associated type A fracture(s) should be specified separately following the B- or C-type designation. For example, a 
T12-L1 flexion-distraction injury with incomplete burst fracture of L1 would be classified as a T12—L1 B2; L1 A3 injury. 

The revised AO thoracolumbar spine classification (Table 49-2) also includes a grading of neurologic examination according to a five-tier system and 
two case modifiers to designate circumstances that could influence treatment or prognosis.*!? This classification system will serve later in this chapter as the 
basis for the section on treatment approaches to specific injuries. 


TABLE 49-2. Revised AOSpine Thoracolumbar Classification System 


Classification Description 
Fracture 
Type A Compression injuries 
AO Minor, nonstructural fractures 
Al Wedge compression 
A2 Split 
A3 Incomplete burst 
A4 Complete burst 
Type B Distraction injuries 
Bl Transosseous tension band disruption/chance fracture 
B2 Posterior tension band disruption 
B3 Hyperextension 
Type C Translation injuries 
C Displacement/dislocation 
Neurology 
NO Neurologically intact 


N1 Transient neurologic deficit that is no longer present 


N2 Radicular symptoms 


N3 Cauda equina injury or incomplete spinal cord injury. 

N4 Complete spinal cord injury 

NX Neurologic status unknown due to sedation or head injury 
E Continued spinal cord compression 


Case Modifiers 
M1 Status of the posterior tension band unknown 


M2 Patient-specific comorbidity (e.g., ankylosis, osteoporosis, rheumatoid disease) that may dictate type of treatment 


TREATMENT OPTIONS FOR THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


In patients with thoracolumbar fractures, the two main surgical indications include the presence of neurologic deficit, and the existence of spinal instability. 
Thoracolumbar injuries associated with neurologic deficits are considered mechanically unstable with only few exceptions, such as in some penetrating 
injuries and in rare well-aligned A3 or A4 (burst) fractures associated with bony retropulsion causing neural compromise. Following the injury event and the 
resulting mechanical neurologic compression, the primary SCI is generally caused by the initial offensive trauma, which then instigates a complex 
biochemical cascade that results in tissue edema, ischemia, and the production of inflammatory mediators, thereby promoting a secondary injury that 
furthers the damage caused by the primary insult. Furthermore, the injured spinal cord loses its ability to “autoregulate” its perfusion, through vasodilation 
and vasoconstriction, which becomes highly dependent on hydrostatic pressure and the gradient between systemic blood pressure and intrathecal pressure. 


HEMODYNAMIC SUPPORT 


Spine-injured patients are prone to hypotension, especially if they present with either hypovolemic or neurogenic shock. This, along with an increased 
intrathecal pressure due to SCI and ongoing spinal cord compression, can jeopardize the adequate perfusion of the spinal cord and further compromise 
neurologic function or its potential for recovery. Therefore, in addition to neural decompression and spinal stabilization, ensuring adequate systemic blood 
pressure with a mean arterial pressure (MAP) above 85 mm Hg has been a suggested strategy to minimize the secondary SCI related to cord ischemia and 
inflammatory insults. 74255 However, there is controversy surrounding the MAP’s optimal level and duration, its efficacy, and even safety. Maintaining a 
state of strict hypertension was found to be challenging, even in ICU-monitored patients, and in some, it promoted cardiogenic complications. 14210 A 2010 
systematic review suggested that, unlike patients with complete SCI, the ones who suffered from incomplete SCI benefited the most from MAP support. 
Regardless, the authors cited insufficient evidence dictating optimal blood pressure, the use of any specific inotrope, or the duration of treatment.7°! A more 
recent systematic review in 2020 came to the conclusion that there was no strong evidence to support the role of MAP goals in acute traumatic SCI and that 
use of vasopressors could be associated with increased rates of cardiac adverse events.89 On the other hand, Squair et al. used intrathecal pressure 
monitoring to determine that a minimum spinal cord perfusion pressure of 50 was a strong predictor of neurologic recovery after SCI.75° Others explored 
the effect of CSF drainage, aimed at decreasing intrathecal pressure and improving spinal cord perfusion. Despite the promising results, this strategy is still 
considered experimental.!*9 At our institution, and similar to other level I trauma centers, the blood pressure management protocol after SCI consists of 
maintaining an ICU-monitored MAP of 80 mm Hg or more for a minimum of 48 to 72 hours after admission and 24 to 48 hours postoperatively (Fig. 49- 
19). 


HIGH-DOSE CORTICOSTEROID TREATMENT 


The anti-inflammatory effect of steroid was thought to be protective against the secondary SCI inflammatory cascade. The second National Acute Spinal 
Cord Injury Study (NASCIS) demonstrated that, if administered less than 8 hours after injury, a 30 mg/kg bolus of intravenous methylprednisolone 
followed by a 5.4 mg/kg/h infusion for 23 hours resulted in improved long-term neurologic outcomes. This was followed by the NASCIS III trial, which 
suggested that the NASCIS II 24-hour protocol was only sufficient if steroid treatment had been initiated within 3 hours of injury. A 48-hour infusion was 
identified as an intervention resulting in improved neurologic outcome if methylprednisolone infusion had been initiated more than 3 hours but within 8 
hours of injury. However, criticism about the post hoc nature of the NASCIS data analysis and the results of additional studies cast doubt on the beneficial 
effects of steroid treatment. Furthermore, it was shown that high-dose steroid treatment may be detrimental to older patients with medical comorbidities and 
may exacerbate injuries to other organ systems.°>°> The controversial nature of steroid use for the treatment of acute SCI is illustrated by the variation in 
clinical practice guidelines from different national and international surgical societies. The Congress of Neurological Surgeons (CNS) and the American 
Association of Neurological Surgeons (AANS) guidelines published in 2002 recommended methylprednisolone as an appropriate treatment “option” for 
patients with acute SCI, a recommendation that was consistent with the absence of level 1 evidence either definitively refuting or supporting its use.!°° In 
2013, however, they recommended against the use of methylprednisolone, a recommendation of which many authorities in the SCI field have been critical 
because of the opinion that the existing level of evidence is insufficient to justify such a definitive recommendation.'*! A recent guideline developed by 
AOSpine North America, AOSpine International, and the AANS/CNS cited weak evidence to support recommendations either for or against the use of 
methylprednisolone, reinstituting the recommendation of a 24-hour infusion of methylprednisolone as a treatment option within 8 hours of SCI.°° Due to the 
unclear benefits associated with the use of intravenous methylprednisolone for the treatment of acute SCI and the risks and complications associated with its 
use, we recommend that it be used selectively and with caution, being restricted to healthier individuals with less comorbidities. 


FUTURE DIRECTIONS IN SCI 


Riluzole, a sodium channel blocker, is currently approved by the Food and Drug Administration (FDA) for use in amyotrophic lateral sclerosis (ALS). It has 
been studied in animal models and there is evidence it has a neuroprotective effect. However, a recent multicenter randomized controlled trial with Riluzole 
versus placebo demonstrated no improvement in outcome in patients undergoing decompression for cervical myelopathy. Another multicenter randomized 


controlled trial, Riluzole in spinal cord injury (RISCIS) specifically for SCI is currently underway.°”°” 


Hypothermia came to attention with the injury of several high-level professional athletes in recent years. There have been some small nonrandomized 
studies advocating for the use of hypothermia in SCI patients. However, a recent systematic review found no strong evidence to definitively support the use 
of hypothermia in SCI citing that there were no high-quality studies in the literature.>!!° 


SURGICAL DECISION MAKING 


The treatment principles of thoracolumbar spine injuries include maintaining acceptable mechanical stability and spinal alignment, providing sufficient 
neurologic decompression, and protecting the neural elements against further injury. Therefore, operative management is preferred in patients with potential 
mechanical instability, traumatic deformity, neurologic compromise, medical comorbidities affecting fracture healing potential, and the presence of other 
injuries. Mechanically unstable injuries that clearly benefit from surgery include flexion-distraction injuries, three-column injuries in which the posterior 
tension band is disrupted (AO types B and C injuries), and fractures associated with neurologic deficits.!”° However, The operative indications for patients 
with axial loading—type injuries (AO type A), such as burst fractures without neurologic compromise, are far more controversial.©° On the other hand, in 
multiply injured patients, surgical management might be considered to allow earlier mobilization and to facilitate overall care and rehabilitation. The 
presence of multifocal spine injuries can result in unacceptable deformity due to the cumulative effect of several fractures that individually could otherwise 
have been treated nonoperatively, and in which bracing could be difficult or impractical. While one may consider bed rest for the treatment of an unstable 
injury that is not conducive to bracing in a patient who is not an operative candidate, the risks of extended bedrest, particularly in patients with significant 
comorbidities, make bed rest a suboptimal treatment choice for most injuries that, with lack of absolute contraindications, can be addressed surgically. 
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Figure 49-19. Flow chart for hemodynamic management of isolated traumatic spinal cord injury at Harborview Medical Center, Seattle, WA. 


NONOPERATIVE TREATMENT OF THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 


Indications/Contraindications 


Nonoperative Treatment of Thoracolumbar Spine Fractures and Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Mechanically stable fracture 
Neurologically intact 

No significant deformity 
Type A injuries 


Relative Contraindications 


e Neurologic deficit 
e Spinal instability 


Fractures that are mechanically stable in a neurologically intact individual with either no or minimal deformity may be treated nonoperatively.*®-179-18* With 
the exception of a purely osseous Chance fracture (AO type B1), which can reasonably be treated with an extension orthosis, most AO types B and C 
injuries are almost exclusively managed operatively. Nonoperative management can rarely be suitable when alignment has been relatively well preserved 
and the patient does not have multiple injuries. As a result, nonoperative management is usually reserved for type A injuries. 


Bracing 


Traditionally, nonoperative patients have been treated with a brace and early mobilization. Bracing may help stabilize the spine by immobilizing the 
segments above and below the level of injury. For midlumbar through midthoracic injuries (i.e., between T7 and L3), a typical thoracolumbosacral orthosis 
(TLSO) may be used. This may include a hyperextension brace such as the Jewett brace for sagittal plane injuries or a clamshell type off-the-shelf or 
custom-molded brace for patients with coronal plane or rotational deformities. For an upper thoracic injury at T6 or above, a cervicothoracolumbosacral 
orthosis (CTLSO) should be used. Bracing of an injury below L3 requires one of the thighs to be incorporated to create a hip-thoracolumbosacral orthosis 
(HTLSO), which renders nonoperative treatment difficult. Regardless of the orthosis used, upright weight-bearing XR in the brace should be obtained to 
ensure that acceptable spinal alignment is maintained by the brace under physiologic loads. In some centers, flexion-extension films are obtained to just 
dynamic stability. The duration of brace therapy may vary, but typically lasts between 6 weeks and 3 months, and is usually accompanied by restriction 
from lifting more than 10 pounds and from performing bending or twisting activities. Bracing should continue until radiographic and clinical evidence of 
healing is evident. At the time when the brace is discontinued, flexion and extension XR may be considered to assess for stability. The brace should be 
weaned gradually in conjunction with physical therapy to counteract the deconditioning effect of brace treatment. If nonoperative management dictates the 
need for brace treatment, the patient should wear the brace at all times when out of bed. In 2015, Wood et al.78° published an update to their 2003 study with 
16- to 22-year follow-up of 19 patients with stable burst fractures. Although a very small series, the patients treated nonoperatively with bracing reported 
significantly less pain and overall better function compared to those treated operatively. 


Outcomes 


Stable AO type A3 burst fractures may be treated nonoperatively without the use of a brace, particularly in patients where cost, availability, and 
convenience may pose a barrier to care. In a multicenter prospective randomized trial by Bailey et al.,!8 96 neurologically intact patients (age <60 years), 
with AO type A3 burst fractures between T11—L3 with kyphosis less than 35 degrees had equivalent validated disability and pain outcomes 3 months and 2 
years after injury, regardless of whether they were treated with a thoracolumbar orthosis. During this period, the nonorthosis patients were restricted from 
lifting more than 5 kg and from performing bending or twisting motions. The authors did not think that the equivalence of outcomes indicated lack of 
efficacy of bracing but instead concluded that the inherent stability of A3 burst fractures was greater than originally thought. 18 


OPERATIVE TREATMENT OF THORACOLUMBAR SPINE FRACTURES AND DISLOCATIONS 
Timing of Surgery 


Advocates of early intervention believe that it leads to improved neurologic outcomes and pain control, decreased pulmonary complications and ICU days, 
and lower overall hospital costs. In patients with neurologic deficits, early stabilization helps restore spinal cord perfusion, presumably by minimizing the 
ischemic insult and helping to prevent further damage to the spinal cord. In the Surgical Timing in Acute Spinal Cord Injury Study (STASCIS), 
decompression prior to 24 hours after SCI was found to be safe and was associated with at least two grades of AIS improvement in neurologic outcome at 6 
months’ follow-up.°* Critics of this study argue that the greater degree of improvement in the early surgery group may have been due to the late group 
having had more time to improve preoperatively, resulting in a more functional starting point and therefore a lower capacity for postoperative neurologic 
improvement. On the other hand, numerous evidences suggested that early fixation decrease morbidity, mortality, and the cost of treatment. A systematic 
review by Bellabarba et al.78 found that early stabilization of thoracic fractures resulted in reduced ventilator, ICU, and hospital days, as well as decreased 
respiratory morbidity. The same was not found to be true for fractures of the lumbar spine, in which the only advantage of earlier surgery was a decrease in 
length of hospital stay. Early operative intervention may have deleterious effects on patients who have not yet been adequately resuscitated, are too 
hemodynamically labile, or who have worrisome intracranial or other injuries, any of which may render them less able to withstand the additional 
physiologic demands of early surgery. Earlier intervention predisposes to operating in the setting of missed or underestimated injuries. Therefore, discretion 
should be used to weigh the risks and benefits of early surgical intervention.°2-!5° 


Indications/Contraindications 


Injuries associated with either neurologic deficits, mechanical instability, or in those not amenable to practical bracing should be treated with surgical 
intervention. The principles behind operative treatment are to achieve adequate and timely neurologic decompression, to restore alignment using the shortest 
possible construct length, and to provide sufficient stability for early mobilization. When deciding on the best surgical approach for an injury, using a 
stabilization construct that counteracts the injury forces and restores balance to the spine is essential to success. 


Posterior Approach 


This is the most familiar approach to spine surgeons and is the most common for the treatment of thoracolumbar spine injuries. It allows ample access to the 
spinal canal, allowing for neurologic decompression and repair of traumatic durotomies if needed. It also provides satisfactory access to correct spinal 
deformities and deploys sufficient fixation in most cases. Furthermore, in a multitrauma patient with associated intrathoracic or intraabdominal injuries, the 
posterior approach to the spine mitigates access-related morbidity and bleeding, typically encountered during an anterior approach and eliminates the need 
for either an access surgeon or a spinal surgeon with that skill set. 

The posterior approach is an extensile approach, allowing for longer fixation constructs than can typically be achieved with an anterior approach, and a 
greater ability to manipulate the spine into appropriate alignment, especially in the cases of kyphosis (e.g., AO type B) or translation (e.g., AO type C) 


producing injuries. This is particularly important with junctional injuries where fixation may need to span one or two levels above or below where access 
may not be possible with an anterior approach. With type A injuries, in addition to restoration of alignment and stability, either definitive or provisional 
anterior canal decompression can also be achieved through a posterolateral approach. Depending on the type and vertebral level of the injury, anterior 
column reconstruction can also be performed using posterolateral techniques. 

Pedicle screw and rod fixation is the instrumentation of choice for stabilization of injuries using the posterior approach. Pedicle screws are 
biomechanically superior to hooks or to stand-alone anterior constructs because of their three-column fixation of the spine. Their enhanced biomechanical 
properties relative to previous techniques have allowed for the use of shorter fixation constructs, often extending only one level above and below the level of 
injury. This so-called short-segment fixation has been the subject of considerable controversy, however. Several clinical studies have shown that short- 
segment posterior fixation for burst fractures can be associated with a higher rate of hardware failure and kyphosis, presumably because the lack of anterior 
column exposes the posterior constructs to significant cantilever forces which cannot be sufficiently neutralized by short-segment constructs. 44171275 To 
help decrease the risk of short constructs’ fixation failures, the addition of anterior column support in the form of transpedicular bone grafting and cement 
augmentation at the time of posterior instrumentation has been proposed. +4 We typically limit short-segment fixation to younger, healthier patients without 
compromised healing, good bone stock and density, and strong screw purchase. If short-segment fixation is deemed appropriate for other reasons in an 
otherwise suboptimal patient, anterior reconstruction is performed, either through the posterolateral approach described above or a formal corpectomy and 
anterior interbody reconstruction. Typically, in circumstances of osteoporotic bone, injury to the thoracic spine or thoracolumbar junction in which 
preservation of motion segments is less critical, or with highly comminuted fractures of the vertebral body, it is advisable to extend the fusion at least two 
levels above and below the level of injury to reduce the risk of subsequent complications.® 

Many published studies have reported the effectiveness of the posterior thoracolumbar spine approach in achieving the desired clinical and radiographic 
goals of correcting spinal deformity, decompressing the neurologic structures, restoring vertebral body height and architecture in the case of AO type A3 
and A4 burst fractures, and providing sufficient spinal stability to allow for early mobilization and healing of the fracture. Restoration of vertebral body 
height can be achieved indirectly through the posterior approach, in part by contouring the rods to correct kyphosis and also by then distracting across the 
screws adjacent to the injury level, which restores height while also partially decompressing the spinal canal indirectly due to ligamentotaxis effect of the 
annulus and/or PLL. Ligamentotaxis can provide canal decompression of up to 50% but is ineffective in more severe injuries in which the annular 
attachments are disrupted, as with injuries in which the retropulsed bony fragment has rotated 180 degrees such that the posterior cortex faces 
anteriorly.!!2:247 Partial or complete decompression of retropulsed bony fragments can also be achieved from a posterior approach. At the level of the spinal 
cord or conus medullaris, this is done by performing a laminectomy and at least a unilateral facetectomy, which allows the retropulsed fragment to be 
accessed along the anterolateral aspect of the dura without the need for retraction. Angled curettes can be used to mobilize the fragment anteriorly, away 
from the ventral surface of the dura, and an angled impactor can then be used to further displace the displaced fragment anteriorly, away from the spinal 
canal and into the fractured vertebral body (Fig. 49-20). The ease and effectiveness of this technique can be facilitated by having already applied distraction 
across the fracture site with a contralateral rod, which results in a partial decompression and thus easier access to the retropulsed fragment due to 
ligamentotaxis and also provides room for the fragment to then be displaced anteriorly, away from the spinal canal and into the fractured vertebral body. For 
fractures that occur at the nerve root levels between L2 and S1, retropulsed fragments can be accessed by retracting the dura after laminectomy and then 
either removing the fragment or pushing it anteriorly into the vertebral body. 
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Figure 49-20. A: Technique for anterior approach to thoracolumbar fracture. The anterolateral aspect of the fractured vertebral body and the adjacent vertebrae are 
exposed subperiosteally, with the anterior border of the foramina serving as an important landmark to identify the posterior border of the vertebral body. B: The discs 
adjacent to the fractured vertebra are removed and the majority of the vertebral body is removed with rongeurs and a burr. Resections of the pedicle, and of the rib head 
in the thoracic spine, facilitate access to the spinal canal. C: The posterior cortex, including retropulsed fragments, is removed. D: The endplates are prepared by 


resecting the cartilaginous portion with a curette, and either a structural allograft or interbody cage is applied to the corpectomy defect. E: An anterolateral plate is 
applied if posterior instrumentation is not planned. F: Final construct. 


Depending on the surgeon’s experience and preference and on patient- and injury-specific factors, AO type A3 and A4 burst fractures can be approached 
through anterior-only, posterior-only, or combined anteroposterior or posteroanterior approaches. For patients with the more unstable AO type B and C 
fractures, there is less controversy regarding the recommended approach. AO type B and C fractures usually require posterior reduction and instrumentation. 
This can either be done alone or, if there is an associated type A fracture with concern for significant anterior column compromise, be followed by an 
anterior reconstructive procedure. Injuries in which the PLC is disrupted almost always require posterior instrumentation to restore the posterior tension 
band and counteract the kyphotic moment imparted on the spine. Several clinical studies have shown that posterior instrumentation, in the setting of flexion- 
distraction injuries, leads to decreased kyphosis and less back pain. 10:157:159 


Anterior Approach 


The anterior approach provides the most direct access to the anterior spinal column for decompression of retropulsed fragments or restoration of the 
structural integrity of the anterior column.!'! Indications for the anterior approach to the thoracolumbar spine include the presence of bony retropulsion 
causing neurologic deficits, the presence of severe canal compromise, kyphosis of more than 30 degrees, severe vertebral body comminution, and 
neurologic compression secondary to a traumatic disc herniation at the level of the spinal cord or conus medullaris. 1°? 

Axial loading injuries of the spine with involvement of the posterior cortex, such as AO type A3 and A4 burst fractures, are often associated with 
significant retropulsion of fragments into the canal. When associated with neurologic injury, decompression of the retropulsed fragments must be 
performed. Although posterior decompression can be accomplished indirectly with distraction techniques through the ligamentotaxis effect or directly using 
a laminectomy, facetectomy, and transfacet or transpedicular approach, or even a costotransversectomy, these cannot easily be done at every vertebral level, 
especially with more severe injuries in which no ligamentotaxis effect can be achieved, often leaving the anterior approach as the best option. 

The anterior column is the primary weight-bearing portion of the spine. Its biomechanical importance relies on its ability to resist compressive forces 
across the spine. Axial loading injuries may cause anterior column comminution to such a degree that it loses its ability to resist loads and maintain 
alignment. In many cases, posterior instrumentation alone cannot sufficiently compensate for the loss of anterior column integrity. This results in the need 
for anterior column reconstruction, which typically involves corpectomy and placement of a load-sharing device such as an interbody cage or a structural 
bone graft.’ 

Anterior canal decompression in the thoracic spine may be achieved using either posterolateral techniques such as costotransversectomy, which often 
requires sacrificing one of the thoracic roots, or through an anterior approach (i.e., thoracotomy), at the surgeon’s discretion. On the other hand, a lumbar 
corpectomy from the posterior approach is quite challenging and often is limited by the L2—L5 nerve roots that cannot normally be sacrificed and are 
vulnerable to excessive traction. Therefore, if a corpectomy of the lumbar spine is deemed necessary, an anterior approach is nearly always preferred. 

Eventual long-term success of any stabilization technique depends on the ability of the construct to facilitate healing of the injured spinal column in an 
acceptable physiologic alignment. While the anterior approach to spine reconstruction allows for direct anterior canal decompression, restoration of the 
anterior column’s load-bearing capacity, and provides additional surfaces anteriorly for bony fusion, anterior reconstruction may be especially valuable in 
severe spinal injuries in which removal of excessive posterior bone for spinal canal decompression would increase the risk of nonunion and subsequent 
hardware failure. Furthermore, the anterior approach avoids the neurologic risks associated with any manipulation of the spinal cord that may occur while 
attempting to decompress the anterior spinal canal from the posterior approach. Decompression through the anterior approach may also be necessary for 
subacute fractures or injuries to the annulus or PLL, in which distraction across the posterior instrumentation and subsequent ligamentotaxis may not 
provide effective neurologic decompression. 


Combined Anterior and Posterior Approach 


It may be necessary to perform both anterior and posterior approaches to adequately decompress, realign, and stabilize a thoracolumbar spine injury. In 
severely unstable injuries, there may be a significant risk of failure with isolated anterior or posterior stabilization. Excluding issues such as the presence of 
metabolic bone disease, posterior instrumentation alone is most susceptible to implant failure and kyphosis in the presence of severely comminuted AO type 
A3 and A4 vertebral body fractures.22+2“8 Anterior stabilization alone is at greatest risk of failure in the presence of injury to the PLC, as with AO type B2 
and C injuries, particularly when spinal alignment is not adequately restored. Type C injuries are particularly prone to failure with only anterior fixation due 
to the presence of significant circumferential soft tissue damage and severe resulting instability.1°°.275 

The “load-sharing” concept was introduced by McCormack in 1994, and it helps in predicting the need for anterior column support in addition to 
posterior fixation. By load-sharing implants work in both compression and tension advantageously significantly increasing fixation strength. A burst 
fracture with a load-sharing score (LSS) less than, or equal to, 6 points can be sufficiently treated with posterior short-segment fixation. However, an LSS 
higher than 6, signifies a major disruption to the anterior column integrity warranting either a long-segment posterior fixation or a combined anteroposterior 
reconstruction. 169 

Traditionally, anterior and posterior (circumferential) instrumentation has been performed using separate anterior and posterior approaches. The use of 
two separate approaches introduces multiple challenges, such as increased operating room time, the potential need to coordinate with an approach surgeon, 
the added morbidity associated with each approach, and the possibility of repeat trips to the operating room. When operating on a frail or unstable patient, 
the use of both approaches may increase the risk and morbidity of surgery beyond what is considered acceptable or tolerated by the compromised patient. 
From the T2-L1 levels, circumferential decompression and stabilization can be achieved using a single posterolateral approach, such as a 
costotransversectomy, which shortens anesthesia time and the morbidity associated with thoracotomy. However, this approach also has several 
disadvantages, such as potentially greater technical difficulty, increased risk for significant blood loss, the need to sacrifice a thoracic nerve root, and the 
need to work around the spinal cord, which may increase the risk of SCI. Lubelski et al. reported an average complication rate of 15% with the 
costotransversectomy approach, though it has been reported to be as high as 57%.!°* Therefore, the costotransversectomy approach should only be used by 
experienced surgeons and in a well-equipped hospital with available high level of acute patient care (i.e., ICU) to manage these patients postoperatively. 


Minimally Invasive Surgery 


Thoracolumbar trauma has been conventionally treated using open approaches, which can be associated with significant soft tissue damage to an already 
compromised region, along with increased blood loss and infection rates. These factors have led to a rise in popularity of minimally invasive surgical (MIS) 
techniques in the treatment of thoracolumbar trauma. A systematic review of 138 papers on open procedures by Verlaan et al. reported a median blood loss 
of greater than 1,000 mL, and average infection rates of 0.7% for anterior and 3.1% for posterior procedures, respectively.?”° Rechtine et al. reported an 
infection rate as high as 10% for posterior procedures.*!! Furthermore, open posterior midline approaches have been shown to cause iatrogenic muscle 


injury and denervation, ischemia, focal compartment syndrome, and reperfusion injury secondary to direct trauma or increased intramuscular pressure from 
surgical retractors. In addition to functional considerations, the resulting ischemic muscle and dead space serve as a nidus for bacteria, increasing the risk of 
infection.*% 

While MIS techniques may offer some advantages by avoiding the muscle stripping, the most important determinant in selecting a technique should be 
based on the performing surgeon’s ability to accomplish the surgical goals of obtaining and maintaining acceptable spinal alignment, stability, and 
achieving neurologic decompression (Fig. 49-21). Furthermore, beside the surgeon’s experience, certain fractures are themselves more suitable for MIS 
fixation. These comprise injuries with less osseous displacement that do not require extensive reduction maneuvers or need direct decompression, such as 
B1 fractures or minimally displaced B3 fractures in the ankylosed spine. In these cases, fracture reduction and stabilization are likely to result in direct 
fracture healing with acceptable alignment. Burst fractures, particularly in the neurologically intact patient, may also benefit from MIS, but the indications 
are more controversial. In these fractures, posterior instrumentation is used to restore lordosis and vertebral body height, stabilize the fracture, and allow 
healing of the vertebral body in acceptable alignment. The ability to achieve a fusion is likely compromised relative to open techniques, although studies 
have demonstrated that even in burst fractures, in which there is injury to intervertebral disc by definition, healing of the fractured vertebral body without 
fusion of the injured intervertebral segment may provide an acceptable outcome.” Kyphoplasty (KP) may be used to help restore vertebral height and 
augment the anterior column in patients with extensive fracture comminution. 


Posterior Thoracolumbar Stabilization 


Preoperative Planning 


Posterior Thoracolumbar Stabilization: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table such as OSI Jackson Table 


Position/positioning aids LJ Lordosing chest and iliac crest pads for fractures requiring lordosis. Kyphosing frame such as Wilson frame for 
hyperextension (B3) fractures in which additional lordosis is not desired 


Fluoroscopy location LJ Typically parked in the lateral position enveloped by sterile C-arm drapes, between the operating team and the surgical 
technician. AP and oblique views obtained as needed for screw placement and verification of hardware positioning and 
alignment 

Equipment LJ Neuromonitoring, pedicle screw and rod fixation system, high-speed burr, retractor system of choice 


Surgical Approaches 
Posterior Midline Thoracolumbar Approach 


A midline incision is marked and can be infiltrated with local anesthetic and epinephrine to aid with hemostasis. The skin and subcutaneous tissues and 
muscle fascia are incised. Adhering to the midline and the subperiosteal plane is key since dissection within the muscle increases bleeding substantially due 
to the presence of a robust venous network just lateral to the midline. During dissection, it is important to preserve the posterior osseoligamentous complex 
and facet capsules since injury to either of these, especially if adjacent to the planned stabilization construct, may increase the risk of adjacent-level 
instability and secondary junctional deformities. When dissecting laterally to expose the transverse processes for decortication and arthrodesis, it is 
important to identify and coagulate the arteries on the lateral aspect of the pars interarticularis and the facet joints, as these can bleed profusely. 


D,E : F 
Figure 49-21. Failure to achieve surgical goals of fracture realignment, spinal decompression, and stabilization. Sagittal (A) and axial (B) CT images show an L2 type 
A4 burst fracture involving both endplates, with facet subluxation and severe spinal canal compromise resulting in compression of the cauda equina. C: Intraoperative 
lateral fluoroscopic image at the completion of posterior L1—L3 fixation using a percutaneous technique. D: Sagittal MR image obtained after the patient’s neurologic 
function worsened postoperatively shows continued, severe cauda equina compression. E: Axial CT images after urgent revision surgery, consisting of an open 
posterior decompression, reduction, and stabilization from T12-L3. F: Lateral radiograph 1 year postoperatively shows that spinal stability and alignment have been 
well maintained. The patient had full neurologic recovery. 


Thoracic spine fractures above T11 can be addressed from either the right- or left-sided thoracic approach. However, the right side approach may be 
preferred to avoid interference from cardiac structures.!®* The patient is typically supported in a lateral decubitus position by pelvic pads or a beanbag, with 
the upper arm positioned out of the way anterior to the body while avoiding tension on the brachial plexus. An oblique incision is placed one or two rib 
levels cranial to the vertebral level of injury. The appropriate level for the incision can also be identified by fluoroscopic targeting once the patient has been 
properly positioned. 


Technique 


Exposure 


Exposure: 


KEY SURGICAL STEPS 


Thoracic vertebral levels above T11 can be approached from the right or left side, but are typically approached from the right 
Thoracolumbar vertebral levels below T10 are typically approached from the left 
Identify the appropriate level for the transverse incision fluoroscopically. In the thoracic spine, this is typically two rib levels cranial to the fractured 
vertebral level 
LJ For the thoracic region, after performing the incision and dissecting through the superficial muscles: 
e Intercostal muscles are elevated subperiosteally from the ribs while protecting the neurovascular bundle that courses along the inferior aspect of 


the rib 
e The intercostal space is accessed with or without resecting the rib, by placing a self-retaining retractor 


e The lung may be deflated, but this is not typically necessary 
e Once the appropriate vertebral level has been confirmed, the rib head and posterior several centimeters of the rib are resected to allow access to 
the ipsilateral pedicle and the foramen, which identifies to posterior margin of the vertebral body. The resected portion of the rib can be saved 
and used as local bone graft that supplements the anterior column reconstruction 
LJ For the thoracolumbar region: 


e The costal margin or the rib is identified and divided anteriorly 

The abdominal wall musculature is divided 

The transversalis layer is then incised while protecting the underlying peritoneum, in order to access the retroperitoneum 

The ureter, which courses along the posterior aspect of the peritoneum, should be reflected anteriorly, with the rest of the peritoneal contents 
The diaphragm may be divided, leaving a distal cuff for repair and staying clear of the more central region to avoid phrenic nerve injury 
Once the appropriate vertebral level has been confirmed, the psoas muscle is dissected from anterior to posterior to expose the ipsilateral 
pedicle and the foramen, which identifies to posterior margin of the vertebral body 

LJ For the lumbar region: 


e The abdominal wall musculature is divided 

e The transversalis layer is then incised while protecting the underlying peritoneum, in order to access the retroperitoneum 

e The ureter, which courses along the posterior aspect of the peritoneum, should be reflected anteriorly, with the rest of the peritoneal contents 

e Once the appropriate vertebral level has been confirmed, the psoas muscle is dissected from anterior to posterior to expose the ipsilateral 
pedicle and the foramen, which identifies to posterior margin of the vertebral body 

e L2 and L3 vertebral bodies are typically approached through a left-sided retroperitoneal exposure done in the right lateral decubitus position, 
similar to that described for the thoracolumbar region, but without the need to split the diaphragm. The L4 vertebra may also be exposed 
through a similar approach, or through a paramedian retroperitoneal exposure, in the supine position, similar to that used for the lumbosacral 
junction 

LJ For the lumbosacral junction: 


e The patient is secured in the supine position 

A paramedian longitudinal or a low transverse Pfannenstiel-type incision is most commonly used 

The anterior rectus abdominus sheath is incised transversely to expose the rectus muscles, which are mobilized and retracted laterally 

The exposed posterior rectus fascia is then divided to access the preperitoneal space 

The peritoneum is mobilized from lateral to medial, along with the ipsilateral ureter 

The iliac vessels, sacral promontory, and L5—S1 (vs. L4—L5) disc are identified 

The middle sacral vessels are divided and ligated to complete the L5-S1 exposure. If L4-L5 and L3—L4 exposures are required for L4 

corpectomy, the vessels are typically mobilized from left to right, which requires identification, ligation, and division of the corresponding 

segmental arteries and the iliolumbar vein, which may otherwise avulse at their junction with the major vessels and cause severe bleeding 

e Electrocautery should be used sparingly to minimize the risk of injury to the sympathetic plexus anterior to the L5—S1 disc level, which can 
result in retrograde ejaculation in male patients and sexual dysfunction 


When approaching the midthoracic spine, the first muscle layer typically encountered is composed of the latissimus dorsi anteriorly, which is innervated by 
the thoracodorsal nerve, and the trapezius posteriorly, which is innervated by the spinal accessory nerve. Depending on the amount of exposure needed, 
these muscles should be either retracted or incised in line with the incision. The serratus anterior is encountered deep to the latissimus dorsi and trapezius 
layer and is also retracted or incised in line with the incision revealing the intercostal muscles. The intercostal muscles are then elevated subperiosteally 
from the ribs while taking care to avoid the neurovascular bundle that courses along the inferior aspect of the rib. The intercostal space is then accessed 
(access may be increased with rib resection) by placing a self-retaining retractor. The lung may then be selectively deflated and, if necessary, part of the 
diaphragm may be released while leaving a 1-cm cuff of diaphragmatic tissue on the chest wall for approximation at the conclusion of the surgery. It is 
prudent to clamp the segmental arteries at the T8-T12 levels and evaluate for neuromonitoring changes prior to ligating them in order to decrease the risk of 
injury to the artery of Adamkiewicz and a potential ischemic insult to the spinal cord. 

The thoracolumbar region should be approached from the left side when possible, in order to avoid the liver and minimize manipulation of the inferior 
vena cava.!9 Once the patient has been positioned laterally in a manner similar to that described above, an oblique incision is extended from the flank 
toward the lateral aspect of the abdominal wall. The subcutaneous tissues, the latissimus dorsi, and the serratus anterior muscles should then be divided in 
order to expose the intercostal muscles over the desired rib. The intercostal muscles are then divided in order to expose the superior border of the rib 
subperiosteally. The costal margin or the rib is identified and divided anteriorly. The abdominal wall musculature can then be divided, limiting division of 
the external and internal oblique muscles to the minimum amount necessary, in order to prevent muscular dysfunction. The transversalis layer is then 
incised while protecting the underlying peritoneum, which is dissected off the diaphragm and the psoas muscle, in order to access the retroperitoneum. The 
ureter courses along the posterior aspect of the peritoneum, and should therefore be reflected anteriorly, away from the vertebral column with the rest of the 
peritoneal contents. The diaphragm may be divided as needed, leaving a distal cuff for repair and staying clear of the more central region to avoid phrenic 
nerve injury. The lung, or intact diaphragm, can be gently retracted cranially. If the diaphragm is partially divided, the parietal pleura over the lower thoracic 
spine may be incised to expose the vertebral bodies at the thoracolumbar junction. The segmental vessels to the vertebral bodies are divided and ligated to 
gain anterior access to the vertebral bodies. Ligation should be done close to the aorta to ensure that the collateral blood supply to the spinal cord is 
preserved to protect against cord ischemia.!° Large segmental vessels can also be individually occluded temporarily with vascular clamps while spinal 
monitoring takes place. If no changes are identified, these vessels can be divided. The artery of Adamkiewicz usually arises on the left between T8 and T10, 
but its origin can vary between T7 and L4.!°.58 In addition, care should be taken to avoid injury to the retroperitoneal lymphatics (cisterna chyli/thoracic 
duct) in this region. 

The L2 and L3 vertebral bodies are typically approached through a left-sided retroperitoneal exposure done in the right lateral decubitus position, similar 
to that described for the thoracolumbar region, but without the need to split the diaphragm. The L4 vertebra may also be exposed through a similar approach 
or through a paramedian retroperitoneal exposure, in the supine position, described below, depending in part on the position of L4 relative to the iliac crest 
and in part on surgeon preference. 

Exposure of the L4 vertebral body and adjacent intervertebral levels can also be performed through a supine retroperitoneal approach. A paramedian 
incision is made on the left to avoid the right common iliac vein. The external oblique fascia is then incised longitudinally at its medial border with the 
aponeurosis. The rectus sheath is incised longitudinally and the rectus muscle is retracted medially to identify the posterior rectus sheath and semilunar line. 


The retroperitoneal space is developed by bluntly dissecting the peritoneum at the level of the semilunar line off the overlying posterior rectus sheath. This 
layer can then be further divided longitudinally to allow for muscle sparing and to facilitate closure. The peritoneum should then be bluntly dissected off the 
psoas muscle, taking care to identify the ipsilateral ureter, until the left iliac artery and vein are identified. A self-retaining retractor is used to retract the left 
iliac artery and vein medially, and any segmental vessels are divided laterally. Care must be taken to avoid injury to the retroperitoneal lymphatics and 
lumbar sympathetics. To decrease the risk of vascular injury, the iliolumbar or ascending vein, a large branch overlying the L5 body, which tethers the iliac 
vein and prevents adequate exposure of the L4—L5 disc space, should be divided and ligated. Failure to do so may lead to avulsion of this venous branch 
during retraction of the vessels and profuse venous bleeding. The L5 nerve root, which often runs close to this branch, should be located and avoided. 

Several incisions can be used to approach the L5-S1 level anteriorly through a supine approach. A paramedian longitudinal incision placed adjacent to 
the midline may avoid denervation of the rectus abdominus. Other commonly used incisions include an oblique incision extending from the iliac crest to a 
point between the umbilicus and the pubis, and a low transverse Pfannenstiel-type incision.!° With the cosmetically advantageous low transverse approach, 
the anterior rectus abdominus sheath is incised transversely to expose the rectus muscles, which are mobilized and retracted laterally to allow access to the 
posterior rectus fascia, which can then be divided to access the preperitoneal space. The peritoneum should then be mobilized from lateral to medial. The 
ipsilateral ureter should be identified and swept with the peritoneum toward the midline. Dissection is carried down between the iliac vessels to expose the 
sacral promontory and L5/S1 disc. The middle sacral vessels are divided and ligated to complete this exposure. Care should be taken at this level to avoid 
unnecessary use of electrocautery to minimize the risk of injury to the sympathetic plexus anterior to the L5—S1 disc level, which can result in retrograde 
ejaculation in male patients. 


Discectomy and Corpectomy 


KEY SURGICAL STEPS 


,/ | Discectomy and Corpectomy From a Lateral Approach: 


LJ Once the foramen and therefore the posterior margin of the vertebral body have been identified, a scalpel is used to incise the annulus from its 
posterior to the anterior margin along the endplates of the adjacent vertebral bodies 
A Cobb elevator is used to dissect the plane between the intervertebral disc and the vertebral endplate 
The intervertebral disc and fractured vertebra are removed with rongeurs, leaving the anterior and contralateral cortex intact 
The cartilaginous endplate is resected to expose the bony endplate above and below the corpectomy 
The pedicle is resected with a high-speed burr to improve access to retropulsed bony fragments 
Retropulsed bony fragments are mobilized anteriorly into the corpectomy defect with angled curettes and are dissected sharply from their annular 
attachments 

LJ An appropriately sized cage or structural bone graft (allograft or autograft harvested from the resected rib during exposure) is then placed into the 
corpectomy in a manner that provides a solid press fit. Applying anterior pressure to the posterior bony elements may help expand the corpectomy 
defect to facilitate interbody device placement and improve alignment. Expandable cages may also be helpful 

LJ Local bone graft from the corpectomy is applied around the interbody device within the corpectomy defect 


Once the spinal column has been exposed, the vertebral levels should be confirmed with fluoroscopy. The injured level can often be easily identified based 
simply on its abnormal morphology. After the appropriate levels have been confirmed, the segmental arteries at the injured and possibly the adjacent levels 
should be divided and ligated in order to access the vertebral body while minimizing blood loss. Retraction of the iliopsoas muscle off of the anterolateral 
surface of the vertebra allows access to the level of injury. 

For both the anterior thoracic and thoracolumbar approaches, exposure of the anterior vertebral body is completed by identifying the anterolateral aspect 
of the ALL, while exposure of the posterior vertebra is completed by identifying the pedicle and adjacent foramina posteriorly. The foramen is an important 
landmark, as it identifies the posterior margin of the vertebral body and therefore the posterior limit of the required exposure and bony resection. A 
discectomy is then performed at the intervertebral levels just above and below the injured segment. An instrument can be placed just posterior to the annulus 
in the canal to protect the anterior dura while allowing for sharp excision of the posterior annulus. Elevators can then be used to elevate the intervertebral 
disc from the endplate. To enhance the structural integrity of the reconstruction, the bony endplates of the adjacent vertebrae should be meticulously 
preserved. The corpectomy is then performed with the goal of removing enough bone to allow for placement of anterior interbody instrumentation and all 
compressive bone fragments extending into the spinal canal. The anterior and far lateral vertebral body walls may be left in place as long as they do not 
compromise the spinal canal or interfere with interbody vertebral reconstruction, since they provide a vascular scaffolding, protect surrounding soft tissue 
structures during surgery, add structural integrity to the final construct, and serve as additional cancellous surfaces for bony fusion. Most of the vertebral 
body can be removed with rongeurs, leaving the retrieval of retropulsed fragments and decompression of the spinal canal as the last step in the corpectomy. 
When approaching from the lateral position, access to the spinal canal can be facilitated by drilling through the near-sided pedicle of the injured segment 
with a high-speed burr prior to proceeding with removal of retropulsed bone fragments. The retropulsed fragments can then be gently teased ventrally into 
the corpectomy defect, with the goal of decompressing the spinal canal to the level of the far pedicle. At this point, the surgeon’s anterior column support of 
choice may be placed to reconstruct the anterior column (see Fig. 49-20). 


Costotransversectomy 


Costotransversectomy: 
KEY SURGICAL STEPS 


LJ After posterior midline exposure of the spine, the ribs to be resected are exposed subperiosteally and laterally just beyond their respective 
costotransverse junctions 

LJ Once the appropriate level has been confirmed radiographically, pedicle screws are placed, typically two or three levels above and below the injured 
vertebral level 

LJ Laminectomy, transverse process excision, and unilateral or bilateral facetectomy are performed 


LJ The exiting nerve root is identified and traced to the inferior aspect of the rib, which is exposed subperiosteally and is osteotomized with a rongeur 
or rib cutter 5 cm from the costovertebral junction, while protecting the neurovascular bundle 
The posterior rib is disarticulated from the costovertebral joint and removed 
The nerve root can be ligated, if needed, adjacent to the dura and divided 
The lateral cortex of the injured vertebral is exposed subperiosteally 
A contralateral temporary short-segment rod is placed 
The pedicle of the injured vertebra is resected with a high-speed burr while protecting the adjacent dura and roots 
The annulus above and below are incised, and Cobb elevators are used to dissect between the disc and the nonfractured adjacent endplates 
Corpectomy is performed with rongeurs and curettes, leaving the anterior cortex intact 
Once most of the corpectomy has been performed, a downbiting curette is placed along the anterior spinal canal and the posterior vertebral cortex is 
pushed anteriorly into the corpectomy defect 
LJ If necessary, the above process is repeated on the contralateral side, after first applying a second temporary rod to the already completed side and 
removing the original temporary rod 
The endplates are prepared for arthrodesis by resecting the cartilaginous portion down to bony endplate 
An interbody cage or structural bone graft is applied to the corpectomy defect under fluoroscopic guidance 
The use of expandable cages greatly facilitates this process 
Definitive rods are applied 
Locally harvested bone graft is applied to the intervertebral space and to decorticated posterior bony elements 


Costotransversectomy or its lumbar equivalent can be performed from T2—L1. A standard midline posterior approach is performed to expose the posterior 
spine and place pedicle screws bilaterally, two or three levels above and below the planned corpectomy level(s), prior to any decompression. Figure 49-22 
illustrates the appropriate starting points for pedicle screw placement at the junction of the superior facet and corresponding transverse process in the 
thoracic and lumbar spine. A temporary rod is connected to the pedicle screws contralateral to the side of the planned costotransversectomy in order to allow 
for provisional stabilization during the ensuing three-column destabilization of the spine. The posteromedial 5 cm of the rib at the level of the planned 
corpectomy and the rib at the level below are dissected subperiosteally from medial to lateral on the side of the planned anterior decompression. 


A B 


Figure 49-22. Schematic drawings identifying the anatomic landmarks commonly used for the placement of thoracic (A) and lumbar (B) pedicle screws. 


Laminectomy 


Laminectomy: 
KEY SURGICAL STEPS 


The pars interarticularis is identified at the laminectomy level(s) 
Bilateral longitudinal troughs are made with a high-speed burr along the length of the lamina several millimeters medial to the pars interarticularis 
and along the medial aspect of the facet joint 

LJ The spinous process, bilateral laminae, and medial aspect of the bilateral facet joints are removed as a unit 


Ligamentum flavum is removed 
Dorsal traumatic CSF leaks, if exist, should be repaired watertight with running suture 
Axillary and anterior CSF leaks are treated with one of several commercially available patching products 


A hemilaminectomy or full laminectomy is performed as required for adequate posterior decompression, extending from the pedicle above to the pedicle 
below the vertebra to be resected. The transverse process is removed by incising the costotransverse ligaments and freeing the transverse process from the 
underlying rib. The exposed ribs at the level of the lesion and one level below are cut approximately 5 cm lateral to the costovertebral junction, while 
protecting the neurovascular bundle along the inferior rib margin, and after having circumferentially dissected the rib from the surrounding intercostal 
muscles and pleura. The intercostal bundle is followed medially to identify the neural foramen and exiting nerve root at the level of the intended vertebral 
resection. The intercostal/segmental artery and nerve root at the pathologic level(s) are identified, ligated, and divided as needed. It is important to ligate the 
nerve proximal to the dorsal root ganglion to prevent formation of a painful neuroma. The pleura is then bluntly dissected off the anterolateral surface of the 
vertebral body(ies). A malleable retractor may be placed along the anterior surface of the vertebral body to be resected once that plane has been developed, 
to protect the great vessels and other mediastinal structures from injury during the ensuing corpectomy. Retractor placement anterior to the spine may not be 
necessary for fracture treatment, however, as the anterior cortex can be left in place to act as additional bone surface area for fusion and to help protect 
mediastinal structures. The disc spaces above and below the pathologic levels are identified, and each annulus is incised with a scalpel or small osteotome. 
Once the disc space has been further dissected with a Cobb elevator, the bulk of the intervening vertebral body can be resected using rongeurs. A plane 
along the anterior dura can be carefully developed to decompress the anterior spinal canal, if necessary, by pushing any retropulsed bony fragments 
anteriorly into the corpectomy defect. The vertebral body can be reconstructed, a process that is facilitated by the use of expandable cages, and bilateral 
posterior instrumentation can be completed (Fig. 49-23). 
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Figure 49-23. Costotransversectomy approach for treatment of thoracolumbar fracture with neurologic deficit. A: Cross-section of the thoracic spine, showing the 
direction of approach for costotransversectomy. B: After pedicle screw placement, laminectomy, facetectomies, and rib resection allow for posterior spinal canal 
decompression and access to the anterolateral aspect of the vertebral body. C: A contralateral temporary posterior rod is placed, and corpectomy for anterior canal 
decompression is performed, followed by placement of an expandable cage within the corpectomy defect. D: Expansion of the cage and placement of definitive, 
appropriately contoured posterior rods restores spinal alignment and stability. Intraoperative images after laminectomy and corpectomy with temporary rod in place 
before (E) and after (F) cage placement. 


Authors’ Preferred Treatment of Thoracolumbar Spine Fractures and Dislocations 


Type A3 & A4 spinal 
injury 


No neurologic injury, Neurologic injury, 
>20 degrees focal 


kyphosis, polytrauma 


minimal focal kyphosis, 
isolated injury 


Upright radiographs Posterior decompression and instrumented 


arthrodesis with possible anterior 
corpectomy and anterior interbody arthrodesis 


Well-maintained Significant 
kyphosis, detection 


of PLC injury 


alignment, confirmed 
absence of PLC injury 


Posterior approach 


Postoperative CT scan 


Nonoperative Type B2 injury: 
treatment é brace requires operative intervention 


according to type B injury (see 


Algorithm 2) Unsatisfactory anterior canal Adequate decompression 


decompression in patient with of anterior spinal canal 


SCI, or inadequate restoration of and restoration of vertebral 
vertebral body integrity body integrity 


Corpectomy and anterior No corpectomy required 
interbody fusion 


Algorithm 49-1 Authors’ preferred treatment for AO type A thoracolumbar spine injuries. 


Type A: Compression Injuries 


Type A injuries have the largest variation of accepted treatment options, which include nonoperative treatment with or without bracing versus operative 
intervention through anterior, posterior, or combined approaches (Algorithm 49-1). 


Type AO: Minor Injuries 

Type AO designates minor injuries that have no effect on spinal stability. This subgroup includes injuries with no vertebral fracture or clinically 
insignificant injuries such as transverse spinous process fractures. While these injuries may produce pain, they should be managed conservatively with 
no need for a brace.?*3® 120 Despite this, it is important to maintain a high index of suspicion when encountering these injuries as many times they may 
be associated with other injuries.” A study by Lombardo et al. that evaluated 881 patients with blunt thoracolumbar trauma found an association 
between isolated lower lumbar transverse process fractures and pelvic fractures as well as abdominal injuries.!®° Furthermore, B2 fractures may be 
mistaken as isolated spinous process fractures. In these cases, a spinous process fracture would typically have a transverse orientation, indicating failure 
in tension. 


Type A1: Wedge Compression 

Type A1 injuries are compression fractures involving a single endplate without involvement of the posterior vertebral wall. They occur secondary to a 
compressive force across the anterior column. These fractures are generally stable and should be treated either with no brace or with 6-12 weeks of 
bracing.!®:26° Fractures with more than 50% of vertebral body height loss and 25 degrees of kyphosis should be followed closely for progressive 
kyphosis. A significant percentage of patients experiencing this injury will continue to have long-term chronic back pain, the intensity of which has 
been correlated to the amount of segmental kyphosis.°8 


Type A2: Split or Pincer Type 

Type A2 describes compression fractures involving both endplates without involvement of the posterior vertebral wall. Similar to type A1 fractures, 
these injuries should be treated nonoperatively with either no brace or with bracing for 6-12 weeks. They should also be monitored closely in the event 
of significant kyphosis and height loss. Pincer-type fractures with wide separation of the anterior and posterior vertebral body fragments often have 
impaction of the intervertebral discs between fracture fragments and are at greater risk of nonunion, kyphosis, and chronic pain. These may be 
considered for operative treatment, either acutely or if nonunion develops. Operative intervention can involve posterior treatment alone, but the nature 
of these injuries, with fractures isolated to the anterior spine, lends itself to anterior treatment, either alone or combined with posterior fixation. 


Type A3: Incomplete Burst: Burst Fractures With Involvement of a Single Endplate 


Type A3 injuries involve the anterior and middle columns, which fail in compression, resulting in fracture of a single endplate and of the posterior 
vertebral wall. The treatment of burst fractures is probably the most widely debated among the various types of thoracolumbar fractures. Controversy 
exists regarding the need for operative intervention as well as the specific operative approach through which any such intervention should take place. 
The advantages of surgical treatment of burst fractures, even those defined as unstable and those associated with neurologic deficits, have yet to be 
reproducibly demonstrated.2°241242,284,285 With regard to surgical treatment, anterior, posterior, and combined approaches all have strong 
advocates.?7:103,130,188,245 Furthermore, there is controversy regarding the significance of single endplate versus both endplates’ involvement, which will 
be discussed in the next section. 


Nonoperative Treatment 


In most cases, burst fractures without PLC disruption can be treated nonoperatively, with or without bracing.'® However, there still exists considerable 
disagreement among clinicians regarding the success of nonoperative treatment. In order to evaluate the stability of a burst fracture, we recommend 
obtaining upright radiographs. Patients with unstable injuries should experience a considerable increase in kyphosis due to compromise of the PLC. In 
the absence of significant changes in alignment, conservative treatment can be pursued. In a series of systematic reviews, it was found that patients with 
burst fractures and no neurologic deficits who were treated nonoperatively had similar functional outcomes to operatively treated patients, but with a 
significantly lower complication rate and at significantly lower expense.?®??8 Currently, there is no consensus regarding radiographic parameters that 
would determine the necessity of treatment with a brace. While brace utilization is typically left up to the surgeon’s discretion, our recommendation is 
that burst fractures with intact neurology and with mild-moderate degrees of kyphosis (<25 degrees), height loss (<50%), and comminution be treated 
with a brace and have close follow-up. 

It is generally accepted that operative management is indicated for thoracolumbar burst fractures with either confirmed PLC injuries or neurologic 
deficits. In neurologically intact patients, the indications become less well defined and are highly contingent on individual patient factors as well as the 
surgeon’s treatment philosophy. In these patients, primary reasons for operative stabilization include the presence of a three-column burst fracture in 
which the posterior column injury constitutes a facet subluxation or equivalent PLC injury, the presence of multiple associated injuries, or the inability 
to effectively brace the patient (due to other injuries or body habitus).!*°4? However, kyphosis of 30 degrees or greater, loss of more than 50% of 
vertebral body height, and severe vertebral comminution and retropulsion are considered relative indications.7°* Canal compromise in the absence of 
neurologic deficits has not been linked to worse outcomes or the need for surgical intervention. Significant remodeling of the fracture can be expected 
over time, with restoration of spinal canal patency (Fig. 49-24). 

Burst fractures can be treated equally well by either posterior, anterior, or a combined approach, based on the surgeon’s training and preference, the 
available resources, and patient factors. 


Posterior Reconstruction 


Posterior fixation one level above and below the injury is usually sufficient in patients with good bone quality and screw purchase, particularly in the 
lumbar spine where preservation of motion segments is more relevant (Fig. 49-25).!”* In patients with suboptimal screw purchase or when second-stage 
anterior reconstruction would be appropriate but for patient-related contraindications, longer posterior constructs extending at least two levels above and 
below the injury are performed. In patients with neurologic deficits or in neurologically intact patients with a significant degree of canal compromise, a 
laminectomy should be performed. Laminectomy in the latter circumstance may prove to be of considerable value particularly at the conus medullaris 
level, as isolated bladder dysfunction is often present in patients who appear neurologically normal, but not recognized until the postoperative period 
because of the routine placement of a urinary catheter for fluid monitoring on admission. Because of the more caudal position of the laminae relative to 
their corresponding vertebral body, a laminectomy should include not only the lamina at the injury level but also the inferior half of the lamina of the 
vertebra above, in order to decompress the canal at the level of the retropulsed bony fragments, which tend to occur adjacent to the superior endplate, 
between the pedicles of the injured vertebra. We typically perform laminectomies with either a high-speed burr or an ultrasonic bone scalpel, using a 
bilateral trough technique that allows the laminae to be lifted off of the underlying dura without the need to insert bulky instruments within the spinal 
canal. With burst fractures, it is particularly important to recognize the presence of vertically oriented lamina fractures which, particularly when 
displaced, may have entrapped dura or nerve roots, and are associated with traumatic dural tears in up to 19% of cases.1”163 Dural tears under these 
circumstances are longitudinally oriented along the dorsal aspect of the dura and can be quite lengthy. Oftentimes, when initially unroofing the spinal 
canal, the lumbosacral roots are first encountered as the sides of the dura have retracted anteriorly. Once the upper and lower extent and the lateral 
margins of the durotomy have been identified, the dural repair is often straightforward and can be simplified by running sutures from the caudal and the 
rostral extents of the durotomy, gradually approximating the retracted dural margins, which allows the sutures to be tied to each other once the closure 
has been completed. 

When using a fixed angle screw system, correction of the kyphosis may be effectively carried out by contouring the rods into the desired alignment 
and securing them initially to the cephalad screws, placing the caudal aspect of the rod posterior to the caudal screws. The act of translating the caudal 
end of the rods anteriorly to engage the corresponding caudal screws causes the facet joint at the injured level to serve as a fulcrum that facilitates 
correction of the kyphosis through a cantilever effect (Fig. 49-26). Distraction can then be achieved to restore vertebral body height and decompress the 
spinal canal by ligamentotaxis, if necessary. Polyaxial screw systems have also been designed to allow for reduction of burst fractures by independently 
allowing for restoration of lordosis and vertebral body height (Fig. 49-27). It is important to be cautious if one chooses to distract, particularly in 
neurologically intact patients, since the risks of distraction may exceed its potential benefits. 

There is considerable subjectivity regarding the indications for secondary anterior reconstruction, which are influenced by the adequacy of the 
decompression in patients with neurologic deficits, as well as the amount of anterior vertebral comminution and the extent to which the anterior and 
middle columns are felt to have been reconstituted by the posterior procedure.!9*748 Based on the amount of vertebral body fracture comminution, 
displacement, and height loss, a classification has been published to help determine when there has been sufficient loss of vertebral body integrity to 
justify anterior vertebral reconstruction (see Fig. 49-16).16%195 This classification is based on the premise that a greater degree of comminution and 
larger bony defect result in longer healing times and therefore a longer delay before the posterior instrumentation becomes unloaded by consolidation of 
the anterior column, resulting in a higher risk of posterior fixation failure. In patients with incomplete neurologic deficits, the adequacy of 
decompression is of key importance in determining the need for a secondary anterior approach, with little tolerance for less than complete neurologic 
decompression. 

As previously noted, many studies have described the problem of progressive kyphotic deformity in burst fracture patients treated with posterior 
fixation alone.®171181 From our experience and as illustrated by other authors, with proper initial restoration of spinal alignment and correct screw 
positioning, clinically relevant progression of kyphosis is infrequent.?%° In the event that kyphotic malalignment does occur, then spinal reconstruction 
may be necessary, possibly requiring corrective osteotomies (see Fig. 49-3). 


Anterior Reconstruction 

Anterior surgery allows for complete ventral canal decompression and restoration of the load-bearing capacity of the spine by means of a structural graft 
or cage. Advances in low-profile, rigid locking anterior instrumentation constructs have allowed for adequate stabilization of the anterior graft following 
decompression. Advantages of anterior surgery compared to posterior surgery alone consist of improved access to anterior compressive pathology in 


patients with neurologic injury and the chance to restore a structurally contiguous weight-bearing anterior vertebral column to minimize the risk of loss 
of reduction and kyphotic malalignment (Fig. 49-28).49-!°3 Concerns regarding anterior column surgery consist of increased blood loss, proximity of 
anterior implants to large vessels, insufficient biomechanical properties of anterior implants, and surgical approach—related morbidity compared to 
posterior spinal surgery. Advances in approach technology have attempted to decrease complications by using laparoscopic, endoscopic, or minimally 
open techniques, with unclear benefit.4*!49:189 

In our practice, burst fractures without neurologic deficit and with LSS below 6 can be treated with short percutaneous (or open) fixation construct 
(one level above and one level below the fractured vertebra). Other burst fractures without neurologic deficits, but with more extensive vertebral body 
damage and LSS above six can be treated with either long posterior percutaneous (or open) fixation construct (two or three levels above and two or 
three levels below the fractured vertebra), or a combined anteroposterior approach. Finally, burst fractures with large retropulsion fragments and 
associated neurologic deficits are better treated with corpectomy (anterior or posterior) combined with posterior segmental fixation. 


Type A4: Burst Fractures With Involvement of Both Endplates 

Type A4 describes injuries in which the anterior and middle columns fail in compression with a subsequent breach of the posterior vertebral wall and 
involvement of both endplates. Many argue that its treatment algorithm should be the same as for A3 injuries, described above. However, others believe 
that the involvement of both endplates is indicative of increased injury severity with a higher likelihood of failure of nonoperative treatment, requiring a 
lower threshold for operative intervention.”°* There are also significant regional differences in treatment approaches to A3 and A4 fractures.?9! If 
operative intervention is undertaken, a similar approach to that described above for A3 injuries can be followed, with a potentially higher likelihood of 
requiring anterior reconstruction due to the more extensive vertebral body comminution typical of A4 injuries. 189 


Type B: Tension Band Injury (Algorithm 49-2) 
Operative intervention is our recommendation for most type B injuries. 


Type B1: Mono-Osseous Bony Posterior Tension Band Injuries 

Type B1 describes injuries in which the posterior tension band fails in tension and propagates entirely through the bone, without involving the adjacent 
motion segment. The axis of rotation of these injuries is anterior to the vertebral body, which is also the reason for the high association with visceral and 
vascular injuries.!°” These injuries are typically unstable and are treated operatively. However, because B1 fractures are three-column osseous injuries, 
in medically nonoptimal patients, and/or in risk-averse patients, they may be treated nonoperatively in a hyperextension brace due to their potential for 
fracture healing.!°'59 On the other hand, in active patients and/or ones who might not adhere to bracing restrictions, these fractures can be surgically 
treated with a short-segment mono-osseous or monosegmental posterior compression construct that provides a compressive force posteriorly, which is 
directly antagonistic to the distractive injury force and offers the best mechanical environment for stabilization (see Fig. 49-4). Redundant, torn, and/or 
infolded ligamentum flavum is generally excised prior to reduction to prevent it from causing posterior canal compromise after reduction. Because the 
anterior fracture component is typically a noncomminuted transverse fracture produced by tension failure of the bone, fracture healing restores the 
anterior column integrity without any need for an anterior reconstructive procedure. Also, because the injury propagates entirely through the bone and 
does not affect an intervertebral motion segment, posterior fixation can be done without the need for arthrodesis, allowing for restoration of motion 
when instrumentation is removed after the fracture has healed.8° In most cases, because there is no need for decompression, complicated reduction 
maneuvers, or fusion, these types of fractures can be managed using minimally invasive techniques.7°8 


Type B1 injury Type B2 injury Type B3 injury 


ee z Poor alignment, 
Well-maintained alignment, multiple injuries, poor 


isolated injury, good healing healing potential 
potential 


Posterior reduction and fixation 


With neurologic injury and Without neurologic injury or 
compression compression 


Consider nonoperative 
treatment in TLSO 


Laminectomy é disimpaction of 


retropulsed vertebral body fragments Laminectomy not required 


Postoperative CT scan 


Associated type A fracture with anterior No SCI, adequate decompression in 
compression and SCI, or inadequate patient with SCI, adequate restoration 
restoration of vertebral body integrity of vertebral body integrity after PSIF 


Corpectomy of fractured vertebral 
body and anterior interbody fusion 


No corpectomy required 


Algorithm 49-2 Authors’ preferred treatment for AO Type B thoracolumbar spine injuries. 


Type B2: Posterior Tension Band Disruption 


In Type B2 injuries, the PLC fails in tension, either through bone or ligament, and the injury propagates in a manner that involves an intervertebral 
motion segment, unlike the B1 injury that remains within a single vertebral body. B2 injuries are much more varied than B1 injuries. The posterior 
tension band injury tends to involve a combination of bony and ligamentous structures. The axis of rotation is often within the vertebral body, resulting 
in an associated compression (AO type A1 or A2) or burst (AO type A3 or A4) fracture. Much like with B1 fractures, because of the mechanism of 
injury, which often involves a seat belt or other object acting as a fulcrum along the anterior aspect of the spine, care should be taken to identify any 
intra-abdominal injuries. B2 injuries are generally unstable and should be managed operatively. Unlike B1 fractures, B2 injuries do not heal as reliably 
with nonoperative treatment, due to a component of ligamentous rather than bony injury of the PLC and the frequent presence of anterior column 
insufficiency due to vertebral body fracture and comminution. Because of the potential for significant bony retropulsion within the spinal canal when 
associated with vertebral body burst (A3 and A4) fractures, type B2 injuries tend to have a higher likelihood of neurologic deficit than do type B1 
injuries. However, there is some evidence to support nonoperative treatment in neurologically intact patients who have B2 injuries with minimal 
angulation, particularly in the younger population. The main difficulty with minimally angulated injuries is determining their degree of stability, as they 
may realign themselves during supine imaging despite being highly unstable. When evaluating flexion-distraction injuries in patients under the age of 
16, Glassman et al. found that brace treatment was unsuccessful in patients with kyphotic deformities greater than 20 degrees.‘ In their evaluation of 
18 patients, Legay et al. found that kyphosis of more than 17 degrees resulted in poor outcomes with nonoperative treatment.!°” There is no single 
imaging study that can provide a definitive evaluation of the integrity of the PLC. Several studies have called into question the ability of the MRI to 
determine the severity of a PLC injury.?®4 Therefore, we recommend that B2 injuries be treated operatively. Operative intervention usually consists of 
posterior instrumented fusion at least one level rostral and caudal to the involved motion segment to reduce the fracture and reconstruct the posterior 
tension band to counteract the kyphotic moment of the injury (see Fig. 49-6). Fixation can be restricted to a single motion segment even in the common 
case of a superior endplate fracture of vertebra below, as the lower pedicle screws can be directed caudally toward the inferoanterior corner of the 
vertebral body. However, instrumented fusion of two motion segments may be required in the presence of a vertebral body fracture severe enough to 
require that vertebra to be skipped by the instrumentation. Multilevel posterior fixation may be required secondary to specific injury characteristics, 
such as the presence of adjacent-level compression fractures or of metabolic bone disease. Because B2 injuries are often associated with type A 
fractures, they may require supplementary anterior reconstruction after posterior realignment and stabilization, particularly in the presence of associated 
A3 and A4 burst fractures. We do not recommend anterior-only reconstruction of vertebral body fractures associated with posterior tension band 
injuries, as anterior reconstruction of these injuries does not provide sufficient mechanical advantage to reliably realign and stabilize these three-column 
injuries. 


Type B3: Hyperextension Injuries Without Translation 

Type B3 injuries consist of those in which the ALL fails in tension, along with either the annulus or the vertebral body, or a combination of the two. 
These injuries are highly unstable three-column injuries that frequently occur in patients with spinal ankylosis due to inflammatory diseases, diffuse 
idiopathic spinal hyperostosis (DISH), or an advanced osteoarthritic process.''® In patient populations with spinal ankylosis, the spine behaves 
biomechanically like a fractured long bone with few soft tissue restraints and significant lever arms on either side of the fracture, the combination of 
which promotes instability and malalignment. These patients are often severely osteoporotic with premorbid kyphotic deformities, both of which are 
important considerations in their treatment. They constitute high-risk injuries because of their severe degree of instability and the advanced age and 
multiple comorbidities with which patients frequently present. It is common to have injuries at other, noncontiguous levels and therefore important to 
obtain CT imaging of the entire spine and scrutinize them with a high degree of suspicion (Fig. 49-29). In addition, the neurologic examination should 
be monitored closely since patients with spinal fractures in ankylosing spine condition are prone to developing compressive hematomas both pre- and 
postoperatively.®”!24 When transporting these patients to the hospital, even when no neurologic injury has been identified, we recommend positioning 
them either in the lateral decubitus position (as this partially reduces the fracture and widens the spinal canal) or supine with pillows placed under the 
neck/upper thoracic region to maintain a protective kyphotic alignment. On the other hand, if these patients are placed in a flat supine position, their 
hyperextension deformity and neurologic compression may worsen. Because of the severity of their preinjury kyphotic deformity, these patients may 
have difficulty fitting into an MRI scanner. It is of utmost importance in these cases to avoid the urge to extend the patient even slightly to fit them into 
the scanner, as this could accentuate the deformity and either create or worsen a neurologic deficit. Because of the extent of instability, operative 
stabilization of these injuries is recommended. As a cautionary note, standard prone positioning on tables designed to correct more typical kyphotic 
deformities may actually accentuate these patients’ extension injury, causing neurologic injury. Consideration should therefore be given to using 
alternate positioning techniques. The goal is often to restore, at least in part, the patients’ premorbid kyphotic alignment, rather than to correct preinjury 
kyphosis. The posterior approach is favored in these patients for various reasons, even with the knowledge that posterior fixation violates the 
mechanical principle of instrumenting the tension side of an injury. First, these injuries may present with severe malalignment, which is far more easily 
corrected through a posterior multilevel exposure. Second, the severe osteoporosis commonly seen in these often metabolically compromised patients 
renders attempts to achieve meaningful fixation through shorter-segment anterior instrumentation fruitless and mandates the use of multilevel three- 
column instrumentation, and therefore a posterior approach. These injuries typically require long fusions extending at least two to three levels above and 
below the injury, in order to neutralize the substantial moment arm created by the ankylosed spine and to compensate for their poor bone quality.°° 

Percutaneous fixation is becoming more popular for treatment of fractures in the setting of ankylosing spinal disorders without neurologic deficit 
and without major displacement. Good outcomes have been reported while avoiding some complications associated with more conventional posterior 
approach, 146,289 

A recent multicenter retrospective study demonstrated statistically significant decreases in estimated blood loss, operative time, and need for 
transfusion. However, no difference was found in overall hospital stay or mortality.7°” 

Because of the significant instability of type B3 injuries and the propensity of hyperextension deformities to worsen in the prone position, even with 
the use of a kyphosis-inducing frame, it is essential that patients with hyperextension injuries who have any preserved neurologic function receive 
prepositioning neuromonitoring in order to identify whether prone positioning has resulted in new or worsened neurologic deficit. In the event that 
electrodiagnostic signals diminish after prone positioning, one option is to reposition the patient supine or lateral decubitus and make additional 
adjustments to the operating table if deemed possible. If it is felt that no more adjustments can be made and that it is therefore imperative to proceed 
with the goal of realigning, decompressing, and stabilizing the injury, an effective approach has been to make a limited incision that allows exposure of 
the spinous process above and below the fracture, which can then be grasped by towel clips, allowing for reduction of the hyperextension deformity, 
thus decompressing the spinal canal. While the assistant holds the spine reduced in this manner, the exposure can be completed, followed by posterior 


instrumentation and laminectomy as needed (see Fig. 49-11). 

In patients with spinal ankylosis or DISH who sustain type B3 injuries with neurologic deficits, MRI is recommended to evaluate for epidural 
hematoma, which occurs in close to 10% of these patients.°° If MRI cannot be obtained, a CT myelogram may be considered to evaluate for 
compressive hematoma. If unable to obtain either MRI or CT myelogram, particularly in patients with high suspicion for neurologic compression, an 
exploratory laminectomy at the time of surgical stabilization might provide diagnostic and therapeutic benefits. However, when using the latter 
approach, it is imperative to prepare and drape the spine widely, as the epidural hematoma may extend well beyond the surgical field that would 
typically be required for stabilization of these injuries. From the standpoint of spinal stability, it is generally not a concern if the laminectomy to address 
epidural hematoma needs to be extended beyond the levels originally planned for instrumentation, because the presence of spinal ankylosis mitigates the 
risk of postlaminectomy junctional deformities. 

Uncommonly, type B3 injuries occur in patients without rigid spines (see Fig. 49-7). These are more often discoligamentous injuries rather than 
vertebral body fractures. In such patients, many of the above-cited concerns about preexisting kyphotic deformity, inability to fit into an MRI scanner, 
the presence of spinal ankylosis with long lever arms, and poor bone quality do not apply. Shorter stabilization constructs may therefore be sufficient in 
these patients. Regardless, many of the same concerns do apply especially with respect to positioning for transport and surgery and the risks of 
worsening the patient’s deformity with the use of extension restoring OR tables. 


Type C: Displacement/Translational Injuries 

Type C injuries, or fracture dislocations, constitute highly unstable three-column injuries resulting, at least in part, from forces applied to the spine in 
the transverse plane such as shear and rotation.!°* They result in neurologic injury in 75% or more of patients. Although unusual, true facet dislocations 
may occur in the thoracolumbar spine. The more common pattern includes fracture of the facets or pars interarticularis, with translation and/or rotation 
along the axial plane. Canal compromise in these injuries is primarily caused by the translational and/or rotational displacement rather than specifically 
by vertebral body comminution with bony retropulsion, although a combination of these factors may coexist. 

Operative stabilization is recommended for these highly unstable injury patterns, regardless of neurologic status (Algorithm 49-3). At least as an 
initial step, the posterior approach is preferred for several reasons: fracture dislocations are highly unstable injuries, which generally require multilevel 
instrumentation that cannot be reasonably achieved through a typical anterior approach, and the multiplanar displacement is far more easily correctible 
through the more versatile and extensile posterior approach than through an anterior exposure. Accurate realignment and stable fixation of these injuries 
will often result in secondary indirect decompression of the spinal canal, even in patients with associated vertebral body fractures. Once realignment and 
stabilization has been achieved through the posterior approach, the patient may require reconstruction of anterior column injuries, the need for which is 
often determined by evaluation of anterior column integrity with a CT scan (see Fig. 49-9). Prognosis of these injuries is primarily dependent on the 


patient’s neurologic status upon presentation. 
Type C injury 


Requires surgical stabilization: 
open reduction and PSIF at least two 
levels above and below injury level 


With neurologic injury Without neurologic injury 
and compression or compression 


Laminectomy + disimpaction of 


retropulsed vertebral body fragments P Enay 


Postoperative CT scan 


Worrisome anterior compression 
in presence of SCI, or inadequate 
restoration of vertebral body integrity 


No SCI, adequate decompression in 
patient with SCI, adequate restoration 
of vertebral body integrity after PSIF 


Corpectomy of fractured vertebral 


body and anterior interbody fusion cs ee 


Algorithm 49-3 Authors’ preferred treatment for AO Type C thoracolumbar spine injuries. 


A B 
Figure 49-24. A: Axial CT image of L5 burst fracture (AO L5 A3; N2 injury) sustained by a 17-year-old patient who presented with a mild L5 sensory radiculopathy 
and back pain after a high-speed motor vehicle collision. B: Axial CT image after 9 months of nonoperative treatment consisting of mobilization without brace reveals 


remodeling of the retropulsed bony fragment, with resulting expansion of the spinal canal by more than 50%. The patient’s radiculopathy completely resolved within 6 
weeks of injury. 
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25. Short-segment posterior instrumentation for thoracolumbar fractures with burst (AO type A3 and A4) components. A: Sagittal CT image of patient who 
sustained a T12 —L1 AO type B2 injury with L1 A4 burst fracture component, and ASIA C (AO N3) neurologic injury with ASIA motor score of 79, secondary to a 
motor vehicle collision. Postoperative sagittal (B) and axial (C) CT images show successful fracture realignment with reduction of the retropulsed fragment due to 
ligamentotaxis following posterior T12—L1 laminectomy and short-segment T12—L2 posterior instrumented arthrodesis. Sagittal alignment was corrected by over 30 
degrees, from 28 degrees of kyphosis to 4 degrees of lordosis. D: Lateral radiograph 1 year postoperatively demonstrates well-maintained fracture alignment. The 
patient had nearly full recovery of neurologic function, with only subtle right lower extremity weakness, normal gait, and normal bowel and bladder function. 


Figure 49-26. Schematic drawings showing the steps involved in achieving an open reduction of a thoracolumbar fracture with correction of any resultant kyphosis. 
After transpedicular fixation is inserted above and below the level of the injury (A), an appropriately contoured rod is secured to the upper screws and is delivered to 
the lower screws as part of the reduction maneuver (B), resulting in restoration of the desired alignment (C). 


c 
Figure 49-27. Indirect reduction of a thoracolumbar fracture. Once transpedicular fixation has been placed in the vertebrae adjacent to the level of the fracture (A), a 
reduction may be indirectly achieved by applying distraction across the injured segment (B) and taking advantage of ligamentotaxis to decrease the amount of canal 
compromise as seen in these cross-sectional images (C). 


Figure 49-28. Anterior-only approach to thoracolumbar burst fracture. Sagittal (A) and axial (B) CT images of a 42-year-old patient who fell from approximately 25 
feet and sustained a complete burst fracture of L1, with involvement of both endplates and considerable bony retropulsion with spinal canal compromise and ASIA C 
conus medullaris injury (AO L1 A4; N3 injury). Burst fractures in patients without metabolic bone disease and in whom the posterior tension band is uninjured are 
good candidates for anterior-only decompression and fusion. C: Axial postoperative CT image demonstrates successful decompression of the spinal canal. Lateral (D) 
and AP (E) radiographs 18 months postoperatively show the restoration of thoracolumbar alignment. The patient had full recovery of lower extremity neurologic 
function but continued to be affected by a neurogenic bladder. 
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Figure 4 Fractures in the ankylosed spine present several unique challenges. Lateral CT scout image (A) and sagittal CT image (B) of T10-T11 extension 
fracture in a 50-year-old patient with ankylosing spondylitis who fell from a chair while seated, and experienced immediate lower extremity paralysis, with ASIA B 
spinal cord injury (AO T10-T11 B3; N3; M2 injury). During the 5-hour trip to a level 1 trauma center, she was placed in the lateral decubitus position to minimize 
extension deformity at the fracture site and spinal cord compression. Neurologic function improved to ASIA D during transport. C: Because of mandatory screening of 
the spine for other injuries in patients with spinal ankylosis, an unstable AO C5-C6 B3 extension injury was identified on sagittal CT imaging of the cervical spine 
(arrow). D: Sagittal CT reconstruction after treatment with C3—L3 posterior arthrodesis. Lordosis was maintained at the fracture site as a Smith—Peterson osteotomy 
equivalent, to try and improve the patient’s sagittal plane alignment. One year postoperatively, the patient experienced a “popping” sensation in her back and increasing 
pain in the lower thoracic region. E: Lateral radiograph demonstrates the presence of nonunion and rod fracture (arrow). F: Lateral radiograph 6 years after revision 
posterior interbody and posterolateral instrumented arthrodesis shows a healed fracture. The patient had a satisfactory overall result, with complete resolution of 
neurologic deficits. 


Routine clinical and radiographic follow-up is essential to ascertain the success of treatment, regardless of whether the patient is treated operatively or 
nonoperatively. We recommend clinical and radiographic follow-up of nonoperatively treated patients as a minimum at 3 weeks, 6 weeks, 12 weeks, 6 
months, 9 months, and 1 year after injury, typically with upright AP and lateral radiographs of the injured area. Nonoperatively treated patients who have 
fractures with greater concern for instability are initially evaluated clinically and radiographically on a weekly or biweekly basis in order to appreciate any 
new neurologic deficits or unacceptable changes in fracture alignment. Early follow-up minimizes the risk of permanent complications associated with early 


fracture displacement by addressing it prior to fracture consolidation, therefore allowing for easier and more effective surgical correction of the deformity or 
of any new neurologic deficits. Unacceptable changes in alignment can result in increased neurologic deficit or sagittal imbalance with chronic pain if 
allowed to progress and may require more complex surgical intervention once fracture consolidation has begun (see Figs. 49-5 and 49-13). Patients treated 
with surgical intervention are typically seen 3 weeks, 12 weeks, 6 months, 9 months, and 1 year postoperatively with upright AP and lateral radiographs. It 
is important to scrutinize the x-ray closely for fracture consolidation, for the presence of bridging bone across levels having undergone arthrodesis, and for 
signs of hardware loosening or failure, changes in alignment, or junctional failure. Whether treatment has been operative or nonoperative, it is important to 
assess the patients for any worsening of symptoms, which may indicate treatment failure. A suspected nonunion is further evaluated by flexion-extension 
views to identify abnormal motion at the fracture site, or with CT scan to evaluate for bridging bone, or lack of, across sites of fusion and for fracture 
consolidation. Neurologic signs and symptoms that are new or have not improved as expected may be evaluated either by MRI or with a CT myelogram if 
there is also concern for a nonunion or that metal artifact may obstruct visualization of the neural elements on MRI. 


Special Considerations in Thoracolumbar Spine Fractures and Dislocations 


OSTEOPOROTIC VERTEBRAL FRACTURES 


Osteoporotic fractures are a significant global health care problem. In the United States alone, more than 1.5 million osteoporotic fractures occur annually, 
mostly in patients over 65 years of age. The spine constitutes the most common injury site, accounting for approximately 50% of all osteoporosis-related 
fractures, surpassing hip and distal radius fractures. In the United States, 10 million people over 50 suffer from osteoporosis-related fractures. In these 
patients, 1.5 million annual fractures have been registered, and 50% of these are vertebral compression fractures (VCFs). In 2010 alone, the economic 
burden of treating elderly osteoporotic vertebral fractures (OVFs) in Europe was estimated to be €15 billion and is expected to increase by more than 50% 
by 2025.43,161,251 

Not surprisingly, the incidence of osteoporosis-related fractures increases with age. People over the age of 85 have a 10- to 15-fold higher rate of OVFs 
than those aged 60 to 65, most of which result from low-energy injuries such as minor falls. In addition to advanced age, factors such as nutritional status, 
smoking and high-energy trauma in the first three decades of life contribute to the increased risk of osteoporotic hip and vertebral fractures in elderly 
patients. Because of increasing population’s age and severe morbidity, VCFs represent a growing serious public health problem with important 
socioeconomic effects in western countries. The estimated lifetime risk of osteoporosis-related hip, wrist, and spine fractures is approximately 40% in 
women and 13% in men. As the elderly population in the United States is expected to increase from 37 to 77 million by the year 2040, so is the expected 
incidence of OVFs, which will affect approximately 25% of all postmenopausal women and of men over age 70.°%161,199.249 


TREATMENT OPTIONS FOR OSTEOPOROTIC VERTEBRAL FRACTURES 


Treatment of osteoporotic compression fractures is among the most controversial topics in the care of spine pathology. Although somewhat dated, the 
American Academy of Orthopaedic Surgeons (AAOS) guidelines for the treatment of symptomatic osteoporotic compression fractures, adopted by the 
AAOS board of directors in 2010, have attempted to guide the use of specific treatments based on the evidence for their efficacy. Many of the most 
commonly used treatments, which will be discussed below, could be neither recommended nor refuted as part of these guidelines, simply because the 
published evidence is inconclusive. 

Studies have shown that simply by initiating diagnosis, risk stratification, and treatment of osteoporosis when treating fragility fractures, the orthopaedic 
surgeon creates the environment for improved treatment outcomes.'®° An exhaustive discussion of the diagnosis and treatment of osteoporosis is beyond the 
scope of this chapter, but the orthopaedic surgeon should be aware of the need for basic serologic tests such as serum calcium level, 25-hydroxyvitamin D, 
parathyroid hormone (PTH) level, and, for males, testosterone level. Target serum 25-hydroxyvitamin D levels should be 0.30 ng/mL. Several authors have 
suggested that the routine use of vitamin D (1,000-2,000 IU/day) and calcium supplementation for all spine fusion patients aged 65 years or older may be 
the most efficient way to ensure adequate serum vitamin D levels, with the potential benefit of helping avoid nonunion and infection.'*7°? Osteoporosis 
remains an underrecognized and undertreated disease entity in orthopaedic settings, accounting for significant long-term morbidity and mortality. Thus, 
rendering prompt evaluation and coinciding treatment are of the utmost importance. 


Nonoperative Treatment of Osteoporotic Vertebral Fractures 


Nonoperative treatment of OVFs consists of bracing, activity modification, early mobilization, physical therapy, and analgesic medications. Unfortunately, 
with respect to treatment outcomes, there is no conclusive evidence to support bed rest, physical therapy, rehabilitation, or exercise programs in general, the 
use of opioid or other analgesics, electrical stimulation, or alternative medicine in patients with osteoporotic spinal compression fractures who are 
neurologically intact.8° 


Bracing 


Considerable controversy exists with respect to the role of bracing options such as TLSO for the treatment of many of these fractures. Currently, there are 
limited and inconclusive data to support the concept that bracing either limits progressive kyphosis or reduces the rate of nonoperative treatment failure in 
the treatment of OVFs. The use of hyperextension braces has been shown to decrease postural flexion and help maintain neutral alignment of the thoracic 
and lumbar spine, which has been postulated to decrease loading of the injured segment, thereby reduce pain and also secondarily decrease compensatory 
paraspinal muscle activity and resulting painful muscle spasms.®° Guidelines on the management of symptomatic osteoporotic spinal compression fractures 
have been recently published by the AAOS. However, the efficacy of a spinal orthosis has generally been based on evidence from studies on patients with 
non-OVFs.°? Spinal orthosis carries its own complication profile including pressure areas and sores, reduced pulmonary capacity, inadequate 
immobilization, poor compliance, and weakening of the core musculature.®! There is insufficient information on the specific types of braces, indications, 
and time to remove.!®! Given the lack of high-quality evidence for spinal orthosis, the strength of recommendations for orthoses for patients with OVF 
remains weak.°©88 


Medication 


Numerous medications such as bisphosphonates, PTH analogs (e.g., teriparatide), and calcitonin have been shown to be effective, primarily in relieving pain 
among patients with acute fractures. A randomized control study by Armingeat et al. showed that intravenous pamidronate provided rapid and sustained 
pain relief superior to placebo in patients with acute OVFs.!? Furthermore, a meta-analysis done by Nevitt et al. in 2006 demonstrated that patients 
randomized to teriparatide treatment had more effective analgesia when compared to patients randomized to placebo or to treatment with alendronate.!®° A 
systematic review and meta-analysis of five randomized control trials undertaken by Knopp et al. in 2005 supported the use of calcitonin, by either 
subcutaneous or intranasal administration, to reduce back pain in the acute management of OVFs.138 AAOS guidelines have recommended, with moderate 
strength, that neurologically intact patients who present within 5 days of an osteoporotic VCF be treated with calcitonin for 4 weeks. They also recommend, 
with limited strength, the use of the bisphosphonates as an option to prevent additional symptomatic fractures in patients with osteoporotic VCFs.°° With 
regards to secondary fracture prevention, a recent study showed a significant protective role of antiosteoporotic medications thereby reducing the risk of 
subsequent VCF by 19%.!76 


Operative Treatment of Osteoporotic Vertebral Fractures 


Unfortunately, up to 30% of patients treated nonoperatively either develop chronic painful nonunions or progressive kyphosis and neurologic deficits 
necessitating surgical intervention.®? With the understanding that the AAOS guidelines cite inconclusive evidence to recommend for or against any specific 
treatment for patients with osteoporotic spinal compression fracture without neurologic deficits, operative treatment is typically indicated for progressive 
neurologic compromise, painful posttraumatic deformities and/or pseudoarthroses, as well as for polytrauma patients or patients with unstable fracture 
patterns. For patients who have either failed nonoperative treatment or in whom the clinical suspicion for failure is high, cement augmentation techniques 
such as KP and vertebroplasty (VP) are often employed, whereas unstable patterns such as those with associated PLC injury or with associated neurologic 
deficits often require instrumented fusions. 


Cement Augmentation 


The use of cement augmentation techniques has been controversial due to conflicting published results. VP is a minimally invasive procedure that deploys 
cement into the affected vertebral body through the pedicle(s).*”27®° KP, on the other hand, aims initially at reducing the wedge-shaped vertebral deformity 
via inflating a balloon inside the vertebral body and therefore attempts at correcting the kyphotic deformity and restoring vertebral height prior to cement 
deployment. Two randomized, placebo-controlled studies published in 2009 raised considerable doubt about the efficacy of VP for the treatment of 
osteoporotic VCFs. When compared with simulated procedure, the VP did not exhibit any clinical superiority at any follow-up time point.*”!?8 Critics of 
these studies cited the wide variability in length of time since injury and even speculated that many of the enrolled patients may have had healed fractures 
with unrelated back pain that was therefore unlikely to improve with cement augmentation. The controversy was further propagated by a well-designed 
multicenter European randomized control trial that compared VP to conservative treatment in patients with OVFs. This study concluded that VP was safe 
and provided significant immediate and sustained greater pain relief and improvement in quality of life.!37” Around that same time period, two additional 
studies—a randomized control study by Boonen et al. and a systematic review by Taylor et al—showed that KP and VP significantly reduced pain, 
improved early mobility, and enhanced short-term quality of life when compared to noninvasive management options.?”°> Critics of these studies have 
cited the possibility of placebo effect with lack of a simulated procedure group. While some studies have suggested that balloon KP may correct the loss of 
vertebral body height, which is a well-established predictor of progressive kyphosis, this has only been confirmed on a limited basis for KP and has not been 
shown with the use of VP techniques.*° It appears as if VP and KP are largely equivalent in providing pain relief and functional improvement, with little 
advantage being gained by performing KP especially when taking into account its significantly greater cost.!°8 Since this inflection point that occurred 
toward the beginning of the decade regarding the use of cement augmentation techniques for the treatment of OVFs, several studies have been published, 
either confirming or refuting the efficacy of cement augmentation in the treatment of osteoporotic compression fractures, including a Medicare database 
analysis by Edidin et al. that identified lower mortality (89% vs. 50%) in patients who had been treated with VP when compared to patients treated 
noninvasively.®° However, after almost a decade of additional conflicting evidence since the 2011 AAOS guidelines, a Cochrane Review from 2018 by 
Buchbinder et al. that analyzed 21 randomized and quasi-randomized controlled trials comparing VP with other types of treatment concluded that current 
high- to moderate-quality evidence does not support a role for VP in the routine treatment of acute or subacute OVFs. They could not identify sufficient 
evidence to support any clinically relevant benefit to VP compared to placebo. Importantly, their subgroup analyses showed that results were not affected by 
whether the duration of pain was less than or greater than 6 weeks. Adverse events identified during the review included thromboembolic events, cement 
leakage, spinal cord compression, neurologic injury, respiratory failure, and osteomyelitis. However, the low incidence of these events did not allow for a 
determination of whether VP is associated with a clinically important increased risk of new symptomatic vertebral fractures and/or other serious adverse 
events. The authors recommended that patients scheduled to undergo VP for osteoporotic compression fractures should be made aware of its potential for 
complications and that current high- to moderate-quality published evidence fails to show any important clinical benefit. It may be relevant to note that the 
authors of this Cochrane review included the lead authors of both of these 2009 placebo-controlled studies that identified no clinical benefit to VP and 
recommended against its use almost a decade earlier. 

The Cochrane vertebroplasty review of April 2018 was updated in November 2018 to address complaints to the Chief Editor about debatable contents in 
the report.%4164 The updated version was criticized for not including the VAPOUR trial, a blinded trial that underscored the benefit of early VP over 
placebo in reducing severe pain, particularly when the intervention occurred within 3 weeks of fracture. Therefore, the value of VP in providing improved 
health outcomes to a subset of patients with acute OVFs remains controversial. 

It is likely that the debate regarding the use of cement augmentation for the treatment of OVFs will continue, given the discrepancy between the clinical 
experience of many clinicians and the published evidence. The previously cited AAOS guidelines provide a high-strength recommendation against the use 
of VP for neurologically intact patients who present with symptomatic osteoporotic VCFs.5° The same guidelines provided a limited strength 
recommendation for the use of KP as an option in this patient population, primarily based on a single study that showed evidence of short-term pain relief 
after KP.?”° Finally, with regard to the potential risk of developing secondary vertebral fractures, a recent study showed no increase in the rate of secondary 
fractures following either VP (14.5%) or KP (18.5%) compared to nonoperative management (22%).!”° Considering the conflicting data, in our practice 
cement augmentation for the treatment of OVFs remains a relative indication offered to a limited subset of patients who continue to experience severe and 
functionally limiting back pain after a trial of conservative management of at least 6 weeks period. 


Spinal Instrumented Fusion 


The indications for spinal fusion have significantly broadened over time and the surgical techniques have tremendously evolved in the past decades.*®78:204 
One of the primary indications for open surgical intervention in patients with OVFs is the presence of neurologic (spinal cord, conus medullaris, or nerve 
root) compression with associated neurologic deficit, particularly when the deficit is acute, incomplete, and progressive. The other two indications include 
progressive painful spinal deformity and fracture nonunion. When considering surgery, it is essential to optimize the mechanical environment for spinal 
fixation in this patient population. Advancements in spinal fusion techniques, innovations in surgical approaches, and novel fixation implants affect spinal 
fusion rates and clinical outcomes.?/°975-129.177,198,214.278 The use of anterior-only stabilization constructs should be avoided in patients with metabolic 
bone disease, as the osteoporotic vertebral bodies are poor substrates for plate and screw fixation with increased likelihood of fixation failure, recurrence of 
deformity, and need for reoperation. While posterior-based stabilization constructs are the most commonly adopted, one or more of the following techniques 
can be used as an adjunct to help provide the desired amount of spinal stabilization and lower the risk of fixation failure: (1) cement augmentation of pedicle 
screws; (2) restoration of sufficient anterior column support; and (3) VP at the vertebrae adjacent to the stabilization construct. 


Pedicle Screw Augmentation 


Posterior fixation of the osteoporotic spine is associated with risks of screw loosening, pseudoarthrosis, and junctional fractures resulting in kyphosis and 
prominent rods.”” Although attempts have been made to decrease fixation failures by increasing the length of the constructs and the number of points of 
fixation, there is little evidence that doing so, or that the use of postoperative bracing, has any influence on these complications. There is, however, some 
scientific support for the use of larger diameter pedicle screws to enhance fixation and the use of posterior hooks to protect screw fixation.4>!!4.147,258 There 
has also been increasing evidence over the past decade that pedicle screw augmentation with cement is an effective way to decrease the risk of fixation 
failure of the osteoporotic spine (see Fig. 49-12).5>°9:%°.227 Screw augmentation can be done with similar effectiveness by either injecting cement into the 
vertebral body prior to screw placement or through cannulated screws that have already been placed.*! A novel minimally invasive augmentation technique, 
called Stent-Screw—Assisted Internal Fixation (SAIF) has been recently proposed by Cianfoni et al. for the treatment of severe osteoporotic and neoplastic 
fractures.°* The SAIF technique includes insertion and balloon-expansion of two vertebral body stents (VBS), followed by the insertion of percutaneous 
cannulated and fenestrated pedicular screws. The role of the stents is to help maintain the height restoration achieved by balloon inflation, avoiding deflation 
effect, and to act as a scaffold that allows homogeneous anterior column augmentation and prevents cement leakage.°””°-2!8 SAIF technique couples the 
clinical advantages typical of VBS (cement augmentation, minimization of leakage, and vertebral height restoration/maintenance) with the percutaneous 
implantation of cannulated and fenestrated titanium pedicle screws, allowing for cement injection and bridging the augmented vertebral body with the 
posterior neural arch.?462 


Anterior Column Reconstruction 


Reconstruction of the anterior vertebral column can be a valuable method for providing additional anterior column support, thus load sharing and unloading 
the posterior instrumentation, and preventing loss of fixation and kyphotic deformity.!”°!®” Okuda advocates anterior spinal fusion in patients with 
osteoporotic vertebral collapse at the thoracolumbar junction with neurologic deficits.!8” Direct decompression of retropulsed bony fragments and 
reconstruction of a stable anterior column are the main advantages. However, this approach has been related to high comorbidities in elderly patients.!”* The 
authors have also cautioned regarding the common loss of sagittal alignment in osteoporotic patients through anterior-only approaches, insufficient fixation, 
and/or postoperative adjacent vertebral collapse. Combined anterior and posterior approaches present the advantages of stronger fixation and direct anterior 
decompression (Fig. 49-30).!94 However, the two approaches may increase the surgical time, warrant exposure surgeon, and may necessitate staging the 
surgery. Recently there has been growing interest in minimally invasive anterolateral approaches to the reconstruction of the degenerated thoracolumbar and 
lumbosacral spine with reduced complications.*°* Regardless, the majority of authors do support an all-posterior approach for the treatment of 
OVE, 15:135,197,233,239,244 However, to correct OVF-associated sagittal deformities through posterior-based approach, osteotomies might be necessary. These 
can also be associated with increased blood loss, neurologic complications, operative time, and overall complications.54136233,252 


Adjacent Segment Vertebroplasty 


Adjacent segment VP has been proposed to gradually diminish the rigidity of the instrumented spine relative to the adjacent, noninstrumented, and 
consequently the less rigid levels (see Fig. 49-12). However, the long-term effectiveness of this technique remains unclear. A prospective cohort study 
published in 2017 by Raman et al. followed up on a previous publication from 2013 and concluded that although a two adjacent level VP decreases the 
incidence of proximal junctional kyphosis (PJK) at 2 years after posterior instrumented fusion, it had no effect on PJK at the 5-year mark. The authors also 
found no significant difference in patient-reported functional outcome measures (ODI, SRS-22, and SF-36 scores) between subjects with or without PJK or 
proximal junctional fracture.'°*70” Therefore, it remains unclear whether the use of adjacent level(s) cement augmentation provides significant benefit to 
functional outcome after posterior instrumented arthrodesis for OVFs. 


PENETRATING SPINAL INJURIES 


MECHANISMS OF INJURY FOR PENETRATING SPINAL INJURIES 


Penetrating injuries of the spine typically involve injuries from high-energy missiles such as gunshot injuries (GSI) and shrapnel from blast injuries or 
lower-energy penetration of the spine by a sharp object, such as with stab wounds or industrial injuries. Several of the issues discussed below, such as 
laceration of the spinal cord, CSF leakage, and wound management, pertain to all forms of penetrating injuries, but the majority of the discussion will focus 
on GSI to the spine, due to their prevalence and their additional considerations. 

Spinal GSI continue to be a major cause of morbidity and mortality globally, in both civilian and military populations. Approximately half of all GSI to 
the spine involve the thoracic spine, and a third involves the lumbar spine. In the United States, civilian GSI are the third most common cause of SCI, after 
falls and motor vehicle accidents, accounting for approximately one in every five SCI in the civilian population, most of which occur in males between the 
ages of 15 and 34 years old.° Schoenfeld et al. showed a similar 17% incidence of combat-related spinal GSI in the Iraq conflict and a somewhat lower 
incidence of 10% in the Afghanistan conflict.*°° GSI are the second most common cause of SCI among military personnel, after blast injuries. Traditionally, 
gunshot wounds have been classified as either low velocity (firearms with a muzzle velocity <2,000 feet/s) or high velocity (firearms with a muzzle velocity 
22,000 feet/s). The recent trend has been to distinguish between low-energy injuries seen in the majority of civilian GSI, or high-energy injuries seen in 
most combat-related GSI. The critical difference resides not only in the extent of direct tissue injury but also in the overall energy transfer and damage to 


surrounding tissues. In contrast to civilian weapons, high-velocity military firearms result in significant indirect blast or cavitation shock wave effects and 
severe associated tissue injury. 

Despite these important mechanistic differences, both civilian- and military-based spinal injuries are associated with a high incidence of complete SCI, 
resulting morbidity and mortality and the need for extensive resource allocation and utilization.*°* Because victims of SCI secondary to spinal GSI are 
usually in their 20s, these injuries are associated with an estimated average lifetime cost of greater than 5 million dollars per injury.’-? When considering the 
additional cost associated with loss of economic opportunity, it is clear that the cost of both military and civilian spinal GSI to the health care system and 


society as a whole is formidable. 
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Figure 30. Surgical treatment of osteoporotic thoracolumbar fracture with progressive neurologic deficit. Lateral radiograph (A), sagittal CT image (B), and axial 
CT image (C) showing a low-energy osteoporotic T12 burst fracture (AO T12 A4; N3) in an 80-year-old patient, which eventually developed avascular necrosis with 
resulting spinal canal narrowing. Initially, the injury manifested primarily with back pain, but the patient eventually developed an ASIA C SCI, with progressive lower 
extremity weakness and neurogenic bladder. Sagittal (D) and axial (E) CT images show successful restoration of spinal alignment, and spinal canal decompression 
after T12 costotransversectomy with T11—L1 anterior interbody arthrodesis and T10—L2 posterior instrumented arthrodesis (F). Lack of sufficient anterior column 
support would have made the patient highly prone to failure if treatment had consisted of posterior instrumented arthrodesis only. At her 6-month follow-up, the patient 
was noted to have regained her ability to ambulate without assistive devices and was living independently at age 92. 


ASSESSMENT OF PENETRATING SPINAL INJURIES 


Approximately 90% of patients with spinal GSI have significant injuries to other organ systems, including chest, abdomen, and vascular injuries.'°’ This 
highlights the need for a multidisciplinary approach to patients with GSI, and emphasizes the necessity for ATLS activation.*° This is particularly important 
when a spinal GSI involves the cervical spine, which is associated with a greater than 80% chance of airway compromise. In the civilian population, intra- 


abdominal injuries account for approximately 30% of associated injuries, 65% of which require surgical intervention.®! The initial assessment is followed 
by a detailed neurologic examination, when possible, with a focus on identifying the presence of sacral sparing and of a bulbocavernosus reflex to help 
differentiate complete from incomplete SCI. Because GSI to the thoracolumbar spine have a high propensity for injury to the esophagus, lungs, heart, great 
vessels, and abdominal viscera, these associated life-threatening injuries often take precedence over the spinal injury. 

The extent of injury to the spine varies widely with GSI, from minimal injury without neurologic deficit to unstable injuries with severe SCI. Spinal 
instability has been reported in 3% to 30% of civilian GSI to the thoracolumbar spine, and neurologic deficits have been reported in 30% to 80% of 
injuries.83 The majority of neurologic injuries at spinal cord or conus medullaris level tend to be complete. The location of any entrance and exit wound 
should be documented, as the implied bullet trajectory can give valuable clues about which organ systems may have been injured, and may dictate antibiotic 
treatment. 


IMAGING OF PENETRATING SPINAL INJURIES 


Screening CT scan with sagittal and coronal reconstruction is the initial imaging study obtained in spinal injuries. It can provide useful information 
regarding the precise location of retained bullet fragments, the extent and degree of instability of any vertebral column injury, and the potential for 
associated injuries and severity of SCI based on bullet trajectory. MRI may be useful in determining the extent of soft tissue injury, and the presence and 
extent of SCI, particularly any injury that occurs secondary to the shock wave when there is no evidence for direct injury or discontinuity of the spinal cord. 
Retained bullet fragments present several concerns related to the use of MRI, such as whether metal artifact would negate its diagnostic value but perhaps 
most worryingly the potential for motion and heating of the bullet fragment(s), with associated risk of tissue injury. Dedini et al. evaluated several of these 
concerns and found that bullets composed of lead with copper or metal alloy jackets did not appear to exhibit any worrisome amount of motion during MRI 
scans with magnet strengths of up to 7 Tesla, compared with bullets containing steel, which exhibited strong magnetic field interactions and may therefore 
pose a risk to critical structures secondary to movement. MRI with a 3-Tesla magnet did not demonstrate any significant temperature increase regardless of 
bullet composition, but bullets containing steel did generate more artifact than those composed of lead with copper or alloy jackets.”2 


TREATMENT OF PENETRATING SPINAL INJURIES 


Blood pressure support for the early treatment of SCI secondary to GSI can be provided in a similar manner to SCI caused by blunt trauma. 
Methylprednisolone infusion is, however, not recommended for the treatment of SCI in penetrating trauma. No clear benefit has been established, therefore 
not justifying the significant associated risks such as infection, gastrointestinal complications, pancreatitis, pulmonary complications, and death. 195-207 

Recommendations pertaining to soft tissue management and infection prophylaxis vary depending on the energy of the injury, the velocity of the 
projectile, and whether the GSI is associated with visceral injuries. Most low-velocity GSI require only tetanus prophylaxis, antibiotic treatment, and 
possibly skin debridement. Tetanus prophylaxis should be based on local guidelines and can consist tetanus toxoid alone for those with recent vaccinations 
or both tetanus toxoid and tetanus immunoglobulin for those without recent vaccinations or if the patient has an unknown history of tetanus vaccination. 

Antibiotic treatment of spinal gunshot wounds with associated visceral injury remains a widely debated issue. Although high-level evidence is lacking to 
guide specific treatment duration, it is common practice to initiate antibiotic treatment with a second-generation cephalosporin or even broad-spectrum 
antibiotics for 3 days at the time of injury to at least cover skin flora. If there is no evidence of visceral injury, these antibiotics are typically administered for 
48 to 72 hours.'!” For GSI that first traverse the abdomen before reaching the spine, in which injury to the GI tract is suspected, broad-spectrum antibiotics 
that cover skin and bowel flora are typically administered for at least 7 days, a protocol that demonstrated decreased infection rates to between 5% and 15% 
in spinal GSI patients in which the colon or esophagus was injured.7°-?!7 However, there is evidence to suggest that a shorter regimen may be sufficient. A 
Cochrane Database Systematic Review published in 2013 by Brand et al. noted that available evidence supported the use of antibiotics for only 24 hours 
postoperatively in the case of GSI involving the GI tract and recommended this shorter duration of antibiotic treatment in order to balance the benefit of 
preventing infection with the risk of fungal and Clostridium difficile infections that may be incurred because of longer antibiotic treatment.?” Another more 
recent systematic review in 2020 had similar findings with no benefit being found with more than 24 hours of antibiotic therapy.!© The bullet trajectory has 
been shown to be predictive of its likelihood of causing infection, with AP and oblique anterior to posterior bullet trajectories (Gulhane Military Medical 
Academy [GATA]-SMI I and GATA-SMI II) being reported as “highly infective” for the lumbar region.®4 

The treatment of military or high-energy GSI to the spine deviates considerably from that of lower-energy civilian injuries, because of more overall 
injury and wound severity characteristics that increase the complexity of the decision-making process. In general, high-velocity GSI require more extensive 
debridement, in addition to a longer course of antibiotics, than low-velocity GSI. In their 2015 published review, Jakoi et al. discussed the need for 
antibiotic coverage to help prevent infection in severely injured soft tissues with compromised vascular supply.'*° Aggressive debridement of contaminated 
soft tissues has also been shown to positively impact infection rates in high-energy injuries.”? If proper wound healing is compromised by soft tissue defects 
caused either by the initial injury or by subsequent soft tissue necrosis or infection, aggressive debridement and either a rotational or vascularized free flap 


may be required.!° 


Surgical Decision Making 


Other than the potential need for debridement described earlier, the requirement for surgery is usually determined by the need to stabilize the spine, 
decompress the neural structures, repair CSF leaks, or to remove bullet fragments for reasons other than decompression. 


Spinal Stability 


Surgical stabilization is not commonly required for the treatment of GSI to the thoracolumbar spine caused by low-velocity, civilian firearms. The 
associated direct soft tissue injury tends to be confined to a well-defined path that preserves enough structural integrity of the spine to mitigate the need for 
stabilization, compared to the more extensive injury vector—oriented tissue disruption that accompanies major angulatory or translational force vectors 
typical of blunt trauma. As a general rule, an injury that involves only one of three columns can safely be treated without either surgery or bracing, even if 
the PLC is injured by the projectile. Injury to the PLC due to GSI, particularly in the presence of intact middle and anterior columns, does not impart the 
same degree of instability as does an indirect, tension-related failure of the PLC caused by a violent bending force that necessarily also affects other spinal 
columns. If two or three columns are affected by the path of the projectile, most injuries can still be treated nonoperatively. Depending on the injury, the 
patient may benefit from bracing, for which there are no reliable guidelines. Uncommonly, the projectile’s path will result in sufficient injury to the PLC, 


facet joints, and vertebral body to warrant surgical stabilization. When in doubt, we have found the use of upright radiographs with frequent radiographic 
follow-up, initially as often as a week apart, to be useful in determining the need for operative intervention. Our experience has been that, from the 
standpoint of spinal stability alone, an approach favoring nonoperative treatment with bracing has been successful in the vast majority of GSI to the 
thoracolumbar spine. Unfortunately, current thoracolumbar fracture classification systems provide little guidance in determining the need for surgical 
intervention, as they were developed based on blunt trauma injury mechanisms and can only be applied loosely, if at all, to GSI of the spine.2!226 


Neurologic Injury 


Other than the uncommon need for surgical stabilization, current indications for surgical intervention for the treatment of GSI to the spine include the 
presence of neurologic compression, particularly when associated with incomplete, progressive neurologic deficits secondary to an identifiable compressive 
lesion such as bone, disc material, epidural hematoma, or bullet fragment.!2° Duz et al. showed that surgical intervention was associated with significantly 
greater neurologic improvement in patients with progressive neurologic deficits compared with patients who had stable deficits after SCI secondary to 
GSI. Goh et al. found that in patients with thoracic and lumbar GSI with associated neurologic deficit, there was up to 2.5 times greater likelihood of 
improvement in ASIA score 1 year after injury.!°” Patients should be counseled that compromised bowel and bladder function often remains impaired 
regardless of intervention.2!© There are no reliable data to help determine the appropriate timing of decompressive surgery for GSI to the spine with 
neurologic deficits. The general approach is to try and perform the decompression as early as is safely possible, particularly in the case of incomplete SCI. 
However, there is little evidence to suggest that earlier operative intervention for the treatment of SCI caused by GSI results in better neurologic outcome.?°> 
Decompression of the spinal canal in patients with complete SCI caused by spinal GSI remains controversial and is of questionable value, even in the 
presence of an identifiable compressive lesion. Surgery for mechanically stable low-energy spinal GSI does not alter neurologic outcome in patients with 
either complete or incomplete SCI and has been shown to result in a higher incidence of complications (21%) compared to patients treated without surgery 
(7%).?68 The treatment of these injuries remains controversial and should be individualized to each patient. 


CSF Leakage 


The presence of cerebrospinal fluid (CSF) leakage through a bullet wound, or postoperatively through a surgical incision, typically requires operative 
intervention to alleviate symptoms and prevent complications such as a durocutaneous fistula, meningitis, intracranial pathology such as subdural hematoma 
or tonsillar herniation, and loss of neurologic function. The presence of symptoms such as positional headache, diplopia, and nausea should raise suspicions 
of a CSF leak after spinal GSI, even in the absence of overt wound drainage. Although subarachnoid drainage may be appropriate as initial treatment in 
certain circumstances, definitive open dural repair with laminectomy as needed is recommended in most patients.”!” 


Retained Bullet Fragments 


Early bullet removal has been advocated for various reasons, such as to prevent new neurologic symptoms due to bullet migration, epidural fibrosis, 
meningitis, long-term effects of lead toxicity, and the risk of dystrophic intramedullary calcification.’ However, the reason for bullet fragment removal 
after spinal GSI can usually be divided into situations in which bullet removal is being considered to improve neurologic outcome secondary to neurologic 
decompression versus to prevent local or systemic toxicity. A prospective study conducted by Waters et al. in 2008 provides some of the best available 
evidence to help guide the need for decompressive bullet fragment removal. They demonstrated that surgical removal of bullets or fragments to decompress 
the neural elements within the canal between the T12 and L4 levels resulted in significant motor improvement compared with nonoperative treatment. 
Surgical bullet removal with spinal cord decompression at the T11 level and above had no significant impact on neurologic improvement, but the small 
number of patients in this second group would make it difficult for any difference to achieve statistical significance.2’” Previous studies had emphasized the 
lack of evidence to support improvement in neurologic outcome after removal of bullet fragments other than below the level of the conus medullaris.2° 


Local Toxicity 


Whether to remove bullet fragments for the purpose of preventing either local or systemic toxicity also remains unclear. Tindel et al. found that copper 
bullet fragments caused significantly greater local neurotoxicity in an animal model, compared to other metals, suggesting the need to remove copper (i.e., 
jacketed) bullets from within the spinal canal, regardless of any neurologic deficit.2© 


Systemic Lead Toxicity 


Lead toxicity is the most common form of systemic toxicity resulting from retained bullet fragments. Although the onset of plumbism after GSI with 
retained bullet fragments has been well described, it is an uncommon complication.?° Lead toxicity resulting specifically from bullet fragments lodged 
within the spine is even more rare, having been reported on only four occasions.®”*!3:236 Diagnosis may be patients gradually developing symptoms 
suggestive of lead toxicity over widely variable time frames. In addition to the type of extremity neurologic symptoms of usual concern to spine surgeons 
such as sensorimotor deficits and neuropathic pain, subtler and nonspecific symptoms can predominate, such as arthralgias, myalgias, hypertension, 
abdominal pain, headache, difficulties with memory or concentration, lethargy, and even mood disorders.'** Other sequelae of lead poisoning include 
abnormal and reduced sperm count in men and difficulty delivering a full-term baby in pregnant women. Chelation therapy has been shown to be transiently 
successful in relieving symptoms in all patients, but recurrence of symptoms can only be prevented by removal of the bullet fragments. In each reported 
case, the bullet fragments were primarily located within an intervertebral disc space. Presumably because they become encapsulated by fibrous tissue, bullet 
fragments within the soft tissues rarely result in absorption of lead within the bloodstream. As CSF has fewer corrosive properties than synovial fluid, 
plumbism is also unlikely to occur with intradural bullet fragments.2°° In contrast, the potential for absorption of lead particles from intrasynovial bullet 
fragments is sufficiently concerning that surgical removal of bullets located within synovial joints has become a routine recommendation to avoid lead 
toxicity. Because this mechanism of absorption does not extrapolate well to the physiologic environment surrounding bullet fragments located primarily 
within an avascular intervertebral disc space, it has been postulated that motion within the intervertebral disc space surrounding the bullet fragment(s) 
produces a fibrous membrane containing bursa-like fluid, which, when combined with the frictional forces associated with excessive movement, may result 
in dissolution and absorption of lead particles.7°° 

Although some authors have recommended the routine removal of metallic projectiles located within the intervertebral disc, we agree with the majority 
of authors who feel that lead toxicity due to retained bullet fragments in the spine after GSI is too rare to justify the morbidity associated with routine 
removal of bullet fragments in asymptomatic patients.°””°° Nevertheless, for asymptomatic patients with retained bullet fragments and normal or low serum 


lead levels, routine monitoring for development of symptoms or elevation in serum lead levels is appropriate. Definitive evidence-based recommendations 
do not exist for either the frequency of serum lead measurements or the threshold serum lead level that would warrant treatment by surgical intervention or 
chelation therapy. Removal of bullet fragments would seem appropriate if serum lead levels exceed either the current minimum acceptable level of 10 
mcg/dL or, at most, the 25 mcg/dL level, which constitutes the minimum concentration at which toxicity generally begins to manifest, as psychological 
symptoms occur when serum concentration reaches approximately 50 mcg/dL which progress to pronounced encephalopathy and nephrotoxicity as levels 
reach 150 mcg/dL, above which coma and death can occur.!®° However, more conservative published recommendations include bullet fragment removal 
and chelation therapy in symptomatic patients with a serum lead level of more than 50 mcg/dL or asymptomatic patients with a serum lead level of more 
than 80 mcg/dL, demonstrating that there is no single set of evidence-based criteria for bullet removal in association with elevated serum lead levels. 4? 

It should be noted that a “discogram effect,” can sometimes occur radiographically when bullet fragments are located within a disc space. This is 
thought to occur when lead from a bullet fragment gradually elutes into the surrounding disc tissue, which may be a harbinger of lead toxicity. This 
radiographic finding may therefore indicate the need for measurement of serum lead levels and subsequent bullet fragment removal if elevated serum lead 
levels are confirmed.**° Patients treated for delayed lead-related neurologic sequelae typically recover following surgical exploration and bullet fragment 
removal. 


Bullet Migration 


Symptomatic migration of a bullet that has become lodged in the spinal canal appears to be uncommon, with only 12 reported cases in the past 35 years. 
Bullets have also been reported to migrate into the spinal canal from extraspinal locations.”! Although late neurologic deterioration has been reported as a 
consequence of bullet migration, the rarity of bullet migration with subsequent neurologic complications does not appear to justify the risks of routine bullet 
removal. 


Outcomes 


The prognosis for recovery of neurologic deficits sustained by GSI to the spine is quite guarded. Waters et al. reported that two-thirds of patients had no 
improvement in neurologic level at the 1-year follow-up. However, a significant improvement in ASIA motor score was identified, which was much greater 
in incomplete SCI.?”” The extent of trauma incurred as a result of GSI to the spine also places patients at substantial risk of late neurologic worsening for 
various reasons, including the development of syringomyelia (60%), arachnoid cyst formation (25%), infection (10%), late neurotoxic effects, and bullet 
migration.!0! 


SUMMARY OF PENETRATING SPINAL INJURIES 


The evaluation and treatment of GSI to the spine are associated with a considerable number of patient-specific variables and challenges such as the patient’s 
neurologic status, the presence and amount of residual neurologic compression, spinal stability, bullet ballistics, infection risk (based on patient-specific 
factors, soft tissue injury, and bullet trajectory), the presence of associated injuries, and both the location and composition of the bullet. As a whole, 
treatment goals for these complex injuries remain similar to those of other spinal injury mechanisms, with the goal of restoring spinal stability and providing 
the best environment for neurologic recovery. However, penetrating injuries, particularly gunshot wounds, often involve such a severe neurologic injury due 
to either direct high-energy trauma or the associated concussive effect that decompression, particularly if it requires removal of a bullet or fragment that has 
already caused significant injury in the process of becoming lodged in the spinal canal, is likely to be futile. Published evidence is particularly weak in 
guiding treatment with regard to the duration and type of antibiotic prophylaxis, the need for surgical stabilization, and the timing and indications for 
neurologic decompression. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO THORACOLUMBAR FRACTURES AND DISLOCATIONS 


Thoracolumbar Fractures and Dislocations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Postoperative infections 

Spinal deformity 

Concomitant injury 

Hardware failure/loss of fixation 
Venous thromboembolic events 
Neurologic deterioration 

CSF leakage 

Nonunion 

Bone graft donor site morbidity 
Loss of segmental motion 
Failure to restore sagittal balance 
Complications of cement augmentation 
Cement extravasation 
Embolization 

Adjacent-level fractures 


Over the past 30 years, there has been considerable debate regarding nonoperative versus operative treatment in the management of thoracolumbar fractures. 
Surgical complications include postoperative infections, neurologic injury from pedicle screw insertion, hypotension or inadvertent injury to the neural 
elements for any other reason, hardware failure/loss of fixation, nonunion, bone graft donor site morbidity, loss of segmental motion, and failure to restore 


sagittal balance. In a review by Ghobrial et al. in 2014, the authors specifically looked at adverse events in operative and nonoperative management of 
thoracolumbar fractures. They found the incidence of infection (5.5%) and instrumentation failure leading to revision surgery (4.4%) to be significant. In 
addition, they suggested that the incidence of all other types of complications was always higher in operatively treated patients, but not to a statistically 
significant degree.!°* Complications such as VTEs or neurologic deterioration occur with both nonoperative and operative treatment. The incidence of 
symptomatic deep vein thrombosis (DVT) or pulmonary embolism (PE) is estimated to range from 1% to 5%.2°° While the specific underlying pathology 
resulting in VTE remains unclear, it is likely that these events result from a number of factors, such as prolonged immobilization, local and systemic 
vascular trauma, and an underlying general predisposition in the trauma population. 


INFECTION 


Beside proper soft tissue handling and adherence to sterility principles, infection preventative measures also include local application of antibiotics. 
Intrawound vancomycin powder has recently become a popular prophylactic strategy in various orthopaedic disciplines including spine surgery. Recent 
studies highlighted the beneficial prophylactic use of topical vancomycin powder in traumatic spine injuries, leading to significant reduction of surgical site 
infections and a remarkable infection-related cost savings. 106:288 

Nonetheless, surgical site infections requiring subsequent surgical intervention and long-term antibiotics have been reported in up to 10% of patients 
treated operatively for thoracolumbar fractures.*!! To appropriately manage infected surgical wounds, it is critical to identify whether infections extend deep 
to the lumbodorsal fascia. Superficial infections can be treated with irrigation and debridement and appropriate dead space management. Although most 
superficial infections are treated with antibiotics, there is little scientific support for their efficacy in reducing negative outcomes such as recurrent wound 
infections and the need for repeat irrigation and debridement. Regardless of whether the infection is superficial or deep, a thorough and aggressive 
debridement of devitalized tissue is critical. For deep infections, it is unclear whether removal of previously applied bone graft, which can possibly act as a 
sequestrum, is necessary as part of the debridement. Because of the bone graft’s essential role in the early phases of the fusion process, an effort is typically 
made to leave the bone graft in place, particularly if it has already become adherent to the spine. In the presence of a deep infection, the goal of surgery is to 
achieve a thorough irrigation and debridement of the soft tissues and instrumentation while leaving the bone graft in place especially if adjuvants such as 
bone morphogenic protein have been used. For wounds near the gluteal region, wound vacuum-assisted closure (VAC) devices are frequently used, 
particularly in lower lumbosacral wounds, both as a mechanical barrier to fecal contamination and to stimulate the formation of granulation tissue, while 
reducing tension across the incision margins to promote optimal healing and closure in a delayed manner. In the case of recurrent infection, particularly with 
more virulent organisms, the bone graft is typically debrided and, in more extreme circumstances, the instrumentation may also be removed. If there is 
deemed to be insufficient spinal stability at the time of hardware removal, a hardware exchange can be attempted, which consists of hardware removal 
followed by a variable period of antibiotic administration while the patient is kept on spine precautions with DVT prophylaxis, followed by 
reinstrumentation with continued antibiotic treatment. We recommend involving the infectious disease service in all postoperative wound infections that 
occur in spine-instrumented patients. 


NEUROLOGIC DETERIORATION 


Neurologic deterioration is one of the most serious complications associated with thoracolumbar fractures. Progressive deformity in any plane can result in 
neurologic deterioration and poor treatment outcomes. While most patients who present with neurologic impairment are typically treated with surgery, 
postoperative follow-up should aim to identify any progressive deformity through regular clinical and radiographic follow-up. Similarly, patients deemed to 
have sufficient spinal stability to be treated nonoperatively must be closely observed for progressive deformity that may result in neurologic deterioration. 
Causes of neurologic deterioration in patients with surgical stabilization surgery include direct injury to the spinal cord or nerve roots, such as during 
insertion of spinal instrumentation, compression or tension of the neural elements due to manipulation of the spine during the reduction process, and loss of 
initial reduction and hardware fixation in the postoperative period. Neurologic deficits occurring either during surgery or postoperatively have been shown 
to occur in approximately 1% of posterior thoracolumbar procedures.!?! Because of the risk of neurologic injury during the reduction process, we 
recommend the use of neuromonitoring (spinal cord) for instrumented spine trauma cases. If there is significant concern for neurologic compromise during 
the positioning process, such as in patients with severe canal compromise or highly unstable three-column injuries such as discoligamentous disruptions or 
extension fractures in ankylosed spines, baseline electrodiagnostic signals should be obtained even prior to positioning (see Fig. 49-11). Hemodynamic 
support with increased MAP, as described previously, can also be used to optimize cord perfusion in these patients. 


CEREBROSPINAL FLUID LEAKAGE 


CSF leakage due to inadvertent durotomy is the most common iatrogenic injury occurring during spine surgery. In addition, approximately 12% of patients 
with thoracolumbar spine fractures sustain “traumatic durotomies,” which occur at the time of injury rather than during surgery, but may still need to be 
repaired. A traumatic durotomy occurs most commonly with high-energy fracture dislocations (e.g., AO Type C injuries) in which the resulting translation 
deformity applies shear forces to the dura and nerve roots and with burst (AO type A3 and A4) fractures in which the vertebrae also have a longitudinal 
lamina fracture, in which dura or nerve roots can become entrapped, even if only temporarily (see Fig. 49-21).*” Ideally, durotomies should be repaired with 
sutures in a watertight fashion. This goal may be particularly difficult to achieve in complex traumatic durotomies, which may best be patched with one of 
various commercial sealing “glues” or “patch” products used for this purpose. A tight fascial closure is also recommended to tamponade any residual leaks 
and to help prevent wound drainage. Despite often being complex and difficult to repair, traumatic durotomies appear to have only a 2.1% likelihood of 
postoperative complications, such as symptomatic pseudomeningocele and persistent wound drainage.'® In the event of repair of an iatrogenic or traumatic 
durotomy, most surgeons will place the patient on bed rest until they are asymptomatic and then have the head of their bed incrementally elevated while 
being monitored for return of their symptoms, such as positional headaches. However, recently there has been some shift toward liberalizing immediate 
mobilization and return to activity in patients treated with watertight closure.?!,!89 Should their symptoms persist or recur, placement of a diverting lumbar 
subarachnoid drain or operative intervention to revise the dural repair may be necessary. 


CONCOMITANT INJURIES 


Given that the force transferred through the body is sufficient to fracture the spinal column, concomitant injuries to anatomic structures in proximity to the 


spine are therefore common. Much like injuries to the dura, injuries to vascular and intra-abdominal structures may also occur at the time of injury (up to 
40% in flexion-distraction injuries and burst fractures), or during surgery. Injuries to the great vessels that occur at the time of fracture are most common 
with bending injuries such as flexion-distraction (AO type B1 and B2) and hyperextension (AO type B3) injuries, and in injuries with translational 
malalignment (AO type C). Injuries to the bowel are most common with flexion-distraction—type injuries?” (see Fig. 49-6). Because these fractures are 
associated with visceral and vascular injuries, associated complications include ileus, retroperitoneal bleeding, or the presence of ischemia of the bowel or 
other organs. Intraoperatively, lacerations to vascular and intra-abdominal organ systems can occur during exposure, due to retractor placement, misplaced 
instrumentation, or decortication. Regardless of the cause, the site of injury must first be appropriately visualized and primarily repaired. This may require 
an alternate exposure and involvement of additional surgical specialty services, such as general and/or vascular surgery. If primary repair is not possible, 
then more advanced grafting or temporizing surgical measures must be appropriately taken. Although vascular and visceral injuries related to pedicle screw 
placement are quite rare, they require early recognition and expeditious repair of the injury and screw repositioning. Thus, a high level of suspicion must be 
maintained and a detailed understanding of adjacent anatomy is essential.°° 


SPINAL DEFORMITY 


Late posttraumatic deformity is the most common long-term complication associated with fractures of the spinal column. Late kyphotic deformity is thought 
to be caused by progressive wedging of the vertebral body and attenuation of the posterior tension band. Surgery is recommended for patients with 
significant pain, progressive neurologic deficits, or postural difficulties in the presence of focal kyphosis of 25 degrees or greater.!®? The primary aim of 
surgical treatment for kyphotic deformity is to restore the normal sagittal balance; decompress the neurologic structures; and stabilize the spine to improve 
pain, posture, and neurologic symptoms. Restoration of sagittal alignment may be accomplished using posterior-based osteotomies or a circumferential 
approach. In the thoracic spine, circumferential procedures such as vertebral column resections are typically done through a posterior approach alone (see 
Fig. 49-13). At the thoracolumbar junction, posterior-only (see Fig. 49-3) and combined anteroposterior (see Fig. 49-5) are often used, based on surgeon’s 
preference. In the lower lumbar spine, circumferential procedures are likely to require combined anteroposterior approaches (Fig. 49-31). In addition to the 
spinal level of the deformity and the expertise of the surgeon, the method of correction is also dependent on the chronicity and severity of the deformity. 
Single posterior column osteotomies, such as Smith—Peterson or Ponte osteotomies are suitable for spines with preserved and relatively mobile 
intervertebral disc spaces. These may achieve correction of approximately 10 to 15 degrees per level, and therefore may necessitate multiple levels be 
addressed for larger intended corrections. A pedicle subtraction osteotomy, on the other hand, is a three-column osteotomy that provides an approximate 
correction of up to 30 degrees at a single level, and is very effective in the case of a deformity with a rigid anterior column, as in malunited burst fractures 
(see Fig. 49-3). A circumferential approach with an anterior discectomy or corpectomy in conjunction with a posterior Smith—Peterson or Ponte osteotomies 
will provide a great corrective ability and will lengthen the anterior column. Notwithstanding, one may expect an overall complication rate of approximately 
10% when correcting posttraumatic deformities. 183 


COMPLICATIONS OF CEMENT AUGMENTATION 


Complications of cement augmentation usually occur secondary to either cement extravasation, embolism, or the formation of new fractures at the adjacent 
levels. Although neurologic injury does occur, it is a rare complication. 

Cement extravasation is common but not usually problematic, reportedly occurring in up to 9 out of 10 patients and correlates with lower cement 
viscosity, injection of higher cement volumes, and in more severe fractures.2°? Cement leakage occurs most commonly through the disrupted endplates and 
into the disc space (45%), paravertebrally (35%), epidurally (20%), and prevertebrally (18%). Neurologic complications are reported to occur in 0.1% of 
patients but may be severe and require decompression and reconstruction (Fig. 49-32).!®° Leakage into the disc space may predispose the adjacent endplate 
to fracture.225 

Cement embolization can occur in the form of small fragments that have already cured, or as a monomer, which can then polymerize at more distant 
locations. Rare fatal cases have been reported, including embolism to the pulmonary vessels or to the systemic circulation.22° Symptomatic PE rates as high 
as 26% have been reported in a systematic review, with much of the variability resulting from inconsistencies in diagnostic criteria.2”* Fat embolization of 
the bone marrow may also occur as a result of VP, resulting in transient acute hemodynamic changes and the potential for significant morbidity or even 
mortality. 

Although concerns have been raised that increased stiffness at VP levels transmits increased loads that subject adjacent levels to the possibility of 
fracture, the occurrence of this phenomenon has not been confirmed in the medical literature. A meta-analysis of randomized control trials comparing VP to 
nonoperative treatment showed no increased risk of secondary, adjacent-level fracture.° Approximately 20% of patients developed new fractures between 6 
and 12 months after treatment, regardless of whether treatment was nonoperative or with VP. Meta-analysis of the literature on VP indicates that risk factors 
for new fracture after VP for osteoporotic compression fractures included lower body mass index and bone mineral density, as well as leakage of cement 
into an adjacent disc space.?°? Refracture may also occur around the cement at the same level previously treated with VP. The best treatment for refracture 
after VP is unclear and may involve nonoperative treatment versus a repeat VP or open operative intervention with decompression, possible anterior column 
reconstruction, and posterior instrumented fusion, with or without screw augmentation. 


VENOUS THROMBOEMBOLISM 


Venous thromboembolism is estimated to occur in about 2.5% of patients with vertebral fractures and prophylaxis of venous thromboembolism remains an 
area of controversy in spinal trauma.!24209.222,291 Patients with spine trauma, or SCI warranting ICU monitoring, are considered high-risk for developing 
VTE.2°9:222 There is a lack of high-quality evidence on this subject in regard to the timing of initiation following injury and/or surgical intervention. Recent 
large retrospective studies have suggested DVT chemoprophylaxis should be started within 24 to 48 hours postoperatively.!%*9! Some other retrospective 
reviews have demonstrated no increased risk of epidural hematoma with initiation of chemoprophylaxis either before or after 48 hours postoperatively. A 
recent international consensus meeting of orthopaedic spine surgeons concluded the following: traumatic spine fractures treated surgically are considered 
high risk for VTE development (moderate strength recommendation, strong consensus), VTE chemoprophylaxis should be considered in patients 
undergoing multilevel fixation surgery and in patients with anterior approach to the spine (limited strength recommendation, strong consensus), and VTE 
chemoprophylaxis can be started 24 to 48 hours after surgery (limited strength recommendation, strong consensus). 1?? 


Precluding lower limb injuries, all trauma patients should receive sequential compression devices. In the setting of absolute contraindication to 
chemoprophylaxis due to unacceptable bleeding risks, inferior vena cava filter may be considered. 


fa G 
Figure 49-31. Lack of reduction and decompression in the treatment of burst fracture with neurologic deficit, requiring revision surgery. Postoperative lateral 
radiograph (A), sagittal CT image (B), and axial CT image (C) after posterior surgery for an L4 complete burst fracture with radiculopathy in a 48-year-old patient who 
had been involved in a high-speed head-on motor vehicle collision (AO L4 A4; Nx injury). The patient also sustained severe bilateral lower extremity fractures, which 
made it impossible to obtain a detailed neurologic examination. He had persistent, severe radiculopathy after surgery, for which he therefore sought additional 
treatment. Imaging after his initial procedure raised concerns about continued nerve root compression, lack of fracture reduction, and the adequacy of the stabilization 
construct. Sagittal CT image (D), axial CT image (E), lateral radiograph (F), and AP radiograph (G) after revision L3—L5 posteroanterior decompression and fusion 
show successful decompression and restoration of spinal alignment. The patient had immediate relief of his lumbar radiculopathy postoperatively. He returned to his 
distant home and continued to do well in the short term, although his long-term outcome is unknown. 


Figure 4 


2. Complications of vertebroplasty. Axial CT image showing leakage of methylmethacrylate along the anterior aspect of the spinal canal (arrow), causing 


acute paraplegia during multilevel thoracic vertebroplasty for the treatment of steroid-induced multilevel thoracic compression fractures with intractable pain. 


Bailey CS, Urquhart JC, Dvorak MF, et al. Orthosis versus no orthosis for the treatment of 


thoracolumbar burst fractures without neurologic injury: a multicenter prospective 
randomized equivalence trial. Spine J. 2014;14(11):2557-2564. 


Demonstrates that many burst fractures may be treated nonoperatively without the need 
for a brace. 


Bellabarba C, Fisher C, Chapman JR, et al. Does early fracture fixation of thoracolumbar 
spine fractures decrease morbidity or mortality? Spine (Phila Pa 1976). 2010;35(Suppl 
9S):S138-S145. 

Caron T, Bransford R, Nguyen Q, et al. Spine fractures in patients with ankylosing spinal 
disorders. Spine (Phila Pa 1976). 2010;35(11):E458-E464. 


Chapman JR, Agel J, Jurkovich GJ, Bellabarba C. Thoracolumbar flexion-distraction 
injuries: associated morbidity and neurological outcomes. Spine (Phila Pa 1976). 
2008;33(6):648-657. 


Denis F. Spinal instability as defined by the three-column spine concept in acute spinal 
trauma. Clin Orthop Relat Res. 1984;189:65—76. 


Esses SI, McGuire R, Jenkins J, et al. American Academy of Orthopaedic Surgeons 


clinical practice guideline on the treatment of osteoporotic spinal compression fractures. J 


Bone Joint Surg Am. 2011;93(20):1934-1936. 


Evaluates the impact of early surgical intervention in the treatment of unstable 
thoracolumbar fractures. 


Emphasizes the special considerations required when treating thoracolumbar fractures in 
patients with ankylosing spinal disorders. 


Evaluates associated injuries, complications, and outcomes associated with flexion- 
distraction injuries of the thoracolumbar spine. 


First described the three-column theory as it pertains to thoracolumbar spine stability. 


Outlines the most recent AAOS guidelines regarding the management of osteoporotic 
fractures. 


Fehlings MG, Vaccaro A, Wilson JR, et al. Early versus delayed decompression for 
traumatic cervical spinal cord injury: results of the surgical timing in acute spinal cord 
injury study (STASCIS). PLoS One. 2012;7(2):e32037. 


Discusses the association between earlier decompression of the spinal cord in the setting 
of SCI and improved neurologic outcomes. 


Firanescu CE, de Vries J, Lodder P, et al. Vertebroplasty versus sham procedure for Study fails to demonstrate any difference in outcome between VP and a sham procedure 
painful acute osteoporotic vertebral compression fractures (VERTOS IV): randomised for the treatment of acute osteoporotic fractures of the thoracolumbar spine. 
sham controlled clinical trial. BMJ. 2018;361:k1551. 


Maynard FM Jr, Bracken MB, Creasey G, et al. International standards for neurological Introduces the ASIA classification and assessment for spinal cord injuries. 
and functional classification of spinal cord injury. Spinal Cord. 1997;35(5):266-274. 


Vaccaro AR, Lehman RA Jr, Hurlbert RJ, et al. A new classification of thoracolumbar Introduces the TLICS, a scoring system that integrates injury morphology, integrity of the 
injuries: the importance of injury morphology, the integrity of the posterior ligamentous PLC, and neurologic status in the surgical decision-making process for the treatment of 
complex, and neurologic status. Spine (Phila Pa 1976). 2005;30(20):2325-2333. thoracolumbar fractures. 

Vaccaro AR, Oner C, Kepler CK, et al; AOSpine Spinal Cord Injury & Trauma Describes the new AOSpine classification for thoracolumbar injuries. 


Knowledge Forum. AOSpine thoracolumbar spine injury classification system: Fracture 
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FUTURE DIRECTIONS RELATED TO PELVIC RING INJURIES 


INTRODUCTION TO PELVIC RING INJURIES 


Pelvic ring injuries present a wide spectrum of injury patterns. The degree of energy placed onto the pelvis during the trauma, the patient’s bone quality, the 
patient’s medical comorbidities, and physiologic age play a significant role in this spectrum of injuries and treatment decision-making process. The complex 
interplay between the multiple ring components that can be injured and the soft tissue considerations require the surgeon to have the utmost understanding 
of these injuries. As a result, pelvic ring injuries can be among the most challenging injuries treated by orthopaedic traumatologists. Significant cross-talk 
between multiple subspecialties is often required to provide the best possible outcomes. 

Many controversies still exist as to the best method of treatment for particular fracture patterns. The treatment of pelvic ring injuries has evolved 
considerably resulting in improved outcomes for all patients, especially in terms of mortality. 10-38-48,58,82,222,247,362 With the increasing age of the population 
and unfortunately the decreasing bone quality that accompanies aging, new fixation techniques are being evaluated and used in an effort to improve 
outcomes in the geriatric patient population.2°* 119.140.273.275 Fixation constructs and methods of resuscitation of the trauma patient with a pelvic fracture 
continue to improve. !415.38,48,58,82,109, 182,199,247 The foundation of pelvic fracture management continues to be based on the fundamental understanding of 
pelvic anatomy and pathophysiology. Treatment not only includes the orthopaedic aspects of fracture fixation but also effectively manages the hemorrhage 
and other associated injuries that accompany these potentially life-altering fractures. Although many stable fractures can be managed nonoperatively, recent 
literature has questioned our understanding of the “stable” fracture and what can be effectively managed without surgery.!%!!° Most unstable fractures 
continue to require surgical intervention to allow for the best functional outcome possible.!7! As a result of improvements in automotive safety features as 
well as emergency medical services (EMS) response and transport times, poly-traumatized patients who have pelvic ring injuries are surviving and 
presenting to trauma centers. This has also been aided by the increased use of binders in the field and in the emergency room upon arrival. Increased 
knowledge of pelvic ring injuries by emergency room physicians, trauma surgeons, and especially orthopaedists is paramount for expeditious diagnosis, 
management, and appropriate treatment to be rendered to the patient. One epidemiologic study?” conducted over a 10-year period showed that pelvic ring 
injuries can affect all ages, but the predominant age group affected was 18- to 44-year-olds with an overall mean age of 45. The geriatric population 
constitutes about 22% of the overall number of patients with pelvic ring injuries. Men are affected slightly more than women (56% vs. 44%). The incidence 
of pelvic ring injuries was reported to be 0.82 per 100,000 people.°° In addition, with the increasing age of our population and the increasing number of 
“geriatric” trauma patients, pelvic fixation in the osteopenic bone is an increasing concern. Although morbidity and mortality related to pelvic ring injuries 
continue to be problems, it is increasingly accepted that anatomic reduction and stabilization of displaced injuries can improve outcome.®76!38 This 


association between reduction and outcome is well known from early reports on the management of pelvic ring injuries.”©!3®:!83 Hemodynamic instability 
in patients with pelvic ring fracture is a concern, and more aggressive means of addressing pelvic bleeding such as retroperitoneal packing and continued 
use of angiography are being employed. These aggressive resuscitative measures can help decrease mortality. 134236,274,326 

An understanding of the anatomy of the pelvis is key to the management and treatment of pelvic injuries. The pelvis should be viewed as a ring 
structure. Therefore, any break in this ring can lead to stability issues, which may require operative intervention to restore the pelvic anatomy and stability, 
allowing optimal functional outcome for the patient. Common fracture classifications for pelvic ring injuries are based on the mechanism of injury or 
stability, with overlap between classifications. However, stability of the pelvic ring is the fundamental concept that drives treatment decisions. 
Hemodynamic instability may be an extension of fracture instability, with unstable fracture patterns associated with a higher incidence of bleeding. 

The pelvis is divided into anterior and posterior aspects, and injuries to these respective areas will dictate treatment. In general, a single break in the ring 
does not lead to instability, whereas for unstable injuries there are always injuries to at least two areas of the pelvis. An account of the accident in which the 
patients sustained a pelvic ring fracture can help determine the mechanism of injury and help classify the pattern. The Young and Burgess classification 
categorizes fracture patterns based on such mechanisms into three anteroposterior injuries (anteroposterior compression [APC] I, II, III), three lateral 
compression injuries (LC I, II, II), vertical shear (VS), and combined mechanism (CM). Most importantly, this classification can help the trauma surgeon to 
predict associated injuries.°°° 

The morbidity and mortality accompanying pelvic ring injuries has been well documented since the early 1970s. At that time, some pelvic ring 
disruptions were treated with skeletal traction and pelvic slings to prevent excessive cephalad migration of the hemipelvis.*°* Reports of vertically unstable 
pelvic ring injuries treated nonoperatively documented a high incidence of poor functional outcome and chronic pain in those patients and mortality up to 
18%, 138,308 Subsequent to these studies, external fixation came into practice in the management of vertically unstable fractures to improve mortality and late 
morbidity. 

In their series of patients, Slatis and Huittinen, in 1972, documented a high morbidity and mortality associated with vertically displaced unstable pelvic 
ring injuries.2°8 The pattern of the posterior lesion (fracture vs. dislocation) and the final position of healing determined pain and functional outcome. 
Management of the multiply injured patient, especially with respect to the musculoskeletal system and specifically pelvic ring fracture management, 
continues to improve.!5>19.298 Early stabilization of long bone fractures was stressed. The use of external fixators for treating patients with pelvic ring 
injuries continued to increase. Initially, surgical stabilization came in the form of an anteriorly placed external fixator used alone. These anterior-only 
constructs were found to be ineffective in controlling vertical and posterior displacements of the posterior aspect of the ring.!®°!®! Subsequent clinical 
outcome studies regarding the use of external fixators for posteriorly unstable injuries showed the same poor results as with nonoperative management. 
There was some suggestion that traction may have been more successful at treating vertically unstable injuries.'°° In contrast, certain APC and LC injuries 
could be managed sufficiently by external fixation alone. 

Over time, there has been a better understanding of the biomechanics involved in the management of severe unstable pelvic ring injuries. 
Surgical techniques have improved, and studies showed improved outcomes with anatomic reduction of the posterior ring.” The addition of anterior 
fixation, in the form of either an external fixator or symphyseal plate, has increased the biomechanical stability in cases of vertical instability.?86319 Early 
operative stabilization allowing mobilization of the patient improved short-term patient outcomes.*”’ These successes with operative stabilization have led 
to development of newer devices and techniques, such as iliosacral (IS) screw fixation, lumbopelvic fixation, and internal pelvic fixators. 184293,294,346,348,349 
Although anterior external fixators have advantages for temporary fixation and for definitive management of some complex anterior fracture patterns, plates 
for symphyseal injuries avoid the pin tract complications seen with external fixators and improve the biomechanics and clinical outcome.*®%787,319.353 

To determine factors that may predict mortality in patients presenting with pelvic ring injuries, various researchers have queried the National Trauma 
Database. Arroyo et al. reported that there were more 41,200 cases of pelvic trauma, 17% had one or more complications, and in-hospital mortality was 
7%.!9 Wang et al. reviewed the National Trauma Data Bank but limited their population to those pelvic trauma patients that were initially stable upon 
presentation.*°° Over 30,000 pelvic fracture patients who were hemodynamically stable on arrival were reviewed and included in their analysis. The overall 
mortality was 2.7%. They found that mortality was increased twofold in the middle-aged patient but fourfold in the geriatric patients (>70 years) in the 
presence of a pelvic fracture compared to those trauma patients without pelvic injury. Those patients who had a higher severity of injury, Glasgow Coma 
Scale (GCS) below 8, or a GCS between 9 and 12, prolonged ventilation, increased blood administration, or advanced age experienced higher mortality. 
They felt that transport to a level 1 or 2 trauma center was in the best interest of the middle-aged and geriatric pelvic fracture trauma patient. Morshed et 
al.??? also confirmed that mortality was decreased in patients with unstable pelvic and severe acetabular fractures when care was provided at a level 1 
trauma center. In a separate review of over 4,100 pelvic fractures in the National Trauma Databank, increasing age, shock at presentation, and Injury 
Severity Score (ISS) were important predictors of mortality after pelvic trauma. Cardiac events were more likely to occur in obese and older patients. ° 

Treatment algorithms have been created to reduce the significant morbidity and mortality associated with these severe pelvic injuries and to improve 
functional outcomes. Unfortunately, however, the mortality of many multiply injured trauma patients with pelvic ring injuries is related not to the pelvic 
ring fracture but to associated head injury, chest injury, or abdominal injury.” Ongoing blood loss can be a significant contributor to mortality, especially in 
the unstable pelvic ring injury.®° It is important to note that a multidisciplinary approach to the management of these patients, including involvement of the 
orthopaedic traumatologist, has been shown to improve patient survival.?? The author hopes to provide orthopaedic surgeons with an understanding of the 
current management and treatment of pelvic ring injuries. 


ASSESSMENT OF PELVIC RING INJURIES 


MECHANISM OF INJURY FOR PELVIC RING INJURIES 


Pelvic ring injuries have a bimodal age distribution, with high-energy injuries occurring in young patients and low-energy injuries occurring in elderly 
patients. In the younger cohort, motorcycle and motor vehicle accidents and pedestrian struck by vehicles are the most common mechanisms. Other less 
common mechanisms include falls, equestrian accidents, and crush injuries. Despite advances in airbag technology, center console design, and other state- 
of-the-art safety measures in modern motor vehicles, side impact continues to be a major risk factor for pelvic ring fracture mortality and morbidity, as does 
vehicle size mismatch.°° In addition, these patients often present with associated bony, visceral, and soft tissue injuries. The development of a classification 
scheme based on mechanism of injury has provided a better understanding of the associated injuries seen with pelvic ring injuries. The Young and Burgess 
classification is based on the mechanism of injury, and specifically the direction of force applied to the pelvis during injury. These investigators described 


55,118,286 


four groups of injuries: APC, LC, VS, and CM. Studies have shown that the mechanism of pelvic injury can correlate with mortality.”°!94+198.308 The 


overall mortality for APC injuries is approximately two- to threefold higher than LC injuries. 


INJURIES ASSOCIATED WITH PELVIC RING INJURIES 


Many patients with pelvic ring injuries have multisystem injury. These patients will often have associated head, thoracic, and abdominal injuries, in addition 
to other extremity injuries. Previous studies?*:”° have indicated that the most frequently encountered injuries associated with pelvic ring injuries in general 
are chest injuries (63%), long bone fractures (50%), head injury (40%), solid organ injury (40%), and spinal fracture (25%). Intestinal injuries are also 
encountered in up to 14% of patients with concomitant pelvic ring injuries.”° 

It is important to understand the mechanism of injury and the resultant pelvic injury pattern, which can help to elucidate associated injuries. Specifically, 
in patients with APC injuries, there is an eightfold increased incidence in thoracic aorta injuries when compared to patients with blunt trauma without pelvic 
ring fracture.*** APC III injuries are associated with a high rate of circulatory shock (67%) and greater blood loss and transfusion requirements than other 
injury patterns. In addition, in patients who are hemodynamically unstable, there is a higher incidence of acute respiratory distress syndrome (ARDS) 
(18.5%), sepsis (59%), and death (37%). LC injuries tend to be associated with a high incidence of head injury (50%). The most severe, LC II, which can 
occur from a rollover mechanism, is associated with a 20% risk of bowel injury, 40% incidence of concomitant lower extremity fracture, and 60% presence 
of a retroperitoneal hematoma. VS injuries have a high risk of hypovolemic shock (63%), mortality (25%), head injury (56.2%), lung injury (23%), and 
splenic injury (25%).°° Patients with pelvic ring fracture require a systematic well-organized multidisciplinary approach to effectively and efficiently 
manage the multiple injuries that are frequently encountered.!2:2!5 


Genitourinary Tract Injuries 


Bladder and urethral injuries occur in 6% to 15% of pelvic ring injuries depending on the severity of the pelvic ring fracture.9}2%.239 Male patients have a 
higher incidence of urethral injury compared to female patients, with contemporary series suggesting an incidence of 2%.!5° The female urethra is short and 
adjacent to the vagina, which protects it from injury by the pelvic ring fracture. In addition, the vagina has a remarkably low incidence of injury, ranging 
from 0% to 5%.?9 The longer male urethra is divided into anterior and posterior portions, with the latter being more commonly injured from shearing forces 
rather than by direct laceration from bony fragments. In posterior urethral injuries, there is a 10% to 20% associated incidence of bladder rupture.*! 

Because of its location behind the symphysis pubis, a full bladder can be injured easily with extraperitoneal bladder rupture (EPBR) being common. In 
this type of injury, the urine will most likely communicate with the zone of anterior pelvic ring injury. An intraperitoneal bladder rupture (IPBR), which is 
often caused by compression on the distended bladder, results in rupture of the dome which communicates with the peritoneal cavity. While IPBR does not 
result in urine directly communicating with the anterior pelvic ring injury, it often requires urgent repair of the bladder injury. Bladder injuries occur in up to 
10% of pelvic ring injuries, with approximately 60% EPBR, 30% IPBR, and 10% both.©43-44,9°.219 Because the amount of force required to rupture hollow 
structures, such as the bladder, is so high, the associated mortality has been reported anywhere from 22% to 34%.44185 


Figure 50-1. Normal retrograde urethrogram (RUG) demonstrating an intact bladder and urethra. A: A 60-year-old man who was involved in a saddle-related injury 
while riding a horse has an intact bladder with slight herniation through pubic symphysis. B: Normal RUG around an indwelling catheter in a patient with a winter 
sports-related pelvic ring injury. 


Most patients with urologic injury will have gross hematuria, although a small subset of patients may have only the finding of more than 30 to 50 red 
blood cells noted on a urinalysis, which is indicative of an injury.4* These patients should have a consultation with the urology team and a cystogram. In the 
male patient, a dynamic retrograde urethrogram (RUG) is the best study to evaluate for a urethral injury (Fig. 50-1). A Foley catheter is inserted into the 
penile urethra and the balloon is inflated with 1 to 2 mL of saline; 25 mL of water-soluble contrast material is then instilled. An anteroposterior (AP) view 
of the pelvis or a 30- to 45-degree oblique view is obtained under fluoroscopy, if possible, so that any leak posteriorly may be detected since the contrast 
may obscure an injury from being seen on an AP view. Lack of contrast in the bladder usually indicates a urethral disruption, although the bladder may still 


fill with contrast (Fig ). After the RUG is performed, if the urethra is not injured, an attempt is made to pass the catheter into the bladder and a 
cystogram (either plain radiograph or computed tomography [CT] scan) is performed by instilling an additional 300 to 400 mL of water-soluble contrast 
into the bladder.“*° The radiographic appearance of a bladder rupture is demonstrated in F 50-3. Many centers prefer to use CT cystography to 
diagnose bladder ruptures. 


2. Dynamic RUG in patients with urethral injuries in setting of pelvic ring injury. A: Partial urethral injury in a 63-year-old man, with contrast 
B: Complete urethral injury in a 28-year-old man. 


B 
3. CT cystograms demonstrate a large extraperitoneal bladder rupture in a 50-year-old male patient with an APC III pelvic ring injury (patient is in a sheet). 


Clear communication between the orthopaedic trauma service and the urologic service is recommended to ensure that urologic treatment does not 
prevent or hinder potential orthopaedic interventions for the pelvic ring injury.” This communication is critical in the setting of suprapubic catheter (SPT) 
location placement as well as its use for definitive management of urologic injuries. While only 8% of genitourinary reconstructive surgeons believe that 
SPT increases hardware infections, 92% of Orthopaedic Trauma Association (OTA) surgeons thought that it increased risk for hardware infection.°” IPBRs 
are treated with laparotomy and suture repair, and preferably should be drained by Foley catheter. If this cannot be accomplished, then an SPT should be 
placed away from the site of the surgical incision (Fig 1). If anterior fixation is required, it can be accomplished in the same setting, or an anterior 
external fixator can be placed if the fracture pattern warrants it. An EPBR can be treated nonoperatively with Foley catheter drainage and antibiotic 
prophylaxis.*°? However, in situations for which an open reduction and internal fixation (ORIF) of the anterior pelvis is necessary, both bladder repair and 
ORIF of the anterior pelvic ring can be performed at the same surgical setting through the same incision. If an extraperitoneal bladder injury is not repaired 
or repair is contraindicated, then strong consideration should be given to external fixation as the definitive treatment for the anterior pelvic injury, since 
internal hardware may be contaminated by urine.”* Nonoperative management of EPBRs has a reported complication rate of up to 26% versus 0% in 
operatively managed bladder ruptures. 
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Figure 50-4. Patient with pelvic ring injury and associated bladder disruption. Suprapubic catheter has been placed in a poor position, directly in the way of the 
Pfannenstiel incision (dashed line). 


The treatment of urethral tears in male patients is controversial and ranges from endoscopic realignment to acute suprapubic drainage followed by 
delayed reconstruction.!67:?19 Advocates of realignment procedures note decreased stricture rates from 14% to 45% versus almost 100% in delayed 
reconstructions.?! In either case, the bladder must be reliably drained to avoid complications from extravasation of urine in the face of internal anterior ring 
fixation. 


Open Pelvic Ring Injuries and Gastrointestinal Injuries 


Open wounds may occur anywhere along the course of the iliac crest or through the perineum (Fig. 50-5). With significant trauma and high-energy injuries, 
pelvic ring fracture fragments can penetrate soft tissue, resulting in direct communication with the external environment, resulting in an open fracture in up 
to 5% of patients with a pelvic ring fracture.*® In addition, the bony fragments may cause direct damage when in contact with the visceral cavity. 
Furthermore, open fractures may occur from the tensile forces in APC-type injury in the midline. In a polytraumatized setting, small perineal wounds can be 
missed or have a delayed diagnosis. Assessing the initial pelvic CT scan for extraluminal air using lung windows can help identify potential open injuries 
that may go unnoticed.*°” These open pelvic ring injuries are often contiguous with the vagina or rectum resulting in contamination. This can significantly 
increase the number of complications including osteomyelitis, deep pelvic infection, long-term disability, and mortality. Jones et al.!5! reported on a 
classification of open pelvic ring injuries: class 1, 2, or 3. Class 1 fractures were open pelvic ring injuries in which the pelvic ring is stable. In class 2 
fractures, the pelvic ring is rotationally or vertically unstable, and there is no rectal or perineal wound. In class 3 open pelvic ring injuries, the ring is 
rotationally or vertically unstable, and a rectal or perineal wound with potential for fecal contamination is present. Many of these class 3 patients developed 
sepsis, resulting in a 44% mortality rate. Clinical examination of patients with a pelvic ring fracture should include a careful genitourinary examination to 
ensure that no occult open fracture has been missed. A digital rectal examination and a vaginal examination should be performed in female patients. Open 
pelvic ring injuries with fecal contamination have been associated with a mortality rate of up to 50%.*°? Therefore, early recognition and appropriate 
therapeutic interventions and broad-spectrum antibiotics are required.!7° 
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Figure 50-5. Image of an extensive perineal wound associated with an APC pelvic ring injury after a motorcycle collision. 


Injuries that damage the anal sphincter or the gastrointestinal tract may require diverting colostomy and emergent irrigation and debridement of the 
fracture. Any potential for fecal contamination of a fracture site or the open wound should be addressed with fecal diversion and distal washout in an effort 
to prevent infection (Fig. 50-6).°* The actual placement of the colostomy should be as high as feasible and as far as possible from any potential surgical 
approaches for pelvic ring fracture fixation. Ideally, to maximize outcome and minimize sepsis and death, the diverting colostomy should be performed 
within the first 6 to 8 hours after injury.2°* 

In cases in which fecal contamination is not a concern, open fractures can be treated with regular irrigation and debridement and handling of the soft 
tissues as indicated along with intravenous antibiotics. Similarly, an open fracture communicating with the vagina can be managed with serial irrigation and 
debridement, packing, and eventual closure of the vaginal wound over a drain when clean. 


SIGNS AND SYMPTOMS OF PELVIC RING INJURIES 


Multiply injured patients require a thorough evaluation, including a careful history regarding the mechanism of injury. Prehospital personnel can provide 
valuable information. Taking into account the mechanism of injury, patient presentation, and physical examination, a suspicion for an occult pelvic ring 
fracture may be raised. 

Initial evaluation by the trauma team during the primary survey begins with airway evaluation and management, ensuring that the patient is adequately 
moving air as well as oxygenating appropriately. In all cases, but especially in the hemodynamically unstable patient (systolic blood pressure [SBP] <90 
mm Hg), sources of hemorrhage must be identified emergently. Traumatic wounds with obvious bleeding should have dressings applied to minimize 
ongoing blood loss, with appropriate surgical management to follow. Careful monitoring of patients throughout their emergency department (ED) trauma 
resuscitation is vital. Determination of the appropriate studies or interventions to determine internal bleeding such as a CT scan, focused assessment with 
sonography for trauma (FAST), or diagnostic peritoneal lavage (DPL) is often surgeon and institution dependent as well as dependent on the patient’s initial 
presentation.*®!22,163,218,343 Patients who present initially with hemodynamic stability can quickly decompensate. Thus, patients with multiple injuries 
require close observation in the intensive care unit (ICU) for the first 24 to 48 hours. 
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Figure 50-6. A, B: Patient with an open perineal wound that extended posteriorly toward the anus. Patient had a diverting colostomy placed to decrease 
contamination load in the area of the perineum after stabilization of the pelvis with an external fixator and formal irrigation and debridement of the wound. C: Note 
colostomy placed relatively cranial and medial in the left upper quadrant, which will allow for possible lateral window exposure if needed. 


If the patient does not require emergency surgical exploration and remains stable, or no clear source for the patient’s hypotension can be found, one can 
carefully proceed with the secondary survey while providing fluid resuscitation. Continual reassessment of the patient, especially the airway, breathing, 
circulation (ABCs), should be occurring. During the secondary survey, other injuries should be identified, especially those that may contribute to ongoing 
blood loss, which may also push the stable patient over the edge and into shock. If the CT scans have ruled out the chest and abdomen as the source of 
hemorrhage, persistent blood loss and hypotension are considered pelvic in origin. A finding of a pelvic hematoma greater than 500 cm? in size has been 
shown to have a 4.8 times increased risk of arterial injury and need for angiography.2*:2>-62 


Physical Examination 


When evaluating patients with suspected pelvic ring injuries, physicians should consider distracting injuries but focus on assessing the perineum, rectum, 
vagina, and urologic system and perform a thorough neurologic examination. Patients may present with clinical signs suggestive of pelvic injury. VS 
injuries may present with lower extremity shortening and external rotation of the affected side. Unstable LC injuries may have an internal rotation deformity 
of the lower extremity compared to the contralateral side. APC injuries often present with scrotal edema in the male trauma patient. A palpable hematoma 
over the perineum (Destot sign), above the inguinal ligament, or the proximal thigh may be indicative of a pelvic ring fracture with concomitant bleeding 
(Fig. 50-7). Flank ecchymosis, or the Grey Turner sign, is indicative of retroperitoneal hemorrhage. Visual inspection and examination can lead to the 
diagnosis in many instances. In the conscious patient who can cooperate, the physical examination can yield 90% sensitivity in the diagnosis of a pelvic ring 
fracture.'!7 Neurovascular assessment of the lower extremities, inspection of the skin to rule out open wounds, examination of the perineum for ecchymosis 
or frank blood, and palpation of the soft tissues to assess for fluctuant areas indicating potential degloving (Morel-Lavallée) injuries should be included in 
the examination. 

Gross instability of the pelvis can often be detected by direct manual compression and manipulation of the pelvis. Subtle instability is often difficult to 
detect. However, any manipulative attempts should be done only once, as this can elicit pain and be extremely uncomfortable for the patient. Furthermore, 
repetitive manipulation can dislodge clots and cause persistent bleeding. AP or internal compression should be applied directly to the iliac wings. Instability 
can be detected with posterior displacement or rotation of the hemipelvis. In addition, direct posterior pelvic palpation has been found to have high 
specificity and sensitivity in detecting posterior ring pathology in the awake and alert patient. Manual palpation and stress is not needed in cases in which 
gross disruption of the pelvic ring is noted anteriorly or posteriorly on imaging. 


Figure 50-7. Patient with an APC II injury with significant ecchymosis in the perineum and above the inguinal ligaments bilaterally. 


Blood from the rectum or urethra often is indicative of an underlying injury, whereas in the nonmenopausal female, vaginal bleeding may be indicative 
of menses. However, in the female patient with a pelvic ring fracture, a vaginal examination is warranted to rule out mucosal tears. Rectal examination with 
frank blood may indicate a communication with the gastrointestinal tract, which requires colostomy. In the past, a high prostate on rectal examination was 
considered an indication for bladder or urethral injury, this is no longer the case and this finding is unreliable and not useful. Associated and 
communicating open injuries may require dual management with the appropriate service for the open and contaminated pelvic ring fracture. 

Given the proximity of the lumbosacral plexus to the pelvis, it is crucial to obtain an accurate neurologic examination. Bilateral functional motor testing 
of the lower extremities (Table 50-1) should be performed in all trauma patients. The most opportune time to perform a neurologic examination is routinely 
at presentation since many patients receive sedation and/or are intubated shortly after presentation. Despite variable mental status, some information can be 
gathered from the physical examination. When performing the rectal examination, rectal tone and the bulbocavernosus reflex can be assessed to rule out 
associated spinal cord injury. In the female patient, the bulbocavernosus reflex can be elicited by gently tugging on the Foley catheter. In the awake, 
cooperative patient, peripheral nerve examination is possible primarily for distal motor groups in the lower leg. Extra attention should be paid to testing the 
L5 and S1 nerve roots due to their frequent involvement in sacral fractures. The L5 nerve root lies on the sacral ala. The sacral nerve roots can be injured in 
transforaminal sacral fractures. Perineal sensation should be tested to evaluate the lower sacral nerve roots. Proximal muscle testing can be limited 
secondary to pain associated with the pelvic ring fracture, although simple contraction of muscle groups can be assessed and documented. Documentation of 
neurologic deficits or the inability to test for such deficits is warranted for medicolegal purposes as well. 


TABLE 50-1. Lower Extremity Motor Testing 


L1-2: Hip flexors 


L3—4: Quadriceps/knee extension 
L4—5: Ankle and toe dorsiflexion 
L5: Ankle abduction 

S1: Ankle plantarflexion 


S2-3: Toe plantarflexion 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PELVIC RING INJURIES 

Plain Radiography 

Plain radiographs are still the mainstay of initial diagnostic imaging, although recent clinical trends favor CT scanning, sometimes in lieu of plain films. The 
most recent Advanced Trauma Life Support (ATLS) protocol* (10th edition) still recommends an AP pelvis as part of the initial trauma radiographs: “An 
anteroposterior view of the pelvis should be obtained early for all patients with multiple injuries who have no hemodynamic abnormalities and for whom a 
source of bleeding has not been identified.” While the AP pelvis radiograph can be used to routinely identify anterior pelvic ring injuries and L5 transverse 
process fractures, this radiograph cannot reliably be used to identify posterior-based injuries. Therefore, if any fractures are noted in the pelvic ring, then a 
formal pelvis CT scan should be obtained. Using this logic, many institutions have increased the use of immediate CT scan as the initial diagnostic 
examination. A review of imaging practices at two level 1 trauma centers revealed that 62% of trauma patients with severe pelvic ring fractures had both 
plain radiographs and CT scans, 28% had plain films only, 6.4% had CT images only, and 6.4% had no images.’ Some trauma surgeons have an integrated 
trauma CT protocol with complete imaging of the trauma patient (head, spine, chest, abdomen, and pelvis).°°” The use of an early full-body CT scan was 
shown to have an association with increased survival.!*? There are concerns with this protocol regarding radiation dose and intravenous contrast, which may 
limit its widespread acceptance and use. Furthermore, it is important to recognize that if the CT was performed with a pelvic binder or sheet in place, it is 
possible to mask a pelvic ring injury or misjudge the degree of displacement that needs to be corrected (Fig. 50-8).32” 

Dedicated films are often ordered once confirmatory evidence of a pelvic ring fracture exists. “Ghost” images—images (AP, inlet, and outlet) 
reconstructed from CT scans—have also been used in increasing frequency, and the argument has been made that this obviates the need for true AP, inlet, 
and outlet films (Fig. 50-9). Unlike acetabular Judet views, where there is a “dynamic” component because the position of the patient changes, for outlet and 
inlet views the beam changes, so ghost images may be satisfactory if the image quality remains high. The advantage of such reconstructed images is that 
they allow for manipulation to correct rotation and angulation as opposed to plain radiographs, which may be malpositioned. Pekmezci et al.?”4 reviewed 
their retrospective database to evaluate these “ghost” or “virtual” images and compared them to conventional radiographs. They found that these recreated 
images were consistently better, especially for the inlet and outlet. If plain films are obtained, attempts should be made to obtain the best images possible. 
The AP radiograph should not be rotated. The pubic symphysis should be midline and collinear with the sacral spinous processes, but with injury, it is 
difficult to use as a guide. If the patient’s torso is not rotated, the lumbar spinous processes being centered within the pedicles can be used and more reliable 
in pelvic ring injuries. However, one must be aware if a patient has a subtle lumbar scoliosis, because it may offset the pedicles due to the rotational 
deformity and thus be confused for an injury. Such properly aligned imaging will facilitate diagnosis, especially in subtle posterior injuries. Any asymmetry 
either in the sacroiliac (SI) joint or sacral foramina can be indicative of pathology such as an SI joint dislocation or sacral fracture and underscores the 
importance of a centered AP to allow for such side-to-side comparisons. 

The AP pelvis view is done with the patient supine on the imaging table. The beam is centered directly over the pelvis. All structures of the pelvic ring 
can be assessed for injury on this view. Although displacement is generally visible on this view, the inlet and outlet views help to identify the exact direction 
of the displacement as do orthogonal radiographs in other skeletal regions. 

It is important to appreciate any peculiarity in the appearance of the sacrum on the AP view. Any of the following findings indicate a dysmorphic 


sacrum2””: 


The upper sacrum being collinear with the iliac crest 

Presence of mammillary processes in the alar region 

Uppermost sacral foramen are larger, misshapen, and irregular 

Residual disc space between the dysmorphic upper and second sacral segments 

Alar slope is more acute on the lateral sacral view and thus is not collinear with the iliac cortical density 
Tongue-in-groove SI articulation visible on the CT scan 

An anterior cortical indentation is present in the dysmorphic sacral ala 


Figure 50-8. Two examples of patients who had LC-type injuries that appeared as significant deformity with the sheet/binder in place but for whom the deformity 
improved with removal of the sheet. Of note, the opposite can occur also, with sheet/binder masking an APC-type injury. First patient with sheet in place (A) and 
without sheet in place (B). Second patient with binder in place (C) and patient without binder (D). In both patients, if preoperative planning had been performed based 
on the sheeted images, the surgeon would potentially consider ORIF, but with the binder/sheet removed, the injury is less displaced, and the surgeon would most likely 
perform closed reduction and percutaneous fixation. 


If the upper sacrum appears to be in a different orientation than the distal sacrum, a lateral pelvic or sacral radiograph should be obtained. Such injuries 
can be further delineated by CT scans and reconstructions. In an attempt to aid in the evaluation of the dysmorphic sacrum, CT scans were evaluated to 
determine if quantitative measurements could be obtained to allow for preoperative planning.'°° They reviewed 104 patients to evaluate for the upper 
segment sacral dysplasia and found sacral dysmorphism in 41% of the pelvises. They describe a sacral dysmorphism score that can be determined from a 


CT scan. The higher the score, the lower the likelihood of placing a safe transsacral screw. It has been recommended that SI screw insertion, especially 
202 


transsacral, be performed at the S2 level in the dysmorphic pelvis. 
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Figure 50-9. Plain radiographs and matching ghost images, respectively, of patient with APC III injury: AP (A, B); inlet (C, D); and outlet (E, F) views. 


Figure 50-10. Schematic representing the direction of the incident x-ray beam for inlet projection (A) and outlet projection (B) of the pelvic ring. 


The inlet (see Fig. 50-9C) and outlet (see Fig. 50-9E) views are obtained by directing the x-ray beam caudally and cephalad (Fig. 50-10), respectively, to 
the radiographic plate and aid in the diagnosis and management of these injuries.2*! Obtaining these views may require adjustments in the angle due to the 
patient’s pelvic obliquity and sacral inclination. These angles, historically, were 45 degrees in either direction. A retrospective study using CT data defined 
the “ideal” angles for screening x-rays as 25 degrees for the inlet and 60 degrees for the outlet to profile the anterior sacrum and neuroforamen, 
respectively.” This was true irrespective of the patient’s sex or the presence of sacral dysmorphism. 

The inlet view allows for assessment of an internal or external rotation of each hemipelvis in addition to opening of the SI joint. Impaction fractures of 
the sacral ala are best seen on this view. Because this is a direct view “into” the pelvis from above, any anterior or posterior displacement in the plane of the 
sacrum is also well visualized. 

The outlet view allows for evaluation of sacral fractures with respect to the foramina. Adequate outlet views are in the plane of the foramen and are 
visualized as close to circular, as well as the SI joints. Most importantly, the relationship of each side of the symphysis to one another and the ischia to one 
another allows for detection of flexion or extension deformities in unstable pelvic ring patterns. 

Although these “oblique” images show displacement in a particular direction, it is important to note that the amount of translation is always a sum of the 
displacement vectors in two planes. Hence on an outlet view, any “vertical” displacement is still accompanied by anterior or posterior translation seen on the 
inlet view. Each view must be interpreted within the context of the other. 

Single-leg-stance radiographs, aka “flamingo” views, are dynamic views that aid in identifying occult instability.°°° It is important to note that up to 5 


mm of physiologic motion and translation at the symphysis occurs when obtaining these stress views in women, particularly if they have had children.!8 
The clinical setting in which to obtain these views is still unclear and their utilization ill defined, but they are most useful in late cases where instability is 
suspected.”°9 


Computed Tomography? 


The CT scan has become integral in the management of pelvic ring injuries and can aid in the classification of injuries.!°* Many injuries may be subtle and 
not visualized clearly on plain radiography. In addition, radiographs done in the elderly may be difficult to interpret because of the osteopenia. Fractures can 
be difficult to visualize because of the decreased bone density which can further be obscured in the obese patient. The CT scan can aid in the recognition of 
many of these injuries that go undetected on plain radiographs. Axial cuts of the CT scan should be done in 1- to 2-mm increments. Larger axial slices may 
miss fractures in the axial plane and thus will not be seen on the reconstructed images. In addition, the quality of reconstructed images is improved with 
finer cuts. This is especially true for the three-dimensional (3D) reconstructions (Fig. 50-11). The 3D and other reconstructed images can assist in 
determination of the surgical approach to be used. The sagittal sacral reconstructions are especially useful to evaluate for the presence of kyphosis, which 
may be indicative of a sacral fracture dislocation, U-shaped sacral fracture, or a spinopelvic disassociation (Fig. 50-12). In addition, multiple authors have 
advocated that preoperative planning for IS screw fixation be performed off the CT scans. This has been shown to reduce operating room (OR) time and 
radiation.®! It has also been recommended to be performed to ensure that the optimal screw pathway is feasible!” especially for transiliac-transsacral style 
screws.!®6 Jt is important to recognize that routine CT imaging does not produce standardized images of the sacral safe zones due to the range of sacral 
orientation relative to the body in the CT gantry. McAndrew et al. demonstrated that standardized CT inlet and CT outlet images created perpendicular and 
parallel to the sacrum, respectively, produce reformatted images in standardized planes.?°° These reformats allow for more accurate assessment of safe 
zones for implant placement across the posterior aspect of the pelvis. 


Figure 50-11. CT scans of patient with LC II injury. A, B: Axial and coronal CT scans. C: Three-dimensional (3D) AP. D: 3D inlet. E: 3D outlet. F: The 3D image 
can be manipulated and rotated to visualize injury (180-degree rotation for posterior view). G: A 3D rotation for lateral image depicting crescent fracture. 


Figure 50-12. Patient with spinopelvic disassociation. A: Axial cut clearly shows bilateral sacral fractures. B: Sagittal reconstruction shows the kyphotic deformity 
seen with spinopelvic disassociations. C: A 3D CT scan demonstrating spinopelvic disassociation. 


In a study of 233 consecutive elderly (average age of 85 years) patients with blunt pelvic trauma, conventional radiographs were compared to CT scans 
in evaluating the presence of a sacral fracture.?°° Plain images showed a sacral fracture in only six patients. There was a false-negative rate of 21.7% as the 
CT scan showed sacral fractures in 56 patients which yielded a sensitivity of only 10.5%. They went further in recommending a magnetic resonance 
imaging (MRI) for the patient with blunt trauma that had poor mobilization if no pelvic fracture was seen on the CT scan. Nuchtern et al.?°? felt that MRI of 
the pelvis in patients with osteoporosis would be beneficial in detecting a posterior pelvic fracture. They reviewed 60 patients that had anterior pelvic ring 
injuries in which all underwent clinical examination of the posterior pelvis, CT scan, and MRI. The MRI detected a posterior pelvic ring fracture in 48 
patients (80%). The CT scan missed eight cases (17%). Clinical examination alone revealed the same rate of posterior pelvic ring injury as the CT scan. 
Conversely, a study looking at elderly patients that did have a low-energy pelvic fracture identified on advanced imaging showed that essentially the 
treatment was the same irrespective of the findings.?*° They were all weight bearing as tolerated due to the nondisplaced nature of these injuries and felt that 
perhaps advanced imaging is not required. There was no displacement in any of the patients. Because the pelvis is a ring structure, one must always 
remember that a disruption in one location is accompanied by a second disruption somewhere in the pelvic ring. The author follows the flow chart in 
Algorithm 50-1 for identifying and treating elderly patients with pelvic pain and trauma. 


Fluoroscopic Stress Examinations 


AP, inlet, and outlet radiographs as well as the CT scan at the time of presentation are static images; the displacement that occurred at the time of impact is 
not necessarily represented. Sagi et al. were the first to popularize examination under anesthesia (EUA) for occult pelvic ring instability. They used 
fluoroscopic stress views to assist in determining the degree of instability and the subsequent need for operative stabilization. In a series of 68 patients 
undergoing fluoroscopy after an initial determination of stability, 34 were believed to have stable patterns (APC I or LC I), but 41% (14) were found to have 
sufficient instability on stress examination to warrant operative fixation.” More recently, DeKeyser and colleagues analyzed a series of 70 patients with 
LC 1 pelvic ring injuries in the ED with fluoroscopic EUA. Thirteen patients had positive stress examination (>10 mm overlap of the rami) and had similar 
findings when they underwent a formal EUA in the OR.® These findings suggest that a EUA in the ED, might be a possible cost-effective alternative to OR 
EUA for LC-type injuries. Another method of potentially determining the degree of instability in LC-type injuries was recently described, utilizing the 
lateral stress radiograph as described by Parry et al.24? This technique utilizes an AP radiograph in the lateral decubitus position on awake patients without 
sedation. The investigators report similar motion findings using this technique compared to performing an EUA in the OR. It is important to recognize that 
the last two methods are designed for LC-type injuries while the method described by Sagi et al. can assess instability and motion in multiple planes. The 
author routinely uses EUA in the OR in the setting of a patient who has difficulty mobilizing during the acute hospital stay with a complete anterior and 
posterior ring injuries (Fig. 50-13). With further evidence and training of staff outside of the OR, it may be possible at some centers to adopt the more recent 
techniques of evaluation in the ED. 
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Algorithm 50-1 Identifying and treating elderly patients with pelvic pain and trauma. 


While no specific values for motion have been validated to determine the risk for nonunion or progressive secondary displacement, surgeons routinely 
will make the argument for fixation if the fracture crosses the midline with internal rotation stress or if more than 1 cm of overlap is noted across the 
anterior pelvic ring. More recent work has attempted to validate relative motion during internal rotation stress views for LC pelvic fractures using the 
distance between the acetabular tear drops.'4” Further, research will need to be performed to determine how much motion will result in altered outcomes. 


Magnetic Resonance Imaging 


Although MRI has been useful in the management of certain ligamentous injuries, such as those in knee dislocations, its use in pelvic injuries is limited. CT 
scan imaging provides both fracture and ligamentous disruption information. There has been no clear benefit to the added use of MRI in the acute 
management of pelvic ring injuries. Recently, the use of MRI in elderly patients with pelvic ring injuries has been suggested as a better imaging tool than 
CT but this remains controversial.?7°732 However, in cases of lumbopelvic dissociation or sacral fractures with neurologic compromise, MRI is of benefit in 
determining the areas of neural canal compromise and nerve root compression.*°° The author advocates the use of MRI in elderly patients to rule out 
insufficiency fractures in the setting of pain in the posterior aspect of the pelvis with difficulty mobilizing and a negative CT scan (see Algorithm 50-1). 


A B 
Figure 50-13. Patient with LC I pelvic ring injury undergoing stress examination under anesthesia. A: Fluoroscopic inlet view without stress. B: Same view with 
internal rotation stress applied through the outer aspect of the ilium bilaterally, displaying shortening anteriorly with internal rotation. 


CLASSIFICATION OF PELVIC RING INJURIES 


Like in many areas of orthopaedic trauma, injury classification is helpful as a communication tool and aids in tracking data for research and reporting. In 
pelvic ring injuries, classification predicts resuscitative requirements as well as outcome. 


Malgaine! in 1859 was the first to characterize a pelvic ring fracture when he reported on a patient with a “double vertical fracture,” this was described 
as fractures through both the superior and inferior rami anteriorly, with a concomitant fracture or dislocation through the posterior ring. The first attempts at 
classification of these injuries were in 1965 by Peltier and then again in 1972 by Huittinen.!® Not only did they try to classify the injury based on 
mechanism, but attempted to correlate it with both complications and outcomes. Letournel!®° provided a descriptive classification based on the location of 
the fracture(s) within the pelvis. Pennal and Tile??? gave us the first comprehensive classification scheme based on the structural elements of the pelvis that 
were injured. Denis’! specifically classified sacral fractures based on the location of the fracture within the sacrum. Recently, the AOSpine sacral fracture 
classification was developed by a group of spine and orthopaedic trauma surgeons. This validated instrument aims to provide consistency in injury diagnosis 
and treatment. The classification system describes injuries based on three criteria: morphology of the injury, neurologic status, and case-specific 
modifiers.29°.29° 


Tile Classification 


Pelvic Ring Injuries: TILE CLASSIFICATION 


Type Description 

A Pelvic ring stable 

Al Fractures not involving the ring (i.e., avulsions, iliac wing, or crest fractures) 
A2 Stable minimally displaced fractures of the pelvic ring 
B Pelvic ring rotationally unstable, vertically stable 

B1 Open book 

B2 LC, ipsilateral 

B3 LC, contralateral, or bucket-handle—type injury 

c Pelvic ring rotationally and vertically unstable 

C1 Unilateral 

C2 Bilateral 

G3 Associated with acetabular fracture 


The Tile classification is divided into three types: type A injuries (A1, A2) are stable and can be managed nonoperatively; type B injuries (B1—B3) include 
rotationally unstable injuries that are vertically stable; and type C injuries (C1—C3) are both rotationally and vertically unstable. This classification scheme 
aids in the understanding of the stability of each pelvic ring fracture and the need for surgical intervention. Investigators have reported outcomes based on 
the Tile classification. Type C injuries tend to have the worse outcomes, predominately because of associated neurologic injuries.?”? 


Young and Burgess Classification 


Pelvic Ring Injuries: YOUNG AND BURGESS CLASSIFICATION 


Classification Description 

Lateral compression Anterior injury = rami fractures 

LCI Sacral fracture on side of impact 

LCI Crescent fracture on side of impact 

LC Ill Type I or II injury on side of impact with contralateral open-book injury 

Anterior posterior compression Anterior injury = symphysis diastasis/rami fractures 

APCI Minor opening of symphysis and SI joint anteriorly 

APC II Opening of anterior SI, intact posterior SI ligaments (PSILs) 

APC III Complete disruption of SI joint 

Vertical shear Vertical displacement of hemipelvis with symphysis diastasis or rami fractures anteriorly, iliac wing, sacral 


facture, or SI dislocation posteriorly 


Combined mechanism Any combination of the above injuries 


The most widely used classification scheme today is that of Young and Burgess.*® This classification is based on the mechanism of injury. There are four 
types described: LC (I-III), APC (I-III), VS, and CM. LC injuries are the most common pattern encountered.>?3° These result from side impact injuries 
such as T-bone motor vehicle collisions. The hemipelvis on the side of the impact sustains an inward or internal rotation force, often resulting in ipsilateral 


sacral impaction and/or an iliac wing fracture posteriorly. The anterior injuries are usually rami fractures or occasionally the “locked symphysis.” Rami 
fractures are routinely oblique in nature. These injuries may be rotationally unstable but are vertically stable (Tile type B). Some will have flexion deformity 
of the hemipelvis. The LC injuries are further subclassified by the posterior lesion: 


e The LC [has a sacral impaction fracture (Fig. 50-14). 

e The typical LC II has an iliac wing fracture or the “crescent” fracture, which is a fracture-dislocation of the iliac wing through the SI joint. 

e The LC III or the “windswept” pelvis is a composite injury of an LC I or II on the side of impact, with an opening of the contralateral hemipelvis, 
usually at the SI joint (Fig. 50-15). 


Fig 0-14. A 60-year-old male with LC 1 pelvic ring injury. A: Inlet reconstruction image demonstrates right-sided sacral fracture and internally rotated superior 
rami ae B: Outlet 3D reconstruction, demonstrating anterior and posterior ring fractures. C: Axial CT scan of posterior ring demonstrating sacral impaction 
fracture, most apparent at the sacral ala (blue arrow). D: Axial CT scan of anterior ring injury, note superior rami fracture and soft tissue mass (red arrow indicates 
previous hernia). E, F: Inlet fluoroscopic images during internal stress examination, note baseline internal rotation deformity postinjury. G: Efforts were not able to 
external rotate and improve on internal rotation deformity while externally rotating manually through lower extremity and left ilium. H: Internal rotation deformity 
corrected by placing bilateral 5-mm Schanz pins in AIIS and distract through external fixator using distractor device. I: Distracting device (red arrow) attached to bar 
and used to push on Schanz pin on the right side, note clamp on external fixator bar is lose on the right side, but tight on the Schanz pin. J, K: Final inlet/outlet images, 
external fixator left on for 4 weeks due to fact that surgeon did not want to place a retrograde rami screw near the vicinity of the soft tissue mass noted on the anterior 
aspect of the pelvis. 


However, it is becoming clearer that the LC classification comprises a heterogeneous group of fracture patterns due to the variability in the posterior 
lesion, namely the sacral fracture morphology in lower-grade patterns.“°” In addition, the LC II pattern has been subdivided into three subcategories, 
depending on the level through which the SI joint fracture occurs. It is divided into thirds from the anterior to posterior.°* This subclassification may prove 
useful for surgical decision making. It seems apparent that the three-level classification scheme of LC injuries by Young and Burgess may be too broad for 
this group of pelvic ring injuries. 

The “open-book” pelvis or APC injury was described as AP in nature, but can be from posterior to anterior, and in most cases is caused by severe 
external rotation of one hemipelvis such as those from motorcycle accidents where one leg is sharply rotated. As the injury force progresses from anterior to 
posterior, an external rotation of one or both hemipelvises occurs and is hinged posteriorly through the SI joints or sacrum. Ligamentous structures fail in a 
domino-like pattern with the symphysis failing first. Isolated injury to the symphysis results in an APC I injury ( 50-16). As the force continues 
posteriorly, there is an increasing external rotation and abduction force that is applied to each hemipelvis. Sequential failure of the sacrotuberous (ST), 
sacrospinous (SSp), and anterior sacroiliac (ASI) ligaments occurs under tension. Injury to these structures results in an APC II pattern (F ). A 
symphyseal diastasis larger than 2.5 cm classically indicated disruption of all these structures, thus differentiating the APC I from the APC II injury. This 


2.5-cm cutoff has been questioned in a cadaveric model, where the ASI ligaments did not disrupt in some case until 4.5 cm.’? However, the overall average 
symphysis diastasis measured when the ASI ligaments failed was approximately 2.2 cm, which does support the original value described. In addition, the 
SSp and ST ligaments only disrupted 15% of the time, with the ASI ligaments always disrupting, which is contrary to the original sequence of events. The 
exact clinical significance of their findings has yet to be elucidated. However, a cadaveric study did reinforce the importance of the symphysis pubis and the 
ASI ligaments to external rotation stability.' With sectioning of the ST/SSp ligament complex, there was little effect on external rotation. Continued 
external rotation force results in disruption of the intra-articular and PSILs, producing a completely unstable SI joint and an APC III pattern ( ). 
Biomechanical cadaveric studies show that at this stage, all the supporting ligamentous structures of the pelvic ring, including the pelvic floor and perineal 
musculature, have been completely disrupted. 


E D 
igur -15. Patient with LC III fracture pattern. A: Inlet reconstruction demonstrates posterior and anterior pelvi ring | injuries on the right side. B, C: Axial CT 
scan va the cranial and caudal aspect of the posterior pelvic ring. Cranially the sacral ala fracture propagates into the SI joint and exists through the iliac “crescent” 
fracture. Caudally it appears that the left SI joint might be slightly wide, representing possible injury to left SI joint. D: Schanz pin placed into left hemipelvis and 
external and internal stress performed through pin, with widening of the left SI joint noted with external rotation. 


In VS injuries, the primary force vector is directed cephalad. The injured hemipelvis is displaced vertically, and on x-ray the iliac crest is seen to be 
cephalad when compared to the contralateral side. It has been traditionally felt that a transverse process fracture of L5, which has been avulsed by the 
iliolumbar ligament (ILL), indicated a vertically unstable hemipelvis (Fig. | ). The presence of an L5 transverse process fracture as an indicator of 
pelvic instability has been challenged. In a retrospective review of 54 patients with pelvic fractures, only 19% of the vertically unstable pelvic fractures had 
an associated L5 transverse process fracture.'’’ They felt that an L5 transverse process was more indicative of a pelvic fracture irrespective of the type of 
fracture. Regardless, the presence of an L5 transverse process fracture should alert one to the presence of a pelvic ring injury with the potential for vertical 
instability. 
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Figure 50-16. Patient with APC I injury. A: AP radiograph showing widened symphysis. B, C: CT scan axial and coronal cuts showing measurement of less than 2.5 
cm at symphysis. D-F: 3D reconstructions of AP, inlet, and outlet views. Note the left ramus fracture with external rotation displacement. 


In situations where multiple force vectors result in an injury, a CM pattern is usually seen. These pelvic ring injuries exhibit features from two or more 
of the other types of patterns (Fig. 50-20). 


OTAIAO Classification 


The OTA,’ along with the Association for the Study of Internal Fixation (AO/ASIF), has described a more comprehensive classification scheme.*°° This 
classification system is divided into three groups—type A, B, and C—starting with least severe to most severe. It is used primarily for data collection and 
reporting. The classification systems described do not really aid in planning the surgical approach, operative fixation, or functional outcome for a particular 
patient. 


E 
Figure 50-17. Patient with APC II injury. A-C: AP, inlet, and outlet view radiographs. D: CT scan posterior axial cut showing widening of right SI joint. E: CT scan 
anterior axial cut showing more than 5.7 cm of widening. F: A 3D reconstruction of AP view. 


Fragility Fractures of the Pelvic Ring 


Although historically, pelvic fractures have been an injury resulting from high-energy injuries, fragility fractures involving the pelvis have become more 
commonplace.”°*!!%275 This has been in large part due to the increasing population of older individuals as the life expectancy continues to rise. The pelvic 
fracture morphology in these fragility fractures is different than in the young adult high-energy trauma patient for the most part. This necessitated Rommens 
and Hoffman?”3 to publish a comprehensive classification for fragility fractures of the pelvic ring (FFP). They describe four types, each with 
subclassifications. The FFP type I involves the anterior ring only (subtype Ia is unilateral; Ib is bilateral). The FFP type II has a nondisplaced posterior 
injury with varying degrees of anterior involvement (subtypes Ila—IIc). An FFP type III fracture has a displaced unilateral posterior injury (subtypes IIIa— 
IIIc), whereas the FFP type IV has bilateral posterior involvement ([Va—IVc). Recommendations for surgical management are based on the classification but 
even more so require a multidisciplinary approach requiring the involvement of the family, geriatricians or “patient’s family doctor,” endocrinologists, and 
physiotherapists or rehab physicians.””° Type I fractures generally can be treated nonoperatively, whereas surgical intervention has been recommended for 
types II through IV. Rommens et al. recommended less invasive stabilization techniques over formal ORIF if feasible.?”° 


E 
Figure 50-18. Patient with APC III injury. A-C: AP, inlet, and outlet view radiographs. D: CT scan showing complete left SI joint dislocation. E: A 3D CT 
reconstruction of the AP view. 


The interobserver reliability of the Tile/AO and Young—Burgess classifications was found to be low.”° The most useful aspect of the fracture classifications 
is in their ability to help aid in the overall management of the patient. Osterhoff et al.?37 directly compared the Tile and Young and Burgess classifications 
for their predictive value on mortality, transfusion requirements, and associated injuries in 285 consecutive patients. They found no clinically relevant 
differences between the two. Both classifications indicated a significant relationship between the fracture pattern and the need for transfusion requirements. 
The unstable patterns (Tile B and C, APC-III, LC-III, and VS) in both classifications required significantly more blood transfusions and fluids and also had 
higher Abbreviated Injury Score (AIS) scores. The equivalent of an open-book injury in both classifications was associated with more severe injuries to the 
abdomen, spine, and extremities. The only difference was that the Young and Burgess classification, when broken into partially stable versus unstable 
patterns, did indicate a significantly higher mortality for the unstable patterns (LC II and III; APC II and III; VS; CM). Ruatti et al.*°* evaluated 197 patients 
with pelvic fractures and divided them into a group that required embolization from those that did not. They classified each pelvic ring injury by each 
classification system: Letournel, Denis, Tile, and Young and Burgess. The embolization group comprised significantly more of Tile C unstable fractures and 
anterior lesions (pubic symphysis disruption) according to the Letournel classification. They also found that posterior pelvic ring lesions with iliac wing 
fractures and transforaminal sacral fractures were also more frequently associated with bleeding requiring embolization. They concluded that the 
topographic classification of Letournel and Tile could have predictive value for determining the need for embolization. 
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Figure 50-19. Patient with vertical shear injury. A-C: AP, inlet, and outlet view radiographs showing vertical displacement of right hemipelvis through a complete 
sacral fracture and transverse process fracture avulsion (arrow). D, E: Axial and coronal CT scans. F, G: 3D CT scan reconstructions of inlet and outlet views. 


0. Patient with CM pelvic ring injury. A-C: AP, inlet, and outlet view radiographs showing multiple patterns of APC, VS, and LC injuries. D: CT scan 
axial cut showing posterior injuries. E-G: 3D CT scan reconstructions of AP, inlet, and outlet views showing the multiple patterns of injury. 


Figur 


1. CT scan showing zone I sacral fracture (lateral to the foramen). 


2. CT scan showing zone II sacral fracture—through the foramen—with fragment (arrow) in the S1 foramen resulting in neurologic deficit. 


CLASSIFICATION OF SACRAL FRACTURES 


Sacral fractures are most commonly classified by the system described by Denis.’* It categorizes the fractures based on the fracture line orientation and 
location with respect to the sacral foramina. Vertical or oblique fractures that occur lateral to the sacral foramina are considered zone I fractures ( 

). This is the most common pattern, comprising almost 50% of injuries. Because the fracture is lateral to the foramen, the rate of neurologic injury is low. 
When the fracture line enters the sacral foramina, it is classified as a zone II injury, and these account for about one-third of all sacral fractures (F 

).155 These fractures are accompanied by a neurologic deficit in about 30% of cases.” !5° The zone III injury is a much more heterogeneous group of 
fracture patterns compared to zone I or II injuries. The fracture lines are all medial to the sacral foramina and enter the spinal canal, but can run in a vertical, 
oblique, or horizontal direction (Fig. 50-23). In zone III fractures, the rates of injury to the nerve roots or the cauda equina can be as high as 60% due to 
extension into the spinal canal. Zone III fractures are the least common of injuries with an incidence of 16%. Pelvic stability can be compromised with 
complete sacral fractures, in which a fracture line extends from the anterior aspect of the sacrum and through the posterior cortex on axial views. Moed 
described the vertical midline “split” that is associated with unstable APC injuries of the pelvic ring. Horizontal fractures can be easily missed without fine 
cut CT scans and sagittal reconstructions. Most of the time these horizontal fractures do not affect pelvic stability, but they can affect spinal stability 
depending on the location of the fracture relative to the SI joints. Fractures below the level of the SI joints are stable injuries, but can cause injury to the 
spinal nerve roots and the cauda equina. Fracture fragments may occlude the canal, resulting in injury to these structures usually at the S3 level and below. 


Figure 50-23. CT scan cuts showing zone III sacral fracture through the S1 body (A) and lateral to foramen with extension into spinal canal (B). 


AO Spine Sacral Injury Classification System 


This newly described classification system relies first on the morphologic type of the primary injury. The basic categories for morphology include type A, 
B, and C. This classification system is notable by distinguishing between vertical sacral fractures with and without L5/S1 facet involvement. Fractures 
involving the facet joint may impact spinopelvic stability and therefore are categorized as C1 injuries. The second component to this classification is the 
neurologic status/injury and the last component is the modifiers.2°° The modifiers include soft tissue injury, metabolic bone disease, anterior pelvic ring 
injury, and SI joint injury. 


Modified Roy-Camille (Strange-Vognsen) Classification 


When a horizontal fracture occurs at the level of the SI joints, there usually are associated bilateral vertical transforaminal fracture lines, which can result in 
a U- or H-shaped fracture pattern. These injuries occur because of acute hyperflexion of the pelvis and lumbosacral junction, leading to lumbopelvic 
dissociation as described by Denis,’! Roy-Camille,”*! and Strange-Vognsen.°*? This “disassociation” results in a loss of continuity between the pelvis and 
spine that can lead to a kyphotic deformity, impaction, and potential compromise of the sacral spinal canal. The kyphotic deformity is best seen on sagittal 
reconstruction images of a fine cut CT scan of the pelvis as shown in Figure 50-12B. This contrasts with zone I or II injuries. The lumbopelvic 
disassociation injury is highly unstable and is a result of either VS forces or rotational forces on the pelvis. In these injuries, spinal stability can be affected 
if the fracture line extends proximally and disrupts the L5-S1 articulation,'*° or transforaminal fractures with comminution, fracture separation, and/or 
vertical instability, and may also require triangular osteosynthesis and spinopelvic fixation.?°% 

The Roy-Camille2®! classification initially had three subtypes but was modified by Strange-Vognsen and Lebech??3 to include a fourth subtype. The 
type I patterns have kyphosis (anteriorly flexed) without translation. The type II patterns have kyphosis with posterior translation of the cephalad fragment. 
Type III fractures are completely translated injuries, most often with the cephalad fragment anterior to the caudad segment. The type IV fracture has 
complete comminution without displacement of the cephalad fragment. In addition, these high-energy fractures have been classified into morphologic 
variations based on the fracture configurations: U, H, T, and Y patterns.° 


OUTCOME MEASURES FOR PELVIC RING INJURIES 


Outcomes of pelvic ring injuries have been difficult to evaluate because of the heterogeneity in existing studies and classification schemes. As is the case 
with many trauma outcome scores, many patients are multiply injured and thus it is a challenge for the functional evaluations to relate the outcome to a 
particular injury. In the case of isolated pelvic ring injuries, functional scores may provide some information as to the efficacy of surgical and nonsurgical 
treatment of these potentially horrific injuries. Studies reporting outcomes are flawed in that the patient populations studied are often heterogeneous and 
evaluate all pelvic injury types. Few studies, if any, standardize treatment protocols such that outcome can be tied to procedure. It is obvious that unstable 
pelvic ring injuries inherently have worse outcomes. The outcome is also related to the reduction for certain types of pelvic ring injuries. 

One of the first reports published that makes a clear distinction between bony and ligamentous injuries with respect to the functional outcome was in 
1948 by Holdsworth. 38 He evaluated 50 patients and compared those with pure SI dislocations to those with a fracture of the ilium or sacrum. Patients with 
the pure SI joint dislocation fared worse with respect to returning to work than those with a fracture. He also noted that functional outcome appeared to be 
related to the quality of the reduction. Patients with an anatomic or near-anatomic reduction appeared to do better functionally. A subsequent study by Raf 
in 1966 showed the same relationship between reduction and functional outcome. He also reported on the high incidence of neurologic injury, chronic pain, 
and limp, as well as bowel and bladder dysfunction in patients with unstable or displaced high-energy pelvic ring fracture-dislocations. Dujardin’® in 1998 
also showed that an anatomic reduction improved functional outcomes. 

There are only four outcome scores designed specifically for use in pelvic ring injuries. The earliest to be described was the Majeed pelvic score in 
1989,!°° a patient-reported outcome evaluating five areas: pain (30 points), work (20 points), sitting (10 points), sexual intercourse (4 points), and standing 
(36 points). Van den Bosch et al.*°° validated it against the 36-item Short Form Health Survey (SF-36). Further, they evaluated a group of 37 patients who 
had undergone surgical stabilization of their pelvic ring injury. They found general limitations in functioning after long-term follow-up of an average of 
35.6 months (range 4-84 months). Anterior fixation yielded good results in partially unstable fractures. In completely unstable fractures, patients treated 
with internal fixation for both the posterior and anterior injuries had a better outcome than those treated with posterior internal fixation and anterior external 
fixation. 

The Iowa Pelvic Score (IPS) is a functional assessment tool focusing on the patient’s own perception of their condition. It evaluates the following six 
categories: activities of daily living (20 points), work history (20 points), pain (25 points), limp (20 points), visual pain line (10 points), and cosmesis (5 
points). The higher the score, the better the outcome, with 85 to 100 points designated as an excellent outcome. The IPS has been validated against the SF- 
36 in a study looking at VS injuries where residual displacement in the vertical direction did not correlate with the functional outcome.?”” 

The Orlando pelvic outcome score was described and validated against the SF-36 by Cole et al.,*° but in contrast to the patient-reported SF-36 and IPS, 
it is a clinician-based outcome. It uses six subscales: functional pain (5 points), subjective pain (4 points), narcotic use (1 point), activity status (10 points), 
physical examination (10 points), and radiographic (10 points) for a total of 40 points. The investigators reported a heterogeneous group of Tile C pelvic 


ring injuries and the treatment varied. They did note that associated injuries statistically affected the pelvic outcome score when compared to a group 
without associated injuries, further highlighting the difficulty in functional outcome evaluation of multiply injured patients. 

The Hannover pelvic score was initially described by Pohlemann et al.,?°* and evaluated clinical symptoms and social reintegration. The scale is 1 to 4 
for clinical symptoms and 1 to 3 for social factors, with the total score being 7. This has never been validated against the SF-36. Its use has been limited. 

The Majeed, Orlando pelvis score, and Iowa pelvis score have some methodologic constraints, in that they have not been tested for reliability or 
responsiveness. In a literature review of outcome scores in the management of pelvic ring injuries, it was clear that the current literature was unable to 
provide meaningful data about the functional outcome of these injuries after operative repair.!”® Most of these studies report outcomes of large series of 
patients with pelvic ring fracture with various fracture patterns. There are retrospective data to suggest that relative to partially unstable injuries, completely 
unstable fracture patterns tend to be associated with higher morbidity, varying degrees of long-term impairment and disability, and increased 
mortality.!97,155.272,353 Ty addition, patients with completely unstable injuries fared better with both anterior and posterior internal fixation as opposed to 
anterior external fixation and posterior internal fixation.?2”*35 A long-term clinical outcome study after pelvic ring injuries provided some insight as to 
outcome based on lesion location.”4 There were 109 patients who had a minimum of 10-year follow-up. There were 33 isolated anterior (A), 33 isolated 
posterior (P), and 43 combined (anterior and posterior: A/P) pelvic ring injuries. They looked at the SF-12 and the Hannover score for polytrauma outcome. 
It was clear that when the posterior ring is involved, P and A/P groups, the outcome was much poorer than the A group. A more recent study was conducted 
to determine long-term health-related quality of life (HQRQOL) and ceiling effects in patients with pelvic ring injuries. At a median follow-up period of 8.7 
years, 25% of patients reported significant sexual problems (<3 points on Majeed Pelvic Score), with no difference between Tile A, B, and C injuries. 
Interestingly, 34% of patients had a maximal score of 100 on the Majeed score, with no significant difference between Tile Classification. They noted that 
the long-term HRQOL scores were generally good and similar to the general population.'°° Another recent study assessed the trajectory of functional 
recovery for patients with surgically treated unstable pelvic ring injuries from baseline to 5 years. In this study, the mean Short Form-36 Physical 
Component Score improved for the entire cohort (OTA/AO 61 B1-3 and 61 C1—C3) between 6 and 12 months and between 1 and 5 years. However, it did 
not return to baseline at 5 years.228 

The heterogeneity of the injury patterns in pelvic fracture management and the polytraumatized patient population presents several variables that make 
outcomes assessment extremely challenging in this patient management. Furthermore, better outcome measures need to be developed for pelvic ring injuries 
to improve validity, responsiveness, and reproducibility, allowing for the effects of nonpelvic-ring—associated injuries to be distinguished. Further research 
on the functional outcome after operative repair of pelvic ring injuries is clearly needed. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO PELVIC RING INJURIES 


The pelvis comprises three bones: the sacrum and each hemipelvis, also known as the innominate bones. The innominate bone is a fusion of three 
embryonic components—the ilium, the ischium, and the pubis (Fig. 50-24). The fusion occurs at the triradiate cartilage where the acetabulum develops. The 
articulation of the femoral head with the acetabulum allows the transmission of forces from the lower extremities up to the spine by way of the ilium. The 
ilium has two columns, the first column runs from the ischial tuberosity to the SI joint and allows for force transfer during sitting. The second column runs 
from the dome of the acetabulum to the SI joint and allows for force transfer during standing. The sciatic buttress, an extremely dense region of bone, spans 
both columns. Anteriorly the two hemipelvses are joined at the symphysis pubis. The sacrum, which forms from the fusion of five embryonic sacral 
vertebral bodies, is joined to each hemipelvis posteriorly through the SI joints. Superiorly, it articulates with the L5 vertebral body through the L5—S1 disc 
space and corresponding facet joints. This bony configuration with its ligamentous support creates a structure that connects the spine to the lower 
extremities and is often referred to as the spinopelvic junction. The posterior aspect of the pelvic ring serves as part of the spine (sacrum) as well as being 
the cornerstone for stability of the pelvic ring, namely the SI joints and their related ligaments. 


4. Bony model of pelvis with indicated landmarks. ASIS, anterosuperior iliac spine; AIIS, anteroinferior iliac spine; SI, sacroiliac. 


Figure 50-25. A: Bilateral sacralization of L5 is best visualized on outlet view. B: A 3D reconstruction outlet view with arrows pointing to sacralization. C: Patient 
with unilateral (right side) sacralization of L5 as indicated by arrow. 


Because it is formed through fusion of the five sacral bodies, the sacrum is prone to segmentation anomalies, which need to be evaluated as they can 
affect treatment options and strategies when treating pelvic ring injuries. These segmentation anomalies can be in the form of sacralization of L5 or 
lumbarization of S1; they can be complete (Fig. 50-25A,B; bilateral) or incomplete (Fig. 50-25C; unilateral). The sacrum forms in such a way that the 
posterior aspect is convex and anterior concave, and there are varying degrees of kyphosis inherent in the curvature. Such anatomic and geometric subtleties 
need to be noted when sacral imaging and fixation are considered. 

The three bony structures are held together with strong ligaments. The articulations between each of the bony structures—the bilateral SI joints 
posteriorly and the symphysis pubis anteriorly—are all inherently unstable. The normal anatomic relationships are maintained by these strong supporting 
ligamentous structures. The SI joints are held together with anterior, intra-articular, and PSILs. Additional stabilization of the posterior ring is provided by 
the ST and SSp ligaments. The posterior ring structures are responsible for the majority of pelvic ring stability, whereas the symphyseal ligaments, which 
hold the pubis together, account for only 15% of the stability to the entire ring.*°” These ligaments are responsible for anterior stability. It is important to 
understand the structures that are affected with differing pelvic ring injuries such that appropriate treatment plans can be made (Fig. 50-26). 

The biomechanics of the pelvic ring are also important to understand to aid in treatment decisions. Because the axial skeleton is off axis relative to the SI 
joints and acetabula, the forces on the pelvic ring vary according to the load, principally, either single-leg or bilateral-leg stance. When a person stands on 
both legs, both the symphysis and inferior SI joints are under tension, whereas the superior aspect of the SI joint is under compression. During a single-leg 
stance, the symphysis undergoes compression and VS, while the SI joint forces flip, with compression inferiorly and tension superiorly.*°’ These stresses 
are noted in the intact pelvis. When ligaments are injured, there is an alteration in the directional forces. If the symphysis is disrupted, but the posterior 
ligamentous complex is intact, the symphysis will close, that is, compressional forces prevail, hence the rationale for nonoperative management of an APC I 
injury. The diastasis has been noted to close down over time with mobilization. When the anterior SI ligaments are disrupted in addition to the symphyseal 
injury, there continues to be tension on the symphysis resulting in further widening with weight bearing.!°°” Surgical intervention is then warranted. 


lliolumbar ligament (right) 


Sacrum 


lliolumbar ligament: 
lumbosacral band 


” Anterior sacroliliac 
ligament 


Sacrospinous ligament Sacrotuberous 


ligament 


Lateral 
sacrococcygeal 
ligament 


Coccyx 
Anterior 


A sacrococcygeal ligament 


Short posterior sacroiliac 
ligament 
Long posterior 
sacroiliac 
Interosseous sacroiliac ligament 


ligament 
Sacrum 


Sacrospinous 


ligament Sacrotuberous 


ligament 
Lateral 
sacrococcygeal 
ligament 


Superficial 
posterior sacrococcygeal 


B ligament 


Figure 50-26. Schematic drawing showing ligamentous structures of the pelvis with the left transparent hemipelvis. A: Anterior view—ligaments intact on right side, 
with the sacrospinous and ILL (lumbosacral band) removed on left side for better visualization of underlying structures (sacrotuberous, lateral coccygeal, and full 
visualization of anterior sacroiliac ligaments). B: Posterior view—ligaments intact on right side, with the long posterior sacroiliac and sacrotuberous ligaments 
removed on left side for better visualization of underlying structures (sacrospinous, interosseous sacroiliac, and short posterior sacroiliac ligaments). 


Pelvic ligaments not only support the bony pelvis but also the soft tissue structures contained within the pelvis. With disruption of the ligaments, and 
thus the pelvic ring integrity, there can be hemorrhage from damaged venous and arterial vessels. Notably, the venous plexus is almost always injured to 
some extent with pelvic disruption. The internal iliac vessels and their major trunks pass anterior to the SI joints (Fig. 50-27) and then exit the pelvis 
through the greater and lesser sciatic notches and the obturator foramen (Fig. 50-28). The superior gluteal vessels exit the greater sciatic notch and are 
frequently injured with pelvic ring trauma. 

Disruption of the pelvic ring, either through ligamentous disruption or fractures, requires a significant force. Many visceral structures are intimately 
associated with the bony pelvis and are often injured. Urologic injuries occur with pelvic ring injuries due to the bladder and urethra being immediately 
posterior to the pubic symphysis (see Fig. 50-27). Scrotal hematomas and vaginal lacerations also occur with pelvic trauma because of their proximity to the 
symphysis. Because the rectum is immediately anterior to the sacrum, injury can occur. 


Neurologic injuries can also occur in association with pelvic ring injuries. The L5 nerve root lies on the anterior aspect of the sacral ala and is at risk of 
pelvic ring injuries or during surgical intervention. A number of cadaveric studies have shown that the distance between the L4, L5 nerve root and the SI 
joint is greatest at the intervertebral foramen and significantly decreases as you approach the pelvic brim, at the most anterior aspect of the SI joint. 1+1? As 
a result, the safest place to place retractors and implants on the sacrum are at the level of the sacral promontory or posterior. 

The sacral nerve roots exit from each of the five sacral foramina. These coalesce to form part of the lumbosacral and all of the sacral plexus, which 
innervate the perineal structures and lower extremities. The nerve roots can be injured with sacral fractures, and in zone II injuries may require 
decompression if involved. The primary-named peripheral nerves that exit the pelvis via the greater sciatic notch are the sciatic nerve, the superior and 
inferior gluteal nerves, and the internal pudendal nerve. The obturator nerve exits the pelvis via the obturator foramen (see Fig. 50-27). 
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Figure 50-27. Schematic drawing showing the neurovascular structures within the pelvis. The left hemipelvis is visualized with a transparent sacrum and L5 body. 
The internal iliac branches are seen anterior to the SI joint. The proximity of the bladder and urethra to the symphysis is appreciated. The nerve roots exiting the 
foramen are demonstrated with the L5 nerve root anterior on the sacral ala. 
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8. Arteriogram of pelvic arteries with common iliac and branches noted. Note the superior gluteal artery exiting the greater sciatic notch. 


Pelvic ring injuries ultimately require a multidisciplinary approach for management because of the associated injuries to other organ systems. A full 
understanding of pelvic anatomy is required to treat these fractures, prevent iatrogenic injuries, and provide the best results. These associated neurologic, 
thoracic, and abdominal visceral injuries have been shown to be more predictive than the pelvic ring fracture itself in determining the mortality and 
functional outcome.’”»"*°-?’ Early consultation with urologists and general surgeons is paramount. 


TREATMENT OPTIONS FOR PELVIC RING INJURIES 


INITIAL MANAGEMENT OF PELVIC RING INJURIES 


Initial management of patients with pelvic ring injuries centers on management of skeletal instability and hemorrhage. Some interventions impact one of 
these issues while other interventions address both. Control and treatment of pelvic bleeding remains an integral part of the management of the trauma 
patient with a pelvic fracture.’° Orthopaedic intervention depends on the stability of the fracture pattern as well as the hemodynamic stability of the patient. 
The patient with persistent hypotension warrants prompt diagnosis as to the etiology and appropriate treatment. Massive transfusion protocols and the need 
for immediate uncross-matched blood may be needed for appropriate resuscitation prior to orthopaedic interventions.*”” It has been shown that patients with 
pelvic ring injuries who are hemodynamically stable on presentation have a mortality rate of 3%, compared with a mortality rate of 38% for patients who 
are hypotensive on presentation.“** In a prospective study, 1,339 patients with pelvic fractures were enrolled from 11 level 1 trauma centers.°° The overall 
in-hospital mortality rate was 9.0%. One hundred and seventy-eight patients (13.3%) that were in shock on admission had a 32% mortality rate. Most deaths 
directly related to pelvic ring injuries are caused by arterial and venous disruptions with resultant hemorrhage.*°’ These vessels are intimately associated 
with and supported by the ligamentous structures that stabilize the pelvic ring ( ). Venous structures have been classically considered the most 
frequent source of bleeding, and can be controlled with tamponade from increased tissue pressure within the retroperitoneal space. Unfortunately, a 
considerable amount of blood can be lost within the large pelvic cavity and the retroperitoneal space, even after closure of open-book-type injuries.’~° If 
concomitant arterial bleeding is present, the tamponade of the retroperitoneal tissues can be overwhelmed. Mortality in patients with pelvic ring fracture 
secondary to pelvic hemorrhage usually results from uncontrolled bleeding from single or multiple arterial lacerations.~* Branches of the internal iliac 
system, most commonly the superior gluteal and pudendal arteries, are the usual sources.’’ Contrast extravasation on CT is a sign of arterial bleeding should 
trigger angiography.“”~’?*"° Improvements with the advent of the 64-slice multidetector CT scan has been shown to improve the overall accuracy in 
identifying arterial pelvic bleeding by identifying contrast extravasation.’ Because of the evidence related to contrast extravasation as a strong predictor of 
arterial bleeding, the Eastern Association for the Surgery of Trauma (EAST) guidelines gave a level 1 recommendation for the use of pelvic angiography 


and embolization regardless of hemodynamic status based on a positive finding of contrast extravasation on the CT scan.® In a retrospective cohort study of 
106 patients with a pelvic fracture, contrast extravasation and hypotension correctly identified 26 of 27 patients that required angiography. Another 
retrospective study of 497 patients with a pelvic fracture further stresses the clinical significance of contrast extravasation on CT scans.!°* There were 75 
patients who had contrast extravasation on CT. In reviewing the data, the sensitivity and the negative predictive value of contrast extravasation on CT for 
pelvic arterial bleeding was 100%. The specificity was 87.9% and a positive predictive value of 22.7%. The authors thought that the absence of contrast 
extravasation on CT indicated that the pelvis should not be the source of arterial bleeding. Those who were positive for contrast extravasation had a 
significantly higher mortality. Other factors that may indicate arterial bleeding in pelvic fractures were evaluated in a prospective observational cohort 
study.34° Over a 3-year period at a level 1 trauma center, 143 consecutive high-energy pelvic fracture patients were enrolled. Fifteen (10%) were confirmed 
to have arterial bleeding and were found to be significantly older, have a higher ISS, more hypotension, more acidosis, more ED transfusions, and a higher 
mortality rate. A base deficit of less than 6 mmol/L, difference in BD of greater than 2 mmol/L within 4 hours, SBP of less than 104 mm Hg and the need 
for transfusion in the ED were all independent predictors of arterial bleeding in pelvic fractures that indicated angiography. Even in those pelvic fracture 
patients with negative contrast extravasation on the CT scan, relative hypotension was found to be a potential indicator for the need for angiography.!”4 
Others have looked at coagulation markers as indicators of arterial bleeding.’ They looked at two groups of patients who were admitted with a pelvic 
fracture, either with or without contrast extravasation on CT or angiography. They found that fibrin degradation products (FDPs), D-dimer, the ratio of D- 
dimer to fibrinogen, and the ratio of FDP to fibrinogen were the most useful markers for predicting arterial bleeding. 
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Figure 50-29. Schematic drawing showing vascular structures intimate with ligamentous structures of the pelvis. 


As described earlier, patients with pelvic injuries should be aggressively resuscitated and the causes of hypotension identified expeditiously. Bleeding 
fracture edges may contribute to blood loss, but their clinical contribution to clinically significant decreases in hematocrit and blood pressure has been 
questioned.®* Recognition of the pelvic ring fracture pattern can help guide appropriate diagnostic studies toward the more likely source of bleeding. In 
general, stable LC injuries are not associated with major pelvic bleeding as seen in APC or VS injuries. This was confirmed by a prospective observational 
multi-institutional study of a subset of 163 patients with pelvic fractures presenting in shock.°° The overall in-hospital mortality was 30% for these patients. 
They found that those with an APC III and VS fracture patterns required significantly more hemorrhage control interventions than any other pattern. The LC 
fracture patterns (LC I and LC II) were more likely to not require any hemorrhage control interventions. Further analysis showed that APC III, open pelvic 
fractures, and age greater than 45 were independently associated with the need for pelvic hemorrhage control. Early identification of the pelvic ring fracture 
pattern can aid in the resuscitation of the patient since some injuries are amenable to quick stabilization of the injury, which can decrease ongoing blood 
loss. It is important to remember that severe bleeding can occur in all fracture patterns, and one must take into account the entire clinical picture, which 
should guide the resuscitation and interventions.2+274 

In the hypotensive patient with a pelvic ring fracture and no other source for hemorrhage, acute resuscitation of the patient may include emergent 
stabilization of the unstable pelvic ring fracture. These techniques include traction, military (or medical) antishock trousers (MAST), sheets, commercially 
available binders, and external fixation.?t?76:277 Angiographic embolization to control arterial hemorrhage should also be part of the overall management of 
a patient with pelvic hemorrhage, but its use is unique to each institution.5”!3!!78 Retroperitoneal pelvic packing, which has been performed with some 
frequency outside of North America,9™102-115 has gained some popularity here in the United States®?9° at certain centers. It is clear that all of these 
interventions should be considered, and pelvic hemorrhage management algorithm should be based on institutional capabilities.!!!2!8274 Such algorithms 
can improve outcomes as shown by a review of the German Trauma Registry over a 10-year period, during which the mortality directly due to pelvic injury 


and its resultant hemorrhage decreased significantly from 11% to 7% when such a protocol was initiated. 133 


Transfusion 


Although certain pelvic ring fracture patterns are associated with increased blood loss compared to others, it is important to note that the radiographic 
pattern alone does not necessarily determine the risk of ongoing hemorrhage. The radiograph is a static image and does not accurately portray the 
displacement that occurred at the time of the impact. Early work by Dalal et al.® showed that the most severe APC injury, APC type III, has a high rate of 
circulatory shock (67%) and greater blood loss and transfusion requirements than other types of injury patterns. In a subsequent study by Burgess et al.,°° 
LC patterns also had a much lower blood utilization in the first day than the APC patterns (5.8 units vs. 28.4 units, respectively). However, a more recent 
study showed an equal number of arterial bleeding sites for APC and LC injuries, although APC injuries still had greater transfusion requirements.*°° The 
increased transfusion requirements of unstable fracture patterns as defined by the Young and Burgess classification continue to hold true. Magnussen et 
al.189 showed that 62% of the patients with an APC III injury required a mean blood transfusion of 12.6 units versus 60% of LC III patients, who required 
only a mean blood transfusion of 4.0 units. 

Transfusions should be undertaken as needed to manage hemodynamic instability in patients in whom the pelvic fracture is the suspected sole cause of 
hemorrhage. If the patient remains hypotensive after appropriate and adequate fluid resuscitation, either pelvic arterial bleeding or coagulopathy should be 
suspected. Unfortunately, patients with higher transfusion requirements tend to have an increased risk of death.!3%363 These scenarios require emergent 
intervention to prevent continued blood loss, shock, and subsequent death. 


Angiography 


The use of pelvic angiography as a first course of action in patients with pelvic ring injuries who are hemodynamically unstable is controversial, since 
arterial bleeding requiring embolization has been reported to be low.!5%2.275 Historically, much of pelvic bleeding was thought to occur from the venous 
plexuses and cancellous fracture surfaces. However, there is good evidence to suggest that selective arterial embolization also has benefits and should be 
performed quickly in the presence of ongoing blood loss despite resuscitative efforts, after other sources have been ruled out and binder application has 
failed to stabilize (SBP <90) the patient, as opposed to waiting for emergent external fixation.®%90-99.!31,162,206 Selective arterial embolization could result in 
less blood flow to the region of venous bleeding. 

Timing to angiography is critical for decreasing mortality rates. Tanizaki et al. performed a study in which time to embolization was evaluated: if it 
occurred within 60 minutes of arrival, the patients had a significantly lower mortality rate.330 

The ability of institutions to have prompt angiography has been a concern by many that have used other interventions for acute hemorrhage control such 
as pelvic packing to help improve survival.*833! Some algorithms perform immediate angiography in the hemodynamically stable patient when the FAST or 
CT is negative or there is contrast extravasation on the CT scan.!®8 Angiography is delayed in the unstable patient who underwent laparotomy for a positive 
FAST but remains hemodynamically unstable.!°*.2°° Other algorithms use angiography as a last resort after laparotomy in all hemodynamically unstable 
patients regardless of the FAST examination findings.2°*°2° Although it is controversial as to who absolutely needs arteriography, Starr et al.*!* noted that 
patients who did require it were older and had higher revised trauma scores. Fracture type has not been found to be predictive in determining those who 
require arteriography.!°8 The only clear recommendation for arteriography is in patients with contrast extravasation on CT scan regardless of hemodynamic 
stability.2>-5? The overall success rates have been reported above 95%,!!! and arteriography continues to be a useful adjunct in the management of 
hemorrhage in pelvic ring injuries. In a study of 803 patients with pelvic fractures, angiography was evaluated in a small subset of patients who had 
persistent hypotension despite initial fracture stabilization.2°* They found it to be safe and effective in treating this group of patients. 

Most arterial injuries involve the internal iliac artery and its branches.2°° Therefore, surgical exploration and ligation is not effective and can lead to 
uncontrollable hemorrhage.®8 Embolization may be selective, the distal branches of the internal iliacs, or nonselective, the internal iliac branch itself, 
although the former is preferred.!*:326 A recent multicenter retrospective review looked at whether selective or nonselective embolization was superior.!“4 
They found a significantly increased rate of thromboembolic complications in the nonselective group and recommended selective occlusion when possible. 
It has been shown that multiple sites of bleeding can be present up to 40% of the time.°° The most common branches involved are reported as the superior 
gluteal, lateral sacral, internal pudendal, inferior gluteal (Fig. 50-30), and obturator.?”77:111,158 In a group of 61 patients who underwent angiography for 
hemodynamic instability, 38 patients were positive for arterial bleeding.®* A major vessel was found in 17 patients and branch embolization in 10 patients. 
Eleven required bilateral internal iliac embolization. They also thought that those with an APC fracture pattern benefitted the most from angiography. 

Despite the effectiveness of the procedure itself, complications from arterial embolization should be considered. Liver necrosis, skin necrosis, nerve 
damage, femoral head necrosis, bladder necrosis, adverse reaction to contrast, and sexual dysfunction have all been reported.!°®:225265 Gluteal necrosis has 
been a major concern, especially in cases of bilateral embolization, but it is believed to be caused by either prolonged immobilization or direct trauma to the 
gluteal area as opposed to the actual embolization.® The overall complication rate is anywhere from 0% to 6%.13-178 

It is important to recognize that a number of factors and variables can alter outcomes and complication rates of angiography and embolization.°? One 
potential key factor being the type of physician doing the embolization—whether it is general surgeon trying to keep a patient alive and does not know how 
to perform selective embolization versus an interventional radiologist who performs angiography on a routine basis and is skillful at performing selective 
embolization in a timely fashion. Another factor is the mode of embolization. Gelfoam, which is a reversible process, versus a coil, which is an irreversible 
process. An irreversible process could potentially lead to higher infection and wound healing complication rates. Also, the level of embolization, 
nonselective which is upstream and will decrease blood flow to a larger region versus selective which is downstream and will decrease blood flow to a much 
smaller region. The greater the area of soft tissue that is affected by the embolization will most likely lead to higher areas with compromised blood flow, 
leading to increased infections and soft tissue problems. 
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Figure 50-30. A 38-year-old man with APC pelvic ring injury and hemodynamic instability, undergoing angiography. A: Angiography with AP pelvis demonstrating 
arterial tree. B: Focus on right-sided inferior gluteal artery hemorrhage (arrow). C: Inferior gluteal artery after coiling. 


Pelvic Packing 


The use of pelvic packing has been limited to several North American centers despite its widespread use in Europe and Asia.” This is often done in 
conjunction with the general surgeons during exploratory laparotomy for other potential intra-abdominal injuries. Thus pelvic packing may be preferable in 
the unstable and critically ill patient who is already going to the OR.®® There has been increased use of this technique over the last two decades.60 102,341 
Advocates of its use feel that the majority of bleeding, from the venous system and fracture surfaces, is directly addressed with pelvic packing and external 
fixation with embolization used as a secondary procedure.*”*! For pelvic packing to be effective, it is important to note that the pelvis must be stabilized 
either with a C-clamp or external fixation such that a stable wall exists against which the packing can occur.**-!%.27! In a retrospective review, comparing 
pelvic packing to angiography, the pelvic packing group had a decrease in the amount of blood transfused within the first 24 hours after the procedure, 
which was not seen in the arteriography group. However, overall transfusion requirements, complications, and mortality rates were similar.”°° In a clinical 
trial comparing pelvic packing to angiography, 56 patients were randomized, 29 to pelvic packing, and 27 to angiography.!®? The pelvic packing group were 
sicker (higher ISS). The time to intervention and the overall procedure/surgery time were quicker with pelvic packing. Although the mortality was also 
lower in this group (13.8% vs. 18.5%), it was not significantly so. In another study, pelvic packing had also been found to be quicker than angiography but 
did result in significantly lowering mortality to 21% in a single center study compared to the greater than 30% reported in the literature.*® They advocated 
pelvic packing in the hemodynamically unstable patient who remained unstable despite initial blood transfusions. A retrospective review looking at various 
time periods after institution of angiography and pelvic packing showed improvements with various measures.*® Three time periods were evaluated over a 
15-year period. They defined the three time periods as (1) preangiography, (2) angiography, and (3) pelvic packing. The overall 30-day mortality was 
47.2%. The preangiography phase mortality was the highest at 63.5%, with a reduction to 42.1% with angiography. The introduction of pelvic packing had 
the most significant impact with 30-day mortality decreasing to 30.6% with packing to be a significant independent predictor for 24-hour mortality. A 
review of the literature supports the use of pelvic packing as part of a damage control protocol and should be part of one’s armamentarium.”*° The EAST 
guidelines give pelvic packing a level 3 recommendation for its use as a salvage technique after embolization as well as part of a multidisciplinary pathway 
in controlling hemorrhage. It is also important to mention that if pelvic packing is going to be utilized, it must be done appropriately. The intraperitoneal 
space should not be violated and packing material must be placed bilaterally starting from the SI joints and working anteriorly to the pubic symphysis. 

While several studies have been published on complications associated with embolization, minimal work has been published in relation to complications 
associated with pelvic packing. Recently, Patterson et al. performed a large database study suggesting that preperitoneal pelvic packing had a greater risk of 
venous thromboembolism (VTE) than angioembolization (AE) in patients with closed pelvic ring injuries. Packing was associated with a 9.8% greater 
absolute risk of VTE, 6.5% greater risk of clinically important deep vein thrombosis (DVT), and 4.9% greater risk of respiratory failure.” While this study 
suggests some negative implications from packing compared to AE, one must recognize that AE is not without complications, and more importantly 
angiographers may not be readily available at many centers to provide timely intervention. 


Future Trends in Hemorrhage Control 
Trauma-induced coagulopathy is becoming an increasing concern in the management of trauma patients especially those with pelvic ring injuries. 
Thromboelastography (TEG) is an assay that was first introduced in the 1940s to identify bleeding disorders. Today TEG is being used to assess coagulation 
throughout all phases of clot formation, which gives information about the patient’s clotting abilities.2°!9° The results of the assay can be used not only to 
characterize trauma-induced coagulopathy but to guide resuscitation in patients requiring large volumes of blood replacement products.2*° The utility of 
tranexamic acid (TXA) is another area in which extensive research is focused on. TXA is an antifibrinolytic agent that works by preventing the breakdown 
of blood clots. Several prospective studies are currently enrolling in which TXA is given on presentation in the ED and other studies are utilizing this agent 
during the perioperative period. Retrospective studies have shown mixed results in regard to blood loss and preventing blood transfusions in patients with 
pelvic and acetabular injuries.!2®!7>!0 What appears to be a consistent finding is the lack of increased risk for thromboembolic event with the use of TXA. 
A newer technique called resuscitative endovascular balloon occlusion of the aorta (REBOA) has been developed to control hemorrhage in patients with 
pelvic fractures presenting in shock as a temporizing measure and as an alternative to resuscitative thoracotomy.°®33! A number of complications have been 
reported using both these life-saving measures. The most common complications noted were amputations, hematomas, and pseudoaneurysm. Furthermore, 
no significant difference in health-related quality of life was noted between REBOA and resuscitative thoracotomy, in a recent systematic review.*° As a 
result, while REBOA is a powerful device, a clear indication has not been identified to use it on a wide scale basis. 


Management of Instability and Bleeding 
Binders/MAST 


Closing the pelvic diastasis in open-book—type injuries reduces the pelvic volume available for hemorrhage, thereby improving the chance of tamponade 
and clot formation.!?? This can be performed with either invasive or noninvasive devices. The earliest forms of external compression devices were the 
pneumatic antishock garment (PASG) and MAST, which were inflatable garments. Complications from the use of these devices included compartment 
syndrome and extensive skin necrosis, especially in the setting of a concomitant internal degloving injury. In addition, access to the abdomen for 
examination was precluded and necessitated device removal to address abdominal issues. Subsequent studies have shown that simple frames are equally 
effective,!°® and the use of these garments/trousers has fallen out of favor. Both pelvic binders and external fixators can achieve the same goal with 
significantly less morbidity. 

The purposes of external compression are (1) to close the open-book pelvic injury, which reduces the pelvic volume thereby allowing for a tamponade 
effect; (2) to stabilize the pelvic ring injury, which allows for clot formation; and (3) to allow for autotransfusion by returning the blood from the lower 
extremities to the vascular system.!8 These goals can easily be accomplished with a circumferential folded bed sheet?’° or pelvic binder. Morris et al.?7! 
looked at intrapelvic pressure changes in a cadaveric pelvic fracture model when the unstable pelvis was closed down by each of the following methods: 
lower-limb bandaging over a bolster, T-POD (Trauma Pelvic Orthotic Device, Cybertech Medical), or both. Lower-limb bandaging involves internal 
rotation of the lower extremities and taping around the thighs and feet, which has been shown to be effective in pelvic reduction.!°° The T-POD is one of 
several commercially available pelvic binders. Each of these methods significantly increased the intrapelvic pressure, confirming the tamponade effect of 
such noninvasive interventions for hemorrhage control. A separate biomechanical study that evaluated commercially available binders (Pelvic binder, SAM 
Sling, T-POD) also showed that they all can effectively reduce Tile type B and C pelvic injuries.!°* Comparing the pelvic sheet to the T-POD in a cadaveric 
unstable pelvic model, the sheet was felt to be more cost effective because it was equally efficacious in controlling pelvic motion.°* Clinically this may not 
hold true. Pizanis et al.7°' looked at the German Pelvic Trauma Registry and retrospectively evaluated the outcome of pelvic fracture patients who had 
initial management after sheet, binder, or C-clamp placement. There were 207 patients (3.4%) in the registry who met this inclusion criteria. C-clamps were 
used in 69%, with sheets (16%) and binders (15%) being used equally less frequently. They found that the use of a sheet was associated with a significantly 
higher incidence of lethal pelvic bleeding (23% sheet vs. 4% binder vs. 8% C-clamp). This was retrospective in nature and thus a selection bias may have 
skewed the data in that the sicker patients may have received either earlier intervention with a binder or C-clamp which may have led to earlier 
resuscitation. The timing of placement was not noted and potentially some sheets and binders could have been mispositioned, affecting the findings. 
Regardless, closing the pelvis with a noninvasive device can aid in hemorrhage control and provide reduction assistance. 

For optimal reduction of the APC injury, a binder or sheet should be placed at the level of the greater trochanters.?®3? Adduction and internal rotation of 
the extremities, if uninjured, can also assist in reducing the pelvic ring fracture. It has been estimated that approximately 180 N of force is required to close 
the ring in a cadaveric model,** but the amount of force required to obtain a reduction has varied based on the device used.!* 

It is clear that biomechanically, external pelvic compression devices can reduce pelvic volume. However, in a 3D modeling using CT scans, the pelvis 
was determined to be a hemielliptical sphere and its volume did not increase dramatically with an increase in the radius or diameter of the pelvis.??? These 
authors felt that bleeding could be controlled by compressing and stabilizing associated fractures, rather than by reducing pelvic volume per se. 

In a clinical trial, binders were found to decrease blood loss and transfusion requirements at both 24 and 48 hours when compared to external fixation, 
likely due to their earlier placement.!’”* A retrospective review of patients with blunt pelvic fractures managed with either external fixation or a pelvic 
orthotic device (POD) that were admitted to a level 1 trauma center over a 10-year period confirmed the reduction in transfusion requirements as well as in 
length of stay due to early POD use, but the use of angiography and mortality was similar in the two groups.°! This is controversial as in another single- 
institution retrospective study, the use of a binder on arrival in the ED in hypotensive patients had no effect on 24-hour transfusion requirements, mortality, 
or need for AE.!!% A clear clinical advantage is that binders can be applied safely and quickly in the field by EMS personnel or in the trauma bay by 
caregivers who are not familiar with external fixation (Fig. 50-31).32°” Because application of a binder in the field is based entirely on clinical examination 
and intuition, there has been concern about “overreduction” in “undiagnosed” unstable LC injury, but a cadaveric study indicated that a specific tension- 
controlled sling device could be placed safely in such situations without such concerns.°** Toth et al. showed in a clinical study that external pelvic 
compression devices were also found to be safe without causing additional trauma.*9 It is important to recognize that compressive devices can overreduce 
and misrepresent the degree of deformity (see Fig. 50-8). It has been shown that imaging with a binder can mask the correct diagnosis or underestimate the 
injury severity (Fig. 50-32).3?7 If this is not recognized and imaging is not obtained without the circumferential device, then the surgeon could potentially 
perform a treatment plan that does not optimally address the true extent of the injury. Furthermore, theoretical concerns remain about the use of these 
devices in LC injuries, a pattern for which use is not warranted. In these injuries, rami fracture spikes may be driven across the midline with resultant 
bladder or vessel injury. No clinical data have been published confirming these hazards. The use of such devices in the field for all patterns of 
“undiagnosed” pelvic injury continues in some areas and is recommended by ATLS guidelines.* However, it is also important to note that prolonged use 
should be avoided as soft tissue problems can result if the compression is maintained for extended periods, especially if use is combined with prolonged 
immobilization on a spine board.!® The problems range from pressure ulcerations to full-thickness skin necrosis and resultant sloughing, and these are 
especially problematic in critically ill ICU patients who cannot provide conscious feedback. Recently, it was shown that any pelvic circumferential 
compression device needs to be used with caution in the long-term situation.2°9 Skin pressures were measured with the use of the T-POD, pelvic binder, 
SAM Sling, and a circumferential sheet. The pressures exceeded 9.3 kPa which has been shown to be the threshold for skin breakdown. The authors 
concluded that these devices be used acutely and definitive management should be performed as early as possible. Others have also recommended that such 
devices be removed as soon as the patient’s hemodynamic status has been stabilized, but that they can be left in place up to 24 hours without substantial 
problems.!° The author has used sheets in patients for multiple days without problems. However, the skin needs to be checked at least twice a day and any 
clamps that are used to hold the sheet in place need to be padded and the location of the clamps needs to be changed or adjusted on a daily basis. 
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Figure 50-31. Patient brought in by EMS with pelvic binder in place. A: Initial AP radiograph with binder. B, C: CT scan cuts showing axials with binder in place 
suggestive of an APC injury with closure of posterior lesion. D: AP radiograph after binder removed showing widening. 
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Figure 50-32. A 56-year-old patient after a motor vehicle accident with a binder placed in the field. The patient was hemodynamically stable and the binder was 
subsequently removed. A: AP radiograph with binder showing well-reduced pelvis. A sacral fracture is noted on the right but there is no apparent anterior widening. B: 
Anterior injury revealed once binder removed. 


Although sheeting and binders have supplanted the use of emergent external fixation, their use still deserves mentioning. The use of external fixation 
remains a viable option for the definitive management of certain pelvic ring injuries as an adjunct to posterior internal fixation, especially when anterior 
stabilization is required and precluded by soft tissue problems or genitourinary injuries. Emergent external fixation was traditionally undertaken with a C- 


clamp placed either anteriorly or posteriorly,!°! placed percutaneously and blindly; or an anterior external fixator with pins in the iliac crests, or more 


recently in the supra-acetabular region.°? The ideal position for such frames is discussed later in operative management. 160-344 Although trauma surgeons in 
Europe were the early pioneers in the use of external fixation as part of an aggressive resuscitative measure to aid in the control of bleeding from a pelvic 
ring fracture,'®! centers in the United States started adapting this technique in an effort to reduce mortality.2”° These devices were placed in a way that 
would still allow access to the abdomen in cases of emergent laparotomy. 

If the posterior ring is relatively intact, the anterior external fixator can reduce pelvic widening to its anatomic position. The fixator is used to internally 
rotate each hemipelvis, thereby closing an “open-book” injury or emergently reestablishing some pelvic ring geometry (Fig. 50-33). The posterior ring acts 
as a hinge around which the rotation is centered, but when the posterior ligamentous structures are disrupted, perfect reduction is difficult to obtain and 
certainly cannot be treated definitively with the anterior frame. This is not true for the pelvic C-clamp, which functions by translating the hemipelvis 


medially.8®?53 This was felt to be a superior method in cases with posterior disruption because of the better control of the posterior lesion, but it can also be 
used to treat the anterior ring. The tines of the clamp function as a pointed reduction clamp does in other fractures. Classically, the tips of the clamps were 
placed onto the external iliac fossa to apply this medially directed force. Because this was done without fluoroscopic imaging, problems arose to include 
iatrogenic visceral injuries. Placement of the tips more anteriorly on the gluteus ridge has been described as an alternative option, which was effective in 
APC type II injuries.26° With the popularization of the supra-acetabular pins, the use of C-clamps has decreased due to the fact that surgeons can place these 
pins as far posterior as the posterosuperior iliac spine, which allows better control of the posterior aspect of the pelvic ring. Utilization of the sterile 
technique and fluoroscopic visualization will provide the best and safest environment in which to apply the external fixator or C-clamp. While C-clamps are 
used in the emergent setting, they are not indicated for the definitive treatment of pelvic ring injuries. In cases in which ORIF of the anterior injury is 
contraindicated, anterior external fixation is an effective option. 
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Figure 50-33. A 44-year-old morbidly obese man who was involved in a motorcycle crash sustained an APC pelvic ring injury. A: AP pelvis with a binder in place 
(note suboptimal binder position). B: Patient had an external fixator placed while in the operating room with general surgery for exploratory laparotomy. C: Note 
reduction of symphysis on the inlet view. Reduction of symphysis on outlet fluoroscopic views. Patient subsequentially returned to the OR for definitive management, 
once stabilized. 


Complications of emergent external fixation are similar to those of any external fixation and include pin site infection, aseptic pin loosening, 
serosanguinous discharge, and adjacent skin necrosis.!°*?0! In addition, complications can be extremely problematic for obese patients, especially those 
with a large pannus. Given the ease of use of pelvic binder devices and the potential complications associated with emergent application of external fixators 
and C-clamps, the use of such invasive devices in the ED has been decreasing in frequency. 


NONOPERATIVE TREATMENT OF PELVIC RING INJURIES 


ations/Contraindications 


Nonoperative Treatment of Pelvic Ring Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Stable pelvic ring injury (e.g., APC I, many LC I and FFP I injuries) 


e Stable/incomplete sacral fractures 
e Patient who is too sick to undergo surgery 


Relative Contraindications 


e Unstable pelvic ring injuries (e.g., APC II and APC III, LC II and LC III, VS, CM, FFP I-IV) 
e Unstable/complete sacral fractures 


Many pelvic ring injuries can be treated nonoperatively with or without weight-bearing restrictions given the right conditions. The following situations are 
amenable to nonsurgical management: stable pelvic ring injuries, stable sacral injuries, comorbidities precluding surgical intervention, and the low-energy 
osteoporotic pelvic ring in which patients are able to perform activities of daily living. The most common stable pelvic ring injury is the LC I, which 
historically can be treated nonoperatively. In addition, the APC I injury can also be treated nonsurgically. In a retrospective review, serial radiographs of 
patients with LC pelvic ring injuries were evaluated for displacement. The authors found that incomplete LC sacral fractures with ipsilateral rami fractures 
were unlikely to displace. Conversely, 15 of 22 (68%) complete (fractures through both the anterior and posterior cortices) sacral fractures combined with 
bilateral rami fractures displaced, and 33% of complete sacral fractures with unilateral rami fracture displaced.** There is a controversy over the 
nonoperative management of LC injuries. In a study by Beckmann et al.,!9 OTA members were surveyed regarding 27 cases of LC I pelvic injuries. There 
were only nine cases (33%) in which there was substantial agreement regarding the treatment. If a complete sacral fracture (Denis zone II) was present, 
there seemed to be agreement as to the need for operative stabilization. However, overall there was only fair agreement among all surgeons regarding the 
treatment. A more recent study showed no agreement between 19 international pelvic trauma surgeons on the use of EUA or stress radiographs for surgical 
versus nonoperative management, need for anterior and/or posterior fixation, screw type, anterior fixation method, postoperative weight bearing, or timing 
to weight bearing.**! This underscores that the LC I may be a much more heterogeneous group of injuries than previously thought. A retrospective study, 
showed that even with a complete sacral fracture and less than 1 cm of displacement, these injuries could still be managed nonoperatively with success.!!° 
As such, each LC I injuries should be individually evaluated for the risk of potential displacement and treated accordingly. It is also important to recognize 
that fractures that start in the anterior aspect of the sacral ala can propagate posterolaterally into the SI joint. From here, the injury can extend through the SI 
joint and exit posteriorly either through the posterior ligaments or a fracture that may exit through the posterior aspect of the ilium, making them complete 
injuries. Clues for a complete posterior ring injuries can be a hematoma in the most posterior aspect of the SI joint, or an avulsion of a small fragment of 
cortical bone from the posterior ligament attachment points. Anecdotally, the author uses several factors discussed above to estimate the potential for 
significant instability in LC 1 pelvic ring injuries during the acute presentation. Additional clues include severe posteriorly based pain when LC stress is 
provided through bilateral iliac wings, comminuted anterior ring injuries involving the rami, segmental rami fractures, comminuted anterior sacral ala 
fracture, cortical fragment extruded anteriorly from sacral ala, and inability of the patient to lay on the side of the injury. If the patient displays or has 
radiographic evidence of these findings, the author is likely to perform an EUA in the OR to determine the degree of instability. The author has not found 
anteriorly based pain to be a reliable marker for instability and the lack of an inferior rami fracture to suggest stability. In support of the above thought 
process, a recently reported study found comminuted rami fractures as a risk factor for displacement of the pelvic ring in the setting of both nonoperative 
and operative management. Furthermore, the authors found that patients who lacked an inferior rami fracture did not displace in 100% of those cases.®3 

As our population ages, there has been an increase in low-energy osteoporotic pelvic ring injuries. !6%?75 The previously described classification system, 
for FFP, by Rommens and Hoffman,?”? provides recommendations for treatment. The FFP type I nondisplaced fractures can often be managed 
nonoperatively. As an adjunct to nonoperative fracture management, parathyroid hormone has been shown to be useful.2!”:744 In a randomized controlled 
trial,?™44 21 patients were given a daily injection of 100 pg of PTH 1-84 with a control group of 44 patients. All patients received vitamin D and calcium. 
The treatment group had significant improvement in both pain, as measured by the visual analog scale (VAS), and the timed “up and go” test. Union rates 
were significantly improved in the PTH group (100% vs. 9.1%). Many of these elderly patients with a posterior pelvic ring fracture with or without an 
anterior lesion with conservative treatment have had pain issues in the lower back and difficulty ambulating. Percutaneous screw fixation across the fracture 
was found to be a successful treatment to alleviate the pain by stabilizing the posterior ring injury.‘“° The authors treated 30 patients with this technique and 
found the treatment to be safe and effective. 


Techniques of Nonoperative Management 


Historically, in the LC I injuries, weight bearing was limited to toe touch on the side of the sacral fracture with repeat imaging after the patient had 
ambulated with a walker or crutches, with the weight-bearing restriction maintained for 6 to 12 weeks. Over time, it has become evident that these fractures 
can be progressed to weight bearing as tolerated as the patient’s pain subsides. Based on the authors experience, in the APC I injury, patients often can 
immediately be allowed to bear weight as tolerated. If patients have to stand for extended periods of time, they can get comfort by internally rotating 
bilateral lower extremities. To ensure pelvic stability, repeat radiographic evaluation should be undertaken after the patient mobilizes, prior to discharge. 
Follow-up x-rays can be done at 1 to 2 weeks to insure the stable nature of the injury. Subsequent x-rays in the stable pattern may not be warranted if the 
patient is asymptomatic. 


Outcomes of Nonoperative Management 


Most outcome studies focus on surgical treatment as opposed to nonsurgical management. It is difficult to find studies evaluating the functional outcome of 
a single type of pelvic ring fracture treated nonoperatively. Tornetta et al. assessed pain based on a 10-point VAS in prospective multicenter study of 
patients with unilateral sacral fractures and minimal or no displacement.**° They found that patients in the nonoperative cohort had significantly higher pain 
score 24 hours after injury, but by 3 months the operative cohort had higher posterior pain scores (4.0 vs. 2.9). Siebler et al.*°* reported the functional 
outcomes of a small consecutive series of 11 patients treated nonoperatively for Denis zone III sacral fractures that were in essence lumbopelvic 
disassociation injuries. Six fractures were Roy-Camille type II fractures and five were type I fractures. At a minimum of 2-year follow-up, all fractures 
healed, but mean SF-36 scores were lower than in the general population, and 73% of patients still had residual bowel, bladder, or sexual dysfunction. Most 
patients showed improvement in neurologic findings over time. Gaski et al.'!° evaluated the functional outcome of 50 patients who had “intermediate 
severity” LC I pelvic ring injuries. These patients had a complete sacral fracture with less than 1 cm of initial displacement and were treated nonoperatively. 
The anterior injury involved bilateral rami fractures in 29 with the remaining patients having either no anterior lesion or a unilateral rami fracture. In the 36 
patients with radiographic follow-up, no fracture displaced more than 1 cm. The average Majeed score was 85.5 with 94% fair to excellent outcomes. Those 
patients who had an associated lower extremity injury had statistically significant lower Majeed scores. They felt that the lower extremity injury was the 


more disabling issue. 


OPERATIVE TREATMENT OF PELVIC RING INJURIES 


Indications 


Pelvic Ring and Sacral Fracture Stabilization: 
INDICATIONS 


Anterior Ring Stabilization 


Symphyseal dislocations demonstrating >2.5 cm of diastasis on either static or dynamic (examination under anesthetic) imaging, indicating at least rotational instability 
Augmentation of posterior fixation in vertically displaced unstable pelvic ring injuries 

Augmentation of posterior fixation in completely unstable pelvic ring injuries 

To augment poor posterior fixation in osteopenic bone 

Significantly displaced rami fractures 

Locked symphysis 

Straddle fractures (bilateral superior and inferior rami fractures) 

Pain and inability to mobilize (relative indication) 


Posterior Ring Stabilization 


Complete disruption of the SI joint and anterior and posterior SI ligaments, resulting in multiplanar instability 

Any posterior ring injury, SI dislocation, or sacral fracture with vertical displacement or the propensity to do so 

Displaced crescent fractures—displaced iliac wing fractures that enter and exit both the crest and greater sciatic notch or SI joint 
Complete sacral fractures with the potential for displacement 

Displaced sacral fractures 

Lumbopelvic disassociation 

Augmentation of anterior fixation in APC II injury 


Sacral Fracture Stabilization 


VS sacral fracture posteriorly and a concomitant anterior ring injury is present 
Comminuted sacral alar fractures with external rotation deformity of the hemipelvis 
Lumbopelvic disassociation injury 

LC fractures with sacral impaction and excessive internal rotation 


Operative management and approach of pelvic ring injuries require a keen understanding of not only the bony injuries but also the soft tissue injury, soft 
tissue anomalies, and the patients’ medical comorbidities. The strategy for anterior fixation can be influenced by contaminated open wounds that can 
communicate with hardware anteriorly, placement of SPTs, complex bladder ruptures, and pre-existing large hernias. In these settings, internal fixation may 
be contraindicated despite the preceding indications and external fixation may be the technique of choice. 

The appropriate treatment of posterior pelvic injuries depends largely on careful analysis of the sacral fracture pattern, neurologic involvement, and 
associated pelvic ring disruption. It is crucial to ensure that the lumbopelvic junction is stable and to address any associated neurologic injury. It has been 
recommended that displaced zone I and II fractures of the sacrum be fixed since long-term follow-up shows that these fractures managed operatively show 
comparable late displacements equivalent to stable fractures treated nonoperatively.®° 

If the vertical sacral fracture is displaced, longitudinal traction is helpful to obtain the reduction. Reestablishment of the height of the hemipelvis can be 
a challenge, but the AP view should be evaluated to ensure that the iliac crests, acetabular domes, and the ischial tuberosities are at the same levels 
bilaterally. Once the pelvis is brought down to its proper height, medial translation is required to reduce the fracture gap that usually has occurred. This can 
be performed either percutaneously or using open techniques. One needs to assess the complexity of the anterior ring injury as well as the posterior ring 
injury. If the anterior ring injury is relatively simple with good cortical reads, then an anatomic reduction of the anterior ring will assist with reduction of the 
posterior ring injury (Fig. 50-34). If the anterior ring injury is complex and an anatomic reduction is not likely, then the surgeon should assess posterior ring 
injury for likelihood of obtaining an excellent reduction. In the setting of comminuted sacral fractures and no good posterior reads on the sacrum, an open 
reduction can be extremely challenging and frustrating, and one should consider alternative options to get the fracture as well reduced as possible without 
performing an open approach to the posterior aspect of the sacrum. Alternatively, if good fracture reads are available, then an open posteriorly based 
reduction can be performed using clamps (Fig. 50-35). Percutaneous IS lag screw fixation can be used to stabilize the injury in cases where there is minimal 
gapping without rotational or translational deformities. Nonunions may occur if there is residual distraction.28° Maximum stability is achieved when there is 
anatomic reduction of the fracture.7°° If there is severe comminution in a zone II injury or at the sacral ala, caution must be taken during reduction and 
stabilization to avoid inadvertent L5 or sacral nerve root injury.28° Because of the involvement of the foramina in these fractures, compression across the 
fracture in the presence of comminution has been somewhat controversial. This has led to the use of fully threaded screws to prevent overcompression and 
possible iatrogenic nerve injury or triangular osteosynthesis (lumbopelvic fixation) when the zone II fracture is vertically unstable or when sufficient 
fixation cannot be placed percutaneously (Fig. 50-36).78345 Herman et al.!35 performed a retrospective review of 90 patients with zone II sacral fractures 
that required surgery. There were 81 patients treated with partially threaded screws out of which only 1 had a neuro deficit which was present 
preoperatively. Overall, there were 33 comminuted fractures. Four patients, all with comminuted fractures, had preoperative neurologic deficits which did 
not resolve. They felt that compression in zone II injuries was safe. 
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Figure 50-34. A 45-year-old man involved in motorcycle collision. A: AP pelvis in the trauma bay demonstrating significant disruption of the pubic symphysis and a 


complete displaced zone 2 sacral fracture. B: Axial CT scan in a sheet of the posterior ring. C, D: near anatomic reduction of the pubic symphysis resulting in 
correction of extension deformity of left hemipelvis and reduction of sacral fracture. E-G: intraoperative fluoroscopic images demonstrating posterior ring reduction. 
H-J: Postoperative CT scan demonstrating reduction of the pubic symphysis and sacral fracture. K: Final AP x-ray. 


Figure 50-35. A 67-year-old very active woman crushed by a falling tree had a comminuted bilateral anterior ring injury with a displaced sacral fracture with 
excellent posterior fracture reduction reads. A: Initial AP pelvis radiograph taken out outside hospital. B, C: Outlet and inlet reconstructions from CT of pelvis. D, E: 
Axial slices of sacral fracture with anterior sacral comminution and posterior displacement with no comminution on posterior aspect of sacrum. F, G: Bilateral 
parasymphyseal rami fractures. H, I: Intraoperative fluoroscopic images during prone midline posterior approach. Note reduction obtained with large spin-down Weber 
clamp with the appropriate vector to correct subtle cranial displacement and widening. Medial tine placed on spinous process and the other tine placed on PSIS. J, K: 
Postoperative CT scan reconstructions, showing final construct. Note additional fixation was obtained utilizing lumbopelvic fixation which was done after sacral 
fracture reduction and transsacral screw placement. The patient was then placed supine and anterior external fixator was applied for 5 weeks. L, M: Postoperative CT 
scan, axial cuts through sacrum. 


When treating pelvic ring injuries, it is important to keep the following general principles in mind: 


The posterior injury is regarded as the more critical one, requiring an accurate reduction and maintaining it with stable fixation. 

Complete instability of the posterior ring may be ligamentous SI joint disruption or displaced sacral fractures. If there is complete instability of the 
posterior ring, anterior fixation alone can neither maintain posterior reduction nor restore stability. This is true for internal fixation and even more so 
for external fixation. 

If there is associated cephalad displacement of the hemipelvis with complete instability of the posterior ring, posterior fixation should be supplemented 
with anterior stabilization (ORIF or external fixation).?!° Fixation of the symphysis pubis has been shown to be critical in restoring normal loading 
response and stability to the unstable hemipelvis.*®° This is despite the pubic symphysis providing only 10% to 15% of the stability to the intact pelvic 
ring.297 

Some controversy exists regarding the sequence of posterior and anterior fixation. Due to the critical importance of the posterior ring to stability, 
posterior pelvic ring reduction and stabilization first, followed by reduction and stabilization of the anterior pelvic ring has been advocated.!*! 
Conversely, initial reduction and fixation of widely displaced anterior ring injuries can substantially aid in reduction of the posterior ring. Ideally, the 
anterior fixation is kept relatively flexible while obtaining a posterior reduction. Orthogonal plating is contraindicated, as too stiff of an anterior 
construct may prevent manipulation of the posterior ring injury, especially in setting of anterior malreduction. 

If an external fixator is used to treat the anterior component of an APC injury, two points of fixation should be utilized across the SI joint to provide 
rotational stability and prevent loss of reduction and implant failure. 


Figure 50-36. A 25-year-old woman involved in an MVC. A: Inlet reconstruction demonstrating right-sided complete sacral fracture with posterior translation and 
internal rotation and impaction. B: Axial CT scan demonstrating posterior translation through sacral fracture. C: Axial CT scan demonstrating superior rami fracture 
with minimal displacement through fracture itself. D: Intraoperative image in the prone position confirming posterior translation of right hemipelvis through sacral 
fracture. E: Large Jungbluth used by placing 4.5-mm screws into the PSIS bilaterally. The clamp engages these screws and then the clamp was used to distract fracture 
then levered on the fractured side of the hemipelvis to anteriorly translate that side followed by slight rotational correct and last compressed. Notice additional 
placement of large, pointed reduction clamp around spinous process and PSIS for additional point of reduction fixation, prior to placement of IS screw. F: Outlet 
fluoroscopic image demonstrating above. G: Final radiographic inlet after placement of hardware. Notice lumbopelvic fixation placed due to the fact that additional 
percutaneous screws could not be placed due to her narrow corridors. H: Final postoperative AP pelvis radiograph. l, J: Axial postoperative CT scan slices 
demonstrating safe screw placement and reduction quality. 


As mentioned previously, there is an increasing incidence of FFP. Thus, it is important to mention some adjunctive techniques that may aid in fixation in 
these patients with osteoporotic bone.*°*!!%?75 The same fixation strategies apply as indicated above, but screw purchase is compromised. Although 


Rommens et al.” recommended that less invasive stabilization techniques be used, plate fixation may be better warranted in some areas. In a 
biomechanical study looking at anterior fixation in cadaveric bone of low bone mineral density, plate fixation was found to be superior to retrograde pubic 
screw fixation for superior rami fractures.? Although mechanically superior, the surgical exposure required must be taken into consideration. External 
fixation for anterior injury has been discouraged by some in this population?” because of the pin loosening secondary to poor bone fixation but without 
anterior stabilization loss of reduction can occur. Cement augmentation has long been used to aid in fracture fixation in a bone of poor quality in all areas of 
the body and the pelvis is no exception. In a biomechanical cadaveric study, the authors showed increased stiffness and pullout strength in cement- 
augmented IS screws.!!9 Collinge and Crist°* recommended that when placing IS screws in osteoporotic bone, augmentation with resorbable calcium 
phosphate cement should be used. They reported their results over a 13-year period on 24 patients in which all patients healed without displacement or 
failure of fixation. More recently, implants specifically designed to address the challenges of poor bone quality in this patient population are gaining 
popularity. Generally speaking, these implants are significantly larger in caliber and provide a porous coated lattice that theoretically should provide better 
osteointegration than routinely utilized stainless steel cannulated screws. The author does not routinely recommend the use of these screws due to cost 
concerns; however, in the setting of poor bone quality and poor purchase using smaller (7.0—8.0-mm) caliber screws, these large caliber screws can be a 
good “rescue” option (Fig. 50-37). 


Surgical Approaches 


The pelvis is generally approached from either an anterior exposure or a posterior exposure, depending on the injury being addressed. Percutaneous 
techniques are common and have been useful in the management of pelvic ring injuries. Surgical approaches are described in detail in each respective 
section on specific surgical techniques. 


Figure 50-37. An 86-year-old woman with a minimally displaced sacral U-type fracture with inability to ambulate due to worsening pain after a low-energy fall 6 
weeks prior. During surgery, attempt was made to place 8.0-mm bilateral IS style screws (patient dysmorphic and transverse component between S1 and S2). The 8.0- 
mm screw had poor purchase and was exchanged for 11.5-mm 3D printed titanium large caliber screw with a lattice surface that allows on-growth. 


Anterior ring injuries require anterior approaches. The Pfannenstiel approach is the workhorse for an anterior approach to the treatment of symphyseal 
injuries. In addition, a vertical midline approach can often be used in conjunction with trauma surgery when an exploratory laparotomy is indicated and/or 
pelvic packing is needed. If associated acetabular injuries or high rami fractures need to be addressed, the Stoppa approach can be useful. Percutaneous 
methods requiring minimal exposure can also be used to address anterior ring injuries. 

The posterior ring can be accessed using anterior or posterior approaches. Sacral fractures are best reduced using a posterior approach to the sacrum and 
SI joint injuries best visualized using the lateral window of the ilioinguinal approach. While the posterior approach is the most direct approach to the SI 
joint, visualization of the joint surface is challenging, making the reduction quality hard to interpret. The posterior approach for SI joint injuries is 
advantageous in the setting of a combined SI joint and lateral sacral fracture or impaction injury, due to the fact that the reads on the sacral side of the injury 
from an anterior approach will not be reliable. A cadaveric study was undertaken to determine which approach was better for the SI joint.2*8 In pure SI 
dislocations, either approach can be performed. If there is an iliac wing fracture associated with the dislocation, then they were able to quantify the exposure 
and which approach would be better. If the fracture is 2.5 cm lateral to the anterior ILL footprint, then an anterior approach for anterior plate fixation is 
warranted. If the fracture is medial, then a posterior approach should be performed. Iliac wing fractures and select crescent fractures can be managed using 
this anterior or posterior approach, depending on fracture location and configuration. In the past, most cases that required lumbopelvic fixation would be 
likely to get a posteriorly based approach due to the need for open approach for the lumbopelvic fixation. However, with the recent popularization of 
percutaneous lumbopelvic fixation, this is not the case. When a sacral root decompression is required, an open posterior approach will most likely be 
utilized. 


Anterior External Fixation of Pelvic Ring Injuries 


Anterior external fixation of the pelvis can be undertaken for the uncommon isolated anterior ring injuries, such as bilateral rami fractures (straddle injury), 
or for rotationally unstable injuries involving the anterior and posterior ring. The decision to first perform anterior external fixation may be as an emergent 
procedure to reduce pelvic volume and restore hemodynamic stability or to partially reduce the posterior lesion prior to posterior stabilization. Anterior 
external fixation can also be performed after posterior stabilization to neutralize and augment the posterior fixation, as well as in cases requiring prone 
positioning. Historically, the use of external fixation in isolation has been problematic in unstable pelvic ring fracture patterns, with high rates of loss of 
reduction and subsequent malunions,'®* although reports indicate that functional outcome can be satisfactory despite the malunion.*2°. More recently, a 
retrospective study compared midterm outcomes (minium 3 years from injury) using Majeed functional outcome scores for patients with APC pelvic ring 
injuries treated with external fixation versus ORIF. This study found similar outcomes between the two groups, eventhough the patients who were treated 
with an external fixator had more severe injuries.® 


Anterior External Fixation Technique 


Iliac Crest Frame 


KEY SURGICAL STEPS 


/ | Iliac Crest Frame for Anterior External Fixation of Pelvic Ring Injuries: 


Supine position on radiolucent table 

Small open incision 3-5 cm posterior to anterosuperior iliac spine (ASIS) along crest at the level of the gluteus medius pillar 
Palpate width of crest 

Palpate inner table or Kirschner wire (K-wire) placed against inner table for trajectory 

Placement of two to three Schanz pins depending on the system used; direct toward supra-acetabular region 

Confirm placement with fluoroscopic imaging 

Repeat for other side 

Connect rods to pins and rod to rod 

Provisionally reduce pelvis as much as you can without using pins 

Tighten external fixator clamps 


The classic placement for an anterior external fixator involved fixation into the iliac crest. Traditionally two 5-mm partially threaded Schanz pins have been 
used in each crest,2°° but a simple one-pin (in each crest) two-bar fixator has been used effectively in definitive cases.’ Smaller Schanz pins are weaker 
and larger pins usually cannot be accommodated within the ilium. Pins are placed using small incisions approximately 3 to 5 cm posterior to the ASIS at the 
level of the gluteus medius pillar. This allows pin placement in the thickest portion of the crest and avoids injury to the lateral femoral cutaneous nerve 
(LFCN). The pins should not be directed out of the lateral cortex as this will lead to early failure. It is potentially advantageous to place the pins out of the 
inner table cortex. This is since with internal rotation of the pins, the pins will have less of a tendency to rip out of the lateral cortex, because they are being 
abutted by the medial cortex. In good bone, the pins are directed toward the supra-acetabular region between the inner and outer table. Small incisions 
should be used to allow palpation of the inner table to ascertain the proper trajectory for the pin. Either finger palpation or even placement of a K-wire 
against the inner table can aid in the trajectory. Incisions may need to be extended in cases of severe displacement of the pelvis or in obese individuals. After 
reduction, incisions may need to be “relaxed” if there is any tension on the skin. 


Anteroinferior Iliac Spine External Fixator 


KEY SURGICAL STEPS 


,/ | Anterior External Fixation of Pelvic Ring Injuries: 


Supine position on radiolucent table 
Obtain obturator outlet (teardrop) view 
Use 2-mm Kirschner wire to mark incision and obtain start point and trajectory 
Protective sleeve placed to bone 

Cannulated 4.5 drill bit over 2-mm Kirschner wire to open cortex and fine tune direction using obturator outlet and obturator inlet 

Placement of Schanz pin directed toward sciatic buttress above sciatic notch on the iliac oblique view and between the inner and outer table on the 
obturator inlet view 

Repeat for other side 

Connect rod to pins 

Reduce pelvis under fluoroscopic guidance 

Tighten clamps to rod and pins 

The author’s preferred method is a two-pin construct using Schanz pin placement into the supra-acetabular bone.!%?5? This construct has significant 
advantages and is being advocated more and more,!05-130 as these pins are biomechanically superior.°° Small incisions are used to place these pins. The 
plentiful bone in the supra-acetabular region is used, and the pins are directed toward the posterior inferior iliac spine (PIIS) into the thick bone of the sciatic 
buttress. Advantages of this technique are the following: (1) placement of pins below the abdomen and the external fixation construct is out of the way of 
abdominal procedures; (2) two pins are sufficient (one on each side); (3) fixation is excellent; (4) it allows for the direction of closure of an open-book 
injury in the same plane and thus better control’*; and (5) it is biomechanically superior in resisting rotational forces and equal to an iliac crest frame in 
resisting flexion and extension.°?°° A disadvantage is that this two-pin construct is more dependent on the use of intraoperative fluoroscopy for placement 
of the pins. 

In the setting of significant pelvic ring deformity and anticipated large deformity correction, the surgeon should perform provisional reduction 
techniques prior to placement of an external fixator to prevent the issue of having large incisions and significant soft tissue tension around the external 
fixator pins (Fig. 50-38). This is even more paramount when the surgeon anticipates treating the anterior ring injury definitively with an external fixator. 
Provisional reduction can decrease soft tissue strain and decrease the size of wounds around the pins which theoretically can reduce pin site infection and 
related issues. To place supra-acetabular pins, the C-arm is used to determine the appropriate starting point, which is usually about two fingerbreadths below 
the ASIS and is easily palpable in slim individuals. In the obese individual, the accurate starting point can be difficult to ascertain and thus fluoroscopy is 
helpful. An obturator-outlet (aka “teepee”) view of the acetabulum on the side of fixation is obtained. This view is generally 25-35 degrees of obturator and 
25-35 degrees of outlet. Cranial/caudal correction of the position of the caudal aspect of the teepee is corrected with the outlet view. With more outlet, the 
caudal teepee moves toward the dome of the acetabulum, ideally overlapping the acetabular dome. The obturator view corrects the medial and lateral 
position of the vertical limbs of the teepee. Using the teepee view, a bent 2-mm K-wire placed over the skin can be used to identify the rough start point. Of 


note, the wire is bent to keep the surgeons’ hands away from the fluoroscopic beam (Fig. 50-39A). The wire is then placed in line with the appropriate shanz 
pin trajectory onto the AIIS. The start site should be placed at least 2 cm cranial to the joint to avoid intracapsular placement, which could lead to a septic 
hip if the pin becomes infected. Furthermore, the more cranial the start site and the more caudal the end point, the easier it will be for the patient to be able 
to sit with the external fixator in place (Fig. 50-39E). However, as the pin start site gets closer to the interspinous region, the more likely it is to cause 


temporary irritation to the LFCN. 


Ci B 
Figure 50-38. Provisional reduction techniques for closing down APC-type injuries. A: A circumferential sheet is placed around the thigh with clamps taped down 
distally, while internally rotating bilateral ankles. B: Holes can be cut in the sheet if a great reduction is noted after placement of the initial sheet at presentation. C: The 
exposed cutouts are then prepped and draped for placement of an anteroinferior iliac spine external fixator. 
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Figure 50-39. Placement of an AIIS external fixator. A: Obturator outlet view is obtained with a bent 2-mm K-wire overlying the skin to approximate start site. B: 
Iliac oblique view demonstrating the cranial position of the K-wire in relation to the AIIS. C: Cannulated 4.5-mm drill and protective sleeve are placed over the K-wire 
and directed between the inner and outer table on the obturator inlet view. Drill advanced roughly 2.5 to 3 cm from start site. D: Drill removed after appropriate 
trajectory obtained on iliac oblique and obturator inlet and sleeve left in place and 5-mm Schanz pin is advanced just cranial into the sciatic buttress cortex. E: With the 
relative cranial to caudal direction of the Schanz pin the patient is able to sit up. 


Once the ideal start site has been identified, the wire is then cut just below the bend and inserted roughly 2 cm into the AIIS. Roughly a 1- to 1.5-cm 
incision is made over the wire in line with the direction of the correction of that hemipelvis. A 4.5-mm cannulated drill is then placed over the wire with a 
protective sleeve. Once the wire is swallowed by the drill, the trajectory can be fine-tuned and the drill advanced a minimal amount. The iliac oblique view 
is used to correct the trajectory in relation to the sciatic notch. The soft tissue sleeve is left in place and the drill removed with replacement with the 5-mm 
Schanz pin. The Schanz pin can be advanced while alternating between the iliac oblique view and the obturator inlet view. Alternative techniques for 
placing these pins can be utilized without using a K-wire or 4.5-mm cannulated drill. The author prefers this method due to the fact that the trajectory can be 
fine-tuned within 2 or 3 cm of the near cortex. 

The tip of the Schanz pin should either end in the sciatic buttress bone to avoid far cortical penetration and prevent any potential injury to the structures 
exiting the greater sciatic notch or it can be directed toward the PIIS. An obturator-inlet view helps guide the medial/lateral trajectory and is especially 
useful when the pin is directed to the PIIS. The Schanz pin on the opposite side is placed in a similar fashion. Pin-to-bar clamps are applied and either two 
bars with a bar-to-bar clamp are used to connect the two pins or a single curved bar can be used. All connections are tightened while the reduction is being 
held. 


Distraction External Fixation 


AIIS pins can be used to correct internal rotation deformities associated with LC injuries (see Fig 50-14). In this setting, a straight bar is attached to the two 
pins close to the skin. A distraction device available on most external fixator sets is placed on the side of the internal rotation deformity and distraction is 
applied through the pin. Once the internal rotation deformity has been corrected, either percutaneous screws can be placed in the back and front of the 
pelvis, or the external fixator can be left in place. If a decision is made to treat the anterior ring deformity with a frame, then an additional curved bar can be 
placed away from the skin and the distraction bar at the skin can be removed. A similar technique can also be used in the setting of internal rotation flexion 
injury pattern, the oblique distraction frame as described by Evans et al.8° This uses one pin placed in the iliac crest (as described earlier) and an opposite 
pin placed in the supra-acetabular region (as described earlier). The mismatch in pin trajectories allows the frame to be used for the LC pelvic ring 
disruptions, which have associated flexion deformities in addition to the internal rotation. Once the pins are applied, either the large femoral distractor or the 
large external fixator rods with a compression/distractor device can be used to obtain the reduction. The obliquity of the frame allows for an external 
rotation force and extension force to be applied simultaneously. This does require an incomplete posterior pelvic ring injury, which acts as the hinge. It can 
be used, as any other external fixator, as definitive treatment, as an adjunct to internal fixation, or as a reduction tool after which internal fixation is applied 
and then the fixator removed. 


Anterior External Fixation Postoperative Care 


External fixation requires additional postoperative care with respect to pin care. The author uses Kerlix gauze wraps only without additional use of peroxide 
or saline. Patients may shower after any additional incisions for other operative interventions have healed, which is generally 2 weeks postoperatively. The 
pins may be unwrapped before showers and soap and water allowed to run onto the pin sites. The pin sites are then dried and wrapped to fill in the gap 
between the skin and the bottom of the pin clamp. This is done to minimize skin motion around the pin site, which can contribute to pin site infection. If a 
superficial pin site infection occurs, generally a 10- to 14-day course of oral antibiotics and continued pin care will resolve it. Deeper infection, which may 
be exhibited by gross purulence and even loosening on a plain radiograph, may require more aggressive surgical debridement, intravenous antibiotics, and 
possible revision. 


Anterior External Fixation Potential Pitfalls and Preventive Measures 
Pelvic Internal Fixator 


The pelvic internal fixator (INFIX) is an alternative to external fixation in the setting of unstable pelvic ring injuries. The use of INFIX was initially 
reported by Vaidya et al., which adapted spinal instrumentation to the pelvis (off-label use).346:349 While its use continues to gain increased attention, it has 
not gained widespread acceptance due to the lack of specifically designed instrumentation and implants for pelvic applications, as well as concerns for 
complications. Indications in their series were for vertically unstable pelvic ring injuries after which posterior stabilization was performed, windswept 
injuries (LC II) after posterior fixation, for distraction of the anterior injury in LC fractures, open-book injuries for which ORIF was less desirable, and 
conversion from “temporary external fixation” in unstable patients to more definitive fixation. The INFIX was initially utilized in obese patients. Through 
their series, they began adapting the technique to leaner individuals. The authors reported minimal complications, most of which were associated with the 
supra-acetabular fixation and its proximity to the LFCN. Operative removal is required, which is a disadvantage compared to many external fixators, which 
can often be removed in the clinic. A recent systematic review identified 22 studies with 619 INFIX-treated patients. LFCN irritation was reported in 25.3% 
of cases, heterotopic ossification (HO) in 24.7% of cases, infection in 3%, and femoral nerve palsy in 1.6% of cases.!73 

Originally for INFIX technique, the supra-acetabular position of anterior external fixation Schanz pins was replaced with the use of polyaxial pedicle 
screws. However, there has been concern over the biomechanical strength of polyaxial screws.”®347:348 Eagan et al., in a biomechanical study, found that 
monoaxial screws were statistically stiffer than polyaxial screws. In fact, the monoaxial screw INFIX construct was also statistically significantly stiffer than 
the traditional external fixator.*48 Due to the concern and reported failures in some APC III injuries with polyaxial screws, some surgeons use either 
monoaxial pedicle screws or Schanz pins depending on the system.247-3“9 

A variation of the internal fixator has been described in which pelvic reconstructive plates (14—18-hole) and 3.5-mm screws are used. Cole et al.,>! in 
their retrospective chart review, reported fewer wound complications, lower overall morbidity, and a lower rate of surgical site pain when compared to the 
anterior external fixation group (pins applied to the iliac crest). Indications were similar to when an external fixator would be used, and pelvic reduction was 
maintained in both groups. The plate runs from one ASIS to the other along the anterior aspect of the pelvic ring. Screws are applied to each ASIS, as well 
as to the symphysis, and thus this uses three separate incisions for placement. Although, hardware removal was routinely performed in their series, the 
potential advantage of a plate “internal fixator” could be implant retention. Despite the additional technical requirements and surgical approach of utilizing a 
plate, an anatomic study reported that the crucial structures evaluated were not at significant risk.2°9 


INFIX Technique? 


Pelvic Internal Fixator: 


KEY SURGICAL STEPS 


Incision over the AIIS; use “teardrop view” as guide 
Dissection to AIIS 

Pedicle awl or drill bit to open cortex 

Determine pedicle screw length or Schanz pin length 
Repeat for other side 

Rod preparation—contouring and sizing 

Create subcutaneous tunnel 

Pass rod 

Connect rod to screw on each side 

Perform reduction 

Tighten clamp to rod 


Trim rod ends as short as possible 
Wash and close incisions 


The starting point for the placement of the pedicle screws is similar to placement of supra-acetabular pins described previously. An anatomic study 
emphasized that attention to the surgical technique can minimize potential risks.7°? It has been pointed out that the LFCN remains at risk and in close 
approximation to the implants.850346,347 To minimize LFCN irritation, the bar/rod should be cut as short as possible on the lateral side of the pedicle 
screws.® The heads of the screws must remain above the fascia and at least 1.5 cm above the AIIS to prevent compression of the femoral artery and nerve by 
the connecting bar. Inadvertent bowel compression can also occur if the screw heads are too deep, causing the bar to abut against the abdomen.” It has also 
been suggested that the use of polyaxial screws can help prevent deep placement of the screws and rod,® but the strength concerns mentioned should be 
taken into the decision making. 

A 2- to 3-cm incision is centered over the AIIS in an oblique transverse fashion in line with the groin crease. Blunt dissection is carried down through 
the soft tissues and the interval between the sartorius and tensor fascia lata is developed. This should allow direct access to the AIIS. A pedicle awl or an 
appropriately sized drill bit can be used to open the cortex. The iliac oblique and obturator-inlet views are then used, as described earlier, for placement of 
the pedicle screw. The length of the pedicle screw is determined with a pedicle finder, which is inserted into the cortical perforation created and depth 
visualized via C-arm. A pedicle screw that is 15 to 40 mm longer than what is measured should be placed to allow it to sit above the bone in the soft tissues 
so as to accept the end of a spinal rod. The additional length is based on the patient’s size. The opposite side pedicle screw is placed in the same way. The 
spinal rod should be contoured using the rod benders and cut to about 5 to 6 cm longer than the distance between the two pedicle screws. The rod is then 
tunneled subcutaneously from one screw to another. Connection to the pedicle screws is performed. The anterior pelvis can be closed with use of 
compressor tools (if open-book pelvis injury; LC injuries can conversely be distracted) that usually accompany the spinal instrumentation sets. Once 
reduction is achieved, the rods can be secured to the pedicle screws and locked into place (Fig. 50-40). Next, the excessive rod length can be removed in situ 
with a rod cutter, and the incisions can be irrigated and closed.**° 


A 
Figure 50-40. AP (A) and outlet (B) radiographs of a morbidly obese patient (BMI 50) with anterior INFIX and posterior screw fixation for an APC-type injury. 


Postoperative management does not require pin care as all fixation is internal. Removal has been advocated, although the timing has varied in each series 
reported, and some even declined removal without any ill effects.!°%34° The hardware should be maintained at a minimum of 3 months, as that is the usual 
time for ligamentous healing, and then removed. Toe touch weight-bearing (TDWB) restrictions are placed on the side of the injury, and advanced 
anywhere from 6 to 12 weeks, depending on the fracture pattern and healing progression. 


Internal External Fixation of Pelvic Ring Injuries: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

LFCN irritation e Keep rods as short as feasible 

Compression of femoral artery/nerve e Keep screws above the AIIS by at least 1.5 cm but preferably 30-40 mm 

Pedicle screw/guidewire breakage on insertion e The use of tap-on screw insertion; consider the use of Schanz pins with appropriate rod connectors 


The same preventive measures should be applied in this procedure as with placement of supra-acetabular pins, namely the use of intraoperative C-arm 
fluoroscopy throughout the procedure. The pedicle screw head should be maintained about 30 to 40 mm above the bone so as not to cause compression of 
neurovascular (femoral nerve and/or artery) structures beneath it once the rod is attached.!°°.346 Minimizing soft tissue trauma around the screw insertion 
site may help to decrease the incidence of HO. Because spine instrumentation is being adapted to the pelvis, the cannulated screw systems have been 
somewhat problematic for the dense supra-acetabular bone compared to the soft cancellous bone in the spine. 


INFIX Outcomes 


In a multicenter study, complications of supra-acetabular fixation included early revisions due to technical errors, irritation of the LFCN with subsequent 
resolution, and asymptomatic HO around the pins.*4” In the two small single-center series published, all patients healed without loss of reduction. No deep 
infections or loosening of the device was reported. In one symptomatic case, the HO was debrided at the time of hardware removal.!©3:347 Vaidya et al.348 in 
a follow-up study reported on midterm outcomes. All patients healed with good radiologic and functional outcomes. Although HO continued to be seen in 
over 50% of patients, it remained asymptomatic in all but one patient. They did find that the presence of HO correlated with increased age and the ISS. 
LFCN irritation continued to be problematic but did resolve with implant removal. From a technical standpoint, they did switch to using Schanz pins 
(monoaxial fixation) because of the reported concerns of polyaxial pedicle screw fixation and failure. 78347-349 


Internal Stabilization of the Anterior Pelvic Ring 


Historically, anterior stabilization of the pelvis was approached predominately with external fixation. It was also used as an adjunct to posterior fixation in 
many cases. The procedure could be performed with relative ease by most orthopaedists, was minimally invasive, and could treat both symphyseal diastasis 
and rami fractures.°” External fixation is not without its issues. It is cumbersome for the patient and can impede access to the abdomen required by the 
trauma surgeon. Pin site complications, especially in the obese, and concerns with maintenance of reductions have tempered their use, especially as sole 
stabilization.!!2!9* Loosening of pins and poor fixation into the iliac wings had been problematic, but the use of supra-acetabular pins has improved fixation 
constructs. 100-105.130,252 Although, biomechanical studies have shown that external fixation and internal fixation are equivalent for controlling external 


319 internal fixation is much better for controlling and resisting vertical displacement of the hemipelvis. In cases of VS pelvic 
6 


rotation in pelvic ring injuries, 
ring injuries, significant improvement in pelvic ring stability occurs when the posterior fixation is augmented by anterior fixation.?® 

With improvement in implant technology and increased comfort level of orthopaedic trauma surgeons in performing anterior surgical approaches, the 
use of internal fixation has increased. External fixation is still useful, especially in the situations where ORIF may be problematic, such as in abdominal 
compartment syndrome with an open contaminated laparotomy incision or a bladder injury being treated with an SPT. However, the determination of which 
surgical technique to employ should be based on many factors, including the condition of the patient and their soft tissues, associated injuries, the pattern of 
anterior injury (fracture and/or symphyseal disruption), biomechanical strength of fixation constructs, available implants, and the surgeon’s comfort level 
and skill. These techniques include anterior external fixators, INFIX (off-label use of spinal implants), formal ORIF with plates and screws, as well as 
percutaneous techniques, often reserved for rami fractures. An additional consideration in female patients of childbearing age is their potential plans for 
having children. Normal vaginal delivery requires relaxation of the pelvic ring, which theoretically could be hindered or prevented by residual internal 
fixation. The concern over the need for the use of a cesarean section in patients with previous pelvic ring injuries has been raised.*° This, however, may be 
unfounded, as the literature shows that normal delivery can occur even in the presence of internal fixation?! and is more a function of patient and 
obstetrician bias.7° 


Preoperative Planning 


Stabilization of the Anterior Pelvic Ring: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table preferably OSI flat top 
Position/positioning aids LJ Supine 
Fluoroscopy location LJ C-arm—opposite side for antegrade rami screws and if anterior fixation with posterior SI screw; same side as injury if 


Retrograde rami screw 


Equipment LJ Symphyseal plates, 4.5-mm solid screws, cannulated screws ranging from 5.0 to 8.0 mm, 3.5-mm pelvic recon plates and 
screws, pelvic reduction forceps pro ne nata (PRN) for ORIF 


Tourniquet LJ 
Other LJ 


Careful evaluation of the plain radiographs and CT scans should be undertaken to determine whether the planned surgical procedure can be accommodated 
by the patient’s pelvic structure. For example, is the anterior column screw pathway large enough and appropriate shape for placement of an anterior column 
screw. In addition, the coronal, sagittal, and 3D reconstructions can be useful for preoperative planning of one’s exposure and may alter the surgical plan 
based on bony and soft tissue findings. 

The patient should have a catheter in place to keep the bladder drained and decompressed. If an SPT is placed, it should be placed well above the 
umbilicus by the urologist or trauma surgeon and away from the operating field (see Fig. 50-4). Similarly, colostomies should be placed well above and out 
of the way of any potential anterior as well as the lateral window approach. Constant communication with and educating of both the trauma surgeons and 
urologists is helpful to avoid such potential problems. If a colostomy or SPT is present, an occlusive dressing can be used to cover this area and sterile prep 
can be performed over it. Misplacement of either may force surgical stabilization alternatives that may not be optimum. If an external fixator is in place, the 
following several options exist and selection is dependent on the surgeon’s personal preference and experience: (1) include the pins with or without the bars 
in the sterile prep and reapply a second prep once the drapes have been placed; (2) remove all of the components and cover the pin sites with occlusive 
dressing; or (3) remove rods and leave pins to aid in reduction maneuvers during the procedure. 


Patient Positioning 


Positioning for anterior fixation is generally supine on a radiolucent table. Supine positioning is usually not a problem even for the multiply injured patient. 
A general anesthetic is preferred to allow for adequate paralysis, which will aid in reduction. The Orthopedic System Incorporated (OSI, Union City, CA) 
flat-top table allows for adequate mobility of the C-arm underneath for inlet and outlet views without a table base getting in the way. Regardless of the 


preference of OR table, one must ensure that adequate images can be obtained on the table that is chosen. The patient should be placed flat without bumps 
under the hip to ensure that orientation of the pelvis is not altered. A blanket can be fold twice over and can be placed midline at the level of the normal 
lumbar lordosis to accentuate it. This increased extension of the pelvis can aid with screw placement. There are several methods for closed reduction of the 
open-book pelvic ring injury. A sheet can be placed around the patient at the level of the greater trochanters to aid in reduction if so desired. Another 
technique to reduce the open-book injury is internal rotation and taping of the lower extremities (IRTOTLE) (see Fig. 50-38).!°° All of these methods can 
simplify any intraoperative reduction maneuvers needed when the symphysis is exposed. These methods are especially useful for obtaining a closed 
reduction, if any vertically stable component is reduced as well, prior to placement of IS screws. 


Surgical Approach 


A wide prep area is advocated to allow for treatment of pelvic injuries that were potentially not identified during preoperative planning. The entire anterior 
pelvis from the xiphoid to the top of the perineum and laterally on both sides to include the iliac crests and down around the gluteal region should be 
prepped. It is common to prep in the lower extremity on the side of the pelvic injury with significant deformity. Prepping in the lower extremity allows for 
easy access for manipulation, placement of traction a pin, and bumps underneath the knee to allow for easier approach through the lateral window (due to 
reduced muscle tension from hip flexion) as well as adjusting the traction vector. 

The Pfannenstiel incision is the mainstay of anterior approaches for internal fixation of the pelvis. This incision is transverse and generally located about 
2 cm, or two fingerbreadths, above the symphysis pubis. The incision is typically about 6 to 8 cm in length in the transverse direction and in line with the 
“bikini line.” In obese patients, the location of the incision may be underneath the pannus and caution is needed because this area tends to be problematic. 
An alternative incision is one that is made midline, often used for exploratory laparotomy. However, it usually is not extended all the way down to the 
symphysis. If the trauma surgeon plans on doing a midline incision and the pelvic injury warrants anterior fixation, it is prudent to discuss a joint procedure 
with them and extension of their incision down to the symphysis. Planning and communication are required preoperatively, which can be challenging, 
especially if the patient is taken emergently to the OR because of hemodynamic instability and intra-abdominal sources of bleeding. A midline incision for 
an exploratory laparotomy used by the trauma surgeon usually stops superior to the umbilicus. If the incision extends caudal to the umbilicus, however, the 
author recommends continuing it distally over the pubic symphysis. If the exploratory laparotomy incision ends at or above the level of the umbilicus, then a 
separate Pfannenstiel incision can be made. 

The skin is incised, and dissection is carried down through the subcutaneous fat. Dissection should be carried down to identify the fibers of the rectus 
fascia on either side of the linea alba. The fibers run from a craniolateral to caudal-medial direction and meet at the linea alba. The intersection of the fibers 
from either side should be used to make a cranial-to-caudal dissection through the linea alba. This dissection starts roughly 8 to 10 cm proximal to the pubic 
symphysis and extends just past the level of the pubis. A finger can then be used to separate the bladder from the underside of the rectus and a malleable 
retractor can be put in the space of Retzius. It is important to not place a distalizing force on the malleable, or alternatively to pad the malleable. This will 
help in protecting the bladder neck and urethra from iatrogenic injury. Of note, it is common to encounter a large hematoma once the linea alba has been 
divided and the space of Retzius exposed. This hematoma should be evacuated, and this region irrigated. Blunt dissection is then performed from a medial 
to lateral direction over the superior rami with a cobb. This dissection should extend just lateral to the pubic tubercle bilaterally for pubic symphysis 
disruptions. It is important to remove periosteum on the cranial as well as the posterior aspect of the superior rami within the vicinity of the pubic 
symphysis. This will allow better assessment of the reduction both cranially and posteriorly. Once adequate exposure is achieved, the symphyseal disruption 
can be reduced and fixed. 

For formal ORIF of rami fractures, the exposure over the superior aspect of the ramus must extend further laterally. A formal Stoppa approach can be 
performed. To aid in exposure, flexion of the hip with a bump placed underneath the knee will relax the neurovascular bundles, thereby minimizing the risk 
for injury, while a blunt-ended retractor is placed underneath the rectus and the neurovascular structures. Retraction of these structures should be done 
gently and with caution, as thrombosis of the vessels has been reported. The periosteum overlying the ramus can be incised sharply and peeled back with an 
AO or small Cobb elevator. At this point, it is paramount that, if present, the corona mortis is identified, isolated, and ligated prior to further dissection. This 
anastomotic connection between the external iliac and obturator vessels can bleed profusely and result in significant morbidity if it is inadvertently injured. 
The dissection can continue to the pubic root once ligation of the corona mortis, if present and if needed, has occurred to the supra-acetabular bone of the 
inner table of the ilium. 


ORIF of Symphysis Diastasis 


If the patient’s injury is consistent with an open-book—type injury, Young and Burgess APC II or III, where it is deemed necessary to perform ORIF of the 
symphysis diastasis, much of the reduction can be accomplished during positioning of the patient. If the reduction is not obtained with positioning, a variety 
of methods can be used which are described under “technique.” In APC II or equivalent injuries with an intact posterior hinge, the reduction can often be 
near anatomic. 


ORIF of Symphysis Diastasis Technique 


ORIF of Symphysis Pubis: 
KEY SURGICAL STEPS 


Supine positioning 

Pelvic sheeting at greater trochanters to reduce widening PRN 
Pfannenstiel approach and exposure 

Protect bladder with malleable retractor 

Clamp application to reduce symphysis 

Plate fixation of symphysis 

Irrigation 

Drain placement in the space of Retzius 

Repair of rectus sheath 

Drain in subcutaneous layer 


LJ Closure of skin 


Once the pubic bodies are exposed, several reduction instruments can be used to obtain the reduction. The author will routinely use a sheet around the thighs 
and internally rotate the ankles to decrease the gap of the reduction, which will not only simplify intraoperative clamp placement, but it will also decrease 
the tension across the clamps and help maintain reduction while placing implants (see Fig. 5 ). Weber pointed reduction clamps and the Jungbluth clamp 
are extremely helpful in obtaining a reduction of the symphysis. In cases of significant multiplanar deformity, a Jungbluth clamp is preferred by the author, 
especially in the setting of posterior translation of one hemipelvis versus the other. The Jungbluth requires two 3.5-mm screws placed in the pubic body on 
either side of the symphysis (Fig. | ). These screws need to be 4 to 6 mm longer than measured to allow placement of the Jungbluth clamps, and a 
malleable should be utilized to protect the bladder during drilling and placement of screws. Alternatively, a Weber clamp placed with the appropriate vector 
of the tines can assist with the reduction of the symphysis ( ). It is important to assess the reduction on multiple plains. The author advocates using 
the superior aspect as well as the posterior aspect of the symphysis directly for reduction reads. 
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Figure 50-41. A 32-year-old obese man sustained APC II pelvic ring injury after motorcycle accident. A: Initial trauma series AP x-ray. B: Inlet fluoroscopic image 
demonstrating anatomic reduction of the pubic symphysis using a Jungbluth clamp and placement of a 2-mm threaded K-wire to maintain reduction, prior to plate 
placement. C: AP pelvis, postfixation using a six-hole precontoured pubic symphysis plate with all nonlocking screws. Note relatively long incision to prevent squaring 
of the incision edges in this obese patient. 


Adjunct reduction aids may be needed in cases of poor bone quality or extremely obese patients when the surgeon notes strain on the clamps and/or 
inability of the bone to maintain the position of the clamp tines or screws. In these cases, placement of supra-acetabular pins and an anteriorly based external 
fixator can assist with obtaining a reduction. Traction through the distal femur can also be useful in cases of flexion or vertical displacement deformities on 
the side of the injury. Once the reduction is obtained, 2-mm Kirschner wires can be placed crossing the symphysis to allow for maintenance of reduction, 
prior to placing the cranially based plate. These wires are ideally placed from a cranial-anterior to caudal-posterior direction so that they do not impede plate 
placement. Of note, wire placement is not routinely needed, just in cases in which the reduction is hard to maintain with the clamps or clamps are in the way 
of the plates. 

Pointed reduction clamps have been used with points of contact within the obturator foramen or into the lateral aspect of the pubic tubercle. One must be 
careful when placing clamps in the vicinity of the pubic tubercles due to the vicinity of the spermatic cord.°’ Care must also be taken with all of these 
reduction maneuvers in osteopenic bone. In good-quality bone, a pilot hole can be drilled on each pubic body anteriorly into which the tines of a modified 
(straight-straight) medium-sized Weber clamp can be placed, and compression can be obtained by closing down the clamp (Fig. 50-43). When there is 
considerable damage to the cartilage within the symphysis or loose fragments, excision of the cartilage can be performed prior to reduction and fixation. In 
these cases, the author recommends drilling small, 2-mm holes within the symphysis on either side to promote further scarring. 

Once reduction has been obtained and confirmed, plate fixation can be applied. Various plate configurations have been described in the 
literature.“°’?"»»°°* Debate has centered around the need to maintain some “physiologic” motion at the symphysis, and thus two-hole plates have been 


advocated.**! However, the use of two-hole plates has shown a high rate of failure and pelvic malunion, leading pelvic surgeons to use alternative plates 
that allow for at least two points of fixation on either side?” or dual plating, which allows for multiplanar fixation.2°° The authors preference is to use a 
small fragment symphyseal specific plate, which allows for either two or three points of fixation on each side of the symphysis. Alternatively, a 3.5- or 4.5- 
mm pelvic curved reconstruction plate (generally a four- to eight-hole plate, depending on the anatomy and size) can be used and contoured to fit over the 
symphysis. This also will allow the same number of fixation points to occur. Adequate closure of the symphysis with an appropriate amount of compression 
is desired. Biomechanically, this has been shown to be best achieved by the use of a contoured and prebent symphyseal plate with combined dynamic 
compression holes and locking screw capabilities.?°° If the bone is osteoporotic, locked screws may be used in many of the plates available today, although 
the advantages to the use of such locked plates have been questioned.!2*:2!! In a cadaveric biomechanical study, Moed et al.2!3 simulated a type C pelvic 
injury which was fixed with either a locked symphyseal plate or a standard unlocked plate anteriorly along with two SI screws posteriorly. Both groups of 
plate fixation had no difference in terms of loss of symphyseal reduction or average cycles to failure when loaded. They concluded that locked plating did 
not offer any biomechanical advantage. Moed et al. also reported six cases of locked plate failure.*!! Conversely, in a clinical case series, 11 patients with 
highly unstable fractures were treated with locked plating for the symphyseal disruption. !?? They were allowed to weight bear as tolerated as long as there 
was no posterior fixation. Only one patient had a failure but did not require revision. They felt that the use of locking plates was safe with a very low 
complication rate. The author does not advocate the routine use of locked plating for symphyseal disruptions. Locked symphyseal plates are used in a 
minority of cases in which bone quality is extremely poor. 
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e 42. A 55-year-old male farmer who was bucked off a horse, with a pubic symphysis disruption, right-sided SI joint disruption, and left-sided sacral 
fracture. A: Trauma series AP radiograph. B: Pointed reduction clamps utilized with appropriate vector to reduce pubic symphysis. Provisional 2-mm threaded K-wires 
placed across symphysis to hold reduction while removing the clamp to allow for plate placement. C: Intraoperative inlet view after plate placement. D, E: Final 
inlet/outlet radiographs. 
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Figure 50-43. A: A medium modified straight-straight pointed reduction clamp. B: Clamp position in relation to pubic symphysis on a pelvis model. Pilot holes (2.5 
mm) for clamp tines are made just anterior and caudal to where pubic symphysis plate is going to be positioned. 


Proper trajectory for drilling can be determined by finger palpation on the posterior aspect of the pubis. During drilling, a malleable retractor is placed to 
protect the bladder. An aluminum-based malleable retractor is preferred due to the fact that it is partially radiolucent. If residual compression is required, the 
plate can be used to obtain some compression by following principles of eccentric drilling. Care must be taken to ensure that the rest of the plate, on each 
end, is still on the bone. Even if locked plates are used, albeit not routinely needed, it is recommended that the initial two screws be nonlocking such that the 
plate can be brought completely down to bone. Stiffer precontoured implants will also assist with minor sagittal plane deformity if nonlocking screws are 
first used medial to the tubercles. Minor adjustments to the reduction can be made if only one screw is placed on either side of the symphysis and prior to 
placement of additional screws. These minor adjustments can be made with pointed reduction forceps placed in an oblique fashion, or utilizing a spike 
pusher. The author advocates using three 3.5-mm screws on either side of the symphysis when possible. These screws should be bicortical in nature. In 
cases of poor bone quality, the two screws on either side of the symphysis can be crossed for additional purchase and the most medial screw on either side 
can be directed laterally to allow for a longer screw (Fig. 50-44). Screws should not protrude a significant distance from the second cortex due to the fact 
that they may become symptomatic depending on the location. Long medial screws could cause injury to the bladder and pain with intercourse in woman. 
Laterally based screws used in longer plates may cause irritation to the obturator nerve if they are long on the most lateral aspect of the obturator foramen. A 
hyperinlet view can be useful to identify long screws that protrude posteriorly. 

If dual plating is chosen or needed in cases when the initial plate exhibits poor fixation or in revision cases, the second plate is placed anteriorly, just 
caudal to the cranially based plate. Of note, this plate is not placed on the rectus attachment, therefore a partial rectus elevation is required to place this 
implant under the rectus. The author advocates using a stiff 2.7-mm plate in this region with two to three screws on either side of the symphysis. These 
screws are directed from an anterior cranial to posterior caudal direction (Fig. 50-45). 


Figure 50-44. Example case of a patient with an APC-type injury with screws crossing on either side of the symphysis to allow for better fixation. In this case, the 
two medial screws are directed slightly anterior and lateral, and the screw just lateral to them is directed just posterior and medial to the more medial screw. 


Closure is then performed of the surgical exposure after the retropubic space is adequately irrigated. We routinely drain the space of Retzius with a 
hemovac drain. Careful attention needs to be paid to the location of this drain. Injury to the external iliac vasculture can occur if the drain is brought out too 
far lateral. The drain first be brought out just lateral to the linea alba then brought out 6 to 8 cm cranial to the incision under direct visualization. 0 Vicryl 
suture in figure-of-eight fashion is used to close the rectus fascia. Another hemovac drain is then placed between the subcutaneous tissue and the rectus 
fascia layer. This drain is brought out away from the incision. 2-0 Vicryl suture is used to close the subcutaneous layer and skin is closed with staples. 


Postoperative Care 

Postoperatively, TDWB restrictions are placed on the side of the posterior ring injury. With a complete symphysis disruption, this is done for 12 weeks. The 
drain is removed generally at 24 to 48 hours (when <30 cc a shift) and prophylactic antibiotics used per typical protocol. DVT prophylaxis is used for at 
least 6 weeks and is ultimately dependent on the patient’s associated injuries and mobility status. Staples or sutures are removed at 2 to 3 weeks. 

While, plate removal has been discussed because the long-term effects have not been well understood, and there has been no consensus as to the need 
for hardware removal, and therefore plates are not routinely removed.!’* Suprapubic pain, impotence, and dyspareunia were unrelated to implant status in a 
retrospective review of patients with symphyseal plating.!!“ In addition, implant failure was asymptomatic in this series, which also questioned the need for 
plate removal. Collinge et al.5* noted a 75% rate of screw loosening or breakage of symphyseal fixation in a retrospective series of patients who were 
treated for pubic symphysis diastasis. They noted that while failure of fixation with recurrent widening of the pubic symphysis is not uncommon, the need 
for revision fixation to provide symptom relief is extremely low.°? The need for removal in women of childbearing age has not been determined; several 
authors have reported that vaginal delivery has been successful even with retained hardware across the symphysis.*°.!!435! In general, we do not routinely 
remove symphyseal hardware in female patients. Discussion with these patients is recommended about the potential need for a cesarean section based on the 
size of the baby, but the decision is left to the obstetrician and the patient. 


Potential Pitfalls and Preventive Measures 


ORIF of Symphysis Pubis: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Poor reduction e Adequate visualization with fluoroscopy and direct visualization of the superior and posterior aspect of 
the rami; proper plate placement; avoid premature clamp release 


Bladder injury e Malleable retractor to protect bladder; proper drilling trajectory 
Corona mortis injury e Limit lateral dissection 
Injury to spermatic cord e Appropriate clamp placement 


Poor reduction, failure or loosening of reduction, or inability to obtain and maintain reduction can occur. Poor reduction is usually a failure to identify the 


residual displacement due to inadequate intraoperative imaging, improper plate application which can sometimes cause displacement when screws are being 
placed, or releasing “clamps” prior to two points of fixation being placed on each side of the symphysis when the reduction was being held. Inlet and outlet 
images need to be critically assessed to determine accuracy of the reduction. The posterior aspect of the symphysis is a good location to assess 
anteroposterior translation. This can be seen on the inlet view and directly visualized and palpated with an open reduction. The AP and outlet views should 
be assessed not only based on the height of the pubic bodies in relation to each other but also the symmetry and contour of inferior rami as they meet at the 
pubic symphysis (Fig. 50-46). 

Two-hole plates are not recommended, since rotational instability cannot be controlled and because of the high failure rate. If fixation with a single plate 
seems to be insufficient, supplementing with an anterior plate can be helpful. Alternatively, if fixation is poor, an external or internal fixator can be applied. 
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Figure 50-45. A 59-year-old morbidly obese man (BMI 52) with APC pelvic ring injury who was referred after operative management. A, B: AP and inlet imaging 
demonstrating hardware failure and pubic symphysis widening. C: Anterior hardware removed, and symphysis reduced using Jungbluth with placement of a 10-hole 
curved recon plate (different hole spacing then precontoured previous plate) on the superior aspect of the rami. D: Additional 2.7-mm strength (thick) locking plate, 
placed anteriorly with locking screws. E, F: Long-term follow-up films demonstrating no loss of reduction or hardware failure. 


Figure 50-46. Assessing pubic symphysis reduction. A: AP radiograph demonstrating symmetry between the inferior rami as they meet at the pubic symphysis. 
Centered isosceles blue triangle displays relatively the same distance between its two cranial sides and the inferior rami bilaterally. B: Axial CT scan of same patient, 
demonstrating the posterior edges of the pubic symphysis are aligned. C: AP radiograph of another patient demonstrates slight malreduction of the pubic symphysis 
due to the fact that the blue isosceles triangle does not have the same symmetry in relation to the inferior rami. The left inferior rami is farther away from the cranial 
limb of the triangle on that side. D: Inlet radiograph of patient in C demonstrates slight posterior displacement of the superior rami on the left side compared to the 
right. C and D suggest that the pubic symphysis was not perfectly reduced (malrotation), which may be causing the slight asymmetry noted between the SI joints on the 
AP image in C. 


Failure of the hardware often results from premature weight bearing or underappreciation of the severity of posterior ring injury resulting in excess 
stress of the anterior fixation. If any posterior instability is detected, it has been suggested that posterior fixation should be considered. In a series of APC II 
injuries, two-thirds of the patients had additional posterior fixation. Those who had anterior fixation alone had a significantly higher incidence of plate 
failures and malunions.** Conversely, in another small retrospective series, there was no difference in the rate of anterior failure between those with and 
without posterior fixation.’’ Posterior fixation may still be beneficial in these cases. In a retrospective review of 126 patients with unstable pelvic ring 
injuries treated with anterior symphyseal plating and IS screw fixation for the posterior lesion, early failure still occurred despite posterior fixation.”? There 
were 14 (11.1%) premature postoperative failures at a mean of 29 days. Although posterior fixation was not 100% protective, the authors felt that it did help 
minimize further displacement after symphyseal failure. The author believes that an additional factor that could potentially lead to early anterior plate failure 
is the type of implant utilized. Anecdotally, anterior plate failure is higher when six-hole curved recon plates are used compared to more stiff precontoured 
symphyseal plates. 

Excessive bleeding while performing open reduction of the symphysis is rare. This can occur if the corona mortis is violated with extensive lateral 
dissection or if the corona mortis was traumatically injured and clotted off and the exposure disrupted the clot. If this occurs, one must work quickly to gain 
control and ligate the vessel. In extreme cases or when bleeding cannot be controlled adequately, packing should be undertaken with immediate skin closure 
in preparation for angiographic embolization. 

Bladder injury can occur with improper “drilling” trajectory. A malleable retractor should be used to protect the bladder. A Foley catheter should be 
used to decompress the bladder. Formation of blood-tinged urine during the procedure can alert one to injury. In such cases, intraoperative urology 
consultation should occur. 


Many outcome studies on pelvic ring injuries are reported but do not necessarily report on one individual injury pattern or method of treatment. Because the 
patient populations are heterogeneous in terms of injuries and treatment, it is difficult to evaluate any single method of treatment alone. In patients with 
rotationally unstable injuries but vertically stable injuries, anterior fixation alone has been shown to be sufficient. 

Kellam did show that when an adequate reduction of less than 2 cm of the symphysis pubis was obtained in rotationally unstable injuries, 100% of the 
patients returned to normal function (pain, work, and lifestyle assessed, sexual dysfunction not assessed).'°” However, only 31% of patients had normal 
function when they had associated posterior pathology. Similar findings show the importance of an anatomic reduction of the anterior injury in these APC II 
patterns to favorable outcomes. 


In terms of plate fixation of the symphysis, hardware failure is a commonly reported occurrence, but it does not seem to correlate with functional 
outcome, !14761,264,287 In a retrospective review of 37 patients treated with symphyseal diastasis, implant failure occurred in 11 (30%) which was then 
compared to the intact group of 26 patients.°” Outcomes scores, SF-36 and Majeed, were evaluated and compared. They showed that despite hardware 
failure, the SF-36 scores were comparable for both groups. Interestingly, the implant failure group had higher Majeed scores (NSS). This may be related to 
the presumption that the group with failure was more active resulting in the failure versus the failure allowing more motion in the symphysis pubis. Since 
the outcomes were favorable despite fixation failure, removal of the hardware or primary symphysiodesis to prevent hardware failure was not warranted. 
Despite successful radiologic outcomes and anatomic restoration of the pelvic ring, those patients who require both anterior and posterior fixation still report 
functional limitations as a continued problem.?8:160,254,261 Tn a study with 1 year of follow-up, the mean SF-36 physical score was approximately 20% lower 
than that in the normal population and patients reported their physical function at 69% of normal.?°! The discrepancy in outcomes for these APC II injuries 
may be related to the fact that it has been unclear as to when posterior fixation is needed in such injury patterns. However, Avilucea et al.!4 retrospectively 
reviewed 134 patients with surgically managed APC II injuries. Anterior fixation was used in all, but 69% had additional posterior fixation. They found a 
statistically significant increase in plate failure and malunions in the group with anterior fixation alone. These findings may suggest that the APC II injury is 
also a heterogeneous group of injuries. The author recommends carefully assessing the posterior ring, especially the SI joints both radiographically and 
clinically. If the surgeon has any concerns about a potential posterior-based injury, a stress examination should be performed intraoperatively to determine 
the degree of instability. 


Stabilization of Ramus Fractures 


Surgical stabilization of rami fractures may be warranted in a number of circumstances. This is usually in the case of a ramus fracture associated with VS 
injuries, where there is considerable soft tissue damage around the anterior ring. In addition, in any posterior ring injury where there is considerable 
instability and associated soft tissue damage, it may be desirable to augment the posterior fixation with anterior fixation. Many rami fractures can be treated 
nonoperatively since these are not ligamentous disruptions as in the case of symphyseal diastasis. The soft tissue structures can aid in the successful healing 
of these fractures. The periosteum provides a biologic environment, whereas the inguinal ligament provides a mechanical environment by stabilizing the 
fracture when the location of the fracture is lateral to its insertion. If medial, the fracture tends to act similar to a symphyseal disruption, with widening, and 
thus may require formal surgical management. 

Options for operative stabilization include ORIF, external fixation, and percutaneous stabilization with screw fixation in either an antegrade or 
retrograde fashion.'®?315316 Stabilization with a retrograde screw has been biomechanically evaluated and found to be comparable to that of plate 
fixation.°°* Unilateral injuries can often be treated with any of these methods if there is significant displacement or to augment posterior fixation. With 
bilateral injuries, ORIF can require extensive dissection and increased risk of complications. As an alternative, an external fixator can stabilize the anterior 
ring injury allowing fracture healing to occur or percutaneous techniques can be used. 

A prerequisite for percutaneous techniques is obtaining a reduction before screw placement. If the reduction can be performed closed or in a minimally 
invasive manner,*!> then a percutaneous technique is preferred. Starr et al.2!5 classified rami fractures (Nakatani classification) into three types by looking at 
their percutaneous results to determine what would potentially predict fixation failure. Overall, there was a 15% loss of reduction, which was more common 
in elderly patients, female patients, and patients who had screws placed retrograde. Anterior loss of reduction was always accompanied by loss of posterior 
reduction. Most cases of loss of reduction involved fractures medial to the lateral border of the obturator foramen (Nakatani zone II injuries more so than 
Nakatani zone I). 

If a percutaneous method is chosen, either antegrade or retrograde methods may be used.?”93!53!6 Multiple factors should be considered when choosing 
the technique, including the location of the fracture,’ the patient’s habitus, associated soft tissue injuries, bony anatomy and space available for screw 
placement, and surgeon’s experience with both techniques. Antegrade screws may be better utilized when the fracture is lateral, near the pubic root, or in the 
middle of the ramus, or the patient is morbidly obese (as long as the fracture pattern is amenable). Retrograde screws are useful for those medially based 
fractures. Regardless of the direction used, intraoperative fluoroscopy and a technician well versed in obtaining appropriate images are paramount for a 
successful and safe surgery. Placement of a guidewire and ultimately the screw is accomplished using the obturator outlet view (OOV) and iliac inlet or inlet 
view (IV), to assure no penetration of the cortex or exit out the fracture site. The external iliac vascular structures are at risk cranially (OOV), acetabulum 
caudally (OOV), the bladder posteriorly (IV), and the corona mortis posteriorly (IV) (Fig. 50-47). 
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Figure 50-47. The corona mortis is demonstrated on the inside of the superior pubic rami about 6 cm from the symphysis. It represents the anastomosis of the 
obturator artery and the external iliac artery. 


Stabilization of Rami Fractures Technique 
Open Reduction and Internal Fixation 


ORIF of Ramus Fracture: 
KEY SURGICAL STEPS 


Supine position on radiolucent table 

Pfannenstiel incision with extension into Stoppa or ilioinguinal depending on fracture extension 
Dissection to symphysis and laterally as needed to allow bridging of fracture 

Protect bladder with malleable retractor 

Plate length determination 

Contour plate 

Apply plate to bone laterally proximal to acetabulum 

Secure plate medially onto superior ramus or across symphysis depending on comminution 
Drain in space of Retzius 

Closure 


ORIF of a ramus fracture can be performed through the Pfannenstiel incision, but often extension of this into a Stoppa or full ilioinguinal may be required. 
The usual precautions as indicated previously should be undertaken. Because of the extensive exposure required, many surgeons prefer percutaneous 
techniques to minimize the need for such exposure. In any event, if ORIF is undertaken, fixation often needs to occur lateral to the pubic root, which 
requires the screws to be placed in the supra-acetabular bone. Care must be taken to avoid intra-articular screw penetration into the acetabulum (Fig. 50-48). 
The OOV and inlet view can be useful during this procedure. If the plate is contoured correctly and it is relatively malleable, it can be applied laterally to 
begin with and then used as a reduction tool. Plate application must be collinear with the bone and requires some contouring to ensure that the plate will be 
on the bone once reduction is achieved. Pelvic reconstruction plates are best for this purpose. Final fixation is accomplished with screws through the medial 
aspect of the plate into the medial fracture fragment. If the symphysis is also disrupted, a longer plate can be used and extended to crossover the midline and 
onto the opposite ramus. Attention to detail is required to ensure that the plate fits appropriately on the bone. Closure is done in the same fashion as 
described previously. 


Antegrade Percutaneous Screw Fixation 


| / Feet Percutaneous Screw Fixation of Ramus Fracture: 


KEY SURGICAL STEPS 


vi position on radiolucent table 

Fluoroscopic imaging—obturator outlet and inlet views; rotate between views for all steps 
Percutaneous K-wire (or drill) placement to anticipate proper trajectory 

Insert K-wire (or drill) into proximal segment 

Obtain reduction of fracture with percutaneous manipulation as needed 

Advance K-wire (or drill) bit across fracture and into distal segment 

Incise skin and measure length 

Screw placement with or without washer 

Close 


Antegrade screw insertion for superior ramus fractures (Fig. 50-49) is generally performed with the patient supine, although it is possible with prone 
placement. The entire pelvis is draped and prepped, similar to that for ORIF, in the event that an open procedure is required. Intraoperative fluoroscopy is 
used throughout the procedure, shifting between OOV and inlet views. The OOV should be optimized as previously described in the section discussing 
supra-acetabular pin placement. The inlet view should allow the surgeon to barely visualize the obturator ring so that the anterior border of the superior rami 
can be visualized. 

Cannulated and noncannulated screws can be utilized for fixation. Ideally, a screw diameter 4.5 mm or larger should be used, as smaller screws can 
easily break or bend in this region. Several different techniques can be used for screw placement. The author’s preferred technique will be described. The 
starting point being the midpoint on a line between the tip of the greater trochanter and a spot about 4 cm posterior to the ASIS.°!° The guide wire (author 
uses a 2-mm Kirschner wire) can be inserted in the posteroinferior quadrant as shown in figure (Fig. 50-49A). The surgeon’s contralateral hand should be 
placed on the superior aspect of the pubic symphysis to help triangulate the trajectory (Fig. 50-49D). After the wire is placed on bone, fluoroscopy should be 
used to identify the appropriate start site and trajectory. Of note, it is advantageous to start on the higher side on OOV due to fact that in many circumstance 
the guide wire will slip on the steep gluteus medius pillar before it advances (Fig. 50-49C). If the wire does not slip too much, it should be left in place and 
another wire placed cranially, this avoids the wire finding the previous hole. Once the wire is inserted 2 cm, the trajectory on both the OOV and inlet view 
should be reassessed. If any correction or fine-tuning is required, a 4.5-mm cannulated drill can be used over the 2-mm wire and correction can be made 
with the drill in the forward direction without advancing (Fig. 50-49E). Once the ideal trajectory is obtained, the drill can be oscillated to the fracture site 
and then removed and replaced with a longer guide wire (Fig. 50-49F,G). This guide wire can have a slight bend at the tip of it, which will allow further 
correction if needed. If a noncanulated screw is to be used, the 4.5-mm cannulated drill can be removed and an appropriate size long drill is placed and 
oscillated to the far cortex. It is paramount that the surgeon uses both fluoroscopic views throughout instrumentation to make certain that the bony osseous 
pathway has not been violated. The ideal location within the pathway is superior and posterior. This will prevent inadvertent violation of the superior rami 
sulcus upon which the femoral artery and vein travel. Once the guidewire is placed against the far cortex, a subtraction measurement technique using a 
second guidewire can be used and the appropriate length screw can be placed. Rarely are washers indicated in this region as the gluteus medius pillar has 
excellent bone quality. If the start site is not ideal, however, and corrections are made with the drill in multiple directions, then a washer may be indicated to 
prevent the screw head from penetrating the near cortex. 
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Figure 50-48. Patient with a pubic symphysis disruption and a superior rami fracture that was spanned. A: Preoperative AP radiograph. B: Postoperative inlet 
radiograph, note the placement of the two most lateral screws in the plate being out of the hip joint. C: Alternative technique for fixation in the setting of a rami 
fracture and a pubic symphysis disruption. This patient had bilateral superior rami fractures and a pubic symphysis disruption. Patient underwent bilateral antegrade 
anterior column screw placement and pubic symphysis ORIF. 


Keep in mind that reduction of the ramus fracture must be performed prior to placement of the guidewire. If this cannot be done closed, a percutaneous 
method by making a stab incision through the rectus or linea alba and using a carefully placed bone hook or joker elevator can reduce the fracture.?!° 


Retrograde Percutaneous Screw Fixation 


KEY SURGICAL STEPS 


L/ | Retrograde Percutaneous Screw Fixation of Ramus Fracture: 


Supine positioning 

Fluoroscopic imaging—obturator outlet and inlet views; rotate between views for all steps 
Incision at base of penis/mon pubis over contralateral pubic tubercle 

Insert guide pin or drill into distal segment 

Obtain reduction of fracture with percutaneous manipulation PRN 

Advance guide pin or drill bit across fracture and into proximal segment 

Measure length 

Screw placement 

Close 


r 9. Technique for percutaneous placement of an antegrade anterior column screw. A: Rough skin start site is slightly posterior to a line drawn down from 
ASIS and caudal to a line drawn along the shaft of the femur (yellow dot). B: OOV obtained with the C-arm on the contralateral side of the injury and the surgeon on 


the ipsilateral side of the injury. C: OOV demonstrating K-wire that slipped slightly caudal to ideal start site given this patient’s anterior column morphology. Initial K- 
wire left in place and a more cranial start site obtained. D: Surgeon’s nondominant hand placed on the pubic symphysis to allow for triangulation while obtaining a 
start site. Dominant hand is directing the K-wire. E: K-wire is swallowed by the 4.5-mm cannulated drill and the drill direction is fine-tuned using the inlet and OOV 
view while within close vicinity to the near cortex. F: After appropriate trajectory is obtained, the drill is oscillated to the fracture site. G: Drill is removed and replaced 
with long 2-mm guidewire with blunt end slightly bent to allow for minor trajectory adjustments. H: Note in this case, bent tip was directed slightly caudal on the outlet 
view, to prevent extruding out of fracture. I: Bent tip was guided slightly posterior on inlet view to keep the trajectory posterior. J: Cannulated screw placed over 2-mm 
guide wire on OOV, verifying that the screw was out of the joint and across fracture. K: Inlet view demonstrating screw was placed across fracture, along the posterior 
aspect of superior rami. 
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Figure 50-50. Obvious soft tissue abnormality (red arrow) noted anterior to the left-sided parasymphyseal superior rami fracture. Soft tissue windows should be used 
when assessing for soft tissue abnormalities. 


Retrograde screw placement requires careful assessment of soft tissues on the preoperative CT scan and an understanding of the vicinity of instrumentation 
to the spermatic cord and round ligament. An anatomical study showed that the average distance between the spermatic cord and the implant during such 
instrumentation is 18.2 mm.°° In another study, the incidence of spermatic cord abnormalities and inguinal hernias was reported to be 5.7%. Furthermore, 
average spermatic cord diameter in those with abnormalities (inguinal hernias or spermatic cord lipomas) was significantly larger, which would potentially 
place the instrumentation and implants even closer to the spermatic cord, resulting in a higher risk of injury.°° If soft tissue abnormalities are noted within 
the region of instrumentation, then the surgeon should consider other options or perform a formal open approach (Fig. 50-50; see Fig. 50-14D). Patient 
positioning and preparation of the surgical field for retrograde screw insertion is the same as that for antegrade fixation; except that the prep should be taken 
to the base of the penis and just cranial to the clitoris in females. The technique was first described by Routt et al.2”? The C-arm should be placed on the 
same side as the ramus fracture and the surgeon should be on the contralateral side. A 2-mm K-wire is placed through the skin just distal and lateral to the 
contralateral pubic tubercle, almost at the edge of the skin prep. This wire should not be inserted lateral to the inguinal crease. The wire is placed without the 
drill onto the appropriate start site which is identified using the same views as mentioned for antegrade anterior column screws (Fig. 50-51). Routinely, this 
point corresponds to an area just distal to the pubic tubercle and almost within the symphysis. Once the appropriate site is identified, the K-wire is advanced 
1 to 2 cm while oscillating. Then a vertical 2- to- 3-cm incision is made, and blunt dissection is performed around the wire. A Schnidt Tonsil can be used to 
retract the contralateral spermatic cord out of the way and a cannulated 4.5-mm drill and protective sleeve are used over the wire. An alternative technique 
can be to make a small incision over the contralateral pubic tubercle and dissect down to the start and protect the spermatic cord with retractors. Once the 
start site is identified, the drill trajectory is fine-tuned on both views within the vicinity of the near cortex and the drill is advanced up to the fracture site and 
replaced with either a 2.5-mm drill or the appropriate guidewire for the cannulated screw that is selected, through the soft tissue protective sleeve. The 
author recommends that a small bend be placed on the blunt end of the guide wire to allow for minor corrections, while the guide wire is being advanced 
with the blunt end first. A small T-handle chuck placed on the guidewire can help guide the direction of the wire and be used as a tapping point for the 
mallet to advance the wire. The wire or drill should be advanced to the far cortex and the screw length should be determined. The screw should either be 
placed through a larger diameter sleeve, or the Schnidt tonsil should be used to retract the spermatic cord. The author does not advocate using 3.5-mm 
screws, as these can easily bend and fail. Either 4.5-mm solid screws or larger-diameter cannulated screws are recommended. Furthermore, if possible, the 
screws should be placed into the far cortex of the gluteus medius pillar and not placed short, just cranial to the joint. Washers are routinely not needed, and 
the use of washers can theoretically increase injury to the spermatic cord. If poor fixation is noted, then the screw can be upsized if the osseous anatomy is 
sufficiently large enough. Screw position should be verified with biplanar imaging, and the wound irrigated and closed with a subcuticular stich and 
Dermabond. 


Stabilization of Rami Fractures Postoperative Care 


Postoperatively, TDWB restrictions are placed on the side of the posterior ring injury regardless of the completeness of the injury. In most instances, the 
author continues TDWB for 6 weeks, if the fracture is unilateral and allows full weight bearing on the contralateral side. At 6 weeks, partial progressive 
weight bearing is initiated. A more conservative approach, which many surgeons take, is to limit weight bearing for 12 weeks. DVT prophylaxis is used for 
at least 6 weeks and is ultimately dependent on the patient’s associated injuries and mobility status. Staples or sutures are removed at 2 weeks. 


Stabilization of Ramus Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Corona mortis injury e Adequate exposure, visualization, and ligation of corona mortis 
Perforation of adjacent structures e Adequate fluoroscopic visualization; attention to trajectory 
Intra-articular penetration e Adequate fluoroscopic visualization; attention to trajectory 
Poor fixation e Switch to a longer or bigger screw if possible 

Missed bladder injury e Patients should have preoperative RUG or cystogram 


When plating ramus fractures, care must be taken to ensure that the corona mortis is identified and ligated, otherwise excessive, and rapid bleeding can 
occur. Screw placement above the acetabulum should be confirmed with fluoroscopy. If screw purchase is insufficient, plating can be extended across the 
symphysis, if need be, or an external fixator can be applied to augment fixation. Care should be taken to avoid placement of external fixation pins with 
direct communication with screws placed to treat the ramus fracture. Theoretically, a pin tract infection can progress to osteomyelitis and infection of 
nearby hardware. 


Figure 50-51. Technique for placement of retrograde anterior column screw. This technique utilizes the same views as described for antegrade anterior column screws 
(see Fig. 50-49). However, the C-arm is placed on the ipsilateral side of the injury and the surgeon is standing on the contralateral side. A: Note on the obturator outlet, 
the drill is directed to an area above the hip joint and the drill is advanced to the fracture and exchanged for the blunt end of 2-mm guidewire. B: Cannulated screw is 
placed over the guidewire. C: Inlet view is used to confirm that the screw is down on the near cortex, is across the fracture, and is contained in the superior ram. Note 
placement of a retrograde anterior column screw across the right-sided parasymphyseal fracture, and placement of antegrade anterior column screw across the right- 
sided, more lateral-based superior rami fracture. 


Inadvertent perforation of adjacent structures is the biggest risk in percutaneous placement and can be avoided by proper and frequent imaging 
throughout the procedure to ensure that the proper trajectory is obtained. Furthermore, multiple drill paths can result in loss of bone and in severe cases 
erosion of the cortex, leading to fixation failure. Screw length should be measured appropriately so as to minimize significant perforation through the pubic 
tubercle medially (antegrade screws), resulting in prominent painful hardware. Furthermore, screws can lose fixation and back out, which most often is 
related to the length of the screw, namely retrograde short screws placed just to the acetabulum. The screw can be replaced with a longer screw that has 
purchase in the far cortex, which improves fixation. 

Perforation of the bladder can occur due to its proximity to the fractured rami. Rare entrapment of the bladder within the fracture site has also been 
reported and can result in erosion of the bladder with development of infection that can track to the adductor compartment of the thigh.!®° 


Stabilization of Rami Fractures Outcomes 


Percutaneous technique for ramus fractures has been shown to be effective, with a 4.5% to 15% failure rate in the two largest series.2°3!5 In the Starr et al. 
study, a failure rate of 15% was noted. Most failures were notable for retrograde screws placed for Nakatani zone II fractures.?!5 The antegrade failure rate 
was only 2.5% in the same series. In the Shieh et al. study, the failure rate was 4.5%. Anterior as well as posterior fixation was utilized in all patients and no 
failure predictor could be identified.2°° A more recent biomechanical study by Lucas et al. demonstrated that short (80-mm) solid 4.5-mm screws had a 
significantly lower load to failure compared to longer (140-mm) bicortical screws and the short screw group load to failure was similar to the unstabilized 
controls.!®” These studies demonstrate the heterogeneity in outcomes depending on not only fracture location, but also implant choice and technique. The 
author recommends using screws no smaller than 4.5-mm solid screws, and when the screw is stopped short of the joint on the OOV, a larger caliber screw 
should be used. No large series in the plating of rami fractures has been published to date and Simonian et al.°°* did show that anterior pelvic stability was 
similar for both the retrograde screw and plate techniques. 


Posterior Pelvic Ring Injuries: Posterior Approach 


Preoperative Planning and Patient Positioning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Posterior Approach for Posterior Pelvic Ring Injuries: 


OR table LJ Radiolucent table, OSI flat top preferred 
Position/positioning aids LJ Prone with chest rolls 
Fluoroscopy location LJ Opposite side of fixation side 
Equipment LJ Soft tissue retractors; intraoperative traction capability 
Draping/prepping 4 Include ipsilateral leg 

Stabilization of opposite pelvis to bed PRN 


Posterior approaches require prone positioning, which can sometimes be problematic for the multiply injured patient with concomitant abdominal or 
thoracic injuries. In patients who can tolerate a prone position and who require a posterior approach, a fully radiolucent table is used. If traction is needed, a 
sterile distal femoral traction pin and bow is used, which is attached to weights and over a traction pulley or H-bar at the end of Jackson table. Many other 
options exist, and surgeons have their preferences. Beds specifically designed to allow for boot traction can also be used. Others have described methods to 
fix the contralateral pelvis to the table, allowing stabilization such that aggressive traction can be applied to the operative side.!°” This technique has been 
useful for severely injured pelvic rings with significant vertical displacement. Regardless of the preferred method, the ability to apply intraoperative traction 
on the hemipelvis can be useful and arrangements made in the event it is needed. 

When placing patients in a prone position, it is important to properly pad the patient. Longitudinal “jelly” rolls or rolled-up blankets along the torso help 
to support the thoracic cavity to allow for adequate ventilation. On the extremity that is not prepped in, “jelly” rolls are used under the knee with pillows 
under the foot. The opposite, injured side is left free or traction is applied depending on the situation. Whatever type of chest support is used, it must be set 
out of the way of potential C-arm imaging as these can cause shadows on imaging. In addition, supports must end at the ASIS or just short of the ASIS. 

Prior to prepping the patient, fluoroscopic images should be obtained to make sure that the fluoroscopic view is not blocked by any objects. In men, the 
Foley catheter and penis should be checked to prevent any areas of pressure. 

Closed reduction techniques should also be utilized prior to prepping. Extension of the affected side can also aid in reduction and eliminate the flexion 
deformity that often exists with many SI disruptions. Extension can be adjusted with additional bumps placed underneath the thigh and with raising of the 
traction vector. Furthermore, the degree of longitudinal traction can be adjusted and assessed fluoroscopically for vertically displaced posterior ring injuries. 
For sacral fractures that have a kyphotic component, prone positioning can roughly correctly 10 degrees of kyphosis based on authors experience (Fig. 50- 
52). Additional correction can be obtained by placing additional bumps under the chest and thighs. Once closed reduction has been performed, the reduction 
should be assessed critically and if found adequate then the surgeon can pursue with percutaneous management. If the reduction is not adequate, then formal 
open reduction should be performed. Reilly et al.2°° have shown that fracture stability is improved when as close to an anatomic reduction has been 
obtained. Proper reduction of the sacral fracture allowed for safe placement of an IS screw by increasing the diameter of the safe corridor for the implant. 
Intraoperative CT scan can also be performed in centers in which this is available to help determine the accuracy of the reduction. Once confirmation of 
adequate and appropriate images (AP, inlet, outlet) is complete, the patient can be draped in anticipation of prepping. 

The entire flank on the affected side, extending down around the groin to include the entire ipsilateral extremity, should be included in the surgical field. 
In addition, the drape should be extended to the opposite side and down the flank just above the contralateral buttock to the side of the table. This allows 
access to both SI joints, without including the midline cleft and contralateral buttock. The area can then be prepped and surgically draped. A layer of Ioban 
is then applied to the surgical field. 

Sacral deformities and defects should be evaluated prior to any open or percutaneous procedures. As discussed previously, patients with sacral 
dysmorphism do not have pathways for transiliac transsacral screw placement in the S1 bony osseous corridor but usually have safe corridors at S2. Screw 


trajectories are also very important to assess, especially when screws are being used in lag fashion to obtain a reduction. In cases of ORIF of sacral fractures, 
careful evaluation of the CT scan for nerve root impingement and the appropriate levels should be noted ( 53). The presence of an occult spina bifida 
should also be identified, so that iatrogenic injury to the nerves within the sacral spinal canal is prevented from routine midline placement of a clamp for 


reduction purposes or from deep midline dissection.*® 


Figure 50-52. Sacral fracture kyphosis correction with prone positioning. A: Sagittal CT scan with the patient in the supine position, note significant kyphosis. B: 
Lateral fluoroscopic view of the sacrum with the patient in the prone position. Note the significant correction of kyphosis that occurred with prone positioning. 


á B 
Figure 50-53. A 33-year-old man with comminuted sacral fracture and L5/S1 neuropraxia and weakness on the right side. A: Axial CT scan demonstrating large 
fragment of bone within S1 tunnel. B: A posterior approach for decompression and removal of large fragment of bone within S1 tunnel. A Woodson elevator was used 
to confirm that the S1 tunnel was free of bony fragments. 


Posterior Surgical Approach for Sacroiliac Joint Dislocation 
With the patient positioned prone and draped as described previously, a paramedian incision centered over the involved SI joint in a vertical fashion is 
drawn. The incision should be placed just medial to the posterior superior iliac spine so as not to be directly over a bony prominence. The skin is incised and 


the subcutaneous tissues dissected down to the fascia. 
The soft tissues that cover the posterior aspect of the SI joint may be disrupted from trauma to varying degrees. This may provide direct visualization 


into the SI joint. However, if the tissues are intact, further dissection is required. The posterior soft tissue complex overlying the SI joint comprises the 
lumbodorsal fascia (LDF), the transverse fibers of the gluteus maximus (TGM), the paraspinal erector spinae muscles (ES), the ILL, and the PSILs. 

Deeper dissection is required to gain better visualization of the SI joint. To visualize the inferior aspect of the SI joint, the TGM needs to be mobilized. 
The fibers are removed from the sacral spinous processes and the LDF. Caution must be exercised to avoid transection of the ES, which crosses at 90 
degrees underneath. These muscles are reflected laterally and inferiorly, thereby exposing the joint and allowing visualization of the inferior aspect of the SI 
joint and palpation of the anterior aspect of the most caudal portion of the SI joint. Finger palpation can be performed through the most posterior caudal 
aspect of the greater site notch. This allows the surgeon to determine the reduction in the anteroposterior plane. The author has found the most caudal region 
is a more reliable read than the cranial aspect of the SI joint posteriorly. However, if palpation is needed to assess the reduction of the anterosuperior aspect 
of the SI joint, the LDF will need to be released from the posterior iliac crest. This allows for further dissection up over the superior aspect of the SI joint 
and sacral ala. This should allow for a better visualization. If dissection around the notch is required for clamp placement, care should be taken to avoid 
injury to the superior gluteal neurovascular bundle. Any dissection along the crest should avoid damage to the cluneal nerves, which can result in neuroma 
formation. 

Upon exposure, a significant amount of blood clot and hematoma from the joint is often encountered. This should be evacuated and the joint irrigated. 
Attention should be paid to the superior gluteal vessels and the internal iliac vascular system, since either or both of these may have been the source for the 
bleeding. Arterial bleeding may restart once the clot is removed, as it may have been controlled by tamponade and/or vasospasm. Any free articular 
cartilage fragments should be extracted. At this point, reduction of the SI joint can be accomplished using a multitude of reduction maneuvers. A 5-mm 
Schanz pin placed into the PSIS can be used as a joystick to manipulate the hemipelvis and in most cases, two large, pointed reduction clamps can be used 
to clamp from the ilium onto the sacrum. One clamp can be placed cranially and one caudally. Fixation is usually accomplished with IS screw placement, 
although other options such as plating can be performed.!”° 


Posterior Surgical Approach for Sacral Fractures 


As opposed to SI joint dislocations, which may be reduced via anterior or posterior approaches, all sacral fractures that require formal open reduction are 
done from a posterior approach. It is extremely difficult if not impossible to access the anterior aspect of the sacrum from an anterior approach due to risk to 
the lumbosacral nerve roots and iliac vessels. The anterior approach, therefore, is not recommended. 

The positioning and setup are identical to those for SI dislocations. One of two incisions can be performed depending on the location and type of 
fracture, need for sacral root decompression, and the type of fixation planned: either the paramedian approach as described by Wiltse or a midline incision. 
Reduction is most easily performed through a midline incision, especially in the setting of bilateral sacral fractures or a transverse component to a sacral 
fracture. Care must be taken preoperatively to detect any occult spina bifida of the sacrum so that the surgeon does not accidently dissect into the posterior 
element defect. This can be present in up to 15% of patients.788 

The skin incision is started at L4 spinous process and is extended distally almost to the anus (anus prepped out of surgical field). The paraspinal muscles 
are elevated subperiosteally by first incising the multifidus medially from the spinous processes, the muscle is then elevated laterally to the PSIS cranially 
and the PIIS caudally. The fracture line will be encountered during the elevation, and care must be taken to avoid falling into the spinal canal through any 
defects or laminar fractures. It is important to maintain the integrity of the PSILs, which are intact in sacral fractures. 

Alternatively, a paramedian incision can be used. However, the deep dissection is altered from the exposure used to access the posterior SI joint. To 
expose the sacral fracture site, the distal intermuscular plane between the multifidus and longissimus paraspinal muscles just proximal to the PSIS is 
developed. The paraspinal muscles are then elevated away from the crest and off the posterior aspect of the sacrum in a reverse fashion from the midline 
approach. Caution must be exercised again when the fracture line is encountered. Because the dissection is performed from the lateral to medial, starting at 
the PSIS, and exposes the L4—L5 facet joint via proximal extension if needed, this approach is especially helpful for placement of spinal pelvic fixation 
constructs. 

Once the fracture has been exposed, decompression of sacral nerve roots, usually in cases of transforaminal fractures, can be performed and reduction of 
the fracture achieved. Direct visualization of the fragments causing nerve root irritation can be accomplished through the fracture site. To gain better access, 
a lamina spreader can be carefully placed into the fracture site. Irrigation should help clean out the clot and loose fragments, thereby allowing visualization 
of the medial aspect of the sacrum. The nerve root can be visualized as well as the offending fragment. If the nerve root is still not well visualized, part of 
the sacral lamina can be removed with pituitary rongeurs. Reduction can then be performed safely followed by fixation. Preoperative 3D CT reconstructions 
and axial images can be extremely useful to assess what the location of the most reliable reads will be. Significant force can be required to correct cranial- 
caudal displacement. Routinely, 5-mm Schanz pins will need to be placed in the PSIS and aimed just cranial to the sciatic notch. A T-handle placed on the 
Schanz can help with manipulation. Initial distraction and debridement of the fracture is followed by correction of displacement in the craniocaudal 
direction and anteroposterior direction followed by compression of the fracture. Large Weber clamps with tines positioned in the appropriate vector can 
assist with reduction. One tine can be placed on the ilium and the other tine placed on the spinous processes of the sacrum (see Fig. 50-35). If difficulty is 
encountered for correcting anteroposterior translation, then the author recommends using a large 4.5-mm Jungbluth clamp, with 4.5-mm screws that are 
inserted into the PSIS bilaterally and directed toward the anteroinferior iliac spine. The screw that is on the side of anterior translation needs to have good 
purchase and be long. The screw on the contralateral side acts as a post. Then the large Jungbluth is used to distract the fracture and correct anteroposterior 
translation by leveraging on the intact side to pull the disrupted hemipelvis posteriorly and vice versa for the opposite deformity (see Fig. 50-36). Then 
craniocaudal correction is performed and lastly compression across fracture using the clamp. In certain cases, the order of reduction may be different. 
Prepositioned large-caliber (3.2-mm) threaded guide wires can be placed from the contralateral side and advanced to the fracture in the setting where 
transiliac screws can be placed. Once the reduction is obtained, the wire can then be advanced across the fracture, this will aid in maintaining the reduction. 
Alternatively, guide wires can be placed on the fracture side to help hold the reduction. If the wires are placed carefully using inlet, outlet, and lateral 
imaging, then the definitive screw can be placed over the guidewire. The choice of fixation depends on the fracture configuration and whether the injury is 
unilateral or bilateral. Options include unilateral or bilateral IS screw fixation, transiliac screw fixation, plating, and sacral bars. For special cases of 
lumbopelvic disassociation, spinal pelvic constructs may be required. 


Posterior Surgical Approach for Crescent and Iliac Wing Fractures 


Iliac wing fractures that are medial and posterior and crescent fracture-dislocations, which involve a considerable portion of the SI joint, can be managed 
from a posterior approach, using the same incision and surgical approach that is used for SI dislocations. A curvilinear incision along the crest posteriorly 
can be used in cases in which the fracture line exits the crest more laterally and anteriorly. 


The deep dissection involves elevating the gluteal muscles away from the external iliac fossa, from the PSIS and crest down to the greater sciatic notch. 
Although the surgeon needs to be cautious regarding the TGM as mentioned previously, the TGM may be already damaged from the traumatic injury. The 
entire muscle is carefully reflected laterally and distally, allowing exposure of the entire outer table of the ilium (Fig. 50-54). The full extent of the fracture 
should be visualized to ensure that an anatomic reduction has been obtained and no residual displacement at the notch still exists. 


GREENS 
Figure 50-54. Deep exposure of posterior approach showing elevation of gluteal musculature off lateral aspect of ilium and exposure of iliac wing fracture. 


Posterior Pelvic Ring Injuries: Anterior Approaches 
Preoperative Planning and Patient Positioning 


Anterior Approaches for Posterior Pelvic Ring Injuries: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table; OSI flattop preferred 
Position/positioning aids LJ Supine on a two-blanket bump 
Fluoroscopy location LJ Opposite side from injured side 
Equipment Malleable retractors, radiolucent retractors 


Pelvic implants 
Pelvic reduction forceps 


Surgical Approach 


The anterior approach for the treatment of posterior ring injuries can be performed when closed reduction techniques are inadequate. The spectrum of 
injuries includes SI joint dislocation, anterior iliac wing fractures, and anteriorly based crescent fractures. Two blankets folded in the longitudinal direction 
and placed in the midline provide adequate lumbosacral support and slight elevation to allow for easier placement of IS-style screws. Just as in the case of 
any SI joint injury, one must be ready to apply longitudinal traction if needed intraoperatively, and thus the entire affected side extremity is draped in. 
Furthermore, this allows the hip and knee to be flexed with bumps under the knee, which allows more effective retraction of the iliopsoas during the open 
approach (Fig. 50-55). The entire pelvis should be prepped up to the xiphoid. This will allow for possible fixation of contralateral ring injuries what were 


potentially missed during initial assessment as well as access to the abdomen and aorta if needed urgently. The C-arm should be brought in to assess 
adequacy of imaging as well as reduction if longitudinal traction is applied, or if reduction is performed with use of other closed methods such as a sheet 
wrapped around the pelvis at the level of the greater trochanters or taping of the lower extremities (precludes extremity prepping).!°° 


Figure 50-55. Supine patient positioning for anteriorly based approach to SI joint. Note bumps placed under knee to relax the iliopsoas during the lateral window 
approach. 


The incision is made starting 1 to 2 cm posterior to the ASIS, so as to prevent injury to the LFCN,”” and heading back along the iliac crest (Fig. 50- 
56A). In obese patients, mid- and posterior aspects of the crest can be difficult to palpate, but the ASIS can routinely be palpated. The author recommends 
making a 5- to 6-cm skin incision starting at the ASIS and adjusting the skin incision direction as the surgeon works posteriorly, based on palpation of the 
iliac crest direction in the deeper layers. The skin is incised down through the subcutaneous tissue until the external oblique muscle (EOM) fibers, overlying 
the crest, are encountered (Fig. 50-56B). The fibers attach just below the crest on the outer table of the ilium. They have a common insertion point with both 
the tensor fascia lata and gluteals. The EOM insertion is taken off of the crest; however, it is important to leave a 1- to 2-cm cuff of tissue to allow for 
closure. As the dissection is carried proximally, an in-line split will need to occur through the EOM down to transversus abdominus and internal oblique 
muscles. Subperiosteal elevation is then performed to elevate the iliacus off the inner table. This is done using a combination of a Cobb elevator and blunt 
dissection with lap sponges. Punctate bleeding from bone should be identified and cauterized to prevent continuous bleeding. For larger bony bleeders, bone 
wax can be used. It is routine to find a large nutrient foreman on the inner table just lateral and distal to the most anterior aspect of the SI joint. 

In addition, laps soaked in thrombin or TXA can be placed into the iliac fossa to tamponade these vessels. If the approach is being performed for iliac 
wing fractures, further exposure onto the sacrum is unnecessary and the iliac wing fracture should be fully visualized. Fixation can follow. 

As the dissection is continued medially, the psoas is elevated over the pelvic brim, allowing access into the true pelvis. A malleable retractor or a wide 
Homan retractor, radiolucent if available, is placed over the brim to retract the abdominal and pelvic contents. Often the iliopsoas is tight and placing a 
sterile bump under the prepped-in leg can take tension off the musculature, making exposure easier. At this point, the lateral aspect of the sacrum (medial 
aspect of SI joint) with its cartilage is visualized (Fig. 50-56F). Care must be taken to assess for the rare occurrence of the L5 nerve root being displaced into 
the SI joint. 

The dissection should continue up over the sacrum onto the ala carefully so as not to injure the L5 nerve root, which is usually lying about 1 cm medial 
to the SI joint, intimate with the bone. Attempts should be made to keep the dissection subperiosteally, which will help protect the nerve from injury. Often 
the nerve can be palpated on the anterior aspect of the ala, and blunt dissection with a Kittner can gently push the nerve out of harm’s way while the medial 
dissection is performed. If the approach is being used to extricate the L5 nerve root from the sacral fracture, extreme caution must be exercised when 
elevating medially onto the sacrum. The author prefers utilizing a malleable over a sharp Hohmann to retract medially on the sacrum once subperiosteal 
dissection has been performed. If a Sharp Hohmann is used, then it should not be placed in the mid- to posterior aspect of the sacral ala, to avoid injury to 
the L5 nerve root. and placed under direct visualization. The superior portion of the SI joint is now fully exposed and reduction maneuvers can be performed 
(Fig. 50-56G). 


ORIF of Iliac Wing Fractures 
ORIF of Iliac Wing Fractures Technique 


ORIF of Iliac Wing Fractures: 
KEY SURGICAL STEPS 


Anterior approach—first or lateral window of ilioinguinal approach 

Fracture exposed 

Reduction 

Fixation with either pelvic reconstruction plates, minifragment plates, and/or 3.5-mm pelvic lag screws 
Drain in iliac fossa and subcutaneous layer 

Closure 


Once exposure of the iliac wing fracture has been obtained, from either a posterior or anterior approach, the fracture can be reduced. Reduction can be 
difficult since the ilium is essentially a flat bone. A Weber or small pointed reduction clamp placed across the fracture site at the crest, using pilot holes for 


tine placement, is extremely useful. A ball spike with a footplate attachment can be used to push the displaced ilium to the stable ilium to aid in the 
reduction. A variety of pointed reduction clamps with modified tines are useful to help bring the fracture ends together, especially the small and medium- 
sized straight-straight tine modified clamps for transverse fractures (Fig. 50-57). Provisional fixation via Kirschner wires placed outside of the area of 
definitive fixation can also be helpful. Once reduction has been confirmed, definitive fixation can then be placed. 

Because the central portion of the wing is often thin, plates and screws should not be placed in this location. Ideally, fixation should occur at the pelvic 
brim and peripherally at the crest, this will neutralize any deforming forces (Figs. 50-58 and 50-59).°28 Lag screws along the crest are useful for providing 
both fixation and compression of the fracture. In the setting of open fractures with contamination, surface implants should be minimized, and screws placed 
from the crest down to the brim or posterior column can be used (Fig. 50-60). In thin patients, these screws should be countersunk to prevent prominent 
hardware. 
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Figure 50-57. Modified pointed reduction clamps. A: Small version with straight-straight tines, straight-left curved-right, and curved-left straight-right tines. B: 
Closeup of the different tines in the medium version of the modified Weber clamps. 


A drain is placed along the inner table brought out away from the incision. Closure is performed in layers over a superficial drain, with the EOM 
reattached to the iliac crest with a heavy absorbable suture (0 Vicryl). 
Postoperative Care 


Postoperative weight-bearing restrictions vary based on the location and type of ilium fracture. Fractures that only involve portions of the crest and are not 
complete into the sciatic notch can be made weight bearing as tolerated. Fractures that extend from the crest to the sciatic notch, and those that involve the 


SI joint, should be made TDWB for a period of 6 weeks to 3 months depending on fixation and bone quality. DVT prophylaxis is used for at least 6 weeks 
and is ultimately dependent on the patient’s associated injuries and mobility status. Staples or sutures are removed at 2 weeks. 


Figure 50-58. A 48-year-old man with pubic symphysis disruption and complete ilium fracture after motor vehicle collision. Underwent open reduction of pubic 
symphysis and ilium fracture through lateral window. A: AP 3D reconstruction. B: Inlet 3D reconstruction. C, D: Postoperative CT reconstruction demonstrating a 
3.5-mm recon plate across the pelvic brim component of the fracture, a curved recon plate across the crest component of the fracture, in addition to an independent 3.5- 
mm screw placed across the fracture. 


ORIF of Iliac Wing Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Poor screw purchase e Alter location of screw placement 

e Combine fixation techniques 

e Place plates as peripheral as possible 

e Lag screws between tables 
Iatrogenic comminution e Place clamps in crest, pelvic brim, or sciatic buttress area 
Failure to recognize open fracture e Careful evaluation of the CT scan for air 


Poor screw purchase is often a problem due to the thin nature of the ilium. Care must be taken to place the plates and screws adjacent to the crest to take 
advantage of the thicker bone at the periphery. Placing lag screws between the tables is also useful along the crest. Screws can also be placed from the crest 
down into the pelvic brim. In many cases, these can be placed utilizing an in-out-in technique. This occurs when screws are placed from within the crest, out 
in the thin midcentral aspect of the ilium and back in at the pelvic brim. Placement of clamps in this central area is also fraught with problems and may 
cause more comminution. Clamps should be confined to the crest, pelvic brim, and the sciatic buttress area. 

Due to the relative subcutaneous nature of the iliac crest, iliac wing fractures may be open, necessitating more urgent or emergent management. Careful 
clinical examination must be performed so as not to miss any open wounds. Open wounds may also occur remotely in the thigh, such is the case with skiing 
accidents in which a tree branch can enter through the proximal thigh and fracture the ilium. Ilium fractures can also be associated with entrapped 
bowel,*”85324 which can be overlooked. The CT scan should be carefully examined for signs of air tracking to the fracture or bowel injury; addition of 
enteric contrast may be needed to help elucidate bowel involvement.?”4 Failure to recognize these injuries can lead to infection and possible osteomyelitis of 
the ilium. Such open fractures with fecal contamination may require serial debridement with open packing and delayed closure. 


No large series of isolated iliac wing fractures have been reported to date. In one small series, it was clear that associated injuries complicate outcomes.?78 
As anticipated, a majority of these fractures heal with no significant long-term issues with operative management. If operative intervention was required 
through an anterior approach (lateral window), occasional injury to the LFCN may cause lateral thigh numbness.”? Initial insult due to fracture displacement 
and excessive traction on the nerve during retraction and fixation may lead to meralgia paresthetica. A discussion should be had with the patient in regard to 
LFCN issues, and consent should be obtained for possible surgical transection if the nerve is noted to be on significant stretch. Long term, patients have 
little issue with a small area of thigh numbness versus pain from the dysesthesia.*° 


59. A 25-year-old man with left complete iliac wing fracture and right SI joint partial disruption after a motorcycle accident. A: 3D reconstruction 
demonstrating complete ilium fracture. B: Iliac oblique view. C: A 5-cm incision made centered on fracture along iliac crest made with use of a modified straight- 
straight clamp through 2-mm drill holes on either side of the fracture (gray clamp depiction). D: A 3.5-mm lag screw is placed by technique along crest after clamping. 
E: Guidewire placed from AIIS toward PSIS, across fracture. F: Partially threaded 7.0-mm screw placed over guide wire. G: Inlet postoperative x-ray demonstrating a 
centrally based screw at the level of pelvic brim and a peripherally placed lag screw across the iliac crest for a complete ilium fracture. 


The management of the crescent fracture, an iliac wing fracture that exits into the SI joint with resultant SI dislocation,” can be approached from either 
an anterior or posterior approach, based on the location of the fracture. These fractures are routinely associated with some degree of disruption of the SI 
ligament complex. The fragment of bone that includes the PSIS and PIS is termed the crescent fragment. It usually remains attached to the sacrum by the 
PSILs, sometimes along with the intra-articular SI ligaments. The ilium is generally the displaced part of the fracture because the anterior SI ligaments are 
disrupted. Implant stabilization is individualized due to the fact that the crescent fragment size is variable. Day et al.°* described a functional classification 
for crescent fracture-dislocations of the SI joint. They divided the SI joint into thirds (types 1, 2, and 3) starting from anterior to posterior. This 
subclassification of the LC II injury aids the surgeon in the surgical approach and technique. The type II injury involves the middle third of the joint and 
often needs a posterior approach. In a study to evaluate the utility of SI screws in the management of LC II injuries (that by definition have crescent 
fractures), Calafi and Routt” reviewed 100 patients with LC II injuries and found that overall, 60% were able to be treated with IS screws after either open 
or closed reductions. If the posterolateral cortex of the unstable iliac segment was intact, percutaneous SI fixation could be performed. The majority (68%) 
of the operative Day type II and HI LC II injuries could be managed with IS screws alone. 


Figure 50-60. Displaced open iliac crest fracture after bicycle accident in a 33-year-old man. A: Iliac oblique reconstruction. B: Inlet reconstruction. C: 
Intraoperative iliac oblique. A 5-mm Schanz pin placed into crest fragment to assist with manipulation, attached to T-handle. Multiple 2.5-mm drill bits placed through 
the iliac crest fragment between the inner and outer table up to the fracture. Fracture then reduced with a 5-mm Schanz pin, and the multiple 2.5-mm drill bits are 
oscillated into the distal fragment between the inner and outer table. D: The drill bits act as provisional reduction aides (alternatively 2.4-mm K-wires can be used). 
One drill bit is removed at a time and replaced with a 3.5-mm screw. E: Obturator oblique demonstrate reduction and placement of screws between the inner and outer 
table, across the fracture. 


Fixation of Crescent Fractures (Fracture-Dislocations) Technique 


Open Reduction and Internal Fixation of Crescent Fractures 


ORIF of Crescent Fractures: 


KEY SURGICAL STEPS 


vi positioning or supine positioning, depending on type of crescent fracture 
Direct exposure of lateral ilium and SI joint 

Direct open reduction 

Temporary fixation with K-wires 

Lag screw fixation 

Plate fixation with or without IS screw fixation 

Closure 


Once the posterior ilium is exposed, as described previously, the fracture site should be identified and prepared. Adequate exposure of the notch is necessary 


for both visualization of the entire fracture and placement of clamps through the notch to allow reduction of the anterior aspect of the SI joint. Exposure of 
this inferior margin also enables plate application along the sciatic buttress. At this point, reduction and fixation can be accomplished. 

Modified pointed reduction clamps can be used with a straight tine being placed into a pilot hole just distal to the fracture in the unstable ilium fragment 
and the curved end on the intact PSIS or PIIS. Two clamps may be needed to obtain a balanced reduction, one on the caudal aspect of the fracture and one 
on the cranial aspect. If this technique does not work either due to poor bone quality or an extremely small intact component, then one can consider using an 
offset reduction clamp placed inferiorly through the notch, with one tine placed onto the lateral aspect of the sacrum (just medial to SI joint) and the other 
placed onto the lateral aspect of the displaced ilium fragment. To aid in the placement of the anterior tine, simultaneous finger palpation should be used to 
ensure that the tine is not placed into the foramen or nerve roots. 

Once reduction has been obtained, provisional K-wires can be placed from the PSIS into the ilium parallel to the SI joint until definitive fixation can be 
accomplished. One option for definitive stabilization is cannulated screws over the provisional K-wires, if the location and size of the wires is appropriate. 
Alternatively, lag screws from the PIS directed toward the sciatic buttress just above the greater notch allow for excellent compression and stabilization of 
the fracture. The screws generally are parallel to the SI joint (Fig. 50-61). A 3.5-mm pelvic reconstruction can be placed along the iliac crest to aid in 
fixation and act as a neutralization plate (Fig. 50-62). 

If the crescent fragment is small, as in the type III injury, the fracture line is generally posterior to the normal starting point of an IS screw and thus the 
injury can be treated like an SI joint dislocation and an SI screw placed. The iliac wing should still be reduced anatomically to the small crescent fragment 
prior to SI stabilization. If the small fragment is large enough to accommodate one or two lag screws from the PIIS, they can be placed to fix the wing 
portion. The IS screws are then used to reduce and stabilize the SI joint, if needed. 

In contrast, a large crescent fragment (type I) should be stabilized like any other iliac wing fracture; it should be approached from the front. In most 
cases, the amount of SI joint involvement is relatively small, therefore an IS screw will not stabilize the displaced ilium, and serves only to stabilize an 
already reduced and intact SI joint. Lag screws can be used in the same manner as for other crescent fractures. Because the large crescent fragment is 
attached to the sacrum through both the posterior and intra-articular ligaments, fixation to the wing alone is sufficient. 

After fixation is completed, the surgical bed can be treated and closed as previously described. 


Closed Reduction and Percutaneous Fixation of Crescent Fractures 


WA vers Reduction and Percutaneous Fixation of Crescent Fractures: 


KEY SURGICAL STEPS 


vi or supine positioning (surgeon’s choice) 

Fluoroscopic-guided closed reduction 

Fluoroscopic-guided screw placement from AIIS toward the PIIS (supine) 
Fluoroscopic-guided screw placement from PIS toward the AIIS (prone) 
+- Tliosacral screw fixation depending on Day classification 

Closure 


An alternative method of fixation of type I fractures uses closed reduction and percutaneous screw fixation.?!” This can be performed on iliac wing fractures 
close to the SI joint or with iliac fracture-dislocations in which the crescent fragment is large. Paramount to use of this technique is the ability to obtain a 
closed reduction of the fracture. 


Figure 50-61. Patient with a crescent fracture. A: Injury CT scan showing the fracture. Note that due to location of the fracture, an IS style screw could not be placed. 
B: Postoperative CT scan showing anatomic lag screw fixation parallel to the SI joint. 


The patient can be positioned either prone or supine. Advantages of supine positioning are that it allows for easier manipulation of the displaced 
fragment. Several different techniques can be utilized to obtain a reduction without performing a full open approach. A 5-mm Schanz pin placed in the iliac 
crest in line with the gluteus pillar, a percutaneously placed ball spike placed on the lateral ilium, and a miniopen approach to the crest in the region of the 
fracture can each be used to assist with fracture reduction (see Fig. 50-59). A combination of these technique is sometimes required. Provisional guide wires 
for large caliber cannulated screws placed up to the fracture then obtaining a reduction and advancing the guidewires can be helpful. This technique saves 
time and provides ease so that the reduction does not have to be manually held while obtaining the appropriate x-ray views and guide wire path. 
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Figure 50-62. A: Iliac wing fracture anatomically reduced with modified straight-straight modified pointed reduction clamp. B-D: ORIF of iliac wing fracture with 
plate and iliac wing screw (arrow). 


Reduction is confirmed by radiographic imaging, using the obturator and iliac oblique views as well as a view directed down the SI joint (inlet view 
with roughly 20 degrees of obturator). For implant placement, the teardrop view, as described in the section on supra-acetabular external fixation, is used to 
determine the appropriate starting point at the AIIS. A small incision is made and a guide pin for a large diameter cannulated screw system is then directed 
from the AIIS to the PIIS across the fracture (reverse if prone). The guide pin is advanced under the iliac oblique view and obturator inlet view and stopped 
just short of penetrating out the PIS. This should be verified on the lateral view. The author prefers to insert the blunt end of the guidewire after drilling up 
to the fracture site. This technique allows for advancement of the guidewire and bouncing off cortices and is less likely to advance past the far cortex. A 
lateral view should be obtained to make sure that the wire has not advanced out of the far cortex, as long screws in this region can cause significant soft 
tissue irritation and potential skin necrosis. The length of the pathway is measured and an appropriately sized screw is placed. Ideally, two to three 5.0- to 
7.0-mm cannulated screws. Solid 3.5- or 4.5-mm screws can also be used, but can be technically more challenging since a drill bit is used instead of a 
guidewire. If solid screws are used, they should be put in using standard technique for lag screws. 

If closed reduction is unsuccessful, ORIF should be performed. Because the technique is limited to certain fracture patterns, supine positioning is usually 
not a problem since the treatment should be similar to that of an iliac wing fracture from the anterior approach. If the patient was placed prone, the posterior 
approach described previously can be used. Closure is minimal for the percutaneous technique. 


Postoperatively, TDWB restrictions are placed on the side of the crescent fracture for approximately 6 to 12 weeks. DVT prophylaxis is used for at least 6 
weeks and is ultimately dependent on the patient’s associated injuries and mobility status. Staples are removed at 2 weeks. 


Fixation of Crescent Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Inadequate fixation with SI screw e Thoroughly evaluate fracture posteriorly with CT and 3D reconstruction 
Inability to reduce internal rotation deformity in prone position e Prep entire leg in; use of laminar spreader in fracture to disimpact and ball spike with footplate or use 


of a modified pointed reduction clamp 


Inadvertent lag screw placement into SI joint e Adequate visualization with fluoroscopy; use LC II view and/or obturator oblique to view down the SI 
joint 


Inadequate reduction e Perform an open reduction when needed 


Failure to appreciate the size of the crescent fragment can lead to inadequate or improper fixation. If the fragment is perceived to be larger than it is in 
actuality, the need for SI joint stabilization may be incorrectly considered unnecessary. This may lead to persistent SI joint instability. Careful preoperative 
evaluation of the CT scan and obtaining 3D reconstruction can clarify the injury pattern and the location of the fracture line can better be visualized. This 
will aid in the determination of the need for SI joint stabilization as well as help with preoperative implant selection. The converse is true as well. If the 
fragment is perceived to be smaller than it is, IS screw placement will be ineffective since the fracture line may be at the level of the starting point for screw 
insertion. 

Because the mechanism of injury is LC, it can be difficult to reduce the fracture since an external rotation force must be applied to the iliac wing in the 
prone position. In the supine position, Schanz pins placed into the hemipelvis can be used to distract and correct the internal rotation deformity. However, 
this is not possible in the prone position. To correct the internal rotation deformity, a lamina spreader can be inserted into the fracture site gapping it open. A 
ball spike with a footplate can be used simultaneously to push the ilium down and inward. This should be done adjacent to the fracture site such that an 
external rotation force is being indirectly applied to the ilium by the sacral ala as the SI joint is reduced. Prepping the entire leg into the surgical field can 
also aid in the reduction. Flexing the knee and rotating the foot toward the midline will externally rotate the ilium. 

Lag screws can inadvertently be placed into the SI joint if the trajectory is off. Adequate intraoperative imaging looking down the SI joint can ensure 
that the lag screw is placed within the confines of the posterior iliac crest. 

Percutaneous techniques should be performed after experience is obtained. Familiarizing oneself with the views needed and how to obtain them is also 
helpful. Accurate assessment of the closed reduction with fluoroscopy is required to ensure that appropriate treatment has been rendered. If the reduction is 
not obtained closed, then the procedure should be converted to an open procedure without hesitation. 


Crescent Fracture Outcomes 


There is little information about the functional outcomes in a single type of pelvic ring fracture group as classified by Young and Burgess. Most studies 
encompass all types of unstable ring injuries and various surgical approaches.!5>?7253 A study looking at all operatively treated unstable LC patterns shows 
that most patients have persistent impairment and long-term disability based on Short Musculoskeletal Function Assessment (SMFA) scores.” Although in 
their study polytrauma patients were similar to nonpolytrauma patients, associated lower extremity injuries had worse outcomes. However, a study by Day 
et al.** looked specifically at LC II injuries. They used the SF-36 and Musculoskeletal Function Assessment (MFA) scores to evaluate functional outcome. 
All fractures united, with only one malunion, in the consecutive series of 16 patients. All patients achieved good functional results at 2 years from the injury. 
Associated injuries were found to have more of an effect on the SF-36 and MFA than the pelvic injury itself, with patients having multiple injuries doing 
worse. 


Posterior Pelvic Screw Fixation 


Preoperative Planning and Patient Positioning 


Posterior Pelvic Screw Fixation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 

Position/positioning aids LJ Supine or prone; elevate pelvis if supine 
Fluoroscopy location LJ Opposite side from fixation 

Equipment LJ Large cannulated screws (generally 26.5 mm) 
Reduction technique LJ Closed vs. open 

Anatomy LJ Is sacral dysmorphism present? 


Posterior Pelvic Screw Fixation Technique 


Placement of percutaneous screws across the posterior aspect of the pelvic ring requires a keen understanding of intraoperative fluoroscopic imaging and its 
relationship to anatomic structures. A myriad of screw trajectories can be utilized to place percutaneous screws across the ilium, SI joint, and sacrum. 
Ideally, fixation is placed perpendicular to the fracture or joint surface as observed on inlet and outlet views. The patient’s native bony anatomy, the injury 
pattern, and the direction of displacement dictate the vector of screw placement. Large-caliber (6.5-mm or greater) cannulated screws are used most often. 
The preoperative CT scan should be carefully reviewed to determine the presence or absence of safe corridors for IS or transsacral screw placement and the 
available osseous pathways in the first and second sacral segment. As discussed in detail in the Imaging Section, two types of sacral anatomy are commonly 
encountered, normal and dysmorphic, depending on the position of the first sacral segment relative to the sacral ala. In a normal sacrum (Fig. 50-63A), the 
first sacral segment is centered between the alae such that a straight bony corridor exists across the entire S1 segment. In a dysmorphic sacrum (Fig. 50- 
63B), the first sacral segment is positioned anterior and cephalad to the ala, such that a transsacral corridor does not exist. In dysmorphic sacra, only IS-style 
screws are possible in the first sacral segment. However, patients with dysmorphism routinely have a bony osseous pathway for S2 transsacral screws and in 
most cases this pathway is larger in patients who are dysmorphic. The two variations of sacral anatomy are best observed on outlet radiographs. 

The main fluoroscopic views used intraoperatively for placement of posteriorly based percutaneous screws are inlet, outlet, and lateral views. A 
midsagittal CT scan can be used to estimate the angles of patient-specific inlet and outlet intraoperative fluoroscopic images (Fig. 50-64). The outlet view 
typically is obtained to visualize the foramen en-face and the superior end plate of S1. The inlet view typically is obtained to visualize the anterior cortex of 
the first and second sacral segments. These views should be confirmed by over- and underadjusting the tilt to verify that an optimal inlet view has been 
obtained to visualize the anterior cortex of the S1 or S2 segment (Fig. 50-65). A lateral sacral fluoroscopic image is the only view that affords visualization 
of all the boundaries of the safe corridor; therefore, if any doubt exists with regard to safe placement of the guidewire on one or both of the inlet and outlet 
views, a lateral sacral view should be obtained. A good lateral view requires the iliac cortical density and the sciatic notch to be overlapping between both 


sides of the pelvis (Fig. 50-66). Many surgeons utilize the lateral sacral view to obtain a start site for percutaneous screw placement. The author routinely 
utilized the inlet and outlet view first, followed by the lateral sacral view. Either technique is acceptable. A lateral view can be reobtained to confirm 
position of instrumentation prior to advancing cranial to the foramen. The posterior aspect of the S1 body corresponds to the anterior aspect of the spinal 
canal. The iliac cortical density corresponds to the sacral ala on which the L5 nerve rests upon. Anterior to the anterior cortex of the sacral promontory is 
where the great vessels lie. Instrumentation should be posterior to the iliac cortical density but anterior to the upper sacral nerve tunnel to avoid injuring S1. 
In addition, the anterior margin of the spinal canal can be visualized, and the vestigial disk space typically represents the position of the sacral foramen at 
that level. Screws can be placed safely if they are situated between the ICD cranially, anterior cortical density of the S1 body and the cranial aspect of the S1 
tunnel on the lateral view. 


A B 
Figure 50-63. Normal and dysmorphic sacrum. A: Axial CT scan of a patient with a normal (nondysmorphic) sacral anatomy. This slice is obtained through the S1 
corridor, which is outlined by the red lines. Note the anterior red line is placed just behind the ilium/ala border and the posterior limit is the S1 foramen. A screw 
placed between the two red outlines, can cross bilateral SI joints without extruded anteriorly or posteriorly. B: Axial CT scan of a patient with a dysmorphic sacral 
anatomy obtained through S1 corridor. Note no safe bony corridor available for placement of a screw across bilateral SI joint (red line). Fixation can only be placed 
safely into the body of S1, not across the midline. Furthermore, safe screw placement needs to be directed from a posterior to anterior direction between the two green 
lines. 


Figure 50-64. Estimating inlet and outlet angles. Sagittal CT scan at the level of the pubic symphysis can be utilized to measure the rough number of degrees for 
intraoperative inlet and outlet imaging. Red angle represents the number of degrees (angle) for obtaining an inlet intraoperatively at S1. Blue angle represents the 
degrees needed for obtaining an outlet for placement of screws in S1. Note these are rough measurements as the use of bumps can alter the number of degrees. 


Figure 50-65. Fluoroscopic inlet images of the pelvis of the patient shown in Figure 50-64. For an optimized inlet view, the anterior cortex of the S1 body should be 
overlapping the anterior cortex of the cranial anterior aspect of the S2 body. Note the progression of overlap between the anterior cortex of S1 and the cranial anterior 
aspect of S2, progressing from 0 degrees to 5 degrees to 12 degrees. 


Figure 50-66. Lateral fluoroscopic image of a sacrum shows the safe zone for screw placement. A lateral fluoroscopic image should be obtained prior to 
instrumentation being advanced past the lateral border of the S1 foramen. The instrumentation should be posterior to the iliac cortical density (blue arrow) and anterior 
to the cranial border of the S1 tunnel (black arrows). The red arrow indicates the sciatic notch. 
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Figure 50-67. Skin insertion points for IS-style screws (blue circle) and sacral-style screws (red circle). Both are in the posterior caudal quadrant of a line drawn 
down from ASIS and line drawn along in line with the femoral shaft. 


As mentioned previously, the start site can be either obtained using inlet/outlet imaging or using the lateral view. A quadrant drawn on the skin, with a 
line drawn down from the ASIS and a line drawn in line with the shaft of the femur and brought proximally, can be useful for obtaining a rough start site for 
guide wire placement. For IS style screws that start posteriorly and aim anteriorly, the skin insertion point is routinely in the posteroinferior quadrant near 
the edge of the prep. For sacral style and transsacral style screws, the skin insertion site is in the posteroinferior quadrant but closer to the intersection of the 
two lines (Fig. 50-67). The author uses a 2-mm K-wire to go through the skin and onto the outer aspect of the ilium. Inlet/outlet imaging is then used to get 
the K-wire in line with the appropriate trajectory. The wire is then oscillated 1 to 2 cm into bone and a 4.5-mm cannulated drill is placed over the 2-mm 
wire. The cannulated drill is oscillated over the 2-mm wire until it is swallowed, and the pathway of the drill is perfected by making appropriate directional 
corrections using the forward button on the drill without advancing the drill (Fig. 50-68). This is done on both views and preferably done prior to advancing 
through the SI joint. Then the drill is oscillated to a point just short and cranial to the S1 foramen and a lateral view is obtained to verify position. Once the 
position is verified, the drill is removed through a drill sleeve and the appropriate guide wire for the cannulated screw system is placed with the blunt end 
going in first. Routinely, this is a 3- to 3.2-mm guide wire, so further minor corrections in direction can be made given that the glide hole is at least 4.5 mm. 
The wire is then gently hit with a mallet until it is seeded into the S1 body. A rollover inlet view is then obtained with a second, equal-length, guide wire 
down and next to the original 3.2-mm guide wire. The amount of rollover is adjusted until the lateral cortex of the ilium is perfectly aligned with the second 
guidewire. This will provide an accurate view of the true lateral cortex to which a washer or screw head should be advanced to, without risking intrusion 
into the ilium. Subtraction measure can be done with the second wire and the screw with or without a washer can be placed. A similar technique is used for 
placement of transsacral style screws except the start site and trajectory is different and a lateral view should be obtained when the drill or guidewire is just 
short and cranial to the contralateral foreman. If the surgeon has any concern about potential violation of the anterior cortex, then they can also use the blunt 
end of the guide wire to palpate the area of concern under live inlet fluoroscopy to determine if the path violates the cortex, as is done when placing pedicle 
screws. 


Figure 50-68. Technique for IS screw placement. A: Inlet demonstrating placement of 2-mm K-wire. Note wire trajectory is too anterior (red line in line with K- 
wire). B: A 4.5-mm cannulated drill is placed over 2-mm K-wire and trajectory is corrected with a 4.5-mm drill. C: The 4.5-mm drill is removed and replaced with 
3.2-mm guidewire, blunt end in and tapped into S1 body. D: A 7.0-mm screw and washer placed over guidewire. 


The author advocates using a washer when possible, except when two screws are being placed into the same segment. In that scenario, the first screw is 
placed with a washer and the second screw is placed without a washer, adjacent to the washer used for the first screw. 

The decision to place one versus multiple screws across the posterior aspect of the pelvis depends on the size of the osseous pathways, injury pattern, 
bone quality, and surgeon’s experience. For complete SI joint disruptions, a second SI screw can be placed into the S1 level if there is enough room 
available in the S1 body or at the S2 level if it is felt that the first IS screw would benefit from additional fixation.2!° Furthermore, if there is considerable 
instability of the pelvic ring, certain biomechanical studies have shown increased stability by placing a second screw (see Figs. 50-44 and 50-45). A second 
screw placed into the S2 vertebral body has been shown to be superior to a second screw placed into the S1 body.?®*5* In some instances due to the 
patient’s sacral dysmorphism, placement of an S1 screw is impossible and therefore placement into the S2 level is warranted. This often is the case when 
there is either lumbarization of S1 or sacralization of L5. 


lliosacral Screw Fixation for Sacroiliac Joint Dislocation 


Preoperative Planning and Patient Positioning 


PREOPERATIVE PLANNING CHECKLIST 


/ | lliosacral Screw Fixation for Sacroiliac Joint Dislocation: 


OR table LJ Radiolucent table 

Position/positioning aids LJ Supine or prone; elevate pelvis if supine 
Fluoroscopy location LJ Opposite side from fixation 

Equipment LJ Large cannulated screws (generally 26.5 mm) 
Reduction technique LJ Closed vs. open 

Anatomy LJ Is sacral dysmorphism present? 


lliosacral Screw Fixation for Sacroiliac Joint Dislocation Technique 


The successful use of an IS screw is predicated on successful closed reduction of the SI joint (sometimes accomplished with the IS screw itself), although an 
open reduction of the SI joint can be performed if need be and percutaneous placement of an IS screw can still be accomplished. The use of IS screws has 
become the most common procedure for stabilization of the unstable SI joint as well as for sacral fractures amenable to such treatment, whereas other 
techniques have been reserved for salvage situations such as in fixation failures.°°! Anterior SI plating?°° and transiliac fixation®>-®>!7°° have their roles 
in the treatment of pelvic ring injuries when the clinic situation is not amenable to IS screw fixation. These alternative techniques require larger open 
procedures which result in higher complications without an added biomechanical advantage.>>1!8.366 


Technical Considerations 


Details regarding IS screw placement were discussed above. Several specific considerations are needed for fixation across SI joint disruptions. The key to a 
good, closed reduction is the vector of screw placement. As a result, not all SI joint disruptions should have the same screw trajectory on inlet and outlet 
views. The preoperative CT scan should be assessed to see if the joint is disrupted equally on the anterior aspect and posterior aspect. If displacement is 
noted more so on the anterior aspect of the joint and the hemipelvis is not posteriorly translated on the side of the injury, then the screw start site should be 
based relatively anterior and have more of a sacral style (lateral to medial, with no to minimal posterior to anterior vector) on the inlet view. This will allow 
the screw the best opportunity to close down the gapped anterior aspect of the SI joint without causing a translatory malreduction. If the SI joint is gapped 
throughout and the injured hemipelvis is posteriorly translated on the inlet views and caudally translated on the outlet views, then the screw should have a 
posterior to anterior and caudal to cranial vector (Fig. 50-69). 

Ideally, lag screw fixation should be performed with large caliber cannulated screws (6.5 mm or larger) with the most amount of threads that can be 
obtained medial to the SI joint. The use of a washer is advocated to help gain compression while not intruding the screw head into the ilium. Additional 
posteriorly based screws should be placed if the anterior ring injury is an APC pattern and is being treated with an external fixator. Additional screws should 
also be considered in widely displaced injuries or in patients with relatively poor bone quality. If the first lag screw obtained a satisfactory reduction, then 
additional screws can be fully threaded. Ideally, one screw into S1 and one into S2. Alternatively, two screws can be placed into S1 if the S2 corridor is not 
amenable to fixation. 


Potential Pitfalls and Preventive Measures 


lliosacral Screw Fixation for Sacroiliac Joint Dislocation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Inability to place screw e Adequate fluoroscopic visualization 
e Open reduction and plate fixation 


Unable to obtain closed reduction e Open reduction 


e Adequate fluoroscopic visualization 


Iatrogenic nerve injury L5 e Appropriate starting point 


Excellent visualization of the pelvis with fluoroscopy is required to avoid iatrogenic injury to neurovascular structures. In many instances, bowel gas and/or 
poor bone quality results in difficulty seeing the foramen on the outlet view. Pushing on the abdomen and pelvis can occasionally move the bowel gas into a 
different field, but routinely the surgeon will have to use radiographic clues to try to determine the location of the foramen. One helpful clue is looking for 
the lateral aspect of the S1 tunnel as it traverses caudally and following it to the roof of the S1 foramen. If this can be visualized on one side, then the 
surgeon can look for the contralateral foramen on the outer side, roughly the same distance away from the spinous processes on a nonmalrotated view. If 
adequate imaging is not possible due to soft tissue issues, bowel gas, or other reasons, the procedure either should be aborted if the preventive factor can be 
resolved for later surgical intervention or the procedure converted to an ORIF. Some surgeons report that using nasogastric tubes or orogastric tubes on low 
wall suction can be used to decrease bowel gas and improve visualization. Others have tried clamping the Foley catheter to fill the bladder to assist with 
improving visualization. 

Careful evaluation of the reduction should occur prior to stabilization. If the “lag” technique is used to obtain a reduction of the SI joint, the screw 
should be placed perpendicular to the SI joint at the point of most displacement and the reduction critically evaluated. If the reduction is questionable, then 
consideration should be made for either intra- or postoperative CT scan evaluation to assess reduction quality. If the reduction is not satisfactory within the 
context of the patient’s overall health, then considerations should be made for open reduction of the SI joint. 


Figure 50-69. A 45-year-old male patient after MCC with 3-cm open perineal wound and APC pelvic ring injury with bilateral SI joint disruptions. A: AP pelvis on 
presentation in a sheet. B: Sheet redone around thighs in the operating room with improved reduction of pubic symphysis. C: Right side SI joint was wider anteriorly 
compared to posteriorly. D: Therefore, vector of screw placement was more so sacral style than IS style. E-G: Uniform widening of left SI joint with slight posterior 
translation. Vector of screw perpendicular to SI joint (Note patient also had impaction of sacral ala on the left side). 


Preoperative pelvic imaging, both plain radiographs and CT scans, should be carefully evaluated for sacral dysmorphism as this can radically alter 
placement of IS screws. Sacral dysmorphism has been shown to occur in up to 44% of patients in various series.!°*?78 Sacral dysmorphism can present 
several issues at the S1 level: (1) IS screws must be placed obliquely in a cephalad direction; (2) the altered anatomy may completely prevent placement of 
an IS screw; and (3) it usually prevents a through-and-through screw placement.*? In these cases, the S2 level is typically large enough for safe placement of 
either an IS or transiliac screw.56:104 

The L5 nerve root is at risk on the superoanterior aspect of the sacral ala, it can be injured during IS placement either on the side of the screw placement 
or on the opposite side if the screw exits out the body and anterior to the opposite ala. Careful attention to the starting point and trajectory can help prevent 
this to ensure the screw is being placed in the safe zone. Frequently switching back and forth between outlet and inlet fluoroscopic views during placement 
of the guidewire or drill bit can decrease the chance of improper trajectory that could injure anterior neurovascular structures or posteriorly enter the spinal 
canal. The lateral view should be assessed prior to advancing instrumentation past the S1 foramen, as this point roughly represents the caudal aspect of the 
sacral ala and the location of the S1 tunnel relative to instrumentation. Furthermore, if a transsacral screw is being placed, then the lateral view should be 
assessed once the instrumentation is just short of the contralateral foramen. 


Open 


ff ORIF for Sacroiliac Joint Dislocation From Anterior Approach: 
KEY SURGICAL STEPS 


First or lateral window of ilioinguinal approach 

Exposure of SI joint 

Adequate visualization of the most lateral aspect of sacral ala 

Open reduction of SI joint 

Maintenance of reduction with clamp across SI joint: Farabeuf, Jungbluth, Goose 
Percutaneous SI screw placement vs. plate fixation 

Irrigation 

Drain placement in iliac fossa 

Closure 


Once the anterior approach to the SI joint has been accomplished (detailed surgical approach above), the joint can be reduced. The entire length of the 
superolateral aspect of the sacral ala can be visualized to assess the reduction. Several methods can be used to reduce the anterior SI joint. A Schanz pin 
placed into the crest in line with the gluteus medius pillar as well as a Schanz pin placed into the anterior iliac spine and directed toward the sciatic notch 
allow multiplanar correction with two powerful joysticks. This can be a useful tool to get a rough reduction prior to placing clamps. It is important to realize 
that the alar bone medial to the SI joint is relatively osteopenic, so the closer the reduction is prior to placing clamps the less likely to have clamp position 
failure. Pointed reduction clamps or a Goose clamp placed across the SI joint can reduce the SI disruption. Also, a screw placed on each side of the SI joint 
for use of the Farabeuf forceps or Jungbluth clamp, can effectively reduce the joint. Each of these clamps has unique advantages and potential 
disadvantages. 

The Farabeuf clamp relies on the surgeon placing the two screws in line with the appropriate vector to reduce the SI joint (Fig. 50-70). If the SI joint is 
just purely gapped, then the screws for the clamp can be placed in line and the joint compressed. If the hemipelvis is anteriorly or posteriorly translated, then 
the screws should be offset to account for the vector needed to correct this displacement. This can be challenging, and in these situations, preference should 
be considered for the Jungbluth clamp or the Goose clamp. The Jungbluth clamp allows for multiplanar correction (Fig. 50-71). The author advocates 
distracting the joint a bit using the clamp, then correcting in the cranial/caudal direction by levering on one side of the clamp and then correcting 
anteroposterior translation by rotating the clamp and lastly compressing the SI joint by squeezing the handles of the clamp. It is important to mention that 
screws placed for the clamp should ideally be placed out of the way of the percutaneous screws that will follow the reduction and the medial screw be 
placed lateral to the foramen (Fig. 50-72). The Goose clamp is a versatile clamp that can be used to reduce SI disruptions. One tine of the clamp can be 
placed on the sacral ala and the other tine placed over the iliac crest on the outer aspect of the ilium (Fig. 50-73). The location of the footprints of the clamp 
can be adjusted based on the vector needed for reduction. 
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Figure 50-70. Farabeuf clamp picture. Note clamp is placed over screws and screw position determines reduction vector. Gray lines represent 5-mm Shantz pin 
placement into iliac crest along gluteus medius pillar and AIIS. They Schanz pins can be used as joysticks when attached to T-handles. 


In cases where there is an associated symphyseal disruption/diastasis or displaced rami fracture, reduction of the anterior injury can facilitate reduction 
of the posterior injury (Fig. 50-74). However, a poor reduction of the anterior ring can make the reduction of the posterior ring even more challenging and 
potentially not possible. It is important to remember that the posterior ring is the weight-bearing portion of the pelvis and anatomic reduction, and 
stabilization of this “arch” posteriorly is the primary goal according to Letournel.!®°-!8! Ideally, the anterior ring reduction can be performed and stabilized 
with a clamp or other temporary methods, which will then allow an evaluation of the posterior reduction that has occurred indirectly. If the posterior 
reduction has improved and felt to be amenable to closed reduction techniques, then stabilization of that injury can be performed via percutaneous 
techniques. Alternatively, the lateral window can also be performed to fine-tune the reduction and subsequent fixation of the anterior ring. 

After the SI joint is reduced, the joint can be stabilized using anterior plates, with or without SI screws or IS screws alone.2°° The use of two plates 
across the SI joint versus two IS style screws has been shown to be biomechanically similar.°° 
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Figure 50-71. Jungbluth clamp can be used to reduce multiplanar deformity across the SI joint. A: First me eey direction can be corrected by levering on one 
side of the clamp. In the figure. if the clamp is levered on the right side (toward the contralateral SI joint, with pressure onto the right sacral ala), then the left ilium and 
hemipelvis will be moved cranially. B: Anterior/posterior reduction is then made by rotating the clamp. In this image, clockwise rotation will result in anterior 
translation of the left hemipelvis. C: Last, the joint can be compressed by squeezing the two handles of the clamp. 


A = B 
Figure 50-72. Lateral (A) and inlet (B) views demonstrating position of the two screws for the Jungbluth clamp. One screw is placed medial to SI joint, just anterior 
to the position of the eventual percutaneous IS-style screw. The other screw is placed lateral to SI joint into the ilium, also out of the way. Note relatively long screws 
to try to obtain bicortical fixation to allow manipulation without screw failure. The medial screw should also be placed lateral to the foramen on the outlet view. 
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Figure 50-73. Goose clamp placed across SI joint. One footprint is placed on the sacral ala and other footprint placed on the outer aspect of ilium. 


Figure 50-74. A 63-year-old man with complete left SI joint disruption and displaced superior and inferior pubic rami fractures after a fall from 50 feet. A: Outlet 
reconstruction demonstrating left hemipelvis cranial displacement, vertical shear pattern. B: Inlet reconstruction demonstrates posterior translation of left hemipelvis. 
C: Intraoperative fluoroscopic image prior to performing reduction. D: Anterior pelvic ring reduction performed to assist with posterior reduction. E: Inlet image 
demonstrates placement of Goose clamp. Note screws placed on both sides of the SI joint to use a Farabeuf. However, the vector was not correct, and the reduction was 
performed with the Goose clamp. F: Postoperative CT scan demonstrating anatomic reduction of the left SI Joint. G: Postoperative CT scan with outlet reconstruction 
demonstrating final construct. 


Figure 50-75. Picture demonstrating location of plate spanning SI joint. Black line represents course of L5 nerve root. Placing two holes medial to the SI joint places 
the L5 nerve root at risk. Also placing the plate on the most anterior aspect of the joint places the L5 nerve root at risk. Ideally, hole number 2 is centered over the SI 
joint and posterior to the sacral promontory. 


If plating is going to be used, it is paramount to not place plates on top of the L5 nerve root. The more posterior the plate is placed, the less likely it is to 
cause injury to the L5 nerve. Routinely, this is a three-hole plate with only one hole medial to the SI joint (Fig. 50-75). This can be used as provisional 
fixation, adjunct plate, and in certain cases as the only form of fixation. If the patient’s pelvis is not amenable to percutaneous screws, the author advocates 
the use of two plates for additional stability. 


Posterior Approach 


ORIF for Sacroiliac Joint Dislocation From Posterior Approach: 


KEY SURGICAL STEPS 


Posterior approach to SI joint 

Exposure 

Obtain indirect reduction and confirm with fluoroscopy/palpation 
Maintain reduction with clamp 

Percutaneous SI screw placement: S1 +/— S2 level 

Irrigation 

Drain 

Closure 

Well-padded dressing 


Once the SI joint is exposed from posterior, it is reduced followed by stabilization. Because the reduction is performed indirectly, as only the inferior aspect 
of the joint is visualized, it is imperative that one be familiar with the 3D anatomy of the SI joint, sacrum, and ilium. The anterior aspect of the joint can be 
palpated through the greater sciatic notch and the overall reduction can be accessed via fluoroscopy. 

Although most displacement is usually in the AP and mediolateral directions, and manipulation in those directions are required for reduction, 
longitudinal traction can be extremely useful. Careful radiographic evaluation of the height of the iliac crests and ischial tuberosities to ensure that the two 
sides are level with one another should occur. If adequate traction is being applied, the inferior aspect of the ilium at the medial part of the greater sciatic 
notch should match up with its recess in the lateral portion of the sacrum. 


Figure 50-76. Model demonstrating reduction of the SI joint with a pointed reduction forceps from the posterior approach using inferior clamp placement. 


At this point, the SI joint can be reduced with a large pointed reduction clamp placed across the inferior aspect of the joint. One side is placed onto the 
outer table of the ilium and the other side onto the sacral spinous process or the posterior cortex of the sacrum. This allows reduction of the posteroinferior 
portion of the joint (Fig. 50-76). Reduction of the anterior portion of the joint requires a second offset pelvic clamp placed through the greater sciatic notch 
as described previously for crescent fractures. The same procedural steps should be taken to safely place a tine onto the anterior surface of the lateral ala 
including simultaneous finger palpation to localize and avoid the sacral foramina and nerve roots. The outer tine is placed onto the outer table of the ilium 
(Fig. 50-77). The clamp is then closed, thereby reducing the anterior aspect of the joint. Complete reduction of the SI joint is confirmed with AP, inlet, and 
outlet fluoroscopic views. Critical analysis of these views will reveal any persistent translational or rotational deformities, which if present, need to be 
corrected. 

Once the reduction is satisfactory, rigid fixation of the SI joint should be accomplished with placement of one or two partially threaded SI screws to 
allow for compression and aid in reduction as described above. Of note, placement of percutaneous screws in the prone position is more challenging 
technically as well as radiographically, especially in the setting of multiple clamps. If transsacral screws are placed, the surgeon should be extremely 
cautious not to extrude out of the osseous pathway, especially on the contralateral cranial side (most likely location to violate cortex). 

After fixation is complete, the wound should be irrigated and a drain placed underneath the gluteal muscles. The TGM and fascia are reattached to the 
iliac crests with heavy 0 Vicryl suture in a figure-of-eight interrupted fashion. A drain is placed in the subcutaneous layer and 2-0 Vicryl and 3-0 Nylon 
sutures are used to close the skin. A sterile dressing is applied. 
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Figure 50-77. Models demonstrating reduction of the SI joint with a pelvic clamp placed through the greater sciatic notch onto the anterior aspect of the ala from a 
posterior approach. A: Posterior view. B: Anterior view. C: Posterior view showing both clamps in place to ensure anatomic reduction. 


Regardless of the approach used, the postoperative regimen is generally the same. The patient is kept non—weight bearing on the side of fixation for 
approximately 12 weeks. DVT prophylaxis is maintained for at least 6 weeks and is dependent on other associated injuries. Sutures are removed at 2 to 3 
weeks. 


ORIF for Sacroiliac Joint Dislocation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Anterior approach 
L5 nerve root injury e Visualization of ala 
Nalrediiction e Protection of L5 nerve root 
e Adequate direct visualization and confirmation by fluoroscopy 


Posterior approach 
Difficult reduction e Avoid direct pressure on ASIS 


, e Adequate indirect visualization and confirmation by fluoro 
Malreduction 


If approaching the SI joint anteriorly, inadvertent iatrogenic injury to the L5 nerve root can occur with excessive exposure medially onto the sacrum. It is 
imperative that the nerve root be identified and protected when clamp or screw placement is used for the reduction maneuvers mentioned to reduce the SI 
joint from anterior. If a plate is being used to stabilize the SI joint, the L5 nerve root must be kept out of the way so that the nerve root does not lie 
underneath the plate’s medial edge. 

As mentioned previously, the author prefers the anterior approach to the SI joint, unless significant sacral alar crush prohibits visualization of the 
reduction and percutaneous measures are not able to reduce the SI joint. When approaching the SI joint posteriorly, prone positioning can cause posterior 
translation of the hemipelvis in relation to the sacrum. This occurs because the patient is resting directly on the ASIS. It is important to ensure that the pelvis 
is hanging freely to avoid this. In addition to posterior translation, resting on the ASIS will result in an external force on the ilium, which can hinder 
appropriate reduction maneuvers. 

With either approach, careful scrutiny of the reduction is needed. Palpation through the greater sciatic notch posteriorly or the anterior sacral articulation 
from the front can aid in evaluating the rotation and ensuring anatomic reduction. 


Outcomes 


In their series of pure SI joint dislocations, Mullis and Sagi??? evaluated functional outcomes in a group of surgically treated patients with a minimum of 1- 


year follow-up. All 23 patients had SF-36, SMFA, IPS, and Majeed pelvic scores. They found that anatomic reduction of the SI joint was the only predictor 
of a favorable outcome. In addition, if SI joint ankylosis occurred, functional outcome was not affected. In a prospective study by Leighton and Waddell, !”9 
42 patients had a formal ORIF of the SI joint from an anterior approach versus 12 cases of percutaneous SI screw fixation. There were only two minor nerve 
palsies. An anatomic reduction was achieved in 80% of the cases with 100% healing rate. There were no cases of postoperative displacement, despite an 
early mobilization plan. Another study found similar findings in a small group of patients where 8 of 10 had anatomic reductions and an excellent outcome 
versus the remaining 2 who were nonanatomic with persistent pain and a fair outcome.°°° A recent study assessed outcomes (Majeed and SF-36) in 31 
patients with SI joint disruptions.!° Postoperative reduction was assessed with CT scans. Patients who had an anatomic reduction compared to nonanatomic 
reductions (5-10-mm displacement) had significantly better Majeed scores. However, it is important to note that only five patients had nonanatomic 
reductions and strong conclusions cannot be made from such a small number. 

This is in contrast to other studies where functional outcome did not necessarily correlate with anatomic reduction, but these studies included a wide 


variety of injury patterns and treatments.”©227 


Surgical Treatment of Sacral Fractures 


Percutaneous Iliosacral Screw Fixation 


Preoperative Planning 


Percutaneous Iliosacral Screw Fixation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent—Jackson flattop preferred 
Position/positioning aids LJ Supine on bump 

Fluoroscopy location LJ Opposite side from injured side 

Equipment LJ Cannulated screw system 6.5 mm or greater 


Percutaneous IS screw fixation can also be used for sacral fracture fixation. If the fracture is displaced or there is nerve root involvement, open reduction 
from a posterior approach can be required. Decompression of the nerve roots and/or removal of comminuted fragments in the foramen may be needed to 
prevent further injury once screw fixation is placed. Percutaneous screw fixation can still be performed afterward, but reduction is paramount. 
Unfortunately, the reduction can be difficult to obtain and even more difficult to judge because of the fracture comminution and plastic deformation of the 
sacrum that often accompanies such fractures. The preoperative CT scan should be assessed to determine if fracture reduction reads are present on the 
posterior cortex, if significant comminution is noted throughout, the surgeon should reassess the need for open reduction and consider closed reduction 
techniques. To aid in the evaluation of the reduction, the following subtle parameters can be evaluated: (1) the level of the iliac crests, acetabular domes, and 
ischial tuberosities are equal bilaterally; (2) the distance from the sacral spinous process to the PSIS is equal bilaterally; (3) ischial spine profile is the same 
bilaterally; and (4) the contour of the pelvic brim from the midline of the sacrum to the pubis is symmetric bilaterally. If there is any question, intraoperative 
plain radiographs can be obtained to view the entire pelvis. 


Positioning 

Most screws placed into and across the sacrum will be done in the supine position as described previously. If the patient has compression of nerve roots or 
nerve roots are at risk (e.g., comminuted fractures with bony fragments in cases of zone II injuries), these fractures may need to be decompressed and 
reduced from the back. Thus, these injuries will require prone positioning to gain exposure at the sacrum and subsequent laminectomy and decompression 
with removal of bony fragments. 

Technique 


The IS screw is placed in a percutaneous fashion as described previously. 


Percutaneous Iliosacral Screw Fixation: 


KEY SURGICAL STEPS 


v ki supine on radiolucent table with bump elevation 

Preoperative imaging—lateral sacral view, inlet, outlet 

Closed reduction vs. open reduction 

Guidewire placed across reduced fracture into the sacral body or into the contralateral ilium 
Skin incised 

Screw measurement 

Placement of either partially threaded or fully threaded screws measuring larger than 6.5 mm 
Removal of guidewire 

Irrigation and closure 


The surgical technique differs slightly from that used in the stabilization of SI joint dislocations. The screw trajectory is directed perpendicular to the 
fracture plane to achieve optimal reduction and stability. This usually requires the screw to be placed from direct lateral to medial and more parallel to the 


S1 endplate, on both the inlet and outlet views ( 50-78). In addition, the use of fully threaded screws has been recommended in cases of comminuted 
zone II sacral fractures to prevent potential nerve root injury with excessive compression. Historically, partially threaded screws have been used for zone I 
or III injuries and noncomminuted zone II fractures. Because of the potential instability in complete fractures of the sacrum, many authors have used a 
“transsacral” screw or what is also known as transiliac transsacral screw to gain additional fixation in the contralateral ilium.*°°""’ This technique also is 
useful in cases of bilateral sacral fractures and in osteopenic bone to enhance the fixation construct. Because the placement of such a screw must be 
directed almost straight lateral to medial, the patient’s anatomy must be carefully studied. Evaluation of the CT scan preoperatively is necessary, and if 
available 3D reconstructions can be useful to better elucidate any abnormalities such as sacral dysmorphism, which can often be a contraindication to the 
placement of such a screw at the traditional S1 level. In those cases, however, the S2 level may be able to accommodate a transsacral screw.“’* The 
theoretical advantage to the transsacral screw is to provide improved resistance to any cephalad displacement. This is because the S1 body and the 
contralateral SI joint act as two points of fixation that can resist translation and angulation. Tornetta et al.’ looked at a cadaveric biomechanical study to 
evaluate a standard IS screw with a transsacral screw versus a standard two IS screw construct. There was no improved performance with the transsacral 
screw, but the mode of failure was different. The long screw construct bent, whereas the standard screws cut out. There was better purchase with the 
transsacral screw. This suggested that the longer lever arm may be advantageous in the comminuted or nonanatomic situations.’’° Sacral fractures can be 
adequately stabilized with one or two SI or transsacral screws with or without supplemental anterior fixation. This will maintain the reduction until healing 
has occurred. The benefit of the second screw has not been well documented in the literature.~’°~°* Most pelvic surgeons use a second screw, predominately 
in the displaced or unstable sacral fracture, if it can be placed safely into either S1 or S2. When placing two transsacral screws in the S1 osseous corridor, 
the author prefers to place the first screw caudal and anterior in the corridor, followed by a second screw that is placed just cranial and posterior. The lateral 
view nicely depicts why this configuration and position of screws is safe, as long as the pathway is sufficiently large (see 8). 
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Figure 50-78. Elderly patient with a complete sacral fracture on the left and a right-sided superior rami fracture. Due to poor bone quality, decision was made to 
placed two ad screws at S1 and a retrograde anterior column screw. The patient was allowed weight bearing as tolerated for activities of daily living for the 
first 6 weeks. A: Lateral view demonstrating guidewire position in the caudal anterior position for the first screw. B: Lateral view demonstrating placement of the first 
screw and drill placement of the second screw, just cranial and posterior to first screw. C: Inlet image demonstrating relationship of first screw placed anteriorly and 
drill for second screw just placed slightly posterior to first screw. D: Final AP x-ray prior to leaving operating room. 


Generally speaking, the patient is kept non—weight bearing or toe-touch weight bearing on the side of the injury for 6 to 12 weeks. When injuries are 


bilateral, patients are kept in a wheelchair with either total assist or transfers on the more stable side of injury. Patient factors may come into decision 
making such as obesity and bone quality. Furthermore, the author attempts to place additional percutaneous fixation in elderly patients to allow them to 
weight bear at an earlier time point for activities of daily living. The percutaneous incisions are closed in a routine fashion. 


Potential Pitfalls and Preventive Measures 


Percutaneous Iliosacral Screw Fixation of Sacral Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Compression with sacral nerve root compression in comminuted fractures © Consider use of fully threaded screws 
Malreduced sacral fracture e Obtain proper reduction via posterior open approach 


In addition to those mentioned under “percutaneous IS screw” fixation, sacral fractures also require special care to avoid iatrogenic nerve injury when 
reducing fractures. Reduction of highly comminuted sacral fractures can be problematic. Careful preoperative scrutiny of the CT scan is required to ensure 
that bony fragments are not in the foramen. If so, decompression may be needed prior to reduction, so as not to cause inadvertent injury (see Fig. 50-53). It 
is also imperative that fracture reduction occur prior to screw placement, as it has been well shown the increased neurologic and potential vascular injuries 
with a malreduced sacrum.7°° 

As described previously, overcompression with partially threaded screws in zone II comminuted fractures theoretically has the potential to cause 
iatrogenic nerve root injury. Some surgeons use fully threaded screws to prevent this from occurring but accept the theoretical higher risk of nonunion if a 
gap is present. To assess the concern with the use of partially threaded screws in zone II fractures, a retrospective review of 90 patients was performed, of 
which 57 had simple fractures and 33 were comminuted.!*° All patients had to have a postoperative neurologic examination to meet inclusion criteria. Most 
patients (81/90) had fixation with a partially threaded screw, and only 1 had a neurologic deficit at final follow-up, and it had been present preoperatively. A 
total of four patients in all had preoperative neurologic deficits, and were all in the comminuted group. No nonunion was seen. The authors thought that 
compression with the use of a partially threaded screw did not cause iatrogenic neurologic injury and could be used safely with the added benefit of 
avoiding a nonunion. The author has reviewed cases in which postoperative nerve compromise occurred with the use of partially threaded screws; however, 
this was associated with significant overcompression using multiple lag screws. 


Open Reduction and Internal Fixation of Vertical Shear Fractures 
Preoperative Planning 


ORIF of Vertical Shear Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table; OSI flattop preferred 
Position/positioning aids LJ Prone on chest rolls 
Fluoroscopy location LJ Opposite side of injury 
Equipment Pelvic reduction clamps 
Retractors 


Pelvic reconstruction plates 
Cannulated screws 26.5 mm 


Spinal instruments/implants for spinopelvic fixation or lumbopelvic 


Open Reduction and Internal Fixation of Vertical Shear Fractures 
Technique 


/ | ORIF of Vertical Shear Fractures: 
KEY SURGICAL STEPS 
Posterior paramedian approach vs. midline posterior approach 
Exposure of sacral fracture and foramina 
Decompression of nerve roots as needed 
Obtain reduction 
Maintain reduction with clamps 
Stabilize with fixation construct: 
e IS screws 
Plate fixation 
Triangular osteosynthesis/spinopelvic fixation 


Irrigation 
Closure 


CELEC 


Ideally, displaced comminuted sacral fractures would benefit from at least two IS-style screws, preferably two transsacral-style screws. If this is not 
possible, then adjunct fixation should be considered. ORIF of sacral fractures is warranted instead of IS screw fixation alone in cases of severe comminution 
in which fixation pathways are compromised, severely osteoporotic bone, or disruption of the L5—S1 facet joint, due to the higher failure rate in some 
series.7°° Plating involves the use of 2.7- or 3.5-mm reconstruction plates (locking or nonlocking) placed lateral to the foramen and pedicles. Bicortical 
fixation is preferred. Plate application requires screw purchase which can be problematic in the sacrum. The author prefers spinal-pelvic fixation constructs 
over plating for fractures that require additional fixation. The tenet behind triangular osteosynthesis is to bypass the sacral fracture with fixation from the 
spine to the ilium such that the force transmission travels from the ilium up to the spine without stress on the sacrum itself. These constructs are also known 
as lumbopelvic fixation. Kach and Trentz originally described this method and found it to be both biomechanically?% and clinically superior to SI screws 
alone in maintaining reduction in comminuted sacral fractures.?8>?93 In a cadaveric biomechanical analysis, lumbopelvic fixation added significant 
mechanical stability when sacral comminution was present.!4° If an extreme amount of comminution was present, lumbopelvic fixation with the proximal 
extent to L4 should be considered especially when only one transiliac-transsacral screw can be placed. Treatment often requires specialized spinopelvic 
fixation285.292 and should be undertaken by someone who is proficient in both pelvic and spinal instrumentation. 

Fixation points in the spine can vary anywhere from the L4 to the S1 pedicle based on the injury pattern. The usual point of spinal fixation is the L5 
pedicle. However, often the L5 transverse process has been disrupted which may extend into or part of the L5 pedicle preventing fixation. In those cases, the 
L4 pedicle can be chosen. In some instances, the S1 pedicle can be used for the spinal point of fixation if the involvement of both the posterior and lateral 
aspects of the sacrum is minimal and with little comminution. Toogood and colleagues?** evaluated the use of the S1 pedicle as the proximal point of 
fixation primarily because they felt that a disadvantage to traditional triangular osteosynthesis was loss of motion at the L5/S1 segment. They used a 
sawbones model and looked at ipsilateral S1 versus contralateral S1 fixation points. They found that a contralateral S1 fixation point for their “modified” 
triangular osteosynthesis construct was biomechanically equivalent in preventing displacement but superior in preventing rotation than an ipsilateral 
construct. 

When exposing the fracture, care should be taken to avoid disrupting the facet joint capsules, as this may lead to joint degeneration and low back pain. 
The L5 pedicle is found just lateral to the L4—L5 facet joint with the entry point at the junction of the transverse process and the lateral wall of the facet. The 
pedicle screw should be placed under fluoroscopic visualization using AP, lateral, and oblique views. It is important to remember that the procedure should 
be performed with someone proficient in spinal instrumentation. 

At this point, the screw for iliac fixation is placed. The entry point is just distal to the PSIS. Because the fixation devices can be prominent here, the 
screw is recessed under the posterior aspect of the crest in a cleft between the ilium and sacrum. The PSILs should not be taken down as this can affect 
stability.2°3-293 When placing the screw, the outer cortex should be perforated with a drill bit and the medullary canal between the inner and outer tables 
entered. The usual placement is at about 10 to 20 degrees off the vertical in a line aimed at the AIIS. The preoperative CT axial images can aid in 
determining this trajectory. It is essentially a “posterior to anterior” AIIS pin or LC II screw from the PSIS toward the AIIS. It should lie above the sciatic 
buttress (visualized on the iliac oblique view) and centered in the teardrop (visualized on the OOV). After opening the cortex and ensuring that one is 
between the two tables, it is often best to allow the screw to find its path. Care should be taken to ensure that the screw does not go into the greater sciatic 
notch inferiorly or into the SI joint medially. 

In the setting of a displaced sacral fracture, the fracture should be reduced and percutaneous screws placed across the fracture followed by lumbopelvic 
fixation. Prior to placement of the IS screw, sacral nerve root decompression may be indicated in vertical sacral fractures. The indications for decompression 
are similar to those described before for zone II injuries: (a) neurologic findings in the form of a radiculopathy with CT scan demonstration of an offending 
bony fragment(s) in the foramen; and (b) the neurologically intact individual with CT scan demonstration of a bony fragment(s) in the foramen, which may 
injure or compress the nerve root with manipulation and reduction maneuvers. The decompression is performed through the fracture site itself without the 
need for laminectomy. A lamina spreader can be placed into the fracture site. The hematoma is removed for exposure of the sacral nerve roots and the bony 
fragment(s). A pituitary rongeur can then gently extract the fragment(s) from the foramen. 

Iliosacral screws should be placed prior to placement of the iliac bolt for lumbopelvic fixation so that the bolt does not block the path of the IS screw. 
Once this is done, the two points of fixation for the lumbopelvic construct can be connected to one another using a 5-mm rod and screw-to-rod clamps. At 
this point, no further manipulation of the fracture can occur. Bilateral cases are often the lumbopelvic dissociative patterns as discussed below, and these 
require bilateral lumbopelvic fixation constructs with IS screws. 

Lumbopelvic fixation constructs result in improved stability maintaining the reduction and with lower rates of hardware failure. This biomechanical 
superior construct also allows for earlier weight bearing.?8°.28:293 This technique is not without problems or complications. It is a technically demanding 
procedure not often performed by many orthopaedic pelvic surgeons. The technical aspects of the procedure should be reviewed and assistance by someone 
facile in pedicle screw placement should be obtained. 

Historically, complication rates for lumbopelvic fixation were extremely high, mainly due to soft tissue complications and infections. In 2016, modified 
subcutaneous insertion of the iliac screw was described.3°° This was in an effort to minimize the soft tissue retraction which could lead to wound problems. 
This modified technique was used in 28 patients with vertically unstable sacral fractures. They only had one surgical site infection and found the technique 
safe and effective with a low infection rate. While no large series have been reported utilizing this technique, this approach has been popularized and has 
made a significant difference in treating patients with pelvic ring injuries that require supplemental fixation. Anecdotally, the complication rate, specifically 
infection and wound healing problems is significantly less when a subcutaneous technique is utilized compared to open approach for placement of 
lumbopelvic fixation. 


Postoperative Care 


Patients are kept non—weight bearing or toe-touch weight bearing on the side(s) of injury and relying on crutches or a walker, or a wheel chair in the case of 
bilateral injuries, for 6 weeks to 3 months. The author advocates toe-touch weight bearing for 6 weeks followed by partial progressive weight bearing for 
fractures that had multiple points of fixation posteriorly and had the anterior ring injury fixed. If lumbopelvic fixation was utilized as adjunct fixation, then 
the surgeon can feel more confident starting with immediate weight bearing as tolerated. Ideally, the decision in regards to weight bearing is multifactorial 
and needs to be made on a case-by-case basis for these complex injuries. Regardless of the weight-bearing status, the patient should be mobilized on 
postoperative day 1 with physical therapy. Patients should be placed on mechanical DVT prophylaxis while an inpatient. Chemoprophylaxis should also be 
started and maintained for approximately 6 weeks depending on the patient’s mobility status. The duration is anecdotal and no clear evidence exists for a 
standard of care. Standard AP, inlet, and outlet radiographs should be ordered at 6 weeks, 3 months, and 6 months to assess for signs of hardware failure of 
loss of reduction. Standing lateral sacral view x-rays should also be ordered at follow-up if the patient has a transverse component to the sacral fracture. 


With any evidence of hardware failure, such as screws bending or backing out, closer follow-up should be performed. In the setting of a strained fixation 
construct and increased pain, the surgeon should obtain a CT scan to get a better understanding of the fracture healing process and consider revision surgery 
or a change in weight-bearing status prior to implant failure. Symptomatic lumbopelvic constructs can be removed 6 to 9 months after surgery, if the 
fracture has healed.?°5.288 


Outcomes 


Triangular osteosynthesis for unstable VS sacral fractures has been proven to be reliable. Sagi et al.78° looked at their results in a prospective cohort of 40 
patients with 1-year follow-up. They found that the procedure allowed for early weight bearing at 6 weeks without loss of reduction. Although operative 
reduction was maintained in 95% of patients until healing, there was concern over a high rate of technical problems and complications. All patients 
developed asymmetric tilting at the L5 level with L5—S1 facet joint distraction necessitating hardware removal in all patients. There was a 13% incidence of 
iatrogenic nerve injury. All patients had lower outcome scores at 1 year than the population mean. However, 93% had returned to either work or schooling 
at 1 year compared to only 10% at 6 months.?85 

In a prospective study by Hu et al.,!4! 22 patients were treated for their vertically unstable sacral fracture with triangular osteosynthesis. There were 16 
unilateral injuries all treated with unilateral fixation and 6 bilateral injuries, 50% treated with bilateral fixation. There was a 100% union rate by 6 months, 
no loosening or hardware failure, no iatrogenic nerve injuries, and 82% return to work. Functional outcomes, according to the Majeed score, were 86% good 
to excellent results. They also found that this fixation construct allowed for early weight bearing. A more recent study found similar findings to the previous 
study in patients with vertically unstable sacral fractures treated with triangular osteosynthesis augmenting IS screw fixation.!“° 


Lumbopelvic Fixation for Spinopelvic Disassociation 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Lumbopelvic Fixation for Spinopelvic Disassociation: 


OR table LJ Radiolucent table; OSI flattop preferred 
Position/positioning aids LJ Prone on chest rolls 
Fluoroscopy location LJ Opposite side from injured side 
Equipment LJ Spinal instrumentation/implants 

LJ Cannulated screws 26.5 mm 

LJ Lamina spreaders 


LJ Retractors/reduction forceps 


An extension of the VS sacral fracture is the spinopelvic dissociation, which is essentially a sacral fracture-dislocation. These injuries tend to be bimodal, 
occurring in young patients in a high-energy setting and in the elderly with low energy mechanisms. The term spinopelvic dissociation has been used to 
delineate this fracture pattern from a bilateral SI joint dislocation or the lumbosacral fracture-dislocation.*°° These tend to occur through the vestigial disc 
space resulting in kyphosis with the cephalad segment translating posteriorly.*°!373 These fractures are often overlooked on the standard pelvic radiographs 
as well as on the axial CT scans. A lateral sacral radiograph may aid identification and the sagittal CT scan images need to be reviewed to assess for this 
injury pattern. These injuries should be suspected if the plain radiographs show bilateral transforaminal sacral fractures, L5 transverse process fractures, or 
abnormalities of the superior sacral foraminal outlines. With significant kyphosis present, the upper sacrum will appear as if viewing an inlet view on the 
standard AP. Some have also described the “stepladder sign,” which is indicative of anterior foraminal disruption.23%297345 The CT sagittal reformations are 
the key to the diagnosis (Fig. 50-79). MRI can be useful to evaluate for neurologic injury by defining the sites of neural compression.°© 

Spinal instability and neurologic deficits are often associated with spinopelvic dissociation. Some studies have indicated 100% association with bowel 
and bladder dysfunction and loss of anal sphincter tone.?®?9? Most often the inferior sacral nerve roots are involved, causing a cauda equina syndrome in 
patients with significant displacement. These patients have impaired bladder function, decreased rectal tone, and saddle anesthesia. Because of the high- 
energy nature of such injuries, many patients have associated injuries that may preclude appropriate neurologic evaluation upon admission, delay surgical 
intervention, or complicate the overall neurologic picture.°*9 A detailed and thorough physical examination is warranted preoperatively. This can be difficult 
to obtain since many patients are multiply injured and may be intubated. All patients should undergo initial stabilization and treatment of associated injuries 
per ATLS protocol.!* Secondary surveys should be focused on the neurologic function in cases with spinopelvic dissociation and other spinal injuries. The 
following specifics should be checked in addition to a general neurologic examination: spontaneous and voluntary rectal sphincter contraction, perianal 
sensation (light touch and pinprick), and ankle dorsiflexion (L5 nerve root). These patients may have a higher spinal injury, which may confuse the 
neurologic picture. 


50-79. A 60-year-old man after a fall from two stories with decreased rectal tone and L5/S1 nerve deficits on the left side. A: Axial view. B: Sagittal view. C: 
AP pelvis x-ray after decompression, and open reduction with lumbopelvic fixation, in addition to placement of a transsacral S1 corridor. 


Traditionally, many of these injuries were treated nonoperatively due to surgical inability to obtain and maintain reductions. A spectrum of nonoperative 
management in the neurologic intact patient has been noted, all the way from bed rest with either skeletal traction to weight bearing as tolerated with follow- 
up imaging. Extreme caution should be used in patients treated nonoperatively in this patient population. Patients need to be educated about progressive 
symptoms and they need to have timely access to health care. The author does not recommend nonoperative management for any patient that has kyphosis 
on the sagittal view. Furthermore, any surgeon who is not comfortable with pelvic ring surgery should have this subset of patients’ follow-up with a surgeon 
who performs pelvic surgery. The reason for this is that surgery prior to significant displacement is much less complicated and potentially prevents the 
neurologic sequelae that can occur with displacement (F ). 

Unfortunately, many patients with displaced spinopelvic dissociations have neurologic compromise and instability, and can develop a painful deformity 
or worsening of their neurologic function. As stabilization techniques have improved, it is clear that if the patients’ condition permits, these injuries are best 
treated surgically and by an experienced trauma team including a pelvic and a spine surgeon. In cases of an impacted and stable pattern without significant 
kyphosis or neurologic deficit, some trauma surgeons have advocated bilateral percutaneous screw fixation.~*’ When possible, the author advocates the use 
of two transsacral screws above the transverse component of the injury or one transsacral screw and two IS style screws (one on each side). Other 
techniques to stabilize these injuries have included transiliac rod fixation or plating or transsacral plate fixation. In the setting of neurologic compromise and 
significant kyphosis, these injuries require reduction, decompression, IS screw fixation, and bilateral posterior lumbopelvic fixation to control or prevent 
further kyphotic deformity and allow early mobilization of the patient.~’“ While, many surgeons advocate lumbopelvic fixation with rod-screw constructs 
with or without IS screws for fixation and laminectomy as needed for neurologic decompression, the author recommends the additional use of transsacral or 
IS screws for this injury pattern.“ 


Figure 50-80. A 67-year-old anorexic woman had 2 weeks of posteriorly based pain after slipping on wet concrete. A: Initial axial cuts at 2 weeks. B: Sagittal CT cut 
at 2 weeks. C: MRI obtained at 4 weeks because the patient continued to have pain. Sagittal MRI demonstrated increased edema at the S2 level. Physician continued 
nonoperative management. D: At 5 weeks, patient had increased difficulty ambulating secondary to pain. A repeat CT scan was obtained which demonstrated partial 
collapse and kyphosis. E: Axial CT scan demonstrating significant decrease in safe zones compared to initial CT scan (in B). This make percutaneous management 
more challenging and potentially not possible, if the safe zones for placement of screws are no longer available. 


Technique 


Please refer to previous detailed technique for sacral fracture reduction and triangular osteosynthesis for additional pointers. 

If the injury can be treated with percutaneous stabilization, in the case of select fractures,~*’ the procedure can be done either prone or supine. For 
formal open reduction and stabilization, the patient is placed prone on rolled blankets placed in the longitudinal direction and on a radiolucent table, taking 
care to pad all bony prominences. The posterior pelvis and much of the lower lumbar area should be draped into the surgical field to allow for adequate 
access. This should include the lateral margins of the flank and the buttocks all the way down to the table to allow exposure for IS screw fixation. Because 
of the instability and bilateral nature of these injuries, both lower extremities can be placed in distal femoral traction. The vector of the traction should 
provide extension of the hip joints to allow for closed reduction. As mentioned previously, additional chest rolls may assist in closed reduction in the prone 
position (see 52). In cases where bony fragments may pose a risk to the nerve roots, care should be exercised when placing IS screws or screws 
placed after decompressing the tunnels. Otherwise, iliac and pedicle screws~”* or a distractor between L5 and the ilium can be used intraoperatively to aid in 
the reduction.?® Distraction along the spinopelvic rod to aid in reduction should not be performed, as this has been shown to increase the fracture gap and 
resultant lumbosacral scoliosis, and may cause asymmetric overloading of the facet joints.-°’ The need for a posterolateral arthrodesis is controversial and 
should be decided on a case-by-case basis. If the patient has an injury to the L5—S1 interval or involvement of the facet joints, fusion has been 
recommended.'’* If fusion is performed, the facet joints, lumbar transverse processes, and the sacral ala should be decorticated. The morselized 
laminectomized bone, autograft from the PSIS, or allograft chips can be used as bone graft. If fusion is not performed, some recommend hardware removal 


after fracture healing. 


Postoperative Care 


The technique of lumbopelvic fixation for spinopelvic disassociation has allowed for early mobilization, and in cases without associated lower extremity 
injuries, early partial to full weight bearing?®t21.161,292,293 depending on other patient-associated factors (obesity, bone quality). Therefore, postoperative 
weight bearing must be customized to the individual patient. 


Potential Pitfalls and Preventive Measures 


Lumbopelvic Fixation for Spinopelvic Disassociation: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Wound complication e Full-thickness flaps 

Hardware irritation e Accurate placement of implants deep 

Inadequate reduction © Lock spinopelvic construct after compression of fracture 


e Longitudinal traction 


Nerve root entrapment e L5—assess CT preoperatively 
e Sacral nerve roots—decompression 


The most commonly reported complications after spinopelvic fixation include wound complications, hardware irritation, and incomplete neurologic 
recovery. In addition, technical errors in placement of the pedicle screws and inadequate reduction can occur. To prevent such errors, the spinopelvic 
construct should be placed after reduction and compression of the sacral fracture or left relatively mobile during the compression stage and locked down 
after the fracture has been compressed. Although nonunions are rare in sacral fractures, leaving gaps will significantly increase the likelihood of one 
occurring. The clamps and the screws should be used to close the fracture gap under C-arm fluoroscopy so as not to overcompress. Wound dehiscence 
should be treated early and aggressively. In cases of new neurologic deficits, a new CT scan should be ordered and evaluated for sacral foramina patency, 
loose bony fragments, and potential L5 nerve root entrapment into the fracture site at the top of ala. To prevent entrapment, careful preoperative evaluation 
of the sacral ala and the position of the L5 nerve root in relation to any comminution should be undertaken. 


Outcomes 


Outcomes in the treatment of spinopelvic dissociation are hard to interpret because of the complex and multiple injuries that many of these patients have 
sustained. Although no comparative studies between nonoperative and operative studies have been published, it has become clear in the recent literature that 
operative intervention is indicated and has relatively good union rates.®’ Published series are limited and comprise small subsets of patients with various 
treatments, associated injuries, and thus variable outcomes. The neurologic deficits and associated injuries that occur with these fractures tend to dictate 
outcomes, as opposed to the sacral fracture. Over an 18-year period, 36 consecutive patients with an H-type sacral fracture with spinopelvic disassociation 
were treated surgically.!84 The authors reported on factors that were felt to be prognostic of outcome. Overall, despite excellent or good radiologic 
outcomes, 42% had a poor outcome, indicating the severity of such injuries. In patients who had completely displaced fractures, both neurologic recovery 
and clinical outcome was worse than in those with a partially displaced fracture. Furthermore, the amount of residual translational displacement and 
kyphosis in the transverse fracture component was also significantly associated with outcome. Surprisingly, classification by Roy-Camille (type II vs. type 
III), was not prognostic of neurologic impairment. The quality of reduction was associated with a better outcome. It has been reported that improvement in 
the neurologic outcome occurs in up to 80% of patients irrespective of whether operative intervention is performed. This is especially true in cases of 
incomplete neurologic deficits, where 86% of patients with bowel and bladder dysfunction but intact nerve roots had complete recovery. If one sacral nerve 
root was transected, only 36% had recovery of function.7°? In cases of bilateral transection or avulsion of nerve roots, there is minimal chance of 
recovery.*“° In a retrospective review of 13 patients with lumbosacral dissociation with a mean follow-up of 7.7 years after the injury, there were significant 
impairments. Five were treated operatively and eight nonoperatively. All fractures healed, but 11 had persistent neurologic deficits at the L5 and sacral 
nerve root levels. Nine had urinary dysfunction, three with bowel dysfunction, and eight with sexual problems. Overall, patient-reported health measured by 
the SF-36 was significantly lower than the normal population. More recently, 19 patients with spinopelvic dissociation were followed prospectively with 
Majeed, HRQoL, and EQ-6D questionnaires. Average follow-up was 25 months and satisfactory functional and radiographic outcomes was noted, with 
Majeed functional scoring being excellent in 63% of cases, good in 26%, and fair in 11%. About 79% of patients returned to work. Wound healing 
complications were noted in 26% of patients.®7 

The actual surgical procedure itself is highly successful in maintaining fracture reduction and promoting healing. The technique of lumbopelvic fixation 
is amenable to early mobilization and weight-bearing barring other issues. Schildhauer et al.79* reported 100% union rate without loss of reduction with 
improvement of sacral kyphosis with this protocol. Although controversial, IS screw fixation alone in fairly well-aligned noncomminuted fractures healed 
without loss of reduction.”°° Gribnau et al.'*! retrospectively reviewed their small experience (eight patients) in the treatment of such injuries with a myriad 
of treatment options based on the fracture pattern, associated spinal injuries, and the surgeon’s experience. They all healed without loss of reduction. 
Complications were common, with 37.5% wound infection and a 37.5% need for hardware removal. All patients had mobility problems long term, but were 
not confined to bed. There was a high preponderance of depression and anxiety (50%). They felt that outcomes were difficult to assess due to the 
heterogeneity in fixation constructs as well as associated injuries and psychiatric issues. 

Tan et al.329 reported their results in a group of nine patients all treated with lumbopelvic fixation. All fractures went on to union without loss of 
reduction and hardware failure. Patients were evaluated with the Majeed score. They had 89% fair or better results with a mean score of 73.4 points. Seven 
patients had neurologic deficit, four with complete cauda equina and three were incomplete. Laminectomy and decompression was performed in all patients 
who had spinal canal compromise. Partial or full recovery was noted in 83% of those patients. Wound infection occurred in two patients and hardware 
irritation requiring removal of implants occurred in two patients. 

A retrospective review of 15 patients treated over 8 years was published recently.!°? The authors reported that patients had long-term dysfunction based 


on SMFA scores despite bother and daily activity subscores improving over time. All patients were treated with lumbopelvic fixation and six required 
supplemental anterior fixation for anterior instability. All but one healed and the failure was attributable to loss of fixation due to a technical error. Ten 
patients had arthrodesis due to involvement of the L5—S1 level. Neurologic dysfunction was persistent in seven patients (100% with preoperative neurologic 
injury). Eleven of 15 were able to return to their previous work. Two patients had wound complications requiring surgery, and four patients had painful 
prominent hardware. The majority of studies reporting outcomes remain small case series but they all indicate the significant neurologic deficits, urinary, 
bowel, and sexual dysfunction that seem to persist. Radiologic outcomes seem to be successful but long-term follow-up for functional limitations are 
paramount to determine overall outcomes.®? 


Author’s Preferred Treatment for Pelvic Ring Injuries 


Anterior Pelvic Injuries (Algorithm 50-2) 


Anterior pelvic ring injury 


Symphysis disruption 
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Algorithm 50-2 Author’s preferred treatment for anterior pelvic ring injury. 


urologic injury 


aey Suture Pelvic internal Simple 


ring 


Symphyseal Disruption 
Author’s preferred treatment is ORIF in cases where the disruption is larger than 2.5 cm and or the symphysis displays vertical instability, using a six- 
hole symphyseal plate. Anatomic reduction of the symphysis is critical to help with any associated posterior ring reductions. 

In the nonobese and obese patients, internal fixation is preferred. In the Class 3 obese patients (“severe obesity” BMI >40), wound complications 
and concern for infection after ORIF is greater. If the patient does not have a large pannus, external fixation is used. In severely obese patients with a 
large pannus, INFIX is used. If an external fixator is used anteriorly for APC-3 injuries, at least two screws should be placed across the SI joint to 
provide adequate rotational stability. External fixation should be considered in young female patients of childbearing age. Suture fixation is used in 
pediatric female patients after reduction has been obtained using fiber-wire (Fig. 50-81). In patients with an associated bladder rupture and a suprapubic 
catheter placed for definitive management, then an external fixator is used anteriorly to avoid potential infection. If a formal bladder repair is performed 
in a timely manner, then simultaneous ORIF is advocated over the use of an external fixator. 


Superior Rami Fractures 


If there are rami fractures in which stabilization is required, antegrade or retrograde screw fixation is used depending on the amount of comminution, 
bone quality, displacement, and location of the fracture. High pubic root fractures are treated with antegrade anterior column screws, whereas more 
parasymphyseal fractures are treated with retrograde anterior column screws. If a noncomminuted superior rami fracture is significantly displaced, then 
an open reduction with either percutaneous fixation or plating is performed to assist with the posterior reduction and/or to provide additional ring 
stability. In patients with straddle fractures, the above reasoning should be used with preference for closed reduction and percutaneous fixation. If this 
cannot be performed, then either ORIF across both superior rami or placement of an external fixator across the anterior aspect of the pelvis is 
performed. 


Posterior Pelvic Injuries (Algorithm 50-3) 


Posterior pelvic ring injury 
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Algorithm 50-3 Author’s preferred treatment for posterior pelvic ring injury. 


Sacroiliac Dislocations 


Closed reduction and percutaneous skeletal fixation with IS screws is the preferred treatment choice for SI dislocations. Anterior ring anatomic 
reduction and distal femoral traction will assist in obtaining an adequate reduction percutaneously. Iliosacral screw vector placement is critical in 
obtaining a good reduction. If adequate reduction cannot be performed percutaneously, then a formal open reduction should be performed. The lateral 
window approach is preferred except if the sacral ala is fractured and impacted up to the SI joint. In that case, a posterior approach to the SI joint is 
recommended. Multiple screws placed across the SI joint is advocated for a complete displaced SI joint disruption, especially if the anterior ring injury 
is treated with an external fixator. 


Sacroiliac Fracture—Dislocation (Crescent Fracture) 

The preferred treatment is determined by the classification based on size: type I, II, or III. Minimally displaced fractures can be treated with closed 
reduction and percutaneous fixation. Displaced type I crescent fractures are treated with ORIF through an anterior approach. The type II injury requires 
ORIF through a posterior approach. The type III fracture—dislocation will undergo formal ORIF through a posterior approach for screw fixation to the 
remaining ilium with supplemental IS screw fixation if indicated. 


Iliac Wing Fractures 
Iliac wing fractures that require operative fixation undergo ORIF via an anterior approach. The most common indication is an open injury. 


Sacral Fractures 

Complete sacral fractures that are nondisplaced or can be reduced closed either with manipulation or reduction of the anterior ring are treated with 
percutaneous IS screw fixation (with or without transsacral screws). In displaced, complete fractures with reads, a formal posteriorly based open 
reduction is warranted. Often, two IS screws should be used in this setting (transsacral if possible). Triangular osteosynthesis can be used to either 
supplement fixation or in the setting of significant involvement of the L5/S1 facet joint. If any neurologic deficit is present and can be correlated with 
nerve root foraminal impingement secondary to bone fragments based on the CT scan or there is concern for L5 nerve root invagination into the alar 
fracture and subsequent compression with screw fixation, the patients should undergo decompression and open reduction followed by IS screw fixation. 

The use of two screws versus one screw is decided on a case-by-case basis but two screws are generally reserved for instances of extensive sacral 
fracture comminution, significant displacement, and/or poor bone quality. The osseous pathway at S2 should be utilized if available for screw 
placement, especially in the setting of minimal pathways at S1. 

In cases of completely nondisplaced sacral fractures that are consistent with true spinopelvic disassociation without kyphosis, percutaneous IS or 
transsacral screws should be placed to allow for early mobilization and prevent displacement. If significant kyphosis is noted, then consideration should 
be made for closed reduction and percutaneous screw fixation with possible addition of percutaneous lumbopelvic fixation. A decompression and open 
reduction should be considered in the setting of neurologic compromise. 


G 
Figure 50-81. An 8-year-old girl who was ejected from back of a pickup truck. A: AP pelvis radiograph in a sheet, demonstrating a pubic symphysis disruption and a 
left-sided sacral fracture and a right-sided SI joint disruption. B: Plastic deformation of right superior rami fracture corrected with flat spike pusher. Note a sheet was 
placed around her thighs prior to performing open reduction of the symphysis. C: Intraoperative outlet image after reduction of the pubic symphysis. Note osseous 
tunnels made with 2.5-mm drill on either side of the symphysis to place number 2 fiber-wire across the symphysis and the clamp in the image is placed over the fiber- 
wire knot to assess reduction of symphysis prior to adding more ties and adding an additional fiber-wire. D, E: Outlet and inlet intraoperative images demonstrating 
reduction of pubic symphysis, and CRPP of posterior pelvic ring. F, G: Outlet and inlet radiographs at 3 months postoperative. Of note, hardware in the back was 
removed at 6 months. 


Drains and Soft Tissues 


For most open procedures in pelvic ring fracture fixation, a Hemovac or Blake drain is used. It is discontinued when drainage is 10 to 25 mL per 8-hour 
shift. Sutures or staples are left in place for at least 2 weeks. Narcotic use should be minimized postoperatively for pain control. The author routinely uses 
anti-inflammatories postoperatively to assist with pain control and decrease narcotic use. A bowel regimen is recommended for this patient population as 
soon as they are admitted. A nasogastric tube may be required if the patient develops an ileus. In this setting, dietary intake should be advanced carefully 
and only when flatus and bowel sounds have returned. Nutritional consultation is recommended in this setting and in elderly patients. 

Patients who sustain pelvic ring injuries, especially those associated with motor vehicle pedestrian accidents, equestrian accidents, or crush injuries may 
have associated internal degloving soft tissue injuries. These Morel-Lavallée lesions may complicate the treatment of the associated pelvic ring injuries, 
especially if open reduction is required. Such soft tissue injuries can increase the rate of wound and soft tissue complications. These injuries often require 
surgical intervention, but the actual management has not been well established. A thorough incisional drainage, debridement, and irrigation of the wound 
can help prevent a potential infection. When possible, small incisions should be made proximal and distal to the degloved region, and not directly over the 
Morel-Lavalle lesion. The dead space that has developed can be managed with negative pressure wound therapy to assist in closure as well as in getting the 
wound ready should formal ORIF be required.'”° Successful management of the internal degloving can also be performed with percutaneous drainage and 
irrigation of the space.’** Concern over open incisional drainage occurs from the fact that the degloved skin and fat receive their entire blood flow from 
collaterals in the adjacent peripheral skin. The underlying fascia no longer is providing blood flow. Thus, if the lesion is large enough, complete full- 
thickness necrosis with resultant skin sloughing has been known to occur. This may lead to exposed bone and fixation, which then necessitates debridement 
and subsequent flap coverage. No clear guidelines exist in the literature, and surgeons must rely on their experience or a seasoned orthopaedic 
traumatologist to appropriately manage the timing for fixation of the fracture. After the incision have healed, the author recommends male patients use tight 
compressive bicycling shorts/pants and females use SPANX-type high-waist midthigh shaping garments for a period of 4 to 6 weeks. This is especially 
useful in the setting of a palpable hematoma and will prevent further accumulation of blood and decrease the dead space. 


Mobilization and Weight Bearing 


Many patients with pelvic ring injuries are multiply injured, and as such the associated lower extremity injuries will dictate weight bearing and their other 
nonorthopaedic injuries will dictate their ability to mobilize. If these other factors do not prevent mobilization, patients should be mobilized to a chair the 
day following surgery and begin gait training with physical therapy the next day. Early mobilization helps with both pulmonary toilet and bowel and bladder 


function. In general, patients with unilateral pelvic ring injuries with complete disruption of the posterior ring should be mobilized with non—weight bearing 
or touchdown weight bearing for 6 to 12 weeks followed by progressive weight bearing as tolerated on the affected side and weight bearing as tolerated on 
the contralateral side. Patients with significant bilateral pelvic ring injuries should be made non—weight bearing bilaterally for a period of 6 to 12 weeks. 
Patient factors such as obesity, bone quality, as well as fixation construct and stability should be considered when determining weight-bearing status. Stable 
and incomplete pelvic ring disruptions, stable impacted LC injuries, or APC I injuries can usually be allowed full weight bearing immediately. However, 
careful repeat radiographic imaging should be performed after initial mobilization to ensure that occult instability was not missed. 

Many patients will dictate their own weight bearing based on their comfort level. Patients with stable impacted sacral fractures may be able to move and 
roll easily while in bed. They often can weight bear immediately with minimal discomfort. On the other hand, patients who complain of significant pain and 
are unable to even log roll in bed tend to have an unstable pattern. These individuals may require further evaluation with fluoroscopic stress views under 
anesthesia and fixation if indicated. 


Outcomes 


Studies evaluating outcomes are difficult to interpret due to the heterogeneity in patient populations reported. These patients have associated injuries, which 
confound the outcomes related to the pelvic injury itself. It is unclear as to the effect a malreduction of the pelvic ring has on the functional 
outcome.’®23.227 However, a number of studies focusing on the posterior ring have shown that long-term functional results are improved if the reduction of 
the posterior ring disruption is within 1 cm of being anatomic.’®137.229.36 This is especially true for pure dislocations of the SI complex compared to sacral 
fractures. However, fractures of the posterior ring do better than dislocations because it is felt that bony healing can restore the normal stability,*? as 
opposed to pure SI dislocations, which rely purely on scar formation for ligamentous healing and take longer to heal. If patients with SI joint disruptions do 
develop a bony ankylosis of the SI joint, the outcome was not improved over those who did not ankylose the joint.2*? The true effect of an anatomic 
reduction is still difficult to ascertain because many studies lack standardization of interpreting the radiologic outcome with regard to reduction.!”” This is 
evident in the fact that despite seemingly reported anatomic reductions, clinical outcome studies have shown that a substantial proportion of patients 
continue to have poor outcomes with chronic posterior pelvic pain.49-76128,137,155,223,227,254 Timing may have some effect on functional outcome due to the 
ease of obtaining a better reduction with early fixation.!°9 Return to work is extremely variable with severe pelvic ring injuries, but most patients do have 
some persistent impairment long term.!37,254353 

Given the often multiply injured nature of the patient with a pelvic ring fracture, a number of multiple confounding variables can lead to the poor 
outcomes seen.””!28.155 A significant factor in poor outcomes is related to the associated urogenital, neurologic, and visceral injuries. Male patients report 
erectile dysfunction whereas female patients report dyspareunia, urinary difficulty, and childbearing issues with some concern for increased need for 
cesarean sections. !95!85,265,350,352 Th a systematic review of the literature, Riehl*©9 showed that female patients with prior pelvic fracture did have a greater 
rate of undergoing caesarean section than those without a history. The actual cause was felt to be related to a patient and obstetrician bias more than a 
medical reason. Most importantly, however, prior pelvic fixation had no effect on the outcome of the pregnancy. Bladder rupture and associated lower 
extremity injuries were associated with worse outcomes in women.**? Regardless of gender, many of these patients also have psychological issues including 
anxiety and depression that should be addressed as well.!5° 

Mortality after pelvic ring injuries is often secondary to other associated life-threatening injuries.>12°.2”* However, certain fracture patterns and patient 
characteristics have an increased rate of mortality but may be attributable to the other injuries. The Tile C fracture was found to have a significant increase 
in mortality.!3%155,272 A higher mortality rate is reported in elderly patients, presumed to be due to their comorbidities,” but this was recently 
questioned.!°9 Male gender was also associated with a higher mortality rate.!°° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


Pelvic Ring Injuries: 


COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Intraoperative hemorrhage 

Inability to achieve adequate fixation 

Loss of fixation and reduction 

Postoperative wound infection and dehiscence 
Newly recognized postoperative neurologic deficits 
Pin tract infections 

Deep venous thrombosis and pulmonary embolism 


Pelvic ring injuries can be life-threatening injuries. Treatment can be as simple as observation in the minimally displaced pelvic ring injury or require 
significant surgical intervention. Complications can occur from both the injury itself as well as from treatment. These complications may involve 
neurologic, vascular, or visceral structures at the time of injury. Unfortunately, these complications occur when the pelvic ring fracture is sustained and can 
also occur due to associated injuries. Pelvic ring fracture surgery itself can be associated with complications and surgeons may face certain hurdles during 
the operative procedures. Orthopaedic traumatologists comfortable with pelvic ring fracture surgery should perform these procedures. Despite the 
experience of the surgeon, on rare occasions, surgery for pelvic ring fracture reduction and fixation can be associated with large blood losses, hypotension, 
and prolonged operative times. In addition, intraoperative difficulties can arise from poor bone quality or severe fracture comminution. Postoperatively, 
wound dehiscence, infection, neurologic compromise, pin tract issues, pain, and DVT have to be addressed. Obesity has been shown to increase the 
complication rate almost seven times and reoperation rate close to five times.*% It is important to understand the potential problems that may arise in the 
treatment of pelvic ring injuries and how to deal with them. 


INTRAOPERATIVE HEMORRHAGE 


Severe bleeding can accompany many pelvic ring injuries as discussed previously. It is imperative to understand the vascular anatomy surrounding the bony 
anatomy, as injury to some of the vascular structures can occur intraoperatively, thereby adding to the overall blood loss. Bleeding can be potentially life 
threatening and must be dealt with quickly. While rare, the superior gluteal artery is at risk for injury during fracture reduction as well as stabilization, most 
notably with placement of an IS screw. In the event that this should occur, direct control of the vessel is difficult, if not impossible. Therefore, the wound 
should be packed in an attempt to tamponade the bleeding and the patient taken to the angiography suite to undergo embolization. 

The corona mortis, a retropubic anastomosis between the obturator system and the external iliac or inferior epigastric systems, is at risk during anterior 
pelvic exposures. Although the risk is more pronounced in acetabular surgery, any dissection around the anterior ring involving the rami can injure the 
vessels, resulting in excessive and rapid blood loss in a short time. When exposure in this region is needed for reduction and/or fixation, the corona should 
be identified and ligated. In cases where inadvertent injury has occurred and hemostasis is difficult, embolization should be considered. 

Pelvic packing in the setting of damage control has been discussed previously. Venous bleeding is another significant source of blood loss at the time of 
injury. Although direct additional injury to these structures during fracture stabilization is rare, the venous system can continue to ooze during the operative 
procedure. The patient’s physiologic status should be continually monitored, since patients who have coagulopathy, hypothermia, or massive transfusions 
can lose a significant amount of blood in a short time. Constant communication between the anesthesiologist and the orthopaedic trauma surgeon with 
regard to the patient’s blood loss, urine output, blood gas results, body temperature, and overall physiologic status is crucial. It is easy to get distracted by 
the fracture reduction and stabilization and lose sight of the patient’s blood loss. 

Regardless of the etiology of intraoperative hemorrhage, in cases where the patient’s physiologic status deteriorates prior to completion of the surgical 
procedure, wounds should be packed or closed if possible. The patient should be taken to either angiography (arterial sources) or the ICU (venous sources) 
for resuscitation and stabilization. The patient can be brought back to the OR to complete the procedure once the patient’s condition has improved. 


INABILITY TO ACHIEVE ADEQUATE FIXATION 


As our population ages, it is more frequent that geriatric patients are sustaining pelvic ring injuries, not only from low-energy falls but also from high- 
energy mechanisms as well. Many of these patients have extremely poor bone quality due to the pre-existing osteoporosis. Often, achieving adequate 
fixation is problematic and even more so frustrating, especially when a difficult reduction was finally obtained only to have it displace because it cannot be 
maintained. Surgeons have created unique solutions to deal with such problems, and these are often based on past experience, as there are no clear 
guidelines or much in the way of current literature to guide decisions. 

Locked plating has been extremely useful to orthopaedic traumatologist in dealing with osteoporotic fractures in a multitude of anatomic areas. In the 
case of pelvic ring injuries, precontoured locked plates also can be useful in the setting of poor bone quality. For the symphysis, alternatively, anterior 
fixation can be augmented by placing an additional plate perpendicular to the first or with a supplemental anterior pelvic external fixator.2°° The author 
preference is to utilize a stiff 2.7 minifragment-type plate on the anterior cranial aspect of the pubic symphysis in addition to a superior-based plate on the 
pubic body in cases in which additional fixation is required, such as revision cases or poor bone quality (see Fig. 50-45E,F). 

Poor sacral bone quality secondary to osteoporosis can complicate posterior pelvic fixation. Supplemental fixation techniques may be required to 
enhance the stability of the construct such as multiple SI screw placement.”!° Placement of the IS screw into the contralateral ilium—the transsacral screw 
—has been described as a way to improve purchase of an otherwise inadequate IS screw.!® Transiliac bars and plates can supplement poor posterior pelvic 
ring fixation.!!® Various spinal pelvic constructs have also been shown to be biomechanically superior than other traditional techniques and can be 
employed in cases of fracture comminution if sacral anatomy precludes multiple SI screw placement and in osteoporosis.*!)2% 

Recently, larger caliber cannulated screws (8 mm or larger) have come on the market which can be used as “rescue screws.” These screws are available 
up to 13.5 mm and add significant stability when smaller caliber screws do not have good purchase. While these screws were initially designed for SI joint 
fusions, they have been adapted to treat osteoporotic posterior pelvic ring injuries with some screws having a porous lattice that is designed for 
osseointegration (see Fig. 50-37). Careful preoperative planning is necessary to determine if the pathways are safe enough for placement of these large 
screws. These screws are especially useful when osteopenic patients do not have safe pathways for transiliac-transsacral-type screws, and IS-style screws 
are the only option. Careful consideration should be made when considering using these screws not only because of the size but also the additional cost of 
these newer designs and potential difficulty removing these implants if they are of odd shape or become osteointigrated. 


LOSS OF FIXATION AND REDUCTION 


Close and careful follow-up of both operatively and nonoperatively treated patients for their pelvic ring injury should be undertaken. Patients treated 
nonoperatively should undergo serial radiographs after mobilization to ensure that the pelvic ring fracture pattern is stable. Patients with operatively treated 
fractures should have AP, inlet, and outlet radiographs at the 6-week time point to assess for any loss of reduction or change in position of implants. At this 
point, the surgeon can decide to progress weight bearing or to continue limited weight-bearing restrictions. If the surgeon has any concerns about fixation 
quality, then radiographs can be obtained at an earlier timepoint. Obesity has been found to be a risk factor for the need for reoperation due to loss of 
fixation, and these patients should be monitored closely.”°° Patients with VS injuries and other grossly unstable patterns are at increased risk of malunion 
due to the severity of the trauma they sustained.!°” A delay in diagnosis can lead to a pelvic malunion, which can be an extremely debilitating problem for 
the patient.!° The pelvic obliquity, internal rotation, and adduction deformities can cause significant problems.!°° In a review of the literature on pelvic 
malunions and nonunions, studies report sitting imbalance or discomfort, gait abnormalities, dyspareunia, leg length discrepancy, and a 97% incidence of 
pain.!°” Although the majority of pelvic malunions were found to be secondary to a nonoperative approach, use of external fixation as definitive treatment, 
or an inadequate initial reduction and stabilization,'®’ and prompt attention to early loss of reduction can help prevent late deformity and the subsequent 
disability associated with a pelvic malunion. 


POSTOPERATIVE WOUND INFECTION AND DEHISCENCE 


Wound infections after surgical intervention for pelvic ring injuries can occur, complicating the management of such injuries. Any infection and/or wound 
dehiscence should be dealt with expeditiously to avoid deeper pelvic infection and potential osteomyelitis. Percutaneous pelvic surgery rarely has issues 
with infection. There are patient factors that may increase risk of infections after pelvic surgery. In a multicenter study of operatively treated pelvic ring 
injuries, it was clear that obesity was a major risk for the development of infections after surgery.?°9 


The author advocates the use of topical antibiotics in the high-risk patient population during the initial ORIF. Furthermore, the author’s preference is to 
layer a coat of antibiotic putty on to the plate, using 2 g vancomycin and 1.2 g tobramycin mixed with drops of saline until a putty-like consistency has been 
made.°4 

Acute infection occurring within the early postoperative period (within 3 weeks) can often be treated with incision, debridement, and irrigation with 
retention of the hardware. Wound dehiscence has been commonly associated with posterior approaches, with infection rates reported up to 16%.°! Patients 
may have erythema, fever, elevated white blood cell count, and prolonged drainage. Early surgical intervention should be the norm to prevent deeper 
infection and risk of osteomyelitis. Subsequent need for serial debridement prior to closure should be based on intraoperative findings. Negative pressure 
wound therapy can be useful in wounds that may not be ready for closure immediately or that cannot be closed due to associated skin necrosis. Patients 
should be given intravenous antibiotics based on cultured organisms and sensitivities. Treatment up to 6 weeks or more may be required and should depend 
on multiple factors including the involvement of hardware. Hardware retention is ideal if possible. However, if hardware is involved and/or loose, revision 
fixation may be needed and may require staging if possible. Hardware removal followed by serial debridement and revision in a clean wound should occur. 
Unfortunately, in many cases, this may require temporary external fixation to stabilize the pelvis while the hardware is out. However, revision at the time of 
debridement has been successful in a small series of patients.**! Infectious disease consultation may be required, especially in cases of unusual organisms or 
multidrug-resistant bacteria. 

In late presenting infections during the healing process or after, a more formal workup may be required to determine the extent of the infection. The 
usual laboratory studies should be performed, complete blood count (CBC), erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) level. Most 
of the time, these are elevated and thus are useful more as a means to monitor the responsiveness of the patient to treatment rather than for diagnostic 
purposes. These patients should have a CT scan of the pelvis and abdomen with contrast. This will allow one to assess for the location and extent of a 
possible abscess. Fracture healing should also be assessed as it may allow for hardware removal in cases where the bony injury has gone on to union. Due to 
associated hardware and the bony pathology initially treated, MRI is rarely used in the evaluation of postoperative pelvic infections. In cases where the 
fracture has clearly healed at time of presentation, nuclear medicine studies may be useful to determine the extent of bony and/or hardware involvement. 

Late-presenting infections should also undergo open incision, debridement, and irrigation as well. In cases where the fracture has healed, hardware 
removal should be strongly considered. Serial debridements with placement of antibiotic beads and use of negative pressure therapy can be used depending 
on the extent of the infection. Percutaneous drainage and antibiotic therapy alone should be reserved for the patient who is too sick because of age and/or 
comorbidity to undergo operative intervention. 


NEWLY RECOGNIZED POSTOPERATIVE NEUROLOGIC DEFICITS 


Many patients who undergo operative intervention may have undiagnosed preoperative neurologic deficits because a comprehensive examination cannot be 
performed secondary to their overall condition prior to surgery. In addition, posterior pelvic ring injuries and dislocations can have subtle neurologic 
injuries, which may not come to light until the postoperative period. It is important to document the extent to which a preoperative neurologic examination 
could be accomplished. Similarly, patients may continue to have mental status changes or associated injuries, which can also prevent the diagnosis of 
potential postoperative deficits. However, if a new postoperative neurologic deficit is recognized, it can be difficult to manage. In such cases, a 
postoperative CT scan should be performed to assess for iatrogenic injury. Nerve root irritation or impingement could be occurring from a screw, a fragment 
of bone, or iatrogenic overclosure of the foramen with compression of the nerve root. In some cases, there is no nerve root impingement and the deficit is 
the result of fracture manipulation and reduction. Because of the hardware that is present, an MRI is generally not useful. If further evaluation of the nerve 
roots is required, a CT myelogram scan can be performed. Treatment is dependent on the neurologic findings. With a motor deficit that corresponds to the 
site of potential nerve root compression, the offending bone or screw should be removed, which requires reoperation and possible hardware revision. 
Isolated radicular pain can be observed and the patient can be placed on medications such as gabapentin to control the neurogenic pain. In addition, steroids 
can be used to decrease the inflammation, which may be contributing to the pain. In the event of a new neurologic deficit without evidence of nerve root 
impingement, such cases should be managed with observation, pain medication, and physical therapy. When motor deficits do not resolve, either splinting 
or tendon transfers may be needed depending on the severity of the deficit and muscle groups involved. 


PIN TRACT INFECTIONS 


Unfortunately, superficial pin tract infections can occur when patients are treated with an external fixator. Daily pin care and vigilance are required. After 
the initial 2-week postoperative period, and once any associated incisions are healed, patients can shower. Pin care in obese patients is especially 
problematic because of the excessive soft tissue around the pins. The author prefers dry dressings and gauze wrapped around the pin, instead of saline or 
hydrogen peroxide. Avoiding significant stretching of the skin and length of incision around pin sites is also important to prevent pin site infections, as 
discussed in the external fixation section. Superficial pin tract infections can be managed with antibiotics alone; usually a 10- to 14-day course of Bactrim 
DS BID. Deeper infections, evident by loosening around the pins on radiographs or gross purulence, may require early removal of pins and if needed 
alternative pin sites or other forms of fixation. These infections generally require much more aggressive treatment with irrigation, debridement, and 
intravenous antibiotics. If supra-acetabular pins are used and become infected, pins in the anterior iliac crest can be utilized. 

The importance of proper pin care cannot be overemphasized to the patient as well as prompt notification to the provider such that antibiotics can be 
started. Educating the patient as to the probable occurrence of the pin tract infection can decrease the anxiety for the patient when it does happen. Most 
infections resolve with a course of oral antibiotics. During the 6- to 12-week treatment of the pelvic ring injury, several courses may be required. 


SYMPTOMATIC HARDWARE 


The majority of hardware placed during pelvic fracture surgery does not result in symptomatic hardware—related pain. However, hardware can cause 
irritation if screws are noted to extend a significant amount past the far cortex, if screws back out into surrounding soft tissues, if screws are not countersunk 
in relatively subcutaneous areas in skinny patients (iliac crest), and occasionally when screws are placed across the SI joint. Plate failure across the pubic 
symphysis in most cases does not alter outcomes and is not symptomatic unless failure occurs early and prior to scarring across the pubic symphysis.’%9! 
Screws placed past the second cortex can be especially symptomatic in the setting of an LC 2 type screw that extends past the PSIS or PIIS into the 
subcutaneous tissue. 

Screws placed across the SI joint can be symptomatic in a small subset of patients. Postoperative pain in the posterior aspect of the pelvis within the 


vicinity of the SI joint has been reported in the range of 1% to 7%, but it is unknown whether this discomfort is due to the patient’s original injury or rigid 
fixation across the SI articulation, once the original injury has healed. Furthermore, a recent biomechanical study demonstrated a significant increase in 
contact forces and motion across the adjacent L5/S1 facet joint when fixation was placed across the SI joint.2°' A 55% increase in the contact forces was 
noted for IS style screws that went across the adjacent joint and a 100% increase in contact force across the L5/S1 facet joint when a transiliac transsacral 
screw was placed. This data suggests that with placement of screws across the SI joint, the little motion that occurs through the relatively large SI joint is 
transferred to the adjacent relatively small L5/S1 facet joint, resulting in more motion and contact force across that joint. The author believes that this could 
be one reason for patients having pain. Furthermore, the relatively close location of the L5/S1 facet joint to the cranial aspect of the SI joint can easily be 
confused for SI joint pain, when in fact it could be L5/S1 facet joint pain. 

Screw removal across the SI joint once the injury has healed is advocated in patients who report significant pain over the SI joint while performing 
activities. The author routinely waits to the 1-year mark prior to considering removing implants. Two recent studies have shown that removal of IS screws 
in patients who have persistent pain in the region of the SI joint may alleviate symptoms, specifically pain in the region of the SI joint.972° 


DEEP VENOUS THROMBOSIS/PULMONARY EMBOLISM PROPHYLAXIS 


Trauma patients are at high risk for the development of VTE events. It is clear that some sort of prophylaxis is required in the prevention of VTE events in 
the care of trauma patients, especially those with pelvic ring injuries.!2%271,309,333 Mechanical prophylaxis in the form of intermittent pneumatic 
compression devices (IPCDs) applied to the lower extremities can help prevent venous thrombus formation?!!-3!? and should be used in all trauma patients 
if lower extremity injuries do not prevent their use.!29 However, the prevention of DVT and pulmonary embolus (PE) with chemoprophylaxis continues to 
be a controversial topic. There is no clear consensus among surgeons as to who should receive prophylaxis, when they should receive it, and in what form, 
although 99% use something postoperatively and 88% preoperatively in pelvic and acetabular fractures.?“° There are also global geographic discrepancies, 
further accentuating the lack of a standard of care in this realm.!*” The difficulty in decision making has been compounded by a lack of scientific evidence 
in the literature.?”13°°.335 At present, the guidelines from The American College of Chest Physicians (ACCP)!*° make recommendations for trauma patients 
as a whole without discerning those individuals who have pelvic ring injuries. Patients with major trauma should have low-dose unfractionated heparin 
(LDUH), low—molecular-weight heparin (LMWH), or IPCDs. If considered high risk (pelvis injury not an explicit risk factor), patients should receive both 
chemoprophylaxis and mechanical prophylaxis. Additional studies also suggest that patients with pelvic ring fracture are at high risk.?t3318 In looking at the 
German Trauma registry of more than 35,000 patients, Paffrath et al.?8 evaluated a subgroup of 7,937 patients with complete data sets and found that a 
pelvic ring fracture was an independent risk factor for the development of a VTE. These studies suggest that patients with pelvic ring fracture patients 
should have some type of prophylaxis started within 12 to 24 hours of pelvic injury.'*9?!*3!3 This can be in the form of LMWH or LDUH given 
subcutaneously*!8 alone or in combination with an IPCD.!*9 A dual approach with the IPCD started acutely followed by chemoprophylaxis in a delayed 
fashion was also shown to be effective.*!! The author’s preference is to use both IPCD and LMWH in all trauma patients with pelvic ring injuries while in 
the hospital and LMWH, barring all other contraindications. Postoperatively, the author treats patients with either LMWH or aspirin 81 mg PO BID for at 
least 6 weeks. Insights and subgroup analysis from the PREVENT CLOT study, a randomized pragmatic trial comparing aspiring versus LMWH for blood 
clot prevention in orthopaedic trauma patients will provide surgeons the data needed to support the use of aspirin or LMWH in this patient population. !9! 

IVC filters have also been used in trauma patients as a method of preventing PE and have been found to be safe and effective with relatively low rates of 
complications.!!®26 The use of IVC filters as a method for VTE prophylaxis is controversial and should not be used as a first line of defense.’ The EAST 
promotes the use of IVC in certain patients”! while the ACCP advises against the use even in patients with contraindications to other forms of 
prophylaxis.!29 In an effort to determine the impact on practice of IVC filter insertion guidelines (EAST) on a trauma population, Berber et al.?? looked at 
1,138 high-risk trauma patients over a 6-year period. The overall DVT rate in this group was 2.6% and PE rate was 1.8%. Only 42 cases (3.8%) had a 
retrievable filter placed with retrieval rate of 23.8%. If they applied the EAST guidelines to this cohort, 279 patients would have received an IVC filter. 
Although by stratifying the groups into the actual filter group versus the “EAST filter group,” the PE rate in those that would have received a filter but 
didn’t was 2.2% versus 1.6% in the no filter group (NSS). They concluded that the EAST guidelines may be overestimating the need for IVC placement. 
These devices certainly do not prevent DVT, but they are placed in hopes of preventing a PE, especially in those patients who are unable to receive 
anticoagulation because of sensitivity or associated head, chest, or abdominal trauma. It is important to note that although IVC filters can reduce the 
incidence of PE, they have not been shown to improve survival or affect the incidence of fatal PE.2° Pelvic ring fracture has been considered an indication 
for a prophylactic filter, which at present tends to be a filter that can be removed within 3 to 6 months depending on the manufacturer and clinical 
situation.!!© Retention of the filter has been a concern because of the potential development of postphlebitic syndrome, although the majority of this 
outcome has been reported in nontrauma patients. Toro et al.?3” showed that in a group of trauma patients with IVC filter, the incidence of postthrombotic 
syndrome was 1%. 

Diagnosing a DVT prior to the development of a PE can be problematic. Many have discussed the use of screening studies such as a duplex Doppler, 
contrast venography, and magnetic resonance venography.2”°2° Unfortunately, screening studies have not been shown to be efficacious in patients with 
pelvic ring injuries?”?!*32! but may be of some benefit in the patient without prior or suboptimal thromboprophylaxis.”!* The use of Duplex ultrasound is 
not recommended as a routine screening tool without clinical evidence of a DVT.!29 In the event a patient with pelvic ring fracture does develop a 
preoperative DVT confirmed with Duplex, these patients should undergo IVC filter placement as a means to prevent a PE.?37 

The need for, type of, and amount of chemoprophylaxis required for the prevention of VTE on an outpatient basis on discharge after the acute trauma is 
ill defined.*?° The 2012 Chest guidelines do indicate that in the case of major orthopaedic surgery, outpatient prophylaxis should be extended up to 35 days 
from surgery.'*2 Whether this can be extrapolated to the trauma patient remains to be seen. In determining the need for prolonged outpatient therapy, one 
must consider a multitude of risk factors: ambulatory status, age older than 40 years, body mass index greater than 30 kg/m2, female sex, birth control pills 
or hormone replacement therapy, adenocarcinoma or malignancy, prior history of DVT/PE, and smoking. 19333 In the majority of pelvic trauma patients 
who required operative intervention and have other risk factors, some sort of anticoagulation should be continued for at least 4 to 6 weeks. In the patient 
with a stable pelvic ring fracture in which weight bearing as tolerated is allowed, a short duration (2 weeks) of chemoprophylaxis should probably be 
considered. In patients with pelvic ring injuries with or without associated lower extremity injuries, which prevent ambulation on both sides, consideration 
should be given to 12 weeks of chemoprophylaxis. 


FUTURE DIRECTIONS RELATED TO PELVIC RING INJURIES 


Pelvic ring fracture treatment continues to be an area of dynamic changes. Continued innovation in operative techniques, newer technology, both implants 
and imaging, will hopefully allow for improvements in the management of these potentially life-altering injuries. Furthermore, new insights into how 
treatment across the posterior aspect of the pelvic ring affects adjacent joints needs to be elucidated.”?! Larger prospective multicenter studies that evaluate 
functional outcomes with various operative techniques are also needed. In the meantime, pelvic ring injuries continue to be best treated at large trauma 


centers by experienced pelvic surgeons utilizing a multidisciplinary approach in hopes of obtaining the best outcome for the patient.?273°9 
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Annotation 


This study showed the importance of using posterior fixation to reduce failure rates in the 
management of APC II pelvic ring injuries. There was a significant rate of failure in 
patients treated with anterior plates only. 


This study compared patients with operative APC injuries treated with anterior ORIF 
versus anterior external fixator. They found no significant difference in Majeed scores 
between the two groups at a minimum of 3 years after injury. The patients treated with an 
external fixator had more open fractures, severity of injury, and higher ISS scores at 
presentation. 


The authors report on the rate secondary displacement that occurs in nondisplaced 
fractures of the sacrum treated nonoperatively. They found that sacral fractures that are 
complete and accompanied by an anterior bilateral injury tend to displace and thus require 
stabilization. Those that are incomplete with an ipsilateral ramus fracture tend to be stable. 


Classic article discussing the Young and Burgess classification. They reviewed the 
transfusion requirements and associated injuries based on the type of pelvic ring injury. 


A multicenter, prospective observational study that enrolled patients with pelvic trauma to 
evaluate if the pelvic fracture pattern could predict the need for hemorrhage control. They 
reiterated the need for hemorrhage control in unstable fracture patterns—APC and VS. 
Also provide epidemiologic data on types of fractures seen confirming that LC type I 
fractures continue to be the most common pattern. 


Classic article reviewing the importance of the classification based on mechanism for 
associated injuries, transfusion requirements, and outcome. 


Long-term outcome study of 109 patients treated for a pelvic ring injury with a minimum 
follow-up of 10 years. They showed that injuries in which the posterior pelvis was 
involved had significantly worse outcomes than isolated anterior injuries. 


Retrospective study of patients with LC injury pattern. Comminuted and/or oblique 
ipsilateral superior rami fractures were at risk of displacement during EUA or at follow- 
up, for both complete and incomplete sacral fractures. 


Study demonstrated that patients who have symptomatic screws placed across the SI joint 
have improved SMFA function and bothersome scores after screw removal. 


The authors describe the surgical technique for the placement of transiliac-transsacral 
screws. 


RCT of 12,211 orthopaedic trauma patients comparing Aspirin to low—molecular weight 
heparin. No significant difference in regard to death, PE, and proximal DVT rates. Distal 
DVT rate 6% higher in the Aspirin group. 


Large database study, comparing complications associated with preperitoneal packing 
pelvic packing (PPP) versus patients who underwent AE. PPP was associated with a 9.8% 
greater absolute risk of VTE and 6.5% greater risk of clinically important DVT. 


Excellent review article on fragility fractures of the pelvis from the original authors of the 
classification for fragility fractures of the pelvis. They discuss the classification scheme as 
well as review treatment techniques that may be beneficial in osteoporotic bone. 


The authors describe the technique of EUA using fluoroscopy in the evaluating pelvic ring 
injuries. They describe the importance of using this technique to discriminate in certain 
injuries and guide surgical treatment. 


The study demonstrates 55% increase in contact force at L5/S1 facet joint when a screw is 
placed across the SI joint. This is increased to 100% when bilateral fixation is performed. 


Author also noted a significant increase in compensatory motion at the facet joint when 
screws are placed across SI joint. 


Schroeder GD, Karamian BA, Canseco JA, et al. Validation of the AO spine sacral Validation study of the recently described AO Spine Sacral Classification System, 
classification system: reliability among surgeons worldwide. J Orthop Trauma. including 172 trauma and spine surgeons. Study results demonstrated reliability of the 
2021;35(12):e496—e501. classification system, with substantial interobserver and excellent intraobserver reliability. 


Tile M. Pelvic fractures: operative versus nonoperative treatment. Orthop Clin North Am. Classic article by Dr. Tile discussing operative versus nonoperative management of pelvic 
1980;11:423-464. fractures. This is an excellent review of pelvic fractures. 
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“The INFIX procedure requires spinal instrumentation and thus remains an off-label indication at the present time. Surgeons performing this procedure continue to use current existing 
spinal systems. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATING TO ACETABULUM FRACTURES 


INTRODUCTION TO ACETABULUM FRACTURES 


Fractures of the acetabulum result from trauma to the hip and pelvis with high-energy mechanisms necessary to create fractures in patients with normal bone 
quality and lower-energy mechanisms in patients with osteopenia and osteoporosis. Data from the United Kingdom after mandatory seatbelt legislation in 
1983 demonstrate a stable yearly incidence of acetabular fractures of approximately 3 per 100,000 over the past four decades!*? and are comparable to more 
recent epidemiologic studies from China and the United States.!°” However, the average age of patients with acetabulum fractures is increasing.”9!43 A 
bimodal distribution of these injuries occurs with a first peak in young adulthood and a second peak in the latter decades.!®” This mirrors other fractures 
throughout the musculoskeletal system with isolated injuries associated with lower-energy mechanisms and falls from standing seen in patients with poorer 
bone quality. Several large series have shown posterior wall, transverse with posterior wall, and associated both column fractures to be the most common 
patterns undergoing operative fixation!®®™164254 though regional factors like population demographics and the proximity of high-speed roadways may cause 
differences between various hospitals. 

The first documented case of an acetabulum fracture may be the injury sustained by Venus’ son, Aeneas, during the Trojan War and described in 800 Bc 
in the fifth book of Homer’s Iliad: Aeneas as struck on the “... groin where the hip turns in the joint that is called the ‘cup-bone.’”!*! Modernization of 
treatment did not begin until the middle of the 20th century, albeit with conflicting recommendations regarding surgical management stemming mainly from 
lack of a classification system, thorough imaging, and understanding of injury patterns. However, despite the variation, a consistent theme and agreement 
among all of the disparate recommendations emerged. Injuries and treatment that resulted in joint instability or an incongruent relationship between the 
weight-bearing dome of the acetabulum and the femoral head routinely led to poor outcomes for the patient.?7° 

Judet et al. brought clarity in their 1964 landmark publication that standardized radiographic evaluation, identified consistent fracture patterns, and 
recommended surgical approaches based on specific fracture characteristics.!2+ Over the next three decades, they refined their techniques!°° and ultimately 
revolutionized the field while training many surgeons worldwide in the operative management of these complex injuries. Although advancements in the 
field have occurred since their landmark publication, the basic concepts they described remain paramount for optimal treatment of these complex injuries. 
The goal of treatment for fractures of the acetabulum is to obtain a stable and concentric reduction of the hip joint until bony healing has occurred. 

The further studies by Letournel and Judet!°° and by Matta!®> have shown that to attain the best results, hip joint congruity and stability must be 
accompanied by an anatomic (defined as <2 mm of residual displacement) reduction of the displaced articular surface. Therefore, accurate reduction and 
stable fixation of the intra-articular fracture fragments, especially those involving the weight-bearing dome, are critical for a successful outcome. It has been 
stressed that in a displaced fracture this anatomic reduction is very difficult to obtain by closed means.‘® In addition, standard plate and screw fixation 


constructs, which require open surgery, have been shown to be stronger than their percutaneous counterparts, demonstrating greater yield strength and 
maximal load at failure.*° Therefore, open anatomic reduction and internal fixation continue to serve as the mainstays in the treatment of displaced fractures 
of the acetabulum (Fig. 51-1). However, there is evidence in support of treating elderly patients (defined as patients aged 60 and older) using minimally 
invasive reduction and percutaneous fixation techniques!®.2”-8788 or even nonoperatively given concern for increased mortality rates, poor bone quality 
limiting durable fixation, and the high incidence of subsequent conversion to total hip arthroplasty (THP).!7%!)79.297,230 Percutaneous fixation has also been 
described for the prophylactic stabilization of nondisplaced or minimally displaced fractures thought to be at risk for progressive displacement with earlier 
return to weight bearing. !2° 

While the work of Letournel and Judet remains the foundation of acetabular fracture surgery, technology and understanding continue to evolve 
surrounding the treatment of these injuries. After understanding the radiographic landmarks on the intact dry innominate bone, Judet et al. appropriately 
analyzed the landmarks in fracture cases to develop the first systematic classification of acetabular fractures, based on the anatomic pattern of the 
fracture.!24 In the 1993 text, this analysis was expanded to include preoperative two-dimensional (2D) computed tomography (CT).!°° Subsequent advances 
in CT technology have not only improved the information provided by the 2D images but also now offer the promise of useful three-dimensional (3D) 
images, as well as computer-generated plain radiograph-like images and 3D models created from the CT data.*°-!4!,26.277 Intraoperative imaging has 
evolved from plain radiographs to C-arm image intensifier fluoroscopy to C-arms that can also create CT-like axial, coronal, and sagittal images 
intraoperatively.22® Postoperative CT, once considered unnecessary, has become accepted as an important evaluative and educational tool at many 
centers.”:!8! Although valid concerns exist regarding the additional radiation exposure from a second pelvic CT and potentially increasing future cancer 
rates?9270 the individual risk to an adult patient from a CT study is very low.2%!*! To put this in perspective, for any one person in the US population, the 
risk of radiation-induced fatal cancer is much smaller (<1 in 2,000) than the person’s natural risk of getting cancer (1 in 5).2”° Still, specific indications for a 
postoperative CT have yet to be determined,”*!22:2 and there will likely never be consensus among all pelvic and acetabular surgeons. 


pm 


Figure 51-1. A: Anteroposterior (AP) injury radiograph of a 24-year-old man who presented after a high-speed motor vehicle collision with a displaced transverse 
and comminuted posterior wall acetabulum fracture with posterior dislocation. Subsequently, open reduction and internal fixation was performed. B: AP radiograph at 
his 1-year follow-up examination. The patient had returned to all activities and had no symptoms or limitations from his right hip. (Copyright Joshua L. Gary, MD. 
Permission granted for nonexclusive unrestricted use.) 


The Kocher-Langenbeck and ilioinguinal approaches to the acetabulum described by Letournel and Judet continue as the gold standards, while other 
alternative approaches have been developed over time. In addition, the manner in which perioperative complications, such as venous thromboembolic 
events and heterotopic ossification (HO), are managed and prevented have evolved. Despite this evolution, the goal of obtaining a stable concentric 
reduction of the hip remains unchanged. Fractures of the acetabulum will always challenge orthopaedic surgeons given the complex anatomy and expertise 
required for accurate reduction and fixation. These surgeries, when necessary, can be complex and demanding even for experienced surgeons, with the 
potential for many serious complications. Many factors, including the patient’s age, general medical condition, and associated injuries, must be considered 
before making definitive management decisions. Therefore, the operative treatment of these fractures is best performed by specialized surgeons and trauma 
centers who routinely care for patients with these injuries.64143.196,201,275 Aj] orthopaedic surgeons, however, should be capable in the diagnosis of these 
fractures, be able to determine which may require surgical management, and provide initial temporizing care if needed. 


ASSESSMENT OF ACETABULUM FRACTURES 


MECHANISMS OF INJURY FOR ACETABULUM FRACTURES 


Fractures of the acetabulum occur when the femoral head generates enough force with the acetabulum to cause separation of the articular surface.!?* This 
force to the femoral head may be applied via the greater trochanter (along the axis of the femoral neck) or from anywhere along the long axis of the femoral 
shaft. Subsequently, the pattern of the resulting acetabular fracture depends on the position of the hip at the time of impact, as well as the location and 
direction of the originally applied force (Table 51-1).!5° With the force applied along the axis of the femoral neck, external hip rotation will produce an 
anterior fracture type and internal rotation will produce a posterior fracture (Fig. 51-2). In general, a force applied along the axis of the femur, when the hip 
is flexed (such as a “dashboard injury” from a motor vehicle collision), drives the femoral head against the posterior articular surface of the acetabulum. 
Forces applied along the axis of the femur, when the hip in extended (such as a fall from height), drives the femoral head against the more cranial portions 
of the acetabulum. Increasing amounts of adduction increase the likelihood of associated dislocation of the femoral head. The degree of fracture 
displacement, fracture comminution, and articular impaction further depends on the magnitude and vector of the applied force as well as the strength of the 


underlying bone. Despite sustaining a relatively low-energy injury, elderly patients with osteopenic bone often sustain severely comminuted fractures with 
articular impaction and subluxation of the joint, typically as a result of a fall on the greater trochanter (see Table 51-1).”? Low-energy mechanisms usually 
produce an isolated fracture, while high-energy mechanisms are frequently associated with additional skeletal or other system trauma, regardless of the 
patient’s age.’9:195,143 


* 
terane’ 
Figure 51-2. The type of acetabular fracture depends, in part, on the rotational position of the femoral head at the time of impact. With the force applied along the 
femoral neck, external rotation will produce an anterior fracture (striped arrow) and internal rotation will produce a posterior fracture (solid arrow). 


TABLE 51-1. Force Applied and Hip Position Versus Fracture Pattern 


Applied Force Hip Hip Rotation Position Fracture Pattern 
Abduction/Adduction 
Position 
Along the axis of femoral neck (on the greater Neutral Neutral Anterior column (or wall) and posterior hemitransverse (AC + PHT) 
trochanter) 
Neutral 25-degree ER Anterior column 
Neutral 51-degree ER Anterior wall 
Neutral 20-degree IR Variable: transverse, T shaped, or both column 
Neutral 51-degree IR Posterior column plus complete or incomplete transverse component 
Adduction 20-degree IR Transtectal transverse 
Abduction 20-degree IR Juxtatectal/infratectal transverse 
Along the axis of femoral shaft (hip flexed 90 Neutral Any Posterior wall + hip dislocation 
degrees) 
Abduction 50 degrees Any Transverse 
Abduction 15 degrees Any Posterior column 
Adduction Any Posterior hip dislocation + posterior wall fracture 
Along the axis of femoral shaft (hip extended) Neutral Any Posterior superior fracture of the posterior wall 
Abduction Any Transtectal transverse 


ER, external rotation; IR, internal rotation. 


INJURIES ASSOCIATED WITH ACETABULAR FRACTURES 


Fractures of the acetabulum are frequently associated with other musculoskeletal and visceral injuries. In some series, such associated injuries occurred in 
more than 50% of patients.!4°-165-182.193 Tn the large series reported by Matta, !6° 35% of the acetabular fractures were associated with an injury involving an 
extremity, 19% with a head injury, 18% with a chest injury, 13% with a nerve palsy, 8% with an abdominal injury, 6% with a genitourinary injury, and 4% 
with an injury of the spine. In a more recent study, lower extremity fracture was found to be the most commonly associated injury (36%), followed by 
injuries to the lungs, retroperitoneum, and upper extremities (respectively ranging from 21% to 26%). Other injuries occurred, in increasing order, to the 
bowel, kidney, vascular system, bladder, spleen, liver, brain, and spine (respectively ranging from 2% to 16%).7!° Despite lower rates reported in the elderly 
acetabular fracture patients due to lower-energy mechanisms, associated injuries still occur in 30% of these patients.”° Isolated fractures of the acetabulum 


may still require blood replacement, reported to be 35% in one series.!°” Consequently, the initial evaluation, should always follow Advanced Trauma Life 
Support (ATLS) protocols.? Acetabular fracture patients, especially those with severe fractures patterns, concomitant pelvic ring disruptions, and other 
associated injuries, are best treated at a trauma center by surgeons specializing in their care.!% 

Disruption of the pelvic ring in association with a fracture of the acetabulum is not uncommon.*° In one series from the German Multicenter Study 
Group, of 3,260 patients with pelvic and/or acetabular fractures a combined injury occurred in approximately 16%.°° A more recent report from one level-1 
trauma center in the United States found combination injuries to occur in 5% of all pelvic ring disruptions and 9% of all acetabular fractures.?°* Such 
combined injuries may be an important factor regarding the patient’s hemodynamic status at the time of initial presentation.? Furthermore, patients with 
combined pelvic and acetabular injuries often have multiple system injury and higher Injury Severity Scores.2°4 Combined injuries of the pelvic ring and 
acetabulum are more difficult for the orthopaedic surgeon to treat and are more likely to have a poorer acetabular reduction and/or displacement of the 
pelvic ring component during the postoperative period compared with patients with isolated injuries. !!® 

In contradistinction to the unstable pelvic ring injury, a closed fracture of the acetabulum, occurring alone or in combination with other extremity 
fractures, should not be presumed to be the primary cause of hypotensive shock. An alternative source of hemorrhage should always be sought. The use of 
angiography with embolization was thought to be an independent risk factor for deep infection after a fracture of the acetabulum.!°°.22° However, more 
recent study has disputed this finding, reporting a deep infection rate of only 4% after embolization, which was lower than their control group who did not 
undergo angiography (9.6%).°? In any case, laceration of the superior gluteal artery with severe bleeding can be caused by fractures with displacement of 
the posterior column near the greater sciatic notch. One must be alert to this possibility, which is treatable by therapeutic embolization (Fig. 51-3). 
Similarly, acetabular fractures with displacement of the obturator canal may result in obturator artery injury.’! The acute treatment and resuscitation of 
hemorrhagic shock takes priority over the acetabular fracture management. The orthopaedic team should be involved in decision-making with their trauma 
surgery teammates, as management of associated injuries often can affect the future acetabular fracture care. Simple measures may prove to be very 
important, such as locating suprapubic catheters, abdominal drains, or a colostomy to a position which will minimize impact on future surgical approach(es) 
that may be necessary for optimal operative fixation. Detailed tertiary examination by the musculoskeletal specialist, as described by ATLS protocol, helps 
limit delayed diagnosis of associated extremity injuries. Fractures involving some aspect of the femur or knee are common and may impact decision-making 
for choice and location of skeletal traction. Fractures of the femoral head, especially in association with a posterior fracture-dislocation of the hip, are treated 
at the same time of any associated acetabular fixation (Fig. 51-4).!4° 

Associated fractures of the proximal femur can present a dilemma, as concern exists regarding compromise of the Kocher—Langenbeck approach by 
antegrade intramedullary nailing of the femur. These patients have usually sustained high-energy trauma, the majority being injured in some type of motor 
vehicle collision.” Additional associated orthopaedic injuries are common, being reported in over 90% of these patients in one series.*9 Options include 
treating these fractures at the time of acetabular fracture fixation or planning the staged surgical procedures so as not to interfere with optimal acetabular 
fracture care. A femoral neck fracture in a physiologically “young” patient should be treated surgically on an urgent basis.!°° In this situation, it would be 
unusual to treat the associated acetabular fracture at the same time.!° If ORIF, rather than closed reduction and percutaneous fixation, is required for 
treatment of the femoral neck fracture, a Smith-Petersen anterior or Watson-Jones anterolateral approach is preferred.!52155-194 Although the modified 
Smith-Petersen approach allows direct access to the femoral neck fracture, a separate incision is required for implant insertion.!°* Unfortunately, it may be 
unavoidable that the optimal surgical approach for femoral neck fracture treatment will compromise the optimal approach for the acetabulum. In this 
situation, one must choose between treating both fractures at the same operative setting and staging the acetabulum fracture fixation to follow acceptable 
healing of the femoral neck fracture fixation wound. Intertrochanteric and subtrochanteric femur fractures do not necessitate the same urgency as femoral 
neck fractures in young patients, as there is no concern for long-term development of avascular necrosis of the femoral head with delayed treatment. If the 
surgeon treating the proximal femur fracture will not be treating the acetabular fracture, collaboration between the two surgeons managing each of the 
injuries to discuss strategies is strongly suggested to optimally manage all injuries. 
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3. A 36-year-old female unrestrained driver involved in a motor vehicle accident sustained a fracture of the acetabulum (A) with wide displacement and a 
particularly sharp spike of posterior column at the greater sciatic notch (arrow), became hemodynamically unstable shortly after presentation to the emergency 
department. Subsequent evaluation including angiography (B) revealed a superior gluteal artery injury to be the source of the bleeding, which was successfully treated 
by embolization (arrow). (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 
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4. A 33-year-old active man was involved in a motorcycle collision and sustained a right posterior wall acetabulum with associated femoral head fractures 
with a posterior hip dislocation. A: Preoperative 3D surface-rendered obturator oblique image prior to surgical intervention shows a femoral head fracture, a displaced 
posterior wall fracture, after initial reduction of the hip joint. B: The intraoperative obturator oblique fluoroscopic view after reduction and fixation of both fractures, 


performed at the same operative intervention using a digastric trochanteric osteotomy with anterior surgical dislocation of the femoral head,”>7” is shown. (Copyright 
Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Locked intramedullary nailing with reaming has been shown to be an effective method for the management of fractures of the femoral shaft with rates of 
fracture union approximating 98%, infrequent malunion, and a low prevalence of infection.°~*’*~*’* In general, with this combination of injuries, the 
femoral fracture is stabilized first and provides a stable platform for manipulation and reconstruction of the acetabular joint surface.’’ Prospective studies 
have shown no differences in union or patient-reported outcomes between locked antegrade and retrograde intramedullary nails for diaphyseal femoral 


fractures. The surgeon should choose the entry site for femoral nail based upon the specific characteristics of each fracture and detailed surgical plans; 
retrograde intramedullary nailing can be performed with no impact on the Kocher—Langenbeck approach while antegrade nailing has been shown to 
increase HO rates while having minimal impact on wound healing (Fig. 51-5).!82" 

Axial loading through the lower extremity by impact of a flexed knee on an automobile dashboard is a common cause of acetabular fracture. The knee is 
the first part of the extremity affected after any dashboard injury and injuries may include mild bruises, more severe bone contusions, ligamentous and/or 
meniscal injury, and fractures ranging from simple to severe. The knee must always be carefully evaluated for fractures and/or ligamentous injury, 
especially involving the posterior cruciate ligament.?3” Often, this examination is difficult or limited because of patient discomfort and an inability to 
cooperate because of the acetabular fracture. In this situation, the knee should be examined under anesthesia at the conclusion of any required hip surgery. 
These injuries are often missed. In a series of 1,273 patients, 15% were found to have ipsilateral knee symptoms within a period of 1 year from the date of 
injury.'°° There were 56 fractures (29%), 49 ligamentous lesions (25%), and 88 miscellaneous (46%) injuries including bone bruises, wounds, and 
swelling.!*° Fifty-four of the fractures were identified within 2 weeks of injury; however, 60% of the ligamentous injures had a delayed diagnosis, ranging 
from 4 to 37 weeks after the index injury. Although magnetic resonance imaging (MRI) of the knee has been advocated for all patients with traumatic hip 
dislocation,?°” the clinical consequence of MRI findings not suspected from the initial physical examination remains unknown. Physical examination 
abnormalities or continued knee symptoms in absence of clinical findings indicate further evaluation is needed, such as MRI.!°° 

Neurologic injury involving the ipsilateral lower extremity occurs in up to 30% of patients with acetabular fractures. 14145-150 Injury of the sciatic nerve 
is most common and is usually partial in nature.”®-114.150,182 Other peripheral nerves, such as the femoral, obturator, and superior gluteal nerves, may also be 
injured.°9'5° A previous study of the prognosis for functional recovery of a sciatic nerve injury showed it to be variable, depending on the degree of 
involvement of the peroneal division. This study showed that complete or nearly complete motor and sensory recovery of an injured tibial division can be 
expected in most patients and that patients with a severe injury of the peroneal division, in isolation or in association with an injury of the tibial division, 
cannot be expected to recover good function.” A more recent multicenter study with a much larger number of patients had different findings with recovery 
of S1 deficits being much worse than for L5 injuries.?! Overall, 43% of S1 deficits and 29% of L5 deficits had no recovery. However, follow-up of only 6 
months may have underestimated these recovery findings. 

Traumatic injury to the femoral nerve in association with a fracture of the acetabulum is rare, having a prevalence of 0.2%, and unless the nerve has 
been transected, recovery of function can usually be expected to occur.°%!°° Although the superior gluteal nerve and obturator nerves are particularly at risk 
with some fracture patterns, it can be difficult to assess their function in a patient with an acute fracture. Therefore, the prevalence of their traumatic injury 
and subsequent functional recovery are yet to be determined. 


SIGNS AND SYMPTOMS OF ACETABULAR FRACTURES 


The patient history related to acetabular fracture trauma is often very helpful, especially when determining the specific cause of injury. As previously noted, 
in most cases, many patients with a fracture of the acetabulum have sustained high-energy trauma and should be evaluated per ATLS protocols. The 
acetabular fracture pattern provides clues to the provider regarding potential associated injuries. Posterior displacement or dislocation of the hip joint should 
prompt the provider to look for associated “dashboard” injuries to the lower extremity or deceleration injuries with seatbelts such as aortic transection or 
small bowel perforation. 135216 Central displacement of the hip joint is more likely to be associated with injuries to the ipsilateral chest wall or visceral 
organs. Acetabular fractures resulting from a low-energy injury, such as a simple fall, are frequently an isolated musculoskeletal injury in a patient with 
underlying osteopenic bone. However, it is important to assess the reason for the fall, including any potential cardiac or neurologic causes. 

Local closed degloving soft tissue injuries about the hip (the Morel—Lavallé lesion) may lead to increases in wound complications and fracture-related 
infection.'°? Early diagnosis and consideration are important. Formal debridement followed by delayed wound closure and, subsequently, delayed fracture 
fixation may be required depending on the significance of the soft tissue injury. Percutaneous debridement of Morel—Lavalle lesions has been 
described. !0?-150.260 Small lesions (<50 mL) have been successfully treated with aspiration and observation.” Many surgeons will debride these lesions 
with concurrent acetabular surgery and close over drains to limit chances of fluid reaccumulation; the appropriate treatment method must be individualized 
and left to the judgment of the treating surgeon. 
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A 41-year-old man was involved in an industrial crush accident. AP radiograph (A) and selected axial cut of the CT scan (B) of the hip demonstrate 
displaced femoral shaft fracture and an ipsilateral transverse acetabulum fracture and hip dislocation. C: The patient was taken for urgent percutaneous Schanz pin— 
assisted reduction of the hip dislocation and retrograde intramedullary nail placement for the femoral shaft fracture. D: Three days later, the patient was taken for ORIF 


of the transverse acetabulum fracture via a Kocher—Langenbeck approach and percutaneous stabilization of an ipsilateral sacroiliac joint injury. (Copyright Joshua L. 
Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Figure 51-6. A: AP radiograph showing a dislocated hip on the right with the hip in neutral position. Radiographic signs of a posterior hip dislocation include a break 
in Shenton’s line, proximal migration of the lesser trochanter, relatively smaller size of the affected femoral head (closer to the x-ray cassette), and a bony double 
density above the femoral head. The double density is the posterior wall fragment. It often sits atop the dislocated femoral head and can give the appearance of a 
normal joint space, potentially resulting in a misdiagnosis. B: CT shows a large displaced posterior wall fracture with the femoral head essentially fallen posteriorly 
through the posterior wall deficit. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


A complete and clearly documented neurologic examination is extremely important for both patient prognosis and medicolegal concerns. Sciatic nerve 
injury is common in fractures with a posterior hip dislocation and fracture displacement of the posterior wall or column.!°? It is often incomplete, most often 
involving the peroneal division.’®:!!4.150.182 However, depending on the particular mechanism (i.e., stretch, impalement by fracture fragments, crush), injury 
can occur to smaller components of the nerve. It is important to evaluate the patient’s ability to perform active ankle dorsiflexion in addition to toe 
dorsiflexion, along with ankle and toe plantar flexion. Obturator nerve function can be determined by assessing active firing of the hip adductors and 
femoral nerve function by eliciting active firing of the quadriceps femoris muscle. These examinations can usually be adequately performed in the acutely 
injured awake patient despite the presence of an acetabular fracture; for obtunded patients, the most accurate exam should be documented, but a detailed 
exam may not be obtainable until after surgical interventions. 

Although physical examination of the injured limb is important, it may fail to identify a dislocation of the hip. Shortening of the entire limb should be 
present if the hip is dislocated. However, limb shortening of 1 or 2 cm is often hard to determine in this clinical setting. The physical findings regarding 
limb position commonly ascribed to a posterior dislocation of the hip (flexion, adduction, and internal rotation of the hip with a shortened lower extremity) 
may not be present. There are a few reasons for this situation. First, a dislocation may not be present at the time the patient presents to the hospital. Posterior 
wall fractures can occur with or without an associated frank dislocation of the hip joint, and a patient initially sustaining a posterior wall fracture-dislocation 
may have had the dislocation inadvertently reduced by the emergency personnel on the scene while being stabilized for transport to the hospital. Second, 
despite the existence of a posterior hip dislocation, the presence of a larger posterior wall fracture allows the femoral head to dislocate directly posterior 
without forcing the proximal femur into the expected abnormal position (Fig. 51-6). The treating physician must have a high level of suspicion of posterior 
wall fracture for any lower extremity injury that potentially causes abnormal loading to the hip joint. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR ACETABULAR FRACTURES 


The classification and subsequent treatment of acetabular fractures are based on imaging studies that have been derived from a thorough understanding of 
the anatomy of the innominate bone.®°.*4 The articular surface of the acetabulum can be visualized as being supported between the limbs of an inverted Y of 
a bone (Fig. 51-7). These columns are, in turn, connected to the sacroiliac articulation by a thick strut of bone lying above the greater sciatic notch, known 
as the sciatic buttress. Letournel was the first to describe the surgical anatomy of the innominate bone, identifying these two limbs as the anterior column or 
iliopectineal segment and posterior column or ilioischial segment. 124150 The anterior column refers to the anterior half of the iliac wing that is contiguous 
with the pelvic brim to the superior pubic ramus, as well as the anterior half of the acetabular articular surface. The posterior column begins at the superior 
aspect of the greater sciatic notch and is contiguous with the greater and lesser sciatic notches inferiorly and includes the ischial tuberosity. The anterior and 
posterior walls of the acetabulum are the components of the respective columns (Fig. 51-8). In addition, by recognizing that the plane of the ilium is 
approximately 90 degrees to the plane of the obturator foramen and that both of these structures are oriented roughly 45 degrees to the frontal plane, Judet et 
al. and Letournel and Judet!2*!5° determined that the anteroposterior (AP) pelvis and two 45-degree oblique views be used to study the radiographic 
anatomy of the acetabulum. Accurate interpretation of the plain radiographs results from correlation of the normal anatomy of the innominate bone with the 
pertinent radiographic landmarks seen on each view, and the current classification of acetabular fractures is directly derived from this original work of 
Letournel and Judet.!**!5° Therefore, three radiographic projections of the pelvis have been used to evaluate fractures of the acetabulum: the AP view of the 
pelvis, the obturator (or 45-degree internal, Judet) oblique view, and the iliac (or 45-degree external, Judet) oblique view.!°° Interpretation of these plain 
films is based on the understanding of normal radiographic landmarks of the acetabulum, and disruption of these landmarks represents a fracture involving 
that portion of the bone. These landmarks are referred to as “lines,” but they are not necessarily created by specific bony structures. Rather, they are 
generated by the tangency of the applied x-ray beam to a region of cortical bone. 
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Figure 51-8. Columns of the innominate bone as described by Letournel and Judet showing the ischiopubic ramus uniting the inferior ends of the anterior and 
posterior columns and highlighting the anterior and posterior wall articular surfaces. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive 
unrestricted use.) 


On the AP radiograph, there are six basic landmarks (Fig. 51-9A). These are the iliopectineal line, the ilioischial line, the radiographic U or teardrop, the 
roof of the acetabulum, the anterior rim of the acetabulum, and the posterior rim of the acetabulum.!°° The iliopectineal line is the major landmark of the 
anterior column. The anterior three-quarters of the iliopectineal line represent the pelvic brim. The posterior quarter of this line is formed by the tangency of 


the x-ray beam to the internal cortical surface of the sciatic buttress and the internal part of the roof of the greater sciatic notch. The ilioischial line is formed 
by the tangency of the x-ray beam to the posterior portion of the quadrilateral surface (internal cortical surface of the acetabulum) and is considered a 
radiographic landmark of the posterior column. The radiographic U or teardrop consists of a medial and a lateral limb and represents a radiographic finding 
and not a true anatomic structure. The lateral limb represents the inferior aspect of the anterior wall and cotyloid fossa in the acetabulum and the medial 
limb is formed by the obturator canal and the anteroinferior portion of the quadrilateral surface. Because the teardrop and the ilioischial line both result, in 
part, from the tangency of the x-ray beam to a portion of the quadrilateral surface, they are always superimposed on the AP pelvis view of the normal 
acetabulum. !24,150 

Dissociation of the teardrop and the ilioischial line indicates either rotation of the hemipelvis or a fracture involving the quadrilateral surface. The roof 
of the acetabulum is a radiographic landmark resulting from the tangency of the x-ray beam to a narrow portion of the subchondral bone of the superior 
acetabulum.!°° Interruption of the radiographic line of the roof indicates a fracture involving the superior acetabulum. The anterior rim represents the lateral 
margin in the anterior wall of the acetabulum and is contiguous with the inferior margin of the superior pubic ramus.!24 The anterior rim is typically medial 
to the posterior rim and has a characteristic undulation in its midcontour in the AP pelvis view. The posterior rim represents a lateral margin in the posterior 
wall of the acetabulum. Inferiorly, the posterior rim is contiguous with the thickened condensation of the posterior horn of the acetabulum and approximates 
a straight line, being more vertical than the anterior wall.!5° 

The iliac oblique view is taken with the patient rotated so that the injured hemipelvis is tilted 45 degrees away from the x-ray beam (Fig. 51-9B). This 
view shows the iliac wing in its largest dimension and profiles the greater and lesser sciatic notches, as well as the anterior rim of the acetabulum. 
Involvement of the posterior column is often best seen on this view.!°29 Fractures of the anterior column traversing the iliac wing can also be detected. 

The obturator oblique view is taken with the patient rotated so that the hemipelvis of interest is rotated 45 degrees toward the x-ray beam (Fig. 51-9C). 
This view shows the obturator foramen in its largest dimension and profiles the anterior column. The iliopectineal line has the same relationship with the 
pelvic brim as on the AP pelvis. The posterior rim of the acetabulum is best seen in the obturator oblique view. Comparison of the relationship of the 
femoral head with the posterior wall on the normal hip and the injured hip on the obturator oblique view will allow the surgeon to detect subtle amounts of 
posterior subluxation. A dislocated hip may become more obvious to less experienced providers on the obturator oblique view (Fig. 51-10).°° 
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Figure 51-9. Radiographic lines of the acetabulum on different radiographic views. A: AP radiograph of the pelvis. 1, iliopectineal line; 2, ilioischial line; 3, teardrop; 
4, acetabular roof; 5, anterior rim of the acetabulum; 6, posterior rim of the acetabulum. The iliopectineal line, the anterior rim, and teardrop are landmarks of the 
anterior column; the ilioischial line and posterior rim are landmarks of the posterior columns. B: Iliac oblique radiograph. 1, posterior border of the innominate bone; 2, 
anterior rim of the acetabulum, which is seen best on this view. The iliac wing is seen en face, and fracture lines extending into the iliac wing are often best seen on this 
view. The proper amount of rotation is indicated by the tip of the coccyx lying just above the center of the contralateral femoral head. C: Obturator oblique radiograph. 
1, iliopectineal line; 2, posterior rim of the acetabulum. The obturator ring is seen en face, and posterior wall fractures are seen best on this view. The proper amount of 
rotation is indicated by the tip of the coccyx lying just above the center of the ipsilateral femoral head. 


A great deal of information can be acquired from the AP pelvis radiograph obtained in the emergency department as an adjunct to the primary survey 
and resuscitation phase of the ATLS protocol,’ including the initial diagnosis of the acetabular fracture and hip dislocation (see Fig. 51-6A). The two 45- 


degree oblique views (Judet views) aid in classification of the fracture and to identify fracture displacements that may not be appreciable on the AP 
radiograph. They should be performed after reduction of an associated hip dislocation, if required, to avoid unnecessary delays associated with increased 
risks of avascular necrosis.!3* The Judet views are obtained by rolling the patient 45 degrees in relation to the x-ray beam. This may be difficult and painful 
for the patient and are likely not necessary if operative reduction and fixation is planned. CT-derived reconstructed radiographs are an alternative method to 
obtaining Judet views that can be reconstructed from data existing from the preoperative CT scan and are now used on a fairly routine basis (Fig. 51- 
11).25-81,206,246 The need for oblique radiographs in any form has been questioned in a study comparing plain radiographs including Judet views and 2D 
axial CT scans with a second group with an AP plain radiograph alone (without oblique views) plus 2D and 3D CT scans and a third group consisting of all 
the images. The oblique radiographs were found to have no added value for fracture classification or preoperative planning.°'! However, these authors also 
found that when the decision to operate is not clear, adding Judet views can aid the surgeon in evaluating the joint congruence and stability and therefore 
determining whether indications are met for operative treatment. In addition, they concluded that the operating surgeon must be competent in their use and 
interpretation, emphasizing that plain radiographs remain the radiologic examination of choice for verifying fracture reduction.” 

Using CT-generated images has a number of potential benefits.°!24° The quality of the images is not affected by bowel gas, obesity, or intra- 
abdominal/intrapelvic contrast material. Furthermore, CT-generated radiographs may be rotated and manipulated without subjecting the patient to possible 
pain and discomfort from transport to the radiology suite and positioning for the oblique radiographs. In patients who have associated injuries that may 
preclude the positional manipulation required for oblique plain radiographic views, CT-generated radiographs offer the ability to stabilize the patient but 
still obtain all necessary information, facilitating emergency room care. In addition, CT-generated radiographs facilitate improved understanding of the 
fracture morphology.*“© Regardless of the method or the specific views, an inadequately obtained radiograph may not demonstrate the radiograph 
landmarks needed to accurately determine the fracture pattern (Table 51-2). 
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Figure 51-10. AP (A) and obturator oblique view (B) showing a dislocated hip with an associated posterior wall fracture. (Copyright Berton R. Moed, MD. 
Permission granted for nonexclusive unrestricted use.) 


The CT scan is essential in patients with acetabular fractures to further define the fracture pattern and assess for associated bony injuries.°!15.296 In 
order to obtain reliable and useful information, the CT scan should consist of contiguous sections of no more than 3-mm thickness. After studying the plain 
films (or their CT-reconstructed equivalents),?°©2° the surgeon should use CT to answer specific questions about the fracture that remain unanswered. 
Orientation of the fracture line(s) can be very helpful in distinguishing among fracture types (Fig. 51-12). In addition, 2D axial images are superior to plain 
films in showing: (1) the extent and location of acetabular wall fractures; (2) the presence of intra-articular free fragments or injury to the femoral head; (3) 
orientation of fracture lines; (4) identification of additional fracture lines (such as the cranial/caudal limb of the T-type fracture and fractures of the 
quadrilateral plate); (5) rotation of fracture fragments; (6) associated injuries of the pelvic ring; and (7) marginal impaction (Fig. 51-13).!5%258 In one study, 
the 2D CT was shown to be superior to plain radiographs in the detection of fracture step off and fracture gap deformities.” However, displacements that 
occur in the plane of imaging may be underappreciated or averaged out. 2D CT can also accurately measure the size of posterior wall fracture fragments 
which has historically been used as a means to determine hip joint stability,3>38133 although more recent studies have shown that the size of fragments are 
not reliable to ensure a joint is stable.®*84:!80.210,223 When reviewing a 2D CT study, it is important to evaluate the extent of the fracture fragments by 
following the fracture lines sequentially through the contiguous sections of the scan. In this way, errors of interpretation (such as mistaking the posterior 
inferior extent of a transverse fracture for a separate posterior wall fracture) can be avoided. 


Figure 51-11. Imaging depicting injuries sustained by a 26-year-old woman following a motor vehicle collision. A: AP pelvis radiograph demonstrating a right-sided 
acetabular fracture with medialization of the femoral head. B: 3D CT reconstruction image corresponding to the AP radiograph which can be manipulated for viewing 
fracture characteristics from multiple perspectives. C, D: “Ghost” CT reconstruction obturator and iliac oblique images which some surgeons use to replace the typical 
Judet radiographic views due to inconsistent quality and patient discomfort with rolling onto or away from an injured, often unstable acetabular fracture. (Copyright 
Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted use.) 


TABLE 51-2. Information Obtained From X-Ray Landmarks on Each Standard View 


X-Ray View Information Regarding 


Anteroposterior Pelvis 


Iliopectineal line Anterior column 
Ilioischial line Posterior column 
Posterior lip Posterior column or wall 
Anterior lip Anterior column or wall 
Roof Superior articular surface 
Teardrop Relationship of columns 


Obturator Oblique 


Pelvic brim Anterior column 
Posterior rim Posterior column or wall 
Obturator ring Column involvement 


Roof Superior articular surface 


lliac Oblique 


Greater and lesser sciatic notch Posterior column (posterior border of innominate bone) 
Quadrilateral surface of ischium Posterior column (posterior border of innominate bone) 
Anterior lip Anterior column or wall 

Iliac wing Anterior column 

Roof Superior articular surface 
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Figure 51-12. Orientation of fracture lines on two-dimensional computed tomography as they relate to fracture morphology. A: Fracture of one or both columns. B: 
Transverse fracture. C: Anterior wall. D: Posterior wall. 


Figure 51-13. Axial computed tomography section through the acetabulum demonstrating an associated pattern acetabulum fracture in an osteopenic patient with 
articular and metaphyseal impaction of the anterior and cranial head. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


3D CT scan technology has improved to the point that it is very helpful in further defining the fracture pattern and, thereby, assisting in preoperative 
planning. However, it does not necessarily provide the diagnostic detail of the 2D CT scan.*"° The 3D CT scan may assist the surgeon in developing a better 
understanding of the fracture patterns and plan reduction maneuvers and clamp applications. Recently, 3D printing technology combined with virtual 
surgery for acetabular fractures has been shown to be feasible, accurate, and effective leading to improved preoperative planning. 

Dynamic stress views under general anesthesia have been used as a clinical measure of dynamic stability and congruence of the hip, and advocated as an 
adjunctive imaging study to assess the need for operative treatment in small and intermediate fractures of the posterior acetabular wall.94189-184,423,293 This 
stress examination is most applicable to fractures of the posterior wall.*°’ For this examination, the patient is placed supine with the C-arm coming in from 
the ipsilateral side of the patient for an obturator oblique view. The hip is then gradually flexed past 90 degrees, adducted, and internally rotated with a 
posterior directed manual force applied through the hip along the longitudinal axis of the femur.'°’---° If a cranial posterior wall fracture is present the hip 
should also be tested in a position of extension, adduction, and axial loading. Redisclocating the hip joint is neither required nor clinically desirable. 
Posterior or cranial subluxation (indicated by a widening medial joint space or loss of joint parallelism) is indicative of dynamic hip instability ( 
and ). Recent study has reaffirmed that the dynamic stress examination under general anesthesia technique, as described by Moed et al., ®™ is the most 
reliable method to evaluate hip stability status after a posterior wall acetabular fracture. 


Figure 51-14. Fluoroscopic views showing the dynamic examination of hip stability under anesthesia. A: The intraoperative obturator oblique fluoroscopic view with 
the hip in full extension shows a located and congruent hip joint. B: The intraoperative obturator oblique fluoroscopic view with the hip in neutral rotation and flexed 
to approximately 90 degrees shows a located and a congruent hip joint. C: The intraoperative obturator oblique fluoroscopic view with the hip in neutral rotation and 
flexed to approximately 90 degrees with axial load applied shows gross subluxation with loss of hip joint parallelism and joint congruency (arrow) and gross 
enlargement of the medial clear space (arrowhead). (Reprinted with permission from Moed BR, et al. Computed tomography as a predictor of hip stability status in 
posterior wall fractures of the acetabulum. J Orthop Trauma. 2009;23(1):7-15.) 
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Figure 51-15. A, B: AP 3D surface-rendered image of a 43-year-old obese woman who fell from height, resulting in cranial and peripheral posterior wall acetabular 
fracture dislocation (note the position of the proximal femur in adduction and neutral rotation on the dislocated image). Dynamic examination of the hip under 
fluoroscopy was performed with the hip in flexion, internal rotation, adduction, and axial load without instability and the patient was managed nonoperatively with 
restricted weight bearing and posterior hip dislocation precautions for 3 months. C: The hip was concentrically reduced at 3 months and the patient allowed to begin 
weight bearing. She had no issues until 5 months after injury, when she experienced a seizure and began to feel her hip was unstable. D: Five-month AP radiograph 
demonstrates recurrent cranial and lateral subluxation of the hip joint. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


CLASSIFICATION OF ACETABULAR FRACTURES 


Judet et al. proposed the first systematic classification of acetabular fractures initially published as a thesis by Letournel in 1961.147 This classification is 
based on the anatomic pattern of the fracture. It was derived by first understanding the radiograph landmarks on the intact dry innominate and then 
analyzing these landmarks in fracture cases.!*4 

Over time, this classification was modified and improved by Letournel.'“8 The comprehensive fracture classification systems of the combined efforts of 
the Orthopaedic Trauma Association and the AO!” give alphanumeric codes that correlate with the classification devised by Judet et al. and finalized by 
Letournel!?4!48:159 but offer no clinical advantage. Therefore, the “Letournel” acetabular fracture classification continues to remain the international 
language of most surgeons treating these complex injuries. 

This classification has 10 distinct categories that are grouped into five elementary types and five associated types (Fig. 51-16). The five elementary 
patterns include fractures of the posterior wall, posterior column, anterior wall, anterior column, and transverse (Table 51-3). The elementary fracture 
patterns are defined as those fractures that separate all or part of a single column of the acetabulum. The anterior and posterior column fractures separate the 
entire column from the intact innominate, whereas the anterior and posterior wall fractures separate only that portion of the column’s articular surface. The 
transverse fracture pattern consists of a single fracture line that traverses both the anterior and posterior columns of the acetabulum. This fracture is included 
as elementary because of the fundamental nature of the fracture pattern. The associated patterns are either a combination of elementary patterns or an 
elementary pattern with an additional fracture component. The five associated patterns are fractures of the posterior column and posterior wall, anterior 
column or wall and posterior hemitransverse, transverse and posterior wall, T-shaped, and both-column fracture (see Table 51-3). 
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Figure 51-16. Letournel acetabular fracture classification. 


TABLE 51-3. Letournel Classification of Acetabular Fractures 


Elementary Fracture Patterns 


e Posterior wall 

e Posterior column 
e Anterior wall 

e Anterior column 
e Transverse 


Associated Fracture Patterns 


e Posterior column and posterior wall 

e Transverse and posterior wall 

e Anterior column (or wall) and posterior hemitransverse 
e T shaped 

e Both column 


a ; c 
Figure 51-17. Radiographs of a posterior wall fracture. A: Anteroposterior view shows all radiographic landmarks to be intact except the posterior rim (arrow). B: 


The obturator oblique view shows the displaced posterior wall fracture (arrow). C: The iliac oblique view shows an intact posterior border. (B, C: Copyright Berton R. 
Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Variants of these 10 basic types are not uncommon, which is a situation that was well recognized and described by Letournel and Judet.’°?? These 
variants can usually be easily integrated into the system. However, it has been suggested that, due to changing population demographics, there is a modern 
subgroup of unclassifiable variant fractures, which tend to occur in an older population with lower-energy fractures.” +° These fractures have a recurring 
pattern of anterior column and quadrilateral plate involvement, with or without an incomplete posterior element injury. ° It was suggested that it would be 
beneficial to formally incorporate and subclassify these fragility-type fracture variations, rather than fit them within the existing categories of anterior 
column or anterior and posterior hemitransverse. A new three-column classification system was introduced by Zhang et al. in 2019 to incorporate these 
variants, but it remains to be seen if this new system will take hold.*’” Pending any such formal subclassification, the “Letournel” system as is remains the 
best available and is important not only for its ability to describe the fracture but also to serve as a guide for subsequent operative treatment. High rates of 


inter- and intraobserver reliability have been reported using this classification system based purely on interpretation of the three standard plain radiographs 
of the pelvis as well as using CT-derived imaging, !651,206 


Elementary Types of Acetabulum Fractures 


Posterior wall acetabular fractures are common, accounting for approximately 25% of all acetabular fractures.!5°-!®5.182 While these injuries fit into an 
elementary pattern, the spectrum of posterior wall injuries ranges from small and simple to very large and multifragmentary fracture patterns. Many of these 
fractures will present with an initial posterior hip dislocation that can be recognized on the initial AP pelvis radiograph and by physical examination. Once a 
congruent reduction is achieved, posterior wall fractures are best seen on AP and obturator oblique radiographs with the obturator oblique providing the best 
radiograph view (Fig. 51-17). The AP pelvis radiograph will generally reveal a disruption only in the posterior rim shadow. If the wall fragment is large 
enough and superior in location, the roof shadow may also be disrupted. The obturator oblique radiograph can demonstrate the size and may reveal the 
multifragmentary nature of the fracture. The iliac oblique view will reveal that the posterior border of the innominate bone, the anterior border of the 
acetabulum, and the iliac wing are uninvolved. CT scans are particularly helpful in identifying fracture comminution, marginal impaction, the number of 
intra-articular bone fragments, and any impaction injuries to the femoral head (see Fig. 51-13). Marginal impaction, or displaced osteochondral fragments 
from posterior subluxation or dislocation of the femoral head, makes these injuries more complex. When the hip joint is concentrically reduced, a gap 
between the femoral head and articular cartilage of the impacted fragment (which remains attached to the posterior column) will be seen upon an open 
approach (Fig. 51-18). This may occur with any fracture pattern but has been documented in up to 46% of posterior wall fractures. !®? 
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Figure 51-18. Intraoperative photograph shows the femoral head (asterisk), the remaining intact articular surface (white arrow), and a large marginally impacted 
fragment (white arrowhead). (Reprinted with permission from Moed BR, McMichael JC. Outcomes of posterior wall fractures of the acetabulum: Surgical technique. J 
Bone Joint Surg Am. 2008;90(suppl 1):87—107.) 


Isolated fractures of the posterior column are relatively uncommon, representing 3% to 5% of acetabular fractures.'°!® The fracture begins in the greater 
sciatic notch cranially and descends through the posterior portion of the quadrilateral surface and into the ischium, often traversing the obturator ring. On the 
AP radiograph the ilioischial line is disrupted, while the iliopectineal line remains intact. The disruption of the posterior rim will be seen in only one 
location where the fracture line crosses the rim. This is in distinction to the isolated posterior wall fracture where the posterior rim will be seen to be 
disrupted in two locations separating a portion of the articular surface without disruption of the ilioischial line. The femoral head follows the displacement 
of the posterior column posteriorly and medially (Fig. 51-19). Displaced fractures of the posterior column are notoriously unstable, and skeletal traction is 
frequently required to keep the femoral head reduced prior to operative treatment. Involvement of the greater sciatic notch, especially with significant 
displacement, increases the risk of injury to and/or entrapment of the superior gluteal neurovascular bundle by fracture fragments. Entrapment of the 
superior gluteal neurovascular bundle should be carefully removed prior to fracture reduction and fixation. 


Anterior Wall Fractures 


The anterior wall fracture begins below the anteroinferior iliac spine, crosses the articular surface to the pelvic brim, and proceeds down the quadrilateral 
surface to the ischiopubic notch. A secondary fracture line through the superior ramus detaches the anterior wall portion. Anterior wall fractures are rare in 
isolation and constitute only 1% to 2% of all fractures.!°°!©5 The anterior rim shadow and the iliopectineal line on the AP radiograph will show 
displacement in two locations, but all posterior landmarks will remain intact. A portion of the quadrilateral surface may be detached with the anterior wall, 
and this may result in an apparent “thinning” or reduplication of the ilioischial line, but some portion of the line will remain intact. Femoral head 
subluxation is commonly seen and the head will be noted to follow the anterior wall fragment, particularly visible on the obturator oblique radiograph (Fig. 
51-20). 


Figure 51-19. Radiographic appearance of the posterior column fracture. A: On the anteroposterior view, the displacement of the ilioischial line (arrow) is apparent 
whereas the iliopectineal line is seen to be intact (black arrowheads). As typical, the ilioischial line (arrow) is displaced relative to the radiographic U (white 
arrowhead). B: The obturator oblique view confirms the anterior column to be intact (arrowheads) and demonstrates the fracture of the ischial ramus (arrow). C: The 
iliac oblique view shows the disruption of the greater sciatic notch and the displacement of the posterior column (arrow). D: The computed tomography section shows 
a fracture line typical of a posterior column fracture. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


As has been stated, there are many variants of the 10 basic fracture types, which can usually be easily integrated into the system. In the morphologic 
description of the anterior wall fracture, as detailed above, a segment of the inner table of the pelvis (the pelvic brim) is included with the anterior rim 
fragment (see Fig. 51-16). A different fracture pattern involving the anterior acetabular rim, which does not include the inner table, previously had been 
categorized as the “anterior wall” fracture type by the AO in their classification system. In addition, the 1993 publication of Letournel and Judet!°° reveals 
no similarly described fracture. No classification system can be expected to describe every possible variant and exceptions are the norm. However, it is quite 
apparent that there is some uncertainty in the literature regarding the anterior wall fracture, possibly contributing to confused diagnoses and treatment 
recommendations. This isolated anterior wall fracture, which does not involve the pelvic brim, is the morphologic analog to the posterior wall fracture (Fig. 
51-21). This variant is rare, constituting approximately 1.5% of acetabular fractures in one series. 146 


Anterior Column Fractures 


Anterior column fractures make up 3% to 5% of all acetabulum fractures.!°®!6° Anterior column fractures separate the anterior border of the innominate 
bone from the intact ilium. The type of anterior column fracture is named by the location where the fracture exits the anterior aspect of the bone. High 
anterior column fractures exit the iliac crest, intermediate fractures exit the anterosuperior iliac spine, low fractures exit the psoas gutter just below the 
anteroinferior iliac spine, and very low anterior column fractures exit the bone at the iliopectineal eminence (Fig. 51-22). All anterior column fractures, 
regardless of where they exit the bone superiorly, cross the pelvic brim, proceed down the quadrilateral surface, and enter the ischiopubic notch, ultimately 
ending in a fracture of the inferior ramus. Typically, the lower the fracture crosses the anterior border of the bone, the more inferior is the site of fracture of 
the ischiopubic ramus. As in the anterior wall fractures, it is common for a portion of the quadrilateral surface to be detached as a separate fragment but the 
posterior border of the innominate bone remains intact. The iliopectineal line is disrupted in one location on the obturator oblique and AP views. The very 
low anterior column fracture can be distinguished from the typical anterior wall fracture in that it has a fracture of the inferior pubic ramus and a single 
break in the iliopectineal line. The femoral head displaces with the anterior column fracture. The typical displacement is an external rotation of the anterior 
fragment about the femoral head allowing the head to move medially and superiorly (Fig. 51-23). 
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Figure 51-20. Radiographic appearance of the anterior wall fracture, as described by Letournel and Judet. A: On the anteroposterior (AP) view, the disruption of the 
iliopectineal line is seen in two locations. B: The obturator oblique confirms this and demonstrates that the femoral head remains congruent to the anterior wall 
segment. C: The iliac oblique view confirms the posterior border of the bone to be intact and that the ilioischial line disruption seen on the AP view is because of a 
fragment of quadrilateral surface comminution and does not represent a fracture through the posterior border of the innominate bone. This explains the normal position 
of the ischium despite the ilioischial line displacement. (Courtesy of Michael Stover, MD.) 


Figure 51-21. Drawing showing the anterior wall fracture variant drawn on the intra-articular surface of the acetabulum. (Copyright Berton R. Moed, MD. Permission 
granted for nonexclusive unrestricted use.) 
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Figure 51-22. The various subgroups of the anterior column fracture: very low (A), low (B), intermediate (C), and high (D). (Adapted with permission of Springer 
Nature BV, from Letournel E, Judet R. Fractures of the Acetabulum. 2nd ed. Springer-Verlag; 1993, permission conveyed through Copyright Clearance Center, Inc.) 
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Figure 51-23. Radiographic appearance of the anterior column fracture. A: The AP view demonstrates the fracture from the iliac crest to the hip joint with disruption 
of the roof. A small area of comminution at the pelvic brim is noted. The ischial ramus fracture is also noted. B: The obturator oblique demonstrates a single break in 
the iliopectineal line where the anterior column fracture crosses the pelvic brim. Although difficult to see, the disruption of the ilium can be appreciated as a 
reduplication of the cortical lines of the internal iliac and fossa and external wing of the ilium. C: The iliac oblique view confirms the posterior border of the bone to be 
intact. 


Figure 51-24. The various subgroups of the transverse fracture: infratectal (A), juxtatectal (B), and transtectal (C). (Adapted with permission of Springer Nature BV, 
from Letournel E, Judet R. Fractures of the Acetabulum. 2nd ed. Springer-Verlag; 1993, permission conveyed through Copyright Clearance Center, Inc.) 


Transverse Fractures 


Transverse fractures, in isolation, comprise 5% to 19% of acetabular fractures.!5°!® They differ from all other elementary patterns as the fracture line 
disrupts both the anterior and posterior portions of the acetabulum. The fracture separates the innominate bone into two pieces: the cranial iliac piece and the 
caudal ischiopubic segment. The cranial fragment is usually stable (unless there is associated injury to the ipsilateral sacroiliac joint) while the caudal 
segment is unstable leading to medialization of both it and the femoral head. Associated injuries to the pelvic ring are most commonly seen with transverse 
fractures of the acetabulum and sometimes require stabilization as a prerequisite for accurate reduction of the acetabulum.'°* Transverse fractures are 
subdivided by where the fracture crosses the articular surface. Transtectal fractures cross the weight-bearing dome of the acetabulum. Juxtatectal fractures 
cross the articular surface at the level of the top of the cotyloid fossa. Infratectal fractures cross the cotyloid fossa (Fig. 51-24). Transtectal and juxtatectal 
patterns are injuries that can disrupt the concentric reduction of the femoral head to the intact roof of the acetabulum and are more likely to lead to 
posttraumatic arthritis if not accurately reduced. With displaced fractures, the AP radiograph demonstrates a disruption of both the ilioischial and 
iliopectineal lines. In transtectal fractures, the roof line will be disrupted as well. The oblique views will show disruption of the pelvic brim as well as the 
posterior border of the bone. The ischial ramus will not be fractured. On CT scan, the fracture line is oriented in an AP direction in the axial section (Fig. 
51-25). 


Associated Fracture Patterns 
Posterior Column and Posterior Wall Fractures 


The posterior column and posterior wall fracture is a combination of the two elementary fracture patterns, posterior column and posterior wall, and makes 
up 3% to 4% of fractures.°°!® The posterior column fracture divides the posterior border of the innominate bone and the ischium to produce a free 
ischioacetabular fragment. The posterior wall component can be thought of as articular comminution of the posterior rim where the posterior column 
fracture traverses it. The femoral head is frequently dislocated on presentation, with the femoral head following the ischioacetabular fragment and 
dislocating cranially and posteriorly. The posterior wall fragment remains with the femoral head while dislocated but typically stays in a displaced position 
once the femoral head is reduced. Radiographically, the disrupted landmarks, as expected, are the ilioischial line, posterior border of the innominate bone, 
and the posterior rim. The radiograph roof may also be displaced depending on how cranial the posterior wall component extends. The displacement of the 
posterior column may be difficult to assess on the AP radiograph as posterior displacement of the column may result in the ilioischial line maintaining an 
almost normal relationship to the radiograph teardrop (Fig. 51-26). 


Transverse With Posterior Wall Fractures 


The transverse with posterior wall fracture is a common combination of the two elementary patterns and makes up approximately 20% of all fractures. 150-165 


As with the elementary patterns, the transverse component may be transtectal, juxtatectal, or infratectal, and the posterior wall component may be a single 
fragment or multifragmentary and associated with marginal impaction. The transverse fracture component can be displaced or nondisplaced while the 
posterior wall fragment is almost always displaced. Dislocation of the femoral head is common in these fractures and can be posterior or central. Both 
dislocations should be provisionally reduced in an urgent manner prior to definitive fixation, to minimize such complications as femoral head cartilaginous 
damage, femoral head osteonecrosis, and sciatic nerve injury (Fig. 51-27). When the transverse fracture line is minimally displaced, it is frequently missed 
on plain radiographs and only identified on CT scan which should be critically evaluated prior to any surgical intervention. 


Anterior Column With Posterior Hemitransverse Fractures 


The anterior plus posterior hemitransverse patterns involve either an anterior column or a wall fracture as the primary fracture line. An associated transverse 
fracture component propagates from the anterior fracture across the articular surface to the posterior border of the innominate bone. This posterior 
hemitransverse fracture is identical to the posterior half of a transverse fracture and may occur at any of the levels described above. The anterior plus 


posterior hemitransverse group makes up about 7% of fractures, over three-quarters of which involve the anterior column rather than the wall.!5°!6 
Radiographically, these fractures exhibit all the features of an anterior wall or column fracture but with displacement of the ilioischial line and a fracture line 
that crosses the posterior border of the bone on the iliac oblique. In patients with normal bone quality who are involved in high-energy trauma, the 
displacement of the hemitransverse fracture component is often less severe than that of the anterior fracture. However, the internal malrotation of the 


posterior column component may allow more anteromedial translation of the femoral head and striking displacements in comparison to the isolated anterior 
column fracture (Fig. 51-28). 


Figure 51-25. Radiographic appearance of the transverse fracture. A: The anteroposterior pelvis view demonstrates disruption of four of the six radiograph landmarks 


of the acetabulum with the ilioischial line maintaining its normal relationship with the radiographic U (arrow), indicating that this is a transverse fracture below the 
level of the roof. Note the subluxation of the femoral head away from the intact portion of the acetabular roof. B: The obturator oblique view shows a break in the 
iliopectineal line (arrow) and subluxation of the femoral head with the displacement of the ischiopubic segment and verifies that the ischial ramus is not broken. C: 
The iliac oblique shows where the transverse fracture exits the greater sciatic notch (arrow) and again confirms the subluxation of the femoral head. D: This computed 
tomography section shows the orientation typical of a transverse fracture. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


The associated anterior plus posterior hemitransverse and the isolated anterior column fractures are common fracture patterns seen in the elderly, 
osteopenic patient after a low-energy fall onto the hip. As these low-energy fractures present with many variations, perhaps a formal subclassification is in 
order.''® As a case in point, this fracture pattern is often complicated by impaction of the medial roof of the acetabulum and has been termed the “gull 
wing” sign based on the radiograph appearance on the AP radiograph ( 1-29). The presence of this impaction is a poor prognostic sign.° 


Figure 51-26. Radiographic appearance of the associated posterior column and posterior wall fracture. A: The anteroposterior pelvis radiograph shows the disruption 
of the ilioischial (black arrow) but not the iliopectineal lines (black arrowheads), and the ischial ramus fracture is present (white arrowhead), and the posterior wall 
fragment can be appreciated overlying the roof of the acetabulum (white arrow). B: The obturator oblique view shows the displaced posterior wall fragment (white 
arrow), the ischial ramus fracture (white arrowhead), and the intact iliopectineal line (black arrowhead). C: The iliac oblique demonstrates the disruption of the greater 
sciatic notch and the posterior wall fragment superimposed on the roof of the acetabulum (black arrow). D: This computed tomography section shows the posterior 
wall fracture (arrow) with a column fracture line typical of a posterior column fracture (black arrowheads). (Copyright Berton R. Moed, MD. Permission granted for 
nonexclusive unrestricted use.) 


Figure 51-27. Radiographic appearance of the associated transverse and posterior wall fracture (transtectal pattern). A: The appearance on the anteroposterior 
radiograph is quite similar to that of the pure transverse fracture with disruption of five of the six radiograph landmarks; only the radiographic U (which maintains its 
normal relationship to the ilioischial line) remains intact. The posterior wall fragment is seen as an oblique cortical line overlying the intact roof (arrowhead). B: The 
obturator oblique shows the transverse fracture, the subluxation of the femoral head with the ischiopubic fragment, as well as the posterior wall fragment. It is easy to 
see on this view how the femoral head may abrade against the fracture edge whereas the hip is subluxated. C: The iliac oblique view highlights the fracture line exiting 
the greater sciatic notch as well as the posterior wall fragment superimposed on the roof of the acetabulum (black arrow). D: This computed tomography section shows 
the posterior wall fracture (white arrow) with a column fracture line typical of a transverse fracture (black double-headed arrows). (Copyright Berton R. Moed, MD. 
Permission granted for nonexclusive unrestricted use.) 
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Figure 51-28. Radiographic appearance of the associated anterior wall and posterior hemitransverse fracture. A: The anteroposterior pelvis radiograph demonstrates 
the medial subluxation of the femoral head with segmental displacement of the iliopectineal line. The ilioischial line displacement is noted and, unlike the anterior wall 
fracture, the relationship of the ischium to the ilioischial line is preserved. Wear of the femoral head is seen laterally where the head is articulating with the edge of the 
intact roof. B: The obturator oblique radiograph appears similar to that seen in the isolated anterior wall fracture, but the fracture is seen to be multifragmentary with 
impaction. Disruption of the posterior rim line is appreciated. C: The iliac oblique shows the disruption of the posterior border of the innominate and displacement 


through the greater sciatic notch. 


29. The “gull wing” sign represents impaction of the acetabular roof (arrow) and is a poor prognostic sign. Maintaining reduction of the impacted fragment 
fficu t and fragment displacement may allow recurrent subluxation of the femoral head and an incongruous hip joint. 


T-Shaped Fractures 


The T-shaped fracture represents approximately 7% of acetabular fractures and involves a transverse fracture line with an associated vertical fracture line 
that passes from the transverse fracture line caudally.‘°'®° The vertical fracture line usually propagates from the transverse fracture, across the quadrilateral 
surface and cotyloid fossa, then enters the obturator foramen through the ischiopubic notch, and ends in a fracture of the ischial ramus, typically exiting 
through the ischiopubic ramus. However, it may also extend posteriorly (exiting through the ischium) or anteriorly (exiting near the pubic body). In any 
case, the caudal ischiopubic segment created by the transverse fracture component is divided into a posterior (ischial) and an anterior (pubic) articular 
segment. The vertical fracture line may be nondisplaced, minimally displaced or widely displaced, which have implications for reduction. Widely displaced 
vertical fracture lines separate the caudal anterior and posterior column components and may require combined approaches when anatomic reduction is 
critical to outcome, especially with transtectal or juxtatectal components. Nondisplaced fracture lines may indicate that the caudal anterior and posterior 
column components will act as one “unit” with reduction maneuvers. Radiographically, the identification of the transverse fracture in the presence of a 
fracture of the ischial ramus leads the surgeon to recognize the T-shaped fracture ( ). Diagnosis of the T-shaped fracture and recognition of 
columnar displacements, both in relation to the intact innominate bone and to each other, are crucial in treating the T-shaped fracture. The T-shaped fracture 
may also have a posterior wall component. Some newer classification systems have separated this pattern from the T-shaped fracture, but no matter the 
classification, all components must be accurately reduced and fixed to achieve an excellent outcome. 


Associated Both-Column Fractures 


The both-column fracture is the most common of the associated fractures making up 23% of all acetabular fractures.1%165 This fracture is unique in that it 
represents an acetabulum completely disconnected from the axial skeleton. By definition, all both-column fractures have no portion of the acetabular 
articular surface remaining attached to the innominate bone and there is a split between an anterior and a posterior column component. Within this definition 
there is room for many different fracture patterns. In its most simple form, an anterior column fracture may be associated with a simple posterior column 
fracture (see F ). This is the exception and usually there are secondary fractures involving the anterior and posterior columns. Even in very 
comminuted-associated both-column fractures, the acetabular labrum usually remains intact. Therefore, as the femoral head medializes because of muscular 
pull, the articular fragments may each rotate around, yet remain congruent to the femoral head ( ). This creates a situation unique to both-column 
fractures that is known as “secondary congruence.”!5°.2°8 The radiograph “spur sign” when present is pathognomonic for the associated both-column 
fracture and represents the external cortex of the most caudal portion of the intact ilium.'’? Although it can often also often be visualized on the AP 
radiographic view ( 32A), the spur sign is best seen on the obturator oblique projection (F 32C). It is generally seen only in the both-column 
fracture because the femoral head medializes with all portions of the acetabular articular surface. Additional details such as iliac wing fracture exit points 
and posterior column displacement can be appreciated on the iliac oblique view (see ). The 3D reconstruction views provide confirmatory 
details that can usually be appreciated on the standard radiographic views with appropriate film scrutiny (see F G). The surgeon should recognize 
that transverse fractures, transverse and posterior wall fractures, T-shaped fractures, and AP hemitransverse fractures all involve the anterior and posterior 
columns of the acetabulum but are not “both-column” fractures. In these four fracture types, a portion of the articular surface remains intact with the 
ilium.° It is also common for the both-column fracture to have a posterior superior wall fracture component that is commonly stable following reduction 
and fixation of the individual columns as it is an avulsion injury (rather than a “push off” type injury seen with typical posterior wall fractures) where the 
labrum remains intact both cranially and caudally. The associated both-column is the most frequent fracture pattern in elderly persons.3”61; 
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Figure 51-30. Radiographic appearance of the T-type fracture. A: The appearance on the anteroposterior pelvis radiograph may be distinguished from the transverse 
fracture by the presence of the fracture of the ischial ramus (white arrow). Displacement of the stem of the T may cause the ilioischial line to appear duplicated (black 
arrowheads). Likewise, the relationship between the ilioischial line, which remains with the posterior column, and the teardrop, which remains with the anterior 
column, may be disrupted (black arrow). B: The obturator oblique shows the break in the iliopectineal line (black arrow). It also allows better visualization of the stem 
of the T (white arrow) as it enters the roof of the obturator foramen and is associated with the ischial ramus fracture (arrowhead). C: The iliac oblique view 
demonstrates the disruption of the greater sciatic notch and subluxation of the femoral head. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive 
unrestricted use.) 


OUTCOME MEASURES FOR ACETABULAR FRACTURES 


Classically, the most commonly used scoring system for grading clinical outcome after an acetabular fracture is a modification of the Merle d’ Aubigné hip 
score, 150,165,182 The original grading method, which was described by Merle d’ Aubigné and Postel,'”? was published in the English language in 1954, with 
the most current grading detailed in Table 51-4. The widespread use and acceptance of this evaluation method resulted from the publications of Letournel 
and Judet in which its use for grading acetabular fracture outcome was described.!°°.!8! Radiographic outcome has been shown to be related to this clinical 
outcome measure and is described as excellent (a normal appearing hip joint), good (mild changes with minimal sclerosis and joint narrowing <1 mm), fair 
(intermediate changes with moderate sclerosis and joint narrowing <50%), and poor (advanced changes). !50.165,181,182 However, these clinical methods have 
not been scientifically developed or validated, and only evaluate isolated hip function, which does not take into account other injuries sustained in the 
polytraumatized patient who has been treated for an acetabular fracture.!°° Validated, self-reported patient outcomes measures are most useful for 
determining health status of a patient.? 18-252 


Figure 51-31. Drawing showing how the free articular fragments in a both-column fracture may each rotate around, yet remain congruent to, the femoral head. 
(Reprinted with permission from Matta JM. Operative indications and choice of surgical approach for fractures of the acetabulum. Tech Orthop. 1986;1(1):14.) 


Figure 51-32. Radiographic appearance of a both-column acetabular fracture. A: AP radiographic demonstrates proximal and medial displacement while the femoral 
head remains congruent to the acetabulum. Although most easily noted on the obturator oblique view, the most caudal aspect of the intact ilium (“spur sign”) is visible 
on this radiograph (white circle). This is not to be confused with the most caudal portion of the intercalary iliac wing fragment (black circle). Also notable on this 
radiograph are the contralateral rami fractures and the asymmetric dysmorphism noted in the sacrum. B: Iliac oblique radiograph demonstrates the loss of contour of 
the sciatic notch with the displaced posterior column (yellow lines) in addition to the exit points of the displaced anterior column and intercalary iliac wing fracture 
fragments (black circles). C: Obturator oblique radiograph demonstrates medialization of the entire articular surface of the acetabulum which reveals the radiographic 
spur sign (black circle) again not to be confused with the iliac wing fragment (white circle). D: 3D reconstruction image that correlates with the obturator oblique 
radiograph (C) providing improved detail of the “spur sign” (orange circle) and the caudal portion of the iliac wing fragment (yellow circle). E-G: 3D reconstruction 
images that provide additional detail for radiographic evaluation of this fracture. (Copyright Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted 
use.) 


The Musculoskeletal Function Assessment (MFA) is a 101-item self-administered health status instrument designed for patients with disorders or 
injuries of the musculoskeletal system.”4161:252 It has been shown to be stable and to have internal consistency, content validity, and criterion validity.2°? It 
has also been used to evaluate functional outcome in relatively large series of acetabular fracture patients treated operatively.!29:!9°.193 Tt is important to note 
that the normal population reference values for the MFA were derived from a relatively small sample of hospital employees and other individuals visiting 
the authors’ medical center and actually may not represent a normative population.”>»!®8 Recent study suggests that this previously reported “normative” 
information may be incorrect and/or that temporal and geographic conditions may influence normative data.!®8 The Short Form-36 (SF-36) and Life 
Satisfaction-11 have been used to evaluate the quality of life in acetabular fracture patients, as has the short form of the MFA.?>68 In any case, it is 
important to remember that outcome instruments, such as the MFA, are designed to measure the overall patient function from the individual’s perspective, 
and not to completely replace traditional physician-oriented clinical outcome measures.!2 More recently, outcome has been measured by means of 
survivorship of the hip, using conversion to hip fusion or THA as an indirect marker for the development of posttraumatic osteoarthritis.52-87.254 


TABLE 51-4. The Modified Merle d’Aubigné and Postel Clinical Grading System 


Parameter Points 
Pain 

None 6 
Slight or intermittent 5 

After walking but resolves 4 
Moderately severe but patient is able to walk 3 
Severe, prevents walking 2 
Walking 

Normal 6 

No cane but slight limp 5 


Long distance with cane or crutch 4 


Limited even with support 3 
Very limited 2 
Unable to walk 1 


Range of Motion? 


95-100% 6 
80-94% 5 
70-79% 4 
60-69% 3 
50-59% 2 
<50% 1 


Clinical Score® 


Excellent 18 

Very good 17 
Good 15 or 16 
Fair 13 or 14 
Poor <13 


“The system of Letournel and Judet!®° with modifications from Matta!®° and Moed et al.!®? 
bExpressed as the percentage of the value obtained from the normal contralateral hip. 


“Determined by adding the points for pain, walking, and range of motion. 


A systematic review of the literature pertaining to the functional outcomes of the surgical management of acetabular fractures revealed that the majority 
of studies reported outcomes using a version of the Merle d’ Aubigné and Postel score, which as noted above is not a validated score.® It was concluded that 
the current assessment of outcomes lacks scientific rigor and does not give reliable outcome data for either scientific comparison or patient counselling. 
The use of nonvalidated outcome measures is a major limitation of the current literature pertaining to surgical management of acetabular fractures. The 
United States National Institutes of Health has developed the Patient-Reported Outcomes Measures Information System (PROMIS), which allows for 
computer adaptive test to decrease patient burden and determine function across several domains including physical function, pain, mobility, and emotional 
distress, among others. A recent study on patient-reported outcomes for acetabular fractures has shown the PROMIS instruments to be comparable to legacy 
measures including the SMFA and SF-36 with less burden on the patients during collection of the data.*29 Although a separate study*°° has shown the 
minimal clinically important difference (MCID) for the PROMIS instruments for pelvis and acetabular fractures, no current published studies have used 
PROMIS scores to compare among different fracture types or treatment algorithms. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO ACETABULAR FRACTURES 


The innominate bone is formed as a condensation of pubis, ischium, and ilium at the triradiate cartilage, which fuse at the time of skeletal maturity. The 
plane of the ilium is approximately 90 degrees to the plane of the obturator foramen and the articular surface of the acetabulum can be visualized as being 
supported between the two limbs of an inverted Y of bone.!°° The anterior column refers to the anterior limb of the inverted Y and consists of the anterior 
half of the iliac wing that is contiguous with the pelvic brim to the superior pubic ramus, as well as the anterior half of the acetabular articular surface. The 
posterior column (posterior limb of the inverted Y) begins at the superior aspect of the greater sciatic notch and is contiguous with the greater and lesser 
sciatic notches inferiorly and includes the ischial tuberosity. These two columns of bone are, in turn, connected to the sacroiliac articulation by a thick strut 
of bone lying above the greater sciatic notch, known as the sciatic buttress (see Fig. 51-7). The two columns meet medially to form the quadrilateral plate, 
which is the internal cortical surface of the acetabulum. Fractures through this region commonly result in rotational displacements, correction of which is a 
critical part of acetabular fracture surgery. The superior portion of the acetabular articular surface is often referred to as the weight-bearing dome or roof.?°8 
This region extends from just posterior to the anteroinferior iliac spine to the superior aspect of the posterior column.!5°.258 Fracture displacements through 
this region have great clinical importance, as they must be anatomically reduced.!5°!6>258 The anterior and posterior walls of the acetabulum are 
components of the respective columns (see Fig. 51-8). 

Successful treatment of an acetabular fracture is based not only on a thorough understanding of the 3D morphology of the innominate bone, but also on 
knowledge and appreciation of the surrounding soft tissue anatomy (Fig. 51-33). The close proximity of major neurovascular structures places them at risk 
at the time of the fracture trauma, as well as during operative approaches and fracture fixation. The blood supply to the innominate bone is quite extensive 
(Fig. 51-34). Nonetheless, its interruption can occur from injury compounded by excessive dissection or periosteal stripping during surgery. The blood 
supply to the external surface is mainly derived from the superior gluteal artery, along with the inferior gluteal artery, the obturator artery, and the medial 
femoral circumflex artery.!!! The blood supply to the internal surface is derived from the fourth lumbar, iliolumbar, and obturator arteries.!!! The main 
nutrient artery to the ilium, which usually originates from the iliolumbar artery (a main branch of the posterior trunk of the internal iliac artery), serves as a 
main blood supply to the supra-acetabular region.!!!!!5 The blood supply to the supra-acetabular bone is dependent on the nutrient artery to the ilium and 
branches of the superior gluteal artery.!'! The blood supply to the posterior wall is dependent on the branches of the superior and inferior gluteal arteries. !!! 
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Figure 51-33. Transverse section through the thigh at the level of the hip joint. Note the close proximity of the femoral artery and vein to the anterior aspect of the hip 


joint and head of the femur. Note also the proximity of the sciatic nerve and gluteal vessels to the posterior aspect of the hip joint separated only by the gemelli and 
obturator internus muscles. 
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Figure 51-34. A: Diagram of the blood supply to the external side of the acetabulum of a right hip. For reason of simplicity, the medial femoral circumflex artery and 
its branches to the anteroinferior acetabulum are omitted. B: Intrapelvic blood supply. The schematic drawing includes the blood vessels important to the acetabular 
blood supply; visceral arteries are omitted. In hips, where the nutrient artery enters medial to the pelvic brim, the inferior ramus of the iliolumbar artery originates 


directly from the obturator artery. (Figure copyright © and courtesy of Dr. Marvin Tile.) 


The main blood supply of the femoral head is the deep branch of the medial femoral circumflex artery.°”®9 Knowledge of the extracapsular anatomy of 
this artery and its surrounding structures will help to avoid iatrogenic avascular necrosis of the head of the femur during posterior surgical approaches to the 
acetabulum (Fig. 51-35). The deep branch of the medial femoral circumflex artery is protected by the obturator externus tendon.’ Therefore, disruption of 


this tendon by traumatic injury or surgery places the blood supply to the femoral head at great risk. 


Figure 51-35. Diagram showing the course of the deep branch of the medial femoral circumflex artery with respect to the tendons of the (a) obturator externus and (b) 
obturator internus. Shown are the distances of the deep branch of the artery to the trochanteric crest at the level of the lesser trochanter (A = 18.2 mm), insertion of the 
obturator externus (B = 8.8 mm), and the insertion of the obturator internus (C = 1.24 mm). 


TREATMENT OPTIONS FOR ACETABULAR FRACTURES 


NONOPERATIVE TREATMENT OF ACETABULAR FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Acetabular Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Stable nondisplaced fractures 

Stable and congruous minimally displaced fractures 
Selected displaced fractures 

Intact acetabulum maintains stability and congruity 
Caudal anterior column fractures 

Caudal transverse fractures 

Caudal T-shaped fractures 

Both-column fractures with secondary congruence 
Wall fracture not compromising hip stability 
Infirm patients unable to withstand surgery 
Osteoporotic bone and lower demand patients 


Relative Contraindications 


e Hip joint instability 
e Hip joint incongruity 


In general, all stable and concentrically reduced acetabular fractures not involving the superior acetabular dome can be considered for nonoperative 
management. !08-166,202,229,258 This group of fractures includes nondisplaced and minimally displaced fractures, fractures in which the intact part of the 
acetabulum is large enough to maintain stability and congruity, and those with secondary congruence. Nonoperative management may also be selected for 


lower demand patients with underlying medical problems and osteopenia, consisting mainly of older patients. 

Rowe and Lowell”? first recognized the condition of the superior dome of the acetabulum to be a significant prognostic indicator of clinical outcome. 
The superior dome or roof of the acetabulum is described as the superior third of the weight-bearing area of the acetabulum and has been further quantified 
by other investigators. Olson and Matta??? demonstrated that axial CT sections of the superior 10 mm of the acetabular articular surface are equivalent to the 
weight-bearing dome region and can also be useful in determining if acetabular fracture lines involve this region. Although controversy exists regarding the 
exact amount of displacement that is considered acceptable when the superior dome of the acetabulum is involved, most authors recommend surgical 
intervention if displacement exceeds 2 mm. !08:150,165,202 

Matta et al.'®° developed roof arc measurements to determine whether an acetabular fracture has violated the weight-bearing dome. This measurement 
has been used to determine if the remaining intact acetabulum is sufficient to maintain a stable and congruous relationship with the femoral head. The roof 
arc is measured on all three radiograph views with the leg out of traction and the femoral head concentrically reduced to the dome of the acetabulum. The 
medial roof arc is measured on the AP view. The anterior roof arc is measured on the obturator oblique, and the posterior roof arc is measured on the iliac 
oblique. To obtain these measurements, the first line is a vertical line through the center of the femoral head and the second line is drawn from the center of 
the femoral head to the fracture location at the articular surface (Fig. 51-36). Roof arc measurements are not applicable to both-column fractures or fractures 
of the posterior wall. The previous recommendations were that roof arc measurements greater than 45 degrees on the AP (medial roof arc), iliac oblique 
(posterior roof arc), and obturator oblique radiographs (anterior roof arc) indicate preservation of the weight-bearing dome, and these patients should be 
considered for nonoperative management.*°? However, subsequent biomechanical study~©° produced different criteria; fractures with a medial roof arc angle 
of greater than 45 degrees, an anterior roof arc angle of greater than 25 degrees, and a posterior roof arc angle of greater than 70 degrees have sufficient 
intact acetabulum for nonoperative treatment. More recent biomechanical study suggests that with the acetabulum subjected to sit-to-stand loading, rather 
than single-leg-stance loading, the critical angles are significantly higher, requiring a medial roof arc of 90.9 degrees, an anterior roof arc of 67.3 degrees, 
and a posterior roof arc of 101.4 degrees.!6 The clinical implications of these newer findings are still yet to be determined. In any case, displaced low 
anterior column, low transverse, and low T-shaped acetabular fractures are amenable to nonoperative treatment, if, as expected, the fracture position is 
stable and the joint remains congruent. !08150,202,229 


Figure 51-36. AP (A), obturator oblique (B), and iliac oblique (C) radiographs of a transverse fracture of the acetabulum showing roof arcs of approximately 50 
degrees each, indicative of a stable hip joint by the initial recommendations (>45 degrees on each view). D: AP radiograph of the patient obtained 3 weeks later 


showing gross medial subluxation of the hip, which would have been expected using the updated criteria for stability of Vrahas et al.?66 (>45 degrees on AP, >25 
degrees on obturator oblique, >70 degrees on iliac oblique). (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Roof arc measurements are not applicable to both-column fractures because there is no intact portion of the acetabulum to measure. Instead, displaced 
both-column fractures of the acetabulum may be considered for nonoperative management in the presence of secondary congruence (Fig. 51-37), defined as 
congruency between the femoral head and the displaced acetabular articular fragments without skeletal traction being applied.!°° Parallelism between the 
femoral head and acetabular articular surface must be maintained in all three radiographic views, especially in a young patient. However, secondary 
congruence is a necessary, but not a sufficient, criterion for nonsurgical treatment. In addition, articular fragment displacement and medial joint 
displacement should not be so excessive as to limit motion, and limb shortening must be acceptable. It must be recognized that fractures with secondary 
congruence do not have as good a prognosis as those reduced in anatomic position. !5-151,165 

Roof arc measurements are also not applicable to fractures of the posterior wall. Fractures involving the acetabular walls can be treated nonoperatively 
only if the hip joint remains completely stable.9” Currently, there is no method for interpretation of the routine static imaging studies to reliably determine 
hip stability status in all cases.6%97,180,210,223 Although previously it had been thought that fractures involving less than 20% of the posterior wall on axial 
computed tomography were stable, it has been shown that hip instability can be present in a small percentage of these cases.84??3 Despite the fact that 
certain risk factors for hip instability have been reported following a fracture of the posterior acetabular wall, such as fractures extending to within 5 mm of 
the acetabular dome,®* none have been shown to be independent or reliable indicators.?!° In addition, an acetabular wall fracture presenting in the absence 
of known hip dislocation is no guarantee of hip stability, and conversely a history of an associated hip dislocation is not a reliable indicator of persistent hip 
instability.97:169.180.210 Therefore, it appears that the specifically described dynamic stress examination under anesthesia is currently the best diagnostic 
study that can define the hip stability status and the need for operative intervention of fractures of the posterior wall (see Fig. 51-14A—C).97:169,180,210 When 
in doubt, it is safest to assume that all of these fractures are unstable until proved otherwise.®* Surgeons should also be careful to look for cranial and 
peripheral posterior wall fragments. These may occur after falls from height when the hip is not flexed at the time of impact. The position of maximal hip 
joint instability for these fragments is with the hip in extension and adduction, a position commonly used during walking. These fractures, even when very 
small, are known to have high rates of complications and great caution should be used before selected nonoperative treatment (see Fig. 51-15). 


C D 


Figure 51-37. Both-column fracture showing secondary congruence. AP (A), obturator oblique (B; with arrow showing the spur sign), and iliac oblique (C) 
radiographs at the time of injury. D: Obturator oblique radiograph 14 years later shows an excellent clinical result. (Figure copyright © and courtesy of Dr. Marvin 
Tile.) 


It may seem obvious that all nondisplaced and minimally displaced acetabular fractures should be considered for nonoperative management. However, 
there have been advocates for percutaneous fracture fixation in this group of patients to prevent subsequent displacement and need for a more invasive 
surgical approach.”8:-1?6.129 However, only a very small number (<7%) of these nondisplaced and minimally displaced fractures are potentially unstable and 
will significantly displace without traction.2°? When nonoperative management is chosen, weekly radiographic and clinical follow-up to ensure no 
displacement or instability is important so surgical intervention can be performed as early as possible before callous formation if instability was not 
diagnosed during the initial evaluation. 


As noted, general requirement for successful nonoperative treatment of acetabulum fractures include hip joint stability and congruent reduction of the 
cranial femoral head to the dome of the acetabulum. Patient-related factors such as age, preinjury activity level, functional demands, and medical 
comorbidities also must be considered when determining whether a patient is best served by operative or nonoperative treatment. Nonoperative treatment of 
elderly or infirm patients or those with severe osteoporosis precluding adequate fracture fixation, with planned subsequent arthroplasty if symptomatic 
arthritis develops, may be appropriate—even with significantly displaced fractures.°~!1%230,240,248,258 


Geriatric Patients 


The United States has a growing but aging population.”°° Similar to other osteoporotic fractures in this age group, the number of acetabular fractures in 
elderly individuals is increasing.®!’9 A 2.4-fold increase has been reported in the number of acetabular fractures that occurred in patients older than 60 years 
in a comparison of the first half and second half of the time period between 1980 and 2007.”° As previously noted, fractures in this patient group are mostly 
caused by low-energy trauma in which the predominant fracture pattern is anterior column, anterior column or wall, and posterior hemitransverse, or both- 
column.®},79:!59 However, fractures from a high-energy mechanism, such as a motor vehicle crash, also can occur,’? causing all manner of acetabular 
fracture type. In addition to the potential underlying physiologic comorbidities, these injuries in the elderly patients are associated with important fracture- 
related issues, such as underlying osteoporosis, fracture comminution, impaction fracture of the acetabular dome (“gull sign”), and fracture of the 
quadrilateral surface. The main goals of treatment in this situation differ from the younger patient population and consist primarily of preserving life and 
allowing early mobilization without excessive dependence on pain medication and secondarily, maintaining the native hip joint.!®° At issue is that elderly 
patients should be defined by a physiologic rather than chronologic age. In addition, no matter the treatment, in the absence of prospective comparative 
trials, the best method for the treatment of acetabular fractures in the elderly remains open to debate. These treatment options can be categorized as 
nonoperative, operative reduction with internal fixation, and THA. 

In general, indications for nonoperative treatment in the geriatric population are similar to that for younger patients. For nondisplaced and minimally 
displaced fractures, it has been shown that only 7% will go on to significantly displace*°° and 94% will retain their native hip joint at 10 years.° It follows 
that these patients with nondisplaced and minimally displaced fractures can be treated with early mobilization and partial weight bearing for the first 8 
weeks.°* Consequently, it does not appear that any type of prophylactic operative fracture fixation is indicated. Acetabular fractures with a step-off of less 
than 2 mm on the obturator oblique radiographic view can safely be treated nonoperatively.°? A greater step-off in the obturator oblique radiograph is 
prognostic of a poor clinical result for conservatively treated acetabular fractures. In this situation, decision-making may be required to determine the best 
treatment course. 

Interestingly, a very recent study published in 2017 raises the question: is acute operative intervention required in the most geriatric patients with 
acetabular fractures, even those with what would be considered operative indications in the younger patient group???? In this study, a series of 27 patients 
aged 60 years or older who sustained a displaced acetabular fracture having characteristics that would qualify for operative treatment in younger healthy 
patients were evaluated with WOMAC and SF-8 scores, as well as secondary measures of conversion to ORIF or THA and 1-year mortality. The results 
were surprisingly good with conversion to THA in 15%,7°° which is similar to that reported for percutaneous treatment and ORIF.'“* Their 1-year mortality 
was 24%.?30 Although in many cases the radiographs of these patients show degenerative changes, the patients do not complain of serious pain or 
dysfunction. One situation that particularly demands some type of surgical intervention is a fracture involving the posterior wall with instability. In any 
event, alternative options include fracture reduction and internal fixation by percutaneous or open means, acute THA, and delayed THA. 


Techniques 


For patients with acetabular fractures meeting criteria for nonoperative management, treatment mainly consists of mobilization with either toe touch weight 
bearing in younger patients or often weight bearing as tolerated with a walker in older patients. Bed rest is not necessary and can contribute to 
deconditioning and other associated complications such as decubitus ulcers or respiratory-related issues. Mobilization of the patient and the hip joint should 
increase as symptoms allow. Most patients, especially those that are younger, should begin with touch-down partial weight bearing of the affected extremity 
(<10 kg). AP and oblique radiographs should be obtained at frequent intervals (weekly for the first 4 weeks) to confirm maintenance of satisfactory position. 
When there is adequate fracture healing, usually by 6 to 12 weeks, the patient should gradually progress to full-weight bearing. Joint mobilization should be 
continued throughout the rehabilitation period. The use of formal physiotherapy should be tailored to the individual. 

Prolonged traction treatment, although historically utilized significantly, should only be considered for those patients with operative indications related 
to fracture displacement but with contraindications to surgical intervention. In these cases, traction should be maintained until surgery can be performed or 
fracture healing is sufficient to allow progressive weight-bearing ambulation.?°°.2°8 


Outcomes 


Fractures fulfilling the criteria described earlier can be treated nonoperatively with good results. In the study by Rowe and Lowell?”9 in 1961, the 49 patients 
with nondisplaced linear fractures or displaced medial wall fractures not involving the superior dome were treated without surgery. At an average of 6 years 
follow-up, all patients with linear nondisplaced fractures and 26 of 28 patients with medial wall fractures demonstrated good or excellent clinical results. 
However, fractures of the superior acetabular dome or posterior acetabulum yielded variable results. Nondisplaced superior dome fractures treated by closed 
means yielded 75% good or excellent clinical results, whereas displaced fractures yielded 75% poor clinical results. Sixty-seven percent of posterior 
acetabular fractures treated nonoperatively had a poor clinical outcome. Delayed reduction of the hip dislocation, injury to the femoral head, and continued 
instability were all factors contributing to a poor outcome in patients with posterior acetabular fractures. Although their clinical outcome criteria are much 
different than those employed today, there are many similarities. An excellent clinical result was defined as a patient taking no medication with no 
symptoms, having full hip motion, walking without support and no limp, and who returned to full activities and their original job.2*° A good result was 
similar with the exceptions of the patient having minor complaints and loss of 25% of hip motion.?7° 

Letournel and Judet!®° using the clinical outcome measure of the Merle d’ Aubigné reported 83% good or excellent results in cases in which congruency 
could be obtained and maintained by closed means, with an average follow-up of 10 years. However, considerably worse results were observed in patients 
with unsatisfactorily reduced fractures involving the weight-bearing dome. Tornetta?°° also demonstrated that satisfactory results could be achieved with 
nonoperative management provided joint congruence and stability are maintained. Thirty-eight patients with stable and congruent fractures as documented 
by dynamic fluoroscopic stress views were treated nonoperatively and followed for an average of 2.7 years. The patients were assessed by the modified 
Merle d’ Aubigné score.!® The results were good or excellent in 35, and the three fair results were attributable to other, associated injuries. 


In the much more recent prognostic level II study referenced above,?* nonoperative treatment was used when the intra-articular step-off was less than 2 
mm, there was secondary congruency of the joint, and the hip joint was stable in the presence of a wall fracture. In addition, a step-off of 2 mm or more was 
accepted in those with serious medical comorbidities and octogenarian patients with poor bone stock. Patients were treated with early mobilization and 
partial weight bearing for the first 8 weeks. Long-term follow-up showed overall good-to-excellent results according to the modified Merle d’ Aubigné and 
Postel score (mean follow-up of 12.1 years, range of 9-20 years) and 94% 10-year survival of the native hip (mean follow-up of 9 years, range of 1-20 
years).°* As previously noted, the most important predictor for poor clinical outcome and survival of the hip was a fracture step-off of 2 mm or more 
measured in the obturator oblique radiograph. 


OPERATIVE TREATMENT OF ACETABULAR FRACTURES 


Operative treatment is indicated for most acetabular fractures that result in hip joint instability and/or incongruity, regardless of the classification type in 
otherwise healthy, active patients. This statement applies to displaced fractures as well as to those with more occult findings. Posterior and anterior wall 
fractures with obvious or occult (demonstrated on an examination under anesthesia) instability of the hip joint require operative fixation, as do injuries with 
fragments of bone or soft tissue incarcerated within the hip joint resulting in joint incongruity ( 8). Open reduction and removal of the loose body or 
obstructive tissue is indicated to prevent early onset of traumatic arthritis. Internal fixation should be performed in this setting as dictated by fracture 
fragment size and hip joint stability parameters. Recurrent dislocation (with attendant disastrous consequences for the hip joint) is inevitable if stability is 
not restored.°* As has been previously described, 2D CT as a means to determine hip joint stability has proved to be unreliable and it is safest to assume that 
all of these fractures are unstable unless proved otherwise by dynamic stress examination.°°°'?/-°%-"° In addition, there is no need to stress an 
obviously unstable hip. 

Fracture displacement in the weight-bearing dome results in joint incongruity and constitutes one of the main indications for ORIF. As described earlier, 
plain radiography and CT can be effectively used to determine whether an acetabular fracture violates the weight-bearing dome.*°*-°° A both-column 
fracture may exhibit significant displacement but with secondary congruence may not require operative treatment, especially in lower demand patients (see 

). However, loss of parallelism between the femoral head and acetabular articular surface noted on any of the three Judet radiographic views is an 
indication for operative management. 

Osteoporosis precluding adequate fracture fixation and fractures in the geriatric population are commonly cited as relative contraindications to 
ORIF.°*°° Although this is not a definitive contraindication, the treating surgeon should pay careful attention to the mechanism of injury and “physiologic” 
age of the patient. A displaced acetabulum fracture due to a fall from standing in a frail, medically complex, and low demand 60-year-old should be treated 
nonoperatively much more frequently than a similar fracture due to a fall from a road bicycle in a healthy and active 70-year-old without osteoporosis. 
While no standard guidelines have been developed for treating these fractures in older patients, considering the ability of the patient to mobilize early may 
be very important to their outcome. If patients able or allowed to mobilize as tolerated with a walker? (protected, although “full” weight bearing), their 
discharge disposition could be significantly affected to the point where they may be able to go home or to a rehab facility rather than a nursing facility 
where they may spend the majority of their time recumbent in bed. When patients fail to mobilize with nonoperative management, acute THP or 
percutaneous fixation can be considered to limit pain and improve patient mobility. 48^ 


Figure 51-38. Initial (A) and postreduction (B) AP radiographs of the right hip in a 34-year-old man. The postreduction view demonstrates an incongruent hip joint 
with a probable intra-articular osteochondral fragment (arrow). (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Considerations for arthroplasty in the elderly population should take into account certain injury patterns or characteristics in addition to postoperative 
surgical findings. In a series reported in 2012 on 816 patients, factors were identified that were predictive of the need for early conversion to THA.*°* These 
factors were: (1) an age of over 40 years; (2) anterior dislocation; (3) femoral head cartilage lesion; (4) involvement of the posterior wall; (5) marginal 
impaction; (6) initial displacement of greater than 20 mm; (7) nonanatomical reduction; (8) postoperative incongruence of the acetabular roof; and (9) use of 
the extended iliofemoral approach.*** A nomogram was constructed to help in selecting patients who could potentially benefit from acute primary THA, by 
predicting the need for a THA by 2 years after ORIF (Fig. 51-39).754 Unfortunately, although the nomogram proposed may help predict the clinical outcome 
of patients with other types of acetabular fractures, it has subsequently been shown that this nomogram does not include sufficient information to predict the 
clinical outcome of patients with posterior wall fractures who undergo ORIF or to determine the appropriate surgical management for patients who have 
posterior wall fractures. 189 


Preoperative Planning 
Fracture Classification 


Classification of the fracture and subsequent preoperative planning are important and necessary aspects of the operative treatment process.!°0.298 Use of an 
algorithm for classifying acetabular fractures has been shown to be helpful for those with less experience treating these injuries, and a step-by-step method 
has been proposed for this purpose (Fig. 51-40).!5* However, with 10 main fracture types in a classification used to describe a wide spectrum of injury, as 
noted previously, there are many transitional fracture configurations that do not exactly fit into one of the categories. Therefore, it is imperative, not only to 
classify each fracture but also to recognize each fracture line. Definition of the entire fracture pattern is enhanced by both critically evaluating the axial, 
sagittal, and coronal CT alongside the 3D reconstructed images which currently provide excellent detail regarding fracture orientation and displacement 
(Fig. 51-41). 

Only by understanding the location and orientation of each fracture line can the fracture pattern be truly appreciated. Although radiographs have 
historically been the mainstay of determining fracture classification, improved CT technology, especially with 3D reconstructed images, has led some 
centers to forgo acquisition of formal Judet radiographic images during the initial evaluation process and rather rely on the manipulatable reconstructed 
ghost images for fracture evaluation (see Fig. 51-11C,D). Although a CT can provide excellent detail, the treating surgeon must still be able to thoroughly 
and accurately interpret AP and Judet radiographic views of the acetabulum as fluoroscopy is still necessary for intraoperative fracture reduction, fixation, 
and evaluation. As such, having the ability to interpret specific fracture characteristics from radiographs in such detail to draw the fracture on a 3D model is 
critical. 
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Figure 51-39. Nomogram predicting the early need for total hip arthroplasty (or hip arthrodesis) within 2 years postoperatively. To use the nomogram, locate the age 
axis and draw a line straight upward to the “points scale” at the top to determine how many points the patient receives on the basis of their age. Repeat this process for 
each of the other predictor variables, then sum the points for the individual predictors. Locate this sum on the “total points” axis and draw a line straight downward to 
identify the predicted probability of the need for total hip arthroplasty within 2 years postoperatively. (From Tannast M, et al. Two to twenty-year survivorship of the 
hip in 810 patients with operatively treated acetabular fractures. J Bone Joint Surg Am. 2012;94:1559-1567.) 


Timing of Surgery 
In general, the surgical treatment of an acetabular fracture is not an emergency. That being said, patients should be scheduled and fixed once they have been 
fully evaluated and medically optimized, usually in consultation with the general surgery trauma service. It was previously thought that surgery within the 
first 24 hours after injury places the patient at risk for increased blood loss. However, it has been shown that posterior wall fractures can be treated 
immediately without increased risk of excessive blood loss.®° Furthermore, a subsequent study corroborated these findings for the posterior wall and 
expanded them to include more complex injuries (namely, both-column fractures and anterior column with posterior hemitransverse fractures treated using 
an anterior intrapelvic surgical approach).°° In this study, the authors found no advantage or disadvantage relative to blood loss or operative time for early 
(defined as <48 hours after injury) versus late (defined as >48 hours). Regardless, undue delay in the time to surgery has been shown to be a significant 
negative predictor of radiologic and clinical outcome.®.150.156 

Typical intraoperative fracture reduction techniques rely on the presence of relatively mobile fracture fragments. Ten days following injury, early 
fracture healing begins to limit this type of fracture mobilization. Two weeks following injury, healing has often progressed to the point that this fracture 
mobility has been lost and a more extensive surgical approach is required for certain fracture types, such as the transverse, T shaped, anterior column with 
posterior hemitransverse, and both-column patterns.!°° After 3 weeks, callus formation is extensive to the point that the fracture is no longer considered to 
be an acute injury.!°° Previous data have indicated that delay in surgical treatment beyond 3 weeks is associated with compromised outcome.64123:150 More 
recently, it has been shown that a good-to-excellent clinical outcome is more likely when surgery was performed within 10 to 15 days.!5° Subsequently, it 
was reported that patients with an anatomic reduction had shorter delay from injury to surgery (median 3 days) when compared to those with an imperfect 
(median 4.5 days) or poor reduction (median 7 days).®° The delay for those with an imperfect reduction was also significantly shorter than for those with a 
poor reduction. These authors further determined that the odds of anatomic reduction decreased by 12% each day from injury to operative intervention.°° 
This compromised outcome is probably related to many factors beyond the more extensive surgical exposure with its attendant higher complication rate, 
such as acetabular cartilage damage and femoral head erosion.**+!?3 In any case, the time to surgery has been shown to be a significant predictor of 
radiologic and clinical outcome and, if possible, surgery should be performed as soon as possible after injury and definitely should not be delayed beyond 
15 days for elementary fractures and 10 days for associated types.®°-!56 In some cases, emergent operative treatment is recommended. These situations 
include the following: 
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Figure 51-40. Algorithm proposed to facilitate fracture classification. (Reprinted with permission from Ly TV, et al. The use of an algorithm for classifying 
acetabular fractures. Clin Orthop Relat Res. 2011;469(8):2371-2376.) 


Figure 51-41. A: Anteroposterior and oblique radiographs show a juxtatectal transverse acetabular fracture with an associated posterior wall fracture. B: Selected 
axial computed tomography sections show an intra-articular free fragment (black arrow), the posterior wall fracture (white arrowhead), and an additional vertical 
fracture line through the quadrilateral plate (black arrowhead), which does not propagate through the obturator ring (white arrow shows intact ring). C: Three- 
dimensional computed tomography scan shows the main transverse fracture line, posterior wall fragments (white arrowhead), and intra-articular free fragment (white 
arrow). However, the vertical (incomplete T component) is not apparent. D: Drawing of the fracture as part of preoperative planning. (A: From Moed BR. Acetabular 
fractures: the Kocher—Langenbeck approach. In: Wiss DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. Lippincott Williams & Wilkins; 2006:688. B- 
D: Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Recurrent hip dislocation following reduction despite traction 
Irreducible hip dislocation 

Progressive sciatic nerve deficit following fracture or closed reduction 
Associated vascular injury requiring repair 

Open fractures 

Ipsilateral femoral neck fracture 


Situations that demand emergency surgery include persistent instability following reduction that cannot be controlled by traction and irreducible hip 
dislocations. Progressive sciatic nerve deficit following acetabular fracture or closed reduction of a dislocated hip is also an indication for emergency 
surgery despite the fact that the return of nerve function is variable.!20.!77,258 


Patient Positioning 


Patient position for acetabular fracture surgery is dictated by the fracture type, the particular characteristics of the individual fracture, and the selected 
surgical approach. Patient positioning is clear-cut for four of the five standard surgical approaches: supine for the modified Stoppa, iliofemoral and 
ilioinguinal, and lateral for the extended iliofemoral. However, for the Kocher—Langenbeck approach the patient can be placed in either the prone or lateral 
position. Surgeons expert in acetabular fracture treatment have specified that the full extent of the Kocher—-Langenbeck approach can only be realized by 
using prone patient positioning (Fig. 51-42A).91-15°-16 Nonetheless, retrospective studies comparing the two positions have been unable to determine that 
patient position alone has much effect on surgical outcome.°*!°9 A means of obtaining intraoperative traction is very important in obtaining fracture 
reduction. This can be in the form of temporary or sustained traction. Sustained traction can be performed with the use of specialized tables (Fig. 51-42B,C) 
and is preferred by some surgeons!°°!65.179 but is not necessary for fracture reduction or fixation. Traction not only unloads the hip joint to allow better 
joint visualization and facilitate direct manipulation of the displaced fracture fragments but can also be used to effect at least a partial reduction of the 
displaced columns. Temporary invasive distraction can be obtained by an AO/ASIF femoral distractor in either the supine or prone position (Fig. 51-43). 
Manual traction delivered via a T-handle chuck attached to a Schanz pin placed in the greater trochanter is also an option and can be used to provide the 
intraoperative traction in combination with a standard radiolucent operating room table, such as the Jackson table (Mizuho OSI, Union City, CA). 
Continuous table traction can also be improvised with the use of a distal femoral traction pin and traction bow by hanging 4.53 to 9.07 kg (10-20 lb) of 
weight off the end of a standard radiolucent OR table with an appropriate pulley setup (see Fig. 51-42D,E). 


Fracture Reduction and Fixation of Acetabular Fractures 


Except for the both-column fracture, in general the standard fracture reduction sequence is to first reduce and stabilize the displaced columns, if present, 
reduce impacted osteochondral fragments and backfill the impacted metaphyseal bone and then reduce any wall fracture that may be present. For the both- 
column fracture, the sequence is to first reduce and stabilize one of the columns (usually the anterior column) to the axial skeleton (intact hemi pelvis), then 
the other column, and then, if present and large enough to necessitate fixation, the wall component. Some surgeons prefer to first stabilize fracture fragments 
with independent lag screws followed by neutralization plates while others prefer to use buttress plates to maintain a reduction that has been obtained with 
clamp application followed by subsequent lag screw being placement through the plates if needed. Although columns may be stabilized in young, healthy 
bone using screws alone, osteopenic bone and all wall fractures require buttress plating. An exception to this is the posterior wall component of the both- 
column fracture, which may be treated without fixation if small or fixed with screws alone with indirect reduction via radiographic clamp application and 
screw placement through an anterior approach (see Fig. 51-85, later).7°” 


General Instrumentation and Implants 


An extensive array of special instruments is required (Fig. 51-44). As the surgical approach selections continue to evolve away from the standard 
approaches described by Letournel and Judet toward alternative and less invasive techniques, the expectation is that equipment manufacturers will follow 
suit with more specialized instrumentation, such as in-situ bending instruments, collinear reduction clamps and specialized retractors already on the market. 
An oscillating drill is helpful for placing screws deep within the wound. The implants of choice are 3.5-mm reconstruction-type plates, either curved or 
straight, that can be contoured intraoperatively to match the complex 3D shape of the innominate bone. Plates that are malleable enough to self-contour in- 
situ with screw insertion can have advantages over stiffer plates given 3D nature of the pelvis. Compared to plates that are more stiff and difficult to 
contour, malleable plates will tend to have a lower likelihood of displacing a reduced fracture line or result in loss of screw fixation (the plate will more 
easily contour to the bone) with insertion through an imperfectly contoured plate. Cortical screws of 3.5- and 4.5-mm diameter should be available in 
lengths at least up to 130 mm. Longer or smaller diameter (2.7- or 2-mm) screws may be required, depending on the fracture configuration or comminution. 
Locked plating has been advocated for use in many areas of the skeletal system, and biomechanical study in a transverse acetabular fracture model has 
shown this construct to be as strong as conventional plating in combination with an interfragmentary screw.!”! A subsequent biomechanical study using an 
anterior column fracture found locking plates to have no added value.!®° In any case, clinical evidence for its advantages in acetabular fracture surgery 
remains limited. 


Figure 51-42. A: Clinical photograph of prone positioning for a right transverse posterior wall acetabulum fracture on a flat radiolucent table. Chest rolls made with 
standard hospital blankets are beneath the chest and abdomen, allowing the breast, abdomen, and genitalia to hang between them. Pillows are placed anterior to the 
lower legs to flex the knees. Limited surgical preparation of the posterior and lateral thigh and hemipelvis is all that is in the surgical field. B: The Judet fracture table. 
A small pad can be used to elevate the patient’s head. The separation between the chest and the padded perineal support serves to reduce abdominal pressure without 
requiring additional padding or chest rolls. C: The PROfx fracture table manufactured by Mizuho OSI. D: Supine positioning of a polytraumatized 17-year-old male 
patient with combined injuries to the pelvic ring and acetabulum. E: Traction is hung from a femoral EX-FIX over a pulley at the end of a flat radiolucent table, such as 
that seen in the table attachment. (A, D: Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use. B: From Moed BR. Acetabular 
fractures: Kocher—Langenbeck approach. In: Wiss DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. 3rd ed. Lippincott Williams & Wilkins; 2012:817— 
868. C: Courtesy of Mizuho OSI, Union City, CA. E: Copyright Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted use.) 
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Figure 51-43. A: Photo of a femoral distractor placed onto a prone bone model to obtain distraction at the hip joint. B: Intraoperative photo showing femoral 
distractor placement during a prone Kocher—Langenbeck approach to the acetabulum for fixation of a posterior wall fracture with intra-articular fragments. Note that 
the cranial Schanz pin is inserted into the gluteal pillar and the caudal pin is inserted into the proximal femur at the level of the lesser trochanter. C: Intraoperative 
fluoroscopic view of a femoral distractor used during a prone Kocher—Langenbeck approach to distract the hip joint. (A: Copyright Berton R. Moed, MD, and Mark S. 
Vrahas, MD. Permission granted for nonexclusive unrestricted use. B: Copyright Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted use. C: 
Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


In addition to the standard purpose-specific, precontoured pelvic reconstruction plates, specialty plates, especially for the quadrilateral plate and 
posterior wall, are now available.°*!8” In addition, novel uses of plates designed for other areas of the skeleton have been advocated.!4* Although these 
precontoured plates are now available for the pelvis in the hopes of minimizing the time and effort needed for intraoperative plate bending, their clinic value 
has yet to be determined as studies have shown that these plates do not routinely fit well to the native acetabulum and may actually result in malreductions.” 
The 3D printing now available to create full-sized models of the pelvis is not only an advance in fracture pattern assessment and preoperative planning; it 
may eventually find its best application in shortening operating time by allowing the surgeon to contour the plates needed for fracture fixation prior to 
surgery.43:49.277 


c 
Figure 51-44. Examples of available instruments for acetabular fracture reduction. A: Medium pointed tenaculum (or bulldog) clamp on the left and an offset 
Gooseneck reduction clamp on the right. B: Screw-based pelvic reduction clamps including the Jungbluth (left) and Farabuef (right) clamps. C: Standard racheted 
Weber reduction clamp (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Surgical Approaches 


Selection of the appropriate surgical approach is one of the most important aspects of the preoperative planning for acetabular fracture surgery. The main 
determinants in the decision-making process are the fracture type, the elapsed time from injury to operative intervention, and the magnitude and location of 
maximal fracture displacement. In addition, the expanded surgical approach options and the shift to less invasive procedures demand that the operating 
surgeon have a complete understanding of the fracture morphology. A single surgical approach is generally selected with the expectation that the fracture 
reduction and fixation can be completely performed through the one approach.!!3-148.150 The mainstay standard surgical approaches to the acetabulum are 
those described by Letournel and Judet!4®: the Kocher-Langenbeck, the ilioinguinal, the iliofemoral, and the extended iliofemoral (Table 51-5). The 
original descriptions of the first three provide direct access to only one column of the acetabulum (posterior for the Kocher—Langenbeck; anterior for the 
ilioinguinal and iliofemoral) and rely on indirect manipulation for reduction of any fracture lines that traverse the opposite column. A modification of the 
original approach or a sequential anterior or posterior approach is then added if the single approach proves insufficient to accomplish a satisfactory 
reduction of the opposite column.'5®!6° The extended iliofemoral approach, although rarely indicated and rarely used in the 21st century, affords the 
opportunity for almost complete direct access to all aspects of the acetabulum. Currently, it is almost exclusively used for delayed treatment of an associated 
fracture type in which fracture healing precludes indirect manipulation. In addition, alternative approaches have been proposed that may offer important 
advantages over these standard methods. These include the modified Gibson approach, the trochanteric flip osteotomy, and most importantly the modified 
Stoppa approach.>*)73-107,148,178 Although previously advocated by some,!°” the use of a simultaneous (rather than sequential) combination of the standard 
anterior and posterior approaches has fallen into general disuse. 


TABLE 51-5. Preferred Surgical Approaches for Each Fracture Pattern 


Kocher- Sequential Extended Modified Stoppa 


Fracture Type Langenbeck Ilioinguinal Iliofemoral Combined lliofemoral (+Lateral Window?) 
Elementary 

Posterior wall XX 

Posterior column XX 

Anterior wall XX X X 
Anterior column X X X 
Transverse infra/juxtatectal XX X X 
Transverse transtectal X X X 
Associated 

Posterior column and wall XX 

Anterior and posterior hemitransverse XX X X XX 
Transverse infra/juxtatectal and posterior wall XX 

Transverse transtectal and posterior wall XX X 

T-shaped infra/juxtatectal XX X X 

T-shaped transtectal X X X 
Both column XX X X XX 


XX denotes a preferred approach and X denotes an optional potential approach for select cases. 
“Lateral window of the ilioinguinal approach. 


Standard Approaches 

Kocher-Langenbeck Approach 

The Kocher—Langenbeck approach is ideal for posterior wall, posterior column, and most transverse and T-shaped fracture with predominant posterior 
displacement (see Table 51-5). The Kocher—Langenbeck approach provides direct visualization of the entire lateral aspect of the posterior column of the 
acetabulum (Fig. 51-45). The greater and lesser sciatic notches are visualized by transecting the piriformis and obturator internus tendons and dissecting 
subperiosteally into the notches. The most caudal portion of the ilium is accessible but the superior gluteal neurovascular bundle limits proximal exposure. 
Visualization may be improved anterosuperiorly by resecting the gluteus minimus caudual the superior gluteal neurovascular bundle or performing a 
transtrochanteric osteotomy. Recent studies have shown that performing a trochanteric osteotomy may visually improve access to the most anterosuperior 
acetabulum but does not significantly improve surgical access to relevant portions of the superior acetabulum when compared with a Kocher—Langenbeck 
approach. 176:212,262 Indirect access to the quadrilateral surface can be attained by the palpating finger or the use of special instruments placed through the 
greater sciatic notch. A posterior capsulotomy allows limited access to the posterior aspect of the joint surface. This access is increased without the need for 
a capsulotomy in the presence of a fractured posterior wall. 

The skin incision is centered over the greater trochanter (Fig. 51-46A). The proximal portion of the incision is directed toward the posterior superior 
iliac spine, ending approximately 6 cm short of this bony landmark. Distally, the incision extends approximately 15 cm along the midlateral aspect of the 
thigh. The fascia lata is sharply incised and the gluteus maximus muscle is bluntly divided toward the posterior superior iliac spine (see Fig. 51-46B). The 
innervation of the gluteus maximus muscle comes from the inferior gluteal nerve, which runs from posterior to anterior in the muscle. Historically, many 
have stated that splitting the gluteus maximus should stop when the first branch of the inferior gluteal system in encountered. Although thought to preserve 
the neurovascular supply to the split portion of the muscle, no published evidence exists of detriment to patient outcomes with sacrifice of the most lateral to 
provide adequate visualization to reduced and stabilize the acetabular fracture (Fig. 51-47). Occasionally, partial release of the insertion of the gluteus 
maximus muscle into the femur can help with visualization although its complete release is rarely, if ever needed (see Fig. 51-46B). This allows 
posteromedial retraction of the muscle without excessive stretch on the inferior gluteal nerve. The sciatic nerve is then located along the posterior surface of 
the quadratus femoris muscle and traced proximally to the piriformis muscle. The short external rotators and piriformis tendon are divided and tagged with 
sutures to assist with retraction (see Fig. 51-46C). 

After the obturator internus tendon is released from its insertion into the greater trochanter and is elevated away from the hip capsule (along with the 
gemelli muscles) and followed medially toward the lesser sciatic notch, the underlying bursa is opened, permitting access to (and palpation through) the 
lesser sciatic notch. Complete debridement of the inferior and superior gemelli should occur as both the origin and insertion of these muscles require 
transection/elevation for exposure of the caudal posterior column thereby leaving the muscles nonfunctional. Posterior retraction of the obturator internus, 
once freed of surrounding adhesions, can serve to provide limited protection of the sciatic nerve with the use of a sciatic nerve retractor in the lesser sciatic 
notch (Fig. 51-48). Use of this instrument facilitates the bony exposure by permitting controlled retraction of the sciatic nerve and the posterior soft tissues. 
The retractor is positioned such that at the level of the lesser sciatic notch, the obturator internus tendon lies between the retractor and the sciatic nerve, 
cushioning the nerve. However, the surgeon must realize that the sciatic nerve retractor extends beyond the limits of this muscle cushion and directly 
contacts the nerve at the superior and inferior aspects of the retractor. If a sciatic nerve retractor is used, it is critical that the attending surgeon ensure that 
the assistant holding the retractor does not place excess tension on the nerve and intermittently relaxes on the retractor when the surgeon is not actively 
working in the area of the caudal posterior column. Placing the hip in extension and knee in flexion, whenever able, is also recommended to decrease 
tension on the sciatic nerve during the operation as increased intraneural pressures in the sciatic nerve have been documented with increasing hip flexion 
and knee.”4 


€ 
Figure 51-45. The Kocher-Langenbeck approach. A: The skin incision. B: The fascia lata and gluteus maximus have been split. The short external rotators are seen 
with the sciatic nerve lying on the dorsal surface of the quadratus femoris. The gluteus maximus tendon has been transected (complete transection is almost never 
required). C: The retroacetabular surface is exposed by transecting the tendons of the piriformis and obturator internus and reflecting them back toward the sciatic 
notches. 
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Figure 51-46. A: Gluteus maximus muscle fibers are split to the first nerve branch. A self-retaining retractor holds the gluteus maximus muscle fibers apart. The 
nerve (located at the tip of the scissors) is crossing the split in the gluteus maximus muscle fibers from posterior to anterior in the surgical field. B: Companion drawing 
to clarify the technique shown in A. (A: Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use. B: From Moed BR. Acetabular 
fractures: Kocher—Langenbeck approach. In: Wiss DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. 3rd ed. Lippincott Williams & Wilkins; 2012:817— 
868.) 


Figure 51-47. Access provided by the Kocher—Langenbeck approach. Dots delineate the available area of direct visualization. Horizontal lines delineate the area of 
indirect access. Vertical lines delineate the area of visualization and access extended by release of the quadratus femoris muscle. (Copyright Berton R. Moed, MD. 
Permission granted for nonexclusive unrestricted use.) 


Figure ! 3. Bone model showing the sciatic nerve retractor (inset) positioned in the lesser sciatic notch. (Reprinted with permission from Moed BR, McMichael 
JC. sere of posterior wall fractures of the acetabulum: surgical technique. J Bone Joint Surg Am. 2008;90A(Suppl 1):87—107.) 


Although surgeons are familiar with the posterior approach to the hip, there are special considerations when exposing an acetabular fracture. Transecting 
the piriformis and obturator internus tendons must be performed at least 1.5 cm from the greater trochanter to avoid injury to the ascending branch of the 
medial femoral circumflex artery.''! Dissection caudal to the inferior gemellus on the femur must be avoided, also to preserve the blood supply to the 
femoral head (see Fig. ! 5). If more distal exposure of the ischium is necessary, elevation of the quadratus femoris muscle can be performed from its 
ischial attachment rather than its femoral side. Excessive superior and lateral retraction of the abductors can place harmful tension on the superior gluteal 
neurovascular bundle. If additional superior and anterior exposure is required, to secure buttress plate fixation for a superiorly located posterior wall fracture 
for instance, anterior extension of the exposure can be accomplished without excessive traction on the abductors or superior gluteal neurovascular pedicle 
with resection of the caudal most portion of the gluteus minimus or by using a standard or a flip osteotomy of the greater trochanter (see Alternative 
Surgical Approaches section).*?’?-** Oftentimes, insertion of fixation in the most anterosuperior aspect of the cranial acetabulum is more critical than 
actual visualization of this area. As such, this can often be accomplished via submuscular plate insertion and transmuscular drilling, screw depth assessment, 
and screw insertion without undue tension being placed on the gluteus medius muscle and therefore the superior gluteal neurovascular bundle.*!* As 
opposed to the situation for posterior approaches to the hip for THA, during acetabular fracture surgery the sciatic nerve must be directly visualized and 
protected. Therefore, it is important to recognize the potential variability in the relationship between the sciatic nerve and the piriformis muscle. Typically 
(about 84% of the time), the sciatic nerve runs deep to the piriformis muscle, appearing in the buttock at the inferior border of this muscle.’°? Three 
variations of this “normal” anatomy have been reported, and others probably exist.?? The most common variation (12%) is for one part of the nerve (the 
peroneal division) to pass through the muscle and the other part (the tibial division) to appear below the muscle. The entire nerve also may pass through the 
muscle (1%). These two variations result in a split piriformis muscle with two tendons of insertion. The third variation is passage of the peroneal division 
above the piriformis and the tibial division below it (3%). With enough operative cases, one will eventually encounter one of these anatomic anomalies ( 

9). Knowledge of the anatomic variability of this area and the prior identification of the sciatic nerve on the posterior surface of the quadratus femoris 
muscle will prevent intraoperative confusion and decrease the risk of iatrogenic sciatic nerve injury. 


The ilioinguinal approach is indicated for anterior wall and anterior column fractures, as well as for most anterior column/wall and posterior hemitransverse 
fractures and most both-column fractures (F ; see 51-5). Select transverse and T-shaped fractures in which the major displacement is anterior 
with minimal posterior displacement can also be managed using this approach. In general, these complex fracture types must not have displacement in the 


anatomic roof and should be treated within 15 days of injury; otherwise, an additional or more extensive initial surgical approach may be required. In 
addition, the both-column fractures with a displaced fracture line involving the sacroiliac joint can often be difficult to treat through an ilioinguinal approach 


alone. 
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Figure 51-49. Drawing (A) and clinical photo (B) taken during a Kocher—Langenbeck approach showing a split piriformis muscle with a separate muscle belly 
anterior to the sciatic nerve (arrow and star in B). C: Clinical photo showing the complete sciatic nerve traversing through the muscle belly of the piriformis. Arrow 
and star indicate muscle belly anterior to sciatic nerve. D: Clinical photo depicting a split sciatic nerve with a distinct separate branch posterior to the piriformis muscle 
belly (arrow and star) in a patient undergoing fixation of a posterior wall fracture through a Kocher—Langenbeck approach. (A: From Moed BR. Acetabular fractures: 
Kocher—Langenbeck approach. In: Wiss DA, ed. Master Techniques in Orthopaedic Surgery: Fractures. 3rd ed. Lippincott Williams & Wilkins; 2012:817-868.) 


The ilioinguinal approach allows access to the internal aspect of the innominate bone from the sacroiliac joint to the symphysis pubis (Fig. 51-51). 
Direct visualization of the internal iliac fossa, pelvic brim, superior pubic ramus, and a portion of the quadrilateral surface is achieved. Indirect access to the 
inferior portion of the quadrilateral surface can be attained by the palpating finger or the use of special instruments. Limited access to the external aspect of 
the iliac wing is possible by release of the abductor origin. Fractures requiring direct visualization for removal of intra-articular debris or fracture fixation 
may require a distal extension in the plane between the sartorius and tensor fascia lata muscle distal to the inguinal ligament, as in the iliofemoral approach 
(see below).t38 The exposure of the quadrilateral surface obtained through the modified Stoppa approach (see below) can also be attained with the 
ilioinguinal approach by extending the incision medially across the midline and having the operating surgeon repositioned on the side of the OR table 
opposite to the fracture and work through the medial window.'*”7!° Access to impacted or free articular fragments can be obtained by displacing anterior or 
posterior column fracture fragments while working through in the intrapelvic window.*+°> The locations where fixation screws can be placed along the 


pelvic brim to avoid intra-articular compromise have been generally determined. 150 


Figure 51-50. The ilioinguinal approach. A: The skin incision extends from just posterior to the gluteus medius tubercle, paralleling the iliac crest to the 
anterosuperior iliac spine, and then coursing medially to the midline ending two fingerbreadths above the pubic symphysis. B: The iliacus muscle has been dissected 
subperiosteally from the internal iliac fossa, and the external oblique aponeurosis has been incised from the anterosuperior iliac spine to the midline, passing at least 1 
cm superior to the superficial inguinal ring, and reflected distally. The spermatic cord in the male or the round ligament in the female is bluntly isolated along with the 
ilioinguinal nerve and retracted using a rubber sling. The now exposed inguinal ligament is split through its entire length and the iliopectineal fascia is seen to be 
separating the femoral nerve and iliopsoas from the external iliac vessels. C: The iliopectineal fascia has been released and the exposure is complete. The lateral 
window exposes the internal iliac fossa to the sacroiliac joint and the pelvic brim. D: The middle window exposes the pelvic brim to the pectineal eminence, the 
quadrilateral surface, and the anterior wall. E: The medial window is shown here with retraction of the spermatic cord laterally. The rectus abdominis tendon has been 
transected. The space of Retzius, superior ramus, and symphysis pubis are visualized. 


Figure 51-51. Access provided by the ilioinguinal approach. Dots delineate the available area of direct visualization. Horizontal lines delineate the area of indirect 
access. Vertical lines delineate the area of visualization and access extended by release of the tensor fasciae latae muscle. (Copyright Berton R. Moed, MD. Permission 
granted for nonexclusive unrestricted use.) 


With the patient in the supine position and the hip and knee gently flexed on a triangle or bump behind the knee to relax the femoral nerve and external 
iliac vessels, the skin incision extends from just posterior to the gluteus medius tubercle, paralleling the iliac crest to the anterosuperior iliac spine and then 
coursing medially to the midline ending two fingerbreadths above the pubic symphysis (see Fig. 51-50).!°° The iliacus muscle is elevated from the internal 
iliac fossa. The aponeurosis of the external oblique muscle (along with the anterior aspect of the sheath of the rectus abdominis) is then incised from the 
anterosuperior iliac spine to the midline, passing at least 1 cm superior to the superficial inguinal ring. The aponeurosis is reflected distally revealing the 
spermatic cord in the male and the round ligament in the female. This structure is bluntly isolated along with the ilioinguinal nerve and retracted using a 
rubber sling. The now-exposed inguinal ligament is split through its entire length, revealing the laterally located lacuna musculorum contents (lateral 
femoral cutaneous nerve, the iliopsoas muscle mass, and femoral nerve) and the medially located lacuna vasorum containing the external iliac vessels and 
lymphatics.!°° The iliopectineal fascia, which separates these lacunae, must be incised to allow access to the quadrilateral plate and true pelvis. 

The lateral window (exposed by the subperiosteal elevation of the iliacus muscle from the internal iliac fossa) allows exposure of the iliac crest and the 
internal iliac fossa medially to the sacroiliac joint and distally to the pelvic brim. The middle window (created by the release of the iliopectineal fascia and 
retraction of the iliopsoas and femoral nerve laterally and the external iliac artery and vein medially) allows exposure of the anterior wall, pectineal 
eminence, pelvic brim, and quadrilateral surface. Prior to retraction of the vessels, care must be taken to look for an anomalous origin of the obturator artery, 
known as the corona mortis, or other anastomoses between the obturator and the external iliac systems (Fig. 51-52).°° The medial window, created by lateral 
retraction of the vessels with either medial or lateral retraction of the spermatic cord (or round ligament), provides exposure to the superior pubic ramus and 
pubic symphysis. The ipsilateral rectus abdominis tendon may be transected to allow additional access to the space of Retzius (retropubic space) and 
exposure to the pubic symphysis. Although the medial window was defined in the original description of the ilioinguinal approach, many surgeons now 
utilize either the lateral window and the Stoppa approach or the lateral and middle windows with the Stoppa approach. Some surgeons are performing an 
anterosuperior iliac spine osteotomy to improve access for reduction and fixation when using the lateral window.222242 
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Figure 51-52. A: Illustration of the commonly occurring small-caliber anastomoses between the obturator and external iliac systems. B: Illustration of the true 
“corona mortis” aberrant origin of the obturator artery from the external iliac system. 


With the ilioinguinal approach, the lateral femoral cutaneous nerve, the femoral nerve, the external iliac vessels, and the inguinal canal contents are all at 
risk for injury. The lateral femoral cutaneous nerve is either identified and protected or alternatively, many surgeons have moved toward excising a 2 cm 
section to prevent development of a postoperative neuroma. If the surgeon routinely does this to prevent neuroma formation, discussion with the patient 
and/or family preoperatively is important to delineate the reasoning. While working within the middle window, the pulse in the external iliac artery should 
be frequently checked as thrombosis or intimal injury may occur with prolonged tension on the artery. Despite the fact that the approach is anterior, the 
sciatic nerve can be injured by stretch from a combination of poor patient positioning and excessive traction or by direct injury from a wayward posteriorly 
directed drill bit or screw. 


Pararectus Approach 


The pararectus approach was first introduced for the treatment of acetabular fractures in 2012 which mainly involve the anterior column and quadrilateral 
plate.!30%-132 As an alternative to the ilioinguinal and modified Stoppa approaches, it facilitates surgical access directly anterior to the acetabulum while 
avoiding dissection in the inguinal canal as is needed for the middle window of the ilioinguinal approach.!8° Although some studies have documented 
improved exposure over the modified Stoppa approach! the latter of the two approaches remains the most popular at the current time with over half of 
respondents in a recent OTA survey favoring it over the pararectus. 184 


lliofemoral Approach 


The iliofemoral approach is a standard approach that has very limited applications (Fig. 51-53). Although the ilioinguinal is usually the better choice, the 
iliofemoral approach may be sufficient for high anterior column fractures in which the main displacement is cephalad to the hip joint (see Table 51-5). The 
iliofemoral approach and the approach named after Smith-Peterson share a similar skin incision but differ markedly. The iliofemoral is directed to 
intrapelvic exposure; the Smith-Peterson incision exposes the hip joint anteriorly. This approach provides direct access to the iliac crest and the entire 
internal iliac fossa but does not allow access medial to the iliopectineal eminence (Fig. 51-54).!5° Rather than using a fracture table, the supine position on a 
standard radiolucent OR table is preferred, as the medial limit of the exposure extends to the iliopectineal eminence when the ipsilateral limb is prepped free 
and the hip can be flexed to 60 to 90 degrees and adducted. There is limited indirect access to the true pelvis, with a finger or an instrument, as far as the 
superior aspect of the quadrilateral plate. The anterior wall fracture that is the morphologic equivalent of the isolated posterior wall fracture (see Fig. 51-21) 
is often best treated using a modified Smith-Peterson anterior approach that incorporates the intrapelvic dissection of the iliofemoral approach.'“° 
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Figure 51-54. Access provided by the iliofemoral approach. Dots delineate the available area of direct visualization. Horizontal lines delineate the area of 
approximate indirect access. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


The incision extends from just posterior to the gluteus medius tubercle, paralleling the iliac crest, to the anterosuperior iliac spine and then coursing 
distally for approximately 15 cm along the lateral aspect of the sartorius muscle (see Fig. 51-53). The iliopsoas muscle is elevated off the inner aspect of the 
iliac crest. The sartorius origin and inguinal ligament are released from the anterosuperior iliac spine. The interval between the sartorius and the tensor 
fascia lata is developed to allow exposure of the anterior hip joint capsule, the anteroinferior iliac spine, and the anterior column as far medial as the 
iliopectineal eminence. Removal of the muscles of the outer surface of the pelvis should be undertaken only if absolutely required and with great care to not 
devitalize the anterior column fracture fragment. This approach is fairly simple and of low risk. However, access to the anterior column is quite limited. The 
lateral femoral cutaneous nerve or some portion thereof is commonly injured with this approach. 


Extended Iliofemoral Approach 

The extended iliofemoral approach, although rarely used in the 21st century, has previously been indicated for select complex acetabular fracture types (see 
Table 51-5) and mainly for surgery delayed more than 2 weeks following injury (see the earlier section on timing of surgery; Fig. 51-55). These include 
transverse plus posterior wall fractures if the surgeon expects unusual difficulties with reduction.!5°!®° Examples of those fractures for which an extended 
iliofemoral approach is indicated include a transtectal transverse component with an extended posterior wall fracture (involving the posterior border of the 
bone), a T-shaped and posterior wall fracture, and those associated with dislocation of the symphysis pubis or fracture of the contralateral pubis 
ramus.!°0-165 Selected T-shaped fractures include those with a transtectal transverse component, those with a wide separation along the vertical stem of the 
T, and those associated with dislocation of the symphysis pubis or fracture of the contralateral pubic ramus.!°°!®5 Select both-column fractures include 
those having a complex fracture of the posterior column, a displaced fracture line crossing the sacroiliac joint, or a wide separation of the anterior and 
posterior columns at the rim of the acetabulum.'® Currently, this approach is most often used for delayed treatment of an associated fracture type in which 
fracture healing precludes indirect manipulation. It has, however, become more common recently for surgeons to forego this approach in favor of sequential 
anterior and posterior approaches when these specific indications are encountered. 


Figure 51-55. The extended iliofemoral approach. A: The skin incision runs from the posterior superior iliac spine to the anterior spine and then curves to lie on the 
anterolateral thigh. B: The abductors have been reflected subperiosteally from the external ilium and reflected posteriorly with the tensor fascia lata muscle. The fascia 
separating the tensor from the rectus is split and the ascending branch of the lateral femoral circumflex vessels is ligated. C: The abductor tendons are here transected 
from the greater trochanter. Alternatively, a trochanteric osteotomy can be performed. D: The piriformis and obturator internus tendons have been transected and the 
exposure to the external ilium is completed. A capsulotomy is shown. 


The extended iliofemoral approach was developed by Letournel as a surgical approach to the external aspect of the acetabulum and innominate bone 
(Fig. 51-56). The approach, derived from the Smith-Petersen approach, provides maximum simultaneous access to both columns of the acetabulum. The 
entire lateral aspect of the iliac wing, the anterior column to the level of the iliopectineal eminence, the retroacetabular surface, and the interior of the hip 
joint are accessible. 

The patient is placed in the lateral position and the knee maintained in a flexed position to relax the sciatic nerve. An inverted J incision is used, 
extending from the posterior superior iliac spine along the iliac crest to the anterosuperior iliac spine and then continued distally to the midpoint of the thigh 
angling toward a point 2 cm lateral to the lateral aspect of the patella (see Fig. 51-55). The gluteal and tensor fascia lata muscles are elevated from the 
external surface of the ilium and are hinged on the superior gluteal neurovascular bundle. The hip abductors are released from their insertion into the greater 
trochanter. Alternatively, the greater trochanter may be osteotomized. Next, the short external rotators are released from their insertion into the greater 
trochanter to complete the exposure of almost the entire external surface of the bone. Release of the reflected head of the rectus femoris combined with a 
circumferential capsulotomy at the acetabular rim provides direct visualization of the hip joint. The exposure can be extended medially by release of the 
sartorius and rectus femoris origins and elevation of the iliacus from the internal iliac fossa. In this way, the extended iliofemoral approach allows almost 
complete direct access to all aspects of the acetabulum. However, this additional muscle stripping creates added risk of iliac wing and acetabular dome 
devascularization and increased risk of infection.!!° The prevalence of postoperative infection has been reported to be as low as 4%, but as high as 19% 
using this approach.!°° Currently, most acetabular fracture surgeons use the extended iliofemoral approach only rarely.??6 This situation is as much to do 
with reported high complication rates, such as infection and decreased hip motion, as the ability of surgeons to now push the limits of less extensive surgical 
approaches and their lack of familiarity using this approach for the most difficult cases.?76 


Figure 51-56. Access provided by the extended iliofemoral approach. Dots delineate the available area of direct visualization. Horizontal lines delineate the area of 
indirect access. Vertical lines delineate the area of visualization and access extended by elevation of the iliacus from the internal iliac fossa. (Copyright Berton R. 
Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Alternative Surgical Approaches 

Trochanteric Flip Osteotomy 

The trochanteric flip osteotomy is a variation of the Kocher—Langenbeck approach that is used to attain additional anterosuperior exposure and to facilitate 
intraoperative dislocation of the femoral head for inspection of the joint (Fig. 51-57).73:244:253 Although the patient is usually in the lateral position for this 
approach,” the patient can also be placed in the prone position.” Indications include combined femoral head—posterior wall acetabular fractures, posterior 
wall, and column fracture types, as well as certain transverse or T-shaped fractures.24*?5° This approach provides increased visual access to the most 
anterosuperior portion of the acetabulum although this visualization is not always necessary for fixation as drilling and screw placement can be performed in 
a transmuscular fashion.?!? It has historically been reported to provide excellent access for T-type fractures, isolated transverse fractures, and those 
associated with posterior wall fractures, including those with a comminuted roof area not amenable to the Kocher—Langenbeck or ilioinguinal approach 
alone and those treated in a delayed fashion (>3 weeks after injury).!0716 
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Figure 51-57. The trochanteric flip osteotomy using a Kocher—Langenbeck approach. A: Exposure without trochanteric osteotomy. B: Exposure of the supra- 
acetabular area after osteotomy with anterior retraction of the osteotomized trochanter. C: Posterior dislocation of the femoral head, which is facilitated by the 
trochanteric osteotomy. (Redrawn with permission from Siebenrock KA, et al. Trochanteric flip osteotomy for cranial extension and muscle protection in acetabular 
fracture fixation using the Kocher—Langenbeck approach. J Orthop Trauma. 1998;12(6):387—391.) 


This osteotomy splits the ridge on the posterior aspect of the greater trochanter and exits anteriorly just medial to the gluteus medius and minimus 
insertions (see Fig. 51-57). Some fibers of the gluteus minimus tendon are transected from the anterior trochanter, but most of the tendon insertion remains 
with the trochanteric fragment. This is also referred to as a digastric osteotomy because both the abductor and vastus lateralis insertions remain on the 
trochanteric fragment. The insertion of the piriformis tendon remains on the intact proximal femur. This protects the blood supply to the femoral head from 
the ascending branch of the medial femoral circumflex artery. Anterior exposure is then facilitated by retraction of the trochanteric fragment anteriorly. 
Cranial exposure is still limited by the superior gluteal neurovascular bundle, and if more cranial exposure of the posterior iliac wing is thought to be 
necessary, an extended approach should be chosen primarily. 


Modified Gibson Approach 

The modified Gibson approach differs from the Kocher—Langenbeck approach in its proximal dissection (Fig. 51-58). The interval between the gluteus 
maximus and tensor fasciae lata muscles is developed, rather than splitting the gluteus maximus muscle.!9+-178 In this way, the neurovascular supply to the 
anterior portion of the gluteus maximus muscle is not at risk. In addition, anterosuperior visualization and access are extended (Fig. 51-59). Having a 
straight, rather than angled, skin incision may make the modified Gibson more cosmetically appealing, especially in obese female patients.” The modified 
Gibson approach perhaps has its most frequent use in conjunction with a trochanteric flip osteotomy.’” Although historically felt to increase anterosuperior 
visualization, recent cadaveric studies have demonstrated no differences in superior and anterior exposure of the lateral acetabulum with the Gibson 


compared to the Kocher—-Langenbeck approach.!7©262 


Modified Stoppa Intrapelvic Approach 
The modified Stoppa intrapelvic approach really should no longer be considered an “alternative” surgical approach. It has gained wide acceptance to be 


used in conjunction with part of the ilioinguinal approach or as a replacement for it in some fractures (Fig. 51-60).?3! Initially, it was described for treating 
anterior wall, anterior column, transverse, T-shaped, anterior column/wall and posterior hemitransverse, and both-column fractures, and was only 
infrequently combined with the lateral window of the ilioinguinal approach.°? The extent of its exposure encompasses the iliac fossa, the quadrilateral 
surface, and the superior portion of the posterior column (Fig. 51-60F). More recently, as its utility has been more fully appreciated, it is commonly used in 
conjunction with the “lateral window” of the ilioinguinal approach.**! In one series, the lateral window was used in 64% of their patients, mainly for 
fractures involving the anterior column.'!® With increased experience and use, it has been noted that younger surgeons are moving away from the 
ilioinguinal approach and trainees are now completing pelvic and acetabular fellowships without ever seeing this approach in full.27° Furthermore, a number 
of high-volume surgeons have expanded modified Stoppa indications to include transtectal fractures (see Table 51-5). 
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Figure 51-58. Modified Gibson approach. A: Straight skin incision. B: Fascial incision showing underlying anatomic structures. C: Deep dissection with the gluteus 
maximus muscle reflected and a retractor in the lesser sciatic notch (asterisk) showing posterior exposure similar to the Kocher—Langenbeck. Anterior retraction of the 


gluteus medius muscle without the presence of any overlying gluteus maximus muscle facilitates anterosuperior access. (Copyright Berton R. Moed, MD. Permission 
granted for nonexclusive unrestricted use.) 


Figure 51-59. Access provided by the modified Gibson approach. Dots delineate the available area of direct visualization. Horizontal lines delineate the area of 
indirect access. Vertical lines delineate the area of visualization and access extended by release of the quadratus femoris muscle origin. Solid black area shows the area 
of extended visualization and access. 
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Figure 51-60. Modified Stoppa intrapelvic approach. A: A transverse incision is made 2 cm above the symphysis. The linea alba is incised at the midline and split 
vertically from inferior to superior with care taken to remain extraperitoneal in the proximal portion. B: Protecting the bladder, the rectus abdominis muscle is then 
retracted upward. Sharp dissection is used to elevate the rectus to expose the symphysis body and pubic ramus. C: The rectus and neurovascular structures are 
subsequently retracted laterally and anteriorly so that they are protected. Any anastomotic vessels between major arteries, such as the inferior epigastric and obturator 
vessels, are ligated, as required. D: Full access is then developed from anterior to posterior along the pelvic brim, sharply dividing and elevating the iliopectineal fascia 
superiorly and the obturator fascia inferiorly and exposing the medial wall of the acetabulum, the fracture, and the pelvic brim. It is imperative to pay strict attention at 
all times to the location of the obturator neurovascular bundle and lumbosacral trunk that traverse the operative field. E: Cadaver dissection showing a scissors opening 
the obturator fascia. The obturator nerve (black arrow) is seen traversing the operative field just below the pelvic brim (white arrow). F: Access provided by the 
modified Stoppa without the addition of the lateral window is shown in red. (E: Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use. 
F: Reprinted with permission from Kistler BJ, Sagi HC. Reduction of the posterior column in displaced acetabulum fractures through the anterior intrapelvic approach. 
J Orthop Trauma. 2015;29(Suppl 2):S14-S19.) 


The modified Stoppa intrapelvic approach is felt to be advantageous because it offers improved exposure of the quadrilateral surface and posterior 
column while minimizing dissection by avoiding the use of the “middle window” of the ilioinguinal approach.°!? In a recent cadaver study it has been 
shown that the addition of an anterosuperior iliac spine osteotomy through the lateral window improves visualization and access to the iliopectineal 
eminence.*** Surgical tactics specific for this approach are often needed to address a displaced posterior column.!*° Impacted acetabular dome fragments 
(producing the radiographic “gull sign”) common to fractures in the elderly can be directly addressed through the anterior column fracture line.” This 
approach is especially useful for fractures requiring buttress plating of the quadrilateral surface.?!9 

For this approach, the patient is placed in the supine position. Typically, the surgeon stands on the side opposite from the fracture to improve 
visualization of and access to the true intrapelvic cavity. A head lamp or a fiberoptic light retractor is useful.° A transverse skin incision is made 2 cm above 
the pubic symphysis extending approximately from one external inguinal ring to the other. Deep dissection is performed through the linea alba. It is 
important to identify and ligate the vascular anastomoses between the external iliac and obturator vessels. With this approach, it is often necessary to make a 


second approach through a skin incision along the iliac crest for fracture reduction or hardware insertion, essentially using the equivalent of the lateral and 
medial “windows” of the ilioinguinal approach. Similar to the ilioinguinal approach, this approach requires indirect reduction of posterior fracture lines. The 
advantage over the ilioinguinal is that dissection of the iliac vessels is not required although some surgeons do combine this approach with both the middle 
and lateral windows of the ilioinguinal approach. When surgical exposure of the middle window is not performed, the lack of access has potential 
disadvantages. These could include lack of direct perpendicular access to displaced fracture lines for appropriate cleaning or having an appropriate angle for 
hardware insertion. The limiting factor in the exposure is the extent of vertical dissection of the rectus, not lateral dissection superficial to the rectus.9 With 
this approach, it is particularly important to locate the obturator nerve (Fig. 51-60D). One study reported obturator nerve injury in 13 of 57 patients (26%), 
as evidenced by weakness of the adductor muscles (grade 3/5) with all but one resolving within 12 months.?*! The sciatic nerve is also at risk and may be 
stretched with the hip and knee in flexion. To avoid injury to this nerve, care must be taken when inserting retractors into the sciatic notch and along the 
inferior surface of the quadrilateral plate.’ 


Combined Anterior and Posterior Approaches 


The anterior ilioinguinal or iliofemoral or modified Stoppa approach and the posterior Kocher—Langenbeck approach can be combined and performed 
sequentially or (rarely) simultaneously. 107-119-150 The sequential tactic is often preferred by surgeons over an extended iliofemoral approach for fractures 
requiring more extensive exposure or when a standard anterior or posterior single approach proves ineffective for reduction and/or fixation of the opposite 
column. This can occur for anterior column (or wall) and posterior hemitransverse, T-shaped, or both-column fractures. Ipsilateral sacroiliiac joint injuries 
combined with transverse family fracture patterns are another indication for combined approaches for many surgeons as an accurate sacroiliac joint 
reduction places the cranial portion of the transverse fracture into its anatomic position. No matter the reason for staged approaches, the operating surgeon is 
careful not to place fixation into the opposite column during the original procedure. The patient is then repositioned for a second standard approach, either 
during the same anesthesia or at a later date. The simultaneous anterior and posterior approach tactic, where both approaches are open at the same time, is 
distinctly different but is rarely used. In either situation, care should be taken to maximize the skin bridge between the two approaches and avoid 
undermining the subcutaneous tissues between the exposures. 

For two simultaneous approaches, the patient is positioned laterally. Two simultaneous approaches theoretically allow access to both the anterior and 
posterior columns without the morbidity of the extended approach. The combined access, however, does not include the exposure of the external surface of 
the posterior superior ilium that the extended iliofemoral approach allows. In addition, the lateral patient positioning frequently compromises both 
exposures. Frequently, only the lateral window of the ilioinguinal can be used. For these reasons, this surgical tactic has generally fallen out of favor and 
into disuse. However, simultaneous iliofemoral and Kocher—Langenbeck surgical approaches performed by two surgical teams operating concurrently have 
been used successfully for both-column fractures with associated posterior wall fractures, comminuted transverse transtectal fractures, transverse and 
posterior wall fractures with wide displacement, and T-shaped fractures.!°7 


OPERATIVE TREATMENT OF ELEMENTARY ACETABULAR FRACTURE TYPES 


Open Reduction and Internal Fixation of Posterior Wall Fractures 
Preoperative Planning 


ORIF of Posterior Wall Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard radiolucent table (specialized tables can be used but are not necessary) 

Position/positioning aids LJ Prone (radiolucent chest rolls made from blankets preferred to semi-radiopaque gel rolls) or lateral 
Fluoroscopy location LJ Opposite to the side of the operating surgeon 

Equipment Purpose-specific reduction clamps; Codman or Satinsky clamps can be used for intra-articular debris removal 


Method for joint distraction (femoral distractor, Schanz pin, or specialized traction table) 
K-wires for temporary fixation 
Oscillating drill 


Sciatic nerve retractor 


Implants Purpose-specific 3.5-mm reconstruction plates 
One-third tubular plates or prefabricated spring-hook plates 


Mini-fragment screws and rare bioabsorbable pins 


Bone graft material LJ Source of autograft, allograft, or bone substitute to serve as a void filler 


ORIF of a posterior wall fracture usually only requires standard 3.5-mm implants, including malleable reconstruction-type plates, prefabricated or surgeon 
made spring hook plates from one-third tubular plates, and 3.5-mm cortical screws. Mini-fragment screws and bioabsorable pins can be used to secure small 
osteochondral fragments, but are not frequently nor routinely needed for experienced surgeons. A pointed ball spike is useful for holding small fragments in 
position during the reduction and fixation sequence. Spring hook plates (Fig. 51-61), either commercially prefabricated or fashioned by the surgeon, are 
helpful in stabilizing small and peripheral posterior wall fragments that cannot be sufficiently stabilized with a 3.5 mm reconstruction plate in buttress 
mode. When a spring hook plate is utilized, a 3.5 mm reconstruction plate should be placed on top of the peripheral aspect of the spring hook plate to 
provide further stability to the construct. Posterior wall fractures are often comminuted with intra-articular free and marginally impacted fragments (see 
Figs. 51-13 and 51-18),!50-181,182,191 Tt is important preoperatively to define the extent and location of these fragments to be prepared for and facilitate their 
intraoperative identification, reduction, and fixation. 


Figure 51-61. Photographs of a one-third tubular plate fashioned into a spring plate. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive 
unrestricted use.) 


Positioning 

The patient can be positioned either prone on a radiolucent (see Fig. 51-42A,B) or a specialized fracture table, or laterally on a radiolucent operating table 
with a bean bag and axillary roll based on the preference of the surgeon. In either case, the C-arm for intraoperative fluoroscopic imaging is placed on the 
side opposite to the operating surgeon. The knee should remain flexed and the hip extended throughout the procedure to reduce tension and risk of injury to 
the sciatic nerve.?*150 For prone positioning, surgical preparation of the entire hindquarter can be performed but is not necessary*“!; the posterior and lateral 
buttock and thigh can be prepped with the posterior hip and the knee flexed with anterior pillows placed under the lower leg to flex the knee and relax the 
sciatic nerve (see Fig. 51-42A). The prep should be to the spine and gluteal crease medially, cranially past the iliac crest, caudally to the knee flexion crease, 
and laterally to the table. This positioning requires the use of the femoral distractor or manual traction with a Schanz pin if joint distraction is required. 
Abdominal and chest rolls made from standard operating room blankets will be radiolucent compared with prefabricated gel rolls that are semi-opaque with 
intraoperative fluoroscopy. For the lateral position, patients are typically positioned on a bean bag with the operative leg draped free and supported on a 
padded sterile mayo stand with the hip in extension and the knee in flexion. Although hip distraction techniques are similar in between the two approaches, 
the hip can be more easily manipulated in the lateral position. Although largely a point of surgeon preference, some studies have noted a trend toward higher 
residual radiographic fracture displacement in fractures with a transverse component when positioned in the lateral position,°* while other authors have 
identified the prone position as an independent risk factor for sciatic nerve palsy.*° These findings are important to consider when deciding which surgical 
position to use. 


Surgical Approach 


The Kocher—Langenbeck approach is ideal for posterior wall fractures. With routine debridement of the gluteus minimus muscle caudal to the superior 
gluteal neurovascular bundle, excellent cranial and anterior visualization is achieved.*®* Some surgeons prefer the modified Gibson approach without 
gluteus minimus debridement for posterior wall injuries with more cranial and anterior components. In special circumstances, such as large wall fragments 
incarcerated in the joint or anterior to the femoral head, a greater trochanteric osteotomy may be helpful.?!? This situation should be anticipated 
preoperatively during preoperative planning as lateral positioning is required if a surgical anterior dislocation of the femoral head is planned with a greater 
trochanteric osteotomy. 


Technique 


ORIF of Posterior Wall Fractures: 
KEY SURGICAL STEPS 


Identify sciatic nerve from quadratus femoris to greater sciatic notch 

Expose posterior wall and column 

Identify superior gluteal neurovascular bundle and debride gluteus minimus caudal to it 
Identify all posterior wall fragments and maintain capsular attachments 

Remove free nonincarcerated osteochondral fracture fragments 

Debride ligamentum teres 

Identify area(s) of marginal impaction 

Distract joint and remove any articular or bony debris (if necessary) 

Concentrically reduce femoral head to dome of acetabulum 

Reduce and backfill and impacted fragments using femoral head as template 

Sequentially reduce posterior wall fragments using a ball-spiked pusher 

Individually fix the wall fragments (if needed) using lag screws without excessive tightening 
Reduce and stabilize all wall fragments with appropriate, undercontoured buttress plate fixation 


After the surgical approach is completed, exposing the posterior wall and column, the posterior wall fracture fragments then must be carefully delineated 
and cleared of debris (see Key Surgical Steps). The surgeon must be cognizant of the capsular blood supply to the articular fragments and only clean 
periosteum from the edges of the fracture lines that will assist with reduction reads. Rotating the fragments on their capsulolabral attachments still allows 


visualization of the fragments, the articular surface, and the joint itself. The majority of posterior wall fractures fail in tension caudally as the labrum 
remains intact cranially and anteriorly. More comminuted posterior wall fractures sometimes open like a “saloon door” with a labral tear between two 
fragments, one cranial and one caudal. The femoral head is distracted and free osteochondral fragments are removed from the joint, if necessary. As 
previously described, distraction of the femoral head can be accomplished using traction applied from the fracture table (see Fig. 51-42B), from a universal 
distractor (see Fig. 51-43), or manually through a T-handle chuck on a Schanz screw temporarily placed through the greater trochanter into the femoral neck 
or into the lesser trochanter. Retrieval of large osteochondral fragments may require that the hip be subluxated temporarily and specialized Codman or 
Satinsky clamps may be helpful for “sweeping” difficult to retrieve fragments that are more caudal, and/or anterior to a more accessible position within the 
acetabulum. The position and orientation of the free osteochondral fragments should be noted as this information may help the surgeon in determining 
where to replace each fragment. The joint is thoroughly irrigated after all intra-articular fragments seen on the preoperative CT scan have been accounted 
for. If a fragment of the posterior wall is incarcerated within the joint, the capsular attachments should not be sacrificed to retrieve the fragment. The 
capsular hinge is usually at the cranial and anterior aspect of the wall fragment, which (as noted above) may be difficult to access through a Kocher- 
Langenbeck approach, but is usually easily retrieved once the joint is distracted. 

Next, the femoral head is reduced to the intact acetabular cartilage. This allows the femoral head to be used as a template for the reduction of free 
articular fragments and marginal impaction. Impacted fragments should be mobilized with underlying cancellous bone and reduced against the femoral 
head. Any free osteochondral fragments are likewise reduced against the head. Backfilling impaction between the intact posterior column and all fragments 
is then performed until the fragments are stabilized against the femoral head. Autograft can be used from the greater trochanter, but most surgeons prefer 
cancellous chips (Fig. 51-62). Synthetic void fillers are another option if the surgeon prefers. Some surgeons choose to fix the articular fragments with 1.6- 
mm K-wires and to exchange these for subchondral mini screws or bioabsorbable pegs (Figs. 51-63 and 51-64), but this is unnecessary for stability of these 
fragments if there is appropriate backfilling of the metaphyseal void left following reduction of impacted articular fragments. If independent fixation of 
articular fragments is performed and reduction is lost in the postoperative period, the implants may become intra-articular. The posterior wall fragments are 
then reduced using the femoral head as a template with the cortical reads used as a reduction aid. For multifragmentary posterior wall fractures, the 
reduction usually begins with the cranial fragments and works caudal toward the ischium. These fragments should temporarily be stabilized with 1.6- or 2.0- 
mm Kirschner wires placed medial to the planned buttress plate, whenever possible (Fig. 51-65). Independent lag screws for posterior wall fragments may 
be used, but are rarely needed; when these screws are chosen, fluoroscopy should be used to ensure all screws are extra-articular prior to plate placement.*° 
A slightly undercontoured buttress plate can then be placed over the central portion of the posterior wall fragment with cortical screws cranial and caudal to 
the wall fragment used to “push” the fragment(s) into the femoral head (Fig. 51-66A). The plate(s) should be well contoured to create maximal friction 
between the undersurface of the plate and posterior wall fragments to enhance stability. Improperly contoured plates can allow for motion of wall fragments 
and instability of the hip joint. For large wall fragments, two plates can be used to increase the amount of fixation. If more than one plate is planned, the 
surgeon should be very attentive to the caudal fixation in the ischium when placing the first plate as there is limited bone for caudal fixation. Very small and 
peripheral posterior wall fragments may require the use of a spring plate prior to placement of a buttress plate (see Fig. 51-61). The buttress plate is placed 
on the peripheral surface of the spring hook to augment its stability as the spring plate is inadequate to resist the displacement forces of the posterior wall 
alone (see Fig. 51-66B). The amount of fixation required cranial to the posterior wall fragment is usually less, as most wall fragments have failed with a 
caudal tension force; thus, an intact superior labrum acts as a hinge for the cranial portion of the posterior wall fracture. Although buttress plate fixation is 
strongly recommended, it is typically not necessary to place two screws through the plate cranial to the exit point of the posterior wall fracture. Although the 
most cranial screw should be in intact bone, a second, more caudal screw in the cranial aspect of the plate often passes through the fracture fragment to 
obtain fixation in the intact medial bone of the ilium, and is likely not necessary given the stability provided by the intact labrum on the cranial aspect of the 
posterior wall fragment. Caudal fixation into the ischium usually provides increased resistance to recurrent displacement of a posterior wall fracture that 
failed with a tension-based force caudally. Conversely when a posterior wall fragment has failed from a tension-based force cranially, the cranial fixation in 
the buttress plate will be more critical to resist recurrent displacement. 


Figure 51-62. Intraoperative photograph demonstrating elevation of the marginal impaction (white arrowhead) with the femoral head (asterisk) used as a template 
and the filling of the residual osseous cavity with allograft cancellous bone from the patient shown in Figure 51-17. (Reprinted with permission from Moed BR, 
McMichael JC. Outcomes of posterior wall fractures of the acetabulum. Surgical technique. J Bone Joint Surg Am. 2008;90A(Suppl 1):87—107.) 


Figure 51-63. Intraoperative photograph showing an example of temporary Kirschner wire fixation after elevation of the impacted intra-articular fragments. The 
residual underlying cancellous bone defect has been filled with freeze-dried cancellous allograft bone. The Kirschner wires were subsequently exchanged for 
bioabsorbable pegs. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Figure 51-64. Drawing of the hip after fracture fragment repositioning, bone grafting, and stabilization with use of a subchondral miniscrew. 


A B 
Figure 51-65. A multifragmentary posterior wall acetabulum fracture has been stabilized with multiple 1.6-mm K-wires on the AP (A) and iliac oblique (B) views 
prior to placement of a peripheral posterior wall 3.5 mm pelvic reconstruction plate in buttress mode. Note Schanz pins from prior use of the femoral distractor and the 
position of the wires medial to the peripheral buttress plate that is center over all posterior wall fragments. (Copyright Joshua L. Gary, MD. Permission granted for 
nonexclusive unrestricted use.) 
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Figure 51-66. A: Intraoperative fluoroscopic obturator oblique image showing a well-contoured buttress plate that has been applied to a peripheral posterior wall 
fragment after provision K-wire fixation. B: Intraoperative fluoroscopic iliac oblique image demonstrating two spring-hook plates used to stabilize a multifragmentary 
small peripheral posterior wall fracture; the buttress plate is applied over the peripheral portion of the spring-hook plates to increase stability. (Copyright Joshua L. 
Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Potential Pitfalls and Preventive Measures 


ORIF of Posterior Wall Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Preventions 


Sciatic nerve injury e Maintain knee flexion and hip extension whenever possible 
e Identify the nerve superficial to the quadratus femoris muscle distally to the greater sciatic notch proximally 


e Use a purpose-specific nerve retractor 
e Check retractor position often 


Iatrogenic femoral head osteonecrosis e Avoid aggressive dissection near the insertion of the short external rotators 
e Release the short external rotator and piriformis tendons at least 1.5 cm from their insertions 


Iatrogenic osteonecrosis of the posterior wall fracture e Preserve capsular attachments to posterior wall fragment and only clean periosteum for reduction reads 
fragments 

Malposition or loss of reduction of intra-articular e Excellent reduction 

fragments e Backfill bone voids until osteochondral fragments stabilized 

Loss of posterior wall reduction e Excellent position and undersurface friction of buttress plate(s) with posterior wall fragment(s) 


e Use spring hook plates beneath a buttress plate with small, peripheral wall fragments or when a buttress plate cannot 
create adequate friction to prevent any motion of the posterior wall fragments 


Intra-articular screw placement e Confirm extra-articular screw position using fluoroscopy before leaving the operating room 


Open Reduction and Internal Fixation of Posterior Column Fractures 


Preoperative Planning 


ORIF of Posterior Column Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard radiolucent table (specialized tables can be used but are not necessary) 
Position/positioning aids LJ Prone (radiolucent chest rolls made from blankets preferred to semi-opaque gel rolls) or lateral 
Fluoroscopy location LJ Opposite to the side of the operating surgeon 

Equipment Purpose-specific reduction clamps and screw-based reduction clamps 


Method for column derotation: Schanz pin or specialized reduction clamps 


Sciatic nerve retractor 


Implants LJ Purpose-specific 3.5-mm reconstruction plates 


ORIF of a posterior column fracture requires standard 3.5-mm hardware, including malleable reconstruction-type plates and 3.5-mm cortical screws (see 
Preoperative Planning Checklist). Screw-based reduction clamps (typically using 3.5-mm cortical screws) may be helpful and typically can be used with 
3.5-mm cortical screws. Offset, Jungbluth, and Farabuef clamps can be helpful for the reduction maneuvers. 


Positioning 

Patient positioning is similar as that for the posterior wall. In addition to the possible advantages of prone positioning mentioned in that section, with lateral 
positioning, the weight of the operative leg tends to cause medial displacement of the femoral head with further medial displacement and malrotation of the 
fractured posterior column fragments. Furthermore, access through the greater sciatic notch for palpation and clamp placement is facilitated by use of prone 
positioning. Instrumentation after reduction is achieved is also facilitated by prone positioning. 


Surgical Approach 


The preferred surgical approach is the Kocher—Langenbeck. One important additional consideration is that the posterior column fracture frequently involves 
the greater sciatic notch at or above the location of the superior gluteal neurovascular bundle. In widely displaced fractures, it is common to find the 
neurovascular bundle in the posterior column fracture site and it must be carefully extracted before reduction of the fracture to prevent iatrogenic injury. 
Routine visualization and dissection of the bundle helps prevent unintentional iatrogenic injury. 


Technique 


ORIF of Posterior Column Fractures: 
KEY SURGICAL STEPS 
Expose posterior wall and column 
Identify sciatic nerve from quadratus femoris to greater sciatic notch 
Identify superior gluteal neurovascular bundle, debride gluteus minimus caudal to it, and remove from fracture if interposed 


Clean posterior column fracture lines 
e OR table 
e Universal distractor 
e Manually through a trochanteric Schanz screw 
Remove any intra-articular debris 
Reduce femoral head to the intact acetabulum maintaining traction to unload the column fracture fragment(s) 
Insert a Schanz screw into the ischium to use in correcting fracture malrotation 
Place the appropriate reduction clamp, as required, across the fracture 
Reduce the fracture with clamps and/or manipulative reduction aids (Schanz pins) 


CECCU CECO 


LJ Fixation with overcontoured 3.5-mm reconstruction plate(s) +/— lag screw. 


Whenever the posterior column is involved, as it is in most fracture types (posterior column, posterior column and wall, transverse, transverse and posterior 
wall, T shaped, anterior and posterior hemitransverse, and both-column), there is a rotational as well as translational displacement of this component. The 
rotational mismatch of the posterior column can be best assessed by palpation through the greater sciatic notch. Insertion of a Schanz screw into the ischium 
can be used as manipulative reduction aid, but may also compromise later fixation into the caudal ischium (Fig. 51-67A). For fractures that involve only the 
posterior column (posterior column with or without a posterior wall component), multiple reduction clamps are usually required for reduction. This 
reduction clamp is placed on the retroacetabular surface on either side of the fracture line. If there is no comminution in the column, a standard pointed 
reduction clamp can be used following placement of drill holes on either side of the fracture to anchor the clamp (Fig. 51-67B), or an angled offset clamp 
can also be used for this purpose (see Figs. 51-44A and 51-68). If comminution is present, requiring the length of the column to be restored, a screw-based 
clamp that has distraction and compression capabilities, such as a Jungbluth, can be used (see Fig. 51-44B), which is fixed to each fracture fragment using a 
3.5- or 4.5-mm screw (Fig. 51-69). It may be helpful to use a ball-spiked pusher to push the posterior column from posterior to anterior. The reduction is 
visualized on the retroacetabular surface and is palpated on the quadrilateral surface through the greater sciatic notch. The posterior column fracture is then 
secured to the intact ilium with plate fixation (usually just lateral to the greater and lesser sciatic notches) or interfragmentary screw fixation inserted from 
posterior to anterior and directed toward the pelvic brim; this may sometimes require a separate percutaneous incision for insertion.” When plates alone are 
used, they should be overcontoured in relation to the retroacetabular surface to prevent displacement of a reduced fracture, specifically at the ischial exit 
point. Strategic placement of reduction clamps that allow for fixation for plates with or without lag screws is critical. Dual plating is preferred for most 
fractures to increase fixation into the unstable posterior column segment and the surgeon must be thoughtful about caudal fixation into the ischium in the 
first plate to main space for a second plate. 
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Figure 51-67. A: Drawing of a hemipelvis showing a Schanz screw in the ischium, which is used to control rotational, as well as translational, displacement of the 
posterior column seen in a number of fracture types. B: Sawbones model showing a pointed reduction clamp place through unicortical drill holes to reduce a fracture of 
the posterior column. Note the positioning of the clamp to allow for fixation adjacent to the great and lesser sciatic notches. (A: Copyright Berton R. Moed, MD. 
Permission granted for nonexclusive unrestricted use. B: Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Figure 51-68. Offset gooseneck clamp shown across a posterior column fracture in a sawbones model. One end of the clamp is docked at the greater sciatic notch and 
the other at the gluteus medius pillar. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


ORIF of Posterior Column Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Injury to the superior gluteal neurovascular bundle e Identify the bundle exiting the greater sciatic notch and carefully remove if interposed between fracture 
fragments 

Residual malrotation of the posterior column fracture fragment e Ensure the malrotation is corrected by digital palpation through the greater sciatic notch and 


visualization of retroacetabular surface 
Shortening of the posterior column e Inacomminuted fracture ensure that the column has been brought out to length using the appropriate 
reduction clamp in distraction 
e Use a short bridging plate rather than a lag screw 


Loss of posterior column reduction e Accurately contour of all plates and excellent fixation into unstable caudal segment 


Intra-articular screw placement e Confirm extra-articular screw position using C-arm fluoroscopy before leaving the operating room 


All the concerns relative to the surgical approach for the posterior wall mentioned for ORIF of posterior wall fractures apply for this also. In addition, one 
must take great care in exposing the superior aspect of the fracture line at the greater sciatic notch to ensure that the superior gluteal neurovascular bundle is 
not injured. Furthermore, the posterior superior aspect of the posterior column fracture fragment may end in a long thin and sharp point. Removing this 
sharp tip with a rongeur can minimize the risk of injury to the superior gluteal neurovascular bundle and may facilitate the reduction. Residual malrotation 
of the column fracture is a common problem. Although it may appear well reduced on its external surface, correction of the malrotation can only be ensured 


by additional assessment of the intrapelvic aspect of the fracture line. This can be accomplished by digital palpation through the greater sciatic notch. 
Shortening of the column in comminuted fractures is another potential pitfall. This can be avoided by using a reduction clamp capable of distracting the 
column out to length (e.g., Jungbluth clamp) and using a short bridge plate rather than a lag screw. To avoid having the neutralization plate cause loss of 
reduction, it must be perfectly contoured to match the bone. As with all acetabular fracture fixations, extra-articular position of all screws should be 
confirmed using C-arm fluoroscopy before leaving the operating room.*° 


Figure 51-69. A Jungbluth reduction clamp anchored with screws on either side of a posterior column fracture shown in a sawbones model. Note the medial position 


and orientation of the clamp to allow for placement of implant for fixation peripheral to the clamp. (Copyright Joshua L. Gary, MD. Permission granted for 
nonexclusive unrestricted use.) 


Open Reduction and Internal Fixation of Anterior Column Fractures and Anterior Wall Fractures 


ORIF of Anterior Wall and Column Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard radiolucent table or purpose-built fracture table 
Position/positioning aids LJ Supine 


Fluoroscopy location LJ Opposite to the side of the operating surgeon 


Equipment Purpose-specific reduction clamps 


Method for joint distraction: temporary assistant-based noninvasive, fracture table, distractor, or Schanz screw 


K-wires for temporary fixation 
Oscillating drill 


Implants Purpose-specific 3.5-mm reconstruction plates 
One-third tubular plates 
Wide array of 3.5- and 4.5-mm screws 


Special plates or tactic for any associated quadrilateral plate fracture component 


Figure 51-70. A Farabeuf reduction forceps is on the iliac crest, correcting medial displacement and external malrotation. A straight ball spike placed through the 
middle window of the ilioinguinal approach and pushed in line with the arrow is used to complete the reduction. (Reprinted from Tornetta P III, Riina J. Acetabular 
reduction techniques via the anterior approach. Oper Tech Orthop. 1997;7:184—195. Copyright © 2016 Elsevier. With permission from Elsevier.) 


Access for adequately cleaning the fracture line of an anterior column can sometimes be improved with the use of the modified Stoppa window in 
combination with either a lateral or lateral and middle window of the ilioinguinal approach. To reduce anterior column fractures, a ball-spiked pusher (F 

5 ) can be helpful in correcting malrotation of the fracture fragments by applying a caudally directed force at the pelvic brim component of the displaced 
anterior column. In addition, various angel-jawed offset reduction clamps may be required to gain compression of the fracture line at the pelvic brim 
through the Stoppa window, medialize the anterior column, or address displaced fractures of the quadrilateral surface (see F 44A and 51-71). The 
Farabeuf and Jungbluth clamps (see | 51-44B) are useful for the displaced anterior column. The standard 3.5-mm implants, including malleable 
reconstruction-type plates and long 3.5-mm cortical screws, are adequate for fracture fixation. Occasionally, 4.5-mm cortical lag screws inserted at the level 
of the anteroinferior iliac spine are used for fixation of the anterior column. A quadrilateral plate fracture component may require special plates or fixation 
tactic. 


Positioning 


The patient can be positioned supine either on a specialized fracture table or on a radiolucent operating table. In either case, the C-arm for intraoperative 
fluoroscopic imaging is placed on the side opposite to the operating surgeon. The knee is slightly flexed throughout the procedure to reduce tension and risk 


of injury to the sciatic nerve and the hip is slightly flexed to relax the iliopsoas tendon and femoral nerve and vessels. The ipsilateral arm can either be 
abducted to 90 degrees or draped across the chest to minimize the risk of a positional hyperabduction injury. 
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Figure 51-71. In some cases, it is advantageous to apply offset pelvic reduction forceps using the lateral or middle window of the ilioinguinal, as shown here. A: 
Placement of an offset gooseneck clamp through in intrapelvic Stoppa window from the pelvic brim to the quadrilateral surface. B: Placement of an offset gooseneck 
clamp using the middle window and onto the lateral ilium through the interspinous notch. With this clamp application, the iliopsoas muscle and femoral nerve lie 
between the arms of the clamp. The external iliac vessels are medial. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Surgical Approach 


The ilioinguinal approach (or a variation thereof) is indicated for fractures involving the anterior wall and column.!5°1® It warrants repeating that this 
approach does not allow direct access to the hip joint other than through the displaced fracture line visualized through the modified Stoppa approach and 
fractures requiring direct visualization for removal of intra-articular debris or fracture fixation may require distal extension in the plane between the 
sartorius and tensor fascia lata muscle distal to the inguinal ligament, as in the iliofemoral approach. 38 

A quadrilateral plate fracture component may suggest preferential use of the modified Stoppa approach. If the quadrilateral surface is comminuted and 
requires fixation for reason(s) of joint stability and/or congruency, as previously described, the modified Stoppa approach is a better surgical choice to 
accomplish direct plating and buttressing of the fracture. This approach is also often of significant benefit for cleaning of the anterior column fracture line 
depending on fracture morphology. 


Technique 


KEY SURGICAL STEPS 


,/ | ORIF of Anterior Column and Wall Fractures: 


Determine appropriate surgical approach and whether quadrilateral surface comminution is present 
Expose anterior wall and column 
Carefully clear the fracture lines of debris 
Apply traction to unload the joint using: 
e OR table 
e Distal femoral traction pin 
e Manually with an assistant or through a trochanteric Schanz screw 
Reduce femoral head to remaining intact acetabulum 
Correct fracture translation and malrotation using appropriate reduction instruments 
Fix fractured column or wall using lag screws 
Buttress any quadrilateral surface comminution, as required 
e Use middle window of the ilioinguinal approach 
e Use modified Stoppa extension of medial window of the ilioinguinal approach 
e Select modified Stoppa approach for the surgery 
LJ Buttress the construct using a well-contoured 3.5-mm reconstruction plate and/or specialty plate 


Anterior column fractures may be commonly associated with anterior sacroiliac joint opening and external rotation of the “intact” portion of the ilium. This 
should be reduced before attempting reduction of the anterior column and may be internally fixed with iliosacral or transsacral screw fixation as needed. 
Additional stability for this rotational injury results from the fixation of the anterior column fracture. 

The common deformity seen in large anterior column fractures is proximal, medial displacement with a component of external rotation. Occasionally, 
the anterior column fracture is found to be incomplete with the fracture line not exiting the iliac crest. The displacement of the column occurs through 


comminution or plastic deformation in the very thin central portion of the iliac wing. It is often not possible to achieve a complete reduction of the anterior 
column in this situation without completing the fracture by osteotomizing the iliac crest. This improves the mobility of the anterior column fragment for 
reduction. The reduction of the anterior column is accomplished with a combination of pelvic clamps positioned at the iliac crest, interspinous notch or 
iliopectineal eminence, and pelvic brim. Since the articular surface of the hip joint is not seen directly, the reduction must be assessed by the appearance of 
the extra-articular fracture lines and intraoperative fluoroscopic assessment. Care must be taken to restore the normal concavity to the internal iliac fossa. 
Residual external rotation or flexion of the anterior column fracture is appreciated as a gap in the fracture site at the pelvic brim. 

A Farabeuf clamp on the displaced segment, in addition to a ball-spiked pusher in the pelvic brim area, can facilitate derotation (see Fig. 51-70). A large 
or small pointed reduction forceps can reduce and hold the fracture line at the iliac crest, and a large pelvic reduction forceps inserted deep into the region of 
the pelvic brim can hold the reduction during screw stabilization. Often, this can be corrected with a strategically placed clamp through the modified Stoppa 
approach with one tine on the displaced anterior column and the other on the intact quadrilateral surface/posterior column (Fig. 51-71A). For the 
trapezoidal-shaped fractures of the anterior wall, the reduction is usually accomplished by in-line traction in combination with a straight ball spike. 
Reduction is facilitated by hip flexion, in order to relax structures crossing anterior to the hip joint. Though difficult to apply, a large offset reduction 
forceps or oblique reduction forceps with pointed ball tips, usually inserted via in the middle window of the ilioinguinal approach, can be very helpful (Fig. 
51-71B). 

After obtaining the reduction, fixation of the anterior column can be performed with a combination of lag screws and plate fixation. Lag screws started 
just lateral to the pelvic brim and directed toward the sciatic notch or retroacetabular surface help to control the external rotation and flexion of the anterior 
column. A lag screw placed between the tables of the ilium at the iliac crest as well as one directed from the interspinous notch toward the posterior superior 
iliac spine can also be placed. The surgeon should carefully consider the location and diameter of any of these lag screws, leaving room for plate and screw 
fixation at the pelvic brim if that is planned as part of the fixation construct. Inadequate screw purchase, osteoporotic bone, or screw fixation placed 
obliquely to the anterior column fracture line should mandate additional plate fixation (Fig. 51-72). When significant quadrilateral surface involvement is 
present that requires stabilization for reason(s) of joint stability and/or congruency, an infrapectineal intrapelvic plate placed via the modified Stoppa 
window may be necessary to maintain the reduction. This intrapelvic plate could also be anchored above the sciatic notch posteriorly and the 
parasymphyseal bone in the superior ramus anteriorly (Fig. 51-73A—C). The surgeon should always carefully plan the reduction maneuvers, clamp 
applications, and fixation strategies preoperatively to achieve a successful result (Fig. 51-74). 


Figure 51-72. Radiographic appearance at 6 months of the patient whose injury films are seen in Figure 51-23. The anterior column has been fixed at the crest and 
interspinous notch with interfragmentary screws. A separate fragment of anterior wall comminution was buttressed with a plate that buttresses the anterior wall without 
actually spanning to the superior ramus (“push” plate). The comminuted superior ramus fracture has been left to heal unfixed. 


Fixation of anterior wall fractures is complicated by several factors. Secure clamp placement is difficult and can interfere with contoured plate 
placement. Interfragmentary screw fixation is often not possible without violating the hip joint. A screw placed very close to the pelvic brim and paralleling 
the quadrilateral surface may suffice to hold the wall fracture but will often be intra-articular within the cotyloid fossa. Once a lag screw is obtained (if 
possible), a buttress plate (which can be very slightly under bent to exert pressure on the fractured wall) is added with screws secured into the ilium above 
the wall fracture (Fig. 51-75). More anteriorly, the plate should be contoured to accommodate the curvature of the iliopectineal eminence for maximum 
buttress effect and minimal prominence. 


ORIF of Anterior Column and Wall Fractures: 


E7 POTENTIAL PITFALLS AND PREVENTIONS 


Injury to the lateral femoral cutaneous nerve 


Excessive bleeding during dissection of the middle window of the ilioinguinal 
approach 


Injury (thrombosis) of the external iliac vessels 


Injury to the sciatic nerve 


Injury to the obturator nerve 


Residual malrotation of the anterior column fracture fragment 


Loss of quadrilateral surface reduction 


Loss of column or wall reduction 


Intra-articular screw placement 


Prevention 


Pitfall 


Identify its location and avoid excessive stretch 


Check for an anomalous origin of the obturator artery, or other anastomoses between the 
obturator and the external iliac systems 


Avoid excessive stretch, especially when reduction clamps are placed through the middle 
window of the ilioinguinal 
Check frequently for a pulse in the artery 


Avoid poor patient positioning and excessive traction 
Be careful with drill bits and screws directed toward the greater sciatic notch 


Understand its location (see Fig. 51-60D) and take care with instrument and implant 
positioning when using the modified Stoppa 


Restore the normal concavity to the internal iliac fossa 

Residual external rotation or flexion of the anterior column fracture is appreciated as a gap in 
the fracture site at the pelvic brim 

Check to ensure that the anteroinferior iliac spine should be aligned with the nutrient foramen 
of the ilium 


Identify need for fixation preoperatively 

Select proper surgical approach 

Buttress using a second plate through the ilioinguinal approach or direct plating via the 
modified Stoppa approach 


Buttress lag screw fixation using an accurately contoured 3.5-mm reconstruction plate 


Confirm extra-articular screw position using C-arm fluoroscopy before leaving the operating 
room 


ure 51-73. A-C: 3D reconstruction images of the associated both column acetabular fractures from F 37 treated through an ilioinguinal approach on a flat 
top radiolucent table without sustained traction. D: Fixation begins with placement of an overcontoured, malleable intrapelvic plate through the modified Stoppa 
approach which is initially fixed to the intact hemipelvic just cranial to the greater sciatic notch with two screws to lateralize the posterior column. To obtain this 
lateralization, temporary manual traction is pulled on the right lower extremity while the more anterior portion of the plate is clamped to the superior ramus near the 
symphysis (clamp #1). With the posterior column (and therefore the hip) lateralized, a clamp can be placed through the intrapelvic window to reduce the anterior and 
posterior columns to one another (clamp #2). This reduction is improved with the addition of a clamp through the middle window with the tines anchored into drill 
holes (clamp #3). Additional clamps are placed at the fracture exit points on the iliac crest (clamp #4). E: Iliac oblique view demonstrating location of intrapelvic place 
cranial to the sciatic notch in addition to the specific locations of applied clamps. F: Once the reduction has been obtained an undercontoured, malleable pelvic brim 
plate is then applied and anchored into the intact hemipelvis posteriorly to buttress the anterior column fragment. Independent screw fixation at the iliac crest fracture 
exit points is also obtained. G: AP view following single posterior column screw insertion through the brim plate to get compression and fixation between the anterior 
and posterior columns. Note the restoration of the ilioischial line indicating appropriate lateralization of the posterior column. The AP view is used to ensure the screws 
are placed just lateral to the ilioischial line to prevent lateral extrusion. H: Additional screws are placed through the pelvic brim plate into the posterior column for 
fixation. The iliac oblique view is used to ensure the screws are appropriately positioned posterior to the acetabulum and anterior to the greater sciatic notch. I: Final 
AP view of the reduction and fixation construct. A screw was added just above the acetabulum and directed posteriorly into the intact ilium for additional stability of 
the anterior column fragment. J-L: AP, obturator oblique, and iliac oblique radiographs, respectively, approximately 1.5 years postoperatively demonstrating a healed 
fracture and symmetric, congruent hip. A single transsacral screw was added at the conclusion of the case due to widening of the sacroiliac joint. (Copyright Kevin D. 
Phelps, MD. Permission granted for nonexclusive unrestricted use.) 


G 
74. A 36-year-old man was involved in a high-speed motorcycle collision. A: Injury AP radiograph does not show an obvious acetabulum fracture. The 
patient has an ipsilateral femoral shaft fracture and a Harris traction splint in place by EMS providers. B: 3D surface-rendered iliac oblique image demonstrates 
extended anterior column fracture with some comminution of the superior ramus (the area of missing bone at the iliac crest was due to a formatting error by the 
radiology technologist. C: Excellent reduction has been obtained by placement of an offset gooseneck reduction clamp using the intrapelvic Stoppa window and a 
small pointed reduction clamp placed on the superior ramus with unicortical drill holes using the middle window of the ilioinguinal approach. D: A flexible 3.5-mm 
pelvic reconstruction plate was placed just lateral to the pelvic brim to buttress the fracture line and drop-down lag screws through the plate into the intact posterior 
column are placed in the two most anterior holes in the plate. A 3.5-mm screw is also used across the cranial iliac crest component after placement of the pelvic brim 
plate. E: A fully threaded 7.3-mm percutaneous anterior column screw is then added to the fixation construct to stabilize the comminution in the superior ramus. F: 
Postoperative axial CT scan at the dome of the acetabulum. G: Iliac oblique radiograph 5 months postoperatively demonstrating maintenance of reduction and joint 
space between the femoral head and acetabulum. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Injury to the lateral femoral cutaneous nerve can occur with either the iliofemoral or ilioinguinal approaches and with the addition of the lateral window to 
the modified Stoppa approach.®°!!9.149.164 Because of the high risk of injury, patients should be advised of this likelihood preoperatively. The surgeon 
should identify the nerve’s location and avoid excessive stretch, if possible. Injury to the external iliac vessels can be avoided by avoiding excessive stretch 
and checking the vessels frequently, especially when reduction clamps have been placed in the middle window of the ilioinguinal approach. Inadequate 
reduction of the anterior column malrotation is not uncommon. A gap in the fracture site at the pelvic brim or a lack of alignment of the anteroinferior iliac 
spine with the nutrient foramen of the ilium is an indication that the reduction is inadequate. In situations requiring increased direct access to fractures of the 
quadrilateral surface (such as the need to plate the quadrilateral surface), the anterior intrapelvic (modified Stoppa) approach can be selected initially for the 
procedure or used in combination with the most lateral aspect (first window) of the ilioinguinal approach.°*:**" For fractures involving the anterior wall and 
all those of the anterior column fractures except large fractures in good quality bone, a well-contoured 3.5-mm reconstruction and/or specialty plate should 
be applied (buttress for the wall and neutralization for the column). 


Figure 51-75. AP radiograph showing fixation of a displaced anterior wall fracture with an undercontoured pelvic brim plate combined with independent anterior 
column screw fixation. This patient also had a posterior column component requiring screw fixation. (Copyright Kevin D. Phelps, MD. Permission granted for 
nonexclusive unrestricted use.) 


Preoperative Planning 


ORIF of Transverse Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard radiolucent table (specialized tables can be used but are rarely necessary) 
Position/positioning aids LJ Prone or lateral 

Fluoroscopy location LJ Opposite to the side of the operating surgeon 

Equipment Purpose-specific reduction clamps 


Method for joint distraction: femoral distractor, traction table, or Schanz pin 
Oscillating drill 


Sciatic nerve retractor 


Implants Purpose-specific 3.5-mm reconstruction plates 
Array of 3.5-mm, 4.5-mm, and large-diameter cannulated screws with lengths to at least 130 mm 


ORIF of a transverse fracture requires standard 3.5-mm hardware, including malleable reconstruction-type plates and 3.5-mm cortical screws. Cortical 4.5- 
mm screws may also be required to serve as anchor points for reduction clamps or as a lag screw across the column fracture. Large-diameter (up to 7.3-mm) 
cannulated screws may also be chosen for stabilization of the anterior component of the fracture. Screws with lengths up to 150 mm are needed if anterior 


column screws will span the entire length of the superior ramus. Other than having these lag screws, the preoperative planning checklist is no different than 
that for posterior column fractures. 


Positioning and Surgical Approach 


Patient positioning is similar as that for the posterior column; with lateral positioning, the weight of the operative leg tends to cause medial displacement of 
the femoral head with further medial displacement and malrotation of fractured inferior transverse fracture fragment. Lateral position also makes palpating, 
working through, and instrumenting adjacent to the greater sciatic notch difficult. In addition, inlet imaging is more difficult in the lateral position if anterior 
column screws are going to be placed. Derotation of the fracture around the vertical axis through the symphysis and correction of medial displacement are 
difficult to achieve. Access through the greater sciatic notch for palpation and clamp placement is facilitated by the use of prone positioning. Prone 
positioning is strongly recommended for any fractures with a transverse fracture line. 

In a transverse fracture (see Fig. 51-16) the inferior (ischiopubic) segment is in one piece, and reduction requires the simultaneous control of the 
displacement and malrotation of the entire segment. The posterior column usually, but not always, is the site of greatest fracture displacement, and therefore, 
the preferred surgical approach is the Kocher—Langenbeck, as described for the posterior wall fracture. As in the posterior column fracture, it is not 
uncommon to find the superior gluteal neurovascular bundle in close proximity or within the fracture site as it courses through the superior aspect of the 
greater sciatic notch. When there is more anterior than posterior displacement of a transverse fracture or for transtectal fractures that run from cranial and 
anterior to caudal and posterior, an anterior approach may be chosen as the preferred approach. Transverse fractures are also the most common patterns seen 
in combined injuries of the pelvic ring and acetabulum, and an anterior approach allows simultaneous open reduction of the sacroiliac joint and anterior 
portion of the acetabulum. 


Technique 


KEY SURGICAL STEPS 


/ | ORIF of Transverse Acetabulum Fractures: 


Expose posterior wall and column 

Identify sciatic nerve from quadratus femoris to greater sciatic notch 

Carefully delineate and clean fracture fragments and the fracture line 

Distract the joint (if necessary) with femoral distractor, traction table, or Schanz pin with manual traction 


e OR table 
e Universal distractor 
e Manually through a trochanteric Schanz screw 


Remove any intra-articular debris 
Reduce femoral head to the intact acetabulum maintaining traction to unload the column fracture fragment(s) 
Reduce the fracture through the greater sciatic notch for reduction of the anterior column. 

Place a second clamp (if needed, using drill holes or a screw-based clamp) across the posterior column fracture line 
Insert a lag screw across the anterior column fracture line 

Fix the posterior component of the fracture using usually two well-contoured 3.5-mm reconstruction plates 


Reduction of a transverse fracture from the posterior approach can be similar to the reduction of the posterior column fracture lines. Often a number of 
reduction tools are required. Reduction of the anterior column can usually be obtained by passing a clamp through the greater sciatic notch with one tine on 
the anteromedial portion of the caudal fragment and the other on the superolateral acetabulum (Fig. 51-76A,B). The reduction is then assessed 
radiographically and by palpation of the quadrilateral surface and pelvic brim through the greater sciatic notch. In transtectal and some juxtatectal fractures, 
only a small portion of the anterior fracture line can be palpated. Intraoperative fluoroscopy assists in judging the reduction of the transverse fracture. If a 
single clamp through the greater sciatic notch does not reduce the fracture completely, use of second clamp on the retroacetabular surface or Schanz pin in 
the ischium may help reduce the fracture (Fig. 51-76C). Fixation of the anterior column with a lag screw, usually through a separate percutaneous incision is 
then performed with fluoroscopic guidance followed by fine tuning of the reduction of the posterior column with placement of two (usually) accurately 
contoured plates posteriorly, resulting in a biomechanically sound internal fixation. Anterior column screws can be placed percutaneously through a separate 
incision and either perpendicular to the fracture orientation or down the entire extent of the ramus as long as the fracture is clamped securely. In the absence 
of a stable clamp application, long anterior column screws have the potential to displace the anterior column fracture due to their often oblique nature in 
relation to the fracture plane (Fig. 51-77). Although a narrow margin of safety exists for lag screw insertion into the anterior column, 4.5- to 7.3-mm screws 
can be accommodated in almost all situations.'! Multiple clamp options exist for obtaining an anatomic reduction of the posterior column once the anterior 
column has been fixed. 


C 


Sawbones model showing the placement of an offset gooseneck reduction clamp through the greater sciatic notch in a prone position to reduce a 
transverse fracture line positioning of a pointed reduction clamp applied through the greater sciatic notch. A: Simulated posterior view. B: Simulated iliac oblique 
view. C: Intraoperative fluoroscopic AP image of offset gooseneck clamp placed through the greater sciatic notch and small pointed tenaculum placed through 


unicoritical drill holes to reduce translational and rotational displacement of a transverse acetabulum fracture. (Copyright Joshua L. Gary, MD. Permission granted for 
nonexclusive unrestricted use.) 
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Figure 51-77. Drawing showing the possible angles for insertion of an anterior column lag screw using the Kocher—Langenbeck (K-L) versus the extended iliofemoral 
(EIF). The angle of the EIF without using this exposure can also be attained by using percutaneous techniques. (Copyright Berton R. Moed, MD. Permission granted 
for nonexclusive unrestricted use.) 


Reduction of a transverse fracture using the ilioinguinal approach is achieved by visualizing the fracture through the modified Stoppa approach, cleaning 
it adequately, and clamping the anterior and posterior columns to one another. The posterior column can be clamped through the modified Stoppa window 
using an angled pelvic clamp (see Fig. 51-71A) while the anterior column reduction can be obtained using either an angled pelvic reduction clamp 
introduced through middle window (see Fig. 51-71B) or by placing a smaller, straight tine clamp through the middle window with the tines through drill 
holes on either side of the fracture line. Fixation proceeds with screw fixation of the anterior column with a lag screw followed by screws placed into the 
posterior column (through the lateral window) either independently or through a plate along the pelvic brim which serves primarily as a washer. 


Potential Pitfalls and Preventive Measures 


All the concerns relative to the particular surgical approach used, as noted above, apply. In addition, one must take great care in exposing the superior aspect 
of the fracture line at the greater sciatic notch to ensure that the superior gluteal neurovascular bundle is not injured. Residual malreduction of the anterior 
portion of the fracture is a common problem that cannot be overemphasized. Although it may appear well reduced on the retroaceatbular surface, accurate 
reduction of the anterior portion of the transverse should be assessed with fluoroscopy and by digital palpation through the greater sciatic notch once the 
clamp is removed. As with all acetabular fracture fixations, extra-articular position of all screws should be confirmed using C-arm fluoroscopy before 
leaving the operating room.*? 


OPERATIVE TREATMENT OF ASSOCIATED ACETABULAR FRACTURE TYPES 


Open Reduction and Internal Fixation of Posterior Column and Posterior Wall Fractures 
Preoperative Planning 


ORIF of a posterior column and wall fracture requires the implants and instruments previously listed for the individual posterior elementary fracture types. 
These include 3.5-mm malleable reconstruction-type plates, spring hook plates, and potentially mini-fragment screws and/or bioabsorbable pins. Specialized 
clamps are required for the column reduction and a ball-spike pusher is helpful for subsequent reduction of the posterior wall. 


Positioning and Surgical Approach 


Patient positioning is similar as that for the individual posterior elementary fracture types. As noted for the posterior column fracture, there are potential 
advantages of prone positioning: Access through the greater sciatic notch for palpation and clamp placement is facilitated, as is lag screw insertion. With 
lateral positioning, the weight of the operative leg tends to cause medial displacement of the femoral head with further medial displacement and malrotation 
of the fractured posterior column fragments. The preferred surgical approach is the Kocher—Langenbeck. 


Technique 


| / E of Posterior Column and Wall Fractures: 


KEY SURGICAL STEPS 


Expose posterior wall and column 

Identify sciatic nerve from quadratus femoris to greater sciatic notch 

Carefully delineate fracture fragments and the fracture line 

Apply traction to distract the joint using femoral distractor, traction table, or Schanz pin with manual distraction 


f e OR table 
e Universal distractor 
e Manually through a trochanteric Schanz screw 
Remove all intra-articular debris including free osteochondral fracture fragments 
Reduce and stabilize posterior column component (usually with a plate adjacent to the greater and lesser sciatic notches or a lag screw) 
Reduce all marginal impaction and free osteochondral segments using the femoral head as a template 
Backfill all metaphyseal impaction 
Reduce and stabilize all posterior wall fragments with buttress plates. 
Sequentially reduce posterior wall fragments using a ball-spiked pusher 
Individually fix the wall fragments using lag screws without excessive tightening 
Buttress and neutralize the construct using a well-contoured 3.5-mm reconstruction plate 


The reduction begins with the posterior column fragment exactly as previously described. Large posterior wall fractures often preclude lag screw fixation of 
the posterior column. A medial plate adjacent to the greater and lesser sciatic notches is helpful to stabilize the posterior column prior to fixation of the 
posterior wall component(s). The posterior wall component(s)are then reduced along with any marginal impaction or free osteochondral fragments that may 
be present. The buttress plate over the posterior wall components also provides additional fixation for the posterior column fracture. 


Potential Pitfalls and Preventive Measures 

All the concerns relative to ORIF of posterior wall fractures apply. In addition, the potential pitfalls and preventive measures for both the elementary 
posterior wall and elementary posterior column fractures apply. 

Open Reduction and Internal Fixation of Transverse and Posterior Wall Fractures 


Preoperative Planning 


ORIF of a transverse and wall fracture requires the implants and instruments previously listed earlier for the individual posterior elementary fracture types. 
These include 3.5-mm malleable reconstruction-type plates, spring hook plates, mini-fragment screws, bioabsorbable pins and larger-diameter screws (4.5 
mm up to 7.3 mm) with long lengths for the anterior column stabilization. Specialized clamps are required for the reduction of the transverse fracture and a 
ball-spike pusher is helpful for subsequent reduction of the posterior wall component(s). 


Positioning and Surgical Approach 


The presence of an unstable posterior wall component mandates a posterior approach. In select situations, combined sequential approaches, or an extended 
iliofemoral can be chosen (Table 51-5). The preferred surgical approach is the Kocher—Langenbeck. For treatment at less than 2 weeks from injury, this 
approach is usually sufficient (Fig. 51-78A). Otherwise, combined or more extensive approach may be required (Fig. 51-78B). Patient positioning is similar 
as that for the individual posterior elementary fracture types. As noted previously, there are significant advantages of prone positioning. 


Figure 51-78. A: Radiographic appearance at 14 months of a 25-year-old woman who underwent ORIF of a transverse with posterior wall acetabulum fracture on the 
day after injury. The fracture was treated with a Kocher—Langenbeck approach. B: Radiographic appearance at 6-year follow-up of the patient whose injury films are 


shown in Figure 51-41. The fracture was treated 22 days after injury through the extended iliofemoral approach. (A: Copyright Joshua L. Gary, MD. Permission 
granted for nonexclusive unrestricted use. B: Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


Technique 


ORIF of Transverse and Posterior Wall Fractures: 


KEY SURGICAL STEPS 


Expose posterior wall and column 
Identify sciatic nerve from quadratus femoris to greater sciatic notch 
Carefully delineate all fracture fragments and fracture lines 
Distract the joint (if necessary) with femoral distractor, traction table, or Schanz pin and manual traction 
e OR table 
e Universal distractor 
e Manually through a trochanteric Schanz screw 
Remove free osteochondral fracture fragments 
Debride ligamentum teres and any intra-articular debris 
Identify area(s) of marginal impaction 
Reduce the transverse fracture line using appropriate clamps 
Insert a lag screw across the fracture into the anterior column 
Reduce all marginal impaction and free osteochondral fragments using the femoral head as a template 
Backfill all metaphyseal impaction 
e Elevate and reduce marginal impaction 
Replace and reduce free osteochondral free fragments 
Temporarily fix fragments with 1.6-mm K-wires, as needed 
Fill underlying bone void with graft material 
Replace K-wires with bioabsorbable pegs or miniscrews, as needed 
e Sequentially reduce posterior wall fragments using a ball-spiked pusher 
LJ Buttress all posterior wall components with a 3.5-mm reconstruction plate and then add a second plate for further fixation of the transverse (and 


potentially posterior wall) components of the fracture 


The reduction of the transverse fracture proceeds as previously described. The addition of a posterior wall component adds technical complexity to the 
reduction and fixation but often improves the visualization of the transverse fracture reduction at the level of the joint by reflecting the wall fragment on its 
capsular and labral attachment(s). The transverse fracture is reduced first and held in place with interfragmentary screw fixation, which is almost always 
possible. If the posterior wall fracture is large, sufficient retroacetabular surface may not be available for screw placement. Occasionally there will be a 
posterior spike that extends to the cranial aspect of the greater sciatic notch. Once the posterior column is reduced a screw can be placed percutaneously to 
maintain the reduction of the posterior column that was obtained by clamp application.°© The posterior wall fracture is then reduced in the standard fashion 
and fixed with plate fixation with or without lag screws (Fig. 51-79). Again, minimal overcontouring of the posterior wall plate is desirable; otherwise, the 
plate may cause a loss of reduction of the transverse fracture line as it is tightened to the bone. 


Potential Pitfalls and Preventive Measures 


All the concerns relative to the surgical approach for the posterior wall mentioned earlier apply. In addition, the potential pitfalls and preventative measures 
for both the elementary posterior wall and elementary transverse fractures apply, as well as the additional issues noted in the transverse fracture section. 


D 
Figure 51-79. A: 3D surface-rendered posterior iliac oblique view of a juxtatectal transverse with posterior wall acetabulum fracture. B: An intraoperative 
fluoroscopic image with the patient prone shows the transverse fracture reduction through a Kocher—Langenbeck approach with a offset gooseneck reduction clamp 
placed through the greater sciatic notch and percutaneous placement of a 7.3 mm cannulated lag by design screw with the clamp in place. C: Intraoperative 
fluoroscopic iliac oblique view following clamp removal showing additional fixation of the transverse component with a medial plate adjacent to the greater and lesser 
sciatic notches followed by a peripheral buttress plate for the posterior wall component. D: AP radiograph of the hip at 9 months showing excellent reduction 
maintained and no signs of posttraumatic arthritis. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


Preoperative Planning 


Preoperative planning for anterior column and posterior hemitransverse fractures is similar to that for the elementary anterior column or wall fracture (Fig. 
51-80). If the main displacement is anterior and the anterior wall is involved, the ball-spiked pusher is often required to assist in holding or correcting 
malrotation of the fracture fragments. In addition, various sizes of angel-jawed offset reduction forceps may be required to address displaced fractures of the 
quadrilateral surface (see Fig. 51-44A). The Farabeuf and serrated reduction forceps (see Fig. 51-44B) are very useful in grasping the displaced anterior 
column. If the quadrilateral plate is involved, the modified Stoppa approach with the lateral and possibly the middle window, as described above, with its 
attendant specialized instruments and plates should be considered. If the posterior displacement is such that it is unable to be addressed through the modified 
Stoppa approach, a sequential posterior approach (Kocher-Langenbeck) may be required. The standard 3.5-mm implants, including malleable 
reconstruction-type plates and long 3.5-mm cortical screws, are adequate for fracture fixation. Occasionally, an anterior column 4.5-mm cortical lag screws 


can be inserted for fixation to the superior ramus. Additionally, a screw can also often be inserted at the level of the anteroinferior iliac spine aimed 
posterior into the intact ilium. 


Figure 51-80. A: AP radiograph of a 26-year-old female patient following a motor vehicle collision demonstrating a right acetabular fracture with medial 
displacement of the femoral head. B-D: 3D CT reconstruction images confirming the diagnosis of an anterior column posterior hemitransverse acetabular fracture. 
This fracture was fixed through an ilioinguinal approach with the patient supine on a flat top radiolucent table without the use of sustained traction. E: An angled jaw 
clamp was placed from the outer ilium through the middle window onto the anterior column fragment for an initial reduction. This was supplemented by smaller 
straight tine clamps placed on the segmental superior ramus. An undercontoured pelvic brim plate was then placed to resist the cranial and medial displacement of the 


anterior column fragment. The most distal aspect of this plate is at the bony edge of the anterior wall and is contoured to match the curvature of the iliopectineal 
eminence for maximal bony contact. F: Additional clamps were then placed across the anterior and posterior column fracture line to gain compression at the articular 
surface prior to placing an anterior column screw. G: Posterior column screws were then placed for fixation of the posterior column. H—-J: AP, iliac, and obturator 
oblique fluoroscopy views, respectively, demonstrating the final fixation construct for the acetabulum (the posterior pelvic ring was subsequently stabilized for 
sacroiliac joint instability noted intraoperatively). K: AP pelvis radiograph 3 months postoperatively demonstrating a healed, concentric hip. (Copyright Kevin D. 
Phelps, MD. Permission granted for nonexclusive unrestricted use.) 


Position and Surgical Approach 


Usually, the posterior column component is only minimally displaced in this fracture type (see Fig. 51-80D). Therefore, the patient position is supine and 
the ilioinguinal approach is used. As previously noted, the modified Stoppa approach with the lateral (and possibly middle) window is a reasonable 
alternative.*°.*3! If the posterior column is widely displaced (>5 mm),* or it cannot be reduced through the anterior approach, the Kocher—Langenbeck is 
added, usually in a sequential fashion. Old fractures having early fracture callus and wide displacement, both anteriorly and posteriorly, require a sequential 
or an extended surgical approach. 


Technique 


ORIF of Anterior Column/Wall and Posterior Hemitransverse Fractures: 


KEY SURGICAL STEPS 


Determine appropriate surgical approach and whether quadrilateral surface comminution is present 
Expose anterior wall and column 
Carefully clear the fracture lines of debris 
Apply traction to unload the joint using: 
e OR table 
e Manually through a trochanteric Schanz screw 
e Temporary manual traction with the leg draped free and prepped into the field 
Reduce femoral head to remaining intact acetabulum 
Correct fracture translation and malrotation using appropriate reduction instruments 
Fix fractured column or wall using lag screws 
Buttress any quadrilateral surface comminution, as required 
e Use modified Stoppa extension of medial window of the ilioinguinal approach 
LJ Apply a well-contoured 3.5-mm reconstruction plate along the pelvic brim being careful not to place screws across the posterior column fracture 
line (until reduced) 
Place the appropriate clamp to reduce the posterior column fracture through the modified Stoppa window 
Insert a lag screw across the posterior column fracture, preferably through the plate 
Insert additional screws and lag screws, as deemed necessary 


Once the anterior column/wall reduction is achieved using the previously described techniques, interfragmentary screw fixation from the internal iliac fossa 
into the sciatic buttress is often initially used, but must be positioned to avoid crossing the fracture line of the unreduced posterior column fracture. This 
fixation can be supplemented with screw placement between the tables of the ilium at the iliac crest. Either a straight (extending up to or over the 
iliopectineal eminence; Fig. 51-80E-K) or a curved 3.5-mm reconstruction plate (both of which can be very slightly under bent to buttress a fractured wall) 
is added with screws secured into the intact ilium posteriorly and to the superior ramus medial to the wall or column fracture (if a curved plate is used; Fig. 
51-81). Again, these screws are positioned to avoid crossing the fracture line of the unreduced posterior column. In addition, screw holes should be left open 
for the later insertion through the plate of lag screws directed into the posterior column. As previously noted, the morphology of the pelvic brim varies from 
patient to patient if using a curved plate. The curve of the brim often follows a J pattern and the length is usually 13 holes in males and 12 holes in females 
for most fractures. 

The posterior column fracture may now be reduced using an angled clamp placed through the modified Stoppa window with a tine on the displaced 
posterior column and another over the pelvic brim to gain compression across the fracture. This clamp application can also lateralize the posterior column. 
An alternative clamp application involves placing a clamp tine through the middle window around the iliopsoas onto the quadrilateral surface portion of the 
posterior column fragment with the other on to the supra-acetabular ilium (see Figs. 51-71B and 51-80E). An intrapelvic rotational reduction of the posterior 
column can be achieved with an independent screw placed into the posterior column for maneuvering purposes or a blunt right-angle clamp through and 
around the anterior aspect of the greater sciatic notch while working through the modified Stoppa window. The reduction is assessed visually and by 
palpation of the quadrilateral surface and image-intensifier visualization of the ilioischial line on the AP view. It is important to recognize that the reduction 
of the articular surface is never directly visualized. By anatomically reducing the internal contour of the innominate bone in combination with intraoperative 
fluoroscopy, an anatomic reduction of the articular surface is obtained. The posterior column fracture is usually fixed with screws inserted from the internal 
iliac fossa, through the plate, and directed down the length of the posterior column to exit the ischium or lesser sciatic notch (see Fig. 51-80G—K). A 
percutaneous screw placed from the outer cortex of the ilium to the ischial spine can be used as an alternative or as supplemental fixation (Fig. 51-82). As 
noted above, when the posterior column cannot be adequately reduced or fixed through the anterior approach, a second, posterior approach should be 
undertaken at this point. This requires patient repositioning with the surgical approach and fixation as described for the elementary posterior column. 


1. Postoperative radiograph of the patient seen in Fis . The wear defect in the femoral head is again noted. Long-plate fixation along the pelvic 
brim has been supplemented by a second push plate buttressing the igen portion of the anterior wall fragments. The posterior hemitransverse is fixed by posterior 
column screws inserted into the plate applied to the pelvic brim. The joint space is seen to be subtly widened. This appearance may be seen if the anterior wall fragment 
is slightly overreduced and causes a partial extrusion of the femoral head. Given the wall comminution, this fracture might have been better addressed today using a 
modified Stoppa approach with the lateral window. The prognosis for the hip joint is guarded. 


Figure 51-82. Model showing the path for a screw (black line) inserted into the posterior column from the external surface of the ilium, with the starting point 
denoted by the blue arrow. The area highlighted in purple is the view of the gluteus medius pillar on the lateral surface of the hemipelvis. (Copyright Joshua L. Gary, 
MD. Permission granted for nonexclusive unrestricted use.) 


These fractures should typically be fixed with a combination of independent screws in addition to plates and rarely with screws alone. Anterior wall 
fracture components may require additional buttress plate fixation (see Fig. 51-80). 


Potential Pitfalls and Preventive Measures 


All the concerns relative to the selected anterior or posterior surgical approach apply. In addition, the potential pitfalls and preventative measures for the 
elementary anterior column and wall fractures apply. Furthermore, after reduction of the exposed anterior fracture, one must be very careful not to 
inadvertently cross the fracture line of the unreduced posterior column. Other pitfalls concern potential inadequate reduction and/or fixation of the posterior 
column. If the posterior column cannot be anatomically reduced and/or stable fixation cannot be obtained, a secondary posterior approach should be 
performed to attain these objectives. 


Open Reduction and Internal Fixation of T-Shaped Fractures 
Preoperative Planning 


A major step in the preoperative planning process for the T-shaped fracture is determining the appropriate surgical approach (see Table 51-5). Since the T- 
shaped fracture is most commonly operated on using the Kocher—Langenbeck approach, the preoperative planning checklist is similar to that for transverse 
fractures and posterior column fractures. As with the transverse fracture, standard 3.5-mm hardware, including malleable reconstruction-type plates and 3.5- 
mm cortical screws, are required. Cortical 4.5-mm cortical screws may also be required to serve as anchor points for reduction clamps or as a lag screw 
across the column fracture. In addition, extra-long screws and large-diameter screws should be available for stabilization of the anterior column component. 
On occasion, an anterior (ilioinguinal or modified Stoppa) approach may be chosen for the reduction and fixation of the T-shaped fracture, especially in 
cases where the predominant displacement is in the anterior column or with associated ipsilateral sacroiliac joint disruptions. In this situation, the items 
stated in Preoperative Planning Checklist for ORIF of Anterior Wall and Column Fractures would apply and long 3.5-mm screws are needed for lag screw 
fixation of the posterior column. 


Position and Surgical Approach 


The T-shaped fracture is most often operated on through the Kocher—Langenbeck approach with the patient in the prone position (see Table 51-5). If the 


anterior column fracture cannot be reduced through the selected posterior approach, a subsequent patient repositioning and an anterior approach are 
required. As previously noted, an anterior (ilioinguinal or modified Stoppa) approach is an option for the reduction and fixation of the T-shaped fracture. 
The conditions under which this selection is most common are when the predominant displacement is of the anterior column of when the vertical limb of the 
T is anterior, close to the pelvic brim. This configuration typically leaves a large portion of the quadrilateral surface intact to the posterior column fragment, 
allowing the surgeon sufficient access for the reduction. Anterior column fixation with a long large-diameter screw (4.5-7.3 mm) leaves the posterior 
components free for subsequent reduction and fixation through the Kocher—Langenbeck approach (when chosen) and allows for removal and replacement 
(when necessary) during a subsequent approach if for some reason the posterior column is unable to be reduced. Posterior column components can often be 
reduced and stabilized through the anterior approach, especially when a large portion of the quadrilateral surface remains attached to the posterior column. 
Analogous to the situation just described, if the reduction of the posterior column is not successful through the anterior approach, a staged subsequent 
Kocher—Langenbeck is required for the direct reduction and fixation of the posterior column. 

T-shaped fractures with significant displacement of the cranial to caudal limb that separates the anterior and posterior column components are extremely 
difficult to reduce through a single nonextensile approach and are usually best treated with sequential or extensile approaches. It may also be the one 
fracture subtype in which a combination of approaches that allows simultaneous access to both columns remains as a tactic to be given serious 
consideration. Old fractures having fracture callus require an extended or sequential approach.'°° Historically, all those with the transverse fracture line 
through the weight-bearing dome (transtectal) were also treated using an extended iliofemoral approach.!®° This is rarely the preferred option today, as 
sequential anterior and posterior approaches are chosen by most surgeons (see Table 51-5). 


Technique 


ORIF of T-Shaped Fractures via the Posterior Approach: 


KEY SURGICAL STEPS 


Expose posterior wall and column 

Identify sciatic nerve from quadratus femoris to greater sciatic notch 

Carefully delineate fracture fragments and the fracture line 

Distract the joint (when necessary) using femoral distractor, traction table, or Schanz pin and manual traction 


e OR table 

e Universal distractor 

e Manually through a trochanteric Schanz screw 
Remove any intra-articular debris 


Reduce and fix the anterior column fracture (usually with an anterior column screw) 

Assess the fracture fluoroscopically, palpably, and visually to determine adequacy of the reduction 

Fix the anterior column (usually with a long anterior column screw) 

Reduce, assess, and stabilize the posterior column component of the fracture with drop down screws into the posterior column through the lateral 
window in an anterior approach and 3.5-mm reconstruction plate(s) in a posterior approach 


After the fracture lines are exposed and cleaned and intra-articular debris (if any) has been removed, the anterior column component is reduced and 
stabilized. Through a posterior approach, this can sometimes be facilitated with displacement of the posterior column to visualize the intra-articular 
reduction read. Displacing the posterior column fracture and placing a clamp across the stem of the T between the anterior column fracture and the intact 
ilium allows the reduction to be obtained (see Fig. 51-76B,C). The reduction is assessed radiographically as well as directly visualized on the articular 
surface with the femoral head distracted and posterior column displaced. Internal fixation with lag screws down the long axis of the anterior column is 
performed. Again, it is important to realize that the anterior column screw can only be placed at a certain angle through the incision used for the Kocher— 
Langenbeck approach, which causes it to exit near the pectineal eminence (see Fig. 51-77). A very long screw traversing almost the entire anterior column 
can be inserted, approximating the angle capable through the extended iliofemoral approach, or by using a percutaneous insertion point and fluoroscopic 
guidance (Fig. 51-83). The posterior column fracture is then reduced and internally fixed as described in the posterior column section (Fig. 51-84). Another 
option is the reduction and lag screw fixation of the posterior column fracture first. This is made more complicated by the need to keep the posterior column 
fixation completely out of the anterior column fracture and vertical fracture line that separates the anterior and posterior columns. Placement of clamps 
through the greater sciatic notch then allows reduction of the anterior column fracture. With either of these techniques, if the anterior column fracture cannot 
be reduced, a subsequent anterior approach may be required. 

If the reduction can be achieved through the Kocher—Langenbeck approach alone, direct plate fixation on both columns is not necessary. Well-contoured 
plate(s) on the retroacetabular surface with a lag screw across the anterior column fracture usually provides excellent stability.2*° 


Figure 51-83. Model showing the path for a screw (black line) inserted into the anterior column from the external surface of the ilium with the starting point denoted 
by the blue arrow. The area highlighted in purple is the view of the gluteus medius pillar on the lateral surface of the hemipelvis. (Copyright Joshua L. Gary, MD. 
Permission granted for nonexclusive unrestricted use.) 


The presence of a posterior wall component adds significant complexity to the fracture reduction. Stable fixation of the posterior column and wall 
without crossing into the vertical limb of the T or into the anterior column fracture line is rarely possible. Therefore, the anterior column fracture must be 
reduced and fixed first. Obtaining reduction and fixation of the anterior column first through an anterior approach makes the reduction and fixation of the 
posterior column and wall more simple. Fixation should be performed with an anterior column screw to obtain stable fixation and avoid screws 
inadvertently crossing the vertical component of the T into the posterior column or posterior wall fracture line(s). These technical considerations may 
explain why the T-shaped fracture with an associated posterior wall had the lowest rate of excellent reductions of any type or subtype of fractures in the 
series of Letournel and Judet!5° and Matta.!® 


Figure 51-84. Radiographic appearance at 2 years of the patient whose injury films are seen in Figure 51-30. This patient was treated in the prone position through the 
Kocher—Langenbeck approach. Because of the patient’s large size, two lag screws were placed into the anterior column and two plates were applied to the posterior 
column. (Copyright Berton R. Moed, MD. Permission granted for nonexclusive unrestricted use.) 


ORIF of T-Shaped Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Selection of the wrong surgical approach e Quickly recognize the inability to reduce and/or fix the column opposite to the surgical approach 
e Reduce and fix the exposed column 
e Ensure that inserted hardware does not compromise the vertical limb of the T or enter the unreduced 
opposite column 
e To address the opposite column using a second incision or converting to an extensile approach 


Traction injury to the sciatic nerve during retraction of the posterior e Identify and avoid prolonged and excessive retraction of the sciatic nerve while manipulating the 
anterior column through the greater sciatic notch using the posterior approach 

e Avoid prolonged and excessive retraction of the sciatic nerve while inserting retractors into, or 
manipulating the posterior column, through the greater sciatic notch using the anterior approach 


column 


Unstable fixation of the column opposite to the surgical approach e Exposure of the opposite column and application of a plate or lag screw 


Inability to fix the anterior column from the posterior approach because e Recognize the situation preoperatively 
of an associated posterior wall fracture e Plan anterior column fixation from the Kocher—Langenbeck approach that will avoid the posterior wall 


fracture components 

e Alternatively, plan to fix one column first without compromising reduction of the other column, then 
proceed to fix the other column using a second approach 

e Ifa problem occurs intraoperatively, be ready to proceed to a second or extensile approach 


All the concerns relative to the selected anterior or posterior surgical approach apply. In addition, a major potential pitfall is selection of the wrong surgical 
approach. If the column opposite to the selected surgical approach cannot be adequately mobilized and reduced, the decision should be made quickly to alter 
the surgical tactic and plan to proceed to a second incision, directly exposing the opposite column. Care should be exercised to ensure that any inserted 
fixation does not cross into the unreduced opposite column or the cranial to caudal limb of the T. Should the issue be that early callus formation precludes 
fracture mobilization, consideration should be made for proceeding directly to a sequential combined or an extensile approache. 

Inability to obtain secure fixation of the reduced opposite column, such as because of inadequate screw purchase, can be overcome with a second 
approach and plate fixation, although this is rarely needed. The presence of a posterior wall fracture requiring fixation as a component of the T-shaped 
fracture indicates a higher level of difficulty. In this situation, one must carefully plan fixation location and be prepared to convert to an alternative surgical 
approach if necessary. 


Open Reduction and Internal Fixation of Both-Column Fractures 


A major step in the preoperative planning process for the both-column fracture is determining the appropriate surgical approach (see Table 51-5). Since the 
both-column fracture is most commonly operated on using an anterior approach (ilioinguinal or modified Stoppa), the preoperative planning checklist is 


similar to that for anterior column and wall fractures. For those fractures requiring an alternative approach, the checklist is similar to that for the posterior 
column. As for the transverse fracture types, long screws are often required. 


Position and Surgical Approach 


The both-column fracture is most commonly operated on using an anterior approach (ilioinguinal, modified Stoppa, or combination of the two) with the 
patient supine. The presence of a posterior wall component does not preclude the use of this approach. If the posterior wall has a large superior spike of 
ilium attached, it can be reduced by additional lateral dissection of the ilium from the crest incision (Fig. 51-85). In addition, if the posterior wall labrum has 
not been torn, the wall will reduce along with the reduction of the posterior column. It can be fixed with screws from the inner table directed into the 
posterior superior wall.?° If this is not successful, a second, posterior approach can be added to address the wall if needed. 

An extended iliofemoral approach with the patient in the lateral position can be selected when fracture callus is present (i.e., surgery delayed >2 weeks 
following injury) that impairs fracture mobilization. Alternatively, sequential approaches can be performed although this tactic may require re-opening of 
the initial approach for reduction and fixation after the fracture has been completely cleaned of callous and mobilized from the second approach if an 
anatomic reduction is unable to be obtained. Other situations in which one should consider the use of the extended iliofemoral approach or sequential 
approaches are those both-column injuries having a comminuted fracture of the posterior column, a small but unstable or comminuted posterior wall 
fracture, a displaced fracture line involving the sacroiliac joint, or a wide separation of the anterior and posterior columns at the rim of the acetabulum. 16° 
The extended iliofemoral approach is becoming less common as many surgeons are abandoning it in favor of either alternative or sequential approaches for 
situations that it has historically been indicated (Fig. 51-86). 


Technique 


ORIF of the Both-Column Fracture via the Ilioinguinal Approach: 


KEY SURGICAL STEPS 


vi anterior wall and column 
Carefully clear the fracture lines of debris 
Apply traction to unload the joint using: 


e OR table 
e Manually with the use of an assistant, distal femoral traction pin, or through a trochanteric Schanz screw 


Reduce anterior column first (typically) 

Correct fracture translation and malrotation using appropriate reduction instruments 

Fix the anterior column using an undercontoured 3.5-mm reconstruction brim plate while avoiding placing fixation into the posterior column 
Place the appropriate clamp to reduce the posterior column fracture 


e Use lateral window of the ilioinguinal approach 

e Use middle window of the ilioinguinal approach 

e Use modified Stoppa extension of medial window of the ilioinguinal approach 
Select modified Stoppa with lateral window as the surgical approach 

= Insert a lag screw across the posterior column fracture, preferably through the plate 


Insert additional screws and lag screws, as deemed necessary 


Reduction and fixation of the both-column fracture through the ilioinguinal approach is frequently similar to that of the anterior column posterior 
hemitransverse fracture (see Fig. 51-73). Attention is typically first directed to reducing and fixing the anterior column to the remaining intact ilium. The 
treating surgeon may elect to work from the periphery (iliac crest) toward the acetabulum for obtaining a reduction or work to reduce the anterior and 
posterior columns together first and fix any crest components secondarily. An intercalary triangular-free fragment of iliac crest is sometimes present. This 
fragment can first be reduced and fixed to the intact ilium with a lag screw followed by reduction and fixation of the anterior column if good cortical reads 
are available. The anterior column is reduced with the use of a Farabeuf clamp on the iliac crest for control of the internal rotation often supplemented by 
lag screws or a pelvic brim plate to exert an internal rotation force on the anterior column via the pelvic brim (see Fig. 51-73F). The entire internal contour 
of the innominate bone must be reconstructed to ensure anatomic reduction of the acetabulum. Comminution or plastic deformation of the thin cortical bone 
of the internal iliac fossa is common, making assessment of reduction impossible in this location. Frequently, comminution at the pelvic brim is seen, and if 
this is not reduced, the anterior column reduction can be assessed only at the iliac crest. Given that, the most critical area for reduction to ensure an anatomic 
articular reduction is the fracture between the anterior and posterior columns near the pelvic brim. When starting at the iliac crest, the tendency is for the 
surgeon to leave the anterior column with a residual flexion and adduction deformity, making perfect reduction of the joint impossible. As with 
nonoperatively treated both-column fractures, operative malreduction may lead to secondary surgical congruence if all the fracture fragments remain 
congruent to the femoral head. Although this may be better tolerated than other malreductions of the acetabulum, it is still undesirable. A posterior wall 
component, if present, can be addressed by developing the exposure to the lateral surface of the ilium.9”?7! As noted above, a large reduction clamp placed 
across the anterior border of the innominate bone can be used to reduce the posterior wall (see Fig. 51-85A). This fracture can be fixed with obliquely 
oriented screws placed from just lateral to the pelvic brim and directed posteriorly toward the superior iliac extension of the wall fragment (see Fig. 51- 
85B). 
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Figure 51-85. A: Obturator oblique fluoroscopic view showing reduction of a large posterior wall component in an associated both column acetabular fracture using a 


clamp with one tine placed on the iliac spike of the wall fracture through a small incision made in the fascia lateral to the iliac crest. B: Fixation of the wall fragment by 
placing screws from the iliac fossa directed into the posterior wall fragment (through a plate which acts as a washer). C: Slightly rotated AP radiograph demonstrating 
a healed fracture with a concentric hip 10 months postoperatively. (Copyright Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted use.) 


Frequently, impacted areas of articular cartilage are encountered ( E). This is especially frequent with initial medial displacements of the 
femoral head causing an impaction of the medial roof. Lateral traction via a trochanteric pin or temporary manual traction may be used to position the 
femoral head beneath the intact segment of articular surface during clamp application. If possible, it is often beneficial to have the anterior column in an 
anatomically reduced position in relation to the femoral head prior to reduction of free articular fragments so that the femoral head may then be used as a 
template for the reduction of the impacted segments. The disimpaction of such fragments is usually performed through the fracture line separating the 
anterior and posterior columns.°° In some circumstances, the impacted roof fragment may not be accessible through a primary fracture line and a cortical 
window may have to be created in the internal iliac fossa, allowing the insertion of a bone tamp and disimpaction of the fragment with radiographic 
assessment of the reduction. When roof impaction is reduced, cancellous allograft or a bone void filler is then placed followed by screw fixation just above 
the fragment to prevent reimpaction during healing ( 7). These screws are naturally close to the articular surface and, if displacement does occur, 
may come in contact with the femoral head, contributing to articular wear and loss of the joint. 
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Figure 51-86. A: 24-year-old woman with a left associated both column acetabular fracture with a segmental posterior column. The AP pelvis radiograph reveals 
significant medial displacement of the both the caudal (black star) and segmental portion of the posterior column (white star). Also seen is the cranial exit of the high 
anterior column fracture at the iliac crest (yellow arrow). B: The iliac oblique radiograph reveals addition detail about the posterior column in addition to a free 
articular fragment (white arrow). C: The posterior column displacement is again visualized on the obturator oblique view in addition to the free articular dome 
fragment. Note that the hip is distracted as it is in distal femoral skeletal traction. D-F: AP and Judet 3D reconstruction images for correlation to the radiographs. Note 


the free articular fragment highlighted by the yellow arrow on the iliac oblique view in E. G: An inlet 3D reconstruction view is included to aid with appreciation of the 
magnitude of posterior column medial displacement. This fracture was fixed through an ilioinguinal approach with the patient supine on a radiolucent table without 
sustained traction. H, I: The anterior column was first reduced and stabilized with a pelvic brim plate and anterior column screw. The segmental posterior column 
fragment was then visualized, mobilized, and reduced by maximizing the exposure through the modified Stoppa window. J: The segmental posterior column fragment 
was then stabilized with an intrapelvic plate placed just above the greater sciatic notch to buttress the fragment. K: Compression was then obtained across the posterior 
column with an angled jaw clamp placed across the anterior and posterior columns prior to posterior column screw insertion through the brim plate. L, M: Obturator 
and iliac oblique views of the final fixation construct. N-P: AP and Judet views of the patient 1.5 years and 10 months out, respectively (Judet views were not obtained 
at 1.5 years of follow-up). (Copyright Kevin D. Phelps, MD. Permission granted for nonexclusive unrestricted use.) 


Following reduction of the anterior column and all its components, the posterior column is reduced using a clamp to bring the posterior column to the 
reduced anterior column (see Fig. 51-71A). This reduction is often visualized and more easily directly obtained through the modified Stoppa approach (see 
Fig. 51-73E-G). It is also possible to obtain reductions of more complex posterior column fractures through the modified Stoppa approach with appropriate 
surgical exposure with appropriate clamp applications. When using temporary traction with the leg prepped free it is sometimes advantageous to place an 
over contoured intrapelvic plate to buttress the posterior column into a more anatomic, lateralized position prior to proceeding forward with definitive clamp 
application between the anterior and posterior columns (see Fig. 51-73E). If using a straight pelvic brim plate as the other method of fragment stabilization, 
this intrapelvic plate can also serve to stabilize the acetabulum to the anterior pelvis. As with the anterior and posterior hemitransverse fracture, the posterior 
column fracture is usually fixed with screws inserted from the lateral window, through a pelvic brim plate, and directed down the length of the posterior 
column to exit the ischium or lesser sciatic notch (see Fig. 51-73G—I). A percutaneous screw placed from the outer cortex of the ilium to the ischial spine 
can be used as an alternative or as supplemental fixation (see Fig. 51-82). Although some both-column fractures may be amenable to lag screw fixation 
alone, supplemental plate application is strongly recommended. A plate applied to the pelvic brim adds additional stability and should always be used if 
there is any question regarding the stability of the screw-only construct. 


A £ B 
Figure 51-87. Six-month radiograph of the patient seen in Figure 51-28. The “gull wing” impacted fragment has been reduced using the femoral head as a template. A 
lag screw placed from outside the bone to the quadrilateral surface passes directly above the fragment to buttress it, and a second anteroposterior screw is placed just 
above this fragment to prevent the first screw from losing fixation and allowing displacement of the fragment. A slight imperfection in the roof can be appreciated 
where the impacted fragment was reduced. 


Although historically the extended iliofemoral approach has been used for a subset of specific indications, many authors now prefer sequential or 
alternative approaches to address these more complex fracture configurations or clinical scenarios (see Fig. 51-86). For fractures that require an extended 
iliofemoral approach, the sequence of reduction and fixation is usually similar to that using the ilioinguinal approach. First, the anterior column is reduced to 
the remaining intact ilium and fixed with lag screws. The posterior column fracture fragment is then reduced and stabilized. If there is a remaining separate 
component, it is now reduced to the columns. The entire construct is then stabilized using 3.5-mm reconstruction plates. 


Potential Pitfalls and Preventive Measures 


All the concerns relative to the selected anterior surgical approach apply. In addition, a major potential pitfall is selection of the wrong surgical approach. If 
the posterior column or a posterior wall component cannot be adequately mobilized and reduced, the decision should be made quickly to proceed to a 
second posterior incision, for direct exposure and posterior column reduction. As with the T-shaped fracture, care should be exercised to ensure that any 
inserted fixation does not cross into the unreduced posterior wall or column. Should the issue be that early callus formation precludes fracture mobilization, 
complete mobilization should be completed via the anterior approach followed by a sequential posterior approach or an extensile approach. 


Percutaneous Fixation of Acetabular Fractures 


Percutaneous fixation, with or without closed reduction, has been proposed to prevent potential further fracture displacement and for elderly patients with 
displaced acetabular fractures in whom a less than anatomic reduction could be accepted, as well as for simple fractures with minimal displacements, and 
for the morbidly obese patients.90-98.125.209,236 Percutaneous fixation has also been proposed as an adjunct to standard ORIF techniques (see Figs. 51-82 and 
51-83).°° In addition, it has been offered as an option in conjunction with limited open surgery for displaced fractures in the elderly as a staging procedure 
for THA and in young patients with severe injuries that prevent formal ORIF of the fracture.”®?36:250 The potential benefits of percutaneous surgery are self- 
evident. However, specific indications and contraindications for the use of this technique are still being formulated. 14:236 


The main proponents recommend that all nondisplaced fractures are amenable to percutaneous treatment, with the exception of those having an unstable 
posterior wall fracture component.!* The issue is how to determine which nondisplaced fractures are at risk to displace and, therefore, warrant any surgery 
at all. As previously noted, only a very small number (<7%) of these nondisplaced and minimally displaced fractures are potentially unstable and will 
significantly displace.” Furthermore, a much more recent long-term prognostic level II study has shown that nondisplaced and minimally displaced 
fractures do very well.5? With a prognosis of a 94% 10-year survival of the native hip, one is hard pressed to recommend any type of operative intervention. 
This same study did, however, show that fractures with more than 2 mm of step off on the obturator oblique radiograph have a worse prognosis. Patients 
with displacement of 2 mm or more were included in this series if they had serious medical comorbidities that were contraindications to operative treatment 
or were octogenarians with poor bone stock.°* It is perhaps in these patient groups where percutaneous treatments will find their best use. Displaced 
fractures generally amenable to percutaneous treatment include anterior column and transverse types, and transverse types.'* Anterior column and posterior 
hemitransverse, T-shaped, and both-column fractures can be treated percutaneously; however, this treatment is best reserved for the geriatric population, 
having minimal posterior column displacement.'+8788 A displaced or unstable posterior wall component is a contraindication for percutaneous treatment. !4 
Impacted acetabular dome fragments and quadrilateral surface involvement cannot be addressed percutaneously. 


Preoperative Planning 


Percutaneous Fixation of Acetabular Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard radiolucent table 
Position/positioning aids LJ Supine 

Fluoroscopy location LJ Opposite to the side of the operating surgeon 
Equipment Purpose-specific and custom reduction clamps 


K-wires for temporary fixation 
Oscillating drill 


Implants LJ Standard and long 6.5-, 7.0-, or 7.3—mm partially threaded screws 


If percutaneous treatment is to be used, one must fully understand the surgical objectives. When the decision has been made to operate on a nondisplaced 
fracture, the objective is to insert screws into the appropriate column. Displaced fractures require fracture reduction that commonly is less than anatomic. 
The reduction may be accomplished by closed manipulation but may involve a “mini-open” technique, which requires specialized reduction tools. Fixation 
is usually provided by 6.5-mm or greater-diameter cannulated screws.'* Extra-long guidewires for these screws may be required. If fracture reduction is to 
be performed, timing of surgery is important. Surgery is best performed as soon as possible and is usually performed within 1 week of injury.!+°” 


Technique 


Percutaneous Fixation of Acetabular Fractures: 


KEY SURGICAL STEPS 


Place supine of the radiolucent OR table 

Check with C-arm fluoroscopy that adequate imaging of the fracture is possible 

Prepare and drape the patient to allow free manipulation of the limb and allow “mini-open” lateral window exposure, if required 

Manipulate the limb under fluoroscopic observation 

If closed manipulation fails, proceed to using reduction instruments via a “mini-open” lateral window approach, and formal open reduction and 

internal fixation, when needed 

Sequentially reduce the fracture, basically going from anterior to posterior 

Fix with cannulated or solid screw lag screws 

Remove all provisional fixation 

Assess reduction and fixation using fluoroscopy 
The patient is placed supine on a radiolucent operating room table. The entire lower abdomen and the leg ipsilateral to the fracture are draped free to allow 
manipulative reduction maneuvers.**9 The C-arm fluoroscopy unit is positioned opposite to the side of the fracture. There is no single maneuver to effect 
fracture reduction. Using fluoroscopic imaging to assess reduction, various maneuvers are tried, including in-line traction, internal and external hip rotation, 
and hip abduction.'+749 However, most cases will require a mini opening with application of specialized reduction clamps (Fig. 51-88). This “mini-open” 
exposure involves limited exposure through the lateral window of the ilioinguinal incision. Following the reduction, column screws are inserted 
percutaneously directed by fluoroscopic imaging. Variations of the standard radiographic views are used fluoroscopically to ensure the correct trajectory for 
a screw placement, such as the obturator outlet view and the inlet iliac view for those inserted antegrade into anterior column, as well as the teardrop view 
(Fig. 51-89).24° 


Potential Pitfalls and Preventive Measures 


The main pitfalls of percutaneous treatment is poor patient selection and ultimately a less than ideal reduction. One should have a clear understanding of the 
capabilities of this technique. Anatomic reduction of minimally displaced fractures is possible using limited open reduction in the experienced surgeon’s 


hands (see Fig 88). However, anatomic reduction of displaced fractures is not commonly attainable, nor is it necessarily the treatment objective (F 
). The concept is that less than adequate reductions in the elderly patient population (aged 60 and older) treated percutaneously attain outcomes equivalent 
to those treated by ORIF, as well as acute THA. °°” 


D 
8. Juxtatectal right transverse acetabulum fracture with central displacement in a 42-year-old obese female who was struck by a truck while crossing the 
street. Patient had concurrent injuries to the ipsilateral sacroiliac joint and contralateral superior and inferior rami and bilateral femoral shaft fractures. A: Injury AP 
view. B: Intraoperative fluoroscopic AP view showing a ballspike pusher on the outer table and a “rib-tickler” inserted through a “mini-open” lateral window paired 
with longitudinal traction after external fixation of the femoral shaft injury to reduce the transverse acetabulum fracture prior to wire placement for an anterior column 
screw. C: Intraoperative fluoroscopic obturator oblique image after fixation with an antegrade 7.3-mm anterior column screw and retrograde 7.3-mm posterior column 
screw demonstrating concentric reduction of the acetabulum fracture. D: AP radiograph at 3 years postinjury demonstrating maintenance of reduction and no signs of 
posttraumatic arthritis in the right hip joint. (Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


OPERATIVE TREATMENT OF ACETABULAR FRACTURES IN GERIATRIC PATIENTS 


Many aspects of operative management in the elderly have been discussed in the preceding sections. Operative treatment, being closed reduction and 
percutaneous fixation, limited open reduction and percutaneous fixation, has been shown to have 1-year mortality and conversion to THA rates very similar 
to those for nonoperative treatment.®*:2°73° In one study from 2012, patients treated with minimally invasive reduction and percutaneous fixation had a 
conversion to THA in 31% and a 1-year mortality of 14%.°° In another study from 2014 in patients treated by ORIF, the conversion to THA was 28% and 
the 1-year mortality of 29%.*°’ In addition, a study from 2015 comparing surgical and nonoperative found no difference in mortality.*’’ In this multicenter 
retrospective comparative level II study of 454 patients aged 60 years or older, they hypothesized that operative treatment would confer a mortality benefit 
compared with nonoperative treatment even after adjusting for comorbidities associated with death. The four treatment groups were nonoperative 
management with early mobilization, percutaneous reduction and fixation, ORIF, and acute THA. They found that operative treatment of acetabular 
fractures does not increase or decrease mortality, once comorbidities are taken into account.*’’ They concluded that operative versus nonoperative treatment 
of geriatric acetabular fractures should not be justified based on the concern for increased or decreased mortality alone. Without hard functional comparative 
evidence to go on, it appears that the decision to treat geriatric patients with a displaced acetabular fracture by any type of fracture reduction and internal 
fixation must be individualized according to the individual surgeon’s experience and expertise. Patients with central displacement may be good candidates 
for nonoperative management with immediate weight bearing with a walker and delayed THP after fracture healing, when needed. Patients with posterior 
instability of the joint are not candidates for nonoperative management unless they are nonambulatory or bedbound. Physiologic age, activity level, pain 


tolerance, mobilization needs, fracture morphology, and comorbidities may all play a role in the decision-making process. 


Figure 51-89. Teardrop view obtained to show the long column of bone running from the anterior superior iliac spine to the posterior superior iliac spine, which is 
available for anterior column and wall lag screw fixation. In this image, two “LC-2” style screws have been placed around an antegrade anterior column screw. 
(Copyright Joshua L. Gary, MD. Permission granted for nonexclusive unrestricted use.) 


As previously noted, operative treatment should be considered if the fracture or femoral head displacement precludes a viable hip socket and/or the pain 
from the fracture does not allow for mobilization of the patient. As previously noted, a fracture involving the posterior wall with instability cannot be 
satisfactorily treated nonoperatively. Furthermore, comminuted posterior wall fractures in the elderly have been shown to have poor outcomes when treated 
by ORIF.!®* Therefore, THA appears to be the best option in this situation. Although not helpful for posterior wall fractures, the nomogram (see Fig. 51-39) 
published by Tannast et al.2°* may prove beneficial as a prognostic aid and a method to direct treatment selection. However, it has not been further analyzed 
in this regard. 


Figure 51-90. A displaced anterior column with posterior hemitransverse fracture in a 68-year-old man after a fall of 5 feet from a ladder. A: Postoperative AP 
radiograph after limited open reduction via a small lateral window and percutaneous screw fixation. B: AP 6-week follow-up radiograph. A loss of reduction with 
recurrent cranial and medial displacement of the femoral head and loss of fixation and with “cut-out” of the anterior column screw from the parasymphyseal bone is 
seen. The anterior column screw was removed, and the patient was eventually converted to arthroplasty. (Copyright Joshua L. Gary, MD. Permission granted for 


nonexclusive unrestricted use.) 


THA can be performed in either an acute or delayed fashion. Acute THA may be very helpful in elderly patients who have severe articular impaction 
and a femoral head injury.'”? However, impaction of the acetabular component into an unfixed fracture is technically challenging and may be associated 
with early acetabular cup loosening.!7°19773” Therefore, in fractures with unstable column fractures, fixation to stabilize the columns should be performed 
in combination with THA. This fixation can be performed in an open or percutaneous fashion.**!°3!7° Alternatives have been described using 
reinforcement rings and cages, rather than standard internal fixation.4*”° In any case, a separate surgical approach for the column fixation procedure should 
be avoided to minimize operative time and blood loss. However, good results have been reported using a modified Stoppa approach to stabilize the anterior 
column followed by a posterior approach for THA and posterior column fixation, if needed.??” Although some good results have been reported recently for 
acute THA, these studies are invariably level IV evidence with small patient numbers.4476-153.227 Reports of delayed THA following nonoperative treatment 
are scarcer still. Invariably, late THA has been described in a retrospective review of a combination of all patients with failed treatment by ORIF and 
nonoperative means. Universally, the nonoperative group is comparatively very small.??° Reports comparing ORIF to THA are limited and have small 
patient numbers.2”268 With no substantial direct comparison of any of the forms of treatment it is difficult to define protocols.®! Therefore, with the limited 
evidence base currently available for THA in acetabular fracture patients, the surgeons’ practice and expertise are the most useful tools in clinical practice. 
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Algorithm 51-1 Authors’ preferred treatment for acetabulum fractures. 


Nondisplaced fractures, excluding those involving the posterior wall, can be treated by close observation. Any evidence of subsequent fracture 
displacement necessitates operative intervention. Nondisplaced posterior wall fractures should be evaluated with stress examination under anesthesia. 
Instability demonstrated with this examination warrants ORIF. Stable nondisplaced fractures can be treated nonoperatively. Displaced fractures require 
operative treatment, preferably ORIF. As detailed in the foregoing sections, the specific surgical tactic is dictated by many factors, the most important 
being the exact fracture morphology. 


PERIOPERATIVE CARE 


All acetabular fracture patients should be considered at high risk for venous thromboembolism (VTE). Currently, no prophylactic treatment consensus 
exists, and clinicians have limited data to guide their prophylactic therapy decisions.!°*?4” Our approach is based on evidence-based clinical practice 
guidelines and consists of mechanical sequential compressive devices applied on hospital admission to both lower extremities, with low—molecular-weight 
heparin for chemical prophylaxis added as soon as the patient is hemodynamically stable and not stopped for surgical intervention. A recent study of 476 
orthopaedic trauma patients showed that this patient population had better than previously reported VTE prophylaxis adherence; however, 11% of the 
patients still developed VTEs.°° Despite the possible diagnostic utility of duplex ultrasound screening, it does not seem to decrease the risk of pulmonary 
embolism in asymptomatic acetabular fracture patients receiving thromboprophylaxis, and the evidence-based clinical practice guidelines recommend 
against routine duplex ultrasound screening for deep vein thrombosis in asymptomatic pelvic fracture trauma patients unless they have received suboptimal 
thromboprophylaxis or no thromboprophylaxis.!°-!9* Therefore, screening is reserved for this select group. Those in this select group who have a 
preoperative screening test positive for a proximal deep vein thrombosis and those symptomatic patients clinically diagnosed preoperatively with pulmonary 
embolism or a proximal deep vein thrombosis receive a vena cava filter.!°° However, this indicated use remains a topic for debate.!!”.24 In any case, the use 
of a vena cava filter for prophylaxis is not recommended.®?:!° After discharge from the hospital, the patients are usually maintained on extended chemical 
prophylaxis for a minimum of 3 weeks. 


HO is associated with all approaches that involve stripping of muscle from the external surface of the ilium and is a particular risk of extended surgical 
approaches. The most recent data may require modification of the following recommendations made based on a review of the evidence available in the 
literature in 2009,!83 regarding the use of HO prophylactic treatment: 


e Prophylaxis after acetabular fracture fixation using the ilioinguinal or Kocher—Langenbeck surgical approaches (or similar surgical approaches) is not 
recommended. 
Prophylaxis after acetabular fracture fixation using the extended iliofemoral surgical approach or similar surgical approaches is recommended. 
Despite conflicting evidence, prophylaxis with indomethacin after acetabular fracture fixation through the Kocher—Langenbeck surgical approach or 
similar posterolateral surgical approaches is recommended. 

e Prophylaxis with irradiation after acetabular fracture fixation through the Kocher—Langenbeck surgical approach or similar posterolateral surgical 
approaches is not recommended. 


In a subsequent systematic review of prospective studies comparing irradiation to indomethacin prophylaxis, an overall rate of HO of 8.9% was found 
with indomethacin, as opposed to 8.3% with irradiation.!° Although this difference is statistically significant (p = .034), the consensus is that this small 
difference is unlikely to represent a clinically relevant difference.!%8 In a review published in 2012, indomethacin was again recommended as the primary 
prophylaxis to prevent HO after acetabular surgery via a posterior or an extended approach.!9° However, more recently, the evidence and therefore the 
recommendations have changed somewhat. In a level III, retrospective comparative study from 2013, Griffin et al. showed no difference in the rate or 
severity of HO formation in 120 patients treated with a Kocher—-Langenbeck approach: 59 with indomethacin and 62 with placebo.” However, the study 
was underpowered and there was no specific follow-up protocol. They reported an overall incidence of symptomatic moderate or severe HO (Brooker Class 
II and IV) of 15%. This compares to the 8% for the Kocher—Langenbeck approach in study reported by Matta,!® in which significant heterotopic bone 
formation was defined as motion limited by greater than 20% and patients were not given prophylactic treatment. In addition, Sagi et al. found that 
indomethacin prophylaxis increases the risk for nonunion of the posterior wall fractures.?** This finding is consistent with the finding of others for increased 
risk of long-bone nonunion.** Sagi et al. defined nonunion as a lack of bridging callus and a visible fracture line present on at least three contiguous CT 
axial cuts as well as coronal and sagittal CT reconstructed images at 6 months postoperatively.2** A side light was their finding of 19% “nonunion” in the 
placebo control group. Perhaps it is the actual required healing time for posterior wall fracture union that needs our attention, rather than HO prophylaxis. 
Three of these studies had relatively poor follow-up and adherence with the drug regimen, which may account for the lack of therapeutic effect.°°9%294 
Whatever the cause, it appears that indomethacin is not clinically effective for HO prophylaxis. 

Irradiation (as a single dose of 700-800 cGy delivered within 72 hours of surgery) is thought to be effective.*+ 198 One study has shown no difference 
if dosing is performed preoperatively versus postoperatively. However, this study was underpowered. An increased rate of infection has been reported in 
conjunction with postoperative irradiation.!°' In addition, concern exists regarding the potential for radiation-induced sarcoma. In 2014, Burnet et al. 
reported on the relative risk of death from fatal cancer in the range of 1 in 1,000 to 1 in 10,000.°° However, there are also reports failing to show any 
increased risk with irradiation. In a matched case-control study within a population-based cohort of 2,749 patients treated for acetabular fractures with ORIF 
or who underwent THA, 199 patients had irradiation for HO prophylaxis and 238 patients were diagnosed with a malignancy.**° In the cancer cohort, 4% of 
patients had radiation therapy, compared with 7% in a matched control group. Of the nine patients diagnosed with cancer after irradiation, none occurred 
within the field. 

The excision of any gluteus minimus muscle identified intraoperatively as being necrotic has been touted as a successful method for HO prophylaxis.??? 
It is certainly common sense not to leave muscle recognized as being necrotic in a surgical wound. However, the actual success of this as an isolated 
prophylaxis technique has not yet been fully defined.®.9° A recent single-center study demonstrated no difference in HO formation in patients who did and 
did not have gluteus minimus debridement.*’ Other benefits of minimus debridement include cranial and anterior exposure on the retroacetabular surface for 
reduction and visualization. 

Postoperatively, AP and oblique radiographs should be obtained if the surgeon does not plan a postoperative CT scan. The routine use of postoperative 
CT is controversial. There is no doubt that the postoperative CT scan is the better assessment method of fracture reduction. 81:263 More recently, it has also 
been shown to be significantly associated with hip survivorship.2°? However, as previously noted, there are concerns regarding cost and radiation exposure, 
as well as reports showing that CT scanning after acetabular fracture surgery rarely shows the need for secondary intervention.”:!842°6 However, a 
postoperative CT scan should definitely be considered if there is concern for inadequate reduction. Newer technology with fluoroscopy machines that also 
have CT-like capabilities have allowed advanced, detailed intraoperative imaging to be obtained which allows any malreduction or errant hardware 
placement to be addressed while the patient is still under anesthesia.?7° 

The patient is mobilized as quickly as the associated injuries will allow. Sitting up on the first postoperative day is followed by formal physical therapy 
for active range-of-motion exercises on subsequent postoperative days. THA precautions should not be needed, as internal fixation has rendered the hip joint 
stable. In general, partial, toe-touch weight bearing of 10 to 15 kg with crutches or a walker is required for 8 to 12 weeks. However, progression to full- 
weight bearing must be tailored to the individual. Formal physical therapy should begin at 6 weeks postoperatively for muscle strengthening and continue 
until muscle strength and range of motion are regained or a plateau is reached. For patients treated using a surgical approach in which the hip abductors are 
detached at the tendon—bone interface (i.e., the extended iliofemoral approach), active hip abduction, active and passive hip adduction, and hip flexion past 
90 degrees are prohibited for at least 6 weeks. 

After discharge from the hospital, patients are seen at 2 weeks for wound inspection and suture or staple removal and then at 6 weeks, 3 months, 6 
months, 1 year and postoperatively, and then yearly thereafter. AP and oblique radiographs should be obtained at these visits, early on to assess maintenance 
of reduction and fracture healing and later to assess the potential for posttraumatic arthritis. The expectation is that patients will return to most routine 
activities by 6 months postoperatively and more vigorous activities by 1 year. However, multiple elements must be factored into the individual patient’s 
recovery, including the magnitude of the soft tissue injury, any associated injuries, and the preexisting medical status. Therefore, the overall recovery time is 
quite variable. 


OUTCOMES 


ORIF of Acetabular Fractures 


Clinical Results 


The results of ORIF of acetabular fractures are varied in the literature and often difficult to interpret. However, three of the largest series reporting outcomes 
after acetabular fractures treated within 3 weeks of injury all reported good or excellent results in 75% to 81% of fractures at long-term follow-up.!5°1® As 
previously noted, the instrument used in the assessment of acetabular fracture outcome has been a clinical measure, the modified rating scale of Merle 
d’ Aubigné and Postel.!°°.165.181,182 To reiterate, this scale rates pain, walking, and range of motion each on a 6-point scale. A score of 18 is excellent, 17 is 
very good, 16 and 15 are good, 14 and 13 are fair, and less than 13 is poor (Table 51-6). The scores are usually dichotomized into good-to-excellent (15-18) 


and fair-to-poor (14 or less) groups for reporting purposes. 


TABLE 51-6. Results of Operative Management of Acetabular Fractures 


Result 
Fracture Type Total No. Excellent Very Good Good Fair Poor 
Posterior wall 117 87 (74%) 6 3 + 17 
Posterior column ll 9 (83%) 0 1 1 0 
Anterior wall 9 6 (67%) 0 l 1 l 
Anterior column 16 12 (75%) l l 0 2 
Transverse 19 17 (89%) 1 0 0 l 
T shaped 26 20 (77%) 3 0 0 3 
Transverse and posterior wall 101 49 (49%) 16 10 9 17 
Posterior column and posterior wall 17 5 (29%) 1 2 1 8 
Anterior column and posterior 41 26 (63%) 5 4 3 3 
hemitransverse 
Both column 135 76 (56%) 21 14 ll 13 
Total 492 (100%) 307 (62%) 54 (11%) 36 (7%) 30 (6%) 65 (13%) 


Adapted with permission of Springer Nature BV, from Letournel E, Judet R. Fractures of the Acetabulum. 2nd ed. Springer-Verlag; 1993, permission conveyed through Copyright 
Clearance Center, Inc. 


One of the objectives of operative intervention is to obtain an anatomic reduction of the articular surface, and clinical outcome strongly correlates with 
the adequacy of fracture reduction.!5°!® In Letournel and Judet’s series of 492 acetabular fractures treated operatively, anatomic reduction was achieved in 
366 patients (74%). Eighty-one percent of patients demonstrated a good, very good, or excellent result using their modification of the Merle d’ Aubigné and 
Postel hip score.!5° In contradistinction, approximately 64% (81/126) of patients with an imperfect reduction achieved a good-to-excellent clinical result. 
Posttraumatic arthritis was observed in 10% of cases where anatomic reduction was achieved and in 36% of cases where reduction was imperfect.!5° Even 
when posttraumatic arthritis was seen after a perfect articular reduction, Letournel and Judet!®° found that 50% of the time, the arthritis presented between 
10 and 25 years after injury. In contrast, after imperfect reduction, 80% of the cases of arthritis appeared within the first 10 years after injury. 

Matta!® also demonstrated the importance of achieving an anatomic reduction (defined as up to 1 mm of residual displacement) as the main outcome 
determinant for acetabular fracture surgery. A total of 262 patients with displaced acetabular fractures treated operatively were evaluated at an average 
follow-up of 10.9 years. Interestingly, he obtained results that were essentially identical to those of Letournel and Judet. Eighty-one percent (150/185) of 
patients with anatomic reduction achieved a good or excellent clinical result, whereas only 64% (49/77) of patients with nonanatomic reduction achieved a 
good or excellent clinical result.!6 An important difference between those with an anatomic reduction and those with an imperfect reduction (defined as 2- 
3 mm of residual displacement and previously called “satisfactory”) was demonstrated. Therefore, from these clinical results it would appear that to 
maximize the patient’s hip function following injury, the surgeon must strive for an inframillimetric reduction with every fracture. 

The rate of anatomic reduction has been shown to decrease with increased fracture complexity, patient age, and time delay to fracture fixation.!®° Time 
delay to fracture fixation dramatically affects results. In Letournel and Judet’s series of 138 patients treated after a 3-week delay, the rate of good-to- 
excellent results dropped to 54%.!°° Similarly, Johnson et al.!?3 reported 65% good-to-excellent results in 187 patients. In a series of 237 patients, Madhu et 
al.!5° found that an anatomic reduction was more likely if surgery was performed within 15 days for elementary fracture types and 5 days for associated 
fracture types. A good-to-excellent clinical outcome was more likely when surgery was performed within 15 days for elementary fracture types and within 
10 days for associated fracture types. As noted previously (Timing of Surgery section), the time to surgery has been shown to be a significant predictor of 
clinical outcome and odds of anatomic reduction decreases daily from injury to operative intervention. Therefore, surgery should be performed as soon as 
possible after injury and definitely should not be delayed beyond 15 days for elementary fractures and 10 days for associated types.°°!°° In general, 
anatomic reductions are more difficult to obtain in the morbidly obese patients.*!4 

Certain fracture patterns appear to have better outcomes after surgical treatment than others (see Table 51-6). Both-column fractures are complex 
injuries and technically demanding. However, they have a generally better outcome than many fracture types, despite a higher rate of nonanatomic 
reduction. Matta!® 
as a straightforward treatment problem with excellent anatomic reduction rates reported as high as 100%.!°° However, despite the anatomic reduction 
obtained in all 22 treated fractures, a 32% clinical failure rate was reported.!® This was higher than for any other fracture type in the series. Similar findings 
have been reported by Aho et al.! and Chiu et al.°° However, others have reported clinical results (>80% good-to-excellent) similar to other acetabular 


obtained anatomic reduction in only 57% of cases, yet still achieved a good-to-excellent result in 77%. Posterior wall fractures present 


fracture types.9!-!50,182 Tt was suggested by Letournel and Judet!°° and later shown by Moed et al.!®! that the disparity between clinical results and apparent 
anatomic reduction, as determined by plain radiography, is due in large part to the inadequacy of radiographs in assessing the quality of the postoperative 
posterior wall reduction. In this series of Moed et al., fracture reductions were graded as perfect in 65 and imperfect in 2 (97%), as determined with use of 
plain radiography.'®! However, postoperative CT revealed the articular surface reduction to be perfect in only 15 (22%).!®! Postoperative CT, therefore, 
appears to be a more accurate means of documenting the articular reduction after posterior wall fracture.?>:'®! However, because of recent concerns raised 
regarding the radiation exposure from repeated CT examinations, routine postoperative CT scanning is not warranted unless it is being used for a medical 
need, such as to evaluate possible loss of reduction or fixation requiring reintervention.??7!” 

As previously noted, acetabular fracture patient outcome also has been evaluated using survivorship of the hip, with conversion to THA or hip fusion as 
an indirect indication of the development of posttraumatic osteoarthritis.°”-75* Looking at clinical outcome of ORIF in this way in a prognostic level II study 
of 816 hips, Tannast et al. showed that ORIF of displaced acetabular fractures was able to successfully prevent the need for subsequent THA within 20 years 
in 79% of the patients.*°* The survivorship for both-column fractures at 20 years of follow-up was significantly greater (87%), and the survivorship for 
anterior wall fractures was significantly lower (34%). The other types of fractures were not significantly different. Of the eight factors found to have a 
negative effect hip survivorship (see Fig. 51-39), three are directly related to the surgical intervention: nonanatomical reduction, postoperative incongruence 
of the acetabular roof, and utilization of the extended iliofemoral approach.?54 


Functional Outcomes 


Studies using the MFA outcome instrument as the evaluative measure of health status after acetabular fracture surgery paint a different picture than those 
evaluating hip function using the modified Merle d’Aubigné and Postel clinical score.!39-190.193 In a series of studies, Moed et al. found that complete 
recovery after a fracture of the acetabulum is uncommon, with residual functional deficits involving wide-ranging aspects of everyday living that do not 
necessarily have an obvious direct connection to hip function.!%°!% Although a correlation was found between the modified Merle d’Aubigné and Postel 
score and the MFA score, the relatively worse MFA scores for these patients with an acetabular fracture, compared with those in the reference population, 
indicate that a complete return to a preinjury functional level is uncommon for these patients despite a good-to-excellent Merle d’Aubigné and Postel 
clinical score.!9®%193 Similarly, Kreder et al.!°9 found relatively worse MFA scores for patients with an acetabular fracture compared with those in the 
reference population. Despite some differences among these studies, the overall data and the importance of the emotional category of the MFA score as a 
negative determinant of functional outcome were consistent. Interestingly, these findings are similar to those of a small series of patients with hip and femur 
fractures.’”> Although the modified Merle d’Aubigné and Postel score may be useful for evaluating isolated hip function in patients with a fracture of the 
acetabulum, it appears to have limited usefulness as a method for evaluating the overall functional outcome in these patients. These findings indicate that it 
certainly is possible for a patient to have minimal hip pain, walk without a limp, and have a good-looking radiograph but not be doing well. 

Despite the fact that there have been concerns raised regarding the validity of the reference values of the MFA score,!®8 others have reported similar 
functional limitations in acetabular fracture patients using different functional outcome instruments.” Investigators using the SF-36 and Life Satisfaction-11 
to evaluate quality of life in 136 operatively treated acetabular fracture patients and followed for at least 2 years found that life satisfaction plateaued at 6 
months and was generally lower than normal.2* Furthermore, they found that SF-36 outcome improved in the physical domains over a 2-year period; 
however, it remained lower than normal.?* Importantly, patients having an anatomic fracture reduction scored better than those with residual displacement 
of more than 2 mm.?? Patients having an acetabular fracture associated with a pelvic ring injury have been shown to have a significantly lower physical 
component score of SF-36 as compared with those with an isolated injury.2!% 


Percutaneous Treatment of Acetabular Fractures 
Clinical Results 


Currently, there are very little long-term follow-up data demonstrating clinical results in these patients. Most series have a very small number of patients 
with little or no follow-up.?!-99-125,209 In one of the larger series, Starr et al.?°° reported on 24 patients. Thirteen elderly patients with displaced fractures had 
medical problems and anatomic fracture reduction was not thought to be a necessity. There were also 11 young patients with minimally displaced 
elementary fracture patterns. Closed or limited open reduction was thought to be successful in 23 patients. In one obese young patient, the percutaneous 
surgery was aborted and an open procedure was performed. Postoperatively, average residual articular displacement as measured on plain radiographs was 3 
mm in the 13 elderly patients and 1 mm in the 10 young patients. After an average of 1 year of follow-up, 5 of the 11 elderly patients available for follow-up 
had already undergone THA and there were incomplete data reported for the 10 young patients.*°° Unfortunately, the Harris Hip Score was used for the 
clinical evaluation of these patients, precluding comparison with other studies using ORIF. In a follow-up from this center, the investigators reviewed their 
first 18 patients older than the age of 60 years with displaced acetabular fractures treated with closed or limited open reduction and percutaneous screw 
fixation.7°° All 18 fractures were reduced to within 5 mm with minimally invasive techniques, and stabilized percutaneously and followed for a mean of 27 
months. Four patients experienced early loss of reduction. Of these four patients, two had THA within 1 year and one died of unrelated causes. Three 
additional patients died and 2 of the remaining 11 patients progressed to THA. In a more recent study from this center, a review of 35 patients older than the 
age of 60 years followed from 2 to 15 years showed that 24 had maintained their native hip and 11 had been converted to THA.®® Again, the Harris Hip 
Score. Based on these limited clinical results, it is difficult to provide any specific recommendations regarding this technique. 


Functional Outcomes 


In the study noted above,®® functional outcomes were obtained in 35 patients aged 60 or older treated at an average of 6.8 (range 2-15) years after the index 
surgery using the Short Form Musculoskeletal Functional Assessment outcome instrument. Although the outcome results showed no difference from the 
population norms for individuals older than the age of 60, the patient numbers were small and the poorer patient scores for the daily activities and mobility 
indices approached levels of significance.®® A recent study with short-term follow-up and a very small number of patients completing functional outcome 
scores (7/19 total) with good results rightfully concluded that actual functional outcomes for this treatment modality have yet to be determined.” 
Survivorship of the native hip joint has been evaluated after percutaneous repair of acetabular fractures in the elderly patients.®” In 75 patients aged 60 
or older, treated with percutaneous reduction and fixation of acetabular fractures, and followed for a mean of 3.9 years (range 0.5-11.9), 19 had total hip 
replacements. Survivorship analysis demonstrated a cumulative survival of 65% at 11.9 years and there were no conversions to arthroplasty beyond 4.7 
years postoperatively. Based on these findings, these investigators concluded that rate of conversion to THA is comparable to open treatment methods and if 


conversion is required, soft tissues are preserved for future surgery.®” 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 


ACETABULUM FRACTURES 


Acetabular Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Posttraumatic arthritis and osteonecrosis of the femoral head 
Infection 

Iatrogenic nerve injury 

Venous thromboembolism 

Intra-articular hardware 

Heterotopic ossification 


POSTTRAUMATIC ARTHRITIS AND OSTEONECROSIS OF THE FEMORAL HEAD 


The primary complication after fracture of the acetabulum is posttraumatic arthritis. The quality of the fracture reduction appears to be the main determinant 
for the risk of late traumatic arthritis.5°!©° Long-term studies have demonstrated that fracture reductions to within 1 mm of residual displacement have 
better long-term outcome and a lower prevalence of arthritis than those with greater than 1 mm of displacement. In addition, if arthritis develops after a 
perfect reduction, the onset tends to be later and the progression slower than arthritis that develops after a poor reduction.!°° Damage to the femoral head at 
the time of initial injury is another important factor.!®° Osteonecrosis of the femoral head is known to result from acetabular fractures associated with hip 
dislocation and can be a cause of posttraumatic arthritis. However, posttraumatic arthritis more commonly occurs because of wear of the femoral head 
against a malreduced fracture and may often be incorrectly attributed to osteonecrosis.!°!®5 Conversion to THA or hip fusion (rarely indicated) should be 
dictated by the clinical symptoms and functional needs of the individual patient. If it is required, conversion to THA usually occurs within 2 years of 
injury.°!-181,207,254 Unfortunately, secondary THA following failed acetabular fracture ORIF is not a panacea. Findings of a recent study case-control 
study,!9 consistent with those of previous investigators,2°*”” showed that the survivorship of THA for posttraumatic arthritis after ORIF of an acetabular 
fracture is inferior to that of THA for degenerative arthritis. Interestingly, there was no difference in the 10-year survival rate for those primarily treated 
nonoperatively versus those treated by ORIF.!9° Causes of THA failure include aseptic loosening, osteolysis, and infection. 195220 Functional outcomes of 
patients with secondary THA are also inferior to those in patients with primary THA for degenerative arthritis.?°8 


INFECTION 


The rate of infection is approximately 5% in most series of acetabular fractures treated operatively.!5°!® The risk of infection is increased in patients with 
open fractures and local soft tissue injuries such as Morel—Lavallé lesions (Fig. 51-91).!°? Gastrointestinal or urologic injuries are also associated with 
increased infection rates. Appropriate antibiotics, less extensive surgical approaches, and aggressive debridement of open wounds can help to decrease the 
rate of infection. As previously noted, Haas et al.!°! reported infection in 6 of 66 (9%) patients who were treated with postoperative irradiation to diminish 
HO. This is one of the highest reported rates of infection after acetabular fracture. However, other authors have reported lower rates of infection after 
extended approaches and irradiation.'8%25! As noted previously, embolization of a pelvic arterial injury may be associated with a high rate of infection after 
subsequent ORIF of an acetabular fracture.!5°.2°3 In one series, 58% of the patients (7/12) who underwent embolization subsequently became infected and a 
disproportionate number of patients who developed infection had their entire internal iliac artery embolized.!°9 They concluded that embolization of the 
entire iliac artery should be avoided whenever possible. As previously noted, a more recent study has disputed this finding, reporting a deep infection rate of 
only 4% after embolization, which was lower than their control group who did not undergo angiography (9.6%).®* These authors surmised that the 
difference could be due to their technique, which consisted of selective embolization using a temporary occluding agent. Preoperative patient characteristics, 
angioembolization technique, and angioembolization materials may all contribute to infection rates in this patient population.®* Morbidly obese patients 
have been found to be five times more likely to develop a postoperative wound infection when compared with their normal-weight counterparts.!28215 
Although initially thought to possibly be effective,2° a recent randomized prospective trial published in 2017 has shown that negative pressure wound 
therapy used over closed surgical incisions does not decrease the incidence of deep infections when compared to gauze dressings in patients with acetabular 
fractures.°” In fact, it may be counterproductive. 
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Figure 51-91. Example of a Morel—Lavallé lesion in a patient with combined pelvic and acetabular fractures. (Copyright Berton R. Moed, MD. Permission granted 
for nonexclusive unrestricted use.) 


The adverse effect of a deep postoperative intra-articular wound infection cannot be minimized. Complete joint destruction can be expected in 50% of 
these cases.'®° However, the results are somewhat dependent on the surgical approach. If an infection involves the joint itself, the results are uniformly bad. 
This is usually the case when a surgical approach is used that exposes the joint directly, such as the Kocher—Langenbeck or an extended approach. In 
contradistinction, patients treated operatively via the ilioinguinal approach who become infected have a much better chance at a good outcome. This is 
likely because there is less devitalization from stripping of muscle from the innominate bone and the reduction of the joint is indirect. Therefore, the local 
blood supply is less impaired and deep infection may remain extra-articular, sealed off from the joint by the fracture reduction and healing. 

Management of infection is similar to that for other anatomic regions. If the infection is early, then hardware preservation is attempted to maintain the 
stability of the hip until union and can be removed in a delayed fashion if clinical or laboratory evidence of persistent infection persists. Early recognition is 
important. Excessive wound drainage should be aggressively managed by exploration of the wound, irrigation, debridement, and closure over drains. 
Culture-positive wounds should be treated with repeat irrigation and debridement until the wound is fully controlled and definitive closure is possible. Late 
infection is treated with hardware removal. In all cases, a long-term culture-specific antibiotic, usually with a minimal empiric course of 6 weeks, is used. 


IATROGENIC NERVE INJURY 


Although the superior gluteal, inferior gluteal, obturator, or femoral nerves may be injured during acetabular surgery, the known prevalence of these injuries 
is low. However, iatrogenic damage to the sciatic nerve is one of the major complications encountered in acetabular fracture management. These injuries are 
most commonly associated with the posterior and extended surgical approaches that involve direct exposure and retraction of the sciatic nerve.!5°26 Injury 
at the time of indirect reduction of posterior column displacement through an anterior surgical approach can also occur.”®114150 The rate of nerve injury 
appears to decrease as surgeon experience increases. Matta et al. reported a 9% prevalence in their retrospective series, decreasing to 5% in the subsequent 
prospective series, and further diminished to 3% without the aid of any nerve monitoring. 165-166 These numbers compare favorably with those of series 
using somatosensory-evoked potential monitoring systems that report a 2% to 7% prevalence.!>109.114,265 The question is whether somatosensory-evoked 
potential monitoring, although feasible, is of real clinical value. It has been shown that iatrogenic injury may occur despite normal somatosensory-evoked 
potential tracings.!8*.265 Furthermore, Middlebrooks et al.!7”4 demonstrated no substantial reduction in the rate of iatrogenic nerve injury with the use of 
intraoperative somatosensory-evoked potential monitoring. At present, no clear data indicate that nerve monitoring actually reduces the overall rate of 
iatrogenic sciatic nerve injury. For the prevention of this complication, there is no substitute for attention to detail in the operating room, with careful patient 
positioning, maintaining the knee flexed during posterior approaches to relax the sciatic nerve, cautious placement of retractors, and limited traction on the 
nerve during fracture reduction. 

Management of sciatic nerve injury is expectant, and the prognosis for functional recovery is variable.?)’8 In a large, multicenter study of 137 patients 
with nerve injury, 33 were identified as iatrogenic and 55% of these showed no recovery.*! In this series, most nerve injuries were in the sciatic nerve 
distribution, particularly L5 deficits. For the L5 deficits, full recovery occurred in 30% of the complete injuries and 46% of the incomplete injuries. In 
addition, these nerve injuries may result in the development of chronic regional pain syndrome.*! Electromyography is helpful in defining the extent and 
severity of injury but not as a prognostic indicator.” Return of nerve function occurs over a variable time interval with recovery noted as late as 3 years 
after surgery.'5° Management of sciatic nerve injury consists of the use of an ankle-foot orthosis, observation, and physical therapy. Medical treatment may 
be required to control the pain of neurogenic origin.” Prolonged sciatic neuropathy associated with acetabular fractures can result in disabling long-term 
symptoms. Release of the sciatic nerve from scar tissue and heterotopic bone has been shown to be helpful.!*° Decrease in the sensory symptoms can be 
expected; however, motor symptoms are less likely to resolve.!"” 

Iatrogenic injury to the femoral nerve is very rare with a prevalence of 0.2% to 0.4%.9%150.165 Unfortunately, the impairment can be debilitating, with 
the patient often requiring bracing for ambulation. Fortunately, with the exception of the highly unusual occurrence of laceration of the nerve, the prognosis 


for recovery is excellent.°° The most common neurologic injury after treatment of an acetabular fracture is to the lateral femoral cutaneous nerve after the 
ilioinguinal approach.5*!49.164 Despite taking all appropriate measures to protect the nerve, during even a routine surgery the nerve may become stretched or 
attenuated. Clinically, most patients experience a region of cutaneous anesthesia in the nerve distribution that becomes dysesthetic over time but ultimately 
resolves. Warning the patient of this likelihood preoperatively is important because even though the symptoms are generally well tolerated by the patient, 
they are nevertheless bothered enough by their symptoms to seek reassurance that they will resolve or be mitigated over time. Some surgeons routinely 
remove a 2- to 3-cm section of the lateral femoral cutaneous nerve intraoperatively to prevent neuroma; discussion with the patient preoperatively is 
important regarding the expected sensory deficits. 


VENOUS THROMBOEMBOLISM 


As previously mentioned, posttraumatic and postoperative thromboembolism is a significant problem in acetabular fracture patients. Letournel and Judet!°° 
reported 13 deaths (2.3%) after acetabular fracture surgery, 4 of which were caused by massive pulmonary embolism. In a more recent series of 229 patients 
treated using a thromboprophylaxis regimen, symptomatic postoperative deep vein thrombosis occurred in 4% and symptomatic postoperative nonfatal 
pulmonary embolism occurred in 1%.!°? There were no fatal cases of pulmonary embolism. Patients diagnosed preoperatively with pulmonary embolism or 
a proximal deep vein thrombosis are candidates for the insertion of an inferior vena cava filter.!°°-!9? Preferably, a retrievable filter should be used. 
However, these filters are not without risk, and retrievable filters should be removed as soon as protection from pulmonary embolism is no longer 
needed.?6! A dedicated inferior vena cava filter program is helpful in this regard.!7° 


INTRA-ARTICULAR HARDWARE 


Although specific rates are not available, intra-articular placement of screws is a documented and often destructive complication of acetabular fracture 
surgery. Letournel and Judet!®? originally proposed taking the hip through range of motion in complete silence in the operating room to listen for crepitus as 
a method for detecting intra-articular hardware. Anglen and DiPasquale® recommended the use of a sterile esophageal stethoscope for the same purpose. 
Other authors have recommended careful intraoperative and postoperative radiography (fluoroscopy, plain radiography, and/or CT) to ensure that the 
hardware has been placed outside the joint.®’? However, intraoperative fluoroscopy is the best method.*° At the completion of the operative procedure, the 
hip joint should be completely examined using C-arm fluoroscopy. Axial and tangential views should be obtained of any screws near the joint to ensure 
extra-articular placement. With a concave joint surface, a single view showing extra-articular placement of a screw is sufficient to definitively confirm that 
it is, in fact, extra-articular. Screws having questionable position should be repositioned. There is no reason to leave the operating room without confirming 
with certainty that there are no intra-articular implants. 


HETEROTOPIC OSSIFICATION 


The radiographic occurrence of HO is quite common after acetabular fracture surgery. It has been reported as occurring in as many as 90% of patients after 
acetabular fracture surgery (range 18-90%) with severe involvement as high as 50% in some patient groups.?® The term severe heterotopic ossification is 
often used to describe the amount of HO necessary to impair function. Greater than 20% loss of total hip motion is thought to be the best clinical definition 
for severe HO.! Many reports have used the Brooker classification, which relies solely on the AP radiographic view of the hip, for this determination.7°!®” 
However, this radiographic method does not consistently correlate with hip joint motion and generally overestimates the clinical severity of HO.15°-177 
Although adding the standard Judet oblique views (which would routinely be obtained in the course of the patient’s postoperative evaluation) to the AP 
view has been shown to give a more reliable indication of the restriction of motion that can be attributed to HO, this method is only slowly being 
incorporated into general use.°*83.° The study reported by Matta,!® in which significant heterotopic bone formation was defined as motion limited by 
greater than 20% and patients were not given prophylactic treatment, provides the expected prevalence figures for clinically important HO as follows: 
Kocher—Langenbeck, 9 of 112 (8%); extended iliofemoral, 12 of 59 (20%); and ilioinguinal, 2 of 87 (2%).!®° 

Symptomatic HO, including any progressive neurologic symptoms are indications for surgical excision, generally followed by secondary prophylaxis 
for recurrence prevention.!%8 Traditionally, this treatment was thought to require delay until normalization of alkaline phosphatase levels, stable or 
diminishing bone scan activity, and maturation of the heterotopic bone on radiographs. Often, this meant a delay upward of 1 year. More recently, early 
excision following fracture healing and adequate rehabilitation has been recommended. In 2014, Wu et al. reported on 18 acetabular fracture patients 
with severe HO in which 7 had resection within 6 months, 8 between 6 and 12 months, and 3 after 1 year.276 The recurrence rate was 29% when resection 
was performed within 6 months and 36% when performed after 6 months and none of the recurrences were clinically significant.” A report with a much 
larger number of patients comparing early HO excision (52 patients) to late excision (112 patients) in the elbow had similar findings with a recurrence rate 
of 29% and 27%, respectively.4® However, further data on this treatment are needed. Whatever the timing of surgical excision, preoperative planning using 
standard 2D axial sections, as well as 3D reconstructions, is important to define the surgical approach for bony excision and to help identify the location of 
neurovascular structures. This can be difficult surgery and complications, such as intraoperative femoral neck fracture, sciatic nerve injury, and femoral 
head avascular necrosis, have been reported.?”° Single-dose postoperative irradiation therapy, indomethacin, or a combination thereof has been used for 
postexcision prophylaxis.!°8271276 Surgical excision is a very successful treatment modality in patients with congruent joint surfaces. Significant relief of 
pain and return of motion should be expected in most patients, !50-177,198.269,271,276 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATING TO ACETABULUM 


FRACTURES 


Since the initial publications of Judet and Letournel in the early 1960s, significant strides have been made in the treatment of acetabular fractures. There is 
no doubt that excellent clinical results can be obtained by experienced surgeons, and the expansion of educational activities specific to acetabular fracture 
care has increased the number of experienced surgeons. One of the most important recent transitions in acetabular fracture surgery is the expanded use of 
the modified Stoppa surgical approach not only for routine fractures as a “replacement” for the ilioinguinal approach, but also for those with extensive 
comminution of the quadrilateral surface. However, acetabular fracture fixation remains an extensive and complex surgical undertaking. 


Not all patients achieve a good or excellent clinical result, related mainly to residual fracture displacement and perioperative complications. In addition, 
not all fractures are perfectly reconstructable, and there are some patients for whom the operative morbidity may not be justified, given the expected result. 
Fractures complicated by osteopenia, preexisting arthritis, large degrees of articular impaction, or morbid obesity continue to routinely fail current ORIF 
techniques.°)!17.128.214,215,248 Elderly patients with significant medical comorbidities may not tolerate an extensive reconstructive procedure and may not be 
able to comply with the postoperative weight-bearing restrictions. Some of these patients perhaps would be better served initially with nonoperative 
management, THA, or some form of percutaneous fixation. Use of the suggested nomogram (see Fig. 51-39) may help to define patients better suited for 
alternative treatments.” Unfortunately, the outcomes from these alternative techniques are themselves suspect. Primary arthroplasty to treat acetabulum 
fracture has been associated with a significantly higher complication rate and poorer outcomes than standard primary arthroplasty for 
osteoarthritis. !05170,197,257 Recent reports are more encouraging in this regard,'°?; however, additional studies with greater patient numbers are needed. 
Combined expertise of fellowship-trained trauma and arthroplasty surgeons, either two surgeons or a dual-trained surgeon, may also lead to better outcomes 
in the future. The early encouraging results of percutaneous treatment®”®® have not been followed by more definitive studies. Nonoperative treatment alone, 
thought to be generally ineffective, with 30% of patients reported as having a poor result,?*8 has shown promise in the treatment of minimally displaced 
fractures.°* However, total joint arthroplasty following initial nonoperative treatment also has not been shown to have long-term success as compared with 
routine total joint arthroplasty for osteoarthritis. Accepting the fact that patients at great risk for failure with ORIF can be identified preoperatively, further 
work to evaluate and improve treatment alternatives is needed. 

The advent of CT-derived, reconstructed radiographs offered the potential of obtaining the radiographs needed for diagnosis without the usual bother to 
the patient or the treating surgeon. It now does appear that these studies, improved volume-rendered 3D studies, and actual 3D models of the fracture can 
provide information equivalent to, or better than, that derived from plain radiographs (see Fig. 51-11). More information is also needed regarding the 
determination of joint stability for both fractures other than those of the posterior wall and nondisplaced fractures that have the “potential” to displace. HO 
remains an important complication of acetabular fracture surgery. Prophylaxis indications and agents remain controversial. A better option than nonsteroidal 
anti-inflammatory medications and irradiation awaits therapeutic strategies focused on targeted inhibition of local factors and signaling pathways that 
catalyze ectopic bone formation.?*! However, the most controversial areas of acetabular fracture treatment are determining the place for percutaneous 
surgery and acute THA, which await further study. 
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INTRODUCTION TO HIP DISLOCATIONS AND FEMORAL HEAD FRACTURES 


The hip joint is an inherently stable joint, requiring significant force to dislocate. Hip dislocations are common in younger individuals and are predominately 
a result of high-energy motor vehicle accidents. A hip dislocation or a dislocation with an associated femoral head fracture is generally a result of high- 
energy trauma. The type of dislocation, direction, and the presence of a fracture are all influenced by the position the hip is in at the time of injury, the 
amount of energy involved, and the morphology of the hip. All these factors must be taken into consideration when evaluating a hip dislocation. Associated 
injuries are common with hip dislocations. Suracit?! reported that 95% of patients presenting with hip dislocation after a motor vehicle accident had an 
associated injury requiring inpatient management. All patients require a standard trauma evaluation, a meticulous musculoskeletal and neurologic 
examination, and detailed radiographic assessment to avoid missing injuries. 

The outcomes of these injuries are influenced by multiple factors including cartilage damage, impacted femoral head fragments, and injury to medial 
femoral circumflex artery (MFCA), the main blood supply to the femoral head.*:!2.2°52-139 Other factors, such as the timing and accuracy of the reduction, 
are variables that can be positively affected by recognizing and treating the dislocation as an emergency and are in the surgeon’s control and influence the 
outcomes of these injuries. Avascular necrosis (AVN), posttraumatic arthritis, neurologic injury, heterotopic ossification (HO), and redislocation are 
common reasons for poor outcomes after these injuries. !229.25,27,55.139 Even if short-term complications such as loose body wear and AVN are avoided, the 
long-term outcome of hip dislocation is not predictably good. The incidence of unsatisfactory results, primarily as a consequence of arthritis, has been 
reported as high as 50%.27:!53 Emergent reduction to obtain a congruent and stable joint is essential in the treatment of hip dislocations and femoral head 
fractures in order to avoid complications and improve long-term outcomes. 


ASSESSMENT OF HIP DISLOCATIONS 


Hip dislocations are associated with high-energy mechanism and thus there is a high incidence of associated injuries. A thorough evaluation of the entire 
patient is essential when managing a hip dislocation. The clinician must consider all the factors involved in the traumatic event that results in a hip to be 
dislocated. It is important to understand the mechanism of action and the anatomic characteristics of the hip that may predispose the patient to an unstable 
hip joint and to identify any associated injuries that will affect treatment plan. In particular, a thorough neurovascular examination of the involved limb is 
important to assess any damage to the sciatic nerve as well as a comprehensive evaluation of the ipsilateral knee. It is quite common to sustain ipsilateral 
knee wounds and ligamentous knee injuries in association with hip dislocations that come from dashboard injuries or an axial load on a flexed knee. 


TABLE 52-1. Direction of Hip Versus Injury Pattern 


Injury Pattern Dislocation Type 

Flexion, adduction, IR Pure posterior dislocation 
Partial flexion, less adduction, IR Posterior fracture-dislocation 
Hyperabduction, extension, ER Anterior dislocation 


IR, internal rotation of the hip; ER, external rotation of the hip. 


MECHANISMS OF INJURY FOR HIP DISLOCATIONS 


Most hip dislocations occur from high-energy motor vehicle trauma. Unrestrained drivers may be at a higher risk for hip dislocation than restrained 
drivers.!9 Other mechanisms include falls, pedestrians struck by motor vehicles, industrial accidents, and athletic injuries.9®%95-128.137 There has been an 
increased incidence of reporting dislocations and hip injuries related to athletic activities, but this does not decrease the severity of these injuries.9°-9° 

The position of the hip, the force-vector applied, and the individual’s anatomy, all affect the direction of the dislocation and whether a fracture- 
dislocation or pure dislocation occurs (Table 52-1).25:33:75:76,99,101,128,143 Posterior dislocations outnumber anterior dislocations by approximately nine to 
one.®!2,27,137,153 The typical mechanism for a posterior dislocation is a deceleration accident in which the occupant’s knee strikes the dashboard with both 
the knee and hip are flexed. Letournel”>’° used vector analysis to explain that the more flexion and adduction the hip is in when a longitudinal force is 
applied through the femur, the more likely a pure dislocation will occur (Fig. 52-1).7576 Less adduction or less internal rotation favors a fracture-dislocation, 
which may occur with a posterior wall fracture or a shearing injury of the anterior femoral head as the head impacts against the posterior wall. In the latter 
case, a Pipkin-type injury occurs typically with the fragment of the femoral head remaining in the acetabulum and the intact head and femur dislocating 
posteriorly. 

The concept that the position of the head at impact plays a large role in the type of injury is supported by Upadhyay and colleagues,'** who studied the 
femoral anteversion in patients with hip dislocations and fracture-dislocations. They observed a decrease in femoral anteversion and even femoral 
retroversion in patients who sustained fracture-dislocations compared to a normal population and even less femoral anteversion in patients who sustained 
pure dislocations. Decreased anteversion acts to place the head in a more posterior position as does internal rotation, both tending to favor a pure dislocation 
occurring. Conversely, greater anteversion and less internal rotation at the time of impact tends to lead to a fracture-dislocation of the hip. 


y Flexion, IR 
ae ONF + adduction 
= Pure dislocation 


b 


Less flexion, 
IR and adduction 
= Fracture dislocation 


Figure 52-1. The position of the hip during axial loading determines the type of injury. Increasing flexion, adduction, and internal rotation favor pure dislocation, 
whereas lesser degrees of each lead to fracture-dislocation. 


Conversely, anterior dislocations, which are less common, are the result of hyperabduction and extension.!°! This mechanism may be present in 
deceleration injuries in which the occupant is in a relaxed position during impact with the legs flexed, abducted, and externally rotated, as well as in 
motorcycle accidents where the legs are frequently hyperabducted. Using cadavers, Pringle and Edwards!! were able to cause anterior hip dislocations by 
hyperabduction and external rotation. The degree of hip flexion determined the type of anterior dislocation, with extension leading to a superior pubic 
dislocation and flexion resulting in an inferior obturator dislocation. 

Both dislocations and femoral head fractures can occur during athletics as well as high-energy trauma. Moorman et al.°° reported on eight American 
football players who sustained a posterior hip subluxation, primarily from a fall on the knee with the hip adducted. They describe a characteristic triad of 
magnetic resonance imaging (MRI) findings, including a small posterior wall fracture, rupture of the iliofemoral ligament, and hemarthrosis as being 
diagnostic.°° Aspiration was recommended for large hemarthrosis as two of the eight went on to severe AVN and hip replacement. Matsumoto et al.®° 
reviewed a large experience of skiing and snowboarding injuries. The incidence of dislocation from snowboarding was five times higher than skiing (0.45 
vs. 0.09 in 100,000). In addition, snowboarding injuries were more commonly posterior dislocations and 30% had femoral head fractures. 

Finally, femoroacetabular impingement may also play a role in hip instability. The exact role is unclear, but the underlying bone morphology may be a 
contributing factor in these hips. Decreased femoral head-neck offset (CAM type) or a deep acetabulum (PINCER type) may exist in these athletes who 
sustain a hip dislocation or even a subluxation.!° The existence of femoroacetabular impingement morphology should be assessed in these patients at the 


time of injury with a thorough evaluation of the radiographs. Asking about antecedent hip pain, particularly for athletes is also important to help make this 
diagnosis. The patient may also become symptomatic from impingement after a dislocation event, and close follow-up looking for persistent pain and 
inability to return to activities could reveal an impingement process. 

Fatigue fractures of the femoral head may also occur in patients with osteopenia but may occur in healthy adults when beginning a new exercise 
regimen, !424,43,110,124,130,148 These are reported as “subchondral impaction” or “insufficiency” fractures, but represent a significant injury to the femoral 
head. Song et al.!?* and Visuri et al.!48 have reported a combined 17 cases of insufficiency fracture in military recruits. Most were diagnosed on MRI, but 
several presented with collapse seen on plain radiographs. Fourteen of the 17 had good results, but 2 went on to total hip arthroplasty. 

Cases of bilateral hip dislocation with and without femoral head fracture have been reported in multiple case reports, as have cases of femoral head with 
and without femoral neck fractures without dislocation. +30-55,63,81,115,140 This common rare condition reinforces the need for a thorough examination 
looking for associated injuries, as there is a high-energy mechanism involved. 


INJURIES ASSOCIATED WITH HIP DISLOCATIONS 


Patients presenting with a hip dislocation, with or without a femoral head fracture, should be assumed to have multiple injuries. Up to 95% of these patients 
have injuries that require inpatient management independent of their dislocation.'*! Intra-abdominal, head, and chest trauma are common associated 
injuries. In addition, Marymont et al.”9 described the association of thoracic aortic injury in combination with posterior hip dislocations. Despite a typical 
presentation, including extremity deformation, the diagnosis of hip dislocation may be delayed due to more life threatening associated injuries. 

Common associated musculoskeletal injuries include femoral head, neck, or shaft fractures; acetabular fractures; pelvic ring fractures; knee injuries; 
ankle and foot injuries; and neurologic injuries. Knee injuries including posterior dislocation, cruciate ligament injuries, and patellar fractures are common 
with posterior hip dislocations due to direct trauma with the dashboard at impact (Fig. 52-2). Tabuenca et al.!** reported that 25% of 187 patients with hip 
dislocations and fracture-dislocations sustained a major knee injury. Seven of these injuries were not diagnosed at the time of the initial hospital stay, 
emphasizing that one must look for these injuries initially to prevent a delay in diagnosis. 

Patients should be treated with spinal precautions until the spine has been radiographically cleared of injury. In the absence of femoral shaft or neck 
fractures, the position and mobility of the extremity may indicate a dislocation. In a posterior dislocation, the leg is flexed, adducted, and internally rotated. 
Any motion of the hip, particularly attempts to extend or externally rotate the hip, is exceedingly painful. Conversely, anterior dislocations present with the 
extremity externally rotated with varied amounts of flexion and abduction. 


Figure 52-2. Photograph of a patient presenting after a dashboard injury. The patient sustained an open knee injury from the incident. The leg was flexed and 
internally rotated, indicating a possible posterior hip dislocation. 


Cc D 
Figure 52-3. A: AP radiograph of a 36-year-old who sustained a posterior hip dislocation, impaction of the femoral head, and a minimally displaced valgus femoral 
neck fracture in addition to type 2 AP compression pelvic injury. B: The patient was brought emergently to the operating room where the femoral neck was fixed with 
percutaneous screws prior to reduction. C: After fixation, closed reduction of the hip was accomplished. D: At 6 months, the patient had no signs and symptoms of 
AVN and minor posterior pelvic pain. 


Associated injuries dictate timing and how one is able to acutely treat a hip dislocation. Proper diagnosis of these injuries and their potential influence on 
reduction and treatment is paramount. Associated fractures also affect the ability of the surgeon to obtain a closed reduction by manipulation of the lower 
extremity. Nondisplaced femoral neck fractures are the most difficult of these to diagnose and manage. High-quality radiographs of the femoral neck and 
sometimes a fine-cut computed tomography (CT) scan are needed to rule out occult femoral neck fracture before manipulation and closed reduction is 
attempted. Fixation of the neck may be needed prior to attempts at closed reduction of the hip ( ). 

Similarly, associated pelvic ring fractures may make countertraction impossible, necessitating open reduction of the dislocation (Fig. 52-4). Injury to the 
knee is usually apparent on careful clinical examination and confirmed with radiographic evaluation. Associated fractures of the hip itself, such as 
acetabular wall fractures and femoral head fractures, may require surgical intervention even after the hip dislocation is reduced closed. Femoral head 
fractures or loose bodies from the head or acetabulum may cause an incongruent reduction of the hip. Acetabular wall fractures may allow for clinical 
instability even in the face of a congruent reduction and require fixation. While this chapter does not cover the indications and techniques of posterior wall 
reduction and fixation, the determination of hip stability in the presence of a posterior wall fracture is important. This is discussed below (see the section 
Techniques for Closed Reduction of Hip Dislocations and the subsection Fluoroscopic Evaluation of the Hip After Closed Reduction). This step is also 
included in the treatment algorithm. 


I A 23-year-old with an open hip fracture-dislocation with associated pelvic fractures, including a symphyseal dislocation, and an ipsilateral fracture- 
dislocation of the sacroiliac joint. This requires open reduction. 


SIGNS AND SYMPTOMS OF HIP DISLOCATIONS 


The examination specific to the hip dislocation should begin by observing the position of the patient’s legs. Typically, the involved leg is foreshortened and 
excessively rotated, either externally rotated in an anterior dislocation or internally rotated in posterior dislocations. Large areas of ecchymosis may be 
observed around the abdomen, proximal thigh, or knee. Once there is a concern for a hip dislocation, palpation of all long bones and joints of the affected 
extremity along with a meticulous neurologic and vascular examination is required. A thorough knee examination is also necessary to identify ligamentous 
knee injuries. The presence of anterior knee bruising or laceration is another indication that a hip dislocation may have occurred (see F ). 

Prereduction function of the sciatic nerve must be determined in posterior dislocations as the nerve can be injured during reduction.*4^-+4° Careful testing 
of all branches is required, including foot eversion, as peroneal weakness may be an isolated finding. A careful assessment of distal pulses is necessary, as 
posterior hip dislocations can be associated with posterior knee dislocations.“”°°’’"° In addition, although rare, anterior dislocations may injure the 
femoral vessels. Finally, the spine and pelvis should be examined. Although injury to these areas may be clinically apparent, they cannot be ruled out 
without orthogonal radiographic studies, or CT of the spine. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR HIP DISLOCATIONS 


The anteroposterior (AP) pelvis radiograph taken as part of the initial trauma workup is usually the first study available and is the most useful in directing 
treatment. The diagnosis of hip dislocation should be apparent on this single radiographic view ( ). The key to the diagnosis of the plain AP pelvis 
is the loss of congruence of the femoral head with the roof of the acetabulum. On a true AP view, the head will appear larger than the contralateral head if 
the dislocation is anterior and smaller if posterior. The most common finding, in the case of a posterior dislocation, is a small head that is overlapping the 
roof of the acetabulum ( ). In an anterior dislocation, the head may appear medial to or inferior to the acetabulum. 

Although significant flexion may diminish the findings, rotation is also detectable on the AP view. The lesser trochanter is less apparent, and the femoral 
neck is seen in profile when the femur is internally rotated as it is in a posterior dislocation (see F ). It is critical that the initial radiograph be of good 
quality and carefully inspected for associated injuries before a reduction is attempted. Associated femoral neck fractures, which may be nondisplaced, must 
not be overlooked. Likewise, associated femoral head fractures are usually visible as a retained fragment in the joint. Acetabular fractures and pelvic ring 
injuries are also visible on the plain AP radiograph. Additional radiographic assessment is not usually indicated before attempts at reduction, unless a 
femoral neck fracture cannot be ruled out or there is a clinical suspicion of a femur, knee, or tibial injury that will affect the ability to use the extremity to 
manipulate the hip. In such cases, biplanar radiographs of all questionably affected areas must be obtained. 

The remainder of the plain radiographs and CT scan of the hip are deferred until after the hip is reduced unless there is a question of a femoral neck 
fracture. If the hip cannot be reduced, then it is advantageous to obtain a preoperative radiographic series and CT scan to help in the diagnosis of offending 
structures and to look for the possibility of loose bodies in the joint or associated fractures that would require removal or fixation during open reduction. 


and the fea rotated proximal femur. B: AP pelvis radiograph from a different patient demonstrates oe of the femoral head and the sourcil in a posteriorly 
dislocated hip. 


e 52-6. A: A 53-year-old woman with a posterior hip dislocation demonstrating fragments in the joint prior to hip reduction and an inferior femoral head 
fracture. The postreduction AP (B) and Judet (C, D) radiographic views demonstrate a widened joint space compared with the normal side and an incongruent 
reduction. Note that there are fragments both superior and inferior in the joint and that there is a loss of parallelism of the femoral head and acetabular articular 
surfaces. 


After the hip is reduced, all five standard views of the pelvis are obtained. Radiographs should include AP, both Judet (45-degree oblique) views ( 


52-6), and an inlet and outlet of the pelvis. It is best to focus the beam on the center of the pelvis, as this allows for a direct comparison of the affected hip 
with the normal hip when examining congruence and joint space. When evaluating each of these views, the first issue is whether there is a concentric 
reduction of the hip. The use of the contralateral hip is necessary to answer this question. Using the relationship of the femoral head to the acetabular roof 
(sourcil) on each view, the congruency of the hip is evaluated by comparing it to the contralateral side. This relationship should be symmetric to the normal 
side on all views. The evaluation of these views for pelvic and acetabular fractures is discussed elsewhere in the text (Chapters 50 and 51). 

After plain radiographic evaluation, CT with fine cuts through the hip should be obtained and usually is part of the trauma workup due to the mechanism 
of injury.>*!52 The CT scan is more sensitive in detecting small intra-articular fragments, femoral head fractures, femoral head impaction injuries, 
acetabular fractures, and joint incongruity.2>!52 In general, intra-articular fragments are better visualized on CT than plain films. Hougaard et al.°%55 
reported six cases of minor acetabular fractures and six cases of retained intra-articular fragments visualized on CT and not visible on plain radiographs in 
patients after closed reductions of posterior hip dislocations. In addition, Baird and colleagues demonstrated CT to be more sensitive than plain radiographs 
in identifying 2-mm methyl methacrylate beads placed in cadaveric hips. The congruence of the hip is also easily evaluated using CT. The head should be in 
the center of the subchondral ring of the acetabulum as it becomes visible, appearing as a bullseye.'°° A difference as small as 0.5 mm in the distance from 
the anterior, articular surface to the femoral head has been reported to indicate a subluxation of the hip.7° Impaction injuries and femoral head fractures are 
much more easily seen on the postreduction CT. The quality of the reduction of femoral head fractures is also apparent and determines treatment. The CT 
scan also aids in directing follow-up radiographic analysis in the case of reduced femoral head fractures. Moed and Maxey®® suggested the use of specific 
angled radiographs based on the CT determination of the fracture direction when obtaining follow-up radiographs of femoral head fractures treated 
nonoperatively. 

Possibly the most important aspect of the CT scan is in planning operative intervention when necessary, in cases of concomitant fracture, irreducible 
dislocation, or incongruent reduction. The location, size, and number of free intra-articular fragments and the location and size of femoral head fragments 
are clearly delineated, allowing for accurate planning of operative procedures. Although CT is very sensitive in identifying small, retained fragments, not all 
intra-articular fragments will affect the treatment plan. 

MRI has shown promise in the evaluation of a traumatic osteonecrosis of the hip.2”!°9-135.139 However, its use in acute dislocations of the hip has not 
been clearly established. Laorr et al.”? performed MRI examinations of both hips in 18 patients after traumatic dislocation at an average of 13 days 
postreduction. Trabecular changes were noted in eight (44%) of the hips. However, since no follow-up data are available for these patients, the usefulness of 
MRI in predicting AVN or arthritis was not established. In addition, MRI changes of AVN may not be present before 6 to 8 weeks (Fig. 52-7). MRI studies 
can also help define soft tissue injuries following hip dislocations. Tannast et al.!°° used MRI following posterior hip dislocation, with the hypothesis that if 
the obturator externus was ruptured, this would be a prognostic indication of AVN, due to the tendon’s proximity to the femoral head blood supply, the 
MECA. In the 19 hips they evaluated, all the obturator externus tendons were intact. Although not able to prove their hypothesis, none of the 19 hips went 
on to AVN at 3 years of follow-up, suggesting there may be a correlation. Regardless of its predictive value for AVN in the acute setting, MRI is the 
optimal study for evaluation of the soft tissues such as the short external rotator tendons, the labrum, and cartilage. The traumatized hip from a dislocation 
will likely have an effusion, which will help identify any abnormalities of the labrum or capsule. Still, the utility of the MRI in the acute setting is unknown 
and may be better in a delayed fashion if the hip remains persistently symptomatic.2”°79!95 Recent data suggest that in children and adolescents, MRI is 
better than CT at identifying pathologies such as entrapment of the posterior labrum and unossified posterior wall fractures. 136 

MRI is also useful in diagnosing insufficiency or impaction injuries from overuse and appears to be more sensitive than CT in detecting these lesions.!9 
A typical pattern of low-density band in the subchondral region with edema and contrast enhancement proximal and distal to the band is seen.!42 

The use of single photon emission computed tomography (SPECT) has been shown to aid in distinguishing avascular changes from impaction injuries of 
the femoral head.°? Despite its usefulness in this differentiation, SPECT has not been helpful in predicting AVN when used in the peri-injury time frame. 
Yue et al.!56 studied 54 dislocations and fracture-dislocations before and after reduction and then followed the patients for a minimum of 1 year. The 
average time to reduction of the hip was 4 hours. They found that low blood flow patterns were seen in early and late reductions, but that these patterns did 
not predict AVN at an average of 24 months. 


CLASSIFICATION OF HIP DISLOCATIONS 


Several classification schemes have been described for hip dislocations. All these schemes include subtypes for important associated injuries. The first 
distinction is whether the hip dislocation is anterior or posterior. Anterior dislocations are described by their anatomic location, being superior, including 
pubic or subspinous, or inferior, including obturator, thyroid, and perineal locations. In anterior dislocations, femoral head impaction injuries are more 
common than shearing injuries. These are more apparent on the CT images than on plain films. 

Posterior dislocations are much more common than anterior dislocations and occur 9:1 ratio. Two original classification schemes have been described 
for posterior dislocations. Thompson and Epstein!” and subsequently Stewart and Milford??? both described systems incorporating associated fractures. 


Posterior Hip Dislocation: 
THOMPSON AND EPSTEIN CLASSIFICATION 


Type Description 

I Dislocation with or without minor fracture 

Il Dislocation with single large fracture of the posterior rim of the acetabulum 

Ill Dislocation with comminuted fracture of the rim, with or without a large major fragment 
IV Dislocation with fracture of the acetabular floor 

V Dislocation with fracture of the femoral head 


Posterior Hip Dislocation: 
STEWART AND MILFORD CLASSIFICATION 


Type Description 


I Simple dislocation without fracture 
II Dislocation with one or more rim fragments but with sufficient socket to ensure stability after reduction 
Ill Dislocation with fracture of the rim producing gross instability 


IV Dislocation with fracture of the head or neck of the femur 
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Figure 52-7. A 27-year-old woman involved in a waterskiing accident sustained a hip dislocation. A: The arrow demonstrates an area of impaction in the weight- 
bearing surface of the femoral head. B: Axial cut demonstrating (arrow) the posterior capsule avulsion. At 3 months after injury, her pain increased and osteonecrosis 
of the femoral head was seen on plain lateral radiograph (C) and on follow-up MRI (D). E: The patient ultimately underwent a THA, and at the time of surgery the 
femoral head collapse and cleavage of the femoral head cartilage (arrow) could be visualized. 


Figure 52-8. The Pipkin classification of dislocation with femoral head fractures: type I (A), type II (B), type III (C), and type IV (D). 


The Stewart and Milford scheme specifically addresses postreduction stability in the case of acetabular fracture, which has prognostic implications.>>»!28 
Epstein’s type V dislocation includes a femoral head fracture. This type has been subdivided by Pipkin into four types (Fig. 52-8).9° This scheme is 
commonly used and is important in decision making. 


Posterior Hip Dislocation: PIPKIN CLASSIFICATION 


Type Description 

I Posterior dislocation with femoral head fracture caudad to the fovea 
II Posterior dislocation with femoral head fracture cephalad to the fovea 
Il Femoral head fracture with associated femoral neck fracture 

IV Type I, IL, or II with associated acetabular fracture 


A unified descriptive scheme has been suggested by Brumback et al.!5 and can be used for anterior or posterior dislocations. Brumback classification 
considers the size of the head fragment, the direction of the dislocation, as well as the stability of the hip (Fig. 52-9). 


Femoral Head Fractures: BRUMBACK CLASSIFICATION 


Type Classification 


1 Posterior hip dislocation with fracture of the femoral head involving the inferomedial portion of the femoral head 


1A With minimum or no fracture of the acetabular rim and staple hip joint after reduction 

1B With significant acetabular rim and stable joint after reconstruction 

2 Posterior hip dislocation with fracture of the femoral head involving the superomedial portion of the femoral head 
2A With minimum or no fracture of the acetabular rim and stable joint after reduction 

2B With significant acetabular fracture and hip joint instability 

3 Dislocation of the hip (unspecified direction) with femoral neck fracture 

3A Without fracture of the femoral head 

3B With fracture of the femoral head 

4 Anterior dislocation of the femoral head 

4A Indentation type: depression of the superolateral surface of the femoral head 

4B Transchondral type; osteocartilaginous shear fracture of the weight-bearing surface of the femoral head 
Type 5 Central fracture-dislocation of the hip with femoral head fracture 


Figure 52-9. The Brumback classification of hip dislocations with femoral head fractures. (Redrawn with permission after Stannard JP, et al. Functional outcome of 
patients with femoral head fractures associated with hip dislocations. Clin Orthop Relat Res. 2000;377:44—56.) 


Finally, the OTA/AO comprehensive fracture and dislocation classification scheme from 2018 separates out dislocations and fractures (Fig. 52-10).°° In 
this new system, the hip dislocation is categorized as a 30[5_], with the use of a universal modifier to indicate the direction of the dislocation. Femoral head 
fractures have been subdivided into fractures of the femoral head that split the head (31C1._) and depression fractures of the femoral head (31C2._) (Fig. 


52-10). With a fracture dislocation of the hip that involves an acetabular fracture, the [5_] is also added to the acetabular fracture code. For instance, a hip 
dislocation that has a suprafoveal femoral head fracture with a simple posterior wall fracture will be coded as 31C2.3[5b] and 62A1.1[5b]. 

Regardless of the scheme used, the important elements are whether there is an associated fracture and whether the hip is stable after reduction. In each 
scheme, the presence of an acetabular fracture requiring reduction and fixation is noted. For the purpose of this text, these injuries are considered to be 
acetabular fractures and are discussed in Chapter 51. 


OUTCOME MEASURES FOR HIP DISLOCATIONS 


Outcomes following hip dislocation or fracture-dislocations are determined by an assessment of the patients’ short- and long-term function and pain. 
Osteonecrosis and arthritis are the two main conditions that can develop acutely and with time that determine the patients’ outcome; hence, to assess the 
patients’ functional outcome, standardized hip scores such as Harris Hip score, WOMAC, and Merle d’Aubigné are most commonly reported. These 
provide clinicians with insight into how their hip is functioning, and they are used in combination with overall health scores such as SMFA and SF-12. 
Scoring systems such as the iHOT-33 and -12 that are aimed at evaluating femoroacetabular impingement and younger patient populations who were 
primarily active may also be used, particularly in patients who undergo arthroscopic evaluations in the acute or subacute period.*°®° These scores are 
intended to eliminate the ceiling effect of the arthritis scores in the more active, younger patient population, and are used to evaluate patients with traumatic 
hip injuries. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO HIP DISLOCATIONS 


For the hip to dislocate, the ligamentum teres and at least a portion of the capsule must be disrupted. Labral tears or avulsions and muscular injury are 
common.”? Pringle and Edwards!°! examined the soft tissue injuries in cadavers in which they induced hip dislocations. They found that the capsule may be 
stripped off as a cuff from either the acetabulum or femur by a rotational force or be split by direct pressure. A combination of these capsular injuries may 
take place resulting in an L-shaped lesion. 

In posterior dislocations, the capsule is torn either directly posteriorly or inferiorly and posteriorly depending on the amount of flexion at the time of the 
injury. The Y ligament is generally intact with the capsule stripped from its acetabular attachment posterior to it. However, in some cases, the Y ligament 
may be avulsed with a fragment of bone. In anterior dislocations, the psoas acts as the fulcrum of the hip, and the capsule is disrupted anteriorly and 
inferiorly. Although rare, in extremely high-energy injuries, the femoral vessels can be injured, or an open hip dislocation can occur.” 
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Type: Femur, proximal end segment, femoral head fracture 31C 


Group: Femur, proximal end segment, femoral head, split fracture 31C1 


Subgroups: 
Avulsion of ligamentum teres fracture Split, infrafoveal fracture Split, suprafoveal fracture 
3101.1 3101.2 3101.3 
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Group: Femur, proximal end segment, femoral head, depression fracture 31C2 
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B > Associated dislocations are coded using the dislocation direction universal modifier in square brackets [5_]. 


Figure 52-10. The OTA/AO classification of hip dislocations (A) and femoral head fractures (B). (B: Reprinted with permission from Kellam JF, et al. Introduction: 


Fracture and Dislocation Classification Compendium—2018: International Comprehensive Classification of Fractures and Dislocations Committee. J Orthop Trauma. 
2018;32(Suppl 1):S1-S10.) 


Femoral head injury is common with anterior dislocations and may be the result of a shearing, impaction, or avulsion injury.“- Avulsions are the most 
common. When the hip dislocates, a small fragment remains attached to the ligamentum teres, avulsing from the head. These fragments, if small and within 
the fovea, are of minimal concern. More severe injuries to the head involve a shearing mechanism or impaction injury. Impaction is more common after 
anterior dislocation and may be quite large, similar to a Hill-Sachs lesion.*° Anterior dislocations with this pattern can be at a higher risk of AVN because 
the impaction occurs at the location where the MFCA vessels insert into the head. 

Shear injuries are usually the result of a posterior dislocation that occurs when the femur is in less adduction and the leg is internally rotated, forcing the 
femoral head against the rim of the posterior wall. In these cases, the femoral head fails as a result of shearing forces rather than the posterior wall 
fracturing. Because of the mechanism, the fracture fragment is sheared from the anteromedial head, with the fracture line running from anterolateral to 
posteromedial ( ). These head fragments may be attached to the ligamentum teres and remain in a relatively normal position or can be free of soft 
tissue attachments within the joint. Free intra-articular fragments can also be generated from comminution of associated fractures, shearing of cartilage, and 
extra-articular fragments being pulled into the joint during the reduction. 


e 52-11. The fracture line of the femoral head is typically 25 to 45 degrees off the coronal axis with the free fragment located anteromedially. 


BIOMECHANICS 


The hip functions as a ball-and-socket joint, allowing a wide range of motion while remaining well constrained. Much of the stability of the hip is derived 
from its role as the fulcrum about which the large muscles that surround it act. These muscular actions tend to force the femoral head into the acetabulum, 
taking advantage of its depth. The capsule is loose compared to other joints, allowing for greater motion in multiple directions. 

The acetabulum opening faces obliquely in an anterior and inferior direction. The articular cartilage, which resembles a horseshoe, is thickest laterally 
and peripherally. This coincides with descriptions of the loading pattern of the acetabulum as being primarily peripheral. 

The femoral head forms approximately two-thirds of a complete sphere.” The articular cartilage of the head is thickest on the medial and central 
surfaces. The position that the head takes within the acetabulum is affected by femoral neck anteversion and neck-shaft angle. Normal femoral anteversion 


is approximately 12 degrees and a neck shaft angle of 125 degrees is typically observed.*® The neck-shaft angle allows for freedom of motion by providing 
offset of the femur from the pelvis. Variation in the neck-shaft angle is common and can affect the loading pattern of the hip. Likewise, deviation in 
anteversion affects the position of the head within the acetabulum and the motion, typically affecting hip rotation. 

The forces through the hip vary greatly during even simple activities and are caused primarily by the force of the muscles acting about the joint. During 
double leg stance, because fewer muscles are necessary for balance, the joint reaction force is approximately one-third of body weight. This is in 
contradistinction to normal gait, where the joint reaction force can reach six times body weight. With respect to the rehabilitation of patients with hip joint 
injury, it is important to note that because of the weight of the leg, the joint reaction force on the hip in swing phase can be greater than body weight.’ Of 
equal importance to the hospitalized or injured patient is that the act of getting on a bedpan can generate more than two times body weight through the joint. 
The least force through the hip is with toe touch or foot flat partial weight bearing, which allows the ground to support the weight of the leg rather than the 
hip musculature. The biomechanics of hip dislocation include the factors of force of injury, native hip anatomy such as anteversion, and the position of the 
hip at impact. Less anteversion and a position of internal rotation at impact favor pure dislocation over fracture-dislocation. 


SURGICAL AND APPLIED ANATOMY 


Ligamentous Anatomy 


The hip joint is a constrained ball-and-socket joint. The head rotates within the acetabulum and is incompletely covered. The depth of the acetabulum is 
supplemented by the fibrous labrum, which makes the joint functionally deeper and more stable (Fig. 52-12). The labrum adds more than 10% to the 
coverage of the femoral head, creating a situation that keeps the head more than 50% covered during motion.>!-°? It takes more than 400 N of force just to 
distract the hip joint.” The capsule of the hip is strong and extends from the rim of the acetabulum to the intertrochanteric line anteriorly and the femoral 
neck posteriorly. The longitudinal fibers are supported by spiral capsular thickenings called ligaments. Anteriorly, the iliofemoral or Y ligament originates 
from the superior aspect of the joint at the ilium and anterior inferior iliac spine (AIIS). It runs in two bands inserting along the intertrochanteric line 
superiorly and just superior to the lesser trochanter inferiorly. The inferior capsule is further supported by the pubofemoral ligament, which takes its origin 
from the superolateral superior ramus and inserts on the intertrochanteric line deep to the Y ligament (Fig. 52-13).°! 

Posteriorly, the capsule inserts on the femoral neck just inferior to the head medially and extends to the base of the greater trochanter laterally. The 
ischiofemoral ligament within the capsule posteriorly originates at the junction of the inferior posterior wall with the ischium. It runs obliquely lateral and 
superior to insert on the femoral neck with the capsule (see Fig. 52-13).>! In addition to these ligaments, the short external rotators lie on the posterior 
capsule, providing additional support. 
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Figure 52-12. Coronal section of the hip of a child demonstrates the added depth that the labrum provides over the femoral head. 
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Figure 52-13. The hip capsule and its thickenings: ligaments as visualized from anteriorly (A) and posteriorly (B). 


Piriformis 


B 11.7% C 3.3% D 0.8% 


Figure 52-14. A: The sciatic nerve is a single structure that emerges from the greater sciatic notch anterior to the piriformis in 84% of cases. B-D: In 16%, a portion 
of the nerve passes through the piriformis or posterior to it, placing it at great risk. 


Neurovascular Anatomy 


All the nerves to the lower extremity pass close to the hip joint. The sciatic nerve warrants the most attention, as it is most at risk from dislocation. This 
nerve runs posteriorly to the joint, emerging from the greater sciatic notch deep to the piriformis and superficial to the obturator internus and gemelli 
muscles. In 85% of people, the nerve is a singular structure located in the normal position. In 12%, it divides before exiting the greater sciatic notch, and the 
peroneal division passes through, rather than deep to, the piriformis muscle. In 3%, the nerve divisions surround the piriformis, and in 1% the entire nerve 
passes through the piriformis (Fig. 52-14).8 With posterior dislocation, the nerve may be stretched or directly compressed. The obturator nerve passes 
through the superolateral obturator foramen with the obturator artery. The femoral nerve lies medial to the psoas in the same sheath and can be injured with 
anterior dislocation. 

Injury to the vascular supply of the femoral head is an important factor in hip dislocations. In adults, the primary blood supply to the head derives from 
the cervical arteries. These arteries originate from the extracapsular ring at the base of the femoral neck (Fig. 52-15). This ring is formed by contributions 
from the MFCA posteriorly and the lateral femoral circumflex anteriorly. The capital vessels traverse the capsule close to its insertion on the neck and the 
trochanteric ridge and ascend parallel to the neck, entering the head adjacent to the inferior articular surface.°! The superior and posterior vessels that are 
derived primarily from the MFCA are the dominant blood supply to the femoral head.*”-47°8 In addition, the MFCA supplies the inferior retinacular branch 
that runs along the ligament of Weitbrecht and supplies the inferior medial portion of the femoral head.**47°® In addition to the cervical vessels, a minor 
contribution to the head arises from the foveal artery, which is a branch of the obturator artery that lies within the ligamentum teres. This artery makes a 
significant contribution to the epiphyseal portion of the femoral head vasculature in approximately 75% of hips.?® This is important particularly when 
managing femoral head fractures and should be preserved to improve blood supply to the fractured segment of the femoral head. 

The position of the hip when dislocated can kink the vessels supplying the head, making the collateral circulation important. Yue et al.” did injection 
studies of six cadaveric hips after forceful dislocation and relocation. Filling defects were demonstrated at the junction of the external iliac and common 
femoral arteries and at the circumflex vessels as compared with the normal hip. However, this change in the extraosseous blood supply did not cause a 
consistent change in the intraosseous supply to the head, presumably due to collateral circulation. 


TREATMENT OPTIONS FOR HIP DISLOCATIONS AND FEMORAL HEAD FRACTURES 


The initial management for almost all hip dislocations and fracture-dislocations is an attempt at a closed reduction of the hip to get the femoral head under 
the sourcil. The reduction should be considered an emergent procedure and includes patients with concomitant femoral head fractures or acetabular 
fractures.>?:”6!27 The contraindications to immediate closed reduction are femoral neck fractures (which may be nondisplaced) and other associated injuries 
that preclude using the lower extremity to manipulate the hip. Nondisplaced femoral neck fractures should be stabilized with fixation to avoid iatrogenic 
displacement prior to any attempt at reduction. In general, percutaneous fixation with screws is sufficient to prevent displacement. 


NONOPERATIVE TREATMENT OF HIP DISLOCATIONS AND FEMORAL HEAD FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Hip Dislocations and Femoral Head Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Pure dislocation 

e Congruent joint postreduction with or without small fragment in the cotyloid fossa 
e Stable joint 

e Pipkin I or small type II with anatomic reduction 

e No mechanical block to motion due to fragments 


Contraindications 


Pipkin HI and IV 

Incongruent reduction 

Loose bodies interfering with articulation 

Femoral neck fractures (displaced or nondisplaced) 
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Figure 52-15. The vascular supply to the femoral head arises from the medial and lateral circumflex vessels, which create a ring, giving rise to the cervical vessels. A 
minor contribution comes from the obturator artery via the ligamentum teres. (Redrawn with permission after Gardner MJ, et al. Surgical dislocation of the hip for 
fractures of the femoral head. J Orthop Trauma. 2005;19(5):334-342.) 


Figure! . AP radiograph of a 24-year-old man after closed reduction of a posterior hip dislocation with associated inferior femoral head fracture (Pipkin type I). 
A: The Fnord head fracture is displaced but is not impinging on the reduction of the hip, which is concentric. The CT scan confirms that the reduction of the hip is 
concentric (B) and shows the femoral head fragment to be located inferiorly (C). The fragment was left in place and the patient was treated nonoperatively. 


For dislocations without associated fractures that result in a congruent reduction by closed means, nonoperative management is usually definitive. 

After an appropriate trauma workup as previously described, an attempt at closed reduction should be performed. This is typically performed in the 
operating room or under general anesthesia but can be done in the emergency department if the patient is already intubated or no operating room will be 
available for several hours. Regardless of the direction of the dislocation, the reduction is attempted by traction in line with the femur and gentle rotation. 
An Allis maneuver is tried next if the dislocation is posterior, and the Walker modification of the Allis technique if the dislocation is anterior. If the hip is 
irreducible, then urgent open reduction is necessary. 

After the reduction by any of the described methods is obtained, five views of the pelvis, AP and lateral of the hip, and fine-cut CT through the hip 
should be obtained. These studies determine if the reduction is congruous. If the hip is congruous and there are no associated fractures of the acetabulum or 
femoral head that require surgery, then nonoperative management is generally definitive and the same physiotherapy course is followed as listed in the 
“postoperative care” section. This is the case even if there are small fragments of bone retained of the hip joint ( ). Small fragments do not require 
debridement, as long as there are no fragments making contact with the articular surface of the head during movement and the fragments are not between 
the articular surfaces of the head and acetabulum ( ). These bony fragments are attached to the ligamentum teres and are not free to move within 
the joint. In the early postoperative period, patients may experience groin pain or mechanical symptoms. These should be worked up with MRI and may be 
considered for operative management with hip arthroscopy.“ 


The patient must be completely relaxed, regardless of the direction of the dislocation or the technique being used to reduce the hip. If the patient is already 
intubated due to other injuries, then the reduction may take place in the emergency department with proper monitoring after paralytic agents are given. It is 
the authors’ opinion that the reduction should be performed in the operating room unless one is not available. This creates the safest environment to control 
the patient’s airway and provide complete muscle paralysis and perform a controlled reduction of the hip without causing iatrogenic injury. In rare 
circumstances, the reduction may need to be performed in the emergency department under conscious sedation. It is best to have an emergency physician or 
anesthesiologist present to control the airway during the procedure and to monitor the patient’s oxygenation. Although not uniformly agreed upon, most 
authors believe that no more than two closed reduction attempts should be made to avoid further damage to the femoral head.*?"*’ Performing the reduction 
in the operating room allows for real-time fluoroscopy to aid in the reduction. The position of the head with respect to the acetabulum can be visualized well 
if there is difficulty reducing the hip, and adjustments based on the position can be made. It also allows for a thorough evaluation of hip stability 
postreduction if warranted. In these situations, a stress examination following reduction can easily be performed. This can allow for a clear postreduction 
plan for the patient and allow the surgeon to decide on nonoperative treatment, operative management, and if a traction pin is warranted to distract the hip. 
For instance, if a closed reduction of the hip is being blocked or a noncongruent reduction occurs due to intra-articular fragments, then skeletal traction is 
helpful to distract the joint and prevent further articular damage or an open reduction can be performed. Bommiasamy et al. reported the use of conscious 
sedation and general anesthesia in native hip dislocations and if conscious sedation was performed in dislocated hips greater than 6 hours, 58% required use 


of general anesthesia.!! This can be logistically challenging and there is low but none zero risk of aspiration, and each center should have an algorithm for 
how to safely manage hip dislocations, taking into account the medical complications of any sedation outside the operating room and mechanical risk of 
fracture or cartilage damage if the patient is not relaxed enough to perform the reduction. 
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Figure 52-17. The postreduction CT of a patient after posterior dislocation demonstrates a small, insignificant fragment in the fovea centralis, which does not affect 
the congruous hip reduction and does not require removal. A: Fragments are considered insignificant if they clearly do not impinge on the head. B: This is as opposed 
to a large fragment incarcerated between the femoral head and the posterior wall, which will require surgical removal. 


The Allis maneuver is appropriate even in the face of other traumatic injuries. It is performed with the patient in the supine position and uses the familiar 
traction and countertraction techniques that are used to reduce other joints. The patient is placed supine on a stable radiolucent table. The assistant stabilizes 
the pelvis, usually by pushing down on the anterior superior iliac spine (ASIS) while pushing laterally on the inner proximal thigh. The surgeon then flexes 
the knee and the hip to relax the hamstrings. Steady longitudinal traction is then applied with the extremity in internal rotation and adduction. While the 
traction is being applied, the leg is gently rotated, allowing the reduction (Fig. 52-18). Several modifications of this technique have been described. The 
“East Baltimore lift” uses several assistants to make the reduction less demanding on the surgeon.'!! Performing the reduction in the lateral position has 
been suggested to diminish the risk of lower back injury to the surgeon.”° 

Regardless of the technique used to reduce a posterior dislocation, after the reduction is accomplished, the hip is extended and externally rotated, and a 
knee immobilizer is placed on the leg. These measures will maintain the hip reduced while postreduction studies are obtained. 


Anterior dislocations are also reduced using traction and countertraction. For inferior dislocations, a modification of the Allis technique is used. Traction is 
continuously applied in line with the femur with gentle flexion. Along with a lateral push on the inner thigh, internal rotation and adduction are used to 
reduce the hip (Fig. 52-19). If the dislocation is superior, then distal traction is applied until the head is at the level of the acetabulum and gentle internal 
rotation is applied. Extension may be necessary when reducing anterior dislocations. For all types of reduction, the surgeon should use continuous traction 
rather than short jerky motions. By using continuous distraction and gentle manipulation, the reduction is achieved while minimizing additional trauma. 
Sudden forceful movements can cause fractures of the neck and damage the articular surface of the femoral head.!°9 


Figure 52-18. The Allis reduction technique for posterior hip dislocations. 


Fluoroscopic Evaluation of the Hip After Closed Reduction 


Following closed reduction of a hip dislocation, there are generally two scenarios where it can be unclear if definitive nonoperative management is 
indicated: Pipkin type I femoral head fractures, which do not create incongruity, and small posterior wall fractures. To evaluate the hip and make the 
determination on how to treat these injuries, the use of a fluoroscopic evaluation to determine the extent of joint stability in the presence of radiographic 
congruency can be performed. 

When considering only small posterior wall fragments that do not necessarily require reduction and fixation based on their size. A more complete 
discussion on operative treatment of posterior wall fractures is included in Chapter 51. Stability testing can be performed to ensure that the hip is stable in 
face of a congruent hip after closed reduction.!°9 Regardless of the size of posterior wall or femoral-sided fracture fragments, if an incongruent joint exists 
after closed reduction, the hip is placed in traction, an investigation into the cause of incongruity is performed, and operative treatment is usually necessary 
to remove offending debris and restore joint congruency. The posterior wall is fixed at the same time through the same incision along with a soft tissue 
repair. If the hip is congruently reduced and the posterior wall is fractured, the question remains whether the posterior wall should be fixed. The “stress 
examination” or manipulation of the hip under fluoroscopy can be performed to help answer this question. 


Figure 52-19. The Allis maneuver for anterior hip dislocations. 


While the techniques for fixation of posterior wall fractures are covered elsewhere in this text (Chapter 51), the determination of which fractures should 
be fixed and which may be treated nonoperatively must be understood. This is a controversial question and there is no definitive answer. The rationale for 
understanding the stability of the joint comes from change in hip mechanics and joint reactive forces following structural changes to the joint. Olson et al.°* 
have demonstrated that a posterior wall articular defect as small as 27% leads to an alteration in the joint contact forces. Likewise, they demonstrated that 
the largest change in the contact forces occurs with any posterior wall fracture as compared with the intact acetabulum and that the size of the wall fragment 
is less important. Although not clearly demonstrated in any clinical series, in theory, posterior wall fractures that affect the joint mechanics and increase the 
contact forces in the roof may lead to arthritis. Based on these findings and the low morbidity secondary to advances made in acetabular fracture fixation, 
posterior wall fractures that allow instability are generally fixed. 

More important is the problem of joint wear if the hip is unstable. Hougaard and Thomsen® reported that 83% of patients with posterior wall fractures 
allowing for instability of the hip went on to arthritis if treated nonoperatively. Hips with posterior wall fractures that allowed for instability that were 
reduced and fixed developed arthritis at a rate similar to dislocations without associated fractures.*”>° Thus, stability of the hip in the face of posterior wall 
fractures with hip dislocations influences treatment and outcomes. The authors believe that any posterior wall fracture that allows for hip instability should 
be fixed regardless of the size. In studies that have examined the relationship of posterior wall fragment size and instability and made distinct 
recommendations, specific sizes of posterior wall fractures were found to be unstable, but a large ambiguous zone was also reported.?®146 It is the authors’ 
opinion that efforts should be made to understand the amount of supportive posterior wall that is intact rather than attempt to determine the percentage that 
is displaced. For example, a very small posterior wall fracture in a retroverted socket may allow instability whereas a larger fragment in a well-covered head 


may not. The soft tissue injury associated with the fracture also contributes to this ambiguity and cannot be assessed directly by plain radiography or CT 
scanning, this may be an area where an MRI can be helpful. 

Based on the inconsistency and ambiguity of these studies and the importance of hip stability to long-term outcome, the authors utilize a fluoroscopic 
stress examination to determine hip stability in all posterior wall fractures or femoral head fractures with a congruent postreduction that do not require 
fixation on the basis of fragment size.-’° This is performed with the patient under general anesthesia in the operating room on a radiolucent table. With the 
patient asleep or sedated, the hip is brought through a range of motion under fluoroscopy. The hip is flexed and internally rotated and enough pressure to 
rock the pelvis is applied in line with the femur in an attempt to displace the head posteriorly. This stress test is repeated using the image intensifier on the 
AP, the obturator oblique, and obturator outlet oblique views of the pelvis. The hip is brought through a range of motion under fluoroscopy ( ). 
Any change in the congruous relationship of the head to the roof indicates posterior subluxation, and the hip should be considered unstable ( ). 


| 


. Method of performing fluoroscopic stress view in the operating room for a posterior wall fracture. The photograph depicts the obturator oblique view 
with ihe image s otensifier at a 45-degree angle to the body. 


Figure 52-21. A: The obturator oblique view of a patient after closed reduction of a posterior wall fracture. B: In the operating room with the patient asleep, the AP 
view of the hip demonstrates a congruent relationship of the head to the roof. C: With flexion of the hip, the head subluxes away from the roof (arrows) and becomes 
incongruous, indicating instability. D, E: The posterior subluxation is also evident on the obturator oblique view (arrows). 
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Figure 52-22. Image is a picture of a typical small posterior wall (PW) fragment combined with a labral tear after fracture-dislocation, Pipkin type IV. The labrum is 
still attached to the acetabulum superiorly. A: The PW fragment (outlined with dashed line) is attached to the labrum and the labrum is detached inferiorly exposing the 
fracture bed (blue arrows). B: The PW fragment is reduced with the labrum repaired with suture anchors and the fragment can be held with an antiglide plate. 


If instability exists typically, one side of the posterior wall fragment typically remains attached to the labrum (Fig. 52-22). Repair of the labrum and the 
open reduction of the posterior wall fragment is then performed, either through a surgical dislocation if a femoral head fracture is involved or through a 
Kocher-Langenbeck approach (Fig. 52-23) if it is an isolated posterior wall fragment. If the hip is shown to be stable, then nonoperative management is 
prescribed as in patients without associated posterior wall fractures. 

Hip dislocations with small inferior femoral head fractures may also be treated nonoperatively. In cases of inferior femoral head fractures (Pipkin type 
I), the fracture fragment does not affect the weight-bearing surface. These fracture fragments are not loaded during normal gait and therefore may be treated 
as loose bodies.”™99 If the fragments are well reduced or in a position that does not have a mechanical block, and the hip is stable then they can be left in 
place. These injuries may be treated with the same nonoperative protocol as a pure hip dislocation. 


Figure 52-23. Postoperative radiograph of the patient in Figure 52-19. After ORIF of the small posterior wall fragment, the hip was stable after fixation. 


Outcomes 


Disparate results after simple hip dislocations have been reported with good-to-excellent results have been demonstrated in 48% to 95% of patients after 


closed reduction (Table 52-2). At least part of this variation is due to the various types of dislocation reported, the limited follow-up reported. Longer 
follow-up may result in increased rates of osteoarthritis being reported.°*!4* In most series, a good result indicated no limp or limp only after a long 
workday, no more than 25% restriction of motion, no interference with activities of daily living, and no radiographic evidence of arthritis or AVN. Although 
only small numbers of patients have been studied, it appears that femoral head injury influences the outcome of these patients.2>29 Dreinhofer et al.” 
reported 75% acceptable results after anterior dislocation without femoral head injury and only 48% after posterior dislocation. Vecsei et al.!4” reported 87 
dislocations in 82 patients. Of 43 patients followed for between 6 months and 19 years, 17 (40%) developed arthritis, but only 1 had AVN. All dislocations 
were reduced within 6 hours. Of the 29 otherwise healthy patients, 8 had occasional pain and another 6 had limited motion and pain. 

Significant associated injuries may have a negative impact on results. Both Yang et al.'5? and Dreinhofer et al.*” reported poor results in patients with 
multiple severe injuries as compared with isolated hip dislocations. Pape et al.°° found high rates of complications in patients with an injury severity score 
of greater than 18, including 5 of 17 with early arthritis and 7 of 17 with AVN. In addition, 64% developed HO, which did not appear to correlate with open 
procedures. Patients who performed heavy labor may also be at increased risk of poor outcome.!** Likewise, associated fractures may adversely affect 
outcome. Fracture-dislocations had a poorer prognosis than did pure hip dislocations. !?3 


TABLE 52-2. Outcomes After Closed Reduction of Dislocated Hips 


GE AVN OA 
Author Year (%) (%) (%) 


Thompson and Epstein!” 1951 67 10 7 
Stewart and Milford'** 1954 57 19 48 
Reigstad'°° 1980 83 3 3 
Upadhyay and Moulton’? 1981 75 s 24 
Hougaard et al.” 1987 87 5 3il 


Yang et al.” 
Anterior 199] 83 = = 
Posterior 1991 87 g 19 


Dreinhofer et al. 


Anterior 1994 75 0 ll 
Posterior 1994 48 19 26 
Vecsei et al.!*" 1997 79 3 40 


“Specific data not available. 
AVN, avascular necrosis; G/E, good and excellent results; OA, osteoarthritis. 


Results appear to vary most with the time to reduction of the dislocation with older studies demonstrating better outcomes with hips reduced within 12 
hours.!254:91,128 A systematic analysis of the data found that a delay in reduction over 12 hours increases the risk of AVN 5.6 times, thus early reduction is 
imperative.°! In addition, there may be an association of sciatic nerve injury with delays in reduction of the hip in patients transferred to a major center after 
dislocation.5° 


OPERATIVE TREATMENT OF HIP DISLOCATIONS AND FEMORAL HEAD FRACTURES 
Indications/Contraindications 


Operative management is required when the hip is irreducible, when there is an incongruent reduction due to a loose body or fracture fragment, injury to the 
sciatic nerve following an attempted reduction, and in some cases of fracture-dislocation. Indications for operative treatment can be broken down into two 
main treatment groups: (1) open reduction with or without debridement, and (2) open reduction and internal fixation (ORIF). A third group exists where 


there is an incongruent joint from loose bodies, and this is usually treated with an open or arthroscopic debridement of the joint. In a nonreduced hip, the hip 
is surgically approached from the direction of the dislocation, posterior for posterior dislocation via a Kocher—Langenbeck or surgical dislocation approach, 
and anterior for an anterior dislocation via a Smith-Petersen or Watson-Jones approach. If open reduction is necessary, then joint debridement and treatment 
of all associated fractures are performed simultaneously. This includes ORIF of the acetabular wall or femoral head fractures. 

If the hip is within the acetabulum, but the reduction is incongruent, then the offending structure needs to be removed, which can be done with an 
arthroscopic procedure or in an open fashion. If there are small fragments, an arthroscopic approach is preferred, if there are large fragments then an anterior 
approach or a surgical dislocation is preferred (Fig. 52-24). The postreduction radiographs and CT will demonstrate any bony fragment interfering with the 
reduction. Careful analysis of the CT is imperative in planning surgery to remove the fragments. During surgery, it is difficult to determine whether the joint 
is completely free of fragments, so knowledge of the number, location, and size of bony fragments makes the procedure more predictable. Other than joint 
debridement, no specific stabilization of the joint is necessary at this time (Fig. 52-25). However, if the labrum is avulsed from the acetabular rim, repair via 
suture anchors to a freshened cancellous surface may provide improved stability (Fig. 52-26). After the procedure, the treatment is the same as after 
successful closed reduction. 


Figure 52-24. A: This large free fragment (arrow) in the acetabulum was removed through a surgical dislocation. B: The piece appeared to come from the posterior 


inferior acetabulum after an obturator dislocation. 


D 

. A: AP radiograph of a posterior hip dislocation with a small inferior femoral head fragment. Postreduction AP radiograph (B) and CT (C) demonstrate 
that the joint is incongruently reduced and the joint space is widened due to the impingement of the Pipkin I fracture. The fragment was excised and joint debrided. D: 
The patient has an excellent result at 4 years. 
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Figure 52-26. A: If open reduction of the hip is necessary, avulsed labral tears can be repaired using suture anchors after freshening the cancellous bed. B: The 
capsule is then closed. The figure of 8 suture demonstrate the capsular repair. 


Open Reduction With or Without Debridement 
Open reduction with debridement of the joint and fragment removal may be necessary in several situations, including the following: 


Irreducible dislocation 

Iatrogenic sciatic nerve injury 

Incongruent reduction with incarcerated fragments 
Incongruent reduction with soft tissue interposition 
Incongruent reduction with Pipkin type I femoral head fracture 


e Pipkin type II fracture 


Irreducible dislocations require emergent open reduction. Approximately 2% to 15% of dislocated hips are irreducible via closed means.*° The 
offending structure may be a bony impingement or soft tissue interposition (Table 52-3). Anterior dislocations are associated with interposition of the rectus 
femoris, the iliopsoas, the anterior hip capsule, or the labrum. Buttonholing through the capsule and entrapment of the femoral head in the obturator foramen 
has also been reported." In posterior dislocations, the reduction can be inhibited because of a buttonholing through the posterior capsule, interposition of 
the piriformis, gluteus maximus, ligamentum teres, labrum, and/or incarcerated large bone fragments. Metha et al.®° reported on irreducible fracture- 
dislocations of femoral head without a fracture of the posterior acetabular wall and reported this occurred in about 10% of femoral head fracture- 
dislocations. In all cases, the displaced proximal femur had herniated through a posterosuperior traumatic interval between the acetabular rim and the 
labrum.®5 


TABLE 52-3. Causes of Irreducible Dislocation 


Anterior 


Buttonholing through the capsule 
Rectus femoris 
Capsule 
Labrum 
Psoas tendon 


Posterior 


Piriformis tendon 
Obturator internis tendon 
Gluteus maximus 
Capsule 

Ligamentum teres 
Posterior wall 

Bony fragment 
Iliofemoral ligament 
Labrum 


A CT with fine cuts through the acetabulum helps to identify the offending structure and plan the surgery. Including fine-cut CT in the initial trauma 
scan eliminates a second preoperative examination. A full series of radiographs and a fine-cut CT scan are desirable before performing the open reduction; 
however, substantial delays should not be accepted. If the reduction of the hip will be significantly delayed by obtaining the CT scan, then it can be deferred 
until after the open reduction is performed. 

Unlike an irreducible hip dislocation, a nonconcentric reduction is not an emergency. The head is contained within the acetabulum and the blood supply 
to the head is restored, as long as it has not thrombosed or torn at the time of injury.''8!” Incongruent reductions occur if there are bony fragments or soft 
tissue interposed in the acetabulum, preventing a congruous reduction. Free fragments located between the femoral head and acetabular articular cartilage 
must be removed (Fig. 52-27). These patients may benefit from skeletal traction to relieve the pressure on incarcerated fragments temporarily. This may be 
an indication for arthroscopic debridement and evaluation of the hip joint depending on the size of the fragment(s). The postreduction CT will demonstrate 
the location, size, and number of offending bony fragments, allowing better planning of the procedure. Fragments treated by debridement include avulsions 
from the femoral head, inferior femoral head fractures (Pipkin type I), loose fragments from the posterior wall, and cartilage fragments sheared from the 
femoral head.!°” Pure hip dislocations, because there are no free bony fragments, have a lower rate of nonconcentric reduction than fracture-dislocations of 
the hip, which generate more bony debris.?”- 


Figure 52-27. CT scan demonstrating a fragment of bone interposed between the femoral head and posterior articular surface that requires removal. 


Open Reduction and Internal Fixation 


Posterior wall fractures requiring fixation are addressed in Chapter 50, leaving femoral head and neck fractures to be discussed here. In rare cases of an 
associated femoral neck fracture and hip dislocation, the dislocation requires open reduction and the hip fracture should be fixed acutely. If the fracture is 
not displaced, then fixation of the neck may precede reduction of the hip if it can be accomplished expeditiously. If the neck fracture is displaced, then the 
femoral head reduction will enable reduction of the neck and should be performed emergently. The treatment of this combination injury becomes different 
in the older population. For elderly patients, a hemiarthroplasty or total hip replacement may be favorable to ORIF as the hip dislocation adds to the 
likelihood of AVN and is done when an arthroplasty can be performed well. 

Hip dislocations associated with femoral head fractures may also be candidates for ORIF. If the head fragment is small, as in a Pipkin I, the fragment 
may be excised or debrided. As opposed to Pipkin type II fractures when the fracture line extends cephalad to the fovea and involves the weight-bearing 
surface of the femoral head, accurate alignment is required. In many cases, these fractures align well with reduction of the hip as they are held in their 
normal position by the ligamentum teres.°° The postreduction CT of the joint in conjunction with the AP and Judet views will demonstrate any 
displacement. If the reduction is near perfect, then nonoperative management has been recommended, but risks redisplacement if hip precautions are not 
universally followed.°°-!°9 If the fragment is not anatomically reduced, then ORIF is performed (Fig. 52-28). Fixation of these fractures can be challenging, 
as the fragment is frequently shallow, having been caused by a shearing mechanism. 

The approach used to reduce and fix the fracture is also debated. Because the fracture is caused by the femoral head impinging or shearing against the 
posterior wall of the acetabulum in an internally rotated position, the fracture fragment of the head is located anteromedially. Moed and Maxey®® 
demonstrated that the fracture angle in these cases is usually between 25 and 45 degrees off the sagittal plane, creating an anteromedial fragment. Although 
Epstein had recommended debridement of the joint via a posterior approach to utilize the already damaged capsule, this may not apply to femoral head 
fractures. !28-133.137 To reduce and fix an anteromedial fracture of the femoral head from a posterior approach, the hip may require redislocation. Even with 
the femoral head out of the acetabulum, anatomic reduction may be difficult without disrupting the ligamentum from the femoral head fragment, potentially 
devascularizing the fragment. Positioning the intact posterolateral head against the anteromedial fragment without disrupting its soft tissue is extremely 
difficult, and at best visualization of only a portion of the fracture is possible. In addition, the posterior approach may further compromise the MFCA, the 
blood supply to the femoral head, making other surgical approaches more appealing. 

In contradistinction to the posterior approach, an anterior approach allows for direct visualization of the femoral head fragment without redislocating the 
hip. External rotation of the hip allows for cleaning of the fracture bed and accurate reduction of the fragment. Since the major blood supply to the femoral 
head arises from the posterior cervical branches (MFCA), which may be damaged, there is a consideration for an anterior surgical dissection. Swiontkowski 
et al.!°3 compared the anterior and posterior approaches in the management of femoral head fractures meeting operative criteria. The incidence of AVN was 
not increased in hips treated via the anterior approach versus the posterior approach. The anterior approach allowed for an easier reduction and better 
visualization. Of note, however, there was a slightly higher rate of HO after anterior approaches that did not affect outcome, which has been shown to be 
consistent and around 40% in more recent studies.'!* Stannard et al.!?° also found a higher rate of AVN after posterior approach compared to an anterior 
approach for treatment of femoral head fractures. Four of five patients treated via a posterior approach developed AVN to some degree. 

A trochanteric osteotomy with a surgical dislocation of the hip, described by Ganz et al.,°° has also been described to treat these fractures.*! Henle et al. 
reported on a series of 12 patients with femoral head fractures treated with surgical dislocation.*° In this group, 83% had good-to-excellent outcomes as 
compared with 21 patients treated through other approaches (Watson-Jones, Smith-Petersen, and Kocher—Langenbeck) at their institution in whom only 
56% of patients had good-to-excellent outcomes.®° Other authors have also described this technique for femoral head fractures, in particular those with 


combined posterior wall lesions.*"*° Use of an anterior approach has also been described and has demonstrated to achieve excellent access to the femoral 
head fragment and allow for fixation. 


Figure 52-28. A: AP radiograph of a patient with a Pipkin type II posterior fracture-dislocation of the hip. B: After reduction of the hip, the femoral head fragment 


was not reduced and the hip was not reduced concentrically. C: CT scan demonstrates the femoral head fragment to be rotated 180 degrees. D, E: The fracture was 
reduced and fixed with large Herbert screws via an anterior approach. 


Fixation of the fragments is often difficult because of the shallow nature of the fragment. Techniques that allow for subarticular fixation are necessary. 
These include the use of headless screws, countersinking screws with low profile heads, resorbable pin fixation, and suture repair. Regardless of the chosen 
technique, it is imperative that the fixation is in subchondral bone and does not protrude (Fig. 52-29). Stannard et al.!*° reported a high failure rate of 
cannulated 3.0-mm screws made to screw into special washers (Synthes, Paoli, PA) and recommended against their use. 

The final indication for ORIF is in the case of a large femoral head impaction injury. Biomechanical studies have shown that a 2 cm? area must be 
present to significantly affect the contact force distribution in the hip.°° If such an injury exists, the impacted area can be elevated and grafted as described 
by Mast.®° This should be considered if an impacted area of 2 cm? exists in the weight-bearing portion of the head. In addition, the use of a surgical 
dislocation can be performed with use of autograft or allograft to be used to fill the defect. 


Figure 52-29. Example of screws used to fix an anatomically reduced femoral head fragment that may not be seated below the articular surface of the head and can 
cause wear of the acetabulum. (Courtesy of J. Sledge.) 
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Figure 52-30. The Smith-Petersen (direct anterior) and the Watson-Jones (anterolateral) approaches to the hip take the same deep interval but pass on different sides 
of the tensor in their superficial dissections. The anterior approach is well suited for femoral head fractures, while the anterolateral approach is best for irreducible 
anterior dislocations. 


Surgical Procedure and Approach 


The direction of the dislocation and the size and location of fragments in the joint will dictate the surgical approach necessary to obtain a reduction. As 
previously stated, irreducible dislocations are approached via the direction of the dislocation; that is, an irreducible posterior dislocation will be reduced 
using a posterior approach. 

Anterior approaches used to reduce anterior dislocations include the direct anterior approach (DAA) Smith-Petersen or Heuter interval, Watson-Jones, 
or a direct lateral approach such as a modified Hardinge. If there is an incongruent reduction secondary to joint debridement or loose bodies, arthroscopic 
debridement has become an accepted surgical approach used by those with experience with hip arthroscopy. This allows for minimal muscle damage, intra- 
articular evaluation, and debridement, and allows for repair of soft tissue injuries such as labral tears and large capsular defects. If the fragments are too 
large or become trapped inferiorly, they may not be accessible to the arthroscopic instrumentation, and the surgeon should be prepared to perform open 
debridement. 

In fracture-dislocations, when the surgeon intends to perform an anatomic reduction, there is much debate as to the preferred approach. The hip can be 
approached anteriorly, laterally, or posteriorly. In cases of Pipkin I and II a DAA, Watson-Jones, or direct lateral approach may be sufficient (Fig. 52-30). 
Using a surgical dislocation approach has also been described for these fractures but is more optimal for Pipkin III and IV injuries, and debridement of large 


intra-articular fragments. Although a Kocher—Langenbeck can be used for Pipkin IV fractures involving the posterior wall, the surgical dislocation approach 
as described by Ganz et al. has demonstrated improved outcomes in these injuries.?941:49,123 


Arthroscopic Debridement of the Dislocated Hip 


The use of hip arthroscopy has increased substantially in the past decade. Over this period the instrumentation and techniques have improved and its use in 
the traumatized hip is increasing. There is a relative indication for hip arthroscopy in the face of a nonconcentric reduction of a simple dislocation without 
fracture for the removal of small loose bodies.**159-!32!5! Hip arthroscopy can be used for fracture-dislocations if the hip is stable and the fragments that 
need to be removed are small. Several authors have demonstrated that loose bodies, chondral injuries, and labral tears occur as a result of simple hip 
dislocation and are not detected by initial plain radiographs or fine-cut CT scans.®>98:151 Despite this, there is no current literature to support the use of hip 
arthroscopy in concentric hip reductions following simple dislocations. The clinical significance of these fragments is unclear. Close monitoring of patients 
is necessary as persistent pain with activity can identify clinically significant injury in the subacute period and hip arthroscopy may be a beneficial treatment 
to assess a symptomatic labral tear. Hip arthroscopy should be carefully considered in the presence of acetabular fractures as fluid extravasation into the 
pelvis can cause complications.‘ In these situations, an open approach is preferred. There have been some case reports of fixation with arthroscopy, but this 
is not advocated as standard practice and is reserved for experienced arthroscopists and small fragments.’”-® 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Arthroscopic Debridement of the Dislocated Hip: 


OR table LJ Fracture table or hip distractor bed extension 
Position/positioning aids LJ Adapter for ipsilateral arm across the chest, offset peroneal post 
Fluoroscopy location LJ Opposite the surgeon from the contralateral side 

Equipment 70- and 30-degree arthroscopic cameras 


Long arthroscopic instruments 
Spinal Needles for access 


e Multiple cannulas 

e Switching sticks 

e Knowledge to make multiple portals to access the whole joint, including posterolateral, anterolateral, midanterior, and 
distal accessory 


If the patient has a nonconcentric reduction of the hip joint, the patient should be placed on bed rest or placed in skeletal traction to prevent unnecessary 
wear of the joint until surgery. 

A thorough radiographic assessment of the hip with radiographs and fine-cut CT scans as described earlier should be obtained. Hip arthroscopy is 
performed in the lateral or supine position. The author prefers the supine position with a fracture table or fracture table extension, !” as this can be performed 
in the presence of associated injuries. Postless or posted traction can be used to perform hip subluxation. Special arthroscopic instrumentation specific for 
the hip should be used. These instruments are longer than standard arthroscopic instrumentation. A 70- and 30-degree scope should both be available. A 
fluid pump is also preferred to prevent excess fluid extravasation into the soft tissues and allow for controlled fluid pressures. 


Positioning 

The patient is placed supine on the fracture table, and distraction of the hip can be performed with postless traction. The contralateral foot is placed in a 
padded boot and gentle traction is applied. The operative limb is also placed in a well-padded boot. Alternatively, skeletal traction can be used with a distal 
femoral traction pin. The ipsilateral arm is placed across the patient’s chest on a padded armrest. A mayo stand is placed on the operative side close to the 
patient’s head next to the operating surgeon to hold instrumentation. The arthroscopic viewing screen is placed cranially on the contralateral side. The C- 
arm is used for fluoroscopic imaging and brought in from the contralateral side (Fig. 52-31). 
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Figure 52-31. Diagram of the OR set up for hip arthroscopy with C-arm coming across from opposite the surgeon. The mayo stand with instruments is cephalad to the 
surgeon, and the assistant stands below the surgeon. 


Surgical Approach 


Once the patient is positioned, before prepping and draping the hip, the leg is distracted in abduction to help decompress the hip and then adducted while 
under traction to create a lateral force on the proximal thigh through the offset peroneal post. Fluoroscopy is used to confirm the hip can be distracted 6 to 
10 mm to allow access to the central compartment with instrumentation. Once this is performed, the distraction is taken off and the hip is sterilely prepped 
and draped. Draping is the same as for a supine DAA in case a formal arthrotomy needs to be performed. The hip is then distracted again for the procedure, 
with help of the circulating nurse. 

Two main portals are used, an anterolateral portal and an anterior or midanterior portal. If necessary, a distal accessory anterolateral portal can be used 
for labral repairs. In addition, a posterior portal can be made to assist with more posterior pathology. Prior to portal placement, the ASIS, iliac crest, greater 
trochanter, lateral femur, and patella are palpated and marked to assist with portal placement. The anterolateral portal is the first portal created and is located 
1 to 2 cm proximal and 1 to 2 cm anterior to the tip of the trochanter. The skin is incised and with fluoroscopic assistance, a spinal needle is placed in the 
joint followed by a nitinol wire. Fluoroscopy is used to confirm the placement of the nitinol wire into joint and into the cotyloid fossa (Fig. 52-32). 

Once in the joint, the anterior portal is created under direct visualization from the anterolateral portal. The anterior portal is placed at the intersection of a 
transverse line from the tip of trochanter and a longitudinal line from the ASIS. The spinal needle is directed 45 degrees cephalad and 30 degrees medially. 
Alternatively, a midanterior portal can be used. This portal is located slightly distal and laterally to the classic anterior portal. 


Figure 52-32. Fluoroscopic image of hip arthroscopy demonstrating nitinol wire in the cotyloid fossa to confirm intra-articular placement of an anterolateral portal. 


Additional portals can be used depending on the pathology and are established using direct visualization. A distal accessory lateral portal can be placed 
approximately 4 cm distal from the midpoint between the anterolateral and anterior portal. Posterolateral portal can be placed at the posterosuperior aspect 
of the trochanter and a proximal accessory portal can also be made, which is in line with the anterolateral portal but a 2 to 3 cm proximal for more lateral- 


based lesions. !5-!” 


Arthroscopic Debridement of the Dislocated Hip: 


KEY SURGICAL STEPS 


Distract the hip approximately 10 mm to allow access to the hip 

Establish anterolateral and midanterior portals 

Assess the central and peripheral compartments of the hip 

Identify loose fragments 

Evacuate loose fragments through the anterolateral portal or posterolateral portal 
Debride and/or repair labral injuries 

Debride and/or repair chondral injuries 


The anterolateral portal is established first, followed by the anterior or midanterior portal, which is established using direct visualization with a dry 
arthroscopic view. Once the anterior portal is created, the joint is insufflated with saline; the portals are then connected with an arthroscopic knife to allow 
for more maneuverability of the instruments and the camera. With the camera in the anterolateral portal, examination of the central compartment is 
performed with a 70-degree scope. A systematic approach is taken beginning at the periphery to assess the labrum and the labral chondral junction 
anteriorly and posteriorly. Once this is performed the camera is placed into the anterior portal to inspect the superolateral labrum at the level of the 
anterolateral portal. The camera can be returned to the anterolateral portal to assess the cotyloid fossa and the ligamentum teres. 

Once a full inspection of the joint has been performed, evacuation of any loose bodies is undertaken. Small loose bodies tend to be free floating in the 
joint, and with the patient supine, they tend to settle in posterior aspect of the joint. These free-floating fragments of cartilage or bone may be evacuated 


simply by placing the camera in the anterior portal and allowing the joint to drain out the anterolateral cannula or by establishing a posterolateral portal. 
Obstructing the cannula with an obturator or finger until the joint is filled to capacity can create increased negative pressure to help flush the joint. If 
flushing the joint is not sufficient, then arthroscopic instruments such as shavers, biters, or graspers that are angled or straight can be used to remove the 
loose bodies (Fig. 52-33). Large anterior or superior fragments that prevent a congruent reduction may be embedded into cartilage and will not be free 
floating (Fig. 52-34). 


Figure 52-33. Arthroscopic grasper placed through the anterolateral portal with the camera placed in the anterior portal used to remove loose body. 


Once the joint is free of loose bodies, the surgeon can address any labral or chondral injuries. Techniques that may be necessary include labral 
debridement, labral repair, and microfracture of the subchondral bone for large cartilage lesions. Labral debridement is performed with shavers and 
radioablation and is limited such that only damaged tissue is removed. If the labral-chondral junction is intact and the labrum is stable, then only 
debridement is performed. If the labrum is avulsed off from its bony acetabular attachment, then debridement and repair of the remaining labral tissue are 
performed. Placing suture anchors through a distal accessory lateral portal allows for the proper angle for anchor placement to avoid intra-articular 
placement. Suture anchors are placed, as needed, along the acetabular rim so that the labral tissue will be repaired recreating a suction seal. The suture can 
be placed completely around the labrum in a looped technique or through the labral tissue. Either technique is considered acceptable as long as the seal 
affect is achieved.2!,62 


Figure 52-34. Arthroscopic image demonstrating a piece (black arrow) of cartilage embedded into the acetabular cartilage. 


If large unstable chondral flaps are debrided or large areas of delaminated areas are seen, then microfracture can be performed in attempt to get bleeding 
subchondral bone to fill in with fibrocartilage. This is considered a salvage technique as there are little data reporting the clinical outcomes of microfracture 
in the hip. Some authors have reported an increase in inflammation or even a ruptured ligamentum teres. Excess surrounding tissue around the ligament can 
also be debrided. The amount of tissue seen is relative to the timing of the arthroscopy. The more acutely the arthroscopy is performed the less scar tissue 
and the more inflamed tissue will be seen. The exact clinical sequela of an injured ligamentum teres is still unknown, and although there are case reports of 
ligamentum repairs, it is unclear if repair is necessary.2:!899.113,123,150 One author reported that on a second look arthroscopy following a hip dislocation, the 
ligamentum had healed and was fully intact.!! 

Once the central compartment is debrided and any labral or chondral pathology is addressed, the hip is taken off traction and the peripheral compartment 
is inspected for any loose bodies. It has been suggested that hips with different forms of femoroacetabular impingement are more prone to 
dislocations.!%®8:74.98 Two common morphologies implicated are acetabular retroversion and CAM-type femurs with an increased alpha angle. If necessary, 
a femoroplasty can be performed with the traction off and the leg flexed to approximately 30 degrees. There is little evidence to suggest this should be done 
prophylactically. Thus, a case-by-case decision is made that is dependent on the patient’s preoperative symptoms, radiographic findings, and surgeon 
experience. 


Open Reduction, Debridement, and Fixation of the Dislocated Hip 
Through an Anterior Approach 


Open reduction and debridement via an anterior approach is indicated when the hip is dislocated anteriorly or if there is an associated femoral head fracture 
that needs to be reduced and stabilized. Useful anterior approaches are the DAA”? (Smith-Petersen or Heuter interval) and the anterolateral approach 
(Watson-Jones). If an irreducible dislocation is being addressed, then an anterolateral approach such as a Watson-Jones is usually undertaken. This will 
avoid dissection too close to the femoral vessels, which are displaced by the dislocated femoral head. Likewise, this is the approach of choice if a displaced 
femoral neck fracture is present, as it allows for reduction and implant placement through a single incision. The deep interval is the same as the Smith- 
Petersen, but the superficial dissection is lateral to the tensor muscle, rather than medial (see Fig. 52-30). 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Open Reduction, Debridement, and Fixation of the Dislocated Hip Through an Anterior Approach: 


OR table LJ Radiolucent flattop table or fracture top table with traction 


Position/positioning aids Supine 
Small bump placed under the operative hip (optional) 


Ipsilateral arm placed across the chest on an arm holder 
Fluoroscopy location LJ Comes in from contralateral side opposite the operating surgeon 


Equipment Joker 
Curved retractors 
Bone hooks 
Femoral distractor 


Schanz pin and T-handle 


Determining the surgical approach is the most important aspect of the preoperative plan. Both the DAA and the anterolateral approach can be performed in 
both the supine and lateral position, but in general, this is usually performed in the supine position. The next step in planning is to decide if the involved 
limb with be placed into traction or draped free. The use of traction with fracture table or fracture top table with a post will help to access the joint but will 
limit the surgeon’s ability to flex the hip. Several orthopaedic fracture tables do have the ability to flex the hip up, such as the OSI-ProFx or Hana tables 
(Mizuho/OSI). In addition, the foot can always be detached from the bed by a circulating nurse or an unsterile assistant if more manipulation of the leg is 
necessary. If the surgeon chooses to drape the leg free, a femoral distractor or an able assistant can be used to provide traction, and this allows for the leg to 
be flexed. Flexion of the hip relaxes the anterior hip structures, such as the psoas tendon and the anterior capsule. The hip may reduce with flexion alone. In 
addition, if it is decided to pursue ORIF of the femoral head fragment, the leg can be placed into a figure-of-four position. This flexes, externally rotates, 
and abducts the leg, allowing exposure of the anteroinferior portion of the femoral head, allowing for fixation of the femoral head fragments. This technique 
is particularly useful for Pipkin I and II fragments when planning for either debridement or fixation. 


Positioning 
The patient is placed supine on the radiolucent bed with a small soft bump placed under the ipsilateral hip and the ipsilateral arm can be out to the side or 
placed across an armrest across the patient’s chest. The hip is prepped out and draping should be done to go up to the 12th rib proximally and along the 
midline medially to allow access to the femoral vessels. This should be done irrespective of whether traction is used. 

Traction can be applied through a distal femoral traction pin or the ipsilateral foot in a well-padded boot. Distal femoral traction is a more powerful 
technique, but it can be more difficult to manipulate the leg. Each surgeon should consider the advantages and disadvantages of each type of traction, and 
how they are going to manage each fracture. 


Surgical Approach and Technique 


Direct Anterior (Smith-Petersen or Hueter Interval) Approach 


KEY SURGICAL STEPS 


,/ | Direct Anterior (Smith-Petersen or Heuter Interval) Approach to the Hip: 


Determine if traction on a fracture table is needed or adequate assistance is available to perform on radiolucent table 
Incise the skin down to fascia and of tensor fascia lata (TFL) and iliotibial band (ITB) 
Identify the perforating vessels and incise fascia laterally on the TFL to avoid getting into intramuscular septum to protect the lateral femoral 
cutaneous nerve (LFCN) 
Retract TFL laterally and sartorius with intramuscular septum medially 
Identify the lateral circumflex vessels and coagulate or ligate them 
If more anterior and medial exposure is needed, tag and release both the heads of the rectus off the ileum 
If required, release sartorius from ilium or perform an osteotomy of ASIS 
e Incise the capsule in a T- or H-shaped manner, and include any capsular disruption into the capsulotomy to free up the femoral head, use of a 
no. 12 blade scalpel can help protect the labrum (Fig. 52-35) 
e Use of a bone hook around the femoral neck can assist in reduction 
e A T-handle on a Schanz pin placed into the femoral neck from vastus ridge can also be used to control the proximal femur 
LJ External rotation, abduction, and some flexion facilitate access to the inferior medial portion of the femoral head (typical location of Pipkin 
fragment) 
If associated femoral neck fracture, then a separate lateral incision may be required to place implants such as screws or plate 
Alternatively, use of a Watson-Jones approach will allow for reduction of the neck and placement of fixation through a single incision 
Reduction of head fragments or femoral neck can be done, digitally, with clamps, K-wires, or the use of pins as joysticks 
Headless screws are used to secure the Pipkin fragment 
Fluoroscopy is used to check congruency and stability of the joint 
The capsule is closed, and the rectus is repaired to the ASIS through drill holes or with suture anchors 
Drains are optional. If placing a drain, it should be on top of capsule and exit distal and lateral to the TFL 


The DAA to the hip was first described by Hueter in 1887 and later popularized by Smith-Petersen in North America in 1920s.!°° The interval used to 
access the hip is between the sartorius and the tensor fascia lata (TFL). The limited approach is to incise the skin about 2 to 3 cm lateral and 2 to 3 cm distal 
to the ASIS and make a 10- to 15-cm incision that is directed toward the head of the ipsilateral fibular head. Once down to the fascia of the TFL, perforating 
vessels are noted laterally. These vessels demarcate the junction of the tensor and the gluteus maximus fascia. The fascia of the TFL is incised just anterior 
to these vessels and the TFL muscle belly is retracted laterally. This keeps the intramuscular septum intact and protects the lateral femoral cutaneous nerve 


(LFCN), which is in the intramuscular septum. If the fascia is incised more laterally or posterior to the perforating vessels, the tensor is retracted anteriorly 
and the gluteus maximus and medius are retracted laterally. This is the Watson-Jones interval. 
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Figure 52-35. No. 12 blade, which is quite useful when performing a capsulotomy. As the surgeon approaches the intact labrum, the capsule can be incised from the 
inside out. This blade helps cutting down onto the intact labrum that is to be preserved. 


With the TFL retracted laterally and the sartorius retracted medially along with the intermuscular septum to protect the LFCN, the deep fascia of the 
TFL is divided with care as the lateral femoral circumflex vessels traverse this interval. These vessels should be isolated, ligated, and tied off or coagulated 
(Fig. 52-36) if distal extension is necessary. These vessels can be a source of significant bleeding if not adequately controlled. 

Once through the deep fascia of the TFL, a retractor is placed superiorly over the capsule. This is superior and lateral to the hip joint that lies deep to the 
gluteus minimus and medius. Anteromedially, the rectus femoris, both direct and reflected heads, are identified at their origin, the AIIS. The plane between 
the rectus and the anterior hip capsule is developed and a cobra retractor can be placed to fully expose the anterior hip capsule (Fig. 52-37). If the femoral 
head has buttonholed through the anterior capsule and/or further medial exposure is necessary, the indirect and direct heads of the rectus are tagged with 
heavy, nonresorbable suture and released off the anterior iliac spine (Fig. 52-38). Once the rectus is released and if more medial and proximal exposure is 
needed, the approach can also be extended proximally, creating a full iliofemoral approach. The skin incision is extended proximally along the iliac crest 
exposing the external oblique attachments, which are then sharply elevated off the iliac crest. Usually, there is a layer of fat that can be identified as this 
plane between the external oblique and the ileum. This is then developed proximally to the point of maximum concavity of the iliac wing. A cobb or key 
elevator is used to elevate the iliacus muscle off the inner table, and a lap pad is packed down the inner table to the level of the iliopectineal line to reduce 
bleeding. If needed, the sartorius can be tagged and released directly from the ASIS or a small osteotomy can be performed. Once the proximal exposure is 
complete, hip flexion allows the psoas to be retracted medially to fully expose the anterior wall of the acetabulum. In addition, if more exposure of the 
anterolateral exposure of the acetabulum is necessary, the TFL origin along the iliac crest can be peeled back to the gluteal pillar, allowing the TFL muscle 
to be reflected more laterally. Alternatively, an iliac crest osteotomy can be performed to preserve the muscle origin. This can become useful if the hip 
needs to be fully dislocated or there is an associated anterior column or wall fracture. 


Figure 52-36. The lateral femoral circumflex vessels are in the deep fascia of the tensor fascia lata muscle belly. With the muscle belly retracted laterally, these 
vessels are identified and coagulated. Once these vessels and the deep fascia are divided, the hip capsule is the next anatomic structure. 


a 
Figure 52-37. The view of the femoral head once the capsule is divided to expose the femoral head for excision of a Pipkin type 1 fracture. Cobra retractors are 
placed intracapsular around the femoral neck and a sharp, double-bent Hohman retractor is placed over the pelvic brim onto the iliopectineal eminence. This retracts the 
capsule and the rectus muscle while the direct head of the rectus remains attached to the AIIS. 
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Figure 52-38. To improve medial visualization, the direct head of the rectus is released from the AIIS. Either the sartorius is elevated off the ASIS or an osteotomy of 
the ASIS is performed. The inguinal canal and the psoas are all reflected medially. This allows for sufficient exposure to the medial, anterior, and superior portions of 
the hip joint. 


Anterolateral (Watson-Jones) Approach 


An anterolateral approach as described by Watson-Jones can also be used to approach the hip when performing an open reduction with or without 
debridement. A more lateral incision is made compared to the DAA and proximally is curved anteriorly. The fascia of the TFL is identified and split midline 
distally, and as one reaches the vastus ridge and trochanter, the fascia is divided posterior to the TFL muscle belly and anterior to the gluteus maximus and 
thus anterior to the gluteus medius. Once this plane is obtained, cobra retractors are placed as with the DAA—one anteromedially under the rectus and one 
posterolaterally under the gluteus minimus and medius. This will expose the hip capsule. A T-shaped release of the hip capsule is made with one limb going 
longitudinally parallel to the femoral neck and the other limb parallel to the acetabular rim just lateral to the labrum providing access to the femoral neck 
and femoral head. If further exposure to the neck is needed, the T can be converted to an H by releasing the capsule along the intertrochanteric ridge (Fig. 
52-39). 


Figure 52-39. A: If an anterior approach is used for fixation of a femoral head fracture, the radial portion of the capsulotomy should be performed on the acetabular 
side and the vertical limb directed parallel with the femoral neck. B: This allows for the best visualization of the femoral head and spares the cervical vessels. 


The direct anterior and anterolateral approaches allow for complete exposure of the anterior aspect of the joint, the neck, and the anterior acetabulum. 
The vessels must be protected, and the hip reduced. The rectus, capsule, labrum, bony fragments, and even the psoas tendon have been implicated in 
irreducible anterior dislocations. Each of these structures must be evaluated in the case of an irreducible anterior dislocation. Flexion to relax the anterior 
structures makes the procedure easier. Often a joker or other curved retractor can be used to lever a tight structure over the head and allow for reduction. If 
there is no tendon blocking the reduction, then distraction of the hip will provide for easier digital inspection of the joint to remove fragments, capsule, 
labrum, or avulsed muscle. This distraction is performed in flexion and mild rotation using a bone hook on the trochanter to pull laterally. Complete 
anesthetic paralysis of the patient is required. 

The anterior approach is also useful in cases of nonconcentric reductions. If an incongruent reduction is caused by something located anteriorly in the 
joint, then an anterior approach will allow for removal of the structure without redislocating the hip. This is true regardless of the direction of the hip 
dislocation. An excellent example of this is a type I femoral head fracture in which the fracture fragment is causing an incongruent reduction. A Watson- 
Jones or a DAA can be used to access the anterior aspect of the joint. Distraction can be provided via the fracture table, manually by an assistant, or by use 
of a femoral distractor from the AIS to the trochanter. The fragment can be removed easily and the capsule repaired. Likewise, soft tissue or bony 
fragments located in the front of the joint are easily removed via this method. 

If a DAA is used and dislocation is required, then traction is applied with the assistance of the fracture table, an assistant, or femoral distractor, and the 
leg is maximally externally rotated, extended, and adducted. The surgeon places a bone hook around the femoral neck after a full capsulotomy is performed 
and pulls it in anterolateral direction. Once dislocated, keeping the leg externally rotated and adducted, the leg can be flexed up and the femoral head can be 
placed into a pocket posterosuperior to the acetabulum. A cobra or fang retractor can be placed over the inferior femoral neck and outside the posteroinferior 
acetabulum to expose the acetabulum to remove any bony debride or offending structure. 


Through a Posterior (Kocher-Langenbeck) Approach 


The indications for the posterior approach are an irreducible posterior dislocation, a nonconcentric reduction with posterior interposition, or dislocation 
associated with posterior wall fracture requiring fixation. Although reduction and fixation of posterior wall fractures is frequently performed with the patient 
prone, open reduction of an irreducible dislocation of the hip is easiest with the patient in the lateral position.”>7° 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Open Reduction, Debridement, and Fixation of the Dislocated Hip Through a Posterior (Kocher-Langenbeck) Approach: 


OR table LJ Radiolucent table 
Position/positioning aids Bean bag or hip positioner for lateral position, axillary roll, padded mayo stand 
Protect the downside peroneal nerve with gel padding 


Fluoroscopy location LJ Comes from anterior side of the patient 


Equipment Large hip retractors, Charnley retractor 
Large and small bone hooks 


Schanz pin and T-handle chuck 
Femoral distractor available 


In rare cases may need to have a hip skid or femoral head pusher available to help with reduction 


Patients with irreducible or nonconcentric reduction of a posteriorly dislocated hip can be reduced via a posterior approach. Careful radiographic assessment 
of the femoral neck to rule out fracture should be performed prior to going to the operating room to avoid displacement at the time of reduction. In addition, 
if a nondisplaced fracture is suspected, the surgeon should be prepared to place cannulated screws or a fixed-angle device across the fracture to stabilize it 
prior to reduction. Standard hip retractors need to be available. In addition, a Charnley retractor or Adson-Beckman retractors are useful. To help gently 
reduce the hip, large or small bone hooks around the femoral neck can be used to help control the reduction once the obstructing soft tissue is removed. A 
Schanz pin placed retrograde up the femoral neck from the vastus ridge and attached to a T-handle can provide excellent leverage and control to the 
reduction. A femoral distractor can also be used to obtain length if the hip needs to be distracted. 


Positioning 

Patients are placed in the lateral position with an axillary roll. A large beanbag or hip positioner is used to secure the patient firmly in the lateral position. 
The contralateral peroneal nerve is protected by placing gel padding above and below the fibular head to remove any direct pressure on the nerve. 
Anticipating that a full Kocher—Langenbeck incision that extends up to the posterosuperior iliac spine (PSIS) may be required, it is imperative to prep a 
large surgical field that includes the PSIS and the entire iliac wing into the field. A surgical assistant is needed to hold the leg for the prep as the leg will not 
externally rotate normally and the entire leg must be supported. 


Surgical Approach and Technique 


KEY SURGICAL STEPS 


,/ | Open Reduction, Debridement, and Fixation of the Hip Through a Posterior (Kocher-Langenbeck) Approach: 


Expose iliotibial band and split distally 
Split the gluteus maximus proximally (feel for femoral head) 
Keep knee flexed to relieve pressure on sciatic nerve 
Identify sciatic nerve distally 
e May need to release the insertion of gluteus maximus 
e Follow piriformis tendon to sciatic notch 
Identify and remove the obstructing anatomy 
e Piriformis tendon, obturator internis 
Gluteus maximus muscle 
Ligamentum teres 
Labrum 
Capsular attachments 
Bony fragments 
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A Kocher—Langenbeck approach exposes the posterior aspect of the hip and allows for direct exposure and protection of the sciatic nerve. Identification of 
the sciatic nerve is the first step of the procedure, as it may be trapped or injured by the dislocation or the reduction. In the face of an irreducible dislocation, 
the piriformis tendon, obturator internus tendon, gluteus maximus muscle, ligamentum teres, labrum, capsular attachment, or bony fragment may prevent 
reduction. The sciatic nerve may be tented over the dislocated head, which is apparent immediately upon splitting the gluteus maximus muscle. The nerve 
must be identified at this point in the procedure. This is best accomplished by finding it distal to the area of the disruption. To achieve this, the gluteus 
maximus tendon can be released at its distal insertion (Fig. 52-40). This takes pressure off the muscular envelope and makes identification of the sciatic 
nerve more straightforward. The nerve is located medial to the maximus insertion and dorsal to the quadratus femoris muscle. Gentle extension of the hip 
will take tension off the nerve and the posterior structures. Likewise, the knee should be kept in a flexed position (90 degrees) to relax the tension on the 
nerve. Once the nerve is identified distal to the hip joint, it is followed proximally and freed from impingement. The nerve emerges as one branch from 
under (anterior to) the piriformis tendon and passes behind (dorsal to) the obturator internus tendon in 84% of cases (see Fig. 52-14).8 In other cases, it may 
be two branches and either surround or traverse the piriformis tendon. In either case, the tendon must be followed back to its origin from the greater sciatic 
notch to ensure its safety. After this, the piriformis tendon may be released from the greater trochanter. This will enable the reduction if the piriformis is 
wrapped under the head and provide better exposure of the joint if necessary. Offending structures are removed from the hip joint and the hip is reduced. If 
the superoposterior wall is entrapped, it may be attached to the iliofemoral ligament or labrum. Prying the fragment inferiorly and posteriorly is possible 
with distal and lateral traction on the femoral head via the trochanter. Posterior wall fragments or labrum that are stuck in the joint are difficult to free and, 
on occasion, must be forced anteriorly on its pedicle to remove it. The intact portion of the labrum is always the anchor of these fragments, so identification 
is imperative in determining the direction of removal. If the labrum is intact superiorly, then the fragment must come out superiorly, and vice versa. 


Figure 52-40. The sciatic nerve runs medially to the insertion of the gluteus maximus tendon and posteriorly to the quadratus. It is safest to identify the nerve distally 
in the wound by releasing the maximus tendon when performing an open reduction of the hip. 


After all the offending structures and fragments are removed from the joint, and the nerve is safely retracted, the hip may be reduced. Again, high- 
quality radiographs in the operating room are needed to confirm a congruent reduction as evacuation of the joint is challenging. Care should be taken to 
avoid damage to the medial femoral circumflex vessel within the quadratus femoris. If dissection of this muscle is necessary, it should always be performed 
from the acetabular side. Once the hip is reduced, labral detachments can be repaired using suture anchors to a freshened cancellous bed.3®!58 Small 
posterior wall fractures are also fixed since the exposure is already available. Spring plates with mini-fragment plates may be used for fragments too small 
to accept lag screws. Finally, debridement of any damaged muscle, particularly the gluteus minimus, may help prevent HO.!° Repair of all tendons is 
followed by a careful closure over drains. 


Surgical Hip Dislocation or Transtrochanteric Approach to the Hip 


A transtrochanteric approach used to surgically dislocate the hip can be used to treat all four types of Pipkin fractures. The approach, as described by 
Ganz,” respects the blood supply to the femoral head and gives excellent access to the femoral head as well as to the articular side of the acetabulum. This 
approach is particularly useful for the treatment of combined femoral head and acetabular fractures as it allows for full visualization of the femoral head and 
the acetabulum. 


Preoperative Planning 
Surgical Dislocation of the Hip: 
PREOPERATIVE PLANNING CHECKLIST 
OR table LJ Radiolucent or standard table to accommodate the lateral position 


Position/positioning aids Bean bag or hip positioner for lateral position, axillary roll, padded mayo stand, large rectangular bump 
Protect the downside peroneal nerve with gel padding 


Fluoroscopy location LJ From anterior side of patient 


Equipment Small-fragment kit 
Mini-fragment kit 
Long 3.5- or 4.5-mm screws for trochanter 
Pelvic instrumentation 


Suture anchors available 


Preparing for a surgical dislocation is similar to a posterior approach in the lateral position as it can be performed after a standard Kocher—Langenbeck 
approach to improve the access to the joint. The trochanteric osteotomy can be uniplanar or with a step cut (Fig. 52-41). This is usually performed with a 
small oscillating saw and completed with flat osteotomes. The capsule is released anteriorly and, the hip is then dislocated anteriorly. The leg is then placed 
into a sterile bag that is part of a special hip drape, or a spare C-arm drape is used to create the sterile pouch anteriorly. Another helpful aid is a sterile, 
padded mayo stand placed on the posterior side of the patient to help hold the leg in internal rotation and in extension when performing the osteotomy. A 
large rectangular or “football”-shaped bump is also helpful to help support the dislocated leg. Fluoroscopy is generally used at the end of the case to confirm 
implant positioning, reduction of the fragments, congruency of the joint, and restoration of the trochanteric osteotomy. The screws used to fix the trochanter 
can be between 50 and 80 mm depending on the trajectory of the screws, and one should have some longer screws available, as a standard small-fragment 
kit may not have long enough screws. 


Positioning 


Patients are positioned in the lateral position as described for the posterior approach using either a beanbag or special hip positioner. An axillary roll is 
placed, and the ipsilateral arm is supported on a padded mayo stand. The down peroneal nerve is protected and either a preformed bump or blankets can be 
used to bump up the operative leg to a more neutral or slightly abducted position to relax the TFL. A second padded mayo stand is set up and will be used to 
support the operative foot to help hold the leg in slight internal rotation. The surgeon is best positioned posterior to the patient with an assistant above him 
and an assistant on the other side of the patient who will control the leg once the hip is dislocated. Surgical dislocation of the hip is best performed with a 
minimum of two surgical assistants. 
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Step cut trochanteric osteotomy 
=====" Straight trochanteric osteotomy 


Figure 52-41. Diagram of the trochanteric osteotomy. The osteotomy can be made as a straight cut (dashed line) or as a step cut (solid line). In either case, proximally 
the osteotomy starts within the tendon of the gluteus medius in the middle of the tip of the trochanter and ends just distal to the vastus ridge. 


Surgical Approach and Technique 


Surgical Dislocation of the Hip: 
KEY SURGICAL STEPS 


LJ Expose iliotibial band and split proximally between the TFL and gluteus maximus. 
e Use the perforating vessels to identify this plane. 
e Goas proximally as possible to create a large flap of gluteus maximus. 
e Go distally past the femoral insertion of the gluteus maximus tendon. 
If the hip is still dislocated, feel for the femoral head under maximus superiorly and posteriorly. 
If the hip is reduced by slightly abducting, internally rotating and extending the hip provides adequate exposure of the posterior portion of the 


trochanter. 
Keep knee flexed to relieve pressure on sciatic nerve. 

= Mark out plan for osteotomy to go through the tip of the trochanter and distally exit below the vastus ridge to create a trigastric osteotomy. 

e The hip should be in extension and internal rotation when performing osteotomy. 
e Ifa straight osteotomy is performed, try cracking the anterior portion to leave an anterior ridge of bone for the fragment to interdigitate when 
repaired. 

ae the gluteus minimus and medius proximally off the capsule with the leg in abduction, can use large rectangular bump to help support leg. 
Anteriorly elevate the vastus off the femur and the anteroinferior minimus off the capsule as the abducted hip is flexed and externally rotated. 
Perform Z-shaped capsulotomy. If hip is buttonholed through the capsule, incorporate the capsular defect into the capsulotomy. 
Usually the hip cannot be freed up or moved until the capsule is released. In the irreducible hips, the capsule entraps the femoral head and neck and 
care should be taken when releasing the capsule. 
Once the capsulotomy is performed, the hip is dislocated. The leg is flexed and externally rotated. The leg in placed in a sterile bag anteriorly. 
Femoral head is exposed and the acetabulum is debrided. If an anterior labral repair is required, this can be performed at this time. 
Femoral head fractures are reduced and K-wires and clamps are used to hold fragments in place. 
The fovea can be used to place antegrade K-wires or the tine of bone forceps when provisionally fixing fragments. 
Usually, inferior Pipkin fragments have the ligament of Weitbrecht still attached and every attempt should be made to keep this intact to maintain a 
blood supply to this fragment. This comes from a branch of the MFCA. 

LJ Once the femoral head is repaired and/or acetabulum is debrided, then the hip is reduced. The superior and posterior labrum can be rechecked at this 
time and repaired along with any posterior wall fragments. 
Small posterior wall fragments can be fixed with small antiglide plates or debrided. 
A loose capsular repair is performed to prevent increased intracapsular pressure from hematoma that could occlude the femoral head blood supply. 
The trochanteric fragment is placed back into the osteotomy bed and fixed with either 3.5- or 4.5-mm lag screws. These should aim toward the 
lesser trochanter. 

LJ Fixation of trochanteric fragment requires a 6-week course of foot flat partial weight bearing to protect the repair. 


The interval between the TFL and the gluteus maximus, as described by Gibson,*° is used to prevent iatrogenic damage to the gluteus maximus muscle. 
This interval is divided as proximally as possible and extended to the insertion of the gluteus maximus tendon on the posterior femur distally. Alternatively, 
a transgluteal approach similar to a standard Kocher—Langenbeck approach can be used to expose the lateral portion of the femur. The posterior portion of 
the trochanter is identified and prepared for the trigastric osteotomy. The posterior portion of the gluteus medius is palpated and the proximal end of the 
osteotomy is performed exiting through the middle of the tip of the trochanter and the gluteus medius tendon. This prevents the osteotomy from injuring the 
main branch of the MFCA or the anastomosis of the internal gluteal artery and the MFCA, which lies on the posterior border of the piriformis tendon.*247 
The osteotomy exits distal to the vastus ridge and can be performed as a straight or as a step osteotomy.”"!!3 Once the osteotomy is made, it is elevated 
anteriorly, the remnant of the gluteus medius is released from the intact tip of the trochanter, and superior border of the piriformis tendon is identified. The 
gluteus minimus is then dissected off the capsule posteriorly. Anteriorly, to help elevate the vastus lateralis and intermedius off the anterior capsule and 
anterior femur, the hip is slowly abducted, externally rotated, and flexed. The hallmark of the trigastric osteotomy is continuity above and below the shallow 
bone with an intact soft tissue sleeve. 

Once the capsule is exposed such that the acetabular rim can be palpated, a Z-shaped capsulotomy is performed along the superoanterior portion of the 
femoral neck. At the anterior rim of the acetabulum, the capsulotomy is curved posteriorly and follows along the acetabular rim. The anterior limb of the 
capsulotomy goes inferiorly along the intertrochanteric ridge in a manner that leaves a cuff of tissue along the ridge to allow for reattachment at closure 
(Fig. 52-42). With the capsulotomy performed, a bone hook is placed around the femoral neck and, as an assistant flexes and externally rotates the femur, 
the bone hook is used to subluxate and then dislocate the hip. If the ligamentum is intact to the femoral head, it needs to be transected to allow for full 
dislocation and visualization of the femoral head. This is a safe procedure with respect to the blood supply of the head. With the hip dislocated, the leg is 
externally rotated, and the foot is placed in a sterile bag anteriorly. External rotation allows for more exposure of the femoral head. Fracture fragments and 
areas of impaction, which usually occur adjacent to the fracture edges, can be addressed. 

The advantages of this approach include the ability to expose the entire hip joint, an increased ability to address areas of impaction (Fig. 52-43) and 
visualize the reduction circumferentially, increased ability to treat concomitant labral detachments, and an improved ability to ensure implant placement is 
not intra-articular. In addition, this approach allows for the treatment of femoral head fracture with or without associated fractures of the femoral neck or 
acetabulum (Fig. 52-44).496.123 Complete dislocation of the femoral head allows for a thorough debridement of loose bodies from the hip joint. Avulsions 
or tears of the acetabular labrum are repaired to the acetabular rim with suture anchors, as described for the treatment of femoroacetabular impingement.** 
Surgical dislocation has primarily been described for the treatment of femoroacetabular impingement®9-“° and acetabular fractures.!!%!29 Some authors have 
reported using a surgical dislocation approach for all femoral head fractures, in particular when there is an associated acetabular fracture. 3 
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Figure 52-42. Diagram of capsulotomy for a surgical dislocation. The capsulotomy is Z shaped, with the transverse portion in line with the femoral neck in the 
superoanterior portion of the joint. The distal limb should be on the femoral side and the proximal portion going posteriorly should be along the acetabulum, keeping 
the capsulotomy away from the MFCA. (Redrawn with permission after Gardner MJ, et al. Surgical dislocation of the hip for fractures of the femoral head. J Orthop 
Trauma. 2005;19(5):336.) 


In the original description of this technique for elective cases, Ganz?’ reported three trochanteric fixation failures in 213 cases. In Henle’s*® series of 12 
patients and Solberg’s!*° series of 12 patients with femoral head fractures treated with surgical dislocation, no patient had a nonunion of the trochanteric 
osteotomy after the primary surgery for fracture fixation. One patient did have a nonunion after a third hip revision for an arthroplasty 6 years following a 
Pipkin type IV injury. Ganz? also reported no cases of AVN in his series, demonstrating that the approach does not cause AVN in the elective setting. 
Solberg!” reported one case of AVN in a Pipkin IV fracture, and Henle“? had two cases of AVN also in type IV injuries, making it difficult to determine if 
there was a causal relationship of the approach with this complication. 
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Figure 52-43. A: AP radiograph of the right hip in a 36-year-old man with a Pipkin type IV injury. B: An intraoperative picture of the femoral head demonstrating 
areas of impaction and cartilage damage. The pictureis looking at the inferior aspect of the femoral neck taken from the front of the patient in the lateral position. C: 


The femoral head seen from the opposite side of the table, standing behind the patient and looking in the caudal direction. (Courtesy of Prof. Alessandro Massé, San 
Luigi Ospedale, Torino, Italy.) 
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Figure 52-44. A: AP radiograph of a 29-year-old man who sustained a fracture-dislocation of the hip that involved both a femoral neck fracture (Pipkin type II) and 
a small posterior wall fracture (Pipkin type IV). A surgical dislocation was performed, and intraoperatively the surgeon was able to identify all the fragments (B) and to 
protect the retinacular vessels along the femoral neck that supply the femoral head (C). D: K-wires and threaded K-wires were used to obtain provisional fixation while 
protecting the femoral head vessels. Once provisional fixation of the femoral head was performed, headless screws were used to fix the articular fragments and then 
buried under the cartilage. Cannulated screws were used to obtain some compression of the femoral neck fragment. Threaded K-wires were used to add stability. E-G: 
The labrum and posterior wall were also fixed with suture anchors and an antiglide plate. 


Authors’ Preferred Treatment for Hip Dislocations and Femoral Head Fractures ( 


For all cases of hip dislocation, the goal is to obtain a congruent and stable hip. The initial management is directed at reducing the head within the 
confines of the acetabulum to minimize ischemia of the femoral head and subsequent AVN. If an associated femoral neck fracture is present, this can be 
fixed with percutaneous screw fixation or if displaced then immediate open reduction is performed. An irreducible hip requires an immediate open 
reduction. After the femoral head is within the confines of the acetabulum, the hip will fall into one of three categories: congruent reduction without 
associated fracture, congruent reduction with associated fracture, or incongruent reduction. The ultimate management will then be determined by the 
stability of the hip and whether the associated fracture requires fixation as shown in Algorithm 52-1. 

As in all other dislocations, the congruence of the reduction is assessed. If incongruent, then an open reduction is necessary. The ultimate treatment 
of the fracture is dependent on its size. If the hip is congruently reduced and a femoral head fracture is present, then the treatment is determined by the 
size and reduction of the femoral head fracture. If the fracture fragment is small (type I), then it may be treated nonoperatively regardless of its position 
(see Fig. 52-16). If the fragment is large and affects the weight-bearing surface (type II), then it is reduced and fixed with low-profile or headless 
compression screws recessed beneath the articular surface. If the fragment is small and caudal (type I), then excision is preferred, particularly if it 
impedes motion or causes impingement (see Fig. 52-25). If there is a possibility of excision, such as an isolated Pipkin type I, then the hip is approached 
anteriorly (see Fig. 52-39). Since the femoral head fragment is located anteriorly, it is directly visualized via this method and debridement or fixation 
can be performed. 
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Algorithm 52-1 Authors’ preferred treatment for hip dislocations and femoral head fractures. 


If the fracture affects the weight-bearing region of the head, then an anatomic reduction is desirable. The reduction should be assessed on plain films 
and on fine CT cuts. If there is a near-anatomic reduction and the hip is congruent, then close observation is possible. If the reduction is not anatomic, 
then ORIF is chosen as above (see Fig. 52-28). Because the labrum can be involved after a posterior fracture-dislocation, there is usually a small 
posterior labral avulsion or a small posterior wall acetabular fracture that makes management more complicated. If the posterior wall needs to be fixed, 
then the femoral head can be fixed. Surgical dislocation of the hip is the preferred approach to allow for fixation of the posterior wall or labrum and the 
femoral head (Fig. 52-45). If there is a Pipkin type III or IV fracture, a surgical dislocation is performed (see Fig. 52-44). Since this approach allows for 
complete visualization of the femoral head and acetabulum, it has become the more preferred method to approach fracture-dislocations of the hip, when 
the femoral head is involved. 


Postoperative Care 
Arthroscopic Debridement 


Postoperative management following hip arthroscopy is dependent on intraoperative findings. If debridement only is performed, 2 to 3 weeks of foot flat 
partial weight bearing is recommended, but if a labral repair is performed this is extended to 6 weeks. Physiotherapy and the use of continuous passive 
motion (CPM) or stationary bike can be started early, as range of motion is felt to decrease the incidence of adhesion formation.°8 

Prophylaxis for thromboembolic events is recommended with some form of chemical prophylaxis. The rate of deep vein thrombosis or pulmonary 
embolism following hip arthroscopy appears to be low, less than 5%, but chemical prophylaxis with aspirin or low—molecular-weight heparin (LMWH) is 
recommended.°®7,77,84,93.121,125 Given the energy involved in a dislocation, LMWH or a factor Xa inhibitor is preferred. The heterotopic bone formation 
can occur with elective hip arthroscopy and is prevented with nonsteroidal anti-inflammatory drug (NSAID) treatment.’ 


g . The combination of a femoral head fracture and posterior wall fracture can create instability and following the outlined algorithm is helpful in 
arene treatment. A: This 24-year-old female was in a motor vehicle accident and sustained a posterior fracture-dislocation Pipkin type IV injury. B: Subsequent 
CT scan demonstrated no femoral neck fracture but impaction of femoral head and the presence of a small posterior wall fracture. After a closed reduction in the 
operating room (C), repeat CT scanning with 2-mm cuts demonstrated reduction of femoral head fragment and the posterior wall fracture (D, E). F, G: Because of the 
combination of injuries, a stress test was performed, which demonstrated instability. With instability noted from the stress test and the presence of a femoral head and 
posterior wall fracture, a surgical dislocation was performed to repair the femoral head fracture. H: The labrum and posterior wall fragment were repaired with sutures, 
and the posterior wall fracture was reinforced with an antiglide plate. I: The patient had a painless hip at 1 year. 


Open Surgical Treatment 


Following open reduction with or without fixation, surgeons should consider weight bearing and physical therapy guidelines, venous thromboembolism 
prophylaxis, use of a drain, and heterotopic bone prophylaxis. Weight bearing is generally determined by the fracture pattern and the surgeon’s comfort with 
the fixation. After pure dislocations and Pipkin fractures treated with fixation or excision, patients are generally made foot flat partial weight bearing to 
decrease the joint reactive forces. Patients with Pipkin I or II fractures may advance to full weight bearing as the weight-bearing area is not affected. Gentle 
range of motion with CPM or stationary bike is optional, but no resistance exercises are permitted for 4 to 6 weeks to minimize joint reactive forces. After 
fixation of Pipkin III and IV fractures, full weight bearing is delayed until 12 weeks, as the weight-bearing surface is involved and the fracture fixation will 
be stressed with weight bearing. 

Placing the patient on hip precautions with or without motion restrictions is based on the direction of the hip dislocation, the surgeon’s intraoperative 
assessment of joint stability after surgery, and to a lesser degree the approach used to restore stability. Posterior hip precautions should be considered for all 
posterior dislocations and fracture-dislocations. Limiting flexion and internal rotation will decrease stress on the injured area. In general, patients are limited 
to 60 to 90 degrees of flexion and neutral rotation. The more tenuous the stability, the more restrictive the precautions should be. If necessary, a functional 
brace can be added to help maintain the hip in a position of stability. A functional brace will help limit abduction and maintain a more externally rotated 
position. Anterior dislocations need the opposite precautions. Patients are limited in external rotation and extension. Functional bracing may also be helpful 
for anterior dislocations as they are effective in limiting external rotation and abduction. 

Chemical prophylaxis for venous thromboembolism prevention is recommended for all approaches, using the American College of Chest Physicians 
(ACCP) and American Academy of Orthopaedic Surgeons (AAOS) guidelines. With open hip surgery, surgeons should consider using low-dose 
unfractionated heparin or a direct factor Xa inhibitor for a period of at least 14 days. Venodynes or sequential compression boots should be used prior to 
discharge and at home if possible in addition to chemical prophylaxis. The authors have preferred to use low-dose unfractionated heparin for 4 weeks 


followed by aspirin until the patient is mobilizing well. 

The use of a drain postoperatively is based on the surgical approach and the amount of bleeding during the case. Using drains, for either a posterior 
approach or surgical dislocation is to prevent a postoperative hematoma which will place pressure on the vessels to the femoral head. If a drain is used, it 
should be left in until the output is less than 30 mL/day. Drains may be used for anterior approaches as well but are not needed if there is minimal bleeding 
after reduction. 

Prophylaxis for heterotopic bone after hip trauma is controversial. When open reduction and/or fixation are required, this adds to the soft tissue trauma. 
Thus, the authors feel some form of prophylaxis should be considered. Anterior approaches to the hip have a historically higher rate of heterotopic bone 
formation, so prophylaxis should be used in the form of indomethacin or low-dose radiation. There is no consensus as to the effectiveness or superiority of 
these treatments, and ultimately clinicians must evaluate the severity of the injury, the extent of muscle damage, and the individual risk factors when 
deciding on prophylaxis. For these reasons, the authors prefer to prescribe indomethacin 75 mg/day for 3 weeks postoperatively along with a proton pump 
inhibitor after open procedures. If a patient is at extremely high risk, such as a history of heterotopic bone, presence of ankylosing spondylitis, or severe 
muscle damage in a muscular male and the patient cannot take NSAIDs, then using a single dose of radiation within 48 hours postoperatively will be 
considered. 


Potential Pitfalls and Preventive Measures 


Surgical Treatment of the Dislocated Hip: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Preventions 


Arthroscopic Debridement 

Not obtaining adequate distraction e Use of a postless traction to distract the hip 
e Lateralized well-padded post 
e Begin traction with leg in abducted position 


Improper equipment e Long hip instruments, graspers 
e Articulating instruments 


Lack of exposure for open procedure e Drape out enough to allow for anterior open approach 
e Be prepared to reprep and drape on new table for surgical dislocation or open approach 


Open Approaches 


Anterior Smith-Peterson or Hueter Interval Approach 


Injury to LFCN e Keep incision lateral on the border of the TFL and sweep tissues from lateral to medial. Educate patients about possible 
parathesisias of lateral thigh, as some numbness may be inevitable based on anatomy. 

Bleeding from ascending branch of the lateral e Clearly identify the lateral circumflex vessels in the fascia and tie off, clip, or cauterize these vessels. Check for bleeding 

femoral circumflex vessels from these vessels throughout the case and at the end as they can be a source of constant oozing. 

Limited visualization of femoral head fracture e Convert a T-shaped capsulotomy to an H-shaped capsulotomy. Perform a tenotomy of the direct head of the rectus or an 


osteotomy of AIIS to allow more medial/inferior exposure of the hip joint. In addition, an osteotomy of the ASIS and the 
iliac crest can also improve medial visualization of the hip joint. 


Lack of fixation with screws e Consider flexing the hip up and externally rotating so an antiglide plate can be placed along the inferior neck to support 
the femoral head. 


Malreductions e Use the intact native acetabulum as a template. A ball spike or bone tamp can be used to push Pipkin fragment into a 
reduced position. K-wires can also be used as joysticks to control Pipkin fragment. Check an internally rotated view of the 
hip to assess reduction. 


Capsular closure difficulty e Leaving a cuff of tissue on the intertrochanteric line can allow for strong tissue to close and restore the hip capsule and 
help restore the iliofemoral ligament. 


Anterior Watson-Jones Approach 


Limited visualization e Take off anterior one-third of abductors from trochanter. 


Posterior Kocher-Langenbeck Approach 


Visualization e Be prepared to do a trochanteric osteotomy and consider converting to a surgical dislocation approach. 


Injury to the MFCA e Cut the tendons through the tendinous insertion to the femur, leaving a sleeve of tissue on the femoral side and release the 
capsule posteriorly along the acetabulum to avoid injury to MFCA. 


Surgical Dislocation 
Improper trochanteric osteotomy e Expose tip of trochanter to gluteus maximus tendon insertion 
e Extend and internally rotate the hip 


e Make step cut or crack anteriorly 


Injury to the MFCA e Osteotomy through tip of trochanter 
e Z-shaped capsulotomy 


Iatrogenic devascularization of Pipkin fragment e Identify the Ligament of Weitbrecht or inferior synovial fold 
e Keep periosteum intact around femoral head 


Protruding hardware e Countersink articular screws 


Arthroscopic Debridement 


Arthroscopic management is performed in the acute setting of a dislocated hip that is eccentrically reduced due to loose bodies or concentrically reduced but 
requires the debridement of loose bodies. In the subacute period, arthroscopy is also helpful, as a persistently painful hip despite a concentric reduction on 
plain films may benefit from an arthroscopic debridement. Major pitfalls with arthroscopy of the hip are to make sure adequate traction is obtained before 
establishing portal. Postless traction has become more common and can be used to minimize perineal trauma and pudendal nerve palsy. If posted traction is 
undertaken, use a large, lateralized padded post and place the leg under traction while in an abducted position, then adduct the hip to neutral in order to 
lateral the femur. This also helps to protect the pudendal nerve from excess pressure preventing a pudendal nerve palsy. 


Open Approaches 
Anterior Approaches 


The direct anterior (Smith-Peterson or Hueter interval) and the Watson-Jones approaches to the hip are very similar and understanding the anatomic planes 
is paramount. The incision for a Watson-Jones is more lateral than for a Smith-Peterson. In either case, a more laterally based incision helps to decrease the 
injury to the LFCN. There are various morphologies of the nerve and its branches with respect to the ASIS, some of which place it at risk for injury.!°8 
Many patients will have postoperative numbness, and explaining this risk preoperatively is standard. Starting the incision more lateral, at the posterior 
border of the TFL, muscle minimizes injury to the nerve. 

Management of the lateral femoral circumflex vessels is important as they can cause significant bleeding throughout the case. One must carefully 
identify these vessels that lie within the deep fascia of the TFL muscle between the sartorius and the TFL muscle. These vessels can be cauterized, tied off, 
or surgically clipped. After they are cut, retractors are placed beneath the deep fascia around the femoral neck superiorly and inferiorly. Pressure on the TFL 
can cause continued bleeding from the veins of the lateral circumflex vessels. 

In femoral head fractures approached anteriorly, medial exposure can be limited, impairing the ability to adequately assess and reduce the fracture. In 
this case, the rectus can be released from the AIIS or the AIIS may be osteotomized to improve visualization. If the osteotomy is performed, predrilling and 
tapping will aid in the reduction and fixation of the AIIS. In larger patients, if further visualization is needed or if the patient has an associated anterior 
column acetabular fracture, an ASIS osteotomy can also be performed.!°!!” This allows for further medial visualization with medial retraction of the 
sartorius. This maximizes the visualization through the Smith-Peterson approach. 

Once the hip is exposed, if screw fixation alone is insufficient, placing an antiglide plate on the inferior neck can be considered. With the leg flexed up 
and externally rotated, the medial calcar can be visualized and a small mini-fragment plate can be placed to support the shearing forces on the femoral head 
fracture. This should be placed adjacent to the ligament of Weitbrecht that is kept intact, as it has a small blood supply to the femoral head fragment and this 
location will not impede hip range of motion. 

When the ligament of Weitbrecht is not intact, open reduction of the Pipkin fragment can be difficult. If the surgeon is having trouble with the reduction, 
using the intact acetabulum as a template and using a ball spike to push or slide the fragment into a reduced position are helpful. In addition, using K-wires 
as joysticks may help control the fragment. 

The capsular closure can be difficult and is usually performed with no. 1 Vicryl. To help restore the iliofemoral ligament, a cuff of tissue can be left 
along the intertrochanteric line on the femur. This facilitates closure of the capsule. 


Posterior Approach 


The primary limiting factor of the posterolateral approach for a posterior dislocation is the inability to see the anterior portion of the hip joint. If a posterior 
approach is used, it should be performed in the lateral position and the surgeon should be prepared to do a trochanteric osteotomy and convert to a surgical 
dislocation. Preserving the MFCA is imperative for the viability of the femoral head. Following Letournel’s description, the release of the piriformis and 
external rotators through their tendinous insertion more medially protects the MFCA profunda vessel that runs along the posterior aspect of the neck. In pure 
dislocations, the capsule may be the limiting structure to the reduction. To release the capsule and allow reduction, find the rent in the capsule and release 
the capsule anteriorly first. If additional posterior release is needed, stay along the acetabular rim to avoid the vascular insertion to the head. 


Surgical Dislocation 


To perform a good surgical dislocation, the muscles and tendons of the hip should not be cut. A properly performed trochanteric osteotomy is the critical 
portion of the case. The leg is extended and internally rotated to release the tension of the TFL. With the trochanter well exposed, the posterior tip of 
trochanter is visualized along with the insertion of the gluteus medius tendon superiorly. The trochanteric branch of the MFCA is seen along the posterior 
border of the trochanter. Distally, it is imperative to clearly identify the insertion of the gluteus maximus tendon’s insertion into the femur just distal to the 
vastus ridge. The osteotomy runs from the tip of the trochanter to just distal to the vastus ridge and anterior to the gluteus maximus insertion. Identifying 
these structures will aid the surgeon in making a perfect osteotomy. Once the osteotomy is made, a small portion of the gluteus medius tendon is left on the 
intact femur. Releasing this intact medius exposes the interval between the piriformis and the gluteus minimus, allowing for the minimus to be elevated off 
the capsule. Placing the osteotomy through the tip of the trochanter prevents the surgeon from being too posterior and injuring the external rotators and the 
MFCA as it enters the hip capsule. 

The MFCA is also protected by performing a Z-shaped capsulotomy. This is performed by releasing the capsule along the intertrochanteric line on the 
femoral side, leaving a small cuff of tissue on the femur. The capsule is longitudinally split on the neck at the 1 O’clock position until the acetabular labrum 
is reached and continued posteriorly along the acetabular rim. Performing this with a no. 12 blade scalpel (see Fig. 52-35) can help prevent injury to the 
intact labrum. The large anterior flap can be further released inferiorly to increase acetabular exposure. With the hip dislocated, the Pipkin fragment and the 
ligament of Weitbrecht that has a blood supply to this fragment will remain attached. Leaving these structures intact when possible can help preserve the 
viability of this fragment. 


Outcomes 


Arthroscopic Debridement 


Hip arthroscopy following hip dislocation has been demonstrated to be a safe and useful tool in the traumatically dislocated hip.°”°”®:!5! Mullis reported 
the successful debridement in hips following dislocation and found that 78% of patients without radiographic evidence of loose bodies were found to have 
loose bodies at the time of surgery.9? No long-term outcome scores were reported, so it is unclear how removal in these cases affects the outcome of these 


injuries. Yamamoto!®! also demonstrated the safety of hip arthroscopy in the treatment of these injuries but noted that 4 of the 11 required conversion to an 
open procedure due to severely displaced fragments and inadequate fixation of fragments. Of their 11 patients, 9 were reported to have excellent outcomes 
following arthroscopy. Philippon and TIlizaliturri®”°* also showed the efficacy of arthroscopy for traumatized hips, as well as improved function. 
Phillippon®? reported on 14 professional athletes who were treated arthroscopically after sustaining a hip dislocation and all returned to their respective sport 
following surgery. Ilizaliturri®’ reported an improvement of WOMAC scores, with an average preoperative score of 46, which improved to 87 
postoperatively. The average time from dislocation to surgery was 3 months with the earliest being 1 month. The varied range of time to surgery following 
reduction makes it difficult to assess when the optimal time to intervene is following a hip dislocation. Regardless, close monitoring of patient’s function 
and pain following hip dislocation with or without radiographic evidence of loose bodies is important as arthroscopic intervention can be successful at 
relieving pain in persistently painful hips up to several months after the closed reduction is performed. 


Open Approaches and Outcomes 


Fractures of the femoral head are relatively rare injuries and most of the data on outcomes and results are from small level IV case series and retrospective 
reviews. Despite the lack of large series, the trends and evidence remains consistent over time, and the more extensive the injury, the worse the outcomes. 
Pipkin I fractures have improved outcomes compared to Pipkin IV. A systematic review of the literature was performed in 2009, pooling 453 cases.** Pipkin 
I and II fractures far much better than Pipkin III and IV injuries together and this was also reported by Marchetti et al.”8 who reported results for Pipkin type 
I and II fractures were better than type III and IV fractures (p < .02). Pipkin III injuries are reported to be the worst of all for types, with two insults to the 
blood supply to the femoral head, these injuries likely warrant consideration for total hip arthroplasty acutely, unless in the young healthy patient. In 
Giannoudis’ review, 38% of Pipkin III injuries received primary joint replacement as the primary treatment. In the largest series of Pipkin fractures to date, 
there was a 100% failure rate of Pipkin III injuries after fixation.'!* Excision for Pipkin I fractures has been demonstrated to yield 87% excellent to good 
results“ and suggests if there is a small fragment, if operative treatment is chosen, excision may be better than fixation. Pipkin II- and IV-type fractures are 
more amenable to fixation and the approach seems to be dictated by the injury. Scolaro et al. utilized primarily an anterior approach and demonstrated union 
occurred 88% of patients who underwent ORIF, but mid- to longer-term follow-up is limited. Most series in the literature have limited follow-up but we 
know that AVN, arthritis, and HO are the major complications. Dreinhofer et al.*” reported similar results to those they found in pure hip dislocations. Of 
the 26 patients followed for an average of 5 years (2-11), 6 resulted with arthritis, 5 with AVN, and 8 with HO. By the Thompson and Epstein!?” criteria, 15 
of 26 had fair or poor results. 

Several reports have included evaluation using standardized outcome scoring. Stannard et al.!76 evaluated the clinical and radiographic outcome of 22 
patients at an average of 24 months after injury using the SF-12 outcome scale. Radiographic findings correlated well with SF-12 scores, with poor results 
having an average physical score of 29 as compared with over 42 for all other groups. Outcome was not different, with only small groups, for patients 
managed with ORIF of the head (typically larger more proximal fractures) versus excision (smaller inferior fragments), or an anterior versus posterior 
approach. AVN had a substantial negative effect on outcome with an average physical score of 27 for the five patients who developed it as compared with 
44 for those who did not. Rapp and colleagues!°* evaluated 37 patients treated with ORIF (n = 21) or excision (n = 13) via an anterior approach at a 
minimum of 40 months using the musculoskeletal functional assessment (MFA). Half of the patients had small posterior wall fractures of less than 10%, 
which did not affect the stability of the joint. Fifty-eight percent developed HO, and 6% developed AVN. Nineteen patients who were evaluated using the 
MFA had results similar to other isolated lower extremity injuries (average 22.7). Their results were lower than population-based norms in 8 of 10 
subcategories. With a small number of patients in each group, no associations could be made related to management or injury type. 

Excellent and good outcomes have been reported for femoral head fractures with combined acetabular fractures. Two separate studies reported excellent 
and good outcomes in Pipkin IV injuries when using the surgical dislocation approach with a trochanteric osteotomy. !?>158 Each study evaluated only 12 
patients, but 21 of the 24 total patients were reported to have an excellent or good outcome after 2 years. These two small reports suggest functional 
improvements may be seen with this approach, but further evaluation of the long-term outcomes is necessary. Anterior approaches and surgical dislocation 
have better outcomes than a posterior approach.*4 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO HIP DISLOCATIONS AND FEMORAL HEAD FRACTURES 


Open Surgical Treatment of Hip Dislocation and Femoral Head Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


AVN of the femoral head 
Posttraumatic arthritis 
Heterotopic bone formation 
Malunion 

Sciatic nerve dysfunction 


PREREDUCTION CONSIDERATIONS 


As previously described, the most important part of the initial assessment is avoiding complications. Missing an associated injury can be catastrophic, 
specifically missing a nondisplaced femoral neck fracture. These can displace with attempted closed reduction and identification prior to reduction 
maneuvers is imperative. Likewise, significant ligamentous knee injuries may occur, necessitating vascular assessment of the leg. Complete neurologic and 
vascular assessment will provide a necessary baseline for the postreduction examination. Sciatic nerve dysfunction at the time of presentation is reported in 
up to 19% of patients and is more common in fracture-dislocations than pure dislocations.”!1?7-128.137 The peroneal division is most often affected, so 
peroneal strength must be tested.!’ If the sciatic nerve is injured at the time of the dislocation, then reduction of the head is more imperative, as this may 
take pressure off the nerve. Functional recovery occurs in approximately 70% of cases and is related to the degree of initial injury, with complete palsies 
having a worse prognosis than partial palsies.*9!8 If recovery does not occur, patients may be offered tendon transfer at the ankle if they do not wish to use 


a walking ankle—foot orthosis. Exploration of the nerve is generally not recommended. 


POSTREDUCTION CONSIDERATIONS 


As soon as possible after the reduction, the neurologic function of the limb should be reassessed. Specifically, the sciatic nerve function needs to be 
documented. If nerve function was normal before the reduction and significantly impaired after the reduction, surgical exploration of the nerve is 
recommended to ensure it is not trapped within the joint. 

Regardless of the method, the adequacy of the reduction must be clearly documented with the use of plain films and CT. Likewise, small fragments 
interposed within the articular surface must not be missed as third-body wear will occur quickly. For this reason, if the head is generally reduced within the 
acetabulum but is incongruous, a femoral traction pin should be placed and the hip distracted using skeletal traction to avoid articular damage until the 
offending structures can be removed. 

Recurrent dislocation does not generally occur unless there is an associated fracture. If a large posterior wall fracture exists that may engender 
instability, then the hip should be placed in skeletal traction with the hip minimally flexed to maintain reduction until stability testing can be performed. 


AVASCULAR NECROSIS 


AVN is predominantly present after posterior dislocation and correlates with the time to reduction. !2:2753.91,106,128,137,144,153 Tt ig reported in 1.7% to 40% of 
various series. If the hip is reduced within the confines of the acetabulum within 6 hours of the dislocation, then AVN rates are 0% to 10%. A systematic 
review of the data found that reduction after 12 hours increases the risk of AVN 5.6 times.®! Additionally, AVN is two to three times more likely with a 
posterior approach than a trochanteric osteotomy or an anterior approach.“ 

The cause of the avascular injury is thought to be multifactorial. In part, the cervical vessels to the head and the contributions from the ligamentum teres 
are damaged at the time of injury. Secondarily, an ischemic insult to the femoral head while it is dislocated affects outcome. The mechanism of AVN has 
been studied in rabbits. Shim!!® and Duncan and Shim”? have demonstrated femoral head ischemia in adult rabbits caused by dislocation. Contrary to 
previous beliefs, they found that the cervical vessels to the head are not normally disrupted by the dislocation, but do not provide adequate circulation due to 
spasm of the larger vessels or of the cervical vessels themselves. Early reduction restored the vascular supply to the head better than late reduction, in some 
cases almost to the level of the contralateral hip based on angiographic studies. Yue et al.!°” found a similar kinking effect in human cadavers. Extrapolated 
to the clinical situation, this work indicates that the majority of AVN is secondary to the initial ischemia of the femoral head, not to torn vessels, and that 
emergent reduction may reduce the incidence of AVN. These parallel clinical findings of many authors who report much lower rates of AVN if the hip is 
reduced within 6 hours, 106,128 

Radiographic findings of AVN or chondrolysis are usually present within 2 years but have been seen to occur as late as 5 years post injury.2° The 
diagnosis may be difficult until collapse is present, particularly if the patient develops HO, as this may obscure the radiographic findings. Fortunately, as 
opposed to AVN secondary to systemic illness or medications or idiopathic AVN, posttraumatic AVN may be highly localized. It is therefore more 
amenable to treatment by osteotomy than global AVN. The treatment begins with a period of motion and non—weight bearing to diminish the amount of 
collapse once the diagnosis is made. 


ARTHRITIS 


The most common complication after hip dislocation is arthritis.!°” It is more common in posterior dislocations than in anterior dislocations.2” New 
evidence from the lab suggests that a prolonged dislocation time will increase in chondrocyte apoptosis with increasing time to reduction in a rat model for 
hip dislocation.*2 Fracture-dislocations are also more likely to develop arthritis.°2:°! Dislocated hips with associated femoral head fractures develop arthritis 
at rates as high as 50%. The higher rates of arthritis in fracture-dislocations may be in part from chondrocyte damage, as marginal cartilage injury is 
common in cases of fracture-dislocation.!>76 Repo and Finely!” were able to induce chondrocyte death by applying a 20% to 30% strain. Similarly, 
Borrelli et al.!4! demonstrated subchondral fractures and decreased metabolic activity in cartilage exposed to a compression injury. 

The diagnosis of arthritis in some studies is questionable as arthritis may be difficult to distinguish from AVN.!37 The incidence of primary arthritis is 
highest in severely injured patients.!*9!.145 The effect of open reduction on later degeneration is not clear. Stewart and Milford! reported a 71% incidence 
of arthritis after open reduction compared with only 48% after closed reduction. Brav,!? Morton,°! and Stewart,!29 however, did not find this relationship. 

One of the largest studies to date comes from Dreinhofer et al.,2” who reported on 50 patients after dislocation without associated fracture: 38 were 
posterior and 12 anterior. Despite all but one of the hips being reduced within 6 hours (mean, 70 minutes), they reported a 26% incidence of arthritis at an 
average of 8 years after dislocation. Six of the seven patients without associated severe injury had a good or excellent result as compared with only three of 
eight who had a severe associated injury. In contradistinction to other reports, they found no increase in the incidence of arthritis with length of follow-up. 
They also reported that most patients with radiographic signs of AVN did not manifest radiographic signs of arthritis. 


HETEROTOPIC OSSIFICATION 


HO is very common after posterior fracture-dislocations of the hip.”° It is most common after open reduction of a posterior dislocation.!°° This complication 
is also commonly reported after posterior wall fractures. It is likely due to posterior muscle injury from the dislocation in combination with surgical trauma. 
In cases of femoral head fracture, Swiontkowski et al.'°? demonstrated a higher incidence of HO after ORIF via an anterior approach than a posterior 
approach. In cases of posterior dislocation, the use of indomethacin may diminish the rate of clinically significant HO. The other choice is to use radiation 
therapy, usually 700 Gy in one dose. This method is very effective in decreasing the rate of HO but is no longer recommended due to the risk of 
carcinoma.®” HO seems to be related to significant trauma in addition to a dislocation with Pape et al.°° reporting a rate of 60% that was not related to a 
surgical procedure having been performed. Similarly, Rapp et al.!°* reported a 58% rate of HO in patients treated for femoral head fractures via an anterior 
approach. 


MALUNION 


Yoon et al.!5 reported on three patients who required late excision of an inferior femoral head fracture due to pain and limitation of motion. These patients 
were initially treated with non—weight bearing and then gradual ambulation. In each case, the inferior fragment was excised restoring motion. 


SCIATIC NERVE DYSFUNCTION 


Late sciatic nerve dysfunction has been reported,*8>! usually from HO either compressing the nerve or causing it to be stretched. It is important to continue 
to examine the nerve function at each postinjury visit, as early decompression may favor neurologic return. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO HIP DISLOCATIONS 


AND FEMORAL HEAD FRACTURES 


Treatment of hip dislocations requires an immediate reduction of the hip in a paralyzed patient and ideally is performed in the operating room and within 6 
hours of injury. Understanding the factors that affect outcomes is still a work in progress. The cartilage damage at the time of injury has been demonstrated 
to be an important predictor of arthritis and a predictor of total hip replacement.”° The use of MRI has been shown to help recognize soft tissue injuries and 
insufficiency fractures of the femoral head but its role in the evaluation of acute hip dislocations and recognizing these cartilage lesions remains unclear. In 
the future, as improvements are made in detecting cartilage damage and early arthritis, MRI may be a useful tool for following these patients after 
dislocation and recognizing early arthritic changes. Using MRI early as a benchmark to compare to so that a later MRI will be more helpful, it is likely the 
best use of MRI in adults. MRI does play a role in adolescents and children when the posterior wall is not fully ossified and an entrapped labral may impede 
reduction. 

The use of hip arthroscopy has been suggested in one study to play an important role in the treatment of hip dislocations.°? In this study, 39 hips 
underwent arthroscopy for the debridement of loose bodies. In 14 hips, there was no radiographic evidence of loose bodies, yet loose bodies were found in 
92% of patients. Although hip arthroscopy is not indicated for every hip dislocation, it may provide a role in the treatment of these injuries in the future, 
particularly in the debridement of loose bodies in the face of the stable, concentric hip, evaluation of hardware and even to place limited fixation. 

Hip dislocations associated with a fracture either of the femoral head or of the acetabulum significantly change the treatment and outcome of a hip 
dislocation. The use of the transtrochanteric or surgical dislocation approach has shown some promise in improving the outcome of these injuries. The 
increased use of the surgical dislocation approach for femoral head fractures with or without an associated acetabular fracture has demonstrated some 
improved outcomes compared to the more traditional anterior and posterior approaches.*!49:!2 The improvements in clinical outcomes seen with this 
approach are encouraging, but more follow-up and comparison studies are needed. In addition, the use of bioresorbable pins has been reported to be useful 
in the treatment of nine femoral head fractures.!©? In this study, they used biodegradable poly-L/DL lactide pins for fixation. The use of biodegradable pins 
for femoral head fractures has some advantages, particularly allowing for better imaging of the hip, but much more work has to be done to provide enough 
evidence that these are safe and dependable devices. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO FEMORAL NECK FRACTURES 


INTRODUCTION TO FEMORAL NECK FRACTURES 


Hip fractures are common, constituting 20% of the operative orthopaedic trauma workload.°”* They are associated with up to 10% 30-day mortality?” and 
significant impact on quality of life and healthy life expectancy.?°* They confer a combined health! and care cost?©? greater than stroke or myocardial 
infarction. Intracapsular femoral neck fractures account for over 50% of all hip fractures.” The lifetime risk of sustaining a hip fracture is high and lies 
within the range of 40% to 50% in women and 13% to 22% in men. Life expectancy is increasing worldwide, and this demographic change can be expected 
to cause the number of hip fractures occurring worldwide to increase from 1.66 million in 1990 to 6.26 million in 2050.60 

Undisplaced intracapsular hip fractures account for 15% of cases and historically have been almost invariably treated with fixation; this is now 
controversial, and debate continues worldwide with several large multicentre randomized trials comparing fixation and arthroplasty currently recruiting. The 
remainder are displaced and occur predominantly in elderly female patients. Despite the ubiquitous nature of these fractures, there remains a degree of 
variation in treatment. Options include reduction and fixation, cemented hemiarthroplasty (HA), and total hip arthroplasty (THA). National registries 
indicate widespread variation in the use of these options.”2°%232 

The quality of published evidence continues to improve with more randomized trials available, which have provided better evidence on which to base 
treatment choices,”#7697,98,101,123,130,131,270,301 There has also been a major revision and update to a suite of Cochrane Reviews of hip fracture led in the 
United Kingdom (https://www.bonejointhealth.ac.uk/cochrane-systematic-review-programme-in-hip-fracture/). In broad summary, it is now generally 
agreed that arthroplasty is the better surgical option for most patients with displaced intracapsular fractures. Despite initial trials suggesting the THA may 
have a greater role in hip fracture care, there is now good evidence that it is the choice only for the fittest older patients or younger patients who are at high 


risk of fixation failure. A modern cemented HA is the best option for most older, less fit patients or those with cognitive impairment. 

Reduction and fixation remain the standard approach in younger patients without significant medical comorbidities. However, even in those patients 
with good bone quality reoperation risks are considerable, approaching 50% in some series, and likely reflect the technical challenges of adequate reduction 
and fixation of the femoral neck. Advances in implant design, the use of adjuncts to the primary fixation, and the role of arthroplasty even in younger 
patients may offer improved outcomes going forward. 


EPIDEMIOLOGY OF FEMORAL NECK FRACTURES 


Femoral neck fractures occur most frequently in elderly female patients. Recent National Hip Fracture Database reports indicate that 59% of all hip fractures 
are intracapsular.??° Femoral neck fractures are uncommon in patients younger than 60 years and are often associated with poor bone health.'°479! 
Geographical variation is reported with higher incidence in Europe and North America. This may be due to a larger elderly population, in addition to the 
impact of sociodemographic factors such as ethnicity and deprivation.'48 The incidence of hip fracture increases exponentially with age.°° The risk of a 
second hip fracture within 2 years approaches 10% in women and 5% in men.” In patients who sustain a second hip fracture, it is the same type of hip 
fracture in over 70%.84 

Epidemiologic studies have identified numerous risk factors associated with an increased risk of sustaining a hip fracture (Table 53-1).336 
Nonmodifiable risk factors include increasing age, female sex, a genetic predisposition to osteoporosis, and ethnic origin. The impact of gender appears to 
be a striking one, with up to one-third of women alive at the age of 80 having sustained a fracture. While fewer elderly men sustain a hip fracture, there is 
greater reported mortality at 1 year in men over 80 than in women. Modifiable lifestyle risk factors increasing the risk of hip fractures include a low body 
mass index (BMI <18.5), low sunlight exposure, low calcium intake, low recreational activity, eating disorders, medications such as diuretics and steroids, 
smoking, and alcohol abuse. Chronic disease in general tends to increase fracture risk, and consideration of relevant comorbidities may influence treatment 
choice, particularly in younger patients. 147 

Early global work predicted that the worldwide incidence of these fractures would increase until 2050. Studies from Europe and North America 
however suggested that the incidence of hip fractures may have leveled off and there is even evidence that the incidence may be 
reducing.47:149-150,192,268,292,312 The explanation for the decline was not clear; proposed associations were the increased use of antiresorptive osteoporosis 
treatment, a protective effect of increasing BMI or antihypertensive medications reducing fragility fracture incidence.!4%781349 
More recent work has identified that age-standardized rates are variable; however while there is a reduction in age-standardized rates, there is likely to 


be an increased incidence of fracture overall with rapidly aging populations. !!231,326 


TABLE 53-1. Risk Factors for Hip Fractures 


Nonmodifiable 

Age 

Sex 

Ethnicity 
Reproductive factors 
Family history 
Modifiable 

Weight 

Smoking 

Alcohol 


Level of physical activity 
Diet and nutritional status 


Secondary Causes 


Comorbidities 

HIV 

Celiac disease 

Diabetes mellitus 

Previous fracture 

Primary hyperparathyroidism 
Anorexia nervosa 

Chronic liver disease 
Chronic kidney disease 
Spinal injury 

Depression 

Low body weight 

Immobility 

Neurologic disorders 
Multiple sclerosis 

Brain injury 

Medications 

Proton pump inhibitors 
Antipsychotic medications 
Aromatase inhibitors 

Oral corticosteroids 

Inhaled corticosteroids 
Gonadotrophin-releasing hormone inhibitors 
Long-acting progestogen-only contraceptives (Depo-Provera) 


Thiazolidinediones in type 2 diabetes 


Risk factors for hip fractures can be divided into those that increase the risk of falls in the elderly and those that predispose to changes in bone mass and 
sarcopenia.*° The main risk factors linked to reduction in bone mass have already been given. Cummings et al. in a large study of bone density scans found 
that each standard deviation in femoral neck bone density increased fracture risk by 2.6 times after adjustment for age during an average follow-up of 1.8 
years.°* Reduction in bone mass is due to osteoporosis in most patients. Other metabolic disorders of bone such as osteomalacia and renal osteodystrophy 
also render the femoral neck more susceptible to fracture, but they are much less prevalent. The risk of falling increases with age due to the increasing 
prevalence of risk factors for falling in older age groups. These include muscle weakness, abnormal gait or balance, neurologic disease, deteriorating 
eyesight, and medication with sedative or cardiovascular side effects.>°° 


ASSESSMENT OF FEMORAL NECK FRACTURES 


MECHANISMS OF INJURY FOR FEMORAL NECK FRACTURES 


Most femoral neck fractures occur in elderly female patients and 90% are due to falls. The usual cause is a simple fall with force being transmitted to the 
femoral neck applied via the greater trochanter, resulting in the fracture. The direction of the fall is also important. Older patients who are fitter tend to fall 
forward and are more likely to sustain distal radial fractures or other upper limb fractures. Infirm elderly patients are more likely to fall sideways, and the 
force of the fall is sustained directly on the trochanteric region. An alternative mechanism is external rotation of the leg, with increasing tension in the 
anterior capsule and iliofemoral ligaments. As the neck rotates, the head remains fixed and a fracture occurs. This mechanism would account for the 
posterior neck comminution observed in many of these fractures. The usual site of the fracture is in the weakest part of the femoral neck, located just below 
the articular surface. Quantitative computer tomography has confirmed site-specific bone loss within the femoral head and neck, with maximal bone loss in 
the more proximal and superolateral areas, which accounts for the site of fractures. Insufficiency fractures occur in osteoporotic bone due to normal 
physiologic loads and account for 2% to 3% of hip fractures.!9 

More rarely, the fracture is a result of higher-energy trauma and these injuries are more common in younger patients where much greater force is 
required to cause the fracture. Motor vehicle accidents and falls from a height are the common causes. In younger patients, the injury more frequently 
affects men. Finally, the femoral neck is a well-recognized site for stress fractures, and these occur as a result of repetitive cyclical loading, which 
eventually exceeds the strength of normal bone, for instance in military recruits. 


INJURIES ASSOCIATED WITH FEMORAL NECK FRACTURES 


Most of these fractures are isolated injuries. In a study of almost 2,000 hip fracture patients, Robinson et al.78° reported an associated fracture or dislocation 
in just over 4% of cases. They are associated most commonly with upper limb fractures, mainly distal radial fractures and proximal humeral fractures. 
Patients with concomitant distal radial fractures were fitter than those with concomitant proximal humerus fractures and the latter group had a higher 
mortality rate. 

Approximately 3% of these fractures occur in patients under the age of 60 years, and a proportion of these are a result of high-energy trauma and other 
fractures may be present. Ipsilateral femoral shaft and neck fractures are a well-recognized combination in these patients,*~* and it is estimated that femoral 
neck fractures occur in 2% to 9% of femoral shaft fractures.7° 

Perhaps of more importance, considering the population at risk, is the concomitant presence of significant medical comorbidities. Data from national hip 
fracture databases and registries indicate that 60% to 70% of patients with femoral neck fractures have an American Society of Anesthesiologists (ASA) 
grade of 3 or 4 at presentation due to associated medical comorbidities. Some of these are acute, such as stroke or myocardial infarction, and may be 
implicated in the cause of the fracture. 

Osteoporosis will be a contributory factor in a proportion of patients with this injury and screening for this should be considered in the postoperative 
period. Any other medical condition associated with osteoporosis may influence decision making and needs to be considered. In a significant proportion of 
younger patients with these fractures, there are medical comorbidities and risk factors, which predispose to the injury. These risk factors include alcohol 
abuse, steroid use, renal failure, rheumatoid arthritis, and endocrine disorders—all of which are associated with decreased bone mineral density in younger 
patients. Some degree of renal impairment is common in the hip fracture population and has been identified with an increased risk of postoperative 
morbidity and mortality.!9-1742% 

Identification and preoperative optimization of medical comorbidity are important since aortic stenosis, atrial fibrillation, pulmonary disease, renal 
failure among others are independent predictors of increased risk of complications and mortality. 17264 


SIGNS AND SYMPTOMS OF FEMORAL NECK FRACTURES 


Most patients will have a history of a simple, low-energy fall as the cause of injury. In 2% to 3% of cases, there is no history of trauma and the injury may 
be pathologic or a stress fracture. Pathologic fractures may be more easily seen if a traction view is obtained. Stress fractures can occur in younger patients 
and are typically associated with heavy repetitive physical activity in males or the triad of anorexia nervosa, osteoporosis, and amenorrhea in female 
patients. The femoral neck is not a particularly common site of stress fractures and accounts for only 3% of these injuries.2°” There is frequently a history of 
prodromal symptoms in patients with stress fractures. 

It has to be remembered that 25% to 30% of older patients have cognitive impairment, and there may be an unreliable history of the nature or timing of 
injury. In view of the significant rate of concomitant medical comorbidities, a careful history of previous medical problems is therefore important. An acute 
medical event or deterioration of a pre-existing condition may have contributed to the fall, causing the hip fracture, and this possibility should always be 
considered. 

Physical findings may be limited in an undisplaced fracture. There may be no obvious deformity with the only finding of a painful range of motion of 
the hip. In displaced femoral neck fractures, the affected leg is typically shortened and externally rotated. All motions of the hip are painful. Associated 
neurovascular injuries are exceptionally rare in the typical elderly patient but should be sought in younger patients with high-energy injuries. Physical 
findings do not differ significantly from extracapsular hip fractures and on clinical grounds, the two hip fracture groups are indistinguishable. Anterior hip 


dislocation will also be associated with shortening and external rotation of the hip, but these are much rarer injuries and seldom occur in elderly patients. 
Patients with very limited mobility may have flexion contractures of the hip or knee if the patient is normally bed or wheelchair-bound, and these may pose 
a problem, positioning the patient for surgery. Pressure sores should also be noted as these will increase the risk of wound infection and may impede 
postoperative mobilization depending on their location. 


DIAGNOSTIC STUDIES FOR FEMORAL NECK FRACTURES 


Plain radiographs will identify the fracture in most cases (Fig. 53-1). Anteroposterior (AP) and lateral radiographs are required. The diagnosis is usually 
clear on the AP radiograph. However, the degree of displacement can be difficult to discern in some patients and in others there may be doubt about the 
diagnosis. The lateral radiograph may be difficult to acquire due to pain but is useful in determining whether the fracture is present and whether it is 
displaced. Several studies have questioned the routine use of the lateral radiograph.*6*2% The data presented do suggest that in most cases, a diagnosis 
of the fracture type and treatment choice can be based on the AP view. However, as most of these authors concede, in equivocal cases, the lateral radiograph 
can help determine whether the fracture is displaced. This is usually essential to determine the choice of treatment. If the lateral radiograph is not obtained 
routinely on admission, then clinical decision making may be delayed in equivocal cases, while a lateral radiograph is obtained or further imaging is 
arranged. 

In cases where there is a suspected fracture but normal or equivocal plain radiographs, a technetium bone scan in the past was often considered a useful 
investigation in this situation. Although it is usually positive in cases with a femoral neck fracture, there is the possibility of a false negative in osteopenic 
bone if the investigation is carried out within 48 to 72 hours of the fall. It is also sensitive but not specific. Computed tomography (CT) scanning is a more 
accurate investigation but exposes the patient to further radiation ( 53-2). Studies reporting the use of CT scanning for detection of occult hip fractures 
have yielded differing results. Thomas et al.’'° reported 100% specificity and sensitivity for the use of multidetector CT scanning in diagnosis of hip 
fracture in a series of 209 patients with negative plain radiographs. In a similar evaluation, Rehman et al.*°’ reported 179 patients presenting with pelvic 
pain after trauma and imaging with CT missed no occult hip fracture. By contrast, Sadozai et al.*?’ reported on 78 CT scans and reported CT scanning— 
yielded sensitivity was 86% and specificity of 98%. They suggested magnetic resonance imaging (MRI) scanning would be preferred as the imaging of 
choice for these cases. 

Studies comparing the two modalities have come out in favor of MRI scanning. Haubro et al.'“" compared use of CT and MRI in 67 patients with pelvic 
pain after trauma who had normal radiographs and found the MRI scan was more accurate in detecting occult hip fractures. Collin et al. came to the same 
conclusion in a smaller of 44 patients imaged with both CT and MRI. It has been shown to be more accurate than a bone scan in the early stages after injury 
and there is no radiation. It will also demonstrate soft tissue problems that may be causing hip pain in the absence of a fracture. An MRI scan is therefore the 
current additional imaging modality recommended where there is uncertainty about the presence of an intracapsular fracture ( 
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53-1. A: Valgus-impacted femoral neck fracture. B: Displaced femoral neck fracture. 


ig . A: AP view of the left hip with a suspected undisplaced intracapsular hip fracture. B: Lateral view showing no clear evidence of a fracture. C: Coronal 
CT image confirming presence of undisplaced fracture. 


Occasionally, there may be some uncertainty regarding interpretation when intense bone edema in the femoral neck is demonstrated on MRI imaging 
rather than a definite fracture. In this situation, some authors have carried out a CT scan to aid in determining whether there is a fracture present. The 
alternative is to cautiously mobilize the patient with protected weight bearing and repeat radiographs or imaging several days later if symptoms are not 
resolving. 

Modern modalities of CT and MRI imaging may also have a role in prediction of complications. Kumar et al. °> reported that positron emission 
tomography (PET) CT at 6 weeks could detect recovery of vascularity and could predict the risk of a vascular necrosis. Morimoto et al.*!> have evaluated 
the prognostic value of dynamic MRI-positive enhancement integral color mapping (PEICM) in 68 patients due to undergo osteosynthesis of undisplaced 
femoral neck fractures. They preoperatively estimated femoral head perfusion by dynamic MRI-PEICM. On the basis of the color mapping, femoral head 


perfusion was classified as normal, decreased, or completely absent. The nonunion rate was zero in the normal perfusion group, 6.7% in the reduced 
perfusion group, and 50% in the absent perfusion group. The numbers in the latter group were small but this method of imaging may be a useful addition in 
identifying a subgroup of patients at higher risk of complications if fixation is being considered. 


Figure 53-3. A 78-year-old patient presented with a painful left hip after a fall. There was no fracture visible on the AP (A) or lateral (B) radiographs. A transverse 
MRI scan (C) showed a hemarthrosis of the left hip joint and coronal plane MRI images showed an undisplaced intracapsular hip fracture (D, E). 


Application of skin traction to the injured limb was once common practice in these patients. There were several theoretical reasons for doing so, including 
better pain control and maintaining fracture reduction. However, arteriographic studies of femoral head vascularity have demonstrated that traction and 
internal rotation reduce the perfusion of the femoral head by the medial circumflex femoral artery, and also negatively influence venous circulation.?®1352 
Parker and Handoll*’ identified nine trials comparing traction with no traction involving 1,546 predominantly elderly patients with hip fractures. There was 
no evidence of any benefit either in the degree of preoperative pain relief, or the quality of reduction at the time of surgery and it is therefore no longer 
routinely recommended unless the patient will be delayed to the odds ratio (OR) and fixation is planned. 


CLASSIFICATION OF INTRACAPSULAR HIP FRACTURES 


A number of classification systems have been devised for femoral neck fractures. Some authors have distinguished the fractures based on the anatomic 
location dividing intracapsular fractures into subcapital and transcervical types. However, the bone in the transcervical region is much stronger than that in 
the subcapital region, and it is doubtful whether many fractures actually occur in this region. Also, the exact location of the fracture is difficult to determine 
on the basis of plain radiographs.®° Most fractures undoubtedly occur in the subcapital region. In any event, the location of the intracapsular fracture has not 
been shown to influence management or outcome.?”° The degree of displacement is the more important consideration, and this is the basis of the commonly 
used classification systems. 

Basal cervical fractures are an interesting subgroup of femoral neck fractures because of their location. These are actually an uncommon fracture type 
and represent only 2% to 3% of all hip fractures.!7!!9° They were considered to be extracapsular in older classification systems but more recent 
classification systems do not specify them as a specific type and the relationship to the hip capsule is probably variable depending on the exact location of 
the fracture. 


Garden Classification 


The Garden classification was described in 1961.85 It divides femoral neck fractures into four groups (Fig. 53-4). The divisions are based on the degree of 
displacement, which is judged on the AP radiograph alone by determining the relationship of the trabecular lines in the femoral head to those in the 
acetabulum. The Garden I fracture is a valgus-impacted, incomplete, subcapital fracture with an intact medial calcar. The trabecular lines in the femoral 
head therefore form an angle with those in the acetabulum. The Garden II fracture is complete but undisplaced and the trabecular lines in the head are 
collinear with those in the acetabulum and the femoral neck distal to the fracture. Garden III subcapital fractures are incompletely displaced fractures with 
angulation of the trabecular lines. Finally, the Garden IV fracture is completely displaced. 

The Garden classification has been widely used and is probably the most frequently utilized classification system in the orthopaedic literature pertaining 
to femoral neck fractures.360 Unfortunately, like many other orthopaedic radiologic classifications, inter- and intra-observer levels of agreement are not 
ideal. Frandsen et al.”’ evaluated the classification and found that the level of interobserver agreement was only 22% across all four grades. Surgeons 
demonstrated high levels of agreement in determining whether fractures were undisplaced (Garden I or II) or displaced (Garden III or IV), but the level of 
agreement was much poorer when asked to subdivide cases across all four groups. Very similar findings were reported in a subsequent similar study.*92 

Another criticism of the classification is the small number of cases fulfilling the criteria for Garden II fractures. In a multicenter trial of 1,503 femoral 
neck fractures,!* only 19 (1.2%) were classified as type II fractures and furthermore, the outcome for undisplaced (types I and II) fractures was independent 
of the grade assigned. Similarly, most displaced fractures (types III and IV) are treated by arthroplasty, and the outcome is independent of the grade of 
displacement. !® 


Pauwels Classification 


The classification of Pauwels*® is based on the plane of the neck fracture (Fig. 53-5). He described three separate fracture types based on whether the 


fracture plane was vertical, oblique, or transverse. It was proposed that the classification would be predictive of fixation failure or nonunion with an 
increasing angle of fracture. The type I fracture subtends an angle of 30 degrees or less. Type II fractures are between 30 and 50 degrees, and type III 
fractures are greater than 50 degrees. The classification relates the prognosis to the angle of the fracture plane—as the angle increases, the fracture 
instability increases, and complications of fracture healing and fixation are more likely. 

This classification has been evaluated in a number of clinical studies and has not been shown to be reliable either in describing the fracture or in 
predicting the outcome.***3°3 In the study reported by van Embden et al., the reliability of this classification has also been tested in a study evaluating 
interobserver levels of agreement.?? Ten surgeons were asked to classify 100 radiographs of intracapsular hip fractures using the Pauwels system. The level 
of agreement was only 0.31, which was poor. The authors recommended against using this classification method. 

One limitation is that fractures with a vertical plane are actually rather rare in older patients and the majority of fractures are closer to transverse in 
orientation. It may be a more relevant classification for the younger patient.*® In these patients, the fracture is often sustained as a result of high-energy 
trauma and vertical fracture lines are more common. Two studies*®18° described a series of Pauwels type III fractures and in both series, patients were less 
than 50 years old, which was considerably younger than the mean age for the general hip fracture population. Wang et al.°“° also reported in a series of 
younger patients that nonunion and avascular necrosis (AVN) rates increased with higher grades of Pauwels classification. In the same study, they found an 
identical level of agreement with van Embden et al. for the conventional method of measuring the angle. They described a modification of the usual 
measurement in which a vertical line was drawn up the femoral shaft and the angle of inclination was measured in relation to a perpendicular line to this at 
the level of the femoral head which improved levels of intraobserver and interobserver to 0.68 and 0.63, respectively. 
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Figure 53-4. The Garden classification of femoral neck fractures. A: Type I fractures can be incomplete, but much more typically they are impacted into valgus and 
retroversion. B: Type II fractures are complete but undisplaced. These rare fractures have a break in the trabeculations, but no shift in alignment. C: Type III fractures 
have marked angulation, but usually minimal to no proximal translation of the shaft. D: In the Garden type IV fracture, there is complete displacement between 
fragments and the shaft translates proximally. The head is free to realign itself within the acetabulum, and the primary compressive trabeculae of the head and 
acetabulum realign (white lines). 
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Figure 53-5. The Pauwels classification of femoral neck fractures is based on the angle the fracture forms with the horizontal plane. As fracture progresses from type I 
to type III, the obliquity of the fracture line increases and, theoretically, the shear forces at the fracture site also increase. 


Further refinement of this classification has been proposed by Mir and Collinge et al.*?!" in which consideration is given particularly to the location of 


the apex of the fracture at the medial calcar. Vertically orientated fractures, Pauwels type III fractures, are commonly seen in younger patients sustaining 
high-energy intracapular fractures and their outcomes have been traditionally poor with classical fixation techniques. Appreciation of the anatomy of the 
fracture is the key when planning the location of any buttress plate to resist deforming shear forces in these patients. 


Orthopedic Trauma Association/Arbeitsgemeinschaft für Osteosynthesefragen (OTA/AO) Classification 


The comprehensive classification of long-bone fractures is an alphanumeric system based on the bone, the location of the fracture, and the fracture 
morphology. The femoral neck is designated 31B (Fig. 53-6). The B1 group describes undisplaced femoral neck fractures, the B2 transcervical fractures, 
and the B3 category describes displaced subcapital fractures. In the initial version of this classification, basal cervical fractures were considered 


extracapsular but the most recent version implies they are a variety of intracapsular fracture. 196 


Femur, proximal, neck fracture, slight displacement (31-B1) 


1. Impacted in valgus >15° 2. Impacted in valgus <15° 3. Nonimpacted (31-B1.3) (Garden 2) 
(31-B1.1) (Garden 1) (31-B1.2) (Garden 1/2) 

(1) posterior tilt <15° (1) posterior tilt <15° 

(2) posterior tilt >15° (2) posterior tilt >15° 


B1 


Femur, proximal, neck fracture, transcervical (31-B2) 
1. Basicervical (31-B2.1) 2. Midcervical adduction (31-B2.2) 3. Midcervical shear (31-B2.3) 


B2 


Femur, proximal, neck fracture, sub-capital, nonimpacted displaced (31-B3) 


1. Moderate displacement in varus and 2. Moderate displacement with verti- 3. Marked displacement (31-B3.3) 
external rotation (31-B3.1) (Garden 3) cal translation and external rotation (Garden 3/4) 
(31-B3.2) (Garden 4) (1) in varus 
(2) with translation 


B3 


Figure 53-6. The OTA/AO classification of femoral neck fractures. The B1 group fracture contains nondisplaced to minimally displaced subcapital fractures. The B2 
group includes transcervical fractures through the middle or base of the neck, and the B3 group includes all displaced nonimpacted subcapital fractures. Subgroups 
further specify fracture geometry. The diagrams represent common examples of the defined fracture pattern. 


Although this system of classification provides a comprehensive method of classifying fractures in general, it has not proved to be popular for femoral 
neck fractures. It is a complex system of classification that limits its usefulness in routine clinical practice. Blundell et al.” found that surgeons were able to 
divide the fractures into the main three groups: undisplaced subcapital fractures, basal cervical fractures, and displaced subcapital fractures. However, 
agreement within subdivisions was very poor. Moreover, it was not found to be useful in selecting treatment nor was it predictive of outcome. It would seem 
therefore, that this classification, although theoretically attractive, will prove impractical for use either in clinical practice or as a research tool. 


Posterior Tilt 


More recently further classification of the fracture has been attempted using lateral plain radiographs identifying posterior (apex anterior) angulation 
through the fracture site. Good intra- and interobserver agreements have been developed using the approach described by Palm et al. (Fig. 53-7).?35 

As this classification has gained popularity further studies have been performed, clustering around a cut-off of 20 degrees as an indicator of increased 
risk of reoperation after fixation. Wang et al.°4* reported a systematic review of 24 prospective studies, including more than 10,000 participants. Treatment 


failure was reported in 24.4% (170/698) of patients with posterior tilt of 20 degrees or more compared with 10.9% (392/3,578) of patients with posterior tilt 
less than 20 degrees (risk ratio [RR] 2.73; 95% CI 1.77-4.21). 

Other classifications*”’° based on judging the stability of the fracture have been proposed but have not been widely adopted. For the purposes of 
evaluating outcome, it is clear that surgeons have substantial agreement on whether a fracture location is intracapsular or extracapsular and moderate 
agreement on whether a fracture is displaced or undisplaced.*°! These are also the key points in determining treatment and are predictive of the likely 
complications. At the present time, newer classifications have not been proven to be superior to these simple groupings. Older classifications are either of 
limited applicability in most patients’ or in the case of Garden, still commonly referred to but of limited reliability. Clinical outcomes are related to 
whether the fracture is undisplaced or displaced, and the subdivision of these two groups based on various classification systems is not a reliable guide to 
treatment or prognosis. 


B 
7. Preoperative AP and lateral radiographs of a 60-year-old male patient who sustained a Garden I-II femoral neck fracture. The posterior tilt is measured 
as he angle (a) between the midcollum line (MCL) and the radius collum line (RCL), which is drawn from the center (c) of the caput circle to the crossing of the caput 
circle and the midcollum line. (Reproduced from Palm H, et al. A new measurement for posterior tilt predicts reoperation in undisplaced femoral neck fractures: 113 
consecutive patients treated by internal fixation and followed for 1 year. Acta Orthop. 2009;80(3):303-307. © Nordic Orthopedic Federation.) 
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OUTCOME MEASURES FOR FEMORAL NECK FRACTURES 


Most patients with intracapsular hip fractures are in an elderly age group, the majority will have clinically important medical comorbidities. The published 
literature has tended to focus on clinical outcome measures of surgical intervention rather than detailed functional outcomes. The most commonly reported 
outcomes are mortality and unplanned reoperation.“**’”'°? The surgery carried out is almost invariably fixation or some form of arthroplasty, both 
procedures with well-recognized clinical complications. Most studies on fixation provide outcome data on fixation failure, reoperation, nonunion, and AVN. 
Arthroplasty complications include dislocation and infection, and these outcomes are reported in most published clinical studies. Other medical 
complications including thromboembolic events, respiratory infections, cardiac events, and other medical problems are reported in a more variable fashion. 

Pain is an invariable feature after hip fracture surgery, and this is a commonly reported outcome, usually assessed by a simple visual analog scale or a 
more basic ordinal scale, rating pain from none to severe.“*%*°’° Some assessment of mobility is a feature of many studies, but often this is reported in 
rather limited detail. This was often recorded just as ability to walk with or without aids, or level of mobility compared to prefracture status, as assessed by a 
questionnaire.”-°’ Occasionally, more detail is provided with a scale, rating mobility from complete independence without aids to bed bound.’ More 
recently the modified New Mobility Score (mNMS) has formalized the assessment of self-reported mobility.‘°*-*? This is a multicomponent instrument that 
was developed originally to measure mobility in older adults with hip fracture in postacute and community settings. The instrument assesses ambulation 
inside the home, outside the home and while shopping. A score of 0 to 3 points is given for each component, resulting in a total score of 0 to 9 points. 

In many prospective studies, there has been incorporation of a general health outcome measure. The more commonly used instruments have been the 12- 
item short-form health survey (SF-12), SF-36, and the EuroQol disability questionnaire EQ-5D. %44% 139,131,314,493 The EuroQoL instrument has been 
validated for use in clinical studies. * +4: +44:4+>/-4>3 The developer incorporated some assessment of physical function in the construction of the questions. 
The SF-12 and EuroQol have the advantage of being short and easily administered, which is an advantage for use in an elderly population. 


There are several hip-specific outcome scores in common use. However, most have been developed as a measure of hip function in the osteoarthritic 
patient. The most familiar are probably the Harris Hip Score®!!®8 and the Oxford hip score,!* although the Charnley score**?“* and the Johanson hip 
score!®>-!56 have also been used; these outcome measures have been developed for patients with hip osteoarthritis. They are longer and more complex 
instruments with a greater burden for the research participant and yield little further information compared with generic health-related quality-of-life 
(HRQOL) instruments. 10% 122258 

Simpler measures of general activity such as the Katz activities of daily (ADLs) living score have also been used.?°>!° This rates the ability to carry out 
ADLs on a seven-point scale. A similar score assessing ADL is the Barthel index,®* which is a 10-item scale with a score from 0 (total dependence) to 100 
(complete independence). An alternative to the use of general health or hip-specific questionnaires is practical tests of function, of which the timed up and 
go (TUG) test is perhaps the most popular.188:314 This is a combined measure of mobility and balance. The score is based on the amount of time in seconds 
required to get up from a chair, walk 10 feet (3.05 m) in an open environment, return to the chair, and sit. Depending on the time taken, patients are divided 
into four categories that reflect mobility levels. A value below 12 seconds is considered normal. 

A test of physical fitness in the older patient is the chair stand test. The patient is asked to sit on a chair with arms folded and stand up and sit back down 
repeatedly for 30 seconds and the number of stands is measured. Expected values are calculated. A value of less than 9 is below average for an 80-year-old 
female. More comprehensive evaluations of this kind include the Functional Independence Measure (FIM). The FIM comprises 18 parameters, each rated 
on a scale of 1 to 7 according to the degree of assistance required to perform a specific activity in three domains: ADL (8 parameters), mobility level (5 
parameters), and cognitive function (5 parameters). The motor FIM (mFIM) includes 13 parameters of ADL and mobility. These measures of composite 
motor function have been shown to be useful not only in measuring functional recovery after hip fracture but also in predicting the likelihood that a patient 
may require more prolonged rehabilitation, mobility aids, or may need to consider altered residential circumstances.!*° These measures of functional 
outcome are now being used more frequently in studies assessing recovery after hip fracture. Economic analysis has been incorporated in some 
studies.15-156 These studies have usually estimated the cost-effectiveness of the surgical options based on a calculation of the total hospital costs associated 
with a particular surgical treatment type. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO FEMORAL NECK FRACTURES 


SKELETAL ANATOMY 


The hip is a large synovial ball and socket joint. In the case of the femoral neck, the relationship between the femur and hip joint is characterized by 
anteversion of the femoral neck in the transverse plane and the femoral neck-shaft angle in the coronal plane. The femoral neck subtends a mean angle with 
the femoral shaft of 130 degrees in men and 128 degrees in women.°° An angle less than this is referred to as coxa vara, and an increased angle is termed 
coxa valga. Femoral neck anteversion describes the angle subtended by the femoral neck to the transcondylar axis, which is usually between 15 and 25 
degrees. There does not seem to be a correlation between femoral neck length and anteversion and the type of fracture sustained.®3 

In addition to these two angles, hip axis length and femoral neck width have been shown to have an influence on the risk of femoral neck fracture. The 
hip axis length is the distance from the lateral aspect of the trochanteric region along the axis of the femoral neck to the inner table of the pelvis (Fig. 53-8). 
An increase in hip axis length and femoral neck width and lower neck-shaft angles are associated with an increased risk of femoral neck fracture.*° Hip axis 
lengths are known to be longer in White females than in Asian and Black populations, which may contribute to the increased susceptibility to femoral neck 
fracture in this group. 


Figure 53-8. Hip axis length and neck-shaft angle (a). A longer hip axis length is associated with a greater lever arm and greater force being applied to the femoral 
neck during a fall. A lower neck-shaft angle is seen in coxa vara and will also increase the risk of femoral neck fracture for the same reason. 


The femoral neck angle and anteversion have to be taken into consideration when reduction and fixation are selected as a method of treatment. Increased 
femoral anteversion may be present and occasionally coxa varus or valgus, which will influence implant placement. The trabeculae are orientated along 
lines of stress and the thickest come from the calcar region and radiate into the lower part of the femoral head. The calcar femorale is a dense vertical plate 
of bone extending from the posteromedial portion of the femoral shaft under the lesser trochanter, radiating to the greater trochanter and reinforcing the 
posteroinferior portion of the femoral neck. Osteoporosis results in a reduction in the volume of this trabecular bone and the loss of bone is most marked in 
the areas away from the main zones of stress transmission—the greater trochanter and more lateral aspects of the femoral neck where the bone will be 
weakest and more prone to fracture. 


BLOOD SUPPLY 


The blood supply of the hip joint is of particular relevance when considering intracapsular hip fractures (Fig. 53-9). The anatomy has been well 
described.°2° There are three sources: retinacular vessels, intramedullary vessels, and foveal vessels entering in the ligamentum teres. The most important 
are the capsular retinacular vessels. In the newborn, the main source of femoral head blood supply is derived from these vessels arising from the medial and 
lateral circumflex femoral arteries, which are in turn branches of the profunda femoris in 79% of cases. In 20% of patients, one or other of these vessels 
arises from the femoral artery, and in 1%, both vessels arise from the femoral artery.334 At about 3 years of age, the lateral circumflex artery regresses and 
the branches of the medial circumflex femoral artery become the main blood supply of the femoral epiphysis and proximal femoral physeal plate. 

The detailed anatomy of the medial femoral circumflex artery (MFCA) has been described in a number of cadaveric studies. Gautier et al.88 described 
five consistent branches of this artery: superficial, ascending, acetabular, ascending, and deep. The superficial and ascending branches supply pectineus and 


adductor longus (superficial) and the adductor brevis, adductor magnus, and obturator externus muscles (ascending). The acetabular artery gives off the 
foveal or medial epiphyseal artery. The descending artery courses between the quadratus femoris and adductor magnus muscles. 

The most important source of the femoral head blood supply is derived from the deep branch of the MFCA. This vessel runs toward the intertrochanteric 
crest between the pectineus medially and the iliopsoas tendon laterally along the inferior border of obturator externus. Posteriorly, it can be located in the 
space between quadratus femoris and the inferior gemellus. It emerges at the proximal border of the quadratus femoris 1.5 cm medial to the trochanteric 
crest. Division of quadratus femoris from the femoral side in a posterior approach to the hip is liable to injure the artery in this location. 

It gives off the inferior retinacular artery which runs toward the femoral head in the ligament of Weitbrecht, although the size of this vessel is variable 
and the contribution to femoral head blood supply is limited. The deep branch does have one constant trochanteric branch given off adjacent to the proximal 
border of quadratus femoris, which crosses over the trochanteric crest toward the lateral aspect of the greater trochanter. The main division runs anterior to 
the conjoined tendon of obturator internus and the gemelli and perforates the capsule of the hip obliquely just cranial to the insertion of the tendon of the 
superior gemellus and distal to the tendon of piriformis. To preserve this vessel during posterior approaches to the hip, it is recommended to incise the 
conjoined tendon 1.5 cm medial to the trochanteric crest. 

The main terminal branch is often referred to as the superior retinacular artery and it divides into two to four terminal branches. These vessels course 
within fibrous extensions of the capsule wall, known as the retinacula of Weitbrecht posterosuperiorly on the neck of the femur. They perforate the bone at a 
distance of 2 to 4 mm lateral to the bone—cartilage junction of the head. 
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Figure 53-9. Vascular anatomy of the femoral head and neck. A: Anterior aspect showing lateral femoral circumflex artery. B: Posterior aspect showing the medial 
femoral circumflex artery. 


These vessels are the main supply of the weight-bearing area of the femoral head. There are four main groups (anterior, medial, lateral, and posterior) of 
which the lateral group is the largest contributor to femoral head blood supply. The contributions of the lateral femoral circumflex artery (LFCA) and 
metaphyseal vessels are less important by comparison. In a cadaveric MRI study of femoral head perfusion, Dewar et al.®! estimated the contribution of the 
MFCA to femoral head perfusion to be 82% and that of the LFCA to be 18%. 

In relation to the MFCA, the terminology used in the literature can be confusing, as Lazaro et al.!® pointed out. The terminal branches have been 
referred to as “retinacular arteries,” but also “capsular vessels” and “capital vessels.” The two main branches of the deep MFCA have been called inferior 
and superior retinacular arteries (as above) but also lateral and medial epiphyseal arteries (based on the relationship to the physeal scar) or posterosuperior 
and posteroinferior arteries (based on their site of penetration of the femoral neck). 

An important recent finding is the contribution of the inferior gluteal artery to femoral head blood supply.'“* This is due either by means of an 
anastomosis with the MFCA or by a direct branch to the hip joint as a retinacular artery. The anastomosis of the inferior gluteal artery and the MFCA is 
found along the inferior border of the piriformis and may be compensatory after injury of MFCA. 

The artery of the ligamentum teres is a branch of the obturator or MFCA. Some additional blood supply in the adult reaches the head via the medullary 
bone in the neck. Clearly, the latter vessels will be as vulnerable to disruption in any displaced fractures as the retinacular vessels. Although the vessels 
entering the head through ligamentum teres vessels contribute to femoral head blood supply, their contribution is generally not sufficient to maintain 
complete vascularity of the entire head. After a displaced fracture, revascularization of the femoral head occurs by revascularization from areas of the head 
with retained blood supply and ingrowth of vessels from the metaphysis.?3-34 

The portion of the femoral neck within the hip joint capsule has no cambial layer in its fibrous covering to participate in callus formation during fracture 
healing. Fracture union depends on endosteal healing alone, which is one of the reasons why prolonged union times are common with these fractures. 

The relevance of this blood supply to the management of intracapsular hip fractures is self-evident. The retinacular vessels supplying the femoral head 
are vulnerable to damage in displaced subcapital fractures.?>34 Displacement of the femoral head due to a fracture in this area will damage these vessels, 
jeopardizing the blood supply to the femoral head and resulting in the risk of AVN if the head is retained.®” 


LIGAMENTS 


The hip joint capsule extends down to the intertrochanteric line over the anterior aspect of the femoral neck, but posteriorly the lateral half of the femoral 
neck is extracapsular. Three important condensations of the hip joint capsule are considered ligamentous stabilizers of the hip. The anterior capsule is 
reinforced with an inverted Y-shaped iliofemoral ligament (ligament of Bigelow) and pubofemoral ligament. The anterior iliofemoral ligament originates 
from the iliac spine and acetabulum superiorly and inserts on the intertrochanteric line inferiorly. It limits hyperextension and external rotation of the hip. 
The lateral arm of the iliofemoral ligament has dual control of external rotation in flexion and both internal and external rotation in extension. The posterior 
capsule is reinforced by the relatively weaker ischiofemoral ligament. The ischiofemoral ligament controls internal rotation in flexion and extension. The 
pubofemoral ligament controls external rotation in extension, with contributions from the medial and lateral arms of the iliofemoral ligament.” Increased 
tension in the iliofemoral ligament is considered to have a role in causation of femoral neck fractures and production of the posterior neck comminution, 
characteristic of the injury. The normal hip capsule becomes taut in extension and internal rotation and allows a maximum volume of fluid in a slightly 
flexed and external rotation position. 


SENSORY SUPPLY 


The hip joint derives sensation from the obturator, femoral, sciatic, and superior gluteal nerves. The anteromedial part of the joint is supplied by the 
obturator nerve. The anterior capsule receives sensory innervation from the femoral nerve. The posterior aspect of the joint is supplied by the sciatic nerve, 
and there is a contribution to the posterolateral capsule from the superior gluteal nerve. This has some relevance for pain control after hip fracture. Femoral 
nerve blockade is commonly used, but this will produce incomplete pain relief. Much of the pain relief derived from this block is secondary to the reduction 
in muscle spasm achieved. 


MUSCLES 


Hip flexion is produced by the iliopsoas, which inserts on the lesser trochanter. In femoral neck fractures, the muscle pull will result in external rotation of 
the femoral shaft. External rotation of the hip is also caused by the action of the piriformis, the gemelli, and the obturator internus. Abduction is produced by 
the gluteal muscles, which are supplied by the superior gluteal nerve. Damage to this nerve may occur in the direct lateral approach to the hip, particularly 
the inferior division. This may contribute to development of a Trendelenburg gait after arthroplasty for fractures. 

Adduction of the hip is produced by the muscles in the adductor compartment, which are supplied by the obturator nerve. These include adductor 
longus, adductor magnus, and adductor brevis. These muscles are not of particular importance in femoral neck fractures but may contribute to the shortening 
of the leg, characteristic of a displaced intracapsular fracture. 


TREATMENT OF FEMORAL NECK FRACTURES 


OVERVIEW 


The overwhelming majority of hip fractures are sustained by older and often frail patients. A minority are sustained in younger adults, as a consequence 
often of high-energy trauma, and represents a distinct surgical population with different operative considerations and challenges. The management of this 
distinct subpopulation is described in further detail below in the section on displaced femoral neck fractures in young adults. 

However, for most patients, shared care models between orthopaedic surgeons and geriatricians should be adopted to address the frailty of both the bone 
and the individual. These multidisciplinary models of care will need to be implemented in countries with rapidly aging populations in order to deliver high- 


quality care. Innovative ways to develop pathways of care for people with hip fracture will need to be considered in places where geriatricians are a scarce 
resource. The international Fragility Fracture Network (fragilityfracturenetwork.org) is constantly developing resources to address this issue and can be 
accessed at fragilityfracturenetwork.org. 

The overall goals of hip fracture care are simple. Early surgery to reduce complications (especially delirium), early mobility to enable the maximum 
number of people to return to their previous function, and, for those nearing the end of life, palliation to support dignity and facilitate excellent nursing care. 
It is important to consider each of these goals when planning, discussing, and implementing surgical, or rarely nonsurgical, management. Given the high 
mortality in frail people with a hip fracture addressing goals of care and considering the best palliative approach (which often includes surgery) to allow 
dignity at the end of life is an important consideration in this group. 

Local detailed guidelines agreed upon by the orthopaedic, anesthetic, and geriatric departments alongside nursing and allied health colleagues reduce 
variation in care. These should articulate the small number of agreed reasons for delaying early surgery and the locally agreed approach to all the elements 
of care discussed in this chapter.©® 


ADMISSION ASSESSMENT 


Older people presenting with a hip fracture need an assessment on admission that documents their level of physical and cognitive function and frailty as 
well as their medical conditions and orthopaedic injuries. These assessments inform operative decision making, perioperative risk, and the overall goals of 
care for older people with a hip fracture. 


History of the Fall That Led to the Injury 


The most important aspect is to identify the small proportion of hip fracture patients where an acute medical deterioration or syncope was the cause of the 
fall. In most hip fractures, the fall is a result of impaired balance and the inability to recover from a slip or trip. Referring to this as simply a “mechanical 
fall” is an inadequate descriptor as it discourages consideration of the usually multiple factors which predisposed to a slip or trip and inability to maintain 
balance. 


Cognition 

There are very brief validated screening tools such as the AMT4. This instrument poses four questions: current place, age, date of birth, and current year; if 
any of these are answered incorrectly cognition is abnormal. A collateral history from family or carers should be obtained of any change from usual 
cognitive functions. The “Simple question in delirium.”?°° “Do you feel that (patient’s name) is more confused?” can be very helpful in determining acute 
changes in cognition. This is important before deciding whether surrogate decision making for consent and goals of care is required. 

Pre-existing cognitive decline or dementia may be difficult to distinguish from delirium, especially if a clear collateral history is not available. 
Perioperative delirium in patients with hip fracture is very common and may occur de novo or as a worsening of pre-existing cognitive disorders. The 
clinical team should never assume that cognitive status on admission is the person’s normal state. 

Pre-existing cognitive decline or dementia is strongly associated with development of delirium as is a previous history of delirium on admission to 
hospital or at the time of previous operations and therefore specific attention should be paid to managing risk factors perioperatively. Delirium is often 
patients’ and families’ biggest fear. Significant agitation on admission to hospital in people with dementia and a hip fracture is a relative indication for 
treatment with urgent surgery. 


Medical Conditions 
Assessment of medical conditions is important in guiding perioperative risk. 


e Cardiac history—previous ischaemic heart disease (IHD), stents (the timing and location of stents add critical information required in considering 
antiplatelet medications), arrhythmia. 

e Atrial fibrillation is particularly common in hip fracture patients—approaching 20% in some populations. Ensuring patients are prescribed their usual 
rate-controlling medications will avoid delays to theatre. 

e If they have a history of heart failure asking about leg swelling, sleeping flat and how far they can walk before stopping due to breathlessness is 
important. 

e Respiratory conditions—if they have a history of chronic lung conditions assessing how far they can walk before stopping due to breathlessness is 
useful. Any admissions due to breathlessness and use of home oxygen are also important. 

e Diabetes—an accurate assessment of current control and medication is important for managing patients perioperatively. The number and type of 
medications including insulin is essential in managing patients perioperatively. 


Medication History 


An accurate medication history is essential. All usual medication should be prescribed and then consideration should be given to withholding 
perioperatively. In particular antiplatelets, anticoagulants, treatment for arrhythmia, and diabetes need careful consideration perioperatively. 


Function/Frailty 


Assessing function prior to a hip fracture is important in guiding the type of operative intervention, predicting outcomes, and guiding goals of care. The 
Clinical Frailty Scale (CFS) (Table 53-2) is a simple standard way of defining the level of function prior to admission.*!*.7°° This simple tool has been 
shown to predict mortality in hip fracture patients.?*? In addition to asking about how patients usually walk provides useful information in surgical decision 
making. Specific information that adds value is the use of any walking aids and how far people could walk without stopping in the week before a hip 
fracture. 

Osteoporosis assessment on admission ensures this important issue is not forgotten. Asking individuals on admission about previous fractures following 
a minimal trauma such as a fall and current treatments for osteoporosis enables decisions to be made during the hospital admission about preventing the next 
fracture by commencing osteoporosis treatment. 

In many countries, previous documentation of limitations of treatment will have been undertaken or discussed with patients. All patients should be asked 
about advanced health directives or previous discussions about cardiopulmonary resuscitation (CPR) and other limitations. The legislation and nomenclature 


about this will vary in different countries but this should be established at admission and certainly preoperatively. 


TABLE 53-2. Clinical Frailty Scale213 


Score Description 


1. Very fit People who are robust, active, energetic and motivated. These people commonly exercise regularly. They are among the fittest 
for their age. 


2. Well People who have no active disease symptoms but are less fit than category 1. Often, they exercise or are very active 
occasionally, e.g., seasonally. 


3. Managing well People whose medical problems are well controlled, but are not regularly active beyond routine walking. 

4. Vulnerable While not dependent on others for daily help, often symptoms limit activities. A common complaint is being “slowed up,” and/or 
being tired during the day. 

5. Mildly frail These people often have more evident slowing, and need help in high-order IADLs (finances, transportation, heavy housework, 
medications). Typically, mild frailty progressively impairs shopping and walking outside alone, meal preparation, and 
housework. 

6. Moderately frail People need help with all outside activities and with keeping house. Inside, they often have problems with stairs and need help 


with bathing and might need minimal assistance (cuing, standby) with dressing. 


7. Severely frail Completely dependent for personal care, from whatever cause (physical or cognitive). Even so, they seem stable and not at high 
risk of dying (within ~ 6 months). 


8. Very severely frail Completely dependent, approaching the end of life. Typically, they could not recover even from a minor illness. 
9. Terminally ill Approaching the end of life. This category applies to people with a life expectancy <6 months, who are not otherwise evidently 
frail. 


Moorhouse P, Rockwood K. Frailty and its quantitative clinical evaluation. J R Coll Physicians Edinb. 2012;42:333-340. 
Scoring frailty in people with dementia. 


The degree of frailty corresponds to the degree of dementia. Common symptoms in mild dementia include forgetting the details of a recent event, though still remembering the event 
itself, repeating the same question/story and social withdrawal. 


In moderate dementia, recent memory is very impaired, even though they seemingly can remember their past life events well. They can do personal care with prompting. 


In severe dementia, they cannot do personal care without help. 


Hip Fracture Assessment 


Basic investigations required for a hip fracture patient should be defined in each institution. CT head is not required routinely unless patients have a history 
of acute cognitive decline or a headstrike. The threshold is lower in those on anticoagulants on admission. Routine echocardiography is not required.® In 
most hospitals, the following would be considered the minimum investigations necessary on admission to hospital: chest radiograph, electrocardiogram, full 
blood count, group and save, urea and electrolytes, liver function tests, magnesium, calcium, and vitamin D. 

Table 53-3 is an example of admission assessment of a typical hip fracture patient. 


PERIOPERATIVE CARE OF PATIENTS WITH FEMORAL NECK FRACTURES 


The goal of treatment in the setting of a hip fracture is different for different patient groups: 


e In those who are robust (CFS 1-3) and prefrail (CFS 4) the goal is to return rapidly to their previous high level of independence. 
In those who are mildly frail (CFS 5) the goal is to get individuals back to the best possible level of function as quickly as possible. 
Those with moderate frailty (CFS 6) are likely to deteriorate following a hip fracture and have a high risk of institutionalisation and death. Early, 
effective surgery is essential to give them the best chance of a meaningful recovery and the best possible quality of life. 

e Those with severe frailty (CFS 7—9) are already in the last phase of life. Surgery enables effective palliation of pain and should be considered a tool for 
managing dignity at the end of life. 


It is relatively straightforward to make an estimate of risk of death following hip fracture, with various validated tools. In general, these tools do not 
provide information about recovery (e.g., return home, walking ability) though, broadly, these outcomes correlate with risk of dying. These tools provide 
useful objective data to inform discussions with patients, their families, other members of the health care team, and in case of dispute after death, regulatory 
and legal authorities. However, they are unlikely to be useful for informing a decision to operate or not. Given that palliation is a goal of hip fracture 
surgery, a high likelihood of death is not a reason not to operate. There is good evidence that clinicians are poor at predicting when someone will die and 
leaving someone in pain for lack of surgery in the days before their death is hard to justify. 


TABLE 53-3. Example of the Admission Assessment of a Typical Hip Fracture Patient 


11/12/22, 1700 Jane Seymour, Orthopaedic Registrar 
82-year-old woman with right subcapital hip fracture. 
Fall in kitchen after reaching for tea bags. No recent illness and no suggestion of blackout. 


Past Medical History 

Type 2 diabetes — on metformin, glicazide, empafoglozin. Usually good control. 
IHD — stent to RCA in 2015. On aspirin. No recent angina. 

COPD — mild, regular puffers, no hospitalisations. 

Hypertension 

Hypercholosterolaemia 

No recent hospitalisations 


Osteoporosis Assessment 
Wrist fracture 5 years ago following fall. No investigations or treatment for osteoporosis. 


Social History/Function/Frailty 

Lives alone. Daughter nearby assists with shopping. Cleaning assistance fortnightly. 
Walks 200 with stick. Stops due to breathlessness. 

CES 5. 

Not previously discussed CPR or Goals of Care — will discuss with daughter. 


Medication History 
Aspirin 100 mg od 
Metoprolol 25 mg bd 
Metformin MR 1 g od 
Gliclazide MR 60 mg od 
Empafaglozin od 
Atorvastatin 40 mg nocte 
Amlodipine 5 mg od 
Inhalers for COPD 


On Examination 

AMT 4/4 

R leg shortened externally rotated — etc leave to ortho 
Looks well 

HR 72 SR 

HS 1+2 plus ESM radiates to carotids 

Chest clear anteriorly — no wheeze 

Abd soft, nontender 


Investigations 

Hb 120, WCC 8, Ply 180 

Na 130, K 3.5, U 7, creatinine 95 

Lfts normal 

Ca 2.3 

Mg 0.7 

Vit D requested 

ECG — SR, RBBB (old) 

CXR - slightly over expanded, no consolidation 


Assessment 
82-year-old woman with right subcapital hip fracture. Medically stable requiring operation. Likely aortic stenosis requires further assessment following her recovery. 


Plan 

Nerve block 

Analgesia — paracetamol, low dose endone 

OT tomorrow morning 

Consent for hemiarthoplasty — document goals of care tomorrow after further discussion 
IV fluids overnight 


Medications to Continue 
Aspirin 100 mg od 
Metoprolol 25 mg bd 
Atorvastatin 40 mg nocte 
Inhalers for COPD 


Medications to Withhold Tomorrow Prior to Surgery 
Metformin MR 1 g od 

Gliclazide MR 60 mg od 

Amlodipine 5 mg od 


Medications to Withhold for 72 Hours and Watch for Ketones 
Empafaglozin od 
Ensure VTE prevention is started on admission and pressure care assessed and managed 


In countries with robust hip fracture registries (e.g., United Kingdom, Aus/NZ) and well-developed orthogeriatric care nonoperative management is 
generally reserved for patients who are actively dying within the next few days—usually of a concurrent illness such as sepsis. In these registries, 98% of 
patients proceed to operation. Shared decision should be made by the multidisciplinary team with the patient and their family. 

Preoperative Preparation 


In summary, the following questions should be considered at presentation: 


e What is the aim of surgery in this person? 
e Is there anything that needs addressing that warrants a delay to surgery? 


The anesthetist should be part of a team that works to optimize physiology without introducing delay prior to surgery. The HipAttack!® study 


demonstrated that very early surgery was safe and had equivalent results to prompt (24 hours) times to surgery. There is reasonable evidence that delay in 
surgery is associated with worse patient outcomes and longer lengths of stay. 

There is no strong evidence on conditions that should cause a delay in going to theatre. The Association of Anaesthetists® produced a pragmatic list that 
appears to provide a useful framework in practice but note that “36 h (or less) provides sufficient time for the proactive involvement of anaesthetists in 


correcting medical obstacles to surgery”:® 


Hemoglobin (Hb) less than 80 g/L 

Plasma sodium concentration less than 120 or greater than 150 mmol/L and potassium concentration less than 2.8 or greater than 6.0 mmol 
Uncontrolled diabetes 

Uncontrolled or acute onset left ventricular failure. 

Correctable cardiac arrhythmia with a ventricular rate greater than 120/min 

Chest infection with sepsis 

Reversible coagulopathy 


Anticoagulant and antiplatelet drugs are common in people with hip fractures. Aspirin, clopidogrel and other antiplatelets are not a contraindication to 
surgery or anesthesia (general or spinal). Warfarin should be reversed according to a local protocol using Vitamin K. Vitamin K should be given as soon as 
possible after diagnosis and the international normalised ratio (INR) rechecked approximately 12 hours later with a second dose sometimes required. This 
will almost always avoid the need for significant delay or correction with clotting factors, prothrombin complex concentrates (PCCs), prothrombinex or 
other locally agreed blood products. There are no universally agreed guidelines on when to operate on people with a hip fracture who were taking a direct 
oral anticoagulants (DOAC)—which may be up to 15% of patients with hip fracture. A balance needs to be struck between allowing the anticoagulant effect 
to dissipate and delaying surgery. The literature is generally limited to small retrospective case series of current practice although some countries where very 
early surgery is the standard of care such as Germany and Denmark report no delays to surgery and comparable outcomes.* The UK guideline! 
recommends surgery the day after admission if eGFR is more than 30 mL/min. Local protocols reduce variation and should be agreed upon and audited. 
International consensus guidelines are awaited. 

Echocardiography is not routinely indicated. Although the rate of known and unknown cardiac disease is relatively high in patients with hip fracture, 
routinely obtaining an echocardiogram or delaying surgery to await an echocardiogram is not known to improve outcomes. 


Perioperative Pain Management 


Hip fracture is painful following injury and after surgery. Much of this pain is associated with movement. Pain at rest is therefore a poor marker of adequate 
analgesia. Inadequately treated pain is distressing for the patient, carers, other patients, and staff. It is also associated with delirium. Patients with dementia 
and delirium have repeatedly been shown to be provided with less analgesia than those with no scientific or humane rationale. 

The mainstays of pain management after hip fracture are: Early surgery: even though pain relief after surgery is neither instantaneous nor complete, 
early surgery is the start of the healing process and leads to earlier relief of pain. Traction is no longer routinely recommended for patients with a hip 
fracture while waiting for urgent surgery.!!5 

Analgesia: There is good evidence that regular paracetamol/acetaminophen provides good analgesia. The dose should be adjusted down for those of low 
weight. Some studies suggest that intravenous paracetamol 1 g qds is more effective than regular oral doses of 1 g qds. Some patients will have significant 
pain despite paracetamol/acetaminophen. Opioids may be needed. There is little trial evidence to support use of any one opioid over another. The oral route 
is safe and well tolerated in most patients. Some units prefer oxycodone over morphine due to concerns about renal metabolism in an older, at-risk 
population but there is no direct evidence that one is better than another. The geriatric advice of “start low, go slow” particularly applies to opioids in this 
situation. 

Nerve blocks: These are associated with reduction in early pain scores and delirium.!°° There is suggestive evidence that this benefit is greater when 
nerve blocks are given earlier (e.g., in the emergency department). There are ongoing trials in the United Kingdom looking at whether paramedic- 
administered nerve blocks (prehospital) improve outcomes.!°9 

The source of pain following hip fracture is complex. The osteotomes of the proximal femur are supplied by branches of the femoral, obturator nerves, 
and the sacral plexus (superior gluteal nerve, nerve to quadratus femoris). Muscle spasm also contributes. 

No single nerve block can reliably cover all these nerves. In practice, however, anterior approaches—femoral, fascia iliaca, pericapsular nerve group 
block (PENG)—alone or in combination provide good (but rarely complete) analgesia pre-, intra-, and postoperatively. There is no evidence that this benefit 
has an interaction with mode of anesthesia in the postoperative phase, so in the authors’ view, and that of national recommendations in the United Kingdom 
and Australia, nerve blocks should be offered to all. 


POSTOPERATIVE CARE OF PATIENTS WITH FEMORAL NECK FRACTURES 


Rehabilitation from hip fracture begins immediately following surgery. Systems for rehabilitation vary in different countries; the principles are consistent 
and simple, however: (Fragility Fracture Network [FFN]) 


Unrestricted weight bearing and mobility are required to enable early and ongoing rehabilitation and recovery of function. 
Nutrition is required to enable healing and participation in rehabilitation. 

Cognition is required facilitate participation in rehabilitation and close attention should be applied to recognizing delirium early. 
Coordinated multidisciplinary rehabilitation in hospital and community yields better outcomes for patients. 


The goal of immediate postoperative care should be Everything OUT, Everyone UP. In order to achieve this, the following components of a 
rehabilitation pathway should be standardized locally: 


Anemia—an early postoperative Hb check is required. Early transfusion if the patient is symptomatic with hypotension, cardiac ischemia, or cardiac 
failure to an Hb over 90 is required. Each institution may vary in their threshold for transfusion depending on local factors and consideration is also 
required of symptoms and degree of comorbidities and frailty. Randomized evidence from hip fracture and other populations suggest that restrictive 
transfusion thresholds in the order of triggers at an Hb of 70 or 80 is safe.*! We transfuse routinely at an Hb less than 80. 

Analgesia—should be continued seamlessly from the perioperative period and a policy should be agreed upon between anesthetists and 
clinicians responsible for the ongoing ward care of patients: 


e Regular paracetamol—consider lower doses in low-bodyweight patients. 

e Low-dose opioid analgesia—a standard approach in each hospital is important for building confidence and knowledge among medical and nursing staff 
in administering opiates. 

e NSAIDs should be considered short-term (5 days) in suitable patients with no contraindication such as recent gastrointestinal (GI) bleeding or renal 
impairment. 


Bladder and Bowel Management—if a urinary catheter is inserted perioperatively it should be removed the day after surgery. Bowel management with 
aperients should be routine in hip fracture patients and begin preoperatively. A standard approach to initial constipation should also be agreed such as 
suppositories when bowels are not open. 

Mobilization—Universal weight bearing as tolerated with a frame or crutches should be prescribed in the postoperative instructions following surgery in 
the frail older patient. This approach to rehabilitation should be considered routine within the hospital therapies team unless specific individual changes to 
the rehabilitation prescription are required by the operating surgeon.?*>76° Older people cannot effectively limit weight bearing!° and the reality of such a 
prescription from the operating surgeon is likely the confinement of the patients to bed or to hoist transfers and the rapid deconditioning associated with 
that.7°! It reduces the chance of returning to ambulation which is critical to quality of life.2°” 

Early mobilization on the first day postoperatively and at least daily thereafter improves outcomes.*°” Physiotherapy access and leadership on the ward 
are required to ensure patients are mobilized as much as possible postoperatively by nurses. Aiming for functional activities of transferring to a chair, sitting 
for meals, and showering are key activities that all health professionals on the ward should advocate to take place. 

Nutrition—Malnutrition is present in a large number of patients with hip fracture at admission. Encouraging the ward team and families to assist with 
adequate nutrition is important for recovery from hip fracture. Standard supplementation should be given to hip fracture patients in hospital including high- 
protein diets and supplements. 

Delirium—Each of the components of the described pre-, peri-, and postoperative care pathway reduce delirium. However, delirium remains the single 
most common complication following surgery for hip fracture and the single greatest modifiable risk factor for delayed rehabilitation. Assessment of 
delirium should be undertaken on the first day postoperatively for everyone to identify early those patients for whom additional targeted therapies can be 
commenced. A validated tool should be defined and used in each institution such as the Confusion Assessment Method (CAM) or 4 A’s test for delirium 
screening (4AT). 

Delirium is most commonly due to the combination of the hip fracture, pain, pre-existing dementia or cognitive decline, analgesia, and the anesthetic. If 
a patient develops delirium analgesia should be reviewed to determine if pain or opioids are the most likely cause. Low-dose opioids are often still required 
—consider liquid formulations to allow the lowest possible doses to be administered. It is important to consider other causes of delirium in patients 
postoperatively such as infection but CT scans are not required unless there is a specific indication. These require patients to be moved multiple times and 
reduce basic care such as nutrition, pressure care, and mobilization and so careful thought regarding the risk and benefit of this investigation is warranted. 
Enlisting family input to reorientate patients and aid with feeding is invaluable for hip fracture patients with delirium. 

Falls and bone health—People sustaining fragility hip fracture have, by definition, an osteoporotic fracture. The opportunity to diagnose the severity of 
osteoporosis and modify future fracture risk must not be missed. Local pathways should exist to treat osteoporosis based on local medication availability, an 
example is provided in Figure 53-10. Coupled with the treatment of osteoporosis, a local pathway for the assessment and identification of comorbidities that 
can contribute to future fall risks is essential to further reduce future fracture risk. 


NONOPERATIVE TREATMENT OF FEMORAL NECK FRACTURES 


Nonoperative treatment is an option in undisplaced femoral neck fractures, and some authors have recommended this method of treatment and reported 
good results. Patients can be mobilized touch weight bearing with crutches, and the fracture can be expected to heal in 4 to 6 weeks. The advantage of this 
method is that it avoids surgery, but most studies show that there is a significant risk of displacement during nonoperative treatment. 


Outcomes 


The risk of displacement varies from 19% to 46%48:297335 in reported studies. Two studies®”!!” compared nonoperative with operative treatment of 
undisplaced femoral neck fractures. In a small study comprising 23 patients, Hansen!!” reported better results in operatively treated cases. Nonunion or 
displacement complicated 10 of 16 cases treated nonoperatively compared with no complications in the operative group of 7 patients. 

In a larger study, Cserháti et al.°* compared the outcome of 122 nonoperative cases and 125 operative cases. Operatively treated patients had much 
better outcomes. The duration of hospitalization was a week shorter, full weight bearing began 11 days earlier, and there were no early displacements in the 
operative group compared with 20% in the nonoperative group. In a smaller, noncomparative study, Parker and Pryor’? reported nonunion in twice as 
many patients treated nonoperatively compared with operatively treated patients. Conn and Parker*® reported failure in 19% of nonoperatively treated 
patients at 1 year, and two subsequent studies reported secondary displacement in over 40% of cases.?9”:335 The mean time to displacement was 23 days in 
one of these studies,**° but displacement occurred up to 24 weeks after injury in some patients. 
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Osteoporosis Inpatient Fragility Fracture Pathway 


For fragility fractures of humerus, radius, ulna, pelvis, femur and vertebrae 


Investigations Bloods - U&E, FBC, LFT, TSH, Vitamin D, Calcium ionised / total and phosphate 


CONSIDER myeloma screen, coeliac screen and testosterone in males 


Review results Vitamin D / Calcium / Lifestyle advice to ALL patients 


Lifestyle advice 
e Advise patient on lifestyle changes such as ceasing smoking and reducing alcohol intake. 


Vitamin D advice 
e Vitamin D level > 25nmol/L - 50nmol/L 
e Colecalciferol 25microg daily ongoing 
e Vitamin D level <25nmol/L 
+ Colecalciferol 50microg TDS for 12/52 then 50microg daily 
¢ Start anti-resorption medication after 12 weeks Vitamin D replacement 


Calcium advice 
e Calcium supplement 600mg daily if dietary intake < 3 serves or HYPOCALCAEMIA 


Discussion Falls 


e lf your patient has had more than 1 fall in the last 12 months / fear of falling / wants 
rehab please ask Allied Health to assess and refer as appropriate for falls clinic at 
catchment hospital. Everybody to be advised to do weight bearing exercise. 


eGFR > 30mL/min 


Renal function 


eGFR < 30 mL/min 


All osteoporosis agents should 
be used with caution. Consider 
seeking Specialist opinion. 


Consider referral to 

Endocrinology via GP if: 

e on systemic steroid 
therapy anticipated 
duration > 3 months or 
has 

e a BMD of < -3.0 or 
known intolerance/ 
contraindications to 
osteoporosis treatment 
or 

e is already on treatment 

as well as implementing 

treatment as per pathway 


e Oesophageal pathology 
e Malabsorption 

e Patient prefers injection subcut 
e >80 years 

e Life expectancy < 7 years 

e Lives in Residential care 


Denosumab 60mg 
subcut 6 monthly 


Additional GP instructions to be included in Discharge summary; 


Your patient has been diagnosed with osteoporosis following admission with a fragility fracture. Please add 
the diagnosis of osteoporosis and of this fracture to your patient records. If your patient is under the age 
of 80 and living at home please arrange a BMD - please note the BMD is required for monitoring only and 
treatment can commence immediately as they meet PBS criteria for osteoporosis treatment. 


Regular dental checks have been recommended and your assistance through recalling the patient for 
treatment and monitoring of compliance with medication and lifestyle measures is sought. We have supplied 
a prescription treatment. We have commenced calcium and vitamin D supplementation as appropriate. 
Please add the recall for the repeat prescriptions to improve compliance with repeat injections/oral 
medications. Link: https://healthybonesaustralia. org. au/ 
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Figure 53-10. Osteoporosis inpatient fragility fracture pathway. (With permission of South Metropolitan Health Services, Western Australia.) 


There are therefore only very limited indications for nonoperative treatment of these fractures. It can be considered in patients with a poor chance of 
survival due to severe medical comorbidities or terminal illness and in the occasional patient who declines operative treatment. Similarly, patients from 
long-term residential care who are nonambulators are also candidates for nonoperative management. 


OPERATIVE TREATMENT OF FEMORAL NECK FRACTURES 


If surgical demand overwhelms theatre availability the sickest, frailest patients should be prioritized. Repeated fasting is detrimental, particularly for 
patients with hip fracture who are frequently malnourished. Local protocols should define the minimum required fasting preoperatively and carbohydrate 
drinks considered during this phase. “Sip to Send” is a simple new approach to preoperative fasting and should be considered in all hip fracture patients, 
where sipping of clear fluids is permitted right up to the point of sending for the prepared patient. 


Mode of Anesthesia 


Whether neuraxial (usually spinal) or general anesthesia has an impact on patient outcomes following hip fracture surgery has long been debated. 
Observational studies have suggested small benefits such as reduced length of stay associated with spinal anesthesia. However, these studies are unable to 
address residual confounding by indication and any benefits, if present, are small. Recent, large randomized controlled trials (RCTs) have not demonstrated 
clinically important differences in outcome between neuraxial and general anesthesia. Systematic review and meta-analysis confirm this lack of 
difference. 180-225 There is a consistent signal for higher rates of acute kidney injury in the general anesthesia group, but this does not appear to translate into 
observable differences in patient outcome. 160-166 

Greater doses of anesthetic drugs (volatile agents, spinal local anesthetic) are associated with more intraoperative hypotension. Recent studies suggest 
that within the context of generally well-controlled intraoperative blood pressure, brief periods of hypotension may not be particularly deleterious. There is 
no strong evidence that in contemporary practice, cardiac output-guided fluid therapy alters outcomes. 

Processed electroencephalogram (EEG) monitoring is becoming increasingly popular as a tool to facilitate lower general anesthesia drug doses. It is 
unclear whether this has any impact on patient outcomes (delirium, mortality) following hip fracture. 


Blood Management 


Blood loss following fracture, during and after surgery is significant, despite surgical protestations to the contrary, of the order of 1,000 mL, with an 
associated fall in hemoglobin of around 15 to 20 g/L. There are few data to guide the use of transfusion pre- and intra-operatively although there is no 
current indication for a liberal transfusion policy for patients with hip fracture.! Tranexamic acid reduces the need for transfusion in hip fracture and should 
be part of a local protocol for essentially all patients with hip fracture. 176 


Common Surgical Approaches 
Anterior Smith-Petersen Approach 


The Smith-Petersen approach is the standard anterior approach to the hip. It is created by making an incision along the iliac crest and extending in a 
longitudinal and inferior direction from the anterior superior iliac spine. The gluteal muscles are detached from the external wing of the ileum, and then a 
plane is developed between the tensor fascia lata and the sartorius. This will allow access to the anterior aspect of the hip joint. The reflected head of the 
rectus femoris is detached to gain direct access to the capsule. This surgical approach is useful for fixation of femoral head fractures but is not routinely used 
in the management of femoral neck fractures. 


Anterior Hueter Approach 


More limited anterior exposures are useful when open reduction is required but have become increasingly popular for hip arthroplasty and HA. An anterior 
incision of between 12 and 15 cm is made anteriorly over the hip and the interval between sartorius and tensor fascia lata is developed. The rectus femoris is 
retracted medially to expose the capsule. For open reduction, a T-shaped capsulotomy can be performed with the vertical limb in line with the neck, and the 
horizontal limb is made at the level of the capsular attachment to the labrum to minimize damage to femoral head blood supply. 


Anterolateral Watson-Jones Exposure 


This approach is an anterolateral exposure of the hip that gains access to the hip joint via an intermuscular plane. A lateral incision is made in line with the 
femur that extends up to the iliac crest. It angulates in a posterior direction to finish 8 to 10 cm anterior to the posterior superior iliac spine. The fascia is 
divided in line with the incision. A plane is developed between the anterior edge of the gluteal muscles and tensor fascia lata that allows access to the 
anterior capsule of the hip joint. This approach has been used in femoral neck fractures when open reduction is necessary but is less popular than the Hueter 
approach now. It can be used for HA or THA, but access is limited and in particular, it is not ideal for femoral stem placement. The lateral or posterior 
exposures are preferable for cemented arthroplasty. 


Direct Lateral Hardinge Approach 


This approach is popular for arthroplasty of the hip following a displaced intracapsular fracture. The direct lateral exposure is associated with a lower rate of 
dislocation after arthroplasty than the posterior approach, and it is preferable for hip fracture patients if THA is being carried out. Variations of this 
approach have been described by a number of authors. In general, the patient is positioned in the lateral position and a longitudinal incision is made centered 
on the greater trochanter. Following division of the fascia, the trochanteric bursa is excised. An incision can then be made through the tendons of the gluteus 
medius extending distally to reflect the vastus lateralis off the femur. At the proximal end of the trochanter, the gluteal muscles are split in line with their 
fibers. Care should be taken not to carry this split too proximal, or injury to the superior gluteal nerve is a risk. This risk is increased if dissection is 
performed more than 5 cm proximal to the trochanter. The approach can then be developed by carrying dissection down onto bone, reflecting the tissues in 
an anterior direction until the capsule is incised around the base of the neck. The alternative is to divide the gluteus medius and minimus tendons separately, 
exposing the hip joint capsule, which is incised separately. The hip can then be exposed by flexion and external rotation of the femur, which delivers the 


fractured femoral neck out of the joint, allowing access to the fractured head in the acetabulum. Once this is removed, HA or total arthroplasty can be 
carried out. 


Posterior Approach 


The posterior exposure of the hip can be performed with the patient in the prone or lateral position. The former position is popular for acetabular fracture 
surgery, but for arthroplasty, the lateral position is preferable to facilitate correct component position. The approach is made with an incision centered on the 
greater trochanter extending distally down the shaft and proximally extending toward the posterior superior iliac spine. The more proximal extent of the 
approach, which provides access to the sciatic notch and the posterior column of the acetabulum, is not routinely required for femoral neck surgery. The 
fascia is divided in line with the incision. Above the level of the trochanter, the gluteus maximus fibers are split. More distally, the exposure may be 
facilitated by partial division of the gluteus maximus insertion into the linea aspera. The sciatic nerve should be identified and protected. The short external 
rotators of the hip are then divided, starting proximally with piriformis. The obturator internus and the gemelli are then divided and reflected posteriorly 
where they lie over the sciatic nerve. The capsule can then be incised to expose the femoral head and neck. The neck is accessed by flexing the knee to 90 
degrees and internally rotating the femur. 

This approach provides excellent access to the hip joint for hemi or total arthroplasty. It also has the advantage of being extensile proximally and 
distally, although this facility is not often required during femoral neck fracture surgery. The main disadvantage is the higher rate of dislocation than the 
anterior or anterolateral exposures. A careful capsular repair and reattachment of the short external rotators should be performed as part of the closure to 
minimize the risk of this complication. This may be done in one layer if the capsule and rotators have been detached together, but if the capsule and short 
external rotators have been taken down in two layers, then they can be reattached anatomically as part of the closure. 


Internal Fixation (IF) of Undisplaced Intracapsular Femoral Neck Fractures 

In most patients, fixation is the treatment of choice for the undisplaced intracapsular hip fracture. There are a large number of implants available to choose 
from. In modern orthopaedic practice, the usual choice is either a cannulated screw system (Fig. 53-11) or a sliding hip screw (SHS) device with a short 
plate. A recent definitive randomized study, the Fixation using Alternative Implants for the Treatment of Hip Fractures (FAITH) trial,” and subsequent 


updated meta-analyses!”’ indicate there is little or no clinically meaningful difference in the choice of a contemporary implant. 


Positioning 


Fixation of undisplaced femoral neck fractures is usually straightforward. The patient is placed supine on the operating table, with a fluoroscope positioned 
to screen an AP and lateral radiograph of the hip. This is facilitated by flexion and abduction of the contralateral hip or scissoring the legs. 


Technique 


| / Fee Fixation of Undisplaced Intracapsular Femoral Neck Fractures: 


KEY SURGICAL STEPS 


vi position 

Traction table and image intensifier 

Screen fracture to confirm fracture remains undisplaced in both the AP and lateral x-rays 
Short longitudinal lateral incision subtrochanteric region after prep and draping 

Three guidewires passed into femoral head 

Position checked on AP and lateral radiographs 

Drill over each guidewire 

Screw length selected 

Screws placed and position confirmed with final AP and lateral radiographs 


The surgical exposure required is minimal, and the procedure can be carried out percutaneously. If the procedure is performed open, a short linear incision is 
made from just inferior to the vastus lateralis ridge of the greater trochanter for approximately 5 cm. Guidewires can then be introduced into the femoral 
neck using the image intensifier to guide the position. Most surgeons using a cannulated screw system prefer to use three screws, but there is some evidence 
that two screws may be as effective.!®! The optimal position of the screws has also been a source of debate, particularly whether they should be parallel or 
divergent. Once again, convincing evidence to suggest that screw position greatly influences outcome is lacking. One study showed more favorable 


outcomes if screws were used with washers rather than alone, perhaps attributable to better compression across the fracture.°°! 


Outcomes 


Implant selection and placement and the relation to outcome have always been an issue associated with controversy and conflicting evidence. Cannulated 
screws are currently a popular choice for fixation and various screw configurations to minimize complications have been suggested. In a review of the 
literature, Panteli et al.2° reported conflicting evidence about screw number and position with no clear evidence supporting any particular screw number or 


configuration, although an inverted triangle configuration may be superior to other arrangements. 


C 


Figure 53-11. AP (A) and lateral (B) views of displaced intracapsular hip fracture well healed 9 months after fixation with three cannulated screws. C: Intracapsular 
hip fracture fixed with sliding hip screw and antirotation screw. 


A number of studies have compared SHS devices with cannulated screw implants for these fractures. In a meta-analysis addressing the issue of implant 
selection, analyzing over 38 trials comparing implants, the conclusion was that there was no clear evidence of superiority of any one implant for fixation of 
these fractures.*’’ A large multicenter randomized trial compared cannulated screws to a SHS, the FAITH trial, has been reported.’° The authors 
randomized 557 patients to have an SHS and 551 to have cannulated screws. There were 549 displaced fractures. Only patients in whom the surgeon felt 
that fixation was a better option than replacement were included; thus, for displaced fractures, only younger patients with presumed good bone stock were 
included. Patients in whom replacement was felt to be the treatment of choice were excluded. The authors found that nonunions, implant failures, infections, 
fracture shortening, and fracture healing did not differ by surgical fixation approach, but there was a somewhat higher rate of AVN in the SHS group (9% 
for SHS vs. 5% for CS). The primary study endpoint, hip reoperation within 24 months, did not differ by type of surgical fixation, however. 

In 2007, the Targon locking plate was introduced and several studies have reported use of this device for fixation of femoral neck fractures. Some of 
these have been small cohort studies but some larger studies have been reported. Parker et al.“*’ reported good results in a series of 230 patients with both 
undisplaced and displaced fractures. They reported a rate of nonunion/redisplacement in 2.7% and AVN in 4.5% of 112 undisplaced fractures. In 208 
displaced fractures, the rate of nonunion/redisplacement was 15.4% and AVN affected 11.1%. These results suggested better outcomes than screws or SHS 
devices but in a randomized trial of 174 patients, Griffin et al.”’ reported that although the Targon reduced the risk of revision surgery by 4.7%, this did not 


achieve statistical significance and there were no other differences in other outcomes including nonunion, AVN, and general health outcome as measured by 
EQ-5D. 

Alternative, new implants continued to be developed which seek to allow controlled collapse and/or control rotation through the fracture. Few such new 
implants have been tested rigorously in randomized studies and in the authors’ opinion, these incremental developments are unlikely to yield substantial 
clinical differences for patients. 

Following surgery, patients can be mobilized weight bearing as tolerated. Recommendations to remain non—weight bearing are impractical in older 
patients. Serial radiographs are taken to document union, which can be expected to occur in more than 90% of cases. The rate of nonunion in most series is 
low, but it does occur and overall a rate of 7% can be expected.*8:48:227253 Although these are undisplaced fractures, there is a definite rate of late AVN, 
which varies in reported studies but overall is 5.8%.38-48:227,253 Younger patients should be reviewed for longer periods to detect this, but long-term follow- 
up may be impractical in older patients. Palm et al.?35 described a posterior tilt angle measurement in Garden I and II fractures treated by IF. On the lateral 
view, the angle is measured by drawing a line up the middle of the neck to the level of the fracture and then a line from the center of the femoral head to the 
fracture. If the angle subtended by these two lines was greater than 20 degrees on the preoperative radiograph, the reoperation rate at 1 year was 
significantly increased. This measurement may be a useful method of selecting patients with undisplaced fractures at higher risk of complications. 

The reoperation rate for undisplaced fractures in the FAITH trial was 14% for all causes and as this was a large study, this value for reoperation is likely 
to be a good estimate of the need for revision surgery. The mortality rate is appreciable in this patient group. Clement et al.*° reported a mortality rate of 
19% at 1 year after surgery for undisplaced fractures. The functional outcome of undisplaced femoral neck fractures reflects the low complication rate and is 
generally good. Most patients return to their prefracture level of mobility and residence.°”° 


Arthroplasty for Undisplaced Femoral Neck Fractures 


There is a definite rate of reoperation for nonunion and AVN after fixation, there may be reasons to consider some form of arthroplasty for the undisplaced 
fracture. In theory, arthroplasty would avoid the main complications of IF and thus reduce the rate of reoperation. Parker et al.7°° addressed this issue in a 
study where 346 patients with undisplaced neck fractures treated by IF were compared with 346 patients with displaced fractures treated by HA. The 
patients were matched for age, sex, residential status, and ASA grade. Patients treated with HA had a significantly longer surgical procedure, a longer 
hospital stay, a higher rate of perioperative complications, and a higher 1-year mortality (26% vs. 19% for fixation). The fixation group had better mobility 
and less pain at 1 year. The reoperation rate was higher in the fixation group (43/346 vs. 14/346). The authors concluded that fixation was the treatment of 
choice for undisplaced fractures. 

The results of this study must be interpreted with caution since they are limited by the assumption that the patient who sustains an undisplaced fracture is 
similar to the patient with a displaced fracture, which may not be the case even allowing for the matching that was part of the study design. Two small 
randomized studies in China and Norway suggest that there may be a difference in reoperation risks but yield different estimates of the effect on patient 
outcomes such as mortality and function.®*:!®° The definitive fix or replace undisplaced intracapsular fractures trial of interventions (FRUITI) randomized 
trial is underway in the United Kingdom and will provide good evidence to support future practice for these patients. 133 


Reduction and Fixation of Displaced Femoral Neck Fractures 


In contrast to undisplaced fractures, where there is general agreement regarding treatment, there is considerable variation in surgical practice in the 
treatment of displaced femoral neck fractures. Surveys of European and North American orthopaedic surgeons evaluated how surgeons opted to treat 
displaced fractures.22>! The results showed that most surgeons believed reduction and fixation were the treatment of choice for displaced fractures in 
patients younger than 60 years. Almost all surgeons preferred arthroplasty in patients older than 80 years. There was much more variation in patients 
between the ages of 60 and 80 years, with surgeons using reduction and fixation, unipolar HA, bipolar HA, and total hip replacement (THR) to differing 
extents. In the past few years, a number of randomized trials have evaluated these treatment options and have provided better clinical evidence on which to 
base clinical decisions regarding the optimum procedure. 

Reduction and fixation of displaced femoral neck fractures is a less popular treatment than formerly. The main reason for this is the high failure rate 
with this procedure due to fixation failure, nonunion, and AVN. It is still widely used however and is the treatment of choice in some younger patients. 
There is an increasing recognition, however, of the complexity in the operative treatment of these high-energy injuries, and much controversy remains 
regarding the optimal construct for fixation. 189 


Displaced Femoral Neck Fractures in Younger Adults 


Hip fractures are uncommon in patients younger than 60 years and account for only 3% of all hip fractures. In younger adults, these injuries are often the 
result of high-energy trauma and are frequently associated with other major injuries.”*2”4 However, about half of the patients are somewhat older, usually 
between the age of 40 and 60 years.!°4 In these patients, there are often predisposing conditions rendering them more liable to sustain a hip fracture. These 
factors include chronic diseases associated with osteoporosis, steroid treatment, and alcohol abuse. This subgroup, while chronologically younger than the 
typical patient, often requires surgical and perioperative care that is more similar to the older adult. 

One series®’ addressed the issue of risk factors for failure after IF in patients younger than 60 years, with displaced intracapsular fractures. In a series of 
122 patients, union occurred in 83 (68%). Complications occurred in 39 patients (32%) at a mean of 11 months (0.5-39). The rate of nonunion was 7.4% (n 
= 9) and of AVN was 11.5% (n = 14). Failures were more common in patients older than 40 years (p = .03). Univariate analysis identified that delay in time 
to fixation (>24 hours), alcohol excess, and pre-existing renal, liver, or respiratory disease were all predictive of failure (all p < .05). Of these, alcohol 
excess, renal disease, and respiratory disease were most predictive of failure on multivariate analysis. They concluded that in younger patients with femoral 
neck fractures but a coexisting history of alcohol abuse, renal, or respiratory disease, arthroplasty should be considered as an alternative treatment— 
essentially a treatment algorithm that closely mirrors that for the older adult. 

More recently this has been confirmed in a large randomized trial conducted in two Norwegian hospitals reported by Bartels et al.!° One hundred-two 
participants with a mean age of 64 years (SD 4) were randomized to either IF or THA. The primary outcome was the Harris Hip Score (HHS)—a functional 
hip-specific patient-reported outcome, for which a difference of 10 points is considered the minimum clinically relevant difference. This measure was 
consistently better in the arthroplasty group up to the final follow-up at 24 months; a large, clinically relevant, and statistically significant benefit at 4 
months attenuated over time (mean difference 11.6 points, 95% CI 7.4-15.9, p < .001 in favor of arthroplasty at 4 months; 5.3 points, 95% CI 0.9-9.7, p = 
.017 in favor of arthroplasty at 12 months [primary outcome]). 8.4 percent of participants assigned to IF underwent reoperation over the 2-year follow-up 


period compared with 4% in the arthroplasty group. 

In the younger physiologically fitter adult, sustaining a high-energy injury, Pauwels type III fractures are common. There is some evidence that a fixed- 
angle device might be preferable to cannulated screws or a SHS. In their series, Liporace et al.!8? reported that the nonunion rate with fixed-angle devices 
for these fractures was 8% compared with a rate of 19% with sliding devices. The numbers in the study were not large, but for these very unstable patterns, 
in younger patients, a fixed-angle device may be a better choice but the evidence guiding implant choice is weak. 

The results of femoral neck fracture fixation in younger patients are poor compared to outcomes following other fractures, risks of nonunion, AVN, and 
reoperation are significant. Union rates vary widely and AVN from 10% to 40%. The largest systematic review?°* which analyzed 1,558 fractures from 41 
studies estimated the overall rates of nonunion and AVN in displaced fractures to be 9.3% and 14.7%, respectively. The rates of nonunion and AVN in 
undisplaced fractures were lower at 5.2% and 6.4%, respectively. 

These issues have prompted further exploration of predictors of failure by Collinge et al. Medical records from 492 patients treated in the United States 
between 2005 and 2017 were retrospectively identified. Patients were stratified into those with technical error and those without and the relationship with 
outcome was explored.** Technical errors were defined as inadequate reduction, for fixed angle constructs a tip-apex distance greater than 25 mm, for 
cannulated screw constructs any one of: inferior calcar screw greater than 4 mm away from the intramedullary cortical border of the intact inferomedial 
cortex of the shaft fragment, or inferior and posterior screws greater than 15 mm from the articular surface, or greater than 15 mm between screw shafts on 
the two hip radiographic views. 


Approximately one-half of all fractures were internally fixed with a fixed angle implant and a similar proportion following an open reduction. 
Among the displaced fractures (n = 377), 20% of those fixed technically adequately required major reconstructive surgery compared with 56% for 
those not (p < .001). Failure risk increased with increasing numbers of technical errors. Both malreduction and technical errors in implant placement 
were significant predictors of major reconstructive surgery; predictors of failure are described in Table 53-4. 


To address the technical challenges of fixation in these injuries Mir and Collinge have proposed the use of medial, antiglide plate placed at the medial 
apex of the fracture that is consistent with modern fixation principles applied for other shear-type fractures.*!! This has been subsequently analyzed in a 
retrospective case series of 478 patients aged less than 55 years with displaced intracapsular fractures treated in 27 Level 1 trauma centers in the United 
States.“ Eleven percentage of these patients had definitive fixation augmented with an antiglide plated applied at the medial fracture achieved through a 
Smith-Peterson approach. The groups were similar in baseline demographics except that the group undergoing medial plating included fewer women. 
Treatment failure, defined as malunion, nonunion, or reoperation, occurred in 49% of those treated with classical fixation implants compared with 29% of 
those treated with an antiglide plate (p = .01). 

Most surgeons would take the view that a displaced intracapsular hip fracture in a young patient requires relatively urgent treatment, although the 
evidence that emergency reduction and fixation confers definite benefit is lacking.?° It seems more likely that the quality of reduction that is achieved is 
more influential on outcome than timing of the surgery and as pointed out already, technical adequacy of the surgery is more likely to be an important 
predictor of outcome.“ 

The choice between open and closed reduction remains contentious; clearly, if the surgeon intends to use a medial plate, then an open reduction is 
mandatory and one of the anterior approaches to the hip which provide reliable access to the medial femoral neck is recommended. If intraosseous fixation 
only is preferred, the choice to open the fracture seems not to influence outcomes as long as an adequate reduction is achieved.8° The authors’ preferred 
approach is to attempt an initial closed reduction and review the adequacy prior to committing to fixation strategy. 


Positioning 


The surgical technique is identical to that described for undisplaced femoral neck fractures once the fracture is reduced. The usual method of reduction is to 
apply gentle traction and internal rotation to the leg. This is a key point since a common error is to apply excessive traction with forceful rotation to the leg. 
This may result in a valgus reduction that is very difficult to correct by closed means. The correct technique is therefore to place the patient on the traction 
table, with minimal traction and rotation in the first instance. Radiographs can then be taken to verify the position of the fracture. If the fracture is 
incompletely reduced, then small incremental increases in both traction and internal rotation, checking the position after each adjustment, can be carried out 
until the reduction is judged adequate. Occasionally, an adequate reduction cannot be achieved closed or the surgeon may have planned preoperatively to 
place a medial antiglide plate. Under these circumstances, an open reduction will be necessary or alternatively, a change in surgical treatment to some form 
of arthroplasty is an alternative. 


TABLE 53-4. Fixation Construct’s Relationship to Technical Error(s) and Treatment Failure in Displaced Fractures 


Fixed Angled Devices (175) Independent Screws (202) 


F Factors Fractures Without Failure Fractures With Failure Fractures Without Failure Fractures With Failure P 


All patients’ fractures 111 (63.7%) 64 (36.8%) 96 (47.5%) 106 (52.5%) 001 
Repairs with no technical errors 90 (81.1%) 28 (44.3%) 41 (41.1%) 19 (18.5%) -077 
Repairs with 1 technical error 21 (17.1%) 27 (44.3%) 50 (53.3%) 65 (63.9%) {555 
Repairs with 22 technical errors 0 9 (100%) 5 (5.4%) 23 (21.3%) 229 
Technical errors (all occurrences) 23 (46.9%) 26 (53.1%) 59 (41.6%) 83 (58.4%) .087 

Poor reduction 1 (33.3%) 2 (66.7%) 0 (4.3%) 8 (100%) Dll 

Fair or poor reduction 4 (23.5%) 13 (76.5%) 5 (18.5%) 22 (81.5%) .688 


Construct Type 


Multiple cannulated screws 


Inadequate buttress screw* 


Inadequate screw lengths? NA NA 64 (42.7%) 86 (57.3%) NA 
Inadequate screw spread‘ NA NA 2 (14.3%) 12 (85.7%) NA 
Fixed angled devices NA NA 1 (20%) 4 (80%) NA 
Inadequate tip apex distance 11 (33.3%) 22 (66.7%) NA NA NA 


(>25 mm) 


“Inadequate buttress screw = screw inferior screw >4 mm from intact inferomedial buttress. 

Inadequate screw lengths = screws >1 cm from subchondral bone femoral head. 

‘Inadequate screw spread = independent multiple screw construct <10 mm between screws. 

Reproduced from Collinge CA, et al; Young Femoral Neck Fracture Working Group. Effects of technical errors on the outcomes of operatively managed femoral neck fractures in 
adults less than 50 years of age. J Orthop Trauma. 2023;37(5):214-221. 


Technique 


KEY SURGICAL STEPS 


/ | Reduction and Fixation of Displaced Femoral Neck Fractures: 


Careful supine position 

No forceful reduction maneuver 

Confirm position of fracture with use of image intensifier 

Attempt reduction with gentle traction and internal rotation 

Slow incremental increase in traction and rotation to complete reduction 

Open reduction—inadequate reduction or preoperatively planned 

Free draping of the injured limb on a radiolucent table to facilitate manipulation of the femoral neck 
Smith-Petersen approach, longitudinal capsulotomy 

K-wire as joystick in head fragment 

Reduce fracture with pointed reduction clamps and use supplementary K-wire or guidewire to maintain reduction 
External rotation and flexion of the hip to visualize medial fracture apex 

Placement of a 3- or 4-hole 3.5-mm plate (third tubular) directly over the fracture apex 

Proceed to definitively fix the fracture with cannulated screws or a fixed-angle implant 


Reduction should be judged on the AP and lateral views. The junction of the convex femoral head and neck should produce an S-shaped curve in all planes 
(Fig. 53-12). A perfect reduction may not be possible if there is comminution of the femoral neck, which is not unusual. On the AP view, a valgus reduction 
is preferable to a varus reduction. A valgus reduction is inherently more stable, whereas a varus reduction is associated with a much higher risk of fixation 
failure.!3 What constitutes an acceptable reduction is debatable, but a 20-degree varus reduction is associated with a 55% risk of failure, and Arnold 
recommended less than 20 degrees of posterior angulation to minimize the same complication. In relation to the reduction, the risk of AVN has been shown 
to be lowest with anatomic reduction. Either varus or valgus reductions increase the risk. 

Garden®’ described an alignment index to measure the quality of reduction (Fig. 53-13). This is based on measurement of bony trabecular alignment on 
the postoperative AP and lateral radiographs. On the AP view, the angle subtended by the central axis of the medial trabecular system in the head and the 
medial cortex should normally be 160 degrees. On the lateral view, the central trabecular axis in the head is in line with the femoral neck, an angle of 180 
degrees. Garden?” reported good results when the angle was between 155 and 180 degrees on either view. When outside this range, the risk of fixation 
failure and AVN increased. Failure to achieve a stable reduction is most commonly due to posterior comminution of the femoral neck.®” This is not under 
control of the surgeon and if an acceptable reduction cannot be achieved, then consideration should be given to undertaking an arthroplasty, although open 
reduction should be considered in younger patients where arthroplasty is undesirable. 


Figure 53-12. A: Lowell demonstrated that the cortices of an anatomically aligned femoral head and neck will project shallow S- or reverse S-shaped curves on both 
x-ray views. B: Malalignment is demonstrated by a flattening of one curve and a sharp apex on the opposite side. These findings are usually easier to appreciate 
intraoperatively with fluoroscopy than are the primary compressive trabecular alignments needed to measure an alignment index. 


Postoperative Care 


Postoperatively, patients can be mobilized using touch weight bearing for 6 weeks, but older patients are frequently unable to cooperate with instructions to 
limit weight bearing, so for the majority of patients, this is impractical. A Cochrane review!!® analyzed the published literature for mobilization strategies 
after hip fractures. One included trial evaluated weight bearing allowed at 2 weeks compared with 12 weeks after fixation of displaced intracapsular hip 
fractures. There were no differences in complications or functional outcomes. Other studies evaluated various postoperative physiotherapy regimens after 
fracture fixation, but results were inconclusive. The authors of the review concluded that there was insufficient evidence to support the effectiveness of the 
various mobilization strategies evaluated in the published studies. 


Outcomes 


Femoral neck fracture union is often slow and usually takes longer than 6 months in the majority of cases. Barnes et al.!° reported union in only 14.5% of 
patients with displaced fractures at 6 months. Patients require regular radiographs until this time to ensure the fracture is uniting uneventfully. AVN tends to 
manifest itself after fracture union and is most common in the second year after injury.!? Younger patients should be followed up for 2 years, with 
radiographs on a 6-monthly basis, to detect this complication. 


(AP) (Lat) 


Figure 53-13. The Garden alignment index. An angle of 160 to 180 degrees on both AP and lateral images was considered acceptable by Garden. Anatomic (black) 


and unacceptable (red) reductions are shown. 


The results of reduction and fixation of displaced femoral neck fractures are considerably inferior to the results reported for undisplaced fractures treated 
by fixation. There is a high incidence of postoperative complications with an overall rate for nonunion of 25.5% and a rate of 11% for AVN.2°2.254 

In an updated Cochrane Review of the literature in 2006, Parker and Gurusamy identified 19 trials comparing fixation with arthroplasty for displaced 
intracapsular hip fractures.*“° The analysis of the data in these trials indicated that there were some significant perioperative differences. In particular, the 
length of surgery, blood loss, requirement for transfusion, and deep infection were all higher in the arthroplasty group. Arthroplasty had a lower rate of 
reoperation than fixation. The duration of hospital stay, mortality, and return to previous residential status showed no differences. Less pain and better 
function were reported with arthroplasty although the data were not entirely conclusive. 

Considerable research effort has continued since then, with a general improvement in the study designs and reporting, including many additional large 
randomized trials comparing fixation and arthroplasty for displaced intracapsular fracture. These are recently summarized in a major Cochrane network 
meta-analysis.!”? The results have been remarkably uniform—reduction and fixation compared unfavorably to arthroplasty in terms of reoperation rates and 
functional outcomes. The reoperation rates for reduction and fixation in these trials have been notably higher than in previously published studies and vary 
widely and up to one in two patients in some studies. 

These findings in randomized trials have been supported by findings published from the Norwegian hip fracture database in patients aged between 55 
and 70 years.'* They reported outcomes on 1,111 patients who were treated with IF, 1,030 with HA, and 572 patients with THA. Major reoperations were 
required in 27% after IF, 3.8% after HA, and 2.8% after THA. Compared with IF, arthroplasty patients were more satisfied after 4 and 12 months, had less 
pain, and had better outcome scores as measured by EQ-5SD. Fixation was often carried out with just two screws and this may have been contributory to high 
failure risks, although the reoperation rate quoted is similar to rates published in clinical studies. 

Several studies have evaluated factors contributing to the high failure risk of this surgical technique. The level of the fracture in the femoral neck has not 
been shown to make any difference as long as the fracture is intracapsular.?”° As described by Collinge et al., for younger patients** the orientation of the 
fracture probably does influence outcome since Pauwels type III fractures are known to have a higher complication rate and there is some evidence that a 
fixed angle device!®* or medial antiglide plate as an adjunct may be more appropriate for this pattern of neck fracture.*° 

As already indicated, there is no clear evidence that one particular implant has any advantage over another for the majority of fractures.!”” The quality of 
reduction does have an influence on the failure rate. In particular, a varus reduction has been estimated to increase the risk of failure fourfold. 


Ancillary Techniques 


A number of modifications to the technical aspects of reduction and fixation have been suggested in an effort to improve the results. These have included 
evacuation of the hemarthrosis, addition of compression at the fracture site, open reduction, timing of surgery, and use of various cements to improve 
fixation. 

Femoral neck fractures are associated with a hemarthrosis, and this is known to increase the intracapsular pressure in the hip.?” On this basis, it has been 
suggested that ancillary measures such as aspiration of the hip joint capsule or open reduction might be useful in order to decompress the hemarthrosis and 
improve the quality of reduction. Clinical studies have failed to show evidence that aspiration or capsulotomy to drain the hemarthrosis is actually of any 
benefit. 

A number of studies have assessed the value of open reduction and compression of femoral neck fractures, but there is no convincing evidence that 
either technique enhances results.7“* The use of compression across the fracture using a SHS has been compared with no compression in one study, which 
found the risk of nonunion was significantly greater with compression (32.9% in the compression group vs. 18.3% in the noncompression group).’® 

Open reduction of femoral neck fractures has been compared with closed reduction in one randomized trial. Upadhyay et al.3?” reported 102 patients 
treated in a delayed fashion between 15 and 50 years old randomized to open or closed reduction. Operating time was longer for the open reduction group, 
but there was no significant difference in the quality of fracture reduction between the open and closed groups. This was reflected in the outcome, with no 
significant differences noted in the meantime to union, or the rates of nonunion and AVN. Ghayoumi et al.®° conducted a systematic review of the published 
literature on open and closed reduction for displaced intracapsular fractures in patients under the age of 50 years, a group many surgeons would consider 
most likely to benefit from an open reduction. They identified 21 studies with a total of 612 patients treated with closed reduction and 181 patients 
undergoing open reduction. The incidence of AVN was 17.2% and 17.7% in the closed and open groups, respectively. The incidence of nonunion was 
11.6% in the closed group and 14.9% in the open group. The observed differences for these complications were not significant. However, open reduction 
was associated with a 3.9% wound infection rate in the open group and only 0.49% in the closed reduction group, an 8-fold difference that was highly 
statistically significant. However, the majority of included studies were retrospective case series and the decision to carry out open or closed reduction 
would have been for very variable reasons and the results have to be interpreted in this light. 

Larger, better-designed trials are still necessary to determine whether open reduction confers any advantage. Based on current evidence, routine open 
reduction does not seem to confer any benefit if the radiographic reduction is considered satisfactory. It does probably increase the risk of infection. It 
clearly does have a role, particularly in younger patients where an adequate closed reduction cannot be achieved and arthroplasty is not a desirable option. 

Timing of reduction and fixation after injury might also be reasonably expected to have an influence on the outcome. Experimental studies indicate that 
cellular changes in the femoral head are seen by 6 hours after fracture, but osteocyte cell death occurs quite slowly and may not be complete until 2 to 3 
weeks after the fracture occurs.’334 If fixation is indicated, it may therefore be carried out in patients who present late. Barnes et al.!3 found that the timing 
of surgery had no influence on the rates of AVN and nonunion in patients treated with reduction and fixation up to 7 days after injury. These findings have 
to be interpreted with caution, since the study, although a large prospective series was published in 1976 and methods of fixation were very variable and 
included fixed angle devices which would not be used for these fractures now. In contrast to these findings, Jain et al.!°+ compared early fixation (within 12 
hours of injury) with delayed fixation (more than 12 hours) and recorded an incidence of AVN in 16% of the delayed group compared with none in the early 
fixation group. 

A meta-analysis of the published literature?’ included seven published studies with data on timing of reduction and fixation of displaced intracapsular 
fractures. There was no effect on rates of AVN and nonunion in fractures treated within 24 hours. There was a difference in nonunion but not AVN in 
fractures reduced before and after 24 hours. The odds of a nonunion increased threefold in fractures treated after 24 hours. If fixation is selected as the 
preferred treatment, it seems sensible on the basis of published evidence to carry out the surgery as soon as it can be performed on a planned trauma 
operating list, but there is no evidence to support performing the procedure as an urgent emergency out of normal operating hours. 


Several studies have investigated the possibility of improving the outcome by enhancing fixation with the use of resorbable cements. Mattsson and 
Larsson? reported on the use of calcium phosphate cement in a randomized trial comparing an augmented group with a group treated with standard IF. 
The augmented group had better early stability but had an increased requirement for later reoperation due to nonunion and AVN, and there was no definite 
advantage demonstrated with the use of cement. The literature on this topic has been the subject of a review!®* that concluded that although there was 
experimental evidence to show cement improved the stability of fracture fixation, there was no evidence from clinical studies that the complication rate and 
requirement for reoperation were reduced. 

Outcome studies indicate that fractures that heal without complication are usually associated with acceptable functional results. In patients who develop 
complications, the results are not satisfactory, and there is a high rate of revision surgery to deal with the complications.*!° In the majority of cases, the 
revision surgery is needed to deal with fixation failure and nonunion rather than AVN. In patients with healed fractures, the result is sometimes not 
satisfactory. Femoral neck shortening following fixation can occur in up to a third of patients in the absence of any healing complication.*°° This adversely 
affects hip abductor muscle function, which may contribute to poor results in these cases. In two studies that have addressed the effect of femoral neck 
shortening, there was clear evidence of an adverse effect on functional outcome, with poorer results using the HHS, the SF-36, and the EuroQol disability 
questionnaire. This effect was apparent with shortening of more than 5 mm but results were much worse with shortening of more than 10 mm.2°5:359 


Secondary Arthroplasty 


Patients who are treated with reduction and fixation may be converted to a HA or THR to treat failure of fixation. However, the evidence suggests that 
secondary THR in this situation is associated with a higher rate of complications than THA carried out as a primary procedure. McKinley and Robinson?®® 
compared secondary THA with an age- and sex-matched cohort who had received THA as a primary procedure for displaced subcapital hip fractures. They 
recorded a significantly higher rate of infection, dislocation, and loosening in the group who had the procedure carried out as revision for failed fixation. 
These findings were confirmed in a systematic review! that included this study and indicated that in salvage THA, there is a significantly increased risk of 
complications including deep infection, early dislocation, and periprosthetic fracture when compared to a primary THA for intracapsular hip fracture 
(overall RR 3.15). 

The present evidence therefore indicates that if THA is used, superior results can be expected in patients where the procedure is the primary operation. 
Similar findings have been reported for HA. Superior results with lower complication rates were found when comparing a cohort 272 primary 
hemiarthroplasties with 149 secondary hemiarthroplasties for failed screw fixation. The reoperation rate was 5% in the primary HA patients and 11% in the 


secondary HA patients, a difference that was statistically significant.®! 


Hemiarthroplasty 
Unipolar Hemiarthroplasty 


Unipolar HA has been widely used for femoral neck fractures. Historically, the Austin Moore and Thompson HA designs were widely used”? but use of 
these implants has greatly declined and there is now widespread use of more modern stems (Fig. 53-14). The randomized trial data overwhelming favor a 
cemented stem with a clear survival and other functional benefits compared with older and modern uncemented stem designs. Although the use of older 
implants is gradually declining, it is worth noting that a published randomized trial comparing a cemented Thompson with a cemented Exeter Trauma Stem 
HA noted no differences in complications or functional outcome at 1 year.?39 

The procedure has a number of advantages for this fracture. Surgery is technically relatively straightforward, and it eliminates the risks of nonunion and 
fixation failure, which contribute to the high rate of revision surgery associated with reduction and fixation. 
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Figure 53-14. AP view of unipolar cemented hemiarthroplasty. 


Unipolar Hemiarthroplasty: 


KEY SURGICAL STEPS 


Lateral position (Hardinge) or supine (Hueter) 

Longitudinal incision centered on the greater trochanter 

Direct lateral approach (Hardinge) or anterior approach preferred 

Detach abductor muscles close to musculotendinous junction to leave adequate cuff of tendinous tissue on greater trochanter for reattachment 
For anterior approach, use internervous plane between sartorius and tensor fascia lata 


Access for anterior approaches to the femur may be facilitated by use of an operating table and specific retractors designed for this approach 
Capsule detached from base of neck 

Capsulotomy extended on superior aspect of neck to allow dislocation of neck 
Neck cut based on stem being used, femoral head removed 

Prosthetic head size based on diameter of femoral head 

Femoral shaft prepared with reamers 

Appropriate stem size and offset selected 

Modern cementing techniques if cemented stem being used 

Stem inserted and hip reduction 

Leg length equality and hip soft tissue tension check 

Layered closure 


The procedure is carried out with the patient in the lateral position for lateral or posterior approaches. Lateral exposures have the risk of abductor weakness, 
but there is undoubtedly a lower risk of dislocation and there is an accumulating body of evidence in recently published literature to support this 
view.?!6303,330 Lateral or anterior approaches are therefore preferable to minimize the risk of prosthesis dislocation which will greatly increase the risk of a 
poor outcome in patients in this age group. Once the hip joint is exposed, the femoral neck is delivered into the wound and the femoral neck is cut. The 
femoral head can then be removed from the acetabulum. The femoral canal is reamed and the chosen prosthesis is inserted. If the anterior approach is used, 
then a stem designed for this approach will be preferable since steps designed for insertion through lateral and posterior approaches are difficult to insert 
correctly through the anterior approach. 

The HA should always be cemented. Modern cementing techniques should be used with a distal medullary plug, lavage of the canal, and cement 
pressurization. Unipolar implants may come as a monoblock stem and care is needed to ensure a correct neck cut and appropriate stem size to minimize the 
risk of leg length discrepancy. 

Once the implant is inserted, reduction is accomplished. Forceful maneuvers, especially rotation, should be avoided to minimize the risk of a 
periprosthetic femoral shaft fracture. Once the implant is reduced, the capsule is repaired and the wound is closed in layers. 


Outcomes 


Unipolar HA avoids the risks of fixation failure, nonunion, and AVN associated with reduction and fixation, but does expose the patient to the risks of 
arthroplasty. However, due to the large head diameter, the risk of dislocation is low (cumulative incidence of 3%) and wound infection rates in cohort 
studies are generally less than 5%. Although protrusion is a theoretical risk, the actual incidence of this complication is also low at 1.2%.!79 This has to be 
interpreted in light of the high mortality of these patients—81% died within the study period. Most patients with these implants may never survive to 
develop the longer-term complications of stem loosening or acetabular protrusion. 


Bipolar Hemiarthroplasty 


The use of bipolar HA has been a very popular alternative to the unipolar HA. There is a wide range of modern bipolar cemented stems available (Figs. 53- 
15 and 53-16). Bipolar heads have a number of proposed advantages. There is an articulation between the inner head and the shell and the shell and the 
acetabulum. This dual articulation was proposed to reduce the risk of wear and acetabular protrusion.2°* Some studies have suggested that, at least with 
some designs, the articulation ceases to function as it was intended and for practical purposes, the implant behaves as a unipolar implant in a proportion of 
patients. !78 
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Figure 53-15. AP (A) and lateral (B) views of displaced intracapsular hip fracture. C: Postoperative view after treatment with cemented bipolar hemiarthroplasty. 


Technique 


Bipolar Hemiarthroplasty: 


E7 KEY SURGICAL STEPS 


LJ Position and exposure as for unipolar hemiarthroplasty 
Femoral neck cut at appropriate level for selected implant 
Femoral canal reamed 
Trial reduction possible with trial components if leg length/tissue tension needs to be judged 
Appropriate stem size and offset selected 
Outer diameter based on anatomic femoral head 
Inner diameter head based on individual prosthesis design 
Modern cementing techniques if cemented stem is being used 
Inner and outer heads applied when cement sets 
Reduction of hip 
Leg length equality and hip soft tissue tension assessment 


The surgical approaches and techniques are identical to those described for unipolar HA. Modern bipolar hemiarthroplasties have a modular design with a 
variety of inner head-neck lengths. Trial heads and neck additions are available with some implants. This makes precision in judging tissue tension and leg 
length easier at the time of surgery. 


Outcomes 


The results of bipolar HA for femoral neck fractures have generally been good. The complication rates are higher than those reported for hip arthroplasty in 
osteoarthritis but still acceptably low. Dislocation and infection rates are usually 3% or lower. The early mortality in this group of patients tends to be high, 
but two studies of long-term prosthetic survival reported low rates of revision surgery. Haidukewych et al.!!* reported a 10-year survivorship of 93.6%, 
which is comparable to the outcome following THA for osteoarthritis. In 2015, von Roth et al.3°8 reported on a 20-year follow-up of 379 bipolar 
hemiarthroplasties with an overall revision rate of 3.5%, although 94% of the patients had died by the 20-year follow-up point. Revision for acetabular 
protrusion is uncommon, which is reported in less than 2% of cases. The functional outcome is seldom reported in much detail. Most authors use relatively 
crude measures of outcome, although the HHS has been used in a number of studies reporting good to excellent results in 65% to 90% of patients. 


Figure 53-16. An uncemented bipolar hemiarthroplasty in good position. 


Perhaps not surprisingly, studies comparing unipolar with bipolar HA have failed to show any advantage for the bipolar design. A recent Cochrane 
Review found only 13 studies, including 1,499 participants studies; these studies were generally small in size, and the Review authors were unable to 
conclude whether there was any clinically meaningful difference between unipolar and bipolar designs. 

The risk of dislocation may be similar, but the implications are different. In the case of a unipolar HA, a closed reduction is usually possible. The same 
does not apply to a bipolar HA. The bipolar head is mobile, and the rotation of the component that occurs with closed manipulation can mitigate against a 
successful closed reduction. Attempts at closed reduction can also result in dissociation of the two articulating components. For these reasons, a closed 
reduction can be difficult and an open reduction of a dislocated bipolar prosthesis is more frequently required. 


Until recently the selection between a modern uncemented and cemented HA stem was contentious. Concerns over bone cement implantation syndrome, 
bone cement pressurization, and pulmonary emboli and the possibility that existing meta-analyses were skewed by pooling older trials including older 
uncemented implants such as the Austin Moore all led to a rise in the use of modern uncemented stems for hip fracture. However, a recent Cochrane 
Review’’° with planned sensitivity analyses to handle these concerns shows overwhelmingly that cementing the stem in all patients, even the most frail and 
elderly, has better outcomes. The Review included 17 studies and 3,644 participants comparing cemented and uncemented HA stem designs. There were 
statistically significant and clinically relevant benefits of cemented prostheses in terms of improved HRQoL at 4 months and mortality at 12 months. 
Subgroup analysis by uncemented prosthesis design (contemporary vs. first generation) suggested that the mortality benefit from cemented prostheses 
cannot be explained by higher mortality reported in the uncemented group from studies including older uncemented stems. There was no difference in the 


overall risk of adverse events. However, within this overall risk profile, the risk of intra- and postoperative periprosthetic fracture was lower with cemented 
stems, but the risk of pulmonary embolic events was greater. Overall, the number needed to treat with a cemented HA for one additional person to be alive 
at a year is 26. 

The Review found similar benefits as the recent large definitive study in the United Kingdom, the World Hip Trauma Evaluation 5 (WHITE 5) trial. 
The authors recruited 1228 participants over the age of 60 years to undergo HA with a modern cemented or hydroxyapatite-coated uncemented HA. There 
was a significant and clinically relevant benefit in HRQoL at 4 months and a likely reduction in mortality at 12 months in the cemented group. There were 
fewer adverse events including fewer periprosthetic fractures in the cemented group too. 

Large studies based on national databases also report increased revision rates with cementless stems. Jameson et al.'’° matched 30,424 patients with a 
cementless implant to 30,424 cemented implants identified on an administrative hospital admissions database and reported significantly higher revision rates 
at 18 months and 4 years after surgery for cementless implants (2.5% vs. 1.1% at 4 years). These findings were very similar to those reported from the 
Norwegian hip fracture registry by Gjertsen et al.” on 11,116 hemiarthroplasties who found a 2.1-fold increased risk of revision of uncemented femoral 
stems compared with cemented prostheses over a 5-year period. This increased revision rate was at least partly attributed to the increased periprosthetic 
fracture risk. 


THR has not been a popular treatment choice for displaced intracapsular hip fractures in the past (F ). THR is the most complex operative treatment 
option for a displaced femoral neck fracture. It is a longer operation than the other surgical interventions for this fracture, and depending on the implant 
used, may be a more expensive implant. However, it is worth noting that some modern bipolar implants are more costly than many conventional THAs. 

Many patients who sustain this injury are unlikely to benefit from any possible functional advantage provided by THA—most are elderly, with limited 
mobility, and 25% to 30% have some degree of cognitive impairment. In addition to these considerations, the initial experience with THA for intracapsular 
fractures was not very encouraging—high rates of loosening and dislocation were featured in some early reports.?>>!© This led to pessimism about the use 
of THA, and a 2005 survey indicated most surgeons were reluctant to consider it as a treatment option.~- However, there is now an accumulating body of 
evidence that supports the use of THA in suitable patients, and some recent trials have indicated that the functional outcome may be more favorable than 
other procedures. 


Indications 


Fitter, older adults who are ambulant outdoors with minimal aids and are expected to live for more than 2 years independently are typically considered 
candidates for THA. Occasionally, some younger patients with medical conditions, notably chronic renal failure’*? and rheumatoid arthritis,**°°° will 
sustain femoral neck fractures and these are associated with a high risk of failure following reduction and fixation. THA should be considered in these 
patients, particularly in rheumatoid arthritis where there may be involvement of the acetabulum in the disease and there are high rates of fixation 
failure.°°°?" Displaced subcapital fractures are very rare in osteoarthritic patients, but for the same reason should be treated in fit patients with total 
arthroplasty. 
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-17. A: AP view of displaced intracapsular hip fracture in a fit older patient. B: Postoperative AP view of cemented total hip joint replacement. 


Technique 


Total Hip Replacement: 
KEY SURGICAL STEPS 


Lateral position and direct lateral or supine and anterior approach to hip preferred 
Initial steps as described for hemiarthroplasty 

Reaming of acetabulum once femoral head removed 

Great care with reaming—osteoporotic bone will ream more quickly than OA hip 
Cemented socket will reduce risk of acetabular fracture in osteoporotic bone 
Particular care with socket orientation to minimize risk of dislocation 

Femur prepared as for hemiarthroplasty 

Trial reduction to confirm leg length equality, soft tissue tensions, and hip stability 
Femoral component inserted 

Hip reduced, layered closure with capsular repair 


The operation can be performed with anterior, lateral, or posterior approaches. Although the posterior approach is commonly used for elective arthroplasty 
for osteoarthritis, it is associated with an increased risk of dislocation particularly in the hip fracture population. Some aspects of the procedure differ from 
THA in the osteoarthritic hip. The acetabular anatomy is not distorted by osteophytes, and the bone is osteoporotic rather than sclerotic as in osteoarthritis. 
Particular care is therefore required in preparation of the acetabulum. Over-reaming can easily occur with excessive removal of bone from the anterior and 
posterior walls or the acetabular floor. Cautious reaming is therefore necessary with regular visual evaluation of the amount of bone removed. Capsulotomy 
and sometimes excision of the hip capsule are performed in the osteoarthritic hip to facilitate exposure and hip mobility. This is not required in hip fractures, 
and the capsule should be conserved to allow repair at the end of the procedure. Cementing of the socket can be carried out using standard techniques. In 
uncemented sockets, the desire for a tight impaction fit must be balanced against the risk of pelvic fracture if the chosen implant diameter is too large for the 
osteoporotic bone to accommodate it without a stress fracture. Finally, any malposition of the acetabular component must be avoided to minimize the risk of 
postoperative dislocation. The femoral stem preparation and insertion are carried out as described for HA. 


Outcomes 


THA is a more complex procedure than HA or fixation, and one possible concern is a higher mortality rate. However, the 30-day mortality in a series of 
over 7,000 patients undergoing THA for a hip fracture was 2.4%,7°° which compares favorably to the mortality rate with other procedures. Data from the 
Norwegian hip registry!®! suggested that there is a slight increase in standard mortality ratio compared with the non-THA population (standardized 
mortality ratio = 1.11). Randomized trials have not shown a higher mortality with THA compared with other treatment options. 178 

Seventeen trials including 2,323 participants have been summarized in a recent Cochrane Review.!’° The largest and most generalizable of the studies is 
the recent total hip arthroplasty or hemiarthroplasty for hip fracture (HEALTH) trial.” The Review and this trial yield similar results. There is low 
certainty evidence that there is any difference in outcomes such as mortality, independence in ADLs, and unplanned reoperation. There may be a very small 
and probably not clinically relevant benefit of THA in terms of function and HRQoL. 

Most studies of THA for femoral neck fractures have relatively short follow-up periods, often for only 2 years. Three studies have carried out longer- 
term reviews and calculated 10- and 20-year survival of THA after femoral neck fractures. These studies indicate that 10-year survival of THA is in excess 
of 90%. Tarasevicius et al.3!” reported 10-year survival rates of over 90% for stems and cups in THA in a series of 135 patients. The implant used had no 
influence on the outcome. Mabry et al.!9? reported 93% 10-year survival and 76% for 20-year survival of Charnley-cemented implants used to treat femoral 
neck nonunion. Age less than 65 years and obesity were associated with an increased risk of loosening. Lee et al.!”° reported survival rates of 95% at 5 
years, 94% at 10 years, 89% at 15 years, and 84% at 20 years for cemented THA used as a primary treatment for intracapsular hip fractures. These survival 
rates are slightly less favorable than for THA carried out for primary osteoarthritis but are nevertheless still excellent long-term results. The largest study on 
survival was based on data from a national hip fracture database in the United Kingdom. Jameson et al.!37 reported on 4,323 THRs carried out for femoral 
neck fractures. The 5-year revision rate was 3.25% and the rate of revision was significantly higher with cementless implants. 


Choice of Total Hip Replacement 


There are several possible modifications of a standard bearing couple that may reduce the important risk of dislocation associated with THA for fracture, for 
example, dual mobility constructs, large heads, or constrained liners. There are concerns however with these alternative designs regarding elevated risks of 
late revision for accelerated wear or prosthetic loosening and higher infection risks. In the recent Cochrane Review of arthroplasties!”® for fractures, two 
trials comparing single and dual articulations were reported.?”” These trials were small and unable to report definitive results. The current multinational 
study, the dual mobility (DM) versus standard articulation total hip replacement (THR) in the treatment of older adults with a hip fracture (DUALITY) 
trial,?5° is underway and will likely provide definitive evidence regarding the choice of dual or single articulation THA. 

Hoskins et al. reported a registry study from the Australian Orthopaedic Association National Joint Replacement Registry exploring all of these bearing 
couples for patients with fracture.'°° The study included 8,582 participants with standard couples, 5,820 with large head THAs, 1,778 with dual mobility 
constructs, and 512 with constrained liners. When adjusted for age, sex, femoral fixation, and head size, there was no difference in the rate of all-cause 
revision at 7 years for any of the four groups. When analyzing revision for dislocation alone, large head THA had a lower risk of revision for dislocation 
compared with standard head, and dual mobility THAs had a lower risk of revision for dislocation than standard head for the first 3 months but not after this 
time point. 


Comparison of Treatment Modalities for Displaced Femoral Neck Fractures 


Given the number of treatment options available for the operative management of femoral neck fractures determining the single best treatment from head- 
to-head studies comparing two treatments can be challenging. A recent network meta-analysis summarized all of the trial data from all available pairs of 


comparisons, including data from 17,653 participants included in 119 randomized trials.!”9 The review included older adults aged at least 60 years 
undergoing surgery in a hospital setting for a fragility intracapsular hip fracture. Studies that focused exclusively on the treatment of participants younger 
than 16 years of age, of participants with fractures caused by specific pathologies other than osteoporosis, and of participants with high-energy fractures, 
were excluded. The review reported networks for mortality, HRQoL, and unplanned return to surgery. Necessarily, such an approach is not able to report 
finer outcome detail that is not consistently reported across all included studies and so provides only a high-level summary of major outcomes of interest. 
Across each of the networks, there was considerable variability in the ranking of each treatment, such that there was no one outstanding, or subset of 
outstanding, superior treatments. However, cemented modern arthroplasties—both unipolar and bipolar—tended to more often yield better outcomes than 
alternative treatments and maybe a more successful approach than attempting IF.!79 


Summary 


In summary, the results of published trials and national hip fracture database figures support the view that the routine use of reduction and fixation in the 
majority of older patients should be avoided and is not the treatment of choice. There may be occasional fit and very active older patients where fixation 
may still be considered an appropriate option, particularly in patients still participating in sporting activity. However, the majority of patients will not fit into 
this category. There is an accumulating body of evidence that surgeons might consider THA in the fit older patient without cognitive impairment who is an 
independent community ambulator, but the clinical benefit is likely to be very small for most older people with fracture of the femoral neck. For the 
majority of older patients, a modern cemented, HA is the current treatment of choice. This is supported both by randomized data and real-world data from 
larger groups of patients based on national registries and other large national databases. 


Special Situations of Femoral Neck Fractures 
Ipsilateral Femoral Neck and Shaft Fractures 


This injury combination is usually found in young adults with high-energy femoral shaft fractures. However, it may occur as an iatrogenic injury due to 
injudicious placement of the proximal entry point for antegrade femoral nailing. Between 2% and 9% of femoral neck fractures in young adults will have an 
ipsilateral hip fracture.?9373 The injury is easily missed particularly if the fracture is undisplaced or the radiographs of the proximal femur are inadequate or 
of poor quality. Earlier reports indicated that up to 30% of cases were missed. Careful scrutiny of the radiographs is necessary in all cases. Tornetta et al.??3 
have recommended use of thin-cut CT scan and dedicated AP internal rotation radiographs of the femoral neck to decrease the incidence of missed femoral 


neck fractures. In the event of the fracture being recognized before surgery, the main options are as follows: 


e Antegrade femoral nailing with a second-generation nail allowing simultaneous fixation of the femoral neck 

e Fixation of the femoral neck fracture with cannulated screws and retrograde intramedullary nailing of the femoral shaft fracture 
e Fixation of the femoral neck fracture with cannulated screws and plating of the femoral shaft fracture (Fig. 53-18) 

e Fixation of both fractures with a SHS with a long plate to allow femoral fixation 


Each of these options has something to recommend them and there are publications describing all of these methods. As might be expected with a rare 
injury combination, the published literature consists of retrospective cohort studies and level I evidence is lacking. However, there are some trends in the 
published literature to guide decision making. Use of cephalomedullary nails has been reported to be associated with higher rates of femoral neck 
malreduction,?“ and this translates into a greater risk of fixation failure, nonunion, and AVN at a later stage. These devices have the attraction of being 
minimally invasive and using a single implant to fix both fractures, but if the femoral neck fracture is displaced, it is technically very challenging to achieve 
anatomic reduction and fixation with these devices. They are not ideal unless the femoral neck fracture is undisplaced or a perfect reduction can be achieved 
before implant insertion. 

Use of a retrograde nail with separate fixation of the femoral neck with either cannulated screws or a SHS with short plate is now a popular combination. 
Ostrum et al.?34 reported 95 ipsilateral femoral neck and shaft fractures treated this way and reported five proximal malunions (5%) with a union rate of 
98% (90/92) for the femoral neck fractures and 91.3% (84 /92) for the femoral shaft fractures, which were encouraging results. One advantage of this 
combination is that the retrograde nailing can be carried out first and the stabilized femoral shaft will facilitate a closed reduction of the femoral neck 
fracture. 

Plating of the femoral shaft fracture is usually reserved for cases where the shaft fracture is in the distal third of the bone. In general, plating of femoral 
shaft fractures is technically demanding and in the case of open plating is associated with higher rates of nonunion than intramedullary nails. The options 
that utilize nail fixation of the femoral shaft component are therefore probably safer. 


Femoral Neck Fractures in Rheumatoid Arthritis 


Femoral neck fractures are not infrequent in patients with rheumatoid arthritis due to the osteoporosis associated with the condition. In published reports, the 
results of reduction and fixation in these cases have been poor.!!%3!1:314 Stephen?!! reported on 36 intracapsular fractures. Of 24 treated by prosthetic 
replacement, 16 (66%) were reported to have had a satisfactory outcome. Four undisplaced fractures were fixed but two developed AVN. Eight displaced 
fractures were reduced and fixed, but none of these united. Hadden et al.'!° reported only eight satisfactory results in 27 displaced fractures in rheumatoid 
patients treated with reduction and fixation. Similarly, Strömqvist et al.?!* reported complications in 19 of the 20 displaced fractures treated by reduction 
and fixation. The experience of other authors in subsequently published series has been similar.!2° Unless the patient is very young or the fracture is 
undisplaced, displaced intracapsular hip fractures in these patients should be treated with an arthroplasty. Satisfactory results have been reported with both 
bipolar and THA. 


Figure 53-18. Ipsilateral femoral neck (A) and femoral shaft (B) fracture treated by plating and screw fixation. 


Stress Fractures 


Femoral neck stress fractures account for 5% of all stress fractures. They are more common in young, active women, especially runners, endurance athletes, 
and military recruits. Most proximal femoral stress fractures are intracapsular in location. The fracture is often incomplete and is located either on the 
superior or inferior surface of the femoral neck (Fig. 53-19). Fractures on the superior surface of the neck are tension fractures and are more liable to 
become complete and displaced. They should be treated with IF. Compression fractures on the inferior surface are more common in younger patients. They 
are inherently more stable and may initially be treated nonoperatively with 6 to 8 weeks of protected weight bearing. If the fracture fails to heal, IF is 
indicated. 


Femoral Neck Fractures in Paget Disease 


Fractures of the femoral neck are considered to be less frequent than intertrochanteric or subtrochanteric fractures in Paget disease. However, the disease can 
produce a coxa vara deformity, and this is associated with an increased risk of failure with reduction and fixation. The results in the literature are strongly in 
favor of arthroplasty for patients with Paget disease who present with a displaced intracapsular fracture. Dove reported a nonunion rate of 75% after 
fixation. Although arthroplasty is the preferred option, it is often not a straightforward undertaking. The bone may be sclerotic or very vascular, both 
characteristics that may present technical difficulties. If the acetabulum is involved in the disease, the results of HA are not as good, and THR is a better 
choice in this situation. 


Metastatic Femoral Neck Fractures 


Intracapsular pathologic fractures of the femoral neck are less common than those in the pertrochanteric region. They should be suspected in patients with a 
history of carcinoma with a predilection for bony spread (lung, breast, prostate, kidney, thyroid), those who present with minimal or no history of trauma, 
and patients with evidence of a lytic lesion in the femoral neck. Depending on the primary source, some additional preoperative investigation and 
preparation may be necessary. Hypercalcemia may be an accompanying feature, and this needs to be corrected before surgery. Imaging of the rest of the 
skeleton is necessary to diagnose disease elsewhere. It is particularly important to establish that the femoral shaft on the same side is free of disease since 
the presence of metastatic lesions in the femur will clearly influence surgical management. 


Figure 53-19. A: A 48-year-old woman with inferior femoral neck stress fracture. The patient had previously undergone fixation of the fracture with a sliding hip 
screw but the fracture recurred after implant removal. B: The fracture healing after sliding hip screw fixation. 


For most patients with a femoral neck fracture due to metastatic disease, an arthroplasty is the most appropriate treatment. For patients with limited 
functional demands or life expectancy, a bipolar HA is a reasonable choice. Patients with a more favorable prognosis and better function should be 
considered for THA. Lesions that are solitary metastases or the presence of additional lesions in the proximal femur may necessitate proximal femoral 
replacement. 


Femoral Neck Fractures in Cerebral Palsy and Other Conditions With Muscle Spasticity 


Patients with muscle spasticity due to cerebral palsy or other neurologic conditions may occasionally sustain a femoral neck fracture. If this is undisplaced, 
then fixation is the treatment of choice. Careful radiologic assessment of the femoral neck is required. Some degree of dysplasia is often present. The 
femoral neck and head are frequently hypoplastic, limiting space for implants. In cerebral palsy, there is often marked anteversion of the femoral neck, 
which needs to be anticipated when fixation is undertaken. For patients with displaced fractures, fixation may still be the treatment of choice in younger 
patients. In older patients, an arthroplasty may be a better choice. Preoperative templating in these patients is advisable, to ensure appropriate stem sizes are 
available at the time of surgery. 


Author’s Preferred Surgical Treatment for Femoral Neck Fractures ( ) 


Intracapsular hip fracture 


Undisplaced 


Fixation in all age groups 
Unless symptomatic arthritis 


before fracture (rare) No risk 
factors for 
osteoporosis 
or some risk 
factors but 
age <40 years or 


physiologically 


young 


Reduction and 
fixation 


Displaced 
Younger patients 


High-risk 
medical 
comorbidity 
for fixation 
failure (e.g., 
rheumatoid 
or renal failure, 
osteoporosis) 


Age >40 
Alcohot abuse/ 
significant 
medical 
comorbidity 
with reduced life 
expectancy 


THR probably Cemented 
best option hemiarthroplasty 


Displaced fracture in older patients 


Independently mobile 
in the community 
No cognitive impairment 
No major medical 
comorbidities 


Mobility limited or 
cognitive impairment 
or both Low functional 
demand Major medical 
comorbidities 


Cemented 
hemiarthroplasty 


Total hip arthroplasty 


Algorithm 53-1 Author’s preferred treatment for femoral neck fractures. 


Our treatment of intracapsular hip fractures is based on a number of considerations: whether the fracture is displaced, the age of the patient, cognitive 
state, functional demands, and the presence of other medical comorbidities. A rational decision based on good clinical evidence can be made for most of 
these patients based on assessment of these factors. For any choice of surgical procedure treatment, we used prophylactic antibiotics at the time of 
surgery and perioperative thromboprophylaxis using mechanical and chemical methods. 


Undisplaced Femoral Neck Fractures 

We treat undisplaced femoral neck fractures with fixation, irrespective of age. Cannulated screws and sliding hip screws appear to have equivalent 
results and the choice of fixation probably does not influence the outcome, provided implant placement is satisfactory. Very occasionally, a patient may 
present with pre-existing symptomatic hip arthritis, in which case arthroplasty has an occasional role, but this is rare. Most of these fractures will heal 
uneventfully following fixation, and the procedure can be carried out with a very limited surgical exposure associated with low postoperative morbidity. 
We most commonly use three screws in parallel alignment on the AP and lateral views. Although nonoperative treatment is an option, the risk of 
displacement is considerable. Unless the patient presents late and is completely asymptomatic, we do not manage these injuries nonoperatively in the 
majority of patients. We occasionally treat them nonoperatively in an elderly nonambulant patient. Following surgery, we follow up independently with 
mobile patients until there is evidence of fracture union. 


Displaced Intracapsular Femoral Neck Fractures 
Basal Cervical Fractures 


As indicated, these fractures can probably be considered extracapsular since they have a similar result to pertrochanteric fractures after fixation, and 
they can be treated in a similar fashion. Currently, we treat these fractures with reduction and (SHS) fixation. 


Subcapital and Transcervical Fractures 


There are three main categories of patients to consider with displaced fractures: younger patients, fit older patients, and older patients with lower 
functional demands due to cognitive impairment, limited mobility, or medical comorbidities. 


Younger Patients 


In patients younger than 40 years with no significant medical comorbidities, we prefer reduction and IF with cannulated screws in the majority. The 
evidence in support of urgent surgical intervention is limited and we undertake fixation on the next available planned operating list. We use three 
cannulated screws, although as already indicated, the evidence that this is superior to the use of two screws is limited. 

We do not routinely carry out an open reduction. However, if a good quality closed reduction cannot be achieved, we perform an open reduction 
through a Smith-Petersen approach. Implant position has been debated, but there is evidence that parallel placement on the AP and lateral views is 
associated with good results. We place the screws inferiorly on the calcar and low in the head on the AP. We then seek to achieve maximal separation of 
the screws on both AP and lateral views when placing the remaining two. Patients will need regular orthopaedic follow-ups to ensure fracture healing 
occurs uneventfully and detect complications, particularly fixation failure, nonunion, and AVN. We see patients at 6 weeks, 3 months, and 6 months 
postoperatively. Thereafter, we review patients on a 6-monthly basis until they are 2 years following surgery. If there are no complications evident at 
that stage, patients can be discharged. 

In younger patients with risk factors such as chronic disease predisposing to osteoporosis or alcohol abuse, we often consider some form of 
arthroplasty. The failure rate of fixation in these patients is very high. Patients with renal failure, rheumatoid arthritis, or who are on long-term 
corticosteroid treatment are very poor candidates for fixation. If the level of function is good in these patients, we prefer treatment with THA. Patients 
with a history of chronic alcohol abuse are at high risk for dislocation following THA, especially if alcohol withdrawal symptoms develop in the early 
postoperative period. We therefore treat the fracture in these patients with a cemented HA if there is evidence of ongoing alcohol abuse at the time of 
admission. Patients with multiple medical comorbidities with limited life expectancy may also be candidates for HA rather than THA. 


Fit Older Patients 

Although it has been a controversial choice in the past, there is now an accumulating body of evidence from randomized trials to support the use of 
THA for selected, fitter, older patients with a displaced intracapsular hip fracture. In patients older than 40 years who are independently mobile in the 
community, we offer this treatment option. The functional outcome is better following THA and outcomes after primary arthroplasty are better than 
following salvage of failed fixation. 

Our preference is to use our routine surgical approach for THA which is posterior, although we recognize that this may be associated with a higher 
risk of dislocation, and a hybrid THA. Postoperatively, patients are mobilized weight bearing as tolerated. The risk of dislocation and infection is higher 
than with THA for osteoarthritis, and patients need to be properly consented for these complications. Since these patients are fit and active, some 
clinical follow-up is appropriate, usually an early follow-up within the first 6 weeks to detect any early complications. 


Older Patients With Limited Functional Demands 


Most displaced fractures occur in older women. The incidence of significant medical comorbidities is 70%, and 25% to 30% have a degree of cognitive 
impairment. The results of reduction and fixation are very poor in this group, and we no longer use this procedure for these patients. My preference is to 
use a modern cemented unipolar HA for the large majority of patients with a displaced femoral neck fracture. 

Postoperatively, patients can be mobilized weight bearing as tolerated. Arrangements for follow-up of these patients will vary. If patients have been 
in hospital for a sufficient duration to detect early wound problems, we do not routinely recall them for outpatient follow-up. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO FEMORAL NECK FRACTURES 


INFECTION 


The risk of infection is lower with IF than arthroplasty as might be expected. With IF the operating time is shorter, the surgical exposure is minimally 
invasive, and the implants used are smaller. In comparative studies, infection rates following IF range from 0% to 10% compared with arthroplasty infection 
rates of 0% to 18%.*! The infection rate in modern orthopaedic practice should be low. A recent series of over 3,000 intracapsular hip fractures recorded 
rates of deep infection of 1.26% for HA and a rate of 0.18% after fixation.!!° This low rate of infection after fixation is probably an underestimate since 
other large modern series have reported rates of 5% to 6%.°8-107 

Infection following IF usually has less serious consequences than deep infection following arthroplasty. Removal of the implants after fracture healing 
may be all that is required. There is also the option of later conversion to arthroplasty if the fracture fails to unite. Deep infection after arthroplasty is a very 
difficult management problem, particularly in elderly frail patients. The options of excision or exchange arthroplasty are further major interventions and are 
likely to be poorly tolerated in patients with medical comorbidities. Excision arthroplasty to control infection is generally associated with very poor 
postoperative mobility. Older patients are usually wheelchair bound after this procedure. Immediate exchange arthroplasty has quite good results after 
arthroplasty for osteoarthritis, with eradication of infection in 85% of cases. The results are not likely to be as good in the hip fracture population, with a 
much frailer population, although little has been written on the topic. 

Several authors have reported on debridement and implant retention for management of infection with success rates of between 65% and 75% after 
THA. This has been reported for management of infection after HA for intracapsular hip fracture,”™107:348 but the results have been less favorable in terms 
of infection eradication. del Toro°? reported a 44% success rate. Guren et al.!°” reported an almost identical success rate of eradication of infection in 15 of 
35 (43%) cases. However, the magnitude of the alternative procedures makes debridement and retention worth considering, particularly if the infection is 
caused by a single antibiotic-sensitive organism. 


The management of deep infection after HA or THA has to take a number of factors into account, including the age of the patient, functional demands, 
medical comorbidities, and the infecting organism. If the organism is sensitive to common antibiotics, one option is to opt for nonoperative management if 
the patient is frail, and try to suppress the infection with low-dose antibiotic therapy. Unfortunately, carriage of organisms such as methicillin-resistant 
Staphylococcus aureus is high in this population, and this organism is a common cause of deep infection in these cases.*°° In fitter patients who will tolerate 
more major surgery, a single-stage exchange arthroplasty can be considered if the infection is with a sensitive organism. Lora-Tamayo et al.!®° reported a 
success rate of 63% in HA deep infections with this approach. In patients with a resistant organism or multiple infecting organisms, my preference is to 
carry out an excision arthroplasty and a reimplantation when infection is under control. 

Irrespective of the method of treatment, infection is generally associated with a poor outcome in this fracture population. A higher mortality rate in these 
patients is not unexpected and 1-year mortality rates of 40% to 50% in patients with prosthetic joint infection following HA have been reported.9%107,348 


FIXATION FAILURE AND NONUNION 


Fixation failure and nonunion are common modes of failure following fixation of displaced or undisplaced femoral neck fractures (Fig. 53-20). The two 
problems are difficult to distinguish since most displaced fractures take a long time to heal after fixation, which increases the risk of fixation failure. In 
undisplaced fractures, failure of fixation is a rare complication. Nonunion is more common and is reported in up to 7% of cases. Both complications are 
much more frequent following reduction and fixation of displaced fractures. The incidence of nonunion and/or fixation failure requiring revision surgery is 
between 30% and 50% for displaced fractures in randomized trials in patients over the age of 60 years. The incidence of nonunion in a meta-analysis of 
studies*°* in patients under the age of 60 years was 10% for displaced fractures and 5% for undisplaced fractures. This meta-analysis also reported fixation 
failure in 9.7% of cases. 

Detection of the problem is usually obvious with increasing hip pain, shortening of the leg due to collapse and loss of reduction, and radiologic evidence 
of fixation failure. In the majority of cases, the best option for treatment is conversion to an arthroplasty. In fit patients, the best option is THA. In patients 
with significant medical comorbidities, conversion to a HA is an alternative if the acetabulum is normal. Infection is an occasional contributory cause to 
delayed union and nonunion and should be considered in all cases. If there is any evidence of infection, excision arthroplasty may have to be considered in 
the first instance with an interval arthroplasty at a later stage. 

As already pointed out, the assumption that the conversion of failed fixation to either a hemi or total arthroplasty is a straightforward solution to the 
problem is erroneous. Published studies clearly indicate a higher complication rate with secondary arthroplasty as a salvage procedure. 193-206 


NONUNION IN YOUNG PATIENTS 


In younger patients, conversion to arthroplasty may not be the ideal first choice, particularly if the patient is younger than 40 years and has no other medical 
comorbidities. In these patients, the alternatives include revision of fixation, use of a muscle pedicle bone graft, use of a vascularized fibular bone graft, or a 
valgus osteotomy if the nonunion or fixation failure is recognized before complete displacement of the head occurs. 

Jain et al.!°5 reviewed the literature on these treatment options. Revision of fixation augmented by a vascularized bone graft is a reasonable option if 
there has been no loss of reduction. The techniques used include a vascularized tensor fascia lata graft, an anterior trochanteric pedicle graft, and the use of a 
vascularized quadratus femoris graft. This was first described as a method of preventing AVN after femoral neck fractures but is now more commonly used 
to achieve union in patients with delayed or nonunion. In a series of 42 younger patients presenting at a mean of 9 months postinjury, Vallamshetla et al.3?8 
reported a union rate of 86% using a quadratus femoris graft associated with open reduction, IF, and bone grafting of the nonunion. 


Figure 53-20. AP (A) and lateral (B) radiographs of right hip with suspected undisplaced intracapsular hip fracture. C: CT scan confirming diagnosis. D, E: 
Intraoperative radiographs with fixation using three cannulated screws in an inverted triangle configuration. F: Failure of fixation and nonunion at 4 months. 


A posterior approach is developed to the hip, and a posterior capsulotomy is performed. The femoral neck nonunion is identified, and fibrous tissue is 
cleared from the nonunion site. The quadratus femoris insertion on the posterior aspect of the femur is elevated with a length of 4 cm, a width of 1.5 cm, and 
a depth of 1 cm. A trough to receive the bone block is cut into the posterior aspect of the femoral neck, bridging the nonunion site. The bone block is placed 
in the trough and fixed in place with screws (Fig. 53-21). 


Use of a fibular graft has also been reported. The techniques described have varied, with a combination of vascularized fibular grafts, nonvascularized 
autografts, and allografts being used in combination with open or closed reduction and variable methods of fixation. The heterogeneity of the literature 
makes firm conclusions difficult to draw. In their review, Jain et al.!°° identified 374 patients in published studies with persistent nonunion in 33 (9%) and 
11 (3%) cases of AVN. The quality of outcome reported was rather variable in the published studies. Xiaobing et al.” reported on the use of a vascularized 
iliac crest bone graft based on the ascending branch of LFCA combined with screw fixation in 32 patients. They reported a union rate of 84% and AVN in 
two (6%) of their patients. 


Proximal Fe 


Unfortunately, the more usual scenario is a patient who presents with some loss of reduction either as a consequence of a malreduction at the outset or with 
the femoral head displacing into a varus position after the initial fixation. In this situation, the best option is a proximal femoral valgus osteotomy.?63-308 
This procedure converts the fracture plane from a vertical orientation to a transverse one, with compression created at the site of the nonunion (Fig. 53-22). 


Careful preoperative planning is necessary. The usual aim is to change the femoral neck angle to 150 degrees. This degree of correction will be sufficient to 
restore the fracture to a transverse orientation in most cases. One disadvantage of this degree of correction is the distortion of the normal proximal femoral 
anatomy, which will increase the technical difficulty of a subsequent conversion to hip arthroplasty which will undoubtedly be required in a proportion of 
these patients. It is possible this problem can be minimized by a smaller osteotomy creating less distortion. Yuan et al.2°8 reported on a series of 32 patients 
treated with a valgus osteotomy comparing seven patients with a 30-degree closing wedge osteotomy and 25 with a 20-degree or smaller osteotomy. Only 
one osteotomy failed to unite and there was a higher rate of AVN with the 30-degree osteotomy. They concluded that the smaller osteotomy led to an 
excellent rate of radiographic union while preserving more of the native proximal femoral anatomy. 

A blade plate is the most popular fixation device for this procedure, although a SHS device can also be used. The decision will be influenced by what 
implant was used in the primary surgical procedure. I generally use a 130-degree blade plate, but the exact implant depends on the correction required. The 
channel for the blade is made before the osteotomy, which is carried out at the level of the lesser trochanter. A wedge of bone is then excised to achieve the 
correction, and the blade plate is used to fix the osteotomy. Deakin et al.°° reviewed the literature on proximal femoral valgus osteotomy and identified six 
studies reporting outcomes on 180 patients. The larger series were those reported by Marti et al.'°9 (50 patients) and Raaymakers et al.*”° (66 patients). The 
combined union rate from all of the studies was 74%. However, 32% had some evidence of AVN either at the time of the osteotomy or developed it later. 
Revision surgery was variably reported in the studies but in the series reported by Marti, reoperation was necessary in 13 of 50 cases, a rate of 26% either to 
convert to THR or treat technical problems following the osteotomy. 
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Figure 53-21. Meyer graft. A: T incision of the posterior capsule. B: Mapping out the quadratus femoris graft. C: The trough is curetted out from the intertrochanteric 
line, up into the femoral head. A small tunnel is created under the articular surface of the femoral head to lever the graft into position. Once the graft is inserted, a 3.5- 
mm cancellous screw and washer are inserted from posterior to anterior to compress the graft and support the comminuted posterior cortex. 


Although fixation with a blade plate is the most commonly reported implant, surgery may be technically difficult. The alternative is a SHS. Khan et 
al.'58 reported on 16 patients treated with valgus osteotomy for femoral neck nonunion using a SHS and 120-degree double-angle barrel plate. Union was 
achieved in 14 of the 16 cases. This implant is easier to insert correctly for most surgeons who will be more familiar with its use. 


AVASCULAR NECROSIS 


AVN is a well-recognized complication of femoral neck fractures but is not frequently encountered in clinical practice. This is due to a gradual increase in 
the use of arthroplasty rather than fixation to treat these injuries over the past two decades. The falling incidence of this complication can be seen in three 
studies published in separate decades. Barnes et al.!? in a study of over 1,500 femoral neck fractures treated by IF reported an incidence of AVN in 24% of 
women and 15% of men. The incidence was lower in undisplaced fractures (16%) than in displaced fractures (27.6%). In the meta-analysis of Lu-Yao et 
al.,!85 the incidence of fixation failure and nonunion was 33% compared with a rate of AVN of 16% (95% CI 11-19%). By the time of publication of the 
meta-analysis of Bhandari et al., the reported rate of AVN had declined to a mean of 6.9% (range 0-22%). A very similar incidence of AVN of 6.6% was 
reported in a series of 1,023 patients by Loizou and Parker. !®° 


Figure 53-22. AP (A) and lateral (B) radiographs of a displaced intracapsular hip fracture 4 months after treatment with a sliding hip screw that has been inserted 
incorrectly. The fracture has not been reduced and coxa vara is present. The hip screw is high, and the plate is unnecessarily long. C: AP radiograph showing correction 
of deformity with a valgus osteotomy. A 130-degree blade plate was used with a closing wedge subtrochanteric osteotomy to change the femoral neck angle to 150 
degrees. D: AP radiograph 9 months after osteotomy. The osteotomy and femoral neck fracture have united and there is no sign of avascular necrosis. 


In younger patients, the most recent meta-analysis of patients under the age of 60 years reported a rate of 14.7% AVN in displaced fractures and 6.4% in 
undisplaced fractures. Given the numbers in this paper (39 studies with 1,552 patients), these figures are likely to be an accurate estimate of the risk of this 
complication. There are several possible explanations for the decline in the incidence of this problem. There has been a gradual reduction in the widespread 
use of reduction and fixation for displaced fractures, the incidence of AVN is lower with undisplaced fractures, and surgeons may now be choosing patients 
more carefully for reduction and fixation so that only patients with a favorable prognosis are treated with this technique. In their study, Loizou and Parker!® 
identified age of less than 60 years and female sex as factors associated with a higher risk of the complication. 

The diagnosis can be made on the basis of typical plain radiographic appearances, but these may not be evident for a long period. Single-photon 
emission computed tomographic scan has been shown to be an accurate predictor of AVN if uptake is less than 90%.°!° MRI scanning will detect the 
problem before plain radiographs, but it is not an accurate predictor of AVN in the early weeks after injury and interpretation may be difficult in the present 
of metal implants.3°7 

The complication tends to occur late after surgery. Fractures treated by reduction and fixation take a long time to heal, and AVN usually presents after 
union. Barnes et al.!° noted it to be the most common in the second year after injury, but presentation later than this may occasionally occur. The occurrence 
of AVN does not always require intervention. They reported that of their cases, 24.3% were asymptomatic, and 46.4% had an acceptable level of disability. 
This left 29.2% of patients with significant disability and of these, 60% underwent further surgery. More recent studies have reported very similar rates of 
asymptomatic patients who require no surgery.?2” 

Treatment options can be divided into hip preservation procedures and arthroplasty. Hip-preserving procedures include core decompression, 
vascularized fibular grafts, and osteotomy. One limitation of the published literature is that much of the published literature on these options is focused on 
causes of AVN other than hip fracture and it is difficult to interpret what the results are in the hip fracture population which is underrepresented in many of 
the published studies on these surgical techniques. However, to generalize, these procedures work best in the very early stages of AVN and are probably 
best reserved for younger patients with the condition. 

In symptomatic cases with plain radiographic evidence of AVN and head collapse, the usual treatment option is conversion to an arthroplasty. For most 
patients, THA is the best choice since the segmental collapse of the head is often associated with degenerative changes in the acetabulum. Furthermore, 
many patients now treated with reduction and fixation are young, and the best long-term outcome is probably associated with a modern design of total 
arthroplasty. If the acetabular surface is well preserved or the patient is elderly with limited functional demands or medical comorbidities, then a HA is a 
reasonable alternative. 

In a systematic review of the use of THA in AVN, Myers et a analyzed outcomes in 3,495 hips with a mean age of 44.9 years and mean follow-up 
of 7.4 years. The mean HHS was 85.4 points at 6.7 years, revision rate of 14.4%, and what was classified as a good outcome in 78.8% of cases at 6.5 years. 
However, traumatic causes for AVN increased risks for unfavorable outcomes. 
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PROSTHESIS DISLOCATION 


Dislocation is the most common reason for revision surgery after arthroplasty within 2 years of injury. Dislocation rates after HA are 2% to 3%. As already 
indicated, the dislocation rate following THA has been higher than the rate reported for HA, but the incidence of this complication following THA has 
declined steadily. Lu-Yao et al.!88 quoted a rate of 11% that had declined by the subsequent meta-analysis of Bhandari et al.™! to 6%. In more recent 
randomized trials evaluating the use of THA for femoral neck fractures, the incidence has been similar. Of 313 patients receiving THR in these trials, there 
were 25 recorded dislocations, an incidence of 8%. There may be a number of contributory factors to the decline in reported dislocation rates after THR. 
There has been a tendency to avoid using implants with small femoral heads such as the Charnley prosthesis with higher dislocation rates. Another factor 
that may contribute is the availability of more surgeons with specific arthroplasty expertise to carry out the procedure. 

Dislocations have similar causes to those in patients undergoing arthroplasty for osteoarthritis. Technical errors at the time of surgery with implant 
malposition are a well-recognized cause. Despite some evidence to the contrary,2*! there is now accumulating evidence that the choice of surgical approach 
has a major influence on dislocation rates.® Hailer et al.!!3 reported on 78,098 THAs from the Swedish Hip Arthroplasty registry and found use of a 
posterior approach to increase the dislocation rate by a relative risk of 1.3. Two prospective cohort studies involving a total of 734 patients?!®35 reported on 
the dislocation rate comparing a change from posterolateral to a direct lateral approach. The reported reduction in dislocation was from 8% to 2%°° and 
13% to 4%,?!4 respectively, in the two studies comparing posterior to direct lateral approaches. Mukka*!® also reported on functional outcome and found no 
difference in patient-reported outcome measures (PROMs) or hip functional assessment at 1 year between the two approaches. Finally, a recent meta- 
330 of use of surgical approaches found a statistically higher rate of dislocation with posterior approaches for HA in comparison to anterior and 
152 are also associated with an increased risk of 


analysis 
lateral exposures. It is also worth noting that some neurologic conditions, particularly Parkinson disease 
dislocation. 

Closed reduction is usually possible with unipolar and total hip implants. The bipolar HA is much more difficult to reduce closed, although it is usually 
worth attempting. A particular risk with closed reduction of bipolar implants is dissociation of the bipolar head from the stem, which will make closed 
reduction impossible. In cases of recurrent dislocation or irreducible dislocation, an open reduction is required. In this situation, careful preoperative 
planning is required. It may be obvious from the preoperative assessment that there is a malposition of the original implant, in which case revision of the 
prosthesis is likely to be necessary to prevent further episodes of dislocation. 


PROSTHETIC LOOSENING 


Prosthetic loosening tends to be a later complication of arthroplasty surgery even in the hip fracture population. Studies with long-term follow-up of these 
patients are uncommon, and consequently, there is limited data on loosening and revision rates. The high early mortality and limited life expectancy and 
elderly demographics of the population undergoing arthroplasty for femoral neck fractures mean that long-term follow-up is uncommon. Ravikumar and 
Marsh?’ reported mortality rates of 85% and 91%, respectively, for HA and THR at a 13-year follow-up. 

Eiskjaer and Ostgard® evaluated the survivorship of HA. They recorded an overall survivorship of 90% at 5 years and 85% at 10 years. The prostheses 


studied were the Austin Moore, the Christiansen, and the Hastings. The latter two are bipolar designs. The rate of loosening following unipolar HA has been 
reported as higher than following bipolar HA in one older study but this is probably not applicable to outcomes with modern unipolar implants.24” The risk 
of loosening following bipolar HA is low. von Roth et al.?38 reported on a minimum 20-year follow-up of cemented bipolar HA with a revision rate for any 
reason of only 3.5%. 

Data on the long-term outcome of THR are sparser. Taine and Armour*!° reported a 4% revision rate at 4 years. Other studies have yielded more 
optimistic data. Tarasevicius et al.?!’ reported a 10-year survival of 92% after THA. Lee et al.!”° reported long-term survival at a mean of 8.8 years, with a 
5% revision rate for loosening. Mabry et al.!%° studied the long-term outcome of THA for femoral neck revision and reported 93% 10-year survival and 
76% 20-year survival, results which were comparable with those reported for osteoarthritis. 

Taking into account the high mortality and low functional demands in most of these patients, the requirement for late revision due to aseptic loosening is 
low. Most revision arthroplasties will be needed within the first 2 years for the complication of dislocation and infection. The favorable long-term results of 
THA in the few studies with sufficient follow-up may reflect a bias in patient selection—the operation is usually considered for fitter patients who may be 
expected in general to have a lower risk of early complications and a better prospect of longer-term survival. 
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GENERAL COMPLICATIONS 


General medical complications are not uncommon after surgery for femoral neck fracture. Patients with an ASA grade of 3 or 4 are much more likely to 
develop these complications. The most common complications are cognitive and neurologic events including delirium. Others that occur regularly are 
venous thromboembolic events (VTEs), GI bleeding, and problems associated with immobility including urinary infection, respiratory infection, and 
pressure sores. A multidisciplinary approach to care in these patients with early and regular involvement of anesthetists, care of the elderly physicians, 
physiotherapists and occupational therapists can help minimize risk. Peripheral nerve blocks prior to and after surgery have been shown in multiple 
randomized trials to help with pain control, promote early mobilization, and reduce the risk of pneumonia.!°° 


DEEP VENOUS THROMBOSIS AND PULMONARY EMBOLISM 


Thromboembolic issues are a well-recognized complication of hip fracture and of the surgery that is required to treat the injury. Older published studies 
recorded relatively high rates of thromboembolic complications. Some authors have estimated that one-third to one-half of patients with a hip fracture will 
develop deep venous thrombosis (DVT).29*32! Many of these estimates have been historically based upon surveillance studies and may represent elected 
risks including asymptomatic events. With contemporary early mobilization and other cointerventions within modern surgical practice these risks have been 
falling, the large multicenter WHITE cohort study including 28,000 participants estimated a risk of 1.8%.°° Todd et al.**! recorded a 6% incidence of DVT 
and a 2% incidence of fatal pulmonary embolism (PE). 

In modern practice, the use of various methods of thromboprophylaxis has now become standard. There is a substantial body of evidence to support the 
view that DVT prophylaxis is effective in reducing the risk of DVT in patients with hip fractures. The most commonly used options for prophylaxis after 
hip fractures include aspirin, low—molecular-weight heparins (LMWHs), and pneumatic compression devices. 

A major update to the U.K. National Institute of Health and Care Excellence (NICE) guidance in 2018 included data from 15 studies; 9 comparisons 
were included evaluating pharmacologic and mechanical interventions. The guidance recommended first-line chemoprophylaxis against VTE in hip fracture 
as 28 days of LMWH or fondaparinux via subcutaneous injection.” However, the evidence to support this recommendation was acknowledged by the 
NICE committee to be of very low quality and is based upon just two studies. 

The pulmonary embolism prevention (PEP) trial, published in 2000, is one of the most informative trials conducted in this population, reporting a 
comparison of aspirin versus placebo.?”! But, the trial in fact tested a mixture of chemoprophylaxis interventions against placebo—including LMWH, 
unfractionated heparin, and/or antiembolic stockings in 74% of participants allocated to aspirin. A posthoc analysis concluded that aspirin offers a clinically 
relevant and significant benefit in reducing symptomatic VTE compared with placebo (RR 36%, 95%CI 19-50), an effect that is similar in magnitude to 
LMWH. Clinicians commonly cite this trial as a major influence on their practice.>*° 

Since 2018, debate has continued to rage around the world. The American College of Chest Physicians concluded that any one of a number of agents, 
including both LMWH and aspirin, may be appropriate for prophylaxis in this population, but noted in their final recommendation that “one-panel member 
believed strongly that aspirin alone should not be included as an option.”’* In 2022, The American Academy of Orthopaedic Surgeons was unable to 
recommend any one agent,° and repeated meta-analyses were yet to provide any convincing evidence to challenge this uncertainty. 

Following a scoping review of the relevant randomized trials conducted since the NICE guidance was released in 2018, the recent evidence in 
orthopaedic populations has only added to the uncertainty. The aspirin vs enoxaparin on symptomatic venous thromboembolism in patients undergoing hip 
or knee arthroplasty (CRISTAL) trial in the related, but lower VTE-risk population, of people undergoing elective hip replacement for arthritis found 
LMWH was superior to aspirin (RD 1.97%, 95% CI 0.54-3.41).298 Conversely the pneumatic compression for preventing venous thromboembolism 
(PREVENT) Clot trial in a heterogeneous and younger population with fractures, including hip fracture, found no difference between LMWH and aspirin in 
VTE or bleeding risks (RD 0.0%, 95% CI 0.43-0.43; and RD 0.54%, 95% CI 1.78-0.69, respectively).!°* Similar findings have been reported in the smaller 
a different approach to preventing thrombosis (ADAPT) trial.!°° 

In just the last 12 months, following a major systematic review and finding an absence of definitive randomized evidence, key opinion leaders in United 
States have once more fallen back on observational data and unconventional study designs to support aspirin as a better alternative therapy.°° 

Consequently, considerable variation exists in national and international practice. There is an urgent need for definitive clarity on the clinical and cost- 
effectiveness of aspirin as compared with LMWH given the potential clinical and cost benefits. 

Handoll et al.™4 carried out a meta-analysis of 31 trials evaluating various combinations of heparin and pneumatic compression devices for prevention. 
Unfractionated and LMWHs reduced the incidence of DVT from 42% in control groups to 26%. There was no demonstrable reduction in either PE or 
mortality. Five trials compared unfractionated and LMWH, but no conclusive differences were shown. Five trials of mechanical pumping devices were 
methodologically flawed but seemed to show a reduction in the incidence of DVT (7% vs. 22%). Compliance may have been an issue with these devices. 

Newer anticoagulants are now becoming popular.”””! Yoshida et al.3°° carried out a systematic review of these agents and reported on 15 published 
clinical trials evaluating fondaparinux, rivaroxaban, dabigatran, and apixaban for the prevention of VTE after orthopaedic surgery. These trials 
demonstrated that these agents are as effective as LMWHs at preventing VTEs after major orthopaedic procedures. Fondaparinux and rivaroxaban trials 
tended to show significant superiority in primary efficacy compared with enoxaparin for preventing VTE after major orthopaedic procedures. Fondaparinux 


had a higher rate of bleeding-related complications. Dabigatran had similar efficacy to enoxaparin with similar bleeding risk. Major VTE rates and 
symptomatic DVT rates were less frequent in rivaroxaban series. Symptomatic and proximal DVTs were less frequent with the use of apixaban which was 
also associated with reduced bleeding risk. The authors concluded that these agents were a good alternative to LMWH for prevention of VTE after 
orthopaedic surgery. 

The duration of therapy required is uncertain. A Cochrane review’’ of standard (7—14 days) to extended duration thromboprophylaxis found evidence of 
benefit for patients undergoing elective hip replacement but there was insufficient evidence regarding the duration of therapy after hip fracture surgery. 

Based on current evidence, the use of a combination of chemoprophylaxis with an LMWH or new oral anticoagulant combined with a mechanical 
compressive device is the preferred method of reducing the risk of VTE after hip fracture surgery. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO FEMORAL NECK 


FRACTURES 


Recent epidemiologic studies indicate that the inexorable rise in the incidence of these fractures may be reaching a plateau or even declining. However, 
there is no doubt that they will continue to form a considerable component of the orthopaedic trauma workload for the foreseeable future. 

There remains a general consensus that patients with undisplaced intracapsular fractures should be treated with fixation. Based on current evidence, 
cannulated screw fixation has equivalent results to SHS devices. Other implant designs using locking plate technology are being introduced but as yet, there 
is no convincing evidence supporting they have an advantage. For displaced fractures, there was controversy in the past centered on the debate of fixation 
versus arthroplasty. The weight of evidence is now strongly in support of the use of cemented arthroplasty as the treatment of choice for the large majority 
of patients with these fractures. Fixation will continue to have a role in treatment of these fractures, and it remains the treatment of choice for younger 
patients with displaced fractures, although for patients with significant medical comorbidities, arthroplasty merits consideration. In the fit older patient, 
better functional outcomes and lower revision rates are achieved with primary THA. 

Few uncertainties remain in the best surgical treatment for most patients and types of femoral neck fractures. Any residual uncertainty is being addressed 
currently in large multinational trials. Future clinical research should focus on the perioperative care pathways to minimize delirium and maximize the 
opportunity for earlier and successful rehabilitation following injury. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO TROCHANTERIC HIP FRACTURES 


INTRODUCTION TO TROCHANTERIC HIP FRACTURES 


The trochanteric hip fracture represents almost half of the proximal femur or hip fractures. This type of fracture has a significant impact on the lives of 
patients. It is associated with a high disability rate: 30% to 50% lose a degree of functional independence resulting in increased need for care and 
supervision. The mortality rate is 20% to 25% at 1 year.>! 

Age-adjusted hip fracture incidence seems to be stabilizing in developed countries after a short period of reduction.®*:!44 However, concerns remain with 
an aging population. In the United States, a 12% increase is expected between 2010 and 2030.!?° The analysis of a potential stabilization or less increase of 
incidence is likely multifactorial. Osteoporosis treatment, rise in BMI which may be protective for hip fractures, and more use of cardiovascular medication 
have been named as possible contributing factors.2+!5° 

In developing nations with increasing (elderly) population and increase in life expectancy the incidence is still on the rise. Worldwide estimations that 
include an age-specific increase led to an approximate number of 4.5 million per year by 2050, up from 1.3 million in 1990.4 

Trochanteric hip fractures are a subset of extracapsular fractures, extending from the hip joint capsular attachments to a level of 5 cm distal to the lower 
border of the lesser trochanter. They can be divided into trochanteric and subtrochanteric fractures (Fig. 54-1). 

This fracture is mainly a condition in the elderly with average age of these patients progressively increasing to a mean of about 80 years in developed 
countries.!°! The male-to-female ratio is around 1:3. Around 75% of elderly patients live independently at home or with some degree of home care prior to 
their fracture. The cause of trochanteric fractures is strongly related to loss of bone density with increasing age. The direct cause is usually a fall from 
standing height frequently associated with loss of coordination, strength (sarcopenia), mobility, and visual sight. Other associated medical conditions are 
reduced mental capacity and a history of previous falls.°” In elderly frail patients, polypharmacy and malnutrition are also major concerns. Given the 
medical and mental challenges, many developed countries have introduced geriatric cocare in these patients. Trochanteric fractures also occur in younger 
patients, but are less common and are associated with higher energy trauma and multiple injuries. 
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K Intertrochanteric line 
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Figure 54-1. Basic classification of proximal femur fractures. 


ASSESSMENT OF TROCHANTERIC HIP FRACTURES 


TERMINOLOGY AND CLASSIFICATION FOR TROCHANTERIC HIP FRACTURES 


Trochanteric hip fractures are also referred to as pertrochanteric or intertrochanteric fractures with various definitions. It is therefore easier to refer to this 
group of fractures as trochanteric. 

Historically, a number of alternative classification systems have been described for trochanteric hip fracture. Boyd and Evans introduced classification 
systems in 1949; Muller introduced the AO classification in 1990.143492 These classification systems have been subjected to intra- and interobserver 
studies. Many detailed classification systems have since been found to be unreliable with unacceptable degrees of intra- and interobserver 
variation.>:41,100,120,132,148 The OTA/AO classification system defines three broad groups of 31.A1, 31.A2, and 31.A3 fracture types (Fig. 54-2), with these 
groups being adapted from the previously used systems. Assessments of this OTA/AO classification system have shown this method to have an acceptable 
degree of intra- and interobserver variation and to be useful in determining treatment and outcome.>4!100120132,148 The OTA/AO broad classification 
system has hence been incorporated into national hip fracture guidelines in Europe and the United States. The additional subdivisions used in the OTA/AO 
system in which the three groups are each subdivided into three further groups, have not been demonstrated to be of any relevance in determining treatment 
and have an unacceptable degree of intra- and interobserver variation. !00129.132,148 

In simple two-part trochanteric fractures (A1) with an intact lateral wall, the fracture line runs through the trochanters. The integrity of the lateral wall is 
important in planning trochanteric fracture surgery.*° It refers to the lateral cortex of the femur up to the point where the cortical bone column narrows and 
passes into the greater trochanter. The A1 fracture may be displaced or undisplaced. It is relatively stable and simpler to treat. There are only two fragments, 
the medial cortex is interrupted in only one place, and the lesser trochanter may be attached to one of the two fragments. It is sometimes difficult to 
differentiate between the 31.A1 fracture and basicervical 31.B2.1 2-part fracture that also runs along the intertrochanteric line on a plain x-ray.8”°* As both 
fracture types may cross the capsular attachments, they have been considered to be both intra- and extracapsular.°* The treatment for both fracture types is 
broadly similar to a trochanteric fracture, although the basicervical type carries a slightly higher rate of collapse with internal fixation. 

In comminuted trochanteric fractures (A2), the main fracture line runs through the trochanters. The lateral wall is essentially intact, but this type may 
involve one or two coronal fragments at the greater trochanter level, usually posterior and/or anterior. The lesser trochanter is detached from the shaft and 
femoral head fragment. The A2 fracture may therefore have a minimum of three or four main parts with the lesser and greater trochanter fragments forming 
the third and fourth parts. Due to more comminution, this fracture is less friendly to treat and has been termed a more unstable trochanteric fracture. 

The simple 31.A3 trochanteric fracture is referred to as a reverse oblique or horizontal fracture starting at the lesser trochanter and extending to the 
lateral cortex. In the multifragmentary or wedge form, the A3 fracture has an A2-type comminuted fracture pattern with the oblique extension from the 
lesser trochanter to the lateral cortex, rendering the lateral wall unstable. This can be challenging to recognize on plain x-ray and treat. Reclassification on 
the traction table using fluoroscopy or CT scanning can help to recognize this fracture pattern. The A3 reversed oblique fracture line may extend into the 
subtrochanteric region (Fig. 54-3A). 


Two-part (A1, stable) Comminuted Reverse/transverse 
(A2, unstable) (A3, transtrochanteric) 


Figure 54-2. Classification of trochanteric hip fractures. Al, A2, and A3 refer to the commonly used coding from the OTA/AO method of classifying fractures. 
(Reprinted with permission from Halim A, Baumgaertner MR. Open reduction and internal fixation of peritrochanteric hip fractures. In: Tornetta PT III, ed. Operative 
Techniques in Orthopaedic Trauma Surgery. 2nd ed. Wolters Kluwer; 2016:402—414.) 


Figure 54-3. A: A severely comminuted trochanteric fracture with loss of lateral support. B: A fracture with medialization of the femur. C: Displaced transverse 
fracture. 


There are additional radiographic features that are not represented within these classification systems but may have clinical relevance. These include if 
the fracture is pathologic from a primary or secondary bone tumor, and other localized bone abnormalities such as bone cysts or the presence of bone 
disease such as Paget disease of the bone. 

Other specific radiographic fracture characteristics include medialization of the femoral shaft ( 3B), or severe displacement or angulation of the 
fracture on the lateral radiograph ( 54-3C). 


ETIOLOGY OF TROCHANTERIC HIP FRACTURE 


The etiology of falls in the elderly is summarized in Table 54-1. In the elderly falls are commonly from standing height but falls out of bed or from sitting 
position can also cause hip fractures. The low forward momentum from this group of patients means the fall is often sideways to land on their hip. Reduced 
vision, balance problems, and less mobility contribute to falls. Protective mechanisms such as extending the arms to reduce the impact of the fall may be 


impaired in the elderly due to associated medical conditions and medication. 

Reduced bone density (i.e., osteopenia or osteoporosis) causes less strength of the bone, and fractures may occur even after low-energy trauma after 
falls. This is common in elderly females due to loss of natural hormonal protection after menopause. Bone strength may be also reduced by other medical 
conditions such as alcohol use, smoking, and medications. 

Frailty is a complex societal challenge. It is best understood as clinical syndrome characterized by increased vulnerability and diminished resistance to 
stressors that can cause functional impairment. Reduced muscle mass (sarcopenia) also contributes to mobility loss and balance problems in the elderly. 
Frailty, sarcopenia, and falls have been shown to have strong associative correlation.®® 


TABLE 54-1. Factors Associated With an Increased Risk of Falling 


Increased age 

Concurrent medical illness 
Mental impairment 
Disorders of gait and balance 
Physical disability 

Not taking regular exercise 
Greater dependence on others 
Undernourishment 

Postural imbalance 

Previous stroke 

Visual abnormalities 
Tranquillizers 

Alcohol 

Antihypertensive medication 


Multiple medications 


INJURIES ASSOCIATED WITH TROCHANTERIC HIP FRACTURE 


In about 4% of patients, an associated fracture will be present. Most common is a fracture of the ipsilateral distal radius (2%) or the ipsilateral proximal 
humerus (1%).!2” Pubic rami fractures or other pelvic ring injuries are not seen commonly in association with trochanteric fractures. Head trauma must be 
suspected in all hip fracture patients. Sufficient severity to justify a computed tomography (CT) scan of the head has been reported for 21% of low-energy 
fracture patients.®° 

In a large cohort, a second fracture of the hip occurred in up to one in three patients with an index hip fracture, on average within 1.5 years. These data 


support focusing on early hip fracture prevention efforts in post—index hip fracture patients. 13! 


DIAGNOSIS OF TROCHANTERIC HIP FRACTURES 


Symptoms are acute pain around the hip and thigh with an inability to stand or walk. Pain may also radiate to the ipsilateral knee. As part of the medical 
history, attention should be paid to preinjury mobility including the use of walking aids, (in)dependent living situation, family and social support, nutritional 
status, cognitive and vision impairment, balance problems, earlier fractures or hip surgery, and presence of malignancy. 

At examination, the most frequent findings are signs of contusion or hematoma around the hip. Standing on the affected leg is painful or not possible. 
Passive examination of range of motion is painful or not possible and x-rays should be taken prior to manipulating the leg. The affected leg may be 
shortened and externally rotated, but in a nondisplaced fracture axial compression pain may be the only symptom. 


Figure 54-4. An incomplete trochanteric fracture (arrow) described only on CT or MRI scans and not visible on plain x-ray imaging. Treatment is conservative with 
analgesia and mobilization as able. (Reproduced with permission from Kim SJ, et al. Is magnetic resonance imaging necessary in isolated greater trochanter fracture? A 
systemic review and pooled analysis. BMC Musculoskelet Disord. 2015;16:395.) 


Following examination, an AP pelvic x-ray and a lateral hip x-ray will confirm diagnosis of a trochanteric or intracapsular hip fracture. The AP pelvic x- 
ray should include both hips. The noninvolved hip x-ray can help determine reduction, varus, and length during treatment. The AP pelvic x-ray may also 
show a pelvic ring (pubic rami) fracture instead of a hip fracture as the symptoms may be similar. 

The lateral x-ray will show if there is excessive displacement or angulation of the fracture, which will alert the surgeon to potential operative difficulties 
or mandate an open reduction (see Fig. 54-3C). If a hip fracture is suspected after having obtained good-quality AP and lateral radiographs, but diagnosis 
remains uncertain, an additional radiograph centered on the hip in 10 degrees of internal rotation may make the diagnosis more apparent.!°°!!8 If diagnosis 
remains uncertain and an occult fracture is suspected, then MRI is the most effective screening tool. If this is not readily available, then CT scanning 
without IV contrast is a useful practical alternative. If no fracture is present, other conditions that have occurred after the fall may be visible on the CT or 
MRI scan such as an incomplete trochanteric fracture (Fig. 54-4), bone bruise, or other local tissue damage. It is also useful to obtain a traction view if 
possible to look for any pathologic lesion and better elucidate the location of the fracture and status of the lateral wall and any comminution. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO TROCHANTERIC HIP FRACTURES 


The trochanteric region of anatomy is quite variable in its combination of cortical and cancellous bone. This well-vascularized region is dependent on the 
structural integrity of a laminated cancellous bone arcade from the femoral head and epiphyseal scar. Peripheral to Ward triangle, the solid nature of the 
structure changes to a tubular construct with the origin of the femoral medullary canal. The strong plate of bone posterior/medially is named the calcar 
femorale in English literature but was first described as Adam arch (Fig. 54-5). This region is most affected when posteromedial fracture comminution is 
present. With aging, the morphology of the hip changes with thinning of the cortex, expansion of the diameter of the bone, and loss of tension and 
compression trabeculae (Fig. 54-6). 


Ward's triangle 


Calcar femorale 
(Adam’s arch) 


Figure 54-5. Trabeculae of the proximal femur that define Ward triangle. The calcar femorale is often damaged for unstable fractures. Tensile trabeculae are between 
Ward triangle and the greater trochanter. The best quality bone is beneath the articular surface. 


The main structural attachments to the proximal femur include the hip capsule (Fig. 54-7) and the musculotendinous junctions of the gluteus medius and 
minimus (greater trochanter), iliopsoas (lesser trochanter), piriformis and short external rotators (posterior), trochanteric region from the greater trochanteric 
region to the lesser trochanter, the oblique head of the rectus femoris (anterior capsule), and the vastus lateralis (lateral femur distal to the greater 
trochanter). The greater trochanter is abducted and externally rotated by the gluteus medius and short external rotators, and the shaft is displaced posteriorly 
and medially by the adductors and hamstrings. This accounts for the usual shortening and varus deformity of displaced trochanteric fractures. If the lesser 
trochanter is a separate fragment, it may be displaced medially and cranially by the iliopsoas attachment. 

The neurologic structures of interest are the femoral nerve anteriorly and the sciatic nerve posteriorly. However, they are rarely injured or encountered in 
surgical approaches for repair of trochanteric fractures. Vascular injury related to this injury is also rare, and is mostly venous, but can involve arterial 
bleeding from the lateral or medial circumflex femoral arteries, which are the first branches of the profunda femora artery. 


ISOLATED FRACTURES OF THE LESSER AND GREATER TROCHANTER 


An isolated fracture of the greater trochanter is rare, and there is a risk of an extension of the fracture line between the trochanters (Fig. 54-8). It may 
involve avulsion of the gluteus medius—minimus insertion and cause Trendelenburg sign at examination. Supplementary imaging ideally with a CT or MRI 
scan may be necessary to confirm the fracture involves only the greater trochanter. Isolated fracture of the lesser trochanter with its iliopsoas attachment is 
an uncommon injury. This type of fracture should be considered pathologic until proven otherwise (Fig. 54-9). In such cases, further radiographic 
investigation is indicated. 


TREATMENT OPTIONS FOR TROCHANTERIC HIP FRACTURES 


NONOPERATIVE TREATMENT OF TROCHANTERIC HIP FRACTURES 


With increasing life expectancy in developed nations the subgroup of elderly frail community-dwelling patients older than 75 years is growing. The degree 
of frailty greatly determines the prognosis after hip fracture. The prognosis of frail community-dwelling elderly patients with a proximal femoral fracture 
is generally poor despite multidisciplinary efforts of rehabilitation and significant health care consumption. Careful discussion and setting treatment goals 
with realistic expectations with the patient and their family or caregivers will likely lead to more treatment satisfaction. During this clinical decision-making 
process, it is important to identify the small subgroup of patients, who may be bedbound or nonambulatory, in whom recovery is not likely and the risks of 
surgery are high. Realistic expectations in this small subgroup also involve timely engaging in end-of-life conversation. In a frail hip study, nonoperative 
management resulted in mortality within 30 days.®! Analgesic nerve blocks are needed to support this type of management, as without immobilization or 
traction pain is difficult to manage for the first few weeks.*?-!01 
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Figure 54-6. Changes of the morphology of the femur with aging. There is thinning of the cortical bone with expansion of the medullary cavity. 
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Figure 54-7. Anatomy of the hip. A: Anterior hip capsule with the Y-shaped ligament of Bigelow. B: Posterior hip capsule. 


gure 54-8. Fracture of the greater trochanter. Also, a possible undisplaced trochanteric fracture. Ideally, this should be investigated with a CT or MRI scan. 


Figur An isolated fracture of the lesser trochanter caused by secondary deposits from lung tumor. Urgent surgical fixation with an intramedullary nail was 
undertaken. 

In settings where operative treatment is not possible due to lack of implants, logistics, expertise, or patient consent traction to the injured limb either via 
tapes attached to the affected leg may be applied. A traction pin passed through the proximal tibia or distal femur requires surgical facilities and expertise 
but is also an option. Any form of traction has to be maintained for a period of 4 to 8 weeks to allow the fracture to heal in a reasonable alignment.” 
Inevitably, nonoperative management may require a prolonged clinical stay, nursing care, and analgesia.°° It may take weeks before some degree of patient 
comfort is achieved. Higher complication rates such as thrombosis, pneumonia, and pressure sores should be discussed. The fracture may eventually heal, 
but likely with some degree of varus or valgus deformity (F ), shortening of the leg, loss of muscle mass, and impaired mobility. The fracture could 
also progress to nonunion with the resulting disability and pain. Nonoperative care is the exception and is utilized only in rare circumstances for displaced 
fractures. 

There are a few situations in which nonoperative treatment of a trochanteric hip fracture is the first treatment of choice. Rarely, an undisplaced and 
incomplete fissure or crack fracture (see 54-4), mostly seen on CT or MRI scan, in a physically active person can be managed nonoperatively with 
proper instruction. Isolated fractures of the greater and lesser trochanter (if not pathologic) can also be managed with nonoperative treatment. 


After CT or MRI scan analysis to prove the fracture line does not extend further, management of an isolated undisplaced greater trochanter fracture is 
nonoperative in most cases. This involves analgesia as appropriate and mobilization as soon as possible with full weight bearing. In cases where the isolated 
fracture of the greater trochanter is displaced more than 1 cm or the fracture crosses the midline of the intertrochanteric region, surgery in the form of 
tension band wiring may become necessary to stabilize the fracture or prevent insufficiency of the abductor muscles. 

An isolated fracture of the lesser trochanter in the absence of tumor or bone deformity can also be managed nonoperatively. As there is potentially a 
more weakening of the femoral shaft, slightly more caution should be taken during weight-bearing mobilization. In the presence of a tumor or bone 
deformity weakening the shaft, further workup and operative treatment is advised. 


Figure 54-10. A trochanteric hip fracture that has been treated conservatively without traction. The fracture is healing in a valgus position, which will be clinically 
apparent as shortening of the limb. 


OPERATIVE TREATMENT OF TROCHANTERIC HIP FRACTURES 


The standard of care for 31.A1, 31.A2, and 31.A3 trochanteric fractures is operative stabilization. This involves preoperative planning with consultation of 
anesthesia, geriatric, or other specialists in the elderly to optimize their condition prior to surgery, as well as thrombosis prophylaxis. The timing of surgery, 
method of fracture reduction, choice of implant, and postoperative instructions are determined by the surgeon. 


To facilitate physical and x-ray examination and during the consultation period analgesia is necessary. Pain scores should be taken when entering the 
hospital and at regular intervals thereafter. Opioid analgesia may be used if oral or intravenous acetaminophen has insufficient effect, and sometimes may be 
prescribed to patients with a cognitive impairment. > 

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) is not recommended in the elderly due to gastric ulcer and renal risks but can be helpful if 
renal function is not impaired. In younger patients (<65 years) NSAIDs have a role in the multimodal pain management and can reduce opioid use. 

Nerve blocks (single shot or catheters) in combination with anesthesia consultation are effective and increasingly popular and can be administered just 
after admission and at the time of surgery.*?*° 

Delay of surgery should be avoided, and the following conditions should be addressed to facilitate operative treatment: 


e Anemia 

e Blood coagulation disorders 
e Electrolyte disorders 

e Hypovolemia 


Unregulated diabetes mellitus 
Symptomatic heart failure 
Correctable heart rhythm disorders 
Pneumonia 

Exacerbation of COPD 


Blood loss from a trochanteric hip fracture is often 500 to 1,000 mL.*! Clinical studies have suggested that many patients are hypovolemic at the time of 
surgery.!°° Intravenous fluids may be started slowly from the time of admission and fluid balance monitoring commenced. Often a urinary catheter is 
inserted to monitor output, prevent retention, and alleviate miction. 

Antithrombotic therapy. Many elderly patients already use medication that influences blood coagulation. National guidelines in most countries offer 
advice on how to time the stop of anticoagulation agents preoperatively, how to do this in an optimal way, and what the consequences are for timing of 
surgery and choice of anesthesia.*3659:96 

Surgery should not be postponed in patients receiving ASA (aspirin) as the low risk of bleeding does not justify the surgical delay. A recent international 
consensus meeting states a subgroup of patients on coumadins (e.g., warfarin) could receive surgery without reversal providing adequate intraoperative 
measures to treat blood loss were in place. There is an ongoing debate regarding the perioperative management of patients on warfarin. Some authors 
advocate a watch-and-wait approach, while others recommend urgent reversal. In patients receiving direct oral anticoagulant (DOAC) therapy, depending 
on the medication type and renal function, surgery is usually delayed for 1 or 2 days.®° 

Both heparin and aspirin reduce the risk of thromboembolic events but may lead to increased risk of bleeding complications.”>!?3 Mechanical foot 
pumps or sequential compression devices on the legs may also be used in patients with a high bleeding risk, although supportive evidence is limited.°* The 
most recent guidance regarding thrombotic prophylaxis is to use a form of low—molecular-weight heparin (LMWH). However, to date, a leading 
pharmacologic agent has yet to be defined. LMWH has been established as the prophylactic agent against which novel medications are compared. 
Mechanical and pharmacologic venous thromboembolism (VTE) prophylaxes are both advised following an individualized risk assessment. In the setting of 
surgical delays, preoperative pharmacologic prophylaxis should be considered. Pharmacologic prophylaxis should continue throughout the persistent 
postoperative prothrombotic state, commencing 12 hours post wound closure, and continuing for at least 28 days. 6 LMWH is advised not to be given 
within 12 hours of surgery.°8 

Traction to the injured limb prior to surgery is no longer considered appropriate for this group of patients. A number of randomized trials have found it 
has no benefit in reducing pain, and it makes nursing care of the patient more difficult.” It is useful, however, if a longer delay to surgery is expected in 
order to maintain alignment and provide comfort. 

Avoiding delays in the operating room is a challenge in most hospital systems. An optimal coordination between the different medical and surgical 
teams is required. Hospitals treating these patients should have protocols and timelines that anticipate these challenges. Surgery is an effective form of pain 
relief and for the frail elderly it is detrimental to remain more than 1 night in the hospital without surgery for a trochanteric hip fracture. Delay of surgery 
may lead to increased morbidity, prolonged hospital stay, more time in pain, and repetitively being fasted in anticipation of surgery. 

The level of evidence with respect to timing has been low until the recent randomized hip attack study investigated very early surgery at a median of 6 
hours from the diagnosis of hip fracture versus standard care which had a median of 24 hours.°” This study found no advantage of accelerated surgery over 
standard care with regard to mortality and a composite of major complications. Data from the British Hip Fracture Database show that 30-day mortality 
increases 10% after 24-hour delay.!2° 

There is consensus that surgery should be performed as soon as possible once the patient is optimized and preferably within 24 hours.*°° Delaying 
surgery without any clear clinical reasons mentioned above should be avoided. 17:71137,138,130 

Both regional (spinal) or general anesthesia are acceptable for these patients. Each technique has advantages and disadvantages which should be 
considered for the individual patient.* As both techniques have equal mortality profiles, the anesthesiologist may use the appropriate technique depending 
on each clinical circumstance.“ In the absence of contraindications, regional anesthesia may be preferable as it is associated with less pulmonary 
complications.”*°° A femoral nerve block or iliac fascia compartment block with ultrasound guidance is advised in combination with regional or general 
anesthesia to reduce opioid use and delirium in the postoperative period for as long as possible.?° 

The use of prophylactic antibiotics should be standard practice prior to surgery for any type of hip fracture to reduce the risk of wound infection.*2 
Dosage should be calculated dependent on body weight and timing should be within 1 hour of incision. If the prophylaxis is administered minimally 30 
minutes prior to first incision, most antibiotics show an adequate tissue concentration. 16-95-140 

Nutritional status should be assessed during admission using a validated scoring system.’° Nutrition cannot be corrected in the brief preoperative period. 
Undernutrition in the elderly is to be expected and requires a multidisciplinary approach and family or peer support for continuous monitoring in the 
postoperative period.*! Dietary supplements of protein and energy in a group of high malnutrition risk patients over 70 years old for a period of 8 weeks 
after surgery is recommended.** Inadequate nutrition is considered part of a geriatric syndrome and may lead to an increased risk of functional loss, 
complications, and mortality. 


Figure 54-11. A: A reversed fracture line that results in the femur being displaced medially. B: Fixation was with an intramedullary nail. The proximal part of the nail 
will resist medialization by abutting against the superior femoral neck. Despite this, some medialization has still occurred. 


Trochanteric Fractures With Loss of Lateral Support 


Of particular concern during preoperative planning are the A3 wedge-type fractures with a reverse/transverse fracture component. This results in loss of 
lateral wall support that allows the femur to be displaced medially by the pull of the adductors (Fig. 54-11). The consequences of femoral medialization are 
a reduced area of bone-on-bone contact, delayed fracture healing, an increased risk of fracture-healing complications (Fig. 54-12), and reduction in function 
from loss of femoral offset.!5-!8 

Femoral medialization may be measured by the method shown in Figure 54-13. Regarding function, greater than 50% medialization has been found to 
be associated with a lower regain of function. Patients with a medialization of more than 5 mm have also been reported to have more postoperative pain.®° 
In another subset of A3 fractures, the mean degree of medialization was 10% with the sliding hip screw versus 2% with an intramedullary nail, and 
medialization of greater than 50% occurred in 7% of sliding hip screws versus 1% of nails.!® 


Implants 


Implants used to treat a trochanteric hip fracture can be categorized into extramedullary (sliding hip screw), intramedullary (cephalomedullary nail), external 
fixation, and replacement arthroplasty. As trochanteric fractures are common and the clinical results of the different implants have been extensively 
reported, the choice of implant should be based exclusively on clinical studies. As implant design improves, the difference between modern implants 
becomes less and differences in fixation failure rates and outcomes can only be demonstrated using larger randomized controlled trials. !2 


Figure 54-12. A transverse (A3) fracture treated with a sliding hip screw. Medialization of 75% has occurred with excessive sliding of the lag screw. The lag screw 
measured 80 mm and a short barrel plate has been used. A cephalomedullary nail reduces medialization and is now recommended in this fracture type. 


Figure 54-13. Femoral medialization can be measured A/B x 100. Increased degrees of medialization are associated with an increased risk of fixation failure. 


Extramedullary Implants 


Extramedullary fixation involves applying a plate to the lateral side of the femur attached to a cross screw or pin which is passed up the femoral neck. Older 
versions of this method of fixation were fixed or static implants such as the Jewett, Thornton, and McLaughlin plates. Problems with this type of implant 
occurred with penetration of the cross screw into the hip as the fracture collapsed (Fig. 54-14). Use of these older devices can no longer be recommended, 
instead, implants with a form of dynamization have become standard. 


Sliding Hip Screw 

This implant was first developed in the 1950s as either a sliding hip screw or a sliding nail. The screw design has since become the gold standard treatment 
for trochanteric hip fractures. It is still widely used for stable A1 trochanteric fractures (Fig. 54-15). Alternative names for this type of implant include the 
dynamic hip screw and compression hip screw, depending on the manufacturer. Use of the sliding hip screw has been described in numerous case series 
reports and randomized trials. The latest Cochrane review and an additional meta-analysis concerning trochanteric fractures reported quite similar outcomes 
between sliding hip screws and intramedullary nails.’”!°* Unfortunately, no difference was made between stable and unstable trochanteric fractures and 
there was little evidence on patient-related outcome scores. 


Figure 54-14. A fixed nail plate that has penetrated into the hip joint as the fracture has collapsed. Such implants have no place in the modern management of hip 
fractures. 


During the years modifications have been made to the sliding hip screw, especially for use in unstable trochanteric fractures. However, due to better 
intramedullary nail designs there has been a shift away of sliding hip screws in A2 and A3 type fractures: 


This is a modification of the sliding hip screw in which a side plate clips to the side of a standard sliding hip screw. This side plate can be used for 
reconstruction of the greater trochanter and provides support for those cases in which the lateral femoral wall is disrupted. The plate thereby resists any 
medialization that may otherwise occur (Fig. 54-16). This device has been used extensively in the past and it still is used in many clinics, although the 
intramedullary nail is the modern golden standard in unstable trochanteric fractures.” Studies describing the difference in outcome for unstable trochanteric 
fractures using a sliding hip screw with stabilization plate or in intramedullary nail are sparse.®* A meta-analysis of review studies reported that the 
difference is significant for lower reoperation rate using an intramedullary implant. 133 


This is a modification of the sliding hip screw in which there are two interdigitating femoral plates, which allow sliding to occur along the longitudinal axis 
of the femur (Fig. 54-17).°° This allows compression/collapse at the fracture site to occur for reversed/transverse (A3) fractures that would not be possible 
with a standard sliding hip screw. The implant has existed for more than thirty years, its use is limited but current literature about this implant remains quite 
positive.!!9 


5. Proper positioning of a sliding hip screw in an A1 type trochanteric fracture. 
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Figure 54-16. This reversed (A3) fracture was treated with a stabilizing plate to resist femoral medialization. Currently, cephalomedullary nailing is recommended in 
this fracture type. 


Figure 54-17. A Medoff plate used to fix a reversed (A3) fracture. The fracture has healed in good alignment with minimal medialization of the femur. The fracture 
was allowed to slide along the lag screw and between the two interdigitating femoral plates: a two-way sliding Medoff. 


Percutaneous Compression Plate 


This is another sliding hip screw variant developed by Y. Gottfried, in which a small incision is made just proximal to the greater trochanter to allow the 
plate to be slid down the femur.*° This is attached to a jig to enable the insertion of two sliding lag screws and then the femur fixation screws to be placed in 
turn. The screws are collapsible, which prevents the screws to migrate past the back of the plate. Theoretical advantages are the reduced surgical exposure, 
antirotation properties, and the proximal part of the plate has a lip which prevents failure from lateral wall insufficiency. Published recent results, although 
limited and mainly from Asian countries, suggest that outcomes are similar between percutaneous compression plates and sliding hip screws or 
intramedullary nails.2>!36158 The operative technique for the percutaneous plate may be more demanding than the standard sliding hip screw fixation or 
intramedullary nailing and there may be some fracture configurations, such as angulation of the fracture on the lateral x-ray that cannot be managed by such 
closed methods. 


Figure 54-18. A 95-degree condylar plate used to fix a reversed (A3) fracture. This type of static fixation has a markedly increased risk of fixation failure in 
comparison to either a cephalomedullary nail or the sliding hip screw and cannot be recommended. 


Other Extramedullary Implants 


There are a number of case series reports and three small randomized trials reporting on these implants generally for fixing reversed/transverse (A3) fracture 
types.’ This technique provides a rigid fixation with no opportunity for any controlled collapse to occur at the fracture site ( ). Due to the 
subsequent high failure rate, they have been replaced by cephalomedullary implants. 


The proximal femoral locking plate represents a more recent development, allowing locked screws to be placed within the proximal femur at varying angles 
(Fig. | ). This device is not made for trochanteric fractures. The resulting fixation will be static with no opportunity for any collapse to occur at the 
fracture site. It is possible that these implants have a place in the treatment of younger patients with complex fractures and good bone stock in which an 
anatomical reconstruction of the proximal femur is desirable. High failure rates are reported in sparse literature for the use of these devices as the primary 
treatment for a trochanteric hip fracture.!4°.'>° This implant could be useful in some periprosthetic fractures. 


. Fixation of a trochanteric hip fracture with a locking plate. The fixation is static and the fracture has not healed. 


Cephalomedullary Implants 


The first widely available cephalomedullary locking nail for trochanteric hip fractures was the gamma nail, which was introduced in the 1980s.° Since then, 
numerous other nail designs and modifications have been made of varying nail lengths and diameters, static or dynamic proximal and distal locking, and 
uniaxial or biaxial proximal fixation (Fig. ! 0). Early nail designs suffered particularly from the complications of increased perioperative fracture of the 
femur, later problems were fracture of the tip of the nail, implant breakage, and extrusion of the proximal fixation. 

Many of these nails have been evaluated in randomized trials. The early designs had a higher complication rate compared to sliding hip screws for 
trochanteric fractures, but more contemporary nail designs have similar results to the sliding hip screw. Two recently published meta-analyses showed no 
significant overall differences in primary and secondary outcomes in all fracture types between cephalomedullary nails and sliding hip screws.’” 
Functional outcomes are more difficult to measure with variable reporting of these outcomes. Most of the randomized studies that have compared 
cephalomedullary nails with the sliding hip screw have reported essentially similar function outcomes. However, a number of randomized studies using 
different minimally invasive nails have reported slightly better mobility for those patients treated with the cephalomedullary nails in comparison to the 
sliding hip screw.°¥19%111,129.149 The reason for this could be the reduced fracture collapse and medialization associated with the nails.1°-'°° A large hip 
fracture register study showed that the reoperation rate in unstable (A2 and A3) fractures, where the collapse and shaft medialization risk is higher than in 
stable (A1) fractures, is lower in the cephalomedullary nailing group.*’ This study also showed a slightly lower mortality rate in patients with a 
cephalomedullary implant in comparison with patients with a sliding hip screw. Cephalomedullary nails are therefore considered the modern implant of 
choice for unstable A2 and A3 trochanteric fractures. The design and development of these nails from the different manufacturing companies continue, 
mandating continued evaluation of these nails, ideally within adequately sized randomized trials. 


All manufacturers have their own nail design, with varies slightly from the other in screw or nail design, amount of screws, or possibility for cement 
augmentation. No long-term analysis of difference between the different types is available.'?’ Of all nails short and long versions are available. For fractures 
with the extension of the fracture line no further than 3 cm beneath the trochanteric region, the results are the same for short or long cephalomedullary 
nails.” Therefore, a short nail is advised for trochanteric fractures. 


Usually, all cephalomedullary nails used for trochanteric fractures are locked in a dynamic or static way. A static distal locking screw provides a rigid, 
length-stable construct and dynamic distal locking allows some compression on the fracture during weight bearing. There is theoretical evidence that distal 
locking provides better outcome in unstable fractures.’*’ In stable fracture patterns leaving the short nail unlocked will give comparable results. 
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Figure 54-20. These nails have been evaluated within randomized trials of sufficient size to demonstrate equivalence to the sliding hip screw. A: Gamma nail. B: 
Trigen nail. C: Targon nail. D: Long trochanteric femoral nail. 


Other Implants: External Fixator 


An external fixator is not a standard operation technique for trochanteric fractures and will be used only in exceptional cases. There have been a small 
number of case series and randomized trials reporting the use of a trochanteric external fixator in comparison to a sliding hip screw. These reported reduced 
operative times and reduced blood loss, but no other significant differences in outcome.”9!)!!2 

External fixation requires two pins passed proximally across the fracture into the femoral head and two into the femur distal to the fracture. These pins 
are connected to the external fixator frame (Fig. 54-21). The frame is retained for about 3 months. Potential advantages of this method of treatment are the 
minimally invasive technique with surgery being possible under more local anesthesia. There is also less surgical trauma and reduced blood loss. Two 
disadvantages of external fixation are the inconvenience of having an external fixator in place and the risk of pin tract infections. 


Figure 54-21. Trochanteric external fixator. Pin positions 1 and 2 are in cancellous bone; pin positions 3 and 4 engage cortical bone. 


Arthroplasty 


Replacement arthroplasty is common for displaced intracapsular fractures but is seldom used for extracapsular fractures due to the instability of the 
trochanteric complex. When applied, a long—stem-cemented hemiarthroplasty is used with the option of cerclage wiring of the proximal femur. The limited 
studies to date suggest that arthroplasty for the treatment of unstable trochanteric fractures is associated with increased operative blood loss and requirement 
for blood transfusion as compared with fixation. Functional outcomes and mortality were similar or favor cephalomedullary fixation.5*’* Based on the 
available evidence, replacement arthroplasty is not currently recommended as a primary method of treatment for trochanteric hip fractures. In specific cases, 
total hip arthroplasty can be considered, that is, in a trochanteric hip fracture patient with rare significant symptomatic arthritis of the hip. 


Choice of Implant 

Recommendations from Clinical Guidelines 

Various clinical guidelines are slightly conflicting. The American Academy of Orthopaedic Surgeons (AAOS) guidelines state there is evidence to support 
the use of either a sliding hip screw or a cephalomedullary device in patients with stable intertrochanteric fractures (American Academy of Orthopaedic 
Surgeons Management of Hip Fractures in Older Adults Evidence Based Practice Guidelines. https://www.aaos.org/globalassets/quality-and-practice- 
resources/hip-fractures-in-the-elderly/hipfxcpg.pdf).* In unstable (A2) fractures, the AAOS strongly recommends a cephalomedullary device. The AAOS 
also recommends a cepahlomedullary device for unstable reverse/transverse type fractures (A3). The United Kingdom NICE guidance reviewed all the 


earlier randomized trials and incorporated financial arguments. UK guidance recommends extramedullary implants such as a sliding hip screw in patients 
with A1 and A2 trochanteric fractures above and including the lesser trochanter. For A3 fractures, no recommendation is given. For subtrochanteric 
fractures, all guidance recommends a cephalomedullary device. 


Advice From Hip Fracture Register-Based Studies 


The Norwegian Hip Fracture Registry reported on 17,341 patients with trochanteric fractures with the following conclusions: the reoperation rate after 
stable (A1) trochanteric fractures is equal to patients treated with a sliding hip screw or a cephalomedullary nail. The reoperation rate after unstable (A2 and 
A3) trochanteric fractures is lower for patients treated with a cephalomedullary nail than in those treated with a sliding hip screw. The 1-year mortality rate 
was lower in patients treated with a cephalomedullary nail for all trochanteric fractures and the PROMs data showed better results in patients with unstable 
trochanteric fractures treated with cephahlomedullary nails.*? A registered study from the United States reported on a propensity-matched study of 17,000 
patients. No difference was found in mortality rate, reoperation rate, or major complication rate between patients treated with a cephalomedullary nail or a 
sliding hip screw device. 13 


Summary of Choice of Implant 


In summary, the choice of implant for treating a trochanteric hip fracture should be based on strong evidence from clinical studies rather than theoretical or 
biomechanical studies. Any modifications to the standard sliding hip screw have, to date, not been demonstrated to show any notable advantages if 
trochanteric side plates are used when the lateral wall is insufficient. 

The main choice of implant is between intramedullary and extramedullary fixation. Most studies have reported improved function outcomes with 
cephalomedullary nails.°!!"179 This is probably due to the reduced collapse and femoral medialization as the fracture heals in a more anatomical position. 
Contemporary studies also suggest a tendency in some nail designs toward fewer fracture-healing complications in comparison with sliding hip screws.’” 
The sliding hip screw has the advantage of being a cheaper implant than a cephalomedullary nail. Based on current evidence, both the sliding hip screw and 
the modern cephalomedullary nails can be used in trochanteric hip fractures.’ The sliding hip screw may still be used for stable A1 fractures and the 
cephalomedullary nail is recommended for unstable A2 and A3 fractures. Future developments require mandatory research to evaluate fracture and patient- 
reported outcomes. 


Internal Fixation of Trochanteric Hip Fracture 
Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Internal Fixation of Trochanteric Hip Fracture: 


OR table LJ Fracture table essential. The injured leg, is placed in traction, with uninjured leg abducted and flexed out of the way or 
scissor position 

Position/positioning | Supine. Ensure the patient is secure on the operating table 

Fluoroscopy location LJ Between the patient’s legs or around if scissored. Confirm radiographic views prior to preoperative 

Equipment LJ Surgical instruments, reduction aids of bone clamps, probes, or posterior reduction device 


Patient Positioning 


Trochanteric fractures should be fixed with the patient supine on the fracture table (Fig. 54-22). Care needs to be taken to ensure the patient is safe on the 
table and the injured foot is securely strapped into a traction boot. This in turn must be securely fixed to the fracture table. The uninjured limb may be 
placed out to the way by flexion and abduction and secured in a lithotomy leg holder or placed in the scissor position with the unaffected leg in extension. 
This image intensifier is placed between the patient’s legs for the lithotomy position and comes from the opposite side of the table for the scissored position. 
If the contralateral hip motion is limited, the scissors position is recommended. Fixation of a trochanteric hip fracture without the use of the fracture table is 
not recommended as fracture reduction is difficult to maintain as are high-quality radiographic views. 

The operation site may be prepared with standard sterile drapes, but the authors prefer a transparent plastic isolation drape suspended from a rail above 
the patient. This separates the sterile surgical side from the patient and the image intensifier. Most hospitals use a single beam image intensifier, rotating the 
C-arm from AP to the lateral position. An alternative is a machine with two C-arms that can be positioned before surgery without any movement required. 


Figure 54-22. Patient on the fracture table. The injured leg is in traction and the uninjured leg flexed and held in a stirrup. A lateral support and groin post are used to 
secure the patient. 


Fracture Reduction 


The two most important steps during the operation for internal fixation of a trochanteric hip fracture are fracture reduction and the positioning of the 
guidewire in the femoral head. Usually, fracture reduction is readily achieved with the aid of the fracture table for applying longitudinal traction with some 
internal rotation to the leg. For some patients, considerable traction needs to be applied and the foot needs to be firmly strapped into the traction table boot 
or skeletal traction may be needed. The fracture must be reduced to an anatomical or ideally a slight valgus position on the AP radiograph. A valgus 
reduction has been shown to be associated with the lowest risk of implant cut-out and will also lead to less shortening of the limb.®©!° This valgus 
reduction may lead to a slight overdistraction of the fracture at the medial cortex. This gap is of no concern as it rapidly corrects with fracture collapse (Fig. 
54-23). 

The fracture must never be fixed in a varus position. This is mechanically unstable with the fracture just tilting further into varus where cutout of the 
implant occurs (Fig. 54-24).!!4 

Reduction of the fracture on the lateral (axial) view is mostly accomplished by the traction that has been applied to reduce the fracture in the AP view. 
However, translation or angulation is possible, and this must be corrected prior to fixation. This is more common in bariatric patients, high-energy injuries, 
and comminuted fractures. In young patients, the energy needed to cause a trochanteric fracture frequently results in over 100% displacement on the lateral 
and an open reduction is the first step in the procedure. If a trochanteric fracture is fixed without an adequate reduction, the cortical bone will not be line-to- 
line reduced and this can lead to excessive collapse or delayed fracture healing. The femoral head, neck, and trochanteric area must be in a straight line (Fig. 
54-25). If this deformity cannot be corrected with traction, other measures need to be taken to reduce the fracture: 


e Use a posterior reduction aid. This is attached to the fracture table to provide upward pressure at the fracture site and reduce the fracture (Fig. 54-26). 

e Amore improvised alternative is to use a vertical crutch or similar support, adjusted to provide upward pressure at the fracture site.!52 

e At the time of surgery use either a bone lever placed beneath the fracture site or a bone clamp attached to the femur to elevate the femur at the site of 
the sag and correct the deformity. 


Occasionally fracture reduction can be assisted by other levers or probes passed percutaneous; this is most likely for the reverse/transverse fracture 
patterns. Formal open reduction should only rarely be necessary for a trochanteric fracture but will be required if an adequate closed reduction cannot be 
obtained, this is mostly with A3 fractures and subtrochanteric fractures. Cerclage wires may be used to maintain reduction after open reduction in rare 
cases. Avoidance of a rotational deformity in fixing a trochanteric hip fracture is aided by ensuring that the patella is always facing the ceiling for 
trochanteric hip fractures. Often a limited degree of internal rotation is required for the more proximal fractures, while for the more distal fractures limited 
external rotation may be necessary. 
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Figure 54-23. Fracture reduction. A: Before applying traction the fracture is in a varus position and should never be fixed in this position. Traction is applied to pull 
the fracture out to a valgus position—a valgus reduction. B: The fracture should be seen to open a little medially (arrow). 


Figure 54-24. Inadequate reduction. The lag screw is forced to be placed in the superior part of the femoral head, the fracture tilts further into varus, and cut-out 
occurs. 


Figure 54-25. Correction reduction of the fracture on the lateral x-ray. The femoral head, neck, trochanteric region, and shaft are all in a straight line. The lag screw 
can then be positioned in the center of the femoral head. 


Cc 
Figure 54-26. A: A posterior reduction device in place to reduce a fracture with posterior sag. The device is attached to the fracture table and adjusted to provide 
upward pi pressure at the fracture site. B: X-ray of a transverse fracture that is displaced on the lateral due to sag at the fracture site. C: This was improved with a 
posterior reduction device to enable the guidewire to be passed across the fracture and then the fracture was further reduced with insertion of a cephalomedullary nail. 


Radiographically, fracture reduction is best assessed by the Garden alignment index ( ).~ On the AP radiograph, the normal alignment is 160 
degrees. For a displaced trochanteric fracture, a reduction alignment of 170 degrees is optimal, with angles of 160 to 175 degrees being acceptable. Varus 
angulation is never acceptable. On the lateral radiograph, the optimum reduction angle is 180 degrees.°~'" 


Positioning of the Guide Wire 


Regardless of whether fixation of the fracture is with an extramedullary or intramedullary implant, the positioning of the guide wire and subsequently the 
lag screw is paramount. Correct fracture reduction is the prerequisite to being able to correctly position the guide wire. If the fracture is left inadequately 
reduced in a varus position, this will force the guide wire to be placed in a superior position within the femoral head, which is unacceptable (see ). 
The same principle applies on the lateral view where an inadequately reduced fracture will force the guide wire into an unacceptable position. 

The angle of the side plate or nail will influence the guide wire position. A lower angle plate or nail will give a lower lag screw position, while a higher 
angle will give a higher screw position given the same entry point. A lower angle may therefore appear to be better, but the lower the angle the higher the 
risk of the screw jamming and becoming a static implant, thereby increasing the risk of cut-out. An angle of 130 or 135 degrees appears to be optimal. The 
use of plates or nails with other angles is unnecessary in patients with normal neck-shaft angles. 

Clinical studies on lag screw positioning have all indicated that the correct lag screw position is low to central on the AP radiograph and central on the 
lateral view ( 8).°°/>»'<" Essentially, peripheral placement of the lag screw should never be accepted. 


Figure 54-27. The Garden alignment index is used to measure fracture reduction. The angle on the AP is between the trabeculae of the femoral head and the shaft of 
the femur. The normal angles are 160 degrees on the AP radiograph and 180 degrees on the lateral. 


There are a number of ways to assess the correct position of the lag screw. The most commonly used one is the tip to apex distance. For research studies, 
a measurement corrected for magnification is used (Fig. 54-29). The ideal tip-to-apex distance has been quoted as being 25 mm or less.»!° A modification 
to the tip—apex distance has been proposed based on the ideal AP lag screw position being low to central. Rather than taking the measurement from the apex 
of the head on the AP, draw a line parallel to the center of the femoral neck, but just touching the calcar. The measurement is taken from where this line 
crosses the joint line and is termed the “calcar referenced tip to apex distance.” 69-82 

A quicker approximation in clinical practice is to use the distance D in Figure 54-29, which is the diameter of the lag screw, and which is normally about 
8 mm. The tip-to-apex distance should be approximately twice the diameter of the lag screw. 

Another practical method of assessing the lag screw position is dividing the femoral head into nine segments (Fig. 54-30) and noting in which segment 
the tip of the lag screw is placed.!'” Cut-out is less common for lag screws in the inferior position on the AP and central on the lateral view.”>»!2 


Design of the Lag Screw 


The traditional design of a lag screw is that of a large cancellous screw. Over the years, numerous alternatives have been tried, including pins, bolts, 
triflanged nails, extendable wings, and helical blades. Most of these have been advocated as being a superior alternative to the traditional screw for 
osteoporotic bone and come with supporting biomechanical studies. Clinical studies comparing, for example, the cancellous screw and the helical blade, 
have shown that both implants performed equally well.37:!43 The development of different designs is expected to continue, in search of the best implant for 
proximal femoral fractures. 

Other methods that have been tried to improve the hold of the lag screw and to reduce the risk of lag screw cut-out is augmentation of the fixation with 
bone cement. Two randomized trials involving a total of 138 participants have compared fixation of a trochanteric hip fracture with either a standard sliding 
hip screw or hip screw fixation with cement augmentation at the fracture site. Because of the limited patient number, no definite conclusions could be made 
from these studies. Other case series reports of cement augmentation at the fracture site were less favorable with long-term complications of nonunion and 
avascular necrosis, which were thought to be related to the cement.?* More recent reports are using a small amount of bone cement inserted via 
supplementary holes in the lag screw or blade. Clinical studies to date on this technique suggest that this may be beneficial for a selection of patients with 
very osteoporotic bone.*4:94 


Figure 54-28. A: Correct reduction and fixation of an A1 trochanteric fracture. B: The lag screw is low/central on the AP view. The fracture is distracted by the 
fracture table into a slight valgus position, with opening of the fracture medially. With weight bearing and collapse at the fracture site, medial bone contact will be 
rapidly restored and the fracture will consolidate with minimal limb shortening. C: On the axial view, the fracture is reduced to an anatomical alignment with a 
centrally placed lag screw. 
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Figure 54-29. Method to calculate the tip-to-apex distance. 


Ratio = AB/AC x 100 


Figure 54-30. Assessment of the lag screw position using a ratio method. 


Compression of the fracture using a compression screw in conjunction with the lag screw can be undertaken for both sliding hip screw fixation and 
cephalomedullary nail fixation. There is a lack of clinical studies to demonstrate the value of this technique.'°* Weight-bearing mobilization in conjunction 
with the dynamic fixation will always result in the fracture being compressed. A single randomized trial of 200 participants has compared compression of 
the fracture at surgery versus no compression in conjunction with a sliding hip screw fixation, and found no significant differences in outcomes.!** 
Technique 


Sliding Hip Screw 
,/ | Sliding Hip Screw: 
KEY SURGICAL STEPS 
Place patient supine on the fracture table and ensure they are secure before applying traction 
Reduction of the fracture with traction guided by image intensifier x-rays on AP and lateral view 
Skin preparation and draping. Consider using a sterile clear plastic isolation drape 
5-7 cm (2-3 inches) lateral incision just distal to the greater trochanter 
Divide fascia lata 
Reflect vastus lateralis anteriorly (or split if using a direct approach) to expose the femur 
Insert guidewire using the angle guide and the image intensifier to a central/low position on AP and central on lateral 
Use this guidewire to determine the length of the lag screw 
Insert lag screw 5-7 mm from the subchondral bone of the femoral head 
Make sure that the rotation of the proximal segment is anatomic with relationship to the distal segment by palpating the anterior fracture line 
Apply plate to the side of the femur 
Inset cortical screws to fix the plate to the femur 
Close split in vastus lateralis if the muscle has been split 
Close fascia lata 
Close skin using absorbable subcuticular sutures 


Apply pressure dressing to the wound 
Transfer the patient as soon as able to a bed with a pressure-relieving mattress 


Following positioning of the patient and fracture reduction, the femur is approached via a lateral incision starting approximately 5 cm (2 inches) distal to the 
greater trochanteric. The length of the incision will be influenced by the length of plate to be used and by the amount of soft tissue in the patient. Following 
incision of the skin, subcutaneous tissues, and fascia lata, the femur may be accessed by directly splitting vastus lateralis or via the tissue planes posterior to 
the muscle (Fig. 54-31). If the posterior method is used, a small part of the tendinous insertion of vastus lateralis may need to be cut proximally. Bleeding 
from perforating vessels passing from the posterior vessels through the iliotibial tract to the vastus lateralis only occurs if the exposure is extended with 
sharp dissection. A retractor suspended from a rail above the patient may aid exposure.!!® The posterior approach has the advantage of being quicker, the 
vastus lateralis suffers less damage, and once the plate is positioned, vastus lateralis will fall back to cover the plate. Some recent reports have suggested 
that a less invasive approach will result in a reduced operative blood loss and fewer wound-healing complications.?*”4 

After exposure of the lateral femur a guidewire is inserted using an angle guide. Generally, a 135- or 130-degree angled plate is optimal. There should 
be no need for any alternative angles, as a lesser angle will increase the risk of jamming the lag screw and a higher angle will result in a superior lag screw 
position with an increased risk of cutout. As detailed above it is essential to place the wire central to low in the AP view and central on the lateral view. 
Inserting a “marking” guidewire just superior to the final guidewire can be helpful in achieving a good position. Another aid is to use this marking wire, 
then drill with a 3.2-mm drill a hole in the lateral cortex at the site of the final guidewire insertion. This enables the final guidewire to be inserted slowly by 
hand using a T-handle with radiographic control. This makes it easier to get the optimal positioning of the wire. The tip of the final guidewire should be left 
5 mm from the joint line and penetration of the hip joint should be avoided. 


Vastus lateralis 


0 


Figure 54-31. Approach to the femur for a sliding hip screw fixation in which vastus lateralis is not split but retracted anteriorly. It can then be held out of the way 
with a retractor attached to the support rail above the patient. 


The guidewire is then used to measure the appropriate length of lag screw to be used. The lag screw needs to be inserted so the tip is approximately 5 
mm from the joint line. Leaving the lag screw at a greater distance from the joint line will increase the risk of the screw cutting out.™!? Using a central 
placement of the lag screw with the tip close to the joint avoids the potential complication of the lag screw having penetrated the joint without this being 
apparent in the image intensifier views (Fig. 54-32). 

When inserting the lag screw for a sliding hip screw, it is essential not to rotate the femoral head. This is more likely to occur in comminuted and basal 
fractures, in which there is little soft tissue attachment to the proximal side of the fracture. Prevention is essential by one of these methods: 


e During insertion of the lag screw place a finger on the front of the femoral neck to resist any rotation of the head. 

e Tapping the femoral head before insertion of the lag screw will reduce the rotational forces when the lag screw is inserted. 

e Place an antirotation screw or guidewire across the fracture. Care still needs to be taken as this may only have limited hold, based only on compression 
of the fracture as the rotational stability of such a screw is based only on the weak bone surrounding the screw in the lateral trochanteric region. 


AP view 


Lat view 


Figure 54-32. Penetration of the joint can occur with a peripherally placed lag screw despite it appearing to be in the joint on the image intensifier AP and lateral 
views. 


The total length of the lag screw should be selected such that the lateral end of the lag screw is within the barrel of the plate, about 5 mm from the lateral 
side. This means that as the fracture collapses, the initial sliding is within the barrel and there is less protrusion of the lag screw laterally into the soft tissues. 
Lateral protrusion of the lag screw may cause symptoms from local tissue irritation. 

Once the lag screw is positioned, the plate can be attached to the femur. While there is evidence that shorter plates may be used, a four-hole plate is the 
most commonly used length. The length of the barrel of the sliding hip screw is generally about 38 mm. If the lag screw measures 80 mm or less, then using 
a shorter plate barrel should be considered, to enable the construct to have sufficient sliding capacity for the lag screw. However, if a shorter barrel is used, 
one must be careful to have the lag screw reach the end of the barrel to avoid jamming or disengaging it. Additionally, the compression screw may be used 
in conjunction with the short barrel plate to avoid the potential rare complication of the barrel becoming disengaged from the lag screw. 

Fractures in which there is loss of lateral support are the most challenging for a sliding hip screw fixation. As discussed earlier, a sliding hip screw is an 
acceptable method of fixation, but must be supplemented by a trochanteric stabilizing plate to resist femoral medialization (see Fig. 54-16). Invariably for 
this fracture configuration, the lag screw will be inserted directly at the fracture site (see Fig. 54-12). Optimal positioning of the lag screw is essential. 
Excessive sliding of the lag screw may occur with femoral medialization leading to an increased risk of implant failure if a trochanteric side plate is not 
used. If full sliding of the construct occurs before the fracture has sufficiently consolidated the fixation will fail; a poorly positioned lag screw will cut out 
(Fig. 54-33), while a perfectly placed lag screw may lead to failure at the distal side of the fracture as the plate comes off the femur. 

For closure of the wound, the elevated lateralis is allowed to fall back to its normal position and requires no sutures. If the vastus lateralis was split then 
it should be approximated together. The fascia lata is closed and then the skin and subcutaneous tissue as is standard. Careful alignment of the skin edges 
with absorbable subcuticular sutures is recommended and then covering with a sterile dressing and pressure bandage. 


Cephalomedullary Nail Fixation 


Cephalomedullary Nail Fixation: 
KEY SURGICAL STEPS 


LJ Place patient supine on the fracture table with legs scissored, the upper torso shifted away from the fracture, and the ipsilateral arm on a holder over 
the chest. 
Reduction of the fracture with traction guided by image intensifier x-rays on the AP and lateral 
Skin preparation and draping. Consider using a sterile clear plastic isolation drape 
3-cm lateral incision just proximal to the greater trochanter 
Incise fascia lata and split musculature 


Sweep or incise tissues of the tip of the greater trochanter 

Insert guidewire checking position on the AP and lateral view with the image intensifier 
Ream or core out bone from the 5 cm of proximal femur or based on the implant technique chosen 
If required, ream or core out the medullary cavity to accommodate the nail 

Insert the intramedullary nail 

Insert guidewire using image intensifier to a central/low position on AP and central on lateral 
Use the guidewire to determine the length of the lag screw 

Inset lag screw to 5-7 mm from the joint line 

Insert distal locking screw 

Close fascia lata 

Close skin with absorbable subcuticular sutures 

Apply pressure dressing to the wound 

Transfer the patient as soon as able to a bed with a pressure-relieving mattress 


In obese patients, positioning of the patient on the operating table for a cephalomedullary nail can require a degree of adduction, to ensure access to the 
greater trochanter to insert the nail. The exact surgical technique will vary slightly depending on the design of the nail to be used. A trochanteric insertion 
nail should always be used with the facility for a sliding lag screw and distal locking. 


Figure 54-33. Cut-out of a cephalomedullary nail lag-bladed screw due to varus collapse. The lag screw no longer slides so the implant is now acting as a fixed 
implant. Fixation failure occurs in this situation if the fracture is not sufficiently consolidated. Refixation is difficult, revision arthroplasty is an option. 


A 3-cm incision approximately 5 cm proximal to the greater trochanter is made and fascia lata incised. The muscle is split to the greater trochanter and a 
guide pin inserted into the tip of the trochanter. Its position is checked on the AP and lateral views with the image intensifier (Fig. 54-34). Correct 
positioning of this is essential. The guidewire should be just lateral to the medial aspect of the greater trochanter on the true AP of the proximal femur and at 
a point that is centered or slightly posterior in the neck and head of the femur. The proximal femur is then opened with an appropriately sized solid channel 
reamer. Depending on the nail diameter and design further reaming of the femur may be necessary to allow insertion of the nail. 


The length of the nail to be used is still open to debate. Some surgeons have advised using a longer nail to reduce the risk of later fracture at the tip of 
the nail. A literature review for 1,276 patients gave a nonstatistical difference in refracture rate of 1.6% for short nails versus 0.95% for long nails, operative 
times, blood loss, transfusion requirements, and implant costs were all less for the shorter nail.3? General advice for a trochanteric fracture is therefore to use 
a short nail (around 200 mm in length). Longer nails for trochanteric fractures are necessary only if the fracture extends below the lesser trochanter. Once 
the nail is in place, the guidewire is inserted which can be done with the aid of an alignment jig. As for the sliding hip screw, the correct position is 
central/low on the AP radiograph and central on the lateral radiograph with the tip approximately 5 mm from the joint line (Fig. 54-35). Different nail 
systems allow for the sliding to occur either between the nail and a lag screw (see Fig. 54-20A) or between the nail and a blade, or within a barrel and the 
lag screw (see Fig. 54-20C). 


A 


Figure 54-34. Correct position for insertion of the pin in the greater trochanter. 


Depending on the nail design, proximal fixation of the nail may be uniaxial, biaxial, or with a blade. Biaxial fixation has the potential advantage of 
adding rotational stability to the fixation and it also ensures the lower screw is placed inferiorly within the femoral head, although to date there is no clear 
evidence from clinical studies to confirm these potential advantages.’”? Intraoperative compression of the fracture is helpful in providing a more stable 
construct with bone-to-bone friction. This should be done after traction is removed. 

With respect to distally locking long nails, two observational studies of stable and unstable fractures reported reduced complications with distal 
locking.”9-!4! Current advice is that distal locking is necessary for all unstable fractures. If the nail is locked it may be either static or dynamic. To date, there 
is no published evidence to determine which is best. For a transverse fracture, dynamic locking may be preferred as this will allow longitudinal compression 
to occur across the fracture. All short nails must be locked. 


Ir 35. A jrachanfenié:s A2 fracture that has been well reduced and fixed with a cephalomedullary nail. The Garden alignment index is 175/180 degrees, with the 
lag screw low/central on the AP (A) and central/dorsal on the lateral (B), 5 mm from the joint line. 


Subtrochanteric extension causes the fracture to be treated like a subtrochanteric fracture, and this is detailed in 


Wound Closure and Care 


Closure and care of the frail hip fracture patient’s surgical wound is not the same as that of a younger, fitter patient. The patient with a hip fracture may have 
poor nutrition, low serum albumin, delirium or dementia, other potential sources of infection, as well as urine or fecal incontinence. Any of these factors 
may lead to an increased risk of wound-healing complications, therefore, all should be done to reduce this risk. A sterile dressing is to be applied in theatre 
and ideally, this should be left in place for up to 7 days till the wound is healed. Clinical studies have shown that there is no need for the routine use of 
surgical drains.^^+t!> Negative pressure dressings may be helpful in the very obese to isolate the wound from the hospital environment and obtain faster 
consolidation of the scar. 


Author’s Preferred Treatment for Trochanteric Hip Fractures( = ——s+)s 


Trochanteric hip 
fractures 


Operative treatment (most cases) 
Relative contraindication: 
osteoarthritis ipsilateral hip joint 


Nonoperative 
treatment 


Patient refuses surgery 
or has life expectancy 
of a few weeks 


Isolated trochanter 
fractures 


Internal fixation: Internal fixation: Internal fixation: 


sliding hip screw me w cephalomedullary nail 


Analgesia, palliative 
Analgesia, mobilization care, mobilization if 
possible 


1 Author’s preferred treatment of trochanteric hip fracture. After a trochanteric hip fracture has been diagnosed, most cases will be operated on. A 


eal number of cases may be treated conservatively and of these most will start a palliative path of care. Only isolated fractures in the major trochanter may be 


treated conservatively with mobilization and early radiologic follow-up. We extended days to weeks in the algorithm as analgesia with a femoral nerve catheter or 
the upcoming practice of nerve phenolisation can offer the patient comfort and the nurse ability to care without having to fixate the fracture. After diagnosis, the 
operative pathway classification according to OTA/AO follows into A1, A2, or A3 type fractures. This system is reproducible between observers. Osteoarthritis is 
a relative contraindication as some patients have little or no complaints prior to a trochanteric hip fracture, but have radiologic signs of arthritis of the hip joint. 
We would still do internal fixation if patients had little or no complaints of arthritis. In AAOS, NICE, and Dutch Trauma Society guidelines, recommendations for 
treatment are made on the basis of A1, A2, and A3 classification. A two-hole sliding hip screw for stable A1 fractures is sufficient. In A2 fractures (most frequent 
type of trochanteric fracture) which are potentially unstable we prefer a cephalomedullary device, which involves more cost, but is a less invasive procedure 
compared to a four-hole sliding hip screw, and the concept and insertion are less difficult to teach training residents. A four (or more) hole sliding hip screw would 
be our second choice. In A3 or oblique fractures in which the trochanter lateral wall support is lost and fracture lines may run into the subtrochanteric region we 
prefer a cephalomedullary device. 


Postoperative Care 


Following surgery with the appropriate surgical management for a trochanteric fracture patients should be mobilized with full weight bearing and with no 
restrictions on hip movement or function. Physiotherapy is helpful and should be offered to all patients. Due to postoperative and fracture pain, patients will 
weight bear as tolerated and then, as the fracture consolidates and becomes less painful, they will be able to put more weight on the injured limb. 

The hemoglobin level should be checked after surgery. The transfusion threshold should be primarily led by clinical symptoms of anemia. A large 
randomized trial and other supporting studies have suggested the level of postoperative hemoglobin below which transfusion is needed is as low as 8 
g/dL.!9.22107 However, in the study by Carson et al., over 20% of the restricted group received transfusion without any documentation of the physiologic 
reason for transfusion.7* Caution has been advised in adopting the lower threshold for those patients with cardiovascular disease.*° The evidence base on 
this issue has been further confused by two smaller randomized studies that have favored a more liberal transfusion policy with a threshold of 11 g/dL.°9-47 
In summary, while in a closely monitored circumstance, a threshold of 8 g/dL may be safe, individual judgment is needed rather than universal acceptance. 

Early rehabilitation is to be encouraged. The patient should be allowed to sit out of bed and stand with walking aids the day after surgery. Mobilization 
should then be encouraged and arrangements made for discharge back home or to a temporary rehabilitation home or facility for the elderly as soon as 
possible, usually within 1 week from surgery. This group of patients will invariably require additional assistance and support at home for the first few weeks 
from injury; a considerable part of these patients will not be able to go back to their living situation. Consideration must also be given to assessing the 
patient for falls and secondary fracture prevention. This postoperative care and rehabilitation are best undertaken using a multidisciplinary team of staff 
including a geriatrician, occupational therapist, and physiotherapist.!?”14 Postoperative follow-up radiographs are generally recommended at about 6 to 8 
weeks from injury. 


Outcomes 


Because of the characteristics of the elderly and frail population who sustain this injury, mortality is approximately 8% at 30 days and 28% to 38% at 1 year, 
with more than 50% of patients having at least one perioperative complication.?®93:125 

Much of the mortality related to the hip fracture is from general medical conditions associated with aging. In a review of 709 patients, only a quarter of 
those who had died by 1 year could the death be directly attributed to the hip fracture.!!° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO TROCHANTERIC HIP FRACTURES 


Listed below are the main types of trochanter fracture—related complications, their reported incidence, and how they may be reduced.!!? 


WOUND SEPSIS 


Wound-healing problems and sepsis are rare after internal fixation of a trochanteric hip fracture. Deep wound sepsis is the most devastating complication 
and occurs in less than 1% of patients. The incidence is reduced with avoidance of prolonged surgery, or excessive exposure of the fracture and prophylactic 
antibiotics. Intramedullary devices are designed for minimally invasive insertion reducing the wound area. Local protocols differentiating between 
superficial and deep infection should be followed. Ultrasound and aspiration for culture is a possible diagnostic test. The introduction of FDG-PET scanning 
is expensive, but may be considered an adjunct to distinguish superficial from deep infection around an intramedullary device after 3 weeks. 104 


Trochanteric Hip Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Pitfall Expected Incidence (%) Prevention 

Superficial wound sepsis 1-5 Minimizing surgical exposure 
Wound care 

Deep wound sepsis <1 Minimizing surgical exposure 
Surgical technique 
Wound care 


Prophylactic antibiotics at surgery 


Implant cut-out 15 Fracture reduction 
Implant positioning 


Refracture around the implant 1-2 Reported with earlier nail designs 


Proper insertion of device 


Implant breakage 1-2 Failure of the fracture to heal may lead to breakage of the implant 
Nonunion 1-3 Fracture reduction 

Implant positioning 
Malunion 5-10 Including acceptable union in varus alignment 


Avoided by correct fracture reduction and implant positioning 


Avascular necrosis 1 Avoidance of rotating the femoral head at surgery 


IMPLANT CUT-OUT DUE TO VARUS COLLAPSE AND THE CUT-IN PHENOMENON 


Slow varus collapse of the femoral neck and head fragment and cut-out of the implant is the most commonly reported complication related to surgical 
fixation of this fracture (see Figs. 54-24 and 54-33). Numerous clinical studies have documented that cut-out is related to inadequate reduction of the 
fracture and poor positioning of the lag screw.”'° Currently studies report a cut-out rate of 3% to 5%.?6-146 Treatment for this complication depends on the 
degree of symptoms. If symptoms are minimal with an acceptable reduction and implant position, the fracture can be allowed to heal. For the more severe 
cases in which cut-out has led to hospital readmission and significant symptoms, then revision surgery is required. If the original implant positioning was 
poor and there appears to be a reasonable area of intact bone in the femoral head, then revision fixation may be attempted. Failing this, replacement 
arthroplasty will be required. Hemiarthroplasty may be used if there is minimal acetabular damage. 

In the case of a sliding hip screw with varus collapse or shortening at the fracture site, detachment of the sliding hip screw plate from the femur may 
occur. Recommended treatment for this is by either conversion to a cephalomedullary nail, revision of longer plate fixation, or cemented arthroplasty if bone 
stock is adequate. 


Figure 54-36. Central penetration of a lag screw that has not slid laterally as the fracture has collapsed. This has been dubbed the cut-in phenomenon. 


More recent studies with intramedullary nails have reported craniomedial migration and penetration of the femoral head, termed cut-in of the lag screw, 
with a 2% incidence.!°’ This may be related to osteoporosis or possible jamming of the lag screw which then penetrates the femoral head and has been 
termed cut-in (Fig. 54-36). Without penetration into the joint, this can be managed by exchange or removal of the lag screw. With joint penetration and 
disability symptoms, revision surgery is indicated. 


REFRACTURE AROUND THE IMPLANT 


Guidance evidence shows that refracture risk higher but nonsignificant with a cephalomedullary device compared to an extramedullary plate and screw 
fixation in the treatment of 31.A2 and 31.A3 fractures.* A recent report indicates no difference in refracture rate around the tip of the implant between short 
nails and long nails. 

As nail designs improve intramedullary fixation results in a very low risk of fracture at the distal end of the nail with a reported incidence of 0.7% to 
1.7%.7>102 The reason for this complication is due to the concentration of stress forces at the tip of the nail. Before a fracture may occur, these stress forces 
may cause mid-thigh pain in patients with a short cephalomedullary nail. An intraoperative shaft fracture during nail insertion can be prevented by proper 
reaming. Other factors implicated in fracture include: 


» A large-diameter rigid nail 
e Blunt tip to the nail (as opposed to a tapered or fluted tip) 
e Large-diameter distal locking screw 
e Distal locking screw close to the tip of the nail 
e Overtightening of the distal locking screw 
e Too short a nail for a fracture with a subtrochanteric extension 


| 
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g 37. Fracture around the distal tip of a long cephalomedullary nail. The occurrence of this complication may be slightly less for a long nail but is more 
difficult to treat. 


Figur 


An exchange nailing to a longer nail is recommended for fractures below a short nail. If a long nail has been inserted with a fracture above the knee, 
fixing around the nail with a distal locking plate is typically employed ( 37). 


BREAKAGE OF THE IMPLANT 


Breakage of any implant is invariably associated with delayed or nonunion of the fracture ( ). Nail breakage was a more commonly reported 
complication for some of the earlier designs of intramedullary nail.!!*-'*4 Reports for the more recent nail designs give an incidence of less than 1%.’ 
Occurrence of nail breakage is more common (55%) after 6 months. Early self-dynamization may be a warning sign. Treatment is generally removal of the 


broken implant, debridement of the nonunion, and refixation of the fracture. Arthroplasty is also an option.”® 


FRACTURE NONUNION 


The reported incidence of nonunion for trochanteric fractures is 1% to 3%.!!3 Persistent nonunion may lead to residual pain and later breakage of the 
implant. For nonunion or delayed union with an intramedullary nail, initial treatment may be by dynamization of the nail to encourage fracture union. 
Optimal timing for dynamization is between 3 and 6 months depending on the quality of callus formation.!°° For a trochanteric fracture, dynamization by 
just removing the distal locking screw may not be effective if the lateral tip of the lag screw is inside the cortex. This may be prevented at initial surgery 
with proper measurement of the lag screw ensuring the lateral tip remains outside the cortex allowing dynamic compression to occur at the fracture site. 


Figure 54-38. Breakage of a cephalomedullary nail secondary to nonunion of the fracture. The nail normally breaks at the weakest point, which is where the lag screw 
goes through the nail. 


If dynamization of the implant is ineffective or not possible, then revision fixation is indicated. This may take the form of either revision nailing or 
extramedullary fixation depending on the surgeon’s preference. If revision nailing is undertaken, general advice is to use a large-diameter nail with femoral 
reaming. Only rarely is supplementary bone grafting required for trochanteric fractures. 


FRACTURE MALUNION 


The definitions of malunion are variable and include both the fracture slipping into varus alignment and that of femoral medialization. It is to be expected 
that both varus malunion and femoral medialization may lead to limb shortening and a reduced functional recovery.!® Healed fractures in a valgus position 
with a reduced femoral offset may lead to improved functional results.7° 


FEMORAL HEAD AVASCULAR NECROSIS 


The reported incidence of this complication for trochanteric fractures is 1% to 2% (Fig. 54-39).’ Treatment is only required if symptoms are sufficiently 
severe and is generally by a replacement arthroplasty. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO TROCHANTERIC HIP 


FRACTURES 


The incidence of trochanteric hip fractures is leveling out and may be declining in developed nations. Together with the femoral neck fracture patients, this 
group will remain a core business in many orthopaedic trauma practices. 


Figure 54-39. Avascular necrosis following a trochanteric hip fracture. The original nail placement was high, which may have contributed to the femoral head 
necrosis by damaging the vascular supply to the femoral head. 


Proper fracture reduction without varus, choice of implant, and implant positioning are the mainstay of surgical treatment in trochanteric hip fractures. 
Addressing existing and pending frailty and comorbidity of patients by a multidisciplinary team from admission to rehabilitation has become an important 
insight. 

Considerable improvements have been made in the management of trochanteric hip fractures, with greater use of earlier, less invasive surgery combined 
with early mobilization. This has been reflected in improved outcomes, despite the fact that hip fracture patients have become older and frailer. 

A new insight is that a trochanteric hip fracture may be considered the first sign of existing frailty in the elderly or pending frailty over 50 years of age. 
Clinical pathways should be developed in hospitals to assess this condition. These may consist of pre- and perioperative work-up with comprehensive 
geriatric assessment by a multidisciplinary team with surgical and geriatric competencies.°° Timely and active stimulation and early planning of 
rehabilitation should be encouraged. Expectation management for patients is a rehabilitation period of 6 to 12 months after trochanteric hip fracture usually 
with some degree of residual disability. 

When treating the fracture many practices are already screening patients for bone density, risk of falling, other comorbidity, and assessment of skeletal 
weight bearing such as walking long distances and sports. This type of fracture can be regarded as an index or sentinel fracture. From the age of 50, the 
hazard ratio of a second fracture in the body almost doubles independent of bone mineral density.®” Patients who sustain a fracture are at greatest risk of a 
recurrent fracture during the next 2 years. Five predictors (BMD, age, comorbidities, falls, and central fracture as the index fracture) allow the calculation 
with a reasonable accuracy of the imminent risk of second major osteoporotic fracture (MOF) or other central fracture after a recent index fracture.** The 
10-year cumulative survival risk from 60 years of age after an index trochanteric fracture may decrease by up to 50%.°° After a trochanteric hip fracture, 
patients should be screened at a fracture prevention clinic with BMD measurement, appropriate blood testing, vertebral fracture assessment, and fall 
analysis. This requires a multidisciplinary approach with surgical, internal medicine, and/or geriatric specialists. 

Future developments for the treatment of trochanteric hip fractures also involve improving implants. Modifications to the design of the sliding hip screw 


have produced marginal benefits. There is continual progress in the design of cephalomedullary implants now used in most A2 and A3 fractures. 
Continuous evaluation ideally within the context of carefully conducted randomized trials, which include patient-reported outcomes, remains necessary. 
These evaluations should also cover issues such as the length and diameter of the nail, distal locking, and lag screw design. Many countries have 
implemented national hip fracture databases, which offer the opportunity to identify less common implant-related complications. Data from these registries 


can help to improve guideline adherence and narrow practice variation. 
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INTRODUCTION TO SUBTROCHANTERIC FEMUR FRACTURES 


Subtrochanteric femur fractures are generally defined as those fractures occurring within 5 cm of the distal extent of the lesser trochanter, and represent an 
unstable injury. These fractures occur in three specific patient populations: young patients involved in high-energy trauma, older osteoporotic patients 
involved in low-energy trauma, and patients exposed to chronic or high-dose bisphosphonate therapy. There is often overlap between the second and third 
patient population groups, as bisphosphonates are typically used to treat osteoporosis; however, patients with malignancies that are predisposed to bony 
metastasis occasionally fall into this category as well.?” Bisphosphonate-related subtrochanteric fractures are often the result of low-energy trauma, but have 
also been reported as spontaneous fractures, preceded by prodromal thigh pain.** 

Subtrochanteric fractures of the femur present a challenge for the treating surgeon, as the deforming forces on both the proximal and distal segments are 
difficult to control, especially given the inherently short length of the proximal segment. The characteristic deformity encountered is a flexed, abducted, and 
externally rotated proximal segment secondary to the pull of the iliopsoas, gluteus medius, and short external rotators, respectively. The distal segment is 
often shortened and medialized via the unopposed pull of the adductor magnus and longus. 

In addition to the obstacles faced in obtaining an anatomic reduction, the surgeon must ensure that the reduction is maintained throughout the healing 
process and must choose the appropriate fixation construct to achieve success. A substantial demand is placed on the implanted hardware, as the 
subtrochanteric region of the femur experiences mechanical forces several multiples of the patient’s weight. Various fixation options, including 
intramedullary nails (IMN) and extramedullary devices, are available to accomplish this goal. 

This chapter will discuss the presentation, pathoanatomy, classification, guiding treatment principles, surgical options, expected outcomes, and 
complications of subtrochanteric femur fractures. Finally, it will also outline the authors’ preferred treatment algorithm, along with some tips and tricks for 
obtaining and maintaining anatomic reduction. 


ASSESSMENT OF SUBTROCHANTERIC FEMUR FRACTURES 


MECHANISMS OF INJURY FOR SUBTROCHANTERIC FEMUR FRACTURES 


Subtrochanteric femur fractures generally occur in a bimodal age distribution as a result of high-energy trauma in the young patient population and ground- 
level falls in the elderly. Common mechanisms include motor vehicle collisions, all-terrain vehicle accidents, motocross and motorcycle accidents, falls 
from height, and industrial mishaps. Significantly less force is required for a subtrochanteric fracture in patients with osteoporotic bone or in the setting of 
malignancy. Atypical, stress-type fractures occurring in patients exposed to chronic (5 years or greater)*? or high-dose bisphosphonate therapy usually occur 
from low-energy trauma; however, spontaneous fractures with or without antecedent thigh pain in this patient group have also been reported.°~"4 


INJURIES ASSOCIATED WITH SUBTROCHANTERIC FEMUR FRACTURES 


Patients sustaining a subtrochanteric femur fracture as a result of a high-energy mechanism often have associated life-threatening injuries. Priority to these 
more significant injuries should be given and advanced trauma life support (ATLS) guidelines should be followed. Head and neck, thoracoabdominal, and 
pelvic trauma are common and should be ruled out. A thorough secondary survey should be performed to identify any associated fractures. Appropriate 
resuscitative measures should be performed prior to definitive surgical treatment of subtrochanteric fractures. If prolonged resuscitative efforts are required, 
damage control orthopaedics should be considered and patients should be placed in a temporizing external fixator or skeletal traction to prevent contracture 
of the surrounding musculature. 

In older patients sustaining ground-level falls, a specific history should be obtained with regard to the mechanism of the fall. Specifically, the occurrence 
of antecedent syncope, seizures, chest pain, or shortness of breath needs to be assessed so that an adequate medical evaluation can proceed. A history of 
head and neck trauma should also be obtained. Appropriate imaging, including radiographs and computed tomography (CT) scans, should be ordered when 
there is clinical concern for a subdural hematoma or cervical spine fracture. A history of previous fragility fractures and careful history regarding utilization 
of bisphosphonates, and length of bisphosphonate use, should also be obtained. This can help ensure that appropriate follow-up with an endocrinologist, or 
bone health specialist, may ensue following fracture care. Also, pathologic fracture must always be considered, thus, any history of malignancy, metastatic 
or not, should be solicited, as this may have a dramatic impact on management. 

Specific associated orthopaedic injuries, which should be actively sought out in high-energy trauma patients, include femoral neck fractures, pelvic ring 
injuries, spine fractures, patella fractures (dashboard injury), and calcaneal fractures (jumper’s fractures). Older patients are at risk for ipsilateral upper 
extremity fractures including, but not limited to, distal radius, proximal humerus, and humeral shaft fractures. In patients with bisphosphonate-related 
subtrochanteric femur fractures, radiographs of the contralateral femur should be obtained to evaluate for subtrochanteric stress reactions. In addition, the 
patient may report prodromal thigh pain that may warrant advanced imaging (MRI) if radiographs are inconclusive. 


SIGNS AND SYMPTOMS OF SUBTROCHANTERIC FEMUR FRACTURES 


Patients sustaining a subtrochanteric femur fracture are unable to bear weight on the affected limb, which often appears shorter than the contralateral 
extremity. Substantial swelling and ecchymosis about the fracture site are common. The skin should be inspected carefully for signs of an open fracture. 
Furthermore, abrasions and blisters should be documented and considered critically with respect to subsequent incision placement. A thorough 
neurovascular examination should be performed to rule out injury to these vital structures. If vascular compromise is suspected an ankle—brachial index 
should be obtained; if abnormalities are detected a subsequent arteriogram or CTA should be performed. Reduction with traction should be the first step if 
there is a pulse deficit. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR SUBTROCHANTERIC FEMUR FRACTURES 


Plain radiographs are diagnostic for subtrochanteric fractures. Anteroposterior (AP) and lateral views of the affected hip and femur should be obtained in 
addition to an AP pelvic radiograph. Abduction deformity is easily assessed on AP films, while flexion and external rotatory deformities are appreciated on 
lateral views. The length of the proximal segment and the diameter of the femoral canal should be noted. Fracture extension proximally into the piriformis 
fossa, greater trochanter, and lesser trochanter is important to recognize, as it may influence the fixation tactic. If fracture extent cannot be easily delineated, 
a dedicated CT scan is warranted. The unaffected hip, as viewed on an AP pelvis with the leg in neutral or internally rotated, helps to serve as a template for 
the neck-shaft angle when planning definitive fixation. It may also be helpful to obtain traction films to understand the true size of the proximal segment and 
to look for pathologic lesions. Radiographs should be carefully inspected for associated fractures, especially one that involves the femoral neck. In high- 
energy trauma patients, CT scans of the pelvis are often obtained prior to orthopaedic consultation. Creating a protocol for fine cuts of the femoral necks in 
these situations will allow for close scrutiny of the femoral neck and pelvic ring for injury. Patients presenting with bisphosphonate-related fractures should 
have imaging of their contralateral femur to assess for lateral cortical thickening with or without medial beaking or a “black line,” in the subtrochanteric 
region, which may denote an impending fracture (Fig. 55-1). 


D, E 

Figure 55-1. Preoperative AP (A) and lateral (B) views of a patient who sustained a bisphosphonate-related subtrochanteric femur fracture. Notice the cortical 
thickening commonly associated with these atypical fractures. C, D: Postoperative images demonstrate bony union following treatment with a locked trochanteric entry 
IM nail. E, F: Radiographs obtained during follow-up demonstrate a nondisplaced stress fracture of her contralateral femur with notable cortical thickening. Although 
this fracture could have been treated with standard proximal locking in the lesser trochanter, fixation that protects the femoral neck and provides better purchase in the 
femoral head is recommended in this elderly, osteoporotic patient population. 


CLASSIFICATION OF SUBTROCHANTERIC FEMUR FRACTURES 


Multiple classification systems have been developed to help understand subtrochanteric femur fracture patterns and guide treatment. The majority of these 
systems call attention to the integrity of the proximal fragment, fracture geometry, and the presence of comminution. The Russell—Taylor classification (Fig. 
55-2) system focuses on two distinctive features of the proximal segment: Fracture extension into the piriformis fossa and involvement of the lesser 
trochanter. The value of this classification system is primarily historical given the shift in treatment of subtrochanteric fractures toward IM fixation with 
trochanteric entry nails; however, it may influence the locking configuration of the nail. The Orthopaedic Trauma Association (OTA) system broadly 
classifies subtrochanteric femur fractures based on oblique, transverse, or multifragmentary (Fig. 55-3). 


Subtrochanteric Femur Fractures: 
RUSSELL—TAYLOR CLASSIFICATION 


Type Description 

1 Fracture does NOT involve the piriformis fossa 
1A Fracture extends below the lesser trochanter 
1B Fracture involves the lesser trochanter 

2 Fracture DOES involve the piriformis fossa 


2A Fracture has stable medical buttress 


2B Fracture has unstable medial buttress 


II-A 


Figure 55-2. The Russell-Taylor classification system, which focuses on two distinctive features of the proximal segment: fracture extension into the piriformis fossa 
(I vs. II) and involvement of the lesser trochanter (A vs. B). 


32-A1.1 32-A2. 1 32-A3.1 


32-B1.1 32-B2.1 32-B3.1 


Figure 55-3. The OTA/AO fracture classification system, which is based on fracture location, geometry, and the presence of comminution. (Reprinted with 
permission from Fracture and Dislocation Classification Compendium—2018 International Comprehensive Classification of Fractures and Dislocations Committee: 
Tibia. J Orthop Trauma. 2018;32(Suppl 1):S49-S60.) 


OUTCOME MEASURES FOR SUBTROCHANTERIC FEMUR FRACTURES 


Bony union at the fracture site generally determines success of treatment; however, in order for this union to generate optimal functional results and patient 
satisfaction, careful attention must be paid to restoring length, alignment, and rotation of the femur. There are no injury-specific outcome scores for 
subtrochanteric femur fractures, but the Short Form Health Survey (SF-36) physical function and mental health outcome scores are applicable. The 
University of California, Los Angeles (UCLA) and Tegner scores provide validated measures for determining return to preinjury functional status as well, 
especially in young active patients. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO SUBTROCHANTERIC FEMUR 


FRACTURES 


The anatomy of the subtrochanteric region of the femur plays an important role with respect to fracture deformity and the mechanical demand of the fixation 
construct used to treat the fracture. Significant fracture displacement occurs secondary to the pull of the iliopsoas, gluteus medius, and short external rotators 
on the proximal fracture segment. These muscles pull this segment into a position of flexion, abduction, and external rotation relative to the distal segment 
(Fig. 55-4). Furthermore, the unopposed pull of the adductors on the distal segment often leads to femoral shortening. These deforming forces need to be 
overcome in order to achieve an anatomic reduction. The subtrochanteric portion of the femur contends with the highest compressive and tensile forces in 
the human skeleton (Fig. 55-5). Fixation constructs used to treat subtrochanteric fractures must be able to tolerate these loads cyclically and maintain 
reduction during fracture healing. Comminution of the medial cortex increases the demand of the fixation construct, surpassing loads of 1,200 lb per square 
inch (in a 200-lb person). Varus malreduction also leads to an increased mechanical stress on the fixation construct by altering the weight-bearing force 
vector through the proximal segment and contributing to higher compressive forces on the medial cortex. The appropriate relationship between the tip of the 
greater trochanter and femoral head can be appreciated on the unaffected side, as viewed on an AP pelvis radiograph, and should be restored to prevent a 
varus malreduction (Fig. 55-6). 


Figure 55-4. Following a subtrochanteric femur fracture the proximal segment is pulled into a position of flexion, abduction, and external rotation secondary to the 
pull of the muscles attaching to the greater trochanter. The shaft segment is usually adducted and shortened. 


Figure 55-5. Diagram of the forces expressed in pounds per square inch experienced by the femur during weight bearing. Note the highest values recorded occur in 
the subtrochanteric region. (Reproduced with permission from Koch JC. The laws of bone architecture. Am J Anat. 1917;21:177-298. Copyright © Wiley.) 


Figure 55-6. Radiograph demonstrating a malunion following a varus reduction following a subtrochanteric fracture. Failure to accurately reduce the fracture and 
obtain a lateral starting point contributed to this malreduction. The relationship between the tip of the greater trochanter and the center of the femoral head should be 
reestablished to help prevent this complication. 


SUBTROCHANTERIC FEMUR FRACTURE TREATMENT OPTIONS 


NONOPERATIVE TREATMENT OF SUBTROCHANTERIC FEMUR FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Subtrochanteric Femur Fractures: 
INDICATIONS 


Indications 


e Refusal of surgical consent 
e Medically unacceptable surgical candidate 
e Nonambulatory patients 


Relative Contraindications 


e All other instances 


The indications for nonoperative treatment of subtrochanteric femur fractures are extremely limited secondary to the deformity created, the instability of the 
fracture pattern, and the poor outcomes associated with this treatment modality.4° Operative treatment is recommended in all instances unless surgical 
consent is refused or the patient is deemed an unfit surgical candidate secondary to a prohibitive medical comorbidity. In addition, nonambulators or hemi- 
and quadriplegic patients can also be considered candidates for nonoperative treatment, although operative fixation in these scenarios may still decrease 
rates of pulmonary complications, wound complications decubitus ulcers and allow for easier, hygiene and patient transport with a stable long bone. 


Techniques 


Nonoperative treatment for subtrochanteric femur fractures consists of bed rest. Traction with the limb positioned in 90 degrees of hip flexion and 90 
degrees of knee flexion is a historical treatment that is no longer recommended in favor of superior results with operative intervention. However, if 
nonoperative treatment is needed traction for several weeks while in bed (in conjunction with mobilization) may help to maintain position and comfort 
depending on the displacement of the fracture. 


Outcomes 


As nonoperative treatment has become a predominantly historical treatment for subtrochanteric femur fractures, there have been no recent contributions to 
the literature concerning the results of this method. The most recent results of nonoperative treatment published in previous series are reported as a 
subsection of a mixed patient cohort. Seinsheimer*! treated 16% of patients in his series with traction and noted a union rate of 100%; however, five patients 
healed with 15 to 29 degrees of varus angulation. Furthermore, the nonoperative subgroup was subject to selection bias with an average age of 34 years, as 
the author cautioned against the disastrous complications of treating the elderly with prolonged bed rest.?9 


OPERATIVE TREATMENT OF SUBTROCHANTERIC FEMUR FRACTURES 


Indications/Contraindications 


All patients with a subtrochanteric femur fracture who do not have a prohibitive medical comorbidity should be considered for operative treatment. Patients 
who are nonambulatory can be treated nonoperatively as they do not stand to benefit from functional gains in improved alignment; however, a varus 
malunion may interfere with perineal care, especially in the setting of a previous adduction contracture. In the acute period following operative intervention, 
even nonambulatory patients may benefit from stabilization as it may allow for decreased pain during transport and hygienic care. In such cases, operative 
intervention is generally preferred. 

Operative fixation options include both nailing and plating techniques, which will serve as the focus of the remainder of the chapter. Given the shorter 
lever arm and load-sharing characteristics of IM nails, they are the preferred implant in the majority of cases. A biomechanical study comparing 
cephalomedullary nails, proximal femoral locking plates, and 95-degree blade plates in a subtrochanteric fracture model using cadaveric femora 
demonstrated less varus collapse, a greater load to failure, a greater number of cycles until failure, and a higher force at failure for the nail construct.° 
Despite the biomechanical advantages inherent to nailing, plating techniques may continue to have a role in treating simple fracture patterns with very short 
proximal segments amenable to an anatomic reduction. Plating techniques may also be useful in cases of nonunion around a nail. 

External fixation of subtrochanteric fractures is reserved as a temporizing strategy in the polytraumatized patient and should not be used for definitive 
treatment unless in a resource-poor environment. Hip arthroplasty remains a treatment option in neglected trauma, nonunion, or in cases of pathologic 
fractures with extensive neoplastic involvement of the proximal segment precluding support of implanted hardware. 


Open Reduction and Internal Fixation (ORIF) With Intramedullary Nailing 
Preoperative Planning 


ORIF of Subtrochanteric Femur Fractures With Intramedullary Nailing: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Fracture table (supine) or flat Jackson table (lateral) 
Position/positioning aids LJ Supine on a fracture table with the contralateral leg in the lithotomy position, the scissored position, or lateral decubitus. 
Fluoroscopy location LJ Enters field between the legs if set up on a fracture table with abducted legs, the opposite side of the table for the scissored 


position, or approaches from the anterior side of the pelvis if in a lateral position. Both require fluoroscopy positioned on the 
contralateral side of the table. 


Equipment LJ Bone reduction clamps: large lobster claws, Lowman clamp, collinear reduction clamp, Schanz pins, finger reduction tool, 
cannulated awl 
Retractors: Bennett, Homan, and Deaver 
Cerclage cables, Cobb elevator, bone hook, intramedullary nail system with appropriate size and locking options 


Tabletop bender 


Preoperative planning begins with a thorough review of the available imaging. The fracture geometry should be understood, and the integrity of the femoral 
neck, greater trochanter, lesser trochanter, and calcar should be evaluated. The patient’s bone quality should be grossly assessed. The magnitude of the 
deformity should be gauged and the appropriate reduction maneuvers anticipated. The contralateral hip should be imaged and the neck-shaft angle should be 
measured. The diameter of the IM canal should also be measured and an IM nail system with appropriate sizing options should be selected. The anterior 
femoral bow should also be considered. In cases of excessive anterior bowing, the nail may need to be bent, in which case a tabletop bender should be 
available. Preoperative assessment of the well leg femoral rotation should be performed to help confirm anatomic restoration if comminution or bone loss 
prevents an adequate read at the fracture site. In addition, a fluoroscopic examination can be performed on the well leg to help determine anatomic rotation 
using a quantitative approach. A true lateral view of the knee is obtained and then the fluoroscope is translated to the hip, while maintaining the device’s 
rotation. A lateral image of the hip is then obtained. The anteversion of the hip is subsequently measured by calculating the difference in rotation as 
measured by fluoroscopy so that it can be imparted to the affected hip before nail locking.*° A qualitative approach to evaluating rotation can also be used. 
For this method, a true lateral of the well-knee is obtained followed by an AP view of the hip during which the profile of the lesser trochanter is noted. 
Following insertion of the nail on the injured leg, a true lateral of the knee can be maintained with rotational adjustments made to then match the profiles of 
the lesser trochanters. !® 

The questions that remain for the treating surgeon once a nail has been selected as the implant of fixation include the nail entry point and locking screw 
configuration. Two entry point options exist: piriformis entry and trochanteric entry. Good results have been reported for both techniques?®3?; however, 


trochanteric starting points are easier to access due to their lateral location. In addition, this location renders comminution involving the piriformis fossa 
irrelevant. Furthermore, use of a trochanteric entry nail has been shown to have lower revision rates due to malrotation; here, many cephallomedullary nail 
(CMN) options can also assist in using the inherent, known anteversion of the implant to help dial in the correct version.*! 

Multiple locking options exist for current nail systems and include a single screw into the lesser trochanter, a large cephalomedullary screw, two screws 
up the femoral neck into the head (recon mode), and a cross-screw configuration with one screw up the femoral neck into the head, and another into the 
lesser trochanter (Fig. 55-7). In older individuals or people with poor bone stock, a large-diameter cephalomedullary screw is usually selected for enhanced 
fixation from the larger thread size. In younger patients with good bone stock, locking options that avoid a large screw tract through the femoral neck are 
preferred. A recent biomechanical study performed in a subtrochanteric fracture, Sawbones™ model, demonstrated that a crossed-locking screw 
configuration had a higher load to failure and a greater overall stiffness when compared to a standard recon configuration in the same trochanteric entry 
nail.!2 However, caution must be used in interpreting this data before recommending a change from the more traditional locking techniques as the mode of 
failure of sawbones is not the same as in vivo and two screws in the head provide excellent clinical success and there has been no reported difference in 
patients. 


Positioning 


Two primary positioning options exist for IM nailing of subtrochanteric fractures: supine and lateral decubitus. Supine positioning is performed on a 
fracture table. The patient is placed on the fracture table and translated distally until there is firm contact between the perineum and the perineal post, which 
should be generously padded. The patient’s injured foot is padded, wrapped in a self-adherent dressing, and placed in the traction boot. The well leg is 
placed in the lithotomy position, appropriately padded, and secured to the leg holder; conversely, the well leg can also be kept adducted and “scissored” in 
extension in a foot holder or secured to the central beam with a pillow and an adhesive wrap. Fluoroscopic views of the proximal segment are then obtained 
to ensure that adequate intraoperative imaging is possible. The fluoroscope enters the field between the patient’s legs (or from approximately 30 degrees if 
scissored) for an AP view of the hip and femur. The image is then rotated under (or around if scissored) the affected leg to obtain lateral views. The affected 
leg is shaved and cleansed with alcohol. A surgical preparation is subsequently performed with either an iodine-based or chlorhexidine solution. A shower 
curtain-type drape or free draping is then applied to the patient and the procedure is initiated following the surgical pause. 


Figure 55-7. Radiograph demonstrating a crossed-locking screw configuration in a trochanteric entry IM nail. 


In centrally obese patients, the lateral decubitus position is most helpful as it allows better matching of the distal segment to the flexed proximal 
fragment while eliminating the steric hindrance of the torso while doing the procedure. It is not as physiologically friendly, however. Lateral positioning 
usually employs a flat top radiolucent table. The well leg is padded below the lateral malleolus and fibular head and an axillary roll is tucked underneath the 
patient. The pelvis is stabilized with the use of a beanbag, table attaching hip rests, or a pegboard. The fluoroscope enters the field from the anterior side of 
the patient. Skin preparation proceeds as indicated above and the affected leg is draped free with two impervious U-drapes and an extremity drape. 
Impervious stockinette is placed over the foot and covered in a self-adhesive wrap. 

Proponents of the lateral position note that obtaining a reduction in heavier individuals is facilitated by enabling the distal fragment to flex, thereby 
matching the deformity of the proximal segment. It also allows easier access to the start point, as the pannus is able to fall away from the insertion point. 
The authors, however, contend that a supine position on a fracture table requires less assistance for limb management, facilitates fine-tuning of fracture 
reduction, and allows for easily obtained, clear, lateral, fluoroscopic views of the proximal femur. Finally, polytrauma patients on spine precautions, chest 
injury, or with thoracostomy tubes may not be able to tolerate lateral positioning. The remainder of the discussion regarding IM nail surgical technique will 
therefore be from the perspective of performing the procedure in a supine position on a fracture table. 


Technique 


KEY SURGICAL STEPS 


,/ | ORIF of Subtrochanteric Femur Fractures With Intramedullary Nailing: 


Attempt closed or percutaneous reduction 

Open at the fracture site and gain control of proximal segment if necessary for reduction 

Position proximal segment to facilitate perfect starting point for nail 

Obtain starting point and perform entry reaming paralleling the lateral cortex and centrally on the lateral image 
Advance ball-tipped guidewire to fracture site 

Reduce and clamp fracture if required 

Advance guidewire, measure nail length, sequentially ream to 2 mm over the size of the nail 

Insert nail 

Lock nail proximally 

Confirm rotational alignment and length, and lock nail distally 


There are several tips and tricks to perform definitive fixation in a controlled, efficient manner (Fig. 55-8).^ Attempts at closed reduction are performed 
briefly using the traction table, an F-shaped reduction tool, and an anterior-directed leg support for the distal segment. If adequate reduction cannot be 
achieved readily through closed means, then the decision to perform an open reduction should be made expeditiously. The degree to which the fracture is 
“opened” depends on the magnitude of deformity. In general, a stepwise approach is used beginning with small percutaneous stab wounds are used initially 
to facilitate clamp placement or the introduction of a picador or Cobb elevator to overcome deforming forces and achieve a reduction. If such attempts also 
fail to produce an anatomic reduction, then a small incision is made directly over the fracture so that a reduction can be achieved. It is better to make a small 
incision, use an adjunctive reduction maneuver, and nail the fracture in a well-aligned position than to sacrifice an anatomic reduction simply to avoid 
making an additional incision. Fluoroscopy is used to localize the fracture and plan the appropriate incision. It cannot be emphasized enough that there is a 
very low threshold to open and clamp the fracture to allow for efficient and accurate nailing.! Ideally, a single incision is utilized for both fracture reduction 
and the placement of locking screws. This is achieved by overlaying the jig over the skin to mark out the location of the necessary incision for the lag screw. 
However, if this cannot be accomplished, then an adequate skin bridge should be planned. Sharp dissection is performed through the skin, subcutaneous 
tissue, and fascia. Blunt finger dissection is then carried down through the vastus lateralis to the proximal fragment. Great care should be taken to avoid 
excessive stripping of soft tissues at the fracture site in order to mitigate risk of nonunion. A clamp is used to gain control of the proximal segment and the 
deforming forces are opposed so that the proximal femur is placed in an anatomic position or a position of exaggerated adduction to facilitate achieving a 
starting point for the nail (Fig. 55-9). If the fracture pattern is amenable, a collinear clamp can be a powerful tool to obtain and maintain reduction during 
nail placement. Commonly, the fracture plane is anterosuperior to posteroinferior. This pattern favors reaming out the posterior aspect of the proximal 
fracture leading to malalignment. In these cases, a clamp to hold the reduction during nailing is routine. Cerclage wires have also been described but must 
be carefully placed to avoid damage to the sciatic nerve and the femoral artery. 


8. A: AP fluoroscopic image of a 72-year-old community ambulator following a ground-level fall. Of note, the patient was on bisphosphonates for a total 
duration of 6 years prior to presentation. B: Following closed reduction on the fracture table, typical varus and external rotation (profile of the lesser trochanter seen) of 
the proximal fragment as well as flexion of the proximal fragment seen on the lateral view are typical deformities seen in subtrochanteric femur fractures. C: A medial 
starting point is desired to avoid residual varus following IMN placement. D: If obtaining the starting point is difficult due to proximal fragment varus and external 
rotation, a Schanz pin can be placed in the medial calcar to help derotate the proximal fragment and obtain the starting point. In addition, a laterally based mallet can 
temporarily help adduct the proximal fragment to further gain access to the desired start point. To gain further access and more rigid control, a cannulated awl can help 


maintain wire position (E) in order to drive it into the correct orientation (F). G: The cannulated awl can also help facilitate facile switching of the starting guide wire 
to the long guide wire. It is important to note that prior to reaming, appropriate reduction must be maintained in order to avoid malreduction. Here, a ball-spike pusher 
(H) can help maintain reduction in the coronal plane, while the Schanz pin helps maintain reduction in the sagittal plane (I). Sequential reaming should take place with 
flexible reamers first, followed by a large-diameter flexible reamer that is slightly larger than the proximal body diameter of the given manufacturer’s nail. If placed in 
the appropriate position (in the concavity of the deformity), the medial Schanz pin (J) can also act as a “blocking pin” to accommodate further valgus and avoid varus 
for final nail position (K). 


A separate 3- to 5-cm incision for the starting point is made approximately 4 cm proximal and 1 to 2 cm posterior to the tip of the greater trochanter. 
These measurements are subject to variability depending on the body habitus of the patient. A guide pin from the nail set can be held over the skin under 
fluoroscopy to determine the anticipated trajectory of nail insertion and confirm the incision site selected. Sharp dissection is performed through the fascia 
and a heavy-curved scissor is introduced to the level of the trochanter and spread open to provide a less impeded path for instrumentation. The guide pin is 
then perched on the medial aspect of the greater trochanter on the AP view ( ) and centered on the lateral view. It is imperative that the starting 
point does not drift laterally, as this can contribute to a varus malreduction and comminute the lateral wall of the trochanter ( ). Ideally, with 
subtrochanteric fractures, a starting point on the medial aspect of the trochanter is desired in order to avoid varus*!; even using the manufacturer’s 
recommended starting point can lead to slight varus. The guidewire is advanced to the level of the lesser trochanter. A solid entry reamer is then placed over 
the guide pin and used to gain access to the IM canal. Both the guide pin and reamer are removed and a ball-tipped guidewire is advanced to the level of the 
fracture paralleling the lateral cortex on the AP view and against the anterior cortex on the lateral view. If a channel reamer is used it is left in place during 
the guidewire and distal reaming. 


Fluoroscopic image of a clamp being used to gain control of the proximal segment and counteract the deforming forces so that the proximal femur is 
placed in an anatomic position to facilitate an accurate starting point for the nail. 


Figure 55-10. AP radiograph demonstrating an appropriate starting point for a trochanteric entry IM nail. 


Attention is then turned toward achieving an anatomic reduction. A second clamp can be placed around the distal segment and visualization of the 
fracture can be achieved through the incision with the help of a well-placed Cobb elevator, Hohmann retractor, or Bennett retractor on the medial surface of 
the femur. Alternatively, fracture reduction can be assessed radiographically; additional tools such as a bone hook can be passed through the incision to 
assist with the reduction ( 2). The fracture can be held in a reduced position using a clamp ( 3) or a cerclage wire. Cerclage technique is 
particularly helpful when a butterfly fragment exists as it allows maintenance of anatomic reduction." 


Radiograph demonstrating a varus malreduction which, in this case, was the consequence of a starting point that was too lateral. 


Figure 55-12. Percutaneous reduction aids such as this bone hook can help oppose deforming forces and facilitate an anatomic reduction. 


Figure 55-13. Clamps can be placed percutaneously or through a mini-open approach to maintain a reduction during guidewire placement, reaming, and nail 
insertion. 


Once the fracture has been reduced, the guidewire is advanced to the level of the patella. A lateral view of the knee is checked to determine the position 
of the ball tip relative to the anterior cortex of the femur in order to prevent perforation. In older patients with excessive bow, it is important to position the 
guidewire centrally or even posteriorly on the lateral image. The length of the nail is then measured, and reaming is begun. In younger patients with good 
cortical bone stock, distal positioning of the guidewire centrally is usually sufficient to prevent a fracture at the tip of the nail from anterior cortical 
perforation. In older patients, additional measures are sometimes warranted as the poor cortical bone stock may allow instrumentation or hardware to drift, 
resulting in an intraoperative fracture. In patients with capacious IM canals, the first reamer is passed through the length of the guidewire; however, 
subsequent reamers are passed only through the femoral isthmus thereby decreasing the risk of anterior cortical perforation. Furthermore, if an excessive 
anterior bow is noted preoperatively, the nail may be bent additionally using a large tabletop press to accommodate this anatomy. A nail diameter 1 to 2 mm 
less than the diameter of the first reamer to obtain good “chatter” is selected. Typically, a 10-mm nail is used. In patients with poor bone stock, we avoid 
reaming distal to the isthmus to prevent any risk of an anterior cortical perforation. The nail is introduced into the IM canal and advanced in a controlled 
manner ( 5-14). An AP view of the hip is obtained to assess appropriate depth of nail insertion to ensure that locking screws are entering the nail at the 
appropriate position relative to the femoral head and neck ( ). Many systems have an outrigger that can remove the parallax of the image and 
confirm perfect placement. Proximal locking in the head should never be performed without a perfect lateral view showing the nail in the center of the head 
and neck, and in the center of the jig. This will define the plane of the screw will be perfect in the AP direction. 


B 
Figure 55-14. A: Clinical photograph of nail insertion with a clamp in place through a mini-open approach to the fracture site. B: Radiographic image taken 
concurrently. 


If comminution or bone loss has precluded an anatomic read of the fracture, rotation, and length should be assessed before locking the nail. Length is 
straightforward to assess intraoperatively in the lateral position, while it is best measured in the well leg preoperatively when the patient is being treated in 
the supine position on a fracture table. Rotational assessment should also be assessed preoperatively via a fluoroscopic examination as noted above (see 
Preoperative Planning). 

The nail is locked proximally and then distally. In most cases, static-locking options are selected distally; however, in cases with simple transverse 
fracture patterns, a distal dynamic option may be considered. Care should be taken to not rotate the distal segment on the nail after proximal locking has 
occurred in transverse fractures, as this will compromise rotational alignment. 

The wounds are copiously irrigated and the fascia is closed with an absorbable braided suture when treating closed fractures. Nonbraided absorbable 
sutures are used for open fractures. Skin is generally closed with staples and sterile dressings are applied. Before waking the patient from anesthesia, it is 
imperative that a maximal internal rotation view is obtained to verify the absence of a femoral neck fracture. Furthermore, length, rotation, and knee 
stability should be evaluated. If a malrotation greater than 15 degrees or a leg length discrepancy greater than 2 cm is noted, surgical revision should be 
performed under the same anesthetic. 


Figure 55-15. An AP view of the hip obtained to assess appropriate depth of nail insertion, ensuring that locking screws are entering the femoral neck and head at the 
appropriate position. 


Following IM nail placement, most patients are allowed to weight bear as tolerated. Exceptions occur in patients with an absence of bony contact at the 
fracture site or segmental bone loss. These patients are restricted to 30 lb of partial weight bearing for 6 to 12 weeks, depending on bone quality patient 
weight, and fracture geometry, and then advanced to weight bearing as tolerated. Deep vein thrombosis (DVT) prophylaxis is initiated on the first 
postoperative day and routinely continued for 6 weeks or until the patient is mobilizing well. Patients return to the office for a wound check 2 weeks 
following their surgery and are subsequently seen with radiographs at 6 weeks, 3 months, 6 months, 1 year, and 2 years. 


Subtrochanteric Femur Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Varus malreduction e Avoid a lateral starting point 
e Obtain and maintain a reduction before and during reaming 


Rotational malreduction e Obtain anatomic reduction 
e Assess contralateral hip anteversion relative to a lateral view of the knee preoperatively and recreate with fixation 
construct 
Leg length discrepancy e Obtain anatomic reduction 


e Measure the well leg preoperatively and recreate with fixation construct 


Missed ipsilateral injury e Obtain fine cut CT of hip/pelvis at time of injury and internal rotation view of the hip to rule out femoral neck fracture 
prior to fixation. Use the capsular sign. 
e Perform ligamentous knee examination to rule out instability 


The main pitfalls that are under the surgeon’s control and must be avoided in the treatment of subtrochanteric femur fractures include varus malreduction, 
rotational deformity, limb length discrepancy, missed femoral neck fracture, and missed knee ligamentous injury. Varus malreduction is primarily addressed 
by achieving an appropriate starting point for nail entry, keeping in mind that a starting point too lateral will accentuate a varus malreduction.?° Eccentric 
reaming can also contribute to a varus malreduction and should be avoided by obtaining and maintaining a reduction prior to canal preparation. Rotational 
and length mismatch can be avoided by obtaining an anatomic reduction. In instances where fracture comminution precludes an anatomic reduction, 
assessment of the well leg prior to surgery can help avoid length or rotational mismatch. Furthermore, clinical evaluation should be performed following the 
surgical procedure, before exiting the operating room, to ensure length, alignment, and knee stability. Ipsilateral femoral neck fractures should be 
investigated prior to surgery with available imaging and again at the conclusion of the surgical procedure with an internal rotation view of the hip. A 
ligamentous examination of the knee should also be performed following fracture fixation so that injuries can be identified and addressed. 


Plating 
Preoperative Planning 


Patient selection is important when selecting plating as the treatment option for subtrochanteric femur fractures. Short proximal fragments with simple 
fracture patterns amenable to an anatomic reduction are the best candidates for this fixation method, as poor results have been reported in cases with 
posteromedial comminution.°® Other relative indications include a small IM canal, deformity that would not accommodate available nails, or significant 
pulmonary trauma that would be additionally compromised by reaming and IM instrumentation. Relative contraindications include poor skin condition over 
the fracture site and bisphosphonate-related subtrochanteric femur fractures, as these have demonstrated extremely poor results with locked femoral plating 
techniques.” Radiographs should be scrutinized, and a preoperative plan should be generated as with plating performed at any anatomic location. Short 
oblique fractures benefit from a lag screw either through the plate or as an auxiliary screw. 


Positioning 


The patient should be placed supine on a fracture table with the affected leg padded in a traction boot and the well leg padded in a lithotomy position. This 
position ensures adequate fluoroscopic imaging in the AP and lateral planes. Conversely, positioning in the lateral decubitus position on a flat radiolucent 
table may assist in more facile exposure. 


Technique 


| / PSE of Subtrochanteric Femur Fractures: 


KEY SURGICAL STEPS 


VE decubitus positioning preferred 

Ensure you can readily obtain adequate biplanar fluoroscopic imaging prior to start 

Open, proximal femoral approach, releasing origin of the vastus lateralis to expose (but not strip) the proximal femur 

Soft tissue friendly approach 

Beware of perforators and coagulate as needed. Use closed passage of plates when possible 

Obtain open reduction, temporary fixation with clamps, large Kirschner wires, or miniplates anteriorly 

Plating requires anatomic reduction prior to implant placement 

If simple fracture, compression will aid in the healing prognosis 

Use appropriate length plate to distribute load along proximal femur; avoid too rigid of construct (hybrid fixation distally) 


A direct lateral approach is made over the flare of the trochanter deepened through the skin, subcutaneous tissue, and tensor fascia lata. The vastus lateralis 
is elevated in a submuscular fashion from its origin on the vastus ridge and the lateral femur. The surgeon should be careful to avoid any broad-tipped 
(Bennett-type) retractors medially, and if possible, no medial dissection should be performed. It is important that any plating technique involves as much 
“indirect” reduction as possible. Typically, manipulation of the proximal fragment can be performed with simple clamps or joysticks, avoiding large broad- 
based circumferential clamping techniques, which may further strip soft tissues. All modern plating techniques share several common principles. The 
proximal fixation must be placed accurately into the femoral head when using a blade plate, a dynamic hip screw (DHS), a dynamic condylar screw (DCS), 
or a proximal femoral locking plate with multiple points of fixation. Proximal locking plates incorporate the sagittal contour of the femur and are much 
easier to place long. If the femur is anatomically reduced, then the plate is simply placed in the correct position. Alternately, if the proximal femur fracture 
is complex, the plate may be used to gain the reduction. The plate must be positioned in the exactly correct position on the proximal fragment and then it is 
reduced to the shaft to align the femur. This “self-aligning” indirect reduction technique is predicated on perfectly positioned fixation in the proximal 
fragment (Fig. 55-16). The neck-shaft angle will be accurately restored only if the proximal fixation is accurately placed. Preoperative templating facilitates 
accurate placement. In simple fractures, compression is then applied with an articulating tension device or other clamp-based techniques and side plate 
screws are placed in the usual fashion in compression mode. Due to the inherently unfavorable biomechanics when using plates in this anatomic region, 
compression that creates a load-sharing construct is desirable. The most important part of any construct is bone-to-bone contact. 

The specific surgical techniques for implanting any plate such as a sliding hip screw, DCS, blade plate, or proximal femoral locking plate involve 
accurate biplanar fluoroscopic vigilance. The relationship between the tip of the trochanter and the center of the femoral head should be very carefully 
scrutinized to avoid any varus as regardless of the implant this is a risk factor for failure. After the plating is completed, the wound is irrigated and closed in 
layers in the usual fashion over a suction drain. The patient is placed in a lightly compressive dressing. Plating is best reserved for the nonunion/malunion 
clinical scenarios as most fractures can be treated acutely with a CMN (Fig. 55-17). When using the Synthes proximal femoral locking plate, recent reports 
of high rates of failure have led the authors to nearly abandon that technique. !®:3144 


. Accurate implant positioning in the proximal fragment allowing for a “self-aligning” indirect reduction technique. 


A N B 


Figure 55-17. A: A varus malreduction that resulted in nonunion. Varus reduction is a significant risk factor for delayed and nonunion of subtrochanteric fractures. B: 
Radiograph demonstrating a revision of the nonunion with blade plate fixation. Note the restoration of the relationship between the femoral head and the tip of the 
greater trochanter. 


Postoperative Care 


When plating techniques are used, the authors typically recommend a limited weight-bearing protocol for 6 to 12 weeks until some radiographic healing is 
noted. At that point, a gradual progression to weight bearing is allowed; however, this decision should be made primarily based on bone quality and the 
fracture pattern, specifically whether any medial comminution exists. 


Potential Pitfalls and Preventive Measures 


When plating techniques are used, it is critical to perform these in a biologically friendly fashion so that only the lateral aspect of the femur is visualized by 
the surgical dissection. Plating techniques are biomechanically inferior to IM nailing and, although they can be used effectively, they are very dependent on 
indirect reduction (and bony contact to allow load sharing) to allow rapid healing and avoid hardware failure. 


Authors’ Preferred Treatment for Subtrochanteric Femur Fractures ( 


Subtrochanteric femur fracture 
Fracture table 


Long, trochanteric anterograde Rotationally stable construct: (ie, integrated type, 
locked cephallomedullary nail lag screw + antirotational type) 


Adjuncts/aide in reduction 


e Mini-open/clamp-assisted 
e Medial start point 

e Cerclage cable 

e Schanz pins 

e Finger reduction tool 

e Ball-spike/picador 


Algorithm 55-1 Authors’ preferred treatment for subtrochanteric femur fractures. 


The authors’ preferred treatment for all subtrochanteric fractures is a locked, trochanteric entry IM nail performed in a supine position on a fracture 
table as described above. This treatment method has demonstrated reliability in all patient populations presenting with a subtrochanteric fracture and, 
even if combined with a mini-open clamp-assisted reduction, is less invasive than plating techniques. 


Outcomes 
ORIF With Intramedullary Nailing 


The results following the surgical treatment of subtrochanteric femur fractures generally demonstrate a high rate of clinical union and a low rate of 
reoperation. Malalignments are not infrequent, and these surgeries can be difficult with long operative times and significant blood loss. Mini-open 
clamp-assisted reduction including the use of cerclage wires has not been associated with additional risk of adverse outcomes and can prevent 
malalignment. t35 

Results of subtrochanteric femur fracture fixation are most effectively reported when stratified based on energy mechanism, patient type, and 
method of fixation. High-energy fractures in a young patient population have been shown to have good outcomes with treatment via nailing techniques. 
An early series of 95 predominantly high-energy fractures treated with piriformis entry nails demonstrated union in 99% of patients occurring at a mean 
of 25 weeks.?? A more recent series treating high-energy fractures with a cephalomedullary implant also demonstrated good results, with a union rate of 
100% in patients not lost to follow-up.?? 

Although reported rates of nonunion following IM nail fixation of subtrochanteric femur fractures are low, these complications require advanced 
reconstruction techniques when they occur. de Vries et al.” reported the surgical treatment of 33 subtrochanteric nonunions with a blade plate and noted 
union in 32 instances at an average of 5 months; however, 5 complications requiring reoperation occurred in this series. The majority of patients in this 
series demonstrated good to excellent functional hip scores. Another series of 23 subtrochanteric nonunions reported by Haidukewych et al.!4 
demonstrated a similar rate of union (95%) achieved via revision fixation using a variety of constructs including IM nails in 15 cases, blade plates in 5, 
a dynamic condylar screw in 1, a sliding hip screw in 1, and dual large-fragment plates in 1. Eighteen patients in this series required bone grafting and 
no intraoperative complications were reported. 

Older patients with low-energy trauma treated with IM nails have also been shown to have favorable results in most cases; however, a higher 
complication and reoperation rate have been described in this population. In addition, these patients have a substantial perioperative mortality rate, 
which should be communicated to the patient and the patient’s family during the course of their treatment. In their series of 302 low-energy 
subtrochanteric fractures treated with cephalomedullary nails, Robinson et al.?9 noted a 25% mortality rate at 1 year. Of the surviving patients, union 
was achieved in 98%; however, 7% of patients required a nail revision, 5 deep infections occurred, and 5 fractures occurred distal to the original nail 
inserted. Furthermore, 42% of patients reported residual hip pain, although only 2 patients reported this pain as disabling. 

Bisphosphonate-related subtrochanteric fractures also require special consideration, as results following their surgical fixation have been shown to 
be associated with a higher complication rate, including intraoperative fracture in 21%.?° In addition, these fractures may result in higher rates of 
delayed union and nail revision.?” These fractures have been noted to occur bilaterally in up to 44% of patients.!” It is crucial to screen for a 
contralateral stress reaction as they have been shown to progress to spontaneous fractures especially if associated with thigh pain.* Furthermore, the 


hospital stay and cost following urgent treatment of these fractures is longer than that following prophylactic fixation.? This problem is further 
delineated in a Chapter 56. 


Plating 

The biomechanical and clinical outcomes following plating of subtrochanteric fractures have generally been inferior to those demonstrated with nailing 
techniques.*:2-10.19.26.30 Prior to the recent generation of locked plating techniques, previous plate designs including 95-degree angled blade plate and the 
DCS were implemented in the treatment of subtrochanteric fractures. A study by Kinast et al.2° demonstrated the results of using a blade plate with 
either direct or indirect reduction techniques. They noted a delayed or nonunion in 16% of patients undergoing direct reduction, compared to a 0% rate 
in the indirect reduction group. These excellent results, however, were difficult to reproduce in other series. Brien et al.* compared the Zickel nail, 95- 
degree blade plate, and an interlocking nail in another clinical series and noted a mal- and nonunion rate of 32% in the blade plate group. DCSs were 
also utilized as an alternative to blade plates, postulated to be an easier and more forgiving form of instrumentation. In a series of 16 patients treated 
with DCSs, Pai?? noted a union rate of 94%; however, varus collapse and shortening were noted in cases with medial comminution. 

While locked proximal femoral plates were conceived as a means to address the technical difficulty associated with fixed-angle plates and provide a 
more rigid construct than DCSs, the results following their use have been disappointing.*!! A 26% treatment failure rate has been reported with these 
implants and poorer results have been associated with increasing age, tobacco use, and varus malalignment.® As noted above, these implants have also 
had a poor track record in instances of posteromedial comminution*® and bisphosphonate-related fractures.74 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 


SUBTROCHANTERIC FEMUR FRACTURES 


Subtrochanteric Femur Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Malunion 
e Nonunion 
e Infection 


MALUNION 


The incidence of malunion is probably higher than reported. Malunion can result in a varus alignment to the proximal femur, which decreases abductor 
efficiency due to a more proximal position of the greater trochanter (Fig. 55-18). This can also affect limb length and clinical rotation.'° The amount of 
deformity that is problematic remains undefined, so the surgeon will have to individualize treatment decisions based on patient complaints and physical 
examination. There are no large published series on the management of proximal subtrochanteric malunion; however, corrective osteotomy may be 
indicated if the deformity is severe. Implant choice for corrective osteotomy will depend on the previously placed implants, available bone quality, and 
defects in the femoral head. The authors prefer to use a 95-degree angled blade plate in this situation since the plate can be placed in the proximal fragment, 
and a corrective osteotomy performed at the apex of the deformity; when the plate is reduced to the femoral shaft, correct alignment is usually obtained, 
similar to the technique used for indirect reduction of acute fractures. Also, a plate is an effective technique for maintaining corrected length, rotation, and 
alignment, which can be problematic with an IM nail in metaphyseal bone. The blade can typically be placed in the inferior femoral head, an area unlikely 
to be violated by previous internal fixation devices. 


NONUNION 


Nonunion is an uncommon but problematic complication of subtrochanteric fractures. The treatment of nonunion will vary; however, the surgeon must 
determine whether the fracture is aligned in a suitable fashion and can be treated with an exchange nailing or whether there is concomitant malalignment 
that will require debridement, mobilization, correction of deformity, and revision internal fixation of the nonunion (the latter occurring more commonly) 
(Fig. 55-19). If there is minimal varus deformity and enough room, adjunct plate fixation can allow for deformity correction and maintaining anatomic 
reduction to allow for facile nail exchange and promote bony healing (Fig. 55-20). In general, if the nonunion is well aligned and was previously nailed, 
then the authors prefer to perform an exchange nailing, with a larger-diameter nail, in a closed fashion. A nail with a different locking screw configuration 
into the proximal fragment will provide better fixation if bony defects from prior fixation are present (Fig. 55-21). If there has been hardware failure, the 
proximal fragment is short or if there is unacceptable malalignment, then the authors prefer an open plating technique with a 95-degree blade plate. Usually, 
an extensive open approach, removing all fibrous tissue from the nonunion site, mobilizing the fragments, correcting the deformity, and revising the fixation 
will be required. Several studies have demonstrated that successful union can be obtained as long as stable proximal fragment fixation can be obtained. 
The authors prefer to use bone graft or an osteoinductive bone graft substitute for atrophic nonunions or those with bony deficiency. Arthroplasty may have 
a role in the multiply operated nonunion in the elderly patient, especially if the proximal fragment has massive bone defects from prior fixation attempts or 
articular damage from screw cut out (Fig. 55-22). Arthroplasty in this setting has been shown to have a relatively high rate of complications including 
periprosthetic fractures and infections, the former of which has been shown to decrease with the use of longer femoral component stems.® 


3. Varus malunion of the proximal femur decreases abductor efficiency due to a more proximal position of the greater trochanter. This can also affect 
limb length and clinical rotation. 


Figure 55-19. Radiograph of a nonunion with significant malalignment, requiring removal of implanted hardware, debridement and mobilization of nonunion, 
correction of the deformity, and revision fixation. 


In the special circumstance of nonunion in the face of an atypical femur fracture, an open technique is most useful. Osteotomy of the lateral cortex and a 
takedown of the sclerotic region are needed. If a bone defect is present, grafting is recommended. A locking plate or blade plate may be used to gain 
maximal compression. Delayed weight bearing is necessary, typically 8 to 12 weeks. 


INFECTION 


Infection remains one of the most difficult complications to manage and is often associated with nonunion. Early postoperative infection is managed with 
debridement, retention of stable hardware, and a period of intravenous organism-specific antibiotics. For chronic infections or those with loose or broken 
hardware, the authors prefer to remove all hardware, thoroughly irrigate and debride the area (including reaming the femoral canal for those with prior IM 
nail fixation), and place the patient on a period of intravenous organism-specific antibiotics. IM antibiotic spacers can be useful as well to provisionally 
stabilize the subtrochanteric region. The authors use a metal ball-tipped guidewire or threaded Ilizarov rod as an endoskeleton and coat it with antibiotic- 
loaded bone cement. The definitive fixation with or without bone grafting is then performed after eradication of infection. This usually follows an extended 
course of PICC line and culture-guided antibiotic therapy administered in collaboration with an infectious disease specialist. Laboratory markers for 
inflammation (ESR and CRP) are checked 2 to 4 weeks following the completion of antibiotic therapy to check for normalization as a surrogate to gauge 
efficacy of treatment. For extremely unstable fractures, temporary external fixation can be useful until definitive fixation can occur. 


j . A 78-year-old woman approximately 10 months after initial treatment of a bisphosphonate fracture treated with a cephalomedullary device. She 
eponed courted pain with ambulation and activities of daily living. AP (A) and lateral (B) radiographs reveal nonunion with residual varus and flexion deformity. 
Infection work-up was negative and patient was indicated for revision fixation of the nonunion. The patient was placed in a lateral decubitus position, where an open 
approach to the proximal femur was performed. The initial implant was removed, the nonunion site was prepared until fibrous tissue was removed and bleeding bone 
was noted. C, D: Initial reduction and fixation was maintained with an anterolaterally based 3.5-mm locking plate with purposeful screw position to help “block” the 
old nail path, which was slightly too lateral. E, F: Final CMN placement allowed for anatomic reduction and uneventful, pain-free healing and function. 


ig 1. Radiograph of a revision nail showcasing a different locking screw configuration into the proximal fragment. This provides better fixation in the face of 
ae detec: inhestted from prior fixation. 


B 

22. A failed revision of a subtrochanteric nonunion with articular damage (A) was addressed with a long cemented proximal femoral replacement (B). 
Given the abductor deficiency a constrained liner was selected to improve hip stability. The primary indication for revision to an arthroplasty was the articular damage 
evident. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO SUBTROCHANTERIC 


FEMUR FRACTURES 


Subtrochanteric femur fractures represent a challenge to the treating surgeon secondary to the deforming forces that must be overcome to restore length, 
alignment, and rotation. The implant selected for fixation must also be able to withstand the high-load demands inherent to this anatomic location. Current 
IM nail designs have been shown to reliably result in union in the overwhelming majority of cases. 

Plating techniques to address these fractures have recently undergone a short-lived resurgence, which was aided by locking screw technology; however, 
clinical results employing these techniques have fallen far short of theoretical benefits. Research directed at understanding these shortcomings will help lead 
to improved implants and techniques for future treatment of patients. 

Advancements in nailing will likely focus on percutaneous reduction instruments and various proximal locking options to optimize proximal fragment 
fixation. In addition, computer navigation shows promise with respect to reducing the incidence of varus and rotational malunions. 

Improvements in revision arthroplasty technique, especially with regard to diaphyseal-engaging modular, tapered, fluted stems may play a role in the 
treatment of subtrochanteric nonunion. Future research will likely showcase these stems as the implant of choice in treating the multiply operated 
subtrochanteric nonunion. 

Finally, the emergence of bisphosphonate-related subtrochanteric fractures, and the higher rate of complications associated with treating them, present 
issues that require vigilance as the incidence of bisphosphonate use has increased during the past two decades. Dialogue and research efforts involving 
internists, endocrinologists, basic scientists, and orthopaedic surgeons should continue to determine the best way to administer bisphosphonates so that both 
fragility fractures and the adverse complications of medications prescribed to prevent them are avoided. 


Afsari A, Liporace F, Lindvall E, et al. Clamp-assisted reduction of high subtrochanteric Forty-four patients with subtrochanteric femur fractures were treated with antegrade, 

fractures of the femur. J Bone Joint Surg Am. 2009;91(8):1913-1918. statically locked intramedullary nails with clamp-assisted technique. Forty-three out of 44 
patients healed without complications. Authors exhibited reliable, reproducible reduction 
and fixation with desired results using this reduction technique prior to IMN. 


Banffy MB, Vrahas MS, Ready JE, Abraham JA. Nonoperative versus prophylactic Authors reported outcomes following nonoperative versus prophylactic fixation for 34 
treatment of bisphosphonate-associated femoral stress fractures. Clin Orthop Relat Res. patients with 40 femurs with coinciding bisphosphonate-related radiographic findings. 
2011;469(7):2028-2034. Nearly 80% of the patients treated nonoperatively eventually went onto fracture despite 


drug cessation leading the authors to recommend prophylactic fixation as the treatment 
recommendation of choice. 


Collinge CA, Hymes R, Archdeacon M, et al; Members of the Proximal Femur Working 
Group of the Southeast Trauma Consortium. Unstable proximal femur fractures treated 
with proximal femoral locking plates: a retrospective, multicenter study of 111 cases. J 
Orthop Trauma. 2016;30(9):489-495. 


Enocson A, Mattisson L, Ottosson C, Lapidus LJ. Hip arthroplasty after failed fixation of 
trochanteric and subtrochanteric fractures. Acta Orthop. 2012;83(5):493-498. 


French BG, Tornetta P III. Use of an interlocked cephalomedullary nail for 
subtrochanteric fracture stabilization. Clin Orthop Relat Res. 1998;(348):95—100. 


Haidukewych GJ, Berry DJ. Nonunion of fractures of the subtrochanteric region of the 
femur. Clin Orthop Relat Res. 2004;(419):185-188. 


Ostrum RF, Marcantonio A, Marburger R. A critical analysis of the eccentric starting 
point for trochanteric intramedullary femoral nailing. J Orthop Trauma. 2005;19(10):681— 
686. 


Park-Wyllie LY, Mamdani MM, Juurlink DN, et al. Bisphosphonate use and the risk of 
subtrochanteric or femoral shaft fractures in older women. JAMA. 2011;305(8):783-789. 


Pugh KJ, Morgan RA, Gorczyca JT, Pienkowski D. A mechanical comparison of 
subtrochanteric femur fracture fixation. J Orthop Trauma. 1998;12(5):324-329. 


Starr AJ, Hay MT, Reinert CM, et al. Cephalomedullary nails in the treatment of high- 
energy proximal femur fractures in young patients: a prospective, randomized comparison 
of trochanteric versus piriformis fossa entry portal. J Orthop Trauma. 2006;20(4):240— 
246. 


Yoon RS, Donegan DJ, Liporace FA. Reducing subtrochanteric femur fractures: tips and 
tricks, do’s and don’ts. J Orthop Trauma. 2015;29(Suppl 4):S28-S33. 


Yoon RS, Gage MJ, Galos DK, et al. Trochanteric entry femoral nails yield better femoral 
version and lower revision rates: a large cohort multivariate regression analysis. Injury. 
2017;48(6):1165-1169. 


One hundred twelve patients with unstable proximal femur fractures treated with proximal 
femoral locking plates, compiled data from 12 regional trauma centers. Authors reported a 
41.4 major treatment failure rate, including failed fixation with or without nonunion. The 
authors recommended careful implant selection and suggested utilizing potential 
alternatives when deciding treatment. 


Reporting on outcomes of 88 patients with trochanteric/subtrochanteric fracture failure 
treated with total hip or hemiarthroplasty, the authors reported a relatively high 
reoperation rate at 16%, noting the difficult and complexity of the surgery. However, 
when analyzing the use of long, diaphyseal-fitting stems, the complication rate decreased, 
leading to the recommendation to ensure the use of a long, diaphyseal stem in order to 
bypass any previous stress risers from previous implants. 


One of the first case series to report outcomes following use of the Russell—Taylor 
piriformis entry nail. Forty-five consecutive patients treated with this nail all went onto 
heal which led the authors to suggest that IMN may be the implant of choice in treating 
subtrochanteric femur fractures. 


The largest series of subtrochanteric nonunions reported in the literature. The authors 
reported a 95% union rate following revision internal fixation surgery, which consisted use 
of CMN, IMN, DCS, DHS, and dual plating techniques. 


Utilizing 21 cadaveric specimens, the authors tested 4 different types of trochanteric entry 
nails to analyze the final fracture position when comparing lateral, recommended, and 
medial start points. Consistently, even with the recommended start point, final fracture 
position still remained in slight varus, while with a medial start point, anatomic or valgus 
fracture position was noted. Lateral start points resulted in varus malreduction. 


In this case-controlled series of over 9,000 patients, the authors identified 716 patients 
with subsequent fracture in the proximal femur. Risk analysis noted an increased risk of 
fracture for those patients on bisphosphonates for over a 5-year treatment period, reporting 
an adjusted odds ratio of 2.74. 


Authors randomized 24 synthetic femora specimen into 2 groups of 12, comparing 
biomechanical strength between first-generation and second-generation IMN. Second- 
generation nails allowed for cephalomedullary fixation which proved to be significantly 
stronger than first-generation nails, which utilized a greater to lesser trochanteric locking 
configuration. 


Thirty-four patients were randomized to be treated with either a piriformis entry versus 
trochanteric entry nail. One of the first level I trials to compare the two nail types, the 
authors found no differences in operative time, blood loss, time in surgery, or outcomes in 
regards to union or complications. 


The authors outline several tips and tricks for efficiently obtaining and maintaining 
reduction. Tips, tricks, and avoiding pitfalls include ideal start point, use of Schanz pins, a 
finger reduction tool, a clamp, or cerclage wire are some of the recommended adjuncts 
when treating subtrochanteric femur fractures via IMN. 


In this large, retrospective multivariate data analysis, comparisons in femoral version and 
revision rates were compared between trochanteric entry, piriformis entry, and retrograde 
nails. Authors noted a significantly lower rate of malrotation and revision rates for 
trochanteric entry nails when compared to the other two nail types. 
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INTRODUCTION TO ATYPICAL FEMUR FRACTURES 


Atypical femur fractures (AFFs) are a relatively recently recognized entity in the orthopaedic trauma literature. Starting with Odvina’s case series in 2005 
demonstrating a specific radiographic pattern (Fig. 56-1) associated with minimal or no trauma and “severely suppressed bone turnover,”!!* a burst of 
research has emerged that attempts to further characterize this relatively rare event. Due to the morbidity and poor healing associated with these fractures, 
rising incidence in populations (particularly in Asians), and the association with bisphosphonates (BPs), AFFs became a critical issue in the lay press as well 
as the medical community, resulting in the convening of a task force by the American Society of Bone and Mineral Research (ASBMR). This task force 
released two consecutive documents!>*!55 that define the characteristics of AFFs, review the possible causes and treatments, and lay the groundwork for 
further research. The most important result of these documents is the creation of a standardized radiographic definition that helps differentiate these 
fractures from the so-called “typical” osteoporotic hip and femur fractures. This definition is used to adjudicate AFFs in many of the subsequent studies that 
are mentioned here. 

Despite this research activity, little is known about the true pathogenesis of AFFs. Reasons for this include discrepancies in histologic studies, with some 
showing suppressed bone turnover on biopsy and low bone turnover markers,!!4162-180 and others showing normal turnover markers with an imbalance 
between resorption and formation rather than strictly suppressed turnover.!°? One author suggests that some, but not all, patients may be more susceptible to 
osteoclastic abnormalities as a result of antiresorptive therapy.!®° These “mixed messages” in the literature make the true cause of AFFs difficult to 
elucidate; even the association with BPs has been called into question.!°! Despite the radiographic difference in cortical abnormalities between femoral 
stress fractures (medial cortex) and AFFs (lateral cortex), one current line of thinking defines AFFs as a subtype of insufficiency fracture; that is, a stress 
fracture in abnormal underlying bone.'!! It is important to emphasize that any bony abnormality resulting from tumors or disorders such as Paget’s is 
excluded from the AFF definition.“° 


EPIDEMIOLOGY 


The true incidence of AFFs is difficult to estimate. Recent studies show that while increased use of the ASBMR Task Force definition increases the 
accuracy of reporting, the numbers are still uncertain due to multiple issues.*° These include disagreement between observers,!“° lack of x-ray adjudication 
or missing x-ray data,**77!7° inclusion of high-energy injuries, low numbers of fractures per study resulting in wide confidence intervals and 
underpowered conclusions,!®”” misclassification of subtrochanteric and femoral shaft (ST/FS) fractures in databases,'* and lack of codes specific to 
AFFs.'°” In addition, due to the low-energy nature of these injuries, many of them may not present to major trauma centers and are treated in the 
community, where they may be underrecognized.*? The approximate incidence from the available studies ranges from 1.6 to 23 per 100,000 person- 


years, }718.40,63,103,127 with some reporting as high as 61 to 113 per 100,000 person-years based on BP exposure time.?” 144162 


Figure 56-1. Characteristic appearance of an atypical femur fracture, with lateral cortical thickening, transverse fracture line at the lateral cortex, and no comminution. 


Despite these limitations, certain epidemiologic trends are evident. First, AFF rates are rising, and are associated with increased rates of BP use. It is 
important to note that the correlation with BPs does not signify causation,!2’ and that the overall rates of AFFs remain several orders of magnitude lower 
than typical fractures.63:111.127 Second, AFFs comprise an increasingly larger percentage of ST/FS fractures. Studies show AFFs to comprise 3.5% to 10.4% 
of low trauma ST/FS fractures and 0.6% to 1.1% of total femoral fractures.!+48:!2” Third, AFFs are much more common in female patients, with an age- 
adjusted relative risk of 4.31.69 One possible explanation is that AFF pathophysiology includes a mechanical component that makes females more 
susceptible. Possible factors are a smaller femoral radius, which decreases bending strength by a factor of 3 (r°), and a broader pelvis that increases the lever 
arm and thus the varus force on the lateral aspect of the femur.9” Also, more women than men are diagnosed with postmenopausal osteoporosis, resulting in 
a greater number of women on BPs, increasing their rates of AFF. Fourth, AFF patients tend to be younger than “typical” fracture patients by at least a 
decade.°*!27 This has important implications for functional outcomes, as they are typically more active°? and live independently, with up to 94% returning 
home long term rather than going to a facility." Last, AFFs have a strong racial predilection for Asian patients.°©°” Studies show a relative risk in Asian 
females that is eight times higher than whites, remaining high even after age, femoral neck width, lateral cortical thickness, and BP duration are taken into 
account.*+97 A study by Schilcher compared AFFs in Sweden and Singapore, dividing them into ST (40 mm below lesser trochanter) and FS (180 mm 
below lesser trochanter). It showed that in Singapore, ST fractures were more prevalent as opposed to FS fractures (48% Singapore, 17% Sweden), and that 
an increase in femoral bow in Singaporean patients was associated with more fractures in the FS subgroup, but not in Swedish patients.!4° This lends 
credibility to the idea that certain factors in Asians predispose them to AFFs. 


Atypical Femur Fractures and Bisphosphonate Therapy 


No discussion of AFF epidemiology is complete without reviewing the connection to BPs, particularly alendronate (Fosamax). While other medications 
such as glucocorticoids, proton pump inhibitors (PPI), and the antiresorptive RANKL blocker denosumab*? have been variably linked with 
AFFs,!°-12,48,143,179 it ig BP use that remains the largest risk factor in AFF development, after use of other medications has been controlled for.97!0%:148 
Alendronate, the earliest and most widely used BP, has become a first-line drug for osteoporosis!°° and was the drug implicated in the first case reports of 
AFFs.!'4 These early reports also formed the basis of the eventual American Society for Bone and Mineral Research (ASBMR) Task Force definition 
through their description of the fractures, including minimal or no trauma,”®9>114 prodromal pain,°®!4°-169.180 issues with delayed union or 


52,114,151,180 50,92,93,110 96,140,159 


nonunion, a characteristic radiographic pattern, and high rates of subsequent contralateral or simultaneous bilateral fractures. 

One of the earliest larger series of 20 AFFs in 2008 linked the characteristic transverse lateral cortical fracture pattern with BP use, with an odds ratio of 
139 versus nonusers.!!° These strong associations persisted in later reports, including those that matched patients for factors such as age, body mass index 
(BMI), and race.*®-°3 Odds ratios of BP use in AFFs versus “typical” fractures range from 2 to 176,*8-!°3 with hazard ratios increasing with longer BP use 
and decreasing rapidly after bisphosphonate cessation.!’ A large x-ray adjudicated trial of the entire Swedish fracture registry compared 59 AFFs with 263 
ST/FS controls, and found an age-adjusted risk ratio of 47 for BP users, with a 70% risk reduction for each year after cessation of drug therapy.!4® Another 
x-ray adjudicated study found an odds ratio of 69 for BP use in AFFs compared with “typical” fractures, after controlling for age, sex, steroid or PPI use, 
and vitamin D deficiency. BPs are also associated with a change in fracture trends, with increases in ST fracture incidence’® and less variation in fracture 
patterns compared with historical controls.!1° 

Current literature also suggests that certain aspects of BP therapy increase AFF risk. Many studies link long duration of BP use with AFFs, particularly 
after 3 years of continuous treatment.92.9798.113.114,140,182 Some give an average length of 5 to 7 years of use prior to fracture,9”!!° but AFFs can occur 
before 3 years®* and after as long as 15 years.*° In one study, odds ratios for AFFs rose with duration of bisphosphonate use, with 35 for less than 2 years, 
47 for 2 to 5 years, 117 for 5 to 9 years, and 176 for greater than 9 years.'° Another study showed a potential time-related risk accrual of up to 1 in 1,000 
after 8 years of BP use.°° Another factor of BP therapy is adherence, with high compliance rates associated with increased AFF risk.1?®182 Conversely, risk 
of “typical” fractures with prolonged bisphosphonate therapy plateaus after 2 to 5 years,2”!*° which has led some authors to recommend stopping treatment 
after 5 years.'“4 Last, alendronate, rather than other BPs, has been most consistently linked to AFFs,°”'“° with a 2.33 age- and sex-adjusted risk ratio 
compared with risedronate and others.”! Possible reasons for this include its long half-life of greater than 10 years!°? and its greater affinity to bone.’! 

Explanations for the link between BPs and AFFs stem from the biologic action of BPs, which affect the normal bone turnover and remodeling process, 
particularly in areas where this process is preferentially active.? By targeting osteoclasts, they are thought to decrease bone turnover.!!4 This, in turn, 
increases tissue age,’ alters collagen cross-linking and maturity,!'1’8 and decreases heterogeneity of mineralization, causing bone to be more brittle!® 
with a decreased load to failure.!®® Osteoclast dysfunction also creates areas of strain due to lack of absorption of microcracks and persistent small gaps, 
which then coalesce into larger cracks that contribute to AFF formation.!°° A histologic study of these cracks showed them to have no living cells, with 
surrounding living bone and remodeling; increased strain in these areas contributes to continued deformation and lack of healing even with simple activity 
such as walking.'49 Another clue to BP involvement comes from the fact that fractures in patients with genetic disorders that affect osteoclasts and 
resorption (pycnodysostosis, hypophosphatasia) strongly resemble AFFs.'8°!89 To date, however, there is no endocrine condition that directly correlates 
with AFF development, markers such as alkaline phosphatase are inconclusive,!”* and the vast majority of people with these disorders do not develop 
fractures. 

It is important to note, however, that the BP—AFF connection has not been definitively demonstrated. Increased rates of microdamage formation in bone 
remain unproven,! and some AFF patients have normal BMD and no evidence of hypermineralization on biopsy.!°9 More telling is the publication of 
multiple studies of AFFs in patients who had never used BPs,’®!6! up to 10% in some cases.?? In addition, BPs are used in very high doses in cancer 
patients without an increase in AFF rates, and studies show no difference in drug dose or duration in those cancer patients who sustained AFFs.!?3 Last, the 
overall absolute AFF risk in BP users remains extremely low, and the number needed to treat (via prevention of fragility fractures) is much lower than the 
number needed to harm (via AFFs).'8* Therefore, BPs continue to be widely used because their benefits far outweigh the risks. 


ASSESSMENT OF ATYPICAL FEMUR FRACTURES 


MECHANISMS OF INJURY FOR ATYPICAL FEMUR FRACTURES 


A striking characteristic of AFFs is the minimal amount of trauma required to produce the fracture. This distinguishes AFFs from other femur fractures, 
which require at least a ground-level fall to occur. In some cases, the fracture is completely atraumatic, with the patient feeling a sensation of “giving way” 
before falling to the ground.!*°* Other minimally traumatic mechanisms include bumping against something and twisting or pivoting, as well as a fall from 
a standing height. In one of the first series of AFFs, almost half of the patients had no fall.5° This lack of an “appropriate” traumatic mechanism is often the 
first signal of an AFF, and it is included in the ASBMR definition as a major feature.'°° Differential diagnosis for this clinical scenario includes tumor- 
associated fractures through lesions and fractures associated with bone disorders such as Paget’s; these are specifically excluded from the AFF definition. 


INJURIES ASSOCIATED WITH ATYPICAL FEMUR FRACTURES 


Unlike high-energy fractures of the femur, which have an association with other injuries such as femoral neck fractures,!”° AFFs mostly occur in isolation. 
Some studies have attempted to compare clinical and radiographic findings of AFFs to those of other fractures in patients taking BPs. Atraumatic fractures 
in BP users resembling stress reactions have been found in the clavicle,!®! humerus,!°° ulna,!®>!6 L5 pedicle,*! pubic rami,°%!?° ilium,°? femoral neck 
(vertical), tibia, distal fibula, and metatarsals.!29!52 Most of these case reports show x-rays and clinical findings that do not meet ASBMR criteria. 
Some, however, intriguingly resemble AFFs, with prodromal pain, cortical thickening, a bone “spike,” and delayed healing (clavicle, ulna, 
metatarsals).!29-165.181 In a review of seven BP users with atraumatic ulna fractures, five of whom were Asian and three of whom had prodromal pain, all 
seven used walking aids and leaned on their arms to do so. This increased stress on the bone may have contributed to fracture development, as it does in the 
femur.'® Another study of 81 AFF patients found a 35% rate of metatarsal fractures,'°* and a case report found an AFF occurring after bilateral atypical 


tibia fractures despite teriparatide treatment. 163 


SIGNS AND SYMPTOMS OF ATYPICAL FEMUR FRACTURES 


Like their “typical” femur fracture counterparts, AFFs present with pain and swelling, as well as inability to bear weight in the case of complete fractures. In 
addition, AFF patients with an incomplete fracture may have been initially misdiagnosed, and have a history of prior surgery. In one survey series, many 
patients with an eventual AFF diagnosis had undergone other procedures, including lumbar injections and surgeries, knee arthroscopy, and even total knee 
replacement. 15? 


Signs and symptoms specific to AFFs include prodromal pain and contralateral findings. Prodromal pain was the specific subject of a Swedish database 
review and had a rate of 86%.7? Other studies cite the rate of prodromal pain as 30% to 77%.3%50,152,169 Pain occurs primarily in the involved thigh, but can 
also present in the ipsilateral groin or knee’*; unexplained pain, particularly near a previously well-functioning total knee arthroplasty, should warrant 
investigation.® In one study, the presence of thigh discomfort heralded a complete fracture 100% of the time, compared with 25% in those without pain.® 
Complete fracture in a patient with prodromal pain can occur anytime, from days to up to 9 months®°’*!5?; however, AFFs can also develop without 
prodromal pain,?” so a high index of suspicion is warranted. 

Contralateral findings are also common, with 28% to 54% presenting with a contralateral concurrent or subsequent fracture.??37-62,96,103 This is in sharp 
contrast to “typical” fractures, which have a 2.4% risk of contralateral fracture®®; the odds ratio in one study for AFFs versus non-AFFs was 46.10? The site 
of the first AFF does not predict the site of the second, and thus the entire femur should be examined (Fig. 56-2).°° The evaluation of the contralateral femur 
should occur as soon as an AFF is diagnosed, and proper treatment initiated based on findings. In addition, because not all contralateral fractures are 
complete, and some changes may be minimal, the patient should be monitored clinically and radiographically, as these fractures can occur up to 6 years 
after the original.!*”!5? In a study evaluating contralateral progression in patients with AFF history, increased progression was seen over the course of 2 
years, particularly in those with visible localized thickening and those with continued BP use.®° 


Figure 56-2. Contralateral side of patient in Figure 56-1, with areas of focal lateral thickening in multiple sites (arrows). 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR ATYPICAL FEMUR FRACTURES 


Different imaging modalities are available in the evaluation of AFFs, some for diagnosis and others to help decide on a treatment course. AFFs are not 
always immediately recognized by radiologists. In a recent study, 15 out of 16 AFFs that met ASBMR criteria were not reported as “atypical” on the 
diagnostic read.°° In addition, AFFs need to be distinguished from Looser zones of osteomalacia, fatigue fractures, and the more typical stress fractures, 
which occur medially.5©®° X-rays are typically used to diagnose both complete and incomplete AFFs. Prior to the first ASBMR Task Force document in 
2010, studies from the orthopaedic and radiologic literature examined x-ray findings that were most specific to AFFs. These included periosteal thickening, 
a transverse fracture angle, and a medial beak.”>°9 These black transverse lines present on the lateral cortex are often referred to as the “dreaded black line” 
and are noted to be a precursor to fracture. In another, lateral focal thickening and transverse fracture angle had the highest odds ratios for BP-related 
fractures (76 and 10, respectively).'°° However, thickening has a low positive predictive value, so its presence alone may not mean the fracture is an AFF.” 

Additionally, although generalized nonfocal thickening is a minor AFF criterion, several studies have called it into question, as differences in thickness 
disappear after age correction even in BP-naive patients,?”4879.109,176 

The presence of a transverse lateral fracture angle may be the most specific AFF criterion, particularly regarding the connection to BPs.!°® Schilcher 
evaluated x-rays from a prior database of both atypical and typical fractures, specifically assessing the fracture angle, presence of callus, and medial spike 
for specificity for BP use. The mean fracture angle was 89 degrees, essentially transverse, with a specificity of 0.93. He then evaluated the same fractures 
with the 2010 ASBMR criteria,!®° and found that they were less specific. Using the latter decreased the relative risk for the BP-AFF connection from 47 to 
19.147 This helps explain the vast risk differences found for BP use in various studies, as Schilcher argued in a letter.!°° His work, and the emphasis on the 
importance of the fracture angle (75-105 degrees within the lateral cortex), directly contributed to the changes in the second ASBMR document.!** This 
was supported by another study that showed better identification of AFFs if just the lateral cortex was used for angle measurements, instead of the entire 
spike.!!2 

Other imaging options include bone scan, MRI, tomosynthesis, and dual-energy x-ray absorptiometry (DXA) scan. A bone scan can show characteristic 


and thick cortices actually decrease fracture risk.!°° 


increased uptake in an area of lateral thickening and should be correlated with clinical symptoms.'?! It is also a sensitive but not specific modality, so a 
positive scan may not necessarily herald a fracture.°° MRI is also used to evaluate AFFs with minimal or no radiologic findings, as it can show bone edema 
and help make an earlier diagnosis (Fig. 56-3).3”®° It can also track response to nonoperative management, with the bone edema decreasing as the 
incomplete fracture heals. Tomosynthesis was evaluated in a 2016 study as a lower-radiation, less expensive alternative to modalities like MRI or CT. In the 
study, tomosynthesis had higher interrater agreement on the presence of a fracture lucency than x-rays; however, none of the eight patients with a fracture 
line on tomosynthesis progressed to a complete fracture, so the clinical utility is questionable. It may help, however, to evaluate healing response to surgical 
treatment, as it has minimal artifact.!?° Finally, patients on BPs frequently undergo DXA scans, and these may be used to either track AFF progress? or 
reveal undiagnosed AFFs.!° In one study, the DXA scan was extended to include a greater area of the femur in patients who took BPs for more than 5 
years. Seven incomplete AFFs were found, two of which underwent operative treatment, with a prevalence of 2.7%.!° However, using DXA as a screening 
tool is limited because its ability to evaluate bone marrow density is diminished as its area increases. 


5-3. Coronal MRI of the same femur in 56-2. Edema is present in the subtrochanteric area (arrow), indicating an active process. 


TABLE 56-1. ASBMR Task Force 2014 Criteria for Case Definition of Atypical Femur Fracture 


Location: just distal to lesser trochanter to just proximal to supracondylar flare of femur, and: 


Major Features (Four of Five Must Be Present) 
e Minimal to no trauma 
e Fracture originates laterally and is predominantly transverse, although may become oblique as progresses medially 
e Complete fracture involves both cortices and may have medial spike; incomplete only lateral cortex 
e Noncomminuted or minimally comminuted 
e Local thickening of lateral cortex 


Minor Features (None Need Be Present) 
e Generalized increase in cortical thickness of femur diaphysis 
e Unilateral/bilateral prodromal pain 
e Bilateral incomplete or complete fractures 
e Delayed fracture healing 


From Shane E, et al. Atypical subtrochanteric and diaphyseal femoral fractures: Second report of a task force of the American Society for Bone and Mineral Research. J Bone Miner Res. 
2014;29(1):1-23. Copyright © 2014 American Society for Bone and Mineral Research. Reprinted by permission of John Wiley & Sons, Inc. 


CLASSIFICATION OF ATYPICAL FEMUR FRACTURES 


Short of the dichotomous distinction of complete versus incomplete fractures, and despite the variety of incomplete fracture findings (from the tiny areas of 
focal reaction to the concerning “dreaded black lines”), no specific classification exists for AFFs. However, the most current ASBMR criteria must be met 
in order for a fracture to qualify as an AFF. It is important to note that the ASBMR Task Force has not conclusively linked BP use, or the use of any 
medication, as a causal factor in AFF development; thus, medication use is not part of the definition.!* In addition, the definition excludes high-energy 
trauma, femoral neck fractures, intertrochanteric fractures with ST extension, and pathologic fractures from tumor or bone disorders such as Paget’s or 
fibrous dysplasia. Periprosthetic fractures, while also excluded from the current definition, are increasingly presented in studies as a discrete AFF entity. 
Like standard AFFs, they are strongly associated with prolonged BP use (4-5.5 years).°!1° One study showed a 3.5% prevalence of periprosthetic AFFs in 
a cohort of 115 periprosthetic fractures; these were mostly Vancouver type C (below the arthroplasty implant) and had a history of prodromal pain.!©” 
The most current criteria are listed in Table 56-1. 


PATHOANATOMY AND APPLIED ANATOMY OF ATYPICAL FEMUR FRACTURES 


The femur experiences tensile and compressive forces both due to its geometry and the pull of the muscle attachments.”® At least some of the pathogenesis 
of femur fractures is thought to be related to these forces, particularly in the ST region, where the tensile stress on the lateral femur is thought to be the 
largest. A study of 48 AFFs found that the average distance to the fracture is approximately 24% of the entire femur length from the top of the femur, 
consistent with an ST location.8! Another study found a dichotomous location for AFFs, with the ST group being younger (average 7 years) and with a 
slightly decreased BP use rate (72% vs. 89% in shaft). The authors suggested that the ST AFFs have more mechanical factors to fracture than diaphyseal 
AFFs due to increased forces in that region.®° This notion is supported by a study showing ST AFFs to have less bowing than diaphyseal AFFs, with the 
former fracturing even in the setting of a smaller bow.?° Additionally, one study showed active bone remodeling in diaphyseal AFFs, but not ST AFFs, 
further confirming the latter region’s vulnerability.!!” 

Femoral bowing has been studied extensively as a component of the pathoanatomy of AFFs. It makes sense that a larger coronal bow would increase 
strain on the lateral cortex, contributing to AFF development. Two studies, one using a CT finite element method!!® and one using a computational 
model,!°! found that bowed femurs experience more stress, even during daily activities. Walking creates the greatest amount of overall stress, followed by 
ambulation down stairs (specific to lateral shaft).'°' This further supports the hypothesis that mechanical factors contribute to AFFs, given that many of 
these fractures occur atraumatically during activities like turning or walking. Bowing has also been shown in several studies to correlate with fracture level, 
with greater bow producing a more distal fracture as the tensile stress moves distally.”®117:156,158 AFFs occurring in the shaft have been shown to have a 
smaller radius of curvature (ROC) (642 mm) than ST AFFs (783 mm) and femurs in the general population (820 mm), supporting the hypothesis of bowing 
causing more distal fractures.°* AFFs also have a loss of thigh muscle in all compartments, which may contribute to the lessening of the tension band effect 
of the vastus/gluteus complex.'°° The measurement of bowing, however, is not standardized, and the average difference in bowing may be as little as 3 
degrees!°®; thus, it is not the only factor in AFFs. One study suggested that it may be the femoral apex, not the lateral bowing angle, that determines fracture 
location.!*4 

Other studies have correlated a varus neck-shaft angle with AFF development.!®°°-138-167 One study found a 69% sensitivity and 63% specificity for 
AFF formation in BP users who had a neck-shaft angle less than 128 degrees.'®” Another AFF versus non-AFF comparison in BP users yielded an average 
angle of 130 versus 134 degrees, respectively, with the lowest angle measured at 118.°° Varus has also been associated with a more distal fracture, although 
this was also true for non-AFF femur fractures.!*° Varus of greater than 10 degrees of the mechanical axis has also been associated with AFFs!*?; however, 
the axis varies in other studies of AFF prediction, !®t38 and is not a reliable measure. 


TREATMENT OPTIONS FOR ATYPICAL FEMUR FRACTURES 


NONOPERATIVE TREATMENT OF ATYPICAL FEMUR FRACTURES 


Indications/Contraindications 


Indications Relative Contraindications 
Minimal radiographic and clinical findings e Intractable pain not relieved with protected weight bearing 
Abnormal MRI with pain but without radiographic findings e Subtrochanteric location with pain 


Able to protect weight bearing/not fall risk 
Highly compliant with follow-up visits 


Nonoperative management has no role in complete displaced fractures and a limited role in incomplete fractures. Patients who have minimal radiographic 
findings without pain, edema on MRI without radiographic abnormality, or cortical changes without a “dreaded black line” (a precursor to fracture) can be 
considered for nonoperative treatment, albeit with caution. In patients with intractable pain, a dreaded black line on x-ray (Fig. 56-4), or inability to protect 
weight-bearing, nonoperative treatment is strongly discouraged.®* Specifically, an ST fracture location has been associated with failure of nonoperative 
management in several studies, and if treated nonoperatively should be closely monitored.®9.!59.172 

One study of Asian patients introduced a Mirel-type risk score for failure of nonoperative management which assigns 1 to 3 points for fracture site 
(other, diaphysis, ST); pain (none, mild, functional); contralateral femur findings (complete fracture, incomplete fracture, intact); and radiolucent line 
(cortical thickness only, less than half the diameter of femur, more than half the diameter of femur). A summed score of 8 had a 15% risk of failure with 
nonoperative management, while scores of 9 and 10 had 20% and 60%, respectively.!°° However, the study only had a 6-month follow-up, and did not 
mention what weight-bearing precautions, if any, were taken. 


Technique 


Nonoperative management of incomplete fractures consists of protected weight bearing for 2 to 3 months,!”? cessation of BPs, endocrine workup and 


calcium/vitamin D supplementation,*! and treatment with teriparatide at the surgeon’s discretion (discussed later in this chapter). With the exception of 
protected weight bearing, the other modalities are also advised as adjuncts for surgically treated fractures. 

It is important to understand that the decision for nonoperative management versus prophylactic fixation must be made by the patient after a discussion 
of risks and benefits, particularly in those patients with increased risk of fracture progression, such as an ST location or pain. Most AFFs occur in active, 
relatively healthy individuals who may elect prophylactic fixation to continue their lifestyle and forgo weight-bearing precautions.“ 


Figure 56-4. Impending atypical femur fracture in a patient with rapid loss of mobility due to intractable pain. Note the presence of a subtle “dreaded black line” in 
the lateral cortex (arrow). This fracture was treated with prophylactic nailing. 


Outcomes 


Several studies have reported poor outcomes with nonoperative management,!*3854,83.132,139 with progression to complete fracture 6 to 10 months after 
treatment initiation.!>5483 In a 2011 paper of 12 incomplete fractures, 5 out of 6 treated nonoperatively progressed to complete fracture. They had a longer 
length of stay (by 2 days) than those treated with prophylactic surgery, and one went on to nonunion.!? A similar study also cited a shorter length of stay for 
prophylactically treated fractures.!8? Another study cited a 36% rate of fracture progression (5/14 patients), with an additional 5 patients (36%) ultimately 
going on to surgery for intractable pain. The remaining four patients had persistent pain without healing at the time of publication.” A case report of a 


patient with an incomplete fracture on alendronate showed healing with nonoperative management, but the patient subsequently had bilateral complete 
fractures when ibandronate was started 5 years later.!3? A similar report showed continued development of new incomplete fractures with nonoperative 
management.®° A study by Egol cited only an 18% rate of healing for 22 nonoperatively treated fractures by 11 months, and a 15% rate of progression 
despite appropriate weight-bearing precautions.*® 


OPERATIVE TREATMENT OF ATYPICAL FEMUR FRACTURES 


Indications/Contraindications 


All displaced fractures are indicated for operative management, in the absence of life-threatening contraindications to surgery. Prophylactic fixation of 
incomplete fractures is more controversial but generally has been associated with good results and high healing rates.'*8!!5 Egol’s study cited a 100% 
healing rate, with 81% of the patients pain-free after treatment.’ Prophylactic fixation is strongly encouraged in incomplete fractures with a varus femoral 
bow, a history of contralateral AFF, ST location, severe pain, and/or failure to improve with 2 to 3 months of nonoperative management.?)!”2 


Cephalomedullary Nailing 
Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Cephalomedullary Nailing of Atypical Femur Fracture: 


OR table Fracture table or 
Any radiolucent table if traction not used 
Positioning aids Traction apparatus 


Boots if using fracture table 
Beanbag (lateral) or positioners if regular table 


Lateral or supine position; lateral may be easier for subtrochanteric fractures 
Fluoroscopy location LJ Opposite side of surgeon/fracture location 


Equipment Nail system of choice (low ROC in bowed femur) 
Retractors/large clamps if open reduction becomes necessary 
Provisional small or mini-fragment plates for temporary open reduction 


Large fragment plate (or sliding hip screw) equipment in case of perforation or inability to use nail 


Other LJ Bone graft (may also use reamings) 


While both intramedullary and cephalomedullary nails can be used, the latter has been adopted as the preferred means of fixation due to risk of proximal 
fractures with a standard antegrade nail,’”° which may occur atraumatically.!8” When choosing a nail, careful assessment of the anterior and lateral femoral 
bow using any of a number of published methods!*® is necessary due to high distal perforation risk in patients with severely bowed femurs.!?* Printed or 
computer template programs can be used to measure the proposed nail against the femur, paying attention to the ROC. A proper nail length is important, as 
a nail that is too long will be at risk of perforating the anterior cortex distally. The contralateral femur can be used to determine nail length in patients with 
complete fractures, where displacement of the fragments may preclude good templating. In patients with high bowing angles, a nail system with the lowest 
possible ROC (more curved) should be chosen; the smallest in one study measured 950 mm.!?? Smaller than usual diameter nails may also need to be 
available to account for fitting a relatively straight nail in a curved bone.!*? Contralateral-sided nails, bent laterally and placed in slight external rotation, 
have also been used with success and minimal change in limb length; however, resultant retroversion of the cephalic screws may not allow their placement 
in some nail systems.®!57 In patients with severe bowing or an extremely narrow canal, no nail may match, and a plate may need to be chosen instead.?! 


Slotted nails are discouraged due to risk of fracture propagation and reduced torsional stiffness.‘ 


Positioning 

The patient is positioned per surgeon preference, either on a standard fracture table with a traction apparatus or on a radiolucent table in the lateral position 
with a beanbag or other positioners. As with any femur fracture, deforming forces should be considered, and a lateral position may be more useful in ST 
AFFs with proximal fragment flexion, or in obese patients where the starting point may be difficult to obtain in the supine position. This may be less of an 
issue with diaphyseal AFFs. Because the starting point is so important in achieving good reduction, the position should be chosen carefully. Fluoroscopy is 
placed on the opposite side of the surgeon. If femoral rotation is not obvious on fluoroscopy, the other side may be used as a template to recreate the proper 
rotation. 1”! 


Surgical Approaches 


The surgical approach for a standard cephalomedullary nail, either piriformis or trochanteric entry,!64 is performed. An incision is made in the lateral soft 
tissues of the hip proximal to the greater trochanter, dissecting through the musculature to obtain the proper starting point for the specific nail. For ST 
fractures treated with a trochanteric entry nail, a starting point just medial to the tip of the trochanter can help prevent varus malalignment.!2° A proper 
starting point is the most critical step to avoid malreduction and increase the chances of successful healing; one study suggests a starting point that is slightly 
anterior in the sagittal profile.!®* Several small incisions are then made according to the nail jigs for the femoral neck portion of the procedure, followed by 
distal incisions via the perfect circle technique. At least one study warns against transverse screws in the ST region due to development of new fracture 
lines; cephalic screws alone are preferable.*° A long nail should be used to protect the entire femur (Fig. 56-5). A small incision at the fracture site in the 


lateral thigh through the iliotibial (IT) band and vastus lateralis may be performed to achieve anatomic reduction with a clamp and/or a temporary plate. No 
nerves or vessels are visualized in this approach, although any clamps that reach medially should hug the bone to avoid injuring the profunda femoris artery. 


Figure 56-5. Healing fracture of the patient in Figure 56-4. Note presence of callus (arrow) with persistent fracture line. A long cephalomedullary nail was used, 
extending past the arthroplasty flange to protect the entire femur. 


Technique 


KEY SURGICAL STEPS 


/ | Cephalomedullary Nailing of Atypical Femur Fracture: 


Achieve stable reduction—aim for anatomic 

Use fluoroscopy to get perfect starting point 

Ream the endosteal portion of the site of lateral cortical thickening as much as possible 
Use largest possible nail while avoiding distal perforation 

Backslap or “front-slap” if needed, to avoid distraction at fracture site 

Place proximal and distal fixation 

If fracture site opened, use reamings as bone graft laterally and anteriorly 


COCCOOO 


Figure 56-6. Intraoperative image showing the temporary application of a small fragment plate with unicortical screws. This achieves near-anatomic reduction and 
allows for the passage of reamers. 


The surgical technique is a standard technique for an ST or shaft fracture cephalomedullary nail with a few key points specific to AFFs. First, the starting 
point is extremely important, as malalignment, particularly in varus, is strongly correlated with failure and increased healing time, regardless of patient 
factors, implant factors, or reaming.?9°° Starting medial on the tip of the trochanter with a lateral bend nail can help to attain valgus alignment. 
Nonanatomic reductions can increase healing time by 3 months,’ and malalignment of as little as 4.4 degrees of neck—shaft angle and 5.5 degrees of 
sagittal angulation when compared with the nonoperative side is associated with failure.’ Anatomic or near-anatomic reduction is the key to healing AFFs, 
and open reduction and clamping/temporary plating is encouraged if anatomic reduction cannot be achieved with traction (Fig. 56-6). This is particularly 
true for ST AFFs, which are associated with strong muscle forces and delayed healing.®”°* Second, the largest possible nail should be used while avoiding 
distal perforation and iatrogenic fracture!’ and the canal should be over-reamed by 2.5 mm to ensure good nail passage and also to stimulate the fracture 
site.1?>123 Lateral endosteal reaming, achieved by pushing the femur into valgus, can also help avoid malreduction.!° Comminution at the fracture site 
should be avoided while passing the reamer, as it is associated with failure’*; however, this is controversial because some studies have reported good bone 
formation even with fracture site excision.*° Third, nails that are specially made for patients with bowed femurs may need to be ordered, to match the small 
ROC.*** Fourth, backslapping may be necessary to close down distraction after distal screw placement, as increased anterior/lateral gapping of as little as 2 
mm can lead to nonunion.”* A forward-striking “front-slap” technique, after proximal interlocking screw insertion, can be used instead, and has greater 
accuracy of cephalic screw placement while decreasing the gap.!*! Finally, a residual lateral gap may still be present postoperatively due to resorption 
despite anatomic reduction (F -7). It may be excised and grafted with femoral reamings if the fracture site is opened,® but it is not required. A medial 
gap may also be present after nailing, particularly in valgus reductions where severe bowing is present. This medial gap does not seem to affect union, as a 
lateral gap does, but may affect limb alignment in patients with total knee arthroplasty.”4 


Figure 56-7. Despite backslapping to avoid distraction, a residual gap (arrow) may be present postoperatively in the lateral cortex due to the resorptive processes at 
the fracture site. 


Open Reduction and Internal Fixation 


While there are no specific plating guidelines for AFFs, a long large fragment plate is encouraged to protect the entire femur, and a plate with an option to 
protect the femoral neck should be used if possible. Because plates rely on direct healing and osteoclasts, which are affected by BPs, their results are not as 


reliable as cephalomedullary nails, with higher failures and revisions, and they should only be used when nailing is surgically impossible.8?168 However, in 
severely bowed femurs or extremely narrow canals, plating may be the only option.?! The plate may need to be bent to accommodate a bowed femur. The 
plating technique is a standard lateral approach to the femur. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Open Reduction Internal Fixation of Atypical Femur Fracture: 


OR Table Surgeon choice 
Fracture table 
Any radiolucent table if traction not used 


Lateral or supine position depending on preference; lateral may be better for subtrochanteric fractures 


Positioning aids Traction apparatus 
Boots if using fracture table 


Beanbag or positioners if regular table 


Fluoroscopy location Opposite side of surgeon/fracture location 


COCO C| CEU | COCO 


Equipment Large fragment plating system (locking plate option) 
Retractors/large reduction clamps 
Small or mini-fragment plates for additional support 
Large plate benders 
Other LJ Bone graft (as needed) 
Technique 


KEY SURGICAL STEPS 


,/ | Open Reduction Internal Fixation of Atypical Femur Fracture: 


Expose the lateral femur fracture site 
Curette fracture site to bleeding bone—treat as a nonunion 


Achieve anatomic reduction 

Place large fragment lateral plate 

Compress at fracture site using the plate or lag screws 

Place proximal and distal screws; bicortical locking screws may be helpful in osteoporotic bone 


Bone graft at surgeon’s discretion 


Expose the lateral femur fracture site. Curette the fracture site to bleeding bone; treat as a nonunion. Achieve anatomic reduction using clamps and 
provisional or supportive open reduction with small plate anteriorly to avoid lateral plate. Place large fragment lateral plate; this placement acts as a tension 
band against the forces on the femur.”’? Avoid distraction medially; bend the plate to match the femur, especially in bowed cases. Protect femoral neck if 
possible. Compress at fracture site using the plate or lag screws. Place proximal and distal screws; bicortical locking screws in osteoporotic bone may be 
helpful. Bone grafting is performed at the surgeon’s discretion. 


Author’s Preferred Treatment for Atypical Femur Fractures ( ) 


Suspected atypical femur fracture 


(patient/injury characteristics) 


X-rays (full-length femur) 


X-ray abnormality without complete fracture 


No x-ray abnormality Complete fracture 


Presence of “dreaded black line”? 


All fractures: 
1. Endocrine assessment/consult 
A. labs: Ca/phos, PTH, vitamin D 
B. +/- bone biomarkers (if high,consider 
alternate diagnosis, i.e., Paget) 
2. Medical treatment 
A. Stop bisphosphonates 
B. Ca/Vit D supplementation 
C. Forteo (if not contraindicated) 
3. Evaluation of contralateral femur 
(repeat above algorithm) 


Conservative management: 
1 to 3 above, plus limited weight bearing 


Conservative management 
for 2 to 3 months 


Fail? (worsening x-rays, pain, 
no resolution of edema on MRI) 


Algorithm 56-1 Author’s preferred treatment for atypical femur fractures. 


Patients who have clinical findings suggestive of an AFF, such as minimal trauma and BP use, should be evaluated using radiographic and metabolic 
means. Any suspected or confirmed AFF should undergo endocrine evaluation and discontinuation of BPs. Medical management using parathyroid 
hormone analog (Forteo) should be considered if the drug is not contraindicated.!°° In patients without x-ray abnormalities but with a suspicious 
history, an MRI can guide initiation of nonoperative management.?’ In patients with incomplete fractures, operative versus nonoperative treatment 
depends on risk factors such as the presence of a “dreaded black line,” persistent pain, ST location, and failure of nonoperative management after 2-3 
months.?? Prophylactic nailing should be strongly considered in patients with the above factors. Patients with complete fractures should receive a long 
cephalomedullary nail unless contraindicated. The contralateral femur should always be evaluated, with the same algorithm, and treated accordingly. 


Postoperative Care 


Patients who receive a cephalomedullary nail may be made weight bearing as tolerated, a significant advantage of this technique.*! Patients who undergo 
plating may be made 50% partial weight bearing, with advancement to full weight bearing once the fracture shows signs of healing. X-rays are taken at 6 
weeks, 3 months, and 6 months from surgery, followed by surveillance films, as healing may not be obvious even at the 1-year mark. One radiologic study 
cited healing of a cortical beak at as long as 5 years, and fracture line healing at 1 year, with only half of the patients achieving fracture line healing by 6 
months.*? Healing may also be suggested by decreased pain and improved mobility, even if the radiographic results are lagging. 


Potential Pitfalls and Preventive Measures 


Cephalomedullary Nailing of Atypical Femur Fracture: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Excessive femoral bowing e Use nail with greater bend (lesser ROC) 


e Externally rotate nail as pass curve of femur, then derotate as it passes distally!*? 


e Difficult to do in subtrochanteric as may have issues placing head/neck fixation 
e May cause malrotation of femur 


e Malreduction with nail passage e Proper entry point 
e If too anterior, can burst proximal femur! 
e If too posterior, nail will perforate distally 
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e Distraction of fracture e Place distal fixation, then backslap to close gap; alternatively, place proximal fixation then “front- 
slap”!?! 
e Nonanatomic reduction e Open fracture site and clamp or provisional plate 
e Difficulty nailing due to canal obliteration e Fracture site should be hand reamed either through percutaneous or open technique~* 
Outcomes 


Operative fixation of AFFs generally yields good results, provided the fracture is well aligned.7° A review of 77 articles showed an 85% index healing rate, 
with higher revisions in plates versus nails.°° Another study of 147 AFFs showed a peri-implant fracture rate of 9%, especially if a significant bow was 
present at the end of the implant. While some studies cite no difference in healing or complications with continuation or discontinuation of BP 
therapy,!®5*87 others show faster radiologic’? and clinical!®° union with BP cessation. In addition, although cessation alone will not typically result in 
healing,°? more revisions and complications occur in BP users versus other AFFs,!°° so cessation is recommended. 

Average union time ranges from 5 to 10.7 months.!9?5:29,39,87 Although many studies have reported delayed union and nonunion rates of 20% to 
40%, 3687,94,152,168,191 and revision rates of 12% to 46%,!%83;168.185 the reasons for revision are not always clear. Schilcher points out that although AFFs 
have a 4.4 odds ratio for reoperation as compared with “typical” fractures, many of these are unrelated to healing (new fracture above implant), and others 
are frequently dynamizations.'4*18 A recent study showed a loss of significance in reoperations between AFFs and typical fractures when increased 
mortality in typical fractures was controlled for.*! In addition, reduction quality is often not assessed in studies that mention revision,'*? and malreduction 
plays a key role in contributing to nonunion in ST fractures.!°4 X-ray factors such as rotation can affect judgment of healing,® and ultimately the decision to 
revise falls to the surgeon, who may perform a dynamization prematurely due to awareness of nonunion risk.!4* 

Because the health and functional status of AFF patients is generally high, their mortality rates are lower than “typical” hip fractures, with one study 
citing a 23% versus 62% 4-year mortality for AFFs and hip fractures, respectively.” Though some studies show residual pain and apprehension,”? their 
physical and mental health scores are comparable to diaphyseal femoral fractures,!©° with most patients returning home rather than a long-term facility.19 It 
is important to understand that return to weight bearing and prior ambulatory function?” is achievable in these nonfrail patients. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO ATYPICAL FEMUR FRACTURES 


Atypical Femur Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Delayed healing 
e Nonunion 


The most commonly encountered adverse outcome after AFF treatment is delayed healing or nonunion. While controversy persists about its true incidence, 
some measures, both medical and surgical, can be taken to treat and prevent it. 

Surgical management of delayed healing and nonunion consists of first understanding that anatomic reduction of the fracture is imperative to achieve 
healing. In cases of nonunion or pseudoarthrosis, both exchange nailing!9:!!8 and compression plating,°! with or without supplementary bone graft, have 
been successful in case reports. One author suggested that all AFFs should be approached and treated as impending atrophic nonunions due to the 
compromised fracture biology.°! 

Nonsurgical management options include calcium and vitamin D supplementation,°” usually under the care of an endocrinologist or another physician 
specializing in metabolic issues. Vitamin supplementation has not been specifically evaluated in the literature as a stand-alone treatment, however. Some 
evidence exists for LIPUS (low-intensity pulsed ultrasound) as an adjunct to healing, particularly in a patient who cannot stop BPs, as in a case report of a 
patient with painful skeletal metastases.? However, other studies do not show a benefit.*° 

Teriparatide (brand name Forteo), an analog of parathyroid hormone that affects osteoblasts, has been the subject of several reports as an adjunct for 
AFF management in terms of improving healing rates. In incomplete fractures without a black line, it is associated with healing, !?9 and multiple case reports 
show both radiographic and clinical improvement in surgically treated fractures with delayed healing.?°7®49-4757,88.106 A randomized controlled trial of 
placebo versus 8 weeks of 20 pg versus 40 pg daily dose in nonoperative distal radius fractures showed faster radiographic healing by 2 weeks, but no 
difference in functional outcomes.!! In AFFs, one case series showed an average of 3 months faster healing, and decreased rates of nonunion.!°° A 
histologic analysis of AFF patients before and after teriparatide administration showed an increase in bone formation.'°* However, several issues exist. 
First, the dosing is unclear, with both daily and weekly regimens (range of 20 pg daily to 56.5 pg weekly”) showing effectiveness.7°*° Healing may be 
faster with daily versus weekly doses in complete AFFs,‘”° but the optimal dose remains unknown. Second, duration of treatment varies widely in reports, 
from as little as 1 month to as long as 2 years or more.®™?3-43,57,106 Third, the drug is expensive. Fourth, it has some contraindications, including a history of 
external beam radiation, bone-forming tumors, and Paget disease, due to its association with osteosarcoma in rats, though the dosage was exponentially 
higher than what is used in humans.!”” Finally, some studies have shown no difference in healing with teriparatide administration,®”®!®4 and no 
randomized trial exists to date for AFFs treated with this drug. Currently, the decision for teriparatide treatment rests with the surgeon. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO ATYPICAL FEMUR 


FRACTURES 


AFFs are becoming a more commonly recognized entity. The link to BP treatment is strong, but still controversial as these fractures also occur in patients 
who have never taken the drug. They have a specific radiologic and clinical presentation and are thought to be a subtype of insufficiency fracture.'*! The 
absolute risk remains low, and thus the benefits of BP treatment outweigh the risk of fracture; the effect on the single individual with such a fracture, 
however, is significant. Although they have less mortality than a “typical” hip fracture and better outcomes, they are frequently slow to heal and require 
close monitoring, both of the operative and the contralateral side. 

Key future endeavors include the involvement of providers specializing in bone metabolism and endocrinology, as the medical management of these 
patients remains suboptimal,*° as well as radiologists, who are often the first to pick up subtle changes in the bone signaling impending fractures.” In 
addition, physicians who prescribe BPs, as well as orthopaedic surgeons, need to be aware of AFF warning signs and the dangers of prolonged drug 
administration. Prevention and surveillance programs that screen patients with simple questions about treatment duration and thigh pain have had some 
success.!!9 One study suggests a guideline in which younger Asian women should be reassessed with bone marrow density tests at 3 years of BP treatment 
to see if a drug holiday is needed.*? The importance of stressing prophylactic fixation in patients with intractable pain and concerning radiographic findings, 
as well as evaluation and treatment of the contralateral femur, cannot be overemphasized. 

Unanswered questions remain about the pathophysiology and risk factors of AFFs in specific populations and non-BP users. Whole exome sequencing 
has suggested that several genes and their interactions could provide genetic susceptibility to AFF, but a specific genetic marker has not yet been found.*® 
While some treatment algorithms have been successful, a set treatment protocol does not exist, including how long these patients should be monitored after 
surgery.!°9 Regarding BPs, resumption of the drug remains controversial, with no specific set time that is deemed “safe”; some advocate not restarting 
unless another fragility fracture occurs first.°! Future research should aim toward exploring surgical options and medical treatment adjuvants that can help 
heal these difficult fractures. 
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Annotation 


Swedish national registry study comparing reoperation rates in AFF versus typical 
fractures. With a multivariable-adjusted time-to-event model that took the increased early 
mortality of typical fractures into account, the increased risk for operation was no longer 
significant. 


Forty-two AFFs treated with cephalomedullary nailing. Showed a time to union of 10.7 
months, an 87.5% heal rate, and that malalignment of as little as 5 degrees in coronal and 
sagittal planes was associated with failure and slower healing. 


Outlines a prevention and treatment guideline for AFF. Suggestions include: reassessment 
with DXA/FRAX after 3 years of BP treatment in younger Asian women, and after 5 years 
for high-risk fragility fracture patients; fixation if a dreaded black line present; if no black 
line, fixation if pain doesn’t decrease after 2-3 months of nonoperative management. 


Forty-three incomplete AFFs, half treated operatively. Operative treatment associated with 
excellent healing rates and pain relief. Nonoperative treatment had only 18% healing rate. 


Compared ST and shaft AFF (n = 46) with each other and a general population (n = 300) 
of women over 60. Shaft AFF had lower ROC than the other two groups, making bowed 
shafts particularly vulnerable (>5 cm distal to lesser trochanter). 


Literature review of 77 articles. Showed good healing rates of 97%, failure in half of 
patients managed nonoperatively, and higher revision rates in plates (31%) versus nails 
(13%). 


X-ray adjudicated study. Showed an odds ratio of 69 for bisphosphonate use in atypical 
fractures that increases with progressively longer time on the drug, even after adjusting for 
sex, age, and other factors. 


First case report of nine patients linking alendronate to AFFs. Showed suppressed bone 
formation on iliac crest biopsies, coining the term “severely suppressed bone turnover” as 
a factor in these fractures. 


Compared femoral bowing and bone remodeling in ST and midshaft AFF. Femoral 
bowing was greater in the midshaft group. Active remodeling was observed in the 
midshaft group, but not in the majority of the ST group. This suggests that ST and 
midshaft AFFs are different, with suppression of bone turnover occurring in the former 
(“classic AFF”). 


Evaluates x-ray features and lateral fracture angle at AFF sites. Mean angle was 89 
degrees. Suggests that true criteria should include transverse angle and presence of lateral 
callus, and that initial ASBMR criteria lacked specificity, which helps explain the 
difference in studies that examine AFF risk. 


Second and most current ASBMR task force report that details official AFF criteria, 
summarizes recent research, and suggests future directions. 
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INTRODUCTION TO FEMORAL SHAFT FRACTURES 


The incidence of femur fractures varies from 1% to 9% of all fractures and is often a major source of morbidity and mortality. Associated injuries and 
sequela, which often occur with femur fractures, significantly increase the morbidity and mortality. These include injuries to the chest, abdomen, and pelvis; 
hemorrhage from the fracture, fat embolism, pulmonary dysfunction, and organ failure. With a better understanding of surgical techniques, improved 
implant design, and improved diagnosis and management of associated injuries, the outcomes and survival following femur fractures continue to improve. 

Early treatment of femoral shaft fractures began with types of splints and casts.>!57:?47 With inherent difficulties in splinting the femur, in the early 
1900s Steinmann and Kirschner introduced the idea of traction using pins in the femur.!5%26 The basic traction techniques have changed little since that 
time and are still actively used today in countries where access to modern techniques, implants, and radiography are limited.!®° 

The introduction of intramedullary nailing is credited to Kuntscher.!8°!87 His original technique of open nailing through the fracture site has undergone 
many modifications and refinements since he presented the first case using an intramedullary implant to the Medical Society of Kiel in 1939. As 
radiography became readily available, the original technique of open nailing through the fracture site changed to insertion of the device from remote sites, 
either from the proximal end or the distal end of the femur. Reaming the canal allowed for the use of larger diameter nails. As there were no interlocking 
screws, the tight fit of larger nail in the canal helped to control rotation and decreased bending. This also meant that at that time nailing worked primarily for 
fractures in the isthmus for stable fractures or along with cerclage wires to recreate a tight canal in more comminuted fractures. The ability to lock nails 
through holes in the intramedullary device provided a way to control shortening and rotation and allow for early weight bearing, which improved results and 
increased the use of the nails in more complex fractures. Improved biomechanical designs have expanded the indications allowing for more complex 
proximal and distal fractures to be treated (Fig. 57-1). 


Figure 57-1. Complex segmental femur fracture with associated femoral neck fracture (A, B) treated with open reduction and internal fixation of the femoral neck 
fracture, retrograde femoral nailing of the femur, and plating of distal component (C, D). 


Understanding the importance of the injury and its impact on the overall physiology of the patient is critical to reduce morbidity and mortality. Bone et 
al. helped to define the impact of timing on surgical fixation of the femoral shaft fracture.°? He demonstrated decreased pulmonary complications by 
stabilizing the femur within 24 hours in the multiply injured patient. However, controversies still exist when it comes to timing of surgical fixation of the 
femur fracture, especially in the trauma patient with associated chest and/or head injuries. Bone et al. looked at the effects of reaming in the trauma patient 
and showed that reaming did not increase the morbidity or mortality.3* Additionally, reaming has been shown to improve union rates compared to unreamed 
nails, and therefore is now the preferred method for treatment.°”:72349 


ASSESSMENT OF FEMORAL SHAFT FRACTURES 


MECHANISM OF INJURY FOR FEMORAL SHAFT FRACTURES 


While femoral shaft fractures occur at all ages and from a variety of mechanisms,®!%201302 there tends to be an age- and gender-dependent bimodal 
distribution of these fractures. The two peaks occur in younger males (15 and 25 years) and older females (over 75 years). Femur fractures in younger males 
are most commonly related to higher-energy trauma with motor vehicle accidents as the leading cause.'© Other common mechanisms include motorcycle 
accidents, falls from heights, pedestrians hit by motor vehicles and gunshot wounds. The second peak results from the poor bone quality in elderly females, 
with most fractures attributed to low-energy trauma such as a fall from standing.!© More recently, a mild increase in atypical femur fractures have been 
observed in 50- to 70-year-olds that are associated with bisphosphonate use for the treatment of osteoporosis.” Discussion of these atypical femur fractures 
will occur in a separate chapter. 

Fracture patterns vary based on the direction and force applied to the bone. Bone fails under tensile strain. In general, a bending force creates a 
transverse fracture pattern. The bending force may also create a butterfly fragment on the compression side. An axial force may create associated injuries to 
the hip and knee, while a rotational force produces either a spiral or oblique fracture pattern. As the amount of force increases, the amount of comminution 
and displacement present will increase.!°! 


INJURIES ASSOCIATED WITH FEMORAL SHAFT FRACTURES 


Associated injuries are common with femoral shaft fractures (especially in younger patients) as the force required to fracture a healthy femur is great. In a 
review of 26,357 femur fractures, the top 3 associated internal organ injuries were lung (18.9%), intracranial (13.5%), followed by the liver (6.2%).° The 
two most commonly associated bony injuries were the tibia/fibula (20.5%) and ribs/sternum (19.1%). Interestingly, the third most common bony injury was 
to the nonshaft femur (18.9%), of which 5.8% of the total cohort were femoral neck fractures. This illustrates the importance of complete radiographs of the 
entire femur and possibly further radiologic studies so as not to miss ipsilateral fractures that can occur at the neck, intertrochanteric, and distal femoral 
locations. Multivariate mortality analysis in that same collection of patients with femur fractures showed that increasing age, increasing comorbidity burden, 
and associated injuries all had independent associations with mortality. Other reported associated injuries with femoral shaft fractures include ipsilateral 
femoral neck fractures,>?87:330 hip dislocations,*®° ligamentous knee injuries,'’”**! intercondylar distal femoral fractures,!9°+ and pelvic and acetabular 
fractures.234 

Soft tissue trauma can occur around the knee and hip. Routine careful examination of the knee should be done intraoperatively after fixation to evaluate 
for ligament injuries.2°' Examination prior to fixation is limited due to instability of the fracture and therefore is more reliably done after stabilization. In a 
study of 47 patients with femoral shaft fractures, 49% had ligamentous laxity in the knee, 26% had medial meniscus injuries, and 28% had lateral meniscus 
injuries.2°' However, there did not seem to be a relationship with the injuries to the ligaments and meniscus. Another study of 40 patients with examination 
of the knee and arthroscopy found similar results with 52% of the patients with a ligamentous injury of which 48% were partial and another 5% were 
complete tears of the anterior cruciate ligament. Partial tears of the posterior cruciate ligament occurred in 5% and complete tears in 2.5%. Medial and 
lateral menisci were torn in 20% and 12%, respectively.®? 

Pain around the hip postoperatively is generally attributed to the surgery but if persistent may require additional workup. It may indicate intra-articular 
pathology.?”° Although rare, the labrum can be injured and potentially benefit from arthroscopic surgery. Hardware, if placed properly, is hardly ever the 
cause of pain and removal of hardware is often of little benefit. Patients with chronic pain should be worked up for other causes of pain. 


SIGNS AND SYMPTOMS OF FEMORAL SHAFT FRACTURES 


A thorough history and physical examination is important to accurately diagnosis and treat a patient with a femur fracture and associated injuries. The 
history may come from the patient, family members, bystanders, or rescue staff. In an alert patient, the history is more straightforward and the patient 
reports pain, swelling, and deformity and the inability to ambulate. The leg will appear shorter or angulated. Distracting injuries can sometimes make the 
diagnosis more challenging especially in an obtunded patient. Other components of the history that may provide value include the mechanism of injury, 
which may key the physician to associated injuries that can be overlooked initially. In open fractures, the timing and location of the incident may help the 
treating staff. A complete history is invaluable and is important in treating the whole patient, although it may have little to do with the actual diagnosis of 
the femoral shaft fracture. 

As femur fractures are often the result of high-energy trauma, the physical examination begins with the Advanced Trauma Life Support (ATLS) 
protocol at initial presentation. The airway is first assessed and secured, followed by breathing, circulation, and after completion of the primary survey; 
attention is then turned toward the musculoskeletal examination. The femur fracture can affect the primary survey influencing the hemodynamic status of 
the patient. The femur and the surrounding tissue are very vascular and can result in a significant blood loss into the thigh even in a closed fracture. 
Lieurance et al. found up to 40% of isolated femoral shaft fractures required a transfusion, averaging 2.5 units of packed red blood cells during the initial 
hospitalization.'°9 The blood loss was attributed to preoperative hemorrhage rather than acute blood loss during surgery and the fracture pattern did not 
correlate with the amount of blood loss. The potential for blood loss is especially significant in patients with multiple long-bone fractures and elderly 
patients who have less cardiac reserve. Ostrum et al. found that patients with isolated fractures who become hypotensive should have additional workup to 


rule out additional sources of blood loss before attributing the hypotension to the femur fracture.’4” Regardless, the potential for hypovolemic shock must be 
recognized and the appropriate resuscitation started and monitored. 13? 

The examination begins with visual inspection. Often, patients will arrive with a Hare traction splint in place (Fig. 57-2). The patient may have clothes 
still on or dressings placed at the scene all of which should be removed to allow for complete inspection. It is important to visually examine the limb 
circumferentially, noting any open wounds, abrasions, bruising, or soft tissue defects. It is very easy to overlook a subtle open fracture if the entire limb is 
not visualized. Although most open fractures are anterior or lateral, a small posterior or medial open wound should not be overlooked. If a small wound is 
noted, it should be considered open and managed as such until proven otherwise. In addition to antibiotics, if the wound is grossly contaminated, a minor 
irrigation and debridement and placement of a sterile dressing are performed in the emergency room. In rare instances where the bone is extruded, an effort 
to reduce and relieve the pressure that is on the skin, soft tissue, and muscle is made in the emergency room. 


Figure 57-2. An emergency type (Hare traction) splint that provides traction by counterforces on the foot and ischium. It also provides medial/lateral stabilization via 
elastic hook and eye closing straps. 


Next, the joints above and below the fracture should be examined, looking for dislocations, ligamentous injuries, and associated noncontiguous 
fractures. A ligamentous examination of the knee at this time is limited but should be addressed post stabilization. An associated hip dislocation is important 
to identify. The pelvic film done as part of the primary ATLS survey, should aid in the diagnosis.*®° If recognized, closed reduction of a hip dislocation 
should be a priority. This can be difficult with an associated shaft fracture and may require open reduction or closed reduction under anesthesia in the 
operating room (OR).385 

A thorough motor and sensory examination should be performed to rule out neurologic injury. Injury to the surrounding nerves (obturator, femoral, 
sciatic) are uncommon, especially in closed femoral shaft fractures but do occur.’ In the event of a sciatic nerve injury, early exploration may be of benefit 
if the nerve injury does not show signs of improvement spontaneously. 

A vascular examination is also performed to rule out vessel injury. This begins with palpation and/or Doppler examination. In the event that the pulses 
are diminished or absent, the first line of treatment is to realign the limb or place in traction and repeat the examination. Often this will address the problem. 
If any question remains, the ankle—brachial index (ABI) should be obtained. The ABI is the Doppler systolic arterial pressure of the injured extremity 
divided by that of the uninjured upper extremity arterial pressure. The ABI has a high sensitivity and specificity for major arterial injury if the value is less 
than 0.90.160 This is a simple measurement that is easily performed in the emergency room. However, there still can exist a vascular injury in the face of 
normal examination albeit rare.ê™!77 Kluger et al. in a large study of 765 patients with closed femoral shaft fractures identified vascular injuries in 1.6%, 
indicating the need for not only careful initial documentation, but also continued close monitoring throughout the hospitalization.!”” 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR FEMORAL SHAFT FRACTURES 


After initial stabilization of the patient, plain radiographs of the entire femur are obtained including the hip and knee joint. If a traction splint is present or 
the patient is on a transfer board, the imaging may be compromised and may need to be redone, especially when looking at the femoral neck. Traction prior 
to the radiographs, may give a better look at the fracture pattern, potential bone loss (open fracture), bone quality, dimensions, and soft tissue defects 
associated with the fracture. Contralateral femoral films are helpful to evaluate the femoral bow (especially in older patients with stress fractures) and length 
(where length may be difficult to determine secondary to comminution or bone loss in the injured limb). Radiographs of the hip and knee help evaluate for 
associated injuries such as acetabular fractures, subluxations or dislocations, tibial plateau fractures, intra-articular extension, or distal and proximal 
noncontiguous fractures. 

Often patients with a femur fracture will have a computed tomography (CT) scan performed of the pelvis and abdomen. This is an opportunity to help 
identify injuries to the femoral neck or acetabulum. In high-energy femoral shaft fractures, the incidence of ipsilateral femoral neck fractures is 1% to 9%,*° 
and missing this injury can be disastrous. Reportedly, 20% to 50% of the associated femoral neck fractures were missed on initial presentation.*“°°> By 
instituting protocols utilizing an internal rotation anteroposterior (AP) view of the hip, dynamic intraoperative fluoroscopy of the hip, fine cut (2-mm) axial 
and sagittal CT scan of the hip, and postoperative radiographs of the hip, a 91% reduction in the incidence of missed femoral neck fractures has been 
achieved.**° O’ Toole et al.2*9 showed that both CT and radiographs alone have a similar high rate of false-negative results, with poor sensitivity of 64% and 
56%, respectively, but a low rate of false-positive results, with a specificity of 96% and 94%, respectively. However, when combining modalities, they 
found only a 3% rate of missed femoral neck fractures. 


CLASSIFICATION OF FEMORAL SHAFT FRACTURES 


Although there is no universally accepted classification system, the systems described here are classified by the location, fracture pattern/morphology, and 
degree of comminution. Location is broken down to proximal, middle, and distal third of the femur. The isthmus of the medullary canal is located in the 
middle third so distal third fractures are also called infraisthmal fractures. The different anatomy of the bone in each third affects the use of intramedullary 
fixation. Simple fractures in the middle third will have the intramedullary device fill the canal and will reduce the fracture, but in the proximal and distal 
thirds as the intramedullary nail (IMN) may not fill the endosteal space deformity can occur with fixation and careful attention to alignment is necessary. 
Alternatively, the terms used to describe the fracture pattern including transverse, oblique, spiral, comminuted, and segmental are also used. 


Winquist and Hansen Classification of Fracture Comminution 


Grade Degree of Comminution 

0 No comminution 

I Small butterfly fragment (<25%) or minimally comminuted segment with at least 75% cortical contact remaining between the diaphyseal segments 
II Butterfly fragment or comminuted segment with (approximately 25-50%) with at least 50% cortical contact between the diaphyseal segments 

Ill Large butterfly fragment or comminuted segment (approximately 50-75%) with minimal cortical contact between the diaphyseal segments 

IV Complete cortical comminution such that there is no predicted cortical contact between the diaphyseal segments. Segmentally comminuted 


The Winquist and Hansen classification system graded fractures 0 to IV based on comminution (Fig. 57-3).373374 Grade 0 fractures have no 
comminution. Grade I fractures have a small butterfly segment (butterfly fragment is <25% of the cortex). Grade II fractures have a small butterfly fragment 
but at least 50% of the cortex is opposed. Grade III fractures have a larger butterfly fragment with minimal cortical contact of the fracture ends. Grade IV 
fractures have no cortical contact and include segmental fractures. At the time this system was originally described, locked nails were not routinely used. 
This classification was important because if comminution was present, the axial stability (ability to maintain length) was a concern as the fracture could 
shorten. As well, there was little to no rotational stability other than the nail’s ability to fill the canal. So more comminuted fractures (Grades III and IV) 
were more likely to have problems and need a statically locked nail to aid in rotational control and axial stability. The Winquist and Hansen classification is 
less important today, as it no longer predicts either treatment or postoperative management. 

The Orthopaedic Trauma Association/Arbeitsgemeinschaft fiir Osteosynthesefragen (OTA/AO) classification is based on both location and fracture 
pattern in an effort to be more descriptive (Fig. 57-4).2°° The anatomic location of long bones is designated by two numbers, with the first number 
identifying the bone and the second number identifying the segment (proximal, midshaft, distal). The femur is designated a 3 in this system and the shaft is 
represented by the middle third labeled 2 making a midshaft fracture as a 32, describing the location of the fracture by bone and segment. The fracture 
pattern is then described based on the degree and type of comminution. Type A fractures are simple and include spiral, oblique, and transverse. Type B 
fractures are spiral wedge, bending wedge, and segmental wedge patterns. Type C fractures are complex with no cortical contact. This classification has 
shown to be predictive of associated injuries/trauma. This may assist in evaluating patients by creating a heightened sense of awareness for associated 
inquires. It is useful for descriptive and comparative purposes within research but is of limited utility otherwise. 


BIOMECHANICS AND NAILING IN FEMORAL SHAFT FRACTURES 


The femur, like most bones, fails under tensile strain!®! and is strongest in compression. The magnitude and direction of the force produces certain fracture 
patterns. Spiral fracture patterns are a result of a low-energy torsional force and are most commonly seen in the elderly. Higher-energy mechanisms that are 
a combination of bending and axial loading produce transverse and bending wedge fracture patterns. The bone quality also influences the amount of force 
the femur can withstand prior to fracture. A general estimate of 250 Nm is required to fracture a healthy adult femur!®° and if the force is all in compression, 
the force may need to be as high as 8,000 Nm.??8 

IMNs are internal splints that load-share with the femur. The amount of load sharing in the construct created with an IMN inserted into a long bone is 
based on the nail size, the material of the nail, the cross-sectional geometry, the number and size of the locking screws, the distance the screws are from the 
fracture and the fracture pattern itself.308 In a highly comminuted fracture, most of the forces are shared by the nail initially, but as the femur heals the 
implant sees less and less of the forces. If the bone fails to heal, eventually the hardware will fail. With unlocked nails, failure of the implant usually occurs 
either at the fracture site or through one of the holes in the nail. In a locked nail, construct failure is by screw breakage or nail breakage at the locking hole 
site. 

The biomechanical properties of IMNs are dependent on both the implant design and material properties. Torsional rigidity is affected by the amount of 
contact between the nail and the medullary canal and the design of the implant itself. Originally, slotted nails (also known as open section nails) were used 
to allow for radial compression within the canal, which also helped to control rotation. However, when locked nails became commonplace, the slotted 
design was replaced with cannulated nails without slots (closed section) that was torsionally stiffer than their slotted counterparts. Most nails now have 
similar torsional rigidity.2°° The bending rigidity is most closely associated with the nail diameter. For a solid nail, the bending rigidity is proportional to the 
radius to the third power and the torsional rigidity is to the fourth power.°"8 For axial load resistance, the nail design is less important and the diameter of 
the locking screws, as well as the bone contact at the fracture site, becomes the source for load sharing. The number of locking screws used is based on the 
fracture location, fracture pattern and fit of the nail within the canal. Brumback demonstrated that the axial strength of the construct was based on the screw 
diameter, however the diameter is limited by the size of the nail.49 When the screw hole exceeds 50% of the diameter, the nail weakens considerably, so 
most screws used in IMN of the femur are 5- and 6-mm diameter screws. Often, a single locking screw is used, especially in stable fracture patterns, 
however the addition of a second screw may be advantageous in situations where more stress is placed on the locking screws. Cases such as distal fractures, 
comminution, poor bone quality, locking screws close to the fracture site,°° and early weight bearing may be indications for a second screw. Ultimately, all 
the factors mentioned above play a role in the overall construct stiffness. 


Figure 57-3. The Winquist—Hansen classification for diaphyseal femoral fractures. 


<30° 


I 


B B1 
1 


| 
f, 


C C 


C2 C3 


Figure 57-4. The Association for the Study of Internal Fixation classification of fractures of the shaft of the femur. Simple fractures (type A) are distinguished by the 
degree of obliquity of the fracture line. Wedge fractures (type B) are subclassified according to the characteristics of the wedge fracture. Complex fractures (type C) are 
subclassified based on the degree of comminution and also include segmental fractures. 


The two most common metals used for IMNs are titanium alloy and 316L stainless steel. Titanium alloy has a modulus of elasticity about half of that of 
stainless steel and much closer to cortical bone. The ultimate strength of the titanium alloy is about 1.6 times that of stainless steel. More recently, a new 
material, a carbon fiber nail, has entered the market.2%° The nail has a modulus less than titanium alloy and much closer to cortical bone. The carbon fiber 
composite nails reduce the nail stiffness in an effort to improve healing, however the improved biomechanics of the various materials has yet to show a clear 
difference in healing rates.33 

The anterior bow of femoral nails affects the fit within the femur and can lead to potential mismatch problems. From an anthropologic study of 948 
femurs using a computer curve-fitting program, Egol et al. demonstrated the average radius of curvature to be 120 (+36) cm. Although little variation was 
seen in length or age of the bones, race mattered with African Americans having less curvature.°2:!64 More recently, it has been shown that femurs in a 
Japanese population may have increased bows also creating a mismatch.! Their study found femoral bowing after reviewing 132 Japanese femora to be on 
average 175 mm in the sagittal plane and 264 cm in the coronal plane. Most nail designs have less curve (straighter than the intramedullary canal) with the 
radii ranging from 186 to 300 cm.” Although the friction caused by the mismatch between the nail and bone may provide some improvement in fixation, 
the mismatch can lead to difficulty getting the nail down the IM canal, femoral bursting, 164338339 sagittal plan alignment, and anterior cortical penetration 
of the nail distally (in the cases of a curved bone with a straighter nail; Fig. 57-5). Insertion of the IM nail should be done with uniform force and if the final 
few centimeters become difficult, a lateral radiograph should be obtained to ensure that there is no anterior cortical penetration.2“* The implant companies 
have recognized this problem and have improved their designs to include nails with a radius of curvature that varies based on length and many more with 
curvature options to closer match different native femurs. 


j. Radiograph depicting perforation of the anterior cortex in the femur after IMN. This can occur when there is a mismatch between the radius of curvature 
of the patient’s femur and the intramedullary rod. 


The possibility of bursting the femoral canal is real and several parameters are associated with this significant consequence.-°*?*’" They are the 
starting point in an antegrade nail, mismatch of the nail curvature, and high bending stiffness of the nail. With a starting point as little as 6 mm anterior from 
the centerline of the femoral canal, the hoop stresses are increased therefore increasing the risk of proximal femur fracture. By overreaming, using the 
correct starting point, and using a nail with lower bending rigidity the risk of bursting can be minimized.*** To avoid malalignment in nondiaphyseal 
fractures, the nail must be directed into the center position of both fragments. The use of blocking screws can aid in creating a track for the center position, 
and if the blocking screws are left in place, they can improve the stability of the fixation. 

Femoral shaft fractures treated with a locked IM nail can safely begin immediate weight bearing. Brumback et al. demonstrated in a comminuted 
fracture model without bony contact that 12-mm diameter nails with two distal locking screws could withstand the forces of weight bearing.*” Further, the 
authors supported the biomechanical study with a clinical study in which 26 out of 28 patients were full weight bearing by 6 weeks and all went onto union 
without hardware failure.*” In cases where the fracture pattern has cortical apposition, a single locking screw provides adequate stability as the bony contact 
helps to share the load otherwise on the distal locking screws. It has become apparent that stability cannot be determined in the OR and that static locking of 
all femoral IMNs is recommended to avoid shortening or malrotation of the fracture around the IM nail with excellent union rates. 


OUTCOME MEASURES FOR FEMORAL SHAFT FRACTURES 


Outcome measures have historically focused on healing rates, infection rates, alignment, gait abnormalities, pain, muscle strength, leg-length inequality, and 
ability to return to work. ©?'0%!?7'99°%%°0/%°/2 More recently, patient reported outcomes have gained popularity. These include the Short Form 
Musculoskeletal Functional Assessment and the Western Ontario and McMaster’s Universities Osteoarthritis Index Hip Function Score. "494% 


However, more quality studies are needed to address patient reported outcomes in femoral shaft fractures. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO FEMORAL SHAFT FRACTURES 


The femur is a long bone that is tubular with posterior cortical thickening that creates the linea aspera, serving as the site of attachment for the fascia and 
muscles. The anatomic bony structures in the proximal femur are the femoral head, femoral neck, greater and lesser trochanters, and the calcar. The 
proximal widening of the femur that occurs at the junction of the subtrochanteric area is a spot for stress concentration, thus the subtrochanteric area is often 
a location of fracture in the elderly. Bony structures in the distal femur include the medial and lateral condyle and epicondyle. The tubular bone flares 
distally as well, and this represents another area of stress concentration where fractures in the elderly commonly occur. The femur also has an anterolateral 
bow with an average radius of curvature of 120 cm.” 
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Figure 57-6. The primary muscular origins and insertions on the posterior (A) and anterior (B) aspects of the femur. 
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Muscles encase most of the femur, with most attached directly to the femur. The origins and insertions of the muscles are illustrated in Figure 57-6. 
When the femur is fractured, the muscles create expected deformities in certain locations along the femur (Fig. 57-7). Shortening occurs at almost any 
fracture location in the femur primarily due to the contraction of the hamstrings and quadriceps muscles. With fractures in the proximal third of the femur, 
the proximal fracture flexes and externally rotates by the action of the iliopsoas muscle and external rotators, and the gluteal muscles abduct the fragment. 


Distal shaft fractures extending into the meta-diaphyseal region or below tend to have medialization of the shaft due to the insertion of the adductors. The 
gastrocnemius muscles attach to the posterior aspect of the condyles and create an extension deformity of the distal fracture. Prior to attempts at reducing 
the fracture, a thorough understanding of these forces is important to help the surgeon strategize on the methods used to reduce these fractures as opposed to 
just using straight in-line traction. 

Three distinct compartments exist in the thigh separated by the medial, lateral, and posterior septae (Fig. 57-8). The anterior compartment houses the 
quadriceps femoris, sartorius, iliacus, psoas, and pectineus muscles. The neurovascular structures within the anterior compartment include the femoral artery 
and vein, femoral nerve, and lateral femoral cutaneous nerve. The medial compartment contains the gracilis, adductor longus, adductor brevis, adductor 
magnus, and obturator externus muscles. The neurovascular structures are the profundus femoris artery, obturator artery and vein, and obturator nerve. The 
muscles within the posterior compartment are the biceps femoris, semitendinosus, semimembranosus, and a portion of the adductor magnus muscles. The 
neurovascular structures are branches of the profunda femoris artery, sciatic nerve, and posterior femoral cutaneous nerve. 
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Figure 57-7. A-C: Expected deformity and displacement due to the muscular attachments and the location of the fracture. 
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Figure 57-8. Cross-sectional illustration of the muscle compartments of the thigh. 


The femur and surrounding muscles have a rich blood supply (Fig. 57-9). The external iliac artery gives rise to the femoral artery as it enters the anterior 
compartment under the inguinal ligament. The profunda femoris artery branches off the femoral artery giving rise to the medial and lateral femoral 
circumflex vessels supplying the neck and head of the femur. The profunda femoris artery also supplies perforating vessels along the entire shaft of the 
femur. These vessels are encountered during a lateral approach to the femur and need to be cauterized or tied off. These vessels course perpendicular to the 
femur at intervals of about 3 cm. The adductor hiatus, formed by a space through the adductor magnus muscle allows for passage of the femoral artery 
distally where it becomes the popliteal artery providing articular branches to the surrounding knee. 

The primary nutrient vessel, which supplies blood to the femur, arises from the profunda femoris artery and enters the femur in the region of the linea 
aspera then branches both proximally and distally. Laing et al. looked at the anatomy of the blood supply and found that occasionally there will be two 
nutrient arteries supplying the femoral shaft.'°° Regardless, with surgical approaches to the femur, the linea aspera should be approached carefully and 
stripping of the soft tissue off the linea aspera should be limited for fear of injury to the nutrient vessels supplying the blood to the inner one-third of the 
cortex. The other major supply of blood is the periosteal arteries that arise from the blood vessels that supply the muscles surrounding the femur.78° Notably 
important is the anastomosis between the periosteal and medullary vessels. The normal flow is from the medullary canal outward toward the periosteal 
vessels. However, following disruption of the medullary vessels by a femoral nail, reaming, or a displaced fracture, the periosteal arteries take over, 
becoming the major blood supply to the bone. The direction of the flow of blood reverses, which provides circulation to the inner cortex and allows for 
cortical revascularization.?°° 


TREATMENT OPTIONS FOR FEMORAL SHAFT FRACTURE 


NONOPERATIVE TREATMENT OF FEMORAL SHAFT FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Femoral Shaft Fractures: 
INDICATIONS 


Indications 
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Figure 57-9. Anterior (A) and posterior (B) vascular anatomy of the thigh. 


Nonoperative treatment options include spica casting, fracture/cast bracing, and traction. Often these are used in combination during the treatment course. 
Nonoperative treatment is most frequently used in young patients (usually <5 years old, treated with spica casting), patients that are too sick to undergo 
surgical treatment (often multitrauma patients that may eventually undergo definitive surgical fixation), in patients where their comorbidities may prevent 
surgery and in patients that live in countries where surgical fixation may not be available. 


Traction 


Both skin and skeletal traction can be used to restore length and alignment in patients with femoral shaft fractures. The benefit of skin traction is the ease of 
application; however, it cannot supply a constant sustained force for long periods of time without traumatizing the skin. Skin traction is therefore used 
primarily for initial stabilization in the field with devices such as the Hare traction splint (see Fig. 57-2). The goal in these cases is to align the leg, restore 
the length, and provide stability to the surrounding soft tissue, all of which help reduce pain for the patients. Other techniques such as Bucks traction with 
the knee and hip in extension and 10 to 15 lb of weight placed at the end of a boot that is fitted on the injured leg have been used while patients are in the 
hospital awaiting surgery.!°? A study comparing 15 Ib of Bucks traction to the same amount of skeletal traction for patients undergoing surgery within 24 
hours showed no difference in preoperative pain or difficulty in reduction in the OR.!°* Bucks traction however is more commonly used for hip fractures as 
extension for the knee tends to malreduce femoral shaft fractures. Modifications to Bucks traction include Bryant’s traction and split Russell’s traction, 
which flex the knee and can improve alignment.*° These techniques are primarily used in children. 

Skeletal traction was the most common method of definitive treatment for femoral shaft fractures before the 1970s and still is used today in many low- 
and middle-income countries.!8°.26” In most other countries, skeletal traction is used for temporary management of the fracture before definitive fixation 


with internal fixation using plates or nails. Skeletal traction is also used temporarily for multiply injured patients that are not cleared to have definitive 
fixation in the OR. With skeletal traction, a sufficient force is applied to the bone to reduce the fracture and maintain the length for future surgery. Skeletal 
traction pins are placed either in the distal femur or proximal tibia under sterile technique. The distal femoral pin placement allows for direct longitudinal 
pull on the fractured bone while also providing some direct rotational control of the distal fracture fragment and avoids distraction across a potentially 
injured knee. The pin is usually placed from medial to lateral to avoid injury to the femoral artery as it courses through the adductor hiatus in the distal third 
of the femur on the medial side. Care is taken to also avoid intra-articular placement of the pin to avoid septic arthritis, but this complication is rare. 
Alternatively, the traction pin can be placed in the proximal tibia. In these cases, a bicortical pin is placed at the level of the tibial tubercle, from lateral to 
medial to avoid injury to the laterally based peroneal nerve. 

Small- or larger-diameter pins may be used. Using smaller-diameter pins (2 mm) requires the use of a traction bow to load the wire, which prevents 
motion and bending in the smaller wires. Larger-diameter pins may be used as well, and a standard Bohler bow can attach to the larger pins. Threaded pins 
may be used in patients who might require an unknown longer time until surgery due to other conditions and to prevent sliding of the bone on the pin, but 
are weaker than smooth pins of the same diameter. To maintain adequate length of the fractured femur, approximately 15 to 20 lb, or 15% of the patient’s 
body weight, is used in the traction. Also, remember if the traction is going to be used during surgery, placement of the pin is important so as to not interfere 
with placement of a nail. 

Once the traction pin is in place, a form of balanced skeletal traction is done through the use of traction ropes and pulleys, for patients soon to undergo 
surgery. Many variations are described, but most are modifications of the Thomas splint with the Pearson attachment. If used as temporary traction prior to 
definitive fixation, the goal is primarily to maintain adequate length. When definitive treatment with traction is planned, radiographs are required within the 
first 24 hours after each adjustment of the traction. Afterward, the frequency is lessened but still necessary to ensure maintenance of reduction. At roughly 6 
to 8 weeks, with radiographs confirming some healing, the patients are converted to a half spica cast or fracture brace for the remainder of the closed 
treatment. 


Cast Bracing 


Currently, cast bracing is not common for treatment of femur fractures in adults. Cast bracing was developed primarily to get patients initially treated with 
skeletal traction ambulatory sooner and avoid problems associated with bed rest.’®1!58225 The cast bracing technique has been well described,!9°2!4 
involving a proximal thigh cast with hinged knee braces attaching to a short-leg cast that may or may not have another hinge at the ankle. It works by 
creating a semi-rigid hydraulic tube that helps maintain the reduction and partially unloads the fracture during weight bearing.?2+22° The brace works in the 
prevention of lateral angulation in middle and distal third fractures’> For definitive treatment, since there is no length control either length stable or 
acceptable fractures in the distal femur mostly in medically unstable patients may be the only indication anymore. Careful application is the key to success. 
Serial radiographs after application of the cast brace and initiation of weight bearing are still critical even if the application is at 6 to 8 weeks after injury to 
ensure maintenance of alignment. 


Outcomes 


Successful treatment with skeletal traction is well documented.*>1!%13.189 Rates of union in closed fractures generally range between 97% and 100%.°° 
However, the outcomes can vary greatly from study to study. In a systematic review on the use of traction in femoral shaft fractures in low- and middle- 
income countries, the average time in traction was 52.8 days with an average length of stay was 55.4 days. In 455 patients, there were 91 malunions, 25 
nonunions, 60 infections, and additional 45 other complications.'®° Alternatively, both Gates and Browner in separate U.S. studies, described the use of 
roller skeletal traction and had much shorter hospital stays with only one nonunion and no infections in 151 patients.*°'!9 Knee stiffness is by far the most 
common clinical problem following prolonged traction.5>®.2 

Combining the cast braces with skeletal traction offers patients less time in bed and earlier ambulation. Mooney et al. reviewed 150 patients treated with 
the combination and had an average time in traction of 7.3 weeks and casting time of 7.2 weeks.*?° There were no nonunions or refractures. Other similar 
studies confirmed the success of this treatment with bracing following traction with high union rates, but shortening up to 2 cm and angular malunion 
continued to be common.”>!38 

Although neither method of treatment is common in most advanced countries, as intramedullary nailing has become the current preference, these 
methods should continue to have a place in a surgeon’s treatment armamentarium. 


OPERATIVE TREATMENT OF FEMORAL SHAFT FRACTURES 


External Fixation of Femoral Shaft Fractures 


External fixation is a well-established technique for rapid stabilization of the femoral shaft fracture, that is most often used in the acutely unstable 
polytrauma patient.>229.258.306 Ą unilateral external fixation device (Fig. 57-10) can be applied quickly and if necessary, under sterile conditions in the 
intensive care unit (ICU). External fixation allows for inspection of the limb in open fractures and management of dressing changes. The pins avoid further 
soft tissue, vascular, and bone injury if placed outside the zone of injury, which is especially helpful in open fractures. Further, external fixation allows for 
access to the fracture fragments (including the medullary canal and soft tissue structures posterior to the fracture) for subsequent debridement if indicated 
and mobilization of the patient for further imaging or hygiene as necessary. 

Disadvantages of external fixation are primarily related to long-term/definitive treatment as opposed to temporary treatment. Pin tract infections are 
common with infection rates over 50%. Pin placement using sterile techniques helps reduce the risk of infection, but does not eliminate the problem.®°.!54 
Additionally, external fixation devices control alignment while in place but angular deformity is often common after removal of the frame. With longer 
treatment, knee stiffness is problematic. The pins may tether either the quadriceps or the iliotibial band laterally, depending on pin placement and result in 
scarring that impacts knee motion.” 


Indications/Contraindications 


External Fixation of Femur Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


Severe soft tissue injuries with extensive contamination e No absolute contraindications exist but external fixation is uncommonly used as a 
Evolving muscular crush that requires an extensive secondary debridement definitive treatment 
Medullary contamination 
Associated vascular injury requiring stabilization prior to repair 
Polytrauma or injuries that prevent other treatments; as a temporary bridge to 
femoral nailing (damage control orthopaedics) 
e Infected nonunions requiring a metal holiday 


As intramedullary nailing techniques and outcomes have continued to improve, the indications and contraindications for external fixation have changed. 
Indications for unilateral external fixation include damage control orthopaedics in the multiply injured patient that cannot tolerate intramedullary nailing. 
These patients often have significant head injuries, serious chest/pulmonary injuries, or multiple extremity injuries and are unstable. Often this is temporary, 
and once stabilized the patient can be definitively treated with an IMN. Exchange nailing after femoral external fixation appears to be safe without an 
increase in infection.” If necessary, these emergency external fixators can be placed on the patient in the ICU, without fluoroscopy, while the patient is in 
traction if the surgeon feels that it will be an extended period of time until IMN. Other indications include patients with contaminated open fractures that 
will require additional debridements, crush injuries that may have evolving soft tissue injuries requiring a second look, and patients that have an associated 
vascular injury that will require vascular repair. In the patient with a vascular injury that requires repair, external fixation provides rapid stabilization of the 
bone at the appropriate length. This allows the vascular surgeon to repair the vessel to its appropriate length and the fracture can then be converted later to 
an IMN when indicated.!*? Last, in infected nonunions, often a holiday from internal fixation is needed and a temporary external fixator may be used until 
the infection is better controlled. Afterward, another internal device may be inserted. 


Preoperative Planning 


External Fixation of Femur Fracture: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 

Position/positioning aids LJ Position supine or lateral 

Fluoroscopy location LJ Fluoroscopy placed on the opposite side of the injured extremity regardless of pin placement 
Equipment LJ 5- and/or 6-mm pins with a minimum of four pins total (two on either side of the fracture) is required 


along with a drill if predrilling 
LJ Clamps and rods vary based on the selected system 


Other LJ Special considerations—anatomy of the knee joint and its proximal extension anteriorly; and branches of 
the femoral nerve proximally with anterior pin placement 
LJ Pin placement is usually lateral unless crossing the knee joint is considered and then may be placed 
straight anterior 


Planning is important prior to external fixation whether performed in the ER, ICU, or OR. After proper images of the entire femur, pin placement can be 
determined and typically a minimum of two pins are required on each side of the fracture. Occasionally, with complex fractures the external fixation may 
have to extend across the hip to the pelvis or across the knee to the tibia. 


PORTSELE 


Figure 57-10. A: A 56-year-old man involved in MVA with right femoral shaft fracture was hypotensive on admission and placed in skeletal traction. B: Worsening 
of condition on postinjury day 2 while in traction. C: An external fixator was placed without fluoroscopy to allow for mobilization and imaging. On postinjury day 6, 
the patient was deemed suitable for surgery, and the external fixator was removed and a reamed, retrograde intramedullary nail was placed. D, E: X-rays at 6 months 
postoperatively. 


Technique 


External Fixation of Femur Fractures: 


KEY SURGICAL STEPS 


Pin placement: lateral, anterolateral, or straight anterior 
Anterior pin penetrates quadriceps muscle and tethers it 


Lateral pins must traverse iliotibial band 
Two pins should be placed on each side of the fracture; one close to the fracture and the second as far as the limb/anatomy permits (avoid distal 
intra-articular pins) 
Consider predrilling 
Avoid pin placement in zone of injury when possible 
e Avoid pins within 2 cm of the patella as they may be intra-articular 


The external fixation pins can be placed into the femur from a lateral, anterolateral, or straight anterior direction. The anterior pin penetrates the quadriceps 
muscle and tethers it, potentially resulting in stiffness. Anterior pin placement has been demonstrated to have a higher risk of heterotopic ossification (HO) 
in the quadriceps muscle in high-energy injuries.°* Another concern with anterior pin placement is injury to the branches of the femoral nerve as they cross 
from medial to lateral proximally in the femur. These branches can extend as far down as 5.8 cm below the lesser trochanter placing them at risk during 
anterior pin placement.”* If proximal pins are placed anteriorly, care and consideration should be given for a slightly larger incision with spreading of the 
soft tissue, which may prevent injury to the neurovascular structures. Distally, the knee joint capsule can extend as much as 7.4 cm above the top of the 
patella, so care must be taken when placing anterior or lateral too close to the patella or the pin may enter the joint.?* Lateral pins must traverse the iliotibial 
band, often creating scaring and resulting in stiffness. The anterolateral pin placement attempts to avoid both the iliotibial band and the quadriceps, 
theoretically minimizing stiffness but pin placement is more difficult. Both lateral and anterolateral pins are safe for placement virtually the entire length of 
the femur, avoiding the femoral nerve branches proximally and the joint capsule distally.?* Sterile technique is important whether the procedure is done in 
the operating room or in the ICU or emergency room. Five-millimeter pins are used in most adults, with 6-mm pins often used in larger patients. To increase 
the stability and control of the femur fracture, at least two pins are placed on each side of the fracture. One pin on each side is placed closer to the fracture 
while the other is placed as far as the limb permits. The surgeon does however have to balance the risk of placing the pin close to the fracture with the 
surrounding soft tissue/zone of injury as pin placement can have serious consequences if it the pin becomes infected near the zone of injury. Therefore, if 
temporary fixation is the goal, pins placed further away from the zone of injury are beneficial to avoid overlap with the pin sites when definitive fixation is 
performed. However, if the long-term goal is external fixation, consideration should be given to placing pins closer to the fracture for added stability. 


Plate Fixation 


The use of plate fixation for femoral shaft fractures has declined with the development and refinement of the intramedullary implants and techniques. Plate 
fixation has advantages over nonoperative treatment with improved or anatomic alignment of the fracture and early mobilization. Plate fixation provides 
advantages over intramedullary nailing by allowing direct access to the fracture fragments with an open plating approach, and allowing for achievement of 
anatomic reduction depending on the fracture pattern. Potential injury to the proximal or distal femur, which may occur with nail placement, is avoided with 
plate fixation. The biggest disadvantage to open plate fixation is the extensive soft tissue dissection required to apply the plate, which may lead to blood 
loss, soft tissue trauma effecting recovery, and an increased risk of infection. The footprint of the plate insults the periosteal blood supply as well. 
Alternatively, using minimally invasive plate osteosynthesis (MIPO), smaller dissection is required and fracture milieu is preserved. These minimally 
invasive techniques have been shown to preserve more of the blood supply than standard techniques.'°° The major downside of the MIPO technique is 
malreduction compared to open plate fixation.°°* Regardless of which plate fixation technique is used, plate fixation is not a load-bearing device (as 
opposed to the IMN), and immediate weight bearing possesses a much higher risk for implant failure due to the plate’s eccentric position. 


Indications/Contraindications 


Plate Fixation of Femoral Shaft Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 
e Patients with an extremely narrow medullary canal e There are few if any absolute contraindications to plating but this method is not 
e Fractures around or adjacent to a previous malunion frequently used in adults given the success and early weight bearing associated with 
e Fractures extending proximally or distally into the pertrochanteric or metaphyseal intramedullary nailing. 
region e Severe osteoporosis with concern for screw purchase in the bone. 


e Associated vascular injury requiring repair 

e Ipsilateral neck—shaft fractures 

e Fractures at or near previously place implants (e.g., periprosthetic or peri-implant 
fractures) 

e Femoral shaft nonunions (with or without an IMN) 


While virtually all femoral shaft fractures can be plated, with the advances of intramedullary nailing, plate treatment as a primary modality has greatly 
diminished. Most of the indications for plate fixation are when intramedullary nailing is difficult or impossible. Indications for plate fixation include small 
medullary canals, fractures around or near a malunion, loss of a canal secondary to nonunion or infection, and fractures with extension proximally or 


distally, making the use of an IMN difficult. In patients with ipsilateral femoral neck and shaft fractures, a combined fixation might include plate fixation of 
both fractures. In patients with an associated vascular injury requiring repair, the fracture is often exposed during the approach to the vascular injury 
medially. If the fracture is exposed, potential stabilization using a plate prior to vascular repair can be done quickly and efficiently. 


Cc D 
Figure 57-11. A, B: This 45-year-old sustained a comminuted, periprosthetic femoral shaft fracture after a high-speed motorcycle accident. The hip prosthesis 
functioned well previously. C, D: The femur fracture was treated with an extensile lateral approach using direct reduction and lag screw fixation of the large cortical 
pieces to obtain length and rotation. This was followed by plating. 


Treatment for a femoral shaft nonunion is often addressed with plate fixation. This may include adjunctive plate fixation around an existing IMN, which 
has been described with good results.”? Femoral shaft fractures around, above, or below stable hip (Fig. 57-11) and knee replacements often require plate 
fixation of the femoral shaft. This is a common indication for plate fixation in adults. 

There are few if any absolute contraindications to plate fixation of femoral shaft fractures and the relative contraindications are essentially the same as 
the relative indications for any surgical fixation in most circumstances. At one point, there was some thought that plate fixation may be friendlier to the 
lungs than reamed IMN fixation. However, plating has been shown not to provide any benefits over reamed IMN fixation with respect to pneumonia, acute 
respiratory distress syndrome (ARDS), pulmonary embolism (PE), multisystem organ failure or death.?” Severe osteoporosis may be a relative 
contraindication to plating due to the inability to obtain screw purchase in the bone, but bicortical locking screws may be of benefit under these 
circumstances. 


Preoperative Planning 


Plate Fixation of Femoral Shaft Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 


Position/positioning aids LJ Position supine or lateral 
Fluoroscopy location LJ Fluoroscopy from the opposite side as the surgeon (usually anterior side of femur if lateral or medial side 
if supine) 
Equipment Large fragment 4.5-mm narrow or broad plates of adequate length (locking or nonlocking) 
Equipment including drill, reduction clamps, femoral distractor, Schanz pins, plate bender 


Other LJ Special considerations—osteopenic bone locking set, for proximal or distal fracture extension 
periarticular precontoured plates 


Successful surgery begins with preoperative planning. The better prepared a surgeon is for the procedure, the more likely errors will be avoided. 
Preoperative planning includes positioning of the patient, selecting a surgical approach, implant choice, equipment for reduction, and a postoperative plan. 


Positioning 


The patient is placed on a radiolucent table in either the supine or lateral position. The entire limb from the proximal groin to the toes is prepped into the 
field regardless of position to allow for manipulation of the entire limb for reduction and permit access to the proximal vessels if necessary during the 
surgery. In larger patients, the lateral position allows for the soft tissue and muscle to fall away from the operative field requiring less traction. However, for 
fractures that extend proximal, imaging can be more of a challenge in this position. In the supine position, a bump under the buttock helps to internally 
rotate the hip providing better access with a lateral surgical approach to the femur. A radiolucent triangle or foam bump positioned under the thigh and 
lower limb allows for imaging without overlap of the contralateral leg. In comminuted fractures where an anatomic reduction is not possible, obtaining 
correct length and rotation can be difficult. With the patient in the supine position, assessment of length and rotation is easier and access to the opposite leg 
helps as well. Often a good AP and lateral radiograph of both the fractured femur and the intact contralateral femur can be used to help establish correct 
rotation. With either position, the use of bumps in strategic positions will help with reduction of the fracture, which varies based on the fracture location and 
pattern. 


Surgical Approach 


The workhorse approach for almost all femoral shaft fractures is through a lateral incision, which can easily be extended proximally or distally the entire 
length of the femur. The iliotibial band is cut in line with the skin incision. The vastus lateralis fascia is cut and the muscle separated from the posterior 
fascia to the linea aspera. The muscle is then elevated and released from the posterior attachment with care taken to identify the perforating vessels. The 
perforators are identified and ligated or cauterized. The muscle is elevated subperiosteally off the lateral femur and the fracture is visualized. 

Alternatively, a minimally invasive approach can be used, which is more commonly used in the pediatric population.!°° Although this approach has 
regained some popularity, it was described for bridge plating in 1979.*°° This technique spares some of the perforating vessels and preserves more of the 
blood supply to the medullary canal and periosteal tissue as opposed to open techniques.!°° A small incision is placed both proximal to and distal to the 
fracture laterally, and the plate is then placed submuscularly but on top of the periosteum and fixed through the small incisions at each end. 


Technique 


Plate Fixation of Femoral Shaft Fractures: 


KEY SURGICAL STEPS 


JE incision can be extended proximally or distally the length of the femur 

Minimally invasive approach can be used with incision proximal and distal to the fracture on the lateral side of the femur 
Determine whether bridge plating, lag screw fixation and neutralization plating, or compression plating is desired 

e If bridge plating, contour the lateral plate of appropriate length and apply to the lateral femur 

e If compression plating of a transverse fracture, fix the prebent plate to one side and compress the fracture 

Ensure adequate plate length and screws on either side of the fracture 

Confirm length, alignment, and rotation of the femur 

Special considerations—evaluate femoral neck and exam the knee, consider bicortical locking screws in osteoporotic bone 


Once the fracture is exposed depending on the fracture pattern, a method of fixation is chosen, with the overall goal to correct the length, alignment, and 
rotation. As the muscles are quite strong surrounding the femur, length can be difficult to achieve with just manual traction by pulling on the limb. It is 
helpful to ask anesthesia to paralyze the patient, at least during the reduction, to aid muscle relaxation. Insertion of a distal femoral traction pin improves the 
ability to restore length. Other helpful tips for restoration of length include the use of femoral distractor and placing Schanz pins in the proximal and distal 
fracture fragments. Remember to place the pins away from the planned placement of the plate fixation. These pins can also be used as joysticks to 
manipulate the fragments correcting rotation and angulation. The application of the plate to one end of the femur and the use of an articulating distractor or a 
push screw can also help achieve length, but to a smaller degree. These techniques are useful in both open and minimally invasive plating approaches. The 
open approach allows for direct manipulation of the fracture fragments with the judicious use of soft tissue friendly clamps. 

The minimally invasive approach helps preserve the blood supply and minimizes trauma to the soft tissue and muscle in the zone of injury. 106362,368,394 
As the incisions are placed distally and proximally to the fracture, longer plates spanning the fracture are used, while spreading out the screw placement to 
obtain a lower screw density with a longer working length. Longer plates are easier to apply with this technique as the bone is palpable proximally and 
distally in the femur allowing for easier application. If long plates are selected, precontoured plates that mimic the femoral bow can be beneficial. Most of 
the time, this technique is used for bridge plating across comminuted fractures. The plate is slid under the muscle, and then located at the opposite end of the 


femur through the second incision. Fluoroscopy is used to image the femur assuring appropriate length, alignment, and rotation. Often in comminuted 
fractures, an image of the contralateral femur aids in establishing correct length and alignment. The use of a radiopaque ruler over the contralateral limb 
anteriorly in the OR from the greater trochanter to epiphyseal scar can establish the original length which can then be matched on the fractured femur. For 
establishing the correct rotation, preoperative examination of the contralateral limb and matching the rotation is important. By using fluoroscopy, and 
obtaining a good AP of the hip, then sliding the C-arm distally and internally rotating the leg to obtain a true AP of the knee, correct rotation can be 
obtained. Once adequately reduced, the screws are inserted through the open incisions and additional screws are placed as needed percutaneously with the 
aid of fluoroscopy closer to the fracture. 

While the selection of the size and length of the plate and the number of screws are still very much at the surgeons’ discretion, they are much less 
controversial with the minimally invasive approaches, as longer plates are easier to apply. In general, plate lengths of at least 10 holes for simple fractures 
are recommended but erring on longer is better. Precontoured plates are at least the thickness of a 4.5-mm dynamic compression plate and specifically 
designed to fit the femur. Thinner plates should be avoided in all but the smallest of femurs, where a 4.5-mm narrow plate will not fit the bone. In larger 
patients, a 4.5-mm broad plate should be used. For simple transverse fracture patterns, compressing the fracture with eccentric screw placement, the use of 
an articulating compression device or prebending the plate to achieve compression should be performed. In cases where the femur is odd shaped, as in a 
malunion, bending the plate to fit the bone is important, especially if the surgeon is not using locking screws. For oblique fracture patterns, a lag screw can 
be applied to generate compression across the fracture. This can be done through the plate or prior to plate application (using a countersunk screw head) 
based on the optimum placement of the lag screw. For these simple patterns, the use of compression increases the strength of the construct. The number of 
screws on each side of the fracture remains unclear, but a general rule has been four screws or eight cortices on each side of the fracture.2°! However, plate 
length also plays a part in the overall rigidity of the construct and its ability to resist shear, compressive, and rotational forces in the femur.°27328 As the 
plate length increases, the rule of eight cortices may be less important and three screws with six cortices may provide enough fixation (Fig. 57-12). In these 
cases, screws are preferentially placed with one as far from the fracture and one as close to the fracture as possible, with the final one somewhere in the 
middle to help increase torsional resistance.278 


Postoperative Care 


No casts or fracture braces are needed after stable fixation is achieved with plate fixation. Immediate range of motion exercises are started to avoid stiffness 
in the knee associated with scarring of the muscles. Weight bearing is more controversial, but is typically started once healing is evident on the radiographs. 
This may be as early as 6 weeks if callus is identified in cases of secondary fracture healing. When anatomic reduction is obtained and primary healing 
shows little if any callus, the decision of when to begin weight bearing can be difficult. However, it is generally recommended between 6 and 12 weeks. 
Plate removal is seldom necessary in adults, but if considered it should be delayed until the fracture has completely healed and remodeled to diminish the 
risk of refracture. 
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Figure 57-12. Illustration of femoral plating for a simple fracture pattern. Plate length and screw density are more important than screw number. 


Potential Pitfalls and Preventive Measures 


Plate Fixation of Femoral Shaft Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Contralateral radiographs if bridge plating is planned 
Rotational examination of contralateral hip prior to start of case 
Contouring of the plate 

Use of aids to restore length 

Assessment of rotation and length by fluoroscopy in OR 


e Malreduction 


e Infection e Preoperative antibiotics 
e Careful soft tissue handling 


e Devitalization of bone e Soft tissue friendly clamps 
e Avoid excessive stripping 
e Use of bridge plating in comminuted fractures 


e Nonunion e Avoid fixing distracted 
e Use compression techniques when appropriate 


One problem with femoral plating is malunion, which is seen more commonly with minimally invasive techniques than open fixation. Infection, although 
rare given the vascular envelope of the femur, does occur and will be addressed later. Care taken to preserve as much of the blood supply to the surrounding 
bone as possible will minimize the surgical insult and promote healing. 


Antegrade Intramedullary Nailing 


Femoral shaft fractures treated with an IMN has become the goal standard. Very few femoral shaft fractures cannot be treated with a femoral nail. Much of 
the debate surrounding intramedullary nailing of femoral shaft fractures is related to the starting point, amount of reaming, and type of nail used in the 
treatment. With antegrade nailing there are two major options, the piriformis fossa and the trochanter, both will be discussed. 


Indications/Contraindications 


Antegrade Intramedullary Nailing of Femoral Shaft Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


A narrow canal that will not accommodate a nail 

Previous malunion 

Preexisting implants that impinge or fill the medullary canal 
Open growth plates (piriformis starting point) 

History of infection (relative) 

Associated femoral neck or acetabular fracture (relative) 


Isolated or associated femoral shaft fractures 
Comminuted femoral shaft fractures 

Open fractures 

Open growth plates (trochanteric starting point only) 


Femoral nailing requires a patent and relatively straight femoral canal. Intramedullary nailing is not contraindicated in comminuted fractures. Segmental 
fractures are nicely addressed with IMNs. Contraindications include when the canal is too narrow and cannot be safely reamed to accommodate a nail, a 
malunion of the shaft, or when there is an implant within the canal (such as retained hardware, total hip arthroplasty). Relative contraindications include 
open growth plates, associated ipsilateral femoral neck fracture or acetabular fracture, and the polytraumatized patient with significant head or chest injury. 
Specifically for the polytraumatized patients with chest and/or head injury, temporary external fixation or skeletal traction is more often considered acutely 
and antegrade nailing done after stabilization of the patient. The entry site in the antegrade nail does change the indication for fixation in the young patient 
with open growth plates. If an IMN is selected for fixation in an adolescent with open growth plates, the recommended starting point is through the tip of the 
trochanter or even more lateral. Piriformis entry should be avoided in these cases in an effort to minimize damage to the blood supply to the femoral head 
and the possibility of avascular necrosis. 171204216248 


Preoperative Planning 


Antegrade Intramedullary Nailing of Femoral Shaft Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Either a fracture table or a radiolucent flat top table that allows unimpeded radiographic imaging, depending on the preference of the surgeon 
and the available assistance for the procedure 


Position/positioning aids LJ Can be accomplished either supine or lateral. If supine on a radiolucent flat top table, a rolled blanket or positioning pillow placed beneath the 


injured torso produces internal rotation to neutral, allowing predictable AP and lateral imaging. Further, the leg can be adducted across the 
uninjured limb to access the starting point and assist with obtaining a reduction. A foam ramp or soft support beneath the leg assists with lateral 
imaging with the patient positioned supine on a flat top table. For supine positioning on a fracture table, a support beneath the buttock will 
assist with maintaining the proper rotation of the proximal femoral segment 


Fluoroscopy location LJ The C-arm is usually placed opposite the injured side if the patient is supine; this allows for AP and lateral imaging without moving the leg. If 


lateral position is used, the C-arm is placed opposite the surgeon and perpendicular to the OR table; the surgeon is positioned posterior to the 
laterally positioned patient 


Equipment LJ Nails of proper length and diameter with the appropriate interlocking bolts. Reduction tools including 5-mm Schanz pins, large reduction 
forceps, a femoral distractor, intramedullary reduction tools, etc. Distal femoral traction pin with a traction bow. Reamers, drills, guidewires 


Other Intraoperative length and rotation must be carefully assessed. The femoral neck should be evaluated for a possible fracture prior to and 
following all nailing procedures. For trochanteric entry nail consider contralateral image to determine correct starting point. 


Preoperative planning is an important part of successful surgery when nailing femoral shaft fractures. A good understanding of the mechanism of injury 
from a thorough history and physical examination helps to define the potential injuries to the patient. Once the patient has been stabilized and is cleared for 
surgery, the radiographs of the fracture are reviewed in detail. This review should include good AP and lateral images including the joint above and below, 
to determine the length of the femur, canal size, fracture pattern, and associated injuries around the femur including femoral head and neck fractures, 
acetabular fractures, and fractures that may enter the distal femoral articular surface. Other radiographic findings that may change your treatment plan 
include the presence of bony lesions, bony deformities, or osteomyelitis. At times, based on the mechanism of injury, a CT scan should be considered to 
evaluate the femoral neck for an occult fracture. In many trauma patients, a CT has already been performed and provides an opportunity to evaluate for 
femoral neck fractures not visualized on plain radiographs. By using a standardized protocol with CT evaluation of femoral shaft fractures, improvement in 
the diagnosis of associated neck fractures can be realized.24° 

The AP radiograph may help to assess the length of the nail needed. The contralateral femur may also be helpful to assess length. Using a radiopaque 


ruler placed over the uninjured femur, a measurement from the greater trochanter to the epiphyseal scar is obtained. An IMN is inserted to match these 
measurements. Within many hospitals digital radiographs including sizing markers placed on the radiographs allow for accurate measurements. This will 
also permit measurement of the canal diameter. The diameter should be measured at the narrowest point to help determine the nail diameter. Both help to 
ensure that the appropriate nail is available for the patient and the surgeon. The lateral radiograph is important to look at the radial bow of the femur, which 
can vary in patients and pose a problem if the nail is mismatched to the bow. As the radius of curvature varies with different intramedullary implants, the 
proper selection can be done if recognized preoperatively. 

In patients with open fractures, antibiotics are initiated as soon as possible usually in the emergency room and the coverage is based on the level of 
contamination. For closed fractures, antibiotics are given in the OR prior to the start of the case. 


Patient Positioning 


Once the fracture has been defined and understood, a decision must be made as to the type of OR table and the position of the patient for intramedullary 
nailing, which is often based on the surgeon’s preference. Table 57-1 covers important points to consider when determining the position for antegrade 
intramedullary nailing. Options include supine and lateral positioning, with or without traction, and with or without the use of a fracture table; each having 
specific advantages and disadvantages. 


TABLE 57-1. Lateral Versus Supine Positioning for Antegrade Nailing 


Supine: Radiolucent Table Supine: Fracture Table Lateral: Fracture Table 
Multiple injuries or polytrauma +++ ++ +/- 
Associated spine injury* cant = -= 
Acetabular fracture (associated pattern) ++ ++ = 
Obesity = pe roe 
Positioning time Decreased Increased Increased 
Need for assistance Increased Decreased Decreased 


“Consider plating or retrograde nailing. 


In patients with known spine fractures, supine positioning can minimize lateral bending of the spine whether on a radiolucent table or a fracture table in 
traction. However, when the nailing is done free on the radiolucent table, some bending/twisting of the spine may occur with adduction of the leg to permit 
access to the entry point of the antegrade nail (Fig. 57-13). A more lateral entrance site might help to minimize the need to bend the patient. Supine 
positioning allows for easy access to the patient for the anesthesiologists, general surgeons, neurosurgeons, and others involved with ongoing resuscitation 
and treatment. This allows for treatment of injuries simultaneously whether it is multiple extremities or injuries to the chest, abdomen, head, or other 
extremities. With access to the other leg, comparison of length and rotation is simpler to evaluate and angular deformities are much easier to visualize with 
the patient in the supine position. Probably the biggest disadvantage of the supine position is access to the starting point for the antegrade nail, especially if 
the piriformis fossa is the entry point selected. Large patients with fat on the proximal thigh/hip and large gluteal muscles make palpation of the trochanter 
hard and finding the starting point though the abundant soft tissue can be challenging. Supine positioning off the fracture table does allow for hip adduction, 
slight rotation of the pelvis, and hip flexion to improve access to the starting point in the proximal femur, but not as much as in the lateral position. 

Alternatively, supine positioning can be done on the fracture table with the use of either skeletal traction or traction through the leg via a boot (Fig. 57- 
14). The immediate benefit is restoration of length without requiring an assistant to pull and maintain traction on the limb during the case. The major 
downside is the time required to set up traction before starting the case and the hip cannot be repositioned as easily as it can off the fracture table without 
traction to improve access to the starting point. Additionally, care should be taken when adducting the leg on a fracture table to allow access to the entry 
site, as this can lead to varus at the fracture site as traction is applied around the perineal post. Placing traction by the use of a boot requires traction through 
the knee and may add stress to both the knee and the sciatic nerve (as the knee is in extension). Alternatively, by using a traction pin in the distal femur, 
traction through a potentially injured knee can be avoided and the knee can be kept in a flexed position minimizing stretch to the sciatic nerve. Care should 
be taken when placing the traction pin in the distal femur. It should be placed medial to lateral and anterior to allow for passage of the femoral nail. The pin 
allows for more control of the distal femur than boot traction. The pin can also be placed in the proximal tibia but this does not provide the benefits of the 
distal femoral traction and is not much different than boot traction as traction is through the knee in an extended position. On the fracture table with traction 
applied, the opposite limb can be positioned with the hip and knee flexed to 90 degrees and the hip abducted. The calf is supported using a well leg-holder. 
This allows for the fluoroscopy machine to enter between the legs to image the broken femur. However, several reports have shown that this position can 
impede flow to the limb causing compartment syndrome during the procedure.®:9!:2!5 Tan et al. evaluated 10 patients in the flexed position using a well leg- 
holder and noted increased pressure within the compartments with positioning that worsened with time.?°* Once the leg was taken out of the leg-holder, the 
pressures normalized. This seemed to be more problematic in larger, more obese patients. They found the combination of the pressure on the calf from the 
leg-holder and the decreased perfusion from the flexed positioning increased the risk for compartment syndrome.?!° Therefore, if this position is going to be 
used the flexed and abducted leg should be examined hourly intraoperatively and the well leg-holder supporting the calf should be moved to eliminate calf 
pressure and placed to support the lateral knee. Using alternative positioning that avoids this complication may be a safer option. The opposite limb can be 
placed on a pillow sling or in boot traction in a scissored position with the hip and knee extended (Fig. 57-15). In this position, the risk of compartment 
syndrome is eliminated and fluoroscopic imaging can still readily be obtained. 


Figure 57-13. Supine positioning on a radiolucent table. The proximal femur can be accessed by placing a small bump under the ipsilateral hemipelvis. Intraoperative 
traction can also be used. A small bump placed centrally combined with lateral placement of the patient allows access to the proximal femur. Intraoperative traction can 
also be used. 


Figure 57-14. Supine position for closed intramedullary nailing using a fracture table and a traction pin in the femur. The image intensifier is positioned on the side 
opposite the injured extremity. In order to obtain intraoperative lateral imaging, the uninjured leg can be extended (as shown). 


Figure 57-15. Supine position on a fracture table using traction applied through a boot attached to the injured leg, instead of a skeletal traction pin. The contralateral 
hip is slightly extended to aid in lateral fluoroscopic imaging. 


Antegrade nailing can be performed in the lateral position as safely and effectively as in the supine position.3? The greatest benefit of lateral positioning 
is easier access to the starting point when using an antegrade nail. When accessing the starting point, the hip is flexed, the torso is angulated away for the 
line of the femoral shaft and adduction tends to occur in this position. All of these are a benefit for getting the entry site and for insertion of the nail. In large 
patients, the soft tissue of the hip tends to fall away from the starting point making identification and palpation of the greater trochanter easier. Lateral 
positioning can be done on the fracture table or without traction off the fracture table (Fig. 57-16). Lateral positioning may be contraindicated for patients 
with spinal injuries and questionably for pulmonary injuries. However, Apostle et al. looked at 988 patients in regard to intraoperative positioning with 
antegrade nailing and found no increased mortality or ICU admission when using the lateral position.!? The major downside of intramedullary nailing in the 
lateral position is limited or no access to the contralateral leg to use to evaluate rotation, length, and alignment. So good preoperative planning is necessary 
especially in highly comminuted fractures where rotation, length, and alignment may be difficult to determine based solely on the fluoroscopy. During 
lateral nailing, the leg naturally wants to fall into adduction and internal rotation and if the surgeon is not careful, the limb can be fixed with these 
deformities. Careful positioning with no more than 10 to 15 degrees of internal rotation on the distal segment and minimizing the amount of adduction helps 
to prevent these deformities. The down leg is usually extended at the hip and knee relative to the injured leg to aid in obtaining fluoroscopic images of the 
hip in both the lateral and AP position whether or not the fracture table is used. When positioning, it is always good practice, to image the hip and femur 
prior to prepping the patient to be sure adequate imaging is obtainable to perform the surgery. This will allow for repositioning if necessary before starting 
the case. 


Figure 57-16. Lateral patient position for closed intramedullary nailing on a fracture table. Image intensifier is positioned anterior to patient. Views from behind (A) 
and in front of (B) the patient. C: As an alternative to a traction pin, the injured leg can be placed in a traction boot. 


Technique 


Antegrade Intramedullary Nailing of Femoral Shaft Fractures: 


KEY SURGICAL STEPS 


Obtain length using a fracture table, manual traction, distal femoral traction, or a femoral distractor 
Identify the proper starting point based on AP and lateral radiographic imaging of the hip 
Make an incision proximal to the greater trochanter that is in line with the femoral canal, allowing placement of all instrumentation for the nailing 
procedure 
Establish the entry portal using either a large cannulated drill over a terminally threaded pin or an entry awl 
Place a ball-tipped guidewire through the entry portal and down the canal of the femur 
Reduction of the fracture with strategic bumps, Schanz pins such as joysticks, traction, etc. 
Placement of the guidewire across the fracture and central into the distal femur 
Determine the anticipated proper nail length using the guidewire 
Ream the canal while the reduction is maintained 
Place the nail with the proper rotation of the implant and the proper length and rotation of the femur 
Confirm the nail depth, implant rotation, and femoral rotation 
Interlock proximally and distally 
Confirm (again) the implant placement and the femoral length, alignment, and rotation; check for an associated femoral neck fracture; check for any 
associated knee ligamentous injury after interlocking 


The goal for a femoral shaft fracture treated with a nail is to restore the length, rotation, and alignment; however, anatomic reduction such as with an 
articular fracture is not part of the goal. Sometimes the restoration of limb alignment can be challenging, especially in highly comminuted fractures, 


segmental fractures, and fractures proximal or distal where the intramedullary device does not fill the canal. By obtaining and maintaining a reduction while 
passing the guidewire, reaming, and passing the nail, malreductions can be avoided ensuring a successful surgical outcome. There are many techniques that 
aid with indirect reduction including positioning (lateral vs. supine) and the type of table (a fracture table with traction or free on a radiolucent table) used as 
described previously. 

Femoral length can be restored using the fracture table with traction, manual traction off the fracture table, and by using a femoral distractor. When 
using the femoral distractor, careful pin placement is important to avoid placing the pin in the way of the guidewire and femoral nail. In the proximal 
segment, a pin is placed from lateral to medial, typically posterior to, but occasionally anterior to the center of the medullary canal. The pin can also be 
placed anterior to posterior just medial to the canal in the proximal segment at the intertrochanteric region. Distally, the pin is placed more anterior or distal 
to the end of the nail. The distractor will help with length but as the pins are often placed far from the fracture, manipulation of the fracture ends still may be 
necessary for proper alignment. This can be done by placing additional Schanz pins in the fragments closer to the fracture site and using them to manipulate 
the ends.!23 This technique also works well if there is a segmental fracture (Fig. 57-17). Care needs to be taken with placement of the pins. In many cases 
the Schanz pins are placed unicortical to avoid the canal. Bicortical Schanz pins that enter the canal can be used to manipulate the fracture fragments 
aligning them to allow passage of the guidewire. They can then be removed or backed up to unicortical during reaming and nail passage. In larger femurs, 
the pin sometimes can be placed unicortical just posterior to the canal in the thick portion of the linea aspera. If the length of the femur cannot be reliably 
determined by using the fracture pattern, such as in comminuted fractures, preoperative imaging of the contralateral femur should be obtained before 
starting. In cases of bilateral fractures, the surgeon should start with the simpler side and then match the more difficult side with length as well as rotation. If 
there is a question postoperatively, a CT scan can be done to confirm. 

Other devices can be applied externally and manipulated manually by the surgeon, which can be frustrating due to the lack of control of the segments 
and often exposes the surgeon to unnecessary radiation to the hands. Externally placed mallets, bumps, or crutches can help. Devices such as the described F 
tool to help align the fracture in the medial lateral plane have been successful. Slightly more invasive but with improved control is the use of a “finger” tool. 
Once the starting point has been obtained, a small cannulated rigid tool is introduced into the proximal segment and can offer substantial control to 
manipulate the segment to align with the distal segment (Fig. 57-18). The tip is often curved to help direct the guidewire across the fracture. In some cases, 
opening of the fracture is necessary and with good surgical technique can be done successfully without significant muscle stripping at the fracture site. This 
is especially important if an acceptable reduction is not obtained using closed techniques. A residual gap greater than 1 cm has been shown to increase the 
rate of nonunion, therefore open reduction may be necessary. Although studies looking at the rate of nonunion between closed versus open reduction are 
limited, opening the fracture using careful soft tissue handling does not appear to increase complications.®”!”9 In addition, it may be beneficial to close all 
surgical incisions prior to reaming to allow for the maintenance of the reamings which are osteogenic. Use of clamps placed through small incisions is one 
example of a soft tissue friendly technique (Fig. 57-19). 
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Figure 57-17. A, B: If reduction cannot be obtained by cl ously to allow manipulation and reduction of the 
fracture. C: During reaming, the pins should be backed out until they are out of the path of the reamers and intramedullary rod. 
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Figure 57-18. A finger reduction tool (A) can be used to aid in reduction and passage of the ball-tipped guidewire across the fracture site and into the other segment 
(B). C-E: Fluoroscopic images further illustrating the use of the finger reduction tool. 


Proper rotational alignment is also critical and in many cases is readily obtained with careful set-up in traction. If nailing is done off the fracture table, a 
good examination of the contralateral side if uninjured is important prior to starting the case to allow for matching the rotation. However, there are some 
limitations to this method.!®! There may be some toggle around the interlocking bolts allowing for small amount of rotation of the femur during 
examination. This is less likely with increasing the number of locking bolts. When examining the patient, after the locking bolts have been placed, it is often 
difficult to determine the actual rotation as the pelvis may be bumped up on a bolster or the patient may be in the lateral position. If a significant difference 
in rotation is noted, usually more than 15 degrees, changing of the bolts is indicated.*2-15°38° Clinical examination of rotation is simple but not very 
accurate. A CT study examining rotation after intramedullary nailing of 76 femurs showed almost half had a rotational deformity of 20 degrees that was 
missed by rotational exam.!5° 
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Figure 57-19. A relatively small incision (A) can be used to place the collinear reduction tool to obtain a proper reduction (B, C). 
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Figure 57-20. A method to determine proper rotation is by using the cortical widths. Improper rotation can be seen when the cortical widths are not similar. A: Proper 
rotation results in similar cortical widths on both sides of the fracture. B: Proper cortical widths are depicted in this fluoroscopic image. 


Intraoperatively, prior to completion of placing locking bolts, the rotation can be assessed using several radiologic parameters allowing for adjustment 
before locking. The femoral canal is not perfectly symmetric and the cortical thickness varies around the diameter of the bone, therefore small differences in 
the cortical thickness on each side of the fracture that do not match can suggest small rotational differences.!9? So by assessing the cortical thickness on both 
the AP and lateral fluoroscopic images to determine if they match on either side of the fracture, rotation can be confirmed unless comminution is present. 
This described “cortical step sign” (Fig. 57-20) was found to be more helpful in the lateral image but as expected does not tell the surgeon if the deformity is 
due to internal or external malrotation.!9? So if the cortical thickness is off, by rotating one side of the fracture under live fluoroscopy, the cortices can be 
aligned to correct the deformity. Alternatively, in fractures where the pattern is more oblique, often the rotation can be corrected by reducing the fragments 
like a jigsaw puzzle, keying in the fragments with each other. In cases where these techniques cannot be used, matching the anteversion of the femur to the 
opposite side can be used. With good preoperative planning in cases such as highly comminuted fractures, the anteversion of the contralateral side can be 
determined prior to the start of the case. Once determined, this can be matched on the fractured side.!®*246 This technique is done by obtaining a perfect 
lateral of the contralateral distal femur and then without changing position of the femur or C-arm, an image of the femur proximally is done to determine the 
anteversion relative to the distal femur. This same technique is then used for the injured side. Another method for determining rotation that can be done 
intraoperatively is by comparing the size and shape of the lesser trochanter from one side to the other (Fig. 57-21). This can be done prior to beginning the 
case by imaging the uninjured side and saving the images for comparison, or during the case, but only if you are able to image to contralateral side which 
may be based on the position of the patient. The technique starts with imaging of the distal femur in the lateral position and a true lateral is obtained and 
saved. The C-arm is then rotated 90 degrees and an image of the proximal femur is obtained noting the size and shape of the lesser trochanter. While doing 
this, care is taken to avoid any rotation of the femur which would affect the result. This image is saved as well and used to match to the opposite side. 
During the surgery, when assessing the rotation, a perfect lateral of the distal femur is obtained. Subsequently the C-arm is rotated 90 degrees and an image 
of the lesser is taken. Rotation of the proximal femur is then carried out usually using a Schanz pin, until the size and shape of the lesser trochanter is 
matched.!°? Successful use of this method had been demonstrated by Kim et al. to produce proper rotation within 15 degrees in all cases.!’* Alternatively, 
with AP fluoroscopy, an image of the hip can be obtained with a small amount of lesser trochanter visible, consistent with a true AP of the hip and by 
sliding the C-arm distally a true AP of the knee can be obtained by centering the patella on the femoral condyles. This may be easier than switching the C- 


arm to orthogonal views and will obtain acceptable rotation. 


Figure 57-21. A: Prior to beginning the procedure, an anteroposterior (AP) image of the uninjured proximal femur with the leg in neutral position is taken and stored 
for reference. Neutral position is obtained by taking a perfect AP of the knee prior to moving to the proximal femur. Before interlocking the injured extremity, a perfect 
AP view of the knee on the injured side is taken. Keeping the same rotation of the C-arm, an AP view of the proximal femur is taken. B: The profile of the lesser 
trochanter is then compared to the contralateral image of the uninjured side. C: If the proximal segment is internally rotated (external rotation of the entire femur), the 
lesser trochanter will appear smaller. D: If the proximal segment is externally rotated (internal rotation, of the entire femur), the lesser trochanter will appear larger. 
(Reprinted from Krettek C, et al. Intraoperative control of axes, rotation, and length in femoral and tibial fractures. Technical note. Injury. 1998;29(Suppl 3):C29-C39. 
Copyright © 1998 Elsevier Ltd. With permission from Elsevier.) 


Entry Point for Antegrade Intramedullary Nailing 


The entry point for an antegrade nail originally was and often still is the so-called piriformis fossa. This term is actually a bit of a misnomer. The more 
anatomically correct description is the trochanteric fossa2°° when referring to the depression in the inner and posterior surface of the trochanter. This 
insertion site was determined by drilling retrograde through the femoral shaft to determine the center of the femoral intramedullary canal. The piriformis 
fossa is directly in line with the canal of the femur (Fig. 57-22, line A). Nails used with this entry site are straight and will align the femoral canal on each 
side of the fracture as long as the entry point is correctly used and the nail is placed in the center of the distal femur. Alternatively, the starting point can be 
in the trochanter. The point of insertion differs based on the design of the nail. Some nails have a very small lateral proximal bend of 4 to 6 degrees; these 
nails are designed to enter in the tip of the trochanter (Fig. 57-22). Other nails with more of a lateral bend may be placed even further lateral. This far lateral 
starting point is lateral and distal to the tip of the trochanter and has been described as the bald spot. This area is covered by the subgluteus bursa but without 
muscle or tendon. Nails using this far lateral start have even greater proximal bends in the nail.!!® The thought is that by using the trochanteric starting 
point, the surgeon will have easier access, especially in the obese patients. But, one must always remember that if there is a mismatch between the nail 
design and the starting point, an iatrogenic fracture of the proximal femur can occur. Or, if the starting point tends to be too lateral relative to the nail’s 
proximal bend, as the nail is placed the fracture may fall into varus, even if an iatrogenic fracture does not occur. This varus malalignment is especially 
important with lateral entry for subtrochanteric fractures. The piriformis starting point is not without problems as well. If the starting point is not in line with 
the femoral canal, but too lateral, varus will occur, just as with the trochanteric starting point. And if the piriformis fossa starting point is too anterior, as the 
nail is inserted large hoop stresses are generated and “bursting” of the proximal femur or an iatrogenic femoral neck fracture can occur. 

Starting points for antegrade nails have associated injury to the local tissue around the hip during insertion.!*8®-118.209.222.253 Hin pain has been reported 
in anywhere from 10% to 40% of patients. This may, in part, be due to injury at the nail starting point, although it has not been clearly established. 118,222,268 
With a trochanteric entry site at the tip of the greater trochanter, the structures most commonly described as injured include the piriformis tendon (80%), the 
obturator internus (25%), the gluteus medius (25%), and the gluteus medius (27%).°®°9 The diameter of the insertion hole whether is it as large as 17 mm 
or as small as 12 mm, affects the structures injured.2°° McConnell demonstrated in cadavers that by moving the starting point to just medial to the tip of the 
trochanter and using a 14-mm hole as opposed to 17-mm hole, the gluteus medius tendon could be injury free.” When the piriformis starting point is 
selected, injury occurred to the piriformis tendon (71%), the obturator internus (86%), the obturator externus (29%), and branches from the medial femoral 
circumflex artery.5* The superior gluteal nerve is at risk more so with the piriformis starting point and if injured can produce a Trendelenburg sign.!° In 
another study, Moein et al. confirmed injury to branches of the medial femoral circumflex artery and joint capsule with a piriformis starting point.??? 
However, injuries to the various soft tissues and vessels have been difficult to correlate with outcomes in the patients. Concern for avascular necrosis is 
certainly a concern when injury to branches of the medial femoral circumflex artery occurs. But unlike in children, the complication of avascular necrosis of 
the femoral head has been limited to isolated case reports when using a piriformis staring point in skeletally mature patients. 130-272 
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Figure 57-22. On the AP radiographic view, the entry location and direction for a piriformis nail are depicted with the black arrow labeled A. This point is parallel 
with the medullary canal on both radiographic views. The entry angle and location for a trochanteric nail depend on the specific design parameters of the implant. 
Typically, a 4- to 6-degree entry angle is required (arrows labeled B). 


As one might expect, injury to the described soft tissues and vessels above also can vary based on the position of the limb when accessing the starting 
point. Ozsoy et al. demonstrated in laterally positioned cadavers less injury to the gluteus medius and superior gluteal nerve with an increase in hip flexion 
and adduction.”°? This position is much easier to achieve with lateral nailing or nailing supine on a radiolucent table using a bump to rotate the pelvis and 
adduction of the leg to improve access to the starting point. However, all positions described are used primarily based on surgeon comfort and experience. 


Piriformis Entry Nail Technique 


The piriformis fossa (trochanteric fossa) is identified with either an open approach or a percutaneous approach with the aid of fluoroscopy. With the open 
approach, the incision begins at the tip of the trochanter and extends proximally in line with the femoral canal on the sagittal plane. The gluteus maximus 
fascia is split in line with the skin incision, and the fibers are bluntly separated to expose the tip of the trochanter and the underlying gluteus medius fascia. 
The fossa can then be palpated directly and either a curved awl or a 3.0 guide pin usually terminally threaded is inserted. Once the guide pin is in place, AP 
and lateral planes verify the position under fluoroscopy prior to entering the femoral canal. Figure 57-23 shows the correct placement of the pin and awl for 
starting in the piriformis fossa. Cadaveric studies looked at the starting point to find the optimal position. Based on cadaveric specimens, 88% of the time 
the entry point was the medial border of the greater trochanter and 2.1 cm anterior to the posterior border of the greater trochanter. Depending on the bow of 
the nail (based on the various nails on the market), the starting point in the lateral image may need to be more posteriorly to accommodate nails with the 


larger curve.**" The starting point is critical to a successful nailing and avoidance of complications. If the starting point is too anterior, as previously 
mentioned, the proximal femoral hoop stresses increase as the nail is inserted. This can potentially cause a femoral neck fracture. If the starting point is too 
lateral, such as starting in the greater trochanter, with insertion of the nail the surgeon is at risk for fracture of the lateral cortex of the proximal femur or 
varus malposition of the femur. 

The starting point can also be reached using a percutaneous technique with a terminally threaded pin. With this approach, the skin incision is much 
smaller (1—4 cm) and made much more proximal to the tip of the trochanter, usually 10 to 20 cm proximal to the tip (more proximal with obese or very 
muscular patients). As the size of the soft tissue around the hip increases, the farther proximal to the tip of the trochanter the skin incision is necessary to 
enter the piriformis fossa. This technique is done with fluoroscopic guidance, but the site of insertion is no different than that described for the open 
technique. 

Once the starting hole is made with the awl, the bead-tip guidewire is inserted into the canal. If a guide pin is used, an 8- to 10-mm cannulated drill is 
then drilled over the wire to open the canal for passage of the bead-tip guidewire into the proximal femur. Occasionally the opening may not have been into 
the femoral canal and the surgeon will need to strike the bead-tip wire or place a T-handle chuck and twist the wire into the medullary canal. Newer nailing 
systems often use a large (15-17 mm) cannulated reamer to open the femur over the guidewire to allow a cannulated tube to remain in the proximal 
opening. This tube allows for easier passage of the reamers and helps maintain the entry site without fear of eccentric reaming over the bead-tip guidewire. 
As the guidewire is advanced to the fracture, a reduction maneuver may be necessary (as previously described) to allow for passage of the wire across the 
fracture and into the distal segment. Depending on the method used to assist with passing of the guidewire, often a bend at the distal tip will allow for some 
directional control and can assist with passage (Fig. 5 ). Alternatively, the guidewire can be left straight and a device such as the cannulated finger (see 

) can be used to control the position of the proximal fracture and assist with passage of the guidewire. The guidewire is advanced past the fracture 
and should terminate in the distal femur centrally on the AP images and midline on the lateral images. Although midshaft femur fractures will often realign 
with passage of the nail regardless of where the guidewire is positioned distally in the femur, in more distal fractures where the nail does not fill the canal, 
placement of the tip of the wire in the distal femur centrally is critical to avoid malpositioning of the fracture. Once centered, a mallet seats the guidewire 
into the dense bone of the epiphyseal scar to help prevent backing out during the next stage of reaming. The length of the nail is determined using a 
measurement tool based on the length of the bead-tip guidewire used. The length of the nail can also be determined ahead of time if there is a CT scan, or 
can be determined using a ruler to measure the contralateral side with aid of fluoroscopy (F 5). 
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Figure 57-23. AP starting point (A) and lateral starting point (B) for a pirifomis entry intramedullary nailing. 


Figure 57-24. By placing a small bend at the tip of the ball-tipped guidewire, the wire can perform a manipulative correction of translation. The bend can also aid in 
passage of the wire into fragments that are not perfectly reduced. 


The surgeon can decide if a reamed nail is going to be placed or if an unreamed nail will be used. If an unreamed nail is selected, the next step is to 
identify the diameter of the canal at the narrowest point and choose a nail diameter slightly smaller than the measured canal diameter. Indications for an 
unreamed nail are limited as union rates are not as high as those with reamed nails and there has been no evidence that unreamed nails decrease the 
incidence of ARDS. The nail is then placed over the bead-tip guidewire and seated in place with a mallet. If a larger-diameter nail is felt to be needed, 
reaming can be carried out to increase the size of the canal. Flexible reamers are passed over the bead-tip guidewire and reaming is carried out in 0.5 to 1.0 
mm increments until cortical chatter of the reamer occurs. If the reamer starts to get stuck, rather than force it, the reamer should be brought back and then 
gently advanced forward again in the canal while the reamer is running at full speed. At that point, the size of the nail is based on the size reamer when 
cortical chatter was obtained. Reaming is usually continued an additional 1.0 to 1.5 mm to allow passage of the nail. The reamers should be sharp with deep 
flutes and narrow flexible shafts.?4?33:266 However, in some cases the overreaming may be as much as 2.0 mm, especially in situations where the reamers 
have been used repeatedly and may be dull and slightly smaller from repeated use. The overreaming prevents incarceration of the nail or iatrogenic fracture 
of the femur. The method for determining the size of the nail to use is multifactorial. Historically, large-diameter nails with a very tight fit were used, often 
14 to 16 mm.?”4 However, with newer nail designs, interlocking screws, and improved metallurgy, nails of that size are rarely used. Depending on the 


patient’s size, presence of comminution, with the goal of full weight bearing, a minimum size is selected by the surgeon. As noted above, the diameter in 
which cortical chatter is reached during reaming is typically coincident with the size of the nail selected. 
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Figure 57-25. In an effort to restore appropriate length, a radiograph with a ruler can be placed on the uninjured leg and the image stored as reference. Prior to locking 
the intramedullary nail, the ruler is placed and the length is compared. 


Upon completion of reaming, the nail is placed over the bead-tip guidewire. The nails should be advanced across the fracture site carefully. Often 
manipulation of the fracture is necessary to improve alignment to allow for smooth passage of the nail over the wire across the fracture site. The nail is 
driven distally to the appropriate depth utilizing fluoroscopy. Special attention now should be paid to correcting for length (avoiding distraction), alignment, 
and rotation prior to placing locking screws. 

Each femoral nail design has a jig designed to assist with insertion of the proximal interlocking screws. Percutaneous placement using sleeves and drills 
designed to allow for measurement of the screw length is commonplace with every system. The screws may be placed oblique, transverse, or into the 
femoral head (cephalomedullary). The transverse screws allow for placement in the static or dynamic hole in the nail. The surgeon decides to use one or two 
screws and which direction, dependent on the fracture stability, fracture location, patient’s size, nail, and screw size and postoperative weight bearing. 

Distal locking in the nail typically uses a freehand technique with fluoroscopy. External jigs similar to the proximal jigs continue to be investigated but 
have not performed well due to the deformity of the nail as it is driven in place, as well as the inaccuracies of the jig over the extended length to the distal 
end of the implant. Newer technologies including computer-assisted navigation are currently time consuming and are still being refined. The use of 
electromagnetic fields for distal locking have been used to limit radiation exposure with some studies demonstrating favorable results, faster and less misses 
than a freehand technique. 193-323 

Distal locking can be done prior to proximal locking in situations in which immediate compression of the fracture is desired. In these cases, such as a 
transverse fracture that may be distracted, a distal locking screw is placed first, and then the nail is backslapped using a slap hammer attached to the 
proximal end of the nail. This will compress the fracture and which should be confirmed under fluoroscopy. 

The technique of freehand placement of the distal screws can be done with a variety of tools radiolucent drills, tapered pins, standard drills with trocar 
tips and Steinman pins and a mallet. Regardless of the tools used to make the hole, the technique is similar. Whether in the lateral or supine position, 
fluoroscopy is used to image the distal hole in the nail. The image intensifier needs to be perfectly perpendicular to the nail in both the AP and lateral 
planes. This results in a “perfect circle” on the lateral fluoroscopic view. Once achieved, a knife blade or scissors is placed on the lateral aspect of the leg 
and images are obtained to identify the location of the perfect circle on the leg. A small incision is made through the skin and iliotibial band in line with the 
fibers and skin incision. A sharp drill bit with a trocar tip, which helps to avoid slipping off the bone, is placed against the femur and images are taken until 
the drill tip is centered in the circle. Once located on fluoroscopy, the drill is placed parallel to the image intensifier beam and drilling is started, preferably 
using oscillation. By using the oscillation when drilling, the drill tip is less likely to “walk” along the bone and reduce the chance of missing the hole in the 
nail. After advancing across the near cortex, the power drill and chuck can be removed and the position of the drill bit confirmed with fluoroscopy. Minor 
adjustments can be made at this point to ensure the drill bit passes through the nail using fluoroscopy. Once confirmed the drill bit is advanced across the far 
cortex. A depth gauge is used to measure the length. The appropriate length screw is then placed and confirmed with fluoroscopy. The second hole is 
addressed in the same manner as necessary. Addition of a second screw is advantageous for comminuted fractures where there is little inherent bony contact 
at the fracture site (Fig. 57-26). 
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5. Preoperative (A) and postoperative (B-E) images of piriformis femoral intramedullary nail. 


Figure 57- 


Postoperative Care 


After operative stabilization, patients often experience less pain, and mobilization is encouraged. Immediate weight bearing is allowed after intramedullary 
nailing with newer nails and interlocking screws of 5.0 mm or greater, irrespective of the degree of comminution.*” Brumback et al. biomechanically 
demonstrated that full weight bearing was safe in segmentally comminuted midisthmal fractures statically locked with two distal interlocking screws. From 
a Clinical standpoint, Arazi et al. followed 24 patients with comminuted midshaft femur fractures and noted that patients began to fully weight bearing by 2 
to 4 weeks and had no mechanical failures.** Early weight bearing may also be advantageous to encourage callus formation in some fracture patterns. This 
concept was demonstrated in a 2021 retrospective 1:1 matched cohort study in which 154 patients with reamed, statically locked nails were evaluated. 
Groups were created based on postoperative weight-bearing restrictions of either as tolerated (WBAT) or non—weight bearing (NWB). The NWB group 
showed delay in radiographic healing compared to the WBAT group (122 days vs. 85 days; p = .029).**” When fractures extend into the distal or proximal 
femur, or are associated with femoral neck fractures, the weight-bearing status may change which will be addressed in other chapters. 

In multitrauma patients, physical therapy is initiated immediately postoperatively. In isolated femoral shaft fractures, physical therapy may not be 
necessary depending on the motivation of the patient. Regardless, in a fracture stabilized with a locked nail, both active and passive range of motion and 


strengthening can start without restrictions. Physical therapy should focus on the known impairments associated with nailing and the injury. By doing so, 
effective and predictable return of function can be expected. The therapist and the patient should target the abductors and external hip rotators, hip and knee 
flexors and extensors. They should also focus on strength to improve balance, endurance, and gait. All of these areas have been shown to be deficient with 
decreased functional outcomes scores compared to baseline even at 2 years in some patients. !#:15-142,283 

Radiographic evaluation immediately after fixation can avoid missing occult femoral neck fractures.?°” Subsequent radiographs at 6 and 12 weeks are 
standard and may continue at 6- to 8-week intervals until the fracture has united. Callus is often evident by 6 weeks and progress to bridging callus across 
the fracture with eventual remodeling should be observed over a period of months. If at any time the patient has significant groin pain at follow-up, the 
surgeon should be concerned for a missed femoral neck fracture and should obtain good radiographs of the hip. Missed femoral neck fractures have also 
been described without significant groin pain.?87 


Potential Pitfalls and Preventive Measures 


Antegrade Intramedullary Nailing of Femoral Shaft Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Failure to obtain the proper length e Adequate muscular paralysis intraoperatively 
e Obtain contralateral radiographs, especially in comminuted patterns 
e Adequate intraoperative traction 
e Insure guidewire is properly positioned in the distal femur before obtaining length measurement 
e Fracture malreduction in the coronal or sagittal e Obtain contralateral femoral radiographs prior to nailing 
planes e Center the guidewire, reamers, and nail on both radiographic views in both segments 


e Obtain a proper starting point in the trochanteric (piriformis) fossa and select the corresponding nail design 


e Jatrogenic femoral shaft fracture during nail 
placement 


Preoperative assessment of any femoral deformity and anticipation of the proper starting point 

Obtain a proper starting point in the trochanteric (piriformis) fossa and select the corresponding nail design 
Overream the canal by 1-2 mm larger than the anticipated nail size 

Establish that there are no intramedullary cortical fragments that would block the nail passage 


e Femoral malrotation Obtain contralateral AP imaging of the contralateral side in known rotation in order to judge the lesser trochanteric profile 
Image the contralateral side to determine the femoral neck anteversion 
Use cortical width or geometry of the fractured segments 


Postoperative CT to evaluate if uncertain 


e Missed diagnosis of a femoral neck fracture e Obtain preoperative imaging of the femoral neck to investigate the presence of a fracture prior to surgery; may include 
dedicated hip radiographs and/or a CT scan 
e Avoid deep impaction of the nail, especially if the aiming arm proximally has a larger diameter than the nail 
e Use caution in patients with a valgus femoral neck during nail placement 
e Confirm the lack of a femoral neck fracture after all femoral nailing procedures with multiple images of the neck 


e Placement of interlocking bolts that miss the e Avoidance of significant forces on the aiming arm for proximal interlocking 
nail e Must have perfect radiographic circle prior to drilling for distal locking 
e Careful intraoperative imaging during drilling and interlocking bolt placement 
e Confirmation radiograph following interlocking both distally and proximally 
e Jatrogenic femoral neck fracture e Obtain correct starting point in piriformis fossa (too anterior can lead to femoral neck fracture) 
e Inability to pass nail e Establish that there are no intramedullary cortical fragments that would block the nail passage 


e Ensure fracture adequately reduced as nail is driven across fracture site 
e Confirm guidewire is in distal canal in both planes prior to nail insertion 


Important points to check after fracture fixation but prior to leaving the OR include a good knee examination to identify associated ligamentous injuries, a 
thorough evaluation of the femoral neck to avoid missing an occult femoral neck fracture, and evaluation of length, rotation, and alignment. The opposite 
leg will help with assessment if there is any question. Arguably, the largest pitfall associated with piriformis entry nails is incorrect access to the starting 
point. In large patients, the starting point may be too lateral and placed into the tip of the trochanter. However, the piriformis nail is straight and designed to 
enter in line with the femoral canal in the piriformis fossa. This incorrect placement can lead to iatrogenic fracture comminution and varus malreduction of 
the fracture as previously noted. 1?0165,245 


Antegrade Intramedullary Nailing With Trochanteric Entry 


Trochanteric entry point offers some potential advantages over the piriformis starting point in the treatment of femoral shaft fractures. Because of the 
theoretical benefit of easier access, to the starting point, especially in obese patients, the trochanteric entry may require less time and less fluoroscopic 
imaging, decreasing the radiation exposure to the patient and surgeon.!>78+5° The nail designs have proximal bends of 4 to 6 degrees in most systems to 
allow for placement through or slightly medial to the trochanteric tip (see entry point for antegrade nailing in Fig. 57-22). 


Indications/Contraindications 


The indications for trochanteric entry nails are similar to the piriformis entry femoral nails with one notable difference: the entry site in the antegrade nail 
does change the indication for fixation in the young patient with open growth plates. If an IMN is selected for fixation in an adolescent with open growth 
plates, the recommended starting point is through the tip of the trochanter or even more lateral. Piriformis start should not be used in an effort to minimize 
damage to the blood supply to the femoral head.!7!,204.216.248 There are specific nails with smaller diameters to enter through the greater trochanter (slightly 
more lateral) for patients with open growth plates. 


Preoperative Planning 


The surgical plan is no different from the described plan for piriformis entry nails with the exception of the alternative starting point. Often an image of the 


contralateral hip will help to identify accurately the location of the proper starting point for the trochanteric nail.’-’ The location is based on the 
radiographic estimation of the lateral bend and can vary with the geometry of each patient’s proximal femur. Streubel et al. looked at the starting point using 
a template for a trochanteric nail with a 6-degree bend. They found that in up to 70% of patients, the trochanteric starting point should be just medial to the 
tip because of the geometry of the patient.’*” As a result, templating either the ipsilateral or contralateral hip is recommended to assist with determining the 
appropriate starting point. 


Patient Positioning 


Patient positioning is accomplished as described with the piriformis nail in either the lateral or the supine position, with or without traction, on or off the 
fracture table. 


Technique 


The techniques are as described in the section on reduction techniques for the piriformis entry nail. 

The technical aspects of trochanteric nailing are identical to the piriformis nailing except for the insertion site of the nail. The tip of the greater 
trochanter is identified using either an open approach or a percutaneous approach with the aid of fluoroscopy. With the open approach, the incision begins at 
the tip of the greater trochanter and extends proximally in line with the femoral canal on the sagittal plane. The gluteus maximus fascia is split in line with 
the skin incision, and the fibers are bluntly separated to expose the tip of the trochanter. The trochanteric tip can then be palpated directly and either a 
curved awl or a 3.0 guide pin (usually terminally threaded) is inserted based on the preoperative planned starting point. Once in place the position is verified 
in the AP and lateral planes using fluoroscopy prior to entering the femoral canal. shows the correct placement of the pin and awl for starting 
in the trochanteric tip. The correct nail entry location and orientation is based on the preoperative planning from templating the hip AP radiograph or 
intraoperatively estimating the lateral bend of the nail and geometry of the proximal femur. In an effort to better characterize the starting point in the lateral 
plane, Farhang et al. examined 374 paired cadaveric femora and suggested that the entry point should be placed about 5 mm posterior to the apparent apex 
of the greater trochanter. Adjustments may be necessary based on the intraoperative fluoroscopic findings.'?? When the surgeon is considering insertion of 
interlocking screws into the femoral head (cephalomedullary) a midtrochanteric position on the lateral fluoroscopic view is desirable to prevent the need for 
excessive external rotation of the nail to accommodate anteversion of the femoral neck. 
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Figure 57-27. AP starting point (A) and lateral staring point (B) for a trochanteric entry intramedullary nail. The exact starting point on the AP view is dependent on 
the implant specification, however. 


The starting point may also be reached using a percutaneous technique with a terminally threaded pin. With this approach, the skin incision is much 
smaller (1—4 cm) and made more proximal to the tip of the trochanter, usually 10 to 20 cm proximal to the tip. As the size of the soft tissue around the hip 
increases, the farther proximal the skin incision will need to be to enter the determined spot on the tip of the trochanter. This technique is done with 
fluoroscopic guidance, but the site of insertion is no different from that described for the open technique. Once the starting point is made, the remainder of 
the surgical steps is as described with the piriformis nail (Fig. 57-28). 


Postoperative Care 

The postoperative care is identical to that of the piriformis entry nail. The trochanteric nail, just as the piriformis nail, allows for immediate weight bearing, 
early mobilization, decreased pain, improved nursing care, and early functional rehabilitation. 

Potential Pitfalls and Preventive Measures 


The pitfalls associated with the trochanteric entry nail are also no different from with the piriformis entry nail. Important points to check prior to leaving the 


OR include a good knee examination to identify associated ligamentous injuries, a thorough evaluation of the femoral neck to avoid an occult femoral neck 
fracture, and evaluation of length, rotation, and alignment at the end of the case. The contralateral leg will help with assessment of length, rotation, and 
alignment if there is any question. Arguably, the largest pitfall associated with antegrade entry nails is incorrect access to the starting point. Prasarn et al. 
reviewed the correct trochanteric starting point for nails with an extended lateral bend of 10 degrees. When the starting point was too anterior, they found a 
greater than twofold increase in valgus malalignment of the fracture and 13% iatrogenic fractures.?”4 For proximal femur fractures a lateral trochanteric 
entry site can lead to varus malalignment and starting just medial to the trochanter tip is recommended.**° 


Retrograde Intramedullary Nailing of Femoral Shaft Fractures 


Retrograde femoral nailing started with Kuntscher and has evolved over the years.'®° Swiontkowski et al. introduced the extra-articular medial femoral 
condylar starting point using flexible nails to treat femoral shaft fractures associated with femoral neck fractures.**! In 1991, the intercondylar approach was 
described using short supracondylar nails to treat distal femur fractures with the ability to lock distally as well as proximally.'*? To treat fractures above the 
supracondylar region, initially a tibial nail was used through the notch. But complications associated with short supracondylar nails combined with the 
success of longer nails (often tibial nails) placed in a retrograde manner led to the design of true retrograde femoral nail spanning the entire 
femur. !45220,243,265 Design changes and modifications included lengths and diameters in multiple sizes just as in the antegrade femoral nails, and 
appropriate bows to match the femur more closely and moving the proximal interlocking holes from lateral to anterior. Multiple options to lock the nail 
distally including anterior to posterior screws, lateral to medial screws and oblique screws capturing the condyles improved the versatility of the nails. 
Proximal options for locking screws statically and dynamically in the anterior to posterior plane and the lateral to medial plane much improved treatment of 
femoral shaft fractures with retrograde nails, rivaling treatment with antegrade nails. 14:304 


Indications/Contraindications 


Retrograde Intramedullary Nailing of Femoral Shaft Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 
Multiply injured patients or polytrauma e Subtrochanteric fracture 
Bilateral femur fractures e Limited knee motion (if starting point inaccessible) 
Morbid obesity e  Patellar baja 
Distal metaphyseal fractures 
Pregnancy 


Associated vascular injury 
Associated spine fracture 
Ipsilateral femoral neck fracture 
Ipsilateral acetabular fracture 
Ipsilateral patella fracture 
Ipsilateral tibia fracture 

Ipsilateral through knee amputation 
Hip abduction contracture 


One major benefit of retrograde nailing is easy access to the starting point via the distal femur in most patients while in the supine position. As most femoral 
shaft fractures can be treated with retrograde nailing, it is really only when the anatomy prohibits access to the starting point that the retrograde nail is 
contraindicated. This occurs when the knee cannot appropriately flex to allow nail placement or if the patient has patella baja, inhibiting nail placement.2? 
Some subtrochanteric fractures may be treated with a retrograde nail, but certainly not all of them. In general, subtrochanteric fractures are better addressed 
with antegrade nailing. Initially, a relative contraindication for retrograde nailing was the concern for a higher nonunion rate, but with larger, reamed nails 
this has been proved to not be the case.”4* With associated open wounds to the knee, there was concern for increased infection rate with fixing the femur 
through an open wound (assuming the femoral shaft fracture was a closed fracture). However, studies have shown the incidence of infection in this situation 
is very low and septic knees have been a very rare complication following retrograde nailing of open fractures and therefore are not a contraindication.?!,25 
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Figure 57-28. Preoperative (A) and postoperative (B-E) images of trochanteric femoral intramedullary nail. 


In cases in which potentially quicker surgical time is desired and the supine position is necessary secondary to associated injuries either with the head, 
chest, abdomen, or other extremities, retrograde nailing may be indicated. Keeping the patient with multiple extremity injuries in the supine position, may 
allow multiple surgeons to access the injuries simultaneously. In polytrauma patients requiring damage control quickly, the retrograde starting site is easy to 
find and, in the supine position, allows for resuscitation by anesthesia and trauma without additional time added to position on the fracture table or in the 
lateral position. Concerns for unstable spine fractures can also be alleviated by the supine position on a radiolucent table and transfer via a long board 
without spine manipulation. Although not common practice nor the first choice (external fixation typically is) for damage control in a femur fracture, the use 
of an unreamed retrograde nail has been described as an alternative to an external fixation device. ^” A small-diameter, unreamed and nonlocked nail is used 
to temporarily stabilize the femur until a reamed locked nail can be placed when the patient is stable and can tolerate a lengthier procedure. Bilateral femurs 
may be treated easier with retrograde nailing. Patients with a through knee amputation, patella fracture or open wounds around the knee may be fixed 
simultaneously with a retrograde nail for a concomitant femoral shaft fracture. Arguably, there are three main relative indications for retrograde nailing: 
obese patients, pregnant patients, and patients with distal femoral shaft fractures. In obese or very muscular patients, the starting point is often difficult to 
find with an antegrade technique. In the pregnant patient, especially in the first trimester, retrograde nailing is beneficial as the radiation exposure is less due 
to the distance relative to an antegrade nail. And in patients with more distal femoral shaft fractures, the alignment is easier to control as the distal segment 


can be manipulated with the nail. One may also consider a polytrauma as an indication for retrograde nailing, where multiple procedures are necessary and 
can be done at the same time easier than antegrade. 

Ipsilateral injuries to the patella, acetabulum, femoral neck, or tibial shaft fractures are also relative indications for retrograde nailing. The ipsilateral 
femoral neck with associated shaft fracture will be discussed in detail later in this chapter. In general, the femoral neck has priority and the goal is anatomic 
reduction with stable fixation. Often this is achieved with open reduction of the neck and plate or screw fixation, followed by retrograde nail fixation of the 
associated shaft fracture (Fig. 57-29). When an ipsilateral patella fracture requires fixation, the same incision can be used to place the femoral nail in a 
retrograde manner. Similarly, if there is a “floating knee,” the tibia and femur can be stabilized with nails placed in the same percutaneous incision over the 
knee. With this combined injury pattern, fixation of the femur first is recommended to give a stable proximal limb prior to tibial nailing. In patients with an 
ipsilateral acetabular fracture that requires surgical fixation via a posterior approach, antegrade nailing might interfere with the surgical incision for the 
acetabulum if not done in the same sitting. For this reason, a retrograde nail can be used to avoid unnecessary incisions around the acetabulum. As well, if a 
retrograde nail is used, care should be taken when seating the femoral nail as to not cause additional injury to the acetabular fracture. Overreaming by 2 mm 
may help with passage in a more controlled manner. 


Preoperative Planning 


Retrograde Intramedullary Nailing of Femoral Shaft Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ A radiolucent flat top table that allows unimpeded radiographic imaging 


Position/positioning aids LJ Supine positioning with or without a rolled blanket or positioning pillow placed beneath the injured buttock to produce 


internal rotation to neutral, allowing predictable AP and lateral imaging. A radiolucent triangle or similar is helpful for 
optimizing knee flexion and elevation of the leg to allow for imaging for starting point identification and nail placement 


Fluoroscopy location LJ The C-arm is usually placed opposite the injured side allowing for AP and lateral imaging without moving the leg 


Equipment LJ Nails of the proper length and diameter with the appropriate interlocking bolts. Reduction tools including 5-mm Schanz 
pins, large reduction forceps, a femoral distractor, intramedullary reduction tools, etc. Reamers, drills, guidewires 


Other LJ Carefully assess intraoperative length and rotation. The femoral neck should be evaluated for a possible fracture prior to 
and following all nailing procedures 


The surgical planning is similar to that of antegrade nailing. A radiolucent table is necessary to image the femur. The C-arm is usually positioned on the 
opposite side of the table from the surgeon and is placed perpendicular to the long axis of the femur. This makes it easier to image the starting point, the 
placement of distal and proximal screws, and the fracture when passing the guidewire and nail. The surgeon should make sure all of the appropriate size 
nails and equipment are on hand and sterile for the procedure. If the fracture is comminuted, imaging of the opposite side or templating the opposite side to 
help with length, alignment, and rotation should be done. Unlike antegrade nailing, when traction can be used to obtain length with the fracture table or 
skeletal traction, alternative methods might be necessary for retrograde nailing. If length is an issue, make sure the patient is chemically paralyzed. Although 
manual traction on the lower leg can be applied, in doing so the knee is usually extended making access to the starting point more difficult if not impossible. 
Other options include the use of a femoral distractor with pins placed proximally (most commonly anterior to posterior just above the lesser trochanter and 
medial to the nail path) and distally (usually anterior to the nail from lateral to medial) out of the path of the nail. A traction pin can be used in the distal 
femur with manual traction. This will also help control rotation in the distal segment. Percutaneous Schanz pins in both fracture fragments can assist with 
manipulation of the fractures along with traction to obtain length.!22:26° Always remember to evaluate the femoral neck both pre- and postoperatively to 
avoid missing an occult fracture. 


A,B c 
Figure 57-29. A: AP pelvis radiograph showing combined femoral neck fracture and femoral shaft fracture. B, C: Postoperative radiographs showing union of both 
fractures after treatment with side plate and hip screw device for the femoral neck fracture and retrograde IMN for the shaft fracture. 


Positioning 


The patient is positioned supine on the table with a small bump underneath the ipsilateral buttock to help avoid external rotation of the leg. With the pelvis 
internally rotated from the bolster, the surgeon must be careful to align the limb with appropriate rotation. Alternatively, no bolster can be used and the 


patella pointing straight anterior will assure appropriate rotational alignment. The entire leg up to the iliac crest should be prepped into the field to ensure 
prepping high enough to place the proximal locking screws. Most important is placement of a radiolucent triangle or foam bump to provide flexion at the 
knee. Typically, the amount of flexion necessary to allow for accessing the correct starting point is 34 to 52 degrees.*“? This should be confirmed with a 
lateral image on fluoroscopy and adjustment is made with flexion or extension as necessary. With most of the femoral shaft fractures, the distal segment 
tends to sag posteriorly. Another soft bump or pack of towels placed just distal to the fracture on top of the triangle will help align the fracture in the sagittal 
plane. 


Technique 


KEY SURGICAL STEPS 


/ Retrograde Intramedullary Nailing of Femoral Shaft Fractures: 


Position the knee over a radiolucent triangle or bolsters that allow for knee flexion of between 35 and 50 degrees 

Identify the proper starting point based on AP and lateral radiographic imaging of the knee 

Make an incision centered between the patella and tibial tubercle based on the radiographic estimation of the starting point 
Insert guide pin just anterior to confluence of femoral groove and Blumensaat line on the lateral fluoroscopic view 
Establish the entry portal using a large cannulated drill over a terminally threaded pin 

Place a ball-tipped guidewire through the entry portal and up the canal of the femur 

Reduction of the fracture with strategic bumps, Schanz pins such as joysticks, traction, etc. 

Placement of the guidewire across the fracture and central into the proximal femur, past the level of the lesser trochanter 
Determine the anticipated proper nail length using the guidewire 

Ream the canal while the reduction is maintained 

Place the nail with the proper rotation of the implant and the proper length and rotation of the femur 

Confirm the nail depth (cannot be sticking out from cartilage), implant rotation, and femoral rotation 

Interlock proximally and distally 

Confirm (again) the implant placement and the femoral length, alignment, and rotation; check for an associated femoral neck fracture; check for any 
associated knee ligamentous injury 


After appropriate positioning, a longitudinal incision is made beginning at the inferior pole of the patella and extending distally just short of the tibial 
tubercle. This incision is anywhere from 1 to 4 cm. With the use of a smaller incision, the lateral image should be used to ensure the incision is in line with 
the starting point. The patella tendon can be split in line with the skin incision or alternatively the deep incision can be made medial to the tendon and then 
the tendon is retracted laterally to permit pin insertion on the medial side of the tendon. With a larger incision, the starting point can be palpated and either 
an awl or threaded pin is inserted. More commonly, the pin is inserted under fluoroscopic guidance requiring a smaller incision. Using a perfect lateral 
fluoroscopic image, the proper starting point is just anterior to the posterior cruciate ligament origin. This point corresponds to the apex of the intersection 
of the femoral groove and Blumensaat line in the lateral radiograph (Fig. 57-30). In cadaveric specimens, the starting point was identified as 6.2 to 12 mm 
anterior to the posterior cruciate ligament femoral attachment and through the articular cartilage of the posterior intercondylar sulcus.8>!84 Radiographically 
on the AP image, the starting point is at or slightly medial to the intercondylar sulcus in line with the femoral canal. It is important to remember that the 
femur has 5 to 9 degrees of valgus, therefore the starting point should not be perpendicular to the femoral joint line but in line with the canal of the femur. 


should be in ine with the A canal. This is usually at an angle of 5 to 9 a relative to the distal femoral articular oe B: On the lateral view, the 
starting point should be directly in line with the medullary canal, usually at the apex of the Blumensaat line. 


Once the entry hole is made with the awl or with a cannulated drill over the threaded tip pin, the bead-tip guidewire is passed into the distal fragment. 
Care should be taken in very distal fractures to keep the insertion wire centered in the distal metaphysis to avoid angulation. The fracture is aligned to allow 
for passage of the wire into the proximal fracture segment just beyond the lesser trochanter. The tips and tricks for this step are the same as described in the 
antegrade nail section. The placement of the bead-tip guidewire should be confirmed with fluoroscopic images in two planes. Reaming can then be carried 
out or an unreamed nail placed in the damage control cases. While reaming, it is important to use fluoroscopy in the lateral position to verify that the 
reamers are not injuring the proximal tibial plateau, meniscus, or the inferior pole of the patella. Flexion and extension may need adjusting while passing the 
reamers through the knee. Alternatively, using a drill sleeve or a 10-cc plastic syringe with the end cut off serves as an inexpensive cannula and protects the 
structures while reaming. Usually reaming is carried out to 1.0 to 1.5 mm over the first size that has cortical chatter. In cases where a proximal 
femur/femoral neck or acetabular fracture is present, the surgeon should consider overreaming by 2.0 mm to avoid significant impaction when trying to 
drive the nail in place and risk worsening of the other injuries. 

The nail should be at or just above the lesser trochanter and recessed beneath the cartilage distally ( 31). Morgan et al. demonstrated that 1 mm of 
nail prominence into the joint increased patellar contact on the nail tip at 90 and 120 degrees of knee flexion.’ Proximal interlocking is done using the 
freehand technique with perfect circles as described with the antegrade nailing technique. This is usually completed after distal locking is accomplished. 
Static or dynamic proximal interlocking can be performed based on the stability at the fracture site and bony contact. Proximally, most systems place the 
screws anterior to posterior. Some systems allow for lateral to medial placement, but these can be challenging secondary to difficulty with imaging. Riina et 
al. looked at the safe zone to place the proximal screws when going from anterior to posterior. They determined that placing screws above the lesser 
trochanter minimizes the risk of injury to the surrounding nerves and vessels.*°° Distal interlocking is done with a targeting jig. Screws can be placed lateral 
to medial, anterior to posterior, and oblique depending on the nail system used ( 57-32). Newer nailing systems have distal and proximal bolts that lock 
into the nail which may help eliminate fracture site motion especially in poor-quality bone, but these are still under investigation.’’’ A notch view may 
allow for better length determination with the distal interlocking screws and avoid the possibility of painful screw tips.*’* In cases in which there may be 
distraction at the fracture site after placing the distal locking bolts, the nail now attached to the distal femur can be driven in further to close the fracture gap 
prior to locking the nail proximally. Additionally, in axially unstable fractures, insertion of the retrograde nail can lead to femoral shortening and after 
placement of the distal interlocking screws the nail can be backslapped to regain length prior to proximal interlocking. 


Figure 57-31. In an effort to decrease stress-related fractures, the nail should ideally end proximal to the lesser trochanter when using a retrograde technique. 
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-igure 57-32. Preoperative (A, B) and postoperative (C-E) images of retrograde femoral intramedullary nail. 


Postoperative Care 


After operative stabilization, patients often experience less pain and mobilization is encouraged. Just as with antegrade nailing, immediate full weight 
bearing is permitted and encouraged. Early weight bearing may be advantageous to encourage callus formation in some fracture patterns. When fractures 
extend into the distal or proximal femur, or are associated with femoral neck fractures, the weight-bearing status may change. These will be addressed in 
other chapters. 

With stabilization of the fracture using a locked nail, both active and passive range of motion and strengthening can start without restrictions. Physical 
therapy should be focused on the known impairments associated with nailing and the injury. By doing so, effective and predictable return of function can be 
expected. The therapist and patient should target the hip and knee flexors and extensors, but should not ignore the abductors and external hip rotators even 
though they were not traumatized by placement of the nail (as in an antegrade nail). They should also focus on strength to improve balance, endurance, and 
gait. Knee range of motion is encouraged and if the patient is unable to cooperate with physical therapy a continuous passive motion (CPM) machine may 
be considered to prevent decreased later knee motion. 

Radiographic evaluation immediately after fixation can avoid missing occult femoral neck fractures.?°” Subsequent radiographs at 6 and 12 weeks are 
standard and should continue at 6- to 8-week intervals until the fracture has united. At any time, if the patient has significant groin pain at follow-up, the 
surgeon should be concerned for a missed femoral neck fracture and should obtain good radiographs of the hip. Missed femoral neck fractures have also 
been described without significant groin pain.7°” 


Potential Pitfalls and Preventive Measures 


Retrograde Intramedullary Nailing of Femoral Shaft Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Failure to obtain the proper length e Adequate muscular paralysis intraoperatively 
e Obtain contralateral radiographs, especially in comminuted patterns 
e Adequate intraoperative traction 


e Fracture malreduction in the coronal or sagittal planes e Obtain contralateral femoral radiographs prior to nailing 
e Center the guidewire, reamers, and nail on both radiographic views in both segments 
e Obtain a proper starting point at the knee at the apex of Blumensaat line and consistent with the normal 
valgus of the distal femur articulation 


e Jatrogenic femoral shaft fracture during nail placement e Preoperative assessment of any femoral deformity and anticipation of the proper starting point 
e Over ream the canal by 1—2 mm larger than the anticipated nail size 
e Establish that there are no intramedullary cortical fragments that would block the nail passage 


e Femoral malrotation e Obtain contralateral AP imaging of the contralateral side in known rotation in order to judge the lesser 
trochanteric profile 
e Image the contralateral side to determine the femoral neck anteversion 
e Use the cortical diameter or fracture geometry to correct rotation 


e Missed diagnosis of a femoral neck fracture e Obtain preoperative imaging of the femoral neck to investigate the presence of a fracture prior to 
surgery; may include dedicated hip radiographs and/or a CT scan 
e Confirm the lack of a femoral neck fracture after all femoral nailing procedures 


e Placement of interlocking bolts that miss the nail or are too long e Careful intraoperative imaging during drilling and interlocking bolt placement 
e Confirmation radiograph following interlocking 
e Confirm screw length prior to leaving OR 


e Placement of proximal interlocking bolt e Slightly larger incision to visualize bone and avoid neurovascular structures 
e Avoid internal rotation of the nail in the femur 
e Lock at or above the lesser trochanter 


e Iatrogenic injury to the structures at the knee e Ensure proper starting point for the nail at the knee 


The pitfalls and preventive measures for retrograde nailing are all very similar to those for antegrade nailing. Some additional pitfalls are related to 
retrograde nailing. Improper starting point in the knee can damage the articular cartilage or the posterior cruciate ligament. Care should be taken to obtain 
the correct starting point in both the AP and lateral images. Knee sepsis and femoral shaft fracture infections following retrograde nailing through a 
traumatic knee wound or retrograde nailing of open fractures have been a concern due to the potential of bacterial seeding of the joint. However, 
retrospective reviews have shown no increase in the rate of infections in the knee.?t?5? HO has been described in and around the knee joint following 
retrograde nailing." Little is known or understood why this occurs, but in patients with associated risk factors, this should be a concern. Vigorous 
irrigation of the knee to remove reaming particulate and HO prophylaxis may help but there are little data to know for sure. Synovial metallosis has been 
reported after retrograde nailing, but the clinical significance is unknown. Similarly, with reaming, the blood flow to the cruciate ligaments is altered in 
animal models but again the clinical importance if any is unknown.°° Placement of the proximal locking screws can injure branches of the profunda artery 
along with other local neurovascular structures.” Avoiding internal rotation of the femoral nail will lessen this risk, along with a slightly larger incision that 
allows for palpation/visualization of the bone. By locking at or above the lesser trochanter, injury to the local neurovascular structures can be minimized.*®8 


Authors’ Preferred Treatment for Femoral Shaft Fractures ( ) 


Femoral shaft fractures are commonly found in conjunction to other injuries in the multitraumatized patient. Before making any decision concerning 
treatment, the physician must decide if the patient is stable. If not, the two most commonly used options are external fixation and skeletal traction. 
External fixation can be applied in the emergency room or ICU if the patient is deemed too sick to go to the OR and allows for easier moving of the 
patient both for care and for other studies to be done. Alternatively, a traction pin can be placed in the distal femur or proximal tibia and balanced 
skeletal traction can be set up until the patient has stabilized. If an injury to the knee is suspected, the preferred position of the pin is in the distal femur, 
otherwise both are reasonable choices. Traction certainly is simpler and cheaper; however, transport of the patient is more difficult. 


If the patient is stable, the surgeon must decide if the fracture is open or not. With open fractures, the patient is taken to the OR for debridement and 
irrigation with normal saline without any additives using cystoscopy tubing and gravity flow and definitive fixation with a reamed IMN unless the 
medullary canal is grossly contaminated. If the medullary canal is severely contaminated, a temporary external fixator is placed and the patient is 
expected to return to the OR for another irrigation and debridement in the next 24—48 hours. The irrigations and debridements continue until the canal 
and wound are clean and then definitive fixation with a reamed IMN is performed always locked proximally and distally. 

Next the femoral neck is evaluated. In cases with a concomitant femoral neck fracture, the main priority is the neck fracture as there are few good 
salvage procedures for complications related to the femoral neck in young patients. The femoral neck fracture is fixed with a sliding hip screw and 
derotational screw followed by retrograde reamed nailing. Even in cases of a nondisplaced femoral neck, two devices are preferred. In the rare instance 
when the femoral neck is found after femoral nailing cannulated screws are placed around the nail, but if the neck is displaced, the nail is removed, the 
femoral neck fixed, and the shaft fracture is then re-nailed but in a retrograde manner. 

The next step after evaluating for open fractures and associated femoral neck fractures is evaluating for special circumstances related to the bone. 
This includes anything that may obstruct the canal, such as previous deformity or malunion, retained hardware, a hip or knee prosthesis, a narrow canal, 
or other unusual circumstances preventing the use of an intramedullary device. In these cases, 4.5-mm dynamic compression plating is performed if the 
fracture is in the midshaft. If the fracture extends more distally or proximally, a precontoured femoral plate is preferred. Another unusual circumstance 
is an associated vascular injury where sometimes a plate or temporary external fixator is used. 

If the femoral shaft fracture is able to be nailed, patient factors also play a role in decision making. If the fracture is in the older patient, especially if 
the bone quality is poor, a reamed cephalomedullary nail is preformed to protect the femoral neck. In the morbidly obese patient where a proximal 
staring point may be difficult, we prefer to use a reamed retrograde femoral nail statically locked proximally and distally. For the pregnant patient, a 
retrograde nail is preferred, as the radiation exposure is less to the fetus, as the hip is not imaged to the same degree as the knee with the retrograde 
technique. 

Last, the location of the fracture plays role in the decision-making process for treatment. If the fracture location is in the proximal one-third to one- 
fifth of the femur, antegrade nailing is selected. When the fracture is in the distal one-third to one-fifth a retrograde nail is preferred. These choices are 
made to improve the fixation of the fracture with the nail. In these more distal and proximal fractures, a minimum of two locking bolts are placed on the 
side where the fracture is potentially more unstable (the side closest to the fracture), at times even more bolts can be placed depending the nail design 
and the stability of the fracture with the fixation. 

The technique and the use of the OR table vary as well. For isolated femoral shaft fractures, a fracture table is used in the supine position with 
traction through a boot. If the patient is morbidly obese, traction on the fracture table in the lateral position is selected, as this position in the lateral 
provides for easier access to the starting point in the femur. For the polytrauma patients, the femur fracture is treated on a radiolucent table to allow for 
access to the other injuries. Traction is performed manually or at times with an intraoperative femoral distractor. Unless there is a special circumstance 
as mentioned above, an antegrade reamed nail using a greater trochanteric starting point is preferred. The technique for nailing is a percutaneous 
approach with a guide pin as opposed to using an awl. For retrograde nailing, a radiolucent table is used with a bump under the knee. The starting point 
is accessed through a splitting of the patella tendon and a threaded pin is used to localize the starting point. 


Femoral shaft fractures 
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Algorithm 57-1 Algorithm of authors’ preferred method of treatment of femoral shaft. *Special circumstances include obstruction of canal, narrow canal, 
previous deformity or malunion, previous hardware, vascular injury, hip prosthesis, long-stem knee prosthesis, other unusual circumstances. tCephalomedullary 
or reconstruction or standard nail. 


Finally, to summarize, all nails are always reamed and locked proximally and distally regardless of the fracture pattern. Reaming allows for 
increased union, minimizes hardware failure, and allows for placement of an appropriate size nail. Locking prevents shortening and controls rotation 
and alignment. 


Outcomes 
External Fixation 


The use of external fixation for definitive treatment in patients with highly comminuted femurs, horrible open wounds, and severe injuries has demonstrated 
variable results. Several smaller studies®80-129.293 reported rare infections, high nonunion rates, and good knee motion. However, their definition of good 
knee motion was better than 90 degrees in several of the studies. Both Alonso and Mohr reported complications in each of their studies. Alonso had a 12% 
nonunion rate. Mohr reported 11% early infections, 11% late infections, shortening in 7%, and restricted motion in 20% (Table 57-2).?23 


External fixation for temporary use has less potential complications and external fixation is often used in this manner. In a large study of more than 
1,500 patients treated with intramedullary nailing, 55 underwent conversion from external fixation to intramedullary nailing at the same sitting.7°° The 
average time the external fixator was on was 7 days (range 1—49). The authors found only one nonunion in this group and one infected nonunion with 
healing (97%). Of important note however, if the pin sites appeared infected, which occurred in four patients, the pins were removed and patients placed on 
antibiotics with a 10-day pin holiday before definitive internal fixation. Two additional studies confirmed the efficacy and safety of this treatment plan, 
suggesting that if conversion to an IMN is planned, it should be completed in less than 2 weeks to avoid the increased infection risk.?®14 The reported 
infection rates with conversion within 2 weeks is from 1.7% to 3.6% and a union rate of 97%.°°.84.!40 Unlike definitive external fixation, temporary external 
fixation does not appear to have a negative effect on knee function or range of motion.”? 


TABLE 57-2. Selected Reports of Femoral Fracture Treatments and Results 


N Treatment Nonunion (%) Infection (%) Special 
Alonso et al. 24 External fixation 12 4 
Mohr et al.?# 17 External fixation 0 11 Only open femur fractures 
Nowotarski et al.?° 54 External fixation then nailing 3 2 Planned early conversions 
Angelini et al.’ 54 Plate 0 1 
Ruedi and Luscher” 131 Plate 7 6 
Riemer et al.? 141 Plate 7i 1 
Geissler et al.!?! 71 Plate 7 0 
Loomer et al.” 46 Plate 2 f 
Tornetta and Tiburzi*” 83 Reamed antegrade nail 0 0 
Wolinsky et al?” 551 Reamed antegrade nail 6 1 
Wiss et al.?”° 112 Reamed antegrade nail 2 0 
Brumback et al.” 87 Reamed antegrade nail 2 1 
Canadian Orthopaedic 121 Reamed antegrade nail 2 NR 
Trauma Society® 
Hammacher et al.” 129 Unreamed antegrade nail 5 3 
Canadian Orthopaedic 107 Unreamed antegrade nail 8 NR 
Trauma Society® 
Tornetta and Tiburzi*” 89 Unreamed antegrade nail 0 0 Time to union longer for unreamed 
Ostrum et al.” 54 Retrograde nail 2 0 
Ricci et al.” 134 Retrograde nail 6 NR 
Tornetta and Tiburzi** 31 Retrograde nail 0 0 


NR, not reported. 


When external fixation is used for damage control orthopaedics, in those patients that may not tolerate the longer surgery or the surgical hit associated 
with intramedullary nailing, the outcomes are not as clear. Both Scalea and Pape reported their results using this treatment algorithm of early external 
fixation followed by conversion when the often polytraumatized patients were deemed too unstable for definitive surgical fixation.25°°°° They found a 
decrease in multisystem organ failure in these high-risk patients. More recently, a study of 34 patients looked at the idea of damage control and found no 
difference in the early total care (ETC) including intramedullary nailing compared to use of external fixation.*°* As this area continues to be studied, the 
indications for ETC versus damage control will be more clearly defined. 

External fixation for damage control has also been questioned when compared to simple skeletal traction. In a study reviewing 205 patients 
retrospectively, temporary skeletal fixation in traction was no different than external fixation with respect to multiple organ failure, ARDS, PE, deep vein 
thrombosis (DVT), mechanical ventilation days, intensive care length of stay, or death in the severely injured patient.°°” With no real advantage, temporary 
skeletal traction in the critically ill patient should be considered, as it is simple, quicker than external fixation, cheaper, and may avoid a trip to the OR. 


Plating 


The first large series on plating of femoral shaft fractures was from the Ruedi and Luscher as they reported on 123 patients with comminuted shaft fractures. 
They reported a good functional result in 92%. They had less than 8% plate failure and nonunion, but at that time still recommended bone grafting for these 
comminuted fractures to avoid failure of union.”9” Several other reports of plating of the shaft reported implant loosening in 6% to 11% of patients, 


nonunion in 2% to 8%, and infection in 0% to 7%.%8:203,297,340 

In 1992, Riemer at al. reported on 141 comminuted femoral shaft fractures with early plate fixation.28” They bone grafted 95% of the cases as 
recommended from earlier studies. Seven percent had plate failure before union. One infection occurred in an open fracture. Subsequently, Geissler et al. 
plated 71 patients with shaft fractures, grafting 69%, and had a union rate of 93%.!*! In both studies, the average time to union was 16 to 17 weeks. With 
the advent of more biologic plating techniques such as bridge plating in comminuted fractures, less bone grafting is utilized if at all.?96-362,368,394 Tn 2007, 
Zlowodzki et al. retrospectively looked at submuscular plate fixation compared to open reduction and internal fixation in 40 patients.*°* Notably, no bone 
grafting was used and the union rate was 97.5%. Two open fractures became infected one in each group. They showed that submuscular plating is more 
challenging to do, as there were six malreductions (29%) in the submuscular plate fixation group and none in the open reduction internal fixation group. 
More recently, Angelini reported on 54 patients treated with minimally invasive plating and only had three hardware failures and a delayed union. However, 
they still have problems with malunion with six external rotational malreductions and six with valgus malreductions.” 


Antegrade Nailing 


Excellent outcomes have been reported using both reamed and unreamed techniques with a piriformis starting point (see Table 57-2).7/18294373-375 
However, union rates are higher with reamed nails and the rate of ARDS is not different.°©°” Compared to traction, plating or casting, intramedullary 
nailing allows for immediate mobility with full weight bearing, decreased pain, shortened hospital stay, easier hospital care for nursing, and predictable 
union. The classic series by Winquist reported on 520 femoral shaft fractures treated with a reamed IMN without locking. The union rate was 99.1%, but 
shortening (>2 cm) occurred in 10 patients and 12 patients had malrotation greater than 20 degrees.?”4 

With interlocking nails, the indications for nailing expanded to fractures more distal and proximal as well as highly comminuted fractures. Interlocking 
virtually eliminated the problems of shortening and rotational malalignment (unless the fracture is fixed shortened or with rotational 
malalignment).2°47:162,172,176,319,376,379 Eyen reports on comminuted and rotationally unstable fracture patterns have shown a union rate between 90% and 
100%, !72:319,376 More recently, Wolinsky et al. reported on 551 patients with closed femur fractures treated with statically locked nails.3”9 They reported a 
union rate of 98.9%, no malunions greater than 10 degrees of angulation, and an infection rate of 1%. 

As implants continue to advance, available diameters of femoral nails expand. The surgeon has the ability to choose from a wide range of nail sizes, 
from roughly 9 to 16 mm. While this allows for more custom fitting implants and the ability to fill the canal of a variety of patient sizes, it also increases the 
need for OR shelf space and storage. A retrospective study by Yoon et al. evaluated 287 femoral shaft fractures in relation to nail diameter and nonunion 
rate. When comparing 10-, 11-, and 13-mm nails, nonunion rates were similar (2.7%, 3.5%, and 3.7%, respectively; p = .65). In addition, mismatch of nail 
diameter and canal diameter of greater than 2 mm did not correlate with nonunion. The authors of the study advocated for decreasing inventory by primarily 
using 10-mm nails with 5.0-mm locking screws. Certainly an interesting concept, but further studies are needed to definitively determine how important the 
size of the nail relative to the canal size is for achieving union.390 

Statically locked versus dynamically locked femoral nails have also been studied. Brumback prospectively evaluated 100 patients and had 98% healing 
rates for femoral shaft fractures treated with statically locked reamed nails. The authors concluded there is no need to routinely convert from a statically 
locked to a dynamically locked nail for femoral shaft fractures.°° Further, they recommended static locking for all femoral shaft fractures as dynamic nailing 
led to shortening when the surgeon was unable to assess cortical contact and axial stability in the OR.°° 


Reamed Versus Unreamed Antegrade Femoral Intramedullary Nailing 


Reaming the canal disrupts the medullary contents and endosteal blood supply, which supplies the inner two-thirds of the cortical bone.!”? Reaming reduces 
the blood flow to the cortex by as much as 83%.!5° Schemitsch et al. noted in a sheep model that blood flow returned by 12 weeks with reaming. Not 
surprisingly, when an unreamed nail was inserted the blood supply also was disrupted but for a shorter time of only 6 weeks.?!° The benefit of blood flow 
with reaming occurs by stimulating and increasing the vascular perfusion of the surrounding muscles and deep soft tissues supplying the outer one-third of 
the cortex.!5! Reichert et al. noted that this increase in periosteal blood flow may occur in as little as 30 minutes and increase flow by a factor of 6.278 This 
effect can last up to 12 weeks after reaming. Most importantly, Schemitsch et al. showed that reaming did not have a negative effect on the vascularity of 
the fracture callus.3°° Another positive effect of reaming is delivery of autologous medullary contents and osteoinductive factors to the fracture site. Frélke 
et al. showed roughly 24% of the reamings will be deposited at the fracture site.!'* This may contribute to improved healing rates. Reaming also provides 
the advantage of placing a larger nail to reduce hardware failure and allow easier nail passage without incarceration. 

Studies have evaluated the concern for elevated compartment pressures with reaming. Using intraoperative compartment pressure monitors, Nassif et al. 
showed no elevation in compartment pressures with reaming of tibial shaft fractures or with insertion of the IMN.7°° 

There has been concern over the systemic effects of reaming potentially having negative effects on the patients. This is largely related to the 
embolization of the marrow contents leading to elevated intramedullary pressures, increased fat embolism, and increased pulmonary dysfunction. The peak 
pressures within the canal occur with opening the canal and with nail insertion, even with unreamed IM nails. This also correlates with peak embolization 
seen on echocardiography compared to the reaming process.!*! Many studies have looked at the potential ill effects of reaming on the pulmonary function, 
but a definitive link to reaming has not been demonstrated.24:39:37.61,64,92,127,161,256,377 Ty a retrospective study, Bosse et al. looked at patients with femoral 
shaft fractures and chest injuries in two centers. One center treated these patients with reamed nails the other center used femoral shaft plating. In patients 
without comorbid disease, there was no difference in the rate of ARDS, PE, multiple organ failure, pneumonia, and death between treatments.?” 

With the potential benefits of the reamed nailing just mentioned, what is the role for unreamed nailing? The early reports of unreamed nailing of the 
femoral shaft by Krettek et al. and others reported a nonunion rate as low as 5% (not as good as reamed) and from a potential systemic effect showed no 
increase in the number of patients with adult respiratory distress. !?”:144183 To more accurately define the role of reamed nailing, many studies have since 
compared treating femoral shaft fractures with and without reaming in both retrospective and prospective designs.?®57:72,124,279,344,350 Giannoudis et al. and 
Reynders and Broos retrospectively looked at reamed and unreamed nails and concluded the only difference was a decrease in operative time for unreamed 
nailing but no difference in union.!2+?79 Pulmonary issues were not addressed. The authors recommended unreamed nails in acute closed femoral shaft 
fractures. Reaming does add time to the procedure, but the clinical impact of increased surgical time is unknown. Crist and Wollinsky prospectively looked 
at the time to ream in 54 cases. The average time to ream the femur was less than 7 minutes.”? The relative increase in time is therefore quite small. Other 
head-to-head studies began to question the early reports supporting unreamed nails. In a prospective study, Tornetta and Tiburzi evaluated 81 patients 
randomized to reaming or no reaming for femoral shaft fractures treated with statically locked nails. They reported similar operative times, transfusion 
requirements, and time to union.2°° Reamed IMNs showed a shorter time to initial callus formation, and a trend toward overall earlier healing with the 


reamed group, supporting the theoretical benefits of reaming. Slightly more intraoperative technical complications occurred in the unreamed nail group.°°° 


The same authors expanded their study to 172 patients and demonstrated a significant improvement in time to union of 80 days with reaming as opposed to 
109 days without reaming.*“° Clatsworthy et al. studied 45 patients randomized to reamed and unreamed techniques found similar results with earlier union 
(28.5 vs. 39.4 weeks), and a high rate of implant failure in the unreamed group, again supporting reaming as the treatment of choice.’? The largest 
prospective randomized study was conducted by the Canadian Orthopaedic Trauma Society at seven level-1 trauma centers and included 224 patients. 
Consistent with most of the more recent studies, they found a lower nonunion rate with reaming (1.7%) compared to no reaming (7.5%).°° They also 
concluded that the relative risk of nonunion was 4.5 times greater without reaming and with the use of relatively small-diameter nails.” They did not 
demonstrate an increased incidence of ARDS with reaming.°” 

Finally, in an effort to synthesize all the studies on patients treated with reamed or unreamed nails, Bhandari et al. looked at a systematic review and a 
meta-analysis of lower extremity long-bone fractures.2? They included only prospective randomized trials and included both tibia and femoral shaft 
fractures. They concluded that reaming significantly lowers the nonunion rate and the implant failure rate compared to unreamed nailing.*? Duan et al. in a 
similar systematic review with randomized studies including only femoral shaft fractures, concluded reaming had lower nonunion rates and was associated 
with a lower reoperation rate. They also noted no increase in mortality or ARDS with reaming.°° Most recently, Li et al. performed a meta-analysis on 
reamed versus unreamed intramedullary nailing for femoral shaft fractures and found reamed nails had shorter time to union and lower rates of delayed 
union, nonunion, and reoperation.!°° Reamed nailing also did not increase the blood loss, did not increase the rate of ARDS, implant failure, or mortality. 

Reports of functional outcomes occur much less often. Benirschke et al. reviewed 267 patients and found that 37% of the patients had persistent pain of 
some sort and 39% complained of some limitations with ambulation or standing.?° 


Trochanteric Entry Point 


Outcomes for trochanteric entry nails for femoral shaft fractures are similar to that of piriformis entry nails (see Table 57-2). Reamed and unreamed nailing 
techniques are discussed under the piriformis nailing section and the outcomes are identical for trochanteric entry nailing. When comparing trochanteric 
entry nailing versus traditional piriformis entry nailing, the theoretical benefit of trochanteric entry site that it minimizes injury to the gluteus medius 
muscle, the obturator internus and externus tendons, the medial femoral circumflex vessels, the superior gluteal nerve, and the hip joint capsule.!!288 By 
avoiding or minimizing injury to these structures pain, functional recovery and gait may be improved relative to the piriformis nail. 

Many studies have head-to-head comparisons in an attempt to determine if there are differences in outcomes between entry points.!91%284320 In a 
prospective, randomized study by Ricci et al., neither technique resulted in malalignment or caused an iatrogenic fracture, but the fluoroscopy time was 
longer in the piriformis group as was the overall surgical time. These differences were greatest in the obese patients where access to the insertion site can be 
more difficult. The overall patient outcomes including infection, union rates, complications, and functional results were similar in both groups.”°* The 
authors concluded that the trochanteric entry is a viable alternative to the traditional piriformis entry site. In another prospective, randomized trial of 110 
patients, they found decreased fluoroscopy and total operative time with trochanteric nailing.?”? Functional outcomes and muscle strength at 1 year were 
similar, but prior to 1 year the functional outcomes were better with trochanteric nailing. Ansari et al. also looked at the functional outcomes between the 
two techniques including evaluation with gait analysis, muscle strength testing, magnetic resonance imaging (MRI) of the hip, and electromyographic 
evaluation of the superior gluteal nerve.!° Piriformis entry nails were associated with injury to the abductor muscles and superior gluteal nerve resulting in 
diminished hip function and gait abnormalities. A more recent study retrospectively looked at the revision rates for trochanteric entry nails, piriformis entry 
nails, and retrograde nails. They found a higher number of malrotated fractures (>15 degrees) treated in the piriformis group and the retrograde group 
resulting in higher revision rates compared to the trochanteric entry nails.*9! As this was a retrospective study, is it unclear as to why this difference 
occurred but may be related to surgical technique rather than entry site of the IM nail. Finally, a systematic review by Sheth et al. found shorter operative 
and fluoroscopy times using a greater trochanteric starting point with similar healing rates and complication rates.?!9 They did not have enough data to make 
statements regarding the postoperative function in each group. However, these studies support the use of trochanteric nailing as a safe and effective 
technique for the treatment of femoral shaft fractures and may have some benefits over the more traditional piriformis entry nail. 


Retrograde Intramedullary Nailing 


Most of the early reports for retrograde nailing were for patients with multiple injuries where placing them in the lateral position or on fracture tables was 
difficult. These reports also often used nails not designed for retrograde nailing.'45.22026 Patterson et al. looked at 17 patients with retrograde nailing and 
noted a high complication rate including nonunions, loss of knee motion, and infection. However, 14 of the 17 were open fractures, 8 had associated femoral 
neck fractures, 5 had knee disarticulations, and 1 had an acetabular fracture. However, in this complex group the authors felt this was an acceptable 
treatment.2©° Moed and Watson looked at 22 patients with retrograde nailing through the knee and found no restriction of knee motion and healing in all but 
3.220 Herscovici et al. reported on a larger series of 45 patients and had an average knee motion of 129 degrees. They concluded that it was a safe procedure 
and relative indications should include ipsilateral femoral neck fractures, ipsilateral acetabular fractures, obesity, ipsilateral tibial shaft fractures, and 
bilateral fractures.'45 At this point, the concern was still for injury to the knee, nonunions, and potential long-term functional loss of motion. 

Since the initial reports of retrograde nailing, newer nails have been designed along with equipment for insertion, and techniques have been refined. 
Moed et al. prospectively evaluated a series of retrograde nails in which a tendon splitting approach was used.??! They found minimal complaints of knee 
pain and excellent knee function. Although his nonunion rate improved to 6% with a newer nail design and better technique compared to his previously 
reported series, the results were not as good as antegrade nailing. Ostrum et al. reported on a prospective series of 61 patients all treated with a small 10-mm 
nail and reaming through an infrapatellar approach.?® They had a union rate of 95% and encountered few knee problems. 

More recently, head-to-head evaluations designed to look at the performance of retrograde nailing compared to antegrade nailing have been 
published.?4?281,348,352 Ricci et al. in a retrospective study looked at 134 femur fractures treated with retrograde nails compared to 147 femur fractures 
treated with antegrade nails over an average time of 23 months.7®! The union rates without additional intervention were 89% and 88% for antegrade and 
retrograde nails, respectively. The malunion rates were similar in both groups. After excluding the patients with associated hip or knee injuries, they found 
36% in the retrograde nailing group with knee pain and only 9% with knee pain in the antegrade nailing group. When looking at ipsilateral hip pain, the 
antegrade nailing groups had 10% and the retrograde nailing group only had 4%. They concluded the union rates were similar and pain at the hip or knee 
was most likely related to the surgical insertion of the nail. Ostrum et al. in a randomized controlled trial of 100 patients inserted 10 mm reamed nails either 
antegrade or retrograde in femoral shaft fractures.2** They found earlier healing in the antegrade nails by almost 4 weeks, but overall union rates were 
similar. Surprisingly knee pain was equal in both groups and thigh pain more common in the antegrade group. Tornetta et al. also compared antegrade 


versus retrograde nails in a randomized prospective trial of 69 patients with femur fractures using reamed nails.*4® They found no differences in union rate 
(100%), operating time, blood loss, nail size, intraoperative technical complications, or the need for transfusions between the two groups. They did not have 
long-term follow-up so no conclusions regarding knee or hip pain were made. 

Tucker et al. found a shorter operative with retrograde nailing, as well as decreased radiation exposure times when comparing nailing techniques in 
obese patients (defined by body mass index [BMI] 230 kg/m?).*°? They concluded retrograde nailing should be considered in the obese patients. 

As previously mentioned, as the shaft fractures extend more proximal, the retrograde nail technique becomes more challenging. In a review of 17 
patients treated with retrograde nailing for proximal fractures, DiCicco noted 35% healed with more than 5 degrees of varus malalignment.®° Similarly, 
Ricci et al. found difficulty with proximal fractures and malalignment.”®! Although there have been no evidence-based recommendations, a minimum of 5 
cm of intact femoral diaphysis should be present to help avoid malunions. 


OPERATIVE TREATMENT OF SPECIAL FRACTURE PATTERNS AND ASSOCIATED INJURIES IN 
FEMORAL SHAFT FRACTURES 


Intramedullary Nailing in the Multiply Injured Patient 


Intramedullary nailing in the multiply injured patient is controversial, especially in the patients with pulmonary issues. The topic of intramedullary nailing 
with head injuries is addressed in this chapter in another section, but is prone to similar controversies. In the multiply injured patient, the concern is twofold. 
The first issue is timing of fixation and the second is reaming and the potential consequences especially in patients with chest/pulmonary issues. 

Many early retrospective studies found that early fixation with or without reaming was beneficial in patients with multiple injuries.!27161290.291333 Both 
Talucci and Johnson specifically noted a decrease in fat embolism and ARDS with early fixation.!®!355 Bone et al. in 1989 was the first to look at timing of 
fixation in a randomized prospective study of 178 patients looking at pulmonary complications, length of stay, and time in the ICU.*° They randomized 
patients with isolated fractures as well as multiply injured patients to either early (fixed within the first 24 hours) or delayed fracture fixation. The authors 
noted the incidence of pulmonary complications was lower in the early fixation group. However, the exact timing is still not clearly delineated. More 
recently in a large retrospective multicenter study of over 3,000 patients, Morshed et al. noted a reduction in mortality of almost 50% when the fixation was 
delayed beyond 12 hours.*2! They hypothesized the delay was for ensuring adequate resuscitation prior to definitive fixation in the multiply injured patients. 
O’Toole et al. in 2009 had similar findings in a review of 227 trauma patients with femoral shaft fractures that underwent resuscitation first, resulting in a 
delay, followed by reamed nailing.*°! They only used a damage control approach in 12%, yet the rate of ARDS and mortality were low in the entire group, 
leading them to conclude that prioritizing resuscitation, with limited use of damage control orthopaedics, and reamed nailing is a safe approach in their 
hands. In 2011, Nahm et al. reported on ETC for the multiply injured patients with a femur fracture. They found that when they controlled for age and injury 
severity score (ISS), early definitive stabilization was safe with acceptably low rates of complications, and when compared to the delayed fixation group had 
less complications and shorter hospital stays.” Several other more recent studies by Vallier et al. continue to support the idea of early definitive fixation in 
the polytrauma patient as long as adequate resuscitation has been performed.?57-359 An additional benefit from early appropriate care may be cost savings 
and enhanced revenue to the health care system as patients have shorter length of stay and more importantly less complications.®°-3°° Although the strength 
of evidence for early definitive care is low, the Eastern Association for the Surgery of Trauma (EAST) recommendations are for early stabilization of femur 
fractures (<24 hours), as they felt the benefits of early fixation outweigh the undesirable effects in most patients.!!7 

The impact of reaming on femoral nailing in the multiply injured patients is even less clear than timing. The largest concern is the potential impact of 
emboli on the pulmonary system if the patient has a chest injury during reaming. Much work has been done in animal models.9”257,3”7 Both Duwelius”” and 
Wolinsky?”’ looked at the effect of reaming in an ARDS sheep model. Neither found any change with pulmonary shunting or pulmonary compliance if the 
animals were resuscitated adequately, and there was no increase in pulmonary dysfunction with reaming. Pape et al., however, found an increase in 
pulmonary artery pressure and an increase in lung capillary permeability in a sheep model with hemorrhagic shock and a pulmonary contusion.?°” Clinical 
studies designed to answer the question also provided differing results.?7-39,64,256,360 One of the largest studies was by Pape et al. where they looked 
retrospectively at 766 patients and found 106 that were multiply injured with chest trauma and underwent reamed nailing for a femoral shaft fracture.?°° 
They reported an increased incidence of ARDS and mortality with immediate nailing in patients with chest trauma. Charash et al., in a retrospective study, 
found that early fixation with reamed nailing had a decrease in pulmonary complications, but their study was designed to look at timing more so than the 
actual effects of reaming. Bosse et al. however designed a prospective study to look specifically at the effects of reaming on fixation of femur fractures in 
the polytrauma patients with chest injuries.*” One trauma center used reamed nailing for fixation in 95% of the femur fractures and the other trauma center 
used plating in 92% of the patients. The two centers looked at the incidence of ARDS, pneumonia, PE, multisystem organ failure, and mortality. All were 
similar regardless of the method of treatment for the femoral shaft facture. The authors concluded that reaming for acute fixation of femoral shaft fractures 
did not increase the complications in patients with chest trauma. Many other studies have evaluated the impact of reaming in patients with chest 
trauma.57:125,126,230,258-261 The Canadian Orthopaedic Trauma Society designed a prospective, randomized study to evaluate multiply injured patients with 
reamed versus unreamed nails. They found no difference in the incidence of ARDS in the two groups, but did note the overall incidence was very low and 
their small sample size may not have been able to detect a difference.°” 

Research, looking at the data on the more basic metabolic effects of reaming, does suggest there may be some negative effect on the pulmonary system. 
In patients treated with reamed intramedullary nailing, certain proinflammatory markers, notably interleukin-6 (IL-6) is elevated in the lungs. 1?5-126,230,258_ 
261 This elevation of IL-6 may in part indicate an increased inflammatory response suggesting a second hit with surgery. Some authors have recommended 
avoiding surgery on days 2 to 4 in multiply injured patients to avoid the second hit and possible increased morbidity.*4!©° The increase in IL-6 is closely 
correlated with injury severity and the development of a systemic inflammatory response in the patients.!2°2° However, the clinical data still support the 
use of a reamed IMN in the multiply inured patient with early definitive care as long as adequate resuscitation takes place prior to the surgery. 


Open Fractures 


The femoral shaft is surrounded by a thick muscular envelope. Therefore, in order for an open fracture of the femoral shaft to occur, a significant amount of 
energy needs to be transmitted to the limb and soft tissue. Even with a very small hole in the skin, the underlying soft tissue and bony injury could be of 
much greater magnitude. This energy is often imparted to the entire patient and the patient usually has other significant injuries to the skeleton, spine, chest, 
head, and/or abdomen. Vascular injuries are not uncommon with open fractures and will be discussed in another section. The Gustilo and Anderson 


classification for open fractures is often used, but with open femoral shaft fractures, may not reflect the true extent of the injury.!°? Although this is the most 
frequently used classification, there are no studies comparing the reliability or reproducibility in open femur fractures. 

Management begins in the emergency room with the administration of tetanus (as indicated), antibiotics, and a sterile dressing. If the wound is grossly 
contaminated, often irrigation and debridement is done in the emergency room with the understanding that it is limited until the patients can go to the OR. If 
the patient is in a Hare traction splint, this should be left on during the initial workup and transportation to CT and the OR. This decreases pain, may reduce 
kinked blood vessels, and helps control hemorrhage. The patient is taken to the OR for a more formal debridement once stabilized and cleared by the 
general trauma surgeons, ideally, within the first 8 to 24 hours. Once in the OR, anywhere from 3 to 9 L or more of saline with gravity flow is used to 
irrigate the wound depending on the contamination. Prior to the irrigation, a thorough debridement is done. Often with potentially significant soft tissue and 
muscle injury this requires extending the open wound in both directions until normal healthy tissue is identified. At times, this could be quite small and 
other times almost the length of the femur. If the open wound is located in an odd place, an alternative incision can be made as long as an adequate view of 
the tissue in question can be obtained. Following debridement of the soft tissue and muscle, the bone ends need to be examined and cleaned, including the 
canal. Any devitalized bony fragments associated with the shaft fractures should be removed and not re-implanted. 

Once irrigation and debridement have been completed the surgeon must decide to treat with traction, external fixation, or intramedullary nailing. This 
decision is often done jointly with the general trauma surgeon based on the overall physiologic status of the patient. If the patient is stable and the wound is 
clean, primary nailing is well supported in the literature.4®-!97,240,300,372 Tf the patient is unstable, then utilize either external fixation or skeletal traction to 
temporarily stabilize. When the patient’s resuscitation is complete and the laboratory values are either normal or close to normal range, conversion from the 
temporary traction or external fixator to a nail can safely be performed.?°9 Conversion to a reamed IMN of the femur after external fixation has not been 
shown to demonstrate an increased infection rate.?29 As well, the orthopaedic surgeon needs to take into account the degree of contamination and soft tissue 
injury. If there is any question about the wound, a second look at 24 to 48 hours is necessary. Until the zone of injury has been adequately debrided, 
intramedullary nailing is not advised. Once the fracture has been treated with an intramedullary device it can be very difficult to access the entire zone of 
injury. Traction or external fixation may be a better option as the zone of injury can still be examined intraoperatively. 

The outcomes associated with immediate and delayed intramedullary nailing of open fractures have demonstrated low complication rates and both 
remain acceptable methods of definitive treatment for most open femoral shaft fractures. In one of the largest studies, Brumback et al. retrospectively 
reviewed 89 open femoral shaft fractures.“ In 56 patients, immediate reamed nailing was done after irrigation and debridement. Thirty-three patients had 
delayed nailing at 5 to 7 days based on the surgeons’ discretion. All patients with type I, II, HIA open fractures healed without infection. In the type IIIB 
fractures, 11% had infections but were distributed in both the immediate nailing and the delayed nailing. The authors concluded that in selected patients who 
have type III open fractures they may be candidates for immediate intramedullary stabilization, depending on the degree of the associated injuries and the 
extent of the disruption and contamination of the soft tissues of the thigh. Another study by Williams et al. prospectively assigned 42 patients with open 
femur fractures to either immediate nail fixation or delayed fixation with a nail. They found no significant differences in infection or union based on timing 
of definitive fixation.?”? Several other studies support immediate reamed intramedullary nailing as well.!97:240,300 

Retrograde nailing of open fractures carries the theoretical risk of seeding the knee joint and resulting in septic arthritis. However, retrospective reviews 
have shown little, if any, increase in the rate of infections in the knee with retrograde nailing which is reported to be approximately 1%,.71-3125? 


Femur Fractures Secondary to Gunshots 


In trauma centers, low-velocity gunshot wounds to the femur are common. They are usually from handguns and occasionally small caliber rifles more 
commonly related to hunting accidents. The amount of injury transmitted to the soft tissue and bone is related to the size and mass of the projectile and the 
velocity (kinetic energy = % mv). Low velocity is defined typically as under 1,000 to 2,000 ft/sec, while high velocity is defined as greater than 2,000 
ft/sec. The soft tissue injury associated with low-velocity gunshot wounds is much less than high velocity. When the bullet strikes the bone, small caliber 
bullets may actually go through creating a “drill-hole.” Other patterns include incomplete fracture, butterfly, and spiral fractures. As the energy increases, 
the fractures may become more comminuted over greater areas of the bone and are often associated with more extensive soft tissue injury. These highly 
comminuted fractures can be challenging to treat, but with attention to detail as described previously, acceptable femoral rotation, alignment, and length are 
obtainable.27-196.238,264,347,381 

The use of intramedullary nailing with femur fractures provides the same benefits as with other fractures including early mobilization, easier 
management for wound care, early institution of weight bearing and physical therapy, and shortened hospital stays.27!9%298.347,381 Tornetta and Tiburzi 
treated distal third femur fractures secondary to gunshots with antegrade reamed nailing and had very predictable healing without the need for bone 
grafting.**” More recently Dougherty et al. retrospectively looked at retrograde nailing in 53 patients with femur fractures secondary to gunshots and found 
no cases of septic knee arthritis and union rates equal to antegrade nailing in fractures associated with gunshots.®° They concluded that retrograde nailing is 
safe and effective. Due to these good results, intramedullary nailing, whether retrograde or antegrade, has become the treatment of choice for these low- 
velocity fractures. 

In addition to the bone, gunshot wounds present with soft tissue damage that may need to be addressed. For most of the low- to midrange-velocity 
gunshot wounds associated with a fracture, there is no need to do a formal soft tissue debridement and these fractures are treated as if they were a closed 
injury with good success.?”:?38 However, high-velocity fractures, usually from military/assault or larger caliber hunting firearms, are treated very differently 
in regard to the soft tissue, and at times the bone as well. These injuries have substantial soft tissue injury and need surgical debridement in a timely fashion. 
Depending on the extent of the soft tissue injury, additional debridement may be required. In these situations, a temporary external fixator or skeletal 
traction may be used to address the fracture early on. Once the soft tissue is adequately serially debrided, final fixation with intramedullary nailing is the 
gold standard. Another caveat is shotgun wounds, which are most commonly seen with hunting accidents. They exhibit significant contamination, 
devitalization of bone, and soft tissue injury. In the case of a close-range shotgun injury, the wadding and possibly even the shell casing or pieces of the 
patient’s clothing can be in the soft tissue envelope. Acute awareness of this possibility and a very detailed debridement looking for the wadding and casing 
should be done. After serial debridements, a reamed IMN is the treatment of choice. 


Associated Vascular Injury 


The goals in treatment of femur fractures with associated vascular injuries are twofold, repair of the vascular injury to ensure adequate blood flow to the 
ischemic limb and stabilization of the femur fracture. To facilitate a satisfactory outcome, early direct communication between the orthopaedic and vascular 
surgeon is mandatory.2”” Decision making as to the order of fixation and type of fixation is dependent on the ischemia time. Ideally, vascular flow should be 


re-established by 6 hours to maximize salvage of the limb. If time permits plating or definitive nailing can be accomplished first. However, for almost all 
cases with associated vascular injuries, an external fixator is the initial treatment of choice. It will safely restore length, control rotation, is quick, and gives 
the vascular surgeon the appropriate stability, length, and alignment to place a graft. During discussion with the vascular team, decisions should be made as 
to the necessity of fasciotomies and the orthopaedic surgeon should be able and willing to perform this surgery prior to revascularization. Fasciotomies 
should be done before or immediately after vascular repair as decreased blood flow during vascular repair surgery, often for hours, leads to compartment 
syndrome and early fasciotomy demonstrated better clinical results than late fasciotomies.!°* The goal is to avoid time-dependent reperfusion 
compartmental syndrome. Ultimately, this is a joint decision between the vascular surgeon and orthopaedic surgeon, as the amount of soft tissue injury may 
have an impact on the decision as to the need for, and timing of fasciotomies. 

If ischemia time is short, rarely, nailing or plating may be considered.!°? A retrospective study by Starr et al. reviewed 19 vascular repairs with femoral 
shaft fractures, 10 of which had fracture fixation before repair and 9 after repair. They concluded definitive fixation can be done safely first and if there are 
concerns for ischemia time, a temporary shunt can be performed prior to fracture fixation.*? The biggest concern with plating is if the fracture goes on to a 
nonunion or fixation failure, the second surgical approach through the medial side can be difficult and risk injury to the revascularized artery. In situations 
where the vascular repair may be done first, definitive fixation with manipulation of the limb can jeopardize the repair.*”” To avoid this problem, 
communication with the vascular surgeon is key. If the vascular surgeon feels there is not enough time to stabilize the limb because of prolonged ischemia 
time or if the ischemia time is unknown, the vascular surgeon can reperfused the limb with a temporary shunt as noted by Starr et al.,°** and an external 
fixator can be placed. Once definitive repair of the artery is done, definitive skeletal fixation can follow with the timing based on the stability of the patient. 
In rare cases where the vascular surgeon decides to do the definitive repair of the vessel first (occasionally the vascular surgeons may refuse to let the 
orthopaedic surgeon temporarily stabilize the fracture even with an external fixator) communication is imperative to discuss the appropriate length of the 
repair. Often with a nonstabilized fracture, the bone is shortened, and the vascular surgeon may get the false impression they can perform a primary repair, 
only to have it fail when the length is re-established with definitive fixation of the fracture. Communication is the key to successful treatment. 

Vascular injuries are often seen with gunshot wounds and with open fractures. The management sequence is no different than described above. 
However, the soft tissue injury can be more extensive and the artery can be injured at more than one level.®° DiChristina et al. looked at long-term results of 
13 patients with vascular injuries, 8 of which were open fractures. The eight open fractures had much worse outcomes including two amputations, three 
persistent infections and all with knee stiffness.°° Rehman et al. retrospectively looked at 24 patients with gunshot wounds that had vascular injury and 
fractured femurs.*”” They found two patients with disrupted repairs when the vascular repair was done first. They also had one amputation and one 
compartment syndrome. The outcomes are clearly dependent on the soft tissue injury in both open fractures and gunshot wounds.®°.277 


Associated Head Injury 


The timing of treatment for femoral shaft fractures in patients with an associated head injury is controversial. The major concern is with definitive surgical 
fixation of the femoral shaft fracture causing a secondary hit and exacerbating the head injury. The concern is that surgery may cause transient hypotension 
and hypoxia adding further insult to the cerebral perfusion pressure in patients that may lack the ability to auto regulate their cerebral pressure. Animal 
studies suggest that when traumatic brain injuries are combined with peripheral injuries, such as femur fractures, both peripheral and central inflammatory 
responses may be increased, which can exacerbate structural and functional deficits associated with the traumatic brain injury.2!° However, the risk of 
exacerbating the head injury needs to be balanced with the overall care of the patient, including potential pulmonary complications, which may worsen with 
delay in fixation.3*! Therefore, a coordinated effort among the trauma surgeons, neurosurgeons, and the orthopedists is critical. 

Most of the reports dealing with head injury and femoral shaft fractures are retrospective with selection biases and very limited 
conclusions.9:!!1,157,211,321,351 Townsend et al. retrospectively looked at 61 patients with a closed head injury and femur fracture. The patients treated within 
2 hours of admission were eight times more likely to have a hypotensive event than those treated after 24 hours for their femur fracture.2°! Jaicks et al. also 
found an increased likelihood of hypotension with early fixation.!5’ Anglen et al. looked at cerebral pressures during reaming in 17 patients with early 
fixation of femoral shaft fractures and found 70% with transient hypotension corresponding to a dip in the cerebral pressures.? However, none of the studies 
definitively demonstrated a clinical impact on the patients with these intraoperative changes during early fixation. 

Other studies that focused more on the impact to the patient in terms of clinical outcomes could not demonstrate central nervous system complications. 
Starr et al. reviewed 32 patients with head injuries and femoral shaft fractures and found that with a delay in treatment the pulmonary complications were 45 
times more likely, but early fixation did not exacerbate the closed head injury.**! Similarly, McKee et al. in a retrospective case-control study matched 46 
patients with closed head injuries and femoral shaft fractures to 99 patients with a similar ISS and Glasgow Coma Scale scores without femur fractures.*!! 
They found no significant difference in mortality, the level of neurologic disability or the results of cognitive testing between the groups. Wang et al. looked 
at early versus late treatment of femoral shaft fractures with a head injury.°* They found that the patients treated early (<24 hours), actually had improves 
neuropsychological scores at 6 months. With difficulty in the interpretation of the data from multiple studies, the important message to take away is to 
evaluate each patient and have a coordinated care team make the best decision in each case. 


Ipsilateral Neck and Shaft Fractures 


The incidence of ipsilateral femoral neck fractures with femoral shaft fractures, whether occult or obvious, is approximately 1% to 10% and can be 
devastating if missed.>395:378.387 Many of the associated neck fractures are minimally displaced or nondisplaced and can be missed in as many as 30% to 
57% of the patients (Table 57-3).%7687.387 Once diagnosed multiple treatment options are available but little prospective or randomized data are available 
to guide treatment.*° 

The femoral neck fracture pattern associated with the ipsilateral shaft fracture can vary. Alho et al. reported the femoral neck fracture as subcapital in 
2%, midcervical in 21%, basicervical in 39%, and pertrochanteric in 14%. They also identified intertrochanteric fractures in 24%.3 Shuler et al. found in 
their review, that basicervical neck fractures were most common (55%), followed by a vertical midcervical intracapsular shear pattern in 35%, and an 
intertrochanteric pattern in 10%.?!5 Most of these fractures were extracapsular. However, the fractures that were classified as intracapsular, only a portion of 
the fracture was intracapsular as the fracture was vertically oriented. These vertically oriented fractures are axially unstable and require careful consideration 
for fixation along with the femoral shaft fracture. Not surprising, the missed fractures were all femoral neck fractures and not intertrochanteric fractures. 


TABLE 57-3. Percentage of Missed, Delayed, or Occult Femoral Neck Fractures in Patients With Combined Injuries 


Author Year Missed or Delayed (%) 


Alho? 1997 30 
Bennet et al.2° 1993 31 
Riemer et al.28” 1993 31 
Yang et al.387 1998 S7 


A delay in diagnosis or missed diagnosis, especially after fixation of the shaft fracture, is multifactorial. Poor-quality preoperative images often do not 
provide an adequate look at the femoral neck (as the proximal fracture is usually rotated externally).®! Many institutions do not have a set protocol for a 
thorough evaluation of the neck. Often in obese patients the image may be obscured, or the surgeon may be distracted by the associated injuries making 
early identification difficult. Because of the high incidence of missed femoral neck fractures, several steps can help avoid this complication. It is important 
to review all images of a patient with a femoral shaft fracture to evaluate for a femoral neck fracture. This starts with a good radiograph of the hip with 
visualization of the femoral neck (Fig. 57-29). Next, look at other imaging around the hip, such as acetabular radiographs (AP and Judet views), to evaluate 
the femoral neck. CT scans obtained to rule out abdominal injuries should be reviewed in detail by the orthopaedic trauma surgeons as a “free look” at the 
femoral neck. Often, however, the quality of these CT scans is poor due to large cuts of 4 or more millimeters. In a large retrospective study of 2,897 
femoral shaft fractures, 91 femoral neck—-shaft fracture were identified (3.2%). Of the 67 patients with femoral neck and shaft fractures that had preoperative 
CT scans, 12 did not reveal a femoral neck fracture.°° Even if the CT scan has fine cuts of 2 mm or less, an occult fracture can still be missed.249°8” Once in 
the OR, evaluation of the femoral neck with fluoroscopy should occur prior to starting the nail and then again after performing the nailing. Finally, a 
radiograph of the hip after fixation can avoid missing the subtle fracture. Tornetta et al. looked at their protocol consisting of a dedicated hip radiograph 
with internal rotation preoperatively, a 2-mm CT scan through the femoral neck, a fluoroscopic lateral image prior to fixation of the shaft fracture, and a 
postoperative orthogonal hip radiograph in the OR. They reduced the delay or miss in diagnosis by 91% using this protocol.3*° Evaluation postoperatively, 
in addition the radiographs described above, is important to avoid missing the truly nondisplaced or the potentially iatrogenic fracture related to the surgery. 
A negative preoperative CT scan and subsequent discovery of a femoral neck fracture after surgical fixation, suggest the possibility of an iatrogenic 
fracture.2°” These however could in fact be a concomitant nondisplaced fracture that only becomes apparent after significant hammering when inserting the 
femoral nail. To that point, Reimer et al. reported 31% of patients with plating of the shaft fracture that had delay in diagnosis of the femoral neck 
fracture.”®” With plating, there is little to no forceful manipulation of the femoral neck and no driving of a device into the canal with impaction. Simonian et 
al. compared the proximal anatomy of the femur and nail insertion depths.*!” They had 4 patients with iatrogenic femoral neck fractures out of 315 patients 
treated with antegrade nails. They found that the four patients with femoral neck fractures had more valgus femurs (139-degree neck-shaft angle) as opposed 
to those without fractures (125-degree neck-shaft angle). They also noted that in the four patients with femoral neck fractures, the nails were seated below 
the tip of the trochanter. They also had 7 patients with neck-shaft angles above 135 degrees that did not have a femoral neck fracture, and the nail was not 
seated below the tip of the trochanter in these patients. The authors recommended the surgeon should avoid seating the nail below the tip of the trochanter in 
patients with valgus neck-shaft angles. 

Although the delay in treatment of the femoral shaft may impact the patient’s overall physiology, the delay in the femoral neck treatment may have more 
long-term adverse outcomes such as osteonecrosis, posttraumatic arthrosis, malunion, fixation failure, or nonunion. For these reasons, most surgeons favor 
prioritizing the anatomic reduction and fixation of the femoral neck fracture. Using two devices typically is preferred and involves the use of a side plate 
and compression screw or cannulated screws to treat the neck fracture first followed by retrograde nailing or plating of the shaft fracture. This approach has 
yielded good results.9%127390.331,365 A reconstruction nail can be used as a single implant to fix both fractures. However, the use of a reconstruction nail in 
patients with a known femoral neck fracture has an increased risk of femoral neck nonunion, malreduction, or loss of reduction and therefore is usually not 
the first choice of most surgeons.?”!8365 Attempting to use a single device (reconstruction nail) for treatment raises several concerns. A nail is not the 
treatment of choice to stabilize a femoral neck fracture. Often the starting point for the femoral nail is at the location of the femoral neck fracture, thus the 
use of the reconstruction nail risks further displacement. Finally, it is very difficult to appropriately seat the nail with correct anteversion to allow for 
optimal placement of the screws through the nail and into the femoral neck and head. All these reasons make using a cephalomedullary nail to treat both 
fractures suboptimal treatment for the femoral neck with potential high complication rates. This has led several authors to abandon this technique of a single 
device to treat these two fractures.2©167 

The decision on whether to use a sliding hip screw or three cannulated screws is controversial. Usually in isolated cases of femoral neck fractures, lag 
screws are used to stabilize the subcapital and transcervical fractures, whereas a sliding hip screw is more commonly used for basicervical and 
intertrochanteric hip fractures. In the more vertically oriented fractures (Pauwels III), the sliding hip screw has been favored as it is a biomechanically 
sounder construct compared to cannulated screws. However, Ostrum et al. looked at 95 cases of femoral neck fractures with ipsilateral shaft fractures and 
found no difference between the two constructs in femoral neck union rates or malreduction when combined with a reamed retrograde nail.?4° 

In situations where the femoral neck fracture is not noticed until after antegrade nailing, the surgeon can place cannulated screws around the femoral nail 
to stabilize the fracture if the fracture is nondisplaced. If the femoral neck fracture is recognized after nail insertion but the insertion of the nail displaced the 
femoral neck, it is unlikely that an anatomical reduction can be obtained with the nail in place. An attempt at reduction with the nail in place can be 
attempted but if unsuccessful, the nail should be removed and the femoral neck fixed anatomically and the shaft fracture may then need to be fixed with an 
alternative device, either a retrograde nail or plate. 

In an effort to avoid missing any femoral neck fracture associated with an ipsilateral shaft fracture, Collinge et al. looked at using a cephalomedullary 
nail for routine fixation for all femoral shaft fractures to avoid missing occult femoral neck fractures.“ In a series of 61 patients, they did not have any 
complications related to the cephalomedullary nail with the screw placed across the neck into the femoral head. The authors also felt that this may protect 
the patients from subsequent femoral neck and intertrochanteric fractures in the future, but did not study this. They also later looked to see if this approach 
was cost effective relative to the use of a standard femoral nail and concluded it was not.!°? However, as implant costs decrease, so may the cost 
effectiveness of this approach to all femoral shaft fractures. 


Comminution and Associated Fracture Patterns 


Although rare, other associated fractures and soft tissue injuries with an ipsilateral fracture of the shaft can complicate treatment. Segmental fractures with 
and without comminution are challenging for several reasons. With extensive comminution, length and rotation can be difficult to get correct. Using the 


techniques previously described, including the lesser trochanteric sign and imaging the opposite femur are just a couple to consider. If there is any question 
postoperatively, a CT scan can accurately assess both rotation and length. In a prospective study of 28 patients with comminution, 36% of the patients had 
leg-length discrepancies of greater than 10 mm.*°° With segmental fractures that have more simple fracture patterns, length is easier to achieve by aligning 
each fracture. The rotation can be similarly judged by cortical width or fracture geometry. The process of nailing can be more challenging and often one or 
both fracture sites may need to be opened to assist with guidewire passage. Reaming needs to be done with care. A unicortical pin or pins placed in the free 
segment can help prevent rotation of the bone segment caused by the torque generated during reaming. The pins can also be used to help maintain alignment 
with passing of the IMN. 

Fractures of the shaft of the femur may be associated with distal femur fractures that can be extra-articular, intra-articular, partial condylar, or complete 
condylar fractures. Many options exist depending on the fracture type, the location, and the patient stability. If the patients are critically ill, the shaft fracture 
takes priority and can be treated with temporary external fixation (including spanning the knee for distal femur fractures), nailing or plating. In stable 
patients, articular fractures take priority. Depending on the nature and the location of the distal articular fracture, screws or a plate and screws can be used. 
The surgeon must remember if a nail is planned for the shaft fracture, careful placement of the screws is important so as to not interfere with the path of the 
nail. In distal, simple articular fractures, lag screws, and a nail may be a reasonable approach to treat both fractures. This is described in the distal femur 
chapter in further detail. Often however, screws alone may not be adequate to support the distal fracture and a plate should be considered (see Fig. 57-1). 
Butler et al. reported on 10 cases and noted 40% of the articular fractures displaced during nailing when screws were used alone to treat the distal fracture.>* 

The combination of an ipsilateral femoral neck or intertrochanteric fracture associated with a shaft fracture and a distal femur fracture is exceedingly 
rare (0.5% of femur fractures).!° Barei et al. suggested an algorithm based on treatment of seven patients.!° The femoral neck is most important and should 
be fixed anatomically. Following the neck fracture, the articular fracture of the distal femur is addressed next. The shaft fracture is treated last, with a 
technique that does not risk displacement of the other two fractures. This may be a plate, antegrade nail or retrograde nail depending on the fixation of the 
other two fractures. 

The combination of injury to the femoral shaft and the extensor mechanism of the knee is seen when the hip is flexed and the knee strikes an object such 
as a dashboard of a car. This combination of injuries is treated with intramedullary nailing followed by fixation of the extensor mechanism, whether it is a 
quadriceps tendon rupture, patella fracture, or patella tendon fracture. Often a retrograde nail is preferred due to the easy access of the starting point through 
the disrupted extensor mechanism. Like any other combination of injuries, after stabilization of the femoral shaft, the patient should be evaluated. If the 
patient is stable, fixation of the extensor should be done. If the patient is not stable, the fixation can be done in a staged fashion when the patient is stable 
and can tolerate additional surgery.?°? 


Bilateral Fractures 


Bilateral femoral shaft fractures usually represent a serious injury with an overall worse prognosis than an isolated femur fracture. There is an increased risk 
of mortality, along with an increased risk of fat embolism syndrome, respiratory failure, and blood loss.””:?37:250 At trauma centers, 7.3% to 9.6% of all 
femoral shaft fractures are bilateral.’””3” Definitive treatment with reamed intramedullary nailing either antegrade or retrograde appear to be equally 
successful in this scenario.” If damage control measures are necessary, bilateral traction or external fixation can be used temporarily. 

The mortality rates are high with bilateral femur fractures. 191:252,324,371 Copeland et al. reported increased ISS, mortality, and ARDS in 85 patients with 
bilateral shaft fractures.’” They reported a mortality rate of 25.9% compared to 11.7% in unilateral fractures and ARDS occurred in 15.7% of the patients 
compared to unilateral fractures with a rate of 7.3%. Nork et al. in 2003 demonstrated the mortality rate of 5.6% in bilateral fractures compared to 1.5% in 
unilateral fractures.2°” O’Toole et al. in 2014 reported a mortality rate of 7% in bilateral fractures compared to 2% for unilateral fractures.?°* Lane et al. in 
2015 noted a mortality rate in bilateral fractures similar to others at 6.9%.!9! Not so surprisingly, it appears that the higher rate of associated injuries that 
accompany bilateral femur fractures appears to play a major role in the increased mortality rate. Willett et al. found that bilateral femur fracture patients had 
an 80% likelihood of substantial associated injuries in other body systems and those with associated injuries had a 31% mortality compared to 9.8% in 
patients with isolated bilateral femur fractures.°”! Because of the increased mortality, different management approaches have been proposed. For example, 
treating both fractures during the same operating setting (single-stage) and fixating them on different days (two-stage) have been evaluated. A multicenter 
retrospective study evaluated 246 patients with bilateral femur fractures. Of these patients, 58 received two-stage and 188 single-stage surgeries. While there 
was certainly a potential for selection bias, ARDS occurred less frequent in the single-stage group (5.9% vs. 13.8%; p = .05). Even further statistical 
evaluation adjusting for ISS and other injury parameters demonstrated that a single-stage approach was associated with a 78% reduced risk for ARDS.!°9 


Intramedullary Nailing in Obese Patients 


Obese patients present different challenges with intramedullary nailing than nonobese patients. Maybe the biggest challenge, which does not change 
regardless of the nailing position or technique used, is obtaining and maintaining the reduction of the fracture to allow for nailing of the femur. When 
planning to use an antegrade nail, the osseous landmarks may be difficult to palpate and adduction of the leg (if nailing in the supine position), is often 
limited due to the size of the leg. The starting point can be difficult to access with an awl or guidewire secondary to the adipose tissue. Larger incisions are 
often necessary to improve access to the starting point and to allow room for the insertion jig as it may not clear the lateral soft tissue of the thigh or be long 
enough. However, some of the newer designed insertion devices are made with obese patients in mind, allowing for nailing with smaller incisions. Using a 
lateral position on or off the fracture table can improve access to the starting point for an antegrade nail. Originally, most femur fractures were nailed 
through the piriformis fossa, but with larger patients this can be a challenge and trochanteric entry sites have gained popularity.?84352 Ricci et al. reported 
shorter operative time and less radiation exposure when utilizing the trochanteric starting point as opposed to the piriformis starting point, with similar 
clinical outcomes. Alternatively, a retrograde nailing can be performed. Using this technique, the operative times and fluoroscopy times were less than using 
a piriformis starting point, as the starting point in the knee is much easier to find that the piriformis even in the obese patient.28+252 Somewhat surprisingly, 
in a study of 335 postoperative CT scans evaluating rotation in the obese (BMI >30) and nonobese, the postoperative femoral rotation was not affected by 
the increasing BMI.!78 However, the challenges in the obese patient can have serious consequences. The complications due to difficulty with fixation are 
higher and include longer surgical times, greater blood loss, iatrogenic fractures, and postoperative complications such as DVT, PE, fat embolism, and 
wound infections,*!* but the healing and rotational alignment appears no different in the obese patient. 147 


Fractures in the Elderly 


Both high- and low-energy mechanisms produce femur fractures in the elderly. Because of the declining bone quality and quantity with age, the femoral 


shaft experiences cortical thinning and increasing size of the diameter of the bone in an effort to maintain the overall strength. While these changes are more 
commonly seen in women, the bones of most elderly patients undergo these changes to some extent, making fractures more likely with lower-energy 
mechanisms because of weaker bone. These changes make fixation even with intramedullary devices, which are usually preferred in osteopenic patients, 
more difficult ( 5 ). While these challenges are present, IM nailing in older patients is still preferred over plate fixation, although time to union has 
been shown to be slightly longer in this patient population regardless of treatment choice.”’ With poorer bone quality, the correct starting point becomes 
even more important to avoid an iatrogenic fracture of the femoral neck with an antegrade nail. During manipulation, despite relatively low applied forces 
required to reduce these fractures, care should be taken to avoid further fracture propagation or creating an additional injury in frail patients. The elderly 
patients may have contractures of the hip or knee, making access to the starting point difficult or impossible. A thorough examination prior to surgery is 
important to preoperatively select the appropriate device and method of fixation if a significant contracture is present. 

Nail designs have changed in an effort to improve fixation in the elderly. The designs now more closely fit the subtle changes seen in the shape of the 
femur that may occur with age. One such change is the femoral bow.’’* With aging, the bow may increase in the sagittal plane; therefore, there may be a 
mismatch if the nail is too straight. Additionally, during placement the surgeon runs the risk of anterior cortical penetration with a long femoral nail.““* Care 
should be taken when driving down the nail, and if there is any resistance, lateral imaging of the distal femur is critical to avoid fracture through the anterior 
cortex. Preoperative planning with full-length femur films (sometimes using the contralateral side) will help recognize this problem before surgery, thus 
allowing the surgeon to select an appropriate-shaped nail prior to the start of the case. Nails with large radius of curvature have become almost obsolete as 
newer nails have an increased bow (smaller radius of curvature) in the sagittal plane, more closely fitting the anatomy of the patient, making this problem 
less likely. With increasing size of the inner diameter of the femur, filling the canal with an even larger-diameter nail may be difficult, placing more stress 
on the proximal and distal locking screws. To help improve the purchase of these screws and avoid loosening, manufacturers designed some of the distal 
locking screws (whether antegrade or retrograde nail) to accept a washer and nut on the lateral side. These can be threaded on the leading side of the screw 
to essentially capture the screw to resist toggle and loosening. Newer designs have moved to interlocking screws that thread into the nail or use an end cap 
(for retrograde nails) to lock the screws in place to help improve fixation. The nails may also allow for multiple interlocking screws to be placed in different 
planes in order to improve the fixation in poor-quality bone. Finally, the size, shape, and design of the interlocking screws change in some manufactures’ 
designs by using a spiral blade or increased diameter screws to help with purchase in these elderly patients with osteoporotic bone. 


X TABLE 
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Figure ! 


3. A, B: An elderly patient with a femoral shaft fracture was treated with an antegrade intramedullary nail using a standard oblique proximal interlocking 
screw. The patient presented 2 years later after a fall with a femoral neck fracture (C) with union of the shaft fracture (D, E). F: Total hip arthroplasty with 
prophylactic cabling was performed. 


There has also been some discussion on whether the femoral neck should be addressed prophylactically in elderly patients with a femoral shaft fracture 
to protect from a femoral neck fracture in the future. Collinge et al. investigated the use of the cephalomedullary nail as the standard implant for all femoral 
shaft fractures to avoid missing an occult femoral neck fracture with good results.’* However, in the high-risk group of elderly patients, using a 
cephalomedullary device to fix a femoral shaft fracture may have another benefit of protecting patients from a future femoral neck fracture. But more 
studies are needed to demonstrate a clear benefit. 

Low-energy femoral shaft fractures, just like hip fractures, can be a harbinger for increased mortality with similar mortality rates.*°*+-*° Like hip 
fractures, these patients tend to have multiple comorbidities and should be optimized prior to surgical intervention. Sartoretti et al. looked at 102 patients, 
average age of 81, with femoral shaft fractures and found 80% with cardiovascular disease, 75% with musculoskeletal disease, 67% with gastrointestinal 
disease, 61% with psychiatric disease, 55% with urologic disease, and 41% with pulmonary disease. The postoperative mortality was 11%.: 


Complications are also more common in elderly patients during and following surgery.” The development of new medical problems after surgery or 
significant mental status changes predict a poorer result and increased mortality.2%:+! 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
FEMORAL SHAFT FRACTURES 


Femoral Shaft Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Nerve injury 

Muscle weakness 

Angular malalignment 
Rotational deformity 

Knee stiffness, knee pain, and hip pain 
Heterotopic ossification 
Compartment syndrome 
Refracture 

Delayed union or nonunion 
Infection 

Femoral nail removal 
Implant complications 


NERVE INJURY 


Femoral shaft fractures can be associated with nerve injuries, most of which are iatrogenic in nature (Table 57-4). Based on the anatomy, the sciatic and 
femoral nerves are obviously at risk, but other surgical factors lead to potential injury to the peroneal and pudendal nerves. Most of these factors are related 
to patient positioning. Detailed preoperative examination and documentation are very important in order to decipher an injury to a nerve resulting from the 
initial trauma versus an iatrogenic injury during surgery. 


TABLE 57-4. Prevention and Treatment of Complications of Femoral Shaft Fractures 


Complication Prevention Treatment 


e Careful patient positioning 
e Avoidance of excessive traction on the fracture table 
e Not placing the opposite extremity in the calf supported leg holder 


Nerve injury Usually expectant with observation 


e Proper preoperative planning in difficult patterns with proximal or distal 
involvement 
Good intraoperative imaging 

e Careful techniques focusing on proper starting points and reaming with the 
fracture reduced 

e Use of multiple locking screws in fractures that extend proximally or 
distally 

e Proper use of blocking screws to obtain and maintain alignment 


Angular malalignment If identified early, revision fixation. 


If late, osteotomy may be necessary. 


Proper preoperative planning in difficult patterns, especially those with 

comminution or segmental fractures 

e Good intraoperative imaging 

e Preoperative fluoroscopic views of contralateral femur that can be used as 
intraoperative reference 

e Use of techniques to achieve proper rotation-lesser trochanter profile, 

cortical step sign, calculation of femoral anteversion 


Revision fixation after CT scan evaluation has determined the 
proper correction. 


Rotational deformity : 


Knee stiffness e Careful techniques when plating If fragment related, excision. Quadricepsplasty may be 
e Proper home exercise and stretching program to work on motion necessary. 
e Consideration of antegrade nailing instead of retrograde 
e Repositioning fragments that are angulated within the quadriceps 
Nonunion e Avoidance of fracture site distraction Revision fixation depending on type, location, and cause of 
e Achieving reduction with biologically respectful soft tissue handling nonunion; including dynamization of current nail, exchange 
Allowing early weight bearing in fractures treated with intramedullary nails nailing, plating, or plate augmentation around current nail (all 
with or without bone grafting) 
Infection e Careful soft tissue handling techniques Debridement with irrigation, local and systemic antibiotic 


e Use of prophylactic antibiotics therapy, maintenance of stable fixation 


Broken nails or interlocking screws If fracture healed, no further surgery may be needed. If not 


e Anticipation and treatment of nonunion prior to broken implants 
ba healed, nonunion repair is indicated. 


Use of nails with adequate diameter to support at least 5-mm locking bolts 


The most common iatrogenic nerve palsy is with the pudendal nerve. Most of the pudendal nerve complications are related to the use of the fracture 
table with traction and the pressure exhibited by the perineal post. This can lead to paresthesia and numbness around the perineum and erectile dysfunction 
in men.*®!!2,206 Specifically, Brumback et al. prospectively evaluated 106 patients that underwent antegrade femoral nailing.“ Nearly 10% (10/106) 
experienced pudendal nerve palsy after the surgery. Most of the complaints were associated with sensory changes, but one patient did experience erectile 
dysfunction. Further analysis of these patients showed that the traction duration and the magnitude of force were higher in the patients who developed 


pudendal nerve injury. The correlation with the incidence of pudendal nerve palsy and the use of the fracture table was also evaluated in a later combined 
prospective and retrospective study by France and Aurori.!!2 The incidence reported in the retrospective portion of their study was 1.9% and 2.7% in the 
prospective portion. Another study reported a very high incidence of erectile dysfunction (40%) in patients treated on a fracture table with traction.2°° 
Although most of these injuries do resolve with the time, a natural history has not been clearly described regarding the expected time frame for recovery. 
Making a larger, padded perineal post, decreasing the amount of traction, decreasing the time in traction (remove traction as soon as possible) and adduction 
of the injured leg may help decrease the incidence of this complication. 

Iatrogenic injury to the sciatic nerve is a possibility, but not a common occurrence.?”379 The most likely explanation for this type of injury would be a 
stretch injury occurring at the time of reduction or overdistraction of the femur during the nailing process. Overdistraction can occur with the use of the 
fracture table or the femoral distractor, so caution should be employed whenever using either device. If a stretch injury does occur to the sciatic nerve due to 
overdistraction during surgery, a careful evaluation of the fracture reduction should be done. If length is found to be long, return to the OR for correction is 
advised. If the reduction is appropriate, tension on the nerve and its terminal branches should be avoided. This can be accomplished by flexing the knee and 
avoiding excessive hip flexion. As long as other etiologies of sciatic palsy are excluded, such as pelvic hematoma or spine injury, a stretch injury would be 
expected to return with observation over a period of 3 to 12 months. 

Peroneal nerve palsies have also been reported. Again, these are also thought to be iatrogenic. The most common postulated reason for this injury is the 
“well leg-holder” that is used to support the contralateral leg during antegrade nailing places the leg in such a position to injure the nerve. In most cases, this 
holder positions the leg in an abducted, externally rotated position with the hip flexed to 90 degrees. Carlson et al. reported four peroneal palsies in patients 
with bilateral femur fractures.®° As suspected, each injury occurred in the leg that was initially placed in the calf-supported leg holder. If a calf-supported 
leg holder is used, careful padding around the fibular head should be done in an effort to prevent this complication. If a foot drop does occur, the time frame 
for recovery has not been described, but would be expected to return with observation over a period of months. An alternative to the “well leg-holder” is to 
slightly extend the contralateral hip with a support pillow under the leg. Care should be taken to not overextend the hip, which could result in femoral nerve 
palsy (see Fig. 57-15). 


MUSCLE WEAKNESS 


The traumatic injury associated with femoral shaft fractures is not just an osseous injury, but also one with surrounding soft tissue injury. This particularly 
applies to the surrounding muscle. In addition to the muscular injury that occurs at the time of injury, the surgery can also add further insult. For example, 
an open plating using the lateral approach to the femoral shaft involves partial dissection of the vastus lateralis. Additionally, antegrade intramedullary 
nailing has been well documented to cause injury to the hip abductors and external rotators due to the surgical approach to the entry point.!*17-88.209.222 

There have been a few studies that have evaluated outcomes after femur fractures as they pertain to muscle injury resulting in weakness. Most studies 
have shown that the quadriceps seems to be the most affected by the femur injury, but other muscle groups are affected. Kapp et al. evaluated 17 patients 
after union. All patients had undergone IMN fixation and were at least 18 months out from injury. The authors evaluated the isometric strength of six 
muscle groups of the thigh and hip. When compared to the contralateral uninjured leg, the only significant muscle group exhibiting continued weakness was 
the quadriceps.!® A retrospective study of 48 patients who underwent intramedullary nailing evaluated the effect of muscle weakness on outcomes using 
the Hip disability and Osteoarthritis Outcome Score (HOOS) and quality-of-life scores (EqSD-5L).'9* Weakness in knee flexion, knee extension, and hip 
abduction all correlated with poor functional results. 

While the injury itself can lead to muscle weakness, the surgery can also cause muscle injury. Because of the relationship between the surrounding hip 
musculature and the entry point in antegrade femoral nailing, several studies have evaluated the effects of antegrade nailing on outcomes and patient 
function. Hip abductor weakness was evaluated in a study of eight patients with isolated femur fractures treated with piriformis and trochanteric entry 
antegrade nails. Time-dependent gait abnormalities and hip abductor weakness at the 2- and 6-month evaluations were reported. Eventually, patient 
functional outcomes did improve.!° Helmy et al. evaluated 21 patients a minimum of 1 year after piriformis entry antegrade nailing. Interestingly, they 
demonstrated mild hip abductor weakness but normal gait patterns.!42 

Although the surgery itself does cause muscle and possibly nerve injury, it does not appear that surgical technique can be modified to significantly 
decrease that effect. The particular entry point for antegrade nailing, whether trochanteric or piriformis, seems to both affect abductor muscle dysfunction 
similarly. Stannard et al. reported on 110 patients in a prospective, randomized study of piriformis versus trochanteric entry nailing. At 12 months, there was 
no difference among groups regarding muscle strength, chair stand test, or timed up and go test.3?? This was also confirmed in another study in 2011. 
Antegrade versus retrograde techniques have also been evaluated regarding knee muscle strength. In a prospective study of 71 patients, isokinetic testing of 
the knee musculature failed to demonstrate a clinical difference between the two techniques.®* Unfortunately, abductor weakness was not evaluated among 
the two groups. 


ANGULAR MALALIGNMENT 


Angular deformity of the femur is generally defined as angulation greater than 5 degrees in either the coronal or sagittal plane (Table 57-4). The effects of a 
femoral angular deformity on joint mechanics and contact pressures of the knee or hip have not been clearly described. One study looking at femoral 
malunions 20 years after injury did not show an association with knee arthritis.2”° However, based on other long-bone literature, it does make logical sense 
to avoid angular malalignment if possible. In the tibia, greater than 5 degrees of coronal plane deformity has been correlated with knee arthritis.°°” 

Fortunately, angular deformity in diaphyseal femur fractures is uncommon after intramedullary nailing. The tight fit of the nail in the medullary canal 
within the isthmus of the femur makes angular malalignment relatively rare for most shaft fractures. However, if the fracture is distal or proximal to the 
isthmus, there is a greater risk of angular deformity. This was demonstrated in a study by Ricci et al. in which 30% of proximal femurs had malalignment 
compared to 2% of isthmal femur fractures.*®* The larger medullary diameter leads to a lack of cortical contact with the nail. This increases the chances of 
coronal and sagittal deformity. Another common cause of angular malalignment is incorrect starting points in both antegrade and retrograde techniques 
Although fracture location and starting points can affect angular deformity, it does not appear that the type of traction used, manual versus fracture table, 
plays a role in angular deformity. !7%379 

In fractures closer to either metaphysis of the femur, multiple techniques can be utilized to prevent angular deformity. First off, whether a retrograde or 
antegrade technique is being used, careful attention to a proper starting point is very important. In both a retrograde and piriformis antegrade intramedullary 
nailing, the nail is straight in the coronal plane, therefore the starting point in both techniques should be perfectly in line with the medullary canal. However, 


getting the correct piriformis entry point can be challenging, hence the development of trochanteric entry. A trochanteric entry nail has its own challenges 
because the starting point is a few degrees off the center of the medullary canal. The perfect starting point is dependent on the specifications of the proximal 
bend of the nail and the patient’s anatomy. The lateral bend of the nail should match the proximal geometry of the femur in order to prevent deformity. For 
example, if the starting point is too lateral relative to the medullary canal, varus malalignment can occur. In cases where the proximal deformity makes it 
difficult to reach the proper medial starting point, reduction tools can help to manipulate the proximal femur to make it more accessible ( 57-34). 


Figure 57-34. A: Because of the deformity of the proximal fragment, the correct starting point was difficult to access. B: A ball-spiked pusher was used to manipulate 
the proximal fragment into a more accessible position, making the proper starting point easier to access. 


In metaphyseal fractures, it is recommended to perform reaming while holding the fracture reduced. This helps prevent eccentric reaming, which can 
lead to angular deformity. If manual traction is used, a combination of bumps underneath the leg can help correct any sagittal-plane deformity. A crutch 
providing a posterior to anterior force can also accomplish similar results when using the fracture table. Percutaneously placed reduction tools, including 
ball spike pushers, clamps, and joysticks are also powerful tools to obtain proper reduction, and assure that the reduction is maintained during reaming to 
avoid deformities associated with eccentric reaming. 

Once the nail is placed and proper reduction is confirmed, the use of interlocking screws can help maintain the reduction. Although one interlocking 
screw proximal and distal has been shown to provide adequate biomechanical stability, >° multiple screws in fractures distal and proximal to isthmus should 
be strongly considered. Multiple transverse screws help prevent the toggle in the coronal plane that occurs due to the space between the interlocking screw 
and the hole in the nail. Adding a second screw also prevents sagittal-plane rotation of the fracture fragment around a single transverse screw. 

Strategically placed blocking screws can also help correct or prevent deformity. In order to correct angulation, blocking screws should be placed on the 
concavity of the deformity. Another way to remember the proper position of a blocking screw is that the screw should be placed where the nail should not 
go. Because the blocking screw is placed in the bone, when the nail hits it, the bone moves in the direction that the nail pushes the screw, acting as an 
artificial cortex (Fig. 57-35). Blocking screws can also act as “containment screws,” which are placed after the nail is in place and reduction has been 
confirmed. These screws prevent deformity by effectively narrowing the medullary diameter so that the bone cannot move around the nail. 


ROTATIONAL DEFORMITY 


Correct rotation, along with length and alignment, is one of the main goals for any long-bone fracture surgery ( > 57-4). Unfortunately, malrotation 
occurs, especially when an intramedullary nailing technique is performed. Based on multiple studies, the incidence of rotational malalignment greater than 
10 degrees may be as high as 40%. Although larger deformities, greater than 15 degrees, are less common, the incidence has been reported to be as high as 
19%.*° Although symmetric rotation is the goal, the amount of malrotation that appears to be well tolerated by patients has traditionally been up to 15 
degrees.*°"??"’*°°° In the previously mentioned study of 110 patients, 38% of patients with greater than 15 degrees of malrotation had symptoms, while no 
patient with less than 10 degrees had symptoms. In the 10- to 15-degree group, 12% complained of symptoms.*’ Patients seem to complain more with 
demanding activities such as sports, running, and stair climbing where external rotation is not tolerated as well compared to internal rotation. As noted 
above, there are patients with deformities greater than 10 degrees with symptoms. In a study of 24 patients, a CT confirmed malrotation greater than 10 
degrees was associated with decreased functional outcome scores.*°” In this study, both WOMAC hip and knee scores were worse in the patients with 
malrotation. Compared to patients with malrotation, patients without malrotation did better with stair climbing and did not complain of anterior knee pain as 
often. This is potentially due to the effects that malrotation has on patellofemoral mechanics.°° 


5. An angular deformity was noted in this distal third femur fracture after placement of the IMN. A: To correct the deformity, a drill bit was guided into 
the postion of the medial aspect of the nail. B: After removal of the nail, placement of the blocking screw, and then replacement of the nail, the deformity was 
corrected. 


Preventing malrotation intraoperatively can be challenging. It is difficult to completely identify which patients may be at higher risk for malrotation, but 
certainly fracture comminution plays a role. In one study, almost half of the patients with unstable, Winquist type III and IV fractures had malrotation. In 
fact, the type of fracture predicted rotational abnormality independent of fracture location and patient positioning at the time of surgery.*“° In highly 
comminuted cases, careful assessment intraoperatively of rotation at the time of stabilization is important to prevent an unwanted revision. 

Additional methods to evaluate rotation can be based on the bone. Because the femoral canal is not perfectly cylindrical, and the cortical thickness is not 
uniform, rotational differences at the fracture site are displayed radiographically by a difference in apparent cortical thickness. This creates a “cortical step 
sign” for assessing rotation (see Fig. ! ). In a study reviewing this sign, the lateral view proved to be highly effective at identifying rotational 
abnormalities.‘°* In highly comminuted fractures, apparent cortical thickness as a sole measure of rotation can be quite challenging and, in some 
circumstances, useless. Alternatively, identifying the patient’s native femoral anteversion using the contralateral femur and matching the operative extremity 
to that can be highly useful. This can be done in several ways. By standardizing the AP view of the contralateral lesser trochanter, rotation can be replicated 
by matching the “lesser trochanter profile.” Starting with a perfect lateral of the uninjured distal femur, the fluoroscopy unit is rotated 90 degrees to obtain a 
perfect AP view of the distal femur. While maintaining the femoral position and the fluoroscopy unit’s position, an AP view of the proximal femur is taken. 
The profile of the lesser trochanter on that AP image is saved as a reference ( ; see ).274 "2°" Recent studies have validated the use of 
the “lesser trochanter profile” as the most reliable method to replicate rotation, compared to “cortical step sign”."°°*’° If the lesser trochanter is fractured, 
another method to replicate rotation is to start with a perfect lateral of the uninjured distal femur. While remaining in the same plane, the C-arm is moved to 
the hip and an image obtained. The C-arm is rotated until a perfect lateral image of the hip is identified. The degrees difference between the angle of the 
image intensifier to obtain a perfect lateral at the femoral neck and a perfect lateral of the distal femur is the inherent version.*°?’*° Another method recently 
described uses the specific nail design to determine femoral anteversion. In this method, a cephalomedullary screw is used and positioned parallel to the 
femoral neck on the lateral view, to use as a reference to version. Next, using the knowledge of the inherent anteversion of the nail, which is usually around 
10 to 15 degrees, perfect circles of the distal interlocking holes are established with fluoroscopy. This provides an internal reference to rotation. The distal 
femur is then rotated to provide a perfect lateral of the distal femoral condyles while maintaining perfect circles. Locking the nail at this position matches 
the femoral rotation to the specific anteversion built into the nail. 


D 

. A: Malrotation noted after intramedullary fixation of this comminuted femoral shaft fracture with large butterfly fragment. Axial cuts of the femoral 
neck (BIC) and distal femur (D) can be used to determine the relative rotational difference between the operative femur and the contralateral femur. In this case, a 29- 
degree external malrotation was found. 


c 


Matching the contralateral lesser trochanter profile can be challenging during the nailing process. The sequence of setting the rotation does usually 
depend on whether an antegrade or retrograde nail is used. In general, it is recommended to adjust rotation by moving the distal segment. During antegrade 
nailing, the nail is usually locked proximally, length confirmed, and then locking bolts set the rotation distally. Prior to locking the nail distally, the lesser 
trochanter profile should be compared to the profile saved of the contralateral femur. On the operative femur, the surgeon starts with a perfect lateral of the 
distal femur. The C-arm is then rotated up 90 degrees and rolled to the proximal femur. The lesser trochanter profile is then evaluated. If similar to the other 
side, the nail can then be locked distally. If not, distal femoral rotation is adjusted until the lesser trochanter profile is similar prior to locking. A retrograde 
nail is usually locked distally first. After length is confirmed, the lesser trochanter profile is evaluated. If the profile is correct, the nail can be locked 
proximally. If not, the distal femur is rotated using the nail which is locked into the distal segment until the lesser trochanter profile is matched. If there is a 
tight fit of the nail in the canal proximally, the surgeon may need to counter-torque the proximal segment to facilitate the rotational adjustment. For instance, 
a Schanz pin can be placed in the proximal segment to hold it in position while the distal segment is rotated. 

Analyzing femoral rotation after surgery is important to identify those patients that may benefit from early revision. There are several methods to 
determine the rotation. Intraoperatively, the rotation of the contralateral extremity can be checked by flexing the hip to 90 degrees and clinically evaluating 
the amount of internal and external rotation. This can then be compared to the rotation of the injured side after fixation. Several limitations to this method 
exist. Because of the play between the bone and interlocking screws, rotation of the femur around the implant can occur. This can lead to an incorrect 
evaluation. In addition, rotation and movement of the pelvis can occur, if the surgeon is not careful when examining the rotation, which can make this 
clinical method unreliable.*°* In addition, clinical examination is only useful after fixation has occurred. Therefore, if rotational discrepancy exists, revision 
of the locking bolts is required. 

CT scan is more sensitive in identifying rotational abnormalities, however this is usually done postoperatively unless a CT scan is available in the OR. 
This means that if the rotation is off, the patients will have another surgery to correct the deformity. In fact, a study evaluating CT found that clinical 
examination alone failed to identify 5 out of 12 patients with greater than 20-degree malrotation.’’’ Although many CT methods exist to measure femoral 
torsion, a limited axial CT with cuts of bilateral femoral necks and the distal femoral condyles allows proper measurement of rotation. It is recommended to 
stabilize the legs to prevent movement between the imaging of the femoral neck and distal femur (see ; tet 

If malrotation is diagnosed, acute correction, in most cases, is done by simply removing the interlocking screws, rotating the distal segment to the 


appropriate position, and re-locking the nail. To correct the rotation the planned amount, parallel reference wires are placed into each segment. After 
adjustment of the rotation, the angle between the wires is measured to assure that the desired amount of correction has occurred. If correcting a small 
malrotation, between 10 and 20 degrees, consideration of using additional locking options should be part of the revision plan. 


KNEE STIFFNESS, KNEE PAIN, AND HIP PAIN 


As with most fractures, the joints surrounding the injuries can be prone to stiffness (see Table 57-4). Following a femur fracture, some degree of knee 
stiffness is expected and is usually temporary in nature. The magnitude and nature of knee stiffness is thought to be related to the mechanism of injury, 
fracture location and type, other related injuries, and surgical approach. For instance, a head injury increases the risk of formation of heterotopic bone that 
could limit knee motion. High-energy mechanisms of injury have also been shown to have a relatively high association with knee stiffness.'°* An open 
approach to the femur using a plating technique has been suggested to contribute to knee stiffness in one study,’! but other studies have not shown this 
correlation.6®124:286 In a prospective, randomized trial comparing antegrade and retrograde techniques, a trend toward better knee motion with antegrade 
nailing was found.*“4 However, another study failed to correlate the nailing technique with knee motion.°” 

While there are many reasons for knee stiffness after a femur fracture, the most common etiology is scarring of the quadriceps, specifically the vastus 
intermedius. This scarring subsequently can lead to difficulty with passive knee flexion and active knee extension. Especially true in high-energy 
mechanisms, displaced cortical fragments that are lodged into the quadriceps may need to be removed or manipulated into a better position to prevent lack 
of knee motion. 

If knee stiffness does occur, it is usually temporary and resolves in 6 to 12 weeks after injury. Unfortunately, this is not true for all patients, and 
intervention to regain motion may be needed. Understanding the etiology of the joint stiffness is important to the success of the secondary intervention. For 
example, in order to regain motion, heterotopic bone may need to be debrided or a deformity corrected. In simple cases with no clinical improvement in 
motion, a knee manipulation may be considered. Usually, this is done 3 to 6 months after injury. If manipulation is unsuccessful, further intervention may 
be warranted. Several studies and reports have shown successful improvements in knee motion following the Judet quadricepsplasty.1°*7273% 

In addition to knee stiffness following femoral fracture, knee and hip pain have also been reported. Most of the studies have examined the potential 
effects that specific surgical techniques may have on knee or hip pain. In one study comparing retrograde and antegrade nails,?°! knee pain was more 
common in retrograde nailing and hip pain with antegrade nailing. However, somewhat surprisingly, there was still an incidence of hip pain with retrograde 
nailing (4%) and knee pain with antegrade nailing (9%). Overall, the incidence of hip pain after antegrade nailing is between 10% and 40%, and the 
incidence of knee pain after retrograde nailing is 36%.87781 In a study designed to evaluate long-term effects of skeletal traction, no correlation with long- 
term knee pain and the placement of a skeletal traction was found.53 

In patients with symptomatic hip or knee pain, a thorough evaluation should be pursued. Ectopic bone and nail prominence are relatively common 
etiologies of hip pain after an antegrade technique. In these cases, nail removal is an option.?3-128.152,217,342 Knee pain after retrograde nailing may actually 
be related to a long, symptomatic distal interlocking screw. In one study evaluating retrograde nails, the incidence of knee pain was 23% and 19% of 
patients required distal screw removal.?!? To our knowledge, the success of nail and/or screw removal in resolving symptoms has not been reported. 


HETEROTOPIC OSSIFICATION 


The formation of heterotopic bone can lead to decreased motion, pain, and muscle weakness. The overall incidence has been reported to range from 9% to 
60%, but is rarely symptomatic or clinically relevant.5!)!!6207.325 HO has been shown to correlate with patient factors, injury patterns, and surgical 
technique. HO has been shown to have a higher incidence in male gender, prolonged intubation, and surgical delay.2°+325 However, the most common risk 
factor is head injury.2°*325 Attempts have been made to predict HO based on the Glasgow Coma Scale, however this has not been shown to be very 
valuable.°! 

Antegrade femoral nailing using a reamed technique has been shown to have a higher incidence of HO compared to unreamed nails (36% vs. 9%) (Fig. 
57-37).16 In these cases, the bone usually occurs close to the nail entry site. In an effort to more fully evaluate HO incidence and causes after antegrade 
nailing, Brumback et al. randomized 100 patients to either bulb syringe or pulsatile lavage for irrigation of bone debris from reaming.°! Forty percent of 
patients did not form HO, while 11% experienced severe bone formation. The type of irrigation was not found to affect the incidence of HO. It is important 
to note that although it appears that HO is more common with antegrade techniques, intra-articular HO has been described after retrograde nailing. 148 

It is known that heterotopic bone is common after antegrade femoral nailing, but the exact etiology is unclear, as trauma to the abductors, reaming and 
leaving residual osteogenic material around the hip, or patient factors are not well defined. The most likely explanation is that HO formation is 
multifactorial, with numerous patient and surgical factors that exist. 


Figure 57-37. Heterotopic ossification at nail entry site after antegrade nailing. 


While most patients with HO are asymptomatic, some patients do experience symptoms. As mentioned above, one of the possible reasons for hip pain is 
HO after antegrade femoral nailing. Dodenhoff et al. evaluated 80 patients after antegrade femoral nailing. In this study, 40% of patients had residual thigh 
pain that was most commonly around the trochanter. Surprisingly, no correlation between pain and nail prominence was found, but a strong relationship 
with presence of HO and pain was described.®” 


COMPARTMENT SYNDROME 


The development of compartment syndrome after a femur fracture is relatively rare, with reports estimating the incidence to be around 1% to 2%. 
with any compartment syndrome, a high index of suspicion is key to the correct diagnosis and avoidance of the detrimental sequela of a missed 
compartment syndrome. Severe thigh pain with significant swelling should alert the physician to the possibility. In an awake and alert patient, the diagnosis 
can be made clinically. Waiting for the cardinal signs of absent pulses, palor, and parethesias to establish the diagnosis is usually too late. Pain out of 
proportion and pain with passive stretch of the compartment muscles can establish the diagnosis. Obviously, some of these findings are present in patients 
without compartment syndrome, so experience plays a large role in establishing the correct diagnosis. Pressure measurement can be used as a confirmation 
tool, but in an awake and alert patient, the diagnosis remains a clinical one. In an unconscious patient, pressure measuring and high index of suspicion are 
crucial to successfully diagnosis. Although specific pressures for the thigh have not been well established, they are likely to correlate with what is used in 
the lower leg compartments. A pressure difference less than 30 mm Hg between the compartment and the diastolic pressure has been suggested to diagnose 
a compartment syndrome.*!9,311,395 

Schwartz et al. helped to identify predisposing risk factors to the development of thigh compartment syndrome.?!! The primary predictors were systemic 
hypotension, vascular injury, coagulopathy, history of external compression to the thigh, and trauma to the thigh. In their review of 21 compartment 
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syndromes, less than half had femur fractures (10/21). Of the 10 femur fractures, half were open injuries. Therefore, similar to the lower leg, an open injury 
does not exclude the possibility of developing a compartment syndrome. It is also very important to remember that compartment syndrome can occur after 
reduction and stabilization of the femur. In fact, five of the patients in Schwartz’s article developed compartment syndrome after closed nailing.*!" 

Iatrogenic injury to the thigh musculature can occur after tourniquet use. In an already traumatized thigh compartment, the use of a thigh tourniquet 
could possibly lead to compartment syndrome. For example, a surgeon may consider using a thigh tourniquet for an ankle fracture fixation shortly after 
IMN of an ipsilateral femur fracture in a polytraumatized patient. In this setting, the use of a thigh tourniquet is cautioned because of the injury that the thigh 
musculature has already experienced may predispose it to compartment syndrome when placed under the pressure of the tourniquet. In fact, iatrogenic 
compartment syndrome due to a thigh tourniquet has been described.?7° 

As with all compartment syndromes, the surgical treatment is emergent decompressive fasciotomy. Thigh fasciotomies must address all three thigh 
compartments (see Fig. 57-8). This can usually be addressed by using a lateral incision with opening of the fascia lata to release the anterior compartment 
and taking the muscle off of the linea aspera (lateral intermuscular septum) to release the posterior compartment. After decompression of these 
compartments, the medial compartment can be released using a separate medial incision, if necessary. Almost universally, delayed closure or skin grafting is 
necessary after fasciotomy in the thigh.?1+25 


REFRACTURE 


Refracture of femoral shaft fractures is rarely encountered after operative fixation using a plating or nailing technique. If the implant is still in place and the 
fracture is healed, a refracture at the original fracture site usually indicates exceptional injury, as the force needs to be capable of breaking both the femur 
and the implant. However, at the ends of the construct, whether it is the end of the nail or end of the plate, are particularly vulnerable to fracture, yet it is still 
uncommon. Refracture at the end of the plate may be due to a stress riser at the end of the plate. If a patient is having symptoms thought to be related to the 
end of plate, implant removal can be considered. Although specific symptoms may vary, patients complaining of pain at the end of the plate, especially 
when weight bearing, should raise suspicion for possible stress reaction. Similarly at the tip of the nail, stress risers may be present and make fracture more 
likely than around the nail. 

If implants are to be removed, the timing of that surgery should be considered. The time-related strength of bone is affected by the mode in which it 
heals, either by primary or secondary bone healing. For example, if a nail or plate is used and the bone heals by secondary bone healing and abundant callus, 
the bone should be remodeled and mature prior to removal of any implants. The process of primary bone healing can take longer, so implant removal may 
need to be delayed for 12 to 24 months. In direct bone healing cases, the fracture line should not be visible on radiographs and there should not be any 
cortical thinning or osteopenia under the plate. Refracture after intramedullary nailing is very uncommon and implant removal appears to be a safe 
procedure. In a review of 214 patients treated with statically locked IMNs, only 1 refracture occurred. There were no fractures associated with the proximal 
or distal interlocking screws reported.*” In addition to this study, there have been subsequent studies evaluating nail removal that have not reported any 
cases of refracture.3*-!28342 However, anytime implants are removed, patients should be counseled about the possibility of refracture and advised to avoid 
high-impact activities or torsional loads to the extremity. Although somewhat arbitrary, 6 weeks of avoiding these types of activities are usually 
recommended after removal. Removal of external fixators for femoral shaft fractures can be associated with refracture or malunion after fixator removal due 
to incomplete bone healing.?!*?76 Often radiographs are difficult to interpret with the external fixation device in place, making assessment of bone healing 
more difficult. Removal of the fixator bars and clamps and repeat radiographs prior to removal of the pins may provide improved evaluation of healing. If 
the fixator is removed in the OR, stressing of the fracture may help avoid development of a malunion or refracture secondary to incomplete healing. 
Surgeons must weigh the time in the external fixation frame and complete healing with the potential problems of pin loosening, pin tract infections, and loss 
of motion secondary to the fixator binding the muscle. 


DELAYED UNION OR NONUNION 


A femoral nonunion can have devastating effects for patients, with outcomes similar to end-stage hip arthritis, tibial nonunion, and other significant medical 
conditions (see Table 57-4).* Fortunately, the nonunion rate after reamed intramedullary nailing of femoral shaft fractures is quite low. In two of the largest 
series, nonunion rates of 0.9% and 1.1% have been reported after reamed, statically locked nails.37>379 These results have been replicated in other studies, 
including those with fractures that are more complex like those with segmental comminution.*9°°.3!9.376 However, some reports indicate that nonunion may 
be more common that we initially thought. Wolinsky et al. reported a nonunion rate of 6% in 551 patients.*”9 Pihlajamaki et al. reported a delayed/nonunion 
rate of 12.5% in 280 fractures treated with intramedullary nailing.?”! These results are a bit controversial because patients with no radiographic progression 
of healing as early as 4 months were identified as delayed. 

Two main predictors of nonunion exist: open fractures and fractures treated with unreamed intramedullary nailing. The presence of an open fracture 
does seem to increase the risk of nonunion.*8:!31,3°0,372 Open fractures, with their inherent soft tissue stripping, are presumed to have a higher incidence of 
nonunion due to their lack of vascularity. The propensity to develop infection after an open fracture most likely also plays a role in nonunion development. 
In addition to open fracture, several randomized studies have shown unreamed intramedullary nailing to be a risk factor for nonunion.>®”349 Clatworthy et 
al. randomized 50 patients to reamed or unreamed femoral nails. The study was stopped early due to higher implant failure rates, secondary procedures to 
obtain healing, and longer time to union in the unreamed patients.’2 

Femoral nonunions can occur due a lack of mechanical stability, which can be modified with surgical technique. Mechanical stability is modified by the 
size of the nail and number of interlocking screws. Although no specific nail diameter can be universally recommended, the surgeon should aim to obtain 
good intramedullary contact throughout the diaphysis although a tight fit with a larger nail is not necessary with interlocking screws. This usually results in 
a nail diameter of 10 to 13 mm. It does not appear that the use of a retrograde or antegrade nailing technique affects union rate.2®! Delayed weight bearing 
has been shown to be associated with nonunion of femur fractures after a reamed technique by Taitsman et al.°°? In this study, a higher rate of nonunion was 
found in the patients with delayed weight bearing compared to the subjects who had a normal weight-bearing protocol following surgery. To avoid 
nonunion, careful evaluation of the fracture reduction, particularly avoidance of fracture distraction, should be performed. A metabolic workup should be 
pursued in patients who still develop femoral nonunions despite closed fractures, acceptable reductions, and appropriately sized implants. 

As stated above, nonunion is rare, with most fractures healing within 3 to 6 months. The exact amount of time to union varies in the literature. Tornetta 
and Tiburzi reported union in 80 days after reamed femoral nailing,*“9 while Clatworthy et al. reported a 200-day healing time.’? Because of this disparity, 
defining a nonunion solely based on time from injury is difficult. Therefore, a nonunion is probably best defined by a lack of progression toward healing 


combined with symptoms over several months. Most would argue that a nonunion should not be diagnosed until at least 6 months after initial treatment. 

Several methods exist to treat nonunions after femoral nailing. This includes nail dynamization, exchange reamed nailing, and plating techniques (either 
with replacement or as an adjunct around the nail). Nail dynamization is an attractive option in the treatment of a femoral nonunion due to the fact that it is 
relatively simple and straightforward. However, the use of dynamization is limited to fractures that have a well-fitting IMN, showing some callus formation 
and are axially stable as this technique can actually lead to less stability in a fracture that may require increased stability. In most cases, removal of a screw 
or placement of a screw in the dynamic position in the oblong screw hole within the nail will accomplish dynamization. In order to place an interlocking 
screw in the dynamic position within the oblong screw hole, it should be positioned farthest away from the fracture site. As attractive as dynamization is, the 
results have not been so successful. Several large studies have not shown any dramatic healing effect by dynamizing statically locked IMNs.473!9376 In a 
series of 24 patients, dynamization of nonunions failed to achieve union in 42% of cases.38? In another study of 12 patients, dynamization at 5 to 10 months 
failed to result in union in 7 patients.*8° Although these results seem to argue against the use of dynamization, there still seems to be a role for 
dynamization. In cases of early recognition of a lack of progression toward healing and identification of distraction at the fracture site, early dynamization 
may be useful.!*9 Unfortunately, most of the literature on dynamization techniques is retrospective in nature and may have been performed on patients who 
would have healed without dynamization. 

Reamed exchange nailing is another potential treatment for femoral shaft nonunions (Fig. 57-38). In addition, for infraisthmal fractures, the addition of 
blocking screws to the exchanged nail can increase stability. Several retrospective studies have reported varying success rates.1!5-136.271,314,366,369,384 Ą 
study in 1986 reported a 96% success rate in treating nonunions of the femur with nail removal, reaming, and implantation with a larger nail.*°° Furlong et 
al. also reported a high success rate with exchange nailing, but they also performed bone grafting in half of the patients, a potential confounder.'!> Hak et al. 
reported only a 78% success rate, with a high rate of failure in smokers (5/15).!°° Because of varying success (53-96%) being reported with exchange 
nailing, physicians should counsel their patients about the results prior to proceeding. !?6366.369 Atrophic nonunions appear to not respond that well to 
exchange nailing alone and nonisthmic fractures have a lower healing rate with reamed exchange nailing.*!*3°8 In one review of exchange nailings, an 87% 
healing rate was found in isthmic nonunions compared to 50% in nonisthmic fractures.*®° If reamed exchange nailing is undertaken, it is generally 
recommended that the nail diameter be increased by 1 to 3 mm.!°° 

Plate fixation after failed intramedullary nailing remains an option in the treatment of a femoral nonunion. Bellabarba et al. reported on 23 patients with 
femoral nonunions.”* In their series, indirect plating techniques with compression and selective bone grafting for atrophic and oligotrophic nonunions 
resulted in a healing rate of 91%. A potential disadvantage of plating is the need for protected weight bearing. To maintain weight bearing after surgery, 
augmentation with plate fixation while leaving the nail in situ has become popular.’°.159.262.263.353,354 Tn most circumstances, plate augmentation around a 
nail is best applied in a nonisthmic area.?6%?63 Although low numbers, Ueng et al. reported 100% union rate in 17 patients treated using this method.?54 In a 
larger retrospective study, Dhawale et al. achieved union in 39 out of 40 femoral nonunions using plate augmentation.!°° Another retrospective series 
demonstrated a very high union rate of 97% with plate augmentation in 39 patients.7° Plate fixation was often combined with autogenous bone grafting in 
many cases leading to confounding results.'5763 In a 2021 retrospective study, 21 out of 21 patients healed with decortication and 4.5-mm plate 
augmentation. Interestingly, three of the patients had a broken nail, which was exchanged at the time of nonunion repair for the same size nail. The authors 
highlighted the importance of eliminating rotational stress, which is best accomplished using plate augmentation.?!9 

Aseptic nonunion after plate fixation is now relatively rare, largely because plating is rarely used to treat femoral shaft fractures. However, if a nonunion 
occurs after plate fixation, treatment with an IMN is certainly an option, provided it achieves the common goals of nonunion surgery. These goals include a 
biologically friendly approach and appropriate mechanical stability. Emara and Allam showed great success with reamed intramedullary nailing after aseptic 
nonunion of femoral shaft fractures initially treated using a plate.°9 Forty patients were followed prospectively and randomized to iliac crest bone graft or no 
graft. All patients healed in 4 to 8 months following surgery, regardless of whether they received formal bone grafting. However, bone grafting did increase 
operative time and blood loss.°° Dedicated bone grafting may not be needed because the process of reaming provides a similar biologic result.?8? 


INFECTION AND INFECTED NONUNIONS 


In most large studies, the incidence of infection after intramedullary nailing of closed femur fractures is less than 1%,723!9348,349,376,379 The rate of infection 
after an open fracture is higher, with rates ranging from 2.4% to 4.8%.48-197,354.372 Regardless of whether the injury is open or closed, infection must always 
be in the differential as a potential cause of nonunion (see Table 57-4). 


F 


y 8. Fracture of the distal third of the femur (A, B) that progressed to nonunion (C, D). E, F: Union was achieved after exchange retrograde nailing with 
blocking screw placement (arrow). 


The diagnosis of infection can be obvious with systemic symptoms, pain, edema, and erythema of the thigh or indolent with very little symptoms other 
than nonunion. Drainage from a previously closed wound should also raise the suspicion for infection. Radiographic findings of persistent infection are 
usually associated with loosening of the implants indicated by increased radiolucencies around the screws or nail. If increased density of bone is seen on 
plain radiographs with surrounding periosteal reaction, chronic osteomyelitis with the formation of involucrum and sequestrum should be considered. 

The presence of deep infection usually necessitates surgical debridement of any necrotic tissue. In this setting, the stability of the bone and implant 
should be assessed. If the implant is maintaining structural stability to the bone, retaining the implants can be considered. Culture-specific antibiotic therapy 
is ideal, but cultures can be falsely negative. If infection occurs within 6 weeks of surgery, debridement, retention of implants, and antibiotic therapy can be 
considered, based on the work by Berkes et al. Although their study was not isolated to femoral shaft fractures, union was achieved in 71% of patients 
treated with this method. However, treatment failures were more common in open fractures and cases with an IMN, so caution is advised if an IMN is 
retained.’ If the infection is chronic or if there is radiographic evidence of loosening of the implants, removal of the nail at the time of debridement should 
be performed. In these cases, reaming the canal to perform intramedullary debridement and removal of the contaminated membrane is crucial. After the 
debridement and irrigation process, replacement of an IMN can be considered depending on the circumstances behind the fracture and infection. Regardless, 
fracture stability must be obtained and maintained during treatment,’’’ as mechanical inadequacies can perpetuate infection. Replacement of the infected 


IMN with another nail has been shown as a successful option in these cases. Klemm reported on a series of 38 infected nonunions using a combination of 
debridement, antibiotic beads, and insertion of a new IMN. Using this method, 34 out of 38 achieved union.!”° The use of antibiotic-coated reamed nails can 
deliver local antibiotics at the time of exchange. If infection and removal of the initial nail is performed early when very little healing has occurred, an 
antibiotic-coated nail with interlocking options can be considered. If a nail is not replaced, many other options exist including external fixation, plating, and 
placement of a temporary cement nail.?0-65,176,254,289,354 Th a series of 11 patients with 2-year follow-up, successful eradication of infection was 
accomplished in all patients after aggressive debridement and stable internal fixation, although some required other secondary procedures to achieve 
union.274 

The use of an antibiotic-staged temporary rod for local antibiotic delivery in long-bone infections has been shown to be an effective method of 
treatment. 103:254.275 Paley and Herzenberg described the use of a temporary antibiotic rod to provide antibiotic therapy to the medullary canal in the 
successful treatment of infection in six femurs.2°4 Numerous techniques have been described in the fabrication of antibiotic nails including manual rolling of 
the cement,!® using chest tubes as a mold around a ball-tipped guidewire (Fig. 57-39),?®° and antibiotic cement—coated narrow diameter metal rods with 
interlocking options.**! If significant instability of the fracture remains after removal of original implant, choosing an antibiotic cement—coated rod with the 
ability to use interlocking screws is recommended. 


FEMORAL NAIL REMOVAL 


Determining the proper amount of time and the need for nail removal in femur fractures remains uncertain. Several studies have shown that waiting at least 
24 months after healing is unnecessary and that nails removed in less than 1 year have not shown to increase the risk of refracture as long as the fracture was 
radiographically healed.!28:!52 However, nail removal should not be routine, as this procedure is not without complications. Patients should have specific 
complaints clearly associated with the implants. The fracture should also be completely healed prior to elective nail removal. 

In a study of 164 nails removed after femur fracture consolidation, it did not appear that the time interval between implantation and removal had a 
significant effect on the incidence of complications. Furthermore, in patients whose nail removal was based on symptoms of local pain or soft tissue 
irritation, 78% experienced improvement after removal. However, in the patients who did not have local symptoms prior to nail removal, 20% actually 
developed symptoms after the procedure. Overall, in this study, 41% were better, 40% were unchanged, and 13% were worse after nail removal.!78 
Obviously, this reiterates that nail removal should not be routine. Patients who can pinpoint their pain to a specific spot that correlates to the prominent nail 
or screw do well with implant removal. If the physician is uncertain, local anesthetic administration around the area in question can add some value to the 
decision-making process. It is usually a good predictor of pain relief after implant removal if dramatic symptom relief occurs after anesthetic, although, 
there are no guarantees and patient should be informed that implant removal may not be a panacea. 

Along with local symptoms after nail removal, other potential complications exist. Wound complications after nail removal have been reported to be as 
high as 10%. Interestingly, this was independent of operative time, surgeon experience, nail depth, and ectopic bone.!*8 Although titanium implants can 
sometimes be more difficult to remove due to bone ingrowth, the type of nail, steel or titanium, has not been shown to correlate with complication rate.!52 

The technical aspects of nail removal will be addressed below. In addition to the standard techniques used to removal IMNs, the presence of an end cap 
has been shown to be quite challenging. In the study of 164 femoral nails, the process of removing the end cap was found to be equally as time consuming 
and difficult as removing overgrown bone in the top of a nail without an end cap.!*8 Based on this difficulty and clinical experience, we advocate that end 
caps be avoided in most intramedullary nailing procedures. 


IMPLANT COMPLICATIONS: BROKEN NAILS, BROKEN INTERLOCKING SCREWS, AND BENT 
NAILS 


Most cases of broken implants signify nonunion of the fracture being treated (see Table 57-4). If the fracture fails to heal, the implant eventually fatigues 
and breaks. The material and design properties of the implant, injury characteristics, and patient factors play a role in when implant failure actually occurs. 
A patient with an endocrine disorder or an open fracture may be slow to heal. While most of these circumstances are not modifiable, the implants are 
adjustable. 

Fortunately, with advances in nail design and metal engineering, femoral nail breakage is infrequent. Franklin et al. identified the most common sites for 
nail failure in a study of 60 broken nails.!!? Because of implant fatigue and deformation, the most common site of failure was the nonunion site. Transitional 
zones and interlocking holes were other sites identified. The transitional zones were usually where the driving end of the nail narrows down to the primary 
diameter of the nail. Interlocking screws holes are potential weak spots because of the missing metal. It is postulated that filling these holes with screws may 
mitigate this risk, but this has not been specifically studied. 


c : D 
ire 57-39. A, B: This patient sustained a gunshot wound to the femur and underwent intramedullary nailing. Fortunately, union was achieved but evidence of 


infection was noted along the intramedullary implant (note the lucency around end of the nail). C, D: To eradicate the infection, removal of the nail, reaming, and 
placement of an antibiotic-impregnated cement rod was performed. 


Although removal of a broken nail may seem straightforward, it is often not the case. The driving end of the nail (the side which the impactor is attached 
to) is usually accessed using the previous antegrade or retrograde incision. If an end cap is in place, it needs to be removed. If an endcap is not in place, a 
guidewire can then be placed into the driving end of the nail under fluoroscopic guidance. If bone is overlying the nail, a rigid small reamer can be placed 
over the guidewire and used to remove the bone and soft tissue. After clearing the track to the nail either by this method or by removing the end cap, the 
extraction bolt or conical bolt can be threaded into the nail. A conical bolt is a reverse threaded and tapered bolt that can cut new threads into the nail in 
order to gain purchase. The driving end of the nail is then removed. Removing the remainder of the broken nail can be quite challenging and multiple 
techniques have been described. A technique that has been previously described as successful involves using a long hook. This involves placing a long hook 
down the cannulated portion of the nail, using the hook to catch the end of the nail, and then pulling the nail out by back slapping the hook.!!5 Impacting the 
nail from the far end, by making another hole in the opposite end of the femur and placing an impactor on the tip of the nail and hitting to effectively driving 
it out in the direction it was put in can also be done. Alternatively, by accessing the far end of the nail through a small cortical window, a flexible reamer or 
curved impactor can be inserted into the femur, guided to the far end of the nail, and then used to knock the nail out of the starting point.*°° Another method 
to pull the broken part out of the femur is stacking multiple guidewires in the nail to provide an interference fit. This is done by advancing one ball-tipped 
guidewire passed the end of the nail. The second guidewire is then impacted into the nail, producing an interference fit between the two guidewires. The 
first guidewire with the bead tip is then pulled, trapping the ball tip at the end of the nail. By continued pulling on the wire, the nail is removed. If there is 
significant deformity and access to the broken end of the nail is difficult through closed means, an open incision to gain access to the nail may be necessary. 
If the broken part of the remaining nail is close to the nail entry site, a large pituitary or cement removal rongeur can be used to grab the wall of the nail to 
remove it. 

Broken interlocking screws occur more frequently than broken nails due to their inherent smaller diameter (Fig. 57-40). In most cases, the screw breaks 
at either side of the nail, for example, on either the lateral or medial side of the nail in the distal femur. The site in which the screw breaks is important to 
understand prior to removing the nail. Essentially, no part of the screw should be in the nail. Failure to recognize this can result in fracture upon nail 
removal. If after removing one piece of the broken screw the distal aspect of the screw remains in the nail, a Steinmann pin of equal core diameter to the 
screw can be inserted into the interlocking nail hole involved and used to push the screw out the other cortex. Recently, newer nail designs have screws that 
thread into the interlocking holes of the nail. This can be quite challenging. To our knowledge, no published strategies have been well described for this 
unique situation. One strategy we have used is to access the far end of the screw using a counter incision, dissecting down to the end of the screw, and then 
turning the screw out. Broken screws should not be considered a good method of “auto-dynamization” as some have described. Surgeons should carefully 
exam the radiographs and in distracted femurs strong consideration should be given to remove the screws prior to breakage. 


Figure 57-40. Broken proximal interlocking screw noted after antegrade nailing. 


With newer nail designs, bent nails are not very common. However, they sometimes occur if enough force is applied to the femur during a traumatic 
injury to the femur. Occasionally this can be seen in high-energy accidents in patients with previously placed IMNs. If the bend and the nail diameter are 
small, the nail can be removed without significant difficulty. Large bends usually require open extraction with cutting of the nail at the site of deformity. 
One author described partially cutting the bent nail through an open approach to weaken the nail. After weakening the nail, the nail was bent in situ back to 
an appropriate angle. After straightening the nail out, the nail was removed using standard techniques. !® 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO FEMORAL SHAFT 


FRACTURES 


Femoral shaft fracture management continues to evolve. A reamed, statically locked femoral nail is currently accepted as the optimal treatment for most 
fractures in adults. However, controversy regarding the ideal technique (antegrade vs. retrograde) and proximal entry portal (piriformis vs. trochanteric) still 
exists. Currently, the decision to use an antegrade versus a retrograde technique is somewhat surgeon preference. However, in certain fracture patterns or 
patient body habitus, one technique may be preferred over the other. Although the literature can support either technique, further research regarding patient 
outcomes is needed to definitively decide between the two. Ultimately, it probably does not matter, as long as the principles of fracture fixation are 


followed. The entry portal chosen for antegrade nailing is based on patient-related factors, expected entry-site complications, and anticipated need for 
secondary surgical procedures in the future. Continued investigations will hopefully better define indications for the use of one starting point over the other 
based on fracture pattern and patient characteristics, both in body habitus and activity level. 

Reduction techniques and assessment of final reduction continue to evolve. Obtaining proper length and rotational alignment continues to be 
challenging, especially in comminuted fracture patterns. Advanced techniques have been described, but there have not been studies on a large scale to see if 
the incidence of malrotation has been definitively decreased using these techniques. 

The incidence of missed ipsilateral femoral neck fractures continues to be a problem. Although there has been some progress in raising awareness of the 
correlation between femoral shaft fractures and femoral neck fractures, missed diagnosis remains a concern. Currently, some surgeons are advocating for the 
use of antegrade nails with cephalomedullary proximal locking screws in all patients, in hopes to potentially prevent displacement of a missed nondisplaced 
femoral neck fracture. However, this is quite controversial, and further studies are needed to decide if this is the correct approach. 

Finally, the impact of femoral nailing on the morbidity and mortality of the polytraumatized patient remains forefront in current orthopaedic trauma 
research. Especially critical is the treatment of patients with head and thoracic injuries. The impact of femoral nailing in the patient with a head injury is 
poorly understood. At one time, ETC was advocated. ETC was then replaced with the idea of “Damage Control Orthopaedics.” At this time, it appears that 
early stabilization in a patient who is adequately resuscitated is the best algorithm to approach the multiply injured patient, also known as “early appropriate 
care.”359 Tt is expected that as further advancements in critical care management progress, so will the orthopaedic trauma care of the polytraumatized 
patient. 
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Annotation 


A prospective, multicenter study of 121 patients who underwent debridement and 
retention of hardware in the setting of an acute infection (<6 weeks after fixation). 
Seventy-one percent of patients healed. 


A multicenter, retrospective study designed to evaluate the incidence of ARDS, 
pneumonia, and mortality in patients with femur fractures. Three groups were analyzed: 
with a thoracic injury and no femur fracture, with a femur fracture and no thoracic injury, 
and with a femur fracture and a thoracic injury. The incidence of ARDS, pneumonia, and 
mortality was not increased in patients with a femur fracture and a thoracic injury, 
compared to the other two groups. Nailing or plating the femur fracture also had no effect 
on the outcomes evaluated. 


One hundred and eighty-seven patients with a femoral nonunion were assessed regarding 
quality of life. A femoral shaft nonunion was found to have a significant effect on quality 
of life and affected physical health similarly to end-stage hip arthrosis and tibial nonunion. 


A combined biomechanical and clinical study that evaluated immediate weight bearing in 
comminuted femoral shaft fractures after IMN. The study concluded that immediate 
weight bearing after femoral nailing is safe and allows for early mobilization. 


A multicenter, prospective, randomized clinical trial to compare nailing with or without 
reaming. Two hundred and twenty-four patients were enrolled. Unreamed nails had a 
significantly higher incidence of nonunion compared to reamed nails (7.5% vs. 1.7%). 


A large skeletal study designed to evaluate femoral nail design in the early 2000s 
regarding anterior femoral bow. Multiple nail designs were evaluated and were found to 
have significant mismatch compared to femoral anatomy. This study was pivotal and led 
to manufactures decreasing the radius of curvature of femoral nails to more closely mimic 
that of the femur. 


Twenty-three patients with femoral nonunion underwent exchanged reamed IMN. Overall 
success rate achieving union was 78.3%. 


A technical note article highlighting methods to assess length, alignment, and rotation 
using indirect techniques. The methods described include the meterstick technique and 
hyperextension test to assess length, cable technique to assess coronal plane alignment, 
and the lesser trochanter shape and cortical step sign to evaluate rotation. 


Four hundred and ninety-two patients with a femur fracture and ISS scores greater than 18 
were evaluated to determine if IMN performed in less than 24 hours is safe. Compared to 
delayed fixation, patients stabilized within 24 hours had a lower rate of complications 
(18.9% vs. 42.9%, p < .037). The authors concluded that early stabilization of femur 
fractures in patients with multiple injuries, including severe chest and head injury, is 
appropriate in most patients, as long as a focus on resuscitation is performed. 


A retrospective study designed to evaluate if early conversion from an external fixator to 
an IMN is safe in multiply injured patients. The authors concluded that early conversion 
was safe and reported an infection rate of 1.7%. 


A retrospective cohort study designed to assess healing rates and complication rates 
between antegrade and retrograde IMN techniques. No difference in union rate or 
complication rate was identified between the two groups. 


A retrospective study that evaluated multiply injured patients with femur fractures who 
underwent initial damage control orthopaedic care with either temporary external fixation 
or skeletal traction. No difference in clinical outcomes was identified between the two 


groups. The authors concluded that skeletal traction remains an option for the multiply 
injured patient who needs temporary stabilization of the femur. 


Stannard JP, Bankston L, Futch LA, et al. Functional outcome following intramedullary A prospective, randomized study that evaluated hip function following either trochanteric 
nailing of the femur: a prospective randomized comparison of piriformis fossa and greater or piriformis entry femoral nailing. Of the 110 patients randomized, hip function at 1 year 
trochanteric entry portals. J Bone Joint Surg Am. 2011;93:1385-1391. postoperatively did not differ among the two groups. 


Tornetta P 3rd, Kain MS, Creevy WR. Diagnosis of femoral neck fractures in patients with This study evaluated a protocol to identify ipsilateral femoral neck fractures in the setting 

a femoral shaft fracture: improvement with a standard protocol. J Bone Joint Surg Am. of a femoral shaft fracture. Using a dedicated plain radiograph, a fine cut (2-mm) CT scan 

2007;89(1):39-43. of the femoral neck, and intraoperative fluoroscopic views taken prior to fixation, the 
authors demonstrated a 91% decrease in delayed diagnosis of a femoral neck fracture 
compared to their incidence prior to the institution of the protocol. 


Tornetta P 3rd, Tiburzi D. Antegrade or retrograde reamed femoral nailing: a prospective, A prospective, randomized study of 68 patients undergoing either antegrade or retrograde 
randomised trial. J Bone Joint Surg Br. 2000 Jul;82(5):652-654. reamed IMN. No difference in union rate, blood loss, transfusion requirements, or 
operating time was identified. 


Vallier HA, Wang X, Moore TA, et al. Timing of orthopaedic surgery in multiple trauma This study of 1,443 adults with injuries to the pelvis, spine, acetabulum, and/or femur was 

patients: development of a protocol for early appropriate care. J Orthop Trauma. evaluated to determine which patients should have delayed fixation compared to early 

2013;27(10):543-551. stabilization. The authors found that early stabilization of these injuries yield better results 
as long as resuscitation with correction of pH, lactic acidosis, and base deficit is achieved 
prior to definitive fixation (Early Appropriate Care). For patients who are not resuscitated, 
damage control orthopaedic care should be performed. 


Winquist RA, Hansen ST Jr, Clawson DK. Closed intramedullary nailing of femoral This landmark study reported on 520 cases of femoral shaft fractures treated with IMN, 
fractures: a report of 520 cases. J Bone Joint Surg Am. 1984;66:529-539. including 86 open fractures and 261 comminuted fractures. The union rate after IMN was 
99.1%. 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS FOR TREATMENT OF DISTAL FEMUR FRACTURES 


INTRODUCTION TO DISTAL FEMUR FRACTURES 


Although less frequent than fractures around the hip and shaft, distal femur fractures are increasingly common injuries (up to 6% of femur fractures) and 
present considerable challenges in management. No single method of management has overcome all of the problems associated with this injury. Prior to 
1970, most supracondylar fractures were treated nonoperatively; however, deformities, joint incongruity, stiffness, as well as the complications of bedrest 
led to alternative treatments.®1%4 Since then, operative techniques and implants have developed so that internal fixation is currently recommended for most 
distal femoral fractures in adults. The goals of treatment are anatomic reduction of the articular surface, restoration of limb anatomy, and stable fixation that 
allows for early mobilization.’” Internal fixation of the distal femur, nonetheless, is difficult for several reasons: thin cortices, a wide medullary canal, 
compromised bone stock, fracture comminution, and the existence of previous implants that make stable internal fixation often difficult to achieve. 
Although better methods of fixation have improved clinical results, the operative management of these difficult fractures is not uniformly successful. 


ASSESSMENT OF DISTAL FEMUR FRACTURES 


MECHANISMS OF INJURY FOR DISTAL FEMUR FRACTURES 


The mechanism of injury for most supracondylar fractures is thought to be axial loading with varus, valgus, or rotational forces. A bimodal distribution of 
high-energy trauma in younger patients and lower energy in elderly patients is typically seen with these injuries. However, higher-energy injuries in elderly 
patients are not uncommon. In younger patients, supracondylar fractures often occur following high-energy trauma related to motor vehicle or motorcycle 
accidents. In these patients, there may be considerable fracture displacement, comminution, open wounds, and soft tissue injuries.>°!37!9° On the other 
hand, in elderly osteoporotic patients, supracondylar fractures frequently occur after a ground level fall on a flexed knee. Notching of the anterior cortex of 
the distal femur while making femoral chamfer cuts during knee arthroplasty may predispose the distal femur to fracture.*!0 

Predictable deformities occur after a distal femur fracture and are produced primarily by the direction of the initial fracture displacement and secondarily 
by the contraction of the thigh musculature (Fig. 58-1). Contraction and spasm of the quadriceps, hamstrings, and adductors lead to limb shortening with 
varus angulation at the fracture site. Contraction of the gastrocnemius often produces an apex posterior angulation and displacement of the distal fragment. 
In fractures with intracondylar extension, soft tissue attachments to the respective femoral condyles tend to produce splaying and rotational malalignment of 
the condyles that contributes to joint incongruity. These forces must be overcome during the fracture reduction and the internal fixation device must be 
strong enough to prevent redisplacement. 
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Figure 58-1. Diagram of typical distal femur fracture pattern and deforming muscle forces. 


INJURIES ASSOCIATED WITH DISTAL FEMUR FRACTURES 


High-energy forces sufficient to fracture the distal femur may also lead to concomitant injuries in the same extremity, or more distant locations and 
associated nonskeletal injuries are common. These injuries and their sequelae (e.g., pulmonary problems) may delay definitive fracture fixation for days or 
even weeks. Delayed fixation increases the technical difficulty of the procedure, contributes to patient morbidity, and may compromise the goals of 
treatment. Temporizing external fixation has been used effectively in these circumstances to stabilize the fracture, prevent further local soft tissue trauma, 


and improve patient mobilization (Fig. 58-2).46-88 


Figure 58-2. Temporizing external fixator spanning used in a patient with a distal femur fracture. 


In patients injured as the result of a high-energy trauma, ipsilateral hip and femoral shaft fractures occasionally occur and may complicate treatment. 
Furthermore, in up to 50% of these patients, there is proximal fracture extension into the femoral diaphysis. !?>130 Ipsilateral injuries to the tibia, ankle, and 
foot are also common. Approximately 5% to 10% of distal femur fractures are open injuries.2>3*!?3 The site of the open wound is usually in the anterior 
thigh proximal to the patella that may damage the quadriceps muscle and extensor mechanism. Although the femoral and popliteal arteries are close to the 


distal femur, vascular injury is less common than in patients with a knee dislocation. This potentially catastrophic injury must not be overlooked, and a 
complete vascular examination is obligatory. 

In elderly frail patients with lower-energy distal femur fracture, mortality rates are similar to that of the hip fracture population. Periprosthetic distal 
femur fractures and those in patients with dementia, heart failure, advanced renal disease, and metastasis have reduced survival compared with age-matched 
controls.3°!°4119 Th fact, the age-adjusted Charlson Comorbidity Index was found to serve as a useful tool to predict survival in these patients.!!9 Brief 
delays for surgery in order to medically optimize patients do not seem to have a negative effect on mortality,!'* although surgical delays greater than 2 days 
have also been shown to increase the 30-day, 6-month, and 1-year mortality rates.°? Not surprisingly, a number of authors have recommended that this 
population should be treated more like those with hip fractures, that is, using early surgery once optimized, multidisciplinary treatment teams, and 
management metrics.>:!4 


Open Distal Femur Fractures 


Approximately 5% to 10% of distal femur fractures are open injuries.2!!°° The traumatic wound is nearly always anterior and is associated with a variable 
degree of damage to the extensor mechanism. As with all fractures, timely but thoughtful treatment is required. Early appropriate antibiotic administration 
followed by thorough surgical debridement and irrigation of the open fracture and traumatic wounds are crucial steps in the prevention of infection.2°909! 
Serial debridements may be necessary in many type III open fractures: antibiotic spacers or beads, or a wound VAC are useful tools in this setting. 
Immediate internal fixation is not indicated for all fracture patterns or patient conditions. The risk—benefit ratio to the patient must be carefully assessed 
when contemplating primary internal fixation. Early temporizing fracture stabilization for open fractures is particularly useful in patients with multiple 
injuries, massive and mutilating limb injuries, open fractures and vascular injuries, and open intra-articular fractures. Advantages of immediate internal or 
external fixation in these fractures include stabilization of the fracture and surrounding soft tissues, ease of wound care, pain relief, and mobilization of the 
patient and the injured limb (see Fig. 58-2).?”446.88 Nonetheless, immediate internal fixation in open supracondylar fractures limits secondary debridement 
and must be tempered by the further soft tissue dissection, interference with local blood supply, and delay of fracture stabilization. If infection develops, it 
may affect not only the fracture site but also the knee joint. 

In stable patients with type II, III, and IHA open supracondylar fractures, many fracture surgeons favor definitive internal fixation after debridement of 
the traumatic wounds, if the wounds can be made “clean.” Nonetheless, most grade IIB and IIC open distal femur fractures are more safely managed with 
knee-spanning external fixation and delayed internal fixation. Subsequent definitive surgery can be carefully planned with optimal operating room personnel 
and resources, or transfer to a tertiary center better equipped to handle complex fractures. Dealing with these complex injuries and their surrounding 
controversies such as how much to debride, or how and when to graft may be best left to experienced fracture surgeons. 


Vascular Injuries 


Vascular injury associated with supracondylar femur fractures is uncommon but is a potentially devastating injury constellation. Most injuries to the 
superficial femoral or profunda femoris arteries occur after fractures of the femoral shaft. On the other hand, blunt injury to the popliteal artery most 
commonly occurs with knee dislocations or displaced fractures of the proximal tibia. It is surprising, therefore, that the incidence of popliteal artery injury is 
so low after supracondylar fracture, because the vascular bundle is tethered proximally in the hiatus of the adductor magnus muscle and distally by the arch 
of the soleus. These tight attachments leave little room for skeletal distortion after fracture. Vessel injury can be caused by direct laceration or contusion of 
the artery or vein by fracture fragments or indirectly by stretching, leading to intimal damage. Clinical examination of the leg for signs of ischemia with 
evaluation of pulses and motor and sensory function is essential. 

Indications for arteriography with intra-arterial injection or CT angiography include an absent or diminished pulse, expanding hematoma, diminished 
ankle—ankle index, and persistent arterial bleeding. Displaced supracondylar fractures near the femoral or popliteal vessels despite apparent normal 
peripheral pulses may have occult vascular injury patterns and require careful judgment regarding the need for exploration or angiography. If any doubt 
exists about the integrity of the vessels, consultation with a vascular surgeon is recommended. 

If arterial compromise is severe or time has elapsed from injury, reestablishment of circulation takes priority. Consideration should be given to rapid 
application of an external fixator to restore length and provide stability before arterial reconstruction. A temporary vascular shunt followed by definitive 
vascular repair may also be useful. Arterial repairs are usually accomplished by interposition vein grafts or synthetic grafts. A preventable error is to repair 
the vessel with the fracture in a displaced position: during subsequent fixation of the fracture, manipulation of overriding fragments can disrupt the vascular 
anastomosis. This problem can be avoided or minimized by the use of an external fixator or a femoral distractor to maintain length and alignment before the 
vascular repair. Fasciotomy of the lower leg should be considered in all patients with ischemia time exceeding 6 hours and those fascial compartments 
lacking compressibility after reperfusion or extensive soft tissue injuries. Compartment pressure monitoring may be helpful in borderline cases. 

In patients with massive open wounds with vascular injury (type IIIC) or those in extremis, primary above-knee amputation may be indicated. This is 
particularly true if the injury is associated with sciatic or posterior tibial nerve disruption. The goal of aggressive limb salvage should be functional viability, 
not just a perfused limb. 


Concomitant Ligament Injuries 


Concomitant ligamentous injuries to the knee are uncommonly associated with distal femur fractures and are not usually diagnosed preoperatively. 
Infrequently, bony avulsion injuries to the collateral or cruciate ligaments can be identified on the initial injury radiographs. Midsubstance tears and capsular 
disruptions cannot be assessed clinically at the time of injury due to pain and guarding. The anterior cruciate ligament is the most commonly injured 
ligament. In supracondylar fractures with significant comminution of the articular surface, the anterior cruciate ligament can be detached with one of the 
fracture fragments. Whenever possible, this osteochondral fragment should be repaired at the time of fixation of the supracondylar fracture. There is no 
consensus regarding the timing of treatments of midsubstance tears of the cruciate ligaments associated with supracondylar fractures. Primary repairs, 
ligament augmentation, and formal reconstruction are made much more difficult by the presence of the fracture and associated internal fixation devices. 
Large-caliber drill holes, or tunnels, made through the intercondylar notch of the femur for ligament reconstruction are usually contraindicated. They may 
cause further comminution of the fracture, compromise the stability of internal fixation, or be technically impossible because of the fixation hardware. 
Primary ligament repairs or reconstruction prolongs operating time and may increase the risk of postoperative infection, intra-articular adhesions, or loss of 
knee motion. Initial nonoperative treatment of midsubstance tears of the cruciate ligaments is recommended. Protected motion in conjunction with a knee 
orthosis together with vigorous rehabilitation may obviate the need for late reconstructive surgery in some patients. In those patients with persistent 
functional disability, late ligament reconstruction can be undertaken once the fracture has healed, and the hardware can be removed safely. 


Periprosthetic Distal Femur Fractures 


Distal femur fractures following total knee replacement are increasing in incidence with an estimated frequency of 0.3% to 2.5% after primary total knee 
arthroplasty (TKA), and 1.6% to 38% after revision TKA.!*?7 Fractures through the supracondylar femur are the commonest form of periprosthetic fracture 
about a TKA. These complex injuries are likely to increase as the number of knee replacements continues to rise. Treatment is often difficult, and until 
recently, most published studies report relatively small numbers of patients. Risk factors for fractures include osteopenia, rheumatoid arthritis, prolonged 
corticosteroid therapy, anterior notching of the femoral cortex, and revision arthroplasty.” 

Treatment of displaced and comminuted fractures is typically based on the integrity of the knee prosthesis. If the prosthesis is loose, revision 
arthroplasty with a stemmed prosthesis is favored. If the femoral component is stable, the advantages of internal fixation are usually indicated. Correctly 
done, internal fixation prevents malalignment while allowing early ambulation and knee motion. Modern locked plating and intramedullary nailing have 
provided satisfactory results after periprosthetic distal femur fracture, although both are prone to complications.°°.8.9495.98.99.101 With nailing, the surgeon 
must consider the relationship of the femoral implant to the nail’s starting point. Periprosthetic fractures of the distal femur are considered in more detail in 
Chapter 59. 


SIGNS AND SYMPTOMS OF DISTAL FEMUR FRACTURES 


All patients experiencing distal femur fracture require a thorough history and physical examination. Collaboration with a general trauma surgeon or internal 
medical specialist is strongly recommended when there are significant associated injuries or medical comorbidities. 

Clinical examination invariably reveals tenderness, fracture crepitance with thigh swelling, and limb deformity with shortening and external rotation if 
the fracture is displaced. The skin should be examined for bruising, contusion, or open fracture. Significant bleeding into the thigh may occur after femur 
fractures at any level, and evaluation for signs of shock should be investigated and aggressively treated. Other injuries to the same extremity should be 
suspected with pain or swelling in the limb above or below the fracture site. A careful neurovascular examination must be performed and documented, 
including the presence or absence of distal pulses and sensorimotor assessment. If there are differences in distal pulses between the injured and noninjured 
sides, or there is suspicion of an occult vascular injury, ankle—ankle indices should be checked. If the results between sides are within 10%, then vascular 
injury is unlikely.®! Conventional and CT angiography are also useful tools when evaluating for vascular injury. A gentle reduction and splinting of the 
injured limb should be performed early after arrival to the emergency department, if not already done by prehospital caregivers. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DISTAL FEMUR FRACTURES 


AP and lateral radiographs of the knee and femur should be obtained and are usually sufficient for diagnosis. In most patients, x-rays of the pelvis, 
ipsilateral hip, and femoral shaft are necessary to rule out associated injuries and confounding variables for treatment. Additional radiographs are obtained 
as dictated by the clinical examination. Traction radiographs are helpful if there is significant shortening and deformity, and provide a better understanding 
of the fracture geometry. This can often be combined with the reduction and splinting process in the Emergency Department or in the operating room if a 
spanning external fixator is being placed. 

CT scans with reconstructions of the distal femur are an important adjunct to plain radiographs. Intra-articular injuries can be better delineated, and 
potentially important occult fractures identified. For example, one study showed a 40% rate of coronal plane (Hoffa’s) fractures with intercondylar fractures, 
many of which are missed on plain radiographs.** Typical Hoffa fracture morphology has been evaluated by two-dimensional and three-dimensional CT, 
which may be best evaluated by the primary surgeon prior to any given case.!°? 

Osteoporosis is present in many elderly patients with distal femur fracture and may influence the method of treatment. If osteoporosis is evident on plain 
radiographs, a loss of 40% or more bone density has occurred.*9 While the importance of considering osteoporotic bone in designing a construct is obvious, 
these patients should be educated and treated to avoid future fractures. The distal femur fracture has been analogized with hip fractures in geriatric patients. 
A compelling case can be made that algorithms of early optimization and surgery, multidisciplinary approach, etc. are well suited for geriatric patients with 
a distal femur fracture.??°*!° Finally, bone health counseling and treatment are everyday parts of care for fragility fractures. Vitamin D levels can be 
checked or not, with appropriate treatment given, followed by patient and/or family education, and bone density evaluation, as needed. 


CLASSIFICATION OF DISTAL FEMUR FRACTURES 


There is no universally accepted method of classification for distal femur fractures. Essentially, all classifications distinguish among extra-articular, intra- 
articular, and isolated condylar lesions. Fractures are further subdivided according to the degree and direction of displacement, amount of comminution, and 
involvement of the joint surfaces. Unfortunately, anatomic fracture classifications fail to address the conditions commonly associated with supracondylar 
femur fractures, which often influence treatment or outcome. These factors, which play a dynamic role in management, determine the “personality” of a 
fracture. Among these are amount of fracture displacement, degree of comminution, extent of soft tissue injury, associated neurovascular injuries, 
magnitude of joint involvement, degree of osteoporosis, presence of multiple traumas, and complex ipsilateral injuries (i.e., patella or plateau fractures). 

We prefer the Orthopedic Trauma Association/Arbeitsgemeinschaft fiir Osteosynthesefragen (OTA/AO) fracture classification” because it is easy to use 
and applicable to most parts of the skeleton. It distinguishes between extra-articular (type A), partial articular (type B), and complete articular (type C) 
injuries, and accounts for fracture complexity (Fig. 58-3). A basic treatment plan for distal femur fractures usually can be formulated based on this 
classification system. Because of the large number of fracture patterns seen in clinical practice, however, some fractures do not fit neatly into any 
classification scheme. This emphasizes the fact that every patient must be individually evaluated, and the “personality” of the fracture must be considered in 
selecting the method of treatment. 


OUTCOME MEASURES FOR DISTAL FEMUR FRACTURES 


Many scoring instruments have been used for outcomes after trauma around the knee and for distal femur fractures. These include the Western Ontario and 
McMaster University Osteoarthritis (WOMAC) index,’ the Lysholm knee function scale,® and individual systems proposed by Sanders et al.,!°° Leung et 
al.,°8 and others. For general or “whole-body” outcomes, the Short Musculoskeletal Functional Assessment (SMFA)° and Short Form 36 (SF-36)!*’° are 
commonly used instruments that allow for comparison versus other injuries and uninjured controls. Recently, geriatric-specific outcomes scores, the Barthel 


index, and the Parker score have been applied to elderly patients with distal femur fractures.°9-!2° In this population, the mortality at an average of 5 years 
was over 50%. 
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Figure 58-3. OTA/AO classification of distal femur fractures (43A-C). (Redrawn with permission from Marsh JL, et al. Fracture and dislocation classification 
compendium—2007: Orthopaedic Trauma Association classification, database and outcomes committee. J Orthop Trauma. 2007;21(10 Suppl):S1—S133.) 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO DISTAL FEMUR FRACTURES 


The supracondylar area of the femur is defined as the zone between the femoral condyles and the junction of the metaphysis with the femoral diaphysis. 
This comprises approximately the distal 15 cm of the femur, as measured from the articular surface. It is important to distinguish extra-articular fractures 
from intercondylar, as well as diaphyseal fractures of the distal femur because the methods of treatment and prognosis are considerably different. 
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Figure 58-4. Diagram of the distal femur demonstrating the typical anatomy. When instrumenting the distal femur, particular attention must be given to the obliquity 
of the anterior joint surface when viewed on end (taller laterally than medially), the trapezoidal shape of the condyles when viewed on end (wider posteriorly than 
anteriorly), as well as the presence of the patellofemoral joint and intercondylar notch. 


APPLIED ANATOMY OF THE DISTAL FEMUR BONE 


The shaft of the femur is cylindrical or teardrop shaped, but at the lower end it broadens into two curved condyles (Fig. 58-4). If viewed on end, the shape of 
the distal femur is trapezoidal with the posterior part of the condyle wider than the anterior, creating about 25-degree inclination angle on the medial surface 
and 15 degrees on the lateral surface.'© This becomes important when placing implants across the condyles from lateral to medial because on AP 
radiographs, implants placed anteriorly that appear to be of appropriate length may be too long and cause painful irritation.” Anteriorly, the articular 
surfaces of the two condyles come together to form a deep groove for articulation with the patella. Posteriorly, they are separated by the intercondylar fossa 
that gives attachment to the cruciate ligaments of the knee. The contact surface for the patella includes parts of both condyles, but is derived predominantly 
from the lateral condyle, which is broader and extends farther proximally. The lateral epicondyle arising from the lateral condylar surface, gives origin to 
the fibular collateral ligament. Immediately below the lateral epicondyle is an oblique groove where the popliteus tendon resides. The medial femoral 
condyle is longer than the lateral condyle and extends farther distally. Its medial surface is convex and contains an epicondyle that gives attachment to the 
tibial collateral ligament. Situated on the proximal-most part of the condyle is the adductor tubercle, into which the tendon of the adductor magnus muscle 
inserts. 


KNEE JOINT 


Normally, the knee joint is oriented parallel to the ankle and ground. The anatomic axis of the femoral shaft relative to the knee averages about 6 or 7 
degrees of valgus, with some variability between individuals (range 2—10 degrees) (Fig. 58-5). The contralateral limb (if not injured) can be used to 
radiographically define the limb axis for each person. The expanded femoral and corresponding tibial condyles are adapted for the direct forward 
transmission of weight. During weight bearing, the two condyles rest on the horizontal plane of the tibial condyles and the shaft of the femur inclines 
inferomedially. This inclination is an expression of the greater width of the body at the hips than the knees. 
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Figure 58-5. Typical anatomic limb axis of the lower extremity. Note the 6 to 10 degrees of distal femoral valgus. 


SOFT TISSUES ABOUT THE DISTAL FEMUR 


There are three major muscle groups in the thigh: the adductors, quadriceps, and hamstrings. The latter two cross the knee and are integral to its function. 
Anteriorly, the quadriceps muscles provide power to the knee extensor apparatus and are supplied by the femoral nerve. The quadriceps muscle distally 
becomes tendon and envelopes the patella and terminates via the patellar tendon at the tibial tubercle. Posteriorly, the “hamstring” muscles that flex the knee 
are supplied by the sciatic nerve. The semitendinosus and semimembranosus muscles terminate medially, and biceps femoris laterally on the proximal tibia 
as multiple tendon insertions. The gastrocnemius muscle bellies also cross the posterior aspect of the knee from their origin in the supracondylar area. 

The femoral artery and vein run anteromedially through the mid-thigh in Hunter canal between the extensor and adductor compartments, beneath the 
sartorius muscle. The femoral vessels pierce the adductor magnus approximately 10 cm above the knee to enter the posterior compartment and join the 
sciatic nerve in the popliteal fossa. On average, the distance from the adductor tubercle to the femoral artery in the midsaggital plane is 16 to 19 cm. The 
popliteal fossa is diamond shaped and is bounded superiorly by semimembranosus and semitendinosus medially and by the biceps femoris laterally. The 
inferior boundaries are the two heads of the gastrocnemius. At this level, the femoral vessels are renamed the popliteal artery and vein, and the sciatic nerve 
has branched into the tibial and peroneal nerves. In the popliteal fossa, the artery is deep and medial to the popliteal vein and tibial nerve. 


DISTAL FEMUR FRACTURE TREATMENT OPTIONS 


NONOPERATIVE TREATMENT OF DISTAL FEMUR FRACTURES 


Indications/Contraindications 


While nonoperative treatment was the treatment of choice prior to 1970, its use now is reserved for a few situations: reliable patients with a nondisplaced 
fracture, in nonambulatory patients (e.g., paraplegia), in patients with significant underlying medical diseases (e.g., severe cardiopulmonary risk) or 
imminent death, infected fractures or severely contaminated open fractures (e.g., type IIIB), and environments that lack modern internal fixation devices or 
intraoperative fluoroscopy. Nonoperative treatment of a displaced distal femur fracture includes closed reduction with skeletal traction with or without 
subsequent cast bracing. This method requires confinement to bed, is time consuming and expensive, and is not well suited for multiply injured or elderly 
patients.!5-4? Although the risks of surgery are avoided with closed methods, the risks of nonoperative treatment may be significant and potentially severe; 
including deep venous thrombosis, pulmonary embolus, decubitus ulcer, pneumonia, urinary retention, and others. 


Nonoperative Treatment of Distal Femur Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Nondisplaced fractures in a reliable patient that can comply with weight-bearing precautions 
Severe comorbidities 

Nonambulatory patient with significant comorbidities 

Austere environment where quality surgical treatment is not expected 


Contraindications 


e Distal femur fractures in most patients 


Years ago, closed reduction and skeletal traction through a proximal tibia or distal femur pin was common. This is extremely rarely considered today due to 
the risks of recumbency. Currently, if nonoperative treatment is being chosen, it is usually because the patient’s ambulatory function was previously limited 
and/or they are a poor candidate for surgical treatment. Use of a pillow splint is a way to provide reasonable immobilization and comfort, with some level of 
mobility. If the fracture heals, deformity would be expected and that patient’s ambulatory potential would likely be minimal. Two pillows can be taped 
lengthwise around the knee and exchanged as needed if they become soiled. A knee immobilized is also a possible tool for these patients, although it may 
not fit the deformity well and may contribute to pressure problems.® 


OPERATIVE TREATMENT OF DISTAL FEMUR FRACTURES 


Indications 


In the past three decades, internal fixation of displaced supracondylar femoral fractures has gained widespread acceptance as operative techniques and 
implants have improved. Until the introduction of fixed-angle plating and modern retrograde nails, thin cortices, osteoporosis, a wide intramedullary canal, 
and fracture comminution made stable fixation of these injuries difficult to achieve and maintain. The combination of properly designed implants, a better 
understanding of soft tissue handling, and improved anesthetic methods has made internal fixation practical for most patients. The goals of operative 
treatment of distal femur fractures are anatomic reduction of the articular surface, restoration of limb alignment and length, stable internal fixation, rapid 
mobilization, and early functional rehabilitation of the knee. Using minimally invasive approaches together with improved implants (e.g., locked plating and 
improved retrograde intramedullary nails) has made the treatment of distal femur fractures much more successful. As a result, the operative treatment of 
distal femur fractures should be considered for virtually all displaced distal femur fractures in physiologically stable adults. 

Several treatment options are available, each with advantages and disadvantages and are dependent to a large degree on the fracture pattern, host factors, 
and the surgeon’s experience and resources. These options are discussed in more detail below. 


Open Reduction and Internal Fixation With Plates and Screws 


In the 1970s and early 1980s, distal femur fractures were most commonly treated with anatomically contoured, but angular unstable (nonlocking) distal 
femur plates (e.g., condylar buttress plates). Relatively high complication rates were reported, which adversely affected clinical results, including infection, 


nonunion or delayed union, malunion (especially varus collapse), the need for bone graft, and knee stiffness owing to delayed mobility. Subsequently, 
alternative methods were proposed, including double plating'’’ and the use of plates for endosteal substitution,” which was met with varying success but 
certainly never became widely accepted. 

About this time, Mast et al.’’ and others began popularizing indirect reduction of the fracture with minimal soft tissue stripping to improve the fracture 
biology. There were also advances in plate-screw design where fixed-angle implants such as the 95-degree angled blade plate (ABP) (F ) and 
dynamic condylar screw (DCS) ( 58-7) provided dramatically improved stability compared to prior implants. When these two methods were combined, 
dramatically improved rates of bone healing with fewer complications were found compared with historical controls. °> However, insertion of these 
implants was technically demanding, limiting their widespread use. 


Figure 58-6. Distal femur fracture treated with a 95-degree angled blade plate. The device provides indirect resistance to varus and other forces by the fixed angled 
design of the blade. 


l 4. 
Figure 58-7. Distal femur fracture treated with a 95-degree dynamic condylar screw (DCS). 


“Locked plating” systems were developed using screws that lock into the plate, forming a fixed-angle construct. Most of these systems were designed 
for insertion through minimally invasive techniques, which have been shown to decrease problems with fracture healing and infection.’?’"'"**"-" One 
example, the Less Invasive Stabilization System or LISS (Synthes USA, Paoli, PA) was the first system to use these technologies and gain widespread 
popularity ( 58-8). This system was designed as an “internal fixator” in which the plate was applied using minimally invasive techniques after fracture 
reduction and fixed with unicortical locking screws so that the plate was not compressed to bone, to minimize the effect on the local blood supply ( 


).°°** Condylar fixation with locking screws is mechanically superior to earlier implants (e.g., blade plate or DCS) by spreading out fixation points among 
a number of screws ( ). A number of published studies have shown the distal femoral LISS to be effective in achieving stable fixation with good 
short-term results, 199:5,94,96,110,111, 


. Distal femur fracture treated using the LISS distal femur plating system, which creates a fixed angled titanium plate—screw construct. 


Figure 58-9. The LISS system is designed to be applied as an internal fixator using minimally invasive approaches. A: The plate is inserted via a lateral submuscular 
tunnel with the radiolucent guide arm or handle. B: The plate is stabilized to the grossly reduced distal femur at both ends with a pin through the radiolucent guide arm. 
C: The fracture reduction is fine-tuned and then points of fixation are placed, including self-drilling, self-tapping unicortical locking screws. D: Definitive fixation is 
applied. 


Numerous plating systems have since been developed that offer potential advantages for distal femur fractures, including better anatomic contouring, 
improved fixation in the condylar segment, with options for conventional screws, bicortical or unicortical solid locking screws and cannulated nonlocking or 
locking screws. Locking plates with polyaxial screw capabilities have also been developed to allow variable insertion angles to allow the surgeon to select 
screw trajectories to optimize screw placement in the setting of fracture pattern or preexisting hardware and optimize screw placement. The mechanics of 
fracture healing using these implants are better but still incompletely understood, and surgeons are investigating novel ideas for optimizing this mechanical 
environment by modulating the degree of stiffness and mobility in the fixation construct.” !!,28.45,48,60,87,89, 127, 134 


Figure 58-10. Differing designs of condylar fixation for plates used for repairing distal femur fractures. From left to right, the 95-degree blade plate, DCS, modern 


fixed-angle locking plate, and variable angle locking plate. 


ORIF of Distal Femur Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table 
Position/positioning aids 


Draping 


Antibiotics 
Anesthesia 
Fluoroscopy location 


Equipment 


Tourniquet (sterile/nonsterile) 


Surgical approaches 


Intra-articular injury, if present 


Reduction 


Assessment of reduction 


LJ Radiolucent “flat top” table 
LJ Supine. Bump to internally rotate operative hip 


Drape wide to allow for access to proximal femur and long plate. Consider draping in opposite leg 
(allows for clinical and radiographic “control”) and mobilizing it out of the way as needed. 


LJ Broad-spectrum prophylaxis 
LJ Pharmacologic muscle paralysis 
LJ From contralateral side 


LJ Universal distractor (or external fixator), fixed-angle plates, radiolucent guides if considering minimally 
invasive plating (MIPO) technique, large bone clamps 


LJ Sterile—most effective for articular portion of surgery; may aid in metaphyseal reduction 


Must balance goals of access to bone for reduction (preserving biology) and implant construction 
(mechanics). Radiolucent guides are available for MIPO. 


Displaced intra-articular injury should be anatomically reduced and carefully assessed. Clamps, 
Kirschner (K-) wires provisionally for reduction, and lag screws definitively. 


Traction is critical, usually with a universal distractor (or external fixator, if present). Sagittal plane 


alignment with a well-placed large bump or towel roll. Coronal plane alignment can be corrected with 
Schanz pin joysticks, well-applied clamps, or plate application itself. 


Critical evaluation of radiographic alignment intraoperatively, including bony axial alignment, length, 
and rotation, as well as appropriate positioning of implants. The contralateral side is a useful template. 


The surgical plan is designed to allow increasing surgical efficiency and minimizing surgical errors (Fig. 58-11).2! The plan should critically assess the 
qualities of the fracture to determine the optimal implant choice, whether a direct or indirect reduction is required, and whether a percutaneous technique 
can be employed. In circumstances in which hospital inventory is limited, a preoperative plan also ensures that all necessary implants are available, 
especially longer plate lengths, which may require special order. 

The preoperative plan should also take into consideration how intraoperative imaging will be used. High-quality radiographs are critical for proper 
implant placement into the femoral condyles, and preventable errors may adversely affect outcomes. Prior to draping, the C-arm should be brought in to 
confirm that correct views can be obtained, unhindered by overlap of the contralateral limb. A quality image of the opposite “well” limb is often useful as a 


template for repair. 


Figure 58-11. A comprehensive preoperative plan allows for a more efficient operative experience where potential errors or omissions may be made on paper. 


General endotracheal anesthesia is preferred to allow for complete muscle paralysis; however, spinal or other regional techniques are occasionally 
indicated. The patient is positioned supine on a radiolucent flat top (Jackson) table. The anesthesia team should understand that complete muscle paralysis is 
necessary to help regain length and overcome the powerful deforming muscle forces crossing the fracture. The entire limb is draped free into the field to 
allow manipulation of the extremity, which will also assist intraoperative fluoroscopy. One may consider draping in the contralateral limb, which may act as 
a clinical and radiographic “control” and mobilize it out of the way, if desired. 


Positioning 

For plating or nailing, the setup is similar (Fig. 58-12). The patient is positioned supine on a radiolucent table. A “bump” is used beneath the ipsilateral hip 
to allow the leg to remain in a neutral or slightly internally rotated position. The entire lower extremity and hip region should be prepped and draped to 
allow proximal extension of the surgical exposure, if necessary. If an external fixator is in place, it is carefully cleansed as part of the aseptic surgical “prep” 
and can be used as a grip to control the limb for remaining prep. Iodine- or saline-moistened sponges can be placed around the pin sites and are held in place 
with elastic gauze to isolate them from the operative field. If bone grafting is anticipated (rare), the iliac crest can be prepped into the sterile field. In many 
cases, a sterile tourniquet can be used for part or all of the case. It is important to confirm that an unhindered AP and lateral view with fluoroscopy can be 
obtained. 


Figure 58-12. A typical operative setup for surgery of a distal femur fracture. Patient is positioned supine on a flat top radiolucent table. The C-arm is brought in from 
the opposite side. Reduction aids include the femoral distractor (length, gross axial alignment, and rotation) and a towel roll (sagittal plane). 


Surgical Approaches 


Decisions on the surgical approach are made based on the fracture pattern and the need for access to the articular surface for reduction, and implant location 
based on the preoperative plan. For extra-articular fractures, minimally invasive submuscular or formal open plating or retrograde nailing are recommended. 
Importantly, using either approach, reduction is gained using indirect methods. If reduction is difficult in MIPO, the lateral incision can easily be extended 
to accommodate for reduction and plating. Other approaches, as outlined below, are also available under certain circumstances. 


Lateral Approach: Standard Open Technique 


A direct lateral approach is the most used exposure for open reduction and plating of the distal femur (Fig. 58-13).°* The skin incision is longitudinal and is 
distally centered over the lateral epicondyle. It should be long enough to allow gentle soft tissue retraction. The length of the incision should be determined 
based on the preoperative plan. The fascia lata is incised in line with its fibers, exposing the vastus lateralis, which is reflected off the intermuscular septum 
along the linea aspera in an anterior direction. Perforators are identified and ligated or cauterized. This careful dissection is started distally and carried 
proximally. Wide soft tissue stripping is avoided, and no soft tissue dissection should be performed on the medial side of the femur, to minimize disruption 
of the soft tissues. Visualization of the articular surface of the lateral condyle is satisfactory, but exposure of the intercondylar notch and medial condyle is 
more limited. When more access to the joint is needed, the incision can be extended distally and curved medially to allow for greater patellar subluxation. A 
tibial tubercle osteotomy can be performed (rare) to allow for reflection of the extensor mechanism and wide articular exposure. Knee flexion must be 
restricted for a period of time after tibial tubercle osteotomy; thus, its use has been limited. 

If more exposure of the distal femur is planned for repair of intercondylar fractures (OTA/AO type C), the authors will most often use an anterolateral 
approach, a modification of lateral parapatellar arthrotomy (Fig. 58-14).!'® This provides adequate access to the articular surfaces (although perhaps not 
quite as much as tibial tubercle osteotomy) and can be extended proximally into the quadriceps mechanism as an extensile anterolateral approach to include 
the femoral shaft. The extensor mechanism is divided longitudinally, not horizontally; thus, concerns about its repair failing or additionally restricting 
mobility are minimized. The vastus lateralis is elevated off the lateral femoral cortex as in the standard lateral approach. Both reduction and stabilization of 
the condyles, as well as plate application and fixation, can be applied through this approach. If needed, a medial vastus-sparing approach allows excellent 
access to the medial side, including the condyle, distal shaft, and intercondylar notch. In some cases, an approach that is open distally and proximally can be 
used in which the plate and screws are fitted and fixed directly in these areas, but the intermediate tissues are mobilized only by the submuscular plate 
insertion. This approach adds the enhanced biology of minimally invasive methods while still allowing the surgeon to be confident in plate placement and 
allows for direct screw insertion. 
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Figure 58-13. Lateral open approach to the distal femur. A: Lateral skin incision. B: The plane of incision is through the lateral iliotibial band and between the vastus 
lateralis and the lateral intermuscular septum to the bone. C: Visualization of the lateral femoral condyle with the lateral approach. 
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Figure 58-14. Anterolateral approach to the articular distal femur. A lateral parapatellar incision allows for excellent visualization of the articular surface for 
reduction and lateral implant insertion. More proximally, the exposure is extended by splitting the vastus intermedius muscle and tendon. 


Figure 58-15. Minimally invasive lateral approach to the distal femur. The skin and IT band incisions are moved slightly distal to the lateral femoral condyle to allow 
for retrograde submuscular plate insertion. A tunnel along the lateral distal femur can be made with an elevator or with the tip of the plate itself. 


Lateral Approach: Minimally Invasive Technique 

If a minimally invasive technique is used for plating of selected distal femur fractures, a 5- to 6-cm lateral incision limited to the area of the lateral condyle 
and distal metaphysis is used (Fig. 58-15).6111.112 The incision is placed slightly more distal than often estimated to allow for retrograde submuscular plate 
insertion. Condylar screws are placed through the incision used for plate insertion. Proximal screws are placed using multiple stab incisions or a short open 
lateral approach and a radiolucent guide. In this setting, a longer plate may be desirable to increase construct stability and minimize dissection in the zone of 
injury. 

Medial Approach 

The medial approach to the distal femur is used for open reduction and internal fixation (ORIF) of displaced medial condyle fractures (B2 and B3) or to 
repair other unstable injuries not well repaired from the lateral side. Approaching along the posterior border of the vastus medialis obliquus (VMO) muscle 
is recommended, the so-called sub-VMO approach (Fig. 58-16).°>!!” A straight, medial skin incision is made over the adductor tubercle and extended 
proximally into the distal thigh. Proximal extension with this approach should be performed carefully, as the femoral vessels pierce the adductor magnus 10 
to 12 cm above the knee joint and cross the midsagittal axis of the medial femur on average of 18.8 cm proximal to the adductor tubercle.”° If necessary, an 
intraoperative Doppler examination may be useful to identify the path of the vessels and avoid iatrogenic injury. The fascia over the VMO is incised 
longitudinally and the muscle belly retracted proximally and anteriorly, then the VMO tendon is incised transversely in the anterior direction toward the 
patella where the tenotomy is extended distally as a medial parapatellar arthrotomy while leaving a cuff to repair. Care should be taken to protect the medial 
collateral ligament and medial meniscus. If a surgeon is using a medial approach to supplement lateral fixation, he or she should minimize soft tissue 
stripping to the absolute least amount possible to avoid problems with healing and/or infection. 

Access for minimally invasive medial plating has also recently been demonstrated. The vascular anatomy in this area has been an enigma for most 
orthopaedic surgeons, but several anatomical studies have shown a safe interval for limited open (distally) or minimally invasive plating of the medial distal 
femur.°2:61.7683,122 Tf a proximal incision is used, the superficial interval between sartorius and rectus is used to expose the vastus medialis. The fascia of the 
vastus medialis is then incised and the muscle retracted anteriorly to expose the medial aspect of the femoral shaft. The sartorius fascia and the floor of the 
vastus medialis compartment are used to protect the neurovascular bundle.*® 


KEY SURGICAL STEPS 


/ | ORIF of OTAIAO Type A and C Distal Femur Fractures: 


Preoperative plan: All cases (few of these are “simple”) 
Surgical approach: Open lateral, MIPO lateral, or extensile lateral arthrotomy 
Reduce and repair intercondylar split or other intra-articular injury, if present: Clamps, K-wires provisionally for reduction, and lag screws 
definitively. Visualize and palpate reduction in all but nondisplaced articular fractures 

LJ Gain gross metaphyseal alignment: Usually with femoral distractor and towel roll. The plate, if well applied, can be used as a reduction tool. Schanz 
pin “joysticks” or clamps are also useful 


LJ Apply lateral plate: Ensure that plate positioning is appropriate (use radiographic cues from plate/instrumentation). Plate may be used as a reduction 
tool 
Coronal plane (varus—valgus) alignment: Place first pin/screw through distal plate hole parallel to articular surface 
Stabilize the construct if doing MIPO surgery with proximal pinning of the plate: “Rectangularize” the construct 
Reconfirm reduction and instrumentation regularly: C-arm 
Apply appropriate mechanics: For example, compression in simple fracture patterns for absolute stability or create bridging construct for 
comminuted fractures (according to the preoperative plan) 

LJ Apply nonlocking and/or locking screws according to preoperative plan 


D 


Figure 58-16. Medial approach to the distal femur is facilitated by a VMO-sparing approach. A: The muscle is elevated proximally, and an L-shaped tenotomy 
(dotted line) is performed distally, which includes a medial parapatellar limb. The medial arthrotomy allows excellent access to the comminuted articular injury (mostly 
medial; B) so that repair can be performed (C, D). 


ORIF of OTA/AO Type A Distal Femur Fractures 

Open Lateral Approach Using Locked Plating With Anatomically Contoured Lateral Condylar Plate 

Accurate fracture reduction is critical in restoring normal function and has been the “holy grail” with minimally invasive plating or nailing when using 
indirect reduction techniques. Although modern implants and biologic sparing techniques have decreased the incidence of delayed union and nonunion 
compared with historical methods of ORIF, the incidence of malalignment has increased significantly.?>65:109,124 There is a considerable learning curve 
with indirect reduction methods, and particular attention to detail is required to avoid malreduction and subsequent malunion. 

Indirect reduction of the metaphyseal or metadiaphyseal portion of the fracture is achieved by a combination of methods.? 1:23-67:77 (An illustrative case is 
shown in Fig. 58-17.) In simple fracture patterns, reduction using manual longitudinal traction alone may suffice. A well-placed pointed reduction forceps or 
King Tong clamp can also aid reduction by holding the fracture in proper position. The authors have found the universal (femoral) distractor to be a 
valuable tool and it is used by the authors in all cases where there is displacement resulting in shortening. Placed anteriorly into the femoral shaft proximally 
and anchored in the proximal tibia (or distal femur), distraction usually restores overall length and alignment. Initial overdistraction permits gentle teasing of 
comminuted fracture fragments into near-anatomic position. A large or medium sterile towel roll or bump can be effective at controlling sagittal alignment; 
moving it distally or proximally even a few centimeters may be very helpful. Finally, if correctly applied, periarticular plates can fine-tune the reduction by 
pulling the bone to the anatomically contoured plate using conventional screws. Combining standard cortical screws to lag the bone to the plate, followed by 
locked screws to aid in construct stability is a useful tactic and employs benefits of both screw types. It is important to remember that if a combination of 
nonlocking screws and locking screws is used in any given fracture fragment, the nonlocked cortical screws must be inserted first in that fragment before 
any locking screws are inserted (lag before you lock), or the fixation of the nonlocked screws can be compromised. 

Plain radiographs or intraoperative fluoroscopy must be scrutinized to assess limb alignment, rotation, and length. This is especially true in comminuted 
fracture patterns in which mismatch of the width of the major fragments or cortices cannot be compared to judge rotation or length. A radiolucent ruler may 


be helpful to avoid unrecognized shortening and the contralateral limb may be used for comparison as a radiographic template. Excessive external rotation is 
not uncommon after this form of treatment, as the weight of the leg and/or targeting device often rotates the distal segment. Rotation is checked clinically 


and compared with the contralateral limb. 
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Figure 58-17. Illustrative case of open plating for nonarticular (33-A) distal femur fracture. A: Injury radiographs show periprosthetic fracture. B: Open lateral 


approach with repair using a number of indirect reduction methods, including femoral distractor, towel roll, King Tong clamp on plate. C: A pointed reduction clamp 
placed carefully through muscle finishes the reduction and additional screws are applied. D: A biologically friendly open lateral approach to the distal femur has been 


achieved. E: Postoperative radiographs. 


There is often a “constant” fragment along the posterior cortex above the condyles (Figs. 58-18 and 58-19) that is well visualized on a lateral 
fluoroscopic image that is very useful for gauging reduction in flexion—extension and can be captured with large, pointed reduction forceps to key in the 
reduction. Alternatively, an anteriorly to posteriorly placed Schanz pin can be used as a joystick to grossly correct this deformity. If this produces an 
anatomic reduction, a 3.5- or 4.5-mm lag screw can often be placed from anterior to posterior across this typically oblique fracture and a lateral 


neutralization plate can be applied. In more transverse fractures, once reduction is achieved, one or two stout (2.0- to 3.2-mm) provisional K-wires or 
guidewires can be placed obliquely through the nonarticular part of the medial femoral condyle, aimed across the fracture and slightly anterior into the shaft 
segment so that it lies anterior to the path of the plate. 


Figure 58-18. Diagram of a modern locking plate being applied to the distal femur. A: The plate should be well centered on the lateral surface. B, C: Anatomically 
contoured plating systems use an alignment pin distally, which is placed at 95 to 98 degrees relative to the femoral shaft designed to be parallel to the articular surface 
in an average human. D: Reduction is achieved and pins are applied for provisional fixation. E, F: Additional pins can be placed for cannulated screws or drilled for 
solid locked screws. 


Figure 58-19. Illustrative case of minimally invasive plating for nonarticular (33-A) distal femur fracture. (Reduction measures are shown in Fig. 58-20.) A: Injury x- 
rays. B: Intraoperative sequence of instrumentation. The plate is used as a reduction aid and helps ensure quality alignment and optimal instrumentation. “Perfect” AP 
and lateral images must be used. B1: The plate is well positioned on AP view and centered on lateral view. The distal-most guidepin is placed parallel to the joint in the 
AP view and should be seen as traveling slightly posterior and distal on lateral view (white arrow). On lateral imaging, pins and screws should be confined in the distal 
femur by Blumensaat line and the subchondral line of the patellofemoral joint. B2: The condyles are brought to the plate to aid in reduction and to minimize 
prominence. B3: The shaft is brought to the plate with a lag screw to finalize alignment and additional fixation screws are applied. C: Plate application and screw 
insertion through a short lateral incision over the lateral femoral condyle using radiolucent targetter. Indirect reduction aids are seen, including femoral distractor, well- 
placed towel roll, and periarticular clamp. D: Intraoperative photographs and fluoroscopy images. E: Nine-month follow-up radiographs show healed fractures. 


Plate fixation has become more complex with the introduction of modern locked implants, but also potentially more effective with multiple options for 


screw placement.!!:21,38.47,97,128 Screws can be standard or locked, cannulated or noncannulated, bicortical or unicortical, and plates can be inserted open or 
through minimally invasive approaches. When using most plates (not polyaxial) as a reduction tool, it is important to align the most distal-locking screws 
(or their guidewires) parallel to the knee joint to ensure that the 5 to 8 degrees or so of valgus built into the plate is achieved (see Figs. 58-18 and 58-19B). 
Plates with polyaxial screws also have similar alignment guides to ensure restoration of the appropriate valgus alignment, but these and subsequent condylar 
screws must be applied thoughtfully. All nonlocked screws must be inserted into the proximal or distal segment before any locked screws are placed. If a 
stable OTA/AO type A1 fracture is well reduced, compression should be applied to increase stability, promote primary bone healing, and allow for earlier 
weight bearing. Eccentric drilling, the articulated tensioner, and a push—pull screw with a large Verbrugge clamp are three effective methods for producing 
compression across stable fracture patterns. Nonetheless, only when the medial cortex is restored can the plate be effectively loaded. Properly done, the 
plate is placed under tension and, in theory, subject to load sharing, rather than load bearing. In cases with significant comminution, the plate is fixed to the 
proximal and distal fracture, bridging the zone of comminution.”’ In this environment, the plate acts as an internal splint. However, the fracture fragments 
spanned by the plate are left undisturbed and capable of rapid consolidation if their soft tissue attachments have been respected. 

In the past decade, several “opportunities” for screw—plate application has become available to increase surgeons’ flexibility and improve care. These 
include polyaxial and far-cortical locking (FCL) screws. Some studies have shown little difference between polyaxial and standard locking screws,!?9 while 
others have revealed mechanical limitations with polyaxial'*? or cross-threaded off-axis screws.!99 Small, limited clinical series have suggested that 
polyaxial screws used with lateral locking plates alone may be inadequate to predictably fixate highly unstable distal femur fracture, including those with 
segmental comminution or bone loss. Tidwell et al. found that standard locking systems provided greater resistance to rotational failure at the screw-—plate 
interface than variable-angle locking systems.!*° Interestingly, the polyaxial systems provided greatest resistance to rotation when the screw was inserted 
perpendicular to the plate: as the off-axis angle increased, the resistance to rotation at the screw-plate interface decreased almost linearly. Another locking 
screw concept that may hold promise is the “FCL screw” design.!' In these systems, the near cortex is effectively “overdrilled” and the screws are designed 
for fixation in the far cortex only. This allows for elastic cantilever bending between the screw-plate construct and bone, ostensibly reducing construct 
stiffness. This has been shown to increase callus formation, specifically resulting in more predictable and balanced callus formation across the fracture 
site, 1270 

In comminuted fracture patterns, reduction is almost always more easily achieved with the aid of a femoral distractor or external fixator. Most of the 
reduction methods used for simple fractures are applicable to comminuted fractures. We have found that it is often easier to reduce the fracture to the plate 
rather than the plate to the fracture in complex fracture patterns. In this situation, the plate must be used to aid reduction. It is important to reemphasize that 
the most distal locking screws must be parallel to the joint surface as assessed on AP image as a guide for restoring limb alignment. 

The length of the plate and the number and placement of screws are based on the preoperative plan. In general, we favor treating comminuted and 
osteoporotic fractures with less soft tissue dissection, longer plates, more screws in each segment, and more locked screws. In general, a longer plate with 
spaced screws provides better mechanical stability compared with shorter plates and clustered screws. When selecting plate length, there should be eight or 
more screw holes above the most proximal aspect of the fracture, if possible.!°° Reference the position of the plate to Blumensaat line and the subchondral 
margin of the trochlear groove (see Figs. 58-4 and 58-19B). The plate is centered on the lateral aspect of the femur and a K-wire is applied in a wire hole in 
the plate (if available) or cannulated wire guide. With the plate centered on the distal diaphyseal fracture fragment, it is provisionally fixed close to the 
fracture. Intraoperative fluoroscopy is used to confirm fracture alignment and implant position. The guide pin closest to the joint is typically designed to 
restore varus—valgus alignment if placed parallel to the joint axis (see Figs. 58-18 and 58-19B). A series of cortical screws followed by locked screws 
(hybrid technique) allows the benefits of both screw types to be realized. The condylar segment is stabilized predominantly with locked screws. The surgeon 
should be careful when placing the most distal and posterior screw in the condylar segment; if this hole is posterior to Blumensaat line, a short (e.g., 28-mm) 
screw should be placed to avoid violating the intercondylar notch. An intraoperative notch view may be helpful to prevent this problem. 


Minimally Invasive Plating Using Anatomically Contoured Lateral Condylar Plates 

The successful use of MIPO for the treatment of complex, comminuted fractures with bridge plating is technique-dependent and there is a substantial 
learning curve. The principles of fixation with the application of a bridging construct while preserving the fracture biology are similar to those for open 
plating. MIPO techniques allow preservation of the blood supply to the fracture fragments, in turn improving secondary bone healing. Long constructs, with 
a long working length, provide appropriate length and alignment and relative stability, allowing some motion at the fracture site for callus formation. Most 
of the operation is performed though a short lateral incision over the lateral femoral condyle (see Figs. 58-15 and 58-19). With MIPO techniques, a 
radiolucent targeting device is often used as a handle to insert the plate extraperiosteally on the lateral femur through a submuscular tunnel beneath the 
vastus lateralis. Periarticular plates are designed to fit the anatomy of the distal femur and are applied along the metaphyseal flare and lateral condyle of the 
distal femur by sliding it proximally and distally. Once the plate is inserted, a mini-open approach can be performed at the proximal end of the plate to 
ensure that the plate is centered on the lateral side of the femur. Alternatively, all shaft screws can be inserted through the targeting device, but the surgeon 
must be certain that the plate is well centered on both the AP and lateral fluoroscopic views proximally to ensure accurate screw fixation.2! A locking 
cannulated drill sleeve can be inserted into the most proximal screw hole to add stability through the aiming device. The plate is centered on bone both 
proximally and distally and oriented flush with the lateral femoral condyle. A large periarticular clamp can be used distally to gently hold the bone to the 
plate, which also aids in sagittal plane fracture reduction. Any gross adjustment of fracture reduction is done before provisional fixation, using K-wires or a 
drill bit through the cannulated stabilization guide. Many supracondylar femur fractures have some degree of comminution, and the goal is restoration of 
length, alignment, and rotation. A standard nonlocking screw or “push-pull” device can be applied to “pull” the shaft of the femur toward the plate, which 
fine-tunes the varus—valgus alignment and augments stability of the provisional construct (see Fig. 58-19B). The opposite uninjured limb can be used as a 
template in comminuted cases in which the bony landmarks on the injured side are fractured. Coronal plane alignment (varus—valgus), flexion—extension, as 
well as rotation, must be confirmed before definitive fixation when using indirect reduction methods. High-quality intraoperative imaging is mandatory. 
Restoration of limb alignment in rotation and length is assessed in a similar fashion as described for open plating using indirect reduction. 


95-Degree Angled Blade Plate and Dynamic Condylar Screw Device Fixation 

The use of a 95-degree blade plate or DCS is used less frequently today (see Figs. 58-6 and 58-7). Periarticular locked plates have replaced these nonlocked, 
fixed-angle implants for most fractures. The 95-degree ABP remains a useful implant, although we use it most often for stabilization of nonunions and 
malunions. There is a large body of literature from both North America and Europe documenting success with this implant.!°5! Because it is a stout fixed- 
angled device, it provides excellent control of the fracture. Nevertheless, placement of the 95-degree ABP is a technically demanding procedure and there is 
a learning curve because the surgeon is required to place the blade correctly in three planes simultaneously. Incorrect insertion of the chisel and blade will 
result in condylar malalignment. A technique using guide pins including a “summation” pin is useful for correctly applying the blade to restore limb 


alignment (Fig. 58-20).’” The correct starting point for the insertion of the seating chisel (for the blade plate) or reamer (for the DCS) is in the anterior half 
of the femoral condyles above Blumensaat line—and exactly parallel to the summation guidewire 1.5 to 2.5 cm proximal to the knee joint. Again, it is 
important to remember that the distal femur is trapezoidal and the medial cortex slopes 25 degrees or so (see Fig. 58-4); thus, the tip of the implant should 
be at least 5- to 10-mm short of the medial femoral cortex. ABP can be used in intra-articular fractures, provided the distal lateral femoral condyle is intact, 
however, if comminution extends distally and laterally compromising fixation, an anatomically contoured locked plate is preferred. 


ORIF of OTA/AO Type B Distal Femur Fractures 


Isolated fractures of the medial or lateral femoral condyle are uncommon. ORIF is the most reliable method to ensure articular surface restoration. In 
patients with good bone quality in whom anatomic reduction is achieved with closed means, the fracture may be stabilized with several percutaneous lag 
screws, but this scenario is quite uncommon. In displaced fractures, an open approach, and plate fixation along with lag screws is routinely used. A direct 
lateral or medial approach may be used for simple B1 fracture patterns in which anatomic reduction of the joint can be gained without arthrotomy. In 
fractures with articular comminution, a medial or lateral parapatellar approach is preferred and extended proximally as necessary. Fixation of the articular 
surface must be anatomic and stable, as shearing stresses are common even without weight bearing. With the typical vertical condylar fracture (medial or 
lateral), the use of a contoured antiglide plate with supplemental lag screws is recommended (Figs. 58-21 and 58-22). Occasionally, a medial or lateral 
condyle fracture will occur, associated with a femoral shaft fracture. As open reduction is usually indicated for the distal articular injury via an open 
arthrotomy, once the condyle is rigidly stabilized, the shaft fracture might be treated with a retrograde femoral nail (Fig. 58-23). 

A coronally oriented shear fracture involving the lateral or medial (Hoffa fracture) condyle is not uncommon and is usually seen with other bony or 
ligamentous injuries around the knee (Fig. 58-24).84 This fracture pattern is often missed on injury plain films as occurred in the case presented, but is easily 
visualized on CT scans. The posterior condyle fragment is mostly articular, and fixation may be problematic. In isolated fractures, a limited arthrotomy can 
be performed and screw fixation applied. If any displacement of Hoffa fracture is present or other parts of the distal femur are to be addressed, then an 
extensive approach is necessary. Fixation is with two or more carefully measured and placed 2.7- or 3.5-mm cortical “lag” screw(s) or “headless” 
compression screw inserted anteriorly to posteriorly and countersunk beneath the anterior articular surface. Occasionally, a nonarticular fracture spike 
extends superiorly from the posterior fragment that is useful for assessing reduction and application of an antiglide plate. 


ORIF of OTA/AO Type C Distal Femur Fractures 


For type C injuries, the principles and goals of treatment are precise anatomic reduction and fixation of the articular surface as well as stabilization of the 
metadiaphyseal component. The authors currently use both locked plates and intramedullary nails for these difficult fractures. Using either fixation method, 
the initial step is anatomic reduction and stabilization of the articular surface. With nondisplaced or minimally displaced simple articular splits in OTA/AO 
type C1 injuries, the condyles can often be anatomically held or reduced with a large clamp, and stabilized through an open or minimally invasive lateral 
approach using long 2.7-, 3.5- or 4.5-mm lag screws applied outside the footprint of the plate on the lateral femoral condyle or path of the retrograde nail. 
Sometimes, inserting lag screws from the medial side simplifies their placement. For type C2 and C3 injuries, the authors strongly recommend ORIF 
through an open arthrotomy (usually anterolateral, see above). This usually provides excellent exposure for efficient quality articular reduction and fixation, 
as well as application of the definitive implant (see Fig. 58-14). Two cases treated with open reduction and plate fixation are presented in Figures 58-25 and 
58-26, a simple articular injury with metaphyseal comminution (C1.3) and a complex articular injury (C3.3), respectively. 


Figure 58-20. Application of a 95-degree angled blade plate can be more accurately applied using a “summation” pin and misapplication of the plate predictably 
yields deformity. A: Proper insertion point for the seating chisel (and blade). B-D: Use of a summation pin (pin 3) is demonstrated where pins 1 and 2 are placed 
parallel to the femorotibial and patellofemoral joints, respectively. E: The blade is inserted parallel to the summation pin. F-L: Varying types of errant blade 
application in the condylar segment will cause predictable deformities and must be avoided. 
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€ 1. Illustrative case of OTA/AO 43B lateral condyle fracture—dislocation treated with open reduction and internal fixation with a buttress plate and lag 
screws. . Ligament repair was performed medially as there was substantial residual instability after fracture repair. A: Injury radiographs. B: Injury CT. C: Postoperative 
radiographs. D: Ten-month follow-up radiographs. 


Fractures With Massive Metaphyseal Comminution or Segmental Bone Loss 

Distal femur fractures with massive metaphyseal comminution and/or segmental bone loss (i.e., the “exploded femur”) are a clinical reality that has received 
little attention in the orthopaedic trauma literature. These injuries are defined by their high-energy nature, including the potential for associated injuries, soft 
tissue trauma, extensor mechanism injury, and bony injury that may not be adequately treated with standard plate fixation strategies. Collinge and Weight 
reported on a small series of 22 “high-energy” (33A2, A3, C2, C3) distal femur fractures treated with biology preserving LISS plating. While the healing 
rate was 100%, the number of patients with extensive bone loss and/or metadiaphyseal crush was not reported. More recently, Tank et al. reported a 
comparative cohort study of distal femur fractures treated with LISS, a standard locking condylar plate (LCP), and a polyaxial LCP.**’ They found an 
increased rate of failure with polyaxial locking plates in the high-energy 33C3 fractures, although many of their failures occurred late. Collinge et al. also 
reported on 101 distal femur plate failures: these occurred by a number of different manners, locations, and periods from injury depending on the distal 
femur locking plate used. For example, stainless steel implants were found to fail more commonly in the working length with bend or break while titanium 
plates did not fail in this location. The titanium LISS plate failure occurred by loss of shaft fixation with loosening of unicortical screws that are known to 
be biomechanically inferior to bicortical screws, especially when subjected to rotational forces. Variable-angle LCP plates failed at the distal plate-screw 
junction in contrast to the other distal femoral locking plates.“ McDonald et al. reported on 118 distal femur fractures fixed with a VA-LCP plate with a 
9.3% failure rate, of which the majority of failures (63.6%) were observed within the working length of the plate. Additionally, implant failure rate was 
higher in open fractures, presence of medial metaphyseal comminution, length of zone comminution, and increasing plate length. ° 


c + thr. 
Figure 58-22. Illustrative case of OTA/AO B-type fracture of the lateral condyle associated with a femoral shaft fracture. Open reduction and internal fixation of the 
open distal femur fracture provided an opportunity for access to the intercondylar notch for retrograde nailing. A, B: Injury plain radiographs and CT. C: The condylar 


fracture is treated with open reduction and internal fixation using screws countersunk along the edge of the articular surface. D: Postoperative x-rays. 


Figure 58-23. Coronally oriented OTA/AO 43B fracture of the lateral condyle is occasionally seen with shaft fractures and often seen with more complex distal femur 
fractures. Importantly, these are often missed, as in this case example. These are well treated with open reduction and internal fixation using screws countersunk along 
the edge of the articular surface. A, B: Postnailing plain radiographs and CT. C: Postoperative x-rays. 


At this time, it seems clear that lateral locked plating alone may not be sufficient to stabilize some highly unstable distal femur injuries that may heal 
slowly; and for those cases, implant usage should be optimized. For example, in these cases, surgeons might consider other options, including nailing 
(which has also evolved to enhance fixation), augmenting lateral plate fixation with supplemental nails (Fig. 58-27), medial or combined dual medial—lateral 
plating, or cement augmentation for Masquelet technique. ®36-115,122,131 

A number of recent reports have shown good results with dual plating and nail—plate constructs, which provide additional medial-column support in 
highly unstable fractures. In patients with significant bone loss or segmental fractures, or with nonunion, intramedullary rod can be used as an endosteal 
substitute for a deficient medial cortex with a lateral locked plate to provide the necessary stability for bone healing’'!!> (see dual-implant section). 
Methylmethacrylate “cement” spacers with or without staged bone graft,” or other techniques may also be considered. If a highly unstable fracture is 
repaired and slow to heal, the surgeon must decide with the patient when the appropriate time is for a bone graft. 


re Illustrative case of combined open reduction of intercondylar fracture (at time of open fracture debridement and external fixator placement) and staged 
minimally invasive plating for articular (43C) distal femur fracture. A: Injury radiographs. B: Postoperative x-rays after open fracture wound was debrided and 
condyles were repaired at initial OR visit. C, D: Second operative visit included serial debridement and minimally invasive plating of the fracture. E: Seven-month 
follow-up radiographs show healed fractures. 


Figure 58-25. Illustrative case of comminuted articular distal femur fracture (33C.3) treated with dual plating. A: Injury radiographs. B: Injury CTs. C: Fluoroscopic 
sequence of reduction and fixation. The medial side was reduced and dual plated via sub-VMO approach, followed by minimally invasive plating of lateral side. D: 
Intraoperative photograph shows plate insertion through limited approach. Immediate postoperative (E) and 6-month follow-up (F) radiographs. 


Figure 58-26. Shown is the authors’ preferred “mini-open” approach for retrograde nailing of nonarticular or minimally articular distal femur fractures—a 3- to 4-cm- 
long incision medial (or rarely lateral) to the patellar ligament. This allows for protection of the patella and proximal tibia (or tibial component) knee arthroplasty while 
optimizing the nail’s starting point. This can be extended into an extensile parapatellar approach if necessary for articular reduction of more complex articular injuries. 


Postoperative Care 


Early knee motion is initiated postoperatively. In conscious patients, motion is started on the first or second postoperative day with physical therapy. If the 
patient is reticent to move the knee, a continuous passive motion (CPM) machine is ordered, as well as in intubated patients or those in the intensive care 
unit. Early isometric muscle-strengthening exercises and active—assisted range of motion are encouraged. In patients with stable internal fixation in an A- 
type fracture, partial weight bearing (i.e., up to 20 lb of body weight with crutches or a walker) at 3 to 6 weeks is allowed, whereas in patients with less 
stable fixation, progressive weight bearing is usually delayed until signs of fracture healing (callus) appear on the x-rays.°? Immediate full weight bearing 
has also been considered in carefully selected elderly patients regardless of fixation construct (plate or nail) in type A fractures with no significant difference 
in outcomes.®*-%°-° For an intra-articular injury (B or C type), weight bearing is delayed until the articular injury is healed, usually around 10 to 12 weeks. 
By 12 weeks, most patients should tolerate substantial weight bearing, although many still require an assist device. 


Potential Pitfalls and Preventive Measures After ORIF of Distal Femur Fractures 


The distal thigh and knee area include a bony, articular, and soft tissue complex where erroneous plate and/or screw placement may cause a number of 
problems with considerable consequences. Plate application has become more complex with the evolution of better implants, but also potentially more 
effective with options for screws to be standard or locked, cannulated or noncannulated, bi- or unicortical, uniaxial and polyaxial, plates to be inserted via 
open or minimally invasive insertion, and anatomically contoured to be used to aid in fracture reduction. 

Preoperative planning by understanding the injury and the goal for the injured anatomy during reconstruction is critical. As with all periarticular 
fractures, the goals of surgery are anatomic reduction of the articular surface, restoration of the joint anatomy relative to the bony shaft, stable fixation that 
will allow for early mobility, and respectful soft tissue handling to preserve biology and allow for optimized healing. 

Plate application is previously described in the “ORIF distal femur” procedure section: using these strategies is critical to optimizing alignment and 
preventing iatrogenic problems for most cases. Modern plating systems are designed to aid in this process and a number of technical tricks are outlined in 
this chapter and elsewhere. If the typical plate is placed too distal or proximal, anterior or posterior, or relatively rotated to one major segment or another, 
deformity is likely to be imparted. Implant issues, including prominence or intra-articular penetration, are also an issue for these fractures treated with 
ORIF, especially if not applied well. 

Prevention of poor implant placement in this area can likely be prevented by following the following steps. First, preoperatively plan to allow for quality 
fluoroscopy, including positioning and allowing for comfortable unobstructed views. Check details of reduction frequently and carefully, including 
obtaining true AP and lateral images, radiographic alignment of the fracture, and appropriate provisional and definitive plate position. Exchange or move 
parts until the desired result is obtained. Spending a few extra minutes on these details may be invaluable in avoiding revising fixation that is recognized too 
late or missing a problem altogether. 


ORIF of Distal Femur Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Preventions 
e Missed coronal plane (Hoffa’s) or other intra-articular fracture e Preoperative CT 
e Malalignment e Careful surgical technique with intraoperative radiographic assessment and clinical 
e Varus—valgus (usually valgus) evaluation with comparison to uninjured side 
e Flexion—extension 
e Rotational (usually external) 
e Axial (usually shortening) 
e Flexion—extension malalignment e Careful radiographic assessment 


e Well-placed bump 
e Use of joysticks (Schanz pins) and/or clamps 


e Rotational malalignment (usually external) e Careful radiographic assessment 
e Accurate use of the plate for reduction 
e Cortical reads 


e Length malalignment (usually short) e Careful radiographic and physical evaluation 
e Use of femoral distractor (or Ex Fix) 


e  Intra-articular hardware e Careful radiographic assessment, including roll-over and notch views. Knowledge of 
the femur’s radiographic anatomy is critical 
e Appropriate plate application 


e Irritable implants e Apply plate flush with lateral condyle 
e Intraoperative assessment of plate positioning 
e Roll-over AP view to assess long screws through trapezoidal condyles 


e Knee stiffness e Early mobility, range of motion. CPM machine, in rare cases 
e Arthritis e Anatomic reduction of articular surface and restoration of optimal limb alignment 
Outcomes 


Open anatomic reduction and internal fixation with traditional nonlocked plates has been associated with relatively high rates of delayed union, nonunion, 
and infection, and the need for supplemental bone graft has been reported to be as high as 90% in comminuted fractures treated this way.!!3 These problems 
may be reflective of the wide dissection required for the fracture fixation and the lack of stability in early nonlocking implants. Dramatically improved 


results have been achieved using biologic approaches and improved angle stable implants such as the 95-degree blade plate and DCS. Reports by Bolhofner 
et al.!° and Ostrum and Geel®® in treating distal femur fractures with techniques of indirect fracture reduction and internal fixation using 95-degree fixed- 
angle devices showed markedly improved results compared with previous methods. These authors found union in 93% to 100% of fractures and infections 
in only 0% to 2% of cases, respectively. 

Multiple reports on distal femur fractures treated with minimally invasive locked plating using the LISS system have shown promising early results. 
Schutz et al.'!! described their early results from multiple European centers, where they found early healing in 37 of 40 patients (93%) treated for fractures 
with indirect reduction and plating with the LISS system. Kregor et al. reported early union in 58 of 61 patients (95%) with distal femur fractures treated 
similarly. The authors attributed successful early healing to vigilant maintenance of the fracture biology and strict adherence to modern fixation principles, 
but early in these series, malalignment was recognized as a significant potential problem with this method. Subsequently, Ricci et al.°° treated 26 distal 
femur fractures in multiply injured patients using the LISS plate. There were no nonunions or infections; no patient required a bone graft. Most patients had 
excellent range of motion and alignment. Finally, Weight and Collinge!*° reported predictable healing with acceptable alignment in a cohort of 22 high- 
energy, mechanically unstable fractures (OTA/AO 33 A2, A3, C2, and C3) treated with a LISS plate. Streubel et al.!!8 evaluated far-distal periprosthetic 
supracondylar fractures of the femur and concluded they were reasonably repaired by lateral locked plating. Patients with a mean age of 72 years were 
divided into fractures located proximally*° and those with fractures that extended distal to the proximal border of the femoral component.?’ Delayed healing 
and nonunion occurred in five (18%) and three (11%) of more proximal fractures, and in two (6%) and five (15%) of the fractures with distal extension (p = 
.23 for delayed healing; p = .72 for nonunion). Four construct failures (14%) occurred in more proximal fractures, and three (9%) in fractures with distal 
extension (p = .51). 

Vallier and Immler!2’ retrospectively compared patients with distal femoral fractures treated with the 95-degree ABPs (n = 32) and the LCP (n = 39). 
Although the groups were not perfectly matched, complications were more frequent in LCP patients (35%) versus ABP patients (10%, p = .001) after a 
mean of 26-month follow-up. Malunions occurred in 11% of LCP patients and one ABP patient (3.4%, p = .14) and secondary procedures were more 
common after LCP (43%) versus ABP (6.9%, p = .0008) patients. Complications were not related to fracture pattern, periprosthetic fracture, or open 
fracture. Mean age of patients with complications was 64 years (vs. 53 years, p = .01), and they were more likely to have lower-energy mechanisms (p = 
.017). 


Retrograde Femoral Nailing of Distal Femur Fractures 


Retrograde nailing of femur fractures is a viable option for treating distal femur fractures as implant technology and techniques have improved over the past 
decade. Similar to current plates, full-length retrograde femoral nails are usually inserted and offer multiple locking screw options, including the ability to 
become a fixed angled construct. Some of these have recently been shown to improve stability and fatigue strength compared to nonlocking nails and locked 
plates.° There are two main potential advantages of retrograde nailing over plating. First, retrograde nails may be inserted through smaller, potentially less 
invasive surgical approaches than plates, thereby preserving more biology. Second, the devices are centrally placed so that bending forces, a common cause 
of plate construct failure may be much better resisted. Keys to successful nailing in the distal femur, as well as elsewhere, are (1) optimizing the starting 
point and initial reamer pass and (2) obtaining and maintaining a quality reduction during the procedure, including length, axial alignment, and rotation. 


G 


-27. Case of highly comminuted periprosthetic distal femur fracture in a 53-year-old woman. A-C: Injury x-rays. D, E: Postoperative radiographs after 
fixation with combined plate and nailing using a lateral parapatellar incision. F, G: Radiographs at 15-month follow-up. 


Indications 


Retrograde intramedullary nails have also been used to treat selected distal femur fractures. There are several potential advantages with this method of 
treatment: The intramedullary nail is a load-sharing device compared with a plate and has the potential to stabilize complex fractures with less soft tissue 
dissection. Modern nailing systems allow multiple distal screws in different planes with rigid locking capability to improve stabilization of the condylar 
block (Fig. : ). Although there are short and long retrograde nails, most surgeons favor full-length nails inserted beyond the isthmus of the femur to the 
level or just above the lesser trochanter to prevent residual instability or fractures above short nails. Finally, in patients with ipsilateral hip and distal femoral 
fractures, both fractures can be independently stabilized with screws in the hip and a retrograde nail for the femur. Antegrade nailing has been advocated for 
some distal femur fractures and may be especially useful in segmental fractures, although retrograde femoral nailing is more effective than antegrade nailing 
for obtaining and maintaining alignment of a distal fracture. Lieder et al. recently published a comparative study of 12 plated versus 36 retrograde nailed 
“far distal” extra-articular femur fractures in patients over 60 years of age. The parameters of surgery and outcomes (including nonunion, malunion, and 
reoperation) were similar. The difference between the treatment groups was that only one of the plated patients was allowed weight bearing as tolerated 
(WBAT) while 18 (50% of nailed patients) were allowed WBAT. 


Figure 58-28. Case of a 65-year-old postpolio man with a nonarticular (OTA/AO type 43A) distal femur. Injury radiographs (A) and intraoperative fluoroscopy (B) 
showing proper preparation of distal segment with guide pin and step reamer. Proper starting point and reamer trajectory are critical to successful nailing. C: Operative 
setup and instrumentation. D: Postoperative radiographs. E: Nine-month follow-up radiographs showing healed fracture. F: Arthroscopic photograph at 9.5 months 
postoperatively shows that reparative cartilage may fill in the nail insertion channel after retrograde femoral nailing. 


Proposed disadvantages of retrograde nailing include patella—femoral pain, deformity imparted by nail to canal mismatch, and inadequate fixation of the 
condylar segment. Leaving the nail proud or inadvertently reaming the patella places the patellofemoral joint at risk for degenerative changes. Early on, with 
complex intra-articular C3 injuries, the condylar segment, especially if comminuted, was thought to be inadequately stabilized with a nail alone. However, 
newer generations of nails with improved locking options and plate attachments, as well as dual implant constructs (nail/plate and dual plating) offer more 
stability after repair of the condylar segment and are becoming popular. Two cases of distal femur fractures treated with nailing are presented: an A-type 
fracture (see Fig. 58-28) and a C-type fracture (Fig. 58-29). 


Preoperative Planning 


Retrograde Nailing of Distal Femur Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table 
Position/positioning aids 
Antibiotics 

Anesthesia 


Draping 


Fluoroscopy location 
Equipment 


Tourniquet (sterile/nonsterile) 


LJ Radiolucent “flat top” table 

LJ Radiolucent triangle or large bump 
LJ Broad-spectrum prophylaxis 

LJ Pharmacologic muscle paralysis 


Wide draping to allow for ease of proximal locking (proximal to lesser trochanter). Consider draping in 
opposite leg (allows for clinical and radiographic “control”) and mobilizing it out of the way as needed 


LJ From contralateral side 
LJ Universal distractor (or external fixator), long retrograde nails, large bone clamps 


LJ Sterile—most effective for articular portion of surgery; may aid in metaphyseal reduction 


Reduction Similar as for ORIF. Critical evaluation of radiographic alignment intraoperatively, including (1) bony 
axial alignment, length, and rotation, and (2) appropriate positioning of implants 

Surgical approaches Lateral (or medial) parapatellar arthrotomy for reduction and nailing of fractures with an intercondylar 
split. Small lateral arthrotomy for nailing. Protection of the patella from iatrogenic injury is vital. 

Intra-articular injury, if present LJ Displaced intra-articular injury should be anatomically reduced and carefully assessed. Clamps, K-wires 
provisionally for reduction, and lag screws definitively. 

Reduction LJ Traction is critical. A universal distractor (or external fixator, if present) is still helpful and may be 


placed away from the path of the nail. Sagittal plane alignment with a well-placed large bump or towel 
roll. Coronal plane alignment can be corrected with Schanz pin joysticks, bone clamps, or plate 
application itself. 


The concept of preoperative planning is no less important for intramedullary nailing than it is for osteosynthesis with plates and screws. Limitations of nails 
used for distal femur fractures make planning very important, such as the size of the condylar segment, the insertional depth of the nail, the number and 
distances of locking screws from the nail’s end, and others. Nonetheless, the goals of surgery remain the same as for plating: anatomic reduction of the 
articular surface, restoration of axial alignment and length, fracture stabilization, and maintenance of a biologic environment conducive to healing with 
avoidance of infection. Many of the same surgical tactics and reduction methods are useful for intramedullary nailing distal femur fractures. Surgery is done 
on a radiolucent table with the aid of an image intensifier. 


Positioning 

The patient is positioned supine, and the affected limb is supported on a radiolucent triangle or large bump to a 20- or 30-degree knee angle (see Figs. 58-12 
and 58-28C). The C-arm unit should come in from the opposite side of the table, and the underside of the table should be clear to move the C-arm from the 
hip to knee without obstruction in both the AP and lateral projections. When possible, the fracture should be reduced before nailing. Many of the indirect 
reduction methods described in femoral plating are useful for nailing. Schanz pins applied unicortically (or bicortically if carefully placed) can be used with 
the femoral distractor or as joysticks. 


Figure 58-29. Illustrative case of retrograde intramedullary nailing for a type 2 open, simple intra-articular (OTA/AO type 43C1) distal femur fracture in a 78-year- 
old osteoporotic woman. Injury radiographs (A) and corresponding CT images (B). Intraoperative photo (C) showing repair of intracondylar fracture, and fluoroscopic 
imaging (D) showing grossly reduced fractures and the guidewire in place. E-G: Images of distal locking. A locking attachment plate and supplemental screws are 
being used to gain purchase in the condylar segment. H: Final postoperative images of nailed femur. 
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Figure 58-30. Illustrative case showing treatment of open intra-articular (43C.3) distal femur fracture with retrograde femoral nailing. A: Injury radiographs. B: 
Anterolateral approach using extension of open fracture wound allows for optimal debridement of open fracture and direct anatomic reduction of the condyles. C: 
Definitive fixation is applied with lag screw anterior to nail path and retrograde femoral nailing. In this case, the wounds were also used for nailing of the patient’s tibia 
fracture. D: Fifteen-month follow-up radiographs show healed fractures. 


Intramedullary nailing is usually performed through a medial or lateral parapatellar incision, but if an intra-articular split or more complex articular injury is 
present, an open medial or lateral arthrotomy can be performed for reduction and stabilization of the femoral condyles prior to nail insertion. For retrograde 
nailing of extra-articular fractures (OTA/AO type A), a 4- to 5-cm incision is made along the medial (or lateral) border of the patellar tendon between the 
inferior border of the patella and the tibial tubercle (see Fig. 58-28). Most displaced intra-articular fractures (displaced OTA/AO types C1, C2, and C3) must 
be exposed, reduced, and stabilized using an open medial or lateral parapatellar arthrotomy based on the fracture pattern (see Figs. 58-14 and 58-30B). The 
intramedullary nail can then be inserted through the open incision. It is important to leave 5 to 6 mm of capsular tissue for a stable side-to-side repair during 
closure. The patella and local soft tissues should be protected from reamers and other instrumentation during nailing. A working “soft tissue” cannula is 
available in most nailing sets or carefully placed right-angled retractors are effective. 


Retrograde Nailing of Distal Femur Fractures (A and C Types): 


KEY SURGICAL STEPS 


Preoperative plan for all cases (none of these are “simple”) 
Surgical approach: medial (or lateral) arthrotomy, extensile lateral arthrotomy 


Repair intercondylar split or other intra-articular injury if present 
Visualize and palpate reduction in all but nondisplaced articular fractures. Clamps, K-wires provisionally, and lag screws definitively out of way of 
nail path 
Gain gross metaphyseal alignment: Usually with femoral distractor or manual forces with or without adjunctive aids such as a bump or towel roll 
= Instrument femur and insert nail: Optimize starting point. Ensure that reduction is maintained in all planes during instrumentation across the fracture 
with guidewires, reamers, and nail insertion 
LJ Nail position: Should be central in condylar segment, buried at least a few millimeters below chondral surface in intercondylar notch, and extend 
proximal to the lesser trochanter proximally 
Locking: Use multiple screws in the condylar segment (two or more) and always lock both ends 
Reconfirm reduction and instrumentation regularly 
Blocking screws: Useful for obtaining and maintaining reduction in condylar segment 
Compare alignment and length of injured leg to contralateral leg radiographically and clinically if it is not injured 


Metaphyseal fracture reduction is performed manually or using the femoral distractor with pins placed eccentrically or unicortically in the shaft, a well- 
placed sterile towel roll, and Schanz pins attached to a T-handle chuck (joystick) in the femoral shaft or condyles, to reduce the major fragments. 

The portal of entry for the nail is in the intercondylar notch just anterior to the femoral attachment of the posterior cruciate ligament (see Fig. 58-30B). A 
threaded tipped guide pin and cannulated drill are used to open the distal femur before nailing. The pin is carefully inserted in line with the femoral shaft to 
ensure restoration of coronal plane alignment (on the AP image). This pin is started at the apex of the intercondylar notch and aimed centrally through the 
supracondylar region. On the lateral image, the starting point is just anterior to the Blumensaat line. Once the guide pin placement is confirmed with AP and 
lateral radiographs, the step reamer is advanced through the working channel soft tissue sleeve over the entry wire to prepare the insertion site. The correct 
start point is important to maintaining reduction as the geometry of the nail can cause translation or angulation at the fracture with nail insertion. 

For intra-articular (C-type) fractures, screws used for the fixation of condylar fractures must not block the path of the intramedullary nail (see Fig. 58- 
30B). As such, interfragmentary screws must be carefully placed anteriorly or posteriorly so as not to impede eventual nail passage. Screws placed through 
the articular surface (e.g., for a Hoffa fracture) should be countersunk (or use headless screws) and carefully measured before insertion, and carefully 
scrutinized radiographically to avoid articular injury. 

A beaded tip guidewire is inserted into the intramedullary canal and advanced past the fracture site, into the proximal femur under fluoroscopic control. 
With the fracture reduced, the position of the guidewire should be center—center in both the AP and lateral views in both the proximal and distal fragments. 
An intramedullary fracture reducer or “finger” is available in most nailing sets and can be used to facilitate reduction and guidewire passage across the 
fracture site. Nail length is determined using the manufacturer’s guides. Blocking screws are sometimes used to narrow the effective canal diameter of distal 
femur to improve alignment and prevent deformity.®°.5° When necessary, blocking screws can be applied in the short condylar segment.®° A rule of thumb 
is to apply the screws on the concave side of existing deformity. This technique is discussed in more detail in the section on nailing proximal tibia fractures 
(Chapter 63). 

The fracture can be held reduced and out to length during reaming most of the time, then the nail can be inserted. Excessive reaming should be avoided. 
The guidewire is removed after nail insertion. The nail must be countersunk at least a few millimeters to prevent cartilage damage to the patella—femoral 
articulation. Final nail positioning should be checked in both the AP and lateral radiographs to ensure nail depth and proper alignment. 

Distal locking bolts are placed through cannulated sleeves using a radiolucent guide. Proximal locking is usually accomplished in the AP plane using a 
freehand technique. The C-arm is aligned with the desired locking hole in the nail, so that the hole appears to be a perfect circle. A knife blade is placed on 
the skin, with the incision point verified with radiographic image, and a 1-cm incision is made over the hole in the nail. The tip of the drill bit appears as a 
solid circle in the center of the screw hole and both cortices are drilled. The pilot hole is measured or alternatively, a 30- or 35-mm screw may be 
preselected and inserted. Placing the screw using a screwdriver with the ability to “capture” the screw or a suture lasso may aid in screw recovery if the 
screw disengages. In simple or stable fracture patterns, one proximal locked screw is usually adequate. However, in comminuted fractures and those with 
diaphyseal extension, two proximal screws are recommended. There have also been significant improvements in nail design. Condylar fixation has been 
enhanced by the additional screw holes, more distal in the nail, and oblique caudal trajectory into the condyles, and locking technology providing for better 
distal control. Short locking plates or “washers” have become available for complex articular injuries or those in osteoporotic bone that attach to a nail’s 
distal locking screws, and offer additional screw fixation opportunities into the femoral condyles. 

After fixation, the knee joint is thoroughly lavaged and suctioned to remove reamings or other debris that may cause mechanical problems or heterotopic 
bone formation. The arthrotomy is anatomically repaired and the skin closed in a standard fashion. 


Postoperative Care 


Knee motion is initiated immediately in cooperative, postoperative patients. Occasionally, a CPM machine is used in patients that are unlikely to move the 
knee (e.g., polytrauma or anxious patients), which also serves to elevate the injured limb. In extra-articular fractures or well-fixed simple articular fractures, 
weight bearing can be considered early after surgery—that is, once there is radiographic evidence of callus formation (6-8 weeks postoperatively). Recent 
trends, however, are to weight bear even earlier with improved fixation, “less” articular involvement, and reasonable bone quality. For most intra-articular 
fractures, weight bearing is deferred until the articular block is relatively healed (8-10 weeks postoperatively). Clinical and radiographic examinations are 
performed at 4- to 6-week intervals until the fracture is healed and patients can ambulate without discomfort. Strotman et al. demonstrated that any cortical 
bridging on any view at 4 months postoperatively is indicative of healing with at least 95% accuracy and more reliable than assessments of bi- or tricortical 
bridging.!?! 


Potential Pitfalls and Preventive Measures 


Retrograde Nailing of Distal Femur Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Preventions 


e Preoperative CT 


Missed coronal plane (Hoffa’s) or other intra-articular fracture 


Malalignment e Starting trajectory colinear with long axis of distal fragment (on both AP and lateral x-ray views) 
e Use of femoral distractor and/or blocking screws to obtain and maintain alignment 


Intra-articular hardware e Ensure that nail is inserted so that it is recessed beneath the chondral surface in the notch, with direct 
vision and/or with true lateral radiographs of the knee 


Irritable implants e Roll-over AP view to assess distal screw length through trapezoidal condyles 
Knee stiffness e Early mobility, range of motion 
Arthritis e Anatomic reduction of articular surface and restoration of optimal limb alignment 


The potential pitfalls of retrograde nailing of distal femur fractures are fairly similar to those for “ORIF”: lack of reduction or improper use of the implants 
during application will result in surgical malreduction. As with all nailings, reduction and starting point are critical factors in a successful surgery. With a 
well-reduced fracture and a good starting point, an optimal reamer path is predictable, facilitating the remainder of the procedure. For complex cases, 
preoperative planning is as essential for nailing as it is for plating. Quality and frequent use of radiography are critical to this procedure, as it is with plating. 
Finally, nail depth and screw length are important to avoid implant prominence. 


Outcomes 


Previous studies using short first-generation nails are less relevant today as implant technology and techniques have improved. Published reports over the 
last decade using long retrograde nails for distal femur fractures have reported mostly good results with relatively few complications. A recent prospective, 
multicenter randomized trial comparing locked lateral plating to retrograde nailing for distal femur fractures was conducted. Dunbar et al. reported on 126 
patients followed over 12 months who were randomized to plating (n = 64) or nailing (n = 62).°* Both groups were noted to be still affected by their fracture 
12 months postinjury, however there was no significant difference in functional testing, range of motion, walking ability, ability to manage stairs, and rate 
or type of adverse event between the groups. 

Jankowski et al. published a systematic review comparing intramedullary nailing versus locked plating in distal femur fractures across 46 articles.5” The 
comparison revealed no difference in union rate, time to union, malalignment, average arc of motion, or complication rates between intramedullary nailing 
and locked plating. Several smaller series have also been published. Christodoulou et al.?° reported management of distal femur fractures (OTA/AO types A 
and C) in mostly elderly patients with the use of a DCS or a retrograde nail. Seventy-two patients were randomized to nailing (n = 35) or plating (n = 37). 
Mean operative time, and estimated blood loss were lower in the nailing group (p < .001). Healing times were comparable and clinical results as assessed by 
Schatzker’s and Lambert’s criteria were similar with good to excellent results in greater than or equal to 80% of patients. Hartin et al.°! reported on 23 
supracondylar femur fractures randomized to a retrograde intramedullary nail fixation (n = 12) or a fixed-angle blade plate fixation (n = 11). Both fixation 
methods gave generally good outcomes, but there was a trend in patients treated with a retrograde nail to require revision surgery for removal of implants (3 
vs. 0) and to experience more pain on SF-36 outcome measures. Thomson et al.!24 evaluated outcomes at an average of 6.7 years for 11 patients with 
traditional ORIF versus 11 others treated with limited open reduction with retrograde intramedullary nailing for OTA/AO type C distal femur fractures. The 
rate of subsequent bone-grafting procedures (67% vs. 9%) and malunion (42% vs. 0%) were significantly higher in ORIF compared with the less invasive 
retrograde intramedullary nailing treatment. A nonsignificant trend was noted for increased infection (25% vs. 0%) and nonunion (3% vs. 9%) in the group 
treated with open plating. The physical function component of the SF-36 was approximately two standard deviations below the U.S. population mean, and 
50% of patients demonstrated radiographic changes of posttraumatic arthritis for all patients. There was no significant difference in any domain of the SF-36 
or SMFA, or the Iowa knee score between the two treatment groups. Finally, Garnavos et al.*! found that 17 patients with OTA/AO type C distal femur 
fractures treated with compression bolt fixation of the condyles followed by retrograde intramedullary nailing healed early (average 15 weeks) with no 
incidences of malunion, nonunion, or infections. No secondary failure of fixation occurred. The mean New Oxford knee score was 42. 


Dual-Implant Constructs 


Despite the advances discussed previously in both plate and nail implants, fixation of distal femur fractures remains a challenge specifically in the treatment 
of intra-articular, multifragmentary fracture patterns. Specifically in patients with severe comminution, elderly patients with poor bone quality, large bone 
defects, periprosthetic fractures, and short distal segments. In an effort to decrease fixation failure, prevent varus collapse, enhance construct stability, and 
provide a stable healing microenvironment that allows earlier range of motion and weight bearing while promoting union, dual implant constructs can be 
considered—dual plating or nail—plate combination are the most common. 


Nail-Plate Combination 


Retrograde nail placement with a supplemental lateral plate provides additional stability to promote early rehab and potentially immediate weight bearing 
while minimizing dissection on the medial side of the femur, causing less soft tissue insult and blood loss. In cases with significant medial comminution that 
are prone to progressing to nonunion or in supraphysiologic load such as in morbidly obese patients, the nail can provide endosteal substitution and provide 
medial column support. It has also been hypothesized that linking the nail and plate distally can benefit fracture healing and provide a more equal load 
distribution between the bone and implant, and immediate postoperative weight bearing can be considered. In regard to technique, the intramedullary nail or 
the plate can be placed first; however, it should be noted that if the plate is placed first, the screws should be placed in a manner that allows passage of the 
nail by keeping screws outside the anatomic axis of the femur or using unicortical screws. 

Liporace et al. reported on 14 patients in which nail—plate combination constructs were used. All 14 patients were made WBAT immediately 
postoperatively, remained ambulatory (some with assistive devices), and healed with no evidence of nonunion or hardware failures.’ Spitler et al. 
performed a retrospective review on two groups—acute comminuted or segmental fractures as well as distal femur nonunions in obese patients. All 16 
patients ultimately achieved union though two required reoperations prior to union. This study demonstrated that endosteal substitution with an 
intramedullary rod and use of a lateral locked plated provide stability needed for bone healing under supraphysiologic loads that can be seen in obesity or in 
medial segmental bone loss.!!5 


Dual Plating 


Similar to nail—plate constructs, dual plating provides additional stability to these complex fractures. Dual plating also has the advantage of allowing 
immediate weight bearing, but also facilitates coronal plane reduction, and does not require arthroplasty component compatibility in periprosthetic 
fractures.” 

In biomechanical studies, dual plate constructs have been shown to be nearly twice as stiff in torsion and over one and a half times stiffer in axial 
compression than nail—plate combination constructs, with distal lateral femoral locking plates alone having the lowest torsional stiffness when compared to 
dual constructs and nailing alone.*®!3! Potential disadvantages of dual plate constructs involve soft tissue stripping, risk of vascular injury, knee stiffness as 
a result of scar formation, and increased construct rigidness resulting in delayed healing—though this can be addressed with thoughtful plate length, 
working length, and screw placement to achieve a balanced construct. 

Tripathy et al. published a systematic review on dual plating in distal femur fractures, including 12 studies with a total of 292 knees of which 213 were 
dual plated, 75 single plated, and 3 were lost to follow-up.!2° The study reported dual plating leads to satisfactory union in the comminuted metaphyseal and 
articular fractures, and there was no difference between single and dual plate in regard to nonunion rate, blood loss, functional outcomes, or complications; 
however, dual plating leads to faster fracture healing with longer operative time. Steinberg et al. reported a case series with 32 patients with a dual plating 
technique. Of these, all fractures healed radiographically and clinically within a mean of 12 weeks and 11 weeks, respectively; and there were five surgery- 
related complications (one delayed union, one shaft fracture, two superficial wound infections, and one deep infection). The authors proposed dual plating 


for fractures with poor bone quality, very-low periprosthetic fractures and comminuted fractures. !!7 


External Fixation of Distal Femur Fractures 
Indications 


External fixation is used infrequently as definitive treatment for supracondylar femoral fractures. Unlike with tibial plateau fractures, ring fixators have a 
limited role in the acute management of supracondylar femur fractures. Circular femoral frames tend to be large and bulky and frequently impede soft tissue 
access in open fractures. Additionally, they require considerable expertise in application. The major indication for definitive external fixation of distal femur 
fractures is active infection that has been recalcitrant to aggressive treatment or severe open fractures, particularly type IIIB open injuries.°°°10% In 
complex fracture patterns, supplemental lag screws are often necessary to fix intra-articular extensions. Depending on the location of the wounds and degree 
of fracture comminution, fixation across the knee is often necessary. 

There has been a resurgence of interest in external fixation for temporary stabilization of severely injured patients or when a delay to surgical repair of 
more than 24 to 36 hours is anticipated, the so-called damage control orthopaedics. The advantages of external fixation include rapid application, minimal 
soft tissue dissection, and the ability to maintain length, wound access, and mobilization of the patient. Once the patient and the soft tissues have improved, 
definitive internal fixation should be undertaken. Therefore, initial fixator pin placement should avoid areas of planned surgical incisions and implant 
placement whenever possible. As a general rule, 5.0-mm half-pins are inserted anteriorly or laterally above and below the fracture, usually in the mid to 
proximal shaft of the femur and proximal tibia, and connected to a unilateral half frame. If instability remains, a second plane of fixation can be added. 


Outcomes 


A few relatively small case series have been reported on the use of external fixation as definitive treatment for distal femur fractures, mostly after high- 
energy open fractures.°*!°8 The literature describing the use of temporizing external fixation for severe injuries is compelling.**+*° Damage control 
orthopaedics is described in Chapter 14. 


Reconstruction of Distal Femur Fractures: Distal Femoral Replacement 
Indications 


Distal femoral replacement (DFR) in the treatment of acute distal femur fractures is rare; however, increasing evidence suggests that this may be a 
reasonable alternative in elderly patient with osteoporotic bone. The main indications for DFR in treating a distal femur fracture include fracture pattern 
OTA/AO 33C, poor bone stock, advanced age, or a patient unable to tolerate partial weight-bearing restrictions and immobility, and ipsilateral knee 
osteoarthritis or rheumatoid arthritis. Potential advantages of DFR in the acute setting include improved ambulatory status immediately postoperatively, 
mobility, maintained knee range of motion, elimination of risks of nonunion, malunion, and posttraumatic arthritis. However, DFRs require a more 
extensive exposure, and in the setting of a failed reconstruction or complications, has limited limb salvage options. Thus, the role of DFR in the acute setting 
in geriatric distal femur fractures is a topic of controversy. 
DFRs are also discussed in Chapter 59 in the setting of periprosthetic distal femur fractures. 


Outcomes 


Review studies have been conducted to evaluate the ORIF versus DFR in distal femur fractures in elderly patients. However, the literature is still lacking in 
larger prospective studies. One retrospective review conducted by Hart et al. evaluated open reduction versus DFR in patients over 70 years of age with 
OTA/AO 33C fractures.°° This study included 38 patients who underwent ORIF (n = 28) and DFR (n = 10); the incidence of reoperation was 11% in the 
ORIF group and 10% in the DFR group. The ORIF group had an 18% incidence of nonunion. At 1-year follow-up, all DFR patients were ambulatory, while 
23% in the ORIF group remained wheelchair bound. There was no statistically significant difference in reoperation, living situation, need for ambulatory 
device at 1 year or 1-year mortality between the groups. 

Caines et al. conducted a retrospective cohort study to evaluate both the cost and perioperative outcomes of elderly patients treated with ORIF versus 
DFR.!® This study evaluated 39 patients with OTA/AO 33C fractures who underwent ORIF (n = 27) and DFR (n = 12). The rate of reoperation did not 
differ significantly between the two cohorts; there was one reoperation in the DFR group for a deep infection and four reoperations in the ORIF group for 
nonunion with one revision ORIF and three revisions to DFR. There was no significant difference in overall cost between ORIF and DFR when reoperation 
was taken into account. 

Salazar et al. performed a systematic review of 30 studies evaluating DFR versus ORIF with findings that both treatment modalities demonstrate similar 
overall complications rates and similar functional outcomes.!°° 

Ultimately, larger prospective studies are warranted comparing the two treatment strategies; however, given the current literature, DFR is an alternative 
to consider in appropriately selected elderly patients. 


Authors’ Preferred Treatment for Distal Femur Fractures ( ) 
Distal femur Fx 


Extra articular Intra articular Intra articular 
partial complete 
| Far distal | Not far distal on ) 
Non comminuted Comminuted 
articular articular 
Open plating Per Q (C1, C2) (C3) 
ORIF plate 
No cortical Cortical 
extension extension 


Recommend ORIF 
open reduction, if 
with screws 


ORIF screw ORIF 
fixation alone buttress plate Far distal | Not far distal 


ORIF with 
plate 


Articular 


on- 
articular 


Nail 
or plate 


Most displaced distal femur fractures in adults are best treated with internal fixation. More recently, we recommend retrograde intramedullary nailing 
when possible for these fractures, as the mechanics are more optimal than plating, and reaming may contribute biologic stimulus to the fracture milieu 
(Table 58-1). We are now using plating relatively less commonly for typical distal femur fractures, and combinations of implants for the most complex 
fractures. The decision for one fixation method over others should be made on a case-by-case basis depending on fracture pattern, preexisting implants, 
implant availability, surgeon preference, and other factors. We still use the 95-degree ABP in the management of selected nonunions or after corrective 
osteotomies in the distal femur. Regardless of which implant is used, the goal is anatomic reduction of the joint surface and stable internal fixation to 
allow early range of knee motion. In isolated closed fractures, internal fixation should be performed within the first 24—48 hours. If surgery must be 
delayed for more than 24—36 hours, a temporary external fixator or tibial pin traction should be considered. 

Because the spectrum of injuries to the distal femur is so great, no single implant or approach will be optimal for every case. Careful assessment of 
the patient and critical review of the x-rays and the “personality” of the fracture are essential. Some factors to be considered in the surgical decision- 
making process include patient age, ambulatory status, osteopenia, comminution, condition of the soft tissues, involvement of the joint surfaces, and 
whether the fracture is an isolated injury or part of a multiply injured patient. 

In younger patients, restoration of length and axial alignment with stable fixation and early functional rehabilitation remain the goals of surgery. In 
elderly osteoporotic patients, impaction of metaphyseal fragments with small amounts of shortening may be a reasonable trade-off for rapid fracture 
union. On occasion, a highly comminuted fracture in incompetent bone (with or without a knee a preexisting knee prosthesis), a knee replacement using 
a tumor prosthesis may be indicated. With the widespread use of periarticular locked plates, these techniques are not widely indicated. 

With open distal femur fractures, the literature supports immediate or early internal fixation after debridement in type I, II, and IIA fractures in 
stable patients in whom the wounds can be made “clean.” However, in type IIIB and IIC open fractures with massive wounds and/or gross 
contamination, external fixation with delayed internal fixation is preferred. Temporizing knee spanning external fixation is a valuable tool to treat this 
subset of patients. A variety of frame configurations are possible, but typically two pins are placed anteriorly in the proximal tibia and two anteriorly or 
laterally in the mid-proximal femur cranial to the anticipated proximal extent of plate fixation (see Fig. 58-5). When the soft tissues have recovered and 
the patient’s condition has improved, internal fixation can be performed. Serial debridement at intervals until all devitalized tissue is removed from the 
wound should reduce the risk of infection. A wound VAC, antibiotic beads, or both may be a useful adjunct to stabilize the zone of injury, prevent 
infection, and promote soft tissue healing. Once a clean wound has been achieved and the patient is stable, internal fixation and wound coverage are 
achieved. 

The sequential steps in the surgical management of supracondylar femoral fractures include (1) restoration of the articular surface, if needed, (2) 
stable internal fixation, (3) grafting of bone loss, if necessary, (4) impaction of the fracture in osteoporotic elderly patients, (5) repair of associated 
ligament injuries and patellar fractures, as indicated, (6) early range of motion of the knee, and (7) delayed protected weight bearing. Nonarticular 
injuries can be treated using a variety of implants. The method of fixation should be based on a preoperative plan that incorporates the fracture pattern, 
soft tissue injury, patient factors, surgeon’s preference/familiarity, and hospital resources. In patients with more complex intra-articular involvement 
(the vast majority of C2 and C3 fractures), the authors prefer the modified lateral (or medial) parapatellar approach to allow access to the joint. In these 
cases, our preference is to use small fragment fixation for the condylar injuries in conjunction with distal femoral locked plates. Temporarily, secure 
articular fragments using K-wires and/or reduction forceps. Provisional and/or definitive fixation using 3.5- and 4.5-mm cortical screws must be 
strategically placed to avoid interference with the plate. If a posterior coronal or Hoffa fracture is present, fixation can be obtained by placing 
countersunk 2.7- or 3.5-mm cortical or using headless compression screws from anterior to posterior. If there is cortical bone attached to the Hoffa 
fragment cranially, this can be keyed in and clamped to assure reduction, and even fixated with a small 2.7-mm or so antiglide plate, if desired. After 


Algorithm 58-1 Authors’ preferred treatment for distal femur fractures. 


adequate surgical exposure, the femoral condyles are reduced and provisionally fixed with K-wires. Once reduction is confirmed clinically and/or 
radiographically, the condyles are definitively fixed with long screws anterior and/or posterior in the condyles, allowing sufficient room for the plate. 
The condylar block can then be reattached to the shaft segment using whichever fixation method the surgeon prefers, plate or nail. 

Knowledge of fracture biomechanics is vital to maximizing a patient’s chances for union.©° The use of direct reduction requires a thorough 
understanding of Perren’s strain theory, and residual gapping at the fracture site should be avoided because it increases the incidence of nonunion and 
hardware failure. Eight cortices of fixation above and below the fracture site are recommended to provide adequate stability to prevent early torsional 
and axial failure. A common technical error encountered during indirect reduction and bridge plating is the placement of an overly stiff implant. The use 
of longer plates with well-spaced cortical screws limits implant stiffness and encourages secondary bone healing. If a locking construct is chosen, a 
plate of sufficient length to allow no more than 50% of screw holes to be filled is important to prevent stress concentration and premature implant 
breakage. Newer techniques to modulate locking plate stiffness have recently been reported. FCL, slotting of near-cortical holes, and threaded 
screwhead inserts are all new methods designed to give surgeons control of implant stiffness and direct modulation of the healing environment at the 
fracture site. 


TABLE 58-1. General Surgical Tactics for Bony Reconstruction of Distal Femur Fractures 


OTA/AO Type A 


Open locked plating (or 95-degree blade plate or DCS) using lateral approach 
e Minimally invasive locked plating 
e Locked retrograde nailing 


OTA/AO Type B 
e Buttress plating for lateral or medial condyle fracture (or lag screws alone in uncommon, nondisplaced cases) 
e Countersunk anterior to posterior screws for most coronally oriented fractures (e.g., Hoffa’s). Occasionally, the posterior fragment will have a nonarticular apex that can be 
repaired with a small or minifragment buttress plate 


OTA/AO Type C 
e Strong consideration for lateral parapatellar arthrotomy for open reduction and internal fixation of articular fracture, followed by: 
Open locked plating (or 95-degree blade plate or DCS) using lateral approach 
èe Minimally invasive locked plating locked retrograde nailing 
e Locked retrograde nailing 


Comparative Outcomes of Distal Femur Fracture Treatments 
Level 1 Evidence 


Dunbar et al. performed a prospective multicenter randomized trial on 26 patients followed over 12 months, who were randomized to plating (n = 64) and 
nailing (n = 62).22 Both groups were noted to still be affected by their fracture 12 months postinjury. Plating trended toward a higher rate of valgus 
malalignment (5 degrees) and full implant removal compared to nailing, although nonunion rates were similar. This malalignment was noted to be at the 
time of initial fixation rather than due to fixation failure. Overall functional testing trended toward improved outcomes in nails, however, there was no 
statistical significance and the minimum clinical significance was not met. There was no significant statistical difference in functional testing, range of 
motion, walking ability, ability to manage stairs, and rate or type of adverse event between the groups. 

Another high-quality prospective, randomized multicenter study compared locked plating versus retrograde nailing for distal femur fractures.!*4 Eighty 
patients treated with locked plating and 76 patients treated with nailing were assessed for radiographic, functional, and physical outcomes. Similar findings 
were reported with a higher rate of valgus malalignment in plating than nailing (22% of nails and 32% of plates [p = .4]). There was also significant 
disability seen in both groups through 1-year follow-up, with results trending toward better outcomes in nails compared to plates for all measures, although 
not to a level of statistical significance. 


Level 2 Evidence 


Three lesser-quality prospective studies (limited populations) have compared fixed-angle plates with retrograde femoral nails for distal femur fractures. 

Butt et al.'° reported a randomized controlled trial comparing 17 patients treated with a DCS for distal femur fracture with 19 patients treated 
nonoperatively (traction for 3-6 weeks followed by cast bracing). There were good or excellent results in 53% of the patients treated operatively compared 
with 31% treated nonoperatively using Schatzker criteria. There were no nonunions or deep infections in both groups, and only one fixation failure (6%) in 
the DCS group. Significant complications such as DVT, UTI, pneumonia, pressure sores, malunion, and delayed union were commonly seen in the 
nonoperative group compared with the operatively treated group. Markmiller et al.’* reported a prospective cohort study comparing 20 patients treated with 
internal locked fixation using the LISS and 19 patients treated with locked retrograde femoral nailing. They found no significant differences with regard to 
rates of nonunion (both 10%), fixation failure (both 0%), infection (locked plating 0% vs. nailing 6%), and secondary surgical procedures (both 10%) at 1- 
year follow-up. 

More recently, Gill et al. randomized 42 patients with extra-articular fractures (33A) to a distal femoral locking plate? or a retrograde femoral nai 
Range of motion, reoperation, and Knee Society Scores were similar between cohorts. There were 5 delayed unions in the locked plating group (compared 
to 1 in the nail group) and a 4-week longer healing time (26.5 vs. 22.6 weeks) but these did not achieve statistical significance (p = .2 and .3, respectively). 


1.43 1.22 


Level 4 Evidence 


Zlowodski and colleagues’ meta-analysis of operatively treated distal femur fractures!*° included 45 case series reporting 1,614 patients treated with (1) 
compression plating, (2) antegrade nailing, (3) retrograde nailing, and (4) internal (locked) or external fixation. In all treatment options, additional internal 
screw and/or plate fixation was performed first if the articular surface was fractured. All operatively treated cases were summarized. The average follow-up 
was 2.5 years. The articular surface was fractured in 58% of the cases (OTA/AO type C); in 22% severely (C3). Twenty-seven percent of all fractures were 
open, with type III open fractures in 10% of cases. Overall, there were 6.0% nonunions, 3.3% fixation failures, 2.7% deep infections, and 16.8% required a 
secondary surgical procedure. The injury/fracture spectrum was different for the four fixation techniques; therefore, a comparison of outcome parameters 
was limited. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS OF 
DISTAL FEMUR FRACTURES 


Distal Femur Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Malalignment/malunion 
Nonunion 

Knee stiffness 

Infection 

Hardware-related problems 
Posttraumatic arthritis 


Although the use of biologic approaches and state-of-the-art implants has improved results, their use does not guarantee a favorable outcome. The surgeon 
must have a thorough understanding of the local anatomy, mechanics of fracture fixation, and patterns of fracture healing after internal fixation if 
consistently good results are to be achieved. Common problems associated with operative treatment are described in the following sections. 


MALALIGNMENT/MALUNION 


Malalignment of greater than 5 to 10 degrees is likely to affect knee mechanics and gait. Increased varus or valgus may lead to overloading of the joint and 
subsequent arthrosis of the medial or lateral compartment, respectively. Flexion—extension, rotational deformity, or shortening may affect gait and comfort 
during activities of daily living. In early series using traditional plates and screws, problems with fixation failure, varus collapse, and malalignment for 
unstable injuries occurred commonly. The successful use of locked plating is well described for nails as well. Specific errors in implant application can lead 
to malalignment, despite the manufacture of “anatomically designed” plates and nails. Misapplication of the plate is a crucial factor leading to failed 
realignment where the plate can impart malalignment if not applied in the appropriate position to a reduced fracture according to the “rule of toos”: that is, 
too distal, too anterior or posterior, or too rotated.*! Nailing of distal femur fractures is also prone to malalignment with entry reamer path and nail geometry 
specifically implicated with malalignment problems. A number of intraoperative tips are provided in the implant usage sections of this chapter. It must be 
emphasized that with either implant, a high level of intraoperative scrutiny is vital to preventing malalignment. 


NONUNION 


Historically, open anatomic reduction and rigid internal fixation with traditional plates in distal femur fractures was associated with delayed or nonunion in 
29% to 38% of fractures and infection rates of 7% to 20%.7° 33-40 These problems likely reflect the effects of further trauma to the surrounding soft tissues 
during the wide dissection required for the technique. Dramatically improved results have been reported in similar injuries using more biologic approaches 
and improved implants. Bolhofner et al.!° and Ostrum and Geel®® reported improved results treating distal femur fractures with indirect fracture reduction 
and internal fixation using 95-degree fixed-angle devices. The authors found union in 93% to 100% of fractures and infections in only 2% of cases. 
Complications after internal fixation using LISS have shown relatively lower rates for “biologic problems” such as nonunion, need for bone graft, and 
infection. For example, Schutz et al.'!! described the results for operative treatment of distal femur fractures from multiple European centers using LISS. 
They found healing in 37 of 40 patients (93%). Kregor et al.” reported union in 58 of 61 patients (95%) treated with the femoral LISS device. Koso et al. 
reported in a systematic review that nonunion was the most frequent complication of distal femur fractures at 4.7% with no difference between plate and 
nail fixation in healing, nonunion, or cause of operation; and one in every eight distal femur fractures requires reoperation, with the most common cause of 
failure being nonunion. 

Henderson et al.>* recognized that there was a high rate (20%) of nonunion using lateral locked plating and “modern” technique. Three other recent 
large retrospective studies have reported similar healing problems in distal femur fractures treated with stainless steel distal femur locking plates. These 
have also indicated some factors that may predispose to nonunion. Ricci et al.!°° and Vallier and Immler!”’ indicated that open fractures and associated host 
problems (e.g., diabetes mellitus) were risk factors for nonunion. Rodriguez et al. also identified obesity, occurrence of infection, and the use of stainless 
steel as prognostic risk factors of nonunion in distal femoral fractures treated with a lateral locking plate, independent of differing trends in how surgeons 
intervene in the management of nonunion. 

Treatment of distal femur nonunions may be difficult, owing to preexisting or disuse osteopenia, proximity to the knee joint, and prior surgical 
procedures. Aseptic nonunions in patients with reasonable bone stock should be treated by revision or augmented osteosynthesis, !? implant exchange to a 
nail, or both.? Hypertrophic nonunions usually respond to stable internal fixation of the nonunion site. The 95-degree condylar blade plate remains an 
excellent tool for treating nonunions (and malunions); and excellent compression can be applied with this device to increase stability. In patients with 
atrophic nonunions or bone loss, grafting with a highly biologic material such as the host’s cancellous bone (or bone morphogenetic protein) is highly 
recommended. On these cases, the implant selected for stabilization (or revision of fixation) may be less important than the need for a biologic stimulus. In 
rare instances, methyl methacrylate or resorbable tricalcium phosphate cements can be used to augment screw fixation in the short osteopenic condylar 
segment.!28 


INFECTION 


One of the major drawbacks with operative fixation of supracondylar femoral fractures is the risk of infection. In major trauma centers with experienced 
fracture surgeons, infection rates should not exceed 3% or 5% in operatively treated closed fracture cases, although an individual’s fracture risk depends on 
a number of factors, including open fracture, nicotine usage, and diabetes mellitus. If deep infection develops postoperatively, aggressive irrigation and 
debridement are indicated. A deep infection with abscess formation should be packed open or temporarily treated with a wound VAC or antibiotic beads. 
The wound is closed secondarily when it appears “clean” and the signs of infection have resolved. Type-specific antibiotics are given intravenously for 3 to 


6 weeks. The duration of the antibiotic therapy must be correlated with the clinical appearance of the wound, laboratory assessment of infection (i.e., 
erythrocyte sedimentation rate, C-reactive protein, and white blood cell studies) and bacteriologic reports. In the presence of infection, implants that provide 
stability should be retained to maintain stability. Nonetheless, if the implant is loose or the infection is recalcitrant, implants should be removed, and the 
fracture should be treated temporarily with external fixation. The use of hardware after sepsis requires careful judgment and should only be replanted when 
signs of infection have abated. The fracture should be followed carefully, and bone grafting may ultimately be necessary to prevent or treat nonunion. 13102 


The role of antibiotic-impregnated beads and Ilizarov external fixator remains controversial. 


KNEE STIFFNESS 


A common complication following distal femur fractures is loss of knee motion. This untoward complication invariably results from damage to the 
quadriceps mechanism and joint surface as a consequence of the initial trauma or surgical exposure for fixation or both. Quadriceps scarring with or without 
arthrofibrosis of the knee or patella—femoral joint is thought to restrict knee movement. These effects are greatly magnified by immobilization after fracture 
or internal fixation. Immobilization of the knee for periods of more than 3 weeks usually results in some degree of permanent stiffness. 

Early stable internal fixation of the fracture with meticulous soft tissue handling and immediate immobilization of the knee joint maximize the chance 
for an optimal outcome after a distal femur fracture. Most patients should have 90 degrees of knee flexion 4 weeks postoperatively. Patients who fail to 
regain knee motion during the first month are best treated with aggressive range-of-motion exercises under the direction of a physician and physical 
therapist. Failure to regain at least 90 degrees of knee flexion between 8 and 10 weeks postoperatively is worrisome and usually warrants additional 
treatment in physiologically young patients. One approach is to combine arthroscopic lysis of adhesions with gentle manipulation of the knee in an effort to 
regain functional knee motion. Forceful manipulation should be avoided, and immediate mobilization of the knee is essential to maintain knee motion. In 
open distal femur fractures, some component of knee stiffness is common. Patients with significant loss of motion after injury may be candidates for 
quadricepsplasty as a late reconstructive procedure. 


IMPLANT-RELATED PROBLEMS 


The relatively bulky nature of the implants used for fracture fixation often leads to local symptoms. This is particularly true for older implants such as the 
DCS, in which the “shoulder” between the compression screw and barrel of the side plate is prominent and a subset of patients may develop irritation over 
the implants laterally with symptoms of activity-related pain and crepitance. There are no firmly established criteria for hardware removal after 
supracondylar femur fracture fixation, but the most common indication for metal removal is local discomfort over the implant with activity in a 
physiologically young patient with a healed fracture. 

Two areas are particularly at risk for implant irritation problems after modern locked plating.*! First, patients sometimes complain of pain over the plate 
on the lateral femoral condyle where the iliotibial band may rub and become irritated as the tendon moves anteriorly and posteriorly with knee motion. 
Positioning of the plate flush with the lateral cortex appears important to avoid this problem. Second, surgeons who are unfamiliar with the trapezoidal 
shape of the distal femur (see Fig. 58-3) may insert screws that penetrate the medial cortex and irritate the medial soft tissues of the distal thigh and knee. To 
avoid this problem, surgeons must carefully measure the length for condylar screws, especially those placed anteriorly, and a 20- to 25-degree rollover C- 
arm view may be used to confirm length. Postoperatively, when long screws are bothersome, they can usually be removed as an outpatient procedure with 
minimal technical difficulty. 

In cases where stable internal fixation of distal femur fractures is achieved, primary bone healing results. With this pattern of fracture healing, there is 
little or no external callus if bone graft is not used. Because most supracondylar fractures involve both the metaphysis and lower diaphysis, internal 
remodeling is slow. Therefore, it seems prudent to defer hardware removal for 18 to 24 months in most patients to avoid refracture. In cases in which 
flexible fixation was used and callus is abundant, it may be safe to remove implants earlier, although this has not been proved clinically. 

Not all patients require implant removal. In most elderly patients, the risk of anesthesia and surgery probably exceeds the benefits to justify routine 
hardware removal. Nonetheless, if an elderly patient has persistent local pain and the fracture is healed, the implant can be removed if there are no medical 
contraindications. In physiologically young patients with little or no symptoms related to the implant, routine metal removal is not justified. 

After implant removal, the patient should be protected from full weight bearing with the use of crutches for 4 to 6 weeks. Return to vigorous activities 
and sports can be individualized, but probably should be deferred for 3 to 6 months. 


POSTTRAUMATIC ARTHRITIS 


The incidence of posttraumatic arthritis after supracondylar femoral fractures is unknown because no long-term outcome studies have been published. 
Nonetheless, incongruity of the joint surfaces is likely to be the leading cause of early arthritis. For many patients with fractures involving a weight-bearing 
joint, the injury often affects the normal function of the joint. Unfortunately, many patients with degenerative arthritis of the knee occurring after fracture 
are young adults and are not ideal candidates for knee arthroplasty. If the arthritis is limited to the medial or lateral compartment, a corrective osteotomy 
may be appropriate. In patients with severe disabling bicompartmental or tricompartmental arthritis, a total knee replacement may be indicated. Factors such 
as age, range of knee motion, presence or absence of flexion contractures, and infections play a major role in surgical decision making. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS FOR TREATMENT OF DISTAL FEMUR 


FRACTURES 


Major advances in the treatment of distal femur fractures have been achieved recently. Improved biology and fixation have improved outcomes to good or 
excellent in 80% of cases. Current problems with distal femur fractures, such as the optimal implant, management of bone loss, injury to the extensor 
mechanism, as well as postoperative knee stiffness, require further investigation. 
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Single-surgeon case series of 57 distal femur fractures were treated with indirect (biologic) 
reduction and internal fixation with a 95-degree angled blade plate. Healing was excellent 
with all fractures uniting without a bone graft or infection, and there was only one (2%) 
failure of fixation. 


Multicenter observational study of 31 distal femur fractures treated with plating using far- 
cortical locking (FCL) screws. There was only one treatment failure (3%) and none of the 
FCL screws broke or lost fixation. 


Review article discusses common surgical errors with the use of a lateral locking plate 
resulting in nonunion or hardware-related problems. 


Retrospective case control series of 101 patients where mechanical failure occurred after 
distal femoral locking plate fixation. Stainless steel implants failed more commonly in the 
working length with bend or break. Titanium LISS plate failure occurred by loss of shaft 
fixation with loosening of unicortical screws, and variable angle (VA)-LCP plates failed at 
the distal plate-screw junction. 


Large, multicenter randomized controlled trial of distal femur fractures treated with lateral 
locking plates versus intramedullary nails in 126 patients followed over 12 months who 
were randomized to plating (n = 64) and nailing (n = 62). Both groups were noted to still 
be affected by their fracture 12 months postinjury, however, there was no significant 
difference in functional testing, range of motion, walking ability, ability to manage stairs, 
and rate or type of adverse event between the groups. 


Retrospective cohort study of 135 patients of weight bearing in patients who underwent 
surgical fixation of an extra-articular DFF: Rate of early adverse events requiring 
reoperation was similar between the WBAT group (6, 10.7%) and the TDWB group (15, 
19.0%; p = .23). 


Retrospective study of prognosis in elderly patients with distal femur fracture: overall 
mortality was 13.4% in this population. Surgical treatment more than 48 hours after injury 
was associated with increased patient mortality. 


Retrospective radiographic study, where coronal plane (i.e., Hoffa’s) fractures were 
diagnosed in association with 77 (38%) of 202 distal femoral fractures. The authors 
strongly recommended preoperative computerized tomographic scanning of the distal 
femur in these cases. 


Multicenter, retrospective study of 335 distal fractures specifically evaluating for fixation 
failure and its risk factors. Sixty of 335 (19%) distal femur fractures required reoperation 
to achieve union. Risk factors identified for nonunion included open fracture, diabetes, 
smoking, increased body mass, and shorter plate lengths. 


Multicenter, retrospective study of 283 distal femoral fractures treated with locked lateral 
plates concentrating on the outcome of fracture nonunion (n = 28, 10%). Obesity, open 
fracture, infection, and stainless steel plates were identified as risk factors for nonunion. 


Retrospective radiographic analysis of cortical bridging on postoperative radiographs of 
82 distal femur fractures. Any radiographic cortical bridging by 4 months postoperatively 
was an accurate and reliable predictor of final healing. Assessment for bicortical or 
tricortical bridging was less reliable and inaccurate during the first postoperative year. 


Small retrospective series of 11 distal femur fractures of unstable distal femur fractures 
treated with typical lateral locked plating supplemented with a medial plate. The authors 
present their algorithm, technique, and results using this algorithm. Preliminary results 
demonstrate a high union rate with low complication rates. 


Mechanical testing of lateral locking plates specifically evaluating VA locking screws. 
Standard locking screws provided greater resistance to rotational failure at the screw—plate 
interface than VA locking systems. VA screws provided the greatest resistance to rotation 
when the screw was inserted perpendicular to the plate: as the off-axis angle increased, the 
resistance to rotation at the screw-plate interface decreased. 
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INTRODUCTION TO LOWER EXTREMITY PERIPROSTHETIC FRACTURES 


Periprosthetic fractures continue to increase in frequency. This is due, in part, to the increasing number of primary and revision arthroplasties performed 
annually and also to the increasing age and fragility of patients with such implants. All types of periprosthetic fractures can present unique and substantial 
treatment challenges. In each situation, the presence of an arthroplasty component either obviates the use of, or increases the difficulty of, standard fixation 


techniques. In addition, these fractures often occur in elderly patients with osteoporotic bone making stable fixation with traditional techniques even more 
problematic. 

The difficulty in management of periprosthetic fractures regardless of location is evidenced by the array of treatment options described in the literature 
without a clear consensus emerging on the most appropriate method.? 13-15 Treatment of the most common periprosthetic fractures, those of the femoral 
shaft and of the femoral supracondylar region, has focused on open reduction and internal fixation (ORIF) or revision arthroplasty procedures with or 
without supplementary autologous or allogeneic bone grafting.*°-°*7> More recent treatment strategies to accelerate weight bearing have suggested benefits 
with regard to mortality.!27129-194 Successful application of these strategies can be extrapolated to periprosthetic fractures in other anatomic locations but 
must also consider the fracture location relative to the arthroplasty component, the implant stability, the quality of the surrounding bone, and the patient’s 
medical and functional status.>” 


ASSESSMENT OF LOWER EXTREMITY PERIPROSTHETIC FRACTURES 


MECHANISMS OF INJURY FOR LOWER EXTREMITY PERIPROSTHETIC FRACTURES 


Low-energy falls account for the mechanism of injury in most patients with periprosthetic fractures of the lower extremity.”!!3-!53,214 These fractures tend 
to occur postoperatively. Postoperative low-energy falls account for greater than 75% of all periprosthetic femur fractures from the Swedish registry 
database.!°? Periprosthetic fractures are noted to be more common after revision arthroplasty than after primary arthroplasty. This is likely because of the 
reduced bone stock often present after revision. !°? High-energy trauma accounts for only a small percentage of periprosthetic fractures and these are usually 
associated with a more comminuted fracture pattern than seen with low-energy fractures. !4 Intraoperative fractures occur more commonly during revision 
procedures and with the implantation of large noncemented stems.!’,22! The risk increases when there is a mismatch between the shape of long prosthetic 
stems and the shape of the bone.®° Specific to periprosthetic fractures about a total knee arthroplasty (TKA), another mechanism is related to forced 
manipulation of a stiff knee. 


INJURIES ASSOCIATED WITH PERIPROSTHETIC FRACTURES 


Given the predominance of low-energy injury mechanisms associated with periprosthetic fractures, associated injuries are relatively uncommon. Of course, 
vigilance is required to avoid missing the occasional associated injury. On the occasion when a high-energy mechanism is the cause of a periprosthetic 
fracture, that patient should be evaluated just as any other patient with a high-energy injury mechanism. 


SIGNS AND SYMPTOMS OF LOWER EXTREMITY PERIPROSTHETIC FRACTURES 


When evaluating patients with obvious or even suspected periprosthetic fractures, the history should include a detailed account of the status of the 
arthroplasty including as much detail as possible on the date of implantation, the specific prosthesis used, the index diagnosis for implantation, and the 
relevant history related to the associated arthroplasty. Additional secondary procedures should be carefully cataloged as well as other complications such as 
prior infection. Occult infection may be associated with and potentially contributing to periprosthetic fracture.°° Laboratory markers such as erythrocyte 
sedimentation rate (ESR) and C-reactive protein, in the setting of fracture, are likely to be elevated regardless of infection status and are therefore of limited 
value for the diagnosis of infection in this setting.°° 

The baseline functional status specific to the involved joint as well as to the patient as a whole, such as handedness, occupation, ambulatory status, and 
any need for assist devices, are a standard part of the history. The time course of any recent change in status or symptoms related to the arthroplasty can 
heighten suspicion of a subtle periprosthetic fracture or prefracture implant loosening. A history of mechanical symptoms such as start-up pain, increasing 
difficulty with ambulation, progressive limb shortening, and deformity of the extremity are all associated with prosthetic loosening prior to the fracture and 
will impact the treatment. 

The standard comprehensive orthopaedic examination is warranted with specific attention to prior surgical wounds about the joint in question, the 
presence or absence of associated lesions such as venous stasis or diabetic ulcers of the ipsilateral or contralateral limbs, limb length evaluation, as well as 
strength and neurologic evaluation. Status of the abductors for the hip and the extensor mechanism for the knee are essential parts of the evaluation. 
Obviously, in cases of displaced fracture, many of these parameters will be abnormal and not represent the patient’s baseline status. However, it is still 
important to obtain a comprehensive history, as clues to potential etiologic factors to the acute fracture such as implant loosening, osteolysis, and infection 
may need to be addressed during the course of fracture repair. 

Direct observation of periprosthetic fractures occurs when the fracture happens intraoperatively. A pitch change during insertion of the trial or final 
prosthesis alerts the surgeon to the possibility of fracture and should prompt an appropriate investigation starting with direct observation. Similarly, an 
abrupt easing of insertion resistance can be a subtle sign of fracture or perforation. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR LOWER EXTREMITY PERIPROSTHETIC 
FRACTURES 


The diagnosis of a postoperative periprosthetic fracture is usually obvious. The patient typically has an abrupt onset of pain and deformity associated with 
trauma. However, more subtle fractures can occur especially when associated with significant osteopenia or osteolysis. In cases of fracture related to severe 
osteolysis, the trauma is usually trivial or absent. The extent of bone loss is usually significant and makes treatment more difficult. Although challenging, it 
is important to recognize these cases. Clinical suspicion is necessary to instigate a specific radiographic evaluation to rule out fracture. 

The standard radiographic evaluation of periprosthetic fractures should include plain AP and lateral views to include the joint in question and full-length 
radiographs of the bones above and below the joint. Attention should be paid not only to fracture specifics but also to an evaluation of the prosthesis relative 
to the fracture as well as the prosthesis relative to the native bone to which it is secured. It is useful to assess for prosthetic loosening, the presence of bone 
loss and osteolysis, and prosthetic and limb alignment. Prefracture radiographs, when available, can provide insight into the time course of any existing or 
impending prosthetic failure, specifically osteolysis, progression of cortical erosions, and presence of any cortical penetrations or notching. In addition, in 
more subtle cases, prefracture radiographs can help to identify subtle changes in implant position which may be the only clue to a loose implant associated 


with a fracture. Radiographic features of a loose stem include progressive change in stem position (e.g., subsidence), global radiolucency around the stem, 
distal pedestal formation, and cement mantle fracture (for cemented stems). Despite the radiographic appearance of implant stability, components may be 
loose based on intraoperative findings.“ Therefore, surgical planning should account for this contingency. 

Identifying a well-fixed stem is also important. Radiographic features of this include bony “spot welding” to the implant, proximal stress shielding or 
remodeling above a distally well-fixed stem, and distal bone condensation or remodeling around a proximally fixed stem. 

Diagnosis of intraoperative fracture can be from direct observation or indirectly based on suspicion from auditory changes in the pitch of sounds coming 
from mallet blows of a broach or implant. In such circumstances, intraoperative radiographs should be obtained to define the extent of the fracture, which 
can be more extensive than seen under direct vision. Immediate postoperative radiographs are done in many institutions and should be checked meticulously 
to ensure the imaged area is adequate to diagnose subtle fractures. 

Cross-sectional imaging is not routinely required to evaluate periprosthetic fractures. However, significant advances have been made to reduce metal 
artifact of both CT scans and MRI scans which may help in evaluating subtle fractures or in the evaluation of available bone stock for fracture 


repair. 183,188,269 


OUTCOME MEASURES FOR LOWER EXTREMITY PERIPROSTHETIC FRACTURES 


In the most general sense, the goals of periprosthetic fracture care are no different than the goals of treatment of any other periarticular fracture. These goals 
include timely and uncomplicated fracture union, restoration of alignment, and return to preinjury level of pain and function. By definition, periprosthetic 
fractures are not associated with normal joints. Neither baseline painless normal joint function nor normal anatomic alignment can be assumed. Therefore, 
return to normal function cannot necessarily be the postoperative goal. Instead, an accurate history of prefracture function should be elicited to help guide 
goals and prognosis. In the setting of a poorly functioning loose prosthesis, return to a better functional level after fracture fixation and revision arthroplasty 
may be a reasonable goal. If prefracture malalignment existed, a careful determination must be made whether restoring baseline alignment or normal 
alignment should be the goal. This decision is often predicated on the alignment of the prosthesis relative to the bone on the nonfractured side of the joint, 
which may provide an inherent compensatory alignment. A unique consideration when treating periprosthetic, rather than native, periarticular fractures is 
the consideration of prosthesis stability and the potential need for future revision arthroplasty. The additional goal therefore is to assure stability of the 
prosthesis and restoration of adequate bone stock to maximize the potential success of any subsequent procedures. 


PERIPROSTHETIC ACETABULAR FRACTURES 


CLASSIFICATION OF PERIPROSTHETIC ACETABULAR FRACTURES 


Peterson and Lewallen distinguished two types of periprosthetic acetabular fractures based on the stability of the acetabular component.*°° Type I fractures 
are associated with a radiographically stable component, one where there was no change in the position of the component compared with that seen on 
radiographs made before the fracture (if available) and where gentle passive range of motion (ROM) of the hip caused little or no pain. Fractures were 
considered type II if the acetabular component was obviously displaced or radiographically loose and there was notable pain with any motion of the hip. 
This classification scheme neither accounts for the morphology of the fracture nor does it include the relative location of the fracture. A modification of the 
acetabular fracture classification system of Letournel (see Chapter 51) that includes a category for fractures of the medial wall of the acetabulum, a location 
that is common when these fractures occur postoperatively, provides more insight into the fracture pattern and location. In Peterson’s series of postoperative 
periprosthetic acetabular fractures occurring at an average of 6.2 years after the index arthroplasty procedure, there were eight type I fractures and three type 
II fractures.2°° Medial wall fracture was the most common pattern (5/11) followed by posterior column in three, transverse in two, and anterior column in 
one patient. Given the need to consider both the stability of the component and the fracture location and pattern to determine a treatment plan, it seems that 
neither classification system is sufficient without consideration of the other. 


INCIDENCE OF AND RISK FACTORS FOR PERIPROSTHETIC ACETABULAR FRACTURES 


Periprosthetic acetabular fractures are very uncommon. They may occur intraoperatively or postoperatively. Intraoperative fractures are most commonly 
associated with insertion of noncemented components.?***° Identification of intraoperative fractures can be difficult. It has been suggested that published 
results of intraoperative fractures that use only AP radiographs for diagnosis may underestimate the true incidence as oblique views were found to be 
required to accurately identify the presence of an occult fracture.!*! A study utilizing CT to evaluate patients with unexplained early postoperative groin 
pain in primary total hip arthroplasty (THA) found a substantially higher rate of periprosthetic acetabular fracture (6.9%) than most other studies that have 
relied primarily on x-ray for this diagnosis.*”” The incidence of intraoperative fracture was found to be 0.3% in a series of 7,121 primary THAs performed 
at the Mayo Clinic between 1990 and 2000.94 All 21 fractures occurred during insertion of a noncemented component resulting in a fracture incidence of 
0.4% for noncemented components and 0% for cemented components. The fracture occurrence was most common during impaction of the final component 
(16/21) but fracture was also noted to occur during reaming (3/21) and initial dislocation (2/21). This study also demonstrated that elliptical designs had a 
significantly higher rate of fracture (0.7%) compared to hemispherical designs (0.09%). This increased risk of fracture with elliptical designs was largely 
related to the association with a monoblock design, one with the liner bound to the shell such that visualization of implant seating through screw holes is not 
possible. Monoblock elliptical components had a 3.5% incidence of fracture whereas modular elliptical components had a 0.3% incidence. There was no 
statistical difference in fracture between the modular elliptical and hemispherical designs supporting the theory that the reduced feedback from the 
monoblock design may be a greater contributing factor than the elliptical shape. A recent study using postoperative CT scans found much higher rate of 
occult fracture, 8.4%, in a series of THAs with noncemented acetabular components.°? Similar to the older Mayo Clinic study, the use of peripheral self- 
locking cups was associated with an increased risk of occult fracture (odds ratio [OR], 2.6 compared with hemispheric cups; 95% CI, 1.2-5.6; p <.05). 
These occult fractures appeared to be of little consequence as all these patients showed bone ingrowth fixation at the final follow-up, without any additional 
surgical intervention. 

The size of the component relative to the reamed acetabulum also affects the risk of fracture. In a cadaveric study, there were more fractures with 
components oversized by 4 mm than with components oversized by 2 mm.!?! This study also showed that more force was required to seat the 4-mm 
oversized components (3,000 N) than the 2-mm oversized components (2,000 N). 


Postoperative periprosthetic acetabular fractures have an exceedingly low rate of occurrence. In another largely cohort study from the Mayo Clinic 
(23,850 patients), the incidence of postoperative acetabular fracture was 0.07%.2° 

A number of factors have been implicated to be associated with postoperative periprosthetic acetabular fracture. Although low-energy trauma, most 
notably falls from a standing height, is the most common mechanism,” fractures may also be seen without antecedent trauma or on occasion from high- 
energy trauma.’?°® In some occult cases, especially those diagnosed soon after arthroplasty, a missed intraoperative fracture may be causative. De novo 
fractures in the postoperative period that are not associated with trauma are normally associated with reduced bone quality or quantity or both. Osteolytic 
lesions clearly reduce bone stock and not surprisingly fractures through such lesions have been reported.*7° An apparent acetabular fracture years removed 
from surgery with minimal trauma is likely related to progressive particle disease. Based on indirect evidence, usually in the form of a disproportionately 
high ratio of females, many authors have implicated osteoporosis as a risk factor.°*72°244 Weakening of the pelvic bone stock associated with reaming 
required to obtain a secure fit of a large-diameter hemispherical component for revision resulted in a 1.2% incidence of transverse acetabular fracture 
without associated trauma.2“* Stress fracture has also been reported in association with primary cemented and revision arthroplasty and should be 
considered with acute pain onset especially when associated with abrupt increased activity level.°:!73 Infection may be an etiologic factor predisposing to 
stress fracture!’ and therefore concomitant infection should be considered anytime a stress fracture is identified. The prudent clinician should also consider 
periprosthetic acetabular fracture whenever there is an acute onset of pain associated with THA especially in situations with compromised bone stock. 

Avoidance of fracture may be the first step. To this end, the degree of reaming is of paramount importance. Too much reaming, especially in the revision 
setting where bone stock is already compromised or in the presence of severe osteoporosis, should be avoided. Careful reaming without violation of the 
acetabular walls including the medial wall will reduce risk for fracture and also provide the necessary foundation for component stability.°! The degree of 
reaming relative to the size of an uncemented implant is also critical. Underreaming of the acetabulum more than 2 mm is ill advised as the more oversized 
the component is the higher is the risk of fracture.'?! Trialing is helpful to identify areas of impingement and the aggressiveness of the bony press fit. Care 
must also be exercised during insertion of the component. Excessive force should be avoided and failure of the component to seat properly with successive 
mallet blows should be an indication for increased caution and possibly additional reaming. 


TREATMENT OF PERIPROSTHETIC ACETABULAR FRACTURES 


Treatment of periprosthetic acetabular fractures requires consideration of many factors. In addition to the obvious consideration of patient factors, such as 
medical condition and functional demands, the timing of the fracture (intraoperative or postoperative), the displacement, the location, and the stability of the 
component should be accounted for in the decision algorithm, the overall goals being union of the fracture and return of the patient to their prefracture 
functional level with a stable acetabular component. 


Nonoperative Treatment of Periprosthetic Acetabular Fractures 


Nonoperative treatment of a periprosthetic acetabular fracture is not usually indicated when associated with a loose or unstable component. For early 
fractures, those identified on radiographs shortly after surgery, nonoperative treatment may be an option assuming that the component had good stability 
intraoperatively and did not migrate on serial x-rays, and that there is no pelvic discontinuity or major interruption of the columns. For late fractures 
associated with osteolysis (and usually with trivial trauma) there are only rare indications for nonoperative treatment. For those late fractures associated with 
a significant high-speed mechanism in a well-functioning hip without osteolysis, nonoperative treatment has a role if the pelvic fracture does not destabilize 
the socket or predispose to migration (similar criteria as in the immediate postoperative period). 


Operative Treatment of Periprosthetic Acetabular Fractures 


Operative management of periprosthetic acetabular fractures can take many forms. The strategy is determined by a number of factors: the timing of the 
diagnosis (intraoperative or postoperative), the stability of the acetabular component, the fracture location, and the fracture displacement. Fixation of 
minimally displaced fractures identified intraoperatively can be achieved with screws through a multihole acetabular component. More widely displaced 
fractures may require formal ORIF with plate fixation with revision of the acetabular component.”? Percutaneous screw fixation utilizing computer 
navigation has also been reported.8” 


Treatment of Intraoperative Periprosthetic Acetabular Fractures 


Treatment of intraoperative acetabular fractures begins with the evaluation of the acetabular component stability and definition of the fracture location and 
displacement. Any change in pitch upon implantation of the component or sudden loosening of a component should alert the surgeon to the possible 
presence of a periprosthetic fracture. The acetabular shell should be removed and the pelvis visually inspected systematically with particular attention to the 
posterior column, dome, and anterior column. Intraoperative radiographs may help define the location and degree of displacement. Anteroposterior 
radiographs alone may not be sufficient to identify such fractures, therefore obturator and iliac oblique views should also be included.!2! Small fractures of 
either the anterior, medial, or posterior walls may not affect the stability of the implant and can be treated without any further surgery. If the component is 
relegated unstable by a large wall fracture or a fracture that traverses one of the acetabular columns, then additional steps are required to ensure component 
stability that may involve adjunctive fracture fixation. When the fracture is nondisplaced, screw fixation through holes in the acetabular component may be 
sufficient to provide component stability. However, if a column is involved there should be a low threshold for independent reduction and plate and screw 
fixation of the acetabular fracture, especially if it is displaced.'*° Bone grafting of the fracture site with reamings or morselized femoral head may be 
beneficial to speed fracture healing.? After plate and screw fixation of the acetabulum, the acetabulum should be reamed line-to-line for a new multihole 
component which is carefully impacted and then stabilized with multiple screws. When possible, screws on either side of the fracture are preferred. Weight 
bearing is typically restricted for at least 6 weeks based on radiographic and clinical evidence of fracture healing unless the fracture is of the acetabular wall 
and is very small. 


Treatment of Postoperative Periprosthetic Acetabular Fractures 


Postoperative periprosthetic acetabular fractures are very different than those occurring intraoperatively. Intraoperative fractures are usually minimally 
displaced, most commonly involve the acetabular walls rather than columns, generally require minimally additional surgical management, and are generally 
associated with good results. Postoperative fractures, on the other hand, are usually more complex, require a greater degree of surgical intervention, and in 


general have poorer results. Before treatment can be instituted, etiologic factors should be considered, the stability of the cup determined, and the available 
bone stock quantified. 

Fractures about stable components (type I fractures) with good bone stock can be expected to have a high union rate with nonoperative management 
consisting of protected weight bearing for 6 to 12 weeks. Despite union and in distinction from similar intraoperative fractures, the fate of the component is 
dubious. These components have a high likelihood of loosening and therefore have results inferior to those seen for type I fractures occurring 
intraoperatively. Immediate surgical treatment for fractures with stable components in the absence of osteolysis may be indicated for widely displaced 
fractures. Component revision should be considered to accompany reduction and fixation of the fracture in such instances; however, there is little in the way 
of published results to guide this decision making. 

Fractures that are associated with a loose acetabular component, type II fractures, or those where the fracture displacement dislodges the weight bearing 
portion of the ilium from the component generally require revision of the acetabular component and supplemental fracture fixation with plates and screws 
(Fig. 59-1). The type of component revision is highly dependent upon the available bone stock. CT scan is useful to identify the type of reconstruction 
option needed. If there is an intact posterior column and dome, bone grafting and use of a hemispherical revision socket with screws are feasible though 
backup options should always be available. In cases with severe osteolysis or pelvic discontinuity, reconstruction typically requires bone grafting, augments, 
a reconstruction cage, or some combination of these methods. After removal of the acetabular component, the fracture is fixed with plates and screws based 
on the fracture pattern to restore, to the extent possible, the integrity of the acetabular columns. Bone grafts, either morselized or structural depending upon 
the size and location of the defect, are used to reestablish any residual structural deficiencies. A large multihole cup with screws or a cage is used to 
complete the reconstruction. Unique nonconventional methods to reconstruct the acetabulum in a manner that permits safe early weight bearing have 
recently been reported,*!! but are not mainstream. Further, minimally invasive percutaneous fixation of anterior column fracture components has been 
advocated in a select population of very elderly female patients.*®* There are little published data to guide subtle variations in treatment or to establish 
prognosis. 


L M 


Figure 59-1. A: AP pelvis prior to left periprosthetic acetabular fracture. B: AP pelvis immediately after motor vehicle accident showing transverse periprosthetic 
acetabular fracture with disruption of cup from weight-bearing portion of acetabulum. C: AP pelvis 6 weeks after fracture showing minimal progression of healing. D: 
CT reconstruction confirming nonunited fracture. Displaced fracture through posterior column of acetabulum prior to removal of acetabular component (E), during 
removal of acetabular component (F), and after removal of acetabular component (G). H: Fixation of the acetabular fracture was with posterior column plates and lag 
screws. I, J: Reconstruction was with a new noncemented acetabular component after reaming. K-M: By 4 months postoperatively, radiographs confirmed union of the 
fracture. 


Periprosthetic acetabular fractures in association with osteolysis have been the subject of case reports.2*?78 Regardless of the healing potential of the 
fracture, which in most cases is nondisplaced, surgical management is indicated for the underlying osteolytic process as well to deal with the loose 
component that in most instances accompanies these fractures. Treatment is primarily directed to management of the osteolytic lesions with bone graft. 
Revision of the acetabular component is usually required even if stable so that adequate access to the lesions for bone grafting can be accomplished. 


Open Reduction and Internal Fixation of Periprosthetic Acetabular Fractures 


ORIF of Periprosthetic Acetabular Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table that allows imaging of the hip and pelvis 
Position/positioning aids LJ Lateral position for Kocher approach, supine for anterior approaches 
Fluoroscopy location LJ Opposite from operating surgeon 

Equipment Reduction clamps specific to ORIF of acetabular fractures 


Retractors specific to ORIF of acetabular fractures and THA 


Bone mill or other method to morselize allograft 


Implants LJ 3.5-mm pelvic reconstruction or specialty acetabular fixation plates and associated screws, 4.5-mm screws, cannulated 
screws (5.0-6.5 mm) 
LJ Array of acetabular arthroplasty components including: 
e Cups with multiholes 
e Jumbo-sized cups with augments 


e Acetabular cages 
e Allograft 


Component revision, ORIF, and bone grafting should be prepared for, even if one or more of these options is considered unlikely based on preoperative 
assessment. Intraoperative findings can be different than expected based on preoperative evaluations. An array of acetabular components may be required, 
including multiholed cups, jumbo sizes, as well as cages. ORIF of periprosthetic acetabular fractures requires standard 3.5-mm pelvic reconstruction plates 
and 3.5-mm cortical screws. 4.5-mm cortical screws may also be required, either to serve as anchor points for reduction clamps or as a lag screw across a 
column fracture. Specialized clamps (see Chapter 51) are often required for the reduction maneuvers. Allograft, usually in the form of morselized femoral 
head or cancellous croutons or chips, is typically used for osteolytic lesions. 


The patient is generally positioned laterally on a radiolucent operating table with a beanbag used for support. Peg boards and other positioners often used for 
positioning during hip arthroplasty are typically not radiolucent, so they should be avoided when fracture fixation will require fluoroscopy. 


Although other approaches can be successfully utilized for hip arthroplasty, simultaneous fixation of the acetabular fracture, and management of the 
acetabular component generally necessitate the posterior Kocher—Langenbeck approach. The C-arm for intraoperative fluoroscopic imaging is placed from 
the front of the patient, on the side opposite to the operating surgeon. The knee should remain flexed throughout the procedure to reduce tension and risk of 
injury to the sciatic nerve.”° 


Technique for Open Reduction and Internal Fixation of Periprosthetic Acetabular Fractures 


KEY SURGICAL STEPS 


/ | ORIF of Periprosthetic Acetabular Fractures With a Stable Cup: 


LJ Expose the acetabulum including the posterior wall and column 
e Protect the sciatic nerve with retractors, hip extension, and knee flexion 
Identify and debride fracture lines and fragments 
Confirm cup stability 
Graft osteolytic lesions through the fracture or via a separate window 
e Be careful to avoid blocking the fracture reduction 
e If window is used for grafting, this step can come after reduction and fixation 
Apply reduction maneuvers and clamp fracture 
Insert a lag screw, if possible, across the fracture for provisional fixation 
Definitively stabilize fracture with a contoured 3.5-mm reconstruction plate or specialty plates. Supplement fixation with cannulated column screws 
as needed. 

LJ Standard closure 


Details for the surgical technique for ORIF of acetabular fractures as presented in Chapter 50 generally apply to ORIF of periprosthetic acetabular fractures. 
The differences come with regard to management of the acetabular cup and any associated osteolytic lesions. When the cup is stable, steps for ORIF of the 
periprosthetic acetabular fracture are little different from ORIF of a native fracture. Exposure is followed by identification and debridement of the primary 
fracture lines. Cup stability should be confirmed and osteolytic lesions bone grafted through the fracture if easily accessible. Care must be taken not to 
overpack the lesion so as to prevent fracture reduction. An alternative to filling osteolytic lesions through the fracture is to fill them through separate cortical 
windows, which can be done after reduction of the fracture. A basic tenet of acetabular fracture surgery is anatomic reduction of the articular surface. In the 
presence of an acetabular cup, such precision is not required, but anatomic reduction should still be strived for to maximize healing potential. Fixation of 
reduced fractures is with standard pelvic reconstruction plates and screws. 


KEY SURGICAL STEPS 


,/ | ORIF of Periprosthetic Acetabular Fractures With an Unstable Cup: 


LJ Expose the acetabulum including the posterior wall and column 
e Protect the sciatic nerve with retractors, hip extension, and knee flexion 
Perform a hip arthrotomy 
= Dislocate the prosthetic femoral head, consider removing the modular head from stem, and retract femur anteriorly to expose the acetabular 
component 
Remove the loose cup 
Identify and debride fracture lines and fragments from within the acetabulum 
Apply reduction maneuvers and clamp the fracture 
Insert a lag screw(s), if possible, across the fracture for provisional fixation 
Definitively stabilize fracture with a contoured plate(s) and supplement with cannulated column screws as appropriate 
Gently ream the acetabulum in preparation for a new cup 
Fill osteolytic lesions and bone defects through exposed acetabular surface (use reamings) 
Implant and secure new acetabular component 
Reduce hip 
Reconstruct posterior pseudocapsule 
Standard wound closure 


When the acetabular component is loose, surgical treatment includes component revision. The loose component can be removed usually before fracture 
reduction. Sometimes the presence of the loose cup can provide a template for fracture reduction. More often, the component is removed after exposure and 
prior to fracture reduction. The femoral head is dislocated from the component and retracted anteriorly to allow unencumbered exposure to the acetabulum. 
This can require wide exposure and extensive release of the soft tissues about both the acetabulum as well as the proximal femur. The fracture can be 
visualized and debrided from the inner surface of the acetabulum, a luxury not afforded during surgery of native acetabular fractures. Fracture reduction and 
fixation as described previously are followed by reaming of the acetabulum in preparation for the new component. Grafting of any bone defects can utilize 
reamings and/or allograft followed by implantation of a new acetabular component. When massive bone loss is present, reconstruction with an acetabular 
cage is indicated. 


Potential Pitfalls and Preventive Measures for Open Reduction and Internal Fixation of Periprosthetic Acetabular Fractures 


ORIF of Periprosthetic Acetabular Fractures: 


SURGICAL PITFALLS AND PREVENTIONS 


Pitfalls Preventions 


Cup instability e Obtain accurate history of potential prefracture implant instability 
e Careful evaluation of pre- and postfracture imaging 
e Careful intraoperative assessment of cup stability even when history and radiographs indicate cup stability 


Fracture malreduction and/or nonunion e Careful preoperative evaluation of fracture morphology with Judet radiographs and CT scanning 
e Comprehensive plan for reduction and fixation based on principles of acetabular fracture management 


Missed intraoperative fracture during index THA e Low threshold for intraoperative radiographs with any suspicion for intraoperative fracture 


It is often difficult to determine the status of the acetabular cup stability after periprosthetic acetabular fracture. A careful history of signs of cup loosening 
prior to fracture as well as careful scrutinization of prefracture radiographs, if available, and postfracture radiographs with particular attention to cup 
stability should be performed on a routine basis. Even when preoperative evaluation points to a stable cup, careful intraoperative evaluation of component 
stability should be performed. Because unexpected cup instability can occur, the surgeon should be prepared for cup revision in all operative cases for 
periprosthetic acetabular fracture. 

Because there is no articular surface remaining, it is tempting to settle for an imperfect fracture reduction. Poor reduction with remaining fracture gaps 
can lead to nonunion and therefore efforts should be made to obtain an anatomic reduction. To obtain a satisfactory reduction, careful preoperative 
evaluation of the fracture morphology and a comprehensive plan for reduction and fixation, just as is performed for native acetabular fractures, should be 
performed. Occasionally, an intraoperative acetabular fracture is identified postoperatively. Although usually these are minimally displaced and can be 
treated nonoperatively with good results, occasionally these fractures require revision surgery. To avoid missing intraoperative fractures, a low threshold for 
intraoperative imaging should coincide with any suspicion of intraoperative fracture. 


OUTCOMES FOR PERIPROSTHETIC ACETABULAR FRACTURES 


Sharkey et al.?°° identified nine intraoperative fractures. Two were small posterior wall fractures that did not compromise component stability and therefore 
had no additional treatment and were allowed immediate weight bearing. One similar fracture had no additional intraoperative treatment but had restricted 
postoperative weight bearing. The other six were managed with screws, either through the component or placed peripherally outside the cup. In four of 
these, autograft was packed into the fracture site. Other than one patient who required resection arthroplasty because of infection, all fractures healed and no 
patient required revision at an average follow-up of 42 months. Haidukewych et al.°* identified 21 intraoperative fractures occurring during primary 
arthroplasty. Seventeen were judged not to compromise component stability and received no additional intraoperative treatment. In 4 of their 21 patients, the 
component was found to be unstable necessitating a change in component to one that provided supplemental screw fixation. No adjunctive plates or screws 
outside the component were used. All patients were treated with protected weight bearing. All fractures healed and no patient required revision for 
loosening at an average follow-up of 44 months. 

In the series of Peterson and Lewallen,?°° 75% of patients treated nonoperatively for a type I fracture (stable component) eventually required revision of 
their acetabular component. Of the eight fractures, six healed but four eventually required revision of the acetabular component for loosening. The other two 
patients developed delayed union or nonunion and both eventually required revision. The fractures in the two patients without revision healed and they had 
no requirement for subsequent revision. All eight patients had a stable prosthesis at a mean of 36 months after their latest revision procedure. 

Springer et al.244 reported seven displaced transverse periprosthetic acetabular fractures after uncemented acetabular revision about well-fixed 
components. Two were identified on routine radiographs, were asymptomatic, and were treated nonoperatively with a period of protective weight bearing 
and healed. Of the five symptomatic patients all were treated operatively. Four patients with the component well fixed to the superior portion of the ilium 
were treated with ORIF of the posterior column of the acetabulum without revision of the acetabular component. In one case where the cup was fixed to the 
inferior, ischial segment treatment was with a reconstruction cage. Of the five operatively treated fractures, one went on to nonunion and the other four 
healed and at the latest follow-up had a stable, well-fixed cup. 

Two patients in the series of Peterson and Lewallen with type II fractures had immediate revision of the acetabular component without adjuvant plate 
and screw fixation of the fracture.2°° In one, a cemented component was used and the fracture healed. The other was revised with a noncemented component 
with screw fixation through the shell. This patient went on to nonunion and required repeat revision with a cemented acetabular component and plate and 
screw fixation of the acetabular nonunion. Desai and Ries reported on two cases of likely missed intraoperative pelvic fractures associated with pelvic 
discontinuity in octogenarian patients with poor bone quality. This report emphasizes the importance of meticulous attention to bone preparation, 
appropriate underreaming for the socket, careful insertion, and awareness of potential fractures because the salvage for these fractures consists of extensive 
pelvic reconstruction. 


Author’s Preferred Treatment of Periprosthetic Acetabular Fractures ( 


Periprosthetic 


acetabular fracture 


Stable component Unstable component 


Stable fracture pattern 
(e.g., anterior column, 
iliac wing or medial 
wall only) 


Unstable fracture Stable fracture Unstable fracture 


pattern (e.g., posterior pattern pattern 
column or transverse) 


Protected Acetabular component Pelvic discontinuity Pelvic discontinuity 
weight bearing and revision with without major bone with major segmental 


serial radiographs multidirectional screw loss bone loss 
fixation + bone 


grafting 


Posterior column 
plating and acetabular Pelvic cage with bone 
component revision grafting or a cup/cage 


with multidirectional construct with bone 
screw fixation + bone grafting 
grafting 


Algorithm 59-1 Author’s preferred treatment for periprosthetic acetabular fractures. 


The optimal treatment of periprosthetic acetabular fractures is primarily dictated by component stability and fracture pattern stability. In the setting of a 
stable component, stable fracture patterns are generally treated nonoperatively with protected weight bearing. Fracture patterns of this type include non- 
or minimally displaced anterior column fractures, fractures of the iliac wing, or medial wall fractures. Close follow-up, with weekly or biweekly 
radiographs are used to confirm progressive healing without secondary loss of reduction. Weight bearing is increased at about 6 weeks based on clinical 
and radiographic evidence of fracture healing. 

Surgical treatment with ORIF is preferred for management of unstable fractures about a stable acetabular component. Typical patterns of bony 
injury encountered in this scenario are displaced posterior column or transverse fractures. The fixation strategy, surgical approach, and implants are 
dictated by the details of the fracture pattern and generally follow those utilized for treatment of native acetabular fractures. Adjuvant bone grafts in 
these situations are generally not indicated. 

In the setting of an unstable acetabular component, treatment requirements become much more complex. In such cases when there is a stable 
fracture pattern, revision of the acetabular component may be all that is required with a press-fit shell using multiple screw fixations on either side of the 
fracture may serve to provide a stable component as well as help stabilize the fracture. When the periprosthetic fracture involves both an unstable 
component and an unstable fracture pattern, the degree of bone loss should also be considered in the treatment algorithm. When there is no substantial 
bone loss, fixation of the unstable acetabular fracture as well as revision of the loose acetabular component is recommended. This usually takes the form 
of plating of the posterior column of the acetabulum. Revision also includes use of multiple screws preferably on either side of the major fracture line. 
In the setting of a pelvic discontinuity, reconstruction of the columns of the acetabulum may require substantial structural bone grafting with the 
possibility of the use of an acetabular cage. These cases represent some of the most challenging acetabular revisions and should be undertaken by an 
experienced surgical team with a substantial number of necessary resources available. 


PERIPROSTHETIC FRACTURES ABOUT FEMORAL RESURFACING 


Hip resurfacing arthroplasty is currently considered as a reasonable alternative to THA in a select patient population. Periprosthetic fracture during or after 
femoral resurfacing is a potentially devastating complication that requires abandonment of this arthroplasty technique and conversion to THA. The 
prevalence of periprosthetic fracture about hip resurfacing components has been identified as being approximately 1% in most studies but as high as 2.5%. 
Multiple large cohort studies have produced similar low short-term fracture rates. Fifty fractures were identified from 3,497 Birmingham hips inserted by 89 
different surgeons (1.46%),?°8 5 fractures were found in a series of 600 metal-on-metal surface arthroplasties (0.8%),° and 1 fracture occurred in another 
series of 230 Birmingham hip resurfacings (0.4%).!? Another study of 550 cases revealed an overall fracture rate of 2.5%, but 12 of 14 fractures occurred in 
the first 69 resurfacing procedures performed by a single surgeon.!°! After the first 69 cases, the incidence of fracture dropped to 0.4% demonstrating the 
importance of surgeon experience. It should be noted that long-term fracture rates remain largely unknown. Extrapolation of data for periprosthetic femoral 
shaft fractures about traditional femoral stems would indicate that these low rates of fracture about resurfacing implants may rise substantially at longer 
follow-up. However, the younger age of patients undergoing resurfacing may be protective against such a late rise in periprosthetic fracture rates. 

The risk of periprosthetic fracture has been tied to subtle aspects of surgical technique, bone quality, and patient selection. Notching of the superior 
aspect of the femoral neck, a varus position of the femoral component, and inadequate coverage of the reamed portion of the femoral head have each been 
implicated as surgeon-controlled risk factors for periprosthetic fracture®:?38 that may be present in up to 85% of these fractures.?? Biomechanical analyses 


support the clinical findings that a valgus orientation decreases the risk of femoral neck fracture!5”7!® and suggested that maximum valgus, while avoiding 
notching, may provide maximum protection from periprosthetic fracture.7!° Poor bone quality has been subjectively described as a risk factor for 
periprosthetic fracture.!”° This theory is supported by biomechanical investigation, but bone quality was found to be less important than varus—valgus 
orientation of the component.!! A change in indications was one factor attributed to a reduction in femoral neck fracture rate from 7.2% to 0.8% although 
the specific changes were not detailed and technique modifications occurred simultaneously. The technical aspects may have been largely responsible for 
the reduced fracture rate seen.!’”° Another study suggested that female gender and obesity may be patient-related risk factors for fracture.!*! 


CLASSIFICATION OF PERIPROSTHETIC FEMUR FRACTURES AFTER HIP RESURFACING 


No universally accepted or tested classification of periprosthetic femoral fractures associated with hip resurfacing currently exists. A systematic analysis of 
107 specimens retrieved at the time of revision hip arthroplasty because of periprosthetic fracture revealed three distinct fracture patterns.78? Type A were 
described as biomechanical fractures, type B as acute postnecrotic fractures, and type C chronic biomechanical fractures. Type A fractures occurred at an 
average of 41 days postoperatively. They were characterized by changes consistent with acute fracture without signs of osteonecrosis, regenerative fibrosis, 
or vascular proliferation. Type B fractures occurred at an average of 149 days postoperatively, and all these fractures were associated with osteonecrosis. 
Type C fractures were seen at an average of 179 days postoperatively. These were characterized by evidence of refracture or pseudoarthrosis through a 
previous fracture. Fractures were also categorized based on the location of the fracture, inside or outside the bounds of the edge of the femoral head 
component. Most occurred inside the femoral component (59%). All acute biomechanical fractures were located exclusively outside of the component and 
were located in the neck. 


TREATMENT OF FRACTURES ABOUT FEMORAL RESURFACING 


Nonoperative management is cited as a viable treatment option for nondisplaced femoral neck fractures associated with hip resurfacing.*°47!!* Fractures 
that are completely displaced or those with components that have shifted are generally treated with revision arthroplasty. 

Although nonoperative management has been described for nondisplaced fractures of the femoral neck associated with hip resurfacing,*° revision to a 
conventional THA is typically performed.®!°.283 There is a limited role for internal fixation of these femoral neck fractures after resurfacing (Fig. 59-2), 
with successful plate and screw fixation and intramedullary nailing (IMN) reported for management of intertrochanteric and subtrochanteric fractures in the 
setting of hip resurfacing.??!9° 


OUTCOMES FOR FRACTURES ABOUT FEMORAL RESURFACING 


Cossey et al.*° reported on seven patients with nondisplaced femoral neck fractures associated with the Birmingham hip resurfacing procedures that were 
treated nonoperatively. All fractures occurred within 4 months of surgery, and all were treated with non—weight bearing. At a minimum of 16 months after 
fracture, all fractures were united and all patients were without impaired function. One patient was noted to have marked femoral neck narrowing that 
appeared asymptomatic. Jacobs et al.!!? described 13 patients treated nonoperatively for femoral neck fracture after hip resurfacing. All healed with 
nonoperative management; however, four healed in varus. No follow-up beyond fracture healing was presented, so the consequence of varus union in this 
population remains unknown. Nonoperative management for nondisplaced fractures and revision to THA for displaced fractures were advocated. 


Author’s Preferred Treatment of Periprosthetic Fractures About Femoral Resurfacing 


These are very uncommon fractures so experience treating them is limited. Anecdotal success has been experienced with ORIF using a proximal femur 
locking plate that provides multiple points of fixation within the head fragment (see Fig. 59-2). When there is substantial comminution, limited bone 
stock in the head or limited ability to get multiple screws in the head fragment, revision to a standard hip arthroplasty stem is preferred. 


c 


Figure 59-2. AP and lateral radiographs of a periprosthetic proximal femur fracture around a hip resurfacing (A, B) treated successfully with plate and screw fixation 
(C, D). 


PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL HIP ARTHROPLASTY 


CLASSIFICATION OF PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL HIP 
ARTHROPLASTY 


The Vancouver classification is most useful to direct communication about and treatment of periprosthetic femoral shaft fractures about hip arthroplasty 
stems.°” Its reliability and validity have been confirmed and therefore it represents the current standard for assessing and reporting these 
fractures.2!57,78.182,209 Tt considers the location of the fracture relative to the stem, the stability of the implant, and associated bone loss (Fig. 59-3). Type A 
fractures are in the trochanteric region, type B fractures involve the area of the stem, and type C fractures are distant to the tip of the stem such that their 
treatment is considered independent of the hip prosthesis (except relating to overlap of the fixation device and the prosthesis). Type A fractures are 
subdivided into fractures of the greater trochanter, Ag (Fig. 59-4), and the much less common fractures about the lesser trochanter, A; . Type B fractures are 
also further subdivided: B1 fractures are associated with a stable implant, B2 fractures are associated with a loose implant, and B3 fractures are associated 
with bone loss and usually a loose implant (Table 59-1). The ability to distinguish a well fixed from a loose implant in the setting of periprosthetic fracture 


may be difficult; therefore intraoperative testing of implant stability and preparation for dealing with a loose stem are prudent.*°° The original Vancouver 
classification was developed to describe postoperative fractures but has been expanded to address intraoperative periprosthetic femur fractures.!°* Similar to 
the original, the intraoperative Vancouver classification divides fractures into three zones: type A being of the proximal metaphysis without extension to the 
diaphysis, type B are diaphyseal about the tip of the stem, and type C fractures extend beyond the longest revision stem and include fractures of the distal 
metaphysis. The subclassification of each type distinguishes the intraoperative from the postoperative classification and reflects fracture stability: subtype I 
represents a simple cortical perforation, subtype II is a nondisplaced linear cortical crack, and subtype III is a displaced or otherwise unstable fracture (Table 
59-2). The treatment options for fractures occurring intraoperatively vary somewhat based on when the fracture was detected. Intraoperative identification, 
in general, leads to more surgical interventions than identification in the recovery room or later. 


Figure 59-3. Vancouver classification for periprosthetic fractures about femoral hip arthroplasty stems. Type A fractures are subdivided based on fracture location at 
the greater trochanter (type A) or at the lesser trochanter (type A, ). Type B fractures are subdivided based on presence of a well-fixed stem (type B1), a loose stem 


(type B2), or poor bone stock in the proximal fragment (type B3). Type C fractures are distal to stem tip. 


ure 59-4. A minimally displaced fracture of the greater trochanter (Vancouver type A) that occurred postoperatively. 


INCIDENCE OF AND RISK FACTORS FOR PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL 
HIP ARTHROPLASTY 


Trochanteric fractures about hip arthroplasty stems, Vancouver type A fractures, can occur intraoperatively or postoperatively with similar frequency. They 
were found to occur intraoperatively in 21 of 373 (5.6%) patients operated on using a lateral approach with the patient in the supine position.” All of these 
fractures occurred in women. Broach-only metaphyseal medial—lateral fit stems have a fracture rate that is technique dependent. Associated fractures usually 
involve the metaphyseal area and can be visualized within the surgical field along the medial aspect of the neck osteotomy. If there is an unrecognized 
intraoperative metaphyseal fracture, propagation and subsidence early in the postoperative period may be encountered. Postoperative Vancouver Type A 
fracture occurred in 2.6% of 887 cases treated with a single type of uncemented prosthesis.**’ These fractures occurred through osteolytic cysts between 4 
and 11 years after THA. 


TABLE 59-1. Vancouver Classification Scheme and Treatment Options for Postoperative Fractures 


Trochanteric Diaphyseal Distal to Stem 


Classification A, A; B1 B2 B3 c 
Bone stock Good Good Good Good Poor Good 
Stem fixation Well fixed Well fixed Well fixed Loose Loose Well fixed 
Author's Symptomatic Symptomatic Lateral plate Uncemented Long-stem Distal femoral 
preferred treatment unless treatment or applied with revision long revision with locking plate 
treatment substantial ORIF with claw biologic fracture stem with or allograft with or extending 
options medial cortex is plate to treat pain, reduction without lateral without a lateral proximal to 

involved weakness, limp, techniques. plate plate or revision overlap the 

or instability Consider to a tumor femoral stem 
extending plate prosthesis 


to include lateral 
femoral condyle 


Incidence and Risk Factors for Vancouver B and C Periprosthetic Femur Fractures 


Periprosthetic femoral shaft fractures are increasing in frequency because of the increasing number of patients with hip arthroplasties. A projection model 
demonstrated that the number of periprosthetic fractures is expected to rise by a mean 4.6% every decade over the next 30 years.”°! In a large series from 
the Mayo Clinic, of 32,644 primary THAs, there were 557 postoperative fractures (20-year probability: 3.5%; 95% CI 3.2-3.9); 335 fractures after 
placement of an uncemented stem (20-year probability: 7.7%; 95% CI 6.2-9.1) and 222 after placement of a cemented stem (20-year probability: 2.1%; 
95% CI 1.8-2.5).? In other studies, the incidence of periprosthetic femur fracture after primary hip arthroplasty ranges from less than 1%,!1©!° to as high as 
2.3%.17:7276 A survivorship analysis on 6,458 primary cemented femoral hip prostheses revealed a fracture incidence of 0.8% at 5 years and 3.5% at 10 
years.*! Another series of 354 hips in 326 patients all treated with the same uncemented, straight, collarless tapered titanium stem and followed for a mean 
of 17 years showed a cumulative incidence of periprosthetic fracture of 1.6% at 10 years that increased to 4.5% at 17 years.”“° The rate of fracture was low 
in the first 8 years after THA then increased into the second decade. In a comparison to the rate of aseptic loosening, the cumulative occurrence of 
periprosthetic fracture became equivalent to aseptic loosening at 17 years indicating the relative importance of periprosthetic fracture in the long term. 


TABLE 59-2. Vancouver Classification Scheme and Treatment Options for Intraoperative Fractures 


Metaphyseal Diaphyseal Distal to Stem 
Classification A1 A2 A3 B1 B2 B3 C1 C2 C3 
Fracture Cortical Undisplaced Displaced Cortical Undisplaced Displaced Cortical Undisplaced Displaced 
morphology perforation crack or unstable perforation crack or unstable perforation crack or unstable 


Author’s Preferred Treatment Options 


Recognized Protected Protected ORIF Cortical Lateral Lateral Cortical Lateral plate Lateral plate 
fractures weight weight with claw strutwith plate with plate with strut 
bearingor bearing or plate with or without conversion conversion 
bone graft cerclage conversion conversion tolongstem to long 
cables to longstem to long- if implant stem if 
if implant stem unstable implant 
unstable implant unstable 
Unrecognized Protected Protected ORIF Cortical Lateral Lateral Cortical Protected Lateral plate 
fractures weight weight with claw strut plate with plate with strut weight 
bearing bearing plate with revision to revision to bearing or 
revision to long stem long stem lateral plate 
long stem if implant if implant 
if implant unstable unstable 
unstable 


After revision arthroplasty, the incidence of periprosthetic femoral shaft fractures climbs to between 1.5% and 7.8%.17:116.168,177 The risk further 
increases after an increasing number of revision surgeries.®° The lapsed time from an index primary hip arthroplasty to periprosthetic femur fracture 
averages 6.3 to 7.4 years*!+!53 and is reduced to an interval of 2.3 years after a third revision procedure.!°4 

Risk factors for periprosthetic femoral shaft fractures about hip arthroplasty femoral stems are related to the age of the patient, gender, index diagnosis, 
presence or absence of osteolysis, presence or absence of aseptic loosening, primary or revision status, the specific type of implant utilized, and whether 
cemented or noncemented technique was used. Identifying risk factors can both improve patient counseling and potentially improve efforts at fracture 
prevention. 

Age, although commonly cited as a risk factor for periprosthetic femur fracture, is not clearly an independent risk factor.!>74° Coexisting medical 
comorbidities,”°%“° osteoporosis,*”* increased activity level,??9 and fall risk also contribute. A recent report revealed a doubled risk of fracture in patients 
with higher medical comorbidities.*2° Furthermore, the number of years after arthroplasty must be considered as each year after arthroplasty has been 


associated with a 1.01 additional risk ratio per year.”! Anterior surgical approach was found to have a low (0.9%) risk of early periprosthetic fracture with 
risk factors being advancing age and female gender.!° 

Although a higher proportion of periprosthetic femur fractures among female patients (52-70%) has been reported, associated osteoporosis and a higher 
percentage of procedures being performed in female patients make gender less clear as an independent risk factor.!4?39 Accordingly, reports that account for 
such biases indicate similar!®??30.246 or even reduced risk for females.” 

The index diagnosis leading to arthroplasty may also be a risk factor with rheumatoid arthritis (RA) and arthroplasty for hip fracture each being 
identified as having increased risk ratios for fracture: RA having an increased ratio of 1.56 to 2.1,”!2°° and hip fracture having a reported risk ratio of 4.4.7°° 

Osteolysis, especially near the tip of a loose femoral stem represents an impending pathologic fracture, a growing problem in arthroplasty, and a 
complex reconstructive challenge. Fracture, deficient bone stock, a loose implant, and an inciting particle generator may each need to be addressed during 
fracture repair and reconstruction. Osteolytic reaction associated with the use of a biodegradable cement restrictor has also been implicated as a potential 
etiologic factor.” 

Reports vary as to whether periprosthetic femur fracture is most often associated with a loose prosthesis. Some clinical data indicate that the presence of 
a loose stem represents a risk factor for subsequent fracture!!!?6! and other data show no such association. 3258 A cadaveric biomechanical comparison 
showed a 58% reduction in torsion to failure in specimens with loose as compared to those with well-fixed prostheses.°” 

Stem design has been shown to be associated with risk of periprosthetic fracture, with collar stems having a lower risk.!28255 The shape and surface 
finish of the femoral stem have also been implicated to increased risk of fracture. The Exeter stem has been shown to be associated with an increased risk of 
fracture compared to other stem designs. Based on data from over 400,000 stems from the Nordic Arthroplasty Register Association database, the hazard 
ratio for the Exeter stem was about five times higher than that for the Lubinus SP II stem (hazard ratio 5.03 [95% CI 3.29-7.70]; p <.0005).25> 

In the setting of revision hip arthroplasty, univariate and multivariate analyses of a large population of patients with postoperative periprosthetic 
fractures (n = 330) showed female gender, younger age, higher comorbidity index, and operative diagnosis associated with risk/hazard ratio of periprosthetic 
fracture.2*? Women had a 66% higher risk than men, patients of age 61 to 80 had a 40% lower risk than those younger than 60, those with a Deyo—Charlston 
comorbidity index of two had 50% higher risk and those with an index of three or more had 100% higher risk than those with an index of zero. Operative 
diagnosis of nonunion and fracture was associated with a five times higher risk of subsequent periprosthetic fracture. 

Intraoperative fracture has a unique subset of associated risk factors. During primary total hip or hemiarthroplasty, implantation of a cementless femoral 
component presents a reported 3% to 5.4% risk of intraoperative fracture compared to 0% to 1.2% for a cemented stem.!77°.95 The force used during 
insertion, the relative geometry of the stem and the femur, and the strength of the bone all may influence the risk of fracture during insertion of 
noncemented stems. Surgical experience helps dictate the required force for insertion. The “feel” and pitch of the sound made during each successive mallet 
blow are used to guide the experienced surgeon. Novel research has investigated the pitch and vibratory changes that occur as a potential means to minimize 
intraoperative fractures.!®9:226 Stem design also influences fracture rate and the surgeon must be aware of the unique aspects of each stem design and each 
patient’s femoral morphology which may predispose to fracture.*! Stems with a combination of metaphyseal and diaphyseal fit with a cylindrical diaphyseal 
design can predispose to diaphyseal fractures if the distal press fit is too aggressive or the reamers are not advanced to the full length of the stem. Certain 
bone morphology patterns have been correlated with fracture during noncemented fixation** because of a metaphysis—diaphysis mismatch. Cemented stems 
may also protect against postoperative fracture in patients with poor bone quality by virtue of internal stiffening of the femoral canal.?°8 

Impaction grafting for revision of a femoral hip component carries up to a 22.4% perioperative risk for fracture.°*1’*22! Most of these fractures, many 
incidental perforations, have been found to occur with cement removal rather than the reconstructive procedure.® Revision with large porous-coated 
diaphyseal stems have been reported to be associated with a nearly 30% risk,!°” and long straight revision stems have an intermediate reported fracture 
occurrence of 18% with an additional 55% of cases thought to be at increased potential subsequent risk because of impingement of the distal stem tip on the 
anterior femoral cortex.7®° 

Patients with periprosthetic femur fractures have increased mortality.’! In multiple recent series, 7% to 18% of patients with periprosthetic fractures died 
within 1 year after surgical treatment.”'®.275 In one study, this mortality rate approached that of hip fracture patients (16.5%) treated during the same time 
period and was significantly higher than the mortality of patients undergoing primary joint replacement (2.9%).!® Data from the New Zealand National 
Registry indicated the 6-month mortality after revision THA associated with periprosthetic fracture (7.3%) was significantly higher than in a matched cohort 
undergoing revision for aseptic loosening (0.9%).?”° A meta-analysis that included 4,841 patients from 35 cohort studies found a pooled inpatient mortality 
of 2.4%, 30-day mortality of 3.3%, 90-day mortality of 4.8%, and a 1-year mortality of 13.4%.136 


TREATMENT OF PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL HIP ARTHROPLASTY 


Treatment of Vancouver Type A Fractures 
Nonoperative Treatment of Vancouver Type A Fractures 


Most periprosthetic fractures of the greater trochanter, Type Ag, are stable. They are usually nondisplaced or minimally displaced and are stabilized by the 


opposite pull and continuity of the soft tissue sleeve connecting the abductors and the vastus lateralis.2°? Such stable fractures when occurring 
postoperatively can be managed nonoperatively with symptomatic treatment. Weight bearing to tolerance is generally allowed. Intraoperative stable 
fractures of the greater trochanter can be managed similarly especially when recognized after wound closure. When recognized intraoperatively, internal 
fixation may be considered. Nonoperative treatment is contraindicated if there is a complete fracture of the greater trochanter including the abductor 
attachment without a stabilizing soft tissue sleeve as the chance of migration, nonunion, and hip instability is high. In addition, if stability of the implant is 
compromised, nonoperative treatment is not recommended. 

Protected weight bearing may be used for nondisplaced or incomplete fractures about hip stems or resurfacing implants that are recognized after surgery. 
Typically, partial or toe-touch weight bearing is recommended with a walker or crutches. Abductor precautions can be added to protect nondisplaced greater 
trochanter fractures however it may be unrealistic to expect reduced abductor stress in patients who are mobilized, even with abductor precautions. The use 
of a walking device to unload the abductors during gait as well as avoidance of abductor strengthening or active abduction exercises is recommended while 
these fractures heal. It is important to obtain regular imaging using similar radiographic projections with increased frequency in the early postoperative 
period. This will monitor displacement and allow decisions for continued observation or operative intervention if there is fracture displacement or loss of 
implant stability. Further technical details of nonoperative treatment of Vancouver A fractures are present below. 


A B 


. A fracture of the greater trochanter (Vancouver type Ao) treated with a small buttress plate and lag screws that resulted in nonunion (A) is successfully 


Figur 


treated with a claw plate (B). 


Operative Treatment of Vancouver Type A Fractures 


Widely displaced, or otherwise unstable fractures of the greater trochanter (Vancouver type Aç), especially when associated with substantial pain, 
weakness, or limp, are generally treated operatively with ORIF typically with a claw plate that engages the soft tissue attachment of the gluteus medius as 
well as the bone of the greater trochanter ( ). Results with these modern plates represent an improvement over other techniques.'??:!°* Fractures of 
the lesser trochanter, Vancouver type A,, are typically avulsion fractures that can be managed nonoperatively. However, larger fractures that involve a 
segment of the proximal medial femoral cortex are typically associated with tapered press-fit stem designs and are usually treated operatively with cerclage 
cables or wires with or without revision of the stem to one that provides fixation distal to the fracture.-°* Nondisplaced fractures of this nature noted 
intraoperatively can be managed with cerclage cables with retention of the femoral stem if stable. Displaced medial fractures noted intraoperatively or 
postoperatively are typically managed with cables and revision to a stem with distal fixation. 


Claw plates are typically used for fixation of greater trochanteric fractures. The tines of the claw are placed through the tendinous insertion of the gluteus 
medius and impacted into the tip of the trochanter thereby gaining soft tissue and bony purchase proximally. A plate is selected to bypass the apex of the 
fracture by enough distance to apply two to three well-spaced (~2 cm apart) cables around the zone of the femoral stem. A vertically applied cable is 
recommended to augment the claw fixation proximally. There is usually no requirement to extend the plate beyond the tip of the femoral prosthesis. 
However, very short plates have been associated with fixation failure.°* Of course, the stability of the arthroplasty components is considered, and when 
loose they are revised. When these fractures are associated with substantial osteolysis, bone grafting is indicated with care to maintain the soft tissue 
stabilizers.?° 

When fractures of the medial calcar are noted intraoperatively, x-rays are obtained to delineate the extent of fracture, as occasionally these splits can 
spiral down toward the stem tip. Limited, nondisplaced medial cracks noted intraoperatively are treated with one or two cerclage cables. When propagation 
is present, a lateral plate is used to bypass the distal extent of the fracture. Displaced fractures of either the lesser or greater trochanter are treated operatively 
with an anatomic ORIF. Limited-sized lesser trochanteric fractures are treated with cables alone. Additional principles and technical details for ORIF of 
Vancouver A fractures are presented below in a section that is common to Vancouver A, B, and C fracture types. 


Vancouver type B fractures identified during surgery are rarely treated nonoperatively. Those recognized postoperatively can be treated nonsurgically in 
certain cases. If there is excellent implant stability and the fracture is incomplete or is a nondisplaced diaphyseal crack, these can be observed with protected 
weight bearing and close follow-up. A recent series of 19 minimally displaced Vancouver B fractures about cementless stems treated nonoperatively with 
adjuvant teriparatide yielded 100% union in B1 fractures and 75% union in B2 fractures.‘** In addition, if there is adequate distal stem fixation and a strictly 
proximal fracture, this can be observed. If there is a high predicted chance of stem subsidence or fracture displacement, operative management should be 
pursued early. This is typically the case with proximal (metaphyseal) fit stems with an intraoperative metaphyseal fracture where the risk of fracture 


propagation and stem subsidence is high. 

The difficulty in operative management of periprosthetic femoral shaft fractures that involve the tip of hip arthroplasty stems, Vancouver type B 
fractures, is evidenced by the array of treatment options described without a clear consensus emerging on the most appropriate method. Operative treatment 
of these femur fractures is indicated in most circumstances, except for those fractures that are truly nondisplaced or when the patient’s condition prohibits 
operation. ORIF with plates and revision arthroplasty with or without supplementary autologous or allogeneic bone grafting are the most common methods 
for operative stabilization.*2°* Stabilization using ORIF techniques with plates and screws or cortical onlay allografts or a combination of both is 
indicated for femoral shaft fractures about well-fixed implants (Vancouver type B1 fractures).**:?"*°° Historically, there has been little role for revision 
arthroplasty for B1 fractures given the stable prosthesis. However, revision of an associated well-fixed stem to a long-stem modular prosthesis nail that 
spans the fracture has recently been advocated for Vancouver B fractures regardless of stem stability.'°”!°%'“* The earlier weight bearing and improved 
mobilization associated with revision arthroplasty with arthroplasty implants that span the fracture may provide for improved mortality rates if patients who 
can withstand the magnitude of such surgery are properly selected. Femoral component revision with or without adjuvant plate and/or allograft strut fixation 
is indicated for Vancouver type B2 and B3 fractures where the femoral stem is loose. The indication for including allograft struts in the operative strategy is 
most clear when there is associated bone loss from long-standing component motion, type B3 fractures. 

For femoral shaft fractures around a loose implant, Vancouver type B2 and B3 fractures revision of the femoral component is typically recommended 
( ). Although specific circumstances, such as limited capacity to tolerate surgery and/or limited functional demands, may offer successful ORIF or 
nonoperative management.~’’ Revision arthroplasty addresses both the loose component and the fracture and provides intramedullary stability by virtue of 
longer femoral stems used for revision. Fracture fixation with a lateral plate or reconstitution of bone stock with allograft strut or sometimes a combination 
of both plates and struts are utilized in addition to femoral component revision. In more severe cases of bone loss, an allograft prosthesis composite, 
impaction bone grafting technique, or proximal femoral replacement may be considered.'*+!’° Knowledge of specific revision techniques is necessary to 
effectively handle these challenging cases. In addition to the above-mentioned radiographic evaluation of the fracture and femoral stem stability, quality 
orthogonal radiographs are also important to evaluate the fixation status of the acetabular component and remaining acetabular and femoral bone stock. If 
possible, the operative note from the original arthroplasty should be obtained to determine the manufacturer of the components, so that new acetabular 
liners, if needed, can be available. The presence of prefracture hip symptoms, such as mechanical thigh or groin pain, can alert the surgeon to potential 
component loosening, if the radiographs are equivocal. Serologies such as sedimentation rate and C-reactive protein are of unknown benefit in the presence 
of an acute fracture. If there is any concern for infection, a preoperative hip aspiration should be considered. 


A 


Figure 59-6. Fracture about a loose hemiarthroplasty stem with good bone stock (Vancouver type B2) (A) is treated with a long porous-coated revision stem and 
lateral plating (B) that protects the entire length of the femur. 


ORIF for Vancouver Type B Fractures 


The preferred plate construct for Vancouver type B1 fractures includes a lateral plate contoured proximally to accommodate the trochanteric flare. Distally, 
the plate should have a minimum of six to eight holes covering the native femur distal to the fracture or preferentially extend to the condylar region (where a 
distal femoral plate design may be used). A bowed plate to accommodate the sagittal bow of the femur is preferred. When the strategy for fracture reduction 
includes provisional fracture fixation with cables, plate fixation of the reduced fracture is relatively simple, however, several principles should be adhered 
to. A well-contoured plate can be secured to either the proximal and distal fragment with cables or nonlocked screws without affecting the reduction. 
However, when the plate contour deviates from the bone contour, nonlocked screws and cables can potentially disrupt an anatomic reduction. In such 
circumstances, additional efforts to contour the plate anatomically are advised. Deviations between the bone and plate contour can be accommodated with 
the use of locked screws without disrupting a preestablished anatomic reduction. When the fracture pattern allows, a lag screw distal to the stem and across 
the fracture is used. Screws through an existing cement mantle, either in the proximal or distal fragment, provide excellent points of fixation. If such a 
nonlocked screw can be placed in the proximal fragment, this screw is tightened prior to definitive tensioning of cables. Three or more equally spaced 
cables or screws around the stem are used proximally between the lesser trochanter and the tip of the stem. Devices to attach or hold cables to the plate are 
not required; the cables are simply passed around the plate with the crimping connection purposely positioned either just anterior or just posterior to the 
plate to minimize prominence and to allow easy access for locking the cable. The cables are individually tightened and provisionally secured, then 
retightened sequentially akin to the method of tightening lug nuts on a car wheel. This assures that tightening one cable does not result in loosening of an 
adjacent cable. A recent study indicates that cerclage wires and cables provide point contact fixation and are unlikely to strangulate blood supply.'4* When 
screws are used for proximal fixation in the zone of the stem, it is advisable to place them bicortical around the stem rather than unicortical. Newer plate 
designs provide peripheral holes that are aligned with the anterior and posterior aspects of the bone (rather than centrally) to facilitate screw placement 
around the stem (Fig. 59-7). These screws may be of smaller diameter (e.g., 3.5 mm) than typically used for femoral shaft fixation (e.g., 4.5 mm) which also 
facilitates passage around the stem. Locked screws may also be placed in the trochanteric region. 

Proximal fragment screw fixation without the use of cables can be successfully employed, especially with newer implants designed with anterior and 
posterior peripheral screw holes to optimize screw placement around the stem.?®58 With this strategy, multiple bicortical screws (locked and/or nonlocked) 
are placed around the stem and into the trochanteric region. This can be supplemented with short unicortical locked screws. Isolated use of unicortical 
locked screws is not recommended because of marginal rotational control. 

Several considerations go into distal fixation details: the bone quality, the plate length covering the distal segment, the location of screws, the number of 
screws, and the type of screws. The minimum plate length to obtain satisfactory distal fixation usually corresponds to six plate holes but this minimum 
threshold is increased when poor quality bone is encountered. Longer plates that extend to the lateral femoral condyle have been advocated to protect the 
entire femur (Fig. 59-8) and reduce the risk of subsequent peri-implant fracture at the distal margin of the plate?! (Fig. 59-9). A recent study substantiates 
protecting the entire femur as short plates were associated with more complications, including refracture, compared to plates that extended to the lateral 
femoral condyle.!”4 This strategy is at the expense of an increased risk of plate-related pain over the subcutaneously located condylar extent of the plate. 
The holes nearest and farthest from the fracture are the most important for maximizing construct stability. These holes and at least two in between are 
typically filled with screws. Locked or additional screws should be considered when osteoporotic bone is present. When nonlocked screws could cause a 
malreduction because of bone and plate contour mismatch, locked screws should be utilized. In general, locked screws should be placed after nonlocked 
screws and appear to be most advantageous near to the fracture. Any initially placed reduction cables can either be left under the plate or removed from 
beneath the plate after two points of provisional fixation are established in both the proximal and distal fragments. These provision points of fixation, cables 
and screws, must be loosened slightly to allow cable removal from beneath the plate. 

Strut allografts are reserved for situations with associated bone loss (Vancouver type B3 fractures). The strut is applied anteriorly and secured with 
cables placed proximal and distal to the fracture. These are a combination of cables independent of an associated plate (cables over the strut and under the 
plate) and cables around both the plate and strut. Additional principles and technical details for ORIF of Vancouver B fractures are presented below in a 
section that is common to Vancouver A, B, and C fracture types. 
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Figure 7. AP and lateral radiographs of an interperiprosthetic distal femur fracture between hip and knee arthroplasties (A, B), which was treated successfully with 
plate ands screw fixation (C—F). Note the screw fixation around the stem in the proximal fragment. 


In the initial description of the Vancouver classification, type C fractures were “well distal” to the stem.°’ It has been inferred that treatment indications and 
fixation techniques for these fractures are independent of the femoral prosthesis. This, however, is an oversimplification of the typical situation. Distal 
femoral shaft fractures in the absence of a hip prosthesis are typically treated with intramedullary nails (either antegrade or retrograde) and supracondylar or 
intercondylar fractures are treated with either a lateral plate or retrograde nail. Vancouver type C periprosthetic fractures, by virtue of the femoral stem, 
obviate standard techniques and implants utilized for nailing of native femoral shaft fractures. Attempts to insert standard retrograde nails in this short 
segment are ill advised because of inadequate fixation within the proximal fragment and propensity for nonunion’’* and malunion ( ). A unique 
retrograde nail designed to slide over the tip of the femoral stem has shown reasonable results as described in a small clinical series and has been studied in 
a biomechanical analysis that supports immediate weight bearing with this device, but has not gained mainstream utilization.<°“°? ORIF remains the most 
applicable method of internal fixation for Vancouver C fractures. Ending a plate at or just distal to the femoral stem should also be avoided to minimize the 
stress rise effect. Instead, the plate should span the fracture and overlap the zone of the stem (F ). The indications and contraindications for surgical 
management follow closely those for Vancouver type B Fractures. Additional principles and results of treating these distal femoral shaft fractures and 
metaphyseal fractures are presented in s 57 and 5 


Figure 59-8. AP view of a modern modification of the Ogden construct with a long distal femoral plate to protect the entire femur and with locked screws to augment 
fixation. 


Figure 59-9. A Vancouver type B femur fracture treated successfully with a lateral plate until fracture occurred at the distal tip of the plate. Constructs that span the 
entire femur avoid such complications. 


B 
Figure 59-10. A: Ill-advised treatment of a Vancouver type C femur fracture distal to a hip arthroplasty stem. B: The nail eroded through the anterior cortex and a 
nonunion developed. This was treated with nail removal, ORIF with a lateral plate, autologous bone graft to stimulate nonunion healing, and an anterior strut graft to 
restore bone stock. 
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Figure 59-11. A Vancouver type C fracture (A) treated with an optimal plate construct (B) that spans the fracture, the zone of the femoral stem, and the entire 
unprotected femur distally. 


Vancouver type C fractures were originally defined as being “well distal” to the femoral stem. These are usually in the supracondylar femur region and are 
occasionally intercondylar. Although fracture fixation is not entirely dictated by the presence of the femoral stem, the femoral stem must be considered. 
There is almost always not enough proximal shaft bone to allow stable fixation with a retrograde nail. The mainstay of treatment of distal femur fractures in 
the presence of a femoral stem is ORIF with lateral plates. The principles for lateral plating (LP) for Vancouver type C fractures are similar to those for 
Vancouver type B fractures. Locked plates are used to provide fixed-angle stability of the end segment and improved fixation in an osteoporotic shaft 
segment. The main deviation from standard fixation of these fractures because of the presence of the hip arthroplasty stem comes with fixation proximally. 
It is rare that a lateral plate used to provide stable fixation of the distal femur fracture can be safely short enough to avoid creating a stress riser effect 
between the top of the plate and the hip arthroplasty femoral stem. Therefore, it is recommended that plates used for Vancouver type C fractures be long 
enough to overlap the femoral stem. Fixation in the proximal fracture fragment is with multiple screws distal to the stem into the native shaft fragment and 
supplemented with cables or screws around the plate in the zone of the femoral prosthesis. This construct provides satisfactory stability for fixation of the 
distal femur fracture and protects the entire femur from future fracture. Additional principles and technical details for ORIF of Vancouver B fractures are 
presented below in a section that is common to Vancouver A, B, and C fracture types. 


Common Principles of Nonoperative Treatment of Periprosthetic Femur Fractures About Total Hip Arthroplasty 
Indications/Contraindications for Nonoperative Treatment of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Nonoperative Treatment of Periprosthetic Femur Fractures About Total Hip Arthroplasty: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Stable femoral stem and nondisplaced diaphyseal fracture 
e Proximal fracture related to osteolysis with adequate distal stem fixation 
e Minimally displaced trochanteric fracture 


Relative Co dications 


e Loose implant or displaced fracture 
e Proximal metaphyseal fracture with a proximal fit stem 
e Widely displaced greater trochanteric fracture or with unacceptable pain and immobility 


Common Principles for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Indirect fracture reduction techniques have favorable biologic features that minimize soft tissue disruption, preserve the vascular supply to bone, enhance 
healing, and decrease the incidence of nonunion for many fractures including periprosthetic femur fractures,!°” often obviating the need for supplemental 
bone grafting.”!? Successful application of these techniques to periprosthetic fractures must consider the fracture location relative to the femoral component, 
the implant stability, the quality of the surrounding bone, and the medical and functional status of the patient.°” The following are principles are for ORIF of 
periprosthetic femoral shaft fractures about hip arthroplasty stems. These general principles apply for Vancouver types A, B, and C fractures. Subtleties in 
technique and differences in implant choices distinguish applicability for Vancouver types A, B, and C fractures. 


Preoperative Planning for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


PREOPERATIVE PLANNING CHECKLIST 


/ | ORIF of Periprosthetic Femoral Fractures About Total Hip Arthroplasty: 


OR table | Radiolucent table that allows fluoroscopic imaging of the entire involved femur and hip 

Position/positioning aids LJ Lateral decubitus using a radiolucent positioner such as a beanbag (peg boards are typically not radiolucent) or supine 
Fluoroscopy location LJ Opposite side from the primary surgeon’s position with the monitor at the foot 

Equipment Vascular clips (medium and large) 


An array of reduction forceps 
Burr and sagittal saw if strut grafting is considered 


Equipment required for revision arthroplasty should be immediately available 


Implants Large and small fragment sets (to include 2.7-mm screws) 
Lateral femoral plates and screws (preferentially plates that are specifically designed for periprosthetic applications) 
Cables (approximately 1.7-mm diameter) 
Femoral allograft strut available for Vancouver B2 and B3 fractures 
Implants required for revision arthroplasty should be immediately available 
For Vancouver type A fractures, specialized trochanteric “claw” plates are typically needed rather than long plates that span 


the entire femur 


When ORIF of periprosthetic femur fractures is planned, the surgeon should be prepared for encountering an unexpected intraoperative finding of a loose 
femoral component. Radiographically stable implants may be loose in up to 20% of cases of B1 and C type fractures.** Therefore, all aspects of the 
preoperative plan should allow for the contingency that revision arthroplasty may be required. A radiolucent OR table is required and although ORIF can be 
performed with the patient in the supine or lateral position, the lateral position is preferred to accommodate the possibility of revision arthroplasty via a 
posterior approach. A radiolucent positioner, such as a beanbag, is utilized. It should be noted that positioners, such as peg boards, used for hip arthroplasty 
may not be radiolucent. Fluoroscopic access to the entire limb and hip should be planned for. The equipment needed for ORIF of periprosthetic femur 
fractures can be extensive to accommodate all contingencies: ORIF, revision of the femoral stem, revision of the acetabular component, strut grafting, and 
autologous bone grafting. Similarly, the implants required for these contingencies should be confirmed to be readily available. 


Surgical Approach for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


For ORIF of periprosthetic femoral shaft fractures, a straight lateral thigh incision is used for exposure of the lateral aspect of the femur. Posterior incisions 
from prior hip arthroplasty are incorporated. Dissection is carried down to the iliotibial fascia with care to minimize stripping of the subcutaneous fat from 
the fascia. Self-retaining retractors are not utilized until they can be placed at a fascial level or deeper. The iliotibial fascia is incised parallel to its fibers and 
the fascia of the vastus lateralis is also incised parallel to its fibers approximately 3 cm from its attachment to the intermuscular septum. The vastus lateralis 
muscle is carefully elevated off the posterior fascial flap and retracted anteriorly. This is done in a distal to proximal motion based on the orientation of the 
muscle fibers attachment to the fascia. Dissection done in this manner takes advantage of the axilla created between the muscle fibers and the fascia and 
allows the muscle to be elevated cleanly off the fascia. Perforating vessels are identified and ligated as needed. Meticulous deep soft tissue dissection is used 
to minimize devascularization of bone. Exposure is limited to the lateral surface of the femur spanning the region needed to apply and secure a plate 


proximal and distal to the fracture. Whenever possible, the muscle is left undisturbed in the region of the fracture and the plate slid in an extraperiosteal 
plane deep to the muscle in this region. When direct access to the fracture is required, to remove entrapped soft tissue for instance, great care is taken to 
work through the fracture site rather than to strip muscle from around the bone. 


Positioning for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


The patient position for ORIF of periprosthetic femoral shaft fractures can be either lateral decubitus or supine and must take into consideration positioning 
requirements of the preferred approach for fracture fixation (usually the lateral approach) and revision arthroplasty if needed. Vancouver type A fractures 
are typically treated in the lateral decubitus position to facilitate access to the trochanteric region. The OR table must provide for unencumbered fluoroscopy 
of the entire femur and hip. In general, lateral positioning is preferred as it provides greater ease for the surgeon. In this position, the soft tissues require less 
retraction and the surgeons’ view is in the preferred vertical plane rather than the horizontal as compared to operating with the patient supine. Positioning 
aids used to hold the patient lateral must be radiolucent. Typically, beanbags meet this requirement but pegboards do not. The torso and contralateral pelvis 
should be stabilized, and the ipsilateral hip should be free to flex, extend, abduct, and adduct with minimal interference from the positioning aids. The 
contralateral hip is flexed to minimize interference with lateral fluoroscopic radiographs. Consistent with lateral positioning for any procedure, an axillary 
roll is used and the down leg is padded to protect the bony prominences, namely the proximal fibular head and lateral malleolus, and protect the peroneal 
nerve from compression. The torso and down leg are secured to the OR table in standard fashion. When supine positioning is utilized, the ipsilateral limb is 
brought to the edge of the OR table and a small bump can be placed beneath the ipsilateral hip to place the limb in neutral rotation at rest. 

Standard surgical preparation and draping is performed with care to allow access to the limb from the top of the ilium to at least the midcalf. The 
affected extremity is draped free and typically a tourniquet is not used. However, for distal exposure and reduction of Vancouver type C fractures, a sterile 
tourniquet may be utilized and then removed. 

Fluoroscopy is generally required. The C-arm is positioned on the opposite side from the operating surgeon toward the patient’s front when positioned 
lateral, and on the contralateral side when supine. The monitor is placed on the contralateral side near the table foot to allow easy visualization by the 
primary surgeon. The contralateral lower extremity has the propensity to block lateral views, whether lateral or supine positioning is used. This is one 
reason why, when positioned lateral, hip motion should be unencumbered. By flexing or extending the hip, overlap of the contralateral leg can be avoided. 
With the patient supine, 10 to 20 degrees of external rotation of the limb and a matching amount of C-arm rotation allows a lateral x-ray without overlap of 
the contralateral leg. 


Technique for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


KEY SURGICAL STEPS 


/ | ORIF of Simple Periprosthetic Femoral Shaft Fractures About Total Hip Arthroplasty (Vancouver Types B and C): 


Expose the lateral femur with care to avoid excessive soft tissue stripping 
Ligate perforating vessels with vascular clips 1-2 cm from the intramuscular septum to avoid their retraction deep the septum 
Debride displaced fractures without causing unnecessary soft tissue stripping 


e For comminuted fractures, this step is neither required nor advised 
LJ Reduce the fracture incrementally with manual traction and gentle manipulation 


e Provisional fixation of spiral oblique fractures with countersunk lag screws (2.7-3.5 mm) or with cables 
e For simple fractures, the goal is an anatomic reduction 
LJ Apply a precontoured lateral plate (plates specifically designed for periprosthetic fractures are preferred) 
e Consider spanning entire length of the femur to protect from subsequent peri-implant fractures 
e The plate should be contoured to match the lateral femur 
Provisionally secure plate to the proximal fragment with cables or screws around the prosthesis 
= Provisionally secure plate to distal fragment with nonlocked screws with care not to disturb the reduction if there is mismatch of plate and bone 
contours, or with locked screws 
Apply lag screw across fracture through plate, if possible 
Finally tighten screws 
Sequentially tighten and crimp any proximal cables 
Add additional screws into proximal and distal fragments as necessary 


ORIF and Bridge Plating of Comminuted Periprosthetic Femoral Shaft Fractures About Total Hip Arthroplasty (Vancouver 
Types B and C): 


KEY SURGICAL STEPS 


Expose the lateral femur 

Avoid disruption of the comminuted fracture zone. Formal debridement of fracture fragments is unnecessary and not advised 
Apply precontoured lateral plate (plates specifically designed for periprosthetic fractures are preferred) 

e Consider spanning entire length of the femur to protect from subsequent peri-implant fractures 

e Plate should be contoured to match the lateral femur 

e Fracture reduction is not required at this step 

J Provisionally secure the plate to the proximal fragment with cables or screws around hip stem 


Reestablish length and rotation 
Secure plate to distal fragment with nonlocked screws with care not to disturb the reduction if there is mismatch of plate and bone contours, or with 
locked screws 

e Coronal plane alignment is restored by using the plate contour as a reduction aid 

e Sagittal plane alignment is restored by having the plate centered on the proximal and distal fragments on a lateral x-ray view 


LJ Sequentially tighten and crimp any proximal cables 

e Finally secure cables once all cables are sufficiently and equally tightened 
LJ Add screws into proximal and distal fragment as necessary 

e Consider locked screws 


Once adequate exposure is obtained, and hemostasis assured, attention is turned to fracture reduction and fixation. The reduction technique is distinct based 
on the fracture pattern. Either an anatomic reduction and rigid fixation (lag screws or compression plating or both) or a bridge plating technique is chosen. 
The simple patterns typically seen with these fractures are amenable to the anatomic reduction and rigid fixation strategy. This strategy can easily lead to 
inadvertent excessive soft tissue stripping more so than with a bridge plating technique. Therefore, great care and patience during reduction maneuvers are 
required. Although cerclage cables have a reputation of being associated with excessive soft tissue stripping, this is not absolute. Properly and carefully 
placed cables can ease the effort of reduction, especially with the long oblique or spiral fractures that are commonly encountered. The afforded ease of 
reduction that cables provide can actually reduce soft tissue disruption associated with prolonged and repeated reduction attempts without cables. The cables 
and any adjunctive clamps are placed through muscle rather than underneath muscle. This strategy sacrifices very few muscle fibers and minimizes 
subperiosteal stripping and has been employed successfully in clinical series.2!*?73 When a bridge plating construct is utilized, when there is fracture 
comminution, a properly contoured plate is used as a reduction template for alignment in the coronal and sagittal planes. The surgeon then only needs to 
assure proper length and rotation. Because, with this strategy, individual fracture fragments do not require anatomic reduction, the risk of excessive 
iatrogenic stripping should be minimal. 

For typical spiral fractures, the first step is to restore gross alignment and length. The latter requires complete muscle relaxation. With complete 
chemical paralysis, manual longitudinal traction by an assistant can usually restore length, at least to within 2 to 3 cm upon the first attempt. The fracture is 
provisionally stabilized with pointed reduction clamps. Anatomic reduction need not be accomplished all at once prior to initial clamping of the reduction. 
Rather, reduction is accomplished with stepwise improvements. Residual deformity at each step is identified via direct vision, palpation, and/or fluoroscopy 
and requirements for successive reduction maneuvers determined. During these maneuvers, great care is taken not to inadvertently strip soft tissue. The 
orientation of clamps is critical. To hold an established reduction, clamps placed perpendicular to the fracture work well. However, clamps used to help 
obtain a reduction are not necessarily placed perpendicular to the fracture plane. They are placed in an orientation such that squeezing the clamps will 
provide a force vector that serves to better reduce the fracture. Once the reduction is close, within about 1 cm in length, one or two cables are passed around 
the fracture and provisionally tightened. Two cables are used for longer oblique fractures. The cable tension can be relaxed to afford final reduction 
maneuvers, typically rotation and additional traction via appropriately placed clamps or via manual traction of an assistant. Once the fracture has “keyed in” 
and the reduction is confirmed with fluoroscopy, the cables are definitively retensioned. 


Postoperative Care for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Postoperatively, early rehabilitation is concentrated on mobilization and knee ROM. Although weight bearing is traditionally protected to some degree for 
approximately 6 to 8 weeks, immediate full weight bearing as tolerated is gaining acceptance so long as robust fixation is accomplished and bone quality is 
satisfactory.°°-°! The precise situations where weight bearing as tolerated (WBAT) is prudent remain without clear guidelines. There is biomechanical 
support for dual plate constructs supporting physiologic weight bearing loads!?° and a clinical series of 38 patients with dual platingt? where immediate 
weight bearing resulted in satisfactory results. Therapy for knee ROM, transfer training, and use of assist devices are initiated immediately postoperatively. 
Based on progressive clinical and radiographic signs of fracture healing, weight bearing, and activity are gradually advanced. Full weight bearing is 
typically accomplished by 6 to 8 weeks and at this time formal strengthening and gait training therapy are useful. 


Potential Pitfalls and Preventive Measures for ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


ORIF of Periprosthetic Femur Fractures About Total Hip Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Extensive soft tissue stripping during reduction e Adherence to biologic fracture fixation techniques. 
e Comminuted fractures are bridge plated. 
e Simple fractures are anatomically reduced and compressed with lag screws. Simple patterns are at 
greatest risk for excessive stripping. 


Extensive soft tissue stripping during cable application e Cables should be passed through muscle rather than circumferentially under muscle. 
e Use bicortical screws around prosthesis if possible. 


Mismatch between plate contour and bone causes malreduction e Fine adjustments to precontoured plates especially in the zone of greater trochanter and distal 
metaphyseal flare are often required. Use locked screws rather than nonlocked screws to preserve 
reduction and accommodate minor mismatches in contour. 


Inadequate proximal fragment fixation e Use plates designed for periprosthetic fractures that have peripheral holes that maximize the ability to 

place bicortical screws around the stem. 

e Use locked screws into the trochanteric region. 

e Place screws into the cement mantle just distal to stem. 

e Cables are sequentially tightened and retightened akin to tightening lug nuts to assure all cables are 
sufficiently tight before crimping. 

e Exclusive use of unicortical locked screws in the proximal fragment provides poor rotational control 
and should be avoided. 


Femoral stem is unexpectedly found to be loose e Even when stems appear radiographically stable, revision of a loose stem should be considered a 
contingency. 


ORIF of periprosthetic femoral shaft fractures are demanding procedures. These fractures are most commonly simple spiral oblique fracture patterns. They 
are, therefore, typically amenable to anatomic reduction with compression techniques. To obtain anatomic reduction it is often possible to inadvertently strip 
substantial amounts of soft tissues. The surgeon must be continually aware of this potential problem and should adhere to biologic fracture fixation 


techniques. The use of cables to provisionally obtain and hold a reduction of long spiral fractures can make the reduction process easier and may limit soft 
tissue stripping if properly applied (see Fig. 59-11B). Cables should be passed through muscle rather than circumferentially under the muscle. 

When spanning the entire length of the femur with a lateral plate, it is difficult to contour these thick plates to accommodate for both the trochanteric and 
distal femoral flares. However, when the reduction is obtained prior to plate application, this contour is critical if nonlocked screws or cables are going to be 
applied. A mismatch between plate and bone contours can be accommodated with the placement of locked screws. 

One of the challenges for ORIF of periprosthetic femoral shaft fractures is obtaining adequate fixation in the proximal fragment around the zone of the 
hip stem. Increasingly, bicortical screw fixation around the stem is utilized rather than, or to supplement, cable fixation. Relying on unicortical locked 
screws without cables should be avoided as these constructs have inadequate rotational control. 

Unexpectedly finding a loose femoral stem can be avoided with a careful history and observation of prefracture and postfracture radiographs. Even 
when a careful preoperative evaluation indicates that the stem is stable, intraoperative evaluation of the stem should be performed for confirmation. Access 
to the distal aspect of the stem is typically accomplished via the fracture. A formal hip arthrotomy to confirm stem stability is another consideration. 


Common Principles for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Preoperative Planning for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Revision Hip Arthroplasty for Periprosthetic Femur Fractures About Total Hip Arthroplasty: 


OR table LJ Radiolucent table with pelvic positioner that allows fluoroscopy 

Radiographs LJ Good quality and templated preoperative x-rays 

Fluoroscopy LJ Intraoperative fluoroscopy on opposite side of operating surgeon or plain radiograph capability 
Equipment Bone graft based on preoperative plan 


Vascular clips (medium and large) 
An array of reduction forceps 
Burr and sagittal saw if strut grafting is considered 


Equipment required for revision arthroplasty 


Implants Revision acetabular and femoral options 
Large fragment set 
Lateral femoral plates and screws (preferentially plates that are specifically designed for periprosthetic applications) 
Cables (approximately 1.7-mm diameter) 
Femoral allograft strut available for Vancouver B2 and B3 fractures 
For Vancouver type A fractures, specialized trochanteric “claw” plates are typically needed rather than long plates that span 
the entire femur 


Blood LJ Cell saver and blood products 


When planning for revision arthroplasty, adequate preoperative imaging is essential for preoperative planning. These images should be used to determine 
the type and extent of implants needed. Even for femoral fractures, the status and type of socket is important. Even if the socket appears well fixed, it is 
prudent to have revision options. For liners, modular liners can be very helpful and time saving. Increasing head size and using lipped, lateralized, or 
constrained liners are often necessary for hip stability. The size of the socket will determine the liners that can be cemented in if this becomes necessary. 
Bone defects on the femur or socket evident on x-rays will dictate the need for particulate bone graft or structural bone graft such as a cortical strut. 
Cerclage wires should always be available. Trochanteric fixation options including plates, heavy suture, or wires should be available based on the particular 
radiographic features. The extent of the fracture and the quality of the bone can be determined on x-ray and this will guide the femoral fixation options. A 
proximal fracture can be managed with many standard nonmodular stems but distal fractures or complex femoral problems often require modular titanium 
stems, and having bowed options is helpful for long-stemmed implants or very bowed femurs. Some very osteoporotic femurs require very wide stems that 
are best prepared using hand reamers. Many cases require a plan A and plan B, and the implants for either plan should be arranged preoperatively. 
Intraoperative imaging should be readily accessible and preoperative templating will allow implant suppliers to provide outlier sizes and nonroutine bone 
graft. 


Positioning for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


For revision hip arthroplasty, the patient should be positioned to allow the most extensile and flexible approaches to the pelvis, hip joint, and femur. 
Typically, the lateral position with the operative side up and a suitable pelvic positioner, one that allows for unencumbered fluoroscopic radiographs, is the 
most versatile option. Supine positions allow easier access by fluoroscopy but little extensile options. 


Surgical Approach for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


For revision arthroplasty, the most extensile approach to the femur, hip, and pelvis is the posterolateral approach. This approach can be extended down the 
femur, as described previously in this chapter for ORIF, to the knee as needed. The muscular (and vascular) attachments to the femur and fracture fragments 
can be preserved. 


Technique for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Revision Arthroplasty for Periprosthetic Femoral Fractures About Total Hip Arthroplasty: 


E7 KEY SURGICAL STEPS 


LJ Appropriate patient position with a suitable pelvic positioner that provides excellent stability to limb manipulation but does not encroach on 

the surgical field or block limb flexion 
Drape and prep widely (up to the iliac wing and below the knee) 
Allow free movement of the operative extremity in all planes. Allow access to the contralateral limb for referencing femoral length and knee 
position 
During exposure, recreate plane between gluteus maximus and abductors 
Maintain abductor—greater trochanter—vastus lateralis sleeve, especially if the greater trochanter is mobile 
Extend incision along femur distally. Deep to the fascia, follow intermuscular plane posterior to vastus lateralis proximally and along intermuscular 
septum distally. Identify and ligate perforator vessels with vascular clips. The sciatic nerve can be palpated and can be detensioned by keeping the 
hip extended and knee flexed and by releasing the gluteus maximus sling off the linea aspera. Preserve soft tissue attachments to femur as much as 
possible. Dissect down to the intact femoral shaft 
The femoral component can be removed through the hip arthrotomy based on standard revision techniques with aid of access via the fracture 
Acetabular work is easier after the femoral component is removed. If the acetabular component is well fixed, a modular exchange of the 
polyethylene can be done, increasing the head size if possible. Cementing a liner is a good option if modular options are not available 

LJ The fracture is reduced and held provisionally with either cables (if the fracture pattern is a long oblique) or with a plate secured with cables and 
screws (placed in zones where the revision stem will not be present, e.g., distally) 

LJ The distal femur is prepared for the appropriate stem. A cerclage wire is recommended at the mouth of the distal femoral bone to prevent fracture 
here. This is especially important at the distal diaphysis 

LJ The trial femur is assembled. Length can be referenced via the other limb and tension of the abductor/vastus sleeve if the usual soft tissue tension 
measures are absent. Stability of the hip joint is an important part of the evaluation with the trials. Special attention should be made to anteversion of 
the trials so this can be recreated with the implant. Combined anteversion can be optimized through the stem if the existing socket does not have 
adequate anteversion 

LJ If there is adequate distal fixation, soft tissue tension, and hip stability, the final stem can be assembled and inserted in a meticulous manner to 
avoid distal fracture and to recreate the anteversion and length of the trials 

LJ Closure is done in a standard manner with attention to hemostasis and repair of the posterior pseudocapsule or abductor tendon depending on the 
approach. If the trochanter is mobile, this can be repaired with a trochanteric plate, cerclage wires, or heavy suture depending on the specific 
procedure. 


The specific revision strategy chosen depends on the quality of the remaining bone stock, the diameter of the femoral canal distal to the fracture, and patient 
factors such as age and baseline functional status. Through the fracture site, cement and cement restrictors can be removed. If necessary, an extended 
trochanteric osteotomy of the proximal fracture fragment can allow excellent access for stem removal and direct visualization of the distal canal to allow 
accurate reaming.!“845 The acetabular component is typically exposed more easily after the femoral component is removed. The liner is removed if 
modular and the acetabular component is manually tested for stability. If it is loose, acetabular revision is performed. If it is well fixed, the liner is typically 
exchanged, and the head size increased, if possible, to allow improved hip stability. 

Often, the greater trochanter with its abductor attachments is compromised by the fracture or surgical treatment. In addition to repairing it as described 
previously, maintenance of the abductor/vastus lateralis soft tissue sleeve attachments is highly recommended as this will prevent trochanteric escape and 
proximal migration from the pull of the abductors. In many cases, stable trochanteric bony union is not feasible or likely and maintaining this soft tissue 
sleeve will help to achieve a stable fibrous union. 

Several strategies can be used for the femur, but all rely on obtaining secure distal fixation. Only rarely is cemented long-stem revision considered. This 
can be useful in very osteopenic bone with a capacious canal!" or in elderly patients with limited life expectancy and who are unable to undergo prolonged 
protected weight bearing or extensive procedures.*? If the fracture is anatomically reduced and fixed with cerclage cables and if the cement not vigorously 
pressurized, cement extravasation will not typically occur. After cementation, intraoperative radiographs are recommended to determine if any problematic 
cement extravasation has occurred. Cement extrusion into the fracture site will impair fracture healing. It should be emphasized that cemented 
reconstructions are uncommonly preferred in the setting of periprosthetic fractures. The most common strategies include noncemented distal fixation 
techniques. 

Preoperative radiographic findings can help guide the selection of the appropriate uncemented reconstruction. These include the endosteal diameter and 
morphology of the distal fragment. If the distal fragment demonstrates parallel endosteal cortices with 5 cm or more of tubular diaphysis (usually with a 
diameter <18 mm), then an extensively coated uncemented long-stem prosthesis with or without lateral plate augmentation is appropriate (see Fig. 59-6B). 
The distal canal is reamed and a trial stem is potted into the distal fragment. The proximal fragments can then be reduced using the trial implant as a 
template. Cerclage cables are applied and a trial reduction performed. Once leg length and stability are acceptable, the trial is removed and the femoral 
component is impacted. The cerclage cables are then retensioned, crimped, and cut. The appropriate femoral head length is selected and the reconstruction 
completed. These types of stems have demonstrated excellent long-term survivorship in the revision setting and for periprosthetic fracture situations. 179-190 
Union occurs reliably and functional outcome is, as expected for complex revision arthroplasty, modest. At a mean follow-up of 10.8 years, 17 of 22 
patients treated with an extensively porous-coated implant had a satisfactory functional result with delayed union occurring in only one.!%° Concomitant 
acetabular revision was required in 19 patients. Another similarly treated group of 24 patients had an average Harris Hip Score of 69 with 91% of fractures 
uniting uneventfully.!79 


A 
Figure 59-12. A highly comminuted fracture about a loose femoral stem (Vancouver type B2) (A) is managed with a long-stem modular prosthesis (B). (Courtesy of 
Hari Parvataneni, MD.) 


If the distal diaphysis demonstrates divergent endosteal morphology, or large diameters (typically >18 mm), fluted titanium-tapered modular stems can 
be used effectively. These stems are commercially available in diameters up to 30 mm and can be useful in capacious canals. Reaming under fluoroscopic 
control and “by hand,” especially in osteopenic bone can help to avoid anterior femoral cortical perforation. When axial stability is obtained by diaphyseal 
reaming, the implant is impacted into place. It is wise to place a prophylactic cable at the mouth of the distal fragment prior to stem impaction. The proximal 
bodies of the modular implants are then chosen to restore appropriate leg length, offset, and hip stability. In addition, these stems allow flexibility with 
femoral anteversion, which can be useful in enhancing hip stability. After trialing, the components are assembled and the hip reduced. The proximal 
fragments are then reduced and cerclaged around the body of the implant (F ). The author finds this strategy effective for Vancouver type B2 and 
even some type B3 fractures; however, concerns remain about the durability of the modular junction of such stems without proximal bony support. 
Modular, tapered titanium stems have gained popularity in any revision setting but the issue of modular junction failures has not clearly been solved. There 
have been numerous clinical series in the last few years verifying the utility and clinical success of noncemented fixation especially with modular 
diaphyseal engaging titanium stem.°”°»’ 

Rarely, the proximal bone is so deficient that either a modular proximal femoral replacement (the so-called tumor prosthesis; ye 
proximal femoral allograft, *+94 or impaction grafting with plate fixation“°-°* is appropriate. The former two methods are typically used in very 
osteopenic bone; therefore, cemented distal fixation is recommended. Preserving a sleeve of remaining proximal bone, albeit deficient, provides some soft 
tissue attachment and assists in maintaining a stable hip. In addition, maintaining the abductor/vastus sleeve attached to the greater trochanter bone fragment 
helps to prevent trochanteric escape (see 59-13C). A coronal split (Wagner type) of the proximal bone can facilitate stem removal. The new implant is 
cemented into the distal fragment, and then the proximal sleeve of remaining bone and soft tissue can be cerclaged around the body of the proximal femoral 
replacing prosthesis or the proximal femoral allograft/revision stem composite ( 59-14) with cable or heavy braided suture. Results of these extreme 
revision scenarios are not as good as seen with the less complex revisions associated with type B1 fractures. Patients should be counseled that neither bone 
healing nor function are predictably good, but that both can be satisfactory. Twenty-three of 24 patients treated with such an allograft/implant composite for 
Vancouver type B3 fractures were able to walk but 15 required a walker. ^94 Osseous union of the allograft to host femur occurred in 80% and union of 
the greater trochanter occurred in 68%. At a mean follow-up of 5.1 years, 16% had required a repeat revision. In a series of 21 similar fractures treated with 
a proximal femoral replacement and followed for 3.2 years, all but one was able to walk.**? Despite a relatively high complication rate (two wound 
drainage, two dislocations, one refracture distal to the femoral stem, and one acetabular cage failure) the authors concluded this was a viable option for 
patients with a severe problem. A more recent review of 20 patients undergoing megaprosthesis reconstruction for periprosthetic fracture confirms 
acceptable results in terms of function and satisfaction at a mean of 48 months but with a high complication rate (6 major complications in 20 patients). 


When impaction grafting technique is chosen, better results have been demonstrated with the use of a long-stem femoral component that bypasses the 
fracture then with a short stem.?®? If the abductors are deficient, any of these constructs should include a constrained acetabular liner to minimize the risk of 
postoperative dislocation. If the acetabular component is of sufficient diameter and a compatible constrained liner is not available, some surgeons have 
recommended cementing a constrained liner into a well-fixed acetabular component. Good containment of the locked liner by the acetabular component is 
required, and cup position should be acceptable. Contouring the backside of the liner to be cemented is recommended (if it is smooth) to allow cement 
interdigitation. 
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Figure 59-13. A fracture associated with a loose prosthesis and bone loss from osteolysis (Vancouver type B3) (A) is treated with a proximal femoral replacement. 
An intraoperative photograph (B) shows sizing of the stem and postoperative radiographs show reattachment of the abductor/vastus lateralis sleeve (C). (Courtesy of 
Hari Parvataneni, MD.) 


Figure 59-14. Proximal femoral allograft-revision stem composite for treatment of Vancouver type B3 periprosthetic femur fractures. A: The allograft—prosthesis 
composite is inserted into the native host distal femoral segment. B: Any remaining proximal sleeve of split host bone with soft tissue attachments is secured to the 
allograft and across the allograft—host junction. C: The greater trochanter is separately attached to the allograft. 


When postoperative fractures occur around loose implants, revision strategies should rely on diaphyseal, not proximal fixation. The diameter, geometry, 
and bone quality of the diaphyseal bone will determine whether an extensively coated cylindrical stem or a tapered modular stem is appropriate. Extensively 
coated cylindrical stems are appropriate in smaller canals (<18 mm), simple fracture patterns, and in situations where 5 cm of parallel diaphyseal endosteum 
is available for fixation. This situation is rare, therefore we generally prefer to osteotomize the proximal femur, using existing fracture lines, if possible, for 
direct access to the diaphysis, and then obtain distal fixation with a tapered modular stem. Modular trials are used to restore leg length and hip stability. 
After the assembly of the implant, the proximal fragments are stabilized with cerclage, typically using cables, using the intramedullary stem as an 
“endoskeleton.” Rarely, the proximal bone is so deficient that proximal femoral replacement with a modular megaprosthesis is necessary. An effort should 
be made to preserve the proximal femoral muscular attachments. We prefer to “wrap” any residual bony fragments around the megaprosthesis with cerclage 
in an attempt to improve construct stability. Total femoral replacement, in extreme circumstances, can be a salvage option with good functional outcome but 
with high risk of complications.*° Obviously, if there are any acetabular component issues, they can be addressed simultaneously, either with modular liner 
exchange or cup revision as indicated. 


Postoperative Care for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Weight-bearing status will depend on the quality of the bone and fixation. Special precautions should be emphasized for dislocation which is much more 
likely with complex revision surgery and if the greater trochanter is repaired. Close attention should be given to wound issues or persistent drainage. 
Regularly scheduled radiographs will guide activity advancement and need for further intervention. 


Potential Pitfalls and Preventive Measures for Revision Arthroplasty of Periprosthetic Femur Fractures About Total Hip Arthroplasty 


Revision Arthroplasty for Periprosthetic Femoral Shaft Fractures About Total Hip Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Inadequate surgical field e Drape and prep widely (above iliac crest to below knee) 
e Ensure pelvic positioner does not encroach on the field anteriorly or posteriorly 
e Use an extensile incision that allows access to the entire femur and much of the pelvis 


Limited implant options e Preoperative planning for selection of acetabular socket, liner, femoral fixation, and bone graft options 
e Pay special attention to large femurs requiring outlier sizes, bowed femurs, small sockets that will not 
allow many options for hip stability, constrained liners if the abductors are dysfunctional, trochanteric 
fixation options, and “backup implants” such as a megaprosthesis 


Propagation of the fracture distally e Meticulous bone preparation with trialing prior to stem insertion. If the stem is not advancing, reprepare 
the femur. Cerclage wire(s) at the mouth of the diaphysis just distal to the fracture 
e For bowed stems, flexible reamers are needed and often require variable over reaming 


Inadequate hip stability e Pay attention to combined anteversion, status of abductors, and soft tissue tension. Increase head size if 
possible. Have lipped and lateralized liners available. Constrained liners must be available if there are 
deficient abductors or instability that cannot be solved with other options 


Revision hip arthroplasty in the setting of periprosthetic femur fracture requires wide surgical exposure. Wide draping and care that positioners do not 
inhibit extensile exposure should be taken. A wide array of revision implants may be required and should be confirmed as being available, including 
multiple lengths and sizes. Occasionally, a worn or cracked acetabular liner or a loose acetabular component is unexpectedly encountered. Therefore, 
implants and equipment for acetabular revision should also be confirmed as available. 

Implantation of a long femoral stem across a femoral shaft fracture can generate substantial stress on the bone. This establishes a risk of fracture 
propagation. Preparation of the canal with flexible reamers can accommodate for the normal femoral bow. With meticulous preparation of the canal, careful 
selection of the appropriate size prosthesis, and with meticulous insertion technique, iatrogenic fracture risk can be minimized. As with any revision hip 
arthroplasty, stability of the hip joint is a potential issue. Proper anteversion, adequate soft tissue tension, larger head size, and an elevated liner each can 
improve stability. A constrained liner should be available if hip stability cannot be accomplished with standard means. 


OUTCOMES FOR PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL HIP ARTHROPLASTY 


Outcomes for Vancouver Type A Periprosthetic Femur Fractures 


Of Vancouver type A, B, and C periprosthetic fractures, only type A fractures are treated nonoperatively with any regularity. In a series of 30 Vancouver 
type A fractures treated nonoperatively, 90% had displacement of 2.5 cm or less.2°* A combination of superior and medial displacement was typically 
observed and only three patients (10%) had a secondary increase in displacement. Functional outcomes were marginal with 12 patients (40%) experiencing 
pain or limp. However, only three had symptoms persistent and severe enough to warrant operative repair, two of whom experienced improvement. No 
dislocations occurred in this series; however, in another small series of six patients treated nonoperatively for a Vancouver type A fracture, two had 
subsequent dislocation within 2 months.!°? Minimally displaced postoperative fractures occurring through osteolytic lesions 4 to 11 years after THA treated 
nonoperatively yielded union in 15 of 17 patients.!!° At a mean follow-up of 3 years after fracture 16 had revision THA, the majority for excessive wear and 
component loosening. 
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Figure 59-15. High failure rates (A, B) have been associated with lateral plate fixation when older, direct, nonbiologically friendly reduction techniques are used. 
Much of the available information includes or is exclusively related to treatment of greater trochanteric osteotomies or nonunions.®%!54153.154 The 
available evidence indicates these fractures, when treated operatively, have marginal results. Small studies of claw plate fixation have yielded mixed results 
with fibrous union resulting with modest frequency. In a series of 21 patients with Vancouver A greater trochanteric fractures (13 acute and 8 subacute or 
nonunions), 12 healed and 9 went on to fibrous union.®® In a series of 31 cases of claw plate fixation of the greater trochanter, only 8 were for acute 
fracture.'** Results for these patients were not distinguished. Overall, union occurred in 28 of 31 patients with 3 having fibrous union of the trochanter. A 
series of 44 patients with greater trochanteric fractures (22 isolated and 22 associated with Vancouver B fractures) yielded union in 39% of cases.'®4 


Outcomes for Vancouver Type B Fractures 
ORIF Outcomes for Vancouver Type B Fractures 


The results of traditional nonlocked plate and screw fixation for periprosthetic femoral shaft fractures using now outdated direct reduction techniques have 
been varied.4%77.176,251,261,266,286 Failure of traditional cable-plate constructs with cable fixation in zone of intramedullary implant and nonlocked screws 
distally is likely related, at least in part, to older direct reduction techniques and not necessarily to an inappropriate construct (Fig. 59-15). Soft tissue 
stripping associated with direct reduction can delay healing, which eventually manifests as implant failure. The addition of strut grafts 90 degrees to a lateral 
plate offers increased immediate as well as prolonged construct stability (Fig. 59-16) and has been associated with good results.°'76” In a report on 40 
patients, Haddad et al.°! concluded that cortical allografts should be used routinely to augment fixation and healing of periprosthetic femoral fracture around 
well-fixed implants. Treatment methods varied in this study and included cortical onlay strut allograft alone, a plate and one cortical strut, or a plate and two 
struts. The nonstandardized use of other adjuvant bone grafting materials in this study further increased the heterogeneity of the treatment methods: 8 
patients received autograft, 29 received morselized allografts, and 15 received demineralized bone matrix. Based on 100% healing, it is logical to conclude 
that the use of strut allografts plus adjuvant bone graft and/or lateral plate fixation can achieve good results. However, it may be overstated to conclude that 
allograft is a requirement for treatment of Vancouver type B1 fractures. 


Figure 59-16. An intraoperative clinical photograph showing lateral plate fixation augmented with an anterior femoral strut allograft. 


Newer biologic plating techniques that maximally preserve the soft tissue attachments about a fracture have been shown to be successful without 
adjuvant bone grafting for fractures in other anatomic areas that traditionally were treated with adjuvant bone grafts. Abhaykumar and Elliott? and Ricci et 
al.2!2 were among the first to apply biologic plating techniques to periprosthetic femoral shaft fractures. Indirect fracture reduction and a single laterally 
applied plate, without the use of structural allograft or any other substitute, were uniformly used in the series of Ricci et al.2!* Union occurred after the 
index procedure in all of 41 patients who lived beyond the perioperative period. The average time required for healing was relatively short, 11 weeks, and 
was very homogenous with the standard deviation being only plus or minus 4 weeks. All patients healed in satisfactory alignment (<5 degrees of 
malalignment). Although minor implant-related complications such as cable fracture occurred in three patients, this did not appear to complicate the healing 
process. Each of these three fractures healed at between 10 and 12 weeks in satisfactory alignment and without the need for further operation. The consistent 
healing was attributed to care in preserving the soft tissue envelope around the fracture. Xue et al.?”3 and Anakwe et al.” had very similar results in smaller 
series, 12 and 11 cases, respectively treated in nearly the identical manner: single lateral plate, screw fixation distally, screw and cerclage fixation 
proximally, and without the use of adjuvant bone grafts. All patients from both studies healed after the index procedure, with one patient having a delayed 
union and one with proximal screw loosening in Xue’s series. These results compare favorably to treatment of similar fractures using cortical onlay grafts 
alone,?*°.9! where nonunion requiring revision surgery has been reported in 8% to 10% of cases,2*33:2”! and where angular malunion has been reported to 
occur in 5% to 10% of cases.3”°! The reason for the higher malunion rate seen when allograft strut fixation is used alone may be because these struts cannot 
be bent or contoured as can plates. Fracture alignment, therefore, cannot be adjusted with struts as precisely as with the use of plates. Good clinical results 
of isolated locked compression plating technique, without the use of cables, has been reported in small series of patients (10-13), all who accomplished 
union after the index procedure.*®°* It is important to recognize that in these series all patients had bicortical fixation in the proximal fragment including 
bicortical locking screws anterior or posterior to the prosthesis, bicortical fixation into the lesser trochanter, or bicortical fixation into the greater trochanter, 
or some combination of these methods. Constructs relying on unicortical fixation, without any bicortical fixation, have poor rotational control and are not 
recommended. 

A host of biomechanical studies exists to define the characteristics of various plate constructs used for Vancouver type B fractures.2”5293:74252,281 The 
so-called Ogden-type construct (Fig. 59-17), cables proximally and standard nonlocked screws distally, is the typical control construct in these 
biomechanical studies. Prior to the advent of locking plates, cortical allograft struts either in place of or in addition to the Ogden concept was the focus of 
testing.5253 More recently, the use of proximal unicortical locking screws either in lieu of or in addition to cables has been investigated.”4?52281 In each of 
these studies, the stiffness of various experimental constructs was greater than the Ogden construct but fatigue characteristics were not investigated in most 
studies, limiting the clinical applicability of these investigations.52°*:’48! The recent clinical series utilizing modem biologic plating techniques have 
shown good results with slight modification of the Ogden construct. Addition of locked screws in the proximal segment to augment (but not replace) cables 
and bicortical locked screws in the distal segment to augment nonlocked screws in the presence of osteoporotic bone has been reported with good 
results.*7!* Unicortical locked screws alone, without cables or bicortical screws around the prosthesis, have not been shown to provide adequate fixation for 
these fractures. This is primarily because of the poor rotational stability of such short unicortical screws. Therefore, locked screws should be used as an 
adjunct to, but not as a substitute for, cable fixation in the zone of the hip prosthesis. A biomechanical study attempting to evaluate the effect of unicortical 
and bicortical screws on the cement mantle provided mixed results: unicortical screws induced few cracks but had less holding power than bicortical 
screws.!!4 Any clinical long-term detrimental effect of unicortical or bicortical screws inserted into a cement mantle remains unknown. 


. AP view of the traditional Ogden type construct with cable fixation proximally and nonlocked screw fixation distally. 


Fixation of midshaft femur fractures with a bowed plate helps preserve anatomic alignment in the sagittal plane. 


The specific type of plate used for fixation of periprosthetic femoral shaft fractures is probably less important than the technique utilized for its 
implantation. A number of designs that employ various mechanisms for attachment of cables through or around the plate are available. However, good 
results have been achieved with standard plates.*”*"~*'? A plate that is bowed in the sagittal plane to match the anterior femoral bow makes sense to assist 
in obtaining an anatomic reduction in this plane (F ). 


Revision Arthroplasty Outcomes for Vancouver Type B Fractures 


The overall functional outcome for revision arthroplasty in the setting of periprosthetic fracture based on the Oxford Hip Score (OHS) has been found, in a 
large comparative analysis (n = 232 revisions for fracture), to be worse than when revision is for aseptic loosening.””° Further, this study demonstrated an 
eightfold higher mortality rate (7.3%) seen in the periprosthetic fracture patients. These data are consistent with the high mortality rates (11%) seen in 
patients treated with ORIF for periprosthetic femur fractures?°* and together paint a sobering picture of the seriousness of these injuries. Langenhan et al.,!°7 
because of high mortality rates after ORIF, altered their treatment protocol in 2001 and began performing stem replacement with a distally locked modular 
prosthesis nail for most Vancouver types B and C periprosthetic femur fractures regardless of stem stability. This strategy permitted immediate full weight 
bearing and therefore improved mobility compared to patients treated with ORIF and protected weight bearing. The authors attributed the decrease in 
mortality to the improved mobility seen in their group of 29 patients who underwent revision arthroplasty (10 had died at final follow-up and 3 died early) 
compared to the 23 patients treated with ORIF (21 had died at final follow-up and 7 died early). Subgroup analysis of patients with Vancouver type B1 
fractures showed no significant difference in 6-month mortality between groups, but this analysis was likely underpowered. Another retrospective study 
comparing ORIF to revision arthroplasty for Vancouver type B and C fractures failed to show differences in systemic complications between groups.!°9 
This study did, however, reveal more surgery-related complications in the ORIF group (62.5% vs. 18.8%). A cohort from the NHS National Joint Registry 
found substantial mortality rates after revision arthroplasty for periprosthetic femur fracture: 9% at 90 days, 21% at 1 year, and 60% at 5 years in the highest 
risk groups (males >75 years old and ASA >3).!19 

Results after revision THA associated with periprosthetic femur fractures appear to be inferior to those for revision for aseptic loosening. Data from the 
New Zealand National Registry showed functional outcomes based on the OHS to be worse following revision THA for periprosthetic fracture than in 
reference patients (mean OHS: 29 vs. 24).?7 Also, there was a higher likelihood of revision (7.3% vs. 2.6%) and higher 6-month mortality (7.3% vs. 0.9%). 
Reoperation in 7 of 25 patients with Vancouver type B2 and B3 fractures treated with revision alone or revision plus ORIF was reported.78° Specific 
prostheses have been investigated with results after revision with a modular titanium stem showing good short-term implant survival and functional results 
but with subsidence noted radiographically in 24%.18° 


Author’s Preferred Treatment of Periprosthetic Femur Fractures About Total Hip Arthroplasty ( 


The Vancouver classification is very useful in determining treatment for periprosthetic femoral shaft fractures. Nondisplaced Vancouver type A 
fractures are generally treated nonoperatively with protected weight bearing based on comfort unless the fracture is noticed intraoperatively. In such 
cases, there is a low threshold for cable or claw plate fixation. Intraoperative or postoperative widely displaced Vancouver type A fractures are 
generally treated with ORIF with a claw plate and cables. 

Vancouver type B1 fractures are usually treated with ORIF via a lateral approach. These fractures are typically simple spiral patterns. Clamps, 
cables, and countersunk independent lag screws (2.7 or 3.5 mm) are used to help obtain and maintain a provisional reduction. Definitive fixation is with 
a lateral locked plate, which is secured proximally with screws around the prosthesis, typically using an implant specifically designed for periprosthetic 
fractures, and then with locked screws into the trochanteric region. If there is difficulty with passing screws around the femoral stem, there is no 
hesitancy to use cables. Distal fixation is with a combination of nonlocked and locked screws depending upon the bone quality. Lag screws are placed 
across the fracture through the plate whenever feasible. Protecting the entire length of the femur is preferred and therefore a plate that extends at least to 
the distal metaphyseal flare is selected. Comminuted fractures are treated similarly except a bridge plating technique is used. Bone grafts are not 
typically utilized for Vancouver type B1 fractures, nor are revision arthroplasty performed in the presence of a well-fixed stem. 
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Algorithm 59-2 Author’s preferred treatment for periprosthetic femur fractures about hip arthroplasty arthroplasties. 


Vancouver type B2 fractures have a loose stem and therefore treatment incorporates revision of the femoral component. However, in select cases 


when the patient’s functional demands are severely limited, and when the patient had no preoperative symptoms associated with the loose prosthesis, 
revision arthroplasty may be forgone especially if the patient has substantial cardiopulmonary comorbid disease that increases the risk of intraoperative 
or postoperative medical complications. Recent literature supports this strategy in select cases.8>84 In most cases when revision arthroplasty is 
performed it is with a noncemented stem across the fracture supplemented with a long lateral plate that protects the entire femur from future fracture. If 
there are bone defects, these are managed with structural allograft placed anteriorly and secured with cables in addition to the lateral plate. 

Vancouver type B3 fractures present substantial technical challenges. It is highly recommended that these fractures be placed in the hands of a 
surgeon that is well versed in revision hip arthroplasty technique as well as proximal femoral replacement technique. As with other types of 
periprosthetic femur fractures, the entire femur is typically protected with a lateral plate after revision arthroplasty. 

Vancouver type C fractures are treated according to the standard techniques outlined for plate and screw treatment of distal femur fractures. 


Typically, a lateral lock plate is used with care to use plates long enough to overlap the femoral stem such that multiple screws or cables can be placed 
in the zone of the stem and spaced apart by 3—4 cm. 


Figure 59-19. Classification scheme for periprosthetic fractures about the femoral component of the knee. Type I fractures are minimally displaced with an intact 


prosthesis—bone interface, type II fractures are displaced but maintain an intact bone-prosthesis interface, and type III fractures may be displaced or nondisplaced, but 
have a loose femoral component. 


PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL KNEE ARTHROPLASTY 


CLASSIFICATION OF PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL KNEE 
ARTHROPLASTY 


The Lewis and Rorabeck classification scheme for periprosthetic femur fractures about TKAs accounts for fracture displacement and prosthesis stability 
(Fig. 59-19).!47,222 Type I are stable, essentially nondisplaced, fractures and the bone-prosthesis interface remains intact. Type II fractures are displaced 
with a well-fixed prosthesis. Type III fractures have a loose or failing prosthesis regardless of the fracture displacement. 


Type Il Type Ill 


Figure 59-20. The Su classification of periprosthetic distal femur fractures accounts for location of the fracture relative to the femoral TKA component. 


This classification does not account for the fracture location relative to the prosthesis, a factor that has the potential to dictate treatment. The 
classification schemes of Su et al.2°° divides fractures into three types according to the fracture location relative to the proximal border of the femoral 
component: type I fractures are proximal to the femoral component; type II originate at the proximal end of the component and extend proximally; and type 
III extend distal to the proximal border of the femoral component (Fig. 59-20). 


INCIDENCE OF AND RISK FACTORS FOR PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL 
KNEE ARTHROPLASTY 


Approximately 300,000 primary knee arthroplasties are performed annually in the United States, and this number continues to increase. It is estimated that 
0.3% to 2.5% of patients will sustain a periprosthetic fracture as a complication of primary TKA.!50.168 The prevalence of these fractures is substantially 
higher (1.738%) after revision TKA.!®8193 Patient-specific risk factors such as RA, osteolysis, osteopenic bone, use of steroid medications, frequent falls 
common in the elderly population, and technique-specific risk factors such as anterior femoral cortical notching have all been implicated as potential causes 
of periprosthetic fractures. In a large population-based study from Scotland that included 44,511 primary and 3,222 revision TKAs, female gender, age over 
70, and revision arthroplasty were associated with risk of fracture.!68 Although tibia fractures about unicompartmental knee arthroplasty has been identified 
in a number of reports, fractures about the femur in association with unicompartmental knee arthroplasty has rarely been reported.!22 

Intraoperative fracture of the femur during TKA is much less common than femur fracture during THA. Intraoperative fracture has been reported to 
occur in 49 cases out of 17,389 primary TKAs.‘ Of the 49 fractures identified in this series, 20 were of the medial condyle, 11 of the lateral condyle, 8 were 
complete supracondylar fractures, 7 involved the medial epicondyle, 2 the lateral epicondyle, and 1 the posterior cortex. Most fractures occurred in females 
and most occurred during exposure, bone preparation, and component trialing. 

Osteopenia, from a multitude of potential causes, is a major contributing factor to periprosthetic fractures in TKA.46 Bone mineral density (BMD) in the 
distal femur has been shown to decrease between 19% and 44% 1 year after TKA compared to initial values.!°8 Progressive loss in BMD has been reported 
at 2 years after surgery, possibly from stress shielding in the anterior distal femur. Such reductions in BMD may be an important determinant of 
periprosthetic fracture.!9° Neurologic disorders have also been implicated as etiologic factors,*®!4” but this too may be primarily related to osteopenia from 
associated disuse or neuroleptic medications. 

Stress fractures in the femur and tibia associated with a sudden increase in activity soon after TKA have been described and may be related to relative 
disuse osteopenia occurring with extended periods of inactivity prior to TKA.® In the femur these stress fractures may occur at any location and may 
present a diagnostic challenge in a patient that complains of sudden onset of pain without antecedent trauma and without signs of infection. 134147 Repeat 
plain radiographs a period of weeks after the onset of symptoms may reveal the previously occult stress fracture or a bone scan may be diagnostic earlier. 
With an index of suspicion, protected weight bearing is prudent until stress fracture is ruled out. When ruled in, protected weight bearing for approximately 
6 weeks followed by gradual advancements is usually a successful treatment plan. 

With or without associated osteopenia, several local factors may further contribute to the occurrence of periprosthetic fractures above TKAs. Fractures 
through an osteolytic lesion about TKAs are much less common than their occurrence about femoral hip components, but these certainly may occur.!9” 
Anterior femoral notching has been implicated as another risk factor for subsequent periprosthetic supracondylar femur fracture. Biomechanical evaluations, 
including cadaveric studies and finite element models, implicate anterior notching as a risk factor for periprosthetic fracture. 146-279 When loaded in bending, 
notched femora failed with a short oblique fracture originating at the cortical defect whereas unnotched femora sustained a midshaft fracture. No difference 
in failure mode was noted with loading in torsion. The force to failure was significantly less for notched femora than unnotched, 18% less in bending and 
39% less than torsion. Finite element analysis has also yielded results that indicate notching reduces the fracture threshold.?”? Larger notches, sharper 
notches, and proximity to the prosthesis each lead to increased local stresses. Despite common sense and laboratory investigations indicating notching as a 
risk factor for periprosthetic supracondylar femur fractures, clinical data remain unconvincing. The lack of statistical association between notching and 
fracture may be because of underpowered studies and extremely small numbers of observed fractures. Lesh et al.!46 reviewed 164 supracondylar 
periprosthetic femur fractures reported in the literature and noted more than 30% were associated with notching. Many of these patients, however, were 
noted to have other risk factors for fracture. Three separate large retrospective studies (>200 patients) failed to find an association between notching and 
fracture.°°.7!°.220 However, with very few fractures (three or less) in each of these cohorts, statistical power is lacking in each to rule out an association 
between notching and fracture. Other studies, however, suggest notching may predispose to subsequent fracture. Aaron and Scott! found that 42% of 
patients with excessive notching suffered fracture, whereas none of those without encroachment of the anterior cortex fractured. A study that included a 


cohort of patients with supracondylar fractures, but without a denominator indicating how many patients without fracture did and did not have notching, 
found a large proportion (up to 25%) of fractures associated with notching.'¢5 Further supporting the association of notching and fracture are the findings 
that the time from index arthroplasty to fracture was 37.5 months in patients with notching compared to 80.3 months in those without and that the distance 
from the anterior flange of the femoral component to the fracture was significantly shorter in patients with notching (3.6 mm) than in patients without 
notching (39 mm).‘“° It has also been postulated that bone remodeling around notched areas may reduce risk of fracture? and that notching is of minimal 
concern beyond the early postoperative period.?”° However, the rate of periprosthetic distal femur fracture has been shown to increase with the number of 
years after both primary and revision TKA.1°8 

Prosthetic designs with a posterior stabilized femoral component that removes bone from the intercondylar region has been noted to increase risk for 
intraoperative fracture.?*? Fracture, typically of the medial femoral condyle, is more likely to occur if the component is not centered between the condyles. 
A relatively new potential risk factor has been described in multiple reports of periprosthetic supracondylar femur fractures through a navigation pin 
hole. !5%242,276 With the increasing popularity of surgical navigation for TKA, this potential complication should be considered when choosing a location for 
navigation instruments. Another new technology, saline-cooled bipolar radiofrequency, used on the synovium overlying the femoral condyles for 
hemostasis has been implicated in periprosthetic femoral condyle fractures after TKA.!®° Four such fractures occurred shortly after increasing usage of this 
technology whereas the senior author had no fractures of this kind in 2,500 prior TKAs. It was hypothesized that thermal damage to the bone caused by 
saline-cooled bipolar radiofrequency reduced the mechanical integrity and predisposed to fracture. 

It is well established that geriatric patients who sustain hip fractures have high mortality rates at any time point relative to their fracture. The 
combination of stress associated with fracture and treatment, and the comorbid medical conditions commonly present in this population are attributed to the 
high mortality rates seen. These conditions are also seen in patients with periprosthetic distal femur fractures. It is therefore not surprising that patients with 
distal femur fractures were found to have high mortality rates (6% at 30 days, 18% at 6 months, 25% at 1 year) that were similar to hip fracture patients.?“8 


TREATMENT OF PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL KNEE ARTHROPLASTY 


Nonoperative Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty 
Indications/Contraindications for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Nonoperative Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Nondisplaced or minimally displaced fracture 
e Patient medically unfit for surgery 


Relative Co dications 


e Displaced fracture 
e Loose femoral component 
e Associated periprosthetic infection 


Nonoperative treatment of periprosthetic supracondylar femur fractures is reserved for nondisplaced fractures or for displaced fractures where patient-based 
results of nonoperative treatment would be at least as good as operative treatment. For displaced fractures, nonoperative treatment is indicated for 
nonambulatory patients or those patients who are not likely to survive surgery because of medical comorbidities. 


Techniques for Nonoperative Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Nondisplaced fractures can be treated nonoperatively with skeletal traction, splints, casts, and braces or a combination of these methods. Initial treatment, 
especially if the limb is substantially swollen, is typically with a long leg splint. Once the soft tissue swelling has subsided and the patient has regained 
reasonable comfort, a long leg brace, such as a knee immobilizer or a hinged knee brace can be used. As with other nondisplaced fractures treated 
nonoperatively, it is prudent to monitor for secondary displacement with frequent, usually weekly or biweekly, radiographs. Any secondary displacement 
noted early in the treatment course (e.g., the first 2 weeks) is a relative indication for operative intervention as such early displacement is typically followed 
by progressive later displacement. 


Operative Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Most displaced periprosthetic distal femur fractures are treated operatively. Only in special circumstances are such displaced fractures treated 
nonoperatively. When comorbid medical issues make survival of operative treatment questionable, these risks must be weighed against the likely poor 
outcome of nonoperative management. Nonambulatory patients can be successfully treated nonoperatively; however, even in this circumstance there are 
potential benefits to operative management such as improved patient comfort, facilitation of mobilization, and improved ease of care. 

Operative treatment of patients with supracondylar femur fractures associated with TKA prostheses presents unique challenges. The presence of TKA 
prosthesis can complicate operative treatment of these fractures by interfering with or precluding the use of standard fixation methods. TKA prosthesis with 
a narrow or closed intracondylar space either limits the diameter for a retrograde nail or completely obviates its use.!®° Traditional nonlocked plate fixation 
is prone to varus collapse.” Locked plating has become the treatment method of choice for many surgeons as this device offers many theoretical 
advantages. The multiple locked distal screws provide both a fixed angle to prevent varus collapse and the ability to address distal fractures?4® even when 
associated with a deep intracondylar box. The provision for locked screw insertion into the diaphyseal fragment theoretically improves fixation in the often 
associated osteoporotic bone. These devices can also be inserted with relative ease and familiarity. 

The results of locked plate fixation for treatment of periprosthetic supracondylar femur fractures above a TKA have been investigated by numerous 
authors, with the initial enthusiasm being tempered by an inability to obtain consistently high union rates.10420.213.215.254 IMN represents another viable 
and efficacious option for these fractures.>°°!04270 Whereas locked plate fixation is applicable to nearly all periprosthetic supracondylar fractures, 
regardless of the prosthesis design and even for extreme distal fractures, IMN is reserved for a subset of these fractures. The associated femoral component 


must accommodate the diameter of the driving end of a retrograde nail, a diameter that may be larger than the diameter of the nail shaft, and sufficient distal 
bone is required. Published galleries of radiographic profiles and reference lists that include intercondylar dimensions of various prostheses are helpful to 
avoid unanticipated problems when documentation of the component type is unavailable.?°? When retrograde nailing is feasibly, it can be used in isolation 
or combined with plating to create the so-called nail-plate combination (Fig. 59-21).!5° Distal femoral replacement also has a role in certain subsets of 
patients with periprosthetic distal femur fractures.!29:!7225 This treatment method is gaining in popularity and indications are expanding from primarily 
those patients with loose TKA prostheses to also include patients with well-fixed and well-functioning prosthesis when the prolonged period of protected 
weight bearing associated with internal fixation methods is undesirable or impractical. 


ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Most periprosthetic supracondylar femur fractures about TKA are in the presence of a stable femoral component. Therefore, ORIF can generally be 
performed in this scenario. Fractures that are distal to the diaphyseal/metaphyseal junction are treated with ORIF with locked plates, even when fracture 
extension is extremely distal. We have found that locked plating constructs offer satisfactory fixation distally even in these short segments (Fig. 59-22). The 
important principle for plate fixation of these fractures is the use of biologically friendly, indirect, fracture reduction techniques. 
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A: A comminuted periprosthetic distal femur fracture treated with a nail plate combination. B: Intraoperative lateral view. C, D: AP view at follow-up. 


A unique situation that is becoming more and more common is periprosthetic fracture between a TKA and THA, the so-called interprosthetic 
fracture.!°° These fractures have been found to be in the supracondylar region above the TKA about two times more frequently than in the shaft about the 
THA stem. Treatment of these interprosthetic fractures should follow the principles of the individual type of fracture encountered and simultaneously 
protect against future fracture. This situation almost universally lends to plate fixation with a long distal femoral locking plate that spans from the distal 


femur to overlap with the region of the femoral stem (Fig. 59-23) as described for treatment of Vancouver type C fractures taking into account the issues of 
distal fixation in the presence of the TKA femoral component discussed in this section. 


Figure 59-22. An extreme distal periprosthetic fracture above a TKA (A, B) treated successfully with a distal lateral femoral locking plate (C, D). 


Figure 59-23. An interprosthetic fracture located in the distal femur is treated with a long distal lateral femoral locking plate that protects the entire femur by 
overlapping the hip arthroplasty stem. 


Preoperative Planning for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table that allows fluoroscopic imaging of the entire involved femur and knee 
Position/positioning aids LJ Lateral or supine using a radiolucent leg ramp to support and elevate the injured extremity. Prep and drape the entire femur 
and hip 


Fluoroscopy location Opposite side from the operating surgeon with the monitor at the foot 


Equipment Vascular clips (medium and large) 
An array of reduction forceps 
For interprosthetic fractures, a cable set 


If a nail plate combination is contemplated, have all equipment listed in the below section for IM nailing 


Ld 
Implants Large and small fragment set (to include 2.7-mm screws) 
Lateral femoral plates and screws (preferentially plates that are specifically designed for periprosthetic applications) 
Cables (approximately 1.7-mm diameter) 
If a nail plate combination is contemplated, have all equipment listed in the below section for IM nailing 


Tourniquet A sterile tourniquet may be utilized for distal exposure, reduction, and plate insertion 


Proximal fixation may require removal of tourniquet if applied 


Blood LJ Packed red blood cells typed and crossmatched 


The strategy for ORIF of periprosthetic supracondylar femur fractures starts with consideration of the fracture details to determine the fixation method. A 


simple fracture pattern amenable to compression plating techniques will require an anatomic reduction and rigid fixation whereas a comminuted fracture is 
treated with indirect reduction techniques and bridge plating. This has implications for the required exposure. Anatomic reduction typically requires 
exposure that spans the fracture site whereas indirect reduction requires only the exposure needed for plate insertion. Potential hindrances to standard screw 
placement, such as a deep intercondylar box of the femoral component or the existence of proximal implants such as a hip arthroplasty stem, a short 
trochanteric nail, or a plate device are identified and a strategy for overcoming such issues is made. Availability of additional needed equipment, such as 
cables to attach the plate in the zone of an existing hip arthroplasty stem, is confirmed. Other aspects of the plan are similar regardless of the plating strategy 
selected. 


Positioning for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


The patient is positioned lateral or supine. Supine has the advantage of allowing for medial exposure for dual plating or for retrograde nailing if a nail plate 
combination is planned. If there is no plan for either medial exposure or nailing, lateral positioning has advantage of better ergonomics and easier avoidance 
of valgus deformity by placing a bump at the level of the fracture and allowing gravity to bring the distal fragment out of valgus. The selected OR table 
should allow fluoroscopic imaging of the entire femur, especially if there are any proximal implants to be dealt with. When supine, a bump may be placed 
under the ipsilateral hip to position the limb in neutral rotation and a radiolucent leg ramp is helpful to elevate the limb such that lateral radiographs are 
unencumbered by the contralateral leg. The entire leg and hip are prepped and draped free. To keep the entire leg in the surgical field, a sterile rather than 
unsterile tourniquet is used. The C-arm is placed on the contralateral side from where surgeons will stand with the monitor at the foot of the bed. 


Surgical Approach for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


The surgical approach used for ORIF of periprosthetic distal femur fractures is essentially identical to that used for ORIF of native distal femur fractures as 
described in Chapter 58. Given the presence of the distal femoral prosthesis, there is obviously no need for access to the articular surface. Therefore, the 
standard lateral approach to the distal femur is utilized. In most cases, limited exposure to the lateral femoral condyle is supplemented with small incisions 
proximally to center and fix the proximal portion of the plate to the proximal fragment (Fig. 59-24). When there is a simple fracture pattern and an anatomic 
reduction and lag screw fixation to promote primary bone healing is the surgical tactic, a longer lateral incision and wider exposure is needed. In these 
cases, it is critical to avoid excessive soft tissue disruption during exposure and during reduction maneuvers. 


Figure 59-24. A: An intraoperative photograph demonstrates limited incisions utilized for ORIF of a periprosthetic distal femur fracture. B: The lateral distal femur is 
exposed for plate insertion and small proximal incisions are used to place proximal screws. 


Technique for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


KEY SURGICAL STEPS 


LJ Expose the distal lateral femur 


e For bridge plating, exposure is limited to the lateral femoral condylar region. Exposure of the fracture is neither required nor desired. 

e For compression plating, exposure across the fracture zone is required to obtain an anatomic reduction of fracture fragments. 

Fracture reduction 

e For bridge plating, reduction is deferred until after plate insertion. The plate is generally used as a reduction aid. 

e For plating simple fractures, the fracture is reduced anatomically with care to avoid excessive soft tissue stripping. 

e Countersunk small or mini fragment lag screw(s) (2.7-3.5 mm) can be helpful to maintain reduction for unencumbered plate insertion. 

LJ Plate insertion for bridge plating 

e The plate is inserted submuscularly and used as a reduction aid. 

e The plate is aligned and provisionally secured to the proximal fragment through percutaneous or limited proximal incisions. 

e The distal fragment is reduced to the plate, with the plate acting as a reduction aid. Alignment relative to the distal fragment is confirmed on the 
AP and lateral views. 
The plate is provisionally secured to the distal fragment. 
If needed, length and rotation are restored. This may require removal of the provisional proximal fixation. 
The plate is aligned and secured to the proximal fragment with nonlocked screws through separate limited or percutaneous exposure. 
Alignment is confirmed and adjustments made as needed prior to definitive fixation. 
LJ Plate insertion for compression plating (after reduction and lag screw fixation) 

e The plate is inserted submuscularly. 

e Plate alignment relative to the proximal and distal fragments is confirmed. 

Definitive plate fixation 

e Distal fixation 

e Multiple locked screws are inserted across the distal femoral condyle. 

e Proximal fixation 

e Screws are inserted near and far from the fracture. 

Closure 

e A drain in the knee joint can facilitate postoperative knee ROM. 

e Standard wound closure 


Details for the surgical technique for ORIF of periprosthetic distal femur fractures depend largely on whether a bridge plating technique will be utilized in 
the context of a comminuted fracture, or whether a compression or neutralization plating technique is used for a simple fracture anatomically reduced and 
secured with lag screws. 

With bridge plating, a limited surgical approach is used. The lateral femoral condyle is exposed and the plate is slid submuscularly across the fracture. 
Reduction is deferred until after provisional placement of the plate. Ultimately, the plate must be aligned properly with regard to the proximal fragment and 
aligned properly with regard to the distal fragment to obtain a satisfactory fracture reduction. Whether the plate is secured first to the proximal fragment or 
first to the distal fragment is largely a matter of personal preference. It is relatively easy to align and secure the plate with the shaft fragment. However, 
when there is a comminuted fracture, it is often difficult to judge the proximal/distal position of the plate to assure proper length reduction of the fracture. 
Therefore, alignment and provisional fixation of the plate to the proximal fragment with a single screw via percutaneous or limited incisions is preferred. A 
single nonlocked screw is usually sufficient to hold the plate well reduced to the proximal fragment. In severely osteoporotic bone, more than one screw 
may be required for this purpose. The distal fragment is then reduced to the plate, which is already aligned and secured to the proximal fragment. The plate 
is used as a reduction aid. Sagittal plane alignment of the distal fragment can be adjusted using joysticks or a clamp placed from anterior to posterior on the 
distal fragment. Varus—valgus alignment is often difficult to establish. There is a tendency for valgus malalignment. Comparison to radiographs taken of the 
contralateral limb can be useful for properly recreating coronal plane alignment. 

Once coronal and sagittal plane alignment is established, the distal fragment is provisionally fixed to the plate, usually with a nonlocked screw. Proper 
length and rotation are confirmed. If adjustments to length or rotation are required, the provisional fixation in the proximal fragment is temporarily removed 
to allow these adjustments. Once satisfactory length, alignment, and rotation are confirmed, the plate is definitively secured to both the proximal and distal 
fragments. Multiple locking screws are inserted across the distal femoral condyle. If the prosthesis blocks placement of screws across to the medial condyle, 
unicortical screws are utilized. In the proximal fragment, screws are placed near and far from the fracture. If the bone quality is poor, locked screws are 
utilized to supplement nonlocked screws. Plate length should allow at least eight holes to cover the proximal shaft fragment. Occasionally, adjunctive 
medial plating, via a separate medial approach, is utilized to create a dual plate construct.!° 

When dealing with a simple fracture pattern, an anatomic reduction and provisional fixation of the fracture are usually accomplished prior to plate 
fixation (Fig. 59-25). This generally requires a larger surgical exposure. Great care must be taken to avoid excessive stripping when attempting to 
anatomically reduce the fracture. Once the fracture is anatomically reduced, it can be held with reduction clamps or countersunk lag screws. Lag screws, in 
contrast to clamps, allow unencumbered plate insertion and fixation. The plate is applied to the lateral femur with the proximal portion of the plate slid 
along the lateral femur submuscularly. Fixation of the plate to the already reduced fracture must assure that the fracture reduction is not disturbed. If there is 
a mismatch between the contour of the plate and the contour of the bone, nonlocked screw fixation runs the risk of disrupting the reduction. In this scenario, 
either the plate must be recontoured to match the bone, or fixation with locked screws can be used. In addition, it is often possible to get additional lag screw 
fixation across the fracture through the plate. 


Figure 59-25. A relatively simple spiral periprosthetic fracture of the distal femur (A) is reduced anatomically and provisionally secured with small fragment lag 
screws (B) to allow unencumbered definitive plate fixation (C). 


Arthroplasty 


There is generally no need for postoperative immobilization after ORIF of periprosthetic distal femur fractures. Early rehabilitation is concentrated on 
patient mobilization and knee ROM. Weight bearing is protected to some degree for approximately 6 to 8 weeks. In cases of dual plating or when simple 
fractures in nonosteoporotic bone are rigidly fixed, earlier weight bearing can be considered. Initial weight-bearing restrictions are toe-touch for balance or 
up to 50% weight bearing if the bone quality and fixation were both optimal. Therapy for knee ROM, transfer training, and use of assist devices are initiated 
immediately postoperatively. It is important to know baseline knee ROM limits to determine postoperative goals. Continuous passive motion (CPM) for 
knee ROM is usually familiar to this patient population given their prior knee arthroplasty. The use of CPM after periprosthetic supracondylar femur 
fracture is of unknown long-term benefit but can be useful to obtain early functional ROM. CPM to 90 degrees of flexion can generally be obtained within 
48 hours of surgery if any knee joint hemarthrosis is decompressed with a drain, the limits of flexion are advanced 10 degrees three times daily, and 
adequate postoperative analgesia is provided. 

Based on progressive clinical and radiographic signs of fracture healing, weight bearing is gradually advanced. Full weight bearing is typically 
accomplished by 6 to 8 weeks postoperatively and at this time formal strengthening and gait training therapy are useful. 


Potential Pitfalls and Preventive Measures for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Intraoperative evaluation of fracture alignment with true AP and true lateral radiographs 
Comparison to contralateral limb radiographs 

Clinical comparison to the contralateral limb 

Use of lateral rather than supine positioning. Gravity with a bolster under fracture provides relative 
varus to avoid the typical valgus deformity 


Fracture malreduction, typically valgus 


Poor distal fixation e Maximize the number and diameter of bicondylar locking screws in distal fragment 

e Unicondylar locking screws may be required if bicondylar screws are blocked by the prosthesis 

e Use a plate designed for periprosthetic fractures with polyaxial locking screw capability to maximize 
the ability to get locking screws across the entire width of the distal fragment while avoiding the TKA 
prosthesis 
e Use dual plates or nail plate combination 


Loss of proximal fixation e Use of long plate, eight or more holes spanning proximal fragment 

e Secure with at least two screws near the fracture and two screws far from fracture in the proximal 
fragment 
e Use multiple locking screws in the proximal fragment 


Inadequate biomechanics of fixation construct e Identify the desired mode of fracture healing, primary or secondary, and design construct with 
appropriate mechanics 


One of the most common pitfalls during ORIF of distal femur fractures is reduction in valgus. True AP radiographs and comparison to the contralateral limb 
should be used to ensure proper alignment. Most locked plating systems have screws that are designed to be 95 degrees from the long axis of the plate shaft. 
When these screws are parallel to the articular surface, 5 degrees of valgus results. In the sagittal plane, apex posterior malreduction is common. Joysticks or 
clamps in the distal fragment can be used to manipulate the articular segment into proper alignment. Loss of distal fixation, a concern when the femoral 
component blocks screw placement, is fortunately uncommon. Use of multiple locking screws and the largest diameter screws available will minimize this 
potential problem. Proximal fixation is optimized with the use of relatively long plates, eight or more holes covering the proximal fragment secured with at 
least four screws. Locked screws are used in the proximal fragment when bone stock is poor. The mechanics of the construct should be optimized to 
promote the desired method of fracture healing. Simple fractures are fixed with relatively rigid constructs with lag screws to promote primary bone healing. 
More comminuted fractures are managed with bridge plating constructs that provide relative stability and promote secondary bone healing. 


Intramedullary Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Retrograde IMN has evolved as a satisfactory treatment option for fixation of supracondylar femur fractures that are not associated with TKA. This fixation 
method is advantageous because of the indirect nature of the fracture reduction and associated minimization of soft tissue disruption about the fracture. 
However, problems obtaining stable fixation with intramedullary nails in patients with wide metaphyseal areas, with osteopenia, or both can lead to loss of 
fixation and malalignment.? When TKA is present, the potential difficulties of retrograde nailing of supracondylar femur fractures are also increased (Fig. 
59-26). As previously described, some TKA designs, because of a closed or narrow intercondylar notch, preclude the use of retrograde nails or limit their 
maximum diameter, respectively. Compatibility of various total knee designs with retrograde nail fixation has been recently published.*°” Furthermore, the 
specific prosthesis type may be unknown at the time of fracture fixation. In these cases, the choice of an anterior surgical approach used for retrograde 
nailing may need to be aborted in favor of a lateral approach for plate fixation if a nonaccommodating prosthesis is encountered. Despite these potential 
pitfalls, retrograde IMN can be successfully applied to periprosthetic supracondylar femur fractures that have adequate distal bone stock and is the preferred 
method of treatment by some authors (see Fig. 59-26C,D).®° A retrograde nail with 10 degrees distal bend has been advocated to offset a posterior starting 
point to allow for better sagittal plane alignment.!!8 
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Figure 59-26. Retrograde nailing of distal femur fractures with wide metaphyseal regions (A) runs the risk of malalignment (B). Proper technique requires the nail be 
aligned with the axis of both the proximal and distal fragments. The isthmus of the femur helps align long nails within the proximal fragment, but it is incumbent upon 
the surgeon to establish alignment in the distal fragment. C: With attention to detail, successful alignment can be accomplished even with distal fractures. D: Nails with 
multiple distal locking options are recommended. (C, D: Courtesy of Paul Tornetta III, MD.) 


Intramedullary Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


PREOPERATIVE PLANNING CHECKLIST 


Assessment of the femoral prosthesis LJ Compatibility of the femoral prosthesis with retrograde nailing is confirmed15 
OR table LJ Radiolucent table that allows fluoroscopic imaging of the entire involved femur and knee and allows unencumbered access 
to the foot of the table 
Position/positioning aids LJ Supine using a radiolucent triangle 
Fluoroscopy location LJ Opposite side from the injured extremity with the monitor at the head 
Equipment Femoral distractor available 
If a nail plate combination is contemplated, have all equipment listed in the above section for ORIF 
Implants Retrograde nailing set and associated implants 
If a nail plate combination is contemplated, have all implants listed in the above section for ORIF 
Tourniquet LJ A sterile tourniquet may be utilized for obtaining distal exposure, the starting point, and instrumentation of the distal 
fragment 


LJ Proximal fixation may require removal of tourniquet 


In general, planning for retrograde nailing of periprosthetic distal femur fractures follows that described for standard retrograde nailing in Chapter 56, 
Femoral Shaft Fractures. Ideally, the femoral component type and the intercondylar dimensions are identified from prior operative records to assure that 
retrograde nailing through the intercondylar notch of the femoral component is possible. If documentation is unobtainable, reference sources can help 
identify the component based on radiographic profiles and provide details of the intercondylar notch dimensions.!° It is very unusual to unexpectedly 
encounter a loose femoral component. However, if there is clinical suspicion for component loosening, then the preoperative plan should consider the 
contingency for component revision or distal femoral replacement. 


Patient positioning, typically supine, and the surgical approach for IMN of periprosthetic distal femur fractures is essentially identical to that for retrograde 
nailing of native femur fractures as discussed in Chapter 58. Of course, consideration must be given to old incisions about the knee from the prior knee 
arthroplasty. The longitudinal midline incision typically used for TKA is usually well positioned for the standard approach for retrograde nailing. 


Intramedullary Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


KEY SURGICAL STEPS 


Confirm open intercondylar box with notch view fluoroscopic radiograph. 

Confirm muscle paralysis is complete if desired. 

Midline surgical incision and medial parapatellar arthrotomy. 

Place starting guidewire colinear with the long axis of the distal femoral fracture fragments. 


Reduce fracture with manual forces (e.g., longitudinal traction and gentle manipulation with the use of strategically placed bumps) and be prepared 
to use accessory means such as blocking screws, a femoral distractor, or Schanz pin joysticks to obtain a satisfactory reduction prior to placing 
instruments across the fracture. 
Pass guidewire across reduced fracture to a location above the lesser trochanter. 
Depth gauge measurement to determine nail length with fracture out to proper length. 
Ream over guidewire to a diameter 1-2 mm beyond the initiation of cortical chatter at the femoral isthmus. 
Select appropriate size nail with determined diameter 1-2 mm smaller than largest reamer diameter. 
Assemble nail to insertion handle and confirm alignment of drill sleeves for interlocking screws. 
e Insert nail over guidewire. 
e Confirm final location of nail with fluoroscopic radiographs proximally and distally. 
e Confirmation of distal nail location, countersunk beyond the articular margin, is performed with direct vision, palpation, and/or true lateral 
radiographs of the knee. 
LJ Confirm satisfactory angular fracture reduction before interlocking. Be prepared to remove nail and place blocking screws if reduction is 
unsatisfactory. 
Perform multiple distal interlocking and assure screws are of appropriate length so as to avoid medial prominence. 
Confirm satisfactory rotational fracture reduction and satisfactory length. 
Perform proximal interlocking. 


4 Insert stiff starting reamer over guidewire and adjust trajectory. 


As with nailing any long bone, the first critical step for retrograde nailing of distal femur fractures is securing the location and trajectory of the starting point 
in the distal fragment. The location of the starting point is in line with the long axis of the distal fragment, or slightly off this line based on the geometry of 
the selected nail. On the AP view, a starting point located on the center axis line is typically just medial to the center of the intercondylar notch. On the 
lateral view, a starting point on the center axis line corresponds to the apex of Blumensaat line or just anterior to it. Because most retrograde nails have an 
apex posterior bend at the driving end, the starting point can be just posterior to the center axis line on the lateral view. Unique to retrograde nailing of 
periprosthetic fractures are the constraints imposed by the location of the femoral component intercondylar space. The location of the prosthetic notch may 
force a starting location from the ideal points discussed above. 

The starting trajectory should be collinear with the long axis of the femur in both the sagittal and coronal planes. Given the often coexistent osteopenic 
bone and wide metaphyseal areas in the patient population with periprosthetic fractures, an initial opening reamer passed in an ideal trajectory will not 
necessarily guarantee that subsequent reamers or the retrograde nail will follow the same path. Therefore, the surgeon must be prepared to use 
supplementary techniques to assure that the nail is aligned properly within the distal fragment. We prefer the use of blocking screws. These screws are 
placed anterior to posterior to control varus—valgus alignment and from lateral to medial to control flexion—extension alignment. The blocking screws 
should be placed relatively near the fracture to optimally affect alignment. Additional technical details of retrograde femoral nailing and blocking screw 
placement can be found in multiple chapters throughout this book. 


Postoperative Care for Intramedullary Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Patients are mobilized as soon as possible postoperatively. Weight bearing is typically protected for 4 to 6 weeks after retrograde nailing of a comminuted 
distal femur fracture in osteoporotic patients, the typical scenario for periprosthetic distal femur fractures. Weight bearing can be initiated earlier when there 
is confidence in the distal fixation and bone quality is good. CPM is generally initiated in the recovery room and is usually better tolerated if the knee is 
decompressed with a suction drain. The goals of CPM must not assume full knee ROM was achievable at baseline. A careful history of prefracture knee 
function helps identify reasonable goals for postoperative ROM and function. Weight bearing is advanced based on clinical and radiographic evidence of 
progressive fracture healing. 


Potential Pitfalls and Preventive Measures for Intramedullary Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


IM Nailing of Periprosthetic Femur Fractures About Total Knee Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

The femoral prosthesis is found intraoperatively to have a closed e Preoperative identification of femoral prosthesis geometry from past surgical records and x-rays 
intercondylar box obviating retrograde nailing e Intraoperative notch view of the knee prior to initiation of retrograde nailing 

Axial shortening of the fracture e Compare leg lengths preoperatively with a radiopaque ruler 


e Muscle paralysis can aid in restoring length 


Loss of reduction between reaming and nail placement e Recreate reduction maneuvers used to obtain reduction for guidewire placement for reaming and nail 
placement 
Fracture malalignment e Starting point and starting trajectory are colinear with the long axis of the distal fracture fragment 
e Blocking screws used to obtain and maintain colinearity of nail with long axis of distal fracture 
fragment 
Secondary loss of fracture alignment e Use of blocking screws to help maintain fracture alignment, especially in osteoporotic bone 


e Use of multiple fixed angle distal interlocking screws 
e Consider nail plate combination 


Painful medial interlocking screws e Careful measurement of screw length without reliance on AP radiographs 
e Confirm screw length with “roll-over” fluoroscopic view 


Knee pain from intra-articular nail protrusion e Confirm countersinking of nail by direct vision, palpation, and true lateral knee radiograph 
e Do not rely on AP radiograph of knee to judge nail position relative to articular surface 


One of the most disheartening potential pitfalls of retrograde nailing of periprosthetic distal femur fractures is unexpectedly finding a closed or a narrow 
intercondylar box of the femoral component that prevents passage of the retrograde nail. Prevention of this situation is certainly preferred to managing it 
intraoperatively. In the absence of accurate documentation of the knee arthroplasty design, an intraoperative notch view can be used to confirm an open 
intercondylar notch. In situations where there is such uncertainty, the preoperative plan should include the contingency for alternative fixation methods than 
retrograde nailing, including immediate availability of all equipment and implants. 

Obtaining and maintaining satisfactory fracture alignment is often difficult in the setting of a periprosthetic fracture. The patient population that sustains 
these injuries often has substantial osteoporosis, leaving the metaphyseal region of the distal fracture fragment relatively vacuous and often incapable of 
supporting a proper nail trajectory. Even when the starting guidewire and opening portal are perfectly aligned, the nail often migrates to a different 
trajectory leading to malalignment of the fracture. In such cases, placement of blocking screws helps obtain and maintain proper position of the nail, 
centered along the long axis of the distal fragment, and in turn results in a satisfactory fracture reduction. With the use of long retrograde nails that span the 
isthmus of the femur, alignment of the nail within the proximal fragment is infrequently an issue. The isthmus, located at the junction of the proximal and 
middle thirds of the femoral diaphysis, serves to center the nail in the proximal fragment. When the nail is colinear with the long axis of both the distal and 
proximal fragments, a proper reduction, with regard to varus—valgus and flexion—extension will result. Secondary loss of reduction can occur as a result of 
poor fixation within the distal fragment, also owing to the presence of substantial osteoporotic bone. As described earlier, blocking screws can help maintain 
reduction as they stabilize the nail relative to the surrounding bone. When blocking screws are used for this purpose, screws on both sides of the nail, medial 
and lateral to control varus—valgus and anterior and posterior to control flexion—extension, are beneficial. Whereas blocking screws used purely to control 
alignment are placed only on one side of the nail, for example, lateral side to control valgus and anterior side to control extension deformities. It is 
recommended to place as many interlocking screws as possible (typically three or four depending upon the nailing system selected) in various planes to 
support distal fixation in osteoporotic bone. Interlocking screws should be bicortical to capture the strength of the cortical shell, but care should be taken to 
avoid excessively long screws. AP radiographs should not be relied upon to judge screw length because of the trapezoidal shape of the distal femur. A screw 
that is relatively anterior in the distal femur, which is the same width as the distal femoral condyles, will protrude through the medial distal femur by 1 cm 
or more and cause pain. Careful length measurement with a depth gauge and confirmation of screw length with rollover fluoroscopic views can help avoid 
this potential problem. Just as proper views are necessary to judge interlocking screw length, proper views are needed to judge position of the distal end of 
the nail relative to the articular surface of the prosthesis. Again, AP views should not be relied upon for this purpose. A true lateral of the knee is necessary 
to judge nail position relative to the knee prosthesis. Even with a true lateral, confirmation of proper positioning of the nail can be obscured by the 
radiopaque prosthesis. In such scenarios, direct vision and/or palpation should be used to assure the nail end is not too proud. A nail that protrudes into the 
knee can interfere with patellofemoral motion and even damage the patellar component. 


Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


For patients with loose implants associated with a supracondylar fracture, revision is typically considered. Bony defects, areas of osteolysis, osteopenia, and 
short periarticular fragments all pose challenges to a successful revision arthroplasty in this setting. In elderly patients, distal femoral replacement 
megaprostheses are often required to reconstruct massive bony defects. Attention to specific technical details is necessary for a successful result, and the 
surgeon undertaking such reconstructions should be experienced in both arthroplasty and fracture management techniques. In patients with a loose implant 
or a history of prefracture knee pain, the routine preoperative evaluation of these patients should include a complete blood count with manual differential, 
sedimentation rate, C-reactive protein serologies, and a knee aspiration to exclude occult infection. 

If available, the operative note from the original arthroplasty should be obtained. This is especially important if isolated component revision is 
contemplated. Older implant designs may not offer varying degrees of constraint, augmentations, polyethylene insert sizes, etc., and thus compatibility 
issues may necessitate complete arthroplasty revision. Previous incisions and the status of the soft tissues should be circumferentially evaluated, and the 
neurovascular status of the limb should be carefully documented. Wounds are especially important around the knee since the probability of flap necrosis and 
wound problems is much higher around the knee than the hip. Great care should be taken to prevent narrow, acutely angled skin bridges between connecting 
incisions and to develop full-thickness flaps during dissection. As best as possible, prior incisions should be used. If a distinct incision is needed, appropriate 
separation of the incisions should be maintained to provide a suitable skin bridge. The status of the extensor mechanism is very important for treatment and 
prognosis, and this should be determined during evaluation. 

The need for revision TKA secondary to periprosthetic fracture has become less common in our practice with the advent of improved internal fixation 
devices such as locked plates. Typically, revision arthroplasty is reserved for fractures around a loose prosthesis, fractures with inadequate bone stock to 
allow for stable internal fixation, or for recalcitrant supracondylar nonunions that require resection and megaprosthesis implantation (Fig. 59-27). Surgeons 
who treat periprosthetic fractures around TKA must have the expertise and technical support to be able to perform either long-stemmed revision TKA or 
revision to megaprosthesis. Bony defects secondary to comminution, multiple previous procedures, the presence of broken hardware, and the presence of 
deformity all may present technical challenges to a successful outcome. 

Revision TKA with intramedullary femoral stems that engage the diaphysis and simultaneously stabilize the fracture can be used. Cemented stems may 
be used, but care must be taken to prevent extrusion of cement into the fracture site. Allograft struts with cerclage wiring can be used to reinforce the 
stability provided by long-stem prosthesis. It is very unusual, however, to have distal femoral bone stock that is inadequate for internal fixation yet adequate 
for formal revision. The ideal indication for long-stem revision TKA would be the presence of adequate bone stock in the face of a supracondylar fracture 
with a grossly loose femoral component. 162,202 


Figure 59-27. A: A radiograph of a periprosthetic distal femoral nonunion. B: An intraoperative photograph shows extensive bone loss. C, D: This was treated with a 
distal femoral replacement. (Courtesy of Hari Parvataneni, MD.) 


Revision arthroplasty is typically chosen for fractures around loose implants and fractures of the distal femur with distal fragments that offer no 
reasonable opportunity for internal fixation. Revision of femoral components typically requires metal augmentation because of the inevitable bone 
deficiency associated with component removal. Stems should be used routinely, and it is recommended that the stem engage the femoral diaphysis both for 


alignment and fixation reasons. Commercially available metaphyseal sleeves and trabecular metal cones can be useful for managing capacious metaphyseal 
defects. These implant types have limited published data on outcomes but do offer increased revision options including a combination of cemented and 
noncemented fixation and modular options allowing increased constraint and stemmed implants mated to the metaphyseal fixation. These hybrid constructs 
may offer improved longevity over cemented-only designs. It should be noted that implants with increased varus—valgus constraint and hinged implants 
should be available, since ligamentous insufficiency is common in this setting. More commonly, with a distal femoral fracture above a loose implant, there 
is simply not enough bone to support a traditional revision, even with the use of diaphyseal engaging stems. This situation is not uncommon in the elderly, 
low-demand patient. In these cases, a modular megaprosthesis (distal femoral replacement) is performed. Careful dissection of the residual distal femoral 
bone is performed to avoid vascular injury. Various modular segments are available to manage metaphyseal bone loss because of fracture comminution, yet 
still allow restoration of appropriate leg length, limb alignment, and knee stability. Cement fixation is typically used in this setting. 


Preoperative Planning for Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


PREOPERATIVE PLANNING CHECKLIST 


/ | Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


OR table LJ Radiolucent table 

Position/positioning aids LJ Knee bumps for working in midflexion and full flexion 

Fluoroscopy location LJ Opposite side from the injured extremity with the monitor at the head 

Equipment LJ Hardware removal equipment, flexible osteotomes, high-speed burr, curettes, and appropriate implant options including 


stem options, implant constraint, backup options 


Tourniquet Sterile for distal femoral replacements or any procedure requiring exposure up to the proximal thigh 
Nonsterile tourniquet otherwise 
Other LJ Confirm incision and prior wound conflicts as well as infection workup 


Technique for Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


KEY SURGICAL STEPS 


/ | Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty: 


Incision planning and placement: Full thickness flaps 
Extensile approach: Quadriceps snip or tibial tubercle osteotomy if needed 
Assess collateral ligaments to determine level of constraint needed: A hinged prosthesis would be necessary with megaprosthesis that removes the 
collateral ligaments 

LJ Evaluate bone stock to determine if metaphyseal, diaphyseal, or combined fixation is needed: Use augments, sleeves, stems, and/or megaprosthesis 
as needed 
Retain patellar component unless grossly loose 
Both femoral and tibial component revision may be needed if additional constraint is used 
Femoral rotation should be marked on the remaining femur before removal of the distal femur. The joint line can be restored by referencing the 
patella 

LJ Trialing should be done carefully to evaluate soft tissue tension, joint line, stability of the flexion gap, patellar tracking, and the ability to close the 
soft tissue sleeve 


Incision planning is essential in preventing skin necrosis or wound issues. The prior incision should be used if possible and if it allows extensile approaches. 
If a separate incision is needed, an adequate skin bridge should be maintained. If the surgical incision contacts or crosses another, the junctional area should 
not have too acute an angle. Skin flaps should be of full thickness. A full-thickness anteromedial capsular flap should be maintained to reduce the risk of 
wound healing problems in this area. 

The extensor mechanism should be protected and continuously evaluated for risk of rupture. The medial and lateral gutters must be recreated. 
Peripatellar and infrapatellar scar must be excised to mobilize the extensor mechanism. A quadriceps snip or tibial tubercle osteotomy should be performed 
if there is undue tension on the extensor mechanism or inadequate exposure. 

Once an adequate exposure is obtained, the status of the patellar component, tibial and femoral bone stock, and the status of the collaterals are 
determined. At this point, decisions about metaphyseal/diaphyseal/combined fixation, length of the stems needed, augments, and need for metaphyseal 
sleeves or megaprosthesis are made. 

Typically, the patellar component should be retained unless loose or defective. If megaprosthesis is required, subperiosteal dissection of the bone to be 
removed should be done for safety and to preserve a good soft tissue sleeve. The joint line level can be determined based on the position of the patella. The 
femoral and tibial rotation should be marked on the remaining diaphysis before removal of the metaphysis. 

Trialing should be done to evaluate soft tissue tension, position of the joint line, patella tracking, stability of the gaps, and the tension on the soft tissue 
sleeve. If the trials are too bulky and closure is difficult, downsizing the implant and shortening the construct can help in closure. 

If cemented implants are used, they can be cemented in separate phases to allow for better control of implant position. For cases where there is 
diaphyseal-only noncemented fixation, cerclage wires at the opening will help to prevent fracture propagation. 

The tourniquet should be deflated and hemostasis should be obtained before closure to reduce hematomas in the large potential spaces. 

After closure, the skin should be checked carefully in extension and flexion for vascularity. 


Postoperative Care for Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Weight bearing is dictated by fixation quality and stability. ROM should be restricted until it is clear that the wound has adequate vascularity and is healing 
well. A hinged knee brace may provide additional external protection during the recovery period while the patient regains strength and improved gait. 


Potential Pitfalls and Preventive Measures for Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Skin necrosis e Careful incision planning 
e Full-thickness skin flaps 
e Restrict postoperative flexion if needed 


Inadequate exposure e Recreate gutters, excise peripatellar and infrapatellar scar tissue 
e Quadriceps snip or tibial tubercle osteotomy 


Inadequate fixation options e Careful preoperative planning and implant selection 
e Availability of metaphyseal sleeves, stems, augments, and/or megaprosthesis 


Instability e Plan adequate constraint options including varus—valgus constraint options and hinged prosthesis. Pay 
special attention to flexion laxity 


Revision arthroplasty is a demanding procedure that has many potential issues at various stages. In the setting of a periprosthetic fracture, the soft tissue 
envelope may be compromised more so than in the setting of a standard revision. Great care must be taken to avoid skin necrosis by carefully planning 
incisions and using meticulous surgical technique. As with any TKA revision, adequate exposure and recreating of the normal medial and lateral gutter 
tissue planes facilitate component removal and implantation, maximizes ROM potential, and minimizes the need for excessive soft tissue retraction. Stable 
component fixation may require specialized devices such as metaphyseal sleeves, augments, long stems, and highly constrained or hinged components, 
and/or megaprostheses. A full complement of such fixation options should be available. 


OUTCOMES FOR PERIPROSTHETIC FEMUR FRACTURES ABOUT TOTAL KNEE ARTHROPLASTY 


Nonoperative Treatment Outcomes for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Related to improvements in operative techniques and implants, most of these fractures are treated operatively, especially displaced fractures. Accordingly, 
very little attention has been paid to nonoperative management outcomes of periprosthetic supracondylar femur fractures over the last three decades. Only 
one article focusing on nonoperative treatment could be identified in the last 25 years.**? The poor results, especially malalignment, associated with 
nonoperative treatment for displaced supracondylar femur fractures was one of the driving forces toward operative management.*®77!”6 For example, in the 
study of Moran et al.,!”° eight of nine displaced fractures treated closed resulted in malunion. 


Outcomes for ORIF of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Anatomically contoured locking plates for the distal lateral femur have become the standard treatment method for the fixation of supracondylar femur 
fractures associated with TKA. Older methods of fixation are of historical significance, but their outcomes cannot be compared to modern treatments due to 
substantial changes in implants as well as surgical techniques. Traditional condylar buttress plates were prone to complications. These non—fixed-angle 
implants are especially prone to varus collapse when comminution is present. Davison®° reported more than 5 degrees of collapse to occur in 11 of 26 (42%) 
such comminuted distal femur fractures. These problems can be magnified in patients with fractures associated with a TKA as these patients are often 
elderly with osteoporotic bone making stable internal fixation even more unreliable. This is further confounded by a potentially reduced ability to gain 
bicondylar screw purchase because of interference of the TKA prosthesis. Figgie et al.°” reported failure of internal fixation in 5 of 10 patients with 
periprosthetic femur fractures above a TKA treated with traditional plating methods and Merkel and Johnsont”? reported satisfactory results in only 3 of 5 
such patients. Traditional fixed-angle plate constructs, such as 95-degree condylar plates and blade plates reduce the risk for varus collapse of distal femur 
fractures when compared to traditional nonlocked plating, but have limited application for fractures about TKA prosthesis because of potential interference 
of the femoral component. In the setting of relatively proximal supracondylar fractures, where there is sufficient bone for seating of a blade, 95-degree 
condylar blade plating using indirect reduction techniques has been shown to yield very good results. Kolb et al.!*” applied this technique in 21 cases, 4 of 
which were supplemented with bone graft and 3 were supplemented with bone cement. All but one fracture healed after the index procedure with only one 
case of varus malalignment. 

In contrast to traditional 95-degree plate devices, locking plates offer multiple, rather than single, distal fixed-angle screw options. Ricci et al.2!5 showed 
that at least two such locked screws were typically able to be placed across to the medial condyle despite the presence of TKA femoral component. When 
bicondylar screw fixation was blocked by the TKA, unicondylar locked screws were used. This combination of bicondylar and unicondylar locked screw 
fixation provided excellent distal fixation. In the series of Ricci et al.2!> no distal fixation failures occurred. Two studies have showed that extreme distal 
fractures, those that extended to the anterior flange of the TKA femoral component or beyond, treated with locked plates have similar results as more 
proximal fractures.!*+°4” These results are consistent with those of other series of locked plate fixation of native distal femur fractures?3t:?33 indicating that 
the presence of the TKA femoral component has little effect on the outcome of supracondylar distal femur fractures treated with locked plates. The use of 
polyaxial locked screws has also shown promising results (90% union) for these fractures with a purported advantage of better ease of screw insertion to 
avoid interference of the TKA component.®? 

Although locked plate fixation has become the de facto standard method for ORIF at many centers, nonunion and implant failure rates for this method of 
fixation remain a concern. Hoffmann et al.,!°° in a series of 36 fractures in patients with mean age of 73.2 years treated with locked plates at two trauma 
centers, reported nonunion in 22.2% of cases and implant failure in 8.3%. They noted that surgical handling of the soft tissues affected the risk of nonunion. 
Patients treated with submuscular plating had a reduced risk of nonunion compared to those treated with an extensive lateral approach. Ricci et al.,2!5 in a 
series of 22 patients treated with locked distal femoral plates, also showed a relatively high nonunion rate of 14%. The three patients with nonunion were 


insulin-dependent diabetics who were also obese. Fulkerson et al.”° also had a high complication rate (33%) after treatment of 18 supracondylar femur 
fractures above a TKA with a first-generation locking plate. These included plate failure (n = 1), delayed union (n = 2), nonunion (n = 2), and component 
loosening (n = 1). In contrast, Anakwe et al.” and Large et al.!8 had no nonunions among a total of 40 patients treated with locked plating and Kolb et al.!26 
reported just one nonunion among 19 patients at midterm follow-up of 46 months. 

Head-to-head comparisons of modern locked plating and retrograde nailing have shown similar results for the two methods of treatment. A systematic 
review of 415 cases showed locked plating and retrograde IMN to provide superior results compared to conventional nonlocked plating.'°* Overall, the 
nonunion rate was 9%, the fixation failure rate was 4%, the infection rate was 3%, and the revision surgery rate was 13%. Retrograde nailing was found to 
offer relative risk reductions for nonunion (87%) and revision surgery (70%) compared to traditional nonlocked plating. Locked plating showed 
nonsignificant trends toward similar risk reductions compared to traditional plating (57% for nonunions, 43% for revision surgery). Other retrospective 
comparative studies of LP or IMN of periprosthetic femur fractures above a TKA have showed varying results. Hou et al.!°8 reported similar nonunion (9% 
for LP and 6% for IMN) and malunion (9% for LP and 11% for IMN) rates for the two methods, whereas Platzer et al.2°? found better union rates with IMN 
and better alignment after LP. 

Given the modest nonunion rates reported after locked plating of distal femur periprosthetic fractures, it is not surprising that there is a parallel reported 
occurrence of implant failure. As with all internally fixed fractures, there is a race between fracture healing and implant failure. For plate constructs implant 
failure may occur in one of three zones: the zone of distal fragment fixation, the zone of fracture (the so-called working length of the plate), or the zone of 
the proximal fragment. The weak link of locked plate constructs has been shown to be the plate failure over the zone of fracture or screw failure in the 
proximal fragment in up to 33% of cases. 104203,215,247 Of note, three of the four proximal screw failures in one series occurred when exclusively nonlocking 
screws were used in the shaft fragment.*!> This study was among the first to describe modern “hybrid” locked fixation, where nonlocked and locked screws 
were used in the same construct. Only one failure occurred among the 14 cases where locking screws supplemented nonlocked fixation in the shaft, this 
being a patient with diabetes and obesity who developed an aseptic nonunion. 

Inserting nonlocked screws prior to locked screws in any given fragment during hybrid locked plating allows the plate to be used as a reduction aid 
where the contour of the plate helps dictate the reduction in the coronal plane. Malreductions using the hybrid locked-plating technique were present in only 
2 of 22 cases (9%).?!5 This compares favorably with the reduction (6-20% malreductions) reported with internal fixator systems (e.g., less invasive skeletal 
stabilization system [LISS]), where exclusive use of locked screws makes reduction independent of plate contour. 130-138,162,231,233 

Biomechanical investigations suggest that locked screws in the diaphysis may protect from this type of screw failure, especially in osteoporotic 
bone.5%195 

Management of fixation failure is typically with nonunion repair or with revision arthroplasty consisting of distal femoral replacement. The choice is 
highly individualized with consideration of bone stock available for revision fixation, healing potential, ability to withstand prolonged protected weight 
bearing, and required longevity of a distal femoral replacement. A recent small cohort revealed good results after revision arthroplasty for failed primary 
treatment.” However, infection leading to above-knee amputation in this setting is a potential outcome. 


Outcomes for Intramedullary Nailing for Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Most studies of periprosthetic supracondylar femur fractures treated with retrograde nailing are small retrospective series. Reported union rates are generally 
favorable, especially in comparison to locked plating. However, the risk of malunion after retrograde nailing is relatively high. 

Four small series (14 patients or fewer) of periprosthetic supracondylar femur fractures treated with retrograde nailing each reported 100% union.?5:80,96 
Alignment at healing is variable as this is one of the main technical challenges of this treatment method: Han et al. had no malalignment greater than 10 
degrees. They paid particular attention to alignment and used cerclage fixation to improve reduction in three of eight cases when closed reduction resulted in 
greater than or equal to 5 degrees of malalignment.2° Malunion of 35-degree valgus requiring revision to a stemmed TKA occurred in 1 of 10 cases reported 
by Gliatis et al.8° Another study of 14 patients reported valgus of 8 to 12 degrees in three cases, 15-degree extension in one, and 50% posterior translation in 
another.*° The malalignment seen in these series may in part be related to the use of short nails, which, because they do not benefit from the stability and 
alignment control that comes from passing the nail across the femoral isthmus, are not currently recommended for treatment of distal femur fractures. In 
another recent series of 25 patients, 16% had malalignment but this was little different than prior to fracture indicating that limb alignment is in part dictated 
by the arthroplasty alignment. !*# 

Recent advances in nail design that provide multiple interlocks at various angles may provide improved fixation of the distal segment and may therefore 
expand the indications for this technique. 

There are a few direct comparisons of plate versus nail fixation with most showing little differences between these treatment methods.8*192?7° The 
relative equivalence was supported by a recent meta-analysis of six comparative studies that found no differences in union rate, operative time, or 
complication rate.!“° This analysis, however, did find a higher rate of reoperation after plating. Other individual studies have found increased malunion after 
nailing!%* and increased reoperation after plating.® 


Outcomes for Revision Total Knee Arthroplasty for Periprosthetic Femur Fractures About Total Knee Arthroplasty 


Recently, there have been several small series reports of distal femoral replacement for management of periprosthetic distal femur fractures. In one such 
study, 11 patients treated with a modular replacement system followed for an average of 33 months (range 4-72 months) had successful implant survival in 
all patients and an average Oxford Knee Score of 22.5 (range 5-34).!!8 In another series of 17 patients treated similarly, 4 of 17 patients had complications 
managed without further revision and 2 had complications (periprosthetic fracture and patella maltracking) that required additional revision.2°° A 
prospective study of 12 patients with mean age of 78 years all treated with a rotating hinge prosthesis were followed for a mean of 20 months.?7°° All 
patients were mobilized full weight bearing by 3 days postoperatively, all returned to their prior living arrangements, and there were no major surgical 
complications. 

Additional clinical data evaluating the outcomes of a simultaneous revision arthroplasty with intramedullary stem fixation of a supracondylar fracture 
have been gathered from the treatment of distal femoral nonunions in this situation. Kress et al.'*! reported a small series of nonunions about the knee 
treated successfully with revision and uncemented femoral stems with bone grafting. They achieved union in 6 months. 

Distal femoral replacement “megaprostheses” have been used for salvage of failed internal fixation of supracondylar periprosthetic femur fractures. The 
long-term results of the kinematic rotating hinge prosthesis for oncologic resections about the knee have been good, with a 10-year survivorship of 
approximately 90%. As their success becomes more predictable, the indications for megaprostheses are expanding. Elderly patients with refractory 


periprosthetic supracondylar nonunions or those with acute fractures with bone stock inadequate for internal fixation are reasonable candidates for 
megaprostheses. Davila et al.“ have reported a small series of supracondylar distal femoral nonunions treated with a megaprosthesis in elderly patients. 
They have shown that a cemented megaprosthesis in this patient population permits early ambulation and return to activities of daily living. Freedman et 
al.” performed distal femoral replacement in five elderly patients with acute fractures and reported four good results and one poor result secondary to 
infection. The four patients with good results regained ambulation in less than 1 month and had an average arc of motion of 99 degrees. All patients had 
some degree of extension lag. 

For a younger, active patient, an allograft-prosthetic composite may be a better alternative. Distal femoral reconstruction with an allograft—prosthetic 
composite, providing a biologic interface, can help restore bone stock and potentially make future revision easier.3’6? Kraay et al.!29 have reported a series 
of allograft—prosthetic reconstructions for the treatment of supracondylar fractures in patients with TKAs. At a minimum 2-year follow-up, the mean Knee 
Society Score was 71 and the mean arc of motion was 96 degrees. All femoral components were well fixed at follow-up. Results of this study indicate that 
large segmental distal femoral allograft-prosthetic composites can be a reasonable treatment method in this setting. 


Author’s Preferred Treatment of Periprosthetic Femur Fractures About Total Knee Arthroplasty ( 


Periprosthetic distal femur fractures 
about total knee arthroplasty 


Stable and well 
functioning prosthesis 


Loose or painful 


prosthesis 


Large distal Small distal Distal femoral 
fragment fragment replacement 


TKA design with TKA design ORIF with lateral 
open intercondylar with closed locked plate/consider 
box intercondylar box distal femoral replacement 


Nail plate ORIF with lateral ORIF with lateral 


locked plate or 


combination or locked plate or 


dual plating retrograde IM nail retrograde IM nail 


Algorithm 59-3 Author’s preferred treatment for periprosthetic distal femur fractures. 


As with most periprosthetic fractures, the typical first branch of the treatment decision tree is the determination of existing prosthesis stability. When a 
distal femur fracture involves an associated loose prosthesis, revision arthroplasty is indicated. Because of the paucity of critical soft tissue attachments 
in this anatomic region, distal femoral replacement is the treatment of choice for these situations. These prostheses provide adequate stability through 
their built-in constraint mechanisms and their insertion is technically straightforward for the surgeon practiced in this technique. They allow immediate 
weight bearing and therefore early rehabilitation, and they have reasonable outcomes. The longevity and complication rates associated with distal 
femoral replacement, however, do not favorably compare with fracture fixation of distal femoral fractures about stable implants. 

ORIF and IMN both are reasonable options for the management of distal femur fractures about stable and well-functioning femoral components. 
The decision for one or the other is based on fracture fragment size, the morphology of the femoral arthroplasty component, and surgeon’s preference. 
When the distal fracture fragment is so small that control of it with a retrograde nail is suspect, ORIF is indicated. IMN is reserved for cases where the 
distal fragment extends into the diaphyseal region but this option is considered anytime the distal fragment is at least long enough to allow placement of 
two to three distal interlocks. Another absolute requirement for IM nailing is the presence of a prosthesis with an open intercondylar notch. Most 
recently, a nail plate combination or dual plating are becoming the preferred methods for any fracture confined to the distal metaphyseal region as these 
methods generally allow the earliest return to weight bearing and have been associated with good healing results. When fractures extend beyond the 
confines of the anterior flange of the femoral component ORIF is still preferred to revision arthroplasty as results of ORIF of these extreme distal 
fractures are similar to results for more proximal fractures with larger distal fragments. However, in certain individual cases, distal femoral replacement 
for these extreme distal fractures is considered. 


PERIPROSTHETIC PATELLA FRACTURES 


A number of factors guide treatment of periprosthetic patella fractures. The integrity and tracking of the extensor mechanism, locations and displacement of 
the fracture, stability of the implant, and the available remaining bone stock must all be considered. As with management of other periprosthetic fractures, 
the determination of the optimal method can be complex and fracture management can be difficult. A clear vision of the ultimate management goals, 
typically restoration of the extensor mechanism and at least return to baseline function and pain levels, helps define the optimal individual management 
scheme. Treatment options include nonoperative management, ORIF, component resection, and patellectomy (partial or complete). 


Patellar fracture is the second most frequent periprosthetic fracture around the knee joint, and given the critical nature of the extensor mechanism for 
knee function, these fractures are significant to the ultimate arthroplasty success. 


CLASSIFICATION OF PERIPROSTHETIC PATELLA FRACTURES 


Periprosthetic Patella Fractures: 
ORTIGUERA AND BERRY CLASSIFICATION189 


Type | Type II Type Illa Type Ilib 


Extensor Intact Disrupted Intact Intact 
mechanism 

Implant Well fixed Well fixed Loose Loose 
fixation or Loose 


Bone stock Unspecified Unspecified Reasonable Poor 


There are many classification schemes for periprosthetic patella fractures.8t-109.189 In an extensive literature review, Chalidis et al.3° found that the 
classification scheme of Ortiguera and Berry!®9 was used most frequently in the available literature. This classification takes into account the integrity of the 
extensor mechanism, the status of the patellar component (well fixed or loose), and the amount of available bone stock. Type I fractures have an intact 
extensor mechanism and a stable implant, type II have disruption of the extensor mechanism with or without a stable implant, and type III have an intact 
extensor mechanism and a loose implant. Type III subtype A has reasonable remaining bone stock, and subtype B has poor bone stock. Among 265 
fractures in the literature classified using this system approximately 50% were type III with the rest almost equally divided between types I and 11.30 


INCIDENCE OF AND RISK FACTORS FOR PERIPROSTHETIC PATELLA FRACTURES 


Fractures of the patella generally occur postoperatively and may occur with either an unresurfaced or a resurfaced patella.*°°*°” An analysis of fractures 
about TKAs from the Mayo Clinic joint registry published in 1999 indicated that postoperative fracture of the patella occurred in 0.7% of cases after 
primary TKA (n = 16,906) and 1.8% of cases after revision TKA (n = 2,904).!” The only intraoperative patella fractures occurred during revision TKA in 8 
of 2,904 cases. These data should be interpreted with caution since they do not include postoperative fractures treated at institutions other than the Mayo 
Clinic and the duration of follow-up was not presented. Several other published series indicate that the frequency of periprosthetic patella fractures is up to 
21% with revision TKAs,!290.193,217,259 

Etiologic factors related to periprosthetic patella fractures may be either systemic or local. Systemic risk factors are not unique to these anatomic 
locations and are therefore similar to those for other types of periprosthetic fractures and primarily include osteopenia from a variety of causes. Patients with 
RA, especially those taking corticosteroids, are at a particularly high risk for fracture about TKA.!9:!5 Chalidis et al.,°° in a literature review, found that 
only 11.68% of 539 reported fractures were directly associated with trauma. The remaining occurred spontaneously and most fractures occurred during the 
first 2 years after arthroplasty. Etiologic factors specific to the patella are component design, excessive resection of bone, limb and prosthesis alignment, and 
presence or absence of a lateral release.?*-28:6.81,101,217 Intraoperative fractures, although very uncommon, can occur with aggressive clamping of the 
patellar component, bone resection leaving less than 10 to 15 mm of bone, in the setting of revision arthroplasty, and in cases with poor remaining bone 
stock. Devascularization of the patella from lateral retinacular release may be a risk factor for subsequent fracture as well as for failure of subsequent 
fracture management. Tria et al.?°° reported that all 18 patella fractures in a series of 504 primary TKAs were associated with a prior lateral release. In this 
series, 4% of those with lateral release (n = 413) had subsequent fracture of the patella compared to 0% of those without lateral release (n = 91). The 
association of lateral release and fracture was significant. However, opposite results were found in another study by Ritter and Campbell.*!” In this series, 
471 of the 555 patients did not have a lateral release. Fractures occurred in 1.2% of cases with and 3.6% of those without lateral release. These conflicting 
reports, both from large series, make it difficult to determine if lateral release should be considered an independent risk factor for patella fracture. Any prior 
bony defects, such as from bone-patellar tendon-bone donor sites used for ligament reconstructions are additional potential risk factors for fracture of the 
patella. 


TREATMENT OF PERIPROSTHETIC PATELLA FRACTURES 


Nonoperative management is appropriate in most patients with periprosthetic patella fractures. When the extensor mechanism is intact and even sometimes 
when it is not, nonoperative management is recommended. Surgical management of periprosthetic patella fractures is usually reserved for disturbance of the 
extensor mechanism integrity, a loose patellar component, and patellar maltracking. 

When there is adequate bone stock (>10 mm), revision of the patellar component is reasonable. Avulsion fractures of the proximal or distal pole are 
amenable to suture repair. Severe bone deficiency, however, usually mandates patellar resection arthroplasty with partial or complete patellectomy. A novel 
reconstructive technique for management of type IIIB fractures, those with bone loss and a loose component, has recently been reported.® Multiple 
Steinmann pins are used to reduce and stabilize the patella and act as a scaffold for bone grafting and a patellar button is cemented into the construct. 


Potential Pitfalls and Preventive Measures for Treatment of Periprosthetic Patella Fractures 


Too aggressive surgical indications of periprosthetic patella fractures are perhaps the greatest potential pitfall. These fractures have high complication rates 


associated with surgical management. Nonsurgical management should therefore at least be strongly considered for nearly all of these fractures. 


OUTCOMES FOR TREATMENT OF PERIPROSTHETIC PATELLA FRACTURES 


The results of surgical management of periprosthetic patella fractures are marginal. ORIF with tension band techniques or cerclage wirings result in 
nonunion (Fig. 59-28) in a very large proportion of patients in many reports, with an overall average nonunion rate of 92%,.23/30.37,86,109,117,189,234 A small 
recent series reported favorable outcomes in terms of motion, functional knee score, and Knee Society score with operative treatment of displaced fractures 
(n = 4) and nonoperative treatment of nondisplaced fractures (n = 2) although union was not reported.®° Although fibrous union can, on occasion, restore 
painless extensor mechanism function, poor results in the face of nonunion can be expected. The relatively small and avascular fracture fragments have 
limited healing potential, which can be negatively influenced by surgical dissection potentially leading to nonunion and infection. Therefore, nonoperative 
management is a reasonable consideration even in the face of a disrupted extensor mechanism. The presence of fracture and a loose implant is 
understandably associated with high complication rates regardless of treatment method. These situations usually lead to surgery for either removal or 
revision of the component. 

Knee function among all patients treated for periprosthetic patella fracture reveals an extensor lag of no more than 10 degrees and a limitation of 
approximately 20 to 30 degrees of flexion in most patients.?? However, function is highly variable and related to the ultimate status of the extensor 
mechanism. 


C 


Figure 59-28. An acute periprosthetic patella fracture (A, B) treated with a K-wire and suture tension band results in secondary displacement and nonunion (C, D). 


or’s Preferred Treatment of Periprosthetic Patella Fractures ( ) 


Periprosthetic patella 
fractures 


Intact extensor Disrupted extensor 
mechanism mechanism 


Nonoperative 


Intact component Loose component 
management 


Satisfactory bone 


Poor bone stock 
stock 


Nonop followed ORIF + revision Patellectomy 


by revision 


Algorithm 59-4 Author’s preferred treatment for periprosthetic patella fractures. 


Patella fractures are among the most difficult periprosthetic fractures to manage. Operative management is associated with relatively high nonunion and 
infection rates and nonoperative management may require prolonged immobilization and does not address loose components. Nonoperative 
management is primarily considered for these fractures unless displacement is severe or the component is so loose that it may dislodge. A staged 
management protocol that treats a periprosthetic patella fracture associated with a loose component sequentially rather than simultaneously is 
sometimes prudent to avoid major complications. Nonoperative fracture management to healing followed by surgical management of a loose 
component, if symptomatic, is a strategy that takes longer to complete but may ultimately result in fewer complications. When acute operative 
management is undertaken in the face of a stable component, there is a low threshold for excision of small- to moderate-sized superior or inferior pole 
fragments with suture repair of the associated tendon to the remaining bone. Patellectomy is the operative treatment of choice for cases with a loose 
prosthesis and poor bone stock. 


PERIPROSTHETIC PROXIMAL TIBIA FRACTURES 


CLASSIFICATION OF PERIPROSTHETIC PROXIMAL TIBIA FRACTURES 


Classification of Periprosthetic Proximal Tibia Fractures 


Type | Type Ill 


Type Il 


Fracture Tibial plateau Adjacent to Distal to Tibial 
location stem prosthesis tubercle 


Subtype 


A Prosthesis Prosthesis Prosthesis Prosthesis 
well fixed well fixed well fixed well fixed 


B Prosthesis Prosthesis Prosthesis Prosthesis 
loose loose loose loose 
6 Intraoperative Intraoperative Intraoperative Intraoperative 


Location of the fracture, stability of the implant, and timing of the fracture (intra- or postoperative) are incorporated into the classification of periprosthetic 
tibia fractures according to Felix et al.®°?49 Type I fractures occur in the tibial plateau. Postoperative fractures of this type were thought to be stress fractures 
related to loosening or malalignment of the component. These were a common fracture type prior to introduction of keeled components. Type II fractures 
are adjacent to the stem tip and are generally related to trauma in the setting of osteolysis. Type III fractures are distal to the prosthesis, and Type IV involve 
the tibial tubercle. Subtype A has a well-fixed implant, subtype B has a loose implant, and subtype C occurs intraoperatively (Fig. 59-29). 


INCIDENCE OF AND RISK FACTORS FOR PERIPROSTHETIC PROXIMAL TIBIA FRACTURES 


Incidence and Risk Factors for Periprosthetic Proximal Tibia Fractures About Total Knee Arthroplasty 


Intraoperative periprosthetic tibia fracture is rare, with a recent registry analysis finding nine intraoperative fractures in 14,966 TKAs with all but one 
fracture occurring on the medial tibial plateau.*® Postoperative periprosthetic tibia fractures about TKA are also uncommon. An analysis of fractures about 
TKAs from the Mayo Clinic Joint Registry published in 1999 indicated that postoperative tibia fracture occurred in 0.4% of cases after primary TKA and 
0.9% of cases after revision TKA." Intraoperative fractures, in this series, were found to occur in 0.67% of primary and 0.8% of revision TKAs. These data 
should be interpreted with caution because they do not include postoperative fractures treated at institutions other than the Mayo Clinic and the duration of 
follow-up was not presented. In a more recent report of 17,389 primary TKAs performed between 1985 and 2005, intraoperative tibia fracture was found to 
be much less common than the Mayo experience: fracture occurred in 18 of the 17,389 cases (0.1%).* 


Figure 59-29. Classification scheme for periprosthetic tibia fractures about a TKA. Type I fractures involve only a small portion of the tibial plateau; type II fractures 
are about the stem; type III fractures are distal to the stem; and type IV fractures are of the tibial tubercle. 


Nonspecific etiologic factors related to periprosthetic tibia fractures are similar to those described in the prior section regarding periprosthetic patella 
fractures and include poor bone quality. BMD in the tibia below the tibial component has been shown to progressively decrease at 3 years follow-up after 
arthroplasty.199.268 

Local risk factors for periprosthetic tibia fractures may be related to technique as well as to implant design. The largest series of periprosthetic tibial 
fractures around loose prostheses was reported by Rand and Coventry.?°” They reported that all 15 knees had varus axial malalignment when compared to a 
control group. Similar studies have confirmed that varus malalignment may be a potential risk factor for periprosthetic tibial fracture.'°® Osteotomy of the 
tibial tubercle facilitates exposure for the very stiff knee, but it reduces the structural integrity of the proximal tibia. In a small series of nine TKAs with 
tibial tubercle osteotomy, Ritter et al.7!° reported two proximal tibia fractures. Both cases occurred soon after surgery (within 2 months) and each healed 
with nonoperative management. Any prior bony defects, such as from patellar tendon donor sites or tunnels associated with anterior cruciate ligament 
reconstructions, are additional risk factors for fracture of the tibia. Prior fracture malunion and holes from prior fixation devices for high tibial osteotomy or 
tibial plateau fracture fixation pose stress risers and are also potential sites for fracture. 

Fracture associated with uncemented insertion of the low-contact stress (LCS) knee system tibial component has been reported.”°° The technique used 
for implantation of this prosthesis, reaming a conical hole for the tibial stem without impaction and absence of trialing, rather than the implant itself may 
have been causative. 


Incidence and Risk Factors for Periprosthetic Proximal Tibia Fractures About Unicompartmental Knee Arthroplasty 


A small number of tibia fractures associated with unicompartmental knee arthroplasty have been reported including both intraoperative and postoperative 
fractures. 132,224,265 Suggested risk factors include broaching the posterior cortex during preparation of the tibia,?*! using multiple guide pinholes in the 
proximal tibia, an extended vertical saw cut,??* improper component positioning, malalignment, loosening, and obesity.22* A biomechanical study 
indicates that extending the vertical cut posteriorly by increasing the sagittal plane cut angle caudally by just 10 degrees reduces fracture load by 30%.°8 


TREATMENT OF PERIPROSTHETIC PROXIMAL TIBIA FRACTURES 


Treatment of Periprosthetic Proximal Tibia Fractures About Total Knee Arthroplasty 


On the occasion where periprosthetic tibia fracture is associated with a well-fixed component, nonoperative management with a cast or brace is indicated for 
nondisplaced fractures. If cast management is chosen, great care should be taken to monitor for pressure sores especially in patients with RA and those with 
diabetes. Maintenance of limb alignment is important; therefore, frequent, usually weekly, radiographic surveillance is advisable with conversion to ORIF 
for failure to maintain satisfactory alignment. As with any other immobilized joint, arthrofibrosis is a potential risk factor. 

ORIF is indicated for displaced periprosthetic proximal tibia fractures associated with a well-fixed component. ORIF is advisable for displaced fractures 
involving the metaphyseal—diaphyseal junction (Fig. 59-30). Plate and screw constructs are limited by the available bone proximally to pass bicortical 
screws. This is highly dependent upon the prosthesis design with regard to the degree of metaphyseal filling. The inability to pass multiple screws across the 
proximal fragment can lead to insufficient fixation and calls for adjunctive fixation with unicortical locked screws, cables, secondary posteromedial plates, 
or some combination thereof (Fig. 59-31). This scenario is common, so the surgeon should be prepared to deal with marginal fixation in the proximal 


fragment afforded by a lateral plate and screw construct. A medial plate usually adds sufficient stability even when a limited number of proximal fixation 
points are obtained. 

Fractures in the midtibial shaft, distal to a tibial component, are typically treated with ORIF, especially when associated with stemmed components (Fig. 
59-32). When a nonstemmed THA component is present, IMN of tibial shaft fractures can be successfully performed (Fig. 59-33). Care must be taken to 
assure there is adequate space for the nail anterior to the tibial component so that the tibial tubercle is not disturbed (Fig. 59-33C). 

Tibial fractures associated with loose components are best treated with revision arthroplasty, frequently using a long stem to bypass the fracture.!2,52,65 
It is wise to have an entire revision system available, because, often the femoral component will need to be revised as well for sizing, constraint, exposure, 
or gap balancing reasons. Often these fractures are associated with extensive osteolysis and therefore may require structural or morselized bone grafting, the 
use of metal wedges, or in the most severe cases proximal tibial megaprosthesis or allograft—prosthetic composites. Maximizing host bone support is critical 
for a good result. General principles for arthroplasty treatment of periprosthetic tibia fractures include the use of stem extensions with either metaphyseal 
cementation or longer, diaphyseal press-fit strategies. More contemporary techniques utilize metaphyseal-filling sleeves that provide rotational and axial 
stability, however, long-term data on such reconstructions are lacking. 


A,B c,D 
Figure 59-30. A periprosthetic proximal tibia fracture (A, B) treated with a lateral proximal tibia locking plate that is supplemented with a posterior lateral plate (C, 
D). 


Specific technical considerations include careful soft tissue dissection and retraction to minimize soft tissue trauma to the already compromised skin 
flaps. The anteromedial capsule is a major source of wound-healing problems or postoperative drainage. If there is a deficiency in this area that cannot be 
approximated well, a gastrocnemius flap may be indicated. The extensor mechanism and its insertion along the proximal tibia is a crucial consideration. The 
tibial tuberosity can be osteotomized and repaired for exposure or repaired directly to the implant for proximal tibial replacement prosthesis. It is important 
that the surgeon undertaking these reconstructions be experienced in both revision arthroplasty techniques and fracture management techniques to achieve a 
successful outcome. 


A 


Figt 


31. A periprosthetic proximal tibial fracture treated with a single medial plate that offered marginal fixation progresses to nonunion (A) that is treated 
successfully with a combination of lateral locked plating, posterior medial locked plating, bone grafting, and adjuvant BMP (B). 


Tibia fractures about unicompartmental knee arthroplasties can be managed in a variety of ways, including nonoperative means,'° ORIF,*****" and revision 
TKA.75 155,265 There is very little literature available at this point to guide decision making, therefore general principles of periprosthetic fracture 
management must be relied upon. Under usual circumstances, stable fractures with stable components can be managed nonoperatively,'® unstable fractures 
with stable components can be managed with ORIF,““*-** and any fracture associated with an unstable component would demand revision 
arthroplasty,“ >><9> typically revision to a TKA. As with native medial tibial plateau fractures, nondisplaced periprosthetic fractures of the medial plateau 
about a unicompartmental component have a propensity to displace over time. Therefore careful observation is warranted and changes in fracture alignment 
should prompt consideration of operative management as progressive displacement of these fractures is common. 


Figure 59-32. A fracture about a well-fixed stemmed tibial component of a TKA had a previously untreated perforation near the tip of the stem. This was managed 
with a lateral plate and an anterior medial strut allograft. 


A, B C 
Figure 59-33. A tibial shaft fracture below a nonstemmed TKA (A) is treated with an IM nail (B). Note that there must be sufficient space between the tibial 
component and the nail (C) to allow insertion without disturbing the tibial tubercle. 


Potential Pitfalls and Preventive Measures for Treatment of Periprosthetic Proximal Tibia Fractures 


Periprosthetic Proximal Tibia Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Loss of proximal fixation after ORIF e Maximize number of locked screws in proximal fragment 
e Use medial and lateral locked plates with polyaxial locking capability to maximize ability to place 
screws around the implant 


Skin necrosis e Maintain adequate skin bridge between incisions 


Devitalization of bone e Minimize soft tissue stripping from bone 
e Use multiple incisions 


Obtaining adequate fixation during ORIF of periprosthetic proximal tibia fractures can be a challenge. The tibial component often fills a substantial volume 
of the proximal tibial metaphysis, making placement of bicortical screws difficult or impossible. Dual plating of these fractures is often required to obtain 
adequate fracture stability. Care must be taken to maintain adequate skin bridges between medial and lateral incisions used for ORIF and any anterior 
incision preexisting from the knee arthroplasty. The medial incision can be placed sufficiently posterior to minimize risk of skin necrosis while still allowing 
adequate exposure for posteromedial plating. Despite the potential risk for skin necrosis, using multiple incisions is still preferred to extensive deep 
dissection through fewer incisions. 


OUTCOMES FOR PERIPROSTHETIC PROXIMAL TIBIA FRACTURES 


There is little published literature regarding outcomes after periprosthetic proximal tibia fracture after TKA. A recent retrospective study of fractures treated 
with modern minimally invasive techniques showed union in 14 of 16 patients.!?3 Ten were treated with both medial and lateral plates, 4 with medial plates, 
and 2 with lateral plates. Knee ROM and function was preserved in all but one patient. Felix et al.® in 1997, reported on a large series of 102 fractures. 
Most type I and II fractures were associated with loose prostheses and were treated successfully with revision arthroplasty. Fractures associated with well- 
fixed components were managed with the usual principles of tibia fracture management of that time period. 


Several case reports demonstrate isolated results for various methods of treating tibia fractures about unicompartmental knee arthroplasties, but few 
describe much detail or long-term outcomes. Berger et al.!° presented results of 38 patients followed for 10 years after unicompartmental knee arthroplasty. 
Three patients had tibial plateau fractures, two noted intraoperatively, and one that occurred intraoperatively, but was not recognized until the first 
postoperative visit. All were treated nonoperatively, healed, and had a good ultimate outcome. Rudol et al.??* described a postoperative, and Sloper et al.?4! 
an intraoperative, vertical medial tibial plateau fracture, each treated successfully with buttress plating.?°* Pandit et al.'° described eight fractures about a 
unicompartmental knee arthroplasty treated in a variety of ways resulting in a variety of outcomes. Two minimally displaced fractures were treated 
nonoperatively, healed, and had good outcomes with retained unicompartmental components at either 1 or 3 years. Three others failed nonoperative 
management and ultimately required conversion to TKA. Two of these three also failed intermediate surgical management of their nonunited fractures, but 
all three had good outcomes at between 1 and 4 years. Two others had occult fractures that upon initial diagnosis had already subsided and these two 
patients were managed with conversion to TKA and were with good results at 2 years. The eighth patient in the series was treated to union with a buttress 
plate and had a good result at 2 years. Van Loon et al.2®° reported three cases where revision to TKA was performed either immediately after intraoperative 
fracture (n = 1), after initial ORIF (n = 1), or after nonoperative management (n = 1). The precise indications for conversion to TKA were not identified in 
this report, but were related to pain and reduced mobility in the latter two cases. Follow-up was 2 years or less and results at this short follow-up were 
mixed. 


Author’s Preferred Treatment for Periprosthetic Proximal Tibia Fractures ( 


Periprosthetic proximal 
tibia fracture 


Nondisplaced Displaced 


Prosthesis intact Prosthesis loose 


ORIF with lateral 


locking plate + medial 
locking plate 


Adequate Marginal 
bone stock bone stock 


Revision arthroplasty 
with proximal tibia 
replacement 


Revision arthroplasty 


+ ORIF 


Algorithm 59-5 Author’s preferred treatment for periprosthetic proximal tibia fractures. 


Fortunately, periprosthetic tibia fractures around TKAs are relatively uncommon. When the tibial component is stable and the fracture displaced, the 
preferred method of treatment is with lateral and medial locked plates (see Figs. 59-30 and 59-31). The amount and quality of bone proximally is 
usually marginal and, in these situations, nonlocked screws rarely obtain adequate fixation. Systems that allow polyaxial locked screws proximally are 
advantageous to help navigate around the prothesis. Medial comminution and an inability to pass lateral screws across to the medial side further support 
the use of dual plating. It is critical that these exposures be through separate incisions to maximally preserve the soft tissue envelope. Even in the 
presence of a midline incision from the TKA, separate lateral and medial incisions can provide an adequate skin bridge in all but the thinnest of patients. 

When periprosthetic proximal tibia fractures are associated with a loose tibial component, revision is preferred. Tibial revision for periprosthetic 
fracture requires the routine use of stems and augments and metaphyseal-filling metal implants can be useful for managing bone deficiencies. The tibial 
base trays have often subsided into varus, and anticipating medial and central defects is wise. The surgeon should be aware that isolated tibial 
component revision is rare, and commonly, one should be prepared to revise the entire arthroplasty. 


PERIPROSTHETIC FRACTURES ABOUT ANKLE ARTHROPLASTY 


There have been a number of reports of malleolar fractures complicating total ankle arthroplasty (TAA), but no large series have been published to date 
clearly elucidating specific etiologic factors or classification schemes. ®8:100,140,165,181,227,232,271 One risk factor, however, seems to be clear. Multiple studies 
have demonstrated that intraoperative fractures of the malleoli decrease with increasing surgeon experience with the procedure. Lee et al.!40 and Myerson 
and Mroczek!®! each compared results of their first 25 TAA cases to their next 25. Both showed substantial reduction in intraoperative malleolar fractures 
with experience: Lee had 4 fractures among the first 25 cases (16%) and 1 in the subsequent 25 (4%), and Myerson had 5 from the initial group (20%), and 


2 from the second group (8%). These results are similar to those of several other authors. Haskell and Mann!°° found a reduction in intraoperative fracture 
from 12% in the initial 50 cases to 9% in the subsequent 137 cases, and Schuberth et al.?°* reported 19 intraoperative fractures from 50 cases (38%) and 
noted that this complication decreased with experience. 

The medial malleolus is the most common site of intraoperative fracture, occurring approximately twice as frequently as lateral malleolus 
fracture.°6-100.165,227,271 Th a series of 93 TAAs performed for inflammatory joint disease, there were 27 intraoperative fractures: 15 of the medial malleolus, 
7 of the anterolateral distal tibia, and 5 of the lateral malleolus.°° 

Although most periprosthetic fractures about TAAs occur intraoperatively (Fig. 59-34), postoperative malleolar fracture has been reported.°%92-100.165.271 
Wood and Deakin?”! had 10 postoperative fractures occurring between 3 days and 23 months postoperatively in their series of 200 TAAs. Two of the 10 
were associated with implant loosening. Doets et al.5° reported 4 fractures occurring between 4 and 6 months postoperatively in a series of 93 TAAs 
performed in patients with inflammatory joint disease. Severe osteopenia was noted in all four patients with postoperative fractures. 


Figure 59-34. An intraoperative lateral malleolus fracture related to inadvertent saw cut of the lateral malleolus (A) heals with screw fixation (B). 


TREATMENT OF PERIPROSTHETIC FRACTURES ABOUT ANKLE ARTHROPLASTY 


There are no accepted standards for treatment of periprosthetic fractures about TAA. However, the general principles of management of other periprosthetic 
fractures can be applied. Fracture union, implant stability, and reestablishment of any associated loss of bone stock are general goals of management with 
the hope of restoring baseline function. Several authors describe internal fixation for intraoperative malleolar fractures that compromised implant 
stability,24100165 and yet others treated many of these fractures nonoperatively.!4°!8!,271 Nonunion occurred after intraoperative fracture in one of six 
nonoperatively treated from one study!°° and in one of five treated with ORIF from another.!© Either screw fixation or cast immobilization was used for 
treatment of 27 intraoperative fractures in the series of Doets et al.°° Six of 15 with medial malleolar fractures, one of seven with anterolateral distal tibia 
fractures, and two of five with lateral malleolar fractures were treated with screw fixation. Among these patients, two with medial malleolar fractures were 
ultimately considered failures. 

Most postoperative fractures are also of the malleolus and are typically treated nonoperatively unless associated with implant loosening or 
osteolysis.100165.271 Ą very small number of displaced postoperative fractures of the distal tibia metaphysis associated with TAA, six to the best of our 
knowledge, have been reported.®693:274 Each was associated with a stemmed tibial component. Treatment with either an anterolateral or medial locked plate 
in two cases that were associated with trauma mimicked standard treatment of a native extra-articular distal tibia fracture.°2:774 


Author’s Preferred Treatment of Periprosthetic Fractures About Ankle Arthroplasty ( 


Periprosthetic distal 
tibia fracture about 
ankle arthroplasty 


Intraoperative 
fracture 


Non or minimally 


displaced Displaced 


Nonoperative 


treatment 


Non or minimally 


displaced 


Postoperative 
fracture 


Stable 
component 


Displaced 


Unstable 
component 


Revision arthroplasty 
and ORIF or ankle 


fusion 


Algorithm 59-6 Author’s preferred treatment for periprosthetic fractures about a total ankle arthroplasty. 


Periprosthetic ankle fractures are uncommonly dealt with, except by surgeons who perform a high volume of TAAs, especially since most of these 
fractures occur intraoperatively. When an intraoperative fracture is encountered, ORIF is preferred, except for the most minimally displaced fracture, to 
maximize stability of the arthroplasty. Postoperative fractures about stable implants are treated operatively with ORIF when the fracture potentially 
affects joint stability or when displacement is great enough to risk nonunion with nonoperative treatment. 
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Patellar Fractures 


INTRODUCTION TO PATELLAR FRACTURES 


The treatment of patella fractures has evolved with improvements in both fracture fixation techniques and an improved understanding of patellar function. 
Until the 19th century, the vast majority of patella fractures were treated nonoperatively with extension splinting. The critical structural and biomechanical 
functions of the patella were not understood, such that excision of a “vestigial embryologic remnant” was felt to be a reasonable option. Early published 
results showed increased limb strength after patellectomy compared to normal controls and even advocated for patellectomy as a viable treatment option. 
Others believed that the patella inhibited quadriceps function and concluded that the strength of the knee was improved after patellectomy. 

The appeal of nonoperative treatment or total excision was tempered, however, by modest functional outcomes. Extension splinting was associated with 
high rates of residual pain, nonunion, and permanent disability. Furthermore, laboratory and clinical studies began to raise concerns regarding outcomes 
after patellectomy. Animal studies demonstrated degenerative changes on the femoral articular surface after patellectomy. Concurrently, a high rate of 
patient dissatisfaction, decreased quadriceps strength, residual pain, and functional disability has been reported following total patellectomy. However, in 
some circumstances, partial patellectomy remains a viable treatment option. 14 

Early studies demonstrated the critical biomechanical function of the patella and highlighted the importance of its preservation to optimize function of 
the extensor mechanism.“ Despite enthusiasm for patellectomy, operative interventions to surgically repair patella fractures first emerged in the 
preantiseptic era.!! With advances in aseptic surgery and techniques in fracture fixation, significant interest developed in identifying alternative means of 
treatment for these injuries. Malgaigne designed the “griffe metallique” in 1843, a metal claw connected to sliding plates designed to reapproximate 
fragments in displaced patellar fracture patterns. Shortly thereafter, the first open reduction and internal fixation of a patella fracture with interfragmentary 
wiring occurred in 1877. Similar procedures using drill holes and wire fixation were also being performed around this time. Numerous techniques of 
fracture reduction and fixation emerged, but stable fixation was difficult to achieve. Materials used for fixation included percutaneous pins, metal loops, 
kangaroo tendon xenografts, fascial strips, and screws. 

The greatest advance in patellar fracture fixation, however, occurred in the 1950s with presentation of the anterior tension band technique. The 
Arbeitsgemeinschaft fiir Osteosynthesefragen/Association for the Study of Internal Fixation (AO/ASIF) modified and advocated tension band fixation as a 
rigid construct that allowed for early range of motion (ROM) and rehabilitation of patella fractures. Weber et al.!29 demonstrated superior biomechanical 
strength with modified anterior tension banding and retinacular repair in a transverse patellar fracture model compared to cerclage or interfragmentary 
wiring techniques. Numerous clinical series have subsequently confirmed a high rate of success with tension band wiring techniques. However, recent 
literature has supported the use of plate and screw fixation constructs, especially in more comminuted fracture patterns.38477995 Currently, three forms of 
operative treatment for displaced patella fractures are most commonly used: 


e Open reduction and internal fixation, usually with a tension band wiring technique, cannulated screw tension band technique, or plate(s) and screws 
e Partial patellectomy with soft tissue repair 
e Total patellectomy 


The indications for each technique are individualized and depend on the fracture pattern, patient activity level, and functional expectations. Each 
procedure can achieve good to excellent results with proper patient selection and application. Regardless of the selected technique, the goals of surgical 
treatment are the following: 


e Restoration of the functional integrity and strength of the extensor mechanism 
e Maximizing articular congruity 
e Preservation of patellar bone 


ASSESSMENT OF PATELLAR FRACTURES 


MECHANISMS OF INJURY FOR PATELLAR FRACTURES 


Fractures of the patella account for approximately 1% of all skeletal fractures and may result from direct, indirect, or combined injury patterns.!”>! The 
incidence rises steadily with age as bone quality declines, with a superimposed bimodal distribution typical to traumatic injuries associated with both high- 
and low-energy mechanisms.”° The patella is prone to injury from a direct blow as a consequence of its anterior location and thin overlying soft tissue 
envelope. Direct injuries may be low energy, such as after a fall from a sitting or standing height, or high energy, as from a dashboard impact in a motor 
vehicle collision. Comminuted fracture patterns are often the result of high-energy, direct injuries. In these cases, it is critical to survey for associated 
injuries of the ipsilateral limb, including hip dislocation, proximal femur fractures, or fractures and ligamentous injuries about the knee. 

Indirect injuries occur secondary to the large forces generated through the extensor mechanism and typically result from forceful contraction of the 
quadriceps with the knee in a flexed position. The substantial force generated by a violent quadriceps contraction fractures the patella and may propagate 
through the adjacent retinaculum of the extensor mechanism. As a result, indirect injuries frequently cause a greater degree of retinacular disruption 
compared with direct injuries, and active knee extension is compromised in most cases. The degree of fragment displacement is generally representative of 
occult injury to the adjacent soft tissue envelope. While transverse fracture patterns are associated with an indirect injury mechanism, it is clear that fracture 
pattern is not solely determined by injury mechanism but is also dependent on various other factors such as patient age, bone quality, and the degree of knee 
flexion. Patellar fractures likely reflect a combination of both direct and indirect forces: the culmination of a direct blow, quadriceps muscle contraction, and 
secondary joint impaction. 

Most patella fractures have a transverse fracture pattern component, resulting from excessive tensile forces through the extensor mechanism. These may 
occur through the body, apex, or distal pole of the patella. Small proximal or distal avulsion-type fractures should not be ignored, as they are often 
associated with substantial soft tissue injury to the quadriceps or patellar tendon. Vertical fractures are typically the result of a direct blow to a partially 
flexed knee and may be nondisplaced if the retinaculum and extensor mechanism are intact. Comminuted, stellate fracture patterns are typically the result of 
a direct blow with impaction against the femoral condyles and can be associated with substantial injury to both the femoral and patellar chondral surfaces. 


INJURIES ASSOCIATED WITH PATELLAR FRACTURES 


Concomitant injuries occur commonly in association with patella fractures and as expected, occur more frequently in higher-energy injuries.” Without 
stratifying according to injury mechanism, Boström!” reported an associated injury rate of 15%. Associated injury occurred even more frequently with open 
patellar fractures, with rates approaching 80%.®?6 Most often, associated injuries occur in the ipsilateral lower extremity. Catalano et al. reported a 44% 
rate of ipsilateral lower extremity fracture in a series of open patellar fractures. This contrasts with ipsilateral lower extremity fracture rates seen in the early 
1970s of around 5% by Boström!” and highlights the increasing rate of high-energy patella fractures encountered today. Consistent with the direction of 
force responsible for direct injuries, one study found that 25% of operative patella fractures were associated with a posterior cruciate ligament injury.!4° 
Less literature exists regarding extensor mechanism injury and associated injuries. While these injuries are more frequently the result of low-energy trauma 
compared to patellar fractures, a similar association between increasing energy of injury mechanism and increasing rate of ipsilateral knee injury has been 
described.®° Thus, knowledge of a high-energy mechanism should alert the surgeon to the increased probability of associated injuries, especially of the 
ipsilateral lower extremity. 


SIGNS AND SYMPTOMS OF PATELLAR FRACTURES 


Patient history typically includes a direct blow to the patella, a fall from a standing height, or a near fall with forceful contraction of the quadriceps on a 
partially flexed knee. Correlation of the fracture with the mechanism of injury will help the surgeon to anticipate both the fracture pattern and the degree of 
soft tissue injury. Complaints of anterior knee pain, swelling, and difficulty ambulating after a fall are also common and may reflect an injury to the 
extensor mechanism. With high-energy injuries, the surgeon must have a low threshold of suspicion for associated musculoskeletal injuries. 

On physical examination, displaced patella fractures typically present with an acute hemarthrosis and a tender, palpable defect between the fracture 
fragments. The absence of a large effusion in the presence of a palpable bony defect should raise concern for associated retinacular tears. Competence of the 
extensor mechanism must be assessed by asking the patient to perform a straight leg raise or extend a partially flexed knee against gravity. A large 
hemarthrosis may be very painful and limit the ability of the patient to comply with this part of the examination. In these situations, aspiration of the 
hemarthrosis followed by injection of a local anesthetic into the joint may be helpful. It is critical to note, however, that the patient’s ability to extend the 
knee does not rule out a patella fracture, but rather it suggests that the continuity of the extensor mechanism is maintained via an intact retinacular sleeve. 

Lacerations or abrasions to the skin overlying the patella are of particular concern and may reflect an occult open fracture or communication with the 
knee joint. Any concern warrants further investigation with a saline load test, in which needle and syringe are used to perform a joint aspiration, followed by 
infusion of 150 mL of saline into the knee joint. Communication between the knee joint and the wound is marked by egress of the infused saline from the 
wound. Methylene blue may be added to the saline infusion to facilitate detection. Open fractures or traumatic arthrotomies warrant urgent irrigation and 
debridement in the operating room. 

After a careful examination is completed, the knee should be splinted, iced, and elevated. The knee is typically immobilized in a slightly flexed position 
for comfort until definitive treatment is rendered. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR PATELLAR FRACTURES 
Plain Radiographs 


Plain radiography is typically sufficient to confirm the diagnosis of patellar fracture or injury to the extensor mechanism. Anteroposterior (AP), lateral, and 
tangential or axial views of the patellofemoral joint should be obtained (Fig. 60-1). Views of the contralateral knee are helpful for comparison and may 
prevent the erroneous diagnosis of a normal anatomical variant as a fracture. 

In the setting of a patellar fracture, the AP view should be taken with the largest cassette possible (typically 14 x 17 inches) placed behind the knee of 
the supine patient to fully evaluate for possible additional injuries. If full knee extension is not possible secondary to pain, the x-ray beam trajectory must be 
adjusted accordingly. Leg rotation must be controlled so that the patella is pointing straight up and will be centered on the film. The patella should lie within 
the midline of the femoral sulcus, and the distal pole should be no higher than 20 mm above a tangential line connecting the distal femoral condyles. 
Vertical and horizontal fracture lines should be carefully noted. Typically, the degree of fracture comminution is underestimated by the radiographically 
evident fracture lines. The distal femur and proximal tibia should not be ignored and must be carefully inspected for occult condylar or plateau fractures. 


Figure 60-1. Anteroposterior (A), lateral (B), and axial (C) views of a displaced transverse patella fracture. 


A bipartite or tripartite patella can often be mistaken for a fracture in the setting of a trauma history (Fig. 60-2). These anatomical variants reflect 
incomplete fusion of two or more ossification centers. The opposing edges are usually smooth and corticated on plain radiographs. The finding is typically 
bilateral, and contralateral knee radiographs often confirm the diagnosis. The most common bipartite pattern is located in the superolateral aspect of the 
patella and is not associated with any pain, tenderness, or functional compromise of the extensor mechanism on physical examination. A true unilateral 
bipartite patella is extremely rare and may represent an old avulsion-type patellar fracture. 

The lateral radiographic view is critical to define fracture pattern and associated extensor mechanism disruption. Controlling limb rotation, however, is 
essential to obtain a true lateral view that allows for reliable determination of patellar height and identification of occult injuries. In addition, accessory 
views including internal and external rotation allow for better visualization of the medial and lateral facet than a lateral view alone.!? This is of particular 
importance during intra- and postoperative evaluation of fracture reduction. The distal patellar pole and tibial tubercle should be carefully inspected for 
subtle avulsion fractures. Patellar height should be assessed using the Insall—Salvati ratio, which compares the height of the patella to the length of the 
patellar tendon. In a normal subject, a ratio of 1.02 + 0.13 is expected. A ratio of less than 1 suggests patella alta and disruption of the patellar tendon. A 
ratio of greater than 1 is associated with patella baja and quadriceps tendon disruption. Other, less sensitive indices of patellar height can also be assessed on 
the lateral view. With the knee flexed 90 degrees, the proximal patellar pole normally rests at or below the level of the anterior cortex of the femur (Fig. 60- 
3). With the knee flexed 30 degrees, the inferior patellar pole normally projects to the level of Blumensaat line (the distal physeal scar remnant). Loss of this 
relationship is suggestive of extensor mechanism disruption. 


Figure 60-2. Anteroposterior (A) and lateral (B) radiographs of a bipartite patella. Note the superolateral fragment with well-defined cortical margins. 


ratio b/a> 1.2 


Figure 60-3. The red lines depict abnormal conditions. A: The length of the patellar tendon should approximate the midsagittal length of the patella and the inferior 
pole of the patella projects to the level of Blumensaat line (dashed line). A ratio of the length of the tendon to the length of the patella greater than 1.2 indicates 
possible injury to the patellar tendon (method of Insall). B: On the anteroposterior radiograph, the inferior pole of the patella should lie within 2 cm of a plane formed 
by the distal femoral condyles. C: At 90 degrees of flexion, the superior pole of the patella should lie inferior to the anterior surface of the femoral shaft. D: The lateral 
view gives the best view of the fracture pattern and fragment separation. 


A tangential or axial view of the patellofemoral joint is also useful. With patellar fractures, vertical or marginal fracture lines and associated 
osteochondral defects may only be visualized on this view. An axial view of the patella is obtained with the patient supine and the knees flexed 45 degrees 
over the edge of the table, the x-ray beam is angled 30 degrees below horizontal with the cassette placed approximately 6 to 12 inches below the knees and 
perpendicular to the beam. This technique is easily performed in patients with knee trauma, as supporting the knee in a partially flexed position often 
confers maximal comfort in the setting of an acute hemarthrosis. 


Computed Tomography 


Computed tomography (CT) scanning has not been routinely advocated for in the evaluation and treatment of isolated patellar fractures. While CT allows 
for improved evaluation of articular congruity and fracture comminution, this is commonly evaluated and addressed intraoperatively for patients indicated 
for surgery. In a recent study by Misir et al., a transverse fracture was easily identifiable on plain radiographs in 92.8% of patella fractures. However, only 
16% of 83 cases in the study were simple transverse fractures, while the remaining cases had multiple fracture lines seen on CT.%* Therefore, by providing 
more detailed information regarding fracture displacement, advanced imaging often yields greater measurements of maximal fracture displacement, 
comminution, and articular incongruity than radiographic imaging. Given that most existing evidence regarding the relationship between displacement with 
outcome is based on radiographic data, relying upon CT-based findings may result in surgical indication beyond that supported by the existing literature. 
Research has suggested that CT imaging is useful in guiding surgical planning; however, the authors also report that CT led to increased surgical indications 
in some cases, and no data were provided relating this to patient outcome.” 

The use of CT imaging has a role in the evaluation of patellar stress fracture, nonunion, or malunion. Apple et al. demonstrated a 71% sensitivity of 
tomography in detecting stress fractures in elderly, osteopenic patients, compared to 30% with bone scans and 0% with plain radiographs alone. CT is also 
useful to characterize trochlear anatomy and lower extremity rotational alignment with patellofemoral tracking disorders. 


Magnetic Resonance Imaging 


Magnetic resonance imaging (MRI) is most commonly used to evaluate suspected extensor mechanism injuries as well as chondral injuries associated with 
patellar dislocations. In addition, MRI may have a role in the evaluation of acute patellar fractures considered for nonoperative treatment if suspicion exists 
for an osteochondral fracture. However, MRI evaluation of most acute patellar fractures is unnecessary. 

The normal quadriceps and patellar tendons have a laminated appearance with homogeneous, low-signal intensity on MRI. Trauma to the patella or 
adjacent soft tissues results in hemorrhage and edema and is associated with increased signal intensity on T2-weighted images. Furthermore, loss of 
continuity of patellar or quadriceps tendon fibers can be readily seen to define both partial and complete disruptions. Lateral patellar dislocations are 
associated with a characteristic edema pattern on MRI that allows for confirmation of the diagnosis even after spontaneous reduction following the injury. In 
addition to a traumatic effusion, contusion of the lateral femoral condyle and medial patellar facet with increased signal on T2-weighted images, disruption 
of the medial patellofemoral ligament, retinacular tears, and osteochondral loose bodies are frequently seen. In the absence of patella fracture on 
radiographs, blunt direct trauma to the patella such as with a dashboard mechanism has been found to be associated with subchondral microfracture seen on 
MRI. The long-term significance of these subchondral microfractures remains uncertain. 

More sophisticated imaging techniques to evaluate the articular cartilage such as T2 mapping, Tirho, or delayed gadolinium-enhanced imaging of 
articular cartilage (CGEMRIC) allow for the identification of chondral injuries that may not be visualized on plain radiographs; however, these sequences 
are most often employed in the management of osteoarthrosis and sports injuries rather than acute traumatic patellar injury. 


CLASSIFICATION OF PATELLAR FRACTURES 


Patellar fracture classification is typically descriptive in nature and can be based on fracture pattern, degree of displacement, or mechanism of injury. The 
Orthopaedic Trauma Association (OTA) classification is based on the degree of articular involvement and the number of fracture fragments; however, this 
classification has not been validated and its clinical utility remains uncertain. Despite these deficiencies, the current OTA classification is important for 
standardizing the classification of patellar fractures for clinical research. Prior to the OTA classification, patellar fracture classification lacked 
standardization and most clinical series reported outcomes based on the type of fixation rather than fracture pattern. 

A useful approach in the clinical setting begins with classifying patellar fractures as displaced or nondisplaced. Displaced patellar fractures are defined 
by separation of fracture fragments by more than 3 mm or articular incongruity of more than 2 mm. After the fracture is classified as displaced or 
nondisplaced, the injury can be further categorized based on the geometric configuration and location of fracture lines. Described patterns include transverse 
or horizontal, stellate or comminuted, vertical or longitudinal, apical or marginal, and osteochondral (Fig. 60-4). The location, middle or at the poles can 
affect treatment. Unique to skeletally immature patients, patellar sleeve fractures involve an avulsion of the distal pole of the patella along with a large 
component of the articular surface from the remaining patella.*° 


Undisplaced Transverse Lower or Multifragmented 
upper pole undisplaced 


( if 


Multifragmented Vertical Osteochondral 
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Figure 60-4. Descriptive classification of patellar fractures. 


Nondisplaced Fractures 
Transverse Fractures 


As many as 35% of transverse patellar fractures are nondisplaced.!’ While the mechanism may be multifactorial in nature, these injuries are typically 
associated with indirect, longitudinal forces that fracture the patella but are insufficient to tear the medial and lateral patellar retinacula. As a result, the 
extensor mechanism remains competent. The preserved integrity of the soft tissue envelope helps to maintain the reduction. The vast majority occur in the 
middle to lower third of the patella. 


Stellate Fractures 


Stellate fractures typically result from direct blow injuries to the patella with the knee in a partially flexed position. Approximately 65% of these injuries are 
nondisplaced.!” Active knee extension is preserved, as the medial and lateral patellar retinacula are usually not torn with the injury. Damage to the patellar 
and femoral articular surface is not uncommon given the mechanism of injury, and careful evaluation on tangential views or MRI is necessary to identify 
occult osteochondral lesions. 


Vertical Fractures 


A vertical or longitudinal fracture pattern is not uncommon and has been reported to account for approximately 20% of patellar fractures. The fracture line 
is most commonly seen involving the lateral facet and lying between the middle and lateral third of the patella. Different mechanisms of injury have been 
implicated. Boström reported that lateral avulsion was the most common mechanism in 75% of their series. It has also been suggested that direct 
compression of the patella in a hyperflexed knee is responsible for this pattern of injury. The patellar retinacula are intact, preserving active knee extension 
by the patient. The fracture pattern is easily missed on an AP radiograph, emphasizing the importance of an axial view to identify this injury. 


Displaced Fractures 
Transverse Fractures 


Noncomminuted, transverse fractures account for approximately 52% of displaced patellar fractures.!>178° Evaluation of the integrity of the extensor 
mechanism is critical with this pattern of injury. The fracture fragment separation (>3 mm) is suggestive but not diagnostic of retinacular and extensor 
mechanism disruption. A subset of these fractures with fragment displacement but intact retinacula exists and is characterized by clinical evidence of an 
intact extensor mechanism. Preservation of the retinacula allows satisfactory healing without surgery and these fractures may respond favorably to 
nonoperative treatment. Close clinical and radiographic follow-up and adherence to a rehabilitation protocol are necessary. 


Stellate Fractures 


Displaced, stellate fractures usually result from a high-energy, direct blow to the patella. These fractures typically demonstrate a high degree of 
comminution. Anterior soft tissue contusion and/or lacerations may be present, and careful evaluation for an open fracture or traumatic arthrotomy is 
warranted. Transverse fracture lines with extensive comminution may result in propagation into the retinaculum and disruption of the extensor mechanism. 
However, even if the extensor mechanism is preserved, displacement leading to articular incongruity may warrant operative intervention. 


Pole Fractures 


Fractures at the proximal pole of the patella are typically bony avulsions of the quadriceps mechanism. Displacement is rare and has been reported to be 


approximately 4% in large clinical series.!” Active knee extension may be preserved if the medial and lateral retinacula remain intact. The lateral radiograph 
may demonstrate patella baja and a reduced Insall—Salvati ratio. Distal pole fractures are bony avulsions of the patellar tendon. Displacement is much more 
common with these injuries and has been reported to occur in up to 11.5% in large series.!” Retinacular disruption with loss of knee extension is virtually 
universal with distal pole fractures. A lateral radiograph will demonstrate patella alta and an increased Insall—Salvati ratio. 


Osteochondral Fractures 


Osteochondral fractures of the femur or patella are also seen in association with high-energy, stellate patellar fractures or after patellar dislocation. Plain 
radiographs may not demonstrate these lesions. MRI with cartilage-sensitive sequences can improve the detection of these injuries. Osteochondral fracture 
fragments can shear from the lateral femoral condyle or medial patellar facet after patellar subluxation or dislocation and may warrant surgical intervention. 


Fractures After Bone-Tendon-Bone Harvest 


Patellar fractures have been infrequently reported after graft harvest for bone-tendon-bone anterior cruciate ligament (ACL) reconstruction. An incidence of 
0.2% has been reported in one series of over 1,700 ACL reconstructions.”* While these may occur intraoperatively secondary to technical error, the majority 
of cases have been attributed to postoperative trauma from a fall or overly aggressive rehabilitation protocols. Both transverse and vertical fracture patterns 
have been reported. Rigid fixation of these fractures, even in the setting of minimal displacement, has been advocated to allow for early motion and avoid 
delayed rehabilitation of the ACL reconstruction. 


Masqueraders 


A bipartite or tripartite patella is a normal anatomical variant and should not be misdiagnosed as a displaced patellar fracture. A bipartite fragment typically 
presents as a well-corticated fragment in the superolateral aspect of the patella and is the result of incomplete fusion of ossification centers. The incidence of 
a bipartite patella is approximately 8% and is almost always seen bilaterally. Radiographs of the contralateral knee will confirm the diagnosis. 


OUTCOME MEASURES FOR PATELLAR FRACTURE AND EXTENSOR MECHANISM INJURIES 


No validated outcome measure exists specifically for fractures of the patella or injuries to the extensor mechanism. Hence, a plethora of clinical outcome 
measures have been utilized to report results of patella fractures over the years. This has severely limited the ability to compare between studies. The most 
commonly reported scale has been that described by Bostman et al.!° This scale incorporates objective measures such as ROM and thigh atrophy while 
evaluating subjective parameters such as pain and giving way. Catalano et al.*° modified the Hospital for Special Surgery knee score by excluding 
evaluation of varus and valgus instability to report outcomes of open patella fractures. A modified form of the Cincinnati Rating System, incorporating a 
subjective component as well as objective physical examination and radiographic assessments, was first employed by Saltzman and subsequently utilized by 
others.!!° Validated knee scores such as the Lysholm, the Knee Osteoarthritis Outcome Score (KOOS), and the Knee Society score, have also been utilized; 
however, these scores were not specifically designed for use in isolated knee extensor mechanism injuries. Design and validation of an outcome score 
specific to the pathology and complaints of injuries to the extensor mechanism are needed and will improve future research. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO PATELLA FRACTURES 


OSSEOUS ANATOMY 


The patella is the largest sesamoid in the body, lying deep to the fascia lata within the tendon fibers of the rectus femoris. Its proximal margin is termed the 
basis, and the rounded inferior margin, the apex. Ossification centers typically appear at 2 to 3 years of age. While its shape can vary considerably, the 
patella is typically ovoid and flat anteriorly on its nonarticular surface.!” 

The proximal three-fourths of the patella are covered with thick articular cartilage, while the distal pole is entirely devoid of articular cartilage. As such, 
many distal pole fractures are predominantly extra-articular. The articular cartilage can be 1 cm or greater in thickness in a normal patella. The proximal 
articular region is divided into medial and lateral facets by a longitudinal ridge. A second, vertical ridge along the medial border of the patella defines a 
small medial region termed the odd facet. Small, transverse ridges further subdivide the medial and lateral facets into superior, intermediate, and inferior 
facets. While the lateral facet is usually the largest, considerable variation in the size and shape of patellar facets has been observed. Wiberg’?! classified 
patellar osteology into three major groups based on the size of the medial and lateral facets. 


Type I: Medial and lateral facets are both concave and approximately equal in size. 
Type II: The medial, concave facet is smaller than the lateral facet. 
Type III: The medial, convex facet is smaller than the lateral facet. 


Varying degrees of medial facet dysplasia have been described. Type II and III patellas have a small, flat medial facet, while type IV patellas have a 
small, steeply sloped medial facet with a medial ridge. Type V, termed the Jaegerhut patella, is devoid of a medial facet or vertical ridge. 


ARTERIAL BLOOD SUPPLY 


The patella is nourished by an extensive, dorsal plexus of blood vessels that can be separated into both an extraosseous and an intraosseous vascular system 
(Fig. 60-5). Six separate arteries contribute to this vascular plexus and help to preserve fragment vascularity even in the setting of comminuted fracture 
patterns. The supreme geniculate artery arises from the superficial femoral artery at the level of Hunter canal, while the four geniculate arteries take origin 
from the popliteal artery. The recurrent anterior tibial artery is a branch of the anterior tibial artery, taking origin approximately 1 cm below the proximal 
tibiofibular joint. The superior portion of the plexus lies dorsal to the quadriceps tendon, while the inferior aspect passes deep to the patellar tendon in the 
fat pad. The primary intraosseous blood supply of the patella enters through the middle third of the anterior body and the distal pole and perfuses in a distal 
to proximal fashion. This pattern of retrograde perfusion is important in understanding the risk of osteonecrosis after patellar fracture. 

The patellar tendon is nourished by deep vessels in the fat pad receiving contributions from the inferior medial and lateral geniculate arteries. The 
superficial surface of the tendon is supplied by retinacular vessels that arise from the inferomedial geniculate and recurrent tibial arteries. 


Midpatella 


Inferior pole 


Figure 60-5. Arterial blood supply of the patella. A: Extraosseous geniculate arterial system. S, supreme geniculate; MS, medial superior geniculate; MI, medial 
inferior geniculate; ATR, anterior tibial recurrent; LI, lateral inferior geniculate; LS, lateral superior geniculate. B: Intraosseous arterial supply. 


SOFT TISSUE ANATOMY 


The patella is firmly invested within the quadriceps tendon deep to the fascia lata. The extensor mechanism, however, collectively refers to the quadriceps 
tendon, medial and lateral retinacula, patella, and patellar tendon. 

The quadriceps muscle complex is composed of the vastus lateralis, vastus medialis, rectus femoris, and vastus intermedius. The vastus lateralis 
originates from the femur and inserts on the patella at an approximately 30-degree angle relative to the longitudinal axis of the femur. Its most medial fibers 
insert on the superolateral patella, and its most lateral fibers run lateral to the patella to insert into the lateral retinaculum and the iliotibial tract. The vastus 
medialis consists of two distinct portions separated by fascia and innervated by distinct branches of the femoral nerve. The vastus medialis longus inserts on 
the patella proximally at an angle of 15 to 18 degrees relative to the long axis of the femur, while the vastus medialis obliquus (VMO) inserts more distally 
on the patella at an angle of 50 to 55 degrees. The rectus femoris is a long, fusiform muscle that lies central and superficial in the quadriceps complex. The 
fibers run 7 to 10 degrees medially relative to the long axis of the femur in the coronal plane. The vastus intermedius lies deep to the rectus femoris and 
inserts directly into the superior base of the patella. 

The anatomy of the quadriceps tendon has been variably described. Previous studies have reported a trilaminar organization, with the rectus femoris 
tendon superficial, the vastus medialis and lateralis tendons in the middle, and the vastus intermedius fibers deep. However, the insertion reflects an intricate 
blending of all tendon fibers at the insertion into the superior patella. 


The patellar retinaculum and iliotibial band function as secondary extensors of the knee. The retinaculum is formed by the continuation of the deep 
investing fascia lata in the thigh and reinforced by inserting aponeurotic fibers from both the vastus medialis and lateralis. Both the medial and lateral 
retinacula insert directly into the proximal tibia and can thereby provide active knee extension in the setting of an isolated patellar fracture. 

The medial patellofemoral ligament is an extracapsular continuation of the deep retinacular surface of the VMO that extends from the superior medial 
border of the patella and attaches to bone just anterior to the medial collateral ligament on the medial epicondyle.°® The medial patellofemoral ligament is 
accepted to be the major restraint to lateral patellar displacement and contributes to over one-half of the total restraining force of the medial patellar 
stabilizers. It has a fan-shaped configuration that runs from the upper medial margin of the patella to a femoral insertion posterosuperior to the epicondyle 
and just distal to the adductor tubercle. Cadaveric dissections have revealed the ligament to be 58.8 + 4.7 mm in length, 12 + 3.1 mm in width, and inclined 
15.9 + 5.6 degrees proximally.%° 

The patellar tendon originates from the apex of the patella proximally and inserts into the tibial tubercle distally. Its average length is 5 cm. The patellar 
tendon is formed primarily from a continuation of the central fibers of the rectus femoris tendon. The tendon is reinforced at its tibial insertion medially and 
laterally by the extensor retinaculum and the iliotibial tract. 


BIOMECHANICS OF THE EXTENSOR MECHANISM 


The extensor mechanism is biomechanically responsible for active knee extension and the ability to maintain an erect position. Numerous activities of daily 
living, including walking, ascending stairs, or rising from a chair depend on the extensor mechanism to generate sufficient force to overcome gravity. 

The patella provides the critical biomechanical functions of both linking and displacement. During initial knee extension from a fully flexed position, the 
patella functions as a link between the quadriceps and the patellar tendon. In this capacity, it allows for transmission of torque generated by the quadriceps 
muscle to the proximal tibia. For young men, these forces can exceed 6,000 N and can approach up to eight times body weight.°* At 135 degrees of flexion, 
linking occurs via transmission of forces between the extensive contact area of the trochlea with the patellar facets and the posterior surface of the 
quadriceps tendon.*! From 45 to 135 degrees of flexion, the odd facet engages the femur. The odd facet is the only portion of the patella that articulates with 
the lateral surface of the medial femoral condyle but not the trochlea.*! Albanese et al.? studied knee extension mechanics after subtotal excision of the 
patella. The quadriceps force as a function of knee flexion angle was recorded for varying amounts of excision and compared with the results for total 
patellectomy.? Excision of the proximal one-half or less resulted in lower force requirements when compared with total patellectomy. The effects of distal to 
proximal excisions indicate a biomechanical advantage to maintaining a fragment equal to at least three-fourths the length of the proximal patella.? 

The displacement function of the patella is most critical from 45 degrees of flexion to terminal extension. Twice as much torque is required to extend the 
knee the final 15 degrees as is necessary to bring it from a fully flexed position to 15 degrees. The patella displaces the tendon away from the center of 
rotation of the knee, increasing the moment arm and providing a mechanical advantage that increases the force of knee extension by as much as 50% 
depending on the angle of knee flexion. It is this displacement action of the patella that provides the additional 60% of torque necessary to gain the last 15 
degrees of terminal extension. 

The high torques generated by the extensor mechanism can result in substantial patellofemoral contact forces. Compressive forces as large as three to 
seven times body weight have been recorded during squatting or climbing stairs. Given the small contact area of the patellofemoral articulation, the contact 
stresses generated may be greater than in any other weight-bearing joint in the body. 

The patellofemoral contact zones are dynamic and shift with varying degrees of knee flexion. The patella engages the trochlear sulcus at approximately 
20 degrees of flexion. With increasing knee flexion, a horizontal band of contact area across the patellar facets moves proximally and reaches a maximum at 
90 degrees of flexion. Beyond 90 degrees, the contact area on the patella shifts into two discrete locations on the medial and lateral facets. Corresponding 
with the proximal shift of contact on the patella, the contact zone on the femur shifts distally on the trochlea and separates into two discrete zones on the 
medial and lateral condyles with hyperflexion.*! 


TREATMENT OPTIONS FOR PATELLAR FRACTURE 


The management of patellar fractures is largely based on the fracture classification and findings on physical examination, with particular attention on the 
integrity of the extensor mechanism. Age, bone quality, patient expectation, and the presence of associated injuries may also influence surgical decision 
making. Regardless of the treatment strategy, the goals of surgical intervention are: 


e Maximal preservation of the patella to maintain its linking and displacement functions 
e Restoration of the articular congruity of the patella 
e Preservation of the functional integrity and strength of the extensor mechanism 


Currently, the main treatment options for patellar fractures are: 


Nonoperative management 

Open reduction and internal fixation, most commonly with a tension band wiring, cannulated screw tension band construct, or plate(s) and screws 
Partial patellectomy with soft tissue repair 

Complete patellectomy 


NONOPERATIVE TREATMENT OF PATELLAR FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Patellar Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Intact extensor mechanism 
e <3-mm articular incongruity 
e Severe medical comorbidity 


e Nonambulatory status 


Relative Contraindications 


Extensor lag or incompetent extensor mechanism 
23-mm articular incongruity 

Open fracture 

Loose bone or chondral fragments 


Nonoperative treatment may be indicated for patellar fractures with less than 3 mm of articular incongruity in which the extensor mechanism remains 
intact.!7 Almost any fracture pattern (transverse, stellate, or vertical) may be addressed with closed treatment if the above criteria are satisfied. Relative 
indications for nonoperative management, sometimes even in circumstances of notable fragment displacement include patients who have medical conditions 
that preclude anesthesia or present too great a risk for surgical complication. In addition, patients who are non- or severely limited in their ambulatory status 
or who do not require an intact lower extremity extensor mechanism may be treated without surgery. 


Techniques 


Acute nonoperative treatment typically consists of 4 to 6 weeks of extension splinting or bracing. If patient compliance and reliability are a concern, 
however, long leg cylinder casting may be preferable with careful molding about the knee and above the ankle to help prevent displacement of the cast as 
edema resolves. Straight leg raises and isometric quadriceps exercises are initiated early in the cast or brace to minimize atrophy. ROM is gradually initiated 
after there is evidence of fracture consolidation on plain radiographs. Repeat radiographs are obtained shortly after ROM is initiated to evaluate for 
displacement. Regarding weight bearing, most modern protocols allow for some degree of early weight bearing in full extension with ambulatory assistance 
device(s). Strengthening is typically initiated after fracture healing is complete and weight bearing without assist devices or braces is comfortable. 


Outcomes 


Nonoperative treatment of minimally displaced fractures has been reported with good clinical outcomes. In a large series of 422 patellar fractures reported 
by Bostrém,!” 219 minimally displaced fractures (<3-mm articular incongruity) were treated nonoperatively, and 98% had good to excellent results at final 
follow-up. There was no relationship between articular incongruity of less than 3 mm with the development of posttraumatic arthritis over an average 
follow-up of 8.9 years. Other series have reported low failure rates of less than 5% with closed management of minimally displaced fractures. 

In a series of 18 patients with significant medical comorbidities and displaced patella fractures, Pritchett!’ reported satisfactory outcomes in 12 patients 
at 2-year follow-up, with 9 of these 12 patients without significant limitations in activities of daily living. Furthermore, Klassen and Trousdale“ reported on 
a retrospective series of delayed union or nonunion of patella fractures and found that minimally symptomatic nonunions could be successfully managed 
conservatively. In addition, Nathan et al.°” showed that in a low-demand patient, patellar nonunion may be successfully managed nonoperatively despite the 
inability to achieve radiographic union with nonoperative care. 


OPERATIVE TREATMENT OF PATELLAR FRACTURES 


Indications 


Operative treatment should be considered for patellar fractures with more than 3 mm of articular incongruity, osteochondral fractures with associated intra- 
articular loose bodies, open fractures, and/or a compromised extensor mechanism with loss of active extension.!”’2 Internal fixation or partial patellectomy 
with repair of the extensor mechanism are all surgical interventions performed with the goal of achieving stable fixation and a functional extensor 
mechanism that allows for early ROM and rehabilitation. 


Internal Fixation of Patellar Fractures 


Numerous variations of internal fixation techniques for patellar fracture stabilization have been described in the literature (Fig. 60-6). The first description 
of cerclage wiring for patellar fracture fixation was made by Berger in 1892. Anderson discussed the use of an equatorial circumferential wire placed around 
the patella, and Magnuson and Payr separately described successful fixation with wires passed through vertical drill holes. Screw fixation for longitudinal 
and transverse fracture patterns with large fragments has also been described. The potential concern of these fixation strategies, however, has been (1) an 
inability to initiate early motion due to the risk of displacement with large tensile forces from quadriceps contraction, and (2) the lack of compressive forces 
at the articular surface. The AO/ASIF popularized the technique of tension band wire fixation for patellar fractures to address these concerns, based on 
biomechanical studies demonstrating increased construct strength with wires placed on the anterior, tension-side cortical surface of the patella. 

The principle of tension band wire fixation for patellar fractures is to convert the tensile forces generated from the quadriceps complex at the anterior 
cortical surface of the patella into compressive forces at the articular surface. With progressive knee flexion, the passive tensile forces in the extensor 
mechanism in addition to the pressure of the femoral condyles against the patella increase interfragmentary compression at the articular surface. 


M, N 
Figure 60-6. Illustrations of patellar fracture fixation constructs. A: Standard tension band. B: Modified anterior tension band (MATB). C: MATB with vertical 
figure-of-eight wire. D: Magnuson wiring. E: Cerclage wiring. F: Parallel lag screws. G: Lotke longitudinal anterior band. H: MATB with horizontal figure-of-eight 
wire. l: Cannulated screws with figure-of-eight wire. J: Pyrford technique. K: Separate vertical wiring (lateral view). L: Basket plate. M: Modified minifragment 
tension band plates. N: Modified minifragment mesh plating. O: precontoured patella specific plate. 


Biomechanical testing has been performed on a variety of internal fixation constructs. Early evidence showed that Magnuson wiring and modified 
anterior tension banding performed better than cerclage wiring or standard tension banding. In addition, repair of the retinaculum was recommended to 
increase the construct strength. A study by Benjamin et al. compared the strength of four different fixation strategies (tension band wiring, modified tension 
band wiring over Kirschner [K-] wires, Lotke—Ecker longitudinal anterior banding, and circumferential cerclage wiring) in a transverse patellar fracture and 
retinacular disruption model. Cerclage wiring provided the weakest fixation strength with up to 20 mm of gapping at the fracture site with tensile stress. The 


modified anterior tension band technique of transosseous K-wire fixation with anterior banding demonstrated superior strength to all other constructs. John 
et al.°” found that using a horizontal figure of eight with four strands crossing the fracture rather than the more common vertical tension band improved 
interfragmentary compression. Isolated screw fixation with 3.5- or 4.5-mm screws may be sufficient, particularly in the setting of simple transverse or 
longitudinal fractures in patients with good bone stock. Burvant et al.?* investigated tension banding with screws and found them to perform 
biomechanically superior to five other techniques of transverse patellar fracture fixation, including screw fixation alone; however, placing tension band 
wires around the screw tips and heads is often difficult in the clinical setting. Carpenter et al.2° compared a modified tension band, parallel 4.5-mm 
interfragmentary lag screws, and 4-mm cannulated lag screws augmented with a tension band passed through them in a transverse patellar fracture cadaver 
model. The highest load to failure was seen with the modified tension band and the cannulated lag screw technique.”° Clinically, passing the tension band 
through cannulated screws has been shown to be associated with a 50% lower rate of symptomatic implants than when K-wires are employed in the tension 
band construct.*? Regardless of which tension band construct is selected, the tension band wire should be placed as close to the bone as possible with 
minimal interposed tendinous tissue.!° 

A recent evaluation of modifiable risk factors that predicted patellar implant removal was use of Kirschner wires as well as a trend toward any implant 
prominence greater than 5 mm.“ Because of the frequent soft tissue irritation from stainless steel wire as well as its difficult handing properties, alternatives 
such as braided cable or suture have been investigated. Scilaris et al.!!3 compared anterior tension banding with 1-mm wire versus 1-mm braided cable. The 
braided cable allowed for less fragment displacement with cyclical loading. In addition, tightening of the wire by twisting at two different sites compared to 
a single site provides both symmetric as well as overall improved interfragmentary compression. John et al.”” demonstrated improved stability with cyclic 
loading if wire twists were placed at the corners of the figure-of-eight loop. 

McGreal et al.88 demonstrated that braided polyester suture was 75% as strong as wire and performed equivalent to cerclage wire with cyclical loading. 
Braided no. 5 Ethibond has also been shown to be comparable to wire fixation with anterior tension banding or Lotke—Ecker anterior longitudinal banding 
procedures for displaced, transverse fractures.!2° Wright et al. investigated the properties of FiberWire, a reinforced braided polyblend suture, in comparison 
to stainless steel wire for tension band fixation in a patellar fracture model. Double-strand FiberWire was found to have a significantly higher load to failure 
than stainless steel wire (Fig. 60-7).134 

Small clinical series have reported favorable outcomes with alternatives to stainless steel cable. Chen et al.2° demonstrated equivalent clinical outcomes 
with wire versus biodegradable tension band fixation of patellar fractures at a mean of 2-year follow-up. Gosal et al.** found a reduced reoperation rate for 
fractures treated with a modified anterior tension band utilizing braided polyester suture compared to stainless steel wire. Camarda et al. found the use of 
nonmetallic implants led to reduced rate of surgical complications as well as need for reoperation for symptomatic implants.*7+ 

A recent meta-analysis by Dy et al.” found an overall reoperation rate of 33.6%, therefore patients should be counseled regarding this rate of 
reoperation associated with internal fixation of this injury. Another meta-analysis by Zhang et al. found complications were higher in tension band construct 
versus alternative fixation techniques such as cannulated screws or interfragmentary screws.!4! Given the high reoperation rate and that not all fractures are 
amenable to fixation with a tension band construct, alternative fixation techniques have been explored. 

Especially in comminuted fracture patterns, plate fixation is emerging as a novel technique and has shown promising clinical outcomes.?2°% Multiple 
biomechanical studies have suggested this technique is at least equivalent in strength to other methods and may have advantages of a greater load to failure 
and a lower incidence of fracture gapping during cyclical loading when compared to tension band wiring with or without cannulated screw 
fixation.+938:59.122,136 Ajternatively, combining techniques such as miniplate fixation to augment tension band wiring or combining anterior locking plates 
and cerclage wires have also been shown to have good clinical outcomes in comminuted fractures.2”!°7 


Preoperative Planning 


Internal Fixation of Patellar Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent OR table 


Position/positioning aids Supine positioning 
Often a small bump under the hip is helpful in controlling external rotation of the limb 


A small towel bump that can be moved below the knee for slight flexion or under the ankle for knee extension is useful 


Equipment Small and large pointed reduction clamps 
K-wires 
18-gauge wire or heavy braided nonabsorbable suture 
3.5-, 4-, or 4.5-mm cannulated screws 
Minifragment screws 
Minifragment or patella-specific plates 
Suture passer 
Dental pick 


Power drill 


Tourniquet LJ Nonsterile but optional 


Figure 60-7. Anteroposterior (A) and lateral (B) injury image of transverse patella fracture with split in cranial fragment. Anteroposterior (C) and lateral (D) 
radiographs showing interfragmentary screw in cranial fragment with cannulated screw plus nonabsorbable braided suture tension band fixation technique. 


When planning for internal fixation of a patellar fracture, an understanding of the fracture pattern and the location of fragments is important. Scrutinizing 
the injury radiographs often provides enough information about the fracture, to formulate a detailed plan for location of the fixation construct as well as the 


order of reduction and insertion of internal fixation. Often, the fracture will consist of more than two fragments, or the fragments will be oriented in an 
oblique direction. In these cases, the “textbook” descriptions of tension band constructs may need to be customized or combined with other techniques to fit 
the unique fracture pattern. Consideration should be given to “simplifying” the fracture pattern, which involves reducing and fixing minor fragments to 
create a fracture pattern that is amenable to an anterior tension band construct. Lag screws, K-wires, and bioabsorbable pins, all may be utilized to hold 
smaller fragments together and their need should be anticipated preoperatively. 


Positioning 
The patient is positioned supine on a radiolucent operating table. A small bump under the hip is useful for controlling external rotation of the limb. In 
addition, a small bump of towels that can be moved from beneath the knee and ankle and vice versa helps in providing slight knee flexion and extension, 


respectively, during the case. If desired, a tourniquet can be placed in a nonsterile or sterile fashion and only inflated if uncontrollable bleeding is 
encountered. 


Surgical Approaches 


Numerous skin incisions have been used for the treatment of patellar fractures. However, a midline longitudinal extensile skin incision centered over the 
patella is most often recommended. This incision allows for extension both proximally and distally in the acute and revision fracture setting and provides 
the most versatility for future knee procedures, especially knee arthroplasty. After incising skin and subcutaneous tissues, the articular surface is typically 
exposed by either working through the fracture site or retinacular rents. The medial and lateral retinacular rents may be extended if needed to allow finger 
access to the articular surface. If the retinaculum is not damaged and visual exposure of the articular surface is desired, a technique developed by Gardner et 
al. for exposure and fixation of comminuted patellar fractures using a lateral arthrotomy and eversion of the patella is used. This approach provides direct 
visualization for articular reduction and allows for visual confirmation of articular congruity, compared to more traditional techniques that rely on palpation 
alone. 


Techniques 
Modified Tension Band With Vertical Figure-of-Eight Wire 
/ | Modified Anterior Tension Band: 
KEY SURGICAL STEPS 
Anterior longitudinal midline incision 
Avoid unnecessary undermining of tissue 
Expose fracture and clear of debris 
Assess degree of injury and define fracture pattern 
Simplify fracture pattern with K-wires or screws when able 
Reduce fracture 
Place two 1.6-mm K-wires perpendicularly across fracture, 5 mm below anterior cortical surface 
Pass 18-gauge wire beneath patellar tendon posterior to K-wires 
Cross limbs of wire over anterior patella 
Pass wire through quadriceps tendon directly adjacent and posterior to K-wire ends proximally and distally 
Tighten wire by twisting both limbs of the wire simultaneously 
Acutely bend proximal K-wire ends with a heavy needle driver and direct tip posteriorly 
Impact bent ends of proximal K-wires toward patella using a bone tamp 


Acutely bend distal K-wire ends posteriorly or cut just beyond cerclage wire to avoid prominence 
Thorough suture repair of any medial and lateral retinacular injury 


The patient is positioned supine on a radiolucent table (see Fig. 60-6C). A longitudinal midline incision is typically performed except in the case of an open 
fracture or a traumatic arthrotomy in which the laceration may be incorporated into the incision if possible. Superficial dissection should be avoided 
regardless of incision orientation, to preserve the blood supply and the viability of skin flaps. After exposure of the fracture lines, all clots and devitalized 
debris should be cleared. Prior to any fixation, the degree of injury should be carefully assessed. The articular surfaces of the femur and patella should be 
inspected, and any intra-articular loose bodies flushed out of the joint. In addition, the integrity of the medial and lateral retinaculum as well as the proximal 
and distal soft tissue attachments of the patella must be evaluated. The fracture pattern should be generally defined. Complex fracture patterns with 
moderate comminution may be simplified with the use of interfragmentary lag screws to create a transverse pattern that is then amenable to tension band 
fixation. In addition, fixation can be augmented with either nonabsorbable suture into the quadriceps and/or patellar tendon or a supplemental minifragment 
locking plate when there is notable comminution (especially in the distal pole) or with poor bone quality. With the knee slightly flexed, the fracture should 
be reduced and maintained with a pointed reduction forceps. The quality of the articular reduction should be palpated and/or visualized through the defect in 
the retinaculum. Occasionally, extension of the arthrotomy or retinacular tear may be necessary to allow access to the articular surface. Intraoperative 
fluoroscopy with imaging in multiple planes, including internal and external rotation, may also be utilized to confirm an anatomic reduction and have been 
shown to better visualize malreduction than a lateral view alone.!3 

Two parallel 1.6-mm K-wires are placed perpendicularly across the fracture line to maintain the reduction and anchor the tension band wire. The K- 
wires can be placed in an antegrade or retrograde fashion. Using the antegrade technique, the wires are advanced from proximal to distal at a level 5 mm 
below the anterior cortical surface and parallel to it. The wires are spaced apart to divide the patella longitudinally into thirds. When using the retrograde 
technique, the reduction is taken down and the proximal fracture fragment is flexed 90 degrees to expose the fracture surface. Starting 5 mm below the 
anterior cortical surface and dividing the patella longitudinally into thirds, the K-wires are advanced proximally through the fracture site, exiting at the 
locations of the starting points for the antegrade technique. The reduction is then reestablished and held with a pointed reduction forceps. The K-wires are 
subsequently advanced from proximal to distal across the fracture site until they exit distally at the inferior patellar margin. 


Next, the tension band wire is passed and tightened to complete the construct. First, one end of the wire is passed from medial to lateral (or vice versa) 
directly posterior to the cranial K-wires. The cerclage wire must be adjacent to the K-wires to maintain fracture compression. An angiocatheter or large bore 
injection needle can be used as a conduit for the cerclage wire; this also helps to protect the quadriceps tendon. The conduit is removed once the cerclage 
wire is in place. Next, a figure of eight is created with the wire by bringing the end of the wire that was initially passed over the cranial patella to the 
contralateral side of the distal pole of the patella. The wire is then passed posterior to the distal K-wire ends using a similar conduit technique to ensure 
apposition of the cerclage wire to the K-wires. Finally, the end of the distal cerclage wire is brought back over top of the patella to the contralateral superior 
pole. This is the quadrant where the cerclage wire was first passed and twisting the wire in this location may allow wire to be covered by more soft tissue, 
lessening implant prominence. A pliers or needle driver is then used to tighten the wire by grasping both wire ends and twisting in a balanced, symmetric 
manner. Twisting one wire simply around the other must be avoided. If necessary, to eliminate residual slack within the cerclage wire, a second loop can be 
created in the cerclage wire at a location diagonal to the twisted wire. Wires should be twisted a minimum of three times but not overtightened to avoid wire 
breakage, fracture comminution, or articular gapping. After satisfactory wire tension is achieved, the K-wires are cut at both ends and bent acutely over the 
tension band wire proximally and both wires are gently impacted using a bone tamp and K-wire ends are buried into the patella to prevent migration. 
Distally, the wires are similarly bent posteriorly away from the skin or cut just beyond the cerclage wire to avoid K-wire prominence. The arthrotomy is 
copiously irrigated and the retinacular tears and arthrotomy are closed in a watertight fashion with interrupted, figure-of-eight nonabsorbable sutures. The 
wound is closed in a standard, layered fashion. 


Cannulated Screw Tension Band 


/ | Cannulated Screw Tension Band: 
KEY SURGICAL STEPS 
Same exposure and reduction as for modified anterior tension band technique 
Place two cannulated screw guidewires perpendicularly across fracture 5 mm below anterior cortical surface 
Drill with cannulated drill over guidewires 
Use depth gauge for screw lengths 
Insert screws 
Pass a single wire (18-gauge minimum size) through each cannulated screw 
Cross proximal and distal limbs of the two wires over anterior patella to form figure of eight 
Tighten wires simultaneously 
Bend wire twists posteriorly into deep soft tissue 


The positioning, exposure, and reduction technique are identical to those for the modified anterior tension band (see Fig. 60-61). However, rather than K- 
wires, 4-mm cannulated screws are placed across the reduced fracture. This allows for lagged interfragmentary compression and has been shown to be 
biomechanically stronger than the K-wire construct.?° In this technique, guidewires are placed in an identical fashion to K-wires as described above. This is 
followed by drilling and cannulated lag screw advancement across the fracture over the wires. Use a depth gauge to measure screw lengths. Take care to 
avoid having the screw tips protrude from the patellar bone as rapid failure can result from wire breakage at the point of direct contact between the 
tensioned wire and screw tip. Two individual 18-gauge wires are then passed, one wire through each cannulated screw. The wires are then passed anteriorly 
over the patella in a figure-of-eight fashion (the proximal medial wire limb mated with the distal lateral limb and the proximal medial limb mated with the 
distal lateral limb). The two pairs are tightened simultaneously after anatomic reduction of the fracture has been confirmed. Alternatively, the use of a single 
wire passed through each cannulated screw and tensioned over the anterior cortex of the patella has been described. 


Longitudinal Anterior Banding and Cerclage Wiring: The Lotke-Ecker Technique 


Longitudinal Anterior Banding and Cerclage Wiring: 


KEY SURGICAL STEPS 


Cerclage wire placement with use of angiocatheter or hemostat, followed by tightening for articular surface reduction 


Same positioning, exposure, and reduction as for modified anterior tension band technique 
Longitudinal anterior banding via drilled tunnels and wire passage and tightening 


Stellate fracture patterns that are not amenable to a modified anterior tension band technique may be treated with longitudinal anterior banding plus cerclage 
wire fixation (the Lotke—Ecker technique; see Fig. 60-6G).®° The positioning, exposure, and reduction technique are identical to those for the modified 
anterior tension band. Minimally displaced fractures are fixed in situ, while severely comminuted and displaced stellate fractures are reduced through 
indirect techniques.®° In these cases, a cerclage wire is first placed around the circumference of the patella immediately adjacent to the bone with the 
assistance of a 14- or 16-gauge angiocatheter or pulled through with a hemostat. Gross manual reduction is performed without clamps, followed by articular 
surface reduction with progressive tightening of the cerclage wire. 

Longitudinal anterior banding is then performed by drilling two parallel tunnels, 1 cm from the medial and lateral edges of the patella, respectively, with 
a 2-mm drill bit in an antegrade fashion.®° A wire (18 gauge) is then inserted into both drill holes, preserving a closed loop distally. The distal loop is 
brought anteriorly and one free proximal end of the wire is passed through this anterior loop. The wire is then secured to its other end and tightened with 
progressive twisting. This fixation results in a hybrid of anterior tension banding and intraosseous wire fixation. 


Plate Fixation 


Plate Fixation: 


KEY SURGICAL STEPS 


a 


Same exposure and reduction as for modified anterior tension band technique 
J K-wire provisional fixation 

Locking or nonlocking plate fixation 
LJ Suture fixation of retinacular or tendinous tissue 


Cc. 


Figure 60-8. Modified minifragment plate fixation of comminuted open patella fracture. A: Lateral view of injury. Lateral fluoroscopic view of minifragment screw 
fixation of major fragments (B) followed by dorsal placement of modified minifragment plate (C). Lateral view (D) showing complete healing at 2 years following 


fixation. 


Plate fixation has been reported with increasing frequency, especially in comminuted and inferior pole fracture patterns, given the availability of various 
low-profile minifragment and anatomically precontoured plates. Many allow for locking screw technology and creation of fixed-angle screw fixation (Fig. 
60-8).78121,132 Use of one or more plates on the patella allows for secure fixation of the multiple fracture fragments seen in comminuted fractures that were 
not amenable for fixation with the standard anterior tension band construct or cerclage wiring and may have previously been treated with partial 
patellectomy.**-*” A standard surgical approach and standard reduction techniques are employed. Provisional K-wire fixation maintains the reduction during 
plate fixation. Multiple plate designs have been described in the literature with and without locking capability.”8!*! These are typically low-profile plates in 
the range of 2.4 to 2.7 mm. In the presence of a simple fracture line, the plate may be employed in a neutralization mode following compression and 
interfragmentary screw fixation as described by Brusalis et al.!° In comminuted fracture patterns, mesh plates can also be utilized by contouring the plate 
over edges of the patella to provide multiplanar fixation.”? Following plate fixation, empty holes in the plate may be used for suture fixation of the 
retinacular or tendinous tissue. 


Postoperative Care 


No specific postoperative protocols have been scientifically evaluated, but most recent authors recommend early knee ROM and protected weight bearing.*” 
For fractures with stable internal fixation, we recommend early physiotherapy and weight bearing as tolerated with a hinged knee brace while limiting 
flexion to 30 degrees for 4 weeks, at which time ROM is progressed. Prolonged immobilization in the presence of stable fracture fixation has generally been 
discouraged. In addition, postoperative continuous passive motion (CPM) has been suggested to help reduce postoperative stiffness and improve articular 
cartilage healing. When fixation is tenuous or the patient may be noncompliant, full weight bearing in a cylinder cast in extension for 6 weeks is instituted 
prior to progression to a hinged knee brace. Isometric quadriceps exercises and straight leg raises are encouraged as soon as pain subsides. ROM may be 
delayed in any situation in which the soft tissue envelope, wound closure, or fracture fixation is tenuous. 


Potential Pitfalls and Preventive Measures 


Internal Fixation of Patellar Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Wound breakdown e Avoid creating subcutaneous flaps 

Intraoperative loss of reduction e Avoid overtightening of tension band wires 

Early tension band wire failure e Avoid protrusion of cannulated screw tips from patella 

Malreduction e Do not rely solely on fluoroscopy or dorsal cortex to assess reduction, use palpation through retinacular rent, or visually 


assess articular reduction with lateral parapatellar arthrotomy and patellar eversion if needed 


Asymmetric wire tension e Simultaneously tension wire from two places to provide equal tension 
K-wire migration e Bend K-wire ends 180 degrees posteriorly and impacts into patella 
Prominent hardware e Tension wire at superior aspect of construct to provide more soft tissue coverage for twists, and bend wire twists 


posteriorly into deeper soft tissue, or consider braided nonabsorbable suture as an alternative 


Intra-articular screw or K-wire penetration e Drill wires retrograde through the fracture site to avoid articular penetration 


There are numerous potential pitfalls that can be encountered during internal fixation of patellar fractures. The limited anterior soft tissue over the knee and 
its frequent injury from a direct blow make it important to avoid elevating unnecessary subcutaneous flaps. This will minimize soft tissue healing problems 
and hematoma formation. 

Another common pitfall results from soft tissue irritation from prominent hardware. Bending K-wires posteriorly and impacting them into the patella to 
prevent migration and placing wire twists superiorly where more abundant soft tissue exists may help avoid soft tissue irritation. Alternatively, braided 
nonabsorbable suture can be used rather than stainless steel wire for a tension band. 

Avoid hardware failure by tensioning the tension band wire in two places to apply equivalent tension to both sides of the construct. Moreover, do not 
overtension the wires as this may lead to articular gapping or wire failure. Finally, avoidance of prominent cannulated screw tips will prevent rapid wire 
breakage as the wires should be tensioned over the edge of the patella rather than the sharp screw tips when this method is used. 


Outcomes 


The lack of a uniform surgical technique or a standardized assessment scale limits the utility of reported outcomes after operative fixation of patellar 
fractures. As a result, the literature provides generalizations about “good” or “excellent” outcomes based on subjective patient complaints of pain, loss of 
motion, or limitations in daily activities. Moreover, these subjective results may not correlate with articular damage. Haklar et al.*® found grade II or III 
cartilage irregularities of the patella and/or trochlea in 73% of patients who underwent arthroscopy at the time of anterior tension band hardware removal 
despite all patients in the series having good to excellent Lysholm Knee Scores at follow-up. The authors felt these findings may predict future symptomatic 
patellofemoral arthritis. Despite the likely presence of articular irregularities, the combined results of many small series for open reduction and internal 
fixation have produced a good to excellent result in most cases (Table 60-1). The results of operative repair of patella fractures need to be interpreted with 
some caution, however, as series are more often reported by repair construct rather than fracture pattern. Historically, modified anterior tension band wiring 
has produced the best results, with 86% good to excellent outcomes reported.” Béstman et al.7° reported significantly better results with anterior tension 
banding compared to cerclage wiring, partial patellectomy, or interfragmentary screw fixation. While small series have reported excellent outcomes with 
cerclage wiring, a review of the combined results reveals inferior performance to tension band wire fixation, with only 70% good to excellent results. 
However, Yang et al.139 reported 100% good to excellent results in 21 comminuted patellar fractures treated with braided titanium cerclage cable. The 
anterior longitudinal banding technique of Lotke and Ecker? can also be effective, with 81% excellent results reported in their small series. Cannulated 


screw tension band constructs have been reported to have low failure rates and have been associated with a lower rate of reoperation than constructs 
employing K-wires.** This technique is now commonly employed (Fig. 60-9). 

Plate fixation constructs have been reported to be effective methods of treatment with low rates of complications, and a comparative study 
demonstrated better outcomes and function with plate fixation than tension band constructs.” While prominent hardware and anterior knee pain remain a 
concern with plate fixation, studies have shown both less anterior knee pain as well as lower hardware removal rates in patients undergoing plate fixation 
versus wire tension band constructs.*>’8 In addition, multiplanar plate fixation may allow for implementation of earlier ROM. Singer et al. allowed early 
ROM at 2 weeks postoperatively in a series of patients treated with mesh plating and observed no fracture displacement at a mean 19.6 months of follow- 
up.!16 


95,105,121,132 


TABLE 60-1. Outcomes After Internal Fixation of Patella Fractures 


Author Patients Technique Outcomes (Excellent or Good 
Results) 
Bostr6m17 75 Stainless steel wire through longitudinal drill 81% 
holes 
Béstman et al.!® 48 Tension band wire/cerclage 79% 
Ma et al.82 107 Percutaneous suture 91% 
Levack et al.”° 30 Tension band wire/cerclage 63% 


Catalano et al.2° 76 open fractures Open reduction internal fixation 77%; 4% fixation failure; no deep infection 


Torchia and Lewallen125 44 open fractures Open reduction internal fixation 50% 77% 
Partial patellectomy 50% 10.7% deep infection 
Smith et al.!!7 51 Modified tension band wire Loss of reduction >2 mm in 22% 
Yang et al.!29 21 Cerclage (titanium braided cable) 100% 
Qi et al! 15 Bioabsorbable parallel screws/absorbable 100% 
tension band suture 
Tian et al. 124 101 51% tension band wire 87% tension band wire 
49% parallel screws/tension band cable 100% parallel screws/tension band cable 
Tian et al. 123 73 53% tension band wire 74% tension band wire 
47% cable pin system 100% cable pin system 
Chang and Ji28 10 (inferior pole fractures) Parallel screws/tension band wire 100% 


Regardless of the construct employed, a degree of dysfunction typically remains following surgery. Studies that have assessed functional outcomes of 
open reduction and internal fixation of patella fractures in a relatively rigorous fashion found that inclusive of multiple construct types, residual dysfunction 
and pain are common following surgical treatment as demonstrated by SF-36 scores, decreased strength, power, and endurance of knee extension at a year 
postoperatively, and with 80% of patients reporting anterior knee pain with activities of daily living.” These results demonstrate that even treatment 
deemed “successful” by general assessments is associated with residual functional impairment and suggests that further investigation into surgical technique 
as well as rehabilitation programs is necessary to optimize recovery. 


Minimally Invasive and Arthroscopic-Assisted Fixation 


The use of arthroscopy to assist with patellar fracture reduction and fixation has been described. Multiple series of cases have been presented with 
arthroscopic-assisted reduction of displaced patellar fractures, followed by percutaneous fixation with satisfactory outcomes.*! Theoretical advantages 
include direct visualization of the articular surface during internal fixation, limited dissection and soft tissue stripping, and the ability to address associated 
intra-articular pathology in the knee including osteochondral fractures. Concerns include fluid extravasation and a limited ability to repair the retinacular 
tissues. While this technique may have a role in selected cases, we do not feel that it supplants open techniques which allow for anatomic fracture reduction, 
rigid fixation, and retinacular and extensor mechanism repair. 

Pizarro et al.®! presented a randomized series of 53 patients treated with percutaneous patellar osteosynthesis (PPOS) versus standard open reduction 
and internal fixation for closed, displaced transverse patellar fractures. In the PPOS group, a special device was secured via four percutaneous portals in 
order to maintain the reduction while an anterior tension band was placed. In the group of patients treated with PPOS, the authors reported shorter surgical 
times, less pain, less complications, and improved functional outcome scores by the Knee Society Clinical Rating Scale (KSCRS) at 1-year follow-up. 
Clinical outcome scores were not statistically different between the two groups by 2-year follow-up.®! 


Partial Patellectomy 


As mentioned previously, by elevating the extensor mechanism and increasing the lever arm, the patella increases the force of knee extension by as much as 
50% depending on the angle of knee flexion. In addition, it has been shown that lower force requirements for knee extension are needed with increasing 
amounts of retained patella. Thus, preserving any portion of the patella likely improves knee extensor function. A study of patients with displaced patella 
fractures reported similar ROM, functional outcome scores, and rates of complications between open reduction internal fixation and partial patellectomy, 
which was performed when the surgeon deemed anatomic reduction was not possible.“ 
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Figure 60-9. Modified tension band wiring through cannulated screws. A: Lateral view of injury. B: AP view of internal fixation. C: Lateral view of internal fixation. 


While the value of retaining maximal patellar length and height is rarely debated, the location of drill holes for tendon reattachment after partial 
patellectomy has been controversial. Early recommendations were that holes be placed near the articular surface to avoid abnormal tilting of the patella and 
increased patellofemoral contact forces. Marder et al.°* completed contact pressure studies demonstrating improved mechanics with anterior tendon 
reattachment for 20% and 40% partial patellectomy models. Furthermore, Zhao et al.*** have reported an increase in the force required to extend the knee 
with tendon attachment to the articular surface compared to the anterior cortex. With these conflicting results, further investigation is warranted. 


Indications/Contraindications 


Partial patellectomy may be indicated when comminution of the distal pole or a fragment of the patella is extensive and cannot be stabilized with internal 
fixation. In addition, fragments that are dysvascular or free with limited soft tissue attachments and likely to become loose bodies within the knee joint 
should be removed. Partial patellectomy should be avoided when the entire patella is salvageable or a tendon repair can be performed without removal of 
bony fragments. 


Preoperative Planning 


Most frequently, the final decision to perform partial patellectomy is made during the surgical procedure; however, operative planning should prepare for 
the possibility of partial patellectomy. Heavy braided nonabsorbable suture, suture passers, and minifragment fixation should be available. 


Surgical Approach 


Positioning is the same as for internal fixation. The surgical approach is the same as for open reduction and consists of a longitudinal midline exposure. 


Technique 


/ | Partial Patellectomy: 
KEY SURGICAL STEPS 
Anterior longitudinal midline incision 
Expose fracture 
Assess degree of injury and determine which fragments are salvageable 
Remove nonviable patellar fragments 
Reduce and internally fix retained fragments 
Place grasping stitch in tendon 
Reattach patellar or quadriceps tendon through three parallel drill holes 
Secure suture over bone bridges in full extension 
Assess strength of repair with controlled flexion 
Consider adding cerclage wire from quadriceps tendon to tibial tubercle 
Perform multilayer closure 


Care is taken to preserve as many large, viable fragments as possible. Retained fragments are anatomically reduced and secured to one another with screws 
or K-wires. If the comminution primarily involves the central patella with preserved proximal and distal fragments, the central comminution can be excised 
and the remaining fragments secured as congruously as possible with screw fixation. 

With severe inferior pole comminution, resection of free fragments with patellar tendon reattachment can be performed. Most of these fractures are 
extra-articular, as the distal pole is devoid of articular cartilage. Three longitudinal drill holes are then placed through the remaining patella to serve as 
tunnels for suture passage. A tendon-grasping, woven, or locking nonabsorbable suture (such as a Krackow suture) is placed in the patellar tendon, and the 
sutures are passed with a ligature passer through the tunnels and firmly tied over bone bridges with the knee in hyperextension. Tantamount to the tendon 
repair, however, is a meticulous repair of the associated medial and lateral retinacular injury should occur. Based on the energy of the injury and strength of 
the repair, the construct may be protected with a cerclage wire, a tendon graft, or a Mersilene tape that is passed immediately proximal to the superior pole 
of the patella and inferiorly through the proximal tibia posterior to the tibial tubercle. The cerclage should be tightened with the knee flexed to 90 degrees, 
as tightening in extension may constrain the postoperative flexion that is achievable by the patient. The strength of the repair should always be evaluated 
intraoperatively, with the surgeon observing for interfragmentary motion and the integrity of the tendon-bone interface with progressive knee flexion. Rigid 
constructs may allow for early, controlled motion of the knee. 


Postoperative Care 


An extension brace is applied and partial weight bearing with crutch assistance is maintained for 6 weeks postoperatively. Gradual active and active-assisted 
ROM is implemented at 6 weeks from surgery. If the surgeon obtains excellent fixation, early gradual ROM in a hinged brace, not to exceed 90 degrees, 
may begin prior to 6 weeks from injury. 


Distal Pole Osteosynthesis: Basket Plate 


Traditionally, comminuted fractures of the distal pole have been managed with partial patellectomy with satisfactory outcomes. However, a technique for 
osteosynthesis of these fractures using a novel basket plate device has been described®-°”87.178 in which the basket plate is contoured to fit the geometry of 
the patellar apex and is augmented with several anterior and posterior flanges to collect the comminuted fragments. Fibers of the proximal patellar tendon 
are spread apart by the flanges to allow positioning at the inferior pole without detachment. Four holes are provided to place parallel and oblique screws that 
engage the proximal fragment and resist both tensile and shear forces.5”®” Biomechanical studies have demonstrated an ultimate load to failure of 
approximately 420 N for this construct, approximately 70% higher than that of a separate vertical wiring fixation construct.§”!38 

Clinical outcomes with the basket plate osteosynthesis technique have been favorable. Matejcic et al. reported good to excellent outcomes in all 98 
patients who were available for long-term follow-up (mean 13.5 years) and underwent basket plate osteosynthesis of comminuted distal pole patella 
fractures.®” A retrospective cohort study by Kastelec and Veselko? compared 11 patients who had internal fixation of a distal pole avulsion fracture to 13 
patients who had a pole resection. At an average follow-up of 4.6 years, average patellofemoral scores were significantly better in the osteosynthesis 
compared to the resection group. Furthermore, there was a significantly greater incidence of patella baja in the pole resection group as assessed 
radiographically by the method of Kastelec and Veselko.®° Sample sizes were small, however, and randomized control trials are necessary to further define 
potential advantages of osteosynthesis compared to resection in the surgical management of comminuted distal pole fractures. 


Outcomes 


When appropriate selection criteria are used, partial patellectomy can yield functional outcomes that are equivalent to open reduction and internal fixation 
(Table 60-2). Multiple authors have reported nearly normal functional outcome when large fragments of the patella and articular congruity are preserved. 
Retention of small, nonviable fracture fragments or those devoid of cartilage did not improve function, while retention of large fragments provided a lever 
arm for improved extensor mechanism function. Combined results in 138 cases have shown good to excellent outcomes in 72% of cases. In the setting of 
extensive inferior pole comminution, superior results have been reported historically with partial patellectomy compared to internal fixation.!” Boström!” 
reported 88% good to excellent results with partial patellectomy for transverse patellar fractures with inferior pole comminution, compared to only 74% 
good to excellent results with internal fixation. More recent but limited evidence suggests that simple and comminuted inferior pole fractures may be 
successfully managed with ORIF.78 


TABLE 60-2. Outcomes After Partial Patellectomy 


Author No. of Patients Outcomes (Excellent or Good Results) 
Mishra93 4 75% 
Bostr6m17 28 82% 
Saltzman et al. ° 40 78% 


Quad strength 85% uninjured side 


Hung et al.°° 56 20% symptoms with kneeling/squatting 
>50% arthritis 


Total Patellectomy 
Indications/Contraindications 


Total Patellectomy: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Severely comminuted fractures unable to accept internal fixation or suture repair 
e Failed internal fixation not amenable to revision surgery 
e Patellar osteomyelitis 


Contraindications 


e Ability to retain any portion of the patella 


Total patellectomy is occasionally performed for highly displaced, comminuted fractures in which stable fixation cannot be achieved and when no large 
fragments can be retained. Given the poor functional outcomes, we deem this only as a salvage procedure in the rare setting of failed internal fixation that is 
not amenable to a revision procedure or patellar osteomyelitis. Retention of even a single fragment is usually possible and can substantially help to preserve 
the biomechanical function of the extensor mechanism. 


Preoperative Planning, Positioning, and Surgical Approach 


Often the final decision to perform total patellectomy is made during the surgical procedure; however, operative planning should prepare for the possibility 
of total patellectomy. Heavy braided nonabsorbable suture should be available. Positioning and surgical approach are the same as for the modified anterior 
tension band. 


Technique 


| / Fa Patellectomy: 


KEY SURGICAL STEPS 


VE longitudinal midline incision 

Expose fracture 

Assess degree of injury and determine if patellar salvage is possible 

Remove patellar fragments 

Imbricate redundant extensor mechanism tissue with heavy braided nonabsorbable suture 
Check extensor mechanism tension at 90 degrees of flexion 

Perform multilayer closure 

Advance VMO 


If a total patellectomy is required, all bony fragments are removed, with care being taken to preserve the retinacula and restore the integrity of the extensor 
mechanism. Removal of the patella effectively lengthens the extensor mechanism, such that end-to-end repair will result in an increased slack distance and 
extension lag after surgery. This is avoided by imbrication or use of a purse-string suturing technique that shortens the tendinous repair. Tension should be 
evident on the repair at 90 degrees of flexion when length has been adequately restored. For additional extensor mechanism strength, the VMO can be 
isolated and advanced according to the technique described by Gosal et al.* Since the VMO is separately innervated and does not normally contribute to 
knee extension, distal and lateral advancement of the VMO tendon over the patellectomy repair has been shown to result in increased quadriceps strength 
and improved outcomes. 


Extensor Mechanism Deficiency 


In certain situations, there may be an inadequate amount of soft tissue available for primary repair of the extensor mechanism. In general, the absence of 
prepatellar soft tissues is addressed with quadriceps turndown procedures. Absence of the quadriceps tendon, however, usually requires fascia or tendon 
weaving procedures. 

An inverted V-plasty quadriceps turndown procedure has been described. The quadriceps tendon is exposed for approximately 3 inches, and a full- 
thickness V-shaped incision is made into the tendon with the apex of the V located 2.5 inches proximal to the former superior pole of the patella. The V- 
limbs extend distally for 2 inches, creating a base that preserves approximately 0.5 inch of tendon that is continuous with the retinaculum on both the medial 


and lateral sides. The V-flap is folded inferiorly, inserting it through the proximal patellar tendon and suturing it in place with several interrupted sutures. 
The quadriceps tendon defect is then closed in a side-to-side fashion with multiple interrupted sutures. 

If the quadriceps tendon is deficient, a free fascia or tendon weave procedure can be performed. After nonviable tendon remnants have been debrided, 
the length of the defect is measured with the knee in full extension. This length is doubled and 2 inches added to harvest the appropriate size fascial graft. 
Through a separate lateral incision, a 1.5-cm-wide graft of fascia lata or iliotibial band of appropriate length is harvested and tubularized along its long axis. 
Alternatively, allograft tissue of appropriate length can be utilized. The graft is then woven through the quadriceps tendon and/or muscle, passed through the 
patellar tendon, and sewn back on itself. Tension should be evident on the repair at 90 degrees of flexion when length has been adequately restored. Excess 
tissue is excised and all edges are firmly sutured down. 


Potential Pitfalls and Preventive Measures 


The most important pitfall is performing total patellectomy in a case in which a portion of the patella can be salvaged. Careful assessment of the fracture at 
the time of surgery will most often reveal a portion of the patella that can be retained and total patellectomy avoided. 


Outcomes 


The outcomes of total patellectomy are generally inferior to those reported after internal fixation or partial patellectomy for fracture. However, these results 
are difficult to interpret as fractures treated with total patellectomy likely reflect higher-energy, comminuted injuries. Before the introduction of anterior 
tension band techniques, poor methods of achieving rigid internal fixation may have justified total patellectomy in these early series. Higher rates of fair to 
poor outcomes have been reported with total patellectomy more recently, however (Table 60-3). Béstman et al.!° recommended total patellectomy only in 
the setting of severely comminuted fractures. Sutton et al.!2° evaluated quadriceps strength and functional abilities in patients who had undergone partial or 
complete patellectomy, with the contralateral normal knee serving as a control. Total excision was associated with a 49% reduction in strength of the 
extensor mechanism and a mean loss of 18 degrees in ROM. Functionally, there was a high incidence of instability, with an inability of the patients to 
support their weight on the loaded knee with stair climbing.!2° Quadriceps atrophy, weakness, pain, and instability in the knee during physical activity have 
been routinely reported. Wilkinson!*° evaluated 31 patients with up to 13 years of follow-up and reported an excellent outcome in less than 25% of patients. 
For these reasons, it is our recommendation to avoid total patellectomy whenever possible. We have not encountered a patella so comminuted that a single 
fragment could not be preserved acutely. Maintaining even a single fragment provides a lever arm that substantially improves the function of the extensor 
mechanism. If a total patellectomy is performed, consideration should be given to augment the repair with VMO advancement. Günal et al.*? in a 
prospective randomized trial compared the results of 16 traditional total patellectomy procedures with 12 cases augmented by VMO lateral and distal 
advancement. Strength, limitation of activity, and subjective functional assessment were significantly improved with VMO advancement. Finally, the 
decision to operate acutely compared to a delayed fashion remains controversial and is often dictated by other factors such as the patient’s soft tissue 
envelope or general health. 


TABLE 60-3. Outcomes After Total Patellectomy 


Author No. of Patients Mean Follow-Up (year) Outcomes (Excellent or Good Results) 

Bostr6m17 5 8 20% 

Mishra93 26 4 69% 

Sutton et al.129 33 5.3 Complete patellectomy associated with reduction in stance-phase flexion 
during walking and stair climbing/descending; loss of quadriceps 
strength and atrophy 

Wilkinson133 31 Ted) 61% 

Maximal recovery up to 3 years 

Peeples and Margo102 14 4.6 85% 

Béstman et al. 16 10 Not specified Partial superior to total patellectomy 

Levack et al.”° 34 6.2 80% 


Open Fractures 


Open patellar fractures constitute a surgical urgency and warrant timely administration of antibiotics and tetanus prophylaxis, surgical debridement, 
irrigation, and stable fixation if appropriate. In heavily contaminated wounds or wounds that require soft tissue coverage, serial surgical debridements occur 
until the zone of injury is amenable for fixation and/or soft tissue coverage. 

Overall, open patella fractures are relatively rare and are seen in only 6% to 9% of all patellar fractures. Catalano et al.7° reported on a series of 79 open 
patella fractures with a mean 21 months of follow-up. Almost all fractures were displaced, with 22% transverse patterns and 39% comminuted, stellate 
injuries. The majority (53%) were Gustilo and Anderson grade II injuries. Surgical intervention consisted of a thorough debridement and irrigation, 
followed by open reduction and internal fixation in 57% and partial patellectomy in 32% of cases. Outcomes were satisfactory in most cases, there was one 
case of revision internal fixation for failure and no cases of deep infection. The Mayo Clinic’s retrospective review of open patellar fractures also reported 
77% good to excellent results, with no infections in type I or II open injuries that were treated with immediate internal fixation after irrigation and 
debridement.!*° Anand et al.° presented long-term outcomes of 16 open patellar fractures and compared their results to a matched group of closed injuries. 
The injury severity score (ISS) and the incidence of associated musculoskeletal injuries were significantly higher in the open patellar fracture group. At a 
mean of 45-month follow-up, patients with open patellar fractures had a higher incidence of complications, a lower KOOS, and a higher visual analog score 
for pain.” However, in a meta-analysis by Dy et al.,° open fractures did not statistically increase the frequency of infection, nonunion, or reoperation.*° 


Periprosthetic Fractures 


Periprosthetic patella fractures have been reported following 0.68% to 5.2% of total knee arthroplasty surgeries.*” Treatment-related risk factors for fracture 


include patella resurfacing (the amount of resection performed), the choice of patellar resurfacing implant (use of a large central plug or a metal-backed 


cementless component), number of previous surgeries, a lower postoperative Insall—Salvati ratio, and malalignment/malrotation of the tibial and/or femoral 
114 


component. Patient-related risk factors include obesity and osteoporosis. 

Treatment recommendations and outcomes hinge upon the status of the extensor mechanism and the stability of the patellar implant. Excellent results 
have been reported with nonoperative management in multiple case series of fractures with well-fixed implants and intact extensor mechanisms. Failure of 
the extensor mechanism and/or an unstable patellar implant are the main indications for surgical treatment, with multiple studies reporting high rates of 
complications and treatment failures in this setting.1°'! Complications include nonunion and infection as well as ipsilateral tendon rupture and secondary 
fatigue fracture. Disruptions of the extensor mechanism should be treated with open repair while loose implants are generally treated with implant removal 
+/— revision depending on the fracture pattern and bone stock.°® 


Authors’ Preferred Method of Treatment for Patellar Fractures ( 


Patella fracture 


Extensor mechanism Extensor mechanism 
intact disrupted 
Extra-articular Intra-articular Transverse Transverse 


+ 
2nd fragment 

<3 mm step off 23 mm step off 
band 


Algorithm 60-1 Authors’ preferred treatment of patellar fractures. 


Interfragmentry ORIF with dorsal 
screw with cannulated plate fixation, 
screw tension band or cerclage or 

dorsal plate fixation partial patellectomy 


Cannulated screws 
with steel wire or 


Intact Extensor Mechanism, Vertical Fractures, and Minimal Articular Displacement (<3 mm), or Patients Unfit for Anesthesia 

In these situations, we employ nonoperative care. The exception is the patient with normal extensor mechanism function and a relatively congruent joint 
but with a relatively large fracture displacement. This exception is rare given it has been shown that displacement is highly correlated with articular 
incongruity.!” In patients with a large traumatic hemarthrosis, we will consider aspiration of the joint and injection of a local anesthetic to facilitate 
physical examination. 

With compliant and reliable patients, we use a hinged knee brace locked in full extension. The brace is lightweight and allows for patient hygiene 
and monitoring of any abrasions or associated soft tissue injuries. Furthermore, controlled range of motion may be initiated once fracture callus is 
radiographically confirmed. In patients with questionable compliance or elderly patients who are at significant risk for falls, we prefer to utilize a 
fiberglass cylinder cast applied from the groin to just above the ankle, molded with the knee in full extension. Care must be taken, particularly in elderly 
or diabetic patients, to pad carefully to avoid iatrogenic soft tissue injury from a poorly molded cast. In patients with lower extremity venous stasis 
ulcers or compromised circulation, an Unna boot can be applied prior to cast molding to protect the soft tissues. 

Isometric quadriceps exercises with straight leg raises are initiated 1 week after immobilization to minimize quadriceps atrophy. Partial weight 
bearing with crutch assistance is allowed immediately with advancement to full weight bearing in extension as tolerated. Follow-up radiographs are 
obtained at regular intervals to confirm that reduction has been maintained. If fracture displacement occurs early, surgical stabilization should be 
considered. After fracture consolidation is radiographically confirmed, controlled range of motion of the knee is initiated. 

Marginal or small nonarticular fractures of the patella are often stable due to the preserved integrity of the soft tissues. In these cases, cast or brace 
immobilization is often unnecessary, and early, controlled range of motion with activity modification is initiated as tolerated. 


Displaced Fractures 
Preoperative fragment-specific planning is often difficult with patellar fractures, as the fracture lines and comminution are not always clearly visualized 
using plain radiographs. As noted, CT imaging can be used to guide preoperative planning if needed.’! Our preference is to obtain a preoperative CT 
when the there is concern for multifragmentary fracture patterns or if visualization of fragments is obfuscated on plain radiographs. We identify and 
plan for the radiographically identifiable fracture fragments, but are prepared for additional comminution and findings intraoperatively. It is imperative 
to have all the necessary equipment available in the operating room to perform either internal fixation or a partial patellectomy. At a minimum, small 
and minifragment implant sets with 3.5- and 2.7-mm cortical screws for interfragmentary fixation, 1.6- and 2-mm K-wires, 18-gauge wire or no. 5 
nonabsorbable suture, and 14- or 16-gauge angiocatheters for wire passage are needed. A 4.0-mm cannulated screw set can be made available as well to 
fix transverse fracture patterns. The authors’ preference is to use blunt-tipped 4.0-mm partially threaded cannulated screws with surgical wire or 
nonabsorbable suture passed through the cannulation of the screws in a figure-of-eight fashion to augment the repair as needed for simple transverse 
fracture patterns. Small and medium pointed reduction forceps are helpful for maintaining a provisional reduction. A power drill with wire driver 
attachment and wire twisters should be available. If significant distal pole comminution is encountered, a partial patellectomy may be necessary when 
fracture fragments are too small for adequate fixation. A Hewson suture passer may be helpful for passing suture through bone tunnels if surgical 
fixation requires tendon repair. 

In the case of open injuries, appropriate antibiotic and tetanus prophylaxis is provided, followed by urgent debridement and irrigation of the fracture. 


If there is a question of an open fracture or traumatic arthrotomy, a saline load test should be performed in the emergency department. Standard rigid 
internal fixation for open injuries without gross contamination is appropriate. If required, serial debridement(s) and/or soft tissue coverage is performed 
based on the contamination of the wound and the status of the soft tissues. For closed fractures, the status of the skin and soft tissues guide the timing of 
operative intervention. If necessary, we will wait 1-2 weeks in the setting of significant soft tissue swelling or superficial abrasions to minimize the risk 
of postoperative wound complications. 

The procedure is performed with the patient supine on a radiolucent table. The use of perioperative nerve blockade to aid in pain management is 
considered and discussed with the anesthesia team. Level 1 evidence in the setting of surgery for patella fractures suggests that fascia iliaca nerve 
blockade is equally efficacious while being safer and easier to perform relative to femoral nerve block.® Intraoperative fluoroscopy is used to obtain 
true AP and lateral images. A high nonsterile thigh tourniquet is placed but rarely inflated. The fracture is approached through a longitudinal midline 
incision with full-thickness skin flaps and minimal superficial dissection. This extensile approach provides excellent exposure of the fracture as well as 
the medial and lateral retinacular tears. Techniques to directly evaluate the articular reduction through a lateral parapatellar arthrotomy with patellar 
eversion or the use of arthroscopic evaluation have been described and may be considered in conjunction with the above general approach.*!“° Creating 
a limited lateral parapatellar arthrotomy is recommended particularly in the absence of a traumatic disruption of the retinaculum to visually confirm 
adequate articular reduction. In addition, a blunt surgical instrument can also be used to assess reduction in areas not amenable to direct visualization. 
The use of arthroscopic evaluation is dependent upon the skill set of the provider and availability of equipment, but arthroscopic evaluation is not 
commonly performed by the authors. 

The fracture lines are carefully defined by debridement of clot, hematoma, and debris. In the setting of transverse fracture patterns (OTA C1.1), we 
prefer a cannulated screw tension band construct (see Fig. 60-9). With more complex fractures in which the larger fragments have additional fracture 
lines (OTA C2.1), we attempt to simplify the fracture into a transverse pattern by securing the smaller fragments together with K-wires, 
interfragmentary screws, or minifragment plates. Screws of various sizes may be necessary based on fragment size and bone quality. The location of 
such implants should be planned to avoid blocking the path of later implants including cannulated screws for modified tension banding. Purely 
longitudinal fractures (OTA B1.1, B1.2, B2.1, B2.2) can often be secured with interfragmentary screws alone. 

Provisional reduction of the fracture is obtained with the assistance of a pointed reduction forceps and manual manipulation. The reduction is 
assessed by both direct palpation of the articular surface through the retinacular tear and multiplanar fluoroscopy. If the retinacular tissues are intact, we 
create a small arthrotomy in the medial retinaculum to allow direct palpation of the articular surface. Guidewires for cannulated screws are placed in a 
retrograde fashion across the fracture line into the proximal pole starting just deep to the “nose” of the patella. We prefer this technique to ensure a 
depth 5 mm posterior to the anterior cortical surface and to minimize prominence of implants. After drilling, the parallel screws are placed over the 
guidewires, conferring compression and rotational stability to the construct. The screw lengths are confirmed under AP and lateral fluoroscopy to avoid 
leaving the screw tips proud. Prominent screw tips can result in soft tissue irritation, but also limit the contact of the tension band wires with the 
proximal pole, decreasing the stability of the construct and potentially weakening the wire. The 18-gauge wire is then passed in a figure-of-eight fashion 
through the cannulated screws and the free limbs are twisted to achieve appropriate tension. The ends are then cut and bent backward into the patellar 
bone to minimize subcutaneous irritation from the wire. 

In the setting of a displaced, stellate fracture pattern in which anterior tension banding is not feasible (OTA C3.1, C3.2), we will employ one of two 
techniques. Our preferred technique is to perform direct open reduction and internal fixation of major fracture fragments with a combination of 
interfragmentary screws and supplemental locking plate fixation. We prefer modified 2.0-, 2.4-, and 2.7-mm minifragment plates but recently, multiple 
anatomically precontoured plates have become available. The minigragment plates are commonly contoured to bend over both the cranial and caudal 
pole of the patella. This allows locking or nonlocking screws to be placed into the patella at multiple different points to neutralize distracting forces. In 
addition, nonabsorbable braided suture can be used as cerclage around the periphery of the patella for very small fracture fragments or to reinforce 
fixation. In addition, suture can be placed in a locking Krackow fashion into the quadriceps and patellar tendon, and tied to the locking plate to further 
neutralize distracting forces. In some circumstances, indirect reduction with cerclage wiring followed by the longitudinal anterior banding technique of 
Lotke and Ecker if used.®° 

With severe inferior pole comminution that is not salvageable (OTA C1.3, C2.3), we perform a partial patellectomy while attempting to preserve as 
much of the remaining patella as possible. Interfragmentary screws can be used to stabilize large salvageable independent fragments. Two locking 
Krackow sutures are then run in the patellar tendon, resulting in four core strands that are passed through three tunnels in the residual patella. The drill 
holes are placed at the articular margin to avoid iatrogenic patellar tilt. A burr or rongeur is used to make a small trough at the inferior margin of the 
patella to allow tendon apposition against bleeding, cancellous bone. We typically protect the partial patellectomy with an 18-gauge cerclage wire 
passed superior to the patella across the quadriceps tendon and through the proximal tibia. 


Acute Patellar Dislocations 


Acute traumatic patellar dislocations occur with an average annual incidence of 5.8 in 100,000 increasing to 29 in 100,000 in the 10- to 17-year age group.°° 
Lateral patellar dislocations occur most commonly and conservative treatment is usually recommended.®%°-!!9 Medial dislocations secondary to trauma are 
exceedingly rare. Most patients experience no further instability, with reported recurrence rates after conservative treatment of 15% to 44%.°° Following a 
knee injury, osteochondral fractures at the medial inferior edge of the patella are highly suggestive of this injury pattern. Treatment of an acute lateral 
patellar dislocation typically consists of reduction and the use of an extension brace or cast for 3 weeks with immediate weight bearing. ROM in flexion is 
increasingly permitted over the following 3 to 4 weeks. Atkin et al. prospectively studied 74 patients with primary acute patellar dislocations treated 
initially with a knee immobilizer for comfort, allowing them to bear weight as tolerated with crutches. As soon as patient comfort was allowed, a patella- 
stabilizing brace was used and resisted close-chain exercises and passive ROM in the brace were permitted. Return to sports was allowed when full passive 
ROM was regained, when no effusion was present, and when quadriceps muscle strength achieved 80% of the contralateral side. No recurrences were seen 
at 6 months with this protocol. 

Despite the low recurrence rate, there remains much controversy regarding the management of these injuries, particularly with respect to operative 
indications. Most authors support operative fixation of a large displaced osteochondral fracture.®90.119 The presence of a hemarthrosis increases the 
likelihood that a significant osteochondral fracture has occurred. Articular cartilage injuries are common and have been reported to occur in up to 95% of 
first-time dislocators.°8 A systematic review by Longo et al. reported the location of chondral defects to be on the patellar side in 26.5% of cases versus 15% 


on the distal femoral articular surface.’” A high rate of articular cartilage injury has led some authors to advocate routine arthroscopy to evaluate this injury. 
However, a consensus statement issued by the International Patellofemoral Study Group in 2007 recommended that patients at high risk (i.e., those with a 
large hemarthrosis) undergo MRI to detect osteochondral fractures.9° MRI is also helpful in determining medial soft tissue injuries, specifically injury to the 
medial retinaculum, the medial patellofemoral ligament, and/or the VMO.°” This recommendation was made based on the observation that while articular 
injuries are common, not all require treatment. A second controversy is whether patients who are first-time dislocators should undergo acute surgical 
management to decrease the risk of future instability. While multiple reports exist in the literature, only a handful of studies directly compare operative and 
nonoperative management.*°°-!18 Despite some evidence that patients who underwent surgical treatment reported improved clinical outcomes in the short- 
to medium-term, no studies identified any long-term difference in outcome between the two treatment groups. Therefore, relative indications for early 
surgical treatment have included concurrent osteochondral injury, evidence of free intra-articular osteochondral fragments, palpable disruption of the medial 
patellofemoral ligament-VMO-adductor mechanism, MRI findings of a large complete avulsion or midsubstance tear of the medial patellofemoral 
ligament, patellar subluxation on a Merchant view, or early failure of nonoperative management with subsequent redislocation.*+!!9 Additional surgical 
consideration should be given to high-level athletes or patients with predisposing factors for recurrent patellar instability—trochlear dysplasia, patella alta, 
and increased tibial tubercle-trochlear groove distance.*4 


Authors’ Preferred Treatment for Acute Patellar Dislocations 


Patients sustaining a first-time patellar dislocation are treated with closed reduction and immobilization of the knee in extension for approximately 2 
weeks. Radiographs are obtained after reduction. Patients are permitted to fully weight bear in the immobilizer depending on pain. If a large 
hemarthrosis is present or plain-film evidence of osteochondral fracture exists, an MRI scan is obtained. Following a brief period of immobilization, the 
patient is transitioned to a patella-stabilizing brace and begins therapy focusing on range of motion and quadriceps, especially VMO strengthening. 
Patients may return to athletics when range of motion and strength approach the uninjured side. 


Extensor Mechanism Injuries 


INTRODUCTION TO EXTENSOR MECHANISM INJURIES 


Patients with a loss of active knee extension following trauma without signs of a patellar fracture may have a disruption of the extensor mechanism. Injuries 
to the extensor mechanism can include quadriceps or patellar tendon ruptures, patellar dislocations, or tibial tubercle avulsions. Demographic data suggest a 
difference in the occurrence of quadriceps and patellar tendon ruptures based on age. Patellar tendon ruptures occur more commonly in patients less than 40 
years old, while quadriceps tendon ruptures occur more commonly in patients greater than 40 years of age. 


ASSESSMENT OF EXTENSOR MECHANISM INJURIES 


MECHANISMS OF EXTENSOR MECHANISM INJURIES 


Quadriceps and patellar tendon ruptures are typically low-energy injuries. A thorough history, including the patient’s medical comorbidities and 
medications, as well as physical examination are helpful in diagnosing a patellar or quadriceps tendon rupture. Typically, the patient sustains a forceful 
quadriceps contraction against a fixed or sudden load of full body weight with the knee in a flexed position resulting in eccentric loading. 


INJURIES ASSOCIATED WITH EXTENSOR MECHANISM INJURIES 


Quadriceps and patellar tendon injuries most often occur in isolation. However, ACL tears may accompany high-level sporting injuries resulting in patellar 
tendon rupture and should be sought during the initial evaluation or with MRI. 


SIGNS AND SYMPTOMS OF EXTENSOR MECHANISM INJURIES 


Patients may often note prodromal signs and symptoms including pain, atrophy, and tenderness around the distal or proximal patellar pole and/or a history 
of Osgood-Schlatter disease or jumper’s knee.®! Quadriceps tendon ruptures occur more commonly in patients with systemic disease or degenerative 
changes. Reports of simultaneous bilateral quadriceps tendon rupture have been published and include patients with systemic illness and/or obesity.®° 
Bilateral rupture of the patellar tendon can occur but is less frequent. 

Pain with an associated tearing or popping sensation is typical, as is the inability to bear weight. The key to diagnosing an extensor mechanism injury is 
the lack of active knee extension or the inability to maintain the passively extended knee against gravity. Most commonly, patellar tendon ruptures extend 
completely through the retinacular tissue resulting in complete loss of knee extension. Quadriceps tendon ruptures may not involve as much of the 
retinacular tissue, and as a result some extension still may be possible. Typically, however, some degree of extensor lag is almost always present when 
compared with the uninjured limb. Immediately after injury, a defect may be palpable at the level of the rupture. However, when the diagnosis is delayed, 
the tendon defect may not be palpable secondary to consolidation of the hematoma and early scar formation. 

A traumatic hemarthrosis is common after extensor mechanism injuries. Ice, compression, elevation, and anti-inflammatory medications can be used to 
treat local symptoms. Although no studies have shown a benefit for knee aspiration in these injuries, aspiration of a tense hematoma may be considered to 
reduce pain and promote recovery. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO EXTENSOR MECHANISM INJURIES 


In general, healthy tendons do not rupture. Under normal conditions, tensile overload of the extensor mechanism usually leads to fracture of the patella, 
which is considered the weakest link in the extensor mechanism. In animal models, between 50% and 75% of tendon fibers must be transected to result in a 
rupture under forces greater than those seen under physiologic conditions. Patellar tendon ruptures secondary to indirect trauma have been considered the 
end stage of long-standing chronic tendon degeneration secondary to repetitive microtrauma. Biopsy specimens of spontaneously ruptured tendons reveal 
pathologic findings that are degenerative in nature, including hypoxic tendinopathy, mucoid degeneration, tendolipomatosis, and calcifying tendinopathy; 
however, ruptures may occur in the absence of pathologic tendon degeneration.!*° The frequent prevalence of prodromal symptoms associated with tendon 
failure seems to support the finding of tendon degeneration prior to rupture. Kelly et al.°! reviewed 13 athletes with chronic jumper’s knee that resulted in 
tendon rupture. In this series, younger patients had more severe symptoms than older patients, leading Kelly et al. to conclude that more advanced 
degeneration is required to weaken younger healthier tendons. Prodromal symptoms were present in 46% of professional football players prior to patellar 
tendon rupture. 18 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR EXTENSOR MECHANISM INJURIES 


An AP and lateral plain radiograph should be obtained in all patients with suspected injury to the knee extensor mechanism. Plain radiographs are the most 
cost-effective radiographic means to diagnose a patellar tendon rupture. The unopposed pull of the quadriceps muscle will result in proximal migration of 
the patella. Patella alta, defined as the position of the patella superior to Blumensaat’s line on the lateral radiograph with the knee flexed to 30 degrees, is 
consistent with rupture of the patellar tendon. In addition, if bone fragments are identified, an avulsion injury may be suspected. Radiographic findings 
suggestive of a quadriceps tendon rupture include obliteration of the quadriceps tendon shadow, a suprapatellar mass, suprapatellar calcific densities, or an 
inferiorly displaced patella. A study of 18 patients with known quadriceps tendon ruptures identified at least three of these abnormalities in 17 of the 18 
patients.” 

High-resolution ultrasonography is an effective method of examining the patellar and quadriceps tendons in both acute and chronic injuries. This 
modality can be used to diagnose complete and partial quadriceps tendon ruptures. MRI is also an effective, albeit expensive, method of diagnosing extensor 
mechanism injuries. It is not recommended in the evaluation of most suspected extensor mechanism injuries but may be helpful in patients with partial, 
subacute, or chronic injuries. 


TREATMENT OPTIONS FOR EXTENSOR MECHANISM INJURIES 


The first known description of a patient with an extensor mechanism injury is found in the translated writing of the Greek physician Galen ca. 80 to 87 AD. 
In 1887, McBurney published the first case in the American literature. Conservative treatment prevailed until the end of the 19th century, when Quenu 
published a review of 26 cases treated surgically and recommended operative repair. Following this, techniques such as utilizing a fascia lata strip to repair a 
quadriceps tendon rupture were reported. Following this, surgical management became increasingly accepted and has become the standard of care. 


NONOPERATIVE TREATMENT OF EXTENSOR MECHANISM RUPTURE 


Indications/Contraindications 


Nonoperative Treatment of Extensor Tendon Rupture: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Medically unfit for surgery 
e Immobile patients 
e Full knee extensor function 


Relative Contraindications 


e Open injury 
e Extensor lag 
e Loss of knee extensor function 


Incomplete ruptures are usually managed conservatively without surgical intervention if full active extension is present on physical examination. In 
addition, nonoperative management should be pursued if the patient is medically unfit for surgery or immobile. 

Nonsurgical management of a complete quadriceps or patellar tendon rupture generally yields poor results with long-term disability in extremity 
weakness and gait abnormalities. Untreated complete ruptures will result in ambulation with a stiff-knee gait or circumduction to allow the foot to clear the 
ground during the swing phase of gait. Patients will also complain of knee buckling and difficulty in climbing stairs. Loss of extensor mechanism function is 
an indication for surgery in all but the most unhealthy and nonambulatory patients. 


Technique 


The limb is initially immobilized with the knee in full extension for 4 to 6 weeks, after which, protected ROM and strengthening are begun. Initially, flexion 
of greater than 90 degrees is avoided to reduce stress on the tendon. Restrictions are removed once the patient achieves good quadriceps muscle control and 
is able to perform a straight leg raise without discomfort. 


OPERATIVE TREATMENT OF EXTENSOR MECHANISM INJURIES 


Indications/Contraindications 


Operative treatment is indicated for all extensor tendon ruptures in which extensor mechanism function is compromised, the soft tissues are adequate for 
healing, and the patient is fit for surgery. Many different repair techniques have been described with no single technique demonstrating superiority. 


Extensor Tendon Repair 
Preoperative Planning 


Extensor Tendon Repair: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Standard, radiolucent table 


Position/positioning aids Supine positioning 
Often, a small bump under the hip is helpful in controlling external rotation of the limb 


A small towel bump that can be moved below the knee for slight flexion or under the ankle for knee extension is useful 


Equipment Heavy braided nonabsorbable suture (with optional suture anchors) 
18-gauge wire 
Suture passer 


Power drill 


Tourniquet LJ Nonsterile (optional) 


Inspection of the soft tissues for abrasions, lacerations, or prior incisions should occur prior to surgery and may influence the placement of the skin incision. 
Equipment considerations for repair are relatively straightforward. Heavy, high tensile strength, nonabsorbable suture; a suture passer; and a drill are 
typically required. 


Patient Positioning 


The patient is positioned supine on a standard operating table. A small bump under the hip is often useful for controlling external rotation of the limb. In 
addition, a small bump of towels that can be moved from beneath the knee and ankle and vice versa helps in providing slight knee flexion and extension, 
respectively, during the case. A tourniquet is rarely needed; however, one may be placed in a nonsterile fashion and only inflated if uncontrollable bleeding 
is encountered. 


Surgical Approach 


An extensile straight midline incision is most often employed to expose the knee from the inferior patella to 5 cm proximal to the quadriceps tendon rupture 
and from the superior patella to the tibial tubercle for patellar tendon ruptures. Full-thickness flaps are elevated medially and laterally to identify the apex of 
the retinacular tears, if present. The joint is irrigated to remove hematoma, allow identification and assessment of the tear, and examination of the patella 
and distal femoral articular surfaces. 


Technique 


KEY SURGICAL STEPS 


/ | Repair of Acute Extensor Tendon Rupture: 


Anterior longitudinal midline incision 

Expose tendon rupture 

Remove nonviable tendon edges 

Place grasping stitches in tendon with no. 5 nonabsorbable suture 

Reattach patellar or quadriceps tendon through parallel longitudinal drill holes in the patella 

Secure sutures over bone bridges in full extension 

Secure sutures with suture anchors at bony avulsion site (alternative) 

Assess strength of repair with controlled flexion 

Consider adding a cerclage wire from quadriceps tendon to tibial tubercle for patellar tendon injury 
Perform multilayer closure 


Acute Quadriceps Tendon Rupture 


Avulsion of the quadriceps tendon from the superior pole of the patella can be treated by debridement of the frayed edge of tendon, followed by the passage 
of one or two heavy nonabsorbable sutures into the tendon in locking Krackow fashion. Parallel drill holes are then created from superior to inferior through 
the patella. Two drill holes are created with passage of a single (two free suture limbs) suture through the tendon, and three drill holes for two sutures (four 
free suture limbs). The sutures are passed through the drill holes and tied at the inferior patella and the retinacular tissue is repaired (Fig. 60-10). Suture 
should not be tied directly over the patellar tendon. Instead, one of the free limbs of the suture should be passed posterior to the patellar tendon and to the 
other free limb at its exit from the bone tunnel to limit risk of tendon strangulation. Alternatively, 4.75-mm suture anchors can be utilized to perform a 
limited open, knotless repair by securing the sutures to the bony avulsion site as opposed to transosseous bone tunnels. 

A midsubstance rupture can be repaired with end-to-end approximation of the tendon rupture. If the repair is tenuous, a graft or quadriceps turndown 
flap has been described as a method to reinforce the surgical repair. A partial-thickness triangular flap is developed from the anterior surface of the proximal 
tendon that is 2 inches along the base and 3 inches along each side. The flap is folded distally over the rupture/repair and sutured into place. 

Several authors have suggested techniques for reinforcing the repair using wire, Dacron tape, or suture. Recently, no complications and 100% good and 
excellent results were reported with use of a braided nonabsorbable relaxing suture tensioned at 30 degrees of flexion in 20 quadriceps repairs.'2° The 


authors felt the relaxing suture reinforced the repair and allowed early active motion and brace-free ambulation at 6 weeks. However, most repairs for 
tendon avulsions are sufficiently strong that secondary stress-relieving devices are not required. 
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Figure 60-10. Acute quadriceps tendon repair. A: Approach is through a midline longitudinal incision. B: Repair is through three parallel drill holes in the patella. 


Acute Patellar Tendon Rupture 


The site of the tear (proximal, midsubstance, or distal) will dictate the preferred surgical repair technique. Most patellar tendon ruptures occur at the 
insertion on the inferior pole of the patella as an avulsion. This is believed to be the result of a relative decrease in the collagen fiber stiffness at the insertion 
site and the greater tensile strain occurring at the inferior pole fibers than in the midtendon. 

Avulsion of the patellar tendon from the inferior pole of the patella can be treated by debridement of the frayed edge of tendon, followed by the passage 
of one or two heavy nonabsorbable sutures into the tendon in locking fashion. Parallel drill holes are then created from superior to inferior through the 
patella. Two drill holes are created with passage of a single nonabsorbable suture (two free suture limbs) through the tendon and three drill holes for two 
sutures (four free suture limbs) (Fig. 60-11A—D). The sutures are passed through the drill holes and tied at the superior pole of the patella. Suture should not 
be tied directly over the quadriceps tendon. Instead, one of the free limbs of the suture should be passed posterior to the tendon and to the other free limb at 
its exit from the bone tunnel to limit risk of tendon strangulation. Alternatively, 4.75-mm suture anchors can be used to perform a limited open, knotless 
repair by securing the sutures to the bony avulsion site or to the superior pole via transosseous bone tunnels (Fig. 60-12A,B). The medial and lateral 
retinacular tears are identified and repaired. A cerclage or reinforcement suture or wire is recommended for most cases (see Fig. 60-11E). This is performed 
by drilling a transverse tunnel 1 cm posterior to the tibial tubercle and passing heavy nonabsorbable suture or wire through the hole. This wire or suture is 
brought proximally and passed under the quadriceps tendon close to the superior border of the patella and tensioned at 30 degrees of flexion. The knee is 
flexed to 90 degrees to test the integrity of the repair. West et al.!9° reported no complications and 100% good and excellent results in 30 patients with this 
technique employing a braided nonabsorbable suture. The authors believed this suture reinforced the repair and allowed early active motion and brace-free 
ambulation at 6 weeks. 

Alternatively, hamstring autograft can be used. The semitendinosus tendon is harvested with an open tendon stripper leaving the insertion intact. The 
proximal aspect of the tendon is then passed through a transverse drill hole in the patella and sutured to the distal lateral retinaculum or patellar tendon. This 
method has been shown to lead to less gap formation at the repair in biomechanical studies.’ The proximal end of the tendon can also be secured into the 
lateral proximal tibia with a 4.75-mm suture anchor after whipstitching the proximal end of the tendon with no. 5 high-strength nonabsorbable suture.*? The 
patellar tendon suture line is then reinforced with absorbable sutures, the wound is closed in layers, and a well-padded dressing is applied. A hinged knee 
brace is applied with the knee in full extension. 

A midsubstance tear is more difficult to repair as the quality of tissue may be compromised and caution should be observed to prevent shortening of the 
tendon and creating patella baja with placement of the sutures. The most common method of repair involves simple end-to-end repair, with or without a 
reinforcing cerclage suture of wire or nonabsorbable suture material or tape. A distal patellar tendon rupture from the tibial tubercle is the least common 
pattern. A suture repair through bone tunnels with semitendinosus and gracilis augmentation as described for late reconstruction is recommended.*° 


Chronic or Neglected Quadriceps and Patellar Tendon Ruptures 


Chronic or neglected quadriceps tendon ruptures may present significant treatment challenges. When the tendon end can be approximated to the patella, a 
primary repair can be performed. However, a large defect may be present between the ends of the tendon and the patella, preventing tendon apposition. 
Patients with a quadriceps tendon rupture older than 2 weeks may have muscle retraction of up to 5 cm. If the tendon has retracted proximally, resulting in a 
gap, the quadriceps muscle can be elevated from the femur and adhesions released in an attempt to gain length. If the tendon ends still cannot be opposed, a 
Codivilla lengthening procedure should be considered. In this procedure, a full-thickness inverted V is created in the proximal segment of the quadriceps 
tendon. The lower margin of the V should be 1.3 to 2 cm proximal to the site of the rupture. The ends of the ruptured tendon are approximated and repaired 
with heavy nonabsorbable suture. The triangular flap is turned down distally and sutured into place. The open upper portion of the V is then repaired in a 
side-to-side fashion. A variation of this technique involves the Codivilla or Bennett lengthening is performed. Then an inverted V-cut is made through the 
tendon proximal to the rupture. The triangular flap is then divided into two flaps: one half-thickness flap is incorporated into the Y-plasty and the other is 
folded distally to reinforce the tendon repair. 

Preoperative traction has been described for chronic patellar tendon ruptures. Here, a Steinmann pin is placed transversely through the proximal portion 
of the patella and 5 lb of traction is applied from 4 days for up to 2 weeks preoperatively. Knee ROM is initiated after the traction procedure. Repair is then 
performed with fascial or wire augmentation. 

A semitendinosus tendon can be used to augment chronic patellar tendon rupture (see Fig. 60-12F). In this technique, a staged surgical procedure is 
performed with skeletal traction applied until the patella descends to a level 1 inch proximal to the tibial articular surface. Through a proximal incision, the 
semitendinosus tendon is then divided at its musculotendinous junction. A longitudinal paramedian incision is then performed and drill holes are made in 
the tibial tubercle and the distal patella. The free end of the tendon is passed from medial to lateral through the tibial tunnel and then from lateral to medial 
through the patella. The tendon is then brought down and sutured on itself. Postoperative cylinder cast immobilization then occurs for 6 weeks. 
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Figure 60-11. Suture technique of patellar tendon repair. A: A suture passer is used to guide the core sutures through the drill holes. B: The suture is retrieved and 
tied at the superior margin of the patella. C, D: Direct repair to the inferior pole of the patella through three or two parallel drill holes. E: Addition of a cerclage wire 
through the tibial tubercle for protection of the tendon. F: Use of hamstring tendons placed through bone tunnels for repair of a chronic rupture. 


Alternatively, Friedman et al. described using the semitendinosus by first harvesting the tendon with an open tendon stripper leaving the insertion intact. 
The proximal aspect of the tendon is then passed through a transverse drill hole in the patella. Careful attention should be paid to the bone tunnel ensuring 
that it is central in the body of the patella on lateral radiographs. The proximal end of the tendon is whipstitched with no. 5 high-strength nonabsorbable 
suture, tensioned, and then secured into the lateral proximal tibia with a 4.75-mm suture anchor.39 

Allograft reconstruction has been described for patellar tendon repair.?! Alternatively, Ecker et al.2° reported on four patients who underwent late 
reconstruction of the patellar tendon with autologous semitendinosus and gracilis tendons. Preoperative traction was not used in this series. Intraoperatively, 
a Steinmann pin was placed transversely through the patella and distal traction was applied. The Insall—Salvati ratio was used to determine the correct height 
of the patella. The semitendinosus and gracilis were harvested, leaving the distal insertion at the pes anserinus intact. Three large drill holes were made to 
accommodate the tendons: an oblique drill hole through the tubercle beginning proximally on the lateral aspect and extending distally to the medial aspect 
and two parallel transverse holes through the patella. The semitendinosus tendon was then inserted from medial to lateral through the oblique hole in the 
tibial tubercle and then from lateral to medial through one of the transverse holes in the patella. The gracilis tendon was then passed from medial to lateral 
through the remaining transverse hole in the patella. A heavy gauge wire was placed through the tubercle and the distal hole of the patella. While the patella 
was maintained in a normal position with the traction pin, the wire was tightened to hold the position of the patella. The tendons were then sutured to each 
other. The wound was closed and a cylinder cast was applied for 6 weeks. The knee was manipulated and the wire removed at 6 weeks. Satisfactory results 
were reported with all four patients returning to work and achieving full active extension and 100 degrees of flexion. 
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Figure 60-12. Suture anchor patellar tendon repair. A: Direct repair of a patellar tendon with suture anchors secured into the inferior pole or (B) superior pole with 
suture passed via bone tunnels. 


Postoperative Care 


The postoperative rehabilitation regimen is based on the surgeon’s assessment of the repair strength. A repair with poor quality tissue should be 
immobilized for 4 to 6 weeks in a cylinder cast with weight bearing as tolerated restrictions. This is more often the case in quadriceps tendon repair. 
However, a sturdy repair with reinforcement may be placed in a hinged knee brace locked in extension and can be started on early ROM within 7 to 10 days 
postoperatively with active and active-assisted exercises.!°° In these cases, initially full flexion is not allowed, but ROM is started at 0 to 45 degrees and 
advancing 30 degrees every 2 weeks. At 6 weeks, the brace may be weaned and a rehabilitation program stressing closed-chain eccentric strengthening, to 
avoid possible reinjury, may be implemented. Weight bearing is allowed; immediately, however, the hinged brace is locked in extension and crutches are 
used for at least 6 weeks. Competitive sports should not be allowed for 4 to 6 months until the majority of isokinetic strength has been regained. 

Repairs of chronic ruptures are protected more vigorously and for longer duration than acute repairs. In general, weight bearing as tolerated is allowed in 
a cylinder cast for 6 weeks. Straight leg raises may be performed. The patient is then transitioned to a hinged knee brace and allowed to move the knee from 
0 to 45 degrees and then advanced 20 to 30 degrees every 2 weeks until full motion is regained. At that time, gentle active and active-assisted ROM as well 
as light eccentric resistance training is started. 


Potential Pitfalls and Preventive Measures 


Extensor Tendon Repair: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Cutting the grasping suture with suture needles e Use tapered needles and carefully place sutures 

Slack in suture repair e Apply tension to grasping suture with each throw to avoid slack 

Patellar tendon repair failure e Consider placing reinforcing suture or wire through the tibial tubercle when there is questionable tissue 
quality 

Suture repair failure e Gently flex the knee after repair to test repair integrity 


With repair of extensor mechanism ruptures, the integrity and strength of the suture repair are paramount. Using tapered needles and carefully placing 
sutures to avoid cutting previously placed sutures are important. A no. 5 high-tensile strength, nonabsorbable suture or 2-mm suture tape (Fibertape) should 
be used. In addition, all slack should be removed from the suture lines before securing the knots. The addition of reinforcing suture or wire should be 
considered for all repairs in which tissue quality is questionable. When drilling transosseous tunnels, care should be taken to avoid violation of the articular 
cartilage with the drill. Finally, the repair should be taken through a 90-degree ROM under direct visualization in the operating room prior to closure to 
ensure its security. 


TABLE 60-4. Outcomes After Acute Quadriceps Tendon Repair 


Outcomes (Excellent or 


Author Ruptures/Patients Technique Postoperative Good Results) 

Rasul and Fischer! 17/17 Suture with drill holes Cast 6 weeks 100% 

Rougraff"” 38/29 Primary suture or drill holes Cast 6 weeks 80% 

Konrath et al.°° 51/39 Suture through drill holes Early motion with brace 92% 

Ramseier and Werner!” 15/15 Primary suture or drill holes Cast 6 weeks 100% 

O’Shea et al.!°° 19/19 Primary suture, screw or wire Cast 6 weeks 100% 
augmentation 

West et al.?° 20/20 Suture through drill holes with Hinged knee brace, progression 100% 
relaxing suture to ROM at7 days 


ROM, range of motion. 


Outcomes 

Acute Quadriceps Tendon Repair 

Several authors have reported good to excellent results in 80% to 100% of operatively treated quadriceps tendon ruptures (Table 60-4). Many different 
techniques of primary repair have been described and no single technique has demonstrated superiority. In early series, primary end-to-end repair was 
performed with cast immobilization, while in more recent series, heavy nonabsorbable sutures have been passed through bone tunnels and early 
rehabilitation undertaken. The only factor that has been associated with inferior results is delay in timing of surgical repair of greater than 2 to 3 weeks. !09 
Early treatment lends to improved outcomes, whereas delays greater than 4 weeks did not. Attempts have been made to correlate radiographic 
patellofemoral congruence with clinical outcome. While a factor in overall result, this is only one factor that may account for eventual function. Rougraff et 
al.!©° reviewed 53 ruptures treated with multiple surgical techniques and postoperative regimens and found no differences based on repair technique or 
postoperative protocol. Patients with delayed surgery had poorer functional outcome and decreased satisfaction scores. Konrath et al.®° reviewed 51 
quadriceps tendon ruptures in 39 patients treated with heavy nonabsorbable suture placed through bone tunnels using functional surveys and objective 
testing. Ninety-two percent were satisfied and 84% returned to previous occupations. However, 51% were unable to return to their presurgery level of 
recreational activity. Objective testing demonstrated on average a 12% strength loss in the quadriceps muscle and 14% strength loss in the hamstrings as 
well as an 8-degree loss of ROM. West et al.!°° demonstrated no complications and excellent results in 20 quadriceps ruptures treated with transosseous 
sutures and a braided nonabsorbable relaxing suture placed through the quadriceps tendon and retinaculum and around the distal patella tensioned at 30 
degrees of flexion. The authors then instituted ROM from 0 to 55 degrees at 7 days and weaned the patient to brace-free ambulation at 6 weeks. 

The superiority of transosseous versus knotless suture anchor repairs has not been elucidated clinically. Multiple cadaveric studies have shown no 
significant difference in the strength of the constructs.?>6286 A limited study by Sasaki et al. demonstrated favorable outcomes with knotless suture anchor 
repair, but this study was limited by its sample size and noncomparative design.'!! The primary benefit of a knotless suture anchor repair is a smaller 
surgical approach and less dissection that is limited over the tendon and the bony avulsion site as transosseous tunnels do not need to be created. 


Chronic Quadriceps Tendon Repair 

Overall, the reported results for chronic quadriceps tendon repairs are less satisfactory than those reported after repair of an acute tear with residual 
functional deficits present in most patients.!°? Oni and Ahmad’ described the medial transposition of a 2- to 5-cm strip of vastus lateralis to bridge a large 
defect in five chronic quadriceps tendon ruptures. Ramsey and Muller!” reported that four of seven delayed repairs lost between 10 and 20 degrees of full 


active extension at final follow-up. 


Acute Patellar Tendon Repair 

Most series have reported between 70% and 100% good to excellent results (Table 60-5). The majority of patients who undergo early primary repair achieve 
a functional ROM and normal quadriceps strength. Persistent quadriceps muscle atrophy commonly occurs but has not been correlated with loss of 
strength.°* No relationship has been demonstrated between the configuration of the rupture, the method of repair, and clinical outcome.®®!°8 An early repair 
within 2 to 3 weeks of injury is the only factor that has been associated with better outcomes. Delayed repair predisposes to decreased return of function. 
Hsu et al.°? reviewed 35 traumatic patellar tendon ruptures treated acutely with primary repair and a neutralization wire. They reported 20 excellent (57%) 
and 10 (29%) good results. Most of the patients in this series had sustained the injury on a motorcycle and one-third of the patients had multiple injuries 
which the authors concluded may have contributed to the slightly lower success rate observed. Attempts have been made to correlate radiographic 
patellofemoral congruence with clinical outcome. While a factor in overall result, this is only one factor that may account for eventual function. West et 
al.!8° demonstrated no complications and excellent results in 30 patellar tendon ruptures treated with transosseous sutures and a braided nonabsorbable 
relaxing suture placed through the quadriceps tendon and retinaculum and around the distal patella tensioned at 30 degrees of flexion. The authors then 
instituted ROM from 0 to 55 degrees at 7 days and weaned the patient to brace-free ambulation at 6 weeks. 


TABLE 60-5. Outcomes After Acute Patellar Tendon Repair 


Outcomes (Excellent or 


Author Ruptures/Patients Technique Postoperative Good Results) 
Kelly et al.” 10/10 Suture through bone tunnels Not specified 80% 

Hsu et al.” 41/35 Suture with wire cerclage Cylinder cast 6 weeks 86% 

Marder and Timmerman® 14/14 Primary repair without cerclage Hinged knee brace early motion 85% 
Ramseier and Werner’ 14/14 Primary suture or drill holes Limit flexion to 60 degrees for 100% 

6 weeks 
West et al. ° 30/30 Suture through drill holes with Hinged knee brace, progression 100% 
relaxing suture to ROM at 7 days 


ROM, range of motion. 


Chronic or Neglected Patellar Tendon Rupture 

Chronic or neglected patellar tendon ruptures present significant operative challenges. The unopposed pull of the quadriceps muscles can result in 
significant contraction of the extensor mechanism. Early recommendations were for pre-operative traction to overcome the contracted quadriceps muscle so 
that the tendon ends could be reapproximated. To our knowledge, there have been no large series evaluating the outcomes after reconstruction of a chronic 
patellar tendon rupture. Isolated case reports have described different techniques and grafts including autogenous or allogenic grafts when local tissue is 
unavailable.°®®? Results have generally been less satisfactory compared to acute repair. 


Authors’ Preferred Techniques for Extensor Mechanism Injuries ( 


Extensor mechanism injury 
Patellar tendon Pätelia fřactire Quadriceps tendon 
injury rupture 


Patella ORIF 


Midsubstance Tibial tubercle t 
rupture avulsion Retinacular repair 


Suture repair 


Suture repair 


through bone tunnels 


+ 


Cerclage wire Large Small 
fragment fragment 


Suture repair 
Screw fixation + 
Cerclage wire 


Algorithm 60-2 Authors’ preferred treatment of extensor mechanism injuries. 


Quadriceps Tendon Rupture 

The most common method of repair we use employs two grasping stitches passed through three longitudinal drill holes in the patella and tied over bone 
bridges. To begin, the edges of the quadriceps tendon are sharply debrided of grossly degenerated tissue providing a fresh surface to approximate to the 
patella. Absorbable sutures are placed into the medial and lateral retinacular tissues but left untied until after the tendon repair has been completed. Two 
heavy nonabsorbable sutures (no. 5 TiCron or Fiberwire) are placed using a running Krackow configuration, leaving four strands of suture at the distal 
quadriceps stump. A trough is then created in the superior patella using a small burr or rongeur. 

Three 2-mm drill holes are made parallel to each other along the longitudinal axis of the patella from superior to inferior. A Hewson suture passer is 
passed from the proximal patella through the drill hole. A no. 2 nylon suture is looped and placed into the suture passer which is then pulled out 
proximally. The nylon suture is used as a shuttle or relay to pass the tendon sutures through the bone tunnels. The two central sutures are passed through 
the middle drill hole and retrieved at the inferior margin of the patella. The two remaining sutures are passed in a similar fashion through each of the 
peripheral drill holes and retrieved distally. Each of the central strands is passed under the patellar tendon and retrieved with its match so that the knots 
when tied will lie against the patella and not on top of the tendon. The sutures are tied with the knee in full extension. The retinacular tissues are then 
repaired. If used, the tourniquet is deflated and hemostasis is obtained. The hip is flexed and the knee is allowed to bend passively into flexion. A 
passive range of motion from 0 to 90 degrees is ideal. Patellar tracking and tension on the repair are also assessed. Finally, the repair is reinforced with 
0 nonabsorbable sutures. The wound is closed with absorbable suture and the skin with nylon suture or staples. 


Acute Patellar Tendon Rupture 

A straight midline incision is made from the midpatella to the tibial tubercle. Full-thickness skin flaps are created to expose the ruptured tendon and 
retinacular tissue. The edges of the patellar tendon are sharply debrided of grossly degenerated tissue, providing a fresh surface to approximate to the 
patella. If there are small loose bone fragments, they can be excised. The extent of the medial and lateral retinacular tears must be defined. These tissues 
are repaired prior to closure with 0 braided absorbable suture (Biosyn, Vicryl) in figure-of-eight fashion. Two no. 5 nonabsorbable sutures (TiCron, 
Fiberwire) are woven in a running Krackow configuration resulting in one medial and one lateral suture strand and two central strands. A trough is 
created in the inferior patella with a small burr or rongeur to obtain a fresh cancellous bed to allow tendon-to-bone healing. 

Three 2-mm drill holes are made parallel to each other along the longitudinal axis of the patella from inferior to superior. A Hewson suture passer is 
passed from the distal patella through the drill hole. A no. 2 nylon suture is looped and placed into the suture passer, which is then pulled out distally. 
This technique shuttles the nylon suture through the hole so that the core tendon sutures can be passed easily and retrieved proximal to the patella. The 
two central sutures are passed through the middle drill hole and retrieved at the superior margin of the patella. The two peripheral sutures are each 
passed through a drill hole in a similar manner. Each of the central strands is then passed under the quadriceps tendon so that the knots when tied will lie 
close to the patella and not on top of the quadriceps tendon. Tension is applied to the sutures, which are clamped but not tied. A lateral radiograph is 
obtained to assess the patellar height in relation to Blumensaat line and in comparison to the contralateral knee. Suture tension can be increased or 
decreased to control the patellar tendon length. The sutures are then tied with the knee in extension and then any retinacular tears are repaired. 

Reinforcement is often necessary with a patellar tendon repair to counteract the force of the quadriceps muscle contraction. A transverse 2.5-mm 
drill hole is made 1 cm posterior to the tibial tubercle. An 18-gauge wire or 2-mm suture tape is passed through the hole, brought proximally, and 
passed under the quadriceps tendon close to the superior border of the patella and twisted until it is tight. The reinforcement wire is tightened with the 
knee in some flexion in order to avoid shortening the tendon. The knee is flexed to 90 degrees to test the integrity of the repair. The patellar tendon 
suture line is then reinforced with absorbable sutures. The wound is closed in layers and a well-padded dressing is applied. A hinged knee brace is 
applied with the knee locked in full extension. Active flexion and passive extension are begun by 2 weeks postoperatively, starting at 0—45 degrees and 
advancing 20 degrees every 2 weeks (limiting patients to <90 degrees flexion until 6 weeks postoperatively). Active knee extension is permitted at 6 
weeks. Weight bearing is allowed immediately and crutches are used for at least 6 weeks. The hinged knee brace and crutches are discontinued when 
the patient is able to ambulate with good quadriceps control. 


Tibial Tubercle Avulsions 

Tibial tubercle avulsions represent an uncommon variant of extensor mechanism injuries. Treatment concepts are similar to those employed in the 
treatment of distal pole patellar avulsions. If the bone fragment is large enough, internal fixation with 3.5- or 4.5-mm screws should be performed with 
the addition of a stress-relieving cerclage wire to protect the repair. If the tubercle fragment is too small for screw fixation, the tendon should be 
reapproximated to the proximal tibia through bone tunnels or suture anchors similar to the treatment used in other tendon avulsion injuries. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN 
PATELLAR FRACTURES AND DISLOCATIONS AND EXTENSOR MECHANISM INJURIES 


Patellar Fractures and Dislocations and Extensor Mechanism Injuries: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Loss of knee range of motion 
Quadriceps weakness 
Extensor lag 

Painful hardware 
Infection 

Wound breakdown 
Loss of fixation 
Refracture 

Tendon rerupture 
Nonunion 

Knee arthritis 


LOSS OF KNEE MOTION 


The most common reasons for a suboptimal outcome after an extensor mechanism injury are the loss of knee flexion and quadriceps weakness.!° In general, 
these complications are more closely associated with the injury itself than with the technical aspects of the surgical procedure. An aggressive postoperative 
program emphasizing early ROM and quadriceps strengthening is recommended. To achieve this goal, it is paramount to achieve an operative repair that is 
strong enough to allow early postoperative rehabilitation. Most patients will ultimately be able to achieve 90 degrees of flexion. This is critical as it allows 
for sitting in tight places and also helps with arising from a sitting position. If 90 degrees of flexion is not obtained by 8 weeks postoperatively, a closed 
manipulation under anesthesia may be considered. However, caution should be used to avoid iatrogenic rerupture of the tendon or refracture. Arthroscopic 
debridement and manipulation may also be considered to treat a flexion contracture or more severe flexion loss.°° 


EXTENSOR MECHANISM WEAKNESS 


Persistent quadriceps atrophy is noted in many patients but may not compromise final function. Despite marked atrophy, strength can allow for normal knee 
function. With regard to patellar fractures, persistent articular step-off has been correlated with decreased quadriceps strength.!* The treatment for an 
extensor lag secondary to weakness or atrophy is a vigorous rehabilitation program. 


SYMPTOMATIC RETAINED HARDWARE 


The subcutaneous location of the patella and extensor mechanism results in a high incidence of prominent or symptomatic hardware. The problem is more 
common with the addition of a cerclage or tension band wire. Symptoms are related to irritation of the capsule and tendons by the implants. Up to a 40% 
incidence of soft tissue irritation from hardware that necessitated removal was reported in some series.°*!!” Removal of prominent cerclage or K-wires 
usually alleviates symptoms and can be performed on an elective basis. The use of nonabsorbable suture in place of metal wire has become more popular in 
an attempt to avoid this complication and comparatively fewer reoperations for symptomatic hardware have been reported.4%88 


INFECTION AND WOUND COMPLICATIONS 


Infection and wound complications are infrequent in closed injuries and often are related to patient-specific conditions and the subcutaneous positioning of 
heavy sutures or wires used in surgical repair. Sutures should not be placed directly in line with the incision to minimize the risk of delayed wound healing. 
Placing the skin incision lateral to the tibial tubercle may provide better soft tissue coverage. A postoperative hematoma can result in pain and an increased 
risk of wound dehiscence and infection. The use of closed suction drainage is recommended to avoid hemarthrosis formation. 

While infection after surgical management of closed injuries is relatively uncommon, the rate of postoperative infection following open patella fractures 
has been reported to be as high as 10.7%.!° Surgical debridement of nonviable tissue (soft tissue or bone) and evaluation of the stability of fixation remain 
the standard tenets of care. After thorough irrigation and debridement, stable fixation can be retained. Intraoperative cultures should be used to guide an 
organism-specific, 6-week course of intravenous antibiotics. Suppressive oral antibiotics can be considered until fracture union is secured and hardware 
removal can be undertaken. In most cases, early recognition of infection and aggressive debridement of nonviable tissue will allow for preservation of the 
patella. A total patellectomy, however, rarely may be necessary in situations of intractable osteomyelitis and secondary nonunion. 


LOSS OF FIXATION, REFRACTURE, OR RERUPTURE 


The rate of loss of reduction after open reduction and internal fixation of patellar fractures has been reported to range from 0% to 20% in clinical 
series.!®!17 Inadequate fixation, severe comminution, early aggressive rehabilitation, and patient noncompliance have all been implicated as risk factors. 
Smith et al.!!7 noted 11 cases of lost reduction in a series of 51 patients. Five cases were attributed to technical errors in tension band wire placement, five to 
patient noncompliance, and one to sequelae of infection. Nine cases had symptomatic hardware that ultimately required removal. Nonoperative management 
with a period of immobilization may be acceptable with minimal fracture displacement or articular incongruity. However, reoperation is warranted if the 
extensor mechanism is compromised or significant separation of fragments or articular incongruity has developed. 

Rerupture after tendon repair can be seen in patients who return to activities too early before the bone-tendon junction has healed. Timely diagnosis and 
revision are usually successful in reestablishing knee motion and strength. Competitive sports should not be allowed for 4 to 6 months to allow time for 
sufficient tendon healing and remodeling. Isokinetic strength should be regained before resuming high-risk activities. 


DELAYED UNION AND NONUNION 


Nonunion occurs infrequently in patellar fractures with an incidence up to 15%. Factors associated with nonunion include transverse fractures, open 
fractures, and nonoperative treatment.9” Elderly patients may tolerate a nonunion well with minimal functional deficits even with persistent muscle 
weakness and an extensor lag. However, reoperation should be considered in young, active patients, as a systematic review reported no cases of successful 
union in conservatively treated patellar nonunions.°” Revision surgery with rigid internal fixation and autogenous bone grafting provides better opportunity 
for union. Uvaraj et al.!2” presented outcomes of surgical management of 22 patellar nonunions treated at a median of 3 months from injury to surgery. 
Nineteen cases were treated with tension band wiring with or without cerclage and 3 cases were managed with patellectomy. At a median of 5.5-year 
follow-up, 91% good to excellent results were seen.!2” Intraoperatively, if extensive cartilage injury is noted or the fragment appears to have a poor blood 
supply, a partial patellectomy may be considered. Whether revision internal fixation or partial patellectomy is undertaken, reconstruction of the extensor 
mechanism should be performed whenever possible. For long-standing nonunions, a shortened and contracted quadriceps tendon may necessitate tendon 
mobilization and quadricepsplasty.®>56 


POSTTRAUMATIC ARTHRITIS OR PAIN 


Posttraumatic osteoarthritis can be the sequela of patellar fractures. The etiology is likely multifactorial and may include articular cartilage damage at the 
time of injury, inadequate reduction and restoration of articular congruity, and excessive callus formation and secondary articular incongruity. Long-term 


follow-up studies have indicated that radiographic signs of arthritis occur in 50% to 75% of operatively treated patella fractures. Despite this high 
frequency, most patellofemoral pain can be managed conservatively with rest, physical therapy, and nonsteroidal anti-inflammatory medications. Severe 
debilitating patellofemoral arthritis can be treated with a patellectomy or patellofemoral arthroplasty. Nonanatomic attachment of the patellar tendon to the 
patellar remnant after partial patellectomy can lead to abnormal patellar tilt and has been implicated as a cause of patellofemoral arthritis. Tilting of the 
patella has been attributed to the development of postoperative arthritis, potentially related to malalignment between the attachment of the patellar tendon to 
the anterior cortex of the patella. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO PATELLA FRACTURES 


AND DISLOCATIONS AND EXTENSOR MECHANISM INJURIES 


Extensor mechanism injuries encompass a wide array of injury patterns. Good to excellent outcomes can be achieved in the treatment of acute injuries with 
numerous treatment strategies; however, close attention to the specific injury pattern and careful nonoperative and surgical technique are paramount in the 
successful treatment of these injuries. 

In the event of complete extensor mechanism disruption, the indications for operative intervention are rarely debated; however, the treatment constructs 
and postoperative rehabilitation remain somewhat controversial. The paucity of high-quality literature contributes to this ongoing debate and was stressed in 
Cochrane Review.''* Continued research on alternatives to stainless steel wire in tension band constructs holds promise in minimizing soft tissue irritation 
and subsequent reoperation, while limited reports of suture anchor fixation for quadriceps or patellar tendon ruptures as well as partial patellectomy suggest 
these techniques may produce similar outcomes.3>6276.86 In addition, validation of a patellar fracture classification and development of a validated outcome 
score specific to extensor tendon ruptures and patellar fractures will increase the quality of future research. 
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INTRODUCTION TO KNEE DISLOCATIONS 


Dislocation of the tibiofemoral articulation at the knee is a devastating injury with the potential for limb-threatening complications (Fig. 61-1). 
Traditionally, it was considered a rare injury but—with heightened diagnostic suspicion and accuracy—it has been noted with significantly increased 
frequency.!*:27,9%168 Complicating estimates of the true incidence is the fact that a knee that is dislocated or subluxed at the time of trauma usually 
spontaneously reduces prior to assessment.?!5 

Prognosis following a knee dislocation is often determined by the type and severity of associated injury. Traction to surrounding nerves and blood 
vessels at the time of joint disarticulation can compromise the viability of the involved limb acutely or dramatically impair function in the long term. The 
high energy of trauma required to cause a dislocation of such a large joint usually brings with it systemic injuries that can be life-threatening. Not 
uncommonly, patients who have sustained knee dislocations also have concomitant trauma to the head, chest, and abdomen as well as other extremity 
injuries. 


ASSESSMENT OF KNEE DISLOCATIONS 


MECHANISMS OF INJURY FOR KNEE DISLOCATIONS 


Knee dislocations are most likely to occur in males aged 20 to 39.25 The potential mechanisms by which the knee can become dislocated and/or subluxed 
are varied. Authors typically describe mechanisms of injury as high or low energy with arbitrary definitions of each.?™>!37 High-energy mechanisms usually 
involve motor vehicle accidents, falls from height, and sporting events in which a high velocity is achieved (downhill skiing). Low-energy mechanisms 
usually encompass most sporting events and falls from standing.?>!3” Motor vehicle accidents were found to be the most common cause of knee dislocation 
in Chowdhry et al.’s 2020 review of the American College of Surgeons National Trauma Database whereas skiing injuries were the most common 
mechanism in Moatshe et al.’s 2017 review of patients presenting to their Norwegian clinic.2>!3” A commonality between mechanisms of injury is that of 
hyperextension, which is thought to lead to secondary cruciate ligament disruption. Subsequently, a combined varus, valgus, or rotatory force can result in 
the various patterns of collateral ligament injury.2>:!76 


1. Anteroposterior (AP) radiograph of a severe knee dislocation. 


Low-energy mechanism knee dislocations have been found to result in better patient-reported outcome scores than high-energy mechanism 
dislocations.°* Obese patients have the potential to dislocate their knees with simple falls from a standing height or even with activities of daily living such 
as walking.” These “ultra—low”-energy dislocations have a remarkably high rate of associated neurovascular complications. Further complicating the 
management of knee dislocation in morbidly obese patients is that standard braces and splints often do not fit appropriately. Custom orthoses or long leg 
casts may be required for initial immobilization. 


INJURIES ASSOCIATED WITH KNEE DISLOCATIONS 


Given the force required for femoral and tibial dissociation, associated trauma to local joint and limb structures should be expected. Chowdhry et al. found a 
41.4% rate of fracture and 13.6% rate of open fracture in patients with knee dislocations~” ( ). Fractures present specific problems to the 
identification and assessment of multiligament injuries as the inherent instability of the long bones can preclude performing an effective examination of the 
knee joint. Within the joint, damage to the cartilage and menisci is common, with one prospective series suggesting this occurs in at least one-third of 
patients with traumatic dislocation." It is our observation that associated extensor mechanism disruption—while not specifically reported in frequency— 


can have disastrous functional sequelae given that restoration of the quadriceps mechanism is made exceptionally difficult in the setting of a highly unstable 
joint. 

The viability of the limb itself is threatened with associated vascular injury. The popliteal artery is at particular risk of knee dislocations because of its 
“tethered” position behind the joint; the vessel is relatively immobile between the adductor hiatus proximally and the soleus arch distally and thus 
particularly susceptible to both traction and blunt injury. Blunt injuries are thought to cause posterior dislocations secondary to direct compression by the 
tibia while traction injuries are more commonly ascribed to anterior dislocations. Estimates as to how often the popliteal artery is compromised following 
multiligament knee injury vary, with a range from 5% to 50%, likely because of the inherent sensitivities of the investigations used to detect them and/or 
sample bias in the reporting series.®58.132,147,198,221 Chowdhry et al. found a 15% rate of associated vascular injury in their sample of 6,454 knee 
dislocations with 10.8% receiving a vascular procedure.’ 

Injury to the peroneal nerve can occur with traction or blunt trauma to the lateral side of the knee. In several large series, peroneal nerve palsy 
complicated knee dislocations at a frequency of approximately 25%.!48:!56 Recovery is observed in about half of these cases, most of which are partial 
peroneal nerve palsies.®°-!28 Dense motor and sensory palsies are rare but exceptionally dysfunctional for patients, as they mandate the permanent use of an 
ankle-foot orthosis or subsequent surgery to restore active dorsiflexion power to the foot and ankle, such as a posterior tibias nerve transfer.!°° Partial tibial 
nerve transfer has also been described.® In a sample of 357 multiligament knees (who by definition sustained at least transient knee dislocation), Worley et 
al. found a 19% rate of nerve palsy with a statistically significant decrease in final knee range of motion and likelihood of returning to work compared to 
those without nerve injury.22° Risk factors for associated peroneal nerve injury with knee dislocation have been identified, with predilection for males, 
patients with a high body mass index, and those with a concomitant fibular head fracture.?™ 18 A series from the Mayo Clinic of 27 patients demonstrated 
only 38% of patients who sustained a complete peroneal nerve palsy in the setting of a multiligament knee injury recovered antigravity ankle dorsiflexion 
strength compared with 83% of those patients with a partial peroneal nerve palsy. This study also demonstrated significantly inferior functional outcomes 
compared with a matched cohort of knee dislocation patients who did not sustain a peroneal nerve injury.!°? Woodmass et al. had similar findings in their 
systematic review of peroneal nerve palsies in knee dislocation patients.?*” Of the 214 palsies in their cohort, 38.4% of complete palsies achieved functional 
recovery (i.e., >3/5 dorsiflexion strength) whereas 87.3% of patients with partial palsies achieved full recovery (i.e., 5/5 dorsiflexion strength).?*” Younger 
age was the only factor predictive of nerve recovery.?2” 


Radiographic example of a knee dislocation with associated tibial and fibular fractures. 

Trauma to the head, chest, and/or abdomen can be observed with high-energy knee dislocations. A more recent database study from the American 
College of Surgeons found 9.6% of knee dislocation patients to have a low GCS (3-8) and over 23% of knee dislocations with an ISS >15.25 Given the 
high-energy nature of most knee dislocations, recognition of a multiligament knee injury should invoke an “ATLS-like” protocol for initial assessment of 
the patient, akin to that used for a patient with a femoral shaft fracture.” Heterotopic ossification (HO) in patients with knee dislocation ranges between 
13% and 37%. >4==445423 Whelan et al.“ and Zhang et al.*’’ both found PCL reconstruction to be an independent risk factor for HO in their samples of 
91 and 57 patients, respectively. Soft tissue injury has also been found to be a predictor of HO.*’° Patients with radiographic evidence of HO are more likely 
to undergo subsequent manipulation under anesthesia or arthroscopic arthrofibrosis resection.~’’ The use of NSAIDs and radiation has been postulated as a 
prophylactic measure against HO in knee dislocation, but more level one research is needed before a therapeutic recommendation is made.““” 


Figure 61-3. Photographs of an irreducible knee dislocation showing the medial skin “dimpling” (A) and the surface of the medial femoral condyle button-holed 
through the medial retinaculum immediately visible following skin incision (B). 


SIGNS AND SYMPTOMS OF KNEE DISLOCATIONS 


As has been stated previously, it is rare for a knee to present frankly dislocated. Timely reduction is essential in this instance to avoid the potential for 
prolonged neurovascular compromise. In most cases, in-line traction and subsequent extension will allow for easy reduction of the joint. The joint is usually 
most stable in an extended position and can be immobilized in this position before proceeding with imaging. It is important to evaluate the knee for medial 
skin dimpling, as this may indicate an irreducible dislocation that requires open reduction (Fig. 61-3). Incarceration of the medial capsule and even the 
medial collateral ligament (MCL) can prevent concentric reduction of the joint. 

In the case of a reduced acute multiligament knee injury, it is important to determine whether the joint was dislocated at some point and—if so— 
whether it remains “dislocatable.” Unfortunately, the physical examination is often limited in this regard, as the limb will usually be exceptionally painful to 
move or manipulate in the awake patient. Moreover, capsular disruption is a frequent sequela of the joint dislocation and, as a result, an effusion or a 
hemarthrosis may not be present as fluid tracks into lower extremity compartments. In such cases, it is essential to maintain a high degree of suspicion 
throughout assessment. The examiner should carefully examine the skin for lesions that may give clues to the nature of the injury, such as prepatellar 
abrasions consistent with a “dashboard” injury. 

Although a specific knee ligament examination may be less than fruitful in the acutely injured patient, serial examinations of the cruciate and collateral 
ligaments after a period of observation, immobilization, and ice application are essential. If the joint requires reduction, a subsequent examination under 
anesthesia should be performed. In the acute phase, the integrity of the extensor mechanism must be determined as a priority, as should patellar position and 
stability. In situations where pain or instability preclude a physician from performing a physical exam with straight leg raise, the extensor mechanism should 
be evaluated radiographically using patellar height measurements. 

Surgeons should also pay close attention to the presence of wounds that could communicate with the dislocated joint, as these mandate a modified 
protocol to include prompt extensive irrigation and debridement (I&Ds) in addition to stabilization. Between 5% and 17% of knee dislocations are reported 
to be open.?™100 Given that the tissues deep within the joint have been disrupted by the dislocation and that the entire surrounding soft tissue envelope 
including the skin has been compromised, open knee dislocations can be thought of as a “near-complete” traumatic amputation. As such, the assessor should 
maintain a high degree of suspicion for the presence of associated trauma to nerves and blood vessels. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR KNEE DISLOCATIONS 
Radiography 


In the acute setting, supine anteroposterior (AP) and lateral knee radiographs are obtained to evaluate the position of the tibiofemoral articulation. Complete 
dislocations are obvious. Incongruity seen in one plane may be suggestive of frank dislocation in the opposite plane or of spontaneous reduction after 
complete dislocation. Injury films are invaluable in the prediction of soft tissue injuries. For example, widening of the lateral joint space may be indicative 
of a lateral-side injury, whereas medial joint space widening would indicate injury to the medial-side structures. In the case of a posterior cruciate ligament 
(PCL)-deficient knee, the tibia is typically subluxed posteriorly relative to the femur (Fig. 61-4). 

Plain radiographs can also assess for periarticular fractures in the setting of a knee dislocation. Special care should be taken to critically evaluate films 
for distal femur fractures, patella fractures, proximal tibia fractures, and extensor mechanism disruptions. Tibial rim fractures may also be visualized and 
can occur when the femur translates over the front of the tibia and then spontaneously relocates, resulting in a small fracture of the anterior tibial plateau 
(Fig. 61-5). Rim fracture treatment depends on stability and the degree of depression. They are often a sign of a more ominous knee injury and, when seen, 
should stimulate a careful investigation for associated soft tissue injuries. Associated injuries such as proximal tibiofibular injuries can sometimes 
accompany knee dislocation. An example of this is the so-called “arcuate sign.” The arcuate sign is a linear lucency through the head of the fibula best seen 
on AP radiographs and indicating a fibular head avulsion fracture.220.57,184.203 When present, this is pathognomonic for a posterolateral corner (PLC) 


injury. These “arcuate fractures” usually indicate bony avulsion of some portion of the PLC’s arcuate complex. The fibular collateral ligament and/or biceps 
femoris may also be involved (Fig. 61-6).2°39-!84 Another bony avulsion injury may be associated with the anterolateral ligament (ALL). These fractures are 
commonly referred to as Segond fractures and represent an injury to the anterolateral (AL) capsule of the knee.!®° More recently, the ALL has garnered 
increased attention as a restraint to the pivot shift with concomitant ACL reconstruction surgery.!®° In a study investigating the frequency of ALL injury in 
knee dislocations, Marwan et al. found that 48 of 49 knees in their sample had either a complete or incomplete ALL injury as visualized by MRI.!79 Like in 
ACL reconstruction literature, knee dislocation researchers caution against surgeons pivoting toward ALL reconstruction in knee dislocation patients 
without further investigation into its clinical significance, biomechanics, and patient outcomes.°° 


Figure 61-4. Lateral radiograph showing posterior subluxation of the tibia consistent with knee dislocation and insufficiency of the posterior cruciate ligament. 


Figure 61-5. Lateral radiograph showing a tibial rim fracture (arrow). 


-6. AP (A) and lateral (B) radiographs of a fibular head avulsion fracture indicating injury to the posterolateral corner of the knee. 


In the chronic setting, 4 weeks or more after the injury, we typically obtain bilateral AP knee standing x-rays, bilateral posteroanterior flexion x-rays, a 
supine lateral x-ray, bilateral sunrise views, and bilateral hip-to-ankle radiographs. Bilateral hip-to-ankle x-rays (long leg films) are obtained to assess limb 
alignment. In the chronic setting, limb alignment is extremely important to define—it may have significant implications for success or failure of ligament 
reconstruction. 


Magnetic resonance imaging (MRI) remains a gold standard imaging modality for ligamentous pathology. With the advent of 3-Tesla (3-T) MRI, high- 
definition images allow the assessment of all ligamentous structures of the knee: cartilage lesions, meniscal pathology, muscular and tendinous injuries, and 
capsular disruptions. MRI is very helpful at identifying not only a torn ligament but also the precise location of the ligament tear, an important concept in 
surgical decision-making. Ligament avulsion from its bony base is much more amenable to primary repair than a midsubstance ligament tear.”’ In addition 
to aiding in the diagnosis of ligamentous injuries, T1- and T2-weighted MRI can also be helpful in identifying fractures. Suffice it to say, in all knee 
dislocations and in multiligament injured knees, we recommend MRI to identify all pathology and facilitate surgical planning ( 61-7). 

It is important to note that whenever a spanning external fixator is used for maintenance of reduction, the surgeon must know whether the fixator frame 
is magnetic resonance (MR) compatible. Newer external fixator frames are usually MR-compatible, but some are not. Additionally, an MR-compatible 
frame sometimes introduces artifact into the retrieved images. An MRI will oftentimes be delayed until or repeated once the spanning fixator has been 
removed. 


Stress radiography is another helpful tool in evaluating the dislocated knee as it provides an objective measurement of side-to-side differences in 
ligamentous laxity between the injured and uninjured knees. Side-to-side comparison of valgus stress films can be used to identify medial-side injury, varus 
stress films can be used to identify lateral-side injury, and finally, posterior drawer stress views can be used to assess the integrity of the PCL. We typically 
perform stress radiography under fluoroscopic imaging. It is important when obtaining fluoroscopic stress views that the image intensifier is perfectly 
perpendicular to the joint surface in order to see a flat line at the tibial plateau margins. This makes comparison of side-to-side differences and side-by-side 
comparison with prior assessments more accurate (F ). Stress views are extremely helpful in the setting of a globally unstable knee where all four 
ligaments are disrupted. In these cases, it is very difficult to determine the true degree of laxity on the medial and lateral sides and stress views will help 
delineate the exact amounts. 
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51-7. Sagittal T2 MRI showing ACL and PCL disruptions (A) and coronal view showing complete disruption of the superficial and deep MCL from its 
femoral attachment (B). 


The amount of side-to-side difference in laxity is important as the findings will often dictate surgical management. LaPrade et al.!°” have shown that a 
side-to-side difference of greater than 2.7 mm of lateral joint space opening is indicative of an isolated FCL tear, whereas more than 4 mm of side-to-side 
difference is consistent with injuries to both the FCL and the PLC. Similarly, LaPrade et al.'°* also found that a side-to-side difference of 3.8 mm is 
indicative of an isolated MCL tear, whereas a side-to-side difference of greater than 9.8 mm on average is indicative of a combined MCL and posteromedial 
corner (PMC) disruption. Additional biomechanical studies have shown that a grade II posterior drawer is consistent with isolate PCL injury, whereas a 
grade III posterior drawer indicates combined PCL and PLC injury.!’”!78 In a cadaver study, Sekiya et al.178 found that, on average, 9.8 mm of posterior 
translation is indicative of an isolated PCL rupture, but with a combined PCL and PLC injury, the posterior drawer stress views showed a mean of 19.4 mm 
of posterior subluxation of the tibia relative to the femur. Similarly, Schulz et al.'”’ reported that posterior translation of more than 8 mm indicated complete 
insufficiency of the PCL while more than 12 mm of posterior translation suggested additional injury to the PLC structures. 
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Figure 61-8. Fluoroscopic varus stress imaging of a normal joint (A) and lateral joint space opening indicating lateral-side injury (B). Fluoroscopic valgus stress 
views of a normal joint (C) and medial joint space widening of more than 10 degrees in full extension (D), indicative of ACL, PCL, MCL, and posteromedial corner 
injury. (A, B: Reprinted with permission from Levy BA, et al. Posterolateral instability of the knee: evaluation, treatment, results. Sports Med Arthrosc Rev. 
2010;18(4):254—262.) 


Vascular Assessment 


It is critically important to recognize that the dislocated knee is a limb-threatening injury with a high risk for vascular and neurologic compromise. 
Historically, the risk of knee dislocation with concomitant popliteal artery injury was thought to be 7% to 40% whereas more recent studies indicate the risk 
to be 7% to 15%.!97 The ideal technique to screen for vascular injury is still under debate and many questions remain. There is literature support for 
physical examination alone,'®* but many support the use of other screening modalities such as ankle brachial indices (ABI),!** ultrasound, and CT or MR 
angiography. 

When there are “hard” signs of ischemia (i.e., a cool pulseless limb), and the zone of injury is known (knee dislocation/popliteal artery), then the 
vascular surgeon will often perform an immediate arterial exploration at the level of the knee without additional studies. 

In the setting of “soft” signs of ischemia where the limb may be slightly cooler or paler than the other but still have palpable, albeit potentially 
diminished, pulses, further arterial screening is mandated. Several authors have shown that palpable pulses can be noted in the presence of a major popliteal 
artery injury,!7!-!8° although there is frequently an asymmetry. While still controversial, palpable pulses alone do not rule out a significant vascular injury 
and, therefore, we prefer a combination of a good vascular pulse exam and ABIs in all documented or presumed knee dislocations. 

To obtain an ABI, a blood pressure cuff is placed at the level of the lower leg above the malleoli, and bedside Doppler ultrasound is used to assess 
dorsalis pedis artery flow (Fig. 61-9). The blood pressure cuff is inflated and the systolic pressure as noted by the Doppler is identified. The same steps are 
repeated at the level of the arm and the ABI is a ratio of the ankle pressure to the brachial pressure. An ABI of 0.91 to 1.3 is considered normal. An ABI of 
less than 0.90 requires further arterial screening.!?! It is also important to note that patients with peripheral arterial disease may have lower than normal 
ratios. This should be considered in elderly individuals with an acutely dislocated knee, and a comparison to the uninjured side is appropriate. Mills et al.1°4 
demonstrated that an ABI greater than 0.9 has a 100% negative predictive value for a major arterial lesion. Therefore, we recommend performing ABIs on 
all patients with a presumed or documented knee dislocation with subsequent advanced imaging modalities (CT angiography, MR angiography, 
conventional angiography) should abnormal values be found.%” 


Figure 61-9. Illustration of ankle brachial index measurement. (Reprinted with permission from Zierler RE, Dawson DL. Cardiovascular risk assessment in the 
vascular laboratory. In: Strandness’s Duplex Scanning in Vascular Disorders. 5th ed. Wolters Kluwer; 2016:389-402.) 
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Figure 61-10. CT angiogram showing complete disruption of right popliteal arterial flow. 


CT angiography, which has been available since the 1990s, is now widely used as a screening tool for arterial injury (Fig. 61-10). It is less invasive than 
conventional arteriography because dyes are injected through the antecubital fossa as opposed to the femoral vein. It also exposes the patient to one-fourth 
the radiation of conventional arteriography and has been shown to have near 100% sensitivity and specificity.'”* The only disadvantage to CT angiogram is 
the potential for an adverse reaction to contrast or—if contrast has already been used in other scans of the abdomen and pelvis—the potential for a toxic dye 
load. In cases where investigations requiring contrast have already been performed, a time frame of 4 to 6 hours is often necessary before performing a CT 
angiogram of the lower extremity. 

Conventional arteriography was historically considered the gold standard for vascular assessment in complex knee trauma. It continues to have utility 
intraoperatively, particularly as a diagnostic tool used by vascular surgeons. Authors have demonstrated a sensitivity of 95% and a specificity of 93%. 
However, a 5% to 7% false-positive rate has been identified. Disadvantages including its invasive nature, cost, and risk profile (i.e., renal toxicity, 
pseudoaneurysm, and death from anaphylaxis) have led many physicians toward less invasive modalities in the acute setting.8®189 

Many vascular injuries accompanying dislocated knees are not complete arterial occlusions. Intimal tears, which can be benign, are common. These can 
be monitored with serial physical exams. 197-198 

Our current recommendation for all patients with suspected or documented knee dislocation is to perform an ABI. If the ABI is greater than 0.9, we 
perform serial clinical vascular examinations (i.e., admission then again 4—6 hours, 24 hours, and 48 hours postadmission. If the ABI is less than 0.9, we 
recommend a CT angiogram for further screening.!2!:166.197 


CLASSIFICATION OF KNEE DISLOCATIONS 


Knee dislocations can be classified according to the direction of displacement or the anatomical structures (ligaments) damaged. A directional classification 
was first put forward by Kennedy®® in 1963. Apart from the primary four types of dislocation corresponding to the direction of displacement of the tibia 
with respect to the femur (i.e., anterior, posterior, medial, and lateral), a fifth rotatory pattern was identified with four subtypes: anteromedial (AM), AL, 
posteromedial (PM), and posterolateral (PL). Complicating the directional classification is the recognition that most “dislocatable” knees will have 


spontaneously been reduced by the time of presentation. 

Because of the various factors making the use of a pure directional classification difficult, Schenck and colleagues!”© have suggested that these injuries 
be classified according to the anatomic structures disrupted. A further modification by Wascher allows for the consideration of associated fractures.”!° This 
classification has been made even more accurate with the incorporation of findings on MRI (Table 61-1). Although some authors contend the Schenck knee 
dislocation classification system lacks prognostic capabilities and has limited supporting intra- or inter-rater reliability validation,38145 broad support for its 
use still exists in the literature.°”?”° It is our preferred classification system. 


TABLE 61-1. Modified Schenck Classification System of Knee Dislocations 


Classification Injury Description 

KDI PCL intact knee dislocation with a functioning PCL and variable collateral involvement (usually lateral) 
KDII Complete bicruciate injury with both collaterals intact (uncommon) 

KD Ill An injury to both cruciate ligaments and one collateral ligament, either medial (M) or lateral (L) 

KD IV An injury to both cruciate ligaments and both collateral ligaments 

KDV A knee dislocation with periarticular fracture 


An appended uppercase C indicates circulatory injury, an N denotes neurologic damage. For example, KD III-MC implies tearing of both cruciate ligaments and the medial collateral 
ligament, with an associated popliteal artery injury. PCL, posterior cruciate ligament. 


Reprinted from Wascher DC. High-velocity knee dislocation with vascular injury. Treatment principles. Clin Sports Med. 2000;19(3):457—477. Copyright © 2000 WB Saunders 
Company, with permission from Elsevier. 


OUTCOME MEASURES FOR KNEE DISLOCATIONS 


In broad terms, the spectrum of outcomes following multiligament knee injury will encompass those patients who have relatively stiff and painful joints in 
addition to those who describe primarily residual instability and apprehension. The optimal outcome measure by which to assess these patients would be one 
that captures both functional data and patient-reported outcome measure (PROM) data. Investigators have employed a broad range of outcome measures 
which can be collected by clinical exam, patient survey, and/or therapy staff. Some examples include measures of stiffness (range of motion testing), laxity 
(KT-1000 measurement, Lachman test, pivot shift test, anterior/ posterior drawer tests, dial test), return to activity (preinjury employment and preinjury 
sporting activity), and PROMs (Lysholm, KOOS, IKDC, PROMIS, SMFA, SF-36, Marx, Tegner scores). The practice of using so many different outcomes 
can be costly and time-consuming and lead to “responder burden” on behalf of study subjects. 

Discrepancies can exist in functional outcome scores between various measures. For example, most PROMs do not take into account the impact of 
associated polytrauma. Classifications such as injury severity score (ISS) can provide a more global view of the patient’s total body injuries. 

The Multiligament Quality of Life Questionnaire (MLQOL) has been suggested as a PROM to distinguish between the vastly disparate outcomes 
experienced by patients who have had knee dislocations with multiligament injuries. In 2014, Chahal et al.?? published reliability and validity results of 
“The Multiligament Quality of Life Questionnaire” (MLQOL).°4°> More recently, authors have suggested a more universally adopted platform for 
multiligament outcomes research. The patient-reported outcomes measurement information system (PROMIS) offers computer adaptive testing (CAT) that 
is used for outcome measures research across subspecialties. Like the MLQOL questionnaire, researchers have validated it against current outcome 
measures within multiligament injury cohorts?! and have started to apply it to long-term outcome studies.734 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO KNEE DISLOCATIONS 


The management of multiligament knee injuries mandates a comprehensive understanding of the anatomy on all sides of the joint. Imperative to repair or 
reconstructive procedures is an intimate knowledge of the structure of the cruciate and collateral ligaments, as well as the complex confluence of structures 
that comprise the PMC and PLC. Reconstructing multiple ligaments simultaneously demands the surgeon be attentive to balancing the joint in several 
different planes while avoiding “interference” among the individual reconstructive constructs. 


MEDIAL-SIDE KNEE ANATOMY 


The MCL complex was first dissected in detail by Brantigan and Voshell!>1®!76 in the 1940s and is made up of three main components that blend into one 
—the superficial MCL, the deep MCL, and the posterior oblique ligament (POL). The PMC is an important concept to understand. It refers to the medial 
anatomy posterior to the superficial MCL and extending to the PCL. The PMC is made up of the POL, the semimembranosus (SM) tendon (and its 
reflections), the oblique popliteal ligament, the posterior horn of the medial meniscus, and the medial joint capsule.!7171% 

The superficial MCL originates from a depression slightly proximal and posterior to the medial femoral epicondyle, and has a broad, elongated insertion 
onto the proximal medial tibia (Fig. 61-11).!!+!85 A detailed anatomical dissection has been published by LaPrade et al.!°* The deep MCL is a vertical 
thickening of the capsule, found underneath the superficial MCL, and sometimes separated from it by a bursa. Made up of distinct meniscofemoral and 
meniscotibial components, the deep MCL attaches just below the cartilage of the medial tibial plateau (Fig. 61-12). 


Figure 61-11. The medial-side structures of the knee. MM, medial meniscus; SMCL, superficial medial collateral ligament; POL, posterior oblique ligament; SM, 
semimembranosus; MGN, medial head of the gastrocnemius. 
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Figure 61-12. The osseous insertion sites for the medial-side structures of the knee. ME, medial epicondyle; MPFL, medial patellofemoral ligament; AT, adductor 
tubercle; AMT, adductor magnus tendon insertion; GT, gastrocnemius tubercle; MGT, medial gastrocnemius tendon insertion; POL, posterior oblique ligament; sMCL, 
superficial medial collateral ligament. (Reprinted with permission from LaPrade RF, et al. The anatomy of the medial part of the knee. J Bone Joint Surg Am. 


2007;89(9):2000—-2010.) 


The POL is an anatomically separate structure posterior to the superficial MCL, described in 1943, and named in 1973.16-189 Arising behind the medial 
femoral epicondyle, near the adductor tubercle, the POL fans out obliquely from the posterior aspect of the superficial MCL and inserts via three main arms: 


central, capsular, and superficial.!°&!7°.!®5 The central arm is the largest, inserting near the margin of the articular surface of the tibia and reinforcing the 
PM joint capsule. 

The MCL complex is dynamically reinforced by the pes anserinus, direct attachments of the vastus medialis to the superficial MCL, and by expansions 
of the SM tendon. The SM tendon has multiple attachments, including a direct PM tibial insertion, an expansion to the POL, an expansion to the popliteal 
fascia, and an insertion that passes deep to the superficial MCL to the anterior aspect of the tibia. It also forms the oblique popliteal ligament, which attaches 
to the fabella. The pes anserinus is made up of the sartorius, gracilis, and semitendinosus attachments to the tibia inserting just proximal and anterior to the 
distal attachment of the superficial MCL. 


Medial-Side Function and Biomechanics 


The MCL complex is a primary stabilizer that has both static and dynamic resistance (due to muscular attachments) to direct valgus stress. The MCL also 
provides constraint to external rotation and to anterior-posterior translation.?*-!76 Griffith et al.”? demonstrated the proximal division of the superficial MCL 
is the primary static stabilizer to valgus motion at all angles of flexion while the deep MCL is an important secondary stabilizer. The distal division of the 
superficial MCL is the primary stabilizer for external rotation at 30 degrees, while the POL is the primary stabilizer for internal rotation at all angles of 
flexion.?? 

The MCL also serves as a secondary stabilizer to AP motion; sectioning of the MCL with intact cruciates does not increase AP translation, but 
sectioning the superficial MCL in combination with the ACL increases the anterior translation compared with sectioning the ACL alone.”™?05 This has also 
been demonstrated in clinical studies, with the use of computer navigation demonstrating increased AP laxity at 90 degrees in patients with combined ACL 
and grade II MCL injuries, compared with patients with isolated ACL injuries.*°* 

The PMC is a primary stabilizer of the extended knee, providing one-third of the restraint to valgus stress in extension, but slackening in flexion.!”° The 
PMC also has a role as a secondary stabilizer to posterior translation, as sectioning both the POL and the PMC in a PCL-deficient knee increases posterior 
tibial translation in extension.!5* Importantly, the PMC is a restraint to external rotation; sectioning studies have demonstrated that combined sectioning of 
the superficial and deep MCL in conjunction with the PMC increases tibial external rotation and anterior tibial translation at 30 degrees—this phenomenon 
is known as AM rotatory instability (AMRI).9°°!)149 Clinically, this is detected by performing the anterior drawer test with the foot in external rotation and 
comparing it to the exam with the foot not in external rotation. 

The pes anserinus is a dynamic stabilizer of the medial side of the knee that serves to reinforce the complex in extension and prevent excessive external 
rotation of the tibia during flexion. In addition, it is thought that the SM tightens both the superficial MCL and the POL during active flexion, as well as 
retracting the medial meniscus; this action tightens the medial structures when they would normally be lax, preventing meniscal impingement. The 
important dynamic role of the pes anserinus and medial hamstring tendons should be considered when choosing grafts for high-grade medial-side 
ligamentous lesions; avoiding the harvest of autograft hamstring may be preferable in favor of other graft options including allografts in these cases. 


Medial Injury Patterns 


Twaddle et al.,2!° in a series of 63 dislocated knees in 60 patients, demonstrated that an MCL injury was seen in 44% (28) of the knees. The majority of 
these injuries were distal avulsions. Although the PMC was not identified as a specific structural complex in this series, there was a significant proportion of 
knees identified with secondary injuries to the meniscocapsular, meniscofemoral, and meniscotibial attachments. 
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Figure 61-13. Coronal MRI (A) and intraoperative photo (B) demonstrating “button-holing” of the medial femoral condyle through the medial capsule with 
incarceration of the MCL and medial capsule in the joint preventing reduction (arrow). (Courtesy of Robert G. Marx, MD.) 


An MRI study of 27 consecutive knee dislocations found that injury to at least one structure in the PMC was seen in 81% of cases, with injury to the 
superficial MCL detected in 63%.?! In this series, patients with high-grade laxity on examination had a high incidence of injury to the PMC and medial 
meniscus—suggesting the combined role of these structures in medial support. 

In a case series of 93 patients treated for symptomatic AMRI, 99% of the patients had an injury to the POL, 70% to the SM expansions, 33% to the 
superficial MCL, and 25% to the deep MCL.!®° The POL and the superficial MCL had relatively equal incidences of injury to the tibial and femoral 
attachments; while it was not uncommon for the POL to have interstitial or multifocal injury, these patterns of injury were rarely seen with the superficial 
MCL. 

The close proximity of the insertions of the pes anserinus and superficial MCL creates the potential for a “Stener-like lesion” to occur with tibial-sided 


MCL avulsions. Similar to the Stener lesion observed in thumb, the pes anserinus and its component tendons can become interposed deep to a superficial 
MCL that is pulled away from the tibia, usually the result of a profound valgus moment. The subsequent inability of the native ligament to heal to its 
anatomic attachment site has implications for prognosis and treatment—most surgeons will consider surgery in this scenario to reattach the avulsed ligament 
to the tibia and deep to the pes. 

Another unique injury pattern occasionally observed on the medial side with knee dislocations is that of the “irreducible” joint. First described in detail 
in the 1960s, this phenomenon occurs with PL dislocation of the tibia in the presence of an extreme valgus force.!”!6! The force is such that the medial 
femoral condyle is forced through the knee capsule anteromedially. In this situation, the joint cannot be concentrically reduced via traditional manipulation 
techniques due to interposition of the medial soft tissue envelope (most commonly the medial joint capsule). Surgery should be performed emergently to 
reduce the joint (Fig. 61-13). 

MCL injuries are common in the setting of knee dislocations. Generalizations as to the location of the MCL disruptions (proximal vs. distal) are difficult 
to make, given the relatively small numbers and inconsistent reporting. The distinction between an isolated MCL injury and a PMC injury is key. PMC 
injuries normally require surgical treatment. MCL injuries off the tibial side may also benefit from surgical treatment. 


Considerations in Repair and Reconstruction of Medial Knee Injury 


In 2021, an international consensus statement on PMC injuries was released.?* The Delphi Method was utilized which considers 75% agreement as the 
cutoff for consensus. Thirty-five experts in the field of PMC repair and/or reconstruction reached consensus on the following: isolated partial ruptures of the 
superficial MCL should be treated nonoperatively in an unlocked ROM brace, tibial and femoral bony avulsions necessitate acute surgical intervention, and 
Stener-type lesions necessitate acute surgical intervention.?? In regards to combined ACL and PMC injuries, experts agreed individuals with less than 3 mm 
valgus laxity after 4 to 8 weeks of unlocked brace wear could be treated with delayed ACL reconstruction and no PMC reconstruction or repair. If greater 
than 3 mm of laxity is present after a trial of bracing, the experts agreed upon combined ACL and PMC reconstruction. Lastly, they agreed that three 
ligament injuries (ACL, PCL, PMC) should be treated with acute reconstruction.” 


LATERAL-SIDE KNEE ANATOMY 


Although PLC injuries in isolation occur in less than 2% of acute knee injuries, PLC injury in association with ACL and PCL tears occurs between 43% and 
80% of the time.”293692,165 For this reason, an understanding of the complex ligamentous and musculotendinous anatomy is critical to the management of 
injury to this region of the knee. When considering repair and/or reconstruction after injury, the most important distinct anatomical structures to consider in 
the PLC are the popliteus tendon, the popliteofibular ligament (PFL), and the FCL, also referred to as the lateral collateral ligament (LCL) (Fig. 61-14). 


Figure 61-14. The posterolateral anatomy of the knee. LCL, lateral collateral ligament; PFL, popliteofibular ligament; LGN, lateral head of the gastrocnemius. 


Similar to the medial side of the knee, exposure laterally usually proceeds via a straight lateral incision. The iliotibial band (ITB) is the first structure 
encountered in the approach, and it has three components: superficial, deep, and capsulo-osseous.!”* The superficial fibers of the ITB run from the anterior 
superior iliac spine and anterior iliac crest to insert at Gerdy tubercle; it is rarely injured in disruption of the PLC of the knee. The deep layer runs from the 
medial aspect of the superficial ITB to the lateral intermuscular septum, while the capsulo-osseous layer runs from the lateral intermuscular septum to blend 
with the short head of the biceps femoris, forming an AL sling over the lateral femoral condyle. !?3-209,211 

The biceps tendon is composed of both short and long heads; its primary function is to flex the knee and externally rotate the flexed knee. The long head 
takes origin from the ischial tuberosity, while the short head originates from the medial aspect of the linea aspera of the distal femur.!4? The direct arm of 
the long head inserts onto the PL aspect of the fibular styloid, with an anterior arm that passes lateral to the FCL to insert onto the tibial plateau.?!! The 
short head also has multiple tendinous arms: an anterior arm that passes deep to the FCL to attach to the meniscotibial capsule, a direct arm to the fibular 
styloid, and a capsular arm to the PL capsule. The direct arm of the short head of the biceps can give rise to fibular head avulsions—seen commonly in AM 
dislocations and high-grade varus knee injuries. The most distal edge of the capsular arm of the biceps forms the fabellofibular ligament—a component 
structure of the PLC.1!3210.211 

The FCL arises from the femur in a small depression just proximal and posterior to the lateral epicondyle (mean 1.4 mm proximal and 3.1 mm posterior; 
Fig. 60-15).!"° The ligament is approximately 70 mm long and extracapsular and runs distally to insert onto the lateral fibular head; the insertion is a mean 
of 8.2 mm posterior to the anterior border, and 28.4 mm anteroinferior to the proximal tip of the fibular styloid. 1021 

The popliteus complex consists of the popliteus muscle and tendon and multiple ligamentous connections; it acts as a dynamic internal rotator of the 
tibia. The popliteus muscle originates from the PM aspect of the proximal tibia, forming the floor of the inferior popliteal fossa, and becomes the popliteal 


tendon at the lateral one-third of the fossa. The tendon’s average length is 54 mm; passing through the popliteal hiatus in the coronary ligament, it becomes 
intra-articular and inserts into the popliteal sulcus of lateral femoral condyle, consistently in the proximal half and anterior one-fifth of the sulcus.!!°!%8 The 
popliteus tendon insertion is anterior and distal to the femoral insertion of the FCL (18.5 mm anterior and distal to the femoral insertion of FCL).2°?"! The 
popliteus also has multiple attachments to the tibia, fibula, and meniscus; the meniscal attachments act to dynamically stabilize the lateral meniscus. The 
fibular attachments are known as the anterior and posterior PFLs (previously the arcuate ligament), which is a continuation of the popliteus tendon and is a 
static stabilizer, resisting varus, external rotation, and posterior tibial translation.!!° Arising from just proximal to the musculotendinous junction of the 
popliteus, it consists of anterior and posterior divisions attaching to the fibula in a Y configuration.!!° The posterior division is stronger and attaches to the 
apex and downslope of the PM fibular styloid process (1.6-2.8 mm distal to the PM tip of the fibular styloid) while the anterior division attaches just medial 
to the FCL. In PLC injuries, the posterior division may avulse a fragment of the fibular head known as an arcuate fracture,20-!84 and it is this larger, 
posterior division of the PFL that is usually reconstructed in PLC injuries.!10174 

The fabellofibular ligament is the most distal edge of the capsular arm of the biceps femoris, running from the lateral edge of the fabella (osseous in 10— 
20% of knees) to the fibular head just behind the posterior division of the PFL.!!°:!63 The fabellofibular ligament is tightest in full extension and likely 
provides stability in this position. The PL capsule has superficial and deep laminae, which become one layer anterior to the ITB. Injury to the meniscotibial 
component is responsible for at least a portion of the bony avulsion fracture known as the Segond fracture. Other authors contend a Segond fracture is from 
a capsular thickening in this location known as the ALL, a structure that has recently garnered increased attention as an extracapsular restraint to the pivot 
shift.18° 


Lateral Function and Biomechanics 


The primary functions of the PLC are to resist varus rotation, external tibial rotation, and posterior translation of the tibia. The most important structures in 
imparting stability are the FCL, the popliteus tendon, and the PFL.®*’2:!05.174 The FCL is the primary static stabilizer to varus forces at all flexion angles of 
the knee, especially between 0 degree and 30 degrees of flexion, with the PLC and PCL being the important secondary stabilizers. 105-174 

The popliteus complex, in conjunction with the FCL, provides primary restraint to external rotation of the knee. Sectioning of the PLC increases 
external rotation at all angles of knee flexion. The FCL primarily resists external rotation early in knee flexion (0-30 degrees). The popliteus tendon and 
the PFL become more highly loaded with external rotation at knee flexion angles of greater than 60 degrees.!'* Sectioning of the PLC in the PCL intact 
knee increases external rotation at 30 degrees more than at 90 degrees, and combined sectioning of the PLC and the PCL results in increased external 
rotation at all angles of knee flexion and maximally at 90 degrees; this is the basis of the clinical dial test.®%:72 

The PCL is the dominant restraint to posterior tibial translation; however, it has been observed that reconstructing the PCL only in PCL- and PLC- 
deficient knees results in increased residual posterior tibial translation.’”? Sectioning of the PLC structures with the PCL intact increases the posterior 
translation of the lateral tibial plateau in extension; in the PCL-deficient knee, such sectioning increases posterior translation at 30 degrees and 90 degrees. 
At 90 degrees, isolated PCL sectioning generates between 5 and 11 mm of laxity; combined sectioning of the PCL and PLC generates up to 15 to 21 mm of 
laxity. Clinically, a grade 3 PCL deficiency can be observed only if the PLC is also deficient.!”® The PLC does not prevent primary anterior tibial 
translation, but in the ACL-deficient knee, it becomes an important restraint, especially in extension.?30 


Lateral Injury Patterns 


The incidence of injury to the PLC in the multiple ligaments-injured knee is high. In 89 patients, all of whom had both ACL and PCL ruptures, the 
incidence of FCL rupture was 38%.!°” Not all components of the PLC are injured in every case; in a series of 89 consecutive patients treated surgically for 
knee dislocation, 32% had an FCL injury, 31% had a popliteus injury, and 12% had a biceps tendon injury.®? 

The location of the ligament injuries is also variable and may be proximal, distal, or midsubstance. Feng et al.,°° in a series of 48 acute grade III PLC 
injuries undergoing surgery, showed that 40% of patients (19/48) had femoral avulsions of the popliteus, the FCL, or both. 

The common peroneal nerve (CPN) is extremely vulnerable to injury in knee dislocation, due to the fact that it is tethered proximally at the fibular neck 
and distally at the intermuscular septum. CPN injury is most commonly associated with injury to the PLC.2°*° The overall rate of neurologic injury 
following knee dislocation is as high as 40%, with complete motor and sensory disruption of the CPN reported in 19% of patients in some series; it is 
usually a traction injury occurring over a substantial length of the nerve.!5?:!5%-!67 Recovery is related to the severity of the initial injury, and while patients 
with incomplete injuries have a better prognosis, only 40% or less of patients with CPN injuries will experience functional recovery.!*8 


Considerations in Repair and Reconstruction of Lateral Knee Injury 


The CPN is found deep and posterior to the biceps tendon and runs around the lateral aspect of the fibular head 1.5 to 2 cm distal to the fibular styloid at the 
level of the fibular neck. It should be the first structure identified and protected during a dissection of the PLC. A Penrose drain or vessel loop can be placed 
around it to allow continuous identification and gentle retraction. The inferior lateral geniculate artery runs along the posterior joint capsule at the superior 
edge of the lateral meniscus, between the superficial and deep layers of the PL capsule; at the top of the fibular styloid, it is found between the 
popliteofibular and fabellofibular ligaments. 

In similar fashion to the PMC, a Delphi consensus statement by 27 international PLC reconstruction experts was released in 2019.74 The experts reached 
consensus that acute PLC injuries should be surgically reconstructed within 2 to 3 weeks after surgery. They agreed that only discrete structures within the 
PLC that are torn should be reconstructed.”* If all PLC structures are involved, an anatomic PLC reconstruction should take place. Lastly, repair of 
individual structures within the PLC may be performed when bony avulsions amenable to repair are present. Hybrid procedures, or reconstruction of 
primary PLC structures and repair of secondary restraints (biceps avulsions, lateral capsule, iliotibial band avulsions), can provide satisfactory outcomes.”* 


POSTERIOR KNEE ANATOMY 


The anatomy of the posterior aspect of the knee is a complicated network of dynamic and static stabilizers; these structures include the PCL, capsule, and 
the multiple attachments of the SM and popliteus muscles.!!! 

The PCL is the largest of the intra-articular ligaments, with an average length of 38 mm, and a mean diameter at the midpoint of 13 mm; its cross- 
sectional area is approximately 120% to 150% greater than that of the ACL." It is the cornerstone of the knee and should be the first thing reconstructed in 
most situations. Arising from the lateral aspect of the medial femoral condyle, and inserting onto the posterior tibia, the PCL is most narrow in its 


midsubstance, fanning out at both the femoral origin and the tibial insertion. The PCL has two distinct bundles defined by their insertion on the femur: an 
AL bundle and a PM bundle. The AL bundle is larger and comprises 85% of the PCL’s cross-sectional area. 

The femoral footprint is a broad, semicircular attachment on the AL aspect of the medial femoral condyle, adjacent to the articular surface. In the 
coronal plane, this attachment is typically between 12 and 4 o’clock in the right knee, and between 12 and 8 o’clock in the left knee; insertion of the two 
bundles is separated by a medial bifurcate ridge” (Fig. 61-16). 

The PCL inserts onto a midline depression on the tibia, 10 to 15 mm below the level of the medial and lateral tibial plateaus; this fossa is trapezoidal in 
shape.!3 The AL bundle occupies the superolateral aspect of the tibial footprint, with the PM occupying the inferomedial aspect of the intercondylar fossa2°© 
(see Fig. 61-15). Accompanying the PCL are the meniscofemoral ligaments, at least one of which is present in 93% of knees; these lie anterior (ligament of 
Humphrey) and posterior (ligament of Wrisberg) to the PCL.”* Contributing significantly to the PCL footprint and cross-sectional area (mean 17.2% in one 
cadaver study), the meniscofemoral ligaments connect the posterior horn of the lateral meniscus to the intercondylar notch, and are thought to be secondary 
restraints to posterior translation, as well as acting to stabilize the posterior horn of the lateral meniscus.!!5-!46-160 However, the degree to which these 
ligaments contribute to knee stability is still under investigation. Geeslin et al. performed a biomechanical study investigating the role of the meniscofemoral 
ligaments in patients with ACL injuries and lateral compartment posterior meniscal root tears.®! Lateral compartment contact loads were elevated in 
individuals with deficient ACLs, deficient lateral posterior roots, and deficient meniscofemoral ligaments but not elevated when the meniscofemoral 
ligaments were intact.°! This suggests meniscofemoral ligaments play a role as a secondary or tertiary restraint to lateral compartment stability.*! 


PM bundle 


Figure 61-15. Axial (A) and posterior (B) photographs of a cadaver knee showing the anatomic insertions of the PCL onto the PCL facet of the tibia. (Reprinted from 
Edwards A, et al. The attachments of the fiber bundles of the posterior cruciate ligament: an anatomic study. Arthroscopy. 2007;23(3):284-290. Copyright © 2007 
Arthroscopy Association of North America. With permission from Elsevier.) 
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Figure 61-16. Sagittal photograph of a sectioned cadaver femur showing the anatomic insertions of the PCL onto the medial femoral condyle. (Reprinted from 
Edwards A, et al. The attachments of the fiber bundles of the posterior cruciate ligament: an anatomic study. Arthroscopy. 2007;23(3):284—290. Copyright © 2007 
Arthroscopy Association of North America. With permission from Elsevier.) 


The posterior joint capsule originates at the proximal margin of the posterior femoral condyles and attaches below the tibial plateau; it is continuous 
medially with the superficial MCL and the POL.!!! There is commonly a variably sized defect in the PM joint capsule, between the medial head of the 
gastrocnemius and the direct attachment of the SM; this is likely the cause of Baker cysts. In addition to its contribution to the medial aspect of the knee, the 
SM has multiple extensions to the posterior aspect of the knee; these include proximal posterior capsular arms, distal tibial expansions, and its contributions 
to the oblique popliteal ligament. The oblique popliteal ligament is a distinct thickening of the capsule, arising medially as a confluence of an SM expansion 
and an arm of the POL. Usually, 48 mm long and widening from 9.5 mm medially to 16.4 mm at its lateral attachment, it attaches to both the fabella and the 
posterior tibia just lateral to the PCL; the ligament did not attach to the lateral femoral condyle in any of the 20 knees dissected by LaPrade et al.!!! The 
posterior capsule is also strengthened by an expansion from the medial aspect of the popliteus that attaches to the PM joint capsule (Fig. 61-17). 


Posterior Function and Biomechanics 


The PCL provides the majority of the total restraint to posterior tibial displacement at all flexion angles and 95% of the posterior stability between 30 and 90 
degrees. 19-6 It is likely that the larger AL bundle is the major contributor, with biomechanical tests demonstrating that the AL bundle has a tensile strength 
of 1620 N compared with 258 N of the PM bundle.!®* However, at flexion angles beyond 120 degrees, the PM bundle becomes horizontal, suggesting 
increased function of the PM bundle with increased knee flexion.! 

As previously mentioned, the PCL is a secondary restraint to varus rotation; while sectioning the PCL alone does not increase varus rotation, doing so in 
addition to sectioning the PLC significantly increases varus rotation.®*-’”* In the same manner, the PCL is a secondary restraint to valgus rotation; again, 
sectioning of the PCL with an intact FCL does not affect varus rotation.'’* The PCL also acts as a secondary restraint to both internal and external rotation 
of the tibia, with sectioning mildly increasing the range of external rotation at 30 degrees and 90 degrees and of internal rotation at 90 degrees. A cadaver 
study by Morgan et al.'4° showed that the oblique popliteal ligament was the primary ligamentous restraint to knee hyperextension; in all groups, the 
increase in knee hyperextension after sectioning the oblique popliteal ligament approached or exceeded the increases seen after sectioning the ACL and PCL 
combined. Whether surgical repair or reconstruction is indicated in patients with knee hyperextension after knee dislocation remains to be seen. 


Figure 61-17. Deep anatomy of the posterior aspect of the knee. SM, semimembranosus; OPL, oblique popliteal ligament; LCL, lateral collateral ligament; PCL, 
posterior cruciate ligament. 


Posterior Injury Patterns 


The incidence of PCL injury in the multiply ligament injured knee is very high, but the pattern of injury varies. In a series of 63 knee dislocations, the 
incidence of PCL injury was 87%, with the majority being proximal avulsions or midsubstance tears; only 5% were distal avulsions.?!> In a separate study, 
Richter et al.!67 operated on 68 knee dislocations with PCL injury; the most common patterns of injury were intrasubstance ruptures (37%), tibial avulsion 
without bone (28%), and femoral avulsion without bone (18%). Femoral bony avulsion (7%) and tibial bony avulsion (10%) were less common. 

The pattern of injury is important to recognize in PCL injury, as some may be amenable to primary repair. In the series by Twaddle et al.,2!° 46% of the 
PCLs were avulsed from the femur and were repaired. Isolated distal PCL avulsions with a bony fragment are frequently repaired, either through an open 
approach or by arthroscopic means; while this pattern seems relatively uncommon, primary repair of such lesions has been described in the knee dislocation 
population, but not usually via a posterior approach.®:7153.167 

The popliteal artery is specifically at risk during the initial trauma of knee dislocation, as it is tethered proximally by the tendinous insertion of the 
adductor magnus onto the medial femoral epicondyle and distally by the tendon of the soleus. Relative displacement of the tibia posteriorly in posterior 
dislocations—or of the femur posteriorly in anterior dislocations—can result in either a traction or blunt injury to the artery at its “fixed” segment.!°” The 
severity of an injury can vary from an intimal flap to complete transection of the vessel. Typically, intimal flaps do not cause significant disruption of blood 
supply. Disruptions of popliteal flow demand a high index of suspicion, early recognition, and often vascular surgery for either repair or bypass (Fig. 61- 
18A,B).19” 


Considerations in Repair and Reconstruction of PCL Injury 


The popliteal artery is specifically at risk when drilling the tibial tunnel in arthroscopic PCL reconstructions, as the anterior wall of the popliteal artery is 
only 7 to 10 mm from the posterior aspect of the PCL! (Fig. 61-19). Although arthroscopic techniques are now commonplace, direct open posterior 
exposure of the PCL has been described for both repair of tibial avulsions or “inlay”-type reconstructions. Traditionally, the posterior neurovascular bundle 
was formally exposed and retracted using a long curvilinear posterior incision before addressing the ligamentous injury. A more limited exposure described 
by Burks and Schaffer!® affords exposure of the tibial footprint utilizing the muscular interval between the medial head of the gastrocnemius and SM. This 
approach can be performed through a smaller distal curved incision with the neurovascular structures being protected by a laterally retracted medial 
gastrocnemius; structures at risk in this approach include the middle geniculate artery that often needs ligation and the motor branch of the tibial nerve to the 
medial head of the gastrocnemius. 
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Figure 61-18. Lateral (A) and medial (B) views of the limb with an external fixator in place and four-compartment fasciotomy incisions after knee dislocation; note 
the incision on the medial distal thigh for the popliteal artery repair. 


Figure 61-19. Illustrations of popliteal artery anatomy. A: The course of the popliteal artery behind the knee. Note the “fixation” points proximally at the adductor 
hiatus and distally at the soleus arch that put the artery at risk during injury. B: The popliteal artery at risk during surgery. AM, adductor magnus. 


ANTERIOR CRUCIATE LIGAMENT ANATOMY 


The ACL is an intra-articular ligament, but technically extrasynovial as it is surrounded by synovium. Running from the femur to the tibia in an anterior— 
medial direction, the ACL has both a variable length (22-41 mm) and width (7-12 mm), although it is consistently narrowest in the midsubstance.*4°-’8 The 
ACL is made up of two bundles, the AM and the PL, which are named according to their tibial insertion.® 


The femoral origin of the ACL is on the PM edge of the lateral femoral condyle, posterior to the lateral intercondylar ridge (also known as Resident 
Ridge). The attachment is usually oval in shape, with the AM bundle arising from the superior and anterior aspects and the PL bundle arising from the 
posterior and inferior aspects.!! Anatomically, these bundles are often separated by the lateral bifurcate ridge, which runs from anterior to posterior on the 
femur.°! Using a clock-face description, based on the posterior outlet of the femoral intercondylar notch, Edwards et al.*! found that the bulk of the AM 
bundle was attached between 9:30 and 11:30 o’clock and the PL bundle between 8:30 and 10 o’clock. The distance on the femur between the centers of 
these two bundles varies from 8 to 10 mm, depending on the size of the knee. 

The tibial footprint of the ACL is on the tibial plateau, in the anterior intercondylar fossa, between the medial and lateral tibial spines; the tibial insertion 
is 120% larger than the femoral insertion.” This insertion is AL to the medial tibial spine, with some fibers passing deep to the transverse meniscal 
ligament, and some merging with the anterior aspect of the lateral meniscus.!! 


ACL Function and Biomechanics 


The ACL provides the primary resistance to anterior tibial translation; it also guides rotation of the tibia during the screw-home mechanism.°? In extension, 
the PL bundle is tight, and the AM bundle somewhat lax; as the knee flexes, the ACL becomes more horizontal, causing the more vertically orientated PL 
bundle to loose tension while the more horizontal AM bundle tightens.* This has been shown to correspond to the respective mechanical function of each 
bundle, with the PL bundle resisting anterior tibial translation in extension, and the AM bundle becomes more important as flexion increases, carrying a 
higher force than the PL bundle beyond 45 degrees of flexion. It has also been demonstrated that internal rotation places strain on the ACL, and that the 
ACL-deficient knee has increased internal tibial rotation compared with the ACL-intact knee (i.e., positive pivot shift); it is likely that the PL bundle plays 
the most significant role in this respect.>°*59 


ACL Injury Patterns 


Richter et al.!°” reported on the pattern of injury of the ACL in traumatic knee dislocations; 32% (22/68) were midsubstance ruptures, 24% (16/68) were 
femoral avulsions without bone, and 26% (18/68) were tibial avulsions without bone. Similar to the pattern of injury noticed with the PCL, femoral avulsion 
with bone (7%) and tibial avulsion with bone (10%) were relatively uncommon patterns. 


TREATMENT OPTIONS IN KNEE DISLOCATIONS 


Following reduction of the dislocated knee joint, the goals of initial management are to diagnose and treat limb-threatening injuries. 

Historically, 8 to 12 weeks immobilization was the mainstay of management for the reduced knee dislocation.*2°%:2°” More recently, acute surgical 
repair and/or reconstruction has been advocated as a potential means to restore stability early while affording motion and minimizing the potential for 
muscle weakness and atrophy.?°* Arthroscopic advances, minimally invasive techniques, the utilization of allograft tissue, and the evolution of ligament 
fixation devices have added further enthusiasm to early surgical treatment. 

Dedmond and Almekinders?” reviewed the literature available prior to 2000 identifying 17 studies that described treatment for 206 knee dislocations 
(132 operative and 74 nonoperative). Average range of motion and Lysholm scores were significantly superior in the operative group. In a review of studies 
published after 2000, and up to 2011, Peskun and Whelan!°” identified further 35 studies describing 916 dislocations, the vast majority of which were 
treated operatively representing the shift in philosophy over time (855 operative vs. 61 nonoperative). 

There have also been studies, albeit retrospective, that have directly compared groups of patients treated operatively and nonoperatively at the same 
centers. 199167 Richter et al.!°” reported on 89 patients with knee dislocations treated at a single level 1 trauma center. At an average follow-up of more than 
8 years, surgical repair or reconstruction of the ligaments (63 patients) was superior to nonsurgical treatment (26 patients). Functional rehabilitation—which 
comprised early range-of-motion (ROM) exercises—was identified as the single most important prognostic factor. Plancher and Siliski!°® found that 
operatively treated patients were not only better from a functional standpoint but also less likely to develop severe radiographic degenerative changes. 

As stated before, recent consensus groups studying both PMC and PLC injuries advocated for operative management with early ROM.?3:24 


NONOPERATIVE TREATMENT OF KNEE DISLOCATIONS 


Indications/Contraindications 


Nonoperative Treatment of Knee Dislocations: 
INDICATIONS AND CONTRAINDICATIONS 


Indications Relative Contraindications 


e Comorbidity and/or concomitant injury of sufficient severity to preclude extensive 
surgery and/or anesthetic (relative) 
e Skeletal immaturity (relative; often should still be treated surgically) 


Open dislocations 

Dislocations with associated vascular injury 

Irreducible dislocations 

Dislocations with associated compartment syndrome 

Dislocations with subsequent multiligament laxity and joint subluxation 


Despite the relative abundance of recent information suggesting the superiority of operative treatment for knee dislocations and multiligament knee injuries 
in general, there are times when surgery may not be possible or is strongly contraindicated. Such instances would include—but are not limited to—those 
patients with substantial comorbidities or polytrauma in whom the risk of operative intervention likely outweighs the benefit. These types of circumstances 
are not uncommon with knee dislocations. Moreover, multiligament knee injury can occur with minimal trauma in obese individuals (the “ultra—low”- 
energy knee dislocation),**°? many of whom have concomitant medical conditions that preclude a general anesthetic. In those with significant open 
wounds, the implantation of allograft tissue for reconstruction of torn knee ligaments may be too dangerous, given the risk of contamination and potential 
infection. In many cases, these patients are still ideally treated with surgical reconstruction. The role of surgical reconstruction in skeletally immature and 
elderly patients with knee dislocations is unknown. In the elderly, there is obvious risk imposed by comorbidities. Complicating matters further are the 
technical difficulties presented by poor bone quality and the unpredictability of surgical reconstruction of ligamentous injury in those with any degree of 


preexisting arthritis. Although techniques have been described to surgically treat children with open growth plates,°’-"%°° the complex constructs described 
for reconstruction of multiligament injuries— especially those with several tibial tunnels—significantly increase the risk of future growth disturbance. 


Immobilization 


Nonoperative care begins initially with reduction of the joint and observation for vascular injury, nerve injury, or developing compartment syndrome. 
Assuming that there are no concomitant limb-threatening injuries or open wounds, and the joint remains concentrically reduced, the knee is immobilized in 
full extension in a long leg cylindrical cast (or splint) for at least 3 weeks.’!2°” A posterior pad may be placed behind the tibia in cases with high-grade 
injury to the PCL to prevent posterior subluxation of the tibia. The period of immobilization is usually extended as long as 6 weeks, depending on the extent 
of the original injury and the treating physician’s impression of the degree of ligamentous laxity persisting at 3 weeks. Immobilization for longer than 6 
weeks is not recommended." The goal of nonoperative care is the “titration” of a sufficient amount of stiffness so that the joint will remain reduced but 
will maintain a functional arc of motion. Following the initial period of immobilization, ROM exercises are introduced and progressed until these goals are 
met. This treatment rarely yields the excellent results that a successful reconstruction can achieve but may be the best option in rare circumstances. 


External Fixation 


Occasionally, the application of an external fixator may be required to maintain reduction of a highly unstable joint ( ). While this procedure 
requires a general anesthetic, it is not nearly as invasive as a multiligament repair and/or reconstruction and thus maybe still considered under the realm of 
damage control treatment options. An essential part of the procedure prior to fixator application should be an extensive examination of the joint and 
ligaments to document the extent and severity of the injury under anesthesia. 

A fixator is an essential adjunct in the treatment of knee dislocations complicated by vascular injury requiring a revascularization procedure.** In this 
instance, the fixator is optimally applied just before performing the vascular bypass and allows for a stable construct so that the vessel repair can be 
performed—and heal—undisturbed by subluxation and instability episodes. 


- 


0. External fixator placed to maintain knee joint reduction; note the pin placement anteromedial on the tibia and anterolateral on the femur. 


There are times when a fixator can be helpful but not essential—particularly with extensive open wounds and compromise of the soft tissue envelope 
requiring multiple (I&Ds) procedures.'°":**? In the case of extensor mechanism disruption, a fixator will allow a period of “splinting” that will protect a 
quadriceps or patellar tendon repair prior to consideration of formal ligament reconstruction and/or repair. 131154,2: 

We recommend against the routine application of external fixators after reduction of knee dislocations. Pin site infections are not uncommon and have 
the potential to colonize the soft tissue envelope around the joint—thereby putting planned subsequent ligament reconstruction procedures (especially those 
with allograft tissue) in jeopardy. Moreover, fixators are not easy to apply in the setting of a highly unstable joint and can significantly compromise the 
ability to restore quadriceps muscle bulk and function if left on too long. 

If required, an external fixator is placed across the reduced knee with pins in both the femur and the tibia. Care should be taken to position pins in extra- 
articular locations to avoid potential colonization of the joint. The surgeon should be aware of the proximal and distal extent of the knee joint capsule and its 


reflections. Proximal pins are also optimally positioned so that they avoid the quadriceps mechanism. Distally, pins are best placed in the subcutaneous 
anteromedial surface of the tibia so as to limit the potential for infection. Several pin/frame constructs, including articulated and hinged fixators, have been 
described. These have the advantage of allowing some early motion.>”!?5 


OPERATIVE TREATMENT OF KNEE DISLOCATIONS 


Timing of surgery is controversial in the dislocated knee. A systematic review by Levy et al.!!” reported improved outcomes for patients treated with early 
surgical intervention. Conversely, Mook et al.!4! reported an increased rate of arthrofibrosis in patients undergoing early surgical intervention. A 2022 
systematic review and meta-analysis by Vermeijden et al. found no difference in ROM or functional outcomes between early and delayed multiligament 
knee reconstruction cohorts.7!” The study did note a higher risk of chondral and meniscal injury in the delayed reconstruction group, similar to recent 
findings by Shamrock et al.!®*!” The timing of surgery is also influenced by additional factors beyond the ligamentous injuries such as periarticular 
fractures, soft tissue injury, or other concomitant injuries. For the purposes of this chapter, we divide the timing of surgery into two categories: (1) emergent 
and (2) nonemergent. Nonemergent surgery will then be further subdivided into (1) early (1—weeks) or (2) delayed (>4 weeks). 


Emergent Treatment 
Preoperative Planning 


Prompt recognition of an emergent limb-threatening injury is the first step in preoperative planning. Early discussion with the orthopaedic trauma team, 
general surgery trauma team, and vascular surgery team is imperative so that all surgical personnel is aware of the emergent situation and the surgical plan. 
In the case of a vascular injury requiring repair, the vascular surgeons will perform repair or bypass with grafts as needed. From an orthopaedic perspective, 
intraoperative fluoroscopy and trays for a spanning external fixation device should be available. 

For open knee dislocations, approximately 9 to 12 L of normal saline with low-pressure pulsatile lavage is used.°° Negative pressure wound therapy is 
often recommended as a treatment adjunct. The extent of the bony injury and instability as evaluated intraoperatively will ultimately determine whether 
external fixation or bracing is used for subsequent immobilization. 


Technique 


Patient positioning for any emergent surgical indication is generally supine, but specific situations may require alternative positions. For vascular injuries 
requiring repair, the injured limb is typically put in a slightly flexed and externally rotated position that allows the vascular surgeon to have access to the 
artery through a PM approach. Prior to the arterial repair, intraoperative fluoroscopy is used for a quick assessment of the knee with valgus and varus and 
posterior drawer stress views to define the ligament instability pattern. 

When applying an external fixator, we typically place two Schanz pins in the AM tibia distal to future tibial tunnel locations and also two Schanz pins in 
the AL femur one-hand breadth proximal to the superior pole of the patella with the knee in extension. In the case of compartment syndrome with a knee 
dislocation, our typical technique for fasciotomies is as described by Mubarak and Owen! using two 15- to 20-cm-long incisions on the medial and lateral 
sides of the lower leg with at least a 7-cm bridge between the two (see Fig. 61-18). 

In the case of an irreducible knee dislocation, one can perform either a midline arthrotomy with large soft tissue flaps or a straight medial incision to 
directly approach the medial retinaculum through which the medial femoral condyle has perforated. At times, a combination of these approaches is 
necessary to reduce the knee. 


Postoperative Care 


If an external fixator is placed, the authors recommend daily pin site cleaning; however, mixed evidence exists in its efficacy toward prevention of pin site 
infection.”° In addition, the patient can do straight leg raises as well as ankle pumps for maintenance of muscle tone and DVT prevention while the external 
fixator is in place. 

In the setting of an open knee dislocation, patients are typically returned to the operating room at 48 hours for further debridement and irrigation to treat 
all open wounds about the knee. 

When fasciotomies are performed, our normal approach is to return the patient to surgery at 48- to 72-hour increments for further debridement as 
necessary. When possible, the wounds are closed, or if the wounds are not able to be closed, split-thickness skin grafts are used to obtain coverage. A 
“roman sandal” technique with crisscrossed vessel loops and skin staples can be employed to pull skin edges together over time with incremental 
tightening. 10 

Following reduction of an irreducible knee dislocation, we will permit early ROM exercises and then plan ligament reconstruction and/or repairs 
depending on specific injury patterns. 


Potential Pitfalls and Preventive Measures 


Emergent Intervention for Knee Dislocations: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


e Improper external fixation pin placement e Tibial pins placed distal to future ACL and PCL tunnel placement. Femoral pins placed proximal to suprapatellar pouch 
(greater than a hand breath proximal to the superior pole of the patella with the knee in extension). 
e Keep tibial pins away from extensor mechanism (AL) and AM. 


e Malreduction of joint e Use intraoperative fluoroscopy to ensure reduction. 


When applying a spanning external fixator, one of the key pitfalls to avoid is improper placement of the Schanz pins. It is critical to avoid placing the distal 
femoral pin intra-articularly as doing so can lead to an intra-articular infection. In addition, the proximal tibial pin must not be placed too close to the 
anticipated tunnels or sockets for the ACL and PCL reconstructions. 

In the case of an irreducible knee dislocation, even when the knee appears to be reduced, the extensive soft tissue injury may create gross tibiofemoral 


joint instability. Therefore, it is important to use fluoroscopy intraoperatively to ensure the tibiofemoral joint is reduced and to assess stability to determine 
the need for an external fixator. 


Outcomes 


As reported by Fanelli et al.*® in a retrospective study, a high proportion of patients treated for severe injury (KD III or greater) achieved functional stability 
that allowed the return to physically demanding activities. However, nearly 25% of them developed arthritis at a mean of 10 years. 

Outcomes after the use of a spanning external fixator in a staged protocol have been published.!!9 Final functional outcomes were similar to those 
reported in patients who did not have spanning fixation. Additionally, Sems et al.” reported on the safety of placing a spanning external fixator with 
regards to deep venous thrombosis (DVT) and showed only a 2.1% DVT risk with the use of lower extremity spanning fixators following trauma, a rate 
similar to a published rate for DVT in a setting without spanning fixation. Stannard et al.!°° in a prospective randomized study showed that using hinged 
external fixation as a supplement to reconstruction following knee dislocation was associated with fewer failed ligament reconstructions compared with 
external bracing. Hughes et al. retrospectively studied a group of 136 knee dislocations who presented to a single center. They found an increased risk of 
knee stiffness with external fixator use, but they also found higher Schenck classifications trended toward higher complication rates, including stiffness.®9 It 
is likely that knees with more severe injury are more susceptible to postoperative stiffness irrespective of external fixator use. 

Open knee dislocations are uncommon injuries and there is little in the literature on outcomes after this injury. In 1995, Wright et al.279 reported 19 open 
knee dislocations in 18 patients. Only 14 knees could be salvaged, as 3 required above-knee amputation, 1 required arthrodesis, and 1 required a total knee 
arthroplasty. All 14 salvaged knees had poor or fair functional outcomes as measured with the HSS Knee Injury Score. More recently, King et al.!00 
performed a retrospective review of outcomes after traumatic open knee dislocation in seven patients treated with ligament reconstruction after limb salvage 
procedures were completed. These patients underwent an average of 10.7 surgical procedures including an average of 6.6 I&Ds. Even with the extensive 
and aggressive management, three patients still developed an infection with one patient requiring an amputation secondary to the infection. Only two of the 
seven patients had good or excellent results and six reported residual symptoms or function deficits. 

Irreducible knee dislocations are rare, and as such, there is very little in the literature regarding outcomes. Case reports have reported success in allowing 
good ambulation and return to work for patients treated emergently for irreducible knee dislocations.*9°°!5! A retrospective review of 21 patients with 
chronic, irreducible knee dislocations by Pardiwala et al. found a mean ROM of 127 degrees and improvement of PROMs at a mean 6.9 years status post 
open reduction and reconstruction.!5° Good outcomes can be achieved in irreducible knee dislocations with the implementation of modern techniques 
emphasizing early ROM. 


Nonemergent Intervention 


Indications/Contraindications 

Early Repair 

Repair versus reconstruction remains a controversial topic. Previously, many surgeons advocated for early repair of injured structures before scarring and 
retraction of the soft tissues occurred. Other authors advocated for lateral-side repair after waiting until scar tissue formed, then releasing the scar tissue “en 
mass” and advancing and reattaching it with screw fixation.!8? Levy et al.''” performed a systematic review of the management of knee dislocations and 
reported a higher rate of failure for repair of lateral-side structures. They also found repair of the cruciate ligaments resulted in decreased stability and range 
of motion and lower return to preinjury activity levels compared with reconstruction. Several authors have noted high failure rates with early repair of 
lateral-sided injuries. Stannard et al.!9° reported a prospective, nonrandomized trial comparing 57 patients with minimum 2-year follow-up. The failure rate 
in the repair group was 37% and the failure rate in the reconstruction group was only 9%. Subsequently, Levy et al.!!© compared repair versus 
reconstruction of the lateral-side structures with minimal 2-year follow-up in 28 patients and found a failure rate of 40% in the repair group and 6% in the 
reconstruction group. These 2 studies were very similar in regard to failure rates, and most authors now agree that repair alone of lateral and PLC structures 
in the acute setting is not recommended. 

A MOON Knee Group analysis published in 2019 was the first long-term study (n = 34, 6-year follow-up) to demonstrate equivalent patient-reported 
outcomes (KOOS, IKDC, Marx) between ACL reconstruction cohorts with concomitant PLC reconstruction (n = 19) versus repair (n = 15).22? The MOON 
study, like the Stannard et al. and Levy et al. analyses, is nonrandomized. Selection biases exist in much of the literature surrounding PLC literature. A level 
one randomized controlled trial is needed, but the infrequency of this injury pattern remains a persistent challenge. In the interim, most authors elect for 
reconstruction in the majority of patients with repair left to instances of bony avulsions amenable to fixation.°” 

For the medial and PMC structures, a systematic review of operative management of medial-side injuries showed satisfactory results with both repair 
and reconstruction of the MCL.!°! There is limited retrospective and no prospective evidence directly comparing medial structure repair versus 
reconstruction in knee dislocation cohorts. Stannard et al.!°? reported their results in 73 dislocated knees with medial-side injuries with a mean follow-up of 
43 months. They had 25 patients in their repair group, 27 in an autograft reconstruction group, and 21 in an allograft reconstruction group. The failure rate 
for the repair group was significantly higher at 20% compared with 4% in the reconstruction groups combined. Hanley et al. published results of 34 patients 
with 6-year follow-up status post MCL repair versus reconstruction in the setting of a multiligamentous knee injury.”” A sample of 17 patients received a 
reconstruction at a mean of 207 days postinjury. A sample of 49 patients received repair at a mean of 77 days postinjury. The authors found higher Lysholm 
and IKDC PROMS in the repair cohort as compared to the reconstruction cohort; however, immense heterogeneity existed between groups. Repair was 
performed in patients with avulsions in patients less than 6 weeks from injury when tissue quality allowed. Reconstruction was performed in midsubstance 
tears not amenable to repair in patients more than 6 weeks out from injury.’° Most researchers recommend using tear location, residual laxity, and 
concomitant injuries to determine repair versus reconstruction of medial structures. !°° 


Early Reconstruction (With or Without Repair) 


If there are no emergent indications for surgery, it is recommended that patients undergo early surgical intervention (within 4 weeks).!*° This affords both 
the surgeon and patient time to monitor the vascular status, allow reduction of any swelling, obtain advanced imaging, plan the optimal surgical procedures, 
procure the necessary equipment and grafts, and assemble an experienced team. The optimal timing for early reconstruction is controversial; however, a 
window between 14 and 28 days postinjury is the senior author’s preference. 

In the setting of a displaced bucket handle meniscus tear, it is not possible to perform preoperative ROM exercises. Although not an emergent situation, 
this pattern typically represents a situation that should be addressed acutely. 


Extensive medial-side disruption will often involve meniscocapsular separations and complete tears of the MCL and PMC structures distally. Fanelli et 
al.“ showed improved outcomes when these extensive medial-side disruptions were treated and repaired within 10 to 14 days with simultaneous 
reconstruction of the MCL. King et al.” demonstrated improved patient subjective outcome scores in acute PLC reconstruction versus chronic PLC 
reconstruction cohorts (72% vs. 44% excellent/good results, respectively). They defined chronic reconstruction as those occurring more than 3 weeks 
postinjury.” 


Some authors**-** have noted decreased morbidity in periarticular fracture care with the so-called staged protocols. Stage 1 consists of open reduction and 
internal fixation (ORIF) of the fracture with a gentle examination under anesthesia and use of a brace or spanning external fixator. Stage 2 is ligamentous 
repair and/or reconstruction when the soft tissues allow, typically at 2 to 4 weeks postinjury. The reasons for using spanning external fixation are (1) to 
protect a vascular repair, (2) to stabilize and allow dressing changes and repeated debridements of an open dislocation, and (3) to maintain joint reduction 
when gross instability is present. In a study by Levy et al., ** patients treated with a staged protocol and spanning external fixation showed no difference in 
final functional outcomes compared with patients who did not have a spanning external fixator, although those with a fixator did have a higher rate of 
arthrofibrosis. 


Surgical intervention is typically delayed beyond 4 weeks in the setting of unacceptable skin condition or swelling, vascular repair, or associated injuries 
that preclude the ability to perform early ligament reconstruction (Fig. 6 ). Another potential indication for delayed surgery is combined ACL, PCL, and 
MCL disruptions where the MCL is avulsed from its femoral attachment ( 22). This particular MCL injury has a very high likelihood of healing 
within 6 to 8 weeks, at which point the surgeon can then perform ACL and PCL reconstructions, avoiding MCL surgery altogether. 

A recent study by Shamrock et al.'°! found an increased risk of both meniscal and chondral pathology in patients treated with delayed ligamentous 
reconstruction. Unfortunately, heterogeneity exists among researchers’ definitions of acute versus delayed. Shamrock and colleagues defined delayed as 
more than 6 weeks whereas others define delayed as more than 3 or 4 weeks. Additionally, Shamrock et al. did not account for mechanism of injury in their 
determination of chondral/ meniscal pathology.*** Patients with higher mechanisms of energy are more likely to have additional injuries that may delay 
their ligamentous reconstruction. A recent systematic review and meta-analysis of 14 multiligament injury studies with 1,172 combined patients 
corroborated the above results.” Early reconstruction was associated with less meniscal and chondral pathology. The study found no differences in rates of 
arthrofibrosis which the authors attribute to modern rehabilitation protocols with early range of motion.** 
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gure 61-21. A: AP radiograph of a knee dislocation with a proximal tibial plateau fracture, a fibular fracture, and a proximal tibiofibular joint disruption. B: Acute 
open reduction and internal fixation and delayed reconstruction of the dislocation. (Used with permission of Springer, from Levy BA, Stuart MJ. ACL, PCL, and 
medial side injuries of the knee. In: Fanelli GC, ed. The Multiple Ligament Injured Knee: A Practical Guide to Management. Springer; 2012. Permission conveyed 
through Copyright Clearance Center Inc.) 


Figure 61-22. Coronal T2 MRI scan showing an MCL avulsion from its femoral attachment; note the medial joint space widening. 


Nonemergent Intervention for Knee Dislocation: 


PREOPERATIVE PLANNING CHECKLIST 


OR table 


Position/positioning aids 


Fluoroscopy location 
Equipment 


Tourniquet 


LJ Radiolucent table or regular table with radiolucent extension 


Supine with both legs flat on table. Some surgeons may prefer to have one or both legs hanging over the distal aspect of the 


table in order to facilitate reconstruction of the central pivot 


LJ Image should be positioned on the contralateral side of the table so as not to impede the surgeon 
LJ Determined based on structures that need repair or reconstruction 


LJ Placed high on thigh 


Figure 61-23. AP radiograph with digital scanning showing planned tunnel placements for multiligament reconstruction. 


After obtaining appropriate diagnostic imaging, which typically includes plain radiographs, MRI, and stress views, the surgeon can begin preoperative 
planning. As noted previously, the timing of surgery is dependent on a multitude of factors of which the surgeon must be aware. Once the decision of repair 
and/or reconstruction has been made on the basis of the ligaments injured and their zones of injury, the surgeon may start developing the operative plan. 
Factors that must be considered during preoperative planning include the type of grafts and fixation to be used, tunnel, and/or socket position and size, and 
all equipment and implants needed. Preoperative planning to plot the tunnel or socket positions for the ligaments can be very valuable as certain patterns 
may overlap (Fig. 61-23). All necessary grafts, implants, and equipment are recorded, as is the order of the surgical intervention. Thorough preoperative 
planning is absolutely critical to maintain a safe and efficient environment for the patient. 


Positioning of the patient in the operating room is somewhat surgeon-dependent. Some surgeons recommend starting with the patient positioned supine with 
both limbs flat. Other surgeons position the patient so that both legs hang over the edge of the table in an abducted position. This allows fluoroscopy to enter 
easily from either side and allows the surgeon to perform the central pivot reconstruction in a standard fashion using an arthroscopic leg holder. The 
disadvantage of having the contralateral limb in a dependent position for several hours is the risk of compartment syndrome of that lower extremity. If the 
central pivot portion of the operation is performed with the legs hanging over the table edge, then the patient must be repositioned before performing the 
medial- and lateral-side reconstructions. 

Fanelli et al.4” have popularized a technique in which the contralateral limb is lying flat on the operating table and the operated limb hangs over the edge 
of the table at 90 degrees. The surgeon sits on a stool with a gown covering the surgeon’s legs down to his/her feet and the foot of the operated limb resting 
on the surgeon’s lap. Once the central pivots are reconstructed, the operated leg is placed back flat on the operating table, and medial- and lateral-side 
reconstructions are performed as indicated. 


Diagnostic Arthroscopy 
Diagnostic Arthroscopy: 
KEY SURGICAL STEPS 
With patient awake: complete detailed neurovascular examination of the lower extremity (pay special attention to peroneal nerve) 
Assess extensor mechanism integrity with straight leg raise 


Assess for pain with passive stretch in the affected extremity (i.e., rule out compartment syndrome) 
Induction of anesthesia 


Patient position as previously described 

Examination under anesthesia comparing laxity and range of motion in the injured knee with that of the uninjured knee 

Fluoroscopic documentation of laxity bilaterally. Varus and valgus stress test as well as anterior and posterior drawer 

Diagnostic arthroscopy 

Assess for loose bodies and chondral surface and meniscal injury—treat these as indicated 

Assess ACL, PCL, and popliteus tendon 

Observe and document any joint space widening (drive-through sign) on the medial and lateral sides with valgus and varus stress retrospectively 


The first step in all cases is a thorough examination of the patient after the induction of anesthetic. We typically perform physical examination of both knees 
to get a good sense of the true ligament instability pattern. A complete ligamentous examination of the contralateral knee is critical as patients have variable 
degrees of generalized laxity. Once the physical examination is complete, we objectively document the amount of laxity with bilateral fluoroscopic stress 
views. We perform varus and valgus stress tests of both knees if needed. 

The next step is to position the patient as noted previously for the surgical procedure and apply a tourniquet. The authors prefer not to inflate the 
tourniquet unless bleeding requires inflation. The use of a tourniquet may lead to complications in patients who have intimal tears or other nonflow-limiting 
vascular injuries. It may also lead to unfavorable outcomes in patients who have had vascular reconstructions. The tourniquet should only be inflated if 
needed and the inflation time should be minimized if it is inflated. 

After the patient is positioned and the surgical team briefing is complete, the next step is preparing the grafts as necessary. Some surgeons will prepare 
all the grafts before the patient even enters the room, while other surgeons, if they have a large enough team, will begin the surgical procedure while 
members of their team prepare the grafts. This can be done only in the setting of allograft reconstructions; otherwise, autografts are typically harvested at 
the beginning of the operation prior to the ligament surgery. Graft preparation is performed as per surgeon preference and all of the grafts are labeled and 
marked in separate containers. 

A diagnostic arthroscopy is first performed in all cases to identify any loose bodies and chondral surface or meniscal injury and treat them as indicated. 
Arthroscopically, we assess the ACL and PCL as well as the popliteus tendon, which is easily identified at its femoral attachment site. Special attention is 
paid to any medial or lateral joint space widening with the so-called drive-through signs. Once the diagnostic arthroscopy has been completed, we focus our 
attention on ligament repair or reconstruction as indicated. In the acute setting, arthroscopic pumps should be used with caution as capsular disruption can 
result in fluid extravasation into the surrounding compartments (usually distally) and can result in compartment syndrome. Even without the use of a pump, 
this is a risk in the acutely injured joint and thus the tension within the distal compartments should be assessed via palpation both preoperatively and serially 
throughout the case. 


FCL/PLC Repair 
/ FCL/PLC Repair: 
KEY SURGICAL STEPS 

LJ 8-10 cm straight lateral incision starting 5 cm proximal to the knee joint and crossing the joint line at the anterior edge of the fibular head extending 
to approximately 5 cm distal to the joint line 
Identify and protect the peroneal nerve 

= Superficial dissection through fat to the level of fascia. Expect scar tissue in chronic cases; in acute cases, likely direct communication with lateral 
joint 
Deep dissection proceeds as per three-window technique (Terry and LaPrade211) 
Window 1—midsubstance of IT band 
Window 2—between posterior border of IT band and anterior border to the biceps femoris tendon 
Window 3—posterior to biceps femoris tendon 
Through Window 3—dissect the peroneal nerve, identify, and protect with a 14-inch Penrose drain stapled together (no clamp) 
Identify the FCL, the biceps femoris tendon, the popliteus tendon, the PL capsule, and the lateral head of the gastrocnemius 
Whip stitches in FCL and biceps tendon, and passed through drill holes in the fibular head and reattached to the bone. Similarly, the AL capsule and 
meniscus margin may be re-approximated to the tibia via suture anchors or sutures through bone 

LJ In the case of a fibular head fracture, the same exposures are performed. The fibular head is reduced with a reduction clamp, and then an 80- to 100- 
mm x 4.5-mm screw with a washer is used for fixation 

LJ In the case of a proximal disruption of the FCL and popliteus tendon, identify the attachment sites of the FCL and the popliteus tendon, and reattach 
them with suture anchors and augment the repaired tissues with a reconstruction as described later for our routine PLC and FCL reconstruction 
technique 


LJ In the case of midsubstance injuries, we prefer to repair tissue primarily but always augment with concomitant reconstructive procedure as 
discussed below 


Lateral-side repairs are approached through a lateral incision regardless of location of injury: a 10-cm lateral incision starting 5 cm proximal to the knee 
joint and crossing the joint line at the anterior aspect of the fibular head extending to approximately 5 cm distal to the joint line. Dissection is carried down 
to the IT band and then the three-window incisions as described by Terry and LaPrade*!! are performed. Window 1 is in the midsubstance of the IT band 
starting just proximal to the epicondyle and extending to Gerdy tubercle. Window 2 is the soft tissue plane between the posterior border of the IT band and 
the anterior border of the biceps femoris tendon. Window 3 is the soft tissue window posterior to the biceps femoris where the peroneal nerve is located. 
Once the windows are created, the peroneal nerve is dissected free, identified, and protected with a 14-inch Penrose drain, and traced proximally and 
distally. This allows for protection of the nerve and gentle retraction throughout the procedure. Through these windows, there are several anatomical 
structures that need to be identified, including the FCL, the biceps femoris tendon, the popliteal fibular ligament, the popliteus tendon, the posterior-lateral 
capsule, and the lateral head of the gastrocnemius. One of the tricks to finding the FCL fibular attachment site is to make a little slit in the biceps bursa. It 


lies just proximal to the fibular head where the biceps tendon attaches. If you expose this region, you can find the distal attachment of the FCL. Gentle 
traction along the FCL will help identify its proximal origin. 

In most distal avulsions, the posterior-lateral capsule is detached from the tibia, the FCL and biceps are detached from the fibula, and at times, the 
popliteus tendon is detached from the femur. In addition, the popliteus sometimes has a musculotendinous junction tear. Once all these structures have been 
identified, locking whip stitches are placed in the FCL and the biceps tendon and passed through drill holes in the fibular head and are reattached to the bone 
as described by Geeslin and LaPrade®®.®2 (Fig. 61-24). 

Fibular head fractures are often associated with peroneal nerve injury and necessitate early intervention. In the case of a fibular head fracture, the same 
exposure is performed. The fibular head is reduced with a reduction clamp, and then a long 80- to 100-mm x 4.5-mm screw with a washer is used for 
fixation (Fig. 61-25). In the case of a proximal disruption of the FCL and popliteus tendon, our results have shown very poor outcomes with repair alone. 
Therefore, in those settings, we will identify the attachment sites of the FCL and the popliteus tendon and reattach them with suture anchors and augment 
the repaired tissues with a reconstruction as described later for our routine PLC and FCL reconstruction technique (Fig. 61-26). 

Midsubstance injuries also do poorly with repair alone as demonstrated by Stannard et al.!%° and Levy et al.!!© Therefore in this situation we prefer to 
perform a reconstruction technique. With the development of synthetic ligament augmentation tapes, the topic of repair versus reconstruction may need to 
be re-evaluated comparing reconstruction with repair augmented with synthetic tapes. These devices may allow early motion without loosening repairs and 
may improve the outcome of repairs. 


A x. ah. B 
Figure 61-24. A: Lateral radiograph showing a fibular head avulsion fracture in the setting of knee dislocation. B: Photograph depicting suture fixation of an avulsed 
fibular head fracture. (From Levy BA, Stuart MJ. Treatment of PCL, ACL, and lateral-side knee injuries: acute and chronic. J Knee Surg. 2012;25(4):295-305. 
Copyright © Georg Thieme Verlag KG.) 


. AP radiograph demonstrating repair of fibular head avulsion using an long intramedullary screw and washer 
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Figure 61-26. Intraoperative photographs of a native FCL repair (A) with augmentation of the repair with a gracilis tendon autograft (B). 
MCL/PMC Repair 


MCL/PMC Repair: 


KEY SURGICAL STEPS 


Proximal Avulsion 


Direct medial incision 6—10 cm in length carried down to sartorial fascia 

Using fluoroscopy on a perfect lateral knee, identify the femoral origin of the superficial MCL (immediately anterior to the intersection of a line tangent to the posterior femoral 
shaft and Blumenssat line) 

A 3.2-mm drill is inserted at the MCL anatomic insertion to a depth of approximately 35-40 mm 

The MCL is prepared with a suture post/spiked ligament washer construct where a modified running locking stitch is placed and woven up and down both sides of the proximal 


attachment of the MCL. A small slit is made in the proximal fibers and then a 4.5-mm screw with a soft tissue spiked washer is placed through the slit in the MCL into the predrilled 
region and secured. The sutures extend proximally and actually act as a post so one can achieve dual fixation with the screw/washer construct. The first fixation is the soft tissue 
washer and the second is the sutures around the post 


Distal Avulsion 


LJ A 6-cm medial incision at the PM border of the tibia. Dissection is carried down to the sartorius expansion and the expansion is incised over the top of the pes tendons 


The pes tendons are identified and retracted distally, and the superficial MCL will be found just deep to the pes tendons in this area 

Place two double-loaded 4.5-mm suture anchors at the proximal extent of the anatomic superficial MCL insertion just proximal to the insertion of the pes tendons and 1.5 cm apart 

Whip-stitch each suture end proximally into the overlying MCL. The other limb is passed directly through the MCL tissue. The two suture ends from each anchor are tied together, 
but not cut 

Create a double-row crossover integration by passing one limb of the suture anchor into a 4.5-mm knotless anchor and then implant into the tibia at the distal extent of the 
superficial MCL insertion (approximately 6 cm from the joint) 

Feed two remaining sutures into a second knotless anchor, inserted into the tibia 

= Apply maximal manual tension to the sutures and tension in neutral rotation and 30 degrees of flexion via placement of the imbrication sutures in the proximal row of anchors (i.e., 

modified Mason—Allen stitches) 


For medial-side injuries, exposure of the MCL femoral attachment sites on the medial side of the knee is best accomplished through a medial incision. A 4- 
to 6-cm incision is carried down to the crural fascia layer and, then under fluoroscopic control, on a true lateral view of the knee, the isometric point and 
superficial MCL femoral attachment site are identified according to the method of Wijdicks et al.” with a 2.4-mm K-wire (Fig. 61-27). This will help 
guide the rest of the dissection, which will be essentially full thickness down to the MCL. In the acute setting where the anatomical layers are readily 
identifiable, it is important to identify key anatomic structures including the SM tendon attaching at the proximal tibia; the adductor magnus, which has a 
very discrete tendinous and bony protuberance; and the medial head of the gastrocnemius. These are all posterior-medial structures, which can make the 
medial epicondyle sometimes very difficult to palpate. For this reason, we use fluoroscopic guidance to help identify the superficial MCL attachment site. 
Once this is achieved and the MCL is identified, a 3.2-mm drill is inserted at the MCL anatomic insertion to a depth of approximately 35 to 40 mm. The 
MCL is prepared with a suture post/spiked ligament washer construct where a modified running locking stitch is placed and woven up and down both sides 
of the proximal attachment of the MCL. A small slit is made in the proximal fibers and then a 4.5-mm screw with a soft tissue spiked washer is placed 
through the slit in the MCL into the predrilled region and secured. The sutures extend proximally and actually act as a post so one can achieve dual fixation 
with the screw/washer construct. The first fixation is the soft tissue washer and the second is the sutures around the post (Fig. 61-28). 


Figure 61-27. Illustration (A) and fluoroscopic view (B) of the femoral osseous insertion sites for the medial-side structures of the knee. Line 1 is a distal extension of 
the posterior femoral cortex. Line 2 runs perpendicular to line 1 from the posterior aspect of Blumensaat line. Point E corresponds to the femoral attachment of the 
superficial MCL and lies just anterior (with the knee extended) to the intersection of line 1 and Blumensaat’s line. (Reprinted with permission from Wijdicks CA, et al. 
Radiographic identification of the primary medial knee structures. J Bone Joint Surg Am. 2009;91(3):521-529.) 


Figure 61-28. An MCL repair using the suture post and ligament washer construct. (Used with permission of Springer, from Levy BA, Stuart MJ. ACL, PCL, and 
medial side injuries of the knee. In: Fanelli GC, ed. The Multiple Ligament Injured Knee: A Practical Guide to Management. Springer; 2012. Permission conveyed 
through Copyright Clearance Center Inc.) 


Distal MCL avulsions can be easily approached through a 4- to 6-cm medial incision along the posterior-medial border of the tibia. Dissection is carried 
down to the sartorius expansion and the expansion is incised over the top of the pes tendons. The pes tendons are identified and retracted distally, and the 
superficial MCL will be found just deep to the pes tendons in this area. Most distal avulsions will occur below the level of the pes tendons, and sometimes 
the superficial MCL is retracted a significant distance proximally. Our first step is to place two double-loaded 4.5-mm sutures proximal to the pes tendon 
insertion approximately 4 to 5 cm from the joint and 1.5 cm apart. One limb of each suture should be retained, and one is removed. One end of each anchor 
sutures “whip-stitched” proximally into the overlying MCL. The other limb is passed directly through the MCL tissue. The two suture ends from each 
anchor are tied together, but not cut. We then create a double-row crossover integration by passing one limb of the suture anchor into a 4.5-mm knotless 
anchor which is then subsequently implanted into the tibia at the distal extent of the superficial MCL insertion (just proximal to the pes insertion) and 
deployed. The two remaining sutures in the suture anchors should be fed into a second knotless anchor, inserted into the tibia and deployed. Cut the 
remaining suture limbs. Apply maximal manual tension to the sutures and tension in neutral rotation and 30 degrees of flexion via placement of the 
imbrication sutures in the proximal row of anchors (i.e., modified Mason—Allen stitches)?” (Fig. 61-29). 
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Figure 61-29. Superficial MCL suture-bridge repair technique. A: Double-loaded suture anchors are placed at the proximal aspect of the superficial MCL anatomic 
insertion on the tibia, and the sutures are passed through the ligament tissue and tied but not cut. B: “Press-fit” suture anchors placed at the distal aspect of the 
superficial MCL anatomic insertion on the tibia to secure the retained sutures from the proximal anchors. The proximal sutures are crossed over before being secured 
distally as per standard suture-bridge configuration. 


A 


A Stener-lesion of the knee occurs when the superficial MCL fibers are torn from their distal attachment and then flip up and over the gracilis and 
semitendinosus hamstring tendons (Fig. 61-30). In this situation, there is very little chance for the MCL to heal back to the bone as it overlies the tendons. In 
this situation, acute repair of the distal MCL is performed and then central pivot and lateral-side injuries are treated in a second stage (see Fig. 61-29). In 
rare instances, high-energy knee dislocations may result in the “ultimate Stener lesion,” wherein the avulsed distal MCL is actually trapped underneath a 
medial tibial plateau rim fracture (Fig. 61-31). In this case, the MCL should be removed from the entrapping bony fragment and repaired to its distal 
attachment and the fracture treated by ORIF. 

In the setting of posterior-medial capsular disruption or disruption of the POL, horizontal mattress sutures are placed in the capsular tissue and, with the 
knee in full extension, tied down to the MCL to secure the PMC. 


‘igure 61-30. Coronal MRI showing distal “Stener-like lesion” of the MCL. 


as i B 
Figure 61-31. A: Coronal T2 magnetic resonance image of the “ultimate Stener-like lesion” with the superficial MCL trapped underneath a medial tibial plateau rim 
fracture. B: Fluoroscopic view of ORIF and MCL repair. (Used with permission of Springer, from Levy BA, Stuart MJ. ACL, PCL, and medial side injuries of the 
knee. In: Fanelli GC, ed. The Multiple Ligament Injured Knee: A Practical Guide to Management. Springer; 2012. Permission conveyed through Copyright Clearance 
Center Inc.) 


PCL Reconstruction: 
KEY SURGICAL STEPS 


LJ We use an Achilles tendon allograft as our preferred graft source for either transtibial or tibial bone block inlay PCL reconstruction. The first step in 
graft preparation for the soft tissue transtibial technique is to create a 10.5—12 mm (depending on patient size) common bundle that will go into the 
tibial socket. The soft tissue of the Achilles tendon is then split to allow the creation of a 9-11-mm diameter anterolateral (AL) bundle that is 80-85 
mm long. The posteromedial (PM) bundle should be a 7- to 8-mm diameter bundle that is 70-75 mm long. Suspensory fixation devices are attached 
to all 3 (common tibial, AL, and PM) limbs for fixation. 

Debride the remnant torn ACL and PCL. 
Femoral side—the AL socket should be placed as high in the notch as possible 10 mm posterior to the articular cartilage. In some cases, a shaver 
should be used to “raise the roof” of the notch to make certain the AL socket can be placed high enough in the notch. 

LJ The AL socket is created by drilling across the medial femoral condyle with an adjustable retrograde reamer (Flipcutter, Arthrex, Naples FL or 
Twister, DuPuy Mitek Sports, Raynham MA) using an “outside in” guide. The start point should be proximal enough on the condyle to assure you 
don’t drill across the articular cartilage and anterior enough to leave room for the PM bundle. 

LJ Adjust the reamer to the appropriate diameter based on the graft and ream a socket to a depth of approximately 25 mm. Bone debris is suctioned out 
using the shaver and a suture is passed through the socket and out the AL portal to avoid entangling suture when pulling graft into the knee. 

LJ The PM socket is created by drilling across the medial femoral condyle with the adjustable retrograde reamer using the same guide. The start point 
should be proximal enough on the condyle to assure you don’t drill across the articular cartilage and posterior to the AL socket. 

LJ Adjust the reamer to the appropriate diameter based on the PM graft and ream a socket to a depth of approximately 25 mm. Bone debris is suctioned 
out using the shaver and a suture is passed through the socket and out the anteromedial portal. 

Tibial side—establish a PM portal to help debride all-soft tissue from the base of the tibial insertion of the PCL (a 70-degree arthroscope may be 
helpful). 

LJ Use the anatomic contoured PCL guide designed by Bruce Levy (Arthrex, Naples FL) that allows establishing a tibial socket 1.5—2 cm distal to the 
joint at the anatomic insertion. Set the guide to 50-55 degrees and drill with the retrograde reamer across the tibia. The guide is very reliable, and 
the reamer will hit the posterior guide. We recommend checking the position using lateral fluoroscopy to make certain the posterior position is 
appropriate and to visualize the opening of the reamer to the appropriate size. 

LJ Adjust the retrograde reamer to the appropriate diameter for the graft. Rotate the reamer 360 degrees by hand with the guide still in place between 
the reamer and the posterior neurovascular bundle and the knee flexed 90 degrees. Ream a socket to a depth of 50 or more millimeters and pass a 
suture through the socket, around the posterior tibia, and out the anteromedial portal. 

The graft is then passed through the anteromedial portal and into the tibial socket. 

The PM bundle is then pulled into the PM socket and the button is flipped on the MFC cortex. The graft is pulled 15 mm into the PM socket. 

The suture for the AL bundle is then retrived from the AL portal and pulled out of the anteromedial portal. This is then used to pull the AL bundle 
into its socket to a depth of 15 mm after the button is flipped on the MFC cortex. 

The knee is then flexed to 90 degrees and the tibial button is attached and tensioned. 

Maintaining the 90-degree flexed position, the AL bundle is tensioned. 

The knee is then placed in full extension and the PM bundle is tensioned using the suspensory mechanism. 


LJ The knee should then be cycled through a range of motion 10 times, and a posterior drawer done two or three times to stress the grafts and take out 
the creep, and then the tensioning of the three limbs should be repeated as described above. 

LJ After the initial tensioning of the graft, we then proceed with reconstructing the corners of the knee. After completing the other reconstructions, we 
will again repeat the tensioning of the three limbs of the PCL graft: Tibial bundle and AL with the knee flexed 90 degrees and the PM bundle with 
the knee in full extension. 


The PCL is the “cornerstone” of the knee. It is the largest and strongest ligament in the knee and should be the first ligament reconstructed and tensioned. 
There are numerous methods of PCL reconstruction including single- and double-bundle techniques, transtibial and tibial inlay, and allograft versus 
autograft. While successful outcomes have been shown for each of the different methods, the ideal technique remains controversial without a clear 
advantage to any particular technique.?! While high-quality Level I evidence is lacking for one technique compared with the other, there is strong laboratory 
evidence supporting the benefit of double bundle PCL reconstruction. 103-133150 High-quality clinical evidence is not strong and will be difficult to obtain. 
There is a meta-analysis by Zhao et al. that suggests a potential clinical benefit of double-bundle reconstruction.2°° Dasari et al. (Jorge Chala senior author) 
have recently published a meta-analysis that reports improved results both biomechanically and clinically with double bundle compared to single bundle 
PCL reconstructions. Among the benefits reported were decreased translation on stress radiographs, decreased external rotation laxity at 90-degree flexion, 
and significantly increased likelihood of achieving normal or near normal objective IKDC results when compared with single bundle.33 Most experts 
currently do not believe there is adequate clinical evidence to advocate one technique over the other. Double bundle PCL reconstruction is the preferred 
method of the senior author. The technique can be modified to a single bundle technique by reconstructing only the AL bundle. 

PCL reconstructions can be performed using either a transtibial or a tibial bone block inlay technique. We believe that similar outcomes can be achieved 
by both methods as long as the tibial tunnel exits posteriorly 1.5 to 2 cm below the joint line when performing the transtibial technique. This low tibial 
tunnel placement puts the transtibial graft in the same position as the tibial inlay and eliminates the concern of a “killer turn” leading to graft failure or 
elongation (Fig. 61-32).!28 In some situations we prefer the tibial bone block inlay, but the senior author typically uses the transtibial technique with a low 
tibial tunnel in the majority of our PCL reconstructions. In both situations, Achilles tendon allograft tissue is the preferred graft. The femoral sockets are 
identical with both techniques. 


Figure 61-32. Drawing of ACL reconstruction demonstrating bony inlay versus transtibial “inlay” where the socket is distal to many techniques and below the 
mammillary bodies and in the same position as the bony inlay. 


After completing the examination under anesthesia, diagnostic arthroscopy, and treating any meniscus and cartilage lesions as indicated, we turn our 
attention to the PCL. The remnant torn ACL and PCL are debrided from the notch using a combination of an oscillating shaver and a radiofrequency wand. 
A femoral PCL guide designed to drill a retrograde reamer across the medial femoral condyle is placed in the notch as high as possible and 10 mm posterior 
to the articular cartilage. A retrograde reamer is drilled across the condyle, and an AL socket 10 to 11 mm in diameter and 25 mm deep is created. Care is 
taken to position the starting point well proximal to the joint to eliminate the risk of damage to the articular cartilage of the medial femoral condyle. When 


the retrograde reamer is drilled across and flipped to the desired diameter, it is easy to assess whether the position will risk damage to the articular cartilage. 
After reaming the AL socket, a suture is passed across for eventual graft passage. It is critical to pass this suture out the AL portal to avoid difficulty with 
sutures becoming entangled when the graft is pulled into the knee. 

The same guide is used to drill the retrograde reamer across the MFC in a position immediately under the AL socket. There should be at least a 4-mm 
bone bridge between the two sockets and they should diverge as they go to the outer edge of the condyle. This socket is generally 7 to 8 mm in diameter and 
should also be 25 mm in depth if possible (Fig. 61-33). A suture is passed through the socket but this time is pulled out of the anteromedial portal. 

The next step is drilling the tibial socket. It is critical to use a tibial PCL guide that will allow you to drill a low tibial socket. We used the Arthex 
(Naples, FL) guide designed by Bruce Levy, MD which allows much lower placement than many guides. We drill across until the tibia and let the 
retrograde reamer hit the guide posteriorly. We then obtain a good lateral view and flip the retrograde reamer under fluoroscopic control. We make certain 
we can turn a 360-degree circle by hand while being as close to the back of the tibia as possible. We then ream a socket that is 45 to 55 mm in depth. An 
alternative option is to directly visualize the reamer arthroscopically through a PM approach prior to reaming the socket. A suture is passed through this 
socket and through the notch and out the anteromedial portal. An all-soft tissue double bundle Achilles tendon allograft (Fig. 61-34) is passed in through the 
anteromedial portal and pulled all the way into the tibial socket. The smaller PM bundle is then pulled into the PM socket and the suspensory button is 
flipped and the graft is pulled 15 mm into the socket. The tibial suspensory button is now placed on the suture and provisionally tightened, leaving a little 
slack in the system. The AL suture is then retrieved from the AL portal and pulled out the anteromedial portal. It is then used to pull the AL bundle into the 
knee and into the AL socket. The button is flipped and the graft is pulled to a depth of 15 to 18 mm. At this point, with the knee in 90 degrees of flexion, the 
tibial button is tightened. While maintaining knee flexion, the AL bundle is then fully tightened. The knee is then placed in full extension and the PM 
bundle is fully tightened. The key to the bundles having codominant function as described by LaPrade is tightening the AL in 90 degrees of flexion and 
tightening the PM in 0 degree of flexion. Another major advantage of using suspensory fixation is that we can and do come back and retighten the PCL after 
we have completed reconstruction of the corners. 


Figure 61-33. Arthroscopic view of anterolateral and posteromedial sockets for a double bundle PCL reconstruction. 
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Figure 61-34. All-soft tissue double bundle PCL graft. 


A tibial inlay bone block PCL reconstruction is an alternative option for PCL reconstruction. The senior author uses this preferentially on morbidly 
obese patients who have sustained ultra—low-velocity knee dislocations and in many KD IV dislocations where a medial approach is made for PMC 
reconstruction and socket crowding becomes a difficulty. The initial surgical approach is identical to the approach for a PMC reconstruction. The knee 
should be kept flexed to help protect the neurovascular structures. Starting just proximal to the insertion of the pes tendons, muscle is elevated from the PM 
crest of the tibia and the posterior tibia. A blunt Hohman is placed to keep the popliteus muscle and the medial head of the gastrocnemius between the 
neurovascular bundle and the surgical field. The knee is then externally rotated allowing exposure of the posterior tibia past midline. A %-inch curved 
osteotome is used to create a trough to accept the bone block which is predrilled with a 4.5-mm hole and then fixed in place with a 4.5-mm cannulated lag 
screw (Fig. 61-35). The AL and PM bundles are pulled into the knee and stabilized in the respective sockets using suspensory fixation as already described. 
Outcomes of this technique and more surgical detail are detailed in recent manuscripts on inlay PCL reconstruction. 191199 


Figure 61-35. Open inlay PCL graft with bone block in the tibia secured with a 4.5-mm cannulated screw. 


An important issue when reconstructing dislocated knees involves the order of reconstruction and tightening of the grafts. It is our preference to start 
with the PCL, then reconstruct the corners beginning with the more unstable one if both are torn, and finish with the ACL or defer the ACL to 
approximately 6 weeks later as a secondary outpatient procedure. An advantage of delaying the ACL is it allows early rehabilitation to concentrate on the 
PCL. The delayed ACL also allows us to manipulate the knee and rapidly improve motion in patients who are struggling with regaining functional knee 
motion. 

Another important and related issue is graft fixation. The senior author exclusively used interference fixation in the first half of his career. He has now 
changed to a near-exclusive use of suspensory fixation. One reason for the switch is based on results of a comparative study which demonstrated normal 
four-zone healing between the graft and bone with suspensory fixation in addition to other superior outcomes for suspensory fixation in animal models. 188 
More importantly, the use of suspensory fixation allows an initial tensioning of the grafts in the order noted above but then allows us to go back and 
retension them as we continue to reconstruct all aspects of the knee dislocation. This is an enormous benefit of suspensory fixation. Another benefit is that 
suspensory fixation is not dependent on bone quality for successful fixation since it only needs intact cortical bone. Interference fixation depends on bone 
quality and friction for stabilization which can be a problem with multiple trauma patients with associated injuries that often impact ambulation and bone 
quality. 


ACL Reconstruction 


ACL Reconstruction: 
KEY SURGICAL STEPS 
LJ Using the arthroscope, the ACL femoral attachment sites should be debrided of any tissue remnants, with care being taken to make sure that the 


anatomic footprints are identified. If adequate tissue is present at the tibial insertion, a few millimeters are preserved in “buzz cut” fashion to allow 
continued identification of the tibial insertion as we reconstruct through it. 


We use a retrograde reamer and ream the socket to a depth of approximately 25 mm. 

Pass a suture for graft passage purposes out the anteromedial portal. 

For the tibial side, we use a standard tibial aiming guide at 60—65 degrees and drill the tunnel retrograde with the same retrograde reamer used for 
the femoral socket. 

Pass a suture for graft passage purposes through the anteromedial portal. 

Bring the graft construct into the knee through the anteromedial portal, first passing the femoral-side sutures and flipping the suspensory button on 
the femur and pulling the graft into the femoral socket to an initial depth of 15-20 mm. 

The tibial portion of the graft is then pulled into the tibial socket with the suspensory button flipped on the tibial cortex. 

After initial tensioning, the knee is cycled 10 times and the graft is retightened using the suspensory fixation. This process is repeated until all creep 
is removed from the graft. 


Identify femoral and tibial footprints and mark the tibial side with a radiofrequency device. 
Our preferred technique for femoral socket drilling is via a retrograde reamer after drilling across the lateral femoral condyle. 


There are many good options for ACL reconstruction using a variety of grafts. Our preferred ACL reconstruction technique is an all-soft tissue quadriceps 
tendon autograft reconstruction. We have generated both laboratory animal data!®’ and early clinical data (presented but not yet published) that is favorable 
with this technique. We normally use allograft for all reconstructions in a dislocated knee with the exception of the ACL in patients under the age of 40. In 
those cases, we have a preference for autograft if there are no other issues preventing the use of quadriceps tendon autograft. 

Harvest of the quadriceps tendon is done through a 4- to 5-cm incision started 1 to 2 cm proximal to the proximal pole of the patella in the midline. We 
dissect down through fat and soft tissue directly to the quadriceps tendon. Soft tissues can be removed from the tendon using a surgical laparotomy sponge 
with a Cobb elevator. A 10- to 11-mm x 70-mm graft can then be harvested. This can be accomplished with a dual-bladed graft knife, using a system 
designed for quad graft harvest (Arthrex, Naples FL), or simply by using a no.!° blade on a scalpel. Once the graft is harvested it is taken to the back table 
and fashioned into an all-soft tissue ACL graft with suspensory fixation on both limbs (Fig. 61-36). 


Figure 61-36. A: Quadriceps tendon ACL graft being prepared on graft board. B: Arthroscopic view of quadriceps tendon graft. 


The remnant ACL is excised using an oscillating shaver as an initial step in the ACL reconstruction. An exception to this is that if we have a good tibial 
remnant, we will preserve a few millimeters of it in “buzz cut” fashion and reconstruct through it for the potential advantage of more rapid restoration of 
proprioception to the reconstructed graft. We use a femoral ACL guide and place it at the anatomic origin of the ACL on the lateral wall of the notch 
posteriorly. A retrograde reamer is drilled across the lateral femoral condyle and into the notch at the ACL origin. The blade is flipped, and we ream a 
socket that is 10 to 11 mm in diameter and approximately 25 mm deep. The shaver is used to excise bony remnants from the reaming. A suture is passed 
through the socket from outside in and out of the anteromedial portal. A tibial ACL guide is set at 60 to 65 degrees and the retrograde reamer is drilled 
through the tibial footprint using the anterior horn of the lateral meniscus as a guide regarding anterior/posterior location. An all-soft tissue quadriceps 
tendon graft is then passed in through the AM portal and the femoral button is flipped on the lateral cortex and the graft is pulled 15 to 20 mm into the 
femoral socket. The tibial side of the graft is then pulled into the tibial socket with the suspensory button flipped on the anteromedial cortex. The graft is 
then initially tensioned with the knee in full extension. At this point, we cycle the knee 10 times and then assess how much graft is in the femoral and tibial 
sockets. We then repeat the tensioning process with the knee in full extension, tightening the suspensory device associated with less graft in the socket. 
Typically we will go through approximately four rounds of cycling the knee and tightening all of the grafts using the suspensory fixation devices. 


FCL/PLC Reconstruction 


FCL/PCL Reconstruction: 
KEY SURGICAL STEPS 


8- to 10-cm straight incision centered around the joint line and at the anterior aspect of the fibular head extending 4—5 cm proximally and distally 
from the joint line 
LJ Three-window dissection as per Terry and LaPrade207 
e Window 1—midsubstance of IT band 
e Window 2—between posterior border of IT band and anterior border to the biceps femoris tendon 
e Window 3—posterior to biceps femoris tendon 
Through Window 3—dissect the peroneal nerve and protect with a 14-inch Penrose drain 
Determine degree of rotational instability to decide whether the popliteus needs to be reconstructed 
A tibialis anterior or semitendinosis allograft is used to fashion separate grafts for LCL and popliteofibular reconstruction and popliteus 
reconstruction (if needed) 
LJ If reconstructing popliteus, drill a 6-mm tunnel across the tibia (tap to 7 mm) exiting posteriorly where the popliteus tendon attaches to the muscle. 
Drill a socket at the anatomic insertion on the femur and affix the graft using a swivel lock screw (Arthrex, Naples FL) 
LJ The popliteus is tensioned with the knee in 20-30 degrees of flexion and the foot in neutral rotation. A 7-mm interference screw is used to stabilize 
the graft in the tibial tunnel 
LJ Determine the isometric point for the lateral side of the femur using the fluoroscopic method. A spade tip guide wire is drilled across the femur 
aimed 20-30 degrees proximally and anteriorly from the isometric point. A 9-mm reamer is used to create a 50- to 60-mm socket and a suture is 
pulled through to assist with graft passage 
LJ Use a 3.2-mm drill bit to drill a pilot hole through the proximal fibula from anterolateral to posteromedial. A guide pin is placed through this pilot 
hole and the fibular head is sequentially reamed from 5 to 7 mm 
A suture is passed through the fibular head to assist with graft passage 
= A tibialis anterior allograft is trimmed to fit through the fibular tunnel. The limb exiting the anterolateral aspect of the fibula is passed up to the 
isometric point in line with the anatomic location of the LCL 
The graft exiting the posteromedial aspect of the fibula is passed under the biceps tendon and IT band to the isometric point 
The two limbs of the graft are sutured together around a suspensory fixation device 
Pull the graft and suspensory fixation device into the tunnel and flip the button on the medial femoral cortex. Tension the graft with the knee in 20— 
30 degrees of flexion 
LJ Cycle the knee 10 times, stress the graft, and retension 


There are a number of reconstruction techniques for the lateral side of the knee. Many of them are “anatomic” and reconstruct the FCL, the PFL and the 
popliteus tendon. In our experience, a significant number of PLC ligaments have a partial injury to the popliteus that will heal with nonoperative treatment. 
We therefore have a preferred lateral corner technique that uses a separate graft for the popliteus tendon so that we can either reconstruct all three 
components or only reconstruct the LCL and PFL if the rotational instability laterally is mild. The first step of our reconstruction decision making is to 
perform a dial test and carefully scrutinize the MRI and determine the severity of injury to the popliteus. If the injury is associated with significant rotational 
instability, we use a separate tibialis anterior or semitendinosis allograft to fashion a graft. We identify the insertion point of the popliteus tendon at the 
proximal end of the popliteus hiatus on the distal femur. A guide pin is drilled in at that point and a socket 5 to 6 mm diameter by 5 mm deep is reamed. The 
graft is fixed in this socket using an interference screw. Using the third window, a Kelly clamp is used to dissect around the posterior fibular head just 
proximal to the peroneal nerve. The dissection is carried to the posterior tibia where the normal popliteus tendon originates from the muscle. We prefer to 
place our index finger at this point and drill from the anterior tibia approximately 3 cm distal to the joint across the tibia to our index finger using a 3.2-mm 
drill bit. Alternatively, you can use an ACL guide, but we find drilling to our finger very accurate and if the guide drifts medially there is a risk of damage to 
the posterior neurovascular structures. A guide pin is then placed in the pilot hole and it is reamed to 6 mm and tapped to 7 mm. The graft that was fixed in 
the femur at the popliteus insertion is then run in line with the popliteus to the back of the tibia and then through the tibial tunnel. It is tensioned with the 
knee in 20 to 30 degrees of flexion and the foot in neutral rotation. Fixation is obtained with an interference screw (Fig. 61-37). 

Reconstruction of the FCL and PFL is accomplished with a tibialis anterior allograft. The first step is to identify the isometric point on the lateral side of 
the knee. This is done using a lateral view of the knee on fluoroscopy and identifying the intersection of Blumensaat line with a line drawn distally from the 
anterior aspect of the posterior femoral cortex. This is the isometric point. The isometric point is significantly more accurately identified with fluoroscopy 


than anatomic structures.!®° A spade-tipped guidewire is drilled across the femur from the isometric point. An important tip is to drop your hand 
approximately 20 to 30 degrees to aim the guide pin proximally and anteriorly from the isometric point. This decreases the risk of intersection of the ACL 
and PLC sockets. A 9-mm x 50- to 60-mm socket is reamed and a suture is then pulled across to assist with graft passage. 

The next step is to drill a tunnel across the proximal fibula. This is accomplished by drilling from the AL aspect of the fibula to the PM aspect using the 
3.2-mm drill bit to create a pilot hole. A guide pin is then placed in the pilot hole and a tunnel is drilled across and sequentially enlarged from 5 to 7 mm. A 
tibialis anterior allograft is pulled through this tunnel leaving half of the graft exiting each side of the fibula. The limb exiting the AL fibula is run in line 
with the normal position of the LCL to the isometric point on the femur. The posterior limb is run under the biceps and IT band to the isometric point. The 
two limbs are sewn together with permanent suture along with a suspensory fixation device. The graft and suspensory fixation device are then pulled into 
the femoral socket with the button flipped on the medial femoral cortex. The graft is tensioned with the knee in 20 to 30 degrees of flexion. The knee is then 
cycled 10 times, the graft is given a varus stress, and it is then tightened again (see Fig. 61-37). 


Figure 61-37. Drawing of posterolateral corner reconstruction with a separate popliteus graft. 


LaPrade et al. have reported on an “anatomic” FCL/PLC reconstruction technique!8 that was first developed and tested in the biomechanics 
laboratory!°9 (Fig. 61-38). The primary difference between this technique and ours is that their technique has the PFL graft go from the posterior fibula to 
the tibial tunnel. 

The authors’ preferred technique for reconstruction of the PMC utilizes a tibialis anterior allograft. It is fashioned with a common femoral bundle and a 
6- to 7-mm x 120-mm long superficial MCL bundle and a 6- to 7-mm x 110-mm POL bundle (Fig. 61-39). The common femoral bundle as well as the 
sMCL and POL bundles each have a suspensory fixation mechanism attached. The first step is to obtain a good lateral fluoroscopy view and identify the 
isometric point on the medial femoral condyle in the same manner as we used on the lateral side. The intersection of Blumensaat line and a line extended 
from the anterior aspect of the posterior femoral cortex represents the isometric point. A spade-tipped guidewire is drilled across the femur. Again, a tip is to 
drop your hand approximately 20 to 30 degrees to drill proximally and anteriorly and create a 9-mm x 50-mm socket. A suture is passed through the socket 
to assist with graft passage. Another spade-tipped guidewire is placed in the middle of the MCL footprint just proximal to the insertion of the pes anserinus 
tendons. This is drilled anteriorly and distally to exit laterally. A 6- to 7-mm x 35- to 40-mm socket is reamed and a suture is passed through to assist with 
graft passage. A spade-tipped guide wire is placed posteromedially 1 to 2 cm distal to the joint line under the direct head of the SM tendon. The guide wire 
is drilled parallel with the joint and slightly anteriorly to exit the lateral tibial cortex anterior to the fibular head. A 6- to 7-mm x 35- to 40-mm socket is 
reamed and a suture is passed through to assist with graft passage. At this point, the common bundle of the graft is pulled into the femur and the suspensory 
button is flipped on the lateral femoral cortex. The graft is initially drawn 15 to 20 mm into the femur. The sMCL limb is run in line with the sMCL and 


pulled into the associated socket just proximal to the pes anserinus insertion. The button is flipped on the lateral cortex and this limb is drawn 15 to 20 mm 
into the socket. Finally, the POL limb is tunneled under the soft tissue including the direct head of the semimembranosis and into the POL socket. The 
button is pulled across and flipped on the lateral tibial cortex. The graft is pulled 15 to 20 mm into the tibia. The knee is then flexed 20 to 30 degrees, and 
the graft is pulled into the common femoral socket until both limbs begin to get tight. Next, the sMCL graft is tensioned fully with the knee in the same 
position. Finally, the POL graft is tensioned fully through the tibia with the knee in full extension (Fig. 61-40). The knee is then cycled 10 times, the graft is 
stressed with a valgus stress, and the grafts are retensioned as described above. 


A B 
Figure 61-38. Illustrations of posterior (A) and lateral (B) views of “anatomic” FCL and posterolateral corner reconstruction technique as described by LaPrade et al. 


(Reprinted by permission from LaPrade RF, et al. An analysis of an anatomical posterolateral knee reconstruction: an in vitro biomechanical study and development of 
a surgical technique. Am J Sports Med. 2004;32(6):1405-1414. Copyright © 2004 SAGE Publications.) 


Figure 61-39. Clinical picture of PMC graft in place with clamp pointing to superficial MCL and POL graft curving under it. 


MCL/PMC Reconstruction 


MCL/IPMC Reconstruction: 


KEY SURGICAL STEPS 


Direct medial incision 8—10 cm in length carried down to crural fascia 
Fluoroscopy is used to identify the isometric point on the medial femoral condyle using the same technique as for the lateral side 
Create a 9-mm socket approximately 50-mm deep at the isometric point, dock our two-tailed tibialis anterior allograft into the socket, and secure it 
with suspensory fixation 
Drill a 6- to 7-mm x 35- to 40-mm socket just proximal to the pes anserinus insertion and pass a suture through 
Drill a 6- to 7-mm x 35- to 40-mm socket for the posterior oblique ligament (POL) approximately 1-2 cm distal to the joint line posteriorly under 
the direct head of semimembranosis and pass a suture through 

LJ The longer end of the two-tailed graft is routed in line with the superficial MCL and through the socket just proximal to the pes insertion. The 
suspensory button is flipped on the lateral cortex and tensioned with the knee in 20-30 degrees of flexion 

LJ The shorter tail is tunneled under the soft tissue and semimembranosus and into the posteromedial socket for the POL. The suspensory button is 


flipped on the lateral cortex and the graft is tensioned with the knee in full extension 


aie 


Figure 61-40. Drawing of posteromedial corner graft with bundles for superficial MCL and the posterior oblique ligament. 


Authors’ Preferred Treatment for Knee Dislocations ( ) 


Acutely dislocated knee 


Reduced? 


Closed reduction 
(the irreducible knee 
dislocation requires 

emergent surgery) 


Stable in extension? 


Fracture? 


Assess (the following situations may Consider ORIF* External fixation 
require emergent or urgent surgery (consider further 
irrespective of the approach to imaging; MRI 
ligamentous injury): compatible fixator) 
Vascular injury (flow limiting): Emergent 
Compartment syndrome: Emergent 


Neurologic injury (relative indication): Urgent 
Extensor mechanism injury: Urgent 
Open injury: Urgent 


Algorithm 61-1 Authors’ preferred treatment for acute knee dislocation (multiligament knee injury). *Fractures for which we recommend considering early 
fixation: large structural fragments (plateau and/or condyle), large articular fragment, large avulsion fragments, fibular head avulsions with displacement, or 
significant joint depression (>10 mm). Refer to Table 61-2 for recommendations for elective treatment for soft tissue injuries. 


Whenever soft tissue and associated injuries allow, we prefer to begin to reconstruct the knee dislocation between 2 and 4 weeks following the injury. 
This allows time for swelling and soft tissue injury to improve and the capsule to heal which allows safe use of arthroscopy fluids and pumps. For KD I 
and II injuries, we prefer to reconstruct all of the ligaments at this setting using allograft for all reconstructions except the ACL. We prefer quadriceps 
tendon autograft for younger patients (<40 years) and allograft for older patients. We use the techniques described above including the double bundle 
PCL reconstruction technique. 

We prefer to use a staged reconstruction protocol for patients with a high-energy mechanism of injury who have sustained KD III and IV injuries. 
We treat all meniscus and articular cartilage injuries with a major emphasis on meniscus repair rather than partial meniscectomy. We then use the 
techniques described above to reconstruct all injured ligaments except the ACL 2—4 weeks following the initial trauma. Early rehabilitation focuses on 
motion and PCL-specific exercises. Weight bearing is allowed with the knee locked in extension beginning 1 to 2 weeks following injury. A Compass 
Knee Hinge (CKH; Smith & Nephew, Memphis TN) is used on the most unstable KD IV dislocations and with ultra—low-velocity obese patients at this 
time. We have completed a prospective randomized study demonstrating decreased ligament failure rate using the CKH.'°° Six weeks following the 
initial reconstruction, the patient is taken back to the operating room for removal of the CKH if one was used and an outpatient ACL reconstruction. 
This staged protocol allows manipulation of the knee to jump-start motion in patients who are struggling to regain motion. This staged protocol has 
yielded good clinical success with excellent motion following high-energy knee dislocations. 198 


Fracture-Dislocations 


The authors preferred method for fracture-dislocations that include a periarticular fracture requiring open reduction and internal fixation (ORIF) again 
involves a staged protocol. The first stage involves ORIF of the fracture as soon as soft tissue injury and swelling will allow. This is typically 1-2 weeks 
following the injury. Stage 2 involves reconstruction of all ligaments except the ACL using the techniques described above and placement of a CKH (in 
the majority of cases that involve significant tibial plateau fractures). Stage 3 involves removal of the CKH, manipulation of the knee if needed, and 
ACL reconstruction approximately 6-8 weeks following stage 2. Patients are allowed to weight bear as tolerated with the CKH as it bypasses the 
fracture site and will not lead to fracture displacement. This staged protocol allows the patient to recover from the fracture and the dislocation 


simultaneously allowing recovery and return to life much more quickly than protocols that delay reconstruction until fracture healing is complete. We 
have achieved good clinical and functional results!%-!9° using this staged protocol. Fracture fixation hardware must be taken into account given the 
need for eventual sockets and tunnels. Suspensory fixation systems are advantageous in that only intact cortical bone is required for fixation rather than 
the reliance on potentially compromised metaphyseal bone as with interference screws. 


Graft Preparation 


An important component of reconstruction of patients following a knee dislocation is graft preparation (Table 61-2). As noted above, we have evolved to all 
suspensory fixation in our preferred techniques. Our ACL uses a straightforward all-soft tissue quadriceps tendon graft. The preferred PCL technique uses a 
two-tailed graft created from Achilles tendon which is also all-soft tissue. Our PLC reconstruction uses tibialis anterior allograft or semitendinosus allograft 
with two separate grafts for the popliteus and the FCL/PFL, respectively. Finally, our preferred PMC technique uses a two-tailed graft created from anterior 
tibialis allograft. The full details of graft preparation are beyond the scope of this chapter due to space constraints but are available in two published 
manuscripts.?®-!!4 Figure 61-41 and Table 61-2 provide a visual demonstration of all four reconstruction techniques and details of graft preparation. 


TABLE 61-2. Graft Constructs and Techniques 


Min. Width Min. Length Internal Final Diameter Final Length 


Structure Technique Graft (mm) (mm) Brace (mm) (mm) Fixation 
PCL All-inside Achilles allograft 15 170 Long Tibial: 10.5-12 AL 80-85 Femur and tibia: 
transtibial double- AL bundle: PM 70-75 CSFD in sockets 
bundle anatomical 9-11 
reconstruction PM bundle: 7-8 
PLCLCL  Femur-fibula Anterior tibialis 7 230 Long Femoral: 8-9.5 210-220 LCL/PFL: Femur: 
figure-of-8 for allograft or Fibular::7 CSFD in socket; 
LCL/PFL semitendinous Fibular tunnel 
allograft 
PLC Pop Femur-tibia Anterior tibialis 6 170 None 6-6.5 >150 Pop: Femur and 
anatomic allograft, tibia: tunnel 
reconstruction semitendinous aperture fixation 
allograft, or gracilis using interference 
allograft screws 
PMC Double-bundle Anterior tibialis 7 250 Long Femoral: 8-9.5 MCL 120 Femur and tibia: 
isometric based allograft sMCL: 6-7.5 POL 110 CSFD in sockets 
anatomical 
: POL: 6-7 
reconstruction of 
sMCL and POL 
ACL All-inside single Quadriceps auto/ v9 70 CG 9-11 65-70 Femur and tibia: 
bundle anatomical allograft Short CSFD in sockets 


reconstruction 


AL, anterolateral band; ACL, anterior cruciate ligament; BMI, body mass index; CC, collagen-coated; CFSD, cortical suspensory fixation device; MCL, medial collateral ligament; 
PCL, posterior cruciate ligament; PFL, popliteofibular ligament; PLC LCL, posterolateral corner—lateral collateral ligament; PLC Pop, posterolateral corner—popliteus tendon; 
PM, posterior medial; POL, posterior oblique ligament. 

From Lee JHY, et al. Outcomes after multiligament knee injury reconstruction using novel graft constructs and techniques. J Knee Surg. 2022;35(5):502-510. Copyright © Georg 
Thieme Verlag KG. 


Figure 61-41. Drawing of the authors’ preferred reconstructions of the ACL, PCL, PMC, and PLC viewed from all four directions. 


Postoperative Care 


Each patient should have their postoperative rehabilitation protocol individually tailored according to the specific surgical intervention. Stannard et al. 194 
and LaPrade et al. have described their rehabilitation programs with good outcomes. The rehabilitation program prescribed by Stannard et al. has the 
patient initiating ROM on postoperative day 1 with partial weight-bearing for the first week followed by progressive weight bearing as tolerated. They 
advocate concentrating on early ROM and closed chain strengthening as dictated by the cruciate ligament injuries.'°* Similarly, LaPrade et al.!°8 have their 
patients perform isometric strengthening (quadriceps sets and straight leg raises) in the brace and ROM exercises out of the brace for the first 2 weeks 
postoperatively. From 2 to 6 weeks, patients continue to work on nonweight-bearing strengthening exercises and ROM with a goal of having full ROM by 6 
weeks. Patients remain nonweight-bearing for the first 6 weeks and then slowly progress to full weight-bearing once they have no limp and begin 
progressive resistance strength training and proprioceptive exercises. They also advocate avoiding active isolated hamstring exercises for at least the first 4 
months. Patients may be cleared for return to activity after 9 months if they have met strength and stability goals. As these two peer-reviewed published 
protocols suggest, there is not a single protocol that is universally accepted. 


Potential Pitfalls and Preventive Measures 


Ligament Repair or Reconstruction for Knee Dislocations: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Drill tunnel in 90 degrees of flexion 

Use PCL guide or curved curette to protect NV bundle as pin come through cortex 

Use interoperative fluoroscopy to assess pin position relative to posterior tibial border 

Direct arthroscopic visualization of guide pin and drill through PM portal during tunnel creation 


Neurovascular bundle damage during PCL 
tunnel reaming 


Alert anesthesia 

Apply pressure 

Inflate tourniquet if not already inflated 
Pack wound 

Obtain blood 

Notify vascular surgeon 


Interoperative steps for iatrogenic vascular 
injury 


Unrecognized vascular injury e Preoperative assessment of vascular status at initial presentation (Vascular assessment section) 


Unrecognized neurologic injury e Treatment must be initiated in the form of splinting and joint mobilization at the foot and ankle 
e If these steps are not taken, the resulting equinus contracture will impair ambulation and can preclude future treatment options such 
as tendon transfer 


Compartment syndrome e Assess compartments at initial presentation clinical and/or objectively with pressure gage 
e Ensure compartment assessment and consider compartment release after revascularization 
e Monitor compartment pressure serially intraop during surgical procedures via palpation 


Prolonged tourniquet time e Tourniquet use should be minimized 
e Inpatients who have had previous vascular procedures, tourniquet use may be contraindicated completely 
e Uninterrupted inflation of the tourniquet at 300 mm Hg or greater for up to and over 120 minutes is contraindicated 


Fluid extravasation e In the acute setting, arthroscopic pumps should be used with caution as capsular disruption can result in fluid extravasation into the 
surrounding compartments (usually distally) and can result in compartment syndrome 
e Even without the use of a pump, this is a risk in the acutely injured joint and thus the tension within the distal compartments should 
be assessed via palpation both preoperatively and serially throughout the case 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN KNEE 


DISLOCATIONS 


One of the most important pitfalls during multiligament reconstruction surgery is damaging the neurovascular bundle during PCL or PLC (popliteus) tunnel 
reaming. Damage to these structures can be limb-threatening and cause severe debilitation. The neurovascular structures of the posterior knee, particularly 
the popliteal artery and tibial nerve, are at risk of injury due to their close proximity to the posterior tibia and PCL. They are most commonly injured by the 
guide pin being advanced too far, the guide pin inadvertently advancing during tunnel reaming, or excessive posterior excursion of the drill bit during 
reaming. Preventing damage to the posterior neurovascular structures of the knee can be accomplished by (1) drilling the tunnels with the knee flexed to 90 
degrees to allow the neurovascular bundle to fall away from the tibia into the popliteal space; (2) using an instrument such as a tibial PCL guide or 90- 
degree curette to prevent the guide pin or drill bit from advancing too far; and (3) using intraoperative fluoroscopy to confirm guide pin or drill bit position 
relative to the posterior tibial border and PCL facet. 

Complications can occur at any point during the assessment and treatment of knee dislocations. Undoubtedly, the most significant is the failure to 
recognize a significant vascular injury. Frank dysvascularity is a rare occurrence; nonetheless, failure to restore perfusion to the lower limb within 6 to 8 
hours may carry with it up to an 86% amputation rate.®9°° Assuming that a vascular injury is recognized, further mistakes can be made in failing to 
appropriately treat these lesions. Revascularization is strongly recommended to avoid chronic claudication or future dysvascular events in these patients. 
Moreover, surgical repair and/or reconstruction of an unstable joint is contraindicated (neither acutely nor in the longer term) without an intact arterial tree. 

Similarly, neurologic injury must be recognized early and treatment initiated in the form of splinting and joint mobilization at the foot and ankle. If these 
steps are not taken, the resulting equinus contracture will impair ambulation and can preclude future treatment options such as tendon transfer. 

Intraoperative vascular injury is always a risk when addressing posterior ligamentous and capsular injury. A prepared surgeon will have this in mind 
especially when releasing scar tissue posteriorly, drilling tibial PCL or PLC reconstructive tunnels from anterior to posterior, and when making posterior 


incisions or portals in general. A vascular surgeon should be available for prompt intraoperative consultation when planning procedures that might involve 
these steps. If arterial bleeding is encountered, the anesthetist should be notified immediately, the reconstructive procedure halted, and the vascular surgeon 
consulted on a stat basis. If a tourniquet is not in use, then one should be applied proximally. Direct pressure and/or packing can be applied if an open 
approach has been used to gain posterior exposure. In the case of a vascular injury during an arthroscopic case, a tourniquet will likely control arterial 
bleeding. If this is not the case, and bleeding continues uncontrolled, an extended PM incision can be employed to gain proximal control of the vessel as a 
provisional step. Definitive management will involve exploration by a vascular surgeon with potential repair and/or bypass of the injured vessel. 


Knee Dislocations: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Infection 

DVT/thromboembolic phenomena 
Heterotopic ossification (HO) 

Residual joint laxity 

Recurrent joint subluxation and/or dislocation 
Stiffness 

Arthritis 


In the postoperative period, we highly recommend that patients be given thromboembolic prophylaxis.!!” An analysis by Born et al.!* found a 2% rate (3 
patients) of symptomatic deep vein thrombosis (DVT) in a sample of 134 patients undergoing 136 operative treatments for multiligamentous knee injury. 
The three patients with a DVT were considered high risk (obesity and/or smoking). Prophylaxis consisted of 6 weeks of either enteric-coated aspirin or low— 
molecular-weight heparin in low-risk individuals. High-risk individuals were as defined as those with a prior coagulopathy diagnosis and received 6 to 12 
weeks of warfarin.!* Intravenous antibiotic regimens are also recommended if allograft tissue is employed in reconstructive procedures or if extensive 
amounts of hardware are used for fixation. 

Superficial infections should be managed with appropriate antibiotics and immobilization of the affected soft tissues. Acute deep infections are rare but, 
when encountered, must be treated aggressively: serial I&D with primary retention of hardware and grafts and IV antibiotics. Those infections presenting 
beyond 3 weeks after surgery are likely established and will require more aggressive management. In some of these cases, it is recommended that all graft 
tissue and hardware be removed along with serial irrigation and extensive debridement (either open or arthroscopic). Intravenous antibiotics should be 
administered; the choice of medication is tailored to sensitivities obtained at surgery; the length of their administration is determined by serial serum 
analyses of the erythrocyte sedimentation rate and the C-reactive protein level. An external fixator may be required to manage joint subluxation in such 
cases. The timing of subsequent reconstructive procedures—and even the prudence thereof—is controversial. 

HO is, unfortunately, a common complication following multiligament knee injury and/or reconstruction.!*°.2 In a series of 101 consecutive knee 
dislocations at a single level 1 trauma center, HO was observed in 30 (34%).??3??4 A more recent analysis found a 37% rate of HO among 57 patients.?*° 
The HO was correlated with significantly worse range of motion. Reconstruction of the PCL has been identified as a risk factor for HO formation by 
multiple studies.??4?33 The true incidence of HO after nonoperatively treated knee dislocations is unknown. In cases of established HO, the knees are 
uniformly stiff and occasionally painful. Manipulation of the joint may not be helpful in restoring motion. Excision of heterotopic bone is usually successful 
but likely best done after the acute period of ossification has passed (usually approximately 3 months) and metabolic activity has normalized. Routine 
prophylaxis for HO in the setting of knee ligament reconstruction is controversial and not currently recommended.°” 

Although not formally thought of as complications, residual laxity and/or stiffness after multiligament reconstruction are unfortunately common 
“adverse events.” The relatively high frequency of these outcomes likely reflects the extent of these injuries as well as deficiencies of current reconstructive 
procedures to consistently restore optimal ligament balance around the joint. In general, it is thought that a “looser” yet mobile joint is more functional and 
better tolerated than a knee that is more stable yet with arthrofibrosis.°*!8° A 2017 study by Hanley et al. evaluated the rate of arthrofibrosis among 121 
knees with multiligamentous injuries.’”° Arthrofibrosis was defined as a 10-degree flexion contracture, less than 120 degrees of active flexion, or individuals 
who received a manipulation under anesthesia or arthroscopic lysis of adhesions. A 21.5% rate of arthrofibrosis was found with risk factors including knee 
dislocation as a mechanism of injury and repair/ reconstruction of three or more ligaments.”° Acute versus delayed operative management was not found to 
be a risk factor.’° 

There are currently no long-term outcome studies to help predict the potential for, and rate of, post-traumatic arthritis in patients who have sustained a 
knee dislocation. Given the relatively high rate of arthritic changes observed following isolated ACL reconstruction, it is reasonable to predict that 
multiligament reconstructive procedures also carry significant risk of similar degenerative changes.?>15%173 Some authors suggest delayed reconstruction is 
associated with worse chondral damage; however, its relationship to mechanism and severity of index injury should be considered a confounding 
factor. 181,217 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO KNEE DISLOCATIONS 


OPERATIVE VERSUS NONOPERATIVE MANAGEMENT FOR KNEE DISLOCATIONS 


Four main studies have compared operative treatment with nonoperative treatment; all are level III or IV retrospective studies. !59:!67,169,226 In the largest of 
these, Richter et al.!®7 compared 63 patients treated with a combination of early and late surgery with 26 patients treated nonoperatively. Statistically 
superior outcomes were demonstrated in the surgical group in terms of the Lysholm score (78.3 vs. 64.8), the Tegner score (4.0 vs. 2.7), IKDC activity 
level, and the Lachman test, as well as working ability and sports participation. 

The operative management of multiple ligament injuries, compared with nonoperative management, has been shown to result in superior clinical and 
functional outcomes in meta-analyses, systematic reviews, and evidence-based reviews.2°:!17,157,159, 169,226 
With regard to range of motion and contractures, an evidence-based review of articles published between 2000 and 2010 demonstrated no statistically 


significant differences between operative and nonoperative groups; however, there were statistically significant differences between the two cohorts in 


return to employment and return to sport.'°” Interestingly, in the review of 31 articles published between 2000 and 2010, the aggregate average Lysholm 
scores were 84.3 and 67.2 for the operative and nonoperative cohorts, respectively.1°” 

Most surgeons with experience in multiligament knee injuries agree that operative management is the gold standard.*9 However, some indications for 
nonoperative management remain, including severe polytrauma, head injury, medical comorbidities, poor patient compliance, and soft tissue compromise 
about the knee.!5” Thus, despite evidence that operative management is superior, there always remain a subset of patients for whom—usually due to 
coexistent injury or illness—nonoperative management is prudent. Moreover, the timing and extent of surgery may also require modification based on 
extenuating patient or injury factors. 


EARLY VERSUS DELAYED SURGICAL MANAGEMENT FOR KNEE DISLOCATIONS 


Early surgery is usually defined as surgical repair or reconstruction performed less than 3 to 4 weeks after injury. This time frame is thought to be the latest 
time at which damaged structures are still anatomically identifiable, with minimal tissue retraction, and able to accommodate suture “purchase” for repair. 
Recognizing that some degree of initial capsular healing may be advantageous to allow arthroscopic distension of the joint (and avoid the potential for fluid 
extravasation into surrounding tissue compartments), the optimal window for early surgery is likely between 14 and 28 days after injury.461!8 

Harner et al.,°° in a retrospective study of 31 consecutive patients with a knee dislocation, compared 19 patients who were treated less than 3 weeks after 
injury, where 12 patients managed with late reconstruction. The mean Lysholm score was 91 points for the acutely reconstructed knees and 80 points for the 
chronically reconstructed knees, a trend that approached statistical significance (p = .07). According to the final overall IKDC rating, no knee in either group 
received a normal overall IKDC rating. Of the 11 “nearly normal knees,” all but one was treated acutely. 

Tzurbakis et al.2!© retrospectively compared 35 early against 9 late surgical interventions, finding a statistically significant improvement in Lysholm 
score in the early group. In 3 other studies comparing early and late surgical treatment of the multiligament injured knee, no statistically significant 
difference in knee outcome scores was demonstrated; however, there was a trend toward better outcomes with acute treatment.4®122 Unfortunately, the 
patterns of injury and the surgical treatment vary from paper to paper and thus preclude data pooling or direct comparison. 

Several systematic reviews have attempted to evaluate the nuances of surgical treatment of knee dislocations and multiligament knee injury between 
authors. Levy et al.!!” demonstrated that early surgical treatment resulted in higher mean Lysholm scores and a higher percentage of excellent and good 
IKDC scores (47% vs. 31%) than delayed surgery. No significant differences were observed in mean range of motion or flexion, but patients treated with 
early surgery had statistically higher sports activity scores. In 2009, a second systematic review by Mook et al.!*! found that acute treatment of knee 
dislocations led to increased anterior instability compared with chronic treatment. No statistically significant difference was detected with posterior 
instability, or varus or valgus laxity based on surgical timing. They also demonstrated that acute treatment is more likely to result in flexion loss of greater 
than 10 degrees versus chronic treatment. This difference was more pronounced when patients were immobilized in the postoperative period. In addition, 
the number of patients requiring manipulation under anesthesia or operative arthrolysis was increased in the acute treatment group. Staged treatment 
(defined as a combination of repair and reconstruction, in both the acute and chronic settings) resulted in superior subjective outcomes than either acute or 
chronic treatment. A 2022 systematic review and meta-analysis by Vermeijden et al.?!” of 14 multiligament injury studies with 1,172 combined patients 
suggested that early reconstruction (<3 weeks) was associated with less meniscal and chondral pathology than late reconstruction. Lysholm scores were 
higher in the early reconstruction cohort.*!” The study also found no differences in rates of arthrofibrosis between groups which the authors attribute to 
modern early range of motion rehabilitation protocols.*!” There is a multicenter prospective randomized study currently ongoing that is trying to answer this 
question. 

It should be emphasized that—in comparing early and delayed surgical groups—the latter likely had symptoms necessitating further intervention, a fact 
that imposes an inherent bias in patient selection and assessment of outcomes. There is likely a subset of patients in the early groups that may have done 
well without surgery (or with a delayed approach). This is likely not the case for the delayed groups in which (given that the treatments were not randomly 
allocated) all patients required surgery to address ongoing and intolerable symptoms. The STAR trial is a well-designed randomized trial that should help 
eliminate this potential bias and go a long way to answering the question of when surgery is optimally performed following knee dislocation. 

The limited data available would seem to suggest that early surgical intervention affords the best opportunity to maximize outcomes following 
multiligament knee injury. It is important to remember that concomitant injuries can prohibit early surgery. In these complex cases, the best approach may 
be delayed surgery. 


REPAIR VERSUS RECONSTRUCTION FOR KNEE DISLOCATIONS 


The majority of surgical techniques advocated for treating multiligament knee injuries describe either repair of the torn structures, reconstruction with either 
allograft, autograft, or synthetic ligaments, or combinations thereof. Apart from graft choices, reconstructive options include various surgical techniques 
across very heterogeneous groups of patients. Few comparative studies are available. Two philosophies of surgical treatment have historically dominated the 
literature: early repair versus delayed reconstruction. Early reconstruction has more recently garnered favor over the past two decades and presents itself as a 
viable opportunity. 

Owens et al.!5° performed open primary repair of ligaments in 30 consecutive knee dislocations within the first 2 weeks, including primary repair of the 
ACL and PCL. A mean postoperative Lysholm score of 89 was reported, with minimal permanent loss of range of motion and good stability.!°° In that 
series, the lack of comparison to cruciate reconstruction is problematic, and many surgeons would feel unfamiliar with open repair in the current age of 
reconstruction. While the likelihood of encountering a cruciate ligament avulsion fracture amenable to direct repair is increased in the setting of knee 
dislocation, the incidence of stiffness has been suggested to be greater when directly fixing ACL avulsions.!#°2!5 Furthermore, the long-term results of 
repairing isolated ACL injuries are generally thought to be inferior to modern reconstructive techniques.2°* 

Reconstruction of both the ACL and PCL has become popular, with good outcomes reported using autograft, allograft, and synthetic ligaments.“4 
Fanelli and Edson*® reported on the 2- to 10-year results of 35 arthroscopically assisted combined ACL and PCL reconstructions with a variety of grafts. 
Normal Lachman and pivot shift test results were found in 33 of 35 knees (94%), while a normal posterior drawer/tibial step-off was found in 16 of 35 
knees (46%). PCL reconstruction has been described using both single and double bundles, as well as with inlay and transtibial techniques.*!!24 Mariani et 
al.!?7 looked at the outcome in groups of patients with ACL and PCL injuries with three surgical techniques: both cruciates repaired, both cruciates 
reconstructed, or ACL reconstruction combined with PCL repair. All three groups had very similar IKDC and Lysholm scores. It was noted that the direct 
repair of both cruciates had statistically significantly increased rates of posterior sag and lower rates of return to preinjury level, whereas the group of 


patients in whom both the ACL and the PCL were reconstructed had increased rates of return to sport. 

When considering high-grade lateral-side injuries, it has traditionally been accepted that an avulsed FCL (whether from the femur or fibula), and 
popliteus tendon (from the femur), can and should be directly repaired acutely.“ In addition, direct repair of the PLC via en bloc advancement has been 
advocated by Shelbourne et al.,'®* with good results reported; 15 of 17 patients had normal lateral laxity, and the mean IKDC score was 91.3. Direct 
comparisons of repair versus reconstructive approaches to high-grade lateral/PLC injuries have been published. In 57 knees, Stannard et al. could not 
detect a statistically significant difference in Lysholm scores, IKDC scores, or return-to-work rates between the two groups. However, return to sport and 
objective stability were increased in the reconstruction group, leading the authors to recommend reconstruction as opposed to repair. In a consecutive series 
of patients with PLC injuries, Levy et al.!"° initially repaired lateral-side injuries, before moving to ligament reconstruction; the 40% (4/10) failure rate in 
the repair group was reduced to a 6% (1/18) failure rate in the reconstruction group. Similarly, for high-grade medial-side injuries, Stannard et al.!9? have 
demonstrated a failure rate of 20% (6/24) in the repair group and 4% (2/48) in the reconstruction group. A MOON Knee Group analysis published in 2019 
was the first long-term study (n = 34, 6-year follow-up) to demonstrate equivalent PROMs between ACL reconstruction cohorts with concomitant PLC 
reconstruction (n = 19) versus repair (n = 15).2? The MOON study, like the Stannard et al. and Levy et al. analyses, is nonrandomized. Selection biases 
exist in much of the literature surrounding PLC literature. A level 1 randomized controlled trial is needed, but the infrequency of this injury pattern remains 
a persistent challenge. In the interim, most authors elect for reconstruction in most patients with repair left to instances of bony avulsions amenable to 
fixation.9” 

In summary, reasonable results have been reported with both early repair and early reconstruction of multiligament knee injuries. In the setting of FCL, 
popliteus, and MCL avulsions, although direct repair is a technically viable option and has been preferred in the past, recent evidence seems to suggest that 
reconstruction may be the superior technique. Most experienced multiligament surgeons would agree that ACL and PCL reconstructions are optimal for 
bicruciate injuries and the literature seems to support this opinion. Some controversy continues, however, as to the optimal management of high-grade 
collateral ligament injury. Repair has the advantage of restoring anatomy directly but is likely not sufficient in isolation. The optimal approach likely 
involves some combination of the two philosophies such as anatomic repair performed in a timely manner and supplemented with a concomitant 
reconstructive procedure. Such an approach affords the restoration of normal anatomic attachments provided by repair, with the added stability of the 
reconstruction to allow early motion and potentially prevent arthrofibrosis. 


AUTOGRAFT VERSUS ALLOGRAFT RECONSTRUCTION FOR KNEE DISLOCATIONS 


Various combinations of different autografts and allografts, with various reconstruction techniques, are described in the multiligament injury literature, but 
with attempts to differentiate outcomes becoming nearly impossible. Given the extreme insult to the joint and its soft tissue envelope at the time of 
dislocation, most surgeons are hesitant to add further morbidity by harvesting autograft tissue from the injured knee. Moreover, the integrity of autograft 
tissue may be compromised in the recently traumatized state. Conversely, the mechanical integrity of allograft, its sterility, and its ability to integrate into a 
foreign host are equally important concerns among surgeons who favor autograft harvest. Furthermore, the debate over the optimal preparation of allograft 
tissue continues with maintenance of structural integrity being weighed against the complete eradication of potential pathogens. Allograft is unavailable in 
many countries and centers. In other places, the cost of procuring the grafts may be prohibitive. For those surgeons who do employ allograft in the treatment 
of multiple ligament knee injuries, a specific conversation with the patient outlining its necessity and potential risks is essential. The issue of autograft 
versus allograft is likely another question that will only be effectively answered by a multicentered study. 


POSTOPERATIVE REHABILITATION FOR KNEE DISLOCATIONS 


Rehabilitation is an important aspect of the treatment of knee dislocations following surgery, and protocols described in the literature vary. The difficulty 
lies in achieving a balance between early mobilization to prevent stiffness and immobilization to promote healing and stability. 

A systematic review by Mook et al.!4! suggested—seemingly paradoxically—that immobilizing knees after acute surgery for knee dislocation led to 
increased posterior instability versus a protocol of early mobilization. This trend was also seen in the incidence of postoperative varus and valgus laxity. 18 
These (statistically significant) findings would suggest that early mobilization was key to stability; however, within the chronic treatment groups, varus 
laxity was increased with early mobilization. The same systematic review showed that immobilization after acute surgical treatment of knee dislocations 
increased the incidence of both flexion loss greater than 10 degrees and extension loss greater than 5 degrees. Patients were also significantly more likely to 
have severely abnormal or poor outcomes and were significantly less likely to return to work with prolonged immobilization. 

In 2002, Richter et al.!°” compared 6 weeks of immobilization to functional rehabilitation (flexion to 60 degrees allowed after 48 hours) in patients 
managed both operatively and nonoperatively. Statistically significant improvements were seen in the Lysholm and Tegner scores, but not the IKDC scores 
in patients treated with functional rehabilitation. 

The postoperative use of a hinged knee external fixation device was compared with a hinged knee brace in a prospective randomized study of knee 
dislocations. Early results suggest reduced instability and reduced surgical failure rates with the use of the hinged external fixator.?!? 

Given the more recent popularity of combined early repair and reconstruction, early motion may be a more favorable option to surgeons who in the past 
had been hesitant to mobilize acutely repaired tissues. 

Several authors now recommend early ROM (i.e., passive ROM exercises 0-90 degrees to begin as early as postoperative day 1).8%95139 A recent 
systematic review of modern postoperative rehabilitation protocols found that early physical therapy with early passive ROM led to consistently improved 
outcomes.°° A nonblinded, randomized controlled trial in a sample of 36 patients comparing early (n = 18, ROM exercises started postoperative day 1) 
versus delayed (n = 18, ROM exercises started after 3 weeks) rehabilitation protocols attempted to shed light on the appropriate time to begin ROM.®° No 
significant difference (p = .34) in subsequent manipulation under anesthesia was found between groups; however, early rehabilitation trended toward a 
lower manipulation rate (n = 1) compared to delayed rehabilitation (n = 4). The study, although well executed, was likely underpowered and demonstrates 
the challenge of performing level one research in a rare injury pattern.®° It was performed over a 6-year period at a single institution.®° More research is 
needed in multiple facets of the knee dislocation realm, and multi-institutional studies like the STAR trial are necessary to achieve appropriate power for 
level one studies. 
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INTRODUCTION TO TIBIAL PLATEAU FRACTURES 


Fractures involving the proximal tibial articular surface of the knee joint with or without extension into the metaphysis have been described in the literature 
since the early 1800s.” Cotton and Berg in 1929 used the terms bumper and fender fracture for describing fractures involving the lateral tibial plateau. Up 
until the early 1950s, these fractures were treated nonoperatively with cast immobilization. With the advent of AO principles of fracture fixation and 
encouraging early results of operative treatment, open reduction and internal fixation (ORIF) became a popular modality of treatment among surgeons.°° 
Over the years, operative treatment of tibial plateau fractures has become a current standard of care except for some specific minimally displaced fracture 
patterns. At present, screws, plates, external fixators, and nails are all successfully used for treatment of tibial plateau fractures. 

These fractures represent a wide spectrum of severity ranging from minimally displaced articular injuries that heal predictably well with nonoperative 
treatment to high-energy comminuted fractures that present multiple challenges to the treating orthopaedic surgeon. Special attention should be paid to the 
evaluation of patients with these fractures, including adequate history to note the mechanism of injury. Detailed physical examination should be performed 
to rule out soft tissue compromise, diagnose open fractures, and impending compartment syndrome, as well as to assess neurovascular status of the injured 
extremity. Adequate and pertinent imaging including x-rays, computerized tomographic (CT) scans (with three-dimensional [3D] reconstructions, if 
available), and magnetic resonance imaging (MRI) (if required) help to delineate the fracture pattern to make a surgical plan. Treatment concepts rely on 
obtaining and maintaining a stable articular reduction and adequate limb alignment with early range of motion (ROM). Newer techniques and surgical 
approaches have revolutionized treatment for these injuries which have a significant impact on patients’ quality of life. 


Epidemiology 


Fractures of the tibial plateau account for around 1% to 2% of all long bone fractures.”8:! There is a bimodal age distribution with these injuries similar to 


other periarticular injuries such as distal radius or proximal humerus fractures. Comminuted fractures are more common in younger individuals due to high- 
energy mechanisms of injury such as motor vehicle accidents, falls from height, and sports-related injuries, etc.; these are also more common in males with 
70% occurring in young adult men with a mean age of 43 years.? The incidence of tibial plateau fracture patients admitted to a trauma center with 
multitrauma has been reported between 16% and 40%.°° Low-energy falls are generally the predominant mode of injury in the elderly population who 
sustain unicondylar or bicondylar tibial plateau fractures. In a recent retrospective review of tibial plateau fractures, Kugelman et al.” reported that 
pedestrians stuck by a motorized vehicle (30%) and low-energy falls (22%) were the most common mechanisms of injury. With increasing survival of the 
elderly population in recent years, the number of patients with low-energy injuries is increasing. These fractures create significant treatment dilemmas due 
to the delicacy of skin as well as potential for failure due to poor bone quality (Fig. 62-1). 
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Figure 62-1. These two figures represent the spectrum of injuries seen in tibial plateau fractures. A: A low-energy lateral plateau fracture in a 37-year-old man who 
missed a step and fell, which was treated nonoperatively. B: High-energy bicondylar tibial plateau fracture in a 42-year-old man who sustained a motor vehicle crash 
that was treated initially with an external fixator followed by definitive fixation with bicondylar plating. 


ASSESSMENT OF TIBIAL PLATEAU FRACTURES 


MECHANISMS OF INJURY FOR TIBIAL PLATEAU FRACTURES 
Types of Accidents 


Diverse patterns of tibial plateau fractures result when the knee sustains one of a variety of mechanisms of injury. In middle-aged or elderly patients, simple 
falls lead most commonly to lateral-, or less commonly, medial-side fracture patterns. Split depression fractures of the lateral plateau are the most common. 
When the bone is very osteopenic, insufficiency fractures in elderly patients can occur and be missed on plain radiographs.!!° Higher-energy injuries in 
younger patients from sports or similar mechanisms can cause split fractures or rim avulsion fractures associated with knee ligament injuries. Motor vehicle 
accidents, falls from heights, and struck-pedestrian injuries often produce more severe patterns, which may involve both condyles and have a high risk for 
associated neurovascular injuries, compartment syndrome, and communicating open wounds. 


Forces Causing Injury 


The magnitude, type, and direction of forces that injure the knee dictate the fracture pattern. The greater the energy absorbed by the proximal tibia, the more 
severe the fracture and the more the fragments are displaced and comminuted. The energy of fracture results from a combination of the forces applied and 
the quality of the bone.® Generally, axial loading forces are more rapid and release greater energy than angular forces. In cadavers, it is possible to produce 
typical split fractures with pure valgus forces, local compression fractures with axial forces, and split depression fractures with combinations of both 
forces.” The intact medial collateral ligament (MCL), which needs to be present for the lateral plateau to fracture, acts like a hinge for the lateral femoral 
condyle. 

The proximal tibia is most likely to be subjected to a valgus force because of the normal 5 to 7 degrees of valgus alignment of the knee and because of a 
propensity to be struck from the lateral side. A valgus force loads the lateral tibial plateau to failure from direct impact with the lateral femoral condyle. A 
combination of valgus and axial compression produces lateral-side depression, split depression, or less commonly, lateral split or total lateral condyle 
fractures (the classic “bumper fracture”). Younger patients with good bone tend to have split fractures with less depression and elderly patients with 
osteopenic bone have a greater component of compression with a less prominent split fragment. Most commonly, in lateral fracture patterns, there is at least 
a small component of both a split fracture and depression at the peripheral margin of the fracture.”’ 
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Figure 62-2. Posteromedial shear component in a bicondylar tibial plateau fracture (arrowheads) evident on a CT scan. A: Coronal view. B: Sagittal view. C: Axial 
view. 


Less common than lateral-side fractures, varus injuries lead to failure of the medial plateau. These injuries can involve the entire medial plateau, and, in 
some cases, the fracture-shearing plane may extend well into the lateral plateau. In other cases, the fracture involves lesser portions of the medial plateau. A 
posteromedial shearing fracture of the medial plateau is a common medial-side pattern and can occur as an isolated split fracture, or in as many as one-third 
of bicondylar fractures, it is part of the bicondylar fracture pattern (Fig. 62-2).!° The mechanism has been described as knee flexion, varus, and internal 
rotation of the medial femoral condyle.!? 

Tibial plateau fractures most often occur with the leg in a weight-bearing position, so axial load is typically some component of the injuring force. 
Generally, the greater the axial load component, the more energy at failure and the more severe the fracture pattern. Bicondylar patterns result when axial 
load predominates, with the severity varying based on the magnitude of the axial forces. Occasionally, in a patient with a valgus knee, an axial force may 
shear the medial tibial condyle and produce a medial plateau fracture or fracture-dislocation. 

Another type of tibial plateau fracture pattern occurs at the metaphyseal region from direct trauma and/or a combination of axial load and bending 
forces. These are classic bumper injuries or other crushes, direct blows, or similar mechanisms where the tibial shaft is separated from the condyles with 
proximal extensions of fracture lines into the plateau. These severe injuries have a high risk of complications both because of the anatomic area of the injury 
and the high degree of energy transfer. Open fractures, severe closed soft tissue injury, trifurcation injury, and compartment syndrome are all associated 
with this mechanism.® The surgeon should also differentiate split fractures that are the result of a shearing force from rim avulsion fractures that are 
associated with knee dislocations and may indicate an unstable injury.!°° 

Recently, Firoozabadi et al.“ characterized another subset of these injuries, termed varus hyperextension injuries, which are associated with tension 
failure of the posterior cortex and compression of the anterior cortex with varus deformity in the coronal plan (Fig. 62-3). 


INJURIES ASSOCIATED WITH TIBIAL PLATEAU FRACTURES 


Patients with tibial plateau fractures frequently have associated injuries. These may be other ipsilateral or contralateral skeletal injuries and injuries to other 
systems that may influence how the plateau fracture is managed. In one study of bicondylar tibial plateau fractures, 13 of 41 patients had other major 
skeletal injuries in addition to the plateau fracture, and these associated injuries were found to affect the patients’ functional outcome.® In another study, 
knee dislocation events were identified or confirmed based on MRI in 46% of Schatzker type IV patterns. In addition, Schatzker type IV, V, and VI patterns 
demonstrated a high incidence of ligament injury.° High-energy tibial plateau fractures have a small risk of vascular injury and a high risk for compartment 
syndrome. These associated injuries are discussed in the next section on History and Physical Examination. 

Tibial plateau fractures also have typical local soft tissue injuries that are important to recognize since they may influence fracture management and 
prognosis. MCL injuries can be associated with lateral plateau fractures from valgus forces. Oftentimes, however, valgus instability on clinical exam is 
associated with loss of osseous support from the depression of the lateral plateau articular surface. Thus, clinical examination of the knee after reduction and 
fixation of the depressed articular surface is of utmost importance. One mechanical study indicated that an intact MCL functioning as a pivot point for the 
lateral femoral condyle was a necessary requirement to produce a lateral plateau fracture.” 
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Figure 62-3. Varus hyperextension tibial plateau fracture. A: AP view showing varus alignment and fracture of the medial tibial plateau. B: Lateral view showing 
compression failure of the anterior cortex and tension failure of the posterior cortex with loss of or reversal of posterior tibial slope. Coronal (C), sagittal (D), and axial 
(E) CT scans showing the fracture pattern in greater detail. 


There are also frequent associated intra-articular soft tissue injuries to both the cruciate ligaments and the menisci.*4>+4° These injuries play a role in 
managing tibial plateau fractures and will be further discussed in the section on Associated Soft Tissue Injuries. Certain peripheral fractures of the margins 
of the tibial plateau are virtually pathognomonic of cruciate ligament injury, and in these injured knees, it is appropriate to emphasize treating the ligament 
injuries in addition to the plateau fracture itself. These peripheral fractures include the Segond fracture, reverse Segond fracture, anteromedial tibial margin 
fractures, and semimembranosus tendon insertion site fractures.*?*?)!9” 

Tomas-Hernandez et al.'’° described a specific variant of associated injuries that one should be aware of. They published a case series of three patients 
with a large anteromedial compression fracture of the tibial plateau which were associated with significant posterolateral corner injury. All their patients 
clinically had a posterolateral corner hematoma and skin ecchymosis which further delineates the importance of a diligent clinical examination. All knees 
had residual varus instability after fixation of the anteromedial fragment. The posterolateral structures were exposed and fixed with good outcomes. 


SIGNS AND SYMPTOMS OF TIBIAL PLATEAU FRACTURES 


The mechanism of injury provides clues to the fracture pattern and should direct the necessary degree of vigilance for associated injuries. Split lateral 
plateau fractures typically result from low-energy forces from falls and twisting injuries. The risk of associated neurovascular injury or compartment 
syndrome is very low. On the other hand, patients whose injuries result from falls from a height, motor vehicle accidents, or pedestrian struck are more 
likely to have tibial plateau fracture patterns that have a much higher risk of these associated injuries that must be managed urgently or emergently. 
Although the history is important, it is the fracture pattern that guides treatment decisions and determines the risks for complications. The clinician should 
be aware that the mechanism of injury in isolation may be deceiving. Relatively high-energy fractures can occur when the history suggests more innocuous 
mechanisms. It is important to ask for pertinent patient history such as tobacco intake in any form, diabetes, vascular disease, cancers, nutritional issues, 
renal diseases, as well as use of medicines such as chronic steroids, chemotherapeutic agents, antiseizure medications or immunotherapeutic agents, etc., 
which poorly impact bone quality as well as inhibit wound healing. Finally, a patient’s activity level, employment status, and mental condition should be 
known to make a robust surgical plan. 

The physical examination of the knee and leg is critically important to diagnose associated injuries and complications, to plan for surgical treatment, and 


to decide on optimal timing of interventions. Tibial plateau fractures may have communicating open wounds, which need to be identified on physical 
examination of the injured limb (Fig. 62-4). In all injured limbs, particularly in patients with certain fracture patterns, a thorough neurovascular examination 
is important. Metaphyseal—diaphyseal dissociation patterns and fracture-dislocations are such injuries that are at particular risk for vascular or neurologic 
injury. Certain types of tibial plateau fractures have a high risk for compartment syndrome.!2° This is especially true for medial tibial condyle fractures 
which are essentially variants of a knee dislocation. Compartment syndrome can result from multiple causes of such injuries. Generally, it is because of 
direct muscle injury and contusion, but can also be due to muscle ischemia secondary to vascular obstruction (intimal injury and subsequent thrombosis), it 
can also be secondary to hemorrhage due to shearing of the arteries. 

The compartments of the lower leg should be evaluated with serial examinations for signs of compartment syndrome. Presence of the well-recognized 
signs, including tense compartments and pain with passive stretching, should raise the suspicion of an associated compartment syndrome, and measuring 
compartment pressures is indicated in patients who are not responsive. If the diagnosis is clear on physical examination, fasciotomy may be performed 
without pressure measurements. Patients who have high-energy fracture patterns, who are not able to provide a history, and who are difficult to examine 
may benefit from compartment pressures measured at presentation and these measurements may need to be repeated based on the clinical findings and the 
results of the initial measurement. 


Figure 62-4. Open tibial plateau fracture associated with farm-related accident. Patient ultimately ended up with an above-knee amputation. 


For high-energy injuries, a thorough vascular assessment with documentation of an ankle-brachial index (ABI) (normal = 0.9) is advisable. Doppler- 
aided systolic pressure of an injured lower extremity is compared with that of an uninjured extremity, preferably either of the upper limbs. The ABI is the 
ratio of the blood pressure at the ankle to the blood pressure in the upper arm (brachium). If the ABI is less than 0.9, further vascular workup with a CT 
arteriogram may be necessary and a vascular consult is indicated.°” Serial clinical examination, focused on swelling, motor function, sensation, and stretch 
pain, is advisable because patients with tibial plateau fractures and intact arteries may develop compartment syndrome during the first few days after injury 
(or surgery). A neurologic examination to assess sensation and voluntary motor function is essential as a baseline and must be repeated periodically during 
the first day or two after injury. Cutaneous sensation to tibial, superficial peroneal, saphenous, and sural nerves should be documented. 

In lateral tibial plateau fractures, assessing for valgus instability of the knee may provide a guide to the need for surgical treatment.®* As mentioned 
before, if instability is present, it is likely caused by fracture displacement and will not resolve without reducing the fracture. However, pain from the injury 
often makes it difficult to examine the knee for coronal instability, limiting the value of this assessment. 

In all patients, particularly when an open reduction is planned, the soft tissue envelope around the knee must be carefully examined. The timing and, in 
some fractures, the type of surgical approach will be dictated by this examination. High-energy tibial plateau fractures have a significant risk of soft tissue 
complications from surgical approaches, so the examination of the soft tissues is very important. Important features of the soft tissues are the severity of 
swelling, visible contusions, and the size, character, and location of fracture blisters (Fig. 62-5). Normal wrinkling of the skin (wrinkle sign positive) 
suggests that swelling has resolved. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR TIBIAL PLATEAU FRACTURES 
Radiographs 


The diagnosis of a tibial plateau fracture is typically made on plain radiographs, and for some simple fractures, this may be the only imaging necessary. 
Anteroposterior (AP), lateral, and an AP view in the plane of the plateau (10—15-degree caudal view) are the standard examinations (Fig. 62-6). The caudal 
view provides a better view of the articular surface and helps assess displacement and depression better than the standard AP view.’ Moore and Harvey 
found that the standard AP view could not reliably determine the amount of articular depression, but that a 14-degree caudal view accurately estimated 
central and posterior displacement but could overestimate anterior displacement and depression.°® Less frequently, oblique views are obtained to assess the 
location of fracture lines or degree of displacement, but are not routine. CT scans have largely supplanted the need for these adjunctive views. When there is 
substantial fracture displacement, particularly in bicondylar or fracture-dislocation patterns, radiographs in traction will better assess the fracture anatomy. 
Manual traction or radiographs obtained after applying a joint-spanning external fixator will provide the necessary traction for assessment of fracture 
anatomy (Fig. 62-7). When applying the fixator, care should be taken to avoid having metal bars or clamps overlying the proximal tibia in the plane of the 
important radiographic views. 
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Figure 62-5. A: Clinical picture showing severe soft tissue damage with presence of fracture blisters seen in high-energy tibial plateau fractures. B: Corresponding x- 
ray showing the fracture pattern. 
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Figure 62-6. A: The intraoperative AP radiograph of this patient with an isolated lateral depression tibial plateau fracture shows slight ellipses of the nonprofiled 
medial and lateral plateaus. The anterior margin projects more superiorly than the posterior margin. B: In the 10-degree caudal view, the proximal articular surface is 


nearly a single radiodense line providing better assessment of the isolated depression of the lateral articular surface. 
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Figure 62-7. The initial AP (A) and lateral (B) images show a severe fracture but little additional information can be gained because of the malalignment and overlap 
of the condyles. Intraoperative lateral (C) and AP (D) images after distraction with a spanning fixator dramatically improves the ability to assess this injury. 


In some severely comminuted fractures, contralateral radiographs are helpful. They act as templates for fracture reduction, condylar width and alignment 
in the coronal plane, and posterior slope of the tibial plateau in the sagittal plane. 


Computed Tomography 


Axial CT scans are routinely obtained for most tibial plateau fractures. They provide excellent details of the fracture pathoanatomy and serve as a critically 
important aid to preoperative planning for operative approaches and fixation techniques. Although CT may be used to help decide on the need for surgery, 
there is lack of good data to indicate that the additional detail apparent on a CT helps determine which fractures will benefit from surgery. CT typically 
demonstrates more articular displacement and comminution than is apparent on plain films.84 CT has been shown to help surgical planning and to lead to 
more reliability in classifying the fracture and deciding on a treatment plan. !™149 The location of depressed fragments, the size of articular segments, and the 
location and orientation of fracture lines are important details in planning an operative strategy and they are best visualized on CT. 3D reconstructions have 
been increasingly utilized and found to demonstrate spatial relationships of fracture fragments better than plain radiographs.®’ In one study, the addition of 
spiral CT with 3D reconstructions frequently resulted in modifications and adjustments in operative plans compared with using plain radiographs alone.®* 

Current multidetector row CT provides CT datasets of the fractured plateau that may be visualized in any two-dimensional (2D) plane or with high- 
quality 3D images.*° 3D images from multidetector CT scans provide details of the fractured proximal tibia, which enables the surgeon to assess 
comminution, depression, and fracture location more accurately than previously possible. Similar to plain films, realigning the fracture with a spanning 
fixator or other traction techniques before scanning will enhance the quality of the information available from the study. 3D intraoperative imaging with 
multiplanar reconstruction may increasingly be part of operatively reducing and fixing displaced tibial plateau fractures. Early reports indicate that this 
imaging technology allows the surgeon to better assess the articular surface reduction and the placement of hardware during the operation than is possible 
with standard C-arm fluoroscopy. It is likely that better intraoperative imaging will continue to improve the ability to accurately reduce and fix tibial plateau 
fractures (Fig. 62-8). 


Magnetic Resonance Imaging 


MRI identifies occult fractures better than plain films; it also assesses the location of the fracture line and degree of articular displacement. Whether an MRI 
is necessary for all tibial plateau fractures is controversial. CT scans are better at visualizing the bony anatomy, but the MRI is more sensitive in detecting 
ligamentous and meniscal injuries (Fig. 62-9). When tibial plateau fractures were assessed with both techniques, CT scan was found to be both sensitive and 
specific for detecting ligament injuries as these injuries corresponded to small bony avulsions seen clearly on CT scans, but MRI was better at the detection 
of meniscal injuries.!°? However, neither the natural history of MRI-discovered soft tissue injuries nor the indications for surgical treatment of these injuries 
in the setting of a tibial plateau fracture has been established. 

MRI has been shown to be associated with higher interobserver agreement for both fracture classification and treatment plan than either plain films 
alone or plain films with addition of a CT scan.'°° MRI is the imaging modality of choice when a stress fracture or an occult fracture is suspected, and 
radiographs are negative. Stannard et al.!?8 reported ligament injuries in 71% tibial plateau fractures. These injuries were more common in high-energy 
mechanisms compared with low-energy mechanisms. 

One must consider the type of external fixator to be used in patients in whom an MRI is planned after application of a fixator.*9 A recent study showed 
that a 1.5-T MRI can be safely performed with a body coil instead of a surface coil in 96.5% of patients with external fixators.*9 Only 2 out of 56 patients 
had scans aborted due to slight increase in warmth. None of the patients had increased pain or narcotic requirements. 


CLASSIFICATION OF TIBIAL PLATEAU FRACTURES 


The fracture pattern dictates the treatment plan and the risk for complications and, to some extent, the patient outcome. Since different fracture patterns 
require very different treatment strategies, it is important to group similar injuries together and to separate different injuries from each other. In this way, 
treatments can be matched to fracture patterns to optimize outcomes. The ideal classification system should be reliable, reproducible, all-inclusive, mutually 
exclusive, logical, and clinically useful. The most common classification systems that are currently followed in clinical practice include the Schatzker 
classification!!® as well as the OTA/AO classification system. The Schatzker classification system is easier to remember, but the OTA/AO system is more 
comprehensive and is commonly used in scientific publications and thus should be studied in detail. These two classification systems are AP radiograph— 
based systems and fail to consider bicondylar sagittal and/or coronal plane fracture lines and posterior shear fracture patterns, identification of which is 
paramount for adequate surgical planning. Failure to identify these patterns can have a negative impact on overall treatment plan and surgical result. 


Classification by Word Description 


There is a myriad of fracture patterns that do not fit the exact description given in classification systems. Word descriptions of various fracture patterns help 
surgeons communicate effectively among peers and are very helpful for formulating a treatment plan, but these word descriptions are not useful for research 
or for fitting a fracture pattern into a database for scientific discussion. 

Fracture description for a tibial fracture plateau must first localize involvement of medial or lateral tibial plateau with special emphasis on involvement 
of the posterior plateau as well, as it has been recognized to be an important component of surgical planning. In general, modern locking plates have 
improved outcomes after proximal tibia fractures. However, there is still a high percentage of fractures that fail secondarily after fixation.*°* This is mostly 
related to the fact that most plates applied medially or laterally fail to adequately buttress the posterior plateau fracture fragment. Surgeons are used to 
terminologies such as split, split depression, as well as bicondylar involvement from the Schatzker classification, but emphasis on anatomic and stable 
reduction of posterior condylar involvement in select fractures has led to the importance of using descriptive terms from the three-column concept, which is 
described below. Also important to describe is the amount of comminution, angulation, extent of articular depression, and presence or absence of 
subluxation or dislocation of the knee joint. 
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Figure 62-8. AP (A) and lateral (B) radiographs show a high-energy bicondylar tibial plateau fracture, but further characteristics of the injury are difficult to define. 


Coronal (C) and sagittal (D) CT cuts show the degree of comminution and identify major fragments but do not provide details about the overall size and alignment of 
the fragments. E-G: High-quality 3D reconstructions provide additional assessment of the fracture morphology for preoperative planning. 


A, B 


Figure 62-9. A, B: CT images depict a minimally displaced fracture of the anterolateral tibial plateau. C: Corresponding MRI shows a complete tear of the posterior 
cruciate ligament (arrowheads). 
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Figure 62-10. The Schatzker classification of tibial plateau fractures. 


Schatzker Classification 


Schatzker et al.,!!8 in 1979, published their data on 94 fractures of the lateral tibial plateau, over 8 years from 1968 to 1975. The Schatzker classification has 
been one of the most commonly used classification systems for tibial plateau fractures ever since (Fig. 62-10). 


Type I: Pure Cleavage Pattern 


Pure cleavage or a split type of fracture generally involves a sagittal fracture line which causes a split in the lateral tibial plateau forming a separate wedge- 
shaped fragment without any articular crush. This type of fracture pattern is generally seen in young patients who have a good quality bone. Pure split 
fracture fragments are easiest to treat, and percutaneous screw fixation can be attempted in fractures where there is minimal soft tissue compromise. Some 
pure splits are highly unstable large fragments, and, in those cases, buttress plate fixation is recommended (Fig. 62-11). 


Type Il: Cleavage Combined With Articular Depression 


In addition to the lateral plateau split fragment seen in type I injuries, type II fractures are also associated with depression of the articular surface due to 
either higher energy of injury, poor bone quality, or both. Degree of joint depression, width of the condylar split, and stability of the knee guide treatment. 
The majority of these fractures are treated surgically with elevation of depressed articular fragment, bone grafting to backfill the void, and stabilization with 
a buttress plate. Newer, low-profile locking plate designs may provide some benefit in patients with poor bone quality (Fig. 62-12). 


Type Ill: Pure Depression Pattern 


The type III fracture pattern is generally seen in elderly populations with poor subchondral bone quality due to advanced osteopenia or osteoporosis. The 
femoral condyle is driven into the underlying plateau; however, due to the soft subchondral bone, a depressed articular fragment results without causing a 
split. Treatment of these fractures is similar to the treatment of type II fractures (Fig. 62-13). 


Type IV: Fracture of the Medial Condyle 


Type IV fractures may involve different fracture patterns generally involving the medial tibial plateau ranging from a split plateau fragment to comminuted 
depressed fracture fragments which require elevation and bone grafting. These fractures are rarely “pure” medial plateau fractures with fracture lines 
routinely involving the tibial spines and occasionally fracture lines involve the lateral plateau as well with the medial plateau being completely intact. Due 
to the loss of a medial buttress, these fractures tend to go into varus if treated nonoperatively. Type IV fractures are generally considered as variants of knee 
dislocations, wherein the MCL and the anterior cruciate ligament (ACL) stay attached to the medial condyle while the lateral plateau and shaft displace 


laterally away from the fractured fragment and the femur and have a high propensity to cause neurovascular injuries (Fig. 62-14). 


Figure 62-11. Schatzker type I. Split type of lateral tibial plateau fracture seen evident on x-rays (A, B) and CT scans (C-E). 


Wahlquist et al.!43 reviewed a series of medial tibial plateau fractures, and described a new classification scheme, as they noted that the more lateral the 
fracture’s entry into the joint surface, the more likely the association with neurovascular injury and compartment syndrome, with a rate of 67% compartment 
syndrome when the fracture entered the joint lateral to the tibial spines and exited though the medial tibial metaphysis (Fig. 62-15). 


In type V fractures, as the name suggests, both the medial and lateral tibial plateaus are broken but the metaphysis and diaphysis maintain continuity. 
Reduction and fixation of both the displaced condyles are necessary for achieving adequate stability. Generally, the smaller undisplaced condyle is reduced 
and fixed first with an antiglide plate placed at the apex of the fracture followed by fixation of the other plateau with locking implants. An ideal type V 
fracture is rarely seen as the fracture lines commonly involve the tibial spine contrary to diagrams in the original publication (Fig. 62-16). Bicondylar 
fractures where both the medial and lateral plateau components are vertically oriented and amenable to buttress plate fixation, regardless of spine 
involvement, can practically be considered type V fractures. 
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Figut -12. Schatzker type II. Split plus depression of lateral tibial plateau evident on x-ray (A) and CT imaging (B, C). 


Type VI: Fracture of the Tibial Plateau with Dissociation of Metaphysis and Diaphysis 


Type VI fractures are one of the most unstable varieties of tibial plateau fractures, and reduction and fixation of one or both plateaus is paramount to 
achieving and maintaining articular congruity and alignment of the proximal tibia. One or both plateaus may be fractured in this fracture pattern, but the 
hallmark of type VI fractures is a horizontal or oblique fracture line running through the proximal tibia which separates the joint segment from the 
diaphysis. The fracture horizontal obliquity, and therefore the lack of buttress fixation appropriateness, separates these from type V fractures. The degree of 
articular involvement in these fracture patterns may range from a simple articular split to significantly displaced and comminuted articular fracture 
fragments. These fractures are generally associated with severe soft tissue compromise, chances of compartment syndrome, and may be associated with 
neurovascular injuries as well ( ). 


Schatzker Classification Limitations 


There are some limitations of the Schatzker classification. This classification system does not classify fracture-dislocation patterns, and there is recent 
evidence to suggest that pure Schatzker type III injuries may be extremely rare and they in fact are type II injuries with undisplaced fracture lines exiting the 
lateral cortex of the tibial plateau. There are certain bicondylar plateau fractures that do not conform to all the features of the type VI fracture pattern.'’ The 
system does not consider certain unstable fracture patterns wherein both the plateaus and the intercondylar eminence are fractured but there is no 
dissociation of the articular surface from the shaft. Shear fractures of the posteromedial and/or posterolateral condyles with coronal fracture lines are also 
not represented in the Schatzker classification. 


62-13. Schatzker type III pure depression type lateral tibial fracture evident on CT imaging. 


D 
e 62-14. Schatzker type IV medial plateau fracture seen on x-rays (A, B) and CT scans (C-E). 


In a CT mapping study, Mellema et al.”^ used the axial view to map a series of 127 tibial plateau fractures (73 females and 44 males) in an endeavor to 
reveal recurrent fracture fragments and to unmask certain fracture patterns that do not “fit” the classification system proposed by Schatzker and colleagues. 
The most common fracture pattern was a Schatzker type II (48/127 patients) followed by type V (26/127), and type VI (22/127). Types IV (15/127), II 
(10/127), and I (6/127) were the least common. As per the findings of this study, the coronal split fragments are present in 17% of bicondylar (Schatzker 
types V and VI) fractures and these involve on an average 78% of the medial tibial plateau articular surface. Zone of comminution in bicondylar tibial 
plateau fractures is mainly located at the level of the tibial spine and the lateral condyle and there is none to minimal comminution or impaction of the 
medial side. As has been experienced in most trauma centers which have a constant influx of patients with these injuries, it was evident in this study that 
fractures did not always conform to a particular Schatzker type. 


The OTA/AO classification system was published in 1996 to make a detailed diagnosis and to bring uniformity in fracture description.°” Each diagnosis is 
composed of two components—localization and morphology. Localization refers to the bone that is fractured and the location of the fracture (i.e., proximal, 
shaft, or distal segment) and morphology refers to the type (simple or multifragmentary), group, and subgroup. In the OTA/AO classification, the proximal 
tibia is numbered as 41 (4 for the tibia and 1 for the involvement of proximal segment; length of this proximal segment is determined by the width of the 
joint line at the knee joint). When a bone segment involves the articular surface, the OTA/AO classification differentiates fractures based on extent of 
articular involvement. Extra-articular fractures are denoted type A, partial articular fractures are type B (there is some continuity between the joint surface 
and diaphysis), and complete articular fractures (no continuity between the joint surface and diaphysis) are type C. These A, B, and C types are consistent 
for all long bones in the OTA/AO Classification. These fracture types also represent increasing complexity and generally represent higher-energy 
mechanisms in an increasing order going from type A to type C fractures. 


Figure 62-15. Fracture of the medial tibial plateau with the proximal fracture line extending lateral to the tibial spine evident on an AP x-ray. 


Figure 62-16. Schatzker type V fracture of the medial and lateral tibial plateau evident on an AP x-ray. 


Furthermore, each of the types is divided into groups numbered 1, 2, and 3, and each of these groups is divided into subgroups, indicated by numbers 
0.1, 0.2, and 0.3. The groups and subgroups of each type of fracture pattern are illustrated in F 


Subgroups and qualifications: 

Tibia/fibula, proximal, extra-articular, avulsion (41-A1) 

1. Of fibular head (41-A1.1) 2. Of tibial tuberosity (41-A1.2) 3. Of cruciate insertion (41-A1.3) 
(1) anterior 
(2) posterior 


Al 


Tibia/fibula, proximal, extra-articular, simple metaphysis (41-A2) 
1. Oblique in frontal plane (41-A2.1) 2. Oblique in sagittal plane (41-A2.2) 3. Transverse (41-A2.3) 
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Tibia/fibula, proximal, extra-articular, multifragmentary metaphysis (41-A3) 
1. Intact wedge (41-A3.1) 2. Fragmented wedge (41-A3.2) 3. Complex (41-A3.3) 
(1) lateral (1) lateral (1) slightly displaced 
(2) medial (2) medial (2) significantly displaced 
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Tibia/fibula, proximal, partial articular, split (41-B1) 


1. Of lateral surface (41-B1.1) 2. Of medial surface (41-B1.2) 
(1) marginal (1) marginal 

(2) sagittal (2) sagittal 

(3) frontal anterior (3) frontal anterior 

(4) frontal posterior (4) frontal posterior 
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Tibia/fibula, proximal, partial articular, depression (41-B2) 

1. Lateral total (41-B2.1) 2. Lateral limited (41-B2.2) 
(1) 1 piece (1) peripheral 
(2) mosaic-like (2) central 
(3) anterior 
(4) posterior 


B2 


Tibia/fibula, proximal, partial articular, split depression (41-B3) 


1. Lateral (41-B3.1) 2. Medial (41-B3.2) 

(1) antero lateral depression (1) antero lateral depression 
(2) postero lateral depression (2) postero lateral depression 
(3) antero medial depression (3) antero medial depression 
(4) postero medial depression (4) postero medial depression 


B3 


3. Oblique, involving the tibial spines 
and 1 of the surfaces (41-B1.3) 

(1) lateral 

(2) medial 


3. Medial (41-B2.3) 
central 


3. Oblique involving the tibial spines 
and 1 of the surfaces (41-B3.3) 

(1) lateral 

(2) medial 


Tibia/fibula, proximal, complete articular, simple articular, simple metaphysis (41-C1) 
(1) intact anterior tibial tubercle and intercondylar eminence 

(2) anterior tibial tubercle involved 

(3) intercondylar eminence involved 


1. Slight displacement (41-C1.1) 2. 1 condyle displaced (41-C1.2) 3. Both condyles displaced (41-C1.3) 
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Tibia/fibula, proximal, complete articular, articular simple, metaphysis multifragmentary (41-C2) 


1. Intact wedge (41-C2.1) 2. Fragmented wedge (41 -C2.2) 3. Complex (41-C2.3) 
(1) lateral (1) lateral 
(2) medial (2) medial 
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Tibia/fibula, proximal, complete articular, articular multifragmentary (41-C3) 


(1) metaphyseal simple 
(2) metaphyseal lateral wedge 
(3) metaphyseal medial wedge 
(4) metaphyseal complex 
(5) metaphysio diaphyseal complex 
1. Lateral (41-C3.1) 2. Medial (41-C3.2) 3. Lateral and medial (41-C3.3) 
A 
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ji 
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Figure 62-18. The OTA/AO classification of the proximal tibia fractures. Type A fractures are extra-articular; type B fractures are partial articular; and type C 
fractures are complete articular. (Reprinted with permission from Fracture and Dislocation Classification Compendium—2018 International Comprehensive 
Classification of Fractures and Dislocations Committee: Tibia. J Orthop Trauma. 2018;32(Suppl 1):S49-S60.) 


OTAIAO Classification of Tibial Plateau Fractures 


Classification Description 


Type A 
Type B 


Bl 


Technically, these are not classified as plateau fractures as the articular surface is not involved; they can be labeled as proximal tibia fractures 
Includes both medial and lateral plateau fractures 


Simple articular split 


B2 Split and depression of the articular fragment 


B3 Comminuted split and depression 

Type C Complex articular fractures and frequently called bicondylar tibial plateau fractures 
Cl Noncomminuted total articular fractures 

2 Noncomminuted articular fractures with metaphyseal comminution 

c3 Comminuted articular fractures with metaphyseal comminution 


As mentioned earlier, recent evidence suggests that involvement of the posterior surface of the tibial plateau has more impact on the outcome than 
previously recognized.5? The classification system devised by Luo et al. has been very useful and reliable in preoperative planning of proximal tibial 
plateau fractures particularly involving the posterior aspect of the tibial condyle. 

Luo et al.®° classified the tibial plateau fracture according to their “three-column” concept (Fig. 62-19). This classification system used axial CT scan 
images. The tibial plateau on an axial view is divided into three columns, which are divided by three connecting lines that join in the center (midpoint of two 
tibial spines). The anterior line connects the midpoint to tibial tuberosity. The medial line runs from the posteromedial ridge of the proximal tibia to the 
midpoint and the lateral line runs from the midpoint to the lateral aspect of the tibial plateau just anterior to the fibula head. As per this classification system, 
a column is considered to be fractured only if the articular depression is accompanied by a cortical split in the column. Thus, a zero-column fracture is pure 
depression (Schatzker type III). One-column fractures correspond to simple Schatzker type I (split) and type II (split depression) fractures where only the 
lateral column is involved. However, if there is a posterolateral split, those are classified as two-column injuries. Isolated posterolateral split or split 
depression injuries, which are not described in Schatzker classification, are also classified as one-column injuries in Luo classification. Schatzker type IV 
injury that involves the medial tibial plateau is a two-column injury per this scheme. The most common, classic three-column injury is the Schatzker IV and 
V bicondylar fracture patterns with a posteromedial fragment. 


Figure 62-19. Luo’s three-column concept. 


Fracture-Dislocation Classification of Hohl and Moore 


Fracture-dislocation variants that do not fit any of the above classification systems need to be specifically identified as those are associated with a high 
incidence of associated knee ligamentous and meniscal injuries in addition to high risk of vascular compromise and development of compartment syndrome. 
These are characterized by the Hohl—Moore classification system described below (Fig. 62-20).! 


Type I: Coronal Split Fractures 


This fracture generally involves the medial plateau and classically has an oblique fracture line that runs in a coronal-transverse plane at an angle of around 
45 degrees from the medial plateau. This is seen in approximately 37% of tibial plateau fracture-dislocations. This fracture is more clear on a lateral x-ray 
image and the fracture can involve the tibial spine or the lateral tibial plateau. Avulsion fracture of the fibula or the Gerdy tubercle is commonly seen as well 
along with capsular disruptions. Treatment generally depends on the extent of involvement and degree of stability. Nonoperative treatment in undisplaced 
and stable fractures is a reasonable option with a cast in extension; generally, early ROM is encouraged, and weight bearing is begun in 8 to 10 weeks. 
Nondisplaced fractures in this pattern have the potential to displace and should be closely monitored in the first few weeks after injury. Operative treatment 
is reserved for displaced fracture and the surgical tactic can range from percutaneous screw fixation to open reduction and plate fixation based on the extent 
of the fracture. Associated soft tissue injuries are repaired at the time of definitive fixation. 


Type Il: Fracture of the Entire Condyle 


In this case, the entire medial or lateral condyle is fractured with the fracture line extending to the articular surface beyond the tibial spine on the opposite 
compartment. Thus, these injuries are differentiated from a Schatzker type IV fracture mentioned above. Generally, the fractured condyle maintains 
alignment with the femur. These injuries are associated with a high incidence of collateral ligament injury of the opposite side in about 50% of patients. The 
incidence of neurovascular injury with this fracture pattern is 12%. As mentioned for type I fracture-dislocations, treatment depends on stability on stress 
testing and generally ranges from nonoperative cast treatment to ORIF with ligament repair/reconstruction. 
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Figure 62-20. Hohl and Moore’s classification of tibial plateau fractures. Type I: coronal split. Type II: entire condyle. Type III: rim avulsion. Type IV: rim 
compression. Type V: four-part. 


Type Ill: Rim Avulsion Fracture 


These fractures commonly involve the lateral plateau but may involve the medial plateau as well. Seen in approximately 16% of fracture-dislocation 
injuries, the avulsion typically involves a plateau fragment at the capsular attachment with or without avulsion of the Gerdy tubercle or the fibula. This 
injury is commonly associated with tear of either the ACL or the posterior cruciate ligament (PCL) or both. Incidence of associated neurovascular injuries is 
high at 30%. These are generally unstable and require fixation of the bony fragment with screws (if amenable) and soft tissue repair/reconstruction. 


Type IV: Rim Compression Fractures 


These are seen in 12% of cases of all fracture-dislocations and generally involve injuries to the collateral ligament of the opposite condyle and cruciate 
ligament injuries in more than three-fourths of the cases. This causes the tibia to sublux to such an extent that the femoral condyle is driven into the 
proximal tibia causing a compression fracture of the anterior, middle, or posterior articular rim depending on the extent of knee flexion during injury. 
Treatment involves reducing the joint to an appropriate degree and at the same time repair/reconstruction of the injured soft tissue structures. Similar to 
other patterns of fracture-dislocation, these are also associated with neurovascular injuries. 


Type V: Four-Part Fracture 


These constitute 10% of all fracture-dislocations. These essentially involve fractures of both the tibial condyles along with a fracture of the intercondylar 
eminence. These are highly unstable injuries as the stabilizing effect of the collateral ligaments is lost from the condylar fractures and the stabilizing effect 
of the cruciate ligaments is lost from the involvement of the tibial spine and the intercondylar area. Incidence of neurovascular injuries is around 50%. 
These invariably need surgical treatment and surgical planning depends on the fracture anatomy. Appropriate soft tissue management is paramount to avoid 
surgical complications. 


The tibial eminence (TE) is more commonly involved in Moore V fractures. In a retrospective review, Konda et al.” compared outcomes including 
Short Musculoskeletal Functional Assessment (SMFA) score, pain (Visual Analogue Scale [VAS]) score, and knee ROM at 3, 6, and 12 months 
postoperatively in patients with and without fractures involving the TE. Multivariate analysis revealed that TE involvement was a significant predictor of 
ROM at 6 and 12 months and Short Form Musculoskeletal Assessment (SFMA) at 6 months. Knee ROM remains worse throughout the postoperative 
period in the +TE cohort. Functional outcome improves less rapidly in the +TE cohort but achieves similar results by 1 year. 


Reliability of Tibial Plateau Fracture Classification 


Millan-Billi et al.°° studied the reproducibility of the three common classification systems currently in practice—OTA/AO, Schatzker, and Luo—and noted 


good to excellent interobserver and intraobserver reliability with K-values above 0.6.!°° 


OUTCOME MEASURES FOR TIBIAL PLATEAU FRACTURES 


An overview of the results of operative treatment of tibial plateau fractures is difficult since the wide range of fracture patterns leads to variable results and 
the factors that potentially affect outcome are different for different patterns. Certain split fractures may be percutaneously stabilized to prevent 
displacement with minimal risk and near-perfect outcomes after a relatively rapid recovery. On the other hand, high-energy injuries with extensive articular 
as well as metaphyseal comminution have high risks of injury and treatment-related complications and a recovery time that may last years leading to 
variable functional outcomes. 

The factors that most predictably lead to favorable outcomes are also controversial. They include patient factors, injury factors, and factors involved 
with treatment. 

In general, tibial plateau fractures have favorable outcomes if articular reduction and knee alignment are maintained and complications are avoided. 
Prior studies showed that knee replacement after a tibial plateau fracture is very rare indicating that pain is relatively minimal and that reasonable and long- 
lasting knee function is restored in most patients. Over an 11-year period during which 13,821 knee arthroplasties were performed at the Mayo Clinic, only 
62 knee arthroplasties were performed in patients with a prior fracture of the tibial plateau.!4® However, this notion is now challenged by the recent 
literature. In a cohort study, Wasserstein et al.!4° evaluated the rate of total knee arthroplasties in patients after tibial plateau fractures and compared it with 
matched cohort of general population of patients undergoing knee replacement surgery for primary osteoarthritis. 7.3% of the patients had total knee 
arthroplasty (TKA) 10 years after a tibial plateau surgery. This corresponded to a 5.3-time increase in likelihood compared to controls. Older patients and 
those with more severe fractures were also more likely to need TKA after repair of a tibial plateau fracture. 

In comparing outcomes and arthrosis rates for different lower extremity articular fractures, the articular surface of the proximal tibia appears to be more 
tolerant to fractures than the ankle or hip.®9 Five to eleven years after injury, a series of high-energy plateau fractures treated by external fixation were found 
to have good knee function and a low rate of arthrosis. The general health status of the patients equaled age-matched controls and the knee score averaged 
90 on a 100-point scale.'*” These results are in contradiction to another group of patients with 5 to 11 years of follow-up after high-energy tibial plafond 
fractures where patients had decreased general health status compared with age-matched controls and significant residual ankle pain and decreased 
function.! This may be because of the less congruent nature of the articulation, the characteristics of the cartilage, a load-sharing effect of the menisci, or 
perhaps other factors. A recent review of 311 tibial plateau fractures demonstrated a 10-year Kaplan—Meier survival analysis for the primary outcome of 
end-stage arthritis as 96%; a secondary outcome measure of minor arthritis revealed a survival of 87%. 

The time to recovery after a tibial plateau fracture clearly depends on the fracture pattern but, as a general rule, can be expected to take at least a year 
until maximal improvements are realized. One study found significant residual strength deficits at 1 year after plateau fracture in the majority of patients 
tested.*> Another study showed that recovery stabilized after 2 years. !47 

In most studies, the fracture pattern has an effect on patient outcomes. In one study, medial condylar fractures and bicondylar fractures with a medial tilt 
were found to have less favorable results than lateral-side patterns, and varus was more poorly tolerated than valgus.®° One study showed that the presence 
of a proximal fibula fracture was a poor prognostic sign.'” Another study showed better results in unicondylar than bicondylar fractures.!!2 

At 8 years after injury, only 12 of 21 patients in the over-40 age group were equal to age-matched controls on patient-derived outcome measures.!47 
Another study of patients greater than 50 years of age with tibial plateau fractures found that regardless of the fracture pattern or operative or nonoperative 
treatment, only 35% (14/40 patients) were satisfied with their result.!2° One study reported that favorable results were achieved in 82% of operatively 
treated patients older than 55 but increasing age still correlated with poorer outcomes.!33 One study found recovery of knee function was slower in patients 
older than 40 years.°? As an exception to the above studies, a recent study of operative treatment, with 5 to 27 years of follow-up, did not find a negative 
effect with increased age.!!? 

The quality of the articular reduction and its effect on outcome is an important and controversial issue. Brown et al.!® in a cadaver model showed that 
articular step-offs increased contact loading but less than they expected. The extent of articular displacement/depression that is acceptable for a good knee 
function and good overall outcomes is controversial, to say the least. Overall, the consensus is that articular depression or displacement of more than 10 mm 
is not acceptable and should be reduced. However, whether the limit of acceptability is 10 mm, 8 mm, 5 mm, or 2 mm of displacement is up for debate. In a 
recent study, Singleton et al.!7° retrospectively reviewed 41 patients with depressed tibial plateau fractures who were followed up for an average of 3.9 
years. Residual articular depression, clinical patient-reported outcomes (Oxford Knee Score, Western Ontario and McMaster Universities Arthritis Index 
[WOMAC] Score, Iowa Score, and knee injury and osteoarthritis outcome score [KOOS] and VAS pain scale), and functional outcomes (knee ROM) were 
evaluated. Patients were divided into three groups of residual articular depression: less than 2.5 mm, 2.5 to less than 5 mm, and 5 mm or more. Patients with 
articular depression of less than 2.5 mm had better knee ROM and better outcome and pain scores compared with patients with more than 2.5 mm of 
articular depression. 

The importance of correction of articular step-off has been recognized for a long time. In earlier studies, Waddell et al.!4? published a review of 95 
patients with a tibial plateau fracture and concluded that patients with residual articular step-off with less than 10 mm and tibial plateau widening of less 
than 10 mm had a good clinical result. In contrast, in another study of 60 patients done in the same time period, Blokker et al.!* noted that the single most 
important factor that was associated with a satisfactory result was articular depression less than 5 mm. Similar findings have been found by Barei et al.° in a 
review of 41 patients with bicondylar tibial plateau fractures treated with dual plating. Patients with residual articular depression of less than 5 mm had 
significantly better Musculoskeletal Function Assessment score. There have been some previous studies that have debated that long-term functional 
outcomes and development of posttraumatic osteoarthritis are generally dependent on overall mechanical alignment of the limb and stability of the joint 


rather than the severity of articular step-off; however, these studies used radiographs for measurements which are unreliable.3465.77,131 
Some of this controversy can be resolved by the fact that in many fracture patterns, the articular reduction and eventual alignment of the knee are fairly 
closely linked to each other since large residual articular displacements lead to limb malalignment. 


Outcome Assessment Metrics 


A variety of outcome instruments for patients with tibial plateau fractures have been reported including generic health status measures, most notably the 
Short-Form 36 (SF-36) and SMFA. In addition, disease-specific patient-reported outcome instruments including Hospital for Special Surgery (HSS) Knee 
Score, Oxford Knee Score, WOMAC, Rasmussen score, KOOS, and Lysholm Score have been utilized. Unfortunately, there is not a consensus on which 
knee score is best for patient follow-up studies for tibial plateau fractures and the diversity of scores used makes meaningful comparisons between studies 
difficult. In addition, there are not any studies that provide a broad enough patient distribution to allow a normative score distribution. For that reason, the 
expected score at a given time after a plateau fracture in a patient following a typical course is unknown. 

Most reports also included secondary outcomes such as articular reduction, residual pain, knee ROM, patient satisfaction, patient return to work/sport, 
and hospital length of stay. Adverse events such as need for reoperation, compartment syndrome, deep infection, and nerve injury were typically reported. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO TIBIAL PLATEAU FRACTURES 


SURGICAL AND APPLIED ANATOMY FOR TIBIAL PLATEAU FRACTURES 


Fracture patterns in the proximal tibia are dictated by the forces applied combined with the osseous anatomy of the proximal tibia. The tibia gradually flares 
from the relatively narrow diaphysis to the proximal tibia. In the proximal quarter, the anterior proximal tibia widens to become the tibial tubercle for 
attachment of the patellar tendon. Just above this, the proximal lateral tibia abruptly flares from the smooth anterolateral surface to form the lateral tibial 
condyle, which serves as the origin of the anterior compartment muscles, and more proximally has Gerdy tubercle for the insertion of the iliotibial band. 
Posteriorly on the lateral side, the fibular head serves as a palpable landmark and as the site of attachment of the fibular collateral ligament and the biceps 
tendon. It defines the position of the peroneal nerve, which rests on the posterior neck of the fibula. The proximal fibula buttresses the lateral plateau, and 
associated fractures of the proximal fibula result in a greater degree of valgus instability and indicate a more severe lateral fracture. The proximal 
tibiofibular joint is a synovial joint that may communicate with the knee joint. 

On the medial side, the flare to the medial tibial condyle is more gradual, directly medial, and more abrupt and flared posteromedial. Angular forces to 
the knee and compression and axial loading lead to failure through these flared condyles on the lateral or medial sides or with straight axial loading on both 
sides. The medial plateau is more resistant to failure than the lateral plateau. 

The articular surface of the lateral tibial plateau is flat or slightly convex. The medial tibial plateau is concave and provides greater congruity with the 
medial femoral condyle than on the lateral side. This anatomy is important when using radiographs and fluoroscopy during surgical treatment since it allows 
separate assessment of the two plateaus on the lateral radiographs (Fig. 62-21). The lateral plateau is also higher than the medial plateau accounting for the 
few degrees of varus of the tibial plateau in relation to the shaft. The proximal articular surface slopes in relation to the shaft from the front, which is 
proximal, to the back, which is distal. However, these angular relationships of the tibial plateau have significant variation between individuals. Ricci et al., 
in their cadaveric study showed that the average slope of the medial compartment was 5.2 degrees + 2.3 degrees posterior, whereas slope in the lateral 
compartment was 7.5 degrees + 3.0 degrees posterior.'© These variations between individuals are potentially important for tibial plateau fracture surgery 
since small degrees of malalignment may be considered important. In the same study a paired evaluation of 21 right knees and 21 left knees taken from 21 
cadavers, showed no significant difference in the average slopes between right and left knees in the medial and lateral compartments, indicating that 
assessing alignment in comparison to the nonfractured side is prudent.!® 


Represents a lateral knee x-ray. Of particular interest is the relative concavity of the medial tibial plateau and slight convexity of the lateral plateau. 


Both the medial and lateral articular surfaces are covered by hyaline cartilage and are partially covered by the fibrocartilaginous menisci, both of which 
are attached to their respective plateaus by the menisci tibial ligaments (coronary ligaments). There is greater meniscal coverage of the lateral plateau than 
the medial plateau. The intercondylar eminence and medial and lateral tibial spines, which are nonarticular, separate the two plateaus. They also serve as 
attachment for the ACL anterior to the medial spine and the PCL that extends down to the posterior surface of the proximal tibia. 

The proximal anterior two-thirds of the tibia are largely subcutaneous. The posterior tibia is deep beneath the structures crossing the popliteal fossa 
making direct surgical exposures in this area difficult. The anterior tibia is more accessible but particularly the medial surface is at risk for surgical incisions 
in high-energy fractures. The pes tendons, gracilis, sartorius, and semitendinosus insert on the anteromedial portion of the proximal tibia distal to the 
insertion of the patellar tendon on the tibial tubercle. Before the insertion, these tendons give off expansions to the fascia of the lower leg. The posterior 
aspect of the pes expansions is incised to retract the pes tendons anteriorly during the posteromedial approach. The anterior compartment muscles, tibialis 
anterior, and extensor digitorum longus arise from the inferior surface of the lateral condyle of the tibia. The origin must be elevated to place an 
anterolateral tibial plate. The medial head of the gastrocnemius arises from the posterior femur just above the posterior medial femoral condyle. It can be 
retracted laterally or, if necessary, the origin can be incised to enhance exposure of the posteromedial and posterior tibial plateau. 

The common peroneal nerve runs under the cover of the biceps femoris and is on the back of the neck of the fibula. It is not at risk during most surgery 
for tibial plateau fractures as long as the surgeon remains aware of the position of the fibula. Rarely, a posterolateral approach may be chosen in which case 
the peroneal nerve must be identified and mobilized. It is at risk from direct lateral impact mechanisms and high-energy fractures of the tibial plateau, 
particularly medial plateau fractures which produce varus alignment. The tibial nerve in the popliteal fossa is rarely injured and rarely part of surgical 
approaches for tibial plateau fractures. 

The popliteal artery, which is at risk of knee dislocations, is rarely injured with tibial plateau fractures. However, the trifurcation of the popliteal artery 
occurs in an area where plateau displacement is likely with certain fracture patterns, and the anterior tibial artery is bound at the interosseous membrane and 


is at particular risk in shaft-dissociated patterns. Occult injury to the anterior tibial artery may account in part for the compartment syndromes frequently 
associated with these fracture patterns. 


TREATMENT OPTIONS FOR TIBIAL PLATEAU FRACTURES 


NONOPERATIVE TREATMENT OF TIBIAL PLATEAU FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Tibial Plateau Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Undisplaced or minimally displaced fractures 

Small depressions of the lateral plateau without deformity or instability on clinical exam 
Significant medical comorbidities that preclude surgical treatment 

Elderly patients with low functional demands in whom subtle deformities are tolerated 


Relative Contraindications 


e Knee instability 
© Greater displacement where deformity is easily predictable 
e Displaced medial-side injuries 


Although operative treatment is more common in tibial plateau injuries, nonoperative treatment is indicated in certain fracture configurations (Fig. 62-22). 
Undisplaced or incomplete fractures may be treated nonoperatively with good results. Nonsurgical management can also be considered in patients who 
present in a delayed manner or for patients in whom surgical treatment is not advisable due to multiple medical comorbidities or who are at high risk for 
morbidity and mortality from anesthesia. The proximal tibial articular surface tolerates small-to-modest articular displacements, and in properly selected 
fractures, nonoperative treatment results in predictably excellent outcomes despite articular irregularities. Progressive incapacitating posttraumatic arthritis 
is very unusual. There are no consensus guidelines regarding nonoperative treatment of tibial plateau fractures. In current practice, it is rare to obtain a 
closed reduction of a displaced proximal tibia fracture for definitive nonoperative management and, for many displaced fractures, it is impossible. 

In selecting cases for nonoperative treatment, predicting the presence or absence of deformity after treatment is very important. Angular malalignment is 
not well tolerated, and an angular malalignment after a tibial plateau fracture will cause more loading of the articular cartilage of the injured condyle. 
Moreover, malalignment may be cosmetically unacceptable and it also increases the propensity for knee instability and can cause balance issues and lead to 
falls. Predicting further displacement relies on the knowledge of patient’s age, activity level, general medical condition, clinical evaluation of limb 
alignment, as well as careful review of available imaging for bone quality, fracture type, direction of initial displacement, degree of articular comminution, 
and width of the tibial plateau, as well as degree of articular depression. 

The risk of development of deformity is related to the articular depression. However, this relationship is not 1:1. Localized depressions up to 10 mm or 
more may result in a stable knee with good clinical outcomes. In general, fractures involving large segments of the lateral tibial plateau plus split depression 
fracture patterns are likely to lead to valgus malalignment. Some Schatzker type II lateral tibial plateaus are also amenable to nonoperative treatment with 
minimal risk of deterioration especially when the size of the fractured plateau is relatively small. 


F 

ure . Nonoperative treatment of a lateral tibial plateau fracture in a 34-year-old man who slipped and fell on ice. The fracture is hard to see in the AP view 

(A) Da eines clearly seen in the oblique (B) and lateral (C) views. CT scans further delineate the minimally displaced nature of this injury (D), with the axial scan 

(E) showing involvement of the posterior tubercle as well. Follow-up AP (F) and lateral (G) radiographs at 6 months show complete healing. The patient had full 
functional recovery with no complications and was back to heavy manual labor without any restrictions. 


One has to be more vigilant in treating medial plateau fractures nonoperatively as these have a greater propensity to subside as the weight-bearing axis 
of the lower limb crosses slightly medial to the midline. Subsidence or collapse of the medial plateau can lead to varus deformity. The literature is heavily 
biased toward evolution of new techniques and exploring new approaches for surgical treatment of these injuries. 


Techniques 
Bracing 


Cast braces can be used to unload the injured side of the joint. They were once commonly used to stabilize the injured joint while permitting some degree of 
joint mobility.2+!*! Delamarter and Hohl*! used cast bracing as both a primary nonoperative treatment and as an adjunct to ORIF and showed that 85% 
maintained alignment in the cast brace. Currently, cast braces are not commonly used. Tibial plateau fractures that are inherently stable or stabilized 
surgically do not need this additional protection and a lighter removable brace is preferred. 

Although injured knees with tibial plateau fractures tolerate up to 6 weeks of cast immobilization before becoming increasingly stiff, most surgeons 
prefer early mobilization with a hinged brace, which allows joint mobility and provides some coronal support. 


Weight-Bearing Guidelines 


Most patients with nonoperatively treated tibial plateau fractures should be kept nonweight bearing during the initial weeks after injury. The duration of 
nonweight bearing depends on the fracture pattern but is typically 4 to 8 weeks. 


Outcomes 


There is paucity of data on results and functional outcomes of nonoperative treatment. Excellent results treating tibial plateau fractures nonoperatively have 
been reported. There have been some recent studies focusing on nonoperative treatment; however, older series provide much of the information. Since the 
indications to treat plateau fractures nonoperatively have narrowed considerably, the older series can be considered the worst case when compared with 
those treated nonoperatively in current practice. 

Harish et al.” elected to treat 41 out of 305 consecutive patients nonoperatively as they did not meet their criteria for operative treatment. Surgical 
management was indicated if patients had more than 2 mm articular incongruence, open fracture, greater than 5 mm of condylar widening, over 5 degrees of 
varus—valgus instability on physical examination, minimal or no preexisting osteoarthritis of the knee, and were medically stable to undergo surgical 
intervention. All patients were kept nonweight bearing for a minimum of 10 weeks, were started with early ROM in a brace immediately after the injury and 
were closely followed up with serial x-rays. Nonsurgically managed patients (n = 22) in this study attained good to excellent functional outcomes as defined 
by a total standard SMFA score of less than or equal to 15. Average knee ROM at the latest follow-up for the nonsurgically managed cohort was 123 
degrees. Similar results have been seen in the past as well. Segal et al.!2* used more than 5 mm of initial depression or displacement as an indication for 
surgery in tibial plateau fractures. This study also implemented early weight bearing as soon as an applied cast had dried. The authors found that 76% of 
nonsurgically managed tibial plateau fractures had satisfactory outcomes, with 81% achieving satisfactory ROM defined as 10 to 90 degrees. In one of the 
older studies, Lansinger et al.8? treated patients nonoperatively as long as the knees were stable on examination irrespective of articular collapse with good 
results; the outcome measures used, however, were not as robust as the functional outcome measures used nowadays. 

Other authors have identified other predictors of outcome after plateau fractures treated nonoperatively. Waddell et al.'“* found that plateau depression 
or widening of less than 10 mm was usually well tolerated. Honkonen® found that 5 mm of widening and 3 mm of step-off were well tolerated but that any 
medial-side displacement or tilt should be avoided. 

Scotland and Wardlaw!” reported excellent results for 29 patients treated with a cast brace and emphasized early weight bearing and return to function. 
Duwelius and Connolly** reported good results after nonoperative or limited surgical approaches and noted that excellent clinical outcomes did not correlate 
well with the radiographic appearances of the knee. 

These results indicate that favorable outcomes are possible for many tibial plateau fractures without surgery, despite articular incongruities and 
displacements. Basing decisions on operative versus nonoperative treatment for tibial plateau fractures on a predetermined number of millimeters of 
displacement of the articular surface is not sensible and does not account for important knowledge about how different tibial plateau fracture patterns have 
more or less propensity to lead to deformity and subsequent favorable or unfavorable outcomes. 

In current practice, patients with fractures similar to those in many of the abovementioned older studies are treated operatively, which assures accurate 
limb alignment, early motion, and better reductions with less external support. However, the favorable results of nonoperative treatment should be 
considered when a patient with a tibial plateau fracture has significant comorbidities, is elderly with osteopenic bone, has poor skin, or does not want an 
operation. An excellent outcome without surgery is possible for many tibial plateau fracture patterns. 


OPERATIVE TREATMENT OF TIBIAL PLATEAU FRACTURES 


Indications/Contraindications 


Operative treatment of tibial plateau fractures is indicated for displaced unstable tibial plateau fractures where near-normal limb alignment with closed 
treatment cannot be predicted based on the fracture pattern or physical examination. In young healthy patients, this will include almost all bicondylar and 
shaft dissociated patterns, and all but minimally displaced medial plateau fractures and lateral plateau fracture patterns where valgus alignment or instability 
will occur without surgically reducing and fixing the fracture. For the lateral patterns, the presence of a split fragment, a depression affecting over half of the 
lateral articular surface, a fibular head fracture, valgus alignment on injury radiographs, and clinical valgus alignment as well as a varus—valgus instability 
on examination are all strong indications for surgery. 

The number of millimeters of depression of the articular surface measured on radiographs has been frequently used to indicate surgery. Unfortunately, 
depression is difficult to measure accurately and reliably on plain radiographs. Martin et al.9* found that when observers make measurements independently 
from each other, their measurements are different from each other by 12 mm or more 10% of the time. In addition, the size and location of the depressed 
area all make a difference in whether a certain amount of depression will be clinically significant. The number of millimeters is not reliable and too 
simplistic to be a good way to decide on surgical indications. 

In elderly, less active, or medically unfit patients, the indications for operative treatment are narrower and the risks and benefits of surgical intervention 
must be carefully assessed on a case-by-case basis. In these patients, a deformity will be less significant, functional demands are less, and surgery is 
potentially more difficult with more osteopenic bone. 


Preoperative Planning 
Fracture Classification and Pattern Dictate the Approach 


There are two frequently used surgical approaches to reduce and internally fix tibial plateau fractures: the anterolateral approach and the posteromedial 
approach. They are used in isolation for fractures on the lateral and medial sides of the knee, respectively, and not uncommonly, they are used together for 
patterns that involve both condyles. Recently, a number of posterior approaches that are different from the posteromedial approach have been described and 
have become popular for some posterior fracture patterns. 1744135 

In fractures of the tibial plateau, the fracture pattern dictates the operative approach, fixation technique, risk for complications, and to some extent the 
outcome. These differences stratify nicely based on the OTA/AO, Schatzker, and Luo classifications. There is some variability in the procedures 
recommended in the literature for each of these patterns, but the general principles are similar enough to allow a pattern-based discussion. The following 
sections will outline the general range of surgical techniques and implants used for each of these basic patterns and the fracture-specific results reported in 
the literature. 


Technique Overview 


The treatment techniques that result in the most favorable patient outcomes depend on the patient and the fracture pattern. A variety of techniques are 
currently popular, have good results reported in the literature, and new techniques continue to be developed. However, for a given patient with a given 
fracture pattern, there is little evidence to indicate one technique is superior to others. For instance, for one of the most common fracture patterns, a split 
depression lateral plateau fracture, currently acceptable techniques for visualizing the articular surface reduction include fluoroscopic, arthroscopic, and 
joint arthrotomy with infra or anterior meniscal incision. The same fracture might be stabilized with either small or large plates and screws, or screws alone. 
The screws may be nonlocked or may be locked to the plate. Numerous materials to fill the void created after reducing the fracture would be considered 
acceptable choices. As another example, there has been a wave of popularity for treating OTA/AO C fractures and Schatzker type VI patterns with locking 
plates without any evidence that outcomes are better than with previous techniques. 

In addition to assessing the fracture pattern, the surgeon must decide how to visualize the articular reduction and whether to assess and manage 
associated meniscal and ligament injuries as part of an operative treatment plan. 


Techniques to Visualize the Articular Reduction 


Accurately reducing the displaced articular surface is an important aspect of treating displaced plateau fractures. In planning a surgical case, the surgeon has 
choices on how to assess and visualize the reduction. The articular reduction can be assessed indirectly by fluoroscopy, with an arthroscope, or directly 
through an arthrotomy. Some surgeons favor one approach over another and others choose different approaches based on the fracture pattern. 

If the fracture pattern permits, many surgeons prefer to directly assess the fracture reduction through a joint arthrotomy. In lateral-side patterns, the 
meniscus can either be incised anteriorly or elevated with a submeniscal arthrotomy (Fig. 62-23). Both approaches allow the articular reduction to be 
assessed under direct vision. This direct visualization may be enhanced with the use of a joint-spanning femoral distractor. The meniscus and arthrotomy are 
repaired during closure. 

There have been questions about the reliability of judging accuracy of reduction under fluoroscopy. In a cadaveric study, Haller et al.5° demonstrated 
that the odds of accurately detecting a malreduction improved when surgeons used AP and lateral views both compared with AP views alone. Also, 
accuracy was greater when articular displacement was 5 mm compared with 2 mm. In general, the study revealed that surgeons are more prone to accurately 
detect displacement of the tibial plateau than reduction. Overall, using both AP and lateral fluoroscopic views, surgeons could detect a 2- and 5-mm 
malreduction accurately more than 89% of the time. 

Arthroscopic techniques to assess and direct fracture reduction have been utilized by some surgeons for a wide range of fracture patterns for over two 
decades.*° With arthroscopic techniques, the fractured articular surface is visualized less invasively than with wide arthrotomies and detaching or elevating 
the meniscus. In addition to assisting with fracture reduction, arthroscopy has the further advantage of allowing associated intra-articular soft tissue injuries 
to be directly assessed and treated. Faster rehabilitation and more accurate reductions compared with open techniques with arthrotomy have been 
reported.!°* However, one must weigh the benefit of arthoscopic reduction with risks of iatrogenic compartment syndrome due to potential fluid 
extravasation in patients with an acute fracture. Directly comparing the two techniques is difficult because of potential differences in case selection.®” 


Figure 62-23. Excellent articular visualization seen by use of a submeniscal arthrotomy and femoral distractor in a lateral tibial plateau fracture. 


Fluoroscopy is an integral tool in treating tibial plateau fractures since it is utilized to assess the placement and final position of hardware in relation to 
fracture lines and the articular surface. Final assessment of fracture reduction is frequently done by fluoroscopy (Fig. 62-24). Therefore, using fluoroscopy 
to assess the reduction is frequently part of the operative plan. However, utilizing fluoroscopy exclusively as a guide to reducing depressed fragments is 
challenging and not universally accepted. It has the advantage of being less invasive than joint arthrotomy and does not require the extra equipment and 
joint distraction required for arthroscopy. Koval et al.”” indirectly reduced 18 plateau fractures using fluoroscopy and fixed them with screws and had 13 
excellent reductions. They noted more difficulty accurately reducing fractures with depressed fragments, although interestingly, all cases with incomplete 
reductions had excellent outcomes. Other authors have reported similar experiences with simple cases amenable to fluoroscopic assessment alone and more 
complex cases requiring adjunctive arthrotomies or arthroscopy.?-8’ In a comparative study, Lobenhoffer et al.8° found that fluoroscopic assessment of the 
plateau with a C-arm was equivalent to and technically easier than assessing it with an arthroscope. Patients assessed with fluoroscopy alone did not have 
clinical problems secondary to unrecognized soft tissue injuries. Meulenkamp et al.°° reviewed 65 postoperative CT scans of patients with operatively 
treated lateral tibial plateau fractures and noted 21 (32.3%) malreductions (step-off or a gap of more than 2 mm). The frequency of malreductions was 
14.3% in patients who had a submeniscal arthrotomy, and 46% in patients who had fluoroscopy-assisted reduction alone. Malreductions were more 
common in fracture patterns that involved posterior quadrants of the lateral plateau. There were no malreductions of the medial tibial plateau. 


Treatment of Soft Tissue Injuries Associated With Tibial Plateau Fractures 


Soft tissue injuries are frequent with tibial plateau fractures and need to be considered in developing an operative plan. There are two important types of soft 
tissue injuries. First, there are injuries to menisci and ligaments and, second, there is the injury to the surrounding soft tissue envelope that increases the 
risks for complications. 


Ligament and Meniscal Injuries 


There is a high incidence of ligament and meniscal injuries associated with tibial plateau fractures. When assessed by MRI, one study found that even 
minimally displaced tibial plateau fractures indicated for nonoperative treatment had a high percentage of these injuries (meniscal 80%, ligament 40%).!?5 
In another study of MRI findings in 103 patients with operatively treated tibial plateau fractures, all but one patient had some soft tissue injury with lateral 
meniscus (91%) most commonly followed by ACL (77%), posterolateral corner (68%), and medial meniscus (44%).*4 In another study, the incidence of 
meniscal injury in split depression patterns was found to correlate with the degree of depression and condylar widening.** Looking specifically at ligament 
injuries using stress radiographs and intraoperative findings, Delamarter et al.3? found that in 39 tibial plateau fractures evaluated, there were 22 MCL, 8 
LCL, 1 ACL, and 8 combined ligament injuries. Unfortunately, the clinical significance of these soft tissue injuries when associated with a tibial plateau 
fracture is not known. 
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Figure 62-24. It is important to obtain proper AP (A; 15-degree caudal tilt) and lateral (B) views to confirm intra-articular reduction. The lateral tibial plateau fracture 
and anatomic reduction (arrowheads) obtained intraoperatively are clearly visible in these images. 


The treatment of these associated soft tissue injuries is controversial. Conservatively managing MCL injuries is generally favored, so most surgeons do 
not currently advocate diagnostic or treatment strategies for an associated MCL injury. In addition, the medial ligament does not present long-term problems 
and residual laxity usually relates to bony depression rather than collateral ligament laxity. At an average of nearly 3 years after injury, Moore et al.°° tested 
208 patients with unicondylar tibial plateau fractures for varus or valgus laxity using stress radiographs. They found that when compared with the uninjured 
knee, there was no increased laxity to suggest chronic collateral ligament damage. None of these patients were treated with ligament repair. This 


information suggests that after reducing and fixing a lateral plateau fracture, a routine postoperative brace or immobilizer is sufficient to treat the associated 
collateral ligament injury. 

Assessing and managing other intra-articular meniscal and ligament injuries that are frequently present is controversial. Some authors recommend an 
aggressive approach to both diagnosis and surgical repair.” Other authors have found that the patient function and outcomes are excellent without 
addressing these injuries.2' Most minimally displaced tibial plateau fractures have excellent outcomes without addressing associated meniscal or ligament 
injuries. For these minimally displaced fractures, as for all tibial plateau fractures, it is difficult to know which soft tissue injuries need to be managed 
surgically to improve patient outcome. Many severe tibial plateau fractures have excellent outcomes after being treated surgically with techniques that do 
not routinely evaluate or repair meniscal injuries.2? These results indicate that meniscal injuries either heal or are not symptomatic in patients after tibial 
plateau fractures. Reattaching an avulsed ACL or PCL, particularly when it is associated with a fracture fragment, is recommended by the authors of some 
series and not by others. In one comparative study, better results were found in fractures where the ligaments were surgically repaired compared with 
fractures treated without ligament repair.2° However, other series of high-energy fractures have reported good results without ligament repair.58-89.90 and 
many reports on high-energy fractures do not indicate whether ligament injuries were addressed surgically. 


Injuries to the Soft Tissue Envelope 


Some tibial plateau fractures have severe injury to the overlying soft tissues. The worst soft tissue injuries typically occur with bicondylar fractures, 
fracture-dislocations, and shaft-dissociated patterns. These high-energy patterns may require extensive surgical approaches with substantial implants and the 
potential risk of wound complications with these procedures is increased because of the injury to the soft tissues. Open tibial plateau fractures may be 
clinically obvious but subtle wounds or abrasions in the zone of injury must be assessed with suspicion for being an open fracture. When there is doubt, 
these suspicious wounds should be explored. Fracture blisters occur when the soft tissue injury is severe and may be red or white; red blisters represent a 
deeper dermal injury. Tense swelling and deep contusions are additional signs of severe fracture-associated soft tissue injury. Severe closed soft tissue 
injuries take many days or even weeks after the injury to recover. Open soft tissue injuries should be urgently debrided in the operating room. Soft tissue 
coverage may be needed and this can frequently be accomplished with a rotational flap from the medial or less commonly lateral head of the gastrocnemius. 


Principles of Fixation Technique for Tibial Plateau Fractures 
Principles of Plates and Screw Fixation 


Plates and screws are the most frequent implants used to stabilize tibial plateau fractures and all major manufacturers have recently developed precontoured 
periarticular plates and locking plates, resulting in diverse plate choices. The simplest implants used for fixation of tibial plateau fractures are lag screws 
used to compress simple fracture lines in isolation or in conjunction with other fixation devices. For compression, partially threaded screws are most 
common, and 6.5-mm screws work well for major plateau fracture lines although smaller screws may work equally well. 

Plates serve different functions depending on the fracture pattern and where they are placed anatomically. A common plate application is for the 
anterolateral proximal tibia where it is used as a buttress and to substitute for the damaged lateral cortex that occurs with lateral split depression plateau 
fractures. These plates are precontoured for this anatomic region which makes obtaining an accurate fit for buttressing the lateral tibial condyle much easier. 
3.5-mm implants and screws are the most common size having largely supplanted the 4.5-mm implants that were common in the past. 3.5-mm implants are 
less bulky and easier to fit on the bone and the smaller 3.5-mm screws allow more screws to be placed closer to the articular surface to support reduced 
fragments. Multiple holes in the head of the plate allow 3.5-mm screws to be placed parallel and close to the articular surface to support the reduced 
articular surface and minimize the chances for postoperative settling. This technique has been termed “rafting screws””””° (Fig. 62-25). 

Posteromedial plates serve a different mechanical function than anterolateral plates. In this area, the plate must function as an antiglide device to resist 
shearing forces (Fig. 62-26). Again, 3.5-mm implants are the most common and specially contoured plates are becoming available from several 
manufacturers. In this area, the plate position in relation to the apex of the fracture is more important than the exact placement of screws. A screw near the 
apex of the fracture will assure close apposition of the plate in this critical area. 


-25. A 3.5-mm plate with rafting screws (arrowheads) was used for subchondral support for a lateral tibial plateau split depression—-type fracture. 


Lateral plates used for bicondylar and Schatzker type VI fractures must resist axial, rotational, and bending forces. Locking screws to the plate has been 
a major advance in resisting these mechanical forces and these implants are currently very popular. Plate constructs for these patterns may be bigger (e.g., 
4.5 mm) than those used for unicondylar fractures based on the need to resist substantial deforming forces. From their lateral position, they must prevent the 
tendency of bending forces to create a varus deformity. By resisting varus collapse, they have decreased the need for dual plates and for definitive external 
fixation; however, they are generally considered insufficient in providing support for an unstable medial column. 


Figure 62-27. A long lateral plate used with an aiming device for distal screw insertion. 


Some of these plates have been designed to be inserted through a limited approach with external targeting of the distal screws (Fig. 62-27). They can 


now be used with either locked or nonlocked screws. The so-called hybrid techniques use nonlocked screws to pull the bone to the precontoured plate and 
then locked screws are added to resist angular deviation. Some manufacturers now offer polyaxial designs with flexibility in the direction of screw insertion 
combined with fixed-angle stability.°? Although many manufacturers have made locking technology available for many of their implants, the use of locking 
screws for unicondylar tibial plateau fractures where the plate functions as a buttress (lateral plateau) or as an antiglide (posteromedial plateau) is of 
uncertain value. 
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Figure 62-28. Preoperative (A-D) and postoperative (E, F) images of a 46-year-old male patient with a comminuted medial tibial plateau fracture treated with mini- 
fragment plate fixation to buttress multiple medial condylar fragments via a single medial incision. 


Low-profile fragment-specific plate fixation with 2.7- or 2.4-mm generic minifragment systems is an option for select medial, lateral, or bicondylar 
fracture patterns, especially in cases when the precontoured plates do not fit the patient’s native anatomy or when the ability of the plate design to raft 
particular areas of reconstructed articular surface is limited. Authors typically use this technique in posterior shear type injuries or in fractures with 
significant medial condylar comminution when it is difficult to control the various fragments with a single plate (Fig. 62-28). 


The way in which external fixation is used for tibial plateau fractures has dramatically changed in the past decade. The advent of locking plates applied 
through limited approaches has significantly decreased the amount of external fixation used for definitive treatment of shaft-dissociated and bicondylar 
patterns. Standard treatment generally revolves around open reduction to visualize the fragments for articular reconstruction, but this technique requires 
extensive soft tissue dissection which may damage the local vascularity and chance of a wound breakdown and infection. However, external fixation is now 
frequently used as a temporary treatment by spanning the knee. This technique restores length and aligns the fracture during soft tissue recovery prior to 
definitive treatment with internal fixation. 

Definitive external fixation still has a role in complex tibial plateau fractures based on surgeon preference, or in cases with severe soft tissue injury, 
when despite delay, internal fixation is not felt to be safe. The use of a fine wire external fixator in conjunction with limited-access internal fixation provides 
similar stability to ORIF, but with fewer complications. When properly used, a fine wire fixator can be used to compress across the fracture site both at the 
articular and metaphyseal segments with minimal soft tissue disruption. The fixator can also be used to fine tune the reduction once it is applied to maintain 
appropriate reduction. Furthermore, patients treated with a fine wire fixator are generally allowed to be weight bearing as tolerated very early in the 
postoperative period (Fig. 62-29). 
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Figure 62-29. This 37-year-old man was involved in a pedestrian versus motor vehicle crash with a comminuted bicondylar tibial plateau fracture (A and B) and was 


initially treated with a spanning external fixator (C) due to poor skin condition (D). His skin condition failed to improve and hence he was definitively treated with a 
circular frame (E), and a small lateral incision was made to use a push plate to obtain alignment (F). G, H: Patient was weight bearing as tolerated in the postoperative 
period and the frame was removed at 13 weeks postoperatively, showing a healed tibial plateau fracture. I: The frame at removal. (Case courtesy of Dr. J. Tracy 
Watson.) 


Most data indicate that external fixation is equally as effective or more so than plate fixation.”4” Ahearn et al.' reviewed 55 tibial plateau fractures in 
54 patients treated with either fine wire fixator (21 patients) or with a periarticular locking plate (34 patients). Primary outcome measures were patient 
reported and included the WOMAC!! and the SF-36'“* health status questionnaire. Patient-reported secondary outcomes included an additional study- 
designed subjective satisfaction questionnaire, requiring VAS responses. Additional secondary outcome measures were the presence of complications, the 
need for further surgery, the number of operating room and outpatient visits, and the radiologic assessment of the adequacy of the reduction obtained and 
maintained. Mean follow-up in both groups was at least 30 months. There was no significant difference in the mean WOMAC, SF-36 PCS/MCS (physical 
or mental component summary) scores between patients treated with locking plates or a fine wire fixator. In terms of secondary outcome measures, there 
was no significant difference between the patients treated with locking plates or a fine wire fixator regarding pain, satisfaction following treatment, return to 
preinjury occupation, return to sporting and/or leisure activities, or use of walking aids. A Canadian Orthopedic Trauma Society (COTS)?! multicenter 
randomized control trial compared nonlocking plates and circular frame external fixation, and reported a higher number and severity of complications using 
ORIF, but similar functional outcomes 2 years postoperatively. 

Temporary spanning frames should be simple and easily applied. Pin bar frames are most common, allowing pin spread and frame geometry to be 
designed based on the needs of the fracture and associated soft tissue injury (Fig. 62-30). Radiolucent carbon bars facilitate imaging after the frame is 
applied. The major goal is to restore and then maintain length and align the fracture and knee joint. This may require significant distraction forces. Spanning 
frames need to be utilized only for severe fractures with marked displacement, shortening, or joint subluxation. They are rarely necessary for routine lateral 
plateau fractures and are usually not needed for medial plateau and bicondylar fractures that are only minimally displaced. Widely displaced fractures with 
soft tissue injuries such as tense swelling, fracture blisters, compartment syndrome, or open wounds are the best indications for temporary spanning frames. 
The use of a staged protocol has been reported to decrease the wound complication rate but there are no comparative studies.28 


Figure 62-30. Anteriorly based temporalizing external fixator for soft tissue management prior to definitive fixation. 


When applying an external fixator for initial stabilization, care is taken to avoid placement of fixator pins in area of proposed plate placement as there is 
theoretical risk of infection associated with pin sites. However, there is no consensus in literature regarding external fixator pin position and development of 
deep infection. Shah et al.!2* studied the rates of infection due to overlap between pin sites and definitive plate placement. They reported on 85 patients with 
bicondylar tibial plateau fractures and 97 patients with a pilon fracture. Out of a total of 182 patients, 50 (27%) had overlapping pin sites. Of these, 25 
patients (14 pilon and 11 tibial plateaus) developed deep infection. Of the 11 plateaus that developed a deep infection, 7 had pin site and plate overlap. This 
is in contrast to the findings published by Laible et al.,°! who exclusively reviewed 79 tibial plateau fractures and did not find any correlation between 
location of pin sites and development of deep infection 

Given these conflicting reports, a conscious effort should be made to avoid placement of external fixator pins in areas of potential plate placement as 
long as possible without compromising the stability afforded by the external fixator. Recent literature has shown no significant increase in risk of infection 
even if the external fixator or its pins are prepped into the surgical field during definitive fixation.!? Great care should be taken, however, if pin-to-bar 
clamps are adjusted or moved intraoperatively, exposing unprepped areas to the surgical field. The authors’ general preference is to remove all clamps and 
bars before the leg is prepped and use sterilized components or a femoral distractor on the preserved and prepped half pins which were left in place. 


Early Total Care 


The use of a stabilizing external fixator for staged treatment for soft tissue optimization has become a standard of care for treatment of complex bicondylar 
fracture patterns. External fixator application is not recommended for lateral unicondylar (Schatzker types I, II, and III) fracture patterns, unless there is 
significant soft tissue compromise or in case of open fractures, as these are length stable due to an intact medial column. Recently, there have been some 
studies that have challenged the two-stage approach. In a retrospective review, Unno et al.!+! evaluated 102 OTA/AO type 41-C bicondylar plateau fractures 
that were treated with early definitive fixation (within 72 hours of injury). The mean time from injury to operative treatment was 29.8 hours and around 85% 
of the study population was operated within 48 hours. Sixteen fractures (15.7%) required reoperation within 12 months. Overall rate of infection requiring 
surgery was 8.8% (nine patients). There was one nonunion, and two fixation failures in the reoperation group. 


In a similar study, Borade et al.!> evaluated the effectiveness of this protocol in patients above the age of 50 years. Twenty-eight patients with early 
definitive fixation were compared with 53 patients who underwent a conventional staged treatment protocol with a temporary stabilizing external fixator. 
There was no difference in infection rate, soft tissue complications, time to union, quality of reduction, Rasmussen score, or number of secondary 
procedures. Of note, those patients who underwent early definitive fixation were found to have healthy-appearing soft tissues, positive wrinkle signs, and 
generally had lower-energy mechanisms of injury. 
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Figure 62-31. Intraoperative images showing a void left after elevation of a depressed lateral tibial plateau articular fragment (A), which is filled with a commercially 
available combination of bone graft extender (calcium phosphate with hydroxyapatite); (B) before final fixation with a precontoured anatomic locking plate (C). 


Principles of Void Filling 


More than with most other fracture patterns, reducing depressed tibial plateau articular fragments, typically those of the lateral plateau, leads to empty areas 
in bone or voids beneath the reduced fragments (Fig. 62-31). The cancellous trabeculae are compressed by the injury resulting in loss of substance after the 
articular fragments are reduced. These voids act like an area that lacks support for the reduced articular fragments increasing the risk that the articular 
fragments will redisplace despite internal fixation. To minimize this risk, it has been a principle of lateral plateau fracture surgery to fill metaphyseal voids 
to increase stability and prevent redisplacement. 

Void-filling options range from autologous bone grafting, allografts, and the use of synthetic bone substitutes. Autograft use has been diminishing due to 
its limited supply, donor site morbidity, and nonideal mechanical properties. Autologous bone graft harvesting has been associated with minor 
complications such as superficial infections, superficial seromas, and minor hematoma, as well as major complications such as herniation of abdominal 
contents through massive bone graft donor sites, vascular injuries, deep infections at the donor site, neurologic injuries, deep hematoma formation requiring 
surgical intervention or transfusion, and iliac wing fractures.®! 

Allograft offers similar handling properties to autograft without donor site morbidity.!*? Allograft use has been associated with theoretical risk of 
infection transfer. Also, there needs to be availability of a sophisticated bone banking system which may not be universally available. 

Investigators have assessed a variety of commercially available graft substitutes in mechanical and clinical studies. The optimal material is currently 
uncertain but this is an area of changing practice. Since subsidence after surgically reducing and fixing lateral plateau fractures is a real problem, new 
methods to support the reduced articular surface are important. 

Most recent work has focused on phase-changing cements which have been shown to have better rather than equivalent mechanical properties to 
autologous and allograft bone grafts. In a split depression fracture model in cadavers, a calcium phosphate (Ca-P) cement was significantly stiffer in 
compression compared with cancellous bone.!4° 

Beta tricalcium phosphate is a synthetic bone substitute. It is biocompatible, biomechanically stable, and osteoconductive. In a retrospective review of 
52 patients, Rolvien et al.'!® studied the long-term effects of beta-tricalcium phosphates used as void filler for tibial plateau fractures. Patients were 
followed up for a mean period of 36 months. There was no evidence of nonunion and/or loss of reduction. One patient required early reoperation due to loss 
of reduction (he had loaded his leg accidentally) and another due to penetration of the graft substitute into the joint. Eighty-three percent of the patients 
achieved excellent reduction, while 82% had achieved good or excellent outcome as assessed by the Rasmussen score. Complete resorption of the graft 
material was not seen in any of the cases. Biopsy of seven patients revealed that complete incorporation of the graft material occurred only when the size of 
the calcium phosphate granules was less than 100 pm. 

Yu et al.!!6 followed up 28 patients for a mean of 14.6 months after using high-strength injectable calcium sulfate as a void filler. Fractures healed in all 
patients; two patients had some wound exudation which settled on observation only. Two-thirds of the graft material was incorporated at 8 weeks and full 
incorporation of the bone graft was seen at 12 weeks postoperatively. Two patients had subsidence of less than 2 mm. Rasmussen’s functional outcome 
score was considered to be good in the study population. 


Principles of Postoperative Care 


The optimal postoperative program should minimize complications and loss of reduction of the fracture and maximize knee motion while speeding recovery 
and return to function. 

A period of nonweight bearing or minimal weight bearing is necessary to minimize the chances of displacing the reduced fracture. The duration depends 
on the fracture pattern and the strength of the fixation but it probably takes 6 to 12 weeks for any meaningful increase in resistance to displacement from 
fracture healing, so most surgeons will not progress weight bearing until sometime in this range. 

Gausewitz and Hohl‘ believed that early motion was much more important after operative treatment, because knees immobilized for longer than 2 


weeks tended to be stiff. In current practice, surgeons strive to fix fractures in a way that will allow motion during the early weeks of recovery sometimes in 


a hinged brace. 


Preoperative Planning 


Minimally Invasive Limited Fixation of Simple Tibial Plateau Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 
Position/positioning aids LJ Supine 


Fluoroscopy location 


C-arm enters from the opposite side of the fractured extremity 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 


Equipment/Implants LJ Reduction clamps, cannulated screws, noncannulated screws 


Tourniquet LJ Can be prepped out (optional) 

Simple split fractures of the medial and lateral plateau are the strongest indications for limited approach techniques that assess the reduction with 
arthroscopy or fluoroscopy. These fracture patterns do not have large depressed fragments and reducing the split fragment will accurately align and stabilize 
the joint and restore the congruity of the articular surface. The fracture can often be fixed with percutaneously applied screws alone (Fig. 62-32). 
Preoperatively, the location and orientation of the fracture lines should be accurately determined with a CT scan. This planning can guide the surgeon to 
apply reduction forceps and direct screw paths to optimally reduce and securely fix the split fracture. Large reduction forceps with a span to extend between 


the two plateaus are helpful. 


Positioning 
The patient is positioned supine on a radiolucent table. The hip is bumped to neutral extremity rotation, with the leg elevated on either a nonsterile 
radiolucent platform or sterile bump(s) as necessary. The C-arm comes in from the opposite side, perpendicular to the table (Fig. 62-33). 


Surgical Approach 

A formal surgical approach is not required; small percutaneous stab incisions for clamp and drill placement are made as necessary. The major area of 
controversy in this fracture type is the optimal technique to assess the accuracy of the reduction (see techniques to visualize the articular reduction). 
Arthroscopic techniques directly visualize the articular fracture through a minimally invasive approach but fluoroscopic techniques, when used well, may be 
equally as effective. To fix the fracture with screws only, the split fragment needs to be compressed to prevent displacement. A mechanical study in 
cadavers has shown no difference between pure split fractures fixed with 6.5-mm interfragmentary screws alone and those fixed with screws with the 


addition of a buttress plate or the addition of an antiglide screw and washer at the apex of the fracture.” 
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Figure 62-32. A: Coronal CT of a 24-year-old man who missed a step and fell, injuring his right knee. This Schatzker type I injury was reduced with a percutaneous 


clamp (B) and fixed under fluoroscopy with percutaneous screws. C: Note the use of an antiglide screw at the apex of the fracture. D, E: Follow-up x-rays at 6 months 
postoperatively show complete healing with full return to preoperative function. 


Minimally Invasive Limited Fixation of Simple Tibial Plateau Fractures: 
KEY SURGICAL STEPS 


Obtain adequate preoperative imaging including imaging of the contralateral knee and usually a CT scan 
Confirm position of placement of the reduction clamp 

Assess reduction critically intraoperatively 

Placement of subchondral screws with or without washers 

Remove reduction clamps and confirm maintenance of reduction 


The fracture line is clearly identified with intraoperative fluoroscopy. The orientation of the fluoroscopic image and the fracture line are adjusted in relation 
to each other so the surgeon knows the exact direction of the split fragment fracture line. Stab incisions are then made for reduction clamp placement across 
the major fracture line in an orientation to provide reduction and compression. The fracture reduction is then confirmed with fluoroscopic images; 
guidewires and cannulated screws are then placed through small incisions perpendicular to fracture lines and parallel to the joint line usually within 1.5 cm 
from the articular surface; 6.5-mm screws are most commonly chosen. 


sà A 


Figure 62-33. Positioning for lateral tibial plateau fixation. A radiolucent wedge-shaped positioner is used beneath the operative extremity to elevate it so as to get 
uninterrupted images in lateral view. 


Postoperative Care 

Patients are instructed in ROM exercises, which they perform in a hinged brace. The range is not restricted but limited weight bearing is recommended for 4 
to 6 weeks. 

Reduction, Buttress Plate Fixation and Void Filling for Displaced Tibial Plateau Fractures (OTA/AO B2 or B3 or Schatzker Type II— 
Split Depression Fractures of the Lateral Plateau) 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Reduction and Buttress Plate Fixation and Void Filling for Displaced Tibial Plateau Fractures: 


OR table LJ Radiolucent table 
Position/positioning aids LJ Supine 
Fluoroscopy location = C-arm enters from the opposite side of the fractured extremity 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 
Equipment LJ Reduction clamps, femoral distractor, long K-wires, osteotomes, bone tamps 
Tourniquet LJ Can be prepped out (optional) 
Implants LJ Precontoured 3.5-mm plates for lateral tibial plateau, cannulated screws, noncannulated screws, bone 
void fillers 


This is the most common operation for displaced tibial plateau fractures. Careful preoperative planning should include assessment of the fracture pattern as 
lateral split fragments are associated with varying amounts of articular depression in varying locations in the lateral plateau. An associated fibular head 
fracture increases the degree of knee instability and may be a negative factor for prognosis.!” By accurately reducing the lateral plateau, the goal of 
preventing or minimizing the valgus alignment that would occur without surgical treatment is realized. Review of an axial CT scan will quantify the amount 
and location of the articular depression in the lateral plateau. The location of the split fragment will be a clue for incision and eventual access to elevate the 
depressed fragments. 


Positioning 


The patient is positioned supine on a radiolucent table. The hip is bumped to neutral extremity rotation, with the leg elevated on either a nonsterile 
radiolucent platform or sterile bump(s) as necessary. The C-arm comes in from the opposite side, perpendicular to the table (see Fig. 62-33). 


Surgical Approach 


The anterolateral approach is the most common approach to surgically reduce and internally fix tibial plateau fractures. It is the workhorse approach for split 
depression fractures of the lateral plateau. The proximal portion of the anterolateral approach is variable based on surgeon preferences for joint exposure. To 
directly visualize the lateral joint, the deep dissection is brought posteriorly along the tibial margin of the joint line, incising the coronary ligament to create 
a submeniscal arthrotomy. This approach has been credited to the AO group. The coronary ligament may be repaired at the end of the procedure (Fig. 62- 
34). 


Figure 62-34. Specimen showing the anterolateral approach and location for plate placement. 


The surgical procedure with a submeniscal arthrotomy and a femoral distractor starts with a skin incision placed over the lateral aspect of the proximal 
tibia over the Gerdy tubercle and extended distally just lateral to the tibial crest (Fig. 62-35). Proximally, an S-shaped or a hockey stick incision may be 
used. The iliotibial band is incised in line with the skin incision to access the joint capsule proximally, distally the deep incision is carried along the anterior 
compartment muscles to gain access to the proximal tibia, and care is taken to preserve a soft tissue sleeve adjacent to the tibial crest to facilitate closure. 
With the help of a hypodermic needle, the joint line is identified and a knife is used to create a submeniscal arthrotomy. An absorbable stitch can then be 
placed along the margin of lateral meniscus. This stitch will allow for retraction of the meniscus to visualize the joint. Joint visualization is facilitated by a 
femoral distractor which is assembled readily. A single 5-mm Schantz pin is inserted bicortically through the distal femoral condyles (perpendicular to its 
mechanical axis) and another parallel pin is placed in the tibia in the midcoronal plane well distal to the fracture via a percutaneous skin incision. The 
distractor should be applied with the threaded cross-beam posteriorly so that it is out of the way for imaging and joint manipulation. 
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Figure 62-35. AP x-ray (A) and coronal (B) and sagittal (C) CT scans of a 52-year-old woman who sustained a lateral split depression—type tibial plateau fracture in a 
motor vehicle crash. Intraoperative imaging shows use of an osteotome (D) to free up the depressed articular fragment, which is then elevated with a bone tamp (E). E: 
A femoral distractor pin can be seen in the same image as well. The void was filled with allograft cancellous chips, which were impacted into place. F, G: Fracture was 
definitively fixed with a lateral locked plate. AP (H) and lateral (I) x-rays at 6 months showing complete healing with incorporation of the graft. This patient had 
excellent knee function with no residual pain. J: The surgical incision. 


There is tendency for postoperative settling of the articular fragments leading to a knee aligned in valgus despite surgery. The more severe the fracture 


depression and the more osteopenic the bone, the greater the risk and severity of this problem.* To avoid these problems, surgical techniques need to 
accurately and completely reduce the fracture, the implant needs to be placed to support the reduced fragments, and the void filled with the optimal material. 


Reduction and Buttress Plate Fixation and Void Filling for Displaced Tibial Plateau Fractures: 


E7 KEY SURGICAL STEPS 


LJ Expose the proximal lateral tibia 


Perform a submeniscal arthrotomy 
Apply femoral distractor 
Carefully book open the split portion of the fracture, and preserve the posterior soft tissue attachment 
Carefully “free-up” the depressed articular surface and the surrounding bone with osteotomes 

Reduce the depressed articular segment and provisionally stabilize with K-wires; these K-wires may have to be drilled through so as to come out 

from the medial side 

Support the reduced articular fragments with a void filler 

Reduce the split, provisionally fix with additional K-wires if required, use large bone clamps to restore condylar width during this step 

Apply lateral plate, provisionally use K-wires to hold the plate, confirm the position with C-arm before definitive fixation with “rafting” screws 
The fracture site is identified and the lateral split fragment can be exposed like an open book. Care should be taken to avoid excessive soft tissue stripping. 
Opening the fracture through the split fragment allows the depressed fragments to be manipulated and directly reduced to align with the margins of the 
intact areas of the plateau. Care should be taken to work from below with tamps and elevators keeping as much of the cancellous bone beneath fragments 
intact as possible. Generally speaking, the more fragments that can be elevated in situ from below and the less they are completely freed and placed on the 
back table, the more favorable the eventual reduction will be. The surgeon must carefully assess for and reduce marginal impactions and depressions of the 
articular surface. Otherwise, the depressed central fragment will be incompletely elevated to match a marginally depressed area, leading to an unsatisfactory 
reduction. Typically, these marginal impactions are found more centrally toward the tibial spine or are a subset of the main depressed fracture fragment. The 
fragments may be temporarily fixed with K-wires. These K-wires can be overdrilled to come out through the medial skin so that laterally there is no 
interference with plate placement. When assessed with fluoroscopy, the lateral side needs to be restored to its normal position, slightly higher than the 
medial side. Overreduction is better than underreduction, given a tendency to postoperative settling. Comparative images of the opposite side may be 
helpful in assessing whether the reduction has completely restored the height of the lateral side. 

The fracture is fixed with a laterally based buttress plate positioned over the split fragment. Current practice favors 3.5-mm plates with 3.5-mm screws. 
Screws are placed close to the articular surface to help support the reduced articular fragments. Three or four of these so-called rafting screws can be used. 
AP and lateral fluoroscopy assist in obtaining optimal implant position. Mechanically, multiple smaller screws provide better support to reduced articular 
fragments than a smaller number of larger screws.!°° Precontoured plates facilitate implant fit to the bone but they must be carefully positioned to optimally 
achieve this. The proximity of the plate to the subchondral bone partially dictates the screw support for the articular fragments. 

The use of locking screws is controversial. Nonlocking screws facilitate compressing the plate to bone enhancing its buttress effect and narrowing the 
condylar width. Fixation in firm uninjured bone on the medial side prevents the screws from settling. They do not have to resist the bending and rotational 
forces as do lateral plates used to treat bicondylar fractures. Some surgeons might advocate that optimal support for the articular fragment is obtained by 
locking a rafting screw to the plate. 

Void filler is frequently necessary as part of this operative approach. After reducing but before internally fixing the fracture or after both of these steps, 
the void created by the fracture and the reduction process can be filled with one of several materials to support the articular fragment. If Ca-P cements are 
used, the screws should be placed prior to the cement to avoid fracture of the material which is brittle when it is set. If allograft or autograft is used, it should 
be firmly impacted beneath the reduced fragments with a bone tamp. 


Postoperative Care 


Patients are instructed in ROM exercises, which they perform in a hinged brace. The range is not restricted. The duration of nonweight bearing depends on 
the severity of the fracture and varies between 4 and 10 weeks. There have been some recently published studies which are challenging non—weight-bearing 
protocols. These studies however have a very small sample size and more research is required before major changes in weight-bearing protocols are 
implemented.!3” 


Limited Approach Techniques With Arthroscopic or Fluoroscopic Assessment of Reduction and Screw or Plate Fixation and Void 
Filling of Depressed Lateral Side Fractures (Schatzker Type IlI—Local Compression Fractures) 


Usually, substantial lateral joint depression fractures are accompanied by at least a marginal split fragment and the appropriate operative techniques are 
described above. Very small, isolated depressions of the lateral articular surface may or may not need to be treated operatively. To reduce a local depression 
fracture without a significant split fragment, the lateral wall should be left intact which then requires a technique to access the depressed area. This entire 
procedure can be accomplished using minimally invasive techniques. 


Preoperative Planning 


and Void Filling of Depressed Lateral-Side Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


h/ | Limited Approach Techniques With Arthroscopic or Fluoroscopic Assessment of Reduction and Screw or Plate Fixation 


OR table LJ Radiolucent table 
Position/positioning aids LJ Supine 
Fluoroscopy location C-arm enters from the opposite side of the fractured extremity 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 


Equipment LJ Cannulated drill system to open the cortex and target the depressed fragment, osteotomes, bone tamp, 
and cannulated and noncannulated screws 


Tourniquet LJ Can be prepped out (optional) 
Implants LJ Cannulated and noncannulated screws (3.5 mm), lateral plate, bone void filler 


Positioning 


The patient is positioned supine on a radiolucent table. The hip is bumped to neutral extremity rotation, with the leg elevated on either a nonsterile 
radiolucent platform or sterile bump(s) as necessary. The C-arm comes in from the opposite side, perpendicular to the table (see Fig. 62-33). 


Surgical 


Surgical approach depends on the location of depressed articular surface. See surgical approaches for surgical procedures for the previous techniques. These 
procedures will typically be accomplished with percutaneous approaches. 


Technique 


and Void Filling of Depressed Lateral-Side Fractures: 
KEY SURGICAL STEPS 


/| Limited Approach Techniques With Arthroscopic or Fluoroscopic Assessment of Reduction and Screw or Plate Fixation 


Obtain adequate preoperative imaging, including x-rays of the contralateral knee 
Confirm location of depressed articular fragment 
Aim a guidewire toward depressed fragment 

Cannulated drill system to open the cortex and target the depressed fragment 

Elevate articular surface (osteotome, bone tamp) 

Apply bone void filler 

Assess reduction in orthogonal plane 

Provisionally stabilize with K-wires 

Apply plate or screws to support the reduced articular surface 

The surgical management of lateral depression fractures of the tibial plateau requires elevation of subchondral bone and the associated articular surface. The 
reduction is judged either fluoroscopically or arthroscopically. Access to the depressed fragment is not obtained from a fracture line as described for 
reduction and buttress plate fixation and void filling of tibial plateau fractures. Methods for targeting regions of depression include use of intraoperative 
fluoroscopy in conjunction with either a cannulated or noncannulated drill or reamer where a guidewire is placed into the depressed cavity from the exterior 
surface of the tibia (e.g., ACL reamer). Once the position is confirmed either arthroscopically or fluoroscopically, the cortex can then be opened over the 
wire, providing access for tamps or awls to reduce the articular fragments. The cortex can be opened either anterolaterally or anteromedially depending on 
the direction of displacement of the articular fragment. Once access is obtained to the depressed fragment, careful elevation, monitored with fluoroscopy or 
arthroscopy, is then achieved with an instrument such as a hemostat, curette, Cobb elevator, osteotome, or bone tamp (Fig. 62-36).* More recently, some 
have advocated the use of an inflatable balloon to elevate depressed articular fragments. The reduced fragment is supported with subchondral screw with or 
without percutaneous plates targeted to the correct location beneath the fragment, and void filler can be used to fill the resulting cavity.* 


Postoperative Care 


Postoperative care is the same as described above for minimally invasive limited fixation and for reduction and buttress plate fixation and void filling 
techniques. 
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Figure 62-36. A, B: CT scans showing a purely depressed lateral tibial plateau fracture treated with percutaneous techniques. C-F: Fluoroscopic images show 
sequence of reduction and fixation of the depressed articular fragment. In this case, allograft was used as a void filler and a bone tamp was used to reduce the articular 
segment. A percutaneously placed cannulated screw was used to provide subchondral support. 


ide Plating via a Posteromedial Surgical Approach for Isolated Medial-Side Fractures (OTA/AO B1 


Preoperative Planning 


Medial Antiglide Plating via a Posteromedial Surgical Approach for Isolated Medial-Side Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


er LJ Radiolucent table 
Position/positioning aids LJ Supine 
Fluoroscopy location 4 C-arm enters from the opposite side of the fractured extremity 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 
Equipment LJ Reduction clamps, osteotomes, tamps, ball spike pusher 
Tourniquet LJ Can be prepped out (optional) 


Implants LJ Plates—precontoured anatomic or 2.7- and 3.5-mm buttress plates, screws 


E 
Figure 62-37. Intraoperative images of a posteromedial tibial plateau fracture. A: Provisional reduction obtained intraoperatively and secured with a K-wire. B, C: 
The skin incision shows the apex of the fracture with the pes tendons reflected anteriorly (*). D: A tibial pilon plate was contoured to fit the proximal posteromedial 
tibia and used in a buttress fashion. E: Final construct in the AP view. 


In these patterns, at a minimum, the far side of the lateral plateau is intact and will serve as the fixation point for the displaced medial side. The fracture line 
may be through the medial plateau only or may extend to the intercondylar eminences or into the articular surface of the lateral plateau (Fig. 62-37). 
Fractures may be minimally displaced or present as fracture-dislocations where the forces that fracture the medial condyle are continued and dislocate the 
lateral plateau from the lateral femoral condyle. Comminution at the margin of the fracture is common and may be severe in medial fracture-dislocation 
patterns that involve the lateral plateau. 


Positioning 
A posteromedial approach is preferred. The patient is positioned supine or prone based on surgeon preference. Supine positioning is easier and allows 


simultaneous access to an anterolateral approach for bicondylar fractures. However, posterior access to the knee in the supine position requires flexion and 
external rotation of the limb which produces a varus force and tends to deform the fracture. These deforming forces do not occur in the prone position. 


Surgical Approach 


The posteromedial approach is used to reduce and fix the medial side of the proximal tibia and particularly the posteromedial fragment. It has the advantage 
of relatively good soft tissue cover and it is widely separated from the anterolateral approach allowing these two approaches to be combined when 
necessary.*® In addition, the posteromedial fracture fragments often have extra-articular fracture lines, which are not comminuted and are relatively easy to 
reduce. A posteromedial plate when optimally positioned is well suited to resist deforming forces. An antiglide plate is placed directly over the area of 
maximal displacement at the apex of the fracture. 

The treatment principles are fairly straightforward but these fractures are difficult to accurately reduce and small errors may lead to significant articular 
step-offs or angular malalignment. Nondisplaced or minimally displaced fractures may be stabilized with cannulated screws to prevent displacement. When 
the fracture needs to be reduced, the forces on these large fragments are significant and the fracture needs to be fixed with plates. Occasionally, adjunctive 
cross-joint external fixation is used for a period of time to hold the knee out of varus. 

The approach is based on the posteromedial border of the tibia. The patient is most commonly positioned supine which allows access to the front of the 
knee for a second anterolateral approach or to apply a distractor. The leg is externally rotated allowing easy access. Alternatively, the patient can be 
positioned prone which makes the posterior-to-anterior hardware easier to place and facilitates fracture reduction by knee extension.?° The subcutaneous 
dissection should avoid the saphenous nerve and vein and the incision should be posterior enough to allow hardware to be placed from the posterior aspect 
of the tibia without the posterior skin flap obstructing the screw paths. The deep interval is between the posterior border of the pes anserine tendons and the 
medial head of the gastrocnemius. A retractor under the gastrocnemius medial head protects the popliteal fossa structures. The origin of the medial head 
may be incised to increase exposure but this is rarely necessary. To directly visualize the bone, the popliteus origin must be lifted and retracted laterally. 


This directly exposes the apex of the fracture (see Fig. 62-37). 


Technique 


KEY SURGICAL STEPS 


,/ | Medial Antiglide Plating via a Posteromedial Surgical Approach for Isolated Medial-Side Fractures: 


Open interval between posterior pes and medial gastrocnemius 

Avoid saphenous vein and nerve 

Expose posteromedial tibia in a subperiosteal manner 

Place a retractor along the posterior tibia to protect the popliteal structures 
Reduce the fracture. Keep leg extended, use a ball spike pusher if needed 
Apply clamps as needed 

Provisional fixation with wires 

Confirm reduction of the fracture and overall joint alignment fluoroscopically 
Fix with an antiglide plate and interfragmentary screws as appropriate 


When substantially displaced, reducing the fracture is difficult, and using aids such as large and small reduction forceps, awls, and elevators, and 
intraoperative distraction techniques manually or with fixed skeletal distraction are often necessary. The primary shearing fracture line may be associated 
with locally depressed fragments. Depending on their size and location, their reduction may need to be incorporated into the operative plan. Usually, this 
can be accomplished with the posteromedial approach through the major posterior fracture line even when the depressed fragments are in the lateral plateau. 
As with all plateau fractures, the techniques to visualize and assure accurate reduction should be planned ahead and executed intraoperatively. Despite 
accurately reducing an extra-articular fracture line, large medial plateau fracture fragments may have residual tilts or other joint malreductions that need to 
be assessed and corrected since they will lead to limb malalignment. Fluoroscopic techniques are usually necessary since visualizing the joint through the 
posteromedial approach is difficult unless important posterior soft tissue structures are incised.!* 

Fixing the fracture with an antiglide plate will supplement interfragmentary screws which, depending on the plate configuration, may be applied through 
proximal portions of the plate. Most commonly, 3.5-mm plates will be strong enough to provide the antiglide effect necessary. 


Postoperative Care 


Patients are instructed in ROM exercises, which they perform in a hinged brace. The range is not restricted, but limited weight bearing is recommended for 
4 to 6 weeks. 


Techniques for Bicondylar or Metaphyseal-Diaphyseal Dissociation Fractures (OTA/AO 41 C or Schatzker Types V and VI) 


These are the most difficult and complex fracture patterns and have a wide range of injury severity. All OTA/AO 41 C and Schatzker types V and VI 
patterns are presented together in this section since distinguishing between them is not clear enough to merit separate discussions of treatment and results. 
The advent of locking plates has brought new information, controversy, and increased the variety of operative strategies for these complex fracture patterns. 
Without a plate with fixed-angle stability from the lateral side, surgeons had two choices: (1) a lateral plate combined with a medial plate or occasionally a 
lateral plate combined with a medial external fixator, or (2) an external fixator with enough stability to support the entire fracture. Many of these fracture 
patterns are now effectively stabilized with a laterally based locking plate as the only major implant. Important decisions that require good judgment include 
knowing which patterns are amenable to a lateral locking plate alone which need to be fixed on both sides with two plates and which would be safer with an 
external fixator. Case selection is critical, and new information and new generations of locking implants may continue to change which fractures can be 
stably fixed with a lateral locked plate only. 

Mechanical studies have compared lateral locking plates alone to dual plates in bicondylar tibial plateau fracture models and the results have been 
mixed. Gosling et al.°! found no significant difference in vertical loading between dual plates and lateral locking plates. Egol et al.” found that dual plates 
were better at resisting displacement but did not think the differences were likely to be clinically important. Higgins et al. in a matched-pair cadaver model 
of bicondylar fracture found that subsidence was greater enough with lateral locked plates compared with dual plates to raise clinical concerns about using 
lateral locked plates alone for these fractures. In a medial plateau fracture model, medial buttress plating was found to be stronger than a lateral locked 
plate.!!? The clinical relevance of these types of studies is predicated on knowing how stiff the implant should be and how much deforming force must be 
resisted to promote healing while not allowing secondary displacement. 


Dual Plating for Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures 


In some bicondylar patterns, the fracture is best fixed on two sides based on the characteristics of the medial-side injury. A medial plate is indicated when 
the medial condyle is comminuted, extremely displaced, or is a relatively large fragment. If the medial condyle is split coronally creating a posteromedial 
fragment, this may need to be separately fixed with a posteromedial plate. The choice between a lateral locking plate alone and dual plates is largely driven 
by these characteristics of the medial-side injury. The exact fracture pattern must be carefully assessed and the correct choice does not easily divide along 
classic classification categories or subcategories. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Dual Plating for Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures: 


OR table LJ Radiolucent table 


Position/positioning aids LJ Supine 


Fluoroscopy location 4 C-arm enters from the same side if beginning medial, then opposite side during lateral plate placement 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 
Equipment LJ Reduction clamps, femoral distractor, external fixator 
Tourniquet LJ Can be prepped out (optional) 
Implants LJ Plates—anatomic lateral and medial plates, 3.5- and 2.7-mm buttress plates, screws, bone void filler 
Positioning 


The patient is positioned supine on radiolucent table, the hip is bumped to neutral extremity rotation, and the leg is elevated on a radiolucent platform. If the 
procedure starts with the medial-sided injury, the leg is brought toward a figure-of-four position. 


Surgical Approach 
Anterolateral Approach 
Same as described above for reduction and buttress plate fixation and void filling. 


Posteromedial Approach 
Same as described above for medial antiglide plating. 


Figure 62-38. Anterolateral and posteromedial skin incisions and the skin bridge they afford. 


Combined Anterior and Posteromedial Approaches 


These are the workhorse approaches for dual plating. Fractures of both condyles are frequently treated with combined approaches utilizing an anterolateral 
approach and posteromedial approach as described above. Dual approaches provide access to complex bicondylar fractures but strip less soft tissue 
attachments than extensile anterior approaches. The patient is positioned supine and the leg must externally rotate for the posteromedial portion of the 
approach. Anterolateral and posteromedial incisions are nearly 180 degrees from each other, so short skin bridges are not an issue. Direct access to each 
injured condyle to reduce the fracture and to place implants is obtained, which minimizes the soft tissue dissection required (Fig. 62-38). 

Do all posteromedial fragments need fixation? Cuéllar et al.,29 in a biomechanical study, recreated the classic posteromedial fragment of size 10 and 20 
mm in five knees to study the displacement on loading. Both fracture fragments studied displaced with knee flexion, even at low flexion angles. Although 
such fragments may initially seem nondisplaced after injury, posteromedial fragments similar to these tested are likely to displace during knee ROM 
exercises in non-weight-bearing conditions. The results from computer modeling work®® suggest that posteromedial femoral-—tibial contact was avoided 
when only axial compressive forces were acting, suggesting that conservative treatment might be acceptable in situations with a relatively small 
posteromedial fracture fragment. The results from that computer modeling work suggest a critical fragment size of 10 to 20 mm, below which direct fixation 
may not be necessary, as the posteromedial tibial fragment is presumed to be stable without femoral contact. 

On average, the fragment is described to encompass approximately 25% of the joint surface, with a sagittal angle of around 73 to 80 degrees and around 
45 mm in height.®? The vertical fracture pattern suggests shear forces and instability that are not necessarily addressed by the current laterally based 
approaches to fixation. Although several studies have described the most common morphologies of this posteromedial fragment, it remains unclear whether 
all of these fragments necessitate surgical fixation and if size and/or morphology play a role in varying degrees of stability during fracture healing. Failure to 
adequately stabilize these shear fracture fragments leads to instability, pain, and joint degeneration. 
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Figure 62-39. Anteromedial tibial plateau fracture evident on AP (A) and lateral (B) x-rays. C: The axial CT scan confirms absence of any posteromedial shear 
component. D, E: Postoperative images show the fixation construct with a tibial pilon plate cut and contoured for fixation via an anteromedial approach. The patient 
went on to heal this uneventfully with excellent alignment and function. 


The anteromedial tibial plateau is easily accessed through distal extension of a medial arthrotomy similar to a total knee approach. However, it is unusual 
for fracture patterns to involve the anteromedial tibia in isolation (Fig 39). An anteromedial approach should not be used in conjunction with the 
common anterolateral approach. Usually, medial patterns involve the posteromedial plateau, which requires a posteromedial approach. Occasionally through 
the same incision, a separate anteromedial interval in front of or between the pes tendons can be used to reduce and fix the front of the medial joint through 
the posteromedial approach. 


This approach is generally performed in a prone position on a radiolucent table. Sterile bath blankets or radiolucent bumps are placed underneath the thigh 
and the knee to extend the hip for adequate radiographic visualization for the lateral view. In patients who need dual incisions due to additional medial 
plateau involvement, a lateral decubitus position can be used as well. The approach proceeds with reversed L-shaped incision (posterior reverse L-shaped 
approach; PRLA) with a horizontal limb along the popliteal crease and a vertical limb along the lateral margin of the lateral head of gastrocnemius muscle 
distally parallel to the fibula (F ). An inferomedial skin flap is raised. Only a longitudinal incision can be made, which might, however, limit 
visibility. Superficial to the popliteal fascia is the small saphenous vein, which may be ligated. The popliteal fascia can now be opened with gentle 
dissection. In the superolateral quadrant of the popliteal fossa, the common peroneal and the lateral sural cutaneous nerves are identified. The common 
peroneal nerve is identified underneath the medial aspect of the biceps femoris. The lateral sural cutaneous nerve courses superficially toward the midline 
and must be protected. The popliteal neurovascular bundle lies medial and deep to the lateral head of gastrocnemius muscle. A plane is created between the 
lateral head of gastrocnemius and the soleus which lies deep into it. The lateral head of gastrocnemius and the popliteal neurovascular bundle along with the 
lateral sural cutaneous nerve are now retracted medially. Some fibers from the soleus are now released from the posterior medial surface of the fibula to gain 
access to the posterolateral aspect of the proximal tibia. Beneath the soleus and distal to the fibular neck is an opening in the interosseous membrane which 
is identified, as this confirms the location of the trifurcation of the popliteal artery. Care should be taken to dissect in this location to avoid inadvertent 


vascular injury. In an anatomic study, Sun et al.!°° evaluated eight fresh frozen cadaveric knee specimens for evaluating the posterolateral fibula-sparing 
approach to the knee. They found that the common peroneal nerve sloped at a mean angle of 14.7 degrees toward the axis of the fibula in a medial-to-lateral 
direction to wrap around the fibular neck at an average distance of 42.18 mm from the joint line. The mean distance between the opening of the interosseous 
membrane for the passage of the anterior tibial artery and the joint line was 48.78 mm. The divergence of the fibular artery from the posterior tibial artery 
was on average 76.46 mm from articular surface. Identification of the popliteus muscle and dissecting deep into it is important to prevent any vascular 
injury. The lateral inferior genicular artery is at risk during the approach and may need to be ligated; it arises from the popliteal artery and traverses laterally 
superficial to the popliteus. The Frosch posterolateral approach is a similar approach except for the fact that the approach is described in lateral position and 
the incision is a straight incision centered on the fibular head.*? The straight lateral/posterolateral incision has a propensity to increase the risk of flexion 
contracture, whereas the reversed L-shaped incision uses the popliteal crease and reduces tension on the tissue which may reduce the risk of postoperative 
flexion contracture. 136 
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Figure 62-40. Cadaveric specimen showing the superficial (A) and deep dissection (B) to the posterolateral tibial condyle. CPN, common peroneal nerve; G, lateral 
head of gastrocnemius; S, soleus; M, lateral meniscus; C, posterolateral tibial condyle. 


Some other posterolateral approaches that have been popularized require a fibular osteotomy to reach the fractured condyle posterolaterally.8>1?7 In 


these approaches, the fibular neck is divided 2 mm proximal to the common peroneal nerve and reflected proximally along with the meniscotibial ligament, 
iliotibial band attachment, and lateral collateral ligament, which are attached to the fibular head. This approach causes obvious iatrogenic injury to the 
fibular head and is also fraught with complications involving common peroneal nerve palsy due to excessive dissection and nonunion of the osteotomy site. 
Furthermore, iatrogenic damage to the proximal tibiofibular joint is associated with theoretical risk of altered ankle biomechanics. 

In an approach popularized by Bhattacharyya et al.,!* an S-shaped incision is used which proceeds from midline (proximal to the popliteal fossa) to the 
medial aspect of the proximal tibia (Fig. 62-41). This approach proceeds medial to the medial head of gastrocnemius which is released and retracted 
laterally along with the neurovascular bundle and affords fixation of the posteromedial and some simple posterolateral fragments. The Lobenhoffer 
approach®-°6 uses a similar plane but the medial head of gastrocnemius is not released.*° 

In a retrospective review of prospectively collected data, Qiu et al.!!! reported on complications of the PRLA, which is similar to the Bhattacharyya 
approach (medial to medial head of gastrocnemius) as described above. They followed up with 95 patients for 1 year, 78 of whom also had an additional 
standard anterolateral approach for lateral plateau fixation. There were four complications (4.2%). One was an inadvertent popliteal artery injury from an 
AP K-wire, which was repaired. Other was a superficial infection of the anterolateral incision that required debridement in the operating room and 4-week 
antibiotic treatment. The other two cases had distal skin parasthesias, which resolved in 6 months. All patients in this study were reported to have good 
functional outcomes. 


KEY SURGICAL STEPS 


/ | Dual Plating for Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures: 


Expose proximal posteromedial tibia 

Reduce and fix the medial-side fracture with buttress plate(s) 

Be conservative in number of screws used and avoid interfering with subsequent lateral fixation 
Expose proximal lateral tibia 


Consider submeniscal arthrotomy if there is joint depression 

Use femoral distractor if necessary 

Open the lateral split portion of the fracture, preserving the posterior soft tissue attachment 
Reduce the lateral joint component and provisionally fix with K-wires 

Reduce the lateral split component and provisionally stabilize with K-wires 

Restore condylar width with a clamp across condyles 

Assess reduction and overall limb alignment 

Apply lateral plate and use bone void filler as needed 

Add additional medial screws as needed 


In these fracture patterns, two separate operations are performed, one on the medial and one on the lateral side of the plateau. Although each side must take 
into account the other side, they are modestly separate techniques. The medial side is typically approached first. Reducing and fixing the medial side 
restores this section of the plateau and the lateral side will then be reduced and buttressed against it. Additional points to consider in planning this dual 
approach include the following: 


The incisions should be nearly 180 degrees from each other anterolateral and posteromedial. 

This is a long procedure, be prepared with enough time. 

The initial stages of the operation on the medial side must be accurate; otherwise, the final result will be unsatisfactory. 

Medial-side screws must account for the lateral-side injury; they can usually be targeted anteriorly avoiding the lateral fracture zone. 

Limit the number of screws early in the case. There will be a lot of screws in the end and the lateral screws can be used to lock in the provisionally 
fixed medial side decreasing the need for excessive medial-to-lateral screws. 

Consider that access is required to both sides when positioning the patient (Fig. 62-42). 


Postoperative Care 


Although these are the most severe tibial plateau fractures, adequate dual-plate fixation will usually allow safe early ROM in a brace similar to isolated 
lateral- or medial-side patterns. However, exceptions are not uncommon and where the surgical approaches and fixation were limited, the knee may be 
immobilized sometimes with periods of adjunctive cross-joint external fixation. These are difficult judgments and the more extensive the surgical 
approaches, the more important is postoperative ROM for the knee. A continuous passive motion machine (CPM) can be used to institute early ROM in 
select cases. Nonweight bearing for a minimum of 8 weeks is typically recommended. 


Lateral Locked Plating for Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Lateral Locked Plating for Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures: 


OR table LJ Radiolucent table 
Position/positioning aids LJ Supine 
Fluoroscopy location = C-arm enters from the opposite side 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 
Equipment LJ Reduction clamps, femoral distractor, external fixator 
Tourniquet LJ Can be prepped out (optional) 
Implants LJ Plates—anterolateral locked plates with an aiming arm if available, 3.5- and 2.7-mm buttress plates, 


screws, bone void filler 


Preoperative planning is critical for the successful use of a lateral locking plate only for bicondylar patterns. The posteromedial fragment(s) must be fully 
characterized on imaging. The surgeon should be convinced that adequate stability may be obtained without direct buttressing of this fragment, and this 
generally implies minimal if any displacement or comminution medially. Consideration of leg lengths and alignment preoperatively must be made and 
assessed intraoperatively with the use of fluoroscopy and contralateral extremity imaging. 


Figure 62-41. A: A 34-year-old morbidly obese woman slipped and fell on ice and sustained a posteromedial tibial plateau fracture. B: She was treated with a 
posteromedial approach in a prone position. C: A straight slightly medial incision was used. D: The medial head of gastrocnemius was reflected laterally to gain access 
to the posteromedial fractured condyle which was fixed with a contoured plate after filling the void with a calcium phosphate bone substitute. E: Final images at 
follow-up showing excellent anatomic reduction of the articular surface. 
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Figure 62-42. A, B: A 46-year-old man with a bicondylar tibial plateau fracture with a separate tibial tubercle component was initially treated with an external 
fixator. Intraoperative images show that the medial side was provisionally fixed first (C), followed by fixation of the lateral side (D, E), and then the medial-side 
fixation was completed (F). The tibial tubercle fracture was fixed with an anterior-to-posterior screw. G, H: Follow-up images at 3 months show a healed fracture. 
Note the position of the pin sites away from the site of definitive plate fixation. 


Positioning 

The patient is positioned supine on a radiolucent table. The hip is bumped to neutral extremity rotation, with the leg elevated on either a nonsterile 
radiolucent platform or sterile bump(s) as necessary. The C-arm comes in from the opposite side, perpendicular to the table (see Fig. 62-33). 

Surgical Approach 


See surgical approaches described for previous techniques, above. 
Use of lateral locked plating assumes that either the proximal block of the tibia is nondisplaced or minimally displaced or it has been reduced and 
stabilized using techniques previously described. 


Technique 


Lateral Locked Plating for Bicondylar or Metaphyseal—Diaphyseal Dissociation Tibial Plateau Fractures: 


KEY SURGICAL STEPS 


Expose proximal lateral tibia 

Small incision in the anterior compartment fascia preserving cuff of tissue for fascial closure 

Use femoral distractor if needed 

Achieve accurate limb alignment in coronal and sagittal planes 

Slide the lateral plate along the lateral tibial cortex with the external targeting device attached to the plate 
Keep tip of the plate against the bone 

Pin the plate proximally and distally once optimum plate location and limb alignment is achieved 
Compress the plate to the bone proximally and distally with nonlocking screws or clamp(s) 

Assure accurate alignment in both planes once initial screws are placed 


Place proximal and distal screws favoring locking screws proximally and nonlocking screws distally 
Assure that the medial fragment is adequately supported 


When the timing is optimal for the definitive procedure, the techniques for either a laterally based locking plate or a definitive external fixator are similar. 
Obtaining length and alignment during the procedure is important and this may be accomplished by a preexisting joint-spanning external fixator. 
Alternatively, a fixator or femoral distractor may be applied at the time of the surgery or an able assistant may be able to apply the necessary traction forces. 

The first step is to accurately restore the proximal tibial articular surface and fix the medial and lateral condyles to each other building a proximal 
articular block. The techniques required depend on the intra-articular fracture pattern. In OTA/AO type A fractures, the proximal tibia is not fractured. In 
cases with nondisplaced or minimally displaced articular extensions, cannulated screws to fix the split are satisfactory. As the fracture becomes more 
complex, there is an increased need to incorporate other previously described techniques of joint reduction and fixation. Void filler may occasionally be 
necessary when significant joint depressions have been reduced. The severity of these injuries and the risks for complications should dictate choice of 
approaches that are more limited than those for isolated medial and lateral injuries. 

Once a proximal block has been restored, that block and the tibial shaft must be reduced and fixed to each other restoring length and alignment. This is 
facilitated by distraction, a fluoroscopically compatible table, and careful implant position on the proximal and distal fragments. To decrease complications 
and to speed up healing, the area of the metaphyseal injury should be largely skipped and treated with a no-touch technique spanned by the locking implant. 

An incision over the anterolateral tibia must be long enough and appropriately positioned to accommodate the head of the tibial plate and the insertion of 
the proximal screws into the plate head. The top of the plate will be just below the joint line, and in the sagittal plane, it must be in line with the shaft. A 
small incision in the fascia at the top of the anterior compartment is necessary to allow the plate to slide along the anterolateral tibia. Care should be taken to 
keep the plate directly on bone. This can be felt as the plate is inserted and assessed fluoroscopically. The plate must be accurately positioned both 
proximally and distally. If the fracture is reduced, the implant may just be placed on the bone using it to secure the reduction. If the implant will be used to 
assist in reducing the fracture, each step in fixing the implant proximally and distally must be sequentially assessed. Accurate plate position proximally and 
distally will reduce the fracture. If the plate will extend further distal than the middle of the tibia, care must be taken to not injure the superficial peroneal 
nerve or the anterior tibial neurovascular bundle when inserting the distal screws. Final fixation will be with locked screws in the head of the tibial plate and 
either locked or nonlocked screws distally (Fig. 62-43). 


Postoperative Care 


The postoperative plan needs to be individualized based on the case. In most cases, ROM of the knee is prescribed in the early postoperative period. 
Nonweight bearing for 8 weeks or longer is typical. 
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Figure 62-43. Preoperative (A, B) and postoperative (C, D) images of a bicondylar tibial plateau fracture with significant metaphyseal comminution treated with a 
long lateral bridge plate. 


Preoperative Planning 


f External Fixation of Bicondylar or Metaphyseal-Diaphyseal Dissociation Tibial Plateau Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 


Position/positioning aids LJ Supine 
Fluoroscopy location C-arm enters from the opposite side 
Ensure that the C-arm can “turn” underneath the table for lateral imaging 


Implants LJ Pins and clamps (5-6 mm diameter pins) or ring wire or hybrid constructs based on planning and 
surgeon preference. Adjuvant plates (optional) 


Tourniquet LJ Can be prepped out (optional) 


The surgeon must decide if there is an appropriate amount of proximal tibia that is intact or can be reconstructed that can adequately hold pins or wires that 
are at a minimum of 15 mm from the articular surface. The frame must be in part planned ahead so that the necessary equipment is available in the operating 
room. 

Positioning 

The patient is positioned supine on a radiolucent table. The hip is bumped to neutral extremity rotation, with the leg elevated on either a nonsterile 
radiolucent platform or sterile bump(s) as necessary. The C-arm comes in from the opposite side, perpendicular to the table (see Fig. 62-33). 

Surgical Approach 

The issues in assessing the need for reduction and then reducing and internally fixing the proximal tibia before applying a definitive external fixator are 


exactly the same as described for a lateral locking plate above. A formal surgical approach for definitive external fixation is not required. 


Technique 


External Fixation of Bicondylar or Metaphyseal—Diaphyseal Dissociation Tibial Plateau Fractures: 


KEY SURGICAL STEPS 


VE and mark potential pin or wire sites 

For pins, make longitudinal stab incisions 

Carefully spread down to bone 

Carefully drill or place pin in the center of the bone or place tensioned wires 
Attach clamps or rings and provisionally tighten 

Reduce fracture and then complete final tightening 


When definitively treating a tibial plateau fracture with an external fixator, the first step in the procedure uses the same preliminary steps of reducing and 
internally fixing the two condyles to each other as described for lateral locking plates. Occasionally, proximal fixation can be supplemented by direct 
incisions over the area of joint involvement and adjunctive antiglide plating. Similar to a locking plate, the external fixator will span the metaphyseal area of 
the fracture and stabilize the tibial condyles to the tibial shaft. The metaphyseal fracture is reduced indirectly (see Fig. 62-29). A wide variety of frames can 
be used to accomplish this. These include circular external fixators, monolateral fixators, and hybrid fixators. Many of these fixators have an adjustable 
frame to facilitate accurately aligning the limb since this is one of the most important technical aspects of the procedure. 

Attention must be paid to the basic principles of constructing a frame and securing the frame to the bone proximal and distal to the fracture, to make sure 
stability is optimized. Because of the limited extent of proximal tibia available for fixation and the presence of fracture lines, relatively small fracture 
fragments, and the proximity of capsular reflections from the knee, securing adequate proximal fixation is the most difficult challenge. Adequate 
preoperative planning before applying the frame is very important and should include a CT scan. If a pin fixator is used, hydroxyapatite-coated pins provide 
longer-lasting purchase to the metaphyseal bone than standard noncoated pins.!°! Pins may be placed medial, anteromedial, or anterolateral. The patellar 
tendon must be avoided. Fluoroscopy should be used to assist in placing pins in the best bone, avoiding fracture lines to the extent possible, and ensuring 
that they are placed deeply through the bone without being prominent on the opposite side. There must be two or preferably three proximal pins to have 
adequate purchase in the proximal tibia. If a circular wire frame is used, maximum wire spread is facilitated by using a fibular head wire combined with a 
posteromedial-to-anterolateral wire. Fluoroscopy is also important for accurate wire placement. Three tensioned wires are typically used to secure the 
proximal articular fragment(s) and they may be augmented by a single half pin. The use of olive wires increases the stability of proximal fixation and may 
be used to compress major fracture lines. Both pins and wires should be kept as far from the joint as possible to minimize the chances of septic arthritis from 
pin site inoculation. 

The bone can be fixed to the frame with pins or tensioned wires. Pins or wires should be kept as far away from the articular surface as possible to 
minimize the chances of septic arthritis that has been reported after both pins and wires.°° In severe cases with soft tissue injuries, fracture instability, and 
small periarticular fragments, a cross-knee-spanning frame may be used to augment the primary frame and be removed after a few weeks of neutralizing the 
cross-joint forces. In one series of fine wire external fixation for bicondylar tibial plateau fractures, the knee was bridged as part of the frame in 63% of 
cases without adverse outcomes.’! Neutralizing the forces across the knee may decrease the risk for proximal pin- or wire-related septic arthritis. 

The advantages of external fixation are the ability to achieve alignment and stable fixation with minimal soft tissue dissection and absence of a bulky 
implant. With some frame constructs utilizing tensioned wires and circular frames, earlier weight bearing than with other techniques may be possible. 


Postoperative Care 


The patient’s weight-bearing status should be determined based on the fracture pattern and the frame construct. Circular fixators may provide enough 
stability for weight bearing in some fracture patterns. Gentle ROM is typically prescribed when the frame is on the same side of the knee. The patient is 


given pin care education similar to care provided for any external fixator frame. 


Acute Primary Total Knee Arthroplasty (TKA) 


In recent years, interest in acute TKA for periarticular fractures has grown, especially for fractures of the distal femur in the elderly population. Poor bone 
quality, preexisting arthritis, fracture comminution, and difficulty with adherence to weight-bearing protocols make acute primary TKA a viable option for a 
select few patients with the potential advantages of immediate stability, early mobilization, and decreased reoperation rates. In some cases, however, 
particularly with severe comminution, delayed TKA after initial conservative treatment allows fracture consolidation and healing of the tibial tubercle. 
Achieving a stable platform on which to mount the prosthesis may require supplementary osteosynthesis and/or augmentation with wedges and/or bone 
graft. The choice of implant and level of constraint should be determined based on the nature of the injury, the perioperative findings, and the preference of 


the surgeon managing the fracture; however, the use of cement and a stemmed tibial component is advised for most of these cases. 13? 
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Algorithm 62-1 Authors’ preferred treatment for tibial plateau fractures. 


Our preference is always for the most limited but ideal approach possible to reduce the articular surface anatomically, restore limb alignment, and at the 
same achieve enough stability to start early motion. The more limited an approach, the more important is preoperative planning to understand the 
fracture pattern and the important fragments and how they are displaced. Complex imaging with a CT scan is indispensable and in difficult patterns, we 
usually review 3D images to optimally assess the pathoanatomy of the proximal tibia. Since we only occasionally need to directly assess or treat 
associated intra-articular meniscal injuries that are not visualized via an open arthrotomy, we usually do not obtain an MRI. 

The extent of soft tissue involvement plays an important role in surgical planning. We have had a good experience with early definitive treatment 
even for complex bicondylar fracture patterns with well-maintained soft tissue envelope, especially in the older patient population and lower-energy 
injuries. Temporary spanning external fixation is reserved for the most severe injuries. A standard frame is used, with half pins in the femur 
anterolaterally and two anterior half pins in the tibia. We prefer placing the tibial pins away from the site of proposed incisions for plate fixation if 
possible. 

Most unicondylar fractures require buttressing or antiglide plating and locking screws are not necessary or helpful and only serve to increase costs. 
On the other hand, lateral locked plating has largely replaced definitive external fixation in our practice for most bicondylar and shaft-dissociated 
patterns. 


Lateral-Side Fractures 

The goal of operatively treating most lateral-side injuries is to prevent valgus deformity. Some fracture patterns with large split fragments are amenable 
to screw fixation only. These are treated with true percutaneous techniques. It is important to have the screws perpendicular to the fracture line for 
compression and stability. Plate fixation is not necessary for pure split fractures. 

Small joint depressions are elevated under fluoroscopic control and supported with cannulated screws. Split depression fractures, where the split 
fragment is small or of poor quality, need a buttress plate. We use 3.5-mm precontoured plates and try to place the implant so the screws can be close 
under the elevated fragments. The extent of the approach is only what is required to place the plate and this approach is accomplished as the first step in 
the procedure. We prefer to use a femoral distractor and perform a submeniscal arthrotomy in almost all of our cases to anatomically reduce and fix the 
articular fragment under direct vision. We prefer to use cordless headlights for proper visualization. Meniscal injuries, if identified, are repaired via this 
approach. The reduced fragments are supported with subchondral 3.5-mm rafting screws, and if there is an obvious void, it is filled with calcium 
phosphate cement, since current data indicate it has the best mechanical properties of the currently available void fillers. We prefer to use the cement in 
a putty form as it has better handling properties and less risk of intra-articular spread. We rarely use arthroscopy and do not obtain preoperative MRIs. 


Medial-Side Fractures 
The posteromedial approach is standard for most injuries on the medial side and most posterior injuries. The medial gastrocnemius is easily mobilized 


and access well past the posterior midline is possible for even posterolateral depressions. When the plate is posterior or even posteromedial, we take 
care to make the incision on the posterior side of the posteromedial tibia to prevent the skin from becoming an impediment to screw paths. An incision 
too anterior is one of the biggest obstacles to reducing and fixing posterior patterns from the posteromedial approach. For more anterior medial patterns, 
we still use a posteromedial approach but the work is done between the pes tendons. When the medial side is even subtly malreduced, this may lead to 
unacceptable limb alignment. Despite directly reducing a posteromedial spike, alignment must be assessed fluoroscopically and compared with the 
opposite side. We obtain fluoroscopic images of the opposite side at the start of the case. The limb is best visualized when it is extended and in the 
standard AP position. The fragment must be provisionally fixed with reduction forceps during this step. Flexion and external rotation may recreate 
deformity so it helps to achieve screw fixation in the extended nonrotated position from anterior or anterior lateral, before re-exposing the posteromedial 
surface for plating in flexion and external rotation. To fix the posteromedial fragment, we have used a number of different 3.5-mm sized plates and 
frequently favor one or two one-third tubular plates. They contour easily to any location and are narrow enough that two can be used if necessary to 
broaden the support over the back of the proximal tibia. 


Bicondylar Fractures 
Patterns that require implants on both sides are treated with a combination of the two approaches, anterolateral for the lateral-side injury and 
posteromedial for the medial-side injury. For most patterns with a coronal split of the medial condyle creating a displaced posteromedial fragment, we 
will choose to approach both sides rather than using a lateral locked plate alone. These are difficult fracture patterns but if the limb is accurately aligned, 
good results are possible. 

The procedure is performed with the patient supine on a radiolucent table. Via the posteromedial approach, the medial-side fracture is reduced and 
fixed first with the leg externally rotated. It is critically important to reduce the medial side as accurately as possible since it is the first step in a 
sequential procedure, the end result of which is to have a well-reduced and aligned knee. During plating, care must be taken so that posteromedial screw 
paths do not interfere with the subsequent lateral-side procedure. In addition, we try to be conservative with the amount of fixation screws recognizing 
that there will be plates on both sides. With plates on both sides, 3.5-mm implants are usually sufficient and locking screws are rarely necessary or 
helpful. It is also important to move along as quickly as possible—with full procedures on both sides of the joint, there is a lot of work to do. 


Shaft-Dissociated Patterns 


These patterns are the ones that will frequently be treated by a lateral-side locking plate only. The decision is based on the characteristics of the medial- 
side injury. If the medial side is nondisplaced or if the fragment is large and not comminuted, we will reduce it indirectly and stabilize it from the lateral 
side with a locking plate. In more complex medial-side patterns, we prefer two approaches to avoid varus collapse or inaccurate medial-side reduction. 

Lateral locked plates are usually applied through very limited approaches, only what is necessary to place the head of the implant and to open the 
anterior compartment to slide it distally. Articular reductions are performed through limited approaches based on the fracture pattern. Distal screws are 
placed through the external targeting jig. We usually first use nonlocked screws proximal and distal to bring the plate to the bone. Proximal fixation is 
then completed with locking screws and distally the shaft is fixed with nonlocked screws. This hybrid-type construct has the advantages of both locked 
and nonlocked plates. 

In fractures with severe soft tissue injuries, some open fractures, and some fractures associated with compartment syndrome, we use definitive 
external fixation with a monolateral frame or a Taylor Spatial Frame. We try to avoid using frames as much as possible. Frames are usually needed for 
3—4 months and weight bearing in the second half of this time in the frame is encouraged. Frames are removed in the outpatient clinic unless 
hydroxyapatite pins are used in which case they are removed in the operating room. 


Potential Pitfalls and Preventative Measures 


Operative Treatment of Tibial Plateau Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfalls Preventions 


Minimally Invasive Limited Fixation 


Unrecognized oblique fracture of the medial condyle e Careful preoperative planning and proper assessment of all available images, including the 
axial CT scans 
e A split fracture in this area is less amenable to percutaneous techniques because of more 
difficult posterior access and relatively higher deforming shearing forces. Consider 
posteromedial approach and direct reduction and fixation as necessary. Split fracture with a 
comminuted metaphyseal segment may not be adequately stabilized by screw fixation alone 
and may need a buttress plate 


Intra-articular screw placement e Assessment of intraoperative fluoroscopy 


Failure to have reduction forceps or screw path perpendicular to the fracture site e Proper preoperative planning 


Reduction, Buttress Plate Fixation and Void Filling 


Injury to anterior tibial artery e Dissect with care along the posterolateral border of the proximal tibia 
Soft tissue stripping/devitalizing lateral split fragment e Minimize posterior stripping of soft tissue attachments 
Inadequate visualization e Use of surgical headlight 


e Use femoral distractor 
e Perform a submeniscal arthrotomy 


Creating a large subchondral void when elevating a depressed fragment e Spend time and carefully elevate the fragment preserving as much cancellous bone around it as 
possible 


Incomplete elevation of depressed articular surface e Assess for marginal impaction, assess reduction compared with the contralateral normal side 


Settling of articular surface e Place rafting screws close to the articular surface 
e Place rafting screws prior to bone void filler, if possible 
e Adequate use of bone void filler 
Limited Approach Techniques With Arthroscopic or Fluoroscopic Assessment of Reduction and Screw or Plate Fixation and Void Filling 


Settling of articular surface e Place rafting screws close to the articular surface 
e Place rafting screws prior to bone void filler, if possible 
e Adequate use of bone void filler 

Medial Antiglide Plating 


Injury to saphenous nerve and vein e Careful dissection in superficial tissues 


Difficult screw placement from posterior to anterior e The skin incision needs to be posterior enough 
e Careful positioning before draping 


Difficult to visualize fragments e Retractor under the medial head of gastrocnemius 


Injury to structures in the popliteal fossa e Retractor under the medial head of gastrocnemius directly on bone 
e Use soft tissue protector on drill bit and tap 


Angular malalignment e Nonarticular fracture reduction does not ensure articular reduction, which should be closely 
assessed intraoperatively. Obtaining angular alignment is one of the most difficult aspects of 
this procedure 


Dual Plating 
Previous pin sites in surgical field e Careful placement of initial external fixator pins 
e Drawing out possible planned incisions before pin placement may be helpful 
Malreduction of the posteromedial fragment leading to unsatisfactory lateral e Direct and critical assessment of fracture reduction during surgery 
plating 
Medial screw fixation interrupting lateral reduction or plate fixation e Target medial screws anteriorly to avoid traversing articular fracture until the entire joint is 
reduced 
e Limit the number of medial screws initially during surgery 
Limited access for reduction and fixation e Careful positioning, strategic use of bumps intraoperatively 


Lateral Locked Plating 


Limb shortening or malalignment e Temporary use of preexisting external fixator or of a joint-spanning femoral distractor 
e Assessment of intraoperative images 
e Compare alignment with contralateral side 
e Use a Bovie cord to check the mechanical axis from the femoral head to the ankle joint during 
surgery 
Delayed union or nonunion e Indirect reduction and bridging metaphyseal injury 
External Fixation 
Loss of fixation related to inadequate proximal fixation e Proper preoperative planning and assessment of fragment size/location 


e Placement of three proximal pins 


Septic arthritis e Place pins and wires as distant to the joint line as possible 
Unstable construct © Consider joint spanning frame 
Outcomes 


Minimally Invasive Limited Fixation 


Numerous authors have reported satisfactory results after closed reduction and screw fixation alone for split fractures and combinations of split and split 
depression fractures and even for relatively minimally displaced bicondylar fractures.*+°9 The results of treatment of Schatzker type I or OTA/AO B1 
fractures in isolation are difficult to report with great precision because they are often combined with other lateral-side patterns. However, in most series, 
these fractures seem to have close to or the best outcomes of all plateau fracture types studied. For instance, Honkonen® in a study of seven types of tibial 
plateau fractures treated with various operative and nonoperative techniques and followed for an average of 7.6 years found the least incidence of secondary 
arthritis in lateral split fractures. In Schatzker et al.’s original report,!'® which described the six fracture types, the only type that had all satisfactory results 
was the type I lateral split fracture. Koval et al.”” treated 18 displaced fractures by closed reduction and percutaneous screw fixation; the seven type I 
fractures had four excellent, two good, and one fair results. 


Reduction and Buttress Plate Fixation and Void Filling 


Of the three types of lateral plateau fractures, split depression fractures have slightly poorer outcomes than split or local compression fractures partially 
because of the likelihood of these occurring in elderly patients and partly because some very severe lateral plateau injuries are in this category. In elderly 
patients, Keating? found that split depression fractures had worse outcomes than all other types except the shaft dissociated pattern. To a certain extent, the 
results depend on the ability to reduce and maintain the articular reduction of the lateral plateau and, for some fractures and in patients with osteopenic bone, 
this can be difficult. Ali et al.4 reported a high percentage of patients who lost reduction after surgical treatment, particularly elderly patients. 


Limited Approach With Arthroscopic or Fluoroscopic Assessment of Reduction and Screw or Plate Fixation and Void Filling 


Isolated compression fractures are less severe injuries than most of the other plateau patterns and for this reason have generally favorable outcomes. 
Keating’? found that in elderly patients, split and local compression fractures had better outcomes than all other types. Lachiewicz and Funcik®° found that 
all the local compression fractures treated surgically had excellent outcomes. In one series, better results were reported with arthroscopic treatment than with 
open reduction.“ 


Medial Antiglide Plating 


Unfortunately, there are few results reported for these difficult and less common fractures when they occur in isolation. In many series, there are too few 
medial patterns to meaningfully report results. Honkonen®° found less satisfactory outcomes and a high percentage of posttraumatic arthritis in medially 
tilted fractures and bicondylar patterns with a medial tilt. Bhattacharyya et al.'? warned of the possibility of flexion deformities, particularly after posterior 
approaches for these fractures. 


Dual Plating 


Dual plating of fractures of the proximal tibia has been reported in numerous case series and was compared with external fixation in one randomized 
controlled trial. In the 1980s and early 1990s, this technique developed a bad reputation because of a high incidence of wound breakdown and devastating 
infections when dual plates were applied via a single midline incision with medial and lateral dissections. The term “dead bone sandwich” was used as a 
way to criticize this technique. A variety of advances have decreased the complication rates. One of the most important of these is adopting a staged 
protocol, which initially manages the fracture with a joint-spanning external fixator, allowing a delay in the dual plating procedure for soft tissue recovery. 
Another important advance is applying the dual plates via dual incisions where the bone between the two incisions is not devitalized. 

High-energy bicondylar tibial plateau fractures are associated with a high risk of morbidity to the patient. These injuries are generally associated with 
significant comminution and damage to soft tissue envelope; furthermore, these fractures are also associated with high risk of compartment syndrome, 
vascular and neurologic injuries, as well as other orthopaedic injuries.® 

Bicondylar fracture pattern provides the surgeon unique challenges to achieve goals of treatment which include maintaining articular reduction and 
optimal knee alignment while avoiding soft tissue complications. Historically, surgical treatment with a single incision has been associated with an 
unacceptably high risk of infection (73-87%). ! 

In a recent retrospective review of 138 patients with 140 bicondylar tibial plateau fractures treated with dual-incision technique, Ruffolo et al.!!” noted 
an overall major complication rate of 27.9%, which included 23.6% infection and 10% nonunion; 16 (11.4%) were open fractures. Not surprisingly, the 
infection rate was higher in open fracture than in closed injuries (43.8% vs. 21%). Patients who had open fasciotomy wounds at the time of definitive 
fixation had a higher chance of infection compared with patients with closed fasciotomy wounds at the time of definitive surgery. The rate of compartment 
syndrome in their study was 17.9%. Patients with diabetes and body mass index (BMI) above 35 kg/m? had a higher nonunion rate. 

High-energy bicondylar tibial plateau fractures are associated with high risk of complications and it is advisable to inform the patients about those 
potential complications. 

A subset of bicondylar tibial plateau fractures (Schatzker types V and VI)—the hyperextension varus bicondylar tibial plateau fracture (HEVBTP; see 
Fig. 62-3)—warrants a special mention, as these injuries are associated with poorer function outcomes compared with non-HEVBTP fractures. Firoozabadi 
et al.*! characterized these injuries with the following radiographic findings: (1) sagittal plane malalignment with loss of the normal posterior slope of the 
tibial plateau, (2) tension failure of the posterior cortex, (3) compression of the anterior cortex, and (4) varus deformity in the coronal plan. In their 
retrospective study, 212 bicondylar tibial plateau fractures were divided into 25 HEVBTP fractures (cases) and 187 non-HEVBTP fractures (controls). They 
noted 32% associated injuries in cases compared with 16% in controls. Incidences of vascular injury, neurologic injury, and compartment syndrome were all 
higher in cases than in the control group. Recognition of these injuries is paramount so as to provide with the patient appropriate prognosis and also for 
increased suspicion and evaluation of neurovascular compromise. Surgical tactic in this case needs to be modified to get an intact posterior hinge first 
followed by elevation, grafting, and fixation of the anteromedial depressed fragment. Authors recommended a flexible construct posteriorly to allow 
manipulation of the anterior fragment. This study did not evaluate functional outcomes. In a similar study, Gonzalez et al.°° retrospectively evaluated 84 
patients using modified criteria. They grouped all hyperextension injuries without differentiating them as varus or valgus injuries. Fifteen patients with 
hyperextension injuries were compared with 69 patients with nonhyperextension injuries. Clinical and functional outcomes for long-term follow-ups, 
including knee ROM, postoperative alignment, pain scores, and SFMA scores were reviewed. Hyperextension injury patients had a higher incidence of 
associated soft tissue damage (27% vs. 4%). Apart from similar knee ROM, hyperextension injuries had worse pain, poor functional recovery, and increased 
number of complications compared with nonhyperextension group. 


Lateral Locked Plating 


Treating tibial plateau fractures with lateral locking plates is still a relatively new treatment concept, so assessing the results and comparing them with 
previous techniques is important. The results reported in the case series have been generally satisfactory but there have been some concerns with loss of 
alignment and with hardware problems related to either the position of the proximal portion of the implant or to cold welding of the locked screws. There 
has been some variability in the reported incidence of infection. Clinical studies do not provide a definitive answer to whether lateral locked plates are 
strong enough to prevent varus displacement in bicondylar fractures. Some authors have found no loss of alignment,?”!!9 whereas Gosling et al.°* and 
Phisitkul et al.!°? reported 14% and 8% loss of alignment, respectively. The presence of a medial coronal fracture was identified as a risk factor for 
subsidence and loss of reduction of lateral-only locked plate fixation of bicondylar fractures. 148 


External Fixation 


Definitive external fixation as treatment for high-energy tibial plateau fractures has been reported in the literature since the early 1990s.°° Case selection for 
these techniques has been biased toward the high-energy bicondylar or shaft-dissociated patterns with a high incidence of open fractures and compartment 
syndrome. In three recent series treated by definitive external fixation, the percentage of open fractures ranged between 33% and 100%.27! Most of the 
results are reported in the case series and most authors have found satisfactory results considering the severity of the fractures treated. Although stable 
fixation leading to good alignment is usually achieved, one author reported that 4 of 15 open plateau fractures lost reduction during treatment and 
recommended limited internal fixation as an adjunct to prevent this problem.!°4 Another author reported loss of reduction into valgus in 3 of 11 elderly 
patients treated with a hybrid fixator,’ and in another 3 of 16 healed fractures had a varus deformity.*° Most patients have achieved knee scores averaging 


85 to 90 on 100-point scales. Marsh et al. found that the initial results were maintained at longer follow-ups. All patients with sequential follow-up of 5 to 


11 years after injury were found to improve with longer follow-ups.°° Pin tract infections are common and septic arthritis is an unusual but feared 
complication of external fixation for tibial plateau fractures. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO TIBIAL PLATEAU FRACTURES 


Tibial Plateau Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Loss of reduction 

Wound breakdown and infection 
Septic arthritis after external fixation 
Knee stiffness 

Prominent or painful hardware 
Nonunion or delayed union 
Posttraumatic arthritis 


Figure 62-44. AP (A) and lateral (B) x-rays showing loss of reduction of the posteromedial fragment and subsequent collapse of a bicondylar tibial plateau fracture 
fixed with dual plating. 


LOSS OF REDUCTION 


Low-energy tibial plateau fractures have a low risk for severe complications but significantly displaced split, split depression, and local compression 
fractures of the lateral plateau, if untreated, have a high incidence of valgus alignment of the knee (Fig. 62-44). Since optimal outcome requires a well- 
aligned knee, one of the goals of treating lateral plateau fractures is to prevent valgus deformity. The evidence indicates that even with current techniques, 
surgically managing these fractures is frequently complicated by losing some of the reduction postoperatively. In one study, 31% of operated knees had loss 
of position after surgical treatment, and in patients older than 60, this percentage rose to 79%.* The clinical significance of loss of reduction is uncertain but 
when it leads to malalignment, patient outcome may be compromised. Improved methods of fixing low-energy fractures such as smaller precontoured plates 
allowing subchondral screws to raft under the reduced articular surface may decrease the tendency for postoperative displacement.”° In a study of 52 
patients, no loss of reduction was evident during follow-up when beta-tricalcium phosphate was used as a void filler. 116 

Kim et al.”4 studied the variables associated with reduction loss after surgical treatment of tibial plateau fractures, wherein reduction loss was defined as 
a depression of the articular surface that is greater than 3 mm compared with the immediate postoperative radiographs, a condylar widening that is greater 
than 5 mm, and an alignment change that is greater than 58 toward the varus or valgus. Existence of comminution and coronal fracture influenced the 
occurrence of reduction loss, with odds ratios of 9.148 and 4.823, respectively. When a tibial plateau fracture has a coronal fracture, it is difficult to fix its 
fragments rigidly with medial or lateral plate fixation; therefore, buttress plating or direct fixation of fragments through the posteromedial, posterolateral, or 
posterior approach should be considered. 

Higgins et al.°* have reported that in 111 cases of bicondylar tibial plateau fractures, posteromedial fragments were observed in 65 cases (59%), and 
these fragments demonstrated a coronal fracture pattern. Weaver et al.!“° have reported that coronal fractures were observed in 39% of bicondylar tibial 
plateau fractures and that the fracture pattern and fixation type were associated with reduction loss. They argued that the patients with posteromedial coronal 
fracture had a high rate of reduction losses when fixation was performed only with a lateral locked plate, but the reduction loss was 0% in the group that 
received dual-plate fixation. 


WOUND BREAKDOWN AND INFECTION 


High-energy tibial plateau fractures often have a severely injured soft tissue envelope. Surgical approaches through the damaged soft tissues present a 
considerable risk for complications. Wound breakdown, exposed hardware, and proximal tibial infection are devastating complications of surgery. Delays to 
definitive surgery, the use of temporary spanning external fixation, dual approaches instead of extensile surgical approaches for plate fixation, and definitive 
external fixation have all decreased risk of infection. 

Surgery for internal fixation is not performed until the soft tissues recover from the initial injury and, if necessary, length and alignment are maintained 
with a temporary joint-spanning external fixator. Extensile anterior approaches, where a single incision is used to expose the medial and lateral tibia, 
devascularized both the skin and the bone. These extensile approaches have been largely abandoned in favor of direct approaches to the injured proximal 
tibia and, if necessary, two approaches—one anterolateral and one posteromedial—are used. These direct approaches leave the soft tissue envelope as 
minimally disturbed as possible while still providing access to reduce and stabilize complex fractures. 

Delaying definitive surgery for soft tissue recovery has been an important advance that has in part been responsible for decreasing complications of 
high-energy proximal tibia fractures. For low-energy fractures, surgical delays are less important and if necessary the knee can be safely splinted or braced. 
For displaced and shortened high-energy fractures, surgical delays have been facilitated by the use of joint-spanning external fixators which restore length 
and alignment in a minimally invasive fashion. 

Locked plating for high-energy proximal tibia fractures may decrease the need for dual plating in unstable bicondylar fractures since the fixed-angle 
screw plate device can resist common deforming forces. In addition, external screw targeting allows the plates to be applied through limited approaches. As 
previously discussed, however, anatomic reduction of the medial plateau is essential to final axial alignment, and often this cannot be accomplished using an 
isolated lateral approach. 

Historically, operative treatment of tibial plateau fractures, especially high-energy bicondylar fractures, has been associated with an unacceptably high 
risk of infection. Egol et al.38 published an infection rate of 5% after routine use of temporizing external fixator for treatment of high-energy injuries. 
Similarly, the infection rate in a study by Barei et al.9 was 4.8% when a dual incision was used for treatment of OTA 41C3 fracture patterns. These studies 
had small sample sizes, however.!° A recently published multicenter retrospective review of 1,297 OTA type 41-C bicondylar fractures showed an 
infection rate of 7.8%.!°> Multivariate logistic analysis showed association of infection with diabetes mellitus, alcohol use, combined dual plating, and use 
of a temporary external fixator. Similar to previous studies smoking, higher-energy mechanism, and open fractures were associated with higher risk of 
infection in univariate analysis. In addition to these risk factors, other studies have found smoking, dual incisions, prolonged operative times, and diabetes as 
additional risk factors.?®?9 Most common organism was methicillin resisitant S. aureus (MRSA) found in 44% to 75% of patients.82.97,102 

Irrigation and debridement in the operating room and organism-specific antibiotics are central to all treatment techniques. In early postoperative 
infections, well-fixed hardware may be maintained and the wound packed open. If the infection can be suppressed until fracture healing, hardware removal 
will then give a chance for a cure. However, if the infection is aggressive or the bone is involved, hardware removal followed by external fixation may be 
prudent. Associated soft tissue defects may require flap coverage. Definitive stabilization can be with external fixation or repeat internal fixation after 
infection control and soft tissue coverage are accomplished. 

Proximal tibial infections after internal fixation of tibial plateau fractures that involve the joint and the bone may be very difficult to control and cure. 
Proximal tibial resection with a cement spacer and subsequent arthroplasty, knee arthrodesis, or even above-knee amputation may be necessary to eradicate 
infection. 


SEPTIC ARTHRITIS 


External fixation used to definitively treat complex tibial plateau fractures has complications unique to that method. Septic arthritis of the knee related to 
proximal tibial external fixation wires or pins has been reported as an occasional complication. Rates have been as high as 10%.%° Studies have assessed the 
capsular reflections around the knee in an effort to define a safe zone for pins or wires. One study indicated that, to be certain, capsular reflections were not 
violated pins and wires should be kept a minimum of 14 mm below the joint.!!° 

To minimize the risk of this complication, it is prudent to keep external fixation pins or wires as far from the articular surface as possible. In severely 
comminuted fractures with multiple small fragments close to the joint or large joint depression cavities, a prolonged period of cross-knee external fixation 
will minimize the risk of joint sepsis in the early weeks after injury. 


With the increased popularity of laterally based locking plates, external fixation with pins or wires in the very proximal tibia is used less commonly. For 
this reason, this complication is now rarely seen. 


KNEE STIFFNESS 


Most patients regain a satisfactory range-of-knee motion after tibial plateau fractures. Current techniques emphasize early motion in stable fractures or after 
operatively fixing unstable fractures. In one study of 202 operatively treated patients with 1 year of follow-up, the average knee ROM was 130 degrees 
(range 10-145 degrees).!!? In another study of all high-energy fractures treated with external fixation, the knee ROM at greater than 5 years after injury 
averaged 3 degrees of extension and 120 degrees of flexion.'*” Early motion after surgical treatment is standard care although fixation must be strong 
enough to permit motion. Some patients may benefit from physical therapy although there is no data indicating that a therapy program improves motion. 
Open fractures, use of an external fixator, polytrauma, and tibial spine involvement have been shown to be short term (3 months) whereas non-White 
ethnicity, increasing age, and presence of a deep infection were identified as long-term predictors of knee stiffness in a recent retrospective review.’ 


Secondary interventions for arthrofibrosis, including manipulation under anesthesia or arthroscopic adhesiolysis are typically successful. 


PROMINENT OR PAINFUL HARDWARE 


Since the proximal tibia is largely subcutaneous, care must be taken to place implants in optimal positions to minimize prominent painful hardware. Screws 
through laterally based plates can easily be too long and prominent on the subcutaneous medial border of the tibia irritating the pes tendons. The relative, 
triangular shape of the proximal tibia can make anterior screws, which are too long, appear within bone on AP radiographs. Rarely, long anterior-to- 
posterior screws may cause neurovascular injury. 


A,B a c 
Figure 62-45. A: Extra-articular nonunion of a tibial plateau fracture with metaphyseal comminution treated initially with plate fixation in a 34-year-old smoker. B, 
C: The patient was treated in a staged manner with implant removal and then definitively treated with an interlocking nail. 


Locking plates applied to the lateral tibia may have more frequent hardware problems than traditional lower-profile plates that were compressed to the 
bone. Titanium-locked plates may be difficult to remove because of cold welding of screws. Because plates used to treat comminuted metaphyseal fractures 
are frequently long and are beneath a long length of the anterior compartment, removal can require substantial dissection. Plates thick enough to treat 
unstable metaphyseal and diaphyseal fractures make them more prominent in the proximal lateral subcutaneous area than thinner lateral buttress plates. 
Hardware removal may be more difficult than insertion through such limited incisions and may have greater risks than the original implant insertion. 


NONUNION 


Most tibial plateau fractures heal without difficulty. Split depression fractures need void filler solely for the purpose of supporting the reduced articular 
surface and not to ensure union, which occurs reliably. High-energy OTA/AO C3 and Schatzker type VI fractures, particularly when widely displaced and 
open, are at increased risk of healing delays or nonunion (Fig. 62-45). 139 

Treatment of nonunion of the proximal tibia is challenging. As in any nonunion, the presence or absence of infection is the first issue in deciding on 
treatment techniques. Infection is suspected based on the history, clinical examination, imaging, and laboratory studies. In periarticular nonunions of the 
proximal tibia, the mobility of the joint and the presence or absence of posttraumatic arthritis both must be considered. If the joint is salvageable, the 
nonunion is repaired with internal or external fixation and usually with some osteoinductive material such as autologous bone graft. Accurate alignment 
must be restored. If the joint cannot be salvaged, the nonunion should be treated along with the knee by arthrodesis or arthroplasty. 


MALUNION 


Preventing malunion is one of the major goals of treating tibial plateau fractures. Tibial plateau fractures can lead to extra-articular angular malunion, intra- 
articular malunion, or combinations of both. Angular malunion may occur in any plane. If angular deformity is significant, it will cause functional problems, 
be cosmetically objectionable, and increase the risk for posttraumatic OA. The degree of deformity that will predictably cause these problems is uncertain 
and must be assessed on a case-by-case basis. If correction is necessary, the surgical approach and technique will depend on the direction and amount of the 
deformity, the presence of preexisting implants, and the condition of the soft tissue envelope. Preoperative planning is critically important. For metaphyseal 
malunions, either opening or closing wedge osteotomies may be chosen and can be fixed internally or with an external fixator (Fig. 62-46). 


Intra-articular malunions are more challenging to evaluate and to surgically correct. Intra-articular malunions can contribute to limb malalignment. 


POSTTRAUMATIC ARTHRITIS 


After tibial plateau fracture, the knee is less likely to develop severe arthrosis than the hip after acetabular fracture or the ankle after tibial plafond fracture 
( ).°" In two series from the same institution, both with 5 to 11 years of follow-up, the ankle after tibial plafond fracture had developed arthrosis in 
over 90% of patients with the majority being moderate or severe, whereas the knee after high-energy tibial plateau fracture had arthrosis in only 36% of 
patients and over half of these were only mild or moderate.’*»**’ In operatively treated plateaus with 5 to 27 years of follow-up, Rademakers et al.**4 found 
arthrosis in 27% of malaligned knees and only 9% with anatomic alignment. Honkonen®° found that arthrosis was increased with meniscectomy and with 
malalignment but it correlated poorly with articular step-offs. Keating’* found arthrosis in 68% of knees after tibial plateau fracture in patients over 60, 
demonstrating the effect of older age on increasing the likelihood of secondary arthritis. 


E 

62-46. A, B: A 64-year-old man presented with knee pain at 3 months and evidence of medial implant failure after dual-plate fixation of a bicondylar tibial 
plateau. ne C: CT scanning confirmed nonunion of the medial side. D, E: Final images show complete union after treatment with revision fixation of the medial 
side and bone grafting. 


TKA for posttraumatic arthritis in previously operated patients with tibial plateau fracture is typically associated with higher complication rates and poor 
functional results due to issues like intra-articular and extra-articular malalignment, osseous defects, joint instability, retained internal fixation devices, 
periarticular adhesions, and a compromised soft tissue envelope. 


COMPARTMENT SYNDROME 


One of the most dreaded complications associated with tibia fractures, compartment syndrome, occurs when increased pressure within a limited space 
compromises circulation and tissue function in that space.*" Delay in diagnosis and treatment can cause complications such as permanent sensory or motor 
neurologic abnormalities, myofibrosis, stiffness, as well as joint contractures.*” Allmon et al.” in an endeavor to search for radiographic predictors of 


compartment syndrome compared radiographs of 56 patients with compartment syndrome with 902 patients without. It was evident that ACS was more 
likely in plateau fractures, especially when fracture length was more than 20% of the tibial length, in the presence of fibular fracture, and when the fracture 
was classified as Schatzker type VI. In their retrospective evaluation of 162 plateau fractures in a similar study, Ziran and Becher’? identified some 
radiographic parameters, such as increased widening of the tibial plateau, relative displacement of femoral axis compared with the tibial mechanical axis, 
and higher Schatzker type, as being associated with higher risk of compartment syndrome. Stark et al.**” recently compared a series of 50 Schatzker type VI 
fractures and 17 medial plateau fracture-dislocations (Schatzker type IV) treated with external fixation within 48 hours of presentation. The authors showed 
that acute compartment syndrome (ACS) was more common after Schatzker type IV medial fracture-dislocations (53%) than after Schatzker type VI plateau 
fractures (18%) (p = .009). In contrast, Allmon et al.” found ACS to be relatively rare in Schatzker type IV injuries, and only Schatzker type VI injuries 
were significantly more likely to develop ACS than any other types of plateau fractures. 


Figure 62-47. A: A 58-year-old man with a comminuted bicondylar plateau fracture was initially treated with plate fixation. B: The patient developed painful 
arthritis, which limited function. C: He was subsequently treated with a total knee replacement arthroplasty. 


There is mixed evidence on the effect of compartment syndrome on tibial plateau fractures. Multiple authors have tried to study the risk of infection 
and/or nonunion in these patients. Blair et al.,° in a retrospective review, compared 23 plateau fracture patients who had ACS (group 1) with 69 plateau 
fracture patients who did have compartment syndrome (group 2). The incidence of compartment syndrome in their study was around 9.6%. Radiographic 
and clinical union occurred at a mean of 21.3 weeks in group 1 versus 16.3 weeks in group 2 (p = .077). Deep infection occurred in 22% (5/23) of patients 
in group 1 versus 1% (1/69) in group 2 (p = .001, OR 18.9). Conversely, Ruffalo et al.''’ found no association between fasciotomies and subsequent deep 
surgical site infection or nonunion. This was substantiated in other studies by Hak et al.°* and Egol et al.**° Timing of fasciotomy closure, fixation of the 
fracture and its relationship to infection has been much debated. In a multicenter retrospective cohort study of 729 patients with tibial plateau fractures and 
compartment syndrome requiring a four-quadrant fasciotomy, the authors concluded that ORIF at the time of fasciotomy closure has the highest probability 
of treatment benefit. 

Authors’ preferred treatment in patients with tibial plateau fractures with compartment syndrome typically involves an urgent four-compartment, two- 
incision fasciotomy with application of a stabilizing external fixator. Fasciotomy wounds are not closed primarily, and therefore negative pressure wound 
therapy is utilized. A repeat debridement is done at 48 hours and the fasciotomy wounds are re-evaluated and closed if possible; if soft tissues are amenable 
to fracture fixation, then the plateau fracture is fixed at the time of fasciotomy closure. If the fracture is not ready to be fixed, then the fasciotomy site is 
closed and patient is brought back to the OR in about 2 weeks for definitive fixation. If the fasciotomy wounds are deemed unfit for closure, the patient 
undergoes repeated debridement every 48 to 72 hours. Definitive fixation is performed once wound bed is healthy and ready for skin grafting. Definitive 


external fixation is chosen if there is inability to obtain a sterile surgical field for at least 6 weeks after skin grafting is performed. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO TIBIAL PLATEAU 


FRACTURES 


RECENT TRENDS 


New imaging techniques have increased the ability to visualize both the fracture and the associated injuries to important soft tissue structures around the 
knee. High-quality CT scans including high-quality 2D and 3D reconstructions assist in preoperative planning, particularly for complex patterns. The 
frequency of associated meniscal and ligament injuries and the fracture patterns in which these injuries are most likely to occur have been elucidated by 
MRI scans. Although to some clinicians, the value of the information these studies provide seems intuitively obvious, their role in improving patient 
outcomes remains to be fully defined. 

In lower-energy split depression fractures, new techniques are being used to optimally support the reduced articular surface. These include better 
implants, better methods to position implants, and better methods to fill the metaphyseal void created after reducing the articular fragments. These new 
techniques are important since some loss of articular reduction remains an important problem. In fractures that involve both condyles and those with shaft 
instability, plates with locked screws provide fixed-angle stability and have become important adjuncts to maintain fracture alignment and have 
substantively changed practice patterns. When fixation is necessary on both the medial and lateral sides of the knee, using two separate approaches appears 
to be as effective and much safer than extensile approaches. In severe patterns with displacement and soft tissue injury, the use of a joint-spanning external 
fixator has facilitated maintaining length and alignment during a delay awaiting soft tissue recovery, which has led to safer definitive surgery. 

Recognition of specific fracture patterns involving the posterior condyle of the tibial plateau and use of specific posterior approaches to reduce and fix 
posterior fracture fragments have been instrumental in decreasing rates of alignment loss and loss of reduction after fixation. 


FUTURE TRENDS 


Given the significant changes that have occurred over the past 15 years, one would expect continued advances over the next decade as well. Perhaps, the 
greatest assistance to the surgeon will be percutaneous soft tissue monitors that will allow real-time assessment of inflammation and oxygenation status of 
soft tissue, hopefully removing the “judgment” currently required to safely treat high-energy injuries. The current focus on new more percutaneous implants 
will likely lead to the development of medially based plates or IM devices that will not require large medial approaches to use. Perhaps, the greatest advance 
on the near-horizon relates not to implants but to imaging. It is extremely likely that real-time 3D fluoroscopic-type technology will become standard in 
most advanced operating rooms. While this will offer much-improved visualization of surgical reduction, it will likely bring with it the realization that in the 
past we were not as good as we thought we were in achieving anatomic reduction. Whether any of these future advances will affect or improve clinical 
outcomes remains to be studied. 
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INTRODUCTION TO TIBIA AND FIBULA SHAFT FRACTURES 


Fractures of the tibia and fibula are relatively common and have been recognized as serious and debilitating injuries for centuries. Descriptions of the 
treatment of tibia fractures are included in the Edwin Smith Papyrus, an ancient Egyptian medical text dating back to at least 1500 to 1600 bc. 

Tibia fractures are associated with a wide range of injury mechanisms and severities. The management of tibia and fibula fractures is influenced greatly 
by the associated soft tissue injury. The tibia is more often involved in open fractures than many other bones because of its subcutaneous location. Severe 
open fractures of the tibia are associated with high complication rates and poor long-term outcomes. Prior to the modern era of antibiotics and sterile 
surgical techniques, open tibia fractures frequently resulted in amputation or death. It is estimated that in the Crimean War (1853-1856), the survival rate 
after tibia gunshot injuries was less than 20%. In World War I, one in five battle injuries involved unstable fractures of the lower leg, the majority of which 
were open. Even at that time, combat-related tibia fractures were associated with a mortality rate of about 10% and an amputation rate of over 20%.°° 

For many years, the tibia was the most frequently fractured long bone!2° and in many countries, this remains the case (see Table 6-3 in Chapter 6). 
Compared to fractures elsewhere in the body, tibia fractures have relatively high rates of nonunion and malunion. The tibia diaphysis is the most common 
site of fracture in the tibia and about 80% of these injuries have associated fibula fractures. Published data suggest an incidence of 17 per 100,000 person- 
years.?!? 


ASSESSMENT OF TIBIA SHAFT FRACTURES 


MECHANISMS OF INJURY FOR TIBIA AND FIBULA SHAFT FRACTURES 


Tibia fractures occur in a bimodal distribution with low-energy spiral patterns being more common in patients over 50 years of age and high-energy 


transverse and comminuted fractures being more common in patients under 30 years of age. Among Medicare patients age 65 years or older, tibia fractures 
are almost three times more common in women than in men.°” However, high-energy tibia fractures in younger patients are approximately twice as common 
in males as in females.6®69.74 The tibia has the highest rate (~5%) of nonunion among all bones.*!° 

The most common causes of low-energy tibia fractures are falls from a standing height and sporting injuries. The associated sporting activities vary 
depending on the population studied with soccer injuries accounting for as many as 80% of sports-related fractures in British studies.”* High rates of ski- 
related injuries have been reported in Swiss studies.!!” 

High-energy tibia shaft fractures are most commonly associated with vehicular trauma. Court-Brown and McBirnie” showed that from 1988 to 1995, 
vehicular trauma accounted for 37.5% of tibia shaft fractures with pedestrians being struck as the most common mechanism (59.2% of vehicular injuries), 
followed by motorcycle crashes (22.4%) and motor vehicle crashes (17.3%). In a study focusing on pedestrian injuries, Burgess et al.49 found that 30% of 
pedestrian tibia fractures were bilateral and 65% of patients had Gustilo type III open fractures.*° Other high-energy mechanisms included assaults (4.5%), 
most commonly a direct blow or a gunshot wound, and falls from a height (6.2%). 

Because of its subcutaneous location, open fractures of the tibia are common with reported rates varying between 12% and 47% depending on the 
patient population and type of treatment center.2°!:281,312 Open fractures are even more common when mechanisms are high energy with rates as high as 
63% being reported following motorcycle crashes.” When open fractures occur in the tibia they are more commonly type IIIB (requiring flap coverage) 
than for other sites of injury.’* Perhaps, more so than for any other bone, treatment and outcomes for fractures of the tibia are governed primarily by the 
extent of the associated soft tissue injury. 


INJURIES ASSOCIATED WITH TIBIA SHAFT FRACTURES 
Compartment Syndrome 


Compartment syndrome has been reported to occur in 1.5% to 11% of tibia fractures.3® 199,200,231 An untreated compartment syndrome can result in 
significant long-term disability, neuropathic pain, and may cause renal failure through rhabdomyolysis. In addition, compartment syndrome can have 
devastating consequences on limb function and may necessitate multiple reconstructive procedures. Lawsuits involving compartment syndrome are more 
often successful and involve higher average settlements when compared with other lawsuits brought against orthopaedic surgeons.*° For all of these reasons, 
particular care should be taken to investigate and diagnose compartment syndrome in patients who present with a tibia shaft fracture. The pathophysiology, 
diagnosis, and treatment of compartment syndrome are further discussed later in this chapter and in Chapter 17. 


Ankle Injuries 


Ankle injuries can occur in association with tibia shaft fractures and include lateral ligamentous complex disruptions as well as fractures of the lateral, 
medial, and posterior malleoli.28? CT evaluation of the ankle can be helpful in identifying fracture lines extending into the plafond prior to surgery.?“4 
Clamping or fixation of these fractures may be needed to prevent displacement during intramedullary (IM) nailing. Fracture extension into the plafond has 
been reported to occur in 8% to 9% of tibia shaft fractures, !°®783 and 25% to 68.9% of spiral fractures of the distal third of the tibia.4!.190,165.193,214 Most 
commonly, these fracture lines generate posterior malleolar fractures, of which the majority are simple oblique fractures (Haraguchi type I).2!4 


Floating Knee Injuries 


Ipsilateral femoral and tibia fractures are referred to as floating knee injuries. Type I injuries involve fractures of the femoral and tibia diaphyses, type IIA 
fractures involve the knee joint, and type IIB involves the hip and/or ankle. These combined injury patterns are typically due to high-energy mechanisms. 
Reported rates of associated vascular injury (21%) and open fracture (62%) are higher than expected based on the rates for the two isolated injuries 
combined.! Knee ligamentous instability has also been reported in almost one-third of cases.’ Historically reported outcomes have been quite poor,!*! but 
good to excellent results can be achieved when both fractures are treated with IM nailing.®° Risk factors for poor outcome include intra-articular 
involvement of the knee (type IIA) and severe open tibia fracture.85:320 


Fracture Extension into Tibia Plateau 


Occult proximal extension of tibia shaft fractures into the tibia plateau is rarer than the extension into the tibia plafond or malleoli described above, but is 
equally important. Consider preoperative CT scanning of the knee in proximal one-third tibia fractures to rule out an associated plateau injury. It is 
important to recognize intra-articular knee involvement preoperatively as it may influence the choice of implant or surgical strategy. A central nondisplaced 
plateau fracture can become displaced during IM nail placement and may benefit from stabilization with a clamp or screws prior to IM nailing. 
Alternatively, a lateral plate can be used to avoid intra-operative fracture displacement. 


Knee Ligamentous Injury 


Although knee ligamentous injuries are more commonly seen in association with femoral shaft fractures and floating knees,°°° case reports have been 
published describing ipsilateral knee ligamentous injury, and even knee dislocation, in patients with tibia fractures.!®58198 As it is difficult to evaluate the 
knee ligaments in a patient with an unstable tibia fracture, these injuries are likely to be underdiagnosed on initial presentation. However, it appears that 
clinically significant knee ligament injuries are rare. A prospective study using examination under anesthesia following tibia fixation showed a 22% rate of 
medial collateral ligament sprain, but found few injuries requiring surgical repair or reconstruction. 87 


Proximal Tibiofibular Joint Dislocation 


Dislocations of the proximal tibiofibular joint can occur in isolation and are associated with lateral ligamentous instability and peroneal nerve injury.!49 


They also occur in association with approximately 1.5% of tibia shaft fractures,!3? usually when the fibula is intact.!2!49 These combined injuries are 
associated with an elevated risk of compartment syndrome (29%), open fracture (63%), and peroneal nerve injury (36%) and an associated proximal 
tibiofibular dislocation may be a marker of increased injury severity.!2* Widening of the joint can best be visualized on an internal rotation x-ray following 
tibia stabilization. Because of the rarity of this combined injury, little data are available to guide treatment or predict outcomes. However, in the limited 
literature available, stabilization of the proximal tibiofibular joint with a screw is typically recommended to avoid complications of chronic instability such 


as pain, snapping, and nerve symptoms. !28 


SIGNS AND SYMPTOMS OF TIBIA SHAFT FRACTURES 


A thorough history and physical examination should be undertaken in patients presenting with fractures of the tibia. The history should focus on the timing 
and mechanism of injury, location and quality of pain, and any additional presenting symptoms such as numbness or tingling. A prior history of injury, 
infection, tumor, or surgery in the affected limb should be obtained. The patient should be questioned about preexisting conditions that may affect normal 
function of the limb such as diabetic neuropathy, spinal radiculopathy, or peripheral vascular disease. As with all multiply injured patients, a comprehensive 
understanding of the nature and severity of associated injuries to vital organ systems is also important. In the absence of polytrauma, the examination should 
focus on the injured leg and the adjacent knee and ankle joints. Particular attention should be paid to the following factors to identify and treat any 
associated injuries and complications. 


Compromised Skin 


Skin compromise can occur in association with both open and closed fractures of the tibia. Any areas of skin tenting or puckering should be relieved by 
restoration of the normal anatomic alignment and splinting once the initial limb assessment is completed. In some cases, reproduction of the injury 
displacement is necessary to relieve skin puckering related to the incarceration of subcutaneous tissue or periosteum at the fracture site. The significance of 
skin tenting or puckering should not be underappreciated. If skin compromise is not addressed promptly, irreversible full-thickness skin necrosis can occur 
within hours, and in severe cases, this may necessitate subsequent soft tissue reconstructive procedures. It is also possible for bone to perforate through 
threatened or necrotic skin resulting in a previously closed fracture becoming an open fracture. If this occurs under a splint or cast, the conversion to an 
open injury may be unrecognized and treatment delayed thus increasing the infection risk. Postsplinting radiographs should be obtained to make sure the 
fracture displacement causing the initial skin compromise has been adequately corrected, and areas of initially threatened skin should be checked after the 
limb is reduced. Inability to adequately relieve skin compromise following closed reduction is an indication for early operative intervention. 


Wounds 


A wound present on any fractured limb should be assumed to be associated with an open fracture until proven otherwise. This is especially true for a wound 
associated with a tibia fracture as the thin anteromedial soft tissue envelope results in a relatively high incidence of open fractures. Surgeons should 
remember that the displacement of the limb at the time of injury can cause open fracture wounds even at some distance from the fracture. Open lateral and 
posterolateral leg wounds are often associated with the fibula fracture which may be at a different anatomic level to the associated tibia fracture. 

The treatment of open fracture wounds from tibia and/or fibula fractures should follow the general principles outlined in Chapter 16 on open fractures. 
Any obvious contamination should be removed. Preliminary wound irrigation using sterile saline should be followed promptly by the application of a moist 
sterile dressing. Exposed bone and articular cartilage should be reduced inside the soft tissue envelope whenever possible. Documentation of the size, 
location, and degree of contamination of any open wounds on the leg is helpful as it predicts outcome, and some clinicians use this information to determine 
the urgency of the timing of surgical debridement. Multiple inspections of the open wound should be avoided as it is thought it might increase infection risk 
through repeated exposure of the wound to the unsterile hospital environment. 


Vascular 


A comprehensive distal vascular examination should be performed both before and after restoration of length and alignment of the limb. Some patients with 
significantly displaced tibia fractures will have diminished or absent pulses distal to the injury because of kinking of the arteries of the leg. In most of these 
cases, palpable pulses will return once gross anatomic alignment is restored. If the pulses do not return to normal after bony reduction, then further 
investigations such as angiography, CT angiography, or arterial Doppler studies should be performed to rule out a vascular injury. Attention should also be 
paid to swelling, pallor, capillary refill, temperature, and venous congestion. 


Motor Function 


The evaluation of motor function in a patient with a tibia fracture should include strength grading of the major muscles in the injured leg (Table 63-1). 
However, in most cases, pain and limb instability will limit the degree to which a patient can participate in rigorous motor strength testing. In all cases, 
documentation should be as detailed and specific as possible under the circumstances. For example, “tibialis anterior muscle strength 3/5, limited by pain” 
or “patient displayed spontaneous ankle plantar flexion on presentation but unable to follow commands for formal testing” are both more useful and precise 
than “wiggles toes” or “peroneal nerve motor intact.” It is important to keep in mind that motor function can be altered for multiple reasons including pain, 
muscle or tendon rupture, nerve injury, limb ischemia, compartment syndrome, spinal cord or brain injury, or any combination of these. Motor examination 
should be performed both before and after fracture reduction as results can vary significantly. 


TABLE 63-1. The Four Compartments of the Leg With the Muscles, Arteries, and Nerves Contained Within Them 


Compartment Muscles Arteries and Nerves 
Anterior Tibialis anterior Anterior tibia artery 
Extensor hallucis longus Deep peroneal nerve 


Extensor digitorum longus 
Peroneus tertius 


Lateral Peroneus longus Superficial peroneal nerve 
Peroneus brevis 


Superficial posterior Gastrocnemius 
Soleus 
Plantaris 


Deep posterior Tibialis posterior Posterior tibia artery 


Flexor hallucis longus Peroneal artery 
Flexor digitorum longus Tibia nerve 
Popliteus 


Sensory Symptoms 


Patients with tibia shaft fractures should have a distal sensory examination of the ipsilateral foot performed, including the territories of the deep peroneal 
nerve (first dorsal interspace), the superficial peroneal nerve (the dorsum of the foot), the sural nerve (lateral ankle and heel), the saphenous nerve (medial 
ankle), and the tibia nerve (plantar aspect of foot). Although detailed testing of temperature, proprioception, and two-point discrimination is rarely indicated 
for patients with an acute tibia or fibula fracture, care should be taken to determine whether sensation is present in each zone and whether it is normal or 
diminished. It has been our clinical experience that the sensory examination is most reliable when the patient receives no visual cues. We therefore ask the 
patient to close their eyes for that portion of the evaluation. 


Compartment Syndrome 


Care should be taken to evaluate signs of compartment syndrome and to clearly document the findings. Patients with a borderline initial examination can be 
followed with serial examinations to allow prompt diagnosis and treatment if a compartment syndrome develops. Physical examination findings raising 
concern for compartment syndrome include pain out of proportion to injury severity, pain on passive stretch of the relevant compartment musculature, 
paresthesias, decreased ability to perceive light touch, paralysis of the muscles in the affected compartments, severely swollen or indurated compartments, 
and in rare cases, pulselessness. It is important to realize that pulselessness is an unusual finding in compartment syndrome and either indicates a 
concomitant vascular injury or a compartment pressure high enough to occlude arterial flow. The diagnosis of compartment syndrome can be very difficult 
and there is some evidence that even experienced surgeons disagree on who has compartment syndrome.??! The physical examination is made more 
challenging when a patient is sedated, obtunded, or has an exaggerated pain response such as those with long-term narcotic addiction. Under these 
circumstances, compartment pressure monitoring can be used to assist in the workup. However, several prospective studies have shown a significant false- 
positive rate with this technique?4314; thus, much controversy remains regarding the use of pressure monitoring and it is the subject of ongoing research. 
Further detail on the diagnosis and management of compartment syndrome can be found in Chapter 17. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR TIBIA SHAFT FRACTURES 


The initial radiographic evaluation of all fractures of the tibia diaphysis should involve anteroposterior (AP) and lateral orthogonal radiographs centered on 
the mid tibia (Fig. 63-1A). Ideally, these standard views should include the entire length of the tibia. However, this is sometimes difficult to achieve in tall 
patients. Standard views of the ipsilateral knee (AP and lateral) and ankle (AP, lateral, and mortise) are typically obtained to evaluate the proximal or distal 
tibia articular surfaces, the lateral and medial malleoli, the proximal or distal tibiofibular joints, and adjacent bones such as the talus, distal femur, and 
patella. Even when an associated injury cannot be seen, the presence of a secondary sign such as a knee effusion containing separate layers of fat and blood 
(lipohemarthrosis) is highly suggestive of articular fracture or internal knee derangement. Despite the information that can be gained from plain radiographs 
of the knee and ankle, the sensitivity for the detection of associated injuries is low.!26244309 

In specific fracture patterns, additional cross-sectional imaging of an adjacent joint is routinely ordered by some clinicians to exclude commonly 
associated fractures. An example of this is CT evaluation of the ankle in a spiral fracture of the distal third of the tibia. This tibia fracture pattern is 
associated with a high prevalence of posterior malleolar fractures, many of which are not visible on plain radiographs of the ankle (Fig. 63-2).!°%244 The 
detection rate of these injuries is significantly increased when a protocol is in place for preoperative CT.?”^ Some authors also advocate for preoperative 
ankle MRI which is more sensitive than both CT and x-ray for the detection of associated injuries?°9; however, this has not yet become common practice. 
The utility of obtaining plain radiographs in conjunction with the planned or protocolized use of CT or MRI has not been carefully studied. 


D, E F 
AP and lateral radiographs of tibia shaft fracture before (A, B) and after (C, D) treatment with intramedullary nailing. E, F: The appearance of the 


healed fracture at 12 months is typical. 


Supplemental imaging with CT, MRI, or both modalities is also indicated when there is concern about a possible pathologic bone lesion either at the 
fracture site or within the zone of planned instrumentation. Causes for concern can include a minimal-energy mechanism in a patient without osteopenia, a 
history of malignancy, antecedent pain, or an irregular appearance of the bone on x-ray. Although malignant bone lesions are rare, IM reaming or fixation 
through an unrecognized malignant bone tumor can have profound effects on disease spread and patient survival. Pathologic fractures are discussed in more 
detail in C 


CLASSIFICATION OF TIBIA AND FIBULA SHAFT FRACTURES 


The most commonly used classification system for fractures of the tibia and fibula is the Orthopedic Trauma Association/Arbeitsgemeinschaft fiir 
Osteosynthesefragen (OTA/AO) classification which separates fractures into three basic types, these being simple fractures (type A), wedge fractures (type 
B), and complex fractures (type C).'¥° Each fracture type is divided into three groups which denote increasing severity of injury ( ). Further 
subgroups and qualifications also exist and can be helpful in classifying fractures for research purposes. The OTA/AO™” tibia fracture classification has 
been shown to be predictive of acute compartment syndrome risk** but a poor predictor of functional outcomes.'°°-°° We find the treatment and outcome of 
tibia shaft fractures are more linked to severity of soft tissue injury than fracture morphology. Therefore, in clinical practice, tibia fracture classification is 
relatively meaningless without a classification of the associated soft tissue injury ( ). 


Figure 63-2. A: Sagittal CT scan of a distal tibia shaft fracture demonstrating a coronal fracture line entering the joint that was not apparent on plain radiographs. B: 
The fracture was stabilized with a screw prior to intramedullary nailing. 


The Tscherne classification? is used to classify soft tissue injury in all closed fractures including the tibia (Fig. 63-4) and has been shown to correlate 
with the time to return to walking and sporting activities.!°° The Gustilo classification!2!*! is the most common system used to classify open fractures. 


Open Fractures: 
GUSTILO CLASSIFICATION 


Type Description 


I e Clean wound <1 cm in length 
e Low-energy fracture type 


Il e Wound size 1-10 cm in length without extensive soft tissue damage 
e Without high-energy fracture type 


INA e Wound associated with more extensive soft tissue damage than type II regardless of wound length 
e Any wound >10 cm regardless of soft tissue stripping 
e High-energy fracture type (segmental) regardless of wound size 
e TITA must have a skin defect that can be treated with closure or skin grafting 

IIB e Wound requires muscle or skin flap for coverage 

IIC e Vascular repair required to revascularize leg 


e Isolated vascular injury with a well-perfused foot (e.g., peroneal artery with other two arteries still patent) does not classify as ITIC even if 
the vessel is repaired 


More recently, the OTA has developed an open fracture classification system (OTA-OFC) that is based on a 1 to 3 scale of severity of five key injury 
characteristics—skin, muscle, arterial, contamination, and bone loss.228 The OTA-OFC has been shown to have moderate to excellent interobserver 
reliability? and appears to be a better predictor of short-term outcomes, complications, and amputation after open fracture.!*”!5° Preliminary retrospective 
application of the OTA-OFC suggests a summative score above 10 may have low chance for limb salvage, !?” but additional prospective study is needed. An 
open fracture of any type, regardless of classification level, is predictive of increased risk of infection, nonunion, malunion, and reoperation when compared 
to closed fracture. !08 


OUTCOME MEASURES FOR TIBIA AND FIBULA SHAFT FRACTURES 


To our knowledge, there are no outcome scores in widespread use that are specifically designed for tibia and fibula fractures. Scores that predict the 
feasibility of limb salvage in severe open tibia fractures exist, as do general health outcome scores, knee scores, and foot and ankle scores. The majority of 
functional outcome measures rely on patient responses to a standardized and validated set of questions. Classification systems of fracture morphology of 
tibia shaft fractures do not predict outcomes such as union, the requirement for secondary surgery, or infection, nor do they correlate with functional 


outcomes.22° 


Lower Extremity Trauma Scores 


Severe open fractures of the tibia and fibula, usually Gustilo type IIIB and HIC fractures, can be associated with devastating injuries that make limb salvage 
difficult or impossible. Salvage of these complex injuries is extremely challenging and often requires multiple surgical procedures, prolonged 
hospitalization, long-term narcotic pain medication, and high medical costs. These issues need to be weighed against the psychological and functional 
effects of amputation and the typically higher costs of lifelong prostheses.!5* Several lower extremity injury severity scores have been developed in an 
attempt to predict which injuries are best treated with limb salvage and which with amputation. 


Subgroups and qualifications: 

Tibia/fibula, shaft, simple, spiral (42-A1) 

(1) proximal zone 

(2) middle zone 

(3) distal zone 

1. Fibula intact (42-A1.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-A1.2) (42-A1.3) 


. ii { 


Tibia/fibula, shaft, simple, oblique (>30 degrees) (42-A2) 

(1) proximal zone 

(2) middle zone 

(3) distal zone 

1. Fibula intact (42-A2.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-A2.2) (42-A2.3) 


aim 


Tibia/fibula, shaft, simple, transverse (<30 degrees) (42-A3) 
(1) proximal zone 

(2) middle zone 

(3) distal zone 


1. Fibula intact (42-A3.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-A3.2) (42-A3.3) 


. ii { ii 


Tibia/fibula, shaft, wedge, spiral (42-B1) 

(1) proximal zone 

(2) middle zone 

(3) distal zone 

1. Fibula intact (42-B1.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-B1.2) (42-B1.3) 


tb E 


Tibia/fibula, shaft, wedge, bending (42-B2) 

(1) proximal zone 

(2) middle zone 

(3) distal zone 

1. Fibula intact (42-B2.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-B2.2) (42-B2.3) 


. ii ii | 


Tibia/fibula, shaft, wedge fragmented (42-B3) 

(1) proximal zone 

(2) middle zone 

(3) distal zone 

1. Fibula intact (42-B3.1) 2. Fibula fracture at different level 3. Fibula fracture at same level 
(42-B3.2) (42-B3.3) 


. | | | 


Tibia/fibula, shaft, complex, spiral (42-C1) 

(1) pure shaft 

(2) proximal diaphysio-metaphysis 

(3) distal diaphysio-metaphysis 

1. With two intermediate fragments 2. With three intermediate fragments 
(42-C1.1) (42-C1.2) 


l { | 


Tibia/fibula, shaft, complex segmental (42-C2) 

1. With an intermediate segmental 2. With an intermediate segmental 
fragment (42-C2.1) and additional wedge fragment(s) 
(1) pure shaft (42-C2.2) 

(2) proximal diaphysio-metaphyseal (1) pure shaft 

(3) distal diaphysio-metaphyseal (2) proximal diaphysio-metaphyseal 
(4) oblique lines (3) distal diaphysio-metaphyseal 
(5) transverse and oblique lines (4) distal wedge 


(5) Three wedges, proximal and distal 


: H H 


Tibia/fibula, shaft, complex, irregular (42-C3) 

1. With two or three intermediate fragments 2. Limited shattering (>4 cm) 
(42-C3.1) (42-C3.2) 

(1) Two intermediate fragments 

(2) Three intermediate fragments 


l H li 


3. With more than three intermediate 
fragments (42-C1.3) 


3. With 2 intermediate segmental 
fragments (42-C2.3) 

(1) pure shaft 

(2) proximal diaphysio-metaphyseal 
(3) distal diaphysio-metaphyseal 


3. Extensive shattering (>4 cm) 
(42-C3.3) 

(1) pure shaft 

(2) proximal diaphysio-metaphyseal 
(3) distal diaphysio-metaphyseal 


Figure 63-3. The OTA/AO classification of tibia shaft fractures. For an explanation of the different types, groups, and subgroups, see table in text. (Reprinted with 
permission from Fracture and Dislocation Classification Compendium—2018 International Comprehensive Classification of Fractures and Dislocations Committee: 


Tibia. J Orthop Trauma. 2018;32(Suppl 1):S49-S60.) 


TABLE 63-2. OTA/AO Classification of Tibia Shaft Fractures 


Type A: Unifocal Fractures 


Group A1 Spiral Fractures 
Subgroups A1.1 Intact fibula 

A1.2 Tibia and fibula fractures at different level 

A1.3 Tibia and fibula fractures at same level 
Group A2 Oblique Fractures (Fracture Line >30 Degrees) 
Subgroups A2.1 Intact fibula 

A2.2 Tibia and fibula fractures at different level 

A2.3 Tibia and fibula fractures at same level 
Group A3 Transverse Fractures (Fracture Line <30 Degrees) 
Subgroups A3.1 Intact fibula 

A3.2 Tibia and fibula fractures at different level 

AZ. Tibia and fibula fractures at same level 


Type B: Wedge Fractures 


Group B1 Intact Spiral Wedge Fractures 
Subgroups B1.1 Intact fibula 

B1.2 Tibia and fibula fractures at different level 

B1.3 Tibia and fibula fractures at same level 
Group B2 Intact Bending Wedge Fractures 
Subgroups B2.1 Intact fibula 

B2.2 Tibia and fibula fractures at different level 

B2.3 Tibia and fibula fractures at same level 
Group B3 Comminuted Wedge Fractures 
Subgroups B3.1 Intact fibula 

B3.2 Tibia and fibula fractures at different level 

B3.3 Tibia and fibula fractures at same level 


Type C: Complex Fractures (Multifragmentary, Segmental, or Comminuted Fractures) 


Group C1 Spiral Wedge Fractures 
Subgroups C1.1 Two intermediate fragments 
C1.2 Three intermediate fragments 
C1.3 More than three intermediate fragments 
Group C2 Segmental Fractures 
Subgroups C2.1 One segmental fragment 
C2.2 Segmental fragment and additional wedge fragment 
C2.3 Two segmental fragments 
Group C3 Comminuted Fractures 
Subgroups C3.1 Two or three intermediate fragments 
C3.2 Limited comminution (<4 cm) 
C33 Extensive comminution (>4 cm) 


Reprinted with permission from Orthopaedic Trauma Association; Open Fracture Study Group. A new classification scheme for open fractures. J Orthop Trauma. 2010;24(8):457—464. 


Figure 63-4. The Tscherne classification of closed fractures: CO, simple fracture configuration with little or no soft tissue injury; C1, superficial abrasion, mild to 
moderately severe fracture configuration; C2, deep contamination with local skin or muscle contusion, moderately severe fracture configuration; C3, extensive 
contusion or crushing of skin or destruction of muscle, severe fracture. 


The Mangled Extremity Severity Score (MESS) is the most commonly used system and grades injuries on a scale from 2 to 11 based on energy of 
injury, limb ischemia, the presence of shock, and patient age. The MESS score is doubled for limb ischemia greater than 6 hours. A MESS score greater 
than 7 is the recommended threshold for amputation. 

In a recent meta-analysis of publications on limb salvage scores, Fodor et al. reported that the range of published salvage rates for limbs with MESS 
above 7 was from 0% to 93%.®8:95.166 The MESS score correlated well with amputation outcome in only one-quarter of publications and seemed to be more 
useful as a predictive tool in combat-related injuries than in civilian injuries. Bosse et al.4? prospectively investigated the clinical utility of five lower 
extremity injury scores (MESS; Limb Salvage Index [LSI]; Predictive Salvage Index [PSI]; Nerve Injury, Ischemia, Soft Tissue Injury, Skeletal Injury, 
Shock, and Age of Patient [NISSSA] score; Hannover Fracture Scale 97 [HFS-97]) in 556 patients and found that whereas low scores could be used to 
predict high limb salvage potential, high scores were not valid predictors of amputation.*? Because of this variability these scores are not in use in current 
clinical practice to predict viability of limb salvage after severe open tibia shaft fractures. 


General Functional Outcome Instruments 
PROMIS 


Patient-Reported Outcome Measurement Information System (PROMIS) contains a large database of validated function-related questions. Functional status 
is able to be assessed very quickly and accurately through Computerized Adaptive Tests (CATs) where each subsequent question is based on the level of 
function indicated by the patient’s answers to the previous questions. Therefore, a relatively small number of questions are required to determine each 
patient’s percentile rank compared to the general population as well as age- and gender-matched groups. PROMIS has a wide range of clinical applications 
and the CAT system is particularly useful in the orthopaedic trauma population. 


SF-36, SF-12, VR-12 


The Short Form Health Survey (SF-36 and SF-12) and the Veterans RAND-12 are each questionnaires used to assess physical functional status and mental 
well-being. They were developed through large population-based studies and are well validated. They are not disease specific. Each is commonly used to 
assess general outcome after injury or illness, but none were specifically designed for lower extremity trauma or tibia fracture patients. 


SMFA 


The Short Musculoskeletal Form Assessment (SMFA) is focused on function of the spine and extremities. It is a common outcome measure used for 
patients with fractures of the lower extremity although many of its questions are not related to lower extremity function. It takes into account both the 
patient’s physical dysfunction as well as how much they are bothered by it. The SMFA is favored by some because it was specifically designed and 
validated in patients with musculoskeletal pathology.°® 


SIP 


The Sickness Impact Profile (SIP) is designed to measure sickness-related change in behavior. It comes as either a full (136-question) version or a short (68- 
question) version and its use may be limited by the time required for completion. It is currently rarely used, but it was the primary outcome of the LEAP 
study, so it has important historical importance in open tibia shaft research. 


Knee and Ankle Functional Outcome Instruments 


In the absence of a tibia-specific outcome instrument, instruments developed for the knee or ankle have been used to assess outcomes following tibia 
fracture. The most commonly encountered of these are briefly described below, none of which are ideal for the measurement of outcomes after tibia 
fracture. 


WOMAC 


The Western Ontario and McMaster Universities (WOMAC) osteoarthritis index is widely used for conditions that affect the knee and is well validated.?* 
It is a 24-item instrument, which assesses functional impairment, pain, and stiffness. However, it was developed for the elderly with osteoarthritis and is not 
therefore the most appropriate instrument for use in younger individuals and athletes. 


Lysholm 


The Lysholm Knee Score is a validated, patient-reported outcome measure looking at limp, support devices, locking, instability, pain, swelling, stairs, and 
squatting. 


Cincinnati 


The modified Cincinnati Knee Rating System is a validated patient-reported outcome measure looking at eight categories—pain intensity, swelling, giving 


way, overall activity, walking, stairs, running, and jumping/twisting.2°4 


AOFAS 


The American Orthopaedic Foot and Ankle Society (AOFAS) Ankle—Hindfoot Scale assesses pain, function, and ankle alignment.°? 


Foot Function Index 


The Foot Function Index (FFI) is a 17-question-validated region-specific instrument for measuring outcomes in patients with foot and ankle disorders. 
However, as it was first developed for use in the elderly it is best suited for the evaluation of lower functioning patients. ”9? 


PATHOANATOMY AND APPLIED ANATOMY FOR TIBIA AND FIBULA SHAFT FRACTURES 


OSTEOLOGY 


The tibia diaphysis is triangular in cross-section with relatively thick cortices which provides good biomechanical properties. Cortical thickness tends to 
decrease with age predisposing the tibia to lower-energy injury mechanisms. The tibia is the main weight-bearing bone in the leg, carrying greater than 80% 
of load with the fibula estimated to only carry between 7% and 16% of body weight under normal circumstances.!'°.!”* The fibula lies posterior and lateral 
to the tibia throughout the leg and the two bones are connected by a thick interosseous membrane. The interosseous membrane linking the tibia and fibula 
along their lengths is part of the reason many tibia shaft fractures have associated fibula fractures. The membranous connection is also the reason that 
reduction and fixation of the tibia diaphysis is usually sufficient to restore enough stability to facilitate healing of the fibula fracture. When the tibia and 
fibula fractures occur at or near the same level, the injury is considered to have less intrinsic stability. Compared to the tibia diaphysis, the distal and 
proximal metaphyseal bones are relatively weaker. 

The distal tibia articular surface is externally rotated approximately 20 degrees compared with the proximal articular surface. This is a normal anatomic 
phenomenon known as tibia torsion.?”° Therefore, a standard AP view of the ankle cannot typically be obtained on the same radiograph as a standard AP 
view of the knee. The mechanical axis of the lower extremity runs from the center of the femoral head to the center of the distal tibia at the ankle and should 
pass just medial to the center of the knee. 


VASCULARITY 


Osseous vascularity is of key importance in bone healing after fracture. The adult tibia has both a medullary and a periosteal blood supply. It has been 
estimated that the outer 25% to 30% of the tibia cortex derives its oxygenation primarily from the periosteal system, whereas the rest of the bone is 
predominantly supplied by the medullary system. Recent evidence has found that the periosteal blood supply plays a less prominent role, with the medullary 
system accounting for 91.4% of cortical blood supply.1®* 

The medullary system is primarily supplied by the main nutrient artery to the tibia, which is a branch of the posterior tibia artery and enters the bone in 


its proximal one-third. 

The periosteal blood supply is supplied by branches of the arterial supply to the surrounding soft tissues and can be disrupted when soft tissue stripping 
occurs at the time of injury. After soft tissue stripping, outer cortical viability is maintained by centrifugal flow directed outward from the medullary system 
via anastomoses. Reaming has been shown to temporarily decrease medullary blood supply in animal studies,*”* raising concern about reamed nailing in 
open fractures with periosteal stripping. However, animal studies have also shown that loss of the medullary arterial system results in stimulation of the 
periosteal system and reversal of the normal direction of blood flow through the anastomoses between the two vascular systems and the concern for reaming 
of open fractures has not born out clinically.84:148:281 


COMPARTMENTS AND MUSCULATURE 


The musculature of the leg is divided into four compartments (Fig. 63-5). The contents of each compartment are listed in Table 63-1. There is very little 
anatomic variation in compartment anatomy from person to person. The anterior compartment musculature originates predominantly from the anterolateral 
aspect of the proximal tibia (Fig. 63-6) and includes the main dorsiflexors of the ankle and toes. The anterior compartment also contains the deep peroneal 
nerve and anterior tibia artery which supply the muscles in the compartment. The anterior compartment structures are dissected off the tibia surface and 
retracted laterally during an anterolateral surgical approach to the tibia used for plate osteosynthesis. 
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Figure 63-5. The four compartments of the leg. Blue, anterior; green, lateral; yellow, deep posterior; red, superficial posterior. 
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Figure 63-6. The anterior (A) and posterior (B) osteologies of the tibia and fibula, illustrating the origins and insertions of the muscles. 


The lateral compartment muscles evert the foot and take origin from the lateral and posterior aspects of the fibula diaphysis (see Fig. 63-6). The lateral 
compartment also contains the superficial peroneal nerve which typically exits the fascia approximately 10 to 12 cm proximal to the tip of the distal fibula. 
The superficial peroneal nerve has variation in its course between individuals and is at risk during lateral fasciotomy, distal fibula fixation, and placement of 
distal screws during percutaneous plating of the tibia.2°° 

There are two posterior leg compartments—superficial and deep (see Fig. 63-5). The superficial posterior compartment contains the gastrocnemius 
soleus muscle complex, which is the primary ankle plantar flexor, and the plantaris muscle is a small mostly tendinous muscle that lies in the plane between 
the gastrocnemius and soleus. The deep posterior compartment is bordered anteriorly by the posterior surface of the tibia and the interosseous membrane. It 
contains tibialis posterior which inverts the foot, flexor hallucis longus, and flexor digitorum longus, which plantarflex the toes, in addition to popliteus near 
the knee, and the peroneal artery, posterior tibia artery, and tibia nerve. 


Tibia Shaft Fractures 


TREATMENT OPTIONS FOR TIBIA SHAFT FRACTURES 


NONOPERATIVE TREATMENT OF TIBIA SHAFT FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Tibia Shaft Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Relative Indications 


Adequate alignment, length, and rotation in a splint or cast 
Soft tissue can tolerate cast 

Significant anesthetic risk 

Patient refuses operative treatment 


Relative Contraindications 


Inadequate alignment, length, and rotation after application of splint or cast 
Open fracture 

Arterial injury 

Displaced proximal or distal fracture 

Compartment syndrome or high risk of compartment syndrome 

Soft tissues will not tolerate a splint, cast, or brace 

Patient unable to comply with nonoperative protocol 


e Ipsilateral femoral shaft fracture 
e High-energy mechanism or soft tissue injury 
e Ipsilateral injury preventing weight bearing 


Nonoperative treatment of tibia shaft fractures has fallen out of favor over time. Although the preferred method of surgical fixation varies geographically 
and by surgeon age and training,?! the vast majority of adult tibia fractures are currently treated operatively in the developed world. A survey of Canadian 
orthopaedic surgeons published in 2008 showed that only 20% of surgeons routinely managed closed tibia shaft fractures nonoperatively,°? compared with 
30% of surgeons surveyed at the Orthopaedic Trauma Association Meeting in 1997.157 Multiple studies have demonstrated that nonoperative management 
is associated with poorer results when compared to IM nails with reference to nonunion, malunion, return to work, outcome scores, or time to 
union ,§:40:134,153 

Despite this, there is still a role for nonoperative management in treating adults with tibia shaft fractures. Current relative indications include patients 
with very high anesthetic risk or fractures with excellent initial alignment that will require little or no additional reduction (Fig. 63-7). Relative 
contraindications for closed treatment include anything that prevents effective cast or fracture brace application or any factor that requires operative 
treatment. Closed treatment requires frequent follow-up to check for displacement, so noncompliant patients are less well suited for nonoperative treatment. 
Displaced tibia fractures without a fibula fracture are prone to fall into varus with nonoperative treatment, so these require particular caution and frequent 
monitoring when treated closed. Very proximal or distal fractures that approach the metaphysis can be difficult to maintain in acceptable alignment with 
closed means, so these patterns are also a relative contraindication. Patients at risk for compartment syndrome, particularly ICU patients who cannot provide 
pain information or participate in the physical examination, should be considered carefully as casts and splints can limit access to the limb to evaluate 
swelling of the leg compartments. 

Tibia shaft fractures should only be treated nonoperatively if adequate alignment can be obtained with closed reduction (Table 63-3). However, there is 
very little evidence to say how much malalignment is too much.?!" Instead, what is used is a general consensus on threshold values for closed treatment of a 
tibia shaft fracture. These values are based largely on the criteria used by Sarmiento in a series of 1,000 fractures treated with functional bracing,*©° 
discussed below, that demonstrated positive outcomes including a nonunion rate of only 1.1% with only 2.4% failing this treatment because of progressive 
angulation. 

Because of the orientation of the knee and ankle joints, varus or valgus malalignment is thought to be more detrimental than apex anterior or posterior 
alignment as the knee and ankle can compensate for some degree of sagittal plane deformity. Although, despite the commonly held belief that malalignment 
of the tibia will lead to long-term arthritis, no relationship was shown in one long-term follow-up study.”!! Similarly, there is thought to be little threshold 
for rotational malalignment as this would cause a mismatch between the axis of the knee and ankle and impede ambulation. However, humans may 
compensate for rotational lower limb deformities better than previously thought.28° 

There is significant variability in published standards for acceptable angulation, shortening, and rotation of tibia shaft fractures and therefore there is no 
consistent definition of tibia malunion in the literature. This can make comparisons between studies misleading and interpretation of study results 
challenging. Parameters for acceptable alignment of a tibia shaft fracture have not been rigorously tested, nor are the effects of malalignment on long-term 
function well studied. Limited animal and cadaveric data suggest that tibia varus or valgus malalignment of less than 10 degrees does not result in 
significantly abnormal cartilage contact pressures or cartilage degeneration in the ankle or knee.!98268 Although some authors have proposed that even 
small angular deformities of the tibia can result in significant functional losses,'*° this has not been well borne out in the literature. Merchant and Dietz2°° 
have reported data showing no correlation between tibia malunion and subsequent radiographic osteoarthritis or functional change at the knee or ankle. 
Recent level II evidence has shown no significant intermediate-term functional impact secondary to tibia malrotation over 10 degrees.”®° 
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Figure 63-7. A: AP and lateral radiographs showing a distal tibia shaft fracture in adequate alignment. B: The alignment was maint: 
cast. 


TABLE 63-3. Acceptable Malalignment in Tibia Shaft Fractures 


Alignment Parameter Acceptable Malalignment 


Varus <5 degrees 
Valgus <5 degrees 
Apex anterior/posterior <5-10 degrees 
Rotation <0-10 degrees 
Shortening 


<10-12 mm‘ 


“The authors’ preferred cutoff for shortening is 5-10 mm, as this represents the approximate shortening that can be well compensated for with an in-shoe lift. 
Techniques 


The initial closed treatment of tibia shaft fractures involves the use of closed reduction maneuvers as required and then the application of a long leg splint or 
cast (Fig. 63-8). Some surgeons perform this procedure under conscious sedation or general anesthesia to promote patient comfort and improve the chances 
of obtaining the best fracture reduction possible. A long leg splint is initially used to control rotation. Soft material that has some capacity to expand, such as 
web roll surrounded by plaster, or bivalving of a fiberglass cast is preferred as these injuries are associated with significant swelling. Circumferential casts, 


splints, and dressings can increase intracompartmental pressure in the presence of swelling and may need to be loosened or removed if there is suspicion of 
a developing compartment syndrome. 


Figure 63-8. A: A well-padded long leg cast has been used for the definitive treatment of a minimally displaced tibia shaft fracture. To correct loss of alignment, the 
cast can be split (B) and a wedge inserted (C) to maintain the new alignment. 


Failure to achieve an adequate initial reduction, as defined in Table 63-2, is an indication for operative treatment or further attempts at closed reduction. 
Unlike nonoperative treatment of humeral shaft fractures, tibia shaft fracture alignment does not tend to improve during nonoperative treatment. Therefore, 
if the initial alignment is not adequate, a change to operative treatment may be indicated. 

Nonoperative treatment of tibia shaft fractures is typically performed with either cast immobilization or functional bracing. Both treatment methods 
involve initial stabilization in a long leg cast or a well-molded splint for 2 to 4 weeks until the soft tissue swelling reduces and callus formation 
begins.?64269 The long leg splint is then changed to a short leg patellar tendon-bearing (PTB) cast (Fig. 63-9) or a fabricated functional brace.?64 The 
advantage of a functional brace over a PTB cast is that it allows ankle motion in addition to knee motion. 

The theory behind how bracing and cast immobilization maintain tibia alignment centers around the hydraulic pressure exerted on the fracture by 


circumferential forces on the noncompressible fluid-based tissues of the leg.?°* Therefore, a tight, well-contoured fit is required for the successful 
maintenance of fracture reduction. Appropriate molding is employed at the time of initial cast or brace application and subsequent adjustments can be made 
by reforming the brace or wedging the cast to correct fracture alignment (see Fig. 63-8). Cast wedging involves making a transverse cut through the cast at 
the level of the fracture on the concave side of the deformity. The reduction is then improved by applying an appropriate angular force to the fracture and 
placing “wedges” into the transverse cut in the cast to support the new reduction. The wedges can be any sturdy thin available material such as a tongue 
depressor. In some cases, a relaxing wedge cut into the cast on the convex side of the deformity is also needed to achieve the desired correction. The wedges 
are then overwrapped with fiberglass at the site of fracture. Although this technique has been shown to work in children,!©? no data exist in adult tibia 
fracture populations. 


Figure 63-9. A patellar tendon-bearing cast. 


A central theory in the nonoperative treatment of tibia fractures is that stimulation of fracture healing occurs through functional activity of the limb.?64 
Therefore, early weight bearing is encouraged and ipsilateral injuries that prevent weight bearing are a relative contraindication to nonoperative treatment of 
the tibia with functional bracing.76+269 


Outcomes 


Although nonoperative treatment of tibia shaft fractures may be less popular today, Sarmiento has published extensively on the topic with his initial 
descriptions of the technique dating back to the 1960s.?65:271 In the largest series published,?”! a retrospective analysis of 1,000 closed tibia shaft fractures 
treated conservatively, Sarmiento reported a nonunion rate of 1.1% with 94% of fractures healing with no more than 12 mm of shortening and 90% with no 
more than 6 degrees of angulation. Average final shortening (4.3 mm) correlated strongly with average initial shortening (2.5 mm) suggesting that fracture 
shortening is not significantly increased by functional bracing and weight bearing. Similarly, this correlation also suggested that improvement in initial 
shortening achieved by closed reduction was not maintained through bracing, and therefore, borderline or unacceptable initial shortening should be viewed 
as a contraindication to conservative treatment. The study was limited by its retrospective nature and a lack of validated outcome scores. However, 
Sarmiento’s work argues that nonoperative treatment of certain tibia shaft fractures is reasonable and should be considered as a viable treatment option. 
Fracture types found to correlate with poorer results following conservative treatment include open fractures, fractures with initial shortening of more 
than 12 mm, and tibia fractures with an intact fibula because of an increased risk of late angular deformity.2”! However, acceptable shortening, angulation, 
and healing times have also been reported with conservative treatment of segmental tibia fractures.?”° 
It should be noted that other authors have not been able to reproduce the positive outcomes of Sarmiento’s work. Limitations in ankle and subtalar 
motion and nonunion rates of up to 40% have been reported®? by others. A systematic review of the literature reported 32% malunion and 4.1% nonunion 
with closed treatment.®? However, many of the other published reports on conservative management describe the technique used in more heterogeneous 
populations including patients with Gustilo type II and III open fractures.*°-!47:243 Operative treatment has been recommended for spiral fractures with 
initial displacement greater than 50%.“4 However, data from Toivanen et al.79° have shown that a cutoff of 30% initial displacement is more appropriate. 
Although Sarmiento has shown successful treatment of grade I open tibia fractures with debridement followed by functional bracing,”°*7! the vast 
majority of the literature does not support the routine use of conservative treatment for open fractures of the tibia.!!147-187243 When compared to operative 
treatment, it has been associated with a longer time to union,!! higher rates of nonunion (9.9-21%),®!8” malunion (4.3%),®* and soft tissue complications 
such as skin necrosis and infection (15%).!4” In addition, the effectiveness of the cast or brace may be hindered by an inability to apply it with sufficient 
circumferential compression because of soft tissue damage, and application of a cast or brace makes regular monitoring of the soft tissues very difficult.?68 
The most compelling outcome data against closed treatment of tibia fractures come from studies comparing closed treatment to IM nail fixation. A 
retrospective cohort study*® and several randomized controlled trials (RCTs) comparing the outcomes of nonoperative treatment versus IM nail 
fixation® +53 favored nail fixation over closed treatment. In 1998, Littenberg et al. published a meta-analysis comparing conservative treatment to plating 
and IM nail fixation for closed tibia shaft fractures. Reported rates of nonunion with nonoperative treatment (0—13%) were comparable to those for 


operative treatment, but the most significant difference found was an odds ratio of 0.21 for time to union longer than 20 weeks when nonoperative treatment 
was compared to surgical fixation. 187 

A systematic review of the literature analyzing 13 RCTs demonstrated that closed treatment had higher rates of nonunion, malunion, and infection than 
operative treatment with plates or nails.°* However, it should be noted that reoperation rates with operative treatment ranged from 4.7% to 23.1% depending 
on the study.°* An economic analysis? suggests that closed treatment offers no advantages over nail fixation in terms of cost to a single payer or from a 
societal perspective. The societal costs are driven by the longer time off from work that is associated with nonoperative treatment. 


OPERATIVE TREATMENT OF TIBIA SHAFT FRACTURES 


Indications/Contraindications 


Indications for operative treatment are discussed in the previous section and include failure to obtain adequate closed reduction, open fracture, vascular 
injury, a soft tissue envelope that precludes cast application, a patient who is too unreliable for closed treatment, and patient preference to not have a cast. 
The appeal of immediate knee and ankle motion with less frequent follow-up, often coupled with immediately being allowed to bear weight makes tibia 
nailing desirable to many patients and clinicians. In addition, the outcomes of RCTs have favored operative fixation over closed treatment in terms of 
nonunion, malunion, complications, and time to return to work. Operative treatment is currently the preferred treatment for most displaced tibia shaft 
fractures, with IM nailing being the most common surgical procedure.*! 


Open Fractures of the Tibia Diaphysis 


Open fractures of the tibia diaphysis are the most common lower extremity open fracture.®!37 Detailed discussions of the management of open fractures are 
given in Chapters 16 to 18, but the topic is of particular interest in the tibia where the limited anteromedial soft tissue envelope makes open fractures more 
common than in other locations. Infection and nonunion are more common with open tibia fractures and controversy exists regarding how, or if, definitive 
treatment algorithms should change in the face of an open fracture.78 

Particular issues related to open fractures include the use of antibiotics,~’° the timing of the initial debridemen 
antibiotic delivery devices,?*° the type of irrigation solution,!°°*799 and the type and timing of wound closure.®?® 60:248 There are a host of other issues that 
are of particular interest in open tibia shaft fractures and continue to attract further study. Avoidance of infection and promotion of fracture union remain 
challenges to the clinician in open tibia shaft fractures. In a survey of surgeons, disagreement regarding preferred treatment did not occur until higher-grade 
open fractures were considered with 68% using a nail for type IIIA fractures and only 48% for type IIB fractures. External fixation is more popular for 
higher-grade open fractures although North American surgeons still tend to prefer reamed nails in these cases.*! 

Particular controversy continues regarding the ideal treatment of the most severe open tibia fractures (Fig. 63-10). Although closed and low-grade open 
shaft fractures are typically treated with internal fixation, controversy continues regarding the best treatment of the high-grade injuries rarely seen in civilian 
trauma and more commonly observed in military trauma (Fig. 63-11). Some reports have advocated modern ring fixators for type IIIB or IIC injuries in 
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both civilian!*! and military settings!°® to avoid metal at the fracture site. Clinical evidence has thus far not supported this position. A recent multicenter 
randomized controlled study comparing ringed fixators to IM nailing for high-grade open tibia fractures found no difference in deep infection rate; but did 
find a higher risk of overall complications in the ringed fixator group.!% 


Figure 63-10. A motorcyclist sustained a Gustilo type IIIB fracture. This injury was completely circumferential with gross disruption of all the leg tendons and the 
Achilles tendon. This injury eventually resulted in a below-knee amputation. 
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Figure 63-11. A: Gustilo IIIB tibia shaft fracture with a large open wound and a segmental defect. B: This was initially treated with irrigation and debridement and an 
intramedullary nail. C: An antibiotic-impregnated spacer was also used (shown above in a similar patient). Massive bone grafting was performed 6 weeks later when 
the spacer was removed. 


Intramedullary Nailing of Open Tibia Shaft Fractures 


IM nailing is the most common treatment for open tibia shaft fractures. An international survey indicated that surgeons preferred nail fixation for 96% of 
closed fractures and lower-grade open fractures.*! This practice trend is supported by multiple prospective randomized trials and a systematic review of the 
literature that supports the outcome of nail fixation over closed treatment.®§4194,153,278 

The literature supports irrigation and debridement followed by immediate nailing of lower-grade open tibia fractures!>2 with an overall infection rate of 
3% and union of 89% without further surgery. The large prospective SPRINT trial?! also showed a low infection rate for primary nailing of open tibia 
fractures and demonstrated that reaming appears to be safe in these patients. 

The outcomes of tibia nailing in studies with predominantly higher-grade (“severe IIIA,” IIIB, and IIC) open fractures have not been as positive. The 
large multicenter prospective Lower Extremity Assessment Project (LEAP) study investigated these injuries and found an infection rate of 16% and 
complication rates ranged from 33% to 57%.*° However, other studies have found infection rates as low as 9% in type IIIB fractures.?2* Suprapatellar 
nailing of open fractures does not seem to increase the risk of septic arthritis of the knee when compared to infrapatellar nailing.!°? Controversy continues as 
to the ideal treatment of these mangled extremity patients, but acute tibia nailing is still commonly performed in North America for these injuries.°! 

Open tibial fractures with bone loss are a particularly difficult reconstructive problem. Traditionally, devitalized bone fragments have been removed 
during irrigation and debridement of open tibia fractures to avoid infection. There is some emerging evidence that with appropriate debridement and 
cleaning these pieces of bone might be replaced to avoid the creation of a critical bone defect without increasing the risk of infection.’ 

Low-energy ballistic tibial shaft fractures, while traditionally treated similarly to closed fractures, have received increased attention in recent years due 
to higher-than-expected rates of nonunion and infection.!’>7°9.241 Further study is needed to define the optimal management of this subset of tibial shaft 
fractures, but future management algorithms may converge with those for open tibial shaft fractures. 


Intramedullary Nailing of Open Tibia Shaft Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Allows imaging from knee to ankle 


Position/positioning aids LJ Supine with bump, radiolucent triangle, or foam ramp 


Fluoroscopy location LJ Contralateral or ipsilateral (surgeon preference) 


Equipment Nail set—suprapatellar versus infrapatellar instruments 
Possible reduction aids available: large bone clamps, femoral distractor or external fixator, Schanz pins, 
fixation options for distal fibula in distal tibia patterns 


Tourniquet LJ Typically not used if reaming is planned 


Questions to consider LJ Is the preoperative imaging adequate? 


e Does the fracture involve the knee or ankle joint? 
e Is the fracture too proximal or distal to nail? 
LJ Is the patient appropriate for nailing? 


e Is the canal clear (no total knee arthroplasty [TKA], other implants, previous fracture)? 
e Is the tibia too small for the smallest nail diameter available? Do you have nail lengths appropriate 
for the patient? 
Which surgical approach will you use? 


Is there enough knee range of motion to use an infrapatellar start? 
Is there enough patella—femoral laxity to use a suprapatellar start? 


e Do wounds about the knee, prior incisions, or other fractures that require fixation influence the start 
point? 


One of the main preoperative planning steps critical to tibia nailing is determining whether the fracture pattern is amenable to fixation with a nail. Adequate 
imaging must be obtained to determine that the fracture is not too proximal or distal. Often in proximal or distal fractures, this may require a CT scan in 
addition to x-rays. Simple fracture lines that enter the knee or ankle joint may not preclude nailing, but the surgeon should know of this beforehand so that 
the surgery can be modified as required to address this intra-articular component of the fracture. 

Some surgeons routinely perform CT scans of fractures in the distal one-fourth of the tibia as intra-articular fractures have been observed in up to 43% 
to 69% of cases (see Fig. 63-2), with coronal shear fractures into the posterior malleolus being the most common fracture pattern.7“4 Undisplaced fractures 
can be difficult to appreciate on plain radiographs and 14% of articular involvement is missed.”“* It is advantageous to know about these particular fractures 
prior to surgery so that clamp placement or screw fixation can be performed to avoid displacing the fracture during nailing. 

A second important preoperative consideration is which surgical approach will be used. Currently, both infrapatellar and suprapatellar start points are 
popular. Surgeon preference and experience play an important role as fractures can clearly be nailed through either approach. However, some of the 
procedure instrumentation is different depending on approach, so a decision is typically made prior to surgery. In addition to surgeon preference, there are 
factors that may push a surgeon toward one approach or another. Patients with either a narrow arthritic patellofemoral joint space or limited patellar laxity 
can be difficult to nail from a suprapatellar approach as this technique requires passing and maneuvering a relatively large cannula in this joint space. 
Investigation of the appearance of the patellofemoral joint on the lateral radiograph as well as physical examination can help avoid this problem. Patients 
with limited knee flexion may find it difficult to nail through an infrapatellar approach as many surgeons hyperflex the knee to obtain the appropriate angle 
for the starting wire although infrapatellar nailing is also possible with the knee in a semiextended position. Wounds in either location may bias the choice 
of approach as may other fractures that require fixation. For example, if the patient has an ipsilateral femoral shaft that will be nailed retrograde, an 
infrapatellar approach will allow a single incision to treat both fractures which might be advantageous. 

Further, preoperative considerations include the surgeon ensuring that the canal is not too small for the sizes of nail available. Companies will differ in 
the size of their smallest nail and rare sizes may not be stocked in your hospital. Typical smaller nail diameters are 9 and 8.5 mm. Similarly, patients who 
are significantly shorter or taller than population norms may also require nail lengths not routinely kept in stock. Finally, the surgeon should make sure there 
are no other factors that might make nailing difficult such as a previous tibia fracture that might have caused a significant tibia deformity or obliterated the 
medullary canal making guidewire passage difficult, a TKA, or a large contaminated knee wound. 


Figure 63-12. A typical setup for infrapatellar intramedullary nailing of the tibia with the limb placed over a radiolucent triangle. The C-arm is opposite the affected 
limb and the monitor is at the foot of the bed for ease of viewing by the surgeon. 


Regardless of whether a suprapatellar or infrapatellar approach is planned, tibia nailing is typically performed on a table that allows imaging from the knee 
to the ankle (Fig. 63-12). The patient is placed supine with a bump under the ipsilateral hip to help prevent the natural tendency of the limb to externally 
rotate at the hip. For infrapatellar nailing, a radiolucent triangle is helpful and is placed under the knee. Triangle position can be changed during the 
procedure to allow different degrees of knee flexion. In contrast, suprapatellar nailing and semiextended infrapatellar nailing are often performed with a 
radiolucent foam pad under the leg and a bump behind the knee to create a “semiextended” position (Fig. 63-13). A common difficulty in this semiextended 
position is failing to flex the knee enough which makes it challenging to obtain the proper guidewire trajectory in the sagittal plane. 

Historically, tibia nailing has also been performed effectively on a fracture table.!9’ In this setup, the knee is hyperflexed over a bump, and a traction pin 
can even be used distally to help reduce the fracture. This technique is effective but has become less popular as some studies have raised concerns regarding 
an increased risk of compartment syndrome secondary to elevated intracompartmental pressures during nailing with traction. This effect is thought to be 
related to either traction itself or compression of venous outflow with the knee flexed over a bolster.!°° The clinical significance of this increase in pressure 
during nailing is less clear.!9” 

IM nailing of the tibia uses fluoroscopy throughout the case. The C-arm can be placed either opposite or ipsilateral to the operative limb (see Fig. 63-12) 
depending on surgeon preference. Some surgeons prefer to place the C-arm ipsilaterally to move the base of the machine away from the medial side of the 
leg where the surgeon typically stands to place the medial to lateral interlocking screws. Other surgeons prefer to perform the entire procedure with the C- 
arm base on the contralateral side of the table. A right-handed surgeon may choose to nail standing on the left side of the patient regardless of fracture 
laterality as this allows more comfortable use of the dominant hand. Other factors such as simultaneous upper extremity procedures or operating room setup 
may also influence the most convenient location for the C-arm. 
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Figure 63-13. A: Special cannulae are needed to protect the patella-femoral joint from the reamers. B: The parallel wire guide, or “Gatling gun,” can be used to 
obtain the correct starting point. The semiextended position with the limb supported on a foam ramp facilitates reduction and clamping of a distal tibia fracture (B) as 
well as lateral (B) and anteroposterior (C) C-arm imaging. 


Tourniquets are typically not used for procedures that involve reaming for fear of thermal necrosis, although this has only been described in case 
reports.22:!79.235 The evidence for the association between tourniquet use and thermal necrosis is not strong and thermal necrosis probably occurs as a result 
of reaming small canals up to a much larger size!!°; most North American surgeons do not typically use tourniquets when reaming the tibia.?9 If a 
tourniquet is needed for debridement of an open fracture, the tourniquet can be placed in the sterile field and lower on the thigh so as to reduce the risk of 
the surgeon forgetting that the tourniquet is inflated when it is time to ream the tibia. 


Surgical Approaches 


The suprapatellar approach has gained great popularity in North America. Initially, it was predominantly used for proximal fractures, as the semiextended 
position is thought to cause less extension of the proximal fragment, but now some surgeons use it for the majority of fractures. There have been a number 
of recent studies comparing suprapatellar to infrapatellar nailing. While these studies have not found a consistent difference between suprapatellar and 
infrapatellar nailing in terms of functional outcomes or knee pain, they have found that suprapatellar nailing may be associated with decreased rates of 
malalignment and/or fluoroscopic time.®37:208.275 Concern for damage to the patellofemoral joint cartilage with suprapatellar nailing awaits long-term 
studies, but initial concerns in this regard seem to have lessened over time.'*°.2°°776 Parapatellar approaches also exist that allow semiextended nailing 
without entering the patellofemoral joint. We think it is useful to be familiar with multiple approaches as they each may have relative benefits. Likely, the 
most important factor may be surgeon familiarity with a particular approach and the required instrumentation. 


Infrapatellar Approaches 

Infrapatellar approaches have traditionally been the most commonly used, but this is being challenged by increasing popularity of the suprapatellar 
technique. Described infrapatellar approaches include medial parapatellar, patellar tendon split, and lateral parapatellar. Medial parapatellar approaches have 
traditionally been the most commonly used.?? Both medial and lateral parapatellar approaches can be performed with the knee hyperflexed or in a 
semiextended position. Parapatellar (extra-articular) semiextended nailing typically involves different incision placement than for hyperflexed infrapatellar 
approaches!32.258 and will be covered in more detail at the end of this section. A lateral parapatellar approach is used by some surgeons for proximal 
fractures or in patients in whom preoperative fluoroscopy indicates that the ideal starting point appears to be more easily accessed through this approach. 
Tendon split approaches involve a midline longitudinal splint in the patellar tendon. A typical skin incision for all three of the infrapatellar start points is 
centered over the knee or 1 cm medial or lateral for a medial or lateral parapatellar approach, respectively (Fig. 63-14). The incision starts at the midpoint of 
the patella and runs distally about the same length as the patella. Dissection is continued to identify the medial border of the patella and a longitudinal 
incision is made along its course. The approach should not go into the knee joint but rather remain in the fat pad. 

The typical difficulty with the medial parapatellar approach is obtaining a starting point that is sufficiently lateral as the patella and patellar tendon tend 
to push the starting wire too medial. An overly medial starting point can result in a valgus deformity for proximal tibia fractures (Fig. 63-15). Some patients 
also have anatomy that makes obtaining the ideal starting point through this approach difficult. One advantage of the limited medial parapatellar approach is 
that it can be extended up to a full medial parapatellar approach, which is commonly used for operations such as TKA. This is usually not required but it 
allows for complete subluxation of the patella and straightforward placement of the starting point regardless of the patient’s anatomy. 

An approach that eliminates the difficulty of placing the guidewire far enough lateral with the medial parapatellar tendon approach is the patellar tendon 
split. The incision is brought down to the tendon and a longitudinal split is made in the tendon. Care is taken to protect the tendon at all times during the 


surgery. Some surgeons object to the possible damage the splitting of the patellar tendon might cause whereas others argue that it is of no clinical 
consequence. 

This patellar tendon split approach does present some difficulty in obtaining the ideal starting angle that is most important in proximal tibia fractures as 
it is not possible to translate the patella away from the starting wire when the wire is passing through the patellar tendon. This can make the starting wire 
tend to angle posteriorly, so additional techniques may be needed to address this issue (Fig. 63-16). This is of less consequence in distal fractures but can 
produce an apex anterior deformity in proximal fractures. 


Suprapatellar Approach 


A suprapatellar approach for tibia nailing has gained significant interest, with multiple technique descriptions and studies being published on the 
topic. !7:20:59,76,99, 110,146,258,263,297,326 The incision for suprapatellar approach tibia nailing is made more proximally than for the other approaches beginning 
midline at the superior pole of the patella and proceeding 5 cm proximally (Fig. 63-17). The quadriceps tendon is split longitudinally, and the knee joint is 
entered from above. Specialized trocars are used that protect the patellofemoral joint from the guidewires, reamers, and nail insertion. 

The proposed advantages of the approach are the technical ease in obtaining the starting point, the ease of obtaining AP fluoroscopic images with the 
knee less flexed, and the relative ease of obtaining fracture reduction with the leg supported on foam throughout the case. Initially, it was also reported that 
the suprapatellar approach was associated with less knee pain than infrapatellar approaches, but later and appropriately powered studies have shown no 
difference.2%758.263.297 Jt was also initially believed that the semiextended position used for suprapatellar nailing was mostly of benefit when nailing 
proximal fractures!®°; however, additional evidence has emerged showing it may improve the alignment of distal fractures as well. 17:299 
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Figure 63-14. A: A midline incision is made centered over the inferior pole of the patell 
is inserted (C). 
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a. An incision is then made medial to the patellar tendon (B) and a guidewire 
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Figure 63-15. If the starting point is too medial (A), reaming creates an oblique proximal channel in the bone that induces a valgus deformity once the nail is placed 
(B). C: Subsequent placement of a blocking screw and reaming a correct path correct the deformity. The screw should be placed where you want the nail “not to be,” 
which is often at the concave side of the deformity near the fracture, but note that panel C gives an example of convex placement of a blocking screw at a distance from 
the fracture. 


Some clinicians believe that although the AP start point and angle are easier to obtain using a suprapatellar approach, the lateral start point and angle can 
be very difficult depending on the geometry and laxity of the patellofemoral joint. Another concern about the suprapatellar approach involves cannula 
damage to the patellofemoral joint which a cadaveric study showed to occur in about one-third of cases.3? However, this has not been born out clinically in 
the available short-term studies using follow-up arthroscopy, MRI, and functional outcomes.*® There is also concern about converting a procedure that was 
outside the knee joint into one that traverses the knee joint. The theoretical risk is an increase in knee septic arthritis associated with surgical site infection, 
although available studies suggest this may also be unfounded. 194-215 
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16. If the starting guidewire is angled too far posteriorly (A), the initial reamer can be passed for a short distance (B), and the angle corrected using a 
curved hand reamer (C, D). 
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Figure 63-17. A: Typical setup for the suprapatellar approach for tibia nailing (AO). B: A small incision above the patella is used and the quadriceps tendon is split. 


Semiextended Parapatellar Approaches 


For those who have concerns regarding the safety of suprapatellar nailing, the benefits of having the knee in a semiextended position—including better 
support of the unstable limb and easier fluoroscopy—can also be obtained using either a lateral or medial extra-articular parapatellar approach. 13? These 
typically involve a more proximal skin incision adjacent to the mid or proximal patella. The knee retinaculum is opened superficially and the patella is 
subluxated to allow the desired trajectory of the guidewire, but the synovium is not entered. 


Technique 


Intramedullary Nailing of Open Tibia Shaft Fractures: 
KEY SURGICAL STEPS 


Approach (see text) 

Place starting wire at appropriate starting point and angle 
Place opening reamer over starting wire 

Remove starting guidewire 

Reduce fracture 

Pass ball-tipped guidewire to center—center position in ankle 
Ream to 1.5 mm greater than nail while keeping fracture reduced 
Lock distally and proximally through the nail 

Confirm interlocking screws are through the nail 

Close wounds 

Postoperative radiographs to confirm alignment 


The patient is positioned supine and one of the surgical approaches described above is chosen. A starting guidewire is placed at the starting point. 
Regardless of the surgical approach used, the ideal starting point is just medial to the lateral tibia spine (Figs. 63-18 and 63-19). Care should be taken that 
this is determined from a true AP radiograph as the amount of tibia rotation has been shown to affect the appearance of the guidewire location by as much as 
15 mm (Fig. 63-20).2°” Therefore, it is important that a “true” AP of the knee is used to determine the starting point. This view should be obtained by 
ensuring that the fibula is bisected by the lateral aspect of the tibia at the joint.??” Modern nails have a proximal bend such that the ideal starting point is 
located between the joint line and the tibia tubercle (see Figs. 63-18 and 63-19). Care should be taken not to place the starting point too proximal where it 
risks damage to the menisci or too distal where the tibia tubercle could be reamed away. 

Once the starting point is correctly determined, the starting wire must be advanced in the appropriate trajectory. In the coronal plane (AP view), this is in 
line with the longitudinal axis of the tibia, and in the sagittal plane (lateral view), it is in line with the anterior tibia cortex (see Fig. 63-19). The angle of this 
starting wire is crucial and if incorrect will cause deformity for proximal fractures. The technique to obtain adequate alignment in the sagittal plane varies by 
surgical approach. For infrapatellar starts, obtain the appropriate starting point with knee flexed a moderate amount. The knee is then hyperflexed over the 
radiolucent triangle and the starting wire can be advanced along a trajectory parallel to the anterior cortex. In contrast, for suprapatellar nailing, a parallel 
wire guide or “Gatling gun” may be helpful to get a satisfactory starting point and alignment in the sagittal plane as there is a limit to how much the knee 
can be flexed (Fig. 63-21). Another trick is to remove the cannula while positioning the wire as this makes it easier to position the wire with the correct start 
point and angle. Care should be taken when the cannula is replaced carefully prior to proceeding with reaming. 
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e 63-18. A: A diagram demonstrating that the correct starting point for a tibia nail is medial to the lateral tibia spine on the AP radiograph and just anterior to the 
iatera] surface on the lateral radiograph. B: The correct nail starting point is anterior to the important structures in the knee. 


igur 9. AP (A) and lateral (B) radiographs of the knee demonstrating the placement of a starting wire using an infrapatellar approach. The starting wire should 
be just medial to the lateral spine on a true AP radiograph of the knee as demonstrated by the lateral border of the tibia plateau bisecting the fibula diaphysis. The 
lateral starting point is just off the articular surface and should parallel the anterior surface of the tibia. This wire placement is aimed slightly posterior and would be 
acceptable for distal fracture patterns but might be less ideal for a very proximal pattern. 


Once the starting wire has been placed in the correct position and alignment, an entry reamer is used to open a path through the proximal tibia 
metaphysis. Care must be taken to protect the patellar tendon during this step if using an infrapatellar approach and the patellofemoral joint when using a 
suprapatellar approach. Specifically designed soft tissue protectors or retractors are available in nail sets for this purpose. There is a tendency for the starting 
wire to be angled too far posterior with either approach and additional corrections may be necessary (see 63-16). The suprapatellar approach is less 
often affected with this issue, but instead, it can be difficult to get the start point proximal enough. Use of a parallel wire guide, or “Gatling gun,” can help 
overcome this issue (see ; D). Alternatively, a bump can be placed preferentially under the proximal tibia (not under the knee or distal femur) to 
allow a slight anterior shift of the tibia with respect to the trochlea and suprapatellar cannula to allow a more proximal wire positioning. In the event that a 
tight patellofemoral joint limits positioning of the suprapatellar guide and therefore the starting wire in the coronal plane, pulling the guide backward 
slightly may be helpful. This will allow greater freedom under the patellar tendon in the front of the knee while still protecting the joint cartilage. The 
Gatling gun parallel guide can also be used to medialize or lateralize the pin position if needed. If the fracture is in the diaphysis or distal tibia, these issues 
may be less important, but for proximal fractures, a starting guidewire trajectory that is too posterior will induce an apex anterior deformity once the nail is 
passed into the tibia. 

After the entry reamer has been passed, a ball-tipped guidewire is placed into the canal. Typically, a small bend is created in the distal few centimeters 
of the guidewire using pliers or a similar instrument. Larger bends will allow for more control, to change the position of the wire, and will facilitate the 
passage of the wire across the fracture site. However, large bends can make it more difficult to get the wire out of the nail and limit the distal extent of 
reaming as most flexible reamers will not pass the bend in the wire.*°” This last point can be very important for distal fractures with limited bone stock as 


your goal is to place the nail as distal as possible. 
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Figure 6 - The three images in A-C were all taken with the guidewire in exactly the same position and orientation. However, the C-arm was rotated differently in 
each image to give different-angled views of the knee. This demonstrates the importance of obtaining a true AP radiograph to determine the proper starting point. The 
leg often lies in external rotation at the hip, causing the starting point to appear more lateral than it actually is. 
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Figure 63-21. The suprapatellar start point uses cannulae to protect the patellofemoral joint during tibia nailing. A: The AP starting point and wire angle are typically 
easy to obtain, but the lateral can be difficult. B, C: If the knee is not flexed enough, the wire is angled too far posterior. Too much knee flexion can make the start 
point too distal. A Gatling gun (C, D) allows for more proximal starting point placement and more knee flexion to obtain the proper start point and trajectory (E). 


The guidewire is passed from proximal to the fracture to distal to the fracture. This step is usually trivial in open fractures as the surgeon has direct 
access to the fracture, but it can be more challenging in closed fractures. There are a number of techniques to facilitate closed reduction of the fracture to 
allow passage of the wire. By rotating the guidewire, the direction of its advancement can be controlled because of the bend in the distal guidewire. Once 
the wire has passed across the fracture site, it is placed distally at about the level of the physeal scar in an appropriate position on both AP and lateral 
imaging (F 22). The ideal distal guidewire/nail position for minimizing malreduction is an area of active research, but recent cadaveric, radiographic 
and clinical studies have found that for most patients the optimal nail endpoint is lateral to the center of the plafond on the AP image and centered (or 
possibly slightly posterior) in the plafond on the lateral image.46:47-232, 

Once the wire is in place, the nail length can be measured. A nail length shorter than the measured length is selected. 


Reaming of the IM canal is typically used for closed fractures as it allows the insertion of a larger nail and promotes healing?>104:281,318 without adding 
much time to the procedure. There has historically been a concern with reaming open fractures as the reaming temporarily damages the endosteal blood 
supply and the periosteal blood supply may have also been damaged as a result of the open fracture. A large prospective RCT on this issue has shown little 
difference between the outcomes of these two techniques with a slight edge toward reamed nailing.84148:281 Our centers ream all nails regardless of open or 
closed status, but worldwide, there is variation between surgeons.”9 

The reamers are passed over the guidewire, but care must be made to not damage structures proximal to the bone regardless of which approach is being 
used. For infrapatellar approaches, the patellar tendon is at risk, while the patellofemoral joint can easily be damaged in a suprapatellar approach if care is 
not taken with the trochars. Reaming typically starts at 9.0 or 9.5 mm and progresses in increments of 0.5 or 1 mm. The smallest reamers in most sets are 
both end cutting and side cutting, meaning they clear bone in the forward direction and on the sides. Many surgeons chose to make the first reaming pass 
with an end cutter to open a path through the metaphyseal bone both proximally and distally. The larger reamers in a set cut only on the sides; therefore, 
they widen the medullary canal but do not remove bone in the forward direction. Although modern reamers rarely come loose from the reaming shaft or 
become incarcerated in the bone, if this happens, the ball tip on the wire allows the reamer to be tapped out. Serial reaming is typically progressed to 1.5 
mm greater than the nail size. Once some “chatter” is noted, reaming is adequate. It is important to know what diameter nails are available for the system 
you are using, as well as how the size of the interlocking bolts is affected by nail diameter. Most systems have nail diameters down to 8.5 or 9 mm, and 
humeral nails exist that are even smaller and have a contour that can be used reasonably in the tibia, although of course these nails are not designed for this 
application. The holes machined in the nail for the interlocking screws are not made larger than half the nail diameter to prevent excess weakening of the 
nail. For this reason, some companies’ smaller nails have smaller interlock screw diameters. This is an important factor to consider since the “life” of the 
fixation construct is likely limited by the strength, and therefore diameter, of the interlocking screws. 


Figure 63-22. The guidewire should be centered on both the AP (A) and lateral views (B). C, D: This is particularly important for distal fractures to prevent 
angulation once the nail is passed. 


The nail will follow the path reamed for it, so care should be taken while reaming to keep the fracture well reduced to avoid eccentric reaming that leads 
to malalignment once the nail is passed. Techniques for reduction of proximal and distal fractures are outlined in the above key surgical steps table. After 
reaming, the nail is passed into the tibia over the guidewire. 

Proximal interlocking screws are placed through a guide arm, typically transverse from medial to lateral or oblique from either anterolateral or 
anteromedial start points. Remember to remove the guidewire before attempting to place the interlocking screws as this will prevent screw placement. More 
proximal fracture patterns should have multiple interlocking screws placed to prevent loss of reduction and improve mechanical stability!°+!7°>!6 with at 
least three being ideal for the most proximal patterns.!*° Some modern nails do not use medial and lateral interlocking screws but instead use obliquely 
placed screws. If this is the case, any anteromedial to posterolateral directed screw should be placed with care as damage to the common peroneal nerve, as 
it passes around the proximal fibula, can occur. 

Distal interlocking screws are placed free hand using a C-arm and the so-called perfect circles technique (Fig. 63-23). Recently, a nail system has 
emerged that uses a computer-guided technique for distal interlocking without fluoroscopy but this system awaits validation. Fluoroscopy should be used to 
confirm that all interlocking screws pass correctly through the nail, particularly those interlocking screws that have been placed with a free-hand technique. 
Care must be taken in placing anterior to posterior distal interlocks for tibial nails. Percutaneous placement of these screws places the anterior tendons 
(tibialis anterior and extensor hallucis longus) and neurovascular bundle (anterior tibial artery, deep peroneal nerve) at high risk of injury.2!° Therefore a 
mini-open approach, large enough to define and protect relevant anatomy, is advisable. 

Tibial rotation should be checked before and after interlocking. This is primarily determined by physical exam but can also be checked fluoroscopically. 
If the fibula fracture is simple malreduction of the fibula may indicate rotational error of the tibia as the rotational axis of the two bones differs. 
Additionally, the rotational angle between a perfect lateral fluoroscopic image of the knee and a mortise view of the ankle can be checked on the 
contralateral side and used for a rotational template on the operative side (variations of this technique with different landmarks are also described).?°° 
Interestingly, CT analysis of normal population controls has found a fair amount of side-to-side difference in tibial rotation within individuals.°*1°° One 
study found that 12.3% of individuals have a rotational difference of more than 10 degrees between their tibias, which is similar to values observed in 
femoral malrotational differences.1°° 

This distal fracture patterns should have two or more interlocking screws to increase stability and decrease the risk of loss of reduction or nonunion. 
Unlike femoral nailing where static locking is routinely used, there is some controversy regarding whether dynamic locking may be advantageous in tibia 
nailing. There is some recent biomechanical evidence in nails for “angle stable” interlocking!!®:288.306 for proximal or distal fractures that are more difficult 
to maintain reduction, but this technique has yet to be verified clinically. 

Distraction at the fracture site is undesirable in tibia shaft fractures because it is thought to lead to increased risk of nonunion.?°! In axially stable 
fracture patterns, compression can be obtained at the fracture site by locking the nail distally first and then “back slapping” the nail to compress the fracture 
site before locking proximally. Some nail systems also have an internal compression device for this same purpose. “Forward slapping” a proximally locked 
nail can require more effort to obtain compression presumably because the tip of the nail encounters resistance from the unreamed distal tibia metaphysis. 
Once the hardware is in place, sterile radiographs of the entire length of the tibia can be obtained while closing to make sure the alignment is adequate. The 
wounds are then closed in a standard fashion. 
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Postoperative Care 


There is variation in postoperative care. There is an argument to place patients who will not be weight bearing immediately in a postoperative splint with the 
ankle in a neutral position to prevent the development of ankle equinus. Splinting the ankle in a near-neutral position may also reduce intracompartmental 
pressures?!! and therefore lessen the likelihood of postoperative compartment syndrome. Many surgeons do not use postoperative splints or braces, but if 
they are used, patients are converted from the splint into a removable boot somewhere between the first postoperative day and the first follow-up visit. The 
boot is generally discarded once weight bearing has started to normalize leg length. Exercises to encourage knee and ankle range of motion should be 
initiated as soon as possible. 

Weight bearing is determined by the axial stability of the fracture pattern and varies based on surgeon preference. If there is good axial stability as seen 
in noncomminuted shaft fracture patterns, then immediate weight bearing as tolerated is usually instituted and has been shown to be safe.!‘° Weight bearing 
is often limited to partial weight bearing or nonweight bearing for 6 weeks for highly comminuted patterns, or for fractures that are very proximal or distal 
where the nail has less mechanical advantage in controlling loss of reduction. There is evidence that, at least for extra-articular distal tibial fractures, 
immediate weight bearing as tolerated after IM nailing does not result in secondary displacement.?° 

Patients are typically seen at 2, 6, 12, 26, and 52 weeks from the time of surgery or at least until the fracture shows good clinical healing. Radiographs 
are obtained at each visit after the initial visit. Patients with very proximal or distal fracture patterns may benefit from radiographs at the 2-week mark or 
more frequent early follow-up as these fracture patterns can lose reduction in the early healing phase. 

Closed fractures can be expected to demonstrate radiographic and clinical evidence of healing in the 3- to 6-month time frame. An analysis of clinical 
union as it related to the Tscherne classification of closed fractures (see Fig. 63-4) showed that Tscherne CO fractures united in 12.5 weeks on average 
compared with 23.7 weeks for C3 fractures.”? The healing time is delayed in patients with open fractures, compartment syndrome, or diabetes and in 
smokers. Patients who demonstrate no evidence of healing early on should be considered for metabolic bone workup to rule out nutritional or disease- 
related causes. If metabolic studies are normal, bone grafting or construct dynamization may be considered. Fractures typically heal with fracture callus 
regardless of fracture pattern (see Fig. 63-1). 


screen. B: The drill tip is placed in the center of the circle and drilled along the path of the beam of the C-arm. C: After one cortex is drilled, the location is checked. If 
the tip is not well centered (such as in C, where the tip is slightly posterior and distal), the drill can be angled toward the center of the hole (D) and tapped with a mallet 


through the nail (E). F: The second cortex is drilled and the interlocking screw is placed, and it is confirmed by fluoroscopy that the screw passes through the nail. 
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Figure 63-24. AP (A) and lateral (B) radiographs of a fracture around a long-stemmed total knee arthroplasty. C, D: This was treated by plating. 

Some patients will have symptomatic hardware typically over the interlocking screws. Care should be taken to avoid screws that are too long, 
particularly over the medial aspect of the proximal tibia as these can be very symptomatic. Proximal interlocking screws are usually placed medial to lateral 
to minimize medial soft tissue irritation by the screw tip, but the head of the screw can also be symptomatic. Hardware is typically not removed until there is 
good radiographic and clinical evidence of healing; however, isolated symptomatic interlocking screws can be removed earlier if this does not destabilize 
the construct. 


Midshaft fractures are less commonly plated given the popularity of nails, but the technique can be useful in certain situations. These include cases where 
antegrade nailing is not possible such as a periprosthetic fracture associated with a total knee replacement ( 63-24), a tibia that is too small for a nail, a 
canal that is not patent or is deformed because of a prior fracture, or an ipsilateral tibia plateau fracture making nailing difficult. Some surgeons have argued 
that plating might be better, even for shaft fractures, for patients in whom rotational alignment is critical such as competitive skiers. 

Plating tibial shaft fractures in conjunction with nailing as a reduction aid and/or as supplemental fixation has generally been shown to be a safe and 
effective technique. 1621 


Open Extra-Articular Tibia Fractures 


Definitive plating of open tibia fractures is controversial. It is appealing because a significant exposure is required to debride the bone ends so that much of 
the exposure required to place the plate has already been performed. However, this approach has not become popular because of the risk of infection 
associated with the additional soft tissue stripping near the fracture site associated with plate fixation. 

A systematic review of the literature concluded that the deep infection rate is 11% for acute plating and recommended that it be considered in certain 
circumstances.++4 If plating is chosen for an open fracture, one approach is to initially treat the fracture with an external fixator and undertake definitive 
plating later when the condition of the soft tissues has improved (F 3-25). 

Provisional plating is a viable temporizing technique for 3B open tibial shaft fractures. This can take the place of an external fixator in cases where the 
surgeon prefers to delay definitive fixation until soft tissue coverage.9”*®* In these situations a relatively stiff plate is used to reduce and stabilize the 
fracture between irrigation and debridements. This plate can be replaced with each debridement and ultimately used to facilitate and/or augment later 
nailing. 


Figure 63-25. AP (A) and lateral (B) radiographs of an open distal tibia fracture which was initially debrided and closed and the fracture was kept out to length with a 
temporary external fixator. Posterior plating was performed 2 weeks after injury through a posterolateral approach once the traumatic wound had healed adequately. 


Preoperative Planning 


Plate Fixation of Extra-Articular Tibia Fractures: 


i /| PREOPERATIVE PLANNING CHECKLIST 


wy 
OR table LJ Allows imaging from knee to ankle 
Position/positioning aids LJ Supine with bump 
Fluoroscopy location LJ Contralateral 
Equipment Plate set of adequate length, typically 4.5 mm for diaphysis and 3.5 mm precontoured for periarticular 


Plate bender if plate not precontoured for tibia 
Possible reduction aids available: large bone clamps, femoral distractor, or external fixator set, Schanz pins 


Tourniquet LJ Nonsterile 


Preoperative planning involves evaluation of the patient’s soft tissues to make sure that they are appropriate for plate fixation. Wounds, fracture blisters, and 
previous surgery or trauma may be relative contraindications to plate fixation. Surgical planning should include making sure that the appropriate plate is 
available. This can be determined by measuring the preoperative radiographs. Reduction aids such as clamps and a femoral distractor are often useful, as are 


plate benders even for precontoured plates that may not fit a particular patient’s anatomy. An appropriate table and fluoroscopy are both necessary. 

Some surgeons trace out the fracture and plan the exact location of the screws preoperatively using a template. More commonly with extra-articular 
fractures, surgeons at least determine a strategy for fracture reduction and fixation. This involves deciding on the approach, to determine if a minimally 
invasive or more traditional open approach is required, and the type of fixation. Fixation strategies are detailed elsewhere, but the surgeon should decide 
preoperatively if the plan is to reduce all bone fragments perfectly (see 3-24), to achieve primary bone healing, or simply to restore length and rotation 
with the goal being secondary bone healing (F 63-25 to 63-27). Caution should be exercised when attempting to achieve secondary bone healing with 
simple fracture patterns as these simple patterns are thought to be better treated with direct anatomic reduction of the fracture. 


A 3 B 


Figure 63-26. AP (A) and lateral (B) radiographs of a distal tibia fracture treated by a medial plate inserted through a percutaneous approach. 


7. A: AP radiographs of anterolateral plating used to treat a distal tibia fracture associated with lateral displacement on the initial radiograph. Tibia 
fixation can be performed with or without (B) fibula fixation. 


Positioning 

Open reduction and internal fixation of tibia fractures are typically performed using a setup that is similar to semiextended or suprapatellar tibia nailing (see 
). The patient is positioned supine with a bump under the contralateral hip on a table that allows imaging from the knee to the ankle. Radiolucent 

foam can be placed under the operative leg to facilitate lateral radiographic imaging. Soft bumps and a femoral distractor or external fixator should be 

available as these are helpful, particularly if the reduction is to be obtained through indirect means. A C-arm is typically placed on the contralateral side of 

the table for the more commonly performed lateral plating, but may be more conveniently located on the ipsilateral side of the table for medial plating. An 

unsterile tourniquet can be used. 


Surgical Approaches 


Preserving soft tissue attachments and therefore the vascular supply to the tibia are of particular importance when plating tibia fractures. Poor outcomes in 
some initial series have been attributed to approaches that stripped too much soft tissue and devitalized the bone. Inappropriate approaches with excessive 
soft tissue stripping are associated with a higher incidence of infection and nonunion. 

Modern plating techniques rely on more minimally invasive approaches, often using smaller skin incisions*®*.5>.27649.319 than those used initially, and 
are associated with better outcomes. Regardless of the size of the skin incision, care should be taken to preserve soft tissue attachments, and periosteal 
stripping should be avoided whenever possible. Percutaneous techniques are now commonly employed for anterolateral approaches to the tibia where the 
plate is slid through relatively small incisions and screws are placed through small stab incisions (F 3-28). Care should be taken when placing screws 
through lateral distal percutaneous incisions as the superficial peroneal nerve is at risk ( 3-29).°" Open approaches to the fracture with direct 


visualization and reduction of simple fracture configurations are still used, but particular care must still be made to preserve soft tissue attachments. 

Midshaft and distal tibia fractures can be plated through three approaches, these being the medial (Fig. 63-30), anterolateral (see Fig. 63-27), or posterior 
(see Fig. 63-25) approaches. 

Medial approaches have the advantage of directly exposing the tibia without any risk of neurovascular damage except to the saphenous nerve, but 
problems can arise if there is wound breakdown as there is no deep, soft tissue cover on the medial tibia. Medial approaches are commonly used for distal 
fractures using a limited incision that is either directly in line with the tibia or a curvilinear incision to avoid plate exposure if the wound breaks down. 

Lateral approaches to the tibia diaphysis have the advantage of providing better soft tissue cover for the plate. If lateral wounds breakdown, a skin graft 
might be possible instead of a muscle flap. Distal tibia fractures can be treated with a small anterior or anterolateral approach and then sliding the plate up 
percutaneously on the lateral side of the tibia. The proximal screws can be placed with a combination of a proximal lateral incision and small stab incisions. 

A third approach for tibia shaft plating is the posterolateral approach (see Fig. 63-25). This is typically performed with the patient prone but can be done 
with the patient in a lateral position. It uses the interval between the peroneal muscles in the lateral compartment and flexor hallucis longus in the deep 
posterior compartment. Excellent exposure of the distal three-fourths of the tibia can be obtained, but proximal exposure is limited by the takeoff of the 
anterior tibia artery near the knee. This exposure provides an excellent soft tissue envelope over the plate and also allows for plating of the fibula through 
the same skin incision. This approach does not allow percutaneous insertion of the plate as this must be done with a full open exposure. 

Proximal fractures that are plated are typically approached through a limited anterolateral incision that is similar to that employed for lateral tibia plateau 
fractures (see Figs. 63-24 and 63-28). This incision allows elevation of the anterior compartment muscles so that a submuscular plate may be slid 
percutaneously from the lateral side. Medial plating is also a possibility for proximal fractures but is less commonly used. As has already been discussed, the 
posterior approach should not be used for proximal fractures. 


F| D, E 

r . Percutaneous plate fixation of an extra-articular proximal tibia fracture. A: A femoral distractor and a percutaneous clamp can help reduce the fracture. 

B, C: A siall lateral incision and small percutaneous incisions are used for plate and screw insertion. A larger distal incision must be used if the plate approaches the 
level of the superficial peroneal nerve. D, E: Postoperative radiographs demonstrate adequate bone length and alignment. 


Figure 63-29. Longitudinal anatomy of neurovascular structures and their proximity to the distal holes. 


Figure 63-30. A, B: Percutaneous or open plating can be performed for midshaft tibia fractures. Plating in open tibia fractures is often associated with poor outcomes, 
but in this case, plating was performed because intramedullary nailing was contraindicated because the patient developed fat embolism syndrome prior to the 
procedure. C, D: Images 11 months after plating. 


Technique 


KEY SURGICAL STEPS 


/ | Plate Fixation of Extra-Articular Tibia Fractures: 


Expose tibia diaphysis (see above) 

Take care to protect soft tissue attachments 

Reduce fracture either directly or indirectly 

Direct reduction. Use lag screw if fracture is simple and of sufficient obliquity 
Indirect reduction. Consider femoral distractor to restore length and alignment 
Apply long plate with appropriate contour 

Provisional K-wires may be used 

Check reduction and plate placement with fluoroscopy 

Place screws into plate 

Radiographs to confirm alignment 

Close wound 


As with plating of any fracture, there are a number of decisions that the surgeon must make. The surgeon must first choose one of the surgical approaches 
described above. Next, it is important to choose a healing mechanism, either primary or secondary bone healing, as this guides the choice of fixation 
construct and reduction techniques. A decision must also be made as to whether reduction is to be direct or indirect and whether the plate is to be placed 
using an open or percutaneous technique. Further information about these principles is contained in Chapter 12. 

Precontoured plates, often with an option for locking fixation, now exist to facilitate plating of proximal and distal tibia fractures through a variety of 
surgical approaches. Comminuted fracture patterns are typically treated with a medial (see Fig. 63-30) or anterolateral plate (see Fig. 63-27), indirect 
reduction, and percutaneous plate insertion with no exposure of the fracture site. A femoral distractor or external fixator (Fig. 63-31) may be very useful in 
these cases to restore length and alignment. Screws can be placed percutaneously either using a guide arm for some plate systems, or using fluoroscopy with 
a technique that is similar to freehand placement of interlocking bolts through a nail. 

Simple tibia fracture patterns are more typically treated with direct reduction and lag screws, followed by plating through a larger skin incision since a 
larger incision is needed for the direct reduction of the fracture site. The fracture ends are typically well cleared of hematoma and debris to allow an 
anatomic reduction that is typically facilitated with clamp application. After a lag screw is placed, a plate is placed to neutralize the torque around the lag 
screw. 

As with plating of other fractures, plates for the tibia now tend to be longer (see Figs. 63-24, 63-25, and 63-28) and fewer screws are used than in 
previous studies. Proximal and distal fractures may employ locking screws in the metaphysis to provide resistance to angular collapse of the fracture. For 
healthy bone, nonlocking screws are adequate for the diaphysis but for poor bone, locking screws should be considered. 


A a] B 
Figure 63-31. A temporary external fixator (A) can be used to maintain fracture reduction when nailing a tibia shaft fracture (B). This use of an external fixator is 
sometimes referred to as “traveling traction.” 


Postoperatively, patients are usually placed in a splint with the ankle in a neutral position for midshaft or distal fracture patterns to prevent an equinus 
contracture and perhaps to reduce compartment pressures.*!! A splint or a knee brace may be employed for more proximal fractures. Management of the 
splint is similar to that for tibia nails as previously discussed. 

Weight bearing varies by surgeon preference but is often limited to nonweight bearing or partial weight bearing for 6 to 12 weeks for highly 
comminuted patterns treated with bridge plating, or for fractures that are very proximal or distal. Weight bearing can be initiated earlier for simpler fracture 
patterns that are treated with anatomic reduction and rigid fixation. 

Patients are typically reviewed at 2, 6, 12, 26, and 52 weeks from the time of surgery. Radiographs are obtained at each review after the 2-week review. 
Patients with very proximal or distal fracture patterns may benefit from radiographs at 2 weeks or more frequently. Early follow-up as these fractures can 
lose reduction in the early healing phase. 

As with IM nails, closed fractures can be expected to demonstrate radiographic and clinical evidence of healing in 3 to 6 months, although fracture 
callus may not appear in fractures treated with anatomic reduction aimed at primary bone healing. Fractures typically heal with callus if a bridge plating 
technique was used (see Figs. 63-26, 63-27, and 63-30), or without callus if a strategy aimed at primary bone healing was used. As with tibia nails, expect 
the healing time to be delayed in patients with open fractures, compartment syndrome, or diabetes, and in smokers. Patients who demonstrate no evidence of 
healing or who have defects associated with open fractures (see Fig. 63-30) may require bone grafting. With the exception of proximal fractures, this can 
usually be done through a posterolateral approach. 

Some patients will have symptoms of hardware irritation over the plate or tips of the screws. Care should be taken to avoid inserting screws that are too 
long, particularly over the medial aspect of the proximal tibia as these are often symptomatic. Hardware should not be removed until there is good 
radiographic and clinical evidence of healing and usually not before at least a year as union can be slow. 


External Fixation of Tibia Shaft Fractures 


External fixation of tibia shaft fractures has been used for over 100 years, but interest in the use of modern ring fixators has been increasing (Fig. 63- 
32),90-141,156,246,308 particularly for high-grade open fractures. Modern fixators can adjust fracture alignment over time and allow early weight bearing for 
most fracture patterns, which was not true of unilateral frames that were used previously. Ring fixators are therefore thought to be less susceptible to the 
problems associated with malunion that were identified in the past when definitive treatment of tibia fractures was undertaken with unilateral frames and 
malunion rates of 39% to 48% were recorded.”!!3! 

The definitive use of external fixation for fracture fixation is associated with high rates of pin-tract infection. These rates can be greater than 100% as 
some patients have more than one infection. Although most infections can be treated with oral antibiotics, intravenous antibiotics and removal of pins are 
sometimes necessary. In addition, frames require more intensive postoperative management than is required with internal fixation. However, modern frames 
that are simpler to apply than the Ilizarov frame may broaden the appeal of external fixation. 

Although external fixation is rarely used for the definitive fixation of closed tibia shaft fractures, it can be used to allow soft tissue swelling resolution 


before plate fixation. The temporary external fixator is applied and removed later when the swelling and fracture blisters have resolved to allow definitive 
plate fixation. This technique may be particularly useful for open fractures that are to be plated as it allows the open wound to heal without exposing any 
hardware to potential wound breakdown (see Fig. 63-25). Temporary external fixation is also used by some surgeons before nailing in patients who need to 
undergo multiple operative debridements. When used in these patients, the temporary external fixator provides stability to the fractures and soft tissues 
between surgeries, facilitates repeat access to the bone for serial debridement, and avoids internal hardware until the wound condition is optimized. As noted 
previously, provisional plating can be used in this setting as an alternative to external fixator placement. 

External fixation is also sometimes performed prior to tibia nailing in patients who require to be treated by a damage control approach after trauma and 
in whom it is contraindicated to use a temporary splint (Fig. 63-33). There is emerging evidence that tibial nailing, like femoral nailing, may cause a 
significant physiologic second hit to polytraumatized patients by intravasating marrow contents.!”° Temporizing tibial shaft fractures with a splint or an 
external fixator in the most severely injured patients may help avoid physiologic decompensation.!”63!3 Damage control surgery is discussed further in 
Chapter 15. 

The length of time after which conversion of primary external fixation to secondary nailing is associated with an unacceptable infection rate is unknown, 
but many clinicians are unwilling to nail a tibia that has been treated with an external fixator for 2 weeks or more. If a frame has been on longer than 2 
weeks, some surgeons will either treat the patient definitively with a ring fixator or remove the temporary external fixator to allow a “pin holiday” prior to 
definitive hardware placement. 


Open Tibia Fractures 


The use of ring fixators for severe Gustilo type IIA, IIIB, and IIIC open fractures, particularly if they have a bone defect, has some theoretical rationale as 
the infection rate with internal fixation is often relatively high.!4!156398 The argument for external fixation as definitive treatment of severe open tibia 
fractures is based on avoidance of metal at the fracture site. Surgery in general is typically associated with increased infection rates when metal is introduced 
because bacteria form a biofilm on any metallic surface and internal fixation used for severe open tibia fractures is no exception. 

The use of modern ring external fixators in open fractures associated with considerable bone loss is an option (Fig. 63-34).!41246 In these cases, the bone 
defect can be filled with bone graft as it would be with internal fixation or, alternatively, the tibia is osteotomized at another level and distraction 
osteogenesis is used to fill in the defect. This technique may have the advantage of having a lower infection risk and it has the advantage of forming bone at 
a site distant to the traumatic wound. 


F 


2. A complex tibia shaft fracture with proximal extension and compartment syndrome (A, B) was treated definitively with a ring external fixator (C, D). 
E, F: The ring was removed around 8 months after injury. 


Figure 63-33. A spanning external fixation frame used for the acute management of a type IIIB open proximal tibia shaft fracture. 
Preoperative Planning 


External Fixation of Tibia Shaft Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Allows imaging from knee to ankle 
Position/positioning aids LJ Supine with bump; radiolucent triangle 
Fluoroscopy location LJ Contralateral (ipsilateral is also possible) 
Equipment External fixation set 


Prebuilt three-dimensional (3D) frame 


Possible reduction aids available: large bone clamps, Schanz pins 


Tourniquet LJ Nonsterile 


Most tibia fractures can be treated by external fixation, regardless of the fracture location or the state of the soft tissues. Very proximal or distal fracture 
locations may require spanning the ankle or knee to achieve adequate fixation. This is not a problem if the frame is temporary and definitive internal 
fixation is planned later. Another option for proximal or distal fractures is a fine-wire circular frame, but of course, this type of system must be available if 
this technique is to be used. Construction of fine-wire and 3D frames can be time consuming; the time taken to construct the 3D frame can be eliminated by 
prebuilding and sterilizing the frame. Therefore, intraoperatively, the pins and wires just need to be placed and attached to the prebuilt frame. Reduction aids 
such as clamps should also be available, and fluoroscopy and a radiolucent table are required. 


Positioning 

External fixation of tibia fractures is typically performed using a setup that is similar to supine plating (see Fig. 63-12) or semiextended nailing. The patient 
is positioned supine with a bump under the ipsilateral hip on a table that allows imaging from the knee to the ankle. Soft bumps should be available as these 
are helpful, particularly if the reduction is to be obtained through indirect means. A radiolucent foam under the leg can facilitate lateral imaging. A C-arm is 
typically on the contralateral side of the operating table. A tourniquet is not needed as the incisions are percutaneous. 


E, F 
Figure 63-34. A complex patient who was not a candidate for a flap was treated with shortening of the limb with a ring fixator (A-C) and then lengthening of the 
massive defect using distraction osteogenesis (D, E). F, G: The tibia united and the patient was pain free and ambulating without aids 2 years after injury. This is an 
atypically positive outcome for an injury of this severity. 


Surgical Approaches 


External fixator half-pins or wires are placed through percutaneous stab incisions. Their insertion is discussed in Chapter 11. The safe pathways for pin or 
wire placement must be familiar to the surgeon. For simple unilateral external fixators, that typically use half-pins, the anteromedial aspect of the tibia 
provides safe access along its entire length. Only the saphenous vein and nerve are at risk. 

In ring fixators, ideally, some of the pins or wires in each segment are able to be placed at 90 degrees to each other to provide the ideal biomechanical 
environment as discussed in Chapter 11. This could put local neurovascular structures at risk, so the treating surgeon must be aware of the anatomical 
structures that could be damaged on the near and far side of each pin or wire. In particular, the course of the peroneal nerve and vascular structures should 
be avoided. Safe zones for pin placement have been well established and should be reviewed prior to placement of pins into areas other than the 
anteromedial tibia. 


Technique 


External Fixation of Tibia Shaft Fractures: 


KEY SURGICAL STEPS 


Place pins proximal and distal to fracture 

Reduce fracture 

Traditional frame. Reduction must be achieved in operating room 

Computer-assisted ring fixator. Reduction may be either adjusted in operating room or clinic using frame 
Radiographs to confirm alignment 


The techniques used to place unilateral and ring fixators are discussed at length in Chapter 11. 


Unilateral External Fixators 
This technique can easily be employed in tibia shaft fractures. As the fracture gets closer to the knee or ankle joint, it becomes more difficult to obtain 
adequate fixation in the proximal or distal metaphyses. An additional option is to extend the fixation into the femur for proximal fractures or into the talus or 


calcaneus for distal fractures. This prevents motion in the knee or ankle joints and is likely to result in at least short-term stiffness if the frame is left on for a 
significant period. If this occurs, a manipulation under anesthesia may be required at the time of frame removal. 

Simple unilateral frames can be placed with half-pins above and below the fracture site. As with any external fixator, stability is enhanced by placing the 
bars closer to the bone, spreading the pins out, and reducing the distance between the pins on each side of the fixator. Increasing the size of the bars has a 
significant effect on construct stiffness. Larger pins also increase stability, so most systems use 5- or 6-mm pins. Supplementary bars and pins can also be 
used to increase stability. 

Pins are typically placed into the anteromedial surface of the tibia (see Fig. 63-34). Pin placement should avoid the joint capsule, so pins should not be 
too close to the knee or ankle joints. 

The fracture is reduced intraoperatively using fluoroscopic guidance and the external fixator is tightened in place. If the construct is not rigid enough, 
additional measures should be taken to increase construct stiffness (see below). Plain x-rays are obtained to demonstrate adequate alignment. 


Modern Ring Fixators 


Modern ring fixators can be used for shaft and metaphyseal tibia fractures because the frames can use tensioned wires at various angles that can control the 
metaphyseal segments if needed. Ring fixators have an advantage over simple unilateral frames in that they are thought to have improved mechanical 
properties and are less likely to result in late collapse and malunion. 

Ring fixators can be employed in the tibia in several ways. The first is a static frame in which alignment cannot be changed during the healing process. 
Another is an Ilizarov frame that has linear struts that can lengthen along a single axis. The most modern devices employ computerized software and struts 
in multiple planes that allow manipulation of the fracture fragments both initially and during the healing process (see Fig. 63-34). This flexibility can be 
particularly useful to prevent late malalignment of the fracture as alignment can be adjusted during the healing process. 

Ideally, the ring fixator should be built prior to surgery and sterilized. Measuring the tibia length, careful assessment of the fracture, and sizing the rings 
on the uninjured contralateral limb, when possible, will facilitate this process. Building the frame prior to surgery saves significant time in the operating 
room. Care should be taken to size the rings appropriately so as not to impinge on soft tissues. When this is done, it should be remembered that there will be 
some swelling in the immediate postoperative period. The common error is to place the ring too close to the posterior leg without accounting for the fact that 
the majority of leg swelling will occur posteriorly and laterally as the anteromedial aspect of the leg has fewer soft tissues that can become swollen. 

A combination of half-pins and wires can be used in the tibia. For shaft fractures, half-pins alone can be used. For metaphyseal locations, fine wires are 
used and tensioned in place. Typically, three points of fixation are placed in the proximal and distal fracture segments that are being held by the frame. 
Single pins are sometimes used in intervening fragments. To improve the mechanical stability, these wires or pins should not be in the same plane and 
maximum stability is achieved when two of the pins in each segment are 90 degrees to each other. 

The sequence of events used to reduce the tibia fracture depends on the type of frame being used. For frames without distraction elements, the fractures 
must be reduced using fluoroscopy as part of the process of placing the frame. For frames that have struts that can be adjusted, the frame may be placed in 
position with the fracture malreduced, and the computer software can then determine how to adjust the struts to reduce the fracture in the operating room or 
slowly over time as an outpatient. The process is iterative and may be repeated multiple times in the operating room or clinic until the desired alignment is 
obtained. 


Pin Placement Techniques 


There are several techniques that can be used to place external fixator pins or wires. These are discussed in Chapter 11. External fixator pins and wires are 
prone to pin-tract infections, and the techniques are focused on attempting to reduce this complication. Because pin-tract problems are more common with 
larger soft tissue envelopes, pins in the tibia tend to have a lower infection rate than pins in the femur or pelvis. 

Pin insertion technique is probably more important if the frame is to be on the tibia for a longer period of time. Therefore, if ring fixators or standard 
frames are used for definitive fixation, surgeons will often use a predrilling insertion technique and hydroxyapatite (HA)-coated pins in an attempt to 
minimize pin loosening. The technique of fine-wire placement is also aimed at decreasing thermal necrosis by only using sharp wires. Some authors 
advocate cooling the pins or wires with irrigation while inserting them, but this technique is of questionable clinical importance because if it has an effect, it 
is only on the surface of the bone. 

Small stab incisions with subsequent spreading of the soft tissues and the use of a soft tissue protector for drilling and pin insertion are used to protect 
the underlying soft tissues from damage during pin insertion. There is little soft tissue on the anteromedial aspect of the tibia, so this is less of a problem 
when applying a unilateral frame to the tibia diaphysis. The incisions should be small so as to facilitate skin adherence to the pin to provide a barrier. Some 
surgeons carry this technique further and make very small incisions or no incisions and use the sharpness of the pin or wire to penetrate the skin, arguing 
that this optimizes skin—pin adherence. 


Postoperative Care 


Early weight bearing is usually limited with unilateral frames, but it can usually be allowed between 6 and 12 weeks with the decision being based on the 
radiologic appearance of the fracture and the patient’s clinical presentation. Ring fixators have greater mechanical stability, and immediate weight bearing 
as tolerated is often allowed unless there is a large segmental defect such as occurs sometimes in severe open fractures. 

Patients are typically seen at 2, 6, 12, 26, and 52 weeks from the time of surgery or at least until healing has occurred. Patients with a unilateral fixator 
may need to be seen more often, particularly in the early weeks, as the fractures are prone to lose reduction during healing and it is advantageous to notice 
this early so it can be corrected. Radiographs are obtained at each visit and should be carefully compared with the original postsurgical radiographs to 
determine if the initial reduction has been maintained. Closed fractures can be expected to demonstrate radiographic and clinical evidence of healing at 4 to 
6 months. Fractures typically heal with callus. As with other tibia fractures, expect the healing time to be delayed in patients with open fractures, 
compartment syndrome, or diabetes, and in smokers. 


Frame Dynamization and Removal 


Unilateral frames are routinely dynamized during the healing process. Dynamizing a frame requires removing some portions of the frame to reduce the 
mechanical stiffness and allow more of the load to be taken by the fracture. This more gradual reduction in stiffness is thought to improve healing compared 
with early removal of the external fixator. 

Ring fixators also can be dynamized by removing pins or rods. This is more straightforward with traditional Ilizarov frames than with ring fixators that 
use multiple adjustable struts. More recent frames based on struts are more difficult to dynamize as releasing one strut completely destabilizes the construct. 


One technique is to loosen a few struts and have the patient ambulate. More or all of the struts can be sequentially loosened to allow the patient to ambulate 
without the support of the frame. A radiograph taken a week later in the clinic can determine if the fracture is displacing. If it appears stable, the entire frame 
can be removed. If it is unstable, the struts can be reattached as more time is needed for healing. 

External fixators can often be removed in clinic. However, pins that have been present for many months, particularly those with HA coating, can be 
quite painful to remove and the patient will often require better anesthesia such as that provided in the operating room. Removing a single pin to treat a pin- 
tract infection is usually straightforward in the clinic as these pins are often loose. 


Amputation for Tibia Shaft Fractures 


Detailed discussions of the treatment of the mangled extremity can be found in Chapter 18, and a detailed analysis of amputation is presented in Chapter 21. 
However, these topics have specific relevance to the treatment of severe open tibia fractures. In fact, an influential editorial in 1987 argued that limb salvage 
was futile for Gustilo type IIIC fractures and left patients destitute and demoralized.!26 

In these severe open type IIIB and IIIC fractures of the tibia, the limb can be so damaged that salvage potential is questionable. The management of 
these complex injuries is challenging with little objective clinical data to guide treatment toward limb salvage or amputation despite a recent large meta- 
analysis.*©° Multiple lower extremity injury scoring systems have been developed to try and guide treatment. However, studies have shown that these scores 
have limited clinical validity*~’® and no correlation with long-term functional outcomes.’®!®° Which severe open tibia fractures are best treated with 
amputation or reconstruction continues to be an area of interest in both civilian and military settings. 

Typical absolute indications for amputation of an open tibia fracture include a warm ischemia time of greater than 6 hours, a skin bridge only connecting 
to the distal portion of the limb, or a situation where attempts at reconstruction place the patient’s life at risk. This last indication may seem obvious, but the 
treating surgeon should not underestimate the effect of the physiologic burden of dead muscle or multiple trips to the operating room in an attempt to 
salvage a mangled limb. Relative indications for amputation of an open tibia shaft fracture are many and center on the likely ultimate function of the limb, 
the importance of avoiding complication, and the value of completing the treatment course in a timely fashion for that particular patient. 


Technique 


The specific techniques for amputation are discussed in Chapter 21. In tibia fractures, every effort should be made to undertake a below-knee amputation as 
these are associated with better function. However, severe proximal tibia fractures sometimes require an above-knee amputation. Amputations for open tibia 
fractures should not be closed primarily as they have high rates of infection. The zone of soft tissue injury in a mangled limb can also continue to evolve for 
days after injury and therefore early closure can mean that an incomplete debridement of dead tissue has been undertaken. Rather, the patient should return 
to the operating room for serial debridement until closure is warranted. The zone of injury and skin necrosis often evolve over time, so the level of soft 
tissue viability for residual limb closure is often impossible to determine at the time of amputation. 

Unlike amputations for foot trauma or for peripheral vascular disease, amputations for severe open tibia fractures often require unconventional skin and 
muscle flap coverage of the bone (Fig. 63-35). Traumatic wounds can take various shapes and evolving skin necrosis commonly requires the surgeon to use 
whatever skin is still viable to achieve closure. It is often wise to be cautious with skin resection at the time of initial amputation as it is often difficult to 
know which portions of the skin will become nonviable between that time and the time of definitive closure. 


Postoperative Care 


Postoperative care is detailed in Chapter 21. Surgeons should keep in mind that below-knee amputations are prone to developing stiffness as well as flexion 
contractures. Many surgeons initially splint, cast, or brace the limb in extension to prevent flexion contracture. Once the wound is healed, an aggressive 
protocol of knee range of motion is instituted. Treating knee contractures in amputees is particularly difficult, so every effort should be made to avoid this 
situation. Weight bearing in a prosthesis is typically begun by 6 weeks from skin closure. 


Figure 63-35. Severe open tibia fracture (A) treated with below-knee amputation (B) that required split-thickness skin grafting and unconventional skin and muscle 
flaps as often as is needed for amputations done for open tibia fractures. 


ors’ Preferred Treatment for Tibia and Fibula Shaft Fractures ( 


Tibia shaft 
fracture 


Open 
(Irrigation and 
debridement) 


Open Gustilo Open Gustilo 
and Anderson and Anderson 


type |, Il or type IIIB, IIIC or 
“Typical” IIIA “Severe” IIIA 


Internal or external fixation. 
Consider antibiotic beads and the 
use of temporary external fixation 

to facilitate debridement 


Definitive fixation Definitive fixation 


Internal External 


Distal 43A 
(Consider distal 
fibula fixation) 


Proximal Midshaft 
MA 42 ABC 


Too Distal Proximal Too 
proximal enough enough distal 
to nail to nail to nail to nail 


Temporary external 
fixator until skin 


grafts and wounds 
stabilize 


Surgeon Surgeon 
choice choice 


Plate tibia Plate tibia 
(Percutaneous (Medial, lateral, 
lateral locking) or posteriolateral) 


fixator 


Algorithm 63-1 Authors’ preferred treatment for tibia and fibula fractures. 


Our treatment algorithm is based on the severity of the soft tissue injury and the location of the fracture. For closed injuries and lower-grade open 
injuries, we prefer nail or plate fixation depending on location of the fracture. Midshaft fractures are treated with nails, and fractures at the proximal or 
distal extent of the bone are treated with either nails or plates per surgeon preference. Consideration is given to using a suprapatellar approach when 
using an IM nail for proximal or distal fracture patterns. More severe grade open injuries typically are treated with multiple debridements and often 
flaps to cover soft tissue defects. Due to risk of knee joint contamination or infection, some clinicians are hesitant to use a suprapatellar approach for 
nailing of high-grade open fractures. For these more severe injuries, we also include the possibility of external ring fixation as a viable option for 
definitive fixation. 


Potential Pitfalls and Preventive Measures 


Pitfall Prevention 


Intramedullary Nailing of Tibia Shaft Fractures 


Correct starting point and direction of initial reaming 
Suprapatellar approach 

Blocking screws 

Semiextended nailing 


Proximal fracture malalignment: valgus and apex anterior 


e Clamp the fracture 
e Provisional plating 
e Temporary external fixation (aka “traveling traction”) 


Lateral to center position on AP, centered position on lateral with guidewire 
Blocking screws 

Clamp the fracture 

Temporary external fixation 

Plate a coexisting distal fibula fracture first 

Suprapatellar approach 


Distal fracture malalignment 


Starting wire angled too posterior Use curved hand reamer or awl to correct 


Unavoidable to some extent 
Blocking screws 

Correct starting point 

Bury nail proximally 

Correct interlocking screw length 


Postoperative knee pain 


Plate Fixation of Extra-Articular Tibia Fractures 
Devascularization of bone leading to infection and nonunion e Appropriate soft tissue handling and approaches 


Simple fracture pattern leading to nonunion e Be cautious of indirect reduction combined with rigid locked plating 
e Consider anatomic reduction and fixation aimed at primary bone healing 


External Fixation of Tibia Shaft Fractures 
Pin-tract infection e Good pin/wire insertion technique 


e Appropriate pin management techniques 
e Unavoidable to some extent 


Loss of fracture alignment e Careful radiographic follow-up 
e Increased fixator stiffness 


Nonunion e Prophylactic bone grafting 
e Avoid combining with lag screw 


Amputation 

Surgical site infection or necrosis © Do not close wound at time of initial amputation 
Flexion contracture e Splint in extension after surgery 

Poor range of motion e Aggressive range of motion once wound heals 


Intramedullary Nailing of Tibia Shaft Fractures 
Proximal Fracture Malalignment 


It is notoriously difficult to obtain adequate alignment using a tibia nail in proximal tibia fractures. Initial reports on the topic demonstrated malreduction 
rates of 55% and 85%,!!71,173 The high rate of malreduction has led some surgeons to recommend percutaneous plating for its relative technical ease in 
comparison to proximal nailing, and outcomes for plating and nailing of proximal fractures appear to be similar.!®°.2°% 

The typical deformity described with infrapatellar start points is valgus and apex anterior (procurvatum). The valgus is typically created by using too 
medial of a starting point, or “reamer creep” that creates an initial reaming pathway which runs from too medial to lateral. This issue is still possible, but 
typically easier to avoid with suprapatellar nailing. Once the nail is placed through the incorrectly reamed path, the proximal fragment shifts and tips the 
fracture into valgus (see Fig. 63-15). Suprapatellar nailing can cause varus with too lateral of a start point by a similar mechanism. Similarly, the apex 
anterior deformity is created by the pull of the extensor mechanism and is worsened by an initial reaming path that is angled too far posterior which 
produces the deformity once the nail is introduced. An entry angle that is too posterior can easily occur with either infrapatellar or suprapatellar nailing. 
Infrapatellar nailing through a medial parapatellar approach is especially challenging for proximal fractures. The position of the patella tends to push the 
start point too medial and force the wire trajectory too posterior. One technique to improve starting point and trajectory if this occurs is to extend the 
incision into a more extensive medial parapatellar arthrotomy and dislocate the patella laterally. 


. AP (A) and lateral (B) radiographs of a segmental tibia fracture nailed through a suprapatellar starting point. 


Several reports describe techniques to overcome this tendency to malreduce proximal tibia fractures with a nail and have demonstrated relatively low 
malreduction rates. *4>199:19>,199,443,>0> The use of an ideal starting point and starting wire direction is particularly important for proximal fractures as is 
reducing the fracture before reaming. The surgeon cannot rely on the nail to reduce the fracture as it is introduced. 

The suprapatellar nailing approach was created specifically to avoid malalignment for proximal fracture patterns.**'*°-°* In the suprapatellar approach, 
the ideal starting point and reaming path are not blocked by the patella as they are in more traditional approaches. Further, nailing can be performed in a 
more extended position where the pull of the extensor mechanism is less of a deforming force (F )."°* However as discussed above, no approach is 
foolproof, and careful attention is still needed to the proper start point and angle regardless of surgical approach. 

Other techniques to prevent malreduction include the use of percutaneous clamps ( ye"° or threaded guidewires. Provisional plating with 
unicortical screws has also been described, although there is controversy regarding if opening up closed fractures for plating increases infection rates. *> 
Other authors have proposed the placement of a plate not only to assist in reduction, but also to supplement the fixation of a nail in fracture patterns at high 
risk for displacement.'°°°"!°*° Limited data regarding complications and outcomes for this technique are available and there remains concern about the 
risks and benefits of the additional surgical approach.+°9:413,341-323 When performing this technique, it is critical not to cause significant disruption to the 
bone’s blood supply in placing the temporary plate (F ). The use of a femoral distractor or an external fixator can be helpful in holding the fracture 
in a reduced position while nailing (see ).>= The proximal pin is placed posterior in the tibia to avoid the nail’s proximal entry path, and the distal 
pin can be placed in the distal tibia, talus, or calcaneus. 

Blocking or “Poller” screws are a particularly useful technique to help guide the nail correctly.*°*»'°* This technique involves placing a blocking screw, 
drill bit, or K-wire to force the reamer and then the nail into the proper path (F ). The screw can be left in place to increase stability, 9*+94 which 
may be particularly useful in geriatric fractures with wider tibiae and poorer bone quality. The screw is typically placed on the concave side of the fracture, 
but in general, it is placed wherever you want to prevent the nail from going. In certain cases, a blocking screw can be effectively placed on the convex side 
of a deformity if it is placed at a distance from the fracture site ( , for example). For a typical deformity in the proximal tibia, a screw to prevent 
valgus would be positioned in the distal-lateral aspect of the proximal fragment to prevent a nail path that passes too laterally. A screw to prevent apex 
anterior deformity would be placed in the distal-posterior portion to prevent an excessively posterior entry path. The interlocking screws from the nail set 
can be used for this purpose and should be placed under fluoroscopic guidance. 

The above techniques are all useful to avoid malreduction. Once the error has been made and an incorrect nail pathway has been established with a nail 
in place, the deformity can be difficult to correct. Often, removal of the nail and insertion of blocking screws with subsequent reaming of a new pathway is 
the most straightforward technique. 


C D 


Figure 63-37. The insertion of a clamp through small percutaneous incisions can facilitate fracture reduction and hold the fracture reduced during reaming and nail 
insertion. A, B: Care must be taken to make sure the clamp does not place undue pressure on the skin. C, D: This technique is particularly useful for simple oblique 
fracture lines. 


Distal Fracture Malalignment 
Distal fractures are also prone to malalignment because the metaphysis is much wider than the diameter of the nail and care must be taken to avoid 
malunion as this may lead to a worse functional outcome.87:142,168,183,223,252,301 There remains much controversy related to whether plating or nailing 
provides the best fixation for distal tibia fractures, although most studies show acceptable results are obtainable with both techniques.1®22,55-163,167,182,304 
When nailing, the key to avoiding malalignment distally is to ensure the guidewire is placed in the ideal end point at the level of the physeal scar. Studies 
have noted this end point to be lateral to center of the plafond on the AP view and centered on the lateral view*®47:292.293 (see Fig. 63-22). Additionally, it is 
important to keep the fracture well aligned during reaming and nail insertion. The techniques described in the section on proximal fracture malalignment, 
including percutaneous clamps, temporary external fixator placement, and blocking screws, can also be very useful for distal fracture patterns. Even the use 
of suprapatellar nailing has been argued to help with distal malalignment,!”7°° perhaps due to ease in maintaining reduction and obtaining fluoroscopic 
images in the semiextended position. 

For distal tibia fractures that also have a fibula fracture, plating of the fibula fracture before nailing of the tibia can help provide alignment and 
length.8”:??3 There are conflicting reports in the literature as to whether or not fibula fixation is of benefit in maintaining postoperative alignment.®®°6 

Fixation of the fibula is particularly useful for simple fibula fracture patterns and very distal tibia fracture patterns. Care should be taken to reduce the 
fibula as malreduction of the fibula will prevent accurate reduction of the tibia. After the fibula is plated, care should be taken to make sure the tibia is not 


malaligned in varus as the fibula plating will keep the tibia out to length laterally, but will typically not prevent varus collapse. One report has indicated that 
fibula plating in combination with tibia nailing had an eightfold increased risk of nonunion compared to tibia nailing alone,'* but later studies have not 
found this magnitude of risk.?”°1105.291 Whether or not to fix the fibula with distal tibia fractures remains controversial and further studies are needed. 


3. Open fractures can be reduced through the open wound (A) and fixed with a provisional unicortical unlocked plate (B, C). D: The screw lengths are 
typically 10 mm or less. E-G: The guidewire, reaming, and distal locking proceed in typical fashion. H, l: The plate is removed prior to wound closure in open 
fractures, but some surgeons leave it in place if this same technique is used for a closed fracture. 


9. A: Varus malalignment of a distal tibia fracture after the passage of a nail despite the use of a clamp. This is because of eccentric reaming. To correct 
this deformity, the nail is removed, an AP blocking screw is placed (B), and reaming is performed again with the blocking screw in place (C). D: Adequate alignment 


is obtained after nail placement, and the blocking screw is left in place for added stability. 


Starting Wire Angled Too Posterior 


The proper starting point and reaming path are particularly important for proximal fractures. As the fracture location moves more distally, there is more 
tolerance for imperfection as the fit of the straight nail in the narrow diaphysis will tend to align the fracture and make up for imperfections in the starting 
pathway. 

If the starting point is adequate but the starting wire is angled too far posteriorly, a reamer can be advanced a shorter distance than usual, approximately 
1 or 2 cm down the wire (see Fig. 63-16). The wire is then removed and a curved hand reamer or a similar device can be used to correct the reamer path, 
bringing it more in line with the anterior cortex. This technique is particularly useful if a patellar splitting approach is used, as the patella often makes it 
difficult to obtain a starting wire that is angled anterior enough. 


Postoperative Knee Pain 


Postoperative knee pain after IM nailing has been reported in a high proportion of patients in many studies, with rates ranging from 31% to 
73% .3>70122,155,178,290 Nai] removal in some series is as high as 26% to 50%.*%:7099 The etiology of this knee pain is unclear but possibilities include an 
intra-articular starting point that damages the meniscus, leaving the nail too proud proximally,2° and differences in the approaches as detailed above. 
Authors have argued that a correct starting point and burying the nail may reduce but not completely eliminate the rate of knee pain, although various 
studies have contradicted each other regarding the importance of nail prominence in knee pain.*>7°!”8 Nerve pain due to the location of the incision is 
another possibility. Pain over the proximal interlocking screws is also common and should be differentiated by physical examination from pain unrelated to 
the interlocking screw sites. Pain over the interlocking screws can typically be relieved by simply removing the screws without taking out the entire nail. 
Care should be taken to make sure the interlocking screws are not too long as this may increase the rate of symptomatic hardware. 


Plate Fixation of Extra-Articular Tibia Fractures 
Devascularization of Bone 


As has already been discussed, extensive subperiosteal stripping of the tibia diaphysis has been implicated in poor outcomes related to open reduction and 
internal fixation. Circumferential stripping of the periosteum should be avoided. For direct reduction, the fracture hematoma and periosteum must be cleared 
back a millimeter or so from the end of the bones, but this step is not necessary for indirect reduction. In addition, there is no need to reduce each 
component of a comminuted fracture as this requires more extensive exposure and results in higher complications. 

Modern plating techniques emphasize preservation of the soft tissue envelope of the tibia. This helps maintain the blood supply that is crucial for 
fracture healing. Soft tissue preservation may involve a percutaneous approach with smaller surgical incisions and submuscular plate insertion (see Fig. 63- 
28). However, these principles can also be applied if larger, more traditional incisions are used as long as care is taken to preserve the soft tissue 
attachments. 


Simple Fracture Pattern Leading to Nonunion 


Simple tibia fracture patterns that are treated with a plate are often best treated with anatomic reduction using a lag screw and a neutralization plate. With 
the increased use of percutaneous plate insertion and indirect fracture reduction, attempts are sometimes made to treat simple oblique patterns with indirect 
reduction and stabilization with a locking plate. However, this should be avoided and a direct reduction performed if possible for this fracture pattern. 
Indirect reduction of simple fracture patterns does not usually result in anatomic reduction at the fracture site and bone gaps usually remain. This is 
acceptable for a comminuted fracture pattern, but in a simple fracture pattern, there is strain concentration at the fracture site when a gap is present. The 
rigid fixation associated with the use of a locking plate may prevent motion and formation of callus and therefore lead to an increased risk of nonunion. 


External Fixation of Tibia Shaft Fractures 
Pin-Tract Infection 


Pin-tract infections are very commonly encountered when treating tibia shaft fractures with an external fixator and occur even after using the most 
meticulous pin insertion technique. As discussed above, insertion techniques that minimize thermal necrosis are thought to minimize pin-tract infections. 
HA-coated pins are also thought to minimize infection by increasing the pin—bone interface. Surgeons tend to have strong preferences regarding the 
dressings and cleaning solutions that should be used. These preferences range from complex mixtures such as hydrogen peroxide and saline and 
compressive dressings to doing nothing but showering with the frame. However, little data exists to guide the clinician as to best practice. 

Pin-tract infections can be aggressively managed with antibiotics if diagnosed early and the infection may resolve. A course of oral antibiotics aimed at 
the most common pathogens in your medical system is ideal. Occasionally, admission to the hospital for a short course of intravenous antibiotics may be 
useful, particularly if removing the infected pin would significantly destabilize the frame. If oral antibiotics clear the infection but returns once the 
antibiotics are stopped, it is likely that the infection will not resolve until the pin is removed. The infection can be suppressed with oral antibiotics until the 
frame or pin can be removed. If the removal of the pin compromises frame stability, a new pin should be placed in a different position. 


Loss of Fracture Alignment 


External fixators can fail to maintain alignment during the healing process. This was most notable with unilateral frames and led to a high prevalence of 
malunions and a move away from this technique. More rigid external fixators are likely to minimize malunion. Ring fixators are thought to provide 
improved stability, but even these frames can fail to maintain fracture alignment. Surgeons should be familiar with how to increase the stiffness of their 
construct. 

Early detection of the problem is a crucial step in the prevention of malunion. Frequent radiographic evaluation is needed and if malalignment develops 
beyond acceptable limits, adjustment of the frame should be performed. The more unstable the fracture pattern, and the less stiff the frame, the more vigilant 
the surgeon must be and frequent radiographs are required during the healing process. 


Nonunion 

Nonunion was a significant problem when unilateral external fixators were more popular for definitive treatment. Although the increased rigidity of modern 
frames may improve healing, the use of a lag screw in combination with an external fixator should be approached with caution. This technique has shown 
poor clinical results because, unlike a plate, the external fixator is removed after a relatively short time, leaving nothing to neutralize the rotational forces 


around the lag screw. Further, some surgeons argue that this technique mixes surgical principles as it combines strategies aimed at producing primary and 
secondary bone healing. Regardless of the reason, the technique has produced poor outcomes to date and should be avoided. 


Outcomes 


Intramedullary Nailing of Tibia Shaft Fractures 
intramedullary Nailing Versus Nonoperative Treatment 


One frequently cited study that supports the use of IM nails over nonoperative treatment is a level III retrospective cohort study of 99 patients undertaken by 
Bone et al. This study compared the outcomes of nonoperative treatment to IM nailing. The study found better outcomes in the nail group, with lower 
nonunion rates (2% vs. 10%), faster time to union (18 vs. 26 weeks), and better SF-36, knee, and ankle outcomes at a 4-year follow-up. The study should be 
interpreted with caution as it was not randomized; however, the authors state that the more displaced fractures tended to be treated with nails, creating a 
selection bias that might favor outcomes in the nonoperative group, therefore validating their conclusions. It should be noted that the nail group had a 
greater than 50% (26/47) return to the operating room for nail removal. In Sarmiento’s opinion, the failure of this study and others to reproduce his 
previously published excellent nonoperative outcomes was most likely because of the use of a different treatment technique (casting vs. functional bracing) 
and less strict criteria for which fractures are amenable to conservative treatment.?°°°7 

The general findings of this study have been reproduced in multiple RCTs comparing nail fixation with nonoperative treatment.®*0.!54,153 They typically 
show better outcomes in the nail groups in terms of time to return to work, time to union, and knee function. For example, in one randomized prospective 
trial comparing conservative treatment and IM nailing for open and closed tibia shaft fractures, Hooper et al.!°4 showed more rapid union (18.3 vs. 15.7 
weeks), less shortening, less malunion, less time off work (23 vs. 13.5 weeks), and a faster return to full function in the IM nail group. There was a 27% rate 
of delayed or nonunion in their conservative treatment group, which was significantly higher than previously published results.?64269 This study also 
included a discussion of knee pain and the need for hardware removal as potential drawbacks to IM nailing, but did not quantify these as complications. 134 
It is interesting to observe that Hooper et al.!3* planned a larger study but their study was discontinued because they felt that it was unethical to continue 
with nonoperative management given the proven benefits of IM nailing. 

A meta-analysis of 13 RCTs for the treatment of closed tibia fractures revealed that all treatment methods that were studied had significant complication 
rates. Malunion, nonunion, and delayed union were lower with operative treatment than nonoperative treatment irrespective of the surgical treatment 
method that was used, these being plate osteosynthesis, reamed nailing, and unreamed nailing.°* Among operative treatments, plating had lower rates of 
delayed union, nonunion, and malunion, but higher rates of infection when compared to nailing.®* Reoperation rates with operative treatment ranged from 
4.7% to 23.1% depending on the study.64 

Historically, it was argued that the improved outcomes following IM nailing were not sufficient to justify its higher cost.2°+?°9 However, a 2005 
economic analysis comparing the cost of treatment favored reamed IM nailing for closed and open grade I tibia fractures over conservative treatment in a 
cast. 


Reamed Versus Unreamed Nails 


Significant controversy has existed regarding the superiority of reamed or unreamed tibia nailing. In a systematic review with a pooled analysis of earlier 
RCTs, Bhandari et al. reported that reamed IM nailing of lower extremity long-bone fractures significantly reduced rates of nonunion and implant failure in 
comparison with unreamed nailing.’ In a similar meta-analysis of seven randomized studies, Lam et al.!”! showed a lower risk of nonunion after reamed 
nailing compared with unreamed nailing in patients with closed tibia shaft fracture. Reaming has been shown not to significantly increase operative time” 
and to be safe if appropriate precautions are taken to prevent thermal necrosis.!®° It has also been shown that minimal reaming gives similar results to more 
extensive reaming, 104 

Until 2008, randomized prospective data to address the question of reaming was lacking. Often referred to as the SPRINT trial, the 2008 Study to 
Prospectively evaluate Reamed Intramedullary Nails in Tibia fractures was a large (1,226 patients) multicenter randomized trial comparing reamed and 
unreamed nailing outcomes.”®! The largest study of its kind in the field of orthopaedic trauma, SPRINT rigorously examined closed and open (type I to 
IIIB) fractures with less than 1 cm fracture gap following IM nailing. The primary composite outcome was for reoperation, which included bone grafting, 
implant exchange, and dynamization. The outcome also included autodynamization from interlocking screw breakage without additional surgical 
intervention. 

SPRINT showed significantly fewer adverse outcomes when reamed nailing was used for the treatment of closed fractures. A similar benefit was not 
seen with reaming of open tibia fractures and depending on the interpretation of the subgroup analysis, a potential advantage may exist for unreamed nails in 
open fractures.’ More recently, in a large RCT, Lin et al. have shown that functional outcomes after open and closed tibia fractures are not affected by 
reaming, !84 which appears to be consistent with the body of published literature.°* 


Periarticular and Segmental Fractures 

Fractures of the proximal or distal metaphysis of the tibia and segmental fractures are generally considered challenging to treat successfully with IM nailing. 
However, Kakar and Tornetta have shown good results using unreamed nailing for the treatment of segmental tibia fractures. In their study, 91% achieved 
union with an average healing time of 138 days (~19 weeks) for closed fractures and 178 days (~27.5 weeks) for open fractures.!>! 

Nork et al.??? have shown that satisfactory radiographic alignment and union rates can be achieved for proximal one-third tibia fractures with nailing 
when strict attention is paid to obtaining a reduction prior to nail insertion and techniques such as blocking screws, a lateral starting point, the use of femoral 
distractor, the semiextended position, and unicortical plating are utilized. In a recent prospective randomized trial, Vallier et al. reported higher rates of 
malalignment of more than 4 degrees when distal tibia metaphyseal fractures were treated with IM nailing compared to plate fixation, but there was no 
difference in functional outcome scores,?00,301 


Long-Term Outcomes of Intramedullary Nailing 

One of the most important outcomes of the SPRINT study is that fractures that many surgeons would have prophylactically bone grafted healed without 
surgery, indicating that at least some of these open fractures may heal on their own without bone grafting.?®! Further analysis of outcomes in the SPRINT 
study cohort revealed that predictors of reoperation within 1 year include high-energy mechanism, presence of a fracture gap, complex soft tissue 
reconstruction, and full-weight bearing after surgery. No increase in negative outcome was detected with nonsteroidal anti-inflammatory drugs (NSAIDs), 


smoking, or late versus early surgical intervention.2”? Analysis of the SPRINT cohort also suggests 1-year functional outcomes for certain activities may be 
poorer than expected with 31% to 71% of patients reporting that they had difficulty performing or were unable to perform activities such as running, 
kneeling, stair climbing, or walking a prolonged distance.?*° The reported rate of knee pain in this study was 11% so the exact etiology of their limitations is 
unclear.?2° Patients with a critical bone defect (>1 cm, >50% cortical circumference) had poorer 1-year functional outcomes than the rest of the cohort, and 
53% required secondary surgery to achieve union. If treated initially with a reamed IM nail, the chance of reoperation was significantly lower.*® Little data 
regarding validated long-term outcomes after tibia shaft fracture exists. In one study, the SF-36 and SMFA functional outcome scores were not significantly 
different from population norms more than 12 years after IM nailing. However, persistent knee pain (73%) and leg swelling (33%) were common. !78 


Plate Fixation of Extra-Articular Tibia Fractures 


Multiple studies comparing plating to conservative treatment have shown a shorter healing time and lower rates of nonunion and malunion in the plating 
group. However, the overall complication rates are higher with plating and poor results are typically obtained when plating is used in the treatment of open 
tibia fractures. A systematic review of the literature analyzed the results of plating for severe open tibia fractures!!? and demonstrated that the pooled deep 
infection rate was 11%, but some series have observed much higher rates. 

In the first RCT comparing AO compression plating of the tibia to nonoperative management, the plating group had a shorter union time and a lower 
rate of malalignment but the overall complication rate was higher. The highest prevalence of complications was encountered when plating was used in open 
fractures, leading the authors to recommend against the use of this technique in open injuries.7°? A meta-analysis of six controlled trials published between 
1966 and 1993 allowed comparison of plate fixation with cast treatment and yielded similar results. Pooled data revealed higher rates of superficial infection 
with plating as well as improved union by 20 weeks.!®” In one of the studies analyzed, the discrepancy in healing time was so significant that patients were 
able to return to work 4 months after plating, compared with 8 months after cast management. 

Similar results were reported by den Outer et al. when they compared functional bracing to plating in 170 patients. Plating was associated with a 
higher complication rate but conservative treatment resulted in higher rates of malunion and a longer time to healing. Jensen et al.'4” published the results of 
207 tibia shaft fractures treated conservatively or with various plating techniques and reported lower malunion rates with plating (0-8% and 21%) but a high 
risk of complications including refracture after hardware removal (11%) and infection (11% of open fractures). Rates of nonunion were similar between 
groups, but as with other studies, were significantly higher for open fractures compared with closed fractures irrespective of the treatment method (6-8% in 
closed fractures and 21-24% in open fractures).'4” A large retrospective study looking at 418 tibia fractures published by Ruedi et al.2°” showed similar 
good results with plating of closed fractures (nonunion 1%, infection 1%), but poorer results when the technique was applied to open injuries (nonunion 
5.3%, infection 11.6%). 

In a prospective, randomized trial Bach and Hansen!’ reported the results of 59 Gustilo type II or III open tibia fractures treated with either plate 
osteosynthesis or definitive external fixation. Patients treated with plating had a significantly higher rate of osteomyelitis (19% vs. 3%) and wound infection 
(35% vs. 13%). 

Despite many studies reporting good results in closed tibia fractures,2°”>"2 plating of the tibia diaphysis has fallen out of fashion in favor of IM nail 
fixation which is associated with better results. Although IM nail fixation is now widely considered the treatment of choice for tibia shaft fractures, plating 
is still preferred by many for the treatment of proximal or distal one-third fractures because of excessively high rates of malalignment when nailing is used 
to treat these particular fractures.°°° A recent randomized prospective trial compared large-fragment nonlocking plate fixation to reamed IM nailing for the 
treatment of closed and open distal tibia metaphyseal fractures. The rates of deep infection, nonunion, and secondary procedures for hardware removal were 
similar between the two groups. However, IM nailing was associated with a significantly higher rate of malalignment compared to plating (23% vs. 8.3%, p 
= .02). Open fractures treated with either technique had higher rates of infection, nonunion, and malunion than closed fractures.*°! A subsequent study 
looking at functional outcomes at a minimum of 12 months from injury showed that patients treated with a nail reported slightly higher rates of knee (31% 
vs. 22%) and ankle (40% vs. 32%) pain, but there was no difference between functional outcome scores between the groups. Regardless of treatment 
method, 95% of patients had returned to work but approximately one-third reported modification of work duties secondary to injury.3°° Generally, positive 
outcomes for plating of distal tibia fractures have also been shown in other studies.* Ricci et al. have shown similar satisfactory results when minimally 
invasive locked plating techniques are applied to fractures of the proximal tibia.249 


External Fixation of Tibia Shaft Fractures 


External fixation is an appealing treatment method for open fractures as no metal is placed at the fracture site, therefore theoretically reducing the risk of 
infection. Several studies have yielded encouraging outcomes in higher-grade open fracture types.!4!3°8 A meta-analysis comparing external fixation and 
unreamed nailing in Gustilo type II fractures showed few differences.?! External fixation has been shown to be favorable in comparison to plating in type II 
and III open tibia fractures, with a 3% prevalence of osteomyelitis in fractures treated by external fixation compared with 19% for plated fractures.!9 A 
meta-analysis of papers comparing IM nailing and external fixation in complex tibia fractures yielded only three studies that met inclusion criteria. There 
was very little difference between the two techniques. The authors commented that delayed union and nonunion were more prevalent in the external fixation 
group but the results were not statistically significant. 140 


Unilateral External Fixators 

Definitive treatment of tibia shaft fractures with unilateral external fixation has been plagued with relatively high rates of malunion. Malunion rates of 39% 
to 48% have been reported,’!:!%! with progressive collapse of the fracture demonstrated over time. Two retrospective reviews demonstrated worse outcomes 
of unilateral frames compared to IM nails.>278 Alberts et al. showed that time to union and delayed union rates were higher with external fixation 
compared with nailed fractures, while Shannon et al.?”8 demonstrated a delay to full-weight bearing and more clinic visits with external fixation, although 
infection, nonunion, and time to union were similar. A randomized controlled trial of patients with II and IIIA open fractures treated with unreamed IM nail 
versus unilateral external fixators found higher malunion and superficial infection rates with external fixator treatment.!°° 


Ring Fixators 


Reported results with ring external fixation for treatment of tibia fractures vary widely in the literature.!4* Possible contributing factors may include 
differences in fixator constructs, surgeon experience, and severity of injury. When comparing reported outcomes of ring fixation to those of other treatment 
methods for tibia fractures, it is critical to remember that ring fixators are more commonly used for higher-grade open fractures in most studies. Therefore, 


reported rates of infection, reoperation, nonunion, malunion, and other complications cannot be compared between treatment methods without correcting for 
injury severity. 

Tucker et a reported a 5% infection rate and 20% malunion rate using Ilizarov frames for the treatment of civilian, high-energy open tibia fractures. 
However, Hutson et al.'*! reported a remarkable 0% osteomyelitis and less than 10% malunion for severe open tibia shaft fractures. In combat-related blast 
injuries, Keeling et al.!5° reported a deep infection rate of 8% and no malunions greater than 5 degrees for type III open tibia fractures treated definitively 
with circular external fixation. However, the average time for healing in these extreme injuries was 220 days. Further data are needed to determine the best 
treatment method for severe open tibia fractures. 

A number of recent RCTs have compared ringed fixator to IM nail treatment for tibial shaft fractures. !0>:140.192 In one randomized study of 61 patients, 
the only difference reported between the treatment groups was a 2-week faster healing time in the fixator group.'4° Another RCT comparing ring fixators to 
reamed IM nailing for closed tibial shaft fractures found no differences, save for a higher rate of superficial skin infections in the ringed fixator group.!? A 
final RCT, this time comparing ringed fixators to reamed IM nailing for high-grade open tibia fractures, found a higher overall complication rate within the 
ringed fixators group (62.1% vs. 43.7%) but no differences between the groups in deep infection rates.!9? 
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Amputation 


The best outcome data to date on amputation after tibia fracture still comes from the LEAP trial despite these patients now being enrolled decades ago.** 
LEAP was an eight-center prospective observational study designed to determine whether high-energy lower extremity injuries had better outcomes after 
reconstruction or after amputation. The patient cohort included over 500 patients with many different severe open lower extremity injuries, but 55% of the 
patients had a severe open tibia fracture making the dataset of interest to the question of outcome of amputation after tibia fracture. All were thought to be 
limb-threatening lower extremity injuries. The study showed no difference in functional outcomes between limb salvage and amputation. 190 

Prior to the LEAP study, smaller retrospective studies had reported superior outcomes for amputation or limb salvage,’® but numbers were small and the 
studies did not use validated outcome scores. More recently, Giannoudis et al.'!" stated that patients who had undergone limb salvage for open type IIIB 
tibia fractures reported worse pain and difficulty with activities of daily living at a 3-year follow-up than those who had had an amputation. However, both 
had equal mobility. 

In the LEAP study, outcomes were poor regardless of the treatment method and in both reconstruction and amputation groups, approximately half the 
patients reported long-term disability.!9° Predictors of poor outcome included rehospitalization for complication, poverty, lack of private health insurance, 
nonwhite race, low self-efficacy (low patient confidence in being able to resume life activities), smoking, involvement in disability-compensation litigation, 
a poor social support network, and low education level.*? Poor outcomes were consistent with previously published data showing that patients with severe 
lower extremity trauma had more long-term physical disability than those with chronic medical conditions such as chronic obstructive pulmonary disease, 
diabetes, cancer, angina, myocardial infarction, or low back pain.” McCarthy et al.!9° showed that psychological distress was also common (20%) even 
after 2 years from injury. 

Treatment-associated costs are significant, and they differ between salvage and amputation. Projected lifetime health-related costs were three times 
higher for patients who had an amputation than those who underwent limb salvage because of prosthesis expense.!% Patient satisfaction after severe injuries 
of the lower extremity appears to be driven by the extent of both physical and emotional recovery and the ability to return to work.72° However, in a study 
that showed better functional outcomes after amputation, Dagum et al.’® reported that 92% of patients who underwent limb salvage preferred their salvaged 
legs over an amputation at any stage of treatment and that none preferred primary amputation. 

Outcome studies do not yet definitively answer the fundamental question regarding which patients with severe open tibia fractures are best treated with 
amputation. In recent military studies, amputation patients appear to do better than salvage patients for unclear reasons.’ 


Long-Term Outcomes 


In addition to the treatment-specific outcomes described above, some data exist regarding long-term outcomes for tibia fractures irrespective of treatment. 
The largest published series reported functional outcomes for 568 patients at 12 to 22 years of follow-up.°” Overall union rate was 90.7%. Social 
deprivation, need for fasciotomy, infection, malunion, and OTA/AO fracture classification all did not correlate with long-term functional outcomes. Open 
fracture and delayed or nonunion correlated with poorer long-term function as did persistent knee or ankle pain. Only 46% of patients were pain free at 
long-term follow-up. Injury mechanism correlated with long-term function with patients injured playing sports having the best outcomes and those injured 
as pedestrians the worst. Nearly 75% of patients were able to return to their preinjury employment, 9% changed to less physically demanding jobs, and 
20.1% were unable to return due to persistent disability.°” Shorter-term results have shown persistent leg weakness and decreased quality of life at 12 
months from injury. "4 Literature also exists to support the role of patient expectations and illness perceptions in recovery from tibia fracture.°! 


Open Tibia Fracture Outcomes 


Since open tibia fractures often occur in patients with high-energy mechanisms, high-injury severity scores, and other significant musculoskeletal injuries,”° 
it is not surprising that open fractures are also associated with poorer outcomes than closed fractures, including longer time to union, longer hospital stay, 
higher reoperation rate, and higher incidence of infection when compared with closed fractures.”*7>89:108 In a 2012 analysis of outcomes in 323 open tibia 
shaft fractures, there was an infection rate of 20.7%. More severe fractures (type IIIB and HIC) required more operations and a longer hospital stay and an 
exponential increase in treatment cost occurred with higher Gustilo fracture grades.°! 

As with other trials, the largest prospective study of tibia fractures, the SPRINT study, showed that open tibia shaft fractures had poorer overall 
outcomes than closed injuries with the rate of reoperation or autodynamization within 1 year of injury being 26.5% in open fractures compared to 13.7% in 
closed fractures.7°! The use and timing of IM nailing in severe open tibia fractures remains controversial but good results can be obtained (see Fig. 63-11). 
In a prospective study, Kakar and Tornetta!®! demonstrated high union (89%) and low infection (3%) rates with immediate unreamed IM nailing of open 
tibia fractures. Their protocol involved aggressive initial surgical irrigation and debridement, followed by soft tissue coverage within 14 days. Keating et 
al.'54 reported similar nonunion rates (9% to 12%) when reamed and unreamed IM nailing was used. However, both of these studies contained 
predominantly type I to IIIA open fractures, so these results may not apply to more severe type IIIB and IIC injuries. 

Other authors have cautioned against immediate internal fixation for severe type IIIB and IIIC open tibia fractures because of high infection (27%) and 
complication (57%) rates for these high-energy injuries.*2!5 Many recommend initial temporary stabilization with uniplanar external fixators or 


provisional plating for these injuries, followed by conversion to definitive internal fixation when the soft tissue injury allows. 

A recently published meta-analysis does not provide evidence to support either external fixation or IM nailing in the treatment of severe open 
fractures.!4°-144 The main concern associated with IM nailing following temporary external fixation is infection related to canal colonization at the pin sites. 
In a meta-analysis of the relevant literature, Bhandari et al. reported average infection rates of 9% and union rates of 90% with IM nailing following external 
fixation. The risk of subsequent infection was related to duration of external fixation and the authors recommended frame removal and definitive nailing 
within 14 days.*4 


MANAGEMENT OF COMPLICATIONS 


Tibia Shaft Fractures: 


COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Compartment syndrome 
Knee pain 

Symptomatic hardware 
Malunion 

Nonunion 

Deep infection 


COMPARTMENT SYNDROME 


There is a relatively high rate (1.5-11%) of compartment syndrome associated with tibia shaft fractures,!9%20223! so a high index of suspicion is 
recommended by the treating physician. Independent risk factors are thought to be tibia fracture, male gender, younger age, proximal tibia fracture location, 
longer fracture patterns, and low-energy athletic competition.°.2°!.29.277.315 In addition, isolated ballistic tibia and fibula shaft fractures, particularly those of 
the proximal third, have higher-than-expected rates of compartment syndrome.” It is important to note that compartment syndrome can also occur in open 
fractures.’ Tibia nailing is not thought to increase the risk of compartment syndrome.!°? Compartment syndrome significantly increases the costs 
associated with managing tibia fractures*”* and missed compartment syndrome can have devastating clinical consequences. The impact of compartment 
syndrome and fasciotomies on complication rates is not rigorously defined. There is some evidence that with timely identification and management, 
compartment syndrome is not associated with an elevated risk of tibial shaft nonunion and/or infection.'9! 

Many surgeons rely on physical examination to diagnose compartment syndrome. However, this is challenging in intubated, intoxicated, or demented 
patients, or other patients who are not able to comply with clinical examination. In the absence of a reliable physical examination, many will measure 
compartment pressures. The current recommendation is to use a pressure differential of less than 30 mm Hg between the intracompartmental pressure and 
the diastolic blood pressure as diagnostic of acute compartment syndrome.2°° McQueen and Court-Brown2° advocate continuous monitoring of all patients 
with tibia shaft fractures arguing that it improves outcomes by minimizing the delay in diagnosis. However, continuous pressure monitoring is currently not 
commonly undertaken in North America where single-stick pressure monitoring is more common. There remains considerable variation between clinicians 
regarding the diagnosis of compartment syndrome.”*! The diagnosis and treatment of compartment syndrome are covered in further depth in Chapter 17. 


ANTERIOR KNEE PAIN 


Anterior knee pain is more of a poor outcome than a complication, but it is relatively common following IM nailing of tibia fractures with reported rates of 
19% to 73%,2670,122,155,178,290,296,310 The etiology is probably multifactorial and the contributing factors remain largely unknown. Conflicting reports exist 
regarding the role of the surgical approach, whether this be suprapatellar, transtendinous, or paratendinous,!°*97 nail prominence,?®79:!528,310 and time 
from surgery.29° 

Tn a large series of 443 tibia fractures treated with IM nails, knee pain was found to be inversely correlated to fracture union,” although the mechanism 
and causal relationship remain unclear. Other proposed causes include postoperative thickening of the patellar tendon, fat pad scarring and adhesions,'!9 
infrapatellar nerve damage,!79 intermeniscal ligament nerve damage,°® and proximal interlocking screw pain.'® The data available do not support a 
reproducible difference in the rate of knee pain between infrapatellar and suprapatellar nailing techniques at this time.2°.298:259.63,297 Multiple studies have 
reported inconsistent resolution of knee pain following implant removal!5>?9%298 and poorer functional outcomes in patients with long-term knee 
pain.?80:296 Tn our clinical practice, we routinely discuss the risk of anterior knee pain with patients prior to IM nailing. 


SYMPTOMATIC HARDWARE 


Reported rates of implant removal following treatment of tibia shaft fractures vary widely (3.5-65%) and appear to be similar for plates and 
nails.9%:216.237,301 The main indication for implant removal, which is not associated with infection, is hardware-related pain, though some surgeons 
recommend routine removal of all implants but this is not recommended in our practice. Refracture after plate removal occurs in up to 11% of cases!” and 
there is no evidence to guide surgeons as to best time for implant removal. Given the wide range of time to union for tibia fractures, it is unlikely that any 
specific time would be ideal for all injuries. In our clinical practice, we prefer to wait several months after complete radiographic and clinical union has been 
achieved. We usually wait at least 1 year from injury, but this recommendation is not justified in the literature. 

Removal of interlocking screws from tibia nails is common as these are often symptomatic, particularly if the screws are too long. Removal of these 
screws does not require removal of the entire nail, so the risk of refracture is very low. Similarly, removal of long screws in a plate has a lower risk of 
refracture and could be performed sooner after fracture union than removal of the entire implant. Implant removal surgery has a low complication rate and is 
associated with high patient satisfaction, improved pain scores, and improved functional outcomes, despite complete resolution of pain in only about 50% of 
patients.*!* In the absence of infection, we rarely perform hardware removal following IM nailing, and in most cases of hardware removal, it is only the 


interlocking screws that are removed and not the nail. 


MALUNION 


Unfortunately, there is no clear definition of tibia malunion and different parameters are used throughout the literature making comparisons between studies 
challenging. This is probably because the parameters for acceptable alignment of tibia shaft fractures have not been rigorously tested. Similarly, the short- 
and long-term effects of malalignment on function are not known. Published parameters for acceptable alignment typically fall within the following ranges: 
varus/valgus of less than 5 to 10 degrees, recurvatum/procurvatum of less than 5 to 10 degrees, rotation of 0 to 10 degrees, and shortening of less than 1 to 2 
cm. However, the possible combinations of these values are numerous, and Bridgman and Baird*° reported that a suboptimal outcome could be assigned to 
between 4% and 42% of patients in their study on cast treatment, depending on which definitions for acceptable alignment and shortening were used. 

Limited animal data suggest that mild tibia malalignment does not result in significantly abnormal cartilage contact pressures or cartilage degeneration 
at the ankle or knee.?68 However, in a cadaveric study mimicking tibia malalignments of 5 to 20 degrees, McKellop et al.!°8 showed that angulation could 
increase pressure on the knee cartilage by up to 106%. This effect was most pronounced for fractures of the proximal third of the tibia. Some data suggest 
that greater degrees of ankle malalignment correlate with poorer functional outcomes, but the numbers are very small. Vallier et al.30 reported that pain was 
more common in patients with malalignment of more than 5 degrees following distal tibia fixation. However, Lefaivre et al.!7° reported that up to 35% of 
tibia shaft fractures show evidence of ankle arthritis and 42% have ankle stiffness at long-term follow-up even in the absence of malalignment. Recent level 
II evidence has shown a frequency of 41% tibia malrotation after IM nailing but there was no significant functional impact even with malrotation of up to 20 
degrees.2®9 Merchant and Dietz?°° reported no correlation between tibia malunion and subsequent radiographic arthritis or functional change at the knee or 
ankle. However, traditional beliefs persist that even small angular deformities of the tibia can result in significant functional loss.®? 

The treatment of symptomatic or cosmetically unacceptable tibia malunion usually requires osteotomy and correction can be complex when multiple 
planes of deformity are involved. Surgical fixation is required after osteotomy and can be performed using IM nails, plates, or external fixators. Multiplanar 
computer-guided circular external fixator systems are especially suited to the simultaneous correction of multiple planes of deformity and also facilitate 
lengthening via distraction osteogenesis if needed. The value of the prophylactic treatment of asymptomatic tibia malunion is not yet known. Further 
information about malunions and their treatment can be found in Chapter 31. 


NONUNION 


Defining nonunion and delayed union is significantly more complicated for tibia shaft fractures than for many other fractures. Whereas the majority of 
fractures elsewhere in the body will heal in approximately 3 months, this time point cannot be used for tibia shaft injuries which heal more slowly, 
particularly in open fractures. Definitions of delayed or nonunion for the tibia vary throughout the literature. The diagnosis of delayed and nonunion is 
complicated by poor agreement between surgeons on the definitions and criteria for assessing fracture healing.30:160.218 

Approximately 80% of nonoperatively treated closed tibia fractures heal in 20 weeks. Operative treatment decreases average healing time irrespective of 
the fixation method.*064 For example, Bone et al. showed that the mean time to union for closed fractures treated conservatively is approximately 26 
weeks compared to 18 weeks in those treated surgically. However, mean time to union following operative treatment is 15.7 to 35.8 weeks for open and 
closed fractures combined.°?:!54 

Nonunion rates after conservative management of closed tibia fractures range from 1.1% to 10%,*°% but can be as high as 27% when open fractures 
are included.'3* Operative treatment of closed tibia fractures is associated with nonunion rates ranging from 1% to 8%,!47?57 compared to the operative 
treatment of open tibia fractures where the nonunion rate varies between 5.3% and 24%.!47)!52257 Nonunion rate in open fractures is not increased by 
preliminary external fixation prior to definitive internal fixation.2+ Nonunion or delayed union in uninfected nailed tibia fractures can be successfully treated 
with exchange nailing.’? The indications and results of this treatment have been detailed by Court-Brown et al.”? 

Definitions of delayed healing most commonly involve incomplete healing between 3 and 6 months.!3*2!6 The most commonly used threshold for 
nonunion of tibia fractures is 6 months.7!®222301 Published definitions typically involve lack of complete healing, pain with weight bearing, and absence of 
visible fracture callus or failure of fracture consolidation after 6 months.?!1,222,301 

Severe open fractures and compartment syndrome are both associated with a significant delay in time to union.!5*:248 Chua et al.®! reported that the 
average time to union was 10.7 months in open tibia fractures and others have reported healing times of up to 42 weeks when both open fracture and 
compartment syndrome occur simultaneously.!°? Similar delays in healing have been reported with ring external fixation for severe combat blast injuries 
(220 days).156 

An increased risk of delayed or nonunion has been reported with open fractures, deep infection, a postoperative fracture gap, distal fractures, and 
smoking, !5156216,248,281 Ty 2016, O’Halloran et al. published a nonunion prediction model called the Nonunion Risk Determination (NURD) score.?*’ The 
model used multiple variable logistic regression to assign different weighted numbers of points to each of the following factors—need for flap placement, 
compartment syndrome, open fractures, male gender, American Society of Anesthesiologists (ASA) physical status, percent cortical contact, and certain 
chronic conditions. It subtracts points for factors associated with union such as low-energy mechanism and spiral fracture pattern. A NURD score of 0 to 5 
had a 2% chance of nonunion whereas a score greater than 12 had a 61% chance.??” This model is awaiting further clinical validation but may prove an 
excellent tool for prospectively estimating nonunion risk after tibia fracture. 

Surgical intervention for the treatment of delayed or nonunion performed earlier than 6 months may result in unnecessary surgery2®! and longer delays 
may be prudent when dealing with more severe open injuries. The diagnosis, investigation, and management of nonunion are discussed in detail in Chapter 
31. 


DEEP INFECTION 


Deep infection rates after internal fixation mainly vary with fracture severity. Infection is relatively rare (1.8%) in closed and type I open tibia fractures, but 
occurs in up to 8% to 16% of type III injuries.4®73:114 Infection is therefore a significant risk for poor outcome in mangled extremities sustained in both 
civilian and military tibia injuries.43156 

The most commonly implicated organism is Staphylococcus aureus which has been reported to cause 64% of deep tibia infections,*?” but high rates of 


nosocomial pathogens have also been reported, leading some authors to recommend administration of antibiotics with activity against nosocomial agents at 
the time of definitive soft tissue closure.!!* Deep infection after IM nailing has been related to thermal necrosis, inappropriate fasciotomy management, 
exchange nailing, primary external fixation, the severity of the open fracture, substance abuse, and complications of soft tissue coverage.7°8 

Treatment of deep infection following IM nailing can be performed with or without nail removal depending on the stage of fracture healing. 
However, the presence of a contaminated implant with a biofilm can make clearance of infection significantly more challenging. The use of temporary or 
permanent antibiotic nails has been described by multiple authors for IM infections of the tibia,!°.204232,245,247,251 Antibiotic nails are associated with 
improved fracture stability compared to other antibiotic delivery methods such as spacers and beads. 

Some authors have reported success rates of infection clearance to be as high as 90%,74739 but the rate appears to be lower when the nail is retained 
than for retention of plates.2° However, challenges associated with treating tibia osteomyelitis should not be underestimated. Patients can present with 
recurrent infection years after an apparent cure. Severe or recalcitrant infections may be an indication of late amputation.!°° Tibia osteomyelitis often 
requires aggressive bony debridement and saucerization with long-term intravenous antibiotic therapy. Lifelong suppressive oral antibiotic therapy is also 
given in extreme cases. The investigation, diagnosis, and treatment of orthopaedic infections and osteomyelitis are detailed in Chapter 29. 
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Isolated Fibula Shaft Fractures 


EPIDEMIOLOGY OF ISOLATED FIBULA SHAFT FRACTURES 


The majority of fibula fractures occur in association with injuries to the tibia or ankle. In their review of 5,953 fractures in adults in 2000, Court-Brown and 
Caesar® did not report any isolated fibula shaft fractures. Given the rarity of these injuries, little is published regarding their frequency, treatment, and 
outcome. Oblique or spiral fracture patterns typically seem to occur secondary to twisting injuries,” whereas comminuted or transverse patterns are caused 
by a direct impact to the lateral leg or by ballistic injuries. Spontaneous fibula fractures related to forceful muscle contraction have also been reported in 
athletes.158 

The fibula has been estimated to only carry between 7% and 16% of body weight under normal circumstances, !!>!’2 whereas the periarticular portions 
of the proximal and distal fibula are important for stability of the knee and ankle, respectively. The central part of the fibula diaphysis can be removed for 
use as a vascularized bone graft without significant reduction in leg function.**:!’7 Therefore, it is not unexpected that isolated fibula shaft fractures are of 
minimal functional significance. 


ASSESSMENT OF ISOLATED FIBULA SHAFT FRACTURES 


Although case reports exist describing compartment syndrome in patients with low-energy fractures of the fibula or ankle, these are extremely rare.12-143.324 


However, civilian ballistic fractures of the fibula are associated with higher-than-expected rates of compartment syndrome (11.6%), especially in the 
proximal one-third.*°” Isolated fibula fractures related to industrial or crush injuries are also at higher risk of having an associated compartment syndrome. 

Apparent isolated proximal spiral fibula shaft fractures can be associated with injury to the ankle syndesmosis and the interosseous membrane between 
the tibia and fibula shafts. This injury pattern is known by the eponym Maisonneuve fracture, after the French surgeon Jules Maisonneuve who first 
described it. The lateral injury can be associated with injuries to the medial malleolus or to the medial ligamentous and capsular structures alone. Unlike 
other fibula shaft fractures, these injuries are highly unstable. Although some authors advocate nonoperative treatment,?°° these injuries typically require 
surgical stabilization of the syndesmosis and medial bony injury.8* For this reason, the radiographic evaluation of all apparent isolated fibula shaft fractures 
should include AP, lateral, and mortise views of the ipsilateral ankle. External rotation stress views of the ankle may also be helpful in assessment of 
syndesmosis injury. Further discussion on the treatment of Maisonneuve fractures can be found in Chapter 65. 

The clinical and radiographic assessment of a patient with an isolated fibula shaft fracture differs little from that described earlier for tibia shaft 
fractures. Since fibula shaft fractures can often occur in conjunction with subtle associated injuries, evaluation should focus on ruling out unstable 
combinations. Full-length AP and lateral radiographs of the tibia and fibula should be obtained with supplemental imaging of the knee or ankle as needed. 
Isolated fibula shaft fractures rarely require further workup with a CT or MRI scan. 

The clinical history should focus on the timing and mechanism of the injury as well as the location and quality of pain. Full physical examination of the 
leg should be performed, including distal neurovascular examination. Tenderness, swelling, ecchymosis, and ligamentous stability of the ankle and knee are 
typically assessed. Fibula fractures caused by a direct blow to the lateral leg can be associated with medial knee ligamentous injury and valgus knee 
instability, whereas proximal fibula fractures can have associated varus knee stability because of loss of lateral collateral ligament tension. Fibula fractures 
at all levels can be associated with ankle syndesmosis injuries. 


TREATMENT OPTIONS FOR ISOLATED FIBULA SHAFT FRACTURES 


NONOPERATIVE TREATMENT OF ISOLATED FIBULA SHAFT FRACTURES 


The treatment for an isolated fibula shaft fracture is almost always nonoperative and the union rate is very high (Fig. 63-40). In our clinical practice, these 
injuries are treated with immediate weight bearing as tolerated in a walking boot. The patient is weaned from the boot as comfort allows and allowed to 
return to work and sports as tolerated. Even in open fractures treated with irrigation and debridement, fixation of the fibula fracture is rarely indicated or 
performed and nonunions as demonstrated in Figure 63-41 are rare. Nonoperative treatment of isolated fibula shaft fractures is relatively straightforward 
because the limb’s length, rotation, and ability to bear weight are maintained by the intact tibia. 

There are no published data reporting outcomes following isolated fibula shaft fractures, nor is there significant controversy regarding the recommended 
treatment for these injuries. Published reports and ongoing investigations focused on the treatment of fibula fractures are almost universally concerned with 
what to do with those that occur in associated tibia, knee, or ankle injuries. 
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A, B 


Figure 63-40. AP (A) and lateral (B) radiographs of a fibula shaft fracture from a civilian gunshot wound. C, D: The fracture healed uneventfully with nonoperative 
treatment. 


C, D 


41. An open fibula fracture that was treated with debridement and no fixation. This usually results in union or an asymptomatic nonunion, but in this case a 


symptomatic nonunion developed (A, B), which was successfully treated with plate fixation and bone grafting (C, D). 
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INTRODUCTION TO TIBIAL PILON FRACTURES 


Distal intra-articular tibial fractures remain one of the most substantial therapeutic challenges that confront the orthopaedic traumatologist both from a soft 
tissue injury and articular reconstructive point of view. First described by the French radiologist Destot in 1911, ankle fractures that involve the weight- 
bearing distal tibial articular surface are known as pilon fractures.’ The term “pilon” is from the French language and refers to a pestle, specifically a club- 
shaped tool for mashing or grinding substances in a mortar. Later, Bonin would refer to a similar fracture as a “plafond” fracture.!” Plafond, meaning 
“ceiling” in French, likens the distal tibial articular weight-bearing surface to the ceiling of the ankle joint. A pilon fracture suggests that the talus acts as a 
pestle impacting the tibial plafond. 

These fractures were poorly understood until 1968, when Riiedi et al. published their classic paper on the subject, describing the fracture, its treatment, 
and a prognostic classification.°* Riiedi’s experience in the 1960s was primarily based on low-energy skiing injuries with short boots and early design 
bindings. In this master surgeon’s hands, immediate fixation of these injuries demonstrated satisfactory and durable results with few complications.’ A 
subsequent paper in 1973, evaluating 54 of the initial 82 patients at an average of 9 years postinjury, demonstrated the durability of the initial results with an 
overall improvement of function.’ Riiedi’s results were supported by the similar results of Heim and Naser, published in 1976.°° 

In 1986, Ovadia and Beals published their results on 145 pilon fractures. The methods of treatment were divided into two groups: open reduction and 
internal fixation (ORIF) according to the AO technique versus other methods. The best results were obtained by ORIF. In 1988, Mast et al. cautioned that if 
definitive surgery could not be performed within 8 to 12 hours of injury, temporary treatment should be rendered, and the definitive procedure delayed for 7 
to 10 days to allow time for resolution of soft tissue swelling.” In their classic 1990 textbook, the Rationale of Operative Fracture Care, Schatzker and Tile 
stated again that if pilon surgery could not be performed before the development of fracture blisters or significant swelling, they recommended delay.99 
Despite these prescient warnings, early (1-5 days) internal fixation of these fractures became the standard of care in the United States by the 1990s. 

In truth, pilon fractures in the United States are rarely low-energy injures, but in fact, a result of higher-energy vehicular accidents and falls from a 
height, which often result in significant associated soft tissue compromise. In 1992, McFerran et al. reported a 40% complication rate when immediate 
internal fixation was performed, with 21 of 52 fractures requiring 77 more procedures.’* The following year, Teeny and Wiss evaluated 60 plafond fractures 
over a follow-up period of 2.5 years.!!! Sixty percent of the fractures were the result of high-energy trauma. Poor results occurred in 50% of the cases. The 
initial enthusiasm for early internal fixation of the 1980s suddenly became tempered by these reports of substantial wound complications, deep sepsis, 
osteomyelitis, and poor functional outcomes.?*7>29!25 Treatment shifted away from ORIF to alternative types of treatment. 

To address the complications associated with large surgical exposures and the use of 4.5-mm large fragment plates and screws in highly traumatized 


tissues, external fixation gained popularity.!> In a series of high-energy tibial plafond fractures, Bone et al. reported very good results when using open 
reduction and stabilization of the articular surface with screws, with subsequent ankle-spanning external fixation used to primarily neutralize the distal 
metaphyseal fracture until union.!© That same year, Tornetta et al. described combined open stabilization of the articular injury with the use of hybrid 
external fixation for the tibia metaphysis without spanning the ankle joint.!!5 His favorable results were supported by other authors using hybrid or fully 
circular wire and ring external fixation devices.!%47:48:61,71,80,90,98 This was short lived, however, as the use of external fixation gave rise to increased rates 
of malunion, nonunion, lower clinical scores, and a slower return to function.*8° Hutson and Zych, as well as subsequent investigators would also 
demonstrate significant rates of pin tract infections, tendon injury, and impalement of neurovascular structures with the use of tensioned wire fixators.>9:!2 

By the end of the 1990s, the lack of consistent results with the use of external fixation techniques and an improved understanding of the associated soft 
tissue injury gave way to the reconsideration of open treatment with internal fixation, but only after a period of soft tissue recovery, reaffirming Schatzker 
and Tile, and Mast’s original thesis. In 1999, a seminal manuscript by Sirkin et al. described a staged surgical approach; specifically, initial external fixator 
placement, an interval period of soft tissue rest, and, finally, definitive internal fixation.!°* With this technique, the authors reported a major complication 
rate of 3% in closed fractures and 11% in open injuries. Patterson and Cole corroborated these results using a similar staged approach.®’ Thus, the “span, 
scan, and plan” philosophy—apply external fixation, obtain a computed tomographic (CT) scan, and plan definitive ORIF—became the standard of care for 
pilon fractures. 

As a result, the past two decades have seen a resurgence in ORIF techniques with strict attention to the critical handling of the traumatized soft tissue 
envelope. The establishment of minimally invasive plating techniques, ™34-36.54.65 the use of alternate exposures,*°>> the development of low-profile and 
anatomically contoured plates,!°! and a greater understanding of the osseous fracture anatomy as a result of CT scanning!!*:!!4 have improved the care of 
this challenging fracture. 

Fifty-five years later, the orthopaedic trauma community has begun to return full circle to Rtiedi’s original tenets, that is, early, and definitive ORIF. 
Several authors have now presented results for acute versus staged definitive fixation, with comparable outcomes reported for each technique.*°82-!23 When 
treating these fractures, the surgeon therefore must obtain a balance between an anatomic articular reduction and compromising the soft tissue envelope. 
Importantly though, despite all the advances in the identification, understanding, and treatment of the associated soft tissue injury, the liberal use of CT 
scanning, improvements in implant design, and minimally invasive techniques, satisfactory long-term functional outcomes remain elusive, even when the 
soft tissue envelope heals without complication. Even with excellent fracture reduction and soft tissue management, these injuries may result in significant 
posttraumatic arthritis secondary to cartilage apoptosis as a result of axial load and impaction forces. Mastering the learning curve and having significant 
surgical experience with these fractures is critical to the decision-making process and to offering the patient the best chance at a reasonable outcome. 


ASSESSMENT OF TIBIAL PILON FRACTURES 


MECHANISMS OF INJURY FOR TIBIAL PILON FRACTURES 


Most articular fractures of the distal tibial weight-bearing surface are the result of motorized vehicular accidents, falls from heights, and industrial injuries.®* 
Most intra-articular pilon fractures are primarily the result of axial loading forces where the talus is forced proximally into the distal tibia, producing the 
“explosion” fracture of the articular surface.°° In 1951, Böhler noted that the position of the foot at the time of impact was critical to the morphology of the 
fracture.!* Riiedi in 1968, however, was the first to describe in detail the combination of an axially applied load in combination with foot position (Fig. 64- 
1).’° If the vertical compression force is applied to a plantigrade foot, a central depression will occur, whereas if the force is applied with the foot in either 
dorsiflexion or plantarflexion, the fracture will result in anterior or posterior malleolar injuries, respectively. In addition, when these forces are combined 
with a bending, rotation, and/or shearing moment, fractures with variable morphology are created. 

Kellam and Waddell described a different type of pilon fracture which is the result of lower energy, a rotational fracture that enters the joint as an 
extension of a tibial shaft fracture, frequently without significant displacement.* The articular injury is composed of mildly or moderately displaced large 
articular fragments with minimal chondral impaction or disruption. The soft tissue envelope is injured to a lesser degree, although significant swelling may 
still be a component. Open wounds with significant devitalization are not common and the overall prognosis is more favorable. 


INJURIES ASSOCIATED WITH TIBIAL PILON FRACTURES 


As one would expect, high-energy injuries are usually accompanied by additional injuries. Associated injuries are varied and are usually related to the 
accident itself. Uncommonly, the talus is damaged in the injury, and to a lesser extent the calcaneus. While osteochondral defects are infrequent, 
delamination, shearing, and/or gouging of the talar dome cartilage is frequent, though underreported. Presently there are no reports of how this affects the 
long-term prognosis of the ankle joint. 
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Figure 64-1. The position of the foot at the time of axial load determines which portion of the tibial plafond sustains the major impact of the talus. 


Compartment syndrome is extremely infrequent and a result of a tibial shaft fracture extension rather than the pilon component. Vascular problems, 
however, may arise, but whether they create complications is unclear. LeBus and Collinge evaluated patients sustaining high-energy tibial plafond fractures 
with CT angiography (CT-A).™ Arterial abnormalities were seen in 14 of 25 patients; 9 involved the anterior tibial artery, 3 the posterior tibial artery, and 2 
involved the peroneal artery, with half of the cases demonstrating complete occlusion. While all limbs were asymptomatic, and no sequelae related to the 
arterial abnormality was identified, these cases were all treated with minimal invasive techniques based on their CT-A. 


SIGNS AND SYMPTOMS OF TIBIAL PILON FRACTURES 


When the limb is first seen, it is often in a simple emergency medical service (EMS) splint in the emergency department. After removal of the splint, if the 
limb is obviously deformed, it should be reduced with gentle traction. Occasionally, the anterior or posterior tibial, peroneals, or EHL tendon may be 
trapped in the fracture, preventing reduction. Rarely one or more of the tendons may be lacerated by the fracture. Circulatory status is evaluated by direct 
palpation and/or Doppler ultrasound examination. Sensation should be noted. The degree of soft tissue swelling, blisters, and any open wounds are 
evaluated. Displaced fracture fragments may create excessive pressure on the overlying soft tissue envelope. If these are left untreated, this pressure can 
result in skin necrosis (Fig. 64-2). Gentle manual correction of these gross deformities should be attempted before radiographic examination, to minimize 
compromise to the local skin and soft tissues. Once the initial assessment is complete, the limb is resplinted in a stable position. 

While extensive debridement of an open wound is not warranted in the emergency room, initiation of intravenous antibiotics, removal of obvious 
foreign material and debris, sterile saline irrigation, and coverage with a sterile bandage should be performed in the emergency department. Current studies 
are investigating the effectiveness of topical vancomycin and tobramycin powder applied directly to the open fracture site at the prehospital or emergency 
department arrival timepoint, but the data is as yet inconclusive.23:76.84.85 

In addition to marked swelling, fractures of the distal tibia are frequently accompanied by the presence of fracture blisters (Fig. 64-3). Fracture blisters 
typically occur within hours but may take up to 2 to 3 days to develop.!!9 The skin covering the distal tibia receives its direct blood supply from the 
underlying fascia via perforating arteries originating from the dorsalis pedis, posterior tibial, and peroneal arteries. Disruption of the dermal-epidermal 
junction and the subsequent formation of fracture blisters can result from excessive tension at the time of injury.°° In a clinical and histologic study 
performed by Giordano et al., two clinical types of fracture blisters, clear filled and blood filled, were identified.*®°! Histologic evaluation demonstrated 
that while these both represented separation at the dermal—epidermal junction, the main difference was the retention of some degree of epidermal cells in the 
clear-filled blisters (white), while the dermis of the blood-filled (red) subtype was completely free of epidermal cells, indicative of a deeper injury involving 
the papillary vasculature. Though reports in the orthopaedic literature concerning fracture blisters and their management are limited, hemorrhagic blisters 
(red) appear to be associated with increased complication rates, most notably eschar formation with resulting partial or more commonly full-thickness skin 
loss.!07:119 When hemorrhagic blisters are present, the surgeon should avoid placing incisions through this area if at all possible. White blisters can be 
lanced with an 18-gauge needle and drained, and a nonadherent dressing can be applied. These will heal rapidly. Red blisters should be left alone to form an 
eschar. In many cases, they will decompress on their own, and then a nonadherent dressing can be placed. They will heal or demarcate on their own and 
require observation to determine final treatment and help plan for future incisions around, but not through, them. 


Figure . Highly comminuted pilon fracture (430). Excessive pressure on the skin from this displaced fragment (arrow) will cause tissue necrosis if left untreated. 
Gentle traction and manual manipulation are typically all that is needed. If unable to reduce pressure, a 2- to 3-mm incision should be made and a Freer elevator used to 
disengage the fragment from soft tissue. Care must be taken not to overdistract the joint with external fixation, as this will cause increased tension on the skin. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR TIBIAL PILON FRACTURES 


Initial ankle radiographs (anteroposterior [AP], lateral, and mortise) will confirm the diagnosis of an intra-articular pilon fracture. These plain films, if 
studied carefully, will offer a wealth of information about the fracture. When evaluating these radiographs, the surgeon should determine (1) whether the 
fibula is fractured, (2) the degree of articular comminution, (3) the amount and location of fragment impaction, (4) any obvious subluxations or dislocations 
either at the tibiotalar joint, talofibular joint, or the syndesmosis, and (5) any associated injuries to the hindfoot (F ). Full-length images of the tibia 
and fibula should be obtained to rule out additional fractures. 

CT scans should not be obtained until after the limb has been stabilized (preferably with a spanning external fixator), because the anatomy will be 
distorted. Once the fracture has been pulled out to the appropriate length, the CT scan will become a useful preoperative planning tool ( 5).*-+14 The 
CT scan will allow the surgeon to evaluate missed lesions such as tubercle of Chaput avulsions, coronal and sagittal splits, syndesmotic disruption, coronal 
or sagittal fractures of the distal fibula, as well as bony damage to the talar dome. The scan will also allow the surgeon to plan incisions based on the 
morphology of the fracture (see later). Although not critical, three-dimensional reconstructions may provide additional information for planning. Magnetic 
resonance imaging of these injuries is not routinely needed. 
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Figure 64-3. Clinical photographs of the right lower extremity from the medial (A) and lateral (B) perspectives 5 days after sustaining a highly comminuted tibial 
pilon fracture. Initial treatment (spanning external fixation) was delayed secondary to associated life-threatening injuries. The severity of soft tissue injury laterally 


precluded fibula fixation for approximately 3 weeks. 


Figure 64-4. This mortice view alone offers a wealth of information, including a comminuted fibula fracture, an intact Volkman ligament, a posterior malleolar 
fracture, a medial malleolar fracture, a separate posterolateral distal tibial fragment, severe lateral and central articular impaction, and a probable ATFL rupture. Also 
note that the valgus ankle displacement has resulted in tenting and possible tearing of the medial skin envelope (arrow). 


CLASSIFICATION OF TIBIAL PILON FRACTURES 


Fracture Classification 


Classifications are ideally designed for one of two purposes. Either they assist the surgeon in selecting a treatment method, or they provide prognostic 
significance to a specific treatment method, allowing both the surgeon and the patient to be aware of the eventual outcome. Without these two caveats, 
classification systems are meaningless, as most surgeons already have a difficult time with an arbitrary classification scheme that does not seem to match 
the fracture they see before them. 

The two main classification systems used for fractures of the tibial plafond are the Riiedi-Allgéwer system®* and the OTA/AO Fracture Classification 
System.°? The Riiedi—Allgéwer system is based on the displacement and degree of comminution of the articular surface (Fig. 64-6). Type I fractures are 
intra-articular fractures without displacement. Type II fractures demonstrate displaced articular fragments without comminution. Type III fractures 
demonstrate displacement and comminution of articular fragments. 

The OTA/AO system is a comprehensive classification scheme where the distal tibia is assigned the number 43.69 Injuries include three broad types: 
extra-articular (A), partial articular (B), and total articular (C). Although each of these can be subdivided further based on fracture morphology, these are 
rarely used except for research purposes (Fig. 64-7). In fact, Swiontkowski et al. were only able to demonstrate moderate observer agreement in the 
determination of fracture type (A, B, or C).!°9 The reality is that most surgeons describe the fracture based on the A, B, or C groupings and then use the CT 


scan to develop a surgical plan based on the unique characteristics of the fracture to be treated. 


Classification of Soft Tissue Injury 


Harald Tscherne classified soft tissue injuries associated with open and closed fractures in his seminal writings in 1982.117 In 2014, Valederrama-Molina et 
al. described good correlation between photographs and videos of the initial injuries at first viewing and then 10 days later. While this was a prospective 
study, treatment was not based on this classification.!'® Unfortunately, at this time, a clinically useful classification system that can assist the surgeon in the 
decision-making process regarding timing of surgical intervention remains elusive. As a result, the surgeon’s experience and overall judgment become the 
critical factor in the decision-making process. 


A, B 
Figure 64-5. Axial (A), coronal (B), and sagittal (C) CT scan cuts of Figure 64-4, indicating severe articular crush, an unstable and comminuted posterior malleolus, 
displaced medial malleolus, and impaction and avulsion of the anterolateral Chaput fragment. 


Figure 64-6. Riiedi—Allgéwer classification of tibial plafond fractures. Type I: Cleavage fracture of the distal tibia without significant displacement of the articular 
surface. Type Il: Significant fracture displacement of the articular surface without comminution. Type III: Impaction and comminution of the distal tibial articular 
surface. 


New technologies may allow for more objective measures of soft tissue perfusion and injury. Results of laser-assisted angiography appeared responsive 
to time delays, suggesting the ability to objectively identify improvements in soft tissue quality. Functional infrared thermal imaging may also play a role in 
objectively defining soft tissue injury severity. However, at the time of this publication, these techniques, and their use in identifying the optimal timing for 
pilon fracture fixation, remain in their infancy. 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO TIBIAL PILON FRACTURES 


DISTAL TIBIA (FIG. 64-8) 


The distal tibial plafond forms the inferior articular surface of the tibia. This surface is rectangular in shape and forms the roof of the mortise. Its surface is 
wider anteriorly than posteriorly and slightly concave from anterior to posterior.”? This particular surface is continuous with the medial malleolar articular 
surface, which lies at an angle of about 90 degrees to the tibial plafond and extends about 1.5 centimeters distal to it. The medial aspect of the distal fibula 
also articulates with the lateral aspect of the talus to complete the ankle mortise. 

The medial malleolus is the medial process of the distal tibia and consists of two colliculi, the anterior and posterior colliculi, separated by the 


intercollicular groove. On the anterolateral side of the distal tibia, the anterior tibial process forms the tubercle of Chaput; on its posterolateral side, it ends 
with the posterior tibial tubercle. The fibular groove or gutter, outlined by these anterior and posterior tibial tubercles, and the triangular surface above it, in 
combination with the corresponding surface of the fibula form the walls of the distal tibiofibular syndesmosis. 

The posterior tibia ends in the posterior malleolus, which extends more distally, making a posterior arthrotomy for joint inspection impractical. The 
strongest cancellous bone in the distal tibia is located at the level of the subchondral plate and continues up to 3 cm from the joint.” 

The distal fibula forms the lateral malleolus and has an anterior and a posterior tubercle, and a triangular, convex articular surface. In addition, the distal 
fibula articulates with the posterolateral aspect of the distal tibia, forming the distal tibiofibular syndesmosis. 


Type A - Extra-articular 


Type B - Partial articular 


Type C - Total articular 
Figure 64-7. The three major types of distal tibia fractures according to the OTA/AO classification system. Type A fractures are extra-articular. Type B fractures are 
partial articular. Type C fractures are complete articular. Subdivisions within types A and C are based on increasing amounts of comminution. Subdivisions within type 
B (partial articular) involve determining the presence or absence of split and depressed articular components. 
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Figure 64-8. Osseous anatomy of the right ankle joint. A: Anterior view. B: Posterior view. C: Superior view of the right talus. D: Undersurface view of the right 


tibial plafond. 


LIGAMENTS (FIG. 64-9) 


Deltoid Ligament 


The deltoid ligament consists of the superficial and the deep portions. The three superficial ligamentous bands originate primarily from the medial surface of 
the anterior colliculus and are attached in the following manner: to the dorsal surface of the navicular and the spring ligament—the naviculotibial ligament; 
to the sustentaculum tali of the os calcis—the calcaneofibular ligament (CFL); and to the anterior portion of the medial tubercle of the talus—superficial 
talotibial ligament. The deep portion of the deltoid consists of two ligamentous bands: the smaller, anterior band, the deep anterior talotibial ligament, takes 
origin from intercollicular groove and the adjacent surface of the anterior colliculus, and is attached to the medial surface of the talus; and the posterior 
band, the deep posterior talotibial ligament, is the principal stabilizer of the talus in the ankle mortise and originates from the posterior colliculus and the 
intercollicular groove, takes a posterolateral and distal course, and is inserted into the medial surface of the talus. 


Distal Tibiofibular Syndesmosis 


This space between the tibia and the fibula is just proximal to the plafond and is held together with four ligaments: the anterior distal tibiofibular ligament 
(ADTFL), attached to the anterior tubercles of the tibia (Chaput) and fibula (Wagstaffe); the posterior tibiofibular ligament (Volkman’s), attached to the 
posterior tubercles of the tibia and fibula; the inferior transverse ligament, representing the inferior fibers of the posterior tibiofibular ligament; and the 
interosseous ligament, which makes the posterosuperiorly directed roof of the syndesmosis, and is a thick ligament of variable length which spans a short 
distance between the fibula and the tibia, thus making its demonstration difficult at surgery or dissection. Furthermore, a few short bands at the top of the 
syndesmosis cross anteriorly and posteriorly from the fibula to the tibia and add to the stability of the ankle. 
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Figure 64-9. Important ligamentous structures around the ankle are illustrated. A: Anterior view. B: Posterior view. 


Lateral Collateral Ligaments 


These three ligaments provide lateral and AP stability of the talus in the ankle mortise: the anterior talofibular ligament (ATFL), which is attached to the 
fibula just distal to the anterior tubercle and on the talar neck just anterior to the lateral articular surface; the calcaneofibular ligament (CFL), which takes 
origin at the posterior side of the distal fibula, just proximal to its tip, extends posterodistally, crosses the posterior facet of the subtalar joint, and attaches 
into the calcaneus; and the posterior talofibular ligament (PTFL), which extends almost horizontally from just below the posterior tubercle of the fibula to 
the lateral tubercle of the talus. 


COMPARTMENTS (FIG. 64-10) 


From medial to lateral, the anterior tibial compartment contains the tibialis anterior, the extensor hallucis longus (EHL), the extensor digitorum longus 
(EDL), and the peroneus tertius muscles, all innervated by branches of the deep peroneal nerve. The crural fascia which envelops most of the tendons 
around the ankle forms four fibrous bands which serve as pulleys for the tendons: the transverse crural ligament is anterior and proximal to the ankle joint; 
the cruciate crural ligament is anterior and just below the ankle joint. 

The deep posterior compartment at the ankle includes the posterior tibial tendon (PTT), the flexor digitorum longus tendon, and the flexor hallucis 
longus (FHL) muscle and tendon, all innervated by the tibial nerve, which passes with the posterior tibial vessels deep to the tendinous arch of the soleus 
muscle in the proximal quarter of the leg. The tibial nerve descends deep to the soleus muscle and travels distally on the tibialis posterior muscle with the 
posterior tibial vessels. The tibialis posterior, flexor digitorum longus, posterior tibial artery, tibial nerve, and FHL travel along the posteromedial aspect of 


the distal tibia within the tarsal tunnel, which is created by the flexor retinaculum. 

The lateral compartment contains the peroneus longus and brevis muscles, both of which are innervated by the superficial peroneal nerve. The peroneus 
brevis is located anterior to the peroneus longus. Both are held posterior to the fibula by the superficial peroneal retinaculum which acts as a pulley at the 
junction of the fibular shaft and start of the lateral malleolus. At this level, the superficial peroneal nerve is sensory and travels in the subcutaneous tissue 
across the front of the ankle, splitting into medial and lateral branches that innervate the dorsum of the foot. 

The distal metaphyseal areas of the tibia have a rich extraosseous blood supply that is primarily rendered by branches of the anterior tibial and posterior 
tibial arteries. Distally, the anterior tibial artery gives off several medial and lateral arterial branches that pass onto the surface of the anterior distal tibial 
metaphysis. The posterior tibial artery provides the majority of the extraosseous vasculature to the medial and posterior aspects of the distal tibial 
metaphysis. 

The skin covering the distal tibia receives its direct blood supply from the underlying fascia via perforating arteries originating from the dorsalis pedis, 
posterior tibial, and peroneal arteries. The superficial venous system of the leg includes the greater saphenous vein, which travels with the saphenous nerve 
anterior to the medial malleolus up the medial surface of the tibia to the knee. The lesser saphenous vein, the lesser saphenous nerve, and the sural nerve, all 
run posterior to the lateral malleolus travelling proximally to the center of the posterior aspect of the leg between the medial and lateral heads of the 
gastrocnemius. 
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Figure 64-10. Axial view of the distal tibia just proximal to the distal tibiofibular syndesmosis demonstrating the relevant local surgical anatomy of distal tibial 
plafond fractures. 


PATHOANATOMY 


Metadiaphyseal Component 


From a surgical point of view, it is helpful to divide the distal tibial plafond into three basic columns: medial, lateral, and posterior as described by Assal et 


al.” The medial column is the continuation of the medial side of the triangular diaphysis of the tibia. This column ends in the medial malleolus. The lateral 
column is the prolongation of the anterolateral side of the triangular tibial diaphysis and forms a triangular fibular notch where the tibia and fibula articulate. 
One should also think of the fibula as part of this column, as 20% to 30% of lateral weight bearing is shared by the fibula. The third column of the tibia is 
the posterior column and ends in the posterior malleolus. Considerations regarding both surgical approaches and plate location are determined by these 
columns (Fig. 64-11). 


Articular Component 


While the ligaments of the ankle remain largely intact after a tibial plafond fracture, they are associated with three commonly observed articular fracture 
fragments based on CT scanning and include the medial malleolar fragment, the anterolateral Chaput fragment, and the posterolateral Volkmann fragment. 


Figure 64-11. Column theory of the distal pilon. Left: Medial (orange) and lateral (blue) columns. The fibula should also be considered part of the lateral column. 
Right: Posterior column. Each column needs to be secured with stable fixation to prevent loss of reduction. (Reproduced from Assal M, et al. Strategies for surgical 
approaches in open reduction internal fixation of pilon fractures. J Orthop Trauma. 2015;29(2):69-79.) 


Extra-Articular Fractures (43A) 


By definition, these fractures represent a low metaphyseal-epiphyseal fracture of both the tibia and fibula, without an intra-articular component (Fig. 64-12). 
In these fractures, it is important to obtain a CT scan to verify that there is no joint involvement as this would change the classification from a 43A to a 
nondisplaced 43B1 or 43C1 fracture. If present, these nondisplaced fragments may best be treated with a percutaneous reduction and lag screw application, 
before insertion of an intramedullary (IM) device for the tibial shaft fracture. Failure to recognize this component before IM nail insertion may result in 
displacement of the fracture with insertion. 

When using an IM device, preoperative measurements must be taken, as it is critical that the distal locking screws of the IM nail capture the distal tibial 
segment. If this is not possible, then fixation with a plate, with either an open or percutaneous reduction will be required. Alternately, if the fracture is too 
distal for a plate construct, a circular thin wire frame may be required. 


Partial Articular Fractures (43B) 


Partial articular injuries may affect any aspect of the tibial plafond, but most commonly involve the anterior plafond, the medial malleolar segment, or 
combinations thereof. These are typically large fragments, which can be more easily reduced. By definition, there is a stable articular segment still attached 
to the shaft known as the constant fragment, which creates an anatomic landmark for correct reduction of the displaced fragments in terms of overall 
alignment. This fracture pattern should offer the patient the best chance at a good outcome. Unfortunately, because these fractures can present as a classic 
“split depression”—type fracture, the articular surface immediately adjacent to the split is often impacted and delaminated. Clinically, the fractured edge of 
the intact segment may prevent a truly anatomic reduction, decreasing the chance for a good long-term result. Most commonly seen with adduction 


fractures, the medial malleolar fragment will need to be moved to expose the impacted plafond fragment. This piece will need to be disimpacted and the 
defect grafted before the medial malleolus (split fragment) is reduced (F ). 


80 mm 


gure .. Low-energy spiral tibial shaft fracture with extension into the articular surface of the ankle, treated with percutaneous articular stabilization and IM nail 
insertion. A: AP and lateral radiographs of a spiral tibial shaft fracture. Note the distal metaphyseal extension seen on the AP radiograph. B: CT scans indicating a non 
displaced intra-articular fracture component. C: Intraoperative fluoroscopic views of the distally locked IM nail and anterolateral percutaneous lag screw. D: 
Postoperative CT scan indicating maintenance of an anatomic articular reduction. 


In complete articular injuries, one key finding is that the posterior malleolar fragments are completely dissociated from the tibial shaft, preventing reduction 
to a constant fragment. In addition to the three main articular fragments, secondary comminution and impaction occurs often centrally, creating difficulties 
in repositioning, stabilization, and healing of the articular fragments. The force causing this fracture will damage the cartilage and most often results in 
posttraumatic ankle arthritis. Despite this, and for this reason, anatomic reconstruction of the articular surface will be critical as most of the weight bearing 
in the plafond is on the perimeter of the joint, and this coupled with accurate axial and rotational alignment of the metadiaphyseal tibial fracture component 
will critically affect the long-term outcome. 


The fibula is a critical stabilizer of the lateral column, and definitive treatment of this associated fracture should not be left out of the treatment plan. As 
opposed to simpler ankle fractures, significant axial load and higher-energy injuries result in more highly comminuted fibular shaft fractures. Comminuted 
fibula fractures are more commonly associated with C-type versus B-type injuries. Biomechanically, valgus stress will result in comminution, while varus 
stress will cause a tension failure of the fibula. Anatomic reduction is critical as fibular malalignment or residual shortening will have a negative impact on 
(1) the ability to reduce the articular surface of the distal tibia, (2) restore distal tibial alignment, and (3) the final position of the talus beneath the tibia. 
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Figure 64-13. Correct reduction and grafting of impacted portion of a split depression injury in a 43B fracture. (Redrawn with permission of Springer, after Heim U, 


Pfeiffer KM. Internal Fixation of Small Fractures. Small Fragment Set Manual. 3rd ed. Springer-Verlag; 1988, permission conveyed through Copyright Clearance 
Center, Inc.) 


TREATMENT OPTIONS FOR TIBIAL PILON FRACTURE 


NONOPERATIVE TREATMENT OF TIBIAL PILON FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Tibial Pilon Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Stable fracture patterns without articular displacement 
Extra-articular fracture patterns 


Medically unwell patients who are at high risk of significant perioperative morbidity or mortality 
Nonambulatory patients 


Patients at significant risk of wound healing complications or compromise (advanced vascular disease, poorly controlled diabetes, burns, or other dense scarring) 


Relative Contraindications 


Open fractures 

Associated acute compartment syndrome 

Associated acute vascular injury 

Soft tissue conditions that cannot be managed beneath cast immobilization 
Displaced fracture fragments that are creating local soft tissue/skin ischemia 


Conservative treatment of pilon fractures using closed reduction and cast immobilization has poor functional results. Cast treatment cannot maintain 
alignment, length, or rotation. It is extremely difficult to keep the talus contained, and osteochondral and/or impacted articular fractures cannot be 
repositioned or held. Trophic changes as well as skin necrosis, secondary to persistent pressure from displaced fracture fragments, are significant 
complications that can occur with prolonged immobilization.®!%:4°.59 Nonsurgical treatment, therefore, should be offered only for truly nondisplaced 
fractures, or in cases with a contraindication to surgery. In most of those, external fixation should be employed to align the fracture, which will allow 
stabilization of the soft tissues, allowing the fracture to heal without wound complications. When treated with these methods, external fixation can be 
exchanged for a cast or a non—weight-bearing functional brace based on x-ray evidence of healing, usually at 10 to 12 weeks. Progressive weight bearing 
with ankle and subtalar range of motion (ROM) is initiated based on radiographic healing, typically 12 weeks after the injury. Indications for nonoperative 
management of displaced intra-articular fractures of the tibial plafond, therefore, are extremely limited. 


Nonoperative Treatment of Fibula Fractures 


In some cases, despite the presence of a fibula fracture, the surgeon may choose not to surgically fix the fibula. Reasons may include poor soft tissue 
coverage, minimally displaced fractures, midshaft or proximal fibular fractures, and cases where tibial shortening is required in the treatment method. When 
lateral soft tissue compromise is present, a fibular nail, long K-wire, or long 3.5-mm screw may stabilize the fibular percutaneously.°” The syndesmosis, 
however, will need to be addressed as a separate injury. In certain cases, the fibular may need to undergo surgical intervention to stabilize the syndesmosis. 
It is the senior author’s belief that fibula fixation (plate or nail) is almost always indicated to offer a more rigid lateral construct against coronal 
(varus/valgus) collapse. 


OPERATIVE MANAGEMENT OF TIBIAL PILON FRACTURES 


Soft Tissue Considerations 


Currently, definitive ORIF through formal operative distal tibial exposures requires a critical assessment of the soft tissue envelope.!*! Although not all 
patients with tibial plafond fractures will demonstrate significant soft tissue injuries, many patients who present with high-energy tibial plafond fractures 
will have fracture blisters, deep contusions, and early onset of significant edema. This patient group may also sustain other injuries that require evaluation 
and treatment, often delaying operative orthopaedic intervention to a point in time where soft tissue swelling obviously precludes definitive care. It is 
imperative therefore that the surgeon recognizes the magnitude of any associated soft tissue injury, and that the development of a surgical tactic considers 
timing and soft tissue recovery. 

Although the optimal time for surgery remains controversial, surgery is often delayed for at least 10 days to allow wrinkles to return, blisters to 
reepithelialize, and wounds to heal. After this approximate time delay, the soft tissues enter the reparative phase and can tolerate surgical incisions. Because 
of the typical shortening, displacement, and instability seen with tibial plafond fractures, particularly those considered to be associated with high-energy 
mechanisms, simple splinting or casting of these fractures for between 10 and 21 days prior to operative intervention makes definitive tibial reduction 
markedly more difficult and prolongs time to recovery of the soft tissue envelope. Because of this, most surgeons using ORIF for these injuries currently 
favor a two-stage treatment protocol (described below) to promote recovery of the traumatized soft tissue envelope prior to definitive fixation.8”104 


B 
Figure 64-14. Highly comminuted 43C fracture, open medially, treated with spanning external fixator and fibular plating. After initial stabilization, the fracture is 
now out to length, well aligned, and importantly, the ankle is not overdistracted. 


Staged Open Reduction and Internal Fixation 
Fig. 64-14 


This first stage is typically performed urgently as soon as the patient’s general condition permits. The goal of the initial stage is to restore limb length, 
alignment, and rotation, in order to allow the soft tissues to stabilize. Specifically, this means the elimination of skin tenting, soft tissue distortion, areas of 
ischemia from displaced osseous fragments, and restoration of soft tissue length. The goal at this stage of treatment is stability and alignment, not 
necessarily perfect anatomic alignment, as this is a temporary frame. 

The ligamentous structures of the ankle remain largely intact after a plafond fracture. Infrequently, avulsions of the anterior tibiofibular and posterior 
tibiofibular ligaments from their bone attachments may occur. If this happens, ligamentotaxis may not work as there may be no firm end point to the 
distraction. It cannot be stressed enough that when attempting to bring the limb out to length, care should be taken not to overdistract the ankle joint, as in 
the author’s experience, this can result in too much tension on the skin causing both tissue necrosis and painful dysesthesias that may progress into chronic 
dystrophy. 

It is the senior author’s opinion that, if possible, the surgeon performing the initial stage should also perform the definitive stage of treatment, if 
qualified. Surgeons not performing definitive surgery should not delay external fixation of a pilon fracture with soft tissue compromise, but placement of the 
fixator pins must be performed with an understanding of the incisions that will be used later for definitive fixation. 

In the past, staged treatment implied fibular fixation to stabilize the lateral column, and application of an external fixator to stabilize the medial column 
and tibial plafond. This often led to poorly placed lateral incisions, which hampered subsequent treatment, and at times resulted in malreduced fibula 
fractures that then required revision surgery. Therefore, if the initial treating surgeon will not perform the definitive fixation, they should apply the external 
fixator but not perform any ORIF, if at all possible, to minimize the incidence of incorrect placement of surgical incisions and poorly reduced fractures. This 
will allow the treating surgeon the opportunity to plan approaches based on the CT scan and soft tissue considerations. 

Usually, fibular fixation and tibiotalar spanning external fixation is all that is required in the first stage, but there are some exceptions. In a small subset 
of tibial plafond fracture patterns, extension of the fracture may propagate into the diaphysis. Occasionally, acute reduction and stabilization of this fracture 
component during the initial stage may facilitate the subsequent stage of definitive articular and axial reductions and fixations.™ It is imperative, however, 
that the surgeon refrains from overzealous open tibial reductions during this initial stage. Again, it must be mentioned that in almost all cases, unless the 
initial surgeon is the definitive treating surgeon, fibular fixation either before or after tibial external fixation should probably not be performed. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Stage I: Ankle Spanning External Fixation With or Without Fibular ORIF: 


OR table LJ Caudally radiolucent table (i.e., Midmark) 


Position/positioning aids Supine with supportive buttock/flank bump 
Foam ramp beneath the injured limb to allow lateral fluoroscopic imaging 


Radiolucent tibial nailing triangle 


Fluoroscopy location LJ Contralateral 


Equipment Large external fixator set 
Periarticular fibular plates, mini-fragment plates, one-third and one-quarter tubular plates 
Small-fragment screws (3.5, 2.7 mm), mini-fragment screws (2, 2.4 mm) 
Wire driver, small fragment pointed and serrated bone clamps 


Fibular nail 


Tourniquet LJ Not needed for external fixator; may use to fix fibula if closed low-energy fracture 


Positioning 

The patient is placed supine on a radiolucent operating table. A soft supportive bump or roll is placed beneath the ipsilateral buttock, flank, and shoulder 
region to minimize the tendency for the entire limb to externally rotate. A sturdy foam ramp or pillow is placed beneath the injured extremity to slightly flex 
the ipsilateral hip and knee, and elevate the leg, thereby allowing easier access to the posterolateral aspect of the fibula and to allow unobstructed lateral 
fluoroscopic imaging of the foot, ankle, and tibia. The ipsilateral arm is placed across the chest to avoid a traction injury to the brachial plexus. All bony 
prominences should be padded, particularly the fibular head and lateral malleolar regions of the contralateral leg. A tourniquet is rarely used for this 
procedure. The leg is shaved, aseptically prepared, and free draped to the midthigh. A first-generation cephalosporin antibiotic is administered within 60 
minutes of the surgical incision. The image intensifier is brought in from the contralateral side of table. 


External Fixator Application 
/ | Tibiotalar Spanning External Fixation: 
KEY SURGICAL STEPS 
[_] Pin insertion 
e With fluoroscopy, identify the proximal tibial fracture extent and mark the location with a surgical marking pen 
e Insert a 5-mm AP proximal tibial Schanz pin out of the anticipated area that will be used for definitive tibial fixation 
e Using the lateral fluoroscopic image of the ankle and hindfoot, insert a 5-mm centrally threaded transcalcaneal Schanz pin 
e Place the limb on a radiolucent tibial nailing triangle and obtain an AP image of the foot. Insert a 4-mm Schanz pin from medial to lateral into 
the medial, middle, and lateral cuneiforms 
Manipulate the medial and lateral aspects of the transcalcaneal Schanz pin to restore tibial length, alignment, and rotation. This should accomplish 
the bulk of the required reduction 
e Use the “dime sign” and fibular length when possible to ensure adequate distraction 
LJ Secure the proximal tibial pin to the medial and lateral aspects of the transcalcaneal Schanz pin using two longitudinally oriented radiolucent bars. 
This will maintain the vast majority of tibial reduction 
Secure the proximal tibial pin to the cuneiform pin to maintain a plantigrade foot (avoid ankle equinus and midfoot supination) 
Secure cuneiform pin to the medial aspect of transcalcaneal Schanz pin 
Correct residual displacement of the distal end of the proximal segment (commonly the metadiaphysis is in a minor amount of apex anteromedial 
deformity) 
Insert second 5-mm tibial Schanz pin (typically just distal to the initial proximally placed tibial pin) and secure this to one or both of the medial 


longitudinally oriented radiolucent bars to maintain final reduction 
= Confirm adequacy of reduction fluoroscopically 


Apply compression with well-padded posterior below-knee splint and elastic bandage 


To minimize the risk of septic complications, it is critical that pins are inserted out of the anticipated incision locations. Talar neck pins are also specifically 
avoided, as these will compromise a variety of exposures. Fluoroscopy is used to localize a point in the proximal tibia beyond any anticipated surgical 
incision. A bicortical 5-mm Schanz half pin is placed anterior to posterior through the proximal tibial diaphysis. A second 5-mm Schanz half pin can be 
placed if a three-hole pin clamp is used. This may help with the positioning of the radiolucent rods. The C-arm is brought into the lateral position and a true 
lateral of the talus is obtained. A centrally threaded long 5-mm Schanz pin is then placed from medial to lateral into the posterior aspect of the calcaneal 
tuberosity.7° This pin should be placed parallel to the midcoronal plane of the patient and parallel to the dome of the talus. It should have an equal length 
protruding from both the medial and lateral calcaneal surfaces. The knee is flexed over a radiolucent triangle. A 4-mm Schanz half pin is placed from medial 
across the three cuneiforms of the midfoot, stopping at the lateral border of the lateral cuneiform. Long medial and lateral carbon fiber rods are connected 
loosely to the proximal pins and the calcaneal pin to bar clamps. Traction through the calcaneal pin with varus-valgus and rotational correction is then 
applied. When the ligaments are intact, this traction will have a firm endpoint. If a firm endpoint is not present, the surgeon must be aware of overdistraction 
of the joint. The pin-to-bar clamps are then hand tightened to allow for final adjustment. 

The talus should be centered under the tibia on both the AP and lateral fluoroscopic images, and the talar dome should be perpendicular to the 


longitudinal axis of the tibial shaft on the AP view. Restoration of tibial length is estimated by reestablishing the normal relationship of the lateral process of 
the talus with the distal tip of the fibula.!?? Once position and alignment is acceptable on fluoroscopy, a third short bar is connected between the medial 
cuneiform pin and the medial calcaneal pin to bar clamp with the foot in a neutral-flexed position. All clamps are then wrench tightened. 

The limb is placed into a well-padded splint and a CT scan of the distal tibia and fibula is then obtained to allow for the preoperative planning of the 
definitive tibial fixation. A single semicircular bar or two short straight bars can be attached to the calcaneal pin clamps to lift the foot off the bed. This will 
prevent heel ulcers from developing while waiting for the second stage of surgery and will not require the need for a splint. However, if surgery is to be 
delayed for swelling, or in a polytraumatized patient, and no splint is used, a pin must be placed in the first metatarsal and attached to the frame to keep the 
foot in a neutral position to prevent an equinus deformity. Post-operatively, patients receive antibiotic prophylaxis for 24 hours, parenteral and oral 
analgesia, and the patient returns to the outpatient clinic for an assessment of soft tissue swelling and to review the definitive operative plan at 1 week. 

The surgical technique for applying either a lateral plate or an IM nail for the management of the associated fibular fracture should be well known to the 
orthopaedic surgeon. The need for fibular stabilization in stage I is based on an understanding of the construct stability required, and the use of correct 
incisions to prevent compromising later treatment. If open fixation of the fibula is required, the incision should be placed posterior to the fibula to allow for 
a wider skin bridge between this incision and any anterior or medial incisions. 


Stage II: Definitive Tibial Pilon Fracture Open Reduction and Internal Fixation (Fig. 64-15) 


While the surgical plan for articular reduction and stabilization of the plafond derives from a careful analysis of the axial CT scan, a review of the plain 
radiographs is invaluable for planning the placement of plates. The three overriding surgical goals remain (1) anatomic articular reduction, (2) stable 
metaphyseal-diaphyseal fixation with acceptable alignment, and (3) avoidance of soft tissue complications. Although these are the most important predictors 
for a satisfactory outcome,***? they remain difficult to achieve. 124 

Precontoured periarticular anterolateral, medial, and posterior distal tibial plates are now commonly available and provide the surgeon with the ability to 
place multiple screws into the epiphyseal portion of the distal tibia, while allowing the plate to facilitate indirect reduction of the metaphyseal component. 10? 
Similarly, the stiffness of these plates is particularly useful for the more unstable metadiaphyseal injuries. Malleable implants, such as distal radius T-plates, 
quarter tubular, third tubular, and mini-fragment plates can be useful, but only in conjunction with stiffer metadiaphyseal implants. 


gure 6 . A: 43C fracture with large anterior plafond impaction after plane crash. B: External fixator and lateral plating performed at an outside hospital and then 
farsiened. c: CT scans indicating that the posterior malleolus was minimally displaced, with unstable metaphyseal component in addition to severe impaction of 
anterior plafond. D: ORIF through anterior incision with reduction using a femoral distractor and a K-wire jail (after Rüedi). E: Lag screw fixation of the articular 
surface followed by plate fixation of the articular block to the shaft. F: Final construct with a larger anterolateral plate and a smaller medial plate to stabilize both the 
medial and lateral columns of the tibia. G: Postoperative CT scan showing anatomic articular reduction. H: One year postoperatively. l: At 9 years postoperatively, the 
patient admitted to mild start-up pain but continued to perform all preinjury activities. 


When planning the stabilization of the metaphyseal-diaphyseal component, it is helpful to divide the distal tibia and plafond into three basic columns: 
medial, lateral, and posterior. The medial column is the continuation of the medial side of the triangular diaphysis of the tibia. This column ends in the large 
subcutaneous medial malleolus, which is in continuity with articular surface of the tibial plafond. The lateral column is the continuation of the anterolateral 
side of the tibial diaphysis, which includes the fibula notch and ends in the tubercle of Chaput. One can also think of the fibula as part of this column. The 
third column of the tibia is posterior and ends in the posterior malleolus, which is firmly fastened to the fibula with Volkman ligament. It is critically 
important for the surgeon to apply mechanically appropriate fixation to the metadiaphysis based on these columns, as most early failures are related to 
inadequate fixation constructs, fixation placed on the wrong columns, or both. 

A coronal plane deformity will present in three basic fracture patterns: (1) axial failure of the tibia with an intact fibula; (2) varus angulation of the tibia 
with tension failure laterally and compression/impaction on the medial side; and (3) valgus angulation of the tibia with compression laterally. Primary 
fixation will require plate fixation on the compression or concave side of the deformity. The plate in this position acts as a buttress. In addition, if a medial 


plate is placed alone with an untreated comminuted fibula, the lateral column may not be stable enough and the construct may fail in valgus. In the more 
common hyperflexion injury, the sagittal plane must also be considered, as comminution in this plane will often loosen a single coronally placed implant, 
before metadiaphyseal fracture healing occurs. Therefore, a smaller anterior, or in plantarflexion injuries a posterior plate, should be applied in addition to 
the medial plate. 


Preoperative Planning 


Stage Il: Definitive Tibial Pilon ORIF: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Caudally radiolucent table (i.e., Midmark) 
Position/positioning aids = Supine with supportive buttock/flank bump 
Foam ramp beneath the injured limb to allow lateral fluoroscopic imaging 
Fluoroscopy location LJ Contralateral 
Equipment Large external fixator equipment to remove the existing frame 


Large universal distractor 

Large and small pointed and serrated bone reduction clamps 

Small and large bone reduction picks/hooks 

Small-caliber K-wires and wire driver 

Distal tibial periarticular plating system (locking/nonlocking dependent on the anticipated bone quality, degree of 


metaphyseal comminution, anticipated time to union, etc.) 
Small fragment set (2.7, 3.5 mm) 


Tubular plates (1/3, 1/4) 
Mini-fragment plates/screws (2, 2.4 mm) 


Bone graft (typically allograft) and/or bone graft substitute 


Tourniquet LJ Proximal thigh sterile or unsterile appropriately draped in or out of the field, respectively 


Positioning 

Supine 

Most tibial plafond fractures are managed with anterior-based exposures and therefore, the patient is positioned supine in a similar fashion to that used for 
the initial stage. Care is taken to pad all bony prominences. A first-generation cephalosporin or other appropriate antibiotic is administered within 60 
minutes of the surgical procedure. If the surgeon believes the procedure will take longer than 4 hours, a Foley catheter is inserted. A nonsterile thigh 
tourniquet, set at 325 mm Hg, is commonly used to improve visualization of the articular surface. After the induction of anesthesia and positioning of the 
patient, the external fixator and its pins are removed, and the limb is given a provisional scrub to remove loose skin and debris. This allows complete access 
to the surgical field. Thereafter, a formal prep and draping is performed. The surgeon is typically located at the distal end of the radiolucent table and the 
image intensifier is placed contralateral to the injured extremity. 

When a supplemental posterolateral incision is needed, the patient is usually bumped up with blanket rolls under the ipsilateral hip/pelvis into an almost 
lateral position (aka “sloppy lateral”). Usually this is employed first for large posterolateral tibial plafond fragments, or fixation of the fibula with a posterior 
plate. Once this aspect of the surgery is completed, the blanket rolls are removed (or moved under the contralateral buttocks), allowing the patient to fall 
into the supine position for the remainder of the procedure. 


Posterior 

Uncommonly, a posterior exposure is required to address the main components of the injury. The most frequent indication for this approach is in the 
hyperplantarflexion variant.?** Lateral radiographs will show an intact anterior plafond, and posterior comminution with the talus shifting posteriorly. The 
patient is placed prone on padded bolsters. The injured limb is elevated on bumps or pillows to allow lateral fluoroscopic images. This position is best used 
for a more extensive posterolateral or posteromedial approach. Tendinous and/or neurovascular entrapment between the posterior aspect of the medial 
malleolus and the posterior plafond, or tibial nerve dysfunction with bone fragment displacement within the tarsal tunnel, may require a posteromedial 
approach. Although a posteromedial approach can be made from a supine position with the leg externally rotated, it is the senior author’s approach to place 
the patient fully prone to allow for one or both posterior approaches (posteromedial or posterolateral) when the fracture is a posteriorly directed pilon.*! This 
may necessitate reprepping and redraping for associated anterior fragment fixation, but the prone position will allow for optimal visualization, fracture 
reduction, and instrumentation, without limiting screw trajectories, as drill positioning and access will not be physically limited by the operating table. 


Surgical Approach 

In an article by Assal et al., seven surgical approaches were discussed.° The choice depends on the location and displacement of the major fragments, the 
columns of the plafond, and the local soft tissue conditions. These seven are (1) minimally invasive, (2) anteromedial, (3) modified anteromedial, (4) 
anterolateral, (5) posteromedial, (6) modified posteromedial, and (7) posterolateral. In addition, two other approaches are commonly used, (8) straight 
anterior approach, which differs from the extensile, and (9) the straight lateral approach. 

While plating of the fibula fracture is generally through a standard lateral approach, the surgeon must be aware of the placement of the tibial incision 
before the lateral incision is made. Based on the work of Howard et al., skin bridges between the two incisions should ideally be 7 cm, but generally not be 
less than 5 cm, to avoid wound necrosis of the flap between them.°® In addition, the surgeon should be aware of the angiosomal vascular patterns of the 
lower limb. It should be clear that even with adequate distance between two incisions, if they are both long and parallel, the collateral circulation to the 
island of skin between these two incisions will nonetheless be at risk (Fig. 64-16). A good rule of thumb for example, when planning the fibula incision, is 
to first draw out the tibial incision so that the placement of the fibula incision can be moved more posteriorly if needed. 


Because of a greater understanding of the tibial plafond fracture anatomy and the importance of soft tissue preservation, percutaneous techniques, 
limited arthrotomies, and indirect articular reductions have also been described and clearly have a role in the treatment of these injuries.9:!®!9.34-36.54 The 
authors use the modified anteromedial or the classic straight anterior exposures to manage most tibial plafond fractures. Posterolateral and posteromedial 
exposures are usually only required for a 43C-type fracture. 


A B 
Figure 64-16. A: The development of a full-thickness skin slough secondary to long parallel incisions. Though the distance between them was adequate (>5 cm), 
these incisions damaged the collateral circulation to the skin bridge in an already compromised soft tissue envelope, requiring a subsequent free tissue transfer. B: Full- 
thickness anterior wound dehiscence with purulence requiring revision with debridement, 6 weeks of culture-specific antibiotics and wound VAC, with split-thickness 
skin graft after wound bed had adequate granulation tissue. 


Standard Anteromedial Approach 

The anteromedial approach to the distal tibia allows adequate visualization and management of the medial aspects of the tibial plafond, the medial 
malleolus, and the subcutaneous portion of the distal tibial shaft. It begins at the level of the middle distal third of the shaft of the tibia, just lateral to the 
anterior crest, and continues distally staying medial to the anterior tibial tendon. It can be extended proximally to manage fractures of the tibial diaphysis. 
Although the anterior tibial tendon should be left in its sheath for this dissection, this is difficult to do in practice and the sheath is often attenuated, such that 
the tendon dislocates out of the sheath (as a practical matter, the sheath can be repaired during closure). The exposure of the joint should be through the 
major tears in the soft tissue envelope. The classic incision wraps around the medial malleolus distally. This nonextensile component limits central exposure 
to the plafond and will limit the ability to reduce and secure these fragments. As a result, the author follows the anterior tibial tendon distally in a more 
extensile manner and then mobilizes it laterally to expose most of the anterior plafond but remains just medial to the tubercle of Chaput (Fig. 64-17). This 
modification allows for an additional, excellent view of the central tibial plafond, but still limits exposure of the lateral Chaput component. 


A,B 
Figure 64-17. A-C: Illustration of the standard anteromedial approach. Note that the modification here is that the incision is more extensile and does not curve 


around the medial malleolus as initially described. D: This allows for a better visualization laterally to the mid tibia. (A-C: Reproduced from Assal M, et al. Strategies 
for surgical approaches in open reduction internal fixation of pilon fractures. J Orthop Trauma. 2015;29(2):69-79.) 


Standard Anterior Approach 

The standard anterior approach consists of an 8- to 10-cm incision centered midline over the ankle, with most of the incision proximal to the joint. The more 
proximal portion of the incision should stay slightly lateral to the anterior tibial crest to prevent a painful scar. Typically, the portion of the incision distal to 
the joint measures 3 to 4 cm and stops at the level of the talonavicular joint. After the skin incision is made, care must be taken to find and protect the 
superficial peroneal nerve, which crosses the wound from the lateral side. The extensor retinaculum is then incised in line with the skin incision, several 
centimeters proximal to the ankle joint exposing the anterior tibial and EHL tendons. Care must be taken to find the anterior tibial artery and deep peroneal 
nerve just medial to the EHL tendon at the level of the joint. This part of the dissection is best performed using a Metzenbaum or tenotomy scissors. The 
neurovascular bundle should be moved laterally with the EHL; the anterior tibial tendon should be moved medially. This exposes the ankle capsule. The 
exposure of the joint should be through the major tears in the soft tissue envelope. If needed, the joint capsule can be incised in a longitudinal direction, in 


line with the skin incision at the level of the articular surface. This approach permits excellent visualization of the medial, anterior, and lateral tibial plafond 
including the tubercle of Chaput. If the anterior portion of the lateral fibula (lateral gutter) needs exposure, the incision can be extended distally to permit 
easier lifting of the lateral flap. 

The advantage of this incision is its utility. It affords an excellent view of the entire plafond, medial, central, and lateral, allowing both reduction and 
fixation. Both medial, anterior, and lateral plates can be placed through this incision. Importantly, supplemental incisions can be made as needed to address 
additional fractures, without risk to the soft tissue envelope. This includes a second, straight direct medial incision if a longer medial plate is required, 
and/or a direct lateral incision, for fibula fixation. As this incision is directly midline, both a posteromedial and/or a posterolateral incision can be placed 
without damage to the soft tissue interval (120 degrees apart). Should the injury require posttraumatic reconstruction, this is the standard approach for a 
subsequent ankle fusion or total ankle replacement (TAR). This protects the skin from necrosis when new incisions are required, and the original incisions 
are not placed correctly. 


Extensile Anterior Approach 


Assal et al. described an approach that combines the standard anterior approach with the distal limb of the anteromedial approach‘ (Fig. 64-18). When the 
vertical limb of the anterior incision reaches the level of the plafond, it crosses medially until it is under the medial malleolus. The authors stress that this 
takeoff angle must be no more than 110 degrees, because more acute angles may create wound necrosis. Besides this concern for skin complications, this 
incision makes revision surgery difficult as it may create wound necrosis when anterior incisions cross the transverse limb of the original incision. 


A,B,C D, E, F 
Figure 64-18. Extensile approach. A: Outline of incision from 10 mm below the tip of the medial malleolus transversely across the ankle just lateral to the midline 
and then turns to continue proximally 10 mm lateral to the tibial crest. B: Retinaculum is incised with an attempt to leave the tibialis anterior tendon undisturbed in its 
sheath. C: Full-thickness flap is retracted medially, whereas the tendon of the tibialis anterior is retracted laterally. D: Retraction of the tissues laterally exposes the 
entire lateral articular fragment of Tillaux—Chaput (arrow). E: Plates are introduced through the open incision and slid proximally in a subcutaneous fashion. F: Skin 
closure using the technique of Allgower. (Reproduced from Assal M, et al. Strategies for surgical approaches in open reduction internal fixation of pilon fractures. J 
Orthop Trauma. 2015;29(2):69—-79.) 


A,B,C D,E 
Figure 64-19. Anterolateral approach. A: Outline of incision beginning 4 cm distal to the ankle joint and extended proximally along the anterior border of the fibula. 
B: Developing the plane between the interosseous membrane and the overlying contents of the anterior compartment. C: The anterolateral Tillaux—Chaput fragment. 
D: Fixation of the fibula with a small fragment plate. E: Closure of the incision with interrupted sutures. (Reproduced from Assal M, et al. Strategies for surgical 
approaches in open reduction internal fixation of pilon fractures. J Orthop Trauma. 2015;29(2):69-79.) 


Standard Anterolateral Approach 

The incision starts 5 cm proximal to the ankle joint and slightly medial to Chaput tubercle and extends distally in a straight line toward the base of the third 
and fourth metatarsals (Fig. 64-19).>>’” The superficial peroneal nerve is identified and protected while the dissection proceeds through the subcutaneous 
tissue to expose the superior and inferior extensor retinaculum, which is divided. The tendons of the EDL and peroneus tertius, the deep peroneal nerve, and 
the dorsalis pedis artery are moved medially. At completion, the exposure should allow visualization of anterolateral and central portion of the plafond with 
some exposure of the medial distal tibia. Because this exposure is nonextensile, proximal screws are typically inserted percutaneously. When required, 
medial implants must be placed through a separate medial incision. 


Posterolateral Approach 

This approach is typically used when the posterior malleolus is a free fragment (C-type fracture). It can be performed in either the lateral or prone position. 
Once the fragment is reduced, direct visualization of the joint surface becomes impossible. Reduction is obtained by realigning the fracture edges of the 
posterior cortical fragments and confirmed radiographically. When using this approach, medial fragments are difficult to see and reduce. The fibula can be 


fixed through this approach with a posterior plate by retraction of the peroneal tendons. Therefore, preoperative planning to choose the best incision is 
critical.!? 

The vertical incision is made between the posterior border of the fibula and the lateral border of the Achilles tendon, avoiding the sural nerve (Fig. 64- 
20). The intermuscular septum in incised and blunt dissection is taken down to the bone. After self-retaining retractors are placed, the FHL is identified and 
moved medially, with the peroneal tendons moved laterally to fully expose the fracture. 


A, B C, D 
Figure 64-20. Posterolateral approach. A: The incision is midway between the lateral border of the Achilles tendon and the posterolateral border of the fibula. B: The 
plane is developed medial to the peroneal tendons. C: An incision is made through the lateral fibers of the FHL. D: The lateral portion of the posterior aspect of the 
tibia, posterior column, and plafond. (Reproduced from Assal M, et al. Strategies for surgical approaches in open reduction internal fixation of pilon fractures. J Orthop 
Trauma. 2015;29(2):69-79.) 


C, D 
Figure 64-21. Posteromedial approach. A: The incision is centered at the ankle joint between the tendo Achilles and posteromedial border of the tibia. B: Exposure of 
the deep fascia over the PTT and flexor digitorum longus, posterior neurovascular bundle, and FHL. C: Following incision of the deep fascia, the neurovascular bundle 
is visible and protected. D: Lateral retraction of the bundle creating access between the FHL and NV bundle. (Reproduced from Assal M, et al. Strategies for surgical 
approaches in open reduction internal fixation of pilon fractures. J Orthop Trauma. 2015;29(2):69-79.) 


Posteromedial Approach 
The indications for this approach are limited. The longitudinal incision is placed just medial to the medial border of the Achilles tendon (Fig. 64-21). 
Depending on the location of the fracture fragments, the posteromedial aspect of the distal tibia can be approached in two ways. Retraction of the FHL and 
the contents of the tarsal tunnel medially allow the most central and lateral exposure of the posterior plafond. Mobilization of the FHL from the 
neurovascular bundle allows more medial visualization at the joint level and allows much more proximal medial visualization of the metadiaphyseal area. 
Alternately, in situations where a large posteromedial fragment spike can be reduced to the metadiaphyseal region without the need for posteromedial 
articular visualization, a small longitudinal incision can be made along the posteromedial distal tibial border and the PTT (Fig. 64-22). This will expose the 
posteromedial tibia without directly disturbing the neurovascular bundle. The posteromedial exposure can be performed with the patient in either the supine 
or prone position. Campbell et al. have shown that in the prone position, both the posterolateral and posteromedial approaches can be performed at the same 
time to maximize reduction of fragments if needed.?” 


A,B GD 
Figure 64-22. Modified posteromedial approach. A: The incision just medial to the Achilles tendon. B: The dissection carried down to the transverse intermuscular 
septum. C: Exposure of deep posterior compartment with tibial nerve visible along medial border of FHL. D: Exposure of the entire metaphyseal region of posterior 
tibia and fracture. (Reproduced from Assal M, et al. Strategies for surgical approaches in open reduction internal fixation of pilon fractures. J Orthop Trauma. 
2015;29(2):69-79.) 


Direct Lateral Approach 

This is the standard approach to the fibula. A longitudinal incision is made. Dissection is taken down to bone, avoiding the superficial peroneal nerve 
proximally. The incision can be extended proximally or distally. Distally it can be shifted anteriorly to cross the anterolateral ankle joint and expose the 
syndesmosis, or it can be shifted posteriorly to address complex fractures of the lateral malleolus. When in close proximity to an anterolateral approach, the 
entire incision should be moved slightly posterior to increase the distance between the two. 


Technique 


/ | Definitive Tibial Pilon ORIF: 
KEY SURGICAL STEPS 
Careful preoperative assessment of the injury and stage I radiographs, and axial CT scan with sagittal and coronal reformations 
= Determine the following: 
Main articular fragments and zones of comminution/impaction 
Best approach to visualize and manipulate articular segments to achieve anatomic articular reduction 
Fixation strategy appropriate for the articular segment (i.e., anterior to posterior fixation, medial to lateral fixation, combined) 
Best area to buttress the distal epimetaphyseal region (i.e., medial buttress, anterolateral buttress, combined) 
If ideal articular fragment fixation and metaphyseal buttressing can be achieved with single implant or multiple implants 
Exposure based on the answers to the above points and local soft tissue injury/constraints, and fracture lines as determined by CT scan to avoid 
large skin flaps 
Exsanguinate and inflate tourniquet to 325 mm Hg 
Expose fracture by CT indicated exposure 
Rotate medial malleolus (or other main anterior fragment) out of the way to expose comminuted impacted fragments 
Build the fracture from back to front using K-wires and clamps 
Use distraction judiciously (overdistraction will prevent manipulation of fragments) 
For small metaphyseal defects, curette bone from shaft (proximal to fracture) 
For larger defects, use allograft or bone graft substitute 
Verify reduction with fluoroscopy 
Exchange wires for lag screws to secure the articular block 
Apply neutralization plates as required based on the column theory to secure the reduced articular block to the tibial metaphysis 
In comminuted fractures, consideration should be given to the use of two plates: a primary anterolateral plate will need a smaller medial column 
plate; a primary medial plate will need a small anterior plate; in most cases, the fibula needs to be stabilized 
LJ Careful layered closure and splint application with the foot in the neutral plantigrade position 


Stage Il: Definitive Tibial Pilon ORIF 


Preoperative planning is critical for successful treatment of tibial plafond injuries. The steps for success include (1) clinical evaluation by the operative 
surgeon themselves to verify optimization of the soft tissue envelope prior to fixation, (2) evaluation of the 2D CT scan images (axial, coronal, and sagittal) 
to determine which specific incisions offer the ideal exposure for reduction and stabilization of the articular surface, and (3) assessment of plain films to 
determine plate position, type, and length to best address the shaft component of the fracture. It must be stressed that to perform a reduction of this fracture 
without a preoperative plan will almost always result in a struggle in the operating room and possible catastrophic failure. 

Correct reduction and fixation of the articular fracture can be extremely frustrating even in simpler fractures. Impacted subchondral bone, chondral 
defects, pulverized osteochondral fragments, and difficulty in reducing the midlateral/posterolateral components of the joint (because the fibula blocks 
visualization) require that the surgeon be prepared for any eventuality before the surgical procedure begins. Headlamps, poly-L-lactic acid (PLLA) pins to 
reduce and hold osteochondral fragments, bone graft material, ample numbers of 1.25/1.6-mm K-wires, a femoral distractor, and a wide variety of reduction 


instruments should all be in the room prior to the start of the procedure. Finally, anterolateral, medial, and posterior precontoured periarticular plates must 
all be available to stabilize the reduced articular block to the metadiaphyseal shaft. Failure to plan this part of the procedure will result in a suboptimal 
outcome. 

The goal of plafond surgery is to restore the anatomy of the ankle so that the patient will enjoy many years of normal function before the joint surface 
develops posttraumatic arthritis. This means that not only the articular surface but that the alignment of the distal tibia be restored properly (length, rotation, 
and angulation) to make a subsequent arthrodesis or replacement easier. When fixing these fractures, a Rtiedi II /43C1 is a lower-energy injury with large 
articular fragments, with minimal comminution. Because of this, correct reduction, and stabilization, can offer the patient an opportunity to have an 
excellent outcome if properly treated. A Riiedi II/43C3, however, will test both the skill and patience of the surgeon, as these will be some of the most 
complicated fractures encountered, because as the degree of comminution increases, so does the complexity of the procedure and with it oftentimes a worse 
outcome. 

The surgeon must therefore be aware of several operative truths before attempting to treat the osseous structures of these injuries. 

Any articular surface step-off at the joint is to be avoided if at all possible, especially at the perimeter. It is important to realize though that if the shaft 
component is addressed before the plafond and there is a 1 millimeter of shaft shift, or even 1 degree of angulation in the shaft, then as the surgeon moves 
from shaft to joint, this malposition will be significantly magnified at the joint level precluding an anatomic reduction of the joint. In addition, while all 
fractures should be properly stabilized to prevent a non- or malunion, a revision of the shaft can (if needed) be more easily treated, while an articular non- or 
malunion will be nearly impossible to revise. For all these reasons, the joint surface must always be addressed first with the goal of obtaining an anatomic 
reduction. 

The question of tourniquet use often arises. After exsanguination, a thigh-high tourniquet placed at 325 mm Hg for 2 to 2.5 hours allows for excellent 
articular visualization as well as minimal blood loss. If the surgery can be performed within this time, closure without excessive swelling of the soft tissues 
is an added advantage. If the fracture is complex requiring a longer surgical procedure, consideration should be given to the use of the tourniquet for the 
articular reduction and then deflating it for the remainder of the case. 


Reduction Techniques for 43C Fractures (Fig. 64-23) 

Posterior Malleolar Fractures 

In the past, large posterior malleolar fragments were addressed indirectly from the anterior approach. More recently, the need to obtain an anatomic 
reduction with stable fixation through a separate direct approach has gained favor. Although there are numerous possible fracture patterns, articular 
reduction of the tibial plafond often begins with an assessment, reduction, and stabilization of the posterolateral Volkmann fragment, if present. This is 
because the joint is typically reduced from posterior to anterior to obtain an anatomic reduction, turning a 43C-type fracture into a 43B.*2 Evaluation of the 
CT scan will allow the surgeon to determine its size and degree of comminution, as well as that of the fibula and lateral malleolus, because the posterolateral 
fragment is usually still attached to the fibula through the Volkman ligament. Large, displaced fragments can be easily treated in a variety of ways.'°! Small, 
highly comminuted fragments can be stabilized with screws alone if needed but will not benefit from open reduction and plate fixation because the soft 
tissue stripping to place the plate often results in necrosis of these fragments.*? Once the decision is made to fix the fragment, the important question 
becomes patient positioning and approach. 

Although it is the surgeon’s choice, most large fragments can be reduced with the patient in the supine position by rotating the limb or operating table 
using either a posterolateral or posteromedial approach depending on how far medially the fracture has extended. Alternately, the patient can be placed 
prone to more easily access the fracture fragments. This has the added benefit of not fighting the operative table when trying to manipulate the drill to drill 
or place screws. With an associated fibula fracture, a posterolateral incision is made. The fibula is provisionally reduced, and the posterior malleolar 
fragment is then reduced relative to the proximal tibia. The fibula fracture is then stabilized with an anatomic reduction using plates and screws. When a 
high, isolated, noncomminuted fibula shaft fracture is present, medullary devices may be employed, but great care must be taken not to allow residual 
shortening or rotation. 


J 
A: Injury films. B: Application of external fixator. C: CT scans indicating unstable 43C with varus impaction. D: Patient placed prone for 
ne ai ae E: ORIF of posterior malleolus, and fibula shaft. Standard one-third tubular nonlocking plates used. F: Patient was repositioned supine and a 
standard anteromedial approach was used to stabilize medial column and anterior plafond. G: Final films. H: Postoperative CT scans showing excellent articular 
reduction. I: One year after index procedure. J: Six years after index procedure, anterior osteophytes were present but the patient was asymptomatic 


The posterior malleolar fragment fixation typically uses an antiglide plate to maintain its position. If the plate screws are applied from proximal to distal, 
the plate will push the fragment distally as it contacts the shoulder of the fracture, resulting in an articular step-off. The fragment must be fixed distally first; 
however, if long screws are used, these may interfere with subsequent central and anterior articular fragment reductions. Therefore, once the plate is 
contoured, a lag screw thru the plate at the level of the joint should be placed first, with the screw angled away from any potential anterior or central 
articular fracture fragment reductions. If this cannot be accomplished, then a unicortical locking screw should be placed in the plate before screws are placed 
in the more proximal portions of the plate. If the posterior malleolar fragment requires medial plate stabilization and fibular fixation, then the sequence is 
the same in terms of reduction, stabilization, and fixation, except that the posterior malleolus will need an additional posteromedial approach to accomplish 


the surgical tactic. 

In rare cases, the posterior malleolar fragment will be sagittally split and associated with a more proximal tibial shaft fracture. In these instances, 
especially with an associated fibular fracture, performing a two-stage procedure with the patient prone as the first stage is warranted. Through an extensile 
posterolateral approach, the surgeon will have complete access to both the fibular and posterior malleolar fractures and experience fewer difficulties in 
fracture reduction and implant placement, both for the fibula, the posterior malleolus, and the tibial shaft. In this position, a secondary posteromedial 
incision to address the posteromedial malleolus can also be easily performed if needed. 

Finally, if the posterior malleolar fragment is a shell of bone, secondary to an avulsion of Volkman ligament, syndesmotic fixation may be the preferred 
method of treatment rather than attempts at bone fixation. 


Medial and Central Fragment Reduction Maneuvers 

When addressing the remaining medial, central, and anterolateral components of the plafond fracture, the patient should be positioned supine. The surgeon 
will then make an incision based on the CT scan and plain films as determined in the preoperative plan. If most of the fracture is around the medial 
malleolus, then an anteromedial approach is warranted. If most of the fracture is centered around the tubercle of Chaput, then an anterolateral approach is 
employed. When both medial malleolar and lateral components to the fracture exist, a straight anterior incision will be ideal as the medial, lateral, and 
central aspects of the fracture can be addressed through this one incision. 

If surgery has been delayed several weeks because of swelling, then the soft tissue envelope often is contracted making fragment manipulation harder. 
For this reason, a femoral distractor may be of benefit, with a 6-mm Schanz pin placed directly into the talar neck either through the anteromedial (medial to 
lateral) or anterolateral (lateral to medial) incision or percutaneously. Although an existing external fixator pin can be used proximally, a new tibial shaft pin 
placed perfectly parallel to the talar pin allows maximum use of the distractor hinges, especially for rotation. Adding a transcalcaneal pin instead of a talar 
pin distracts the subtalar joint and not the ankle; for that reason, it is discouraged. 

When using a distractor, the surgeon must be aware of several limitations. First, if the ligamentous fragments are avulsed, overdistraction of the joint is 
possible. This must be avoided. Second, when using the ligamentotaxis technique which applies tension to the soft tissues, it may limit the surgeon’s ability 
to manipulate fragments. This requires loosening of the distractor, negating much of the benefit of the device. In practice, the surgeon will typically use the 
distractor in the initial phases and eventually remove the frame to gain final access. 

Classically, after fracture exposure, the medial malleolus fragment is manipulated away from the plafond and central comminution is evaluated. It is at 
this point that any posterior malleolar impaction can be teased back down into an anatomic position before additional fragment assembly is attempted. If the 
posterior malleolus is intact or after reduction of any impacted fragments, the remaining central and peripheral fragments can be reassembled from back to 
front using the constant fragment (posterior malleolus) as a template. A femoral distractor, headlamp, and a variety of instruments work well here. 
Individual fragments may require a K-wire “joystick” for manipulation. These fragments should be wired back into position until the surface anatomy has 
been restored ideally into one large block. Chondral and/or osteochondral fragments may require PLLA pins to stabilize when wires will be in the way of 
subsequent screw fixation. When the reduction of impacted fragments requires void fillers above them, local bone graft from the tibia, proximal to the 
fracture, can often be curetted and moved into the void. Conversely, allograft or synthetic fillers may be used. 

Once the graft is in place, the fragments are finally reduced and provisionally secured with 1.6-mm K-wires, to create a “K-wire jail.” This may mean 
that some wires are now exchanged for others sequentially until a final construct has been achieved. Large and small fragment reduction clamps are used to 
assist in compressing the larger perimeter fragments, such as the medial malleolus, tubercle of Chaput, or anterior cortex, which “closes the book,” once 
central fragment reduction is complete. This is verified on C-arm reduction on AP, mortise, and lateral radiographs. When available, the surgeon may elect 
to use a 3D C-arm, which creates an intraoperative CT scan for assessment of the articular reduction. 

At this stage, consideration is given to the final fixation of the articular block. It is a classic teaching that a fracture should be stabilized with lag screws 
and then neutralized with plates. This is an important concept to remember, as trying to accomplish too much with a plate may cause the articular block to 
fall apart as the plate is secured more proximally. Typically, most K-wires are exchanged for 2.7/3.5-mm lag screws, either solid or cannulated. A few 
strategically placed K-wires are left in place to hold key fragments that will need plate fixation. Occasionally a minifragment rim plate can be used as a 
perimeter plate distally if this is the only way to hold comminuted anterior fragments. When completed, the articular block will have been reduced 
anatomically and is now ready to be connected to the metadiaphyseal fracture. 


Metadiaphyseal Plate Fixation 

Historically, a single medial cloverleaf plate was used to treat this component of the fracture. This plate was not robust enough to maintain a reduction over 
time. Anatomic-based, low-profile, stainless steel or titanium alloy plates that allow for percutaneous and indirect plate reduction techniques with or without 
locking have become popular over the last 20 years. While simpler 43B-type fractures may only require two-column stability, 43C-type fractures will need 
all three columns stabilized to prevent collapse in a plane opposite the plate. Penny et al. demonstrated that no single currently available distal tibial implant 
allowed for neutralization of all three fracture planes typically seen in 43C fractures.8 Multiple fragment-specific implants should be considered, with 90- 
90 plating used for most high-energy fractures. This means that when a stout medial plate is placed, a smaller thinner anterior plate should be placed to 
prevent sagittal plane fixation failure. Similarly, if an anterolateral plate is applied, thoughtful consideration to the application of a small fragment low- 
profile medial plate should be given to prevent collapse in the coronal plane (see Fig. 64-15). Because there are three columns to the plafond injury, the 
senior author believes that in most 43C-type injuries, the fibula must also be stabilized to prevent late collapse either with a plate or IM device based on the 
fracture pattern and soft tissue envelope. 


Wound Closure 

At the conclusion of the surgical procedure, the joint capsule is closed with interrupted figure-of-eight absorbable suture. Closure of the extensor 
retinaculum (anterolateral approach) and deep fascial layer (anteromedial approach) is similar to closure with interrupted figure-of-eight absorbable suture. 
It is important to attempt to close the retinaculum (which acts as a pulley) to prevent bowstringing of the tendons which will result in loss of power in 
dorsiflexion. The skin is closed with 3-0 nylon suture in an Allgéwer—Donati fashion.’ 


Postoperative Care 

At the conclusion of the procedure, the injured limb is placed into a well-padded plaster splint with the foot in neutral position. Peripheral nerve blocks, 
including peripheral nerve catheters, are commonly used during the first 24 to 48 hours and are inserted at the conclusion of the procedure while the patient 
is still under general anesthesia. Patients are typically discharged from the hospital with a multimodal pain relief approach and local pain control modalities 
such as ice, elevation, and splinting. In situations where patients describe neurogenic-type discomfort such as burning or “electric”-type sensations, 


gabapentin is included. 

The wound is typically examined in the outpatient setting 1 week postoperatively, and the limb is placed in a cast in neutral flexion. While a splint or a 
boot may be used, patients often take the devices off, and even if they replace them, they often do not put the foot back into the plantigrade position, 
resulting in an equinus contracture. Although sutures can be removed as early as 2 to 3 weeks, there is no rush, and if the wound opens up, it will be 
exceedingly difficult to close again without a surgical procedure (see Fig. 64-16). Therefore, sutures should be removed at the earliest at 4 weeks and may 
require leaving stitches in for up to 6 weeks to assure healing occurs. 

At 6 to 8 weeks postoperatively, radiographs are obtained to evaluate healing. The patient is then placed into a boot without weight bearing, to be worn 
continuously. In addition, the patient is given a pair of 30 mm Hg pressure compression stockings. They are to put the stockings on in the morning and take 
them off at night, but the patient must sleep with the boot on, as if it was a cast. This is again needed to avoid an equinus contracture. The advantage at this 
point is that they can shower and begin a home therapy regime with ROM and strengthening. A canvas strap or belt is used for dorsiflexion exercises, as an 
elastic band will simply stretch without moving the joint. At 10 to 12 weeks, new radiographs are obtained, and based on healing, the patient may begin 
partial weight bearing in the boot and wean themselves off it over the next 2 to 4 weeks, progressing to a shoe. At this time, physical therapy is begun. 
Patients should be walking in a shoe without ambulatory aids by 4.5 months, reaching a clinically acceptable result with minimal to no pain and good ROM 
at 6 months. They are also taught that it can take up to 2 years for the ankle to regain adequate function, though most achieve it sooner, typically by 9 to 12 
months after the index procedure. 


Immediate (Acute) Fixation of Pilon Fractures 
Open Reduction and Internal Fixation 


Intuitively, ORIF is easiest to perform immediately after injury, when the fragments are mobile, before the development of organizing hematoma, soft tissue 
contraction, and callus formation has occurred. White et al. revisited the concept of acute ORIF of comminuted tibial pilon fractures in 2010.1? They 
reported on 84 of 95 (88%) high-energy pilon fractures treated with ORIF by fellowship-trained orthopaedic trauma surgeons within 48 hours of injury. 
Sixty-one of 68 ankles (90%) with radiographs available (72% of the original cohort) had an anatomic reduction. Their series had a 2.7% deep infection rate 
for closed fractures, a 19% deep infection rate for open fractures, and an overall deep wound sepsis rate of 6%. Similar to Riiedi and Allgéwer’s work, the 
authors noted that a certain cohort of injuries could not be managed with immediate ORIF, due to severe soft tissue injuries, polytrauma patients with 
multisystem injury, and complex associated proximal tibia fractures. 

Olson et al. reported on 99 acute and 302 delayed procedures.®? Acute ORIF was more frequent in OTA/AO type 43C1 fractures and low-energy 
injuries. Patients with severe swelling, fracture blisters, polytrauma requiring resuscitation, transfers, compartment syndromes, or requiring medical 
clearance underwent delayed fixation. The overall deep infection rate was 17%. Early surgery was not associated with increased risk of postoperative wound 
complications (early 12% vs. delayed 18%; P = .235). Their best results were in closed fractures treated by experienced surgeons. Risk factors such as age, 
male gender, smoking, diabetes, and high-energy fracture patterns were often contraindications to acute surgery. 

Flanagan et al. evaluated 98 pilon fractures (43C), 40 treated acutely and 58 in a delayed manner.*® Similar rates of wound dehiscence (2.5% vs. 6.9%), 
superficial (10% vs. 17.2%), and deep (10% vs. 8.6%) infections occurred between acute and staged fixation groups. Unplanned reoperations and unplanned 
free-flap coverage occurred in both groups at equal rates (10%). They concluded that with the appropriate indications and with an experienced orthopaedic 
traumatologist performing the surgery, acute fixation of pilon fractures remains a viable option. 

Although immediate (acute) ORIF of tibial pilon fractures remains a treatment option, this tactic should be approached with caution. Factors that are 
critical for success include definitive treatment within 48 hours of injury, no or minimal soft tissue swelling, a skilled surgeon with experience in the 
management of high-energy tibial pilon fractures, and a facility with adequate resources to treat any subsequent soft tissue loss or bone infection. 


Acute Hindfoot Nailing 


In severe 43C fractures, a trend has appeared advocating for acute hindfoot nailing. While the advantages of this approach include a smaller surgical 
incision, Cinats et al. have noted that this technique destroys the subtalar joint, which is needed for hindfoot motion.*° Sanders in the commentary that 
followed noted that in these cases, a formal subtalar joint fusion was required as well if this technique was to be successful long term. This, however, would 
create a tibiotalocalcaneal (TTC) fusion in a younger patient, severely limiting their long-term mobility. In the geriatric population, Srinath et al. felt that a 
hindfoot fusion nail was a viable option for a low-demand elderly patient with multiple medical comorbidities.!©° Initial reports suggested comparable 
outcomes between acute hindfoot nailing and traditional ORIF in select patients. However, to date, no high-quality studies support the use of this technique. 


Surgeons should reserve this technique for the very osteopenic, infirmed, elderly, and/or diabetic patients.3-57 


Author’s Preferred Treatment for Tibial Pilon Fractures ( and ) 


Immediate fixation can be considered in cases that are isolated, low-energy injuries, and in patients without comorbidities. The senior author believes 
that acute fixation is rarely, if ever, indicated for a comminuted 43B3, 43C2, and 43C3 fractures. 


Acute displaced 
fracture tibial pilon 


Patient comorbidities and/or Options: 
local osseous/soft 1. Casting 
tissue conditions preclude 2. MIPO 
safe reconstructible ORIF 3. External fixation 
variations 


Minimally traumatized soft tissue 
envelope with no comorbidities 
(wrinkles, low-energy 
mechanism, minimal swelling) 


Traumatized soft tissue envelope 
(swollen, blisters, high-energy 
mechanism) 


Consider acute 
Staged ORIF ORIF 


Algorithm 64-1 Author’s preferred treatment for tibial pilon fractures: Immediate versus staged open reduction and internal fixation. 


Stage | Operative Reconstruction for a 43B Fracture 


Apply a delta-type external fixator with tibial pins away from planned incisions and a calcaneal pin, to pull the fracture out to length, careful not to 
overdistract the joint. Be sure to incorporate the foot, using metatarsal pins, so the patient does not develop an equinus contracture. 


Displaced 43 pilon 
fracture 


(Stage Il) 


Place patient 
prone and 
stabilize posterior 
column 


Fix fibula if indicated 
based on fracture 
patterns 


Supine anterior 
approaches and ORIF 


Flip patient into 
supine position 
same case or 
different day 


Algorithm 64-2 Author’s preferred treatment for tibial pilon fractures with staged open reduction and internal fixation. 


If the initial surgeon is the treating surgeon, consideration can be given to fixing the fibula as part of the above procedure. However, the planned 
anterior incision should be drawn out first, and separation of at least 5 cm should exist between incisions to minimize wound complications. This 
generally means placing the fibula incision more posteriorly. 


Stage | Operative Reconstruction for a 43C Fracture 


If a large Volkmann, posteromedial malleolar, or significant posterior malleolar fracture fragment exists, and the initial surgeon is the treating surgeon, 
consideration should be given to immediate fixation using a posterior, posterolateral, or posteromedial approach (based on fragment size and location), 
with the patient in the prone position, before application of a delta-type frame. Care must be taken to assure that the lag screws used do not interfere 
with subsequent anterior reduction maneuvers. Plate screws should be unicortical locking screws when required to avoid interference with reduction. 
After completion of this maneuver, the 43C has been turned into a 43B. In most cases, the patient will need to be turned into the supine position to 
apply the delta-type frame. Ideally, the patient is admitted to the hospital postoperatively overnight and a CT scan is obtained for planning purposes. 


Stage II Operative Reconstruction of the 43C 

A long bar AO femoral distractor is applied with one 6-mm Schanz pin placed medially in the talar neck directly in front of the medial malleolus, 
parallel to the ankle joint (or parallel to the talar dome), with the second 6-mm tibial pin placed parallel to the first, in the upper tibial metaphysis. It is 
important to note that a smaller size pin (4.5 mm) will often bend when applying significant longitudinal force, making the distractor useless. 

The leg is exsanguinated with an Esmarch bandage, and the thigh tourniquet is inflated to 325 mm Hg. The allotted time for this is 120-150 
minutes. This hopefully will provide more than adequate time for the approach, reduction, stabilization, and closure, in all but the most difficult injuries. 
In the event that the surgical fixation exceeds tourniquet time, consideration can be given to dropping the tourniquet for 20—30 minutes, continuing with 
fixation, and then reexsanguinating and inflating the tourniquet for closure. 

Incisions are based on the CT scan, but typically, a standard midline anterior pilon incision is used by the author, as this will allow not only an 
approach that will expose the entire anterior plafond but will still allow a posterolateral and posteromedial approach with minimal risk of wound 
complications, as each incision would be 120 degrees apart from its neighbor. 

When exposing the joint itself, soft tissue attachments should be left on fracture fragments whenever possible. The anterior fragments that are 
unstable should then be rotated out of the way to expose the centrally impacted angulated and/or crushed osteochondral articular pieces. The talar dome 
should be inspected at this time to record its injury pattern. 

If an obviously crush component is seen with a void in the metaphyseal area above the articular surface, cancellous bone can be curetted from the 
shaft before reduction, and later used to fill the void. Alternatively synthetic bone graft/fillers can be employed later, at the time of fixation. 

The plafond is gently washed out to expose the injury. Distraction is applied to visually expose the joint. A headlamp is a useful adjunct to assess 


reduction. At this point, the fragments are cleaned of clot and the articular components are reduced and stabilized preferably from posterior to anterior, 
using reduction clamps and 1.25/1.6-mm K-wires. Many fragments are impacted, rotated, and/or flipped, so it will take time to carefully understand and 
then reconstruct the articular surface. Occasionally, some fragments are too small to accept K-wires and will have to be wedged between two or three 
fragments to maintain that fragment’s reduction. For certain fragments, 1.6-mm K-wires are used as “joysticks,” to hold fragments while repositioning 
them. In other cases, very small fragments may have to be combined on the back table with bioresorbable pins, to make a stable fragment that can be 
reinserted to fit. The senior author tries not to discard any fragments initially, as once they are removed, it will be difficult to determine how all the 
other pieces fit during reduction maneuvers. Once reduced using these methods, a K-wire “jail” holding the articular surface has been created. The 
anterior and/or medial fragments can then be replaced by “closing the book,” and a fluoroscopic radiographic series should be obtained to assess the 
reduction. Closing the book at this time is a temporary maneuver to assess reduction. These maneuvers may need to be performed several times before 
an acceptable articular reduction in all planes is obtained. 

If the reduction is acceptable and a void exists, then before cortical fragment closure, bone graft or filler should be placed. If there is no void, a graft 
or filler is not indicated as it will only distort the reduction. Once satisfied, classic ORIF principles should be used. It is critical to understand that 
simply applying screws through a plate will NOT maintain the reduction. Therefore, it is imperative that most of the K-wires are exchanged sequentially 
with 2.7/3.5-mm lag screws. Rarely cannulated screws can be used but the preference is to use solid screws as they are stronger and obtain a better 
purchase because the depth of their thread is deeper for the same diameter screw. Occasionally, position screws can be used to prevent overreduction. 
At the end of this maneuver, a stable, well-reduced articular block exists that then needs to be affixed to the metadiaphysis with plates. 

Osteochondral injury or delamination of the talus must be fixed typically with either bioresorbable tacks/pins, or headless small/minifragment 
compression screws. This may be performed before or after articular reduction and stabilization of the plafond. 

Neutralization plates are then used to connect the articular block to the shaft. At this point, it is critical that the surgeon be aware of the three-column 
concept for stability. It is this author’s belief that a single anterolateral, or isolated medial plate, will almost always fail in the coronal plane and is 
contraindicated as a stand-alone fixation device. Most commonly, failures are seen when the fibula is not stabilized, and an isolated anterolateral plate is 
used, with the tibia collapsing into varus as the plate pulls off the tibia because there is no medial buttress. If an anterolateral plate is used as the primary 
fixation device, a small medial plate should be used at the level of metadiaphyseal communition. Conversely, if a medial plate is placed as the primary 
fixation device, a small anterior plate should be used to secure the AP communition. In this way, the tibial component will be stable and allow healing 
without failure during the final weight-bearing phase. 

Final radiographs and if possible 2D/3D reformatted images from a Zieme, or GE 3D machine should be obtained intraoperatively to assess the 
reduction. Standard closure is performed, and the tourniquet is deflated, with the limb placed in a boot or splint at 90 degrees. 


Potential Pitfalls and Preventive Measures 


Pitfall Prevention 


Stage |: Ankle Spanning External Fixation With or Without Fibular ORIF 


Fibular malreduction e Anatomically contoured fibular plates 
e To minimize extension deformity at the fracture, avoid bumps or supports located solely beneath the heel 
e Apply external fixation first, thereby generally restoring limb length, alignment, and rotation 


External fixation pins within the anticipated e Localize the fracture extent and potential pin sites with C-arm prior to insertion 
definitive surgical field 


Inability to close fibular ORIF incision e Recognize that some pilon fractures may only tolerate external fixation initially, followed by ORIF several days later 
e Utilized vacuum-assisted closure devices followed by delayed primary closure when swelling has subsided 


Acutely infected external fixator pin site e Prevention: Predrilling with a sharp drill and irrigation to minimize thermal necrosis 
e Treatment: Oral antibiotic, and removal +/— reinsertion at a clean site if required for external fixator frame stability 


Stage Il: Definitive Tibial Pilon ORIF 


Articular malreduction e Careful assessment of the preoperative CT scan to identify areas of comminution and articular impaction 
Adequate joint visualization with external fixator or universal distractor 
e Identify a larger articular fragment that can be accurately reduced to the metaphysis to build to 


Axial malalignment © Utilized precontoured periarticular plates 
e Intraoperative plain radiographs to confirm frontal and sagittal plane alignments 
e More common when utilizing indirect reduction of comminuted metaphysis 


Obstructing provisional fixation e Understand and plan for location of definitive implants and keep provisional wires and clamps out of these areas 


Inability to close surgical wound e Close deep layers as much as safely possible, apply wound suction device and return to the operating room in 48 hours for 
repeat closure attempt 
e Plastic surgery consultation for assistance with wound closure 


Consider locking screw/plate device when there is a small epiphyseal fragment or osteoporosis 
Definitive K-wire support of comminuted articular segment 

Supplemental tibiotalar joint spanning external fixation for enhanced external support 

Bone graft or bone graft substitute 


Poor fixation 


Outcomes 


Optimal treatment of tibial plafond fractures with anatomic articular reconstruction, restoration of distal tibial alignment, and avoidance of surgical 
complications can result in good to excellent outcomes. Riiedi reviewed his original cohort of pilon fractures 9 years later in 1973.°° He noted that while 
most patients had improved or had a stable outcome, it required almost 2.5 years after injury for improvement to occur. Unfortunately, this is not always the 
case. Middleton et al. reviewed 102 fractures over a 5-year period.”® They noted a rapid improvement between 6 months and 1 year, and then a continuing 
improvement up to 5 years postinjury. Although 64 of 102 patients returned to their baseline SF-36 Physical Component Score at 5 years, pain was a 
persistent issue and remained significantly worse at 5 years when compared with baseline. 


Traditional articular fracture management requires an anatomic articular reduction and a restoration of distal metadiaphyseal alignment. Many clinicians 
consider the severity of articular injury as the most critical determinant of outcome.*!®®-73-76.110 Importantly, DeCoster et al. demonstrated that neither 
injury severity nor quality of reduction consistently correlated with clinical ankle scores, but the quality of reduction did correlate with arthrosis.2” The 
obvious inference is that poor results in patients with severe injuries may be attributed to inadequate reduction, when in fact the patients with poor 
reductions may have the most severe articular injuries. ! It is also true that even with an anatomic reconstruction based on postoperative CT scanning, good 
early outcomes may deteriorate over the long term secondary to cartilage apoptosis and the subsequent development of posttraumatic osteoarthrosis in an 
otherwise anatomically reduced joint. 

Chen et al. evaluated 128 tibial plafond fractures treated with ORIF at a mean of 10 years postinjury.! The authors noted that posttraumatic arthrosis 
was a progressive disease, with increasing incidence evident on plain radiographs, but still demonstrated that few of these patients required later arthrodesis. 
The authors similarly noted that patients with worse soft tissue injury at presentation had poorer clinical outcomes. 

Using validated outcome measures, Pollak et al. evaluated patients with tibial plafond fractures managed with either ORIF or external fixation with or 
without limited internal fixation after a mean of 3.2 years.®9 Most patients (74%) who were enrolled had sustained a 43C tibial plafond fracture. The cohort 
treated with ORIF had significantly better outcomes than the external fixation group with regard to pain, walking, and ankle ROM. Despite this, SF-36 
scores were significantly lower than age-matched controls. In fact, the SF-36 scores after pilon fractures were worse than after pelvic fracture or in chronic 
illnesses such as AIDS, diabetes, or coronary artery disease. Forty-three percent of previously working individuals remained unemployed at the time of 
follow-up and most (68%) said it was due to their pilon fracture. 

Outcomes between ORIF and external fixation in 60 fractures were compared by Richards et al.9* At the 12-month follow-up, no difference was seen in 
the articular reduction or rate of deep infection between the two groups; however, a significant increase in delayed/nonunion occurred in the external 
fixation group (22% vs. 3.7%). In addition, the ORIF group had significantly improved Iowa Ankle Scores and SF-36 Physical Function scores at both the 6 
and 12 months postoperatively. 

Socioeconomic factors also correlate with clinical ankle scores.+”45 Patients with a lower income level or lower level of education are significantly 
more likely to report poorer health and function. Females, college graduates, and patients with nonworkers compensation injuries, all have better scores. 
Finally, the ability to return to work is also affected by the type of work performed and level of education achieved, as those with higher levels of education 
performed in less physically demanding jobs. 

When evaluating all the literature (1969-present), it appears that simpler, closed fractures, with lower-energy injuries, in patients with higher degrees of 
education, have better outcomes when appropriate internal fixation principles are applied, namely anatomic articular reduction with proper metadiaphyseal 
alignment, using soft tissue sparing plating techniques. Conversely, high-energy 43C injuries, associated with soft tissue damage and articular impaction, in 
patients with lower levels of education, will have poorer long-term outcomes. In either case, however, the continuum of soft tissue scarring and articular 
damage will define the level of both pain and limitation in function, and in many cases may defy the radiographic result obtained, regardless of 
socioeconomic class. 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO TIBIAL PILON FRACTURES 


Tibial Pilon Fractures: COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Wound complications 
Osteomyelitis 
Nonunion 
Posttraumatic arthritis 


Significant complications involve those of the soft tissue, followed by bone and joint problems. Septic complications include superficial and deep wound 
infections, and osteomyelitis. Nonunion, stiffness, and painful posttraumatic arthrosis are the most common bone issues. 


SUPERFICIAL WOUND COMPLICATIONS 


Superficial wound necrosis, or partial-thickness skin slough, is the most common wound complication after open reduction and internal stabilization of 
tibial plafond fractures. Partial-thickness skin necrosis typically develops a dry eschar that will slowly elevate and slough, revealing underlying granulation. 
Treatment includes local wound care with a nonadherent dressing and keeping it dry so that the eschar does not become macerated. Over a period of time, 
this should result in resolution or at most require a split-thickness skin graft. These wounds are often accompanied by erythema,!°° which represents an 
inflammatory response, not an infection. When encountered, however, ankle motion should be stopped with a knee-high boot. Oral antibiotics are initiated 
to prevent cellulitis secondary to a superficial bacterial infection. Wound cultures should not be taken in the clinic because the surface of the leg is 
contaminated by normal skin flora and is not representative of a causative organism. Failure to respond to this treatment usually occurs with the 
development of purulence at the edges of the eschar as it begins to retract, indicates a full-thickness skin slough. This will require more extensive treatment 
as discussed next. 


DEEP WOUND COMPLICATIONS 


A full-thickness skin slough exposing tendon or bone will require hospital admission and surgical management. When present, full-thickness eschars need 
to be addressed in a timely manner. Although initially a sterile biologic dressing, as the eschar retracts, the edges will crack, allowing skin contaminants to 
enter and develop a superficial and then a deep infection (see Fig. 64-16). 

A full-thickness eschar can occur in three ways. First, a fragment of cortex with/without joint surface can displace anteriorly, causing pressure on the 
anterior skin. When an external fixator frame is placed and the fracture distracted into alignment, this will create tension on the skin across the displaced 
fragment, resulting in wound necrosis from inside out. Second, and more typically, a postoperative surgical wound may develop an area of full-thickness 


necrosis due to loss of vascularity to that region. Finally, open wounds, which may appear benign at closure, maybe so contused that a full-thickness eschar 
may develop. 

The goal of operative treatment in this situation is to convert the contaminated surgical field into a sterile wound that can undergo soft tissue closure and 
to obtain deep tissue cultures to guide antibiotic treatment. Irrigation and debridement is performed as soon as possible to remove all necrotic tissue. If an 
eschar develops after ORIF, radiographs are obtained to assess fixation. Stable implants are left in place, because an unstable fracture will increase the 
chances of an infected nonunion, and bone in a stable construct can heal in the face of a local infection. Loose implants, however, should be removed as 
they represent a contaminated foreign body. If the fracture becomes too unstable, external fixation should be placed, as a stable construct is needed to allow 
the soft tissues to rest. 

The authors leave sutures in place for up to 6 weeks around the anterior ankle, because a wound dehiscence will result in skin retraction that precludes 
closure and exposes tendons and implants. In cases of wound dehiscence, the wound is covered with a vacuum-assisted closure (VAC) device to seal the 
open wound from the hospital environment and to facilitate granulation and wound contraction.®® 1° Culture-specific antibiotics are administered and, once 
the wound is free of necrotic tissue and clean, definitive closure of the wound occurs. In small wounds without exposed metal, bone, or tendon, the wound 
can be allowed to heal by secondary intention, often using the VAC to completion.*° Larger areas with granulation may only require skin grafting. Medium- 
sized defects, such as those with exposed tibialis anterior tendon or implants, require soft tissue rotation flaps such as a distally pedicled peroneal flap.*?°! 
Because of the limited tissue availability in the distal tibial region, a free tissue transfer may be required.'!° In patients with draining sinuses or frank 
purulence with grossly unstable implants and failure of fixation, treatment will require a staged reconstruction of the distal tibia. 


OSTEOMYELITIS 


The Cierny—Mader classification is a comprehensive diagnosis and treatment guide for each stage of osteomyelitis. Anatomic types of osteomyelitis are 
medullary, superficial, localized, and diffuse.°* 

Stage 1 (medullary osteomyelitis) is an infection limited to the intramedullary canal of a long bone. Stage 2 (superficial osteomyelitis) is a contiguous 
infection of bone and occurs when an exposed surface of bone lies at the base of an infected soft tissue abscess. Stage 3 (localized osteomyelitis) is a full- 
thickness cortical sequestrum that when removed does not affect stability. Stage 4 (diffuse osteomyelitis) involves both the medullary cavity and the cortices 
and will require resection of segmental bone. It is associated with an unstable fixation construct either before or after bone removal. 

The patient is then classified as an A, B, or C host. An A host is an otherwise healthy patient while a B host has significant medical comorbidities. A 
type C host is one where the treatment is worse than the infection (e.g., inmunocompromised patients). Elevated erythrocyte sedimentation rates (ESR), C- 
reactive protein levels (CRP), and leukocyte counts (WBC) indicate an infection but should fall after appropriate therapy is initiated.'' A normal ESR and 
CRP after a course of therapy are favorable prognostic signs. 

In a pilon fracture, a stage 2 infection must be controlled with operative debridement. Typically, sinus tract cultures are not dependable for identifying 
organisms, as positive cultures may be due to skin contaminants. At the time of treatment, deep wound cultures are taken. Ideally, these should be obtained 
before antibiotic therapy has been initiated, because the administered antibiotic will interfere with culture growth. Cortical bone is debrided until bleeding is 
seen (paprika sign) using a high-speed burr such as a Midas Rex. Wounds that cannot be closed will need initial coverage using a VAC and will require soft 
tissue coverage after serial debridements deem the wound clean. Implants are typically retained until the tibia has completely united. Although broad- 
spectrum antibiotics are initially started, culture-specific IV antibiotics for 6 weeks are given based on the recommendations of an infectious disease 
consultant. 108 

Chronic osteomyelitis (stages 3 and 4) by definition involves not only the cortex but the intramedullary canal and is most often associated with a 
nonunion of the distal tibia. Treatment principles include radical debridement of infected and nonviable tissue, bony reconstruction, soft tissue 
reconstruction, and medical therapy.'!? In these situations, therefore, formal debridement, with implant removal, medullary debridement, and cortical 
debridement of nonviable bone must be performed. If necessary, repeated debridements are performed to ensure that all necrotic and infected tissues have 
been removed. 

Bone defects are filled with antibiotic-impregnated bone cement, made into beads over wires or more ideally large void-filling blocks. The latter prevent 
fibrous tissue ingrowth, allow for a periosteal “rind” to form, offer some stability to the construct, and are fairly easy to remove. It is the senior author’s 
experience that fibrous tissue grows into the beads, making them difficult to remove. A periosteal reaction does not occur routinely with this technique, and 
fibrous tissue fills the void, precluding an optimal wound bed for a later Masquelet technique. 

Soft tissue defects are covered with local rotation flaps or vascularized free tissue transfers, and the tibia is stabilized either with external fixation or an 
IM nail if the defect is proximal enough to allow distal metaphyseal fixation without compromising the articular reconstruction. Although antibiotic-coated 
nails may be used, the senior author has found them tedious to make, difficult to insert, and even more difficult to remove, especially if cement fragments 
remain in the medullary canal. Culture-specific antibiotics are administered for 6 weeks. After that, oral antibiotics should be given but at a certain point all 
antibiotics should be stopped and the patient watched for a breakthrough infection. Once deemed to be “clean,” efforts should be focused on treating the 
segmental nonunion. The location of the nonunion determines the treatment methods available for salvage. 


NONUNION 


Most distal tibial nonunions after a fracture of the tibial plafond occur within the metaphysis or the metadiaphyseal junction (Fig. 64-24). Rates of nonunion 
can range up to 16%.9°10! While intra-articular malunions are not infrequent, intra-articular nonunions are rare. Preoperative workup should include an 
assessment of the soft tissue envelope, location of previous incisions or traumatic wounds, motion, or lack thereof, malalignment, and the cause of the 
nonunion (motion, avascularity, gapping, or infection). 

Regardless of the type of implant used, restoration of frontal, sagittal, and transverse plane alignment is required. Because of the varus forces across the 
distal tibia, especially with the application of a single anterolateral plate, a varus nonunion with medial column shortening (often with recurvatum) is the 
most common type seen. Once this occurs, the soft tissue envelope will contract fairly rapidly, creating a difficult reconstructive problem, because an acute 
correction will compromise the medial skin. This may result in (1) an inability to close the wound intraoperatively or (2) the development of postsurgical 
wound necrosis from excessive tension on the medial skin. Before the nonunion is revised, a microvascular surgeon must be consulted to minimize risk and 
address soft tissue problems ideally at the same time as the osseous reconstruction. 

While a surgical tactic for each nonunion is beyond the scope of this chapter, several caveats must be stated. The patient must be made aware of the 


complexity of the problem and realize that a soft tissue procedure may be needed. Acute shortening and subsequent limb lengthening may be required. 
Staged reconstruction and use of a ring fixator or a spatial frame for a prolonged period of time may be an option. In addition, the patient may require iliac 
crest bone grafts, an Achilles tendon lengthening or a Strayer procedure, and ankle and/or subtalar fusions in an effort to salvage the limb. There should also 
be counseling about the remote possibility of amputation should infection and nonunion persist despite multiple attempts at adequate medical and surgical 
care. 


Fi 4. 43C fracture. A: Plain films. B: CT scans. C: Anatomic reconstruction of articular surface with inadequate fixation of columns (no fixation of medial 
or posterior column). D: At 16 weeks post-operative and 4 weeks after full weight bearing, metadiaphyseal fracture collapsed in varus and went on to an oligotrophic 
nonunion secondary to mechanical (not biologic) failure. E: Revision with removal of plate and IM nail insertion. Intraoperative films indicate correction of alignment 
with callus evident. Patient did not return for any follow-up. 


POSTTRAUMATIC ARTHRITIS 


Radiographic changes indicative of posttraumatic osteoarthritis (PTOA) are common after pilon fractures. Marsh et al. noted that the majority of ankles in 
their study demonstrated radiographic arthrosis changes such as joint space narrowing, but only weak correlations were noted with clinical outcome. 
Although the foundation of ORIF is, in part, to obtain an anatomic articular reduction, posttraumatic arthrosis may still develop despite an anatomic 
reduction secondary to chondral injury of the tibial plafond, the talus, or both (F By) EN eee 

Treatment will require a long relationship with the patient because in most cases, the arthrosis worsens over many years. While initial treatment will be 
limited to activity modification and the use of anti-inflammatory medications, periodic bracing may be required. Over time (years), the patient may seek 
narcotics and injections for pain relief. Given the opioid epidemic, narcotics should be avoided if at all possible. Similarly, repeated corticosteroid injections 
will destroy the remaining cartilage over time and should be discouraged. If an initial injection of lidocaine is successful in removing the pain, then 
viscosupplementation platelet rich plasma (PRP), or bone marrow aspirate concentrate (BMAC) injections may carry the patient for a period of time. With 
worsening pain and limitation of dorsiflexion, an arthroscopic debridement may be warranted. Open resection of anterior osteophytes should be avoided 
because although this procedure will increase ankle motion, the resultant increase in pain will limit nonoperative options. 
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Figure 64-25. Posttraumatic arthritis. A: Immediate postoperative films. B: One-year postoperative films. Note delayed healing anteriorly due to lack of a secondary 
anterior plate. C: Five-year postoperative films. D: CT scans at 5 years; the patient was beginning to experience pain with ADLs. E: Ten-year postoperative films. 
Patient declined fusion. F: Arthroscopic debridement found large areas of bare talus and tibia. The following year, the patient agreed to an ankle fusion and talar head 
debridement to allow for more motion at the T-N joint. 


The goal of the original surgery is to create a well-aligned limb so that if and when PTOA occurs, a definitive surgical solution will be limited to the 
ankle. When malalignment secondary to bone destruction, bone loss, or poor technique results in a deformity, the joints surrounding the ankle will be 
affected and develop arthritic changes as well. Therefore, it is of paramount importance to maintain alignment whenever possible. 

Despite the best postinjury management, patients who develop PTOA of the ankle rarely can manage the pain for longer than 5 years before they begin 
to seek a surgical solution. In the past, the only option was an ankle arthrodesis (AA). Historically, reported arthrodesis rates with operative management of 
tibial plafond fractures have ranged from 5% to 26%, with most of this data being obtained in patients followed for less than 5 years.!3:2586 Marsh et al. 
reported an arthrodesis rate of 13% in 40 ankles after a minimum follow-up of 5 years.°” A tibiotalar arthrodesis performed properly and in a well-aligned 
limb will provide the patient immediate pain relief and a fairly normal gait pattern when wearing a shoe with a slight rocker bottom. The motion obtained 
for dorsiflexion will come from the subtalar and talonavicular joints, and therefore these must be preserved at all costs. Despite good to excellent outcomes, 
over the short and intermediate term, long-term results of AA decline as the subtalar joint develops arthritis requiring a secondary, subtalar fusion. Once 
both joints are fused, this will then begin to severely limit gait. 

While osteoarthritis may develop over time requiring treatment in an older population, PTOA as a result of a pilon fracture can occur in a younger and 
more active population. The search for a total ankle replacement (TAR) rather than an arthrodesis therefore has been an ongoing goal of the lower extremity 
fracture surgeon. To be able to maintain ankle joint motion while preserving the adjacent subtalar complex is the ultimate objective. Newer third-generation 
implants may offer this elusive goal. Despite this, there is no long-term data suggesting that a TAR is better or worse than an AA. The decision therefore 


rests on the patient—doctor relationship, the position of the ankle and subtalar complex, the level of PTOA, the activity level and age of the patient, and 


whether the fracture was open, infected, or had soft tissue problems. 
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Annotation 


To determine whether multiple approaches pose an increased risk to fracture healing when 
compared with a standard single approach in the treatment of C-type distal tibial pilon 
fractures, Chan et al. performed a retrospective review of 116 patients. Of the 116 patients 
identified and reviewed during the 7-year study period, 35 underwent staged fixation of 
the posterior malleolar component an average of 2 days postinjury, followed by delayed 
anterior fixation approximately 2 weeks later. The remaining patients underwent anterior 
fixation only. The authors noted a statistically significant increase in nonunions associated 
with the staged posterior approach without any significant difference in the quality of 
articular reduction between the two groups based on evaluation of the postoperative CT 
scans. While the authors acknowledged that articular reduction is of paramount 
importance, multiple approaches for direct reduction and fixation of all fragments may 
lead to further complications. 


Flanagan et al. performed a retrospective review of 98 pilon fractures treated either acutely 
with internal fixation or in a staged fashion with temporizing external fixator. Rates of 
postoperative wound dehiscence, superficial infection, and deep infection did not differ 
between groups, with comparable rates of unplanned free-flap coverage. Rates of 
unplanned reoperation differed grossly between groups (acute fixation: 12.5% vs. staged 
fixation: 25.9%), though did not meet statistical significance. The data suggests that, when 
managed by fellowship-trained orthopaedic traumatologists, initial temporizing external 
fixation may not represent mandatory standard of care in all pilon fractures. 


To evaluate the intermediate-term results of tibial plafond fractures, this study reviewed 56 
pilon fractures treated with external fixation and limited incision articular fixation. Thirty- 
five of these fractures were evaluated between 5 and 12 years postinjury. Five of 40 ankles 
had undergone arthrodesis (12.5%). There was a long-term negative effect on the SF-36 
and Ankle Osteoarthritis Scale compared with age- and gender-matched controls. Ninety- 
one percent had x-ray evidence of arthrosis including osteophytes, joint space narrowing, 
or complete loss of joint space. Eighty-seven percent of patients were unable to run. 
Approximately 50% rated their ankle as excellent. Injury severity and reduction quality 
correlated with arthrosis, but the presence of arthrosis had only weak correlations with 
functional outcomes. Importantly, patients felt that they improved up to 2.4 years 
postinjury. 


In the treatment of pilon fractures, the application of an external fixator that restores 
length, alignment, and rotation may not only improve soft tissue profiles but may also 
make the process of definitive fixation more facile. Nielsen et al. performed a 
retrospective review of 100 pilon fractures managed with initial temporizing external 
fixation; the external fixator underwent sterile prep into the surgical field at the definitive 
fixation stage. Postoperative superficial (11%) and deep (13%) infection rates mirrored 
those of established literature in which surgeons removed the external fixator prior to 
definitive fixation. This data suggests that initial temporizing external fixators may safely 
undergo prep into the definitive fixation surgical field. 


Using a similar protocol as Sirkin et al. (see below), Patterson and Cole had no cases of 
superficial or deep wound complications in 21 patients followed an average of 22 months. 
Twenty-one fractures healed within 4.2 months with a 40-degree arc of ankle 
flexion/extension. Ninety-one percent of patients had a good or fair result. There was one 
nonunion, one malunion, and two patients required arthrodesis (9%) during the study time 
frame. Together, the Patterson and Cole and Sirkin et al. studies demonstrated a 
substantial decrease in serious wound and osseous complications compared with historical 
controls and helped to usher in the concept of staged ORIF of tibial pilon fractures using 
initial temporary spanning external fixation. 


Eighty patients treated with either external fixation or ORIF were studied at a mean 
follow-up of 3.2 years. General health as per SF-36 was significantly poorer than age- and 
gender-matched controls. Thirty-three percent of patients had ongoing pain. The use of 
external fixation and social factors (annual income <$25,000, and a lack of a high school 
diploma) were associated with a poorer outcome. Sixty-eight percent reported that their 
fracture prevented them from working. Although the cohort treated with ORIF had 
significantly better outcomes than the external fixation group with regard to pain, walking, 
and ankle range of motion, ultimate outcomes for both groups were less than optimal. 


Riiedi’s initial study followed 78 of the 84 pilon fractures treated with ORIF for a mean of 
50 months. Seventy-four percent of these demonstrated good or excellent results. Seven 
patients of the original 84 fractures had had an arthrodesis (8%). They noted that most 
who developed arthrosis had symptoms early (<1 year) while the remainder tended to 
improve with time. Fifty-four of these fractures were rereviewed an average of 9 years 
after their injury and were the focus of this present study. The majority indicated they had 
no change in their symptoms, 12 improved, and 5 had a worsening. No further arthrodeses 
were noted. The authors concluded that a well-reduced tibial plafond fracture improves 
with time, that posttraumatic arthrosis of the ankle manifests itself within 1-2 years 
postinjury, and that a good result at the 1-year mark is generally maintained. 


Rüedi TP, Allgöwer M. Fractures of the lower end of the tibia into the ankle-joint. Injury. | Rtiedi and Allgéwer’s seminal English language manuscript in 1969 described a principled 

1969; 1(2):92-99. technique for ORIF of the tibial plafond that demonstrated a substantial improvement in 
functional outcome, complications from arthrosis, and a minimal treatment complication 
rate compared to nonoperative management. This landmark article would become the 
benchmark for the treatment of these injuries with only 3 of 84 consecutive patients that 
developed a deep wound infection. Subsequent to this publication, the history of open 
reduction and plate stabilization of tibial plafond fractures in North America demonstrated 
a marked increase in deep wound infection rates and complications with associated poor 
outcomes. 
At least two major differences can be identified between Riiedi’s study and the early North 
American results: (1) the time delay from injury to definitive surgery and (2) the 
mechanism of injury. Though not often noted, 75% of Riiedi’s patients were definitively 
managed surgically on the day of their injury. Fourteen patients were delayed for over 7 
days secondary to “severe swelling or doubtful skin conditions,” and the remaining 6 
patients had been treated initially with casting elsewhere but the exact time to their 
definitive procedure was not indicated. Importantly, of the 84 fractures in Rtiedi’s 
manuscript, 60 fractures (71%) occurred from skiing injuries, 19 fractures (23%) occurred 
from a fall between 3 and 12 feet, and only 5 fractures (6%) occurred from higher-energy 
traffic accidents. 


Sirkin M, Sanders R, DiPasquale T, Herscovici D Jr. A staged protocol for soft tissue This influential study popularized staged treatment of tibial pilon fractures. The authors 
management in the treatment of complex pilon fractures. J Orthop Trauma. acutely (within 24 hours) managed displaced tibial plafond fractures with a closed 
1999; 13(2):78-84. manipulative reduction and the immediate application of a simple temporary transarticular 


external fixation. When fractured, ORIF of the fibula was also performed acutely. 
Definitive ORIF of the tibia was then performed an average of approximately 13 days later 
in the closed fracture group, and 14 days later in the open fracture group. The time to 
definitive tibial fixation was predicated on resolution of edema and was a clinical 
determination. Using this technique, a dramatic decrease in early soft tissue complications, 
and later problems of osteomyelitis and deep sepsis were noted. In a total of 46 fractures, 
the authors identified only 3 deep septic complications, 2 of which occurred in open 
fractures. 


Tornetta P 3rd, Gorup J. Axial computed tomography of pilon fractures. Clin Orthop Relat The authors evaluated the use of CT scans in the preoperative planning of pilon fractures. 

Res. 1996;(323):273-276. Twenty-two patients were studied with plain radiographs and with CT scans. The fracture 
pattern, number of fragments, comminution, impaction, and location of the major fracture 
line were recorded. The CT scan revealed an increased number of fragments in 12 
patients, increased impaction in 6 patients, and increased comminution in 11 patients. The 
operative plan was changed in 14 (64%) patients, and additional information was gained in 
18 (82%) patients. This paper demonstrated the usefulness of CT scans in the management 
of tibial pilon fractures. Currently, CT scanning of these injuries is considered a routine 
part of the surgical workup. 


Wyrsch B, McFerran MA, McAndrew M, et al. Operative treatment of fractures of the Eighteen patients were randomized into ORIF and 20 were randomized into external 
tibial plafond: a randomized, prospective study. J Bone Joint Surg Am. 1996;78(11):1646— fixation with minimal incision articular reductions. The authors noted that the 
1657. complications after ORIF tended to be more severe (with three of the ORIF patients 


ultimately requiring amputation) than those encountered in the external fixator group, 
hough no formal statistical analysis was done. In addition, they noted that there was no 
significant difference in the degree of osteoarthrosis or clinical scores based on the 
reatments provided but that more displaced and comminuted fractures had lower scores. 
Given the higher complication rate and similar outcomes, the authors concluded that 
external fixation is a satisfactory treatment method for tibial plafond fractures. At the time, 
his paper dramatically highlighted the complications associated with ORIF of high-energy 
ibial pilon fractures compared with external fixation. It also brought to light the 
challenges of operatively managing axial load tibial plafond fractures as compared with 

he rotational mechanisms treated earlier by Rtiedi. However, significant methodologic 
problems with this study include the timing of surgery in the ORIF group and the 
relatively underpowered study groups. 
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INTRODUCTION TO ANKLE FRACTURES 


Ankle fractures represent 10% of all fractures with an incidence of around 137 per 100,000 population per year,?”8> making these the second most common 
lower limb fractures after hip fractures.8* The mean age at injury is 45 years,®° significantly older than that of patients sustaining isolated ankle sprains.*°” 
Both injuries have a bimodal distribution, with peak incidences of ankle injuries in younger men and older women and a 50-year gap between peaks.®° 
These are typically low-energy injuries with the majority occurring due to simple falls or sport.*°.°° Even open ankle fractures are predominantly low- 
energy injuries caused by simple falls with the highest incidence in elderly women.®? The epidemiology of the specific fracture patterns does vary, however. 
Patients with an Orthopaedic Trauma Association/Arbeidsgemeinschaft fiir Osteosynthese-fragen (OTA/AO) type C fracture more commonly sustain their 
injury because of a fall from a height or a motor vehicle accident than patients with AO type A or B fractures, in which the most common cause is a simple 
fall.85 Evaluation of only bimalleolar and trimalleolar ankle fractures reveals that these fractures do not have a bimodal distribution but instead a type E 
distribution with a peak only in elderly women.** 

The already high incidence of ankle fractures is increasing sharply in line with the aging demographic of most Western populations. Kannus et al.!98 
reported an increase of 319% in the overall annual number of low-energy ankle fractures in elderly patients admitted to hospital over the three decades 
between 1970 and 2000. From these data, they predicted that the number of low-energy ankle fractures could be expected to triple by 2030. They forecast a 
higher rate of increase in women (Fig. 65-1). 

The epidemiology appears to be varying with time: Between 1950 and 1980 an increase in incidence among younger males and elderly females was 
seen,?” but more recently the incidence among younger men has appeared to remain static while the increase in elderly women has continued.? 18413 The 
mechanism of injury has also changed with a reduction in fractures occurring because of severe trauma between 1950 and 1980 and a concomitant increase 
in the proportion of fractures caused by sporting activity in men.°” 

Although ankle fractures are not associated with systemic low bone mineral density per se, 
distal tibia of elderly patients with ankle fractures is abnormal and depleted, and bone stiffness is reduced, compared with uninjured controls, 
that these injuries should be considered to be true osteoporotic fractures. 

Specific risk factors for sustaining ankle fractures have been investigated. Hasselman et al.'5° undertook a prospective study of 9,704 women over the 
age of 65 and found that ankle fractures were more common in the obese and those with a history of multiple falls. Further evidence for obesity as a risk 
factor comes from the international GLOW study of 60,393 women. They found that obese women over the age of 55 years were significantly more likely 
to sustain an ankle fracture than nonobese women.”? Moreover, Margolis et al.2°° found that patients with a greater percentage increase in weight since the 
age of 25 were also significantly more likely to sustain an ankle fracture. Obesity also predisposes to more severe injury. Spaine and Bollen*® found that 
patients with an unstable ankle fracture were far more likely to be obese (29%) than patients with stable ankle fractures (4%). Alcohol use also appears to be 
a risk factor and Jensen et al.!®” reported that 29% of patients in their series were found to have consumed alcohol in the 4 hours preceding fracture. 
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Figure 65-1. The changing epidemiology of ankle fractures. (Data from Kannus et al.!°) 


PATHOANATOMY, APPLIED ANATOMY, AND BIOMECHANICS RELATING TO ANKLE 


FRACTURES 


The surgical anatomy of the ankle joint has been well described in detail elsewhere.!”° The joint functions as a mortise with the body of the talus 
articulating with a confluent area of the tibia consisting of the tibial plafond (ceiling) superiorly, and the medial malleolus medially. A dorsal projection of 
the tibia, the posterior malleolus, serves to enlarge this confluent area. The lateral articulation of the talus is with the distal fibula. Each of these articular 
surfaces shares in load distribution during weight bearing, with the fibula, for example, taking one-sixth of the load.*°° The medial malleolus is both shorter 
and more anterior, and thus the axis of the joint is in 15 degrees of external rotation. The tibial and fibular articular surfaces together comprise the mortise in 
which the talus sits (Fig. 65-2). 

The relationship between the tibia and fibula centers on the syndesmosis where the fibula lies in the incisura of the lateral aspect of the tibia, and is 
stabilized by the anteroinferior tibiofibular ligament (AITFL), the posteroinferior tibiofibular ligament (PITFL), and the interosseous ligament (IOL) which 
is confluent with the interosseous membrane above (Fig. 65-3). The AITFL arises from a prominence of the anterolateral tibia known as the tubercle of 
Chaput (which may be avulsed, typically in children’s ankle injuries), and inserts onto an equivalent prominence on the fibula: The tubercle of Wagstaffe. 
The PITFL arises from Volkman tubercle of the posterior malleolus. It is extremely strong and in trimalleolar fractures, the fragment usually remains solidly 
attached to the fibula via this ligament. This relationship can be exploited surgically: Reduction of the distal fibula usually assists in reduction of the 
posterior malleolus, and conversely, stabilization of the posterior malleolus will often restore stability to the mortise.2”° 
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Figure 65-2. Bony anatomy of the ankle. Mortise view (A) inferosuperior view of the tibiofibular side of the joint (B), and superoinferior view of the talus (C). The 
ankle joint is a three-bone joint with a larger talar articular surface than matching tibiofibular articular surface. The lateral circumference of the talar dome is larger than 
the medial circumference. The dome is wider anteriorly than posteriorly. The syndesmotic ligaments allow widening of the joint with dorsiflexion of the ankle, into a 
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Figure 65-3. Three views of the tibiofibular syndesmotic ligaments. Anteriorly, the AITFL spans from the anterior tubercle and anterolateral surface of the tibia to the 
anterior fibula. Posteriorly, the tibiofibular ligament has two components: The superficial PITFL, which is attached from the fibula across to the posterior tibia, and the 
thick, strong ITL, which constitutes the posterior labrum of the ankle. Between the anterior and PITFLs resides the stout interosseous ligament (IOL). 


The talus itself is remarkable for three reasons: Its surface is 70% covered in articular cartilage, it has no direct ligamentous attachments for muscle 
action and it has a tenuous retrograde vascular supply. The body of the talus is geometrically complex and describes a frustum, a cone with its apex 
removed, lying transversely in the mortise, being broader anteriorly and narrower posteriorly. This complex shape prevents the medial and lateral facets of 
the talus, and their relationships with their respective malleoli, from being seen on any single radiographic projection and this can result in considerable 
uncertainty when attempting to measure joint spaces unless all three views are obtained (see below). As a result of its frustral shape, the talus is compressed 
within the mortise of the ankle in dorsiflexion (the position of heel strike), causing the fibula to rotate externally, and is most stable in this position. In 
plantarflexion (at toe off) the talus is held less rigidly, allowing physiologic external rotation and inversion. Osseous stability of the ankle increases with 
axial loading, when the congruency of the articular surfaces provides very substantial stability even after division of all ligamentous restraints.387 

The superior surface of the talus (the talar dome) conforms closely to the plafond of the tibia, and the contact area between the two surfaces decreases 
markedly with displacement of the talus. Ramsey and Hamilton’s*“* famous study reported a decrease in contact area of 42% after just 1 mm of lateral talar 
displacement, an effect confirmed by other authors.***.28* Although this study has been criticized,*2* and the precise relationship between displacement, 
contact area, and contact pressure remain contentious,®®.7°7+"! it is widely accepted that loss of congruence of the mortise leads to altered biomechanical 
loading and is principally responsible for the poor outcomes observed in patients with residual displacement of the talus after ankle fracture. 

The stability of the ankle is enhanced by its capsule and ligaments. Medially, the deltoid (medial collateral) ligament has two components. The 
superficial deltoid ligament arises from the anterior colliculus of the malleolus and extends in a broad fan shape to insert into the talus, navicular, and the 
sustentaculum of the calcaneus. This insertion is continuous with the tendon sheaths of the tibialis posterior and flexor hallucis longus tendons. The deep 
deltoid ligament is intra-articular and extends from the posterior colliculus (and intercollicular groove) of the malleolus to the dome of the talus. It is this 
deep component that is thought to be important in restraining the talus against lateral displacement and rotation, and it is the focus of much interest and 
research.?!9 The anatomy of the deltoid ligament is shown in Figure 65-4. The lateral collateral ligamentous complex consists of three defined ligaments. 
The anterior talofibular ligament (ATFL) is the weakest of these and is commonly injured in ankle sprains. The posterior talofibular ligament (PTFL) 
extends backward from the tip of the fibula, and between these two the fibulocalcaneal ligament (FCL) passes vertically down to an insertion on the lateral 
aspect of the calcaneus. The ankle is therefore considered to have three important static stabilizers: The medial and lateral osteoligamentous complexes, and 
the syndesmosis. The relative importance of these stabilizers has been widely debated, but it is clear that each has an important role. A useful simplification 
is that two out of the three complexes should be intact for the ankle to be stable.*”7”4 The anatomy of the lateral ligamentous complex is shown in Figure 
65-5. 
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Whereas the static stabilizers of the ankle have been widely characterized in cadaveric studies, it is clear that they have an uncertain relevance to the 
clinical situation, and this is partly explained by our relatively poor understanding of the dynamic stability of the ankle. Axial loading fundamentally 
changes the behavior of the ankle, increasing the restraining effect of bony congruity and making the ankle stiffer. Moreover, six important 
musculotendinous groups cross the ankle joint which act to stabilize as well as move the ankle. Four of these units are placed at the four “corners” of the 
ankle joint and act in concert. The tibialis anterior acts to dorsiflex the ankle along with the peroneus tertius, and to invert the ankle along with tibialis 
posterior, while peroneus longus and brevis act to plantarflex with tibialis posterior and to evert with peroneus tertius. Dynamic stability is provided by 
antagonistic contraction of these groups of muscles. Power and stability are augmented by the action of two further units: Dorsiflexion by extensor 
digitorum longus and extensor hallucis longus, and plantarflexion by the triceps surae (gastrocnemius and soleus), plantaris, flexor hallucis longus, and 
flexor digitorum. Michelson et al. demonstrated that even when both the medial and lateral osteoligamentous complexes are completely defunctioned by 
injury, the talus is surprisingly stable: Its range of movement in relation to the mortise during the gait cycle in each of the coronal, sagittal, and transverse 
planes is no more than a single degree in excess of that of intact ankles. This concept of dynamic stability is clearly highly important when considering the 
nature of ankle injury and repair, and suggests that the large volume of static biomechanical data in the published literature should be viewed with extreme 
caution. 
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Figure 65-5. The lateral ligamentous complex of the ankle and its individual components. 


The anatomy of the soft tissues crossing the ankle joint is shown in Figure 65-6. 

Structures crossing the ankle joint anteriorly pass under the superior extensor retinaculum proximal to the ankle and the Y-shaped inferior retinaculum 
distal to the joint. Tibialis anterior passes most medially and extensor hallucis longus passes adjacent to it. A safe plane for an anterior surgical approach to 
the ankle lies between these tendons. Lateral to the extensor hallucis lies the deep peroneal nerve and the dorsalis pedis artery, and then the tendons of 
extensor digitorum longus and peroneus tertius. The tendons, and the superficial peroneal nerve which lies in the subcutaneous plane, can often be seen and 
palpated with the ankle and toes maximally dorsiflexed. Laterally, the peronei lie deep to the peroneal retinaculum immediately posterior to the fibula. The 
retinaculum may be ruptured here resulting in tendon subluxation. The superficial peroneal nerve emerges from the deep fascia at a variable point in the 
distal third of the leg before dividing: A substantial branch has been reported to lie within 5 mm of the fibula in 50% of cases when measured at 10 cm from 
the lateral malleolar tip and in 20% cases at 5 cm from the tip,!®° leaving it vulnerable to injury in the lateral approach to the fibula. Also in the 
subcutaneous plane, the sural nerve lies in a variable position approximately two-thirds of the way between the distal fibula and the Tendo Achilles (TA). 
Medially, a number of structures run posterior to the medial malleolus under the laciniate ligament, (which forms the tarsal tunnel) and their constant 
relationship from anterior to posterior is classically remembered according to the pneumonic Tom, Dick, and very nervous Harry: Tibialis posterior, flexor 
digitorum, the tibialis posterior artery and vein, tibial nerve, and flexor hallucis longus. Superficially in the subcutaneous plane, the great saphenous vein 
and nerve pass immediately anterior to the medial malleolus where the vein can be conveniently exposed for emergency vascular access, or more 
inconveniently damaged during the surgical approach to the medial malleolus. 
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Figure 65-6. A: Structures crossing the medial ankle. B: Structures crossing the anterior ankle. C: Structures crossing the lateral ankle. 


SURGICAL APPROACHES FOR ANKLE FRACTURES 


MEDIAL APPROACH 


The medial approach allows access to medial malleolar fractures and exploits an internervous interval between the dorsiflexors (deep peroneal nerve) and 
invertors and plantarflexors (posterior tibial nerve) of the ankle. Two variations exist: A straight longitudinal incision directly over the malleolus is often 
simplest and allows easy access to the fracture and the start point for screw insertion at the malleolar tip. Alternatively, a curvilinear incision may be made 
further anteriorly over the front of the medial malleolus to allow visualization of the medial corner of the plafond, curving posteriorly distal to the malleolus 
to allow screw or plate placement. In either case, the great saphenous vein and nerve are at risk in the subcutaneous fat as they pass just anterior to the 
malleolus. 


POSTEROMEDIAL APPROACH 


The posteromedial approach is gradually increasing in popularity, allowing access to the posterior malleolus, and is particularly helpful where the fracture 
plane results in a posteromedial fragment. The incision is made longitudinally half-way between the medial malleolus and the Achilles tendon. Blunt 
dissection will expose the fascia overlying the flexor tendons and this can be incised longitudinally well away from the back of the medial malleolus. The 
safest interval is found between the flexor hallucis longus (FHL) tendon (which can be identified by the muscle fibers that insert into it at this level) and the 
peroneal tendons lateral to it. This deep plane is identical to that used in the posterolateral approach. Retracting FHL medially will expose the back of the 
ankle joint while protecting the neurovascular bundle. Several variants of this technique are used depending on fracture morphology, exploiting convenient 
windows between FHL and flexor digitorum longus, or by mobilizing tibialis posterior and carefully retracting the neurovascular bundle laterally. 


LATERAL APPROACH 


The line of the incision is made directly over the subcutaneous border of the fibula, the length, and center of the incision being dictated by the level and type 
of fracture present. The principle structure at risk is the superficial peroneal nerve as it pierces the deep fascia and lies in the subcutaneous fat. It is 
increasingly vulnerable as one moves proximally from the fibular tip and a substantial branch lies within 5 cm of the tip of the malleolus in 20% of 
patients,!®° but its course is variable: Blunt dissection through fat is recommended. The periosteum should be elevated from the fracture margins only 
enough to allow an anatomical reduction. Strategic perforations may be made in the anterior fascia to allow the placement of reduction clamps without 
excessive dissection. Occasionally, the incision may be curved anteriorly at its distal extent to allow an arthrotomy and inspection of the articular surface of 
the ankle joint, or for access to the syndesmosis and tubercle of Chaput. Alternatively, for posterior plating of the fibula, the incision is aligned with the 
posterior border of the fibula, and the peroneal tendons are retracted away from the posterior surface of the bone. This more posterior location is often more 
powerful mechanically, but the incision prevents satisfactory access to the AITFL and ankle joint, and will not allow fixation of a Chaput tubercle fracture. 


POSTEROLATERAL APPROACH 


This approach allows access to posterior malleolar fractures, and to the posterior aspect of the fibula, and is performed with the patient prone. The 
longitudinal incision is made midway between the posterior border of the lateral malleolus, and the lateral border of the Achilles tendon. Blunt dissection 
through fat avoids injury to the sural nerve and exposes the deep fascia of the leg which is incised sharply. The internervous plane is between the peroneal 
tendons (superficial peroneal nerve) which are retracted laterally, and the FHL (tibial nerve). The FHL has muscular origins from the fibula and tibia even at 
this level, and should be elevated and retracted medially to expose the posterior malleolus. 


ASSESSMENT OF ANKLE FRACTURES 


CLASSIFICATION OF ANKLE FRACTURES 


Pott Classification 


Classification of ankle fractures may be undertaken on the basis of anatomy, injury mechanics, or stability. While multiple classification systems have been 
developed, only a few remain in frequent use. Pott provided the first known detailed description of ankle fractures in 1758,°*° prior to the discovery of 
medical radiographs in 1895, but the classification system based on the number of fractured malleoli that is commonly attributed to him may have been first 
described by Cooper.®° Fractures can be classified as unimalleolar, bimalleolar, or trimalleolar based on the combined fractures of the lateral, medial, and 
posterior malleoli. As the number of fractured malleoli increases, the prognosis worsens.°? Despite, or perhaps because of, the simplicity of the system it 
remains in widespread use. 


Danis—Weber and OTAIAO Classifications 


An alternative classification developed by Danis! and modified by Weber,**° describes the injury based on the location of the lateral malleolar fracture. 
Fractures may be classified as A, B, or C with a fracture below, at the level of, or above the syndesmosis, respectively. The distribution of fractures between 
these groups varies depending on the selection criteria for the study but values of 38% for A, 52% for B, and 10% for C are typical.®° This classification 
remains popular and has been shown to have substantial inter- and intraobserver reliability.2° Lindsjo**! commented that this is a system “even an 
exhausted doctor on emergency call at four in the morning should be able to apply without too much error.” However, although there is a general 
relationship with fracture stability, it does not accurately predict the presence or level of syndesmotic injury,” it does not address the presence (or absence) 
of injury to the medial side of the ankle, and the classification does not provide robust prognostic information.>3:707 

Further work on the Danis—Weber system by the AO group led to the development of the AO classification of ankle fractures which has also been 
adopted by the Orthopaedic Trauma Association (OTA). This classification is shown in Figure 65-7. This is far more encompassing with a total of 27 
different subtypes describing injury to the bony and soft tissue structures of the ankle. Acceptable interobserver reliability and ease of application have been 
reported.®°.88 Arthroscopic investigation of ankle fractures has shown that the degree of articular cartilage damage present corresponds with the AO 
subgroups from 1 to 3,165 and therefore this extended classification may have some prognostic significance. 
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the postero- (44-C2) 


lateral rim) (44-B3) 


Subgroups and Qualifications: 

Tibia/fibula, malleolar, infrasyndesmotic, isolated (44-A1) 

1. Rupture of lateral collateral 2. Avulsion of tip of lateral malleolus 3. Transverse fracture of lateral 
ligament (44-A1.1) (44-A1.2) malleolus (44-A1.3) 


Al 


Tibia/fibula, malleolar, infrasyndesmotic lesion with medial malleolar fracture (44-A2) 
(1) transverse 


(2) oblique 

(3) vertical 

1. Rupture of lateral collateral 2. Avulsion of tip of lateral malleolus 3. Transverse fracture of lateral 
ligament (44-A2. 1) (44-A2.2) malleolus (44-A2.3) 

A2 


Tibia/fibula, malleolar, infrasyndesmotic lesion with postero-medial fracture (44-A3) 
1. Rupture of lateral collateral 2. Avulsion of tip of lateral malleolus 3. Transverse fracture of lateral 
ligament (44-A3. 1) (44-A3.2) malleolus (44-A3.3) 


A3 


Tibia/fibula, malleolar, transsyndesmotic, isolated (44-B1) 
1. Simple (44-B1.1) 2. Simple with rupture of anterior 3. Multifragmentary (44-B1.3) 
syndesmosis (44-B1.2) 
(1) in substance 
(2) Chaput (anterior tibia) 
(3) Lefort (anterior fibula) 


B1 Cù — mi = (a) 

lew Na! n 

iS ~A we 
Tibia/fibula, malleolar, transsyndesmotic fracture with medial lesion (44-B2) 
1. Simple, rupture of medial collateral 2. Simple with fracture of medial 3. Multifragmentary (4-B2.3) 
and anterior syndesmosis (44-B2.1) malleolus and rupture of anterior syn- (1) rupture of medial collateral ligament 
(1) in substance desmosis (44-B2.2) (2) fracture of medial malleolus 
(2) Chaput (1) in substance 
(3) Lefort (2) Chaput 

(3) Lefort 


B2 > laaah) 


Tibia/fibula, malleolar, transsyndesmotic with medial lesion and a Volkmann (fracture of posterolateral rim) (44-B3) 

(1) extra-articular avulsion 

(2) peripheral articular fragment 

(3) significant articular fracture 

1. Fibula simple with medial collateral 2. Simple fibula fracture with fracture 3. Multifragmentary with fracture of 
ligament rupture (44-B3.1) of medial malleolus (44-B3.2) medial malleolus (44-B3.3) 


B3 


2904 SECTION FOUR ° Lower Extremity 


Tibia/fibula, malleolar, suprasyndesmotic, simple diaphyseal fracture of fibula (44-C1) 


1. Rupture of medial collateral 2. With fracture of medial malleolus 3. With fracture of medial malleolus 
ligament (44-C 1.1) (44-C1.2) and a Volkmann (Dupuytren) 
(44-C1.3) 


(1) extra-articular avulsion 
(2) peripheral articular fragment 
(3) significant articular fragment 


C1 


| 


Tibia/fibula, malleolar, suprasyndesmotic, multifragmentary fibular diaphyseal fracture (44-C2) 


1. With rupture of medial collateral 2. With fracture of medial malleolus 3. With fracture of medial malleolus 
ligament (44-C2.1) (44-C2.2) and a Volkmann (Dupuytren) 
(44-C2.3) 


(1) extra-articular avulsion 
(2) peripheral articular fragment 
(3) significant articular fragment 


| 


C2 


Tibia/fibula, malleolar, suprasyndesmotic, proximal fibular lesion (44-C3) 

(1) fracture through neck 

(2) fracture through head 

(3) proximal tibiofibular dislocation 

(4) rupture of medial collateral ligament 

(5) fracture of medial malleolus 

(6) articular fragment 

1. Without shortening, without 2. With shortening, without 3. Medial lesion and a Volkmann 
Volkmann (44-C3.1) Volkmann (44-C3.2) (44-C3.3) 


c3 


Figure 65-7. The OTA/AO classification of ankle fractures. This classification system is based upon the location of fracture lines and degree of comminution and 
serves to describe the severity and degree of instability associated with a particular fracture pattern. The OTA/AO classification expands on the Danis-Weber 
classification scheme, which is still in use and is perhaps the most rudimentary of the classification systems and is based simply on the level of the fibula fracture. The 
basic fracture types are shown. Subtypes of A-type ankle fractures. Subtypes of B-type ankle fractures. Subtypes of C-type ankle fractures. (Reprinted with permission 
from Marsh JL, et al. Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association classification, database and outcomes committee. J 
Orthop Trauma. 2007;21(10 Suppl):S1-S133.) 


Lauge-Hansen Classification 


An alternative classification system based on causative mechanism of injury was proposed by Ashhurst and Bromer in 1922,!9 and expanded by Lauge- 
Hansen in 1950 following cadaveric investigations.” The Lauge—Hansen classification is shown in Figure 65-8. It employs two words and a number. The 
first word describes the position of the foot at the time of fracture (supination or pronation), the second is the deforming force at the ankle (abduction, 
adduction, internal rotation, or external rotation). There are four resulting classes of injury: supination external rotation (SER), pronation external rotation 
(PER), supination adduction (SAD), and pronation abduction (PAB). The number then refers to the progression through stages of bony and soft tissue 
injury. The most common pattern of injury is SER (60%) followed by SAD injuries (20%) and then those occurring in pronation (20%).73%241,459 PAB 
fractures and PER fractures comprise 8% and 12% of ankle fractures, respectively. Most, but not all, ankle fractures can be classified, with reported rates 
between 83%!?3 and 98.8%.*°9 The Lauge—Hansen classification historically indicated the process of closed manipulation required to reverse displacement 
and reduce the fracture, but in the era of surgical fixation this classification system remains helpful in directing management. 


Supinated foot 


External rotation Adduction 


Anterior tib-fib sprain Talofibular sprain or 


avulsion of distal fibula 


Transverse fibula 
or rupture 
of talofibular ligaments 


Vertical medial malleolus 
with a transverse distal 
fibula and possible medial 
plafond impaction 


Stable short oblique fracture 
of the distal fibula 


Similar to II with additional 
rupture of posterior tib-fib 
ligament or fracture of 
posterior margin 

Posterior 

malleolus 

or 

posterior tib- 
fib ligament 


Unstable short oblique 
fracture of the distal 

fibula with a medial 
malleolus fracture or 

a deltoid ligament disruption 


Pronated foot 


External rotation 


Isolated medial malleolus 
or deltoid ligament rupture 


Medial malleolus 
fracture 
or 
deltoid rupture 


Medial injury with 
a high fibula fracture 


Similar to stage 

Ill with a posterior 
malleolus or tib-fib 
ligament injury 


Posterior malleolus 
or 

posterior tib- 

fib ligament 


Abduction 


Isolated medial malleolus 
or deltoid ligament rupture 


Medial malleolus 
or 
deltoid 


Chaput's 
tubercle 
or 
anterior 

tib-fib 
ligament 


Transverse or 
laterally comminuted 
fibula with 

medial injury. 
Anteriolateral tibial 
impaction is 

also possible 


Figure 65-8. Schematic diagram and case examples of Lauge-Hansen SER and SA ankle fractures. A: A supinated foot sustains either an external rotation or 
adduction force and creates the successive stages of injury shown in the diagram. The SER mechanism has four stages of injury, and the SA mechanism has two stages. 
AP (B) and lateral (C) radiographs show an unstable SER stage IV ankle fracture with the characteristic oblique distal fibula fracture and a medial side injury. D: An 
AP radiograph of an SAD ankle fracture with a transverse fibula fracture and an impacted medial malleolar fracture. E: A pronated foot sustains either an external 
rotation or abduction force and creates the successive stages of injury shown in the diagram. The PER mechanism has four stages of injury, and the PAB mechanism 


has three stages. 


In the first stage of this injury (SER 1), the talus rotates within the mortise, pushing the tibia and fibula apart, and causing a rupture of the AITFL. This 
represents a stable ankle sprain. In the second stage (SER 2), the fibula fractures at the level of the syndesmosis resulting in an oblique fracture of the fibula 
with a classic long posterior spike (Fig. 65-9). This is the equivalent of the AO type B fracture (see Fig. 65-7). The ankle remains stable because the medial 
structures are intact, the lateral malleolar fracture is typically minimally displaced, and thus SER 2 fractures are treated nonoperatively. In the third stage 
(SER 3), the posterior tibiofibular ligament ruptures or a posterior malleolar fracture occurs. In the fourth and final stage (SER 4), the medial aspect of the 
ankle is injured and the ankle becomes unstable. This may be either a rupture of the deltoid ligament, or an oblique fracture of the medial malleolus (see Fig. 
65-8). Occasionally, both elements may be injured, the line of injury passing through both the deep deltoid ligament (attached to the posterior colliculus of 
the medial malleolus, which itself is left intact), and then through bone, resulting in an anterior colliculus fracture. SER 4 fractures are generally managed 
operatively. The oblique or spiral configuration of the fibula fracture lends itself to lag screw compression protected with a neutralization plate, or 
alternatively to intramedullary nail stabilization. The oblique medial fracture is then most commonly treated with a lag screw placed orthogonal to the 
fracture. The integrity of the syndesmosis should be assessed and if found to be unstable, stabilized with a syndesmosis screw. 


A a Bi T r B 
Figure 65-9. AP and lateral radiographs of a supination external rotation (SER 2) fracture (AO/OTA B1.1). Note the oblique fracture line with the long posterior 
spike. The talus is congruent. 


In the first stage (SAD 1), the adduction of the hindfoot results in either a talofibular ligament rupture (ankle sprain) or a transversely orientated avulsion 
fracture of the distal fibula, this being equivalent to an AO type A fracture (see Fig. 65-7). This is a stable injury. In the second stage (SAD 2) the medial 
malleolus is sheared off resulting in a diagnostic vertical fracture line (Fig. 65-10). This is an unstable injury. The medial plafond may suffer impaction from 
the talus and radiographs should be scrutinized carefully for this additional injury. In contradistinction to the other patterns of ankle fracture, surgical 
stabilization of an SAD 2 fracture begins with initial exposure of the medial malleolus. The area of impaction is exposed through the fracture and the joint is 
irrigated to remove osteochondral fragments. The impacted articular segment is reduced with a lever or punch and the defect is back filled with graft or graft 
substitute if required. The shear fracture is then typically stabilized with a buttress plate. The fibular fracture may subsequently be stabilized with a plate, a 
nail, or a tension band construct. 


In the first stage (PAB 1), the abducting talus avulses the medial malleolus (resulting in a transverse fracture line) or causes a deltoid ligament rupture. In 
the second stage (PAB 2) the fibula is pushed laterally resulting in rupture of the AITFL or an avulsion fracture of the tubercle of Chaput. In the third stage 
(PAB 3) the fibula fractures under compression and bending, resulting in a comminuted fracture at or above the level of the plafond (Fig. 65-11). Operative 
treatment of this fibular fracture differs from that of an SER 4 fracture in that lag screw fixation of the comminuted region is often not possible, and an 
alternative strategy of bridge plating with a small fragment dynamic compression plate or equivalent, rather than a one-third tubular plate, or an 
intramedullary nail may be required. The medial fracture can be addressed with orthogonal lag screws as for the SER fracture, or with a tension band 
construct if the fragment is small. The integrity of the syndesmosis should be assessed. 


In the first stage (PER 1), an isolated medial malleolar fracture (or deltoid rupture) is produced. In the second stage (PER 2), either the AITFL is ruptured or 
a tubercle of Chaput fracture occurs. In the third stage (PER 3), a fracture of the fibula occurs through torsion resulting in an oblique or spiral fracture. This 


differs from the SER fracture in that it is typically suprasyndesmotic (equivalent to an AO type C fracture) and that the long spike at the proximal extent of 
the fracture is anterior (i.e., the fracture line passes from distal posteriorly to proximal anteriorly). A PER 3 fracture is unstable and there is a high associated 
incidence of syndesmosis injury. The classic variant is the so-called Maisonneuve fracture ( ), which may not be diagnosed correctly unless 
suspected and looked for. The fibular fracture is fixed with a plate if it occurs in the lower third of the fibula, to prevent fibular angulation, with or without 
an additional syndesmosis screw to secure the syndesmosis. Fractures above this level are most commonly treated with syndesmosis screw(s) alone without 
attempting to plate the fibular fracture. The medial malleolar fracture is commonly treated with a lag screw. 


A, B c 

gure 65-10. A supination—adduction (SAD 2) fracture (OTA/AO A2.2). A: The initial AP radiograph shows impaction of the medial plafond and an avulsion 
faerie of the fibula. B: An intraoperative radiograph. The impacted region must be reduced. This is achieved through the fracture using a punch or lever. Bone 
grafting of the defect may be required. C: At 6 months the fractures are united. Note the buttress plating of the shear fracture. A fibular nail has been used to stabilize 
the fibular fracture. 


| 
EIGHT BEARIN! 
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Figure . A pronation abduction (PAB3) fracture (OTA/AO C2.3). A: The initial radiograph shows a medial malleolar fracture, a comminuted suprasyndesmotic 
fibular pers and a diastasis. B: The medial malleolar fracture has been stabilized with two screws and the fibular fracture with a bridging plate. A diastasis screw 
has been inserted. C: An intramedullary nail can be used for the fibula. 


.2. Maisonneuve fracture. A: An AP radiograph of the ankle and tibia and fibula shows a PER 3 Maisonneuve fracture (OTA/AO C3.1). B: External 
rotation shows lateral displacement of the talus and widening of the syndesmosis. 


Despite the utility of the Lauge—Hansen classification system in directing surgical treatment, later investigators have not been able to replicate the stages 
of injury described in the original experiments,’°’-’/* and a more recent innovative study comparing the mechanism of injury as seen on YouTube movie 
clips and the subsequent x-rays of the same patient failed to find a strong correlation between mechanism and fracture pattern.**’ In common with other 
classification systems, it does not provide reliable information regarding the presence or absence of syndesmotic rupture.!3*,298.459 Like most detailed 
classification systems, reproducibility is modest with interobserver variability of between 43% and 60% and intraobserver variability of between 64% and 
82%.-?" However, the classification system does have prognostic significance: The degree of articular damage has been shown to correlate with the stage 
of injury. 


A number of eponymous terms have also survived by custom and common usage. A Volkmann fracture refers to a fracture of the posterior malleolus, 
although the fracture was first described by Earle, the grandson of Sir Percival Pott.!°° A Maisonneuve fracture is a fracture of the proximal fibula 
associated with a medial malleolar fracture or deltoid ligament injury, accounting for 5% of all ankle fractures,’ although Maisonneuve actually described 
a number of fractures of both the proximal and distal fibula in association with a rotational injury.**” It is important to exclude this proximal fracture in 
rotational ankle injuries as it is highly unstable despite potentially normal ankle radiographs. The proximal fibula should be carefully palpated and, where 
there is tenderness, full-length views of the tibia and fibula should be obtained (see F ). 


CLINICAL ASSESSMENT OF ANKLE FRACTURES 


Assessment of a patient presenting with an ankle fracture requires a detailed history, thorough physical examination, and radiographic imaging. While the 
patient’s own account of a low-energy twisting injury may reveal little due to the speed of the event, an appreciation of the energy transfer involved is 
important as high-energy mechanisms indicate the likelihood of additional soft tissue complications, compartment syndrome,’*~°"»*°! the presence of the 
more complex pilon fracture, or other associated injuries. Certain comorbidities, in particular, are of importance: Diabetes will not only require preoperative 
work-up and perioperative blood sugar management, but also indicates an increased likelihood of wound complications owing to immunologic and vascular 
impairment. Diabetic patients with poor glycemic control are at increased risk of peripheral neuropathy, which may influence postoperative weight-bearing 
decisions. A history of smoking, alcohol abuse, and psychiatric illness similarly increases the likelihood of complications. Clinical examination begins with 
inspection for deformity, bruising, blistering, skin integrity, and color. Careful palpation of the limb starts at the fibular head and progresses sequentially 
down the lateral aspect of the leg to the lateral malleolus and the soft tissues anterior and posterior to it before moving medially across the ankle joint to the 
medial malleolus and its adjacent soft tissue structures. Palpation of the skeleton of the foot will exclude commonly associated (or missed) injuries such as 
fractures of the metatarsals or lateral talar process, or disruption of the midtarsal (Lisfranc) articulation, which can occur following a similar mechanism. 


Palpation of the Achilles tendon and performing the Simmonds?”° or Thompson*°® test to exclude rupture of this structure. A distal neurovascular 
assessment includes assessment of temperature and capillary refill. Skin marking of palpable dorsalis pedis and posterior tibial arterial pulsations at 
presentation will be helpful in later assessment if the condition of the limb deteriorates. The Ottawa ankle rules?®9 (Table 65-1) provide assistance in 
determining the need for x-ray. They offer a highly sensitive’? and cost-effective!”3®° method of identifying those patients, presenting with ankle injuries, 
that are most likely to have sustained a fracture. While Stiell et al.?88 have demonstrated the effectiveness of these rules in a number of centers, other authors 
have reported difficulties in disseminating the rules,®* and their applicability in certain patient groups such as diabetics have been questioned.”° 


TABLE 65-1. Ottawa Ankle Rules 


Pain exists near one or both of the malleoli plus one or more of the following: 
e Age >55 years old 
e Inability to bear weight 
e Bone tenderness over the posterior edge or the tip of either malleolus 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR ANKLE FRACTURES 

Radiography 

The three standard radiographs are an anteroposterior (AP), a lateral, and a mortise projection of the ankle. Tenderness of the proximal fibula should be 
investigated with a full-length radiograph of the leg. A mortise view of the ankle taken in 15 degrees of internal rotation is extremely helpful in assessing the 
lateral aspect of the ankle which is often poorly seen on the AP view because of the frustral shape of the talus and consequent overlap of the tibia, fibula, 
and talus (Fig. 65-13). 

Interpretation of the radiographs follows the sequence ABCS, and includes an assessment of technical Adequacy and alignment (does this radiograph 
show the joint well enough for you to make a complete assessment?), the cortical outline and trabecular morphology of each of the Bones, particularly the 
articular margins where irregularity of the Cartilage articular surface, although not directly visible, can be inferred, and the contour of the overlying Soft 
tissues. The relationship between the bony components of the ankle is critical, and a number of “normal” features are widely recognized (Table 65-2; Figs. 
65-14 and 65-15). These empirical “normal” measurements must, however, be interpreted in the light of some scientific controversy and uncertainty. There 
is substantial variability in “normal” anatomy between individuals, and comparison views of the contralateral side are occasionally helpful. Absolute 
measurements are also affected by magnification, and the degree of axial rotation of the limb.!99 Pneumaticos et al.?2! have demonstrated that, for example, 
the size of the medial clear space more than doubles depending upon the rotational position of the limb, and there is a significant increase in medial clear 
space with ankle plantarflexion, a common trap for the unwary.22°57 Moreover, the accuracy of plain radiographic measurements has been questioned in 
the light of CT studies that have shown that a number of assumptions based on the interpretation of a two-dimensional radiographs are simply not 
accurate, !51,162 

While both a perfectly normal radiograph, and one with clear displacement, can usually be recognized with confidence, the importance of more subtle 
degrees of abnormality remains uncertain and controversial. Radiographic interpretation is often a clinical judgment made in the light of the individual 
circumstances of the injury, clinical examination findings, and both the general health and functional requirements of the patient. 


Axial Imaging 

Neither CT nor MRI is used routinely in the investigation of ankle fractures. CT scanning is helpful in characterizing joint displacement in pilon fractures, 
assessing the size and configuration of a posterior malleolar fragment, and assessing the accuracy of the reduction of the syndesmosis postoperatively (Figs. 
65-16 and 65-17). MRI has been used in the experimental setting to assess the integrity of the deep deltoid ligament where this is uncertainty, but this is not 
common practice. Additional osteochondral lesions are not infrequently identified on MRI scans, but the importance of these remains uncertain. 


A, B i 
Figure 65-13. Anteroposterior (A), mortise (B), and lateral (C) radiographs of the ankle. These constitute a standard ankle trauma series. 


TABLE 65-2. Radiographic Parameters That S n Radiographs of Ankle Fractures 


Radiographic Feature Accepted Normal Parameter Notes 


Medial clear space 


Tibiofibular clear space (syndesmosis A) 10 mm 
above joint line 


Tibiofibular overlap (syndesmosis B) 10 mm above 
joint line 


Fibular length 


Talocrural angle 
Medial malleolus 


Lateral malleolus displacement 


The joint spaces medial and superior to the talus should be 
equal. The medial clear space should be <5 mm and no more 
than 2 mm greater than the tibiotalar clear space 


>5 mm 


<5 mm on AP view and <1 mm on the mortise view 


The articular margins of the distal fibula and the lateral process 
of the talus on the mortise view should be parallel, and equal to 
the tibiotalar joint space. The ball sign (see Fig. 65-15) is a 
confirmatory visual cue 


~83 degrees, and symmetrical with contralateral ankle 
<2 mm displacement 


<2 mm shortening, or displacement posteriorly or proximally 


These measurements are influenced by rotation, individual 
patient morphology, and the presence of ankle arthritis 


Relatively constant with rotation 


Highly variable dependent on rotation 


Shortening of the fibula results in lateral and valgus 
subluxation of the talus 


A further measurement of fibular length 
Important where this results in talar shift 


Important where this results in talar shift. Isolated lateral 


malleolar fractures, although commonly displaced, are not 
usually an indication for surgery 


The fragment must be <25% of the ankle joint seen on the 
lateral radiograph, and <2 mm displaced 


Posterior malleolus displacement The size may be underappreciated on plain x-ray 


“A diagrammatic representation of these parameters is shown in Figure 65-14. 


TREATMENT OPTIONS FOR ANKLE FRACTURES 


The vast literature on the treatment of ankle fractures is replete with small heterogeneous case series reporting the outcome of a bewildering variety of 
management strategies, using disparate outcome assessments. Critical review of this literature suggests that satisfactory outcomes can be obtained with a 
variety of treatments, but equally that the indiscriminate use of surgery does not necessarily improve outcomes and exposes the patient to additional 
complications. A satisfactory outcome after ankle fracture can be anticipated when the joint is congruent (the talus is placed anatomically under the plafond) 
and stable (it remains there until fracture healing). 


Mortise view 


Tibiofibular 
clear space (A) 


Tibiofibular 
overlap (B) 


Medial 
clear space 


“~ Ball sign 
A Normal B 


Talocrural angle 


Figure 65-14. Radiographic measurements. See Table 65-2 for explanation. The ball sign is explained in Figure 65-15. 


EVIDENCE-BASED MANAGEMENT OF ANKLE FRACTURES 


Isolated Lateral Malleolar Fractures 


Truly isolated lateral malleolar fractures are stable, do not result in tibiotalar incongruence, and can be treated conservatively. Cadaveric studies show that 
an isolated fracture of the distal fibula does not result in abnormal ankle kinematics.2”* Long-term cohort studies have universally reported good results. 
Bauer et al.3t reported that 98% of patients with SER 2 fractures show no evidence of osteoarthritis at 30 years postinjury, and Kristensen and Hanson??? 
reported that 95% of patients have good functional outcomes at 21 years. Indeed, surgical intervention in these patients may result in increased pain and 
worse function,*!> and a randomized controlled trial (RCT) confirmed that not only is there no benefit from surgery, it exposes patients to unnecessary 


complications.?8! Ongoing symptoms may be due to cartilage damage at the time of injury. Hintermann!®° found that 60% of patients with isolated AO type 
B lateral malleolar fractures had chondral damage to the talus and 50% showed damage to the fibula. 


A 


Figure 65-15. A: The ball sign is described on the AP view as an unbroken curve connecting the recess in the distal tip of the fibula and the lateral process of the talus 
when the fibula is out to length. B: If the fibula is short and malreduced the ball sign is absent. 


Management is aimed at allowing the patient to mobilize rapidly and return to normal function. A number of methods have been shown to be 
satisfactory including below-knee weight-bearing casts, elasticated bandaging,°**° air stirrup devices,°? ankle braces,°? and stabilizing shoes.*°* No 
significant differences have been found in outcomes beyond 3 months between these treatment options. Pragmatically, whichever is most convenient and 
comfortable for both surgeon and patient is likely to result in good long-term function. 

The persistent minor radiographic displacement of the lateral malleolar fracture seen in most patients does not impair clinical outcome.*®° Despite this 
unambiguous clinical evidence, there remains occasional concern as to whether this equates to loss of normal mortise congruence. The SER 2 fracture has a 
typical oblique fracture line at the level of the syndesmosis with apparent external rotation, posterior translation, and shortening of the fibula on plain 
radiographs (see Fig. 65-18A; see Fig. 65-9). Michelson and Harper addressed these concerns in separate key investigations, using CT analysis of 
displacement.!5>2’2 They showed that for these SER 2 injuries, the distal fibular fragment remains anatomically wedded to the talus, which in turn 
maintains its normal relationship with the tibial plafond. Distal talofibular and tibiotalar alignment are therefore normal. The cause of the apparent 
radiographic malalignment is actually internal rotation of the proximal fibular fragment rather than external rotation of the distal fragment. Moreover, 
whereas plain radiographs often appear to demonstrate several millimeters of displacement at the fracture site, on CT this is seen to be actually less than 1 
mm of displacement, and this is biomechanically unimportant. 

The other common group of isolated lateral malleolar fractures, the SAD 1 fracture, may be considered a part of the spectrum of ligamentous ankle 
injuries in adults and managed with functional bracing or casting: Outcomes are comparable to purely ligamentous injuries.!°7 


Lateral Malleolar Fractures Associated With Clear Instability 


While the stable SER 2 fracture described above can be managed nonoperatively, the combination of a lateral malleolar fracture with failure of the deltoid 
ligament (one of the two variants of the SER 4 fracture) renders the ankle unstable and usually requires surgery. The diagnosis is made on the basis of 
obvious deformity of the ankle at the time of presentation or clear displacement of the talus on the presentation radiographs. Management is surgical 
reduction and fixation of the lateral malleolus with intraoperative assessment of the syndesmosis. Surgical repair of the medial deltoid injury, although at 
one time recommended,” is unnecessary.!°2 
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Figure 65-16. A: A suprasyndesmotic fibular fracture following ORIF. The fibula is imperfectly reduced but although there appears to be a satisfactory tibiofibular 
overlap (syndesmosis B; see T 5-2) the tibiofibular clear space (syndesmosis A; see ' 5-2) is wide. B: A CT scan shows malreduction of the syndesmosis. 


Figure 65-17. A: Anteroposterior and lateral radiographs of a trimalleolar fracture. B: A CT scan demonstrated that the posterior malleolar fracture involved about 
30% of the tibial plafond. C: A 3D reconstruction demonstrating the size and morphology of the fracture. D: The prone position used for surgery. E: The incision is 
midway between the Achilles tendon and the fibula. The sural nerve and lesser saphenous vein are at risk and should be protected by blunt dissection through fat. F: 
The plane between FHL and the peronei is open exposing the posterior malleolar fracture. G: The fracture is reduced and stabilized with a K-wire. H: A buttress plate 
is then applied. I: The fibula fracture is secured with a posteriorly applied plate using the same incision. The peroneal tendons are retracted medially. J: The final 
construct. 
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Figure 65-18. A: An anteroposterior radiograph of an SER 4 injury showing no displacement. However, the gravity stress view shows displacement (B), confirming 
instability. 


In clinical practice, it is not always straight forward to distinguish between a stable, isolated, lateral malleolar fracture (most commonly an SER 2 injury, 
which can be treated nonoperatively), and a lateral malleolar fracture in combination with a medial deltoid ligament rupture (SER 4 injury, which usually 
requires surgery) if the mortise is anatomically enlocated on presentation radiographs, and this may result in a diagnostic dilemma (see ). 

The anatomical key to stability in this situation is thought to be the integrity of the deltoid, which has both superficial and deep components. It is the 
deep component, attached to the posterior colliculus of the medial malleolus, that is widely considered to be crucial to talar stability.*’°-** Assessment of 
the integrity of the deltoid is both clinical and radiographic. Clinical signs should be interpreted with caution: medial swelling, bruising, and tenderness 
often accompany deltoid ligament rupture and are considered supportive, but not diagnostic, of mechanical instability, ?4194444,333,334,460 while the absence 
of these signs is similarly indicative (but not diagnostic of) ankle stability. 

Differentiating between a stable and an unstable ankle fracture may require a dynamic test, and the most common tests are stress radiographs (which 
may be manual or gravity assisted), and the pragmatic “walking test,” whereby if there is no talar shift on radiographs taken a week after injury, the ankle 
has “proved” its stability. Alternatively, stability may be inferred from MRI images of the deep deltoid ligament. None of these tests is perfect. The most 
common practice in North America is to perform a stress radiograph, either manual or gravity assisted. In the former, the patient is placed supine on the x- 
ray table with the leg held in 20 degrees of internal rotation to produce a mortise view. The ankle is held in a plantigrade (neutral) position and a firm but 
gently progressive external rotation force is applied to the forefoot and a radiograph is taken. It is important to avoid a plantarflexed position which can 
result in apparent (but not true) displacement, because the talus narrows posteriorly. The same effect can be achieved by placing the patient laterally on the 
x-ray table with the injured limb lowest and the foot hanging free from the end of the table ( 5-19), with gravity thereby exerting the required external 
rotation force. The two examinations have been shown to produce equivalent results, and the gravity stress examination has the advantages of reducing the 
exposure of the surgeon to ionizing radiation and reducing discomfort for the patient. >^ 

Although conceptually attractive, evidence for the usefulness of stress views remains elusive. Principally, there is considerable uncertainty as to how 
much widening is indicative of instability. An absolute medial clear space of either 4 or 5 mm is often quoted as the upper limit of normal.??**”»°* 
However, the absolute size of the patient,“ their gender,*”~ the degree of magnification of the image, and the rotation of the radiograph?’* will all affect 
this assessment. Alternatively, an increase in the medial clear space from a baseline value (the superior clear space or contralateral ankle have been used) of 
up to 3 mm has been proposed’*’ although again this is empirical and can be affected by factors such as ankle arthrosis. Finally, a combination of the two 
methods with an absolute medial clear space of 4 or 5 mm, which is also an increase in baseline, has been used by some authors.!37217761,6 Tt has been 
widely assumed that ankles with medial clear space values less than these empirical values on stress examination are stable, while ankles with greater 
degrees of translation are unstable and should be advised to undergo surgery. 


X-ray beam 


Figure 65-19. During the gravity stress view, the patient is made to lie in the lateral decubitus position on the side of the affected ankle with the distal leg, ankle, and 
foot allowed to hang dependent off the end of the table while a mortise view is obtained. This patient positioning, in effect, acts to impart an external rotational force as 
in the manual stress view. 


There is increasing evidence, however, that such stress test measurements do not directly equate with clinical stability or outcome. No specific cut-off 
value for medial clear space has been shown to equate to stability, or definitive deltoid ligament rupture as confirmed by arthroscopy.°°” A key study by 
Egol et al.!° reported on 101 patients who had apparently stable isolated lateral malleolar fractures and underwent manual stress views. Sixty-six patients 
were considered to have had positive stress tests as judged by an absolute medial clear space of more than 4 mm. Thirty-six of these also had clinical signs 
of medial injury and were empirically judged to have unstable injuries and underwent stabilization; it is not possible to judge how many of these were truly 
unstable. The most interesting group comprised 30 patients who had a positive stress test but no clinical signs. This group was offered the option of surgery 
or functional treatment. Twenty chose functional treatment, and 10 chose operative treatment. Their functional results at 7 to 10 months were identical and 
no patient developed functional or radiographic instability. The fact that 66% of the initial cohort was considered to be radiographically unstable suggests 
that a cut-off of 4 mm on stress radiographs is likely to be too stringent a criterion, and the clinical outcomes of this cohort appear to confirm this. Tornetta 
supported these findings with a report of a cohort of 114 patients with a “positive” stress test with 5 mm of medial clear space. Fifty-four of these patients 
were managed nonoperatively and went on to union with an anatomical mortise.*!” Another study, of a cohort of 155 patients with apparent SER 2 fractures 
undergoing gravity stress testing, and using a medial clear space of 4 mm as the cut-off, found 79% of patients to have positive stress radiographs. As all of 
these patients were successfully treated nonoperatively with good outcomes, these were deemed to be false positives. When the cut-off was increased to 6 
mm, 19% remained false positive, and even when there was a requirement for the medial clear space to be greater than 6 mm and greater than a baseline 
value, 15% were false positives. The role of stress tests remains undefined. 

Investigators have also assessed the usefulness of clinical indicators of deltoid injury such as medial bruising and swelling. When stress test 
measurements are taken as the gold standard indicators of instability, these clinical findings appear to add little additional information. The presence of 
tenderness has been shown to have a positive predictive value of less than 50%, and the absence of tenderness has been shown to have a negative predictive 
value of just 66%.°° Moreover, the absence of combined tenderness and bruising has a negative predictive value of 39%. When judged using a stress test as 
the gold standard, there is a 61% chance of missing instability if the absence of these clinical signs is used as the criterion.!°? However, given that a positive 
stress test seems not to relate closely to true instability, and seems actually to be a poor “gold standard,” the low negative predictive value of clinical signs 
of medial injury may have been overstated93: That is, it seems likely that the absence of medial tenderness, swelling, or bruising probably is a good 
indicator of functional ankle stability, as previous outcome studies have long assumed.92:!02.222,333,354,460 

To assess the relationship between clinical signs, deltoid injury, and outcome further, Koval et al.?!” subsequently reported on a group of 21 patients 
with lateral malleolar fractures who were clinically suspected of having an associated medial-sided injury. They underwent manual stress views, and all 
were shown to have between 5 and 8 mm of absolute medial clear space and were therefore deemed to have a positive stress radiograph. All 21 patients 
underwent MRI scanning and all were found to have superficial deltoid ruptures. Two also had complete deep deltoid ruptures and were advised to undergo 
surgery. The remaining 19 had only partially ruptured deep deltoid ligaments despite the abnormal clear space and were advised to have conservative 
management with full weight bearing in a removable boot. Each was kept under review for a year and went on to make a full recovery. Other authors have 


also reported poor correlation between the stress test and MRI assessment of the deltoid ligament.**° Thus the manual stress test appears to have low 
positive predictive value for deep deltoid injury and instability. The inadequacy of stress testing was further confirmed by a subsequent study by the COTS 
group*°? who found that when patients with an isolated lateral malleolar fracture, but a 5 mm medial clear space on stress testing, were randomized to 
surgery or no surgery, there was no difference in function at 1 year. None of the nonoperative patients were permitted to weight bear during treatment. One 
operative and six nonoperative patients were found to have displacement of the talus (with 5 or, in one case, 6 mm medial clear space) at 1 year; however, 
the displacement may have occurred early during the initial treatment period which would have allowed a simple corrective intervention. Six operated 
patients had wound complications requiring further treatment, and these patients with complications had a worse outcome. 

It therefore seems that functional instability cannot be gauged simply from clinical or radiographic measurements and that the integrity of the deep 
ligament may not be the crucial factor determining functional stability previously thought. This is entirely consistent with our progressive understanding of 
ankle biomechanics and the concept of dynamic stability. Because the stress examination is “truly insufficient in determining ankle instability,”42! many 
centers use a pragmatic walking test to differentiate stable from unstable fractures. The patient is provided with a removable boot orthosis in the emergency 
department and is allowed to bear full weight through the ankle. They are reviewed after a week with further radiographs. If there is displacement of the 
mortise, patients are offered surgery. If there is no displacement despite weight bearing, the ankle is considered to be stable and the patient is then reviewed 
at 6 weeks after injury for final assessment and radiographs. Further research is required to define the natural history of these injuries and to determine 
which patients require surgery, and which will ultimately prove to have adequate functional stability and a benign outcome without surgery. 


Isolated Medial Malleolar Fractures 


Pankovitch described injuries to the medial osteoligamentous complex of the ankle based on anatomic and clinical investigation. These included fractures of 
the anterior colliculus with or without deep deltoid ligament rupture, fractures of the posterior colliculus, supracollicular fractures (further subdivided into 
vertical, oblique, and transverse), and avulsion chip fractures.*!®19 Herscovici et al.!63 suggested a simpler classification based on the level of the medial 
malleolar fracture and this remains the most-cited classification of this injury to date. 

Although in 1945 Muller recommended screw fixation of all medial malleolar fractures,7®* isolated fractures can generally be managed nonoperatively. 
Herscovici et al.!® reviewed the functional and radiographic outcomes of 57 patients with isolated medial malleolar fractures treated nonoperatively, 3 
years after injury. Immobilization consisted of a below-knee non—weight-bearing cast for 6 weeks followed by progressive weight bearing and 
physiotherapy. In this cohort, which included many fractures demonstrating initial displacement of up to 6 mm, only two fractures (3.5%) went on to 
nonunion. Despite several cases of medial malleolar malunion, no patient showed any evidence of displacement of the ankle mortise or osteoarthritis. 
Pankovitch et al.?!8 also reported good outcomes with isolated anterior colliculus fractures associated with a deep deltoid ligament tear when managed 
nonoperatively, although this injury only represented a small number of the patients in their cohort. Hanhisuanto et al.'4” retrospectively studied 137 
patients with isolated medial malleolar fractures treated over a 10-year period. Patients with fracture displacement <2 mm were safely treated 
nonoperatively with comparative outcomes to those with greater displacement that were internally fixed. Regardless of treatment intervention, a greater 
initial fracture displacement was associated with a poorer functional outcome. In the more unstable bi- and trimalleolar injury, if the medial malleolar 
fracture reduces well (<2 mm) following fibular stabilization there is emerging evidence to suggest nonoperative management results in satisfactory patient 
outcomes, ©4:65:167,329 


Bimalleolar Fractures 
Conservative Treatment 


For all ankle fractures in which the talus can be reduced anatomically under the mortise and held there until fracture healing, a good result can be 
anticipated. Accordingly, Lloyd in 19392“ opined that fixation of ankle fractures in general was unnecessary and in 1952 Cox and Laxson®® concurred that 
only “in a rare instance it may be necessary to attack the fibular fracture operatively.” Indeed, several authors then??? and since!!7353 have reported 
acceptable results with conservative treatment. Wei et al.““? published their results of 19 conservatively managed unstable bimalleolar and trimalleolar ankle 
fractures at an average of 20 years after injury. Their patients had been 17 to 79 years of age at the time of injury, and were placed in an above-knee cast for 
6 weeks followed by a below-knee cast for a further 6 weeks, and subjected to close surveillance. After 20 years only two of their patients were “mildly 
symptomatic,” and they reported American Orthopaedic Foot and Ankle Society (AOFAS) score between 87 and 100, with a mean of 98 points. These 
findings were substantiated by Joy et al.!°? who studied 118 unstable fractures up to 7 years after injury. Most of these had been treated nonoperatively, and 
the 40% treated operatively had only undergone isolated medial-sided screw fixation or deltoid repair. Despite the heterogeneity of their patient group, by 
careful study of their postoperative radiographs they were able to show that anatomical reduction of the talus under the plafond resulted in a good clinical 
result in 85% of cases. Conversely, where reduction was poor, the clinical result was also poor in two-thirds of cases. More recently, Willett et al.448 
reported the results of a multicenter RCT comparing fracture fixation with the application of a close-contact plaster cast under general anesthesia for patients 
over the age of 65. Patient-related outcome in the two groups was no different at 6 months, despite a 10% rate of wound problems in the surgical group. 
However, 25% of nonsurgical patients experienced a treatment failure, either requiring remanipulation or conversion to open reduction and internal fixation 
(ORIF), and a further 15% went on to malunion. Moreover, later results from this trial demonstrated a poorer functional outcome for those patients with 
radiographic malunion or nonunion at 3-year follow-up.”°! The principal drawback of a nonoperative strategy is therefore practical: Several authors have 
shown that maintaining reduction is difficult,°°!®+7538 and a prolonged casting regimen with non—weight bearing might now be considered burdensome. 
However, the principle demonstrated here is clear: With accurate reduction and vigilant monitoring a good anatomical and clinical result can be obtained 
with nonoperative management.9°.353 


Fixation of Medial Malleolus Only 


If isolated fractures of the lateral malleolus are stable, it might be assumed that fixation of a medial malleolar fracture would restore the same mechanical 
environment and be sufficient treatment for bimalleolar fractures; indeed fixation of the medial malleolus alone was considered adequate for many 
years.76.288 However, in 1977 Yablon et al.*°” observed that fixation of the medial malleolus alone often resulted in incomplete fibular and talar reduction 
and the later development of post-traumatic arthritis. They memorably stated that the “displacement of the talus faithfully follows that of the lateral 
malleolus” and demonstrated, in both a cadaveric model and in surgical patients, that open reduction of the lateral malleolus more predictably restored 
tibiotalar congruence and resulted in a satisfactory clinical outcome. 

At the same time, Svend-Hansen et al. also reported that 16 of a cohort of 29 (55%) patients with bimalleolar ankle fractures, treated by fixation of the 


medial side only, experienced unsatisfactory results after a mean of almost 5 years,°°” also emphasizing the difficulty of obtaining and maintaining ankle 
joint reduction. Pankovich?!* in his clear description of the subtypes of medial-sided injury demonstrated why anterior collicular fractures might remain 
unstable despite fixation: Although the competence of the superficial deltoid is reestablished by fracture fixation, the deep deltoid, which is attached to the 
posterior colliculus and has ruptured at the time of displacement, remains incompetent. Tornetta*!® undertook a study of ankle stability confirming this 
variation. He performed a stress radiograph intraoperatively following medial malleolar fixation, but before lateral malleolar fixation. He demonstrated that 
a quarter of fractures remained unstable. Thus, fixation of the medial malleolus only in a bimalleolar ankle fracture can reestablish stability in only three- 
quarters of cases. 


Fixation of Medial and Lateral Malleoli 


Several studies have compared surgical fixation with conservative treatment. Yde and Kristensen retrospectively reviewed the results of their patients in 
1980 and reported good results in 20% of their conservatively treated fractures compared to 92% of those operatively treated. Pettrone et al.3?” described a 
similar retrospective cohort and reported that conservative treatment and fixation of the medial malleolus alone gave similar results, but better results were 
obtained after combined fixation of both the medial and lateral malleoli. A small number of prospective RCTs have also been reported. Bauer et al.°° 
randomized 111 patients with displaced AO type A or B fractures to operative or nonoperative management; short-term results showed a significant benefit 
to those treated with surgical fixation but at final follow-up, 7 years postinjury, there was no significant difference between groups. Makwana et al. reported 
better functional outcomes and range of movement in their patients randomized to operative treatment but equal levels of satisfaction and pain.?°! Phillips et 
al. reported the results of a randomized trial in 1985, and although follow-up was only 51%, reported significantly better results in (predominantly SER 4) 
fractures treated with internal fixation than with conservative management.??? Hughes et al.'®! also found better results in AO type B and C fractures when 
treated surgically, a result replicated by Colton”” in PER 3 and 4 fractures. Bariteau et al. used a national claims database to study 19,648 geriatric patients 
treated operatively (77%) or nonoperatively (23%) and found that operative management was associated with reduced mortality in this cohort.” 
Surprisingly, then, there remains considerable geographical variation in practice. Koval et al. reported that the proportion of patients in the United States 
who received ankle fracture surgery varied geographically from 14% to 72%.?!8 


Posterior Malleolar Fractures 


Fractures of the posterior malleolus were first described by Sir Percival Pott’s grandson Earle in 1828,!°° but the injury received relatively little attention 
until the remarkable surge of enthusiasm for fixing these fractures that has emerged in the last two decades. Around one-third of ankle fractures involve the 
posterior malleolus,®° and the outcome for these is worse than for ankle fractures without posterior malleolar involvement.?64279,304 This is likely to be due 
to articular cartilage damage at the time of injury, or result from talar instability, posterior subluxation, and ankle incongruity.°”? However, there remains 
considerable controversy regarding almost every other aspect of the posterior malleolus: its biomechanical contribution to ankle stability, its optimal 
treatment, and whether this is determined by mortise stability or fragment size and configuration,!3* the preferred method by which fractures should be 
fixed, and whether surgery might lead to better clinical results.**° Surveys have revealed a wide range of surgical practice and preference. !°4 

Early papers on posterior malleolar fractures reported a tendency of the talus to sublux with larger fragment sizes, variously reported as 25%, 33%, or 
50% of the anterior to posterior tibial plafond length as seen on plain radiographs. These sizes have become enshrined in orthopaedic orthodoxy as 
suggested indications for surgery in themselves, although more recent evidence has suggested that fracture morphology is of also great importance.*> 

Biomechanical studies have sought to determine the role of the posterior malleolus. Perhaps surprisingly, these have shown that it contributes very little 
to joint contact, load bearing, or ankle stability.2° The reduction in joint contact area after fracture is surprisingly modest: a fracture involving 25% of the 
joint as seen on the lateral radiograph results in no significant decrease in contact area, a 33% fracture reduces it by only 15%, and a 50% fracture by around 
30%.158:247 Tt follows that a posterior malleolar fracture should not greatly alter the forces across the plafond, and this is confirmed by biomechanical 
studies!21.434, In an unconstrained and loaded cadaveric model with a 50% fracture, contact stresses were not increased but were seen to be redistributed 
toward more anterior and lateral locations,!*! and thus away from the fracture line and the supposedly vulnerable cartilage at the fracture edge. Most 
interestingly, posterior malleolar resections of up to 50% of the plafond surface are stable in the presence of intact (or fixed) medial or lateral 
structures. !*!153,339 The relationships between stability, contact area, contact stress, surface shear, and clinical osteoarthritis are not linear, and this 
represents an uncertain scientific base from which to embark on an understanding of the clinical benefits of surgery. 

Accurately defining posterior malleolar fractures on plain radiographs is limited because both the orientation and configuration of these fractures are 
variable, and are not necessarily in the plane of the lateral radiograph.!4°.76 Three CT-based classifications are in common use: those by Haraguchi, 
Bartonicek, and Mason (Table 65-3).4°* Haraguchi'*! provided the first classification in 2006: type 1 fractures consist of a single posterolateral fragment 
(66% cases), the fracture line passing obliquely from the incisura fibularis to a point behind the medial malleolus. Type 2 fractures extend to involve the 
medial malleolus, and are usually multifragmentary (20%), while type 3 fractures consist of only a small shell of posterior malleolus. Type 2 fractures have 
been shown to have a worse prognosis.** The authors recommend fixation of the posterior malleolus if fixation of the medial and lateral malleoli first has 
not restored stability. The Bartonicek classification of 2015 (Table 65-3) is a more detailed approach that ascends stepwise in severity through grades 1 to 4, 
and includes a recommendation for management. A very small percentage of fractures could not be so classified, and a type 5 accommodates other fractures 
with irregular, osteoporotic fragments. Surgery is not recommended for any type 1 fracture, but is recommended for all type 4 fractures, with an 
individualized approach to types 2 and 3. In their cohort, one-third of type 2 and two-thirds of type 3 fractures underwent surgery. A later publication 
recommended fixation of displaced type 2 and 3 fractures, while adopting nonoperative management when these fractures are undisplaced.*? Type 3 
fractures are identified on initial plain radiographs by a cortical double contour medially, indicative of the fracture line extending to affect the medial 
malleolus, and are best treated operatively, via a posteromedial approach. The later 2017 classification by Mason is effectively a renumbering of the 
Bartonicek types, based on the possible mechanism of injury, and is less commonly cited.*°* 

The distinction between a rotational ankle fracture involving the posterior malleolus (AO-44) and a partial pilon fracture (AO-43B) is uncertain, and 
probably moot: Haraguchi considered a fracture anterior to the transmalleolar line to be a pilon fracture. Bartonicek considered an injury to be an ankle 
fracture when involving the posterior colliculus of the medial malleolus, whereas additional involvement of the anterior colliculus defined the injury as a 
partial pilon fracture, and was therefore excluded completely from his classification. Mason adopted a contradictory nomenclature, describing type 2A and 
2B fractures as “rotational pilons” and type 3 as “true posterior pilons.” 

Surgical fixation of a posterior malleolar fragment has several potential benefits: reconstruction of the plafond surface, removal of intercalated 
fragments, stabilization of the talus, and reconstruction of the incisura, thereby facilitating fibular reduction and stabilization of the syndesmosis. However, 


to date, evidence of the efficacy (or otherwise) of surgical reduction and fixation is largely based on retrospective case series, with conflicting results.2“? 
While several series report good outcomes following surgical fixation of cohorts of posterior malleolar fractures!2>2°9 no systematic review to date has 
confirmed any benefit from surgery, except when this corrects talar subluxation.2°4427429 When Harper et al. retrospectively reviewed 38 patients with 
posterior malleolar fractures involving over 25% of the joint surface, they found that the outcomes (including reduction, union, complications, and late OA) 
for operative and nonoperative management were the same.!°° De Vries et al. compared their results for surgically and nonsurgically treated posterior 
malleolar fractures after 9 to 30 years and found no differences in pain, function, or arthritis.°” Langenhuijsen et al. also found that neither size nor fixation 
of the posterior malleolus influenced outcome in 57 patients,?*9 and Xu et al. similarly reported no differences in outcome.*°© Both Mertens?”° and Myers~?! 
found that operatively treated posterior malleolar fractures fared worse than those not fixed. Several authors have reported worse outcomes where the final 
position results in more than 2 mm step-off, regardless of treatment method,!°-19°-431 but the assumption that surgical fixation necessarily results in a better 
reduction than nonsurgical treatment should also be questioned: In some large series, the final congruency of fixed fragments was no better!’ or indeed 
worse*°° than nonoperatively treated fragments. 

As with all additional procedures, there are dangers of additional complications. A series of 52 patients studied between 1 and 5 years after fixation 
described anatomical reductions (on plain x-ray) in all cases, but a 17% complication rate including infection, sural nerve neurapraxia, loss of reduction, and 
arthritis.4°° Similar complication rates of up to 20%, and some new complications, have been reported by others.’1-199.229.279,323,358,372,429 There has been 
only one reported RCT of posterior malleolar fixation in Webber B ankle fractures: that by Hoogendoorn et al.!”* This group randomized 81 patients to 
fixation or nonfixation of posterior malleolar fragments making up between 5% and 25% of the plafond. Approximately 34 were Bartonicek type 2 and 4 
were type 3. The difference between groups in final fragment step-off was 0.5 mm, and there was no difference in functional outcome, osteoarthritis, or 
complications at 1 year. 


TABLE 65-3. Classifications and Recommended Management of Posterior Malleolar Fractures 


Bartonicek Mason Haraguchi Author’s Preferred 
(2015) (2017) (2006) Sagittal Axial % XR Description Management 
1 1 3 <10 e Extraincisural Ignore PM 

e Intact fibular 

notch 
© 10% of patients 
e Mason 35% 
— 
Ignore PM 


unless the talus 
is subluxed after 


2 2a 1 <20 e Posterolateral 
e Extending into 
the notch 
e 50% of patients LM/MM fixation. 
e Mason 25% Possible role for 
— | fixation in Webber 
C fractures 


Fix with buttress 


3 2b 2 <25 e Posteromedial 
two-part, 
involving MM 
© 30% of patients 
e Mason 20% 
= ws e Double 


N/A 


™ re l 


AP, anteroposterior; LM, lateral malleolus; MM, medial malleolus; PM, posterior malleolus, XR, x-ray. 


contour sign at 
the MM 


Large 
posterolateral 
triangular 
fragment 
involving > 1/3 
of PM 

10% of patients 
Mason 20% 


plates via a 
posteromedial 
approach 


Fix with AP 
percutaneous 
screws (after 
percutaneous 
reduction) or 
posterior buttress 
plating 


An alternative role for posterior malleolus fixation has been suggested related to syndesmotic stability and the origin of the PITFL which is usually 
intact after posterior malleolar fracture: where the posterior malleolus is reduced and stabilized, it will thereby reconstitute the incisura and stabilize the 
syndesmosis. Gardner et al.!! demonstrated that a PER 4 fracture was more stable after posterior malleolar fixation than after placement of a syndesmosis 
screw in a cadaveric model, and others”®.278 have subsequently confirmed clinically that posterior malleolar fixation reliably stabilizes the syndesmosis in 
a variety of fracture types. In the only other RCT addressing posterior malleolar fractures performed to date, Franx randomized 26 Webber C fractures to 


fixation or nonfixation of the posterior malleolus, and found that the fixed group had better functional scores at 1 year.128 

Given that there remains some uncertainty regarding which fractures benefit from fixation, it is also unclear which ankle fractures with posterior 
malleolar components require a CT scan. Proceeding on the basis that fractures less than 20% width on plain lateral radiographs do not usually require 
fixation, Thomas et al. have shown that using this as a threshold for obtaining a CT reliably allows fractures more than 25% in CT size to be identified, and 
reduces the number of scans performed.*°° 

Surgical stabilization of the posterior malleolus is appropriately performed either via percutaneous reduction and fixation using anterior-to-posterior 
(AP) screws with the patient supine, or posterior buttress plating (or posterior-to-anterior lagging) via a posterolateral or posteromedial approach, with the 
patient placed prone or three-quarters prone. AP screws have the advantage of being percutaneous, which is of benefit in patients with vulnerable skin or 
those that cannot be placed prone. Adequate reduction is not usually possible through dorsiflexion alone, and direct manipulation of the fragment with a 
sharp elevator is required prior to screw fixation. The technique is most applicable for Bartonicek type 4 fractures with a single large fragment.343452 In 
contrast, posterior plate fixation in the prone position is aided by gravity, allows access to an impacted fragment, and allows accurate reduction of the 
posterior cortex, and secure fixation, as first reported by Huber in 1996,!7° a finding that has been confirmed subsequently by others.38-238.303,372 Posterior 
plating is preferred when there are multiple fragments such as in the Bartonicek type 3 fracture. 


Syndesmotic Injuries 


The syndesmosis is ruptured in ankle fractures (Fig. 65-20) as a result of a torsional movement of the talus that forces the tibia and fibula apart or as a 
result of a severe abduction force (see Fig. 65-11). However, the ligaments are rarely visualized or subject to MRI scanning, and their integrity is surmised 
from radiographic diastasis of the syndesmosis. Diastasis requires the rupture of three strong ligaments and the interosseous membrane (see Fig. 65-3) and 
therefore represents a very substantial insult to the ankle. Not surprisingly, this injury often results in a poor long-term outcome, with or without surgical 
treatment. 111-203 

The interosseous membrane is known to be important in weight transmission through the fibula.?”? Syndesmotic diastasis left untreated may result in 
persisting instability, pain, and progressive osteoarthritis.”°754+“4! Pettrone et al.,2?” in a carefully conducted study of ankle fracture outcomes, 
demonstrated a poorer overall outcome at 5 years in patients with radiographic evidence of syndesmosis widening, and it is widely accepted that diastasis 
must be identified at the outset and treated with surgical stabilization. 

Patients at particular risk of persistent syndesmotic instability include those with a PER fracture with a deltoid ligament rupture (i.e., the high AO type 
C fracture or Maisonneuve fracture). However, Boden,*’ in his classical cadaveric study, demonstrated that where the medial-sided injury is a malleolar 
fracture, fracture fixation results in the syndesmosis becoming stable, a finding confirmed by further cadaveric studies.°!-348 Clinical studies treating 
patients according to this protocol have found good long-term results without syndesmotic fixation in these circumstances.””*58 It should be borne in mind, 
however, that fixed fractures of the anterior colliculus associated with a ruptured deep deltoid ligament may be an exception to this rule.*!84!6 The 
proximal fibula fracture itself does not require fixation, indeed surgical exploration at this level carries a risk of damage to the common peroneal nerve. 

The level of the fibular fracture is a helpful but not infallible indicator of stability: Boden et al.“ classically demonstrated that when cadaveric PER 
fractures, with associated deltoid rupture and syndesmotic injury, are created more than 3 to 4.5 cm proximal to the ankle, syndesmotic fixation was 
required to reestablish stability. However, this was based on the assumption that the syndesmosis (specifically the interosseous membrane) was torn up to 
the level of the fibular fracture. Nielson et al.2°° have subsequently demonstrated by MRI assessment of the syndesmosis that this relationship is not 
constant. Indeed, it has been found that even with a deltoid ligament tear, fractures occurring up to 5 cm proximal to the ankle joint can be treated 
nonoperatively with an equally satisfactory outcome both functionally and radiographically at 1 year.??>314 Thus, although high fibular fractures are often 
unstable, the precise level of the fibular fracture cannot be used to judge the degree of syndesmotic injury. 

Measurements taken from plain radiographs (see Fig. 65-14) have been suggested to correlate with syndesmotic rupture: The most commonly used are 
a tibiofibular clear space (“syndesmosis A”) of greater than 5 mm and a tibiofibular overlap (“syndesmosis B”) of less than 5 mm on the AP view or of less 
than 1 mm on the mortise view.!5” The tibiofibular clear space is the most reliable of these parameters.!5733! Further assessment of these measurements 
within the normal population, however, has found a large variation in values with a mean tibiofibular clear space of 3.8 mm in females and 4.6 mm in 
males.*!3!0 Disappointingly, cadaveric models have shown that no predictable increase in measurements on plain radiography can be found on sectioning 
of the syndesmotic ligaments,*? and moreover, clinical experience shows that some normal individuals have such a shallow incisura that they have no 
radiographic tibiofibular overlap whatsoever. No consensus on an absolute value has been reached and as an alternative it has been suggested that an 
increase in the tibiofibular clear space in comparison to the contralateral ankle may be more accurate. Given the limitations of plain radiography, axial 
imaging has been evaluated and shown to demonstrate disruptions not evident on plain radiographs.!3? CT studies have shown wide variation in the shape 
of the syndesmosis with a deep concave incisura in some and a limited curve in others.'!* Moreover, weight-bearing CT has shown anatomical differences 
between men and women, whereby the fibulae of men are more externally rotated and both laterally and posteriorly translated compared to women.??4 MRI 
has been shown to provide a more accurate assessment of syndesmotic injury!®*?9° which correlates well with direct arthroscopic assessment.?°299 MR 
arthrography may add further accuracy.?°° Such investigations, however, are expensive and are not commonly performed. 

Intraoperative stress testing with fluoroscopic assessment of the ankle joint can be performed in a variety of ways. A lateral force can be applied to the 
heel to displace the fibula laterally. A similar result can be obtained by directly pulling the fibula laterally with a hook (hook test) or a reduction clamp. 
Alternatively, an external rotation stress test can be performed. The various intraoperative stress tests correlate poorly with one another and have limited 
sensitivity when compared to a 7.5-Nm external rotation test performed with a standardized instrument.*!° As one would expect given the marked 
limitations of plain AP radiographs in assessing the syndesmosis described above, and the uncertainty regarding the applicability of stress tests in 
distinguishing between SER 2 and SER 4 fractures, the rate of “positive” intraoperative tests also varies depending entirely upon the position of the foot 
and the criteria chosen.!6!186,313,314,384 Stoffel et al.2°! compared the hook and external rotation tests, reporting the most useful measurement of 
syndesmotic rupture to be the hook test. They found that the application of an external rotation force resulted in consistent increases only in the medial 
clear space but that this increase in medial clear space was also seen with deltoid ligament sectioning even when the syndesmosis was left undamaged.29! 
Jenkinson et al.!86 reported that the standard external rotation test identified patients with syndesmotic injury not previously recognized on plain 
radiography. Lui et al.24° found that arthroscopy diagnosed cases of syndesmotic rupture missed by stress radiography, but neither author sought to 
correlate their findings with functional instability. Finally, Beumer et al. found in cadaveric experiments that all clinical tests resulted in radiographic 
“abnormalities” that could occur without any anatomic injury.*°** Which intraoperative test to use is therefore a matter of surgeon preference: it appears 
that the hook test is currently the most popular with 64% of orthopaedic surgeons reporting it as their first choice. 
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Figure 65-20. A: An anteroposterior radiograph showing a diastasis following a rotational injury. B: Intraoperative view of the incision over the syndesmosis. The 
periarticular clamp is applied to the medial and lateral malleoli through separate stab incisions. The heavy K-wire placed in the distal fragment is used as a joystick. C: 
Intraoperative view of the syndesmosis showing the diastasis. D: Intraoperative view of the syndesmosis showed that it has been reduced and compressed. Note the 
congruent articular surfaces that come together to form three lines in a “Mercedes-Benz sign.” E: An intraoperative mortise view. A single 3.5-mm screw has been 
placed at the upper border of the syndesmosis. Note the “fibular nipple,” a radiographic extension of the articular surface of the fibula that runs confluently into the 
line of the tibial plafond, in a similar manner to the Shenton line at the hip. 


SER fractures are generally considered to be at low risk of syndesmotic instability following stable fixation because this type of injury is unlikely to 
have disrupted the IOL of the syndesmosis, or the interosseous membrane above. However, instability has been reported by a number of authors: Stark et 
al.384 reported that 93 of 238 (39%) patients with unstable SER 4 ankle fractures had instability on intraoperative stress testing, and postulated that this 
resulted from stretching or transection of the ligament. However, the limitations of these stress tests themselves are gradually becoming clearer (see above) 
and the true level of syndesmotic instability after SER fractures remains uncertain. Certainly, there is clinical evidence that fixation of the syndesmosis in 
unstable SER 4 fractures does not improve outcome, implying that our ability to select those that need surgery is limited.?!? Cadaveric attempts to 


investigate the importance of syndesmosis injury should also be interpreted with caution as these have investigated the effect on pressure distribution 
following forceful subluxation of the talus. This experimental design may be flawed because clinically it is clear that a syndesmotic injury does not 
necessarily result in dynamic talar instability; as demonstrated by the stability seen in axial loading?” and dynamic loading?”* cadaveric studies and 
clinical outcome studies.7° 

Establishing a confident diagnosis of syndesmotic instability is of great practical importance because the decision to perform surgical stabilization 
exposes the patient to additional risks. Fanter et al.!!® showed a risk of vascular injury in a cadaveric study and Kennedy et al.” compared patients with 
PER fractures treated with and without syndesmosis screws in a randomized trial and demonstrated a worse radiographic outcome among those treated with 
a screw. Malreduction (see Fig. 65-16) is widely considered to have a significant effect on outcome: in their influential paper, Sagi et al. reported that 
patients with syndesmotic malreduction had significantly worse functional outcomes than patients with an anatomical reduction after a minimum of 2 
years.°°> However, this paper has been criticized in that the degree of malreduction was not specified, and the CT scans were taken 2 years after injury. 
Andersen et al. found a difference of >2 mm in the anterior tibiofibular distance measured on CT between the injured and noninjured ankle postoperatively 
predicted a poorer functional outcome according to the Olerud and Mollander Ankle Score at 2-year follow-up.!° Other authors have found no functional 
impairment with malreduced syndesmoses.®*26 Malreduction is notoriously difficult to recognize intraoperatively, partly due to anatomical variation and 
partly due to the limitations of two-dimensional intraoperative fluoroscopy which has been shown to be unable to detect rotation of the distal fibula within 
the syndesmosis of up to 30 degrees.7°” Malreduction therefore often requires postoperative CT evaluation!*? to be recognized, although the criteria for a 
“normal” mortise,22” let alone adequate reduction,*2° remain uncertain. 


OPERATIVE TREATMENT OF ANKLE FRACTURES 
Open Reduction and Plating 


The AO doctrine in the 1970s for early movement achieved by open reduction and rigid internal fixation led to rapid popularization of the use of a lag 
screw protected by a laterally placed neutralization plate (Fig. 65-21A).78° Early results achieved with this technique were good both clinically and 
radiographically!®!,25° and it has remained the gold standard for 50 years. Since then fibular plating has diversified to include buttress, bridging, and 
compression techniques, with locking, compression, or third tubular plates, via open or minimal incisions. 

However, experience with plating has revealed a number of limitations. The thin soft tissues over the distal fibula, and the subcutaneous location of the 
lateral plate, predispose to wound dehiscence and infection. Rates between 5.5%%°? and 26%!® have been reported with higher rates in elderly!® and 
diabetic patients.*® The thin soft tissues in this region may also result in late metalwork irritation and the requirement for secondary removal surgery in up 
to 50% of patients. 16:265 The incision also puts at risk the superficial peroneal and sural nerves, both of which have highly variable anatomy. !®° 

With a laterally sided plate, the distal metaphyseal screws are necessarily unicortical and cancellous and risk articular surface penetration. Structural 
failure may be a problem in osteopenia: Beauchamp et al.*° reported stable fixation in only 54% of elderly patients with porotic or comminuted bone. 

To reduce some of these problems Brunner and Weber°® described dorsal buttress plating (Fig. 65-21B) in 1982. The posterior to anterior screws 
reduce the chance of intra-articular penetration and allow bicortical purchase, while the dorsal location of the plate gives increased soft tissue coverage and 
the more posteriorly placed incision reduces the chance of damage to the superficial peroneal nerve.*4° Good clinical and radiographic outcomes have been 
reported,309:422,450,451 and the construct is certainly biomechanically stronger in vitro,2®°3! but comparative clinical studies have failed to show a clear 
advantage over conventional lateral plating.*?® Moreover, peroneal tendon irritation occurs in up to 43% of patients, and in 30% of patients visible tendon 
lesions are present at the time of plate removal.3°9.44 It appears that dorsal buttress plating largely exchanges the wound complications associated with 
lateral plating for peroneal tendon complications. 

Certain configurations such as pronation abduction fractures result in regional comminution that prevents lag screw compression, and in this situation, 
the comminuted segment has to be grafted or bridged (see Figs. 65-11 and 65-21C). Graft augmentation was described by Limbird and Aaron??? in 1987 
who treated eight patients with graft and a one-third tubular plate bridging the comminuted region. In all cases, anatomical reduction was achieved and 
there were no cases of infection or osteoarthritis. Extraperiosteal bridge plating allows indirect fracture reduction, secondary bone healing, and theoretically 
reduces the damage to the periosteal blood supply of comminuted fracture fragments. In a cohort of 31 patients treated with this technique Siegel and 
Tornetta?”° reported good clinical and radiographic outcomes and no episodes of nonunion. The mortise must be reduced either fluoroscopically or under 
direct vision, and accurate restoration of length and alignment of the fibula may be challenging. 
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Figure 21. A: A lateral malleolar facture treated with an interfragmentary screw and a one-third tubular neutralization plate. B: A dorsally placed one-third 
tubular T C: A one-third tubular plate applied using a bridging technique with minimal soft tissue stripping at the fracture site. D: Three interosseous screws used 
to reconstruct a long spiral fibular fracture in a younger patient with good bone. 


Although locking plates have a superior in vitro load-to-failure in osteoporotic ankles,*°- comparative clinical studies have not confirmed a definite 
advantage. Schepers et al.°°” reported that the rate of wound complications following locked plating was 17.5% compared to 5.5% after conventional 
plating: the bulkier size and technical difficulty of locking plates may currently negate their biomechanical advantage. 

Minimally invasive plate osteosynthesis (MIPO) techniques may reduce damage to a vulnerable soft tissue envelope,~~’ a potential advantage in the 
ankle. Hess and Sommer’”* reviewed their results in 20 patients with distal fibular fractures describing a small 2- to 3-cm wound distally and 3- to 4-cm 
wound proximally. They experienced no soft tissue complications but there were three cases of nonunion. Inevitably, they describe the technique as highly 


challenging. 

A variety of strategies have been described for reinforcing the fixation of ankle fractures, particularly in osteoporotic bone. Biomechanical studies have 
shown that lateral plate fixation can be augmented by passing one or more screws into the tibia!®>?!° and this tibio-pro-fibular technique is a particularly 
attractive option for patients with osteoporotic bone or peripheral neuropathy. Assal et al. described using a traditional lateral plating technique augmented 
by both polymethylmethacrylate cement injection into the proximal fragment screw holes and an intramedullary axial wire. In a cohort of elderly patients 
allowed early weight bearing they described no failures of fixation.** Koval et al. described a similar technique of augmentation of lateral plating but with 
intramedullary Kirschner wires (K-wires). In clinical and biomechanical studies they reported good results with no failures of fixation in the 20 patients 
treated with this technique and a construct that had twice the resistance to torsional force of traditional constructs.?!9 


Preoperative Planning 


Open Reduction and Plating of Ankle Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent 
Position/positioning aids = Supine with a bolster under the ipsilateral buttock 
Radiolucent block under injured ankle 
Fluoroscopy location LJ C-arm from contralateral side 
Equipment LJ Small fragment plate 
Tourniquet LJ 250 mm Hg 
Other 
Technique 


Open Reduction and Plating of Ankle Fractures: 
KEY SURGICAL STEPS 


Longitudinal incision placed directly over the fibula and centered on the fracture 

Blunt dissection is performed through subcutaneous fat to avoid damage to the superficial peroneal nerve 

Periosteum and ligamentous attachments are debrided back from the fracture edges by 1-2 mm 

Irrigation and curettage of clot and small bone fragments from fracture site 

Application of a serrated “lobster claw” clamp, with rotation of clamp or traction on distal fragment to effect reduction 

Replace with a pointed reduction clamp 

Drill 3.5-mm gliding hole first, then a 2.5-mm pilot hole, measure and countersink, insert screw 

One-third tubular plate with three bicortical screws in the proximal diaphysis, and three cancellous screws in the distal metaphysis 
Alternatively, a posterior antiglide plate with or without lag screw through the plate 

Wound closure 


The patient is placed supine with a bolster under the ipsilateral hip to allow the foot to lie vertically. A tourniquet is applied and, after exsanguination, 
inflated to 250 mm Hg. A radiolucent box or platform holding the injured ankle above the level of the other side is helpful, allowing lateral fluoroscopy 
without the need to move the limb. This also opens up a greater arc of movement for instruments. A simple radiolucent box in a Mayo stand cover is ideal. 
The lateral malleolus is addressed first through a longitudinal incision placed directly over the fibula and centered on the fracture. Blunt dissection is 
performed through subcutaneous fat to avoid damage to the superficial peroneal nerve. The fracture is identified and periosteum and ligamentous 
attachments are debrided back from the fracture edges by 1 to 2 mm: Just far enough to visualize the fracture clearly. The fracture itself is distracted gently 
to allow irrigation and curettage of clots and small bone fragments. Reduction is achieved and held by the application of a serrated “lobster claw” clamp. 
There are a number of maneuvers that may assist with this reduction. Firstly, a gentle torsional movement with the reduction clamp may be sufficient to 
walk the two fractured surfaces out to length and into place. If more force is necessary, distraction and inversion of the foot and ankle will assist in regaining 
fibular length. Finally, if required, a pointed reduction clamp can be applied to the metaphysis of the distal fragment in the AP plane, and used to apply 
direct longitudinal traction. The next stage is to place a lag screw across the fracture in an orientation as close to orthogonal as possible. The serrated clamp 
is not infrequently found to obstruct either the starting point or anticipated exit point of the drill and screw, and may first need to be replaced with a pointed 
reduction clamp in a slightly different orientation. The lag screw may be placed in either an AP or a posteroanterior direction. A 3.5-mm gliding hole is 
drilled first, and a 2.5-mm pilot hole is then drilled through a centering device, followed by countersinking, measuring, and screw placement. A one-third 
tubular plate is selected of sufficient length to allow the placement of three screws above and below the fracture. Often a seven-hole plate is needed to avoid 
conflict with the lag screw. The plate is precontoured and then applied to the bone with three bicortical screws in the proximal diaphysis, and three 
cancellous screws in the distal metaphysis. These distal screws are unicortical and extend to, but not through, the second (subarticular) cortex. Their pull-out 
strength can be improved by varying their orientation, typically in a triangular construct. Alternatively, the tip of the plate can be bent sharply to allow a 
long screw to be placed in a retrograde manner (Fig. 65-22). A posterior antiglide plate can be placed posterior or posterolateral after obtaining length and 
rotational reduction and a tenaculum can be placed to hold the fracture reduced. A one-third tubular six- or seven-hole plate can then be placed with the first 
bicortical screw directed posterior to anterior just proximal to the fracture site. Upon tightening of this screw, the “antiglide” effect will keep the fracture 


reduced and the clamp can be removed. Bicortical screws in a posterior to anterior direction can be applied proximal and distal as needed and by lag 
technique an interfragmentary screw can be placed through the plate across the fracture site. Care must be taken to not place the plate too distal and impinge 
on the retromalleolar sulcus and peroneal tendons. Cancellous screws may be needed distally, and a mortise view is needed to ensure that the most distal 


screws are not impinging on the talus. 


eae. Cc 
Figure 65-22. The technique of tension band wiring of the medial malleolus. A: An SER 4 (OTA/AO B2.2) fracture in an 85-year-old woman with osteoporosis. The 
medial malleolar fragment is small and fragile. B: A long-axial intramedullary screw has been placed in the distal fibula to provide stability. The distal end of the plate 
has been bent to facilitate the placement of this screw. The medial malleolus has been reduced and initially secured with two K-wires placed orthogonally across the 
fracture. A malleable tension band wire has been placed through the deltoid ligament immediately deep to the K-wires, with the aid of an intravenous cannula, and 


looped over a proximal screw and washer which was then tightened to bone. C: An AP follow-up radiograph at 3 months. Note how the fibular fixation was completed 
with a triangular construct of distal screws in the metaphysis to maximize pull-out strength. The construct has been strengthened further by passing one screw across 
the syndesmosis into the tibia. On the medial side the bone fragment was compressed with the TBW and the K-wires were then bent over and hammered into bone. 


Fibular Intramedullary Nailing 


Intramedullary fixation offers a minimally invasive approach to the distal fibula with little palpable metalwork (see Figs. 65-10 and 65-11). Initially, popular 
intramedullary implants, such as Rush nails, were smooth devices with no fixation to bone and were predisposed to backing out, therefore not controlling 
fibular length or preventing talar shift.1!5-2°°23° Despite this, Pritchett?°° reported functional outcomes that were good or fair in 76% of a cohort of elderly 
patients with no complications, a better result than those treated with plates. Radiographic results were less satisfactory, however, with only 40% of cases 
showing good reduction on postoperative radiographs. 

To reduce the problems with backing out, Ray et al.°*° used a threaded intramedullary screw and reported good results in patients with minimal fracture 
comminution. A similar technique was described by Lee et al.7°? using a fully threaded, headless, cannulated screw with variable thread pitch, resulting in 
good radiographic and clinical results in 95.7% and 91.3% of cases, respectively. 

Comparisons of intramedullary devices with lateral plating techniques have been encouraging. Lee et al.??! reviewed 47 patients with Gustilo type 1 or 2 
open ankle fractures; half were treated with an intramedullary Knowles pin and the others with a conventional lateral plate based on surgeon choice. Both 
groups had similarly high rates of anatomical reduction of around 96% but there were significantly fewer soft tissue complications in the Knowles pin 
group. However, the device has a bulky extraosseous tip and a large number of patients in both groups required later removal of metalwork. Similar results 
were seen when the same comparison was undertaken in a cohort of elderly patients treated in the same manner.?** Additional work by Brown™ reported 
similarly good clinical and radiographic results but again 55% of patients described discomfort over the tip resulting in a 40% rate of removal of metalwork. 
Subsequent biomechanical studies have found no significant differences between this intramedullary device and conventional lag screw and lateral plate 
techniques.”© 

The Inyo nail is conceptually unique—a tapered triflanged stainless steel nail that can be inserted into the distal fibula through either an open or a closed 
technique and then augmented with an interlocking nail to prevent migration. McLennan and Ungersma’®”,*°8 reported results in two separate cohorts of 75 
patients, with a mean age of 40 years. Good radiographic results were obtained in 83% of patients with 88% of patients achieving good functional results. In 
comparison with conventional lateral plating they found patients reported less pain, quicker return to usual activities, and decreased metalwork tenderness. 
There were significantly lower rates of osteoarthritis and metalwork removal in the patients treated with the Inyo nail than those treated with a plate. There 
have been no further reports of its use. 

The IP-XS nail is a device implanted after open reduction and secured with multiple K-wires. Gehr et al.!°° reported the results of 194 ankle fractures 
treated with this nail finding good or excellent results in 92% at a mean follow-up of 15 months. There were a number of soft tissue complications, however, 
and no further studies have been reported. 

Percutaneously inserted fibula-specific nails offer further potential. Ramasamy*“? reported his experiences with the Biomet fibular nail in a small cohort 
of eight osteopenic patients over the age of 50 years: Early functional outcomes were promising with 88% achieving excellent subjective scores. However, 
25% of patients did have evidence of osteoarthritis on evaluation of radiographs after a mean of 26 months, and one mechanical failure occurred. Rajeev et 
al.3* also investigated the use of the Biomet fibular nail in 24 elderly, osteoporotic, predominantly female, patients. After a mean follow-up of 7 months, 
they reported a mean Olerud and Molander score of 57 and no postoperative complications. Both of these studies were limited by the inability to place a 
screw across the syndesmosis with this nail, resulting in some failure of fixation with lateral talar subluxation. 

The Acumed fibular nail does allow for the placement of a screw across the syndesmosis, controlling fibular length, angulation, and rotation. Appleton 
and McQueen!® described their results in patients with significant comorbidities that had sustained unstable ankle fractures. They obtained good clinical and 
radiographic results in their cohort of 37 patients with a mean Olerud and Molander score of 87, and few complications. Thevendran and Younger“ have 
also reported good results with arthroscopy as an aid to reduction and Bugler et al.® reported good clinical and radiographic outcomes in a larger cohort of 
105 patients. White et al.44° have presented the results of a randomized trial comparing this nail with standard plate fixation in patients aged over 65 and 
have shown good radiographic and functional results and a significant advantage in favor of the nail in terms of wound-related complications. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


)/ | Fibular Intramedullary Nailing of Ankle Fractures: 


OR table LJ Radiolucent 
Position/positioning aids = Supine with a bolster under the ipsilateral buttock 
Radiolucent block under injured ankle 
Fluoroscopy location LJ C-arm from contralateral side 
Equipment LJ Fibular nail set 
Tourniquet LJ If open reduction is panned—250 mm Hg, otherwise no tourniquet required 
Other 
Technique 


Fibular Intramedullary Nailing of Ankle Fractures: 


KEY SURGICAL STEPS 


LJ Careful fluoroscopic assessment of reduction with traction and rotation. Consider percutaneous or open reduction (and reduction clamp) if the 
fracture is widely displaced 
10-mm longitudinal incision, beginning 10 mm distal to the tip of the fibula and proceeding distally 

H 1.6-mm guidewire placed at the very tip of the fibula and driven into the center of the metaphysis of the distal fragment as seen on both AP and 
lateral screening 
Cannulated drill is passed over the guidewire to prepare distal segment 
Hand reamer to prepare the diaphyseal segment 
Implant nail in 20 degrees of external rotation 
Drill and insert distal locking screw to, but not through, posterior cortex 
Backslap nail to ensure fully out to length. Minor alteration of rotation occasionally helps. Assess lateral joint space on mortise view 
fluoroscopically 

LJ Insert proximal locking screw(s) 


The patient set-up is as for fibular plating but a tourniquet is required only if a subsequent open medial malleolar fracture fixation is contemplated. The 
ankle mortise is reduced with ligamentotaxis. A small cortical step of 2 to 3 mm at the fracture is acceptable provided the mortise reduction is anatomical. 
Modest angular and translational deformities can usually be reduced with the nail as described below. Very occasionally more substantial deformity may 
need to be addressed by placing a reduction clamp across the fracture via a minimal access incision. To place the nail, a 10-mm longitudinal incision is 
made beginning 10 mm distal to the tip of the fibula and proceeding distally. A 1.6-mm guidewire is delivered to the very tip of the fibula and driven into 
the center of the metaphysis of the distal fragment (Fig. 65-23A,B). Correct placement of the guidewire along the longitudinal axis of the distal fragment is 
critical, especially where there is residual angular displacement, as this allows subsequent fracture realignment. In particular, a medial start point will tend to 
displace the lateral malleolus laterally resulting in talar subluxation. The cannulated drill is passed over the guidewire to prepare the distal segment, and then 
exchanged for a hand reamer to prepare the diaphyseal segment. The nail is then implanted in 20 degrees of external rotation (Fig. 65-23C). This is essential 
to allow later placement of the syndesmosis screw into the center of the tibia, if one is required. Using the jig, an AP distal locking screw is now predrilled 
and placed with the screw tip at, but not penetrating, the dorsal cortex (Fig. 65-23D). The jig can now be manipulated to finalize the reduction of the distal 
fragment. Most commonly light back-taps on the jig are required to regain normal fibular length, and occasionally additional internal rotation will complete 
the reduction. Finally, the (lateral to medial) proximal locking screw is implanted to maintain fibular length and rotation, and to secure the crucial lateral 
buttress against talar subluxation (Fig. 65-23E). In weak, osteoporotic bone, two proximal locking screws are recommended. The wounds are closed with 
sutures or steristrips. The patient is allowed full weight bearing the following day. The syndesmosis screw does not usually require removal. 
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Figure 65-23. The technique of fibular intramedullary nailing. A, B: The guidewire is placed centrally within the metaphysis of the fibula. C: After preparing the 
intramedullary canal the nail is inserted. D: Distal locking screw is inserted to, but not through, the posterior cortex. E: After correcting length and rotation, the 
proximal locking screw is inserted. 
Fix echni 


In carefully selected younger patients with good bone stock and simple oblique fracture patterns, two to four lag screws can be used in isolation without a 


neutralization plate (see Fig. 65-21D), thus minimizing potentially irritating metalwork: Good clinical outcomes have been reported by several 
authors.?°%.65.418 Inevitably, poor surgical execution will affect results, and peroneal tendon irritation from the tip of excessively long lag screws has been 
reported.!46 More importantly, cautious patient selection is crucial and the specific patient and fracture types that are appropriate for this biomechanically 
less robust construct remain to be defined. 

An alternative technique of cerclage wiring with a syndesmotic staple involves a minimal degree of dissection and very little prominent metalwork, and 
was popularized by Cedell in the 1960s,°° with subsequent variations reported by other authors.”7°2 It remains popular in Scandinavia, although little 
recent work has been published. Olerud et al.2°° reported the technique to be unsatisfactory in unstable fractures. Moreover, the load-to-failure has been 
shown to be only 60% that of conventional plating.‘ 

Biodegradable implants may reduce late hardware-related problems. However, these devices are more challenging to use, producing less mechanical 
compression?’ and a less stable construct compared with conventional screws.° Although promising early outcomes have been reported with biodegradable 
intramedullary fixation,?°° concerning rates of osteolysis, sterile wound sinuses, and malunion in 26% of cases, suggest that the early degradation of these 
implants remains problematic, particularly with the use of polyglycolide implants.*%!*9 


Potential Pitfalls and Preventive Measures 


Management of Lateral Malleolar Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Clinically there is a fracture but no abnormality is seen on radiographs e Examine the deltoid ligament distal to the medial malleolus and the proximal fibula 
to exclude a Maisonneuve fracture 


Stability of joint uncertain e Assess congruence of the mortise on initial and follow-up radiographs. If congruent, 
use walking test and reassess 


Bone very osteoporotic or comminuted, skin in poor condition or diabetic patient e Consider IM fibular nail 
e Posterior antiglide plate 


Postoperative joint incongruent, abnormally wide medial clear space present e Fibula malreduced; check length and/or rotation; revise surgery 

Failure to reduce the syndesmosis e Syndesmotic reduction is notoriously hard to assess without comparing 
postoperative axial images of both ankles. Closed reduction is more likely to be 
successful if the fibular fracture is reduced and the foot held in neutral, but an open 


reduction is more accurate; obtain CT and revise surgery 


Distal screws penetrate talus e Use unicortical cancellous screws distally 


Painful hardware or peroneal tendon irritation e Remove plate after fracture healing 


Medial Malleolar Fixation 


A number of surgical techniques for fixation of the medial malleolus have been described. Selection depends upon the size and integrity of the fragment. 
Options include screw fixation (in a number of forms), tension band wiring, and plate fixation. The most commonly used technique is with lag screws (see 
Fig. 65-11), augmented with washers where the fragment is comminuted or soft.28939” Traditionally, two parallel partially threaded cancellous screws 
inserted perpendicular to the fracture line have been recommended. Recent studies have reported excellent radiographic and functional outcomes with 
single-screw (SS) fixation.58254 This technical refinement may be particularly helpful when stabilizing small fragments that are unable to accept two 
screws. Buckley et al.5° compared SS with double-screw (DS) fixation in a prospective RCT including 140 patients. No differences were reported in any 
radiographic or functional outcome between the two groups over a 2-year period. Twenty percent of patients randomized to DS fixation crossed over to the 
SS group as the fragment was too small to accept DS fixation. Also contrary to orthodox teaching, the use of fully threaded screws (either cancellous or 
cortical) after compression with a clamp seems to have better biomechanical properties as well as clinical outcomes. When using partially threaded screws, 
overly long screw with threads in metaphyseal bone may have little grip.°*4” This theory has been supported by Parker et al.??? in their biomechanical study 
which found that shorter (30 mm) partially threaded cancellous screws provided greater compression following screw fixation of osteotomy sites in 
cadaveric tibiae, compared with the same screw design of greater length (45 mm), presumably taking advantage of the stronger bone in the subchondral 
region. Avoidance of screw penetration of the joint is ensured on the AP fluoroscopy image which is collinear with the medial joint space (because of the 
frustral shape of the talus): An internally rotated mortise view will not demonstrate this clearly.!28:!42,35! Awareness of screw insertion zone and orientation 
in the sagittal projection is also important: Femino et al.!!® examined 10 cadaveric limbs and found that insertion of a screw in the posterior colliculus 
resulted in tendon abutment in all specimens and tendon damage in half. Where fracture location and fragment geometry permit, it is the author’s 
recommendation to insert a single short partially threaded or longer fully threaded cancellous screw in the anterior third of the medial malleolus.!%4 

Unicortical screws have occasionally been observed to undergo pull-out failure in poor bone. Bicortical screws provide a significantly greater resistance 
to pull-out??? and maximum torque before screw stripping.**” These may either cross the lateral tibial cortex!?”332 or the medial tibial cortex proximal to 
the fracture.?2> Clinical results have been encouraging. A retrospective cohort study, using screw lengths of 60 to 105 mm, found a significantly lower rate 
of screw loosening in the patients with bicortical fixation and no episodes of metalwork removal or nonunion.*4’ Another retrospective cohort of patients 
over 55 years did, however, report a complication rate of 17% including nonunion, malunion, and symptomatic metalwork.2"8 In an attempt to reduce screw 
head prominence and subsequent hardware removal, Barnes et al.?8 reviewed 44 patients treated with headless compression screw fixation. After a median 
follow-up of 35 weeks, they reported excellent clinical and radiographic outcomes, with only one patient requiring hardware removal as part of infection 
control. 

Bioabsorbable polylactide screws have been used for fixation of medial malleolar fractures with comparable results to stainless steel screws. Bucholz et 
al. undertook an RCT comparing the two and found similar levels of complications and similar patient-reported outcomes. The rate of metalwork removal 
was higher in patients with stainless steel screws (18% vs. 4%) and there was one inflammatory reaction in the bioabsorbable screw group.” 


The concept of tension band wire (TBW) fixation of fractures was first described by Lord Lister in 1883. Tension band wiring of the medial malleolus 
can achieve good compression and security, particularly in the face of small fragments, fragile bone, or transverse fracture geometry (see Fig. 65- 
22).74107,136 Biomechanical studies have shown TBW constructs to be stronger under tension than unicortical cancellous screws,!*”!883"! and good long- 
term functional and radiographic outcomes have been achieved with the technique.!9°3!! Ostrum and Litsky*!! reported on a cohort of 32 patients after a 1- 
year follow-up. There were no cases of nonunion and one case of malunion. The main limitation of this technique is symptomatic metalwork, with a 
reported rate of 7%.°!! In an attempt to reduce this incidence a fiber wire suture has been reported as an alternative to the stainless steel wire commonly 
used, but does not appear to have the same biomechanical strength. !?” 

The medial malleolar component of SAD fractures typically comprises a vertical fracture line with a degree of plafond impaction. Fixation of this 
medial malleolar fragment requires control of the vertical shear forces acting on the fracture and a buttress plate over the apex of the medial malleolar 
fracture has typically been used (see Fig. 65-10). Biomechanical studies have reported conflicting results when comparing screw fixation and antiglide 
plating of these fractures. Toolan et al.415 in a large cadaveric study found that lag screws placed perpendicular to the osteotomy (and parallel to the plafond) 
were significantly stronger than an antiglide plate. Dumigan et al.!°* in their comparison using synthetic bones found that two 3.5-mm parallel fully 
threaded cortical screws placed 1 cm proximal and parallel to the tibial plafond resulted in the stiffest construct when a transverse load was applied, 
simulating loading in external rotation, although plate fixation with two screws both proximal and distal to the fracture site was found to be the stiffest 
construct under offset axial loading conditions. Wegner et al.*42 compared four fixation groups in a biomechanical study using synthetic distal tibiae and 
found that antiglide plating provided the stiffest initial fixation and withstood higher load to failure compared with unicortical and bicortical screw fixation 
alone. There are no clinical studies in the published literature comparing these constructs, but McConnell and Tornetta have reported their outcomes with 
this injury mechanism. They report that 42% of their patients seen over a 5-year period with vertical shear medial malleolar fractures were found to have 
associated plafond impaction. The nine patients that they describe underwent fixation with screws (two cases) or antiglide plates (six cases) followed by 
immobilization non—weight bearing for 8 to 10 weeks. After a mean of 2.4 years of follow-up good clinical and radiographic outcomes were achieved.*°* 

K-wire fixation alone of medial malleolar fractures has resulted in disappointing results potentially due to their inadequate biomechanical properties.°! 
An alternative is the use of threaded K-wires. Biomechanical testing has resulted in equivocal results with no difference in strength to cancellous screws 
with offset axial loading but with lower pull-out strength.?™? Clinical results have been more encouraging; Koslowsky et al. reported the results of 76 
patients with medial malleolar fractures treated in this manner. There were no episodes of nonunion or construct failure and good functional outcomes. A 
large number of this cohort developed post-traumatic osteoarthritis but this may have been related to their other injuries.?!® 

An alternative technique that has been proposed for small fractures is the use of a contoured T-plate, able to provide rigid fixation to the small, 
comminuted fracture fragments. A small case series of three patients found good radiologic outcomes! and encouraging biomechanical results have been 
achieved by the same group.!* Loveday et al.” report the use of a suture anchor in similar situations. 
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Preoperative Planning 


Medial Malleolar Fixation: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent 
Position/positioning aids = Supine 
Radiolucent block under injured ankle 
Fluoroscopy location LJ C-arm from contralateral side 
Equipment LJ Small fragment screw with or without washers in poor bone quality 
Tourniquet LJ 250 mm Hg 
Technique 


/ | Medial Malleolar Fixation: 
KEY SURGICAL STEPS 
Longitudinal incision placed directly over the malleolus 
Blunt dissection is performed down to bone in order not to injure the great saphenous vein and nerve 
Removal of hematoma, bone debris, and periosteal flap 
Reduce and hold with small reduction clamp, with proximal tine through drill hole 
Insert 1.6-mm K-wire in middle or posterior zone of the malleolus to aid fracture stabilization during screw insertion 


Place a 30- to 35-mm fully threaded cortical or partially threaded cancellous screw in the anterior third of the malleolus and consider a washer in 
poor bone quality. Two screws may be accommodated by larger fragments 


The patient is set up as described for fibular fixation. The medial malleolus is most commonly approached through a longitudinal incision placed directly 
over the malleolus. Where there is individual preference for a hockey-stick incision, this is generally convex anteriorly, beginning just anterior to the 
malleolus. The skin is incised and then blunt dissection is performed down to bone in order not to injure the great saphenous vein and nerve. The fracture is 
usually transverse in orientation, and should be distracted with an instrument to allow removal of hematoma, bone debris, and inspection of the talus. A flap 
of periosteum from the proximal tibial fragment is commonly found to have been pulled into the fracture and this requires to be extracted. A temporary 
fixation of the fracture is performed using a small reduction clamp, and a small drill hole is placed just proximal to the fracture to allow seating of one of the 


points of the clamp. The other point is placed at the tip of the malleolar fragment. The fracture is reduced by a combination of progressive compression with 
the reduction clamp with one hand, and manual correction of translation with the other. Placing the index finger over the anterior corner of the fragment and 
pushing posteriorly and laterally, so that the anterior surface is flush, is usually sufficient to obtain anatomical reduction, which is then confirmed 
fluoroscopically. A 1.6-mm K-wire inserted in the middle to posterior aspect of the malleolus is helpful in providing additional fracture stability during 
drilling and screw insertion. Definitive fixation is with a 30- to 35-mm fully threaded cortical or partially threaded screw, in order to achieve purchase in the 
relatively dense subchondral bone. The screw should be inserted in the anterior third of the malleolus with a trajectory that follows the anterior tibial border. 
Washers can be beneficial in osteoporotic bone. For larger fragments or poor bone quality two screws or a fully threaded cancellous screw after reduction 
and compression may be of some benefit. Where the fragment is too comminuted or fragile to accept screw fixation, the author’s preference in this situation 
is to use a TBW. 

The setup, approach, and fracture reduction for a TBW are as above. Two parallel 1.6-mm K-wires are driven orthogonally across the fracture and into 
the distal tibia to a depth of approximately 30 mm (see Fig. 65-22). A 30-mm small fragment cortical screw with a washer is placed approximately 20 mm 
proximal to the fracture. The screw is orientated orthogonal to the surface of the tibia in the coronal plane, and so lies obliquely in the metaphysis. A 1.2- 
mm flexible wire is placed around the K-wires and screwed in a figure-of-eight. To maximize compression and minimize progressive loosening during 
recovery it is important to place this wire against the bone of the distal fragment (rather than placing it superficial to the deltoid ligament) and this is 
achieved by first passing a 14-gauge intravenous cannula through the deltoid ligament so that it lies tightly in the “axilla” formed between the cortex of the 
fragment and the K-wires. The wire is then placed into the cannula opening and pushed through the ligament using the cannula as a guide. The K-wires are 
then cut and bent through 180 degrees and are impacted over the flexible wire. Again, the metalwork should lie against the bone, and a longitudinal incision 
in the deltoid ligament will help the wire to pass through the ligament to bone. 


Potential Pitfalls and Preventive Measures 


Treatment of Medial Malleolar Fractures: 
POTENTIAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 
Very small or osteoporotic fragment e Use K-wires and tension band wiring technique 
Supination adduction injury. Vertical fracture line e Correct any plafond impaction and then use antiglide plate with cancellous screws 


placed parallel to joint 


Posterior Malleolar Fixation 


Reduction of posterior malleolar fractures, as for other intra-articular fractures, must be anatomical, as nonanatomically fixed posterior malleolar fractures 
have been shown to have a higher rate of osteoarthritis.!®° Fixation options include either a percutaneous reduction with AP screw fixation (Fig. 65-24), or 
open posterior buttress plate fixation (see Fig. 65-17). Little comparative evidence is available, although biomechanical evidence suggests that buttress 
plating results in less displacement with cyclical loading. Whether this translates into a clinical benefit has yet to be confirmed, provided the talus is reduced 
and stabilized. 1,48-125,402,419 


c 


Figure 65-24. Percutaneous fixation of the posterior malleolus. A, B: Initial AP and lateral radiographs showing a posterior malleolar fragment involving almost 50% 
of the tibial plafond. C: The posterior malleolus is percutaneously reduced using a periosteal elevator. The scalpel shows the position of the stab incision for the 
anterior-to-posterior screws. D: The fracture has been stabilized with two AP screws and a fibular nail. 


There is a dilemma inherent in the evidence-based treatment of posterior malleolar fractures. The aim is to prevent posterior talar subluxation. As most 
ankles are stable after fixation of the medial and lateral malleoli, and additional posterior fixation has no clear advantages in the majority of cases. However, 
having fixed an ankle with the patient in the supine position, fluoroscopic assessment of the posterior malleolar fracture is often impeded by the fibular plate 
or nail and, moreover, if a posterior plate is then deemed necessary, intraoperative movement of the patient from supine to prone for posterior plating is 
fraught with delay and hazard. As there is no certain way to identify the rare unstable posterior injury, the surgeon must make a judgment as to which 
patients are likely to require posterior plating, and position these patients prone from the outset. Such patients, in the author’s view, will be young and 
active, have large fragments, marginal impaction, or clear syndesmotic injury. CT scanning is obtained where required to confirm impaction or retained 
fragments, and for surgical planning. 


Treatment of Posterior Malleolar Fractures: 
INDICATIONS 


Nonoperative 


e Fragments <25% plafond 
e Undisplaced fragments 


Posterior talar subluxation after medial and lateral malleolar fixation 
Fragments >25% plafond with talar subluxation 

Elderly patients 

Vulnerable soft tissues 


Posterior Screws/Plate 


e Posterior talar subluxation after medial and lateral malleolar fixation 


Fragments >25% plafond with talar subluxation 
Younger patients 

Marginal impaction 

Syndesmotic injury 


For AP screw fixation, surgery is performed under general anesthesia in the supine position with a tourniquet. 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Posterior Malleolar Fixation With AP Screws: 


OR table LJ Radiolucent 
Position/positioning aids = Bump under ipsilateral buttock 
Foot and leg elevated on radiolucent block 
Fluoroscopy location LJ Contralateral side 
Equipment LJ Small fragment set or 4-mm cannulated screws 
Tourniquet LJ 250 mm Hg 
Other 
Technique 


KEY SURGICAL STEPS 


/ | Posterior Malleolar Fixation With AP Screws: 


Place the heel on the radiolucent block and dorsiflex the foot to reduce the fragment 
If the fragment does not reduce perfectly on fluoroscopy, make a 1-cm incision posteromedially, just medial to the tendon Achilles 
Perform blunt dissection down to the fragment 
Use a periosteal elevator to free, push, and reduce the fragment, usually distally (see Fig. 65-24) 
Maintain pressure or apply a large reduction clamp 

Make a 1-cm incision over the anterior aspect of the ankle, just above the plafond, using fluoroscopy to confirm the location. For two screws, the 

incisions will be one-third and two-thirds across the front of the ankle joint 

Perform blunt dissection through retinaculum and down to bone 

Place a 1.3-mm guidewire into the posterior fragment and measure 

Insert partially threaded lag screw, just engaging posterior cortex 

Position second screw 

Close stab incisions 
Considering the placement of AP screws, although several authors emphasize that posterior malleolar reduction is made easier by fixing the fibula first, we 
have found that the lateral plate often obscures fluoroscopic assessment of the reduction of the posterior malleolus and prefer to deal with this first. The 
posterior malleolus can often be reduced simply by placing the heel on a radiolucent box and dorsiflexing the foot. If this fails, a small incision is made 
posteromedially and after careful blunt dissection, a periosteal elevator is inserted, placed on the posterior surface of the tibia, and used to push the fracture 
apex distally into a reduced position (see Fig. 65-24). The reduction is then held with the elevator or a clamp, and carefully assessed fluoroscopically in both 
AP and lateral planes: The lateral view may not reveal a rotational malreduction that is visible in the AP projection. Fixation is with two AP, percutaneously 
inserted, partially threaded 4-mm cancellous screws, placed just above the articular surface. Postoperatively, patients are usually permitted to weight bear. 

In situations where an open reduction is preferred, the patient is placed prone and the posterolateral interval is used to expose and fix the posterior 
malleolus with a buttress plate. The fibula is fixed through the same incision with a posterior plate. 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Posterior Malleolar Fixation With Posterior Plate: 


OR table LJ Radiolucent 

Position/positioning aids LJ Patient prone with appropriate bolsters under chest and abdomen 
Fluoroscopy location LJ Contralateral side 

Equipment LJ Small fragment set 


Tourniquet LJ 250 mm Hg 


Posterior Malleolar Fixation With Posterior Plate: 


KEY SURGICAL STEPS 


10-15 cm longitudinal skin incision just to lateral side of tendon Achilles (TA) 
Perform blunt dissection through fat to avoid sural nerve injury 
Sharp incision through deep fascia of the leg 
Identify plane between peroneal tendons laterally, and flexor hallucis longus (FHL) medially 
Elevate FHL medially and retract to expose the posterior malleolar fragment 
Elevate fragment, avoiding damage to posteroinferior tibiofibular ligament (PITFL), to expose fracture 
Remove loose fragments and reduce any impaction 
Replace fragment, using cortical read at the apex to guide reduction 
Temporarily secure with Kirschner wire just above plafond, then apply plate in buttress mode 
Move peroneal tendons medially to expose the fibular fracture 
Reduce and fix fibular fracture with posterior one-third tubular plate, or T-plate 
Close skin 


Syndesmotic Stabilization 


Syndesmotic stabilization can be achieved with the use of screws, suture techniques, staples,*°® and bolt fixation.°° Screw fixation is most widely practiced, 
with 51% of orthopaedic surgeons using 3.5-mm screws, penetrating three of four cortices (67%) with equal numbers of surgeons preferring one or two 
screws (44% each).°* Fourteen percent of surgeons are reported to use a suture device routinely.°? 

Biomechanical testing has reported conflicting results. Xenos et al.*°° found that two screws conferred significantly greater strength to the syndesmosis 
than one, whereas Thompson and Gesink*°” found no significant difference when comparing syndesmotic fixation with a 3.5-mm screw to a 4.5-mm screw. 
Hansen et al.!48 found 4.5-mm screws were able to withstand shear stress better than 3.5-mm screws. Biomechanical testing has not demonstrated a 
difference between the use of screws spanning either three or four cortices in strength?’ or range of movement following fixation.°°! 

Clinical studies have also not demonstrated the superiority of any particular technique. Wikergy et al.*4” found no difference in functional results at 8 
years between those fixed with one screw spanning four cortices or two tricortical screws. Hginess and Strømsøe, !”! although reporting significantly better 
short-term functional outcomes in those with two 3.5-mm tricortical screws in comparison to those with one 4.5-mm screw spanning four cortices, reported 
that by 1 year there was no significant difference between groups. Interestingly Moore et al.7°° found good outcomes with fixation spanning either three or 
four cortices but reported a higher rate of recurrence of the diastasis when weight-bearing instructions were ignored by patients with three-cortex-only 
fixation. Finally, four-cortex fixation exposes the patient to an additional risk of complications with case reports of posterior tibial tendon tear caused by 
damage from the tip of the screw.?2° Pragmatically, small fragment screws have a smaller head that is less likely to cause irritation later, while if elective 
removal is anticipated, the larger head of the standard fragment screw will be easier to locate, particularly if the procedure is performed under local 
anesthesia in the outpatient setting. 

The position of the screw has also been a matter of debate; McBryde et al.?6? found that a screw placed 2 cm proximal to the ankle affords more stability 
than a more proximal screw while Kukreti et al.2?4 found no difference in functional outcomes in patients with screws placed at or just proximal to the 
syndesmosis. 

The use of bioabsorbable screws across the syndesmosis has been reported with good functional and radiographic results.2!””7 A cadaveric 
biomechanical study found a 5-mm bioabsorbable screw to have equal strength to a 5-mm stainless steel screw.®” Of note, none of the clinical studies report 
osteolysis or foreign body reaction although irritation due to incompletely absorbed screw heads has been reported.®:2° 

An alternative option for syndesmotic fixation is the use of a suture or wire construct held in place by cortical metal buttons. Early reports of the use of 
this method found good clinical results but lower pull-out strength on biomechanical testing.*°* Some investigators have reported equal biomechanical 
properties with sutures or screws on application of an external rotation force*!* while others have reported significantly increased syndesmosis widening on 
external rotation with the suture compared to a screw.!2°!5 The semirigid nature of this device may more closely approximate the uninjured syndesmosis: 
Some biomechanical reports suggest movement at the syndesmosis during cyclical loading is similar to that seen in intact syndesmoses,7°9*? although 
other investigators have reported nonphysiologic movement at the syndesmosis with both screws and suture constructs.*®° A number of small studies have 
looked at the use of a commercially available device, the “Ankle Tightrope,” with generally good results. Small cohort studies with follow-ups of up to 2 
years have reported good functional and radiologic results that are equivalent to, or in some cases better than, equivalent cohorts treated with 
screws. ®3.94,293,338,349 The major complications with flexible devices have been related to the suture knot,*“9 infection,*“9 problems with inflammation,**9 
irritation,?8 osteolysis,°* sinus formation,?9 and fracture through the suture tract. 168 

Given the difficulty in identifying syndesmotic anatomy with two-dimensional fluoroscopy, it is not surprising that closed reduction results in a 
malreduction in around half of cases of standard syndesmotic fixation.?2° Open reduction allows a more predictable result, although the rate of malreduction 
remains surprisingly high at around 15%.275355 The tightrope may have an advantage in this regard, with two contradictory RCTs comparing screws with 
suture button devices. Naqvi et al.29* reported more accurate syndesmosis reduction with a tightrope than with screws, while Kortekangas et al.?!° found no 
difference in reduction accuracy. Neither author found any functional differences at 2 years postoperatively. Recently published midterm results, with a 
minimum follow-up of 5 years from an RCT by Raeder et al.*4° demonstrated a higher median AOFAS score and a lower incidence of radiographic ankle 
osteoarthritis in those patients treated with a suture device, compared with a single syndesmosis screw. However, there was no difference in syndesmosis 
malreduction rates. Two recent meta-analyses comparing dynamic stabilization and rigid screw fixation, including five?”4 and seven studies,'*° respectively, 
concluded that dynamic stabilization resulted in superior functional outcomes, less implant breakage, and less syndesmotic malreduction. However, the 
reviews acknowledged that the overall quality of the studies contained within the meta-analyses was limited. 

The position of the foot while the syndesmosis screw is inserted has been the subject of controversy. It was initially suggested that because of the shape 
of the talus, and to prevent overtightening of the screw and subsequent stiffness of the ankle, that the screw should be inserted with the ankle in dorsiflexion. 
Olerud°° reported that for each 10-degree increase in plantarflexion during insertion, a 1-degree residual deficit in dorsiflexion would result. However, an 


important cadaveric study has refuted this notion, finding no reduction in range of movement even when a syndesmosis screw was inserted in maximum 
plantarflexion.*° 

Following fixation there has long been a tradition of removal of screws that cross the syndesmosis®””> due to concerns regarding a return to normal 
movement?’ and the inherent risk of screw fracture with this movement. Current practice among orthopaedic surgeons appears to be for routine screw 
removal with 65% of surgeons reporting this to be their practice.** However, the evidence for this is limited with only one small cohort study reporting 
improvements in functional scores following screw removal.?”’ In contrast a large number of studies have found the reverse. Many authors have found no 
difference in range of movement!” or functional outcomes?®95:111.178 between those with intact, removed, or broken screws, while others have reported 
better outcomes in those with fractured'*° or loose screws in comparison to those with intact syndesmosis screws.7°° Moreover, removal of syndesmosis 
screws places the patient at risk of complications. In a cohort of 76 patients, Schepers et al.*° reported an infection rate of 9.2%, a recurrence of the 
diastasis in 6.6% of patients with screw removal at a mean of around 3 months postoperatively and an overall complication rate of 22.4%. Others have 
confirmed this loss of reduction particularly when performed before 3 months postinjury!®* although this has not always been found to result in an unstable 
ankle mortise!°? or affect functional outcomes.” A rare complication of tibial fracture following syndesmosis screw removal has also been reported.”? One 
meta-analysis concluded that there is no place for routine removal of syndesmosis screws.!°° A more pragmatic approach encompassing “on-demand 
removal” was the topic of an RCT by Sanders et al.,°°° which concluded that on-demand removal of syndesmosis screws was noninferior to routine removal 
and associated with fewer complications. 

The other important decision is whether to allow patients to weight bear in the initial postoperative phase. Photodynamic studies have shown significant 
alterations in force distribution in the tibia and fibula after syndesmotic disruption which persists after screw fixation, and in cadaveric studies application of 
axial force resulted in recurrence of the diastasis.2°° However, in a clinical study Hooper!”* described good outcomes with early weight bearing describing 
only loosening of the syndesmosis screw that did not appear to affect functional outcome. Similar findings by Al-Hourani et al.° suggest that early weight 
bearing is safe and does not lead to syndesmosis diastasis in the early postoperative period. 


Preoperative Planning 


Syndesmotic Stabilization: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent 

Position/positioning aids LJ Supine with a bolster under the ipsilateral buttock 

Fluoroscopy location LJ Contralateral side 

Equipment LJ 2- and 1.6-mm Kirschner wires, periarticular reduction clamp, small fragment screws 

Tourniquet LJ 250 mm Hg 

Other Radiographs of the contralateral (uninjured side) are helpful when assessing adequacy of reduction if performing closed 
= Stress views before and after syndesmotic fixation 


Technique 


Syndesmotic Stabilization: 


KEY SURGICAL STEPS 


2.5-cm skin incision placed anteriorly over syndesmosis; location confirmed with fluoroscopy 
Blunt dissection through fat then sharp incision through extensor retinaculum 
Expose and clear the syndesmosis 
Make a separate 2-cm incision laterally 
2-mm K-wire joystick placed through lateral wound to reduce fibula 
Visual confirmation of recreation of a perfect “Mercedes-Benz” reduction of the articular surfaces 
Application of the reduction clamp 
Definitive fixation with a single 3.5-mm tricortical screw reaching, but not penetrating, the fourth cortex. A flexible fixation device may also be 
considered 
LJ Wound closure 


Occasionally the syndesmosis can be reduced closed and screws placed percutaneously with a high degree of confidence in the reduction. Fluoroscopic 
studies indicate that comparisons with the contralateral, uninjured ankle, using a perfect lateral projection in particular, are helpful and can allow reduction 
within 2.5-mm displacement, particularly in expert hands.?!° Our preference, however, is to perform an open reduction. The patient is placed supine as 
described for fibular fixation. Using the image intensifier, the distal tibiofibular joint is identified and a 2.5-cm longitudinal incision is placed directly over 
it. The skin is incised and blunt dissection is performed down to the retinaculum which is then incised longitudinally in line with the skin incision. The 
displaced joint is usually identified easily after clearance of hematoma. The joint margins of the distal tibiofibular joint are cleared to allow assessment of 
reduction, and the lateral aspect of the talar dome is visualized and inspected. The reduction itself is most conveniently performed by placing a heavy 2-mm 
K-wire percutaneously into the distal fragment to act as a joystick. This allows the distal fragment to be brought out to length and translated or rotated into 
the incisura fibularis. The foot is held in a neutral position to confirm reduction and during fixation. The reduction is confirmed visually by the presence of a 


congruent “Mercedes-Benz”—shaped articular margin between the tibia above, the talus medially, and the fibula laterally (see Fig. 65-20). This is best seen 
with the ankle in neutral or slight dorsiflexion. Temporary stabilization is performed with a large periarticular reduction clamp and checked 
fluoroscopically. Placement of the tibial tine anterior to the midline medially has been reported to minimize the risk of malreduction.®! Definitive fixation is 
performed percutaneously with a single small fragment position screw through three cortices and just reaching, but not penetrating, the medial tibial cortex. 
The patient is instructed to remain non—weight bearing for 8 weeks and then enters unrestricted progressive physiotherapy. We recommend an “on-demand 
removal” strategy, which is both safe and cost-effective. 


Author’s Preferred Treatment of Ankle Fractures ( 


Ankle fracture 


Bimalleolar or 
trimalleolar 


Undisplaced Posterior 
minimally Displaced Undisplaced Displaced malleolus : dependent 
displaced on size and shape* 

Nonoperative Operative Operative 


Widened medial 
clear space 


Suprasyndesmotic 


Medial malleolus Lateral malleolus 


Proximal two- 
thirds of fibula 


Distal third 


of fibula 


Positive walking 
test or stress test 


baratio Stable Unstable 
pe syndesmosis syndesmosis 


Algorithm 65-1 Author’s preferred treatment of ankle fractures: nonoperative versus operative management. When deciding on surgery, the age and medical 
condition of the patient should be taken into consideration. *Posterior malleolar fractures are managed according to the Bartonicek classification: type 1, 
nonoperatively; type 2, nonoperatively unless talus remains subluxed after medial malleolus and lateral malleolus fixation; types 3 and 4, operatively. 


Ankle fracture 


Bimalleolar or 
trimalleolar 


Medial malleolus Lateral malleolus 


Suprasyndesmotic 


Bartonicek 
type 4: AP 
screws or PA 
buttress 


Bartonicek 
type 3: buttress 
plate 


Interfrag screw Bridge plate or i 
and neutralization IM nail j s Taa a 
plate or IM nail (comminuted gloran mangon 
(simple fracture) fracture) 


One cortical K-wires and 2 transverse screws Fibular fracture and Fibular and medial 
screw (two if tension band or antiglide plate deltoid rupture malleolar fractures 
large fragment) (small fragment) (SAD) 


Internal fixation as 
described 
Diastasis screws 


Fracture in distal Fracture in proximal 
third two-thirds 


Fibular fixation and 
diastasis screw(s) 


Diastasis screw(s) 


Algorithm 65-2 Author’s preferred operative treatment of ankle fractures. 


It should be remembered that many ankle fractures are treated nonoperatively. An algorithm to facilitate the decision as to whether to operate on an 
ankle fracture is shown in Algorithm 65-1, and an algorithm for the treatment of surgically managed ankle fractures is shown in Algorithm 65-2. 

Patients with an apparently isolated lateral malleolar fracture and a congruent mortise on their initial radiographs are provided with a functional 
brace and allowed to mobilize full weight bearing. They are reviewed at 1 and 6 weeks postinjury with AP and lateral radiographs. Neither stress views 
nor MRI is used routinely. If any talar shift is revealed, the patient is advised to undergo operative fixation of the fibula (but not the deltoid ligament). 
Otherwise, they are discharged to physical therapy rehabilitation at 6 weeks. 

Undisplaced or minimally displaced isolated fractures of the medial malleolus are managed nonoperatively for 6 weeks in a functional brace with 
full weight bearing as tolerated. 

Bimalleolar fractures are by definition unstable injuries and the vast majority should be treated by reduction and internal fixation. However, entirely 
undisplaced fractures, particularly in the elderly or infirm, can be treated nonoperatively with a cast or brace provided the patient is kept under close 
clinical and radiographic review until union has occurred. 

Ankle fracture with posterior subluxation of the talus despite medial and lateral malleolar fixation (which is more common where there is more than 
25% of the posterior malleolus) should be managed operatively, either with percutaneous anterior to posterior screws or posterior plating. In this 
situation, a preoperative CT scan can be helpful in the planning of surgical incisions and implant selection. 

Where there is clear widening of the syndesmosis with talar instability we advise surgical stabilization. Where the fibular fracture is within the distal 
third we prefer to fix the fibular fracture as an aid to reduction of the syndesmosis, and to ensure that the distal fragment does not angulate when the 
syndesmosis screw is tightened. Where the fracture is in the middle or proximal third of the fibula, we do not expose or fix the fracture directly. Where 
an anatomical reduction cannot be confirmed fluoroscopically, we prefer an open reduction. 


aF. ; D 
Figure 65-25. A, B: Hemorrhagic fracture blisters are unusual after a simple ankle fracture but represent a breach in the dermis. C, D: Consideration should be given 
to decompression of these blisters and allowing the region to re-epithelialize over a period of around 10 days before undertaking open reduction and internal fixation. 
In contrast, nonhemorrhagic blisters represent a shear injury with an intact dermis and are generally considered safe to operate through. 


Perioperative Management Considerations 
Timing of Surgery 


Many authors have recommended delaying surgery until any traumatic edema has settled to avoid soft tissue complications, particularly in patients with 
fracture blisters (Fig. 65-25),°%° although direct evidence for this is lacking.?!? On the contrary, Høiness and Strømsøe”? have reported increased rates of 
wound infection and longer hospital stays in patients undergoing late fixation when compared with patients undergoing early operation, a finding confirmed 
by others.°!62,362 Both Schepers36? and Mont et al.?83 have reported that a delay in surgery predicts a significantly poorer clinical outcome. Having ankle 
surgery as an inpatient has twice the risk of complications of ambulatory day-case surgery, with greater costs.*”! Furthermore Fogel and Morrey!?° found 
increased difficulty in achieving an anatomical reduction and James et al.!8? found increased costs in patients treated with delayed fixation. If edema is a 
concern then methods to reduce the edema preoperatively have been proposed. Thordarson et al.,4!° in an RCT, found a significant reduction in ankle edema 
when patients were managed with the use of a pneumatic pedal compression device in addition to the usual ice, elevation, and immobilization, a finding 
confirmed by Stöckle et al.?9° Mora et al.,28° in another RCT, found that a combined compression and cryotherapy device resulted in significant reduction in 
preoperative ankle swelling. 

The use of a fibular nail (see Fig. 65-23) may obviate many of these concerns by allowing percutaneous fracture fixation with lower rates of wound 
complications.?!-44° Alternatively, in very—low-demand patients with very compromised soft tissues, the use of a retrograde calcaneotalotibial nail (Fig. 65- 
26) may provide immediate stability without the need for fracture exposure.! 296 


Tourniquet Use 


Tourniquets allow a bloodless surgical field, which enhances the surgical exposure and may decrease operative time. Benedick et al.” found no increase in 
wound healing or infective complications when a tourniquet was applied during ankle fracture surgery. However, a number of studies have described 
potential disadvantages in their use. Konrad et al.?!' conducted an RCT comparing those operated on with and without the use of a tourniquet and reported a 
better range of motion and reduced postoperative pain and swelling in the patients treated without. Maffulli et al.24* in another RCT found a significantly 
lower rate of wound complications and a more rapid return to work in patients managed without the use of a tourniquet although operating time was 
significantly longer. 


c M. B 
Figure 65-26. A: The appearance of the soft tissues after an ankle fracture in an 84-year-old woman with dementia and very low functional demands. B: A retrograde 
calcaneotalotibial nail has been used to stabilize the fracture. C: Stab incisions were used to insert the nail and locking screws. 
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Lower limb trauma and joint immobilization are both known to predispose to venous thromboembolism (VTE).!** Conservatively treated ankle fractures 
appear to be at very low risk, although emotive case reports tend to raise awareness of this rare problem.®® 

Following operative fixation of ankle fractures, rates of symptomatic deep venous thrombosis (DVT) of between 0.05%282 and 0.12%!83 have been 
reported, with an associated risk of pulmonary embolism (PE) of between 0.17%!®? and 0.34%.3®* While a Cochrane meta-analysis*® indicated a role for 
low molecular weight heparin after lower limb injury, the analysis was based on papers with heterogenous injury groups using venographically identified, 
rather than clinically relevant, thrombi. In contrast, two large RCTs and a meta-analysis have confirmed the very low rate of clinically relevant venous 
thromboembolic events after ankle fracture and below-knee immobilization and have shown that there is no role for routine DVT prophylaxis in these 
patients.3?5:369,426 Future research may be able to identify high-risk groups who might benefit from such prophylaxis, such as those who have a personal or 
family history of VTE, those who have been immobilized, those with multiple comorbidities,!®°:3®? obesity,373 open fractures,38? associated injuries (higher 
injury severity scores),°7? and age over 50!8°.373,382 who have all been reported to be associated with increased incidence of VTE. Pragmatically, most 
surgeons and centers will conduct an individualized risk assessment according to these putative risk factors and make a joint decision with the patient 
regarding the risks and benefits of receiving chemoprophylaxis. 


Postoperative Care 


A number of different methods of immobilization have been investigated including soft bandaging, functional bracing, and casting, while the time to 
initiation of weight bearing and active movements has also been debated. Conclusive evidence of the benefits of one form of immobilization over any other 
is lacking. While some comparisons of functional bracing and cast immobilization favor functional bracing,!!° others have reported marginally better results 
with cast immobilization, citing concerns regarding wound problems with functional bracing.?*° Other authors have simply found no major differences.” 
Critics of cast immobilization have reported a significant loss of bone mineral mass following lower limb cast immobilization in previously fit adolescents®” 
and significant muscle atrophy on MRI.?3” Comparisons of soft bandaging with casting have been similarly equivocal. Sgndenaa et al.*®! found a better 
range of movement in patients managed without immobilization at 6 weeks but no significant differences thereafter, a finding echoed by Finsen et al.!2° and 
Tropp and Norlin. In the conservative management of stable Weber B ankle fractures 3 weeks of immobilization in either a cast or removable orthosis 
has been shown to be noninferior to the traditionally prescribed 6 weeks.? 14 

Weight bearing in plaster following ankle fracture fixation for most patients has long been shown to be safe with no increase in major 
complications,” 10,149,428 indeed the Cochrane database identifies this fact as one of the few areas of surgical treatment that has been well investigated. 
Weight bearing in an orthosis (thus allowing for early active movement) also appears safe.:”%!60377,424 A recent systematic review and meta-analysis 
including 10 RCTs and 4 comparative cohort studies,?°° found early weight bearing after internal fixation to result in superior functional outcome at 6 


weeks, with no increase in complication rates. Despite this overwhelming evidence, orthopaedic surgeons have been shown to be somewhat conservative, 
with high rates of restricted weight bearing.’ There are no studies considering outcomes following weight bearing without immobilization, presumably 
because this would represent a practical difficulty for most patients. Studies reporting good outcomes with patients managed with early weight bearing have 
often excluded certain patient groups, particularly patients unable to comply fully with guidance*+°?8 and those with potentially unstable fixation. 120428 
Patients with dementia, neuropathy, IV drug abuse, and excessive alcohol consumption may not be suitable for early weight bearing. 

Early active movement of the ankle appears to be safe although once again no significant long-term benefits have been shown over a period of 
immobilization.*101,110.120,160,381 Following immobilization no convincing benefits of manual therapy,?“° passive stretching, or a specific training plan?®? as 
part of a program of physiotherapy has been demonstrated. 


Driving 
Patients should be warned of the risks of driving after ankle fracture, particularly after right-sided injury. Waton et al. investigated patients immobilized 
following ankle fracture in a driving simulator. They found that while immobilized in a cast or functional brace there is a significant increase in total brake 
reaction time.°°” Even healthy volunteers immobilized in a cast or functional brace have been shown to have increased braking distances.4?3438 Patients 
should therefore be strongly encouraged not to drive during their period of immobilization. Despite this, a small minority of patients admit to driving while 
immobilized in a below-knee cast.?° 

After release from immobilization, patients still have an increased total braking and travel time compared to normal controls, but by 9 weeks 
postoperatively this impairment appears to have resolved.!!* Therefore, it appears that at 3 weeks after removal of their cast, patients can safely resume 
driving. Under United Kingdom law this is a matter for the patient and patients should be encouraged to assess their own “fitness to drive.”4°% 

Authors preferred treatment: Although return to driving is largely a matter between the patient and law enforcement, we advise patients that a pragmatic 
guide to the return of adequate neuromuscular control to brake safely is the ability to descend stairs in a reciprocal manner with one foot on each step. 


Complicated Patient Groups 


There are a number of patient groups that need to be considered separately because of the potential complications inherent in the treatment of ankle 
fractures. They are listed in Table 65-4, which also lists the particular complications that may occur in these groups. 


Diabetics 

A number of the long-term complications of diabetes may impact ankle fracture management including impaired wound and fracture healing and peripheral 
neuropathy. Because of the incidence of diabetes within most developed populations, a significant body of work has been undertaken on the impact of 
diabetes on ankle fracture management and outcomes. 

Some surgeons have reported extremely high rates of complications in diabetics who sustain ankle fractures. McCormack and Leith? reported a 42% 
complication rate in their diabetic patients in comparison to no complications in their controls; they also reported a 10.5% rate of death among the 
operatively treated diabetics. Blotter et al.4° reported an overall complication rate of 43% among operatively treated diabetic patients in comparison to 15% 
in controls and Flynn et al.!?? reported a significantly higher infection rate in diabetic patients (32%) than controls (8%) with even higher rates in the cohort 
of patients that were noncompliant with diabetic management. Extremely high levels of infection have been seen in open ankle fractures with White et al.*44 
reporting a 64% rate of wound infection and a 42% rate of amputation. This can have a significant impact on the costs associated with the care of diabetic 
patients with ankle fractures with Ganesh et al.!°° estimating a $2,000 excess per patient. As would be expected, patient-reported outcomes are significantly 
poorer in diabetics.!!3 


TABLE 65-4. Risk Factors After Ankle Fracture 


Diabetes e Requires perioperative management with close glucose monitoring 
e Wound dehiscence/infection in up to 32%122 
e Charcot neuroarthropathy— increases risk of construct failure during fracture healing: Consider an extended period (8—10 weeks) of protected weight 


bearing82 
Obesity Increases risk of fixation failure by up to three times49 
Smoking Increases risk of deep infection by six times296 


Stopping smoking after ankle fracture reduces this risk294 


Alcohol Wound dehiscence/infection four times higher in alcohol abusers414 


Well-controlled, uncomplicated diabetics may have a better outcome: Larger studies have found no significant difference in infection rates when all 
diabetics are considered together, whereas subgroup analysis of patients with the complications of diabetes has revealed a significantly higher rate of 
complications after ankle fracture.!9°*54 The major risk factor seems to be neuroarthropathy, which is perhaps not surprising given the importance of 
neuromuscular control of ankle stability. Costigan et al.8? reported a rate of complications of 14% in their cohort of operatively treated diabetic patients, 
again finding significantly higher rates in patients with associated peripheral neuropathy and vascular disease; interestingly no difference was found 
between insulin-dependent and noninsulin-dependent diabetics. 

Diabetics are also at risk of failure of fixation in the postoperative period as a result of reduced proprioceptive joint control (Charcot neuroarthropathy). 
Patients may not be inhibited sufficiently by pain, and neuromuscular control of joint stability may be impaired resulting in greater forces being transferred 
to the fracture fixation leading to mechanical failure. This neuroarthropathy is common in diabetics*®® and frequently the diagnosis is only made 
postoperatively.!%° Patients presenting late with ankle fractures have a higher rate of Charcot changes (64%) than those presenting early (22%).!72 

Empirically most authors recommend that patients with diabetic complications should be managed with prolonged periods of immobilization and non— 
weight bearing, of up to 8 weeks.®* Augmentation of fixation with Steinmann pins across the subtalar and ankle joints has also been suggested.!®*1®9 In 
those patients requiring surgery to maintain talar reduction, rigid fixation, including multiple fibula-pro-tibia screws or hindfoot arthrodesis, is 
recommended.'*! There are no comparative studies of fixation options and postoperative protocols, however. 


Obesity 


Obese patients are more likely to sustain an ankle fracture.!®° However, the impact of obesity on outcome after ankle fracture is controversial. Some have 
found no difference in complication rates or patient-reported outcomes in obese patients in comparison to controls,?9? while others have reported significant 
differences. Bostman*? reported that 5.6% of obese patients experienced failure of fixation in comparison to 1.8% of nonobese patients and recommended a 
prolonged period of time non—weight bearing to reduce these risks. 


Elderly 

Elderly patients, in particular elderly women, make up a large proportion of patients presenting with ankle fractures. The optimum management of ankle 
fractures in elderly patients has been extensively debated in the literature and there remains a large variation in rates of operative fixation of ankle fractures 
in elderly patients across the United States*!8 with increasing age associated with significantly lower rates of operative intervention. 

Early reports of poor outcomes of operative treatment in elderly patients**°° with high rates of complications particularly in postmenopausal women 
due to poor bone quality, may have discouraged operative intervention in elderly patients. However, a number of studies since have shown that elderly 
patients with unstable fractures can be successfully treated with operative fixation!™!4453 with reports of comparable outcomes!®°? and rates of 
complications®*3!* to younger patients, with reduced mortality compared with conservative management.”’ Indeed an RCT of patients over 55 with 
unstable ankle fractures found better subjective and objective outcomes in operatively managed patients.7°! 

Several authors have investigated the optimum management of ankle fractures in the super elderly. Fong et al.!** experienced significant complications 
in their cohort of 17 patients over the age of 80, leading them to conclude that compliance with postoperative instructions may be the most challenging 
factor when dealing with this group of patients, while Shivarathre et al.°”° reported good outcomes in their cohort. No prospective comparative studies have 
been undertaken. In frail patients with compromised soft tissues percutaneous methods may be more appropriate. Good clinical outcomes have been 


reported with use of fibular**® and calcaneotalotibial nails.?36 


Smoking and Alcohol 


Patients who smoke have a significantly higher rate of complications, particularly deep wound infections,” and significantly worse long-term outcomes.*? 
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However, smoking cessation after fracture is beneficial in reducing complication rates.79* 

Those who drink alcohol to excess also appear to be at higher risk of complications. Tønnesen et a compared 90 patients who drank to excess with 
90 controls all presenting with unstable ankle fractures. Following fixation, alcoholic patients had a far higher rate of complications (33-9%) including 
wound infection (15—4%) and a significantly longer hospital stay. Kankare et al. attempted to compare biodegradable internal fixation with metallic fixation 
in an RCT in alcoholic patients, however, significantly higher rates of failure of fixation in the biodegradable group resulted in early cessation of the study. 
They report that noncompliance and loss to follow-up were a major problem in studying this group of patients.!9” 


OUTCOMES OF ANKLE FRACTURES 


A number of factors have been shown to affect outcome following ankle fracture, many of which have been already discussed. Poorer outcomes and 
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increased rates of complications have been reported in patients presenting with fracture dislocations in comparison to those without?*®.70,95,202; in those 
with fractures involving the medial malleolus in comparison to those with medial ligamentous injuries”°°9:4°1; and in older, female, and diabetic 
patients.!!3 A small study looking to correlate patient-related outcomes with surgeon’s perceptions of positive results found good correlation.!!9 

Sport is the third most common cause of ankle fractures®° and hence return to sport is a frequent concern of patients. Porter et al. assessed the outcomes 
in 27 operatively treated patients who sustained their fracture while playing sports. At a mean of 2.4 years after injury, all athletes except one had returned 
to their previous level of competition.*** In contrast, Shah et al.?”° found that only 62% of their patients had returned to their prior level of sporting activity 
5 years after injury. Moreover, Colvin et al.” reviewed patients who reported that they had participated in sports prior to their injury (but who were not 
necessarily playing sports at the time of injury) and found that by 1 year only 24.5% of patients had returned to full sporting activity. These different results 
may relate to the different demographics of the cohorts: 70% of Porter’s patients were male and had a mean age of 18 years, whereas Colvin’s group were 
55% male and had a mean age of 43 years. 

In summary, most patients do well following an ankle fracture. Eighty-eight percent are pain free or have only mild pain at 1 year, and 90% have no 


restrictions or only mild recreational limitations. A substantial improvement is generally seen between 6 months and 1 year after injury.!!* 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS IN ANKLE 
FRACTURES 


Common Adverse Outcomes and Complications 


Wound infection/dehiscence 
Loss of reduction 
Thromboembolism 
Symptomatic hardware 
Osteoarthritis 

Nonunion 

Compartment syndrome 
Neuroma 


Most patients have good outcomes following ankle fracture, but there are a range of potential complications (Table 65-5). Assessment of the frequency at 
which these occur depends on the patient and injury groups evaluated. While rates of wound infection of up to 32%!*? have been reported in diabetic 
patients and high rates of fixation failure reported in elderly patients,’ for most patients recovery will be completed without complication. 

Osteoarthritis of the ankle is most commonly caused by trauma with 39% of cases found to be secondary to ankle fracture. OTA/AO type C fracture 


patterns, high BMI, dislocation, and increased age are risk factors for the development of osteoarthritis.7“° Assessing those at risk is a major challenge as 
osteoarthritis may occur even following perfect reduction, presumably because of cartilage damage at the time of injury.°° 


TABLE 65-5. Complications Following Ankle Fractures 


Complication Rate and Management 


Early 


Wound infection/dehiscence 1-10%. Superficial infections can often be treated with antibiotics and dressings. Deep infections may respond to suppression antibiotics until the 
fracture has united but then usually require surgery to debride the wound and obtain bacteriologic specimens. Exposed hardware may require 


removal and the use of a spanning external fixator until the infection is eradicated. 


Loss of reduction 0-2%. This is most common in conservatively treated, unstable fractures. In surgically treated fractures this may be related to inadequate initial 


reduction, inadequate fixation, poor bone stock, peripheral neuropathy, or psychiatric illness. Malunion increases the risk of osteoarthritis. 
Thromboembolism Deep venous thrombosis 3%, PE 0.3%. Chemoprophylaxis is of uncertain efficacy. 
Late 


Symptomatic hardware Varies depending on the type and location of the fixation device. Removal is effective in 50%. 


Osteoarthritis Rare in low-energy fractures but up to 30% of unstable patterns. May take several decades to become evident. Higher when anatomical reduction of 
the mortise is not achieved, other cases probably related to chondral injury at time of injury. May require functional bracing or an arthrodesis. 
Nonunion Most commonly encountered after nonoperative treatment. Often asymptomatic, but if painful may require (revision) fixation and possibly bone 


grafting. 


Compartment syndrome Rare, associated with high-energy fractures. 


Neuroma The superficial peroneal, sural, and saphenous nerves are all at risk in the subcutaneous layer and injury may result in a patch of anesthetic, or 


worse, dysesthetic skin. 


An interesting study by Stufkens et al. found that cartilage damage was a predictor of post-traumatic osteoarthritis at a mean of almost 13 years of 
follow-up. No correlation was found between the number of lesions and the outcome but worse outcomes were found with deeper lesions and those on the 
anterior or lateral talus or the medial malleolus.2°* A further investigation of the articular cartilage assessment using arthroscopy found the most common 
site of damage to be the talus followed by the distal tibia and fibula and finally the medial malleolus.!® Further long-term outcome studies may be 
necessary particularly as we now know that osteoarthritis following ankle fracture may take a number of years to become apparent, with Horisberger finding 
a mean time from ankle fracture to end-stage osteoarthritis of 21 years.**° 

As might be expected, postoperative complications have been shown to result in significantly worse patient-reported outcomes. Hginess et al.!°° found a 
significant difference in patient-reported outcomes when those with minor, major, and no postoperative complications were compared. Interestingly, 
Horisberger!”° was also able to demonstrate a correlation between complications and development of osteoarthritis. 

Less common complications include complex regional pain syndrome,®° compartment syndrome,?®330.461 and PE.68435 While these are significant 
complications, their rarity is highlighted by the small number of case reports. The most common complications of wound infection, symptomatic 
metalwork, and failure of fixation remain the biggest challenges in the management of ankle fractures. Removal of metalwork results in an improvement in 
patient-reported outcomes in only 50% of patients.°° 
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SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO FRACTURES AND DISLOCATIONS OF THE TALUS 


Fractures of the Talus 


INTRODUCTION TO FRACTURES OF THE TALUS 


Fractures and dislocations of the talus are complex injuries involving the foot and ankle and are relatively uncommon, yet they are the second most common 


tarsal bone fracture. The talus is an important anatomical structure that mechanically links the ankle, hindfoot, and transverse tarsal joints.” Injuries to the 
talus of any kind can greatly affect the motion and function of any of those joints. 

The term talus comes from Old French, talo, meaning ankle, and originates from the Latin taxillus, meaning dice, as the Romans made dice from these 
horse bones.*** In Greek mythology, Talos was a giant, grotesque bronze god with a singular large vein coursing through his body. His crucial weakness 
was related to his vulnerable vascularity, which allowed exsanguination to occur with relative ease. The first description of a talus injury comes from 
Fabricius of Hilden in 1608, who performed a talectomy for a complete dislocation. A series of patients with open fracture-dislocations of the talus were 
reported on by Syme in 1848. Despite his best efforts, these patients still required a below-knee amputation, resulting in a 25% mortality rate at the time. 

In 1919, Anderson reported on a series of 18 fracture-dislocations of the talus in pilots of the Royal Flying Corps.° It was the first descriptions on the 
mechanism of injury: dorsiflexion at the ankle with axial force, as a result of the rudder bar hitting the foot on impact in a crash landing. He called this 
injury “aviator’s astragalus.” 

In his pivotal 1970 study, Hawkins presented a large series of talar neck fractures. In that study, he provided a roentgenographic classification of the 
fractures and divided them into three types. He noted that with increasing severity, there were an increased amount of complications, including avascular 
necrosis (AVN), nonunion, malunion, arthritis, and infection. This study has provided the background for our present understanding of the surgical 
treatment for, and outcomes of, these injuries. 

As our knowledge of the anatomy and vascularity of the talus has become greater, surgical timing and techniques have improved as well. Additionally, 
the use of screws and anatomic plates has offered better fixation options to stabilize fractures in this complex bone. Despite modern-day practice, talus 
fractures still present the treating orthopaedic surgeon with difficulty because of the high number of complications that are associated with their treatment. 


ASSESSMENT OF FRACTURES OF THE TALUS 


MECHANISMS OF INJURY FOR FRACTURES OF THE TALUS 


There are a wide variety of injuries involving the talus. They exist on a spectrum of low- to high-energy mechanisms, and injury pattern is highly dependent 
on the direction of the force and position of the foot at the time of injury (Fig. 66-1). Higher-energy talus fractures often present with more complex and 
serious patterns, involving the talar neck, body, or head. 


The most common causes of talar neck fractures are a result of falls from a height and motor vehicle accidents.*+!° As motor vehicle crash safety has 
improved, many people now survive high-energy collisions, and these patients often have significant lower extremity trauma.”’ One review study” 
highlighted 46% of talar neck fractures having occurred from a motor vehicle collision. Cadaveric studies have challenged the initial mechanism of 
excessive dorsiflexion. Peterson et al. was unable to reproduce talar neck fractures with the foot in a hyperdorsiflexed position.” He was able to show, 
however, that talar neck fractures did occur when the ankle was held in dorsiflexion and a plantar force was applied axially to the foot distal to the talus 
(Fig. 66-2). This mechanism is consistent with historical aviation crashes as well as injuries seen in motor vehicle collisions with the midfoot on the brake 
pedal. 


Figure 66-1. A: A low-energy, rotational talar neck fracture with minimal displacement. The arrow shows the minimally displaced fracture line. B: A high-energy 
talar neck fracture resulting from a motor vehicle accident. With increasing energy, there is more disruption of the soft tissues and displacement of the articular 
relationships. 


Figure 66-2. Lateral radiograph of a talar neck fracture (Hawkins III) caused by an axial force with the ankle in dorsiflexion. The distal tibia impacts onto the neck 
creating a fracture plane and with increasing force there is greater comminution. 


Talar Body Fractures 


The mechanism of injury for talar body fractures is similar to talar neck fractures except the fracture that occurs more posteriorly (Fig. 66-3). The 
predominant mechanism is axial compression when the talus is anteriorly subluxated and the anterior plafond impacts the talar dome. Again, this is usually a 
result of a high-energy injury, such as a fall from a height or a motor vehicle collision. A recent retrospective review of talar fractures performed at a U.K. 
trauma center highlighted talar body fractures (47%) to be the most common of all talar fractures followed by isolated neck (20%) and isolated lateral 
process (9%).°° These injuries, however, are rarely isolated as a result of a high-energy mechanism of injury and are commonly associated with additional 
ipsilateral lower extremity injuries.*4 In a study by Vallier et al., there was an overall combined injury incidence of 40%.1!4 


Talar Head Fractures 


Little literature exists on the mechanism that causes a talar head fracture, but talar head injuries have been noted to occur from compressive or axial forces 
across the talonavicular joint. The motion at the talonavicular joint is mostly eversion/abduction and inversion/adduction with the talar head being highly 
constrained in the navicular. This provides significant stability to the medial column. It is also therefore believed that talar head shear fractures result from 
subluxation or dislocation of the talonavicular joint, either with inversion and plantarflexion, or eversion and dorsiflexion. Fractures can occur along the 
axial or coronal planes (Fig. 66-4). Combined fractures of the talar neck and head can occur, however, as an extension of the forces seen with talar neck 
fractures. 


Figure 66-3. A lateral radiograph of a talar body fracture occurring from axial compression, typically from a high-energy mechanism. 


Lower-energy patterns may involve the lateral process, posterior process, or medial tubercle of the posterior talus. These injuries typically involve rotational 
forces with associated inversion or eversion of the foot.’ Lateral process fracture, or “the snowboarder’s fracture,” is caused by an axial force with the 
hindfoot in eversion and the ankle in dorsiflexion (F }-5).°”77 This has been shown in a cadaveric study where the ankle was loaded to reproduce lateral 
process fractures.°° A second cadaveric study showed similar fractures occurring with axial loading, external rotation, and inversion of the foot, with the 
ankle in dorsiflexion. As the energy increases in this pattern, larger fracture fragments occur and there is an increased amount of comminution. Depending 
on the size of the fragment, there can be incongruity or instability of the subtalar joint as well. 

Posterior process fractures involve the posterior aspect of the lateral tubercle. This injury usually is a result of axial compression with the ankle in 
extreme plantarflexion (Fig. 66-6A,B).4*°®5* The posterior process is compressed between the posterior tuberosity of the calcaneus and the posterior tibial 
plafond. Alternatively, this fracture may be a result of excessive pull of the posterior talofibular ligament due to inversion.°’ Chronic repetitive stress with 
the foot in plantarflexion as seen in kicking sports or dance can create a stress fracture of the posterior process. The above injuries can also be confused with 
a symptomatic os trigonum, which occurs due to failure of ossification between the posterior process and talar body during development (F B). 


Figure 66-4. Fracture of the talar head caused by compression and shear. 


Fractures of the medial tubercle are more uncommon than lateral process fractures. The mechanism of injury has been proposed to be avulsion of the 
bone fragment by the posterior talotibial ligament when the ankle was dorsiflexed and pronated, impingement of the sustentaculum tali in supination, and 
direct trauma to the posteromedial talar facet.“*"*“ These injuries are difficult to diagnose and are commonly found using advanced imaging techniques 


( ). 


Figure 66-5. Fracture of the lateral process of the talus seen on the mortise ankle view. 


INJURIES ASSOCIATED WITH FRACTURES OF THE TALUS 


Fractures and dislocations of the talus are often caused by high-energy mechanisms that can produce other musculoskeletal injuries and systemic trauma. 
The evaluation of these patients should follow Advanced Trauma Life Support (ATLS) protocol. The initial management should focus on cardiopulmonary 
resuscitation. Evaluation of the pelvis and the four extremities should follow. An important principle remains emergent: reduction of dislocated joints 
whenever possible and early stabilization of fractures and dislocations to temporize management. Once the patient has been stabilized, careful assessment 


should be made prior to proceeding with operative fixation. 
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A: Lateral radiograph depicting a posterior talar process fracture. B: Sagittal reconstructive CT images show greater detail of the fragment with respect 


to size and displacement. Fractures of the posterior process should not be confused with an os trigonum which occurs due to a failure of ossification during 
development (C). 


A medial tubercle fracture seen on semicoronal images of a CT scan that was obtained due to persistent pain in a 27-year-old following an ankle sprain. 


Talus fractures account for 2% of all lower extremity fractures and 5% to 7% of injuries to the foot. One study showed that 44% of patients with talus 
fractures that presented to a level 1 trauma center were the result of polytrauma. Recent epidemiologic studies of large national trauma banks have 
highlighted an associated injury rate with talus fractures of up to 89%. The most commonly associated ipsilateral lower extremity fracture was the ankle 
(43%) followed by the calcaneus (28%). Further, association of talus fractures with concomitant internal organ injuries (up to 20% in one study) points to 
the clear polytrauma, high-energy mechanism associated with these injuries.^7®-“° These findings demonstrate the importance of a clear and systematic 


tertiary exam in the polytrauma patient. Unfortunately, despite careful examination, polytrauma patients have a relatively high rate of missed orthopaedic 
injuries.» 


Additional injuries to the ipsilateral foot and ankle are the most commonly associated injury in combination with fractures and dislocations of the talus. 
Advanced imaging has become a standard of care to detect additional injuries and the extent of articular damage. Commonly, fractures of the medial and 
lateral malleolus occur as the talus is driven either medially or laterally within the ankle (Fig. 66-8). This incidence has been reported to be between 19% 
and 43%,”:15.56,106 Associated fractures of the calcaneus (Fig. 66-9) and tibial plafond, as well as syndesmotic injuries, have also been reported.” 106 
Prioritization of thoracic, visceral, and orthopaedic injuries should be performed based on the patient’s condition. If the talus fracture is significantly 
displaced, or the ankle or hindfoot joints are not adequately reduced by closed methods, operative reduction becomes a priority through either internal or 
external fixation.64101,116 This will help prevent continued pressure to the soft tissue envelope, which may develop necrosis, or neurovascular compromise. 
If the talus is adequately reduced, operative treatment can proceed based on the patient’s condition. Early definitive fixation of the talus is preferred. 
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Figure 66-8. A: A talar body fracture with an associated medial malleolar fracture. B, C: An open talar neck fracture with combined medial and lateral malleolar 
fractures. 


Figure 66-9. A severe, open talar neck fracture with an associated calcaneal fracture. 


SIGNS AND SYMPTOMS OF FRACTURES OF THE TALUS 


Talus fractures typically occur in a younger population and are found more commonly in males. Typically, patients will present with swelling and pain. 
Women have been found to display a biphasic age distribution with talus fractures. This observation could be linked to age-driven structural changes in the 
talus and subsequent lower-energy mechanisms involving the lateral or posterior process of the talus.>! These injuries will have less swelling and deformity, 
and are at risk of being overlooked in the initial skeletal survey. In a scenario where there is clinical suspicion and radiographs are negative, additional 
studies such as a computed tomography (CT) or magnetic resonance imaging (MRI) should be obtained. 

Evaluation of the soft tissue envelope is crucial. The skin should be examined for abrasions or lacerations that could indicate an open fracture (up to 
20% of trauma associated talus fractures were open in one study).? Open injuries need to be evaluated for bone loss. Impending skin compromise, either due 
to fracture and/or dislocation, should be evaluated, with the fracture urgently reduced (Fig. 66-10). Appropriate dressings and proper splinting should be 
applied to prevent further damage to the soft tissues. 

A careful neurovascular examination should be performed. If there is significant deformity with diminished or absent pulses, the injury should be 
reduced and the neurovascular examination should be repeated. Pulses should be symmetric to the contralateral side. If there is any asymmetry, an ankle- 
brachial index (ABI) examination should be performed at the bedside. If the ABIs are abnormal (<0.9), or the soft tissues will not allow, an angiogram or 
CT angiogram should be obtained to evaluate perfusion. A detailed neurologic examination must be documented. Often, patients will have paresthesias or 
numbness due to the injury. Posteromedial subluxation of the talar body fragment can place pressure on the posteromedial structures and compromise the 
posterior tibial nerve.”! Patients with limited pain or impaired sensation with talar injuries should be evaluated for neuropathy. 
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Figure 66-10. An open grade IIIa talar body and neck fracture with significant tissue injury to the lateral aspect of the ankle. This injury was treated with irrigation 
and debridement followed by staged ORIF. A: Clinical picture. B: Lateral radiograph. 


For lower-energy injuries, motion of the ankle and hindfoot is assessed. Pain or ecchymosis over the sinus tarsi may indicate a lateral process fracture. 
An anterior-posterior and an inversion stress examination of the ankle ligaments should be performed to determine instability. Palpable pain posteriorly or 
pain with ankle plantarflexion may be due to a posterior talar process fracture. The hindfoot and Chopart joints should then be brought through a range of 
motion (ROM). Abnormal motion at the hindfoot or talonavicular joint may be an indication of a talar head fracture. These injuries are rare and can often be 
missed. Patients with prolonged swelling and pain over the ankle and hindfoot require continued clinical examinations and advanced imaging to rule out 
occult injuries. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR FRACTURES OF THE TALUS 


The talus has a complex geometry and intricate articulations with the ankle and hindfoot requiring a variety of plain radiographic views to properly 
visualize. Initial imaging should consist of plain radiographs of the ankle and foot including anteroposterior (AP), lateral, and mortise views. The AP and 
mortise views evaluate the talar body’s relationship within the ankle mortise. Asymmetry seen in the mortise view at the ankle may reveal subtle injuries 
that otherwise may be missed. Additionally, the mortise view will allow evaluation of the talus in relationship to the subtalar joint. The mortise view can be 
useful for determining injuries to the lateral process of the talus or osteochondral injuries of the talar dome. Additional injuries to the ankle malleoli, 
navicular, cuboid, and calcaneus may also be detected with these basic radiographs. 

The lateral radiograph of the ankle or foot provides a significant amount of information as well. Double densities of the talar dome may represent 
injuries to the talar body. Posterior talar body fractures often occur in the coronal plane, and displacement as well as size of the fragment can be assessed 
here. Talar neck fractures often fall into dorsiflexion and varus angulation: this is best visualized on the lateral radiograph. On this view, the posterior facet 
of the calcaneus should be congruent with the inferior talar body. Asymmetry of this relationship may indicate subtalar subluxation or dislocation with or 
without an associated fracture. The talonavicular joint should also be congruent, and any disparity should be evaluated for a talar head fracture, which can 
often go unrecognized. The alignment of the talonavicular joint, with respect to the first ray, is important as well, as injuries to the medial column or 
Chopart joints may disrupt this relationship. 

AP and oblique radiographs of the foot complete the radiographic series. The AP foot radiograph provides additional information regarding the 
talonavicular joint. In this view, a talar head fracture can be identified, and its size, location, and level of impaction are noted. Medial column alignment can 
be assessed through the talonavicular joint as well. The oblique view may provide additional images of a lateral process fracture and will also delineate the 
articulations of the midfoot to evaluate for associated injuries. 


In addition to the standard imaging views stated above, Canale and Brodén views can be useful preoperatively to evaluate displacement, or intraoperatively 
using a fluoroscope, to determine adequacy of reduction.!5 Canale and Kelly described a radiographic method for evaluating the talar necks obtained by 
placing the foot plantigrade on the table, pronating the foot 15 degrees while directing the fluoroscopic beam 75 degrees to the perpendicular!® (Fig. 66-11). 
The Canale view allows for assessment of reduction and restoration of medial talar neck length. The Brodén view is the best imaging study to visualize the 


subtalar joint. This is useful to determine adequate reduction and can also evaluate for retained comminuted fragments trapped within the joint. The image is 
obtained with the patient supine. The ankle is then internally rotated between 30 and 45 degrees, keeping the ankle in neutral flexion. Sequential images are 
obtained at 10, 20, 30, and 40 degrees of plantarflexion to visualize the entire joint. Both images are meant to evaluate reduction and are best used 
intraoperatively (Fig. 66-12). 


Computed Tomography and Magnetic Resonance Imaging 


Despite adequate plain radiographic views, it may be difficult to properly evaluate injuries involving the talus. CT scans offers significant information about 
the injury. It can allow for accurate assessment of the location, size, degree of displacement, and comminution of the involved fragments.?®31:78 It also 
provides insight into the articulations of the ankle and hindfoot joints to evaluate for subtle subluxations or dislocations not well visualized on plain 
radiography. In addition to this, associated injuries to adjacent bones and tendinous structures can be visualized. Particular attention should be paid to 
fractures with comminution since there can be fragments trapped within the subtalar joint that can create or maintain malreductions or articular damage (Fig. 
66-13). These fragments must be addressed at the time of surgery. CT scans are therefore of critical importance in preoperative assessment and planning 
prior to operative intervention and should be part of the routine protocol. CT imaging can aid in diagnosis, if patients have continued pain and swelling 
following low-energy injuries where initial radiographs are negative. 
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Figure 66-11. Canale and Kelly view of the foot. The correct position of the foot for x-ray evaluation of the talus is shown. 


Figure 66-12. Intraoperative fluoroscopic images used to evaluate reduction: lateral ankle (A), ankle mortise (B), Canale view (C), and Brodén view (D). 


MRI plays less of a role in the acute management of these injuries unless the soft tissue needs to be critically assessed. MRI scans can be useful in a 
patient with a normal radiograph and continued pain to determine if a stress fracture or minimally displaced fracture exists (Fig ). MRI is also useful 
in assessing morphology of traumatic osteochondral defects for surgical planning and evaluation of early osteonecrosis in the postoperative term given its 
sensitivity. Earliest indications of osteonecrosis on MRI can present by the second week after vascular insult. This in contrast to radiographs highlighting 
talar viability around 6- to 8-week mark after injury with a Hawkins sign. 
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Figure 66-14. MRIs of a lateral talar process fracture (white arrow) in a patient with negative radiographs and persistent pain following a low-energy injury. 


CLASSIFICATION OF FRACTURES OF THE TALUS 


Fractures of the talus encompass a wide range of injuries based on anatomic location, as well as injury mechanism. The most common fracture is that of the 
talar neck which has been widely published, but additional classifications exist for fractures of the body, head, and lateral process (Fig. 66-15). 
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Figure 66-15. The OTA/AO classification of talus fractures. (Reprinted with permission from Orthopaedic Trauma Association Committee for Coding and 
Classification. Fracture and Dislocation Compendium—2007. J Orthop Trauma. 2007;21(Suppl):S90-S91.) 


D 
re 6. A: Hawkins I fracture without displacement. B: Hawkins II fracture with subtalar dislocation. C: Hawkins III fracture with ankle and subtalar 
dislocation, D: Hawkins IV fracture with incongruity at the talonavicular, ankle, and subtalar joints. 


In 1970, Hawkins presented his large series of talar neck fractures. Since then, other studies have offered modifications to this classification system ( 

).'° Type I fractures are considered nondisplaced, without associated incongruence of the subtalar, ankle, or talonavicular joint. As our use of 
advanced imaging has increased, true type I injuries are extremely rare. 

Given the mechanism of injury needed to create a talar neck fracture, there is almost always some degree of neck displacement, which results in 
subluxation of the talus with respect to the subtalar joint. Hawkins type II injuries involve a fracture of the talar neck with any associated subtalar 
subluxation or dislocation. The relationship of the talus with respect to the ankle mortise and navicular is preserved in these injuries. This is the most 
common type of talar neck fracture. Depending on the direction of the force, the subtalar joint may be subluxated medially (inversion) or laterally 
(eversion). True dislocations of the subtalar joint represent a higher-energy mechanism and can often carry a worse prognosis. This is likely secondary to the 
increased amount of soft tissue damage and loss of vascular supply to the bone. Vallier et al. modified Hawkins classification into type IIA (subluxated 
subtalar joint) and type IIB (dislocated subtalar joint) subcategories.''° In their study, the distinction had clear prognostic significance with respect to AVN 
rates. 

Hawkins type III injuries involve a fracture through the talar neck with an associated talar body dislocation, which has been extruded, either partially or 
completely, from both the ankle and subtalar joints. Most often, the talar body is displaced posteromedially. The deltoid ligament may be intact tethering the 
body fragment, or the deep deltoid can be completely ruptured, resulting in a fragment without any soft tissue attachments. In either case, the body fragment 
can apply direct pressure to the posterior tibial tendon (PTT), and the posterior tibial nerve, artery, and vein.** If the fragment becomes trapped by these 
structures, closed reduction will be impossible, and neurovascular damage or skin necrosis may result if not reduced. Due to the force required to create this 
fracture-dislocation, many are open injuries. 

Added to the classification system in 1978, the type IV fracture involves a talar neck fracture with a pan-talar dislocation creating either a subluxation or 
dislocation at the ankle and subtalar joint, as well as the talonavicular joint.*® Although uncommon, this represents a devastating injury in which AVN is a 
common sequela. Other highly comminuted fractures and associated injury variants have been described in the literature.” These are commonly grouped 
into type IV injuries because they also carry the same poor prognosis (F )-16D). 

To account for the vast range of talus injuries, the Orthopaedic Trauma Association’s Fracture and Dislocation compendium has developed a 
comprehensive fracture classification (see ).°° This classification system divides injuries based on the anatomic location of the fracture, which is 
then further classified based on injury criteria. The talus is designated as bone 81. The 81-A type fractures are subdivided into avulsion fractures (81-A1), 


process fractures (81-A2), and head fractures (81-A3). The B-type fractures involve the talar neck and are based on the Hawkins classification. An 81-B1 
type fracture is nondisplaced, an 81-B2 fracture has subtalar incongruity, and an 81-B3 fracture has subluxation of both the subtalar and ankle joint. 

Talar body fractures are intra-articular fractures involving the weight-bearing surface of the ankle joint. They account for 13% to 20% of all injuries to 
the talus. In general, talar body fractures can be defined as shearing-type fractures or compression-type fractures. The shearing-type fractures may occur 
either in the sagittal or the coronal plane. They are distinguished from talar neck fractures by a dorsal fracture line that extends posteriorly to the lateral 
process exiting into the posterior facet of the talus rather than exiting in front of the posterior facet joint surface.*9 In the OTA classification, body fractures 
are divided into 81-C fractures. The 81-C1 fracture involves the ankle joint and talar dome, the 81-C2 fracture involves the subtalar joint, and the 81-C3 
fracture pattern involves both the ankle and subtalar joint. 

For fractures of the talar head (81-A3), neck (81-B2 and B3), and body (81-C1, C2, and C3) fractures are further classified according to comminution.®? 
In two large series of talar neck fractures, comminution was independently predictive of outcome.°*!!° The presence of severe comminution classically 
implies more energy imparted to the fracture resulting in a worse prognosis and outcome. The complete classification system is shown in Figure 66-15. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO FRACTURES OF THE TALUS 


The anatomy of the talus is unique with respect to its articulations, osseous structure, and its blood supply. Most of the talar surface is composed of articular 
cartilage. Although there are multiple capsular and ligamentous attachments, no tendons or muscles directly attach to the talus. The talus is divided into 
three anatomic zones—the body, the neck, and the head—each with its own functional role (Fig. 66-17). 
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Figure 66-17. A superior and medial view of the talus depicting the three zones (the body, neck, and head). 


The body compromises the majority of the articulation of the ankle joint at the dome and the subtalar joint with its inferior surface. The body is wider 
anteriorly than posteriorly. This anatomical feature is important to note when judging ankle radiographs if the foot is positioned in plantarflexion, as this can 
falsely make the mortise appear widened. The superior surface of the body is often referred to as the dome. It is completely covered with cartilage and has a 
sulcus in the midline that articulates with the tibial plafond. Its lateral and medial portions flare out with a cartilaginous surface to articulate with the fibula 
and tibial malleoli, respectively.°° The anterior portion of the body gives rise to the neck medially but has a flattened surface laterally that forms the lateral 
process. This area, which is covered by the sinus tarsi fat pad and the extensor digitorum brevis, is an area devoid of cartilage and is the best location to 
place a plate. 

The lateral process of the talus is a large, broad-based, wedge-shaped prominence of the inferolateral talar body. It is vulnerable to fracture as an isolated 
injury or associated with fractures of the talar body. The lateral process includes two articular surfaces. Dorsolaterally, it articulates with the fibula; 
inferomedially, the lateral process articulates with the anterior portion of the posterior facet of the calcaneus. The lateral talocalcaneal ligament originates 
from the tip of the lateral process. At the posteroinferior aspect of the lateral process lies the posterior talofibular ligament. These ligamentous structures are 
important structures that stabilize the ankle and subtalar joint. 

The posterior process of the talus has a posteromedial and posterolateral tubercle. The posterior process of the talus arises from a secondary ossification 
center that fuses with the body of the talus around 12 years of age. Between the two tubercles lies the flexor halluces longus (FHL) tendon (Fig. 66-18). This 
tendon can become trapped in fractures or dislocations of the talus. The lateral tubercle is larger, projects more posteriorly, and is the tubercle usually seen 
on a lateral radiograph of the ankle. The larger posterolateral tubercle can also form as an accessory bone, the os trigonum. The os trigonum can have a wide 
variety of morphology and may exist as a separate ossicle or be fused with the lateral tubercle of the posterior process. An os trigonum is present in 50% of 
normal feet. Careful inspection of this area is needed to distinguish between an acute fracture or an incidental finding. 
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Figure 66-18. Superior and inferior views of the talus (stippling indicates the posterior and lateral processes). 


The talar neck extends plantar from the body and deviates medially, between 15 and 20 degrees from the long axis (Fig. 66-19). Along the necks 
superior surface, it is largely devoid of cartilage and has numerous perforating vessels. This region is directly vulnerable to fracture with impaction against 
the tibial plafond. The anterior ankle capsular ligaments attach to the superior neck and with severe plantarflexion injuries, capsular avulsion fractures can 
occur. The lateral surface of the neck gives rise to the inferior extensor retinaculum, the interosseous talocalcaneal ligament, and is the insertion site for the 
anterior talofibular ligament.°? The medial aspect of the neck has multiple strong ligamentous attachments, including fibers of the deltoid and talonavicular 
ligaments. The inferomedial neck provides an articulation with the middle facet of the calcaneus. 

The talar head is comprised completely of articular cartilage. This articulation is highly constrained within a portion of the midfoot known as the 
acetabulum pedis.100 This socket is composed of the navicular, anterior process of the calcaneus, spring ligament, and the insertion of the PTT. In addition 
to its osseous structure, it has multiple strong ligaments both medially and laterally that add to its stability.!°° The talar head’s articulation with the navicular 
is important as it provides the greatest degree of motion for the hindfoot joints. Its relationship within the navicular should be evaluated as any deviation or 
subluxation may signify a significant injury to the talus or Chopart joints. 


Figure 66-19. A superior view of the talus depicting the medial deviation of the neck with respect to the body. 


BLOOD SUPPLY 


As mentioned, the talus is devoid of tendinous or muscular attachments and is largely covered with cartilage allowing for little availability of vascular 
ingrowth. Because of this fact, AVN remains a significant problem after a displaced fracture of the talar neck. This has led to multiple studies evaluating the 
blood supply and collateral flow to the talus.7™91:103 Its main supply comes from the dorsalis pedis, deltoid branches, and artery of the tarsal sinus and tarsal 
canal. Together they form a rich anastomotic network that provides the potential for healing despite significant injury and displacement (Fig. 66-20). 

The posterior tibial artery feeds the artery of the tarsal canal. It forms an anastomotic sling with the artery of the tarsal sinus. This supplies the inferior 
aspect of the neck and posterior aspect of the body, and is thought by many to be the most important vascular source for the talus, as it provides vascularity 
to the lateral two-thirds of the body.°*°° The posterior tibial artery also gives rise to a deltoid branch that courses through the ligament and provides blood 
flow to the medial body.”° It further provides additional feeder vessels that form a plexus over the posteromedial talus. This plexus also has an anastomosis 
with branches of the peroneal artery that supplies the posterolateral talus. 

The anterior tibial artery (or dorsalis pedis artery) provides vascular supply as it passes distally to the dorsal aspect of the talar neck and head.”®84 These 
vessels can often be injured due to dorsal impaction of the neck on the plafond. Finally, the inferior talar head receives its blood supply from distal branches 
of the anastomotic tarsal sling. 


TREATMENT OPTIONS FOR FRACTURES OF THE TALUS 


When deriving a tailored treatment algorithm, as with any fracture, careful consideration must be given to injury characteristics and patient-specific factors. 
Treatment goals should be directed towards timely anatomic reduction of fracture and pan-talar joints with an emphasis on early patient mobilization. 
Fractures of the talus are burdened by complications that drastically affect patient outcomes, including osteonecrosis of the talar body, osteoarthritis of the 
subtalar and ankle joints, nonunion, malunion, and infection to name some of the most common. Studies have shown the potential for favorable outcomes, 
given an anatomic reduction while avoiding known complications. 108 
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Figure 66-20. Vascular anatomy of the talus. 


NONOPERATIVE TREATMENT OF FRACTURES OF THE TALUS 


Indications/Contraindications 


Most talar avulsion fractures can be treated nonoperatively. These often represent ligamentous or capsular injuries that displace a portion of the dorsal neck 
or lateral process. As these injuries are still the result of a significant applied force, they should initially be managed with immobilization, early weight 
bearing, and gradual functional rehabilitation. 

Lateral process fractures of the talus are also amenable to conservative treatment depending on their size, displacement, and level of comminution. 
Smaller fragments, or those that have minimal to no displacement, can be treated with protected weight bearing and early motion. Close radiographic 
follow-up is needed to monitor for signs of displacement or joint instability. For larger or displaced fragments, surgical intervention is required to restore the 
articular anatomy and provide joint stability. 

Small fractures of the posterior tuberosity, typically posterior to the subtalar joint, can be managed nonoperatively. Larger fragments, however, can lead 
to subtalar joint instability despite being nondisplaced initially. Nonunion or malunion of posterior process fractures can lead to rapid subtalar arthritis. For 
both posterior and lateral tuberosity fractures, non—weight-bearing precautions should last 6 weeks followed by protected weight-bearing and ROM 
exercises. 

Talar head fractures may be treated without surgical intervention if they are truly nondisplaced. Particular attention should be paid to the talonavicular 
articulation to determine if there is any associated instability or incongruity. It is essential to obtain a CT scan to properly evaluate the injury prior to 
proceeding with conservative care. For nondisplaced fractures of the talar head, the foot should be placed in a non—weight-bearing cast with follow-up at the 
6- to 8-week mark to assess for clinical or radiographic signs of union. Progressive weight bearing can usually be achieved with a well-fitted shoe and 
appropriate arch support. 


Historically, talar body and neck fractures were treated conservatively due to a limited understanding of the long-term sequelae. Nonoperative treatment 
resulted in both significant deformity and posttraumatic arthritis.1°° As our knowledge of this injury has advanced, however, it is clear that there is little role 
for conservative treatment. According to the Hawkins classification system, only type I fractures can be treated nonoperatively. When nonoperative 
treatment is considered, an anatomic reduction of both fracture as well as subtalar and ankle joints should be confirmed with a CT scan.!” If there is any 
evidence of fracture displacement or joint subluxation, this becomes classified as a Hawkins II and necessitates surgical reduction and fixation. 
Consideration for nonoperative management should also be provided to patients who have poor soft tissue envelopes or who are not appropriate surgical 
candidates. In this scenario, cast immobilization and maintenance of nonweight bearing can be performed for 6 weeks followed by continued 
immobilization in a fracture boot with progressive ROM exercises. If a casting technique is employed, it should initially be placed into gravity equinus to 
hold reduction and should sequentially be changed into neutral position over the interval weeks to avoid equinus contracture. Careful monitoring of the 
reduction is necessary throughout this process to ensure no displacement occurs. Progressive weight bearing is advanced starting at 10 to 12 weeks.!>!° This 
method of treatment carries a risk of both loss of reduction and nonunion. 

Displacement of the talar neck is associated with subluxation or dislocation of the posterior facet of the subtalar joint. As noted by Adelaar, subluxation 
of the posterior facet of the subtalar joint results from disruption of the interosseous talocalcaneal ligament. The talar body assumes a plantarflexed, 
malaligned position usually associated with varus deformity. Sangeorzan et al.!°* demonstrated the importance of even slight deformity of the talar neck. In 
their biomechanical study, residual displacements of as little as 2 mm altered the contact characteristics of the subtalar joint significantly. 


Indications/Contraindications 


Nonoperative Treatment of Fractures of the Talus: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Nondisplaced talar neck fracture 

Nondisplaced talar body fracture 

Nondisplaced talar head fracture 

Nondisplaced talar lateral or posterior process fracture 

Incomplete or stress fracture of the neck, body, or head 

Poor surgical candidate—critical medical comorbidities, nonambulator with spinal cord injury/neuropathy 


Relative Contraindications 


e Fracture displacement/instability 

e Ankle or subtalar incongruity 

e Nonunion or incomplete healing with persistent pain 

e Tendon or nerve impingement with posterior process fractures 


Closed Reduction 


Initial treatment of displaced talar neck fractures should consist of an immediate soft tissue evaluation. Assuming that there are no structures at risk, and for 
fractures that do not exhibit significant incongruity of the ankle or subtalar joint (Hawkins IIA), a well-padded short-leg splint should be applied in slight 
plantarflexion. Delayed fixation can then be performed based on soft tissue integrity and surgeon preference. 

Talar neck fracture with dislocation of the body either at the subtalar joint (Hawkins IIB) or at both the subtalar joint and the ankle (Hawkins IID) is 
commonly associated with significant deformity and soft tissue compromise. Urgent reduction and relief of soft tissue pressure preventing skin necrosis is 
critical. Obtaining a successful closed reduction requires both adequate analgesia and sedation for the patient in combination with appropriate reduction 
technique. The literature remains replete with failed closed reduction attempts, necessitating open reduction, in the operating room with a well anesthetized, 
and paralyzed patient. While the timing of fracture fixation may be controversial, immediate reduction of the talar body is not, and should be performed 
urgently. The essential technique involves bringing the foot, including the talar head, to the residual talar body fragment. This requires the talar body to be 
reduced within the ankle mortise. In a type II fracture with subluxation or dislocation of the subtalar joint, a reduction is most likely to be successful with 
the knee flexed and the foot slightly plantarflexed. This relaxes the gastrocsoleus complex and brings the talar head fragment into proper relation to the 
body. At that point, any varus or valgus malalignment can be corrected as well. Once the reduction is achieved, excessive dorsiflexion will cause a 
displacement of the head fragment, and therefore radiographs to confirm reduction should be performed with the foot splinted in a comfortable position of 
slight equinus. 

The location of the talar body dislocation in a Hawkins III type dictates the reduction technique to be used. The talar body is often extruded posteriorly 
or posteromedially. In the latter case, the fragment can often become buttonholed through capsule or fascia, making closed reduction near impossible. After 
induction and sedation in the operating room, the leg should again be flexed at the knee to relax the gastrocsoleus complex. Longitudinal traction should be 
applied through the ankle and the fragment can then be manipulated back underneath the plafond using manual pressure. Subtle additional varus or valgus 
forces may aid in the reduction. Once the body is reduced, the foot is held in plantarflexion and a well-padded, molded splint is applied (Fig. 66-21). 

Because of a soft tissue buttonhole, however, a dislocation may be irreducible (Fig. 66-22). Multiple closed attempts should not be performed, as this 
can cause additional soft tissue and bony or articular surface damage.®! An external fixator or femoral distractor may be applied to create additional traction 
force; however, this may only tighten the posteromedial structures, resulting in a worsening of the buttonhole effect. If the fragment cannot be simply 
reduced using these methods, an open reduction under direct visualization (usually through a separate posteromedial incision) is suggested. Care should be 
taken with placement of the incision as this may impact future surgical planning. Based on the surgeon’s familiarity with operative intervention for these 
fractures, immediate open reduction and internal fixation (ORIF) may be performed at that time. 


OPERATIVE TREATMENT OF FRACTURES OF THE TALUS 


Talar Neck Fractures 


Indications/Contraindications 


Displaced talar neck fractures (Hawkins type II-IV) should be considered operative fractures. Blood supply to the talus is tenuous and often becomes 
disrupted with displacement. An anatomic reduction with stabilization of the talar neck provides restoration of the anatomy and may allow for reperfusion 
and healing of the vascular channels. Stable fixation allows for early motion without weight bearing, which is known to be beneficial in maintaining the 
integrity of the articular cartilage. 


A B 
Figure 66-21. A: A Hawkins III talar neck fracture-dislocation with significant displacement. B: Postreduction x-rays show reduction of the talus with minimal 
residual displacement. Reduction of these injuries is challenging and requires open reduction if a single attempt of closed reduction is unsuccessful. 


Figure 66-22. A: An irreducible talar fracture-dislocation that required urgent operative reduction after a failed closed reduction attempt. B: Reduction was 
performed using a posteromedial approach. 


Talar neck fractures are periarticular fractures. Anatomic alignment of the neck is crucial for normal function of the ankle and subtalar joints. Even a 
small amount of incongruity can significantly change the biomechanics of the ankle and hindfoot.”* These injuries typically assume a dorsiflexed and varus 
alignment.!© If this position is not corrected, it will lead to forefoot adduction, loss of subtalar motion, and possibly a rigid hindfoot cavus. In addition, 
many fractures can have comminution and displacement causing subtalar intra-articular loose bodies. If these are not removed, rapid degeneration of the 
subtalar joint can occur. 

For these reasons, operative treatment with stable fixation is the recommended treatment for all displaced talar neck fractures. Only in rare nondisplaced 
talar neck fractures should nonoperative cast immobilization care be provided to patients. 


Open Reduction and Internal Fixation 
Preoperative Planning 


ORIF of Talar Neck Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table/footboard 

Position/positioning aids LJ Supine, bump is placed under the operative hip. Limb is draped from thigh down 
Fluoroscopy location LJ Contralateral side 

Equipment Small fragment instruments (3.5 mm/4.0 mm) 


Mini-fragment plating system (2.0-2.7 screws) 
Variety of pointed reduction clamp sizes 


Kirschner wire (K-wire) rack 


Available: 
Cannulated screws (4.0 mm) 
Schanz pin/Joystick set 
Femoral distractor/External fixator/Calcaneal traction bow 


Lamina spreaders 


Tourniquet LJ Typically placed nonsterile 


Other LJ Allograft bone graft (for comminuted fractures) 


A complete set of foot and ankle radiographs is needed prior to operating on talus fractures. CT scans are also highly recommended for detailing the injury, 
planning operative approach and surgical fixation. CT scan three-dimensional (3D) rendering can also assist in fracture pattern appreciation. Caution should 
be maintained, however, as small fracture fragments may be lost during computer rendering algorithms and can be missed if used in isolation. Careful 
consideration should be given if there is significant inferior talar comminution. These fragments should be addressed and reduced if possible; however, in 
the majority of cases they can only be realistically excised given their small size. The presence of these fragments should lead the surgeon to make use of a 
more traditional sinus tarsi approach, as a standard anterolateral approach will not allow for adequate visualization of the subtalar joint. Concomitant lateral 
process fragments may also require stabilization first, prior to reduction of the talar neck. 

Careful assessment of soft tissue integrity is important. Open fractures will require urgent irrigation and debridement in the operating room following 
standard management in the emergency room with a sterile dressing, early IV antibiotics and assessment of Tetanus immunization status. Particular 
attention should be paid to the location of the open wound to see if it can be incorporated into the surgical incision or requires closure following irrigation 
and debridement. Abrasions and fracture blisters may further limit the placement of incisions. The decision should be made to either stabilize the fracture 
and wait for the soft tissues to improve or modify the incision as long as it will provide adequate access for visualization and fixation. 

Prior to the start of the case, the necessary equipment should be readily available. A small fragment set as well as a mini-fragment plating system gives 
the surgeon multiple options for fixation of the varying fractures and comminution that is encountered. The selection of nonlocking or locking plates should 
be left to the individual surgeon. Often, the talus has dense cancellous bone that is amenable to lag screws alone. For areas of bone loss, locked mini- 
fragment plates that span the defect are the preferred option. Multiple K-wires and different sized clamps may be needed to provide provisional reduction. If 
there is difficulty in maintaining length and alignment, lamina spreaders, or a small fragment distractor, are helpful. Supplemental bone grafting or bone 
substitute can be used to span areas of comminution or areas of bone loss not amenable to internal fixation. Without additional support across areas of 
comminution, the fracture may shorten, typically on the medial side, creating a varus malunion. Caution around allograft use in open fracture should be 
maintained as there is an increased risk for infection and graft resorption. Malleolar osteotomy when required for visualization or reduction may be 
performed using several techniques. Classically this requires a thin sagittal saw blade and a narrow osteotome to gently crack the cartilage at the level of the 
joint surface. Finally, when osteochondral fragments are encountered, headless screws, or poly-L-lactide (PLLA) pins (Biofix; Conmed Linvatec, Largo, 
FL), may be beneficial (Fig. 66-23). 


Positioning 

The patient should be positioned supine on the operating room table, with the heel at the edge of the radiolucent table. A bolster is placed under the 
ipsilateral hip, to allow the foot to rest in a neutral position and be internally and externally rotated through the case. A tourniquet is placed high on the 
operative thigh before the skin prep. For associated lower extremity injuries that require the entire limb prepped, it can be applied sterilely. Once the patient 
is properly positioned, the fluoroscope should be set up on the contralateral side. The patient is then prepped and draped in sterile fashion. An Esmarch 
bandage is used to exsanguinate the limb and the tourniquet is inflated based on the patient’s blood pressure (typically 250-300 mm Hg). Exsanguination 
allows for improved visualization as these injuries often bleed significantly and may make visualization difficult. A bolster may be used under the operative 


limb based on surgeon preference. This facilitates fluoroscopy views as well as flexing the knee to assist in reduction technique. 


Figure 66-23. Intraoperative image of an osteochondral fracture off of the medial dome that is stabilized with bioabsorbable pins to restore the articular surface. 


Open reduction with internal fixation remains the gold standard for the treatment of all displaced talar neck fractures.*2°+!"5 Various surgical options exist 
to approach the talar neck fracture. Considerations for which approach to use include the degree and location of comminution, soft tissue compromise, the 
potential need for malleolar osteotomy (for reduction and visualization purposes), and preservation of vascular supply. The current recommendations 
require a two-incision technique to allow for assessment of reduction on both the lateral and medial sides, to correct any rotation or angular malposition.”°-8 
The incisions should be placed such that there is an adequate skin bridge, ideally 5 to 7 cm apart. Care should be taken during both approaches to create full- 
thickness flaps, and meticulous dissection should be performed to limit additional trauma to the vascular supply of the talus.!!% 

Although either approach may be used initially, the medial approach is classically performed first when there is no associated neck comminution. The 
incision begins either at the tip of the medial malleolus, or at the level of the medial ankle joint, and is carried distally to the proximal edge of the navicular— 
cuneiform joint. Dissection is carried out between the anterior and posterior tibial (PT) tendons. This exposes the superomedial talar body and neck as well 
as the medial midfoot capsular structures. The talonavicular joint capsule will be incised longitudinally for screw placement and therefore will need to be 
repaired later to prevent medial instability. 

For fractures that extend more posteriorly into the talar body, the incision can be sited slightly posterior, midway between the anterior and PTTs, to 
facilitate the creation of a medial malleolar osteotomy. When fractures of the talar neck are associated with malleolar fractures, the use of a medial incision 
will facilitate reduction and fixation of the medial malleolar fragment. In some cases, open reduction is difficult, and the talar body lies posteromedially 
with the deltoid ligament being the only remaining soft tissue attachment. In such instances, osteotomy of the malleolus preserves the deltoid ligament and 
facilitates reduction. Osteotomy of the malleolus may protect the only remaining source of vascularity for the talar body.®” 

The anterolateral approach is performed next such that any rotation and/or comminution found at the level of the neck fracture can be corrected. The 
incision starts at the anterolateral corner of the ankle (where the talus, tibia, and fibula meet) and continues distally toward the fourth metatarsal. In this way, 
both the neck and ankle are clearly exposed. In rare situations where there is lateral body comminution, this exposure allows for a lateral malleolar 
osteotomy without requiring a separate incision (Fig. 66-24). In many cases, a cortical fragment is visible at the anterolateral corner of the talar neck fracture 
at the anterior margin of the lateral process, upon which one may base an anatomic reduction. Exposure of the lateral aspect of the talus and the subtalar 
joint requires extra caution to avoid injury to the blood vessels of the sinus tarsi. 

Occasionally, for fractures that predominately involve the lateral process and inferior talus, a slightly lower, sinus tarsi incision may be preferred. This 
incision starts at the inferior tip of the lateral malleolus and extends distally in line with the fourth ray. Proximally, dissection is performed to expose the 
peroneal tendons. Care should be taken to leave them within their sheath and retracted inferiorly. The lateral capsule and associated anterior talofibular and 
calcaneofibular ligaments are typically disrupted. These should be tagged for later repair. If they are intact, they may prevent fixation and, if so, will need to 
be incised longitudinally and repaired at closure. Deep dissection is performed to expose the lateral talar process, lateral talar neck, talar head, and lateral 
aspect of the talonavicular joint. Retracting the peroneal tendons inferiorly exposes the subtalar joint. This allows for direct visualization of the articular 
surface and may give the surgeon access loose osteochondral fragments within the subtalar joint. 
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Figure 66-24. A: Medial incision used for treatment of talar neck and body fractures. MM, medial malleolus. B: Lateral approach created in line with the fourth ray 
to expose the lateral aspect of the talar neck and body. 


Technique 


ORIF of Talar Neck Fractures: 


KEY SURGICAL STEPS 


Exposure of the lateral talar neck and subtalar joint 
Exposure of the medial neck 
Reduction and temporary fixation is performed using K-wires and/or clamps 
A lateral plate is contoured to the talus and affixed with screws 
Medial fixation is performed with positional medial column screws. In rare instances, a medial talar neck plate may be applied 
Assessment of medial column stability 
Surgical repair of lateral and medial ligamentous structures. May consider percutaneous temporary transarticular K-wire fixation to stabilize and 
hold joints reduced 
LJ Meticulous soft tissue closure and splinting 


Percutaneous internal fixation is a viable technique and can be used when a closed reduction has been successful at achieving an anatomic result (see Fig. 
66-19). Similarly, for a truly undisplaced talar neck fracture with anatomic alignment, percutaneous fixation can be used to facilitate early ROM as opposed 
to cast treatment. Percutaneous fixation is most useful in noncomminuted fractures, as judging the reduction intraoperatively with fluoroscopy can be 
difficult when multiple fracture fragments are present. Screw fixation can be inserted from posteromedial, posterolateral, anteromedial, anterolateral, or 
through the lateral process of the talus. Depending upon the surgical plan, it may be useful to position the patient prone for posterior-to-anterior screw 
fixation, or on their side for posterolateral-based screw fixation. Screws placed perpendicular to the fracture line are used to stabilize the fracture fragments 
and may be inserted with or without compression technique or design. Temporary K-wire fixation may be used to stabilize a reduced talar neck fracture and 
allow for the necessary ankle manipulation providing access to definitively fix the talus. Because of the proximity of the sural nerve posterolaterally and the 
neurovascular bundle posteromedially, it is worthwhile to perform careful blunt subcutaneous dissection to avoid neurovascular injury. Potential advantages 
of percutaneous fixation include less surgical dissection, which may theoretically reduce the rates of osteonecrosis and wound complications. The 
biomechanics of plate fixation compared to screw fixation of talar neck fractures has been studied by Attiah et al.* 

In a cadaver study of comminuted talar neck fractures, the stiffness and ultimate strength of an anteromedial blade plate was equivalent to posterior-to- 
anterior screw fixation. In both techniques, the strength exceeded the theoretical shear force acting across the talar neck and provided approximately 25% 
greater strength compared to anterior-to-posterior screw fixation.° In a separate biomechanical study, Charlson et al.'® noted no structural advantage of 
lateral plate and medial screw fixation compared to posterior-to-anterior screw fixation. Additional studies have continued to confirm these findings of 
excellent biomechanical results with posterior-to-anterior screw fixation.®34 

When lateral comminution and displacement is evident on CT scan, the talus is first approached through the lateral incision. The body should be 
retracted or subluxated (often using a laminar spreader) to expose the articular surface of the subtalar joint. Free fragments should be removed from the joint 
and then irrigated. Attention should then be sequentially turned to the lateral process. If it is displaced, it should be reduced and temporarily stabilized with 
1.6-mm K-wires. The talar neck is then reduced to the body. K-wires may also be placed percutaneously from the dorsolateral aspect of the foot for 
additional stability (Fig. 66-25). Once a temporary reduction has been obtained laterally, the medial incision is then used to confirm reduction, especially in 
rotation. 

The medial talar neck is inspected and the reduction is reassessed through this second incision. If there is residual malreduction, fine tuning of the 
reduction is then performed using both incisions simultaneously. Once the reduction has been provisionally stabilized medially and laterally, intraoperative 
imaging, including lateral, AP, Canale, and Brodén views of the foot, are obtained to confirm reduction. Careful assessment should verify that the neck is 
not in varus (due to medial comminution) or dorsiflexed. 


Fig 5. Reduction of a complex comminuted talar neck and body fracture using preliminary K-wire fixation and application of a contoured lateral plate, 
followed by a medial screw. Note fixation of lateral process (white arrow). 


Fixation then depends upon the amount of comminution. In a simpler fracture without comminution, a medially placed 3.5- or 4.0-mm lag screw is 
countersunk and placed subchondrally within the medial third of the talar head (after subluxating the talonavicular joint).**** At this time, a second lateral 
screw can be placed. When the lateral process is part of the head/neck fragment, a laterally placed, nonparallel lag screw, starting at the shoulder of the talar 
neck/lateral process can be inserted across the fracture. 

When the lateral process is fractured and unstable, or is part of the body fragment, or if there is significant comminution of the neck itself, an isolated 
lateral screw cannot support a stable reduction. In these situations, a plate will be required, and it will be necessary to place the lateral fixation construct 
first. A mini-fragment plate, or custom talar neck plate, is contoured to the lateral aspect of the talus, spanning the neck and proximally to the anterolateral 
face of the talus.°~%:°’ Proper contouring of the plate and placement are confirmed via fluoroscopic imaging. Screws are then placed proximally into the 
body and distally into the neck and head. This provides a length-stable construct on the lateral side of the talus. 

Attention is then turned to the medial side. Since the lateral side is stabilized, the foot can then be brought into abduction to expose the head. A 3.5- or 
4.0-mm screw is then drilled in the talar head along the medial side of the body. This screw head is countersunk into the cartilage, such that it will not 
impinge on the navicular. Because of excessive comminution, the screw should be fully threaded and act as a medial post to hold the length of the medial 
neck, behaving more like a position screw than a lag screw. Following fixation, final imaging is obtained to confirm proper placement of the implants and 
reduction. The foot is then placed into maximal abduction and adduction to assess for impingement. The ankle is also dorsiflexed and plantarflexed to assess 
for stability. Layered soft tissue closure is performed and the skin is closed with interrupted nylon stitches ( 5-26). 

Special circumstances may arise that necessitate additional fixation strategies. If there is excessive medial comminution or extension into the head, 
additional lag screw fixation may be required into the talar head. The medial ligamentous structures may be unstable, and talonavicular, or even 
naviculocuneiform collapse may be present on intraoperative fluoroscopic stress views. If either is present, a spanning mini-fragment medial column plate 
(2.0 or 2.4 mm) may be placed across the area of instability. This plate is placed along the medial column and fixed to the medial neck and medial 
cuneiform or first metatarsal and acts as a bridge plate. For extensive medial neck comminution, a direct medial plate can also be applied, but this is a 
suboptimal situation, as the medial neck is exceeding short, and the deltoid ligament, medial malleolus, and/or medial talonavicular joint will experience 
considerable impingement from this plate (F 27). Both of these plates will require removal following healing and before weight bearing but can 
provide additional stability in addition to, or as a substitute for, a medial column screw. 


G,H l 
Figu . A 32- 2-year-old construction Si with a closed Hawkins IV talar neck fracture. Injury radiographs (A, B) and preoperative CT scan (C, D) showing 
extensive comminution. E-G: Intraoperative fluoroscopic images show restoration of the ankle, subtalar, and talonavicular articulations with anatomic reduction using 
a lateral plate and medial column screw. The patient had healed and returned to work without evidence of avascular necrosis or arthrosis. H, l: Weight-bearing 
radiographs taken at 2-year follow-up. 
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Figure 66-27. An open talar neck and calcaneal fracture had been treated with initial irrigation and debridement and external fixation at an outside facility. A, B: The 
talus was then treated with ORIF. C: Medial column instability was seen during provisional fixation. After ORIF of the talus, a medial column plate was applied to 
stabilize the talonavicular joint. D: Care was taken to place the plate such that it would not impinge on the ankle joint medially. 


Author’s Preferred Treatment for Talar Neck Fractures ( ) 


Talar neck 


fracture 


Undisplaced Displaced 


Noncomminuted Comminuted type 
Type 2 2 or type 3 or 4 


Successful Unsuccessful Joint distractor/ 
closed closed malleolar 
reduction reduction osteotomy 


Percutaneous ORIF, with two ORIF, with two 
ORIF approaches approaches 


Isolated injury Multiply injured 
patient 


Cast Percutaneous 
immobilization ORIF 


Algorithm 66-1 Author’s preferred treatment of fractures of the talar neck. 


TALAR BODY FRACTURES 


Indications/Contraindications 


Most talar body fractures require surgical intervention. Incomplete, nondisplaced or stress fractures can be managed conservatively with immobilization and 
nonweight bearing. The ankle and talonavicular joint are highly constrained joints and any displacement can lead to rapid progression of arthrosis. 

Similar to talar neck fractures, displaced talar body fractures benefit from an attempt at closed reduction prior to surgery. For those injuries with 
irreducible dislocation of the tibiotalar joint or impending soft tissue compromise, urgent operative reduction with either ORIF or external fixation should be 
performed. Often, there will be associated injuries to the ipsilateral foot and ankle, such as medial malleolus fractures, navicular fractures, or fracture 
extension into the neck and head of the talus. These injuries also require careful surgical planning for reduction and fixation techniques. 

Open Reduction Internal Fixation of Talar Body Fractures 


Preoperative Planning 


Open Reduction Internal Fixation of Talar Body Fractures: 
PREOPERATIVE PLANNING CHECKLIST 
OR table LJ Radiolucent table 


Position/positioning aids LJ Supine, bump placed under the operative hip 


Fluoroscopy location LJ Contralateral side 


Equipment Mini-fragment screws 
Small fragment screws 
Headless screws 
Variety of reduction clamp sizes 
K-wire rack 
Available: 
Schanz pin/Joystick set 
Femoral distractor/External fixator 
Bioabsorbable pins 
Lamina spreaders 


Microsagittal saw (if osteotomy is needed) 


Tourniquet LJ Typically placed unsterile 


Preoperative planning is similar to that for talar neck fractures. Initial evaluation of the injury requires strict evaluation of the soft tissues for surgical 
incision planning. Imaging studies, including full ankle and foot radiographs, and a CT scan should be obtained. Associated fractures require additional 
planning and may alter incision placement. Medial malleolus fractures, if present, can be used initially in place of a medial malleolar osteotomy to provide 
improved visualization of the fracture. 


Positioning 

The patient should be positioned supine on the operating room table, with the heel at the edge of the table. A bolster may be used under the operative limb 
based on surgeon preference. Again, this provides assistance with knee flexion and gastrocnemius relaxation aiding in reduction as well as fluoroscopic 
visualization. A tourniquet is placed high on the operative thigh before the skin prep. For associated lower extremity injuries that require the entire limb 
prepped, it can be applied sterilely. Once the patient is properly positioned, the fluoroscope should be set up on the contralateral side. The patient is then 
prepped and draped in a sterile fashion. An Esmarch bandage is used to exsanguinate the limb and the tourniquet is inflated based on the patient’s blood 
pressure (typically 250 to 325 mm Hg). Exsanguination allows for improved visualization, as these injuries often bleed significantly and may make articular 
reductions difficult. 


Surgical Approach 


The approach for the treatment of talar body fractures is similar to that described for the talar neck (see above). 

The anteromedial approach is commonly performed, as with talar neck fractures. It is generally wise to site the incision more posteriorly than usual to 
facilitate a medial malleolar osteotomy. Limited soft tissue dissection and retraction are useful to protect the blood supply. Finally, it is often not necessary 
to dissect into the talar head region, and the talonavicular joint capsule can often be preserved in its entirety.!7° 

When performing a medial malleolar osteotomy, the medial incision can be extended proximally. The distal medial tibia is exposed. Posteriorly, the PTT 
is identified. Anteriorly, the medial capsule is incised to expose the medial shoulder of the tibia. At this point, a 2.5-mm drill is passed through the medial 
malleolus twice, to create two parallel pilot screw holes. A retractor is placed posterior to the medial malleolus to protect the PTT and a microsagittal saw is 
used to cut a transverse osteotomy. The osteotomy is completed through the articular surface with the use of an osteotome to not damage the articular 
cartilage and allow for some interdigitation on eventual reduction. The osteotomy should enter into the joint at the shoulder to avoid damaging the weight- 
bearing articular surface. The deep deltoid ligament is thereby left intact to preserve the perforating artery, which may be the only remaining blood supply to 
the talus.®4 

If a lateral osteotomy is not needed, the standard lateral approach, as described above for the talar neck, is used. If a lateral malleolar osteotomy is 
required, the lateral incision is placed over the anterior fibular proximally and carried distally over the anterolateral talar dome and extended to the sinus 
tarsi in line with the fourth ray. This will provide improved access to the tibiotalar joint, direct visualization of the fibula for an osteotomy and will still 
allow access to the subtalar joint. Dissection is carried out through the soft tissues. The superficial peroneal nerve must be identified and protected. An 
anterolateral ankle capsulotomy is performed and deep dissection is carried out to allow appropriate exposure with the medially based incision. 

Alternatives to malleolar osteotomies for talar body exposure have been explored. A recent cadaveric study by Magnusseon et al.®® demonstrated 
comparable exposure of the talar body using a posteromedial approach augmented with joint distractor and gastrocnemius recession in comparison to a 
medial malleolar osteotomy. When comparing exposure offered by the posteromedial and posterolateral approaches to the talar body, the posteromedial 
approach has been shown to offer greater exposure of the talar dome.?° 


Technique 


KEY SURGICAL STEPS 


,/ | Open Reduction Internal Fixation of Talar Body Fractures: 


Medial surgical exposure with an anteromedial ankle capsulotomy to visualize and mobilize the fracture 

If there is poor visualization of the fracture medially, a medial malleolar osteotomy can be performed 

Lateral surgical exposure is performed with an anterolateral capsulotomy to visualize the intra-articular fracture and allow for reduction 
Temporary reduction of talar body fragment held with K-wires and clamp(s) 

Lag screw fixation of the fragment(s) or bioabsorbable pins for fragments not amenable to screw fixation 

If performed, the medial malleolar osteotomy is then repaired 

The ankle should then be stressed under fluoroscopy and any ligamentous instability should be addressed 


COLOCLO 


LJ Meticulous soft tissue closure and splinting in neutral dorsiflexion 


ORIF remains the current standard for displaced fractures of the talar body. Following exposure, the fracture is inspected. If there is poor visualization, 
particularly with extension of the fracture into the posterior half of the talar body, a medial malleolar osteotomy should be performed as previously 
described. First, comminuted fragments in the tibiotalar and subtalar joints that are not amenable to reconstruction should be removed and the larger fracture 
fragments should be irrigated and debrided of clot and bone fragments. The foot is plantarflexed and the posterior fragments reduced first and stabilized 
with K-wires and small bone reduction forceps. The fracture is then built from a posterior-to-anterior fashion and held with multiple K-wires. Bone defects 
larger than 1 cm? are usually grafted primarily. The distal tibia provides a reasonable source of cancellous bone through current incisions. A simple 
trephination technique into the metaphysis allows removal of approximately 2 to 3 cm of bone, which can then be impacted into the defect. Following 
reduction, direct inspection and fluoroscopic imaging is used to assess reduction of fracture and peritalar joint alignment. Mini-fragment screws (2.0 to 2.7 
mm) are then placed across the multiple fracture planes. The heads should be countersunk underneath the cartilage. Screws can be placed from any surface 
that is accessible. Anterior-to-posterior screws can be placed from the lateral surface of the talar neck, which is not covered by articular cartilage. Although 
not used by the authors, headless screws can also be used per surgeon preference. Following fixation, fluoroscopic imaging is used to confirm proper 
reduction and screw placement (Fig. 66-28). 
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Figure 66-28. A 43-year-old man who sustained a comminuted talar body from a motor vehicle collision. Radiographs (A, B) and CT scan (C) reveal a comminuted 
body fracture with extension into the neck. D-F: Intraoperative images following ORIF. G, H: Follow-up radiographs obtained at 16 months after surgery. 


For fractures that have sheared cartilage fragments with subchondral bone that is too shallow for screw fixation, bioabsorbable pins can be useful.*!10 
The fragment should be K-wired into place and the bioabsorbable pins are placed and then cut flush with the articular surface. At least two pins should be 
used per fragment (when possible and based on fragment size), since they do not provide the same stability as screw fixation. The articular surface is 
inspected and exposed subchondral bone should be drilled to allow for healing similar to a microfracture technique. 

The medial malleolar osteotomy or fracture should be fixed either with positional screws or screws and antiglide plate fixation. The talar dome is then 
reduced within the ankle and the ligamentous structures medially and laterally must be repaired if torn or cut. The ankle should then be stressed under 
fluoroscopy to evaluate for instability within the plafond, and the syndesmosis should also be stressed. If the anterior talofibular ligament is torn, it must be 
repaired. Meticulous soft tissue closure is performed and the skin is closed with interrupted nonabsorbable stitches (Fig. 66-29). 


Figure 66-29. A medial malleolar osteotomy for treatment of a talar neck/body fracture using an antiglide plate. 


Author’s Preferred Treatment for Talar Body Fractures ( ) 


Talar body 
fracture 


Nondisplaced Displaced joint 


Cast 
immobilization 


Fracture posterior Fracture anterior 


to midsagittal line to midsagittal line 


Medial malleolar 


osteotomy Dual approaches 


ORIF with screw 
fixation 


Algorithm 66-2 Author’s preferred treatment for fractures of the talar body. 


TALAR HEAD FRACTURES 


Indications/Contraindications 


Talar head fractures are relatively uncommon and are often missed.”°-°! These fractures can have variable size and morphology but are usually shear- or 
compression-based fractures.” A CT scan for these fractures is critical. For truly nondisplaced fractures, closed treatment can be employed in a short non- 
weight-bearing cast. Small fragments that are trapped within the talonavicular joint can be treated with excision.*° For any displaced, larger fragments or 
fractures with instability of the talonavicular joint, surgical intervention is indicated.*} 108 

Open Reduction Internal Fixation of Talar Head Fractures 


Preoperative Planning 


Open Reduction Internal Fixation of Talar Head Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 
Position/positioning aids LJ Supine with a bump under the operative hip 
Fluoroscopy location LJ Opposite the operative site 
Equipment Mini-fragment plating system (2.0-2.7 screws) 
K-wire rack 
Available: 


LJ Small distractor (Hinterman)/External fixator 
Tourniquet LJ Typically placed nonsterile 


Other LJ Cancellous allograft (if needed) 


Positioning 


Supine as described earlier. 


Surgical Approach 


The surgical approach can be dorsomedial, dorsolateral, or combined depending upon where the displaced fragments are located. It is best to make an effort 
to preserve whatever portions of the talonavicular capsular and ligamentous supports are intact. For smaller fragments that will be excised only, a single 
approach can be used over the fragment. For larger fragments, medial and lateral incisions are used to allow for adequate exposure and reduction of the talar 
head. The medial approach is performed using an incision that extends from the medial talar neck to the distal end of the navicular. This incision uses the 
interval between the tibialis anterior and tibialis posterior tendons. The dissection is carried down to the talar neck and subperiosteal flaps are developed to 
expose the medial fragment, which is often comminuted and impacted onto the medial neck. It should carefully be disimpacted and one or two K-wires are 
placed into the fragment to act as joysticks. An incision is next made laterally using the distal aspect of a sinus tarsi approach. This incision is made in line 
with the fourth metatarsal shaft. Branches of the superficial peroneal nerve are identified and protected. The extensor digitorum brevis is split longitudinally. 
Again, subperiosteal dissection is undertaken to reveal the talar head. 


Technique 


KEY SURGICAL STEPS 


/ | Open Reduction Internal Fixation of Talar Head Fractures: 


Medial surgical exposure to visualize and mobilize the fracture 

Lateral exposure to visualize the intra-articular fracture and allow for reduction 

Temporary reduction performed with K-wires and clamp(s) 

Lag screw fixation of the fragment 

The talonavicular joint is then stressed to assess congruity and stability of the medial column 

If the medial column is unstable or for extensive comminution, consideration can be given to applying a medial column spanning plate 
Meticulous soft tissue closure and splinting 


Following exposure, the forefoot is then abducted and adducted to expose the fracture. Hematoma and any callus is debrided. The fracture reduction can be 
evaluated through the lateral incision while the fragment is controlled using the K-wires through the medial incision. Once adequate reduction is achieved, 
K-wires can be placed laterally and/or medially to secure the reduction. The reduction is then assessed using AP, lateral foot, and Canale fluoroscopic 
views. 

If there is significant comminution, cancellous bone grafting can be used to provide support medially. Mini-fragment screws are placed in a medial-to- 
lateral fashion to secure the reduction. Depending on the size of the fragment, lateral-to-medial screws may also be used. Intraoperative fluoroscopic 
imaging is needed to ensure that there is no intra-articular screw penetration. Following screw placement, the talonavicular joint should be adducted and 
abducted to ensure there is no “catching” which may be due to either a proud screw or a malreduced fracture (Fig. 66-30). 

At this time, the medial column alignment should be assessed for stability. Fractures that have associated dislocations may show continued signs of 
instability. If this is present, either a K-wire pinning of the talonavicular joint or a medial column bridge plate can be applied to span the joint. This is also 
useful in situations where there is extensive comminution and there are concerns regarding stability with screw fixation alone. A contoured mini-fragment 
or small fragment plate is used. Care must be taken to contour the plate around the navicular tubercle. If the plate is too rigid or undercontoured, the foot can 
be placed into an abducted position. The deep capsular tissues and skin are closed using a meticulous, layered fashion. A short leg splint is then applied. 


POSTERIOR TALAR PROCESS FRACTURES 


Indications/Contraindications 


Posterior talar body fractures are rare and often occur due to axial loading on a plantarflexed foot. Careful evaluation of the fracture is needed to identify a 
new fracture from a preexisting os trigonum. For small fractures or nondisplaced fractures, closed treatment in a cast can be performed similarly to talar 
head injuries.®° For injuries that involve the posterior subtalar joint, operative treatment is needed to restore the articular surface of subtalar joint and 
preserve stability.4”°° Any displacement will likely lead to rapid progression of arthrosis if left malreduced. 


Figure 66-30. A 22-year-old man injured his foot while skateboarding, but the injury was not recognized until 2 weeks later. The lateral radiograph shows a double- 
density sign at the talonavicular joint (A) and the CT images confirm the talar head fracture-dislocation (B). Medial (C) and lateral (D) incisions were used to 
disimpact the fragment and to confirm reduction. E: Temporary K-wires were used to provisionally stabilize the fracture. F-H: The fracture was stabilized and a 
medial column plate used due to talonavicular instability. l, J: Postoperative weight-bearing radiographs following plate removal. 


Open Reduction Internal Fixation of Posterior Talar Process Fractures 
Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


,/ | Open Reduction Internal Fixation of Posterior Talar Process Fractures: 


OR table LJ Radiolucent table 

Position/positioning aids LJ Prone with foot at the end of the table 

Fluoroscopy location LJ Opposite the operative leg 

Equipment Mini-fragment plating system (2.0-2.7 screws) 
K-wire rack 


External fixator or femoral distractor 


Tourniquet LJ Typically placed nonsterile 


Positioning 
The patient is positioned in the prone position over a bolster such that the operative foot is at the end of the table or slightly overhanging, which can aid in 


dorsiflexion during the case. All bony prominences should be well padded. A nonsterile tourniquet is applied to the upper thigh. As proper imaging can be 
difficult, preoperative positioning for fluoroscopic images should be confirmed prior to prepping. 


Surgical Approach 


The leg is elevated, exsanguinated, and the tourniquet is inflated. Either a posterolateral or posteromedial incision is placed based on the location of the 
fragment and fracture lines. A posteromedial incision is made just medial to the Achilles tendon. The tendon is retracted laterally and the deep fascia is 
incised longitudinally. This exposes the FHL muscle belly and tendon, which are freed from the posterior bone, and mobilized medially. Medial to the 
tendon lies the neurovascular bundle. The fixation window should have the Achilles tendon as its lateral border and the FHL, flexor digitorum longus 
(FDL), tibialis posterior, and the neurovascular structures as the medial border. Deep to the FHL muscle belly lies the posterior ankle and subtalar capsule. 
Posterolateral incisions are made just lateral to the Achilles tendon and are deepened in the interval between the FHL and peroneal tendons. 

The capsule should be incised horizontally if still intact and retracted. For larger fragments, it can be difficult to visualize the articular surface. In this 
scenario, an external fixator (or femoral distractor) can be applied and consideration of a gastrocsoleus recession used. Pin(s) are placed into the tibia 
posteriorly and a transcalcaneal pin is placed. In-line traction is applied to distract both the ankle and subtalar joint. Additionally, dorsiflexion of the ankle 
can help with visualization of the posterior talar dome. 


Technique 


KEY SURGICAL STEPS 


,/ | Open Reduction Internal Fixation of Posterior Talar Process Fractures: 


Posteromedial or posterolateral incisions using prone positioning 

The fracture is exposed and mobilized 

Temporary reduction is performed with K-wires 

Lag screw fixation alone is performed. The implants must not limit ankle/subtalar motion. FHL must move freely 
Meticulous soft tissue closure is performed 


The fracture is exposed. Often there is comminution, and small osteochondral fragments can be removed. If the subtalar joint is highly comminuted, most of 
these fragments should be gently manipulated into better alignment and left in place. If the subtalar joint is impacted, the surface must be repositioned, and 
cancellous impaction grafting is used above the articular surface before positioning the larger posterior fragments back in place. The larger fragments are 
then sequentially reduced with K-wires and/or reduction clamps. As these fragments are completely covered in articular cartilage, plates cannot be used, and 
must be secured with countersunk, mini-fragment, lag screws. The surgeon must ensure there is no impingement posteriorly, either at the subtalar joint, the 
ankle, or especially so as not to catch the FHL tendon. Screws may be best placed in the medial posterior tubercle of the talus, next to the FHL groove, as 
this is a bare area of the talus and has no cartilage. Care should also be taken to avoid entry into the subtalar joint with a posteriorly directed screw. ROM is 
then tested to make certain the implants do not block plantarflexion of the ankle. Final images should be obtained to confirm reduction and the placement of 
the screws. Layered soft tissue closure is performed and the skin is closed with interrupted nylon stitches (Fig. 66-31). 


LATERAL TALAR PROCESS FRACTURES 


Indications/Contraindications 


Low-energy mechanisms are the cause of most lateral process fractures. Often these fragments are small and have little if any displacement. For small 


fragments entrapped within the subtalar joint, they may be excised without creating joint instability. These injuries can be treated conservatively with early 
mobilization. Larger fragments, greater than 1 cm, or those with displacement of the subtalar joint benefit from surgical intervention.*?“° Larger fragments 
have the potential of creating subtalar instability, which is an absolute indication for operative treatment.!°? With high-energy mechanisms, there may be 
significant comminution of the subtalar joint that is not reconstructible. This is best seen on preoperative CT scan. While consideration could be given to 
primary subtalar arthrodesis (Fig. 66-32), its role is limited as a primary surgical option, and all attempts should be made to salvage the subtalar joint (Fig. 
66-33). 


Open Reduction Internal Fixation of Lateral Talar Process Fractures 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Open Reduction Internal Fixation of Lateral Talar Process Fractures: 


OR table LJ Radiolucent 


Position/positioning aids Supine 
Bump placed under the ipsilateral hip 


Lateral on a bean bag 


Fluoroscopy location LJ Opposite of the surgical extremity 
Equipment LJ Mini-fragment screws and plating system 
Tourniquet LJ Typically placed unsterile 
Other LJ Bioabsorbable pins 

Positioning 


The patient is placed lateral on the operating room table using a bean bag and axillary roll. All bony prominences are padded especially the down-leg 
peroneal nerve region. The down leg is kept straight so the foot will not be superimposed during fluoroscopic imaging. A tourniquet is placed high on the 
operative thigh. Fluoroscopy is positioned opposite to where the surgeon stands. A bolster may be used under the operative limb based on surgeon 
preference. This should be small enough to move back and forth so that the surgeon can place it either under the heel or under the ankle to assist reduction 
and fixation as needed. Preoperative images are obtained to ensure that appropriate lateral, mortise, and Brodén views of the ankle can be obtained. 


Surgical Approach 


A small sinus tarsi incision is created extending from the tip of the distal fibula in line with the fourth ray for approximately 3 cm. The extensor digitorum 
brevis tendon is incised longitudinally and dissected plantarly and dorsally. If the lateral ankle capsule and ligamentous structures are intact, they are incised 
longitudinally to expose the lateral talar process and the subtalar joint. 


i 1. A 54-year-old man sustained a posterior process and associated talar head fracture. X-rays (A, B) and CT scans (C, D) reveal a large posterior process 
wail instability, Intraoperative imaging (E, F) and postoperative CT scan (G) confirm anatomic reduction, with no arthrosis seen on 2-year follow-up x-rays (H). 


D,E F 
Figure 66-32. A, B: A 42-year-old sedentary patient with a comminuted lateral talar process fracture. C, D: CT images show medial involvement of the inferior talus 
with comminution. E, F: Intraoperatively, the fracture was not amenable to internal fixation and was treated with primary arthrodesis. 


Technique 


y4 Open Reduction Internal Fixation of Lateral Talar Process Fractures: 


KEY SURGICAL STEPS 


Sinus tarsi approach 
The fracture is debrided and mobilized 
Depending on fracture characteristics, this can be treated with ORIF with mini-fragment screws or a mini-fragment plate depending on 
comminution 
LJ The lateral ankle capsule and ATFL should be repaired 


The joint is distracted and the fracture is mobilized. Loose, small osteochondral fractures are removed from the wound and the remainder of the fracture is 
assessed. The larger fragments are reduced, which help temporarily with K-wires and clamps. Reduction is assessed with fluoroscopic images and direct 
visualization. If there are one or two large fragments, these can be stabilized with mini-fragment lag screws (2.0, 2.4, or 2.7 mm). If there is comminution 
that can be reduced, but is not amenable to screw fixation, a mini-fragment talar neck plate, which stabilizes itself on the lateral talar neck, shoulder, and 
lateral process, can be used to buttress those fragments (Fig. 66-34). Once completed, the ATFL must be repaired if it was cut for fracture repair. 


EXTRUDED TALUS 


Extruded talus is a rare but significant injury that occurs as a result of open injuries of the ankle.°>!°” The talus typically has some small soft tissue 
connection that tethers it to the leg. Sometimes, all attachments are lost and the talus can be completely expelled from the wound. Treatment of this injury 
remains controversial as there is minimal literature to guide treatment given its rarity and with outcomes that are notoriously poor, including AVN, 
osteoarthritis, and infection to name some. The general principles of management for lower extremity open injuries should remain consistent in this scenario 
(Fig. 66-35). 
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€ A 21-year-old rugby player sprained his ankle. AP ankle x-ray (A) reveals a comminuted lateral process fracture (arrow), and a peroneal sleeve 
avulsion fracture is seen on the mortise view (arrow in B). C: CT scan obtained for preoperative planning. The patient was treated with 2.4-mm lag screw fixation. D, 
E: Postoperative x-rays reveal satisfactory reduction of the lateral talar process with peroneal retinacular repair. 


For fractures that have remaining soft tissue attachments, reduction should be attempted immediately in the operating theatre, in addition to initial 
irrigation and debridement. Reduction will minimize continued compromise of the soft tissues. Stabilization typically with an external fixator is then 
performed with K-wire pinning to stabilize the talus at both the subtalar and talonavicular joint. In the largest study of extruded tali, a total of 27 patients 
were treated with reimplantation of the talus.*’’ Nineteen of those patients had a minimum of 12-month follow-up. Infection was seen in only two patients. 
Secondary procedures were required in 7 of the 19 patients. Others have also described successful results with reimplantation of the talus in smaller studies 
and case reports. Finally, if the extruded intact talus is brought in from the scene separately, it may be placed in an abdominal pouch after irrigation for 
several days before reinsertion. This technique has been described by Lindvall et al. with acceptable results.® 

In cases in which the talus is missing, significantly contaminated, or extensively comminuted, reimplantation may not be feasible. In this scenario, the 
wound should be adequately debrided and an antibiotic cement spacer should be placed in combination with an external fixator to maintain length and 
alignment (F 36). Delayed reconstruction/triple fusion with either structural or nonstructural allograft can be performed through a Masquelet-based 
technique.°! Various isolated case series have shown that reasonable results can be achieved in this complex injury. Management of the extruded talus exists 
largely as a salvage situation. Patient expectations should be managed appropriately given the high complication rate and potential necessity for subsequent 
surgical procedures. In rare cases, a Syme or below-knee amputation will be necessary. 
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Figure 66-34. A: CT scan reveals a large lateral process shear fracture with comminution. B, C: A lateral buttress plate is used for fixation. 


EF G,H 
Figure 66-35. A 27-year-old male with an extruded talar neck fracture that was brought urgently to the operating room. Clinical image (A) and initial radiographs (B, 
C) show the extruded talus. D+F: The patient was treated with irrigation and debridement, ORIF, and closure. G, H: He went on to heal with heterotopic bone and no 
evidence of AVN. 


ANAS A 


Figure 66-36. An open, comminuted talar body fracture with bone loss and significant contamination that was treated with irrigation and debridement with placement 
of an antibiotic cement spacer. AP (A) and lateral (B) radiographs showing the ankle in a reduced position maintaining height and hindfoot articulations. C: The 
cement spacer was molded in the shape of the native talus that can easily be removed to allow for reconstructive procedures. 


POSTOPERATIVE CARE 


The postoperative care is similar for all fractures of the talus. The patient is initially splinted in a slight plantigrade position until the soft tissues are well 
healed. The patient is then transitioned into a removable fracture boot at 2 weeks if the soft tissues are stable, and ankle and subtalar ROM exercises are 
initiated. Non—weight-bearing precautions are continued for 10 to 12 weeks. The patient is then transitioned into an ankle brace with physiotherapy started. 

Radiographs are taken at sequential intervals to assess for fracture healing and the development of AVN. Revascularization can be seen as early as 6 to 8 
weeks with subchondral lucency seen on the mortise view (positive Hawkins sign). Alternatively, MRI may be used to determine the status of perfusion of 
the talus. It provides the most sensitive imaging technique for assessment of early AVN with the initial finding of bone marrow edema (ill-defined 
hypointensity on T1-weighted images and patchy increased signal on T2-weighted/fluid sensitive sequences). Bone marrow edema correlates with 
histologic findings of ischemic death of hematopoietic cells, capillary endothelial cells, and lipocytes with subsequent increase in extracellular fluid in the 
bone present by the second week after infarction.!° Healing on plain radiography can be difficult to determine and CT scans may be obtained to evaluate 
degree of union. It is important to follow patients for the development of AVN as this can happen anytime within 36 months of fixation. The complexity of 
the injury and potential for complications such as nonunion and AVN should be discussed with the patient preoperatively and throughout follow-up. 


POTENTIAL PITFALLS AND PREVENTIVE MEASURES 


Fractures of the Talus: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Talar Neck Fractures 


Poor understanding of the injury and fracture pattern e Complete preoperative imaging including CT scans. Contralateral views can be used to determine alignment 
e Proper evaluation of the soft tissue envelope 


Poor visualization for reduction e Surgical incisions can be extended to allow for better visualization 
e Medial malleolar osteotomy can be used for fractures extending posteriorly 


Dealing with multiple comminuted fragments e Small osteochondral fragments can be excised and emphasis should be placed on restoring stability and congruity to the 
ankle and subtalar joints 


Varus malunion e Proper use of the Canale view should allow the surgeon to evaluate medial column alignment. Placing the lateral 
plate/screws first will hold the talus into proper alignment and prevent medial compression and shortening 


Dorsal malunion e Holding the foot in plantarflexion will help to hold the fracture in a reduced position. Contralateral imaging can provide 
information on proper alignment 


AVN e Minimizing additional surgical dissection and stripping of remaining soft tissues and vascular channels are crucial 


Continued medial column instability/extensive e Placement of a medial column spanning plate while holding the medial column in appropriate length and alignment 
medial comminution 


Talar Body Fractures 


Poor visualization of the talar dome e Improved visualization can be achieved by using either medial and/or lateral malleolar osteotomies 

Osteochondral fractures or shear injuries to the e Bioabsorbable pins can be used to stabilize small fractures or fragments with minimal subchondral bone 

cartilage 

Prominent implants e Fully countersink screws under the articular cartilage 

Posterior talar body comminution e  Plantarflexion and distraction can help improve visualization and the fracture can be reconstructed in a posterior-to- 


anterior fashion 
Talar Head Fractures 


Difficulty visualizing the fracture e Adduct the foot to expose the joint from the lateral side 
e Use a distractor across the joint 


Varus alignment e Disimpact the fracture medially. Consideration can be given to using cancellous bone grafting 
Extensive medial comminution e Use a spanning medial column stabilizing plate 
Talonavicular or medial column instability e Use a medial column stabilizing plate or pinning of medial column with K-wires 


Posterior Talar Process Fractures 


Poor visualization e Place an external fixator or femoral distractor 
e Dorsiflexion and traction will aid in visualization 


Implant impingement e Plan placement of implants 
e Need to countersink screws subchondrally 


Lateral Talar Process Fractures 
Poor understanding of fracture characteristics e Proper imaging including radiographs and CT scan 


Destabilizing the subtalar joint due to excision of e Preoperative planning for the possibility of arthrodesis 
nonreconstructible fragments 


Extruded Talus 


Significant contamination of wound or irreparable e Masquelet technique with cement spacer for delayed reconstruction 
talar comminution 


Unstable reduction e Spanning external fixator or Steinmann joint pinning 


OUTCOMES 


Talar Neck Fractures 


The degree and severity of initial injury is what often dictates outcomes and complications in patients with talar neck fractures. Modern concepts of fixation 
and advances in technique with improved soft tissue management have helped in terms of decreasing rates of complications. 16?3-33,98.113 Fractures with 
open injuries, dislocation, and excessive comminution continue to experience poor outcomes with significantly increased rates of complications.63-98,113 

Hawkins nondisplaced fractures (Group I) have not commonly been associated with AVN.*+5*885 Rates vary across the literature but are generally 
low, with a reported incidence of AVN of up to 13%. Patients commonly develop stiffness of the ankle and subtalar joints during the postinjury period, 
however, which may be difficult to resolve afterward.®? 

Group II fractures were the most unpredictable injuries with a 42% rate of AVN in Hawkins series*? and a 50% AVN rate in Canale’s study.!© During 
the more modern era of internal fixation, although the rate of AVN has decreased, it still ranges from 0% to 20%.*1°°.8! It is often difficult for the surgeon 
to clearly advise the patient on the expectation of AVN, because these fractures are so variable in their presentation. Vallier et al.!!® were the first to 


evaluate group II fractures specifically. They subcategorized group II fractures into Ia (subluxated subtalar joint) and IIb (dislocated subtalar joint) groups. 
In their study, no patients in the Ila group developed AVN (similar to group I) while 25% of the IIb patients developed AVN with collapse. This finding has 
had tremendous implications for long-term outcomes, as the surgeon (and patient) now has a clearer understanding of what to expect, based on the initial 
subtalar joint injury pattern. Although the rates of AVN are now better overall, most patients with group II fractures will, at the very least, still develop 
stiffness and likely progress on to the development of subtalar arthrosis. 16:80.81 

Group III and IV fractures are the most severe category of injury with higher-energy mechanisms leading to increased complications and, with it, worse 
outcomes. 1644.54.82 Up to 50% of these injuries can be open, and even closed injuries have displacement that places significant tension on the skin and soft 
tissues. The presence of AVN, with or without collapse, is extremely high in these injuries and has been reported to be between 51% and 75%,°481,82 
Maceroli et al. reported on 26 patients with group III fractures treated with current ORIF techniques, and still had an AVN rate of 27%.°” Similar results 
were shown in Vallier’s study with an overall rate of 41%. The more recent study of Choi et al.!9 looking retrospectively at 20 years’ worth of clinical 
experience demonstrated a 71.4% AVN rate for type III and IV fractures. Due to the increased complexity of these types of fractures, there is also a higher 
rate of malunion and nonunion.?®67:82 Overall, functional results are often poor, and secondary procedures are common following these injuries. !644:81,82,108 
Sanders et al. showed that 25% of patients required a revision surgery within 1 year and 50% within 10 years even after appropriate ORIF.%8 

The most common secondary procedures were subtalar or triple arthrodesis, followed by ankle arthrodesis; and the most common reason to perform a 
secondary procedure was posttraumatic arthritis. Posttraumatic arthritis was found to be linked with fracture comminution, Hawkins type III or IV injuries, 
and patients with ipsilateral extremity injuries.’ 


Talar Body Fractures 


Talar body fractures have a wide range of injury patterns. The main goal is to restore anatomic alignment to the articular surface and restore normal 
congruency to the ankle and subtalar joint. Echoing outcomes of talar neck fractures, results from talar body fractures are directly related to the degree of 
bony as well as soft tissue damage at the time of the initial injury.!°° Recent studies reaffirm the significant risk of postoperative infection with open talar 
fracture dislocations. One study presented a 41% rate of postoperative infection averaged across all Gustilo—Anderson classifications of open talar fractures 
with increasing incidence in those of higher grade.® Levitt et al. performed a retrospective review of 154 patients with open peritalar fracture dislocations 
over an 11-year period. Results demonstrated statistically significant risk factors for postoperative infection to include increasing grade of Gustilo—Anderson 
open fracture, older age, and current smoking. 

Other factors affecting outcomes of talar body fractures include residual subluxation of the ankle and subtalar joints or direct articular injury. Injuries to 
the talar body can lead to a variety of postoperative complications such as AVN, malunion, and posttraumatic arthritis. 


Talar Head Fractures 


There is a paucity of literature on the treatment and results of displaced talar head fractures. Closed treatment for nondisplaced fractures of the talar head 
does produce good outcomes. Most authors agree that it is important to restore talonavicular anatomy and medial column alignment. This can be done with 
open reduction internal fixation or even excision for smaller displaced fragments. Residual malalignment and incomplete reduction can lead to rapid 
arthritic changes given significant biomechanical forces across the talonavicular joint. Malunion is a rare complication but can create significant instability 
of the Chopart joint complex. 


Posterior Talar Process Fractures 


There are limited studies on fractures involving the posterior aspect of the talus. Nonoperative treatment may lead to nonunion, which is likely 
asymptomatic for smaller fragments.” Nonunion for larger fragments can alter the mechanics of the subtalar and ankle joint resulting in arthritis.° 
Operative management of these larger posterior talus fractures has been suggested to have promising functional outcomes for patients.!2° In addition, 
subtalar instability may occur and can progress to rapid arthrosis of the joint. Many patients have limitations in ankle motion due to posterior ankle scarring 
and can experience FHL tendinitis and posteromedial impingement symptoms after surgical treatment requiring a posterior approach. 


Lateral Talar Process Fractures 


The key to treating lateral process fractures is early recognition of the injury with treatment consisting of either operative reduction or excision. Valderrbano 
et al. documented treatment in 20 snowboarders and showed good results, with an average American Orthopedic Foot and Ankle Society (AOFAS) score of 
93.112 In their study, they showed improved results for operatively treated fractures. Von Knoch et al. showed similar results in a series of snowboarders 
with 65% returning to their previous level of activity.!!” They noted that nondisplaced fractures fared better than displaced fractures. More recently, Ross et 
al. demonstrated overall excellent outcomes achieved by patients with lateral process talus fractures as measured on the patient-report outcomes 
measurement information system (PROMIS) - physical function (PF) and foot and ankle ability measure (FAAM) at medium-term follow-up. They further 
showed the importance of early operative fixation for displaced fractures leading to better outcomes than those treated nonoperatively.°° 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 
RELATED TO FRACTURES OF THE TALUS 


Fractures of the Talus: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Delayed wound healing/superficial infection 
e Osteomyelitis 
e AVN 
e Without collapse 
e With collapse 
e Nonunion and delayed union 


e Malunion 
e Dorsal 
e Varus 
e Posttraumatic arthritis 
e Tibiotalar 
e Subtalar 
e Talonavicular 
e Combined 


DELAYED WOUND HEALING AND INFECTION 


Injuries to the foot and ankle are often complicated by damage to the soft tissue. Fractures and dislocations of the talus are not an exception to this given the 
classic high-energy mechanism and limited accommodation of a relatively thin soft tissue envelope. Any displacement or skin tenting requires immediate 
reduction and temporary splinting followed by fracture stabilization through either ORIF or external fixation. Delayed reduction or motion can worsen the 
soft tissue pressure injury and lead to rapid skin necrosis.** Our current understanding of the importance of protecting the skin and soft tissues has 
improved, but not eliminated complications. Clinical awareness, an urgent response and thorough preoperative planning are critical in management. 

In placing incisions, it is important to avoid areas of tenuous skin, if possible. Fracture blisters and open wounds may also inhibit or compromise skin 
incisions. Understanding the fracture pattern and incision planning helps avoid unnecessary soft tissue dissection and stripping. Dissections that create full- 
thickness surgical flaps will minimize postoperative wound complications. If the soft tissues are in extremely poor health, and the talar reduction can be 
obtained in a closed fashion, temporary external fixation may be the better initial option while the soft tissues are monitored for improvement. 

In instances where postoperative dehiscence of the surgical site occurs, the wound must be critically inspected. For minor or superficial wound 
dehiscence, local wound care is performed. Any areas with concern for superficial infection should be treated with wound care and oral or intravenous 
antibiotics as necessary. For deeper, full-thickness wounds, surgical debridement and repeat closure should be attempted. If closure is not possible, 
temporary coverage should be performed with a vacuum-assisted device (VAC). The wound should be serially debrided until clean every 48 to 72 hours. 
Once healthy granulation using the VAC appears, a split thickness skin graft (STSG) can be applied. When exposed bone, joint, or tendons preclude 
effective treatment with a VAC or STSG, a microvascular free tissue transfer (ideally a low-profile fasciocutaneous transfer) must be entertained. Any 
patient who develops wound compromise requires close follow-up for the late development of a deep infection or osteomyelitis. 


OSTEOMYELITIS 


Osteomyelitis is a devastating complication following treatment of injuries to the talus. Even with well-healed incisions, deep infection can develop. 
Symptoms include worsening instead of improving pain, fevers, and malaise. Initial workup should include white blood cell count with differential, 
sedimentation rate, and C-reactive protein. CT scans can also be used to check for a deep abscess. When there is concern regarding the development of a 
deep infection, surgical irrigation and debridement should be performed. The talus should be debrided with bone samples sent for culture. The avascular 
body of the talus acts as a large necrotic sequestrum. Significant resection of the bone may be required and an antibiotic-impregnated cement spacer or local 
vehicle delivering high-dose in-situ antibiotics should be placed into the bone defect (Fig. 66-47). 

Sequential debridement of the bone and soft tissues is needed until the wound and bone appear healthy. Intravenous antibiotics are based on cultures and 
sensitivity and are typically administered for 6 weeks. Once the antibiotics are completed, the patient should be closely followed clinically during an 
antibiotic holiday and with timed, serial blood tests looking for continued resurgence of infection. It is important to note that avascular bone that has become 
infected requires aggressive debridement, as antibiotics will not penetrate into this bone. For an infection that does not resolve with significant efforts, or for 
unreconstructible bone or soft tissue defects, consideration must be given to block bone grafts, arthrodesis, or in certain cases, amputation. 


AVASCULAR NECROSIS 


AVN or osteonecrosis is a common complication following talar injuries.5474116 The development of AVN is seen on the radiographs as increased density 
of the bone on both the AP and mortise views. The Hawkins sign is a well-described radiographic indication of viability of the talar body (Fig. 66-37). As 
noted by Hawkins, “The time to recognize the presence of avascular necrosis is between the sixth and the eighth week after the fracture-dislocation. By this 
time, if the patient has been non-weight bearing, diffuse atrophy is evident by roentgenogram in the bones of the foot in the distal part of the tibia. An 
anteroposterior roentgenogram of the ankle made with the foot out of the plaster cast, reveals the presence or absence of subchondral atrophy in the dome of 
the talus. Subchondral atrophy excludes the diagnosis of avascular necrosis.” 

Hawkins sign, when present, excludes osteonecrosis and is highly specific. However, the absence of Hawkins sign does not imply osteonecrosis is a 
certainty.!!! Furthermore, the extent of involvement of the talar body is variable.!!° The development of AVN typically does not usually occur for 12 weeks 
following injury.!© Advanced imaging studies can be more sensitive for determining early signs of impending AVN. MRI has been shown to be the most 
sensitive (see Fig. 66-37).4687,103 Studies can detect the development of AVN as early as 3 weeks.!° The posterolateral aspect of the talar dome was noted to 
be the area most involved presumably because it is farthest from the medial talar neck. Despite an earlier diagnosis with the use of MR scans, the presence 
of AVN does not alter the treatment of talar neck fractures and is not useful in the early postoperative period. 


Figure 66-37. T1-weighted MRI scans obtained 9 months after injury demonstrates avascular necrosis of the talar body. 


It is important to note that the talus will often heal despite developing AVN. AVN can resolve, and remodeling of the talus can occur as late as 36 
months postinjury. Prolonged nonweight bearing, therefore, has not been proven to be beneficial. After the initial 12 weeks of nonweight bearing, it 
becomes impractical for patients to be immobilized much longer. In individual cases, if the Hawkins sign (F ) is starting to appear at 3 months, an 
attempt may be made (with a responsible patient) to prolong progression to weight bearing another month, but in general, almost all patients will begin to 
place weight on the extremity regardless of the surgeon’s requests. In fact, in cases with AVN and dome sclerosis, the talus is clearly strong enough to bear 
weight. In these patients, there will be no issues until the talus revascularizes, several months to years later. The problem then is that the axial load of 
walking will cause the dome of the talus to collapse and cause renewed pain. The amount and location of the collapse can be evaluated using CT imaging 
(F }-39). Although the pain of the dome collapse will subside, the position, location, and amount of collapse will all affect hindfoot function. Therefore, 
the reconstruction will be based on the residual deformity, most commonly equinovarus. These will invariably require a tibio-talo-calcaneal (TTC) fusion, 
assuming the neck fracture has healed. 


A 2a = B 
Figure 66-38. A: A Hawkins sign is seen at 8 weeks after surgery due to subchondral resorption of bone, confirming that the vascularity of the talar body is intact. B: 
At 1 year following injury, there is complete remodeling of the bone and the subchondral lucency is no longer visualized. 


Figure 66-39. CT scans of AVN indicating collapse of the talar dome. Subchondral cysts and sclerosis are also noted. 


DELAYED UNION AND NONUNION OF TALAR NECK 


Delayed unions and nonunions of the talar neck are rare (Fig. 66-40). Delayed union is defined as lack of radiographic healing for greater than 6 months.®° 
The incidence of nonunion is reported to be between 0% and 4%, with an average rate of 2.5%. In a study by Peterson et al.,°° fractures that had signs of 
radiographic nonunion at 6 months all went on to union. This number may be slightly lower due to the fact that some fractures that had collapse or 
significant complications underwent other surgical reconstructive procedures prior to identification of the nonunion. There is little literature to help guide 
surgeons on treatment of this uncommon complication. Attempts can be made at bone grafting with revision fixation if AVN or posttraumatic arthritis is not 
present. If a nonunion exists with associated AVN, however, the surgical plan should be for a bone block graft and fusions as needed (Fig. 66-41). 


e 66-40. A, B: Radiographs of a 36-year-old female with a nonunion of the talar neck as seen by hardware failure. C: She was treated with revision ORIF and 
Do bone grafting showing complete healing without AVN at 14 months. 


A, B G 
Figure 66-41. A: A nonunion of a talar neck fracture with AVN and collapse of the body. B, C: The talar body was removed and a femoral head allograft was used 
along with autologous bone grafting to maintain height and alignment. 


MALUNION OF THE TALAR NECK 


Anatomic reduction of talar neck fractures is important in achieving good results in these difficult fractures. The incidence of malunion is likely higher than 
that reported as it is difficult to assess intraoperatively. Even with a Canale view, proper evaluation of the talar neck is a challenge given the wide variety in 
patient anatomy. Peterson et al.88 had a 32%, and Lorezten et al.68 had a 28% rate of varus malunion: both studies noted poor functional outcomes. With 
varus malunions of the talus, the foot assumes a fixed varus deformity because the medial column is now shorter than the lateral column, forcing the 
subtalar joint into varus. This in turn causes fixed forefoot supination and lateral foot overloading, both of which are poorly tolerated. 

Varus malunions of the talar neck are often caused by the failure of the surgical reduction technique to account for medial neck comminution. Medial 
and lateral incisions are of critical importance to accurately assess neck position and alignment during surgical fixation. Medial screw fixation can cause 
shortening secondary to excessive compression. For this reason, when medial comminution is present, the authors’ preferred technique is to apply a lateral 
plate first to establish length, followed by a medial position screw without compression. 

Talar neck malunions from a dorsiflexion deformity are also not infrequent. As the fracture is caused by an axial force on a dorsiflexed foot, there is 
often significant comminution dorsally. Overreduction will cause the talus to lose its natural declination angle, which then causes anterior ankle 
impingement and, because the medial column is again short, varus hindfoot alignment.*** This can cause ankle dorsiflexion limitations in addition to fixed 
forefoot supination and lateral foot overloading with a painful gait as a result.'° During surgery, careful evaluation of the lateral fluoroscopic image is 
needed to restore the natural talar declination angle. If there is a concern, images of the contralateral limb can be obtained. 

The options for surgical reconstruction of a talar neck malunion are poor. For varus malunions with no or minimal arthritic changes, a medial talar neck 
opening wedge osteotomy can be performed. If there is limited or no arthritic changes noted at the ankle or subtalar joint, joint-sparing procedures are the 
treatment of choice ( ). Similarly, for a dorsiflexion deformity, a plantarflexion osteotomy can be performed. In reality, these are 3D deformities, 
and a 3D CT reconstruction may be the best option to understand where the osteotomy is to be performed for dorsal malunion. Prototype models derived 


from the CT scan and custom printed cutting guides can be used to aid in osteotomy planning and procedure. These are technically difficult to perform and 
have a high complication rate of nonunion, ongoing malunion, and AVN. Consideration should be given to a subtalar fusion, with associated calcaneal and 
midfoot osteotomies as indicated to correct deformity during the same operative procedure (Fig. 66-43). 


POSTTRAUMATIC ARTHRITIS 


Although arthritic changes can occur as a result of AVN, these changes can occur even when AVN is not present. Posttraumatic arthritis of the ankle or 
subtalar joint therefore can be expected following injuries to the talus.!®23:52,66,85,98 Trauma to the articular cartilage from direct impact or shear injury 
associated with dislocations may occur. Secondary changes to the cartilage may also develop as a result of altered joint mechanics. Stiffness of both the 
ankle and subtalar joints should be expected after an injury to the talus, and frequently will lead to increased stresses resulting in wear of the joint. Finally, 
residual malalignment or joint subluxation/instability will also cause rapid degeneration of either joint. The incidence of arthritis has been documented to be 
between 46% and 97% following talar neck fractures.1®33.62,56.85,98 Similar results are found following injuries to the talar body.!!° While there is an 
increased prevalence in radiographic findings, functional outcomes may not often correlate with radiographic findings of arthritis. 


her malalignment. 


43. A 43-year-old female who sustained an open talar neck fracture treated with ORIF. A: The fracture in a malunited position as seen by talonavicular 
incongruency. B: Weight-bearing lateral radiograph reveals significant cavus alignment with increased calcaneal pitch, plantarflexed first ray, and evidence of end- 
stage arthrosis. She was treated with arthrodesis with osteotomies of the hindfoot and forefoot with correction of her talonavicular alignment (C) and improved 
alignment on weight-bearing lateral films (D). 


Initial treatment of posttraumatic arthritis should include conservative measures. Rest, ice, and nonsteroidal anti-inflammatory medications are the most 
common modalities. Immobilization with bracing is also beneficial and can include standard stabilizing orthotics and braces as well as custom-molded 
braces such as an ankle foot orthosis (AFO). Following a traditional stepwise arthritis management pathway, surgical reconstruction is offered once the 
patient has failed conservative treatment. Careful consideration must be given to determine which of the joints is producing discomfort or if it is combined 
ankle and subtalar arthritis. Selective diagnostic and therapeutic injections of local anesthetic and corticosteroid under radiologic guidance can determine the 
joints involved. The authors will commonly perform these diagnostic radiologic guided local anesthetic and corticosteroid injections in clinic. The patient’s 
immediate pain response is documented within the first 5 minutes of injection to aid in targeting the offending symptomatic joint for potential surgical 
intervention. A secondary benefit of temporary pain relief offered by the corticosteroid in the arthritic joint is also usually appreciated by the patient and can 
offer a midterm solution to delay surgery. When in doubt, a CT or MRI scan with sagittal and coronal reconstructions will identify the location and extent of 
arthritic disease. 

For isolated disease, an ankle (F ) subtalar or talonavicular arthrodesis can provide excellent pain relief from arthritis. Careful consideration 
should be given to the fact that a fusion in one joint will increase biomechanical force and moment in the other joints, and can lead to accelerated wear, and 
potentially additional surgery. For combined ankle and subtalar arthritis, a TTC fusion is performed ( ). This has increased morbidity, and 
significantly limits motion compared with a single joint fusion. In cases where there has been AVN with collapse, structural tricortical allograft/autograft 
can be placed in the ankle/subtalar joint as a shim to realign the bones before nail or plate insertion. For persistent residual varus/valgus, an osteotomy will 
be required for correction. In either case, but especially with established AVN, the risk of an arthrodesis nonunion must be discussed with the patient as this 
will add months to ambulation time. 

In ankle fusion for the treatment of severe AVN and collapse of the talar body, the talar head neck component is fused to the distal tibia, resulting in 
potentially considerable shortening and an unstable subtalar complex. More commonly, a TTC arthrodesis using bulk femoral head allograft and a hindfoot 
fusion nail has become the treatment of choice.'’°° This complex technique retains limb length and alignment, and has surprisingly acceptable outcomes 
(Fig. 66-46). 

With significant AVN and talar collapse, severe hindfoot alignment and bone loss can present a significant issue for reconstruction or fusion. Recent 
interest and investigation into the use of structural alternatives to allograft such as porous tantalum spacers have had promising results as a salvage 


procedure.*”?”” With porosity and mechanical properties similar to native bone, porous tantalum has been used successfully in hip and knee reconstructive 
applications with excellent bony ingrowth ( -48). 


re 14. A, B: A 48-year-old man who sustained a talar neck fracture who went on to develop AVN with collapse affecting his ankle joint. C, D: He was treated 
with ankle arthrodesis using autologous iliac crest bone graft. 


Figul -45. A, B: A 54-year-old man who sustained an open Hawkins III fracture developed significant AVN with collapse at the ankle as well as collapse and 
valgus deformity of the hind foot due to subtalar arthritis. C, D: He was treated with TTC fusion using an intramedullary rod and autologous bone grafting. 


Figure . Blair fusion. Schematic drawing showing the anterolateral incision (A), sliding graft from the distal tibia (B), and the sliding graft embedded into the 
talar iek and head fragment (C). Note the space left by removal of the talar body. D, E: Radiographs demonstrate a healed modified Blair fusion 2 years following a 
type III talar neck fracture with the sliding graft incorporated. The talar body has been retained and remains sclerotic but appears to be healed to the distal tibia. 


A: Talar collapse secondary to avascular necrosis with complicating osteomyelitis following an open fracture dislocation of the talar neck. B: 
Significant bone loss post irrigation and debridement of necrotic talus with insertion of a hindfoot antibiotic nail. 


Another novel salvage procedure for end-stage talus AVN with significant collapse is the use of a total talus replacement (TTR) ( ). In 1997, 
Harnroongroj et al.** were the first to describe the use of a talar implant as an alternative end-stage AVN treatment for their patients. These first-generation 
implants were composed of a talar body prosthesis with a peg into the talar neck and head. Second generation implants included a prosthetic talar body 
without a peg, and the currently used third generation implants replace the talus in its entirety.°71°9 
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ure 6 . A, B: Conversion to a titanium spacer implant with hindfoot nail as salvage procedure for talar bone loss. C: BioFoam titanium spacer. (Image 
reprinted with permission from Stryker Corporation. © 2024 Stryker Corporation. All rights reserved.) 


Iterations of aluminum, ceramic, and cobalt chrome have been commonly used, although stainless steel, titanium, and metal combinations are reported 
as well. Kadakia et al. published a series of 27 patients who underwent TTR with a mean follow-up of 22 months. Results were promising with maintained 
preoperative ankle ROM and statistically significant improvement of VAS pain and FAOS scores with regard to pain, symptoms, and quality of life 
postoperatively. Three patients of the cohort of 27 who underwent TTR required reoperation over the 3-year period.°? 

While intriguing as a salvage procedure, there remains a paucity of long-term follow-up on TTR results in the literature. If the TTR fails, hindfoot 
reconstruction with a TTC fusion or functional below knee amputation remain the only options. 


Dislocations of and Around the Talus 


INTRODUCTION TO DISLOCATIONS OF AND AROUND THE TALUS 


Subluxation and dislocation of the talus can occur in combination with fractures as described above. They can also, however, occur as isolated injuries with 
little or no bony fracture involvement. As with fractures, they can involve significant deformity of the ankle and hindfoot and each present their unique 
challenges to the treating surgeon. 

Subtalar dislocations, also termed as peritalar, subastragalar, or talocalcaneonavicular dislocation, refers to the simultaneous dislocation of the talus at 
the talocalcaneal and talonavicular joints. These injuries are relatively rare, constituting less than 1% of all dislocations. The initial classification of medial, 
lateral, and posterior dislocations, based on the location of the displaced foot in relation to the talus, was later updated to include an anterior dislocation 
pattern. 

The most common, medial dislocation, where the foot and calcaneus rest medially to the talus, accounts for approximately 75% of all subtalar 
dislocations.!** Lateral dislocations constitute 17% to 26% of dislocations and have a similar but opposite deformity with the calcaneus and foot resting 
lateral to the talus.1°!!*4 Anterior and posterior dislocations by contrast are rare injuries with a literature presence mostly contained in case reports.!*!478 
Appreciation of the direction of subtalar dislocation is important as it guides management, reduction technique, and outcome. 


ASSESSMENT OF DISLOCATIONS OF AND AROUND THE TALUS 


ANATOMY 


The stability of the subtalar joint is provided by a combination of its bony architecture as well as a dense ligamentous complex. The talar body rests within 
the ankle mortise and the talar head has a fairly constrained articulation with the navicular, known as the acetabulum pedis given its developmental 
similarities with the hip joint. This socket joint allows for the combined motion of inversion, eversion, adduction, and abduction of the mid- and hindfoot, 
and is critical to normal function. The ball and socket nature of the talocalcaneonavicular joint imparts inherent osseous stability. Inferiorly, the interosseous 
ligament complex (lateral and medial roots of the inferior extensor retinaculum, cervical ligament, and the interosseous talocalcaneal ligament), stabilizes 
the STJ in both inversion and eversion preserving the relationship of the subtalar joint. Laterally, the talocalcaneal ligaments resist inversion while medially, 
the talonavicular, tibiocalcaneal branch of the deltoid ligament and calcaneonavicular (Spring) ligaments resist eversion. The spring ligament comprises the 
broad superomedial ligament and the smaller, inferior plantar, and medial plantar oblique ligaments. The medial ligamentous structures are significantly 
stronger than the lateral structures. On the lateral side of the talonavicular joint lies the extensor digitorum brevis muscle belly and extensor retinaculum. 
Further to the identified ligaments, stability is augmented by the capsules of the talocalcaneal and talocalcaneonavicular joint. With medial and lateral 
dislocations, the surrounding tendons can become trapped, and block reduction techniques.2”!23 


PATHOMECHANICS 


Subtalar dislocations can result from either high-energy or lower-energy mechanisms. Medial dislocations are more common, suggesting that the forces 
required to produce it are less than those required to produce a lateral dislocation. Medial subtalar dislocations are a direct result of a forced hindfoot 
inversion mechanism. This is typically caused by low-energy mechanism usually related to sports such as a fall or jumping from height due to the relatively 
weaker lateral ligamentous structures. Grantham coined the term “basketball foot” to describe a medial subtalar dislocation as a result of hardwood court 
injury seen in his patients while landing from a rebound. With this injury, the foot rotates medially around the sustentaculum tali causing separation of 
subtalar joint resulting in dislocation. The foot is displaced medially with supination and potentially dorsal displacement (Fig. 66-49). With the addition of a 
talonavicular dislocation, the talar head will appear dorsal to the navicular and the peroneal tendons and/or extensor digitorum brevis may be trapped, 
hindering reduction. 

Lateral dislocations are often caused by high-energy trauma.®:“° This injury results from forced eversion of the hindfoot with an axial load. The force 
must be great enough to disrupt the strong medial ligamentous structures. The foot is then forced into an everted position, with an associated talonavicular 
dislocation, typically with the navicular lying dorsal to the talar head. In these injuries, the PTT, FHL, or FDL are draped around the talar neck and prevent 
a closed reduction. 

While most lateral dislocations are associated with high energy, it is important to note that medial dislocations can also occur as a result of high-energy 
trauma such as falls from height and motor vehicle collisions. The importance of this is that high-energy injuries often have worse outcomes and soft tissue 
injuries. Open injuries are more common with high-energy mechanisms as are associated fractures of the ipsilateral ankle and foot. Bibbo et al. noted that 
88% of subtalar dislocations had an associated injury.® There is a high prevalence of osteochondral fractures with these injuries. These can be from the 
undersurface of the talus, posterior facet, talar head, and navicular. Often, these go undetected by plain radiography and are noticed on postreduction CT 
scans highlighting the possibility of occurrence during reduction technique. 


Navicular 


Figure 66-49. Line drawing of a lateral subtalar dislocation, irreducible by closed means, due to impaction of the talus and navicular with interlocking of the articular 
surfaces. 


SIGNS AND SYMPTOMS OF DISLOCATIONS OF AND AROUND THE TALUS 


With subtalar dislocations, there is often an obvious deformity to the foot (Fig. 66-50) with significant pain and swelling of the lower extremity. The skin 
should be inspected for areas of open injury or impending skin compromise. This is particularly important for high-energy mechanisms as the current 
literature highlights rates of open injuries in 20% to 40% of patients.2°!72:!°° A thorough tertiary exam of course should be performed in all patients of 
higher-energy mechanism of injury given rates of concomitant injury. Ibrahim et al.*® performed a retrospective review of talar fracture dislocations 
demonstrating one or more associated injuries in 66.7% of cases with the ipsilateral foot being the most frequent site of associated orthopaedic injury. 
Noncontiguous injuries occurred in 36% of cases. Neurovascular examination should also be performed and documented initially as well as after any 
manipulation attempts. While the literature highlights low overall occurrence of vascular injury, there was significance in association with open fractures. 


A > E 
Figure 66-50. A: A medial subtalar dislocation with gross deformity of the foot in plantarflexion and inversion. B: Immediate reduction restores the anatomical 
alignment of the foot. 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR DISLOCATIONS OF AND AROUND THE TALUS 


As with any significant deformity, it is crucial to perform an urgent reduction. Prior to reduction, plain radiography is useful to document the injury. This 
can be performed with formal foot images or scout views. It can be difficult to interpret radiographs given the amount of displacement and overlap of 
osseous structures seen with medial and lateral subtalar dislocations. The dislocation can be confirmed by carefully evaluating the AP and lateral foot 
radiographs, looking at the talonavicular joint and then at the subtalar joint. Findings or incongruity or double-density signs should be suspicious for 
dislocation. 

For medial dislocations, the head of the talus usually lies superior to the navicular on the lateral view and the navicular is medial to the talar head on the 
AP view (Fig. 66-51). The subtalar joint is difficult to visualize and has a double-density sign on the lateral x-ray. 

With lateral dislocations, the talar head appears inferior to the navicular on the lateral view and the navicular sits laterally (Fig. 66-52). In both instances, 
the talonavicular joint should be evaluated for impaction. Often, associated injuries and fractures are missed due to the deformity obscuring normal 
anatomic relationships. Following reduction, repeat imaging of the foot and ankle should be obtained to confirm reduction. However, bony detail may be 
obscured by splinting material. Following reduction, the authors advocate obtaining a postreduction CT. This provides detailed information about the injury 
in terms of peritalar fractures, residual incongruencies, and other associated fractures that are often not seen with plain radiography. 


Figure 66-51. A: Radiograph of a 19-year-old gymnast with a medial subtalar dislocation, which was reduced under sedation. Postreduction radiographs (B, C) and 
CT (D) show concentric reduction without intra-articular fragments. 
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Figure 66-52. Radiographs (A, B) and CT scans (C, D) of a lateral subtalar dislocation from a high-energy injury. As is common with lateral subtalar dislocations, the 
associated injuries included a lateral talar process fracture and peroneal tendon dislocation. E-G: The patient was taken to the operating room for open reduction of his 
dislocation and stabilization of his fractures. 


CLOSED REDUCTION 


In most cases of subtalar dislocation, closed reduction is successful. Prompt timing around reduction is important to protect the tensioned soft tissues, 
neurovascular structures, and improve the patient’s level of comfort. Both medial and lateral subtalar dislocations can be reduced using manipulation with 
sedation. Open dislocations require formal irrigation and debridement, gentle reduction and soft tissue closure. Principles of reduction include deep sedation 
or regional anesthesia to allow for proper relaxation. It is important to flex the knee 90 degrees to relax tension on the gastrocsoleus complex. This can be 
achieved by dropping the leg off the bed or stretcher, or having an assistant applying longitudinal counter-traction through the flexed knee by holding the 
thigh. The deformity is accentuated with in-line traction and then the reduction is performed by correcting the deformity. The talar head can be typically 
palpated and can be used as a point of reference for the reduction. 

Medial subtalar dislocations require accentuation of the inversion deformity to “unlock” the calcaneus followed by plantarflexion and in-line traction. 
The mid- and forefoot are brought into inversion to pull the navicular away from the head. The hindfoot is then brought into eversion. With traction, the 
hindfoot is brought into eversion and the navicular is pulled distally with pressure on the talar head to slide it back into the talonavicular joint. A successful 


reduction is common; however, there can be impediments to reduction. Improper sedation and/or talonavicular impaction can inhibit reduction techniques. 
Structures such as the extensor retinaculum, the extensor digitorum brevis, joint capsule, or the peroneal tendons can trap the talar head preventing 
reduction. Talonavicular impaction is also implicated as an obstruction to closed reduction. If this is the case, repeated attempts at reduction are not 
warranted, and open reduction should be performed. 

Lateral subtalar dislocations require adequate sedation and complete relaxation of the Achilles complex. The foot is brought into dorsiflexion and 
eversion to unlock the talonavicular and subtalar dislocation. In-line traction and laterally directed pressure on the medial talar head are used while bringing 
the foot into an inverted and plantarflexed position. Impediments to successful reduction include tethering of the PTT, FDL, or FHL (Fig. 66-53). 

Unsuccessful closed reduction for subtalar dislocations is uncommon. Garofalo et al.*9 presented a series of subtalar dislocations where all injuries were 
successfully treated by closed methods. The failure rate is about 10% for medial dislocations, and slightly higher for lateral dislocations (15%—20%). The 
need for open reduction is more common for higher-energy mechanisms and, in one study, operative intervention was needed in 32% of the cases.?9 

Following closed reduction, inspection of the foot should reveal proper alignment following reduction, and the joints should move freely with relative 
stability. With clinical stability confirmed, no internal fixation is necessary. Open subtalar dislocations require appropriate wound treatment with irrigation 
and debridement and sterile dressing. A well-padded splint should be used for immobilization. Plain radiographs are reviewed to document anatomic 
reduction and to evaluate for associated injuries. Following reduction, a CT scan should be ordered to confirm position and to further evaluate for 
osteochondral injuries, interposed intra-articular fragments, and associated fractures including the lateral process, talar head, and sustentaculum tali. 
Continued displacement, unstable or displaced fractures, and intra-articular loose bodies are indications for surgical treatment. 


Figure 66-53. Lateral subtalar dislocation with interposed posterior tibial tendon preventing closed reduction. 


For stable, well-reduced dislocations, patients are initially treated with nonweight bearing and immobilization for 2 weeks. Follow-up imaging is 
performed to evaluate for displacement as although recurrent dislocations are uncommon, they have been reported.!** At this point, patients can begin 
weight bearing in a cast or walking boot for 4 weeks. Following 6 weeks, they can then be placed into an ankle brace and ROM exercises are begun. 
Outcomes from conservative treatment following closed reduction is often favorable, with successful results. 


OPERATIVE TREATMENT OF DISLOCATIONS OF AND AROUND THE TALUS 


For injuries that are irreducible or have continued instability, urgent surgical treatment is performed. Preoperative planning should include complete foot 
and ankle radiographs as well as a postmanipulation CT scan to evaluate the injury. The patient is placed supine according to the bump under the leg 
allowing flexion of the knee and relaxation of the gastrocnemius. The soft tissues are inspected, and if there is an open wound, it will require adequate 
irrigation and debridement. If the wound is in a location that allows for adequate visualization and reduction, it can be used and extended if needed. If not, it 
should be closed, and a formal, appropriate incision should be used. 

There are numerous possibilities for surgical approach to the subtalar dislocation dependent largely on direction of dislocation and any open wound 
inclusion. The author prefers a longitudinal anteromedial incision for medial peritalar dislocations. This approach allows access to the structures that may be 
incarcerating the head of the talus and allows visualization of an interlocked impaction fracture of the talus and navicular. Some surgeons advocate for a 
sinus tarsi approach in this scenario with access to the blocking extensor digitorum brevis or extensor retinaculum and lateral talonavicular joint 


visualization. 

With a lateral peritalar dislocation, the standard anteromedial incision may be slighted further medially to facilitate manipulation of the PTT. It is 
usually possible to gently displace the offending bone or soft tissue that is preventing closed reduction. Osteochondral shear fractures may block reduction, 
and fragments should be removed if small and nonstructural. It is often possible to repair displaced bone fragments with small screws or to elevate and 
bone graft impacted fragments. Entrapped soft tissue can usually be gently distracted and the reduction achieved. The extensor retinaculum, however, may 
require transection to facilitate a reduction. 

With a lateral dislocation, the PTT when entrapped may present a substantial barrier, even to open reduction, as it may become very firmly entrapped. 
Extreme varus and plantarflexion of the hindfoot is necessary to relax the tendon, along with extending the incision through the flexor retinaculum. Even so, 
in some cases it has been necessary to transect the PTT to achieve a reduction. This should be done as a last resort only, and it should be repaired and 
protected following reduction. Following reduction of the talonavicular joint, the subtalar joint is inspected radiographically to evaluate reduction and 
stability. Medial and lateral ligamentous complexes should be inspected and repaired as required with nonabsorbable sutures. Following repair, the hindfoot 
should be stressed to evaluate stability, although rare, continued instability may occur. In this scenario, pinning across the subtalar or talonavicular joints 
should be performed using smooth 2.0-mm K-wires. Smaller-diameter wires (<2 mm) when used to secure an unstable subtalar joint risk bending or 
breaking during the healing process. Placement of an external fixator is also an option in this case. 

Meticulous soft tissue closure is performed, and the foot is splinted and kept nonweight bearing for 2 weeks. Weight bearing can start at 2 weeks in a 
cast or walking boot. For injuries that required stabilization of fractures or joint pinning, prolonged nonweight bearing is performed based on the injury. 
Transarticular pins are removed at 4 weeks in the office. At 6 weeks, ROM exercises are started and the patient can be placed into a supportive ankle brace 
depending on associated injuries. 


OUTCOMES 


Subtalar dislocations include a wide spectrum of injuries and therefore can have significantly different outcomes based on the injury severity and presence 
of associated fractures. Favorable outcomes have been seen for stable dislocations following reduction. There is a high incidence of stiffness, but 
progression to end-stage arthrosis is unusual. Perugia et al. noted that only 1 out of 45 patients in their series required a subtalar arthrodesis.°° 

Certain injury patterns carry a worse prognosis. In a literature review, injuries were reviewed to determine factors affecting outcomes of subtalar 
dislocations.°° Patients with worse soft tissue injuries or open injuries had worse outcomes. Other negative predictive factors included associated 
periarticular fractures. Some have suggested that lateral dislocations carry a worse prognosis, but it is likely that the magnitude of the force is more 
important than the direction. 

As with fractures of the talus, there is a risk of AVN following subtalar dislocation. The associated risk is mostly dependent on mechanism of injury. For 
closed injuries, the risk is between 0% and 10% and for open injuries can be as high as 50%.*°!24 Partial AVN or AVN without collapse can be managed 
conservatively. Once collapse has been noted, reconstructive options are similar to those seen for talar fractures. 

Typically, patients will develop significant stiffness following peritalar dislocation. For patients with high-energy dislocations or associated periarticular 
fractures, there is a high rate of posttraumatic arthritis.”47*!?4 In one study, 11 of 17 patients followed long term had poor results following dislocation.°° 
Ina series by Bibbo et al.,” 89% of patients had radiographic evidence of ankle and subtalar arthritis at an average of 5 years following injury. 


SUMMARY, CONTROVERSIES, AND FUTURE DIRECTIONS RELATED TO FRACTURES AND 


DISLOCATIONS OF THE TALUS 


Injuries to the talus and its surrounding joints are challenging and relatively uncommon injuries. Complications are common and can be devastating to the 
patient, often leaving them with some degree of dysfunction.!2! Our understanding of the injury and advances in surgical techniques and implants has 
improved our ability to treat these injuries with improved outcomes. Still, some significant controversy exists with respect to treatment and in particular, 
treating complications. 

Surgical timing for reconstruction remains a controversial topic across the literature. Numerous initial landmark studies in the talus literature argue 
strongly for emergent treatment of talar neck fractures with rationale around avoiding soft tissue complication and decreased osteonecrosis rates. 145-66.80 
Other authors in directly comparing the results of early and delayed treatment of talar neck fractures through retrospective reviews, found no difference in 
outcome, function, or complication.>!!%+981!4 While very large series of talar neck fractures would be required to determine the benefit (if one exists) of 
immediate versus urgent or delayed surgical treatment, it can be suggested that surgical timing be based on injury severity and not necessarily for prevention 
of AVN or posttraumatic osteoarthritis. Specifically, in the absence of an open wound, gross contamination, skin necrosis, or soft tissue or neurovascular 
compromise, talar neck fractures can be surgically reduced and stabilized when optimal resources are available. 

It is the severity and debilitating nature of complications associated with talus fractures that makes treating this pathology such a significant dilemma. 
Despite recent advances in surgical techniques, imaging, orthopaedic hardware, and overall management of these injuries, rates of AVN and posttraumatic 
osteoarthritis have remained high.'®-!!© Ongoing research into identifying patient characteristics and associated fracture patterns that present with 
increased risk of developing debilitating osteoarthritis or advanced AVN should remain a focus. Given the overall rarity of this injury, this will require large 
patient cohort, multicenter reviews, and trials to obtain desired results. Development and tailoring of acute treatment algorithms appropriate for at-risk 
patients and injuries will be paramount. Advancements in surgical implants and joint sparing techniques to deal with debilitating subsequent posttraumatic 
AVN of the talus while optimizing functional outcomes must continue to evolve. Currently, surgeons are equipped with a limited arsenal of joint sacrificing 
salvage procedures to offer patients for end-stage osteonecrosis and joint arthritis, and alludes to our relative infancy in the management of this difficult 
pathology. The advent of 3D printing and implant technology has recently introduced some exciting novel reconstruction options with promising early 
results. Long-term outcomes of these implants with design and application evolution will need to be assessed going forward.7°8° 
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INTRODUCTION TO CALCANEUS FRACTURES 


In 1855, Malgaigne described the clinical presentation and fracture pattern associated with displaced intra-articular fractures (DIACFs) of the calcaneus. 
Since then, calcaneus fractures have remained one of the more challenging fractures to manage. The calcaneus is the most commonly fractured tarsal bone 
accounting for 65% of tarsal injuries and representing 2% of all skeletal fractures,”697-138 with an incidence of approximately 11.5 per 100,000 population 
per year.!!! Fractured calcanei occur more commonly in young, active, working males,*/1!11!7.156.157,182 with peak incidence in the age range of 20 to 29 
years.!!! The incidence of calcaneus fractures in males decreases significantly after the age of 60, while the incidence in females increases after the age of 
50 secondary to low-energy falls in the setting of osteoporotic bone.'!! The most common mechanism is a fall from a significant height or motor vehicle 
collision.!*111,182.187 Calcaneus fractures are complex life-altering injuries associated with long-term patient disability and have a disproportionally high 
negative social and economic impact.5”!?°-135.168 Multiple outcome studies have found patients can often be totally incapacitated for up to 3 years and 
partially impaired for up to 5 years following the injury.°~!°8 

Approximately 75% of calcaneal fractures are intra-articular referring to the extension of the fracture line into the posterior articular facet of 
the subtalar joint. Although consensus regarding the best management of this type of fracture remains controversial,!!+78 this designation is important. An 
unreduced or malreduced intra-articular fracture will lead to subtalar arthritis and hence the goal of treatment is an anatomic reduction whenever possible. 
This creates a significant reconstructive challenge due to the complexity of the articular surface, the porosity of the underlying bone, and the lack of a robust 
surrounding soft tissue envelope.°* Due to the nature of the injury, between 25% and 50% of calcaneal fractures have associated injuries, an important 
consideration during the initial patient assessment.'!! These associated injuries can include concomitant lower extremity injuries such as pilon fractures, 
ankle fractures, femur fractures, and fracture-dislocations of the talus.!!!,!5%!82 There is also a significant association (6-20%) between calcaneus fractures 
and spinal injuries, most commonly occurring in the lumbar spine.?®-1!1156.182 Furthermore, between 3% and 7.9% of calcaneus fractures will present as 
bilateral fractures!03-111,156,182 and up to 10% will be open.!!+!87 Open calcaneal fractures are associated with increased complexity and articular 
comminution as well as a higher rate of associated injuries!®* and infectious complications.'©!®! A further challenge in the management of calcaneal 


111,143,155 


fractures is that 20% of fractures are associated with alcohol use.!"! 

Historically, because of a lack of understanding of fracture patterns, suboptimal imaging modalities, variable surgical techniques, and a lack of 
appropriate instrumentation, surgical outcomes were hard to predict and led surgeons to prefer nonoperative treatment. !!-5297:138 Over the past several 
decades, due to improvements in imaging such as fluoroscopy, 2D computer tomography (CT), fracture classifications, operative techniques, surgical 
implants, and postoperative protocols, better outcomes have been seen with surgical management. )-4041,89,141,143 While the operative treatment of DIACFs 
has improved considerably, one of the standard incisions, the extensile lateral approach (ELA), has been associated with wound dehiscence.?78*.91,143.157,180 
This is increased in smokers and patients with diabetes, peripheral vascular disease, and open fractures.'°° The use of the sinus tarsi approach (STA) has 
decreased wound and infectious issues, but without an excellent understanding of the pathoanatomy, malreductions have increased. Regardless of the 
treatment chosen, the goals remain the same; an anatomic reduction of the articular surface, restoration of calcaneal height and width, pain-free ambulation, 
and the ability to return to meaningful social and occupational endeavors.!°>!® 


CALCANEUS ANATOMY 


The calcaneus is the largest of the tarsal bones. The anatomy of the calcaneus is complex, with four irregularly shaped articulating surfaces or facets, with 
three facets being superior (posterior, middle, and anterior) which articulate with the talus above and one facet anteriorly which articulates with the posterior 
cuboid at the calcaneocuboid (CC) joint.°°8® The middle calcaneal facet is supported by the sustentaculum and articulates with the middle facet of the talus. 
The sustentaculum supports the neck of the talus and sits medial to the main calcaneal body. It is attached to the talus by the interosseous talocalcaneal 
ligament found in the tarsal canal and by the deltoid ligament medially. The sustentaculum is located 2.5 cm below the tip of the medial malleolus and has a 
groove on its inferior surface forming a fibro-osseous tunnel that holds the tendon of the flexor hallucis longus. The tendon may be placed at risk with errant 
screw positioning. A strong and thick angled cortical strut situated in the upper and outer aspect of the calcaneus from the anterior process to the posterior 
facet forms the critical angle of Gissane and supports the sharp lateral process of the talus. 

The posterior facet is the largest facet and is separated from the anterior facet by the calcaneal sulcus. This sulcus, in combination with the inferior 
portion of the talar body and the anterior process of the calcaneus, forms a canal called the sinus tarsi which can be felt clinically as a depression slightly 
anterior and distal to the distal end of the lateral malleolus. The posterior articular facet rests on a condensation of dense bone called the “thalamic portion” 
of the calcaneus which acts as a support thinning out distally as it heads toward the sinus tarsi.!°® These terms have become interchangeable. The posterior 
facet is oval and convex along the longitudinal axis. It has its own joint cavity and supports the body of the talus. The majority of the calcaneus is composed 
of porous bone surrounded by a thin bony cortex. There is a well-organized system of trabeculae that make up the calcaneus with compression trabeculae 
supporting the anterior and posterior articular facets. This distribution of compact cortical and cancellous bone reflects the stress and strain to which the 
bone is exposed and plays a significant role in determining the fracture pattern, fragment displacement, fixation strategies, and potential bony and soft tissue 
complications. 

The calcaneal tuberosity sits posterolaterally and can be identified by following the Achilles tendon to its insertions into the posterior and inferior two- 
thirds of the tuberosity.’”! The inferior surface of the tuberosity runs obliquely and dorsally at an angle of approximately 30 degrees. In terms of soft tissues 
surrounding the tuberosity, the specialized layer making up the inferior skin or heel pad is immobile and critical in its function of shock absorption. This 
function can be compromised following calcaneal fractures.”! The anterior process of the calcaneus is considered extra-articular and is the most commonly 
fractured peripheral structure of the calcaneus. Its distal surface is saddle shaped and articulates with the cuboid. The anterior process is the insertion site of 
the bifurcate ligament which serves to connect the cuboid and navicular bones as well as part of the origin of extensor digitorum brevis (EDB) muscle. The 
peroneal tendons are found within their sheath behind the fibula and course alongside the lateral aspect of the calcaneus and over the calcaneofibular 
ligament (CFL) before the peroneus brevis inserts into the base of the fifth metatarsal. The sheath encasing the tendons is secured to the peroneal tubercle on 
the lateral aspect of the calcaneus. Following a high-energy calcaneal fracture with fragmentation and comminution of the lateral wall, the insertion of the 
CFL and the peroneal tendon sheath may be disrupted. 


ASSESSMENT OF CALCANEUS FRACTURES 


MECHANISMS OF INJURY FOR CALCANEUS FRACTURES 


Intra-articular calcaneus fractures are the result of a significant axial load applied to the heel and transferred from the lateral process of the talus driving the 
“wedge-like pinnacle of the longitudinal arch”!?° into the calcaneus.?!°*:!5° This reproducible fracture pattern and the resulting fragments are dependent 
upon the magnitude and direction of force, the bony anatomy, foot position at the time of impact, and bone quality.52!9° Approximately 50% of weight 
bearing occurs through the calcaneus,*! with the talus being eccentrically placed medially. Following a fall from a significant height or after the floorboard 
or brake pedal smashes into the heel following a motor vehicle collision, the calcaneal tuberosity is driven upward while the posterior facet of the calcaneus 
is driven downward by axial loading from the talus. !?®%156 These sudden and violent loads cause shear forces to concentrate across the posterior facet of the 
subtalar joint, splitting it into medial and lateral fragments of varying sizes based on the foot position at impact.?}32 


Figure 67-1. Mechanism of injury according to Essex-Lopresti. A-C: Joint depression. D-F: Tongue type 


Essex-Lopresti>* believed the primary fracture line was initially produced by both the lateral process of the talus and the lateral edge of the talar body. 
He believed that at the moment of impact, the subtalar joint was forced into eversion, fracturing across the body of the calcaneus at the angle of Gissane into 
anterior and posterior fragments (primary fracture line). The remaining force then dissipated medially across the calcaneus at the base of the posterior facet 
and into the sustentaculum (Fig. 67-1). A secondary fracture line was created by the lateral edge of the talus when increased force was applied. If the force 
was directed posteriorly, the fracture would continue both posterior to and into the posterior facet, thereby producing a joint-depression—type fracture. If the 
force was directed axially, a tongue-type fracture was produced because of the additional counterforce of the Achilles tendon. The result of this force 
essentially separates the calcaneus into anteromedial and posterolateral fragments of varying sizes.?132-154 

Carr described the combination of shear and compressive forces across the talus and the calcaneus to form two separate yet consistent primary fractures 
lines. These lines divided the calcaneus into medial and lateral fragments and a second fracture line (similar to Essex-Lopresti’s primary fracture line) which 
started laterally and divided the calcaneus into anterior and posterior fragments of varying size (Fig. 67-2).3!? The location of this primary fracture line 
depends on the foot position at the time of impact with a valgus-aligned hindfoot leading to a more laterally placed fracture line while a varus hindfoot 
position leading to a more medially placed primary fracture line.*!!“° As the talus is driven into the lateral edge of the medial fracture fragment, additional 
splits in the posterior facet can occur, essentially creating a classic split depression fracture?! With continued axial pressure by the talus, the posterior 
facet fragment is impacted, plantarly displaced, and rotated forward (Fig. 67-3). The facet rotates into an anatomical space that has very little cancellous 
bone, called the “neutral triangle.” As the axial force dissipates, the sustentacular component or “constant fragment” of the fracture rebounds and is drawn 
superiorly by its intact attachments to the talus above.”° The lateral half of the articular surface remains buried in the calcaneal body being devoid of any 
attachments to the talus and therefore remains in a depressed and rotated position and most commonly medial to the fractured lateral calcaneal wall.!*° The 
compression-type fracture produces an inverted Y pattern of fracture®”!°° with the posterior extent of the Y varying. The typical resulting deformities 
include the loss of calcaneal height, widening of the heel, varus position of the tuberosity, and a lateral wall “blowout.” 


Ni 


Figure 67-2. Mechanism of injury according to Carr et al.?? 1: Sagittally oriented fracture line dividing calcaneus into medial and lateral portions. 2: Coronally 
oriented fracture line dividing calcaneus into anterior and posterior portions. 3: Anterolateral fragment. (Reprinted by permission from Carr JB, et al. Experimental 
intra-articular calcaneal fractures: anatomic basis for a new classification. Foot Ankle. 1989;10(2):81-87. Copyright © 1989 SAGE Publications.) 


A 
Figure 67-3. Lateral plain radiograph (A) and sagittal CT (B) of the foot demonstrating intra-articular tongue type calcaneus fracture with posterior facet impaction 
and rotation. 


INJURIES ASSOCIATED WITH CALCANEUS FRACTURES 


Up to 50% of patients with calcaneus fractures may have other associated injuries, including lumbar spine fractures or other fractures of the lower 
extremities, such as in the ipsilateral or contralateral tibial plateau, tibial pilon, or talar neck; intuitively these associations are more common in higher- 
energy trauma.!'! Clearly, the more energy involved, the greater the likelihood of other associated injuries. It is estimated that 10% of patients with 
calcaneus fractures also have lumbar spine fractures, and 25% have associated lower extremity injuries.!®? Thus, a high index of suspicion must be 
maintained for these associated injuries, and appropriate diagnostic evaluation should be completed where necessary. 


SIGNS AND SYMPTOMS OF CALCANEUS FRACTURES 


Calcaneus fractures are often violent injuries and the energy transmitted from the tibia and talus into the calcaneus and surrounding soft tissues is 
significant. The degree of comminution and fracture displacement is proportional to the energy transmitted and often correlates with the degree of soft tissue 
involvement. Low-energy, minimally displaced, or nondisplaced fractures are more likely to be associated with mild-to-moderate pain, mild swelling, and 
bruising. As the energy absorbed increases, the clinical presentation is dominated by significant pain, bruising, and swelling. At times, calcaneal fractures 
may be open fractures, or complicated by compartment syndrome, associated injuries, and systemic injuries.!? These signs, symptoms, and associated 


injuries are important to identify as they will influence the choice and timing of definitive treatment. 

All patients presenting with a calcaneus fracture should have a thorough history in order to ascertain the circumstances surrounding the injury including 
the mechanism of injury, the height of the fall, the approximate speed of the car at impact, whether or not seat belts were worn, and whether or not 
substances such as alcohol were involved. The physical examination should confirm whether the injury is open or closed. An evaluation of soft tissues status 
is critical, including the presence of swelling, fracture blisters, or at-risk skin areas, as this is important in determining surgical timing. A thorough physical 
examination should consider the soft tissue envelope, check pulses and neurologic status, and include repeated serial examinations in the first hours after 
presentation to monitor for compartment syndrome and rule out concomitant injuries. 

Sensation from the heel region is provided by branches of the posterior tibial nerve, lateral plantar nerve, and sural nerve and injury to these structures 
associated with heel trauma can cause subsequent pain and sensory disturbances.°° The pain associated with calcaneus fractures is usually proportional to 
fracture severity. The pain is related to bleeding into the tightly enveloped fascial compartments of the heel.!38 It is important to carefully monitor the 
patient’s pain as this may be a sign of impending compartment syndrome. Ice therapy as well as elevation will allow soft tissue swelling to subside in a 
timely manner but will also help alleviate pain. 


Fracture Blisters 


Fracture blisters are the result of high-energy trauma and are accompanied by considerable soft tissue swelling !?®t74 which occurs typically within 24 to 48 


hours.°” Fracture blisters occur when the stratified squamous cell layer of the epidermis separates from the vascular dermal layer and is replaced with 
fluid.'’4 High-energy trauma causes a substantial shear force injuring the dermal—epidermal junction.°*!59 The extent of dermal—epidermal separation 
dictates the type of blister observed. Minimal separation causes clear serous-filled blisters and greater separation causing blood-filled blisters.>°°159 A 
histologic study found that some degree of epidermal cells are retained in the serous-filled blisters, whereas the dermis is completely free of epidermal cells 
in blood-filled blisters. Blisters associated with calcaneus fractures are more likely to be blood filled than blisters associated with other lower extremity 
trauma.!°° Blood-filled blisters have been associated with an increased incidence of postoperative scarring.'!°° Skin affected by fracture blisters is 
significantly traumatized and, as a result, at risk for wound complications and infection. 

Management strategies appear to be guided by physician preference and experience. Some experts unroof blisters at presentation and treat them with 
topical antibiotic cream with minimal soft tissue complications.!°° There is no observed difference in outcome comparing management of these blisters by 
aspiration, unroofing, and silver sulfadiazine application, or leaving the blister intact.6+66 In the past, various authors have suggested the use of foot pumps 
to decrease edema®!°6!63; however, pain and rebound edema have been cited as a complicating factor.!38 There is some evidence that surgical incisions 
placed within an intact blister or through the base of a ruptured blister may lead to increased infection rates, but the literature is inconsistent.+°>!74 The 
skin surrounding the area of blistering is swollen with considerable edema and has histologic changes in the epidermal layer (Fig. 67-4).!’4 The edema 
causes increased interstitial pressure; this, combined with venous stasis, leads to thrombosis of surrounding blood vessels.!”4 If planned incisions involve 
the blister site, the surgery should be delayed until the skin integrity is reestablished and the skin is able to be wrinkled, aptly known as the “wrinkle 
test.”!38.174 The time required for soft tissues to recover from the acute trauma has been estimated at 7 to 21 days.41396,138 


Calcaneal Compartment Syndrome 


Acute limb compartment syndrome occurs when an injury leads to increased pressure within a closed osseofascial space. The established view is that 
increasing compartmental pressure compromises microcirculatory perfusion, restricting oxygen and nutrient delivery, resulting in cellular anoxia and severe 
tissue necrosis. Irreversible nerve and muscle damage can occur as early as 3 hours after injury.!”! Rates of acute compartment syndrome of the foot 
following high-energy calcaneal fractures are estimated between 10% and 50%.11° The clinical presentation is one of tense swelling, pain out of proportion 
to the apparent injury, weakness and sensory changes on the plantar surface of the foot, and the presence of fracture blisters.97 Because of inaccuracy 
problems associated with intracompartmental pressure measurements, the diagnosis is made based on clinical examination. Severe foot and heel pain is the 
most consistent symptom.” The long-term outcomes following compartment syndrome of the foot include clawing of the toes, contractures, motor and 
sensory dysfunction, and functional impairment.>*!°8 The number of osseofascial compartments in the foot remains controversial,°® with authors having 
identified three compartments,®’” four compartments,®>138 and as many as nine compartments.!°° Operative treatment of a foot compartment syndrome 
remains controversial, and it remains unclear if foot compartment releases reduce pain, prevent subsequent motor and sensory dysfunction, or reduce the 
risk of further operative interventions." 
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Figure 67-4. A: Bloody and serous blisters of the foot following displaced calcaneal fracture. B: Re-epithelialized blisters 2 weeks after injury. Blisters were drained 
with a sterile 18-gauge needle and then dressed with Vaseline gauze dressing and compression dressing. Note “wrinkle sign” with dorsiflexion of the foot indicated 
swelling has decreased and the calcaneus may be appropriate for surgical intervention. 
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If a surgeon chooses to pursue release, debate exists over proper incision placement.°® Dual dorsal incisions over the medial second and lateral fourth 
metatarsals are commonly described.58 This approach, however, does not allow access to the calcaneal compartment; as such a medial plantar approach is 
advocated.°8 The medial approach begins at the origin of the abductor hallucis and extends parallel to the plantar surface of the foot. The fascia of the 
abductor hallucis muscle is split in line with the incision. The calcaneal compartment can then be decompressed by splitting its fascia longitudinally. The 
medial compartment can be retracted exposing the superficial and lateral compartments for decompression. Following decompression, the wounds are left 
open to heal by secondary healing, vacuum-assisted closure (VAC), or skin graft.5° In the opinion of Ling and Kumar, due to the absence of distinct 
compartments in the forefoot, the authors advocate for a hindfoot compartment fasciotomy with a modified medial incision to decompress the entire foot.? 
Surgical decompression of the foot is not without significant complication such as wound dehiscence, infection, neurologic injury, dry pruritic skin, and 
chronic pain.” This has led some authors to treat compartment syndromes of the foot nonoperatively and manage lesser toe contractures with delayed 
tendon releases, should they occur.1510 


Tongue Fracture—Associated Skin Necrosis 


Secondary skin necrosis resulting from tongue-type calcaneus fractures has been well described (Fig. 67-5). Tongue-type fractures represent approximately 
15% of all calcaneus fractures.®* The secondary fracture line exits posteriorly, separating the calcaneal tuberosity into superior and inferior fragments. As 
the posterior facet rotates plantarly, the tuberosity fragment is directed superior and dorsal by the pull of the gastrocnemius—soleus complex with its Achilles 
tendon insertion, resulting in skin tenting. Without emergent treatment, posterior ankle and heel skin necrosis may occur, leading to catastrophic 
complications.” Gardner et al. have noted that this is not an infrequent occurrence and has been seen in up to 21% of patients presenting with tongue-type 
variants.®* In the case of a tongue-type fracture with skin tenting, emergent reduction of the tuberosity fragment and close clinical evaluation are 
recommended." 


Open Calcaneal Fractures 


Up to 10% of calcaneal fractures present as open injuries.!5%!8” These fractures have added complexities, as a compromised soft tissue envelope combines 
with increasingly comminuted fracture patterns to make articular reconstruction extremely challenging. Between 50% and 90% of these patients will present 
with associated fractures or other soft tissue injuries.!°-!®* Berry et al. reviewed 30 open calcaneus fractures in 29 patients; only 2 patients presented with an 
isolated injury, and the average ISS score for the remaining 27 patients was 22.19 The most common open injury is a transverse medial hindfoot wound; 


however, the open injury can range from a small medial puncture wound from the medial wall spike, to an extensive soft tissue degloving laterally (Fig. 67- 
6).3:16,19,138,181,182 


A A B 
Figure 67-5. A: Intra-articular tongue fracture: note how the tuberosity is tenting the skin on the x-ray. B: Ecchymosis and blistering already evident from 
displacement. If left untreated will proceed to skin necrosis. 


Figure 67-6. High-energy open calcaneal fracture with large lateral wound. 


An open plantar wound may result from a high-energy injury, mostly commonly from a plantarflexed ankle on a brake pedal, as the car hits an 
immoveable object. This results in a severe axial load to the calcaneus, with a resultant dorsiflexion injury causing a talonavicular dislocation, allowing the 
anterior portion of the calcaneus to crush around a plantarflexed talar head. In severe cases, the talar head will rupture the skin and protrude through the 
plantar surface. This was described by Ricci et al. as the transcalcaneal talonavicular dislocation (TCTND).54134.181 

Compared with closed injuries, open calcaneal fractures are associated with worse functional outcomes and an increased overall cost of care.??73 In 


patients presenting with open calcaneal fractures, a thorough history and physical examination should be performed to evaluate associated injuries, 
determine the neurovascular status of the limb, and assess the soft tissue status. Standard open fracture management should be instituted with early 
administration of intravenous antibiotics, appropriate tetanus prophylaxis, and urgent surgical irrigation and debridement. The management of the bony 
injury at this point will vary based on the fracture pattern, the degree of soft tissue and bony contamination, and the health status of the patient. Treatment 
strategies can include the application of a medially or laterally based external fixator, temporary reduction and pinning of the calcaneal tuberosity and large 
articular fragments with percutaneous Kirschner wires (K-wires) or Schanz pins, closed reduction without the addition of implants, or immediate definitive 
reduction and fixation.°*+107-!81,182 Tf the tissue bed is clean, the traumatic wounds should be closed, if possible, otherwise VAC or wet-to-dry dressing may 
be applied. IV antibiotics are continued, the wound is frequently reassessed, and repeat irrigations and debridements are performed every 48 to 72 hours 
until a clean wound bed is achieved. An early plastic surgery consult is often needed as a significant proportion may require a partial thickness skin graft or 
a free soft tissue transfer flap for definitive coverage.'®? The goal of the initial procedure is to debride the wound, restore calcaneal height and width to 
decrease soft-tissue tension, and make future reconstructive procedures possible.°*!®! A comprehensive review of open fractures by Wiersema et al. found 
that the average patient presenting with an open calcaneal fracture will undergo 2.8 procedures!®! and the rate of eventual below-knee amputation is 
between 5% and 8%, 181,182 


IMAGING AND OTHER DIAGNOSTIC STUDIES FOR CALCANEUS FRACTURES 
Plain Radiographs 


The initial radiographic assessment of all patients presenting with a suspected calcaneus fracture should involve plain radiographs including a lateral view of 
the hindfoot, a Harris axial heel view,!°®!38 and Broden views. In addition, anteroposterior (AP), lateral, oblique, and mortise views of the foot and ankle 
should be considered to help rule out associated foot and ankle injuries. In addition, plain radiographic images of the lumbar spine and contralateral heel and 
ankle are often necessary to rule out an associated injury. In terms of plain radiographs, the lateral view of the hindfoot is often the best initial view to 
confirm the presence of a calcaneal fracture and to assess the degree of articular depression. 138 The lateral view can also be used to classify the fracture as a 
joint depression or tongue type as described by Essex-Lopresti.°* The lateral view is also important in those patients presenting with tenderness anterior and 
inferior to the anterior talofibular ligament (ATFL) as this view may reveal a subtle cortical disruption in the anterior process which could indicate a 
displaced fracture which is often misdiagnosed as an ankle sprain.®®-!!9:!67 Although a plain lateral radiograph may reveal a fracture of the anterior process 
of the calcaneus, in order to increase its ability to do so, the x-ray beam can be directed 20 degrees superior and posterior to the midfoot which will project 
the anterior process away from the neck of the talus, enabling better visualization of the fracture.*! In the presence of an intra-articular fracture involving the 
posterior articular facet, the lateral view will typically show a loss of calcaneal height, depression and rotation of the posterior facet, a decrease in Bohler’s 
angle,5%120 and an increase in the critical angle of Gissane (Fig. 67-7). Böhler’s angle is used to assess displaced intra-articular calcaneal fractures.!°? Using 
the lateral hindfoot radiograph, the angle is formed by a line extending from the highest point on the anterior calcaneal process to the highest point on the 
posterior articular facet and a line from this point to the most superior point of the calcaneal tuberosity. The normal angle ranges from 25 to 40 degrees and 
should be similar to the contralateral calcaneus. A decrease in Bohler’s angle suggests that there has been collapse of the posterior facet as is seen in intra- 
articular fractures; however, this can also occur in an extra-articular fracture not involving the posterior facet.!°8 Various studies have found a correlation 
between the preoperative Bohler’s angle and the patient’s clinical outcome,?®103-141 although this correlation has at times been put into question. However, 
the radiographic changes seen in Bohler’s angle will only be present if the entire posterior facet is depressed, rotated, and separated from the sustentaculum 
fragment medially. If the primary fracture line splits and divides the posterior facet into medial and lateral halves, a double-density sign will be seen and 
Bohler’s angle will most likely be within the normal range.!38 Even though the lateral radiographic view is of significant importance in the early assessment 
stages, the ability to accurately judge the pattern and complexity of the articular injury based on plain radiographs has been shown to be unreliable. 120176 


Figure 67-7. Anatomic angles for evaluation of fracture displacement and surgical reduction. A: Crucial angle of Gissane. B: Tuber angle of Böhler. 


The axial Harris heel view can be useful in the early assessment of patients presenting with a heel injury suspicious of being a calcaneus fracture but is 
usually too painful to obtain in the acute setting.!°8!70 This view can help demonstrate the loss of height, the increase in calcaneal width, the rotation of the 
sustentacular fragment, as well as the medial and lateral angulation of the tuberosity. An AP view of the foot is arguably the least useful in the acute setting 
but can be helpful in delineating the distal aspect of the fracture line if it extends into the CC joint, which can occur in up to 48% of cases.!°4 It can also 
show subfibular impingement related to the lateral wall expansion. Broden view, which is an oblique radiograph of the hindfoot, is used to assess the 
integrity of the posterior facet of the subtalar joint. To obtain this view, the patient is positioned supine and the cassette is placed under the leg and ankle, 
with the lower leg internally rotated to 30 to 40 degrees. The x-ray beam is centered on the lateral angle and four views are then taken angling the beam at 
40, 30, 20, and 10 degrees cranial. The sequential views are able to show the posterior articular facet moving from anterior to posterior and any associated 
fracture displacement, depression, or subluxation can be seen. 

Typically, the initial radiographic work-up includes an ankle mortise view which can serve as a surrogate for a Broden view because it will allow 
visualization of the subtalar joint and posterior facet and indicate whether the fracture is intra-articular or not.!%9 Similarly, it is useful to view 


intraoperatively via fluoroscopy to assess reduction. It should be noted that it cannot replace CT scan images, especially for preoperative planning or 
postoperative evaluation of the reduction and fixation of the fracture. 


Computed Tomography 


If the plain radiographic images show any intra-articular involvement or if there is clinical suspicion, a computed tomography (CT) scan should be ordered. 
Although Essex-Lopresti and others made significant contributions to our understanding of calcaneus fractures using plain radiographic imaging, CT scans 
have revolutionized our understanding of calcaneus fracture pathoanatomy, and led to the development of better and more universally accepted 
classification systems.”>!38 These advances have allowed for standardization of treatments and outcomes.®138.141 The use of CT in the diagnosis and 
treatment of calcaneal fractures was first described by Segal et al.!38150 The axial, coronal, and reconstructed sagittal CT views are the most useful when 
attempting to evaluate and classify the fracture pattern and decide on a treatment strategy. In the case of intra-articular fractures, the coronal view arguably 
provides the most information regarding the integrity and alignment of the posterior facet, the position and rotation of the sustentaculum fragment, as well 
as the overall shape of the tuberosity The axial view provides information regarding the integrity of the CC joint, parts of the posterior facet, and the 
sustentaculum, while the sagittal view provides information on the posterior facet showing the amount of depression, rotation, and any coronal splits within 
the sagittal fragments. The sagittal view also provides valuable information on the status of the tuberosity as well as the anterior process. 

The acquisition of images from positioning to slice width is of the utmost importance and a CT technologist with experience in trauma scanning is ideal. 
The lateral scout film is utilized to position the coronal plane perpendicular to the posterior facet of the calcaneus. Three-mm sections are then obtained 
extending from the posterior calcaneus to the navicular. With the knees and hip extended, a second scout is obtained to determine transverse or axial 
scanning. Three-mm slices are then taken from plantar calcaneus to the talus. The addition of 3D-CT has not lead to a significant improvement compared 
with 2D-CT. When comparing interobserver reliability between 2D and 3D-CT images, the reliability for determining Bohler’s angle was moderate for 2D 
imaging and actually decreased with the addition of 3D-CT, while it increased from slight to fair when judging the critical angle of Gissane with the 
addition of 3D-CT, respectively.!”6 


CLASSIFICATION OF INTRA-ARTICULAR CALCANEUS FRACTURES 


A good classification system should be simple, have excellent inter- and intra-rater reliability, guide management, facilitate communication between 
researchers and health care providers, be clinically and academically relevant, and have good prognostic value.”™81:94 Historically, several classification 
systems have been used to classify calcaneal fractures using either plain radiographs or CT imaging.?738-52,79.148 Initial classification systems solely relied 
on plain radiographs, limiting their current utility.!2°-!®° Although some classifications such as the Sanders or Essex-Lopresti classification are widely used 
in both the clinical and research setting,°”>”!°9 there remains a lack of universal acceptance which affects treatment and the ability to compare study 
outcomes.°”:79:130,138,148,175 Tn general, classification systems requiring less detail and greater simplicity are often associated with higher interrater reliability 
but often provide less information to make clinical decisions.”? In the case of calcaneal fractures, while clinicians may agree on the classification of a 
specific fracture pattern, there is still often disagreement on the choice of treatment. !7° 


Calcaneus Fractures: SANDERS CLASSIFICATION 


Type Description Treatment 

I Undisplaced fractures, regardless of number of fracture lines e Nonoperative 

II One fracture line; two main posterior facet fragments e Percutaneous/minimally invasive technique with reduction when 
needed 


e Sinus tarsi approach 


Ill Two fracture lines; three main posterior facet fragments; central e Sinus tar: si approach 
fragment depressed/rotated e FExtensile lateral approach 

IV Three or more fracture lines; four or more main posterior facet e Extensile lateral approach 
fragments e Primary arthrodesis 


As early as 1929, Lorenz Böhler in Austria, provided a complete classification of calcaneal fractures, and this was followed by Soeur in Belgium in 
1935, and Palmer in Sweden in 1948.!° Essex-Lopresti used these to create a simpler calcaneal fracture classification. It is based on plain radiographs and 
divides calcaneal fractures into two main fracture types: the extra-articular “tongue-type” where the articular facet remains attached to the main tuberosity 
fragment and the intra-articular “joint depression fracture” where the articular facet fragment is fractured and separate from the displaced tuberosity. Several 
classification systems have been based on the Essex-Lopresti classification.!8° Because of the complexity of the calcaneal anatomy and of the various intra- 
articular fracture patterns, plain films are often not good at determining fracture patterns with significant accuracy and, using only plain radiographs, the 
classification has generally shown poor interobserver reliability”?!4° which has improved with the use of CT scanning. A study by Veltman found the 
interobserver reliability to be moderate (K = 0.50) with 2D-CT and decreased with the addition of 3D-CT (K = 0.33), while the intraobserver reliability was 
moderate (K = 0.40) and did not change significantly. Another study comparing the Essex-Lopresti classification found high intraobserver and interobserver 
reliability (K = 0.85, K = 0.78), which was significantly better than the other classifications schemes assessed.’? Although the Essex-Lopresti classification 
(which is based on plain radiographs) has been shown to be reliable, its ability to predict clinical outcomes has shown mixed results.2® One of the main 
limitations with this classification is that the “extra-articular tongue fracture” (Sanders type IIC) may in fact have an intra-articular component when 
evaluated on CT scans (Sanders type II A or B), and this will alter treatment decisions. 

The classification system devised by Soeur in 1935 was used to describe treatment of these fractures by Soeur and Remy in 1975 and is based on plain 
radiographs.!°° It describes the fracture lines as they relate to the thalamic portion of the calcaneus, (what we now call the posterior articular facet). This 
classification system was used to describe treatment as well. The classification is based on AP, lateral, and Harris axial heel radiographic views. Soeur and 
Remy divided calcaneal fractures into three types or degrees. The first degree was believed to be rare, a simple fracture line at the angle of Gissane. In these 
cases, no articular displacement was seen. The second-degree fracture pattern was caused by a combined shearing and compression force, resulting not only 


in a fracture line at the angle of Gissane, but compression of the thalamic fragment into the body of the calcaneus. The third-degree fracture pattern 
described a comminuted fracture in which the posterior facet was comminuted and “buried near to the plantar cortex” of the calcaneus.!>° Both the type II 
and III are variants of a joint depression type fracture, and only vary in their degree of comminution and displacement. Interestingly, their treatment was an 
open reduction using a small osteotome to reduce the thalamic (posterior facet) portion, pinning this lateral fragment to the sustentaculum, followed by a 
second pin acting as a rebar, directly under the angle of Gissane, and plaster casting for 3 months. 

The Zwipp classification uses both plain film and CT scanning to classify calcaneus fractures. It uses the lateral and axial views of the calcaneus, AP 
view of the foot, the Broden view, and axial and coronal CT views.!8” Zwipp was the first to use the information provided by CT scan in order to provide a 
better understanding of calcaneal fracture patterns.!®8 The classification system is based on a point system and includes the number of fracture fragments, 
the number of joints involved, the presence or absence of an open injury and the status of the soft tissues for a maximum score of 12 points (Fig. 67-8).187 
Although their surgical technique and postoperative protocol have been criticized, the authors found that clinical outcome was correlated with classifications 
score with a higher score correlated with a worse outcome.'®” A study found that the interobserver reliability was fair for both plain radiographs and 2D-CT 
(K = 0.23 and 0.25, respectively) and decreased when using 3D-CT!”6 while the intraobserver reliability was moderate (K = 0.40). 

The Sanders classification is likely the most universally known and used.”? It is a CT-based classification system, which is a progression from the work 
by Soeur and Remy.!°° The Sanders classification focuses on the involvement of the posterior facet of the calcaneus and is divided into four possible types 
(I-IV) with the roman numeral indicating the number of fracture fragments—therefore indicating greater posterior facet comminution. The classification is 
based specifically on the coronal and axial CT image and uses the overlying talus as a reference to divide the posterior facet into a lateral, central, and 
medial fragments (Fig. 67-9). Type I represents all undisplaced fractures, regardless of the number of fracture lines and are expected to do well with 
nonoperative treatment. Type II fractures occur when one sagittally oriented fracture line separates the posterior facet into two main fragments, type III 
fractures occur when two fracture lines separate the posterior facet into three fragments, and type IV fractures occur when there are three or more fracture 
lines that separate the posterior facet into four or more main fracture fragments. !39-141:143 The major fracture types, type II and type III, can then be divided 
into subtypes based on the location of the main fracture lines starting laterally and moving toward the sustentaculum. These subtypes include IIA, IIB, HC, 
HIAB, INIAC, and IBC. As the fracture lines appear more medial, the more difficult it becomes to obtain a reduction from the lateral side. In his original 
classification, Sanders described using a single slice at the level of the sustentaculum representing the anterior portion of the posterior facet. However, with 
time, multiple slices were used to assess the entire posterior facet from anterior to posterior!*? noting all the fracture lines that came in and out of the field of 
view. Although the Sanders classification described intra-articular fractures, it can also be used for extra-articular tongue-type fractures. Depending on 
location of the fracture line within the posterior facet, the fracture can be classified as IIC, which is considered extra-articular as the fracture traverses the 
perimeter of, and spares the posterior facet, or IIB, which indicates fracture extension into the posterior facet. 
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Figure 67-8. Zwipp CT scan classification of calcaneal fractures. 
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The Sanders classification has been shown to have good therapeutic and prognostic value correlating fracture pattern with clinical outcomes.9*!4! A 
study by Sanders looking at 108 fractures over a 10- to 20-year period to assess the prognostic value of the classification found that type III fractures were 
6.5 times more likely to develop advanced subtalar arthritic changes compared with type II fractures. Less than 20% of type II fractures needed a subtalar 
fusion at 10 to 20 years compared with 47.4% of type III fractures. These findings are consistent with a previous report Czisy et al., which identified a 
prognostic value when comparing type IV and type II fractures.°8 

This is arguably the most used classification system in research and clinical practice, and multiple studies have found the classification to have 
prognostic importance.**°°.’? Practitioners typically use the number of fragments and subtypes to assist their decision-making and the patient’s expected 
outcome, in conjunction with multiple other factors like comorbidities, functional demands, work status, etc.!°° When presented with one CT slice of the 
posterior facet, the Sanders classification has been judged as relatively simple and quick to interpret®'; however, this did not increase the interobserver 
reliability.2°°! Like other fracture classification schemes, interobserver reliability improves when classifying either the simplest or the most complex 


fractures but often fails when attempting to classify midrange (i.e., Sanders II and III) fracture patterns.8+94 The study by Sanders found that if a C-line was 
present (IIIAC or IIIBC) this predicted a worse prognosis.!“* A study that looked at the interobserver reliability of the Sanders classification without 
subclasses (A, B, C) using plain films and 2D-CT found it to be fair (K = 0.22) but it dropped to K = 0.18 following the addition of subclasses. Intraobserver 
reliability was found to be moderate (K = 0.46) and did not differ significantly with the addition of subclasses. 176 
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Figure 67-9. Sanders classification of calcaneus fractures. The Roman numerals II, II, and IV refer to the number of articular fragments of the posterior facet, while 
the corresponding letters (A, B, and C) refer to the position of the fracture lines, from lateral to medial, within the facet. This version displays tongue fractures 
including the intra-articular patterns (as variants of the joint depression fractures). 


In terms of the prognostic value of fracture classification subtypes, the evidence has been mixed. Previous studies have found that intraobserver and 
interobserver reliability was greater for the main fracture classification (e.g., I, II, III, IV) and less so for subtypes** but was generally considered 
“moderate” to “substantial.”°* The classification was designed to benefit the surgeon initially in understanding the complexity of the fracture and thereby 
direct treatment. Most notably type I fractures needed nonoperative methods, while type IV needed restoration of calcaneal shape and a primary fusion. 
Because of the increased number of articular fragments in type III fractures, the surgeon would therefore be prepared to deal with a more technically 
challenging fracture. The various subtypes can be difficult to interpret, but it should be clear that a detailed evaluation of all the fracture lines is required in 
order to properly plan surgical intervention.®!:94:138 


OUTCOME MEASURES FOR CALCANEUS FRACTURES 


There is currently no outcome measure universally applied to calcaneus fractures. Radiographic outcome measures include articular surface 
restoration, 37117-186 Böhler’s angle restora-tion, !85-93-102,117,155,186 and the incidence of posttraumatic subtalar arthritis.2 The most commonly used 
outcome measures in prospective trials include the visual analog scale (VAS) score,!”? the SF-36,!:?:26.60.85 the American Orthopaedic Foot and Ankle 
Society Ankle-Hindfoot Scale score (AOFAS),!:2663,70,102,155,185,186 the Olerud—Molander (OM) score,! the Foot Function Index (FFI),°?:!5° and the 
Calcaneal Fracture Scoring System.!®> The Patient-Reported Outcomes Information Measurement System (PROMIS) Physical Function has also gained 
recent popularity. !!!72 


PATHOANATOMY RELATED TO CALCANEUS FRACTURE 


INTRA-ARTICULAR FRACTURES 


Intra-articular fractures involving the calcaneus typically lead to the formation of recognizable fracture fragments including the anterolateral fragment, the 
main anterior fragment, the superomedial fragment, the superolateral fragment, the lateral wall fragment, the tongue fragment, and posterior main fragment 
(Fig. 67-10). The anterolateral fragment is pyramidal in shape and includes the lateral wall of the anterior process and part of the CC joint articulation. The 
main anterior fragment is a large fragment, which lies anterior to the main fracture line and includes the anterior process of the calcaneus as well as the 
anterior portion of the sustentaculum. The superomedial fragment, also referred to as the sustentacular fragment or constant fragment, is the medial 
fragment lying posterior to the main fracture line, which includes varying amounts of the superomedial wall of the calcaneus. This fragment remains 
attached to the talus via the deltoid ligamentous complex.”? The sustentacular fragment can rotate into varus, thus bringing the lateral edge of the fragment 
away from the overlying talus.*° The superolateral fragment, also referred to as the semilunar, thalamic, or comet fragment, represents the lateral aspect of 
the posterior articular facet.!285° A variable amount of posterior articular surface can be contained within this lateral joint fragment with the average being 
around 40%.“° The lateral wall fragment is often very thin and usually comminuted and is often reflected or removed to gain access to the lateral articular 
fragment from the posterior facet.4° The tongue fragment when present, is part of the superolateral fragment, which remains attached to the tuberosity and 
involves the Achilles tendon insertion. This fragment is created when the secondary fracture line travels posterior along the calcaneal body and exits below 
the Achilles insertions.*®°2 Finally, the posterior main fragment or posterior tuberosity fragment is often wedge shaped and driven upward, falling into the 
typical varus deformity.*® This wedging also shifts the superolateral fragment into valgus preventing a reduction unless the tuberosity is repositioned 
correctly. 


jure . Transverse computed tomographic scan showing the fracture fragments. 1 = primary fracture line, 2 = secondary fracture line, A = superomedial 
fragment (also. known as the sustentacular or constant fragment), B = superolateral fragment (also known as the semilunar or comet fragment), C (not shown) = tongue 
fragment (the superolateral fragment attached to a piece of the posterior tuberosity, which includes the Achilles tendon insertion), D = anterior main fragment (the 
anterior half of the calcaneus), E = anterolateral fragment (the lateral wall of the anterior process), and F = posterior main fragment (the posterior tuberosity fragment). 
(Reproduced from Sanders R. Displaced intra-articular fractures of the calcaneus. J Bone Joint Surg Am. 2000;82(2):225-250.) 


ANTERIOR PROCESS FRACTURES 


The anterior process of the calcaneus is the anterior bony prominence, which contributes to the anterior subtalar facet superiorly, and the CC joint anteriorly. 
It serves as insertion site for both the calcaneonavicular (CN) and CC components of the bifurcate ligament.’** This attachment pattern and the underlying 
mechanism of injury are thought, in certain circumstances, to lead to an avulsion-type fracture pattern.’ Another typical fracture pattern results from 
forced hindfoot dorsiflexion and eversion with compression of the anterior process between the cuboid and the talus.*?.****° Anterior process fractures can 
occur in isolation or as an extension of an intra-articular fracture. Isolated fractures are relatively rare injuries and are often overlooked or misdiagnosed as 
ankle sprains.’®**° Anterior process fractures represent approximately 0.5% to 10% of foot fractures. The average age at presentation is 40 to 55, they are 
more common in women, and a vertical and undisplaced fracture is the most common pattern.’”'*’'* Anterior process fractures have also been described 
following sudden ankle inversion with a plantarflexed foot.’*"” There is a significant association between these fractures and undiagnosed CN coalitions, 
ATFL, and bifurcate ligament abnormalities.‘““ These fractures are often associated with talus, navicular, and cuboid fractures, as well as ATFL and 
peroneal tendon tears.”®119 They can also present as stress fractures with no apparent traumatic event.'°! The pain associated with an anterior process 
fracture is typically located 3 to 4 cm distal to the lateral malleolus. 

Degan and Morrey classified these fractures into three types. A type I anterior process fracture is a nondisplaced avulsion fracture of the tip of the 
anterior process, type II is a displaced fracture that does not involve the CC joint, and type III is a displaced fracture involving the CC joint.** The diagnosis 
is often confirmed by CT.**° The mainstay of treatment is nonoperative treatment which involves the use of immobilization and restricted weight 
bearing.’ Larger and displaced fracture fragments may necessitate surgical intervention and most frequently result in uneventful union and return to full 
function.**"° Similarly, in the rare case of a symptomatic nonunion, fixation or excision can be performed based on the size of the fragment and the 
surgeon’s decision-making experience. 


TUBEROSITY FRACTURES 


The calcaneal tuberosity is composed of porous cancellous bone surrounded by a thin bony cortex. The tuberosity functions as a lever, which transmits the 
pull of the gastrocnemius—soleus complex down to the distal foot. Running and jumping activities generate forces up to 10 times a person’s body weight, 
which are transmitted through the Achilles tendon and its calcaneal insertion.** The Achilles tendon inserts on the middle third of the posterior aspect of the 
tuberosity; however, more proximal insertions and broader insertions have also been described.!°* Extra-articular calcaneal tuberosity fractures or beak 
fractures are relatively uncommon fractures and account for 1% to 3% of all calcaneal fractures.2!4° The most common mechanism is a low-energy fall 
associated with forced dorsiflexion and a twisting moment at the hindfoot! often in an osteoporotic patient.!4° Avulsion fractures are more common in 
older, female patients with peripheral neuropathy. The Beavis classification is based on the original Böhler classification of this injury and is used to 
describe extra-articular calcaneal tuberosity fractures.'4 In type I fractures, a small shell of cortical bone is avulsed at the Achilles insertion site. In type II 
fractures, also known as beak fractures, the main fracture fragment consists of a large tuberosity fragment sometimes extending to the posterior facet of the 
subtalar joint, which can be associated with posterior heel skin compromise. 

Patients typically present with significant heel and hindfoot pain and posterior hindfoot swelling. Clinically, they also display a weakened 
gastrocnemius—soleus complex with decreased plantarflexion strength. The soft tissues are compromised in approximately 20% of patients,°* and, as a 
result, the skin and soft tissues should always be carefully inspected for an open fracture or an impending open fracture. Although open injuries may not be 
initially seen, the skin overlying the fracture may be under pressure and pale, which could lead to skin necrosis. Skin necrosis represents a potential 
catastrophe and is most commonly seen following a delay in treatment and/or a delay in presentation.®»’> Closed, minimally displaced (<1 cm) calcaneal 
tuberosity fractures and/or fractures where the soft tissues are not at risk may be treated nonoperatively in a well-padded splint in slight equinus. Close 
clinical follow-up is mandatory as the tuberosity fragment may displace putting the surrounding soft tissues of the heel at risk. Intra-articular tongue-type 
fractures, open fractures, and fractures associated with at-risk soft tissues should be treated with emergent surgery. 


FRACTURE-DISLOCATION OF THE CALCANEUS 


Fracture-dislocation of the calcaneus was first described in the English language by Court-Brown et al. in 1986 and represents an intra-articular calcaneal 
fracture where the superolateral fragment remains attached to the lateral calcaneal body (rather than being impacted into the calcaneus), with the entire 
lateral calcaneus driven upward and under the fibula, coming to rest above the lateral process of the talus.34 This fracture dislocation can be accompanied by 
other injuries such as a distal fibula fracture, peroneal tendon subluxation or dislocation, and ATFL and CFL injuries leading to tibiotalar instability and 
varus malalignment as described by Eastwood et al. and Ebraheim et al.3*47-48 All patients presenting with a swollen hindfoot, subluxated or dislocated 
peroneal tendons (which may be anterior to the lateral malleolus), talar tilt, and/or a lateral malleolus flake fracture following a high-energy injury should be 
assessed for the possibility of a fracture-dislocation of the calcaneus.” The plain radiographs, will show a talar tilt secondary to disruption of the lateral 
ligament complex, and is caused by the wedging of the lateral calcaneus recoiling and pulling the talus into varus. Additionally, a flake fracture of the lateral 
malleolus can be identified. This implies a tearing of the superficial peroneal retinaculum and peroneal tendon avulsion from its anatomic location. Finally, 
careful viewing of the lateral radiograph will display a modified “double-density sign” where the “second density” represents the superolateral dislocation 
lying above the level of the inferior talus. These injuries can be easily missed, with plain radiographs” (making them one of the most common causes for 
malpractice litigation for emergency room physicians) and advanced imaging in the form of a CT scan will show the superiorly displaced posterior facet and 
significant hindfoot varus.*”!3! Urgent open reduction and internal fixation (ORIF) of this injury pattern using either an extensile lateral, sinus tarsi, mini- 
open, or percutaneous approach is required?448-151 (Fig. 67-11). 


TREATMENT OPTIONS FOR CALCANEUS FRACTURES 


NONOPERATIVE TREATMENT OF CALCANEUS FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Calcaneus Fractures: 
INDICATIONS 


Indications 


Nondisplaced intra-articular or extra-articular fractures 
Minimally displaced (<1 cm) extra-articular fractures 
Anterior process fractures <25% CC joint involvement 
Patients with multiple comorbidities: 

e Peripheral vascular disease 

e Poorly controlled diabetes mellitus 

e Heavy smokers 
e Low-functioning household ambulators 
e Medically unfit 


Figure 67-11. A: Fracture dislocation. The entire lateral body of the calcaneus is superimposed on the inferior half of the talus. B: Tuberosity is under the fibula, the 
ankle joint is widened laterally, indicating disruption of the ATFL and CFL. C: CT scan documenting that the lateral joint stayed as part of the tuberosity and is under 
the fibula. Note that the talus is incarcerated in the lateral calcaneal fragment. 


Nonoperative treatment is considered for nondisplaced or minimally displaced intra-articular or extra-articular fractures, and anterior process fractures 
which involve less than 25% of the CC joint. Patients with multiple or severe comorbidities may be considered for nonoperative treatment due to the high 
risk of complications with surgery. These comorbidities include peripheral vascular disease, poorly controlled diabetes mellitus, smoking, generally poor 
medical status, and patients with minimal ambulatory capacity. 


Patients presenting with extra-articular tuberosity fractures should be carefully evaluated for any areas of compromised skin. They should be placed in a 
well-padded splint with the foot and ankle in slight equinus for 1 week. Close clinical follow-up is necessary to ensure soft tissues remain in good condition. 
The leg is kept elevated and iced as needed. After 7 to 10 days, when the patient returns for clinical assessment, if the soft tissues are intact and the fracture 
fragments do not show evidence of further displacement, the patient can be placed in a well-padded short leg cast with the foot and ankle in slight 
plantarflexion. At 6 weeks, if radiographs continue to show minimal fracture displacement with acceptable alignment, the patient can be transitioned to a 
CAM boot with or without a heel lift and can begin gentle range-of-motion (ROM) ankle exercises. Undisplaced or minimally displaced anterior process 
fractures can be treated in a short fracture boot and weight bearing can begin immediately, including ROM exercises. At 6 to 8 weeks, depending on 
symptoms and radiographic healing, the patient may be transitioned to a supportive shoe. 

There is currently a dearth of knowledge in the literature regarding a standardized weight bearing, physical therapy, and mobilization protocol for 
nonoperatively managed intra-articular calcaneal fractures.'?* At our institution, the patient is placed in a well-padded supportive splint and the limb should 
be kept elevated and ice is applied as required; adequate pain control is also important in the early stages of management. Conversion to a fracture boot or 
cast with the foot held in neutral dorsiflexion occurs after 14 days. Early ankle ROM exercises can start at 2 to 3 weeks postinjury, pain and soft tissues 
permitting, as this will help prevent hindfoot and ankle stiffness. The patient is kept nonweight bearing for a minimum of 6 weeks with periodic radiographs 
to ensure that there has been no loss of reduction and that bony union is occurring. The total period that a patient should be kept nonweight bearing is 
controversial as some authors have advocated for shorter periods of restricted weight bearing.*-’"°* On the other hand, many experts maintain restricted 


weight bearing for longer periods, especially in diabetic patients. Patients who are healthy and who suffered a relatively low-energy injury with less 
comminution may expect to return to their low-demand occupation by approximately 3 months with return to previous employment level at 6 months 
postinjury?®168; however, variability exists in this timeline. 


Outcomes 


Several studies have compared operative and nonoperative treatment of intra-articular calcaneal fractures. Drawing conclusions from some of these studies 
has been difficult due to the small sample size, lack of standardized classifications, mix of intra- and extra-articular fractures, and variations in surgical 
technique.®* A meta-analysis that looked at more than 1,800 publications found that there was a trend toward nonoperative patients being less likely to 
return to the same type of work and more likely to experience “severe” foot pain than operatively treated patients.'°* A meta-analysis looked at all literature 
over 35 years comparing operative versus nonoperative treatment of DIACFs and found that the incidence of early subtalar fusion in the nonoperative group 
was 4.4 times higher than the operative group.!°! Although the trend toward poorer outcomes following nonoperative treatment has been shown in several 
studies,’ other studies have found over the years that truly undisplaced or minimally DIACFs can be successfully treated nonoperatively.2”!5? A systematic 
review performed in 2022 which included 10 randomized control trials and 3 prospective clinical trials reported mixed results. Operative management 
offered a statistical benefit in terms of improved shoe fitting and an improved rate of return to activity. However, levels of residual pain, complications, and 
arthritis did not differ between operative and nonoperative groups. Thus, providers must counsel patients on the seriousness of the injury and provide 
realistic expectations regarding the outcomes of operative intervention. 

Regarding cost, one study found that the time off work and overall societal costs were significantly less for patients treated operatively when compared 
with nonoperative patients. Overall, surgical treatment was less costly and more effective than nonoperative treatment when considering DIACFs.*! In 
addition to the initial surgical procedure, a proportion of patients may require additional interventions, such as calcaneal osteotomy and/or exostectomy for 
subfibular impingement’; in addition, approximately 15% may require a subtalar arthrodesis secondary to posttraumatic arthritis.??8-143 


OPERATIVE TREATMENT OF CALCANEUS FRACTURES 


Extra-Articular Calcaneus Fractures 


Various surgical approaches have been described to address extra-articular tuberosity fractures including extensile open, sinus tarsi, and percutaneous 
techniques.*°.49-!60 Fixation may include any of the following constructs including solid and cannulated screws, K-wires, Steinmann and Schanz pins, 
cerclage wires, tension band wires, suture anchors, and low-profile plates.°-9:14.105.112, 158 


Indications 


Displaced fractures of the calcaneal tuberosity (Sanders IIC), beak fractures, tuberosity fractures associated with posterior heel skin compromise or 
associated with skin at risk, anterior process fractures involving more than 25% of the CC joint articular surface, or compromised gastrocnemius—soleus 
complex and open extra-articular calcaneal fractures are indicated for fixation. 


Percutaneous or Minimally Invasive Fixation of Displaced Extra-Articular Tongue-Type Fractures 


Percutaneous or minimally invasive fixation is indicated in tongue-type fractures in which the tuberosity fragment contains the entire posterior facet, 
displaced tuberosity fractures with/without soft tissue compromise, fractures in patients at high risk of soft tissue complications, patients medically unfit to 
undergo a lengthy open procedure, and fractures less than 2 weeks old.43165,166 


Preoperative Planning 


Percutaneous or Minimally Invasive Fixation of Displaced Extra-Articular Fractures: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operating table, radiolucent leg extension, table with ability to plane to left/right 


Position/positioning aids Prone or lateral decubitus based on fracture pattern 
Bean bag, gel bolsters as needed 
Ensure that patient positioning allows for unimpeded/unobstructed radiographic views 
When in lateral decubitus, nonoperative leg is kept relatively straight at the knee and taped to the corner of the table, bolster 
for operative foot to be parallel to the floor 


Fluoroscopy location LJ Surgeon preference dictates which side unit brought in from 


Equipment Large Steinmann pins 
3.5-, 4.5-, 5.4-, 6.5-, 7.3-mm threaded cannulated screws available 
Low-profile sinus tarsi plates available 


Small fragment plate/screw set available 


Tourniquet LJ Thigh tourniquet, 325 mm Hg, 120 minutes total tourniquet time 
Other LJ Paralysis will help with bony reduction 
Positioning 


The patient is placed prone on a radiolucent operating table. Careful positioning of both the operative and nonoperative limbs is crucial in order to allow 
unimpeded access for fluoroscopy to obtain clear lateral, axial, heel, and Broden views. The knee is flexed to 20 degrees to help relax the gastrocnemius 


muscle and a sterile bump is placed under the ankle to help achieve plantarflexion in order to obtain clear lateral fluoroscopic views. Following sterile 
preparation of the leg, the limb is exsanguinated, and the tourniquet is inflated. The patient should be paralyzed in order to fully relax the gastrocnemius— 
soleus complex. 


Surgical Approach 


The percutaneous or minimally invasive surgical approach for the management of extra-articular calcaneus fracture is not classically standardized and is 
highly dependent on fracture lines and fracture fragment size and displacement. Small incisions may be placed medially, laterally, or posteriorly in order to 
advance combinations of pins, percutaneous clamps, and elevators to perform the reduction and fixation. 


Technique 


KEY SURGICAL STEPS 


,/ | Percutaneous or Minimally Invasive Fixation of Displaced Extra-Articular Fractures: 


Position patient prone. 

= Percutaneous 3.2-mm pins (one medial and one lateral) are used to enter the tuberosity fragment and follow the fracture line to its anterior 

conclusion. 

LJ Correction of deformity under x-ray guidance by simultaneously plantarflexing the foot and pushing the protruding pins down toward the plantar 

surface of the foot thereby disimpacting the fracture fragment. 

Confirm pin position on lateral, AP, and axial views. 

Advance pins across the fracture, into the anterior process avoiding the articular surface. 

Percutaneous partially threaded cannulated cancellous lag screws (6.5 mm) can be used over a guide pin to maintain reduction. If pins are deformed 
from the reduction exchange them for new guide pins. 

LJ Sinus tarsi approach (STA) if joint visualization is required (intra-articular tongue). If in the prone position, the leg can be externally rotated to 
perform an STA. Similarly, a percutaneous cannulated 4.0 mm cannulated screw can be placed medial to lateral from the sustentaculum into the 
articular portion of the fracture to maintain height in extra-articular tongue fractures in the prone position. 

LJ Splint the extremity in a mild plantarflexed position. 


Extra-Articular Tongue Fractures 

In the case of larger tuberosity fracture fragments, two threaded guide pins are advanced percutaneously into the superior tuberosity fragment on the lateral 
fluoroscopic view. These percutaneous pins are directed anteriorly and inferiorly down the axis of the tuberosity but are not advanced past the fracture line 
(Fig. 67-12). The pins are typically of large diameter (i.e., 3.2 mm), as the force required for the reduction maneuver may be substantial. A modified axial 
view or AP view can be used to confirm that the pins have the appropriate trajectory, are within the tuberosity, and are parallel to each other. As described 
by Tornetta,!© the fracture fragments are then disimpacted by plantarflexing the foot and bringing the guide pins down toward the plantar surface while also 
correcting the hindfoot varus deformity that may be present. The lateral radiographic view can then be used to confirm that an anatomic reduction has been 
achieved. If the reduction is deemed acceptable, a threaded guide pin is advanced from the fragment into the anterior process of the calcaneus, stopping 
short of the CC joint. The position of the pin and the reduction can then be checked using the lateral, AP, and axial views. If satisfactory, a large (6.5-mm) 
fully threaded cannulated screw can be advanced over the guide pin. The reduction pin can be removed, and a second guide pin placed under fluoroscopic 
guidance for another cannulated screw. If the fracture line is intra-articular and extends into the posterior facet of the subtalar joint, an STA can be 
performed to visualize the posterior facet and assist with the reduction. It is important to avoid blocking the articular reduction when positioning the 
tuberosity fixation. Supplementation of the fixation can be achieved with 3.5-mm lag screws or smaller diameter cortical screws in either the tuberosity 
and/or the thalamic portion of the posterior facet to support the articular reduction. 


Figure 67-12. Essex-Lopresti technique as modified by Tornetta.!° Once guide pins are correctly positioned, they are exchanged for 6.5- to 8.0-mm cannulated 
cancellous lag screws. 


Beak Fractures 

For tuberosity avulsion beak fractures, prone positioning is ideal. A small midline incision is made over the fracture fragment at the base of the Achilles 
tendon approximately 4 cm proximal to the sole of the foot. The paratenon overlying the Achilles and fracture site is then incised and the fracture fragment 
can then be visualized and debrided. If Achilles tendon tightness is noted, a gastrocnemius recession (Strayer procedure) can be performed through a 
separate proximal incision at the gastrocnemius-soleus junction. A large, pointed reduction clamp is then used to reduce the fragment. Although screws are 
typically used to secure large fragments, because of the pull of the gastrocnemius muscle and thin plantar cortical bone, this fixation may fail. Mitchell et al. 
have described adding the technique of B.G. Weber where cerclage is used to counter this pull.!!? If the avulsion fragment is too small and cannot accept a 


reduction clamp, newer techniques using the Arthrex (Naples, Florida) Speed Bridge can be used to secure the avulsion with fiberwire and resorbable 
anchors in the calcaneus. The paratenon is closed with 3-0 absorbable suture. 

In both types of fractures described, the ankle should be placed in a well-padded splint in a mild plantarflexed position to relax the Achilles tendon and 
to protect the repair, and the patient should be seen regularly for a splint change and wound evaluation. Sutures are often left in for 3 weeks or more. The 
patient is placed in a removable CAM boot with a 1- to 2-inch heel lift and gentle ROM exercises can be started. Progressive weight bearing can be started 
at 5 to 6 weeks postoperatively. 


Open Reduction and Internal Fixation of Anterior Process Fractures 


Indications for ORIF are displaced fracture or greater than 25% involvement of the articular surface of the CC joint. 


Technique 


ORIF of Anterior Process Fractures: 


KEY SURGICAL STEPS 


VE or Lateral decubitus position on radiolucent table with tourniquet control 

A 3-cm incision over anterior process identified by palpation or by x-ray 

Elevation of extensor digitorum brevis (EDB) 

Direct reduction of anterior process with visualization of the calcaneocuboid (CC) joint 

Oblique image of foot on x-ray to confirm reduction 

Fixation can include 3.5 mm or smaller screws or low-profile plate and screws depending on bone quality and comminution 


The patient is placed either supine or in the lateral decubitus position on a radiolucent table. A 3-cm longitudinal incision is made slightly distal to the sinus 
tarsi, extending the incision in line with the fourth metatarsal. The EDB is elevated with sharp dissection of the CC capsule, exposing the anterior process of 
the calcaneus, the CC joint, and the proximal aspect of the cuboid. The articular surface of the CC joint is inspected and irrigated to remove any interposing 
tissue. At this point, the decision to reconstruct is made based on the size of the fracture fragments, their position, and the integrity of the articular cartilage. 
If the joint is to be reconstructed, the fracture is reduced and provisionally stabilized with 1.6-mm K-wires. The reduction is then checked under direct 
visualization, palpation of the articular surface with a freer elevator, and fluoroscopically with an oblique view of the foot. Definitive fixation is achieved 
with 3.5-mm cortical screws. In situations where fracture comminution or poor bone quality is present, a low-profile, precontoured small fragment or mini- 
fragment plate may be used. Any small, comminuted fragments devoid of cartilage can be excised. The incision is closed in layers; a bulky dressing and 
plaster splint are applied. The patient is brought back to clinic 3 weeks later, the wound is inspected, sutures removed and, if soft tissues permit, the patient 
is put in a removable CAM boot and gentle ROM exercises of the ankle can begin. Weight bearing can be started at 6 weeks postoperatively if evidence of 
bone healing is seen radiographically. 


Intra-Articular Calcaneus Fractures 
Indications 


Indications for operative treatment of intra-articular calcaneus fractures include displaced fracture of the posterior facet in medically fit patients, open 
fractures, and fracture dislocation of the calcaneus. 


ORIF of Fracture-Dislocations of the Calcaneus 
Positioning 
Depending on surgeon preference, the patient is placed in either the supine or in the lateral decubitus position on a radiolucent operating table. Muscle 


paralysis is important to help relax the soft tissues and ease the reduction. The fluoroscope is positioned on the other side of the operating table and used 
throughout the case. If the supine position is used, a bolster is placed under the ipsilateral hip to create a “sloppy lateral” position. 


Technique 


A small incision is made over the superolateral aspect of the displaced fragment. The placement of the incision should be well planned and should allow for 
the levering of the main dislocated fragment as well as inspection of the posterior facet once reduced, repair of the lateral ankle ligaments, if necessary, as 
well as peroneal tendon reduction and potential repair. Most often, this develops into a sinus tarsi incision, and that incision can be used for this fracture 
type. Great care must be taken though, because the fragment has displaced the peroneal tendons, and they must be identified to avoid damage. Through this 
incision, blunt dissection is carefully performed until a freer or periosteal elevator can be placed over top of the dislocated fragment and into the subtalar 
joint. The position is then confirmed under fluoroscopy. A Schanz pin can also be placed into the inferior aspect of the posterolateral fragment in order to 
help with manipulation and reduction of the fracture fragment. Once the position has been confirmed, the elevator is used as a lever and the posterolateral 
fragment is brought inferomedially into its reduced position. Once the fragment has been reduced, the decision to proceed to definitive bony fixation and/or 
soft tissue repair can be made. This decision is based on the fracture pattern, the status of the soft tissues, and the medical stability of the patient. The mini- 
open incision which is used to reduce the dislocated fragment may be extended proximally and distally to visualize the posterior articular reduction. The 
articular fracture is usually a two-part sagittal split and may be reduced using a large reduction periarticular clamp, which can be percutaneously placed. 
Fixation can then be achieved using lateral-to-medial 3.5- or 4.0-mm screws. If the patient’s medical condition permits and the soft tissue envelope is 
amenable, any disruption in the ligamentous complex of the ankle or peroneal tendon dislocation may be repaired and reduced through the same incision. 
The peroneal tendons are located and reduced into the peroneal sulcus. The stability of the reduction and integrity of the peroneal retinaculum are then 
tested by taking the ankle joint through a ROM including dorsiflexion and plantarflexion. If the tendons demonstrate instability and do not remain in the 
sulcus, the peroneal sheath is repaired to the posterior inferior aspect of the lateral malleolus using suture anchors. The lateral ligaments of the ankle are then 
assessed and, if injured, are repaired with suture anchors in the fibula or the talus depending on the location of the ligamentous injury. The wound is closed 
in layers and over a drain if necessary. A bulky well-padded splint is applied, the leg is elevated, and 24 hours of prophylactic antibiotics are administered. 


Postoperative Care 

The patient is discharged home and returns to clinic after 1 week for removal of the splint and assessment of the wound and, if found to be intact, a cast may 
be applied. The patient is kept nonweight bearing with the operative leg elevated and returns to clinic 2 weeks later for a second wound assessment and 
removal of sutures soft tissue permitting. The patient is placed in a cast for another 3 weeks, and at the 6-week postoperative visit, the patient is placed in a 
CAM boot and is instructed to begin gentle ROM exercises of the ankle. The patient is kept nonweight bearing for a total of 12 weeks. There is limited 
evidence available on which to draw conclusions with regard to these complex injuries, involving only small case series and case reports?*4748.169; 
however, the calcaneal anatomy including the posterior facet can often be reduced anatomically despite the degree of initial displacement. 


ORIF of Intra-Articular Calcaneus Fractures Via the Sinus Tarsi Approach 


Determining the state of the soft tissues is crucial before embarking on an open approach to intra-articular calcaneal fractures. The amount of time between 
the injury and open fixation is typically between 0 and 2 weeks for the percutaneous approaches and STA and 2 to 4 weeks for the ELA.!2°09! The 
minimally invasive approaches, such as the STA, were developed and have become more universally accepted to address the relatively high rates of apical 
wound necrosis and superficial and deep infections that have been reported with the ELA.*!2,43,89,91,121,164 Through the STA, the posterior facet of the 
subtalar joint, the majority of the lateral wall, and the anterior process can be directly visualized and reduced. The posterior tuberosity can be percutaneously 
reduced, and stable fixation of the main fracture fragments can be achieved. The STA incision can also be extended proximally if needed in order to address 
peroneal tendon pathology, essentially turning this into a lateral Kocher approach (the original surgical approach used for these fractures). This approach 
can also be reused at a later date for subsequent subtalar arthrodesis. 


Preoperative Planning 
ORIF via the Sinus Tarsi Approach: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table 


Position/positioning aids Supine (or lateral, prone for bilateral) preferably in order to access the medial calcaneus 
Patient feet flush with end of operating table 
bump placed under ipsilateral hip 


Fluoroscopy location LJ Surgeon preference, typically from opposite side 


Equipment Schanz/Steinmann pins/K-wires 
Small periosteal elevator, freer elevator 
Small fragment 2.7- and 3.5-mm screws and plates 
Low-profile sinus tarsi percutaneous plates 
Bone graft, cement, substitute available (rarely needed) 


+ Small joint arthroscope (2.7-mm sinuscope) 


Tourniquet LJ Thigh tourniquet, 325 mm Hg, 150 minutes maximum inflation time 
Other Soft tissue assessment preoperatively critical 
Ideally performed within 10 days of injury 


Positioning 

The patient is placed in the supine position with a bump under the ipsilateral hip. Although certain authors describe a lateral position, if a medial approach 
to reduce the body or apply a medial plate is needed, then the lateral position will be extremely challenging. All bony prominences are padded appropriately. 
A thigh or calf tourniquet is applied. Preoperative prophylactic antibiotics are administered. The leg is exsanguinated, and the tourniquet is inflated to 325 
mm Hg for a maximum of 150 minutes. If the procedure extends longer, the tourniquet is deflated for the remainder of the case. 


Technique 
ORIF via the Sinus Tarsi Approach: 
KEY SURGICAL STEPS 
Percutaneous Schanz pin used to disimpact the tuberosity fragment out of varus 
Small periosteal/freer elevator may be used to help reduce the lateral joint fragment 
Once reduction is confirmed radiographically and visually, lateral-to-medial wires hold reduction 
Confirm reduction of calcaneal tuberosity, height, length, width, angle of Gissane, Bohler’s angle 
One or two 3.5-mm fully threaded cortical screws placed in a lag mode advanced from the lateral wall of the superolateral fragment into the medial 


sustentaculum 
LJ Supplement screw fixation for the tuberosity, or a low-profile, sinus tarsi-specific plate, and a medial plate to reduce the medial wall. 


The anatomy of the lateral ankle and hindfoot is drawn on the skin and for the STA, a 2- to 5-cm incision is made from the tip of the lateral malleolus to the 
base of the fourth metatarsal. If the fracture extends into the CC joint, the incision can be extended distally. The EDB is elevated or split along its fibers and 
retracted superiorly. The peroneal tendons sheath should be identified to protect the tendons from damage. The tendons can be exposed and mobilized 


inferiorly if needed. The sinus tarsi is exposed, and fat, fibrous debris, and hematoma can now be removed. If at all possible, the interosseous ligament of 
the subtalar joint should be retained to maintain long-term stability of the joint (Fig. 67-13A,B). 

To disimpact and reduce the tuberosity fragment out of varus, a percutaneous Schanz pin may be used as a reduction aid. Traction and rotation are 
applied, and the reduction is confirmed with an axial view of the heel. The joint fragment, which may be medial to the extruded lateral wall, is then 
identified and disimpacted, and elevated using a periosteal elevator or a Hoke osteotome. If the tuberosity blocks the reduction, a laminar spreader can be 
inserted under the joint fragment with one tine beneath the upper portion of the medial wall and the other tine on the inner body of the tuber fragment. 
Spreading this will further disimpact the tuberosity. Before this is performed, if the joint fragment is unstable, it should be moved to the back table and 
placed in saline to prevent its migration onto the floor. Loose lateral wall fragments should be preserved and replaced after fixation to assure restoration of 
height and support for the lateral wall. Once the tuberosity is no longer blocking reduction K-wires may be advanced from the tuber into the constant 
fragment to maintain the reduction of the tuberosity fragment keeping the wires medial so as not to interfere with reduction of the lateral fragment. 
Unfortunately, these wires may limit manipulation of the calcaneus and hinder further reduction. Therefore, the surgeon should only use them if needed. 
Although a medial-based external distractor can be used to help distract the fracture, this will be time consuming, extremely cumbersome if the patient is in 
the lateral decubitus position, and once secured will prevent further manipulation of the fragments. 

Next, attention should be drawn to the articular reduction. Once the posterior facet is well visualized, the articular fracture fragments can be mobilized 
and elevated using a small elevator, while the tuberosity fragment is held in a reduced position. If the fragment was removed, then a 1.6-mm K-wire should 
be inserted as a handle on the back table before returning it to the fracture. The surgeon should check to make sure the tip of the K-wire is flush with the 
medial edge of the fragment because if it protrudes it will hinder an anatomic reduction. Once reduced, provisional fixation can be advanced from lateral to 
medial into the sustentaculum, usually with a separate K-wire first and then by advancing the existing pin. Two pins will prevent rotation of the fragment. 
The articular reduction and the position of the pins can then be checked under direct vision, and fluoroscopically on lateral, Broden, and axial views (Fig. 
67-13C,D). The appropriate reduction of the tuberosity as well as the restoration of calcaneal height, length, width, and varus/valgus positioning of the heel 
can once again be checked. The individual fracture pattern will then dictate the type of implants needed as well as the screw trajectory needed to gain 
adequate fixation. Typically, one or two fully threaded cortical 2.7- or 3.5-mm screws are placed in a lag mode, and advanced from lateral to medial into the 
sustentaculum to support the articular reduction and obtain articular compression. In some situations, a medial approach to the calcaneus may assist with 
fracture reduction. A small one-third plate may act in a buttress fashion to reduce and pull the tuberosity out of varus. This should be placed once the 
articular surface is reduced. Although the medial side should be easily approached in the supine position, occasionally the hip bump may need to be 
removed to gain complete access. A fully threaded large 6.5-mm cannulated screw is then advanced from the posterior tuberosity toward the posterior facet 
and another 6.5-mm fully threaded cannulated screw can be advanced toward the anterior process of the calcaneus in order to support the articular reduction 
and restore and maintain calcaneal length (Fig. 67-13E,F). Alternately a 4.5-mm screw from the inferior aspect of the tuberosity extending to the 
subchondral bone of the posterior facet may be placed as a buttress screw, which acts as a “kickstand.”®°.9! The fixation construct can then be supplemented 
by a small, low-profile, sinus tarsi-specific plate allowing for a combination of locking and nonlocking options. Most fractures will not require locking 
screws. Screws can be placed percutaneously using fluoroscopy or under direct visualization depending on the access. The plate is advanced inferior to the 
posterior facet and toward the posterior tuberosity after creating a soft tissue space with a medium-sized periosteal elevator to elevate the peroneal tendons. 
Though not designed to capture the lateral wall, the plate should also not be placed deep into the lateral wall. The reduction and fixation are then rechecked 
fluoroscopically using lateral, axial heel, and Broden views (Fig. 67-13G—K). 


Figure 67-13. Modified sinus tarsi approach (STA). A: Preoperative injury film showing a Sanders type IIA fracture. B: The STA is extended posteriorly, curving 
around the fibula as in the original Kocher approach. This allows for visualization of the entire facet. One can see the peroneal tendons are displaced inferiorly and the 
CEL is identified but left in place (*). The lateral fracture line (arrow) is easily seen throughout front to back. C: The fracture is reduced and pinned. D: This is verified 
under direct vision and C-arm control. The joint is reduced with lag screws (E), and the tuberosity is stabilized with a long fully threaded cannulated 6.5-mm screw (F). 
Final films verifying reduction: Broden view (G) and heel-leg alignment view (H). I-K: Intraoperative 2D CT scans verifying reduction. 


When using a straight sinus tarsi incision, should the posterior aspect of the facet need to be visualized, if continued posteriorly, the STA would traverse 
the peroneal tendons and the sural nerve. Recently, the author has used a modified Kocher approach in which the incision is slightly lower than the sinus 
tarsi and can become an extensile exposure, curving around the fibula at the level of the peroneal tendons if needed. By moving the tendons out of harm’s 
way (without dislocating them), the CFL can be visualized, and the entire posterior facet can be seen from the lateral surface to the posterior edge of the 
facet. This direct visualization allows a better reduction and fixation when needed. 

The wound is closed in layers with minimal soft tissue handling and an Allgower—Donati suture technique. Drains are not typically used, and the patient 
is then placed in a well-padded below-knee splint. The patient may be sent home that day or admitted to hospital overnight and given 24 hours of 
prophylactic antibiotic therapy with the operative leg elevated. The patient is seen at 2 to 3 weeks postoperatively, the splint and sutures are removed, and 
the patient is placed in a removable CAM boot and ankle ROM exercises are begun. If the wound appears questionable at this time, some sutures are kept 
in, the patient is placed back in a cast, oral antibiotic therapy is started, and the patient is seen every 5 to 7 days. Weight bearing is begun in the CAM boot 
at 10 to 12 weeks and the patient is transitioned into a supportive shoe between 12 and 16 weeks. 


The ELA has been the most commonly used approach for ORIF of calcaneus fractures since the 1980s.7729.46199.163 Although this approach allows for an 
anatomic reduction due to maximum visualization of all aspects of the fracture, it has been associated with wound complications and associated sequelae.68 
This approach should be learned, however, because there are many fractures that cannot be treated early, when fragments are easily moveable, or if the 
fracture is highly comminuted, and then the STA will have disappointing results. 


Preoperative Planning 


The plain radiographs and CT scan should be thoroughly reviewed in an attempt to gain a preliminary understanding of the “personality” of the fracture 
pattern, including: the number of articular fragments and extent of articular fragment displacement; extent of overall loss of calcaneal height and length; 
extent of comminution through the anterior process; and fracture extension into and/or articular step-off in the CC joint. This allows the surgeon to 
anticipate certain technical maneuvers to facilitate fracture reduction, as well as the need for additional implants specific to the fracture pattern. This 
preparation ultimately saves tourniquet time, which may decrease the wound complication rate. 


ORIF of Intra-Articular Calcaneus Fractures via the Extensile Lateral Approach: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent table, radiolucent leg extension 


Position/positioning aids Lateral decubitus position, or prone to bilateral fractures 
Patient feet flush with end of operating table 
Contralateral leg extended at the knee and taped to corner of the table to prevent superimposition of the down leg. Bolster 
for operative foot to keep parallel to floor 


Fluoroscopy location LJ Opposite the surgeon. The hindfoot view can be difficult to obtain but if the patient is in the lateral position and the surgeon 


is on the anterior side of the leg grasping the forefoot and externally rotating the limb with the knee locked in extension, with 
the fluoroscopy machine coming in laterally and centered at the end of the table, this view is readily obtained. 


Equipment Schanz/Steinmann pins and 1.6-mm K-wires 
Medium periosteal elevator, freer elevator, osteotomes 
Laminar spreader 
Bone reduction clamps 
PLLA pins for osteochondral fragments 


Small fragment 2.7-, 3.5-mm screws and plates 


Tourniquet LJ Thigh tourniquet, 325 mm Hg, 150 minutes 
Other LJ Plan for surgical intervention 14-21 days following the injury. Wrinkle sign present 
Positioning 


For isolated fractures, the patient is placed in the lateral decubitus position on a beanbag. The lower extremities are positioned in a scissor-like configuration 
whereby the nonoperative “down” limb lies straight, without the knee bent, and the operative “up” limb is bent at the knee such that the heel is positioned 
toward the distal, posterior corner of the operating room table. This allows the surgeon to easily approach the fracture from the posterior corner of the table, 
while permitting intraoperative fluoroscopy from the opposite side of the table without interference of the opposite limb. Protective padding is placed 
beneath the contralateral limb to protect the peroneal nerve, a pillow is placed between the legs, and a “platform” is created with foam padding or blankets 
to elevate the operative limb. 

A pneumatic thigh tourniquet is used in all cases at 325 mm Hg, and the limb is exsanguinated with an Esmarch bandage to provide a dry operative 
field. Every effort should be made to complete the procedure within a maximum tourniquet time of 2.5 hours. If the procedure extends beyond that time, the 
tourniquet must be released, and the remainder of the procedure performed without it. All patients should receive preoperative prophylactic antibiotics prior 
to surgery, and an additional dose of antibiotics is administered following deflation of the tourniquet. 
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Figure 67-14. Technique of ORIF of a displaced intra-articular calcaneal fracture through an extensile lateral approach (ELA). A: Typical location of incision based 
on landmarks. White arrows = peroneal tendons. Yellow arrows = wrinkling of the skin. B: No-touch technique. Three 1.6-mm K-wires are placed to hold flap, with a 
Schantz pin inserted in corner of wound. 


Surgical Approach 

The lateral extensile incision is then marked (Fig. 67-14A). The incision starts approximately 2 cm above the tip of the lateral malleolus, 1 cm lateral to the 
lateral edge to the Achilles tendon. The skin of the lateral heel is supplied primarily by the lateral calcaneal artery, which runs with the sural nerve, and at 
the level of the distal fibula, and sits midway between the fibula and the Achilles.'° Because the vertical limb of the incision is made immediately lateral to 
the Achilles, dissection is posterior and ultimately deep to the lateral calcaneal artery (and sural nerve), which preserves vascularity to the full-thickness 
flap. This line is continued vertically toward the plantar surface of the heel. It is connected to a line drawn at the junction of the lateral foot and the heel pad 


—typically when compressing the heel, a crease will appear in this region. Posteriorly, this line connects to the vertical limb. Although the two drawn lines 
form a right angle, the senior author replaces this with a gentle curve, primarily to avoid apical tip necrosis. Anteriorly, the incision is curved up to follow 
the skin creases, ideally centering over the middle of the CC joint articulation. 

Once marked and exsanguinated and with the tourniquet inflated, the limb should be placed on a “bump” of rolled towels beneath the involved ankle for 
better leverage and access to the heel. The incision is started at the proximal part of the vertical limb, becoming full thickness once the calcaneal tuberosity 
is reached. The knife should be taken “straight to bone”>!°? at this level, with care taken not to bevel the skin. As the knife rounds the corner, pressure is 
relaxed, and the incision is developed along the plantar aspect of the foot. Once the initial incision is made, attention is then turned to the corner of the flap, 
which is now raised as a subperiosteal, full-thickness flap. Gentle downward pressure on the scalpel will produce a slight bend in the blade, which allows 
precise elevation of the periosteum while preventing undue hand fatigue. The surgeon should refrain from using retractors at this stage, as these will 
separate the skin from the subcutaneous layer. Only once a sizeable flap (up to 3 cm) has been raised, can a sharp Senn retractor be placed on the 
periosteum. At this point, the CFL is encountered and peeled off the calcaneus. The peroneal tendons are seen next. They must be carefully retracted, and 
both must be visualized or, as one dissects, the longus tendon will suddenly subluxate and become lacerated. The tendons are dissected off the peroneal 
tubercle and then freed from the anterior calcaneus, using a periosteal elevator. This maneuver should expose the entire anterolateral calcaneus. 

Next, 1.6-mm K-wires are strategically inserted to retract the flap using a “no-touch” technique!*® (Fig. 67-14B). The peroneal tendons are slightly 
subluxated (not dislocated!) anterior to the lateral malleolus. A K-wire is then inserted into the fibula to retract them and the proximal flap. A second K-wire 
is placed in the talar neck, retracting the midportion of the peroneal tendons and the flap. The distal peroneal tendons are forcibly lifted with an elevator, and 
a third K-wire is placed in the cuboid, thereby retracting the distal aspect of the tendons and the flap. A fourth K-wire may be placed posteriorly in the talar 
body, for visualization of the back corner of the posterior facet. A small (baby) Bennett retractor can then be placed into the sinus tarsi over the anterolateral 
corner of the calcaneus to complete the exposure of the entire lateral calcaneus. 


Technique for ORIF of Joint Depression Fractures via the Extensile Lateral Approach 


KEY SURGICAL STEPS 


,/ | ORIF of Joint Depression Fractures via the Extensile Lateral Approach: 


Full-thickness lateral flaps with minimal skin and subcutaneous manipulation 

Elevate the thin lateral wall “bow out” to visualize the lateral posterior facet 

Tuberosity fragment must be distracted and rotated out of varus alignment 

Rotated central depressed fragment is reduced to the sustentacular (constant) fragment 

If the articular reduction cannot be achieved, check the position of the tuberosity fragment as it will need to be fully moved out of the way of the 
reduction 

Articular fragments are built from medial to lateral and held with K-wires 

Articular block supported with fully threaded 3.5- or 2.7-mm screws placed in lag mode 

Low-profile lateral calcaneal plate 


Fragment Mobilization 
7 


The posterior inferior corner of the calcaneal tuberosity is predrilled, and a short Schantz pin is placed from lateral to medial, as described by Benirschke. 
Using the Schantz pin, the tuberosity is pulled plantarward and distracted into varus. In fresh fractures, this will disimpact several fracture lines within the 
lateral wall, making the edge of the depressed lateral fragment easier to see. The lateral wall fragment is then carefully elevated in one piece, using a knife to 
dissect it free from the impacted joint fragment. While this lateral wall fragment can be retracted, the senior author typically resects the thin fragment, which 
has no soft tissue attachment and places it in a small container with saline on the back table for later replacement. 

The articular fracture is now evaluated (Fig. 67-15A). A Freer elevator is placed into the remaining joint and, using irrigation and suction, all clot is 
removed. Once the fracture is identified, elevation of fragments occurs. Obviously, this is easier with simpler fractures, but the technique is the same for all 
types. Importantly, the most plantar edge of the depressed fragment is located. It is carefully cleaned of debris. A small periosteal elevator or Hoke 
osteotome is used to get completely underneath the fragment to include the dense underlying cancellous bone. If a substantial amount of the fragment is not 
under the operator’s control, it will splinter when attempting to disimpact it. Care must be taken to disimpact the fragment gradually, as it can be fairly well 
incarcerated, and sudden forceful movements will cause it to become a projectile. Once lifted, it should be examined for chondral damage (Fig. 67-15B). In 
most cases, these pieces are large, free osteochondral fragments and can be easily removed and placed in saline on the back table (Fig. 67-15C). This will 
afford an excellent view of the medial sustentacular component and the posterior tuberosity, as well as the primary medial fracture line. 

After any remaining clot is removed from the medial edge of the posterior tuberosity fragment, a broad periosteal elevator is placed into the medial 
fracture line from the lateral wound, and the posterior tuberosity is disimpacted from the sustentaculum, which restores the height and length of the 
calcaneus (Fig. 67-15D). If this requires force, a laminar spreader can be placed in this area with one tine on the sustentaculum and one on the medial edge 
of the tuberosity fragment. This will disimpact the tuberosity. This will restore the medial wall anatomically unless the wall is severely comminuted. In this 
case, or if the reduction is unstable, a K-wire is placed from the back of the heel through the posterior tuberosity and into the medial sustentacular 
component, making sure the wire does not interfere with subsequent joint reduction. While this may be helpful, often the wire will interfere with articular 
reduction maneuvers and may need to be removed. 


Articular Reduction 
The articular fragments are now evaluated. They are cleaned of clot and impacted cancellous bone. If one fragment is present (type II fracture), the lateral 
fragment is skewered with two 1.6-mm K-wires as handles, brought into wound, reduced, and K-wires advanced across the fracture line. 

If two fragments are present (type III fracture), they are assembled working from medial to lateral. The central fragment is first reduced and 
provisionally stabilized to the sustentacular fragment using 1.6-mm K-wires, which are then exchanged for 1.5-mm resorbable polylevoactic acid (PLLA) 
pins (Linvatec; ConMed, Largo, FL).!!° Alternatively, the K-wires may be driven through the medial wall of the calcaneus until the proximal end of the K- 
wire is flush with the central fragment. Caution must be used in this instance to avoid the nearby neurovascular structures. Once this is accomplished, the 
lateral fragment is then skewered with two K-wires as handles and reduced to the central and sustentacular fragments. Finally, it may only be possible to 


assemble the central and lateral fragment on the back table and then insert the joint fragments back into the wound to reduce the articular surface at the C 
line. This can be challenging if the sustentacular fragment is small because it may be difficult to visualize the reduction. 

Although it is impossible to describe every reduction maneuver, it is critical to understand several key points about the reduction in general. The 
articular fragment should be repositioned such that height, width, rotation, and varus—valgus alignment are correct (Fig. 67-16). This will not be possible if 
the inferior portion of the articular fragment bangs into the edge of the posterior tuberosity; therefore, the posterior and inferior path for the fragment must 
be free of bony obstructions. This may require the surgeon to curette excess bone from the tuberosity, disimpact the tuberosity with excess varus force, or 
remove a small amount of tuberosity bone that is blocking the reduction with a rongeur. The talar articular surface just proximal can be used as a template to 
ensure that the width of the posterior facet is correct and not too wide. 

One of the other techniques specifically for intra-articular tongue fragments is to perform an oblique osteotomy of the tuberosity component to separate 
it from the articular fragment.'4° This has the advantage of turning the “tongue” into a “joint depression” fracture, allowing ease in repositioning the 
articular fracture (Fig. 67-17). After the articular reduction, the oblique nature of the osteotomy allows the tuberosity fragment to be locked in below the 
articular component. 

The anterior process and anterior main fragments must be carefully evaluated before reducing the posterior facet articular surface. The anterior 
calcaneus can be in as many as three pieces, with the central fragment pulled up because of its attachment to the interosseous ligament. To reduce the 
anterior fragments, a laminar spreader is often used to stretch the ligament, thereby allowing the central piece to be more easily repositioned. The surgeon 
should resist the temptation to cut the ligament as this will destabilize the joint over time. In addition, the primary fracture line at the crucial angle of 
Gissane may be significantly displaced. This has the effect of rotating the medial articular (sustentacular) fragment underneath the anterior main fragment. 
Before reduction of the articular fragment(s), therefore, the sustentacular fragment must be disimpacted and reduced, or the reduction of the articular 
fragment(s) of the posterior facet will be to a fragment that is itself malpositioned. These reductions will need to be provisionally held with K-wires, placed 
in a manner so as not to interfere with the subsequent articular reduction. 
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Figure 67-15. ORIF through ELA continued. A: Depressed lateral articular fragment (star) and medial sustentacular (constant) fragment (plus). B: The large 
osteochondral lateral fragment is elevated from below and brought to the back table. C: Lateral fragment is cleaned of clot. Articular surface is otherwise intact. 


The articular fragment is provisionally reduced and held with two 1.6-mm K-wires (to prevent rotation), and the posterior facet reduction is assessed 
(Fig. 67-18). The temptation to reduce the fragment to the undersurface of the talus is strongly discouraged as this will leave the joint malreduced and force 
the subtalar joint into varus because the lateral fragment will be over-reduced. The anterior “corner” of the superolateral articular fragment should align with 
the anterior “corner” of the medial sustentacular fragment. Similarly, after a small Hohmann retractor is placed at the posterior edge of the joint, usually on 
the back of the talar body, the corners of the two fragments should line up posteriorly as well. When satisfied, the lateral wall and body should reduce nicely 


with a valgus manipulation of the Schantz pin. The anterolateral fragment should either fall in place or be manipulated back into position and held in place 
with K-wires. The best assessment of this reduction will be to see that the posterior most edge of the anterolateral fragment “clicks” into place with the 
anteroinferior portion of the articular fragment, thereby restoring the crucial angle of Gissane. At this point, the small remnant of the lateral wall should drop 
into place anatomically, verifying at least that the lateral column is anatomically reduced for width and height. 


3AC impacted central 
fragment, lateral 
fragment displaced 
in valgus by 
tuberosity 


When tuberosity is moved out 
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A Ley oe B fragment reduction C an anatomic position 


Figure 67-16. ORIF through ELA continued. Manipulation of the posterior tuberosity through the Benirschke maneuver (A) moves it out of the way (B) and allows 
reduction of the lateral fragment (C). 


Figure 67-17. Oblique osteotomy of tongue fragment according to Sanders. '4° 


Figure 67-18. A: Anatomic reduction of lateral fragment held by two K-wires to prevent loss of reduction due to rotation. B: After verification under direct and 
fluoroscopic views, a 3.5-mm cortical lag screw is placed. 


Once satisfied with the reduction, the surgeon should obtain intraoperative lateral, Broden, and axial fluoroscopic views (Fig. 67-19). The lateral is the 
easiest view and is taken first. This should be a true lateral of the talus, to delineate the calcaneus accurately. Next, with the fluoroscope in the same 
position, the leg is externally rotated 45 degrees and dorsiflexed. A mortise view of the ankle is then obtained, clearly showing the posterior facet in a 
Broden view. Thereafter, the head of the fluoroscope can be rotated to show both the front and the back portions of the posterior facet. Finally, the foot is 
externally rotated 90 degrees and maximally dorsiflexed. The fluoroscope is then rotated so that it is directing the beam from plantar to dorsal, at the level of 
the midfoot, to allow a clear axial view of the calcaneus to be obtained. A 2.7-mm sinuscope may additionally be used without fluid to visualize the joint as 
well. This is particularly helpful with extremely medial fracture lines. The articular fragments may be repositioned as needed until anatomic reduction of the 
articular surface is confirmed. The author uses 3D fluoroscopy to obtain an intraoperative CT scan to verify final reduction before screw placement. 


Definitive Fixation 

Definitive fixation of the posterior facet is achieved by using 2.7- or 3.5-mm fully threaded cortical screws placed in lag mode from the lateral cortex aiming 
slightly plantarly, to avoid violating the intra-articular surface, and distally toward the sustentaculum (see Fig. 67-18B). Once this is completed, the joint 
should be reassessed both visually and fluoroscopically on all three views. 

The calcaneal body is then evaluated. The anterolateral fragment and the posterior tuberosity are realigned if needed to ensure that the body is 
anatomically reduced. Although a large cavity may be present under the posterior facet, it is held secure with the lag screws. Historically, bone graft was 
used by Palmer to hold up the articular surface because he did not use screws, not to fill a void.!2° The senior author has never grafted this defect and has 
never had a collapsed posterior facet, and within a month or two, this cancellous bone will reconstitute.!4° The lateral wall remnant is placed back and an 
appropriately sized, low-profile lateral neutralization plate is selected and positioned. Bending of the plate is not recommended because the bone will come 
to the plate with the placement of the screws. Furthermore, bending of the plate will throw the calcaneal tuberosity into varus. 

Plate position is verified on a lateral fluoroscopic view, and then secured with fully threaded cancellous 4.0-mm screws. These screws are placed under 
power, as the torque of the power driver will cause the bone to narrow as the screw pushes the plate against the lateral wall. The anterosuperior-most screw 
hole is filled first, followed by the posterosuperior and posteroinferior screw holes over the posterior tuberosity. As the tuberosity screws are placed, a 
lateral-to-medial force is applied to the plate by the surgeon’s thumb, whereas a valgus force is applied to the tuberosity by the surgeon’s long and ring 
fingers pulling upward on the tuberosity. 
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Figure 67-19. Lateral positioning (A) and corresponding fluoroscopic view (B). Forty-five-degree external rotation of the straight leg (C) to obtain fluoroscopic 
Broden view. D: Arrow shows anatomic reduction of superolateral fragment. 


The three main components of the calcaneus (as described by Letournel)70—the anterior process, the posterior tuberosity, and the posterior facet 
articular surface—are secured to the plate with (generally) two screws placed into each component. The final reduction is verified fluoroscopically, and all 
K-wires are removed (Fig. 67-20). 


Locking Plates 

A locking calcaneal plate may alternatively be used in patients with poor bone quality, so as to limit settling of the fracture fragments.®*:!93 The sequence 
and location of screw placement are identical to that described for a nonlocking plate, followed by one or two locking screws placed beneath the articular 
fragments, which provide rafter support to the articular block. 
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Figure 67-20. Reduction sequence when securing and applying the plate: (1) anterior process, (2) posterior tuberosity, and (3) articular surf 


Assessment of Peroneal Tendons 
Following removal of the K-wire retractors, the peroneal tendons should easily reduce into the retro fibular groove. Failure of the peroneal tendons to reduce 
is indicative of injury to the superior peroneal retinaculum (SPR), which will then need to be repaired to stabilize the tendons. 

The peroneal tendons are evaluated by placing a Freer elevator into the peroneal tendon sheath along the undersurface of the flap and advanced 
proximally to the level of the lateral malleolus (Fig. 67-21). The elevator is levered forward while observing the overlying skin: if the SPR remains intact, a 
firm endpoint will be encountered; if the SPR is detached from the lateral malleolus, no endpoint is identified, and the elevator will easily slide anterior to 
the fibula. In general, the more lateral the articular fracture line, the greater the likelihood of injury to the SPR. Because of potential wound complications 
with the extensile lateral incision, the SPR repair may be completed with the tourniquet deflated if insufficient time remains. 


Wound Closure 

A deep drain may be placed exiting at the proximal tip of the vertical limb of the incision, and the wound is closed in the following layered fashion (Fig. 67- 
22). Deep individual no. 0 absorbable sutures are passed in a figure-of-eight fashion, starting with the apex of the wound, and advancing to the proximal and 
distal edges. The sutures are temporarily clamped until all deep sutures have been placed. Once completed, the sutures are hand-tied sequentially, starting at 
the proximal and distal ends, and working toward the apex of the incision. This should pull the flap together and take tension off the apex of the incision. 
The skin layer is closed with 3-0 monofilament suture using the modified Allgower—Donati technique, again starting at the ends, and progressing toward the 
apex. Sterile dressings are applied, and the tourniquet is deflated. A bulky cotton dressing and Weber splint are then placed. 
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Figure 67-21. Evaluation and reduction of peroneal tendons for dislocation. (Reproduced from Ketz JP, et al. Peroneal tendon instability in intra-articular calcaneus 
fractures: a retrospective comparative study and a new surgical technique. J Orthop Trauma. 2016;30(3):e82—e87.) 


Postoperative Care 


If the patient had a peripheral block, they may go home later that day. The patient may be kept overnight in the hospital for pain control. The patient is then 
evaluated at week 1 and placed in a short leg cast. They are then seen 4 weeks after the index procedure. At that time, the cast is removed, and the incision is 
assessed. The sutures are removed if the incision is fully sealed and completely dry. If not, the sutures may stay in place for another 2 to 4 weeks. Sutures 
should not be removed until the wound is fully sealed and dry. The patient is converted back into the elastic stocking, and fracture boot is locked in neutral 
flexion. Early ankle and subtalar joint ROM exercises out of the boot are initiated at this time; however, weight bearing is not permitted until 10 to 12 weeks 
postoperatively. In addition, the authors prefer that the patient sleep in the boot until weight bearing is initiated to prevent an equinus contracture. Once 
weight bearing is initiated, the patient is gradually transitioned into regular shoes as tolerated. The patient should be able to return to an active job by 4.5 to 
6 months postoperatively. Occasionally, with heel pain secondary to compression injury to the calcaneal fat pad, a silicone heel cup in the shoe may give the 
patient some relief. 


In fractures with a significant degree of articular comminution, patients must be counseled beforehand about the possible intraoperative decision to perform 
a primary subtalar fusion after ORIF, and this possible procedure should be added to the surgical consent. 


Be 
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Figure 67-22. A: Closure using figure-of-eight interrupted, hand-tied no. 0 Vicryl stitches. B: Different case with skin closure using Allgöwer-Donati no. 3 nylon 
sutures. Note acceptable drain placement in both cases. 


Technique 


Open Reduction Combined With Subtalar Fusion: 


KEY SURGICAL STEPS 


Patient is positioned lateral on radiolucent table 
Drape iliac crest if autograft is required 
Extensile or sinus tarsi approach (STA) can be utilized 


ORIF of the calcaneus to shape the bone as anatomically as possible. Fixation must be stable and secure 

Decortication of posterior facet under direct vision, autograft, or allograft as needed 

Structural graft if height cannot be maintained with care not to over distract joint or throw the tuberosity into varus 

One or two large 6.5-,7.3-, or 8.0-mm cannulated cancellous lag screw percutaneously inserted from tuberosity into talus 
Confirm reduction, anatomic alignment, and shape of calcaneus and position of fusion mass and screw under fluoroscopy 


Primary subtalar arthrodesis is indicated only for highly comminuted intra-articular fractures (typically severe Sanders type III and all types IV), after 
attempts at internal fixation of the posterior facet have failed because the articular surface is not reconstructable. Once the calcaneal shape has been 
reconstituted (height and width attained), and relationships between the calcaneal tuberosity, anterior process, and posterior facet fragments have been 
reestablished using plates and screws, the joint is critically evaluated. If the joint is poorly reduced, severe cartilage delamination exists, or much of the joint 
surface is absent, then a decision is made to perform a primary subtalar fusion. 

In this procedure, the remaining cartilage is removed from the surfaces of the posterior facet (calcaneus and talus) while preserving the subchondral 
bone. The subchondral surfaces of the talus are perforated with a 2.5-mm drill bit to create a bleeding surface, and cancellous autograft or allograft is placed 
in the subtalar joint space without overstuffing the joint (as that will throw the hindfoot into varus).°° The arthrodesis is then performed. Because this is a 
fresh fracture, using one large (6.5-8.0 mm) cannulated lag screw will suffice. It is placed into the corner of the heel such that the screws lie perpendicular 
to the subtalar joint and enters the body of the talus. If the 3.5-mm articular lag screw interferes with the placement of the arthrodesis screws, it is removed; 
however, care should be taken to leave as many of the original screws within the plate in place so that the posterior facet is still connected to the rest of the 
calcaneus via the plate and the overall reduction is maintained. If necessary, the latter screws can be redirected. Wound closure is as previously described. 
The patient is kept nonweight bearing in serial short-leg casts for 10 to 12 weeks, until radiographic healing of both the fracture and the arthrodesis is 
confirmed. Progressive weight bearing is initiated thereafter, following the same regimen as described earlier. 


Author’s Preferred Treatment for Calcaneus Fractures ( 


DIACF 
calcaneal fracture 


Splint/boot 
Small and away Small spike 
Wash & treat Wash & treat i 
Large or 
degloving 
+ Subtalar fusion 
whether ORIF is even possible 
STA/ELA based on FX type and injury pattern Type Il Type Ill Type IV 
(ORIF may not be indicated) 


Algorithm 67-1 Author’s preferred treatment for displaced intra-articular calcaneal fracture (DIACF). ELA, extensile longitudinal approach; FX, fracture; NWB, 
nonweight bearing; ORIF, open reduction and internal fixation; STA, sinus tarsi approach. 


Wash, pin percutaneously, and determine 


Potential Pitfalls and Preventive Measures 


Calcaneus Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 


Percutaneous or Minimally Invasive Fixation 


Inadequate appreciation of fracture fragments e Careful examination of cross-sectional imaging and preoperative planning 
e Have available unimpeded access to image intensifier in surgical field 


Inadequate instruments to effect reduction e Schanz/Steinmann pins and K-wires 
© Small periosteal elevator, freer elevator distractors, and bone graft 


ORIF of Anterior Process Fractures 


Inadequate appreciation of fracture fragment e Careful examination of cross-sectional imaging and preoperative planning 
Inadequate exposure for CC joint reduction e Reduction should be completed under direct visualization 

ORIF via STA 

Significantly limited visualization as compared to extensile approach with inability to e Various reduction aids and clear understanding of intraoperative imaging are 
convert required 

Underestimation of fracture complexity e Understand limitation of STA and careful preoperative planning 

Limited use in fracture treated on a delayed basis e Use of approach should be limited to less than 2 weeks and less complex patterns 


ORIF via the Medial Approach 


Unfamiliar anatomy for fixation e Clear understanding and preoperative planning required 


ORIF via the Extensile Lateral Approach 


Limited by quality and condition of soft tissue envelope e Wrinkle sign should be present, avoid use in patients with microcirculatory 
compromise 


Open Reduction Combined With Subtalar Fusion 


Maintenance of calcaneal height and length for fusion e Availability of structural autograft or allograft 


Outcomes 


There is controversy as to what constitutes the best treatment for intra-articular fractures, but there is a clear consensus that these injuries can be disabling 
and lead to chronic pain and loss of function.!”* Both Cotton in 1908, and Böhler in 1929, stated that although the goal was always to reconstruct the bone 
surgically, the techniques and implants were not as yet available. As a result, in the early part of the 20th century, nonsurgical management was advocated 
for calcaneal fractures. Over the ensuing decades, a shift toward surgical management became more pronounced.°~!*° Although the issue continues to be 
debated, it should be clear that if an anatomic reduction without complications can be reproducibly achieved, there would be no controversy. Documented 
benefits of surgical treatment include the ability to return to the same work, return to normal ADLs, and ability to wear the same shoes as preoperatively.®” 
A Cochrane database study regarding the benefits of surgical management versus nonsurgical management of displaced intra-articular calcaneal fracture 
was less than certain.7* There is an argument to be made, however, that calcaneal fractures should be treated in a high-volume center that is used to treating 
complex calcaneal fractures.!?2!5 Sanders et al., in their original paper, cited a learning curve of at least 35 cases.'*! Buckley, Tornetta, Rammelt, and 
others have also put forward the observation that improved outcomes are achieved with surgical experience and that an anatomic reduction, restoration of 
articular congruity, tuberosity shape and alignment with stable fixation, and the minimization of complications is reproducible when high-volume surgeons 
are performing the surgery. !2:7:22:28.78,130 Tt is the opinion of the authors that patient selection, coupled with surgical experience is of the utmost importance 
in being able to predict a successful outcome. 


Outcomes 
Sinus Tarsi Approach 


The limited STA is an attempt to obtain an anatomic reduction of the posterior articular surface and correction of the hindfoot alignment while minimizing 
the wound complication rate, which has been associated with the ELA. Other advantages include earlier surgery following injury because skin condition is 
less critical than with the ELA, and shorter operating time because wound closure is less time consuming.!®° Calcaneal fractures in smokers have shown an 
increased risk of wound complications following the ELA4592-113 and would represent an important patient population likely better served by a less invasive 
approach such as the STA. However, the STA is no panacea, as there have been reports of loss of reduction or failure to maintain the reduction with this 
approach?!-!!7 although this has not been universally reported.!2 There has also been an association between operative fixation through an STA delayed by 
more than 14 days following the injury, and a significant increase in wound complications.°? This is presumably because the fracture has started to heal and 
mobilization of the fracture fragments through a small wound will create undue tension on the soft tissues. Furthermore, in a recent study by Busel et al.2° 
comparing the quality of articular reduction between STA and ELA, the ELA had a better overall reduction of Bohler’s angle on plain radiographs and of 
both the posterior facet and tuberosity on postoperative CT scans. For Sanders type II DIACFs, there was no difference between STA and ELA. 
Importantly, for Sanders III DIACFs, ELA trended toward a better reduction quality. As for the ELA, there appears to be a learning curve for the STA. 
Joseph et al. evaluated 66 patients treated with the STA since those authors began using the technique. All reductions were evaluated by postoperative CT 
scans.°° They found that outcomes (reduction, complications) improved with each cumulative case and year of experience. 

Several studies have found good functional outcomes with anatomic restoration of the articular surface and lower wound complication rates using the 
STA.89.91,92,117,149,180 There is a potentially higher risk of requiring implant removal with the STA.!*®.91144180 Kline et al. evaluated the results of 
displaced intra-articular calcaneal fractures comparing the ELA to the STA and found similar clinical and radiographic outcomes between the two groups 
but significantly lower incidence of wound complications in the STA group”! and this has been seen by other groups as well.!®° Xia et al. in a randomized 
controlled trial comparing ORIF of intra-articular calcaneal fractures using the ELA versus the STA found decreased operative time, decreased wound 
complications, and higher Maryland Foot Scores.!84 


Extensile Lateral Approach 


Several studies have shown superiority of ORIF of displaced intra-articular calcaneus fractures when compared with nonoperative treatment.3%78 In a 
relatively small, randomized trial, Thordarson and Krieger compared ORIF using an ELA with nonoperative management in displaced (Sanders II and III) 
calcaneal fractures, where the overall outcome favored surgical treatment.!®? A retrospective review by Sanders looked at 108 isolated displaced intra- 


articular Sanders type II and III fractures with 10- to 20-year follow-up.'*° Patients were all treated with ORIF with a combination of plates and screws 
through an ELA. At a minimum of 10 years, 97% of fractures had maintained their reductions based on follow-up CT imaging. 71.3% required no further 
treatment, while 28.7% went on to a late subtalar arthrodesis. When those requiring late fusion were evaluated by fracture type, 80% of type II fractures did 
not need a subsequent fusion, while 58% of type III fractures required an in situ fusion. This was statistically significant and indicated that the classification 
was prognostic. The authors also noted that the maintenance of an anatomic reduction and late development of posttraumatic osteoarthritis (PTOA) 
permitted a simple in situ fusion as opposed to the treatment of a calcaneal malunion with PTOA. 

The Canadian Orthopaedic Trauma Society performed a prospective, randomized controlled trial comparing 262 fractures treated nonoperatively and 
249 fractures treated through an ELA. They found that women, younger patients, those with lighter workloads, nonworkers compensation, and a more 
anatomic reduction as judged by postoperative CT had better outcomes than those treated nonoperatively.28 They also found that patients treated 
nonoperatively were 5.5 times more likely to undergo a subtalar fusion for posttraumatic arthritis. 

A study by Radnay et al. found that there were additional benefits to operative treatment. They looked at outcomes after late subtalar fusion in two 
cohorts: nonoperatively treated patients that by definition had a calcaneal malunion, versus those that had ORIF with an anatomic reduction.!*° The data 
indicated that the ORIF group had fewer complications and only required an in situ subtalar fusion, while the nonoperatively treated calcaneal malunion 
group had a much higher complication rate because the surgery required both correction of the malunion and a fusion. 

A multicenter, prospective, randomized control trial by Agren compared 82 patients with displaced intra-articular calcaneal fractures.” Forty patients 
were treated nonoperatively and 40 were treated with ORIF through an ELA. Groups were similar in demographics and fracture classification. Seventy 
patients were available for follow-up at 1 year, with 58 patients available for follow-up at 12 years. Operative treatment results were no better than 
nonoperative treatment at 1 year but appeared to have better results long term despite a higher rate of complications because the rate of posttraumatic 
arthritis was reduced. 

The relatively high complication rate seen in several studies most often due to wound complications has plagued the ELA over the past decades and has 
prevented it from becoming universally accepted. 2%68:92,139,157,175 The thought is that the larger incision puts the fasciocutaneous flap at risk, 
devascularizes some of the fracture fragments, requires longer surgical times to close the wound, and creates a large potential dead space.!”4>° In patients 
with peripheral vascular disease, poorly controlled diabetes, open fractures, and smokers, nonoperative treatment or other surgical approaches should be 
strongly considered. It is important to remember though that some of the worst outcomes are reported in patients who have undergone surgical management 
where the fracture was highly comminuted, the reduction was of poor quality, the surgeon was unfamiliar with the operative technique, and/or the patient 
had a significant complication unrelated to the procedure.*2:”8 


Primary Subtalar Fusion 


Huefner et al. evaluated long-term results of isolated calcaneal fractures treated with ORIF and a primary subtalar arthrodesis. Of 258 patients treated with 
ORIF, 6 patients with Sanders type IV fractures underwent ORIF and primary fusion. In their small series, restoration of length, axes, and angles of the 
calcaneus was almost anatomical in all cases. At the 5-year follow-up the results were good or excellent in five of the six patients. All returned to their 
profession within 9 months and had no or only minor daily restrictions. Buckley compared ORIF versus ORIF with primary subtalar fusion for comminuted 
Sanders IV intra-articular calcaneal fractures in a prospective, randomized, multicenter trial. Seventeen patients received ORIF and 14 received ORIF with 
primary arthrodesis and 26 were available at a minimum of 2-year follow-up. Although the trial was small and underpowered, they found that both groups 
did not have very good postoperative functional outcome scores with no difference in SF-36, Musculoskeletal Functional Assessment (MFA), AOFAS, and 
VAS.” Authors have noted that older patients and those where the hindfoot alignment is better restored at the time of fusion do better postoperatively.” 
Potenza et al. also evaluated primary subtalar fusion. At the midterm follow-up, the mean AOFAS score increased to 85 points and the authors stated that 
primary subtalar arthrodesis performed for markedly comminuted Sanders type IV calcaneal fractures yielded good midterm results. 1?4 


MANAGEMENT OF EXPECTED ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS 


RELATED TO CALCANEUS FRACTURES 


Calcaneus Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Implant prominence and pain 

Posttraumatic subtalar arthritis, calcaneocuboid (CC) arthritis 
Wound dehiscence, superficial and deep infection, osteomyelitis 
Calcaneal malunion 

Sural nerve injury, painful neuroma 

Compartment syndrome 


WOUND COMPLICATIONS AND CALCANEAL OSTEOMYELITIS 


The most common complication following operative treatment of a calcaneal fracture is wound dehiscence, and this may occur in up to 25% of 
cases.”-3®78,96,141 The incision typically will approximate relatively easily; however, the wound may later dehisce, up to 4 weeks following surgery, and 
most commonly at the apex of the incision, known as apical wound necrosis. Risk factors for wound dehiscence and wound complications in general 
include smoking, diabetes, open fractures, high body mass index, and a single-layered closure. Most wounds will eventually heal; deep infection and 
osteomyelitis develops in approximately 1% to 4% of closed fractures’® and in up to 19% of open fractures.*»!%-78 

In the event of a wound dehiscence, all ROM exercises should be stopped so as to prevent further dehiscence, and a course of oral antibiotics is 
prescribed. The limb may be placed in a cast with a window over the wound, and damp-to-dry dressing changes or other granulation-promoting wound 
agents are started on a daily basis. Alternately, or in the event of significant drainage, the patient may be placed in a fracture boot, and the wound managed 
with daily whirlpool treatments. This regimen is usually successful, so long as the wound is limited to a partial-thickness necrosis of the skin. Once the 


wound is healed, ROM exercises are reinstituted. 

A negative pressure device may be beneficial for larger, more extensive wounds or recalcitrant wounds to accelerate wound granulation. This device 
may also be used as a preventive measure at the time of initial wound closure. If all treatment methods have failed, a low-profile fasciocutaneous flap such 
as a lateral arm flap may be needed.°° 

If gross purulence is encountered, hospitalization with serial surgical debridements and the administration of culture-specific antibiotics must be started. 
These problems are usually seen in the early postoperative period, and as such, most patients have not developed diffuse osteomyelitis but rather superficial 
osteitis because of direct extension from an adjacent source. If the infection is relatively superficial, the plate and screws should be retained, at least until the 
fracture has healed (typically a minimum of 6 months). After the wound bed is determined to be clean, a delayed closure, or the use of a vacuum-assisted 
device, is attempted if at all possible. If the wound is too large to treat with the latter methods, a free tissue transfer is performed. Culture-specific 
intravenous antibiotics are administered for a minimum of 6 weeks. In the event of diffuse osteomyelitis, all implants must be removed along with all 
necrotic and infected bone. In this case, an antibiotic-impregnated spacer should be placed in the wound. Following repeated debridements and 6 weeks of 
culture-specific antibiotics, the patient is readmitted to the hospital, serial debridements are performed, wound cultures are obtained, and, if the defect is 
clean, a subtalar fusion using a large structural iliac crest autograft can be performed, based on the amount of remaining calcaneal bone stock. In rare 
instances, this will not be possible, and an amputation will be required, but this is the exceptional situation. 


PERONEAL TENOSYNOVITIS AND STENOSIS 


Peroneal tenosynovitis and stenosis are generally seen following nonoperative treatment because of lateral impingement, where the displaced, expanded 
lateral wall subluxates the peroneal tendons against the distal tip of the fibula, or dislocates the tendons. Entrapment may also occur after operative 
treatment and is more common with a standard Kocher approach, because the tendons are released from their sheath to allow access to the subtalar joint. 
The ELA has largely circumvented these problems!®°; however, care must be taken when operating near the fibula to subluxate, but not dislocate, the 
peroneal tendons when exposing the fracture. 

Patients may also develop adhesions and scarring of the tendons, either from the surgical approach or from prominent adjacent implants. Nonoperative 
management includes nonsteroidal anti-inflammatory medication, and physical therapy for manual mobilization, stretching, and eversion strengthening. If 
these modalities fail to provide relief, a peroneal tenolysis and/or removal of the symptomatic implants may be necessary. 


PERONEAL TENDON DISLOCATION 


Peroneal tendon dislocation typically occurs in joint-depression—type patterns, from the explosion and relative shortening of the lateral calcaneal wall as the 
superolateral articular fragment is impacted into the calcaneal body, and in fracture—dislocation variant patterns, in which the tuberosity with the attached 
superolateral fragment is driven into the talofibular joint. In general, the more lateral the articular fracture line, the greater the likelihood of injury to the 
SPR. 

The diagnosis can occasionally be made preoperatively, by palpation along the lateral malleolus, but in most instances, the tendon dislocation is 
identified intraoperatively, at the time of wound closure. In this case, the SPR should be repaired so as to stabilize the peroneal tendons and is most easily 
performed by tacking the periosteal sleeve down to the posterolateral rim of the fibula with staples or suture anchors to prevent the tendons from 
redislocating into the soft tissue defect created by the injury. 


POSTTRAUMATIC SUBTALAR ARTHRITIS 


One of the goals of operative fixation of displaced intra-articular calcaneal fractures is the anatomic restoration of articular congruity. Even following an 
anatomic reduction, the rate of radiographic posttraumatic subtalar arthritis approaches 100% following intra-articular calcaneal fractures, !*2 which may be 
due to the cartilage injury sustained at the time of impact.!°9 The incidence of symptomatic posttraumatic subtalar arthritis following intra-articular 
calcaneal fractures, however, is approximately 30%.'4° The rate of subsequent subtalar fusion is higher for Sanders III fractures (47%) compared with 
Sanders II (19%) intra-articular fractures, !*3 with Sanders III fractures being four times more likely to eventually require a subtalar fusion!*? while Sanders 
IV fractures have even higher rates of fusion.” SooHoo et al. found a 3% rate of subsequent subtalar fusion at 1 year and 3.49% at 5 years and the 
likelihood doubled if the calcaneal fracture was an open fracture.!°’ The average time from initial surgical management to subtalar arthrodesis was 
approximately 44 months.!*° Importantly, patients undergoing secondary subtalar fusion for posttraumatic arthritis following operative fixation demonstrate 
fair results!25-129.146,162 and have been shown to do better than patients who were initially treated nonoperatively.!®? Patients presenting with hindfoot pain 
following open reduction of calcaneal fracture should undergo a thorough history, physical examination, laboratory tests, and appropriate imaging to rule 
out infection and confirm the source of the pain. An intra-articular injection of local anesthetic under image guidance can be performed both for diagnostic 
and therapeutic purposes. If posttraumatic arthritis is confirmed and is isolated to the subtalar joint and correlated to the clinical symptoms, nonoperative 
treatment including activity or occupational modification, repeated injections, shoe wear modification, orthotics, and bracing can be attempted. If the patient 
continues to experience significant pain and dysfunction despite conservative management, an open or arthroscopic subtalar fusion can be performed. To 
prepare the articular surface and achieve adequate fixation across the subtalar joint, part or all of the previous fixation often needs to be removed which will 
often dictate the surgical approach. 


POSTTRAUMATIC CALCANEOCUBOID ARTHRITIS 


Posttraumatic CC arthritis can occur following either surgical or nonoperative treatment of calcaneal fractures. It is typically caused by a failure to notice 
intra-articular extension into the CC joint or failure to reduce the anterolateral fragment at the time of surgery. The patient typically presents with 
anterolateral ankle and hindfoot pain. Advanced imaging may show malreduction of fracture fragments and involvement of the CC joint. Nonoperative 
treatment may be attempted as well as intra-articular injection under image guidance of the CC joint with resolution of pain. If nonoperative treatment fails, 
then an isolated CC joint arthrodesis,!42 depending on other joint involvement, may be performed. Isolated fusion of the CC does not appear to affect the 
biomechanics of the hindfoot. 183 Unfortunately, because the lateral column is flexible, if the fusion is done incorrectly and results in residual supination, the 
development of lateral column overload with pain will result. 


CALCANEAL MALUNIONS 


Many surgeons still elect to treat calcaneal fractures nonoperatively, because of either a lack of familiarity with operative techniques or fear of potential 
operative complications. Nonoperative management of a displaced intra-articular calcaneal fracture can result in equally problematic complications, 
including (a) posttraumatic subtalar and/or CC arthritis from residual joint surface incongruity; (b) subfibular impingement because of residual expansion of 
the lateral calcaneal wall and subsequent heel widening; (c) peroneal tendon impingement, subluxation, or dislocation, caused in part by the subfibular bony 
impingement, resulting in pain and instability; (d) loss of calcaneal height resulting in relative dorsiflexion of the talus in the ankle mortise, leading to 
anterior tibiotalar impingement and loss of ankle dorsiflexion; (e) residual hindfoot malalignment resulting in altered gait patterns and shoe wear; and (f) 
posterior tibial or sural neuritis.'2° These problems affect the function of the ankle, subtalar, and CC joints and result in pain and disability in a surprisingly 
large number of patients. In an effort to improve the outcome, treatment must focus on correction of the specific sequelae of calcaneal malunions. 

As early as 1921, Cotton identified residual problems following calcaneal fractures, accurately describing the residual lateral wall expansion that limited 
subtalar joint motion and caused painful subfibular and peroneal tendon impingement. He performed an aggressive exostectomy of the lateral calcaneal 
wall, along with an extra-articular osteotomy for heel malalignment, resection of symptomatic plantar heel spurs, and forceful manipulation of the subtalar 
joint. In the modern era, Carr et al. published their preliminary results with a subtalar distraction bone block arthrodesis, which was a modification of the 
Gallie fusion technique. They used a femoral distractor medially and a differentially wedged tricortical iliac crest bone graft to restore the talocalcaneal 
angle, thus correcting the horizontal talus and the talonavicular subluxation. Fixation was achieved with 6.5-mm fully threaded cancellous screws placed in 
nonlag fashion to prevent compression of the autograft. Although good results were reported in six of eight patients, complications included one nonunion 
and two varus malunions. Other authors have reported similar problems using this technique. Trnka et al.!°” reported on 41 feet managed with subtalar 
distraction bone block arthrodesis, 29 of which were calcaneal malunions, at a mean follow-up of 70 months. Although five patients went on to nonunion, 
there were no varus malunions in their series. Romash!*° described a complex calcaneal osteotomy through the healed primary fracture line for management 
of calcaneal malunions. After a transcalcaneal osteotomy, the tuberosity fragment was manually translated beneath the sustentacular fragment medially, 
thereby restoring calcaneal height and correcting residual varus angulation. He reported satisfactory results in 9 of 10 ft at an average follow-up of 14 
months. 

Stephens and Sanders developed a treatment algorithm based on a CT scan classification of calcaneal malunions. Type I malunions included a large 
lateral exostosis, with or without extremely lateral subtalar arthrosis. Type II malunions included a lateral wall exostosis combined with subtalar arthrosis 
across the width of the joint. Type III malunions included a lateral exostosis, severe subtalar arthrosis, and a calcaneal body malunited in hindfoot varus or 
valgus angulation. An ELA was used in all patients, and treatment was specific to malunion type: type I malunions underwent a lateral wall exostectomy 
and a peroneal tenolysis, type II malunions underwent a lateral wall exostectomy, a peroneal tenolysis, and an in situ subtalar arthrodesis, using the local 
bone as graft, and type III malunions underwent a lateral wall exostectomy, a peroneal tenolysis, a subtalar fusion, and a calcaneal osteotomy to correct 
hindfoot malalignment or shortening. Their preliminary results included 26 malunions at an average follow-up of 32 months. There were no nonunions, no 
varus malunions, and no deep infections, and the classification and protocol proved to be prognostic of outcome. 

Clare et al. reported the intermediate to long-term results of this protocol. Forty-five malunions in 40 patients were available for follow-up evaluation at 
a minimum of 24 months, with an average of 5.3 years (range 24-151 months). Thirty-seven of 40 arthrodeses (92.5%) achieved initial union, with 42 of 45 
malunions (93.3%) aligned in neutral or neutral-slight valgus hindfoot alignment. All 45 malunions were plantigrade. Statistical analysis revealed no 
significant difference in the Maryland Foot Score, AOFAS Ankle and Hindfoot Score, SF-36 Health Survey subscales, lateral talocalcaneal, talar 
declination, or calcaneal pitch angles among the three malunion groups. Smoking was a significant risk factor for nonunion of the fusion and wound 
complications in the series. 

Despite these good results, Radnay et al.!25 completed a matched-cohort study comparing patients who had undergone initial ORIF and subsequently 
developed posttraumatic arthritis requiring an in-situ fusion to patients treated nonoperatively who developed a calcaneal malunion requiring late 
reconstruction and subtalar arthrodesis. The ORIF group included 36 feet in 34 patients with an average follow-up of 2.7 years. The average interval from 
ORIF to late subtalar arthrodesis was 22 months, and 33 of 36 arthrodeses (91.7%) achieved initial union. The calcaneal malunion group included 45 feet in 
40 patients with an average follow-up of 5.3 years from Clare et al.’s study. The average interval from fracture to late reconstruction was 16.4 months, and 
37 of 40 arthrodeses (92.5%) achieved initial union. There was a statistical trend toward a lower wound complication rate in the ORIF group and 
significantly higher outcome scores in the ORIF group. The authors concluded that initial restoration of calcaneal height, length, and overall shape obtained 
from ORIF is beneficial to outcome, and superior to managing a calcaneal malunion secondary to nonoperative treatment. 


ANKLE PAIN 


In the event of subtalar joint stiffness, inversion, and eversion forces are borne by the ankle joint because of the coupled nature of the ankle and subtalar 
joint complex. The ankle joint, however, is not intended to bear these stresses, and the patient experiences lateral ankle pain. These sequelae are typically 
managed nonoperatively, using nonsteroidal anti-inflammatory medication, temporary immobilization, or the use of a lace-up ankle brace. In the authors’ 
experience, patients with recalcitrant pain may benefit from an arthroscopic debridement of intra-articular adhesions or chronic scarring that has developed 
during the immobilization period of fracture healing. 


HEEL PAD PAIN 


Chronic heel pad pain may result from damage to the unique septated architecture of the heel pad. Aside from use of a heel cushion, there remains no 
effective treatment for this problem. 


HEEL EXOSTOSES 


Patients may develop painful plantar bony prominences following a calcaneal fracture. If nonoperative methods, such as heel pads, are unsuccessful, these 
painful exostoses can be removed surgically. A plantar incision should be avoided, as this is associated with painful scarring. 


CUTANEOUS NERVE INJURY 


The most common neurologic complication associated with operative management of calcaneal fractures is iatrogenic injury to a sensory cutaneous nerve. 
The sural nerve is the most common nerve involved because of the frequency of use of the lateral approach, and this complication may occur in up to 15% 
of cases.°° In this approach, the nerve may be injured at either the proximal or distal portions of the incision, and the injury may vary from a stretch 
neurapraxia, which may be transient or permanent, to a laceration of the nerve. Clinically, the patient may develop a partial or complete loss of sensation in 
the affected area or a painful neuroma. Nonoperative treatment is advised and may include pharmacologic management such as gabapentin or amitriptyline, 
physical therapy modalities, and soft accommodative shoe inserts or modifications. In the event of a painful neuroma that does not respond to nonoperative 
treatment, neurolysis or resection of the neuroma and stump burial into deep tissue or bone may be considered. 


NERVE ENTRAPMENT 


Nerve entrapment is most common following nonoperative management of a calcaneal fracture and typically involves entrapment or compression of the 
posterior tibial nerve secondary to soft tissue scarring, a malunited fracture fragment, or bony exostosis causing impingement against the nerve.!!* Patients 
experience medial-sided heel pain with associated paresthesias in the distribution of the posterior tibial nerve, and the pain is commonly worse at night or 
with activities, such as standing or walking. Clinically, there may be a positive Tinel sign along the course of the involved nerve. The diagnosis can be 
confirmed by injection of a local anesthetic in the tarsal tunnel or by electrodiagnostic studies. When clinical and diagnostic tests indicate nerve entrapment, 
surgical neurolysis and decompression of the posterior tibial nerve and its branches may be indicated. 
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Annotation 


A post hoc analysis of prospective, randomized controlled multicenter trials carried out at 
tertiary teaching hospitals comparing operative and nonoperative treatment. Patients in the 
superior result group were more likely to have undergone operative treatment, have 
improved articular surface restoration, better Böhler angle restoration, nonlaborer, and 
absence of injury insurance. 

Level of Evidence: II 


This prospective, randomized, multicenter trial compared operative fixation and 
nonoperative treatment in displaced intra-articular calcaneus fractures at 1 and up to 12 
years of follow-up. The complication risk was higher in the operative group. The rate of 
radiographic subtalar arthritis was lower in the operative fixation group and there was a 
trend toward better results on the VAS pain/function and SF-36 physical at 8-12 years. 
Level of Evidence: II 


This prospective randomized multicenter trial compared 17 patients who underwent ORIF 
versus 14 patients who received primary subtalar arthrodesis following Sanders IV 
fractures. Although a small patient population, at 2 years, there were no differences 
between the two treatment groups with respect to validated health outcome scores. 


Level of Evidence: II 


This prospective, randomized multicenter trial compared extensile lateral approach versus 
nonoperative treatment for displaced intra-articular calcaneus fractures. 471 fractures were 
followed between 2 and 8 years. Younger patients, women, non-WSIB patients, lower 
preoperative Bohler angle, light laborer, and those with better articular restoration who 
were treated with operative fixation reported better outcome scores. 

Level of Evidence: II 


The ELA had a better overall reduction of Béhler angle on plain radiographs and of the 
posterior facet and tuberosity on postoperative CT scans. For Sanders type II DIACFs, 
there was no difference between STA and ELA. Importantly, for Sanders III DIACFs, 
ELA trended toward better reduction quality. 


This review assessed the economic impact of various treatment options for Sanders type II 
and III fractures. Although limited in its scope, they found that the sinus tarsi approach 
was the least expensive, followed by nonoperative treatment and then traditional surgical 
management with the extensile lateral approach. 


Level of Evidence: III 


This retrospective cohort study compared 83 displaced intra-articular fractures treated with 
percutaneous reduction and screw fixation to 42 fractures treated with standard ORIF 
through an extensile lateral approach. The percutaneous group had a lower rate of 
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The modern understanding of the evolutionary anatomy of the human foot includes features such as (1) a long Achilles tendon to reduce stress and improve 
energy efficiency; (2) a passively stabilized longitudinal plantar arch to improve shock absorption and plantar flexion; (3) an enlarged calcaneal tuberosity 
for stress reduction; (4) a close-packed positioning of the calcaneocuboidal (CC) joint to improve spring effectiveness of the plantar arch during running; (5) 
the permanent inability to oppose the big toe to increase stability of the medial column during plantar flexion; and (6) relatively short phalanges adding to 
improved lever function.*” 

Based on the functional anatomy of the foot, two segments comprising the longitudinal arch have been described.**9 These distinct segments are the 
medial column of the foot (talus, tarsal navicular, cuneiforms 1-3, and metatarsals 1-3) and the lateral column of the foot (calcaneus, cuboid, and 
metatarsals 4 and 5). In the midsection of the foot an incomplete transverse arch has been described. Within this arch, tensile forces are eliminated and 
converted into compressive forces. Although foot injuries are not life threatening, they have significant impact on the patient’s activities of daily living.*4 
Our goal is to give an intense overview of midfoot and forefoot fractures and a step-by-step approach to forefoot, midfoot, and tarsal reconstruction. 


Injuries of the Midfoot 


The midfoot is anatomically defined as the section between the Chopart joint line and the Lisfranc joint line. Often referred to as the midtarsal or transverse 
tarsal joint, Chopart joint includes the CC and the talocalcaneonavicular joints. The two French surgeons defined these joint lines originally not for 
traumatic foot reconstruction but as amputation lines. Injuries that involve the midfoot are rare and constitute only about 5% of all foot injuries. !49:182321 
Overall, an incidence of 0.45% has been reported with 5 injuries per 100,000 population and unimodal distribution affecting younger men and women.?! 
This is due to a strong ligamentous connection between the five bones forming the midtarsal complex (the navicular, the cuboid, and the medial, middle, 
and lateral cuneiforms). Two anatomical and functional units can be distinguished: the medial column with the tarsal navicular bone as the supporting 
structure and the lateral column with the cuboid bone as the keystone.!®73°8 Furthermore, the cuneiforms form with the cuboid the transverse arch of the 
foot.!8” Most midfoot injuries are combined injuries of osseous and ligamentous structures. Isolated osseous injuries in this region are rare and have to be 
carefully evaluated in order not to miss an associated ligamentous injury. Up to 30% of midfoot injuries are missed primarily or treated in a delayed 
manner. 138.290.303 This is important since missed or secondarily diagnosed osseoligamentous midfoot injuries have an overall poorer outcome compared to 


acutely treated injuries.2°°3!1,999 The types of injury mechanisms are equally divided between high- and low-energy trauma.“ 

The rigid anatomic construct of the five midfoot bones is placed in between the hindfoot and the forefoot as a static connection to build the osseous 
transverse and longitudinal arches of the foot. The Chopart and the Lisfranc joints have strong ligaments interconnecting the midfoot bones (Fig. 68-1). 
Because of the repetitive loading that occurs during gait, the plantar ligaments are stronger than the dorsal ligaments. Laterally, the bifurcate ligament 
connects the anterior calcaneal process to the cuboid and to the lateral border of the navicular. On the medial side the plantar calcaneonavicular, or spring 
ligament, the dorsal talonavicular (TN), and the medial calcaneonavicular ligament are the major structures. The only tendon that inserts entirely in the 
midfoot is the tibialis posterior tendon. The plantar insertion of the tibialis posterior tendon connects all midfoot bones together and functions as a dynamic 
stabilizer during the midstance phase and toe-off. Activity of the tibialis posterior muscle results in an interlocking of the midfoot bones allowing the foot to 
function as a rigid lever during midstance and toe-off. When it relaxes, the foot becomes flexible and adaptable during heel contact.!52 

At the Lisfranc joint line the tarsometatarsal (TMT) articulations are divided into three synovial joints and three columns (Fig. 68-2).°%:242 The second 
and third TMT joints are the most stable ones with a maximal sagittal motion up to 0.6 mm for the second TMT joint and up to 1.6 mm for the third TMT 
joint, respectively. The high stability of the second TMT joint is based on bony stability as it is recessed as a keystone between the medial and lateral 
cuneiforms. In addition, further stability is provided by a network of strong ligaments including the plantar portion of the Lisfranc ligament running from 
the medial cuneiform to the base of the second metatarsal.2»!49:187328 The first TMT joint is more mobile than the second and third with a vertical range of 
motion (ROM) of up to 3.5 mm.!“°.2°° This is related to the more ellipsoid shape of the articulation between the medial cuneiform and the first metatarsal, 
compared to the immobile flat second and third TMT joints. In addition, there is no intermetatarsal ligament between the first and second metatarsal bones. 
These two anatomic variations are residual features from the time the human foot evolutionarily evolved toward bipedal gait, when the abducted, formerly 
flexile first metatarsal became parallel to the second metatarsal.'“3 The fourth and fifth TMT joints have the greatest mobility with 9.6 mm and 10.2 mm, 
respectively, and function as a shock absorber during gait as they are the first metatarsal bones with ground contact after heel strike.!4° The intrinsic 
mobility of the midfoot joints is very important to consider in the reconstruction of fracture-dislocations in this region. There are essential (TN, second—fifth 
metatarsophalangeal), nonessential but useful (first metatarsophalangeal, fourth and fifth TMT), nonessential (CC, first proximal interphalangeal joint), and 
unnecessary (naviculocuneiform 1-3, metatarsocuneiform 1-3, proximal and distal interphalangeal 2-5) joints (see Fig. 68-2). This differentiation is helpful 
in surgical reconstruction especially of the severely traumatized foot, since essential joints have to be retained and nonessential but useful joints also should 
be restored under all circumstances because they are important for a normal gait. Also, the nonessential joints can be temporarily transfixed until fracture 


healing, while unnecessary joints can be fused, or crossed by screws or plates, if joint reconstruction appears difficult or impossible. 143 


À 
4 
+ Medial malleolus 


Pi 


Ant. inf. tibiofibular lig. — i = wi 
(Lig. of lal. malleolus Deltoid ligament 


Med. lig of ankle 
Ant. tal-fibular lig. ae SO ( g ) 


Interosseous talocalcaneal __ lis Dorsal Talonavicular lig. 
ligament 


l C 
Bifurcate lig. ———> Taia Navicular bone 
Cuboid bone a / Le E Dorsal cuneonavicular ligs. 
————. ho f 
3rd cuneiform bone ia Ta vina — 1st cuneiform bone 
. . ya 
Dorsal intermetatarsal ligs. LN A _ 


Dorsal tarsometatarsal ligs. 


o ist metatarsal bone 


` 

A t > 
tn 

— (4 E, — 
C | } = } 

2} pet 


Plantar inter- 
metatarsal ligs. 


A “To | rl Plantar tarso- 
HAAA 


metatarsal ligs. 


Plantar tarso- 


metatarsal ligs. ee \ A 


Cuboid bone —————>— 


. ———. ist cuneiform bone 


| 
| 


\ | <— Tibialis anterior 


Short plantar lig. —— Navicular bone 
Plantar calcaneo- 
cuboid lig.. — Plantar calcaneo- 
, ` navicular lig. 
Long plantar lig. 4 À \ 


Sustentaculum tali 


A Medial malleolus 
i g ee Posterior 


Groove for fl. 
hallucis longus 


Calcaneus 


m 
A © 
Figure 68-1. Ligamentous structure of the midfoot. A: The dorsal view shows extensive overlap of the interosseous ligaments. B: The plantar ligaments are thicker 


than their dorsal counterparts and are dynamically reinforced by the tibialis anterior, tibialis posterior, and peroneus longus tendons. Note the extensive attachments of 
the tibialis posterior throughout the midfoot bones. 


Figure 68-2. Three-column system of the TMT joint complex. Red indicates the medial column (first TMT joint), green the intermediate column (second/third TMT 
joints), and blue the lateral column (fourth/fifth TMT joints). 


Tarsal Navicular Fractures 


INTRODUCTION TO TARSAL NAVICULAR FRACTURES 


With an incidence of 0.45% of all fractures, midfoot fractures are uncommon®! and thus the subgroup of navicular fractures is even rarer. The navicular is 
the supporting structure of the medial column of the foot. It forms one of the foot’s essential joints,'“? and it bears most of the load applied to the foot within 
the tarsal complex during weight bearing.°”° Associated ipsilateral foot injuries are common findings and the occurrence of a tarsal navicular fracture should 
make the examiner alert to detect associated injuries. Based on clinical observations, we can anticipate seeing more severe injury patterns of the tarsal 
complex in the future. This is partly related to improvements in car safety with airbags resulting in increased patient survival with severely traumatized 
feet.295 


ASSESSMENT OF TARSAL NAVICULAR FRACTURES 


MECHANISMS OF INJURY OF TARSAL NAVICULAR FRACTURES 


Two distinct navicular fracture types can be differentiated, acute fractures due to direct or indirect trauma and stress fractures. The latter most often results 
from repetitive overload as seen in long-distance runners. A variety of acute fracture patterns have been described. Depending on the injury mechanism, 
direct or indirect force is transmitted to the navicular bone. Indirect force transmission causes avulsion fractures (like in a nutcracker fracture) with valgus 
injury to the midfoot avulsing the posterior tibial tendon off the medial navicular (Fig. 68-3). Direct force causes various forms of simple up to crush 
fractures in the dorsal—plantar plane. Indirect fractures most often result from high-energy impact as seen in motor vehicle accidents or falls from a 
height.!?* The transmitted force is directed via an axial load to the foot combined with plantar flexion and either adduction or abduction through the 
forefoot.!2* The surrounding soft tissues and adjacent bones are likely to be traumatized and have to be included in the assessment plan of the primary 
fracture care. !?? 


The mechanism that forms the basis for the development of a tarsal navicular stress fracture is not well understood. There are several theories and risk 
factors for the development of a stress fracture. Chronic overloading of the TN joint due to a long second ray or a pes cavus deformity with restricted 
motion in the adjacent TN joint is frequently seen in physically active patients with stress fractures.’ Cadaveric arteriography studies have shown that the 
blood supply to the navicular comes from the posterior tibial and dorsalis pedis arteries and although some suggest that one cause of stress fracture may be 
large central avascularity, McKeon demonstrated that 58.8% of specimens had no avascular zones.?*? However, this poor blood supply along with 
metatarsus adductus, equinus contracture, improper shoe wear, rigorous training, limited subtalar motion, and a long second ray and short first ray have all 
been implicated as possible causes of navicular stress fractures.*°* A more recent meta-analysis showed that 96% of stress fractures were successfully 
treated nonoperatively.2° 


SIGNS AND SYMPTOMS AND IMAGING OF TARSAL NAVICULAR FRACTURES 


The clinical appearance of a navicular fracture can range from a severely injured foot to an almost normal foot with only moderate pain. In the severely 
injured foot, the soft tissues have to be evaluated carefully to exclude a compartment syndrome and/or ischemia of the forefoot. As a primary assessment, 
anteroposterior (AP), lateral, and oblique radiographs help to understand the fracture pattern and to assess the adjacent structures. Stability of a nondisplaced 
fracture, as well as of adjacent joints and the medial and lateral column is of importance for the decision on operative versus nonoperative treatment. If there 
is any doubt regarding instability, the patient is examined under fluoroscopy or standing-weight—bearing radiographs are performed. The dynamic 
examination under fluoroscopy is a very helpful and precise diagnostic tool to guide treatment and give accurate information about the stability of each 
column of the traumatized foot. 

A high-resolution computed tomography (CT) scan of the entire foot is the key diagnostic tool in evaluating and treating many navicular fractures. 
Haapamaki et al.14 showed that the sensitivity of primary radiography was 33% compared with CT scanning in the detection of tarsal navicular fractures. 
Furthermore, three-dimensional (3D) CT reconstructions can be helpful in understanding complex perinavicular dislocations prior to surgical 
reconstruction.!** If there is any suspicion of a navicular stress fracture either magnetic resonance imaging (MRI) or a 1-mm high-resolution CT scan 
perpendicular to the navicular should be performed. 


Figure 68-3. The present popular classification of navicular fractures is composed of three basic types with a subclassification for body fractures suggested by 
Sangeorzan. A: Avulsion-type fractures can involve either the talonavicular or naviculocuneiform ligaments. B: Tuberosity fractures are usually traction-type injuries 
with disruption of the tibialis posterior insertion without joint surface disruption. C: A type I body fracture splits the navicular into dorsal and plantar segments. D: A 
type II body fracture cleaves it into medial and lateral segments. The location of the split usually follows one of the two intercuneiform joint lines. Stress fractures are 
usually included in this group. E: A type III body fracture is distinguished by comminution and significant displacement of the fragments. (Reprinted with permission 
from Sangeorzan BJ, et al. Displaced intra-articular fractures of the tarsal navicular. J Bone Joint Surg Am. 1989;71(10):1504—1510.) 


CLASSIFICATION OF TARSAL NAVICULAR FRACTURES 


Tarsal Navicular Fractures: 
OTA/AO CLASSIFICATION 


Classification Description 

83-A Noncomminuted 

83-B Comminuted 

80-C Dislocations 

89-B Crush/multiple fractures 


The most common injuries of the tarsal navicular are avulsion, or flake, fractures. Acute navicular fractures are classified into three types: avulsion 
fractures, fractures of the navicular tuberosity, and body fractures (see Fig. 68-3). The latter occurs predominantly from high-energy trauma and is further 
subdivided into three types.?*4 The type I body fracture is a horizontal transverse fracture through the navicular with disruption of the dorsal ligaments. 
Type II body fractures usually result from abduction injury and are characterized by a vertical fracture with comminution of the lateral portion of the 
navicular, combined with a disruption of the TN ligament. Type III body fractures are the most comminuted fractures and are usually caused by severe axial 
loading with abduction and plantar flexion. The CC joint and the naviculocuneiform ligaments are frequently involved.!*° Due to central body comminution 
of the navicular, a loss of height of the medial arch of the foot with shortening of the medial column is frequently present. A more detailed classification 
system of navicular fractures is the Orthopedic Trauma Association/Arbeitsgemeinschaft fiir Osteosynthesefragen (OTA/AO) classification, which is more 
commonly used for systematic research.?’” Location, direction, articular involvement, and fracture severity determine 16 subgroups of navicular fractures. 
This classification system was revised in 20077!7754 condensing fracture pattern into main groups of noncomminuted (OTA/AO 83-A) and comminuted 
(OTA/AO 83-B) types (Fig. 68-4). Also, complete tarsal navicular dislocation has been reported.9”:105,224,306 Dislocations are classified based upon the joint 
involved as midfoot dislocation injuries of the foot, alphanumerically as 80-C.?!° Subgroups include talonavicular (80-C1), naviculocuneiform (80-C3), and 
multiple midfoot dislocations (80-C9). The latter includes isolated or complete navicular dislocation. Further subclassification by direction has not been 
given specific codes.*!> Furthermore, crush injuries of the midfoot region including multiple foot fractures are classified as 89-B. 


Type A: Extra-articular, no joint involvement 


74-C1 A 


Figure 68-4. The OTA/AO classification for navicular fractures. The initial differentiation is by articular involvement: type A is extra-articular, type B has mainly 
uniarticular involvement, and type C signifies multiarticular, multifragmented involvement. Further subdivision is by fracture pattern. 


Stress fractures of the navicular bone constitute 14% of all stress fractures”? and are most commonly seen in athletes. They are classified as partial or 
complete and usually start near the mid-dorsum of the navicular bone and progress in a plantar direction (Fig. 68-5). 

None of the present classification systems have been shown to fulfill the idealized vision of Miiller to serve as a basis for treatment and evaluation of the 
results.2°° Sangeorzan et al.°24 showed that operative treatment can be based upon the type and direction of fracture displacement with a relationship 
between injury severity and functional outcome; however, these observations have not been substantiated statistically. 

In 2016, Schmid revised the classification to type I, single fracture line; type II, any comminuted fracture; and type III, any fracture with a dislocation of 
the TN joint or talar head lesion.*°° Based on this classification, Sanders showed that type II fractures treated with a tension band plate did better than with a 
screw and that type III fractures had a poor prognosis, required multiple surgeries, often developed arthritis, and that surgeons should consider a primary TN 


fusion.223 


PATHOANATOMY AND APPLIED ANATOMY RELATING TO TARSAL NAVICULAR FRACTURES 


The proximal concave articulation with the talar head is one of the seven essential joints of the foot.'“? An average of approximately 37 degrees of ROM 
makes this joint responsible for a substantial amount of sagittal plane midfoot motion.”° In contrast, the distal convex articulations with the three cuneiforms 
through separate facets are unnecessary joints,!*? as well as is the inconsistent articulation with the cuboid. The tarsal navicular is recognized as the 
keystone within the medial column of the foot, bearing most of the load applied to the foot.*2® An extensive network of plantar and dorsal ligaments 
attaches to the navicular and rigidly stabilizes the midfoot.!*3 

In 1% of individuals, one can find an incomplete coalition as an articulation between the lateral pole of the navicular and the anterior process of the 
calcaneus.!°° Frequently this coalition is asymptomatic and only discovered on radiographs obtained following an ankle sprain. When persistently 
symptomatic, resection of the osseous bridge can lead to a resolution of symptoms and some increased motion of subtalar joint.22” The only tendon that 
inserts into the navicular is the anterior portion of tibialis posterior tendon medially. The navicular blood supply is provided through small branches from 
the dorsalis pedis and tibialis posterior arteries from the medial pole and the dorsal and plantar surfaces.?”° Though, the navicular has a relatively avascular 


central third, predisposing this bone to healing disturbances. 


Figure 68-5. A: A 56-year-old woman with a complete tarsal navicular stress fracture (yellow arrow) and bone bruises of the intermediate cuneiform and talar head 
(white arrows). One year later, following closed treatment, lateral (B) and AP (C) radiographs demonstrate progressive talonavicular joint degeneration. 


TREATMENT OPTIONS FOR TARSAL NAVICULAR FRACTURES 


NONOPERATIVE TREATMENT OF TARSAL NAVICULAR FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Tarsal Navicular Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Nondisplaced fracture (<2 mm) 

e Intact medial column of the foot (length/stability) 
e No major associated midfoot injuries 

e Stress fractures 

e Surgical contraindications 


Relative Co ndications 


e Displaced fractures (22 mm) 
e Joint involvement 
e Associated midfoot injuries 


To qualify for nonoperative treatment, several clinical and radiologic criteria have to be met. First, the fracture has to be nondisplaced and without 
comminution or joint involvement. Second, no other injuries of the surrounding bones have to be present that would indicate an associated instability and 
ligamentous injury. Third, the soft tissues have to be adequate to allow safe cast immobilization. Nonoperative treatment should be performed, if articular 
displacement is less than 2 mm, if there is no evident subluxation, and there is integrity of the medial column of the foot.!4°.2°6 

The most common injury of the tarsal navicular is an avulsion flake fracture. These are frequently found in association with tears of the 


capsuloligamentous structures. Most often these can be treated nonoperatively.*°?7°! Larger fragments involving articular surfaces should be treated 


operatively.?9" 


Techniques 


The treatment of choice is immobilization in a short leg cast with no or toe-touch weight bearing for 6 to 8 weeks. Although the overall incidence of 
symptomatic venous thromboembolism in foot and ankle surgery is low (0.55%), increased incidence is known in trauma patients, and, with a cumulative 
effect, an even higher risk with short leg cast immobilization.©?°” Therefore, some recommend thromboprophylaxis with low-molecular-weight 
heparin, “+207 although Selby et al.38 concluded from their multicenter prospective cohort study including 1,200 patients that the risk—benefit ratio and 
cost-effectiveness of routine anticoagulant prophylaxis are unlikely to be favorable for these patients. 

Following the initiation of conservative treatment, the integrity of ligamentous stability of the longitudinal and transverse arches requires reevaluation 
using weight-bearing plain radiographs at 1 to 2 weeks after injury or under fluoroscopic stress examination. If there is any doubt of fracture stability, open 
reduction and internal fixation (ORIF) should be pursued to secure a stable medial column. 


Outcomes 


Nonoperative treatment for nondisplaced fractures in the form of wooden postoperative shoes and non—weight-bearing (NWB) or plaster cast 
immobilization for 4 to 6 weeks has been used for decades. Howie et al.,!5° however, noted a high incidence of associated injuries of the lateral column in 
the presence of navicular fractures. Five out of 14 patients had poor results with significant long-term morbidity and an incidence of secondary osteoarthritis 
of 80%. They showed that nonoperative treatment in combined injuries of the midfoot can lead to persistent disability due to instability. 

Tarsal navicular stress fractures are primarily treated conservatively.”0>256,331,368 NWB cast immobilization for 6 to 8 weeks has been shown to have 
clinical outcomes equal to operative treatment.>>.2°®35! For both partial and complete tarsal navicular stress fractures, Torg et al.°®° showed in a meta- 
analysis that nonoperative management, including NWB, when compared to operative fixation leads to similar outcomes with respect to fracture healing and 
return to preoperative level of activity. However, in a more recent systematic review, Mallee et al.2°* showed that in tarsal navicular stress fractures, surgery 
may provide an earlier return to sports activities. 


OPERATIVE TREATMENT OF TARSAL NAVICULAR FRACTURES 


Restoration of the length of the medial column of the foot and articular reconstruction form the two main tenets of surgical treatment of navicular 
fractures. 143313.324 ORIF has become a widely accepted treatment solution and can be considered as the gold standard in displaced fractures. An open 
approach with visualization of the fracture components facilitates restoration of both length and articular congruity.!49263.291,324 Evans et al.!2? reported on 
a cohort of high-energy navicular body fractures, including 8 type II and 16 type III fractures, treated with mini-fragment plate fixation (2.0-, 2.4-, or 2.7- 
mm stainless steel straight or T-plates). Overall, ORIF is reported leading to good results!8>3?4 (Fig. 68-6). 


Indications/Contraindications 


Operative treatment is indicated in open and displaced fractures, with a displacement of more than 2 mm or articular incongruity of more than 1 mm. The 
TN joint is one of the essential joints of the foot, which therefore necessitates postoperative integrity. Other operative indications are tarsal navicular 
dislocation, impingement of soft tissues by displaced bony fragments, posttraumatic shortening of the medial column, and associated midfoot fractures and 
instabilities. 

The soft tissues play an important role in indicating surgical treatment of tarsal navicular fractures. An absolute operative surgical indication would be 
acute compartment syndrome of the foot. However, the associated severe soft tissue compromise may result in a contraindication for acute open surgery, but 
may lead to an acute closed reduction with or without percutaneous Kirschner wires (K-wires) and external fixation. 

In the geriatric population, the long-term benefits of operative treatment have to be weighed with possible complications related to delicate soft tissues, 
typically impaired circulation, possible bony and wound-healing problems due to metabolic diseases (i.e., diabetes mellitus), as well as risks for secondary 
loss of reduction due to impaired deep sensibility (neuropathy), osteoporosis, and accidental, uncontrolled, early full-weight bearing (FWB) 
(noncompliance). 


Figure 68-6. A 32-year-old man sustained a rifle shot through the midfoot. This grade 3 open fracture was initially externally fixated in another center. The foot was 
in varus and shortened after the trauma. A: X-ray of the tarsal navicular fracture and medial cuneiform fracture with gap after initial emergency fixation. B: CT images 
of the fracture and the foot. Open surgery was performed 1 week after the initial trauma. Navicular bone was fixed with screws, and bridge plating was used to 
maintain the length. The skin edges were debrided, and a local rotational flap was performed. C: Screw fixation of the navicular bone. Bridge plating for medial 
column to restore length. Necrosis developed on the local flap. Two weeks after a forearm flap is performed before the wound was infected. D: Two weeks after 
application of local flap, deep wound necrosis occurred. Thorough debridement of the wound showed no sign of infection, but the implants were visible, so a forearm 
flap was planned and applied. E: Six months postoperative AP and lateral standing x-rays showing healing of the bone without bone grafting. F: Healing of the skin 
after 6 months. Patient started recreational running without pain after 1 year postoperatively. 


Reduction and Fixation of Tarsal Navicular Fractures 


Reduction and Fixation of Tarsal Navicular Fractures: 


a7 PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Translucent operating table 
Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 
Fluoroscopy location LJ Contralateral side 
Equipment LJ Small- and mini-fragment implants, external fixator set 
Tourniquet LJ Applied above knee 
Other LJ Triangular cushion under the knee 

Positioning 


At surgery, the patient is positioned in the supine position on a translucent table. The leg can be placed on a triangular cushion to create a plantigrade foot 
position when using the C-arm. 


Surgical Approach 


Initially, the foot is exsanguinated and a calf or thigh tourniquet is inflated. Surgical exposure is usually performed through a longitudinal dorsal incision 
while protecting the dorsalis pedis artery and the peroneal nerve branches. Others have described a dual-incision technique as optional in navicular fracture 
care (Fig. 68-7).!2* The exposure runs from the neck of the talus to the second metatarsal bone. The extensor hallucis longus tendon and the neurovascular 
bundle are retracted and protected, and the fracture lines are identified. While retaining as many soft tissue attachments as possible to the fracture fragments, 
the fracture edges, and articular fragments should be clearly exposed. In the case of a comminuted fracture pattern, the TN joint should be opened to 
improve visualization and facilitate reduction. Further, keeping the ligaments and soft tissues intact with comminuted fractures will allow for bridge plate 
fixation across the fracture after correction of the deformity and length restoration. 


Figure 68-7. Surgical approaches to the navicular. The medial incision is between the tibialis anterior and posterior tendons. The dorsal incision is just lateral to the 
dorsalis pedis artery and medial to the extensor tendons. 


Techniques 


Closed or Open Reduction and Fixation 


KEY SURGICAL STEPS 


/ | Closed Reduction and Fixation of Tarsal Navicular Fractures: 


Apply axial traction (via first toe) to distract across talonavicular and naviculocuneiform joints 
Can use K-wires inserted in fragments as joysticks to manipulate fracture reduction 
Reduce split portion of fracture using pointed clamps percutaneously and provisionally stabilize with 0.062 (1.6-mm) K-wires 


e Restore joint congruity (do not tolerate articular step-off >1 mm) 
e Restore column length and temporarily stabilize column using an external fixator 
LJ Fracture fixation using at least one and, if possible, two 2.7-mm low-profile cortical screws or headless screws 
e Increase stability using washer (low bone quality) 
e Increase stability by transfixing to cuboid and/or cuneiforms 
e Maintain K-wire fixation for comminution or to prevent subluxation 


Open Reduction and Fixation of Tarsal Navicular Fractures: 


KEY SURGICAL STEPS 


Subperiosteal exposure of apical and distal navicular 
L-shaped talonavicular and/or naviculocuneiform arthrotomy 
Apply medial column distractor, or abduction force with traction, across talonavicular and naviculocuneiform joints 
Simple fracture pattern 
e Open split portion of fracture, debride fracture zone, and joint surfaces 
e Preserve lateral soft tissue attachments 
e Reduce split component using pointed clamps and provisionally stabilize with K-wires 
e Apply 3.5- or 2.7-mm compression screws 
e Bridging plates may be needed for comminuted fractures 
LJ Comminuted fracture pattern 
e Reduce comminuted component, augment with bone graft, and provisionally stabilize with 1.25-mm K-wires 
Restore joint congruity using adjacent bone as template (do not tolerate articular step-off >1 mm) 
Apply mini-fragment plate mediodorsal to tarsal navicular 
Assess alignment using intraoperative simulated weight-bearing x-rays in three planes (AP, lateral, and oblique) 
Assess stability of the medial column of the foot with intraoperative dynamic fluoroscopy 
If unstable, proceed with adjunct external spanning technique or maintain K-wire transarticular fixation 


A two-fragment fracture may be treated percutaneously with screw fixation. However, the TN joint requires anatomic reduction to decrease the risk of 
secondary osteoarthritis. If there remains any doubt about achieving an optimal reduction, the surgeon should opt for ORIF. 

If there is only a single fracture line, the fracture is anatomically reduced and held with a sharp-pointed forceps under direct visualization through the 
TN joint. Anatomic articular reduction of the proximal and distal navicular articular surfaces can be facilitated by using the articular surfaces of the talar 
head and the cuneiforms as templates. Temporary preliminary fixation is maintained with 1.25- or 1.6-mm K-wires and then fixed using 3.5- or 2.7-mm 
low-profile screws. Typically, two screws or a screw and a K-wire are required to control rotation and increase fixation stability. To avoid prominence of 
the screw heads and to prevent cortical avulsion when introducing the head of the screw in an inclined fashion, it is favorable to create a trough by 
countersinking the head of the screw. 

In more comminuted fractures, a distractor or medial external spanning fixator can be mounted from the talar neck to the cuneiforms to increase 
visibility and indirectly reduce fragments by ligamentotaxis. The optimal Schanz pin placement is determined during surgery and usually includes 
placement of a proximal pin medially into the talar neck perpendicular to the talar axis. The second pin is bicortically anchored perpendicular to the long 
axis in the base of the first metatarsal. Pin placement is not recommended in the medial malleolar bone as the bony area for fixation is small and the 
spanning direction is not optimal. If the lateral column shows signs of instability as well, a lateral column fixator is introduced spanning from the calcaneal 
tuberosity to the base of the fifth metatarsal. Care should be taken that the lateral fixator is directly lateral to the base of the fifth metatarsal. That way, the 
fixator is typically just plantar to a possibly necessary dorsolateral incision to the cuboid. 

When exposing the fracture site, soft tissue attachments to large fragments should be maintained to preserve blood supply. After debridement, the large 
fragments are addressed first. In some situations, reduction is tricky and impossible by direct means. In this case, one or two 1.25-mm K-wires can be 
placed into the body of the fragments to serve as joysticks. With the fragment directed into its original position, temporary K-wire fixation is performed. 
Then, smaller fragments are reduced onto it. Also, the talar head can be used as a template for navicular fragments. These can be temporarily fixed to the 
talar head itself with a K-wire for reduction and then are subsequently removed again. 

The comminuted navicular fracture usually requires more stable support, hence, autologous bone grafting into the zone of impaction is recommended to 
restore its body, increase stability, and support healing. The bone graft for filling any osseous defects can be harvested via a small lateral incision over the 
calcaneal tuberosity or at the distal medial part of the tibia. As an alternative, an allograft can be used for augmentation. Finally, cortical fragments are 
closed on top of the graft, and fixation is performed. 

Cortical screws are preferred because of the smaller screw diameter. Washers may be used as one-hole plates in situations with poor bone quality, and 
the transfixation of adjacent cuneiforms (as nonessential joints) can be performed as a “bridging screw osteosynthesis” to increase construct stability. Plate 
fixation is performed using small (one-third or quarter tubular plates), mini-fragment (2.0-mm mini T-plates), or 2.7-mm plates along the dorsal surface of 
the navicular body with converging or crossing screws (Fig. 68-8). Particular attention should be taken in regard to the lateral corner of the tarsal navicular, 
as this is often insufficiently addressed. The lateral corner is difficult to visualize as it turns downward to articulate with the cuboid. To prevent shortening, 
and thus increase the risk of abduction deformity resulting in longitudinal arch collapse, this corner requires proper restoration. However, it is paramount to 
avoid screw placement from the navicular into the cuboid, which would interfere with the mobile interplay between the medial and lateral columns of the 
foot. Techniques of fixation and supplemental support vary depending on fracture pattern. Spanning plates can be used with indirect reduction in an effort to 
correct alignment and prevent later adductus deformity. 

After osteosynthesis has been accomplished, joint transfixing K-wires can be removed. However, if gross instability remains involving the essential 
joints, temporary K-wire fixation can be left in situ across the joint for 6 weeks until capsule-ligamentous healing has occurred. 


B 
Figure 68-8. Postoperative radiographs at 3 months of a 52-year-old woman who sustained comminuted navicular and cuboid fractures as a result of a low-speed 
motorcycle accident. Open reduction and internal fixation was performed using a 2.7-mm mini-fragment implant combined with temporary adjunct talometatarsal 
external fixation. A: Lateral view. B: AP view. 


Adjunct Internal Spanning Fixation 


Adjunct Internal Spanning Fixation of Tarsal Navicular Fractures: 


KEY SURGICAL STEPS 


LJ Apply medial column distractor across talonavicular and naviculocuneiform joints 
e Place first 2.5-mm Schanz pin in talar body/head 
e Place second 2.5-mm Schanz pin in medial cuneiform or base of first metatarsal parallel to joint surface 
e Apply axial talometatarsal traction (using two bars improves stability) 
e Assess alignment in AP, lateral, and oblique projection and, if necessary, correct malalignment prior to plate fixation can use Hinterman 
distractor with 1.6- or 2.4-mm pins 
LJ Apply 2.7-mm small-fragment or one-third tubular plate bridging talonavicular and/or naviculocuneiform joints to address column instability 
e Alone or in combination with ORIF 
e Use 2.7-mm cortical screws 
e Increase stability by transfixing to cuneiforms 
LJ Remove distractor 
e Reassess alignment via simulated weight-bearing x-rays 
e Reassess stability via dynamic fluoroscopy 


A medial external fixator can be applied as an adjunct to ORIF. Alternatively, an internal spanning plate can be used when ligamentous instability of the 
adjacent joints has been identified.89 For maintenance of overall length of the medial column of the foot, a four- to eight-hole 2.0-mm semitubular or 2.7- 
mm plate is placed over the anteromedial aspect of the medial column of the foot. Stabilization is achieved by inserting 2.7-mm screws into the talar head or 
neck when proximal articular involvement or TN instability is present. K-wire fixation of the tarsal navicular transfixing the medial cuneiform, as well as 
fixation to the base of the first metatarsal for distal articular injury or distal instability of the medial column, can be performed. In the case of severe 
destruction or nonreconstructable joint surfaces, primary arthrodesis (PA) is optional.**? In some cases, restoration of the anatomy of the navicular bone 
with comminution needs to be addressed, as well as ligamentous instability. An external distractor or fixator can be helpful as an adjunct to indirectly align 
both the medial column and the fracture site. The distractor is placed proximally into the talus and distally into the base of the first or second metatarsal to 
span and align the fracture site (Fig. 68-9). If stable fixation cannot be achieved by ORIF of the navicular, as in crush injuries to the medial column, 
temporary bridge plating can facilitate restoration of first ray alignment (Fig. 68-10).°34 In these comminuted bony injuries, overall fracture reduction and 
bony alignment along the medial column can intraoperatively be determined by a fluoroscopic view that shows a straight line drawn from neck of the talus 
bisecting the base of the first metatarsal—medial cuneiform joint. 

Restoration of column length and prevention of collapse can be achieved. The plate serves as an internal buttress with screws positioned in the talar 
head, cuneiforms, and the base of the first metatarsal. Although the internal spanning device can provide stable fixation, mild distraction should be 
preserved and the hardware removed after bony consolidation and before the beginning of unprotected weight bearing—at least across the essential TN 
joint. 


Figure 68-9. Reduction and fixation technique for comminuted or displaced navicular fractures. A: Typical fracture pattern with medial to lateral talonavicular 


disruption. B: Placement and use of an external fixator aid in restoration of length and maintenance of position for fixation. The talonavicular joint is restored and bone 
graft is placed behind it to fill any void. C: Fixation screws are placed into the cuneiforms or cuboid to secure fracture stability. 


Figure 68-10. Navicular spanning internal fixation modified according to Schildhauer et al. (Reprinted with permission from Schildhauer TA, et al. Temporary bridge 
plating of the medial column in severe midfoot injuries. J Orthop Trauma. 2003;17(7):513-520.) 


Adjunct External Fixation 


As an adjunct to closed reduction and internal fixation with screws or K-wires, external fixation for 6 weeks or longer is an option.30312 Restoration and 
maintenance of the length of the medial column of the foot can be achieved, but the disadvantage is that, with articular involvement, the impacted zones are 
not restored. Chandran et al.®8 reported on external fixator application in 11 open midfoot injuries. In six cases a navicular fracture was present. The fixators 
were removed at an average of 9 weeks. Two pin tract infections occurred. At 1 year follow-up all patients had functional feet, but pain was present in 6 
patients. Richter et al.?!° also reported on the supplemental use of external fixators in 35.5% of 148 operatively treated patients with midfoot fractures. 
However, the value of external fixators as an adjunct to ORIF in navicular fracture care is not sufficiently supported by the present literature. 


Bone Grafting 


Bone grafting is recommended for restoration of bony integrity and to promote healing.!8202.324 The site of origin varies and usually corticocancellous 
grafts are taken from the iliac crest!>3?4 or the proximal tibial metaphysis." Local cancellous bone is an alternative but for stable bony support 
corticocancellous blocks are recommended.*!°.34 Four out of 21 patients received bone grafts during ORIF in one reported series of operative navicular 
fracture treatment.??4 In the largest reported series on treatment of 90 tarsal navicular fractures, Coulibaly et al.°° performed bone grafting in 11 out of 41 
operatively treated patients. In the European literature, the use of bone grafting has been emphasized. In a recent study, bone grafting was found to facilitate 
reduction and articular reconstruction.®®°° Furthermore, a relation to improved reduction quality was evident. However, bone grafting did not improve 
convalescence, clinical, or functional outcome, a finding that has been reported also for calcaneal fracture care,200 

In the face of comminuted fracture patterns, we recommend the use of autologous bone grafting as it facilitates anatomical restoration and promotes 
fracture healing by its osteoconductive and osteoinductive effects. 


Primary Arthrodesis 


PA is an option if reconstruction of articular surfaces in the face of severe comminution and destruction is not viable. In the case of navicular bone loss of 
more than 40%, primary TN arthrodesis has been recommended to achieve adequate stability of the first ray.7°! In contrast, fusion of the naviculocuneiform 
joint has been recommended to facilitate reconstruction of a severely destroyed tarsal navicular, preserving the mobile TN joint, and leading to a better 
functional outcome.”°”.79! However, fusion remains a salvage procedure for most authors.!8*.79' TN joint fusion may not be well tolerated by patients as it 
locks the talocalcaneonavicular complex resulting in foot stiffness.!°* However, Fishco and Cornwall!” provided evidence that isolated TN arthrodesis can 
lead to satisfactory results, although, a reduction in muscle strength and ankle kinematics may occur. Richter et al.?!? showed in a series of 148 midfoot 
fractures that primary fusion was rarely necessary (an incidence of 4.7%) in operatively treated cases. From our clinical practice PA in navicular fracture 
treatment is related to unsatisfactory results and revision surgery can be expected, especially because of a higher nonunion rate due to sagittal plane motion 
at the TN joint. 


Authors’ Preferred Treatment for Tarsal Navicular Fractures ( ) 


Crucial criteria for the choice of bony fracture treatment are (1) nondisplacement versus displacement, (2) stability of the column, and (3) isolated 
fracture versus multiple/bicolumn fractures. 

Additionally, importantly and initially, operative treatment has to be adapted to soft tissue conditions. Severely contused soft tissues may require 
initial closed treatment with closed reduction and temporary or final K-wire fixation. Open fractures need immediate wound debridement combined 
with fracture reduction and at least temporary fixation. An acute compartmental syndrome needs immediate decompression. Concurrently, fracture 
alignment and/or reduction should occur and the fracture stabilized. If not performed immediately, detailed fracture reduction in comminuted fractures 
can then be addressed at a later time point, when soft tissue situation allows so. With open incisions from traumatic wounds or fasciotomies, internal 
fixation can be applied but adjacent soft tissue coverage is imperative to prevent infection. 

For the type and technique of bony fixation, initially the amount of fracture displacement has to be evaluated, preferably with CT, since plane 
radiographs of the tarsal navicular, even in three planes, never allow sufficient assessment of the fracture pattern especially at the essential talonavicular 
joint surface. 

Column stability predetermines the amount of internal fixation or the indication for adjunct spanning internal or external fixation. A dynamic 
examination under fluoroscopy is a helpful and precise diagnostic tool to guide treatment and to give accurate information about the stability of each 
column of the traumatized foot. 

Another point to be considered is the presence of associated fractures within the medial column and/or involvement of the lateral column, especially 
of the cuboid, the anterior process of the calcaneus, as well as the subtalar joint. In complex ligamentous and/or bony foot injuries, we typically start 
with reconstruction and stable fixation of the medial column. However, in severe crush injuries of the medial column, when there are major large 
fragments in the lateral column, it might be easier to start with reconstruction of the lateral column to restore overall foot length and to have a template 
for medial column alignment. 
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Algorithm 68-1 Authors’ preferred treatment for navicular fractures. NF, navicular fracture; CRIF, closed reduction and internal fixation; ORIF, open reduction 


and internal fixation. 


POSTOPERATIVE CARE 


After operative fixation of navicular fractures, immobilization is required for 5 to 6 weeks in a removable boot or cast. The removable boot provides safe 


tissue monitoring and comfort for the patient. Patients require training in the proper use of the walker or crutches, and if patient compliance is in doubt a 
well-molded short leg plaster cast with the foot in a plantigrade position is preferable. NWB should be maintained for 6 weeks after operative treatment. 
Standardized weight-bearing radiographs and clinical assessment are performed at 6 and 10 weeks after the operation. Consideration for external fixator or 
percutaneous pin removal should be considered during this time period. If healing is progressing and the patient is pain free, partial weight bearing (PWB) 
can be allowed at weeks 10 to 12 with advancement of weight bearing as tolerated with a shoe or brace as needed. 

Standard radiographic follow-up imaging should assess column alignment, progress of healing, loss of reduction, implant failure, and development of 
posttraumatic osteoarthritis and deformity. To detect the development of secondary deformity, standardized weight-bearing AP and lateral radiographs are 
used to determine the talometatarsal angle (on the AP and lateral), calcaneal pitch angle, navicular and cuboid ground distances, talonavicular coverage 
angle (TNCA), and medial and lateral column length. If bony consolidation is not clearly seen on standard radiographs by weeks 10 to 12, a CT scan should 
be obtained. If healing is delayed, secondary bone grafting should be discussed with the patient or the time of immobilization should be prolonged. 

Initial postoperative ROM without weight bearing is allowed depending on type of fracture fixation and stability. However, usually at 6 to 8 weeks a 
vigorous physical exercise program is started out of the boot to restore mobility of the essential joints. In patients with a temporary bridge plate or adjunct 
external fixation of the medial column, the spanning device should be removed at 12 weeks, after the index operation at least across the TN joint. This will 
allow restoration of motion at the midtarsal joint complex (Chopart). Hardware can be left in situ when bridging nonessential or unnecessary joints. 
Eventually, most patients will require shoe wear modifications using orthotics or an extended steel shank, and customized shoe wear is adjusted in more 
complex foot injuries to increase mobility and improve walking. 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 
TARSAL NAVICULAR FRACTURES 


Tarsal Navicular Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Talonavicular arthritis 

Soft tissue problems with superficial or deep infection 
Chronic pain (arthritis, implants, neuromas) 
Nonunion, malunion 

Osteonecrosis 

Deep vein thrombosis 

Pes planus or pes cavus deformity 


Despite satisfactory reductions and high rates of union, fractures of the navicular have severe impact on long-term clinical and functional outcome. Because 
of the damage to the articular cartilage at the time of injury, severe traumatic arthritis of the TN joint often develops resulting in loss of rotational flexibility 
and pain. Sangeorzan et al.??4 concluded that fractures of the body most often result in severe long-term disability. Patients with less severe fracture patterns 
and fewer associated injuries should perform better in the long run.?!? At a mean follow-up of 73 months, Schmid using a new classification of navicular 
fractures showed that although ORIF led to good outcome scores, the results were related to the severity of the fracture. Although Sangeorzan showed no 
correlation with outcome scores, the Schmid classification was well correlated with clinical outcome scores and TN arthritis both clinically and 
radiographically.3°5 

During the acute phase of healing, the most frequent complications in the treatment of navicular fractures are soft tissue problems. These need special 
attention and often have to be treated aggressively to avoid chronic infections. Local soft tissue flaps or skin grafts are not the best solutions because of the 
overall thin soft tissue coverage of the foot. With thin free vascularized flaps, such as parascapular or lateral thigh flaps, good coverage and satisfying 
cosmetic results can be achieved even in larger soft tissue defects. 

Pain is a major contributor to long-term disability in foot injuries.°1!>3° It is known to be subjective and difficult to measure. Pain in the traumatized 
foot is most often a result of posttraumatic arthritis,!°”2°° implants,!>°!°-534 and neuromas.*!077? Sangeorzan et al.??4 reported fair or poor results, 
including persistence of pain in one-third of their patients and no residual disability in only 19%. In Schmid’s series, 2 of the 24 patients developed a 
spontaneous TN fusion. Nonoperative treatment and primary fusion can lead to full recovery,**° but also after operative navicular fracture treatment full 
recovery has been reported.!’° Higher amount of discomfort are seen in crush and medial column injuries.*°* 

The most common sequelae complicating navicular fracture is the development of posttraumatic osteoarthritis.‘4° The early onset of arthritis has been 
reported following navicular fractures,!*-23? and degenerative changes after fracture-dislocation of the tarsal navicular, especially at the TN joint, have been 
described after both nonoperative and operative treatment. 15623? We have observed a high rate of pain related to secondary arthritis, particularly following 
more severe fracture patterns. 

Both nonunion and osteonecrosis have been reported following navicular fracture.®107238 The poorly vascularized central zone of the navicular body 
has been identified as a risk factor for the development of healing disturbances after trauma; however, current evidence does not support a higher 
susceptibility for healing disturbances of the navicular after acute trauma. Nevertheless, nonunion is a rare complication and it is more common in more 
severe fracture types.?~ In one of the largest series of midfoot injuries, no healing disturbance (nonunion or osteonecrosis) was described.3!3 

Nonunion of the tarsal navicular with a correct length of the medial column requires bone grafting and proper fixation. If the first ray has collapsed, 
secondary reconstruction is required to restore the medial column anatomy. Several operative techniques have been described to reestablish foot 
alignment.!*3 Medial column lengthening with iliac crest graft interposition and opening wedge osteotomies for lengthening and flexion correction of the 
first ray are options. The development of a pes planus deformity after midtarsal injuries has also been described.6®156 Coulibaly et al.8° reported an 
incidence of 21% of pes planus and 26% of pes cavus deformities after navicular fracture care. Abduction injuries with navicular avulsion fractures can lead 
to an increase in the anterior talar- metatarsal angle with midfoot abduction and require lateral column lengthening to restore alignment. Revision surgery 
will be performed most commonly to treat persistent pain and secondary osteoarthritis (Fig. 68-11). However, even after arthrodesis, most patients will 
experience persistent pain, will require orthopaedic shoe support, and will not return to a normal level of activity. 


A, B, C . L D,E 
Figure 68-11. A: AP radiograph of a 48-year-old woman who fell down the stairs and sustained an abduction, or “nutcracker,” injury to her right foot. Note the 
abduction demonstrated by the increase in the anteroposterior talus—first metatarsal line (ATFM) crush injury to the calcaneus, and avulsion fracture of the navicular. 
B: The comminuted crush injury of the calcaneus was spanned with a lateral plate from the intact calcaneus to the cuboid resulting in a closed reduction of the 
navicular with pinning. The ATFM line has been corrected. C: Six months after injury, the patient is walking in regular shoes without pain. The talus—first metatarsal 
line has been restored and the navicular fracture has healed. D: One year after injury, the patient presented with pain and flat foot. An increase in talus—first metatarsal 
line indicated an abduction deformity of the midfoot. E: Standing radiograph 3 months following lateral column lengthening to correct abduction deformity and flat 
foot. The ATFM line has been restored. 


Cuboid Fractures 


INTRODUCTION TO CUBOID FRACTURES 


In the management of cuboid fractures, documented cases and series are sparse and therapy strategies remain empirical and controversial. Fractures of the 
cuboid bone are known to be uncommon and usually are not isolated. When presented with a cuboid fracture the physician should scrutinize the x-rays or 
get a CT scan to rule out a Lisfranc, Chopart, or other combined fracture pattern as obvious midfoot fracture-dislocations are often missed, so a substantial 
number of midfoot injuries are often underreported. Recently, in a CT-based incidence study, Ponkilainen et al.2°* demonstrated Chopart injuries are lower 
than estimated and it is 2.2 of 100,000 person-years. Most Chopart injuries (78%) were nondisplaced and were the result of low-energy trauma mechanisms, 
such as tumbling on stairs or slipping. 

It can be asserted that because of its protected anatomical position, buttressed between the calcaneus and the bases of the fourth and fifth metatarsals, the 
cuboid fracture would rarely need reduction and most often treatment would be nonoperative, we are now aware, that with displaced fractures articular 
reconstruction is needed, as well as lateral column length restoration which is necessary to maintain associated motion of the TMT and midtarsal joints.!!® 
Taking this into account, nonoperative treatment does not seem to be advantageous for displaced fractures. Reported results of functional outcomes of the 
fracture are rare. 


PATHOANATOMY AND APPLIED ANATOMY, MECHANISMS OF INJURY, AND ASSOCIATED 


INJURIES RELATING TO CUBOID FRACTURES 


The anatomical boundaries make the cuboid bone a keystone within the lateral column of the foot. It is the only bone in the lateral aspect of the midfoot. It 
articulates with the calcaneus, navicular, lateral cuneiform, and lateral two metatarsals, and is an important stabilizer of this column. Besides its important 
role of maintaining lateral column length, the cuboid is also associated with midtarsal and TMT motion. The cuboid has a great contribution to 
plantarflexion, dorsiflexion of the midfoot and pronation and supination of CC joint. "8 

As a Static, stabilized, supporting structure within the lateral column, the cuboid is susceptible to direct lateral forefoot forces or to indirect forces 
through foot abduction (i.e., in ballet dancers).®* The most common injury type (about 50-70%) is an avulsion fracture associated with a sprain.!!8 The 
frequency of the displaced cuboid fractures due to sports-related activities and tumbling or slipping is increasing.?% 

Furthermore, cuboid avulsion fractures are frequently seen in conjunction with tears of the CC ligament and other capsuloligamentous structures. Crush 
fractures result from direct force applied to the dorsolateral tarsus generally after motor vehicle accidents, fall from height, or heavy objects falling onto the 
foot. Displaced fractures or dislocations are usually associated with other midfoot fractures or ligament injuries, such as TMT fractures, subtalar fracture- 
dislocation, navicular fractures, or a Chopart joint dislocation. !18:156.313,325,366 

Main and Jowett??? emphasized the occurrence of concurrent injuries stating that navicular fractures should not be considered in isolation. Howie et 
al.!5° showed a high incidence of associated CC joint injuries in the presence of navicular fractures. In 14 patients with navicular avulsion fractures, half 
showed CC joint injuries and 71% had poor results. 

The majority of Chopart injuries (78.0%) are nondisplaced, and low-energy trauma mechanisms accounted for the majority of nondisplaced injuries 
(34.8%) and toppling or slipping (26.1%). The primary causes of Chopart-Lisfranc combinations or various injuries were traffic accidents (27.8%) and 
direct injury (22.2%).7°* Cuboid fractures with associated medial column injuries have a high rate of persistent problems, and patients with isolated midfoot 
fractures have better results compared to those with combined injuries to the Lisfranc joint and Chopart joint.2©%313 


ASSESSMENT OF CUBOID FRACTURES 


SIGNS AND SYMPTOMS AND IMAGING OF CUBOID FRACTURES 


The term “nutcracker fracture” was coined to describe the clinical appearance after an indirect injury mechanism including the sudden onset of pain and an 
inability to bear weight. Court-Brown found that cuboid fractures were of low velocity and more commonly seen in older women, perhaps related to 
osteopenia, whereas men had higher energy injuries and the navicular was more commonly fractured. Swelling and local tenderness along the dorsal tarsus 
are common findings. Palpation along the lateral column reveals pain in the area of the CC and/or lateral TMT joints. The clinical appearance can vary from 
a normal-appearing foot with subtle signs of injury to a severely mangled extremity. Following crush and high-energy injuries, the examiner must be 
mindful of the soft tissue envelope (blistering, hematoma, degloving, skin necrosis) to exclude presence of compartment syndrome or ischemia. Standard 
radiographic imaging should include AP, lateral, and 45-degree oblique views. The normal anatomic alignment of the lateral TMT complex should be 
assessed by evaluation of the position of the cuboid in relation to the bases of the fourth and fifth metatarsals. In the internal oblique projection of the 
normal foot, the medial border of the base of the fourth metatarsal is colinear with the medial border of the cuboid and the medial borders of the lateral 
cuneiform and third metatarsal are also colinear. Malalignment of 1 mm or more has been characterized as diagnostic for TMT injuries.'®° As described by 
Coss et al.,® the lateral TMT joint complex should be assessed for stability using abduction and adduction dynamic radiographic stress testing. The position 
of the base of the fourth metatarsal on the oblique projection is the key factor in the assessment of the TMT complex. Even though major injuries to the 
cuboid can be well visualized on standardized plain radiographs (especially the oblique view), in many cases differentiation of the medial border, the 
medioplantar border, and in some instances the CC joint can be difficult. Therefore, when a cuboid injury is suspected, CT imaging with multidimensional 
reconstructions is our modality of choice. The CT scan facilitates the determination of fracture pattern and dimension, fracture fragment and joint 
displacement, articular involvement, and associated injuries of the foot—especially of the medial column and the TMT joint complex. 184 

Finally, the “cuboid syndrome,” painful subluxation of the cuboid, is a known problem in professional athletes.**” The incidence varies depending on 
the population studied and is highest at approximately 18% in ballet dancers.*?*! Major findings are pain radiating along the lateral tarsal column to the 
anterior ankle, the fourth ray, or the plantar aspect of the midfoot.*?! Forefoot push off is characterized by complaints of weakness. Chopart joint mobility is 
reduced. The injury mechanism has been related to forced midfoot pronation in relation to the hindfoot during axial loading. Others?” have proposed 
repetitive flexion/inversion stresses of the ankle as a factor leading to plantar or dorsal subluxation of the cuboid. Marshall?!’ described a closed reduction 
maneuver, the “cuboid squeeze,” as an effective measure as it provides better control of the direction and intensity of the reduction force. Conservative 
treatment can usually result in full return to previous level of profession.” 


CLASSIFICATION OF CUBOID FRACTURES 


Sangeorzan and Swiontkowski?*° described four different fracture patterns in isolated cuboid fractures: a crush injury, a proximal articular, a distal articular, 
and a combined fracture pattern. Weber and Locher*® divided cuboid fractures into two types. One type included fractures with extension into the distal 
cubometatarsal joint with involvement of the dorsolateral or plantar-lateral wall, and the second group were burst fractures with column shortening. No 
extra-articular fractures have been described. More recently, Fenton et al., differentiated five types of cuboid fractures125: type I injuries are simple 
avulsion injuries of the CC joint capsule; type II fractures are isolated extra-articular injuries of the cuboid body; type III injuries are intra-articular fractures 
solely within the body of the cuboid; type IV fractures are associated with disruption of the midfoot and TMT injuries; and type V fractures occur in 
conjunction with disruption of the mid-tarsal joint and either crushing of the lateral column alone or of both medial and lateral columns. 

Pediatric cuboid fractures are rare and to date an age-dependent characterization of cuboid fracture pattern has not been established. !® 

In 2018, OTA/AO introduced a revised Fracture and Dislocation Classification Compendium after 20 years.?!7231,254.277 Tn this new classification, (84- 
A) represents avulsion fracture, (84-B) partial articular fracture, and (84-C) complete articular fracture. Both partial or complete articular fractures can be 
classified as (a) simple or (b) multifragmentary, depending on the fracture pattern (Fig. 68-12). Cuboid stress fractures and dislocations occur rarely, with 
only a few case reports in the literature (Fig. 68-13),°657110.343 


84A 84B 


Figure 68-12. OTA/AO classification of the cuboid fractures. 84A: cuboid avulsion fracture. 84B: partial articular fracture (simple or multifragmantery). 84C: 
complete articular fractures (simple or multifragmantery). 


TREATMENT OPTIONS FOR CUBOID FRACTURES 


NONOPERATIVE TREATMENT OF CUBOID FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Cuboid Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Nondisplaced fracture (<2 mm) 

Intact lateral column of the foot (length/stability) 
No major associated midfoot injuries 

Avulsion fractures 

Surgical contraindications 


Relative Contraindications 


e Displaced fracture 
e Associated midfoot injuries 


Figure 68-13. A 32-year-old woman had lateral foot pain and low vitamin D levels. MR images show cuboid stress fracture. Although rare, these fractures are visible 
by MRI generally 1 month after the initiation of the pain. 


Techniques 


113 case 


Because of the paucity of evidence-based information, the orthopaedic surgeon must rely on recommendations drawn from case reports, 
series, *0399.366,382 or standard textbooks, '*° leaving treatment strategies empirical and controversial. Nonoperative treatment should be pursued if articular 
displacement is less than 2 mm, there is no evidence of subluxation, and the lateral column of the foot is preserved. The treatment of choice is 
immobilization in a short leg cast with NWB for 6 to 8 weeks. 13366 

Isolated avulsion flake fractures can be treated with weight bearing as tolerated in a walking cam boot or elastic bandage. Proper physical therapy should 
be part of nonoperative treatment for faster return to work or sports. Conservative treatment can be used for occult fracture-subluxation of the midtarsal joint 


that is detected early after injury. 


Outcomes 


Avulsion flake fractures are the most common injury of the cuboid. Frequently these are found in association with tears of the capsuloligamentous 
structures. Main and Jowett?" reported on 11 avulsion fractures of the medial and 7 of the lateral column. Inversion strains resulted in flake fractures of the 
dorsal margins of the talus or navicular and lateral margins of the calcaneus or cuboid. They concluded that lateral strain injuries would be the result of 
valgus-directed forces to the forefoot resulting in dorsal avulsion of the talus or navicular concomitant with an impaction fracture of the cuboid or calcaneus. 
All of these injuries were treated with plaster cast immobilization or strapping and resulted in excellent (8/11) or good (3/11) results for medial strain 
injuries and excellent (5/7) or fair (2/7) results for lateral strain injuries. No secondary surgical intervention was necessary.*°° Especially in lateral sprains, 
however, the potential for more serious injuries should be taken into account. In one series of 13 CC ligament tears, 2 had an avulsion cuboid fracture.!° 
These injuries were treated nonoperatively with immobilization for 6 weeks. One patient was eventually operated upon because of persistent complaints and 
CC instability. 

Taking these good results into account, nonoperative treatment should be considered for most avulsion fractures.2°° Remarkably, 70% of the avulsion 
fractures are missed initially. But suspicion should always be present in patients with trivial avulsion fractures, and AP, lateral and oblique x-rays should be 
inspected thoroughly in every patient with inversion injury, or avulsion. After that, weight-bearing radiographs should be obtained to rule out unstable 
injuries of the midtarsal joint complex. All too often, these complex injuries are still misdiagnosed as simple sprains. 


OPERATIVE TREATMENT OF CUBOID FRACTURES 


Indications/Contraindications 


Surgical Treatment of Cuboid Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Open fracture 

Displacement >2 mm 

Shortening <3 mm 

Articular incongruity >1 mm 
Lateral column instability 
Associated multiple midfoot injuries 
Associated compartment syndrome 


Contraindications 


Compromised soft tissue coverage 
General health condition of the patient 
Severe arterial vascular disease 
Neuropathy 

Noncompliance 


In contrast to earlier recommendations, an operative approach is now favored for displaced cuboid fractures. With our modern understanding of functional 
anatomy, reconstructive acute fracture care aims to restore the length of the lateral column of the foot, as well as the articular surface. 143:313-325,382 A variety 
of operative treatment options such as K-wire placement,!!? screw fixation,2*° and plating!4>:3?5:382 have been described. Overall, ORIF has been reported 
to lead to good results.3?>382 Nevertheless, patients can have persistent pain even following an open approach. Rony et al. reported on nine patients treated 
by a fracture-specific locking plate, all of whom had good alignment and outcome scores at 4 years.*”° They also thought that a 3D CT scan was helpful in 
preoperative planning for intra-articular comminution. 


Reduction and Fixation of Tarsal Cuboid Fractures 


Preoperative Planning 


PREOPERATIVE PLANNING CHECKLIST 


/ | Reduction and Fixation of Cuboid Fractures: 


OR table LJ Translucent operating table 

Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 
Fluoroscopy location LJ Contralateral side 

Equipment LJ Small- and mini-fragment implants, external fixator set 
Tourniquet LJ Applied above the knee 

Other LJ Triangular cushion under the knee 


Surgical Approach 
Patient positioning is the same as in operative treatment of tarsal navicular fractures. 

Initially, the foot is exsanguinated and a tourniquet is applied. Surgical exposure is usually performed through a longitudinal dorsal incision along the 
lateral aspect of the foot. It is directly centered straight over the cuboid and between the bases of the fourth and fifth metatarsals. The peroneal tendons and 
sural nerve are identified and protected. The fracture edges and articular fragments should be clearly exposed, the CC and cuboid metatarsal (CMT) joint are 
opened for visualization, and intra-articular fracture reduction in case of their involvement in the fracture pattern. 


Techniques 


Closed or Open Reduction and Fixation 


KEY SURGICAL STEPS 


,/ | Closed Reduction and Fixation of Tarsal Cuboid Fractures: 


Apply axial traction (via fifth toe) to distract across CC and CMT joint 

Reduce split portion of fracture using pointed clamps percutaneously and provisionally stabilize with 1.25-mm K-wires 
e Restore joint congruity (do not tolerate articular step-off >1 mm) 
e Indirect reduction of joint component possible using 1.6-mm K-wire 
e Restore column length and temporarily stabilize column using an external fixator 

LJ Fracture fixation using at least one or, if possible, two 2.7-mm low-profile cortical screws 

e Increase stability using washer (low bone quality) 
e Increase stability by transfixing to calcaneal and/or metatarsals 


e WARNING: Transfixation to navicular or cuneiform should be avoided to prevent interference of mobility between medial and lateral columns 


Open Reduction and Fixation of Tarsal Cuboid Fractures: 


KEY SURGICAL STEPS 


Subperiosteal exposure of apical and distal cuboid bone 
L-shaped CC and/or cuboidometatarsal arthrotomy 


Apply lateral column distractor across CC and CMT joint 


Simple Fracture Pattern 


Open split portion of fracture, debride fracture zone and joint surfaces 
Preserve medial soft tissue attachments (vascularity) 
Reduce split component using pointed clamps and provisionally stabilize with K-wires 


Restore column length using a distractor or external fixator 


Comminuted Fracture Pattern 


Reduce comminuted component, augment with bone graft, and provisionally stabilize with 1.25-mm K-wires 
Restore osseous anatomy 

Restore joint congruity using adjacent bone as template (do not tolerate articular step-off >1 mm) 

Apply mini-fragment X/H-plate or precontoured cuboid plate dorsolaterally to cuboid 

Assess alignment using intraoperative simulated weight-bearing x-rays in three planes (AP, lateral, and oblique) 
Assess stability of the lateral column of the foot with intraoperative dynamic fluoroscopy 


If unstable, proceed with adjunct internal/external spanning technique with plate or external fixator 


If the fracture is nondisplaced, but there is apparent ligamentous instability, a closed fixation technique is recommended using 1.6- or 2.0-mm K-wires 
introduced in a retrograde fashion from the base of the fourth and fifth metatarsals into the cuboid and the lateral cuneiform. Also, temporary CC 
transfixation is optional. As an alternative, the lateral column can be spanned using an external fixator. 

Even with simple fracture patterns, open reduction is preferred over closed treatment as assessment and control of anatomic articular reconstruction via 
image intensification can be tricky due to the curvature of the articular surface. Closed reduction and internal screw fixation should be reserved for the 
patient with a compromised soft tissue envelope. 

In displaced fractures, an open approach is chosen if soft tissue conditions allow so. Usually, a mini-fragment fixator is placed along the lateral column 
to restore length, but also to increase visibility during articular reconstruction. One or two pins are placed in the tuberosity of the calcaneus and an additional 
pin into the base of the fifth metatarsal. Articular compromise is addressed as necessary; if the joints are not involved in the fracture pattern, then the joint 
capsule is left intact. In severely damaged articular surfaces, the adjacent articular joint surface and bone can be used as a template. A smooth lever should 
be used to press the main cuboid fracture fragments against the adjacent intact articular surface. Also, smooth K-wires can be used as joysticks to maneuver 
major segments into place. Reduced fragments should be temporarily stabilized with 1.25-mm K-wires; the K-wires can temporarily run across the adjacent 
joints. Bony defects should be filled with graft. Then the lateral cortex is placed into its original position and the lateral wall is buttressed with a plate. 
Preformed mini-fragment plates with 2.0- or 2.7-mm screws can be used to secure bicortical fixation. 

Simple fractures in the coronal or longitudinal plane can be fixed using 2.7- or 3.5-mm screws. These are applied using a lag technique perpendicular to 
the fracture plane. However, screw fixation alone remains a rare treatment option, as the thin lateral cortex is prone to collapse. This technique should be 
performed only when good bone stock is present. In general, plate fixation provides a more stable construct, and thus, increased stability. 

As discussed in tarsal navicular fracture treatment, screw placement from the cuboid into the navicular or the cuneiform complex should be avoided to 
prevent interfering with the mobile interplay between the medial and lateral columns of the foot. 

If instability of the lateral column is obvious on dynamic examination after bony reconstruction of the cuboid, an internal spanning fixation, which can 
be applied proximally, distally, or both, is added. 


Adjunct Internal Spanning Fixation 


Adjunct Internal Spanning Fixation of Cuboid Fractures: 


KEY SURGICAL STEPS 


LJ Apply lateral column distractor across CC and CMT joint 
e Place first 2.5-mm Schanz pin in the anterior process of the calcaneus 
e Place second 2.5-mm Schanz pin in the base of the fourth/fifth metatarsals parallel to the joint surface 
e Apply axial calcaneo-metatarsal (MT) traction (using two bars improves stability) 
e Assess alignment in AP, lateral, and oblique projections, if necessary correct malalignment prior to plate fixation 
LJ Apply 2.7-mm small-fragment or 1/3 tubular plate bridging calcaneocuboid and/or cuboido-metatarsal joints to address column instability 
e Single plate or in combination with ORIF 
e Use 2.7-mm cortical screws 
e Increase stability by transfixing to cuneiforms 
[_J Remove distractor 
e Reassess alignment via simulated weight-bearing x-rays 
e Reassess stability via dynamic fluoroscopy 


Temporary bridge plating of the medial column of the foot is a treatment option in some midfoot and crush injuries*** and is similarly optional for the 
lateral column in cuboid fracture care (Fig. 68-14). For the cuboid, the plate serves as an internal buttress with screws positioned into the calcaneus and the 
base of the fourth metatarsal. The internal spanning device allows stable fixation and minimizes loss of fixation. Indications for spanning plates are 
comminuted fracture patterns and instability of the adjacent joints. Typically, a 2.7-mm reconstruction plate is used. In some circumstances, application of a 
2.0-mm one-third tubular plate is necessary bearing in mind that the strength of stability will be reduced. Distraction of the CC joint should be achieved 
following the conceptual strategy of temporary medial column stabilization. An important principle of modern reconstructive foot surgery is to retain 
motion at the essential joints of the foot!*? as absence of adaptive mobility of the foot predisposes to accelerated degenerative arthritis.” Even though the 
CC joint is not an essential joint," it is our opinion that the comminuted joint surfaces of the cuboid should not be compressed, and therefore mild 
distraction after reconstruction should be applied. Hardware removal is required after fracture consolidation and before the beginning of unprotected weight 
bearing. 


Figure 68-14. Schematic of adjunct internal (right) and external (left) spanning fixation in cuboid fracture care. 


Adjunct External Fixation 

External fixation can be used as primary treatment tool. Lateral column length restoration and maintenance can be achieved in closed and open 
procedures. !4% The fixator can be left in situ for 4 to 6 weeks to neutralize compression forces.! If articular involvement is present, use of external fixation 
alone has the disadvantage that the impacted zones have not been restored although adequate length has been reestablished. Richter et al.?!3 reported on the 
supplemental use of external fixators in 35.5% of 148 operatively treated patients with midfoot fractures. Weber and Locher*®* showed good results in a 
case series of 12 patients with operative cuboid fracture treatment without the application of external fixation. Restoration of the lateral column of the foot 
was achieved in all patients. The value of external fixators as an adjunct to ORIF in cuboid fracture care has not been sufficiently reported in the present 
literature. However, our clinical experience suggests that the use of external fixation as an adjunct to ORIF for stabilization of the lateral column is safe with 
only a minor risk of surgical complications.®° External fixators can easily be removed without anesthesia during an out-patient visit. But still the risk for pin 
site infection and secondary loosening of the fixator with loss of reduction remains. 


Bone Grafting 


Bone grafting is recommended to restore bony integrity and promote healing and remodeling. !>1!3:325 The site of origin varies and usually corticocancellous 
grafts are taken from the iliac crest!!3-325,382 or the proximal tibial metaphysis.!4? Local cancellous bone is an alternative but for stable bony support 
corticocancellous blocks are recommended. Seven out of 12 patients received bone grafts during ORIF in the largest reported series of cuboid fracture 
treatment.°®* Also Sangeorzan and Swiontkowski*?° emphasized the value of grafts. There is no actual evidence supporting that bone graft influences 
reduction quality or clinical or functional outcome. However, from a technical standpoint the use of graft in the setting of comminuted fractures facilitates 
anatomical restoration and its sustainment and is therefore recommended. 


Primary Arthrodesis 
PA is optional if reconstruction of articular surfaces in the face of severe comminution and bone destruction is not viable. Primary lateral midtarsal fusion 
was once advocated, however fusion of the CC joint causes functional loss in mobility of this joint?° and fusion has been recommended as a salvage 


procedure. 156.325.382 In contrast, fusion of the essential and mobile cuboid-fourth-fifth metatarsal joint is in general not well tolerated by patients,*°! and the 
creation of a pseudoarthrosis or interposition arthroplasty is favored over fusion.?®63:143,342 

Nonosseous nonunion rates after arthrodesis can be up to 10.8%.53:113.366 Toe extensors, peroneus tertius, peroneus brevis, tensor fascia, spherical 
ceramic ball implants can be used as interposition arthroplasty as a salvage procedure.?9:63,143,342 

Myerson and Kakadia”®! described a cheilectomy of the lateral TMT joint as a primary procedure prior to resorting to interpositional arthroplasty over 
fusion of the joint. 


Authors’ Preferred Treatment of Cuboid Fractures ( ) 


The overall decision-making algorithm is similar to the treatment of tarsal navicular fractures with the crucial criteria of (1) nondisplacement versus 
fracture displacement, (2) stability of the column, and (3) isolated versus multiple/bicolumn fractures. Soft tissue conditions, as well as existence of an 
open fracture or an acute compartmental syndrome have to be accounted for in the decision process. 

Stable, nondisplaced cuboid fractures and avulsion fractures without instability or associated injuries to the forefoot or midfoot are treated primarily 
nonoperatively with immobilization in a walking cast for 6-8 weeks. Simple cortical avulsion fractures can be treated with weight bearing as tolerated 
with a walker boot or an ankle-foot orthosis to prevent inversion. These patients may need close follow-up for subtle instability. 

Over the years and with increasing understanding of the importance of the integrity of the longitudinal, as well as the transverse functional anatomy 
of the tarsal osseous complex, treatment strategies have shifted to a more aggressive approach. The goal is the restoration of articular congruence, 
column length, and capsuloligamentous stability. CT imaging, dynamic fluoroscopy, and/or standing weight-bearing radiography are guiding treatment. 
Especially dynamic fluoroscopy is performed preoperatively and/or intraoperatively when there is concern regarding stability. The stability of each 
column always requires evaluation and determines the treatment algorithm. 

If associated injuries of the foot require surgical intervention, a minimally displaced cuboid fracture should be addressed as well to increase overall 
midfoot stability. Especially in a severely damaged medial tarsal column, the cuboid will then serve as a basis for reconstruction of medial column 
alignment. Articular surface displacement of more than 1 mm is an indication for operative fixation especially if there is any malalignment of the 
anterior talus—first metatarsal line. An attempt should be made to percutaneously reduce the cuboid by ligamentotaxis and application of a pointed 
reduction clamp. If reduction cannot be obtained or maintained in a percutaneous fashion, open reduction and fixation is required. 

All compression-type fractures result in lateral column shortening, which will compromise the physiologic arch of the foot and patient satisfaction in 
the long run. These fractures require restoration of cuboid length, and, in most cases, an autologous cancellous or corticocancellous bone graft to fill the 
defect and to maintain the reduced column length. Depending on the fracture pattern and soft tissue conditions, locked plate-screw construction can be 
used as an internal fixator, or an external fixation device can be used to maintain the length. 


Cuboid Dislocation 


Cuboid dislocation can be regarded as a rarity, though it does occur in some severe TMT fracture-dislocations. In these cases, manual axial traction on 
the toes of the lateral column combined with slight pressure with the thumb will usually enable reduction. If closed reduction cannot be achieved, open 
reduction with direct visualization will be required bearing in mind that reduction can be obstructed by interposition of the peroneal tendons.!!° In the 
severely crushed foot, an associated compartment syndrome is a common finding and requires immediate intervention. In these cases, open reduction 
should be performed to stabilize and anatomically restore the lateral column. We then routinely transfix the lateral TMT complex with 1.25- or 1.6-mm 
K-wires that are left in place until ligamentous healing for 6-8 weeks. 
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Algorithm 68-2 Authors’ preferred treatment for cuboid fractures. CF, cuboid fracture; CRIF, closed reduction and internal fixation; ORIF, open reduction and 
internal fixation; PA, primary arthrodesis. 


Postoperative Care 


Cuboid fracture treatment requires immobilization for 5 to 6 weeks in a below-knee cast or walker cam boot. Consideration should be given to possible 
prophylaxis. Controversy exists as to the need for venous thromboembolism (VTE) prevention as Selby et al., demonstrated in a study of 1,200 patients 
treated for lower extremity fractures in a cast that only 0.6% had symptomatic VTE and they did not feel that the risk-benefit ratio or cost-effectiveness of 
routine anticoagulation was favorable for this group of patients.°°” The boot provides increased patient comfort but in some circumstances patients will 
remove it at their discretion, and thus, sufficient immobilization might be interrupted. Conversely, removal of the boot for ankle ROM and light resistance 
exercises could decrease both joint stiffness and muscle atrophy. For noncompliant patients, a well-padded splint can be applied to the plantigrade ankle 
either after surgery or after injury. Care should be taken to not allow the heel to rest on hard surfaces for prolonged periods of time as this may result in a 
decubitus ulcer. This splint can be changed at the 2-week visit when swelling has decreased and, if present, stitches can be removed. The patient is 
instructed in NWB for 6 weeks except the small cortical avulsion fractures. Thereafter, clinical reevaluation and radiographic assessment will determine 
progression to PWB and FWB over the next 6 weeks. A CT scan can be performed if consolidation is questionable or if pain persists at 10 to 12 weeks. At 6 
to 8 weeks a vigorous physical therapy program is recommended to restore foot mobility, strength, and proprioception. In patients with a temporary 
bridging plate of the lateral ray, the plate should be removed at 3 to 6 months to allow for restoration of motion at the midtarsal joint. Shoe modifications 
with orthotics or an extended steel or carbon fiber shank can help to increase mobility. 

During follow-up, radiographic analysis is performed to identify fracture healing but it is also required to identify the development or presence of 
complications such as hardware failure (loosening, breakage), nonunion,'®° osteoarthrosis,°’ infection, and secondary deformity.8486:164 Commonly 
standardized weight-bearing AP and lateral radiographs are obtained for analysis at intervals of 6 weeks until radiographic union. However, the optimal time 
interval has not been determined. 


Outcomes 


The development of flatfoot deformity in patients sustaining midtarsal injuries has been described sporadically.°9 4°” Lateral column shortening as a 
result of insufficient cuboid reconstruction, secondary collapse, or lateral column instability can lead to midfoot abduction.!4” Furthermore, healing with 
shortening of the lateral column has been reported after cuboid fracture treatment.??” 

Radiographic measures in conjunction with a thorough clinical examination are useful when analyzing if an underlying posttraumatic deformity is 
responsible for the persistence of pain or disability. Radiographic imaging should be obtained in the FWB patient without use of any assistive devices. If 
suspicious radiographic measures are present, a comparative analysis of the contralateral side, if uninjured, is recommended to discriminate pathologic 
findings from the individual’s norm. If the clinical examination can be matched to conspicuous radiographic findings, infiltration with a local anesthetic at 
the point of interest can be helpful to further confirm diagnosis and to optimize treatment. 

In a series of 12 patients, Weber and Locher”? reported minor restrictions in ROM in all patients with residual disability noted in 75%, and lateral pain 
in 25%. Following fracture-dislocation of the midtarsal joint, persistent pain and gait disturbances have been reported after both nonoperative and operative 
treatment.°®° With articular involvement pain can be related to the CC joint.'5° In nutcracker-type fractures, nonoperative treatment can lead to 
asymptomatic patients and also fusion can result in full recovery. In isolated cuboid fractures satisfactory clinical results can be found with ORIF,°*° but 
greater discomfort was seen in crush and medial column injuries.*®* Pain-free long-term outcome has been reported following reduction of an isolated CC 
dislocation, and return to normal foot function is not an uncommon finding. 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 


CUBOID FRACTURES 


Cuboid Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


CC and CMT arthritis 

Soft tissue problems with superficial and deep infection 
Chronic pain (arthritis, implants) 

Nonunion, malunion 

Pes planus, foot abduction, pes cavus deformity 

Deep vein thrombosis 


The most common complications seen after a cuboid fracture are pain, stiffness, instability, reduced length of the lateral column, degenerative arthritis or 
implant related complaints. 

Complications are attributable to implants and can generally lead to secondary intervention. Richter et al.?!3 reported 34 surgical revision procedures, 
and Schildhauer et al.?3* described hardware irritation related to implants in two patients. Tountas*®® reported cuboid fracture healing with shortening. Rates 
of 17% and 18% for pes planus and pes cavus deformities, respectively, have been reported following cuboid fracture care.** Posttraumatic osteoarthritis is 
a major contributor to disability following cuboid fracture. Early onset of arthritis has been reported following cuboid fractures*®* and midfoot injuries. 
Weber and Locher*®? recorded an incidence of 25% of early-onset osteoarthritis in patients with joint involvement. Others have noted high rates of arthritis 
following combined midfoot fracture/dislocation injuries." In one series, midtarsal subluxation with CC joint compromise, 80% of the patients developed 
arthritis.!°° Using a locking fracture specific plate, Rony found high functional outcome scores in nine patients treated for comminuted cuboid fractures and 
only one elderly patient with CC arthritis.32° No abduction or flat foot deformity was noted, but two patients required symptomatic plate removal. 

Chronic pain due to prominent implants should result in hardware removal after fracture healing. Pain due to posttraumatic CC arthritis is typically 
treated with CC arthrodesis. For that, the joint is thoroughly debrided, an autogenous corticocancellous iliac crest bone graft is positioned in the defect, and 
osteosynthesis with a small-fragment plate (e.g., H-plate) is applied for stable fixation.2°® However, in case of severe posttraumatic arthritis at the CMT 


joint, interposition arthroplasty is recommended because the mobility between the cuboid and the fourth and fifth metatarsals is essential for the foot 
function and biomechanics. 

In foot abduction or pes planus deformity due to shortening of the lateral column, a lengthening osteotomy of the cuboid or CC joint with 
interpositioning of a corticocancellous iliac crest bone graft will restore adequate relationship between the medial and lateral column of the foot. If the 
adjacent CC joint is impaired by posttraumatic arthritis, then a CC joint distraction arthroplasty or lengthening is preferred, while lengthening through the 
cuboid or calcaneus would maintain motion through the CC joint.!9%178.370 Either way the flat foot will be corrected and the arch of the foot will be 
reestablished. 


Cuneiform Injuries 


INTRODUCTION TO CUNEIFORM INJURIES 


Isolated injuries, fractures and/or dislocations, of one or more of the three cuneiform bones are rare. The first reports in the English literature originate from 
the beginning of the 20th century?®-”8 and within the current relevant literature evidence is based on small cohorts or case reports.™31,136,151,234,267 With the 
modern understanding of functional foot anatomy and improvements in radiographic analysis, only few can be regarded in retrospect as true isolated 
injuries.!°6275 Similar to other tarsal injuries, nondisplaced or minimally displaced cuneiform fractures can be easily missed or the diagnosis can be 
delayed.!°° Because of the interposition of the cuneiform bone complex between the Chopart and the TMT joint complexes in the axial plane and their static 
positioning within the medial column of the foot between the tarsal navicular and the bases of metatarsals 1, 2, and 3 in the sagittal plane, injuries to the 
cuneiform bones are commonly seen in association with other midfoot injuries.”!* The incidence can be estimated to range from 0.1% to 0.5% of all 
fractures based on previous epidemiologic data on fracture incidence within the adult industrial population.°! Also stress fractures have been described.°*283 
In military personnel, an incidence of 5% to 10% of midfoot pathologies has been reported detected by MR imaging. Conservative treatment, "36:275 such as 
closed reduction and plaster cast immobilization techniques,” and a diversity of surgical fixation techniques have been described including K-wire,!>! 
screw,!36 and plate fixation.!° Also, selected arthrodesis in association with severe patterns of Lisfranc fracture-dislocations and navicular fractures is 
sometimes an option (Fig. 68-15).!34 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO CUNEIFORM INJURIES 


The three cuneiform bones form the osseous intersection between the longitudinal and transverse arches of the foot with the apex formed by the 
intermediate cuneiform. They are positioned between the medial ray of the metatarsals distally, the cuboid laterally, and the tarsal navicular proximally.°?9 
The articular surfaces show variation with respect to complete, incomplete, or rudimentary structural modeling.7®° This might not only involve main body 
composition and accessory elements, but also the development of coalitions. The medial, or first cuneiform, has five surfaces—anterior, medial, posterior, 
lateral, inferior—and a dorsal crest.229 Bipartite medial cuneiform is a rare anatomical variant, occurring in some 0.79% of patients in MRI studies, and it 
should be separated from fracture.*“° In a cadaver study, the average width of the entire cuneiform joint complex was 44.74 + 3.40 mm.®3 

This study demonstrated the average height and width of the medial, intermediate, and lateral cuneiform as 32.58 + 2.77 mm and 14.08 + 2.26 mm, 
23.05 + 1.92 mm and 9.59 + 1.85 mm, 23.38 + 2.67 mm and 10.85 + 2.86 mm, respectively. 

The lateral surface has a bony eminence on its anteroinferior aspect for the insertion of the strong cuneo,-metatarsal.-ligament (Lisfranc ligament), 
which continues into the second metatarsal base. Furthermore, the peroneus longus tendon inserts onto the anterolateral half of the plantar surface, while the 
tibialis anterior tendon attaches to the inferoposterior margin of the medial surface. The intermediate, or second cuneiform, is the smallest and inversely 
wedge shaped compared to the medial. Five surfaces and a plantar crest are present. The crest is covered by the two other cuneiforms and gives attachment 
to strong plantar ligaments and the tibialis posterior tendon.°*° Pfitzner*®° described only a few structural variations for the intermediate cuneiform. In 
contrast, the lateral, or third cuneiform, shows significant variation, especially of the plantar crest, including formation of the so-called uncinate process on 
its anterior plantar aspect.*®° Also, variations of the five surfaces*°° and coalitions have been reported.3?9 

In addition to various ligamentous insertions, the inferior crest is also the attachment of the tibialis posterior tendon, the oblique head of the adductor 
hallucis, and the lateral limb of the flexor hallucis brevis.*®° Overall the medial, intermediate, and lateral cuneiform bones, along with the base of the second 
metatarsal bone, provide firm support to the transverse midfoot arch. Because of these strong ligamentous connections and stiff anatomical construct pure 
ligamentous dislocations are rare. The Lisfranc ligament arises from the medial surface of the medial cuneiform and it inserts on the medial surface of the 
base of second metatarsal. Also because of these ligamentous connections intra-articular or extra-articular cuneiform fractures should be assessed closely 
with CT or MRI for concomitant Lisfranc injuries. 


Figure 68-15. Unstable medial cuneiform fracture with associated nondisplaced fractures of the navicular, intermediate cuneiform, and anterior process of the 
calcaneus in a 70-year-old woman after missing a step. A: Computed tomography with axial reconstructions at the time of injury. B: Intraoperative AP view after 
closed reduction and percutaneous K-wire fixation of the medial column of the foot and open fasciotomy to treat an acute compartment syndrome. C: Intraoperative 
oblique view of the tarsus. D: Lateral view of the foot. 


ASSESSMENT OF CUNEIFORM INJURIES 


MECHANISMS OF INJURY OF CUNEIFORM INJURIES 


The amount and direction of force transmission during axial loading is an important factor in determining injury patterns of the cuneiform bones. Most 
commonly a dorsal dislocation pattern is seen,” but also plantar displacement has been reported.7°” With the forefoot dorsiflexed, compressive forces can be 
transmitted via the distal tarsal osseous scaffold leading to comminution associated with shortening of the medial column. Also with medial cuneiform 
dislocation shortening of the medial column of the foot has been observed.!°> Nashi and Banerjee?” outlined the mechanical properties of the cuneiform 
osseous scaffold during plantar-flexion force resulting in dorsal displacement of the intermediate cuneiform. 

For isolated medial cuneiform injuries, a predominance of direct force transmission has been reported to lead to subtle fractures.!°° Khatri and Briggs!” 
presented a case of direct force transmitted to the tarsus via a pick axe resulting in plantar dislocation of the intermediate cuneiform. Intraoperative 
evaluation showed osseoligamentous stability following reduction. Most cuneiform injuries occur in association with a TMT or Chopart joint injury. Axial 


loading or a twisting force applied to the plantar-flexed foot is commonly seen.*8° Also, dorsiflexion with acute axial loading, as seen in motor vehicle 
accidents, can cause fractures and fracture-dislocations.*! Wiley*®° distinguished direct and indirect injury mechanisms in 20 TMT injuries. Direct force 
transmission was seen in crushing injuries resulting in varying degrees of dislocation and fracture patterns. Indirect injury mechanisms were more 
commonly seen and resulted from violent forefoot abduction, plantar flexion of the forefoot, or from a combination of forces. Abduction type TMT injuries 
were characterized by associated cuboid and second metatarsal base fractures. In experimental studies on cadaver specimens, abducting the forefoot with a 
fixed hindfoot also resulted in this injury type. 


SIGNS AND SYMPTOMS AND IMAGING OF CUNEIFORM FRACTURES 


Comparable to other tarsal injuries swelling, tenderness on palpation, and functional impairment (e.g., trouble-free weight bearing, walking tiptoe) are 
common clinical findings following cuneiform injuries. As seen in TMT injury,°?! ecchymosis and bruising of the plantar and dorsal tarsal areas should 
always raise suspicion for a tarsal injury. 

Physical examination and a detailed history (mechanism of injury, onset) are supplemented by standardized plain radiographic imaging in AP, oblique 
(in 30-degree inward rotation),?! and strict lateral projections to improve diagnostic accuracy. !®43,260,304,341 Tn subtle injuries, a delay in diagnosis occurs 
commonly.?”° If a fracture is questionable on plain radiograph, then CT imaging is recommended to exclude all reasonable doubt.!36 As in TMT injuries, 
the dynamic fluoroscopic examination under anesthesia is an asset to detect malalignment and ligamentous and/or fracture instability. Weight-bearing 
imaging helps to visualize and discriminate instability of subtle ligamentous injuries from simple sprains. An average of 2.5 mm has been identified as the 
normal distance between the first and second metatarsal bases in healthy adults.°? The “gap sign,” an increase of the intercuneiform distance, is 
pathognomonic for rupture of the Lisfranc ligament, and thus, intercuneiform instability.°° Determination of tarsal alignment requires evaluation of the 
anatomic positioning between the tarsal and metatarsal bones. In the normal adult foot, the lateral border of the first cuneiform is congruent with the lateral 
border of the base of the first metatarsal. The medial borders of the second metatarsal base and the adjacent second cuneiform are congruent. The alignment 
between the medial borders of the lateral cuneiform and the third metatarsal can only be evaluated sufficiently on the oblique radiographic projection. 
Malalignment of 1 mm or more has been characterized as pathologic.!®° Stability of the medial tarsal column can be assessed by using an 
abduction/adduction stress maneuver.8”?59 Because the extent of the injury can be misinterpreted using standard radiographic imaging,!°* some have 
proposed a modification of the standard radiographic imaging technique using a dorsoplantar projection combined with 30-degree caudal angulation and 15- 
degree elevation of the medial border of the foot to increase sensitivity of fracture detection of the first/second cuneiform and medial TMT joint complex.?°> 
If there is clinical suspicion of a tarsal injury that cannot be identified by conventional radiography, CT is recommended to facilitate evaluation of injury 
severity, determination of associated injuries of the foot, and improve treatment stratification. 

Most intra-articular avulsion fractures are associated with high-energy trauma; therefore, careful scrutiny is necessary to rule out other related injuries. 
Care needs to be taken to distinguish a medial cuneiform fracture from a bipartite cuneiform pattern. A common finding in acute fractures is the coronal 
orientation of the cleavage plane in medial cuneiform fractures. In contrast, MRI techniques have demonstrated the bipartite medial cuneiform cleavage 
pattern to be horizontal in contrast to that of the medial cuneiform fracture.!!® Furthermore, Wang et al.?”° have also described high-resolution sonography 
as a valid adjunct in the detection of occult fractures of the foot identifying cortical discontinuity in 24 out of 268 patients, indicating nondisplaced fractures. 

Using MRI techniques, others*”° have reported an incidence of 9.5%, 6.9%, and 4.5% for medial, intermediate, and lateral cuneiform bone stress 
injuries in military personal, respectively. Cuneiform stress injuries were noted to occur more often in multiple bone stress injuries of the foot compared to 
isolated injuries (p < .05). 


CLASSIFICATION OF CUNEIFORM INJURIES 


Because of their rarity, there is a lack of evidence regarding fracture-specific variables as a determinant of treatment or functional outcome after cuneiform 
fracture or dislocation. In the most recent OTA/AO classification system cuneiform bone is numbered as 85.231 The alphanumeric code further subdivides 
medial (1), intermediate (2), and lateral (3) cuneiform involvement (Fig. 68-16). The cuneiform bone is assigned the number 85 in this categorization 
scheme. The cuneiform positions are designated as medial = 1, middle = 2, and lateral = 3. The cuneiform location is appended following the bone code. 
Typically, ‘A’ denotes avulsion fracture, ‘B’ refers to partial articular fracture, and ‘C’ indicates total articular fracture. 


85.3.A 85.3.B 


Figure 68-16. OTA/AO classification of cuneiform fractures. To designate the cuneiform involved, a number corresponding to that cuneiform is placed next to the 
anatomic designation: 85.x.—where x equals 1 for medial, 2 for middle, and 3 for lateral. Type A designates a simple fracture and type B denotes comminution. 


80-C4 80-C3 


Figure 68-17. OTA/AO classification for cuneiform dislocations (80-C). A: The designation for intercuneiform joint disruption. B: The designation for 
naviculocuneiform dislocations. 


Choi et al., retrospectively studied 30 isolated cuneiform fractures surgically treated to investigate the fracture type and the related injuries.’”° They 
observed three categories of fracture patterns for isolated cuneiform fracture: avulsion, axial compression, and direct blow. 
Type I was avulsion fractures, which had two subtypes: extra-articular avulsion, or type IA, included both small chip and shell-like cortical avulsions, 


and intra-articular avulsion was defined as type IB. Type II included axial compressive fractures, and type III included direct blow injury caused by an 
impaction on the dorsum of the foot. 
Depending on the area and joint involved, OTA/AO codes midfoot dislocation injuries of the foot as 80- 
Subgroups include TN (80-D1), CC (80-D2), naviculocuneiform (80-D3), intercuneiform (80-D4), intercuneiform (80-D4), tarsal—metatarsal (80-D5), 
and multiple midfoot dislocations (80-D6) (Fig. 68-17). Among tarsal—metatarsal joint dislocations, first metatarsal/medial cuneiform dislocation is (80- 
D5.1), second metatarsal/middle cuneiform is (80-D5.2), third metatarsal/lateral cuneiform is (80-D5.3), and multiple metatarsal/tarsal dislocations is (80D- 
5.6). However, coding of direction-dependent dislocation is not included.??! 


TREATMENT OPTIONS FOR CUNEIFORM INJURIES 


In general, treatment of cuneiform injuries should be based not on the pattern of the fracture but rather on the presence of instability or shortening. Similar 
to other midfoot injuries, cuneiform fractures, if displaced, require aggressive surgical treatment as column instability, articular incongruity, and column 
dimensions require restoration of the transverse and longitudinal anatomy of the midfoot. As first reported by Clark and Quint,’® in fracture-dislocations of 
the cuneiforms, closed reduction and plaster cast immobilization were associated with recurrent displacement due to persistent instability and open 
reduction was necessary. Recently Guler et al.'2° reported two cases of isolated medial cuneiform fractures, one treated with cast immobilization for 6 
weeks and one with surgical fixation. Both patients returned to a full level of activity at 4 to 6 months. 


p.231 


NONOPERATIVE TREATMENT OF CUNEIFORM INJURIES 


Indications/Contraindications 


Nonoperative Treatment of Cuneiform Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Nondisplaced (articular) fractures (<2 mm) 
Isolated fractures 

Intact medial column of the foot (length/stability) 
Surgical contraindications 


Relative Contraindications 


e Minor associated midfoot injuries 


Despite some previous reports of successful nonoperative treatment of cuneiform dislocation patterns by closed reduction and plaster cast immobilization 
techniques, others?! have shown that persistent instability creates the risk of redislocation. Furthermore, anterior tibial tendon interposition can make a 
closed reduction impossible.!°° However, effective nonoperative treatment with cast immobilization for 6 weeks in nondisplaced cuneiform fractures has 
been reported. 136-265 

Nonoperative treatment can be pursued if articular displacement is less than 2 mm. A dislocation pattern and/or medial column instability usually are 
contraindications to nonoperative treatment. The treatment of choice is immobilization in a short leg cast with NWB for 6 to 8 weeks. The role of removable 
boot is not known. 

Caution is required in patients with apparently trivial nondisplaced fractures of the cuneiform complex. Because of the stable anatomic configuration of 
the medial tarsal complex, these injuries require a great amount of force and thus, only in a minority are truly isolated injuries. In our hands all tarsal 
fractures undergo weight-bearing radiographs or dynamic fluoroscopic examination under anesthesia. Using these evaluations, the surgeon will be able to 
exclude fracture and ligamentous instability within the midtarsal complex. Close follow-up is warranted if nonoperative treatment is selected since 
secondary dislocation is a common complication. 


OPERATIVE TREATMENT OF CUNEIFORM INJURIES 


Reduction and Fixation of Cuneiform Injuries 


Closed reduction facilitated by manual skeletal traction has been reported as an option in the treatment of tarsal fracture-dislocations.!°> In some cases, 
interposition of the anterior tibial tendon can interfere with reduction and necessitate an open approach.®° If closed reduction restores normal anatomy, 
minimally invasive fixation, such as percutaneous pin (1.6- or 2.0-mm) or screw (2.7- or 3.5-mm) fixation, can be used to maintain the reduction and 
column length. Hidalgo et al.!5! reported healing and good functional results after closed reduction and K-wire fixation of a medial cuneiform fracture- 
dislocation. Also, Khatri and Briggs!” reported a case of isolated intermediate cuneiform dislocation treated with minimal-invasive reduction and cast 
immobilization for 6 weeks. At surgery, a blunt dissector was introduced to lever the cuneiform back into place. Subsequently, the tarsus was found to be 
stable during stress examination. The patient had returned to his previous level of work and was pain free at 12 months of follow-up. 

However, when there is persistent medial column and joint instability within the tarsal complex or anatomic realignment cannot be reestablished, an 
open reduction technique with rigid fixation should be performed. 


Technique 


A longitudinal dorsal approach for the cuneiform is performed as in the treatment of medial TMT complex injuries. The neurovascular bundle is identified 
and protected during dissection to the cuneiform of interest. The tibialis anterior tendon is identified and freed, if interposed. Column length and articular 
congruity are restored. In some cases, a temporary spanning external fixator can be introduced into the base of the first metatarsal and the body of the talus 
or distal tibia to distract the medial column. 

Following reduction, transfixation to the adjacent osseous structures (navicular, cuneiform, metatarsal) should be employed to improve stability. 


However, fixation to the cuboid (thus crossing the columns of the foot and interfering with independent column mobility) should be avoided. Even with the 
severe transcuneiform fracture-dislocation pattern a good functional outcome can be achieved if medial column alignment and anatomic reduction of the 
medial and transverse arch have been reestablished.*2* In many cases of reconstruction of the osseous anatomy, bone voids are left that require graft 
augmentation which can be obtained from the calcaneus or the distal tibia. The degree of joint damage should be carefully assessed. With high-injury 
severity, partial fusion is recommended. 

Screw and plate fixation can provide sufficient stability. When opting for plate fixation, 2.7-mm reconstruction or one-third to one-fourth tubular plates 
are usually used. To increase the stability of cuneiform fixation, screw positioning can include metatarsocuneiform, intercuneiform, or naviculocuneiform 
transfixation, respectively. Typically, intercuneiform transfixation is conducted first in a medial to lateral direction using 2.7-mm cortical screws to create a 
stable medial tarsal block. A trough is created and the head of the screw is countersunk. This avoids prominence and prevents cortical avulsion when 
introducing the screw in an inclined fashion. Large fragments require screw fixation to the metatarsal base or tarsal navicular. Also, medial tarsal bridge 
plating as described above can be used to achieve and maintain medial column stability with good functional results.?°4 


Postoperative Care 


Postoperatively, the patient is kept NWB for 6 weeks in a below-knee cast or removable boot (for the reliable patient). At 6 weeks after surgery,*!° the K- 
wires can be usually safely removed. 


Authors’ Preferred Treatment for Cuneiform Injuries ( 


As in all midfoot fractures, evaluation of soft tissue injury is of utmost importance in decision making of the bony fracture treatment. Especially, open 
fractures and compartment syndrome need to be addressed immediately, with subsequent fracture reduction and fixation. 

Otherwise, bony fracture treatment in our hands follows Algorithm 68-3. Initially, nondisplaced and displaced fractures are differentiated. Only 
nondisplaced fractures with a stable medial column are treated nonoperatively; an unstable column in this setting necessitates percutaneous or internal 
fixation. In nondisplaced multiple cuneiform or midfoot fractures, the higher risk for secondary loss of reduction should be addressed with percutaneous 
fixation as well. 

In isolated, displaced cuneiform fractures, percutaneous fixation techniques should only be performed if closed reduction is successful. In all other 
situations, in displaced, isolated, or multiple cuneiform or midfoot fractures, ORIF is recommended. 


Cuneiform fracture 


Nondisplaced Displaced 


Multiple cuneiform or Multiple cuneiform or 


lnotated midfoot fractures Satata midfoot fractures 
ORIF 

Percutaneous K-wire . Intraosseous or 
Stable column Unstable column or 2.7-or 3.5-mm Ciudad ee Closed a ai interosseous screw 

screws ones oe or plate fixation 

or bridge plating 

Nonoperative s ORIF 
: Percutaneous K-wire 
short-leg splint/cast à - Intraosseous or 
toe-touch weight Simple fracture Comminuted fracture or 2.7-or 3.5-mm PE ARR eee 


screws 


bearing 6-8 wk 


or plate fixation 


CRIF 
Percutaneous 
approach 


ORIF 
Intraosseous 
or interosseous screw 
or plate fixation or 
bridge plating 


K-wire or 2.7-or 
3.5-mm screws 


Algorithm 68-3 Authors’ preferred treatment for cuneiform fractures. 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS OF 


CUNEIFORM INJURIES 


Cuneiform Injuries: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Chronic pain (instability, implants) 

Secondary dislocation (after nonoperative treatment) 
Nonunion 

Longitudinal arch collapse 


Reports on complications linked to the treatment of cuneiform injuries are rare. Secondary dislocation after nonoperative treatment has been reported 
necessitating conversion to operative fixation.!°° Others have reported the persistence of pain’® and limp, or impaired tarsal joint movement.!5> The 
presence of longitudinal arch collapse,!°> the need to wear orthotics,’”® and the development of nonunion®! have also been reported. Although osteonecrosis 
is an assumable complication following dislocation, Nishi et al.2°” observed complete osseous integrity after intermediate cuneiform dislocation after 2 
years of follow-up. 


Tarsometatarsal (Lisfranc) Joint Injuries 


INTRODUCTION TO TARSOMETATARSAL JOINT INJURIES 


Acute injuries to the TMT or Lisfranc joint are rare accounting for 0.1% to 0.4% of all fractures and dislocations.°! Despite improvements in diagnosis, 
missed or overlooked injuries are common. Especially the isolated pure ligamentous TMT instability is misdiagnosed in up to 20%.304346 Most Lisfranc 
injuries are closed injuries. They are becoming more frequent in athletes, in whom it is common to see subtle injuries.!!9 Insufficient treatment can lead to 
painful secondary deformity and impaired function.®!:2°305 While, nonoperative treatment has been linked to an increased incidence of secondary 
displacement and inferior functional outcome,!*?° primary ORIF has become the preferred method of treatment when there is structural ligamentous 
instability or fracture-dislocation.18-!48:164.189,334 Surgical reconstruction can not only reestablish normal gait biomechanics, but we believe it also prevents 
secondary arthritis and improves functional outcome. The key factors are restoration of anatomical alignment and articular congruity. Patients sustaining 
TMT injuries are often confronted with a prolonged convalescence, thus, these injuries jeopardize full social, athletic, and professional reintegration. 
Therefore, TMT injuries are demanding injuries for the patient and remain challenging even for the experienced orthopaedic surgeon. 

Historically, the importance of the TMT joint line has been attributed to the French gynecologist and Napoleonic surgeon Jacques L. Lisfranc. He was 
the first to describe an amputation technique through the TMT joint line, as well as the plantar ligamentous connections of the first and second TMT joints. 
However, acute injuries of the TMT joint complex such as fracture-dislocations were not delineated by Lisfranc. The first descriptions of these injuries can 
be found in the European literature at the beginning of the 19th century including a detailed analysis of TMT injuries based on clinical observations and 
anatomical investigations by Quénu und Kiiss.*2:298 Also, Böhler}? delineated one of the first treatment algorithms. More recently, a number of well- 
designed studies have been published forming the evidence for treatment algorithms found in the current orthopaedic literature.23-143:164.228 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO TARSOMETATARSAL JOINT 


INJURIES 


Appreciation of the functional anatomy of the complex aggregate of osseous and ligamentous structures forming this joint is imperative to provide an 
adequate assessment and treatment of Lisfranc fracture-dislocations. The TMT joint complex forms the distal limit between the tarsal and metatarsal units. 
The osseous tarsal complex is comprised of the navicular, the cuboid, and the three cuneiform bones. Because of its positioning, resulting from a relative 
short intermedial cuneiform and sandwiched between the adjacent medial and lateral cuneiforms, the second metatarsal has been recognized as the keystone 
within this osseous scaffold (Fig. 68-18). This architectural characteristic accounts for substantial bony stability. The cuboid is the keystone in the lateral 
column of the foot articulating with the calcaneus and the bases of the fourth and fifth metatarsals in the axial plane, and the navicular and the lateral 
cuneiform in the coronal plane.!8” Similarly, the navicular forms the key in the medial column. The TMT joint complex has been described as a three- 
column system: the medial column (first TMT joint), the intermediate column (second/third TMT joints), and the lateral column (fourth/fifth TMT joints; 
see Fig. 68-2). 


D 
Figure 68-18. AP illustration (A) and radiograph (B) of the foot showing the keystone formation of the second metatarsal. C: Arrows indicate the keystone at the top 
of the arch in stadium at Aphrodisias, western Anatolia. D: Transverse section of the foot showing the importance of second metatarsal on the stability of the construct. 


The cuneiform bones are part of the transverse arch, a tarsal architectural characteristic simulating a Roman arch that acts as a niche for the plantar 
musculotendinous and neurovascular structures. 

The longitudinal arch is a dorsoconvex bow spanning from the head of the metatarsals to the calcaneus,!8” which is stabilized by the plantar 
aponeurosis, the long plantar ligament, and the peroneus longus tendon.'8” Ligamentous anatomy around this region of the foot is complex. 

A multiplicity of dorsal and plantar ligamentous connections results in an amphiarthrotic interface of tarsal and metatarsal bones, especially during 
phases of stance.°78 

Numerous components and combinations of these dorsal and plantar ligaments have been shown.’ There are no interosseous TMT ligaments between 
the first and the second metatarsals or in the fourth cuneometatarsal joint space formed by metatarsals 4 and 5 and the cuboid. 


Dorsal Lisfranc Ligament 


a Interosseous C1-M2 ligament 


PL tendon ` 
FHL tendon Plantar Lisfranc Ligament 


Figure 68-19. Axial view illustration of Lisfranc ligament bundle (dorsal, interosseous, and plantar oblique [plantar] bundles). 


The plantar ligament, including intertarsal and intermetatarsal plantar ligaments, are stronger than the corresponding dorsal ligaments, which may 
account for the dorsal direction of dislocations. 

Out of these, the so-called “Lisfranc ligament bundle,” spanning from the first cuneiform to the second metatarsal,” as well as the pC1-M2M3 
ligament,'®® connecting the plantar aspect of the medial cuneiform to the bases of the second and third metatarsals, provide substantial stability to the TMT 
joint line (Figs. 68-19 and 68-20). 

The Lisfranc ligament originates anterior to the origin at the lateral surface of medial cuneiform and extends distally, laterally, and slightly downward, 
inserting on the lower half of the medial aspect of second metatarsal. It is a thick band-shaped ligament and the largest ligament of all the TMT joints. The 
second plantar ligament which is called the plantar Lisfranc ligament is the strongest of the plantar ligaments. It arises inferolaterally from the medial 
cuneiform and separates into 2 bands inserting onto the second and third metatarsals.*°! Recently, a previously unknown ligament originating from the fifth 
metatarsal base and lateral cuneiform that attaches on the plantar aspect in second metatarsal base was found in 62% of cadavers (Fig. 68-21).!!*?2° It has 
been named the lateral plantar (Lisfranc) ligament and may be the reason for self-reduction of fourth/fifth metatarsal dislocation in most cases after the 
reduction of the first and second metatarsals. !!4223 
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Figure 68-20. Perioperative photographs of a patient with Lisfranc injury. Asterisks indicate ruptured dorsal bundle (A), ruptured interosseous bundle (B), and intact 
plantar bundle (C) of Lisfranc ligament. (Courtesy of Dr. Emre Baca.) 
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Lateral Lisfranc Ligament 


Figure 68-21. A: Illustration of the plantar view of the lateral Lisfranc ligament (arrow). B: Lateral Lisfranc ligament cross section and three-dimensional anatomy, 
displaying the suspensory attribute from the second to the fifth metatarsal (arrow). The significance of the second metatarsal in the transverse metatarsal arch is also 
demonstrated. C: Illustration of the Lisfranc ligaments attached to second metatarsal. 


In a biomechanical analysis, load to failure and stiffness were more than two times greater for the Lisfranc ligament than for the dorsal ligament 
connecting the medial cuneiform and base of the second metatarsal.'°° Both ligamentous structures were felt to be important stabilizers of the medial TMT 
column, however, the more commonly found dorsal displacement is related to the lower load to failure of the dorsal ligament. In addition to the osseous and 
ligamentous structural support, the TMT line is further stabilized by surrounding muscles. 

A recent cadaver study demonstrated a more complex ligamentous and tendinous lattice-like network underneath the mortise of Lisfranc ligament 
complex forming a dynamic net supporting the Lisfranc ligament complex from the inferior aspect. Inferiorly the Lisfranc ligament complex is also 
supported dynamically by the tibialis posterior, Peroneus Longus, flexor hallucis longus (FHL) tendons.!°! The osseous components of the Lisfranc 
complex are subjected to compressive stresses during load, which results in the formation of the characteristic spongy architecture.!®” The dorsoplantar joint 
diameter of the first TMT joint is about 3 cm,!4? and biomechanical analysis has demonstrated a significant amount of motion in both the first and fifth 
TMT joints. 149 


ASSESSMENT OF TARSOMETATARSAL JOINT INJURIES 


MECHANISMS OF INJURY RELATED TO TARSOMETATARSAL JOINT INJURIES 


The incidence of Lisfranc fracture-dislocations is increasing, with an occurrence rate of 9.2 to 14 per 100,000 person-years and a unimodal distribution that 
characterizes an age-specific maximum for young males followed by young females.29*3%4 

Perhaps one reason for this increase is the increasing availability of high-resolution computed tomography.*°* Males are more likely to have Lisfranc 
injuries while females are more likely to have Chopart injuries and the proportion of the low-energy or sports-related injuries in the literature is also 
increasing.794°07 

Lisfranc injuries are the second most common type of foot trauma in athletes and a sport-specific incidence rate of Lisfranc injuries in athletes is 
estimated to be between 0.3% and 6.2%.°* 

Injury mechanisms may result from both direct and indirect forces.?©° Crush injuries create a great variety of fracture and dislocation patterns, and are 
usually associated with a substantial amount of soft tissue damage.”©* A compartment syndrome is frequently associated with a crush injury and requires 
prompt attention. Indirect injury, most often axial loading, follows the longitudinal column of the foot, and subjects it to rotational, bending, and 
compressive forces.*°? When axially loaded, a plantar-flexed foot sustains rupture first of the weaker dorsal ligamentous structures. The fracture-dislocation 
becomes complete if the proximal metatarsals fracture and/or the stronger plantar ligaments rupture. In addition, a dorsal bending moment applied during 
axial compression of the foot has been shown to lead consecutively to dorsal followed by lateral TMT dislocation. Low-energy injury mechanisms, typically 
during athletic activity, are more subtle in their clinical presentation and result from indirect mechanisms in which an axial and/or rotational load is applied 
to a plantarflexed foot.’°.!4%,259 Tf a rotational or abduction force is applied on a fixed stationary foot of an athlete while changing direction, this can lead to 
a transverse pattern of the injury in which the second metatarsal base may fracture and the lesser metatarsals displace laterally.”° 

In previous studies road accidents are the cause of more than two-third of these injuries, followed by direct crush injuries and falls from a height. 189-260 
In recent studies twisting injuries were found to be a more increasing cause of mechanism for Lisfranc trauma.993°7 

Injuries resulting from sports, such as soccer, football, and horseback riding, are frequently seen.?°!:259 Isolated injuries have a reported incidence of 
about 50%.!®9 Open fractures are common (approximately 12%).'48 Despite our improved understanding of injury mechanisms and better diagnostic testing 
tools, a high incidence of missed injuries has been demonstrated in the recent literature.**° Associated injuries of the foot, especially of the tarsus, are a 
frequent finding and should always draw suspicion to a TMT injury. !8:148.189,260 


SIGNS AND SYMPTOMS AND IMAGING OF TARSOMETATARSAL JOINT INJURIES 


Painful swelling and functional disability (e.g., inability to perform pain-free weight bearing or the inability to stand on tiptoe) are common clinical 
findings.**! Also, often plantar ecchymosis is present (Fig. 68-22), and this finding should raise suspicion of a TMT injury?! (Fig. 68-23). In contrast, 
others have not seen the plantar ecchymosis sign in isolated TMT injuries in athletes.*4! Typically, the TMT transition zone will be widened in comparison 
to the opposite foot.*# 

With regard to diagnostic testing, Myerson and Cerrato?’ described the abduction—pronation maneuver, comparable to an apprehension test, and the 
transverse TMT-1/2 squeeze test as subtle but useful clinical tools (Fig. 68-24). 


Figure 68-22. Plantar ecchymosis is a common clinical finding associated with a Lisfranc fracture-dislocation. 


A detailed history (mechanism of injury, onset) and a discerning clinical examination are supplemented with standardized radiographic imaging to 
increase sensitivity and specificity, and confirm the diagnosis. AP, oblique (in 30-degree internal rotation), and true lateral projections are obtained 
routinely. 1843:260,304,341 Weight-bearing radiographic imaging is essential to distinguish the instability of subtle ligamentous injuries from simple sprains 
(Fig. 68-25).99-348 
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Figure 68-23. Patients with a history of low-energy foot trauma and persistent pain should be examined for a bump on the medial side of the foot—the jut sign. 
(Reprinted from Herscovici D Jr, Scaduto JM. The Lisfranc jut: A physical finding of subtle Lisfranc injuries. Injury. 2021;52(4):1038-1041, with permission from 
Elsevier.) 


Abduction- 
Pronation 


TMT- 
Compression 


8-24. Clinical tests used to identify a TMT joint injury. Left: The TMT squeeze test. Right: The abduction—pronation maneuver. 


The first/second intermetatarsal base distance in healthy adults on weight-bearing radiographs has been shown to average 2.5 mm (SD: 0.64 mm).®* The 
“fleck sign,” an avulsion fracture of the base of the second metatarsal or medial cuneiform, is pathognomonic for a Lisfranc injury~°” ( 5). The 
normal anatomic TMT alignment should be assessed by evaluating the position of the tarsal bones in relation to the adjacent metatarsals. In the normal foot 
the lateral border of the medial cuneiform is in line with the lateral border of the base of the first metatarsal. Furthermore, a colinear relation is present 
between the medial margin of the base of the second metatarsal and the adjacent intermediate cuneiform. Similarly, the medial border of the base of the 
fourth metatarsal is in line with the medial border of the cuboid, which can only be assessed sufficiently on the internal oblique radiographic projection. 
Malalignment of 1 mm or more has been characterized as pathologic.+*®? Assessment of the stability of the medial TMT joint line has been described by 
Coss et al.°* using the abduction stress maneuver. A tangent placed along the medial border of the medial cuneiform should intersect the base of the first 
metatarsal. In the case of medial TMT instability with forefoot abduction stress, this line passes medial to the base (a positive “medial column sign”) (see 

). In a manner similar to this technique, the ligamentous connections can be evaluated for stability using dynamic radiographic stress testing. Coss 
et al.°° demonstrated medial column line displacement as a result of incompetence of the Lisfranc ligament combined with the dorsal TMT ligament. The 
positions of the base of the second metatarsal on the AP projection and of the fourth metatarsal on the oblique projection are the key indicators of TMT 
complex instability. In a multicenter study assessing bilateral weight-bearing radiography to detect ligamentous instability, malalignment of the medial 
aspect of the second metatarsal base relative to the intermediate cuneiform of at least 0.3 mm offered high sensitivity, while a distance of at least 2.1 mm 
between the second metatarsal base and the medial cuneiform had high specificity.” 
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Figure 68-25. Dynamic imaging under anesthesia of the TMT joint complex to determine ligamentous instability. A: Normal. B: Pathologic. 1, medial column line; 
2, widening of the first TMT joint space; 3, subluxation by lateral translation of the base of the first metatarsal. The white circle identifies the “positive medial column 
sign.” 


Figure 68-26. Fleck sign on AP x-ray of the foot after Lisfranc injury. 


The importance of weight-bearing radiographs should not be underestimated. Bruijn et al. and Shapiro et al.**! provided evidence for insufficient 
validity of NWB images compared to weight-bearing radiographic image analysis in discriminating between stable and unstable TMT injuries (Fig. 68- 
27)? 

While an associated compartment syndrome has been reported to be uncommon with these injuries, 
compartment pressures in the foot when there is pronounced swelling or progressive pain. 


In order to evaluate injury severity and associated injuries of the foot, and to optimize treatment options, a CT can be used as a supplemental analytic 
1.141 


201,304 We recommend the measurement of 


too. 

CT provides greater accuracy in visualizing occult fractures and detecting minimal osseous subluxation around the TMT joints compared to radiographs 
because it is free of superimposed structures. CT also has the advantages over radiography of being able to detect small avulsion fractures (fleck sign) and 
differentiate them from its mimics (i.e., os intermetatarseum which are located more dorsally and have a more rounded shape) (Fig. 68-28).!2° 

The employment of 3D CT in isolation and in combination with two-dimensional (2D) CT, and weight-bearing CT seems to improve the diagnostic 
accuracy and reliability, !2°.348,349 

CT is strongly recommended for patients with high-energy midfoot injuries or complex fractures observed on initial radiographs, as it reveals 60% more 
metatarsal fractures and twice as many tarsal fractures and joint malalignments as radiography (see Fig. 68-28).3“8 

Using weight-bearing CT, Sripanich et al. showed the average distance between the medial cuneiform and the second metatarsal was 3.9 mm on an axial 
imaging on healthy cadaver feet.34 They tested the cadavers after sequential dissections of the Lisfranc complex with CT under NWB (0 kg), PWB (40 kg), 
and FWB (80 kg) conditions. They found that instability as defined by more than 2 mm of widening was not achieved under NWB conditions until the 
medial-middle intercuneiform ligament was dissected. Furthermore, the authors advocate that relative widening greater than 1.5 mm under PWB conditions 
on axial imaging would clinically indicate a complete Lisfranc ligament injury. 

In a study using MRI to identify TMT instability, Raikin et al.?°° were able to categorize 90% of TMT injuries as either stable or unstable with a 
sensitivity of 94% and a specificity of 75%. Second metatarsal base avulsion fracture and plantar Lisfranc ligament bundle disruption were found to be 
predictive for Lisfranc complex instability. 

MRI is a superior to conventional radiography, ultrasonography, or CT for direct assessment of a Lisfranc ligament injury, especially when the injury is 
low-grade or incomplete (Fig. 68-29). However, MRI is particularly recommended if radiographic findings are normal despite a high clinical suspicion of an 
incomplete or chronic Lisfranc injury. In a chronic situation, where the patient presents with pain 6 weeks after the trauma and there is a clinical suspicion 
of minimal osseous subluxation, MRI could be more helpful than CT.348 Sagittal, long axial (parallel to the metatarsals), and coronal planes (perpendicular 
to the metatarsals) are performed to visualize the ligament complex. MRI has high sensitivity and specificity, but it also has some drawbacks compared to 
other imaging methods, such as X-rays, ultrasonography, and CT scans. These include cost and limited availability, as well as interpretation errors that may 
lead to over- or under estimation. Additionally, MRI cannot be performed under weight-bearing conditions. 

Since the introduction of MRI into the clinical routine, bone scanning has lost importance as a routine diagnostic measure and is reserved for specific 
questions. However, Nunley and Vertullo*”* reported a high sensitivity using scintigraphy in conjunction with weight-bearing radiographic imaging for 
subtle, nondisplaced TMT injuries in athletes. All patients with stage I injuries had a positive bone scan with a median time interval from injury to diagnosis 
of 2 months (range: 3 days to 8 months). Despite its use in evaluating the dorsal Lisfranc ligament in various conditions, the accuracy of ultrasonography in 
diagnosing Lisfranc instability has yet to be definitively proven. Forty percent of patients who were followed up nonoperatively developed midfoot arthritis, 
so subtle Lisfranc injuries should always be thoroughly assessed. To evaluate possible instability, MRI, weight-bearing radiographs, and fluoroscopic stress 
tests should be used. When evaluating occult instability in nondisplaced Lisfranc injuries, both weight-bearing radiographs and fluoroscopic stress tests of 
the injured foot should be compared to the noninjured foot. In the case of suspicion for a TMT injury during clinical or radiographic evaluation, it is also 
possible to use dynamic fluoroscopy under anesthesia to determine alignment, ligamentous compromise, and fracture stability.°* A prospective cohort study 
conducted by Stødle showed that a stress test is necessary to exclude instability.*°* The study demonstrated that patients with negative stress test results 
under fluoroscopy did not progress to arthrosis. Fluoroscopic stress testing is reported to be more sensitive than weight-bearing radiographs in cadaver 
studies. 
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. The use of stress films to identify unstable injuries is important. A: Non—weight-bearing radiograph of midfoot pain. B: A weight-bearing stress view 
of the same foot showing widening between the first and second rays. C: In a different patient, the colinear relation between the medial margin of the base of the 
second metatarsal and the adjacent intermediate cuneiform is broken in the weight-bearing x-rays 2 weeks after the injury. 


Figure 68-28. Typical CT finding of a second metatarsal avulsion fracture of the Lisfranc ligament shows subtle injury. Further assessment with stress examination 
may be needed to evaluate instability. 


Both stress fluoroscopy and weight-bearing radiographs can be difficult to perform in the acute setting. To diagnose these injuries, identifying predictors 
of instability on CT scans could be very helpful. Regular radiographic follow-ups are also necessary to detect further displacement. 


CLASSIFICATION OF TARSOMETATARSAL INJURIES 


Indirect or direct trauma over the TMT joint can cause either high or low-energy injuries. Lisfranc trauma can be complex with multiple metatarsal—tarsal 
fractures, dislocations, fracture-dislocations, or pure ligamentous injuries. Currently, there is no classification system that effectively standardizes the 
terminology of Lisfranc injuries, helps determine management options, predicts outcomes, and can be applied to both high-energy and low-energy injuries. 

The most commonly used classification system of Lisfranc fracture-dislocations was introduced into the literature in 1909 by Quénu and Kiiss.2% It 
describes three types of injury patterns: homolateral, isolated, and divergent (Fig. 68-30). Hardcastle et al. provided a classification system, a modification 
of the pathologic—anatomical Quénu—Kiiss classification, which was based on radiographic morphology. Within it, three main groups were distinguished— 
complete, partial, and divergent dislocation patterns. Type A (complete) fracture-dislocations are characterized by the involvement of all parts of the 
Lisfranc joint complex with dislocation within one plane (sagittal, frontal, combined). In contrast, type B (partial) fracture-dislocations are identified by 
partial incongruity of the joint complex. Similarly, the involved joint complex shows dislocation in the sagittal, frontal, or combined plane. A medial 
dislocation pattern is distinguished from a lateral pattern. In medial dislocation, the first metatarsal or a variable number of metatarsals excluding the fifth 
will be involved. In a lateral dislocation pattern, one or more of the lateral metatarsals are dislocated, while the first ray remains stable and intact. Finally, in 
type C (divergent) fracture-dislocations, complete and partial injury patterns can be seen. In the AP projection, medialization of the first metatarsal in 
conjunction with lateral translation of a variable number of the lateral four metatarsal bones can be found. 
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Figure 68-29. A patient who sustained a Lisfranc injury was evaluated with weight-bearing AP and lateral radiographs (A, B), fluoroscopy (C, D), and MRI (E-I). A 
proximal second metatarsal nondisplaced avulsion fracture was diagnosed, but examination under fluoroscopy revealed a stable joint. Arrow in D shows <2 mm 
widening which is deemed as stable (D). E: Axial MR image of left midfoot demonstrates the oblique course of the interosseous Lisfranc ligament (arrow). MR images 
of left midfoot demonstrate edema inside the interosseous Lisfranc ligament (arrow in F), the plantar C1-M3 Lisfranc ligament (arrow in G), the plantar C1-M3 


Lisfranc ligament (arrow in H) and partial tear in the dorsal Lisfranc ligament (arrow in I). This patient was followed successfully with nonoperative treatment. Six 
months after treatment, patient had no clinical symptoms. 


D,E 


Figure 68-30. The common classification devised by Quénu and Kiiss.2°° A: Homolateral disruption where all metatarsals travel in the same direction. This group 
can be subdivided into medial or lateral to denote the direction of disruption. B: Partial disruption involves only the first metatarsal or all the lesser rays. C: Divergent 
dislocation occurs when there is complete disruption of the tarsometatarsal joints but the first ray and the lesser rays displace in opposite directions. D: Type A 
homolateral complete incongruity, lateral. E: Type B2 homolateral incomplete incongruity, partial lateral. F: Type C divergent complete incongruity. 


In 1986, Myerson2™ introduced a classification, which in the broadest sense can be considered a modification of the aforementioned systems. However, 
the Myerson classification incorporates osseous injuries of the medial column of the foot and also differentiates three types of injury pattern. Type A 
injuries include complete incongruity of the TMT joint line in any plane or direction. A type B1 injury is determined by partial incongruity involving the 
first ray (partial—medial incongruity). Dislocation of one or more of the lateral four metatarsal bones characterizes a type B2 injury pattern, also termed 


partial—lateral incongruity. A type C1 (divergent) injury has a diverging injury pattern comprised of medialization of the first ray associated with dislocation 
and partial incongruity of the lateral metatarsals. A type C2 injury has a diverging injury pattern with complete incongruity. 

Nunley and Vertullo?”? reported a classification system for nondisplaced and displaced TMT low-energy injuries in athletes based on weight-bearing 
radiographic analyses and scintigraphic findings. Stage I injuries were characterized by no displacement at the Lisfranc complex constituting a sprain of the 
Lisfranc ligament without diastasis or loss of medial column height. These injuries were nondisplaced on weight-bearing radiographs but showed increased 
uptake on bone scintigrams. Stage II injuries showed diastasis of 1 to 5 mm at the first/second intermetatarsal space, resulting from a rupture of the Lisfranc 
ligament, but no medial column sag. In contrast, stage II injuries presented with diastasis of the first/second intermetatarsal space (>5 mm) and loss of 
medial column height. 

The revised version of the OTA/AO classification system2!5*!8 distinguishes Lisfranc fracture-dislocations according to the resulting deformity. Hence, 
a type of dislocation pattern and an associated fracture pattern of the foot can both be described. Pediatric Lisfranc fracture-dislocations are rare2®°35° and to 
date a nongeneric system has not been implemented within trauma. The current classification systems lack evidence regarding their impact in the prediction 
of treatment or clinical and functional outcomes. Furthermore, we do not believe that pure ligamentous injuries and nondisplaced Lisfranc injury patterns 
are sufficiently represented in the current systems. 


TREATMENT OPTIONS FOR TARSOMETATARSAL INJURIES 


NONOPERATIVE TREATMENT OF TARSOMETATARSAL INJURIES 


Indications/Contraindications 


Nonoperative Treatment of Tarsometatarsal Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Nondisplaced/pure ligamentous injury 
Malalignment <1 mm 

Articular displacement <2 mm 

Intact medial column of the foot (length/stability) 
No major associated midfoot injuries 

No vascular or soft tissue compromise 

Surgical contraindications 


Relative Contraindications 


e Instability 
e Persistent subluxation 
e Avulsion fracture (relative) 


Following closed reduction, nonoperative treatment of TMT injuries is an option, if instability has been excluded during functional radiographic analysis 
(stress examination/weight-bearing imaging). When isolated ligamentous injury is present, which most often results from low-energy trauma, and 
instability, persistent subluxation, or an avulsion fracture has been excluded, the patient’s leg can be immobilized in a below-knee cast with NWB 
restrictions. 143,259,260 


Techniques 


Nonoperative management includes close clinical and radiographic follow-up, including weight-bearing radiographic analysis every second week. Those 
TMT injuries that remain stable during follow-up at 6 weeks can be converted from NWB to toe-touch weight-bearing restriction in a short leg cast or boot. 
The patient is then instructed to start with progressive weight bearing if clinical and radiographic assessment indicate healing and maintenance of reduction, 
and if the clinical examination shows no residual pain in the midfoot. In conjunction with physical therapy, guided rehabilitation including patient-directed 
ROM exercises and customized footwear is provided. Many patients need custom-made orthoses, sole stiffeners, or medial arch supports. We believe that 
the medial column of the foot requires sufficient support, keeping in mind that the preserved medial longitudinal arch is one key in achieving a superior 
functional outcome.!** Nunley and Vertullo?”* reported excellent results following a nonoperative treatment algorithm for nondisplaced (stage 1) TMT 
injuries. In a prospective study Stadle et al.2°? treated 26 stable Lisfranc injuries nonoperatively and demonstrated excellent results after a follow-up of 55 
months.?°? All the cases in this series were acute (<4 weeks), and none of the injuries showed displacement greater than 2 mm on initial radiographs or CT 
scans or obvious displacement on stress test under fluoroscopy. One patient showed radiologic signs of posttraumatic OA at 1 year and no patients had 
clinical signs of OA at 5 years. 

Not using stress radiography during the evaluation of instability leads to additional displacement in as many as half of the patients with the impending 
onset of osteoarthritis.” 1133 

Professional or athletic activities requiring walking on uneven underground or causing torsional and/or bending force over the tarsus (e.g., climbing 
ladders, stooping, kneeing, or running) necessitate a period of rest of at least 4 months. This should be taken into account when planning rehabilitation 
especially in athletes but also following work-related injuries. Despite the fact that healing of the ligamentous and osseous complex of the TMT joint can be 
expected within 3 to 4 months after the injury, work, and athletic reintegration can be delayed for 6 to 9 months. 14%143,272,341,378 Two recent meta-analyses 
revealed that athletes with undisplaced injuries and stable, minimally displaced Lisfranc injuries who did not have surgery had a 94% and 96% rate of 
returning to sports, respectively.21318 


OPERATIVE TREATMENT OF TARSOMETATARSAL INJURIES 


Indications/Contraindications 


Operative Treatment of Tarsometatarsal Injuries: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Malalignment >1 mm 

Articular incongruity >2 mm 

Medial cuneiform—first metatarsal >4 mm 
Instability on stress fluoroscopy compared to uninjured side 
Soft tissue or bone fragment preventing reduction 
Avulsion fracture 

Tibialis anterior tendon 

Dorsal/plantar ligaments 

Medial column instability or shortening 
Associated multiple midfoot injuries 

Associated compartment syndrome 

Open fracture 


Contraindications 


Compromised soft tissue coverage 
General health condition of the patient 
Severe arterial vascular disease 
Neuropathy 

Noncompliance 


In some cases, anatomic reduction cannot be attained by closed means. Incarcerated small avulsion fracture fragments, ligaments—often the Lisfranc 
ligament or tendons,!°:! such as the tibialis anterior tendon—need to be removed. 

The optimal operative strategy—closed, open, or PA—of an unstable Lisfranc fracture-dislocation remains a subject of controversy. There is a lack of 
strong evidence due to limited cohort size, sample heterogeneity, and few prospective controlled trials.°4475° 

Although previously there were only a limited number of papers and cases available for analysis, there is now an abundance of literature on the 
management of Lisfranc injuries. A recent meta-analysis on Lisfranc injury treatment comparing PA with ORIF found 389 patients in the ORIF group and 
158 patients in the PA group.!° The authors found no difference in clinical outcomes between the two groups but the ORIF group had a higher number of 
hardware removals and secondary arthrodeses. In the case of instability, operative fixation has become the preferred treatment. While, some authors have 
reported satisfactory results after closed treatment and temporary pin fixation, !®.43-188,260,296,377 more recent publications have shown improved outcomes 
after more aggressive treatment.® !48,189,192,201,252,276,300,304,326,359,395 Tf there is an inadequate reduction and/or significant osseous destruction is present, an 
open reduction with rigid fixation is recommended.'*? Even though open reduction and transarticular screw fixation has been the standard approach for 
many years, in recent years, good results have been reported with dorsal bridge plating of the TMT joints, as well as percutaneous fixation after Lisfranc 
injuries,72181,276,351,353 

The primary aim of using alternative fixation methods, such as bridge plating, is to reduce the risk of articular damage. Recently, there has been an 
increase in interest in using a flexible fixation device for treating ligamentous Lisfranc injuries. This approach has advantages such as avoiding the risks 
associated with fractured screws and the need for hardware removal, as well as reducing the potential for damage to the joint cartilage caused by the 
treatment.79102 


Surgical Treatment of Tarsometatarsal Injuries 


Preoperative Planning 


Surgical Treatment of Tarsometatarsal Injuries: 


PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Translucent operating table 
Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 
Fluoroscopy location LJ Contralateral side 
Equipment LJ Small- and mini-fragment implants, external fixator set 
Tourniquet LJ Applied above the knee 
Other LJ Triangular cushion under the knee 

Positioning 


For operative treatment, the patient is positioned in the supine position on a translucent table. A bolster under the ipsilateral hip helps to keep the lower leg 
and foot in the neutral position with the foot pointing vertically straight upward. The leg can be placed on a triangular cushion to achieve a plantigrade foot 
position when using the C-arm. We prefer to use two surgical approaches (dorsomedial and dorsolateral) in complete TMT complex injuries, and therefore, 
the described position of the foot guarantees a similar easy access to both incisions. 


Surgical Approach 


The most common surgical approach to injuries of the medial column of the TMT complex is a dorsal longitudinal incision in the web space between the 
first and second metatarsals. Beginning at the mid-diaphysis, the incision continues proximally to the interval between the first and second TMT joints and, 


if required, it can be extended as far proximally as the talar head ( ). The tendons of the extensor hallucis longus and brevis are identified and 
retracted by smooth hooks either laterally or medially depending on the part of the TMT complex to be addressed. A full-thickness fasciocutaneous flap is 
created to protect the vascular and neural bundles. Subperiosteal dissection is used to visualize and reduce the three medial TMT joints. In most cases, but 
also depending on the direction of displacement, the joint capsule has been torn dorsally. If it is intact, the capsule is incised and the joint inspected. A 
thorough joint debridement prevents entrapment of bony and ligamentous residua, which will serve as a reduction barrier. To address the lateral part of the 
third TMT joint, or if TMT-4/5 requires open reduction, a second surgical incision may be necessary. Leaving a skin bridge of at least 4 or 5 cm is 
mandatory to prevent secondary skin necrosis. The second incision is placed over the fourth metatarsal extending proximally to the cuboid bone. Starting 
from that incision the surgeon will be able to address the lateral part of TMT-3, as well as TMT-4/5, and the cuboid. The lateral cutaneous branch of the 
peroneal nerve should be identified and protected. However, in most cases, TMT-3 can be easily accessed via the medial approach. Following subperiosteal 
dissection, the lateral TMT complex is identified and exposed. However, fourth to fifth metatarsals generally reduce easily in a closed manner when the 
medial column is reduced. 


yur Main incision is located between the first and second TMT joints. The tendons are retracted by smooth hooks. A full-thickness fasciocutaneous flap is 
created to protect the vascular and neural bundles. 


In general, the surgical approach varies depending on the associated ligamentous and osseous injuries, which necessitate supplemental surgical fixation 
(e.g., cuboid, metatarsals, cuneiforms, tarsal navicular). Some have recommended the use of a transverse approach to the TMT joint complex’’*; however, 
this recommendation is based on a small cohort of only 12 patients. 


Technique 


f Closed Reduction and Internal Fixation of Tarsometatarsal Injuries: 


KEY SURGICAL STEPS 


Apply axial traction (via first toe or finger trap) to distract across TMT joint 
Reduce second MT base using pointed clamps percutaneously and provisionally stabilize with 1.25/1.6-mm K-wires 


e Restore joint congruity (do not tolerate articular steps >1 mm) 
e Indirect reduction of joint component possible using 1.25- or 1.6-mm K-wire 
e Restore column length and temporarily stabilize column using an external fixator 
LJ Fracture fixation using at least one and, if possible, two 2.7-mm low-profile cortical screws, alternatively 3.5-mm low-profile cortical screw 
e Increase stability using washer 
e Increase stability by transfixing to cuboid or cuneiforms 


Depending on the direction of the displacement, axial traction applied to the affected ray combined with mild pressure over the displaced metatarsal base 
and the simultaneous placement of the surgeon’s thumb on the opposite side of the foot slightly proximal to the injury zone will be required to achieve 
reduction in the sagittal plane. To address medial or lateral displacement, an additional abduction—adduction maneuver is executed. As the second metatarsal 
is the keystone within the osseous scaffold of the Lisfranc complex, it needs to be addressed in the most meticulous fashion. Sometimes a “pop” can be felt 
during reduction, which then should be assessed using fluoroscopy ( ). In many cases, the medial and lateral columns will follow the second 
metatarsal. If all indices of anatomic repositioning (see radiographic alignment criteria above) in all three planes show colinearity, thus, anatomic alignment, 
dynamic fluoroscopy can provide information regarding the degree of stability. 

If the reduction is stable and no further major associated injuries of the foot are present that require surgical intervention, nonoperative treatment can be 
initiated, as described earlier. If the anatomic reduction attained by closed means is unstable, percutaneous fixation is recommended. *’~ 

As long as the soft tissue allows for open surgery, it is recommended that open reduction be performed if the injury is high energy and unstable. 
However, Myerson type B injuries and subtle unstable Lisfranc injuries showed slightly improved outcomes with percutaneous treatment, however, this 
difference was not considered statistically significant. 

Some authors promote the use of TMT joint arthroscopy to aid in realignment, particularly when the treatment is postponed and proper realignment 
becomes challenging. > 


An additional abduction—adduction maneuver is executed depending on the direction of the displacement. 


Percutaneous application and direction of the stabilizing K-wires or screws follow the same principles as in open stabilization techniques as described 
below. 


Open Reduction and Internal Fixation of Tarsometatarsal Injuries: 


KEY SURGICAL STEPS 


Assess associated compartment syndrome using invasive pressure measurements 
e If present, proceed with fasciotomy 


LJ 
Use two or three incisions for surgical access to displaced or unstable TMT complex 
Subperiosteal exposure of apical and distal TMT-joint complex 

L-shaped arthrotomy 

Apply column distraction or external fixator across TMT joint 


Restore medial and lateral column length 


Simple Fractures 


For simple fracture pattern, open split portion of fracture, debride fracture zone and joint surfaces 
Preserve plantar soft tissue attachments 


Reduce split component using pointed clamps and provisionally stabilize with K-wires (Fig. 68-33) 


Comminuted Fractures 


For comminuted fracture pattern, reduce comminution component (if <25% of joint surface), augment with bone graft, and provisionally stabilize with 1.25-mm K-wires 
Restore osseous anatomy (length, axial alignment, and rotation) 
Restore joint congruity using adjacent bone as template (do not tolerate articular steps >1 mm) 
Apply one-third tubular or 2.0/2.7-mm reconstruction plate dorsal to related TMT joint 
Assess alignment using intraoperative simulated weight-bearing x-rays in three planes (AP, lateral, oblique) 
Assess the stability of the medial and lateral columns of the foot with intraoperative dynamic fluoroscopy 
e If unstable, proceed with adjunct internal/external spanning technique 


Unreconstructable 


LJ If unreconstructable (joint involvement >25%), proceed with primary arthrodesis 


Pure Ligamentous 


Debride the cartilage and apply 2.7-mm cortical or 3.5-mm cannulated screws or 2.7-mm plate for primary arthrodesis 
Alternatively temporary bridge plating with 2.7-mm plate dorsally 


The presence of an associated compartment syndrome requires decompression at the beginning of the operative procedure and can be addressed by open 
fasciotomy using the aforementioned surgical approaches with regard to the dorsolateral and interosseous compartments.'*? The plantar compartments of 
the foot should be addressed via a separate medial approach plantar to the first metatarsal. The medial fascia of the abductor and flexor hallucis brevis 
muscles is incised to expose and release the fascia of the flexor digitorum brevis and adductor hallucis. 

Following exposure of the unstable TMT joint complex, tarsal (tarsal navicular, cuboid, and cuneiform bones) instability and incongruity are addressed 
first and temporarily transfixed using K-wires. Reconstruction of their anatomic alignment and articular congruence are imperative and require meticulous 
surgical precision. The medial tarsal complex is typically addressed first. The unstable cuneiform bones are reduced using a pointed reduction clamp 
between the medial cuneiform and the intermedial or lateral cuneiforms. Next, intercuneiform and/or naviculocuneiform screw fixation—similar to 
navicular fracture treatment15—is performed to create a stable medial block. Intercuneiform fixation is performed (2.7-mm low-profile cortical screws, lag 
screw technique, or 3.5-mm cannulated screws) in a medial to lateral direction. Two 2.7-mm screws provide sufficient stability to obtain a stable medial 
main tarsal body.”®! Also, an unstable or displaced cuboid requires reconstruction and fixation before addressing the TMT joint complex. In some cases, 
cuboid-to-cuneiform transfixation is necessary to obviate instability between the two columns of the foot. If the lateral column of the foot is shortened due 
to cuboid impaction, length and articular congruence can also be restored using a distractor or a temporary external fixator, which then can be left in place 
as an adjunct during the postoperative phase. 

Next, the second TMT joint is addressed to achieve an exact anatomic reduction of the TMT joint complex. Depending on the direction of the 
displacement, axial traction applied to the second ray combined with mild pressure over the displaced metatarsal base and the simultaneous placement of the 
surgeon’s thumb on the opposite side of the foot slightly proximal to the injury zone will be required to achieve gross reduction in the sagittal plane. For 
more detailed reduction, a pointed reduction clamp is placed on the medial aspect of the medial cuneiform and the lateral cortical wall of the base of the 
second metatarsal to reduce this keystone in line with the intermediate cuneiform and between the medial and lateral cuneiforms (Fig. 68-33). It may be 
necessary to debride the joint of obstructing capsuloligamentous tissue or osseous particles. Also, a fracture of the base of the second metatarsal can be 
addressed at that point. Its anatomic reduction is a prerequisite for further alignment of the medial TMT complex. Exact anatomic reduction of the base of 
the second metatarsal is secured with temporary K-wire fixation. Stepwise dynamic fluoroscopy or radiographic imaging in three planes is used to confirm 
alignment and anatomical reconstruction. For temporary K-wire fixation, a retrograde implant placement is preferred to prevent secondary displacement 
while introducing the K-wire. Hereafter, the “Lisfranc screw” (2.7- or 3.5-mm cortical screw) is introduced from the proximal medial border of the medial 
cuneiform into the base of the second metatarsal. Following this, a 2.7-mm cortical screw is inserted in a retrograde distal to proximal direction transfixing 
the second metatarsal and the intermediate cuneiform. Countersinking is used to prevent cortical avulsion when the screw head abuts with the cortical bone 
during compression. Screws must be inserted at least 5 mm away from the joint line to prevent iatrogenic intra-articular fracture. Partially threaded 
cannulated screws were shown equal to fully threaded solid cortical screws in another Lisfranc fixation model.°2 A biomechanical analysis in a cadaver 
study provided evidence for increased stability after rigid screw fixation.!9° With placement of the Lisfranc screw, which simulates the ruptured ligament in 
unstable Lisfranc injuries, a mean force to failure of approximately 157 N has been observed.®! In cadaver studies with isolated Lisfranc ligament 
transection, similar stability was observed when comparing screw and suture button fixation?”9?84; however, others have shown advantages of screw 


fixation when comparing these two techniques.® Suture button fixation theoretically reduces soft tissue disruption and provides a more physiologic, dynamic 
mode of fixation. Suture button fixation has shown promising results in cadaveric studies and in several case series.‘°~'’ Koroneos et al. demonstrated 
biomechanical comparison of fiber tape device with a supplemental intercuneiform limb versus transarticular screws for Lisfranc injuries provided 
comparable biomechanical stability even on higher loads. *°- 


Figure 68-33. Under fluoroscopy, a pointed reduction clamp is placed on the medial aspect of the medial cuneiform and the lateral cortical wall of the base of the 
second metatarsal. 


In one study, placement of the Lisfranc screw did not show an advantage for either the cuneiform-to-second metatarsal or the second metatarsal-to- 
cuneiform direction.®! One cadaver study showed similar stability after dorsal bridge plating compared to screw fixation.? Whereas, screw fixation requires 
less invasive dissection, plate fixation prevents further articular compromise from screw penetration. 

A cadaveric biomechanical study by Bansal et al. demonstrated that both screw and plate fixation prevented dorsal diastasis, but the screw fixation 
tended to better prevent plantar diastasis than the plate construct.” Ho et al. also showed comparable stability of the joint with Lisfranc plate or 
conventional transarticular screw method.!° 

Using a single screw across metatarsal 1—metatarsal 2 or cuneiform 1 (i.e., medial)—metatarsal 1 has been found to be effective in stabilizing the joint, 
similar to the use of a plate. Research has also demonstrated that in cases where the intermetatarsal ligament is injured, additional screw fixation across the 
first TMT joint may be necessary for adequate stabilization.?~ 

Another study compared a lag screw and locking plate and with two crossing lag screws through TMT-1 to 3 joints. They evaluated the mobility 
between the metatarsal and cuneiform bones after cadaveric simulated arthrodesis and they found that isolated lag-screw fixation was significantly inferior 
to two lag screws or lag-screw and locking plate constructs. Also, an additional TMT-1 and/or 3 arthrodesis did not increase the stability of an isolated 
TMT-2 arthrodesis. 1? 

In case of a fracture of the base of the second metatarsal, this fracture itself should be stabilized either with a 1.5- or 2.0-mm screw in the dorsal to 
plantar direction combined with a “Lisfranc screw” running distal to the fracture line in the base of the second metatarsal. In a more pronounced or 
comminuted fracture, a one-third or one-fourth tubular bridging plate over the second TMT joint may be applied as well. Successful application of dorsal 


bridge plating for unstable Lisfranc injuries has been published in recent years.!84276 


Following this, the first TMT joint is anatomically reduced and fixed to the second using a reduction clamp or pointed forceps, and temporary fixation is 
provided by 1.6- or 2-mm K-wires. Rotational deformity needs to be ruled out using standardized intra-operative simulated weight-bearing radiographic 
imaging to confirm restoration of both alignment and articular congruence in all planes. Once sufficiently aligned, rigid TMT transfixation is 
recommended.'**-!48.164 Usually, two crossing cortical screws are introduced to the first TMT joint using a lag screw technique and starting with the distal 
to proximal screw followed by proximal to distal screw placement. Next, the third TMT joint is reduced and fixed with a distal to proximal 2.7-mm cortical 
screw or a four- or five-hole one-fourth tubular plate. However, in case of a stable lateral TMT complex at the fourth and fifth ray during dynamic 
fluoroscopy and after anatomic reduction of the first and second ray, a reduced third TMT joint may not need further rigid stabilization. 

If articular involvement of fractures of the cuneiforms or corresponding metatarsals exceeds 25% of the articular surface area, open reduction and stable 
fixation using a 2.7-mm plate is recommended. Small fragments should be excised and joints debrided; large fragments require reduction and fixation. Some 
cases will require adjunct use of external or internal spanning fixation.'®* In these cases, early hardware removal is recommended before the start of 
unprotected weight bearing to prevent hardware complications (irritation, loosening, and breakage) and to release essential joints. Current evidence 
regarding implant removal is insufficient to answer the questions if, and when best to remove the implants. 

Routine removal following ORIF of Lisfranc fractures may not be necessary as retained hardware appears to be well tolerated.*”° Onochie?”° reported a 
series of dorsal bridge plates in 85 patients (without arthrodesis) and reported good outcomes after 40.2 months of follow-up, with only 8 patients requiring 
fusion. They only removed 21% of plates in symptomatic patients, who were mostly female, and found their results comparable to other studies with routine 
plate removal (Fig. 68-34). 


276 


Figure 68-34. A: Perioperative x-ray showing the instability after Lisfranc ligament injury. B: This case was treated with open reduction and internal fixation. C: The 
cannulated screw in the second metatarsal is used to fix the avulsion fracture due to Lisfranc ligament. D, E: Postoperative x-rays of the case showing good healing. 
One cannulated screw is broken during the follow-up, which has not caused cause any clinical symptoms. (Courtesy of Dr. Emre Baca.) 


In many cases, the lateral TMT joint complex will automatically reduce after the medial column has been anatomically reduced and fixed. However, 
anatomic reduction is mandatory with respect to the fourth and fifth TMT joints. If they do not completely reduce, a closed reduction attempt can be 
performed. The fourth and fifth metatarsals usually perform as a single functional unit, and thus, reduction of one automatically reduces the second. 
However, in some circumstances capsuloligamentous tissue or bone fragments interfere with anatomic realignment, and hence, an open lateral approach is 
required. Usually, fixation is carried out with converging 1.6-mm or, preferably, more stable 2.0-mm K-wires.°°° Both screw?” and plate! fixation have 
also been described. However, more recently, fixation techniques have been adapted to the functional anatomic aspects of a rigid medial and a flexible 
lateral TMT complex. If the fourth/fifth intermetatarsal interface is unstable, a transverse intermetatarsal blocking screw can be introduced distal to the 
bases of the two metatarsals in a lateral to medial direction. Typically, a 2.7-mm mini-fragment cortical screw is used, but a 3.5-mm screw is an option as 
well. 

In the case of not reconstructable comminution, we recommend bridge plating with a 2.7-mm reconstruction plate. The plate can be placed proximally 
on the tarsal navicular or the talar head if TN instability has been identified. It should be remembered that the medial column bridging plate is meant to be a 
temporary immobilization device and not placed to create a permanent arthrodesis. The technical details of this method have been described in detail,*** and 
functional outcome seems to lead to at least similar results compared with transarticular fixation.” With regard to comminution of the lateral TMT column 
complex, development of a pseudoarthrosis is preferred over arthrodesis. 

If comminution and instability of the medial TMT joint complex preclude anatomic reconstruction, internal bridge plating can be performed at each 
TMT joint of the medial complex. Internal spanning fixation of the lateral TMT complex is possible but necessitates removal of the bridging plate before the 
start of weight bearing. If medial column bridging has been performed, the essential TN joint has to be freed up by plate shortening or removal in order to 
allow weight bearing to progress. Other implants within the rigid parts of the tarsal complex can remain in place if free of complications (see Fig. 68-34). 

Postoperative care follows the nonoperative treatment protocol (see above); however, we remove hardware at 12 weeks after operative treatment if it is 
causing any problems. Asymptomatic hardware across the “unnecessary” first to third TMT joints may be left in situ. However, some authors recommend 
routine removal of implants particularly in athletes 4 to 6 months after surgery. 


Primary Arthrodesis 


KEY SURGICAL STEPS 


/ | Primary Arthrodesis of Tarsometatarsal Injuries: 


[_] First to third TMT joints 
e Use anteromedial approach and expose joints 
e Start with reduction and fixation of malaligned or unstable cuneiforms to create stable cuneiform complex 
e Inorder, reduce TMT joints: TMT-2, then TMT-1, then TMT-3 
LJ Apply medial column distractor across TMT-1 joint 
e Place first 2.5-mm Schanz pin in medial cuneiform or talar neck/head 
e Place second 2.5-mm Schanz pin in base of first MT parallel to joint surface 
e Debride joint surfaces using mallets, osteotomes, curettes, and drills 
LJ Align TMT-1 in neutral position and temporarily transfix it with 1.6-mm K-wires 
e Assess alignment in AP, lateral, and oblique projections (simulated weight bearing), if necessary correct malalignment prior to definite fixation 
LJ Perform definite fixation 
e Alone or in combination with ORIF of TMT-2/3 
Screw or plate fixation optional: 
Screw fixation: 
Apply lag screw technique for compression 
Use 2.7- or 3.5-mm low-profile, cortical screws with crossed antegrade/retrograde fixation technique 
Use screw hole technique!®* for retrograde screw placement 
Plate fixation: 
Use 2.7-mm plate or preformed Lapidus arthrodesis plate 
Proceed from proximal to distal fixation 
e Increase stability by transfixing to base of TMT-2 and/or cuneiforms 
Optional, add bone graft (local, distal tibia, or calcaneus) 
Proceed with TMT-2/3 fusion as described above, if internal fixation not an option 
Assess alignment and stability of TMT-4/5 
e Arthrodesis not recommended 
e Temporarily transfix to cuboid using 1.6- or 2.0-mm K-wires 
Reassess alignment via simulated weight-bearing x-rays 
Reassess stability using dynamic fluoroscopy 


Our modern understanding of the functional anatomy of the foot is based on the fact that the medial column bears most of the weight during gait and that its 
motion is restricted. Thus, mobility of the medial column of the TMT complex is not essential and fusion after TMT injury has become an option in certain 
situations.'4°:298 Hansen!9 separated the function of the joints of the foot into essential, nonessential, and unnecessary. While the fourth and fifth TMT 
joints are classified as nonessential, their function within the lateral column of the foot is important providing a cushioning effect during midstance when 
bearing weight. 

PA has been reported to lead to improved functional outcomes for comminuted Lisfranc fracture-dislocations with destruction of the articular 
surface.!48,201,304 The extent of articular compromise needed to indicate a PA has not been determined, but destruction of more than 50% of the articular 
surface area has been proposed as an indication for fusion. Others have recommended fusion in selected cases when there is (1) major ligamentous 
disruption combined with multidirectional instability of the TMT joint complex, (2) a comminuted intra-articular fracture at the metatarsal base of the 
medial complex, or (3) a midfoot crush injury combined with intra-articular fracture-dislocation.”? Arthrodesis of the lateral column of the TMT joint 


complex should be avoided however.”°? The increased mobility of the fourth and fifth TMT rays is important for normal foot function. Therefore, the fourth 
and fifth TMT joints have been characterized as “essential joints” within the TMT joint complex.!48 

The main goal of surgical treatment is restoration of both columns of the Lisfranc complex. Preservation of the “essential joints” of the lateral TMT joint 
complex is paramount and pseudoarthrosis is favored over arthrodesis. Open reduction and fixation should be performed only in a safe environment of 
adequate soft tissue coverage. If clinical signs of a compartment syndrome are apparent, secondary reconstruction following a period of temporary spanning 
external fixation and soft tissue decompression is obligatory. The overarching principle is that displaced TMT injuries or nondisplaced TMT injuries with 
associated tarsal fractures or ligamentous instability require an aggressive treatment regimen, including stable ORIF or PA. 

The patient is positioned supine on a translucent fracture table; using a 15-degree wedge under the affected hip the leg is placed in neutral position. The 
surgical approach is the same as for ORIF (see above) using universal dorsomedial and dorsolateral incisions. The degree and extent of instability requires 
reevaluation by visual examination and dynamic radiography. Typically, abduction—pronation and extension—flexion stresses are applied to the TMT 
complex with the hindfoot being held fixed with one hand. Since the medial three TMT joints are “unnecessary” and relatively immobile, one, two, or all 
three joints can be fused. After exposure of the TMT joint complex, an arthrotomy is performed and the joint is inspected often with the help of a medially 
applied distractor or external fixator. Fracture zones are debrided, small fragments resected, and larger fragments temporarily fixed. The course of reduction 
and temporary fixation we prefer is similar to ORIF starting with the second TMT joint and proceeding laterally. Others recommend starting TMT reduction 
addressing the first TMT joint first.”? Use curettes and small curved osteotomes to remove the cartilage from the respective joint surfaces to expose the 
subchondral bone. Then perforate the subchondral bone in several places using a 1.25-mm K-wire or a 1.6-mm drill. Using an oscillating saw is not 
recommended due to the risk of removing too much bone and causing shortening.”? Keep in mind that the first TMT surface is oval shaped in the 
dorsoplantar direction and its diameter averages 30 mm.°29 Therefore, plantar and lateral chondral debridement can be tricky, and, if left behind, dorsal and 
varus malalignment may result. Due to functional ball-and-socket arrangement of this joint, rotational malalignment also needs to be avoided to prevent 
deformity. Exact reduction of the first to second intermetatarsal joint space will facilitate optimal positioning of the first ray. Temporary fixation is 
performed as with ORIF, and then stability and alignment are reassessed using dynamic fluoroscopy. Screw fixation is performed using a compression lag 
screw technique with the screw configuration used in ORIF. Either 2.7- or 3.5-mm low-profile, cortical screws are inserted. To increase stability, a crossed 
fixation technique can be used.!“? Before introduction of the retrograde screw in the dorsal base of the first metatarsal, a trough is created in its cortex. 143210 
If plate fixation is selected, a more extensive exposure is necessary. Use a 2.7-mm (mandibular) reconstruction plate, a one-third tubular plate, or a 
precontoured Lapidus arthrodesis plate. Place it medially using a proximal to distal fixation method. In selected cases, bone graft or allograft can be used to 
fill gaps and improve osseous healing. 


Authors’ Preferred Treatment for Tarsometatarsal Injuries ( 


Stable nondisplaced TMT injuries without associated foot injuries are treated conservatively with immobilization in a cast for 6-8 weeks. If there is any 
doubt regarding instability on the weight-bearing radiographs, dynamic imaging is performed. 

The decision as to what surgical treatment path should be followed is influenced not only by the injury pattern (e.g., morphology of the fracture, 
associated injuries, and instability) but also by the pre- and postoperative course,*°? such as the time of diagnosis, timing of the operation, surgical 
technique, implant choice, postoperative management, and rehabilitation. 

In general, it seems to be accepted that early surgical treatment facilitates the timely initiation of the rehabilitation phase.?°° Swelling and soft tissue 
compromise are major factors influencing when and what type of surgery to perform. Rammelt et al.304 have shown that after 6 weeks fixed deformity 
can be expected in missed or insufficiently treated TMT injuries. Within the first 6 weeks operative reduction and fixation is often possible, however, if 
a deformity becomes fixed, secondary repositioning can be impaired necessitating corrective osteotomy and/or arthrodesis. Therefore, operative 
treatment should be initiated within 4—6 weeks after the injury. However, delayed ORIF of missed low-energy Lisfranc injuries of the first and second 
TMT joint may result in acceptable outcome even after more than 6 weeks post trauma.™ In our hands, a TMT injury associated with a significant 
deformity and/or soft tissue compromise undergoes an immediate closed reduction, to restore medial and lateral column alignment, followed by primary 
external fixation for temporary stabilization until the soft tissues permit ORIF. External fixation can be performed in a pyramidal fashion spanning from 
the distal tibia to the forefoot and the calcaneus, respectively. 

Alternatively, spanning external fixation on the medial, lateral, or both columns without inclusion of the ankle joint is an option. 
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Algorithm 68-4 Authors’ preferred treatment for TMT joint injuries. TMTI, tarsometatarsal injury; AFI, associated foot injury; LDF, Lisfranc dislocation 
fracture; CRIF, closed reduction and internal fixation; ORIF, open reduction and internal fixation; PA, primary arthrodesis. 


Closed reduction internal fixation is our option of treatment (1) in injuries with compromised soft tissues, (2) in stable TMT injuries with associated 
foot injuries, as well as (3) in unstable TMT injuries, which are purely ligamentous. However, the closed reduction should be aimed to be anatomic, 
especially in the medial column, since medial column stability with its appropriate alignment is a prerequisite for a stable function of the foot. ORIF is 
always performed (1) if closed reduction is not successful (i.e., due to capsuloligamentous interference), and (2) in unstable TMT injuries with simple 
extra/intra-articular fractures, as well as (3) with comminuted extra-articular fractures. In our hands, severely comminuted articular medial column TMT 
fractures are preferably approached with primary arthrodesis. Nevertheless, comminuted articular lateral column fractures may still be treated with 


ORIF and some type of external or internal spanning fixation, since there the development of a pseudoarthrosis is preferred over arthrodesis. This 
accounts for the physiologic mobility of the lateral column. Complete TMT complex fusion we consider to be a salvage procedure. In these cases a 
staged fusion is sought, first of the medial TMT complex, and then second of the lateral TMT complex in case of persistent disability. 

External spanning fixation is mainly used in acute and temporary closed reduction situations as an initial treatment for TMT fracture-dislocations. 
Definitive external and internal stand-alone spanning fixation is an option in simple lateral column injuries and in comminuted extra- and intra-articular 
lateral column injuries. This accounts for the importance of the lateral column length for overall foot alignment, but tolerating some minor mobility at 
the lateral column joints (CC and TMT) for development of mobile joints or a functionally important pseudarthrosis. Otherwise, internal and external 
spanning fixation is used as an addendum to other internal fixations if regular osteosynthesis may not allow for overall column stability and retention of 
the column length, or if sparse bone formation or bony defects contradict any stable local screw anchorage. This may be the case in comminuted extra- 
articular medial column injuries and in comminuted intra-articular lateral column fractures. 

We perform bridge plating of the medial column using a 2.7-mm reconstruction plate anteromedial between the talar head/neck versus the medial 
cuneiform proximally and the first metatarsal distally. There should be at least two screws positioned in the proximal and distal bone. If the plate is 
positioned strategically correct, then the medial to lateral intercuneiform screw and the Lisfranc screw can be applied through the plate itself as well. 
Laterally, the 2.7-mm reconstruction bridge plate is positioned between the processus anterior calcanei and the fourth metatarsal, thereby crossing the 
cuboid. Again, each two screws should be anchored in the calcaneus, the cuboid, and in the metatarsal bone. 

Bridge plating or adjunct spanning external fixation across essential joints or the lateral column is meant as a temporary immobilization device and 
should be removed before start of weight bearing. Therefore, in the medial column, a plate crossing the essential talonavicular joint is shortened with 
keeping the reminder distal part of the plate between the cuneiform and first metatarsal in place for continuing medial column stability. 

Bone grafting is considered in primary arthrodesis of the medial column in severely comminuted TMT fracture-dislocations. We apply the bone 
graft at TMT-1, -2 and -3, as well as at the interface between the first and second metatarsal base. Bone graft may be useful in the reconstruction of the 
lateral column in severely impacted TMT-4 and -5, as well as cuboid bone. 


Postoperative Care 


A bivalved below-knee cast is applied immediately after diagnosis or operative treatment to allow room for swelling of the extremity. The use of a 
removable boot requires a high level of patient compliance. The amount of weight bearing allowed varies substantially and depends upon the fracture 
pattern, injury severity, associated injuries, and patient-dependent variables. Also, patient compliance will significantly influence the degree and duration of 
weight-bearing restrictions. Short leg cast immobilization is usually used for 6 weeks with toe-touch weight bearing on crutches, followed by another 6 
weeks of sequential increase in weight bearing up to FWB. During immobilization of the ankle joint and wearing of a short leg cast, deep venous thrombosis 
prophylaxis should be considered. 

After immobilization of the lower leg and foot, rehabilitation focusing on restoring proprioception, as well as calf and foot muscular strength including 
isometric exercises of the dorsal extensors has been shown to improve functional outcome following anatomical reduction of the Lisfranc fracture- 
dislocation.?°° Some surgeons recommend the use of supportive insoles for up to 1 year following surgery. 


Outcomes 


Irrespective of injury mechanism, injury severity, or patient-specific variables, the restoration and maintenance of anatomic alignment and articular 
congruity are determinants of improved functional outcome. Preservation of anatomical alignment, especially of the medial column, has been linked to a 
good outcome. In one retrospective analysis,!2* the results of 15 patients sustaining pure ligamentous Lisfranc injuries were investigated. Although not 
substantiated by sound statistics, flattening of the medial longitudinal arch was associated with a poor functional outcome including persistence of pain, a 
change in the level of activity or return to work status, and shoe modifications. Interestingly, both a delay in treatment and work-related injuries have been 
correlated with significantly reduced functional outcomes.®!326 PA has been shown to result in better functional outcomes when compared to open 
reduction and fixation at both mid-term (24 months)! and long-term (42 months)?°! follow-up. We observed that the early rehabilitation phase (first 6 
months) is usually associated with reduced functional outcomes, which will improve during the first year after primary intervention. In this context Ly et 
al.2°! showed that after both ORIF and arthrodesis of isolated ligamentous Lisfranc injuries, an improvement in the functional outcome occurred over time. 
The patient’s estimated level of functional participation improved from 62% to 92% after ORIF and from 44% to 65% after arthrodesis compared to their 
preinjury status. Henning et al.!*8 observed an improvement in functional outcomes on the bother and dysfunction index subscales of the short 
musculoskeletal function assessment (SMFA) after ORIF and arthrodesis over time. In addition, significantly greater functional disability has been reported 
with secondary operative treatment in a comparative study of early and delayed surgical treatment.304 

There have been a few meta-analyses comparing ORIF and PA for Lisfranc fracture dislocations.!°7°° Although a review of the literature reveals 
conflicting results, overall arthrodesis is not inferior to ORIF. The overall risk of any reported complication was similar in both groups. As expected the rate 
of developing posttraumatic arthritis was higher in the open reduction group. Also the risk of unplanned return to operating room (OR) was higher in the 
open reduction group probably due to hardware removal and possible arthrodesis.'° An analysis of conflicting meta-analyses revealed that revision surgery, 
anatomic reduction, postoperative infection, total complications, patient satisfaction, VAS (visual analog scale) scores, and return to work showed no 
difference between open reduction internal fixation and PA.?85 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 


TARSOMETATARSAL INJURIES 


Tarsometatarsal Injuries: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Compartment syndrome 
e Wound infection, soft tissue healing disturbances 
e Posttraumatic osteoarthritis 


Delayed union, nonunion 
Chronic pain 

Hardware problems 

Foot stiffness 

TMT instability 

Foot deformity 


18,201,260 Wound 


Complications are common and can be separated into early- and late-onset complications. In the early stages compartment syndrome, 
infection, and healing disturbances are common.?°.3%4 Wilson*®” reported vascular compromise leading to impaired circulation of the toes in 3 out of 20 
patients. Late-onset complications include posttraumatic or secondary osteoarthritis (Fig. 68-35), healing disturbances such as delayed union or 
nonunion, !48:201,260,304 chronic pain,!8387 and hardware problems (local irritation, loosening, breakage).!48:2°1,304 Stiffness, pes planus, pes cavus, and 
bunion deformities, as well as gait disturbances have also been reported.42269.387 Henning et al.!48 reported significantly fewer secondary operative 


interventions following PA compared to ORIF. 


Figure 68-35. AP (A) and oblique (B) radiographs of a male patient who had sustained a Lisfranc injury 6 years prior and who was followed nonoperatively. 
Posttraumatic arthrosis is visible on Lisfranc joint. 


Secondary osteoarthritis remains the most common sequelae after both nonoperative and operative TMT injury treatment.*°” Often the degree of 


radiographically documented osteoarthritis does not correlate well with the clinically evident degree of disability.!°* Secondary arthrodesis of the affected 
joints remains an effective salvage procedure in the case of treatment failure.!48:164 


Forefoot Injuries 


Fractures of the forefoot are common and may result in significant sequelae. The forefoot as a unit provides a broad plantar surface for load sharing. This 
platform also is structured to be mobile in the sagittal plane and provides the forefoot with the ability to alter the position of the individual metatarsal heads 
to accommodate uneven ground. Therefore, injuries to this area can lead to difficulties with ambulation and gait. Although the forefoot appears to work as a 
single unit, its parts are distinctly different and need to be treated accordingly in the case of injury. The first metatarsal supports 30% to 50% of the forefoot 
with weight bearing and any angulation or displacement of any of the metatarsals in the sagittal plane can lead to calluses when plantarflexed and transfer 
lesions when dorsiflexed. 


Metatarsal Fractures 


INTRODUCTION TO METATARSAL FRACTURES 


The metatarsals are a common fracture site in the body and account for 35% of all foot fractures. Metatarsal fractures occur most often in patients between 
20 and 50 years of age.7°° These fractures occur as isolated injuries, concurrently with fractures of additional metatarsals, or in complex foot trauma. The 
mechanisms of injury resulting in metatarsal fractures include direct and indirect trauma forces, with direct injuries being the most common cause.??6 
Although most metatarsal fractures are a result of low-energy trauma,*°° high-energy crush injuries do occur with some frequency, and they are the most 
common injuries sustained in motorcycle accidents.” A direct force can result in the fracture of any metatarsal at any point and may be accompanied by 
severe soft tissue envelope injury and compartment syndrome. The most common metatarsal fractures are those of the fifth metatarsal.7°° 

Metatarsal fractures can occur at any location on the bone and are generally divided by the region of occurrence into proximal metaphyseal, diaphyseal 
or shaft, and head and neck fractures.°? Proximal metaphyseal and metatarsal base fractures often stay relatively well aligned because of the numerous 
articulations and soft tissue attachments,?2”7°° but they may be associated with a Lisfranc joint dislocation. Diaphyseal fractures may have several patterns 
but are often oblique and tend to shortening, angulation, and displacement.*?° Distal metaphyseal fractures are commonly transverse or oblique. 
Displacement typically occurs plantarly and laterally. Avulsion fractures, particularly of the base of the fifth metatarsal, are common. Stress fractures also 
occur commonly in the metatarsals, particularly at the second and third metatarsal necks and at the proximal portion of the shaft of the fifth. Despite their 
frequency, most metatarsal fractures do not cause significant problems in treatment or outcome, but they can lead to significant limitations, if ignored.22° 

Because of the unique function of the first and fifth rays and the commonality between the central metatarsals, it is useful to examine metatarsal 
fractures in these separate components: first metatarsal, central metatarsals (including second, third, and fourth), and fifth metatarsal.” 


First Metatarsal Fractures 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO FIRST METATARSAL FRACTURES 


The first metatarsal is stronger than the other metatarsals. It accounts for approximately 1.5% of all metatarsal fractures.2®° Its large cross-sectional 
geometric properties reflect its role as the preferred ray for loading during walking, running, or turning in a different direction.!° Its configuration is shorter 
and wider than the lesser four metatarsals. The lack of interconnecting ligaments between the first and second metatarsals allows independent motion. The 
bony architecture in combination with strong thick ligaments that make up the capsule of the first TMT joint, supports its resting position. There are two 
powerful motor attachments to its base. The tibialis anterior inserts on the plantar medial aspect of the first metatarsal base and the peroneus longus attaches 
onto the plantar lateral base of the first metatarsal. These two muscles exert significant influence on the position of the first metatarsal head. The tibialis 
anterior serves to elevate the first metatarsal and the peroneus longus acts to plantarflex the head. Average peak pressures in MT-1 are the highest or among 
the highest levels of pressure during most activities.!°° 


ASSESSMENT OF FIRST METATARSAL FRACTURES 


MECHANISMS OF INJURY FOR FIRST METATARSAL FRACTURES 


First metatarsal fractures can result from direct or indirect forces. Direct injuries are more common in industrial settings and occur often as a result of a 
heavy object falling on the foot. Indirect injuries result from situations often seen in sports, when the forefoot is fixed and the leg or foot is twisted.2“° 

Injuries to the first metatarsal may be related to fractures of the central metatarsals, injuries to other parts of the first ray, and Lisfranc injuries. Any 
fracture of the base of the first three metatarsals should raise suspicion of a midtarsal injury. Small avulsion fractures involving the medial base of the first 
or second metatarsal suggest disruption of the TMT ligaments. The arterial arch and the dorsal and plantar metatarsal arteries are particularly susceptible to 
injuries in association with metatarsal fractures. Compartment syndrome is relatively common with soft tissue trauma in the metatarsal area, and 
compartment pressures should be monitored routinely, especially following direct trauma. 


SIGNS AND SYMPTOMS AND IMAGING OF FIRST METATARSAL FRACTURES 


Patients normally describe pain with weight bearing and active motion of the foot and therefore have difficulties with ambulation. Physical examination 
reveals tenderness and swelling. Crepitation and palpable motion may be present at the fracture site and reproduce the patient’s symptoms. This may be 
used as a diagnostic tool for stress fractures. The neurovascular status should be evaluated, because the arterial arch and the dorsal and plantar metatarsal 
arteries are particularly susceptible to injuries in association with metatarsal fractures. 

Radiographic evaluation is critical to assess metatarsal fractures for consideration of treatment options. Three views (AP, lateral, and oblique) are 
mandatory to judge shortening, deviation, angulation, and displacement.??* Additional information regarding intra-articular fracture lines and fragments can 
be obtained through CT. MRI can provide additional information related to soft tissue injuries and may give a hint toward stress fractures. Also, point-of- 
care ultrasonography may be helpful in diagnosis and follow-up of metatarsal fractures. 185 


CLASSIFICATION OF FIRST METATARSAL FRACTURES 


The OTA/AO classification for metatarsal fractures permits a detailed description of the fracture pattern of each bone but does not offer any insight into 
overall stability or treatment. Metatarsal fractures are classified in a format which is analogous to the metacarpals of the hand. 87._. is the bone code of the 
metatarsal bone. The metatarsal identifier is added after the bone code. (between two dots .__.) Bone segment location is then added as proximal segment 
being 1, diaphyseal segment as 2, and distal end segment as 3. Extra-articular simple fractures are designated A. The letter B denotes partial articular 
involvement or wedge fracture of the shaft. And C denotes complete articular involvement and or comminuted shaft fractures. Further subclassification is 
given to accurately place the fracture: proximal, central, or distal. In the case of diaphyseal metatarsal fractures, A denotes a simple fracture, B signifies a 


wedge fracture, and C represents a multifragmentary fracture. 
No special outcome score or scale exists for the first metatarsal. The American Orthopaedic Foot & Ankle Society (AOFAS) midfoot score is most 
commonly used to distinguish clinical outcome. In addition, the SMFA and SF-36 are helpful tools to assess overall clinical outcome. 


TREATMENT OPTIONS FOR FIRST METATARSAL INJURIES 


NONOPERATIVE TREATMENT OF FIRST METATARSAL INJURIES 


Indications/Contraindications 


Nonoperative Treatment of First Metatarsal Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


e Isolated fracture 
e No instability on stress radiographs 
e Minimal displacement 


Relative Contraindications 


e Complex fractures of the forefoot/midfoot 
e Instability on stress radiographs 

e Plantar displacement of the metatarsal head 
e Open fractures 


The best way to determine operative or nonoperative treatment is with stress radiographs. Manual displacement of the position of the first metatarsal 
through the joint or fracture site represents an instability that requires fixation. If no evidence of instability can be seen on stress films of the fracture, and no 
other injuries of the midfoot or metatarsals are evident, isolated minimally displaced first metatarsal fractures can be adequately treated nonoperatively. A 
stress radiograph can be performed with adduction and abduction forces, local anesthetic injection may be necessary in the early postinjury period to 
determine stability. After a few weeks of nonoperative immobilization for a suspected stable fracture, a weight bearing AP radiograph can be performed 
again looking for instability. 


Techniques 


Isolated first metatarsal fractures can be adequately treated in a short leg cast with no weight bearing for 3 weeks and then for an additional 3 weeks with 
weight bearing as tolerated.?*? Casting should be performed with the foot in a plantigrade position yet without placing dorsally directed pressure on the first 
metatarsal. The best way to apply the cast is with the patient in the prone position with knee of the affected limb flexed to 90 degrees and placing gentle 
pressure on the lesser metatarsals to obtain a plantigrade position. Activities are then advanced as tolerated in a walking cast until there is comfortable FWB 
before advancing to regular shoes or increased activity. 


OPERATIVE TREATMENT OF FIRST METATARSAL INJURIES 


Indications/Contraindications 


Any evidence of instability or loss of normal position of the metatarsal head should be treated with operative stabilization. The goal is to restore and 
maintain the normal position of the first metatarsal head, the sesamoids, and the first metatarsophalangeal joint. The method of fracture fixation is dependent 
on fracture configuration. 

Operative contraindications may include patient factors, vascular compromise, local infection, or medical instability. 
Open Reduction and Internal Fixation 
Preoperative Planning 


ORIF of First Metatarsal Injuries: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Translucent operating table 

Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 

Fluoroscopy location LJ Contralateral side 

Equipment LJ Small- and mini-fragment implants, external fixator set 

Tourniquet LJ Applied above the knee 

Other LJ Optional triangular cushion under the knee 
Positioning 


The patient is positioned supine on a radiolucent table. A mini-fluoroscopy unit can be positioned at the end of the operating table, or standard fluoroscopy 


located opposite the injured extremity. 


Surgical Approach 


The surgical approach for a fracture of the first metatarsal to some degree depends on the configuration of the fracture. For simple avulsions at the 
metatarsal base, an incision directly over the fracture may be best for direct visualization of reduction. For the majority of proximal and midshaft fractures, a 
dorsolateral approach through the first intermetatarsal space is adequate for visualization of reduction and fixation. This incision can be extended distally 
and proximally to allow access for a bridging plate if needed. The approach should be done carefully to avoid unnecessary disruption of tissue planes. In this 
area of the forefoot lie the dorsalis pedis artery and the deep peroneal nerve (in the first web space). Branches of the superficial peroneal nerve can be found 
overlying the deeper structures. These structures need to be identified and protected during the surgical dissection and closure. 


Technique 
ORIF of First Metatarsal Fractures: 
KEY SURGICAL STEPS 
Dorsolateral approach through the first-second intermetatarsal space 
Careful preparation to avoid damage to the dorsalis pedis artery and the deep peroneal nerve 
Subperiosteal exposure of fracture site 
Cleaning of fracture ends with a curette 
Reduction and temporary fixation with bone-holding forceps 


Lag screw or one-third tubular plate fixation depending on the fracture pattern 
Layered closure 


Simple and easily reducible fractures of the shaft or either articular surface can be fixed with percutaneous smooth wires. Displaced fractures should be 
treated by ORIF. Simple oblique or spiral fractures, whether diaphyseal or intra-articular, are best treated with lag screw fixation with 2.7-mm screws after 
open reduction. Countersinking of the screws is advised to prevent cortical avulsion during screw compression. With stabilization of the fracture, 
reassessment of the stability of the TMT joint should be performed. If the joint is thought to be unstable, a 2.7- or a 3.5-mm fixation screw can be placed 
across the joint similar to the manner used to stabilize the first TMT joint in a Lisfranc injury, if the fracture pattern permits. More commonly, because of 
the fracture pattern, this joint instability is treated with a contoured one-third tubular plate and 3.5-mm screws. The plate must extend from the medial 
cuneiform to the distal intact aspect of the shaft to obtain proper purchase. Comminuted intra-articular fracture-dislocations of the first TMT joint can be 
treated with primary fusion. Since the joint is approached from a dorsal incision care must be taken to not dorsiflex the first metatarsal as this would lead to 
a sagittal plane deformity and transfer lesions to the lesser toes due to decreased ability to weight bear on the first metatarsal. 

A one-third tubular or 2.7-mm plate can also be used to treat more comminuted fractures when lag screw fixation is not possible (Fig. 68-36). The 
determining factor is whether there is enough intact bone distally to obtain secure fixation of the plate. Fracture patterns involving severe comminution of 
the proximal half of the metatarsal are amenable to this type of fixation. Plate and screw fixation should be used for transverse or minimally comminuted 
fractures in which inadequate fixation will occur with screws or wires alone. More comminuted fractures of the base with intact soft tissues can also be 
treated by plate fixation extending from the medial cuneiform to the first metatarsal shaft to restore length and axial alignment. If there is not enough 
proximal shaft for fixation, the plate can cross the first TMT joint and if needed, the screws can cross the other nonessential cuneiform joints as well. 


gure 6§ . Comminuted fracture af the first metatarsal. A: Oblique radiograph at injury. B: Open reduction and internal fixation was performed using a mini- 
fragment bate 


I ’. The use of an external fixator for a severe first metatarsal fracture. A, B: Injury films showing significant disruption of the metatarsal shaft. C, D: 
Pia emen of an external fixator with restoration of metatarsal length and alignment. 


External fixation should be considered when there is severe midshaft or head comminution or open injuries. These fracture patterns usually have 
significant soft tissue damage associated with them, and they should be stabilized without creating further soft tissue trauma. The fixator is used to restore 
first metatarsal axial length and alignment with the forefoot without further compromise to the soft tissue. 

First metatarsal fractures exhibiting severe comminution with inadequate intact bone to support a plate are best handled by external fixation. Fixator pins 
can find purchase in the intact midfoot and proximal phalanx to establish length and position. Secondary pins can be used to secure intact segments of the 
metatarsal to further control alignment. If the proximal phalanx is used to stabilize the fracture, care should be taken in the final positioning. The external 
fixator should be placed such that the proximal phalanx is at minimum in a plantigrade position, but it should be slightly dorsiflexed if possible. This is to 
prevent problems of toe position in the event of joint stiffness postinjury (Fig. 68-37). 


Authors’ Preferred Treatment of First Metatarsal Fractures ( 


First metatarsal fracture 


Base 


Simple Comminuted Simple Comminuted 
fracture fracture fracture fracture 


Lag screw External 


fixation : fixation 
Intact soft Compromised No displacement Displacement 


tissues soft tissues during stress during stress 
radiographs radiographs 


Plate fixation External Short-leg cast Percutaneous 
from medial fixation w/weight- K-wires or ORIF 


cuneiform to bearing as with lag screw 
shaft tolerated after fixation 


3 weeks 


Algorithm 68-5 Authors’ preferred treatment for first metatarsal fractures. 


Postoperative Care 


Postoperatively, immobilization should allow for management of the soft tissues. If the soft tissues are reasonable, a short leg cast is appropriate. If wound 
care is needed, immobilization should be conducted with a removable splint. The patient should be kept NWB for 6 to 8 weeks and then transferred into a 
postoperative boot.2?? During follow-up, radiographic analysis is performed at fixed intervals at 2, 6, 12 weeks, and up to 1 year to identify fracture healing 
but is also required to identify the development or presence of complications. 


Potential Pitfalls and Preventive Measures 


ORIF of First Metatarsal Fractures: 
SURGICAL PITFALLS AND PREVENTIONS 


Pitfall Prevention 

Oversight of MT base (avulsion) fractures e AP and lateral radiographs; dynamic stress radiographs, MRI 

Oversight of Lisfranc TMT injury e Dynamic stress radiographs 

Iatrogenic sagittal plane deformity e Push with flat surface on plantar foot in OR, good AP, lateral, and oblique 


fluoroscopic views in OR 


The base of the first metatarsal should not be overlooked when evaluating a patient who has an inversion type injury. Avulsion fractures may occur at the 
first metatarsal base with plantar flexion and inversion-type injuries because of the attachments of the peroneus longus and tibialis anterior tendon at this 
level.°2:222,30! Tp addition, small avulsion fractures involving the medial base of the first or second metatarsal suggest disruption of the metatarsal ligaments. 
Any displacement or diastasis of more than 2 mm between the base of the first and second metatarsals on an anteroposterior radiograph of the foot should 
raise suspicion of a Lisfranc ligament injury and be evaluated using stress radiographs.?2 In addition, changes to the metatarsal length or sagittal alignment 


affect weight-bearing biomechanics of the first ray. Plantigrade dislocation and positioning of the first metatarsal head can result in plantar pressure 
lesions.??? 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 
FIRST METATARSAL FRACTURES 


First Metatarsal Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Shortening and rotational deformity 
e Malalignment of MT head 


The axes of the forefoot are in balance when half of the weight passes through the first and second metatarsals and the other half of the weight passes 
through the third, fourth, and fifth metatarsals.”5? During most activities, the highest levels of pressure are found under the first metatarsal.!?5 Therefore, 
nonunion or malunion of the first metatarsal with shortening or rotational deformity can result in significant morbidity due to its essential role as the 
preferred ray for loading during walking, running, or turning in a different direction.'°° Disruption of the functional integrity of the first metatarsal can 
disturb the normal gait and cause pain at the first metatarsophalangeal joint, proximally along the medial column, which can lead to gait disturbances that 
can affect the entire limb. 


Central Metatarsal Fractures 


INTRODUCTION TO CENTRAL METATARSAL FRACTURES 


Fractures of the central metatarsals account for approximately 10% of all metatarsal fractures and are often contiguous fractures. Especially fractures of the 
third metatarsal are related to fractures of the second or fourth metatarsal approximately 63% of the time.”°° Fractures of the central metatarsals are much 
more common than first metatarsal fractures, although the fourth metatarsal is the least-commonly injured due to protected position and flexibility of the 
lateral rays. These fractures can be isolated or be part of a more significant injury pattern.!” 


ASSESSMENT OF CENTRAL METATARSAL FRACTURES 


MECHANISMS OF INJURY FOR CENTRAL METATARSAL FRACTURES 


Central metatarsal fractures can result from direct or indirect forces. Direct injuries are more common in industrial settings and occur often as a result of a 
heavy object falling on the foot. Indirect injuries result from situations often seen in sport, when the forefoot is fixed and the leg or foot is twisted or in 
motor vehicle accidents.*45 Central metatarsal fractures also often occur as stress fractures seen most commonly in the second metatarsal as it is usually the 
longest. 

Fractures of the central metatarsals are commonly associated with injuries to the first ray, and Lisfranc joint injuries. Any fracture of the base of one of 
the first three metatarsals should raise suspicion of a midtarsal injury. Small avulsion fractures involving the medial base of the first or second metatarsal 
suggest disruption of the metatarsal ligaments. Any displacement or diastasis of more than 2 mm between the base of the first and second metatarsals on an 
AP radiograph of the foot should raise suspicion of a Lisfranc ligament injury. The arterial arch, the dorsalis pedis artery, and the dorsal and plantar 
metatarsal arteries are particularly susceptible to injury in association with metatarsal fractures. 


SIGNS AND SYMPTOMS AND IMAGING OF CENTRAL METATARSAL FRACTURES 


Patients normally describe pain with weight bearing and active motion of the foot and therefore have difficulties with ambulation. Physical examination 
reveals tenderness and swelling. Crepitation and palpable motion may be present at the fracture site and reproduce the patient’s symptoms. This may be 
used as a diagnostic tool for stress fractures 

Radiographic evaluation is critical in the assessment of metatarsal fractures. Three weight-bearing views (AP, lateral, and oblique) are mandatory to 
judge shortening, deviation, angulation, and displacement.?*° Weight-bearing films usually reveal subtle instabilities not seen on NWB films. Additional 
information regarding intra-articular fracture lines and fragments can be obtained through CT. A CT scan is helpful when there are fractures involving the 
base of the metatarsals to identify intra-articular extension and any comminution. MRI can provide additional information related to soft tissue injuries and 
demonstrate the degree of ligament disruption, but it is not usually required in the diagnosis of midfoot fracture-dislocations nor does it usually alter 
treatment. Also, point-of-care ultrasonography may be helpful in diagnosis and follow-up of metatarsal fractures.!®° Monitoring of compartment pressures 
should be performed routinely especially following direct trauma. 


CLASSIFICATION OF CENTRAL METATARSAL FRACTURES 


The OTA/AO classification for metatarsal fractures gives a detailed description of the fracture pattern of each bone. Central metatarsal fractures under this 
system observe the format: 87()-_ _._ in a fashion similar to the metacarpals of the hand. To denote which metatarsal the classification refers to, an alpha 
identifier similar to the first metatarsal should be placed beside the major designation: second metatarsal (I), third metatarsal (L), and fourth metatarsal (R). 
The classification system then continues similar to the first metatarsal. 

No special outcome score for the central metatarsals exists. The AOFAS midfoot score is most commonly used to measure clinical outcome. In addition, 


the SMFA and SF-36 are helpful tools for overall clinical outcome. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO CENTRAL METATARSAL 


FRACTURES 


The second and the third metatarsals are important because they comprise the keystone of the foot and are not mobile at their cuneiform articulations, unlike 
the more mobile fourth and fifth TMT joints.4 The metatarsal bases are of trapezoidal shape and form a “Roman arch” configuration. At the base of each 
central metatarsal is a series of three ligaments (dorsal, central, and plantar), which act to stabilize and support each with their neighbor. The only extrinsic 
muscular attachments seem to be slips from the tibialis posterior tendon, which insert on the plantar base.?68 Their role is for structural support. These bones 
do provide for the origin of dorsal and plantar interossei muscles. The plantar muscles insert into the medial aspect of the associated proximal phalanx. The 
tendon of the dorsal muscle, however, inserts into the plantar aspect of the proximal phalanx of its medial neighbor. Finally, there is the thick transverse 
metatarsal ligament distally that connects the metatarsals indirectly by linking the plantar plates of the adjacent metatarsophalangeal joints. The strong 
flexor tendons usually force the distal fragment of the metatarsal fracture in a plantar and proximal position.!” There is also a cascade of allowable increase 
in motion through the TMT joints beginning at the second metatarsal and going out to the fifth. It is this increase in motion in the sagittal plane that allows 
for significant adaptability to terrain by the metatarsal heads. It is also the relative resistance to motion at the second and third TMT joints that causes stress 
fractures to be seen more commonly in these two metatarsals. Stress fractures in the second and third MTs have also been linked to mechanical pathologies 
such as excessive pronation of the foot, metatarsus primus elevatus, hallux abducto valgus, and first ray hypermobility,!°” as well as plantar fascia rupture.! 


TREATMENT OPTIONS FOR CENTRAL METATARSAL FRACTURES 


NONOPERATIVE TREATMENT OF CENTRAL METATARSAL FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Central Metatarsal Fractures 


Indications 


e Nondisplaced fractures 
e Fractures with <3—4 mm displacement in the coronal plane 


Relative Contraindications 


Unstable base fracture of the second metatarsal 

Multiple adjacent metatarsal fractures 

Comminution 

Displacement or translation >3—4 mm in the coronal plane 
Displacement or angulation of >10 degrees in the sagittal plane 


The major rule of fracture treatment is to return the fractured part to full function. In the case of the central metatarsals, emphasis should be on realignment 
of the metatarsal head. Although there is little in the literature documenting specific criteria for unacceptable position, the problems of transfer metatarsalgia 
(dorsiflexed metatarsal head) and plantar hyperkeratosis (plantarflexed metatarsal head) are well-known following fractures that allow significant changes in 
the normal position of the metatarsal head. The criterion most often mentioned is that any fracture displaying more than 10 degrees of deviation in the 
sagittal plane or 3 to 4 mm of translation in any plane should be actively corrected. 

Most isolated individual central metatarsal fractures can be treated nonoperatively. That is not to mean they should be ignored. Isolated midshaft 
fractures, whether comminuted or simple, are usually quite stable with little shortening and can be managed adequately with hard-sole or stiff shoes and 
progressive weight bearing as tolerated. 


Techniques 


Individual head or neck fractures that appreciably deviate either dorsally or plantarly in the sagittal plane are treated with closed reduction using distraction 
to restore alignment and pinning. A closed reduction without fixation can be performed for a stable base fracture of the third or fourth metatarsal. Pin 
fixation after closed reduction is rarely needed with an isolated injury because of the stability provided by the surrounding soft tissues. A base fracture of the 
second should be stressed to see if it is unstable and possibly an indicator of a more sinister Lisfranc injury. Because there are no stabilizing ligaments 
between the first and second metatarsals, limited open reduction and intramedullary pinning of the second metatarsal can be done to maintain proper 
position if it has a tendency to shift laterally. 

Severely hyperextended distal metatarsal fractures may result in dislocation with the head driven through the flexor plate. This can prevent closed 
reduction. 

Prereduction radiographs should be obtained to study the extent of the fracture. Local or general anesthesia depending on the severity of the injury is 
required. Closed reduction for metatarsal base fractures with lateral displacement can be achieved by simultaneously plantarflexing and forcing the TMT 
joint medially under traction and counter traction.?”° For isolated distal central metatarsal fractures, closed reduction can be performed and a molded cast or 
splint applied to restore alignment followed by weight bearing as tolerated in a hard-sole shoe after 4 to 6 weeks. Progression to full activities is dependent 
solely on the reduction of symptoms. 

Beside reduction measures, metatarsal fractures may be treated using low-intensity pulsed ultrasound with comparable healing rates to fractures treated 
by surgical intervention.27! 


OPERATIVE TREATMENT OF CENTRAL METATARSAL FRACTURES 


Open Reduction and Internal Fixation of Central Metatarsal Fractures 
Indications/Contraindications 


Indications for operative treatment are displaced metatarsal fractures with 10 degrees of angulation or displacement in the sagittal plane or 3 to 4 mm of 
translation in any plane, or any comminuted fractures. An unstable base fracture of the second metatarsal requires limited open reduction and intramedullary 
pinning to maintain proper position if it has a tendency to shift laterally due to the absence of stabilizing ligaments between the first and second metatarsals. 
Also, a base fracture of the second metatarsal should raise suspicion for a TMT fracture dislocation and instability of the medial column with a subsequent 
indication for operative intervention. Furthermore, multiple metatarsal fractures are preferably treated by operative fixation for overall stability of the 
forefoot. Contraindications on the other hand, may include patient factors, vascular compromise, local infection, or medical instability. 


Preoperative Planning 


ORIF of Central Metatarsal Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operating table 

Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 
Fluoroscopy location LJ Contralateral side 

Equipment LJ Small- and mini-fragment implants/K-wires, external fixator set 
Tourniquet LJ Applied above knee 

Other LJ Optional triangular cushion under knee 


Positioning and Surgical Approach 


The patient is positioned supine on a radiolucent table. A mini-fluoroscopy unit can be positioned at the end of the operating table, or standard fluoroscopy 
located opposite the surgical extremity. A dorsal longitudinal incision is centered over the involved bone, and the fracture site is exposed subperiosteally.24° 
The length of the approach is related to the planned fixation technique. Closed reduction with or without the use of percutaneous joy sticks can be attempted 
followed by K-wire fixation. A mini-open approach just over the fracture site may be necessary for open fracture reduction and K-wire fixation, while a 
more extensive approach and soft tissue release is necessary for open fracture reduction combined with any plate fixation. 


Technique 


/ | ORIF of Central Metatarsal Fractures: 
KEY SURGICAL STEPS 
Dorsal longitudinal incision centered over the involved bone 
Subperiosteal exposure of fracture site 
Cleaning of fracture ends with a curette 
K-wire placement distally down the shaft through plantar cortex of the phalanx, then fracture reduction and retrograde pinning of the proximal MT 
portion, or 
Reduction and temporary fracture fixation with bone-holding forceps 
Internal fixation with mini-fragment implants 
Layered closure 


Percutaneous pinning with K-wires is one option of operative treatment. It may be applied in a retrograde fashion after fracture reduction (Fig. 68-38). The 
K-wire is engaged at the plantar aspect of the base of the proximal phalanx and then driven through the metatarsophalangeal joint into the distal part of the 
metatarsal bone. With the fracture held reduced, the metatarsal is threaded onto the K-wire. In metatarsal base fractures, the K-wire may be driven into the 
adjacent cuneiform or cuboid. 

An easier option for K-wire fixation may be the antegrade/retrograde application preferably in metatarsal shaft fractures. For percutaneous fixation, a 
stab incision is applied just proximal to the fracture site and a K-wire is driven through the fracture site distally down the shaft. The metatarsophalangeal 
joint is then aligned, and the pin is passed through the metatarsophalangeal joint, the base of the proximal phalanx and plantar skin. The power drill is 
connected to the distal end of the pin, the K-wire further backed out until the fracture reduction is no more obstructed by the pin at the fracture site. Finally, 
the fracture site is reduced and the K-wire advanced across it in a retrograde fashion (Fig. 68-39). 


Figure 68-38. Oblique (A) and lateral (B) radiographs of a 50-year-old man who was involved in a motorcycle accident. Note displacement and angulation in the 
sagittal plane. AP (C) and lateral (D) intraoperative fluoroscopic views following closed reduction and retrograde 1.6-mm pin placement for the second and fourth 
metatarsals. AP (E) and lateral (F) standing radiographs of the patient at 6 months. Note alignment and healing in both planes. 


In the rare event of a segmental metatarsal fracture, a combination of open and closed K-wire fixation should be performed. The proximal fracture is 
exposed and control of the segmental fragment achieved with an intramedullary K-wire. Then a closed reduction of the distal fracture should be done. The 
metatarsophalangeal joint is aligned, and the pin is passed across the distal fracture and the metatarsophalangeal joint. Finally, the proximal fracture is 
reduced and the wire is advanced across it in a retrograde fashion. With extreme comminution and shortening, transverse K-wires can be inserted from 
intact or length stable metatarsals into the comminuted distal metatarsal shafts after length restoration by traction. 

If there is significant soft tissue injury or open wound, intramedullary K-wire fixation should be performed. Use of K-wire fixation is also effective if 
there is severe comminution of the shaft. In the latter situation, however, one must be careful not to shorten the position of the head in relation to its 
neighbors. For a more precise fracture reduction, an open fracture approach and fixation is performed. After surgical approach, the fracture ends are cleaned 
with a curette. The bone is reduced and temporarily held with a bone-holding forceps. The choice of fixation method depends on the fracture site and 
configuration.*° Preferably, low-profile screws and plates are recommended.‘ Interfragmentary compression is best suited for oblique fractures and is 
achieved with a lag screw especially in diaphyseal fractures with or without a neutralization plate. Transverse fractures can be treated by plates and maybe 
by tension band cerclage, whereas open reduction and plate fixation is best suited for comminuted oblique shaft fractures. Reduction and implant 
positioning should be checked regularly by fluoroscopy. After completing the procedure, a layered closure is performed. 


Figure 68-39. Central metatarsal fracture stabilization. A: Typical fracture pattern. B: The fracture site is surgically exposed and a smooth wire placed distally down 
the shaft. C: The proximal phalanx of the toe is held in a reduced position so the pin engages the plantar cortex of the phalanx. D: The fracture is then reduced and the 
wire fed through the proximal portion of the metatarsal. 


Zarei et al.2%4 treated 34 patients with 58 metatarsal fractures using the antegrade/retrograde technique and 1.5-mm K-wires. The mean time to union 
was 6.5 weeks, they had no nonunions and the mean AOFAS score was very good (95.2). Chammas et al.®° used only 1.4-mm K-wires inserted from the 
dorsal base of the metatarsal and if rotationally unstable added a second 1.2-mm K-wire to get better 3-point fixation. They had excellent results in 36 
patients but warned that outcome scores continued to improve up until 6 months. 

In a study of 45 patients with 75 first through fourth metatarsal fractures treated with 1.5-to 2.7-mm plates, Bryant et al.°? found no incidences of 
nonunion, that neck fractures had a higher incidence of coronal plane angulation than shaft fractures, and that no hardware had to be removed. 


Authors’ Preferred Treatment of Central Metatarsal Fractures ( ) 


Central metatarsal 
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Multiple 


Single Multiple 
fracture fractures 


Isolated injury 


fractures 
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wooden shoe treatment 
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Algorithm 68-6 Authors’ preferred treatment for central metatarsal fractures. 


Beside the treatment pathway shown in Algorithm 68-6, the following recommendations and circumstances may be considered. 

Pin fixation after closed reduction is rarely needed with an isolated injury because of the stability provided by the surrounding soft tissues. If the 
criteria for closed treatment are met, then a postoperative shoe with advanced weight bearing as tolerated is acceptable. However, any appreciable 
deviation in metatarsal head position should be addressed with reduction and possibly pinning to maintain normal forefoot alignment. After successful 
closed reduction or mini-open reduction with pinning the foot is splinted to allow for swelling to decrease. The pins can be removed in 6-8 weeks once 
callus is visible and then advanced weight bearing can start with a postoperative shoe. If a satisfactory closed reduction cannot be obtained, open 
reduction using low-profile screws and plates is recommended.* 

An unstable base fracture of the second metatarsal requires limited open reduction and intramedullary pinning to maintain proper position if it has a 
tendency to shift laterally due to the absence of stabilizing ligaments between the first and second metatarsals. Depending on the stability after reduction 
and the articular injury, primary fusion with screw fixation might be considered. 

Problems in central metatarsal fracture treatment may arise when there are multiple adjacent metatarsal fractures or if there is significant 
comminution. The inherent stability provided by adjacent structures now tends to accentuate any deformity. Closed reduction can be attempted but it is 
usually unstable. Therefore, ORIF of the fracture should be performed for at least one metatarsal with special consideration given to the first metatarsal. 
Applying traction by using transverse pinning of the other metatarsals to the length-stable one reduces the need for several incisions and minimizes the 
amount of soft tissue dissection in the swollen and injured foot. In this case, the choice of fixation is dependent more on the condition of the 


surrounding soft tissue than on the fracture pattern or location. Great care must be taken during the reduction to avoid dorsiflexion or plantar flexion of 
the distal fragment causing a sagittal malalignment of the metatarsal head with its neighbors. 

Multiple metatarsal head or neck fractures are extremely hard to control. Many times apparently simple neck fractures from acute trauma actually 
extend into the head and metatarsophalangeal joint. These fractures are difficult to treat by open means, running the risk of devascularization of the head 
and losing any remaining stability with disruption of the soft tissue attachments. Closed reduction with traction and local anesthesia is the preferred 
method of treatment. The goal is to bring what is usually a plantarflexed head back to a neutral position and impale the head on the neck of the 
metatarsal. Realignment can be supplemented by percutaneous pin fixation. The pin should incorporate both the metatarsal shaft and the base of the 
proximal phalanx to ensure stable fixation. If a pin is used to maintain the reduction, we recommend entering the base of the proximal phalanx or 
metatarsal head from the lateral aspect and aim to bend the pin down the medial wall of the shaft. This elastic bend in the K-wire will exert a medially 
directed force to balance the natural tendency for these fractures to drift laterally (see Fig. 68-39). 


Postoperative Care 


Postoperative care involves placing the patient in a short leg splint or cast for 2 weeks with the foot in a plantigrade position to allow soft tissue healing. The 
patient is permitted to bear weight through the heel during this time. With removal of the sutures a removable boot can be used to maintain normal foot 
position until the patient is comfortable to bear weight, usually by 4 to 6 weeks. The pins are removed at 6 weeks unless they are bridging a bony gap. In 
that case, the pin remains until radiographic evidence of bony consolidation is seen or the patient is weight bearing without pain. During this time, 
radiographic analysis should be performed to identify fracture healing at fixed time intervals to identify the development or presence of complications. 


Potential Pitfalls and Preventive Measures 


Malalignment occurs usually because of incomplete restoration of the plantar anatomy and the metatarsal arch with abnormal weight distribution on the 
metatarsal heads. !4 Increased plantar flexion of the metatarsal head may result in an intractable plantar keratosis due to increased loads.'” In those patients 
who are symptomatic upon healing of the fracture and the soft tissues, a simple osteotomy can usually correct the symptomatic deformity. Other causes of a 
poor outcome are more related to compartment syndrome and the energy of the initial trauma. Fracture comminution, soft tissue injury, and open injuries 
have been noted that lead to late symptoms of pain and stiffness regardless of the type of intervention. Causalgia and reflex sympathetic dystrophy can be 
caused by direct or indirect injuries to the superficial peroneal nerve, which is located superficially dorsally.* Fixation of fractures with intramedullary 
wiring can lead to necrosis of the plantar surface pad.* 

An isolated proximal second, third, or fourth metatarsal fracture requires further investigation to ensure that there is no instability along the Lisfranc 
joint. Weight-bearing and adduction/abduction stress radiographs are recommended to confirm TMT stability. If instability is present, the fracture should be 
treated in the context of the Lisfranc instability. 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS OF CENTRAL 


METATARSAL FRACTURES 


Central Metatarsal Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


e Malalignment in rotation or translation 
e Delayed union 

e Contractures and claw toe deformity following compartment syndrome 
e Deep vein thrombosis 


Complications from treating central metatarsal fractures are generally the same as for fracture healing elsewhere. Nonoperative treatment in a cast may lead 
to deep vein thrombosis and strict deep vein thrombosis prophylaxis needs to be administered. Persistent and prolonged pain is the leading sign of 
compartment syndrome. Compartment syndrome may lead to contractures and claw toe deformity. Mainly the interosseous compartment is involved in 
forefoot injuries and includes the metatarsals and needs to be examined and/or released. Nonunion of a metaphyseal fracture is relatively uncommon due to 
the rich blood supply in that area.?®® Still, some fractures of lesser metatarsals tend to unite slowly. Additional bone grafting can promote bony union, as 
may the use of low-intensity pulsed ultrasound.?”! Excessive length of a central metatarsal can lead to higher incidence of stress fractures. Therefore, correct 
reduction and length should be obtained. 


Fifth Metatarsal Fractures 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO FIFTH METATARSAL FRACTURES 


The fifth metatarsal bone consists of a base, tuberosity, shaft, neck, and head (Fig. 68-40). The tuberosity is also termed the styloid process. The tuberosity 
entails a bony eminence extending laterally and plantarward. The metaphysial portion then tapers into the tubular diaphysis. There are three articulations in 
the proximal fifth metatarsal bone: the cuboid—fifth metatarsal, the cuboid—fourth metatarsal, and the fourth-fifth metatarsal articulation. 


Head > 


Metaphysis > 


Diaphysis i 
(shaft) 


Metaphysis ——> 
Base ~ 


Tuberosity ——> 


Figure 68-40. Illustration of the anatomy of the fifth metatarsal bone. Depending on the location of the base fractures, zones are classified as follows: Zone 1, 
tuberosity (styloid) fracture; Zone 2, intra-articular base fifth fracture; and Zone 3, diaphyseal fracture. 


The base of the fifth metatarsal is a complex anatomic site with the insertion of three muscles. The peroneus brevis tendon attaches on the dorsolateral 
aspect of the tubercle of the fifth metatarsal and the peroneus tertius attaches on the dorsal aspect at the proximal metaphyseal—diaphyseal junction, just 
distal to the peroneus brevis tendon (Fig. 68-41). Functionally, the peroneus tertius acts as a balancing force during forefoot dorsiflexion counteracting the 
natural inversion tendency of the tibialis anterior. The peroneus brevis serves as more of an antagonist to posterior tibialis function to maintain the position 
of the foot under the talus. The third muscle is the abductor digiti quinti. 


Peroneus tertius 


Lateral Plantar fascia Peroneus brevis 5th Metatarsal bone 


Figure 68-41. Illustration showing the close relationship between peroneus brevis and tertius tendons and the entry point of the screws. Also, the pull of these tendons 
may help to explain the displacement of the fracture. 


There is a groove for the abductor digiti quinti muscle, which lies on the plantar surface. The abductor digiti quinti arises from lateral process of the 
tuberosity of the calcaneus and passes under and around the base of the fifth metatarsal to which it is usually attached and continues distally to insert into the 


base of the proximal phalanx of the fifth toe. 

Recently, a new ligament connection called the lateral plantar (Lisfranc) ligament was identified. The lateral plantar (Lisfranc) ligament originates from 
the fifth metatarsal base and lateral cuneiform in 62% of patients and it ends on the plantar aspect of the second metatarsal base and merges with the long 
plantar ligament contributing to both the longitudinal and transverse arch (see Fig. 68-21).!!*73 There is also a strong attachment of the plantar fascia to the 
plantar aspect of the tubercle. 

In the adolescent population, there is an apophysis at the tuberosity that can be confused for a fracture. Also in this area are two sesamoid bones, which 
should not be mistaken for a displaced fracture. The os peroneum is located within the tendon of the peroneus longus and can be found on the lateral border 
of the cuboid. The os vesalianum is found just proximal to the base of the fifth metatarsal medial to the insertion of the peroneus brevis. The smooth 
contours of these ossicles, in contrast to a fracture, should distinguish them from an acute injury. 

The blood supply to the proximal fifth metatarsal in the metaphyseal—diaphyseal junction has been implicated as the leading factor in the development 
of a delayed union or nonunion in fractures of the proximal fifth metatarsal. The fifth metatarsal base is supplied by the terminal branches of the anterior and 
posterior tibial arteries, specifically through dorsal metatarsal arteries arising from the lateral plantar artery and the plantar metatarsal arteries that are 
derived from the arcuate artery or the dorsalis pedis artery.” The shaft is supplied by a single nutrient artery arising from the fourth plantar artery, which 
enters from the medial cortex at the junction of the proximal and middle third of the diaphysis. Secondary epiphyseal and metaphyseal arteries supply the 
base and tuberosity. The metaphyseal—diaphyseal junction represents a watershed region between those two blood supplies. 

In the rare instance where open reduction of or access to the proximal tuberosity is necessary, great care should be taken during the approach. The sural 
nerve, the insertion of the peroneus brevis, and the insertion of the peroneus tertius, as well as the lateral anchor for the extensor retinaculum, are all within 
the surgical margins (Fig. 68-42). Damage to these structures should be avoided. 

Fractures of the fifth metatarsal account for approximately 68% of all metatarsal fractures, their incidence was previously documented as 46 per 100,000 
person-years, with males accounting for most the younger population and females accounting for most of the older patients.!”*7°° Injuries to the fifth 
metatarsal are usually discussed separately from the other metatarsals because of the different venues where these injuries are seen. These fractures are 
separated roughly into two groups: proximal base fractures and distal spiral diaphyseal fractures. Proximal fifth metatarsal fractures are further divided by 
the location of the fracture and the presence of prodromal symptoms. The relative frequency of these fractures ranges from 46% to 73% in zone 1, 14% to 
39% in zone 2, and 8% to 15% in zone 3 (Fig. 68-43).°8 In 2022, Pettersen et al.?87” evaluated 834 proximal fifth metatarsal fractures and they identified 510 
(61.2%) in zone 1,157 (18.8%) in zone 2, and 167 (20.0%) in zone 3. They also found an incidence of proximal fifth metatarsal fractures of 21 per 100,000 
person-years. 


Figure 68-42. The sural nerve can be in proximity to the incision, so care must be taken throughout the surgery to avoid nerve injury. 


ASSESSMENT OF FIFTH METATARSAL FRACTURES 


MECHANISMS OF INJURY FOR FIFTH METATARSAL FRACTURES 


Although injury to this area does occur with motor vehicle collisions, most injuries are related to twisting of the foot or a fall from a standing height.!°° An 
avulsion fracture, or zone 1 injury at the base of the fifth metatarsal, usually occurs from an indirect load. Sudden inversion of the hindfoot with weight on 
the lateral metatarsal places tension along the insertion of the lateral band of the plantar aponeurosis that inserts into the proximal base of the fifth 
metatarsal, causing disruption of the bony cortex. Depending on the bone quality and the mechanism of injury, these fractures can be comminuted or in 
some instances the pull of the peroneus brevis tendon may further displace these types of fractures. 


Figure 68-43. Three zones of proximal fifth metatarsal fracture. Zone 1: Avulsion fracture. Zone 2: Fracture at the metaphyseal—diaphyseal junction. Zone 3: 
Proximal shaft fracture. 


Zone 2 injuries are true Jones fractures. They represent an acute injury caused by adduction of the forefoot resulting in a fracture at the proximal 
metaphyseal—diaphyseal junction of the bone.!?8 The fracture propagates from the lateral aspect of the proximal metatarsal toward the fourth and fifth 
articular surfaces. It can progress proximally into the metatarsal—cuboid joint and exhibit comminution. It is a fracture mainly due to tensile stress along the 
lateral border of the metatarsal. Karnovsky suggested that athletes with long, narrow, and straight metatarsals with an adducted forefoot may have a higher 
risk of zone 2, fifth metatarsal fracture.!’4 

The third type of fracture seen in the proximal fifth metatarsal is now referred to as a proximal diaphyseal stress fracture. These are relatively rare and 
seen mainly in athletes. It occurs in the proximal 1.5 cm of the shaft of the metatarsal. Repetitive cyclic loads, as seen in high-level athletics, appear to be 
the underlying mechanism for these injuries. The fracture is induced by tensile forces resulting in microfractures at the lateral cortex. Continued loading 
propagates the fracture medially. 

Hindfoot varus, metatarsus adductus and pes cavus may play a role as risk factors for zone 2 and zone 3 proximal fifth metatarsal fractures, as well as 
delayed unions or refracture. 174314 

The shaft fractures are not uncommon, and around 20% to 25% of the metatarsal fractures are diaphyseal fractures. 

Most authors use the term “dancer’s fracture” to describe the diaphyseal spiral fractures and the usual pattern is a spiral, oblique fracture of the shaft 
progressing from distal-lateral to proximal-medial. The mechanism of injury is typically a rotational force being applied to the foot while it is axially loaded 
in a plantarflexed position. The usual method is by rolling over the outer border of the foot. Despite the name, there has been an increased incidence of 
dancer’s fracture observed in the female general population over the age 40 caused by lower-energy trauma so these fractures may be considered as early 
fragility fractures and may warrant metabolic workup.*°° About 6.7% of the fractures of the fifth metatarsal are distal neck fractures. 
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SIGNS AND SYMPTOMS AND IMAGING OF FIFTH METATARSAL FRACTURES 


Fractures of the fifth metatarsal typically present with pain, swelling, and tenderness on the outside of the foot. Patients usually complain about difficulties 
with walking. Bruising may occur following direct trauma. To delineate those injuries which require further radiologic investigation, the Ottawa Foot Rules 
as an extension of the Ottawa Ankle Rules should be followed. They have been found to be 100% sensitive and 79% specific for the identification of fifth 
metatarsal fractures.1°° 

Radiographic evaluation is critical to assess fifth metatarsal fractures for consideration of treatment options. Three views (AP, lateral, and 30-degree 
oblique) are mandatory to judge shortening, deviation, angulation, and displacement.?° If clinical findings are suggestive of a fracture at the base of the 
fifth metatarsal but radiographs of the foot appear normal, an AP radiograph of the ankle that includes the proximal fifth metatarsal is recommended to rule 
out a tuberosity avulsion fracture located at the tip of the tuberosity proximal to its expanded portion.7°° Additional information regarding intra-articular 
fracture lines and fragments can be obtained through CT. CT may also be helpful in evaluating the progress of healing of these fractures or identifying 
changes suggestive of a stress fracture. MRI can provide additional information related to soft tissue injuries and are also highly effective in diagnosing 
stress fractures before they are visible on plain radiographs. Also, point-of-care ultrasonography may be helpful in diagnosis and follow-up of metatarsal 
fractures especially demonstrating early periosteal reactions that can accompany a stress fracture.5®185 


CLASSIFICATION OF FIFTH METATARSAL FRACTURES 


The OTA/AO classification of fifth metatarsal fractures permits a detailed description of the fracture pattern but is not commonly used. Fractures of the fifth 
metatarsal are classified as 87.5 fractures with 87.5.1 as the proximal segment, 87.5.2 as the diaphyseal segment and 87.5.3 as the distal segment fracture. 

The Stewart system classifies proximal fifth metatarsal fractures based upon the relationship of the fracture line to the articular surface, the fracture type, 
and the fracture site. Stewart created a simple two-part classification system of the fifth metatarsal base fractures described as either styloid process fractures 
or fractures at the junction of shaft and base. 

Dameron”? in 1995 noted differences in healing related to the fracture location in relationship to the peroneus brevis tendon and proposed a three-part 
classification system. Lawrence and Botte! also proposed a three-part classification system, which has been the most used classification. This 
classification (see Fig. 68-43) divides the proximal fifth metatarsal into three anatomic zones: zone 1, tuberosity-avulsion; zone 2, metaphyseal—diaphyseal 
junction; and zone 3, proximal diaphyseal stress fractures. Zone 2 fractures are commonly referred to as “Jones fractures.” Although the schematic by 
Dameron is similar to the one proposed by the Lawrence and Botte classification, the zones are not identical. Some authors consider the Lawrence and Botte 
classification to be both prognostic and clinically relevant.2°” However, the most reliable classification system is still debatable. A study done by Michalski 


et al.,2°3 showed that 70% of the AOFAS members treat the zone 2 and 3 fractures in a similar fashion and that the two-zone classification system may be 
beneficial as it has high interrater reliability. 

Fractures of the proximal diaphysis of the fifth metatarsal are given special attention in the literature and have been identified for their potential to 
develop into a delayed union or nonunion. The Torg classification is based on clinical and radiographic findings according to the healing status: type I 
includes acute fractures without a previous history of trauma and with a narrow fracture line; type II includes delayed fractures with a history of previous 
trauma and periosteal changes, widening of the fracture line, and radiolucency of the fracture site; and type III includes nonunited fractures with a history of 
repetitive trauma, periosteal bone formation, and replacement of the medullar canal by sclerotic bone. 


TREATMENT OPTIONS FOR FIFTH METATARSAL FRACTURES 


NONOPERATIVE TREATMENT OF FIFTH METATARSAL FRACTURES 


Indications/Contraindications 


Nonoperative Treatment of Fifth Metatarsal Fractures: 
INDICATIONS AND CONTRAINDICATIONS 


Indications 


Acute nondisplaced or minimally displaced fractures 
Avulsion fractures (zone 1) 

Zone 2 fractures 

Acute zone 3 fractures 


Relative Contraindications 


Displaced fractures 

Persistent nonunions 

Zone 3 fractures with prodromal symptoms 
Athletes and active patients 


Techniques 


Treatment must be planned individually with consideration given to location, fracture pattern, displacement, age, occupation, and functional demands of 
each patient. Metabolic and hormonal conditions such as low vitamin D levels, osteoporosis, diabetes, or thyroid hormone deficiencies should be treated 
simultaneously to increase the chance of healing, especially with zone 3 fractures. 

However, most, proximal fifth metatarsal fractures can safely be treated nonoperatively with a low risk for nonunion, with fewer complications 
compared to a surgical treatment and at lower health care costs.2“° Nevertheless, a more in-depth differentiation in nonoperative treatment of proximal fifth 
metatarsal fractures is advisable. 

Overall, zone 1 injuries especially extra-articular and nondisplaced fractures can be treated quite well by closed means such as with a stiff-soled shoe, 
cast, walker boot, or elastic bandage and protected weight bearing, and have good union rates regardless of treatment method.!°° Nonoperatively treated 
nondisplaced avulsion fractures of the tuberosity of the fifth metatarsal tend to heal uneventfully within 3 to 12 weeks in nearly all patients with few residual 
symptoms up to 1 year.®:!09.1!5 In the nonathletic population, even displaced avulsion fractures or intra-articular fractures involving the articular facet to the 
cuboid joint tend to heal with excellent results. Better functional outcomes have been achieved with use of elastic bandage or walking boot or ankle brace 
and weight bearing as tolerated than with immobilization in a short leg cast.” Recent systematic reviews and meta-analysis demonstrates that the treatment 
of zone 1 fifth metatarsal bone with a cam boot or bandage has better foot function scale scores with a lower nonunion rate than those with short leg cast 
treatment. 1:293 

Nondisplaced tuberosity avulsion fractures of the proximal fifth metatarsal should be treated conservatively, however, prospective randomized studies in 
athletes and young adults showed significantly better results with percutaneous screw fixation when there is displacement of more than 2 or 3 mm.?™! A 
distal ulna hook plate was used with good results in 21 patients for displaced tuberosity avulsion fractures.2°° When treating nondisplaced zone 1 injuries in 
athletes, the use of a hard-soled shoe was found to be more effective than a short leg cast in a prospective randomized trial.”” 

The treatment of acute injuries of the proximal diaphysis, in zone 2, is controversial, although a meta-analysis seems to show a trend toward operative 
intervention.??? In a systematic review including both athletic and nonathletic populations there was an overall higher union rate and faster time to union in 
the surgically treated group." 

Part of the problem appears to be the mixing of acute and chronic injuries in earlier series. These act as two different fracture populations wherein those 
with prodromal symptoms are more likely to have difficulty healing and should be considered as zone 3 injuries or repetitive stress-related injuries. Even 
though outcomes with conservative management seems less favorable, due to the lack of high-quality evidence, conservative management may be 
preferable in the nonathletic population. Truly acute proximal metaphyseal—diaphyseal fractures are placed in a short leg NWB cast for 6 weeks. At 6 to 8 
weeks, acute fractures (no prodromal symptoms) are changed to a removable short leg walker and weight bearing is allowed to progress as tolerated. 
Physical therapy may begin at this point and when full asymptomatic weight bearing occurs a return to sporting activities can be considered. This takes up 
to 10 weeks in most cases. Those fractures that present with a history of localized pain with activity (stress fractures) are left in a non—weight-bearing cast 
for an additional 8 weeks. At that time, reexamination of the fracture is done to look for clinical and radiographic signs of healing. Radiographically, 
dissolution of the sclerotic margins of the fracture and reconstitution of the medullary canal are signs of active healing. Lack of pain with direct palpation of 
the fracture site and with motion of the distal metatarsal can be seen clinically as healing occurs. Surgical treatment may become the preferred treatment of 
choice depending on the patient age, body mass index, and occupation. However, because of the watershed area of this region, nonunion rates of zone 2 
fractures have been reported up to 21% after nonoperative treatment.”4 

In a more recent study, incomplete stress (Jones) fractures were successfully treated with low-intensity pulsed ultrasound with promising results?”! and 
without taking a break from sport practice; however this still to be confirmed by more studies.2°°.3% 


Zone 3 injuries are those that occur distal to the proximal tuberosity and present with prodromal symptoms before complete fracture occurs. Acute zone 
3 fractures are rarely reported in the literature however most surgeons treat acute zone 3 fractures as zone 2 fractures. 

These fractures usually present late as stress fractures. So successful treatment of this fracture pattern may require a more aggressive approach than that 
used for other fracture patterns in the fifth metatarsal. It is this fracture that poses problems because of its tendency toward nonunion. Initial treatment for 
acute fractures ranges from casted NWB for up to 3 months to surgical intervention with grafting and internal fixation. 

To avoid complications such as implant failure, and nonunion a screw should achieve reduction and compression at the fracture site. The diameter of the 
screw should be no less than 4.0 mm (4.0-6.5 mm) to obtain adequate purchase and the largest, solid screw possible should be used. Preferably solid screws 
should be used although there is no actual proof that these are superior to cannulated screws. After retrospectively studying CT scans of the foot in 119 
patients, Ochenjele et al. proposed that screws with a diameter greater than 4.5 mm might be needed to provide adequate fixation for most patients since the 
isthmus of the medullary canal in their study was greater than 4.5 mm in the majority of both male (81%) and female (74%) patients.?”? Appropriate screw 
length is also important to avoid iatrogenic fracture displacement during intramedullary screw fixation. Ochenjele also showed screw length should be kept 
less than 68% of the length of the fifth metatarsal to avoid cortical disruption. Similarly, Kelly et al.'”° suggested that the shortest possible screw length that 
permitted threads distal to the fracture site should be preferred for better compression and to avoid cortical penetration. Van Dijk et al.°”* found that to 
balance the desired maximum pull-out and bending strength while avoiding iatrogenic diaphyseal cortical penetration or inadvertent fracture site distraction, 
screw length should cover 64% of the total bone length and have a minimal diameter of 4.5 mm, and they should be no longer than 70% of the total bone 
length. The largest solid screw possible should always be used to achieve reduction and compression at the fracture site. Fracture distraction is a commonly 
encountered technical issue that can be caused by a too long screw, lack of tapping, soft tissue interposition, fracture site irregularity and/or torque-induced 
rotational asymmetry at the fracture site.!7° 

Zone 2 and 3 fractures can be problematic in an athlete. In athletes these particular fractures should be treated operatively to shorten the time until return 
to sports and avoid delayed or nonunion. Intramedullary screw fixation is considered the gold standard; however, modified tension band wiring, hook plate 
fixation, plantar plate fixation, metatarsal biplanar osteotomy and external fixation with a mini Ilizarov fixator have been utilized to manage these 
fractures.!3! In a systematic review of surgically managed proximal fifth metatarsal fractures in elite athletes, radiographic union was 96.7% and the time to 
union was 9.1 weeks (range 5.1-30.3 weeks) with a 22.5% complication rate.!*! Return to sports after the surgical management of athletes with Jones 
fractures was found to be 98.4% at an average of 9.7 weeks which was significantly less than the 13.1 weeks needed with nonoperative management in a 
recent meta-analysis.*? In an effort to expedite fracture healing and decrease the time to return to play, orthobiologic agents were used increasingly as an 
adjuvant to the surgical management of primary fracture fixation of the fifth metatarsal in athletes. 13t 

A meta-analysis showed improved fracture union rates with orthobiologic augmentation (autologous bone graft, bone marrow aspirate concentrate, 
demineralized bone matrix), however, they had no effect on the rate of or time to return to play.?? 

The optimum time to start FWB is also an important factor in healing and union. Early FWB and return to play may also preclude bone healing. In an 
athletic population allowing players to return to play earlier than 8 weeks postfixation was found to be a significant risk factor for delay in complete union 
in a series of professional football players following intramedullary screw fixation of fifth metatarsal stress fractures.?°” 


Figure 68-44. Harvesting calcaneal autograft can be safely used for most foot and ankle problems which require mild to moderate grafting. 


The management of Torg type II (delayed union) and III (nonunion) fractures may be complicated and require a mini opening of the fracture site and 
grafting via this approach. Bone marrow aspirate concentrate, bone graft, or a combination of these can be used to enhance healing. The calcaneus can be 
used as an autogenous bone graft source (Fig. 68-44). If nonunion persists after the first operative fixation, one should consider reassessing and perhaps 
correcting any misalignment of the foot. 

Plantar plating has been increasingly used as an alternative for the operative treatment of fifth metatarsal stress fractures, especially in revision cases. 
Using a plate on the plantar, tension side, may offer some advantages biomechanically and biologically and it may be effective in controlling torsional 


30 


instability and prevent plantar-lateral gapping by applying compression to the tension side of the fifth metatarsal bone.740393 


Time to union and time to return to play was found comparable after plantar plating with other operative fixation methods in both the primary and 
revision setting.2-240.393 

Diaphyseal spiral fractures of the distal shaft of the fifth metatarsal usually heal well with nonoperative treatment including immobilization and 
functional weight bearing. Thirty-three patients with an average age of 42 were followed with a protocol including weight bearing as tolerated with the use 
of a cam walker boot or hard sole shoe. Functional outcomes presented were excellent with only three (9.1%) delayed unions, which went on to heal 
uneventfully by 6 months. The average time for all patients to pain free walking, return to normal footwear, and evidence of bony union was 7.6, 7.1, and 
8.3 weeks, respectively.2*8 


OPERATIVE TREATMENT OF FIFTH METATARSAL FRACTURES 


Indications/Contraindications 


Surgical treatment has been considered to expedite the healing process in highly active individuals with an acute Jones fracture. It is also advocated when 
there is greater than 2 mm of displacement, and in fractures involving the fifth TMT joint to restore the joint surface alignment with open reduction. 
Operative treatment of fifth metatarsal diaphyseal fractures may be indicated even in minimal displacement to maintain even weight bearing across the 
metatarsal parabola.>°* 
Operative contraindications may include patient factors, vascular compromise, local infection, or medical instability. 


Open Reduction and Internal Fixation of Fifth Metatarsal Fractures 


Preoperative Planning 


ORIF of Fifth Metatarsal Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operating table 

Position/positioning aids LJ Supine or sloppy lateral position, bolster support under contralateral hip 
Fluoroscopy location LJ Contralateral side 

Equipment LJ Small- and mini-fragment implants/K-wires 

Tourniquet LJ Applied above knee 


Positioning and Surgical Approach 


The patient is positioned supine on a radiolucent table with a bump under the hip of the surgical side to help internal rotation of the foot. A mini-fluoroscopy 
unit can be positioned at the end of the operating table, or standard fluoroscopy located opposite the surgical extremity. The surgical approach is along the 
lateral border of the fifth metatarsal just above the adductor mini muscle. 


Technique 


ORIF of Fifth Metatarsal Fractures: 
KEY SURGICAL STEPS 


Incision proximal to the fifth metatarsal base between the peroneus brevis and longus tendons 

Positioning of a guidewire down the shaft by utilizing fluoroscopy 

For delayed unions or nonunions, the fracture site should be completely opened with osteotomes or a rongeur 
Filling the void or cortical defect created by the debridement with autograft in delayed unions or nonunions 
Internal fixation by cannulated or solid compression screw 4.5 mm or larger too tightly fit the metatarsal canal 
Alternative option for base fractures: mini-fragment screw and tension band wiring 

Fixation for distal MT and shaft fractures: mini-fragment plate 


In proximal fifth metatarsal fractures, the proximal tip of the tuberosity is identified, as well as the fracture or nonunion site. 

For intramedullary screw fixation, the incision should be made proximal to the fifth metatarsal base between the peroneus brevis and longus tendons. To 
find the right placement for the incision, first the foot is placed under fluoroscopy for an anteroposterior view and the alignment of the fifth metatarsal is 
drawn with a marking pen over the top of the foot. Then the foot is positioned lateral and the alignment of the fifth metatarsal is drawn on the lateral side of 
the foot. The incision should be 2 to 3 cm proximal to the base and in line midway between these two lines. A 1- to 2-cm incision is made with careful 
dissection to avoid damage to the sural nerve. 

A guidewire should be started in a high and inside position at the base of the fifth metatarsal at the lateral margin of the cartilage.2®! Intraoperative 
fluoroscopy is helpful for positioning the guidewire down the shaft. A cannulated or solid 4.5-mm or larger screw should be used to tightly fit the metatarsal 
canal. The optimal screw size in zone II fractures can be estimated preoperatively using AP (screw diameter) and lateral (screw length) radiographs. 13 

For delayed unions or nonunions at the base of the fifth MT, the fracture site should be completely opened with osteotomes or a rongeur. The medullary 
canal should be cleared of any sclerotic debris. The void created by the debridement needs to be completely filled with autograft. Axial compression can be 
obtained with a cannulated or solid compression screw equal to or greater than 4.5 mm in diameter that will tightly fit the metatarsal canal. Using 


fluoroscopic imaging, the screw is introduced through the proximal tuberosity and across the fracture. According to cadaver studies, the insertion point for 
intramedullary fixation is 1 cm dorsal to the palpable inferior margin of the proximal tuberosity and just medial to the peroneus brevis insertion. The drill, or 
guide pin, should proceed in a plantar direction at an angle 7 degrees off the plantar surface of the foot with the ankle in neutral. 16? 

In metatarsal shaft fractures, the fracture site is cleaned of debris and then reduced. Reduction forceps are applied with caution, since the cortical bone 
may break very easily. Also, length and rotation, as well as fracture angulation are accurately corrected under fluoroscopy, especially in fractures with a 
rotational butterfly fragment or comminution. For stabilization, one-third or one-fourth tubular or smaller mini-fragment plates are applied and a layered 
closure is performed. 


Authors’ Preferred Treatment of Fifth Metatarsal Fractures ( 


Fifth metatarsal fracture 


Base 


Diaphyseal 
stress 
fracture 


Jones’ 


Tuberosity 
avulsion 
fracture 


fracture 


Short-leg 
non-weight- 
bearing 

Athletic Normal cast 
patient patient 


Involving Involving 
<30% of >30% of 
the articular the articular 
surface surface 


Intramedullary 
screw 
fixation 


Short-leg 
non-weight- 


bearing 
cast 


Rigid-soled Open 
shoe reduction 


and screw 
fixation 


Algorithm 68-7 Authors’ preferred treatment for fifth metatarsal fractures. 


Treatment should be individualized according to patient’s age, occupation, and expectations. 

For avulsion fractures that are displaced more than 5 mm, operative fixation either with percutaneous screw fixation or open reduction and tension 
band and wiring is preferred. For avulsion fractures screw fixation was found to be superior to tension band wiring. !°7 

However, with very small fragments not suitable for a screw, axial compression is effectively achieved by the tension band principle in avulsion 
fractures of the fifth metatarsal (Fig. 68-45). In athletes, any displacement should be considered for operative treatment. In the case of significant 
fracture displacement at the time of presentation or failure of nonoperative management, operative reduction and fixation is advocated for zone 2 and 3 
fractures. In athletes all zone 2 and 3 fractures are treated operatively. Intramedullary screw fixation using a malleolar bone screw (or fracture specific 
screw) is widely used for proximal fractures of the fifth metatarsal. For revision cases and refractures generally the best results are obtained with open 
debridement of the nonunion site and cancellous bone grafting. Rigid intramedullary compression of the fracture is mandatory to stabilize the injury. 
Open reduction and plate fixation is best suited for revision of zone 2 and 3 fractures, as well as comminuted or displaced oblique shaft fractures (Fig. 
68-46). Hindfoot alignment is corrected, when necessary, with a medializing calcaneal osteotomy. If a cavus foot is a contributing factor for refracture 
and revision, one should consider making a first metatarsal proximal dorsal closing wedge osteotomy. 


Postoperative Care 


Surgical stabilization does not permit early return to activity with these fractures. Postoperatively patients are placed in a splint and to allow early ankle 
ROM, that is converted into a cam walker boot in a week. After 3 weeks, some exercises like swimming and bicycling are allowed with PWB. The aim is to 
hopefully discontinue the crutches by 6 to 8 weeks and at this point physical therapy can be initiated. At 6 weeks healing is evaluated clinically and 
radiographically. If the fracture is healed gradual return to activity is allowed. 


Potential Pitfalls and Preventive Measures 


The sural nerve is only 5 mm or so dorsal to the screw insertion site and should be shielded from injury. The screw should engage the cortical bone of the 
distal fragment without distorting metatarsal alignment. 


A J B 
Figure 68-45. Tension band wiring after displacement of a fifth metatarsal base fracture. A: Two weeks after injury, progressive fracture displacement can be seen on 
the oblique radiograph. B: After screw fixation and tension band wiring the fracture is reduced. 


Complications from this injury if treated properly are rare. For zone 1 fractures, nonunion can occur but it is usually asymptomatic and requires no 
intervention. There are reported incidences of pain from sural nerve entrapment or TMT joint pain with nonunion. In these instances, the fracture fragments 
should be excised. If the symptomatic nonunion is large enough to involve the insertion of the peroneus brevis, it is large enough for fixation which includes 
cancellous bone grafting and a 3.5- or 4.0-mm lag screw or a hook plate can be used. 

We believe the reported incidence of nonunion among zone 2 and 3 injuries is more the result of the method of treatment. These fractures need a period 
of immobilized NWB to minimize complications. Surgical failures result from resuming activities too soon, incorrect surgical technique, wrong choice of 
implant, inadequate grafting, and/or incomplete debridement of the sclerotic medullary canal. Deformity of the fifth metatarsal can result from selection of 
an improper screw angle leading to unicortical gaping resulting in prolonged healing, pain, and bunionette deformity due to abnormal shoe contact.!+!” 


Figure 68-46. A 25-year-old male football player underwent surgery in another clinic for fifth metatarsal stress fracture 4 months previously. Screw placement was 
wrong and the guide wire was broken. The fracture site was more sclerotic, may be classified as Torg 2. Revision was undertaken. A: AP foot x-ray demonstrating 
nonunion. Incision is placed 2 to 3 cm proximal on midway between the lines drawn on AP and lateral foot positioned under fluoroscopy according to the alignment of 
the fifth metatarsal. B: Incorrectly positioned screw and K-wire were removed under fluoroscopy. C: One-year follow-up. 


Surgical treatment using screw fixation of Jones fractures leads to a 95% union rate compared to 66% in nonoperative treatment, with earlier 
radiographic healing, and earlier return to sport.2*° For avulsion fractures screw fixation was found to be better than tension band wiring. 17 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS OF FIFTH 
METATARSAL FRACTURES 


Fifth Metatarsal Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Soft tissue irritation (prominent screw head) 
Screw penetration of distal cortices 
Delayed union 

Rotational or angulational shaft deformity 
Chronic (low-level) pain 


Complications associated with surgical treatment of Jones fractures commonly include soft tissue irritation from the prominent screw head, bending of the 
screw, penetration of the distal cortices, refracture, delayed union, and nonunion.”°° Soft tissue irritation can be prevented by proper screw placement and 
hardware removal following healing. Nonunion and refracture are usually prevented by initiating weight bearing only after radiographic healing has 


occurred. 
Chronic low-level pain may be reported in up to 30% of patients with fifth metatarsal fractures at 1 year.*° Nevertheless, less than 10% experience any 
limitation of their activities. 


Sesamoid Fractures 


INTRODUCTION TO SESAMOID FRACTURES 


The sesamoid complex performs a crucial role in the function of the first metatarsophalangeal joint by enhancing the pulley action of the medial or lateral 
head of the flexor hallucis brevis tendon and subsequently the function of the FHL and transmits up to 50% of the body weight under normal circumstances, 
which increases to approximately 300% during push off.!°!*?? The sesamoid’s main function is to diminish friction at the first metatarsophalangeal joint 
and raise the metatarsal head to modify pressure during gait. Therefore, sesamoids are subjected to both impact loading and shear stresses, and injuries 
involving the sesamoids may occur in a number of sports. Hallucal sesamoids also protect the FHL tendon. The medial or tibial sesamoid typically bears 
more weight than the lateral or fibular sesamoid and is more likely to be injured.** The hallucal sesamoid complex is involved in 9% of foot and ankle 
injuries and in 1.2% of running injuries. Injuries to the sesamoid bones are more common in football players and long-distance runners, resulting from acute 
hyperextension of the hallux or repetitive trauma.*°” An epidemiologic study surveyed foot injuries sustained over a 10-year period among 3,607 athletes in 
the National Collegiate Athletic Association (NCAA).°’ They found that 8.7% of all fractures were characterized as severe and the rate of sesamoid 
fractures were 0.69% of all fractures and 2.16% of severe fractures. Despite its rarity, sesamoid fractures were found as one of the top three reasons for the 
“median season loss” of an athlete.®” Sesamoid stress fractures account for 1% to 3% of all stress fractures.?!7 


ASSESSMENT OF SESAMOID FRACTURES 


MECHANISMS OF INJURY OF SESAMOID FRACTURES 


Fractures of the sesamoid can be either acute or stress (repetitive trauma) related. Acute fractures of the sesamoids occur because of excessive cyclic weight- 
bearing loads, significant trauma resulting in a hyperdorsiflexion injury to the metatarsophalangeal joint of the great toe, or direct trauma. Sesamoid 
fractures are mainly due to repetitive activity. Sesamoid fractures may be associated with additional fractures of the first ray and traumatic dislocations of 
the first metatarsophalangeal joint (e.g., turf toe). 

Injuries to the sesamoid complex lead to impairment of hallux plantar flexion and should not be underestimated. 


SIGNS AND SYMPTOMS AND IMAGING OF SESAMOID FRACTURES 


These fractures are often characterized by pain and tenderness over the symptomatic sesamoid that is worsened by passive dorsiflexion of the great toe, 
ambulation, and running.°?:8 Patients sometimes tolerate these fractures by ambulating on the lateral aspect of the foot. 

Imaging for the sesamoidal complex should begin with the standard three views of the foot along with a sesamoidal axial view or skyline view.!4%78 
The sesamoids are evaluated for their position, areas of irregularity, bipartite/multipartite presentation, and fracture lines. Images of the contralateral foot for 
comparison may be useful. When no obvious fracture lines are visible, but the suspicion of a fracture persists, CT, MRI, or a three-phase 9°™Tc-bone scan 
can help to differentiate acute fractures from sesamoiditis or bipartite/multipartite sesamoids.°? Although, the bone scan can show sesamoid pathology 
earlier than radiographs and has a high sensitivity it has low specificity. CT scans should include coronal and sagittal 1- to 2-mm slices. MRI is optimal and 
can be used for evaluation of cartilaginous and soft tissue injury, and to evaluate bone marrow edema. 


CLASSIFICATION OF SESAMOID FRACTURES 


Sesamoid fractures are most commonly classified as acute or stress fractures. Sesamoid fracture types are classified as simple or stellate fractures. Stellate 
fractures usually are comminuted and bear a higher potential for osteonecrosis based on the arterial blood supply. Each sesamoid is generally supplied by a 
single sesamoid artery with most of the blood supply coming from a proximal and plantar direction. This lack of substantial secondary blood supply may 
help to explain much of the sesamoid pathology, including osteonecrosis and nonunion.!°! 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO SESAMOID FRACTURES 


In the first ray of the foot, there are two constant sesamoids. They lie beneath the first metatarsal head and are anchored within the plantar plate by 
extensions called sesamoidal—phalangeal and intersesamoidal ligaments. They are located centrally and plantar to the first metatarsal head and are referred 
to as medial (tibial) and lateral (fibular) sesamoids. A third (inconstant) sesamoid develops inferior to the hallux interphalangeal joint. The medial sesamoid 
is larger, ovoid, and elongated. It is encased within the medial head of the flexor hallucis brevis tendon. The lateral sesamoid is smaller, more circular, and 
surrounded by the lateral head of the flexor hallucis brevis tendon. The larger size of the medial (tibial) sesamoid predisposes it to more pathology. Portions 
of the adductor and abductor hallucis tendons also insert on the sesamoids (Fig. 68-47). The two sesamoids are connected by a thick intersesamoid ligament, 
which makes up the central component of the plantar plate of the first metatarsophalangeal joint. These ligamentous and capsular structures are the main 
stabilizers of the first metatarsophalangeal joint and this hallucal-sesamoid complex. 

The blood supply to each sesamoid is provided by its own individual artery and stems from the medial plantar artery and the plantar arch. Both 
sesamoids are less well vascularized distally, which may result in osteonecrosis or nonunion after fracture. Because of the predominantly plantar vascular 
supply, dorsal or medial incisional approaches are safer. 

In up to 30% of individuals, the tibial sesamoid reveals a bipartite configuration whereas the fibular sesamoid is rarely bipartite. In 80% to 90% of 
individuals the tibial sesamoid is bilaterally bipartite. 


Bipartite sesamoids generally have smooth-contoured edges as opposed to the irregular trabecular patterns seen in fractures. Consideration must be 
given to differentiating sesamoid fracture from bipartite or rarely multipartite sesamoids, nonunions and malunions.“* 


TREATMENT OPTIONS FOR SESAMOID FRACTURES 


NONOPERATIVE TREATMENT OF SESAMOID FRACTURES 


Nonoperative treatment is usually the initial management for hallux sesamoid fractures. It begins with a period of activity modification, with immobilization 
in a cast, or an orthotic device. Most patients who have a sesamoid fracture can remain ambulatory with just a few simple changes to weight bearing and 
footwear. Reducing the load to the sesamoid during healing can be achieved by utilization of a forefoot off-loading shoe, a short leg cast, or a cam walker 
with a rocker sole. This period of off-loading may last 6 to 12 weeks.’ 

Insufficient treatment of a sesamoid fracture can lead to prolonged pain and nonunion. Symptomatic nonunion seems to be a problem in up to 30% after 
nonoperative treatment.?°!"! In our clinical practice, nonunion might result in persistent patient disability and can prevent return to previous level of activity 
or return to work after work-related injury of the sesamoid. Some authors presume that sesamoid fractures do not heal by true osseous union, but instead 
heal by forming a fibrous bridge or nonunion. +! 


OPERATIVE TREATMENT OF SESAMOID FRACTURES 


Indications 


Operative treatment is recommended for displaced sesamoid fractures and nondisplaced sesamoid fractures that do not respond to at least 3 months of 
nonsurgical care. Percutaneous fixation is suggested particularly in high-performance athletes.*! Other surgical options include total or partial excision of 
the sesamoid or open or arthroscopic bone grafting of nonunion.!00171,264,357 


Sesamoid suspensory ligament Metatarsal 


Proximal phalanx 


FHL tendon 


N 
Lateral collateral ligament * Conjoint insertion 


Figure 68-47. Illustration of anatomy of soft tissues around sesamoid bones. Conjoint insertion indicates insertion of oblique and transverse portions of adductor 
muscle and lateral head of flexor hallucis brevis muscle. 


Preoperative Planning 


Operative Treatment of Sesamoid Fractures: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operating table 
Position/positioning aids LJ Supine position 

Fluoroscopy location LJ Contralateral side 

Equipment LJ Mini-fragment implants 
Tourniquet LJ Optional, applied above the knee 


Percutaneous Screw Fixation of Sesamoid Fractures 


Percutaneous screw fixation can be carried out as a day case under general or regional anesthesia.*!275 


Positioning 


The patient is placed supine on a radiolucent OR table to allow access for fluoroscopy. The great toe is kept in maximal dorsiflexion to stabilize the 
sesamoids and bring them to a more superficial position. Axial and lateral views are obtained using fluoroscopy. 


Technique 


KEY SURGICAL STEPS 


/ | Percutaneous Screw Fixation of Sesamoid Fractures: 


Maximal dorsiflexion of first toe 
Under fluoroscopy and after stab incision, distal to proximal K-wire placement 
Cannulated drilling and placement of Herbert screw 


A stab incision is made over the distal part of the sesamoid and, a 1-mm K-wire is inserted under fluoroscopy control aiming for the axial and lateral mid- 
diameter. A second K-wire of the same length is then used to facilitate measurement for the correct screw length. A 2-mm cannulated drill is inserted over 
the guidewire and used to drill both cortices. A self-tapping headless (e.g., Herbert or Barouk) screw is inserted from distal to proximal in order to engage 
both cortices for maximum compression. Any prominence of the distal thread should be avoided. 


Sesamoidectomy 


Sesamoidectomy for hallucal sesamoid fractures is indicated in patients who have failed to respond to conservative measures 3 months or more after 
injury.4* Sesamoidectomy is performed as either a partial or total resection. !00.!71,264,347 

Total sesamoidectomy have been the most common reported technique.*!7 

Historical data about sesamoidectomy revealed significant complications such as weakness in plantarflexion, significant changes in hallux valgus, and 
intermetatarsal angles (IMAs) and these issues made surgeons more hesitant about this procedure. However, previous data showed total or partial 
sesamoidectomy applied with meticulous soft tissue repair, can be utilized effectively for pain relief with high rates of return to sport.2*” Shimozono Kane 
demonstrated that the changes in hallux valgus angle (HVA) and IMA detected 5 years after medial and lateral sesamoidectomy were statistically 
significant, however, they found the values to be too small to be considered as clinically significant.!7! 

A medial approach is used for medial sesamoidectomy. Lateral sesamoidectomy can be performed via a dorsal or direct plantar approach.!0° 

If either a partial or total medial sesamoidectomy is to be performed, the abductor hallucis tendon is transferred into the defect in order to enhance the 
stability and strength of the plantar complex significantly. 100357 


Positioning and Surgical Approach 


The patient is positioned supine on a radiolucent OR table. Medial sesamoid resection is performed through a medial approach, and lateral sesamoid 
resection is performed through a dorsal approach. 


Technique 


KEY SURGICAL STEPS 


Medial/Tibial Sesamoid 


Medial approach 


/ | Sesamoidectomy for Hallucal Sesamoid Fractures: 


Protect plantar digital nerve 
Linear capsulotomy inferior to abductor halluces tendon 
Medial sesamoid dissection from flexor halluces brevis 


Watertight closure of capsule 


Lateral Sesamoid 


Dorsal approach in first interspace 

Dissection to sesamoid-first metatarsal articulation 

Transection of deep transverse intermetatarsal ligament 

Protect common digital nerve 

Detachment of adductor hallucis tendon 

Lateral capsulotomy 

Excision of lateral sesamoid with preservation of flexor halluces longus tendon 


Anatomic repair of adductor tendon and capsule 


The medial approach begins with a 3- to 4-cm incision medially extending from the proximal flare of the metatarsal head to the midshaft of the proximal 
phalanx. Care is taken to protect the plantar digital nerve. A linear capsulotomy is performed just inferior to the abductor hallucis tendon, and the medial 
sesamoid is dissected from the flexor hallucis brevis, which should be preserved. Following excision, the distal end of abductor hallucis tendon is located, 
released, and sutured into the defect and watertight closure of the capsule is performed with multiple 2-0 absorbable interrupted sutures. Adductor tenotomy 
can be added via a separate dorsal incision to prevent subsequent valgus deformity. 


Lateral sesamoid resection can be performed through a dorsal or plantar approach. In the dorsal approach a 3-cm incision is created in the first interspace 
and continued to the sesamoid-first metatarsal articulation. The first structure encountered is the deep transverse intermetatarsal ligament, which is 
transected. Care should be taken to protect the common digital nerve. The adductor hallucis tendon is detached from the base of the proximal phalanx and 
the lateral sesamoid and retracted. A lateral capsulotomy is performed and the sesamoid is excised taking great care to avoid damaging the FHL tendon. 
Following excision, the adductor tendon and capsule are anatomically repaired. Meticulous repair of the soft tissues is mandatory to prevent subsequent 
varus deformity. Plantar approaches are generally avoided due to the risk of creating a painful plantar scar and plantar keratosis. The incision is medially 
based along the metatarsophalangeal joint to allow both intra-articular and extra-articular access to the medial/tibial sesamoid. Careful dissection along the 
plantar plate will expose the medial sesamoid for excision or fixation (Fig. 68-48). If a plantar approach is used, care should be taken to preserve the plantar 
nerve and FHL tendon. Finally, the capsule and the flexor hallucis brevis tendon should be repaired. 
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Figure 68-48. Surgical approaches to the medial (A) and lateral sesamoids. 1, Flexor hallucis longus tendon; 2, lateral sesamoid bone; 3, medial sesamoid bone (B); 
EHL, extensor hallucis longus tendon; EDL, extensor digitorum longus tendon of the second toe. 


Minimal invasive fixation of the sesamoids can be performed by stabilizing the sesamoids in maximal dorsiflexion. A stab incision is made over the 
distal part of the affected sesamoid followed by insertion of a guidewire under radiologic control into the axial and lateral mid-diameter of the sesamoid. A 
cannulated screw is inserted over the guidewire from distal to proximal in order to engage both cortices. The distal thread should be buried within the 
sesamoid.*! 


Authors’ Preferred Treatment for Sesamoid Fractures ( ) 


Sesamoid fracture 


Nondisplaced or 
minimally Displaced Painful nonunion 
displaced 


Dislocated small 
fragments not 
treatable with 

screw 


Comminuted 
fracture 


Nonoperative 
treatment 


2 large fragments Sesamoidectomy 


Distal pole 
resection 


Screw fixation 


Sesamoidectomy 


Algorithm 68-8 Authors’ preferred treatment for sesamoid fractures. 


Treatment of sesamoidal fractures should vary according to fracture type and location. Minimally displaced fractures are treated nonoperatively by local 
and systemic pain medication, icing, and initial immobilization in slight plantar flexion to relax the flexor hallucis brevis tendon followed by 
modification of footwear. Sesamoidal fractures with only two large fragments can be fixed using 2.0-mm screws. Dislocated fragments not treatable by 
screw fixation are usually removed by excision of the distal pole. Persistent painful nonunions and comminuted fractures of a single sesamoid are 
commonly treated by sesamoidectomy. The abductor hallucis tendon is used to augment following medial sesamoidectomy when necessary to prevent 
deformity. 


Postoperative Care 


After percutaneous screw fixation, patients are allowed to begin weight bearing as tolerated with crutches at 7 to 10 days followed by FWB without aids as 
tolerated. After sesamoid resection, patients are put in a cast or cam walker boot, and gradually progressed into a stiff insole for 6 weeks. Heel touch weight 
bear is allowed from day 1. Dorsiflexion is restricted for 6 weeks. Running is allowed after 3 months and vigorous activity is allowed 4 to 6 months after the 
surgery. Proper physical therapy is mandatory for good outcomes. 


Outcomes 


The majority of patients with sesamoid stress fractures are able to resume participating in sports, with around 80% of all patients able to return to their 
previous level of athletic activity. The conservative approach has a limited success rate in achieving a return to the pre-injury level of sports, with return 
rates as low as 64%. Among the many surgical methods, sesamoidectomy provides the fastest recovery time for athletes to resume their sports activities, 
while internal fixation gives the highest likelihood of returning to full-level sports. Individuals diagnosed with fibular sesamoid stress fractures have a faster 
recovery time and are able to resume sports activities sooner compared to individuals with tibial sesamoid stress fractures.°!9 

Percutaneous screw fixation for hallucal sesamoid fractures can result in return to activity at the 12-week time-point and significant improvement in the 
AOFAS score.*! Sesamoidectomy leads to excellent pain relief postoperatively with low complication rates.33? Ninety percent of the patients are able to 
return to work on average by 12 weeks.?®333 Eighty percent of competitive athletes were able to return to sports at a mean of 4.62 months.!° A previous 
review reported an overall 94% return to sports, with 90% returning to their previous level of sporting activity after sesamoidectomy.*4” 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 


SESAMOID FRACTURES 


Sesamoid Fractures: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Wound infection 

Great toe stiffness 

Injury to plantar digital nerve 

Hallux valgus deformity (medial sesamoidectomy) 

Hallux varus (lateral sesamoidectomy) 

Metatarsalgia and flexor hallucis tenosynovitis (lateral sesamoidectomy) 
Intrinsic minus/cock-up deformity (bilateral sesamoidectomy) 

Painful scar (lateral sesamoidectomy, direct plantar approach) 


e Painful neuroma (lateral sesamoidectomy, direct plantar approach) 


Percutaneous screw fixation can result in wound infection and stiffness of the great toe. Sesamoidectomy can lead to wound infections and injury to the 
plantar digital nerve. Historically, symptomatic hallux valgus deformity after excision of the medial sesamoid, and metatarsalgia and flexor hallucis 
tenosynovitis after lateral sesamoidectomy through a dorsal incision have been observed. However, preserving as much soft tissue as possible, use of the 
abductor tendon as an interpositional arthroplasty, tight repair of capsule and soft tissues would dramatically reduce the complications. The direct plantar 
approach has more risk of damage to the vascular supply causing a painful scar or neuroma. Intrinsic minus/cock-up deformities have been reported with 
excision of both the fibular and tibial sesamoids; therefore, excision of both is no longer recommended.!”! 


Phalangeal Fractures 


INTRODUCTION TO PHALANGEAL FRACTURES 


Digital fractures are the most common forefoot injuries and often they are underappreciated. Digital fractures occur with an incidence ranging from 14.0 to 
39.6 patients per 10,000 persons per year.°”! The hallux is involved in approximately 14% to 38%, but the proximal phalanx of the fifth toe is the one most 
commonly injured in approximately 30% of the cases.?4=:371 Fracture of the proximal phalanx of any toe is much more common than fracture of the middle 
or terminal phalanx. Fractures of the lesser toes are usually uncomplicated events, causing immediate pain and discomfort to the patient but few long-term 
functional problems.?*3 

The great toe is of substantial importance for maintaining body balance and supporting the body when changing direction during standing, walking, and 
running. Consequently, displaced or unstable fractures of the proximal phalanx of the great toe must be carefully reduced to avoid dysfunction of the hallux 
interphalangeal joint or metatarsophalangeal joint.+°* 


ASSESSMENT OF PHALANGEAL FRACTURES 


MECHANISMS OF INJURY FOR PHALANGEAL FRACTURES 


Two mechanisms are responsible for most phalangeal fractures. A direct blow such as a heavy object dropped onto the foot usually causes a transverse or 
comminuted fracture. Falls and sports can also lead to hyperextension or hyperflexion injuries causing avulsion fractures. Stubbing injury is the most 
common cause, occurring in up to 75% of the cases,*”! and consisting of axial loading with a secondary varus or valgus force resulting in a spiral or oblique 
fracture pattern. This mechanism is most likely to produce clinical deformity and lead to fracture dislocations of the interphalangeal joint. Indirect 
mechanisms that apply twisting forces to the fixed forefoot are less common.**° 


SIGNS AND SYMPTOMS AND IMAGING OF PHALANGEAL FRACTURES 


Patients who have digital fractures may complain of tenderness and pain with ambulation and present with swelling, local pain upon palpation, ecchymosis, 
and subungual hematoma, particularly in combination with distal phalangeal fractures.?°° Also, difficulty with shoe wear and pain with ambulating bare foot 
or with supple shoes are common. Occasionally, the patient will relate a history of acute deformity with spontaneous or manipulated reduction. Further 
examination should identify any vascular or neurologic deficit, soft tissue injuries, and compartment syndrome. 

Radiographic examination is important to differentiate between a sprain, dislocation, and/or fracture and to assess alignment. Standard AP and lateral 
radiographs of the forefoot should be obtained. 


CLASSIFICATION OF PHALANGEAL FRACTURES 


The OTA/AO fracture classification is the only one that allows an accurate description of the fracture pattern involved (Fig. 68-49). The designation of 
phalangeal fractures under this system observes the format (88()-_ _._) in a fashion similar to the metatarsals of the foot. To denote which ray the 
classification refers to, an alphanumeric identifier should be placed in parentheses beside the major designation: first toe (T1/2), second toe (N1/2/3), third 
toe (M1/2/3), fourth toe (R1/2/3), fifth toe (L1/2/3). The second numeric designation denotes whether it is the proximal (1), middle (2), or distal (3) phalanx 
that is involved. 


Phalanx, proximal extra-articular (88-A1) 
1. Noncomminuted (88-A1.1) 2. Comminuted (88-A1.2) 


Phalanx, diaphyseal noncomminuted (88-A2) 


1. Spiral (88-A2.1) 2. Oblique (88-A2.2) 3. Transverse (88-A2.3) 


Phalanx, distal extra-articular (88-A3) 


1. Noncomminuted (88-A3.1) 2. Comminuted (88-A3.2) 


Al 


A2 


A3 


= 


Phalanx, proximal partial articular (88-B1) 


1. Avulsion OR Split (88-B1.1) 
(1) unicondyle medial 

(2) unicondyle lateral 

(3) coronal split volar fragment 
(4) coronal split dorsal fragment 


2. Depression (88-B1.2) 


3. Split/depression (88-B1.3) 
(1) unicondyle medial 

(2) unicondyle lateral 

(3) coronal split volar fragment 
(4) coronal split dorsal fragment 


. M i fi 
aE 


Phalanx, diaphysis wedge (88-B2) 


1. Spiral (88-B2.1) 


l 


Phalanx, distal partial articular (88-B3) 


1. Avulsion OR Split (88-B3.1) 
(1) unicondyle medial 

(2) unicondyle lateral 

(3) coronal split volar fragment 
(4) coronal split dorsal fragment 


2. Bending (88-B2.2) 


3. Fragmented (88-B2.3) 


2. Depression (88-B3.2) 


3. Split/depression (88-B3.3) 
(1) unicondyle medial 

(2) unicondyle lateral 

(3) coronal split volar fragment 
(4) coronal split dorsal fragment 


Phalanx, proximal complete articular (88-C 1) 
1. Noncomminuted articular/ 2. Noncomminuted articular/commin- 3. Comminuted articular and metaph- 
metaphysis (88-C1.1) uted metaphysis (88-C1.2) ysis (88-C1.3) 


[| 


Phalanx, diaphysis comminuted (88-C2) 
1. Segmental (88-C2.1) 2. Complex comminuted (88-C2.2) 


l 4 


Phalanx, distal articular (88-C3) 
1. Noncomminuted articular/meta- 2. Noncomminuted articular commin- 3. Comminuted articular (88-C3.3) 
physis (88-C3.1) uted metaphysis (88-C3.2) 


LIQ) 
ft 


Figure 68-49. OTA/AO classification for phalangeal fractures. (Reprinted with permission from Marsh JL, et al. Fracture and dislocation classification compendium 
—2007: Orthopaedic Trauma Association classification, database and outcomes committee. J Orthop Trauma. 2007;21(10 Suppl):S1—-S133.) 


The alpha subclassification of a phalanx fracture represents fracture complexity while the numeric subgroupings denote fracture position and pattern. 
Group A denotes extra-articular and simple diaphyseal fractures. Group B involves partial articular and diaphyseal wedge fractures. Group C involves 
complex articular or diaphyseal shaft fractures. The first numeric subgrouping denotes area of involvement: proximal metaphyseal (1), diaphyseal (2), and 
distal metaphyseal (3). The second designation is for fracture pattern designation and can vary depending on the group and first numeric designation. There 
are no data to show the effectiveness of this classification with regard to determining care or predicting outcome with these fractures. 


TREATMENT OPTIONS FOR PHALANGEAL FRACTURES 


NONOPERATIVE TREATMENT OF PHALANGEAL FRACTURES 


Fractures of the phalanges are uniformly painful and generally treated symptomatically by immobilization and early return to function.!*? All nondisplaced 
fractures, regardless of their articular involvement, can be treated with a stiff-soled shoe and protected weight bearing for 2 to 3 weeks with advancement as 
tolerated. The use of a buddy taping technique between the broken toe and adjacent toes may improve pain relief and help stabilize, as well as reduce 
potentially unstable fracture patterns.2“° 

Fractures with clinical deformity require reduction. Closed reduction is usually adequate and the result is usually stable. A digital block with a local 
anesthetic may be necessary. Reduction is obtained with gravity traction and axial realignment. Buddy taping following reduction may be necessary to 
maintain the reduction. With the great toe, stabilizing the proximal fragment for reduction is usually no problem. For the lesser toes, placing a pen or pencil 


in the web space adjacent to the apex of the fracture can provide a rigid surface to allow three-point bending pressure to realign the fracture.“*° With extra- 
articular fractures, it is important to restore axial alignment and rotation. Axial shortening does not adversely affect function. With extra-articular fractures, 
the adequacy of the reduction is determined by the clinical appearance of the toe in relation to its neighbors and not its radiographic appearance. The nail 
bed should be rotated into a position similar to that of adjacent toes, and the toe’s axial position should be aligned with the normal cascade of the other toes. 
Once satisfactory clinical alignment is obtained, the toe can be buddy taped to its neighbor for added stability. Lamb’s wool, webril, or other soft 
nonabsorbent material should be placed in the web space to minimize maceration of the soft tissues. Sometimes with the great toe, short-term 
immobilization in a plaster or aluminum splint may be necessary to hold the reduction. 


OPERATIVE TREATMENT OF PHALANGEAL FRACTURES 


Operative reduction is reserved for the rare phalangeal fractures in which gross instability or persistent intra-articular discontinuity is present, or in case of 
open fractures.“*? This problem usually arises when there is an intra-articular fracture of the proximal phalanx of the great toe or multiple fractures of the 
lesser toes. A grossly unstable fracture of the proximal or distal phalanx of the great toe should be reduced and can be fixed with percutaneous K-wires or 
mini-fragment screws ( ). Unstable fractures, particularly intra-articular fractures despite an adequate reduction, should be reduced and 
percutaneously pinned in place to avoid late malalignment (F ). For intra-articular and comminuted fractures of the hallux proximal phalanx, a 
dorsomedial approach with 2.0 plate fixation has been described. Operative contraindications may include patient factors, vascular compromise, local 
infection, or medical instability.7°* Hyperflexion dorsal avulsion fractures can be treated by extension splinting or operative fixation to prevent chronic 
flexion and subluxation at the great toe interphalangeal joint (similar to a mallet finger) that can lead to chronic dorsal and plantar pressure injuries, as well 
as difficult shoe wear. Extra depth and wide toe box shoes may be needed to accommodate those with some residual deformity or chronic edema. 


Figure 68-51. Preoperative AP (A) and oblique (B) views of open grade 2 distal phalanx fracture of the great toe (arrow) in an 82-year-old woman. Postoperative AP 
(C) and oblique (D) views after irrigation and debridement following open reduction and K-wire fixation with temporary pinning across the interphalangeal joint. The 
K-wire was removed at 6 weeks. 


Authors’ Preferred Treatment for Phalangeal Fractures ( 


Phalangeal 
injuries 


Metatarsophal 


Phalangeal 
fractures 


interphalangeal 
dislocations 


angeal joint 
injuries 


Closed 
reduction 
Lesser toes 

Capsular Dislocation of 

avulsion the first 

fracture metatarsophal Buddy taping 

angeal joint 
Closed 
Extra-articular eee 
Stiff-soled oe 


shoe or steel- 
reinforced 
inlay 


and rigid-soled 
shoe 


Buddy taping 
Larger and rigid-soled 
fragment with shoe 
intra-articular 
step-off 


Small loose 
fragment 


Reduction and 
fixation w/ 
K-wires or 

screws 


Excision with 


soft tissue 
repair 


Plantar 
Jahss type | Jahss type Il dislocation 


Attempt of Closed reduction 
closed 
reduction/often 
open 
reduction 
required 


Closed reduction 


Tape dressing 
and stiff-soled 
shoe 


Reduction Reduction 
stable unstable 


Reduction Reduction 
stable unstable Tape dressing 
and stiff-soled 
shoe 


Transarticular 
K-wire fixation 


Tape dressing P 
and stiff-soled Transarticular 


re K-wire fixation 


Algorithm 68-9 Authors’ preferred treatment for phalangeal fractures. 


Potential Pitfalls and Preventive Measures 


If a fracture is identified in the presence of nail bed bleeding or laceration, it should be treated as an open fracture, and the nail bed should be decompressed, 
debrided, and repaired if possible.2°%49 

Complications arise from these injuries in the form of continued abnormal alignment. This can provide problems with shoe fit and wear, as well as soft 
corn lesions between the toes caused by bony prominences. Rotational deformities will cause abnormal joint function and can result in progressive 
deformity. On occasion, two pins may be required to stabilize a grossly unstable fracture. Late deformities, if symptomatic, should be treated with 
osteotomy, reduction, and pinning. 

Sometimes small chip fractures do not heal. If they are prominent and symptomatic, they can be excised. Persistent pain as the result of malunited 
fractures and posttraumatic arthritis can be treated by arthrodesis or resection arthroplasty of the affected joint. Other complications in displaced intra- 
articular great toe fractures described in children and adolescents, may be painful nonunion, asymptomatic fibrous nonunion with avascular necrosis of the 


fragment, refracture, and K-wire migration. 186 


High-Energy Injuries: The Multiple Injured Foot 


INTRODUCTION TO HIGH-ENERGY INJURIES OF THE FOOT 


Acute injuries with high-energy impact on the foot often result from road accidents,!® falls from height, and crush injuries.2°* Furthermore, major injuries 
to the foot are increasingly seen as a result of combat.” These high-energy injuries usually lead to a so-called “multiple injured foot.” Severe combined 
soft tissue injuries and osseoligamentous instability are common and require a staged approach with the goal of functional reconstruction of the foot. Open 
injuries are common and require accurate care. To properly address all soft tissue and musculoskeletal problems a thorough examination during the primary 
assessment is necessary to determine the full extent of the injury. As life-threatening injuries attract most of the physician’s attention during the acute phase 
of trauma management, injuries to the distal extremities are often of secondary priority. Often ligamentous bony or soft tissue injuries are overlooked or 
identified on a delayed basis. Insufficiently addressed injuries of the soft tissue envelope, but also of the static and dynamic components of the 
osseoligamentous complex can lead to impaired functional outcome, gait disturbance, and persistence of pain.'®° As a consequence quality of life can be 
greatly affected.29°3 


ASSESSMENT OF HIGH-ENERGY INJURIES OF THE FOOT 


To decrease the rate of missed injuries the concept of a tertiary trauma survey has been proposed for multiple-injured patients.3”!5®.288,363 In this approach, 
repeated physical evaluations and reevaluation of radiographic imaging are essential to improve diagnostic accuracy and completeness, and thus optimize 
treatment. Indications for surgery are open injuries, soft tissue compromise, neurovascular injury, acute compartment syndrome, and joint dislocations.2° 
Initial treatment, which, if mandatory, can be performed in the emergency department or intensive care unit as an emergency procedure, includes irrigation 
and debridement, decompression of compartments, reduction, temporary fixation (e.g., K-wire), and/or adjunct external fixator application. The adjunct 
external fixator facilitates wound care, decreases stresses on the K-wires, and stabilizes both the bony architecture and soft tissues until definite care can be 
provided. 

Timely soft tissue coverage is required to prevent secondary infection and should usually be combined with definite fracture treatment. Depending on 
the degree of soft tissue compromise and need for secondary reconstruction the “fix and flap” principle as adapted from lower leg reconstruction!*? is 
recommended. Foot salvage with the goal of functional reconstruction of the foot remains a priority in our hands and requires a damage control approach in 
the acute phase and intensive teamwork with plastic surgeons for the secondary reconstruction phase. The indication for acute or delayed minor or even 
major amputation requires individualized decision making based on injury severity, soft tissue loss, and neurovascular compromise. Important factors that 
should affect the decision making regarding salvage over amputation include personalized functional prognosis, individualized functional outcome, 
treatment-dependent risks, and projected costs.*°* However, the treatment algorithm should always comply with the principle of “Life Before Limb,” and 
options need to be reevaluated at the different stages of surgical treatment. Complex reconstruction or salvage procedures that put the patient’s survival at 
risk are beyond tolerable limits and do not comply with our modern understanding of preservation of a functional extremity. The damage control—guided 
treatment decision should therefore always be guided by “quoad vitam.” 

While liberal salvage of the multiple-injured foot with a staged approach that includes revision surgery at 24 to 48 hours has been proposed, the optimal 
timeframe of a second-look procedure has not been defined by the current literature.°®° Early soft tissue coverage within the first week, however, has been 
reported to lead to improved outcomes. !20!32,199 In contrast, Myerson et al.?®* reported the failure of early wound coverage after aggressive debridement. 
Nevertheless, filleting out injured bones while saving intact soft tissues may lead to salvaging a longer and more functional limb. In a meta-analysis of 2,780 
patients with open fracture wounds of the lower extremity (including the foot), Qian et al.?9” found that there was a decreased incidence of deep and acute 
infection with the use of negative pressure wound therapy (NPWT) versus standard gauze dressings. However, in a randomized controlled study of 1,548 
patients with major trauma lower extremity wounds Costa et al.8° found no difference when comparing NPWT to the sterile gauze dressing group when 
assessing deep wound infection. The acute management should include debridement (serial if needed) and sterile dressing changes with irrigation as 
necessary. NPWT has been shown in smaller series to decrease the time until wound closure and wound coverage.?2” 

Jupiter et al.!67 showed in an investigational study that factors associated with lower extremity amputation in foot and ankle trauma differ slightly from 
those in other multitrauma patients. Male gender, blunt trauma, the presence of an associated fracture, and the occurrence of a crush injury or open wound 
were identified as statistically and clinically significant risk factors. Working et al.3% identified number of bones fractured, fracture of all five metatarsals, 
open injury to the dorsal or plantar surfaces of the foot, Gustilo grade, vascular injury, and possibly complete loss of sensation to any surface of the foot as 
statistically significant predictors of amputation. Others have provided evidence that long-term outcome after severe foot injuries is determined by the 
degrees of soft tissue trauma, hindfoot involvement, and joint reconstruction.!®° As an alternative to amputation in the rare circumstance of bilateral 
traumatic amputations, cross over replantation has been reported as an option. 


IMAGING OF HIGH-ENERGY INJURIES OF THE FOOT 


With high-energy injuries of the foot, a wide variety of fractures, fracture-dislocations, and ligamentous disruption (and thus, osseoligamentous instability) 
can occur. Often combined lesions are identified, including a variable number of associated injuries within different areas of the osseous complex. 
Standardized plain radiographs with AP, lateral, and oblique projections are the basic diagnostic tools used to identify and understand the fracture 
morphology and injury mechanism. Before definite surgical care, high-resolution CT imaging of the foot with coronal, sagittal, and axial reconstruction 
views has become the standard of care in evaluating and treating high-energy injuries of the foot.!8° As a determinant of functional outcome, joint 
involvement requires thoughtful evaluation. Dynamic evaluation using fluoroscopy under anesthesia is essential to identify both ligamentous and osseous 
instability. 


CLASSIFICATION OF HIGH-ENERGY INJURIES OF THE FOOT 


When evaluating an acutely injured foot, a determination of when and to what extent it has been injured not only facilitates the decision making with regard 
to salvage but also assists in the prognosis for survival and outcome. Zwipp et al.?98 proposed a grading system for the multiple-injured foot composed of 
the level of osseous damage and the degree of soft tissue compromise. Five anatomic and functional levels are distinguished and each is assigned one point 
if involved. The ascending degree of open or closed soft tissue compromise is graded and achieves a maximum score of four points in the case of a 
degloving injury, subtotal amputation, or “the crushed foot.” If the sum of all involved levels of the foot and the maximum score of soft tissue compromise 
is equal to or above 5 “complex trauma of the foot” is the diagnosis (Fig. 68-52). 

The Zwipp scale has been felt to be an important tool to describe injury severity in the adult and pediatric!!* population; however, it has been shown to 
have no prognostic value.!®° Those authors concluded that the scale is not applicable for decision making if amputation is necessary. Also, other scales such 
as the Hannover Polytrauma Scale and Mangled Extremity Severity Scale were not applicable to characterize complex trauma of the foot and facilitate 
decision making, as these scores were constructed for the leg rather than for the foot.*° 


Zwipp Scoring System: 
Complex Foot Injury 


Pts 


a- Dislocation/ 
Fracture Level l-V 1-5 


b-open/closed Injury 
(1.-3.°) 
Crush Inj./subtot. 
Amputation (4.°) 1-4 


c— Combination a+b: 
Minimum 


Figure 68-52. Schematic of the five functional levels of the foot characterizing a “complex trauma of the foot” according to Zwipp et al. (Reprinted by permission 
from Springer: Zwipp H, et al. Complex trauma of the foot. Orthopade. 1997;26(12):1046-1056. Copyright © 1997 Springer-Verlag Berlin Heidelberg, reproduced 
with permission of SNCSC.) 


There have been several efforts to develop classifications of soft tissue injury of the extremities to better understand injury pattern and severity, to guide 
the surgeon through different treatment options, and to provide a reasonable prognosis. Myerson et al.*®* described various types of foot injuries based on 
the degree of soft tissue compromise, thus, providing a more descriptive classification. Hidalgo and Shaw!° classified foot injuries with soft tissue 
involvement based on the degree of soft tissue loss in conjunction with osseous compromise. Type I injuries were determined by soft tissue loss of less than 
3 cm? without osseous injury. Type II injuries had soft tissue loss exceeding 3 cm? without bony injury, and in type III injuries there was involvement of the 
osseous scaffold. For the complex type III injuries, a staged approach comprising soft tissue debridement, osseous reduction, and fixation, and secondary 
flap coverage was proposed. Jeng et al.!61162 proposed a classification system and treatment algorithm for plantar skin avulsions (Fig. 68-53). They 
distinguished between subfascial avulsions (extension deep into the plantar aponeurosis) and suprafascial avulsions. The latter were treated with defatting 
and full-thickness skin grafting. The subfascial type injuries were further subdivided into avulsions with proximally based vascularized flaps which could be 
treated by suturing them back into anatomic position, and avulsions with distally based flaps (often devascularized). The authors recommended primary 
revascularization of these flaps when possible. However, often flap failure was observed, requiring secondary reconstruction with free muscle flaps or 
distally based sural island flaps. 


Plantar avulsion injury 


Suprafascial Subfascial 
Singet | Proximally Distally 
based flap based flap 


Suture back 


Attempt Revascularization 


microvascular not suitable 
salvage 


Secondary 
reconstruction 
Glabrous skin 
of avulsed flap 


Available Not available 
Prefabricated carrier flap Free flap 
free antero-lat. thigh flap distally based sural island flap 


Figure 68-53. Classification and treatment algorithm for plantar avulsion injuries of the foot according to Jeng et al. (Reprinted with permission from Jeng SF, et al. 
Classification and reconstruction options in foot plantar skin avulsion injuries: Follow-up. Plast Reconstr Surg. 2003;112(1):220-221.) 


The most severe and complex injuries of the lower extremity and foot are mutilating or mangled injuries, for which the degree of soft tissue compromise 
and associated bony destruction exceed the current possibilities of soft tissue and osseous reconstruction. 


TREATMENT OPTIONS FOR HIGH-ENERGY INJURIES OF THE FOOT 


OPERATIVE TREATMENT OF HIGH-ENERGY INJURIES OF THE FOOT 


Table 68-1 covers key points in the management of high-energy injuries of the foot. 


Preoperative Planning 


Operative Treatment of High-Energy Injuries of the Foot: 
PREOPERATIVE PLANNING CHECKLIST 


OR table LJ Radiolucent operating table 

Position/positioning aids LJ Supine position, bolster support under ipsilateral hip 
Fluoroscopy location LJ Contralateral side 

Equipment LJ Small- and mini-fragment implants/K-wires, external fixator set 


Tourniquet LJ Applied above knee 


Other LJ Optional triangular cushion under knee 


TABLE 68-1. Key Points in the Management of High-Energy Injuries of the Foot 


Evaluation by an experienced team 

Active involvement of patient in decision-making process 
Consideration of functional success rather than technical success 
Constant reassessment of salvage vs. primary amputation 

Effective bone stabilization (external fixator + K-wire transfixation) 
Early, aggressive, and serial debridements of osseous and soft tissue 
Early, simultaneous osseous and soft tissue reconstruction 

Liberal use of free muscle flaps, fibula flaps, and bone grafts 

Early and intensive rehabilitation 

Gradual and guarded weight bearing 

Patient education 


From Celikoz B, et al. Subacute reconstruction of lower leg and foot defects due to high velocity-high energy injuries caused by gunshots, missiles, and land mines. Microsurgery. 
2005;25(1):3-14. Copyright © 2005 American Association of Physicists in Medicine. Reprinted by permission of John Wiley & Sons, Inc. 


Techniques 
Reduction and Provisional Osseous Stabilization 


Management of bony stability is often difficult in these patients because of the extent of injury to the foot, as well as other areas. In general, treatment of the 
multiply injured foot follows closely the suggested treatment of each individual injury. The primary objective is to preserve vascularity, sensory 
innervations, articular congruity, and 3D architecture while, decreasing high pressures on the skin due to fracture or dislocation. Usually minimally invasive 
techniques are used to achieve proper reduction. Preserving motion within essential joints is desirable; however, if these joints are unstable, temporary 
transfixation can be achieved using 1.6- or 2.0-mm K-wires crossing the subtalar, TN, CC, medial and lateral TMT, and even the metatarsophalangeal 
joints. Augmentation with an external fixator allows for the application of compression dressings to reduce swelling and removal of the dressing to examine 
the skin, sensation, and vascularity. Open surgery is usually indicated when a positive “wrinkle sign” is present (Fig. 68-54). Usually, complex trauma of the 
foot is treated as an emergency, including the initial thorough debridement of open wounds combined with gross anatomic reduction and primary stable 
fixation. Grade I and II open fractures require irrigation and debridement, and, if stable after reduction, minimal invasive fixation using 1.6- or 2.0-mm K- 
wires. As an alternative, 2.7-mm screws can be introduced percutaneously to provide rigid fixation when acceptable fracture reduction and joint 
reconstruction have been achieved. In the case of Grade III open fractures, following debridement closed reduction and K-wire fixation are performed, in 
conjunction with additional tibiocalcaneometatarsal, tibiometatarsal, or calcaneometatarsal external transfixation. Tibiocalcaneometatarsal fixation provides 
the highest stability in all three planes of the foot (Fig. 68-55). 

Bony stability facilitates soft tissue healing. As an adjunct to percutaneous reduction and fixation, the external fixator provides stability for the soft 
tissue envelope and bones, and transfixed joints, and it also prevents secondary deformity (equinus contracture), and facilitates soft tissue management. The 
Schanz pins are placed bicortically using AO technique in the distal diaphyseal tibia, the bases of the first and fifth metatarsals, and the calcaneus. Hence, 
tibiocalcaneometatarsal transfixation allows for axial and sagittal distraction within the forefoot, midfoot, and hindfoot. Distraction can be exerted over 
transfixed joints and anatomic length can be reestablished. The metatarsal fixation allows for neutral positioning of the forefoot to correct supination, 
pronation, and equinus deformity. If length and articular congruity cannot be restored fully during the acute injury phase using minimally invasive 
techniques, definitive fixation should be postponed to a later phase of reconstruction. The extremity requires strict elevation and bed rest for at least 2 to 3 
days. In most cases, definite care is delayed until the end of the first week, when final debridement is followed by definite ORIF and soft tissue closure. 
Because of the complex nature of the injury, definite fracture care is performed in a hindfoot-to-forefoot direction. Zwipp et al.2°* proposed a strict proximal 
to distal staging of fracture care comprising the following sequence: talus > ankle/pilon > calcaneus > Chopart > Lisfranc > metatarsals. 
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Figure 68-54. Positive “wrinkle sign” at 10 days following compression dressing for foot fractures. This indicates that the swelling has decreased and the foot may be 


suitable for incisions and surgery. 


A, B 
Figure 68-55. External fixator application in a 64-year-old man with a grade 3 open calcaneal fracture after a fall from height. An ankle transfixing 
tibiocalcaneometatarsal external fixator was chosen to obtain traction along the tibial and calcaneal axis, respectively. A unilateral calcaneal Schanz pin was used to 
leave the lateral calcaneal aspect uninjured for later operative reconstruction via a lateral approach. A: Medial view. B: Frontal view. C: Lateral view. 


With large osseous defects bone grafting may be necessary. Autograft, allograft, and bone substitutes are options. Some authors have reported lower 
bone graft survival rates in foot injuries compared to tibial defects®°; therefore, the use of grafts in foot reconstruction of large osseous defects is still under 
debate. Blisters can be characterized as full thickness (bloody) or partial thickness (clear) and should be managed by aspiration of the blister, deroofing and 
application of silver sulfadiazine or a nonadherent dressing. Surgery around and through bloody blisters lead to more wound healing complications than 
with clear blisters (Fig. 68-56). 


Soft Tissue Reconstruction 


Soft tissue defect coverage usually is achieved with local or free tissue transfer. Timing of soft tissue reconstruction depends on the full demarcation of 
nonviable tissue. During the acute phase within the first 48 hours, a second look procedure is recommended to identify secondary necrotic tissue and debride 
and irrigate the area of compromise. To prevent skin retraction during the initial phase of tissue consolidation elastic skin traction®?.*!* can be used to 
provide dynamic wound size reduction. Most recently Kakagia et al.!®° provided evidence that this technique is a safe, reliable, and cost-efficient tool for 
gradual mechanical dermal apposition when compared to vacuum-assisted closure. 

In most cases definite flap coverage can be achieved within 5 days after complex foot trauma. 

Postoperative care is based on the individual injuries present and the treatment given. 

In complex foot injuries, the soft tissues have to be evaluated carefully to exclude a compartment syndrome and/or ischemia of the foot. All open 
wounds should be thoroughly debrided on the day of presentation. Bhandari et al.34 showed in an in vitro model that early debridement with low-pressure 
lavage is more effective and safer at removing bacteria than delayed debridement and high-pressure lavage. Aggressive debridement often results in an 
increased size of the soft tissue defects that cannot be covered with local flaps.” Furthermore, the involvement of local muscles and their vascular pedicles 
often limits their usefulness as local muscular flaps. Regardless, surgical debridement should be complete and include all contaminated and necrotic tissue. 
The type of soft tissue coverage has a significant impact on the healing response of an underlying fracture and some authors have shown good results with 
liberal use of muscular flap coverage.® The timing of coverage of soft tissue defects remains a topic of debate, however, distinct phases for tissue transfer 
for complex foot trauma have been defined discriminating acute care (0—24 hours), urgent revision (within 24-72 hours), early revision (72—100 hours), and 
delayed revision (>120 hours).*® Lowered infection rates and satisfactory 1-year results have been seen after early soft tissue coverage for complex foot 
trauma.*® Recently, Liu et al.!°° provided evidence that early soft tissue reconstruction (within 3 days) and shortened hardware exposure (<7 days) was 
associated with lower rates of preflap wound infection. Myerson et al.?°* reported good results after immediate wound coverage using split-thickness skin 
grafting in patients sustaining shear-type degloving injuries of the foot. In contrast, use of skin grafts or fasciocutaneous flaps in traumatic leg wounds has 
been reported to be associated with higher rates of failure and complications.®° 
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Figure 68-56. Blood blisters at 24 hours after direct trauma to the foot. Incisions should not be made through or close to blood-filled blisters. 


In some cases, local flaps and free tissue transfers have been reported to lead to good results (Table 68-2).4° To obtain primary closure, muscle flaps 
usually require immediate split-thickness skin grafting. A gracilis muscle flap has been recommended for small defects.°° However, the relatively short 
vascular pedicle of this flap has been recognized as a disadvantage; therefore, in some cases a serratus muscle flap should be considered as an alternative. 


TABLE 68-2. Flap Coverage Options for Complex Trauma of the Foot 


Local Flap 

Distally based sural artery neurocutaneous 
Extensor digitorum brevis muscle 
Flexor digitorum brevis muscle 
Medial plantar (instep) 

Dorsalis pedis island pedicle 
Fasciocutaneous island 

Lateral calcaneal 

Abductor digiti minimi muscle 
Free Flap 

Fasciocutaneous radial forearm 
Lateral forearm 

Latissimus dorsi 

Rectus abdominis muscle 
Serratus anterior muscle 


Gracilis muscle 


Compartment Syndrome of the Foot 


INTRODUCTION TO COMPARTMENT SYNDROME OF THE FOOT 


A compartment syndrome is defined as an increase of the intramuscular pressure within an osseofascial compartment that decreases local vascular 
perfusion, exceeding the level at which diminished perfusion results in ischemia of the muscles and nerves within that compartment. The excessive rise of 
the pressure within a musculofascial or osseofascial compartment leads to disturbance of the blood supply and neuromuscular function. External 
compression, as well as intracompartmental swelling, interferes with capillary perfusion. An increase in intracompartmental fluid volume results in a 
progressive rise in the pressure within the stiff fascial sheath. Furthermore, pressure-induced ischemia results in altered capillary perfusion, acute 
inflammation, and cellular apoptosis and necrosis due to a state of low-flow ischemia.!°? Compartment pressures above 30 mm Hg applied over ischemia- 
sensitive time intervals have been shown to be related to time- and pressure-dependent neuromuscular tissue dysfunction.!29 Hargens et al.'4° provided 
evidence that after 8 hours of compartmental pressure equal to or above 30 mm Hg significant muscular necrosis is induced. In the foot, cadaver studies 


have shown that with intact skin, a pressure increase in one osseofascial space results in concurrent pressure increase in all other compartments of the 
foot.2!° Furthermore, Myerson2°” observed volumetric shifting between compartmental units of the foot when pressure increased above 50 mm Hg. 


PATHOANATOMY AND APPLIED ANATOMY RELATED TO COMPARTMENT SYNDROME OF THE 


FOOT 


Sarrafian and Kelikian??? 


showed that the superficial aponeurosis of the distal leg continues on to the dorsum of the foot, and hence, the anterior 
compartment is continued distally into the foot as its dorsal compartment.” The two deep posterior compartments of the distal leg are in continuity with the 
plantar compartments of the foot via the four fibrous tunnels ensheathing the tendons of the tibialis posterior, flexor digitorum longus, and FHL, as well as 
the posterior neurovascular bundle.*°° This most likely explains the occurrence of claw toes in patients with tibial shaft fractures who either have scarring of 
the deep posterior compartment or compartment syndrome that was not clinically obvious. The peroneal compartment communicates with the plantar foot 
via the fibrous tunnel of the peroneus longus tendon. These anatomic characteristics account for the coincidental occurrence of acute compartment 


syndromes in the distal leg and foot.?°° 
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Figure 68-57. MR images of the foot delineating the different compartments of the foot. A: Coronal view at the Chopart joint line. Nav, tarsal navicular bone; Cub, 
cuboid bone; 1, medial compartment = M. abductor hallucis; 2, deep central compartment = M. quadrates plantae; 3, superficial plantar compartment = M. flexor 
digitorum brevis; 4, lateral compartment = M. abductor digiti minimi; 5, M. extensor digiti brevis. B: Coronal view at the bases of the metatarsals. MT 1-5: metatarsals 
1 to 5. 1, M. abductor hallucis; 2, M. flexor hallucis brevis; 3, M. adductor hallucis, oblique head; 4, tendons of M. flexor digitorum longus and brevis, and Mm. 
lumbricales; 5, Mm interossei plantaris 4 and 5; 6, M. abductor digiti minimi. 


Historically, the plantar aspect of the foot has been divided into four major compartments: medial/tibial, lateral/peroneal, central, and interosseous.?°° 
The medial compartment is confined by the plantar aponeurosis and the medial intermuscular septum, has no direct communication with the calcaneal 
tunnel or the central compartment, and is located plantar and medial to the first metatarsal.2°° The lateral compartment, which, similarly to the medial 
plantar compartment does not communicate with the calcaneal tunnel or central compartment, is formed by the insertion of the lateral segment of the plantar 
aponeurosis and the lateral intermuscular septum.*”° It is located on the inferolateral aspect of the fifth metatarsal. The central compartment is characterized 
by three subunits. The superficial central compartment has been recognized as independent, and not communicating with the surrounding compartments.*!* 
The intermediate central compartment is located dorsal to the superficial subunit and communicates proximally with the inferior calcaneal tunnel and 
indirectly via the tibiotalocalcaneal tunnel with the posterior compartment of the distal leg.*2° The deep central compartmental subunit is seen only in the 
forefoot and comprises the oblique head of the adductor hallucis muscle.*2° The interosseous plantar compartment is divided into four spaces comprising the 
corresponding plantar and dorsal interosseous muscles. It is defined plantarly by the interosseous fascia, which has been characterized as the upper limb of a 
horizontally oriented Y-shaped septum, extending from the first to the fifth metatarsal. Dorsally the interosseous compartment is limited by the dorsal 
interosseous aponeurosis and is further subdivided into four separate spaces by vertical fascial septae (Fig. 68-57).°2° 
t,2!2 and recently, 10 compartments have been 
described using MRI??®309; however, the clinical relevance of the additional compartments could not be shown. The muscular content and neurovascular 
structures at risk within each compartmental unit are delineated in Table 68-3. 

Operative treatment has been necessary for compartment syndrome of the foot after crush injuries, calcaneal fractures, midfoot injuries (especially 
Chopart or Lisfranc fracture-dislocations), and other foot and ankle trauma,?722:104:!37,147,180 380 but also after excessive sports and exertion! ®.24299 or as a 
sequelae of reperfusion injury. Acute compartment syndromes in children are rare.?™112.220 Also, chronic compartment syndromes of the foot have been 
reported. !66 


ASSESSMENT OF COMPARTMENT SYNDROME OF THE FOOT 


Acute compartment syndrome of the foot is recognized as an absolute emergency in the treatment of foot and ankle trauma and requires immediate surgical 
intervention. Willful ignorance or simple overlooking of this complicating condition during the treatment of acute foot and ankle trauma should be rare 
since the compartment syndrome has drawn increasing interest with respect to experimental and clinical evaluation within the orthopaedic trauma 
community. 


Based on current experimental work, 9 separate compartments can be distinguished within the foo 


MECHANISMS OF INJURY FOR COMPARTMENT SYNDROME OF THE FOOT 


Typically, an acute compartment syndrome results from high-energy injuries affecting the integrity of the bones and soft tissues.2°%241.597 Delay or even 
failed treatment will lead to significant loss of function of the affected extremity.2°%-25° High-energy injuries such as the multiple injured, the overrun, or the 
crushed foot, as well as midfoot injuries, such as a TMT fracture-dislocation and calcaneal fractures, have been associated with a compartment syndrome of 
the foot. Nevertheless, an acute foot compartment syndrome may occur after ORIF of an ankle fracture as well.2°° Up to 20% of foot compartment 
syndromes may be observed in low-energy mechanisms.*° In general intractable pain, sensory deficit, and progressive pain on muscle stretching are typical 
findings leading to the diagnosis of an acute compartment syndrome of the foot. 


TABLE 68-3. Compartments of the Foot 


Compartment Muscle/Tendon Structures at Risk Dimension/Characteristics 

Dorsal (Skin) M. extensor digitorum brevis Nn. cutaneous dorsalis lateralis/intermedius/medius Not osseofascial 
M. extensor hallucis brevis A. dorsalis pedis/dorsales metatarsals/plantaris Communicates with anterior compartment of the 
M. extensor digitorum longus tendons profundus distal leg 


Landmark: prominent swelling 
Needle position: dorsum/plantar heel 
Distance: N/A 

Depth: 0.8 mm dorsal/10 mm plantar 


Medial M. abductor hallucis A./N. plantaris medialis superf. Isolated closed space 
M. flexor hallucis brevis Landmark: medial malleolus 
M. flexor hallucis longus tendons Distance: ~6 cm 
Depth: ~11 mm 
Lateral M. abductor digiti minimi A./N. plantaris lateralis superf. Isolated closed space 
M. flexor digitorum minimi brevis Landmark: lateral malleolus 
M. opponens digiti minimi Distance: ~11 cm 
Depth: ~11 mm 
Central 
Superficial M. flexor digitorum brevis Aa./Nn. plantares digitorum communes Isolated closed space 
Mm. lumbricales N. plantaris medialis Landmark: plantar fat pad insertion 
M. flexor digitorum longus tendons Distance: ~11.5 cm 
Depth: ~10 mm 
Deep (adductor) M. adductor hallucis, oblique head Relatively isolated closed space 


Landmark: plantar fat pad insertion 
Distance: ~11.5 cm 


Depth: ~21 mm 
Intermediate M. quadratus plantae A. plantaris lateralis Communicates with posterior compartment of the 
(calcaneal) M. flexor digitorum longus/lumbricales, proximal N. plantaris medialis and lateralis distal leg (via tibio-talo-calcaneal tunnel) 
segment N. abductor digitorum min. Landmark: medial malleolus 
Distance: ~6 cm 
Depth: ~24 mm 
Interosseous 
MT-1/2 Corresponding plantar/dorsal Mm. interossei A. plantaris profundus Each isolated closed space 
MT-2/3 A. metatarsalis plantaris Landmark: medial malleolus 
MT-3/4 Arcus plantaris profundus Needle position: interosseous space 
MT-4/5 A. plantaris lateralis Distance: ~13-15 cm 


Depth: ~10-12 mm 


The exact incidence and the predisposing factors for the development of a compartment syndrome of the foot remain uncertain. Thakur et al.*°! provided 
evidence, based on an analysis of patients with an isolated foot injury from a National Trauma Data Bank, that the overall incidence of patients requiring 
fasciotomy for a presumed compartment syndrome of the foot was 2%, with a predominance of white men in their mid-thirties. A crush injury mechanism 
has been identified as the most important factor in the development of a compartment syndrome of the foot; it nearly doubled the relative risk. Interestingly, 
an increase in the number of anatomic locations was not related to a higher incidence of compartment syndromes of the foot. Furthermore, isolated injuries 
of the forefoot accounted for almost one-third of the compartment syndromes, and combined injuries of the forefoot and midfoot were identified as a risk 
factor. Contrary to reports that a calcaneal fracture would be complicated in up to 10% by the development of a compartment syndrome, Thakur et al.36! 
identified a prevalence of 1% within the cohort of isolated hindfoot injuries, including calcaneal fractures. As there is communication between the 
compartments of the foot and the distal leg, concurrent occurrence of compartments syndromes within both areas of the lower extremity!!72 should be 
kept in mind. 


SIGNS AND SYMPTOMS AND IMAGING OF COMPARTMENT SYNDROME OF THE FOOT 


Clinical findings require precise documentation to justify further observation or the need for a surgical intervention. A thorough clinical examination with a 
high index of suspicion is required to detect a compartment syndrome after foot and ankle trauma. However, typical signs can be obscured by the degree of 
trauma-related pain and functional impairment and are therefore often not reliable. 

Common clinical findings include swelling and tension over accessible compartments, blisters, intractable or excessive pain, exacerbation of pain by 


passive muscular stretch, and sensory or muscular dysfunction.*®29%:2”4 Noninvasive diagnostic techniques include quantitative external measurement of 
compartment hardness, !©° peripheral pulse oximetry,?!* MRI imaging, !? ultrasonic fascial displacement,7°”8* and near infrared spectroscopy.*®? However, 
clinical signs show a low sensitivity of 13% to 19% in the detection of an acute compartment syndrome of the leg.*°” Similarly, a low sensitivity can be 
assumed for the clinical diagnosis of acute compartment syndromes of the foot. 

The most sensitive tool is an intracompartmental pressure measurement within the major foot compartments,?*+2°”3!° and it can be considered as the 
gold standard. In the case of clinical suspicion, invasive pressure measurements should be performed to identify or rule out an acute compartment syndrome. 
Typical reading sites are determined by the anatomic rational of compartmental expansion as shown by recent analyses.308-310 Pressures greater than an 
absolute value of 30 mm Hg or greater than 30 mm Hg below the diastolic blood pressure (delta P) should be considered indicative of compartment 
syndrome.*!° Reach et al.308:309 have provided evidence for optimal needle positioning based on MRI findings. The calcaneal compartment in particular 
needs to be assessed properly as being the most sensitive compartment. It is accessed by introducing the needle to a total depth of approximately 2.4 cm. 
The medial compartment can be accessed by introducing a needle approximately 6 cm plantar to the most prominent point of the medial malleolus at a depth 
of approximately 11 mm.!*° For lateral compartment pressure readings, a needle is placed approximately 11 mm deep at a point 11 cm distal on a line 
between the most prominent aspect of the lateral malleolus and fifth metatarsal head. The central superficial compartment is reached approximately 11 cm 
from the plantar fat pad insertion along the midline distally at a depth of 1 cm. Advancing the needle to 2 cm accesses the deep central or adductor 
compartment (Fig. 68-58). The interosseous compartments are reached by positioning the needle dorsally between the respective metatarsals at a depth of 1 
cm and varying distance distally from the medial malleolus from 13 cm (MT-1/2) to 15 cm (MT-4/5), respectively. 


Figure 68-58. Illustration of the plantar compartments of the foot. 1: Medial compartment. 2: Lateral compartment. 3: Superficial central compartment. 4: Deep 
(adductor) central compartment. 5: Intermediate (calcaneal) central compartment. 6: Interosseous compartment. (Modified from Wiilker N, et al. 1998; Taylor and 
Francis/CRC Press with permission.) 


Periodic reevaluation is recommended to identify the development of a delayed compartment syndrome due to secondary swelling and the vicious nature 
of the ischemia- and volume-dependent pathophysiology. Special concern should be taken in the unconscious patient and those sustaining severe or multiple 
injuries to the foot. 


TREATMENT OPTIONS FOR COMPARTMENT SYNDROME OF THE FOOT 


NONOPERATIVE TREATMENT OF COMPARTMENT SYNDROME OF THE FOOT 


In an acute compartment syndrome, nonoperative treatment is not indicated. However, in a situation with an imminent compartment syndrome, 
nonoperative measures may be considered. Splitting, spreading, and cutting the cast padding of an encircling cast can significantly reduce compartment 
pressures. Thus, taking down any compressive bandage or cast should be the primary treatment followed by close reevaluation using clinical and invasive 
methods. Furthermore, slight elevation of the lower extremity has been shown to significantly reduce pressures within the compartments of the distal leg.385 


OPERATIVE TREATMENT OF COMPARTMENT SYNDROME OF THE FOOT 


Indications 


Operative Treatment of Compartment Syndrome of the Foot: 
INDICATIONS 


Indications 


Clinical suspicion (intractable pain, exacerbation of pain on muscular stretch) 
Invasive pressure measurement: 

>30 mm Hg 

<30 mm Hg below diastolic blood pressure 

<30—40 mm Hg below mean arterial pressure 

The “crushed foot” 

The “multiple injured foot” 


A fasciotomy is required if the difference between the diastolic blood pressure and the compartment pressure is less than 30 mm Hg or the patient is awake 
and alert and has clinical signs and symptoms of compartment syndrome. Immediate fasciotomy of all affected compartments has been recognized as the 
standard of care and is typically performed via a dorsomedial, dorsolateral, and a medial approach.?!° 


Fasciotomy 


If the diagnosis of an acute compartment syndrome of the foot has been substantiated, immediate release of the compartments of the foot is required. 
Surgical treatment by open fasciotomy to release elevated compartment pressures was first reported by Bardenheuer.*° The three-incision approach remains 
the most reliable way to decompress all 9 or 10 compartments, including the deep calcaneal (Fig. 68-59). In a cadaver compartment model, it was shown 
that a fasciotomy in one area influenced the pressures in all other spaces of the foot. The quickest and most effective pressure reduction for all foot 
compartments, including the tarsal tunnel, was recorded using a medial midfoot incision.*!° Neither a single nor a double dorsal fasciotomy achieved the 
short-term effects seen with a medial approach.?!° Also, other authors have reported the most effective pressure decrease is achieved using a medial 
approach.*°” In most cases a tourniquet is not used as this would lead to a decrease in blood flow to an already ischemic extremity. 


Calcaneal Plantar fascia 
compartment 


Figure 68-59. Recommended method of foot fasciotomy. A: Relative incision locations on the foot surface. B: Path of blunt dissection through the dorsum of the 
forefoot. C: The position and direction of the medial incision to reach the calcaneal and oblique adductor hallucis compartments. 


Preoperative Planning 


Fasciotomy for Compartment Syndrome of the Foot: 
PREOPERATIVE PLANNING CHECKLIST 


OR table 
Position/positioning aids 
Fluoroscopy location 


Equipment 


LJ Radiolucent operating table only in case of associated bony instabilities and fractures 
LJ Supine position 
LJ Contralateral side only in case of associated bony instabilities and fractures 


Basic surgical instruments; small/mini-fragment implants, K-wires, and external mini-fixateur in case of associated bony 


instabilities and fractures 


Other LJ In an acute setting (i.e., in an ICU), only basic surgical instruments are necessary 


In an acute setting, for example, an unstable patient in the ICU with an acute compartment syndrome of the foot, only basic surgical instruments are 
required to release the compartments immediately. A prolonged preoperative planning and surgical organization is not acceptable in the treatment of an 
acute compartment syndrome. 

Since an acute compartment syndrome of the foot is most of the time associated with osseous fractures and instabilities, instruments and implants for 
osseous stabilization should be prepared. 


Technique 


KEY SURGICAL STEPS 


,/ | Fasciotomy for Compartment Syndrome of the Foot: 


LJ Use three-incision technique to access all 9 (10) compartments of the foot 
e Apply sterile or NPWT dressing 
LJ Definitive treatment: (if intrinsically stable, and soft tissue compromise low) 
e landD 
e Apply skin traction 
e Second look at 12—48 hours 
e Wound closure at 5—7 days (primary closure, skin graft) 
LJ Staged treatment: (if intrinsically unstable and/or impending soft tissue compromise) 
e Early phase 
e landD 
e Temporary fixation (K-wire/2.7-mm screw) + adjunct external fixation 
e Apply dermatotraction 
e Second look at 12—48 hours 
e Reconstructive phase 
e Definitive osseous reconstruction 
e Wound closure at 5-7 days (primary closure, skin graft, or flap coverage) 
Reassess for compartment syndrome using intraoperative invasive pressure measurements 
e If still present, reevaluate completeness of fasciotomy of all compartmental units (especially intermediate central compartment) 


As outlined for the surgical exposure of the TMT complex, the most common surgical approach is a dorsomedial longitudinal incision in the web space 
between the first and second metatarsals (mid-diaphyseal). The incision continues proximally in the interval between the first and second TMT joints and, if 
required, it can be extended to the body of the navicular or talus. The tendons of the extensor hallucis longus and extensor digitorum brevis are identified 
and retracted laterally or medially depending on the intermetatarsal interval that will be addressed. A full-thickness fasciocutaneous flap is created to protect 
the neurovascular bundle. To address the lateral interosseous compartments, a second surgical incision is recommended. Leaving a skin bridge of at least 3 
cm is mandatory to prevent secondary skin necrosis. However, optimal skin bridge dimensions have not been defined in the current literature. The 
dorsolateral incision is placed over the fourth metatarsal extending proximally to the cuboid bone. Starting from that incision the surgeon will be able to 
address the dorsal compartment containing the extensor hallucis and digitorum brevis muscles, the lateral two interosseous compartments (intermetatarsal 
spaces 3/4 and 4/5), the lateral TMT joint complex, and the cuboid bone. The lateral cutaneous branch of the peroneal nerve should be identified and 
protected. Blunt dissection between the interosseous muscles and the fascia allows access to the deep central (adductor) compartment via the intermetatarsal 
space. The lateral compartment is reached by releasing the fascia attached to the inferolateral aspect of the fifth metatarsal via the lateral incision. The third, 
medial incision is used to access the medial and central compartments. The incision lies within the arch of the foot along the muscle body of the abductor 
hallucis. Dissection is carried both dorsal and plantar to this muscle, freeing it up from the plantar fascia and its attachments to the bony structures dorsally. 
The medial fascia of the abductor and flexor hallucis brevis muscles is incised, allowing access to the fascia of the flexor digitorum brevis and adductor 
hallucis muscles. 

Medial dissection requires careful preparation due to close proximity of sensitive neurovascular structures. The lateral plantar neurovascular bundle is 
located on the quadratus muscle and can be seen with the release of the intermediate central compartment. If the medial or lateral column of the foot is 
shortened or unstable, length and articular congruence should be restored using indirect percutaneous techniques and a temporary external fixator is placed 
over the columns of the foot, which can be left in place as an adjunct in the postoperative phase. In the presence of a compartment syndrome, the optimal 
time point for definitive fracture care is still under debate. Because of the significant impact on the soft tissue envelope resulting from the primary injury 
and the presence of the acute compartment syndrome, the impact of a “second hit” from an invasive surgical intervention should be reduced to a minimum. 
Therefore, minimally invasive reduction techniques and percutaneous fixation methods seem advisable. 

To prevent secondary skin retraction, skin traction should be applied.!°**!> Wounds are inspected on a daily basis and the skin traction can be further 
tensioned. The wounds should be closed in a secondary fashion at 5 to 7 days after primary treatment. In severe cases, selected amputation may be 
necessary. 


MANAGEMENT OF ADVERSE OUTCOMES AND UNEXPECTED COMPLICATIONS RELATED TO 
COMPARTMENT SYNDROME OF THE FOOT 


Compartment Syndrome of the Foot: 
COMMON ADVERSE OUTCOMES AND COMPLICATIONS 


Toe deformity/claw toe deformity/hallux varus deformity 
Axial tarsal (cavus) malalignment 

Weakness/contracture of quadratus plantae 

Fibrosis of the neuromuscular tissue 

Impaired motion 

Paresthesias/chronic pain 

Skin bridge necrosis 

Neurovascular damage 


Complications are common and are determined by the time and completeness of surgical intervention. Incomplete or delayed fasciotomy fails to interrupt 
the vicious cycle within the compartment and can result in significant morbidity.2!! Templeman et al.358 identified failure to consider the diagnosis, 
inadequate response to nursing staff calls, incomplete examination, failure to perform invasive measurements, and disruption of continuity of care as causes 
for delayed or failed diagnosis of a compartment syndrome. If missed, compartment syndromes of the foot most often lead to deformity of the toes and axial 
tarsal malalignment (cavus).°°! Pes cavus deformity results from intrinsic muscle weakness or contracture of the quadratus plantae within the calcaneal 
compartment or fibrosis of the neuromuscular tissue within the plantar foot or distal leg. Furthermore, compartment syndrome can be associated with 
myoneural ischemia, leading to significant problems within the foot.*°? Paresthesias, claw toe deformity, impaired motion, and nerve and muscle 
dysfunction are common findings.?09:?11,262,361 Tf fixed, toe deformities require surgical release and realignment to alleviate pain and improve shoe fit. The 
development of hallux varus deformity has been reported.’ Neuroischemia may play a role in the development of chronic pain after crush injuries of the 
foot.26? Secondary scarring of the dorsal soft tissue envelope can cause decreased active and passive motion of the hallux and lesser toes. Finally, the 
surgical intervention can be complicated by dorsal skin bridge necrosis and neurovascular damage. 


Annotated References 


Reference 


Ashworth MJ, Davies MB, Williamson DM. Irreducible Lisfranc’s injury: the ‘toe up’ 
sign. Injury. 1997;28(4):321-322. 


Davies MS, Saxby TS. Intercuneiform instability and the “gap” sign. Foot Ankle Int. 
1999;20(9):606-609. 


Egol K, Walsh M, Rosenblatt K, et al. Avulsion fractures of the fifth metatarsal base: a 
prospective outcome study. Foot Ankle Int. 2007;28(5):581-583. 


Henning JA, Jones CB, Sietsema DL, et al. Open reduction internal fixation versus 
primary arthrodesis for Lisfranc injuries: a prospective randomized study. Foot Ankle Int. 
2009;30(10):913-922. 


Jones R. I. Fracture of the base of the fifth metatarsal bone by indirect violence. Ann Surg. 


1902;35(6):697—700. 


Lee CA, Birkedal JP, Dickerson EA, et al. Stabilization of Lisfranc joint injuries: a 
biomechanical study. Foot Ankle Int. 2004;25(5):365—370. 


Myerson MS. Experimental decompression of the fascial compartments of the foot—the 
basis for fasciotomy in acute compartment syndromes. Foot Ankle. 1988;8(6):308-314. 


Wiley JJ. The mechanism of tarso-metatarsal joint injuries. J Bone Joint Surg Br. 
1971;53(3):474—482. 


Yates J, Feeley I, Sasikumar S, et al. Jones fracture of the fifth metatarsal: is operative 


intervention justified? A systematic review of the literature and meta-analysis of results. 
Foot (Edinb). 2015;25(4):251-257. 


REFERENCES 


Annotation 


Fine example that scientific literature does not have to be verbose. Short and schematic 
article relating a “clinical sign” to a probable cause for difficulties to reduce a Lisfranc 
dislocation. It’s not Level I but short, precise, and helpful. 


Great correlation of clinical sign to rupture of the Lisfranc ligament while radiologic signs 
are absent or inconclusive. Unfortunately in today’s practice, patients get MRIs before 
they are examined thoroughly. 


Level of Evidence: IV 


Prospective study addressing the clinical outcome of nonoperatively treated avulsion 
fractures of the fifth metatarsal base by SMFA and return to preinjury functional status. 
After 1 year, all patients returned to preinjury functional status. Unfortunately no 
comparison group is provided. 

Level of Evidence: II 


One of very few prospective, randomized evaluations for Lisfranc injuries comparing the 
outcome of PA to primary open reduction internal fixation. Clinical outcome was 
addressed by SMFA and SF-36 with greater than 90% excellent or satisfactory outcome 
but lesser secondary surgery rate in the PA group. 

Level of Evidence: I 


The original case series reporting of “Jones fractures,” including his own dancing injury. 
A must read for everybody. 


Straightforward biomechanical study comparing screw and K-wire fixation techniques for 
ligamentous Lisfranc injuries in a cadaveric model. The medial and lateral columns are 
addressed separately. Screw fixation for the medial foot is advantageous. An additional 
screw through the third ray adds additional stiffness. For the lateral foot, biomechanical 
stabilization can be performed by K-wire or screws. 


Anatomical description of the compartments of the foot based on the study and 
descriptions by cadaveric studies. Describing and comparing the effectiveness of two 
different approaches to perform a fasciotomy in the foot. 


Schematic anatomic illustrations of the TMT ligaments and injuries. Additional cadaveric 
studies testing the underlying mechanism for different injury types. 


Up-to-date systematic review of the literature including six studies comparing operative to 
nonoperative treatment for Jones fracture of the fifth metatarsal. The message is clear: 
surgical intervention was found to result in a lesser nonunion rate and an improved time to 
union. 


1. Acevedo JI, Beskin JL. Complications of plantar fascia rupture associated with corticosteroid injection. Foot Ankle Int. 1998;19(2):91-97. 
2. Adams E, Madden C. Cuboid subluxation: a case study and review of the literature. Curr Sports Med Rep. 2009;8(6):300-307. 
3. Adelaar RS. The treatment of tarsometatarsal fracture-dislocation. Instr Course Lect. 1990;39:141—145. 


vu AWN 


. Adelaar RS. Complications of forefoot and midfoot fractures. Clin Orthop Relat Res. 2001;391:26-32. 
. Aggarwal PK, Singh S, Kumar S. Isolated dorsal dislocation of the intermediate cunieform: a case report and review of the literature. Arch Orthop Trauma Surg. 2003;123(5):252— 


253. 


. Ahmed S, Bolt B, McBryde A. Comparison of standard screw fixation versus suture button fixation in Lisfranc ligament injuries. Foot Ankle Int. 2010;31(10):892-896. 
. Aitken SA, Shortt N. Dorsomedial fracture dislocation of the first ray and medial cuneiform: a case report. J Foot Ankle Surg. 2012;51(6):795—797. 
. Akimau PI, Cawthron KL, Dakin WM, et al. Symptomatic treatment or cast immobilization for avulsion fractures of the base of the fifth metatarsal: a prospective, randomized, 


single-blinded non-inferiority controlled trial. Bone Joint J. 2016;98-B(6):806-811. 


. Alberta FG, Aronow MS, Barrero M, et al. Ligamentous Lisfranc joint injuries: a biomechanical comparison of dorsal plate and transarticular screw fixation. Foot Ankle Int. 


2005;26(6):462—473. 


. Alcelik I, Fenton C, Hannant G, et al. A systematic review and meta-analysis of the treatment of acute lisfranc injuries: open reduction and internal fixation versus primary 


arthrodesis. Foot Ankle Surg. 2020;26(3):299-307. 


. Alquhaibi MS, Ghaddaf AA, Alomari MS, et al. Short leg cast versus orthotic removable support for the management of pseudo-Jones avulsion fracture: a systematic review and 


meta-analysis. Injury. 2022;53(2):739-745. 


. Amendola A, Rorabeck CH, Vellett D, et al. The use of magnetic resonance imaging in exertional compartment syndromes. Am J Sports Med. 1990;18(1):29-34. 

. Andermahr J, Helling HJ, Maintz D, et al. The injury of the calcaneocuboid ligaments. Foot Ankle Int. 2000;21(5):379-384. 

. Anderson LD. Injuries of the forefoot. Clin Orthop Relat Res. 1977;122:18-27. 

. Apostle KL, Younger ASE. Technique tip: open reduction internal fixation of comminuted fractures of the navicular with bridge plating to the medial and middle cuneiforms. Foot 


Ankle Int. 2008;29(7):739-741. 


. Arkless R. Re: acute, exertional medial compartment syndrome of the foot in a high-level athlete: a case report. Am J Sports Med. 2008;36(11):e1. 

. Armagan OE, Shereff MJ. Injuries to the toes and metatarsals. Orthop Clin North Am. 2001;32(1):1-10. 

. Arntz CT, Veith RG, Hansen ST Jr. Fractures and fracture-dislocations of the tarsometatarsal joint. J Bone Joint Surg Am. 1988;70(2):173-181. 

. Ashworth MJ, Davies MB, Williamson DM. Irreducible Lisfranc’s injury: the ‘toe up’ sign. Injury. 1997;28(4):321-322. 

. Astion DJ, Deland JT, Otis JC, Kenneally S. Motion of the hindfoot after simulated arthrodesis. J Bone Joint Surg Am. 1997;79(2):241-246. 

. Attia AK, Mahmoud K, Alhammoud A, et al. Return to play after low-energy Lisfranc injuries in high-demand individuals: a systematic review and meta-analysis of athletes and 


active military personnel. Orthop J Sports Med. 2021;9(3):2325967120988158. 


. Attia AK, Robertson GAJ, McKinley J, et al. Surgical management of Jones fractures in athletes: orthobiologic augmentation: a systematic review and meta-analysis of 718 


fractures. Am J Sports Med. 2023;51(8):2216-2228. 


. Attia AK, Taha T, Kong G, et al. Return to play and fracture union after the surgical management of Jones fractures in athletes: a systematic review and meta-analysis. Am J Sports 


Med. 2021;49(12):3422-3436. 


. Baker JF, Lui DF, Kiely PD, Synnott KA. Foot drop—an unusual presentation of exertional compartment syndrome. Clin J Sport Med. 2009;19(3):236-237. 
. Bansal A, Carlson DA, Owen JR, et al. Ligamentous Lisfranc injury: a biomechanical comparison of dorsal plate fixation and transarticular screws. J Orthop Trauma. 


2019;33(7):e270—-e275. 


. Bardenheuer B. Die Entstehung und Behandlung der ischaémischen Muskelkontraktur und Gangran. Dtsch Z Chir. 1911;108:44—201. 

. Bayer JH, Davies AP, Darrah C, et al. Calcaneal compartment syndrome after tibial fractures. Foot Ankle Int. 2001;22(2):120-122. 

. Bellocq P, Meyer P. [Contribution to the study of the dorsal aponeurosis of the foot (fascia dorsalis pedis, P.N.A.)]. Acta Anat (Basel). 1957;30(1—4):67-80. 

. Berlet GC, Davis WH, Anderson RB. Tendon arthroplasty for basal fourth and fifth metatarsal arthritis. Foot Ankle Int. 2002;23(5):440-446. Erratum in: Foot Ankle Int. 


2002;23(6):485. 


. Bernstein DT, Mitchell RJ, McCulloch PC, et al. Treatment of proximal fifth metatarsal fractures and refractures with plantar plating in elite athletes. Foot Ankle Int. 


2018;39(12):1410-1415. 


. Bertoldi L, Molinari M, Soldini A, Mora R. Isolated fracture-dislocation of the second cuneiform bone. Case report. Acta Orthop Scand. 1991;62(6):604—605. 

. Besch L, Drost J, Egbers HJ. [Treatment of rare talus dislocation fractures: an analysis of 23 injuries]. Unfallchirurg. 2002;105(7):595-601. 

. Bettin CC. Fractures and dislocation of the foot. In: Azur FM, Canale ST, Beaty JA, eds. Campbell’s Operative Orthopaedics. Vol. 4. 14th ed. Mosby; 2021:4407—4494. 

. Bhandari M, Schemitsch EH, Adili A, et al. High and low pressure pulsatile lavage of contaminated tibial fractures: an in vitro study of bacterial adherence and bone damage. J 


Orthop Trauma. 1999;13(8):526-533. 


. Bibbo C, Lin SS, Cunningham FJ. Acute traumatic compartment syndrome of the foot in children. Pediatr Emerg Care. 2000;16(4):244-248. 

. Bichara DA, Henn RF 3rd, Theodore GH. Sesamoidectomy for hallux sesamoid fractures. Foot Ankle Int. 2012;33(9):704—706. 

. Biffl WL, Harrington DT, Cioffi WG. Implementation of a tertiary trauma survey decreases missed injuries. J Trauma. 2003;54(1):38-43. 

. Bigsby E, Halliday R, Middleton RG, et al. Functional outcome of fifth metatarsal fractures. Injury. 2014;45(12):2009-2012. 

. Blair BH. Dislocation of the cuneiform bones. Cincinnati Lancet-Clinic. 1899;43:513. 

. Blumberg K, Patterson RJ. The toddler’s cuboid fracture. Radiology. 1991;179(1):93-94. 

. Blundell CM, Nicholson P, Blackney MW. Percutaneous screw fixation for fractures of the sesamoid bones of the hallux. J Bone Joint Surg Br. 2002;84(8):1138-1141. 

. Bohay DR, Johnson KD, Manoli A 2nd. The traumatic bunion. Foot Ankle Int. 1996;17(7):383-387. 

. Böhler L. Verrenkungen im Lisfranc’schen Gelenk. Die Technik der Knochenbruchbehandlung. Vol. I/2. Wilhelm Maudrich; 1957:2237-2245. 

. Boike A, Schnirring-Judge M, McMillin S. Sesamoid disorders of the first metatarsophalangeal joint. Clin Podiatr Med Surg. 2011;28(2):269-285. 

. Bosse MJ, MacKenzie EJ, Kellam JF, et al. A prospective evaluation of the clinical utility of the lower-extremity injury-severity scores. J Bone Joint Surg Am. 2001;83(1):3-14. 
. Botte MJ, Santi MD, Prestianni CA, Abrams RA. Ischemic contracture of the foot and ankle: principles of management and prevention. Orthopedics. 1996;19(3):235-244. 

. Bramble DM, Lieberman DE. Endurance running and the evolution of Homo. Nature. 2004;432(7015):345-352. 

. Brenner P, Rammelt S, Gavlik JM, Zwipp H. Early soft tissue coverage after complex foot trauma. World J Surg. 2001;25(5):603-609. 

. Brink F, Bachmann S, Lechler P, Frink M. Mechanism of injury and treatment of trauma-associated acute compartment syndrome of the foot. Eur J Trauma Emerg Surg. 


2014;40(5):529-533. 


. Brukner P, Bradshaw C, Khan KM, et al. Stress fractures: a review of 180 cases. Clin J Sport Med. 1996;6(2):85-89. 

. Bryant MJ, Baird DS. A case of non-union of the medial cuneiform. Injury. 1993;24(3):207-208. 

. Bryant T, Beck DM, Daniel JN, et al. Union rate and rate of hardware removal following plate fixation of metatarsal shaft and neck fractures. Foot Ankle Int. 2018;39(3):326-331. 
. Buddecke DE, Polk MA, Barp EA. Metatarsal fractures. Clin Podiatr Med Surg. 2010;27(4):601-624. 

. Bui-Mansfield LT, Thomas WR. Magnetic resonance imaging of stress injury of the cuneiform bones in patients with plantar fasciitis. J Comput Assist Tomogr. 2009;33(4):593- 


596. 


. Burne SG, Mahoney CM, Forster BB, et al. Tarsal navicular stress injury: long-term outcome and clinicoradiological correlation using both computed tomography and magnetic 


resonance imaging. Am J Sports Med. 2005;33(12):1875-1881. 


. Buscemi MJ Jr, Page BJ 2nd. Transcuneiform fracture—cuboid dislocation of the midfoot. J Trauma. 1986;26(3):290-292. 

. Bush JB, Treuting RJ. Cuboid dislocation associated with a central column Lisfranc injury: a case report. Foot Ankle Int. 2005;26(11):990-993. 

. BuSkova K, Bartoniéek J, Rammelt S. Fractures of the base of the fifth metatarsal bone: a critical analysis review. JBJS Rev. 2021;9(10). 

. Cakir H, Van Vliet-Koppert ST, Van Lieshout EMM, et al. Demographics and outcome of metatarsal fractures. Arch Orthop Trauma Surg. 2011;131(2):241-245. 

. Calder JDF, Freeman R, Domeij-Arverud E, et al. Meta-analysis and suggested guidelines for prevention of venous thromboembolism (VTE) in foot and ankle surgery. Knee Surg 


Sports Traumatol Arthrosc. 2016;24(4):1409-1420. 


. Calder JDF, Whitehouse SL, Saxby TS. Results of isolated Lisfranc injuries and the effect of compensation claims. J Bone Joint Surg Br. 2004;86(4):527-530. 
. Carsen S, Quinn BJ, Beck E, et al. “Nutcracker fracture” in a ballet dancer performing in The Nutcracker. J Dance Med Sci. 2015;19(3):124-127. 
. Casciato DJ, Yancovitz S, Law R, et al Anatomic description of the fourth and fifth tarsometatarsal articulation: a cadaveric study. J Foot Ankle Surg. 2021;60(6):1149-1151. 


PRP RRR 
ann fkBWN 


. Cassinelli SJ, Moss LK, Lee DC, et al. Delayed open reduction internal fixation of missed, low-energy Lisfranc injuries. Foot Ankle Int. 2016;37(10):1084-1090. 
. Celikoz B, Sengezer M, Isik S, et al. Subacute reconstruction of lower leg and foot defects due to high velocity-high energy injuries caused by gunshots, missiles, and land mines. 


Microsurgery. 2005;25(1):3-14. 


. Chammas V, Asaumi ID, Apostólico Netto A, et al. Minimally invasive intramedullary fixation with flexible nails in the treatment of metatarsal neck fractures. Sci J Foot Ankle. 


2019;13(2):97-103. 


. Chan JJ, Geller JS, Chen KK, et al. Epidemiology of severe foot injuries in US collegiate athletes. Orthop J Sports Med. 2021;9(4):23259671211001131. 

. Chandran P, Puttaswamaiah R, Dhillon MS, Gill SS. Management of complex open fracture injuries of the midfoot with external fixation. J Foot Ankle Surg. 2006;45(5):308-315. 
. Chaney DM. The Lisfranc joint. Clin Podiatr Med Surg. 2010;27(4):547-560. 

. Chen J, Sagoo N, Panchbhavi VK. The Lisfranc injury: a literature review of anatomy, etiology, evaluation, and management. Foot Ankle Spec. 2021;14(5):458—-467. 

. Chen P, Ng N, Snowden G, et al. Rates of displacement and patient-reported outcomes following conservative treatment of minimally displaced Lisfranc injury. Foot Ankle Int. 


2020;41(4):387-391. 


. Chen P, Ng N, Snowden G, et al. Percutaneous reduction and fixation of low energy Lisfranc injuries results in better outcome compared to open reduction and internal fixation: 


results from a matched case-control study with minimum 12 months follow up. Injury. 2021;52(4):1042-1047. 


. Chi TD, Toolan BC, Sangeorzan BJ, Hansen ST Jr. The lateral column lengthening and medial column stabilization procedures. Clin Orthop Relat Res. 1999;365:81-90. 

. Chloros GD, Kakos CD, Tastsidis IK, et al. Fifth metatarsal fractures: an update on management, complications, and outcomes. EFORT Open Rev. 2022;7(1):13-25. 

. Cho J, Kim J, Min TH, et al. Suture button vs conventional screw fixation for isolated Lisfranc ligament injuries. Foot Ankle Int. 2021;42(5):598-608. 

. Choi JY, Lee DJ, Ngissah R, et al. Categorization of single cuneiform fractures and investigation of related injuries: a 10-year retrospective study. J Orthop Surg (Hong Kong). 


2019;27(3):2309499019866394. 


. Choi YR, Kim BS, Kim YM, et al. Hard-soled shoe versus short leg cast for a fifth metatarsal base avulsion fracture: a multicenter, noninferiority, randomized controlled trial. J 


Bone Joint Surg Am. 2021;103(1):23-29. 


. Clark DF, Quint HA. Dislocation of a single cuneiform bone. J Bone Joint Surg. 1933;15(1):237-239. 
. Coetzee JC, Ly TV. Treatment of primarily ligamentous Lisfranc joint injuries: primary arthrodesis compared with open reduction and internal fixation. Surgical technique. J Bone 


Joint Surg Am. 2007;89(Suppl 2 Pt 1):122-127. 


. Compson JP. An irreducible medial cuneiform fracture-dislocation. Injury. 1992;23(7):501-502. 
. Cook KD, Jeffries LC, O’Connor JP, Svach D. Determining the strongest orientation for “Lisfranc’s screw” in transverse plane tarsometatarsal injuries: a cadaveric study. J Foot 


Ankle Surg. 2009;48(4):427—431. 


. Coss HS, Manos RE, Buoncristiani A, Mills WJ. Abduction stress and AP weightbearing radiography of purely ligamentous injury in the tarsometatarsal joint. Foot Ankle Int. 


1998;19(8):537-541. 


. Costa ML, Achten J, Knight R, et al. Effect of incisional negative pressure wound therapy vs standard wound dressing on deep surgical site infection after surgery for lower limb 


fractures associated with major trauma: the WHIST randomized clinical trial. JAMA. 2020;323(6):519-526. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Radiographic analysis of cuboid fractures. Abstract 24247. 7th SICOT/SIROT Annual International Conference. Gothenburg, 


Sweden; 2010. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Radiographic analysis of navicular fractures. Abstract 24250. 7th SICOT/SIROT Annual International Conference. Gothenburg, 


Sweden; 2010. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Adjunctive spanning fixation in the treatment of displaced cuboid fractures: results and complications. Scientific Poster #44 Foot, 


Ankle and Pilon. 2010 OTA Annual Meeting; Baltimore, MD. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Results and complications of 90 consecutive cuboid fractures. Presented at AOFAS 25th Annual Summer Meeting 2009; Vancouver, 


British Columbia, Canada. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Results and complications of 90 consecutive navicular fractures. Presented at AOFAS 25th Annual Summer Meeting 2009; 


Vancouver, British Columbia, Canada. 


. Coulibaly MO, Jones CB, Sietsema DL, et al. Adjunct spanning internal fixation of displaced navicular fractures: results and complications. 2013 OTA Annual Meeting, 


International Forum; Phoenix, AZ. 


. Coulibaly MO, Jones CB, Sietsema DL, Schildhauer TA. Results and complications of operative versus non-operative navicular fracture treatment. Injury. 2015;46(8):1669-1677. 
. Court-Brown CM, Caesar B. Epidemiology of adult fractures: a review. Injury. 2006;37(8):691-697. 

. Court-Brown CM, Wood AM, Aitken S. The epidemiology of acute sports-related fractures in adults. Injury. 2008;39(12):1365-1372. 

. Daddimani RM, Madhavamurthy SK, Jeevannavar SS, Shettar CM. Fracture of the medial tibial sesamoid bone of the foot-case report. J Clin Diagn Res. 2015;9(4):RD03-RD04. 
. Daly N. Fractures and dislocations of the digits. Clin Podiatr Med Surg. 1996;13(2):309-326. 

. Dameron TB Jr. Fractures and anatomical variations of the proximal portion of the fifth metatarsal. J Bone Joint Surg Am. 1975;57(6):788-792. 

. Davies MS, Saxby TS. Intercuneiform instability and the “gap” sign. Foot Ankle Int. 1999;20(9):606-609. 

. Davis AT, Dann A, Kuldjanov D. Complete medial dislocation of the tarsal navicular without fracture: report of a rare injury. J Foot Ankle Surg. 2013;52(3):393-396. 

. Dayton P, Haulard JP. Hallux varus as complication of foot compartment syndrome. J Foot Ankle Surg. 2011;50(4):504—506. 

. De Bruijn J, Hagemeijer NC, Rikken QGH, et al. Lisfranc injury: refined diagnostic methodology using weightbearing and non-weightbearing radiographs. Injury. 


2022;53(6):2318-2325. 


. Dean RS, Coetzee JC, McGaver RS, et al. Functional outcome of sesamoid excision in athletes. Am J Sports Med. 2020;48(14):3603-3609. 

. Dedmond BT, Cory JW, McBryde A Jr. The hallucal sesamoid complex. J Am Acad Orthop Surg. 2006;14(13):745-753. 

. Delman C, Patel M, Campbell M, et al. Flexible fixation technique for Lisfranc injuries. Foot Ankle Int. 2019;40(11):1338-1345. 

. DeSandis B, Murphy C, Rosenbaum A, et al. Multiplanar CT analysis of fifth metatarsal morphology: implications for operative management of zone II fractures. Foot Ankle Int. 


2016;37(5):528-536. 


. Dhawan A, Doukas WC. Acute compartment syndrome of the foot following an inversion injury of the ankle with disruption of the anterior tibial artery: a case report. J Bone Joint 


Surg Am. 2003;85(3):528-532. 


. Dhillon MS, Nagi ON. Total dislocations of the navicular: are they ever isolated injuries? J Bone Joint Surg Br. 1999;81(5):881-885. 

. Dickson KF, Sullivan MJ, Steinberg B, et al. Noninvasive measurement of compartment syndrome. Orthopedics. 2003;26(12):1215-1218. 

. DiGiovanni CW. Fractures of the navicular. Foot Ankle Clin. 2004;9(1):25-63. 

. Dineen HA, Murphy TD, Mangat S, et al. Functional outcomes for nonoperatively treated proximal fifth metatarsal fractures. Orthopaedics. 2017;40(6):e1030—e1035. 

. Ding BC, Weatherall JM, Mroczek KJ, Sheskier SC. Fractures of the proximal fifth metatarsal: keeping up with the Joneses. Bull NYU Hosp Jt Dis. 2012;70(1):49-55. 

. Dobbs MB, Crawford H, Saltzman C. Peroneus longus tendon obstructing reduction of cuboid dislocation. A report of two cases. J Bone Joint Surg Am. 2001;83(9):1387-1391. 

. Downey MS, Lawrence GA. Digital and Sesamoid Fractures. In: Southerland JT, ed. McGlamry’s Comprehensive Textbook of Foot and Ankle Surgery. Vol. 2. 4th ed. Lippincott 


Williams & Wilkins; 2013:1634-1645. 


12. Eberl R, Ruttenstock EM, Singer G, et al. Treatment algorithm for complex injuries of the foot in paediatric patients. Injury. 2011;42(10):1171-1178. 

13. Ebizie AO. Crush fractures of the cuboid from indirect violence. Injury. 1991;22(5):414-416. 

14. Edama M, Takabayashi T, Hirabayashi R, et al. Morphological features of the lateral plantar ligament of the transverse metatarsal arch. Clin Anat. 2021;34(7):1002-1008. 

15. Egol K, Walsh M, Rosenblatt K, et al. Avulsion fractures of the fifth metatarsal base: a prospective outcome study. Foot Ankle Int. 2007;28(5):581-583. 

16. Elias I, Dheer S, Zoga AC, et al. Magnetic resonance imaging findings in bipartite medial cuneiform—a potential pitfall in diagnosis of midfoot injuries: a case series. J Med Case 


Rep. 2008;2:272. 


. Elmhiregh A, Feghih AE, Faraj K. Concomitant unilateral post-traumatic leg and foot compartment syndrome in a 5 years-old child—case report. Int J Surg Case Rep. 


2017;33:151-157. 


. Englemann EWM, Rammelt S, Schepers T. Fractures of the cuboid bone: a critical analysis review. JBJS Rev. 2020;8(4):e0173. 
. Escudero MI, Symes M, Veljkovic A, Younger ASE. Low-energy Lisfranc injuries in an athletic population: a comprehensive review of the literature and the role of minimally 


120. 
121. 


122. 
123. 
124. 
125. 
126. 


127. 
128. 
129. 
130. 
131. 


132. 


133. 


134. 
135. 
136. 
137. 
138. 
139. 


140. 
141. 


142. 
143. 
144. 


145. 
146. 
147. 
148. 


149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 
157. 


158. 
159. 


160. 
161. 
162. 
163. 
164. 


165. 
166. 
167. 
168. 
169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177. 
178. 


invasive techniques in their management. Foot Ankle Clin. 2018;23(4):679-692. 

Essa A, Levi A, Ron TG, et al. The role of three dimension computed tomography in Lisfranc injury diagnosis. Injury. 2022;53(10):3530-3534. 

Ettinger S, Hemmersbach LC, Schwarze M, et al Biomechanical evaluation of tarsometatarsal fusion comparing crossing lag screws and lag screw with locking plate. Foot Ankle 
Int. 2022;43(1):77-85. 

Evans J, Beingessner DM, Agel J, et al. Minifragment plate fixation of high-energy navicular body fractures. Foot Ankle Int. 2011;32(5):S485-S492. 

Eves TB, Oddy MJ. Do broken toes need follow-up in the fracture clinic? J Foot Ankle Surg. 2016;55(3):488-491. 

Faciszewski T, Burks RT, Manaster BJ. Subtle injuries of the Lisfranc joint. J Bone Joint Surg Am. 1990;72(10):1519-1522. 

Fenton P, Al-Nammari S, Blundell C, Davies M. The patterns of injury and management of cuboid fractures: a retrospective case series. Bone Joint J. 2016;98-B(7):1003-1008. 
Finnoff JT, Henning PT, Cederholm SK, Hollman JH. Accuracy of medial foot compartment pressure testing: a comparison of two techniques. Foot Ankle Int. 2010;31(11):1001— 
1005. 

Fishco WD, Cornwall MW. Gait analysis after talonavicular joint fusion: 2 case reports. J Foot Ankle Surg. 2004;43(4):241-247. 

Fleischer AE, Stack R, Klein EE, et al. Forefoot adduction is a risk factor for Jones fracture. J Foot Ankle Surg. 2017;56(5):917-921. 

Gelberman RH, Szabo RM, Williamson RV, et al. Tissue pressure threshold for peripheral nerve viability. Clin Orthop Relat Res. 1983;178:285-291. 

Godina M. Early microsurgical reconstruction of complex trauma of the extremities. Plast Reconstr Surg. 1986;78(3):285—292. 

Goodloe JB, Cregar WM, Caughman A, et al. Surgical management of proximal fifth metatarsal fractures in elite athletes: a systematic review. Orthop J Sports Med. 
2021;9(9):23259671211037647. 

Gopal S, Majumder S, Batchelor AG, et al. Fix and flap: the radical orthopaedic and plastic treatment of severe open fractures of the tibia. J Bone Joint Surg Br. 2000;82(7):959- 
966. 

Graef J, Tsitsilonis S, Niemann M, et al. Retrospective analysis of treatment decisions and clinical outcome of Lisfranc injuries: operative vs. conservative treatment. Int Orthop. 
2021;45(12):3213-3219. 

Grambart S, Patel S, Schuberth JM. Naviculocuneiform dislocations treated with immediate arthrodesis: a report of 2 cases. J Foot Ankle Surg. 2005;44(3):228-235. 

Griffin NL, Richmond BG. Cross-sectional geometry of the human forefoot. Bone. 2005;37(2):253-260. 

Guler F, Baz AB, Turan A, et al. Isolated medial cuneiform fractures: report of two cases and review of the literature. Foot Ankle Spec. 2011;4(5):306-309. 

Guo S, Sethi D, Prakash D. Compartment syndrome of the foot secondary to fixation of ankle fracture—a case report. Foot Ankle Surg. 2010;16(3):e72-e75. 

Gupta RT, Wadhwa RP, Learch TJ, Herwick SM. Lisfranc injury: imaging findings for this important but often-missed diagnosis. Curr Probl Diagn Radiol. 2008;37(3):115-126. 
Gutteck N, Lebek S, Wohlrab D, et al. Calcaneocuboid distraction arthrodesis with allogenic bone graftiing for correction of pes planovalgus. Acta Ortho Belg. 2013;79(5):559— 
564. 

Haapamaki VV, Kiuru MJ, Koskinen SK. Ankle and foot injuries: analysis of MDCT findings. AJR Am J Roentgenol. 2004;183(3):615-622. 

Haapamaki V, Kiuru M, Koskinen S. Lisfranc fracture-dislocation in patients with multiple trauma: diagnosis with multidetector computed tomography. Foot Ankle Int. 
2004;25(9):614-619. 

Haddix B, Ellis K, Saylor-Pavkovich E. Lisfranc fracture-dislocation in a female soccer athlete. Int J Sports Phys Ther. 2012;7(2):219-225. 

Hansen ST Jr. Functional Reconstruction of the Foot and Ankle. Lippincott Williams & Wilkins; 2000. 

Haque S, Bishnoi A, Khairandish H, Menon D. Thromboprophylaxis in ambulatory trauma patients with foot and ankle fractures: prospective study using a risk scoring system. 
Foot Ankle Spec. 2016;9(5):388-393. 

Hargens AR, Schmidt DA, Evans KL, et al. Quantitation of skeletal-muscle necrosis in a model compartment syndrome. J Bone Joint Surg Am. 1981;63(4):631-636. 

Haverstock BD. Foot and ankle imaging in the athlete. Clin Podiatr Med Surg. 2008;25(2):249-262. 

Henning A, Gaines RJ, Carr D, Lambert E. Acute compartment syndrome of the foot following fixation of a pilon variant ankle fracture. Orthopedics. 2010;33(12):926. 

Henning JA, Jones CB, Sietsema DL, et al. Open reduction internal fixation versus primary arthrodesis for Lisfranc injuries: a prospective randomized study. Foot Ankle Int. 
2009;30(10):913-922. 

Hicks JH. The mechanics of the foot. I. The joints. J Anat. 1953;87(4):345-357. 

Hidalgo DA, Shaw WW. Reconstruction of foot injuries. Clin Plast Surg. 1986;13(4):663-680. 

Hidalgo-Ovejero AM, Garcia-Mata S, Ilzarbe-Ibero A, et al. Complete medial dislocation of the first cuneiform: a case report. J Foot Ankle Surg. 2005;44(6):478—482. 
Hintermann B. [Biomechanical aspects of muscle-tendon functions]. Orthopade. 1995;24(3):187-192. 

Ho NC, Sangiorgio SN, Cassinelli S, et al. Biomechanical comparison of fixation stability using a Lisfranc plate versus transarticular screws. Foot Ankle Surg. 2019;25(1):71-78. 
Hocker K, Kirner E. [Rare, in plain roentgen unidentifiable severe combination injury of the tarsometatarsal joint]. Unfallchirurgie. 1997;23(5):216—219; discussion 220. 

Holstein A, Joldersma RD. Dislocation of first cuneiform in tarsometatarsal fracture-dislocation. J Bone Joint Surg Am. 1950;32A(2):419-421. 

Howie CR, Hooper G, Hughes SP. Occult midtarsal subluxation. Clin Orthop Relat Res. 1986;209:206-209. 

Husain ZS, DeFronzo DJ. Relative stability of tension band versus two-cortex screw fixation for treating fifth metatarsal base avulsion fractures. J Foot Ankle Surg. 
2000;39(2):89-95. 

Janjua KJ, Sugrue M, Deane SA. Prospective evaluation of early missed injuries and the role of tertiary trauma survey. J Trauma. 1998;44(6):1000—1006; discussion 1006-1007. 
Janzing HM, Broos PL. Dermatotraction: an effective technique for the closure of fasciotomy wounds: a preliminary report of fifteen patients. J Orthop Trauma. 2001;15(6):438— 
441. 

Jeffers RF, Tan HB, Nicolopoulos C, et al. Prevalence and patterns of foot injuries following motorcycle trauma. J Orthop Trauma. 2004;18(2):87-91. 

Jeng SF, Hsieh CH, Lin TS, et al. Classification and reconstruction options in foot plantar skin avulsion injuries: follow-up. Plast Reconstr Surg. 2003;112(1):220-221. 

Jeng SF, Wei FC. Classification and reconstructive options in foot plantar skin avulsion injuries. Plast Reconstr Surg. 1997;99(6):1695—1703; discussion 1704-1705. 

Johnson JT, Labib SA, Fowler R. Intramedullary screw fixation of the fifth metatarsal: an anatomic study and improved technique. Foot Ankle Int. 2004;25(4):274-277. 

Jones CB, Coulibaly MO. Midfoot fractures: lisfranc, cuboid, navicular. In: Archdeacon MT, Anglen JO, Ostrum RF, Herscovici D, eds. Prevention and Management of Common 
Fracture Complications. Slack; 2011:329-344. 

Joo SY, Jeong C. Stress fracture of tarsal cuboid bone in early childhood. Eur J Orthop Surg Traumatol. 2015;25(3):595-599. 

Jowett A, Birks C, Blackney M. Chronic exertional compartment syndrome in the medial compartment of the foot. Foot Ankle Int. 2008;29(8):838-841. 

Jupiter DC, Shibuya N, Clawson LD, Davis ML. Incidence and risk factors for amputation in foot and ankle trauma. J Foot Ankle Surg. 2012;51(3):317-322. 

Kaar S, Femino J, Morag Y. Lisfranc joint displacement following sequential ligament sectioning. J Bone Joint Surg Am. 2007;89(10):2225-2232. 

Kakagia D, Karadimas EJ, Drosos G, et al. Wound closure of leg fasciotomy: comparison of vacuum-assisted closure versus shoelace technique. A randomised study. Injury. 
2014;45(5):890-893. 

Kaiser PB, Riedel MD, Qudsi RA, et al. Iatrogenic fracture gapping during fixation of Jones fractures: anatomic and mechanical considerations in a cadaveric model. Injury. 
2018;49(8):1485-1490. 

Kane JM, Brodsky JW, Daoud Y. Radiographic results and return to activity after sesamoidectomy for fracture. Foot Ankle Int. 2017;38(10):1100-1106. 

Kane JM, Sandrowski K, Saffel H, et al. The epidemiology of fifth metatarsal fracture. Foot Ankle Spec. 2015;8(5):354—359. 

Karaindros K, Arealis G, Papanikolaou A, et al. Irreducible Lisfranc dislocation due to the interposition of the tibialis anterior tendon: case report and literature review. Foot Ankle 
Surg. 2010;16(3):e68-e71. 

Karnovsky SC, Rosenbaum AJ, DeSandis B, et al. Radiographic analysis of national football league players’ fifth metatarsal morphology relationship to proximal fifth metatarsal 
fracture risk. Foot Ankle Int. 2019;40(3):318-322. 

Keeling JJ, Hsu JR, Shawen SB, Andersen RC. Strategies for managing massive defects of the foot in high-energy combat injuries of the lower extremity. Foot Ankle Clin. 
2010;15(1):139-149. 

Kelly IP, Glisson RR, Fink C, et al. Intramedullary screw fixation of Jones fractures. Foot Ankle Int. 2001;22(7):585-589. 

Khatri M, Briggs PJ. Isolated plantar dislocation of the intermediate cuneiform: a case report and review of the literature. The Foot. 2001;11:215-217. 

Kimball HL, Aronow MS, Sullivan RJ, et al. Biomechanical evaluation of calcaneocuboid distraction arthrodesis: a cadaver study of two different fixation methods. Foot Ankle Int. 


179. 


180. 
181. 


182. 
183. 


184. 
185. 


186. 
187. 


188. 
189. 
190. 


191. 
192. 


193. 
194. 
195. 
196. 
197. 
198. 


199. 


200. 
201. 


202. 


203. 
204. 


205. 
206. 
207. 


208. 
209. 


10. Manoli A II, Hansen ST Jr. Screw hole preparation in foot surgery. Foot Ankle. 1990;11(2):105—-106. 
. Manoli A II, Smith DG, Hansen ST Jr. Scarred muscle excision for the treatment of established ischemic contracture of the lower extremity. Clin Orthop Relat Res. 1993;292:309- 


N N 
m 


N NNN 


2000;21(10):845-848. 

Kimura K, Adachi H, Ogawa M, Sakamoto H. Supplementary transverse wire fixation through cuneiforms and cuboid in combination with a screw for the comminuted tarsal 
navicular fractures. Arch Orthop Trauma Surg. 2002;122(7):410—413. 

Kinner B, Tietz S, Muller F, et al. Outcome after complex trauma of the foot. J Trauma. 2011;70(1):159-168. 

Kirzner N, Zotov P, Goldbloom D, et al. Dorsal bridge plating or transarticular screws for Lisfranc fracture dislocations: a retrospective study comparing functional and 
radiological outcomes. Bone Joint J. 2018;100-B(4):468-474. 

Klaue K. Chopart fractures. Injury. 2004;35(Suppl 2):SB64-SB70. 

Koroneos ZA, Manto KM, Martinazzi BJ, et al. Biomechanical comparison of fiber tape device versus transarticular screws for ligamentous Lisfranc injury in a cadaveric model. 
Am J Sports Med. 2022;50(12):3299-3307. 

Kou JX, Fortin PT. Commonly missed peritalar injuries. J Am Acad Orthop Surg. 2009;17(12):775—786. 

Kozaci N, Ay MO, Avci M, et al. The comparison of radiography and point-of-care ultrasonography in the diagnosis and management of metatarsal fractures. Injury. 
2017;48(2):542-547. 

Kramer DE, Mahan ST, Hresko MT. Displaced intra-articular fractures of the great toe in children: intervene with caution! J Pediatr Orthop. 2014;34(2):144-149. 

Kummer B. Morphologie und Biomechanik des Sprunggelenkes und des Fußes. In: Kummer B, ed. Biomechanik—Form und Funktion des Bewegungsapparates. Deutscher Ärzte- 
Verlag; 2005:335-376. 

Kuo PF, Ma YC, Chen CW. Tarsometatarsal dislocation or fracture-dislocation. Chin Med J (Engl). 1964;83:563-568. 

Kuo RS, Tejwani NC, Digiovanni CW, et al. Outcome after open reduction and internal fixation of Lisfranc joint injuries. J Bone Joint Surg Am. 2000;82A(11):1609-1618. 

Kura H, Luo ZP, Kitaoka HB, et al. Mechanical behavior of the Lisfranc and dorsal cuneometatarsal ligaments: in vitro biomechanical study. J Orthop Trauma. 2001;15(2):107— 
110. 

Lalwani R, Kotgirwar S, Athavale SA. Support system of Lisfranc joint complex: an anatomical investigation with an evolutionary perspective. Foot Ankle Surg. 2022;28(7):1089- 
1093. 

Lau SC, Guest C, Hall M, et al. Do columns or sagittal displacement matter in the assessment and management of Lisfranc fracture dislocations? An alternative approach to 
classification of the Lisfranc injury. Injury. 2017;48(7):1689-1695. 

Lawendy AR, Sanders DW, Bihari A, et al. Compartment syndrome-induced microvascular dysfunction: an experimental rodent model. Can J Surg. 2011;54(3):194—200. 
Lawrence SJ, Botte MJ. Jones’ fractures and related fractures of the proximal fifth metatarsal. Foot Ankle. 1993;14(6):358-365. 

Lee CA, Birkedal JP, Dickerson EA, et al. Stabilization of Lisfranc joint injuries: a biomechanical study. Foot Ankle Int. 2004;25(5):365-370. 

Lemley F, Berlet G, Hill K, et al. Current concepts review: tarsal coalition. Foot Ankle Int. 2006;27(12):1163-1169. 

Lidtke RH, Patel D, Muehleman C. Calcaneal bone mineral density and mechanical strength of the metatarsals. J Am Podiatr Med Assoc. 2000;90(9):435-440. 

Lien SB, Shen HC, Lin LC. Combined innovative portal arthroscopy and fluoroscopy-assisted reduction and fixation in subtle injury of the Lisfranc joint complex: analysis of 10 
cases. J Foot Ankle Surg. 2017;56(1):142-147. 

Liu DSH, Sofiadellis F, Ashton M, et al. Early soft tissue coverage and negative pressure wound therapy optimises patient outcomes in lower limb trauma. Injury. 2012;43(6):772— 
778. 

Longino D, Buckley RE. Bone graft in the operative treatment of displaced intraarticular calcaneal fractures: is it helpful? J Orthop Trauma. 2001;15(4):280-286. 

Ly TV, Coetzee JC. Treatment of primarily ligamentous Lisfranc joint injuries: primary arthrodesis compared with open reduction and internal fixation: a prospective, randomized 
study. J Bone Joint Surg Am. 2006;88(3):514—520. 

Lynch JE, Lynch JK, Cole SL, et al. Noninvasive monitoring of elevated intramuscular pressure in a model compartment syndrome via quantitative fascial motion. J Orthop Res. 
2009;27(4):489-494. 

Main BJ, Jowett RL. Injuries of the midtarsal joint. J Bone Joint Surg Br. 1975;57(1):89-97. 

Mallee WH, Weel H, van Dijk CN, et al. Surgical versus conservative treatment for high-risk stress fractures of the lower leg (anterior tibial cortex, navicular and fifth metatarsal 
base): a systematic review. Br J Sports Med. 2015;49(6):370-376. 

Malliaropoulos N, Alaseirlis D, Konstantinidis G, et al. Therapeutic ultrasound in navicular stress injuries in elite track and field athletes. Clin J Sport Med. 2017;27(3):278-282. 
Mandracchia VJ, Mandi DM, Toney PA, et al. Fractures of the forefoot. Clin Podiatr Med Surg. 2006;23(2):283-301, vi. 

Mangwani J, Sheikh N, Cichero M, Williamson D. What is the evidence for chemical thromboprophylaxis in foot and ankle surgery? Systematic review of the English literature. 
Foot (Edinb). 2015;25(3):173-178. 

Mann RA, Prieskorn D, Sobel M. Mid-tarsal and tarsometatarsal arthrodesis for primary degenerative osteoarthrosis or osteoarthrosis after trauma. J Bone Joint Surg Am. 
1996;78(9):1376—-1385. 

Manoli A II, Fakhouri AJ, Weber TG. Concurrent compartment syndromes of the foot and leg. Foot Ankle. 1993;14(6):339. 


314. 
Manoli A II, Weber TG. Fasciotomy of the foot: an anatomical study with special reference to release of the calcaneal compartment. Foot Ankle. 1990;10(5):267—275. 


13. Marek DJ, Copeland GE, Zlowodzki M, Cole PA. The application of dermatotraction for primary skin closure. Am J Surg. 2005;190(1):123-126. 
14. Mars M, Hadley GP. Failure of pulse oximetry in the assessment of raised limb intracompartmental pressure. Injury. 1994;25(6):379-381. 
15. Marsh JL, Slongo TF, Agel J, et al. Dislocation region foot and ankle (80). Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association 


classification, database and outcomes committee. J Orthop Trauma. 2007;21(Suppl 10):S125-S128. 


. Marsh JL, Slongo TF, Agel J, et al. Foot (81-89). Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association classification, database and 


outcomes committee. J Orthop Trauma. 2007;21(Suppl 10):S89-S94. 


. Marsh JL, Slongo TF, Agel J, et al. Fracture and dislocation classification compendium-2007: Orthopaedic Trauma Association classification, database and outcomes committee. J 


Orthop Trauma. 2007;21(Suppl 10):S1-S133. 


. Marsh JL, Slongo TF, Agel J, et al. Tarsal-metatarsal dislocation (80-C5). Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association 


classification, database and outcomes committee. J Orthop Trauma. 2007;21(10 Suppl):S126-S127. 


. Marshall P. The rehabilitation of overuse foot injuries in athletes and dancers. Clin Sports Med. 1988;7(1):175-191. 

. Marshall MP. Compartment syndrome of the foot in children. J Bone Joint Surg Am. 1995;77(11):1785. 

. Marshall P, Hamilton WG. Cuboid subluxation in ballet dancers. Am J Sports Med. 1992;20(2):169-175. 

. Maskill JD, Bohay DR, Anderson JG. First ray injuries. Foot Ankle Clin. 2006;11(1):143-163. 

. Mason L, Jayatilaka MLT, Fisher A, et al. Anatomy of the lateral plantar ligaments of the transverse metatarsal arch. Foot Ankle Int. 2020;41(1):109-114. 

. Mathesul AA, Sonawane DV, Chouhan VK. Isolated tarsal navicular fracture dislocation: a case report. Foot Ankle Spec. 2012;5(3):185-187. 

. Maxwell JR. Open or closed treatment of metatarsal fractures. Indications and techniques. J Am Podiatry Assoc. 1983;73(2):100-106. 

. Mayne AIW, Lawton R, Dalgleish S, et al. Stability of Lisfranc injury fixation in Thiel cadavers: is routine fixation of the 1st and 3rd tarsometatarsal joint necessary? Injury. 


2017;48(8):1764-1767. 


. McBryde AM Jr, Anderson RB. Sesamoid foot problems in the athlete. Clin Sports Med. 1988;7(1):51-60. 

. McGlamry ED, Southerland JT. McGlamry’s Comprehensive Textbook of Foot and Ankle Surgery. 4th ed. Wolters Kluwer/Lippincott Williams & Wilkins Health; 2013. 

. McKeon KE, McCormick JJ, Johnson JE, Klein SE. Intraosseous and extraosseous arterial anatomy of the adult navicular. Foot Ankle Int. 2012;33(10):857-861. 

. Mehlhorn AT, Walther M, Yilmaz T, et al. Dynamic plantar pressure distribution, strength capacity and postural control after Lisfranc fracture-dislocation. Gait Posture. 


2017;52:332-337. 


. Meinberg EG, Agel J, Roberts CS, et al. Fracture and dislocation classification compendium—2018. J Orthop Trauma. 2018;32(Suppl 1):S1-170. 
. Meister K, Demos HA. Fracture dislocation of the tarsal navicular with medial column disruption of the foot. J Foot Ankle Surg. 1994;33(2):135-137. 
. Michalski MP, Ingall EM, Kwon JY, Chiodo CP. Reliability of fifth metatarsal base fracture classifications and current management. Foot Ankle Int. 2022;43(8):1034-1040. 


234. 
235. 


236. 
237. 


238. 


239. 
240. 
241. 
242. 
243. 
244. 


245. 
246. 
247. 
248. 
249. 
250. 


251. 
252. 
253. 
254. 


255. 
256. 


257. 
258. 
259. 
260. 


261. 
262. 
263. 
264. 


265. 
266. 


267. 
268. 


269. 
270. 


271. 
272, 
273. 
274. 
275. 
276. 
277. 
278. 
279. 
280. 
281. 
282. 
283. 
284. 
285. 


286. 
287. 


288. 
289. 
290. 


Miersch D, Wild M, Jungbluth P, et al. A transcuneiform fracture-dislocation of the midfoot. Foot (Edinb). 2011;21(1):45-47. 

Migues A, Slullitel G, Vescovo A, et al. Peripheral foot blockade versus popliteal fossa nerve block: a prospective randomized trial in 51 patients. J Foot Ankle Surg. 
2005;44(5):354-357. 

Miller CM, Winter WG, Bucknell AL, Jonassen EA. Injuries to the midtarsal joint and lesser tarsal bones. J Am Acad Orthop Surg. 1998;6(4):249-258. 

Miller D, Marsland D, Jones M, Calder J. Early return to playing professional football following fixation of 5th metatarsal stress fractures may lead to delayed union but does not 
increase the risk of long-term non-union. Knee Surg Sports Traumatol Arthrosc. 2019;27(9):2796-2801. 

Milshteyn MA, Dwyer M, Andrecovich C, et al. Comparison of two fixation methods for arthrodesis of the calcaneocuboid joint: a biomechanical study. Foot Ankle Int. 
2015;36(1):98-102. 

Miozzari HH, Gerard R, Stern R, et al. Acute, exertional medial compartment syndrome of the foot in a high-level athlete: a case report. Am J Sports Med. 2008;36(5):983-986. 
Mitchell RJ, Duplantier NL, Delgado DA, et al. Plantar plating for the treatment of proximal fifth metatarsal fractures in elite athletes. Orthopedics. 2017;40(3):e563—e566. 
Mittlmeier T. [Acute compartment syndrome and complex trauma of the foot]. Unfallchirurg. 2011;114(10):893-900. 

Mittlmeier T, Beck M. [Injuries of the midfoot]. Chirurg. 2011;82(2):169-186; quiz 187-188. 

Mizel MS, Hwang JJ, Temple HT. Closed reduction of a lesser toe fracture. Foot Ankle Int. 1998;19(8):568-569. 

Moed BR, Thorderson PK. Measurement of intracompartmental pressure: a comparison of the slit catheter, side-ported needle, and simple needle. J Bone Joint Surg Am. 
1993;75(2):231-235. 

Mologne TS, Lundeen JM, Clapper MF, O’Brien TJ. Early screw fixation versus casting in the treatment of acute Jones fractures. Am J Sports Med. 2005;33(7):970-975. 
Monteban P, van den Berg J, van Hees J, et al. The outcome of proximal fifth metatarsal fractures: redefining treatment strategies. Eur J Trauma Emerg Surg. 2018;44(5):727-734. 
Mooney M, Maffey-Ward L. Cuboid plantar and dorsal subluxations: assessment and treatment. J Orthop Sports Phys Ther. 1994;20(4):220-226. 

Morgan C, Abbasian A. Management of spiral diaphyseal fractures of the fifth metatarsal: a case series and a review of literature. Foot (Edinb). 2020;43:101654. 

Morris B, Mullen S, Schroeppel P, Vopat B. Open physeal fracture of the distal phalanx of the hallux. Am J Emerg Med. 2017;35(7):1035.e1-1035.e3. 

Morton DJ. Dorsal hypermobility of the first metatarsal segment: part III. In: The Human Foot: Its Evolution, Physiology, and Functional Disorders. Columbia University Press; 
1935:187-195. 

Mulcahy H. Lisfranc injury: current concepts. Radiol Clin North Am. 2018;56(6):859-876. 

Mulier T, Reynders P, Dereymaeker G, Broos P. Severe Lisfrancs injuries: primary arthrodesis or ORIF? Foot Ankle Int. 2002;23(10):902-905. 

Mulier T, Reynders P, Sioen W, et al. The treatment of Lisfranc injuries. Acta Orthop Belg. 1997;63(2):82-90. 

Miiller AO. Classification of fractures—long bones. AO Publishing. http://www.aofoundation.org/AOFileServer/PortalFiles? 
FilePath=/Extranet2007/active/_att/wor/act/fracture_classif/mueller_ao_class.pdf 

Miiller ME, Nazarian S, Koch P. Classification AO des Fractures: les Os Longs. Springer-Verlag; 1987. 

Murray SR, Reeder M, Ward T, Udermann BE. Navicular stress fractures in identical twin runners: high-risk fractures require structured treatment. Phys Sportsmed. 
2005;33(1):28-33. 

Myerson MS. Experimental decompression of the fascial compartments of the foot—the basis for fasciotomy in acute compartment syndromes. Foot Ankle. 1988;8(6):308-314. 
Myerson M. Diagnosis and treatment of compartment syndrome of the foot. Orthopedics. 1990;13(7):711-717. 

Myerson MS, Cerrato RA. Current management of tarsometatarsal injuries in the athlete. J Bone Joint Surg Am. 2008;90(11):2522-2533. 

Myerson MS, Fisher RT, Burgess AR, Kenzora JE. Fracture dislocations of the tarsometatarsal joints: end results correlated with pathology and treatment. Foot Ankle. 
1986;6(5):225-242. 

Myerson MS, Kadakia AR. Arthrodesis of the tarsometatarsal joint. In: Reconstructive Foot and Ankle Surgery: Management of Complications. Elsevier; 2019:439-461. 

Myerson MS, McGarvey WC, Henderson MR, Hakim J. Morbidity after crush injuries to the foot. J Orthop Trauma. 1994;8(4):343-349. 

Naidu V, Singh SK. Cerclage wire fixation of navicular body fractures—a treatment based on mechanism of injury. Foot Ankle Int. 2005;26(3):267-269. 

Nakajima K. Arthroscopic autologous bone grafting for hallux sesamoid fracture nonunion results in a high rate of complete resolution. Arthrosc Sports Med Rehabil. 
2022;4(5):e1789-e1797. 

Nashi M, Banerjee B. Isolated plantar dislocation of the middle cuneiform—a case report. Injury. 1997;28(9-10):704—706. 

Neilly D, Baliga S, Munro C, Johnston A. Acute compartment syndrome of the foot following open reduction and internal fixation of an ankle fracture. Injury. 2015;46(10):2064— 
2068. 

Nishi H, Takao M, Uchio Y, Yamagami N. Isolated plantar dislocation of the intermediate cuneiform bone: a case report. J Bone Joint Surg Am. 2004;86(8):1772-1777. 
Nishikawa DRC, Duarte FA, de Cesar Netto C, et al. Internal fixation of displaced intra-articular fractures of the hallux through a dorsomedial approach: a technical tip. Foot Ankle 
Spec. 2018;11(1):77-81. 

Nithyananth M, Boopalan PR, Titus VT, et al. Long-term outcome of high-energy open Lisfranc injuries: a retrospective study. J Trauma. 2011;70(3):710-716. 

Niva MH, Sormaala MJ, Kiuru MJ, et al. Bone stress injuries of the ankle and foot: an 86-month magnetic resonance imaging based study of physically active young adults. Am J 
Sports Med. 2007;35(4):643-649. 

Nolte P, Anderson R, Strauss E, et al. Heal rate of metatarsal fractures: a propensity-matching study of patients treated with low-intensity pulsed ultrasound (LIPUS) vs. surgical 
and other treatments. Injury. 2016;47(11):2584—2590. 

Nunley JA, Vertullo CJ. Classification, investigation, and management of midfoot sprains: Lisfranc injuries in the athlete. Am J Sports Med. 2002;30(6):871-878. 

Ochenjele G, Ho B, Switaj PJ, et al. Radiographic study of the fifth metatarsal for optimal intramedullary screw fixation of Jones fracture. Foot Ankle Int. 2015;36(3):293-301. 
Ojike NI, Roberts CS, Giannoudis PV. Foot compartment syndrome: a systematic review of the literature. Acta Orthop Belg. 2009;75(5):573-580. 

Olson RC, Mendicino SS, Rockett MS. Isolated medial cuneiform fracture: review of the literature and report of two cases. Foot Ankle Int. 2000;21(2):150-153. 

Onochie E, Bua N, Mmerem K, et al. Functional outcomes of dorsal bridge plating for Lisfranc injuries with routine implant retention: a major trauma center experience. J Orthop 
Trauma, 2023;37(1):e22—e27. 

Orthopaedic Trauma Association Committee for Coding and Classification. Fracture and dislocation compendium. Orthopaedic Trauma Association Committee for Coding and 
Classification. J Orthop Trauma. 1996;10(Suppl 1):v—ix, 1-154. 

Osher LS, DeMore M III, Atway S, Thomson MK. Extended pedal imaging via modifications of the traditional forefoot axial radiographic study: teaching new tricks to an old 
dog? an initial report with case presentations. J Am Podiatr Med Assoc. 2008;98(3):171-188. 

Panchbhavi VK, Vallurupalli S, Yang J, Andersen CR. Screw fixation compared with suture-button fixation of isolated Lisfranc ligament injuries. J Bone Joint Surg Am. 
2009;91(5):1143-1148. 

Pao DG, Keats TE, Dussault RG. Avulsion fracture of the base of the fifth metatarsal not seen on conventional radiography of the foot: the need for an additional projection. AJR 
Am J Roentgenol. 2000;175(2):549-552. 

Park YH, Ahn JH, Choi GW, Kim HJ. Percutaneous reduction and 2.7-mm cortical screw fixation for low-energy Lisfranc injuries. J Foot Ankle Surg. 2020;59(5):914-918. 

Patel KA, Christopher ZK, Drakos MC, O’Malley MJ. Navicular stress fractures. J Am Acad Orthop Surg. 2021;29(4):148-157. 

Patel T, Song AJ, Lomasney LM, et al. Acute fibular sesamoid fracture: one part of the spectrum of sesamoid pathologies. Orthopedics. 2014;37(10):650—711. 

Pelt CE, Bachus KN, Vance RE, Beals TC. A biomechanical analysis of a tensioned suture device in the fixation of the ligamentous Lisfranc injury. Foot Ankle Int. 
2011;32(4):422-431. 

Peters W, Panchbhavi V. Primary arthrodesis versus open reduction and internal fixation outcomes for Lisfranc injuries: an analysis of conflicting meta-analyses results. Foot 
Ankle Spec. 2022;15(2):171-178. 

Petrisor BA, Ekrol I, Court-Brown C. The epidemiology of metatarsal fractures. Foot Ankle Int. 2006;27(3):172-174. 

Pettersen PM, Radojicic N, Griin W, et al. Proximal fifth metatarsal fractures: a retrospective study of 834 fractures with a minimum follow-up of 5 years. Foot Ankle Int. 
2022;43(5):602-608. 

Pfeifer R, Pape HC. Missed injuries in trauma patients: a literature review. Patient Saf Surg. 2008;2:20. 

Pfitzner W. Beiträge zur Kenntniss des menschlichen Extremitatenskelets. In: Schwalbe G, ed. Morphologische Arbeiten. Vol. 6. G. Fischer; 1896:245-528. 

Philbin T, Rosenberg G, Sferra JJ. Complications of missed or untreated Lisfranc injuries. Foot Ankle Clin. 2003;8(1):61-71. 


. Pinney SJ, Sangeorzan BJ. Fractures of the tarsal bones. Orthop Clin North Am. 2001;32(1):21-33. 
. Pinzur MS, Gottschalk FA, Pinto MA, et al; American Academy of Orthopaedics. Controversies in lower-extremity amputation. J Bone Joint Surg Am. 2007;89(5):1118-1127. 
. Pituckanotai K, Arirachakaran A, Piyapittayanun P, et al. Comparative outcomes of cast and removable support in fracture fifth metatarsal bone: systematic review and meta- 


analysis. J Foot Ankle Surg. 2018;57(5):982—986. 


. Ponkilainen VT, Laine HJ, Mäenpää HM, et al. Incidence and characteristics of midfoot injuries. Foot Ankle Int. 2019;40(1):105—112. 
. Probst C, Richter M, Lefering R, et al. Incidence and significance of injuries to the foot and ankle in polytrauma patients—an analysis of the Trauma Registry of DGU. Injury. 


2010;41(2):210-215. 


. Puna RA, Tomlinson MPW. The role of percutaneous reduction and fixation of Lisfranc injuries. Foot Ankle Clin. 2017;22(1):15-34. 
. Qian H, Lei T, Hu Y. Negative pressure wound therapy versus gauze dressings in managing open fracture wound of lower limbs: A meta-analysis of randomized controlled trials. 


Foot Ankle Surg. 2022;28(7):1120-1128. 


. Quénu E, Kiiss G. Etude sur les luxations du metatarse (luxations métatarso-tarsiennes) du diastasis entre le 1er et le 2e metatarsien. Rev Chir (Paris). 1909;39:281-336. 
. Raikin SM, Elias I, Dheer S, et al. Prediction of midfoot instability in the subtle Lisfranc injury: comparison of magnetic resonance imaging with intraoperative findings. J Bone 


Joint Surg Am. 2009;91(4):892-899. 


. Rajapakse B, Edwards A, Hong T. A single surgeon’s experience of treatment of Lisfranc joint injuries. Injury. 2006;37(9):914—921. 

. Rajeev A, McDonald M, Newby M, Patterson P. Traumatic avulsion of tibialis anterior following an industrial accident: a case report. Int J Surg Case Rep. 2015;14:125-128. 

. Ramadorai MUE, Beuchel MW, Sangeorzan BJ. Fractures and dislocations of the tarsal navicular. J Am Acad Orthop Surg. 2016;24(6):379-389. 

. Rammelt S, Biewener A, Grass R, Zwipp H. [Foot injuries in the polytraumatized patient]. Unfallchirurg. 2005;108(10):858-865. 

. Rammelt S, Schneiders W, Schikore H, et al. Primary open reduction and fixation compared with delayed corrective arthrodesis in the treatment of tarsometatarsal (Lisfranc) 


fracture dislocation. J Bone Joint Surg Br. 2008;90(11):1499-1506. 


. Rammelt S, Schneiders W, Zwipp H. [Corrective tarsometatarsal arthrodesis for malunion after fracture-dislocation]. Orthopade. 2006;35(4):435—442. 

. Rao H. Complete open dislocation of the navicular: a case report. J Foot Ankle Surg. 2012;51(2):209-211. 

. Rasmussen CG, Jorgensen SB, Larsen P, et al. Population-based incidence and epidemiology of 5912 foot fractures. Foot Ankle Surg. 2021;27(2):181-185. 

. Reach JS Jr, Amrami KK, Felmlee JP, et al. Anatomic compartments of the foot: a 3-Tesla magnetic resonance imaging study. Clin Anat. 2007;20(2):201-208. 

. Reach JS Jr, Amrami KK, Felmlee JP, et al. The compartments of the foot: a 3-tesla magnetic resonance imaging study with clinical correlates for needle pressure testing. Foot 


Ankle Int. 2007;28(5):584-594. 


10. Richter J, Schulze W, Klaas A, et al. Compartment syndrome of the foot: an experimental approach to pressure measurement and release. Arch Orthop Trauma Surg. 


2008; 128(2):199-204. 


11. Richter M, Thermann H, Huefner T, et al. Chopart joint fracture-dislocation: initial open reduction provides better outcome than closed reduction. Foot Ankle Int. 2004;25(5):340— 


348. 


12. Richter M, Thermann H, Wippermann B, et al. Foot fractures in restrained front seat car occupants: a long-term study over twenty-three years. J Orthop Trauma. 2001;15(4):287— 


293. 


. Richter M, Wippermann B, Krettek C, et al. Fractures and fracture dislocations of the midfoot: occurrence, causes and long-term results. Foot Ankle Int. 2001;22(5):392-398. 
. Riegger M, Miiller J, Giampietro A, et al. Forefoot adduction, hindfoot varus or pes cavus: risk factors for fifth metatarsal fractures and jones fractures? A Systematic review and 


meta-analysis. J Foot Ankle Surg. 2022;61(3):641-647. 


. Rikken QGH, Dahmen J, Hagemeijer NC, et al. Adequate union rates for the treatment of acute proximal fifth metatarsal fractures. Knee Surg Sports Traumatol Arthrosc. 


2021;29(4):1284-1293. 


16. Rikken QGH, Hagemeijer NC, De Bruijn J, et al. Novel values in the radiographic diagnosis of ligamentous Lisfranc injuries. Injury. 2022;53(6):2326—2332. 

17. Robertson GA, Goffin JS, Wood AM. Return to sport following stress fractures of the great toe sesamoids: a systematic review. Br Med Bull. 2017;122(1):135-149. 

18. Robertson GAJ, Ang KK, Maffulli N, et al. Return to sport following Lisfranc injuries: A systematic review and meta-analysis. Foot Ankle Surg. 2019;25(5):654-664. 

19. Robertson GAJ, Goffin JS, Wood AM. Return to sport following stress fractures of the great toe sesamoids: a systematic review. Br Med Bull. 2017;122(1):135-149. 

. Rony L, de Sainte Hermine P, Steiger V, et al. Clinical and radiological outcomes of a cohort of 9 patients with anatomical fractures of the cuboid treated by locking plate fixation. 


Orthop Traumatol Surg Res. 2018;104(2):245-249. 


. Ross G, Cronin R, Hauzenblas J, Juliano P. Plantar ecchymosis sign: a clinical aid to diagnosis of occult Lisfranc tarsometatarsal injuries. J Orthop Trauma. 1996;10(2):119-122. 
. Rozell JC, Chin M, Donegan DJ, Hast MW. Biomechanical comparison of fully threaded solid cortical versus partially threaded cannulated cancellous screw fixation for Lisfranc 


injuries. Orthopedics. 2018;41(2):e222-e227. 


. Sanders R, Serrano R. Navicular body fractures- surgical treatment and radiographic results. J Orthop Trauma. 2020;34(Suppl 1):S38-S44. 

. Sangeorzan BJ, Benirschke SK, Mosca V, et al. Displaced intra-articular fractures of the tarsal navicular. J Bone Joint Surg Am. 1989;71(10):1504-1510. 

. Sangeorzan BJ, Swiontkowski MF. Displaced fractures of the cuboid. J Bone Joint Surg Br. 1990;72(3):376-378. 

. Sanli I, Hermus J, Poeze M. Primary internal fixation and soft-tissue reconstruction in the treatment for an open Lisfranc fracture-dislocation. Musculoskelet Surg. 2012;96(1):59- 


62. 


. Sarage AL, Gambardella GV, Fullem B, et al. Cuboid-navicular tarsal coalition: report of a small case series with description of a surgical approach for resection. J Foot Ankle 


Surg. 2012;51(6):783—786. 


. Sarrafian SK. Functional characteristics of the foot and plantar aponeurosis under tibiotalar loading. Foot Ankle. 1987;8(1):4-18. 
. Sarrafian SK. Anatomy of the Foot and Ankle: Descriptive, Topographical, Functional. 3rd ed. Lippincott Williams & Wilkins; 2011. 
. Sarrafian SK, Kelikian AS. Retaining systems and compartments. In: Kelikian AS, ed. Anatomy of the Foot and Ankle: Descriptive, Topographical, Functional. 3rd ed. Lippincott 


Williams & Wilkins; 2011:120-162. 


. Saxena A, Fullem B. Navicular stress fractures: a prospective study on athletes. Foot Ankle Int. 2006;27(11):917-921. 

. Saxena A, Fournier M, Patel P, Maffulli N. Sesamoidectomy in athletes: outcomes from 2-centers. J Foot Ankle Surg. 2022;61(1):139-142. 

. Saxena A, Krisdakumtorn T. Return to activity after sesamoidectomy in athletically active individuals. Foot Ankle Int. 2003;24(5):415-419. 

. Schildhauer TA, Nork SE, Sangeorzan BJ. Temporary bridge plating of the medial column in severe midfoot injuries. J Orthop Trauma. 2003;17(7):513-520. 

. Schmid T, Krause F, Gebel P, Weber M. Operative treatment of acute fractures of the tarsal navicular body: midterm results with a new classification. Foot Ankle Int. 


2016;37(5):501-507. 


. Schwagten K, Gill J, Thorisdottir V. Epidemiology of dancer’s fracture. Foot Ankle Surg. 2021;27(6):677-680. 
. Selby R, Geerts WH, Kreder HJ, et al. A double-blind, randomized controlled trial of the prevention of clinically important venous thromboembolism after isolated lower leg 


fractures. J Orthop Trauma. 2015;29(5):224—230. 


. Selby R, Geerts WH, Kreder HJ, et al. Symptomatic venous thromboembolism uncommon without thromboprophylaxis after isolated lower-limb fracture: the knee-to-ankle 


fracture (KAF) cohort study. J Bone Joint Surg Am. 2014;96(10):e83. 


. Senaran H, Mason D, De Pellegrin M. Cuboid fractures in preschool children. J Pediatr Orthop. 2006;26(6):741-744. 
. Serfaty A, Pessoa A, Antunes E, et al Bipartite medial cuneiform: magnetic resonance imaging findings and prevalence of this rare anatomical variant. Skeletal Radiol. 


2020;49(5):691-698. 


. Shapiro MS, Wascher DC, Finerman GA. Rupture of Lisfranc’s ligament in athletes. Am J Sports Med. 1994;22(5):687-691. 

. Shawen SB, Anderson RB, Cohen BE, et al. Spherical ceramic interpositional arthroplasty for basal fourth and fifth metatarsal arthritis. Foot Ankle Int. 2007;28(8):896-901. 
. Sheahan K, Pomeroy E, Bayer T. An isolated cuboid dislocation: a case report. Int J Surg Case Rep. 2017;39:1-4. 

. Sheibani-Rad S, Coetzee JC, Giveans MR, DiGiovanni C. Arthrodesis versus ORIF for Lisfranc fractures. Orthopedics. 2012;35(6):e868-e873. 

. Shereff MJ. Fractures of the forefoot. Instr Course Lect. 1990;39:133-140. 

. Sherief TI, Mucci B, Greiss M. Lisfranc injury: how frequently does it get missed? And how can we improve? Injury. 2007;38(7):856-860. 

. Shimozono Y, Hurley ET, Brown AJ, Kennedy JG. Sesamoidectomy for hallux sesamoid disorders: a systematic review. J Foot Ankle Surg. 2018;57(6):1186-1190. 


348. 
349. 


350. 


351. 


352. 
353. 


354. 
355. 


356. 
357. 


358. 
359. 
360. 
361. 
362. 
363. 
364. 
365. 


366. 
367. 
368. 
369. 


370. 


371. 
372. 


373. 


374. 
375: 
376. 


377. 
378. 
379. 
380. 
381. 
382. 
383. 
384. 


385. 
386. 
387. 
388. 
389. 
390. 
391. 
392. 


393. 
394. 


395. 


396. 


397. 


398. 
399. 


Sripanich Y, Weinberg MW, Krähenbühl N, et al. Imaging in Lisfranc injury: a systematic literature review. Skeletal Radiol. 2020;49(1):31-53. 

Sripanich Y, Weinberg MW, Krähenbühl N, et al. Reliability of measurements assessing the Lisfranc joint using weightbearing computed tomography imaging. Arch Orthop 
Trauma Surg. 2021;141(5):775-781. 

Stavlas P, Roberts CS, Xypnitos FN, Giannoudis PV. The role of reduction and internal fixation of Lisfranc fracture-dislocations: a systematic review of the literature. Int Orthop. 
2010;34(8):1083-1091. 

Stavrakakis IM, Magarakis GE, Christoforakis Z. Percutaneous fixation of Lisfranc joint injuries: a systematic review of the literature. Acta Orthop Traumatol Turc. 
2019;53(6):457-462. 

Stodle AH, Hvaal KH, Brøgger H, et al. Outcome after nonoperative treatment of stable Lisfranc injuries. A prospective cohort study. Foot Ankle Surg. 2022;28(2):245-250. 
Stodle AH, Hvaal KH, Brøgger HM, et al. Temporary bridge plating vs primary arthrodesis of the first tarsometatarsal joint in lisfranc injuries: randomized controlled trial. Foot 
Ankle Int. 2020;41(8):901-910. 

Stodle AH, Hvaal KH, Enger M, et al. Lisfranc injuries: incidence, mechanisms of injury and predictors of instability. Foot Ankle Surg. 2020;26(5):535-540. 

Stratmann B, Strosche H, Beyer HK. [The diagnosis of fractures of the medial cuneiform bone and injuries of Lisfranc’s joint using a modified roentgen exposure technique]. 
Unfallchirurg. 1988;91(6):282-285. 

Strohm PC, Schwering L, Mehlhorn A, et al. [Injuries of the midfoot in children]. Unfallchirurg. 2006;109(12):1094—1098. 

Tan EW, Bolia IK, Peterson AB, et al. Return to sport following operative treatment of displaced medial sesamoid fractures in NCAA Division I football players. Foot Ankle Int. 
2021;42(5):654-657. 

Templeman DC, Varecka TF, Schmidt RD. Economic costs of missed compartment syndromes. J Orthop Trauma. 1993;7(2):180. 

Teng AL, Pinzur MS, Lomasney L, et al. Functional outcome following anatomic restoration of tarsal-metatarsal fracture dislocation. Foot Ankle Int. 2002;23(10):922-926. 

Teoh KH, Whitham R, Wong JF, Hariharan K. The use of low-intensity pulsed ultrasound in treating delayed union of fifth metatarsal fractures. Foot (Edinb). 2018;35:52-55. 
Thakur NA, McDonnell M, Got CJ, et al. Injury patterns causing isolated foot compartment syndrome. J Bone Joint Surg Am. 2012;94(11):1030-1035. 

Thompson P, Patel V, Fallat LM, Jarski R. Surgical management of fifth metatarsal diaphyseal fractures: a retrospective outcome study. J Foot Ankle Surg. 2017;56(3):463—-467. 
Thomson CB, Greaves I. Missed injury and the tertiary trauma survey. Injury. 2008;39(1):107-114. 

Tomohiko T, Nagase T, Nakagawa T, Masamitsu T. Treatment of incomplete Jones fractures with low-intensity pulsed ultrasound (LIPUS). J Orthop Trauma. 2017;31(7):S2-S3. 
Torg JS, Moyer J, Gaughan JP, Boden BP. Management of tarsal navicular stress fractures: conservative versus surgical treatment—a meta-analysis. Am J Sports Med. 
2010;38(5):1048-1053. 

Tountas AA. Occult fracture-subluxation of the midtarsal joint. Clin Orthop Relat Res. 1989;243:195-199. 

Ulmer T. The clinical diagnosis of compartment syndrome of the lower leg: are clinical findings predictive of the disorder? J Orthop Trauma. 2002;16(8):572-577. 

Urteaga AJ, Lynch M. Fractures of the central metatarsals. Clin Podiatr Med Surg. 1995;12(4):759-772. 

van den Brand JGH, Verleisdonk EJMM, van der Werken C. Near infrared spectroscopy in the diagnosis of chronic exertional compartment syndrome. Am J Sports Med. 
2004;32(2):452-456. 

Van der Krans A, Louwerens JW, Anderson P. Adult acquired flexible flatfoot, treated by calcaneocuboid distraction arthrodesis, posterior tibial tendon augmentation, and 
percutaneous Achilles tendon lengthening: a prospective outcome study of 20 patients. Acta Orthop. 2006;77(1):156-163. 

Van Vliet-Koppert ST, Cakir H, Van Lieshout EMM, et al. Demographics and functional outcome of toe fractures. J Foot Ankle Surg. 2011;50(3):307-310. 

van Dijk PA, Breuking S, Guss D, et al. Optimizing surgery of metaphyseal-diaphyseal fractures of the fifth metatarsal: a cadaveric study on implications of intramedullary screw 
position, screw parameters and surrounding anatomic structures. Injury. 2020;51(12):2887—2892. 

VanPelt MD, Athey A, Yao J, et al. Is routine hardware removal following open reduction internal fixation of tarsometatarsal joint fracture/dislocation necessary? J Foot Ankle 
Surg. 2019;58(2):226-230. 

Vertullo CJ, Easley ME, Nunley JA. The transverse dorsal approach to the Lisfranc joint. Foot Ankle Int. 2002;23(5):420-426. 

Herterich V, Hofmann L, Bocker W, et al. Acute, isolated fractures of the metatarsal bones: an epidemiologic study. Arch Orthop Trauma Surg. 2023;143(4):1939-1945. 

van Koperen PJ, de Jong VM, Luitse JS, Schepers T. Functional outcomes after temporary bridging with locking plates in Lisfranc injuries. J Foot Ankle Surg. 2016;55(5):922— 
926. 

Vosbikian M, O’Neil JT, Piper C, et al. Outcomes after percutaneous reduction and fixation of low-energy Lisfranc injuries. Foot Ankle Int. 2017;38(7):710-715. 

Wadsworth DJ, Eadie NT. Conservative management of subtle Lisfranc joint injury: a case report. J Orthop Sports Phys Ther. 2005;35(3):154-164. 

Wang CL, Shieh JY, Wang TG, Hsieh FJ. Sonographic detection of occult fractures in the foot and ankle. J Clin Ultrasound. 1999;27(8):421-425. 

Watson AD, Kelikian AS. Thomas splint, calcaneus fracture, and compartment syndrome of the foot: a case report. J Trauma. 1998;44(1):205—208. 

Watson GI, Karnovsky SC, Konin G, Drakos MC. Optimal starting point for fifth metatarsal zone II fractures: a cadaveric study. Foot Ankle Int. 2017;38(7):802-807. 

Weber M, Locher S. Reconstruction of the cuboid in compression fractures: short to midterm results in 12 patients. Foot Ankle Int. 2002;23(11):1008-1013. 

Welck MJ, Hayes T, Pastides P, et al. Stress fractures of the foot and ankle. Injury. 2017;48(8):1722-1726. 

Wiemann JM, Ueno T, Leek BT, et al. Noninvasive measurements of intramuscular pressure using pulsed phase-locked loop ultrasound for detecting compartment syndromes: a 
preliminary report. J Orthop Trauma. 2006;20(7):458-463. 

Wiger P, Zhang Q, Styf J. The effects of limb elevation and increased intramuscular pressure on nerve and muscle function in the human leg. Eur J Appl Physiol. 2000;83(1):84— 
88. 

Wiley JJ. The mechanism of tarso-metatarsal joint injuries. J Bone Joint Surg Br. 1971;53(3):474—482. 

Wilson DW. Injuries of the tarso-metatarsal joints. etiology, classification and results of treatment. J Bone Joint Surg Br. 1972;54(4):677-686. 

Wood T, Sameem M, Avram R, et al. A systematic review of early versus delayed wound closure in patients with open fractures requiring flap coverage. J Trauma Acute Care 
Surg. 2012;72(4):1078-1085. 

Won HJ, Oh CS. Classification of the interosseous tarsometatarsal ligaments of the foot. Foot Ankle Surg. 2022;28(1):72-78. 

Working ZM, Elliot I, Marchant LS, et al. Predictors of amputation in high-energy forefoot and midfoot injuries. Injury. 2017;48(2):536-541. 

Wu GB, Li B, Yang YF. Comparative study of surgical and conservative treatments for fifth metatarsal base avulsion fractures (type I) in young adults or athletes. J Orthop Surg 
(Hong Kong). 2018;26(1):2309499017747128. 

Yates J, Feeley I, Sasikumar S, et al. Jones fracture of the fifth metatarsal: is operative intervention justified? A systematic review of the literature and meta-analysis of results. 
Foot (Edinb). 2015;25(4):251-257. 

Young KW, Kim JS, Lee HS, et al. Operative results of plantar plating for fifth metatarsal stress fracture. Foot Ankle Int. 2020;41(4):419-427. 

Zarei M, Bagheri N, Nili A, et al. Closed antegrade/retrograde intramedullary fixation of central metatarsal fractures: surgical technique and clinical outcomes. Injury. 
2020;51(4):1125-1129. 

Zhang H, Min L, Wang GL, et al. Primary open reduction and internal fixation with headless compression screws in the treatment of Chinese patients with acute Lisfranc joint 
injuries. J Trauma Acute Care Surg. 2012;72(5):1380-1385. 

Zhao J, Yu B, Xie M, et al. Surgical treatment of zone 1 fifth metatarsal base fractures using the locking compression plate distal ulna hook plate. J Am Podiatr Med Assoc. 
2017;107(5):369-374. 

Zwipp H. [Reconstructive measures for the foot after compartment syndrome]. Unfallchirurg. 1991;94(5):274-279. 

Zwipp H, Dahlen C, Randt T, Gavlik JM. [Complex trauma of the foot]. Orthopade. 1997;26(12):1046-1056. 

Zwipp H, Rammelt S. [Posttraumatic deformity correction at the foot]. Zentralbl Chir. 2003;128(3):218-226. 


Regional Anesthesia for Fractures and Dislocations 


Caitlin Grant and Stuart A. Grant 


INTRODUCTION 


LOCAL ANESTHETICS 

Principles of Safe Use of Local Anesthetics 
Additives to Local Anesthetics 

Treatment of Local Anesthetic Systemic Toxicity 


NERVE BLOCKS 

Infiltration 

Hematoma Block 

Intravenous Regional Anesthesia (Bier Block) 
Periosteal Nerve Blocks 

Plexus Anesthesia 


EPIDURAL AND SPINAL ANESTHESIA 
LOCAL ANESTHETICS AND COMPARTMENT SYNDROME 


INTRODUCTION 


Regional anesthesia and the use of local anesthetics have a place in the acute care of fractures and in any subsequent surgical repair. Regional anesthesia can 
provide conditions of minimal or no pain during fracture reduction without a decrease in conscious level of the patient, but this must be balanced against a 
loss of sensation produced by the local anesthetic. We now understand that better quality pain control leads to higher patient satisfaction. However, beyond 
patient satisfaction, there are important reasons to minimize or even avoid opioids in vulnerable patient groups.'® In frail patients, those with renal 
impairment,!° those with respiratory illness, and in patients with high BMIs, minimizing opioids can minimize complications. In patients who are opioid- 
tolerant or have a history of opioid misuse, it can be important to minimize or avoid opioid use when possible. The other main reason to use locoregional 
anesthesia is to facilitate patient discharge. Patients’ pain and lack of pain control are some of the most common reasons for failure to discharge patients or 
result in patient readmission following ambulatory surgery. In addition, there is growing evidence that a lack of adequate acute pain management in the 
immediate postoperative period leads to a higher incidence of chronic pain after surgery.’ 

Local anesthetics can be used for simple infiltration, intravenous regional anesthesia, and major plexus nerve blocks. The advance of technology with a 
reduction in complexity, size, and cost of ultrasound now allows practitioners in rural and economically challenged areas to administer ultrasound-guided 
nerve blocks for anesthesia and analgesia. Currently in most major centers anesthesiologists perform major peripheral nerve blocks but there are still plenty 
of opportunities for surgical teams to provide local regional analgesia. An understanding of local anesthetics and their side effects is essential to provide 
effective and safe care. 


LOCAL ANESTHETICS 


PRINCIPLES OF SAFE USE OF LOCAL ANESTHETICS 


Table 69-1 lists common local anesthetics, their uses, and available preparations. To appropriately use local anesthetics there are only a few questions that 
need to be asked: 


Is the drug going to be used for anesthesia or just analgesia? 

What duration of local anesthetic block is desired? 

Are there contraindications to additives such as epinephrine? 

What is the safe total dose that can be used in the planned route of administration? 


Depending on the site of administration, the concentration, and the total volume of local anesthetic used, different clinical results can be achieved. For 
fracture reduction or as the principal surgical anesthetic, a higher concentration and often a higher volume of local anesthetic is required (Table 69-2). This 
denser local anesthetic block can be described as an anesthetic dose. Anesthetic dosing will result in pain relief but also a loss of motor function, touch, 
temperature, and any reflex. The potential danger of a higher dose of local anesthetic is local anesthetic toxicity. 


TABLE 69-1. Common Local Anesthetics, Uses, and Available Preparations 


Generic Name Chemical Structure Anesthetic Uses Common Available Preparations 


Lidocaine H Infiltration, peripheral nerve 5 and 10 mg/mL infiltration 
N Px block ne spinal, epidural, 10, 15, and 20 mg/mL PNB 
t 
Tt N opica 10, 15, and 20 mg/mL epidural 


Chloroprocaine Infiltration, peripheral nerve 10 mg/mL infiltration 


9 block, spinal 10 and 20 mg/mL PNB 
10 mg/mL spinal 
Oo ee al T ee 
HN l 
Mepivacaine O Infiltration, peripheral nerve 10 mg/mL infiltration 
| block, epidural 10 , 15, and 20 mg/mL PNB 
N 
N 
H 


Bupivacaine Infiltration, peripheral nerve 2.5 mg/mL infiltration 
H block, epidural, spinal 2.5 and 5 mg/mL PNB 
N 5 and 7.7 mg/mL epidural and 
N spinal 
O 13 mg/mL liposomal formulation 
Ropivacaine Infiltration, peripheral nerve 2.5 and 5 mg/mL infiltration 
H block, epidural 5 and 10 mg/mL PNB 
N N 5 and 7.5 mg/mL epidural 
O 
TABLE 69-2. Local Anesthetic Recommended Maximum Doses and Expected Duration of Action for Infiltration 
Local Infiltration Plain Solution Epinephrine in Solution 
Drug Concentration Maximum Dose (mg) Duration (min) Maximum Dose (mg) Duration (min) 


Short Duration 


Chloroprocaine 1-2% 800 15-30 1,000 30 


Moderate Duration 
Lidocaine 0.5-1% 300 30-60 500 120 
Mepivacaine 0.5-1% 300 45-90 500 120 


Long Duration 
Bupivacaine 0.25-0.5% 175 120-240 200 180-240 
Ropivacaine 0.2-0.5% 200 120-240 250 180-240 


TABLE 69-3. Typical Local Anesthetic Concentration, Volume, and Duration of Action When Used for Nerve Blocks 


Nerve Block Average Duration (minutes) 


Drug Concentration Typical Volume (mL) Dose (mg) Plain Solution Epinephrine Containing 


Chloroprocaine 2% 5-20 100-400 15-30 30-60 

Lidocaine 1% 5-20 50-200 60-120 120-180 
Mepivacaine 1% 5-20 50-200 60-120 120-180 
Bupivacaine 0.25-0.5% 5-20 12.5-100 180-360 240-420 
Ropivacaine 0.2-0.5% 5-20 10-100 180-360 240-420 


In contrast, if the outcome required is only pain management, an analgesic block can be achieved where pain control is possible but with minimal motor 
and sensory block. An analgesic-only block is achieved using a lower concentration of local anesthetic often with a lower volume (Table 69-3). 

Current local anesthetics used are mainly aminoamide agents. The local anesthetics can be divided into short duration or longer duration. The shorter- 
acting agents lidocaine and mepivacaine can provide anesthesia for 4 hours, and the longer-acting amides bupivacaine and ropivacaine can provide longer 
duration analgesia, up to 18 hours, for patients when used as a peripheral nerve block. 

New formulations of local anesthetics are available that prolong the duration of effect. Liposomal bupivacaine encapsulates bupivacaine within 
liposomal bubbles and reduces the proportion of free bupivacaine and through slow release by the liposomes prolongs the duration of analgesia. The 
liposomal formulation has advantages and drawbacks. There is only a small free amount of bupivacaine available and this can lead to poor initial pain 
control. The problem of initial pain can be resolved by mixing liposomal bupivacaine with free bupivacaine. Another problem with liposomal bupivacaine is 
that once administered no other local anesthetics can be administered for 72 hours. If the patient continues to have pain after liposomal bupivacaine 
administration this limits other regional analgesia options. 

A second prolonged action local anesthetic has recently been licensed in the United States. The new prolonged medication is a combination of 
bupivacaine and meloxicam for periarticular administration. This thick mixed solution of bupivacaine and meloxicam is not for injection but its license is 
for wound and periarticular instillation.” It needs to be rubbed on and massaged into the various layers of the wound. The product does have a caution about 
use in vascular areas, a caution regarding the occurrence of NSAID side effects, and it also has a slow onset which results in the need for another analgesic 
use for the first 12 to 18 hours. Currently, high-quality trials on the use of both liposomal bupivacaine and bupivacaine meloxicam are missing in fracture 
surgery but one unblinded prospective study in distal radius fracture surgery demonstrated that intraoperative infiltration of liposomal bupivacaine mixed 
with plain bupivacaine improved pain and reduced opioid consumption compared to infiltration of plain bupivacaine.” 

Local anesthetic drugs all have a maximum safe dose and this dose limit should not be exceeded but even below the stated safe dose local anesthetic 
toxicity can occur if a high volume of the injected agent enters the systemic circulation. 


ADDITIVES TO LOCAL ANESTHETICS 


Local anesthetics can be dispensed plain or have additives already mixed. Some local anesthetic vials are prepared as multidose and these preparations 
commonly have preservatives added. Multidose local anesthetic vials sold in the United States contain methylparaben as a preservative. Some epinephrine- 
containing local anesthetics contain 0.5 mg/mL of metabisulfite as a preservative. The additives can cause allergic reactions and make the solution 
potentially more neurotoxic if injected into a nerve. Common additives to local anesthetic include epinephrine and steroids. 

Epinephrine added to local anesthetic serves two purposes. By causing local vasoconstriction added epinephrine will increase the concentration of local 
anesthetic locally and speed up the onset of a regional nerve block and prolong the duration of a nerve block by the same mechanism. It can also act as an 
intravascular marker and herald potential local anesthetic systemic toxicity (LAST) by causing a tachycardia at the time of local anesthetic injection. Care 
needs to be taken to consider unwanted vasoconstriction with the addition of epinephrine to local anesthetic in extremities and small end arteries. Steroids 
and in particular methylprednisone and dexamethasone have been added to local anesthetic mixtures and given as a supplement to local anesthetic nerve 
block. Steroids have been demonstrated to reduce postoperative pain and opioid consumption and can prolong the duration of local anesthetic action but 
evidence for this action is limited in lower limb nerve block.*! Any benefit of steroids needs to be balanced in patients where the risk of systemic steroid- 
related side effects including hyperglycemia is increased.** 


TREATMENT OF LOCAL ANESTHETIC SYSTEMIC TOXICITY 


LAST can occur at doses well below the stated safe maximum dose so vigilance is essential any time local anesthetics are administered.?9 

The incidence of LAST is underreported due to a combination of misdiagnosis, publication bias, and underreporting by individual practitioners. It 
should be noted that systemic local anesthetic toxicity still has a mortality risk. Nonanesthesiologists are involved with approximately 50% of local 
anesthetic toxicity cases and 20% of cases occur outside a hospital setting. 

The signs and symptoms of LAST are variable and include the classic onset and progression of central nervous system excitement (agitation, metallic 
taste, or acute personality change) followed by seizures, coma, cardiac depression, and cardiac conduction block but there is substantial variation. Onset can 
present with simultaneous CNS and cardiac events, or cardiac events without any preceding signs. LAST can occur immediately after local anesthetic 
injection (under a minute), and rarely 15 minutes (and has even been reported an hour) after injection. The different combinations of timing and clinical 
presentation of LAST suggest that practitioners should have a low level of suspicion for the diagnosis. 

Reported risk factors for LAST include patients under 16, or over 60 years, low muscle mass, female gender, cardiac disease, liver disease, metabolic 
disease including diabetes, CNS disease, and low plasma protein binding. The choice of local anesthetic is important. Bupivacaine does have a lower safety 
profile than other local anesthetics, but other local anesthetics can still cause LAST. 

With vigilance, preparation, and quick action there is now an effective, and inexpensive treatment for LAST. Initial management should be to stop the 
local anesthetic injection and maintain the airway. The basis of treatment is early administration of intravenous lipid emulsion 20%. The medication is 


administered as a 100-mL bolus that can be repeated and an infusion of 250 mL over 20 minutes that can also be repeated. In practice, 100-mL bolus plus 
another 100-mL bolus for a total of 200 mL is administered quickly but a total volume of 700 mL needs to be available in the facility. Lipid emulsion can be 
stored at room temperature.30 

Lipid emulsion is cheap, has a long shelf-life, and should be stored in any location where local anesthetics are administered. American Society of 
Regional Anesthesia (ASRA) Pain Medicine has produced updated guidelines in 2020 on the treatment of LAST°° and also an earlier review of the 
development and mechanisms of action of this treatment.° The current treatment algorithm developed by experts is shown in Figure 69-1. 


Local Anesthetic 
Systemic Toxicity 
Checklist 


+ Bolus ~100 mL over 2-3 min 
+ Infuse ~250 mL over 15-20 min 


over 70 kg SE IF PATIENT REMAINS UNSTABLE: 


+ Repeat bolus 
+ Double infusion 


+ Call for help 
er LAST rescue kit Consider administering 
. Consider LIPID EMULSION 
cardiopulmonary early 
bypass team 


* Bolus ~1.5 mL/kg over 2-3 min 
+ Infuse ~0.25 mU/kg/min 
(consider using a pump if <40 kg) 


IF PATIENT REMAINS UNSTABLE: 
« Repeat bolus 
* Double infusion 


Arrhythmia or 
Hypotension? 


. Ensure adequate airway + Continue lipid emulsion >15 min 
- Benzodiazepine preferred once hemodynamically stable 


+ If only propofol available, use low + Maximum lipid dose: 12 mL/kg 
dose, e.g., 20 mg increments 


AVOID Once Stable, OBSERVE 
EPINEPHRINE + Local anesthetics + 2 hrs after seizure 
+ Smaller than normal dose + Beta-blockers - 4-6 hrs after 
preferred + Calcium channel blockers cardiovascular instability 
+ Start with <1 mcg/kg - Vasopressin - As appropriate after cardiac arrest 


© 7020. vll Amaran Society of Regional Anenthania ard Pie Medene Graphic Erin ane Nea! 


Figure 69-1. Local anesthetic systemic toxicity checklist. (Copyright 2020 by the American Society of Regional Anesthesia and Pain Medicine. Reproduced with 
permission.) 


NERVE BLOCKS 


INFILTRATION 


Local infiltration analgesia is easy to perform and can be provided in almost any wound. The downside compared to other locoregional techniques is that the 
analgesia is not as reliable for bony pain and has a shorter duration compared to other analgesia alternatives. 


HEMATOMA BLOCK 


Hematoma blocks, or the injection of local anesthetic into a fracture hematoma, are a common form of acute pain management for patients with a fracture. 
Hematoma blocks are most often performed in the emergency department (ED) for fractures of the distal radius, bimalleolar, and trimalleolar ankle fractures 
prior to fracture reduction. 

While anatomical landmarks vary depending on fracture location, the performance of a hematoma block begins with palpation of bony landmarks and 
review of the radiographs for fracture localization.!© Once the fracture site is identified and marked, the overlying skin is sterilized with povidone iodine or 
chlorhexidine solution.!24 Next, a 20- or 22-gauge needle is inserted into the fracture hematoma and blood is aspirated to confirm needle position. Once 
needle position is confirmed, local anesthetic, typically lidocaine or bupivacaine, is injected into the hematoma. !? The same process can be performed with 
intra-articular injections for ankle fracture-dislocations or shoulder dislocations.*! 

The primary neurovascular structures of note during a distal radius hematoma block include the radial artery, radial nerve, median nerve, ulnar artery, 
and ulnar nerve. Because these structures reside on the volar aspect of the forearm, a lateral or dorsal approach is preferred for distal radius hematoma 
block. For patients with impacted or comminuted distal radius fractures, larger body habitus, or severe soft tissue swelling, ultrasound guidance can be an 
effective adjunct to the landmark-based technique.!* During ultrasound guidance, a linear transducer is placed in a longitudinal direction until interruption 


of the bony cortex is localized. The needle is then followed as it is inserted in-plane into the fracture site!* (Table 69-4). 

Important neurovascular structures of note during a hematoma block for ankle fractures include the saphenous vein, saphenous nerve, and superficial 
and deep peroneal nerves. To avoid these structures, an anteromedial approach is preferred with the injection site located between the medial malleolus and 
the tibialis anterior tendon. +36 

When comparing hematoma blocks and procedural sedation, studies in distal radius and ankle fractures have found similar levels of intraprocedure 
analgesia reduction.*°*° For distal radius fractures, however, hematoma blocks have been found to have significantly lower postprocedure pain, and less 
adverse events, and were discharged earlier than patients who received procedural sedation analgesia only.” Additionally, in patients with ankle fractures 
and associated tibiotalar joint subluxation, patients with hematoma blocks have faster time to reduction when compared to procedural sedation.*4 


TABLE 69-4. Local Anesthetic Dose Volume and Supplies for Performing Hematoma Block 


Hematoma Block Local Anesthetic Dosing 


Anesthetic Dosing Duration of Effect 
1,2% Lidocaine without epinephrine Max: 4.5 mg/kg 1.5-2 hours 
0.25, 0.5% Bupivocaine Max: 2.5 mg/kg 2—4 hours 


Supplies Needed for Hematoma Block 
e Sterile and nonsterile gloves 
Sterile towels and fenestrated drape 
Chlorhexidine or povidone—iodine swabs 
4x 4 gauze 
Standard 10-mL syringe 
18-gauge needle for drawing up medication 
20-22-gauge needle for injection of medication 
Lidocaine/bupivacaine without epinephrine 
Optional: bedside ultrasound machine with linear probe 


Data from Gottlieb M, Cosby K. Ultrasound-guided hematoma block for distal radial and ulnar fractures. J Emerg Med. 2015;48(3):310-312; House DT. Hematoma block: an effective 
alternative for pain management and procedural sedation. Adv Emerg Nurs J. 2021;43(2):128-132; and Reichman EF. Emergency Medicine Procedures. 2nd ed. McGraw Hill; 2013. 
Chapter 125. Hematoma blocks. 


Hematoma blocks have overall been found to be safer than procedural sedation with decreased adverse events such as nausea, vomiting, and respiratory 
distress.°*° Although their efficacy and safety have been clearly demonstrated, hematoma blocks do still carry risks. Case reports of post hematoma block 
seizure and compartment syndrome have been seen in select patients despite appropriate anesthetic.!°44 To minimize these risks, injecting anesthetic in 
small amounts in different areas of the hematoma and minimizing the total volume of fluid injected are proposed methods of reducing local anesthetic 


intravascular administration and the risk of compartment syndrome, respectively. 10-44 


INTRAVENOUS REGIONAL ANESTHESIA (BIER BLOCK) 


Bier block, or intravenous regional anesthesia, is another type of analgesia frequently used during fracture management in the ED. Bier blocks are most 
often performed for distal radius fractures. To perform a Bier block, a tourniquet is placed on the upper arm and inflated to 300 mm Hg prior to anesthetic 
administration. An IV line is placed in the affected arm 10 cm distal to the cuff and local anesthetic is administered slowly. After the anesthetic takes effect, 
fracture reduction can be attempted. After a minimum of 30 minutes, the cuff can be deflated using the “deflation/re-inflation” technique which involves 
three cycles of cuff deflation for 5 seconds followed by reinflation for 1 minute to try to reduce the risk of a bolus of lidocaine reaching central 
circulation.2”?’ Local anesthetics utilized during Bier blocks often include lidocaine and prilocaine depending upon location of practice. 

When compared to hematoma blocks for distal radius fractures, Bier blocks have been found to be less painful during administration and fracture 
manipulation for patients.®-!”>* Bier blocks are also superior during fracture manipulation with better correction of distal radius dorsal angulation and result 
in a lower rate of fracture re-manipulation rates as compared to hematoma blocks. !” 

Despite their efficacy, Bier blocks do carry risks. Local anesthetic toxicity, which includes seizures, myoclonia, cardiac depression, and death has been 
recorded during performance of a Bier block, even while tourniquets are still inflated.!>?? Other secondary complications such as nerve injury and 
compartment syndrome have also been noted during intravenous regional anesthetic administration.!’ Precautions such as maintenance of tourniquet 
equipment, appropriate cuff sizing and pressure, slow injection rate, and cyclic deflation can help reduce local anesthetic leakage and the overall risk of 
toxicity.” 


PERIOSTEAL NERVE BLOCKS 


Periosteal nerve blocks are a newer technique for pain management during reduction of the radius and ulna. This technique involves placing the needle 
proximal on the bony surface of the fractured bone and injecting local anesthetic circumferentially.°° 

Periosteal nerve blocks have been found to provide effective analgesia before, during, and after fracture reduction.?™37 In a study examining the efficacy 
of periosteal nerve blocks in children and adults with distal forearm fractures, 97% of patients described the fracture manipulation as painless or minimally 
painful and there was a 95% success rate for fracture manipulation.*? Additionally, in a study comparing circumferential periosteal nerve blocks to 
hematoma blocks in distal radius and ulna fractures, patients with a circumferential periosteal nerve block had significantly lower pain scores during 
manipulation than patients who received a hematoma block.2° However, in studies of periosteal nerve blocks completed by ED physicians, these nerve 
blocks have been shown to have worse outcomes when compared to procedural sedation indicating that specialized training and experience are essential to 
the success of this nerve block.* 

As described in Tageldin et al.,° performance of a periosteal nerve block begins with skin preparation with povidone iodine or chlorhexidine solution. 
Local anesthetic is dosed to the patient’s weight with a total volume of 10 to 15 mL of 1% lidocaine in adults and 0.2 to 0.3 mL/kg in children but not to 
exceed 3 mg/kg. Next, the injection site is located 6 to 8 cm proximal to the fracture. Injection is started on the radial side with the needle positioned to enter 


behind the cephalic vein. Anesthetic is injected across the lateral surface of the radius with the needle abutting the bone in about a 1 x 2—cm area. The 
needle is next repositioned through the same entry point to the ventral surface of the radius. Rolling of the skin can be utilized to ensure utilization of the 
same entry point. Anesthetic is injected across the ventral surface with about 0.5 mL injected per 0.5-cm needle advancement along the bone. Finally, the 
needle is once again repositioned through the same entry point to the dorsal surface and injected in the same method as the ventral surface. This process can 
be repeated for the ulna if there is a concurrent fracture. 


PLEXUS ANESTHESIA 


Upper and lower limb nerve blocks can be used for extremity fractures. Ultrasound has made imaging of nerves simple, quick, safe, and effective. Patient 
selection, including if there is a risk of compartment syndrome or a risk of nerve injury, is important but the ability to discharge patients home quickly from 
PACU after surgery with no pain and minimal nausea is a great advantage for patient flow and efficiency in surgical centers. The blocks can be performed 
before surgery, or in the case of difficult procedures, in the PACU after the patient is awake and when the patient has been examined neurologically after 
surgery and the nerve function has been documented. An additional benefit of PACU administration is a lower concentration of local anesthetic can be used 
which can minimize any motor block. For shoulder and upper humerus surgery an interscalene nerve block can be used (Fig. 69-2). 

From the mid humerus and distal in the upper limb, there are several choices for blocks to provide anesthesia and analgesia including: supraclavicular, 
infraclavicular, or axillary brachial plexus blocks (Fig. 69-3). For lower limb surgeries both the lumbar and sacral plexus need to be blocked and often a 
combination of a femoral block along with a popliteal sciatic nerve block is employed for surgical anesthesia or postoperative analgesia for fractures in the 
distal leg ankle and foot. For hip fracture patients the evidence is overwhelmingly positive for the use of peripheral nerve blocks for pain control and to 
improve ambulation.!° In a busy clinical practice these techniques are usually performed by the anesthesiologist who will be monitoring the patient 
throughout surgery but at their core consist of an application of sonoanatomy and ultrasound needle guidance. 
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Figure 69-2. Ultrasound-guided interscalene nerve block with needle visible deep to nerve roots C5 and C6. 


Hip fracture patients present a specific challenge for orthopaedic surgeons, anesthesiologists, and all hospital medical staff involved with their care 
because of the concurrent social and medical issues in this elderly patient population. For hip fracture patients peripheral nerve blocks can be used to 
provide pre and postoperative analgesia, supplement operative anesthesia, and be used in rarer palliative nonsurgical cases. Peripheral nerve blocks have 
been used from prehospital care by paramedics?” in the ED, and perioperatively. A recent Cochrane review of peripheral nerve blocks for hip fractures!” 
summarized that peripheral nerve blocks reduced pain on movement within 30 minutes, and there was evidence of a reduced risk of pneumonia, reduced 
time to first mobilization, and a reduced cost of the overall cost of analgesia with single shot blocks in hip fracture patients. There was no difference found 
in the incidence of myocardial infarction or death within 6 months due to the power of the studies included in the review. 

Peripheral nerve blocks used for hip fracture include supra inguinal fascia iliaca block, traditional femoral nerve block, and newer described pericapsular 
techniques.!° All the approaches are used to supplement spinal or general anesthesia rather than a replacement for them. All approaches can provide good- 
quality pain control at rest and with movement and blocks can be administered safely even in anticoagulated patients with simple single-shot approaches 
like the fascia iliaca block. 


Figure 69-3. Ultrasound-guided supraclavicular (left) with needle visible posterior and axillary brachial plexus block (right). 


EPIDURAL AND SPINAL ANESTHESIA 


The management of epidural and spinal anesthesia is beyond the scope of this chapter even though both can be useful for the intraoperative management of 
lower limb and pelvic fracture patients. Orthopaedic surgeons and anesthesiologists both must be vigilant and recognize the possible adverse events and 
contraindications for the patient on anticoagulation who may be receiving spinal or epidural anesthesia. For a summary of recommendations about cessation 


or recommencing anticoagulants around surgery ASRA Pain Medicine Society have developed the ASRA Coags App? (Table 69-5). 


LOCAL ANESTHETICS AND COMPARTMENT SYNDROME 


Acute compartment syndrome is the increase of pressure within a fixed osteofascial space resulting in an impairment of cellular function due to decreased 
tissue perfusion and irreversible damage to muscles and nerves of the compartment.”? Traumatic and pathological fractures are the most common cause of 
compartment syndrome. 

Tibial fracture, tibial soft tissue trauma, and forearm fractures are the largest contributors.” In patients with fractures who are at high risk for 


compartment syndrome, whether regional and neuraxial anesthesia used, has been debated. In particular, there are important concerns over whether these 
25 


anesthesia methods mask the pain of compartment syndrome and can lead to a delay or missed diagnosis. 


TABLE 69-5. American Society of Regional Anesthesia Guidelines for Anticoagulant and Antiplatelet Drugs 


Minimum Time 


Between Last Dose Minimum Time Between 

of Medication and Minimum Time After Nerve/ Minimum Time Between Last Neuraxial Injection or 

Neuraxial Injection or Neuraxial Catheter Placement Dose of Drug and Catheter Catheter Removal and 
Medication Catheter Placement and Administration of Drug Removal Administration of Drug 


Anticoagulants for VTE Prophylaxis 


Enoxaparin (Lovenox); 12 hours 212 hours 212 hours 4 hours 
prophylaxis, once daily 
Enoxaparin (Lovenox); 12 hours Contraindicated while catheter 4 hours 
prophylaxis, bid in place 
Heparin SQ; prophylaxis; 12 hours and Safety of indwelling catheters has Safety of indwelling catheters Immediately 
higher-dose, bid and tid assessment of not been established for doses has not been established for 
coagulation status >5,000 units SQ or total daily doses >5,000 units SQ or 
dose >15,000 units SQ. Risk/ total daily dose >15,000 units 
benefit assessment required SQ. Risk/benefit assessment 
required 


Anticoagulants at Therapeutic Dose 


Heparin IV, full dose 4-6 hours and normal 1 hour with close monitoring 4—6 hours and normal 1 hour 
coagulation studies coagulation status 

Enoxaparin (Lovenox); 24 hours, consider Contraindicated while catheter 4 hours 

therapeutic dose checking ant—factor in place 
Xa level 

Apixaban (Eliquis) 72 hours Contraindicated while catheter 6 hours 

Rivaroxaban (Xarelto) in place 

Warfarin (Coumadin) 5 days and normal Variable instructions regarding Immediately 
INR management of catheter 


Antiplatelet Medications 


NSAIDs No restrictions, may 
ASA increase risk of 
bleeding 
Clopidogre (Plavix) 5-7 days 24 hours postoperatively; Immediately if no 


catheter may be maintained loading dose given 
for 1-2 days due to delayed 
antiplatelet effect 


Data from Horlocker TT, et al. Regional anesthesia in the patient receiving antithrombotic or thrombolytic therapy American Society of Regional Anesthesia and Pain Medicine 
evidence-based guidelines (fourth edition). Reg Anesth Pain Med. 2018;43:263-309; and Kamel I, et al. Regional anesthesia for orthopedic procedures: what orthopedic surgeons 
need to know. World J Orthop. 2022;13(1):11-35. 


A systematic review examining whether regional anesthesia or patient-controlled analgesia (PCA) delays compartment syndrome diagnosis found that 
for articles published between 1980 and 2014, only 26.5% of studies concluded that regional anesthesia or PCA does not mask symptoms of compartment 
syndrome. However, when studies included are limited to those published after 2009, 75% of studies conclude that regional anesthesia and PCA do not 
mask the symptoms.!! The authors note that this change could be due to updated clinical practice which includes lower volume of local anesthetic required 
to perform a successful block, lower local anesthetic concentration, or improved compartment monitoring.'! Although there are few large prospective trials 
examining the incidence of masked compartment syndrome with regional and neuraxial anesthesia, a trial examining adverse events in epidural infusion 
analgesia in children found that the occurrence of compartment syndrome does not appear to be masked by epidural infusion.” 

A 2021 review of case reports by the Association of Anaesthetists came to a similar conclusion that dense neuraxial or peripheral nerve blockade may be 
associated with delayed diagnosis of compartment syndrome, however, there is no evidence of delay in single shot or low-concentration continuous 
peripheral nerve blocks.*® These results are mirrored in a 2022 study by Chen et al., in which healthy volunteers underwent an induction of 
pressure/ischemic pain through a tourniquet.’ Patients received either an adductor canal block, an adductor canal block with a low-concentration sciatic 
nerve block, or an adductor canal block with a high-concentration sciatic nerve block. Overall, all blocks resulted in an increased pain threshold and 
decreased ischemic pain however adductor canal block alone had a significantly lower pressure pain threshold compared to the combination blocks. With 
this in mind, the authors suggested an up-titration of regional anesthesia to provide pain relief while also ensuring compartment syndrome detection.’ 

With all this in mind, careful consideration should be given to patients with injuries that are considered high risk or those who are unable to give a good 
clinical examination as the clinician may lose the ability to make this limb-threatening clinical diagnosis when the limb is anesthetized. Although the 
absence of pain out of proportion, pain on passive stretch, and parasthesias may be comforting for the physician to rule out compartment syndrome, the use 
of regional anesthesia with a high volume or concentration of local anesthetic may not make the clinical limb examination reliable and the diagnosis of 
compartment syndrome possible.?340 Although studies show that the majority of peripheral nerve blocks do not delay the clinical diagnosis of compartment 
syndrome, each patient and injury should be examined individually by the orthopaedic surgeon and anesthesiologist to make the most appropriate decision. 
In cases where there is concern for the lack of clinical examination, compartment pressure monitoring should be employed. 
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2241, 2246-2250 
Anterior column reconstruction, 2036 
Anterior cruciate ligament (ACL), 2696, 2711-2712 
Anterior distal tibiofibular ligaments, 2860 
Anterior elements, 1916-1917, 1916f, 1917f 
Anterior glenohumeral instability, 1130—1148. See also Glenohumeral 
instability 
arthroscopic anterior labral (Bankart) repair, 1131-1134 
complications, 1147-1148 
future directions, 1165—1166 
open anterior labral (Bankart) repair, 1135—1137 
open latarjet procedure, 1138-1141 
operative treatment of, 1130-1148 
outcomes, 1144-1148, 1146t 
postoperative care for, 1143 
surgical pitfalls/preventions, 1143t-1144t 
Anterior muscles, 1585, 1586/-1587f 
Anterior process fractures, 3020, 3025 
Anterior tension band disruption, 1961—1962 
Anterior tension band injuries, 1977—1978, 1977f 
Anterior wall fractures, 2186-2187, 2188f, 2190-2195, 2193f, 2234— 
2241, 2246-2250 
Anterolateral (Watson-Jones) approach, 2306-2307 
Anterolateral thigh flap, 643-646 
Anteroposterior (AP) distance, 1633 
Antibiotics, 853-854 
biodegradable antibiotic-delivery services, 855 
blast injuries, 504 
gunshot wounds, 512 
mechanisms of action, 854f 
nonbiodegradable antibiotic-delivery services, 854-855 
open fractures, 526-527, 527t, 545 
Anticoagulants, 3157t 
Anticonvulsants, 90 
Antiglide plating, 405, 406f, 444, 446f 
Antiplatelet medications, 3157t 
Antithrombotic therapy (ATT), 1894, 2387 
Anxiety, 707 
AO Spine Subaxial Cervical Spine Injury Classification System, 1961 


Apoptosis, 86 
Arachidonic acid metabolites, 75 
Arbeitsgemeinschaft für Osteosynthesefragen (AO), 113 
Arm 
compartments of, 586, 586f, 586t 
fasciotomy of, 589 
Arthritis 
acromioclavicular, 1007 
calcaneocuboid, 3042 
distal femur fractures and, 2567 
extensor mechanism injuries and, 2677 
hip dislocations and, 2320 
post-traumatic, 2567, 2784-2785, 2887—2889, 2992-2998, 3041- 
3042 
septic, 2783 
subtalar, 3041-3042 
talar fractures and, 2992-2998 
tibial pilon fractures and, 2887—2889 
Arthrodesis, primary, 3063 
for nonunion treatment, 901 
tarsal navicular fractures, 3072 
tarsometatarsal (Lisfranc) joint injuries, 3097-3098 
Arthrography, 216-218 
applications, 217—218 
dynamic imaging, 218 
lower extremity, 218 
pediatric injuries, 218 
upper extremity, 217-218 
conventional, 216—217 
CT and, 217 
magnetic resonance, 217, 1114-1115, 1116f 
selected joints, 217t 
Arthroplasty, 2394 
for nonunion treatment, 898-900 
secondary, 2347 
shoulder 
periprosthetic fractures, 1339-1362 
reverse, 1362—1376 
total elbow, 1376—1393 
for undisplaced femoral neck fractures, 2348 
Arthroscopic anterior labral (Bankart) repair, 1131-1134 
key surgical steps, 1132 
outcomes, 1144-1146, 1147t 
positioning, 1131, 1131f 
preoperative planning, 1131 
surgical approach, 1131-1132 
technique, 1132-1134 
Arthroscopic capsular plication, 1159—1160 
key surgical steps, 1160 
outcomes, 1165 
positioning, 1159 
preoperative planning, 1159 
surgical approach, 1159-1160 
technique, 1160 
Arthroscopic debridement, 2300—2303, 2314, 2317-2318 
Arthroscopic excision of radial head fragments, 1488-1489 
Arthroscopic posterior labral (Bankart) repair, 1149-1153 
key surgical steps, 1149 
positioning, 1149 
preoperative planning, 1149 
technique, 1149-1153, 1150/-1152f 
Arthroscopy, 1693, 2702-2703 
Articular nonunion, 910 
Articulated internal fixator, 1481 
Artificial intelligence (Al), 127-128, 253-254 
advantages of, 261 
augmented reality, 265-266 
brief history, 259-261 
ChatGPT, 258-259 
clinical practice and, 266-268 
computer vision, 264—266 
data integrity, 262-263 
external validation, 266-268 
fracture classification, 264—265 
fracture detection, 264 
generative, 259 
guiding principles, 261—262 
hype cycle, 259, 259f 


innovations, 258-259 
interdisciplinary engagement, 262 
large-language models, 268 
model development, 266 
in orthopaedic trauma, 258-269 
outcome prediction, 265 
prospective validation, 268 
regulation, 263 
self-learning, 268 
training and, 262 
Aseptic nonunion, 917-918 
ASIA Impairment Scale (AIS), 483t, 1989-1991 
Aspirin, 798-799, 799t, 2387 
Assaults, 160 
Associated fibular fractures, 2864 
Atlantoaxial region, 1915-1916, 1916f 
Atlantoaxial rotary dislocation (C1-C2), 1947-1948 
assessment of, 1947 
classification of, 1947 
diagnosis of, 1947 
nonoperative treatment of, 1947—1948 
operative treatment of, 1948 
Atlas fractures (C1), 1943-1945. See also Cervical spine fractures and 
dislocations 
assessment of, 1943 
classification of, 1943 
complications, 1945 
diagnosis of, 1943 
mechanisms of injury, 1943 
treatment of, 1943-1945 
algorithm for, 1944f 
nonoperative, 1943-1944 
operative, 1944-1945 
osteosynthesis of the C1 ring, 1945 
posterior atlantoaxial stabilization and fusion, 1944 
Atrophic nonunion, 54, 878f, 879, 879f, 917-918 
Atypical femur fractures, 2435-2447. See also Femur fractures 
assessment of, 2437—2439 
associated injuries, 2437 
bisphosphonate therapy and, 2436—2437 
classification of, 2439 
complications, 2446—2447 
criteria, 94 
epidemiology of, 2435-2437 
imaging of, 2438-2439 
incidence of, 2435 
mechanisms of injury, 2437 
pathoanatomy/applied anatomy of, 2439-2440 
pathogenesis of, 2435 
risk factors, 95 
signs/symptoms, 2437-2438 
treatment of, 95, 2440-2445 
algorithm for, 2445f 
cephalomedullary nailing, 2441—2443, 2446t 
nonoperative, 2440-2441 
open reduction internal fixation, 2444 
operative, 2441-2446 
Augmented reality, 265-266 
Autogenous bone grafts, 905-908. See also Bone grafts 
disadvantages of, 903 
harvest sites, 905 
iliac crest bone graft, 905, 906f 
Masquelet technique, 911—912 
reamer-irrigator-aspirator, 905-907, 907f 
vascularized, 907—908 
Autograft, 66-67, 67t 
Autologous stem cells, 60 
Avascular necrosis, 1699-1702, 2320, 2366-2368, 2990-2991 
Axial imaging, 2911-2912 
Axonal degeneration, 659-661 
Axonal regeneration, 661-662 
Axonotmesis, 659, 662 
Axons, 657 
B 
Bado classification, 1553t, 1583f 
Balloon kyphoplasty, 3028-3029 
Bandages, 302-303 
Barton fracture, 1634 


Basket plate, 2660-2661 
B-cells, 47 
Beak fractures, 3024-3025 
Beighton score, 1111t 
Below-knee braces, 298 
Below-knee casts, 296, 296f 
Bending stiffness, 5f, 8t 
Benzodiazepines, 90 
Berneageau profile view, 1113, 1115f 
Bicondylar fractures, 2738, 2741f 
Bier block, 3154-3155 
Bigg data, 260 
Bilateral facet dislocation, 1922—1923 
Bilateral fractures, femoral shaft fractures, 2503—2504 
Bimalleolar fractures, 2918—2919 
Biochemical markers, 528 
Biofidelic test, 35f 
Biofilm, 841-842 
Biological tissues, complex material properties of, 4f 
Biomechanical studies, 30—40 
benefits and limitations of, 31-32 
loading considerations, 33 
loading modes, 33-36, 34f 
loading patterns, 35-36 
specimen constraints, 33-35 
numerical simulation, 39—40 
outcome parameters, 37-39 
specimen selection, 32-33 
Biomechanics 
of ankle fractures, 2896-2899 
of femoral head fractures, 2286 
of fracture healing, 410—411 
of hip dislocations, 2286 
of internal fixation, 410-417 
of intramedullary nailing, 412 
of plate-screw construct, 412-416 
Biopsy, 770 
Bipolar hemiarthroplasty, 2354-2356 
Bisphosphonates, 783-784, 2435-2437 
for osteoporosis, 92—93 
for Paget’s disease of bone, 98 
Bittner, Joseph E., 334 
Bladder rupture, 478 
Blade plates, 2391 
Blast injuries, 497—508 
acute management of injured extremity, 504-508 
amputation, 507, 507t 
antibiotics, 504 
compartment syndrome, 506 
debridement, 505 
definitive fracture stabilization, 507 
immunization, 504—505 
ongoing care and reconstruction, 507 
skeletal injuries, 506-507 
small fragment injuries, 505—506 
soft tissue injuries, 505 
soft tissue reconstruction, 507—508 
classification, 498t 
clinical manifestations of, 498t 
closed explosion, 502 
combined primary and secondary orthopedic injuries, 500— 
501, 501f 
effect of blast on musculoskeletal system, 498-502, 498t 
free field explosion, 502 
management of, 502—508 
damage control resuscitation, 503-504 
damage control surgery, 504 
hospital care, 503 
prehospital care, 502-503 
physics of explosion, 497-498 
primary orthopedic blast injury, 498-499, 499f 
quaternary orthopedic blast injury, 502 
secondary orthopedic blast injury, 499-500 
tertiary orthopedic injuries, 502 
Blunt cerebrovascular injury (BCVI), 1893-1894 
B-mode imaging, 219 
Body fractures 
fractures of both pillars, 1026 


lateral pillar fractures, 1026 
spinal pillar fractures, 1026 
Bohler’s angle, 116, 127 
Bone 
anatomy of, 85-86 
coupling factors, 88 
excision, 542-543, 542f 
formation, 87-88 
modeling, 86-87 
organic and mineral components of, 86 
remodeling, 86-88 
molecular regulation of, 87f 
resorption, 87 
Bone defects 
grafting, 909-910 
llizarov techniques for, 912-913 
Masquelet technique for, 911—912 
nonunion and, 881 
treatment of, 911-913 
Bone grafts, 65-67, 903-908 
allograft, 67-68 
autogenous, 905-908 
autograft, 66—67 
distal radius/ulna fractures and, 1656 
fibular, 2364 
graft site preparation, 909 
harvest sites, 905 
iliac crest, 905, 906f 
Meyer, 2364 
reamer-irrigator-aspirator, 905-907, 907f 
Russe, 1700f 
scaphoid fractures and, 1699-1700 
substitutes for, 68—69, 855, 908—909 
allograft, 909 
bone marrow aspirates, 909 
calcium phosphate, 69 
calcium sulfate, 69 
ceramics, 909 
demineralized bone matrix, 908-909 
recombinant proteins, 908 
tarsal navicular fractures, 3062-3063, 3071-3072 
vascularized, 907—908 
Bone healing, 46-55. See also Fracture healing 
atrophic nonunion, 54 
biomechanics of, 15-20, 410—411 
cellular components of, 46—49 
bone morphogenetic proteins, 48 
chondrocytes, 47 
extracellular matrix, 48 
fibroblast growth factors, 48—49 
hedgehog signaling, 49 
inflammatory cellular components, 46—47 
myocytes, 48 
neural, 48 
notch signaling, 48 
osteoblasts, 47 
osteoclasts, 47—48 
progenitor cells, 47, 55 
signaling pathways, 48 
transforming growth factor-B, 48 
vascular, 48 
Wnt signaling, 49 
construct stiffness and, 28-29, 29f 
delayed union, 20 
durable fixation construct, 22-25 
modifying factors, 52-53 
natural, 15—18, 16f, 17f, 18f 
nonunion, 20, 53-55 
atrophic, 54 
hypertrophic, 54-55 
operative interventions, 53 
pharmacological interventions, 53 
primary, 18-19, 22 
response to load, 51-52 
types of, 49-53 
endochondral ossification, 49-50, 49/-51f 
intramembranous ossification, 50-51 
Bone lesions, lytic, 767t 


Bone-ligament—bone reconstruction, 1718 algorithm for, 1944f 


Bone loss nonoperative, 1943-1944 
management of, 546f, 547f operative, 1944-1945 
segmental, 911-913 osteosynthesis of the C1 ring, 1944 
Bone loss management, 548-557 posterior atlantoaxial stabilization and fusion, 1945 
lower limb defects, 549-557 C1-C2 (atlantoaxial rotary) dislocation, 1947—1948 
upper limb defects, 548-549 assessment of, 1947 
Bone marrow aspirates, 72, 909 classification of, 1947 
Bone metabolic units (BMUs), 745 diagnosis of, 1947 
Bone mineral densitometry, 1183 nonoperative treatment of, 1947-1948 
Bone mineral density, 12, 745-746 operative treatment of, 1948 
minimum, for fixation failure, 13t C1-C2 (sagittal atlantoaxial) instability without fracture, 1946—1947 
Bone morphogenetic proteins (BMP), 48, 65-66, 73, 87-88 assessment of, 1945 
Bone scintigraphy classification of, 1945 
osteomyelitis, 848 diagnosis of, 1945 
scaphoid fractures, 1682 mechanisms of injury, 1945 
stress fractures, 748 treatment of 
Bone-tendon-bone harvest, 2647 nonoperative, 1945-1946 
Bone transport, 374, 374f operative, 1946-1947 
Bone tumors, 784—787 posterior stabilization, 1946-1947 
aneurysmal bone cyst, 785 C2 (odontoid) fractures, 1948-1954 
benign, 784-786 algorithm for treatment of, 1953f 
chondrosarcoma, 786-787 assessment of, 1938 
enchondroma, 785 associated injuries, 1948 
eosinophilic granuloma, 785 classification of, 1897f, 1948, 1949f 
Ewing sarcoma, 786 diagnosis of, 1948 
fibrous dysplasia, 785 geriatric, 1952—1953 
giant cell tumor, 785-786 halo vest immobilization for, 1949—1950 
malignant, 786-787 mechanisms of injury, 1948 
nonossifying fibroma, 785 nonoperative treatment of, 1948-1950 
osteosarcoma, 786 nonunion, 1953 
unicameral bone cyst, 784-785 operative treatment of, 1950-1953 
Bony thorax, 1852 anterior C-C2 fusion, 1952 
Both-bone fractures, 1567f, 1569f-1571f anterior odontoid screw for, 1950-1951 
Both-column fractures, 2194—2195, 21967-2197f, 2252-2256 posterior C1-C2 fusion, 1951-1952 
Boxer’s fracture, 1816 reduction technique for, 1922 
Braces, 297-300 traction and reduction for, 1949 
limb, 297 C2-C3 (hangman’s fractures; traumatic spondylolisthesis), 1954—1956 
lower limb, 298 algorithm for treatment of, 1956f 
for osteoporotic vertebral fractures, 2034 anterior discectomy and fusion for, 1956 
spinal, 299-300 assessment of, 1954 
thoracolumbar spine fractures and dislocations, 2011 classification of, 1954, 1955f 
for tibial plateau fractures, 2751 diagnosis of, 1954 
upper limb, 297—298 mechanisms of injury, 1954 
vs. casts, 300-302 nonoperative treatment of, 1954 
Brachial plexus abnormalities, 963 operative treatment of, 1955—1956 
Braun traction, 289 posterior surgery for, 1955—1956 
Bridge plating, 407—409, 409f, 1481 C3-C7 (subaxial cervical fractures/dislocations), 1957—1981 
for simple elbow dislocations, 1481 anterior tension band disruption, 1961—1962 
Broberg and Morrey classification, 1531, 1531t assessment of, 1957-1963 
Brodén view, 2958, 2958f classification of, 1957-1962 
Brumback classification, 2283t, 2284f descriptive, 1961-1962 
Brunelli technique, 1718-1719 mechanistic, 1957-1960 
Bruner casts, 296 scoring systems, 1960—1961 
Buckerfield-Castle technique, 987 compressive extension, 1958, 1959f 
Buddy taping, 1789-1790, 1820 compressive flexion, 1957-1958 
Bullet-tissue interface, 511-512, 511f distractive extension, 1958—1959, 1960f 
Bupivacaine, 3151f-3152t distractive flexion, 1958, 1959f 
Burkhalter casts, 296, 296f facet injuries, 1961 
Burnout, 712 failure of spinal fractures in, 1962-1963 
Burst fractures, 1965-1967, 1966f injury severity score, 1961 
Butterfly fractures, 9, 9f lamina fractures, 1961 
Buttress plating, 405, 406f, 447f lateral flexion, 1959-1960 
Cc mechanisms of injury, 1962—1963 
C0-C1 (occipitocervical) dislocation, 1915—1916, 1915f, 1935-1939 pedicle fractures, 1961 
assessment of, 1935-1936 scoring systems for, 1960—1961 
diagnosis and classification of, 1936 AO Spine Subaxial Cervical Spine Injury Classification 
mechanisms of injury, 1935 System, 1961 
nonoperative treatment of, 1936 Cervical Injury Severity Score, 1960 
occipital plate and screw-rod construct and fusion, 1937—1939 Subaxial Cervical Injury Classification (SLIC), 1960 
operative treatment of, 1936-1939 structural injury and pathomechanics, 1962 
C1 (atlas) fractures, 1943-1945 treatment of, 1963-1976 
assessment of, 1943 anterior tension band injuries, 1977—1978, 1977f 
classification of, 1943 burst fractures, 1965-1967, 1966f 
complications, 1945 C7 spinous process (clay-shoveler’s fractures), 1981 
diagnosis of, 1943 cervical injuries of ankylosed and spondylotic spine, 1978 
mechanisms of injury, 1943 compression fractures, 1963—1964 


treatment of, 1943-1945 facet dislocations, 1973-1976, 1974f 


facet fractures without dislocation, 1970-1973, 1972f 
flexion-type teardrop fractures, 1967—1970, 1970f 
gunshot wounds to cervical spine, 1980—1981 
lamina fractures, 1977 
pedicle fractures, 1977 
spinal cord injury without instability in spondylotic spine, 1978— 
1980 
vertebral artery injury in association with cervical trauma, 1981 
vertebral body fractures, 1961 
vertical compression, 1958 
C7 spinous process (clay-shoveler’s fractures), 1981 
Calcaneal compartment syndrome, 3012-3013 
Calcaneal malunions, 3042-3043 
Calcaneal osteomyelitis, 3041 
Calcaneocuboid arthritis, 3042 
Calcaneus, 175-176, 176t 
anatomy of, 3009 
fracture-dislocation of, 3020-3021 
Calcaneus fractures, 3008-3043 
anterior process fractures, 3020, 3025 
assessment of, 3009-3019 
associated injuries, 3011 
classification of, 119-120, 175—176, 176t, 3015-3019 
complications, 3041—3043 
ankle pain, 3043 
calcaneal malunions, 3042 
calcaneal osteomyelitis, 3041 
cutaneous nerve injury, 3043 
heel exostoses, 3043 
heel pad pain, 3043 
nerve entrapment, 3043 
peroneal tendon dislocation, 3041 
peroneal tenosynovitis and stenosis, 3041 
posttraumatic calcaneocuboid arthritis, 3042 
posttraumatic subtalar arthritis, 3041-3042 
wound, 3041 
epidemiology of, 175—176, 176t 
extra-articular fractures, 3022-3025 
historical accounts of, 3008 
imaging of, 3014-3015 
computed tomography, 3015 
radiographs, 3014-3015 
incidence of, 3008 
intra-articular fractures, 3019-3020, 3025-3038 
mechanisms of injury, 3009-3011, 3010, 3011f 
open, 3013-3014, 3014f 
open reduction internal fixation of, 3025-3038 
extensile lateral approach, 3029-3037, 3040 
open reduction combined with subtalar fusion, 3038 
percutaneous approach, 3027-3029 
sinus tarsi approach, 3026-3029, 3039-3040 
with subtalar fusion, 3037-3038, 3040 
outcome measures for, 3019 
pathoanatomy of, 3019-3021 
pitfalls/prevention, 3039t 
outcomes, 3039-3040 
signs/symptoms, 3011-3014, 3012f 
calcaneal compartment syndrome, 3012-3013 
fracture blisters, 3011-3012 
tongue fracture—associated skin necrosis, 3013, 3013f 
stress fractures, 758 
treatment of, 3021-3038 
algorithm for, 3038f 
nonoperative, 3021-3022 
open reduction and internal fixation, 3025-3038 
operative, 3022-3038 
percutaneous or minimally invasive fixation, 3023—3025 
tuberosity fractures, 3020 
Calcium, 93 
Calcium phosphate, 67t, 69 
Calcium sulfate, 69 
Callus healing, 21f, 21t 
Canadian C-spine rule (CCR), 1891, 1891f 
Canale view, 2958, 2959f 
Cancellous screws, 400—401 
Cannabis, 89 
Cannulated screw tension band, 2655 
Cannulation screws, 401—402 


Capacitive coupling, 77, 890 
Capitate, vascular supply to, 1669t 
Capitate fractures, 1673, 1707t. See also Carpal fractures 
Caprini index, 797 
Capsular ligament, 982 
Capsulodesis, 1717-1718 
Cardiac injuries, 477 
Cardiogenic shock, 471 
cardiovascular disease, 487 
Carpal fractures, 1664—1707 
assessment of, 1673-1679 
bony anatomy of, 1664—1665, 1664f 
capitate fractures, 1673 
classification of carpal instability, 1676t 
epidemiology of, 1673 
hamate fractures, 1673 
imaging of, 1674-1679 
radiographs, 1674—1676, 1674f-1677f 
secondary imaging methods, 1676—1679, 1678t 
kinematics of, 1669-1671, 16697, 1670f 
ligamentous anatomy of, 1665—1668 
lunate fractures, 1673, 1704—1705 
mechanisms of injury, 1673 
neurovascular anatomy of, 1668-1669 
nonoperative treatment of, 312 
pathoanatomy/applied anatomy of, 1664—1673 
pathoanatomy of, 1671-1673 
pearls/pitfalls, 1679, 1707t 
pisiform fractures, 1673 
scaphoid fractures, 1679-1707 
schematic of carpal instability, 1677t 
signs/symptoms, 1673-1674 
trapezium fractures, 1673 
trapezoid fractures, 1673 
triquetral fractures, 1704 
triquetrum fractures, 1673—1674 
uncommon, 1705 
Carpal instability adaptive (CIA), 1707 
Carpal instability complex (CIC), 1707, 1709 
Carpal instability dissociative (CID), 1707 
Carpal instability nondissociative (CIND), 1707 
Carpal ligament injuries, 1707—1735 
classification of, 1707—1709 
lunotriquetral dissociation, 1723—1725 
perilunate dislocations/fracture—dislocations, 1709—1710, 1728- 
1732 
radiocarpal instability, 1732—1735 
scapholunate dissociation, 1710—1723 
Carpal tunnel syndrome, 1631 
Carpometacarpal joint dislocations, 1832-1845. See also Hand 
fractures and dislocations 
assessment of, 1832-1834 
associated injuries, 1833 
classification of, 1833t 
complications, 1844 
imaging of, 1833, 1834f 
incidence of, 1832 
mechanisms of injury, 1832-1833, 1833f 
other than thumb with associated carpal fractures, 1839-1842 
other than thumb without associated carpal fractures, 1838-1839 
outcome measures for, 1833-1834 
outcomes, 1844 
pathoanatomy/applied anatomy of, 1834, 1835f 
pitfalls/prevention, 1843t 
postoperative care for, 1843 
thumb CMC dislocation with fracture, 1842—1843 
thumb CMC dislocation without fracture, 1842 
treatment of, 1835-1843 
algorithm for, 1839f 
closed reduction and percutaneous pinning, 1837 
nonoperative, 1835-1836 
open reduction and surgical fixation, 1838 
operative, 1835-1843 
Carpus, 168, 168t 
extrinsic ligaments, 1665—1667, 1665t, 1666f 
intrinsic ligaments, 1667—1668, 1667f 
neurovascular anatomy of, 1668f 
vascular supply to, 1668f, 1669t 


Cartilage, 55-58 
consequences of injuries, 57 
healing, 55—58 (See also Bone healing) 
factors in, 56-57 
gap and, 56 
isolated chondral injury, 55 
loading/motion and, 57 
osteochondral injury, 55-56 
patient age and, 57 
step-off and, 56-57 
modifiers to damage to, 58 
response to mechanical injuries, 57 
Case-control studies, 240, 246t 
Casts, 292-297 
application of, 293-294, 294t (See also Splints) 
for femoral shaft fractures, 2463 
hydrostatic pressure and, 293f 
for open injuries, 546 
principles of, 292-293 
types of, 295-297 
lower limb casts, 296-297 
upper limb casts, 295-296 
vs. braces, 300-302 
Catastrophic thinking, 708 
Cathepsin K, 86 
Ceiling effects, 250 
Cell-based therapies, 69-72 
bone marrow aspirates, 72 
mesenchymal stem cells, 70—71 
platelet concentrates, 71-72 
Cell death, 86 
Cellulitis, 836 
Cement augmentation, 2034—2035, 2043, 2045f 
Center for Medicare and Medicaid Services, 711 


Center of rotation of angulation (CORA), 931-932, 932/-933f, 934f— 


935f 


Central metatarsal fractures, 3107-3113. See also Forefoot injuries; 


Metatarsal fractures 
assessment of, 3107 
classification of, 3107 
imaging of, 3107 
incidence of, 3107 
mechanisms of injury, 3107 
outcomes/complications, 3113 
pathoanatomy/applied anatomy of, 3107—3108 
pitfalls/prevention, 3112 
postoperative care for, 3112 
signs/symptoms, 3107 
treatment of 
algorithm for, 3111f 
nonoperative, 3108 
open reduction and internal fixation, 3108-3111 
operative, 3100-3101 
Cephalomedullary implants, 2392-2393 
Cephalomediullary nailing, 2402-2404 
of atypical femur fractures, 2441-2443, 2446t 
Ceramics, 909 
Cerebral palsy, femoral neck fractures in, 2361 
Cerebrospinal fluid (CSF) leakage, 2039, 2042 
Cerebrovascular injuries, classification of, 1894t 
Cervical braces, 299-300 
Cervical Injury Severity Score, 1960 
Cervical orthoses, 1919-1920 
Cervical spine 
anterior elements, 1916-1917, 1916f, 1917f 
atlantoaxial region, 1915—1916, 1916f 
clearance, 1889-1893 
gunshot wounds to, 1980—1981 
lower, 1916-1917 
occipitocervical dislocation, 1915, 1915f 
posterior elements, 1917, 1917f 
spinal canal, 1917-1918 
spinal cord, 1918-1919, 1918f 
upper, 1915-1916 
Cervical spine fractures and dislocations, 1903—1981, 1918f 
anterior surgical approaches to, 1925—1928 
anterior decompression, 1926—1927 
anterior instrumentation, 1927—1928 


high anterior retropharyngeal approach, 1925—1926 
outcomes, 1928 
reconstruction, 1927 
reduction of dislocated facets, 1927 
to subaxial cervical spine, 1926, 1926f 
transoral approach, 1925 
assessment of, 1905-1915 
atlantoaxial rotary dislocation (C1-C2), 1947-1948 
atlas fractures (C1), 1943-1945 
classification of, 1907t 
complications, 1934—1935 
from anterior approach, 1934 
perioperative neurologic deficit, 1935 
from posterior approach, 1934—1935 
postoperative, 1935 
costs of, 1904 
epidemiology of, 1904—1905 


hangman’s fractures (traumatic spondylolisthesis, C2-C3), 1954— 


1956 
history and physical examination for, 1906—1907, 1907t 
imaging of, 1907-1914 
computed tomography, 1912-1913, 1912/-1913f 
injury detection, 1907—1908 
magnetic resonance imaging, 1913-1914, 1914f 
radiographs, 1908-1912, 1909f-1912f 
incidence of, 1904 
initial care of, 1905-1906 
hospital care, 1906 
prehospital care, 1905—1906 
mechanisms of injury, 1905 
mortality rate, 1905 
nonoperative treatment of, 1919-1924 
cervical orthoses, 1919-1920 
cervicothoracic orthoses, 1920 
halothoracic vest, 1920-1921 
skull-based traction and closed reduction, 1921—1924 
occipital condyle fractures, 1939-1942 
occipitocervical dislocation, 1935-1939 
odontoid fractures (C2), 1948-1953 
operative treatment of, 1924—1935 
preoperative planning, 1925 
timing of, 1924-1925 
outcome measures for, 1914—1915 
pathoanatomy/applied anatomy of, 1915-1919 
posterior approaches to, 1928-1930 
decompression, 1929 
reduction maneuvers for subaxial cervical spine, 1930 
reduction maneuvers for upper cervical spine, 1929-1930 


sagittal atlantoaxial instability without fracture (C1-C2), 1945-1947 


spinal canal compromise, 1917—1918, 1918f 
subaxial (C3-C7), 1957—1981 
traction for, 290-291 
treatment of, 1919-1933 
nonoperative, 1919-1924 
posterior fusion, 1933 
posterior stabilization/fusion of lower cervical spine, 1931 
posterior stabilization/fusion of upper cervical spine, 1931 
postoperative care, 1933 
stabilization of lower cervical spine, 1931—1933 
Cervical spine injuries, in multiply injured patients, 483-484 
Cervicothoracic orthoses, 1920 
Charcot arthropathy, 736-737 
ChatGPT, 258-259 
Chauffeur’s fracture, 1634 
Chest injuries 
chest wall, 475-476 
management of, 475—476 
Chest physiotherapy, 1866 
Chest tubes, 1864—1866, 1865f 
Chest wall 
anatomy of, 1852, 1852f 
bony thorax, 1852 
flail chest, 1855, 1855f 
muscles, 1852, 1853f 
unstable, 1855-1856 
Chest wall injuries, 476—477, 1851-1881 
assessment of, 1855—1860 
associated injuries, 1856—1858, 1856f 


extrathoracic injuries, 1858 

intrathoracic injuries, 1856, 1857f 

pulmonary contusions, 1857—1858, 1857f, 1858f 
classification of, 1860 
complications, 1878—1879 

hardware failure, 1878 

infection, 1878 

malunion, 1879 

nonunion, 1878-1879 
controversies in treatment of, 1880—1881 

lack of high-quality studies, 1880 

surgical fixation in nonventilated patients, 1880—1881 


surgical fixation in patients with pulmonary contusion, 1880 


surgical fixation of nonflail or isolated fractures, 1880 
who should perform surgical fixation, 1881 
imaging of, 1859-1860 
CT scanning, 1859-1860, 1860f 
radiographs, 1859, 1860f 
mechanisms of injury, 1855-1856 
nonoperative treatment of, 1863—1866 
chest physiotherapy, 1866 
chest tube insertion, 1864—1865, 1865f 
current practices in, 1863 
historical practices in, 1862—1863 
mechanical ventilation, 1863 
pain management, 1863-1864 
operative treatment of 
indications/contraindications, 1866—1867 
surgical fixation of rib fractures, 1867—1875 
outcomes, 1860-1862 
effect on pulmonary function, 1861 
mortality, 1861-1862 
need for mechanical ventilation, 1861 
for patients with concurrent head injury, 1862 
for patients with concurrent pulmonary contusion, 1862 
pathoanatomy/applied anatomy of, 1852 
pathoanatomy of rib fractures, 1854-1855 
pitfalls/prevention, 1877t 
postoperative care for, 1877 
rib fractures and, 1854—1855 
signs/symptoms, 1859 
surgical fixation of rib fractures 
controversies in, 1880—1881 
evidence for, 1875—1876 
positioning for, 1867 
posterior approach, 1871-1872 
preoperative planning, 1866 
technique, 1872-1874 
thoracotomy approach, 1867-1871 
who should perform, 1881 
treatment of, 1862—1875 
algorithm for, 1876f 
nonoperative, 1863-1866 
operative, 1866-1875 


Chi-squared (x) test, 245, 245t 
Chitosan, 855 
Chloroprocaine, 3151t-3152t 
Chondrocytes, 47 
Chondrosarcomas, 786-787 
Chopart joint, 3051 
Cierny—Mader classification system, 839-840, 8391, 840f 
Cigarette smoking, 608 
Cincinnati Knee Rating System, 2802 
Circular external fixation, 334-338, 335/-338f. See also External 
fixation 
Clamps, 432-433, 433f 
Clamshell osteotomy, 939-940 
Classification, 113-128 
artificial intelligence and, 127—128 
closed fractures, 124—125 
fracture-specific, 117—120 
history of, 113-114 
limitations/challenges of, 116-117 
categorizing continuous variables, 116-117 
measurement, 116 
validity, 116 
limitations of, reliability, 116 


machine learning and, 127-128 
open fractures, 126-127 
OTA/AO system, 120-124 
purposes and application of, 114—116 
education, 115-116 
research, 115 
terminology, 114—115 
treatment and prognosis, 115 
Clavicle, 163-164, 165t 
applied anatomy of, 1063f 
bony anatomy of, 1061—1062 
cross-sectional and topographic anatomy of, 1061f 
lateral ligament, 1062 
ligamentous anatomy of, 1062 
medial ligaments, 1062 
muscular anatomy of, 1063 
neurovascular anatomy of, 1063—1064 
Clavicle fractures, 1049-1096 
age and, 1049, 1050f 
associated injuries, 1053—1055 
classification of, 1057-1060 
OTA/AO classification, 1060f 
Robinson classification, 1059f 
complications, 1083-1094, 1083t 
glenohumeral arthritis, 1089 
hardware failure, 1092 
hardware prominence, 1092—1093 
infection, 1084 
malunion, 1086—1089 
neurovascular injury, 1089—1091 
nonunion, 1084—1086 
refracture, 1093 
scapular swinging, 1093—1094 
epidemiology of, 1049-1050, 1050f 
fixation method, 1095 
floating shoulder and, 1081—1082 
history of, 1055 
imaging of, 1056—1057 
incidence of, 1049 
lateral, 1077-1080 
lateral fractures, 1057 
mechanisms of injury, 1051—1053, 1051f, 1052f 
medial, 1081 
midshaft fractures, 1056 
nonoperative treatment of, 304—305 
open fractures, 1056 
outcome measures for, 1060—1061 
pathoanatomy/applied anatomy relating to, 1061—1064 
pathologic fractures, 775 
patient selection in, 1095 
physical examination of, 1055—1056 
in polytrauma patients, 1057 
rib fractures and, 1082 
signs/symptoms, 1055—1056 
timing for surgical intervention of, 1095-1096 
treatment of, 1064—1082 
algorithm for, 1076f 
external fixation, 1067 
intramedullary pinning, 1067-1071 
nonoperative, 1064-1065 
open reduction and plate fixation, 1071-1076 
operative treatment of, 1065—1082 
plate fixation of displaced fractures of the lateral 
clavicle, 1077—1081 
timing of surgery, 1066—1067 
Clay-shoveler’s fractures, 1981 
Clinical neurophysiology, 665 
Closed explosion, 502 
Closed fractures, 124-125 
Closed reduction 
crescent fractures, 2129-2131 
cuneiform injuries, 3079 
distal interphalangeal joint dislocations, 1753 
distal radius and ulna fractures, 1639-1642 
hip dislocations, 2290-2295 
metacarpophalangeal joint dislocations, 1808—1809 
proximal interphalangeal joint dislocations, 1783 
proximal phalanx fractures, 1789-1790 


talar fractures, 2967 
talus dislocations, 3001-3002 
tarsal cuboid fractures, 3070-3072 
tarsal navicular fractures, 3059-3060 
Closed reduction and internal fixation (CRIF) 
metacarpal fractures, 1822 
tarsometatarsal (Lisfranc) joint injuries, 3093-3094 
Closed reduction and percutaneous fixation (CRPF) 
middle phalanx fractures, 1765 
proximal humeral fractures, 1223-1229, 1248, 1249t 
proximal phalanx fractures, 1791-1793 
Closed reduction and percutaneous pinning, carpometacarpal joint 
dislocations, 1837 
Closed reduction and splinting 
carpometacarpal joint dislocations, 1835—1836 
metacarpal fractures, 1820 
proximal phalanx fractures, 1790-1791 
Coagulation, 792-793 
Coagulopathy 
endothelial injury, 794-795 
hypercoagulability, 795 
inflammation and, 795 
trauma-induced, 794-795 
venous stasis, 795 
Coaptation splint, 1292, 1292f 
Cobb angles, 116, 19117 
Cochran Q test, 245t 
Codivilla, Alessandro, 329 
Codman classification, 1184 
Coeliac disease, 90 
Collagen, 86, 855 
Colles casts, 295, 295f 
Colles fracture, 113-114, 114f, 1634 
Colum theory, 2870 
Combined magnetic fields (CMFs), 890 
Comminuted fractures, 9—10 
femoral shaft fractures, 2503 
Compartment syndrome 
acute, 572-593 
causes of, 573-574, 574t 
clinical diagnosis of, 577-578 
complications of, 592-593 
decompression threshold in, 581-582 
diagnosis of, 591-592 
epidemiology of, 573-575 
fractures associated with, 574t, 575 
future directions for research, 593 
incidence of, 573, 573f 
late diagnosis of, 592-593 
pathogenesis of, 575—577 
preclinical modeling, 575 
raised tissues pressure, 576 
reperfusion injury and, 576-577 
risk factors, 573-574, 575t 
surgical/applied anatomy for, 584-588 
treatment of, 588—592 
underlying conditions, 573, 574t 
calcaneal, 3012-3013 
diaphyseal radius/ulnar fractures and, 1574-1575 
exertional, 572 
femoral shaft fractures and, 2512-2513 
fibular shaft fractures, 2792, 2794 
of the foot, 3137-3143 
assessment of, 3138-3140 
fasciotomy of, 3141-3142 
historical accounts of, 3137 
imaging of, 3140, 3140f 
mechanisms of injury, 3138-3140 
nonoperative treatment of, 3140-3141 
operative treatment of, 3141-3142 
outcomes/complications, 3143 
pathoanatomy/applied anatomy of, 3137—3138 
signs/symptoms, 3140 
treatment of, 3140-3142 
humeral shaft fractures and, 1283 
local anesthetics and, 3156-3158 
tibial plateau fractures and, 2785-2787 
tibial shaft fractures, 2792, 2794, 2842-2843 


wartime injuries, 506 
Compassion, 705-706 
Complete-articular fractures 
associated injuries, 1402 
classification of, 1403—1409 
incidence of, 1401-1402 
mechanisms of injury, 1402 
open reduction internal fixation of, 1431-1438 
outcomes, 1443-1444, 1445t-1446t 
surgical techniques for 
OTA/AO types A and C fractures, 1431-1438 
OTA/AO types B1 and B2 fractures, 1438 
tibial pilon fractures, 2864, 2882-2883 
Complex fractures, 204—207, 205f 
Complex regional pain syndrome, 817-824 
case examples, 821-822 
clinical diagnosis of, 820-822 
Clinical features, 819-820 
defined, 817 
diagnosis of, 820 
differential diagnosis, 822-823 
distal radius/ulna fractures and, 1656 
edema and swelling in, 821 
etiology of, 819 
excessive sweating in, 821 
failure to use limb in, 819 
historical accounts of, 817-818 
IASP criteria for, 818, 818t, 820t 
immobilization and, 819 
incidence of, 818-819 
loss of joint mobility and atrophy in, 821 
management of, 823-824 
motor/trophic changes in, 821 
sensory symptoms, 820 
sudomotor/edema and, 821 
synonyms for, 818t 
types of, 818 
vasomotor instability in, 820-821 
Compression fractures, 1963-1965, 1964f 
Compression injuries (thoracolumbar spine fractures), 2022—2027 
type AO: minor injuries, 2022 
type A1: wedge compression, 2022 
type A2: split or pincer type, 2022 
type A3: incomplete burst, 2023—2027 


type A4: burst fractures with involvement of both endplates, 2027 


Compression nailing, 399 
Compression neuropathy, 658-659 
Compression plating, 404—405, 404f 
Compression pressure monitoring, 578-584. See also Acute 
compartment syndrome (ACS) 
advantages/disadvantages, 579t 
catheter placement, 580-581, 581t 
clinical signs vs. ICP monitoring, 583 
decompression threshold, 581-582 
diagnostic performance characteristics, 583-584 
invasive, 578-580 
noninvasive, 578 
timing, 582-583 
Compressive extension, 1958, 1959f 
Compressive flexion, 1957-1958 
Computed tomography (CT), 202-208 
acetabulum fractures, 203f, 2179-2183, 2180f, 2182f, 2183f 
applications, 204—208 
complex and occult fractures, 204—207 
complex fractures, 205f 
infection and bone tumor workup, 208 
intraoperative and postoperative evaluation of fracture 
dislocation, 207 
nonunion and malunion characterization, 207—208 
traumatic arthrotomy and open fractures, 207 
arthrography, 217 
calcaneus fractures, 3015 
of cervical spine injuries, 1912—1913, 1912/-1913f 
chest wall injuries, 1859-1860, 1860f 
distal humerus fractures, 1403 
distal radius and ulna fractures, 1633-1634 
femoral neck fractures, 2328, 2329f 
femoral shaft fractures, 2455-2456 


fracture classification and, 114 
of glenohumeral instability, 1115-1116 
history of, 202 
intraoperative scans, 202 
metal artifact suppression and options, 204 
multiplanar reconstructions, 202 
of nonunion, 884—885, 886f 
osteomyelitis, 844—847 
patellar fractures, 2645-2646 
proximal humeral fractures, 1182, 1182f, 1183f 
scaphoid fractures, 1682-1683, 1688f 
scapular fractures, 1018 
of spine trauma, 1888 
sternoclavicular joint injuries, 969 
stress fractures, 748 
talar fractures, 2958-2961, 2960f 
technical considerations in, 202—204 
3-D reconstructions, 202 
tibial pilon fractures, 2856-2857, 2857f 
tibial plateau fractures, 2735, 2736f 
Computed tomography angiography (CTA), 225 
knee dislocations, 2688, 2688f 
sternoclavicular joint injuries, 971-972 
Computerized Adaptive Tests (CATs), 2802 
Computer vision, 264—266 
augmented reality, 265-266 
fracture classification, 264—265 
fracture detection, 264 
outcome prediction, 265 
Concomitant injuries, 2042 
Concomitant ligament injuries, 2529 
Conduction block, 659 
Condylar fractures, 2745—2746 
Condylar screw plates, 2391 
Confidence interval (Cl), 245 
Confusion assessment method (CAM), 1892, 1892f 
Congestive heart failure (CHF), 721 
Constant-Murley score, 1287-1288, 1288t 
Continuous data, 245 
Contractures, 386-387 
Control event rate (CER), 244t 
Convolutional neural networks (CNNs), 127—128 
CORA (center of rotation of angulation), 931-932, 932/-935f 
Coracoclavicular ligament, 979-980 
Coracoclavicular ossification, 963 
Coracoid fractures, 1027 
Cormack, Allan, 202 
Coronal split factures, 2745 
Coronoid fractures, 1499 
Corpectomy, 2018-2019 
Correlation coefficients, 246 
Cortical bone, 86 
transverse anisotropy of, 4 
Corticosteroids, 2009 
Costoclavicular ligament, 980-982 
Costotransversectomy, 2019-2020, 2021f 
Cranial tongs, 290-291 
Creep, 5, 8t 
Crescent fractures. See also Pelvic ring injuries 
closed reduction and percutaneous fixation, 2129-2131 
fixation of, 2127—2132 
open reduction internal fixation of, 2129 
Crile, D.W., 330 
Critical glenoid defect size, 1117-1118 
Critical screws, 400—401 
Crosby classification, 1367f 
Crosby-Fitzgibbon classification, 3018 
Cross pins, 1481 


CRPF. See Closed reduction and percutaneous fixation (CRPF) 


Crush injuries, 160 
Crush syndrome, 572 
Crutch ambulation, 11-12 
Cryotherapy, 1864 
CTA. See Computed tomography angiography (CTA) 
Cuboid fractures, 3066-3075. See also Midfoot fractures 
assessment of, 3067 
associated injuries, 3067 
classification of, 3067—3068 


cuboid dislocation, 3072 
incidence of, 3066 
mechanisms of injury, 3067 
outcomes/complications, 3074—3075 
pathoanatomy/applied anatomy of, 3066-3067 
postoperative care for, 3074 
signs/symptoms, 3064—3065 
treatment of, 3068-3073 
adjunct external fixation, 3071 
adjunct internal spanning fixation, 3071 
bone grafting, 3071-3072 
nonoperative treatment of, 3068—3069 
open reduction internal fixation, 3070-3072 
operative treatment of, 3069-3072 
reduction and fixation, 3070-3072 
Cuneiform injuries, 3075-3080. See also Midfoot fractures 
assessment of, 3076-3078 
classification of, 3077-3078, 3077f-3078f 
imaging of, 3077 
incidence of, 3071 
mechanisms of injury, 3076-3077 
outcomes/complications, 3077 
pathoanatomy/applied anatomy of, 3075 
signs/symptoms, 3077 
treatment of, 3078-3080 
algorithm for, 3080f 
closed reduction and fixation, 3079 
nonoperative, 3078 
operative, 3079 
Cushing’s ulcers, 476 
Cutaneous nerve injury, 3043 
Cyclists, 160-161 
Cyclooxygenase-2 (Cox-2), 74 
D 


Damage control external fixation, 368-371, 369f, 370f 
Damage control resuscitation, 503-504 
Danis-Weber classification, 2900 
Dartmouth Conference, 260 
DASH score, 1287—1288, 1636 
Dead space, 861-863 
Debridement 
blast injuries, 505 
gunshot wounds, 512-513 
mangled extremity, 609-610 
osteomyelitis, 855-858 
second-look, 561t 
Deep Blue, 260 
Deep circumflex iliac artery (DCIA) bone flap, 651-652, 652f 
Deep learning, 260, 262 
Deep neural networks, 262 
Deep vein thrombosis (DVT) 
investigations for, 807-809 
prediction scores, 808t 
Deep venous thrombosis (DVT), 2160-2161, 2369-2370 
screening for, 809-810 
Definitive fracture stabilization, 507 
Deformation, 8t 
Deforming forces, 1585 
Degloving, 542-543, 543f, 543t, 544f 
Delayed union, 20, 874. See also Nonunion 
in extensor mechanism injuries, 2677 
in femoral shaft fractures, 2513—2514 
in talar neck fractures, 2991—2992 
Deltoid ligaments, 2860 
Deltoid musculature, 1126 
Dementia, 1892 
Demineralized bone matrix (DBM), 67, 908—909 


Dendritic cell-specific transmembrane protein (DC-STAMP), 87 


Denis classification, 2076 
Denosumab (Prolia), 93 
Density, 6 

Depression, 707 


Depression Subscale of the Patient Health Questionnaire (PHQ-9), 709 


Destot sign, 2058 

Diabetes mellitus, 486—487, 735-737, 876 
diagnosis of, 734 
epidemiology of, 734 
glucose management, 737 


multiply injured patients and, 486—487 Galeazzi fractures, 1572f-1574f, 1579-1580, 1615-1617 


nonunion and, 876 gunshot comminuted fractures, 1568f 
orthopedic pathophysiology, 735-737 imaging of, 1576-1577, 1578f 
bone metabolism, 735-736 incidence of, 1566 
Charcot arthropathy, 736-737 mechanisms of injury, 1566, 1567f 
fall risk, 736 Monteggia fracture-dislocations, 1569/-1570f, 1578- 
fracture healing, 735-736 1579, 1615, 1616f 
infection, 736 nightstick fractures, 1568f 
peripheral neuropathy, 736 oblique fractures, 1607 
vasculopathy/angiopathy, 736 open fractures, 1580, 1617-1619 
Diaphyseal fractures outcome measures for, 1580-1583 
classification of, 124t pathoanatomy/applied anatomy of, 1583-1589 
locked plating of, 28f pitfalls/prevention, 1609 
morphology of, 122, 123f postoperative care for, 1608—1609 
Diaphyseal malunions, 946 segmental fractures, 1608 
Diaphyseal radius fractures, 1565—1625 signs/symptoms, 1566 
assessment of, 1566—1583 transverse fractures, 1604—1607 
associated injuries, 1568-1577 treatment of, 1589-1619 
compartment syndrome, 1574-1575 algorithm for, 1619f 
musculoskeletal injuries, 1568—1574 intramedullary nailing, 1609-1615 
nonmusculoskeletal injuries, 1575—1576 nonoperative, 1590-1591 
open fractures, 1574 open reduction with plate and screw fixation, 1592-1608 
both-bone fractures, 1567f, 1569f-1571f operative, 1591-1619 
classification of, 1577-1581 Dichotomous data, 245 
comminuted fractures, implant removal and refracture, 1607—1608 DICOM standard, 228 
complications, 1619-1625 Digital fluoroscopy, 198 
implant removal and refracture, 1624—1625 Digital imaging, 228 
infections, 1620 Digital radiography, 195 
malunion, 1620-1621 Digital subtraction angiography (DSA), 224-225 
nerve palsy, 1624 Direct blows, 160 
nonunion, 1621—1623 Direct current (DC), 77, 890 
radioulnar synostosis, 1623-1624 Direct fracture manipulation, 440—441 
epidemiology of, 1565-1566 Direct nerve suture, 671 
Galeazzi fractures, 1572/-1574f, 1579-1580, 1615-1617 Direct oral anticoagulants (DOACs), 799t, 800 
gunshot comminuted fractures, 15687 Disabilities of the Arm, Shoulder and Hand (DASH) score, 1410 
imaging of, 1576-1577, 1578f Discectomy, 2018-2019 
incidence of, 1566 Disengaged neck fractures, 1190 
mechanisms of injury, 1566, 1567f Dislocations 
Monteggia fracture-dislocations, 1569/-1570f, 1578- acromioclavicular, 180 
1579, 1615, 1616f elbow, 180 
nightstick fractures, 1568f epidemiology of, 178-183, 179t 
oblique fractures, 1607 in multiply injured patients, 476 
open fractures, 1580, 1617-1619 shoulder, 179-180 
outcome measures for, 1580-1583 sternoclavicular, 180 
pathoanatomy/applied anatomy of, 1583-1589 Displaced fractures, 2647, 2664—2665 
pitfalls/prevention, 1609 Displaced nonunion, 1268 
postoperative care for, 1608—1609 Displacement injuries, 2032 
segmental fractures, 1608 Disruptive innovation, 260 
signs/symptoms, 1566 Distal clavicle, osteolysis of, 963 
surgical approaches for, 1593-1600 Distal femoral replacement (DFR), 2563 
deep dissection, 1598—1599 Distal femur, 172, 172t 
posterolateral approach (Thompson), 1599-1600, 1602/1606f applied anatomy of, 2532 
superficial dissection, 1596-1598 replacement, 2563 
volar approach of Henry, 1595—1596, 1597/-1601f soft tissues about, 2533 
transverse fractures, 1604—1607 Distal femur fractures, 2527-2567. See also Femur fractures 
treatment of, 1589-1619 assessment of, 2527-2531 
algorithm for, 1619f associated injuries, 2528—2530 
intramedullary nailing, 1609-1615 concomitant ligament injuries, 2529 
nonoperative, 1590—1591 open fractures, 2528—2529 
open reduction with plate and screw fixation, 1592—1608 periprosthetic fractures, 2529-2530 
operative, 1591-1619 vascular injuries, 2529 
Diaphyseal ulnar fractures, 1565-1625 classification of, 2530-2531, 2531f 
assessment of, 1566-1583 complications, 2565-2567 
associated injuries, 1568—1577 implant-related problems, 2567 
compartment syndrome, 1574-1575 infection, 2566-2567 
musculoskeletal injuries, 1568-1574 knee stiffness, 2567 
nonmusculoskeletal injuries, 1575—1576 malalignment/malunion, 2566 
open fractures, 1574 nonunion, 2566 
both-bone fractures, 1567f, 1569/-1571f posttraumatic arthritis, 2567 
classification of, 1577-1581 historical accounts of, 2527 
comminuted fractures, 1607—1608 imaging of, 2530 
complications, 1619—1625 incidence of, 2527—2567 
infections, 1620 mechanisms of injury, 2527—2528 
malunion, 1620—1621 open, 2528-2530 
nerve palsy, 1624 open reduction and internal fixation with plates and screws, 2534— 
nonunion, 1621—1623 2554 
radioulnar synostosis, 1623-1624 lateral approaches in, 2538-2540 


epidemiology of, 1565-1566 medial approach in, 2540 


outcomes/complications, 2554—2556 
pitfalls/prevention, 2553-2554, 2554t 
positioning for, 2538 
postoperative care, 2553 
preoperative planning, 2537-2538 
type A distal femur fractures, 2541-2546 
type B distal femur fractures, 2546 
type C distal femur fractures, 2546-2550 
outcome measures for, 2530-2531 
outcomes, 2565 
pathoanatomy/applied anatomy of, 2531-2533 
periprosthetic, 2529-2530 
plating of, 30f 
reconstruction, 2563 
signs/symptoms, 2530 
treatment of, 2533-2565 
algorithm for, 2563f 
dual-implant constructs, 2561-2562 
external fixation, 2562-2563 
nonoperative, 2533-2534 
open reduction and internal fixation, 2534—2554 
operative, 2534—2565 
retrograde femoral nailing, 2554-2561 


Distal forearm braces, 297—298, 298f 
Distal humerus, 165—166, 166t, 724 


anatomy of, 1410-1413 
articular surface, 1410f 
peripheral nerves, 1411-1412, 1413f 


Distal humerus fractures, 1400—1465 


age and, 1401f 
assessment of, 1402—1410 
associated injuries, 1402 
classification of, 1403-1410 
complications, 1460—1465 
articular bone loss, 1460 
elbow stiffness, 1463 
heterotopic ossification, 1463, 1463t 
infection, 1463—1464 
nonunion, 1460-1463 
olecranon osteotomy, 1464 
open fractures, 1460 
total elbow arthroplasty, 1464—1465 
ulnar neuropathy, 1464 
epidemiology of, 1401-1402 
gender and, 1401f 
hemiarthroplasty for, 1454—1458 
historical accounts of, 1400-1401 
imaging of, 1403 
mechanisms of injury, 1402, 1402t 
nonoperative treatment of, 308-310, 1413-1415 
closed management, 1415 
open reduction internal fixation of, 1416-1444 
implant biomechanics for, 1441 
indications/contraindications, 1414-1415 
outcomes, 1443-1444 
pitfalls/prevention, 1443 
positioning for, 1417 
postoperative care for, 1441-1443 
preoperative planning, 1417 
surgical approaches, 1417-1430, 1419t-1420t 
operative treatment of, 1415-1459 
timing of surgery, 1415-1416 
outcome measures for, 1410 
pathoanatomy/applied anatomy of, 1410-1413 
pathologic fractures, 776-777 
signs/symptoms, 1403 
surgical approaches, 1417-1430, 1419t-1420t 
anterior approach, 1430 
extensor digitorum communis (EDC) split approach, 1427- 
1428, 1430f 
Kaplan approach, 1428 
Kocher’s approach, 1427, 1429f 
lateral approaches, 1427-1428 
lateral para-olecranon approach, 1424—1426, 1425f 
medial approaches, 1428-1430 
olecranon osteotomy, 1421-1423, 1421f/-1422f 
paratricipital approach (triceps-on), 1423-1424, 1424f 
posterior approaches, 1420-1427 


triceps-reflecting anconeus pedicle (TRAP) 
approach, 1427, 1428f 
triceps-splitting approach, 1426-1427, 1428f 
Van Gorder approach (tricep tongue), 1427 
surgical techniques for, 1438-1441 
arthroscopic reduction and percutaneous fixation, 1441 


capitellum and trochlear fractures (OTA/AO type B3.3), 1438- 


1441 
capitellum fractures with or without lateral trochlear ridge 
(OTA/AO type B3.1), 1438 
OTA/AO types A and C fractures, 1431-1438 
OTA/AO types B1 and B2 fractures, 1438 
total elbow arthroplasty for, 1444-1454 
treatment of 
algorithm for, 1459f 
hemiarthroplasty, 1450-1455 
nonoperative, 1413-1415 
open reduction and internal fixation, 1416-1444 
total elbow arthroplasty, 1444-1454 


Distal interphalangeal joint dislocations, 1752—1756. See also Hand 
fractures and dislocations 


assessment of, 1752-1753 
associated injuries, 1752 
classification of, 1753 
complications, 1755 
imaging of, 1752 
mechanisms of injury, 1752 
outcome measures for, 1753 
outcomes/complications, 1755 
pitfalls/prevention, 1756 
postoperative care for, 1755t 
signs/symptoms, 1752 
treatment of, 1753-1755 
algorithm for, 1755f 
closed reduction, 1753 
dorsal approach, 1754 
nonoperative, 1753-1754 
operative treatment of, 1753-1754 
volar approach, 1754 


Distal phalanx fractures, 1744—1752. See also Hand fractures and 
dislocations 


assessment of, 1743 
associated injuries, 1744 
classification of, 1744, 1745f 
complications, 1752 
dorsal base fractures, 1748-1749 
epiphyseal fractures, 1747 
imaging of, 1744 
mallet fractures, 1747, 1749f, 1750f 
mechanisms of injury, 1743 
outcome measures for, 1744 
outcomes/complications, 1751-1752 
pathoanatomy/applied anatomy of, 1744-1745 
pitfalls/prevention, 1751t 
postoperative care for, 1751 
shaft fractures, 1747, 1747f 
signs/symptoms, 1744 
treatment of, 1745-1751 
algorithm for, 1751f 
nonoperative, 1745-1746 
operative, 1746-1749 
splinting, 1745-1746 
tuft fractures, 1747 
volar base fractures, 1746, 1748 


Distal pole osteosynthesis, 2660—2661 
Distal radial fractures 


casts vs. braces for, 301 
nonoperative treatment of, 311-312 


Distal radius and ulna, 167-168, 168t 
Distal radius and ulna fractures, 1629-1657 


assessment of, 1630—1637 
associated injuries, 1631 
interosseous ligament injury, 1631 
triangular fibrocartilage complex injury, 1631 
bone grafting in, 1656 
classification of, 1634—1636 
eponyms, 1634 
historical, 1634 


OTA/AO classification, 1634—1635, 1635f 
reliability of, 1635-1636 
complex regional pain syndrome and, 1656 
controversies in management of, 1630, 1656—1657 
costs of, 1630 
distal radius fractures, operative treatment of, 1639-1651 
distal radius fractures, treatment of 
algorithm for, 16537 
closed reduction and percutaneous pinning, 1640—1642 
closed reduction in, 1639 
comparison of different fixation methods, 1651—1652 
controversies in, 1638 
dorsal spanning fixation of distal radius, 1649-1651 
external fixation of distal radius, 1648-1649 
fragment-specific fixation of distal radius, 1646-1648 
open reduction internal fixation, 1646 
distal ulna fractures, operative treatment of, 1653-1654 
epidemiology of, 1629-1630 
imaging of, 1631—1634 
computed tomography, 1633-1634 
magnetic resonance imaging, 1634 
radiography, 1631—1633, 1632f, 1633f 
incidence of, 1629 
mechanisms of injury, 1630-1631 
open fractures and, 1656 
osteoporosis and, 1657 
outcome measures for, 1635—1636 
patient-reported, 1636 
physician-based, 1636 
outcomes/complications, 1655-1656 
malunion, 1655—1656 
nerve injury, 1655 
tendon injuries, 1655 
pathoanatomy/applied anatomy of, 1637—1638 
predicting instability and function in, 1637-1638 
rehabilitation in, 1656 
risk factors for, 1630 
signs/symptoms, 1631 
treatment of, 1638—1653 
arthroscopy in, 1656 
nonoperative, 1638—1640 
operative treatment of, 1640-1653 
Distal tibia, 174, 174t, 2858, 2858f 
radiographs of, 123f 
Distal tibiofibular syndesmosis, 2860—2861 
Distraction internal fixation, 2100 
Distraction lengthening, 951, 953f 
Distraction osteogenesis, 364-367, 365/-367f 
Distractive extension, 1958-1959, 1960f 
Distractive flexion, 1958, 1959f 
Dithiothreitol, 852 
Dome osteotomy, 938-939, 940f, 941f 
Doppler ultrasonography, 211 
Dorsal base fractures, 1748-1749, 1767-1768, 1780. See also Middle 
phalanx fractures 
Dorsal spanning fixation, 1649-1651 
Double echo, 210 
Drains, 694 
Dressings, 694 
Drug abuse, 488 
Dual-implant constructs, 2561-2562 
Ductile material, 3 
Dupont-Evard posterolateral approach, 1034 
DVT. See Deep venous thrombosis (DVT) 
Dynamic interlocking, 398—399 
Dynamic loading, 36f 
Dynamic locking screws (DLS), 30, 30f 
Dynamic traction and external fixation, 1770-1772, 1773f-1774f 
E 
East Baltimore lift, 2291 
EBO. See Evidence-based orthopedics (EBO) 
Echogenicity, 219 
ECRL dynadesis, 1718 
Edema, 821 
Elasticity, 8t 
Elbow 
fractures in obese patients, 724 
loads in activities of daily living, 11t 


Monteggia fracture-dislocations, 1552—1560 
olecranon fractures, 1543—1552 
posteromedial rotary instability, 1507-1514 
postoperative stiffness, 1463 
proximal ulna fractures, 1514-1525 
radial head fractures, 1484-1499 
simple dislocations, 1473-1484 
terrible triad injuries of, 1499-1505 
transolecranon fracture-dislocations, 1552—1560 
Elbow dislocations, 1473-1484 
assessment of, 1473-1475 
associated injuries, 1474 
classification of, 1475 
epidemiology of, 180 
imaging of, 1475 
incidence of, 1473 
mechanisms of injury, 1473-1474, 1474f 
Monteggia fracture-dislocations, 1552—1560 
nerve injuries, 684 
outcome measures for, 1475 
outcomes/complications, 1483t 
pathoanatomy/applied anatomy of, 1475 
signs/symptoms, 1474-1475 
surgical pitfalls/preventions, 1483, 1483t 
transolecranon fracture-dislocations, 1552—1560 
treatment of, 1475-1483 
algorithm for, 1484f 
open reduction and internal fixation, 1479-1481 
operative, 1477-1483 
Elderly patients, 487 
acetabulum fractures in, 2204, 2258-2260 
fracture reduction and internal fixation, 2258-2259 
total hip arthroplasty, 2259-2260 
ankle fractures in, 2942 
femoral shaft fractures in, 2504-2505 
nonoperative treatment, 286—287 
spine trauma in, 1896—1897, 1898f 
Electrical stimulation, 77 
Electromyography, 665 
E-modulus, 3, 8t 
Enchondroma, 785 
Endochondral ossification, 49-50, 49/-51f 
Endothelial injury, 794-795 
End screw fractures, 14-15 
End-segment fractures 
classification of, 124t 
morphology of, 122, 124f 
Entry point nails, 2478—2479 
Eosinophilic granuloma, 785 
Epidemiology of musculoskeletal injury, 131-185 
adolescent fractures, 176-178, 177t 
age and gender, 136 
females, 139t 
males, 138t 
changing epidemiology, 144—148, 146t 
COVID and orthopaedic trauma, 149 
dislocations, 178-183 
fracture distribution curves, 141-144, 142f, 144t 
fracture incidence, 134—136 
fracture types, 162-176 
acetabulum, 170, 170t 
ankle, 174-175, 175t 
calcaneus, 175-176, 176t 
carpus, 168, 168t 
clavicle, 163—164, 165t 
distal femur, 172, 172t 
distal humerus, 165-166, 166t 
distal radius and ulna, 167—168, 168t 
distal tibia, 174, 174t 
femoral diaphysis, 171—172, 172t 
fibula, 174, 174t 
finger phalanges, 169, 169t 
forearm diaphyses, 167 
humeral diaphysis, 164—165, 166t 
metacarpus, 168—169, 168t, 169f 
metatarsus, 176, 176t 
midfoot, 176, 176t 
patella, 172-173, 172t 


pelvis, 170 
proximal femur, 170-171, 171t 
proximal forearm, 166-167, 167t 
proximal humerus, 164, 166t 
proximal tibia, 173, 173t 
scapula, 164, 165t 
spine, 169-170, 170t 
talus, 175, 175t 
tibial diaphysis, 173-174, 173t 
fragility fractures, 156, 156t 
future of, 149-151 
history, 132-134 
modes of injury, 158—162, 158t 
mortality, 156-158, 156t, 157t 
multiple fractures, 153-156 
open fractures, 151-153, 154t 
social deprivation, 139-141, 141t 
tendinous and ligament injuries, 183-185, 184t 
variation in, 148-149 
Epidural anesthesia, 3156 
Epiphyseal fractures, 1747 
Epiphyseal malunions, 947 
Eponyms, 1634 
Ertl procedure, 702-703 
Essex-Lopresti classification, 119, 120f, 3016 
Essex-Lopresti maneuver, 3028 
Essex-Lopresti technique, 3024f 
Euvolemia, 476 
Evidence 
assessing grade of, 242t 
GRADE approach, 242 
hierarchy of, 235—236 
levels of, 236t 
summarizing, 242 
synthesizing, 241—242 
Evidence-based orthopedics (EBO), 234-237 
hierarchy of evidence, 235-236, 235f 
impact of high-quality studies, 236 
TRUST trial, 236-237 
type I (a) error, 246 
type Il (8) error, 246 
Ewing sarcomas, 786 
Exchange nailing, 399 
Exertional compartment syndrome, 572 
Expertise-based randomized trial, 238 
Extended iliofemoral approach, 2221—2223, 2221 f—2222f 
Extensor digitorum communis (EDC) split approach, 1427-1428, 1430f 
Extensor mechanism injuries, 2666—2677. See also Patellar fractures 
age and, 2666 
assessment of, 2666 
associated injuries, 2666 
complications, 2676—2677 
delayed union, 2677 
extensor mechanism weakness, 2676 
infection, 2676 
loss of fixation, 2676 
loss of knee motion, 2676 
nonunion, 2677 
posttraumatic arthritis, 2677 
refracture, 2676 
rerupture, 2676 
symptomatic retained hardware, 2676 
extensor tendon repair, 2668-2675 
acute patellar tendon rupture, 2670, 2671f, 2673-2674, 2675 
acute quadriceps or patellar tendon rupture, 2668— 
2670, 2669f, 2673-2675 
chronic or neglected quadriceps tendon rupture, 2670—2674 
outcomes, 2673-2674 
tibial tubercle avulsions, 2675 
imaging of, 2667 
mechanisms of injury, 2666 
pathoanatomy/applied anatomy of, 2666—2677 
signs/symptoms, 2666 
treatment of, 2667-2675 
algorithm for, 2674f 
extensor tendon repair, 2668-2675 
nonoperative, 2667 
operative, 2667-2675 


External beam radiation, 783 
External fixation, 325-387 
biology of, 361—362 
bone transport and, 374, 374f 
bridging vs. nonbridging, 1651 
circular, 334-338, 335f-338f 
for clavicle fractures, 1067 
complications, 383-387 
contractures, 386-387 
infection, 383-384 
premature consolidation/refracture, 384—385 
contemporary applications, 367-376 
damage control, 368—371, 369f, 370f 
distal femur fractures, 2562—2563 
of distal radius, 1649-1651 
distraction osteogenesis and, 364—367, 365/—367f 
dynamization, 362—364 
femoral shaft fractures, 2464—2467, 2464t, 2465f, 2494-2495 
fracture healing with limited ORIF and, 364 
frame dynamization and removal in, 2831 
frame management, 377-383 
frames 
removal of, 380—382, 381f, 382f 
reuse of, 382-383 
hexapod fixators, 374—376, 375f-377f 
history of, 325-336 
monolateral external fixation, 326-330, 333-334, 333f, 334f 
World War II use, 331-333 
of humeral shaft fractures, 1318 
knee dislocations, 2697—2698 
large pin, 339-344 
monolateral, 344—356 
for nonunion treatment, 897-898 
for open fractures, 546-548 
pin placement in, 2830 
pins 
care of, 378-380, 379f, 380f 
insertion of, 377, 378f 
removal of, 381f 
ring fixators, 2830, 2841 
simple elbow dislocations, 1481 
small wire, 371-373, 372f/-373f 
small wire circular frame, 356-360, 365f, 366f 
tibial diaphyseal fractures, 2829-2832 
tibial pilon fractures 
ankle spanning with or without fibular ORIF, 2867—2868 
tibiotalar-spanning, 2868 
tibial plateau fractures, 2756—2758, 2781 
tibia shaft fractures, 2838, 2840-2841 
for trochanteric hip fractures, 2393-2394 
unilateral external fixators, 2829-2830, 2841 
vs. ORIF, 1652 
vs. percutaneous pinning, 1651 
vs. volar locked plating, 1651 
External fixators, 436-439 
stiffness, 27 
External validation, 266—268 
Extra-articular complex fract, 1029 
Extra-articular fractures 
associated injuries, 1402 
calcaneus fractures, 3022-3025 
classification of, 1403—1409 
incidence of, 1401-1402 
mechanisms of injury, 1402 
open reduction internal fixation of, 1431-1438 
outcomes, 1443-1444, 1445t-1446t 
surgical techniques for 
OTA/AO types A and C fractures, 1431-1438 
OTA/AO types B1 and B2 fractures, 1438 
tibia fractures, 2820—2829, 2838, 2840 
tibial pilon fractures, 2863 
Extracellular matrix (ECM), 47, 48 
Extracorporeal shock wave therapy, 78, 892 
Extramedullary implants, 2389, 2391-2392 
Extruded talus, 2983-2986 
F 
Facet dislocations, 1973—1976, 1974f 
bilateral, 1922—1923 


role of prereduction MRI, 1923-1924 
unilateral, 1923 
Facet fractures without dislocation, 1970—1973, 1972f 
Facet injuries, 1961 
Failure of fixation devices, 417-422 
screw-bone interface failure, 417—422 
driver interface, 418 
failure by cyclic loading, 419 
late screw loosening, 418-419 
locking constructs, 422 
plate failure, 420-422 
plate failure through a screw hole, 422 
screw failure, 419—420 
stripping during insertion, 418 
screw breakage during insertion, 417 
Failure strain, 3t 
FAITH trial, 249 
Falls 
diabetes and, 736 
from height, 159 
incidence difference in females, 151f 
incidence difference in males, 150f 
from low height, 159 
from standing height, 159 
Farabeuf clamp, 433, 435f 
Far cortical locking (FCL) screws, 30, 30f 
Fasciocutaneous flaps 
lateral leg, 634-635, 634f 
medial leg, 633-634, 634f 
posterior leg/foot, 635-637 
Fasciocutaneous free flaps, 643-646 
anterolateral thigh flap, 643-646 
radial forearm flap, 645 
scapular flap, 645 
superficial circumflex iliac artery perforator (SCIP) flap, 645- 
646, 647f 
Fasciotomy, 588-590, 3141-3142 
Fast-spin echo (FSE) imaging, 210 
Fatigue, 8t 
Fatigue failure, 3 
Fatigue fractures, 320 
of femoral head, 2277 
Fatigue limit, 3, 8t 
Federated learning, 263 
FEDS (Frequency, Etiology, Dislocation, Severity) classification 
system, 1120 
Femoral condyle fracture, CT imaging of, 208f 
Femoral diaphyseal fractures, pathologic fractures, 779-780 
Femoral diaphysis, 171-172, 172t 
in obese patients, 727 
Femoral head 
fatigue fractures of, 2277 
osteonecrosis of, 2265 
posttraumatic arthritis, 2265 
vascular supply to, 2289f 
Femoral head fractures 
outcomes/complications, 2319-2321 
arthritis, 2320 
avascular necrosis, 2320 
heterotopic ossification, 2320-2321 
malunion, 2321 
postreduction considerations, 2320 
prereduction considerations, 2319 
sciatic nerve dysfunction, 2321 
treatment of, 2288-2319 
algorithm for, 2314f 
anterolateral approach (Watson-Jones), 2306-2307 
arthroscopic debridement, 2300—2303 
closed reduction, 2290-2295 
direct anterior approach (Smith-Petersen or Hueter 
interval), 2304-2305 
Kocher-Langenbeck approach, 2306-2308 
nonoperative, 2288—2295 
open reduction, debridement, and fixation, 2303-2306 
open reduction and internal fixation, 2298-2299 
open reduction with or without debridement, 2297-2298 
operative, 2295-2319 
transtrochanteric approach, 2308-2313 


Femoral neck 
anatomy of, 2335-2338 
blood supply to, 2336—2338 
ligaments, 2338 
muscles, 2338 
sensory supply, 2338 
skeletal anatomy, 2335-2336 
vascular anatomy of, 2337f 
Femoral neck fractures, 2325-2370 
admission assessment, 2339-2340 
cognition, 2339 
fall history, 2339 
function/frailty, 2339-2340, 2340t 
hip fracture, 2340, 2341t 
medical conditions, 2339 
medication history, 2339 
assessment of, 2327-2335 
associated injuries, 2327 
in cerebral palsy, 2361 
classification of, 2331-2334 
complications 
deep venous thrombosis, 2369-2370 
general, 2369 
prosthesis loosening, 2369 
pulmonary embolism, 2369-2370 
demographics, 2325 
displaced, 2362 
treatment of, 2348-2352, 2358 
epidemiology of, 2326 
imaging of, 2328-2330 
incidence of, 2325 
ipsilateral fractures, 2358-2359 
mechanisms of injury, 2327 
metastatic, 2360—2361 
outcome measures for, 2335 
outcomes/complications, 2363-2370 
avascular necrosis, 2366—2368 
infection, 2363 
nonunion, 2363—2366 
prosthesis dislocation, 2368-2369 
in Paget’s disease, 2360 
pathoanatomy/applied anatomy of, 2335-2338 
pathologic fractures, 778-779 
perioperative care for, 2340—2342 
postoperative care for, 2342-2343 
preoperative traction for, 2331 
radiograph of, 211f 
in rheumatoid arthritis, 2359-2360 
signs/symptoms, 2327—2328 
stress fractures, 755, 2360 
treatment of, 2338-2361 
algorithm for, 2361f 
ancillary techniques, 2352-2353 
arthroplasty, 2348 
comparison of, 2358 
Hardinge approach, 2345-2346 
hemiarthroplasty, 2353-2357 
Hueter approach, 2345 
internal fixation, 2346—2348 
nonoperative, 2343-2345 
operative, 2345-2358 
posterior approach, 2346 
reduction and fixation, 2348-2352 
secondary arthroplasty, 2353 
Smith-Petersen (anterior approach), 2345 
total hip replacement, 2356-2358 
Watson-Jones (anterior lateral) approach, 2345 
undisplaced, 2346-2348, 2362 
Femoral shaft fractures, 2452-2519 
assessment of, 2453-2458 
associated injuries, 2454 
head injuries, 2501 
vascular injuries, 2500—2501 
bilateral fractures, 2503-2504 
biomechanics of, 2456-2458 
cast bracing for, 2463 
classification of, 2456-2457, 2456t 
comminution and associated fracture patterns, 2503 


complications, 2505-2518 
angular malalignment, 2507—2508 
bent nails, 2516-2518 
broken interlocking screws, 2516—2518 
broken nails, 2516-2518 
compartment syndrome, 2512-2513 
delayed union, 2513-2514 
femoral nail removal, 2516 
heterotopic ossification, 2512 
hip pain, 2511 
infection, 2514—2516 
knee pain, 2511 
knee stiffness, 2511 
muscle weakness, 2507 
nerve injuries, 2505-2507 
nonunion, 2513-2514 
prevention and treatment of, 2506t 
refracture, 2513 
rotational deformity, 2508-2511 
in elderly, 2504—2505 
gunshot fractures, 2500 
historical accounts of, 2452-2453 
imaging of, 2455-2456 
incidence of, 2452 
intramedullary nailing of, 2456-2458 
ipsilateral fractures, 2358-2359, 2501-2503 
mechanism of injury, 2453-2454 
in obese patients, 2504 
open fractures, 2499 
outcome measures for, 2458 
outcomes, 2494-2498 
pathoanatomy/applied anatomy of, 2458-2461 
posterior tilt, 2334 
radiographic evaluation of, 2453f 
signs/symptoms, 2454-2455 
stress fractures, 755-756 
traction for, 2462—2463 
treatment of, 2461—2505 
algorithm for, 2493f 
antegrade intramedullary nailing, 2470—2484, 2495-2497 
antegrade intramedullary nailing with trochanteric entry 
nails, 2484—2485, 2495-2497 
external fixation, 2464—2467, 2464t, 2465f, 2494—2495 
intramedullary nailing in multiply injured patients, 2498—2499 
nonoperative, 2461—2463 
operative, 2464—2505 
plate fixation, 2466— 
2470, 2466t, 2467f, 2467t, 2468t, 2469f, 24691, 2495 
retrograde intramedullary nailing, 2485-2492, 2497-2498 


Femur, 2458-2459 


blood supply, 2461 
muscular attachments, 2459, 2460f 
primary muscular origins and insertions, 2459f 


Femur fractures 


atypical, 2435-2447 
assessment of, 2437-2439 
associated injuries, 2437 
bisphosphonate therapy and, 2436-2437 
classification of, 2439 
complications, 2446—2447 
epidemiology of, 2435-2437 
imaging of, 2438-2439 
incidence of, 2435 
mechanisms of injury, 2437 
pathoanatomy/applied anatomy of, 2439-2440 
pathogenesis of, 2435 
signs/symptoms, 2437-2438 
treatment of, 2440-2445 

distal, 2527—2567 
assessment of, 2527-2531 
associated injuries, 2528—2530 
classification of, 2530, 2531f 
complications, 2563-2565 
historical accounts of, 2527 
imaging of, 2530 
incidence of, 2528 
mechanisms of injury, 2527-2528 
open, 2528-2529 


open reduction and internal fixation with plates and 
screws, 2534—2554 
outcome measures for, 2530-2531 
outcomes, 2565 
pathoanatomy/applied anatomy of, 2531-2533 
periprosthetic, 2529-2530 
reconstruction, 2563 
signs/symptoms, 2530 
treatment of, 2533-2565 
epidemiology of, 2435-2437 
incidence of, 2452 
periprosthetic, about femoral resurfacing, 2582-2583 
stress fractures, 754-756 
subtrochanteric, 2412—2432 
assessment of, 2413-2416 
associated injuries, 2413 
classification of, 2414, 2414t 
imaging of, 2413-2414 
mechanisms of injury, 2413 
outcome measures for, 2416 
pathoanatomy/applied anatomy of, 2416 
radiographic evaluation of, 2413, 2414f, 2417f 
signs/symptoms, 2413 
treatment of, 2417-2428 
Fernandez classification, 1635 
Fibroblast growth factors (FGFs), 48-49, 74 
Fibromas, nonossifying, 785 
Fibrous dysplasia, 104—105, 785 
Fibula, 174, 174t 
Fibular bone grafts, 2364 
Fibular collateral ligament (FCL), 2703-2704, 2712-2713 
Fibular intramedullary nailing, 2927-2930, 2929f 
Fibula shaft fractures, 2791-2847. See also Tibia shaft fractures 
assessment of, 2791—2802, 2845 
associated injuries, 2792-2793 
ankle injuries, 2792 
compartment syndrome, 2792 
floating knee injuries, 2792 
fracture extension into tibial plateau, 2792 
knee ligamentous injury and, 2792 
proximal tibiofibular joint dislocation and, 2793 
classification of, 2795-2796 
Gustilo classification, 2796t 
OTA/AO classification, 2797f-2799f, 2800t 
Tscherne classification, 2801f 
epidemiology of, 2845 
historical accounts of, 2791 
imaging of, 2794—2795 
computed tomography, 2795, 2796f 
radiographs, 2794, 2795f 
incidence of, 2792 
isolated, 2845 
mechanisms of injury, 2792 
nonoperative treatment of, 2845 
outcome measures for, 2796-2802 
general functional outcome instruments, 2801—2802 
knee and ankle functional outcome instruments, 2802 
lower extremity trauma scores, 2796-2801 
pathoanatomy/applied anatomy of, 2802—2804 
compartments/musculature, 2803—2804 
osteology, 2802, 2803f 
vascularity, 2802—2803 
radiographic evaluation of, 2848f 
signs/symptoms, 2793-2794 
compartment syndrome, 2794 
compromised skin, 2793 
motor function, 2793—2794 
sensory, 2794 
vascular, 2794 
wounds, 2793 
stress fractures, 758 
treatment of, algorithm for, 2832f 
Field responders, 1885 
Fifth metatarsal fractures, 3113-3121. See also Forefoot injuries; 
Metatarsal fractures 
assessment of, 3114-3115 
classification of, 3115 
imaging of, 3115 


mechanisms of injury, 3114-3115 
outcomes/complications, 3121 
pathoanatomy/applied anatomy of, 3113-3114 
pitfalls/prevention, 3119-3121 
postoperative care for, 3119 
signs/symptoms, 3115 
treatment of, 3116-3119 
algorithm for, 3119f 
nonoperative, 3116-3117 
open reduction and internal fixation, 3118 
operative, 3117-3118 
Figure-of-eight tendon graft, 1002, 10037 
Fine-needle bone biopsy (FNBB), 852 
Finger phalanges, 169, 169t 
Finite element analysis (FEA), 39—40, 40f 
First echo, 210 


First metatarsal fractures, 3102-3107. See also Forefoot injuries; 


Metatarsal fractures 
assessment of, 3102-3103 
classification of, 3102-3103 
imaging of, 3102 
mechanisms of injury, 3102 
outcomes/complications, 3106-3107 
pathoanatomy/applied anatomy of, 3102 
pitfalls/prevention, 3106 
postoperative care for, 3106 
signs/symptoms, 3102 
treatment of, 3103-3106 
algorithm for, 3106f 
nonoperative, 3103 


open reduction and internal fixation, 3103-3105, 3104f, 3105f 


operative, 3103-3105 
Fisher, David, 336 
Fisher's exact test, 245, 245t 
Fisk traction, 290 
Fixation 
external (See External fixation) 
improvement of, 29-30 
internal (See Internal fixation) 
strategies, 20-25 
fracture-healing mode, 21 
for natural bone healing, 21—22 
for primary bone healing, 22 
Fixation constructs 
biomechanical characterization of, 25 
biomechanical evaluation of, 30—40 
creating, 22—25 
external, 27 
failure of fixation device, 417-422 
driver interface, 418 
failure by cyclic loading, 419 
late screw loosening, 418-419 
locking constructs, 422 
plate failure, 420—422 
plate failure through a screw hole, 422 
screw-bone interface failure, 417—422 
screw breakage during insertion, 417 
screw failure, 419—420 
stripping during insertion, 418 
fixation span, 23-25, 24f, 25f 
intramedullary nail constructs, 25—27, 26f, 27f 
plate constructs, 27—28 
stress concentration, 22—23, 23f 
working length, 23f 
Fixation span, 23-25 
fixation constructs, 24f, 25f 
Flail chest, 1855, 1855f 
Flank ecchymosis, 2058 
Flaps 
fasciocutaneous, 633-634, 634f 
lateral leg, 634-635, 6347 
medial leg, 633-634, 634f 
posterior leg/foot, 635-637 
gastrocnemius, 637-639, 640/-64 1f 
local, 632-637 
by manner of mobilization, 6337 
Mathes and Nahal classification, 639t 
medial plantar artery, 637, 638f 


medial sural artery, 636-637, 637f 
propeller, 634 
regional, 632-637 
reversed sural artery, 635 
soleus, 639 
by vascular supply, 633f 
Flexion-type teardrop fractures, 1967-1970, 1970f 
Flexor carpi radialis tendon weaves, 1718-1719 
Floating elbow injuries, 1282, 1283f, 1284f 
Floating knee injuries 
fibular shaft fractures and, 2792 
tibial shaft fractures and, 2792 
Floating shoulder, 1041-1043 
anatomical basis of, 1041 
clavicle fractures and, 1054f, 1081—1082 
diagnosis of, 1041 
epidemiology of, 1042 
history, 1041 
nonoperative treatment of, 306-307 
treatment of, 1042-1043 
Floating shoulder injury, 1054f 
Floor effects, 250 
Fluoroscopy, 197—201 
conventional, 197—198 
digital, 198 
in evaluation of hip following closed reduction, 2292-2294 
intraoperative imaging in, 198—201, 200f 
surgical navigation, 201 
three-dimensional, 198 
two-dimensional, 198 
Fondaparinux, 799t, 800 
Foot 
compartments of, 585-586, 585f, 586f, 3139t 
fasciotomy of, 589 
mangled, 607—608 
stress fractures of, 756-758 
Foot dislocations, epidemiology of, 182—183 
Foot Function Index (FFI), 2802 
Force, 8t 
Force couple, 1769-1770, 1771f-1772f 
Forearm 
arteries, 1589 
casts, 295, 295f 
comminuted, 1566/—1567f 
compartments of, 586-587, 587f, 587t 
fasciotomy of, 589-590 
fractures in obese patients, 724-725 
interosseous space, 1584 
muscles, 1585 
anterior, 1585, 1586/-1587f 
deforming forces, 1585 
posterior, 1585, 1588/-1589f 
nerves, 1585—1589 
median, 1585-1588 
radial, 1589 
ulnar, 1588—1589 
osseous plane, 1583 
pathologic fractures of, 777 
proximal radioulnar joint, 1584—1585 
radius, 1583-1584 
ulna, 1584 
Forearm diaphyses, 167 
Forearm fractures 
casts, 295, 295f 
nerve injuries, 684-685 
nonoperative treatment of, 310-311 
Forearm injuries, 183 
Forefoot injuries, 3101. See also Midfoot fractures 
central metatarsal fractures, 3107-3113 
compartment syndrome of the foot, 3137-3143 
fifth metatarsal fractures, 3113-3121 
first metatarsal fractures, 3102—3107 
high-energy injuries, 3132-3137 
metatarsal fractures, 3101-3102 
phalangeal fractures, 3125-3132 
sesamoid fractures, 3121-3125 
Formal head avascular necrosis, 2407 
Found down compartment syndrome (FDCS), 592-593 


Four-part fractures, 2746 
Fracture(s) 
biomechanics of, 7-15 
classification of, 113-128 
artificial intelligence/machine learning in, 127-128 
history of, 113-114 
limitations/challenges of, 116-117 
purposes of, 114—116 
closed, 124—125 
complex, 204-207, 205f 
epidemiology of, 131—185, 138t 
fragility, 156, 156¢ 
incidence of, 134-136, 135f, 136t 
in adults, 136 
load transfer, 6-7 
location, 122 
multiple, 153-156 
occult, 204—207 
open, 126-127, 128t, 151-153 
prevalence of, 133t 
risk, 770 
severity of, 155t, 287 
traumatic loads resulting in, 7—10 
types of, 162—176 
Fracture blisters, 3011-3012, 3012f 
Fracture compression, 432—433 
Fracture dislocations, 1190-1191, 1192f, 1212 
Fracture distraction and lengthening, 433-441 
Fracture distribution curves, 141—144, 142f, 144t 
for open fractures, 152t 
Fracture energy, 10f 
Fracture epidemiology, 131-185 
adolescent fractures, 176-178, 177t 
age and gender, 136—139 
females, 139t 
males, 138t 
changing epidemiology, 144—148, 146t 
COVID and orthopaedic trauma, 149 
fracture distribution curves, 141-144, 142f, 144t 
fracture incidence, 134—136 
fracture types, 162-176 
acetabulum, 170, 170t 
ankle, 174-175, 175t 
calcaneus, 175—176, 176t 
carpus, 168, 168t 
clavicle, 163-164, 165t 
distal femur, 172, 172t 
distal humerus, 165—166, 166t 
distal radius and ulna, 167—168, 168t 
distal tibia, 174, 174t 
femoral diaphysis, 171—172, 172t 
fibula, 174, 174t 
finger phalanges, 169, 169t 
forearm diaphyses, 167 
humeral diaphysis, 164—165, 166t 
metacarpus, 168-169, 1681, 169f 
metatarsus, 176, 176t 
midfoot, 176, 176t 
patella, 172-173, 172t 
pelvis, 170 
proximal femur, 170-171, 171t 
proximal forearm, 166—167, 167t 
proximal humerus, 164, 166t 
proximal tibia, 173, 173t 
scapula, 164, 165t 
spine, 169-170, 170t 
talus, 175, 175t 
tibial diaphysis, 173-174, 173t 
fragility fractures, 156 
future of, 149-151 
history, 132-134 
modes of injury, 158—162 
mortality, 156—158, 157t 
multiple fractures, 153-156 
open fractures, 151-153, 154t 
social deprivation, 139-141, 141t 
variation in, 148-149 
Fracture healing. See also Bone healing 


cell-based therapies for, 69-72 
bone marrow aspirates, 72 
mesenchymal stem cells, 70—71 
platelet concentrates, 71-72 

diabetes and, 735-737 

limited ORIF/external fixation and, 364 

osteoporosis treatment and, 94 

physical enhancement of 
electrical stimulation, 77 
extracorporeal shock wave therapy, 78 
low-intensity pulsed ultrasound in, 77—78 


low-magnitude, high-frequency vibration therapy, 78 


physical enhancement of skeletal repair, 77—78 
systemic enhancement of, 72-77 
arachidonic acid metabolites, 75 
bone morphogenetic proteins, 73 
fibroblast growth factor, 74 
growth hormone, 76 
insulin-like growth factors, 76 
parathyroid hormone, 75-76 
platelet-derived growth factor, 75 
statins, 76-77 
transforming growth factor-B, 73 
vascular endothelial growth factor, 75 
Wnt proteins, 73-74 
Fracture reduction. See Reduction 
Fracture-related infection (FRI), 837-838 
Fractures of the processes or angles, 1026—1028 
Fracture-specific classification, 117-120 
calcaneus, 119-120 
proximal humerus, 117—119 
Fracture table, 436-439 
Fragility, 249 
Fragility fractures, 156, 156t 
Fragment excision, for nonunion treatment, 901—902 
Fragment-specific fixation, 1646—1648 
vs. volar locked plating, 1652 
Frames 
removal of, 380—382, 381f, 382f 
reuse of, 382-383 
Free fibula flap, 649-651, 650/-651f 
Free field explosion, 502 
Freeman, Leonard, 327-328 
Free tissue transfer (free flap surgery), 642-643 
operating environment, 642-643 
patient preparation, 642 
postoperative care, 643 
postoperative environment, 643 
rehabilitation, 643 
surgical plan, 642 
Friedlander wave, 499, 499f 
Friedman statistic, 245t 
Functional bracing, 1292—1293, 1292f, 1293f 
G 
Gabapentin, 827 
Galeazzi fractures, 1572f-1574f, 1579-1580 
diaphyseal radius and ulnar fractures, 1615-1617 
Gallium imaging, 222 


Ganga Hospital Open Injury Score (GHOIS), 532-533, 532t, 630 


Ganga Hospital Score, 607 
Garden, Robert Symon, 114 
Garden classification, 114, 2331, 2332f 
Gardnell-Wells tongs, 1921 

application of, 1922, 1922f 

for bilateral facet dislocation, 1922-1923 

for odontoid fractures, 1922 

for unilateral facet dislocation, 1923 
Gartner hype cycle, 259f, 260 
Gastrocnemius flap, 637-639, 640/-641f 
Gender, humeral shaft fractures and, 1280, 1280f 


Generalized Anxiety Disorder Assessment (GAD-7), 709 


Generative Al, generative, 259 

Gene therapy, 892 

Geriatric odontoid fractures, 1952-1953 
Giant cell tumor, 785-786 

Gilula’s lines, 1675f 

Glasgow Coma Scale (GCS), 470t 
Glenohumeral arthritis, 1089 


Glenohumeral instability, 1102-1166 Glenopolar angle, 1019—1020 


anterior instability, 1130-1148 Glucocorticoids, 90 
arthroscopic anterior labral (Bankart) repair, 1131-1134 Glucose management, 737 
complications, 1147-1148 Gracilis muscle flap, 646-647 
future directions, 1165-1166 GRADE approach, 242 
open anterior labral (Bankart) repair, 1135-1137 Gradient recalled echo (GRE) imaging, 210 
open latarjet procedure, 1138-1141 Graduated compressive stockings, 801 
operative treatment of, 1130-1148 Graft, 631-632 
outcomes, 1144-1148, 1146t full-thickness, 632f 
postoperative care for, 1143 split-thickness, 632f 
surgical pitfalls/preventions, 1143t-1144t Gram staining, 852 
assessment of, 1102—1123 Greater tuberosity fractures, 1186, 1198 
associated injuries, 1104, 1104f, 1105f malunion, 1268 
Beighton score for hyperlaxity, 1111t Grey Turner sign, 2058 
classification of, 1119-1122 Ground reaction forces, 11 
ABC, 1122 Growth hormone, 75 
FEDS system, 1120 Gunshot fractures, 1568f 
Matsen and Thomas, 1120 Gunshot injuries, 162, 165t 
OTA, 1120, 1121f assessment of, 2038 
Stanmore, 1121-1122, 1121f bullet migration in, 2040 
critical glenoid defect size, 1117-1118 CSF leakage and, 2039 
glenoid bone loss, 1116-1117, 1118f imaging of, 2038 
Hill-Sachs lesion, 1118-1119, 1119f local toxicity and, 2040 
imaging of mechanisms of injury, 2036 
anterior posterior (AP) view, 1111-1113 in multiply injured patients, 475 
Berneageau profile view, 1113, 1115f neurologic injuries and, 2039 
computed tomography, 1115-1116 outcomes of, 2041—2045 
Grashey view, 1111 penetrating spinal injuries and, 2036—2041 
magnetic resonance arthrography, 1114-1115 retained bullet fragments and, 2039-2040 
magnetic resonance imaging, 1114-1115 spinal stability in, 2039 
radiography, 1111-1114, 1112/1115f systemic lead toxicity and, 2040 
scapular Y view, 1113, 1113f treatment of, 2038—2040 
Stryker notch view, 1113, 1114f Gunshot wounds, 508-515. See also Wounds 
Velpeau view, 1113, 1113f ammunition, 509-510 
incidence of, 1102 ballistics, 510-511 
mechanisms of injury, 1103, 1103f bullet-tissue interface, 511-512, 511f 
multidirectional instability, 1158-1165 to cervical spine, 1980-1981 
arthroscopic capsular plication, 1159-1160 femoral shaft fractures, 2500 
complications, 1165 handguns, 509 
future directions, 1166 high-velocity, 512-515 
indications/contraindications, 1158—1159 incidence of, 508 
open anterior-interior capsular shift, 1160-1163 initial evaluation of, 512 
open procedures, 1165 low-velocity, 512 
outcomes, 1163 management of, 512-515 
pitfalls/prevention, 1165 antibiotics, 512 
postoperative care for, 1164 debridement, 512-513 
outcome measures for, 1122—1123 initial skeletal fixation, 515 
pathoanatomy/applied anatomy of, 1123-1127 intra-articular injuries, 513 
deltoid musculature, 1126 nerve injuries, 514-515 
dynamic stabilizers, 1126 retained fragments, 513 
proprioception, 1126-1127 transabdominal injuries, 513 
static stabilizers, 1123-1126 vascular injuries, 513-514 
physical examination for, 1105-1111, 1106#1111f rifles, 509 
posterior instability, 1149-1158 shotguns, 508-509 
arthroscopic posterior labral (Bankart) repair, 1149-1153 wound ballistics, 510-512 
complications, 1158 Gustilo-Anderson classification, 126, 126t, 474t, 529-530, 529f, 530t 
future directions, 1166 Gustilo classification, 2796t 
indications/contraindications, 1149 H 
open posterior labral (Bankart) repair, 1153-1155 Hahn-Steinthal (type |) fracture, 1409 
outcomes, 1157—1158 Halo-body fixation, 291 
postoperative care for, 1157 Halo rings, 291, 291f 
surgical pitfalls/preventions, 1157 Halothoracic vest, 1920-1921 
signs/symptoms, 1104—1105 Halo vest, 291f, 1949-1950 
treatment of, 1127-1165 Hamate, vascular supply to, 1670t 
algorithm for, 1141/-1142f, 1156f, 1163f Hamate fractures, 1673, 1707t. See also Carpal fractures 
nonoperative, 1127-1130 Hamilton-Russell traction, 289 
operative, 1130 Hand 
Glenohumeral intra-articular pathology, 962-963 compartments of, 587-588, 587f, 588t 
Glenohumeral ligament, 1124 fasciotomy of, 590 
Glenoid bone loss, 1116-1117, 11187 pathologic fractures of, 777 
Glenoid fractures, 1022—1023, 1038 Hand fractures and dislocations, 1741—1845 
anteroinferior rim, 1022, 1038—1039 carpometacarpal joint dislocations, 1832—1845 
entire glenoid, 1023, 1039 distal interphalangeal joint dislocations, 1752—1756 
Goss classification of, 1021f distal phalanx fractures, 1744-1752 
inferior glenoid, 1023, 1039 epidemiology of, 180—181 
posterior rim, 1022—1023, 1039 incidence of, 1743 
superior glenoid, 1022, 1038 mechanisms of injury, 1743 


Glenoid labrum, 1124 metacarpal fractures, 1815-1832 


metacarpophalangeal joint dislocations, 1804—1815 
middle phalanx fractures, 1756-1781 
nerve injuries, 685-686 
proximal interphalangeal joint dislocations, 1782—1786 
proximal phalanx fractures, 1786-1804 
Handguns, 509 
Hand injuries, 183 
Hanging casts, 295, 295f, 1292, 1292f 
Hangman’s fractures (traumatic spondylolisthesis, C2-C3), 1954— 
1956. See also Cervical spine fractures and dislocations 
algorithm for treatment of, 1956f 
anterior discectomy and fusion for, 1956 
assessment of, 1954 
classification of, 1954, 1955f 
diagnosis of, 1954 
mechanisms of injury, 1954 
nonoperative treatment of, 1954 
operative treatment of, 1955—1956 
posterior surgery for, 1955—1956 
Hannover Fracture Scale (HFS), 606 
Hardinge approach, 2345-2346 
Hare traction splint, 2455f 
Hastings classification, 1463t 
Hawkins classification, 2963-2964, 2963f 
Head impaction fractures, 1190—1191, 1192f, 1212, 1243 
Head injuries 
chest wall injuries and, 1862 
femoral shaft fractures and, 2501 
fractures associated with, 485 
humeral shaft fractures and, 1282—1283 
incidence of, 476 
management of, 476 
primary, 476 
secondary, 476 
Head-shaft malunion, 1268 
Head-splitting fractures, 1190-1191, 11917, 1212, 1243 
Health Anxiety Inventory, 709 
Health-related quality of life (HRQOL), 250 
Heel exostoses, 3043 
Heel pad pain, 3043 
Heinig view, 967-969, 969f 
Hematoma blocks, 3154, 3154t 
Hemiarthroplasty, 1236-1241, 1254—1258 
bipolar, 2354-2356 
cemented versus uncemented, 2356 
for distal humerus fractures, 1454—1458 
for femoral neck fractures, 2353-2356 
indications/contraindications, 1454—1455 
outcomes, 1255f-1257t, 1259t-1261t, 1456-1458, 1457t-1458t 
pitfalls/prevention, 1241, 1455 
positioning for, 1237, 1455 
preoperative planning, 1236—1237, 1455 
proximal humeral fractures, 1265—1267 
surgical approach, 1237 
surgical approaches for, 1455 
technique, 1237-1241, 1455-1456 
closure, 1241 
head removal and tuberosity control, 1240-1241 
humeral component preparation and implantation, 1241 
tuberosity reconstruction, 1241 
unipolar, 2353-2354 
vs. internal fixation, 1259t-1261t 
Hemi-hamate arthroplasty, 1775, 1776f, 1781 
Hemorrhagic shock, 471, 471t 
Hemostasis, 792-794 
cell-based model of, 793-794, 794f 
coagulation cascade model of, 792-793, 793f 
normal, 792-794 
Hepatic injuries, 477-478 
Herbert and Fisher classification, 1684, 1684t, 1685f 
Heterotopic ossification, 2267, 2320-2321 
distal humerus fractures, 1463, 1463¢ 
femoral shaft fractures, 2512 
Hexapod fixators, 337, 374—376, 375f-377f 
High-energy injuries (multiple injured foot), 3132-3137. See 
also Forefoot injuries 
assessment of, 3132-3133 
classification of, 3133-3135 


algorithm for, 3134f 
imaging of, 3133 
treatment of, 3135-3137 
algorithm for, 3134f 
operative, 3135-3137 
reduction and provisional osseus stabilization, 3135-3136 
soft tissue reconstruction, 3136-3137 
Hill-Sachs lesion, 1118-1119, 1119f 
Hinton, Geoffrey, 260 
Hip, anatomy of, 2385f 
Hip arthroplasty, 417 
Hip dislocations, 2275-2321 
anterior dislocations, 2291 
assessment of, 2276—2284 
associated injuries, 2277—2279 
biomechanics of, 2286 
classification of, 2281-2285 
direction vs. injury pattern in, 2276t 
epidemiology of, 181-182 
imaging of, 2279-2281 
incidence of, 2277 
mechanisms of injury, 2276-2277 
motor vehicle accidents and, 2276 
nerve injuries, 686 
outcome measures for, 2284 
outcomes/complications, 2319-2321 
arthritis, 2320 
avascular necrosis, 2320 
heterotopic ossification, 2320-2321 
malunion, 2321 
postreduction considerations, 2320 
prereduction considerations, 2319 
sciatic nerve dysfunction, 2321 
pathoanatomy/applied anatomy of, 2284—2288 
pitfalls/prevention, 2316-2317 
posterior dislocation, 2291 
postoperative care for, 2314—2316 
signs/symptoms, 2279 
surgical and applied anatomy of, 2286—2288 
treatment of, 2288—2319 
algorithm for, 2314f 
anterolateral approach (Watson-Jones), 2306-2307 
arthroscopic debridement, 2300—2303 
closed reduction, 2290-2295 
direct anterior approach (Smith-Petersen or Hueter 
interval), 2304-2305 
Kocher-Langenbeck approach, 2307-2308 
nonoperative, 2288—2295 
open reduction, debridement, and fixation, 2303—2308 
open reduction and internal fixation, 2298—2299 
open reduction with or without debridement, 2297-2298 
operative, 2295-2319 
transtrochanteric approach, 2308-2313 
Hip fractures 
radiograph of, 212f-213f 
trochanteric, 2380—2408 
assessment of, 2381-2383 
associated injuries, 2383 
classification of, 2381—2382, 2381f 
complications, 2405—2407 
diagnosis of, 2383 
etiology of, 2382-2383 
factors associated with risk of falling, 2383t 
incidence of, 2380 
isolated fractures of lesser and greater trochanter, 2385f, 2386 
with loss of lateral support, 2388 
pathoanatomy/applied anatomy of, 2383-2384, 2384f, 2385f 
risk factors for, 2326t 
terminology, 2381—2382 
treatment of, 2384—2405 
venous thromboembolism and, 796-797, 804 
Hip 
biomechanics, 2286 
ligamentous anatomy of, 2286—2287 
neurovascular anatomy of, 2288 
pain in femoral shaft fractures, 2511 
Hobbs view, 967-969, 969f 
Hoffman, Raul, 330 


Hohl-Moore classification, 2745-2746 
Holograms, 267f 
Holstein—Lewis fracture, 1281, 1281f 
Hook plate fixation, preoperative planning, 1077-1078 
Horizontal trauma resuscitation, 468 
Hormone replacement therapy (HRT), 93-94 
Hounsfield, Godfrey, 202 
Howship lacuna, 86 
Hueter approach, 2304-2305, 2316f-2317t, 2317, 2345 
Humeral braces, 297, 298f 
Humeral diaphyseal fractures, 164-165, 166t 
nonoperative treatment of, 308 
pathologic fractures, 775-776 
Humeral diaphysis, 724 
Humeral head 
osteonecrosis, 1258—1262 
vascular supply of, 11937 
Humeral shaft fractures, 1278-1331 
age and, 1280, 1280f 
assessment of, 1280-1283 
associated injuries, 1280—1283 
compartment syndrome, 1283 
concomitant dislocation of ipsilateral shoulder, 1282, 1283f 
concomitant fracture of ipsilateral humeral head, 1282 
floating elbow, 1282, 1284f 
head injury, 1282-1283 
nerve injury, 1280-1282 
classification of, 1285-1286, 1286f, 1287t 
bone injuries, 1285-1286 
soft tissue injuries, 1286 
complications, 1323-1328 
implant-specific, 1328 
infection, 1327 
nonunion, 1323-1327 
secondary neurologic injury, 1327-1328 
epidemiology of, 1280 
gender and, 1280, 1280f 
historical accounts of, 1278 
imaging of, 1285 
incidence of, 1278 
mechanisms of injury, 1280 
nonoperative treatment of, 1291-1295 
functional bracing, 1292-1293, 1292f, 1293f 
hanging cast, 1292, 1292f 
outcomes, 1293-1295 
sling/swathe, 1292 
U-slab/coaptation splint, 1292, 1292f 
Velpeau bandage, 1292, 1292f 
open fractures, 1328-1329 
open reduction internal fixation of, 1296—1305 
operative treatment of, 1295-1323 
comparison studies, 1319-1321 
external fixation, 1318 
intramedullary nailing, 1308-1317 
plate osteosynthesis, 1296—1305 
osteoporotic fractures, 1329, 1329f 
outcome measures for, 1286—1287 
pathoanatomy/applied anatomy of, 1289-1290 
pathologic lesions and fractures, 1329-1331, 1330f 
periprosthetic fractures, 1331 
plating vs. nailing, 1319-1320 
radial nerve injuries and, 683-684 
signs/symptoms, 1284—1285 
treatment of, 1291-1323 
algorithm for, 1322f 
nonoperative, 1291—1295 
Hybrid fixators, 360-361, 361f 
Hydroxyapatite, 86 
Hyperalgesia, 818 
Hyperbaric oxygen, 611-612, 864—866 
Hypercalcemia, 767—768, 768t 
Hypercoagulability, 795 
Hyperechoic tissues, 219 
Hyperpathia, 818 
Hypertrophic nonunion, 54—55, 879-880, 880f, 918 
Hypoechoic tissues, 219 
Hypogonadism, 90 
Hypophosphatemia, 101t 


Hypothesis testing, 243-244 
Hypovitaminosis D, 877 

Hypovolemic (hemorrhagic) shock, 471, 471t 
l 


latrogenic injury, 2266 
Ideberg—Goss classification, 1020 
lliac crest bone graft, 906f 
lliac wing fractures, 2122—2127, 2154 
lliofemoral approach, 2220—2221, 2220f, 2221f 
llioinguinal approach, 2216—2221, 2218f, 2219f 
lliosacral screw fixation 
of sacral fractures, 2144-2146, 2154 
of sacroiliac joint dislocation, 2135-2137, 2154 
lliotibial band (ITB), 2692 
llizarov, Gavril Abramovich, 334 
llizarov technique, 951, 952f, 953f 
llizarov techniques, 912-913 
Imaging, 189-228 
angiography, 224—226 
arthrography, 216-218 
computed tomography, 202—208 
data management, 226-228 
DICOM standards, 228 
distribution of imaging information, 227 
picture archive and communications systems, 227 
digital, 228 
fluoroscopy, 197—201 
general considerations in, 189-194 
availability, 190 
cost-effectiveness, 191 
image resolution, 190, 191t 
invasiveness, 191 
patient risk, 192-193 
surgeon risk, 193—194 
magnetic resonance imaging, 208-216 
nuclear medicine, 221—224 
radiography, 194—197 
teleradiology, 228 
ultrasonography, 218-220 
Imitation game, 259-260 
Immobilization, 1885—1886 
knee dislocations, 2697 
Immunization, 504—505 
Immunocompromised patients, 487 
Implant-aided reduction, 443-463 
nails, 449-463, 454/-464f 
plates, 444-449, 446f—453f 
screws, 443-444, 445f 
Implants 
bending stiffness, 5f 
biomechanics of, 417 
breakage of, 2406 
cephalomedullary, 2392—2393 
choice of, 2394 
complications 
bent nails, 2516-2518 
broken interlocking screws, 2516—2518 
broken nails, 2516-2518 
femoral nail removal, 2516 
cut-out, 2405-2406 
external fixator, 2393—2394 
extramedullary, 2389 
fatigue, 415 
material properties, 415-416, 416t 
multiple, 417 
patient-specific, 274-277 
removal and refracture of, 1624—1625 
for scapular fractures, 1034 
stiffness, 413-415 
for trochanteric hip fractures, 2388—2394 
Improvised explosive devices (IEDs), 499, 500, 500f 
Incremental innovation, 260 
Inertia, second moment of, 8t 
Infections 
cellulitis, 836 
clavicle fractures, 1084 
diabetes and, 736 
diagnosis of, 844-852 


diaphyseal radius and ulnar fractures, 1620 
distal femur fractures, 2566-2567 
distal humerus fractures, 1463-1464 
extensor mechanism injuries, 2676 
external fixation, 383-384 
as factor in nonunion, 878-879 
femoral neck fractures, 2363 
femoral shaft fractures, 2514—2516 
fracture-related, 837-838 
humeral shaft fractures, 1327 
nonunion, 913-915 
open fractures, 526-527 
orthopaedic-related, 836 
orthopedic, 844—852 
pelvic ring injuries, 2157 
periprosthetic joint, 837 
proximal humeral fractures, 1269 
subtrochanteric femur fractures, 2429-2430 
surgical-site, 836-837 
talar fractures, 2989 
thoracolumbar spine fractures and dislocations, 2041—2042 
tibial plateau fractures, 2782-2783 
tibia shaft fractures, 2844 
Inferior angle, fractures of, 1028 
Inferior glenohumeral ligament, 1125-1126, 1125f 
Inferior transverse ligaments, 2860 
Inferior vena cava filters, 801 
Infraclavicular brachial plexus, 681-683 
Injured Trauma Survivor Screen (ITSS), 709 
Injury Severity Score (ISS), 472—473, 472t, 795-796 
Innominate bones, 2077 
Insufficiency fractures, 320, 747 
Insulin-like growth factors, 75 
Interclavicular ligament, 982 
Interlocking, 398-399, 412 
Intermittent pneumatic compression, 801 
Internal fixation, 396—422, 426-464 
biomechanics of, 410-417 
intramedullary nailing, 412 
multiple implants, 417 
stress risers, 411-412, 411f 
tension band constructs, 416 
working length, 409f, 411 
factors in, 426 
failure modes of fixation devices, 417-422 
intramedullary nailing, 396-399 
for open fractures, 548 
patella fractures, 2650-2652 
plate and screw constructs, 400-410 
principles of, 396—410 
reduction techniques, 432—459 
direct fracture manipulation, 440—441 
fracture compression, 432—433 
fracture distraction and lengthening, 433—441 
implant-aided, 443-463 
stability of, 426 
templating in operative planning, 426—432, 429f—430f 
treatment of, algorithm for, 2404f 
for trochanteric hip fractures, 2395—2404 
for undisplaced femoral neck fractures, 2346—2348 


International Standards for Neurologic Classification of Spinal Cord 


Injury (ISNCSCI), 1990f 

Interosseous ligament injury, 1631 

Interosseous ligaments, 2861 

Interosseous space, 1584 

Interprosthetic fractures, 14 

Intertrochanteric fracture, pathologic fractures, 779 

Intestinal injuries, 478 

Intra-articular complex fractures, 1029 

Intra-articular disc ligament, 980 

Intra-articular fractures, calcaneus fractures, 3025-3038 

Intra-articular hardware, 2266-2267 

Intra-articular injuries, 513 

Intramedullary lengthening nails, 948-951, 950/-951f 

Intramedullary nail constructs, 25-27, 26f, 27f 

Intramedullary nailing, 396-399. See also Internal fixation 
antegrade nailing, 1308-1314, 2470-2484, 2495—2497 
biomechanics of, 412 


compression nailing, 399 

diaphyseal humeral fractures, 1308-1317 
diaphyseal radius and ulnar fractures, 1609-1615 
dynamic interlocking, 398—399 

exchange nailing, 399 

femoral shaft fractures, 2456-2458 
interlocking effects, 412 

in internal fixation, 449-463, 454f—464f 

for malunion, 948, 948f-950f 

in multiply injured patients, 2498-2499 
versus nonoperative treatment, 2838-2839 
of nonunions, 894—896 

in obese patients, 2504 

open tibia shaft fractures, 2838—2840 


periprosthetic femur fractures about total knee arthroplasty, 2615- 


2619 
proximal humeral fractures, 1219-1223, 1246-1248 
reamed, 396-398 
reamed vs. unreamed, 2839 
retrograde nailing, 1314—1317, 2485-2492, 2554-2561 
static interlocking, 398-399 
subtrochanteric femur fractures, 2418-2425, 2427-2428 
tibia shaft fractures, 2808-2820, 2838-2840 
distal fracture malalignment, 2835-2837 
infrapatellar approaches, 2811 
pitfalls/prevention, 2834—2838 
postoperative knee pain, 2837—2838 
proximal fracture malalignment, 2834—2835 
semi-extended patellar approaches, 2814—2818 
starting wire angled too posterior, 2837 
suprapatellar approaches, 2811-2814 
torsion and bending in, 412 
unreamed, 396-398 
Intramedullary pinning, for clavicle fractures, 1067—1071 
Intramembranous ossification, 50-51, 53f 
Intraoperative neurophysiology, 671 
Intrathoracic injuries, 1856, 1857f 
Intravenous pain medications, 828-829 
Intravenous regional anesthesia (Bier block), 3154—3155 
Ipsilateral femoral neck/shaft fractures, 2358-2359, 2501-2503 
Ipsilateral humeral head, concomitant fracture of, 1282 
Ipsilateral shoulder 
concomitant dislocation of, 1282, 1283f 
soft tissue injuries of, 1282 
Isolated fibula shaft fractures 
assessment of, 2845 
epidemiology of, 2845 
nonoperative treatment of, 2845 
radiographic evaluation of, 2848f 
Isolated lateral malleolar fractures, 2912—2913 
Isolated medial malleolar fractures, 2918 
Isolated tuberosity fractures, 1187, 1188f 
Isolation, 707 
Isotropic materials, 4 
lsotropy, 8t 
ISS. See Injury Severity Score (ISS) 
J 


James casts, 296, 296f 
Jaw, osteonecrosis of, 95 
Jewett braces, 300f 
Joint orientation angles, malunion, 929—930, 929t, 930f 
Joint orientation lines, malunion, 928—929 
Joints, load transfer, 6-7 
Judet posterior approach, 1031-1033 
Jungbluth clamp, 433, 435f, 440 
Jupiter modification of Bado type II, 1553t 
K 
Kaeding-Miller stress fracture classification, 750t 
Kapandji technique, 441 
Kaplan approach, 1427-1428 
Kappa statistic, 116 
Kasparov, Gary, 260 
Kerrison rongeur, 1930f 
Kienbéck’s disease, 1705 
Kinesiophobia, 818 
Kirschner bow, 439 
Knee 
anatomy of, 2689-2696 


anterior, 2696 
lateral-side, 2691-2693 
medial-side, 2689-2691, 2689f 
posterior, 2693—2696 
stress fractures of, 756-758 
Knee arthroplasty, 417 
Knee braces, 298 
Knee disarticulation, 696-697 
Knee dislocations, 2681-2723 
ankle branchial index, 2687, 2687f 
assessment of, 2681-2689 
associated injuries, 2682—2683 
classification of, 2688—2689, 2688t 
epidemiology of, 182 
fracture dislocation, 2716 
graft preparation, 2716 
imaging of, 2684—2688 
CT angiography, 2688, 2688f 
magnetic resonance imaging, 2685, 2686f 
radiography, 2684-2685, 2684f, 2685f 
stress radiography, 2685-2687, 2686f 
vascular assessment, 2687—2688 
incidence of, 2681 
mechanisms of injury, 2681—2682 
nerve injuries, 686-687 
outcome measures for, 2689 
outcomes/complications, 2718—2720 
pathoanatomy/applied anatomy of, 2689-2696 
pitfalls/prevention, 2718 
postoperative care for, 2718 
postoperative rehabilitation, 2722 
signs/symptoms, 2683-2684, 2683f 
treatment comparisons, 2720—2722 
autograft vs. allograft reconstruction, 2722 
early vs. delayed surgical management, 2720-2721 
operative vs. nonoperative management, 2720 
repair vs. reconstruction, 2721—2722 
treatment of, 2696—2716 
ACL reconstruction, 2711—2712 
algorithm for, 2715f 
delayed reconstruction, 2700—2701 
diagnostic arthroscopy, 2702-2703 
early reconstruction, 2700 
early repair, 2699—2700 
emergent, 2698—2699 
external fixation, 2697—2698 
FCL/PLC reconstruction, 2712—2713 
FCL/PLC repair, 2703-2704 
immobilization, 2697 
MCL/PMC reconstruction, 2713-2714 
MCL/PMC repair, 2705-2707 
nonemergent, 2699-2701 
nonoperative, 2697—2698 
operative, 2700-2719 
PCL reconstruction, 2708—2711 
staged approaches, 2700 
Knee fracture dislocations, MRI of, 125—126 
Knee fractures, nerve injuries, 686—687 
Knee injuries, 183 
Knee joint, 2532 
Knee ligamentous injury, 2792 
Knee pain 
in femoral shaft fractures, 2511 
tibia shaft fractures, 2845 
Knee stiffness, 2567 
femoral shaft fractures, 2511 
tibial plateau fractures and, 2783 
Kocher-Langenbeck approach, 2307—2308 
for acetabular fractures, 2213-2216, 2214f-2215f, 2217f 
Kocher’s approach, 1427, 1429f 
Kruskal-Wallis statistic, 245t 
K-wires, 441, 441f, 1791 
Kyphoplasty, 782 
L 


Lag screws, 401 

Lambotte, Albine, 329 

Lamina fractures, 1961, 1977 
Lamina spreader, 439—440, 441f 


Laminectomy, 2020 

The Language of Fractures, 113 

Large-language models (LLMs), 259, 268 

Large pin fixation, 339-344. See also External fixation 
pin biomaterials/biocompatibility, 342—343 
pin-bone interface mechanics, 343—344, 345f 
pin design, 341—342 
pin insertion in, 343—344, 345f 

Lateral collateral ligaments, 2861 

Lateral flexion, 1959—1960 


Lateral malleolar fractures associated with clear instability, 2913—2916 


Lateral malleolar fractures with occult ankle instability, 2916—2918 
Lateral para-olecranon approach, 1424—1426, 1425f 
Lateral pillar fractures, 1026 
Lateral scapular spine, fractures of, 1028 
Lateral talar process fractures, 2981—2983, 2989 
Lateral trochanteric stabilizing plate, 2389 
Lateral ulnar collateral ligament (LUCL), 1411, 1412f 
Latissimus dorsi (LD) flap, 646, 648f, 649f 
Lauge-Hansen classification, 2902, 2905f/-2907f, 2906 
LCL complex, 1411 
Left ventricular hypertrophy (LVH), 721 
Leg 
compartments of, 584, 584f, 585t, 2794t, 2803-2804, 2803f 
fasciotomy of, 586-587 
muscles, 2794t 
musculature, 2803-2804 
nerves, 2794t 
Leptins, 719 
Lesser tuberosity fractures, 1186, 1198 
Less Invasive Stabilization System (LISS), 409, 2535-2536, 2535f— 
2536f 
Letournel classification, 2184f, 2185t 
Leucocyte scintigraphy, 848, 8507 
Lidocaine, 3151f-3152t 
Ligamentoplasty, 1717-1718 
Ligamentous disruption, 1804—1815 
assessment of, 1804—1806 
associated injuries, 1805 
classification of, 1806 
complex dislocations other than thumb, 1812-1813 
complications, 1815 
imaging of, 1805-1806, 1805f 
mechanisms of injury, 1804—1805 
outcome measures for, 1806 
outcomes, 1815 
pathoanatomy/applied anatomy of, 1806—1807 
pitfalls/prevention, 1814t 
postoperative care for, 1813 
signs/symptoms, 1805 
treatment of, 1808-1813 
algorithm for, 1812f 
chronic UCL repair, 1813 
closed reduction, 1808—1809 
nonoperative, 1808—1809 
open reduction, 1809-1810 
open repair of ulnar or radial collateral ligament, 1810—1812 
operative, 1809-1812 
thumb MCP ligament repair, 1813 
Ligaments 
anterior cruciate, 2696, 2711-2712 
anterior distal tibiofibular, 2860 
deltoid, 2860 
distal tibiofibular syndesmosis, 2860—2861 
fibular collateral, 2703-2704, 2712-2713 
inferior transverse, 2860 
interosseous, 2861 
lateral collateral, 2861 
medial collateral, 2689-2691, 2705-2707, 2713-2714 
posterior cruciate, 2693—2696, 2712-2713 
posterior oblique, 2689-2691 
posterior tibiofibular, 2860 
posteromedial corner, 2705-2707, 2713-2714 
postlateral corner, 2691—2693, 2703-2704, 2708-2711 
tibial plateau fractures, 2860-2861 
Limb amputation, 690-703 
complications, 701 
decision making in, 692-693, 700f 


amputation or reconstruction, 692-693 
appropriate amputation level, 693 
Ertl procedure, 702-703 
incidence of, 690 
knee disarticulation, 696-697 
osseointegration, 701-703 
outcomes after, 693 
as part of damage control orthopedics, 691-692 
pitfalls/prevention, 701 
postoperative care of, 701 
principles of, 690-692 
muscle balancing, 691 
residual limb length, 690-691 
weight bearing, 691 
technical considerations of, 693-701 
drains, 694 
dressings, 694 
myodesis, 693-694 
myoplasty, 693-694 
neurovascular transection, 694 
transfemoral, 698-699 
transtibial, 694-696 
Limb braces, 297 
Limb salvage. See also Mangled extremity 
versus amputation, 486, 534—536 
decision making in, 603-606 
in open fractures, 534—536 
Limb Salvage Index (LSI), 605-606 
Lipoprotein receptor-related proteins (LRP), 88 
LIPUS. See Low-intensity pulsed ultrasound (LIPUS) 
Lisfranc joint, 3051-3052 
Loads 
physiologic, 10-12 
traumatic, 7—10 
Load transfer, 6-7 
Local anesthetics, 3150-3153 
additives, 3152 
common, 3151t 
compartment syndrome and, 3156-3158 
maximum doses and expected duration, 3152t 
safe use of, 3150-3152 
systemic toxicity, 3152-3153, 3153f 
Local flaps, 632-637 
Locked plates, 409-410, 412-413 
Locking plate fixation, proximal humeral fractures, 1244—1246 
Locking plating 
pitfalls/prevention, 1216-1219 
positioning for, 1209 
preoperative planning, 1208—1209 
proximal humeral fractures, 1206-1219, 1245t 
surgical approach, 1209-1212 
head fixation, 1213 
head reduction with/without graft augmentation and provisional 
wire fixation, 1210-1212 
initial plate positioning and plate fixation to the shaft, 1213 
selective cement augmentation, 1213 
suture augmentation through the plate, 1214 
tuberosity identification and control with traction sutures, 1210 
tuberosity reduction and fixation, 1212 
Locking screws, 402—403, 402f, 409-410, 412-413 
Loneliness, 707 
Long-arm casts, 295, 295f 
Long bone anatomic axes, malunion, 927—928, 928f, 929f 
Long bone fractures, 476 
Long-leg casts, 297, 297f 
Loss of fixation, extensor mechanism injuries, 2676 
Loss of knee motion, extensor mechanism injuries, 2676 
Loss of reduction, 2782 
Lotke-Ecker technique, 2655 
Lower cervical spine, 1916-1917 
Lower extremity, 11 
Lower Extremity Assessment Project (LEAP), 691 
Lower extremity fractures 
pathologic fractures, 777—780 
periprosthetic fractures, 2572—2634 
acetabular fractures, 2574—2582 
assessment of, 2573-2574 
femur fractures, 2582—2604 


imaging of, 2574 
mechanisms of injury, 2573 
outcome measures for, 2574 
patella fractures, 2625-2628 
periprosthetic femur about hip arthroplasty prostheses, 2584— 
2606 
periprosthetic femur fractures about femoral 
resurfacing, 2582—2583 
periprosthetic femur fractures about total knee 
arthroplasty, 2607—2625 
periprosthetic fractures about ankle arthroplasty, 2633- 
2634, 2634f 
proximal tibia fractures, 2628-2633 
signs/symptoms, 2573-2574 
stress fractures, 754-756 
Lower leg, stress fractures of, 756-758 
Lower limb casts, 296-297 
Lower limb fractures, 314-319 
acetabular fractures, 319 
ankle fractures, 315-316 
calcaneal fractures, 316-317 
distal femoral fractures, 314 
distal tibial fractures, 315 
femoral diaphyseal fractures, 314 
fibular fractures, 315 
metatarsal fractures, 317-318 
midfoot fractures, 317 
patella fractures, 314 
pelvic fractures, 319 
proximal femoral fractures, 314 
proximal tibial fractures, 314—315 
spinal fractures, 319 
talar fractures, 316 
tibial diaphyseal fractures, 315 
toe fractures, 318 
Low-intensity pulsed ultrasound (LIPUS), 77-78, 890 
Low-magnitude, high-frequency vibration (LMHV), 78 
Low-molecular weight heparin (LMWH), 799-800, 799f, 2387 
Lumbosacral region (L3-S1), 1988 
Lunate 
reduction and association of, 1719 
vascular supply to, 1669t 
Lunate fractures, 1673, 1704-1705. See also Carpal fractures 
assessment of, 1705 
classification of, 1705 
clinical anatomy of, 1704—1705 
imaging of, 1705 
Kienbock’s disease, 1705 
treatment of, 1705 
Lunotriquetral dissociation, 1723-1725 
assessment of, 1724 
imaging of, 1724, 1724f 
signs/symptoms, 1724 
treatment of, 1724-1725 
Luo three-column classification, 2745 
Lysholm Knee Score, 2802 
M 
Machine learning, 127-128 
Macrophage colony-stimulating factor (M-CSF), 87 
Magerl technique, 1932f 
Magnetic resonance arthrography, 217 
of glenohumeral instability, 1114-1115, 1116f 
Magnetic resonance imaging (MRI), 208-216, 770 
applications, 212-216 
infection and bone tumor workup, 216 
osseous injury and bone density, 212-215 
safety with orthopaedic implants and external orthopaedic 
devices, 211-212 
soft tissue injury, 215-216 
arthrography, 217 
of cervical spine injuries, 1913-1914, 1914f 
distal radius and ulna fractures, 1634 
femoral neck fractures, 2328-2331, 2330f 
of glenohumeral instability, 1114-1115, 1116f 
knee dislocations, 2685, 2686f 
knee fracture dislocations, 125 
metal artifact suppression and options, 210—211, 211f 
nerve injuries, 665, 668f 


osteomyelitis, 847 
overview, 208-209 
patellar fractures, 2646 
pelvic fractures and posterior ligaments, 125 
protocol, 210 
proximal humeral fractures, 1182—1183 
safety with orthopaedic implants and external orthopaedic 
devices, 211-212 
scaphoid fractures, 1683-1684 
spine trauma, 1888 
sternoclavicular joint injuries, 969-971, 971f 
stress fractures, 748-749 
talar fractures, 2958-2961, 2960f 
technical considerations in, 209-210 
magnetic field strength, 209 
pulse sequence in, 209 
RF coils, 209 
Maisonneuve fracture, 2910, 2910f 
Malleolar fractures. See also Ankle fractures 
bimalleolar, 2918—2919 
isolated lateral, 2912-2913 
isolated medial, 2918 
lateral associated with clear instability, 2913-2916 
lateral with occult ankle instability, 2916-2918 
Mallet fractures, 1747, 1749f, 1750f 
Malunion, 926-955 
chest wall injuries and, 1879 
clavicle fractures and, 1086—1089 
clinical evaluation of, 926 
combined malunion of head, shaft, and tuberosities, 1268 
CT imaging of, 207—208 
deformity location, 945—947 
deformity types, 932-935 
angulation, 932-933, 942 
combined deformities, 943-945, 944f, 945f 
complex combined deformities, 951-954, 954f, 955f 
length, 932, 940-942 
rotation, 935, 942-943 
translation, 935, 943, 943f 
diaphyseal, 946 
diaphyseal radius and ulnar fractures, 1620—1621 
distal femur fractures and, 2566 
distal radius and ulna fractures, 1655—1656 
epiphyseal, 947 
greater tuberosity, 1267-1268 
head-shaft, 1268 
hip dislocations and, 2321 
lesser tuberosity, 1268 
metaphyseal, 947 
proximal humeral fractures, 1267—1268 
radiographic evaluation of, 927—932 
center of rotation of angulation, 931-932, 932f-935f 
joint orientation angles, 929-930, 929t, 930f 
joint orientation lines, 928-929 
limb alignment, 927 
long bone anatomic axes, 927—928, 928f, 929f 
mechanical axes, 928, 929f 
in scaphoid fractures, 1696—1697 
in scapular fractures, 1044 
subtrochanteric femur fractures, 2428 
in talar neck fractures, 2992 
tibial plateau fractures, 2784 
tibia shaft fractures, 2843-2844 
treatment of, 937-956 
complex combined deformities, 951-954, 954f, 955f 
by deformity location, 945-947 
by deformity type, 940-943 
distraction lengthening, 951, 953f 
llizarov techniques, 951, 952f, 953f 
intramedullary lengthening nails, 948-951, 950/-951f 
intramedullary nailing, 948, 948/-950f 
osteotomies, 937-939, 938f 
plate and screw fixation, 947-948 
in trochanteric hip fractures, 2407 
Malunions, calcaneal, 3042-3043 
Mangled extremity, 597-620 
bone-anchored implant systems for prosthetic attachments, 618— 
619 


clinical practice in, 616 
concomitant foot and ankle injuries, 607 
defined, 597 
historical background, 598 
incidence of, 597 
management of, 599-600, 609-613 
debridement/stabilization, 609-610 
hyperbaric oxygen, 611-612 
initial evaluation, 599 
skeletal stabilization, 610-611 
soft tissue coverage, 612-613 
vascular assessment, 599-600 
mangled foot, 607—608 
military trauma care, 618 
patient characteristics, 608—609 
psychological considerations, 616-618 
rehabilitation of, 613-614 
salvage vs. amputation in, 600—607 
clinical practice guidelines, 601t 
decision-making protocols, 603-707 
limb salvage scores, 603-606 
outcomes, 614—616 
plantar sensation, 602—603 
survivability, 602 
smoking and, 608 
upper extremity, 619-620 
Mangled Extremity Severity Score (MESS), 605-606, 2802 
Mangled Extremity Syndrome Index (MESI), 604, 606 
Mangled foot, 607-608 
Mann-Whitney U test, 245, 245t 
Marrow imaging, 222 
Mason classification, 1531, 1531t 
Masquelet technique, 911—912 
Masqueraders, 2647 
Material properties, 2-5, 3t 
Mathes and Nahal classification, 639t 
Matrix metalloproteinases (MMPs), 48 
Matsen and Thomas classification, 1120 
Mauri, Carlo, 337 


Mayo classification, 13797, 1514, 1515f, 1544, 1544t, 1635, 1684 


Mayo Elbow Performance Index (MEPI), 1288, 1289t 
Mayo Elbow Performance Score (MEPS), 1410 
Mayo/Fundacion Jimenez Diaz (Mayo/FJD) 
classification, 1186, 1187f, 1193f, 1200 
fracture categories 
disengaged neck fractures, 1190 
fracture-dislocations, 1190-1191, 1192f 
head impaction fractures, 1190-1191, 1192f 
head-splitting fractures, 1190-1191, 1191f 
isolated tuberosity fractures, 1188f 
surgical neck fractures, 1188f 
valgus impacted fractures, 1189-1190, 1191f 


varus posteromedial impaction fractures, 1187—1189, 1189f 


fracture patterns, 1186-1191, 1187t 
isolated tuberosity fractures, 1187 
surgical neck fractures, 1186—1187, 1188f 
fracture planes, 1186 
anatomic neck, 1186 
greater tuberosity, 1186 
lesser tuberosity, 1186 
surgical neck, 1186 
McCarthy, John, 260 
McCulloch, Warren, 259 
Measurement, 116 
Measures of central tendency, 244 
Mechanical axes, of lower extremity, 928, 9287, 929f 
Mechanical axis deviation (MAD), 927, 928f 
Mechanical ventilation, 1861, 1863 
Medial clavicle fractures, 1081 
acute posterior physeal injuries, 987-988 
chronic posterior physeal injuries, 988 
resection of, 1002—1006 


Medial collateral ligament (MCL), 1411, 14137, 2689-2691, 2705- 


2707, 2713-2714 

Medial condyle fractures, 2737—2738, 2740f 
Medial malleolar fractures, stress fractures, 757 
Medial plantar artery flap, 637, 638f 

Medial sural artery flap, 636-637, 637f 


Median nerve, 1411, 1585-1588 
Medoff plate, 2389-2391, 2391f 
Mehne and Matta classification, 1408f 
Melbourne Instability Shoulder Scale (MISS), 1122-1123 
Mental health, pain management and, 831 
Mental health surveys, 709-710 
Mental illness, 487-488 
Mepivacaine, 3151t-3152t 
Merle d’Aubigné and Postel score, 2195-2198, 2197t 
Mesenchymal stem cells (MSCs), 47, 70-71 
MESI. See Mangled Extremity Syndrome Index (MESI) 
MESS. See Mangled Extremity Severity Score (MESS) 
Meta-analysis, 241, 246t 
Metabolic bone diseases, 85—107 
fibrous dysplasia, 104—105 
osteogenesis imperfecta, 105—106, 105t 
osteomalacia, 100—103 
osteopetrosis, 106—107, 106t, 107f 
osteoporosis, 88—96 
Paget's disease of bone, 97—100 
primary hyperparathyroidism, 103—104 
rickets, 100—103 
Metacarpal braces, 298, 298f 
Metacarpal fractures, 1815—1832. See also Hand fractures and 
dislocations 
assessment of, 1815-1818 
associated injuries, 1816, 1817f 
base fractures, 1828 
classification of, 1817t 
complications, 1831—1832 
head fractures, 1825-1826 
imaging of, 1816—1817 
incidence of, 1815 
mechanisms of injury, 1816 
neck fractures, 1826 
nonoperative treatment of, 312 
outcome measures for, 1818 
outcomes, 1828-1831 
pathoanatomy/applied anatomy of, 1818 
pitfalls/prevention, 1829t 
postoperative care for, 1829 
radiographic evaluation of, 18197, 1820f 
shaft fractures, 1826-1828 
signs/symptoms, 1816 
treatment of, 1818—1828 
algorithm for, 1825f 
closed reduction and internal fixation, 1822 
closed reduction and splinting, 1820 
nonoperative, 1819-1820 
open reduction and internal fixation, 1822—1825 
operative, 1820-1825 
Metacarpophalangeal joint dislocations, 1804—1815. See also Hand 
fractures and dislocations 
assessment of, 1804—1806 
associated injuries, 1805 
classification of, 1806 
complex dislocations other than thumb, 1812—1813 
complications, 1815 
imaging of, 1805—1806, 1805f 
mechanisms of injury, 1804-1805 
outcome measures for, 1806 
outcomes, 1815 
pathoanatomy/applied anatomy of, 1806—1807 
pitfalls/prevention, 1814t 
postoperative care for, 1813 
signs/symptoms, 1805 
treatment of, 1808-1813 
algorithm for, 18127 
chronic UCL repair, 1813 
closed reduction, 1808—1809 
nonoperative, 1808—1809 
open reduction, 1809-1810 
open repair of ulnar or radial collateral ligament, 1810—1812 
operative, 1809-1812 
thumb MCP ligament repair, 1813 
Metacarpus, 168-169, 168, 169f 
Metaphyseal malunions, 947 
Metaphyseal osteotomies, locked plating of, 28f 


Metastatic femoral neck fractures, 2360-2361 
Metatarsal fractures, 3101-3102. See also Forefoot injuries 
central, 3107-3113 
fifth metatarsal fractures, 759-760, 3113-3121 
first metatarsal fractures, 3102-3107 
first through fourth metatarsals, 759 
sesamoids, 760 
stress fractures, 759-760 
Metatarsus, 176, 176t 
Methylprednisolone, 1888—1889 
Meyer bone graft, 2364 
MFA. See Musculoskeletal Function Assessment (MFA) 
Michigan Hand Questionnaire, 1636 
Microbiologic testing, 849-851 
Middle glenohumeral ligament, 1125, 1125f 
Middle phalanx base fractures, 1768-1778 
dorsal base fractures, 1767—1768, 1780 
nonoperative treatment of, 1767-1768 
operative treatment of, 1768-1778 
dynamic traction, 1769, 1780 
dynamic traction and external fixation, 1770-1772, 1773fF 
1774f 
dynamic traction splinting, 1769, 1770f 
force couple, 1769-1770, 1771f-1772f 
hemi-hamate arthroplasty, 1775, 1776f, 1781 
joint pinning, 1769 
open reduction and internal fixation, 1773, 1780 
volar plate arthroplasty, 1775 
pilon fractures, 1767, 1777-1781, 1777f 
volar base fractures, 1768—1769, 1771f-1772f, 1780-1781 
volar lip (dorsal fracture-dislocation), 1767 
Middle phalanx fractures, 1756—1781. See also Hand fractures and 
dislocations 
assessment of, 1756 
associated injuries, 1756 
classification of, 1756, 1756t 
imaging of, 1756, 1757f 
mechanisms of injury, 1756 
outcome measures for, 1757—1758 
outcomes, 1782-1784 
outcomes/complications, 1781 
pathoanatomy/applied anatomy of, 1758, 1758f, 1759f 
pitfalls/prevention, 1779t 
signs/symptoms, 1756 
treatment of, 1758-1781 
algorithm for, 1778f 
base fractures, 1768-1778 
closed reduction and percutaneous fixation, 1765 
condylar fractures, 1758, 1760-1761 
neck fractures, 1758, 1761—1762, 1780 
open reduction internal fixation, 1765, 1766f 
shaft fractures, 1758, 1762-1765, 1780 
Midfoot, anatomy of, 3051-3052 
Midfoot fractures, 3051-3101. See also Forefoot injuries 
cuboid fractures, 3066-3075 
cuneiform injuries, 3075-3080 
epidemiologic characteristics of, 176, 176t 
incidence of, 3051 
ligamentous structure of, 30527 
tarsal navicular fractures, 3053-3066 
tarsometatarsal (Lisfranc) joint injuries, 3080-3101 
Military trauma care, 618 
Mini-Hohmann, 448f 
Minimal clinically important difference (MCID), 248 
Minimally invasive fixation, of calcaneus fractures, 3023—3025 
Minimally invasive plate osteosynthesis (MIPO), 1305—1308 
versus open reduction internal fixation, 1321 
outcomes, 1308 
pitfalls/prevention, 1306—1308 
positioning for, 1305 
postoperative care for, 1306 
surgical approaches for, 1305—1306 
Minsky, Marvin, 260 
Mirels’ score, 766, 766t, 771-772 
MISS. See Melbourne Instability Shoulder Scale (MISS) 
Modes of injury, 158—162 
cyclists, 160—161 
direct blows, assaults, or crush injuries, 160 


epidemiology of, 158t 
falls from height, 159-160 
falls from low height, 159 
falls from standing height, 159 
gunshot injuries, 162, 165t 
motorcyclists, 161 
motor vehicle accidents, 160, 161f, 161t 
pathologic fractures, 162 
pedestrians, 161—162 
sports, 160 
stress and spontaneous fractures, 162 
vehicle drivers, 162 
vehicle passengers, 162 
Modified Gibson approach, 2224, 2224f-2225f 


Modified Roy-Camille (Strange-Vognsen) classification, 2076-2077 


Modified Schenck classification, 2688t 
Modified Stoppa intrapelvic approach, 2224—2227, 2225f—2226f 
Moment, 8t 
Monolateral external fixation, 344—356. See also External fixation 
contemporary, 333-334, 333f, 334f 
delta frames, 347-348, 349f 
double-stacked frame, 348-350 
four-pin frames, 344—347 
frame stability, 3447, 353-356 
knee-spanning frames, 351f 
monotube fixators, 350-353, 353f 
origins of, 326-330 
pin orientation, 353-356, 355f, 356f 
versatility of, 344f 
weakest part of, 345-347 
Monotube fixators, 350-353, 353f 
Monteggia fracture-dislocations, 1552—1560 
assessment of, 1553 
associated injuries, 1553 
classification of, 1553, 1553t 
complications, 1560 
diaphyseal radius and ulnar fractures, 1569/-1570f, 1578- 
1579, 1615, 1616f 
imaging of, 1553 
mechanisms of injury, 1553 
outcomes, 1560 
pitfalls/prevention, 1558—1560, 1558t 
posterior, 1521—1524 
postoperative care for, 1558 
treatment of, 1554—1560 
algorithm for, 15587 
nonoperative, 1554 
open reduction internal fixation, 1554—1555 
operative, 1554-1560 
wound healing and flap design for, 1552-1560 
Moral injury, 712 
Mortality, 156-158, 156t, 157t 
Motorcyclists, 161 
Motor vehicle accidents, 160, 161f, 161t 


Multiacquisition variable resonance image combination (MAVRIC), 211 


Multiapical deformity, 933 
Multidirectional glenohumeral instability, 1158-1165. See 
also Glenohumeral instability 
arthroscopic capsular plication, 1159-1160 
complications, 1165 
future directions, 1166 
indications/contraindications, 1158—1159 
open anterior-interior capsular shift, 1160-1163 
open procedures, 1165 
outcomes, 1165 
pitfalls/prevention, 1165 
postoperative care for, 1164 
treatment algorithm for, 1163f 
Multiple fractures, 153-156 
Multiple implants, biomechanics of, 417 
Multiply injured patients, 467-489 
annual medical expenses, 467 
challenges in care, 486—488 
alcohol abuse, 488 
cardiovascular disease, 487 
diabetes, 486-487 
elderly patients, 487 
immunocompromise, 487 


mental illness, 487-488 
obesity, 486 
recreational substance abuse, 488 
tobacco abuse, 488 
clinical presentation, 471-472 
controversies in care, 484—486 
fractures associated with severe head injury, 485 
fractures associated with vascular injury, 485—486 
limb salvage versus amputation, 484—485 
pelvis angiography, 484 
timing of definitive management, 484 
initial assessment of, 468-470 
orthopedic surgeon’s role in, 470 
primary survey, 468—470 
secondary survey, 470 
tertiary survey, 470 
initial management, 473-476 
dislocations, 476 
gunshot wounds, 475 
long bone fractures, 476 
open fractures, 473-474 
resuscitation, 473 
traumatic arthrotomy, 475 
injury scoring, 472-473 
intramedullary nailing in, 2498—2499 
management of injuries to other systems, 476—480 
abdominal injury, 477-478 
chest injury, 476-477 
head injury, 476 
pelvic injury, 478-480 
management philosophy, 467—468 
mortality, causes of, 472 
nutrition, 488 
orthopedic injury management in, 480-483 
damage control, 481 
early care, 480—481 
early definitive management, 481-482 
patient engagement, 489 
primary survey 
airway, 468 
breathing, 468-469 
circulation, 469 
disability, 469-470 
exposure, 470 
recovery of, 489 
shock in, 471-472 
spinal injury management, 483-484 
system challenges to care of, 488 
Muscle, contractures, 386-387 
Muscle flaps, 637-639 
Muscle free flaps, 646-649 
gracilis muscle flap, 646-647 
latissimus dorsi (LD) flap, 646, 6487, 649f 
rectus abdominis muscle flap, 647-649 
serratus anterior (SA) muscle flaps, 646, 6487, 649f 
Muscle relaxants, 827 
Muscle(s), excision, 538-541 
Muscle weakness, femoral shaft fractures, 2507 
Musculoskeletal Function Assessment (MFA), 2197 
Musculoskeletal injuries, 131—185 
adolescent fractures, 176-178, 177t 
age and gender, 136-139 
females, 139t 
males, 138t 
changing epidemiology of, 144—148, 146t 
COVID and orthopaedic trauma, 149 
dislocations, 178-183 
epidemiology of, 131—185 
fracture distribution curves, 141—144, 142f, 144t 
fracture incidence, 134—136 
fracture types, 162-176 
acetabulum, 170, 170t 
ankle, 174—175, 175t 
calcaneus, 175-176, 176t 
carpus, 168, 168t 
clavicle, 163—164, 165t 
distal femur, 172, 172t 
distal humerus, 165—166, 166t 


distal radius and ulna, 167—168, 168t 
distal tibia, 174, 174t 
femoral diaphysis, 171—172, 172t 
fibula, 174, 174t 
finger phalanges, 169, 169t 
forearm diaphyses, 167 
humeral diaphysis, 164—165, 166t 
metacarpus, 168-169, 168, 169f 
metatarsus, 176, 176t 
midfoot, 176, 176t 
patella, 172-173, 172t 
pelvis, 170, 170t 
proximal femur, 170-171, 171t 
proximal forearm, 166—167, 167t 
proximal humerus, 164, 166t 
proximal tibia, 173, 173t 
scapula, 164, 165t 
spine, 169-170, 170t 
talus, 175, 175t 
tibial diaphysis, 173-174, 173t 
fragility fractures, 156, 158t 
history, 132-134 
modes of injury, 158—162 
mortality, 157t, 158-160 
multiple fractures, 153—156 
open fractures, 151-153, 154t 
pain management for, 830t 
social deprivation and, 139-141, 141t 
tendinous and ligament injuries, 183-185, 184t 
variation in, 148-149 
Myodesis, 693-694 
Myoplasty, 693-694 
N 


Nailing 
cephalomedullary, 2402—2404 
compression, 399 
exchange, 399 
humeral shaft fractures, 1319-1320 
intramedullary, 396-399 
National Electrical Manufacturers Association (NEMA), 228 
Natural bone healing, 15-18 
callus healing, 21f, 21t 
cascade, 16f 
fixation strategies for, 21—22 
progression of, 18f 
of well-reduced transverse osteotomy, 17f 
Natural polymers, 855 
Neck fractures 
anatomical neck fractures, 1023—1025 
completely unstable fracture, 1026 
rotationally unstable fracture, 1026 
scapular, 1023-1026, 1039 
stable fracture, 1025 
surgical neck fractures, 1025 
transspinous fracture of the scapular neck, 1026 
Neer classification, 114, 117-119, 118f, 1184-1185, 1185f, 1199-1200 
Negative pressure wound therapy (NPWT), 563, 563t 
Nerve blocks, 2387, 3154-3156 
hematoma blocks, 3154, 3154t 
infiltration, 3154 
intravenous regional anesthesia (Bier block), 3154-3155 
periosteal, 3155 
plexus anesthesia, 3155-3156 
Nerve entrapment, 3043 
Nerve exploration and repair 
direct nerve suture, 671 
intraoperative neurophysiology, 671 
nerve grafting, 672 
nerve transfers, 673 
nerve tubes, 671-672 
neurolysis, 673 
non-neural grafts, 672-673 
postoperative management, 674 
secondary, 673 
secondary repair with nerve grafts, 673-674 
surgical exposure, 670 
Nerve fibers, 657 
Nerve grafting, 672 


Nerve injuries, 655-687 
acute nerve compression, 668—669 
associated with treatment, 669 
classification of, 659, 662—663, 664t 
axonotmesis, 662 
neurapraxia, 662 
neurotmesis, 662—663 
Sunderland classification, 663 
clinical assessment of, 663-665 
assessment chart, 666/-667f 
autonomic function, 664 
motor function, 663, 664t 
record keeping in, 664, 666/-667f 
sensory function, 663-664, 664t 
compression neuropathy, 658-659 
distal radius and ulna fractures, 1655 
femoral shaft fractures, 2505—2507 
gunshot wounds and, 514-515 
investigations of, 665-668 
angiography, 668 
clinical neurophysiology, 665 
magnetic resonance imaging, 665, 668f 
ultrasound, 665-668 
management of, 668-670 
mechanism of, 662 
nerve exploration and repair, 670-676 
direct nerve suture, 671 
intraoperative neurophysiology, 671 
nerve grafting, 672 
nerve transfers, 673 
nerve tubes, 671-672 
neurolysis, 673 
non-neural grafts, 672-673 
postoperative management, 674 
secondary, 673 
secondary repair with nerve grafts, 673-674 
surgical exposure, 670 
open injuries, 668 
outcomes, 675 
peripheral nerve dysfunction, 669-670 
peripheral nerves, 656-657 
postoperative management of, 674 
radial, 683-684 
recovery factors, 675-676 
recovery monitoring, 675 
secondary reconstruction of, 676-677 
reconstructive procedures, 677 
tendon transfer, 676—677, 677f 
specific fractures and dislocations, 677-687 
acetabular fractures, 686 
elbow fractures and dislocations, 684 
forearm fractures, 684—685 
hand fractures, 685-686 
hip dislocation, 686 
humeral fractures, 683-684 
infraclavicular brachial plexus, 681—683 
knee fractures and dislocations, 686—687 
pelvic fractures, 686 
proximal humeral fracture, 681—683 
shoulder dislocation, 681-683 
supraclavicular brachial plexus, 677-681 
wrist fractures, 684—686 
traumatic, 659-661 
axonal degeneration, 659-661 
axonal regeneration, 661-662 
conduction block, 659 
Nerve palsy, 1624 
Nerve transfers, 673 
Nerve tubes, 671 
Network meta-analysis, 241—242 
open fracture, 243 
Neurapraxia, 662 
Neurocutaneous vessels, 635 
Neurogenic shock, 471—472, 1886 
Neurologic deterioration, 2042 
Neurologic injuries, 2039 
Neurotmesis, 662-663 
Neurovascular injuries, 1089-1091 


acute injuries, 1089 
delayed injuries, 1089—1090 
iatrogenic injuries, 1090—1091 
Neurovascular transection, 694 
Neutralization plating, 403 
New Injury Severity Score (NISS), 473 
NEXUS criteria, 1891, 1891f 
Nightstick fractures, 15687 
90-90 traction, 290 
NISSSA (Nerve injury, Ischemia, Soft tissue injury, Skeletal injury, 
Shock, and Age of patient) scoring system, management of, 605—606 
Noncontiguous spine injuries, 1893 
Nondisplaced fractures, 2646—2647 
Non-neural grafts, 672-673 
Nonoperative treatment and management, 282-321 
age effects, 286, 286f, 287f, 289t 
epidemiology of, 283—286 
fracture severity and, 287 
of fractures in the elderly, 286—287, 288t 
future of, 321 
history of, 282—283 
prevalence of, 284t, 285t, 286f, 290t 
specific fractures, 304-319 
acetabular fractures, 319 
ankle fractures, 315-316 
calcaneal fractures, 316—317 
carpal fractures, 312 
clavicle fractures, 304-305 
distal femoral fractures, 314 
distal humeral fractures, 308-310 
distal radial fractures, 311-312 
distal tibial fractures, 315 
femoral diaphyseal fractures, 314 
fibular fractures, 315 
finger phalangeal fractures, 312-313 
floating shoulder, 306-307 
forearm fractures, 310 
humeral diaphyseal fractures, 308 
lower limb fractures, 314-319 
metacarpal fractures, 312 
metatarsal fractures, 317-318 
midfoot fractures, 317 
olecranon fractures, 310 
patella fractures, 314 
pelvic fractures, 319 
proximal femoral fractures, 314 
proximal forearm fractures, 310 
proximal humeral fractures, 307—308 
proximal tibial fractures, 314—315 
scapular fractures, 305-306 
spinal fractures, 319 
talar fractures, 316 
tibial diaphyseal fractures, 315 
toe fractures, 318 
upper limb fractures, 304—313 
specific fracture types, 319-320 
pathologic fractures, 320 
periprosthetic fractures, 319-320 
stress fractures, 320 
techniques of, 287—304 
bandages, 302-303 
braces, 297-300 
casts, 292-296 
slings, 302—303 
splints, 303-304 
support strapping, 302-303 
traction, 287—292, 289f 
Nonossifying fibromas, 785 
Nonparametric tests, 244 
Nonsteroidal anti-inflammatory drugs (NSAIDs), 75, 827, 876- 
877, 2386-2387 
Nonunion, 53-55, 873-915. See also Delayed union 
articular, 910 
aseptic, 917-918 
atrophic, 54, 917-918 
autogenous bone grafts and, 905—908 
chest wall injuries and, 1878—1879 
classification of, 879-881 


atrophic nonunion, 878f, 879, 879f 
bone defects, 881 
hypertrophic nonunion, 879-880, 880f 
oligotrophic nonunion, 880-881, 881f 
pseudoarthrosis, 881 
clavicle fractures and, 1084—1086 
CT imaging of, 207—208 
defined, 874 
delayed, 874 
diagnosis of, 881-887 
diaphyseal radius and ulnar fractures, 1621-1623 
displaced, 1268 
distal femur fractures and, 2566 
distal humerus fractures, 1460-1463 
etiology of, 874-877 
extensor mechanism injuries, 2677 
femoral neck fractures, 2363-2366 
femoral shaft fractures, 2513-2514 
fracture-specific factors, 875 
history/physical examination, 882 
host factors, 875-877 
diabetes, 876 
nonsteroidal anti-inflammatory drugs, 876-877 
smoking, 876 
systemic conditions, 876-877 
vitamin D deficiency, 877 
humeral shaft fractures, 1323-1326 
hypertrophic, 54-55, 918 
infected, 2514—2516 
infection, 913-915 
infection as factor, 878-879 
laboratory studies for diagnosis of, 885 
nonoperative treatment of, 888t, 889-892, 917 
electrical stimulation, 890 
external stabilization, 890 
extracorporeal shock wave therapy, 892 
gene therapy, 892 
indirect, 889-890 
parathyroid hormone, 892 
ultrasound stimulation in, 890-892 
weight bearing, 890 
odontoid fractures, 1953 
oligotrophic, 917-918 
operative treatment of, 892-903, 917-918 
amputation, 900-901 
arthrodesis, 901 
arthroplasty, 898—900 
bone grafts, 903-908 
bone graft substitutes, 908-909 
combined plate and nail treatment, 896-897 
external fixation, 897-898 
fragment excision, 901-902 
intramedullary nailing, 894-896 
osteotomy, 902—903 
plate and screw fixation, 893-894, 893f, 894f 
resection arthroplasty, 901-902 
synostosis, 903 
timing of, 892-893 
outcomes, 903 
pathophysiology of, 874—877 
percutaneous management of, 903 
prediction of, 885-887 
proximal humeral fractures, 1262—1267 
radiographic assessment of, 882-885 
computed tomography, 884-885, 886f 
nuclear imaging, 885 
plain radiographs, 882-884, 883/-885f 
risk factors, 874-877 
risk factors for failure, 903 
in scaphoid fractures, 1697—1703 
in scapular fractures, 1044 
segmental bone loss and, 911 
septic, 917 
soft tissue management in, 888—889, 915-916 
subtrochanteric femur fractures, 2428—2429 
in talar neck fractures, 2991-2992 
in tibial diaphyseal fractures, 2838 
in tibial pilon fractures, 2886-2887 


in tibial plateau fractures, 2784 
tibia shaft fractures, 2844 
treatment factors, 877-878 
treatment of, 887-918 
algorithm for, 916f 
indications/contraindications, 889 
nonoperative, 888t, 889-892, 917 
objectives and general principles of, 887 
operative, 892-903, 917-918 
in trochanteric hip fractures, 2406-2407 
in young patients, 2363—2366 
Non-vitamin L antagonists, 799t, 800 
Normothermia, 476 
Notch signaling, 48 
Nuclear imaging, of nonunion, 885 
Nuclear medicine imaging, 221-224 
applications, 222-224 
fractures, 222-223 
infection, 214-215 
osteonecrosis, 223-224 
gallium imaging, 222 
marrow imaging, 222 
osteomyelitis, 848 
skeletal scintigraphy, 221—222 
technical considerations in, 221 
white blood cell imaging, 222 
Null hypothesis, 243 
Number needed to treat, 244t 
fe) 
Obese patients, 717-735 
anesthesia considerations in, 721—722 
ankle fractures in, 2942 
delayed recovery, 735 
femoral shaft fractures in, 2504 
fracture-specific care of, 722-733 
acetabulum, 725-726 
distal humerus, 724 
elbow, 724 
femoral diaphysis, 727 
forearm, 724-725 
humeral diaphysis, 724 
pelvic ring, 725-726 
periarticular tibia fractures, 728-732, 730f-731f, 733f 
peritrochanteric/subtrochanteric femur fractures, 726-727 
proximal humerus, 723 
rotational ankle fractures, 732 
supracondylar femur, 728, 729f 
syndesmotic injuries, 732 
tibial diaphysis, 732 
wrist, 725 
initial bony stabilization, 720 
initial evaluation/management of, 720—722 
injury patterns, 720 
intramedullary nailing in, 2504 
intraoperative considerations in, 722-733 
positioning, 722-723 
medical co-management of, 734-735 
mortality rate, 735 
multiorgan failure in, 734 
pharmacokinetics/analgesia and, 734 
postoperative care for, 734-735 
preoperative imaging in, 722 
renal failure in, 734 
respiratory failure in, 734 
resuscitation of, 720-721 
thromboembolic disease in, 734 
Obesity 
basic science of, 719-720 
bone metabolism and, 719 
defined, 717 
financial implications of, 718-719 
impact on respiratory system, 721 
mortality rate, 718 
multiply injured patients and, 486 
patient physiology and, 719-720 
prevalence of, 717-718 
Oblique fractures, 8 
Oblique plane angular deformity, 933 


Observational studies, 238-239 
Obstructive sleep apnea (OSA), 721 
Occipital condyle fractures, 1939-1942. See also Cervical spine 
fractures and dislocations 
assessment of, 1939-1940 
associated injuries, 1940 
classification of, 1939-1941 
complications, 1942 
diagnosis of, 1940-1941 
mechanisms of injury, 1939-1940 
treatment of, 1941-1942 
algorithm for, 1944f 
nonoperative, 1941 
operative, 1942 
Occipitocervical dislocation (CO-C1), 1915-1916, 1915f, 1935- 
1939. See also Cervical spine fractures and dislocations 
assessment of, 1935—1936 
diagnosis and classification of, 1936 
mechanisms of injury, 1935 
nonoperative treatment of, 1936 
occipital plate and screw-rod construct and fusion, 1937—1939 
operative treatment of, 1936—1939 
Occult fractures, 204—207 
Odds ratio, 244t 
Odontoid fractures (C2), 1948-1954 
algorithm for treatment of, 1953f 
assessment of, 1948 
associated injuries, 1948 
classification of, 18977, 1948, 1949f 
diagnosis of, 1948 
geriatric, 1952—1953 
halo vest immobilization for, 1949-1950 


mechanisms of injury, 1948 (See also Cervical spine fractures and 


dislocations) 
nonoperative treatment of, 1948—1950 
nonunion, 1953 
operative treatment of, 1950-1953 
anterior C-C2 fusion, 1952 
anterior odontoid screw for, 1950-1951 
posterior C1-C2 fusion, 1951-1952 
reduction technique for, 1922 
traction and reduction for, 1949 
O'Driscoll classification, 1499, 1499f 
Off-resonance suppression (ORS), 211 
Olecranon fractures, 1543-1552 
assessment of, 1544 
associated injuries, 1544 
classification of, 1544, 1544t 
complications, 1551 
dislocations, 1514—1515 
excision/triceps advancement, 1516-1517 
incidence of, 1543 
mechanisms of injury, 1544 
nonoperative treatment of, 310 
outcome measures for, 1544 
outcomes, 1551-1552 
pathoanatomy/applied anatomy of, 1544-1545 
pitfalls/prevention, 1551, 1551t 
plating, 1519-1521 
postoperative care for, 1550 
signs/symptoms, 1544 
tension-band wiring, 1517-1518 
treatment of, 1545-1552 
algorithm for, 1550f 
fragment excision and triceps advancement, 1550 
intramedullary fixation, 1549 
nonoperative, 1545 
open reduction internal fixation, 1548 
operative, 1545-1550 
tension band wiring, 1546-1548 
Olecranon osteotomy, 1421-1423, 1421f/-1422f 
in distal humerus fractures, 1464 
Oligotrophic nonunion, 880—881, 881f, 917-918 
Open anterior-interior capsular shift, 1160-1163 
key surgical steps, 1160 
outcomes, 1165 
positioning, 1160 
preoperative planning, 1160 


surgical approach, 1160, 1161f—1162f 
technique, 1160—1163 
Open anterior labral (Bankart) repair, 1135—1137 
key surgical steps, 1136 
outcomes, 1144-1146, 1147t 
positioning, 1135 
preoperative planning, 1135 
surgical approach, 1135, 1136f 
technique, 1136—1137, 1137/-1138f 
Open fractures, 126-127, 128t, 151-153 
assessment of, 521-528 
biochemical markers, 528 
bone excision, 541—542, 542f 
bone loss management, 548-557 
lower limb defects, 549-557 
upper limb defects, 548-549 
calcaneal, 3013-3014, 3014f 
classification of, 474-475, 528-533 
Ganga Hospital Open Injury Score, 532—533, 532t 
Gustilo-Anderson classification, 474t, 529- 
530, 529f, 530f, 530t 
OTA/AO classification, 126-127, 127t, 475t, 530, 531t 
OTA-OFC classification, 530—532, 532t 
OTS classification, 532, 533f 
clavicle fractures, 1056 
CT imaging of, 207 
defined, 518 
degloving, 542-543, 5437, 543t, 544f 
diagnosis of, 527-528 
diaphyseal radius and ulnar fractures, 1574, 1580, 1617-1619 
distal femur fractures, 2528-2529 
distal humerus fractures, 1460 
distal radius/ulna fractures and, 1656 
emergency department care of, 523-524 
epidemiology of, 151-153, 154t 
etiology of, 520 
examination of, 524—526 
femoral shaft fractures, 2499 
fracture distribution curves, 152t 
Gustilo-Anderson classification, 126, 126t 
humeral shaft fractures, 1328—1329 
incidence of, 520 
infection, 526-527 
initial management of, 518-566 
in multiply injured patients, 473-474 
muscle excision, 538-541 
network meta-analysis, 242, 243 
OTA/AO classification, 126-127, 127t 
patellar fractures, 2662-2663 
pathophysiology of, 520-521 
prehospital care, 521-523, 522t 
radiographic imaging of, 527-528 
salvage vs. amputation in, 534-536 
scores, 529-532 
severity of, 529-532 
skeletal stabilization, 545-548, 545r 
plaster casts/traction, 546 
tibia shaft fractures, 2807—2808, 2844 
tissue cultures, 526 
treatment of 
antibiotics, 526-527, 527t, 545 
bone excision, 541-542 
external fixation, 546-548 
gloving, 542-543, 543f, 544f 
historical perspectives on, 519-520 
lavage, 543-544, 545t 
muscle excision, 538-541 
primary internal fixation, 548 
wound excision, 536-538 
vascular injuries, 533-534 
wound cover 
negative pressure wound therapy, 563, 563t 
primary closure of wounds, 559-561, 560f, 561t 
soft tissue cover, 561—563 
timing of, 557-558, 562t 
types of cover, 563-564 
wound excision, 536-538 
goals of, 536 


preoperative operation, 537—538 
superficial excision, 538 
timing of, 536-537 
tissue excision, 537t, 538 
wound extension, 538 
Open Latarjet procedure, 1138-1141 
key surgical steps, 1138 
outcomes, 1146-1147, 1147t 
positioning, 1138 
preoperative planning, 1138 
technique, 1138-1141, 11397-1140f 
Open posterior labral (Bankart) repair, 1153-1155 
key surgical steps, 1153 
positioning, 1153 
preoperative planning, 1153 
technique, 1153-1154, 1154f/-1155f 
Open radial head excision, 1489—1490 
Open reduction 
metacarpophalangeal joint dislocations, 1809-1810 
proximal interphalangeal joint dislocations, 1784 
Open reduction and plate fixation 
ankle fractures, 2924—2927 
for clavicle fractures, 1071-1076 
diaphyseal radius and ulnar fractures, 1592-1608 
Open reduction internal fixation (ORIF) 
acetabulum fractures, 2228-2256 
anterior column/wall fractures, 2234—2241, 2246-2250 
both-column fractures, 2252-2256 
outcomes of, 2262-2264 
posterior column fractures, 2232-2234, 2243-2244 
posterior hemitransverse fractures, 2246-2250 
posterior wall fractures, 2228-2232, 2244-2245 
transverse fractures, 2241—2245 
T-shaped fractures, 2250—2252 
atypical femur fractures, 2444 
central metatarsal fractures, 3108-3111 
complete-articular fractures, 1431-1438 
crescent fractures, 2129 
diaphyseal humeral fractures, 1296—1305 
distal femur fractures, 2534—2554 
distal radius and ulna fractures, 1646 
dorsal approach, 1646 
elbow dislocations, 1479-1481 
external fixation with, 364 
extra-articular fractures, 1431-1438 
fifth metatarsal fractures, 3118 
first metatarsal fractures, 3103-3105, 3104f, 3105f 
hip dislocations, 2298-2299 
iliac wing fractures, 2122-2127, 2154 
metacarpal fractures, 1822-1825 
middle phalanx base fractures, 1773 
middle phalanx fractures, 1765, 1766f 
Monteggia fracture-dislocations, 1554—1555 
olecranon fractures, 1548 
outcomes/complications, 1504—1505 
periprosthetic acetabular fractures, 2579-2581 
periprosthetic femur fractures about hip arthroplasty, 2588-2597 
periprosthetic femur fractures about total knee arthroplasty, 2609- 
2615 
periprosthetic humeral fractures, 1350-1355 
periprosthetic scapular fractures, 1370—1373 
posterior Monteggia fractures, 1521-1524 
posteromedial rotary instability of elbow, 1511-1513 
proximal humeral fractures, 1265 
proximal phalanx condylar fractures, 1790-1791 
proximal phalanx fractures, 1793-1795 
proximal pole scaphoid fractures, 1693—1694 
proximal ulna fractures, 1521-1524 
radial head and neck fractures, 1534—1536 
radial head fractures, 1491-1493 
ramus fractures, 2112 
sacroiliac joint dislocations, 2138-2144, 2154 
subtrochanteric femur fractures, 2418—2425, 2427—2428 
surgical pitfalls/preventions, 1504 
symphysis diastasis, 2104—2111, 2153 
tarsal cuboid fractures, 3070-3072 
tarsal navicular fractures, 3059-3060 
tarsometatarsal (Lisfranc) joint injuries, 3094—3097 


terrible triad injuries of the elbow, 1501-1505 
tibial pilon fractures 
column theory, 2870 
definitive, 2868—2880 
direct lateral approach, 2876 
extensile anterior approach, 2873 
immediate fixation, 2880—2881 
medial and central fragment reduction maneuvers, 2879-2880 
posterior, 2871 
posterolateral approach, 2874—2875 
posteromedial approach, 2875-2876 
staged, 2867-2880 
standard anterior approach, 2873 
standard anterolateral approach, 2874 
standard anteromedial approach, 2872-2873 
surgical approach, 2871—2872 
tibiotalar spanning, 2868 
unstable/displaced scaphoid fractures, 1693 
vertical shear fractures, 2146-2148 
volar approach, 1642—1646 
vs. external fixation, 1652 
vs. MIPO, 1321 
Open reduction surgical fixation, carpometacarpal joint 
dislocations, 1838 
Open reduction with or without debridement, with or without 
debridement, 2297-2298 
Opioid misuse, 707 
Opioids, 827-828 
Oral pain medications, 829 
ORIF. See Open reduction internal fixation (ORIF) 
Orthopaedic implants and devices, 211—212 
Orthopaedic-related infections, 836 
Orthopaedic Trauma Association (OTA) classification. See OTA/AO 
classification 
Orthopaedic Trauma Association Open Fracture Classification (OTA- 
OFC), 126-127, 530-532, 532t, 2802t 
Orthopaedic Trauma Society (OTS) classification, 532, 533f 
Ortiguera and Berry Classification, 2625 
Osseointegration, 701—703 
Osseous injuries, 212-215 
Osseous plane, 1583 
Osseous vascularity, 2803 
Ossification 
coracoclavicular, 963 
enchondral, 49-50 
heterotopic, 1463, 1463t, 2267, 2320-2321, 2512 
intramembranous, 50-51, 53f 
Osteoarthritis, 2942 
Osteoblasts, 47, 86-87 
Osteochondral fractures, 2647 
Osteoclasts, 47—48 
Osteoconduction, 65-66 
Osteocytes, 86-87 
Osteogenesis, 66, 334, 364—367, 365f-367f 
Osteogenesis imperfecta (Ol), 105-106. See also Metabolic bone 
diseases 
causal genes for, 105t 
Osteoinduction, 65-66 
Osteology, 2803 
Osteomalacia, 100-103. See also Metabolic bone diseases 
causes of, 101t 
Clinical features of, 101 
epidemiology of, 100 
investigations of, 101-103 
management of, 103 
pathophysiology of, 100—101 
Osteomyelitis, 223, 835-867 
calcaneal, 3041 
chronic, 840 
classification of, 839-840, 839t, 840f 
clinical presentation of, 843-844 
complications of, 866 
defined, 838-839 
diagrammatic representation of, 839f 
differential diagnosis of, 852 
epidemiology of, 840-841 
historical accounts of, 835-836 
incidence of, 841 


laboratory diagnostic tests, 851-852 
dithiothreitol, 852 
histopathology, 852 
microbiologic testing, 849-851 
polymerase chain reaction, 851 
serum tests, 851 
sonication, 851-852 
pathogenesis of, 841-843 
biofilm, 841-842 
common pathogens, 842, 842t 
culture-negative infection, 842-843 
initiation of infection, 841 
propagation infection, 842 
predisposing factors, 841 
radiologic investigations of, 844-848, 845f-846t 
bone scintigraphy, 848, 849f 
computed tomography, 844-847 
leucocyte scintigraphy, 848, 850f 
magnetic resonance imaging, 847 
nuclear medicine imaging, 848 
plain radiography, 844 
positron emission tomography, 848 
ultrasonography, 847-848 
talar fractures and, 2989 
tibial pilon fractures and, 2886 
treatment of, 852-866 
amputation, 862 
antibiotics, 853-854 
biodegradable antibiotic-delivery services, 855 
bone defect management, 858-859 
dead space management, 859-862 
debridement, 855-858 
hyperbaric oxygen, 864—866 
nonbiodegradable antibiotic-delivery services, 854-855 
surgical, 855-866, 856t-857t 
vertebral, 841 
Osteonecrosis, 223-224, 1258-1262 
humeral head, 1258-1262 
of jaw, 95 
tuberosity, 1262 
Osteopenia, 768, 768t 
Osteopetrosis, 106—107. See also Metabolic bone diseases 
causal genes for, 106t 
radiographs of, 107f 
Osteoporosis, 88—96. See also Metabolic bone diseases 
Clinical features of, 90 
distal radius/ulna fractures and, 1657 
drug treatments for, 92-94, 92t 
bisphosphonates, 92-93 
calcium and vitamin D, 93 
hormone replacement therapy, 93-94 
raloxifene, 94 
epidemiology of, 88—89 
fixation failure in, 12-13 
fracture risk, 12 
investigations of, 90-91 
biochemistry, 91 
fracture risk assessment, 90 
hematology, 91 
radiography, 91 
management of, 91 
diet, 91 
exercise, 91 
pathophysiology of, 89-90 
risk factors for, 89—90 
alcohol, 89 
cannabis, 89 
comorbid diseases, 90 
diet, 89 
genetics, 89 
glucocorticoids, 90 
mechanical loading, 89 
smoking, 89 
social deprivation, 89 
thyroxine, 90 
treatment effects and complications, 94—96 
atypical femur fractures, 94-95 
fracture healing, 94 


mortality, 94 
osteonecrosis of the jaw, 96 
treatment of 
algorithm for, 95f 
failure of, 96 
response to, 96 
Osteoporosis-pseudoglioma syndrome (OPPG), 74 
Osteoporotic fractures, 1329, 1329f 
Osteoporotic vertebral fractures, 2033—2036 
age and, 2033 
incidence of, 2033 
nonoperative treatment of, 2034 
bracing, 2034 
medication, 2034 
operative treatment of, 2034—2035 
adjacent segment vertebroplasty, 2036 
anterior column reconstruction, 2036 
cement augmentation, 2034-2035 
pedicle screw augmentation, 2035-2036 
spinal instrumented fusion, 2035-2036 
Osteoprotegerin, 87 
Osteosarcomas, 786 
Osteosuture, 1229-1231, 1248-1250 
Osteosynthesis, 20 
Osteotomies, 937—940 
clamshell, 939-940 
dome, 938-939, 940f, 941f 
for nonunion treatment, 902—903 
wedge, 937-938, 939f 
OTA/AO classification, 120-124, 122f, 530, 531t, 1684 
ankle fractures, 2900, 2901/-2904f 
bone identification, 120-122, 122f 
clavicle fractures, 1060f 
cuneiform injuries, 3077—3078, 3077f-3078f 
diphyseal fractures of radius and ulna, 1578, 1579/-1581f 
distal femur fractures, 2531f 
distal humerus fractures, 1404/-1407f 
distal radius and ulna fractures, 1634—1635, 1635f 
distal tibia fractures, 2859f 
femoral neck fractures, 2333-2334, 2333f 
femoral shaft fractures, 2456, 2457f 
fibular shaft fractures, 2797f-2799f, 2800t 
fracture location in, 122 
fracture morphology in, 122 
hip dislocations, 2285f 
humeral shaft fractures, 1286f 
open fractures, 126-127, 127t, 475t, 530, 531t 
overview, 120 
pelvic ring fractures, 2070—2071 
phalangeal fractures, 3126/-3128f 
proximal humeral fractures, 1185—1186 
recent studies, 122-124 
scaphoid fractures, 1684 
subtrochanteric femur fractures, 2415f 
talar fractures, 2961f-2962f 
tarsal navicular fractures, 3053t, 3055f 
tarsometatarsal injuries, 3090 
tibial pilon fractures, 2857 
tibial plateau fractures, 2740-2742, 2742f-2744f, 2745t 
tibial shaft fractures, 2797f-2799f, 2800t 
universal modifiers, 125t 
Ottawa ankle rules, 2911t 
Outcome studies, 234—253 
artificial intelligence, 253 
commonly used measures in, 251t-252t 
evidence-based orthopedics, 234—237 
gaps and opportunities, 254 
issues in, 246-249 
fragility, 249 
minimal clinically important difference (MCID), 248 
sample size calculation, 248-249 
study power, 248-249 
subgroup analysis, 247—248 
type | and II errors, 246 
measuring value in trauma, 243 
patient health and function measurement, 249-253 
floor and ceiling effects, 250 
health-related quality of life (HRQOL), 250 


resources, 253t 
statistics, 243-246 
common statistical approaches, 244—245 
descriptive, 243-245 
hypothesis testing, 243-244 
measures of central tendency, 244 
p value, 243-244 
statistical significance, 243-244 
treatment effect, 244—245 
study designs, 237—241 
synthesizing evidence in trauma, 241—242 
GRADE approach, 242 
meta-analysis, 241 
network meta-analysis, 241—242 
summarizing evidence, 242 
systematic review, 241 
Ovine tibial osteotomy, 31f 
Oxford Instability Shoulder Score (OISS), 1122 
Oxford Shoulder Instability Questionnaire (OSIQ), 1122 
P 
Paget’s disease of bone (PDB), 97—100. See also Metabolic bone 
diseases 
clinical features of, 98 
diagnosis of, 98 
environmental factors in, 97—98 
epidemiology of, 97 
femoral neck fractures in, 2360 
genetic factors in, 97, 97t 
incidence of, 766 
pathophysiology of, 97—98 
skeletal imaging, 99f 
treatment of, 98—100 
bisphosphonates, 98 
duration, 100 
orthopedic surgery, 100 
supportive, 100 
Pain, 826 
assessment of, 827—828 
medication for, 827—828 
intravenous, 828—829 
oral, 829 
Pain Catastrophizing Scale, 709 
Pain management, 826-831 
assessment in, 827—828 
for chest wall injuries, 1863—1864 
cryotherapy, 1864 
regional anesthesia, 1863—1864, 1864f 
future of, 831 
historical perspectives on, 826 
mental health and, 831 
perioperative, 828—829 
intravenous pain medications, 828—829 
oral pain medications, 829 
peripheral nerve blockade, 828 
preoperative implications, 828 
during recovery, 829-831 
Palpable swelling, 578 
Pararectus approach, 2220 
Parathyroid hormone (PTH), 75-76, 892 
Paratricipital approach (triceps-on), 1423-1424, 1424f 
Parkhill, Clayton, 327 
Pars interarticularis, stress fracture of, 754 
Partial-articular fractures 
associated injuries, 1402 
classification of, 1409-1410 
incidence of, 1402 
mechanisms of injury, 1402 
open reduction internal fixation of, outcomes, 1444 
surgical techniques for, 1438-1441 
arthroscopic reduction and percutaneous fixation, 1441 
capitellum and trochlear fractures (OTA/AO type B3.3), 1438- 
1441 
capitellum fractures with or without lateral trochlear ridge 
(OTA/AO type B3.1), 1438 
Partial articular fractures, tibial pilon fractures, 2863-2864, 2881-2882 
Partial patellectomy, 2658-2660 
Pasero Opioid-Induced Sedation Scale, 827, 827t 
Pass-through technique, 441, 444f 


Patella, 172-173, 172t 


arterial blood supply of, 2648, 2648f 
biomechanics of extensor mechanism, 2649 
osseous anatomy of, 2648 

soft tissue anatomy of, 2648-2649 

stress fractures of, 756-757 


incidence of, 765—766 

laboratory studies, 767—768 

physical examination, 767 

risk for, 770 

treatment of, 773-782 
algorithm for, 771f 


Patellar dislocations, acute, 2665—2666 
Patellar fractures, 2642-2665. See also Acute patellar dislocations; 
Extensor mechanism injuries 


bisphosphonates in, 783-784 
distal humerus, 776-777 
external beam radiation in, 783 


assessment of, 2642-2647 
associated injuries, 2643 
classification of, 2646-2647 
displaced fractures, 2647, 2664—2665 
fractures after bone-tendon-bone harvest, 2647 
historical accounts of, 2642 
imaging of, 2643—2646 
computed tomography, 2645-2646 
magnetic resonance imaging, 2646 
radiographs, 2643-2645, 2644f 
intact extensor mechanism, 2663-2664 
internal fixation 
cannulated screw tension band, 2655 
longitudinal anterior banding and cerclage wiring, 2655 
modified tension band with vertical figure-of-eight wire, 2654 
outcomes, 2657-2658 
pitfalls/prevention, 2657 
plate fixation, 2655—2656 
postoperative care for, 2657 
masqueraders, 2647 
mechanisms of injury, 2642-2644 
minimal articular displacement and, 2663-2664 
nondisplaced fractures, 2646-2647 
open fractures, 2662—2663 
osteochondral fractures, 2647 
outcome measures for, 2647 
pathoanatomy/applied anatomy of, 2648—2649 
periprosthetic, 2625-2628 
periprosthetic fractures, 2663 
pole fractures, 2647 
signs/symptoms, 2643 
stellate fractures, 2646, 2647 
stress fractures, 756-757 
transverse fractures, 2646, 2647 
treatment of, 2649-2665 
algorithm for, 2663f 
distal pole osteosynthesis, 2660—2661 
internal fixation, 2650—2652 
minimally invasive and arthroscopic-assisted fixation, 2658 
nonoperative, 2650 
operative, 2650—2663 
partial patellectomy, 2658-2660 
total patellectomy, 2661—2662 
vertical fractures, 2646-2647, 2663-2664 


femoral diaphysis, 779-780 
femoral neck, 778-779 
forearm/hand, 777 
humeral diaphysis, 775-776 
intertrochanteric region, 779 
kyphoplasty/vertebroplasty, 782 
lower-extremity fractures, 777—780 
nonoperative, 773 
operative, 773-782 
pelvic/acetabular fractures, 777 
proximal humerus, 775 
scapula/clavicle, 775 
spinal fractures, 780-782 
subtrochanteric region, 779 
supracondylar femur, 780 
systemic radionucleotides in, 783 
tibia, 780 
upper-extremity fractures, 775 
Patient engagement, 489 
Patient-Rated Elbow Evaluation (PREE), 1410 
Patient-Rated Wrist Evaluation (PRWE), 1636 
Patient-Reported Outcome Measurement Information System 
(PROMIS), 709, 1635, 2801-2802 
Patients, elderly, 487 
acetabulum fractures in, 2203, 2258-2260 
fracture reduction and internal fixation, 2258—2259 
total hip arthroplasty, 2259-2260 
ankle fractures in, 2942 
femoral shaft fractures in, 2504—2505 
nonoperative treatment, 286—287 
spine trauma in, 1895—1897, 1898f 
Patients, multiply injured, 467-489 
annual medical expenses, 468 
challenges in care, 486—488 
alcohol abuse, 488 
cardiovascular disease, 487 
diabetes, 486-487 
elderly patients, 487 
immunocompromise, 487 
mental illness, 488 
obesity, 486 
recreational substance abuse, 488 
tobacco abuse, 488 
clinical presentation, 471-472 


Patellar tendon-bearing braces, 298, 299f 
Patellar tendon-bearing casts, 297 fractures associated with severe head injury, 485 
Patellar tendon split, 2811 fractures associated with vascular injury, 485—486 
Patellectomy limb salvage versus amputation, 486 


controversies in care, 484—486 


partial, 2658-2660 
total, 2661-2662 


Pathologic fractures, 162, 320, 765-787 


associated medical problems in, 767—768 
biopsy, 770 
biopsy of, 770 
bone tumors, benign, 784—786 
classification of, 771-772 
clinical evaluation of, 766-768 
complications, 783 
demographics, 765-766 
factors suggesting, 767t 
history, 766-767 
humeral shaft fractures, 1329-1331, 1330f 
imaging studies of, 768-770, 768t 
nuclear medicine, 769-770 
plain radiographs, 768-769, 769f, 769t 
three-dimensional studies, 769-770 
impending, 771-772 
prophylactic fixation, 772 
scoring system for, 771-772 


pelvis angiography, 482—484 
timing of definitive management, 484 
initial assessment of, 468-470 
orthopedic surgeon’s role in, 470 
primary survey, 468—470 
secondary survey, 470 
tertiary survey, 470 
initial management, 473-476 
dislocations, 476 
gunshot wounds, 475 
long bone fractures, 476 
open fractures, 473-474 
resuscitation, 473 
traumatic arthrotomy, 475 
injury scoring, 472-473 
intramedullary nailing in, 2498-2499 
management of injuries to other systems, 476—480 
abdominal injury, 477-478 
head injury, 476 
pelvic injury, 478—480 
management philosophy, 467—468 


mortality, causes of, 472 
nutrition, 489 
orthopedic injury management in, 480-483 
damage control, 481 
early care, 480—481 
early definitive management, 481—482 
patient engagement, 489 
primary survey 
airway, 468 
breathing, 468-469 
circulation, 469 
disability, 469-470 
exposure, 470 
recovery of, 489 
shock in, 471-472 
spinal injury management, 483-484 
system challenges to care of, 488-489 
Patient-specific implants, 274—277 
Pauwels angle, 117 
Pauwels classification, 2331-2333, 2332f 
Pedestrians, 161-162 
Pedicle fractures, 1961, 1977 
Pedicle screw augmentation, 2035—2036 
Pelvic fractures 
CT imaging of, 206f 
epidemiology of, 170, 170t 
MRI of, 125 
nerve injuries, 686 
pathologic fractures, 777 
venous thromboembolism and, 796 
Pelvic injuries 
bladder rupture, 479 
management of, 478—480 
rectal injury, 479 
stress fractures, 754 
urethral injury, 479-480 
Pelvic packing, 2084 
Pelvic ring injuries, 2052-2162 
age and, 2053 
assessment of, 2054—2077 
associated injuries, 2054—2057 
gastrointestinal injuries, 2056-2057 
genitourinary tract injuries, 2054—2056, 2055f 
neurologic injuries, 2079—2080 
classification of, 2066-2076 
comparison of, 2072-2075 
OTA/AO classification, 2070—2071 
Tile classification, 2066, 2066t 
Young and Burgess classification, 2066-2070, 2067f/2070f 
complications, 2157—2161 
deep venous thrombosis, 2160-2161 
inability to achieve adequate fixation, 2158-2159 
intraoperative hemorrhage, 2158 
loss of fixation and reduction, 2159 
pin-tract infections, 2160 
postoperative neurologic deficits, 2159-2160 


open, 2056-2057 
operative treatment of, 2089-2157 
anterior approaches to posterior pelvic ring injuries, 2121— 
2122 
anterior external fixation, 2097—2101 
fixation of crescent fractures, 2127—2132 
iliosacral screw fixation for sacroiliac joint dislocation, 2135- 
2137, 2154 
internal fixator, 2101—2102 
ORIF for sacroiliac joint dislocation, 2138-2144, 2154 
ORIF of iliac wing fractures, 2122-2127, 2154 
ORIF of symphysis pubis, 2104—2111, 2153 
posterior approach for posterior pelvic ring injuries, 2118—2121 
posterior pelvic screw fixation, 2132-2135 
stabilization of anterior pelvic ring, 2102—2104 
stabilization of ramus fractures, 2111-2118, 2153 
surgical approaches, 2096—2097 
outcome measures for, 2076-2077 
outcomes, 2157 
pathoanatomy/applied anatomy of, 2077—2080 
physical examination, 2058-2059 
postoperative care for, 2153-2154 
drains and soft tissues, 2156-2157 
mobilization and weight bearing, 2157 
ramus fractures, 2111-2118 
sacral fractures, 2075—2076, 2089t 
signs/symptoms, 2057-2059 
treatment of 
algorithm for, 485f, 2153f, 2154f 
initial management, 2080—2088 
lumbopelvic fixation for spinopelvic disassociation, 2148-2152 
nonoperative, 2088—2089 
operative, 2089-2157 
ORIF of vertical shear fractures, 2146-2148 
percutaneous iliosacral screw fixation, 2144—2146 


Pelvis 


anatomy of, 2053 

biomechanics of, 2078 

bony anatomy of, 2077—2078 
ligamentous structures of, 2079f 
neurovascular anatomy of, 2080f 


Pelvis angiography, 484 
Penetrating spinal injuries, 2036—2041. See also Thoracolumbar spine 
fractures and dislocations 


assessment of, 2038 

bullet migration in, 2040 

CSF leakage and, 2039 
imaging of, 2038 

local toxicity and, 2039 
mechanisms of injury, 2036 
neurologic injuries and, 2039 
outcomes of, 2040 

retained bullet fragments and, 2039-2040 
spinal stability in, 2039 
systemic lead toxicity and, 2040 
treatment of, 2038-2041 


postoperative wound infection and dehiscence, 2159 
pulmonary embolism prophylaxis, 2160—2161 
symptomatic hardware, 2160 
fragility fractures, 2071—2072 
imaging of, 2059-2066 
computed tomography, 2062-2064, 2063f, 2064f 
fluoroscopic stress examination, 2064—2065, 2065f 
magnetic resonance imaging, 2065—2066 
plain radiographs, 2059-2062, 2060f, 2061f 
incidence of, 2053 
initial management of, 2080—2088 
angiography, 2082-2083 
binders/MAST, 2084—2087, 2086f 
emergent external fixation, 2087—2088, 2087f 
hemorrhage control, 2084 
pelvic bleeding, 2081-2082 
pelvic packing, 2084 
transfusion, 2082 
lower-extremity motor testing, 2059t 
mechanisms of injury, 2054 
morbidity and mortality rates, 2053 
in obese patients, 725-726 


Penfield elevators, 1930f 
Percutaneous compression plate, 2391 
Percutaneous fixation 

acetabulum fractures, 2256-2258 

antegrade, 2112-2113 

calcaneus fractures, 3023-3025 


nondisplaced/minimally displaced scaphoid fractures, 1689-1693 


dorsal approach, 1689-1690 
volar approach, 1690-1691 
ramus fractures, 2110-2113 
retrograde, 2113-2116 
sesamoid fractures, 3123 
Percutaneous pinning 
distal radius and ulna fractures, 1640-1642 
vs. external fixation, 1651 
vs. volar locked plating, 1651 
Periarticular tibia fractures, 728-732, 730f-731f, 733f 
Perikaryon, 656-657 
Perilunate dislocations/fracture—dislocations, 1709—1710. See 
also Carpal fractures 
chronic perilunate dislocations, 1729-1730 
classification of, 1709 


greater-arc injuries, 1709, 1729 
lesser-arc injuries, 1709, 1729 
lunate dislocation, 1709 
lunocapitate dislocation, 1709 
lunotriquetral disruption, 1709 
scaphoid fractures, 1709 
treatment of, 1728-1732, 1730f 
Perioperative pain management, 828-829 
intravenous pain medications, 828-829 
oral pain medications, 829 
peripheral nerve blockade, 828 
Periosteal nerve blocks, 3155 
Peripheral nerve blockade, 828 
Peripheral nerves 
anatomy of, 657, 658f 
microanatomy, 656-657 
relevant physiology, 656-657 
structure of, 656-657 
Peripheral neuropathy, 736 
Periprosthetic acetabular fractures, 2574-2582. See also Lower 
extremity fractures 
classification of, 2574-2575 
incidence of, 2575 
intraoperative, 2576 
outcomes for, 2581 
pitfalls/prevention, 2581t 
postoperative, 2576-2579, 2577f-2579f 
risk factors for, 2575 
treatment of, 2576-2581 
algorithm for, 25827 
nonoperative, 2576 
open reduction and internal fixation, 2579-2580 
operative, 2576 
Periprosthetic femur fractures about femoral resurfacing, 2582-2583 
classification of, 2583 
after hip resurfacing, 2583 
incidence of, 2582—2583 
nonoperative treatment of, 2583 
prevalence of, 2582-2583 
Periprosthetic femur fractures about hip arthroplasty, 2584—2606 
incidence of, 2585-2588 
risk factors for, 2585-2588 
treatment of, 2588—2606 
nonoperative, 2593 
open reduction and internal fixation, 2588—2597 
operative, 2593-2605 
Vancouver classification, 2583—2585, 2585f, 2586 
Vancouver type A, 2585-2586, 2588-2589 
Vancouver type B, 2586-2590 
Vancouver type C, 2586-2588, 2591-2593 
Periprosthetic femur fractures about hip arthroplasty prostheses. See 
also Lower extremity fractures 
treatment of 
algorithm for, 2606f 
revision arthroplasty, 2597—2602 
Vancouver classification 
Vancouver type A, 2602-2603 
Vancouver type B, 2603-2605 
Vancouver type C, 2603-2605 
Periprosthetic femur fractures about total knee arthroplasty, 2607— 
2625 
classification of, 2607—2608, 2607f 
incidence of, 2607—2608 
outcomes, 2622-2624 
risk factors for, 2607—2608 
treatment of, 2609-2625 
algorithm for, 2624f 
intramedullary nailing, 2615-2619 
nonoperative, 2609 
open reduction and internal fixation, 2609-2615 
operative, 2609-2624 
revision total knee arthroplasty, 2619-2621 
Periprosthetic fractures, 13-14, 319-320, 2663 
about ankle arthroplasty, 2633-2634, 2634f 
about total elbow arthroplasty, 1376-1393 
distal femur fractures, 2529-2530 
femur fractures about hip arthroplasty, 2584—2606 
humeral shaft fractures, 1331 


patella fractures, 2625—2628 
Periprosthetic fractures about total elbow arthroplasty, 1376-1393 
assessment of, 1371-1374 
associated injuries, 1377 
classification of, 1378 
complications, 1392-1393 
imaging of, 1378 
incidence of, 1371 
mechanisms of injury, 1377 
outcomes, 1378, 1391-1392 
pathoanatomy/applied anatomy of, 1379-1380 
pitfalls/prevention, 1391 
postoperative care for, 1389 
revision arthroplasty for, 1381-1387 
signs/symptoms, 1377-1378 
treatment of, 1380-1388 
algorithm for, 1388f 
nonoperative, 1380 
operative, 1381-1387 
Periprosthetic humeral fractures about shoulder arthroplasty, 1339- 
1362 
assessment of, 1343-1345 
associated injuries, 1343 
classification of, 1344—1345 
complications, 1362 
demographics of, 1340 
imaging of, 1343-1344 
incidence of, 1339, 1342 
mechanisms of injury, 1343 
outcomes, 1360-1362 
outcomes of, 1344—1345 
pathoanatomy/applied anatomy of, 1346 
pitfalls/prevention, 1359t 
postoperative care, 1359 
prevention of, 1340 
risk factors, 1339-1340 
signs/symptoms, 1343 
treatment of, 1347-1362 
algorithm for, 1358f 
fracture brace management, 1348 
nonoperative, 1347-1349 
open reduction and internal fixation, 1350-1355 
operative, 1349-1362 
outcomes, 1348-1349 
sling management, 1348 
Periprosthetic humeral fractures about total elbow arthroplasty, 1380 
Periprosthetic joint infection (PJI), 837 
Periprosthetic patella fractures, 2625-2628. See also Lower extremity 
fractures 
classification of, 2625 
incidence of, 2625 
outcomes, 2626 
pitfalls/prevention, 2626 
risk factors for, 2625 
treatment of, 2626-2628 
algorithm for, 2627f 
Periprosthetic proximal tibia fractures, 2628—2633 
about total knee arthroplasty, 2628—2630 
about unicompartmental knee arthroplasty, 2629, 2630-2631 
classification of, 2628 
incidence of, 2628—2629 
outcomes, 2632 
pitfalls/prevention, 2631-2632 
risk factors, 2628—2629 
treatment of, 2629-2632 
algorithm for, 2632f 
Periprosthetic scapular fractures about reverse shoulder 
arthroplasty, 1362—1376 
assessment of, 1365—1368 
associated injuries, 1365 
classification of, 1364—1365 
complications, 1375—1376 
imaging of, 1366—1367 
incidence of, 1364-1365 
mechanisms of injury, 1365 
outcomes, 1367-1368, 1375 
pathoanatomy/applied anatomy of, 1368 
pitfalls/prevention, 1375 


postoperative care for, 1375 
risk factors, 1363—1364 
signs/symptoms, 1365—1366 
treatment of, 1368-1375 
algorithm for, 1374f 
nonoperative, 1368—1370 
open reduction internal fixation, 1370—1373 
operative, 1370-1373 
Periprosthetic ulnar fractures about total elbow arthroplasty, 1380 
Peritrochanteric/subtrochantreric femur fractures, 726-727 
Perkins traction, 289—290 
Peroneal stenosis, 3041 
Peroneal tendon dislocation, 3041 
Peroneal tenosynovitis, 3041 
Phalangeal fractures, 3125-3132. See also Forefoot injuries 
assessment of, 3125-3128 
classification of, 3126-3128 
incidence of, 3125 
mechanisms of injury, 3125-3126 
pitfalls/prevention, 3121 
signs/symptoms, 3126 
treatment of, 3129-3131 
algorithm for, 3131f 
nonoperative, 3129 
operative, 3129, 3130f 
Phosphate, metabolism of, 100—101, 102f 
Physiologic loads 
crutch ambulation, 11—12 
lower extremity, 11 
during normal activities, 10—12 
upper extremity, 10—11 
Picture archive and communications systems (PACS), 227 
Pilon fractures, 1767, 1777-1781, 1777f. See also Middle phalanx 
fractures 
Pinhole bone scintigraphy, 224f 
Pins 
care of, 378-380, 379f, 380f 
external fixation, 377—380 
insertion of, 377, 378f 
large pin fixation, 339-344 
percutaneous, 1640-1642, 1651, 1791-1793, 1837 
pin-tract infections, 2838 
Schantz pin, 439-441 
Pipkin classification, 2281t, 2283t 
Piriformis entry nails, 2479-2482 
Pisiform, vascular supply to, 1669t 
Pisiform fractures, 1673, 1708t, 1710t. See also Carpal fractures 
Pitts, Walter, 259 
Plafond fracture, 2853. See also Tibial pilon fractures 
Plantar sensation, 602—603 
Plasticity, 8t 
Plate(s) 
antiglide, 405, 406f 
biomechanics of, 403—410 
bridge, 407—409, 409f 
buttress, 405, 406f 
compression, 404—405, 404f 
construct stiffness, 27-28 
dual, 2769-2772, 2780-2781 
failure, 420—422 
functions of, 403, 403f 
implant fatigue, 415 
implant stiffness and fatigue, 413-415 
in internal fixation, 403-410, 444-449, 446/-453f 
lateral locked, 2772-2775, 2781 
locked, 409-410, 412-413 
material properties, 415-416 
medial antiglide, 2766-2768, 2780 
neutralization, 403 
nonlocked, 409-410, 412 
for open fractures, 548 
tension band, 405-407, 407f, 408f, 409f 
Plate fixation 
clavicle fractures, 1071-1076, 1077—1081 
of displaced fractures of the lateral clavicle, 1077—1081 
extra-articular tibia fractures, 2820-2829, 2838, 2840 
femoral shaft fractures, 2466- 
2470, 2466t, 2467f, 2467t, 2468t, 2469f, 2469t, 2495 


humeral shaft fractures, 1319-1320 
for malunion, 947-948 
for nonunion repair, 892—893, 893f, 894f 
patellar fractures, 2655-2656 
subtrochanteric femur fractures, 2425—2428 
tibial pilon fractures, 2880 
tibial plateau fractures, 2754—2756 
Platelet concentrates, 71-72 
Platelet-derived growth factor, 75 
Platelet-rich plasma, 60 
Plate osteosynthesis, 1296-1305 
minimally invasive, 1305—1308 
Plate-screw constructs, biomechanics of, 412—417 
Plexus anesthesia, 3155-3156 
Pole fractures, 2647 
Polymerase chain reaction, 851 
Polymethyl methacrylate (PMMA), 774 
Popliteofibular ligament (PFL), 2692 
popliteofibular, 2692 
Porosity, 6 
Positron emission tomography (PET), 770 
osteomyelitis, 848 
Posterior C1-C2 fusion, 1951-1952 
Posterior circumflex humeral artery (PCHA), vascular supply of, 1193- 
1194 
Posterior column fractures, 2186, 2187f, 2190, 2192f, 2232- 
2234, 2243-2244 
Posterior cruciate ligament (PCL), 2693-2696, 2712-2713 
Posterior elements, 1917, 1917f 
Posterior glenohumeral instability, 1149-1158. See also Glenohumeral 
instability 
ABC classification of, 1122 
arthroscopic posterior labral (Bankart) repair, 1149-1153 
complications, 1158 
future directions, 1166 
indications/contraindications, 1149 
open posterior labral (Bankart) repair, 1153—1155 
outcomes, 1157-1158 
postoperative care for, 1157 
surgical pitfalls/preventions, 1157 
treatment algorithm for, 1156f 
Posterior hemitransverse fractures, 2190-2195, 2193f, 2246-2250 
Posterior ligaments, MRI of, 125 
Posterior malleolar fixation, 2919-2922, 2930-2935 
Posterior malleolar fractures, 2877—2879 
Posterior muscles, 1585, 1588f/-1589f 
Posterior oblique ligament (POL), 2689-2691 
Posterior pelvic screw fixation, posterior pelvic screw fixation, 2132— 
2135 
Posterior talar process fractures, 2979-2981, 2988 
Posterior tibiofibular ligaments, 2860 
Posterior wall fractures, 2186, 2186f, 2187f, 2190, 2192f, 2193f, 2228— 
2232, 2243-2245 
Posteromedial corner (PMC) ligament, 2705-2707, 2713-2714 
Posteromedial rotary instability of elbow, 1507—1514 
assessment of, 1507 
associated injuries, 1507, 1508f 
classification of, 1507 
imaging of, 1507 
mechanisms of injury, 1507 
outcome measures for, 1507 
outcomes/complications, 1513 
pathoanatomy/applied anatomy of, 1507 
signs/symptoms, 1507 
surgical pitfalls/preventions, 1512—1513 
treatment of, 1508-1514 
algorithm for, 1513f 
nonoperative, 1508-1511, 1509f-1510f 
open reduction and internal fixation, 1511-1513 
operative, 1511-1513 
Postlateral corner (PLC) ligament, 2691-2693, 2703-2704, 2708-2711 
Posttraumatic shoulder stiffness, 1268—1269 
Posttraumatic stress disorder (PTSD), 708 
Posttraumatic Stress Disorder Checklist for DSM-5 (PCL-5), 709 
Pott classification, 2900 
Predictive Salvage Index (PSI), 604 
Premature consolidation, 384—385 
Pressure, 8t 


Primary bone healing, 18—19 
Primary hyperparathyroidism (PHPT), 103-104. See also Metabolic 
bone diseases 
clinical features of, 103 
epidemiology of, 103 
investigations of, 103—104 
pathophysiology of, 103 
treatment of, 104 
Process fractures, 1040 
Procollagen, 86 
Progenitor cells, 47, 55 
Progressive dynamic loading, 36f 
Pronation abduction fractures, 2908 
Pronation adduction fractures, 2908 
Pronation external rotation fractures, 2908—2910 
Propeller flaps, 634 
Proprioception, 1126-1127 
Prospective case series, 246t 
Prospective cohort studies, 239-240, 246t 
Prostaglandins, 75 
Prosthesis 
dislocations, 2368-2369 
loosening of, 2369 
Proximal femoral fractures, incidence of, 148t 
Proximal femoral locking plates, 2391 
Proximal femoral valgus osteotomy, 2365-2366 
Proximal femur, 170-171, 171t 
Proximal forearm, 166—167, 167t 
Proximal forearm fractures 
coronoid fractures, 310 
nonoperative treatment of, 310 
olecranon fractures, 310 
proximal radial fractures, 310 
Proximal humeral fractures, 1174—1270 
assessment of, 1176—1192 
associated injuries, 1177 
classification of, 117-119, 1183-1191 
Codman classification, 1184 
historical perspective, 1183 
Mayo/Fundacion Jimenez Diaz classification, 1186 
Neer classification, 1184-1185, 1185f 
OTA/AO classification, 1185—1186 
comorbidities, 1175-1176, 1176t 
costs of, 1176 
epidemiology of, 1175-1176 
fracture categories 
disengaged neck fractures, 1190 
fracture-dislocations, 1190-1191, 1192f 
head impaction fractures, 1190-1191, 1192f 
head-splitting fractures, 1190-1191, 1191f 
isolated tuberosity fractures, 1187, 1188f 
surgical neck fractures, 1188f 
valgus impacted fractures, 1189-1190, 1191f 
varus posteromedial impaction fractures, 1187—1189, 1189f 
fracture patterns, 1186-1190, 1187t 
surgical neck fractures, 1187, 1188f 
fracture planes, 1186 
anatomic neck, 1186 
greater tuberosity, 1186 
lesser tuberosity, 1186 
surgical neck, 1186 
imaging of, 1180-1183 
bone mineral densitometry, 1183 
computed tomography, 1182, 1182f, 11837 
magnetic resonance imaging, 1182-1183 
radiographs, 1180-1182, 1180f 
ultrasound, 1183 
vascular imaging, 1183 
incidence of, 1175 
mechanisms of injury, 1176-1177 
mortality rates, 1175 
Neer classification of, 118f 
nerve injuries, 681-683 
nonoperative treatment of, 307-308, 1197—1203 
fracture displacement and stability, 1197-1198 
fracture pattern, 1197 
outcomes, 1199-1203 
patient factors, 1198-1199 


protocol, 1198-1199 
operative treatment of, 1204—1258 
closed reduction with percutaneous fixation, 1223— 
1229, 1248, 1249t 
hemiarthroplasty, 1236-1241, 1254-1258, 1255t-125/7t 
intramedullary nailing, 1219-1223, 1246-1248 
locking plate fixation, 1244-1246, 1245t 
locking plating, 1206-1219 
outcomes of, 1239-1248 
reverse shoulder arthroplasty, 1231-1236, 1250-1254, 1251t- 
1253t 
tension band fixation, 1229-1231, 1248-1250 
outcome measures for, 1192 
outcomes 
fracture patterns and, 1200-1202 
Mayo/Fundacion Jimenez Diaz classification, 1200 
Neer classification, 1199-1200 
patient-related factors, 1203 
segment displacement and, 1202—1203 
outcomes/complications, 1258—1269 
infection, 1269 
malunion, 1267—1268 
nonunion, 1262—1267 
osteonecrosis, 1258—1262 
posttraumatic shoulder stiffness, 1268-1269 
pathoanatomy/applied anatomy of, 1192—1196 
pathologic fractures, 775 
risk factors, 1175 
signs/symptoms, 1177—1179 
surgical approaches for, 1204—1205 
deltopectoral approach, 1204—1205 
superior deltoid-splitting approach, 1205-1206 
treatment of, 1197-1248 
algorithm for, 1242f 
nonoperative, 1197-1202 
operative, 1204-1258 


Proximal humerus, 164, 166f, 723 


anatomy of, 1193-1197 
muscles, 1195-1196 

nerves, 1196-1197 

parts of, 1184f 

vascularity of, 1194-1195, 1194f 


Proximal interphalangeal joint dislocations, 1782—1786. See also Hand 
fractures and dislocations 


assessment of, 1782 
associated injuries, 1782 
classification of, 1782 
dorsal dislocations, 1783 
imaging of, 1782 
mechanisms of injury, 1782 
outcome measures for, 1782 
outcomes/complications, 1786 
pathoanatomy/applied anatomy of, 1782-1783 
pitfalls/prevention, 1786t 
postoperative care for, 1785 
rotary dislocations, 1783 
signs/symptoms, 1782 
treatment of, 1783-1784 
algorithm for, 1784f 
closed reduction, 1783 
nonoperative, 1783 
open reduction, 1784 
operative, 1783-1784 
volar dislocations, 1783 


Proximal phalanx fractures, 1786-1804. See also Hand fractures and 
dislocations 


assessment of, 1786—1787 

associated injuries, 1787 

base fractures, 1801 

classification of, 1788t 

condylar fractures, 1790-1791, 1796-1798 
imaging of, 1787-1788 

mechanisms of injury, 1787 

neck fractures, 1796-1798 

outcome measures for, 1788 
outcomes/complications, 1803 
pathoanatomy/applied anatomy of, 1788 
pitfalls/prevention, 1801t 


postoperative care for, 1801 
shaft fractures, 1791—1793, 1798-1801 
signs/symptoms, 1787 
treatment of, 1788—1804 
algorithm for, 1796f 
closed reduction and percutaneous pinning, 1791-1793 
closed reduction and splinting followed by buddy taping, 1789- 
1790 
K-wire fixation, 1791 
nonoperative, 1789-1790 
open reduction and internal fixation, 1791 
open reduction internal fixation of, 1793-1795 
operative, 1790-1801 
Proximal pole scaphoid fractures, 1693-1694 
Proximal radioulnar joint, 1584-1585 
Proximal row carpectomy, 1699t 
Proximal tibia, 173, 173t 
Proximal tibia factures, periprosthetic, 2628—2633 
Proximal tibiofibular joint dislocation 
fibular shaft fractures, 2793 
tibial shaft fractures, 2793 
tibial shaft fractures and, 2793 
Proximal ulna fractures, 1514-1525 
assessment of, 1514—1515 
associated injuries, 1514 
classification of, 1514-1515 
imaging of, 1514 
incidence of, 1514 
mechanisms of injury, 1514 
Monteggia fracture-dislocations, 1552—1560 
olecranon fractures, 1514, 1543-1552 
outcome measures for, 1515 
outcomes/complications, 1523t 
pathoanatomy/applied anatomy of, 1515 
signs/symptoms, 1514 
transolecranon fracture-dislocations, 1552—1560 
treatment of, 1515-1525 
algorithm for, 15247 
nonoperative, 1515-1516 
olecranon excision/triceps advancement, 1516—1517 
olecranon plating, 1519-1521 
olecranon tension-band wiring, 1517-1518 
open reduction and internal fixation, 1521—1524 
operative, 1516—1525 
Proximal ulnar dorsal angulation (PUDA)., 1555 
Pseudoarthrosis, 881 
Pseudoclawing, 1817f 
Psychological distress, 707 
Psychosocial aspects of recovery, 705-712 
assessing experience of injury, 709-710 
controversies, 712 
effect of trauma on surgeon, 711-712 
burnout, 712 
future directions, 712 
programs and resources, 710-711 
specific psychological issues, 707 
anxiety, 707-708 
catastrophic thinking, 708 
depression, 707—708 
isolation, 707 
loneliness, 707 
opioid misuse, 707 
posttraumatic stress disorder, 708 
psychological distress, 707 
stressful life alterations with injury, 708-709 
surgeon’s compassion and, 710 
Pulmonary anatomy, 1852—1855 
Pulmonary contusions, 1857—1858, 1857f, 18587, 1862 
Pulmonary embolism, 2160—2161, 2369-2370 
investigations for, 809 
prediction scores, 808t 
Pulmonary injuries, 477 
Pulsed electromagnetic field stimulation (PEMF), 77, 890 
Pulse sequence, 203 
p value, 243—244 
Pyrocarbon, 1541 


Q 
QuickDASH scoring system, 1287t, 1636 


R 
Radial forearm flap, 645 
Radial head and neck fractures, 1530—1543 
assessment of, 1530—1532 
associated injuries, 1530 
classification of, 1531, 1531t 
complications, 1542—1543 
epidemiology of, 1530 
imaging of, 1531 
incidence of, 1530 
mechanisms of injury, 1530 
outcome measures for, 1531—1532 
outcomes, 1541—1542 
pathoanatomy/applied anatomy of, 1532 
pitfalls/prevention, 1540t 
postoperative care for, 1540 
signs/symptoms, 1530—1531 
treatment of, 1532—1538 
algorithm for, 1538f 
fragment removal or radial head excision, 1534, 1541 
nonoperative, 1532—1533 
open reduction and internal fixation, 1534—1536, 1541 
operative, 1533—1538 
radial head arthroplasty, 1537—1538, 1541-1542 
Radial head arthroplasty, 1493—1496, 1537—1538, 1541—1542 
Radial head fractures, 1484—1499 
assessment of, 1484—1485 
associated injuries, 1485 
classification of, 1485 
imaging of, 1485 
incidence of, 1484 
mechanisms of injury, 1484—1485 
outcome measures for, 1485 
outcomes/complications, 1496—1497, 1497 f—1498f 
pathoanatomy/applied anatomy of, 1485, 1486f 
signs/symptoms, 1485 
treatment of, 1486—1496 
algorithm for, 1498f 
arthroscopic excision of radial head fragments, 1488—1489 
nonoperative, 1475—1477, 1486—1487 
open radial head excision, 1489—1490 
open reduction and internal fixation, 1491—1493 
operative, 1487—1496 
radial head arthroplasty, 1493—1496 
Radial nerve, 1411—1412, 1413f, 1589 
Radical innovation, 261 
Radiocarpal instability, 1732—1735 
assessment of, 1732—1733 
classification of, 1733, 1733t 
imaging of, 1733, 1734f 
pearls/pitfalls, 1735 
signs/symptoms, 1732—1733 
treatment of, 1733—1735 
Radiography, 194—197 
acetabulum fractures, 2178—2179, 2179f, 2180f—-2181f, 2181t 
acromioclavicular joint injuries, 966 
ankle fractures, 2911, 2911f, 2912f, 2912t 
applications, 195—197 
calcaneus fractures, 3014—3015 
carpal fractures, 1674—1676, 1674f—1677f 
of cervical spine injuries, 1908—1912, 1909f—1912f 
chest wall injuries, 1859, 1860f 
conventional, 194—195 
digital radiography, 195 
distal radius and ulna fractures, 1631—1633, 1632f, 1633f 
femoral neck fractures, 2328, 2328f 
of glenohumeral instability, 1111-1114, 1112f—1115f 
knee dislocations, 2684—2685, 2684f, 2685f 
of malunion, 927—932 
of nonunion, 882-884, 883f/-885f 
osteomyelitis, 844 
overview, 194 
patellar fractures, 2643-2645, 2644f 
of pathologic fractures, 768-769, 769f 
scaphoid fractures, 1682, 1682t 
of scapular fractures, 1018 
of spine trauma, 1888 
sternoclavicular joint injuries, 966-969, 967f-970f 


talar fractures, 2958 
Radionucleotides, 783 
Radioulnar synostosis, 1623-1624 
Radius, anatomy of, 1583-1584 
Rafting crews, 2754 
Raloxifene, 94 
Ramus fractures, 2111-2118, 2153 
antegrade percutaneous screw fixation of, 2112-2113 
open reduction internal fixation of, 2112 
outcomes, 2117-2118 
pitfalls/prevention, 2116t 
postoperative care for, 2116-2117 
retrograde percutaneous screw fixation, 2113-2116 
stabilization of, 2111-2118 
Randomized trials, 237—238, 246t, 249t 
Reamed intramedullary nailing, 396—398 
Reamer-irrigator-aspirator (RIA), 66, 905-907, 907f 
Receptor activator of nuclear factor kappa B (RANK), 87 
Recombinant proteins, 908 
Recovery, psychosocial aspects of, 705-712 
assessing experience of injury, 709-710 
controversies, 712 
effect of trauma on surgeon, 711-712 
moral injury, 712 
future directions, 712 
programs and resources, 710-711 
specific psychological issues, 707 
anxiety, 707-708 
catastrophic thinking, 708 
depression, 707—708 
isolation, 707 
loneliness, 707 
opioid misuse, 707 
posttraumatic stress disorder, 708 
psychological distress, 707 
Recreational substance abuse, 488 
Rectal injuries, 479-480 
Rectus abdominis muscle flap, 647-649 
Reduction 
direct fracture manipulation, 440—441 
of displaced femoral neck fractures, 2348—2352 
fracture compression, 432—433 
fracture distraction and lengthening, 433—441 
implant-aided, 443-463 
of odontoid fractures, 1949 
of tarsal navicular fractures, 3059-3063 
Refracture, 384-385, 1093 
extensor mechanism injuries, 2676 
femoral shaft fractures, 2513 
Regional anesthesia, 1863-1864, 1864f, 3150-3158 
epidural anesthesia, 3156 
intravenous, 3154—3155 
local anesthetics, 3150—3153 
nerve blocks, 3154—3156 
spinal anesthesia, 3156 
Regional flaps, 632-637 
Rehabilitation, 1656 
Reinforcement learning, 261—262 
Relative risk (RR), 244t 
Relative risk reduction (RRR), 244t 
Reliability of classification, 116 
Renal injuries, 478 
Reperfusion injury, 576-577 
Rerupture, extensor mechanism injuries, 2676 
Resection arthroplasty, for nonunion treatment, 901—902 
Resuscitation, of multiply injured patients, 473 
Resuscitative endovascular balloon occlusion of the aorta 
(REBOA), 473-474 
Retained bullet fragments, 2039—2040 
Retrograde nailing 
versus antegrade humeral nailing, 1320-1321 
distal femur fractures, 2554—2561 
femoral shaft fractures, 2485—2492, 2497-2498 
humeral shaft fractures, 1314-1317 
outcomes, 1317 
pitfalls/prevention, 1317 
positioning, 1314, 1315f 
postoperative care, 1315-1317 


preoperative planning, 1314 
surgical approach, 1315 
technique, 1315 
Retrograde percutaneous screw fixation, of ramus fractures, 2113- 
2116 
Retrospective case series, 240, 246t 
Reversed sural artery flap, 635 
Reverse shoulder arthroplasty 
pitfalls/prevention, 1235—1236 
positioning for, 1232 
preoperative planning, 1232 
for proximal humeral fractures, 1231-1236, 1250-1254, 1251t- 
1253t 
proximal humeral fractures, 1265-1267 
surgical approach, 1232-1233 
technique, 1233-1235 
closure, 1235 
glenoid preparation and implantation, 1233 
head removal and tuberosity control, 1233 
humeral component preparation and implantation, 1233—1235 
tuberosity reconstruction, 1235 
Revised AO thoracolumbar spine classification, 2005— 
2006, 2007f, 2008f, 2008t 
Revision hip arthroplasty, 2597—2602 
outcomes, 2603-2605 
pitfalls/prevention, 2602 
positioning for, 2597 
postoperative care for, 2602 
preoperative planning, 2597 
surgical approaches for, 2598—2602 
Vancouver type A periprosthetic femur fractures, 2602—2603 
Vancouver type B and C periprosthetic femur fractures, 2603—2605 
Revision shoulder arthroplasty, 1355-1358 
positioning, 1356 
preoperative planning, 1356 
surgical approach, 1356—1357 
techniques of, 1357-1358 
Revision total elbow arthroplasty 
ORIF, 1385-1386 
for periprosthetic fractures, 1381-1387 
positioning, 1383-1384 
preoperative planning, 1381-1383 
surgical approaches, 1384—1385 
surgical steps, 1386 
Revision total knee arthroplasty 
pitfalls/prevention, 2621t 
postoperative care for, 2621 
preoperative planning, 2620 
for prosthetic femur fractures about total knee arthroplasty, 2619-— 
2621 
technique, 2621 
Rheumatoid arthritis, 2359-2360 
Rib anatomy, 1853f 
Rib fractures 
clavicle fractures and, 1082 
pathoanatomy of, 1855 
surgical fixation of, 1867-1875 
Ribs, nonunion, 1044 
Rickets, 100—103. See also Metabolic bone diseases 
causes of, 101t 
Clinical features of, 101 
epidemiology of, 100 
investigations of, 101—103 
management of, 103 
pathophysiology of, 100—101 
Rifles, 509 
Right ankle joint, osseous anatomy of, 2860f 
Rim avulsion fractures, 2746 
Rim compression fractures, 2746 
Ring fixators, 2830, 2841 
Risedronate, 92 
Robinson classification, 1059f 
Roentgen, Wilhelm Conrad, 114 
Romosozumab (Evenity), 93 
Ropivacaine, 3151t-3152t 
Roseblatt, Frank, 260 
Rotational ankle fractures, 732 
Rotational deformity 


in femoral shaft fractures, 2508—2511 
malunion treatment, 935 
Rotational thromboelastometry (ROTEM), 504 
Rotator cuff musculature, 1126, 1126f 
Rotator interval, 1124—1125 
Roy-Camille technique, 1932f 
Ruedi-Allgower classification, 2857, 2858f 
Ruffled border, 86 
Rule of squares, 123f 
Russe classification, 1684 
Russel-Taylor classification, 2415f 
S 
Sacral fractures 
classification of, 2075—2076 
percutaneous iliosacral screw fixation of, 2144-2146, 2154 
stress fractures, 754 
Sacroiliac joint dislocation 
iliosacral screw fixation for, 2135—2137, 2154 
open reduction internal fixation of, 2138-2144, 2154 
Sagittal atlantoaxial instability without fracture (C1-C2), 1945- 
1947. See also Cervical spine fractures and dislocations 
assessment of, 1945 
classification of, 1945 
diagnosis of, 1945 
mechanisms of injury, 1945 
treatment of 
nonoperative, 1945-1946 
operative, 1946-1947 
posterior stabilization, 1946-1947 
Salvage, limb. See also Mangled extremity 
versus amputation, 486, 534—536 
in open fractures, 534—536 
Sample size, 248-249 
Samuel, Arthur, 127—128 
Sanders classification, 119-120, 121f, 3016-3019, 3016f, 3018f 
Scaphoid 
cast, 295-296, 295f 
reduction and association of, 1719 
replacement, 1699t 
vascular supply to, 16691, 1680f 
Scaphoid fractures, 1679-1707. See also Carpal fractures 
assessment of, 1680—1686 
associated injuries, 1680—1681 
casts for, 295-296, 295f 
classification of, 1684—1686 


displacement and instability of, 1684-1686, 1685f, 1689-1691 


historical accounts of, 1679 

imaging of, 1682—1684, 1684t 
bone scintigraphy, 1682 
computed tomography, 1682-1683, 1688f 
current practices in, 1683-1684 
magnetic resonance imaging, 1683-1684 
radiography, 1682, 1682t 
ultrasonography, 1682 

malunion, 1696—1697 

mechanisms of injury, 1680 


nondisplaced/minimally displaced fractures, 1687—1689, 1694— 


1695 
nonunion, 1697—1703 

arthroscopy, 1699-1700-40 

avascular necrosis, 1699-1702 

bone grafts, 1699-1700 

fixation, 1699-1700 

mechanical malalignment, 1699—1702 
outcomes/complications, 1696—1703 
pathoanatomy/applied anatomy of, 1679—1680 
pearls/pitfalls, 1704 
proximal pole, 1693-1694, 1696 
signs/symptoms, 1681-1682, 1681t 
suspected, 1686, 1694 
treatment of, 1686—1696 

algorithm for, 1695f 

arthroscopy-assisted reduction and fixation, 1693 

nonoperative, 1686—1687 

open reduction and internal fixation, 1693 

operative, 1687-1694 
tubercle fractures, 1686, 1694 
unstable/displaced fractures, 1689, 1695-1696 


percutaneous fixation, 1689-1693 


Scapholunate dissociation, 1710-1723 


acute, 1715-1717, 1721-1722 
assessment of, 1710-1714 
chronic, 1718-1721, 1722 
classification of, 1713-1714, 1713t-1714t 
imaging of, 1711-1712, 1711f-1712f 
mechanisms of injury, 1710 
outcome measures for, 1714 
outcomes/complications, 1723 
pearls/pitfalls, 1723 
signs/symptoms, 1711 
subacute, 1717—1718 
treatment of, 1714-1722, 1715t 
nonoperative, 1714 
operative, 1714-1721 
without arthritis, 1718 
wrist fusion, 1721 


Scapholunate ligament axis method (SLAM), 1718 
Scaphotrapeziotrapezoidal (STT) fusion, 1716-1717 
Scapula, 164, 165t 


anatomy of, 1013-1015 

architecture, 1013-1014 

biomechanical bodies of, 1014 

blood vessels of, 1015 

muscles of, 1014-1015 

nerves of, 1015, 1015f 

superior shoulder suspensory complex, 1014, 1015f 


Scapular fasciocutaneous flap, 652, 652/-653f 
Scapular flap, 645 
Scapular fractures, 1013—1045 


assessment of, 1015—1026 
associated injuries, 1016—1017 
body fractures, 1026, 1040 
classification of, 1020—1029 
anatomic 3D CT classification, 1022 
Ideberg—Goss classification, 1020 
OTA/AO classification, 1020, 1022 
complex, 1028—1029, 1040-1041 
complications, 1044-1045 
injury to suprascapular nerve, 1044 
malunion, 1044 
nonoperative, 1044 
nonunion, 1044 
operative, 1044-1045 
rib nonunion, 1044 
fractures of processes or angles, 1026—1028 
fractures of the borders of scapular body, 1021—1022 
glenoid fractures, 1022—1023, 1038 
imaging of, 1017—1020, 1017f 
angulation, 1019 
computed tomography, 1018 
glenopolar angle, 1019-1020 
medialization, 1019 
radiology, 1018 
incidence of, 1013 
injury patterns, 1041-1044 
floating shoulder, 1041-1043 
scapulothoracic dissociation, 1043—1044 
mechanisms of injury, 1015-1016 
direct blow, 1016 
humeral head dislocation, 1016 
humeral head’s impact, 1016 
muscle contracture, 1016 
trauma energy intensity, 1016 
neck fractures, 1023-1026, 1039 
nonoperative treatment of, 305-306 
outcome measurements for, 1029 
pathologic fractures, 775 
process fractures, 1040 
radiologic diagnosis of, 1017 
signs/symptoms, 1017 
surgical approaches for, 1030—1037 
arthroscopically assisted operations, 1036—1037 
deltopectoral approach, 1034 
Dupont-Evard posterolateral approach, 1034 
implants, 1034 
Judet posterior approach, 1031—1033 


limited approaches, 1034 
posterosuperior approach, 1033—1034 
reduction and fixation, 1034—1036 
treatment of, 1029-1041 
algorithm for, 10387 
nonoperative, 1030 
operative, 1030—1037 
outcomes, 1037 
postoperative care, 1036-1037 
types of, 1023t 
Scapular swinging, 1093-1094 
Scapular Y view, 1113, 1113f 
Scapulothoracic dissociation, 964, 1043-1044 
Schantz pin, 439, 441 
Schatzker, Joseph, 114 
Schatzker classification, 114, 2737-2740, 2737f 


type II: cleavage combined with articular depression, 2737, 2739f 


type Ill: pure depression pattern, 2737, 2739f 

type l: pure cleavage pattern, 2737, 2738f 

type IV: fracture of medial condyle, 2737-2738, 2740f 
type V: bicondylar tibial plateau fractures, 2738, 2741f 


type VI: fracture of tibial plateau with dissociation of metaphysis 


and diaphysis, 2739, 2741f 
Schwann cells, 656-657 
Sciatic nerve, 2288f 
dysfunction, 2321 
Sclerostin, 49 
Scott parabola, 259f 
Screw(s) 
biomechanics of, 403-410 
cancellous, 400—401 
cannulation, 401-402 
critical, 400-401 
function and design, 399—400 


iliosacral screw fixation, 2135-2137, 2144-2146, 2156-2157 


implant fatigue, 415 
implant stiffness and fatigue, 413-415 
for internal fixation, 399-403, 443-444, 445f 
lag, 401 
locking, 402—403, 402f, 409-410, 412-413 
for malunion, 947-948 
material properties, 415-416 
nomenclature of, 400f 
nonlocked, 409-410, 412 
for nonunion repair, 892—893, 893f, 894f 
screw-bone interface failure, 417—422 
driver interface, 418 
failure by cyclic loading, 419 
late screw loosening, 418-419 
locking constructs, 422 
plate failure, 420—422 
plate failure through a screw hole, 422 
screw breakage during insertion, 417 
screw failure, 419—420 
stripping during insertion, 418 
for simple elbow dislocations, 1481 
threads, 401f 
for tibial plateau fractures, 2754—2756 
Second echo, 210 
Second moment of inertia, 8t 
Segmental bone loss, 911 
Selective estrogen receptor modulators (SERMs), 94 
Selective serotonin reuptake inhibitors (SSRIs), 90 
Sepsis, 2405 
Septic arthritis, 837 
tibial plateau fractures and, 2783 
Septic nonunion, 917 
Septic shock, 472 
Serratus anterior (SA) muscle flaps, 646, 648f 
Serum tests, 851 
Sesamoidectomy, 3123-3124 
Sesamoid fractures, 3121-3125. See also Forefoot injuries 
assessment of, 3121-3122 
classification of, 3121-3122 
imaging of, 3121 
incidence of, 3121 
mechanisms of injury, 3121 
outcomes/complications, 3125 


pathoanatomy/applied anatomy of, 3121 
postoperative care for, 3125 
signs/symptoms, 3121 
stress fractures, 760 
treatment of, 3122-3125 
algorithm for, 3124f 
nonoperative, 3122 
operative, 3122-3124 
percutaneous screw fixation, 3123 
sesamoidectomy, 3123-3124 
Shaft fractures, 1747, 1747f 
Shannon, Claude, 260 
Shock 
cardiogenic, 471 
hypovolemic, 471 
in multiply injured patients, 471-472 
neurogenic, 471—472 
septic, 472 
Shoehorn technique, 4427 
Short Form Health Survey (SF-12), 2802 
Short Form Health Survey (SF-36), 2802 
Short Musculoskeletal Form Assessment (SMFA), 2802 
Shotguns, 508-509, 508f, 509f 
Shoulder arthroplasty 
periprosthetic fractures and, 1339-1362 
periprosthetic scapular fractures and, 1362—1376 
reverse, 1362—1376 
revision, 1355—1358 
Shoulder dislocations, 179-180, 681-683 
Sickness Impact Profile (SIP), 2802 
Signaling pathways, 48—49 
bone morphogenetic proteins, 48 
fibroblast growth factors, 48—49 
hedgehog signaling, 49 
notch signaling, 48 
transforming growth factor-B, 48 
Wnt signaling, 49 
Simple elbow dislocations, 1473-1484 
assessment of, 1473-1475 
associated injuries, 1474 
classification of, 1475 
epidemiology of, 180 
imaging of, 1475 
incidence of, 1473 
mechanisms of injury, 1473-1474, 1474f 
nerve injuries, 684 
outcome measures for, 1475 
outcomes/complications, 1483t 
pathoanatomy/applied anatomy of, 1475 
signs/symptoms, 1474-1475 
surgical pitfalls/preventions, 1483, 1483t 
treatment of, 1475-1483 
algorithm for, 1484f 
open reduction and internal fixation, 1479-1481 
operative, 1477-1483 
Single photon emission computed tomography (SPECT), 748 
Skeletal injuries, 506-507 
venous thromboembolism and, 791—812 
Skeletal repair 
electrical stimulation in, 77 
extracorporeal shock wave therapy, 78 
low-intensity pulsed ultrasound in, 77—78 
physical enhancement of, 77-78 
Skeletal scintigraphy, 221—222 
Skeleton, 86 
Skin graft, 631-632 
full-thickness, 632f 
split-thickness, 632f 
Slice encoding metal artifact correction (SEMAC), 211 
Sliding hip screw, 2389, 2390f, 2400-2402 
Slings, 302-303, 1290 
Small fragment injuries, 505 
Small-wire circular frame fixation, 356—360, 365f, 366f 
components, 357 
hybrid fixators, 360-361, 361f 
limb positioning, 359, 360f 
ring diameter, 358-359 
wires, 353f, 357—358 


connecting bolts, 359-360 
orientation, 359, 359f 
tension, 358 
Small wire external fixation, 371-373, 372f-373f 
Smith fracture, 1634 
Smith-Petersen or Hueter interval, 2304-2305, 2316t-2317t, 2345 
Smoking, 89, 876 
ankle fractures and, 2942 
mangled extremity and, 608 
S-N (stress-life) curve, 3 
Snowboarding injuries, 2277 
Social deprivation, 90 
Soft tissue coverage, 628-653, 640/64 1f 
assessment and treatment model for, 628-629 
decision-making considerations in, 630 
free flaps for lower limb reconstruction, 643-652, 644t 
fasciocutaneous free flaps, 643-646 
muscle free flaps, 646-649 
vascularized bone flaps, 649-652 
free tissue transfer (free flap surgery), 642-643 
operating environment, 642-643 
patient preparation, 642 
postoperative care, 643 
postoperative environment, 643 
rehabilitation, 643 
surgical plan, 642 
high-energy fractures and, 630 
incidence of, 630 
initial management of, 629-630 
mangled extremity, 612-613 
reconstructive ladder, 630-637 
direct closure, 631 
local and regional flaps, 632-637 
local and regional muscle flaps, 637-639 
skin graft, 631-632 
supportive measures, 630-631, 631f 
Soft tissue injuries 
in closed fractures, 124—125 
humeral shaft fractures and, 1286 
MRI of, 215-216 
in open fractures, 126—127 
reconstruction, 507—508 
ultrasonography of, 220 
wartime injuries, 505 
Soleus flaps, 639 
Somatic Symptoms Inventory (SSI), 709 
Sonication, 851-852 
Sorbie-Questor, 1454f 
SPECT. See Single photon emission computed tomography (SPECT) 
Spinal anesthesia, 3156 
Spinal canal, 1917-1918 
Spinal canal compromise, 1917—1918, 1918f 
Spinal casts, 297 
Spinal cord 
anatomy of, 1918-1919, 1987-1988 
blood supply, 1919 
cross section of, 1918f 
lumbosacral region (L3-S1), 1988 
thoracic region (T2-T10), 1987—1988 
thoracolumbar region (T11-L2), 1988 
Spinal cord injury 
mechanics of, 1895—1896 
pathophysiology of, 1895—1896 
venous thromboembolism and, 793 
without instability in, 1978-1980 
Spinal deformity, 2043, 2044f/-2045f 
Spinal fractures, 169-170, 170t 
pathologic fractures, 780-782 
Spinal injuries 
ASA impairment scale, 483t 
management of, 483-484 
noncontiguous, 1893 
thoracolumbar, 1893 
Spinal instrumented fusion, 2035—2036 
Spinal pillar fractures, 1026 
Spinal shock, 1887t, 1888 
Spinal traction, 290-292 
for cervical spine fractures, 290—291 


complications, 291 
cranial tongs, 290-291 
halo-body fixation, 291 
halo rings, 291, 291f 
for thoracolumbar spine fractures, 291—292 
Spin-echo imaging, 210 
Spine trauma, 1884—1897 
advanced trauma life support, 1886 
assessment of, 1885—1888 
associated injuries, 1893—1894 
blunt cerebrovascular injury, 1893—1894 
thoracolumbar and noncontiguous spine injuries, 1893 
blunt cerebrovascular injury, 1893—1894 
emergency room care, 1886 
epidemiology of, 1884—1885 
field assessment and stabilization of, 1885—1886 
field responders, 1885 
immobilization, 1885-1886 
financial burden of, 1885 
functional burden of, 1885 
in geriatric patients, 1896-1897, 1898f 
imaging of, 1888 
computed tomography, 1888 
magnetic resonance imaging, 1888 
plain radiography, 1888 
incidence of, 1884-1885 
mechanics of spinal cord injury, 1895-1896 
multisystem, 1893-1894 
neurogenic shock in, 1886 
pathophysiology of spinal cord injury, 1895-1896 
secondary survey, 1886—1888 
spinal shock determination, 1887t, 1888 
spine-focused physical examination, 1886—1888, 18877 
treatment of, 1888—1893 
algorithm for, 1890f, 1895f, 1898f 
cervical spine clearance, 1889-1893 
emerging and experimental therapies, 1889 
methylprednisolone, 1888—1889 
nonoperative, 1888-1889 
Spinopelvic dissociation, lumbopelvic fixation for, 2148-2152 
Spiral fractures, 9 
Splenic injuries, 478 
Splints, 303-304, 1745-1746. See also Casts 
carpometacarpal joint dislocations, 1835—1836 
metacarpal fractures, 1820 
proximal phalanx fractures, 1789-1790 
Spondylolysis, 754 
Spondylolytic spine 
cervical injuries of, 1978 
spinal cord injury without instability in, 1978-1980 
stress fractures and, 754 
Spontaneous fractures, 162 
Sports injuries, 160 
SPRINT trial, 247 
Stability, 8t 
Stader, Otto, 331 
Stanmore classification, 1121-1122, 1121f 
Static interlocking, 398-399 
Static loading, 36f 
Static stabilizers, 1123-1124 
articular geometry and concavity, 1123, 1123-1124 
capsule and glenohumeral ligaments, 1124 
glenoid labrum, 1124 
inferior glenohumeral ligament, 1125-1126, 1125f 
middle glenohumeral ligament, 1125, 1125f 
rotator interval, 1124—1125 
superior glenohumeral ligament, 1124—1125, 1125f 
Statins, 76-77 
Statistical significance, 243-244 
Statistics 
ANOVA, 245 
continuous data, 245 
correlation coefficients, 246 
descriptive, 243-245 
dichotomous data, 245 
hypothesis testing, 243-244 
measures of central tendency, 244 
nonparametric tests, 244 


p value, 243—244 
statistical significance, 243—244 
Student’s t-test, 244 
Steinmann, Fritz, 329-330 
Steinmann pins, 441 
Stellate fractures, 2646, 2647 
Stem cells 
adipose-derived, 60 
autologous, 60 
Sternoclavicular dislocations, 180 
Sternoclavicular joint 
anatomy of, 980—982, 981f 
capsular ligament, 982 
costoclavicular ligament, 980-982 
interclavicular ligament, 982 
intra-articular disc ligament, 981 
range of motion of, 982 
variation of inclination, 979f 
Sternoclavicular joint injuries, 959-1007. See also Acromioclavicular 
joint injuries 
acute posterior physeal injuries of medial clavicle, 987-988 
algorithm for treatment of, 1004f 
assessment of, 960-978 
associated injuries, 962-964 
brachial plexus abnormalities, 963 
coracoclavicular ossification, 963 
fractures in, 963 
glenohumeral intra-articular pathology, 962—963 
osteolysis of distal clavicle, 963 
scapulothoracic dissociation, 964 
chronic dislocations, 987 
chronic posterior physeal injuries of medial clavicle, 988 
classification of, 975-978 
anatomic, 976 
atraumatic problems, 976-978 
joint injury, 978 
physeal injury, 978 
traumatic injuries, 978 
clinical presentation/history of, 964—965 
closed reduction of dislocation, 986—988 
abduction traction technique, 986 
adduction traction technique (Buckerfield-Castle), 987 
direct reduction with towel clip, 987 
complications, 1007 
historical accounts of, 960 
imaging of, 966-971 
computed tomography, 969 
CT angiography, 971-972 
magnetic resonance imaging, 969-971, 971f 
radiography, 966-969, 967/-970f 
ultrasonography, 971 
mechanisms of injury, 960—962, 960/-962f 
nonoperative treatment of, 984-988 
operative treatment of, 998—1004 
acute repair of posterior dislocation, 1000 
acute repair with medial clavicle resection, 1001—1002 
reconstruction of figure-of-eight tendon graft, 1002, 1003f 
resection of medial end of clavicle, 1000 
surgical repair of scapuloclavicular joint, 1000 
pathoanatomy/applied anatomy of, 980-982 
physical examination, 965—966 
pitfalls/prevention, 1004 
postoperative care, 1004 
signs/symptoms, 964—966 
surgical techniques for, 999t 
Stewart and Milford classification, 2281t 
Stiffness, 8t 
Strain, 8t 
Strain theory, 410f 
Strength, 8t 
ultimate, 8t 
yield, 8t 
Stress, 8t, 706 
Stress fractures, 162, 744-761 
bone mineral density and, 746 
caloric insufficiency and, 745-746 
classification/grading of, 749, 749t 
clinical presentation, 747—748 


diagnosis of, 747—749 
fatigue fractures, 320 
femoral neck fractures, 2360 
of femur, 754-756 
of foot, 758-760 
high- vs. low-risk, 749-751 
historical perspectives on, 744 
imaging of, 748-749 
insufficiency fractures, 320 
Kaeding-Miller types, 750t 
knee and lower leg, 756-758 
lower-extremity, 754-756 
male endurance athlete triad and, 746 
management of, 751-752 
metatarsal, 759-760 
neuromuscular hypothesis, 745 
pathophysiology of, 744-745 
pelvic, 754 
prevention of, 760 
return to sports participation, 751, 752 
risk factors, 745-747 
sacral, 754 
treatment of, 753f, 760—761 
upper-extremity, 752-754 
vertebral, 754 
vitamin D insufficiency and, 746 
vs. insufficiency fracture, 747 
Stress radiography, 2685-2687, 2686f 
Stress riser fractures 
end screw fractures, 14-15 
hardware removal and fracture risk, 15 
interprosthetic fractures, 14 
periprosthetic fractures, 13-14 
Stress risers, 411-412, 411f 
Structural properties, 5-6 
Stryker notch view, 966, 968f, 1113, 1114f 
Student’s t-test, 245 
Study designs, 237-241 
case-control studies, 240 
categorization of, 235f 
common errors in, 2 
expertise-based randomized trial, 238 
FAITH trial, 241 
observational studies, 238—239 
prospective cohort study, 239-240 
randomized trial, 237—238 
retrospective case series, 240 
Study power, 248—249 
Subaxial cervical fractures/dislocations (C3-C7), 1957—1981. See 
also Cervical spine fractures and dislocations 
anterior tension band disruption, 1961—1962 
assessment of, 1957—1963 
classification of, 1957-1962 
descriptive, 1961-1962 
mechanistic, 1957—1960 
scoring systems, 1960—1961 
compressive extension, 1958, 1959f 
compressive flexion, 1957-1958 
distractive extension, 1958-1959, 1960f 
distractive flexion, 1958, 1959f 
facet injuries, 1961 
failure of spinal fractures in, 1962-1963 
lamina fractures, 1961 
lateral flexion, 1959-1960 
mechanisms of injury, 1962—1963 
pedicle fractures, 1961 
scoring systems for, 1960—1961 
AO Spine Subaxial Cervical Spine Injury Classification 
System, 1961 
Cervical Injury Severity Score, 1960 
Subaxial Cervical Injury Classification (SLIC), 1960 
structural injury and pathomechanics, 1962 
treatment of, 1963-1976 
anterior tension band injuries, 1977—1978, 1977f 
burst fractures, 1965—1967, 1966f 
C7 spinous process (clay-shoveler’s fractures), 1981 
cervical injuries of ankylosed and spondylotic spine, 1978 
compression fractures, 1963-1965, 1964f 


facet dislocations, 1973-1976, 1974f 
facet fractures without dislocation, 1970-1973, 1972f 
flexion-type teardrop fractures, 1967—1970, 1970f 
gunshot wounds to cervical spine, 1980-1981 
lamina fractures, 1977 
pedicle fractures, 1977 
spinal cord injury without instability in spondylotic spine, 1978— 
1980 
vertebral artery injury in association with cervical trauma, 1981 
vertebral body fractures, 1961 
vertical compression, 1958, 1958f 
Subaxial Cervical Injury Classification (SLIC), 1960 
Subgroup analysis, 247—248 
Subtalar arthritis, 3041-3042 
Subtrochanteric femur fractures, 2412-2432. See also Femur fractures 
assessment of, 2413-2416 
associated injuries, 2413 
classification of, 2414, 2415f 
complications, 2428-2431 
infection, 2429-2430 
malunion, 2428 
nonunion, 2428-2429 
imaging of, 2413 
mechanisms of injury, 2413 
outcome measures for, 2416 
pathoanatomy/applied anatomy of, 2416 
radiographic evaluation of, 2413, 2414f, 2417f 
signs/symptoms, 2413 
treatment of, 2417-2428 
algorithm for, 2427f 
intramedullary nailing, 2418-2425, 2427-2428 
nonoperative, 2417 
open reduction internal fixation of, 2418—2425, 2427-2428 
operative, 2417-2427 
outcomes, 2428 
plating, 2425-2428 
Subtrochanteric fractures, pathologic fractures, 779 
Su classification, 2607f 
Suicide bombings, 504 
Sunderland classification, 663 
Superficial circumflex iliac artery perforator (SCIP) flap, 645-646, 647f 
Superior angle, fractures of, 1028 
Superior glenohumeral ligament, 1124-1125, 1125f 
Superior shoulder suspensory complex (SSSC), 1014, 1015f 
Supervised learning, 261 
Supination adduction fractures, 2908, 2909f 
Supination external rotation fractures, 2906—2908, 2908f 
Support strapping, 302-303 
Supraclavicular brachial plexus, 677-681 
Supracondylar femur, 728, 729f 
pathologic fractures of, 780 
Suprascapular nerve, 1044 
Sural neurocutaneous flap, 635 
Surgical neck fractures, 1025, 1186-1187, 1188f, 1197, 1210, 1225- 
1227, 1243 
Surgical Rounds for Orthopaedics, 113 
Surgical site infections (SSI), 836-837 
Sustaining innovation, 260 
Swathe, 1292 
Swelling, 578 
Symphysis pubis, 2104-2111, 2153 
Symptomatic hardware, tibia shaft fractures, 2845 
Symptomatic retained hardware, 2676 
Syndesmotic injuries, 732, 2922—2924 
Syndesmotic stabilization, 2935—2937 
Synostosis, for nonunion treatment, 903 
Synthetic polymers, 855 
I 


Talar body fractures, 2954. See also Talus fractures 
algorithm for treatment of, 2978f 
indications/contraindications, 2975 
operative treatment of, 2975-2977 
outcomes, 2987 
positioning in, 2976 
preoperative planning, 2975-2976 
surgical approach for, 2975 

Talar head fractures, 2954. See also Talus fractures 
indications/contraindications, 2978 


operative treatment of, 2978-2979 
outcomes, 2988 
preoperative planning, 2978 
surgical approach, 2978 
surgical techniques for, 2978-2979 
Talar neck fractures, 2953-2954. See also Talus fractures 
algorithm for treatment of, 2975f 
delayed union and nonunion of, 2991—2992 
malunion of, 2992 
operative treatment of, 2967—2975 
open reduction and internal fixation, 2969-2974 
outcomes, 2988 
Talar process fractures, 2954—2955 
lateral, 2981-2983, 2989 
posterior, 2979-2981, 2988 
Talus, 175, 175t 
anatomy of, 2964—2965 
blood supply to, 2965 
posterior surface of, 2964 
superior and inferior views of, 2965f 
superior and medial view of, 2964f 
treatment of, 2965—2986 
closed reduction, 2967 
nonoperative, 2966—2967 
vascular anatomy of, 2966f 
Talus dislocations, 44—49, 2998-3003 
assessment of, 2998—2999 
imaging of, 45-47, 46f—47f, 2999, 3000#-3001f 
incidence of, 2998 
outcomes, 49, 3003 
pathomechanics of, 2998-2999 
signs/symptoms, 45, 2999 
treatment of, 47-49, 3001-3003 
closed reduction, 3001-3002 
nonoperative, 47—48 
operative, 47-49, 3002-3003 
Talus fractures, 2952-2998 
assessment of, 2953-2964 
associated injuries, 2955—2957 
classification of, 2961-2964, 2961f-2963f 
complications, 2989—2998 
avascular necrosis, 2990-2991 
delayed union and nonunion of talar neck, 2991—2992 
delayed wound healing and infection, 2989 
malunion of talar neck, 2992 
osteomyelitis, 2989 
posttraumatic arthritis, 2992-2998 
extruded talus, 2983—2986 
historical accounts of, 2953 
imaging of, 2958-2961 
Canale and Brodén views, 2958, 2958f 
computed tomography, 2958—2961, 2960f 
magnetic resonance imaging, 2958-2961, 2960f 
radiographs, 2958 
lateral talar process fractures, 2981—2983, 2989 
mechanisms of injury, 2953-2956 
outcomes, 2988-2989 
pathoanatomy/applied anatomy of, 2964—2965 
pitfalls/prevention, 2987t 
posterior talar process fractures, 2979-2981, 2988 
postoperative care for, 2986 
signs/symptoms, 2957-2958 
talar body fractures, 2954, 2975-2978, 2988 
talar head fractures, 2954, 2978-2979, 2988 
talar neck fractures, 2953-2954, 2967-2975, 2988 
talar process fractures, 2954—2955 
Tarsal navicular fractures, 3053-3066. See also Midfoot fractures 
assessment of, 3052-3055 
classification of, 3053t, 3054-3055, 3055f 
imaging of, 3053-3054 
incidence of, 3053 
mechanisms of injury, 3053 
outcomes/complications, 3065-3066 
pathoanatomy/applied anatomy of, 3055-3056 
postoperative care for, 3065 
signs/symptoms, 3053—3054 
stress fractures, 758-759 
treatment of, 3056-3064 


adjunct external fixation, 3062 
adjunct internal spanning fixation, 3061 
algorithm for, 3064f 
bone grafting, 3062-3063 
closed reduction and fixation, 3059-3060 
nonoperative, 3056-3057 
open reduction internal fixation of, 3059-3060 
operative, 3057-3063 
primary arthrodesis, 3063 
reduction and fixation, 3059-3063 
Tarsometatarsal (Lisfranc) joint injuries, 3080-3101. See also Midfoot 
fractures 
assessment of, 3083-3090 
classification of, 3082f, 3088-3090, 3089f 
complications, 3101 
historical accounts of, 3081 
imaging of, 3086-3088 
incidence of, 3080 
mechanisms of injury, 3083-3084 
outcomes, 3100-3101 
pathoanatomy/applied anatomy of, 3081-3083 
postoperative care for, 3100 
signs/symptoms, 3084-3088 
treatment of, 3091-3100 
algorithm for, 3099f 
closed reduction and internal fixation, 3093-3094 
nonoperative, 3091 
open reduction and internal fixation, 3094—3097 
operative, 3091-3098 
primary arthrodesis, 3097—3098 
Tarsometatarsal (TMT) joint, 3052, 3052f 
Taylor, Charles, 337 
Taylor spatial frame, 954, 954f 
T cells, 47 
Teardrop angle, 1633 
Teleradiology, 228 
Tendinopathy, structural and morphologic features of, 59f 
Tendinous and ligament injuries, 183-185, 184t 
Achilles tendon rupture, 184—185 
hand and forearm injuries, 183 
knee injuries, 183 
Tendon injuries, in distal radius fractures, 1655 
Tendons 
cell biology, 58-59 
diseases and injuries, 59-60 
healthy tendon vs. tendinopathy, 59f 
structure, 58-59 
transfer, 676-677, 677f 
treatment of disorders, 60 
autologous stem cells, 60 
platelet-rich plasma, 60 
Tenodesis, 1719 
Tension band fixation (osteosuture), proximal humeral fractures, 1229-— 
1231, 1248-1250 
Tension band injuries, 2028—2032 
type B1: mono-osseus bony posterior, 2027-2029 
type B2: posterior tension band disruption, 2029-2030 
type B3: hyperextension injuries without translation, 2030—2032 
Tension band plating, 405-407, 407/-409f 
biomechanics of, 416 
Tension band wiring, 1546-1548 
Teriparatide (Forteo), 93 
Terminology, 114-115 
Terrible triad injuries of the elbow, 1499-1505 
assessment of, 1500 
associated injuries, 1500 
classification of, 1500 
imaging of, 1500 
mechanisms of injury, 1500 
outcome measures for, 1500 
pathoanatomy/applied anatomy of, 1500 
signs/symptoms, 1500 
treatment of, 1500-1501 
algorithm for, 1505f 
nonoperative, 1500—1501 
open reduction and internal fixation, 1501—1505 
operative, 1501-1505 
Test set, 266 


Thigh 
compartments of, 584, 584f, 2459-2461 
cross section of, 2461f 
fasciotomy of, 589 
vascular anatomy of, 2462f 
Thomas splint, 289 
Thompson and Epstein classification, 2281t 
Thoracic injuries 
cardiac, 477 
chest wall, 476-477 
pulmonary, 477 
Thoracic region (T2-T10), 1987—1988 
Thoracoabdominal spine injuries, 1893 
Thoracolumbar braces, 300, 300f 
Thoracolumbar Injury Classification and Severity Score (TLICS), 2004— 
2006, 2005t, 2006f 
Thoracolumbar region (T11-L2), 1988 
Thoracolumbar spine fractures and dislocations, 1986—2045 
assessment of, 1988—2008 
associated injuries, 1988—1989 
classification of, 2004—2008 
historical classification systems, 2004 
load-sharing, 2006, 2006f 
revised AO thoracolumbar spine classification, 2006— 
2008, 2007f, 2008f, 2008t 
Thoracolumbar Injury Classification and Severity Score 
(TLICS), 2004-2006, 2006-2008, 2006f 
imaging of, 1991-1997 
computed tomography, 1997, 1998f-2001f 
magnetic resonance imaging, 1997, 2002f, 2003f 
plain radiographs, 1991—1997, 1991f-1996f 
incidence of, 1986 
mechanisms of injury, 1988 
in multiply injured patients, 484 
neurological classification, 1989-1991, 1990f 
operative treatment of, 2011—2021 
indications/contraindications, 2012 
posterior thoracolumbar stabilization, 2015—2020 
osteoporotic vertebral fractures, 2033—2036 
outcomes/complications, 2040-2041 
cerebrospinal fluid (CSF) leakage, 2042 
complications of cement augmentation, 2043, 2045f 
concomitant injuries, 2042 
infection, 2041—2042 
neurologic deterioration, 2042 
spinal deformity, 2043, 2044f/-2045f 
venous thromboembolism, 2043 
pathoanatomy/applied anatomy of, 1987—1988 
patient evaluation for, 1989-1991 
penetrating spinal injuries, 2036—2041 
posterior thoracolumbar stabilization for, 2015-2020 
anterior thoracolumbar approach, 2016-2018 
corpectomy, 2018-2019 
costotransversectomy, 2019-2020, 2021f 
discectomy, 2018-2019 
laminectomy, 2020 
posterior midline thoracolumbar approach, 2015 
postoperative care for, 2033 
surgical approaches for 
anterior approach, 2013f, 2014 
combined anterior and posterior approach, 2014-2015 
minimally invasive surgery, 2015 
posterior approach, 2012—2014 
timing of surgery, 2011-2012 
traction for, 291—292 
treatment of, 2008-2032 
algorithm for, 2022f, 2029f 
bracing, 2011 
hemodynamic support, 2009, 2010f 
high-dose corticosteroid, 2009 
nonoperative, 2011 
operative, 2011-2021 
surgical decision-making, 2009-2011 
type A: compression injuries, 2022—2027 
type AO: minor injuries, 2022 
type A1: wedge compression, 2022 
type A2: split or pincer type, 2022 
type A3: incomplete burst, 2023-2027 


type A4: burst fractures with involvement of both 
endplates, 2027 

type B: tension band injury, 2028—2032 
type B1: mono-osseus bony posterior, 2027-2029 


stage Il operative reconstruction of the 43C, 2882-2883 
stage | operative reconstruction for a 43B fracture, 2881—2882 
stage | operative reconstruction for a 43C fracture, 2882 


type B2: posterior tension band disruption, 2029-2030 
type B3: hyperextension injuries without translation, 2030— 
2032 

type C: displacement/translational injuries, 2032 


3D technology 


applications of, 270-278 
fracture assessment, 270—271, 271f 
patient-specific implants, 274—277, 276f, 277f 
3D-printed surgical guides, 272—274, 273f—275f 
virtual surgical planning, 271—272, 272f 

implementation of, 269-270 

in orthopaedic trauma, 269-278 

rationale for using, 269 


Tibial plateau fractures, 2728-2787 
accident types and, 2729 
assessment of, 2729-2748 
associated injuries, 2730—2731 
bicondylar fractures, 2738, 2741f, 2778 
classification of, 2735-2746 
Hohl-Moore classification, 2745—2746 
Luo three-column classification, 2745 
OTA/AO classification, 2740—2742, 2742f-2744f, 2745t 
reliability of, 2746 
Schatzker classification, 2737-2740 
by word description, 2735-2737 
cleavage combined with articular depression, 2737, 2739f 
complications, 2781—2787 


Three-dimensional fluoroscopy, 198 
Thromboelastography (TEG), 474f, 504 
Thromboprophylaxis, 2940 

Thyroxine, 90 

Tibial diaphysis, 173-174, 173t, 732 
Tibial fractures, pathologic fractures, 780 
Tibial pilon fractures, 2853-2889 


compartment syndrome, 2785-2787 
knee stiffness, 2783 

loss of reduction, 2782 

malunion, 2784 

nonunion, 2784 

posttraumatic arthritis, 2784—2785 
prominent/painful hardware, 2783-2784 


assessment of, 2854—2858 
associated injuries, 2854—2855 
classification of, 2857—2858 
fracture classification, 2857, 2858f, 2859f 
soft tissue injury classification, 2857-2858 
complete articular injuries, 2864, 2882-2883 
complications, 2885—2889 
deep wounds, 2885-2886 
nonunion, 2886-2887 
osteomyelitis, 2886 
posttraumatic arthritis, 2887-2889 
superficial wounds, 2885 
external fixation of 
ankle spanning with or without fibular ORIF, 2867—2868 
tibiotalar-spanning, 2868 
extra-articular fractures, 2863 
hindfoot nailing, 2881 
historical accounts of, 2853-2854, 2895-2896 
imaging of, 2856 
mechanisms of injury, 2854, 2855f 
open reduction internal fixation of 
column theory, 2870 
definitive, 2868—2880 
direct lateral approach, 2876 
extensile anterior approach, 2873 
immediate fixation, 2880—2881 


medial and central fragment reduction maneuvers, 2879-2880 


positioning for, 2871—2876 
posterior, 2871 
posterolateral approach, 2874—2875 
posteromedial approach, 2875-2876 
staged, 2867-2880 
standard anterior approach, 2873 
standard anterolateral approach, 2874 
standard anteromedial approach, 2872-2873 
surgical approach, 2871—2872 
tibiotalar spanning, 2868 
outcomes, 2884-2885 
partial articular fractures, 2863-2864, 2881-2882 
pathoanatomy/applied anatomy of, 2858-2864 
articular component, 2862-2863 
compartments, 2861—2862 
distal tibia, 2858, 2858f 
ligaments, 2860-2861 
metadiaphyseal component, 2862 
pitfalls/prevention, 2884t 
plate fixation, 2880 
posterior malleolar fractures, 2877-2879 
signs/symptoms, 2855-2856 
treatment of, 2865-2883 
algorithm for, 2881/-2882f 
nonoperative, 2865—2866 
operative, 2866—2881 
soft tissue considerations in, 2866-2867 


septic arthritis, 2783 
wound breakdown/infection, 2782-2783 
condylar fractures, 2745—2746 
coronal split factures, 2745 
with dissociation of metaphysis and diaphysis, 2739, 2741f 
epidemiology of, 2728-2729 
forces causing injuries and, 2729-2730, 2730f 
four-part fractures, 2746 
historical accounts of, 2728 
imaging of, 2732-2735 
computed tomography, 2735, 2736f 
magnetic resonance imaging, 2735-2737, 2736f 
radiographs, 2732-2735, 2733f, 2734f 
incidence of, 2728—2729 
lateral-side fractures, 2777-2778 
mechanisms of injury, 2729-2730 
medial condyle fractures, 2737-2738, 2740f 
medial-side fractures, 2778 
outcome measures for, 2746-2748 
pathoanatomy/applied anatomy of, 2748-2749 
pitfalls/prevention, 2779t—2780t 
pure cleavage pattern, 2737, 2738f 
pure depression pattern, 2737, 2739f 
recent and future trends, 2787 
rim avulsion fractures, 2746 
rim compression fractures, 2746 
shaft-dissociated patterns, 2778 
signs/symptoms, 2732 
soft tissue injuries and, 2753-2754 
ligament and meniscal injuries, 2753-2754 
soft tissue envelope, 2754 
surgical treatment of, 2751—2777 
buttress plate fixation/void filling, 2761-2765, 2780 
dual plating, 2769-2772, 2780-2781 
external fixation, 2756-2758, 2776—2777, 2781 
indications/contraindications, 2751—2752 
lateral locked plating, 2772-2775, 2781 
limited approach techniques, 2765-2766, 2780 
medial antiglide plating, 2766-2768, 2780 
minimally invasive limited fixation, 2760—2761, 2780 
plate and screw fixation, 2754—2756 
preoperative planning, 2752-2754 
total knee arthroplasty, 2777 
void filling, 2761—2765 
treatment of, 2749-2778 
algorithm for, 2777f 
bracing, 2751 
nonoperative, 2749-2751 
operative, 2751-2777 
weight-bearing guidelines in, 2751 
varus hyperextension injuries and, 2730, 2731f 
Tibial tubercle avulsions, 2675 
Tibia shaft fractures, 2791-2847. See also Fibula shaft fractures 
acceptable malalignment in, 2805t 


assessment of, 2791-2802 
associated injuries, 2792—2793 
ankle injuries, 2792 
compartment syndrome, 2792 
floating knee injuries, 2792 
fracture extension into tibial plateau, 2792 
knee ligamentous injury and, 2792 
proximal tibiofibular joint dislocation and, 2793 
classification of, 2795-2796 
Gustilo classification, 2796t 
OTA/AO classification, 2797f-2799f, 2800t 
OTA-OFC classification, 2802t 
Tscherne classification, 2801f 
complications, 2842-2844 
anterior knee pain, 2843 
compartment syndrome, 2842-2843 
infection, 2844 
malunion, 2843-2844 
nonunion, 2844 
symptomatic hardware, 2843 
extra-articular, 2820-2829, 2838, 2840 
historical accounts of, 2791 
imaging of, 2794-2795 
computed tomography, 2795, 2796f 
radiographs, 2794, 2795f 
incidence of, 2791-2792 
mechanisms of injury, 2791 
open fractures, 2807—2808, 2844 
outcome measures for, 2796—2802 
general functional outcome instruments, 2801—2802 
knee and ankle functional outcome instruments, 2802 
lower extremity trauma scores, 2796-2801 
outcomes, 2839-2840 
pathoanatomy/applied anatomy of, 2802-2804 
compartments/musculature, 2803-2804 
osteology, 2802, 2803f 
vascularity, 2802—2803 
periarticular and segmental fractures, 2839 
pitfalls/prevention, 2833-2842 
devascularization of bone, 2838 
distal fracture malalignment, 2835-2837 
loss of fracture alignment, 2838 
nonunion, 2838 
pin-tract infections, 2838 
postoperative knee pain, 2837—2838 
proximal fracture malalignment, 2834—2835 
simple fracture pattern leading to nonunion, 2838 
starting wire angled too posterior, 2837 
signs/symptoms, 2793-2794 
compartment syndrome, 2794 
compromised skin, 2793 
motor function, 2793-2794 
sensory, 2794 
vascular, 2793 
wounds, 2793 
stress fractures, 757 
treatment of, 2804—2844 
algorithm for, 2832f 
amputation, 2831, 2841-2842 
external fixation, 2829-2832, 2838, 2840-2841 
intramedullary nailing, 2808-2820, 2834-2840 
nonoperative, 2804-2807 
operative, 2807-2842 
plate fixation, 2820-2829, 2840 
Tibiotalar spanning external fixation, 2868 
Tile classification, 2066, 2066t 
Tobacco abuse, 488 
Tongue fracture—associated skin necrosis, 3013, 3013f 
Tossy—Rockwood classification, 971 
Total ankle arthroplasty (TAA), 2629-2630 
Total elbow arthroplasty (TEA), 1444-1454 
complications, 1464-1465 
indications/contraindications, 1444—1446 
outcomes, 1452-1454, 1453t-1454t 
pitfalls/prevention, 1451-1452 
positioning for, 1449 
postoperative care for, 1451 
preoperative planning, 1449 


surgical approaches for, 1449 
surgical techniques for, 1450-1451 
Total elbow arthroplasty, periprosthetic fractures about, 1376—1393 
assessment of, 1371—1374 
associated injuries, 1377 
classification of, 1378, 1379f 
complications, 1392-1393 
imaging of, 1378 
incidence of, 1371 
mechanisms of injury, 1377 
outcomes, 1378, 1391-1392 
pathoanatomy/applied anatomy of, 1379-1380 
pitfalls/prevention, 1391 
postoperative care for, 1389 
revision arthroplasty for, 1381—1387 
signs/symptoms, 1377—1378 
treatment of, 1380-1388 
algorithm for, 1388f 
nonoperative, 1380 
operative, 1381-1387 
Total hip arthroplasty, 2259-2260 
Total hip replacement, 2356-2358 
Total knee arthroplasty (TKA), 2777 
Tourniquets, 2939-2940 
Trabecular bone, 86 
Traction, 287—292, 289f 
Braun, 289 
for femoral shaft fractures, 2462—2463 
Fisk, 290 
Hamilton-Russell, 289 
90-90, 290 
for odontoid fractures, 1949 
for open injuries, 546 
Perkins, 289-290 
spinal, 290—292 
Thomas splint, 289 
Traction bow, 439 
Tranexamic acid, 503, 794 
Transabdominal injuries, 513 
Transfemoral amputation, 690—691, 698-699 
Transforming growth factor beta (TGFB), 48, 73, 88 
Translational deformity, 935 
Translational injuries, 2032 
Transolecranon fracture-dislocations, 1515f, 1552—1560 
complications, 1560 
outcomes, 1560 
pitfalls/prevention, 1558—1560, 1558t 
postoperative care for, 1558 
treatment of, 1555-1558 
algorithm for, 1558f 
nonoperative, 1554 
open reduction internal fixation, 1555—1558 
open reduction internal fixation of, 1555—1558 
operative, 1555-1558 
Trans-spinous fracture of the scapular neck, 1026 
Transtibial amputation, 690-691, 694-696 
Transtrochanteric approach, 2308-2313 
Transverse fractures 
acetabulum fractures, 2190, 2190f, 2193f, 2201f, 2241-2245 
biomechanics of, 8 
patellar fractures, 2646, 2647 
TRAP (triceps-reflecting anconeus pedicle) approach, 1427, 1428f 
Trapezium, vascular supply to, 1669t 
Trapezium fractures, 1673, 1707t. See also Carpal fractures 
Trapezoid, vascular supply to, 1669t 
Trapezoid fractures, 1673, 1707t. See also Carpal fractures 
Trauma centers, 710-711 
Trauma-induced coagulopathy, 794-795 
endothelial injury, 794—795 
hypercoagulability, 795 
inflammation and, 795 
venous stasis, 795 
Trauma research 
measuring value in, 243 
outcome instruments in, 250—253 
study designs, 237—241 
synthesizing evidence in, 241—242 
Traumatic arthrotomy, 207, 475 


Traumatic nerve injuries, 659-661 
axonal degeneration, 659-661 
axonal regeneration, 661-662 
conduction block, 659 
Traumatic spondylolisthesis (C2-C3), 1954—1956. See also Cervical 
spine fractures and dislocations 
algorithm for treatment of, 1956f 
anterior discectomy and fusion for, 1956 
assessment of, 1954 
classification of, 1954, 1955f 
diagnosis of, 1954 
mechanisms of injury, 1954 
nonoperative treatment of, 1954 
operative treatment of, 1955—1956 
posterior surgery for, 1955—1956 
Treatment event rate (TER), 244t 
Triangular fibrocartilage complex, 1584 
Triangular fibrocartilage complex injury, 1631 
Triceps-reflecting anconeus pedicle (TRAP) approach, 1427, 1428f 
Triceps-splitting approach, 1425f, 1426-1427 
TRiP(cast) score, 807t 
Triquetral fractures, 1704. See also Carpal fractures 
Triquetrum, vascular supply to, 1669¢ 
Triquetrum fractures, 1673—1674. See also Carpal fractures 
Trochanteric entry nails, 2484—2485, 2497 
Trochanteric flip osteotomy, 2223-2224, 2223f 
Trochanteric hip fractures, 2380—2408 
assessment of, 2381—2383 
associated injuries, 2383 
classification of, 2381-2382, 2381f 
complications, 2405—2407 
breakage of implant, 2406 
femoral head avascular necrosis, 2407 
fracture nonunion, 2406-2407 
implant cut-out, 2405-2406 
malunion, 2407 
refracture around implant, 2406 
sepsis, 2405 
diagnosis of, 2383 
etiology of, 2382-2383 
factors associated with risk of falling, 2383t 
incidence of, 2380 
isolated fractures of lesser and greater 
trochanter, 2384, 2385f, 2386 
with loss of lateral support, 2388 
pathoanatomy/applied anatomy of, 2383-2384, 2384f, 2385f 
pitfalls/prevention, 2405t 
postoperative care for, 2404—2405 
terminology, 2381-2382 
treatment of, 2384—2405 
implants, 2388—2394 
internal fixation, 2395—2404 
nonoperative, 2384—2386 
operative, 2386-2405 
Trochlea, 1410 
Tscherne, Harald, 2857 
Tscherne and Gotzen classification, 1287t 
Tscherne classification, 2801f 
T-shaped fractures, 2194, 2194f-2195f, 2250-2252 
Tuberosity, osteonecrosis, 1262 
Tuberosity fractures, 3020 
Tuft fractures, 1747 
Turbo-spin echo (TSE) imaging, 210 
Turing, Alan, 259 
Turing test, 259-260 
Two-dimensional fluoroscopy, 198 
Type | (a) error, 246 
Type II (8) error, 246 
U 


Ulna, anatomy of, 1584 
Ulnar nerve, 1411, 1413f, 1588-1589 
Ulnar neuropathy, in distal humerus fractures, 1464 
Ultimate strength, 3, 3t 
Ultrasonography, 218—220 
applications, 219-220 
fracture healing, 220 
fractures, 219-220 
soft tissue trauma, 220 


venous thromboembolism, 220 
basic principles, 219 
conventional, 210-211 
Doppler, 219 
nerve injuries, 665-668 
osteomyelitis, 847—848 
overview, 218-219 
proximal humeral fractures, 1183 
scaphoid fractures, 1682 
sternoclavicular joint injuries, 971 
Ultrasound stimulation, 890 
Unfractionated heparins (UFHs), 799, 799t 
Unicameral bone cyst, 784-785 
Unilateral external fixators, 2829-2830, 2841 
Unilateral facet dislocation, 1923 
Unipolar hemiarthroplasty, 2353-2354 
Unreamed intramedullary nailing, 396—398 
Unstable chest wall, 1855 
Upper arm, neurovascular anatomy of, 1290f 
Upper cervical spine, 1915-1916 
Upper extremity, 10—11 
fasciotomy of, 590 
Upper extremity injuries 
mangled extremity, 619-620 
pathologic fractures, 775 
stress fractures, 752-754 
Upper limb braces, 297-298 
Upper limb casts, 295-296 
Upper limb fractures, 304—313 
carpal fractures, 312 
clavicle fractures, 304—305 
distal humeral fractures, 308-310 
distal radial fractures, 311-312 
floating shoulder, 306-307 
forearm fractures, 310 
humeral diaphyseal fractures, 308 
metacarpal fractures, 312 
nonoperative treatment of, 304-313 
olecranon fractures, 310 
proximal forearm fractures, 310 
proximal humeral fractures, 307—308 
scapular fractures, 305-306 
Urethral injuries, 479-480 
U-slabs, 295, 1292, 1292f 
v 
Valgus fractures, 1198, 1244 


Valgus impacted fractures, 1189—1190, 1191f, 1211—1212, 1225-1227 


Validity of classification, 116 
Vancouver classification, 2583—2585, 2585f, 2586t 
Van Gorder approach (tricep tongue), 1427 
Varus hyperextension injuries, 2730, 2731f 
Varus posteromedial impaction fractures, 1187- 
1189, 1189f, 1198, 1203t, 1210—1211, 1243—1244 
Vascular endothelial growth factor, 75 
Vascular imaging, proximal humeral fractures, 1183 
Vascular injuries 
distal femur fractures and, 2529 
femoral shaft fractures and, 2500—2501 
gunshot wounds and, 513-514 
in multiply injured patients, 485-486 
open fractures, 522t, 533-534 
signs of, 522t 
Vascularized bone flaps, 649-652 
deep circumflex iliac artery (DCIA) bone flap, 651-652, 652f 
free fibula flap, 649-651, 650/-651f 
scapular fasciocutaneous flap, 652, 652/-653f 
Vascularized bone grafts, 907-908 
Vascular trauma, 225-226 
Vasculopathy/angiopathy, 736 
Vehicle drivers, 162 
Vehicle passengers, 162 
Velpeau bandage, 1292, 1292f 
Velpeau view, 1113, 1113f 
Venography, 802 
Venous stasis, 795 
Venous thromboembolism (VTE), 791-812, 2043 
in acetabular fractures, 2266 
diagnosis of, 806-810 


foot/ankle trauma, 804-805 
fracture-related risk factors, 796-797 
geriatric hip fractures, 796-797, 804 
hemostasis and, 792-794 
high-risk patients, 804 
incidence of, 791, 794 
injury severity score, 795-796 
low- to intermediate risk patients, 804—805 
mechanical prophylaxis for 
algorithm for, 806f 
graduated compressive stockings, 801 
inferior vena cava filters, 801 
intermittent pneumatic compression, 801 
timing of, 802t-803t 
mechanical thromboprophylaxis, 800—801 
morbidity, 792 
in orthopaedic trauma, 220 
pathophysiology of, 792-795 
pelvic and lower extremity fractures, 796 
pharmacologic thromboprophylaxis for, 798—800, 799t 
algorithm for, 806f 
aspirin, 798-799, 799t 
contraindications, 805-806 
fondaparinux, 799t, 800 
low-molecular-weight heparin, 799-800, 799t 
non-vitamin K antagonists/direct oral anticoagulants, 799t, 800 
patient preference for, 804 
personalized, 805 
timing of, 802-804, 802t-803t 
timing of administration, 798 
unfractionated heparin, 799, 799t 
warfarin, 799t, 800 
prediction scores, 808t 
pretest probability of, 807 
prevention of, 800t 
risk assessment, 797-798 
risk factors for, 795-798, 796t 
patient-related, 797 
trauma-related, 795-798 
spinal cord injuries and, 797 
trauma-induced coagulopathy and, 794-795 
treatment of, 802t-803t, 806f, 810-812, 810t-811t 
TRiP(cast) score, 807t 
upper extremity trauma, 805-806 
Virchow’s triad of thrombogenesis, 792f 
Verbrugge clamp, 434, 436f 
Vertebral artery injury, in association with cervical trauma, 1981 
Vertebral artery injury screening, 1895f 
Vertebral body fractures, 1961 
Vertebral stress fractures, 754 
Vertebroplasty, 782 
Vertical compression, 1958, 1958f 
Vertical fractures, 2646—2647 
Vertical shear fractures, 2146—2148 
Vertical trauma resuscitation, 468 
Veterans RAND-12, 2802 
View angle tilting (VAT), 211 
Virchow, Rudolph, 791 
Viscoelasticity, 4, 8t 
Vitamin D, 93 
deficiency in, 101t, 877 
insufficiency in, 746-747 
metabolism of, 100-101, 102f 
Vitamin K antagonists, 799t, 800 
Void filling, of tibial plateau fractures, 2761—2765 


Volar base fractures, 1746, 1748, 1768-1769. See also Middle phalanx 


fractures 
Volar intercalated segment instability (VISI), 1707 
Volar lip (dorsal fracture-dislocation), 1767 
Volar locked plating 

vs. fragment specific fixation, 1652 

vs. percutaneous pinning, 1651 
Volar plate arthroplasty, 1775, 1781 
Volkmann ischemic contracture, 572 
Volkmann’s fracture, 2910 
Volkoff, Mstislav V., 336 
VTE. See Venous thromboembolism (VTE) 
Ww 


Warfarin, 799t, 800 
Wartime injuries, 497-508. See also Gunshot wounds 
acute management of injured extremity, 504-508 
amputation, 507, 507t 
antibiotics, 504 
compartment syndrome, 506 
debridement, 505 
definitive fracture stabilization, 507 
immunization, 504-505 
ongoing care and reconstruction, 507 
skeletal injuries, 506-507 
small fragment injuries, 505-506 
soft tissue injuries, 505 
soft tissue reconstruction, 507—508 
closed explosion, 502 
combined primary and secondary orthopedic injuries, 500— 
501, 501f 
effect of blast on musculoskeletal system, 498-502, 498t 
free field explosion, 502 
management of, 502-508 
damage control resuscitation, 503-504 
damage control surgery, 504 
hospital care, 503 
prehospital care, 502—503 
physics of explosion, 497—498 
primary orthopedic blast injury, 498-499, 499f 
quaternary orthopedic blast injury, 502 
secondary orthopedic blast injury, 499-500 
tertiary orthopedic injuries, 501-502 
Watson-Jones (anterior lateral) approach, 2306-2307, 2317t, 2345 
Weber clamp, 432-433, 434f 
Wedge osteotomy, 937-938, 939f 
Weight bearing, 2751 
Weinraub distractor, 440 
Western Ontario and McMaster Universities (WOMAC) osteoarthritis 
index, 2802 
Western Ontario Shoulder Instability Index (WOSI), 1122 
White blood cell imaging, 222 
Whitley Index, 709 
Wilcoxon rank-sum tests, 245, 245t 
Wilcoxon signed-rank test, 245, 245t 
Winquist-Hansen classification, 2456, 2456t, 2457f 
Wnt proteins, 73-74 
Wnt signaling, 49 
Working length, 409f, 411 
Wound ballistics, 510-512 
Wound excision 
goals of, 536 
preoperative operation, 537-538 
superficial excision, 538 
timing of, 536-537 
tissue excision, 537t, 538 
Wounds 
negative pressure wound therapy, 563 
primary closure of, 559-561, 560f, 561t 
soft tissue cover, 561—563 
timing of closure, 557—558, 562t 
types of cover, 563-564 
Woven bone, 86 
Wright and Cofield classification, 1344, 1344f 
Wrist 
arthrodesis, 1699t 
bony anatomy of, 1665f 
denervation, 1699t 
fusion, 1721 
salvage procedures for scaphoid nonunion, 1699t 
SLAC, 1723 
Wrist dislocations, epidemiology of, 180—181 
Wrist fractures 
nerve injuries, 684-686 
in obese patients, 725 
Y 
Yield strength, 3, 3t, 8t 
Young and Burgess classification, 2066—2070, 2067f-2070f 
Young’s modulus, 3t, 8t 
Z 
Zoledronic acid (Zolendronate, Reclast), 92 
Zwipp classification, 3016, 3017f 


